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R EAL-WORLD PLANNING 1S A THE AUTHORS INTRODUCE OPEN PLANNING PROCESS
complicated business. It is a multiuser, mul-

tiagent collaboration in which teams of pep- PANELS, WHICH ARE BASED ON EXPLICIT MODELS OF THE
ple must explore different options to Sy~ pr /NNTN(G PROCESS AND CAN COORDINATE THE DEVELOPMENT

thesize a solution to given requirements.

Specifically, the planning process is the exe- AND EVALUATION OF MULTIPLE COURSES OF ACTION. THIS
cution of a plan—agents act in parallel, shar-

ing resources, communicating results, and so WORK HAS AN IMPACT ON A NUMBER OF IMPORTANT
on. We can make this planning process RESEARCH AREAS OUTSIDE OF PLANNING, INCLUDING

explicit and use it as a central device for
workflow coordination and visualization
we used this idea to create Open Planning
Process Panels (AP
O-P can coordinate the workflow betweenbased planning agents act together to sohemncoded using an activity modeling languag
multiple agents and visualize the developmerat difficult real-world planning problem. Both (such as IDEF3) that represents the planning
and evaluation of multiple courses of actiprihe human and the system agents act in giv@mocess as a partially ordered network of
(COAs). We have used G+ implement two| roles and are constrained by what they aractions. Some actions have expansions down
real applications—the Air Campaign Planningauthorized to do, but they also have the abito a finer level of detail (such as to another
Process Panel (AGPand O-Plan, a two-uset, ity to work under their own initiative and vol- partially ordered network).
mixed-initiative Web demonstration of plan-unteer results when this is appropriate. When The purpose of OHs threefold: to dis-
ning. In ACP, O-P helps build a visualiza: the planning process is under way, the agengday the planning process’s node status to the
tion panel for a complex multiagent planningypically work on distinct parts of the planusers, to let users compare the planning
and evaluation demonstration (TIE 97-1)synthesis in parallel. The agents can alsprocess products (such as the COAs), and|to
which uses 11 different software componenta/ork in parallel to explore different possiblecontrol the next steps on the “workflow,
and involves several users. In O-Plan, ©:Pcourses of action. For example, while ondringe”—the next possible actions, given the
technology enables the development and eval:OA is being evaluated, another two mighplanning process’s current status. In the con
uation of multiple COAs by a commander| ebe in the process of being synthesized. | text of creating plans, we designed &t®
planning staff member, and an O-Plan auto- allow the development of multiple COAs and
mated planning agent. the evaluation of those COAs using various
O-P? technology could impact sever IO-P3 iethnology plan evaluations.
important research areas. We envision?O-P A generic O-Ppanel has any of a number
being used for a planning system in which a The generic O-Pis based on an explicit of subpanelswhich we can tailor to support
team of people and a collection of computemodel of the planning process, which |isspecific users or user roles. These include

WORKFLOW SUPPORT.
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a COA comparison matrix that show
COAs versus elements of evaluation; s
status in the planning process; and
outstanding issues for a COA that is bei
synthesized, which an agent must addr
before the COA is ready to execute;

a graphical display showing the planni
process’s status as a Program Evalua
Review Technique (PERT) chart; and
other visualizations, such as bar cha
intermediate process product descr

sgiven application. The graph subpanel conthe first section deals with process steps
efnins a partially ordered graph that shows thieefore plan synthesis, such as setting the
hplanning process’s activity model. Becaus€OA requirements. The middle section con-
nghe activity model might be large and mighsists of the COA descriptors and is filled out
esgpply for each COA being developed, sh hen a COA has been synthesized. The final
ing the whole network might not be possiblesection consists of process steps that come
ngso the users might need some sort of navigafter plan synthesis, such as addressing al
idion based on decompositions and switchingutstanding issues and viewing the resulting
between COAs. COA in various ways.
ts, The actions shown in the graph subpanel The COA descriptors relate to the COA
pare annotated with colors to show their curproducts the planning process’s steps pro-

tions, and textual plan descriptions.

The generic O-Pmethodology for build-

designer carries out:

ties to those agents.

actions.

which will update this state model

place.
4. Construct appropriate G-Rterfaces for
each human agent in the planning

rent status in the state model. We havduce, such as the plan’s minimum duration
adapted the colors from other AR
(DARPA/Rome Planning Initiative) plan
ing the Open Planning Process Panels comisualization work The matrix subpanel is
sists of these steps, which the softwareable that contains two types of rows and twadescriptors to show only the critical elements
types of columns. The rows are process steps$ evaluation. Colors can show whether the
(verb phrases) and COA descriptors (nguresult is acceptable and raises no issues
1. Consider the agents (human and syghrases). The process step labels are colpr@gteen), is possibly acceptable but has some
tem) involved in the overall planning with the user role background color, and théssues to note (orange), or is not acceptable
process, then assign roles and authorEOA descriptors are white. The columns arenless the user relaxes the initial require-
the individual COAs being developedments (red).
2. Construct a planning-process activitylabeled COA-N) and a column reflecting the The other subpanels can contain additional
model that shows the partial orderimgoverall workflow (labeled Overall).
and decomposition of the actions and The matrix subpanel’s process steps ar
which agents can carry out whichappropriately flattened form of the planni
process’s activity model. O%Ran show the|
3. Build a model of the planning process’saction status, using the same colors as in/ti@-P® agent interfaces let human agents pla
current state and an activity monitar,graph subpanel. Clicking on a hyperlinktheir parts in the overall planning process,
asshows the currently active workflow fringe alongside the system agents, which includ
actions in the planning process takdwhat step we can do next). The rows havAl planners, schedulers, plan evaluators, an
three sections, running from top to bottomso on (see Figure 1).

land its effectiveness. Separate plan evalua-
tors, simulators, and so forth can provide the
descriptors. Users can select the COA

useful information such as tables showing

dhe COA objectives and assumed environ-
gmental conditions for each COA.

As mentioned at the start of this article, th
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process, taking into account the role i
plays in the interaction. This means tha
each user role will have an GiRterface

that is tailored to the task’s overall nature

Generic O-P design rules inform O-P
interface construction. Each user role in th
planning process is provided with a pane
that the software designer has tailored to th
role’s activities and needs. The designer the
assigns each user role a color to distinguis
between the roles. This color serves, fo
example, as a background for the panel’
header. Because a given user might act
more than one distinct user role, this provide
a useful visual cue as to which user role i
being enacted at any one time.

The generic O-Ppanel consists of three
parts: a graph subpanel (PERT chart), a matr
subpanel (COA comparison matrix), and othe
subpanels (such as information on assume
environmental conditions). The graph sub
panel and the other subpanels are optiont

Task assigner

[/

Planner user

Web or direct
collaboration

Agent interface

Agent interface |

Plan evaluators IJ

Agent interface |

Cooperation and
communication

/
4

| Agent interface |

| Planning agents IJ

items, depending on how useful they are for digure 1. Using 0-P? interfaces.
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iar. This has resulted in AGR-the Air Cam-
paign Planning Process Panel.

models we used for building ACP3 appear
elsewheré.

Application 1: ACP3

The ARPI TIE 97-1 demonstratio
brings together 11 separately developeModeling the planning processWe can| Building ACP3. Figure 2 shows the ACGP
software systems for planning and plamescribe TIE 97-1's software componentsiewer. As we stated earlier, AE®acks the
evaluation. When the demonstration runsas performing activities such as planningpverall planning process and displays this t
these systems work together to create aretheduling, simulation, and plan evaluathe viewers of the ARPI TIE 97-1 demonstra
evaluate multiple courses of action in thdion. We could discuss hierarchical task nettion in a meaningful way using appropriate
domain of air campaign planning. The syswork planning and Monte Carlo simulatignmilitary process terminology. The planning
tems communicate with each other bymethods, but end users are more likely tprocess appears in two separate subpanels.
exchanging KQML messages. In theory, weonceive of the processes of air campaighhe tabular COA comparison matrix shows
could discover what's happening at ahylanning in more general, domain-relatedCOAs being developed (columns) against
given time by watching these messages, bteérms, such as “develop JFACC guidancgetree-based view of the planning process. Th
this is obviously less than ideal becausand “create support plan.” Building mod-graph viewer subpanel shows the plannin
these messages use technological terms|ttes of the planning process, which are traprocess as a PERT network. Because the pla
are far removed from the user community’slitionally rooted in established ACP termi-ning process consists of many nodes wit]
terminology. nology, can bridge the gaps in terminologyexpansions, the graph viewer can only displa

Our aim was to use O2Rechnology to| and in description levels. We therefore usedne graph from the planning process for on
build a visualization component for thisthe previously elicited and verified ACP COA. Users can reach other graphs by click
demonstration, which would let the targetrocess modetsas our source of terminol- ing on nodes with expansions, and they ca
end users view the planning process’s cuegy and as the basis of our IDEF3 modelshoose which COA to view.
rent state in terms with which they are familfor TIE 97-1's planning process. The full The two views are required because the
planning process in TIE 97-1 is complex. You
can see the whole process for every COA in
the COA matrix, but information about the

o

p<S5@gwe”
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i Windres Graph Mairle Tes X
partial ordering of the actions in a graph is
W [0 1 Bt o CEME]] lost when ACP convertsf the graph to a tree
e 1 = structure. The graph viewer shows the full

Y=t on COAds | partial ordering, but space consideration

3 mean that the system can show only a single
Gl T o e ok iy i ! e graph for a single COA at one time.

[ The ACP process monitor works by watch-

{Desicle o spions slermetug COMy ing for certain KQML messages, which it car

relate to the status of certain nodes in the AGP

[2]

|'5|_-'.-i:+:l:h JFACET guidance | ‘h'!,m-mhp L0 I—u:-

i it i i L d Pl | process models. As the demonstration pro-

| Ovesall | ceeds, the status of actions in the model

gy glap JEACT quidance | progress from not yet ready to execute (white)),

Javeinp fargens to ready to execute (orange), to executing
INTEHC R RN S . (green), and finally to complete (blue). The
=dpysian DOA } final column in the COA matrix is labeled
e TS COA “Overall” and summarizes the overall status
|.. SOOI WP YOl me of the COA creation and evaluation process.

crewle mipporl plan

= review COA I The panel is written entirely in Java to

s OO by abradaion form the basis for future Web-based process
'_;Il,_i.__, T Ly pens .l-"--:"-;-"L!:ﬁ-E- T s | WA [coaiz 2 editors and control panels.
CITREIE O I D00 & |
Eiibims T By iy maEs |
TR €L = Il | ] ! Appli((ﬂ'ion 2: o-PIan
dacda b ewplon Alleenate T E) LT L] i
" ::nlw ho briwf on COA |6} Cod-t The O-Plan projetis concerned with sup-
on COA(s] porting multiagent mixed-initiative planning.
[ lesse Famaining | I I T T | g | The current O-Plan Web demonstration shows

interaction between two human agents and ope
software planning agent (the O-Plan plan
server). The overall concept for our demon
A C F ﬁ strations of O-Plan as it acts in a mixed-initia-
- tive multiagent environment is to have human
Figure 2 . The ACP viewer. and systems work together to populate th
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O-Pinterface’s COA matrix component.
As Figure 3a shows, we envision tw
human agents acting in the user roletask
assigneandplanner userworking together
to explore possible solutions to a proble
and using automated planning aids to do

(0]

work together to populate the matrix. T
TA sets the requirements for a particu
COA (such as what top-level tasks users v
perform), selects appropriate evaluation @

works with O-Plan to explore and refine t
different possible COAs for a given set

work in parallel, as the example scena
demonstrates.

The overall planning task is thus shareglanning process’s products (the COAS)
among three agents who act in distinct useromplex artifacts for which multiple views areso the PU shows all evaluations.
dareeded. In the current version, the user can The TA sets up the top-level requirement
w}wiew the COAs as a PERT network, a textudior a COA. Once this is done, the TA passe

and system roles. The TA is a comman
who is given a crisis to deal with and

needs to explore some options. This persamarrative, or a plan-level expansion tree (al| ahe COA across to the PU, whose matrix i

through telephone or teleconferencin
all that is required besides the linked OTA has authority over the PU, who in turn

P3interfaces.

will receive field reports on the developingvarious levels of detail).

crisis and environmental conditions. The PU
is a staff member who provides the TA wit

m Software designers make the planningty, and the PU then acts within those bound
sprocess for the TA and the PU explicit throughio define what O-Plan can do. Other aspects
Figure 3b shows how the two human agehthe hypertext options displayed in the processf what the two users are authorized to do a
neparts of the O-Ppanels. The options anet
apresent(not ready to run yetgctive(on the

ilvorkflow fringe), orinactive(completed). Fur-
rither parts of the planning process are driven bjhe COA comparison matrix. Figure 4
teria for the resulting plans, and decidesssues that O-Plan or the plan evaluation agerghows the two panels for the TA and PU. Eag
which COAs to prepare for briefing. The PUcan raise about a plan under construction, grnser controls the plan evaluation elemen
newhich either or both of the human agents cafwhich are shown) to enable the user to choo
othandle. Because the planning process is madetical elements of evaluation. In the example
top-level requirements. The two users gaexplicit to the two users through these twacenario given later, the TA is only interested
ianechanisms, other visualizations of the plarin the minimum duration and the effectiveness,

ning process are not required. However, thgo the TA only selects these. However, the P

is The user roles are arranged such that the

has authority over O-Plan. This means that
the TA defines the limits of the PU’s activ-

[

e
made explicit by the facilities included in
their respective panels.

h

S

se

1%

C

revants a variety of data to pick the best COA,

S ¢ »

initially blank. The PU then explores a range

plans that meet the specified criteria. In doin
so, the PU uses the O-Plan automated pla|
ning agent, which generates plans for the P
to see. The PU will typically generate a num
ber of possible COAs using O-Plan and wil
only return the best ones to the TA.

For our current demonstration, we use
general-purpose logistics and crisis operg
tions domain, which is an extension of ou
earlier Non-Combative Evacuation Opera
tions and logistics-related domaih¥his
domain, together with the O-Plan Task For
malism implementation, is described in detai
elsewheré.

Each human user has an ®-Fanel,
which is implemented using a CGl-initiated
HTTP server in Common Lisp and which
can therefore run on any Web browser. Th
Common Lisp process returns standar
HTML pages. This way of working has
many advantages:

e each user can use a different type ¢
machine (Unix, PC, Mac) and run a dif-
ferent type of Web browser (Netscape
Internet Explorer, Hotjava, and so on);

 the only requirement for running O-Plan
is a Web connection and a Web browse
(no additional software installation is
needed); and

Task assigner

(a)

Task assigner

(b)

COA-1 | COA-2 | COA-3 Planning workflow WorldView
Criterion 1 | Option: COA-2 18 =
Criterion 2 [ Phase: Deployment | i,
Criterion 3 |3 |1 = =
Plan view
Option: COA-2 @
Authority: ... F.CE -
Order issued: ...
S sy L
Task direction. Plan development [/
and plan analysis and refinement

Planner
user

Set requirements

COA1|COA2 |COA3

Element of evaluation 1
Element of evaluation 2

| Set requirements |

Set requirements

Refine plans

Planner user

» the two users can be geographically sep-=

arate—in this case, voice communicatiorFfigure 3. (a) Communication between and (b) the roles of the fask assigner and the planner user.
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of possible COAs for the specified require- The TA sets up the default situation, setbeveloping situationThe Barnacle field sta-
ments and returns the best ones to the [TAing the time limit to 18 hours. The weathettion now contacts the TA. Reports are com-
When the PU returns a COA to the TA, theand road situations keep their default valuesng in of an explosion at the power station
column for that COA appears in the TA'spending more accurate reports. causing a gas leak. This is believed to be due
matrix. The PU and the TA can work in par- to a terrorist bomb, so it seems wise to fix the
allel, as we show in the next section. COA-1.The TA first explores the option af gas leak and send in a bomb squad to defuse
evacuating the injured from all three cities|imrany remaining bombs. Meanwhile, the latest
Demonstration scenario The O-Plan Wely clear weather. The TA passes the CQAveather reportindicates that a storm is brew-
demonstration illustrates mixed-initiative requirements directly to the PU. The PU gening and has a 95% chance of hitting the island
interaction between two human agents anerates a plan is that executes in 12 hours [afgke Figure 5b).
one system-planning agent engaged in deyves 77% effective, which is acceptable. The

oping multiple qualitatively different COAS. plan has three issues outstanding. The |POOA-2.2.2To deal with this turn of events, the
O-P? interfaces are provided for the twoaddresses these and returns the plan to the TRA splits COA-2.2 (the realistic weather
human users that are tailored to their roles. assumption) into two suboptions and adds tw
The following scenario illustrates how weCOA-2.The TA then sets up a second COAew tasks to COA-2.2.2—to repair the gas lea
envision the system being used. with the same evacuation tasks but this timat Barnacle and send a bomb squad to Barna-
assumes stormy weather to check for all eveste. COA-2.2.2 is now passed to the PU.
Initial situation and preparationg.he action| tualities. The TA passes this new set of COMBecause the original COA-2.2 took 16 hours,
takes place on the fictional island of Pacificarequirements to the PU. The first plan genetthe PU turns the schema choice on, to have fine
with emergencies planned for the cities |ofted takes 21 hours and is 61% effective, bottontrol of the two new tasks added to the exist:
Abyss, Barnacle, and Calypso. The TA is toldf which are unacceptable. The PU asks [thHag plan. The PU has the option of using fast ¢
to deal with injured civilians at the threeO-Plan planner for an alternative plan. Thelow vehicles for the two tasks and chooses fast
cities within the next 18 hours. Plans are onlyew plan (COA-2.2) executes in 16 hours andehicles. However, this plan takes 22 hours and
acceptable if their effectiveness is 75% |ois 75% effective, both of which are acceptablds 63% effective. The PU replans and chooses
greater. The weather forecast gives a 50%he PU returns COA-2.2 to the TA and deletea mixture of fast and slow vehicles for the
chance of a storm within the next 24 hour€0A-2.1. At this point, the TA has an accept-repair gas leak” task and a fast vehicle for the
(see Figure 5a). able plan for both clear and stormy conditions'defuse terrorist bomb” task. Although better
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Figure 4. The (a) task assigner’s panel and (b) planner user's panel.
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the new plan now takes 19 hours and is 68%ith COA-3 as an alternative.” The PU (stjll part of the Coalition Agents Experiment

effective. The TA is getting impatient and tellsin the “ask user” schema selection mode{CoAX) under DARPA's Control of Agent
the PU, “This is taking too long. Just give meselects the fast vehicle option for four of thdBased Systems program. This panel wi
the best one so far” The PU returns COAtasks but selects a slow vehicle for the “defusaclude the matrix subpanel and the grap
2.2.2.2, keeping COA-2.2.2.1 for further backterrorist bomb” task. The resulting plan exesubpanel from ACR However, the CoAX
office work. cutes in 12 hours and is 79% effective. panel will likely include new subpanels to

teams to the three cities to deal with thdetween COA-2.2.2.3 and COA-3. Althou

hproducts under development) and new su

injured civilians rather than evacuating themCOA-3 takes four hours less, it is slightly lespanels that give more role-specific workflow

After updating the default situation to reflecteffective; more important, it only sends medstatus for a number of user types. The mal
the weather report, the TA starts to set jucal teams to the three cities rather than eva@ginovation in the CoAX panel will feature
COA-3 with these tasks, and so begins| taating the injured people. The TA could nawhooks to allow Al planning technology for
define the requirements on the screen. | examine other details of the two plans, usindynamically generating and adapting th

COA-2.2.2.3Meanwhile, the PU has conti

ued to explore the possibilities for COA-2.2,2the two or plan further.

The plan improved when the PU used some

slow vehicles in the plan, most likely because

the limited number of fast vehicles are repeat-

edly in use, resulting in a longer (more lin-

ear) plan. The PU presses “Replan” and

chooses to use a slow vehicle in the “def sj

terrorist bomb” task. Sending the bomb squa HE ACP3 AND THE O-PLAN WEB

is only a precaution—using the limited num-demonstration of crisis response planning

ber offgstvehicles for evacuating the injyr dhavg an explicit plgnning-process poti nn‘knowledgmenis

and fixing the known gas leak seems like aultiagent interaction. The agents in both

good idea. The PU is right—the resulting pl

executes in 16 hours and is 80% effectiveusers can carry out in the planning procesgatory at Rome (AFRL) supported this work unde

Viewing the plan shows that this plan hasBoth systems use a COA matrix, whichdrant number F30602-95-1-0022. The US Gov
: ; . . ernment and the University of Edinburgh are

good parallelism. The PU now addresses tt&hows possible steps in the planning processihorized to reproduce and distribute reprints fd

issues raised by COA-2.2.2.3 and returns thisr each course of action being developed, ltheir purposes, notwithstanding any copyrigh

plan to the TA, saying, “I think I've fixed the ACP®, we use this as a visualization devi¢eannotation hereon. The views and conclusions co

problem with COA-2.2.2”" In the O-Plan demonstration, the populatioff

pf this rr_1atrix is central to the mixed-initiati € cial policies or endorsements, either express

Back to COA-3The TA sees the new plarrj: interaction between the TA, PU, and O-Planimplied, of DARPA, AFRL, the US Government,

“This looks good; now see what you can do An O-P? process panel is being built asor the University of Edinburgh.

paign planning proces$

(a) (b)

Figure 5. The (a) initial and (b) developing situations.

provide a “process product” perspective
COA-3.The TA decides to send medicglChoice of COAThe TA now has a choice (showing the status of various information

the plan views and the other elements of evablanning process to accommodate changing
- uation, to make an informed choice betweerequirements and situations. We have already
demonstrated such an intelligent workflow
planning aid using O-Plan for the air cam+

rsystems have roles that relate to the actionsDARPA and the US Air Force Research Labor
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ined herein are those of the authors and should
not be interpreted as necessarily representing offi-
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