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movementrequirements. A movement requirement
is somequantity of passengers and/or cargo that must
be movedfrom one port to another in a specified time
window(see figure 1). There are three transportationrelated categories of cargo: bulk, oversize, and
outsize. Bulk cargo fits on a pallet; oversize is cargo
that is too large to fit on a pallet and can only be
movedon certain aircraft types; outsize is the largest
category of cargo and will only fit on a C-5aircraft.

Abstract
This paperdescribesan object-orientedmodelfor a
mixed-initiativeairlift planningaid. Thesystem
providesa workbench
of tools that helpairlift
plannersbuild effective plans faster. Thesystem
maintainsconsistencyamongobjects in its knowledge
base by enforcing constraints. Forward-chaining
throughdomainrules is usedto identify problemsin
the routing network. MACPLAN
has improvedthe
productivityof airlift plannersbyan orderof
magnitude.

Introduction

Port of Embarkation:Airfield A
Port of Debarkation:Airfield B
Tons Bulk: 30
TonsOversize: 0
TonsOutsize: 0
NumberPassengers: 10
Availableto LoadDate: Day0
Earliest ArrivalDate: Day1
Latest Arrival Date: Day3

Air Forceairlift plannersdevelopairlift plans for
mobilizing forces in contingency operations. Orders
for such mobilizations are given as a series of timephased force movements. These movement
requirements can often numberin the thousands. The
planners must determinethe feasibility of an
operation under the constraints of limited numbersof
aircraft and airfields to support the move.
MACPLAN
is a mixed-initiative, knowledge-based
systemthat helps airlift planners develop resourceeffective airlift plans quickly. A mixed-initiative
system provides the user with automated help, yet
allows the user to drive the problem-solvingprocess.
The user can select what parts of a plan to develop
himself, and what parts to let the systemdevelop.
MACPLAN
provides an object-oriented model of
airlift entities, a numberof heuristic and algorithmic
tools for analyzinga plan, and graphical plan
manipulation tools.

Figure 1. A sample movement
requirement.
Eachclass of aircraft has certain characteristics that
effect its ability to support the movement.These
include its capacities (by cargo type and passengers),
range, air speed, takeoff and landing requirements,and
average allowed utilization rate. Civilian and military
operators supply the aircraft apportionedfor the
movement.Restrictions prevent operators from
using certain airfields, and thereby reduce the number
of aircraft that can use the airfield.
Airfields also have a numberof characteristics which
constrain their use. Cargo and passenger throughput
constraints limit the daily amountsof cargo and
passengersthat can onloador offload at an airfield.
Real-worldparking and runwaycharacteristics, as well
as political considerations, imposeadditional
constraints on airfield utilization in terms of
allowableaircraft types and operators.

Background
Theairlift planner’stask is madeespecially difficult
due to the overwhelmingquantities of data involved
in the planning process. This includes information
about cargo and passengers, aircraft, operators of
aircraft, airfields, andtheir related timingand
constraint factors.
A planner’s overall task is to allocate and schedule
resources to satisfy potentially thousandsof
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The Concept of a Plan
The goal of airlift planningis to develop a plan that
provides alternative waysto deliver its requirements
on time. Flexibility is important since airfields can
be closed and aircraft can fail.
Wedo not use the word plan in the conventional
sense of a sequenceof actions to performin order to
reach a goal (Wilkins 1984). Anairlift plan
embodiesguidelines for airfield and aircraft
utilization. The following are examplesof plan
guidelines:

using the longest airfield to airfield distance between
groups.
The simulation operates upon the resource
utilization and routing guidelines set by the planner
to produce a detailed schedule of movements.The
simulation "loads" cargo onto aircraft and "moves"
the aircraft fromairfield to airfield using a set of
heuristics to guide the process. The system
chronicles any late arrivals or bottlenecks that occur.
After the simulation has completed, planners analyze
the simulation’s results to see howwell their
specification of resource use movedthe cargo and
passengers. If somethingmovedlate, or not at all,
the planner must figure out why,and what to do
about it.
Whilethe simulation produces accurate predictions
on the ability of the plan to execute the operation, it
is cumbersometo use for several reasons. No
qualitative checkingof the plan is performed,and thus
plans that could be identified as logistically infeasible
or inconsistent prior to a simulation, are simulated
anyway. Moreover, the simulation’s reports on plan
executiontend to be cryptic, makingit difficult to
determine the source and scope of problems
encountered. The combinationof the lack of presimulation plan developmentaids and qualitative
checking, as well as difficulty in understandingthe
simulation’s output, necessitated manyiterations of
modification and simulation before a good plan was
developed.
The high turnover rate of expert airlift planners also
contributes to lengthening plan developmenttime.
By the time a planner becomesefficient and expert at
airlift planning, it is often time to leave for another
assignment. For this reason, the Air Force needed a
system that wouldretain someplanning expertise and
help newplanners learn their job quickly.

¯ Useairfields A and B for refueling and
reassignmentof military aircraft after mission
completion.
¯ Disallowcivilian aircraft at airfield C.
¯ Usecivilian aircraft for the bulk of the
passenger loads and route them through group
1.
¯ Fromthe first to the ninth day of the plan, use
3 747-100s from operator A, and increase the
amountto 4 from day 10 to the end of the
plan.
The movementrequirements and the plan, in the
formof these guidelines, then serves as the basis for
developinga detailed proposedscheduleof airlift
movements.As described in the next section, the
current approachto developing such a schedule is to
run a discrete-event simulation of the operation.
Airlift
Planning Prior to MACPLAN
Prior to MACPLAN,
airlift planning was primarily a
manual process. The only electronic aid was a
simulation that executed as a batch job on a computer
main frame. The planner developed the plan on
paper, and then keyed the information into the
computer prior to running the simulation. To do
this, they reviewed stacks of computer-generatedpaper
reports, plotted onload and offload airfield locations
on a map, and drew out intended routing strategies on
paper charts, incorporating enroute stops as necessary
to accommodateplanes with limited ranges.
The simulation requires that the planner specify
routes for each requirement to movefrom its onload
to its offload airfield. To reduce the complexityof
the routing network, airfields are groupedgeopolitically. In this way,it is only necessaryto
specify a routing from every requirement’s onload
airfield group to its offload airfield group. Figure 2
shows the reduction of complexity realized when
airfields are groupedin this manner.The dots
represent individual airfields, the thin arrowsrepresent
requirements that must move,and the ovals describe
groupings. The thicker arrows represent the only
routes that are necessaryto specify routing at the
group level. Routedistances are then calculated by

Figure 2. RoutingAbstraction
The MACPLAN Concept
Whenthe Air Force asked us to help them improve
the planning process, it becameevident to us that the
simulation, although outdated in its technology, still
performedits intended function of dynamicanalysis
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quite well. Weinstead focused our attention on the
plan development phase, with emphasis on preparing
a logically consistent and completeplan to be
ultimately checked by the simulation. Wealso
realized that, for the purposesof deliberate planning,
developmentof the "best plan" for a given operation
was unnecessary. For this reason we designed
MACPLAN
to be a knowledge-based planning aid
that wouldhelp producefeasible plans faster than
before, and could operate as a front-end to the
simulation process. MACPLAN’s
quality control in
plan developmentreduces the numberof lengthy
simulation runs to only one or two. MACPLAN
provides a suite of automatedtools for quick plan
developmentand "what-if’ analysis. To further
ensure that the plan is ready for detailed simulation,
MACPLAN
contains its own cruder internal
simulation to detect dynamicdifficulties in a plan.
Special attention was given to the user interface so
that the systemcould be learned quickly.

Modelling of Airlift

(defstruct (plan-element(:include
kernel)

(:type:named-array)

(:predicate
PLAN-ELEMENT?)
conc-name)
name
;from kernel
documentation ;from kernel
dz!ahase-mapper ;map for indexing
;instances in file and memory
instances
;list of all existing
;instances of this object class
inferiors
;all classes that inherit
;attributes fromthis class
superiors
;all classes that this class
;inherits attributes from
inst-vars
;list of all instance
;variables(slots) local to this
;class and inherited from
;superiors

Planning World

All plan element class objects are either resources
or tasks. A resourceis any entity, such as an airfield
or aircraft, that helps to completea task. Atask is
something that must be done, in this case something
to be moved.They. each contain specific key
attributes that are used for their respective roles in
resource allocation and task execution.
The description of each plan element class object
in the knowledge base consists of three parts: a
description of the class of objects to whichthe object
belongs, the flavor instance representing the object to
be used for creating instances of the class, and its
attributes. Each class description defines its own
attributes and inherits any that are defined by
ancestors in the hierarchy.
In addition to defining class attributes, each plan
elementclass description maintainsa list of its
instances. This allows the knowledgebase to quickly
retrieve all instances of a particular class, and to
collect all instances of a class’s descendentsby
traversing the class hierarchy.
Aninstance of a plan elementclass is instantiated or
retrieved by calling the followingfunction:

MACPLAN
bases its model of the airlift planning
domainon the Flavors1 object-oriented extension to
LISP. Flavors can be used to represent an extensive
amountof declarative knowledge,and its natural
hierarchical organization of classes (Winston&Horn
1989) allows manyrelationships to be derived by
inheritance. In addition, the modularconstruction of
Flavors gave us the critical ability to expandand
modify MACPLAN
incrementally. This was
particularly important since MACPLAN
had to be
able to evolve as our understanding of the complex
military airlift domainevolved. A meta-langnagewas
also built on top of Flavors and the LISPsubstrate to
provide constraint checking capabilities (Abelson
Sussman 1987b).
Objects
in MACPLAN
The objects in the MACPLAN
model consist of
requirements(cargo and passengers to be transported),
aircraft, operatorsof aircraft, airfields, androuting
networks. The plan element knowledgebase is
represented as a class structure hierarchy in which
each class of objects can be treated as an object itself.
All objects in the modeldescend from the flavorplan
element. The plan element object infrastructure
contains an identifier nameand a methodfor enforcing
slot documentation.A plan element class is created
by first defining a flavor of its class namewith the
desired instance variables. The macrodef-planelementis then called to create the followingclass
structure:

(get-object
plan-element-class-name
object’s-official-name
attribute-initialization-list
documentation)
First the knowledgebase looks to see if an object of
this plan elementclass and official-name is already
iustantiated in memory.If not, the knowledgebase
then looks in its permanentfiles of information on
plan elements. If an object of this class with this
official-name is found in the permanentknowledge-

1 Flavors is a trademark of SymbolicsCorporation
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base, the object is instantiated with the specific
attributes recordedin its permanentdescription.
Otherwise the object is unknownto MACPLAN,
and
it receives default attribute values fromits class’s
flavor definition, or uses values for attributes as
specified in the attribute-initialization-list. In
addition, get-object fires any initalizafion methods
that have beendefined for this class. Initialization
methodsmight be used to create associated display
objects, or other instances or structures that this class
refers to in its slots. Get-object returns twovalues,
the object instance and an indicator of whetheror not
it was newlyinstantiated.
Eachattribute, or instance variable, of a plan
clementclass is defined as an object itsclf by the
macrodef-plan-slot. These slot objects are stored in
the inst-vars slot of its correspondingplan element
class’s structure. By defining slots in this waywe are
able to introduce constraints on slots (I-Iuang, Unger,
&Fan 1988). Every slot has at least one constraint,
a datatype constraint required by def-plan-slot. For
instance, a slot can be constrained to contain one of
several types of flavor instances, a numberwithin a
certain range, a list comprisedof certain types of
items, etc. Constraints are discussed in moredetail in
the next section.

twovalues, either true or false, and a justification for
the veracity (a string value). Constraints and rules
contain declarative plan element information.
Predicates are called only by constraints and rules, but
are themselves independent of plan element
representation. Thus, predicates are not effected by
changesin plan clement structure.
Forward-chaining (Winston 1984) comprises one
the major mechanisms by which MACPLAN
reasons. The forward chainer uses rules that infer
route planningerrors, inadequacies,or conflicts.
Rules are a natural mediumfor describing the eventdriven nature of the networkrouting problem, because
collections of rules correspond to networkconditions
(Abelson & Sussman1987a). The rules are derived
from route planning experts (Hoffman1987) and
describe the relationships betweenroutes and cargo
movement.The domainrules are categorized by the
cargo type to which they apply, and sub-categorized
by degree of criticality. Rules are true statements
such as:
¯ A critical problemexists if there are
passengers to be movedalong a specific
route andthere are no aircraft that can carry:
passengers.
¯ A critical problemexists if there are
passengersto be offloaded at a specific
airfield, but no operator supplying passenger
carryingaircraft is allowedat that airfield.

Predicate
Functions

Suchrules are expressed declaratively as follows:
Rule Dispatcher

(Llan

Element
wledge Base~__~

I
Constraints
~ Plan
Element

(defnetrule critical-pax
passengercrit-pax critical
:documentation"Canairfield
handle at least one passenger
aircraft and corresponding
operator?.")

Plan
Processor

Constraint

This macrocreates a rule object, places it into the
appropriate category of similar rules (critical
passenger), and places a pointer to the predicate
function crit-pax in its predicate slot. This particular
predicate determineswhetherthe specified airfield can
handle passengeraircraft and a legitimate operator.
Rules are applied to the routing networkwhenthe
user invokes the networkanalysis tool. The rule
dispatcher is activated whenthe consistency of a route
is questioned. It invokes the appropriate category of
rules, based on cargo type expressed in the
antecedents, and returns the results of the associated
predicate function that includes an explanation of any
problem encountered. Rules within each category are
fLred by the rule dispatcher in order of decreasing
criticality.

w-, Checker

,

Library
~ ~ Constraint~

)

Figure 3. MACPLAN
Core Architecture
How MACPLAN Reasons
Reasoning mechanisms in MACPLAN
are closely
coupled with MACPLAN
plan elements (see figure
3). Predicates, rules, and constraints form the basic
reasoning mechanisms in MACPLAN.MACPLAN
predicates are hand-codedLISPfunctions that return
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Thesetting-indicatordeterminesif constraintcheckingshould be performedand howto apply the
newvalueto the slot. Thedefault valueindicates that
constraint checkingshouldbe performedand, provided
that all constraintsare satisfied, the newvalueshould
be placedinto the slot. Othersetting-indicatorvalues
indicate that constraint checkingshouldbe 1)
performedbut the newvalueshouldnot be placedinto
the slot, 2) bypassedwith the newvalueplacedinto
the slot, 3) performed
and, providedthat no
constraints are violated, the new-value
shouldbe
deleted fromthe slot, 4) performed
on newvalueas
member
of a set and, providedthat no constraints are
violated, the newvalueshouldbe inserted into the
set, 5) performedon newvalue as a member
of a set
and, providedthat no constraintsare violated, the new
value should be excludedfrom the set. Whathappens
whena particular constraintis violated dependson
whattypeof constraint it is. In somecases, a
resumableerror, with an explanationof the violation,
is signalled. In other cases the newvalueis simply
not appliedto the slot.

Wekept MACPLAN’s
rule-base small and
manageable
by limiting rules to only represent
networkrouting knowledge.Knowledge
about plan
elementrelationshipsis insteadexpressedin
constraints. Constraintsatisfaction (Charniak
McDermott
1986, Rich 1983) comprises the second
major reasoning mechanismin MACPLAN.
The
airlift planningprocesscanbe viewedas filling slots
subject to constraints (Brown1987). A constraint
saysif a certain conditionis true, thenthe contentsof
certain slots mustsatisfy certain conditionsand
certain other conditionscannotbe true. Eachslot of a
planelementobjectis in itself an object containing
slots for its valueandanyconstraintson its value. A
constraint deflmesthe relationship whichholdsamong
a set of slots (Stefik 1986). Constraintsmayalso
maintainedbetweenslots of different plan element
classes. A plan elementslot mayhave many
constraints, whichare run automaticallywhenthe
slot is altered.
Constraintsare built as objects, so different
constraintsare definedas differentclassesof objects.
Instancesof the sametype of constraint can thereby
be usedfor differentclassesof objectsin the plan
elementhierarchy. Theconstraint object is pushed
onto the constraintslot of the planelementslot(s)
whosevalue(s) it will constrain. Constraintsare
declarativelyexpressedas follows:

MACPLAN Features
Plan Development Aids
MACPLAN
provides the planner with several features
that facilitate fast plandevelopment.

(defconstraint min-max-launchinterval
requirements
:min-launch-interval
:max-launch-interval
:shorter-eq
"rain-max")

¯ Movement
requirementscan be viewed
graphicallyor textually, in the sameformatthey were
reviewedpreviouslyon paper listings, but with the
addedability to select the level of viewingdetail.
¯ MACPLAN
can group airfields geopolitically to reducethe complexityof the routing
network.
¯ Thesystemcangeneratedirect routes for
each movement
requirementto travel fromits onload
groupto its offload group. Anylegs that cannotbe
flownbyall the aircraft in the planare displayedin
red.
¯ MACPLAN
allows the planner to select a
region on the mapin whichhe wouldlike to use
someairfields for stop-overs.Anyqualified enroute
airfields in the geographic
area selectedare brought
into the plan.
¯ Agraphicalplanroutingtool, called the
Abstract,providesan interactive electronicversionof
the previouslydescribedmethodof developinga
networkon papercharts.
¯ MACPLAN
automatically adds all known
informationaboutreferencedentities to the plan.
¯ MACPLAN
tolerates incomplete
information.If the systemencountersan airfield that
it doesnot knowabout,it acceptsthe airfield with
default attribute values,allowingthe plannerto
completethe informationat his leisure.

Thepredicate:shorter-eqdetermineswhetherthe time
interval for the slot :rain-launch-interval
is longer
thanthe timeinterval for its related slot :max-launchinterval for anyobjectof class requirements.
Enforcingconstraint checkingat the slot level was
accomplished
by meta-linguisticabstraction, or the
creation of a languageon top of anotherlanguage.
Webuilt uponLISP’sinnate message-sending
facilities to base constraint checkinguponplan
elementslot access. Eachtime a messagethat sets a
planelement’sslot is sent, the constraintcheckeris
fired andworksthroughthe set of constraints
identified for that slot. Amessage
to a slot is built
as follows:
(SENDplan-element-instance
slot-message
[new-value1
[setting-indicator]
[justification])
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¯ Plannerscan expandand modify
MACPLAN’s
permanentknowledgebase of aircraft,
operators,andairfields.
¯ MACPLAN
tracks
available versus
requested
aircraft totals.
¯ MACPLAN
provides the ability to save
and load plans at anypoint in development.This was
accomplished
by writing a genetic modulethat can
savea list of directlyor indirectlyreferencedobjects,
arrays, lists, etc, to file. Thefile canthenbe loaded
so that the objectsin it are re-instantiatedto their
previousstate.
¯ Planners can download a plan to the
external simulation by directing MACPLAN
to
convert its object-oriented plan format to the
simulation’srecord-basedformat.

level of displaycontainingthe least amount
of detail.
Mousing
on specific icons reveals further levels of
detail. Iconscan be directly manipulated
to alter the
informationthey represent. Graphsand maps,with
extensive use of color coding, snapshot movement
tasks versus movement
capability at any given time
or placein the plan.
Theuser interface organizes all of MACPLAN’s
tools and displays. Natural language,implemented
via a semantiCgrammar,enhancesthe intuitive nature
of the interface. Plan guidelinescan be easily entered
usingnatural language,as illustrated below:
DisallowC-5sat airfield A.
Recoverall military fromgroup1 to
group2 using airfield C
andairfield D.

Plan Analysis Tools
For quick plan checking,a set of analysis tools was
implemented.

Implementation Status
MACPLAN
runs as a standalone, multi-process, dualscreen system, on a Symbolics3600Lisp Machine.
It is written in LISPusingSymbolics’object-oriented
extension, Flavors. Twoanda half years elapsed
from conception of MACPLAN
to its deploymentin
an operational environment. MACPLAN
has been
operationallyevaluatedby plannersfor the past six
months.

¯ Theairlift vs. requirementscomparison
determines
the ability of the different typesand
quantitiesof availableaircraft to movethe
requirementsas a functionof time.
¯ Extraneousnetworkcomponentscan be
viewedandselectivelydeletedfromthe plan.
¯ A networkcheckeridentifies
inconsistenciesandpotential conflicts in the plan.
Rulesincorporatingthe planner’s knowledge
are used
to ensurethe consistencyof the routing network.
¯ Aworkloadestimatorprovidesa rough
estimateof the airfields’ abilities to sustainthe
planned movement.
¯ Aninternal simulatorgenerates
approximatemovement
schedules, and identifies more
preciselythe timesandlocationsof bottlenecksin the
plan. Althoughsomebacktrackingis required during
the simulation,it is minimized
by identifyingthe
repeatedinvariant constraint checksandperforming
these checksonceprior to scheduling.

Evaluation
MACPLAN
has enabledplanners to developairlift
plans an order of magnitude
faster than before.
Planners often comment
that they wouldhave
overlookedimportantplan details if it hadnot been
for MACPLAN’s
help. Newplanners, even those
with little or no experienceusing computers,come
up to speed quickly, and they find MACPLAN
extremelyeasy to use.

Conclusion and Future Work
MACPLAN
employsan integration of AI, numerical
formulae,andgraphicstechnologiesto supporta
mixed-initiative decision aid. MACPLAN
has
successfullyenablednewplannersto learn their job
morequickly.
Throughthe success of MACPLAN,
our belief in
the viabilityof artificial intelligencehas been
reinforced. Interest in MACPLAN
and the problemit
addresseshas identifiednewfields of researchin
resource allocation and schedulingat MITRE.
Casebasedreasoningandproblempartitioning, within the
discipline of linear programming,
comprisetwo of
these areas. Theseareas will continuewhere
MACPLAN
leaves off. Case-basedreasoning will
performmoreof the workfor the planner. While
MACPLAN
allows the planner to reuse a plan for
different movement
requirements,the plannerhas to

User Interface
Theuser interface wasimplemented
fhst so that we
couldeffectivelyevaluatethe functionalityof the
systemwith the users as it wasdeveloped.Wemade
a specialeffort to providea natural approach,or
interface, to the problem.Thus,the plannersplayeda
keyrole in designingthe interface.
MACPLAN
utiliTJeS a dual-headed,tiled-screen
approachto maximizethe viewingarea andto better
organizeinformation.Menuspop-upin a predictable,
context-dependentmanner.Colorgraphics, with
structuredtechniquesin the visualizationof data,
portraythe plan andresults of analysistools. Layered
levels of abstractionanddetail are usedto represent
entities andinformationin the plan, with the top
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Charniak, E. and McDermott,D. 1986. Introduction
to Artificial Intelligence. Reading, MA:AddisonWesley.

do all the workin identifying an appropriate plan and
modifyingit to movethe new set of requirements.
Givena set of requirements, case-based reasoning will
be used to select and adapt a suitable existing plan for
the planner. This type of reasoning also provides a
richly-detailed knowledgebase for producing
explanations about behaviors within the domain.
While case-based reasoning reduces the amountof
planning work necessary by utilizing plans already
made, problempartitioning can be used to optimize
those plans. MACPLAN
generates a plan which is
feasible but not necessarily optimal. Problem
partitioning will be employedto optimize the plan by
decomposition.
In addition to identifying further research areas in
artificial intelligence, MACPLAN
has confirmed our
beliefs in rapid prototyping with emphasison
developing the user interface up front. Withoutan
interface to serve as a soundingboard, the user
typically loses sight of the benefits that the system
could provide. In addition, the participation of the
user is critical throughoutthe life of the prototype.
Reviewingfunctionality periodically enables the user
to see his problemmore clearly and to suggest
additional functionality.
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