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A multi-objective decision-support methodology

BACKGROUND OF THE INVENTION

This invention relates to a method for effecting computeir implemented decision-support.

INTRODUCTION TO THE INVENTION

When a manufacturer produces goods, it is preferable to determine the best manner in
which to implement the manufacture and distribution of those goods to customers and/or
warehouses. In the following, for the sake of pedagogy, we reference in particular the
problem of transportation planning. When making these determinations, human
schedulers must consider many factors, including but-not limited to:

a) vehicle availabilty;

b) vehicle loading constraints including volume and weight limits or special requirements
pertaining to the physical characteristics of the product; '

¢) item production and due dates; '

d) transit time; -

e) loading dock restrictions; -

f) carrier rates; o

g) customer unloading restrictions;

h) customer preferences: o .

i) item characteristics such' as physical dimensions, perishability, or special handling
requirements. |

There is usually no single solution that addresses all of these objectives simultaneously.
For example, a solution which makes use of a least-cost mode of transportation may
deliver items to the custo’r_her after the required due date, or may violate loading dock
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f) carrier rates; g) custoner unloading restrictions; h) custoner
preferences; i) itemcharacteristics such as physical di nensi ons,
perishability, or special handling requirenents. -.-There is usually no
single solution that addresses all of these objectlves si mul t aneousl y. For
exanpl e, a solution which nakes use of a | east-cost node of transportation
may deliver itens to the custonmer after the required due date, or nmay
viol ate | oadi ng dock 2
restrictions that lead to dlsruptlons Whi | e some constraints are physi cal
in nature (there |s only so nuch phyglcal space I n a boxcar), other
constraints ref erenc can _he viol ted un%ﬁr i&ecia
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SUMMARY OF THE INVENTION

We have discerned that a common method for generating a solution under these
circumstances is to define policies or rules that effectively limit the possible candidates.
If these policies do not reduce the choices to a single solution, then the final solutions
may be regarded as equivalent, and the plannér may choose any one of the remaining
solutions at random. An example of a set of rules, with particular pértinency to
transportation planning, which can reduce the number of available choices, is as follows:

a) eliminate all solutions that violate vehicle loading restrictions;

b) of those solutions whiéh_ remain, eliminate all solutions which do not deliver the
product to the customer on time (If all solutions are eliminated, choose the solution whose
lateness is minimum);

¢) choose the solution with the lowest total cost.

We have further discerned that there are a number of difficulties with this approéch.
From the point of view of a human planner, this approach may be inflexible, and thus thay
not allow the planner to take into account special contingent information not reflected
within the existing rules. For example, a planner may know that even though there is
some level of tardiness within a particular solution, the customer has ordered goods prior
to when they will actually be required, and therefore, no customer dissatisfaction will
result from a small degree of tardiness as measured from the point of view of the
customer-specified due dates. In short, this approach prevents. a human scheduler from



may be regarded as equival ent, rand the planner may choose any one of the
remai ni ng solutions at random An exanple of a set of rules, with
particul ar pertinency to transportation planning, which can reduce the
nunber of avail able choices, is as foll ows: a) elimnate all solutions
that violate vehicle loading restrictions; b) of those solutions which
remain, elimnate all solutions which do not deliver the product to the
custoner on time (If all solutions are elimnated, choose the solution
whose lateness is mninun); c) choose the solution with the |owest total .
cost.” W have further discerned that {here are a nunber of difficulties
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3 understanding the tradeoffs between multiple* 5ol ution alternatives. e
observe t.hat anot her common met hod for choosing an appropriate solution is
to

where w, is a weighting -factors for objective value x. The problem then beco-mes one
‘of selecting appropriate weighting factors, and employing a search device to define a
solution which, when evaluated across each objective x,...x,, will yield a minimum value
for the function f. Unfortunately, this approach; thbugh quite common, has several
important limitations.

1. Rtisdifficult or impossible for the manufacturer to define weighting factors that produce
acceptable solutions in all circumstances. Many objectives such as customer preferences
reflect general quality considerations that cannot be reliably quantified (for example, by
associating a doliar value on lost sales due to customer dissatisfaction).

2. The weights are an attempt to define the relative imporntance of different objectives.

In real-world planning environments, the relative importance of these different objectives
is cbnstantly changing. Whil'e in principle, a human scheduler could then simply assign
different weighting factors over time, in practice this is considered undesirable because
of the constant effort involved. ' '

3. These weights imply a linear correlation between two objectives, wheh in reality, the
relative importance of two objectives may be non-linear. For example, while the
scheduler may tolerate small customer dissatisfaction in order to achieve the lowest
possible delivery cost, in practice, the scheduler may limit the amount of potential cost
savings to ensure that the customer does not become too dissatisfied. Thus, cost



define an objective function:

[err] where werr] is a weighting factors for objective value x[err].
The probl emthen becones one of selecting appropriate weighting factors,

and enpl oying a search device to define a solution which, when eval uated

across each objective x[err]...x[err], will yield a m ninumvalue for the
function f. Unfortunately, this approach, though quite comon, has several
i mportant |imtations. 1. It is difficult or inpossible for the

manuf acturer to define weighting factors that produce acceptabl e sol utions
in all circunstances. Many objectives such as custoner preferences reflect
general quality considerations that cannot be reliably quantified (for
exanpl e, by associating a dollar value on |ost sales due to customner
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environments for many of the reasons that the objective function itself is limited as a basis
for solution selection: the solutions are inherently inflexible to changing circumstances,
and operators of such solution generation systems must figure out how to modify the
underlying objectives or the associated weighting factors in order to produce solutions that

meet current objectives.

In accordance with the foregoing discussion, we have now discovered a novel method for
effecting computer implemented decision-support, which method addresses and solves
the problems alluded to in the foregoing discussion. .

The novel method comprises the steps of:
1) inputting to the computer data comprising information relevant to a specified
problem
2) choosing a set of solution generators for the specified problem;
3) instantiating the set of solution generators in memory;
4) running iﬁ a CPU the set of solution generators for producing a set of candidate-
solutions relevant to the specified problem;
5) filtering the set of candidate solutions for producing at least one selectable
candidate solution in accordance with an independent metric;
6) outputting on a display the at least one selectable candidate solution;
and
7) dynamically interacting with the at least one of selectable candidate solutions for
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| ncr eases. There are a nunber of existing nmethods for generating a
particul ar solution based upon this conposite function, including |Iinear
programmi ng and mi xed integer progranm ng, but these nethods are applicable
only when the problemconstraints take a specific form In the context of a
genetic al gorithm approach, this objective function is alternatively known
as a-fitness function. Solution. generation systenms which make use of the
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4, Enhanced understanding of the tradeoffs inherent in competing objectives, through
presenting valuations of candidate solutions.
5. Incorporation of factors or special considerations not necessarily reflected in current
objectives, by making manual modifications to one or more solutions, and by actively

' participating in the creation of the final solution.
DETAILED DESCRIPTION OF THE DRAWING i

The invention is illustrated in the accompanying drawing, ‘in which:
Fig. 1 shows principal aspects of a multi-dbjective decision support methodology;
Fig. 2 shows components of the ?g 1 methodology with optional cémponents that
may enhance system performance; '
Fig. 3 compnses a graph showing the non-dominated set for two objectlve problems;
and _ _
Fig. 4 shows a schematic suitable for machine implementation of the novel method.

DET. AILED DESCRIPTION OF THE PRESENT INVENTION
In this section, we disclose a methodology for effecting computer implemented decision-

support. For the sake of pedagogy, we reference in particular the problem of
- transportation planning. In this regard, we note that the reference to transportation
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sel ect abl e candi date solution in accordance with an independent netric;
6) outputting on a display the at |east one sel ectabl e candi date sol ution;
and 7) dynamically interacting with the at | east one of selectable
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consi der at i gahodbRigy 1OCRMpAding the tElowing lskhspadtsCUr r ent obj ectives, by making
manual nodifications to one or nore solutions, and by actively

participating in the creation of the final sol ution.  DETAI LED DESCRI PTI ON
OF THE DRAVIMNGperator 12 is a (human) user of the method and a decision maker.

A problem specification reader 14 comprises an input device that can collect
information relevant to a particular problem. For transportation planners, this information
can include products to transport, carrier rates, vehicle weights, and volume constraints,
customer profiles, and so on. This information may be entered manually by the operator,
or derived from the manufacturers logistics/order-entry system.

An agent store 16 comprises a collection of solution generators (algorithms). -Each agent

+  preferably has the following characteristic: it reads as input 0 or more soiutions along with
data defining a particular problem, arlvd writes out O or more solutions. Agents 'may be
categorized as follows:

a) Constructor agents can create solutions and place them Into the solution store.

b) improver agents can take as input one or more existing solutions and can output one
or more new solutions.

¢) Destroyer agents can remove solutions from a solution store.

A solution store 18 comprises a collection of solutions to which all agents In the agent
- store can have access.



S T

The invention is illustrated in the acconpanying draw ng, in which: Fi g.
1 shows principal aspects of a nulti-objective decision support

met hodol ogy; Fig. 2 shows conponents of the Fig. 1 nethodology with
optional “conponents that may enhance system performance; Fig. 3
conprlses a graph show ng the non-doni nated set for two objective problens;
and Fig. 4 shows a schematic suitable for machi ne inplenentation of the
novel nethod. DETAI LED DESCRI PTI ON OF THE PRESENT I NVENTION In this
section, we disclose a nethodol ogy for effecting computer inplenented
decision- support. For the sake of pedagogy, we reference in particular
the problem of transportation planning. - In this regard, we note that the
reference to
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solution is chosen and the process is complete. If agents can achieve this level of’
performance consistently, then the method need not permit the decision maker to modify
existing solutions. In complex manufacturing environments, there may be additional
information that the operator can use to further improve a solution. An effective decision-
support methodology attempts to provide the operator with a solution that is as close to .
the desired solution as possible, as often 'as possible.

OPTIONAL COMPONENTS OF THE METHOD THAT CAN ENHANCE SYSTEM
PERFORMANGE FOR FLEXIBLE AND DYNAMICALLY CHANGING ENVIRONMENTS

The following discussion utilizes information inciuded in Fig. 2, numeral 24.
A solution component is a part of a solution; qne"or more solution components are
needed to make up a complete solution.

A solution component generator 26 (optional) can create solution components. This part
of the method is optional if all of the solution generating agents {(described below)
formulate their solutions using only input specification data.

A solutioh components store 28 {optional) cbmprises a collection of solution components
to which all agents in the agent store preferably have access. These components are
optionally employed by constructor and/or improver agents to produce new solutions.

Solution filters 30 (optional) comprise methods preferably used by the operator to extract
a subset of solutions for detailed examination. The operator may altematively draw
solutions directly from the population without passing them through a filter. There are a
number of ways in which filters may be configured. '



An operator 12 is a (human) user of the nethod and a deci si on naker. A
probl em specification reader 14 conprises an |Input device that can coll ect
information relevant to a particular problem For transportation planners,
this information can include products to transport, carrier rates, vehicle
wei ghts, and vol une constraints, custoner profiles, and so on. This

I nformati on nay be entered nanually by the operator, or derived fromthe
manuf acturers | ogistics/order-entry system An agent store 16 conprises a
coll ection of solution generators (algorithns). Each agent preferably has
the followi ng characteristic: it read8 as input 0 or nore solutions al ong
wth data defining a particular problem and wites out O or nore
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objective values. Only solutions satisfying the bounds criteria™are allowed to pass
through. )
iif) a NON-DOMINATED SET filter allows a solution to pass through only if there does not
exist another single solution in the solution store whose objective value is better in at
least one objective while being no worse for all other objectives. The behavior of the non-
. dominated set filter is shown in Fig. 3 (numeral 32). In this case, where the user seeks
to minimize objective X and minimize objective Y solutions (a) and (b) do not dominate .
one another because solution (a) is better than solution (b) (i.e., has a smaller value)
with respect to objective-X, whereas solution (b) is better than solution (a) with respect
to objective-Y. Solutions (a) and (b) are both members of the non-dominated set
because there are no solutions in the solution space that dominate either of them. By
_ contrast, solution (c) is dominated by solution (a) because solution (a) is better than
solution (c) with respect to both objectives. The description is readily generalized to three
or more objectives. Another name for the non-dominated set is the Pareto frontier.

DESCRIPTION OF THE METHOD STEPS

When the method is sia'ned, and with reference to Fig. 2 and Fig. 4, numeral 34, it

preferably begins by reading information relevant to the problem from a file, document,
* or database, or data ' may be entered by the operator 12. The problem specification

reader 14 can extract this information and convert it into a format (data structure) that

makes it readily accessible to further processing. (There is no set specification for these

data structures, as they are problem specific.)

The solution component generator 26 preferably constructs pieces of a complete solution
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7 An evaluator 20 can take as input a solution and can output a list of
numeri cal val ues each corresponding to a particul ar objective val ue. A
solution viewer and nodifier 22 can allow the operator to exam ne a
particular solution in the solution store. If there exists a solution that
nmeets the operator's objectives, this solution is chosen and the process is
conplete. If agents can achieve this | evel of performance consistently,
then the nmethod need not permt the decision naker to nodify existing
solutions. In conplex manufacturing environnents, there nay be additional
i nformati on that the operator can use to further inprove a solution. An
effective deci sion- support methodol ogy ajtenpts to provide the operator
wi th a sol utiusingttheinpisdale cl ose to the desired sol ution as possible, as
often as possi bl e. OPTI ONAL COMPONENTS OF THE METHOD THAT CAN ENHANCE
SYSTEM PERF NCE FOR FLEXI BLE AND DYNAM CALLY CHANG NG ENVIB%NNENTS The
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formul ate trm%éwég%utions using only input specification data. A solution
conponents store (optional) conprises a collection of solution
conponents to which all agents in the agent store preferably have access.
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agent s to pr Otﬂggeetegﬁr\{ivqusegl auré Ip?org)?e'm dependent. Components may be randomly generated,”
systematically generated, exhaustively generated up to some specified limit, or produced
using heuristics which define components that are likely to be useful to the problem. For
example, in transportation planning, solution components consisting of vehicles that are
full or nearly full of godds may be more useful than solution components representing
vehicles that are empty or nearly empty, as it is usually one of the goals of transportation
planning to reduce cost by using containers and vehicles efficiently. - This demonstrates
that solution component generation may be tied to particular objectives of the problem.
The solution components are placed in the solution component store 28. A solution
component generator and store is optional to the method, and may not be required if the
problem domain to whi_ch the method is applied is not readily decomposéble.

Agents in the agent store 16 preferably are autonomous, and preferably must determine
for themselves when to turn themselves on or off. Agents may operate synchronously
or in parallel, depending upon the computational environment in which they operate.
Agents may be formulated as continually running processes executing in parallel on a
multiprocessing computer. Each agent can represent a unique problem-solving |
methodology or a combination of methods. In some problem domains, the number of
such methods may be very large. The specific agents that are in the agent store 16 are
" implementation specific.
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Solution filters 30 (optional) conprise nethods preferably used by the
operator to extract a subset of solutions for detail ed exam nation. The
operator may alternatively draw solutions directly fromthe popul ation

wi t hout passing themthrough a filter. There are a nunber of ways in which
filters may be configured.

8 i) a NULL filter (not shown) allows any solution to pass through. This
filter is useful if the user wants to retrieve all existing solutions from
the solution store. ii) a BOUND filter (not shown) places an upper and/or
a | ower bound on one or nore objective Y@Iues. Only solutions satisfying
the bounds criteria are allowed to pass~—through. I11) a NON-DOM NATED SET
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given some input specifications.

A constructor agent may be designed to meet a particular objective or combination of
objectives. Alternatively, a constructor agent may be specifically designed to capture a
commonly employed heuristic problem solving method or a more complex optimization
method, such as an agent employing linear programming.

Constructor agents may employ ‘randomization techniques so as to produce a variant
solution with each invocation. In the next section, we provide example constructor
agents relevant to transportation’ planning.

Improver agents can create new sohjtions by modifying copies of existing solutions. (The
original solution is left unbhanged.) For a given problem domain, there are many possible
improver agents. The specific improver agents employed as part of the methodology are

. implementation specific. An improver agent may make use of random modifications,
heuristic methods, or other more complex mechanisms. An improver agent -can be
designed to modify solutions with respect to a particular objective or set of objectives.
Individual improver agents are responsible for determining, for themselves, when they
should be invoked, and upon which existing solutions they should operate. We will give
specific examples of irﬁprover agents relevant to the problem of transportation planning
in the next section.
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generalized to three or nore objectives. Another nanme for the non-dom nated
set is the Pareto frontier. DESCRI PTI ON OF THE METHOD STEPS  Wen the
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they are problemspecific.) The sol ution conponent generator 26 preferably
constructs pilestieyenfigentizeliminate solgiohs:froro the solution store. Their puspasg is theliminplet
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ensuring that improvers operate upon only those solutions which are “promising”.
Destroyer agents can. employ many of the same techniques as solution filters, the
- difference being that filters do not eliminate solutions from the population, but rather

restrict which solutions in the population are displayed to the operator. For example, a
destroyer may eliminate all but the non-dominated set of solutions, or alternatively, the
solutions which are dominated by a randomly chosen solution. Destroyers may eliminate
solutions whose objective evaluation (fitness) is less than some specified value. (Different
destroyer agents may encompass different objective functions.) Destroyers may also be
employed to eliminate redundant or nearly redundant solutions, as itis the purpose of this
method to generate a variety of alternatives that reveal meaningful tradeofis between
multiple objectives, and not simply to produce multiple solutions with only minor
modifications.. ’

The solution store 18 can act as a shared memory for all ‘agents.‘ Every solution that is
placed in the population is preferably evaluated according to various criteria. These
criteria may be problem specific, and preferably define the objectives employed by the

operator to identify candidate solutions. The evaluator 20 is responsible for performing
this task. .

An important feature of the methodology of the present invention is the fact that the
operator can act as an agent in the process of forming the population of solution
alternatives. As noted above, this feature is not critical to the realization of the method,
as long as the existing set of agenis provide at least one satisfactory solution on a
consistent basis. However, manual modification of existing solutions is often necessary
in real-world manufacturing environments, because of the difficulty in building agents
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There are a nunber of techniques that can be used to generate sol ution
conponents, and these techni.ques are probl em dependent. Conponents nay be
random y generated, systematically generated, exhaustively generated up to
sone specified limt, or produced using heuristics which define conponents
that are likely to be useful to the problem For exanple, in transportation
pl anni ng, sol ution conponents consisting of vehicles that are full or
nearly full of goods may be nore useful than solution conponents
representing vehicles that are enpty or nearly enpty, as it is usually one
of the goals of transportation planningipo reduce cost by using containers
and vehicles efficiently. This denponstrates that sol ution conponent

generation may i rti.cul ar jectivVv h ohplem_ . .
sol ution conporc;'g%b}se Qﬁ%&g‘?"g"?@% “lqenm%%%s%ﬁ’ﬁ %pgﬁﬁk%#ﬁ%ﬁ%ﬂ?gsﬁ%tr@/ aé%a?ﬂ"se'

sol uti on conmponent generator and store is optional to the nethod, and may
not be required if the problemdonmain to which the nethod is applied is not

readi |y deconposabl e. Agents in the agent store 16 preferably are
aut onormous, andhProPPESHNYY MigWta SWPBRRY §idhe GHrent ARWANRSS inRigh the symmary
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that are in theircuyestances. oincthisdegard: therpgantaceanaapetate epaondans of identifying viable
' candidate solutions; but the design of this step ensures that the operator has control over

the final, chosen solution. The summary presented to the user may be sorted according

to different objectives, and the operator can place additional bounds requirements so as

to limit the number of solutions currently under consideration. The user may re-evaluate

a manually modified solution and compare the results with solutions automatically

generated by the system agents.

it is important to note that the decision-support aspects of the present method can be
supporfed in large part by the ability of agents to produce varied solution alternatives in
conjunction with an operator who can decide which alternative is worth examining under
existing circumstances. This methodology is inherently flexible for accommodating
changing circumstances. because the method does not provide a singie solution which
must be either accepted or fejected by the operator. This more flexible methodology is
necessary in complex problem-solving environments that admit no single solution
methodology under all circumstances. |

A summary screen may also make use of information about the decision maker’s
objectives, to anticipate which solutions are fikely to .be of interest to the operator.
Summaries of solutions which are likely to be of interest are preferably placed at the top
of the list. This makes it easier for the operator to quickly identify solutions which are
worth being examined in greater detail. |



10 If the solution store 18 is enpty, as is the case when the nethod is
started, then only constructor agents nmay operate. Constructor agents draw
fromthe input specification or optionally fromthe solution conponent
store data, which it then enploys to forma conplete solution. There nmay be
one or nore constructors in the agent store 16, and their output need not
be determ nistic. Constructor agents nmay run any nunber of tinmes, and there
is nothing to guarantee that all constructor agents will actually be

i nvoked. Constructor agents are problem sol ving nethods. The presence of
mul ti ple constructor agents recognizes the fact that: -sone probl em sol ving
nmet hods do not work well or at all given sone input specifications. A
constructor agent may be designed to oget a particular objective or

conbi nati on of objectives. Alternatively, a constructor agent may be

specifically designed to capture a comonl npl oyed heuristic problem
sol vi ng net hotPRIACATIED OF dbtpPBRSIHST INMENT Mﬁ'QﬁEBhN@POBTAW%P NHOEHt
enpl oyi ng | i near progranmm ng. Constructor agents may enpl oy random zat i on
techni ques so_as to Produce a variant solution with each invocation, ~
the next sect TShPresant ventionewhsn-aRplisd to JaBSAOLiation; PR Rroplems. can;Previde a
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speci fic exanples of inprover agents rel evant to the pr obl em of

transportation tPl anni né:]n In the next sectio
In transportation planning, this is crucial for several reasons.

-O

¢

1. Itis often impossible to capture every constraint and objective under a single problem
! solving method.

2. The constraints and objectives themselves, may be changing over time.

3. Even when the constraints are tractable and static, what constitutes the best solution

may not be well defined because as described earlier, many solution objectives are

intrinsically qualitative in nature.

In this section, we consider an idealistic problem of shipping a finite set of items to a
particular destination. The items have physical characteristics such as weight and
dimensions. The items are each produced at a specified date and time. They are
available for loading at a loading dock facility at a specified date and time, and they are
due at the customer site on a specified date and time. This customer is specified as part
of the input problem. Loading crews have choices as to what vehicles may be employed
to deliver the goods. They may use trucks, trains, or ships, and there may be multiple
alternatives for each of these modes of transportation. Each vehicle type has its own
weight and volume restrictions. Industry loading standards- may impose additional



Destroyer agents elimnate solutions fromthe solution store. Their purpose
Is to elimnate fromfurther processing solutions which are unlikely to

| ead to acceptable results. Destroyer agents prevent the nethod from
exceeding the capacity of the solution store 18. Destroyer agents, while
not critical to the method's realization (assumng a sufficiently high
capacity solution store) serve to enhance the met hod' s performance by
ensuring that inprovers operate upon only those sol utions which are

"promi sing”. Destroyer agents can enploy many of the sane techni ques as
solution filters, the difference being that filters do not elimnate
solutions fromthe popul ation, but rather restrict which solutions in the
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_ solut:on is a set of lo dmg patterns wnth an associated count of how often the pattern
is used, such that the total number of goods shipped exactly equals the total number of
goods sitting on the floor waiting to be shipped. Thus, if our goal is to ship 100 items of

order O, and 200 items of order O,, a solution that satisfies this requirement is:

2 Railcar each containing
50 items of order O,
50 items of order O,

5 Trucks each containing
20 items of order O,

in this solution, there are two patterns, one which defines how to load a raifcar, and one -
that defines how to load a truck. The method can feadily incorporate other types of
transportation, or subclasses of specific vehicles of a given mode of transportation. The
first patiern is repeated twice, the second five times.

The solution component generator 26 produces loading patterns up to some limit, say
50,000. The generator 26 is responsible for ensuring that each pattern is legal with
respect to vehicle loading constraints and limits. A bound on the number of patterns



An inportant feature of the nethodol ogy of the present invention is the
fact that the operator can act as an agent in the process of formng the
popul ation of solution alternatives. As noted above, this feature i s not
critical to the realization of the method, as |long as the existing set of
agents provide at | east one satisfactory solution on a consistent basis.
However, nanual nodification of existing solutions is often necessary in
real -world manufacturing environnents, because of the difficulty in

bui | di ng agents 12
capabl e of incorporating the many posd4bbl e speci al circunstances that
I nvari ably ari se. The operator may view a sunmary of the current
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automatical ly gener systema
typically do not attempt to generate beforehand thousands of possible loading pattems.

Constructors may employ heuristics that select patterns in a so-called greedy fashion (i.e.,
select lowest cost-perton components first. Determine the maximum number of
repetitions of that pattern. Repeat until all items to be shipped have been accounted for).
Other constructors may employ more sophisticated optimization techniques such as
linear programming or mixed-integer programming. For the invention to work effectively,
it is necessary to instantiate the agent store 16 with the appropriate agents.

in the context of transportation planning, there are a number of viable improver agents
that can be employed. An improver may shift items. from one vehicle to another in order
to reduce the value of a particular objective. Improvers may attefnpt to simplify loading
patterns by trying to place fewer types of items in any particular vehicle. Improvers may
try to combine pafterns ‘employed by two or more existing solutions in order to produce
a hybrid solution that -combineé advantages of each existing solutions. Aiternat_ively,
improvers may 'employ random techniques that attempt to produce an improved solution
by trial and error.

Destroyer agents need not be specific to the transportation problem, as they have a
relatively generic role to play in the realization of the method: namely, to eliminate clearly
bad solutions that have little chance of being useful. It is generally not possible to predict
a priori how the population of solutions will change over time as-a function of the agents



It is inportant to note that the decision-support aspects of the present
nmet hod can be supported in |large part by the ability of agents to produce
varied solution alternatives in conjunction with an operator who can deci de
which alternative is worth exam ning under existing circunstances. This

met hodol ogy is inherently flexible for accommobdati ng changi ng circunstances
because the nmethod does not provide a single solution which nust be either
accepted or rejected by the operator. This nore flexible nmethodol ogy is
necessary in conpl ex problemsolving agvironnents that adnit no single

sol ution nethodology under all circunstances. A summary screen may al so
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placed at thQeliQR cBhstialifs, lahdlo odNi s makes it easier for the operator to
quickly identify solutions which are worth being exam ned in greater
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important customer, the operator may employ a filter which ensures that only on-time
~ solutions are considered. Even with this constraint, there may be a number of tradeoffs
to consider including cost, potential for loading dock disruptions, and quality concerns that
can come into play if the customer’s special requests are not fully satisfied.

The operator may modify a particular transportation plan, evaluate it, and enter it back
into the population where agents can then continue fo make use of it if they desire in their
attempt to produce further solutions. The evaluator 20 can provide users with a built-in
calculator for quickly understanding the implications of the modifications they make. it
is important to note, that the operator may act not only as an improver, modifying existing
solutions, but also as a constructor ‘creating solutions ab. initio.

The problem of figuring out how to éhip a group of items going to a particular destination
is but one aspect of the transportation planning domain. A higher-level aspect of the
probiem involves determining how to form these groups, that is, how to reduce the overall
problem of shipping multiple items destined for multiple destinations into a more
manageable collection of subproblems.

If a group or subproblém contains a large number of items, there will generally be more

opportunities for cost savings, but this may affect the timelines of the solutidn as loading
crews must wait until all items to be placed in a particular vehicle are actually produced.

The task of grouping products can be addressed by special-purpose grouping agenis



uni que environment in which to perform conplex and dynam c deci si on nmaki ng.
Wil e historically, problemsolving nethods have focused on producing a
single solution to sone specific objective, the invention described above
recognizes that in real world situations, there may be no single best
solution and therefore, no single best solving nethod. The invention is
therefore i nportant because it not only can encapsul ate nultiple problem
sol vi ng net hodol ogi es under one environnment, but it also can allow the
operator to play an active role in the probl em sol ving process. In
transportation planning, this is cruci 7for several reasons. 1. It is
often i npossi ble to capture every consttaint and objective under a single
probl em sol ving nethod. 2. The constraints and objectives thensel ves, may
be changi ng oveapetating: on 3heirEwansoldtion stane  Eachssalutiontcan dren her bandedh lo# tagrbup-
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14 constraints on how vehicles may or may not be | oaded. The goal of the

| oading crews is to mnimze the cost associated with enpl oyi ng each
vehicle, while ensuring that all |oading constraints are satisfied and that
the goods arrive at the destination on tinme. As noted above, there are many
tradeoffs that can cone into play at this point, and it is this aspect of

t he problem dormain that nakes the present invention as described above both
useful and necessary. In one inplenmentation, a solution conmponent
consi.sts of a |oading pattern defined as a single vehicle |oaded with sone
set of itens. For 1 containing X itens of order (JQerr] and

Y itens of order | oadi ng-pattern may be used nmultiple tines.
A solution is a se‘ ’ ﬁ Merns wi th an associ ated count of how
often the pattern i , tyat the total nunber of goods shipped

exactly equals the total nunber of goods sitting on the floor waiting to be
shi pped. Thus, if our goal is to ship 100 itens of order Jerr] and 200
items of ordﬁg q%eHﬁl,'a solution that 38tisfies this requirenent is: 2
Rai | car each"Vedds Siiedy 50 itens of order Jerr] 50 itens of -
order (err] 5 Trucks each containi ng 20 itens of order Jerr] In

i car, and-e e et oAb T emefifS gPh RSl RR kil

i ncor por at e tbelstepstoftpes of .transportati on, or subcl asses- of specific
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tw ce, the second tines. he"s conponent gener ator
produces | oadi pgblgméterns up to some linit, say 50,000. The generator 26 is

responsi bl e fop) &i3aslhd BSef S1ROILAEH JerldPidrS il the sp&SiRl pibbidh;
3) instantiating the set of solution generators in memory;
4) running in a CPU the set of solution generators for producing a set of candidate
solutions relevant to the speciﬁéd problem;
5) filtering the set of candidate solutions for producing at least one selectable
candidate solution in accordance with an independent metric;
6) outputting on a display the at least one selectable candidate solution;
and _
7) dynamically interacting with the at least one of selectable candidate solutions for
generating a refined set of candidate solutions.

2. A method according to claim 1, wherein step 1 comprises inputting information relevant
to transportation planners. '

3. A method adcording to claim 2, wherein the information comprises at least one of
products to transport, carrier rates, and vehicle weights.

4. A method according to claim 1, wherein step 1 compri_sés inputting information
relevant to scheduling production of paper.

5. A method according to claim 4, wherein the information comprises at least one of



respect to vehicle loading constraints and limts. A bound on the nunber of
patterns 15 generated
is often necessary because the conbinatorics of the problem nake exhaustive
pattern generatl |1 but the snallest problens. Solution
conponents (| oadung e placed in the solution conponent store
28. Agent s engﬁﬂlmm W" Qt echniques to determ ne how to use these
sol uti on conmponentsct o T Or Msa lid solution. Specifically, constructor
agents ‘nust determ ne how many tinmes each pattern shoul d be repeated

subj ect to the predefined objectives. Recall, however, that enploying the
sol ution conponent store 28 is not mangatory. Constructor agents may mmc
exi sting heuristics enployed by real-world transportation planners who

typically do not attenpt to generate beforehand . thousapnds of S| :

| oadi ng pat t &Fesycts R menpigetiigy @ deasrPEeR.PIdle Wé‘ﬁ‘tr'}?cé‘frf"@s%f'ﬂﬁts' gng tﬁ%t% u%)tg'{ng erns
in a so-cal | edngreedy fashion (i.e., select |owest’ cost-per-ton conponents
first. Determ ne the maxi mum nunber of repetitions of that pattern. Repeat
until all itens to be shipped have been accounted for). Qther constructors
may enpl oy N & neadipei accordiag dalclaipn i, wherainistap TteootprisefuisrUtgdRorRAtipD Figyant

pr ogramm ng ] = r programm ng. For the invention to work

ef fectivel y,q§Pqu§&%gc@és@a y to instantiate the agent store 16 with the
appropriate agents. In the context of transportation planning, there are
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facilities.

8. A method according to claim 1, wherein step 2 comprises choosing a set of solution
generators based on exact methods.

9. A method according to claim 8, where exact methods comprise linear programming.

10. A method according to claim 8, wherein exact methods comprise mixed integer
programming.

11. A method according to claim 1, wherein step 2 comprises choosing a set of solution
generators based on heuristics. |

12. A method according to claim 1, wherein the solution generators in step 4 run on
multiple CPUs. '

13. A method according to claim 1, wherein the filtering in step 5 comprises choosing
candidate solutions which are not dominated by any other candidate solutions with
respect to evaluation objectives defined by a decision maker.

14. A method according to claim 13, wherein the evaluation objectives comprise at least
one of customer satisfaction, profit to an enterprise, and manufacturing disruptions.



patterns by trying to place fewer types of itens in any particul ar vehicle.
| mprovers may try to combine patterns enployed by two or nore existing
solutions in order to produce a hybrid soI ution that conbi nes advant ages of
each existing solutions. Alternatively nprovers may enpl oy random

t echni ques that attemull'ﬂlmlﬂ wﬂmn |rrproved solution by trial and error.
Destroyer agents nee to the transportation problem as

t hey have a rel atlvely generlc role’to play in the realization of the

met hod: nanely, to elinmnate clearly bad solutions that have little chance

of being useful. It is generally not possible to predict a priori how the
popul ati on of solutions wll change o gr time as a function of the agents
16 placed within the agent store. sol uti ons produced for the
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corresponds tqga Ra,rnggth &”a%&l %(mé r{P%‘iaﬁrﬁ”It ?e{irp 6 lBf 9&?% Q‘FAEPJ oy a

filter which ensures are Ronsi en W th
this constrai rﬁOlUﬂﬂmﬁewetmﬁ&tspl% a nunber of tradeoffs to consi der I ncl udi ng
cost, potential for |oading dock disruptions, and quality concerns that can

come |nto pI ay |f the custoner's special requests are not ful Ir¥ sati sfied.
17. A method according to claim 16, wherein step 6 comprises orderiig candidate

solutions on a display according to an operator’s previous selections.

18. A method according to claim 16, wherein step 6 comprises ordering candidate
solutions on the display according to a weighted sum of the performance of solutions on
objecti\}es specified by a user.

19. A method according to claim 1, wherein step 7 comprises dynamically interacting with
the display and the memory and CPU by editing the at least one selectable candidate
solution.

20. A method according to claim 18, wherein editing further comprises adding a solution
created by editing to the at least one candidate solution set.

21. . A method according to claim 1, wherein step 7 comprises dynamically and recursively
interacting with the CPU, the memory and the display for addressmg component aspects
of the specified problem. ‘

22. A method according to claim 13, wherein step 7 comprises generating a refined set
of candidate solutions by constraining the evaluation objectivé._s.
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The operator may nodify a particular transportation plan, evaluate it, and
enter it back into the popul ati on where agents can then continue to nmake
use of it if they desire in their attenpt to produce further solutions. The
‘eval uator 20 can provide usérs with a built-in calculator for quickly
understanding the inplications of the nodifications they make. It is
inportant to note, that the operator may act not only as an inprover,

nodi fyi.ng existing solutions, but also as a constructor 'creating solutions
ab. initio. The problem of figuring Dut how to ship a group of itens
going to a particular destination is but one aspect of the transportation
pl anni ng domai n. A higher-1level aspect of the probleminvol ves determ ning
how t 0 A MULTROBIECTIVE DECISIONSSUPPORY METHODOLOGY er al | probl em of
shipping nmultiple itens destined for nultiple destinations into a nore
manageabl e col | ecti on of subprobl ens. If a group or subproblemcontains a
| arge nunber of itens, there w Il gﬂﬂﬁﬁ%%AéTbe nmore opportunities for -cost
savings, but this may affect the tinelines of the solution as | oading crews

nust  weA metivod for@flecting eoniputdramplemertedrdetision suppdrhr The methed @an imprave | y
pr oduced. The task of grouping r?ﬂucts can be addressed 2*
speci alahargansidate selition gx,@ﬁggmg Bro em solving methods to cooperate towards the
17 creation of a more .desirable solution. The method can realize an enhanced
understanding of tradeoffs inherent in competing objectives, and can incorporate factors
or special considerations not easily specified, by enabling the decision maker to actively
participate in the creation of a more desirable solution. '

-THlS SHEET HAS BEEN
REPLACED
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operating on their own solution store. Each solution can then be handed off
to group- solver agents that create nmultiple solutions for each collection
of items. Thus, the methodol ogy can be recursive. In this context, the
operator preferably makes use of a solution nodifier/editor that is also
correspondi ngly recursive in nature. Aytention is now directed to Figure
4, whi ch shows canonical elenents (nunerals 36 - 42) of a conputer for
machi ne realization of the present invention. In particular, the nethod
steps 1 - 7 sunmarized above, are referenced to the conputer el enents, and
it is noted that the nmethod steps are readily coded into a conventi-onal
programi ng | anguage |i ke C++, for nmachine processing.

18 What is clained: 1. A nethod for effecting conmputer inplenented

deci si on-support, the nethod conprising the steps of: 1) inputting to
the conputer data conprising information relevant to a specified

pr obl em

10

14\ .
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2) choosing a set of solution generators for the specified problem 3)
“instantiating the set of solution generators in nenory; 4) running in a
CPU the set of solution generators for producing a set of candidate
solutions relevant to the specified problem 5) filtering the set of
candi date solutions for producing at |east one sel ectable candi dat e
solution in accordance with an i ndepen t nmetric; 6) outputting on a
di splay the at |east one sel ectabl e candi date sol ution; and 7)
“dynamically interacting with the at | east one of sel ectabl e candi date

sol utions for generating a refined set of candi date sol utions. 2. A
nmet hod according to claim1l, wherein step 1 conprises inputting information
rel evant to transportation planners. 3. A nethod according to claim 2,
wherein the informati on conprises at | east one of products to transport,
carrier rates, and vehicle weights. 4. A method according to claim1,
wherein step 1 conprises inputting information relevant to scheduling
production of paper. 5. A nethod according to claim4, wherein the

i nformati on conprises at |east one of '
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19 products to manufacture, a description of the manufacturing facilities,
and the custoner denmands. 6. A nethod according to claim1l, wherein step
1 conprises inputting information relevant to production planning. 7. A
met hod according to claim®6, wherein the information conprises at |east one
of custoner demands, availability of raw materials, and a description of
the manufacturing facilities. 8. A m8thod according to claim1, wherein

" step 2 conprises choosing a set of solution generators based on exact

met hods. 9. A nethod according to claim8, where exact nethods conprise

| i near progranmm ng. 10. A nethod according to claima8, wherein exact

nmet hods conprise m xed i nteger programm ng. 11. A nethod according to
ctlaim1l1l, wherein step 2 conprises choosing a set of solution generators
based on heuristics. 12. A nmethod according to claim1, wherein the
solution generators in step 4 run on nultiple CPUs. 13. A met hod
~according to claim1l, wherein the filtering in step 5 conprises choosing

- candi date sol utions which are not domi nated by any Qther candidate

solutions with
§32

O
0]

o o 9
> : _
= Y(©) o 0 O
Sya—Sw|° o '
2 N 0 0
o y(b) \b 0

0 X{a) X(c) X(b) =

Objective X

Fig. 3



R
K

respect to eval uation objectives defined by a decision nmaker. 14. A

nmet hod according to claim 13, wherein the eval uation objectives conprise at
| east one of custoner satisfaction, profit to an enterprise, and

manuf acturi ng di sruptions. _

20 15. A nethod according to claim1, gpherein the filtering in step 5
conpri ses choosi ng candi date sol uti ons generated by a decision nmaker. 16.
A nmet hod according to claiml, wherein step 6 conprises ordering candi date
solutions on the display. = 17. A nethod according to claim 16, wherein
step 6 conprises ordering candi date solutions on a display according to an
operator's previous selections. 18. A nethod according to claim 16,
wherein step 6 conprises ordering candi date sol utions on the display
according to a weighted sum of the performance of solutions on objectives
specified by a user.
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19. A nmethod according to claim1, wherein. step 7 conprises dynamcally
interacting with the display and the* e’y and CPU by editing the at |east

one sel ectabl e candi date sol ution. 20. A method according to claim 19,
wherein editing further conprises adding a solution created by editing to
the at | east one candi date sol ution set. 21. A nethod according to claim

1, wherein step 7 conprises dynamcally and recursively interacting with
the CPU, the nenory and the display for addressi ng conponent aspects of ‘the
speci fied problem 22. A net hod accé%dlng to claim13, wherein step 7
conpri ses generating a refined set of candi date sol utions by constraining

the eval uati on objecti
A MULTI-OBJ CTIVE DECISION-SUPPORT METHODOLOGY

ABSTRACT
Amethod for effecting computer implemented decision support. The method can improve
on a candidate solution by allowing problem solving methods to cooperate towards the
creation of a more .desirable solution. The method can realize an enhanced
understanding of tradeoffs inherent in competing objectives, and can incorporate factors
or special considerations not easily specified, by enabling the decision maker to actively
participate in the creation of a more desirable solution.
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