Office de la Proprieté Canadian CA 2425803 C 2010/12/21

Intellectuelle Intellectual Property
du Canada Office (11)(21) 2 425 803
Un organisme An agency of 12 BREVET CANADIEN
'Industrie Canada ndustry Canada
CANADIAN PATENT
13) C
(86) Date de depot PCT/PCT Filing Date: 2001/10/16 (51) CLInt./Int.Cl. GO6Q 70/00(2006.01),
(87) Date publication PCT/PCT Publication Date: 2002/04/25 GOSB 25/02(2006.01)
- . (72) Inventeurs/Inventors:
(45) Date de délivrance/lssue Date: 2010/12/21 GARROW GARY R.. US:
(85) Entree phase nationale/National Entry: 2003/04/14 NEWTON, CHARLES P, Ill. US:
(86) N° demande PCT/PCT Application No.: US 2001/032576 WEIR, PATRICKE., US;
] o o | WEST, DAVID P., I, US;
(87) N° publication PCT/PCT Publication No.: 2002/033631 WETZER, MICHAEL. US
(30) Priorites/Priorities: 2000/10/17 (US09/690,793);

(73) Proprietaire/Owner:
2001/09/04 (US09/947,024) ACCENTURE LLP. US

(74) Agent: RIDOUT & MAYBEE LLP

(54) Titre : SYSTEME ET PROCEDE D'EXECUTION D'UNE MAINTENANCE PREVENTIVE FONDEE SUR UNE
MAINTENANCE PREVENTIVE CIBLE
(54) Title:. PERFORMING PREDICTIVE MAINTENANCE BASED ON A PREDICTIVE MAINTENANCE TARGET

CONFIGURATION MONITOR

CONFIGURATION MANAGER

102
DESIRED CONFIGURATION DATA
108

EVALUATION MODULE

DATA PROCESSOR 110

PLANNING MODULE

ACTUAL CONFIGURATION DATA

AN Sonmmm SRR et AEmans LS el e s R Al e SN Gk SR,  apeeEaED S
G T T Gl VWD Tgniit TEEEED AT I T et aeemn ankiniae Weem—nl el e gE——r—y—)

(57) Abrégée/Abstract:
A method and system for performing predictive maintenance on an item of equipment comprises establishing a desired
configuration of the item of equipment based on a predictive maintenance target of the item of equipment (5$100). The predictive

"ﬁk' """
T e g
R -:::: .- "y

I*I . . P, 2 A e
C an ad a http:/opic.ge.ca + Ottawa-Hull K1A 0C9 - atip.://eipo.ge.ca OPIC S g ammw
B N R ANT

OPIC - CIPO 191 R R




CA 2425803 C 2010/12/21

anen 2 425 803
13) C

(57) Abrege(suite)/Abstract(continued):
maintenance target may include at least one of a functional configuration objective, a logical configuration objective, and an

operat
config

onal configuration device. An actual configuration of the item of equipment is monitored (S102). It is determined If the actual
Uration complies with the desired configuration (S104). An upgrade requirement Is planned for upgrading the actual

config

Uration to the desired configuration If the actual configuration is non-compliant (S106).



WO 02/33631 Al

CA 02425803 2003-04-14

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date

(10) International Publication Number

25 April 2002 (25.04.2002) PCT WO 02/33631 Al
(51) International Patent Classification”: GO6F 17/60 Michael; 631 Marlin court, Redwood City, CA 94065
(US).
(21) International Application Number: PCT/US01/32576 _
(74) Agent: BARTHOLOMEW, Darin, E.; Brinks Hofer

(22) International Filing Date: 16 October 2001 (16.10.2001)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:
09/690,793

09/947,024

US
US

17 October 2000 (17.10.2000)
4 September 2001 (04.09.2001)

(71) Applicant: ACCENTURE LLP [US/US]J; 1661 Page Mill
Road, Palo Alto, CA 94304 (US).

(72) Inventors: GARROW, Gary, R.; 810 East Harvard,
Burbank, CA 91501 (US). NEWTON, Charles, P.
III; 1308 Westmont Court, Southlake, TX 76092 (US).
WEIR, Patrick, E.; Apartment #5, 1726 Anza Street,
San Francisco, CA 94118 (US). WEST, David, P., II;
119 Greenridge, Newman, GA 30265 (US). WETZER,

Gilson & Lione, P.O. Box 10087, Chicago, IL 60610 (US).
(81) Designated States (national): AE, AG, AL, AM, AT, AU,
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU,
CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH,
GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, 1.C,
LK, LR, LS, LT, LU, L.V, MA, MD, MG, MK, MN, MW,
MX, MZ, NO, NZ, PH, PL, PT, RO, RU, SD, SE, SG, SI,
SK, SL, TJ, TM, TR, TT, TZ, UA, UG, UZ, VN, YU, ZA,
ZW.
(84) Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZW), Eurasian
patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), European
patent (AT, BE, CH, CY, DE, DK, ES, FI, FR, GB, GR, IE,
IT, LU, MC, NL, PT, SE, TR), OAPI patent (BF, BJ, CFL,
CG, CI, CM, GA, GN, GQ, GW, ML, MR, NE, SN, TD,
TG).

Published:
with international search report

[Continued on next page/

(84) Title: PERFORMING PREDICTIVE MAINTENANCE BASED ON A PREDICTIVE MAINTENANCE TARGET

————

CONFIGURATION MANAGER 102 106
l DESIRED CONFIGURATION DATA ] I ACTUAL CONFIGURATION DATA l
108
EVALUATION MODULE

DATA PROCESSOR

|
l
I
I
I
I
I
I
|
I
|
I
|
I
|
I
|

PLANNING MODULE

CONFIGURATION MONITOR

110

e e e

(57) Abstract: A method and system for performing predictive maintenance on an item of equipment comprises establishing a
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PERFORMING PREDICTIVE MAINTENANCE BASED ON A PREDICTIVE
MAINTENANCE TARGET

FIELD OF THE INVENTION

This 1invention relates to a method and system for performing predictive
maintenance on an item of eciuipment based upon a predictive maintenance target, (e.g.,

an objective or a configuration for the equipment).

BACKGROUND OF THE INVENTION

The pertormance of predictive maintenance may be based upon maintaining
reliability or évailability of an item of equipment for operational use. A predictive
maintenance plan (e.g., a maintenance, repair and overhaul (MRO) plan) may include
replacing or repairing one or more components at various times to minimize the
downtime of the equipment. The decision of what components to replace or repair and
when to replace components may be based upon a factor that relates to the physical
condition of a component, an estimated physical condition of a componenf, or other
similar factors. Accordingly, although a component of the equipment may comply with a
desired physical condition, the overall performance of the equipment may not satisfy a
desired performance standard. Thus, a need exists for performing predictive maintenance

that considers one or more other factors beyond the observed physical condition of a

component.
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Evén if the reliability of the equipment may be maintained in accordance with a
limited predictive maintenance scheme, restricted to the physical condition of a
component, the limited predictive maintenance scheme may be economically inefficient
for a maintenance service provider. For example, the maintenance provider may suffer
reduced economies of scale by purchasing duplicative and interchangeable components.
Further, the maintenance provider and the equipment operator may incur additional
expenses by poor timing of maintenance activities based on an insufficiently robust
prediction of equipment reliability or of the useful service life of respective components.
Thus, a need exists for managing the interchangeability, repair, or replacement of
components in a predictive maintenance environment.

Another feature that a prior art predictive maintenance scheme may lack 1s a
framework to support the decision of whether to repair a component or an assembly of
components, rather than replace the component or assembly of components with another
component. For example, the equipment may have additional downtime if an
inappropriate decision is made to repair or refurbish a critical component, rather than
providing a new component. Thus, a need exists for a predictive maintenance scheme
that supports an enhanced maintenance decision on: (1) whether to repair or replace
components (e.g., parts) of an item of equipment and (2) the determination of a suitable

schedule (e.g., the most advantageous schedule) for the execution of the maintenance

decision.
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SUMMARY OF THE INVENTION

In accordance with the invention, the method for performing predictive
maintenance on an item of equipment comprises establishing a desired configuration of
the item of equipment based on a predictive maintenance target of the item of equipment.
The predictive maintenance target may include at least one of a physical configuration
objective, a functional configuration objective, a logical configuration objective, and an
operational configuration objective. An actual configuration of the item of equipment 1s
monitored. It is determined if the actual configuration complies with the desired
configuration. An upgrade requirement is planned for upgrading the actual configuration

to the desired configuration if the actual configuration is non-compliant.

BRIEF DESCRIPTION OF THE DRAWINGS -

FIG. 1 is a block diagram of a predictive maintenance system in accordance with

the 1nvention.

FIG. 2 is a block diagram which shows an illustrative example of the data

processor of FIG. 1 in greater detail.

FIG. 3 is a flow chart of a method for performing predictive maintenance in

accordance with the invention.

DETAILED DESCRIPTION OF THE INVENTION

As used herein, a maintenance provider shall include any person or business

entity that performs or supports maintenance, repair, or overhaul activity (1.e., an MRO
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activity) for at least one item of equipment. Similé.rly, maintenance, a maintenance
activity or a maintenance task shall include at least one of maintenance, repair, and
overhaul (i.e., MRO) of an item of equipment or a component of the equipment.

A component means a component of an item of equipment, a sub-component of
an item of equipment, an assembly of an item of equipment, a system of an item of
equipment, or any other constituent component of an item of equipment. A component
may include, but need not include, one or more sub-components. An assembly may
comprise a group of integrated or inter-related components. A material refers to a raw
material, a consumable material, a component, a provision, or another equipment-related
resource concerning the performance of a maintenance activity.

In accordance with the invention, FIG. 1 shows a block diagram of a predictive .
maintenance system 11 in accordance with the invention. The predictive maintenance
system 11 is adapted to manage a configuration of mechanical equipment. A
maintenance input/output device 10, an engineering input/output device 12, and a
supervisory input/output device 14 are coupled to a data processing system 16 to permit
the input of data into the data processing system 16. The data processing system 16 may
be coupled to a materials management system 36 to permit the output of data to the
materials management system 36. Further, the data processing system 16 may be
coupled to maintenance management system 42 to provide data for operation of the

maintenance management system 42.

The data processing system 16 includes a storage device 20 coupled to a data

processor 30 and communications interfaces 18 coupled to the data processor 30 via a
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databus 34. The databus 34 and communications interfaces 18 provide access of the
input/output devices (10, 12 and 14) to one or more databases (22, 24, 26 and 28). The
arrows interconnecting the components of the data processing system 16 represent data
flow over the databus 34. Although only one databus is shown in FIG. 1, in other
embodiments multiple databuses and/or multi-processor computer architecture may be
used to practice the invention.

The storage device 20 refers to any data storage mechanism that supports a
magnetic storage medium, an optical storage medium, an electronic storage medium, or
any other suitable storage medium. The storage device 20 may contain an actual
configuration database 22, a desired configuration database 24, a upgrade requirements
database 26, and a supervisory/ historical database 28. The data processing system 16
supports data storage, retrieval, and queries of the databases stored in the storage device
20.

The maintenance input/output device 10 is coupled to the actual configuration
database 22 via a communications interface 18. The engineering input/output device 12
is coupled to the desired configuration database 24 via a communications interface 18.
The supervisbry input/output device 14 is coupled to the supervisory database 28 via a
communications interface 18. In one embodiment, thé maintenance input/output device
10, the engineering input/output device 12, and the supervisory input/output device 14
may represent computer work stations or other data input/output devices. In another
embodiment, the maintenance input/output device 10 may comprise a monitor for

manually or automatically monitoring the operational performance or longevity (e.g.,
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time and/or operational cycle compliance) of a component (e.g., a part), an assembly, or
the entire mechanical equipment. For example, the monitor may provide a report of
assembly longevity data or component longevity data for storage in the actual
configuration database 22.

The actual configuration database 22 and the desired configuration database 24
provide input configuration data to the data processor 30. The data processor 30 outputs
upgrade requirements data to the upgrade requirements database 26 and the supervisory
database 28 based on the input of the configuration data. The supervisory database 28
may include historical configuration data on previous configurations and associated
performance of previous configurations of the mechanical equipment. The upgrade
requirements database 26 is coupled to an output communications interface 32.

The communications interfaces 18 may comprise buffer memory coupled to
transceivers. . The communications interfaces 18 may support a parallel port, a serial port,
or another computer port configuration.

The output communications interface 32 may comprise buffer 38 meilory
coupled to a transceiver 40. The output communications interface 32 is adapted to
transmit upgrade requirements data, maintenance plan data, or revision data from the
upgrade requirements database 26 to one or more of the following devices: (1) the
materials management system 36 (e.g., purchasing system), (2) maintenance management
system 42, and any other procurement or enterprise resource planning system. For

example, the output communications interface 32 may contain a software interface, a

hardware interface, or both to facilitate the proper exchange of information with the
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materials management system 36, the maintenance management system 42, a purchasing
system, or an enterprise resource planning system.

The desired configuration database 24 contains desired configuration data on the
mechanical equipment. The desired configuration data contains an equipment identifier
(e.g., tail number of an airplane) that identifies the entire mechanical equipment, a part
identifier or component identifier that identifies a component of the mechanical
equipment, an assembly identifier that identifies an assembly of components of the
equipment, a specification description that describes the specification of a component,
and a relationship description that describes the relationship of a component to the
mechanical equipment or a subassembly thereof. For example, the relationship
description may include the mounting position of a component on the mechanical
equipment. In one embodiment, the desired configuration database 24 may include
operating restrictions on the mechanical equipment because of the presence of a
particular component or a particular arrangement of components of the mechanical
equipment.

The desired configuration may include at least one of a physical configuration
objective, a logical configuration objective, a functional configuration objective, an
operational configuration objective, a redundant configuration objective, and a selt-
healing configuration objective. A physical configuration defines or 1dentifies one or
more of the following: components, subcomponents, a system, and an assembly for a
complete, operational item of equipment. A logicél configuration defines the

interrelationships among components, sub-components, a system, an assembly, or other
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components of equipment. A functional configuration defines what technical
specifications (e.g., performance specifications) the item of equipment is expected or
desired to meet. An operational configuration defines the operational performance of a
particular item of equipment, with respect to the particular item as a whole, or any of its
constituent parts, including components, subcomponents, assemblies, and systems. A
redundant configuration may include duplicate measures or secondary components,
systems, or assemblies that take over upon the failure of primary component, system or
assembly. A self-healing configuration may include architecture that 1s fault tolerant
with respect to redundant software, redundant hardware, or other technical enhancements.

The actual configuration database 22 contains actual configuration data on the
mechanical equipment that reflects an actual or present status of the mechanical
equipment. The actual configuration data may include any of the following types of data:
an equipment identifier that identifies the entire mechanical equipment (e.g., by class,
type, or otherwise), a unique identifier (e.g., a serial number or a tail number of an
airplane) that distinguishes a particular item of equipment from other items (e.g., all other
items) of equipment, a component identifier (e.g., a part identifier) that identifies a
component (e.g., a part) of the mechanical equipment, an assembly 1dentifier that
identifies an assembly or group of components of the equipment, a specification
description that describes the specification of the component, and a relationship
description that describes the relationship of a component to the mechanical equipment or
a subassembly thereof. For example, the relationship description may include the

mounting position of a component (e.g., a part) on the mechanical equipment. In one
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embodiment, the actual configuration database 22 may include operating restrictions on
the mechanical equipment because of the presence of a particular component or
arrangement of particular component on the mechanical equipment.

The contents of the actual configuration database 22, the desired configuration
database 24, émd the upgrade requirements database 26 may vary with time.
Accordingly, configuration data on a particular mechanical equipment may only remain
valid for a limited duration. Upon or before expiration of the duration, the configuration
1s preferably updated. If the contents of the databases are updated with sufficient
frequency to avoid outdated configuration data, the update procedure may be referred to
as a real-time procedure. The real-time procedure seeks to minimize inaccuracy of the
configuration data by reflecting changes to the actual configuration of the mechanical
equipment as the changes occur with a minimal lag time thereafter. Changes to the actual
mechanical équiprnent may be necessary or proper to facilitate improvement of the actual
configuration. Thus, the data processing system 16 permits maintenance activities (e.g.,
maintenance, repair or overhaul) to be coordinated in real time on an ongoing basis with
the latest actual configuration data and the latest upgrade requirements.

The actual configuration may be defined by one or more of the following:
observed physical configuration data, observed functional conﬁgurdtion data, an
observed logical configuration data, and observed operational configuration data. The
desired configuration may be expressed in terms of one or more of the following
configuration objectives: a physical configuration objective, a functional configuration

objective, a logical configuration objective, and an operational configuration objective.
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The observed physical configuration data and the physical configuration objective
are collectively referred to as physical configuration data. The observed functional
configuration data and functional configuration objective are collectively referred to as
functional configuration data. The observed logical configuration data and the logical
configuration objective are collectively referred to as logical configuration data. The
observed operational configuration data and the operational configuration objective are
collectively rgferred to as operational configuration data.

The physical configuration data may generally include one or more of the
following: component identifiers, sub-component 1dentifiers, assembly 1dentifiers, and
system 1dentifiers, along with data associated with a particular item identifier or
equipment identifier. The item identifier or equipment identifier may be a serial number.
For example, where the equipment 1s an aircraft, the equipment number may be regarded
as a tail number. The item number or equipment number provides a unique 1dentification
for the particular item of equipment to distinguish that particular item from other items
(e.g., similar items) of equipment . A physical configuration may refer to a specific
instance of a logical configuration, data of the physical configuration is with reference to
a particular end item.

Functional configuration data may describe the specifications, such as technical
specifications for the equipment. The functional configuration data may define the
configuration in terms of what the operational limitations, functional specifications or
capabilities of the equipment are or are expected to be. For example, the functional

configuration may describe the operating capacity of the end item of the equipment.



CA 02425803 2003-04-14
WO 02/33631 PCT/US01/32576

-11-

The logical configuration data may define components or the interrelationship
between components or assemblies or systems. The logical configuration data may
describe interrelationships and organization of the constituent members of the item of
equipment.

The operational configuration data may take into account the usage and
performance of the equipment in an operational environment. The operational
configuration data may include the operational data on one or more of the following:
number of cycles of a system of the equipment, a number of hours of usage, another
usage measurement data associated with the particular item or the particular equipment.
Operational configuration data may be gathered by a sensor or a person associated with
the equipment, by a system of the equipment, by a component of the equipment or
otherwise. The operational configuration may define the number of cycles or the
operational history that a particular physical configuration has progressed through during
its lifetime. The operational configuration may also define how the end item has been
performing after the replacement of a particular component or a particular assembly 1n
the end item.

In one example, a maintenance worker, such as a technician or a mechanic who 1s
responsible for maintaining or repairing the mechanical equipment, enters actual
configuration data (e.g., observed configuration data) into the actual configuration
database 22 during or after an inspection or servicing of the mechanical equipment. The
inspection may involve a visual inspection, a physical inspection, a mechanical test, an

electrical test, disassembly of portions of the mechanical equipment, or other activities
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that might uncover defects or nonconformities with respect to the desired configuration.
The data processing system 16 updates the actual configuration data in the actual
configuration database 22 as soon as possible after the inspection or the servicing of the
mechanical equipment to maintain the accuracy of the actual configuration database 22.
For example, the maintenance input/output device 10 may be a portable electronic device
that is equipped to establish a wireless communications link or otherwise communicate
with the data processing system 16.

The data processor 30 compares the actual configuration to the desired
configuration. The difference between the actual configuration and the deeired
configuration may be referred to as the upgrade requirement. The upgrade requirement
or revision defines the departure of the actual configuration from the desired
configuration and indicates the necessary actions to bring the mechanical equipment into
conformity with the desired configuration. The data processor 30 determines the upgrade
requirement. The data processor 30 may express the upgrade requirement in terms of (1)
a component requirement (e.g., part, assembly or subassembly requirement) and (2) a
human resource requirement that is required to bring the actual configuration in
conformity with the desired configuration. The upgrade requirements may contain
component identifiers of old components that require updating of a particular mechanical
equipment to gain compliance with the desired configuration. The component
requirement is not limited to electrical or mechanical hardware. For example, the
component requirement may include modifications of software features and software

instructions that are associated with or integral to the functioning of the mechanical
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equipment. The human resource requirement may include the scheduling of one or more
maintenance workers (e.g., technicians and mechanics) to install, repair, adjust,
reconfigure, replace or otherwise perform a service associated with the component
requirement for the mechanical equipment.

The data processor 30 may define an interim solution to eliminate potential delay
in the execution of a complete upgrade to the mechanical equipment. For example, the
interim solution may reduce or eliminate the delay for an upgrade, where requisite
components are not immediately available or qualified service personnel are not available
for a complex service procedure. The interim solution covers the time period after a
noncompliance with the desired configuration is detected and prior to placing the actual
configuration in conformity with the desired configuration. The interim solution may
define time/operational limitations or restrictions for the mechanical equipment prior
bringing the discrepant component of the mechanical equipment into conformity. The
interim solution may entail restricted usage of the non-conforming equipment. Further,
the human resources requirement may include provisional operational training to properly
operate the mechanical equipment under the time/operational limitations or restrictions.

The component requirements (e.g., part requirements) are forwarded over the
output communications interface 32 to the materials management system 36 or another
computer system that supports acquisition of components for the mechanical equipment.
The materials management system 36 is a computer system for obtaining components for
the mechanical equipment from a supplier or obtaining components from existing internal

sources (e.g., a parts depot , warehouse, internal manufacturing source, or the like). The
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component requirements may include a quantity, a description, a manufacturer's
equivalent component (e.g., part) number, or other component (e.g., part) parameters.
With respect to mechanical equipment that has a software component, the component
requirements may include version or revision information or any other parameter
necessary to provide the upgrade of the software configuration associated with the
mechanical equipment.

In an alternative embodiment, the components requirements are forwarded over to
an enterprise resource planning system, rather than the materials management system 36.
An enterprise resource planning system is a computer system that facilitates the exchange
of information between different operational or business systems of a business entity.
For example, an enterprise resource planning system may facilitate the exchange of
information between purchasing, engineering, manufacturing, and management systems
of a corporation.

In general, the supervisory database 28 supports management's oversight of the
managing of the configuration. Additionally, the supervisory database 28 retains the
historical records of prior configuration alterations. The supervisory database 28 tracks
historic configurations of the mechanical equipment and any associated failure or defect
with historic configurations. A description of the failure or defect, a date of detection of
the failure of defect, determined causal factors from failure analysis activities, and
resolution or repair of the failure or defect are preferably noted in the supervisory
database 28. The foregoing failure or defect data may supplement or be used to update

mean-time-between failure (MTBF) data provided by the manufacturer on components or
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assemblies of the equipment. In turn, the updated MTBF may be used to change the
desired configuration with input from engineering over the engineering input/output
device 12.

The supervisory database 28 may record approvals of engineering changes to the
desired configuration database 24. In addition, the supervisory database 28 may record
and archive approvals of work, past configurations, or inspections by maintenance staff.
Thus, the supervisory database 28 promotes accountability of mechanics, technicians,
engineers, and management for activities related to managing the configuration. This

- supervisory database 28 may represent a repository of historical recordé, including
satisfaction records of executed configuration changes for the purpose of regulatory
compliance, safety compliance, or otherwise.

The planning module 110 supports decisions on whether to repair or replace a
particular component of an item of equipment. The deciston to repair or replace may be
based upon economic data, on the cost of replacement versus the cost of repair, reliability
of a repaired component versus a replaced component, shipment and ordering time for a
new component, whether a new component is in inventory, repair time for repairing the
component or other factors. The planning module 110 may consider one or more of the
foregoing factors to determine whether or not to replace or repair a component. The
supervisory management input/output device 14 may have the ability to override such a
decision to repair or replace a component. Similarly, the engineering input/output device

12 may be given authority to override such a decision.
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FIG. 2 shows the data processor 30 of FIG. 1 in greater detail. The data processor
30 of FIG. 2 includes a configuration manager 100 and a configuration monitor 104
coupled to an evaluation module 108. In turn, the evaluation module 108 is coupled to a
planning module 110. The desired configuration database 24 provides desired
configuration data as input to the configuration manager 100. The actual configuration
database 22 provides actual configuration data as input to the configuration monitor 104.
The output of the planning module 110 1s coupled to an upgrade requirements database
26.

In an alternate embodiment, the output of the planning module 110 1s coupled to

the output communications intertace 32.

The configuration manager 100 stores and retrieves desired configuration data
102 for the evaluation module 108, whereas the configuration monitor 104 stores and
retrieves actual configuration data 106 for the evaluation module. The desired
conﬁguratioq data 102 may include one or more of the following: a physical
configuration objective, a functional configuration objective, a logical configuration
objective, an operational configuration objective, a redundant configuration objective,
and a self-healing configuration objective. Similarly, the actual configuration data 106
may include one or more of the following: observed physical configuration data,
observed functional configuration data, observed logical configuration data, an observed
operational configuration data, redundant operational configuration data, and self-healing

operational configuration data.
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The presence and availability of self-healing and redundant systems may reduce
the need for maintenance at particular times to maintain the availability of the equipment
or may lead to more convenient scheduling of replacement for the equipment. Further,
certain configurations may be modified to increase the level of redundant equipment such
that repairs can be performed with more regularity or in accordance with a desired
maintenance schedule that is more efficient for a maintenance service provider.

The evaluation module 108 accepts input from the configuration manager 100 and
the configuration monitor 104. The evaluation module 108 compares the actual
configuration of an item of equipment to the desired configuration of the item of
equipment. The evaluation module 108 determines if the actual configuration complies
with the desired configuration. If the actual configuration does not comply with the
desired configuration, then the planning module 110 is alerted.

The multiple aspects of the configurations of an end item may be referred to as a
multi-dimensional configurations where two or more aspects of a configuration are
present. For example, where two or more of the following aspects of a configuration are
present, the configuration may be regarded as multi-dimensional: physical configuration
data, logical configuration data, operational configuration data, a self-healing
configuration data, a redundant configuration, and functional configuration data.

The observed configuration data for one or more dimensions is compared to the
configuration objective for one or more corresponding configuration dimensions to
determine whether the actual configuration complies with the desired configuration. For

example, the observed logical configuration data is compared to the logical configuration
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objective to determine whether the actual configuration complies with the desired
configuration. Unanimous or substantial compliance of all considered configuration
dimensions is generally required to establish compliance of the actual configuration with
the desired configuration.

The planning module 110 plans an upgrade requirement for upgrading the actual
configuration to the desired configuration if the actual éonﬁguration 1s not compliant.
Both the evaluation module 108 and the planning module 110 may support multi-
dimensional handling of configurations. Multi-dimensional means that the evaluation
module 108 may consider multiple configuration dimensions in determining whether the
actual configuration data 106 monitored is compliant with the desired configuration data
102. For example, the evaluation module 108 may consider if two or more of the
following configuration aspects are compliant: a logical configuration, a functional
configuration, a physical configuration, operational configuration, self-healing
configuration, and redundant configuration. Accordingly, even if the actual monitored
configuration data is compliant with the desired configuration for one dimension, the
evaluation module 108 may determine that the actual configuration data 106 is non-
compliant for another dimension with respect to the desired configuration data 102.

In such a case of noncompliance of the actual configuration with respect to the
desired configuration, the information 1s provided to the planning module 110 so that the
planning module 110 may plan for upgrading the actual configuration to the desired
configuration for the deficient dimension of the item of equipment. For example, an item

of equipment may comply with a logical and a physical configuration with respect to the
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desired configuration data 102. However, that same item of equipment may have actual
configuration data 106 that is non-compliant with respect to the desired configuration
data 102 1n the operational configuration dimension.

In one example, the compliance of the actual configuration to the desired
configuration requires compliance of the observed operational configuration data to the
operational configuration objective to assure that the item of equipment complies with a
minimal level of performance. Accordingly, the predictive maintenance planned in
accordance with this invention 1s invoked such that the performance of the end item of
equipment is maintained. The performance of the item of equipment is maintained, even
if a reliability or availability of the equipment would not otherwise suffer because at least
one other configuration dimension besides the operational configuration is satisfied.

The planning module 110 may be associated with an analyzer (not shown) within
the data processor 30. The analyzer may provide economic information and reliability
data about the components, assemblies or other parts of an end item of equipment such
that the planning module 110 can determine one or more of the following: (1) whether
repair or replacement of a particular component or a particular assembly is more
appropriate and (2) the timing of the recommended maintenance action or actions. The
timing of the recommended maintenance activity may include establishing a time interval
or date for the maintenance activity to foster compliance with a multidimensional
configuration in a manner that minimizes downtime of an item of equipment.

FIG. 3 is a flow chart of a method for performing predictive maintenance on an

item of equipment. The method of FIG. 3 starts at step S100.
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In Step S100, the desired conﬁgﬁration of an item of equipment is established
based on a predictive maintenance target. The desired configuration may be established
by entering data to the data processing systefn 16. The desired configuration may be
established by input of an engineering input/output device 12, a supervisory management
input/output device 14, or both. The predictive maintenance target includes one or more
of the following: a physical configuration objective, a functional configuration objective,
a logical configuration objective, an operational configuration objective, a redundant
configuration objective, and a self-healing configuration objective.

The definitions of physical configuration, functional configuration, logical
configuration, operational configuration, redundant configuration and self-healing

. configuration were previéusly set forth herein and apply to FIG. 3 with respect to the
physical configuration objective, the functional conﬁguraﬁon objective, the logical
configuration objective, the operational configuration objective, the redundant
configuration objective and the self-healing configuration objective, respectively.

The logical configuration objective may define whether a suitable replacement
component, a suitable equivalent component, or a suitable substitute component exists for
a subject component of an item of equipment. The suitability of the replacement for a
component may be determined based on empirical data, historical statistics, a
manufacturer's specification, a supplier reccommendation, an engineering

recommendation, a governmental requirement, or a manufacturer's recommendation

related to the component or an analogous component.
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The logical configuration may allow similar items of equipment and different
items of equipment to share and interchange components. The sharing of components
among 1items of equipment may lead to reduced overall inventory of components and
improved logistics in managing the acquisition of the components. For example, the
maintenance provider may reduce the number of components required to maintain a
group of equipment sharing common components or may increase the size of purchase
orders to suppliers to cover maintenance of a group of equipment that shares common
components.

Step S100 may be carried out in accordance with several alternate techniques.
Under a first technique, the operational configuration objective may be determined
consistent with an item of equipment meeting a performance metric of a group of
equipment of the same class or general type as the equipment. Accordingly, the weak-
performing items of equipment may be weeded out or separated from the stronger
performing items of equipment for implementation of a custom-tailored maintenance
plan. The weak-performing items may be subject to more frequency predictive
maintenance or retired from service prematurely, for example.

Under a second technique, the logical configuration objective may be defined as a
decision to substitute a generally suitable replacement component for an existing
component of the item. The replacement decision may be invoked to the exclusion of
repairing the existing component.

Under a third technique, a repair versus replacement decision of a component may

be defined as a logical configuration objective. The determination of whether to repair or
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replace a component may be determined based on empirical data, historical statistics, a
manufacturer's specification, a supplier reccommendation, an engineering
recommendation, a governmental requirement, or a manufacturer's recommendation
related to the component or an analogous component. In one example, the logical
configuration objective may represent the decision to repair an existing component, rather
than substitute a generally suitable replacement component for an existing component of
the item. In another example, the logical configuration objective may be defined as a
decision to repair a component, rather than to replace th;e component 1n kind, or vice
versa.

In accordance with a fourth technique for executing step S100, the operational
configuration objective may be defined as a measurement of at least one component of
the item with respect to at least one operating requirement and an associated operating
environment. Similarly, the operational configuration objective may be defined as a
measured response of an assembly of the item to at least one operating requirement and
an assoclated operating environment. The term “assembly™ shall include a system of the
item of equipment.

In step S102, an actual configuration of the item of equipment is monitored. The
monitoring of the equipment may be carried out 1n any of the following ways: (1)
manually by physical inspection of the equipment, (2) via performance reports made
during use of the equipment, or (3) automatically by sensors mounted on the equipment
that report back to a configuration monitor 104 in the data processing system 16. The

observed dimensions of the actual configuration may include one or more ot the
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following: an observed physical configuration, an observed functional configuration, an
observed logical configuration, and an observed operational configuration, an observed
self-healing configuration, and an observed redundant configuration.

The reliability of the item of equipment may be enhanced by the incorporation of
redundant components in the actual configuration. Similarly, the reliability of the item
of equipment may be enhanced by the incorporatiﬁg a self-healing system into the actual
configuration. The self-healing confirmation and the redundant components may
increase the flexibility in scheduling maintenance, as well as reducing downtime or
inoperable durations of the equipment.

In step S104, the data processor 30 determines if the actual configuration
complies with the desired configuration. The actual configuration and the desired
configuration may be compared on the basis of one or more configuration dimensions. In
accordance with the invention, the actual configuration and the desired configuration are
preferably compared in two or more dimensions. If any one of the two or fnore
dimensions are deficient then the actual configuration does not comply with the desired
configuration. Aécordingly, if the desired monitored configuration does not comply with
the desired configuration, then the method continues with step S106. However, it the
actual configuration does comply with the desired configuration on a multi-dimensional
basis, then the method continues with step S108.

In step S106, a planning module 110 of the data processor 30 plans an upgrade
requirement or maintenance plan for upgrading the actual configuration to comply with

the desired configuration. The upgrade plan may only address the deficient dimension or
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deficient dimensions of the actual monitored configuration of an item of equipment. The
compliant dimensions of the configuration may not be addressed by the planning module
110.

In step S108, the daté processor 30 maintains the actual configuration until the
actual configuration no longer complies with the desired configuration in at least one
dimension. When the actual configuration no longer complies, then the planning module
110 may be invoked to propose the necessary resultant maintenance plan to correct the
deficiency.

The method and system of the invention not only promotes availability and
reliability of an item of equipment, but rather promotes management of the predictive
maintenance of an item of equipment in a proactive manner that may be used to manage
costs of predictive maintenance. The cost savings of the predictive maintenance may
result in the specification of multi-dimensional configurations that support definitions for
the interchangeability of parts, components, assemblies, and systems of different items ot
equipment. The support for the interchangeability of components and the performance
of predictive maintenance may lead to a reduction of inventory of components associated
with conducting a certain level of predictive maintenance. Further, the items of
equipment may be analyzed with reference to the degree of interchangeability of
components such that capital expenditures for new equipment will be consistent with
existing equipment on an interchangeability basis.

The economic considerations in the repair or replacement may lead to cost

savings for the maintenance service provider. Because the actual configurations are
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compared with the desired configuration on a multi-dimensional basis, the predictive
maintenance may be used to proactively manage the predictive maintenance of end items.
Where an end item of equipment contains self-healing systems or redundant systems, the
maintenance may be delayed or scheduled to coordinate the maintenance with other
maintenance activities, for example. Further, the supervisory management input/output
device 14 and the engineering input/output device 12 support the re-definition of a
desired configuration such that a desired configuration may incorporate a self-healing
system or a redundant system for the purpose of making predictive maintenance more
convenient or economical for the service provider.

The foregoing description of the invention describes several illustrative
embodiments. Other embodiments, variations, alterations or alternatives may fall within
the scope of the invention and the following claims. Accordingly, the claims should be

accorded the broadest interpretation possible consistent with the specification set forth 1n

the description.
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WHAT IS CLAIMED IS:

1. A computer-enabled method of generating a predictive maintenance
plan on an item of equipment, the method comprising the steps of:

establishing a desired configuration database that stores a desired
configuration of the item of equipment based on a predictive maintenance target of
the item of equipment, wherein the predictive maintenance target includes at least one
of a physical configuration objective, a functional configuration objective, a logical
configuration objective, and an operational configuration objective;

establishing an actual configuration database that stores an actual
configuration of the item of equipment;

retrieving from the desired configuration database, by a data processor, a
desired configuration record that specifies the desired configuration of the item of
equipment;

retrieving from the actual configuration database, by the data processor, an
actual configuration record that specifies the actual configuration of the item of
equipment;

comparing, by the data processor, the desired configuration record and the
actual configuration record on a record-by-record basis to determine if the actual
configuration complies with the desired configuration; and

generating the predictive maintenance plan that comprises an upgrade
requirement for upgrading the actual configuration to the desired configuration if the

actual configuration is noncompliant;

establishing a real-time update routine relating to the actual configuration, the
desired configuration and the upgrade requirement, establishing the real-time update
routine comprising:
changing the actual configuration, the desired configuration and the

upgrade requirement with time;

maintaining the actual configuration and the desired configuration on a

selected item of equipment valid for a limited duration; and
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updating the actual configuration and the desired configuration prior to
expiration of the limited duration to avoid an outdated configuration; and
updating the predictive maintenance plan in real time on an ongoing

basis with a latest actual configuration and a latest upgrade requirement.

2. The method according to claim 1 wherein establishing the desired
configuration comprises determining the functional configuration objective of the

item consistent with meeting a performance metric of a group of equipment.

3. The method according to claim 1 wherein establishing the desired
configuration comprises defining the logical configuration objective as a decision to
substitute a generally suitable replacement component for an existing component of

the item, rather than repair the existing component.

4, The method according to claim 1 wherein establishing the desired
configuration comprises defining the logical configuration objective as a decision to
repair an existing component, rather than substitute a generally suitable replacement

component for the existing component.

3. The method according to claim 1 wherein establishing the desired
configuration comprises defining the logical configuration objective as a decision to

repair a component, rather than replace the component in kind.

0. The method according to claim 1 wherein establishing the desired
configuration comprises defining the logical configuration objective as a decision to

replace a component in kind, rather than repair the component.

7. The method according to claim 1 wherein establishing the desired

configuration comprises defining the operational configuration objective as a
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measured response of the item to at least one operating requirement and an associated

operating environment.

8. The method according to claim 1 wherein establishing the desired

configuration comprises defining the operational configuration objective as a

measured response of a component of the item to at least one operating requirement

and an associated operating environment.

9. The method according to claim 1 wherein establishing the desired
configuration comprises defining the operational configuration objective as a
measured response of a system of the item to at least one operating requirement and

an associated operating environment.

10.  The method according to claim 1 further comprising enhancing the
reliability of the item by incorporating redundant components into the desired

configuration.

11.  The method according to claim 1 further comprising enhancing the
reliability of the item by incorporating a self-healing system into the desired

configuration.

12. A system for generating a predictive maintenance plan on an item of
equipment, the system comprising:

a desired configuration database for storing a desired configuration of the
equipment based on a predictive maintenance target of the item of equipment,
wherein the predictive maintenance target includes at least one of a physical
configuration objective, a functional configuration objective, a logical configuration
objective, and an operational configuration objective;

an actual configuration database for storing an actual configuration of the

equipment based on an evaluation of the equipment;
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a data processor operable to:

retrieve from the desired configuration database a desired
configuration record that specifies the desired configuration of the item of
equipment;
retrieve from the actual configuration database an actual configuration
record that specifies the actual configuration of the item of equipment;
compare the desired configuration record and the actual configuration
record on a record-by-record basis to determine if the actual configuration
complies with the desired configuration; and
generating the predictive maintenance plan that comprises an upgrade
requirement for upgrading the actual configuration to the desired configuration
if the actual configuration is noncompliant;
wherein the data processor further defines an interim solution that eliminates
delay in the execution of the upgrade requirement on the item of equipment, the
interim solution covers time periods after a noncompliance with the desired
configuration is detected and prior to placing the actual configuration in conformity
with the desired configuration, and the inter‘im solution requires restricted usage of the
item of equipment whose actual configuration does not comply with the desired

configuration and requires provisional operational training of human resource.

13.  The system according to claim 12 wherein the functional configuration
objective of the item is consistent with meeting a performance metric of a group of

equipment.

14.  The system according to claim 12 wherein the logical configuration

objective is defined as a decision to substitute a generally suitable replacement

component for an existing component of the item, rather than repair the existing

component.
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15.  The system according to claim 12 wherein the logical configuration
objective is defined as a decision to repair an existing component, rather than

substitute a generally suitable replacement component for the existing component.

16.  The system according to claim 12 wherein the logical configuration
objective is defined as a decision to repair a component, rather than replace the

component in Kind.

17.  The system according to claim 12 wherein the logical configuration
objective is defined as a decision to replace a component in kind, rather than repair

the component.

18.  The system according to claim 12 wherein the operational
configuration objective is defined as a measured response of the item to at least one

operating requirement and an associated operating environment.

19.  The system according to claim 12 wherein the operational
configuration objectives is defined as a measured response of a component of the item

to at least one operating requirement and an associated operating environment.

20.  The system according to claim 12 wherein the operational

configuration objective is defined as a measured response of a system of the item to at

least one operating requirement and an associated operating environment.

21.  The method according to claim 1 wherein the desired configuration

record stores, with respect to the item of equipment:

an equipment identifier that identifies the item of equipment;

desired component identifiers that identify desired components of the

piece of equipment;
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desired assembly identifiers that identify desired assemblies of
corresponding desired components;

desired specification descriptions that respectively describe desired

specifications of the desired components; and
desired relationship descriptions that describe respective desired

relationships of the desired components to the piece of equipment or to the

desired assemblies,

wherein the desired component identifiers and the desired assembly
identifiers define, at least in part, the physical configuration objective, and

wherein the desired specification descriptions define, at least in part,
the functional configuration objective, and

wherein the desired relationship descriptions define, at least 1n part, the

logical configuration objective.

22.  The method according to claim 21 wherein the desired configuration
record further stores a desired number of usage cycles or a desired number of hours of
usage of the item of equipment, of respective ones of the desired components, or of
respective ones of the desired assemblies, the desired number of usage cycles or the
desired number of hours of usage defining, at least in part, the operational

configuration objective.

23.  The method according to claim 22 wherein the actual configuration
record stores, with respect to the item of equipment:
the equipment identifier that identifies the item of equipment;
observed component identifiers that identify observed components of
the piece of equipment;
observed assembly identifiers that identify observed assemblies of
corresponding observed components;

observed specification descriptions that respectively describe observed

specifications of the observed components; and
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observed relationship descriptions that describe respective observed
relationships of the observed components to the piece of equipment or to the
observed assemblies,
wherein the observed component identifiers and the observed assembly
identifiers define, at least in part, an observed physical configuration, and
wherein the observed specification descriptions define, at least in part,
an observed functional configuration, and
wherein the observed relationship descriptions define, at least in part,

an observed logical configuration.

24.  The method according to claim 23 wherein the actual configuration
record further stores an observed number of usage cycles or an observed number of
hours of usage of the item of equipment, of respective ones of the observed
components, or of respective ones of the observed assemblies, the observed number of
usage cycles or the observed number of hours of usage defining, at least in part, an

observed operational configuration.

25.  The method according to claim 24 wherein the observed operational

configuration is gathered automatically by a sensor associated with the item of
equipment, with the respective ones of the observed components, or with the

respective ones of the observed assemblies, respectively.

26.  The method according to claim 24 wherein the observed operational
configuration 1s received from a portable electronic device for entering the actual

configuration record.

27.  The system according to claim 12 wherein the desired configuration

record stores, with respect to the item of equipment:

an equipment identifier that identifies the item of equipment;
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desired component identifiers that identify desired components of the
piece of equipment;
desired assembly identifiers that identify desired assemblies of

corresponding desired components;

desired specification descriptions that respectively describe desired

specifications of the desired components; and

desired relationship descriptions that describe respective desired
relationships of the desired components to the piece of equipment or to the

desired assemblies,

wherein the desired component identifiers and the desired assembly

identifiers define, at least in part, the physical configuration objective, and

whereln the desired specification descriptions define, at least in part,

the functional configuration objective, and

wherein the desired relationship descriptions define, at least in part, the

logical configuration objective.

28.  The system according to claim 27 wherein the desired configuration
record further stores a desired number of usage cycles or a desired number of hours of
usage of the item of equipment, of respective ones of the desired components, or of
respective ones of the desired assemblies, the desired number of usage cycles or the
desired number of hours of usage defining, at least in part, the operational

configuration objective.

29.  The system according to claim 28 wherein the actual configuration

record stores, with respect to the item of equipment:
the equipment identifier that identifies the item of equipment;
observed component 1dentifiers that identify observed components of
the piece of equipment;

observed assembly identifiers that identify observed assemblies of

corresponding observed components;
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observed specification descriptions that respectively describe observed
specifications of the observed components; and

observed relationship descriptions that describe respective observed
relationships of the observéd components to the piece of equipment or to the

observed assemblies,

wherein the observed component identifiers and the observed assembly
identifiers define, at least in part, an observed physical configuration, and
wherein the observed specification descriptions define, at least in part,

an observed functional configuration, and

wherein the observed relationship descriptions define, at least in part,

an observed logical configuration.

30.  The system according to claim 31 wherein the actual configuration
record further stores an observed number of usage cycles or an observed number of
hours of usage of the item of equipment, of respective ones of the observed

components, or of respective ones of the observed assemblies, the observed number of
usage cycles or the observed number of hours of usage defining, at least in part, an

observed operational configuration.

31.  The method according to claim 30 wherein the system further
comprises a sensor associated with the item of equipment, with the respective ones of
the observed components, or with the respective ones of the observed assemblies,

respectively, wherein the observed operational configuration is gathered automatically

by the sensor.

32.  The method according to claim 30 wherein the system further

comprises a portable electronic device for entering the actual configuration record

including the observed operational configuration.
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S100

ESTABLISH A DESIRED CONFIGURATION OF AN ITEM OF EQUIPMENT
BASED ON A PREDICTIVE MAINTENANCE TARGET. THE PREDICTIVE
MAINTENANCE TARGET INCLUDES ONE OR MORE OF THE FOLLOWING:
A FUNCTIONAL OBIJECTIVE, A LOGICAL OBJECTIVE, AND AN
OPERATIONAL OBJECTIVE..

/ S102

MONITOR AN ACTUAL CONFIGURATION OF THE ITEM OF EQUIPMENT.

S104

DOES THE ACTUAL CONFIGURATION COMPLY WITH THE DESIRED
CONFIGURATION?

YES

PLAN AN UPGRADE REQUIREMENT
FOR UPGRADING THE ACTUAL
CONFIGURATION TO THE DESIRED
CONFIGURATION.

S108

MAINTAIN THE ACTUAL CONFIGURATION UNTIL THE
ACTUAL CONFIGURATION NO LONGER COMPLIES WITH
THE DESIRED CONFIGURATION.

FIG. 3
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