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Asset management is playing an ever increasing irolsustaining the competitive capability of many
businesses. Maintenance costs form a large propooti asset management costs, and a reductiorege th
costs can represent significant savings to thenkessi Many software vendors provide various asset
management solutions but lack complete horizomtdlaertical integration. And with the sizeable nembf
systems come an equal number of software interfa¥#h businesses that subscribe to different CMAn8
condition monitoring systems from different vendargstem integration becomes a nightmare. By rasplv
the integration issue and considering holistic finfation, asset management can ascend to a new level
through effective predictive maintenance. This papglines a proposal for integrating condition rtoring
systems with a CMMS through the use of emergindintelogies. The OSA-CBM framework will be
implemented to monitor the condition of an asset liealth assessment and predictive maintenance
scheduling. Data will be stored in a MIMOSA-derivddtabase, with communications between the OSA-
CBM system and CMMS using the open standard MIMEBA-EAI. The underlying foundation is a web
services platform which will assist in turning assendition data into real cost savings.

1. Introduction

The last 30 years has seen the emergence of sefpraducts that provide management support folyneaery
business area. Enterprise Resource Planning (ERENnss typically form the core informational sysseim most
corporations, and Computerised Maintenance Manage8ystems (CMMS) have been openly embraced by many
industries to manage asset maintenance. With nmaint® comprising a large portion of the assetylifiecbudget,
using enterprise systems to streamline maintenactgities can deliver tangible bottom-line berefib asset
intensive organisations.

Compared with reactive maintenance, condition-bgsedoredictive) maintenance demonstrates condidiera
advantages and has become the pioneering mainesaategy in practice. When assets are criticiierbusiness
process chain, condition monitoring is a necesfitythe delivery of effective preventive maintenantn many
cases, condition monitoring produces an overwheajmamount of data which is not utilised effectiveyften
reporting is confined to immediate condition inf@tion, for example, that an asset is in an unhgaltite as it has
crossed an alarm threshold. However, this sameaddaitalso provide a valuable insight into predgtisset health
progression. By employing novel techniques, annogitipredicted maintenance schedule can be gendrased on
the business requirements.

The benefit of such a predictive maintenance pmdéesobvious, but the integration methodology i$ as
straightforward. Integration between ERP and CMMS&eams has seen the exchange of financial infoomatbout
assets and maintenance. However, the connectiovebrtCMMS and condition monitoring systems stithegns
largely underdeveloped [1]. Rockwell Automation afgnerson Process Management provide broad asset
management solutions that integrate the aforemmadicsystems, but these solutions restrict busisess@ne
vendor. Standardisation efforts have seen the Gystem Architecture for Condition-Based Maintena(@8A-
CBM) provide a framework for distributed conditianonitoring models [2], and the Machinery Informatio
Management Open Systems Alliance (MIMOSA) developpratocol for the exchange of operations and
maintenance data [3]. Due to the infancy of bdth,dtandards have been cautiously received by assets.

This paper illustrates a system that will seamieBgkgrate the areas of condition monitoring arantenance
management, namely, data acquisition, conditioessssent, maintenance prediction, and work ordeficaiton.
The outcomes of the system are to:

« Demonstrate the end-to-end process for predict@mt@nance

e Use open standards for compatibility in integration

e Use advanced health assessment and predictiveanaimte techniques



Through the use of predictive maintenance techsigiat can use condition monitoring data to momucately
optimise maintenance, productivity of the assel imitrease. Further advantages can be seen thrpoigmntial
reductions in maintenance costs through flow onefien such as less unscheduled maintenance, asd les
consumption of resources for maintenance.

State of the art technology will be incorporatedatthieve these aims. There are several componeritei
proposed system — a data acquisition module, ait@mdnonitoring and data processing software systa
database for the temporary storage of raw and psecedata, and a CMMS. Adopting a standards-bggadach,
the condition monitoring and data processing sysiélirbe based on the OSA-CBM. The database wiltlbaved
from work conducted by MIMOSA on asset managemefatrmation modelling.

For communication, this project will use a web smvplatform for the integration of these individlua
components with frequent use of XML (Extensible kMar Language) due to its transparency and thorsugport
[4]. The OSA-CBM and OSA-EAI standards will influssnthe message formats for inter and intra-comnatinics
between the components.

The paper is organised accordingly: section 2 pitivide background information on the technologised,;
section 3 will discuss the integration of composergection 4 outlines health assessment and piredict
maintenance techniques; and section 5 closes fier path a conclusion of the outcomes.

2. Technology for system integration

This research considers various progressive teobies to support the process integration efforte Tilmain
technologies are discussed below.

2.1. Open System Architecturefor Condition-Based M aintenance (OSA-CBM)

The OSA-CBM is a comprehensive communications fraamk for machinery monitoring and diagnostic
systems. Through an Open System Architecture, th&-OBM employs a componentised, distributed apgrdac
effectively integrate all CBM processes from datguasition to maintenance decision making.

OSA-CBM aims to collectively work with the CBM conumity in standardising a messaging protocol. Beésefi
include improved ease of upgrading for system carepts, a broader supplier community resulting inreno
technology choices, more rapid technology develagmend consequently through competition comes aedu
prices. However the largest benefit is end-to-eaghtenance process connectivity.

Although there is a plethora of COTS (commerciditbé-shelf) condition monitoring software produthst
can perform health analysis and maintenance predjcthese systems typically have their own intgfa and a
fixed set of system capabilities. The OSA-CBM efiates the interface concern as it provides an aterface,
and the layered structure allows for flexibilityéapability.

The OSA-CBM has adopted the OSA-EAI Common Relatioimformation Schema (CRIS) as its core
infrastructure, and many of the OSA-CBM objectsrespond to the OSA-EAI's information elements. The
structure of the architecture is defined by sixegalised functional layers: Data Acquisition, DManipulation,
Condition Monitoring, Health Assessment, Prognastamd Decision Making. Only the first five layersea
implemented in the OSA-CBM, with each of these fayeontaining three interfaces: Data, Configuratiand
Explanation. The Data interface describes datdimgldo a particular event; the Configuration ifide contains
configuration information about the module; and Ebglanation interface involves information abol¢ tdevice
and its setup. The OSA-CBM development team imjtitdcused their efforts on three middleware tedbgies:
CORBA, COM/DCOM, and XML over HTTP. Subsequent depenent efforts have introduced the OSA-CBM to
Java RMI, Microsoft .NET and C++.

The applications of OSA-CBM have been gradually mying into scientific literature over the last fewars.
Although the OSA-CBM has been used in ship syst@svith heavy machinery, industrial processeg aincraft
[6], literature on the framework remains sparse.

2.2.Open System Architecturefor Enterprise Application Integration (OSA-EALI)

With the numerous asset management systems offsretifferent vendors, the process of integration ba
problematical as many systems have their own unitpte exchange interfaces. This leaves busineasawmfa
dilemma as different integration techniques brimgjrt own advantages and disadvantages. Purchastenss from
a single vendor leads towards system compatibitibyyever suppliers may not provide a total assetagament
solution, and the reliance on one vendor can prisky. Businesses may purchase a custom bridgertteagrates
different systems which may prove more cost eféecthan internally building one, but provides leastomisation
ability and requires updates for new system vessiémother option is to use a standard specifiodbiadge, which
allows businesses to mix different systems withuoed! integration costs. However, there may be pedace loss
compared to a custom solution and vendors mustilbegrto support the standard.

The absence of a standard for asset managementegeltange was a driving factor in the formation of
MIMOSA and the subsequent development of the OSA-EAe OSA-EAI provides open data exchange starsdard



in several key asset management areas: asseteregiahagement; work management; diagnostic andnpstig
assessment; vibration and sound data; oil, fluid gais data; thermographic data; and reliabilitpiimiation. The
interfaces between these seven areas are defingilllaschema, which was chosen for its transparearay wide-
adoption by the Internet community. As shown byuFégl, the OSA-EAI supports both a HTTP client/semodel
and file import/export model that sit on top of ieas layers.
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Figure 1. MIMOSA OSA-EAI layers

Compared with the OSA-CBM, the OSA-EAI provides #Hrehitecture for static data archiving and stordge
targets inter-system interfaces in allowing datahexge between different asset management syst&@sis
currently considering the adoption of the OSA-EAtlahe OSA-CBM as standards in their respectivasare

2.3. Web services

The goal of web services is to provide a dynamitritiuted computing environment independent offptat or
programming language. Providing a communicationshowology for distributed components, web serviass
several XML-related technologies such as Simplee€bjAccess Protocol (SOAP), Web Service Definition
Language (WSDL), and Universal Description, Disagyeand Integration (UDDI) [7]. SOAP provides a
lightweight communications protocol that defineg tmessage format, encoding rules, and a representar
remote procedure calls. WSDL is an interface dption language and describes the access protodobperation
information of the web service. UDDI provides di@y registry and search capabilities for web sersi

2.4. Summary

The development of the above systems has beery palto the ubiquitous use and standardisatidntefnet-
related technologies. The OSA-CBM and OSA-EAl bdthplement XML-related solutions to provide
communication support to asset management syst®Weh services provide a robust, distributed service
architecture that facilitates effective communicatbetween components. Together, these technolpgiséde a
sufficient foundation for this research.

3. A structured framework for processintegration

3.1. Predictive maintenance process chain

To meet business requirements, an end-to-end [gobagn for predictive maintenance is proposed.rbeess
chain defines what processes are required to stppettictive maintenance, and the information resesi utilised.
It is defined by six steps as illustrated in FigArd) monitoring the asset through hardware sen@yrassessing the
health of the asset from the condition; 3) considethe calculated reliability and business maiatere objectives
to predict maintenance requirements; 4) issuinghteaance work orders; 5) managing the maintenanoeesgs;
and 6) updating the financial information.

The first process in the chain is acquiring dataualthe condition of an asset. Sensors typicallgyréhe
condition data through filters and amplifiers airhfly to a data acquisition device connected tomputer. Sensor
technology has matured over the years, and manyitonmg techniques are now possible. Vibration,reat
signature, temperature, pressure, oil compositeorg thermography are all proven analysis technighat are
available to maintenance engineers. A data aciprisitystem provides the interface between the setata and the
condition monitoring system.
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Figure 2. Predictive maintenance process chain.

To process signal data from the sensors, the gonditonitoring system will analyse the data to deiee the
condition of the asset. The analysis can determ@ierioration from the original healthy state bynparison to an
initial baseline. Determination of an unhealthy dition is followed by a fault diagnosis to trace ttoot cause.

By understanding the past and present conditioanofsset, a judgement about its reliability camptowided.
The reliability of the asset provides an indicatothe health of the asset, and can be used tacpsgden failures
will occur (see section 4). Combining this inforioatwith a company’s maintenance strategy allovessystem to
optimise the maintenance plan.

Once a condition-based maintenance plan is devéjapark orders can be generated by the CMMS. Tttisa
will allocate resources to the maintenance worlegrdchedule operations, and organise document&idrsequent
management of the maintenance work is conductethid¥"MMS for management of inventory and budgetstC
information, such as resources and inventory comeslirapital expenditure, wages accrued, and intatkeare
passed onto the enterprise resource system fordi@aeporting.

There are several properties that the entire systenald reflect:

* The processes should be timely. Changes in thé emsdition that affect the maintenance requiremané

conveyed in time.

* The system should have event-driven processestBsacting seamlessly, user intervention is minéahis

e The process should have flexibility. Feedback fttemCMMS should adjust parameters and settings.

e The overall system must be secure. Authenticatiauees compromised data is not accepted.

The proposed system design sits in the conditionitming section covering the data analysis andnieaance
requirement prediction processes. It additionatiya@mpasses the communications between the adjaé@mhation
resources (sensors and CMMS).

3.2. System design

Figure 3 illustrates the different components i $lgstem and their relationships. The design isdas the five
layers of the OSA-CBM, and the creation of a decissupport module that determines the maintenance
requirements. Information is passed from the sengbrough the data acquisition layer, and to ahgrorelevant
layers through the OSA-CBM XML schema. The Mainterea Support layer will provide condition-based
information to the CMMS through the OSA-EAI XML Satma. All of the XML communications is supporteddy
web services platform.

A database, which is based upon the OSA-EAI CRIfpsrts the information storage requirements ofQB&A-
CBM modules. Each module has direct access tanfbemation in the database.

The main two components, the communications anabdae, are discussed in more detail below.
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Figure 3. System components.



3.2.1. Communication

A critical aspect of the system is the implemeptatbf communications, as most of the issues thsifyuthe
system can be identified by the immaturity of tlemenunications between systems. Communication isaues
relevant at three points: 1) data acquired from $emsors feeding into the OSA-CBM system; 2) intra-
communication between different modules in the G&3M system; and 3) the reporting of informationnfréhe
OSA-CBM system to the CMMS.

The data passed from the sensors can be recetbed effline or online. Offline data can be receivgy means
of a file or database, in which the file structoredatabase design must be clearly presentedelpabe of data that
can only be interpreted through the manufacturecfware tools, the process of data acquisition maty be
completely automated. Online (or real-time) datquésition requires additional devices to conneetsknsors and
the computer. Software drivers must be writtendach hardware data acquisition device to providessto the
sensor readings.

The configuration of the modules in the OSA-CBMtsys influences the amount of internal communication
between the components. As the OSA-CBM has beegrdelsto allow a flexible distributed environmetitere
could be up to six different communication instanm@ene for each layer) for the one OSA-CBM systéthilst the
OSA-CBM supports various middleware technologie®atined in section 2.1, this system uses a webices
platform based on SOAP. This choice is due torkegration with the OSA-EAI, which is largely basauXML.

For each layer, the OSA-CBM provides three XML sohs — one for each of the layer interfaces: Data,
Configuration, and Explanation. Certain conceptinee in the OSA-CBM XML schemas relate to objeictghe
OSA-EAI CRIS. This simplifies the process of savinfprmation to the database.

The MIMOSA OSA-EAI also conveniently fits into thereb services platform as all communications is
performed through XML. Several XML schemas supploet different services in each of the seven areatsthe
OSA-EAI covers (see section 2.2). The top MaintesaBupport layer exclusively uses the OSA-EAI sftion
to communicate with the CMMS as this layer is nific@lly defined by the OSA-CBM. Hence, informatiavill be
passed

As configuration feedback may be provided by theM3/to the OSA-CBM system, the Configuration service
of the OSA-CBM will be implemented.

3.2.2. Database

The MIMOSA OSA-EAI defines the Common Conceptual jgab Model (CCOM) which provides the
description of various objects in the standardirtheoperties, and their relationships to otherest§. Above the
CCOM (see Figure 1), MIMOSA provides an implemeintalevel model - the Common Relational Information
Model. The CRIS defines the types and naming caimwes for the entities in the CCOM. The CCOM andIER
models provide the basis for constructing the detatthat will be implemented in this project.

The incentive to use a database based on the O3Aliéct model stems from the inherent compatipihith
the data exchange mechanism. As the XML schemaingbeé web service communication relies on the €3
object model, there will be a natural reductiomi@velopment time as type conversion and checkingdsced.

The trade-off is an increase in the complexityhe tatabase. Due to the design of the standard)$#eEAI
attempts to deliver a generic approach in manaa#sgt data. The generic approach found in the atdncesults in
two potential concerns for this system: 1) furtbatabase development may be required as the OSAd&#d not
consider data specific to an application; and 8)ititcreased complexity of the system as extrangdoasmation is
included. The resolution for both issues is foragourate data modelling process to be conducte@termine the
relevant data items for the system. The resultstteea merged with the OSA-EAI data model to forra fmal
database.

With the ability to distribute different module$etlocation of the database becomes an issuegydarty when
a sizable amount of data needs to be transfernéfgr&nt modules may require access to the datalsasé that the
database cannot be tied to an individual modulg@eRding on the production environment, a distridudatabase
solution may alleviate sizeable data requests.

3.3. System Assessment

To present a viable business case, the system hawg measurable and applicable metrics by which
performance can be assessed. One of the businigessdof the project is toeduce maintenance costs, and the
budgeted and actual costs after implementatiorbeatonsidered a sound indicator. As the system &irashedule
maintenance more efficiently and effectively usimgalth prediction technologies, it logically follewthat the
amount of unplanned maintenance should decreasss. thieresources consumed through unplanned maintenance
can be used to provide an indicator of the sucoB®e system. As unplanned downtime is reducesiavhilability
and/or theproductivity of the asset should increase. A direct comparison of these oreaswith pre-integration
values may not reflect the actual performancehasrtetrics rely heavily on various assumptions.

ts



4. Advanced equipment health prediction methodologies

An accurate maintenance decision largely reliesaoturate asset health prediction through the aolopif
effective diagnosis and prognosis techniques. Theeenumerous health prediction techniques disdussehe
literature [8, 9] and relevant methods will be implented into the Health Assessment and Progndayiess of the
OSA-CBM structure depicted in Figure 3. These Imeplediction techniques typically require data ispsuch as
condition monitoring data, process and performatate, and failure history data. The combinatiomsdet health
prediction together with financial and business uiEment data assists in supporting effectual ptee
maintenance decision making.

4.1. Health Assessment

Diagnosis plays a primary role in the Health Asses# layer of the system. The Health Assessmenpooent
will determine if the health of an asset is degdadend if so, generates a fault diagnosis repamtitFdiagnosis
technigues are mature and can assist in the discavehe fault severity, root cause, and subsetjgaidance in
enhancing maintenance [10, 11].

Condition deterioration contributes towards maiatee by revealing the condition progression. Detation
models use condition monitoring information to gd®vcondition trending and projection. The modeéstzased on
the estimation of health deterioration and prodoesge.g. wear, cracks, and corrosion). Changesamitored
parameters are analysed to identify asset perfarenaleterioration and malfunction of equipment congus.
Signal features from time and frequency domains lmarused as trending parameters. The overall tiomeadh
features, such as peak-to-peak value, root measresqnd kurtosis, are sensitive to condition vt in most
scenarios. The frequency domain features extrdiotaed band limited signals, such as band amplitwde, reveal
the condition of specific components.

Multiple parameter analysis is another advancedrigeie that considers the relationship of diffengstameters
[12] derived from either different physical signadsg. current, temperature, pressure, or froneifit bandwidths
signals, e.g. vibration [10].

4.2. Prognostics

While diagnosis techniques endeavour to explain pasory, prognosis techniques attempt to preftlitire
condition progression. Reliability analysis is caygproach often used in prognostics. It generalgsusng-term
failure data to produce reliability-related measoeats, such as mean time to failure (MTTF). Réliigtiactors are
usually estimated and adjusted with respect tof#dilere history of a given system. Factors suchfakire
interaction and repair effects, are considered &gam reliability models [13-15] to produce a maecurate
prediction. Alarm limits for preventive maintenargamn be derived using hazard and reliability fuomi[16].

Besides using failure history data, reliability giction models can be enhanced by adopting comditio
monitoring data. The Proportional Hazard Model (PHidmbines historical data and environmental céowlitiata
for the prediction of system hazards [17]. In dertmstances, the Proportional Covariates Model Mip®as
demonstrated a better capability of reliabilitygiotion [18]. PCM estimates system hazards withohisal data and
response condition symptoms of asset.

4.3. Maintenance Support

Maintenance support involves providing timely, vast, and accurate maintenance information for si@ai
making. A multiple criteria approach is the mostmmoon technique, which attempts to optimise mainteaa
schedules based on several parameters. These persuwen include reliability and expected costq,[i€source
availability, timing with other projects, lossesedto outages, safety permits for personnel [20he®©imodels
include condition-based criteria using a rangeechhiques, such as mathematical modelling [21Eydagic [22],
and neural network [23]. These models use aggrégatedition parameters, such as overall healtiherathan
direct sensor readings. There is a lack of mod®s$ provide consistent integration from conditiomitoring
through to maintenance decision making processks. development of standard framework through thé&-OS
CBM should assist in the development of integraediels for maintenance decision support.

5. Conclusion

The integration of condition monitoring data withaimtenance management systems can provide a valuabl
strategic advantage in asset management. By uaddisg the condition of an asset, predictive maiatee
techniques can help significantly reduce mainteeatests. Although solutions by asset managemeitvasia
vendors exist, the software system interfacesyguieally not open, making integration and custortiisadifficult.

A system was proposed that utilises open standechitectures for condition monitoring systems arsbed
management data exchange. Both the OSA-CBM and MIRMADSA-EAI standards support XML-based
technologies, which leads to the natural adoptibra aveb services communications platform. The ciouali



monitori

ng modules can be configured with advanoedels to determine effectively the asset healthrahability

for the purposes of predictive maintenance.

Glossary

CBM Condition-Based Maintenance

CCOM Common Conceptual Object Model

CMMS Computerised Maintenance Management System
COM/DCOM Component Object Model/Distributed Component Obljéotel
CORBA Common Object Request Broker Architecture

CRIS Common Relational Information Schema

ERP Enterprise Resource Planning

HTTP HyperText Transfer Protocol

Java RM| Sun Java’'s Remote Method Invocation

MIMOSA Machinery Information Management Open Systems Atléa
OSA-CBM Open System Architecture for Condition-Based Maiatee
OSA-EAI Open System Architecture for Enterprise Applicatiotegration
SOAP Simple Object Access Protocol

uDDI Universal Description, Discovery, and Integration

WSDL Web Service Definition Language

XML Extensible Markup Language
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