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Maintainability is an attribute that is sought after by operators and maintainers all across the world, and has long been known as ‘one of the “-ilities” associated with deployment and use of equipment -- “quality, supportability, maintainability, reliability, and interoperability (among others).”   Senior leaders in the military and in commercial transportation sectors demand that Original Equipment Manufacturers (OEMs) produce equipment and systems that possess these attributes so that their operations can be effective and economic.

Acquisition of equipment for the U.S. military has traditionally focused on fielding equipment with the attributes of reliability and maintainability.  During World War II, military units prized the ubiquitous Jeep, the M-14 rifle and other equipment because they rarely failed, and when they did, they were easily repaired.  This combination of steadfast performance and ability to be rapidly restored to operation led to the linkage of reliability and maintainability that still exists.  This linkage is the foundation of our country’s characteristic drive to field the best equipment possible for defense or commercial use.  Superior technology, while always a primary driver of design, isn’t sufficient if the equipment puts military units at risk or commercial entities in danger of extreme financial loss.

As weapon systems and equipment have become more complex, these attributes have maintained their place.  In fact, Reliability and Maintainability (R&M) are now so important to both military and commercial acquisition that it is common to have R&M elements built into requirements documents and contracts; indeed, it is rare to see an acquisition without them.  Both attributes have been described in requirements documents in many ways over the years, with an evolving need to quantify the attributes in some measurable way.  The practice of R&M is now explicitly defined as part of the specialty engineering tasks grouped under Systems Engineering to further that objective.

Definition of Reliability and Maintainability

Because these two attributes are so often considered together, it is useful to look for accepted definitions of both terms.  

Reliability is the expression of an item’s ability to operate.  IEEE 90 defines reliability as:

The ability of a system or component to perform its required functions under stated conditions for a specified period of time.

A U.S. Military Standard, MIL-STD-721C, which is no longer in force, defined reliability as:

1) The duration or probability of failure free performance under stated conditions.

2) The probability that an item can perform its intended function for a specific interval under stated conditions.

Reliability is therefore a probability expressed as a function of time.  It is most commonly thought of as the inverse of the probability of failure or



1-F(t)  where F(t) is the probability of failure
The three most commonly assumed failure probability distributions are: exponential (a constant failure rate with time); Weibull distributions which have a mean and a ‘shape’ that describes premature, constant and ‘wear out’ failure distributions, which are the three elements of a typical ‘bathtub’ curve; lognormal in which the change in deterioration accelerates with time (corrosion, cracking, etc).

Maintainability, the fraternal twin of Reliability (and some might suggest it is the ‘evil twin ‘), is harder to concisely describe.  Military systems have always had a design goal of being ‘easy to maintain’ and ‘simple,’ but detailed studies of maintainability did not begin until the 1950s.
 As the acquisition process matured in the 1980s and 1990s, it demanded a repeatable and observable method to measure and verify this desirable trait.  

The U.S. Department of Defense publication, MIL-HDBK-470A, dated 4 August 1997, defines maintainability this way:

“The relative ease and economy of time and resources with which an item can be retained in or restored to a specified condition when maintenance is performed by personnel having specified skill levels, using prescribed procedures and resources, at each prescribed level of maintenance and repair.  In this context, it is a function of design.”

(This definition was also associated with MIL-STD-721C, which was de-emphasized in 1994 along with other MIL-STDs as the Pentagon sought to replace its design standards with best commercial practices.)  Another definition of maintainability, from Wikipedia (for telecommunications) is:

1) A characteristic of design and installation, expressed as the probability that an item will be retained or restored to a specified condition within a given period of time, when maintenance is performed in accordance with prescribed procedures and resources.

2) The ease with which maintenance of a functional unit can be performed in accordance with prescribed requirements.

(Source:  Federal Standard 1037C and MIL-STD-188)

So, while Reliability measures an item’s ability to operate for a period of time, Maintainability attempts to measure how quickly the item can be restored to its appropriate operating mode, or ‘stated condition’ once it experiences a fault or failure.  Maintainability is also a probability function, measured as a function of time.  

While reliability and maintainability are important to military and commercial operators, the outcome of a reliable and maintainable system is really the primary goal.  This goal, typically referred to as availability, is essentially a measurement of the ability to operate a fully functional system.  Availability is expressed as a ratio, comparing the amount of time that a system is 'up' to the total time measured.  A typical expression for availability is:

A =  uptime/(uptime + downtime)
where downtime includes all sources of delay or degraded status, including scheduled and unscheduled maintenance, delays awaiting parts, personnel or equipment.  Availability is thus a measure of the combined effects of reliability and maintainability.  There are other variations of this equation that substitute other metrics for uptime and down time, such as Mean Time Between Maintenance (MTBM) for uptime and Mean Time To Repair (MTTR) for down time.
These definitions have led to the expression of R&M in a number of quantifiable ways, which is described in greater detail below. 
“Theory” of Maintainability

The advances in reliability and maintainability over the past 50 years have largely been enabled more through practice and empiricism than “theory.”  Unlike aerodynamics or structural analysis, there are no laws that govern R&M, but there is a significant body of knowledge that influences design for R&M.  These attributes have always been pragmatic, experience-driven and evolutionary aspects of design engineering.  Because performance (speed, agility, payload) is typically considered first, R&M testing and analysis usually follows performance analysis in the design process, and relies on past experience with similar designs during the initial stages of development.  

R&M experts assert that inherent reliability and maintainability are created by the system’s design, and factors such as training, equipment and supply support cannot compensate for a poorly designed product.
  The importance of R&M in design is also confirmed by studies that show the opportunity to affect life cycle cost impact is early in the design process with 60-70% of the life cycle cost defined by the time preliminary design studies are complete
  Decisions regarding R&M and other aspects of performance are dynamic and iterative throughout the design process.  As initial estimates of reliability are modified, maintainability considerations are also affected.  The relationship between reliability and maintainability for effective life cycle design is shown below in Figure 1.
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Figure 1  Reliability and Maintainability Matrix

For most components of a system in a design, the ideal situation to hold life cycle costs to a minimum is to have high reliability and easy maintainability (Zone 1 in the figure) -- i.e., is a component that fails infrequently, requires little attention and causes no major effort when it does fail (circuit breakers, switches, etc).  A component in Zone 2 fails frequently, but requires little attention when operating and is easily replaced (light bulbs, air filters, etc).  A reliable component that rarely fails, but could require significant attention during operation and major effort to replace would be assigned to Zone 3 (engines, generators, pumps, etc)  A component that fails frequently, requires major effort in operation and major efforts to replace it would be in Zone 4.  Systems with components in Zone 4 are typically not successful!   The job of the design team is to ensure that the components are matched to the right zone and right purpose, so that resources are used effectively. Designing a headlight for an automobile to last 30 years is probably inappropriate, as is mounting a headlight with a 2 year life it to the fender of the car in such a way that the car requires major disassembly to get to it.

To illustrate the relationship between reliability, maintainability and life cycle, it's useful to consider two highly specialized and unique cases:  the Space Shuttle and a NASCAR racer.  For the shuttle, reliability is essential because the costs of each mission are huge and the psychological impact of failure (especially catastrophic ones!) makes it unacceptable.  Thus, the components of the shuttle are generally high cost; extensive testing and high reliability requirements increase the cost to produce the items.  The Shuttle also poses unique maintainability challenges: fixing things during a mission is difficult at best, and bringing tools and parts along reduces mission payload, so the ideal situation is to have few maintainability tasks during missions, even for the components with high reliability.  For the purposes of mission success, the objective is to have as many items in Zone 1 as possible.  The Shuttle is designed for re-use, so performing maintenance between missions is integral to its design.  As a system, the Shuttle is clearly in Zone 3, and trying to migrate to Zone 1--but parameters of its initial design limit the ability to make maintenance between missions easier, and the effects of age on the platform also tend to make it more difficult to maintain.  

A NASCAR racer of 2005 is far different than the 'stock cars' of the 1950s and 1960s that preceded it.  Today's racer also puts a premium on reliability, and the cost of the components in the racer reflects the effort to make the parts survive the demanding environment.  The racer's design is also heavily altered from generic automotive configurations to enable rapid servicing (20 gallons of gas in seconds, changing tires in seconds, etc) and replacement (changing an engine or other major assembly during the race is rare, but it can and does happen!).  The design of the racer and its components is optimized to achieve mission success at what most people would consider high cost. With millions of dollars in prize money at stake, these costs are relative.  
Designers for most mass produced products are typically tasked to develop items that are reliable and that require as little effort to maintain them as feasible within cost, weight and other performance requirements.  If the part’s history or test experience shows it to have a high failure rate or need for frequent maintenance, the objective of the designer must then change emphasize maintainability by placing that item in such a way as to minimize time and effort to restore the item.  Consider the evolution in the automobile as an example.  During the 1950s and 60s, when maintainability was a lesser concern, cars often had oil filters and other routine service elements buried in the depths of the engine compartment.  In our current decade, cars are being marketed with extensive warranties and even free scheduled maintenance.  As a result, servicing elements such as reservoirs, dip sticks and air filters are now easily accessible and simple to replace.

Maintainability is most often measured by a quantity known as Mean Time To Repair, or MTTR, which is defined by MIL HDBK 470 as “the total corrective maintenance time divided by the total number of corrective maintenance actions during a given period of time.”  The Maintainability Toolkit, published by the Reliability Analysis Center, a DoD funded Information and Analysis Center, also describes the following measures for maintainability shown in Table 1.
Table 1 Maintainability Metrics

	Measure
	Description

	Mean Time to Repair (MTTR)
	The arithmetic average of the maintenance cycle times for the individual maintenance actions of a system (excludes preventive maintenance)

	Mean Preventive Maintenance Time
	The arithmetic average of the maintenance cycle times for the individual preventive maintenance actions of a system (inspection, calibration, planned replacement, etc)

	Median Active Corrective Maintenance Time
	The value of corrective maintenance time that divides all downtime values for corrective maintenance so that 50% are equal or greater than the median

	Mean Active Maintenance Time
	The mean or average elapsed time needed to perform maintenance (both preventive and corrective) excluding logistic and administrative delays

	Maximum Active Corrective Maintenance Time
	That value of downtime below which one can expect a specified percent of all corrective maintenance to be completed.  Must be stated at a given percentile, usually 90 or 95th, primarily related to a lognormal distribution.

	Mean Time to Restore System
	For highly redundant systems, this is the time need to switch to a redundant backup unit

	Mean Down Time
	The mean or average time that a system is not operational due to repair or preventive maintenance.  This includes logistics and administrative delays.

	Maintenance Labor Hours per Hour/Cycle/Action/Month
	A measure of labor hours expended, based on operating or calendar time, maintenance actions or operating cycles


From Maintainability Toolkit, pg. 5

The measures in the table above are straightforward calculations, but all arise from some manipulation of a set of data, either from a series of trials during development or from periodic sampling of historical data contained in maintenance information systems, if available. MIL HDBK 472 has a detailed description of the most commonly used process for maintainability prediction analysis (see Weibull.com and other sources for this PDF file download).  Because MTTR and other maintainability calculations are composite calculations based on system and item hierarchies and related to the corresponding reliability, they have been successfully automated in software tool kits (See Important Resources below).  These data tables are useful as initial predictions of maintainability during the system development phase of acquisition, and can be tied to live data systems during system deployment to provide feedback to design engineers during the system life cycle.  
Predicting maintainability early in the design phase is essential for control of the life cycle cost of the equipment, which is becoming more important as a system requirement in major program acquisitions in both military and commercial sectors.  Maintainability prediction highlights areas that require improvement before developmental testing or operational experience, and therefore enables design changes to be made while the process is affordable and lowest risk to the overall program.
  Maintainability predictions also provide the basis for estimating maintenance personnel staffing and training, support equipment requirements and initial spares inventory (along with reliability predictions) and are therefore critical to the deployment and operations phase of an acquisition.

Because of its importance, maintainability prediction is the locus of most of the ‘theory’ development for the area of maintainability.  Maintainability prediction is shaped by the specific system, required measurements (normally defined by the customer), extent of information available and the design phase, so there are a number of techniques that rely on a variety of sampling and statistical methods.
  As the design matures and more detail is defined, the method of prediction becomes more a process of cataloging part number data and detailed computation by spreadsheet.
The Practice of Maintainability

In practice, accurately defining and trending metrics defined in Table 1 during the equipment’s life cycle is often difficult, as the maintenance data that serves as the basis for the measures is subject to high error rates and missing data elements as the maintainers and operators focus attention on making the systems work rather than “completing the paperwork.” As enterprise systems become more automated and capable of error checking, this weakness can be minimized.  Maintenance systems that are in use by the military often have weaknesses in attributing failures to specific items or components, and while many of them are uniquely identified by serial number, the data is not typically fully linked to the serial numbered item.  This deficiency is moving toward elimination, as the military is implementing serial number tracking through the logistic transformation initiatives that are underway.
Few of the current maintenance systems are also structured to provide easy calculation of the maintainability measures described above, as the classic ‘stove pipes’ between the engineers and maintainers that existed 10- 20 years ago inhibited effective data collection and use for cross functional purposes.  The data systems currently in use typically collect all maintenance actions for a given component across a total population of systems (aircraft, vehicles, etc) that have a wide range of distributions in operating history, tempo and location.  This tends to make the resultant distribution very ‘wide’, useful for only the highest level of planning or management.  For example, if there is a change of MTTR by .1 hour, based on 5,000 repair actions for a given year, determining the root cause for the increase or the impact of the increase on operational forces can be difficult at best, particularly when the equipment has items installed that have a wide range of age and repair sources.  Again, the newer military data systems are moving to correct this challenge, and the data is moving toward the standard set in the commercial aviation sector.  This transformation should improve the identification of root causes and lead to improved maintainability and reliability.
As reliability and maintainability are considered functions of design, a successful design must ensure that the designer and customer share the same understanding of both of these important attributes.  It is also important to remember that maintainability is a customer requirement, which can be expressed in terms that are not the same as the designer may use.  In some cases, a translation of design measures into customer measures at the beginning can eliminate major problems during product development.  While reliability is always a key customer need (and customers rarely want less!), the extent of maintainability of a product is often a cause of success or failure in the market place as well as the battlefield.
  A product that takes extraordinary effort to maintain normally is overcome by competition or causes failure in military operations.  As an example, consider the Chevrolet Monza in the 1980s, a small economy car that was meant to be cheap to own. Unfortunately, to replace one of its spark plugs, the entire engine had to be lifted out of the front of the car, which drove up cost and ‘downtime’ to such an extent that the car failed in the marketplace.

Maintainability is “the relative ease and economy of time and resources with which an item can be retained in or restored to a specified condition.”  While it may be expressed mathematically or with metrics as discussed above, it is essentially a collection of processes, performed by personnel or other machines.  Both the commercial and military sectors have been engaged in process improvement initiatives to streamline the supporting processes of supply chain management (bringing the right parts to the task) and maintenance planning and scheduling (to minimize delay in completing the tasks).  The initiatives have both adapted off-the-shelf software originally created for manufacturing and modified these programs specifically to repair processes. This use of Enterprise Resource Planning (ERP) software began in the ‘depot’ and ‘heavy’ maintenance organizations which most closely resembled manufacturing entities, and is spreading toward the ‘line’ or operator maintenance tasks of major fleets of aircraft, vessels and ground vehicles.  These initiatives have brought greater process discipline to maintenance tasks, improving quality and reducing MTTR.
Because the actions to retain an item in a specified condition can described in detail and used repeatedly for the same conditions, then it is reasonable to say that the effort to retain the item to a specified condition must be optimized to achieve the “ease of resources.”  Retaining an item in a specified condition typically entails an inspection (typically visual), simple test and preservation/servicing of the item, including any actions to gain access to the item and restore items disturbed for access.  Therefore, items which, by design, require easy access for frequent inspection/servicing should be placed and configured to enable minimum effort.  Additionally, the inspection intervals should be optimized. 

Restoring an item to a specified condition is synonymous with repairing the item.  Repairing an item consists of:

· Confirming the malfunction

· Locating the fault responsible for the malfunction

· Removing the faulty item or component (including time to gain access to it)

· Installing the new item (including time to test it in place and restore items disturbed for access).

· Performing a system check to verify the malfunction is cleared

· Documenting the action

The means to accomplish these tasks with a minimum of effort must be designed into the item at the outset. However, design and development activity in early acquisition phases tend to under execute the analysis and development necessary to develop effective solutions for each of these tasks because there is not enough time and resources to define and measure all possible faults, failures and conditions.  As maintainability and life cycle cost have become more important to acquisition, improvements and new technology are being incorporated into repair functions:  

Malfunction Verification and Fault Isolation:  Built in Test (BIT) has long been used by component designers in avionics and electronics to confirm malfunctions and identify the component at fault.  As more components, such as fuel controls and actuators, become hybrid items (with combinations of electronics, electro-mechanics, hydro-mechanic and pneumatic devices), vehicle and system design is expanding BIT to include more components in order to meet the more rigorous requirements for R&M that are being included in acquisition requirements.  BIT development has been the main focus of maintainability research and development for at least the past two decades.  The use of standardized data buses for control of these components is also enabling data collection and recording of BIT codes and sensor data in an integrated architecture, which are the basis for Health Management Systems (HMS) and laptop computer based Portable Maintenance Aids (PMAs).  In this architecture, there is growing development and use of advanced signal processing algorithms and computational intelligence to provide the vehicle operators with improved situation awareness of vehicle health, and a wealth of data for diagnostics and prognostics by support personnel.  The objective of this infrastructure is to minimize the time to confirm and isolate the cause of a fault and establish the most effective means to restore the system to full operation.  
This use of technology, which now extends into maintenance history databases and technical data as well as greater use of computer resources onboard the vehicles, is the most significant area of maintainability improvement, and should remain so for the next 5 to 10 years.  In particular, the use of HMS to establish an accurate and high-confidence assessment of vehicle or system condition is the foundation for shifting maintenance strategies toward what is termed Condition Based Maintenance (CBM).  CBM seeks to maximize uptime by performing maintenance only when required by the actual condition of the equipment.  This is a slight departure from Reliability Centered Maintenance (RCM) which establishes specific intervals for preventive maintenance (inspection, servicing, adjustment and removal) based on reliability studies across an entire population of systems.  RCM tends to act on ‘average’ behavior rather than individual equipment needs, so CBM advocates see the potential to remove a portion of scheduled maintenance tasks that may not be required, as well as the ability to anticipate the end of acceptable performance of a system in time to reduce the amount of downtime.  Experience with CBM thus far has shown improvement in operating cost and availability, and development of this maintenance approach is expected to achieve savings in inventory and logistics ‘footprint’ as well.  CBM is a major area of research and development in maintainability, and should continue to be a significant area of development over the next ten years.

Item Removal and Re-installation:  Human factors and performance centered design are influencing the placement, attachment and form of components to facilitate maintenance tasks.  Removal of the item can be a complex series of tasks to gain access to the item and remove it from the vehicle, and this new emphasis on performance centered design can influence these difficult tasks in new designs or major modifications. This aspect of maintainability is receiving more attention than in the past.  The most recent example is the configuration and placement of repairables on the F-35 Joint Strike Fighter to improve its MTTR and achieve sortie generation rates specified in its mission requirements.  Commercial aviation and trucks are also employing this practice in newer designs.

System check   The same infrastructure used to identify malfunctions and isolate faults is employed to verify system operation.  This also minimizes the need for special support equipment, reducing effort and logistic “footprint.”


 Documentation:  The capability to rapidly and accurately document maintenance actions and baseline system performance data is incorporated into performance support systems for maintenance personnel.  These systems, known as portable maintenance aids (PMAs) and other similar terms, also serve the ‘man in the loop’ with malfunction verification, fault isolation and maintenance task execution.

Although military practice has considered Integrated Logistics Support (ILS) as an inter-related system to support repair tasks, in practice these elements of repair were often fragmented and sub-optimized during design or development because of corresponding fragmentation of program budgets and diffused responsibility for execution.  

The drive for maintainability now demands that the OEM be more responsible for achieving the desired outcome.  This explains the recent emphasis of system metrics in military acquisition requirements, known as “performance-based” acquisition, which strives for system performance measures, such as availability, cost per operating hour and mission reliability rather than subordinate metrics such as MTTR.  In the commercial sector, OEMs have been developing ‘performance by the hour’ concepts for the last decade.  This shift in emphasis places the responsibility for and incentive to reduce MTTR and other measures from the user to the supplier.  The intention of this shift in responsibility is to unleash the creative energies of the OEMs and establish more effective processes and equipment to improve both reliability and maintainability.  This concept, known as Performance Based Logistics (PBL) in DoD, has potential to revolutionize the way systems are supported, but there are many administrative and contractual issues that require resolution as the implementation proceeds, such as how a vendor can be contractually responsible for factors outside its control.
IMPORTANT RESOURCES

The following sources and items are not intended to be an all inclusive list, nor is inclusion on the list below indicating any endorsement.

Maintainability Symposia

Reliability and Maintainability Symposium (http://www.rams.org) sponsored by AIAA, ASQ, IEEE , IEST, IIE, SAE, SOLE, SRE and SSS.  This is the major event for maintainability in the U.S. The next conference is January 23-26, 2006.

Maintainability Information

The Reliability Analysis Center, (http://www.rac.alionscience.com )  a DoD funded Information and Analysis Center is available to U.S. Government and U.S. Defense Industry companies.  

Weibull.com, on-line resources for reliability and maintainability can be found at Weibull (http://weibull.com ).  Access to MIL HDBKs, STDs, glossary and software.


The University of Maryland Reliability Engineering Program can be found at http://www.enre.umd.edu/index.htm .

Maintainability Software

Relex Software:  (http://relexsoftware.com) Analysis Toolset for Maintainability Predictions

Item Software (http://www.itemsoft.com/maintain.shtml)  Item Tookit: Maintain

Reliasoft (http://www.reliasoft.com ) has a suite of reliability software.

Maintainability Texts

Blanchard, Benjamin S., Verma, Dinesh C., Peterson, Elmer L., “Maintainability: A Key to Effective Serviceability and Maintenance Management,” Wiley-Interscience, 2Rev Ed (February, 1995), 560pp.

Blanchard, Benjamin S., Fabrycky, Wolter, “Systems Engineering and Analysis (4th Edition),” Prentis Hall International Series in Industrial and Systems, May 2005, 816pp.

Moubray, John, “Reliability-Centered Maintenance,” Second Edition, Butterworth-Heineman, 1999, 440 pp.

Ebling, Charles, “An Introduction to Reliability and Maintainability Engineering,” McGraw-Hill Science/Engineering/Math, August 1, 1996, 576 pp.

Smith, D.J., “Reliability, Maintainability and Risk: Practical Methods for Engineers (5th Edition), Elsevier, 1997, 317 pp.

� Maintainability Toolkit, Reliability Analysis Center, Rome NY, c 2000., pg 3-4.


� Ibid, pg 3-4.


� Ibid, p. 4.








� HYPERLINK "http://space-power.grc.nasa.gov/ppo/projects/acara/" ��http://space-power.grc.nasa.gov/ppo/projects/acara/�





software: � HYPERLINK "http://www.sei.cmu.edu/str/descriptions/halstead.html#1227444" ��http://www.sei.cmu.edu/str/descriptions/halstead.html#1227444�





http://www.mace.manchester.ac.uk/research/researchgroups/healthmonitoringthroughlifesupport/





Tjiparuro, Z and Thompson, G.  A review of maintainability design principles and their application to conceptual design .  Proc Instn.Mec.Engrs., Pt E. Jnl: Process Mech Engineering.  Vol 218, E2,  103-113 (2004). Awarded the EW Moss prize by the Process Industries Division, Instn. Mech. Engrs., 2004.





Thompson G. Keynote Paper. Design for maintainability and reliability: new research directions . 14 th ARTS Advances in Reliability Technology Symposium, Manchester University, Nov, (2001)


� Blanchard, Benjamin, Maintainability: A Key to Effective Serviceabilty and Maintenance Management, Wiley and Sons, New York 1995


� Ibid, p 311.


� Ibid, p 312-333.


�  Maintainability Toolkit, p.xx





