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Abstract:  Prognostic health management (PHM) provides system stakeholders the ability 

to anticipate problems and address them in a planned, rather than unscheduled, manner. 

PHM technology creates models of expected system operations and uses variances from 

predicted performance to indicate abnormalities and future failures. The models 

described in this paper are based on the concept of ñPattern Recognition of Health 

(PRoH)ò. PRoH is a data-derived solution combining pattern recognition algorithms with 

principles from statistics and signal-processing to create models of expected system 

performance using available sensors and data sources.  PRoH applies these models to 

determine and report system health states. In the presence of degrading or unexpected 

conditions, PRoH creates fault mode signatures that identify failure modes and corrective 

action.  PRoH has been designed to overcome obstacles inhibiting application of PHM 

technology.  It is independent of detailed system knowledge, makes accurate decisions 

using data available from existing sensors and sources, and interfaces with current 

logistics systems. It has been tested in challenging environments including aircraft 

engines, rotorcraft, wheeled vehicles, navigation equipment, oil production and power 

plants. In all cases the algorithms have been able to detect problems earlier than current 

methodologies and in time to permit corrective action prior to actual system failure. 
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Prognostic Health Management 

System integrators, operators and original equipment manufacturers, are looking for ways 

to increase system availability, improve system reliability and reduce the cost of system 

operations.   Maintenance strategies are migrating to Sense-Respond Logistics and 

Condition Based Maintenance.  They represent efforts to shift time-based scheduled 

maintenance to preventive and predictive approaches based on evidence of need and to 

reduce the logistics 

footprint and response 

time and are projected 

to reduce Total Cost of 

Ownership while 

increasing system 

availability.  Projected 

benefits are shown in 

Figure 1.  However, 

their successful use 

requires the ability to 

monitor the health of 

the system, provide 

early detection of 

abnormal conditions, 

identify failing or 

degrading components 

and recommend the 

correct remedial action in time to avoid service interruptions or catastrophic failure. 

In recent years, prognostic systems have emerged as a key enabler for efficient 

system-level maintenance and life-cycle cost reduction. Prognostic health management 

(PHM) provides the ability for system operators and maintenance personnel to anticipate 

problems while they are small and to address them in a planned, rather than unscheduled, 

manner.   Through accurate forecasting of system performance, PHM systems can answer 

the questions: 

¶ Is the system in a healthy operating state? 

¶ Are there early indicators of a larger failure to follow? 

¶ What actions should be taken by the maintenance support staff? 

¶ Has the system been restored to its normal operating state? 
PHM systems provide the ability to monitor system health status, detect abnormal 

conditions, perform fault mode analysis, interface with logistics and maintenance 

systems, and ensure that the system is returned to service in a healthy state.  Prognostic 

analysis concepts provide the foundation by which system performance can be evaluated 

during use and impact due to unexpected events reduced. By identifying current system 

health states, detecting non-optimal operating conditions, and predicting future failures, 

prognostic systems enable procedures to be developed that will mitigate the impact of 

failures and maximize system availability. 

  

Å Benefit ï Increased system availability  
ï fewer unscheduled service interruptions  
ï early notification of potential failures, enabling planned 

response  
ï faster repair time associated with fixing minor problems 
ï reduced potential for loss of service, equipment or life 

 
Å Benefit ï Reduced cost of operations 
ï reduced cost of problem identification and repair 
ï smaller spares inventory and redundant equipment 
ï faster return to service 
ï identification of faulty sensors rather than failing systems  
ï fewer maintenance  actions  with no fault found 
ï reduced probability of catastrophic failure  
ï enabler of condition-based maintenance 

ï presentation of trending data for continuous system 

analysis and improvement 

Figure 1:  Benefits of Enhanced Maintenance Strategies 



3 

 

Figure 2 shows the prognostic paradigm. Systems in proper working order; either new or 
from recently-completed maintenance, are installed and deemed ready for use.  Over 

time, due to normal degradation or to operational activities, faults are introduced into the 

system. Left undetected, small faults will eventually lead to system failure which has the 

potential to result in reduced availability, service interruption or catastrophic failure. The 

objective of PHM is to identify potential problems while they are small, permitting 

planned response and preventing catastrophic failure. 

PHM is a complex, multistage process.  As depicted in Figure 3, it begins with 

Figure 3:  The PHM Process 

Figure 2:  The Prognostic Paradigm 
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information from sensors and data sources that can be used to describe the health state 

of the engine.  These data are used to perform an engine health state analysis, report the 

current health state and detect abnormal conditions that indicate non-optimal, degrading 

or failure modes of operations.  Fault analysis combines the health management failure 

signatures with fault modes, reasoners, and historic engine data to determine the most 

likely cause of the abnormal condition.  The impact of the abnormal condition is 

determined and recommendations made to the control computer or the operations and 

maintenance staff.   A health management decision is made regarding the action to be 

implemented.   The result is that the abnormal condition is resolved in a timely and 

accurate manner and the engine is returned to service in the correct state of operations.    

Health state analysis systems use models to determine normal behavior and variances 

from model predication to identify abnormal conditions. System Health is measured by 

the extent of degradation or deviation from an expected normal condition.  A Healthy 

System is one that is performing consistent with its expected normal operating 

parameters. Variances from normal or expected system characteristics are measures of 

system degradation and precursors of future events.   

PHM system early warning and prediction technologies are classified into two major 

categories ï physics-based solutions and data-derived solutions.  Physics-based methods 

assume that an accurate mathematical model of the physical characteristics of the system 

or its components can be cost-effectively developed, validated and maintained. These 

methods use residuals as features, where the residuals are the outcomes of consistency 

checks between the sensed measurements of a real system and the outputs of a 

mathematical model. The premise is that the residuals are large in the presence of 

malfunctions, and small in the presence of normal disturbances, noise and modeling 

errors. Statistical techniques are used to define thresholds to detect the presence of faults. 

The model-based approach is applicable in situations where accurate mathematical 

models have been (or can be) constructed from first principles and can be maintained in a 

cost-effective manner.  

Early efforts at applying PHM were based on physical models.  These models are 

difficult to create and maintain.  Moreover, physical models are often created by the 

system manufacturer and protected by them as containing trade secrets.  Recent studies 

into the effectiveness of physical models as predictive tools have concluded they can 

identify, at most, 70% of potential systems problems 

Data Derived PHM Predictive Technology 

Data-derived approaches use statistical and learning techniques from the theory of pattern 

recognition and statistics to model system performance using routinely monitored system 

operating data (e.g., power, vibration, temperature, pressure, oil debris, currents, and 

voltages). In these applications, measured input/output data is the major source for 

gaining a deeper understanding of the system degradation behavior. These range from 

multivariate statistical to black-box methods based on neural networks, graphical models, 

self-organizing feature maps, signal analysis and fuzzy rule-based systems. While often 

not considered as accurate as physics-based models, data-derived systems work well 

where physical models are unavailable or cost prohibitive and where a minimum set of 
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data is available from which to determine system status.  Some of the benefits of data-

derived systems include: 

Legacy systems using existing sensors and data sources:  Data derived PHM systems are 

software-based and can create models of normal or expected operations from data 

captured from existing sensors and sources.  No new equipment or changes in system 

configuration are required.  Therefore, PHM analysis can be provided for systems where 

physical models do not exist or cannot be easily created but where application of PHM 

technology can have a positive impact on system availability and cost of operations.  

Minimum Domain Knowledge:  Physics-based models require detailed knowledge of the 

design and implementation of the system being monitored.  In many cases, this 

knowledge is proprietary to the system manufacturer and is not available to developers of 

PHM systems.   Data-derived systems have the ability to discover the physical 

relationships among system elements and to create models of expected system 

performance with only information from available data sources. 

Individual System Models: Over time, systems will change their performance 

characteristics.  Often they will do so in a manner that remains within an acceptable range 

for business operations even though they vary from an ideal or pristine system.  Data-

derived technology provides the ability to create models of individual systems using data 

acquired from that system and to adapt to changes in acceptable health state parameters.  

Individual system models can be created that reflect individual performance 

characteristics.  The definition of expected or acceptable can differ for different systems.    

Enhanced Maintenance Support:  When a system requires maintenance (scheduled or 

unscheduled), a data-derived comparison of its current health state to its acceptable state 

helps identifies anomalies that should be addressed by the maintenance staff.  Data 

derived systems have the ability to accept data from multiple sources (on-board systems, 

management systems, test cells) to identify the most likely cause of the problem and the 

recommended remedial action.  Data derived technologies have the ability to differentiate 

between sensor failures and system failures, helping the maintenance staff to focus on the 

malfunctioning component.  Prior to returning a system to service, a data derived 

comparison of the systems current health state to its acceptable state can identify 

potential problems overlooked or introduced during the maintenance process. 

Interface with Existing and Planned Maintenance Systems: Data derived solutions, 

because they depend are structured to optimize the acquisition and processing of data 

from the system being monitored, have the ability to interface seamlessly with other data-

based systems used for maintenance and logistics management.   Standards compliant 

data structures (e.g., MIMOSA) or Applications Program Interfaces that provide access to 

industry-accepted data organizations (e.g., SQL, XML) provide the ability for the 

information resulting from the data derived health state analysis algorithms to be easily 

integrated with other maintenance and logistics systems to form a cost-effective end-to-

end PHM system. 

Pattern Recognition of Health ï Optimized Data Derived Technology 

Pattern Recognition of Health (PRoH) is a data-derived approach that applies stochastic 

methods, pattern recognition and signal processing to form an analysis system that can 
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perform continuous assessment of system performance in dynamic and constrained 

environments. The PRoH paradigm is based on the fact that the laws of physics bind state 

parameters in complex systems. PRoH discovers the stochastic relationships that can be 

used to estimate the value of a system state parameter in terms of the measured states of 

other parameters both at the current time and in times past.  This approach creates a 

model that represents the physical interaction of the components of the system based on 

available sensor and data source parameters. In a faulty or degraded condition, a physical 

adjustment occurs within the system and the measured and derived values tend to differ. 

These differences provide sensitive measures of the health of the system and can be used 

to assess system health state, performance, degradation and problem source.   

PRoH is not a threshold or ñredlineò system. The ability to predict accurately future 

system performance is not based simply on the values of a single sensor or group of 

sensors at a specific interval in time. Threshold-based systems detect individual 

parameters outside of an expected range but they are poor predictors of overall system 

health.  A threshold system can be showing ñall measurements okò while the system is 

actually degrading.    

Application of the PRoH data-derived paradigm begins with the identification of data 

sources and parameters that can be made available for system model development.  Data 

derived technologies have significant benefits when applied to current system operations 

or emerging technology.  They require only information derived from the system sensors 

and are not dependent on proprietary system design data. They are independent of the 

placement or number of sensors and rely only on available data. They adapt easily to 

system changes, enabling the models to reflect actual system characteristics and 

acceptable levels of behavior. They are inexpensive to create and operate. The same 

technology can be applied to real-time analysis or ground based analysis. They adapt as 

the design of the system or sensor selection and placement evolves.  

Data analysis begins with anunderstanding of the relationships among the data. 

Understanding these relationships provides insight into the configuration of the health 

state analysis algorithms. This analysis also results in the selection of the specific 

parameters to be used in the health-state analysis characterizing them as environmental, 

health-related or 

both.  

Once the data 

sources that will 

be used to model 

the system have 

been identified, 

the PRoH 

algorithms enter a 

learning process 

to build models of 

healthy systems. 

See Figure 4. 

Using data from 
Figure 4:  Creating the Modelbase 
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selected parameters, the algorithms create a set of non-linear multivariate transfer 

function models (TFMs) of the system being monitored under a variety of expected 

environmental and operating conditions.  Each data parameter is expressed as a function 

of the values of the other data parameters at the current time and at times past.    

When TFM estimation is complete, a modelbase has been established that contains TFMs 

for all variables of interest for many different operational conditions and states. Each 

TFM for each parameter is associated with the sets of normalized values and the time-

lagged period t-1, t-2, t-3... for which it is valid. See Figure 5. 

A failure precursor is defined as a system state or event that is representative of a future 

system failure. The precursor could be a degrading, non-optimal or anomalous system 

behavior. It is indicated by a change in a measurable variable that can be associated with 

subsequent system degradation and ultimately failure. PRoH applies transfer function 

models that apply past data values (for a specified number of time periods) and the 

relationships among the sensor data values to predict the data values for the next time 

interval. Residuals computed by comparing the predicted values to the actual values are 

used to determine the system health state by detecting variances from expected system 

performance. PRoH begins with the 

hypothesis that the ñsystem is healthyò 

and then applies statistical processes to 

detect variances that are indicators of 

system degradation and precursors of 

future problem. In a system operating 

normally (Figure 6), the measured and 

derived values will coincide. In the 

presence of a faulty or degraded condition 

the measured and derived values differ.   

Figure 6: Normal Health State 

Figure 5:  Detecting Abnormalities 
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The differences between predicted and 

actual parameter values are used to 

determine the size of the abnormality and 

to assess performance, degradation and 

problem source. See Figure 7. 

The PRoH algorithms create failure mode 

signatures from analysis of the causal 

relationship between the statistical 

residuals and the failing system or component. The algorithms examine the values and 

relationships computed by the predict process to isolate the source of any abnormality. 

Action to be taken in the presence of a degraded or failing system may be a function of 

the severity of the failure mode, the remaining useful life, and the impact on the present 

and future missions. A failure mode might be considered to have an acceptable measure 

of tolerance if a specific system function or period of performance can be initiated and/or 

completed without negative impact due to the failing component. The maintenance 

systems can be notified of the potential failure so that plans for repair or replacement can 

occur within 

normal system 

processes and 

with minimum 

impact on the 

performance 

and operation 

of the system   

See Figure 8 

The result can 

be presented 

to an on-line 

system, a 

monitoring 

console or a 

data base for further action.  

Applications and Examples 

PRoH technology can be applied to any system that meets the following criteria: 

¶ Sensor data  (continuous or snapshot) is available for the  system being monitored  

¶ Normal or expected operating conditions can be defined  

¶ Detection of small abnormalities can result in corrective action 

¶ Early warning of potential failures results in significant benefit in terms of 
availability, cost savings or cost avoidance.  

 

The following examples show the application of the same PRoH paradigm providing 

PHM technology to several different health state analysis and fault mode signature 

problems. 

Figure 7: Abnormal Health State 

Figure 8:  Identifying the Problem Source 

: 
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Example:  Aircraft Propulsion  

The Problem:  One of the most significant elements of improving aircraft safety and 

reliability is the ability to 

improve the reliability of the 

engine. NTSB accident data 

covering 7,571 US-registered 

transport aircraft from 1980 to 

2001shows that 36% were 

caused by propulsion system 

components. Similarly, FAA 

data showed the 19% of 

hardware-induced accidents 

were caused by failure of the 

turbine engine. Providing 

assessment of engine health 

status leading to early 

identification of propulsion 

system failures can have a significant and immediate impact on aircraft safety and 

reduction of accidents.  Using data from several engine manufacturers, PRoH has 

consistently reported abnormalities in engine performance characteristics before they 

were detected by current means.  Additionally, failure mode signatures created by PRoH 

have successfully identified engine seal failures on multiple engines even though the 

specific failure point was not instrumented to detect this type of failure. 

Figure 9 shows nine sorties of one aircraft/ engine combination over a period of several 

weeks.   PRoH detects abnormal conditions after Sortie 2 and would suggest that the 

engine be inspected after Sortie 3.   The engine was not evaluated until Sortie 9, at which 

time it had sustained significant damage.  Had the early warning ability of PRoH 

technology been available, the cost of repair and out-of-service time would have been 

decreased. The ability to monitor system performance in real time on-board or off-board 

the aircraft and to provide alerts with respect to degrading conditions and reduced 

performance has a positive effect on aircraft availability, reliability and cost of 

operations.  

Aircraft Electronics  

The Problem:  Prognostic technology has been applied initially to electro-mechanical 

systems which typically degrade over time and are often well-instrumented for external 

data collection. Applying PHM technology to electronic systems presents a separate set 

of challenges.  Yet, the benefits of PHM predictive analysis apply equally to electronic 

systems as they do to electro-mechanical systems.  

Electronic systems have not historically been well instrumented to enable performance 

monitoring in an operational environment.  Instrumentation data that might be used in a 

prognostic analysis of an electronic system is often included as part of the systemôs Built-

In Test (BIT) sequence or software processing and is not always retained or externally 

available.  Electronic systems have a tendency to fail more abruptly than mechanical 

components and wear and damage in electronics systems is comparatively more difficult 

Figure 9:   PRoH Detects Engine Abnormalities 
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