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Proposed Agenda
1. We will identify what is inadequate about the space vehicle factory acceptance  test               

process that allows some equipment through that will fail from an infant mortality failure

2. We will identify why catastrophic equipment failures continue to occur after  exhaustive 

equipment and vehicle factory testing

3. We will explain why catastrophic equipment failures havenôt been eliminated in the past?

4. We will identify the source and reliability of the deterministic behavior present from normal 

appearing data from normal operating equipment that will fail within 1 year of use?

5. We will answer how prognostic algorithms illustrate deterministic behavior present in normal 

functioning equipment

6. We will identify the history of prognostic technology in the space industry

7. We will identify what level (piece-part, unit, vehicle) is deterministic/prognostic data available 

for all equipment that will fail within 1 year of use

8. We will identify the deterministic data available for both the Space Shuttle Challenger and 

Columbia failures

9. We will show an example of a commercially available prognostic analysis system

10. We will identify what other industries are using prognostic technology to predict equipment 

failures increasing system reliability and lowering operating costs

11. We will have available many examples of deterministic data identified in normal appearing data 

from normally operating equipment that failed as predicted on NASA satellites

Item #



¸ Company Services 
(most all new to the space industry)

¸ Spacecraft/Space Systems/Subsystems Design & Test

¸ Force Multiplier, Cost, Risk and Uncertainty Reduction Technology

¸ Data-Driven & Model-Based Prognostic Technology Licensing

¸ Oracol®  Space Vehicle Normal Telemetry Behavior Prediction Service

¸ IFA® Generic, Independent Failure Analysis Service

¸ Telemetry Science® Seminars
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NRO/DUMSTR

¸ Company Information
¸ Small, woman owned business with 8 employees & volunteers

¸ Founded in 2007 to market advanced technology to the space industry

¸ Over 32 years experience on all major U.S. NASA, military and 
commercial space programs

¸ 1800 ft2 office in Salinas, CA, 50 miles south of silicon valley

Creek Bridge Office



¸ Aerospace is the only Industry that Uses Factory Acceptance 

Testing Process to Eliminate Infant Mortality Failures
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Industry Current Product Return/Failure Rate

Aircraft 25%

Satellite & Launch Vehicle 24%

Consumer Electronics 20%

CDôs 20%

Software 20%

Semi-Conductor Chips 15%

Computer 15%

Video Recorders 10%

Office Equipment 6%

Cameras 4%

Food .5%
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¸ Definitions:

¸ Infant mortality failure

¸ When equipment fails within the first year of use

¸ Random behavior

¸ Having no discernable pattern, purpose who behavior is best (not 

accurately) described by a probability distribution.

¸ Instantaneous behavior

¸ Occurring in an instant.

¸ Deterministic behavior

¸ Behavior that always results in the same conclusion 100% reliably

¸ Probabilistic behavior

¸ Behavior best described using probability/random analysis2/21/2009 5

Failure Analysis
Engineering Services& Technology Licensing



¸ Deterministic Behavior in Time Series Data

¸ The end results are always the same and so when deterministic 

behavior is identified, thus results are predictable and preventable
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This is when failure 

analysis activities 

focus on believing 

that 

failures are 

instantaneous and 

random
Where failure analysis is now focused from prognostics

Prognostics 

Random Behavior

Prognostics 

Deterministic Behavior

Random and Instantaneous Behavior in Diagnostics

(Markov Property)

BOL

Post Processing results



¸ The Markov Property is Driving Todayôs Space Vehicle Design

¸ Since equipment failures are believed to be random and instantaneous, 

equipment failures can not be predicted nor prevented

¸ Redundant equipment

Á Much larger satellites and launch vehicles

Á More equipment means higher costs, more weight, longer test schedules, 

¸ Allows many popular cost cutting decisions made by management

¸ Equipment telemetry/engineering data is an overhead cost considered unreliable 

and unnecessary

Á Most failure analysis results use speculation because most instrumentation that provides 

engineering data has been left off by the vehicle builder to reduce cost, weight, 

complexity

Á Telemetry measurements/engineering data are selected by subsystem engineers for use 

only during factory acceptance testing since speculation is allowed in the event of a 

failure during launch or in space
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¸ Instantaneous and Random (not predictable nor preventable while at the 

factory) Equipment Failure are Driving the Size, Complexity and Cost of 

Todayôs Satellites and the Launch Vehicles Needed to Launch the Larger 

Satellites
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Equipment Failures are 

Instantaneous and Random

Equipment Failures are 

Predictable and Preventable
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Markov State Diagram Including 

Probability of State Change

¸ The Markov property (random, 

instantaneous - memoryless) is used so that 

reliability analysis engineers can use 

stochastic processes (random analysis) to 

quantify equipment, software, processes 

and systems reliability

¸ Since the use of reliability analysis is so 

wide-spread (not by NASA) and, is the 

basis of many technical and programmatic 

decisions, everyone has come believe that 

failures really are instantaneous and 

random

¸ What is the Markov Property



¸ Examples of Behavior Without the Markov Property
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Becoming a 

Beauty Contestant

Home ConstructionHeart Disease
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Systemic (Random) Noise

¸ Examples of Behavior With the Markov Property



¸ What is the Source of the Deterministic Behavior?

¸ For electrical piece-parts, mechanical and other parts whose functional performance 

is/has degraded faster than all the other parts, the decrease in functional performance 

causes short term circuit/assembly transients that are observable by trained engineers 

(prognosticians) in normal appearing data from completely normal functioning 

equipment

¸ Part/assembly suffers from a randomly initiated loss of life-time

¸ What is the Reliability of the Presence of Deterministic Behavior?

¸ 100% present in normal appearing equipment engineering data from normally 

functioning equipment that fails within 1 year of use of the first transient

¸ Transients may not be observable if instrumentation data (telemetry for aerospace equipment) is 

not available (the resolution (bit depth) of the measurements are insufficient)

¸ The difficulty exists for engineers without training in prognostics in recognizing the 

deterministic behavior exists and is present

Á Requires special training and education in many technical areas not normally obtained in the satellite and 

launch vehicle industries2/21/2009 11
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¸ For catastrophic Infant Mortality Failures, the 

Part that Fails is Not the Part that Initiated the 

Transients

¸ For electrical and mechanical assemblies. the part that fails 

is the part that is most susceptible to the (series of) 

circuit/assembly transients caused by the part whose has an 

accelerated life-time

¸ For systems under short-term high stress, the part that fails 

is the weakest/highly accelerated life-time part

¸ Some equipment will have several piece-parts fail before 

unit is scrapped ïthis is impossible to occur if part failures 

are random and instantaneous2/21/2009 12
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¸ What is Prognostics (pro-active diagnostics)?
¸ A formal engineering discipline in reliability analysis that acknowledges 

equipment failures do not have the Markov property and are predictable 

and preventable

¸ Updates long-used engineering practices that assume failures are instantaneous 

and random

¸ Goal is to eliminate Murphyôs law, ñif something can go wrong, it willò by 

assuming failures are going to occur and design for them (being pro-active) 

rather than wait for a failure to occur and respond (reactive)

¸ Consists of

¸ Adding pro-active diagnostics

¸ Add active reasoning

¸ Use of proprietary algorithms for illustrating deterministic behavior in normal 

appearing data and the calculation of remaining usable life
2/21/2009 13
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¸ Relationship Between Prognostics and Diagnostics
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Prognostics

DiagnosticsPrednostics

Relationship Between Diagnostics, 

Prognostics and Prednostics

¸ Diagnosticsis used to identify and isolate equipment 

that has failed including root-cause analysis

¸ Prognosticsincludes all diagnostics and illustrates 

the data from completely normal appearing 

functional and performance behavior from equipment 

that will fail within 1 year of use, includes:

¸ Pro-active diagnostics

¸ Active reasoning

¸ Telemetry from equipment

¸ Proprietary data-driven algorithms

¸ Proprietary model-based algorithms

¸ Prednosticsis the remaining usable life for 

equipment predicted to fail



¸ Engineering
¸ Generate engineering data (telemetry) about 

equipmentôs operating condition (testing)

¸ Analyze data (diagnostics)

¸ Make assessment of equipment condition 

(diagnosis) at the moment

¸ Predict outlook for equipment (prognosis) 

based on test data available

¸ If deterministic behavior is identified in test 

data from equipment, predict remaining 

usable life (prednosis)

¸ A Prognostician is an engineer who receives 

additional education for identifying 

deterministic behavior in engineering 

images (graphs) completely normal 

appearing information from completely 

normal functioning equipment

¸ Medicine
¸ Generate medical information (telemetry) 

about a patientôs health (testing)

¸ Analyze information (diagnostics)

¸ Make assessment of patientôs health 

(diagnosis) at the moment

¸ Predict outlook for patient (prognosis) 

based on test data available

¸ If a (terminal) disease is found in the 

patientôs test data, predict remaining life of 

patient (prednosis) 

¸ A Radiologist is a doctor who receives 

additional education in nuclear and 

electromagnetic physics to identify disease 

in medical images (X-rays, etc.) in normal 

appearing information from normally 

functioning patients
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¸ Prognostics Approach Should Sound Familiar



¸ Pro-active diagnostics
¸ Actively monitors data to provide knowledge 

of whether a failure has occurred, is 

occurring or when a failure is likely to occur

¸ All events are considered failure precursors 

until ruled out ïanalyst doesnôt stand by and 

watch failures occur

¸ A fault propagation model extends to 

encompass parametric data related to 

acceptable operating ranges, behavior and 

identification of degradation of functions 

over time.

¸ Requires highly skilled personnel with cross 

training in areas not normally obtained

¸ In-depth knowledge of what is being actively 

monitored is required
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¸ Prognostics vs. Diagnostics

¸ Diagnostics
¸ Developed from ground test environment, 

copied and used for space operations

¸ Personal passively monitors information

¸ Records the data and look at it later

Á After event response

¸ Events are recognized but no action is taken

Á If error messages are used diagnostician 

waits for error message before taking 

action

¸ Lack of event alarms

¸ Doesnôt require in-depth understanding of 

whatôs being monitored

¸ Analysis is accomplished post failure event

¸ Allows lower skilled personnel
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¸ Active Reasoning
¸ Evaluates symptoms continuously

¸ Reduces fault detection time as well as improve 

the accuracy of fault diagnosis. 

Á Do Fault Reasoning 

Á Do  Fidelity Evaluation 

Á Do Action Selection 

¸ Takes passively observed symptoms as input 

and returns fault hypothesis as output.

¸ Process of searching for the best fault 

explanation of the observed symptoms rather 

than assume systemic noise

¸ Event-driven fault reasoning which improves 

the robustness of fault localization by analyzing 

last, positive and spurious symptoms.

¸ Assumes each unknown event is a failure rather 

than noise

Failure Analysis
Engineering Services

¸ Active vs. Passive Reasoning

¸ Passive Reasoning
¸ Evaluates symptoms after the fact

Á Record the data and look at it later

¸ Spurious symptoms could mislead fault 

localization analysis.

¸ Spurious symptoms are also regarded as 

observation noise

¸ Depends on monitoring agents to detect and 

report abnormality using alarms or 

symptom events

¸ Search for root faults based on the observed 

symptoms
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No. Algorithm
Flight Equipment 

Supplier Factory

Satellite 

Factory

LV 

Factory

Launch 

Pad

Mission 

Control
1 Data Integration X X X X X
2 Baseline Analysis X X X X X 
3 Change Analysis X X X X

4 Comparison Analysis X X X X X

5 Data Mining X X X X 

6 Day of Failure X X X X X 
7 Digital Processing X 

8 Discrimination Analysis X X X X X 
9 Mathematical Modeling X X X X X 
10 Multi -VariantLimit Analysis X X X X X
11 Rate Change Analysis X X X X 
12 Remaining Usable Life X X X X X 
13 Statistical Sampling X X X X 
14 State Change Analysis X X X X 
15 Super Impositioning X X X X 
16 Super Precision X 
17 Telemetry Authentication X 
18 Virtual Telemetry X X X X X 
19 DataIntegration X X X X X 
20 Data Base Creation X

¸ Use of Prognostic Data-Driven Algorithms is Based on Location
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¸ The Algorithms Together Form a Prognostic-Based Inference 

Engine (PBIE)

2/21/2009 19

Architecture of a Robust Data-Driven PBIE Operational with 100% Reliability in a 

Noise Environment with Limited Data Available
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Data Authenticator

ÅFilter

ÅSmoother

ÅDigital Processing

Database 
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Comparator

ïChange
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ïDiscriminator

ïMultivariate 
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Baseline Generator

ÅVirtual data generator

ÅSuper Impositioner

ÅSuper Precisioner

ÅStatistical Sampler

ÅData Modeler

ïWavelets

ïFourier Transforms

ïRegression Analysis

ïCurve Fitting

ïFFT

ïKalman Filter

ïNeural Net

Data Bus
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¸ Origin of Prognostics in Space Industry
¸ Created While at Boeing between 1978 and 1984 on the GPS Air Force 

Program Office, Space systems Division, LA

¸ GPS was designed by the Aerospace Corporation in the 1960ôs and 

strategically modified by the Air Force in 1972 to replace Navy NRLôs 

TIMATION and APLôs TRANSIT systems

¸ We had no budget and technical resource constraints to resolve equipment failures 

and make redesigns to ensure GPS system most reliable and best performing

¸ Using prognostics, 12 GPS Block II satellites were eliminated lower 

program costs, program was descoped and re-planned

¸ After GPS program was fully funded, Prognostictechnology was 

abandoned in 1984 after 28 satellite follow-on contract was awarded

¸ No one understood its reliability and value to lower costs, increase reliability

Failure Analysis
Engineering Services



¸ Types of Prognostic Algorithms

¸ Data-driven - Identifies deterministic behavior from any data source

¸ Model-based - Requires experts to predict future normal behavior 

exactly

¸ Hybrid - Combination of both

¸ Sources of prognostic information

¸ Piece-parts ïUses proprietary algorithms to determine future state of 

equipment being added by vendors

¸ Unit level telemetry ïUses proprietary algorithms to illustrate 

deterministic behavior in data

¸ Vehicle level telemetry ïUses proprietary algorithms to illustrate 

deterministic behavior in data
21
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¸ Benefits in Reducing Vehicle Costs & Shortening Schedule 

Using Prognostics for Satellites and Launch Vehicles

Failure Analysis
Engineering Services

Equipment 

Manufacturing
Satellite I&T

Launch Vehicle I&T

Launch Pad 

Integration

10% 20% 20% 10%

http://blog.tarrfamily.com/uploaded_images/2006_10_06__14_41_20.jpg
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Equipment 

Manufacturing Satellite I&T

Launch Vehicle I&T

Launch Pad 

Integration

On Orbit Operations

10% 15%

15% 10%
20%

¸ Benefits to Reliability from Prognostics

http://blog.tarrfamily.com/uploaded_images/2006_10_06__14_41_20.jpg
http://www.sal.wisc.edu/WUPPE/Opsmanual/wuppe1.html


¸ What We Have Accomplished Creating Prognostic Technology
¸ We proved that space vehicle factory acceptance testing is inadequate for eliminating all infant 

mortality failures based on an aerospace industry-wide vehicle infant mortality failure rate of 25%

¸ Identified that the inadequacy is from not having the information that identifies all equipment that 

will fail from an infant mortality fail is not used during acceptance testing

¸ Proved that equipment failures do not have the Markov property and are not random and not 

instantaneous

¸ Proved that infant mortality failures have random and deterministic behavior

¸ Identified that the piece-part that actually fails in equipment is not generally the part that first 

triggered the circuit transient. The piece-part/part that eventually fails is the piece-part that is most 

susceptible to the circuit transient(s) that occur

¸ The piece-part/part that first triggers the circuit transient is random

¸ Proved that once a part ages prematurely randomly, its operating performance degradation 

becomes large enough to cause circuit transients, the behavior of the circuit/part becomes 

deterministic

¸ Developed and proven the prognostic algorithms that illustrates the information for prognosticians 

to identify all equipment during factory acceptance testing

¸ We can eliminate infant mortality failures in any industry that produces electrical and electro-

mechanical products

2/21/2009 24
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¸ How We Stop Catastrophic Infant Mortality Failures
¸ We identified the problem as not having the information during factory 

acceptance testing to identify all equipment that will suffer from an infant 

mortality failure within one year of use

¸ We concluded that catastrophic infant mortality failures was a symptom, not 

the problem

¸ We concluded that the data that identifies 100% equipment that will fail 

from an infant mortality failure is not being generated nor evaluated during 

factory acceptance testing

¸ Developed prognostic technology

¸ Provides the information necessary during equipment/vehicle factory 

acceptance testing to identify 100% equipment that will fail within 1 year of 

use

2/21/2009 25
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¸ Programs Using Prognostics
¸ INTELSAT VII (Data-driven algorithms)

¸ SCC SUPERBIRD (Data-driven algorithms)

¸ Air Force GPS Block I, II & IIA (Data-driven algorithms)

¸ NASA GOES Next (I-M) (Data-driven algorithms)

¸ Air Force Atlas E/F Launch Vehicle (Data-driven algorithms)

¸ Ariane 44 Launch vehicle (Data-driven algorithms)

¸ Air Force Titan 34D Launch Vehicle (Data-driven algorithms)

¸ Navy Trident D4 Missile (Data-driven algorithms)

¸ Air Force/Navy F-35 Joint Strike Fighter (Model-based algorithms)

¸ Sun Microsystems Servers (Model-based algorithms)

¸ Nuclear Power industry (Model-based algorithms)

¸ Boeing aircraft programs (Model-based algorithms)

¸ NASA Space Shuttle (Model-Based algorithms)

2/21/2009 26
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¸Example of Data-Driven Prognostic Analysis Results

NASA EUVE Satellite Rate Gyro Current Analog Measurement 
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Unit Failure

Remaining Usable Life
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Design Life

Without 

Prognostics

Launch 

without

Prognostics

Acceptance 

Testing without 

Prognostics

Launch 

with

Prognostics

Design Life

With 

Prognostics
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¸ Prognostic Technology Increases Complex System Life

Without Prognostics
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¸ Relationship Between Time Series Data and Prognostics

2/21/2009 29

Time Series Data

= Analyze operator

=  Diagnostic Data

Diagnostic Data =  Prognostic Data Illustrates the information 

for prognosticians to predict 

a future failure

Prognostic Data =  Prednostic data Determine the remaining 

usable life 

Start with Time Series Data: Used to:

Times Series Data
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Identify equipment failures
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¸ Examples of Electrical and Mechanical Equipment 

Used with Prognostics
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Proprietary Satellite Bi-Propellant 

Propulsion Subsystem

Gould Satellite 12AH 

NiCd Battery

Teldix 4-Wheel Reaction 

Wheel Assembly

GPS Space Qualified 

Rubidium Atomic 

Frequency Standard

GPS Space Qualified 

Cesium Atomic 

Frequency Standard

Solar Array Panels

Cat-Bed Heaters and 

Thrusters
Motorola 

RF Telemetry Transmitter

Solid State Tape Recorder

Mechanical 

Honeywell Rate Gyro



¸ Prognostic Algorithms Use and Performance History after Factory Space 

Vehicle Equipment and Vehicle Level Acceptance Testing Completed

2/21/2009 31

Satelliteor

Launch 

Vehicle

# of 

Vehicles

Evaluated 

Total # of 

Units 

Evaluated

# of Analog 

Measurements 

Evaluated

Amount of 

Telemetry 

Evaluated

# of 

Failures

Predicted

# of Total 

Unit 

Failures

#  of 

Infant 

Mortality 

Unit 

Failures

# of False 

Positives

# of False 

Negatives

GPS Block I 6 150 1200 30 years 31 31 15 0 0

GOES Next 5 125 1476 6 months 0 0 0 0 0

EUVE 1 35 365 3 years 5 5 5 0 0

SUPERBIRD 1 78 100 6 weeks 1 1 0 0 0

Atlas LV 5 112 240 5 weeks 0 0 0 0 0

Titan LV 1 47 223 3 months 0 0 0 0 0

Boeing IUS 1 12 126 1 week 0 0 0 0 0

Total 20 559 2530 33.5 37 37 20 0 0
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¸ Prednostic (Remaining-Usable-Life) Algorithm 

for Predicting the Equipment Day of Failure 



¸ Impact on Commercial Satellites and launch Vehicle Programs 

by Decreasing Risk and Cost Using Prognostic Technology

¸ U.S. Satellite and Launch Vehicle suppliers will provide functional (virtual) liability 

against infant mortality failures

¸ U.S. satellites and launch vehicles will get up to $60M cheaper, 20% smaller, 100% 

reliable and get to space within 12 months

¸ U.S. satellite insurance premiums against infant mortality failures will decrease to 

below $1M per launch (from $15M to $60M)

¸ U.S. launch vehicle failures will stop and 24% more satellites will get to space and not 

fail catastrophically within the first year of use 

¸ U.S. satelliteôs usable life of will increase by 20%

¸ U.S. satellite communications channel availability will increase to over 99.9999% 

¸ U.S. satellite communications channel will cost less than $1M per year

¸ 20% more U.S. satellite communications companies will be started from reduction in 

risk and uncertainty associated with doing business in space 33
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U.S. Space 

Vehicle 

Reliability
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¸ The Future in Space with Prognostics

Satellite & 

Launch 

Vehicle Risk, 

Uncertainty, 

Cost, Size, 

Delivery 

Schedule



¸ Providing (Virtual) Liability by Increasing Spacecraft and 

Launch Vehicle 1st Year Reliability to 100%

¸ Identify the problem correctly

¸ Infant mortality failures are caused from an inadequate space vehicle factory acceptance 

testing inadequate that identifies only 99% of the equipment that will fail within 1 year of 

use

¸ This inadequacy is from believing that equipment failures are random and instantaneous 

(Markov Property) and thus not predicable nor preventable

¸ Identify the Fix (which is to eliminate 100% infant mortality failures)

¸ Generate the correct data during factory acceptance testing that will identify all equipment 

that will fail within the first year of use by using proprietary prognostic algorithms

¸ Spread the Word that the Fix is Available?

¸ Prognostic technology acknowledges that electrical and mechanical equipment failures do 

not have the Markov property (instantaneous and random behavior)

¸ Consists of proactive diagnostics, active reasoning and proprietary algorithms that illustrate 

the information needed to identify all equipment that will fail within 1 year of use during 

factory acceptance testing
2/21/2009 35
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¸ Believing that Equipment Failure are Instantaneous and 

Random (not predictable nor preventable) is Driving the Size, 

Complexity and Cost of Satellites and Launch Vehicles

2/21/2009 36
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Equipment Failures are 

Instantaneous and Random

Equipment Failures are 

Predictable and Preventable



Satellite Bus 1980 1985 1990 1995 2000 2005 2010

Boeing 376

LM A2100

SSL 1300

Boeing 601

Spacebus 3000

Eurostar E2000

Boeing 702

¸ Decades Old Commercial Satellite Product Lines Continue to Suffer 

Infant Mortality Failures Using Current Factory Testing Acceptance 

Process

38 years

14 years

24 years

23 years

14 years

21 years
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¸ Satellite Bus Infant Mortality Failure Rate/Customer Order 

Ratio Remains High After Decades of Manufacturing (1965-

2008)
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¸ Number of Satellites that Suffered from Infant Mortality Failure (Data 

from Satellite Insurance Companies Claims)
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