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Expert-on-Alert (EOA™): A Commercial
Success Story for GE Rail

Complex, Mobile, Repairable System...
24 Microprocessor Controllers

No new sensors (used existing controllers’
sensors)

200,000 parts

100,000+ miles/year

Extreme operating environment

20 years of life

Continuous Field Modifications (multi/year)
3-4 Scheduled Shop-visits/year

4-5 Un-Scheduled Shop-visits /year

2-3 Overhauls over life

Distributed Maintenance Environment

History of Expert-On-Alert™ (EOA™)
» Launched 1998 : 200 locomotives — CBR + BBN
* 1999 : 600 locomotives — CBR
« 2000 : 1000 — 1500 locomotives — CBR + JDPAD(Rule Based):
« 2001 : — CBR + JDPAD + Data Mining
« 2002 : - Process Automation : Tools + 30% Auto RX
. « 2003 : 4000 locomotives : - Improved Rx Precision,

@ - Vastly increased parameter availability

« 2004-05: 5000+ locomotives - Improved Rx Precision and larger fleet coverage




Expert-on-Alert (EOA™): Proactive Maintenance
Recommendations
EOA™ QOverview

e oort o Aler Sensor Data
Xpert on Alert™ Rm&p service .
» Failure reduction... “Fix right the first time” Mal ntenance Logs
« Fewer shoppings... “Fix out of the shop” Re pair Data

+ Shop efficiency... “Expert Diagnostics”

Enabled By + Lower parts cost... “Correct part removal” Fuzzy + CBR + RBR

- - * Key Goal: Using existing locomotive

+ Wireless, real time data management 3 ; sensors and yv/re/e§s comm_un/cat/o_n_

* Expert diagnostic tools & rules P system, provide railroads with condition-

+ Closed loop diagnostic system & process - / . . . .

- Seamless B2B integration with maintenance a2 L based maintenance and repair service
A (advanced failure notifications to schedule

corrective repair)

Benefits Proven On Over 4,000 Locomotives

MCES 2004 October 26 — 28, 2004

Case Based Reasonin
“Continuous Messaging” * Experienced Based Tool

* Solution: Hybrid rule-based & case 0 , _US Petnt No 6343338
based reasoners predicting incipient e Ruesmes |
locomotive failures. The reasoner uses a In“Data Packs” ,;JI.':";‘::, L
workflow system to specify best suggested s Eetantiozsaancs Josc.
repair procedure and notify the RR [ Feeczee ool upaates (ko) | check

Customer Location

* Benefits: Decrease number of road failures " - %
and increase % utilization. Change
unscheduled maintenance events into

Unit/Case

Case Management

scheduled ones Review
@ Personnel reduced from 150 to P/ Technology ... Fix it Right the 1st Time ... Everywhere

MCES 2004 October 26 — 28, 2004 Page 4




Sample Case

Cust Unit Occur

D B R
IN SLA
R O CTOD I
ET AAWF N
Fault Occur Reset Loco C C Eng Main Alt Wat Oil LT E A B F Misc.
Code Hours Hours Sped T H Sped Volt Amps Fld Tmp Tmp L E R N F O Status SE Fault Description
453D 80377.61 80377.61 30.7 R 8 995 8 0 0 176 200 M E O O 6 B FDP Or FCFP RU Is Bad

BE B R BB EE BB EEEEEEEEEREEEE

Numb . Date

8894 03-mar-1996
8894 03-mar-1996
8894 03-mar-1996
8894 04-mar-1996
8894 05-mar-1996
8894 05-mar-1996
8894 05-mar-1996
8894 05-mar-1996
8894 05-mar-1996
8894 06-mar-1996
8894 06-mar-1996
8894 06-mar-1996
8894 06-mar-1996
8894 06-mar-1996
8894 06-mar-1996
8894 06-mar-1996
8894 06-mar-1996
8894 06-mar-1996
8894 07-mar-1996
8894 07-mar-1996
8894 07-mar-1996
8894 07-mar-1996
8894 07-mar-1996
8894 08-mar-1996
8894 08-mar-1996
8894 08-mar-1996
8894 08-mar-1996
8894 08-mar-1996
8894 08-mar-1996
8894 08-mar-1996

8894 08 mar-1996
889 1 8

453D 80390.61 80390.61 6.2 F 2 580 5 16 0 169 177 ME OO 6 B FDP Or FCFP RU Is Bad
49CC 80392.48 80392.50 0.0 C s 0 3 0 0 176 178 R E O O F v_ Intake Manifold Air Too
453D 80408.23 80408.23 13.7 F 8 1047 7 14 0 175 204 ME OO 6 B FDP Or FCFP RU Is Bad
453D 80424.98 80424.98 14.9 F 7 992 7 14 0 176 194 M E O O 6 B FDP Or FCFP RU Is Bad
450F 80428.70 80428.71 22.4 F 8 983 399 182 112 172 194 M E F F 6 ABMS Load Limited: L
422E 80428.71 80476.26 22.0 F 8 962 548 105 242 174 194 M E F 4 6 ABMS Fault Reset While In Le
453D 80430.56 80430.56 35.1 F 8 992 9 4 0 187 197 ME O O 6 B FDP Or FCFP RU Is Bad
428E 80442.03 80476.55 4.3 F 1 482 7 0 0 176 180 RE 2 O D AB TM Plug Attempted At To
452C 80451.88 80452.35 0.0 F 4 885 30 476 273 167 172 M E F O 6 ABMS TM #3 Stalled (High Cur
452B 80451.88 80452.35 0.0 F 4 885 32 480 316 167 172 M E F O 6 ABMS TM #2 Stalled (High Cur
452E 80451.88 80452.33 0.0 F 4 885 30 17 293 167 172 M E F O 6 ABMS TM #5 Stalled (High Cur
454C 80451.90 80452.33 0.0 F 5 992 35 171 344 169 174 M E F O 6 ABMS TM #5 Exceeded 240 C at
4548 80451.90 80452.33 0.0 F 5 992 35 161 343 168 173 M E F O 6 ABMS TM #1 Exceeded 240 C at
454B 80451.90 80452.33 0.0 F 5 992 35 184 345 169 174 M E F O 6 ABMS TM #4 Exceeded 240 C at
422E 80452.33 80486.86 0.0 c1 323 6 0 0 176 180 R E F O F AB Fault Reset While In Le
453D 80454.98 80454.98 22.7 F 8 995 8 5 0 177 200 M E O O 6 B FDP Or FCFP RU Is Bad
4016 80462.38 80462.38 0.0 F 2 0 3 1 0 170 174 M E O O D _B Unable To Load: Check S
453D 80476.21 80476.21 29.1 F 8 992 8 4 0 187 197 M E O O 6 B FDP Or FCFP RU Is Bad
4006 80476.43 80476.43 0.0 F1 436 10 955 78 170 172 M E F O 5ABMS T/L 8 And 9 Changed Whi
422E 80476.56 80539.41 0.0 C 1 332 5 3 0 177 181 RE F O F AB Fault Reset While In Le
453D 80480.83 80480.83 18.6 F 8 992 8 9 0 178 200 M E O O 6 B FDP Or FCFP RU Is Bad
49CC 80493.33 80496.43 0.0 C s 0 3 1 0 176 178 R E O O Intake Manifold Air Too
49CC 80496.45 80496.45 0.0 C s 0 2 0 0 138 129 RE O O F Intake Manifold Air Too
49CC 80496.46 80496.70 0.0 C s 0 2 1 0 138 129 RE O O F Intake Manifold Air Too
453D 80500.16 80500.16 29.8 F 8 992 8 1 0 179 202 ME OO 6 B FDP Or FCFP RU Is Bad
452C 80500.60 80514.63 0.0 R 4 882 34 975 296 171 181 M E F O 6 ABMS TM #3 Stalled (High Cur
452B 80500.60 80514.63 0.0 R 4 882 33 825 290 171 181 M E F O 6 ABMS TM #2 Stalled (High Cur
4527 80500.60 80514.63 0.0 R 4 885 36 994 293 171 181 M E F O 6 ABMS TM #1 Stalled (High Cux.
49CC 80506.80 80514.61 0.0 C s 0 3 0 0 173 181 RE O O F Intake Manifold Air Too
453D 80518.68 80518.68 38.3 F 8 989 10 3 0 174 197 M E O O 6 B FDP Or FCFP RU Is Bad
08-MAR-1996 BRG_XY - Braking Resistor Grid X=StkY=R #1 STACK ALL GRIDS BURNT-REPL

|r"|r1|;.||rut|‘.:nr ot wark

Fault codes collected over 5 days for loco #8894, leading to a repair
recommendation on March 8 1996




Custome

SP206 AC4400 NON-EOA
2112

rImpact-1

317
RF: "UNIT WILL NOT LOAD ACCOUNT

3/12

OF ELECT CONTROL PROBLEMS  Unit repaired at the Service Track

AND WILL NOT RESET"

Load Limited: Load Pot < 80% LCP <80% faults only.
Faults start logging

. 2/12 - 3/7
Unit logs 95 Load Limited: LCP < 80% faults
2/3 2/10 2/17 2/24 3/3 3/10
Feb 1, 2003
SP250 AC4400 EOA
12/14 12/16
Unit logs 1 Fuel Filters rplaced at the
Load Limited: Load Pot < 80% Run Through Track
\
» —) ) ) )
12/2 12/9 [ 1216 12/23 12/30 1/6
Dec 1, 2002
12/14
RX delivered:

| %','I magination at wark

e

Load Pot < 80% and/or
Engine Bogging (Bosch) (CAB)

Dr. Piero P. Bonissone — General Electric Global Research

4 HP pumps replaced

) )

3/17 3/24
Mar 30, 2003

D —

1/13 1/20 1/27
Jan 30, 2003

28 Days Saved



Application Walkthrough

soft Internet Explol

tation Systems

GEUT - - - -
CONTRACT 5y, e = =
- il ? i i & i
RF/LY - DASH 9 2.54 2.96 3.08 3.51
H l”" i 3 Jﬂ'l Jm_
Avg. Daily RF 13 14.14 12.54 13.94
o S, .. £, £,
BUSIMNESS METRICS Repeat RF Ratio - 14 Day 7.60 U 15.15 o 12.54 v 13.23 4o
] R R, sl i R
Repeat RF Ratio - 30 Day 15.38 56 28.28 % 22.79 % 27.37 %
i I R, |, R, £,
EDA Service Availability 52 04 57 0 52 Ui 53 op
I R, |, I, N,
EOA System Awvailability 52 04 52 0 52 % 52 g
i S T, I S
GE To UP Conneclivity 100 %% a0 0 09 o 100 ¥
— s R S, AL
up GE Offboard System Availability 100 o 00w 99 o a9 0
. . sl R SR A
Location Effectiveness 61.54 0% 70.11 % 70.85 % 62.68 %
EXECUTION - - -
Implementation Effectivenass NA ,,‘,,,"—'r-1,l .l.."—'r-':.l .l.."—'r-'v..l
for FW 21 91.87 %0 094.32 o0 a0.6 %0
ESA L
Case Conversion - ! ' ! ' ol
46.32 ¥ G40 %0 32.33 %0
Response Time 7.13 Mins 8.33 Mins 12.78 Mins
arlsl A5
MDSC Rx Accuracy : ) al ap 93 %o
FEC i | L
Tool Accuracy - : ) : ) it
0953.87 2% 92,13 %0 89.71 %0
_ im. iﬂ'J im
Tool Coverage 012 U 23.02 61.55 %o
— £, S, R, N,
EDOB AYAILABILITY EDB System Availability 77.3 Ui 70.5 o0 73.6 0 6.0 Ui
-
Case Case Equipment Maintenance Corrective Feedback Metrics
Creation Analysis Detail History Action




Benefits from PHM Technologies
Expert On Alert (EOA) system at GE Rail

Reducing FLY

9 FLY
[4)]
O
-
®
;
E m
Q 1 3FLY
Failures
‘97 ‘00 ﬁ/ '04

Increasing Availability

Sl Availability
Q | 950/0
O
c
)
S
S
()
% 1929 (1
‘97 ‘00 I '04

Failures per Locomotive per Year [FLY]

- Cost for track-blockage & labor per FLY: $17K per FLY

-Cum.FLY reduction [1997-2004]: 6 FLY

-Cum.FLY cost reduction [1997-2004]: $102K/loco

-Cum.FLY cost reduction over fleet [1997-2004]:~ $300MM
(for average fleet size 3,000 locomotives)

Locomotive Availability
-Value of 1% increase in availability per locomotive: $3.5K/loco
-Cum.Availability Increase [1997-2004]: 3%
-Cum.Value increased Availability per loco.[1997-2004]: $10.5K/loco
-Cum.Value of Availability over fleet [1997-2004]: ~ $30MM

(for average fleet size 3,000 locomotives)

@ Imaginoscn ot wark
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Bridging the Gap: UP problems with ‘Hot Trains’ for UPS

= 4= Q13 BARFI A= 3T - 2

B e o B Business

WY v o - ol el - il - B Wik, ipiiue - Hodie Lie L 5

m e l—l—r = e ok l— (1)
EVERY DAY .

i P s iy

i oy -

Freight-Car Congestion Is
Worrying Union Pacific

¥ J
Alichse] Smravato for The New Y ork Temes

Cars and trucks headed toward downtown Houston
waiting for a Union Pacific train to go through.

By DDON PHILLIPS

Segiwmd Wy B

ETCIER T

TH [ ey g

F reight congestion has spread

across the Lnion Pacific e
railroad system, especially in - ¥ s
Southern California and the
Southwest, raising concerns
about delays in agricultural

Tk bl b TRAD B

shipments and international 2%
irade if a solution is not found S
[T LRSI LLE 8

before the rail freight rush
hesing jg Jate summer and fall.

"Tnm-:-H'r.l

CEMFLAT FEELUILE

Dr. Piero

(NYT: March 31, 2004) —

... U.P.S. has begun a new coast-to-coast premium service that requires
high-speed train shipment to Dallas, Atlanta and New York. The New
York train dispatched from Los Angeles on Tuesday is particularly time-
sensitive because it is scheduled to arrive in time for package delivery on
Friday rather than the following Monday.

To keep the train on time on the busy, largely single-track segment
between Los Angeles and El Paso, called the Sunset Route, railroad
dispatchers clear other trains onto sidings far ahead of the U.P.S. train,
sometimes hours ahead. At times, trains are stalled because their crews
have reached the maximum tour of duty under federal law of 12 hours,
and no rested crews are available. It can take a week to sort out such
situations. "The hot trains are a challenge, particularly on the
Sunset," said Robert W. Turner, Union Pacific's senior vice president for
corporate relations. ...

... This operating data, reported by rail companies to the Association of
American Railroads, gives evidence of Union Pacific's problems. Freight
cars on line, which can be used as a measure of congestion, were at a
high of 325,634 in the week ended March 19. The average time for a
freight car in yards has also spiked upward. At West Colton, the major
yard for Southern California, the average time was up to 49.0 hours in
the latest week from 30.8 hours in the first quarter of 2003. Average train
speed, which was 24.8 m.p.h. in the first quarter of 2003 and 22.1 m.p.h.
in February, was down to 21.5 m.p.h. in the week ended March 19.

This is more important than the slight differences might indicate.
Mr. Turner said Union Pacific estimated that each decrease of one
mile an hour required 250 extra locomotives, 5,000 extra freight
cars and 180 extra employees to make up for the decrease in

erriciency. ..
P. Bo%li\:sone —%gnera7 Electric Global Research




PHM Technology

Objective
Develop algorithms for asset health assessment to support fleet-wide PHM

Goal
Address fleet-level metrics, such as safety, maintenance costs, asset
readiness, reduced inventory, and operational success

Constraints

* No new sensors (using existing sensor-suite in legacy fleet)

e Platform-agnostic (data-driven approach not requiring platform-specific
knowledge)

Approach
e Anomaly Detection
- Provide early warning for incipient faults by characterizing regions of operational
normality
- Identify assets deviating from these regions
» Diagnostics and Prognostics
- Provide assessment of sub-system health & remaining useful life for asset
e Logistics Decision Support
- Select and deploy optimal decision across entire logistics infrastructure

.1 IGIV 1 . DUIIIOOUIIG — UGG Al LIGUU IV JIVUNAI INGOGAl Ul



_________________________________ PHM: The Big Picture

Fault Corrective

-
i i | (Sub- | Part Level

! ! ' » )Subsystem ' Accom- Action Health and RUL

! Data Pre- ' | L Failure Modes )| modation Identification Assessment
Processing ! osyse : On-board
i (Segmentation, 1. Assessment | Tactical Control |
V! Filtering, Feature ! ! —> (Efficiency, : !
i | . i ' Deterioration ' |
i : " i : ™ Ly : i
' Time-Stamped | ! I . ! : ; |
1| Features, Event | 1279 Level|interpretation W ecundancy | |
! | Messages &/or | reduced efficiency, i
:: Parametric Data | reduced |
P Data ACUISltlon/Pro,( mmmmmmmmooooooooooooooooo o m !
i . — ! icti & Requirements i
. Prognosti ReU";ae'ff;'lng . IE):gc'.sst.f: (Primary & |
: = : ISI . Sacondan J :
i Anor_naly C AnaIyS|s Life Estimation j - p ¥+ !
! Detection / Id ' Engine - l
' ! Parts Availability !
e 8 Level Interpretatioh 7 |
i i Warnings & Alerts | Fmm e . —  Available Assets |
! i Coarze Granullarltyl/ Id : iOff_board : Optimal o i § J
¥ (subsystem level) : : Strategic Actions, Replenhmen | 2 Y !
X : : s € Plans and t Actions : ] Other i
: : ! ! Plann,ng Decisions : L J
| i . i Readiness Operational Inventory i
15t Level Interpretatlon Improvement Impact [ Re- ] !
R kLR L L LRl Assessment Assessment Assessment !
i @ imagination ot work i
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PHM; The Big Picture

Automated
interpretation of MRI
calibration system test

DT)
7

Rapid Fault Detection

Raw Sensor Data & Operal_aility

Are ! g
: - | Part Level

iy | : Health and RUL
1 ' Assessment

Fault
Accom-
modation

Data Pre-

Processing
(Segmentation,
Filtering, Feature

Remote Locomotive
diagnostics and
repair

—___

Tactical Contro

5---8

aircraft flights

=-

\ 1st Level Interpretatio

i

1

1

|

1

Cardiac CT image . ! . . . |

anttact reauction || | 277 Level|Interpietatiol " redundmney ||

for multi-slice CT reduced efficiency, i

| systems reduced |

| Data AcyuisTuon/eTo P
i - ; . . isti equirements i
| Prognosti fU'- estimation IE)ogl_st_lcs (Primary & |
' . F or engine core ccondany !
! Anomaly c Analysis com, ecision : Secondany) : |
: Detection / Id Engine !
| Parts Availability !
| Prediction of Time- > J |
| ! ] to-break for paper ( AR
: | Event detectt_lon - we L —— | —  Available Assets |
r in reciprocating 'Off-b ! |
¥ Off-board | \ J
¥ ‘°°mPf955°"5 i i Strateqic Optimization of i ( N !
i Anomaly ) ! g Coal-fired boilers ! — Other |
! detection in | Plannlng : (HR/INOx tradeoffs) | L J i
: | | |
1! :
! 1
! 1
i

1

1
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Anomaly Detection Algorithms for PHM

|| Operational flight data Algorithms for Anomaly Map with |
| recorded for multiple ™% Anomaly/Novelty ™ potentially anomalous |
I flight-instances Detection flight-instances :

(Anomaly map
for all flights

Each numeral is
a flight instance |

O Units with large anomalies Region of normal operations

N () Units with medium anomalies

@ Imaginoscn ot wark

-
-
-
-
-
-—
-
-
-
-
-
-
-
-
-

-
-
-
-
-
-
-
—
-
—
-
-
-

1. Use operational data recorded
from multiple flight instances to
construct an anomaly map &
detect potentially anomalous
flights

2. Use properties of
anomaly map to detect
the onset of operational
faults early

="
3. Use early detection of
developing faults to drive
safety, maintenance

preparedness, other

Dr. Piero P. Bonissone — General ETe




Self-Organizing Maps for Diagnostic
and Prognostic Analyses

1. Train SOM on normal
data to obtain normal
operating envelope

2. Declare a case novel if
its projection to the map
falls outside the
envelope

Flights known to have failures (Red
numerals) generate trajectories that
pass through common region

imogination ot wark
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Random Forest Unsupervised
Clustering for Novelty Detection

& pepel ™ o
045 g b e ]

03 . .
g 02t :
: 2l _ O1f =+ 7
S s %J * ’
e,
_DE 1 1 1 1 1 1 1
23 02 01 0 o1 0z 03 04 05

component 2

=)

component 2

0.3 0.2 01

@ Imaginoscn ot wark

a

01 0z 03 0.4
component 1

0s -0.3

1 1 1 1 1 1 1
-0.2 -0.1 u] 01 02 0.3 0.4 05
component 1

Flights known to have failures (Red dots)

aren’t connected to main body of Minimum

Dr. Piero P. Bonissone — General Electric Global Research spanning freel




Diagnostics based on Automated Fault Signature
extraction & Pattern Recognition

Key Goal
Automated extraction and
application of fault signatures from
time-series data for asset
diagnostics
Solution
Automated signature extraction and
pattern recognition based detection

- Use knowledge of existing fault
condition and failure mode of asset
to extract and learn potential fault
signatures from multiple time-series
variables

- Perform analyses to retain most
discriminating set of signatures

- Apply pattern recognition techniques
to locate presence or absence of
failure-mode in real-time using
library of signatures learned.

Benefits
- Advanced diagnostic ability

- Potential prognostic ability

’ For each variable Kiitomaticallgxtract potential signatures in faulty asset data that aretatisen the
asset is operating normally; also determine discriminating gfoseh extracted signature and store in library

Asset under faulty condition
with known failure mode F

: # P
;" I“r " - I;I‘.l :"“-H_\HH-\ X _,:"'A
o g s ¥ s o F
>3 fF % _JdS4.7F % Nyei /4 \\,f’d
=] % e TR R ’
'"'_' I;"_ T F r’l.'_._*. - 5 ._," -~
X hl - LEGEND
i:_ /J i_ « Raw timeseries data
e “\r,.:;. “t—.,r"" J - Potential fault signatufe
g : — i | (automatically extractef)
g =i |

-

Library of discriminant failure signatures for failure mode F

i B

Validate and use for real-time diagnostics

@ |r"|n|;.||ru'|‘. oot waork
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GE Aviation/DARPA: Equipment Prognostlcs

Key Goal:

» Estimate remaining equipment life in
presence of fault

Solution

1. Physics and Experience-

Based Reasoner

« Apply detailed materials-based damage
propagation model

« Apply data-driven damage propagation
model

* Fuse estimates for reduced uncertainty
and improved accuracy

2. Derive Operations-based
Equipment Health

« Convert proximity to operational

margins into equivalent equipment
health

» Track and extrapolate health when fault
is present
Benefits

* Reduced maintenance cost
* Fewer unscheduled maintenance

@ |F"I|'.|I,'.|I|'|"I I'F q qu

Component condition (HI)

<
»~

RN
T

o
®

©
o

0.2F

0

Fault starts maintenance
(reported by diagnostics) performed using
legacy information

0

50 100 150 200 250 300 350 400 450 500 | 550

cycles |

Potential remaining cycles after fault starts

Dr. Piero P. Bonissone — General Electric Global Research

Potential remaining cycles



Decision Making and Health Management

“Health Management is the capability to make appropriate
decisions about maintenance actions based on

diagnostics/prognostics information, available resources
and operational demand.”

- Andy Hess, PHM Lead for Air Systems on JSF

Decisions in Isolation Integrated Planning
Do Not Maximize Global Utility Maximizes Global Utility

Solution maximizes
& laxis

E Solution

= P Maximizes

g O Global Utility Integrated
R I wanging
§ ; for Globally

Optimal Decisions

-
Feay
......
.....
",

SUPPLY CHAIN

- Repair Utility PLANNING
@ |r"|r1|_:.||rut|‘..nr of wiork
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Decision Making and Health Management

MISSION
Requirements:

(Reliability,
Capability,
Safety . . .)

MAINTENANCE OPERATIONS

ASSET

PART | HEALTH ASSET
PL | i ALLOCATION

MISSION
Requirements:

(Reliability,
Capability,
Safety . . .)

ASSET

Pj hj

tk

MISSION
Requirements:

(Reliability,
Capability,
Safety . . .)

PART | HEALTH

t2

Goals and Decisions:

What subset of asset-mission

assignments should I make?
OR

What is the optimal

set of mission plans?

Goals and Decisions:
Which parts in which asset
should I replace?

OR
What is optimal set
of repair plans?

Planning
for Globally
Optimal Decisions

7 SUPPLY CHAIN
PLANNING
O
PARTS INVENTORY

Time to | Sourcing Goals and Decisions:
SUPPLY PAPRlT * :l\l C(:;?t replatzi:e tl?; = Spgf = What quantity of each part

?

CHAIN P2 n2 c2 ) r2 2 shouIdOIRorder.

What is the optimal set of

2 . . . . : . : 2
Pi nj G § rJ S replenishment plans
imogination at wark




Integrated Decision Making in PHM:
A Closer Look

Advantages of Disadvantages of
Integrated Planning Integrated Planning
e Maximal global utility With 3 Mission
adCross

all 3 platforms

e Increased number of
satisfiable missions,
mission reliability, safety,
mission success rate and

Total # of potential plans

14,000,000
12,000,000 -
10,000,000 -

8,000,000 -

6,000,000 -

4,000,000 -

2,000,000

0 <. ‘ — - : :
2 5

Maximum # Asset parts

Da rt availabili ty I\X\:)Eh#3ol;4|55|ons to b_(l?oizl’u;ﬂs?

e Reduced sustainment Asset Parts PotaptiatRIANS
costs, turnaround times, 4 24 576
and spare requirements 5 196,608

6 1,572,864
7 12,582,927

@'””“””"'rEFiﬁphasizesDmgonmneggE,xg,;a,gghcision support



I I SWI A WEI VW W V IVWVEWVIIIGaWAGI W IEIEL il i Pl - i WWh Wi R

expres

ParF eazbiliby

Fia [t

DEda

- -

CEx Gk

I 1%,
Yow et Joom Qedine Wedow  Hak .
aeam® & 08 =0

Each point in
these plots is a
plan along
different 1D
and 2D axes
that measure
some plan-
variable
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User now éelects plans
that have high values of
FixRate for Mission1
from the 1D plot using
mouse
(we’re down to 3 plans)
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With only 3 plans left to examine, user looks at tabular representation of the remaining plans
and selects one for deployment to maintenance and operations platform




Conclusions

e Developed broad set of algorithms for asset health assessment to support
fleet-wide PHM

e Addressed various fleet-level metrics, such as safety, maintenance costs,
asset readiness, reduced inventory, and operational success

e No new sensors (using existing sensor-suite in legacy fleet)

e Platform-agnostic (data-driven approach not requiring platform-specific
knowledge)

e Proven Commercial Success for GE Rail: EOA™

e Extending PHM technology for military platforms under GE/LM Shared
Vision

@ imogination at wark
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