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Synopsis
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e Spacelift Telemetry Acquisition and Reporting System

(The Aerospace Corporation developed and operated)
— Mission, History, and Environment
— Forces shaping on-going evolution
Knowledge-based launch assessment
— Acknowledgements, Concept, and Process
— Data, info, and knowledge: Sources and representations
Knowledge-based augmentation of architecture views
— Component, Layered, and Human interfaces
Knowledge-based launch support applications
— Heritage, Emerging, and Conjectured
Conclusions and Challenges

> Experience suggests that unobtrusive knowledge-based
applications can meet emerging launch support challenges <
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STARS Mission
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% Provide independent real-time and post-flight telemetry processing
and analysis for a broad-spectrum of vehicles and operations <)
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STARS Evolution
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Real-time Launch Assessment Environment
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-

% Experts immersed in mission-control-like atmosphere =
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Forces Shaping On-going Evolution

Reduced availability of expert domain specialists, due to:
— Increased launch frequency
— New launch vehicles (different sub-systems and configurations)
— Personnel turn-over (reduced effectiveness, lost knowledge)

Increased data load per launch, due to:
— New launch vehicles (more and faster sensors)
— Greater network and workstation hardware speed

Evolving requirements, including:
— Reduce cost, time, errors; increase capability, performance, quality
— Paradigm shift in customer / contractor relationship from “oversight” to
“insight”; unattended 24/7 operations
Evolving software technologies, including:

— COTS vendors moving from proprietary to open interfaces (i.e., Talarian
SmartSockets to JMS)

— Object- and component-oriented tools (i.e., UML patterns, Java Swing GUI,
and EJB distribution)
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% Many factors driving trend toward increased automation ﬂ
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A Challenge Problem: Turbopump Spindown
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GSAW2002 : Dek:rn ine(the time it takei from tlLe ij‘sueLj shutdown command for the turba-

[ pump oin dowhn to zero speed. Determine|if any rubs occurred, as evident by a

- dramatic slope increase (hoth|engines, bath burns).
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> Typical “‘new requirements’” with numeric and loglcal aspects ﬁ
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Sources of Uncertainty

» System transfers both linear and non-linear

Anomalies
Launch = : * Noise both stationary stochastic and systemic 8 of 30
events (transient) _
¢ * No on-board time-stamps
Ideal Observable Sensor Sample- Ana_lo_g-
Source [P Phenomena P Transducer P and-Hold > to-Dlglt_aI
(carrier) Conversion
Ambient, Friction, Transducer Aliasing Quantization
Inertia “Noise” Noise Noise Noise
Transmission Telemetry Data Display Phenomena

Channel [ Reduction _>(pseudo-DAC)_> as Observed

I

Equalization, . o) = Nm(t) * [ 1(t) + A(t) 1 + = Naft
Down-sampling Rel[l‘giesr;ng (t) = Nm(t) " [1(t) + A(t) ] a(t)

Noise

Transmission
Noise

e Values precise, but inaccurate;
Noise(s) masks carrier and anomalies in observed signal
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Knowledge-based Assessment - Concept
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GS5AW2002

Enhance user efficiency by automating tedious
monitoring and analysis tasks and by focusing attention
on exceptional conditions.

“Engine-1 turbine contacted housing 5.2 seconds
after shutdown, lasting 0.2 seconds. Probably caused
Domain by overheated pump. No damage evident or

Expert expected; no action needed.”

Analysis

(before)

% Automated detection, identification, diagnosis,
prognosis, and recommendation 3
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Knowledge-based Assessment - Process

1) What symptoms are present? 11 0f 30
2) What is the nature and origin of symptoms?
3) What might happen and what should be done?

(Medical) Assessment Process

— =— = Diagnosis = = = Therapy
v I Treated
Etiology |———J| Manifestation ———J»| Prognosis <:
Pathogenesis Untreated
< >

F?St Preéent FUtf re

1) Detection

Aefut 3) Prediction and Corrective
and ldentification

or Preventive Remedies

2) Causal Determination

* Launch information more limited than medical; launch only has
observations, whereas medical has observation, inquiry, and lab tests.

* Launch observation is complicated: data is noisy, voluminous yet under-
sampled/quantized, not precisely time-stamped

* Coordinating multiple knowledge-bases essential, for example systems
engineering knowledge with signal processing.

% Launch assessment 1s vehicle health care insurance <
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Data, Information, and Knowledge
Sources and Representations

* Data (facts)

— Sensor telemetry; databases w/ metadata (sample rates,
quantization) and time-series data

— Mission plans; tables of scheduled events with constraints
* Information (patterns)

— Sensor time-series envelopes; mini-language for specifying rise
& decay patterns

— Family data statistics; computed derived time-series norms

* Knowledge (reasoning)

— Vehicle sub-system behavior and physical constraints;
engineering handbook tables and formulas

— Anomaly assessment experience rules-of-thumb; ad-hoc
constraints

% Increasing degrees of awareness: multiple mediums <
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Characteristics of STARS Architecture

Human domain-specialists perform simple detection in real-
time using electronic plots of sensor values, and plot
comparisons for post-flight verification.

A distributed processing system, enabled by voice and data
communications.

Applications inter-operate via data streams. Sensor data
plotting is the primary application; others include scheduled
event detection and flight visualization. Applications are
implemented using tailored COTS and in-house code.

Messaging infrastructure built on tailored COTS delivers data
to applications using publish/subscribe paradigm and
enables “plug-and-play” application modules.

Real-time data is down-sampled, time-stamped packets from
multiple sensors; full-rate archived data is also available.
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Component-interface Architecture View

Directives / Commands
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; derived parameters (in & out)

% Nested closed-loop plants: incremental extension <=
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Layered-application architecture view

Applications

(@)
% /;;J/ ?,  [Knowledge

/TN 15 of 30

[

Layers

Aero components

COTS component

Distribution API

Distribution

OS & H/W

% ‘Plug-and-play” <5
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Human-interface Architecture View
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Knowledge-based Applications - Legacy
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P |« Neural net based specialized anomaly detection

— Training data limited (few examples)

— Limited identification (specific failures)

— Inexplicable analysis, non-scalable approach
* Code and rule based launch event detection

— Vehicle-specific, limited generalization of criteria leads to
duplication of effort for implementation and maintenance

— Simplistic, non-robust detection criteria may be
inadequate if data is missing or corrupt

* Integrated anomaly detection and reporting [7]
— Hyperlinks report with data
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Neural Nets for Recognizing Known Anomalies
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Neuralworks tool tailored to Neural Nets: Real World Problem
distinguish three (3) classes

(good, bad, noise) from FFT , Failing 1US RIMU (Intertial Guidance Unit) data
input using three-layer back- . sum Channel voltage showed anomalous behavior

. before failing
propagatlon network (taken + Anomaly was not discovered launch testing causing

from [2]) expensive delay
Failing RIMU Data Neural Network Results
Classification vs. Sample Size
GOOD RIMU N — N
oaf :j 7“‘—{8
E = —{— Good
= 06t O —O—  Bad
a —— Noise
e g o4r [ . -} False Alarm
= [ —==(Z=- Bad Miss
BAD RIMU . o2F B = 'C-‘-':.:‘_:E —fs—-  Noise Miss
- 0.0 —L5= e : i
10 20 30 40 50 B0 7O
Samples
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Rule-based Launch Event Detection

Gensym’s G2 expert system shell tailored (rules at left)
to detect Titan scheduled launch events (derived
parameter times at far-right) using live telemetry and
internal variables (at middle-right).

note stage = 3 (SAMU Separstion)

note stage = 7 (Stage 1 Shutdown | Stage 2 Ignition)

whenever TEAYT recaives a value or
TEEV recaives a value and when the
cument value of STAGE = 2and the
cument walve of TEAYT < 30 and the
cument value of TEEVT 2 30 then stat
infomn_uzer('Ge detected FRMU
SEPARATION at [the collection time of
TEAYY a5 & tine stampl.) and start
aasign iriglSAMU_5EF TIME) and start
assign(3TAGE, 3

whenever TEATZ receives & value and when the
cument value of TESTZ = 150 and the current

note stage = 4 (Stage 1 Flight)

Y Sep Commands

whenener [RIG_TIME recaives a value and

when (the curent value of IRIG TIVE -

the cument value of SAMU_SER TINE) =

10 and the current value of STAGE =3
then start infomn_user{"Stage 1 fight at
fthe collection tine of IRIG_TIME &8 &
time stamp] '] and start azsign(STAGE, 4

(-

SAMU SER_ENLELE_TIME

A

| [UTe [ 17 fug 00 #47:28028883 gy

fely 1, weld indenitely
valle of STAGE = 6 then stat ’i SRMU_SEP_TIME
assign_fig{ITAGE_2 START TIME) and start . 1 [UTC |17 dug o0 +2a0192098 g
infom_user('32 detected the Stage 1 Shutdawn | - =
Stage 2 Ignition signal at [the collsction tme of ’i Ivelld indefmiely S—
TEA?Z & & time stamp).") and start assign (3 TAGE, -
7 | 0048 II‘ = [UTG | 17 fug 00 43613448874 pm
note stage = § (Stage 112 Separstion) SV Sep Detactors STAGE_2 START_TIME
. . [ | [UTC | 17 Aug 00 4864664482 prn.
whenever TO222 receives & value or TD2ZD receives el AR 0ol indefniely || % [ure [ 17 bug R
avalue and when the cument value of THZZ2 = 0 ’i ’i
and the current value of TD223 = 0 and the STAGE_1_SEF_TIME
cument value of STAGE = 7 and iz iz | [uTe [ 17 ug 00 +45:0.29886 pru
a

STAGE_1_5EF TIME has na current value then
etart assign_irigl3TAGE 1 5EF TIME) and start
infom_uzer{'G2 detected Stage 1 Seperation at
[the collection tme of IRIG_TIME &  tine
stampl.’ and start assign| STAGE 8]

§THGE_2_SHUTDOWN_TIME

b

5 _SEF_TI

LT | #hee

ME
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Integrated Anomaly Detection and Reporting [7]
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> Anomaly report hyperlinks to telemetry <
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Emerging Knowledge-based Automation

m 21 of 30
e Enhanced scheduled event and state detection

— Expectations based on mission plans and handbooks;
parameterized generic plan

— Reinforcing criteria (time, altitude, acceleration)
— Feature-based signal envelopes for jitter rejection
* Enhanced anomaly detection

— Expectations based on family norms (expected value,
dynamic “red-line” bands)

— Registered to event weigh-points
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Sample Mission Scheduled Event Plan
Event sequence Physical basis Measurand(s) values 99 of 30
m Code Event description Basis Detection criteria
G qgi Guidance go-inertial
LVio Lift-o ff 2-inch motion
PFj Payload Fairing jettison S1E1j+ ? sec CKRO0O11C from 0 to 1 vin 0.1 #0.01s;for
2 £0.2s;to0vin 0.1 £0.01s &&
CKRO0O51C 0to1vin 0.1 *0.01s;for2 *
0.2 s;:to Ovin 0.1+ 0.01s
Ss Spacecraft separation {MECO 1 + ? sec} {CKS019C from 0 to 1 vin 0.02 * 0.002 s;
(may be after firstor for 0.1 £ 0.01 s;to 0 vin0.02 *0.002 s}
second burn) {MECO 2 + ? sec} {CKS075C from 0to1vin1%0.1s;for0
£+ 0.001 s:to 0O vini1* 0.1s}
S12s Atlas / Centaur S1E2j CM_037D from 0 to 15 vin 1.5 £ 0.15 s;
separation for 0.0 £+ 0.001 s;to 1.0 £ 1.0 vin 0.2 %
0.02 s && CKR114C from 0 to 1 vin 0.02 *
0.002 s; for 0.25 *+ 0.025 s;to 0 vin 0.02 *
0.002 s
S1E1i Booster ignition LO -? sec
S1E1c (BECO)Booster cutoff 5094 AM_026D from 0 to 15 vin 0.7 £ 0.1 s; for
0.0+ 0.001 s;to 2.5 *2.5vin 0.02 *
0.002 s
S1E1j Booster jettison BECO + 3.1 sec
S1E2i Sustainer ignition LO -? sec
S1E2¢c (SECO/VECO) propellant depletion CKK976X from 0 to 1 vin 8.0* 1.0 s;for0
Sustainer/Vernier c/o s:to 1 vinOs
S1E2]j Sustainer jettison SECO + 2 sec
(S1E31) GL SRM pairignition LO - 0.51 sec
(S1E3¢c GL SRM pairdeclared Sense acceleration drop +
) burnout filter delay + A -t1
(S1E3j) GL SRM pair jettison M > 1.2 &t>S1E41+ 3 sec
(S1E41) AL SRM pairignition S1E3c + ? sec
(S1E4c AL SRM pairburnout Sense acceleration drop +
) filter delay + A-t2
(S1E4j) AL SRM pair jettison S1E4c + ? sec
S2E1i1 (MES 1) Centaur first SECO + 18.5 sec CKS081C from 0 to 1 vin 0.0 % 0.1 s;foro0
burn s:to 1 vinoOs
S2E1c1 (MECO 1) Centaur first initiated by INU when
cuto ff parking orbitachieved
S2E1i2 (MES 2) Centaur second initiated by INU when
burn trajectory correct
S2E1c2 (MECO 2)Centaur initiated by INU when
second cutoff trajectory correct
S1m1ib Rollprogram start LO + 8 sec
S1m1ie Roll program stop LO + 15 sec
S2m1b A ttitude alian & spin start
S2m1ie A ttitude alian & spin stop
. . . .
> Launch event/state ontology, formal criteria specification =3
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Mission Event Reporting

-
n Event List
STAGE 2 FLIGHT EVENTS

Event Value / Status

Enable Stage 2 Shutdown

(TD286 OM) OFF
ST STGZ SID EMABLE RLY A - TD260

(TD394 ON) STGZ 5D ENABLE RLY B - TD261

Predicted Time Actual Time

(FTS DISC STAGE 2 S/D ENABLE RELAY A IND - TD260)

I EXIT

*x STAGE 2 COMMAND SHUTDOWN ****
Enable Stage 2 FTS Safing

(GDO1S OM) OF F
(GDI42 ON) OF F

STGZ2 SHUTDOWH RLY A
3TGZ SHUTDOWH RLY B

(GDO13 Oy OFF
{GDO37 OM) OFF

(GCU DISCRETE #13)
(GCU DISCRETE #18)

(GCU DISCRETE #37)
(GCU DISCRETE #42)

Stage 2 FTS Safing

(GDOIY ON)OFF | STG2Z FTS SAFING RLY A

(GD043 ON)OE‘F STGZ FTS SAFING RLY B

(GCU DISCRETE #19)
(GCU DISCRETE #43)

Stage 2 Retro Rockets On/Off

(GD020'0N) OFF (GBO21 OH) FF Retros On

(GDoaa ony OFF (GDNA5 ONy OFF

Retros Off

(GCU DISCRETE #20)
(GCU DISCRETE #44)
(GCU DISCRETE #20})
(GCU DISCRETE #44)

xxkkx S GEDADATION XX oxxxxx

Stg 2 Long Truss Accels

F1-Dec-63
16:88: 37

31-Dec—53
16: 68: 85

(GCU DISCRETE #22)

(GCU DISCRETE #46)

(GD022 OH) OFF
(GDo4s o) OFF

(GD023 OM) OFF
(GDo47 o) OFF

¢ Highlight actual exceptions to predicted
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Applying Family Statistics Models
Observed - Expected = Residual (file ./data/, G157-CC_PT122T. dat)
400 1 ' ' ' 1 ' ' : 24 of 30
300+ -
200+ Observed (black) 1
Expected (green)
100
I i
£
5 —100
k]
-200 with +1 and -1 sigma redlines (file ..fda‘ta!J‘G1 5?—GG: PT122T. dat)
300 B e J “/ -
-'."-F.‘.‘.. 3 -~ -
_acol il 7% ¢ | Observed (black) .
-1 sigma (red)
_500 1 | L 1 1 | | | o ta) _
200 400 600 800 1000 1200 1400 1600 1800 2000 e (et
Time (secs since L/IO) " ™ ‘ |
- R h
= 300l il _-7-—__"_—| -
o / e i | =
S e ) //-f'],'f'f
—400 - i | ‘: 7 _r/’ il
\~
-500 - | -
—-600 . ! - : .
200 400 600 800 1000 1200 1400 1600 1800 2000
Time (secs sinca LIO)
5 Highlight exceptions to statistical norms <
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Conjectured Knowledge-based Automation

* Advanced Knowledge-based Anomaly Analysis
— Augments and corroborates statistical analysis
— Model-based reasoning
— Anomaly detection
— Anomaly diagnosis
* Decision support for people

— Provide recommendations for corrective and preventive action
(sometimes just leave it be)

— Depends on good diagnosis, which depends on good
identification

* No monolithic tool
— Generic and specialized (broad) model-based expert systems
— Coordinated expert systems
— Synthesized views composed from vehicle subsystems models

73| THE AEROSPACE
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Key Knowledge-based Assessment Elements

o anomaly
anomaly diagnosi
Knowledge detection Multi-mc_>de|
(reasoning reasoning
about patterns) Coord-
ination

Partial models
(limited domain,

Information

generic

(finding | mission numeric limited
patterns) plan envelopes representation,
limited analysis)
(Tim[;ast:ries specific (noisy) engineer
Tables) | mission telemetry Sensors, Books

plans

structures, guidance, propulsion, safety, electrical, ...
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Example Coordinated Knowledge-based Models

27 of 30

Grouped
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Sigmals Coherence Based Wode
| Falt Detector (R Projection J'
Sensor Data Madel
¥ Filter . .
[rcivvdual | Fosturs Based (Featte Pavameters|  progosti Interpretation
SigHEE | Fanlt Detector M pssessment | 00 | Ly
Ihypheated cthesis
s
e R Predinted State Predlictive Cansal
— M Data Y ot [ System
Mo ! Mo

Figure 1: Top-Level BEAM Architecture (taken from [6])
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Conclusions and ...

* Real-world operations

— Too much data, not enough information (noise, lack of time-
stamps, down-sampled data, lack of telemetry standards (but
see [1]))

— People (clever pattern recognizers, but error-prone; they don’t
know what they know)

— Extensible, data-centric architecture enable unobtrusive
technology insertion (not just for plotting!)

* Trouble, yes sir, right here in River City
— Where have all the people gone?
— What, more launches?
— Future shock (better, faster, cheaper)

* Successes, more or less
— We've learned some things about what doesn’t work
— We've learned some things about what works
— We've learned some things about what could work
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... and Challenges

* No single technique is a “magic bullet”

— Distinguishing signals (events and anomalies) masked by noise
requires both numeric and symbolic analysis

— Coordination of multiple knowledge sources and techniques is
essential for robust detection and diagnosis

— Trade space (and pre-processing time) for time

* Model-based reasoning offers a solid foundation

— Has been used successfully for automated anomaly detection
and diagnosis in production systems

— Multiple models provide a variety of perspectives on vehicle
health and status, offering a more comprehensive view than any
single-model approach.

* Need sophisticated coordination techniques (~ voice)
— Need to codify expert knowledge from unpublished sources

— Need more robust numerical, signal processing, statistical
analysis, and fuzzification

— Need synchronization with logical, discrete, and modal analysis
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