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Synopsis

• 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  �
��        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  �

��        Provide independent real-time and post-flight telemetry processing
and analysis for a broad-spectrum of vehicles and operations  ��
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Real-time Launch Assessment Environment

�    Experts immersed in mission-control-like atmosphere  ���        Experts immersed in mission-control-like atmosphere  ��

Courtesy The Aerospace Corporation
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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)

�    Many factors driving trend toward increased automation  ���        Many factors driving trend toward increased automation  ��
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A Challenge Problem: Turbopump Spindown

Determine the time it takes from the issued shutdown command for the turbo-
pump to spin down to zero speed.  Determine if any rubs occurred, as evident by a
dramatic slope increase (both engines, both burns).

(Anomaly masked by noise , including
under-quantization, under-sampling, and
“random” shots).

(Multiple, overlaid launch pump speed plots)

�    Typical “new requirements” with numeric and logical aspects  ���        Typical “new requirements” with numeric and logical aspects  ��



8 of 30

Sources of Uncertainty
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O(t) = Nm(t) * [ I(t) + A(t) ] + � Na(t)

• System transfers both linear and non-linear
• Noise both stationary stochastic and systemic
• No on-board time-stamps

Launch
events

�    Values precise, but inaccurate;
Noise(s) masks carrier and anomalies in observed signal  �

��        Values precise, but inaccurate;
Noise(s) masks carrier and anomalies in observed signal  ��
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Knowledge-engineering Acknowledgements

• Program support for knowledge-based applications
engineering:
– Margaret Sazani, Bruce Mau, Pinfun Tsai, Joe Tomei, Ron

Croyts
• Engineering support for knowledge-based applications

engineering:
– Ken Behring, Rich Gerardi, Manny Ruiz, Len Beck

• Technical support for knowledge-based applications
engineering:
– Paul Yuhas, Walt Green, Scott Zechiel, Brenda Kim, Don

Sather, Regina Lozano, Susan Painter, Melodie Evans, Scott
Turner, Charles Simmons

�   A few of the many who contributed to the success of STARS ���      A few of the many who contributed to the success of STARS ��
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Knowledge-based Assessment - Concept

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
by overheated pump.  No damage evident or
expected; no action needed.”

Domain
Expert

Analysis

(after)(before)

�   Automated detection, identification, diagnosis,
prognosis, and recommendation �

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

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

3) Prediction and Corrective
or Preventive Remedies

• 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.

Etiology Manifestation Prognosis

2) Causal Determination 1) Detection
and Identification

Present

 (Medical) Assessment Process

Past Future

Pathogenesis

Diagnosis

Untreated

Treated

Therapy

�   Launch assessment is vehicle health care insurance ���      Launch assessment is 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  ���      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
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�   Nested closed-loop plants; incremental extension  ���      Nested closed-loop plants; incremental extension  ��
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Layered-application architecture view
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�   “Plug-and-play”  ���      “Plug-and-play”  ��
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Human-interface Architecture View

Residual = Observed - Expected
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Knowledge-based Applications - Legacy

• 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

   Neuralworks tool tailored to
distinguish three (3) classes
(good, bad, noise) from FFT
input using three-layer back-
propagation network (taken
from [2]).
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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).
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Integrated Anomaly Detection and Reporting [7]

�   Anomaly report hyperlinks to telemetry ���      Anomaly report hyperlinks to telemetry ��
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Emerging Knowledge-based Automation

• 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

C o d e E v e n t  d e s c r i p t i o n B a s i s D e t e c t i o n  c r i t e r i a
G g i G u i d a n c e  g o - in e r t i a l
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f o r  0 . 1  �  0 . 0 1  s ;  t o  0  v  i n  0 . 0 2  �  0 . 0 0 2  s }
{ C K S 0 7 5 C  f r o m  0  t o  1  v  in  1  �  0 . 1  s ;  f o r  0
�  0 . 0 0 1  s ;  t o  0  v  in  1  �  0 . 1  s }
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0 . 0  �  0 . 0 0 1  s ;  t o  2 . 5  �  2 . 5  v  in   0 . 0 2  �
0 . 0 0 2  s

S 1 E 1 j B o o s t e r  je t t i s o n B E C O  +  3 . 1  s e c
S 1 E 2 i S u s t a in e r  i g n i t i o n L O  -  ?  s e c
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( S 1 E 4 I ) A L  S R M  p a i r  i g n i t i o n S 1 E 3 c  +  ?  s e c
( S 1 E 4 c
)

A L  S R M  p a i r  b u r n o u t S e n s e  a c c e l e r a t i o n  d r o p  +
f i l t e r  d e la y  +  � - t 2

( S 1 E 4 j ) A L  S R M  p a i r  j e t t i s o n S 1 E 4 c  +  ?  s e c
S 2 E 1 i 1 ( M E S  1 )  C e n t a u r  f i r s t
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S 2 m 1 b A t t i t u d e  a l i g n  &  s p in  s t a r t
S 2 m 1 e A t t i t u d e  a l i g n  &  s p in  s t o p

Event sequence Physical basis Measurand(s) values

�   Launch event/state ontology, formal criteria specification ���      Launch event/state ontology, formal criteria specification ��
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Mission Event Reporting

�   Highlight actual exceptions to predicted ���      Highlight actual exceptions to predicted ��
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Applying Family Statistics Models

�   Highlight exceptions to statistical norms ���      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
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Key Knowledge-based Assessment Elements
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Example Coordinated Knowledge-based Models

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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