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MBSE and SysML, and NASA Platform for Autonomous Systems (NPAS)

» SysML enables creation of very complete models that include structure and behavior using a standard
language

» SysML models enables MBSE processes for development of systems and projects

» The NASA Platform for Autonomous Systems (NPAS) enables a paradigm for MBSE, incorporating
additional content elements beyond current SysML; and models are live and can be used in real-time
operations
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Real-Time Operations and Autonom
NASA Platform for Autonomous Systems (NPAS)

» Built upon G2, an object-oriented software Mission Application
environment for “intelligent” knowledge/expert-
based real-time applications (offshoot from MIT)

Platform with libraries:

1. Autonomy strategies,

2. ISHM strategies

3. Domain objects (system
elements)

----- 4. Infrastructure to create

- Applicationdomain

» G2 tools for distributed autonomy
» Cause-effect diagrams for FMEA (layered product)

model

» G2 SBN Bridge to integrate with cFS applications KSymcure ) - Mission operation
FMEA ...all to enable autonomous

» Neuro-online (neural nets — not being used in . 532 Netf,,,ork G2 System Modules @eraﬁon
Bridges

NPAS) . G2SBN Bridge | Layered Product
> NPAS Capabilities to implement intelligent . 32 quwlledge- Modules
ase 10ols
“thinking” autonomous systems \; Neuro-online )

» Comprehensive knowledge system model G2 Engine

» Integrated System Health Management |

» Autonomy strategies to accomplish goals + Real-time expert/knowledge system

* Inference engine
* Elements for knowledge base (KB)
+ Tools for developing KB

JAIAA !

» Task creation, scheduling, and execution
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System Model Development using SysML
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» Comprehensive models including structure, behavior, and requirements

SysML
Diagram

7Y

Behavior Requirement Structure
Diagram Diagram Diagram
Activity Sequence Statg Use Case B.IO.CIF Internal Parametric Package
Diagram Diagram Machine Diagram Definition Block Diagram Diagram
g g Diagram g Diagram Diagram g g
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G2/NPAS Model Development
» Includes content associated with all SysML diagrams
» Augments behavior content for ISHM and Autonomy

» Augments detail of structure diagrams by including schematic details

SyshL
Diagram
'y
S‘-,J"SM L— Behavior Requirement Structure
Diagram Diagram Diagram
r Y F Y
Activity Sequence Statf: Use Case B!D.c k fiiz:1a.2) Parametric Package
Diagram Diagram SRR Diagram i o S Diagram Diagram
Diagram Diagram Diagram
Autonomy Integrated System Health
Mission plan creation, Management (ISHM) Inclu ::I?I:;u:::::';:z:dlz:;el
scheduling, execution; and Real time anomaly topology and behavior
strategies to resolve issues that detection, diagnostics, capture
may arise prognosis, FMEA
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MBSE and SysML Modeling

» Purposeful decomposition into functional elements is not necessary in NPAS

» Structure and behavior are acknowledged/incorporated automatically, and recognized to be associated with
concepts that are then employed in models that enable analysis and decision-making in real-time

» Content of all structure diagrams can be innately integrated on the basis of schematic level diagrams

Cryogenic flow system domain

"« Top Domain Level - KSC Cryopenic Testbed ISt

ibd Automobile Domain [Vehicle Context Diagram]/

:Physical Environment

:Extemal Entity [0..7] :Atmosphere
[ Air
¥ Sensor Input

:Road
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‘:‘roadif-1 T

| Wheel Force
>} )
Troad if right rear

) Wheel Force
> »
[road if left rear

driver sensor in Ii]airin
i _foot if LY ]
= | AcceleratorCmd | :Vehicle
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Schematic level system structure showing details that include objects, their connectivity, and
the ability to implement reasoning including all objects

» Reasoning may say “ ... if the voltage of any cell of any battery is less than x then invoke low-voltage-
battery-cell () ...”

=== 1 ¢ -—~~——a | BATTERY C1A

Relationships are created
automatically when the schematic is
built

BATTERY CELLS

Radasasadifisiin

BATTERY BANK 1

Natonal Aeronautics and Space Admnistrabon
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Reasoning with events associated with classes of objects to infer anomaly conditions for an
instrumented valve

» The diagram shows anomalies that may cause a valve not to open when it is commanded to open
» The analysis applies to classes of sensors associated with classes of valves

Graphical cause-effect FMEA implementation
Events Addressed:

1. Inconsistency: CMD to Open, Ol Open, Cl Closed

2. Indicatorhistory of not following the command
Specific-valve-sensor-package-class
Hm-physical-analog-sensor

The closed indicator of
By eyd ClFaulty §

Inconsistency-cmd-open-Ol-

open-Cl-closed

Hm-analog-valve-command self

self Sensors and command of Valve
CMD not

self
cMD reaching valve

The cmdindicator of / HM-sensor
'm ‘ Indicator history not following
Hm-physical-analog-sensor 'he open indicator of . command
self
Ol-sensor [T LS sensor

The open-indicator of m
Hm-actuated-valve
Having-its-sénsors-configured-by
Valve ERVEINERETIS
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Flow section concept and use of the concept for a behavior model

» Flow-section definition: collection of objects bounded by stops or flow control objects (e.g. valves)
that could be considered as one piece and are therefore filled with the same commodity at any given

time, and the expectation is that properties of the commodity (e.g. temperature of a fluid) will be
the same throughout the flow-section

Section 1 TR, o
- ey op1 pp3 N pe6 @ T\ o
@r T n V3 12 Vil w\®2 . |
™ T N bor T ot N r THE. = me pp12 : = TK2
| NL2 . . o\ |
Pp14 ‘ RS | N pp8 D—N"pn ATM g
iw @ 14

@
Flow Section Concept Examples
Section 1: Partof (pp1, T1, P1) Bounding: (TK1, V1)
Section 2: Partof (pp2, J1, pp3, pp4, pp5) Bounding: (V1, V2, V3, V4)
Section 3: Partof (pp6, pp7, pp8, J2, pp9, T3, P3, T4, P4, pp10, pp11) Bounding: (V2, V3, V4, V5, V6)
Section 4: Partof (T2, P2, pp12, F1, pp13) Bounding: (V5, TK2)

Model: “Throughout each flow section there is one commodity, and some physical variables of the commodity

such as temperature should be similar throughout the piping section”
Similar value set 1: 73, T4
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Integration of rotary pump behavior with procedural code (in structured natural language) and
structure information

== | Definition of a class for a
" s AL Fisin rotary pump

A AT FACIND CENTTS SOAL
ﬂunw-

M Procedures

@ e @ eivoos S
— syt [P e wervoos |

B Somer 17 han become hesty

S1e WT2233 Semor i afiucue bow

B

CALOULA TH-IUMP-EFF K1 NCY

[

[=
For every rotary Il OTARY PP CALGHRATE AP €7 NG
pump instance

| Calculating
pump efficiency

Example, of an inconsistency of a sensor,
and this inconsistency is triggered by NPAS
models being applied; physics, or other
models in NPAS are detecting events; these
events are used in root cause trees for

@ diagnosis (as shown in example below)
[ o oo =
-
Checking . wm e o
consistency of ccoxmacavanon m%]... m__%j__‘_
models against = i = -
real-time data o somnaamcmcarene JERES L e R—— J
= R =
o AN o =
0] m— =
Execution of models (blocks above) o -
generate truth values on events that form = B o
part of cause-effect trees (on the right), e -l =
corresponding to FMEA and/or used for R o
other reasoning as needed by 5 -
autonomous operations activities |

(Root cause tree associated with a valve assessment model |
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G2 procedural language (structured natural language)

a* G2 Real-Time Rule Engine
= Controls Palettes Show Wuards Preferences MHelp
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» L3 SYSTEM-TAR

« L3 KB-WORKSPA *Open Order” « L3 Service Managemen
* &3 UNIQUE-IDEN ~ B BPR-BRANCOH- XX
* o3 EXPORTED-SY > ‘ ﬂ ) BRMS-RULE-X
*» L UL-CLIENT-IT ] &'&bu
» 3 DEFINITION . No .
ey e S
) FRAME-STVLE “Ini
« &3 STATEMENT ‘ - y > &::mn £ A
! :;‘&2255 1 Toxt Editor for the text of a brms-rule ":mmm o=
. TR GIMNATIVE. M - - - - - KITCOHMEN-DESIGN S
« » 1 FOR any kitchen-order KO = 2 BRMS-RULE- 300X
Werlbench L3 L BRMS-RULE -0
Toon 2 IF ] 1 ) BRMS-RULE-Y0X
=: 3 the designer-level of the kitchen-design-data of KO 2 D B
W e is senior-designer g J
- 4 AND —
Ereeter 5 the sample-value of designer-availability < 0.5
& || & THEN
B e 7 bonclude that the designer-level of the 2
kitchen-design-data of KO is designer with collection time 2
the current time
change the o
fee Tmetemies change the color-pattern of
Cwawe conclude that
R ekl
e conclude that not
N Decss
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Rules and cause-effect diagrams

.I'%arule

= e e

uuIiD

| "a5cf21959¢9111e69ad41002b557¢311"

Notes

Options |

Authors |

invocable via backward chaining, invocable
viaforward chaining, may cause data
seeking, may cause forward chaining

OK
mgwalke1 (27 Oct 2016 6:06 p.m.)

Change log

O entries

Item configuration

none

Names |

none

Scaninterval

Tracing and breakpoints |
unconditionally start or-check-source-state ()

Focal classes |
Focal objects |
Categories |

default

| 3seconds
none
none

none

Rule priority |

6

Depth first backward chaining precedence |

1

Timeout for rule completion |

use default

T Fault model for AND AND tutorial
Primary supply failure

reaction-chamber

Pr supply failure

Inadequate heating

—_—

reaction-chamber

=10l.x]

Ambient temperature too low

reaction-chamber
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NPAS Cause-effect """ s @ =

[ Generic Events that apply to classes of objects ] " o Flight Stage
1 e.g. RPC’s, Electrical Equipment, etc. spacecratt in ascent mode
diagrams (eg quip ) Event Abort Entry

or-spacecraft —»

+ A low Current event on any RPC is caused when the RPC Fails Open
A Low Current event on any RPC that is controlling-power-to any electrical-equipment, which is
pyrocontrolling any domain-object causes a Total Loss of Control of the domain-object.

3 e Loss of Critical Subsystem
+ |fthe domain-object is a critical-component of any subsystem, it causes a Total Loss of Function of the REIahonsmPs‘ Nl
. o . membership [KO °
subsystem, and if the subsystem s a critical subsystem of the spacecraftit causes A "
* A Loss of a Critical Subsystem, which is one of 2 conditions for Abort, a-critical-suls :{:‘r.riz?ecra
*  The other condition, is that the spacecraft has to be in ascent mode 4 .
Total Loss/of Function

Relationships:
RPC Fails Open ystem

a-critical-component-of
or-rpc \ Low Current Relationships:
@8 (_runciona

Total Loss'of Control
-powerflow-to pyrocontrolling

EOR
Uniowers device hm-domain-object

Power Failure Fault ck
&

ain-object

orion-electrical-equipment-class

r-spacecraft

or-rpc

5
3

The system can send an event to any instance represented by a
node. Causes and consequences will propagate upstream and
JAIAA downstream to assert status of all events (true, false, suspect). 15




Model-Based Systems Engineering

Real-Time Operations and Autonom

G2/NPAS software environment capabilities for integrated system model and real-time
operations

* Temporal knowledge: “if the rate of change of the pressure over the last 45 seconds ...”

* Dynamic Models: “d/dt (the concentration of oxygen in the habitat module) = ...”
* Object Oriented knowledge representation: “if the pressure of any habitat ... and the rate of change of the temperature
of the habitat ...”

* Connectivity of objects: “if the pressure of any pressurizer PR < 150 and the temperature of PR > 450 then invoke
emergency rules for the reactor connected to PR”

* Generic knowledge: applied to classes of objects

* Procedural knowledge: “Doin parallel [until one completes]
<statement> [;<statement>] ... [;]

And
do
for T =each tank
do
for V =each valve connected to T
.. etc.”

e Reasoning using “meta-knowledge”:

JAIAA -’
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G2/NPAS software environment capabilities for integrated system model and real-time operations
* Reasoning using deep knowledge: This is a model-referenced methodology that embodies an accrual of intelligence.

* Finding the best answer in a fixed time: “ if (the first of the following that has a value, ... ) ... then ...”

* Real-time truth maintenance: as time passes, conclusions need to have a validity time limit, even without new
information/knowledge being added

» Scheduling G2 code tasks and priorities: tasks (procedures, methods, rules) are scheduled with priorities

» Structured natural language: an editor is used for creating and editing objects, definitions of rules, and other forms of knowledge.

» Defining objects: there is a structured schema to define objects

* Expanding the domain: Cloning and connecting enables rapid expansion of the domain models

* Knowledge libraries: may include tens of thousands of objects, rules, procedures, models, and other items that are re-usable

* Inspecting knowledge: knowledge contained in the model can be inspected and displayed in a temporary workspace “ Show the
object hierarchy of pump” “ Show on a workspace every rule containing the word pump”

* Dynamic simulation testing: simulation capability can be quickly built to test behavior throughout the knowledge system.

* |nteractive knowledge capture: G2 is an interactive development environment which encompasses the use of graphics and
structured natural language, as well as animated graphics

JAIAA Y
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Conclusions and Recommendations

» SysML modeling platforms (e.g. MagicDraw, Rational Rhapsody ) enable creation of comprehensive
systems models in the SysML language

» SysML modeling platforms enable application software tools for analysis during the project/system
development process (e.g. a tool that determines mass and center of mass)

» SysML language is not fully satisfactory for modeling precise time requirements

» G2/NPAS graphical and structured natured language enable creation of systems’ models beyond the
level of complexity enabled by SysML

» G2/NPAS augment content of SysML structure and behavior frames
» Include ISHM and Autonomy behavior frames
» Include structure models to schematic detail fidelity

» NPAS application knowledge models are used in real-time operations: ISHM, autonomous
operations, hierarchical distributed autonomous systems

» G2 can save and load XML code, thus content of SysML models could be ingested as part of NPAS
models. This capability needs investment in developing a more specific domain ontology and
language that can serve to further standardize both SysML and NPAS
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