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Introduction & Overview
Model-based Programming

Execution of Model-based Programs

— Scenario revisited

— Control Sequencer

— Deductive Controller (Mode Estimation & Mode Reconfiguration)
— Model-based Execution Semantics

Fundamentals of Model-based Reasoning

Modeling via State Analysis

Advanced Methods

Conclusion
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M odel-based M odel-based Executive
Program e e -
Control
Control Sequencer :
Program !
T v A
Execution of HCA:
RS 1. initialize HCA by marking
System 75 (ngnen sand) all start locations
Model Enc (Eranea | | 2. check maintenance
E%E E%@g?fgf constraints

MAINTAIN (EA]
! (EAS AND CO) &R

e EAS AND CO @

(EAF AND EBS AND CO)

AND CO

3. assert states from currently

marked locations
4. obtain state update

5.take enabled transitions
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Executing HCA

JPU

ool

MAINTAIN (EAR OR EBR)

LEGEND:

EAS (EngineA = Standby)
EAF (EngineA = Failed)
EAR (EngineA = Firing)
EBS (EngineB = Standby)
EBF (EngineB = Failed)
EBR (EngineB = Firing)
ICO (Camera = Off)

MAINTAIN (EAF)

(EAS AND CO)

. EAS AND CO @

(EAF AND EBS AND CO)

' EAF AND EBS .

AND CO

Nominal (i.e. fault-free)
orbital insertion scenario
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Executing HCA - Step 1 E

JPU

LR

MAINTAIN (EAR OR EBR)

LEGEND

EAS (EngineA = Standby,
EAF (EngineA = Failed)
EAR (EngineA = Firing)
EBS (EngineB = Standby,
EBF (EngineB = Failed)
EBR (EngineB = Firing)
CO  (Camera = Off)

—

(EAS AND CO)

MAINTAIN (EAF)

(EAF AND EBS AND CO)

' EAF AND EBS .

AND CO

* initialize HCA by marking
all start locations
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Executing HCA - Step 1
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Illll CSAIL AP0
L initialize HCA by marking
MAINTAIN (EAR OR EBR) all start locations
™ B LEGEND .
) EAS (EngineA = Standby; check maintenance
_ EAF (EngineA = Failed) .
- EAR (EngineA = Firing) constraints
_»/EBS) EBS (EngineB = Standby;
N2 EBF (EngineB = Failed)
N EBR (EngineB = Firing)
*i\Cfl °) CO  (Camera = Of)
N (EA%COJ MAINTAIN (EAF)
™ Easanpco * ’

(EAF AND EBS AND CO)

*
NI EAF AND EBS

AND CO

||||| i

Executing HCA - Step 1

&

JPU

MAINTAIN (EAR OR EBR)

LEGEND:

EAS (EngineA = Standby)
EAF (EngineA = Failed)
EAR (EngineA = Firing)
EBS (EngineB = Standby)
EBF (EngineB = Failed)
EBR (EngineB = Firing)
CO (Camera = Off)

__________ MAINTAIN (EAF
| (EAS AND CO) (EAF)

N
N EAS AND CO

(EAF AND EBS AND CO)

IS S—
N/ EAF AND EBS

AND CO

initialize HCA by marking
all start locations

check maintenance
constraints

assert states from
currently marked locations

Control
m Control Sequencer
State Configuration
System
Model

estimates goals

Deductive
Controller

System Under Control

Observations Commands
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* initialize HCA by marking
MAINTAIN (EAR OR EBR) all start locations

I LEGEND:
A EAS (EngineA = Standby) » check maintenance
N EAF (EngineA = Failed) .
o EAR (Eng_ineA: Firing) ConStl’alntS
EBS) EBS (EngineB = Standby)
_/ EBF (EngineB = Failed
— S e + assert states from _
&) 0 _(Eanat= G currently marked locations
— easapcs ANTANEAR) | e obtain state update
@ e cn ! ‘ Control Sequencer
State Configuration
estimates oals

System
Model |4

(EAF AND EBS AND CO)

Ja &
N EAF AND EBS

AND CO

Deductive
Controller

System Under Control

Observations Commands

el 1 .
i ik Executing HCA - Step 1 E
IMcsan
.~ initialize HCA by marking
) MAINTAIN (EAR OR EBR) all start locations
i LEGEND. ,
N o Eenesoi) check maintenance
— Achiovea [EAR (Enginea = Fiing) constraints
J EBS (Eng_ineB:Stgndby)
o / rooveo| o, (Endines = Faied) « assert states from
N/ 0 (EaiEe=C) currently marked locations
o easabee MANTANEAR| | e obtain state update
$® X e  take enabled transitions:
o Heabee * location’s state assignment

achieved
¢ transition and maintenance

$® conditions currently hold true
N/ EAF AND EBS

AND CO

(EAF AND EBS AND CO)
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Executing HCA - Step 1
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JPU

MAINTAIN (EAR OR EBR)

LEGEND:

EAS (EngineA = Standby)
EAF (EngineA = Failed)
EAR (EngineA = Firing)
EBS (EngineB = Standby)
EBF (EngineB = Failed)
EBR (EngineB = Firing)
ICO (Camera = Off)

or Y

MAINTAIN (EAF
| (EAS AND CO) (EAR)

(EAF AND EBS AND CO)

' EAF AND EBS .

AND CO

initialize HCA by marking
all start locations

check maintenance
constraints

assert states from
currently marked locations

obtain state update

take enabled transitions:

 location’s state assignment
achieved

« transition and maintenance
conditions currently hold true

mark new set of locations

[ r 'ﬁ_ _'i”-

Executing HCA - Step 2

&

Illll tSAlL APU
(EngineA = Standby) &
MAINTAIN (EAR OR EBR) (EngineB = Standby)
7 LEGEND: : : :
2 S8 (Ern s S achieved in this step
//‘ EAF (EngineA = Failed)
] EAR (EngineA = Firing)
e EBS (Eﬁg;ﬁis = Sltg?\?iby)
\_" EBF (EngineB = Failed)
EBR (EngineB = Firing)
CO (Camera = Off)
N (%W) MAINTAIN (EAF)
*\7/ EAS AND CO .

(EAF AND EBS AND CO)

IS S—
N/ EAF AND EBS

AND CO

6
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N a) Executing HCA - Step 2
Illll CSAIL AP0
s (EngineA = Standby) &
. MAINTAIN (EAR OR EBR) (EngineB = Standby)
»{EASAcmeved e, achieved in this step

_—Achieved
EBg‘

)

EAF (EngineA = Failed)
EAR (EngineA = Firing)
EBS (EngineB = Standby)
EBF (EngineB = Failed)
EBR (EngineB = Firing)
ICO (Camera = Off)

Z

—»

(EAS AND CO)

@

MAINTAIN (EAF)

(EAF AND EBS AND CO)

O ox g
\/ EAF AND EBS @

AND CO

two execution threads
terminated & two
transitions enabled

[ Ir 'ﬁ_ _'i”-
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Executing HCA - Step 3

&

JPU

MAINTAIN (EAR OR EBR)

LEGEND:
EAS (EngineA = Standby)
EAF (EngineA = Failed)
EAR (EngineA = Firing)
EBS (EngineB = Standby)
EBF (EngineB = Failed)
EBR (EngineB = Firing)

ool

CO (Camera = Off)

—»

(EAS AND CO)

Not yet

Achieved
7N
»@—NEAR\
EAS AND CO _/

MAINTAIN (EAF)

(EAF AND EBS AND CO)

DX e
N4 EAF AND EBS

AND CO

(EngineA = Firing)
asserted in this step, but
not yet achieved




gkt Executing HCA - Step 4 E
Illll CSAIL AP0

v * (EngineA = Firing)

MAINTAIN (EAR OR EBR) achieved in this step
7 LEGEND: . .
Eﬁﬁ ((Eng.ine:\:?ta.\lng?y) ¢ maintenance condition
ngineA = Faile - -
EAR (EnggineA: Firing) V|O|ated, HCA bIOCk eX'ted
EBS (EngineB = Standby)
EBF (EngineB = Failed)
EBR (EngineB = Firing)
CO (Camera = Off)
N MAINTAIN (EAF)
(EAS AND CO)
R
EAR)
E 5 EASANDCO =\
(EAFA(N%EW)
AND CO
15
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I ||| CSAIL AP0
M odel-based M odel-based Executive
Pr ogram
Control
Control Sequencer
Program
_State es.n'nmeq _____ l Configuration goals
/| \
| |
System [ |
Model : Deductive Controller :
| |
g |
System Under Control
Observations Commands
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Illlrcsn\u JPU
M odel-based M odel-based Executive
Program
trol
Contro Control Sequencer
Program
State estimates I l Configuration goals
State
syStem esti:n;tes Mode
Model Reconfig
Deductive Controller
System Under Control
Observations Commands
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; The System Under Control
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X

I

Camera

Battery e

Power
Switch

<0

®

Valve
Al

N_—

ﬂj

EngineA

*Valve
A2

Val Valve

«—

EngineB

18




lr-i] gl . E
Anhe Executing HCA - Step 1
Illll CSAIL APu
Camera = Off;
N MAINTAIN (EAR OR EBR) Engine A= Standby,

LEGEND:

I~ EAS (EngineA = Standby)
EAF (EngineA = Failed)
fog

Engine B = Standby
EAR (EngineA = Firing)

EBS (EngineB = Standby)
EBF (EngineB = Failed)

ok EBR (EngineB = Firing)
CO (Camera = Off) Program
State I Configuration
—_— timates goals

________ MAINTAIN (EAF) s |
(EAS AND CO)
Q Deductive

) r ,‘
\_/ EASANDCO @ Controller

(EAF AND EBS AND CO)

”‘Q @ Observations| SYstem Wit i) Commands
\__/  EAFANDEBS .

AND CO

Control Sequ

t_l’*l"i” Deductive Controller estimates state and E
|||II E;M iIssues commands to achieve goals JPL

Al Camera

] Goal:
Off (power_in = zero) &
(shutter = closed)
Off Resettable
=)
| (EAS AND CO) 0.01
(cam_cmd =

turnon)

N r |

N/ EA§ q (cam_cmd =
turnoff)

(EAF AND EBS AND Ci

$\, J EAF Al q Obs:

AND| On .

Shutter
(power_in = nominal) & .
(shutter = open) is closed

(cam_cmd = reset)

20




4511 Deductive Controller estimates state and

IIIiFtSA I

issues commands to achieve goals

JPuU

MAI

(EAS AND CO)

EAS

(EAF AND EBS AND Ci

\_/ EAF AN
AND)

Engine A 1
Goal:
Standby Off
(eng_cmd = off)

(power_in = nominal)
& (eng_cmd = standby)

(thrust = zero) &
(power_in = nominal)

0.01
Standby

(flow_in1 = nom)
& (flow_in2 = nom)
& (eng_cmd = fire)

(eng_cmd = standby)

FiringC‘

(thrust = full) &

(power_in = nominal) &

(flow_in1 = nominal) &
(flow_in2 = nominal)

21

451 Deductive Controller estimates state and

M.

issues commands to achieve goals

&

IFcsan | = |
Engine A
] Goal:
Standby Off
(eng_cmd = off)

Power Switch

|
Goal: .

Closed Open
v ‘

Obs: (sw_cmd
power_out ==
= nominal

(power_in = nominal)

eng_cmd = standby)
7’
0.01 ﬁ‘j

(flow_in1 = nom)
& (flow_in2 = nom)
& (eng_cmd = fire)

Stuck
open

01

Stuck )

(thrust = full) &
(power_in = nominal) &

| (power_in = power_out) |

(flow_in1 = nominal) &
(flow_in2 = nominal)

| (power_in = power_out) |

22
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b Executing HCA - Step 1 E
i CSAIL ARPU

“

MAINTAIN (EAR OR EBR)
Not yet

—_Achieved m
{EAS) EAS (EngineA = Standby)
7 Notyer [EAF (EngineA = Failed)

/\Achieved EAR (EngineA = Firing)

4@35‘ EBS (EngineB = Standby)

_ EBF (EngineB = Failed)

/_\Achieved [EBR (EngineB = Firing) swiial] e
4@0/ \ Co (Camera = Off) e, Control Sequence

~ z State Configuration
—» v MAINTAIN (_ERF) estimates oals

(EAS AND CO)

® X Deductive
$\,/ Controller

Camera = Off;
Power Switch = Closed

Observations System Under Control

Commands

EAF AND EBS
AND CO

23

pghtl Executing HCA - Step 2 e
M ... et

MAINTAIN (EAR OR EBR)

—»] —— Engl_ne A = Standby;
- EAS (EngineA = Standby) Engine B = Standby
_/ EAF (EngineA = Failed)
~ EAR (EngineA = Firing)
4@33‘ EBS (EngineB = Standby)
N EBF (EngineB = Failed)
EBR (EngineB = Firing)
CO (Camera = Off) Program

Configuration
goals

_ MAINTAIN (EAF est

| (EAS AND CO) (EAR)
Q Deductive
*\,/ Controller

(EAF AND EBS AND CO)

$® @ Observations| System Under Control | €=, o
\_/ EAF AND EBS .

AND CO

24




F’ﬁ"&ﬂ Deductive Controller estimates state and E

|I||| i issues commands to achieve goals JpPL
Engine A 1
7 - Goal: C‘
*@3 Standby Off
-
*EBS/ (eng_cmd = off)

ié\

(power_in = nominal)
(thrust = zero) & & (eng_cmd = standby)

(power_in = nominal) &
m 0.01 Q)
T EAs Standby

(flow_in1 = nom)
& (flow_in2 = nom)
& (eng_cmd = fire)

(EAF AND EBS AND Ci

(eng_cmd = standby)

Achievement of Standby (thrust = full) &

. (power_in = nominal) &
on Engine B proceeds N C‘ (flow_in1 = nominal) &
similarly, in parallel... Firing (flow_in2 = nominzl)

25

bt Executing HCA - Step 2 E

IIIII CSAIL JPu
\/
MAINTAIN (EAR OR EBR)
LEGEND:
cns " [eAs (EngineA = Standby)
N4 EAF (EngineA = Failed)

Achieved JEAR (EngineA = Firing)
4@39‘ EBS (EngineB = Standby)
\_ EBF (EngineB = Failed)

EBR (EngineB = Firing) Control
CO  (Camera = Off) e— Control Sequencer
State Configuration
estimates oals

Deductive
Controller

A
X MAINTAIN (EA
| (EAS AND CO) (

*@

Engine A = Standby;
Engine B = Standby

F)

(EAF AND

Observations Bz Uiy Contal Commands

~/

EAF AND EBS
AND CO

26
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Executing HCA - Step 3

[~}

JPuU

MAINTAIN (EAR OR EBR)

LEGEND:

EAS (EngineA = Standby)
EAF (EngineA = Failed)
EAR (EngineA = Firing)
EBS (EngineB = Standby)
EBF (EngineB = Failed)
EBR (EngineB = Firing)
ICO (Camera = Off)

ool

__________ MAINTAIN (EAF
| (EAS AND CO) EAP)

EAR
EAS AND CO \)

(EAF AND EBS AND CO)

4‘\;/ EAF AND EBS .

AND CO

Engine A = Firing

\%’—* Control S>q\\cer

esf

System
Model

Observ.

State \\ Configuration
imates goals

Deductive
Controller

System Under Control

ations, Commands

27
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4711 Deductive Controller estimates state and
issues commands to achieve goals JPL

&

MAINTAIN (EAR OR EH

LEGEND:

EAS (EngineA = Standby)
EAF (EngineA = Failed)
EAR (EngineA = Firing)
EBS (EngineB = Standby)
EBF (EngineB = Failed)
EBR (EngineB = Firing)
[CO  (Camera = Off)

olol

Engine A

Goal:
Firing

@

Off

(eng_cmd = off)

MAINTAIN (EAF
| (EAS AND CO) (EAF)

»@—»@AR
EAS AND CO

(EAF AND EBS AND CO)

$@ EAF AND EBS '.

AND CO

(thrust = zero) &
(power_in = nominal)

Standby

(eng_cmd = standby)

FiringC‘

a& (eng_cmd = fire)

(thrust = zero)

(power_in = nominal)

& (eng_cmd = standby) Failed

(flow_in1 = nom)
& (flow_in2 = nom)

(thrust = full) &
(power_in = nominal) &
(flow_in1 = nominal) &

(flow_in2 = nominal)

14



A1 Deductive Controller estimates state and E

U e issues commands to achieve goals JpPL

Engine A

MAINTAIN (EAR OR EH Goal:

—
LEGEND: Flrlng Off
EAS (EngineA = Standby)
EAF (EngineA = Failed)
EAR (EngineA = Firing)
EBS (EngineB = Standby) (eng_cmd = off)
EBF (EngineB = Failed)
EBR (EngineB = Firing)
CO (Camera = Off)

Valve Al

Open Spen ‘B 0.01 ? Stuck

\/ ‘ open
R BRINP%
Cmd = Cmd =

outﬂovy open close
= nominal ‘ 0.01
Stuck
Closedm closed

low = outflow = zero) | | (inflow = outflow = zero) |

(thrust = zero)

(power_in = nominal)
& (eng_cmd = standby)

0.01

(flow_in1 = nom)
& (flow_in2 = nom)
& (eng_cmd = fire)

Achievement of Open
on Valve A2 proceeds
similarly, in parallel...

II l’j ]’1
IIIII tII;ML

Executing HCA - Step 3 E

JPL

MAINTAIN (EAR OR EBR)

LEGEND:
EAS (EngineA = Standby)
EAF (EngineA = Failed)
EAR (EngineA = Firing)
EBS (EngineB = Standby)

olol

__________ MAINTAIN (EAF
| (EAS AND CO) (EAF)

»@—»@AR
EAS AND CO

Valve Al = Open;
Valve A2 = Open

(EAF AND EBS AN”

N
\_/  EAFANDEBS
AND CO

EBF (EngineB = Failed
. ((EngineB N Firing)) Control Sequencer
CO  (Camera = Off) Program

State Configuration
estimates oals

Deductive
Controller

System Under Control

Observations Commands

30
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Executing HCA - Step 4

[~}

JPuU

MAINTAIN (EAR OR EBR)

LEGEND:

EAS (EngineA = Standby)
EAF (EngineA = Failed)
EAR (EngineA = Firing)
EBS (EngineB = Standby)
EBF (EngineB = Failed)
EBR (EngineB = Firing)
ICO (Camera = Off)

ool

__________ MAINTAIN (EAF
| (EAS AND CO) EAP)

EAR
EAS AND CO \)

(EAF AND EBS AND CO)

4‘\;/ EAF AND EBS .

AND CO

Control
Program
System
Model

es

Observ:

Engine A = Firing

Control Seque
State Configuration
imates goals

Deductive
Controller

System Under Control

ations Commands

31

IIIII E;:AIL

4711 Deductive Controller estimates state and
issues commands to achieve goals JPL

&

MAINTAIN (EAR OR EH

LEGEND:

EAS (EngineA = Standby)
EAF (EngineA = Failed)
EAR (EngineA = Firing)
EBS (EngineB = Standby)
EBF (EngineB = Failed)
EBR (EngineB = Firing)
[CO  (Camera = Off)

olol

Engine A

Goal:
Firing

v

@

Off

(eng_cmd = off)

MAINTAIN (EAF
| (EAS AND CO) (EAF)

»@—»@AR
EAS AND CO

(EAF AND EBS AND CO)

$@ EAF AND EBS '.

AND CO

(thrust = zero) &
(power_in = nominal)

Standby

(eng_cmd = standby)

Ny

Firing

(thrust = zero)

(power_in = nominal)

& (eng_cmd = standby) Failed

(flow_in1 = nom)
& (flow_in2 = nom)
& (eng_cmd = fire)

(thrust = full) &

(power_in = nominal) &

(flow_in1 = nominal) &
(flow_in2 = nominal)

16
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Executing HCA - Step 4

[~}

JPU

MAINTAIN (EAR OR EBR)

LEGEND:

EAS (EngineA = Standby)
EAF (EngineA = Failed)
EAR (EngineA = Firing)
EBS (EngineB = Standby)
EBF (EngineB = Failed)
EBR (EngineB = Firing)
ICO (Camera = Off)

ool

MAINTAIN (EAF
| (EAS AND CO) EAP)

»g %EAR
EAS AND CO \)

(EAF AND EBS AND CO)

Engine A=F

Control
m Control Sequencer

System
Model

Deductive
Controller

State Configuration
estimates oals

iring

EAZGB“?:CEBS Observations System Under Control Commands
33
e Executing HCA - Step 5
I ||| CSAIL APU
(EngineA = Firing)
¥ achieved in this step
MAINTAIN (EAR OR EBR) . ",
™ TEGEND, * maintenance condition

EAS (EngineA = Standby)
EAF (EngineA = Failed)
EAR (EngineA = Firing)
EBS (EngineB = Standby)
EBF (EngineB = Failed)
EBR (EngineB = Firing)
[CO  (Camera = Off)

olol

__________ MAINTAIN (EAF
| (EAS AND CO) (EAF)

»@—»@AR
EAS AND CO

(EAF AND EBS AND CO)

$@ EAF AND EBS '.

AND CO

violated, HCA block

exited

34
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What About Off-nominal Execution? E

= Camera = Off;
N MAINTAIN (EAR OR EBR) Engine A= Standby,
LEGEND: : —
& EAS (EngineA = Standby) Engine B = Standby
EAF (EngineA = Failed)
EAR (EngineA = Firing)
4# EBS (EngineB = Standby)
. EBF (Engi_neB = Fe_xi_led)
fooy 5 Eame-on® Contol Seay
State I Configuration
—_— estimates goals
MAINTAIN (EAF) o [
A
- Deductive
™) EAsanDcO ‘ Controller
(EAF AND EBS AND CO)
Observations| S Uimta Clti Commands
EAF AND EBS
AND CO
35
iRy Model-based executive provides E
31407 | .
U et in-the-loop robustness JpL
Al Camera
—»]
—~ N Goal:
*EASJ Off (power_in = zero) &
:/\ (shutter = closed)
~es) Off Resettable
(co 0.01
N
| (EAS AND CO) 0.01
(cam_cmd =
turnon)
N/ EA§ q (cam_cmd =
turnoff) (cam_cmd = reset)
(EAF AND EBS AND C
N EARAN q i~ Obs:
Shutter
(power_in = nominal) & .
(shutter = open) IS open
36
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Bilay Executing HCA - Step 1 E

JPU

—»
LEGEND:
_»EAS) EAS (EngineA = Standby)
N EAF (EngineA = Failed)
- EAR (EngineA = Firing)
4@3@3 EBS (EngineB = Standby)
_ EBF (EngineB = Failed)
N EBR (EngineB = Firing)
*\CO/J CO (Camera = Off)
MAINTAIN (EAF
| (EAS AND CO) (EAF)
*
\__/ EASANDCO

EAF AND EBS
AND CO

MAINTAIN (EAR OR EBR)

Camera = Resettable;
Power Switch = Closed

Control
Control Sequencer
State Configuration
estimates oals

Deductive
Controller

System Under Control

Observations Commands

37

LAEL
Fcsan

2] Executing HCA - Step 2 ﬁ

i JPL
MAINTAIN (EAR OR EBR CETIEE = O
, ( ) Engine A = Standby;
— LEGEND. Engine B = Standby
MEAS) EAS (EngineA = Standby;
N EAF (EngineA = Failed)
— EAR (EngineA = Firing)
[EBS) EBS (EngineB = Standby,}
N EBF (EngineB = Failed)
TN EBR (EngineB = Firing) il
~9) CO  (Camera = OF Program
_ State Configuration
o MAINTAIN (EAF es soals
| (EAS AND CO) (EAF)
Model
@ Deductive
—] 4>.
\__/ EASANDCO @ Controller

(EAF AND EBS AND CO)

N EAF ANDEBS " .

AND CO

Observations| Systet Under Control |7 i

38
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trﬂ] H Model-based executive provides E
|I||| i in-the-loop robustness JpPL
o1 Camera
7 Goal:
Off (power_in = zero) & 1
(shutter = closed)
Off Resettable
0.01
| (EAS AND CO)
(cam_cmd =
turnon)
)
N/ EAS (cam_cmd =
turnoff) (cam_cmd = reset)

(EAF AND EBS AND Ci

N EAF AN
AND On

(power_in = nominal) &
(shutter = open)

Obs:
Shutter
is open

39

An :
e Executing HCA - Step 2
| III CSAIL JPL
MAINTAIN (EAR OR EBR)
. LEGEND;
EAD) EAS (EngineA = Standby)
N4 EAF (EngineA = Failed)
~ EAR (EngineA = Firing)
4@39‘ EBS (EngineB = Standby)
\_ EBF (EngineB = Failed)
- EBR (EngineB = Firi
»@o) co Ecgﬂgfa _ Oflfr;ng) PC,‘;';;‘;L i—' Control Sequencer
—>

(EAS AND CO)

State I Configuration
MAINTAIN (EAF) W eopimaes Ronls
™ EAsANDcO .

Deductive
Controller

Camera = On;
Engine A = Standby;

Engine B = Standby

Observations

System Under Control

Commands

40
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A Executing HCA - Step 3
Illll CSAIL | =
MAINTAIN (EAR OR EBR)

LEGEND
EAS (EngineA = Standby; Camera = Off
EAF (EngineA = Failed)
EAR (EngineA = Firing)
EBS (EngineB = Standby,
EBF (EngineB = Failed)

&

N EBR (EngineB = Firing) Control
! \Co/‘ CO  (Camera = OFf o Control Se cer

State Configuration
 MAINTAIN (EAF estimates i oals
| (EAS AND CO) (EAF)

7 s

R N Deductive
\__/ EASANDCO . Controller

(EAF AND EBS AND CO)

ANQ @ Observations| iyt Uity Clritel Commands
/ EAF ANDEBS .

AND CO
41
t_l'*l"i” Model-based executive provides E
|I||| s in-the-loop robustness JpL
wal  Camera
7 Goal:
> Off \/ (power_in = zero) &
@ (shutter = closed)
. Off Resettable
JEN
—~(co) ‘ 0.01
| (EAS AND CO) 0.01
(cam_cmd =
Ve turnon)
N EAS
- (cam_cmd =
q turnoff) (cam_cmd = reset)
(EAF AND EBS AND C(
’N\\\//: EAF AN q Obs
AND g
on Shutter
(power_in = nominal) & .
(shutter = open) is closed
)
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Rt Executing HCA - Step 3 E
||||| CSAIL a

MAINTAIN (EAR OR EBR) And execution of HCA

TEGEND
EAS (EngineA = Standby) proceeds normally...

EAF (EngineA = Failed)
EAR (EngineA = Firing)
EBS (EngineB = Standby,

EBF (EngineB = Failed)

Jore

- EBR (EngineB = Firin Control
$< o\) co ;Cagm era = OF 9) Control Sequencer
—
State Configuration
MAINTAIN m estimates l goals
—* (EAS AND CO) (EAF) W
m Deductive
M/ EASANDCO . Controller

Camera
(EAF AND EBS AND CO)
ANQ @ Observations System Under Control Commands
N4 EAF AND EBS .

AND CO

43

T Semantics of ﬁ

||||| = pe Model-based Executives JpL

* Now that we’ve informally described Model-based
Execution and illustrated how it works...

* We can now proceed with a (brief) formal semantic
specification of Model-based Execution

» This follows from the semantic representations of the
Model-based Program that we presented earlier:

CP=<L
SM

=

cp ! /lcpl Tcp ’ gcp1

<2, T,Py,P;,Py,R>

44
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i Semantics of @

|||" C;M Mode Estimation JRL

* Given latest commands and observations, what is the
most likely current state?

» Belief state update to estimate state for POMDPs:

S o Sgen (1) % current
I+le H .
P18 belief state

oo o p(m.)[sz] X

most likely
state s,
chosen as s(t)

piLs, 1

....................

p('i+l)[s| 1= Z p(i.)[sk]PT(Sl | S» 40)
k=1
Py(0"" )
3 L5, 1R 05

k=1

Pl 1= P[]
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i Semantics of ﬁ

I|||| ¢;M Mode Reconfiguration JpPL

» Given current belief state and configuration goal, what is
the first control action from a policy that maximizes
expected reward?

. S0) s 1) 80
Optimal > * s >

pollcy T goal state s,
H is max-reward
e reachable state
that satisfies the
config. goal

» Solve Bellman equation to compute optimal policy for

POMDPs: -
V" (s) = max E{Zyiri}

T

T (S) :argmax[Rg ()+7 D Pr(s'|s,m) V(s
') s'eS
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I Executive Semantics
Illll CSAIL

JPU

* Interleaving model of execution
cycle = discrete event + continuous phase

» Legal execution of MBP:

Cycle start time
Plant state S
Pgm location I

L:'_"

=2

Such that:
1. initial conditions are valid
2. next state is legal

3. next program location is legal

47

ARy . .
ik Executive Semantics

Illll tsIAIL AP0
* Interleaving model of execution
cycle = discrete event + continuous phase
* Legal execution of MBP:
Cycle starttime| t_ | 1
Plant state SpS,
Pgm location | |~ 7]
Such that:
1. initial conditions are valid gcp( ly)
2. next state is legal ﬂo MR( SM, 50 Jo)
3. next program location is legal = ME( SM, SO, Hy s 0;)

48

24



At

Illll cs”Au

Executive Semantics

[~}

JPU

Interleaving model of execution
cycle = discrete event + continuous phase

Legal execution of MBP:

Cycle starttime | t, | {
Plant state Si2S,
Pgm location | Il

- =

Such that:
1. initial conditions are valid
2. next state is legal
3. next program location is legal <C I, = 75( o, )
49
] "i' . .
il ol Executive Semantics E
Illll CSAIL AP0
* Interleaving model of execution
cycle = discrete event + continuous phase
* Legal execution of MBP:
Cycle starttime | t, | {
Plant state $5$,|5,-$
Pgm location | 121, | 1 -1,
Such that:
1. initial conditions are valid
2. next state is legal
3. next program location is legal

50
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| Implementation Approximations E

Mo, JPL

Mode Estimation:
¢ Full belief state update is computationally infeasible

* Assume probability of a few most-likely states dominates probability
of other possible states
¢ Track a limited set of most-likely states, from one cycle to the next

Mode Reconfiguration:

¢ Assume probability of nominal behavior dominates off-nominal

* Assume reward of being in goal state dominates reward of getting
to goal state

e Perform MR in 2 steps:

— Goal Interpretation: find the max-reward goal state, reachable via
nominal transitions, that satisfies the configuration goal

— Reactive Planning: returns series of control actions that achieve the

goal state
51
i Deductive Controller E
|||" = e Implementation JPL
M odel-based M odel-based Executive
Pr ogram
Control Control Sequencer
Program
State estimates I l Configuration goals
State
SyStem Mode estimates Mode
Model Estimation Reconfig
Deductive Controller
System Under Control
Observations Commands

52
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M o Mode Estimation

Illll CSAIL APu

1sed Executive

Model-based reasoning algorithm:
* Tracks a limited set of most-likely states
 Explores state space in best-first order

1 Sequencer

/mates T l Configuration goals
State
SyStem estimates | Mode
Model Reconfig
Deductive Controller
System Under Control
Observations Commands
53
= Mode Estimation
| III CSAIL APuL

* Formulate Optimal Constraint Satisfaction Problem
(OCSP), to identify “k-best” extensions to current
trajectories (“shortest path” from set of current possible
states to next possible states)

- OCSP<x, f,C>
— decision vars x, such that dom[x;] = reachable target modes
— objective function f(x) = prior probability of state x, i.e.:

Hj PTj( X; | s, p®)

— constraint C(x), such that X A CMX A 0D is consistent

54
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bt Mode Estimation E
Illll CSAIL ARPU
» Formulate Optimal Constraint Satisfaction Problem
(OCSP), to identify “k-best” extensions to current
trajectories (“shortest path” from set of current possible
states to next possible states)

» Solve using OPSAT engine

most-likely ' consistent with most-likely
candidate model & obs? » state estimate
f ‘ conflicts (infeasible modes)

conflict-directed conflict
' best-first search h dhiabmse

55

HH . .
aghtl Mode Reconfiguration E
Illll CSAIL AP0

Model-based reasoning algorithms to compute
a series of commands that progress the system
towards a least-cost state that achieves the

d Executive

configuration goal, one command at a time. |
pequencer
Configuration
Goals |
Configuration goals

l Goal

Goal State Reactive Command
Interpreter Planner [
t )
|
Current
State Controller
[
System Under Control
Observations Commands
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Iz_l,_ﬂ---jq_ E
| Goal Interpreter
| ||| CSAIL ARPU
Configuration
INPUT OUTPUT Goals
» Current State * Goal State
— Tank = full — Tank = full Goal | Goal
_ . _ . Interpreter State
— Pressure = nominal — Pressure = nominal
— Driver = off — Driver = off c
urrent
— Valve = closed — Valve = on State
— Thruster = off — Thruster = on
» Configuration Goal Generate optimal goal state that
— Thrust = on achieves the Configuration Goal!
most-likely consistent with g .
candidate q it £ » ge::l ;Z?e OCSP < X, f’ C>:
config. goals? . _
+ decision vars X, such that dom[x;] =
f * conflicts (infeasible rezfcha_ble target mOdCS
modes) « objective function f(x) = cost of state X
conflict-directed conflict » constraint C(x), such that
best-first scarch database X A Cyy, Is consistent and entails g

S _ E
Aok Reactive Planner
Illll CSAIL AP0

INPUT OUTPUT
. C S . c d Goal Reactive |Command
urrent State omman State Planner [
— Tank = full — Turn driver on
— Pressure = nominal
. Current
— Driver = off

State

— Valve = closed

Planner guarantees to:
— Thruster = off

« Ensure progress toward the goal state
* Goal State « Only generate non-destructive actions
— Tank = full < Never propose actions that lead to

— Pressure = nominal | dead-end plans
« Operate at reactive time scale

— Driver = off

— Valve = open Driver Valve

— Thruster = on X
Reconfiguration Order: Goal Goal

Current Current

1. Tank = full On Off Open Closed
2. Pressure = nominal on idle cmd = off Open idle C‘j{"&’e:f o
3. Valve = open Tver—on
4.  Thruster = on Off cmd =on idle Closed cmd = ;pen idle
S. Driver = off Resettable | cmd =reset | cmd = off Stuck fail fail

29
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I'I|| el JPL

* Model-based Executive is made up of 2 components:
— Control Sequencer
— Deductive Controller

» The Deductive Controller performs two functions:
— Mode Estimation
— Mode Reconfiguration

* Model-based Execution has formal semantics:
— legal state evolutions of a factored POMDP
— intent expressed in the form of a deterministic automaton

e The implemented Model-based Executive overcomes the
computational complexity of this problem by leveraging a few
key assumptions and proven model-based reasoning algorithms

59

h Up Next... ﬁ

Illll tsIAIL AP0

* Fundamentals of Model-based Reasoning
— A little historical context
— A glimpse into the details behind the algorithms implemented
in the Deductive Controller
— A discussion of how we can improve the run-time
performance of these algorithms by performing their most
expensive reasoning steps off-line, at compile time
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