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am the Satellite Engineer

Sam

Revision: Baseline Document No: DSG-RQMT-001
Release Date: June 27, 2019 Page: 41of 142
Title: Gateway System Requirements

condions nvokes the requbement The frst condtion recogrizes thl the crowperforms
functions to meet mission objectives and, in those cases, the crew is provided

deskated capabilies. Thi doos o meen tht the rew s prvided these capam!mss for
all eloments of a mission. Many considerations are involved in making

determinations, including capabillty to perform the function and reacion te. Tho second
and third conditions recognize that, in may scenarios, the crew improves the performance of
the system and that the designated capabillties support that performance improvement.

329  Avionics
L2-GW-0248 Command and Data Handling Subsystem Specification

The Gateway shall comply with applicable requirements in DSG-SPEC-CDH-004, Gateway
Program Subsystem Specification for Avionics.

Rationale;  The Galeway Program Subsystem Speclfcaon for Command and ata
Handling defines the specific functionailty required of the Inter-module network system
enabl iop fovelcapatiles, assodited dosign standards, andmocie sevel funlonal o
performance requirements.

L2-GW-0297 Computer Human Interface Subsystem Specification

The Gateway shall comply with applicable requirements in DSG-SPEC-CHI-018, Gateway
Program Subsystem Specification for Computer Human Interface.

Rationale:  DSG-SPEC-CHI-018 provides specifications for interoperabilty and
commonality of Hardware and Software in the aroas lighting, imagery (stil and video), audio,
displays, and controls

L2-GW-0071 Time Triggered Ethernet (TTE) Redundancy

The Galeway shall provide atotal of three TTE planes through each inter-module connector for
redundan

Rationale:  Three separate cables must run between the elements in order to meet TTE
faul tolerance specification. ~This is consistent with meeting the docking adapter data
interface between modules.

L2-GW-0068 Data Storage
The Gateway shall incorporate a shared data storage system

Rationale: A Gateway Storage Architecture is necessary to support the storage and
management of data (commands, telemetry, utilzation, video, efc.) to account for periods of
high network traffic, recovery and diagnostics, and accommodate communications outages.
The architecture must account for a capacity that considers the modules' systems data and
additional storage capaciy that can be accessed and used by the Gateway. The overall
capacity needed will be determined by assessing the mission configuration, module and
systems data priorities, and anticipated operations. Addtional strategies such as
expandabilly, data prioritization, or compression may be considered (o reduce cost or

This document may only be released according to the Destination Control Statement on the front cover.
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Sam the Satellite Engineer
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How does Sam implement a monitor?

(" :
Monitor
0

Revision; Baseine Document No: DSG-ROMT-001
Rolease Date: Juna 27, 2010 Page: 410(142
Tite: Gateway System Requirements
otorminations,inciuding capabity to perform the function and reaction tme. Tho socond
329 Avionics
L2.GW-0248 Command and Data Handing Subsysiom Speciication °

Tho Gateway shall comply wih applicable requiraments in DSG-SPEC-COH-004, Galoway
Program Subsystom Speciication for Avonics.

Rational:

porformance roquitoments.
L2.GW-0297 Computer Human Intefaco Subsystem Speciication

The Gateway shall comply with appicable requiceme
Program Subsystom Speciicaton for Computer Human Inferface

15 n DSG-SPEC.CHL.018, Gateway

Rationale: _ DSG-SPEC-CH-018 provkdes speciications for intoroporabiy and

isplays, and contrls
L2.GW-0071 Timo Trggered Ethomet (TTE) Redundancy
e

redundancy.

Rationao:

e
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ntorfaco botwoan moes
L2.GW-0068 Data Storage
Tho Gatoway shallincorporate  shared data siorago systom.
Rotional:
tolomatry. uizatin, video,
Tho overal
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How does Sam implement a monitor?

f Monitor \

if(a & b) {
if(te |1 d) {
return error_0;
} else if(c || d) {
if (e && f && @) {
return error_1;
} else if(e & h & g) {
return error_2;

nnnnnnnnnnnnnnnnnn

e e } else {
el : COde return okay;
. S }
} else if(d) {
s d return error_1;
- } else {
if(i && 'j) {

return error_H;
} else if(!i & j) {
return error_5;

O O } else {
if((k |l ) & (k == m)) {

return error_6;
} else {
return okay;

}

& J
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How does Sam implement a monitor?

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

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

L2.GW-0248 Command and Data Handing Subsysiom Speciication

.......

.......

IOWA STATE UNIVERSITY

Code

0 0

~

Monitor \

if(a & b) {
if(te |1 d) {
return error_0;

(e && f && g) {
return error_1;

return erro

return okay;
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How does Sam implement a monitor?

> Re-certification

> Opaque

IOWA STATE UNIVERSITY

Code

0 0

~

Monitor \

if(a & b) {
if(te |1 d) {
return error_0;

\( (e && f && g) {
return error_1;

return erro

return okay;
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Runtime Verification (RV) Approach

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
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E— Formalize |> Temporallogic | Generate [ h
i g d > Automata A M O n i tO r
= > L OLA [5] \ J
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Runtime Verification (RV) Approach

What to use?

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

mmmmmmmmmmmmmmmmmmmmmmmm

: _ Formalizel |> Temporal Logic Generate 4

> Automata —_ Monitor
> LOLA[S5] N\ )

GGGGGG

Tho overal
mmmmm
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Which RV tool to use?

Sam’s constraints ( ):

> Realizable
> Responsive
> Unobtrusive
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Which RV tool to use?

Sam’s constraints (embedded, real-time, safety-critical):

> Realizable
> Use bounded, little resources
> Adapt to new specifications without re-compilation

> EXxpressive, intuitive specification language

> Responsive
> Unobtrusive
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Which RV tool to use?

Sam’s constraints (embedded, real-time, safety-critical):

> Realizable
> Use bounded, little resources
> Adapt to new specifications without re-compilation

> EXxpressive, intuitive specification language

> Responsive

> Runs continuously

> Provides resulis as soon as available O O

> Unobtrusive
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Which RV tool to use?

Sam’s constraints (embedded, real-time, safety-critical):

> Realizable
> Use bounded, little resources
> Adapt to new specifications without re-compilation

> EXxpressive, intuitive specification language

> Responsive

> Runs continuously

> Provides resulis as soon as available O O

> Unobtrusive

> Does not impact certifiability/functionality/behavior

> Black box
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Which RV tool to use?
)

Sam’s constraints (embedded, real-time, safety-critical): 0 0

> Realizable \

> Responsive
> Unobtrusive
> Unit

R2U2
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R2U2 Approach

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
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R2U2 Approach

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
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_— Formalize Generate [ A

> (mission-time LTL | ~—— —> | Monitor
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0 O

Tho overal
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R2U2 Approach

Mission-time LTL
(MLTL) [16]

Tite: Gateway System Requirements

«|f task’ is In the scheduler, ‘task’ shall

conditlons invokes tho requiemont. Tho st conditon recd

the systom and tha the designated capabilties support1h3

Ratlonale: The Gatoway Program Subsystom Specifcat
Handing defines tho spocifcfunctionaly roquird of tho
onablo top ovol capabiitis, associatod dosig standards,
porformance roquirements.

L2.GW.0297 Computer Human ntefaco Subsystom Speciica

Tho Gataway shall comply with applicab roquirements n DS

Program Subsystom Speciicaton for Computer Human Intorid
Ratlonale: _ DSG-SPEC-CH018 provides specficatons
Commonalty of Hardware and Software inthe aroas ightn
isplays, and conirls

L2.GW-0071 Tima Trggered Ethomet (TTE) Rodundancy

Tho Gatoway shall provide atotal o hree TTE planes throughy

redundancy
Ratonaie: o sparl caes mustun sowoon hoff
fau oloranco spocilcation. This isconsiston with mooti
ntoraco botwoan modos

L2.GW-0068 Data Storage

The Gataway shall incorporato a shared data storage systom.

Rationalo: A Gotoway Storago Archiacturo is nocossan]
managomon o data (commands, tolomty, utiztion, v

(sched,, ) — (0[0,3]execmsk)
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R2U2 Approach

Mission-time LTL
(MLTL) [16]

210
Tite: Gateway System Requirements

«|f task’ is In the scheduler, ‘task’ shall

conditlons invokes tho requiemont. Tho st conditon recd
thoso ca

cenaros, tho
o

s and ot v et opoaios s o ] u

Handing defines tho spocifcfunctionaly roquird of tho
Jnabio (0plova capabiltio, associalod dosign sandards,

L2.GW.0297 Computer Human ntefaco Subsystom Speciica

Tho Gataway shall comply with applicab roquirements n DS -
Program Subsystom Speciicaton for Computer Human Intorid

Ratlonale: _ DSG-SPEC-CH018 provides specficatons

commonaty of Hardwaro and Softwaro n tho aroas ightn

isplays, and conirls

L2.GW-0071 Tima Trggered Ethomet (TTE) Rodundancy

Tho Gatoway shall provide atotal o hree TTE planes throughy

redundancy
Ratonaie: o sparl caes mustun sowoon hoff
fau oloranco spocilcation. This isconsiston with mooti
ntoraco botwoan modos

L2.GW-0068 Data Storage

The Gataway shall incorporato a shared data storage systom.

Rationalo: A Gotoway Storago Archiacturo is nocossan]
managomon o data (commands, tolomty, utiztion, v

high notworkrafc rocovory and diagnostics, and accom
Tho archiocturo must account for a capacity hat considord
addiional storago capacty thatcan bo accassod and uso]
Capaciy nooded wilbo detormined by assossing the misa
systoms data prortios, and anicpatod oporations. Addi

xpandabiy, doa prioiizaton or comprossion may bo o

This documet may only b rlesed cconding o the Destnation |

Propositions
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R2U2 Approach

f Mission-time LTL \
(MLTL) [16]

«If <task’ is in the scheduler, ‘task’ shall
execute within 3 seconds ”» )
itor

)
(s Chedtask@O[Oﬁ]exe Crask)

Logical connectives (— ,, A, V)

\_ J
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R2U2 Approach

f Mission-time LTL \
(MLTL) [16]

«|f «task’ Is In the scheduler, task’ shall
execute within 3 seconds » )
itor
J
(sched,, ) — exec, )

Future-time, bounded ops

\_
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R2U2 Approach

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
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R2U2 Approach

- )
=71 Formalize Generate N Monitor R
A(Mission-time LTL)A bin —> %
0 0 :

\_ _J
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R2U2 Approach

a )
=1 Formalize Generate Monitor R2(2
/ﬂﬂ (Mission-time LTL)A RN %
\ 4
\\ _ Y
N
.bin
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R2U2 Approach

& B

Formalize Generate N ™ onitor 20

/—N)n (Wission-time LTL )~ pinl & [8%

0 O .
\_ J

.bin
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R2U2 Approach

Formalizing
IS hard...

/ Generate D Monitor | £77

Mission-time LTL)A bin — %@

_ J

Formalize

.bin
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R2U2 + C2PO Approach

Configuration
Compiler for
Property

Organization
(C2PO) [17]

& B

Formalize — ) Generate N :
[ 255 Monitor R2U2
o m [%
°‘”§§5“L;;J::“‘ /N = b N A
\FTSPEESk.in,sched — F[9,3] task.exec;} v
High-level . J
language N

.bin
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R2U2 + C2PO Approach

Configuration
Compiler for
Property

Organization
(C2PO) [17]

& B

AN Monitor R

Formalize * Generate

8 gL %@
High-level \_ D
language N

.bin

«|f task’ is in the scheduler, ‘task’
shall execute within 3 seconds »
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C2PO Input Language [17]

/,STRUCT R
Task: {
id: int;
in_sched, exec: bool;
L
INPUT
task_id: int;
«If «task’ is in the scheduler, ‘task’ task_in_sched, task_exec: bool;
shall execute within 3 seconds » | DperFINE
task := Task(
task_id,
task_in_sched,
task_exec
),
FTSPEC
task.in_sched — F[0,3] task.exec;
\_ J
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C2PO Input Language [17]

/,STRUCT R
Task: {
id: int;
in_sched, exec: bool;
},
INPUT
task_id: int;
«If task’ is in the scheduler, task task_in_sched, task_exec: bool;
shall execute within 3 seconds » | DperFINE
task := Task(
task_id,
task_in_sched,
task_exec
),
FTSPEC
task.in_sched — F[0,3] task.exec;
\_ J
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C2PO Input Language [17]

«|f task’ is In the scheduler, ‘task’
shall execute within 3 seconds »

IOWA STATE UNIVERSITY

/,STRUCT R
Task: {
id: int;
in_sched, exec: bool;
L
INPUT
task_id: int;
task_in_sched, task_exec: bool;
DEFINE
task := Task(
task_id,
task_in_sched,
task_exec
),
FTSPEC
task.in_sched — F[0,3] task.exec;
. J
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C2PO Input Language [17]

/,STRUCT R
Task: {
id: int;
in_sched, exec: bool;
L
INPUT
task_id: int;
«If task’ is in the scheduler, task task_in_sched, task_exec: bool;
shall execute within 3 seconds » |[perFInE
task := Task(
task_id,
task_in_sched,
task_exec
),
FTSPEC
task.in_sched — F[0,3] task.exec;
\_ J
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C2PO Input Language [17]

«|f task’ is In the scheduler, ‘task’
shall execute within 3 seconds »

IOWA STATE UNIVERSITY

-

STRUCT
Task: {
id: int;
in_sched, exec: bool;

i

INPUT
task_id: int;
task_in_sched, task_exec: bool;

DEFINE
task := Task(

task_id,

task_in_sched,

task_exec

),

FTSPEC
task.in_sched — F[0,3] task.exec;
N 7/
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Sam’s Specification Revisited

«|f task’ is in the scheduler, ‘task’ shall
execute within 3 seconds »

0 0
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Sam’s Specification Revisited

Every task in the scheduler

«tasie-is-i-the-scheduler—<task’ shall
execute within 3 seconds ~
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Sam’s Specification Revisited

Every task in the scheduler

«tasie-is-i-the-scheduler—<task’ shall
execute within 3 seconds ~

@ \ZFormalize

V't :Sched(t) —> <>[O,3]EX€C(t)
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Sam’s Specification Revisited

Every task in the scheduler

«tasie-is-i-the-scheduler—<task’ shall
execute within 3 seconds ~

» \ZFormalize

:Sched(t) — Qo31Exec(t)

Can’'t use R2U2
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Sam’s Specification Revisited

Every task in the scheduler

«tasie-is-i-the-scheduler—<task’ shall
execute within 3 seconds ~

g \ZFormalize

:Sched(t) — Qo31Exec(t)

Can‘t use R2U2 ...or can she?
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Sam’s Specification Revisited

Every task in the scheduler

«tasie-is-i-the-scheduler—<task’ shall
execute within 3 seconds ~

g \ZFormalize

:Sched(t) — Qo31Exec(t)

Can‘t use R2U2 ...or can she?
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Patterns in Sam’s Requirements

“Each request in the queue shall...”
“All active sensors shall...”

“Every task in the scheduler shall execute within 3 seconds”

Vi :Sched(t) — 0[0,3]EX€C(t)
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Patterns in Sam’s Requirements

“Each request in the queue shall...”
“All active sensors shall...”

“Every task in the scheduler shall execute within 3 seconds”

Vi :Sched(t) — 0[0,3]EX€C(t)

~

Vx : Set(x) — CD\
dx : Set(x) A O )

> Guarded quantifiers:

\
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Patterns in Sam’s Requirements

“Each request in the queue shall...”
“All active sensors shall...”

“Every task in the scheduler shall execute within 3 seconds”

Vi :Sched(t) — 0[0,3]EX€C(t)

~

Vx : Set(x) — CD\
dx : Set(x) A O )

r )
> Bounded Dynamic Set: A set that changes over

time and has a bounded cardinality

> Guarded quantifiers:

\
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Patterns in Sam’s Requirements

“Each reguest in th shall...”
“Alkactive sensors »hall...”

‘Every T#sk in thq(schedule) shkll execute within 3 seconds”

V't :Schell(t) —b Qo3 Exec(t)

-

\

Vx :/Set(x) — CD\
dx/ Set(x) A O )

> Guarded quantifierg:

\

r )
>( Bounded Dynamic Set)A set that changes over

time arcras-e=eeurided cardinality
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Patterns in Sam’s Requirements

“Each request in the queue shall...” Require
“All active sensors shall...” | Sched | < max(Sched)
“Every task in the ) shall execute within 3 seconds”

V't :Sched(t) — 0[0,3]EX€C(t)

-

Vx : Set(x) — CD\
dx : Set(x) A O )

~

> Guarded quantifierg:
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Patterns in Sam’s Requirements

“Each request in the queue shall...”
“All active sensors shall...”

“Every task in the scheduler shall execute within 3 seconds”

Vi :Sched(t) — 0[0,3]EX€C(t)

: Vx : Set(x) — CD\
i dx : Set(x) A O )
3= FO-MLTL

-

> Guarded quantifiers:

> Bounded Dynamic Set: A set that changes over
time and has a bounded cardinality
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FO-MLTL Quantifier Elimination

% : Sched(t) = Qpo31Exec(t)
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FO-MLTL Quantifier Elimination

. SChéd(t) —> 0[0,3]EX€C(t)

Unroll

/\ (Sched(t;)) — 0[0,3]Exec(ti))

€[]0, max(Sched)—1]
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FO-MLTL Quantifier Elimination

. SChéd(t) —> 0[0,3]EX€C(t)

Unroll

N\ (Sched(t) — QpozExec(t))

€[]0, max(Sched)—1]

Cardinality Constraint
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FO-MLTL Quantifier Elimination

. SChéd(t) —> 0[0,3]EX€C(t)

Unroll

/\ (Sched(t;)) — 0[0,3]Exec(ti))

€[]0, max(Sched)—1]
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FO-MLTL Quantifier Elimination

. SChéd(t) —> 0[0,3]EX€C(t)

Unroll

(Sched(ty) = po37Exec(ty)) A
(Sched(t;) = g3iExec(t)))
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FO-MLTL Quantifier Elimination

. SChéd(t) —> 0[0,3]EX€C(t)

Unroll

(Sche — Orox1Exed(t)) A
(Sched@ 0[0,3]Exe@)

Need to assignh meaning

IOWA STATE UNIVERSITY Department of Computer Science | 53



FO-MLTL Quantifier Elimination

. SChéd(t) —> 0[0,3]EX€C(t)

Unroll

(Sched(ty) = po37Exec(ty)) A
(Sched(t;) = g3iExec(t)))

e R
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FO-MLTL Quantifier Elimination

. SChéd(t) —> 0[0,3]EX€C(t)

Unroli o _
Arbitrarily assign
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FO-MLTL Quantifier Elimination

. SChéd(t) —> 0[0,3]EX€C(t)

Unroll

(Sched(A) = (pg3Exec(A)) A
(Sched(t;) = g3iExec(t)))

e R
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FO-MLTL Quantifier Elimination

. SChéd(t) —> 0[0,3]EX€C(t)

Unroll

(Sched(A) — <>[033]Exec(A)) A

IOWA STATE UNIVERSITY Department of Computer Science | 57



FO-MLTL Quantifier Elimination

. SChéd(t) —> 0[0,3]EX€C(t)

Unroll

(Sched(A) = (pg3Exec(A)) A
(Sched( L) = o 31Exec( L))

e R
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FO-MLTL Quantifier Elimination

. SChéd(t) —> 0[0,3]EX€C(t)

Unroll

(Sched(A) — <>[033]Exec(A)) A

—> 0[093]Exec( 1))
Always False
s [N
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FO-MLTL Quantifier Elimination

. SChéd(t) —> 0[0,3]EX€C(t)

Unroll

(Sched(A) — <>[033]Exec(A)) A

Vacuously True

e R
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FO-MLTL Quantifier Elimination

. SChéd(t) —> 0[0,3]EX€C(t)

Unroll

(Sched(A) — <>[033]Exec(A)) A

Vacuously True
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FO-MLTL Quantifier Elimination

. SChéd(t) —> <>[(),3]EX€C(t)

Unroll

(Sched(ty) = po31Exec(ty)) A
(Sched(t)) = g3iExec(t;))

o e s e

IOWA STATE UNIVERSITY Department of Computer Science | 62



FO-MLTL Quantifier Elimination

. SChéd(t) —> <>[O,3]EX€C(t)

Unroll

(Sched(ty) = po31Exec(ty)) A
(Sched(t)) = g3iExec(t;))

o [ 1|2 | 3 | a4
HEE BN BN BN BN
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FO-MLTL Quantifier Elimination

. SChéd(t) —> <>[O,3]EX€C(t)

Unroll

(Sched(ty) = po31Exec(ty)) A
(Sched(t)) = g3iExec(t;))

o [ 1|2 | 3 | a4
Al WATsl [ W Iclole
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FO-MLTL Quantifier Elimination

. Sched(t) — <>[O,3]EX€C(t)
Unroll
(Sched(A) — (g 31Exec(A)) A
(Sched( L) = o z1Exec( L))

o 1 2 | 3 | a4
sched [A]_J[AT | W [clplE
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FO-MLTL Quantifier Elimination

. Sched(t) — <>[O,3]EX€C(t)
Unroll
(Sched(A) — (g 31Exec(A)) A
(Sched(B) = {q3,Exec(B))

(o 1 2 3 | 4
sched JAL_{[ATB][ [ W [cWDE
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FO-MLTL Quantifier Elimination

. Sched(t) —> <>[O,3]EX€C(t)

Unroll

(Sched( L) = Qo sExec( L)) A
(Sched( L) = o z1Exec( L))
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FO-MLTL Quantifier Elimination

. SChéd(t) —> <>[(),3]EX€C(t)

Unroll

(Sched(ty) = po31Exec(ty)) A
(Sched(t)) = g3iExec(t;))

Instantiate \/ \L E

(Sched(A) — QpozExec(A) A | |Sched(4) — OroaExec(A) A (Sched( L) = Qpo3iExec( L)A
(Sched( L) — Qg Exec( L)) |(Sched(B) — $po5Exec(B)) (Sched( L) = QpoaExec( L))

- J
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FO-MLTL Quantifier Elimination

. SChéd(t) —> <>[(),3]EX€C(t)

Unroll

(Sched(ty) = po31Exec(ty)) A
(Sched(t)) = g3iExec(t;))

Instantiate \/ \L E

(Sched(A) — QpozExec(A) A | |Sched(4) — OroaExec(A) A (Sched( L) = Qpo3iExec( L)A
(Sched( L) — Qg Exec( L)) |(Sched(B) — $po5Exec(B)) (Sched( L) = QpoaExec( L))

- J

MLTL Monitors (ﬁ \
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FO-MLTL Quantifier Elimination

. SChéd(t) —> <>[(),3]EX€C(t)

Unroll

(Sched(ty) = po31Exec(ty)) A
(Sched(t)) = g3iExec(t;))

Instantiate \/ \L E How many?

(Sched(A) — (>[0’3]Ex€C(A)) A | |(Sched(A) — g zExec(A)) A (Sched( L) — 0[0’3]Exec( 1)HA
)| |(Sched(B) - 0[0,3]Exec(B))

(Sched( L) = (poaExec( L) (Sched( L) = QpoaExec( L))
\_ J

MLTL Monitors (ﬁ \
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FO-MLTL Quantifier Elimination

. Sched(t) —> <>[O,3]EX€C(t)

Unroll Will know answer by time 3

(Sched(A) — Q[@Exec(A)) A
(Sched( L) — Q[C@Exec( 1))

o 1 2 | 3 | a4
sched [A]_J[AT | W [clplE
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FO-MLTL Quantifier Elimination

. SChéd(t) —> <>[O,3]EX€C(t)

Unroll

(Schod(A) — D, ..Fxec(A) A

(

~

(Sched(A) — QpozExec(A)) /\ (S hed(A) — {3 Exec (A))/\ (Sh d( L) = QpzExec(L) A (Sched( L) = gz Exec( L)) A
(Sched(C) = QozExec(C))

(Sched( L) = {po3Exec (l)) (Sh d(B) — OrgzExec(B)) (Shd(U = QpaExec( L)

_J

-nh

sched JA| MABM [

IOWA STATE UNIVERSITY

Department of Computer Science | 72



FO-MLTL Quantifier Elimination

. SChéd(t) —> <>[(),3]EX€C(t)

Unroll
(Sched(AY — .. . Fxec(AY) A

(

(Sched(A) = Qo3Exec(A)) /\ (Sh d(A) = Oz Exec (A))/\ (Sh d( L) = QpzExe (i>)/\ (Sh d(L) = QpzExec( L)) A
(Sched( L) = {po3Exec (l)) (Sh d(B) = Oz Exec(B)) (Shd<l> — QogiExec( L) (Sh d(C) = OQpozExec(C))

-nhil

“sched [A] MABNM | W _|C
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FO-MLTL Quantifier Elimination

. SChéd(t) —> <>[(),3]EX€C(t)

Linroll
Re-use this space!

L T N PN AT —F < zmmFYer‘(Aj) A

(Sched( L) — {p3Exec( L)) (Sched(C) = QozExec(C))

(Sched( L) — QozExec( L)) A] [(Sched( 1) = OoaExec( L)) /\]
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FO-MLTL Quantifier Elimination

. Sched(t) —

Linrnll

xec(t)

Only need space for
4 formulas

Re-use this space!

~

—— T NPT AT —F X ) A
(Sched(A) = QpozExec(A) A

h d(l) - <>[ sExec( L)) [(S hed(B) — <> yExec(B)) (S hed( L) — {pozExec(

(Sched(A) — {y3Exe (A))/\ (Shd(i) - QoaExec(

i>)/\ Sh d(L) - QpzExec( L)) (Sched(D) - o3 Exec(D)) A

1))

JAY
(S hed(C) — OpozExec(C)) ] (Sched(E) — {o5Exec(E))

_J

—————

sched [Al_WATBIL [ W [C

IOWA STATE UNIVERSITY
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FO-MLTL Quantifier Elimination

:SChEd(t) —> <>[(),3]EX€C(t)

(Sched(ty) — QpozExec(ty) Al |(Sched(ty) = OpoziExec(ty)) Al |(Sched(ty) = o ziExec(ty)) A| |(Sched(ty) — OpoaiExec(ty)) A
(Sched(t)) — Qpo3Exec(t))) (Sched(t)) = Qpo3Exec(t))) (Sched(t)) — Qpo3Exec(t))) (Sched(t)) — (o 3Exec(t)))

\ _/
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FO-MLTL Quantifier Elimination

:SChEd(t) —> <>[(),3]EX€C(t)

(Sched(ty) — QpozExec(ty) Al |(Sched(ty) = OpoziExec(ty)) Al |(Sched(ty) = o ziExec(ty)) A| |(Sched(ty) — OpoaiExec(ty)) A
(Sched(t)) — Qpo3Exec(t))) (Sched(t)) = Qpo3Exec(t))) (Sched(t)) — Qpo3Exec(t))) (Sched(t)) — (o 3Exec(t)))

(Quantifier-free) MLTL formulas )

IOWA STATE UNIVERSITY Department of Computer Science | 77



FO-MLTL Quantifier Elimination

:Sched(t) —> <>[(),3]EX€C(t)

(Sched(ty) — QpoaExec(ty) Al [(Sched(ty) = Oy ziExec(ty)) A| |(Sched(ty) — OposExec(ty)) Al |(Sched(ty) —
(Sched(t)) — 0[0’3]Exec(tl)) (Sched(t)) — 0[0’3]Exec(tl)) (Sched(t)) — 0[0’3]Exec(t1))

(Quantifier-free) MLTL formulas )

Can monitor using R2U2!
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FO-MLTL Quantifier Elimination

:Sched(t) —> <>[(),3]EX€C(t)

(Sched(ty) — QpoaExec(ty) Al [(Sched(ty) = Oy ziExec(ty)) A| |(Sched(ty) — OposExec(ty)) Al |(Sched(ty) —
(Sched(t)) — 0[0’3]Exec(tl)) (Sched(t)) — 0[0’3]Exec(tl)) (Sched(t)) — 0[0’3]Exec(t1))

(Quantifier-free) MLTL formulas )

Can monitor using R2U2!***
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R2U2 + C2PO Approach

(e |  Generate N\ Monitor | £2%

h
IIIII
task_id: int; [
task_in_sched, task_exec: bool;
EEEEEE I n
task := Task( ]
task_id,
i d

eeeeeeeee

Formalig

FFFFFF
task.id < 100; v
\ task.in_sched — F[0,3] task.exy
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R2U2 + C2PO Approach

.bin
doesn’t fit...

Formg N\ Monitor Rev?

bin| — || “F
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R2U2 + C2PO Approach

.bin
doesn’t fit...

Formg N\ Monitor Rev?

bin| — || “F
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How does R2U2 Encode MLTL? [18]

N Monitor R
oz P Aljsig —2|bin|—|{
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How does R2U2 Encode MLTL? [18]

[\ Monitor o
03P AOpsg ~——2 (B) (B - > bin| —m> %
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How does R2U2 Encode MLTL? [18]
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How does R2U2 Encode MLTL? [18]
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How does R2U2 Encode MLTL? [18]
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How does R2U2 Encode MLTL? [18]
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How does R2U2 Encode MLTL? [18]

|
BN Co:  Cos
i <0

> Reduce number of nodes

| buffer | ~ upper bounds of siblings
> Reduce sum of upper bounds
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MLTL Rewrite Rules

Lo, 312 AUo, 519
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MLTL Rewrite Rules

Lo, 312 AUo, 519

Share the interval [0,3]
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MLTL Rewrite Rules

10,31¢

—

[0,01P N

Llio,31PAUo, 519

10,219

Factor out common interval
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MLTL Rewrite Rules

Lo, 317 AL
—

[0,3] 0.219)

00/ P =P

514

9
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MLTL Rewrite Rules

Lo, 312 AU, 519
—

0,31 AL,219
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MLTL Rewrite Rules

o1 ]2[3]als
EENZuTEivas - | |
ENE

0,31 AL,219
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MLTL Rewrite Rules

o1 ]2[3]als
EENZuTEivas - | |

o123 4|5
0.312AUo.219 ERNEEEEE S
o |
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MLTL Rewrite Rules

0,512 AU, 519 = 10,219
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MLTL Rewrite Rules

o, 31P A

0,59 =

IOWA STATE UNIVERSITY

10,219
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MLTL Rewrite Rules
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MLTL Rewrite Rules
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MLTL Rewrite Rules

IOWA STATE UNIVERSITY Department of Computer Science | 101



MLTL Rewrite Rules
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MLTL Rewrite Rules
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MLTL Rewrite Rules
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MLTL Rewrite Rules
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MLTL Rewrite Rules
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MLTL Rewrite Rules

IOWA STATE UNIVERSITY Department of Computer Science | 107



MLTL Rewrite Rules

IOWA STATE UNIVERSITY Department of Computer Science | 108



MLTL Rewrite Rules

Llio,31P AU, 59 =
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MLTL Rewrite Rules [19]

Oty 01Ot ug) @ Qltr,u1] Qo ua) @ (R1)
Ll I1+12,u1+us)P Qpt

[11—13,11-1—113]99 V 0[12—13_112—11.3]1/)) (R‘2)

where I3 = min(ly,ls),uz = l3 + min(uy — l1,us — lz),l3 < ug

Ij[a,a,]<>[l,u]‘/9 = <>[l+a,u+a]90 O[I,U][j[a,a]()o — <>[l+a,u+a]90

(R3)
O[a,a]D[l,u]SO — D[l+a,u+a]90 D[l,u]o[a,a,]‘p — D[l—l—a,u-{—a](p
Ui ] A u)? 2 Ui sl Oun]® V Qllo,ua)® 2 Oty u0] P (R4)
where [} < ls < uy + 1, u3 = mazx(uy, u2)
Ui a)? VY U0 = Uitoua]® Otr,ua]P A Qo ua]® F Ot ua] P (R5)
where |1 <[y < us < uy
Oja,a) (¢ U U) — (Ca.a)?) U] (Baa¥) = (R6)
P u[l—+—a.u+a] (4 P u[l+a,u+a] (%
(P1 Upuy) P2) A (93 Upuy) p2) = (01 A 03) Uppuy) P2 (R7)

where | < u1,l < us,u; < us

@ Uty uy) O0,u1? = Oy ti4u2)® 2 Uty ] Qpo,us]® = Oty taug)e (R8)
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How to apply rewrite rules algorithmically?

> Order of rewrites matter — applying one rule may disable the
application of another.
> Assume R, disables R;
> R{ — R,
> Ry — R; — R
>
> Classic problem in program optimization [20]

> Solution: Equality Saturation [21]
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MLTL Equality Saturation

Lo, 31 AUo,519
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MLTL Equality Saturation 0.31P NUo.519

IOWA STATE UNIVERSITY Department of Computer Science | 113



MLTL Equality Saturation 0.31P NUo.519
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MLTL Equality Saturation 0.31P NUo.519
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[0.31P ANUo,514
MLTL Equality Saturaton  => [0 31(T;0.012 A T 0.219)

IOWA STATE UNIVERSITY Department of Computer Science | 116



MLTL Equality Saturaton  => [0 31(T;0.012 A T 0.219)
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MLTL Equality Saturation
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MLTL Equality Saturation

«Saturated”
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MLTL Equality Saturation

«Saturated”

All equivalent formulas
to orig. are here
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MLTL Equality Saturation

Extraction
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MLTL Equality Saturation

Extraction

Pick cheapest node
from each class
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MLTL Equality Saturation

Extraction

Pick cheapest node
from each class
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MLTL Equality Saturation

Extraction

Pick cheapest node
from each class
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MLTL Equality Saturation

Extraction

Pick cheapest node
from each class
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MLTL Equality Saturation

. :
Extraction 54 j

Pick cheapest node
from each class ] '
1N
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MLTL Equality Saturation
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MLTL Equality Saturation Implementation

N
( £ ) C2PO “ ( Poptim } ’G(Sﬁ — Spoptz‘mD [23]
i / equiv
é ~_w» unknown
egelog egglog a2 e—grap@ [29] WAS —» not equiv

Equality Saturation (Optional) Validation
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MLTL Equality Saturation Results (Random)

[] ‘ Random [i:‘l]

1,500 | ¥ Random-0 [[23]
=
= 1,000 | -
3
EF
=
500 |- -

0 “"“‘_I_I_l_" 1 | | | | l

TT1 TP,
0 10 20 30 40 50 60 70 80 90 100
% Bufter Slots Removed
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MLTL Equality Saturation Results (Random)

pd
[

@ 0O @ |
HES

# Formulas

C

100
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MLTL Equality Saturation Results (Random)

— * [is]
14 9 Buffer Slots Removed = 1 — 17—3 ~ 46 % \% [23]
@ 0O @ |
*[Oua ) |

pd
[

# Formulas

C

100
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MLTL Equality Saturation Results (Random)

[] ‘ Random [i:‘l]

1,500 | ¥ Random-0 [[23]
=
= 1,000 | -
3
EF
=
500 |- -

0 “"“‘_I_I_l_" 1 | | | | l

TT1 TP,
0 10 20 30 40 50 60 70 80 90 100
% Bufter Slots Removed
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MLTL Equality Saturation Results (Random)

[] ‘ Random [i:‘l]

1,500 | ¥ Random-0 [[23]
=
= 1,000 | -
3
EF
=
500 |- -

0 “"“‘ul[llulu.i...- o | | | | Vs
0 10 20 30 40 50 60 70 80 95\&30

% Buftfer Slots Removed
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MLTL Equality Saturation Results (Human Authored)

B Boeing WBS |[24]
B NASA ATC |[25]
100 | ® U™ 6]

FMSD17 |[27]
B Rvi4 [28]

# Formulas
Ot
S

|

|

0 10 20 30 40 50 -6() 70 80 90 100
% Bufter Slots Removed
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MLTL Equality Saturation Results (Human Authored)

X I I

B Boeing WBS |[24]
50 B NASA ATC |[25]
B UTM [26]

< FMSD17 |[27]
= B RVU4 [28]
o
= 10 | 3
3t
LLI I [ I I | | | | | | |
¥ 1

0 20 30 40 50 60 70 80 90 100
% Bufter Slots Removed

*** < 19 reduction omitted
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MLTL Equality Saturation Results (Human Authored)

~35% Average Reduction

| | | — ;

4)

20 |- NASA ATC |[25]

B UTM [26]

E FMSD17 |[27]

= B Rvi4 |[28]
o

= 10 | )
S
LLI I I I I | |I | | | | |
0 1

0 20 30 40 50 60 70 80 90 100
% Bufter Slots Removed

*** < 19 reduction omitted
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R2U2 + C2PO Approach

.bin
doesn’t fit...

Formg N\ Monitor R2U2

bin| — || “F
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R2U2 + C2PO Approach

.bin
doesn’t fit...

Formg N\ Monitor R2U2

bin| — || “F
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R2U2 + C2PO Approach

Monitor R

B!
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R2U2 + C2PO Approach
You'’re

welcome!
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Questions?

> C2PO
> Optimized encoding of MLTL monitors for R2U2 PN =
> FO-MLTL . ' [8%

A %

ol
Ofy

> First-order MLTL over bounded dynamic sets
> MLTL Optimizations

> Rewrite Rules @

> Equality saturation via EgglLog
> Future Directions

> Implement FO-MLTL in R2U2

> More rewrites!

.

r2u2.temporallogic.org
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