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SPECIFYING AND OPTIMIZING MONITOR ENCODINGS

Dynamic Set Reasoning
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Sam the Satellite Engineer

Sam
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[2]Sam

Stuff happens

Sam the Satellite Engineer
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[2]Sam

Stuff happens

How to detect and diagnose “stuff”? 

Sam the Satellite Engineer
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[2]Sam
[4]

Sam the Satellite Engineer

How to detect and diagnose “stuff”? 
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[2]Sam

Monitor

Runtime 
data

Sam the Satellite Engineer

How to detect and diagnose “stuff”? 
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How does Sam implement a monitor?

Monitor
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Monitor

Code

How does Sam implement a monitor?
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Monitor

Code

How does Sam implement a monitor?
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Monitor

Code

How does Sam implement a monitor?

Re-certification

Opaque
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Runtime Verification (RV) Approach

Temporal Logic

Automata

LOLA [5]
Monitor

Formalize Generate



Department of Computer Science 12

Runtime Verification (RV) Approach

Temporal Logic

Automata

LOLA [5]
Monitor

Formalize Generate

What to use?
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Which RV tool to use?

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

Realizable
Responsive 
Unobtrusive
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Which RV tool to use?

Realizable

Responsive 
Unobtrusive

Use bounded, little resources

Adapt to new specifications without re-compilation
Expressive, intuitive specification language 

Sam’s constraints (embedded, real-time, safety-critical): 
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Which RV tool to use?

Unobtrusive

Realizable

Runs continuously

Provides results as soon as available

Responsive 

Use bounded, little resources

Adapt to new specifications without re-compilation
Expressive, intuitive specification language 

Sam’s constraints (embedded, real-time, safety-critical): 
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Which RV tool to use?

Unobtrusive

Realizable

Does not impact certifiability/functionality/behavior
Black box

Responsive 

Use bounded, little resources

Adapt to new specifications without re-compilation
Expressive, intuitive specification language 

Runs continuously

Provides results as soon as available

Sam’s constraints (embedded, real-time, safety-critical): 
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Which RV tool to use?

Realizable
Responsive 
Unobtrusive
Unit

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

Perfect!
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Temporal Logic

Automata

LOLA [5]
Monitor

Formalize Generate

R2U2 Approach



Department of Computer Science 19

R2U2 Approach

Formalize Generate
MonitorMission-time LTL
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R2U2 Approach

Formalize Generate
Monitor

Mission-time LTL

(schedtask) → (◊[0,3]exectask)

“If ‘task’ is in the scheduler, ‘task’ shall 
execute within 3 seconds ”

(MLTL) [16]
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R2U2 Approach

Formalize Generate
MonitorMission-time LTL

Re-work motivation!

Mission-time LTL
(MLTL) [16]

(schedtask) → (◊[0,3]exectask)

“If ‘task’ is in the scheduler, ‘task’ shall 
execute within 3 seconds ”

Propositions
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R2U2 Approach

Formalize Generate
MonitorMission-time LTL

Re-work motivation!

Mission-time LTL
(MLTL) [16]

(schedtask) → (◊[0,3]exectask)

“If ‘task’ is in the scheduler, ‘task’ shall 
execute within 3 seconds ”

Logical connectives ( )→ , ¬, ∧ , ∨
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R2U2 Approach

Formalize Generate
MonitorMission-time LTL

Re-work motivation!

Mission-time LTL
(MLTL) [16]

(schedtask) → (◊[0,3]exectask)

“If ‘task’ is in the scheduler, ‘task’ shall 
execute within 3 seconds ”

Future-time, bounded ops
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R2U2 Approach

Formalize Generate
MonitorMission-time LTL
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R2U2 Approach

Formalize

.binMission-time LTL

Generate Monitor
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R2U2 Approach

Formalize

.bin

Mission-time LTL

Generate Monitor
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R2U2 Approach

Formalize

.bin
Generate Monitor

.bin

Mission-time LTL
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R2U2 Approach

Formalize

.bin
Generate Monitor

.bin

Mission-time LTL

Formalizing 
is hard…
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R2U2 + C2PO Approach

Formalize Monitor

.bin

Configuration  
Compiler for  
Property  
Organization 
(C2PO) [17]

Generate

High-level 
language

.bin
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R2U2 + C2PO Approach

Formalize Monitor

.bin

Generate

“If ‘task’ is in the scheduler, ‘task’ 
shall execute within 3 seconds ”

.bin

Configuration  
Compiler for  
Property  
Organization 
(C2PO) [17]

High-level 
language
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C2PO Input Language [17]

“If ‘task’ is in the scheduler, ‘task’ 
shall execute within 3 seconds ”
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C2PO Input Language [17]

“If ‘task’ is in the scheduler, ‘task’ 
shall execute within 3 seconds ”
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C2PO Input Language [17]

“If ‘task’ is in the scheduler, ‘task’ 
shall execute within 3 seconds ”
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Sam’s Specification Revisited

?

“If ‘task’ is in the scheduler, ‘task’ shall 
execute within 3 seconds ”
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“If ‘task’ is in the scheduler, ‘task’ shall 
execute within 3 seconds ”

Every task in the scheduler

37

Sam’s Specification Revisited

Aha!
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“If ‘task’ is in the scheduler, ‘task’ shall 
execute within 3 seconds ”

38

Sam’s Specification Revisited

∀t :Sched(t) → ◊[0,3]Exec(t)□
Aha! Formalize

Every task in the scheduler
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“If ‘task’ is in the scheduler, ‘task’ shall 
execute within 3 seconds ”

39

Sam’s Specification Revisited

∀t :Sched(t) → ◊[0,3]Exec(t)□

Formalize

Every task in the scheduler

Can’t use R2U2

😢
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“If ‘task’ is in the scheduler, ‘task’ shall 
execute within 3 seconds ”

40

Sam’s Specification Revisited

∀t :Sched(t) → ◊[0,3]Exec(t)□

Formalize

Every task in the scheduler

Can’t use R2U2

😢

…or can she?
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“If ‘task’ is in the scheduler, ‘task’ shall 
execute within 3 seconds ”

41

Sam’s Specification Revisited

∀t :Sched(t) → ◊[0,3]Exec(t)□

Formalize

Every task in the scheduler

Can’t use R2U2

😢

…or can she?
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∀t : Sched(t) → ◊[0,3]Exec(t)
“Every task in the scheduler shall execute within 3 seconds”  

Patterns in Sam’s Requirements

□
“All active sensors shall…”  
“Each request in the queue shall…”  
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∀t : Sched(t) → ◊[0,3]Exec(t)
“Every task in the scheduler shall execute within 3 seconds”  

□
“All active sensors shall…”  
“Each request in the queue shall…”  

Guarded quantifiers:
∀x : Set(x) → Φ
∃x : Set(x) ∧ Φ

Patterns in Sam’s Requirements
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time and has a bounded cardinality 

Patterns in Sam’s Requirements
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∀t : Sched(t) → ◊[0,3]Exec(t)
“Every task in the scheduler shall execute within 3 seconds”  

□
“All active sensors shall…”  
“Each request in the queue shall…”  

Guarded quantifiers:
∀x : Set(x) → Φ
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∀t : Sched(t) → ◊[0,3]Exec(t)
“Every task in the scheduler shall execute within 3 seconds”  

□
“All active sensors shall…”  
“Each request in the queue shall…”  

Guarded quantifiers:
∀x : Set(x) → Φ
∃x : Set(x) ∧ Φ

Require 
|Sched | ≤ max(Sched)

Bounded Dynamic Set: A set that changes over 
time and has a bounded cardinality 

Patterns in Sam’s Requirements
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∀t : Sched(t) → ◊[0,3]Exec(t)
“Every task in the scheduler shall execute within 3 seconds”  

□
“All active sensors shall…”  
“Each request in the queue shall…”  

Guarded quantifiers:
∀x : Set(x) → Φ
∃x : Set(x) ∧ Φ

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

Patterns in Sam’s Requirements
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∀t : Sched(t) → ◊[0,3]Exec(t)

 Quantifier EliminationFO-MLTL
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∀t : Sched(t) → ◊[0,3]Exec(t)

⋀
i∈[0, max(Sched)−1]

(Sched(ti) → ◊[0,3]Exec(ti))

Unroll

 Quantifier EliminationFO-MLTL
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∀t : Sched(t) → ◊[0,3]Exec(t)

⋀
i∈[0, max(Sched)−1]

(Sched(ti) → ◊[0,3]Exec(ti))

Unroll

∧ |Sched | ≤ max(Sched)
Cardinality Constraint

 Quantifier EliminationFO-MLTL
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∀t : Sched(t) → ◊[0,3]Exec(t)

⋀
i∈[0, max(Sched)−1]

(Sched(ti) → ◊[0,3]Exec(ti))

Unroll

 Quantifier EliminationFO-MLTL
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Unroll

(Sched(t0) → ◊[0,3]Exec(t0)) ∧
(Sched(t1) → ◊[0,3]Exec(t1))

∀t : Sched(t) → ◊[0,3]Exec(t)

max(Sched) = 2

 Quantifier EliminationFO-MLTL
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Unroll

(Sched(t0) → ◊[0,3]Exec(t0)) ∧
(Sched(t1) → ◊[0,3]Exec(t1))

Need to assign meaning

∀t : Sched(t) → ◊[0,3]Exec(t)

 Quantifier EliminationFO-MLTL
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Unroll

(Sched(t0) → ◊[0,3]Exec(t0)) ∧
(Sched(t1) → ◊[0,3]Exec(t1))

∀t : Sched(t) → ◊[0,3]Exec(t)

ASched:

 Quantifier EliminationFO-MLTL
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A
55

Unroll

(Sched(t0) → ◊[0,3]Exec(t0)) ∧
(Sched(t1) → ◊[0,3]Exec(t1))

∀t : Sched(t) → ◊[0,3]Exec(t)

Sched:

Arbitrarily assign

 Quantifier EliminationFO-MLTL



Department of Computer Science 56

Unroll

(Sched(A) → ◊[0,3]Exec(A)) ∧
(Sched(t1) → ◊[0,3]Exec(t1))

∀t : Sched(t) → ◊[0,3]Exec(t)

Sched: A

 Quantifier EliminationFO-MLTL
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A
57

Unroll

(Sched(A) → ◊[0,3]Exec(A)) ∧
(Sched(t1) → ◊[0,3]Exec(t1))

∀t : Sched(t) → ◊[0,3]Exec(t)

Sched:

 Quantifier EliminationFO-MLTL
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Unroll

(Sched(A) → ◊[0,3]Exec(A)) ∧
(Sched( ⊥ ) → ◊[0,3]Exec( ⊥ ))

∀t : Sched(t) → ◊[0,3]Exec(t)

Sched: A

 Quantifier EliminationFO-MLTL
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Unroll

(Sched(A) → ◊[0,3]Exec(A)) ∧
(Sched( ⊥ ) → ◊[0,3]Exec( ⊥ ))

∀t : Sched(t) → ◊[0,3]Exec(t)

Sched:

Always False

A

 Quantifier EliminationFO-MLTL
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Unroll

(Sched(A) → ◊[0,3]Exec(A)) ∧
(Sched( ⊥ ) → ◊[0,3]Exec( ⊥ ))

∀t : Sched(t) → ◊[0,3]Exec(t)

Sched:

Vacuously True

A

 Quantifier EliminationFO-MLTL
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Unroll

(Sched(A) → ◊[0,3]Exec(A)) ∧
(Sched( ⊥ ) → ◊[0,3]Exec( ⊥ ))

∀t : Sched(t) → ◊[0,3]Exec(t)

Sched:

Vacuously True

A Changes over time

 Quantifier EliminationFO-MLTL
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0 1 2 3 4

62

(Sched(t0) → ◊[0,3]Exec(t0))
(Sched(t1) → ◊[0,3]Exec(t1))

∧
Unroll

∀t : Sched(t) → ◊[0,3]Exec(t)

Sched

 Quantifier EliminationFO-MLTL
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0 1 2 3 4

63

(Sched(t0) → ◊[0,3]Exec(t0))
(Sched(t1) → ◊[0,3]Exec(t1))

∧
Unroll

∀t : Sched(t) → ◊[0,3]Exec(t)

Sched

 Quantifier EliminationFO-MLTL
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0 1 2 3 4

64

(Sched(t0) → ◊[0,3]Exec(t0))
(Sched(t1) → ◊[0,3]Exec(t1))

∧
Unroll

∀t : Sched(t) → ◊[0,3]Exec(t)

Sched A A B C D E

 Quantifier EliminationFO-MLTL
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0 1 2 3 4

65

Unroll

∀t : Sched(t) → ◊[0,3]Exec(t)

Sched

(Sched(A) → ◊[0,3]Exec(A))
(Sched( ⊥ ) → ◊[0,3]Exec( ⊥ ))

∧

A A B C D E

 Quantifier EliminationFO-MLTL
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0 1 2 3 4

66

Unroll

∀t : Sched(t) → ◊[0,3]Exec(t)

Sched

(Sched(A) → ◊[0,3]Exec(A))
(Sched(B) → ◊[0,3]Exec(B))

∧

A A B C D E

 Quantifier EliminationFO-MLTL
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0 1 2 3 4

67

Unroll

∀t : Sched(t) → ◊[0,3]Exec(t)

Sched A A B C D E

(Sched( ⊥ ) → ◊[0,3]Exec( ⊥ ))
(Sched( ⊥ ) → ◊[0,3]Exec( ⊥ ))

∧

 Quantifier EliminationFO-MLTL
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(Sched(t0) → ◊[0,3]Exec(t0))
(Sched(t1) → ◊[0,3]Exec(t1))

∧
Unroll

∀t : Sched(t) → ◊[0,3]Exec(t)

Instantiate 

(Sched(A) → ◊[0,3]Exec(A))
(Sched( ⊥ ) → ◊[0,3]Exec( ⊥ ))

∧ (Sched(A) → ◊[0,3]Exec(A))

(Sched(B) → ◊[0,3]Exec(B))
∧ (Sched( ⊥ ) → ◊[0,3]Exec( ⊥ ))

(Sched( ⊥ ) → ◊[0,3]Exec( ⊥ ))
∧ …

 Quantifier EliminationFO-MLTL
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(Sched(t0) → ◊[0,3]Exec(t0))
(Sched(t1) → ◊[0,3]Exec(t1))

∧
Unroll

∀t : Sched(t) → ◊[0,3]Exec(t)

(Sched(A) → ◊[0,3]Exec(A))
(Sched( ⊥ ) → ◊[0,3]Exec( ⊥ ))

∧ (Sched(A) → ◊[0,3]Exec(A))

(Sched(B) → ◊[0,3]Exec(B))
∧ (Sched( ⊥ ) → ◊[0,3]Exec( ⊥ ))

(Sched( ⊥ ) → ◊[0,3]Exec( ⊥ ))
∧

Instantiate 

…

MLTL Monitors (       ) .bin

 Quantifier EliminationFO-MLTL
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(Sched(t0) → ◊[0,3]Exec(t0))
(Sched(t1) → ◊[0,3]Exec(t1))

∧
Unroll

∀t : Sched(t) → ◊[0,3]Exec(t)

(Sched(A) → ◊[0,3]Exec(A))
(Sched( ⊥ ) → ◊[0,3]Exec( ⊥ ))

∧ (Sched(A) → ◊[0,3]Exec(A))

(Sched(B) → ◊[0,3]Exec(B))
∧ (Sched( ⊥ ) → ◊[0,3]Exec( ⊥ ))

(Sched( ⊥ ) → ◊[0,3]Exec( ⊥ ))
∧

Instantiate 

…

MLTL Monitors (       ) .bin

How many? 

 Quantifier EliminationFO-MLTL
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0 1 2 3 4

71

Unroll

∀t : Sched(t) → ◊[0,3]Exec(t)

Sched

(Sched(A) → ◊[0,3]Exec(A))
(Sched( ⊥ ) → ◊[0,3]Exec( ⊥ ))

∧

A A B C D E

Will know answer by time 3

 Quantifier EliminationFO-MLTL
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0 1 2 3 4

72

Unroll

∀t : Sched(t) → ◊[0,3]Exec(t)

Sched

(Sched(A) → ◊[0,3]Exec(A))
(Sched( ⊥ ) → ◊[0,3]Exec( ⊥ ))

∧

A A B C D E

(Sch ed(A) → ◊[0,3]Exec (A))

(Sched( ⊥ ) → ◊[0,3]Exec( ⊥ ))

∧ (Sched(A) → ◊[0,3]Exec(A))

(Sched(B) → ◊[0,3]Exec(B))

∧ (Sch ed( ⊥ ) → ◊[0,3]Exec ( ⊥ ))

(Sch ed( ⊥ ) → ◊[0,3]Exec ( ⊥ ))

∧ (Sch ed( ⊥ ) → ◊[0,3]Exec ( ⊥ )) ∧

(Sched(C ) → ◊[0,3]Exec(C ))

 Quantifier EliminationFO-MLTL
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0 1 2 3 4

73

Unroll

∀t : Sched(t) → ◊[0,3]Exec(t)

Sched

(Sched(A) → ◊[0,3]Exec(A))
(Sched( ⊥ ) → ◊[0,3]Exec( ⊥ ))

∧

A A B C D E

(Sch ed(A) → ◊[0,3]Exec (A))

(Sched( ⊥ ) → ◊[0,3]Exec( ⊥ ))

∧ (Sched(A) → ◊[0,3]Exec(A))

(Sched(B) → ◊[0,3]Exec(B))

∧ (Sch ed( ⊥ ) → ◊[0,3]Exec ( ⊥ ))

(Sch ed( ⊥ ) → ◊[0,3]Exec ( ⊥ ))

∧ (Sch ed( ⊥ ) → ◊[0,3]Exec ( ⊥ )) ∧

(Sched(C ) → ◊[0,3]Exec(C ))

 Quantifier EliminationFO-MLTL
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0 1 2 3 4

74

Unroll

∀t : Sched(t) → ◊[0,3]Exec(t)

Sched

(Sched(A) → ◊[0,3]Exec(A))
(Sched( ⊥ ) → ◊[0,3]Exec( ⊥ ))

∧

A A B C D E

(Sch ed(A) → ◊[0,3]Exec (A))

(Sched( ⊥ ) → ◊[0,3]Exec( ⊥ ))

∧ (Sched(A) → ◊[0,3]Exec(A))

(Sched(B) → ◊[0,3]Exec(B))

∧ (Sch ed( ⊥ ) → ◊[0,3]Exec ( ⊥ ))

(Sch ed( ⊥ ) → ◊[0,3]Exec ( ⊥ ))

∧ (Sch ed( ⊥ ) → ◊[0,3]Exec ( ⊥ )) ∧

(Sched(C ) → ◊[0,3]Exec(C ))

Re-use this space!

 Quantifier EliminationFO-MLTL
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0 1 2 3 4

75

Unroll

∀t : Sched(t) → ◊[0,3]Exec(t)

Sched

(Sched(A) → ◊[0,3]Exec(A))
(Sched( ⊥ ) → ◊[0,3]Exec( ⊥ ))

∧

A A B C D E

(Sch ed(A) → ◊[0,3]Exec (A))

(Sched( ⊥ ) → ◊[0,3]Exec( ⊥ ))

∧ (Sched(A) → ◊[0,3]Exec(A))

(Sched(B) → ◊[0,3]Exec(B))

∧ (Sch ed( ⊥ ) → ◊[0,3]Exec ( ⊥ ))

(Sch ed( ⊥ ) → ◊[0,3]Exec ( ⊥ ))

∧ (Sch ed( ⊥ ) → ◊[0,3]Exec ( ⊥ )) ∧

(Sched(C ) → ◊[0,3]Exec(C ))

(Sched(D) → ◊[0,3]Exec(D)) ∧

(Sched(E ) → ◊[0,3]Exec(E ))

Re-use this space!
Only need space for 

4 formulas

 Quantifier EliminationFO-MLTL
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∀t : Sched(t) → ◊[0,3]Exec(t)

(Sched(t0) → ◊[0,3]Exec(t0))

(Sched(t1) → ◊[0,3]Exec(t1))
∧ (Sched(t0) → ◊[0,3]Exec(t0))

(Sched(t1) → ◊[0,3]Exec(t1))
∧ (Sched(t0) → ◊[0,3]Exec(t0))

(Sched(t1) → ◊[0,3]Exec(t1))
∧ (Sched(t0) → ◊[0,3]Exec(t0))

(Sched(t1) → ◊[0,3]Exec(t1))
∧

 Quantifier EliminationFO-MLTL
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∀t : Sched(t) → ◊[0,3]Exec(t)

(Sched(t0) → ◊[0,3]Exec(t0))

(Sched(t1) → ◊[0,3]Exec(t1))
∧ (Sched(t0) → ◊[0,3]Exec(t0))

(Sched(t1) → ◊[0,3]Exec(t1))
∧ (Sched(t0) → ◊[0,3]Exec(t0))

(Sched(t1) → ◊[0,3]Exec(t1))
∧ (Sched(t0) → ◊[0,3]Exec(t0))

(Sched(t1) → ◊[0,3]Exec(t1))
∧

(Quantifier-free) MLTL formulas   

 Quantifier EliminationFO-MLTL
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∀t : Sched(t) → ◊[0,3]Exec(t)

(Sched(t0) → ◊[0,3]Exec(t0))

(Sched(t1) → ◊[0,3]Exec(t1))
∧ (Sched(t0) → ◊[0,3]Exec(t0))

(Sched(t1) → ◊[0,3]Exec(t1))
∧ (Sched(t0) → ◊[0,3]Exec(t0))

(Sched(t1) → ◊[0,3]Exec(t1))
∧ (Sched(t0) → ◊[0,3]Exec(t0))

(Sched(t1) → ◊[0,3]Exec(t1))
∧

Can monitor using R2U2!

Yay!

(Quantifier-free) MLTL formulas   

 Quantifier EliminationFO-MLTL
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∀t : Sched(t) → ◊[0,3]Exec(t)

(Sched(t0) → ◊[0,3]Exec(t0))

(Sched(t1) → ◊[0,3]Exec(t1))
∧ (Sched(t0) → ◊[0,3]Exec(t0))

(Sched(t1) → ◊[0,3]Exec(t1))
∧ (Sched(t0) → ◊[0,3]Exec(t0))

(Sched(t1) → ◊[0,3]Exec(t1))
∧ (Sched(t0) → ◊[0,3]Exec(t0))

(Sched(t1) → ◊[0,3]Exec(t1))
∧

Can monitor using R2U2!***

Yay!

(Quantifier-free) MLTL formulas   

 Quantifier EliminationFO-MLTL
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R2U2 + C2PO Approach

Formalize

.bin
MonitorGenerate
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R2U2 + C2PO Approach

Formalize

.bin
MonitorGenerate.bin 

doesn’t fit… 



Department of Computer Science 82

R2U2 + C2PO Approach

Formalize

.bin
MonitorGenerate.bin 

doesn’t fit… 

82

Optimize!
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How does R2U2 Encode MLTL? [18]

□ .bin
Monitor

□[0,3] p ∧ □[0,5]q
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□ .bin
Monitor∧

q

□[0,5]

p

□[0,3]□[0,3] p ∧ □[0,5]q

How does R2U2 Encode MLTL? [18]
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∧

q

□[0,5]

p

□[0,3]

How does R2U2 Encode MLTL? [18]
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∧

q

□[0,5]

p

□[0,3]

How does R2U2 Encode MLTL? [18]
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∧

q

□[0,5]

p

□[0,3]

How does R2U2 Encode MLTL? [18]
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∧

q

□[0,5]

p

□[0,3]

How does R2U2 Encode MLTL? [18]
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upper bounds of siblings|buffer | ∼ Reduce number of nodes

Reduce sum of upper bounds

∧

q

□[0,5]

p

□[0,3]

How does R2U2 Encode MLTL? [18]
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MLTL Rewrite Rules

□[ , ] p ∧ □[ , ]q0 3 0 5
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MLTL Rewrite Rules

0□[ , ] p ∧ □[ , ]q3 0 5

Share the interval [0,3]
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MLTL Rewrite Rules

□[ , ] (□[ , ]p ∧ □[ , ]q)0 20 3 0 0

⇒

Factor out common interval

0□[ , ] p ∧ □[ , ]q3 0 5
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MLTL Rewrite Rules

□[ , ] p ∧ □[ , ]q0 3 0 5

□[ , ] (□[ , ]p ∧ □[ , ]q)0 20 3 0 0

⇒

□[0,0] p ≡ p
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MLTL Rewrite Rules

□[ , ] p ∧ □[ , ]q0 3 0 5

□[ , ] (p ∧ □[ , ]q)0 20 3

⇒
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MLTL Rewrite Rules

□[ , ] p ∧ □[ , ]q0 3 0 5

□[ , ] (p ∧ □[ , ]q)0 20 3

≡

0 1 2 3 4 5

p

q
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MLTL Rewrite Rules

□[ , ] p ∧ □[ , ]q0 3 0 5

□[ , ] (p ∧ □[ , ]q)0 20 3

≡

0 1 2 3 4 5

p

q

0 1 2 3 4 5

p

q
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MLTL Rewrite Rules

∧

q

□[0,5]

p

□[0,3]

∧

q

□[0,2]p

□[0,3]

⇒□[ , ] p ∧ □[ , ]q0 3 0 5 □[ , ] (p ∧ □[ , ]q)0 20 3
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∧

q

□[0,5]

p

□[0,3]

∧

q

□[0,2]p

□[0,3]

98

MLTL Rewrite Rules

11

⇒□[ , ] p ∧ □[ , ]q0 3 0 5 □[ , ] (p ∧ □[ , ]q)0 20 3
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∧

q

□[0,5]

p

□[0,3]

∧

q

□[0,2]p

□[0,3]

99

MLTL Rewrite Rules

11

6

⇒□[ , ] p ∧ □[ , ]q0 3 0 5 □[ , ] (p ∧ □[ , ]q)0 20 3
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∧

q

□[0,5]

p

□[0,3]

∧

q

□[0,2]p

□[0,3]

100

MLTL Rewrite Rules

11

46

⇒□[ , ] p ∧ □[ , ]q0 3 0 5 □[ , ] (p ∧ □[ , ]q)0 20 3
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∧

q

□[0,5]

p

□[0,3]

∧

q

□[0,2]p

□[0,3]

101

MLTL Rewrite Rules

11

46

1

⇒□[ , ] p ∧ □[ , ]q0 3 0 5 □[ , ] (p ∧ □[ , ]q)0 20 3
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∧

q

□[0,5]

p

□[0,3]

∧

q

□[0,2]p

□[0,3]

102

MLTL Rewrite Rules

11

46

1 13

⇒□[ , ] p ∧ □[ , ]q0 3 0 5 □[ , ] (p ∧ □[ , ]q)0 20 3
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∧

q

□[0,5]

p

□[0,3]

∧

q

□[0,2]p

□[0,3]

103

MLTL Rewrite Rules

11

46

1 13

⇒

1

□[ , ] p ∧ □[ , ]q0 3 0 5 □[ , ] (p ∧ □[ , ]q)0 20 3
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∧

q

□[0,5]

p

□[0,3]

∧

q

□[0,2]p

□[0,3]

104

MLTL Rewrite Rules

11

46

13

⇒

1

3

□[ , ] p ∧ □[ , ]q0 3 0 5 □[ , ] (p ∧ □[ , ]q)0 20 3

1
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∧

q

□[0,5]

p

□[0,3]

∧

q

□[0,2]p

□[0,3]

105

MLTL Rewrite Rules

11

46

1 13

⇒

1

3
1

□[ , ] p ∧ □[ , ]q0 3 0 5 □[ , ] (p ∧ □[ , ]q)0 20 3
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∧

q

□[0,5]

p

□[0,3]

∧

q

□[0,2]p

□[0,3]

106

MLTL Rewrite Rules

11

46

1 13

⇒

1

3
1

1

□[ , ] p ∧ □[ , ]q0 3 0 5 □[ , ] (p ∧ □[ , ]q)0 20 3
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∧

q

□[0,5]

p

□[0,3]

∧

q

□[0,2]p

□[0,3]

107

MLTL Rewrite Rules

11

46

1 13

⇒

1

3
1

1

1

□[ , ] p ∧ □[ , ]q0 3 0 5 □[ , ] (p ∧ □[ , ]q)0 20 3
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∧

q

□[0,5]

p

□[0,3]

∧

q

□[0,2]p

□[0,3]

108

MLTL Rewrite Rules

11

46

1 13

⇒

1

3
1

1

17

□[ , ] p ∧ □[ , ]q0 3 0 5 □[ , ] (p ∧ □[ , ]q)0 20 3



Department of Computer Science

∧

q

□[0,5]

p

□[0,3]

∧

q

□[0,2]p

□[0,3]

109

MLTL Rewrite Rules

11

46

1 13

⇒

1

3
1

1

17

□[ , ] p ∧ □[ , ]q0 3 0 5 □[ , ] (p ∧ □[ , ]q)0 20 3

>



Department of Computer Science 110

MLTL Rewrite Rules [19]
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Order of rewrites matter — applying one rule may disable the 

application of another.

Assume  disables  

…

Classic problem in program optimization [20]

Solution: Equality Saturation [21]

R1 R3

R1 ⟶ R2

R2 ⟶ R3 ⟶ R1

How to apply rewrite rules algorithmically?
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MLTL Equality Saturation

□[ , ] p ∧ □[ , ]q0 3 0 5

∧

q

□[0,5]

p

□[0,3]
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MLTL Equality Saturation

∧

q

□[0,5]

p

□[0,3]

□[ , ] p ∧ □[ , ]q0 3 0 5

EGraph
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MLTL Equality Saturation

∧

q

□[0,5]

p

□[0,3]

□[ , ] p ∧ □[ , ]q0 3 0 5

EGraph

ENode
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MLTL Equality Saturation

∧

q

□[0,5]

p

□[0,3]

□[ , ] p ∧ □[ , ]q0 3 0 5

EGraph

ENode

EClass
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MLTL Equality Saturation

∧

q

□[0,5]

p

□[0,3]

⇒
□[ , ] p ∧ □[ , ]q0 3 0 5

□[ , ] (□[ , ]p ∧ □[ , ]q)0 0 20 3 0
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MLTL Equality Saturation

∧

q

□[0,5]

p

□[0,3]

□[0,3]

∧

□[0,0] □[0,2]

⇒
□[ , ] p ∧ □[ , ]q0 3 0 5

□[ , ] (□[ , ]p ∧ □[ , ]q)0 0 20 3 0
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MLTL Equality Saturation

∧

q

□[0,5]

□[0,3]

□[0,3]

∧

□[0,0]

□[0,2]

p

□[ , ] (p ∧ □[ , ]q)0 20 3⇒
⇒
□[ , ] p ∧ □[ , ]q0 3 0 5

□[ , ] (□[ , ]p ∧ □[ , ]q)0 0 20 3 0
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MLTL Equality Saturation

∧

q

□[0,5]

□[0,3]

□[0,3]

∧

□[0,0]

□[0,2]

p

□[ , ] (p ∧ □[ , ]q)0 20 3⇒
⇒
□[ , ] p ∧ □[ , ]q0 3 0 5

□[ , ] (□[ , ]p ∧ □[ , ]q)0 0 20 3 0

“Saturated”
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MLTL Equality Saturation

∧

q

□[0,5]

□[0,3]

□[0,3]

∧

□[0,0]

□[0,2]

p

□[ , ] (p ∧ □[ , ]q)0 20 3⇒
⇒
□[ , ] p ∧ □[ , ]q0 3 0 5

□[ , ] (□[ , ]p ∧ □[ , ]q)0 0 20 3 0

“Saturated”
All equivalent formulas 
to orig. are here
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MLTL Equality Saturation

∧

q

□[0,5]

□[0,3]

□[0,3]

∧

□[0,0]

□[0,2]

p

□[ , ] (p ∧ □[ , ]q)0 20 3⇒
⇒
□[ , ] p ∧ □[ , ]q0 3 0 5

□[ , ] (□[ , ]p ∧ □[ , ]q)0 0 20 3 0

Extraction
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MLTL Equality Saturation

∧

q

□[0,5]

□[0,3]

□[0,3]

∧

□[0,0]

□[0,2]

p

□[ , ] (p ∧ □[ , ]q)0 20 3⇒
⇒
□[ , ] p ∧ □[ , ]q0 3 0 5

□[ , ] (□[ , ]p ∧ □[ , ]q)0 0 20 3 0

Extraction
Pick cheapest node 
from each class
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MLTL Equality Saturation

∧

q

□[0,5]

□[0,3]

□[0,3]

∧

□[0,0]

□[0,2]

p

□[ , ] (p ∧ □[ , ]q)0 20 3⇒
⇒
□[ , ] p ∧ □[ , ]q0 3 0 5

□[ , ] (□[ , ]p ∧ □[ , ]q)0 0 20 3 0

Extraction
Pick cheapest node 
from each class
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MLTL Equality Saturation

∧

q

□[0,5]

□[0,3]

□[0,3]

∧

□[0,0]

□[0,2]

p

□[ , ] (p ∧ □[ , ]q)0 20 3⇒
⇒
□[ , ] p ∧ □[ , ]q0 3 0 5

□[ , ] (□[ , ]p ∧ □[ , ]q)0 0 20 3 0

Extraction
Pick cheapest node 
from each class
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MLTL Equality Saturation

∧

q

□[0,5]

□[0,3]

□[0,3]

∧

□[0,0]

□[0,2]

p

□[ , ] (p ∧ □[ , ]q)0 20 3⇒
⇒
□[ , ] p ∧ □[ , ]q0 3 0 5

□[ , ] (□[ , ]p ∧ □[ , ]q)0 0 20 3 0

Extraction
Pick cheapest node 
from each class
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MLTL Equality Saturation

∧

q

□[0,5]

□[0,3]

□[0,3]

∧

□[0,0]

□[0,2]

p

□[ , ] (p ∧ □[ , ]q)0 20 3⇒
⇒
□[ , ] p ∧ □[ , ]q0 3 0 5

□[ , ] (□[ , ]p ∧ □[ , ]q)0 0 20 3 0

Extraction
Pick cheapest node 
from each class



Department of Computer Science 127

MLTL Equality Saturation

∧

q

□[0,5]

□[0,3]

□[0,3]

∧

□[0,0]

□[0,2]

p

□[ , ] (p ∧ □[ , ]q)0 20 3⇒
⇒
□[ , ] p ∧ □[ , ]q0 3 0 5

□[ , ] (□[ , ]p ∧ □[ , ]q)0 0 20 3 0

EggLog [22]
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MLTL Equality Saturation Implementation

C2PO

Equality Saturation (Optional) Validation

ω

egglog egglog e-graph

ωoptim ¬(ω → ωoptim)

Z3

equiv

unknown

not equiv

C2PO [23]

[29]
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MLTL Equality Saturation Results (Random)
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MLTL Equality Saturation Results (Random)
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R2U2 + C2PO Approach

Formalize MonitorGenerate

137

.bin 
doesn’t fit… .bin
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R2U2 + C2PO Approach

Formalize MonitorGenerate

138

.bin 
doesn’t fit… .bin

Optimize!



Department of Computer Science 139

R2U2 + C2PO Approach

Formalize MonitorGenerate.bin fits 
now! 

139

.bin

Optimize!
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R2U2 + C2PO Approach

Formalize GenerateThanks, 
C2PO!

140

You’re 
welcome!

Monitor

.bin
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Questions?

C2PO
Optimized encoding of MLTL monitors for R2U2

First-order MLTL over bounded dynamic sets

MLTL Optimizations
Rewrite Rules

Equality saturation via EggLog

Future Directions
Implement FO-MLTL in R2U2

More rewrites!

FO-MLTL

r2u2.temporallogic.org

http://r2u2.temporallogic.org
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