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Introduction to mixed-criticality systems
automated driving passenger entertainment

2
S. Vestal. Preemptive scheduling of multi-criticality systems with varying degrees of execution time assurance. 2007.



Problem statement
All mixed criticality 

systems

Schedulable with given 
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Problem statement
All mixed criticality 

systems

Schedulable with given 
scheduler
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scheduler according to 
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Sporadic dual-criticality systems
Task set 𝜏 = {𝜏1, 𝜏2, ..., 𝜏𝑛}

Task 𝜏i = ⟨⟨Li, Ti, Di, Ci(LO), Ci(HI)⟩⟩

Li : criticality level (LO or HI)

Ti : minimum interarrival time (period) between jobs released sporadically

Di : relative deadline (constrained)

Ci : worst-case execution time (WCET) per criticality level

Single processor
5



Lifecycle of a sporadic dual-criticality system 

At each clock tick:

1. Potential job release
2. Scheduling
3. Execution
4. Potential completion signal
5. Possible criticality mode change

Non-deterministic job release and completion signal → multiple scenarios
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Sporadic dual-criticality task chronogram

C(LO) C(HI) D T L

𝜏1 2 3 3 4 HI
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Sporadic dual-criticality task chronogram

C(LO) C(HI) D T L

𝜏1 2 3 3 4 HI: release
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Sporadic dual-criticality task chronogram

Di
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𝜏1 2 3 3 4 HI: release

: absolute deadline
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Sporadic dual-criticality task chronogram

Di

Ti

C(LO) C(HI) D T L

𝜏1 2 3 3 4 HI: release

: absolute deadline

: earliest next arrival time

: execution

: completion signal
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exact scheduling test

Objective of the work
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exact scheduling test

Objective of the work

automaton 
safety check
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task set
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true/false

Theodore P. Baker and Michele Cirinei. 2007. Brute-Force Determination of Multiprocessor Schedulability for Sets of Sporadic Hard-Deadline Tasks.
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exact scheduling test
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state space reduction
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task set

scheduler
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simulation 
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Markus Lindström, Gilles Geeraerts, and Joël Goossens. 2011. A faster exact multiprocessor schedulability test for sporadic tasks.
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sporadic dual-criticality systems
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States of the automaton
C(LO) C(HI) D T L

𝜏1 2 3 3 4 HI
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Criticality (cri)
C(LO) C(HI) D T L

𝜏1 2 3 3 4 HI
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cri

cri LO

HI if a mode change happened, LO otherwise



 

Next Arrival Time (nat)

nat

nat 3

C(LO) C(HI) D T L

𝜏1 2 3 3 4 HI
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Remaining Computing Time (rct) for the current criticality
C(LO) C(HI) D T L

𝜏1 2 3 3 4 HI
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rct

rct 1-

- + C(cri)

+ 2 1



 

States of the automaton
C(LO) C(HI) D T L

𝜏1 2 3 3 4 HI
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cri (rcti, nati)

LO (1, 3)



 

From chronogram to path
C(LO) C(HI) D T L

𝜏1 2 3 3 4 HI
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cri
(rct1, nat1)



 

From chronogram to path
C(LO) C(HI) D T L

𝜏1 2 3 3 4 HI
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cri
(rct1, nat1)

LO
(0, 0)



 

From chronogram to path
C(LO) C(HI) D T L

𝜏1 2 3 3 4 HI
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From chronogram to path
C(LO) C(HI) D T L

𝜏1 2 3 3 4 HI
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From chronogram to path
C(LO) C(HI) D T L

𝜏1 2 3 3 4 HI
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From chronogram to path
C(LO) C(HI) D T L

𝜏1 2 3 3 4 HI
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cri
(rct1, nat1)

LO
(0, 0)
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(1, 3)
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(0, 2)
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(0, 1)

LO
(0, 0)



𝜏1

C(LO) 2

C(HI) 3

D 3

T 4

L HI

From task set and scheduler to automaton
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From task set and scheduler to automaton
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From task set and scheduler to automaton

LO (0, 0)
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LO (0, 2)
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C(LO) C(HI) D T L

𝜏1 2 3 3 4 HI
EDF-VD

SchedulableSafe



Unschedulable task set
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𝜏1 𝜏2

C(LO) 1 2

C(HI) 6 2

D 6 3

T 6 3

L HI LO

EDF-VD



Unschedulable task set
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𝜏1 𝜏2

C(LO) 1 2

C(HI) 6 2

D 6 3
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EDF-VD

Unschedulable

Unsafe



Unschedulable task set
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𝜏1 𝜏2

C(LO) 1 2

C(HI) 6 2

D 6 3

T 6 3

L HI LO

EDF-VD

Unschedulable
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Encountering a deadline miss (with EDF-VD)

LO
(0, 0)
(0, 0)

HI
(3, 1)
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● Both tasks release their job
● No early completion
● EDF-VD schedules 𝜏2 then 𝜏1 

(λ=0.5)

C(LO) C(HI) D T L

𝜏1 1 6 6 6 HI

𝜏2 2 2 3 3 LO

EDF-VD



Encountering a deadline miss (with EDF-VD)
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at deadline
time to deadline (ttd) = nat-T+D
ttd = 0-6+6 = 0

not fully executed
rct > 0

deadline miss
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State space exponential on the number of tasks
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1 task 2 tasks

𝜏1 𝜏2
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Encountering a deadline miss (with EDF-VD)
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Can an oracle predict a future deadline miss?



Necessary condition to predict deadline miss (oracle)
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necessary condition
laxity ≥ 0

laxity = ttd - rct 
laxity = 3-5 
laxity = -2 < 0

(future) deadline miss



Predicting the deadline miss earlier?

LO
(0, 0)
(0, 0)

HI
(3, 1)
(0, 0)

LO
(1, 5)
(1, 2)

LO
(1, 4)
(0, 1)

HI
(4, 2)
(0, 0)

HI
(2, 0)
(0, 0)

50

Can another oracle predict a future deadline miss even earlier?

HI
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(0, 0)



Anticipating a future mode change for a stronger oracle
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necessary condition
worst laxity ≥ 0

worst laxity = laxity - (C(HI)-C(LO))
worst laxity = 4 - (6-1) < 0
worst laxity = 4 - 5 < 0
worst laxity = -1 < 0

(future) deadline miss



Oracles’ impact on unschedulable task sets
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Paper only oracles’ impact on unschedulable task sets
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state B simulates state C

A simulation relation is a relationship between states
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A B

C

sim
ulates



Simulation implies:

1. Can reach all states

Implication of the simulation relation
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Simulation implies:

1. Can reach all states
2. Or a state simulating 

it

Implication of the simulation relation
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Simulation implies:

1. Can reach all states
2. Or a state simulating 

it
3. Simulated fail states 

remains fail states

Implication of the simulation relation
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Simulation implies:

1. Can reach all states
2. Or a state simulating 

it
3. Simulated fail states 

remains fail states

Do not explore simulated states and reduce state space
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Some states are simulated by the idle state
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Some states are simulated by the idle state
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Idle tasks simulation

simulates
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≥==

cri (rcti, nati)

LO (0, 0)

LO (0, 2)

● Same criticality
● Task has no active jobs
● Next arrival time is sooner



Idle tasks simulation

simulates
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cri (rcti, nati)

LO (2, 2)

LO (2, 3)

● Same criticality
● Active tasks are identical



Idle tasks simulation

simulates
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≥ === =

cri (rcti, nati)

LO (1, 2) (0, 3) … (1, 1)

LO (1, 2) (0, 6) … (1, 1)

● Same criticality
● Active tasks are identical
● Idle task can release earlier



Simulated states can be omitted from the exploration
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Simulated states can be omitted from the exploration
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Idle tasks simulation impact on exploration duration
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Assessing the schedulability for varying utilisation
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Quantifying the pessimism of sufficient tests
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Empirical scheduler evaluation
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Real time community knowledge

Formal verification 
techniques

Framework applicable to other models

No pessimism and 
scheduler exploration

Explicit model 
formal semantics

https://github.com/simonpicard/mixed-criticality-graph-xp/



Future work

Model extension

● multi-processor
● varying CPU speed
● preemption delay considerations
● arbitrary deadlines

Enhanced scalability

● new oracles
● new simulation relations 
● implement meta transitions

Framework extension

● Feasibility as game on the automaton
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Questions & voting

Model extension

● multi-processor
● varying CPU speed
● preemption delay considerations
● arbitrary deadlines

Enhanced scalability

● new oracles
● new simulation relations 
● implement meta transitions

Framework extension

● Feasibility as game on the automaton
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Backup
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Related work
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Related work (extended, tentative)
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Scalability experiment
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Extended oracle experiment
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Statistics on the number of visited states
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automaton #2

Safety check in an automaton
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automaton #2

Safety check in an automaton
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automaton #2

Scheduling test to automaton safety
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