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Software & Resource Usage

Requirements

: _ * QoS
Services + Availability
* Time « Fault Tolerance
- WCET, Schedulability
* Power Management
Software

* Memory Usage

« Communication Bandwidth
Environment » Costs
BV >
Assumptions
 Timing constraints
* Hybrid, stoc, behaviour
* Arrival rates
—

Execution
Platform
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Self Energy-Supporting
Autonomous Computation

FET Proactive: Minimising Energy
Consumption of Computing to the Limit
(MINECC)




Partners

= AAU: Aalborg University, Denmark = Y e
= RWTH: RWTH Aachen University,
Germany 5 st

= ESI: Embedded Systems Institute, | [
The Netherlands

= INRIA: Institut National de —
Recherche en Informatique et s | | Rl Ry
Automatige, France S

= SAU: Saarbrucken University,
Germany

= UT: University of Twente, The
Netherlands

= GOM: GOMSpace, Denmark

= RS: Recore Systems, The
Netherlands

=  STM: STMicroelectronics, France
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Main Objectives

1. To develop adequate automata based modeling
formalisms to describe a wide range of energy-
related systems, and tailored towards power-aware
optimization.

2. To advance quantitative model-checking techniques
and tools to allow for scalable model-based
guantitative analysis of energy-aware models.

ICT Energy PhD School, Fiuiggi, July 2015



Main Objectives

3. To provide algorithmic and tool support for
automatic synthesis of energy-optimal adaptive and
dynamic energy management strategies.

4. To provide a design exploration method allowing to
analyse the effect of design choices in terms of a
trade-off between energy, performance and
reliability.

5. To experimentally demonstrate the radically
increased scale of systems being energy-wise
selfsupporting ranging based on cases arising from
space missions, streaming applications and
software-defined radios.




Increase by orders of magnitude the scope of
computing systems and applications which are
self-supporting from an energy perspective.

= To arrive at this we will build upon sound modeling
and composition concepts and innovative
quantitative verification technologies, allowing to
optimize energy-efficiency with a trade-off of other
resources (timing, memory).
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Resource Analysis &

Optimization

loop_counter_1 <
loop_bound_1
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TIVE :
QUANTITA Model Checking

edtor [Siradatr]| vrter|

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

VVVVVVVVVVVVVVVVVV

No!
Debugging Information

8| Yes

Requirement : - Prototypes
- Executable Code

Test sequences

A®( req ) Ao, grant)

A‘( req )A}t<303,c<5J grant)
A®(req ) A} . p>0.90 grant)
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Model Checking

E Allen Emerson

Ed Clarke

Joseph Sifakis

}~ |
.

Principles of Model Checking

Christe! Baler amd Joost. Pieter Katoen
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Simulations (1)
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ALW( OFF) EVEN ON)

Simulations (1)
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Discrete
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OFF

0

Probabilistic
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Simulations (1)
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Timed

OFF
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. %% simulate 1 [<-20]{Proc3 ON}
Timed Simulations (1)

. ISISASES ﬂ F -

x<=3

‘ Simulaﬁons (1)

Priced

OFF
x<=3 &&

E'==0.2

E'==1.5

ALW( OFF) EVENg<g g 5090 ON)




)

ON
x<=2 &&
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simulate 10 [<=20]{Proc4.ON,Proc4.T}




UPPAAL Tool Suit

&) C:/Documents and Settings/kg\Deskiop/DESKTOP FEB 2007/UPPAAL fuppaal-4.1.4/demoftrai... [=](E)[K]

Ele

Edit View Tools Options Help
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TEdtor | simulator | verfier

Name: [Train Parameters: [constid_tid

ARy %
UPPSALA ‘ N

UNIVERSITET Cremnt’

x>=3
leave[id]!
Safe Cr
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8006 /Users/adavid/Li ippaal-d: in-g; xml
= - .
[Blal@®]2]¢]ajaja [Bi@ = - = Testin
Editor  Simulator - Verifier:
Overview
E<> Train(0).Cross and (forall (i : id t) i != 0 imply Train(i).Stop) o
L ———
A[] forall (i : id t) forall (j : id_t) Train(i).Cross && Train(j).Cross imp.. (_Check )
A[] Gate.list[N] == 0 ( )

Train(1).Appr --> Train(1).Cross
Train(2).Appr --> Train(2).Cross

(4]
Train(0).Appr --> Train(0).Cross om

0.

o

Query

Insert

Performance

/Al forall (i id_u forall (  id_t) Train(i).Cross & Train().Cross imply i == j

Comment

| Analysis

There is never more than one train crossing the bridge (at
any time instance).

| Optimal Synthesis
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Origin of UPPAAL

CCS & Modal Transition Systems
Refinements
Modal Mu-Calculus
Explicit State Representation
Prolog

UPPAAL
Timed Automata
TCTL

Zones
C++ & Java

EPSILON
TCCS
Timed Refinements
Timed Mu-Calculus
Regions
Prolog<

UP4ALL
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Overview

Timed Automata / UPPAAL
= Verification

. / UPPAAL CORA
= Optimal Scheduling (multicore applications)
= Optimal Infinite Scheduling
= Multi objective optimization

= Schedulability Analysis & Scheduling

= Single Core, Multi Core

= Dynamic voltage Scheduling

= Energy Automata

o Stochastlc Priced Timed Automata / UPPAAL SMC
Statistical Model Checking
= Low Power Medium Access Protocol
= Stochastic Hybrid Automata

Energy-Aware Buildings
= Battery-Aware Scheduling

= Stochastic Priced Timed Games / UPPAAL STRATEGO

= Optimal & Safe Synteses
= Energy-Aware and Optimal Satelitte Scheduling

= Conclusion
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= Timed Automata / UPPAAL
= Verification
= Priced Timed Automata / UPPAAL CORA
= Optimal Scheduling (multicore applications)
= Optimal Infinite Scheduling
= Multi objective optimization

= Schedulability Analysis & Scheduling
= Single Core, Multi Core
= Dynamic voltage Scheduling
= Energy Automata

» Stochastic Priced Timed Automata / UPPAAL SMC
= Statistical Model Checking
= Low Power Medium Access Protocol
= Stochastic Hybrid Automata
= Energy-Aware Buildings
= Battery-Aware Scheduling

= Stochastic Priced Timed Games / UPPAAL STRATEGO

= Optimal & Safe Synteses
= Energy-Aware and Optimal Satelitte Scheduling

= Conclusion







press?

press’? Light
press? Bright

press’?




Synchronizing
action
Reset \

press?
pre\%ﬁ Light ress?  Bright
X<= 3

Clock Guard
preSS'? X>3 Conjunctions of

X~n

X: real-valued
clock

ADD a clock x




press?

pres

x=0

<, Light

press?

Bfight

Xx<=3

press? x>3

States:
( location , x=v) where v2R

Transitions:

delay 4.32
press?
delay 2.51
press?

( Off , x=0)
> ( Off , x=4.32)
- ( Light , x=0)
- ( Light , x=2.51)
- ( Bright , x=2.51)




Invariant
(Henzinger)

x=0 x==100

ng
press? x=0 X<=100)

f _ Bright
X<=3 press’? «<=100
X>3 .
press
X= x==100 | 7 DIesS




Bright
Xx<=100

x=0 x==100
Light
f press? x=0 XS X<=3 press?
>3 x=0
_ __ press”?
x=0 x==100 «=0
Transitions: Note:
( Off , x=0)

delay 4.32
press?
delay 4.51
press?
delay 100

T

2> ( Off , x=4.32)
- ( Light , x=0)

- ( Light , x=4.51)
- ( Light , x=0)

- ( Light , x=100)

> ( Off , x=0)

( Light , x=0) delay 103 >

Invariants
ensures
progress



Intellingent Light Control

Lamp
press?
¢ Light Hot
press? x=0 x>300 press?
x=0
press? X<=300
User
y>=108 Ppress! y=0
~
Rlest sy
y<=240’ y<=106
ky=0 press!
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Train Crossing

)

Safe :Approaching: _ Crossing | Safe

~—

'SR

Safe ZApproachingj Crossing Safe
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Train Crossing

'SR

Safe

~—

)

Safe

| —

i Approaching

: Approaching

Crossing

Crossing

{Stopped J [Reg,tartedl_

.
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Approachinq Crossing

Add timing+ A
synchronization
[ Stopped | {Restarted}

x>=3
leavelid]!

Saﬂa‘l.F‘

apprl[id]!

l () =0
= ..
/

x<=20

x
%
I

~

Stop




Safe ‘<

appr]id]!
x=0
S
Resets
Appr
x<=20
SEMANTICS

(Appr,x=0) -5.2->
( Appr , x=5 2 ) -stop? ->
( Stop, 5.2)

X>=3
leave[id]!

Stop

x=0

Start
x<=15

Cross invariants
X<=5
X>=
x=0 T
Guards

Synchronizations







Logical Specifications

Validation Properties

- Possibly: E<s P The expressions P and

Q must be type safe,
side effect free, and
evaluate to a boolean.

Safety Properties

= |nvariant: All P
= Pos. Inv.: E[] P
Only references to
= Liveness Properties integer variables,
* Eventually: A<> P constants, clocks,
= Leadsto: P> Q

and locations are
Bounded Liveness allowed (and arrays of

= Leads to within: P>, Q these).

4 W
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THE "secret” of UPPAAL

st C:\Users\kgl\Desktop\DESKTOP12\UPPAAL\UPPAAL examples\LCCC2013\SMC\TrainGateCPS14.xml - UPPAAL E‘E‘ﬂ
File Edit View Tools Options Help

PEEREEEILY T

Editor| Simulator l ConcreteSimuIatorl Veriﬁerl Yggdrasil‘

Enabled Transitions 15 °§l Gate [«
go[front()]: Gate — Train(5) | & EHist= 5342 . ——
~Train(4).x € [23,60] @ i
» X ~Train(5).x € [30,65] s B
Next Rese . .
o : __}-Train(0).x - time < -50
e - | §-Train(0).x - Train(1).x € [10,20]
e ) ] ~Train(0).x - Train(2).x € [0,5]
~Train(3).x - Train(0).x € [17,40]
go[front()]: Gate — Train(5 A 7 =

(Safe, Safe, Stop, Stop, Stop, Start, Occ) [ Traln(4).X = Traln(O).X (= [10,35] :
oplOl T — e - ~Train(2).x - Train(1).x € [7,20] i

‘ < I 3

. e rain(2).x - . 20
race File: Train(3).x - Train(5).x € [-5,0]
TR > Next ) Replay Train(4).x - time < -33
] ~Train(4).x - Train(3).x € [-20,0] \eavel1]
[ < Open ][ Save ][ M Random ] Train(5).x - time < -30 — - I

Train(5).x - Train(0).x € [17,40] B

U Train(5).x - Train(4).x < [0,20] (sate) (stop] [Free]

Slow Fast =
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clock y A zone /:
Y
/E

1-x-2
O y-2
x-y.,0

5

2

1

0 —-  Cclock T

®
l
l
0
Theorem

The number of regions is n! - 2" - [[,c0(2¢z + 2).

1 2




(n, 2:x4 A& (n, 2:x /E (n, 2:x A

1-y-3 &£ yx-0 _ 1-y-3 &£ yx-0
Vv A y y-x-0 ) VoA LY/ 3yx0) y A y y-x-0 )

X Delay X Delay (stopwatch)
y (n, x=0 & 1-y:3) Y A (0 2x4FE1Yy ) Y A
L. L2, .
Reset X Extrapolation X Convex Hull




Datastructures for Zones

= Difference Bounded
Matrices (DBMs)

= Minimal Constraint
Form
[RTSS97]

* Clock Difference
Diagrams
[CAV99]

Tru
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= Timed Automata / UPPAAL
= Verification
= Priced Timed Automata / UPPAAL CORA
= Optimal Scheduling (multicore applications)
= Optimal Infinite Scheduling
= Multi objective optimization

= Schedulability Analysis & Scheduling
= Single Core, Multi Core
= Dynamic voltage Scheduling
= Energy Automata

» Stochastic Priced Timed Automata / UPPAAL SMC
= Statistical Model Checking
= Low Power Medium Access Protocol
= Stochastic Hybrid Automata

= Energy-Aware Buildings
= Battery-Aware Scheduling

= Stochastic Priced Timed Games / UPPAAL STRATEGO

= Optimal & Safe Synteses
= Energy-Aware and Optimal Satelitte Scheduling

= Conclusion







|4
_
|

|

Tasks:
Computation times
Deadlines
Dependencies
Arrival patterns
uncertainties

D 4
. 4
D 4
/

Scheduling Principles (OS)
EDF, FPS, RMS, DVS, ..

A A
A

V-
Resources
Execution platform
Energy, Memory
Networks

Drivers
uncertainties

School, Fiuiggi,



Timing Analyses

= Worst Case Analysis:
of execution time, energy,
memory, etc. of an isolated
task.

= Schedulability analysis:
Verify no deadlines are
violated in higher level
SP system for given sched.
princinple

Tasks Res.

= Scheduling:
Assign resources to tasks
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Resource
Idle

use? donel /_

X:= InUse x>=B

K_)._J Task

X<=B

Using Done

use! done?
E&=63H‘I' :>‘I'
- crmemmosaoo sz e[ (L) ) )




Task Graph Scheduling - Example

Compute :
(D*(C*(A+B))+((A+B)+(C*D))

4
using 2 processors

Pl (fast) P2 (slow)

dyéﬂ + | 2ps
:ﬂ\w“‘“ * | 3ps

10 15 20 25

PL[2 [ 73 5 633 pigl ]
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Task Graph Scheduling - Example

Compute :
(D*(C*(A+B))+((A+B)+(C*D))

using 2 processors

Pl (fast) P2 (slow)
+ | 2ps . - + | 5ps
@ * | 3ps * | 7ps
| | | | 1|0 | Jep ' 2|0 ' 25
4 6 |/0Opho.
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Task Graph Scheduling - Example

Compute :
(D*(C*(A+B))+((A+B)+(C*D))

Task4

|dle
D - f_‘(“
use2? done?2! B1=2 B2=5
| | |
X2=0 | juse 7752 I 5 done1? f4=1>'<f4=1 done2"

\,Q_) f T T T T T~~~ T T T 1T
X2<=B2 | "”“iiﬁ;"“‘
]
ot
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Task Graph Scheduling - Example

&) C:\Documents and Settings\kgl\Desktop\DESKTOP FEB 200 7\UPPAALVUPPAAL examples\China 2009\DAY 2 Afternoonitaskgraph-AVACS2010.xml - UPPAAL
File Edit Vew Tools Options Help

Al s Q& e (K@->ve

Task2

donel?  fl= l"

Task3

fl done2? donel?

done2?

done1?

done2?

Task4

donel?

Task5

Taské6

M1

done1?

f6=1

Idle

M2

Idle

| <

T T T T T T4, 57T ]

E<> (Task1.End and

and Task6.End)
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#tasks

#chains

# machines

optimal

437

452

730

1007
1145
1187
1193
1348
1566
1664
1782
1980
2014
2168
2333
2399

125
43
175
66
88
293
124
127
152
101
218
207
141
965
318
303

4
20
10
12
20
8
20
12
12
16
16
19
17
18
3
10

1178
537
700
891
605
1570
629
1163
1340
t.o.
t.o.
1118
1257
1318
8009
2471

z

AMETIST

advanced methods for timed systems

Symbolic A*
Branch-&-Bound
60 sec

Abdeddaim, Kerbaa, Maler




Task Graph Scheduling - Revisited

Compute :
(D*(C*(A+B))+((A+B)+(C*D))

using 2 processors

P1 (fast) P2 (slow)

ENERGY:
10
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Task Graph Scheduling - Revisited

Compute :
(D*(C*(A+B))+((A+B)+(C*D))

using 2 processors

P]. (fast) P2 (slow)

ENERGY:
10

+ | 2ps
>k
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Task Graph Scheduling - Revisited

Compute :

r SN/ (D*(C*(A+B))+((A+B)+(C*D))
Y e
CM1 .

ldle
D use1? done1!

Xx1:=0| InUse | x1==B1 ==
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Observer variable C"

(0,10, 00) =55 (£,[1.9,1.9)) ~o (63,[1.9,0) 30, = 166
(62, [1 9 0]) —>() 1 (62, [2 0. 1]) —7 (64, [2 0. 1])

(4o, [0,0]) =260 (4o, [1.2,1.2]) —¢ (51, 1.2,0]) —0
(43,[1.2,0]) _>80 (£3,[2,0.8]) —1 (44,[2,0.8]) ZC = 15.0




Q: What is cheapest cost for reaching £4 ?

infoci<omin{5 + 10(2 — 1)+ 1.5t +(2—1)+4} =9

=» strategy: leave immediately £y, go to f3, and wait there 2 t.u.




clock y

A zone /:
1-x-2 A
Oy-2 A
x-y,0
2 e
‘ A cost function C
1 @ C(x,y)=
| 2¢x - 1¢y +
0 e ——e-  clock T
0 1 2




Priced Zones - Reset [CAVO1]

REN 2:=0 v
- +O%
clock y
A zone Z:
1-x-2 A
Oy-2 A
x=0 A& x-y.,0
O-y-2 ,
C=1¢y +3 A cost function C
1 Cxy) =
2¢x - 1¢y + 3

C=-1¢y +5
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Symbolic Branch & Bound Algorithm

Cost :1= o0
Passed := ()
Waiting := {(lo, Zo) }
while Waiting # 0 do
select ([, 7Z) from Waiting
if { = [, and minCost(Z) < Cost then
Cost := minCost(2)
If minCost(Z2) + Rem , >
if for all (I, Z’) in Passed: Z/ £
add (I, 7)) to Passed
add all (I', Z") with (I, 2) — (I"', Z")

return Cost

ICT Energy PhD School, Fiuiggi, July 2015 Kim Larsen [56] “ B e

Z'< Z

Z’ is bigger &
cheaper than Z

- is a well-quasi
ordering which
guarantees

termination!




Example: Aircraft Landing

cost |

e*(T-t)

d+I*(t-T)

\

Planes have to keep separation
distance to avoid turbulences

ICT Energy PhD School, Fiuiggi, July 2015

/-/7

E earliest landing time

T target time

L latest time

e cost rate for being early
| cost rate for being late

d fixed cost for being late

caused by preceding planes
Kim Larsen [57] R a



Example: Aircraft Landing

X<=5
’ 4 earliest landing time
Iand cost+=2 5 target time
X <= 9 latest time
cost’ cost’- 3 cost rate for being early
1 cost rate for being late
land! 2 fixed cost for being late

=

Planes have to keep separation

distance to avoid turbulences e .
ca

used by preceding planes
ICT Energy PhD School, Fiuiggi, July 2015 Kim Larsen [58] R a



Aircraft Landing

Source of examples:
Baesley et al’2000

optimal value
1|lexplored states
cputime (secs)

3100
15069
220.22

problem instance 1 2 3 4 5 6 7
number of planes| 10| 15| 20 20 20 30| 44
number of types 2 2 2 2 2 4] 2

optimal value
2||lexplored states
cputime (secs)
optimal value
3||lexplored states
cputime (secs)

optimal value
explored states
cputime (secs)

130
207715
14786.19

65
1.97

650
47993
1085.08
170
189602 ‘

12461.47

0

64
1.53

ICT Energy PhD School, Fiuiggi, July 2015

Kim Larsen [59]




Symbolic Branch & Bound Algorithm

Cost e o Zone based
: Linear Programming

Pasjsfed =0 Problems
Waiting := {(lo, Zo)} - (dualize)
while Waiting # 0 do Min Cost Flow

select (I, 7)

if | =1[, and Cost then

Cost =

if Rem, Cost then break
if for anT{; In Passeden
add (I, 7)) to Passed

add all (I', Z") with (I, Z) — (I', Z") to Waiting

return Cost
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+10

(£o,10,0]) Z36.0 (€0, [1.2,1.2]) —0¢ (£1,[1.2,0]) —
(€3,[1.2,0]) =50 (€3,12,0.8]) —1 (£4,[2,0.8))

T 1] ] o




f6>0 and f3>0 f6>0 and f3>0




f6>0 and f3>0

f6>0 and f3>0

Idle

- @~

use1?

x1:=0 InUse X1==

O

e T oy

x1<=B1 &&(cost'==4 >




f6>0 and f3>0 f6>0 and f3>0

Idle

- @~

use1?

End

x1:=0 InUse

done1? J7.=-0,a‘-ﬁ=9,-dqne2
¢ Rwd+=1 Rwd+=1 N\




Mean Pay-Off Optimality

Bouyer, Brinksma, Larsen:

HSCCO04,FMSDO07

THM: The Mean-pay off o

ICT Energy PhD School, Fiuiggi, July 2015

reward

p
(and PSPACE-

timization problem ij
Ccomplete) for pTA.

S decidable

Kim Larsen [65]




Discount Opt|ma||ty A < 1 : discounting factor

Larsen, Fahrenberg:
INFINITY'0S8

Value of path o: val(o) = | __ c(t)\dt

Optimal Schedule ¢™: val(o™) = inf_ val(o)
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Soundness of
Corner Point Abstraction

Lemma
Let Z be a (bounded, closed) zone and let f be a(well-defined) function over Z
defined by:

aity + -+ apty +a
Cltl R Cnt’n, + d

f : (t17 s 7tn)'_)
then inf, f is obtained at a corner-point of Z (with integer coefficients).

Lemma
Let Z be a (bounded, closed) zone and let f be a function over Z defined by:

f:(ty,. .., th)—a A" + - -ap, )\ +a

then inf, [ is obtained at a corner-point of Z (with integer coefficients).
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Multiple Objective Scheduling

Idle Idle
use1? d he Pa ‘-e\_O '3 eﬂd T tom
X1 ! Multt pric p\e
nabi\ty N2 computel s osos!
Rea® 1S omussen e Pareto Front
X cen8RaS = areto Frontier
\La - o ‘o"

ICT Energy PhD School, Fiuiggi, July 2015 Kim Larsen [68] “ e a




= Timed Automata / UPPAAL
= Verification
= Priced Timed Automata / UPPAAL CORA
= Optimal Scheduling (multicore applications)
= Optimal Infinite Scheduling
= Multi objective optimization

= Schedulability Analysis & Scheduling
= Single Core, Multi Core
= Dynamic voltage Scheduling
= Energy Automata

» Stochastic Priced Timed Automata / UPPAAL SMC
= Statistical Model Checking
= Low Power Medium Access Protocol
= Stochastic Hybrid Automata
= Energy-Aware Buildings
= Battery-Aware Scheduling

= Stochastic Priced Timed Games / UPPAAL STRATEGO

= Optimal & Safe Synteses
= Energy-Aware and Optimal Satelitte Scheduling

= Conclusion




Schedulability
& Performance Analysis




Task Scheduling

P(i), UNI[E(i), L(D)], -- -

ready
done

b
N

—

stop
run

o
=]

T, is running

ICT Energy PhD School, Fiuiggi, July 2015

D(i): deadline for T;

Scheduler

utilization of CPU

period or
earliest/latest arrival or .. for T,
C(1), UNI[BC(i),WC(i)] : execution time for T;

4 1

3

J

Y

\

{T,, Ty, T3 }ready
ordered according to some

given priority:

(e.g. Fixed Priority, Earliest Deadline,..)



ldle < [id] &&
r'==0

t>=E[id]
ready/[id]!
t=0

Rgady .
ready . t>Dlid]
k Scheduler et | @ \

r=0

run[id]?
. 2 OAE (id]

m ax=0

t>D[id]  E¥Or

stop? run[id]?

Blocked t>D[id]

ax'==




Free

r ‘<—\

e-id t e:id_t
len >0 T e == front()

ready run[front()]! readyle]? donele]?
done Scheduler enaueue(®) | gequeue()

: 2 ORE
|

run[front()]!

Occ

e:id_t
ready[e]?

enqueue(e) run[front()]!




Free
( .

. e:id t
len >0 Seég_[te]’? e == front()
run[front()]! en uyeue.(e) done[e]?

g dequeue()

run[front()]!
_J
e:id_t Oce
readyle]?
enqueue(e) run[front()]!

/7 Put an element at the end of the queue
void encqueue(id t element)

{
int tmp=0;

list[lent++] = element;
if (len>0)
{
int i=len-1;
while (i>1 && P[list[i]]>P[list[i-1]]}
{
tmp = list[i-1];
list[i-1] = list[i];
list[i] = tmp;
i--;

// Remove the front element of the queue
void degueue ()




May be extended with preemption

:(Task0.Error or Taskl1.Error or ...)

A& :(TaskO.Error or Taskl1.Error or...)




Schedulability Analysis

Task0 | |Task1 | lTaskZ | |Task3

simulate 1 [<=400]

{ TaskO.Ready + 2*Task0.Running +3*TaskO.Blocked,
Task1.Ready + 2*Task1.Running +3*Task1.Blocked + 4,
Task2.Ready + 2*Task2.Running + 3*Task2.Blocked + 8,

Task3.Ready + 2*Task3.Running + 3*Task3.Blocked +12 }

t un(2 toy

- C )
B
[
t>D| [ % simulate 1 [<=400] { Task0.Ready + 2*Task0.Running + 3*Task0.Blocked, Task1l.Ready + 2*Task1l.Running + 3*T.. L= (=]

A[] not (TaskO.Error or Task1.Error @ -
or Task2.Error or Task3.Error)

|
?

run(

10 |
lyle : H_‘ '
enqueue(e dec [Jguei\ 8 - Tasko.Ready + 2 * Task0.Running + 3 * Task0.Blocked
9 1S 5 =] Taski.Ready + 2 * Task1.Running + 3 * Task1.Blocked + 4
\ ° 6 =] Task2.Ready + 2 * Task2.Running + 3 * Task2.Blocked + 8
. E- Task3.Ready + 2 * Task3.Running + 3 * Task3.Blocked + 12| [N€S
S
L 4 es
3
2
1
0

0 40 80 120 160 200 240 280 320 360 400
time

ICT Energy PhD School, Fiuiggi, July 2015 Kim Larsen [76] u a e




Schedulability Analysis

| < |
% simulate 10000 [<=4000] { Task0.Ready + 2*Task0.Running + 3*Task0.Blocked - TaskO0.Error, Task1l.Ready + 2*Task1.Running + 3*T... é@]i_hj ]
Simulations (1)
15
14
13
12
11
10
9
8 [ Tasko.Ready + 2 * Task0.Running + 3 * Task0.Blocked - Task0.Error r
3z 7 [E=] Taski.Ready + 2 * Taski.Running + 3 * Task1.Blocked + 4 - Task1.Error
T 6 =] Task2.Ready + 2 * Task2.Running + 3 * Task2.Blocked + 8 - Task2.Error
5 - Task3.Ready + 2 * Task3.Running + 3 * Task3.Blocked + 12 - Task3.Error
4
3
2
1 |
0
-1
0 300 600 Q00 1200 1500 1800 2100 2400 2700 3000 3300 3600
time

BIGEAF BIGEAF BIGEAF BIGEAF
ax'==0 ax'==0 ax'==0

simulate 10000 [<=400
{ Task0.Ready + 2*TaskO.Running +3*Task0.Blocked,
Task1.Ready + 2*Task1.Running +3*Task1.Blocked + 4,
Task2.Ready + 2*Task2.Rut message =
Task3.Ready + 2*Task3.Rur o
: 1 : (TaskO.Error or Task1.B| =
o 0K
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Tried 194 runs in total and found 1 accepting runs.




IdI ||i 88

t>=E[id]
ready/[id]!
t=0
Ready . )
donelid]! ; t>Dlid] | sup{1}:
N\ | Task2.r <= 80
ax>z "
Task3.r <= &0
run[id]?
ax=0
Running t>Did] Enyor
stop? run[id]?
Blocked t>Dlid]

ax'==




Performance Analysis

r ~ r
%9 E[<=800; 5000] (max: Task0.r) = | E) - ™9, E[<=800: 5000] (max: Task3.) e B )
Probability Distribution Probability Distribution
0.14 E 0.45
D=100
0.12] -
D=400 El) -
0.10] S
0.09 0.30
£0.08 E £0.25
50.07 Il probability = [l probability
2 = Fo0 =)
S 0.06 average average
50.05 E 40,15
0.04
0.03 0.10
0.02]
0.01 0.05 I
dorj| ¢ 0 =
30 120 210 300 390 430 570 660 750 0o 4 8 12 16 20 24 28 32 36 40 44 48 52 56
a X> - max: Tasko.r max: Task3.r
Runs: 5000 in total, 5000 displayed, 0 remaining. Runs: 5000 in total, 5000 displayed, 0 remaining.
Probability sums: 1 displayed, 0 remaining. Probability sums: 1 displayed, 0 remaining.
Minimum, maximum, average: 37.1748, 800, 167.072. Minimum, maximum, average: 0, 59.3461, 11.8608.
L

| I rianiATD

¥Q E[<=800; 5000] (max: Task1.r) el e

S nli= |

Probability Distribution

0.056

0.049

D=200

0.042

0.035

20,028
o

=]
50.021
0.014

0.007

0
25 44 63 82
max: Taskl.r

101

120

139 158 177

Runs: 5000 in total, 5000 displayed, 0 remaining.
Probability sums: 1 displayed, 0 remaining.
Minimum, maximum, average: 25.5223, 181.831, 94.1916.

[l probability
E- average

7% A4

ICT Energy PhD School, Fiuiggi, July 2015

9 E[<=800; 5000] (max: Task2r) = = =

e =X

Probability Distribution
0.088
™ D=100
0.066 —
0.055
=
50.044
m
€
£0.033
0.022
0.011
0
24 28 32 36 40 44 48 52 56 60 64
max: Task2.r
Runs: 5000 in total, 5000 displayed, 0 remaining.
Probability sums: 1 displayed, 0 remaining.
Minimum, maximum, average: 24.0351, 76.7086, 54.4648.

Il probability
E= average

68 72 76
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Herschel-Planck Scientific Mission at ESA

Attitude and Orbit Control Software
TERMA A/S Steen Ulrik Palm, Jan Storbank Pedersen, Poul Hougaard

ICT Energy PhD School, Fiuiggi, July 2015 Kim Larsen [80] u B s




Herschel & Planck Satelites

= Application software (ASW)
= built and tested by Terma:

= does attitude and orbit control, tele-
commanding, fault detection isolation and
recovery.

= Basic software (BSW)

= Jow level communication and scheduling
periodic events.

= Real-time operating system (RTEMS)
= Priority Ceiling for ASW,
= Priority Inheritance for BSW

= Hardware ) _
= single processor, a fen ReqUIrements.

buses, sensors and act Software tasks should be schedulable.
CPU utilization should not exceed 50% load

ICT Energy PhD School, Fiuiggi, July 2015 Kim Larsen [81] u B a

Application Software (ASW)
Basic Software (BSW)

Hardware




TERMA®

File Edit View Tools Options Help
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Fig. 11. Gantt chart of a schedule from the first cycle: green means ready, blue means

running, cyan means suspended, red means blocked. R stand for resources: CPU_R=0, “ a a
Icb-R=1, Sgm_R=2, PmReq-R=3, Other_ RCS=4, Other_-SF1=5, Other_SF2=6.




Blocking & WCRT

Specification Blocking times WCRT

ID|Task Period WCET Deadline||Terma UPPAAL Diff| Terma UPPAAL Diff

1|{RTEMS_RTC 10.000 0.013 1.000{[ 0.035 0 0.035] 0.050 0.013 0.037

2|AswSync_SyncPulselsr| 250.000 0.070 1.000|[ 0.035 0 0.035] 0.120 0.083 0.037

3|Hk_Samplerlsr 125.000 0.070 1.000|| 0.035 0 0.035| 0.120 0.070 0.050

4|SwCyc_CycStartlsr 250.000 0.200 1.000|[ 0.035 0 0.035] 0.320 0.103 0.217

5|SwCyc_CycEndlsr 250.000 0.100 1.000|| 0.035 0 0.035] 0.220 0.113 0.107

6|Rt1553 Isr 15.625 0.070 1.000|[ 0.035 0 0.035] 0.290 0.173 0.117

7|Bc1553 Isr 20.000 0.070 1.000|| 0.035 0 0.035| 0.360 0.243 0.117

8|Spw_Isr 39.000 0.070 2.000(] 0.035 0 0.035| 0.430 0.313 0.117

9({Obdh_Isr 250.000 0.070 2.000|| 0.035 0 0.035| 0.500 0.383 0.117
10|RtSdb_P_1 15.625 0.150 15.625(] 3.650 0 3.650| 4.330 0.533 3.797
11|RtSdb_P_2 125.000 0.400 15.625(| 3.650 0 3.650| 4.870 0.933 3.937
12|RtSdb_P_3 250.000 0.170 15.625(] 3.650 0 3.650| 5.110 1.103 4.007
14|FdirEvents 250.000 5.000 230.220|| 0.720 0 0.720| T7.180 5.153 2.027
15(NominalEvents_1 250.000 0.720 230.220|[ 0.720 0 0.720| 7.900 5.873 2.027
16| MainCycle 250.000 0.400 230.220|| 0.720 0 0.720| 8.370 6.273 2.097
17|HkSampler_P_2 125.000 0.500 62.500|| 3.650 0 3.650| 11.960 5.380 6.580
18 HkSampler_P_1 250.000 6.000 62.500|| 3.650 0 3.650| 18.460 11.615 6.845
19(Acb_P 250.000 6.000 50.000|[ 3.650 0 3.650| 24.680 6.473 18.207
20({IoCyc_P 250.000 3.000 50.000|| 3.650 0 3.650| 27.820 9.473 18.347
21|PrimaryF 250.000 34.050 59.600|[ 5.770 0.966 4.804( 65.470 54.115 11.355
22|RCSControlF 250.000 4.070 239.600((12.120 0 12.120| 76.040 53.994 22.046
23|Obt_P 1000.000 1.100 100.000(| 9.630 0 9.630| 74.720 2.503 72.217
24|Hk_P 250.000 2.750 250.000{f 1.035 0 1.035| 6.800 4.953 1.847
25|StsMon_P 250.000 3.300 125.000{(16.070 0.822 15.248| 85.050 17.863 67.187
26| TmGen_P 250.000 4.860 250.000(| 4.260 0 4.260| 77.650 9.813 67.837
27|Sgm_P 250.000 4.020 250.000(| 1.040 0 1.040| 18.680 14.796 3.884
28| TcRouter_P 250.000 0.500 250.000|f 1.035 0 1.035| 19.310 11.8906 7.414
29|Cmd_P 250.000 14.000 250.000((26.110 1.262 24.848(114.920 94.346 20.574
30|NominalEvents_2 250.000 1.780 230.220((12.480 0 12.480|102.760 65.177 37.583
31|(SecondaryF_1 250.000 20.960 189.600((27.650 0 27.650|141.550 110.666 30.884
32|SecondaryF_2 250.000 39.690 230.220((48.450 0 48.450|204.050 154.556 49.494
33(Bkgnd_P 250.000 0.200 250.000(| 0.000 0 0.000|154.090 15.046 139.044
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TERMA Case Follow-Up ISOLA 2012

limait f=100% f— 959 T, WCET]

states mem time states mem

I 1300 51.2 1.47| 485077 :

21 2522 53.7 245 806914 6 Days

41 4981 545 4.621 149970C , .

; f=90%

16 states mem = time, S time

|1 1481162 124.1 4962.3W 3348246 186.9 23986.5
| 2414679 139.7 7755 5253778 198.7 33299.2
| 4421630 138.3 13 9231399 274.6 51176.6

9093562 156.5 3112%.3|118240030 364.6 102932.4

| 17798572 176.0 601¥4.5(35432003 520.4 158816.7
1181869652 1682.2 530604.9
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TERMA Case - Statistical MC

Limit f « £ Total Error traces |Earliest Error|Verification
cycles % traces, #| # Probability|cycle offset time
1 0 0.0100 0.005 1059671928 0.018194 0 79600.0 1:58:06

1 50 0.0100 0.005 105967 753 0.007106 0 79600.0 2:00:52

1 60 0.0100 0.005 105967 13 0.000123 0 79778.3 2:01:18

1 62 0.0005 0.002 1036757 34  0.000033 0 79616.4 19:52:22

160 63 0.0100 0.05 1060| 177  0.166981 0 81531.6 2:47:03
160 64 0.0100 0.05 1060| 118 0.111321 1 79803.0 2:55:13
160 65 0.0500 0.05 738| 57 0.077236 3 T79648.0 2:06:55
160 66 0.0100 0.05 1060| 60 0.056604 2 82504.0 2:62:44
160 67 0.0100 0.05 1060| 26 0.024528 1 79789.0 2:64:20
160 68 0.0100 0.05 1060 3 0.002830 67 81000.0 2:67:08
640 69 0.0100 0.05 1060 8 0.007547| 114 80000.0 12:23:00
640 70 0.0100 0.05 1060 3 0.002830 6 88070.0 12:30:49
1280 71 0.0100 0.05 1060 2 0.001887| 458 80000.0 25:19:35

ICT Energy PhD School, Fiuiggi, July 2015
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sched2

Task2(0) Task2(1) Task2(2) Task2(3)
Idie Idie Idie Idie
—’.t<= LP] r_’.t(=Ll‘l] ,—’.u:[.p] r—”t<=Lp]
t>=Ep] t>=E[l] t>=ER) t>=EB]
mgdy{ﬂ]! :egdy{l]! ;’egdyﬂ]! :esdy{:{j!
t=| =| =| =|
==C] ==C| == ==(|
a;;“g]]’ Ready  t>D a:‘:’"e[[:]]! Ready  t>O[l a;neg]l! Ready  t>0 a;;"egll’ Ready  t>0)
release(D) eady 0l release(1) eady [ releass(2) eady 2 | (3) eady Bl
awailable(0) awailable(1) aailable(2) aailable(3)
runp]? un(l]? un]? unp]?
?aﬁo(b) tz:l:en('i) taai%z) ta::z%)
| Running 0[] Eror L Running 0[] Emror | Running D[ Eror | Running >0 Emor
ax<=C[1] ax<=CR] ax<=CR)

len>0 done [unning]?

nn[fonz(gg nnning=0

ks LR
readyf]?
enqueue(e)
nnfontO)
ey

~ -

len>0

nn [font())!
ing=fort0),

i ¥

done [unning]?

eid_t
len==0
readyf]?
enqueue(e)

nn[fum(‘)_];
egeg O

nnning=0
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eid_t
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Handling realistic applications?

GSM Decoder

JPEG Encoder

Smart phone:

O A

JPEG Decoder

(G

2> (o —>()
(PP«

Jan Madsen
4 »> —>

Aske Brekling
A asaAl Michael R. Hansen/ DTU

[Application from Marcus Schmitz, TU Linkoping]
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/T irr11e unit completion
X::

updateDynamicScheduling() //Ensure update of dynamic scheduling
x<1 && x>0 &&
time && cp<=dead-cr
cp==ptime . : i
IfinishSignalsPending() setWaitForUpdateDynamicScheduling()
/llssue ready signal . ) .
start 'askHasOffset() ready! /4 o S oo minsed deadline
initNoOffset() Idle initNextPeriod() Y

missedDeadline() "

Zgg;g; gerio _ x<1 MissedDeadline
taskHadOffset() x==0 && shouldThisTaskRun() &&
- ) //Enable missed deadline detection
setStaticScheduling() cp>ptim cp<=dead-cr
/IFinished waiting for offs:(:) [ /rﬁr:'f K receives run signal taskHasMoreRuntime()
ini Wi
— /ITask preempted
Offee x-—off_set—1 preemgt? b
setPeriodClock()
IdleWai
/IWait for offset . . h
— = /IWaiting for next period//Task finished
x<=offset-1 cp<ptime )
&& cp<ptime
//;]I'I gs\k finished Running
finishBeforePeriodEnd()
- readyForNextTlmeStep()
;/S;mplete one time step itOneTimeStep()
runOneTimeStep() Running2

x<1

//Continue time step
x>0

ensureTimeStepCompletion()




Smart phone

GSM Decoder

JPEG Encoder

O A

JPEG Decoder

(A A O
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= Tasks: 114

ote o Deadlines: [0.02: 0.5] sec
%.?3@ Execution: [52 : 266.687]

cycles

R
oo e = Rlatform:

EREI 4
(o (>
(o

(D+x
oo »
(< ()« )<
o ¥
41* 42—>
Q 43* 47

Y
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A non-experts understanding of CMOS

= Power consumption mainly by dynamic
power

energy

P

dynamic

=C, 'ded 'fclk
= CL 'ded

dynamic pr.cycle

Vdd

= Supply voltage reduction => decreased
delay We may miss deadlines

frequency \

: \K

(a-1) .
£~V o> 1

C




FCFS with/without preemption

T T _ Fixed Priority

Time Slice - P o

EDF

CPU not always fully utilized !
We may occasionally/dynamically lower frequency/supply voltage !
Save Energy




Optimal

Using PTA
Idle
- t<=D[id]
M ready  Scheduler i
done ol
e:=id, | ready!
B — B | ostCosClare (=0
: e:=id
stop ‘ |
- un done! ’ it

e==id

ax==C[id]’s run?

“Choose” Freq/
Scaling
ch_s_c? (Voltage/Cost)

E

ch_s_c!  t=Dlid]




Energy Scheduling =
Optimal Infinite Path

e ———

/‘\Q/C't;_\"'___

b ot O

‘(TaskO.Error or Task1.Error or

Value of path o: val(o) = lim,, c./t,
Optimal Schedule ¢™: val(o™) = inf_ val(o)
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Approximate Optimal
Schedule

C=M C=M C=M C=M

E[] (not (TaskO.Error or Task1.Error or Task2.Error)
and

(cost>=M imply time >= N))

Cost>=M
3 E[] (M,N)

Cost:=0,
Time:=0
o 2[] ®(M,N) imply val(c): M/N
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Computed Schedule without DVS




Computed Schedule WITH DVS




Energy Automata

OOOOO




Managing Resources

Example

In some cases, resources can both
be consumed and regained.

The aim is then to keep the level

B e
of resources within given bounds. el
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f6>0 and f3>0

f6>0 and f3>0

/
\

use1?

x1:=0

-

-~

Idle

InUse

—-— . gy,

~

cost==+2 )
P

-

done1!

x1==B1

>O=---

x1<=B1 (& cost'==-




Energy Constrains

= Energy is not only consumed but may also be regained
= The aim is to continously satisfy some energy constriants

4A ...... T P T
_3 +6 _6 3 ...... ..................................
60 >‘@ 7 e ..................................
x:=0 X=1 L NC S
0 : o
0 1

lower-weak-upper-bound problem
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Untimed games existential problem | universal problem
L € UPPﬂhcoUP cp cp
LW € NPPﬂhcoNP cp cp
€ PSPACE
L+U EXPTIME- P
- ‘ NP-h -

P Bouyer, U Fahrenberg, K Larsen, N Markey,.. . Infinite runs in weighted timed automata with energy constraints. 2008.




One Weight Results

1 Clock

games existential problem || universal problem
L eP eP
L+W eP cP
L+U || undecidable decidable (fla || IR
1% Clock games existential problem || universal problem
L decidable decidable
L+W decidable decidable
>3 Clocks games existential problem || universal problem
L undecidable undecidable PSPACE-c
L+W undecidable undecidable PSPACE-c

P Bouyer, U Fahrenberg, K Larsen, N Markey,.. . Infinite runs in weighted timed automata with energy constraints. 2008.

P. Bouyer, U. Fahrenberg, K. G. Larsen, N. Markey: Timed automata with observers under energy constraints. HSCC 2010
P. Bouyer, K. G. Larsen, and N. Markey. Lower-bound constrained runs in weighted timed automata. QEST 2012
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Max Capacity 45

Home to Headquarter to
Headquarter Headquarter Custom

0 (ew —

r : recharge to 45

Battery Station

c : clock
Consumption |
rate = >
C s 12 e 0 c s 6 c: 0 c S 6
Home Customer to home Customer
energy
= A ' I | I I
| | | | |
. NN Run
1 S L
1 | | | | |
1 | : ! | |
1 | | | | | :
9+ qHO : qHH : qHQ : qHC : qc : qom ST
4 | | | | | |
= — — ' ——> {ime
5 10 15

Daniel Ejsing-Duun, Lisa Fontani: Infinite Runs in Recharge Automata, MSc Thesis 2013




Recharge Automata

Snippet b q13
T N 10 225 2 (5 ‘m_m
VA RN NG, r'\_/\’:’/ ) AT
q3 q6 qs qio 912 q14 / q16 ¢:= (0 Yqout
74 - ' .
O ¥ Energy Functions
_ an q4 N
c:=0 a ql €Eout €out
o \e AN & B= 304 B= 304
r
a & ¢ g gn 4 20-/ 20 d
Af e true c A 10. 10
" THM [FED12] b
Infinite run problem is in NP in general | 020 B 50 020 Bo 30
P for "flat” RAs. 30)
Do recharge as late as possible - )  Run
Delay in cheapest locations. €out
B=304. -
2] | n
10 ¢ m E
: » time
8 125 13,56 17

2
Daniel Ejsing-Duun, Lisa Fontani: Infinite Runs in Recharge Automata, MSc Thesis 2013
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