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Embedded Systems

Tasks:
Computation times
Deadlines

Dependencies Scheduling Principles (OS)
Arrival patterns EDF, FPS, RMS, DVS, ..

uncertainties

ARTIST Summer School Europe, 2011

Kim Guldstrand
Larsen [2]

Resources
Execution platform
PE, Memory
Networks

Drivers
uncertainties



Abstract Interpretation is
fixpoint iteration with dynamic
abstraction using lattice join
to combine abstract states.

Model checking is fixpoint
iteration without dynamic
abstraction and using
set union to collect states.
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Overview

= Timed Automata Model Checking

= Scheduling
= Task Graph Scheduling
= Schedulability Analysis

= Single Processor
= Multi Processor

= WCET Analysis

= Performance Analysis
= Statistical Model Checking
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Train Crossing

Stopable
Area

[10,20]
[3,3]
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Tl‘al A C I‘OS S | ng Communication via channels!

Stopable
Area
\ [10,20]
appr | leave
stop '

\

id- ”parameter

go

River

list  enqueue()
dequeue()
front()
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appr[id]!
x=0
I
Resets
Appr
x<=20

X>=3
leavelid]!

invariants

Guards

Synchronizations




Free
—0——
e:id t
len >0 len ==
go[front()]! appr[e]?
enqueue(e)
. J
Occ
e:id t
appr[e]? stop[tail()]!
enqueue(e)

e:id t

e == front()
leave[e]?
dequeue()

id t list[N+1];
int[0,N] len;

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

{

list[len++] = element;

}

// Remove the front element of the queue
void degueue ()
{
int i = 0;
len == 1;
while (i < len)
{
list[i] = list[i + 1];
i++;
H
list[i] = 0;

}



Logical Specifications

Validation Properties

= Possibly: E<> P :
Y The expressions P and

Q must be type safe,
side effect free, and

Safety Properties

= |nvariant: All P

. Pos. Inv.- €] P evaluate to a boolean.
= Liveness Properties Only references to

= Eventually: A<> P integer variables,

" Leadsto: P>Q constants, clocks,

are allowed

Bounded Liveness (and arrays of these).

= Leads to within: P->.,Q
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Resource

use?

X.=

Idle

r—.<—\

InUse

Task

Using Done

use! done?
[}-efi‘lb :>‘I'

Init

donel

_)._)

X<=B

Semantics:
( Idle , Init , B=0, x=0)

/

d(3.1415) > ( Idle , Init , B=0 , x=3.1415)
use - ( InUse , Using , B=6, x=0)
d(6) - ( InUse , Using , B=6, x=6)
done - ( Idle , Done , B=6 , x=6)



Optimal Scheduling - TIME

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

P1

using 2 processors

P2 (slow)

(fast)

4

_|_

2ps 5ps
@ * | 3ps * | 7ps
10 15 20 25
| | | | | | | | J | |
3 5 659 pjggil
4 > 1y
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Optimal Scheduling - TIME

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

using 2 processors

P1 (fast) P2 (slow)
T 2ps . [T 5ps
@ * | 3ps * | 7ps
10 N 20 25
| | | | | | I Jepln l | |
4 6 | /Opy'Co-

"
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Optimal Scheduling - TIME

use2?

x2:=0

ldle

@~

InUse

done?2!

-@-

X2<=B2

L —
x2==B2 ‘ 5 ‘

Compute

(D*(C*(A+B))+((AE"B)+(C*D))

Task4
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Optimal Scheduling - TIME

& C:\Documents and Settings\kg\Desktop\DESKTOP FEB 200 7A\UPPAALYUPPAAL examples\China 2009\DAY 2 Afternoonitaskgraph-AVACS2010.xml - UPPAAL

File Edit Yiew Tools Options Help

Da@ aaa R§@weo

Task1

Task2

Task3

Task4

B1=2

donel1?

Task5

B1=3

fa=1 . f5=1

donel?

Task6

B2

=5

done2?

M1

usel?

x1:=0

Idle

InUse

x1<=B1

donet!

x1=B1

Idle

| <

E<> (Task1.End and .

.. and Task6.End)

14, ¢
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# machines

optimal

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

1178
537
700
891
605
1570
629
1163
1340
t.0.
t.0.
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

P2 (slow)
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Task Graph Scheduling - Revisited

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

using 2 processors

P1 (fast) P2 (slow)
\@Q\;dh T 2ps ™ 5ps
'f“% * | 3ps 7ps

ETOERGY:
OP;?GDO?]'
.......... 5. o 6\ .]/'7144 2‘//8
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Task Graph Scheduling - Revisited

Compute

u@la\%k{ (D*(C*(A+B))+((A+B)+(C*D))
CM1 '

|dle
D use1? done1l
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f6>0 and f3>0 f6>0 and f3>0

End

done17 ﬂﬂ?“ﬁﬁ,-donez.
f\Rwd+=1 Rwd+=1 ,\




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

Idle

- O~

use1? done1!

x1:=0 InUse | x1==B1

=

——~

x1<=B1 &8&(cost'==4 >




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

Idle

- O~

use1? done1!

End

,f7.=0>-‘<-ﬁ’=-9, ~dgne?2

done1? :
¢ Rwd+=1 Rwd+=1 N\

x1:=0 InUse x1==B1




Mean Pay-Off Optimality

Bouyer, Brinksma, Larsen:
HSCCO04,FMSDO0O7 —

ARTIST Summer School Europe, 2011 Kim Larsen [25] “ e e



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

Larsen, Fahrenberg:
INFINITY'08 —

Value of path o2 val(o) = | __ c(t) N dt

Optimal Schedule 6™: val(c™) = 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:

altl +"'_antn +a
Cltl +"'_Cntn +d

then inf, [ 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:(t...., t, ),_)al)\tl +--- an/\t“ +a

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

Idle Idle
fief 1O matd
use1? T e Pa\‘e".o eﬂd T\m P\U‘O
1 Pric
x Mutt P e
4R en&Rasmussenz' - Pareto Frontier
Lar .

cost,
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f6>0 and f3>0

f6>0 and f3>0

x1:=0

InUse | 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 ...... foonns b cos e daenanadooscasboneoas
3 +6 6 21| foesoss ..................................
KO >‘@ 0 |[oene ..................................
x:=0 X=1 L N S
0 . =
0 1

lower-weak-upper-bound problem
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Untimed

games existential problem || universal problem
€ UP NcoUP
L P P
P-h - -
LW € NP N coNP cp cp
P-h
€ PSPACE
L+U EXPTIME- P
+ C NP-h €
1 Clock ™ games
L
L+W

undecidable




Results (new)

Untimed. Multiple Weiahts

Fahrenberg,

Juhl, Larsen, Legay, Srba:
ICTAC 2011

ARTIST Summer School Europe, 2011

# weights | Bound Universal Game
One | L e P [4] e UPncoUP [4]
LW eP[4 e NP ncoNP [4
LU NP-hard [4], ¢ PSPACE [4] eP [4] EXPTIME-complete [4]
Fixed (k>1) | L NP-hard. eP EXPTIME-hard.
€ k-EXPTIME [3] (Remark 18) | € k-EXPTIME [3]
(Remark 17) (Remark 19)
LW NP-hard, € PSPACE eP EXPTIME-complete
PSPACE-complete for k >4 (Remark 18) | (Remark 21)
(Remark 20)
LU PSPACE-complete eP EXPTIME-complete
(Remark 20) (Remark 18) | (Remark 21)
Arbitrary | L EXPSPACE-complete eP EXPSPACE-hard (from EL)
(Theorem 9) (Remark 18) | decidable [3]
LW PSPACE-complete eP EXPTIME-complete
(Theorem 9) (Remark 18) | (Remark 21)
LU PSPACE-complete eP EXPTIME-complete
Theorem Y (Remark 18) | (Remark 21)




"Experimental” Results

Warehouse
ITunes
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"Experimental” Results
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Task Scheduling

ready
done

\

stop
run

= N =t

T, is running

ARTIST Summer School Europe, 2011

utilization of CPU

P(i), [E(i), L(1)], .. : period or
earliest/latest arrival or .. for T,
C(i): execution time for T,

D(i): deadline for T;

Scheduler

4 1

3

J

v

\

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

given priority:

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



Classical Scheduling

Utilisation-Based Analysis

» A simple sufficient but not necessary
schedulability test exists

U = é € NN -1
i=1 B

N

U<0.69 as N > x

Where C is WCET and T is period

Response Time Equation

R
R =C + LC.
! ' je;m[T} /

Where Ap(i) is the set of tasks with priority higher than task i

Solve by forming a recurrence relationship:

n
w.
n+1
w' =C, + > [ ’1Cj
JEmp (i)

7

Whenw" = w*' the solution to the equation has been found, w’
must not be greater that R, (e.g. 0 or C,)

0 1 2 . . .
The set of valuesw, , w,,w; ,...,w/,.. is monotonically non decreasing

ARTIST Summer School Europe, 2011

Classical WCRT Analysis m

= ‘Classical” scheduling analysis technique
» For all tasks i: WCRT;s Deadline;

R.
1
R=B+C+ 3 |-|C
Jjehp@)| “J
Blocking times for priority inheritance protocol (BSW):
R
Blocking (i) = Z usage(r, i)WCET cyiticaisection(r)

r=1

Blocking times for priority ceiling protocol (ASW):

. . R .
BIOCkmg(’) = '1721)( usage(r- ’)WCETCriticaISectfon(r)

Quasimodo Workshop, Eindhoven, Nov 6, 2009 Page 21

v Simple to perform
- Overly conservative

- Limited settings
- Single-processor



ldle

R . t<=L id]

t>=E[id]
ready[id]!
T ready t=0
# done Scheduler Ready |
a donelid]| s t>Dlid] .
: — u4 e ax==CJid]
stop runfid]?
Tn h ax=0
Rurning




T

n

.8 done

~
. I

ready

stop
run

Scheduler

- OBE

Free

len >0
run[front()]!

\—

e id_t
ready[e]?
enqueue(e)

O-

e id_t

len ==
ready[e]?
enqueue(e)

run[front()]!

Occ

e id_t

e == front()
donele]?
dequeue()



Free
—Q—
C e id_t
Eh'i;t e == front()
len >0 donele]?
ready[e]?
run[front()]! en quye[uze( e) dequeue()
run[front()]!
\ v
e id t Oce
ready[e]?
enqueue(e)

In UPPAAL 4.0
User Defined Function

/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[4i]]>P[list[i-1]]}
{
tmp = list[i-1];
list[i-1] = list[i];
list[i] = trnp;

i-=;

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




May be extended with preemption

~ \_»____'

:(Task0.Error or Task1.Error or ...)

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



bool resource[N];

idle
bool available(id t id) ————O)t<=Liiq]

{
return 'resourcel[need[id]]; t>=E[i(.j]
ready[id]!
H t=0
ax==CJid]
e . . . dopelid]! .
void take(id t id) felease () Ready t>Did]

{ 2
assert('resource[need[id]]) ; )
resource[need[id]] = true; ax=0

) ake(id)g

rror Running . /) Error
void release(id t id) - t>Dlel]

{ ax<=Clid]
assert (resource[need[id]]);
resource[need[id]] = false;

H



Scheduler

Free
g O- A
i e:id_t
;Z;:;t e == front()
: t>DJid] len >0 done[e]?
donelid]! | ready[e]?
ax==C[id] N run[front()]! enqueue(e) dequeue()
run[id]? ‘
e run[front()]!
Enyor L y
e:id_t Occ
?
enq:.iwg] ' run[front()]!

€




Task2(0) Task2(1) Task2(2) Task2(3)
Idie Idie Idie Idie
f_’.t <=Lp] f_’.t <=L[1] f_’.t<=|_p] r—’.t<=|_p]
t>=Ep] t>=E[l] t>=ER] t>=ER]
{Sgdym]! {eady{l]' :Esdy{Z]! ;Eady{:i]!
an==(:lJ]I an==C[1]I an==Cp]I ax==CB]I
r:,g:;p&) Ready  t>D[0] m‘{::;[‘({-) Ready  t>D[] m‘{::;%) Ready  t>D[2 mc::;;pé) Ready  t>D[3
aailable(0) awailable(1) aailable(2) aailable(3)
runp]? run(l]? un]? mnp]
ax=0, ax=0, ax=0, =0,
take(0) take(1) take(2) tahe(a)
Running t>0[) Emor | Running t0[1) Emor | Running 02 Emor Running >0 Eror
ax<=C[l] ax<=Cp] ax<=Cp]

sched2

Free

len>0

ﬂn[ﬁn’iOf]t; nnning=0 nn[fom()f]l; nnning=0
nnning= . nnning= r
dequeSeO ). eid_t dequeseo . eid_t

enqueue(e)

nnifor
v

done [running]?

len>0 done [running]?

enqueue(e)

nnifor}
v

Occupied

eid_t
readyf]?
enqueue(e)

Occupied

eid_t
readyf]?
enqueue(e)

- Gantt Chart

JA13 142 170 198 226 255 283 311 339 368 396 424 452 481 S09 S37 565 594 622 650 678 707 735 763 791 820 848 876 904 933 961 989 10171046,

~

0 29 57 85
Task2(0) T I T X .
Task2(1) 4 T E T
Task2(2) I E T T E E P& E
Task2(3) 4 P& » » 4 e 3 X *» *» *»




Handling realistic applications?

GSM Decoder

JPEG Encoder

Smart phone:

E A

JPEG Decoder

Jan Madsen
Aske Brekling
Michael R. Hansen/ DTU

[Application from Marcus Schmitz, TU Linkoping]

ARTIST Summer School Europe, 2011 Kim Larsen [45] u e a
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N irqe unit completion
X::
updateDynamicScheduling() //Ensure update of dynamic scheduling
x<1 && x>0 &&

cp<=dead-cr

cp==ptime && . ) )
IfinishSignalsPending() setWaitForUpdateDynamicScheduling()
//lssue ready signal . . )
Start ItaskHasOffset() ready! A ZES t§g‘§5‘>‘(’,2§£§?d deadiine
initNoOffset() Idle initNextPeriod() y
. JIStart of perio missedDeadline() "
cpecptime MissedDeadline
taskHadOffset x==0 && shouldThisTaskRun() &&
askHaqoriset() //Enable missed deadline detection
setStaticScheduling() cp>ptimg-1 cp<=dead-cr
N B setPend() lrﬁl;] a?sk receives run signal taskHasMoreRuntime()
//Flnl?fhe? %Namng for offset /Task preempted
x::o Se -
2
0”53 setPeriodClock() preempt:
IdleWai
zzg;;f\;c:;gﬁset /IWaiting for next period//Task finis
cp<ptime finish!
finishAtPeriodERd()
//Finished beforg end of period
taskHasFinished
&& cp<ptime
/[Task finished .
ﬁnig?]! fnishe Running
finishBeforePeriodEnd()
- readyForNextTimeStep()
;/S:;nplete one time step iitOneTimeStep()

runOneTimeStep()

Running2

x<1

//Continue time step
x>0

ensureTimeStepCompletion()




Smart phone

GSM Decoder

JPEG Encoder

S DD

A A D) ¥

in w Tasks: 114
: ?- Deadlines: [0.02: 0.5] sec
o< Execution: [52 : 266.687]
KT

MP3 Decoder Cyc I e S
o
oo » Rlatferm:
¥ Q@@ 5 MHz
g+.
53 @ ®
& ® 2> —> : hours!
¢ AR
@ &) Y*Y @ ()
)
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ESA Missions  EEIZE  Camo\

= Solar System, cold dust clouds and cores, star and galaxy
formations, cataloging galaxies, gravitational lensing, cosmic
microwave background, topology of the universe...

Planck |

S 7
MANY/
S
YA
Big Bang
Herschel B B, g N
Dust & gas in our Galaxy ,Dust in IR géla)'ci.es cattering
T=10 to 30K T=30a100K surface
7= 0 1 10 1000 ]

= Terma: Develop software for Attitude and Orbit Control System

ARTIST Summer School Europe, 2011 Kim Larsen [48] u a a



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 few ReqUIrementS.

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

ARTIST Summer School Europe, 2011 Kim Larsen [49] u a e

Application Software (ASW)
Basic Software (BSW)

Hardware




UPPAAL Model

@ One template for CPU scheduler:

@ maintains a queue of ready tasks
@ schedules tasks with highest priority in the queue
@ reschedule if higher priority task arrives to the queue

One template per each ASW task.

Two templates for BSW tasks: 1 plain, 1 using resource.
One template for “idle” task to count CPU utilization.
WCET is modeled by stopwatches and lower bound.
WCRT is modeled by stopwatches.

Deadline is enforced as guard on WCRT.

System is schedulable if no deadline violated.

CPU load is ysedtime

ARTIST Summer School Europe, 2011 Kim Larsen [50] u e e



TERMA”

File Edit View Tools Options Help

@-@1\0\0\0\1.@»‘@

4.1 Framework

1

ISoLA 2010

[ Drag out ]’

Drag out

e

- Transition chooser

‘ P Take transition |

- Trace controls

[[wrst | ss352| woes
[ 4l Prev ‘ P Play H > next |
- Speeder

S|C;>W T T T T B B Fit
[ P Random ]

- Simulation Trace

(-, starting, Idle, Idle, starting, starting, st@
initialize: Scheduler --> Bkgnd_P, NomlnaIE
(Running, Idle, Idle, Idle, Idle, Idle, Idle, I
enqueue: RTEMS_RTC --> Scheduler
(Schedule, Idle, Idle, Idle, Idle, Idle, Idle, :
preempt[ctask]: Scheduler --> IdleTask
(Preempt, Idle, Ide, Idle, Idle, Idle, Idle, I@
<))

il

cycleCount =0
ctask =7
taskqueue[0] = 8
taskqueue[1] =9
taskqueue[2] = 10
taskqueue[3] = 11
taskqueue[4] = 12
taskqueue[S] = 13
taskqueue[6] = 14
taskqueue[7] = 16
taskqueue[8] = 17
taskqueue[9] = 23
taskqueue[10] = 24
taskqueue[11] = 25
taskqueue[12] = 26
taskqueue[13] = 27
taskqueue[14] = 28
taskqueue[15] = 29
taskqueue[16] = 30
taskqueue[17] = 33
taskqueue[18] =0
taskqueue[19] =0
taskqueue[20] =0
taskqueue[21] =0
taskqueue[22] =0
taskqueue[23] =0
taskqueue[24] =0
taskqueue[25] =0
taskqueue[26] =0
taskqueue[27] =0
taskqueue[28] =0
taskqueue[29] =0
taskqueue[30] =0
taskqueue[31]=0
taskqueue[32] =0
taskqueue[33] =0
running[0] =0
running[1]=0

[ .

Scheduler

Bkgnd_P

0==0

250000

legse[CP starting =250 Bass.
funning taskF0, x<=0 enqueu ' [33] < 250000
aasiepollitaskqueue) L relea [CPU_R]!
=0
h?clu e Eor read 3?l0
emor=1
job[33]<=200
secondF_1
secondF_2
Ide
Ide .‘—\
Acti\meiewndaryfundionsl?
ActivatedecondaryFunctions2? [31 1=0,readyf31]=1,
0,readyp2]=1 lobpiF
Blocked
P running3 1] &&
runring B3] &£ blocked B 1D jobB1H=20060 88
iob R21]’=39590&3 e df I enqueue| GICPRTFBI]GQGDD
enqueue| JE ﬁ’ 220 release [fPU_R]! 31 f PU R]!
release [[PU_R]! d(askhuee, 32)  TEES RIT blockedf} 1]=1 ) =[CPU_R]!
blocked B2]=1 . WCRT[2]=0, WCRT[B1]=0,
readyB2H0 WatForcpy  MedYB[IFD
i L WatForCPU scheduleplr’
schedule B2]? Reschedule awail
Reschedule avail(lch_R) SS‘L 1]?
schedule[32]? Icl:kfell( mJR, 31),
lockCeil(kkb_R,32), sub=0 )
sub=0 DetermineUnt HealthWthSgm_R
Blocked2 sub<=082 &&
sub'==runring 2 runnin: 7]@ nnmnggl]g& sub'==running [31]
er F Wit ForCther =482
sub<=0 8% releass[Sgm_R]
releasa [Other_S sub’==running [32] unlock Ceil(Sgm, 36)‘ ineUnt Health
a ermineUnt Heal
blocked [2=0 sube 1982 88
pl]&& ing[31
B Blocked? §iB 5loe2
awail(Other_SF2) sub'==runringB1] rummgpl]&& DetermineState
lockCeil(Other_SH2,32) sug.<_=_5| &&[31]
. release [Other_S) Sub==nunnng
Handle Pending TCWihBoth
sub<=0491 88 blocked[31]=0
rlnmng?m] sub’==running [32]
release [Cther_SFR]!

(T
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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,
Iecb-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_CycStartlIsr 250.000 0.200 1.000{| 0.035 0 0.035( 0.320 0.103 0.217

5|SwCyc_CycEndlIsr 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 0.720f 7.180 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 0.720f 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(| 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(| 1.035 0 1.035| 19.310 11.896 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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Effort and Utilization

cycle Uppaal resources Herschel CPU utilization
limit| CPU, s Mem, KB States, #| Idle, us Used, pus Global, us Sum, ps Used, %
1 465.2 60288 173456 91225 160015 250000 251240 0.640060
2| 470.1 59536 174234 182380 318790 500000 501170 0.637580
3| 461.0 58656 175228 273535 477705 750000 751240 0.636940
4| 474.5 H8792 176266 363590 636480 1000000 1000070 0.636480
6| 474.6 58796 178432 545900 955270 1500000 1501170 0.636847
8 912.3 58856 352365 727110 1272960 2000000 2000070 0.636480
13 507.7 H8796 186091| 1181855 2069385 3250000 3251240 0.636734
16| 1759.0 H8T728 704551 1454220 2545850 4000000 4000070 0.636463
26| 541.9 58112 200364| 2363640 4137530 6500000 6501170 0.636543
32| 3484.0 75520 1408943| 2908370 5091700 8000000 8000070 0.636463
39 583.5 74568 214657 3545425 6205745 9750000 9751170 0.636487
64| 7030.0 91776 2817704 5816740 10183330 16000000 16000070 0.636458
78| 652.2 74768 257582 7089680 12411420 19500000 19501100 0.636483
12814149.4 141448 5635227|11633480 20366590 32000000 32000070 0.636456
156 789.4 91204 343402(14178260 24821740 39000000 39000000 0.636455
256(|23219.4 224440 11270279(23266890 40733180 64000000 64000070 0.636456
312| 1824.6 124892 686788(28356520 49643480 78000000 78000000 0.636455
512({49202.2 390428 22540388(46533780 81466290 128000000 128000070 0.636455
624| 3734.7 207728 1373560(56713040 99286960 156000000 156000000 0.636455
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TERMA Case Conclusion

@ Schedulability analysis using UPPAAL:

@ Reusable and customizable task templates.

@ Blocking times and WCRTs can be derived from the model.

@ WCRTs of all tasks are more optimistic than in RTA.

@ There are very few blocking times and they are short.

@ PrimaryF meets deadline (59.6ms) with WCRT=54.1ms
(65.5ms in RTA).

@ Herschel event mode is schedulable.

@ UPPAAL verification for schedulability:

@ can be scaled using sweep-line method,
@ takes up to 2min to verify schedulability of 32 task system,
@ takes up to 8min to find all WCRTs and CPU utilization.

@ In addition, it is possible to:

@ simulate the system model and examine details,
@ render a Gantt chart, validate and inspect visually.
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TERMA Case Follow-Up

% :

limat

0%
states mem

time

states

@)W e o TN SN NS B
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1300 51.2
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4981 54.5
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2.45
4.62

485077
806914
1499700
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states

10%
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time,

19 1431162

ARTIST Summer School Europe, 2011

2414679
4421630
9093562
17798572
1181869652

124.1
139.7
138.3
156.5
176.0

1682.2 530604 9

difference
5% In BCET and
mem time| WCET
limit:
no of 250ms
Q| cycles
14%
states mem time
3348246 186.9 23986.5

5253778
9231399
18240030
35432003

error may be reachable

198.7 33299.2
274.6 51176.6
364.6 102932.4
520.4 158816.7

Kim Larsen [56]



with

Andreas Dalsgaard
Mads Christian Olesen
Martin Toft

René Rydhof Hansen




WCET: Worst Case Execution Time

In general:
hard
or impossible to

BCET WCET predict )

Probability

Determine

Minimum Maximal tight upper
ST TTTTTTTTTTTTITIITIIITI T T T T T T T o T 1 time bound

2
ARMOTDMI pipeline o ARMD20T instead

[ ) |
Fetch stage |- A :
[ |
+ } Lv—L Instruction cache |-
I
|
|
|

Decode stage Memory stage m Data cache

Y Y P — t_____

Execute stage Writeback stage

|
|
|
|
|
I
|
|
|
|
L J

|
I

| — ''1|  Main memory [
|
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METAMOC

5] fibcall.s Timed automata models

for hardware components
and process functions:

42
cycles
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Annotated line Main memory Cache
executable ( PAAL model) (UPPAAL model) specifications

disassemble generate \ generate
(objdump, Dissy) (Assembly—to—UPPAAL) (cache—gen)
Control Flow Gra Caches
Asse;“b'y UPPAAL moah” (combine (UPPAAL models)
value anal s1a ) Complete model model check
(WALJ J (UPPAAL model) (UPPAAL)




Memory addresses needed for cache hit/miss predictions

Registers used as base and offset for memory accesses

Overapproximate possible register values
METAMOC uses Weighted Push-Down Systems (WPDSs) for

an inter-procedural, control-flow sensitive value analysis!
@ Weighted Automata Library (WALI) utilised

IT. Reps, A. Lal, N. Kidd. Program Analysis using Weighted Push-Down
Systems. In FSTTCS 2007, vol. 4855 of LNCS, pp. 23-51.



Main memory TA

Caches ________ / _________ \ __________
|

Decode stage TA |- --»| Memory stage TA

N N i

Fetch stage TA Execute stage TA Writeback stage TA
L — — =  —— — —— — — — - —— = - == === =====
T : —— Synchronisation
Process function TAs < - - Dependency through code

Overview of the ARM9 automata



Eile Edit View Tools Options Help

| Editor [ S

Dra

ﬁ|rrln| [al o [alalael Elal_ Tl

File Edit View Tools Options Help

m[2[¢|/ala|a] @]

3 Project

[ peclar:
o & Fotchs
o & Decod:
o S Execut
o 8 Instruc
o~ & DataC:
o & MainMt
o S fibTemn
-3

[ systen

wEditor ' Simulator | Verifier |

Status

Established direct connection to local server.

{Academic) UPPAAL version 4.1.3 {rev. 4410}, September 2009 -- server.
Disconnected.

Established direct connection to local server.

{Academic) UPPAAL version 4.1.3 (rev. 4410}, September 2009 -- server.

LO_AOORESS,

Overview
— Check
Insert
Remove
Comments =
Query p
sup: cyclecounter @ sup:
cyclecounter <= 13729 B
Comment




GUI for METAMOC

-

I'|"I==I|h'—wﬁ‘!ll‘li‘ 3

=E ]

File View Help

Hardware Platform:

ARMS20T
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%4 Preferences

> 8 WRITE THROUGH NO

exit

33 &&
- N

o))
-
- Cache sets: o
Platforms : ARMS20
S hiiiiol Write Miss: No White Allocate v
ARMS20T b ite Miss:
- arm-angstrom-linux-gnueabi-c a
ARMS22T Objdump: 9 9 Write Hit: Write Through v
AMDA0T Pipeline: ARMSTDMI \4 Replacement policy: FIFO hd
K
» 33 - Q
Main Memory: J
Instruction Cache: 32:512:8:WT:NWAFIFO | %
] ok
Data Cache: 32:512:8:WB:WA:FIFO - N~ =
4k Add o apply | B4 close

http://metamoc.martintoft.dk

.f‘ll. L—___l_"'
-
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Status

= Started out with ARM9 support

= Five stage pipeline, instruction cache,
data caches, simple main memory

= Now
= .. support for ARM7, ARM9 and ATMEL AVR 8-bit
= .. with modest effort
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e Evaluation using WCET benchmark programs from
M3lardalen Real-Time Research Centre?

o Applicability

e Performance

@ Discarded a number of programs

o Floating point operations handled by software routines
e Dynamic jumps
e Some programs do not compile

@ 21 programs for ARM and 19 programs for AVR

@ Manually annotated loop bounds



ARMO, 21 benchmarks

Analysable without caches 21

Analysable with instruction cache 20 ATMEL AVR 8-bit, 19 benchmarks
Unanalysable, state space explosion 1 Analysable 16
Analysable with data and instruction cache | 20 Unanalysable, state space explosion | 3
Unanalysable, state space explosion 1

Manual modification of e.g. data cache size | 4

T
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

No caches

Instruction cache Instruction and data cache

Relative improvement in WCET
for ARMO.

A ARM9, cache  Instr. cache Instr. and data cache

Analysis times in minutes for

AVR and ARMO.



Teta)

e Constructing UPPAAL models
e Tetad Control Flow Graphs
(TCFGs)
o Forms the interface for
model construction
o Achieves reusability:
m Java Bytecode to TCFG
m AVR to TCFG
e CFG analyses are applied yielding
annotated TCFGs
o Loop detection
o Condition optimisation
o Progress measures in
UPPAAL
e TCFGs are transformed to models
e The models are combined to one
model
e UPPAAL conducts the WCET
analysis on the final model

ARTIST Summer School Europe, 2011

Java

‘ Javac/likes/GC)

'

Java Bytecode

Model Generator Tool

Christian Frost
Casper S Jensen
Kasper S Luckow

Model Combiner Tool

Hardware Model

7
|

UPPAAL Models

1

Moaodel Processor Tool

o

UPPAAL |

'

WCET
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Evaluation of Teta)

Optimisation Analysis time | States explored | Max memory usage
No optimisations 14h 51m 17s 41,854 143 3,905 MB
Only progress measures 4d 12h 7m 8s 408,223,029 589 MB
Only state space reduction 13h 33m 21s 41,854,143 2,426 MB
Only condition optimisation 1m 16s 53,732 294 MB
Only temnlate reduction 4h 46m 41s 41 854 143 3851 MR
All Algorithm Measured WCET TetaJ WCET Pessimism
Iterative fibonacci 46,642 clock cycles 46,933 clock cycles|0.6%
Factorial 39,726 clock cycles 40,939 clock clycles|3.1%
Reverse ordering 64,436 clock cycles 81,919 clock cycles|27.1%
Bubble sort 907,103 clock cycles| 2,270,401 clock cycles|150.3%
Binary Search 54,430 clock cycles 99,301 clock cycles|82.4%
Insertion Sort 849,353 clock cycles| 3,740,769 clock cycles|440.4%

ACCURACY
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Conclusion

= Schedulability Analysis

TIMES tool
[TACAS 2002]

Multitasking applications under

OSEK [RTS 2008]

CREOL Modular schedulability
[FSENOQ9]

SARTS Java byte code on FPGA
JTRESOS]

Schedulability Analysis Using
UPPAAL 4.1

[Model-Based
Design for ES, CRC Press 2010]

ARTS: MPSoC Schedulability
[Model-Based
Design for ES, CRC Press 2010]

ARTIST Summer School Europe, 2011

Worst Case Execution Time
Analysis

= METAMOC [WCETT10,NSFT1]

= Combining Al & MC for
Timing Analysis of
MultiCore

[Yi et al, RTSS10]

= WCET analysis of Multicore
using UPPAAL
[Petterson et al]

sarts.boegholm.dk
metamoc.martintoft.dk
teta).dk
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Performance Analysis
using

Model Checking

Collaborators:

Peter Bulychev, Alexandre David
Axel Legay, Marius Mikucionis
Wang Zheng

Jonas van Vliet, Danny Poulsen

e s, s s nmeme CAV 2011, PDMC 2011,
Lo, FORMATS 2011




UPPAAL

BlaE@ [2¢][aa]a] %@ = - -
. . Safetyv

A[] forall (i : id_t) forall (j : id_t)

Train(i).Cross && Tram(J) Cross imply i =

appr(0]: Train(0) --> Gate

\
R —

Gate.list[3] : ppril]

Gate I|[[]—2 x=0 x=0
Gate.list[S] = 0 x=6
Gat n qu_ 0

Reachablhty A
E<> Train(0). Cross and Traln(1) SLUp '

[0,15] x<=10

Train(3).x
Train(4).x € [0,20]

lO 15]

Simulation Trace

Train(5).x ¢

appr(3]: Train(3) --> Gate

Tram l ).X <

= Tram 0).x

(Safe, §

stop(tal

Traln(O) Appr --> Traln(O) Cross

leenessr$é

I ]Traml )X -

(Safe, S dTe, JWOQP, SO,
appr(2 A< >
(Safe, -

e[l .
U

4).X -

In(5).x -

Train(4).x ¢
Train(5).x «
Train(0).x <

+2):N°*N &
appr(2]
x=0

Cro
X<=

Train(3)

Safe
+ 3)

.Y

/CECIO

stop[tail()]: Gate --> Train(2)

(Safe, Stop, Stop, Stop, Stop, Start, Occ)
[ o —————————— "}

sup: ..

Limited quantltatlve analysm,{

inf:—

Start
x<= 15

Appr
x<=20

&

o

Start
x<= 15

Pr[ <> Time < 500 and Train(0).Cross] =2 0.7
Pr[Train(0).Appr -->1« < 100 1rain(0).Cross] 2 0.4

Safa = eave[4] £ (Crocs
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UPPAAL SMC

Bla@E [9[¢] [ a[afa]|R@ = - -

[ Editor ~ Simulator| Verifier |

—
|

Performance p'repexrties |

/N 2
X>=3

leave[0]

Safe . mCross

Train(5)
appr[0]: Train(0) --> Gate

Pr{ <= 200](<> Train(5).Cross)

1 1

Safe
(1 + 1):N*N O

appr(1]
x=0

Pr[ <= 100](<> Train(0).Cross) >= 0.8

=

( Next ) ( Reset |

Simulation Trace

appr(3]: Train(3) --> Gate

Pr[ <= 100](<> Train(5).Cross) >=

(Safe, Stop, Safe, Appr, Stop, Start,

stop(tail()]: Gate --> Train(3)

LU T
PEES Train(2).x - Train(3).X ¢

| Train(3).x - Train(5).x «

(Safe,

ool State space explosm/

1]

stop(tail()]: Gate --> Train(2)

(Safe Stop, Stop, Stop, Stop, Start,

Generate runs

Pr{ <= 100](<> Train(1).Cross)

X>=3

Cross
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Stochastic Semantics of TA

Exponential Distribution _ ———
Uniform Distribution

/
X>=3

leave[id]!

Safe ©(

appr[id]!
x=0
X>=/
x=0
Appr Start
x<=20 X<= 15

Xx<=10
stop[id]?
/

Composition =

St
Input enabled P Repeated races between components
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Stochastic Semantics of
Timed Automata

A
g1
g2
S
>
Delay Density Function
'RIR
Output Probability Function * ‘suniform on [ d ., dpa]
°:§.1[0,1] * ° uniform over enabled outputs
S* (O] )
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Stochastic Semantics of
TimEd AUtomata & Prltime<=2](<> T.T3) ?

Pr[time<=2](<> T.T3) ? /
AO A .

a' §0.30 =
0.24
0.18
0.12 L T <
. ? T<1

X< —_— 1 0.06 f:=

0
0 0102030405060708091.01.112131415 1 1
! —T— — T2
B 1 Runs: 147556 in total, 110938 displayed, 36618 remaining. 2 4 -
Probability sums: 0.751837 displayed, 0.248163 remaining.
b | Mean: 1,22004, |

>O Pr{C<=6](<> T.T3) ?

y<=2 e
T O a ’? T 1 b ? T 3 IEZ::z 3 cumulative

- ] =
i cumul
2 E=] mean
[=}
0.30
0.2¢4
0.18

0.12]

C'== C'== 06

0
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0 5.5 6.0
C

mulative distribution

Runs: 147556 in total, 110802 displayed, 36754 remaining.
Probability sums: 0.750915 displayed, 0.249085 remaining.
Mean: 3.34245.

Composition = Race between components

for outputting L2 <4
f=c—

I
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Stochastic Semantics of
Timed Automata

Assumptions:
A Component TAs are:
* Input enabled
CAO al C“  Deterministic
x<=1 * Disjoint set of output actions
BO B1

b!
© O Va(s,a;a,....a,):

y<=2 the set of maximal runs from s with a prefix

~ for some t,,...,t, 2 R.
C'==4 (C'==2 n

IP’_A(W(_S. aias . .. (In)) —

/ [, (T) - (H / fs; (T)dr) - vs,t(ay) -]IDA(TF(St)a'l. (g ...ap)) dt
t>0

-~ j#C'T>t

where ¢ = ¢(ay), and as base case we take P4(7(s),c) = 1.
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x<=1 | C<c

BO ,, Bt

y<=2 (A|B|T) & P(Ce<el3) = 0.75
T‘O a?>T‘1 b?>T‘3 (A|B|T) | P(Ot<2T3) = 0.75
C'==4 (C'==2

AEP(Occer) ~p iff Pa( | w(s0,004)) ~p
oel*



SMC Algorithms in UPPAAL

Qualitative (Hypot

log((i - 3)/a

Accept H,

®: prob of acc H, when H,

log(8/(1 — 0)) e
Algorithm 11: Sequential Probability 5B/ )
function hypothesis(S:model ., | Accept HO
1 1r:=0
2 while true do
3 Observe the random variable . corresponding to Oo<.¢ for a run.
| ri=rtaelog(pr/po) + (1— ) #log((1— p1)/(1 - po))
5 if  <log(3/(1 — «)) then accept Hy
6 if » > log((1 — 3)/a) then accept H
11
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Querles in UPPAAL SMC

Bl

Pr[ <= 200](<> Traln(5) Cross) Message.

e Pr[ <= 200](<> Train(5).Cross) E—
Probability Clopper-Pearson Cls

0.020

0.018
0.016

(44.1056; 0.00997358)
(44.1056; 0.00704134) I
(40.843; 0.0)

0.014
0.012

[ ] upper limit
Bl lower limit

average oK |

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

10 20 30 40 S0 60 70 80 90 100 110 120 130
run duration in time —

Parameters: a=0.01, £=0.01, bucket width=0.587972, bucket count=200. 1
Runs: 26492 in total, 26492 displayed, 0 remaining. > Croc =

Probability sums: 1 displayed, 0 remaining. L J &
Average: 40.843. ,.;::rz,J w




Queries in UPPAAL SMC

Message

2 Pr[ <= 100 Train(0).C =0.8
<= <> Train(0).Cross) >= 0.
N
( Drag out ; ( Drag out N 6 ()
" Gate.list[0] = 5 S
Enabled Transitions Gate.list[1] = 1 (1+0):N
Train(5) Gate.list[2] = 4
appr[0]: Train(0) --> Gate Gate.list(3] = 3 apk
Gate.list[4] = 2 X<
Gate.list[S5] = 0
Gate.list[6] = 0
Gate.len =5 A
Train(0).x >= 23 XBI
Trai ).X € 3,
( Next ) ( Reset ) Tramcinx Ilijf?l

(149 runs) H1:

Pr(<> ...) <= 0.79
with confidence 0.99.

Pr[ <= 100](<> Train(0).Cross) >= 0.5

appr(3TTamsT==> GawE

(Safe, Stop, Safe, Appr, Stop, Start, Stopping
stop[tail()]: Gate --> Train(3)

(Safe, Stop, Safe, Stop, Stop, Start, Occ)

appr(2]: Train(2) --> Gate

(Safe, Stop, Appr, Stop, Stop, Start, Stopping
stop[tail()): Gate --> Train(2) m
A

(Safe, Stop, Stop, Stop, Stop, Start, Occ) v

| e - < »
Trace File:

( \ i 4 N

( Prev ) Next [ Replay )

( Open ) ( Save ) ( Random )

.' N4
Slow Fast

Train(I).x <= Train(0).x
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[ i

L -
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(1+2):N
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x=( with confidence 0.99.
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Stop Stop
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= Cafa A PL;:‘H £ (Cross - Cafa A ‘EL;J :] £ (Crncs &
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Querles in UPPAAL SMC

Prf<— 1ﬂ(ﬂ(<> Tmln(‘i\ (‘mQQ\ >—

Probablllty comparlson

(Safe,
stop(td
(Safe,

appr(2
(Safe

Uprvig 0 12 24 36 48 60 72 8 96
time
value 0.0 means less-than is true.
value 0.5 means probabilities are indistuinguishable.

value 1.0 means greater-than is true.
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Analysis Tool: Plot Composer

(s JoNé) Plot Composer

» (L1 Clopper-Pearson Confidence Intervals Data set: cumulative
» (3] wilson Score Intervals
» (L] Wald Confidence Intervals Draw: Color: M Shape: B‘ Stroke: | — B‘ Area: B‘
» [ Frequency Histogram
¥ [ Pr[ <= 100](<> Train(4).Cross)
¥ @ Jul 16,2011 11:09:38 AM 1.00[
» [ Probability Density Dist] e 00 Pl GETEGEEE

Cumulative Probability Distribution m

> Probability Density £-C
N g Probabilig Densig Clor » (L1 Wilson Score Intervals B o
» {3 Probability Distribution > (3 Wald Confidence Intervals A set [Censly
» (L1 Probability e-Confidenc » [ Frequency Histogram Draw: Color: M Shape: BC Stroke: | Q Area: | Bars Q
i ¥ @ Pr[ <= 100](<> Train(4).Cross)
> (& Probability Clopper-Pei "\ 165011 11:09:38 AM . v
v I Cumulative Probability | v [ Probability Density Distribution Cumulative Probability Distribution
IS, cumulative I3, density

 average

" average
» (& e-Confidence Intervals » [ Probability Density £-Confidence Intervals
» [ Clopper-Pearson Confi » (1] Probability Density Clopper-Pearson Cls
» [ wilson Score Intervals » [ Probability Distribution
» [ Wald Confidence Interv: » [ Probability e-Confidence Intervals
» [ Frequency Histogram » [ Probability Clopper-Pearson Cls
¥ @ Pr[ <= 100](<> Train(5).Cros ¥ [ Cumulative Probability Distribution
¥ [@Jul 16,2011 11:09:38 AV " cumulative
» (i1 Probability Density Dist ' average
» (L1 Probability Density £-Ci » [ £-Confidence Intervals
» [ Probability Density Clof » (11 Clopper-Pearson Confidence Intervals
» [ Probability Distribution » (13 wilson Score Intervals
» [0 Probability e-Confidenc » [ wald Confidence Intervals -
» [ Probability Clopper-Pe; » [ Frequency Histogram m [ density
¥ [ Cumulative Probability |¥ 8 Pr[ <= 100](<> Train(5).Cross) B density
Y cumulative v i Jul 16, 2011 11:09:38 AM B density
" average v [ Probability Density Distribution [ density
» [0 e-Confidence Intervals I:j/ B density
» [0 Clopper-Pearson Confil ] average
» [ Wilson Score Intervals » [ Probability Density -Confidence Intervals
» (31 Wald Confidence Intervi » [ Probability Density Clopper-Pearson Cls
> fill Frequency Histogram » (L1 Probability Distribution
» B Prl <= 100)(<> Train(0).Cros » [ Probability -Confidence Intervals
» @& Pr[ <= 100](<> Train(1).Cros v il Probability Clopper-Pearson Cls
ILFZ > 7 upper limit
e En 7 lower limit
» [0 e-Confidence Intervals " average
» [ Clopper-Pearson Confid v @ Cumulative Probability Distribution ~L
» [0 Wilson Score Intervals Y cumulative
— »_(CWald Canfidenca Intanc : average
—_— ’ » [0 £-Confidence Intervals

[«T»
=
)
=
o

nfidanca Intanials 22 28 34 40 46 52 58 64 70 76 82 88 94 100
& ) <« > run duration in time




SMC in UPPAAL

= Constant Slope Timed Automata

* Clocks may have different (integer) slope in different
locations.

= Branching edges with discrete probabilities (weights).

= Beyond Priced TA, Energy TA. Equal LHA in (non-
stochastic) expressive power.

= Beyond DTMC, beyond CTMC (with multiple rewards)
= All features of UPPAAL supported

= User defined functions and types

= Expressions in guards, invariants, clock-rates, delay-
rates (rationals), and weights.

= New GUI for plot-composing and exporting.
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Benchmarking
Duration Probabilistic Automata

Param.

Estim.

Hyp. Testing

n k m|Prism Up Up, Up, |Prism Up, Up, Up,
n 44 3] 27 030202 2001 01 01 _
ig 6 6 3 7.7 06 0504 39 02 02 0.3
o 88 3] 25 12 09 0.7 164 05 04 0.3
10 2040 20 =300 =300 35.526.2 20.7
Fie 103040 20 =300 >30061.241.8 33.2 _
res 30 4040 20 ~300 ~30092.256.9 59.5
"5, 4020 20 =300 >30041.131.2 26.5
— 4030 20 =300 ~300 68.8 46.7 46.1 —
4055 40 =300 =300 219.5
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Lightweight Media Access Control

* Problem domain:
= communication
scheduling
= Targeted for:

= self-configuring
networks,

= collision avoidance,

= low power
consumption

= Application domain:

= wireless sensor
networks

ARTIST Summer School Europe, 2011

Initialization (listen until a
neighbor is heard)

Waiting (delay a random
amount of time frames)

Discovery (wait for entire
frame and note used slots)

Active
= choose free slot,

= use it to transmit, including
info about detected collisions

= |isten on other slots

= fallback to Discovery if
collision is detected

Only neighbors can detect

collision and tell the user-

node that its slot is used by

others



added

power

Yopted from A.Fehnker, L.v.Hoesel, A.Mader

initialization

..used UPPAAL to explore 4- and 5-node
topologies and found cases with
perpetual collisions

(8.000 MC problems)

Statistical MC offers an insight by
calculating the probability over the
number of collisions.

+ estimated cost in terms of energy.

)

active usage




SMC of LMAC with 4 Nodes
/! y ility density o

= Wait distributio ¢
- geometric D &
A

0.15

0.14

= uniform 0.13

0.12

ggi(l) Eiuni—riljg
= Network topoloz::: i
60:08 E=] exp-chain

oo
oo
o

cring | ) ik
= Collision probal %
= Collision count

1é il
= Power consumption

s \
(] W L’
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LMAC with Parameterized Topology
Distributed SMC

Collision probability in a 4 node network: sweep over all topologies.
32 core cluster: - 8xIntel Core2 2.66GHz CPU

Pr[time<=200] (<> col_count>0)

collision
probability

(star) | : [0.36; 0.39]

topology

ARTIST Summer School Europe, 2011

collision
probability

7i [0.08; 0.19]

topology
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. 10-Node Ring

The first collision: o
happens before 1000tu Collision counts after 1000tu

0 0
A ——

Collision counts after 2000tu:
the numbers are doubled —

* The first collisions can be as late as 920tu. perpetual collisions

* It is very likely (>90%) that
there will be 0 collisions.
 But if they happen, they are perpetual.

0 l, 0
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10-Node Chain

—
The first collision: o
happens before 800tu Collision counts after 1000tu
—
Collision counts after 2000tu:

_ . the numbers are doubled,
. The first goII|S|ons coan be as late as 800tu. there’s gap of zeros —
 Itis very likely (>94%) that collision count is diverging

there will be 0 collisions.

 But if they happen, some are perpetual.

0
A
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10-Node Star

Collision counts after 1000tu
The first collision:

happens before 500tu

0 0 0
e W A

Collision counts after 2000tu:
the numbers are doubled —
perpetual collisions
* The first collisions happen before 500tu.
* It is unlikely (8.2%) that
there will be 0 collisions.
» And if they happen, they are perpetual.

0 0 0

A A
( \ [ \
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Frequency

800

600

400

200

10-Node Random Topologies
Distributed SMC

|

Histogram of P

Generated 10.000 random topologies

(out of some 1074 topologies)

Checked the property:

Pr[time<=2.000](<> col_count>42)
(perpetual collisions are likely)

One instance on a laptop takes ~3,5min

All 10.000 instances on 32-core cluster: 409,5min
There were:

6.091 with >0 probability (shown in histogram)
3.909 instances with 0 probability (removed)

The highest probability was 0,63

mﬂ_

Tﬂ_ﬂ—hﬂmmﬁm_,ﬂ o

0.0

0.1

0.2

I | | 1
0.3 0.4 0.5 0.6
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www.uppaal.{org,com}

Mozilla Firefox

Fi View History Bookmarks Tools Help

| 7] uppaaL +

{aY Lj http:/jwww.uppaal.orgf

Home

Home | About | Documentation | Download | Examples | Web Help | Bugs

UPPAAL is an integrated tool environment for modeling, validation and verification

of real-time systems modeled as networks of timed automata, extended with data
types (bounded integers, arrays, etc.). - E * ».

The tool is developed in collaboration between the Department of Information
Technology at Uppsala University, Sweden and the Department of Computer
Science at Aalborg University in Denmark.

Download = :
- . = w4

News: The current official release is UPPAAL 4.0.13 (Sep 27, 2010). Compared to == & -

version 3, the 4.0 release is the result of over 2.5 years of additional & s

development, and many new features and improvements are introduced (see also Figure 1: UPPAAL on screen.
this release note and the web help section new features). To support models created in previous versions of UPPAAL, version 4.0 can
convert most old models directly from the GUI {alternatively it can be run in 3.4 compatibility mode by defining the environment

variable UPPAAL_OLD_SYNTAX, see also itern 2 of the FAQ).

Since Feb 26 2008, we also distribute a development snapshot of the forthcoming UPPAAL 4.2, The current development snapshot
version is 4.1.4 released Jul 11, 2011,

(3

AALBORG UNIVERSITY

UPPSALA
UNIVERSITET

TRON | TIGA C R | PORT | PRO

License

The UpPAAL tool is free for non-commercial applications in
academia only. For commercial applications a commercial
license is required. Please see the Download section for

. UP4ALL

DESIGN VERIFICATION
FOR EMBEDDED SYSTEMS

Our world-leading and internationally
acclaimed model-checking tool UPPAAL

Done

O®e oM

®er - B4y - D

©2F <[ @2r
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is now available for commercial use!

®

ABOUT UP4ALL

HOME PRODUCT SOLUTIONS PARTNERS SUPPORT WEB HELP CONTACT US

DOWNLOAD & BUY
UPPAAL SOFTWARE

NON PROFIT USER? 7 NEWS & EVENTS

Feb. 15,2011 - UP4ALL in OEM
agreement with Elivor OL.

SUCCESSFUL USECASES

See how UPPAAL is used to verify
industrial systems.

gP.O. Box 337, SE-75105 Uppsala, Sweden ia Misales@uppaal.com

o\‘ login

Copyright ® 20039 Up4All International AB. All rights reservec
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Quasimodo

WP5 Additional Case Studies

m SeIf—BaIanciancooter (CHESS)

— Highlevel control-modes modeled by
engineers (UPPAAL)

— Schedulability (UPPAAL)

= Adaptive scheduling of data paths
(OCE)

— Synthesis of optimal data path (CORA)

= Rapid Input-Output Packet Switch
(ASML)

— Simulation and verificatoin ofworst-case
latencies (POOSL, UPPAAL)

Quasimodo, ESWEEK, Scottsdale, October 24, 2010

ARTIST Summer School
Europe, 2011
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Balancing Scooter Case by Bert Bos, Jiansheng x ing, Teun van Kuppeveld,
and Marcel Verhoef 95
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Software Case by Marius Mikucionis, Brian Nielsen, Kim Larsen 119

New: Time and Cost Optimal Schedulling and Planning by Nicolas Markey,

Patricia Boyer and Kim ¢, Larsen 133 ' a
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Thank You !

Thanks for your
attention!

Please do not
hesitate to contact
me:

kgl@cs.aau.dk
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