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ES are Pervasive

' Characteristica:

Dedicated function
= Complex environment
= SW/HW/Mechanics
=  Autonomous
= Ressource constrained
. Energy
: Bandwidth
. Memory

(S— — s _
u IMing constraints
— 9 |

Complex Systems, Design & Management, Kim Larsen [2] u e a
Paris, Oct 27-29, 2010, Paris



ES are often Safety Critical

300 horse power
100 processors

How to achieve ES that are:

e correct : |
« predicable VT

« dependable =

e fault tolerant

e ressource minial

« cheap
| Model-Based Development
Complex Systems, Design & Management, Kim Larsen [3]

Paris, Oct 27-29, 2010, Paris
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Design & Verification Gap

Higher level
programming
languages (e.g.
N 00)
Design gap fabricae -
) HW/SW co-
= design
5 R -
§ Verification gap Componen t-
based Dev
)y A
. |, 1 Model-based
verify Dev.
Simple
platform

Brian Bailey, Chief Technologist, Design Verification and Test Division, Mentor Graphics Corp.
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Tasks:

Computation times Resources
Deadlines Execution platform
Dependencies Scheduling Principles (OS) CPU, Memory
Arrival patterns EDF, FPS, RMS, DVS. .. Networks
uncertainties Drivers

uncertainties



= Scheduling

= Timed Automata

= Optimal Scheduling
= Priced Timed Automata

= Schedulability Analysis
= Single Processor
= Multi Processor
= Herschel & Planck Satelite Control Software
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Resource

ldle

;

use? donel

- X:=0 InUse X>=4
 cloauan|
¥<=7

Semantics:

%

(Idle , x=0)
d(2.5) -2 (ldle, x=2.5)
use? -2 (InUse , x=0)

d(5) - ( InUse , x=5)
done! - (ldle , x=5)



Task

Resource
ldle
use? donel Init use! Using  4one? Done
© B--a>.
x:=0 InUse | x>=B
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)



Task Graph Scheduling - Example

Compute

N (D*(C*(A+B))+((A+B)+(C*D))
@ using 2 processors )
P1 (fast) P2 (siow)
— +|2ps | | |+ |5ps
%“ * | 3ps * | 7ps
5 10 15 20 25
=T I B B — — — J .
PL| 2 3 5 63 'D/CO~S‘ )
P2 1 4 T

41
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Task Graph Scheduling - Example

Compute

N (D*(C*(A+B))+((A+B)+(C*D))
@ using 2 processors
P1 (fast) P2 (siow)
- +|2ps | | |+ | sps
%“ * | 3ps * | 7ps
5 10 e 20 25
S I 'Z J '
5> 4 6 0'57‘?//[501;@0
IIIIII | ] | |'4|L '/'/L

41
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Compute
D*(C*(A+B))+(A+B)+(C*D))

Taskd

D
use2? done2!
x2:=0 InUse x2==B2 § § .
. /
X2<=B2 '~/

T e les



8 C:\Documents and Settingsikal\Desktop\DESKTOP FEB 200 AUPPAALMIPPAAL examples\y
File Edit Yew Tools Options Help

na 2009MDAY 2 Afternoonitaskgraph-AVAC

.l - UPPAAL

DaB®

[ Editar ] Simulatar [ \-'erifierl

& K@ --e

Task1

donel?

f1=f'.

Task2

donel?

=17 . 2=1

Task3

danel?

=1 . 3=1

done’

Taskd

donel?  fi=

Tasks

B1=3

donel? fszf’. =1

Task6

donel?

M1

B=T . =1

usel?

x1:=0

dle

InUse

x1<=B1

M2

use2?

w2 =0

Idle

InUse

2==F2

done2!

K2=B2

P2

W




#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
L.0.
t.o0.
1118
1257
1318
8009
2471

-

AMETIST

advanced methods for timed systems

Symbolic A*
Branch-&-Bound
60 sec

Abdeddaim, Kerbaa, Maler
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Task Graph Scheduling - Revisited

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

using 2 processors

Pl (fast) P2 (slow)

M-_“ -+ | 2ps -+ | 5ps
fﬁw * | 3ps * | 7ps
L]
ENERGY:
10 20

Complex Systems, Design & Management,
Paris, Oct 27-29, 2010, Paris




Task Graph Scheduling - Revisited

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

using 2 processors

Pl (fast) P2 (slow)

b -+ | 2ps
=

x>

ENERGY:
10

Complex Systems, Design & Management, Kim Larsen [19] ﬁ B u
Paris, Oct 27-29, 2010, Paris



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

Taskd

use1?

x1:=0 —

done1? f4:1>.<f4:1 done2”
) U,
_ S [ T T

s = O
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Efficient Implementation:
CAV'01 and TACAS'04




Pareto Frontier

cost,




cost |

earliest landing time
target time

latest time

cost rate for being early
cost rate for being late
fixed cost for being late

d+1*(t-T)
e*(T-t) \,

\

O — o rr 4 m

e

Planes have to keep separation
distance to avoid turbulences
caused by preceding planes




KL101

time >=129
land[0] !

time <= 153 &&

cost' == 10 on_time

time == 153

done

time <= 153

approaching

time == 153

o~

Planes have to keep sep
distance to avoid turbul
caused by preceding

time <= 559 &&
delayed cost' == 20
runwayt
Init
land[A420] ? land[B747] ?
c[1]1=0 c[0]=0

c[0] >=wait[A420][B747] &&
c[1] >= wait[B747][B747]

land[B747] ?
c[1]=0

c[0]>=wait[A420][A420] &&
c[1] >= wait[B747][A420]

land[A420] ?
c[0]=0




Aircraft Landing

: . Beadsly’2000
Comparison with MILP —— ]

problem instance 1 2 3 4 b 6 7
number of planes| 10| 15| 20 20 20 30| 44
number of types 2 2 2 2 2 4 2
optimal value 3100

1||lexplored states 15069
cputime (secs) : : : 220.22
optimal value 650

2||explored states 47993
cputime (secs) : : : 1085.08
optimal value 170

3||lexplored states 207715 189602
cputime (secs) 0.36| 0.70( 1.71§14786.19|12461.47|] 0.68
optimal value 0 0

4|lexplored states | N/A|N/A[N/A 65 64| N/AIN/A
cputime (secs) 1.97 1.53

Complex Systems, Design & Management, Kim Larsen [25]
Paris, Oct 27-29, 2010, Paris






P(@), [E(1), L(1D], .. : period or

earliest/latest arrival or .. for T,
C(i): execution time for T,
D(i): deadline for T,

ready

done Scheduler
T~

/ 411 |3

stop Y

run \

{T,,T,, T3} ready
T, is running ordered according to some
given priority:
(e.g. Fixed Priority, Earliest Deadline,..)

B
>



Utilisation-Based Analysis

* A simple sufficient but not necessary
schedulability test exists

U =ZN:&< N (21N — 1)
=

U<069as N—>wo
Where C is WCET and T is period

41

Response Time Equation
R,=C,+ ¥ [Rﬂcj

iem | T,
Where hp(i) is the set of tasks with priority higher than task i

Solve by forming a recurrence relationship:

Win+1:Ci+ z |7Wi—‘Cj

jehp (i) Tj

The set of valuesw;, W;, W/ ..., W' ,.. is monotonically non decreasing
Whenw!" =w"™" the solution to the equation has been found, w’
must not be greater that R, (e.g. 0 orC,)

42

T Analysis

= ‘Classical” scheduling analysis technique
= Forall tasks i: WCRT;< Deadline;

Rl'

J
semmal T
Blocking times for priority inheritance protocol (BSW):
) . R : . :
Blocking(i) = Z usage(r.i)WCETerisicaisection(r)
r=1

Blocking times for priority ceiling protocol (ASW):

Blocking (i) = m§1x usage(r. ) WCET g ivcasection(r)
r=

Quasimodo Workshop, Eindhoven, Nov 6, 2009

v Simple to perform

- Overly conservative
- Limited settings
- Single-processor




ready
done
) stop
T run

Scheduler

done[id]!
ax==Cl[id]

|dle
S . t<=L[id]
t>=E[id]
ready[id]!
=0




ready
done

—

stop
run

_l

oS
N =

Scheduler

- OF

Free

: O-

e id_t
len ==
len >0
ready[e]?
run[front()]! enquﬂuL(E)
run([front()]!
.
e id_t e
ready[e]?
engueue(e)

e id_t

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



In UPPAAL 4.0

User Defined Function

A5 Put an element at the end of the gusus

Free void enqueue (id t element)
—— |
int trmp=0;
- e:id_j %ist[len++] = element;
e id_t - if (lenx0)
= e == front()
len >0 lreer;c;y_[e]’? done[e]? { e eend
run[front()]! ' dequeue ot AmLenTl;
[ 0l enqueue(e) d () while [(i>1 &£& P[list[i]]>P[list[i-111}
{
tmp = list[i-1];
li=t[i-1] = li=st[i];
run[front()]! list[i] = tmp;
i--;
\ J i
e id_t Oce }
ready[e]? }
enqueue(e)

A Remowe the fropnt slement of the gueue

void degueue ()



May be extended with preemption

o~ N

—(TaskO0.Error or Task1.Error or ...)

A0 —~(TaskO.Error or Taskl.Error or ...)



Idle
f—’. et
t>=E[id]

ready(id]!
t=0

R :
donel[id]! sdy P
ax==Cl[id]

run[id]?

ax=0

Scheduler
Free
- O-
e:id_t
len ==
len >0
run[front()]! r;z?éiie)
run[front()]!

e:id_t e

ready[e]?
enqueue(e)

e:id_t

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

run[front()]!



GSM Decoder
JPEG Encoder

JPEG Decoder

[Application from Marcus Schmitz, TU Linkoping]



/iTime unit completion
x==1
updateDynamicScheduling() /{Ensure update of dynamic scheduling
x<1 && x>0 &&
tine &8 cp<=dead-cr
==ptime . : )
ﬁipnisrl\)SignalsPending() setWaitForUpdateDynamicScheduling()

/Nlssue ready signal /IDetection of missed deadline

ltaskHasOffset() ready! x>0 && cp>dead-cr
Start_  ihitNoOffset() Idle initNextPeriod() Ady .
. : missedDeadline() .
fésia_rtt?;]geﬂo x<1 MissedDeadline
taskHadOffset p<=p x==0 && shouldThisTaskRun() &&
askHagOffset() /[Enable missed deadline detection

setStaticScheduling()

cp>ptime-1 cp<=dead-cr
setPend() /Task receives run signal taskHashoreRunime)
/{Finished waiting for offset
o) Aot or oftse o preompi
"53 setPeriodClock() .
IdleWai
ﬁ?iﬁfgtﬂﬁset [IWaiting for next period//Task finis

cp<ptime finish!
finishAtPeriodErd()

/IFinished before end of period
taskHasFinished
&& cp<ptime

/[Task finished .
finishl Running
finishBeforePeriodEnd()
- readyForNextTimeStep()
i&){nplete one time step itone TimeStep()
runOneTimeStep() Running2

x<1

fIContinue time step
x>0

ensureTimeStepCompletion()
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Herschel & Planck ESA Mission (N

___1| i.

Subsystem: software for Attitud

ensures that satellite points to the right direction and is in the
correct orbit.

Complex Systems, Design & Management, Kim Larsen [37]
Paris, Oct 27-29, 2010, Paris



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

= does attitude and orbit control, tele- —
commanding, fault detection isolation and Application Software (ASW)

recovery. Basic Software (BSW)
Basic software (BSW)
= low level communication and scheduling Hardware

periodic events.

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

Hardware ) _
= single processor, a f ReCIU”‘em entS.
buses, sensors and : Software tasks should be schedulable.

CPU utilization should not exceed 50% load



TERMA”

System Herschel Planck
Mode Nominal +Events Nominal +Events
Max

Utilization

= Not schedulable in one configuration
(without harmful effects)

= Worst case utilization too high (>50%)



@ 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.

- used time
CPU load is Total fme -
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Simulation Trace

(-, starting, Idle, Idle, starting, starting, stgj
initialize: Scheduler -- > Bkgnd_P, NominaIE'l_J
(Running, Idle, Ide, Idle, Ide, Ide, Ide, I
enqueue; RTEMS_RTC --= Scheduler
(schedule, Idle, Ide, Ide, Ide, Ide, Ide, :
preempt[ctask]: Scheduler -- = IdleTask.
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cycleCount =0
ctask =7
taskqueue[0] = &
taskoueue[1]=9
taskqueue[2] = 10
taskgqueue[3] = 11
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running[0] =0
running[1] =10

T

Scheduler

hedule ks
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o
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kle
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secondF_1
secondF_2
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Blocked
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TERMA”
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TERMA”

Specification Blocking times WCRT
ID|Task Period WCET Deadline|| Terma UPPAAL Diff| Terma UPPaaL Dnff
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_CycStartIsr 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 30.000 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| 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 0.720| 8.370 6.273 2.007
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 0.473 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 0.813 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
20|Cmd_P 250.000 14.000 250.000([26.110 1.262 24.848|114.920 94.346 20.574| Marius Micusionis
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




= TIMES tool [TACAS 2002]
Multitasking applications under OSEK

[RTS 2008]
= CREOL Modular schedulability
[FSENO9]
= SARTS Java byte code on FPGA
JTRESOS8]

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]
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T press enter(

‘@ press menu() - @aCruise Control [ :5et Cruise Control
- < >§|

~— Exit ~ -

' N —
. T
. ~| @ Main Screen ‘@ press menu()

©——— Tgppress enter( ¢

@0 Destination | ) :Set Destination
1’5 press menu() |
t

(= Set Cruise Control

increment_speed)

@ bress up()
@

Timed for Testing
reduced by a factor of 10.

& Set Spead

decrement_soeed()
@ press down()

@ OpagqueBehavicr

| 9 ExE System el
 Hhpressleft) J Exit

Uppaal Models

Cise il start_Set_Cruise_Control!

press_enter?

ress_menu? .
P - end_Exit?

start_Menu_System?

press_menu?

press_menu?

press_enter? .

Destination
end_Exit?

press_up?
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Test Scripts

//Begin Test

assert_view_state('Menu::Main Screen');
user_press (MENU) ;
assert_view_state('Menu::Cruise Control');
user_press (ENTER) ;
assert_view_state('CC::Adjust speed');
user_press (DOWN) ;

user_press (RIGHT) ;

assert_view state('CC::Exit Selected');
user_press (ENTER) ;
assert_view_state('Menu::Cruise Control');
user_press (MENU) ;
assert_view_state('Menu::Destination');
user_press (MENU) ;
assert_view_state('Menu::Main Screen');
user_press (MENU) ;

assert_view state('Menu::Cruise Control');
user_press (ENTER) ;

assert_view state('CC::Adjust speed');
user_press (UP) ;

assert_variable value('CC::speed',20);
user_press (DOWN) ;
assert_variable_value('CC::speed', 10);
user_press (UP) ;
assert_variable_value('CC::speed',20);
user_press (RIGHT) ;
assert_view_state('CC::Exit Selected');
user_press(LEFT) ;
assert_view_state('CC::Adjust speed');
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