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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

donelid]!
ax==Cl[id]

ldle
S . t<=L[id]
t>=E[id]
ready[id]!
t=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 Taskl.Error or ...)

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



bhool resource[N];

bool available (id t id)
{

return 'resource[need[id]];

}

g
void take(id t id)

{
azszert [ !resource[need[id]]) ;

resource[need[id]] = true;

rror
void release(id £ id)

{
agsert (rezource[need[id]]) ;

resource [need[id]] = fal=e;

ax==CJid]
dopelid]!

Jelease(id)g

Idle
/—>. t<=L{id]

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

Ready

Qvailable(id)
runjay?
ax=U

A

t>Did]

Running Error

t>Did]
O

ax<=CJ[id]



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()]!



Task2(0) Task2(1) Task2(2) Task2(3)
Idie Idke ldie ldie
—’.t<=L|J] —:.t<=|_[~|] —’.t<=L[2] —’.t<=LE3]
ts=E)] ts=E[)] t>=E] t>=E]
ready{0]! ready{1]! ready(Z]! ready{d]!
t=0 t=0 t=0 t=0
a==C[] a==C[l] ar==C[] ar==C[]
| | 1 1
r;::::epé) Ready >0 r;::;[}]” Ready  t>D[1] r\jg::f{]z} Ready  t:D[2] r::g::fé} Ready  t:D0[1]
aailable() anailable(1) available(2) awailable(3)
g]? l"-ln[gl]? ? 7
a=i, ax=0,
take(0) take(l)
Running 0[] Erar Funining t20[1] Emor Runining t20[] Emor Running 2D Ermar
axt=Cl] ax<=CR] axe=Cf]

Free

donie funning [* leni=0 done [unning]?
nun [frort]! nnning =0 nun [font]! nnning=0
nnning=fornt), . nnning=font), g
dequeﬂeﬂ o ;‘1_20 dequeﬁeﬂ o Fa'lqd;tu
readyE]? readyf]?
entuelale) enguele(e)
run [fort(j)! nn [frort)]!
nnning=font(), nnining=fort(),
mqueﬁeﬂ ri0 dequeEeQ 0

eid_t eid_t
readyE]? readyE]?
engueLe(e) enguele(e)

Oocupied Oocupied

!

Gankt Chart

0 79 57 &5 113 142 170 198 776 255 283 511 339 366 396 474 452 461 509 537 565 594 627 650 678 707 735 763 791 820 §48 76 904 933 961 989 ,1:31?,104:5,lfi

Taskz(0) pe 4 pe 4 F f F 4
Taskz(1) 4 IEN 4 4 I
Taskz(2) I r I I r r b+ 4 =

Taskz(3) : KT t : : KT b * 4 : : :



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()






TERMA”

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

Planck

Herschel j’ I : ¥
Dust & gas in our éulnxy LDust in IR gc'llw?i'as cattering
T=10 1o 30K T=30a100K surface

z= 0 1 10 1000

= Terma: Develop software for Attitude and Orbit Control System



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

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

recovery. —
Application Software (ASW
Basic software (BSW) PP . ( )
= low level communication and scheduling Basic Software (BSW)

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

= single processor, a fe
buses, sensors and ac

Hardware

Requirements:

Software tasks should be schedulable.
CPU utilization should not exceed 50% load




@ 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 -



File Edit Wiew Toaols Options Help
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[ Drag out
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Transition chooser
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Delay: 135 % | B Reset

| B Take transition |

Trace controls

[ 4 First ]| 353.5‘;_‘_'“ W Lot |
[ 4l Prev J| P Flay || I next |
Speeder
| Y
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Slow Fast
[ Jr Randam J

Simulation Trace

(-, starting, Idle, Idle, starting, starting, stl‘\;
initialize: Scheduler -- > Bkgnd_P, NominaIE'l I
(Running, Idle, Ide, Idle, Ide, Ide, Ide, I
enqueue; RTEMS_RTC --= Scheduler
(schedule, Idle, Ide, Ide, Ide, Ide, Ide, :
preempt[ctask]: Scheduler -- = IdleTask.
(Presmpt, Idie, Ide, Ide, Ide, Idie, Idle, T+

= >

cycleCount =0
ctask =7
taskqueue[0] = &
taskoueue[1]=9
taskqueue[2] = 10
taskgqueue[3] = 11
taskoueue[4] = 12
taskgueue[S] = 13
taskqueue[s] = 14
taskgqueue[7] = 16
taskgueue[8] = 17
taskgueue[9] = 23
taskqueue[10] = 24
taskqueue[11] = 25
taskoueue[12] = 26
taskoueue[13] = 27
taskqueus[14] = 23
taskqueue[15] = 29
taskoueue[16] = 30
taskqueue[17] = 33
taskqueue[158] =0
taskgueue[19] =10
taskgueue[20] =0
taskqueue[21] =0
taskgqueue[22] =0
taskgueue[23] =0
taskoueue[24] =10
taskqueue[25] = 0
taskqueue[26] = 0
taskoueue[27] =10
taskoueue[28] =0
taskqueue[29] = 0
taskqueue[30] = 0
taskoueue[31] =10
taskqueue[32] =0
taskqueue[33] =0
running[0] =0
running[1] =10
al

Scheduler

hedule ks

runring ptaskF 1

o

Bkgnd_P

*=250000

kle
x¢=250000

eas=[Cther_SFP)!

3 slegse [CPL_F]? starting ==250000 i“;"};‘“ia Bt
Tunring task F0, eng xe=l enqu_eua! = < 250000
ask=palltaskaleue) =0, otf33ED, m|ea[?03==u‘R]l
ta 0EE eRTRE .regzlﬂrﬁa]ﬂ, WORTRAD,
IShijuele =U.
q:n!?[:mskq:? Errar i e readyf31=0
_cprio kaskgueue[0]] !W'CR'l']I‘33'|>=25EOEID Feady
preemptftask]! o . _
Preempt addfaskgueue ctash), iob[33]<=200
running task o,
ctask=pollitaskqueus)
secondF_1
secondF_2
Ide
Ide e
AetivatedecondaryFunctions 17
W RT[1=0, ready{31]=1,
jobE1ED
Bloked
. [elegse running 1] S5
running B &5 blocked B 1D job B1H=20060 &&
i R . BRER
release [[PLLF]! e e, 32) R v adaskjuee, 31)  releasefcPU_R]!
blocked §2]=1 e, WCRT[2]=0, m&i}l;n
ready[F2HD . reas
; Wt ForcRU Wit ForSP L
schedule B2]7
Reschedule awillich_F)
schedule[32]7
lockCeil{kcb_R,[32), )
sub=0 DeterrineUnt HeatthWithSgm_R
Blocked2 subs=EB2 828
sub'==runring B2 sub==runnirg [31]
Wit ForCther
sub<=0 88 release [Sgm_R]
release[Tther_SFRT?  blocked P21 zub'==running [32] urlock Ceil(Sgrm R, 317 .
blocked [32]=0 Determinellni Health
sube= 1952 &5
nnning 1] & sub'==running [31]
Blocked2 ElE
ing (2] 82 P N
:J\;?IIFC?IEH]_S F2) sub'==nunring 1] ngB1las DetermineState
loekCeil Other_SR2,32) - sugl<=251 ) -
I SFIT? release| Sub==running
Handle Pending TCWhBath ﬁoﬁjfg?]:g- I blocked B 1FT
sub<=0401 28 noEyE!
3 nnning B2] &5 sub’==nunning [32] addtaskqueue, 31)
| Sbeoge] nningp1] s
el sub==231




TERMA”
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Fig. 11. Gantt chart of a schedule from the first cycle: green means ready, blue means

running, cvan 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.



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




TERMA”

Uppaal resources
CPU, s Mem, KB States, #

Idle, pus

Herschel CPU utilization
Used, ps Global, pus

Sum, ps Used, %

465.2
470.1
461.0
474.5
474.6
912.3
507.7
1759.0
541.9
3484.0
583.5
7030.0
652.2
14149.4
789.4
23219.4
1824.6
49202.2
3734.7

60288
59536
58656
58792
58796
58856
58796
H8728
58112
75520
74568
91776
TAT68
141448
91204
224440
124892
390428
207728

173456
174234
175228
176266
178432
352365
186091
704551
200364
1408943
214657
2817704
257582
5635227
343402

11270279

686788

22540388

1373560

91225
182380
273535
363590
545900
727110

1181855
1454220
2363640
2908370
3545425

160015
318790
477705
636480
955270
1272960
2069385
2545850
4137530
5091700
6205745

250000

500000

750000
1000000
1500000
2000000
3250000
4000000
6500000
3000000
9750000

5816740 10183330
TOB9680 12411420
11633480 20366590
14178260 24821740
23266890 40733180
28356520 49643480

16000000
19500000
32000000
39000000
64000000
78000000

251240 0.640060
501170 0.637580
751240 0.636940
1000070 0.636480
1501170 0.636847
2000070 0.636480
3251240 0.636734
4000070 0.636463
6501170 0.636543
8000070 0.636463
9751170 0.636487
16000070 0.636458
19501100 0.636483
32000070 0.636456
39000000 0.636455
64000070 0.636456
78000000 0.636455

46533780 81466290 128000000 128000070 0.636455
56713040 99286960 156000000 156000000 0.636455

Marius Micusionis
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Bent Thomsen, Anders P. Ravn,
Thomas Bggholm, Henrik Kragh-Hansen,

Petur Olsen, Rene R. Hansen,
Lone Leth Thomsen, Hans Sgndergaard,




Productivity of a = Center for Embedded
programmer is increased Software Systems

with up to 700 % by = Vitus Bering Denmark
Jcallﬁvaan!glng from C/C++ to = Polycom (Kirk Telecom A/S)
Number of well-educated " Wirtek A/S. :
Java programmers = Mechatronic Brick ApS
increasing ! = Aalborg Industries A/S

= Prevas A/S
Java for hard real-time = Teknologisk Institut
systems ?
Java and C/Assembler legacy « Tekkva Consult (project
code ? coordinator).

Emerging new profiles and
hardware implementations !

Eclipse framework !







= JOP (Java Optimized
Processor)

= Native execution of Java
Bytecode

= Bytecode implemented
in Microcode

= Avoid unpredictable
data-cache

= Time predictable

= Developed new method
and stack cache

= Implemented in FPGA




Java Optimizing Processor

Cycion e.§7 M

EP1C12Q240C8
L BAAGGO313A

ARTIST Design PhD School, Beijing, 2011

RS-232 Line
Driver/Receiver

Configuration
PLD

20 MHz
Oscillator

Watchdog

Martin Schoberl

University of Tech., Vienna

Kim Larsen [25]

RAM 256Kx16
Bank A

NAND Flash
16 MB

Flash 512Kx8

RAM 256Kx16
Bank B



Safety Critical Java

new SporadicPushMotor(

PeriodicMotorSpooler motorSpooler =
new PeriodicMotorSpooler(

new PeriodicReadSensor(

new PeriodicParameters(2000),
motorSpooler);

IMPLEMENTATIONS of SC Java
On JOP and Ajile aJ-100
Use existing schedulers and threads

On Mechatronic Brick and Polycom (Kirk)
Currently experimenting with JamVM

ARTIST Design PhD School, Beijing, 2011 Kim

new PeriodicParameters(4000));

Min interarrival
public static void main(String[] args) {
new SporadicPushMotor(
new SporadicParameters(4, 4000, 60;<\92i\\\
new SporadicParameters(2, 4000, 60), 1);

Deadline

» Periodic Threads
» Sporadic Threads
» RunTimeSystem

= Relative Time

» Immortal and Raw Memory
* Preemptive FP Scheduling

= Priority Ceiling

Larsen [26]
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|
!
b

Rezl-time
system

™

=

—~

e

Java
Translation

o ) (o)

UPPAAL

Translation }

Schedulability
analysis




exists(i:ThreadlD)schedulable[i]

idle(),
executionTime =0

executionTime

—

lexists(i:Thread|D)schedulable[i] ,

selectThread(),
executionTime =0

E=weet

—

‘unning
executionTime <= wcet &&

executionTime" == running[scheduleriD]

GOt

Go? ReadyToBeFired

. fireable[sID] = true

releasedTime == minlA

fire[sID]? ReadyToBeScheduled
schedulable[sID] = true,
fireable[sID] = false,
releasedTime = 0,
runScheduler()
run[sID]!
ExecutingThread

. releasedTime <= deadline

releasedTime <= deadline
run[siD]?
schedulable[sID] = false,
runScheduler()

DONE

releasedlime = 0,
fireable[s1D] = true

releasedTime <= minlA

Sporadic Tasks

TA for RM Scheduler

offset==0
GO?

offset 1= 0
GO?

CheckForOffset

releasedTime <= offset

releasedTime —— offset

threadPriority[pID] < selectedThreadPriority

schedulablelplD)] = true;
releasedTime =0

>.ReadchBeSdleduled

threadPrority[pID] == selectedThreadPriority

runScheduer()

releasedTime == period

run[plD]!

‘ExeculingThread

releasedTime <= deadline

releasedTime <= deadine
run[plD}?
schedulable[pID] = false,
runScheduler()

DONE

Periodic Tasks

releasedTime <= perlod



loopBoundY == 72

loopBoundY =0 LoopX

executionTime == instX &&
executionTime' == running[tiD]

-

executionTime == instX &&
loopBoundY < Z

executionTime =0,

loopBoundY++ |

LoopExit

Translation of Basic
Blocks into states and
transitions

Patterns for:

Loops

Monitor statements
If statements
Method invoke
Sporadic task release



Data J WaitingforRelease

protected boolean run() SlIBIEEEe \
if i1<5 { run?
I =1+4; Ready
} else {
| =1*4,
}
return true; =3 =3
} Ihen o N [fElse
t=2 “ 1=6
Timing = WCET
from microcode Return End




SARTS - from Safety Critical Java

public static void main(String[] args) {
new SporadicPushMotor(

new SporadicParameters(4, 4000, 60), 0);

handleBrick() {

rivate void handleBrick() £ |

void handleBrick() { |

private void handleBrick() {

sors svnchronizedReadSensors():

private void handleBrick() {
Sensors.synchronizedReadSensors();

int| private void handleBrick() {
Sensors.synchronizedReadSensors();
int input = (Sensors.getBufferedSensor(0) + Sensors
if (3 -getBufferedSensor(1)) >> 1;
if (awaitingBrick) {
if (input > lastRead) {
lastRead = input;
} else if ((lastRead - input) >= TRESHOLD) {
awaitingBrick = false;
if (lastRead > BRICK_DETECTED) {
brickFound(lastRead);

¥

new SporadicPushMotor( | private void
new SporadicPd J g
i| g private
PeriodicMotorSpooler motor | i| S8
new PeriodicMa ;| | " isnetr
new| |.
if
new PeriodicReadSensor( if (4
new PeriodicPa
RealtimeSystem.start();
}
TASKS ]
METHODS

ARTIST Design PhD School, Beijing, 2011

4

Kim Larsen [31]




SARTS - to Timed Automata

File Edit Wew Tools Options Help

Dal@ 2¢ A&A&Q K@

Editor |S|mulator| verifier

.Y
Template_0001_threads(1) | |[Template_0001_threads(2) |[Template_0001_threads(3) |[Template_0001_threads(4) | [Template_0002_threads(1) |[Template_0002_threads(2) E
L] L] [ ] L] L] L]
Scheduler = = o
L '|'|'.:--"|I A L :
Y % UNIVERSITET  “#agpnt®
o N ‘_jg-g)"__"“—@ _threads(2) |[Template_0004_threads(3) ||[Template_0004_threads(4)
d N .;-‘,ﬂ . Template_0005_threads(1
b e / . . plate_0005_1 (1)
2 o i h .
N ; O = o) == L]
Template_0002_threads(3 o -
! Detection of Deadline Violatio
UPPaAL 4,0.2 (rew, 24 I n I n I I n
W Visualize WCET in ECLIPSE
& e [ L] [ L] [ L] =

18 methods + 4 tasks = 76 components
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Compiler Verification time Result

Javac 14m 29s Satisfied
Eclipse 1m 5bs Satisfied

Breadth First Search

Compiler Verification time Result

Javac 4m 23s Satisfied
Eclipse 51s Satisfied

Depth First Search + Agressive SS Reduction

Compiler Verification time Result

Javac 16s Satisfied
Eclipse Os Satisfied

Convex Hull Approximation

Javac

Basic
WCET =1

Return
WCET =23

Eclipse

Basic
WCET =1

Return
WCET =23

End

Basic

WCET =1

GOTO
WCET =4

Basic

End

WCET =1

Return
WCET =23



with

Andreas Dalsgaard
Mads Christian Olesen
Martin Toft

René Rydhof Hansen




WCET: Worst Case Execution Time

L Data cache

' Y H— t_____

Execute stage Writeback stage '

R In general:
. hard
= or impossible to
< |BCET WCET predict
o
<
o [/’
Determine
Minimum Maximal tight upper
R e e ;R_Ix_[l:l_zaT_ | time bound
ARMOTDMI pipeline e Eit | instead
Fetch stage | Caches |
* , * L:—L Instruction cache i
|
|
|

|
|
|
|
|
|
: Decode stage Memory stage |- |
|
|
|
|

L
''r|  Main memory |[—
|
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53
54
22
56
57
o8
59
60
61
62

hbcall.s
52 main:

str
sub
moy
str
ldr
bl

ldr
mov
add
ldr

ir, [sp. #-4]!

Timed automata models
for hardware components
and process functions:

A
B
C
E
E
G A

loop_counter_1 <

loop_bound_1
42
cycles




Annotated
executable

line

PAAL model

Main memory
(UPPAAL mode

Cache
specifications

disassemble
(objdump, Dissy

'

generate
(Assembly=to=-UPPAAL)

Assembly

'

Control Flow Gra
(UPPAAL mode

generate
(cache—gen)

combine

(UPPAAL models)

J

Efalue anal sis‘]
(WALS )

Caches

model check
(UPPAAL)

Complete model
L model)

WCET




Memory addresses needed for cache hit/miss predictions

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

o
@ Registers used as base and offset for memory accesses
o
0

1T. 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

A A i

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

Overview of the ARMO automata



File Edit Wiew Tools Options Help

'ﬁm ale lalalal Elal T
File Edit View Tools Options Help
| Editor I S

Blald® 2/¢|a/aja @ - e

Editor | Simulator | Verifier |

o ‘8l Fetchs

o ‘&l Decod Overview

o "5l Execut
o= & Instruc Check
o & DataC:
o :g Mainhi
o= & fibTem
Remove
L
[ systen Comments

Insert

Query

sup: cyclecounter ® sup:
cyclecounter == 13729

Comment

Status

Established direct connection to local server.
{Academic) UPPAAL version 4.1.3 (rev, 4410), September 2000 — server,
Disconnected.
i
g Established direct connection to local server.
{Academic) UPPAAL version 4.1.3 (rew, 4410}, September 2000 — server.

R

I

Il




GUI for METAMOC

| hibbcall.o - WCET Analyser =] [x]
Fle wiew Help

Hardware Platform:

ARMS20T "t - Praferences

E THROUGH MO

Cache seltings
Block size: |32|
- 5132
7 — — Cache lines: Qi<
Lg!{'“', Hardware Platform Editor. [0 x]
‘ Cache sets: L
Plat lama: ARME2(
latforms MName ARMS20T ite Mice: oW Allccaie =
ARMS20T 0
obidurmp: arm-angstrom-linux-griugabi-¢ ] . write Throuah -
ARMS22T JaUmp: Write Hit: 5 g
ARMS40T pipeline: ARMSTDMI ~ Replacement policy: | FFO ~
Main Memory: 33
Instruction Cache: 32:512:8:WTNWAFIFO | 4
Data Cache: 32:512:8 WBMWAFIFO . 4
=k Add " Apply M;Inse

http://metamoc.martintoft.dk
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e Started out with ARMO support

o Five stage pipeline, instruction cache, data cache,
simple main memory

@ Demonstrated the method convincingly—we thought

@ The WCET community: “lt's a case study. You haven't
demonstrated the method's modularity.”

@ Now:

o Support for ARM7, ARM9 and ATMEL AVR 8-bit
o ...with modest effort

@ Accepted paper for WCET 2010, the 10th Int'l| Workshop on
Worst-Case Execution-Time Analysis

o A. E. Dalsgaard, M. C. Olesen, M. Toft, R. R. Hansen and
K. G. Larsen. METAMOC: Modular Execution Time Analysis

using Model Checking.



@ Evaluation using WCET benchmark programs from
Malardalen Real-Time Research Centre?

o Applicability

e Performance

@ Discarded a number of programs

e 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



ARMSY, 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

@ Looking for WCET benchmark programs with reference

WCETs

@ A general, cycle-accurate hardware emulator, turning a
hardware description and a program into a WCET

s - _
Instr. cache Instr. and data cache

No caches Instruction cache Instruction and data cache AVR ARM9, no cache

Relative improvement in WCET Analysis times in minutes for

for ARMO. AVR and ARMO.



CONCLUSION

= Reduction of Verification
Gap

= Simplicity
= Programming languages
= Processor architecture
= Scheduling principles

" RT Model checking

Less pessimistic

= Enables more complex
settings

= Ease of use

FUTURE

Support for more platforms

Combined Schedulability &
WCET Analysis

Loop bounds ?
More applications

Improved Model Checker

= 064 bit version
= Distributed MC

= Abstract Caches using Lattice
Types

sarts.boegholm.dk
metamoc.martintoft.dk
www.uppaal.com



