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Models

m A model is a simplified representation of the real
world.

m Engineers use models to gain confidence in the
adequacy and validity of a proposed design.

m Focus on one or more aspects of interest:
» Safety
» Liveness
» Peak time
* Performance
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How?

Unified Model = State Machine! +
Tools for analysis of state machines

Input
ports




Real-Time Systems

Real Time System
A system where correctness not only depends on the logical order of events but

also on their timing

sSensors H
Modelling & ‘
Abstraction actuators
Environment Controller
roTTTTTTTTTTT ' Input mmmmmmmmm—m— - .
' Environment - _E)[ut_p_u_t_ ) ":l System |
'+ Model M= mm oo 4 Model +'



Timed Automata

m /O Timed Automata =FSM +

» input? and output! actions (dock) assignment guard

» (discrete) data variables

» (dense) clocks _

# guards and location invariants / output action
* assignments

high/lTemp? t== !

m Clocks are special timed ;.=

variables
m General form:

guard, t==2 owtemp?
action, compressorOff! . -
assignment
() ) 4 ) t<=10 _ _
Invariant
(Invariant)

+ transition may fire if the guard is
true, the action is ready, and
then perform the assignment

» |location must be left before its
invariant is violated

m Parallel Composition of TAs
11



Timed Automata: Example

guard

location \\\x
\ 223
X:=0

reset-set

aCUOH
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Timed Automata: Example

guard

location \\\x
\ 223
X:=0

reset-set

aCUOH
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Timed Automata: Example

::: 1:)-2

X<3

|

Invariant
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Timed Automata: Example

::: T 22

X<3

|

Invariant
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Sample Test Runs

highTemp? t==2
t:=0 . compressorOn!

t==2
compressorOff] .

t==10

highTemp! -3-compressorOn? = PASS
highTemp! -3-compressorOff? = FAIL

highTemp!-13-compressorOn? = FAIL
highTemp! -3-compressorOn?-123-lowTemp! -3-compressorOff? = PASS

highTemp! -3-compressorOn?-17-lowTemp! - 3-compressorOff?-3.14-
highTemp! -5-compressorOn?-177-lowTemp! -3-compressorOff? = PASS

16



The UPPAAL Model

= Networks of Timed Automata + Integer Var
+ Array Var + ....

i==3
al a?

Y [’ =i+4 4(
/2 m2
215 215

Example transitions

(/1, md,........., x=2, y=3.5, I=3,..... .

:::::::::

Two-way synchronization
on complementary actions.

Closed Systems!

az2,mz,......., x=0, y=3.5,1=7,.....)

x=2.2, y=3.7, 1=3,.....)

If a URGENT CHANNEL
1/



Timed Automata in UPPAAL

m Timed (Safety) Automata
+ urgent action channels
+ broadcast action channels
+ urgent and committed locations
+ data-variables (with bounded domains)
+ arrays of data-variables + constants
+ guards and assignments over data-variables
and
arrays...
+ templates with local clocks, data-variables,
and
constants.

18



Timed Automata in UPPAAL

X=n Inv::=x<n|x<nlinv,inv

n

\ == / T T

| = EXpr <=5 & y=3
Expr:=1|I[EXpr ]

a g:=0:0d]0,0
n|—Expr| \ -~
Expr + Expr] o g =X=<N|X<Yy+n

Expr—Expr| Y gu ::=EXprop Expr
Expr*Expr| @ <e{<,<5=>=>}

Expr/ Expr| % op f<, <=,=,>=,>,1=}
(ga ? Expr: Expr)




Urgent Channels

urgent chan hurry;

Informal Semantics:

* There will be no delay If transition with urgent action can
be taken.

Restrictions:
* No clock guard allowed on transitions with urgent actions.

e Invariants and data-variable guards are allowed.

21



Urgent Locations

Click “Urgent” in State Editor.

Informal Semantics:
* No delay in urgent location.

Note: the use of urgent locations reduces the number of clocks
In a model, and thus the complexity of the analysis.

22



Committed Locations

Click “Committed” In State Editor.

Informal Semantics:
* No delay in committed location.
e Next transition must involve automata in committed location.

Note: the use of committed locations reduces the number of
clocks in a model, and allows for more space and time efficient

analysis.

23



Urgent and Committed

| ocations
(m| p,x=0)

l 2.5

X>2 (m|px 2.5)

al a?

& & *(nlrx 2.5)
0((\6\‘ & (n|qx 2.5) %
@)
4)) JD (0|q x=0) (n]g,x=25+d)
Xx:=0 BK

v
(o|r,x=0)

(0|g,x=25+d)
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Tool Support (model checking)

System Description A

—
—

No!
Debugging Information

Yes,
Prototypes
Executable Code
Test sequences

Tools: . VISUaISTATE, ESTEREL,
, Statemate, FormalCheck,
VeriSoft, Java Pathfinder,Telelogic...

25



p::

UPPAAL Property Specification
Language

= A[1l p m E<> p
=A< p = E[]p
m P -->(Q

] gd | gc | p and p |
p |l notp | p imply p |
P ) | deadlock(only for A[],E<>)

i
P O
(
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Uppaal “Computation Tree Logic”

A[1 p always

E<> p  Possible

@ O Q

@ﬁg oo

do o
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Reachability Analysis

Passed:=0 //already seen states
Warting:={S 0} //states not examined yet
While(waiting!=0) {
Warting:=Warting\{s 1}
iIT s 1 ¢ Passed
whenever (s_jJ — s_jJ) then
waitting:=waiting U S_j

+
\
Depth First maintain waiting as a stack Order:0136748259
Breadth First maintain waiting as a queue
(shortest counter example) Order:0123456789

28



Home-Banking?

iInt accountA, accountB; //Shared global variables
//Two concurrent bank costumers

Thread costumerl () { Thread costumer2 () {
int a,b; //local tmp copy int a,b;
a=accountA; a=accountA;
b=accountB; b=accountB;
a=a-10;b=b+10; a=a-20; b=b+20;
accountA=a; accountA=a;
accountB=b; accountB=b;

ks }

m Are the accounts in balance after the
transactions?

30



Uppaal Demo

31



Automated Model-Based Testing

Model Test suite
DBLclick! TESt
=2 | qjicko Test execution
x:=0 Generator tool
tool Event
click? )
lx<2 mapping
O— Driver
Selection &
— optimization

Implementation Relation

Does the behavior of the (blackbox)
Implementation comply to that of the specification?

33



xX>=2

Test generated and executed
event-by-event (randomly), reactively

Model

Online Testing

DBLclick!

Test
Generator
tool

Selection &
optimization

Implementation Relation

Test g

execution

tool ‘
Event fall
mapping g
Driver

eLong Running, deep testing, imaginative

34



Our Framework
eUppAal Timed Automata Network: Env || IUT

f

Testing-UPPAAL

Environment | Implementation

I
model - model

1_:_—0/ OC?Q\O

ihulated Environment

Implementation

Under Test

o o
< <
h —
5 3
Q- - —
] 2
T =
< o

”Formal Relativized i/0 Confo}wlnce” Relation

Correct system behavior

eRelevant input event
seguences eTest Oracle
oL oad model eMonitor

eComplete and sound algorithm

eEfficient symbolic reachability algorithms
eUppAal-TRON: Testing Real-Time Systems Online
eRelease 1.3 http://www.cs.aau.dk/—marius/tron/
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Sample Cooling Controller

On!

Off!

Low?
<

Med?
<

igh?
<ngh.

IUT-model

Env-model
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Env. Modeling

m Realism and Guiding

Tem

#E, Any action possible at any time
#+E, Only realistic temperature variations

#E, Temperature never increases when cooling
#E,_No inputs (completely passive)




Implementation relation

Relativized real-time 1o0-conformance

: Environment

| Jassumptions 900001 Model :
I &'f _______ I b e e e e e i&\

el et P be a set of states
eTTr(P): the set of timed traces from states in P
oP after o = the set of states reachable after timed trace o

eOut(P) = possible outputs and delays in P

ei rt-ioco, s =def
oVo € TTr(e): Out((e,i) after o) < Out((e,s) after o)

ei rt-ioco, s iff TTr(i) n TTr(e) < TTr(s) n TTr(e)

e Intuition, for all relevant environment behaviors
enever produces illegal output, and
ealways produces required output in time

e—timed trace inclusion 39



Sample Cooling Controller

Oon!

Off!

Low?
<

Med?
<

igh?
<ngh.

Env-model
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Sample Cooling Controller

On!

Off!

Low?
<

Med?
<

igh?
<ngh.

T Env-model
Cr ryl/oco g, Ciff 3d<r

d.Med?.d.High?.d.Med?.d.Low?.£.0n, e<r »



Sample Cooling Controller

Oon!

Off!

Low?
<

Med?
<

igh?
<ngh.

C" pioco e, C"

Env-model
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Randomized Online Algorithm

Algorithm TestGenExec (TestSpec) returns {pass, fail}

Z:={{lp,0)},
While Z # and #iterations<T do choose randomly
1. if EnvOutput(Z) =9 // Offer an input
choose randomly a € EnvOutput(2)
send i to SUT

Z.=/7 after a
2. choose randomly & € Delays(Z) // Delay and wait for output

Wait(s)
if o occurred after § < § then
Z:=Z7 after §
if 0 ¢ ImpOutput(Z) then return fail
Z:=/Z after o
else // no output within 6 time
Z:.=7 after 5
3. reset IUT —
Z:={{,,0)} CSound
It Z=0 then return fail else return pass I eComplete as TH>®

z 43



Non-Determinism

eModeling Action uncertainty

oA controller switches a relay when a control variable crosses
‘around’ threshold value

T a s ___________ ___________ ___________ ___________ T:s:threshold_err ..... ........... ...........
switchOn! . switchont | _{C)ON

measuredTemperature?

threshold Eosssassesbalesstastn.. - d’=senscr_yalui % PR T R —
+err : : : : 5 : : :

switchOff! : : 5
. T<=threshold+err : OFF

> ........... ........... ........... ........... SWItﬂhOfﬂ .......... ........... ........... ...........
time

eModeling Timing uncertainty
oA controller switches a relay between 2 and 10 time units

highTemp? t==2
t:=0 . compressorQOn!

t==2 owtemp?
compressorOff! . t:=

t==10 45



State-set computation

m Compute all potential states the model can
occupy after the timed trace &,,iy,£,,0,,6,i5,0,,...

m Let Z be a set of states
» Z after a: possible states after executing a (and t¥*)
» Z after ¢ :possible states after t* and ¢ , totaling a delay of ¢

# 0 iIs a legal output from SUT iff O in ImpOutput(2)
* ais arelevant input in Env iff I in EnvOutput(2)

* £ Is a permitted delay iff Z after £z9
* ¢ Is a relevant delay iff Delays (2)



State-set Computation

m Compute all potential states the model can
occupy after the timed trace g,,i,,£,,0,,6,i5,0,,...
m Let Z be a set of states
» Z after a: possible states after executing a (and 7°)
» Z after ¢ :possible states after 7 and & , totaling a delay of ¢

Q - Q @ax::0®
x:=a:)1 @

{ ({ly,x=3) } after a = { {y,x=0)} after 4 =

{ <|2IX=3>I <I4I X=3>l <|31 X=O> } { <IOIX=4>I <I]_I O <X < 4> }
=Represent state sets as sets of symbolic states
=Use symbolic reachability

=(similar to model checkers like UppAal) 47



e

Symbolic Reachability

Zone Is a conjunction of clock constraints of the form:
{i —2j < e} U < i} U{z; < b;} where <e {<, <}

Difference bound matlrix - compact representation.

» Symbolic state set Z = {(I1. 21),..., (I, zn)}

Action transition: (I.2) % (I. (= A g)y A L)) 1255 1 s
a-action transition and > A g # 0,(z A g), A I(I') # 0.

Delay transition: ([, z) LR (1,210 A I(D)) iff 270 A I(1) £ 0.

o

T
i Y

| R T A R TR

+3



Real-time Online

Compute all states reachable after timed trace
Maintain a set of symbolic states in real time!

Specification Online Tester
TA-network

[Tripakis’02, Krichen’04]
49



Danfoss EKC Case

Electronic Cooling Controller

Sensor Input

eair temperature sensor
edefrost temperature sensor
e(door open sensor)
Keypad Input

o2 buttons (~40 user settable
parameters)

Output Relays

ecompressor relay

edefrost relay

ealarm relay

o(fan relay)

Display Output

ealarm / error indication

emode indication

ecurrent calculated temperature

eOptional real-time clock or LON network module
51




Industrial Cooling Plants

01/06/2003

52



Basic Refrigeration Control

y
LT Lo L3 o O AR
Limit A
highAlarm start
Deviation start compressor
. compressor
setpoint v P A
+differentia|'/'\
differential
\Z
setpoint - ;
P A stop
lowAlarm cc?mpressor : i stop .
Deviation | k< >i< > ‘&> compressor i¢ S
normal min restart min cooling N -
time not elapsed time not elapsed alarm delay
[OWAIQIIMN e dieeeiicseecsssssassassassassnssassnnssssnnssssnnsssssssssssssnsssssessssssssssssssssssssssssnssssansnnnnnnnnnnnns
Limit
Time

54



EKC Adaptation 1

eRead and write parameter “database”
o4/ parameters

EKC Software Layering
*AK-Online (PC SW)

econfiguration
Control Software esupervision
elogging

Test Interface

Parameter DB
(shared variables)

Device drivers+kernel

Hardware+Physical 1/0 <0N96W9R523% | —

win32+0OLE+VB

56



EKC Adaptation 2

TRON Engine
compressoron setTémp(20)
Adaptor
“continous” readout 2 readouts/s 16.7]0|o| oldcopy
i Ypar#4=20.0"
' A N

better test interface!

eRead-only parameters

eDelay and synchronization
win32+0LE+VB

-
Solaris/Linux (C++)

57



Temperature Tracking

Temperature

T, . *4+T

sampled
5

“periodic” weighted average: T, =

—l?rrr”* CLTEFFEkEEEH

E e EKC calculated temperature

Error/uncertainty envelope

K
ol m M

A

Itolera:ncie in value computation

tolerance in sampling time

A 4

compressoron! _
Time

59



Main Model Components

m 18 concurrent timed automata
m 14 clocks, 14 integers

Environment

TemperatureGenerator Input

>

J
defrostEventGen < Output

IUT-Model
tempMeasurement
autoDefrost
newTemp neWTemp A
A 4
compressor |« highTempAI&arm | defrost
A A e yY
on/off on/off...onfoft " on/off
A 4 P ‘ ' ¥ ¥
compressor alarm alarm defrost
Relay Relay Display Relay

60



Reverse Engineering

m Unclear and incomplete specifications

m Method of Working
1. Formulate hypothesis model
2. Test
3. FAIL-verdict = Refine model
4. (PASS) = Confirm with Danfoss

m Detects differences between actual and
modeled behavior

m Indicates promising error-detection
capability
m 4 examples

61



Ex1: Control Period

m Control actions issued when
"calculatedTemp” crosses thresholds

T, 4+T

sampled

“periodic” weighted average: T _ =

! 5

m No requirements on period given
m Tested to be 1.2 seconds

62



Ex2: High Alarm Monitor vl

T _calcTemp=IUT_setP aint+dif+highAlarmDey-err

?
UT calcTemps  CEAMHIgnAlam? Al AUCLe

' |
new Temp' ta:=0 ACn!

T _setPaoint+diff+highalamDev+er #lafh o tag=IUT_TADelay /
i cleardighAlarm?
- ; IUT_calcTempe=IUT_setPoint+diff+highalarmDey-+err
new Temp /

AT

/ ta:=0

Clearing the alarm do not switch off alarm state, only alarm relay

clearHighAlarm®

y

63



Ex2: High Alarm Monitor v2

newT emp’?
calcTemp=setPoint+diff+high AlarmDew-arr

- newTemp?
clearHighAlarm? cacTemps clearHigh Alarm? _ calcTemp=setPoint+diff +high AlarmDev-err
setPoint+diff +high AlarmDeyv-err clearHighAlarm’? o ) ) .
newTemp? noDefrostDeIay 85 sounding_Displaying
nenTermp? pen : ta::-tempAIarmDelay f’"\ A0N| HADOnI /.D
calcTemp== ~ triggered
setPoint+diff+high AlarmDey-err el ta<=te pAlarmDelV postPoned//
B newTemp’?
L calcTempe=setPoint+diff+high AlarmDay +err newTemp’? clearHighAlarm?
tar=0 calcTempe==setPaint+diff+high AlarmDey+err /
r‘ A_%Ofﬂ new Termp’? L
a=l = ) ) ) A ap
@ calcTemp==setPaint+diff+high AlarmDey+err ) : @
ta =0 noSound Displaying ta=0
newTemp’?

calcTemp=setPoint+diff+highAlarmDev-grr

eAdd HighAlarmDisplay action
eAdd location for "noSound, but alarmDisplaying”
e(Postpone alarms after defrosting)

64



Ex3: Defrosting and Alarms

m  When defrosting the temperature rises

m  Postpone high temperature alarms during
defrost

m  System parameter alarmDelayAfterDefrost

m  Several Interpretations

1. Postpone alarmDelayAfterDefrost+alarmDelay after
defrost?

2. Postpone alarmDelayAfterDefrost+alarmDelay after
highTemp detected?

3. Postpone alarmdelayAfterDefrost until temperature
becomes low; then use alarmDelay

m  Option 3 applies!

65



Ex4: Defrost TimeTolerance

m Defrost relays engaged earlier and
disengaged later than expected

m Assumed 2 seconds tolerance
m Defrosting takes long time

m Implementation uses a low resolution
timer (10 seconds)

66



Example Test Run

(log visualization)

3800
3700
3600
3500
3400
3300
3200
3100
3000
2900
2800
2700
2600
2500
2400
2300
2200
2100
2000
1900
1800
1700
1600
1500

600000 700000 800000

* setTemp

= modelTemp
ekcTemp

» CON

x COFF

¢ AON

+ AOFF

- alarmRst

- HADOn
HADOff
DON
DOFF

* manDefrostOn

* manDefrostOff

900000

compressorOn!

7 fdefrost complete
resetAlarm? DOFF!

defrostOff?
AOFF! CON!

HighAlarmDjisplayOff!
alarmon!

alarmDisplayOn!

manualDefrostOn?
COFF!
DONI!

67



Testing=Environment
emulation-+monitoring
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Testing

eReplace Systems Real Environment by Tester
eTester provides inputs
eTester observes outputs

Testing-UPPAAL

Environment | Implementation

I
model - model

Implementation

Under Test

Adapter API

] AN

Physical AP

ihulated Environment

“Formal Relativized i/0 COnfO}YInCG" Relation
Correct system behavior

eRelevant input event
sequences eTest Oracle
eLoad model eMonitor




Environment Emulation

Compute inputs from environment model
# Relevant input event sequences o
» Load model D

Feedback or one-way P
Outputs may go to real-system ’

Testing—-UPPAAL

Implementation

Under Test

Physical AP

o
<
.
@
et
Q
1]
L=
<

"Formal Relativized i/o conformance” Relation

/2



Monitoring

m Passively check communication between system
and its real environment

# check system behavior
m Passive Testing

Testlng—UPPAAL

Implementation

Under Test

Adapter'API
Physical AP

”Formal Relativized i/o conformance” Relation 23



Conclusions

Can accurately model EKC-like devices

Can create models suitable for online testing

Complete and detailed model not required

» Select aspects

#» Abstraction

MBT feasible even if specification is incomplete/unclear
Promising error-detection capabilities

» Differences between actual and specified behavior in
industrial case

» Academic mutation studies
Excellent performance

m Very non-deterministic models causes very large state-
sets which can become a computational bottleneck

m Real-time synchronization of IUT and tester is problematic
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Touch-Sensitive Light-
Controller

Interface
'
Dim
Switch
release starthold?
L.=0L,
endhold! an==0 N L<Max. >0,
@) touch? touch? w==ra|3 ==delay
¥==gpsilo _ ._ ._
H release? L=0L, oL=L, . =1,
on=1 L:=0, '—_-:'EI—” =0
relpase? on:=0 =
v==rglts DL::L,}{::D,DH::']
starthold 4. LightController ;|g|5||
~Light Controller




Touch-sensitive Light-

Controller Model

User/ENV

grasp! -

light controller model

release!

Level!

Interface

t h! .

~— | switch
hold!

endhold| Dimmer

/76



emo

UPPAALL TRONTracer
Help
Options | Interface rRumime |
UPPAAL Timed Automata Interface Browser | complete || show map |
Process properties
Unobservable processes: Channels: Variables:
interface ?evel ?delta
_switch Igrasp ?delay
dimmer Irelease ?adaplevel
System partitioning and interface between
Environment §§ »=> Input channels with variables; >>> : Implementation
Observable; grasp Observahle;
user release graspAdapter
; i releaseAdapter
;|| levelAdapter
Internal: add to input bind ” rem Internal:
<= < 0Output channels with variables <<«
rev—— level adapLevel
~Light Controller ;
Variables: : Variables:
:|adapLevel
add to output bind ” rem
LightZantr.trn || save || undo |
Environment and Implementation partitioning messages:
Adding channels where variable adaplevel is read in process user
0K, wariahle adaplewvel bound o channel Tevel.
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END
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Scheduling & Planning

Help the family to get to the
safe side.

Constraints:
Max 2 persons on the boat
Mom not alone with boys
Dad ont alone with girls
Thief not alone with family
Only police, dad and mom

can handle the boat

82



Scheduling & Planning

Solve
Scheduling Problem
using UPPAAL

Dad
boat==unsafe boat==safe
dad:=onboard dad.=safe
bo
Unsate dad:=unsafe dad:=¢::nb¢::a§&‘fE
boat==unsafe boat==safe
Boat
boat:=crossing boat:=safe,

crossings++

Unsafe Safe
boat.=unsafe, boat:=crossing
crossings++

dad==alice imply mom==dad,
dad==karin imply mom==dad,
mom==hill imply dad==mom,
mam==hbob impky dad==maorm,
bioat==crossing imply (dad==onboard ar police==onboard or mom==onboard),
((dad==onboard)+(bill==0onboard)+ (bob==onboard) +
(morm==onboard) + (alice==onboard) + (karin==onboard) +
(police==onboard) + thief==anboard)j==2,
thief==dad imply police==thief,
thief==mom imply police==thief,
thief==hill imply police= =thief,
thief==hbob imply police==thief,
thief==alice imply police==thief,
thief==karin impky police==thief
oo



Scheduling & Planning

_[8]x]
J 3 Variable % @ wp O
oo dad = 2 |
rocm =
. L -
—_—bill = 2 I—
* Dad Mom Bil
ol = 2
alice = 0 — bost==unsafe hoat==zafs hoat==unsafe bost==zafs bost==unsafe bost==s3f
. ook =onbcard cad =zats morn:=anboard o =sate kil =onboard hill: ==ats
karin = 0 Sbhoagpe & .
police = 1
thief = 1 N £ ’ £
_ NS mtneate  dad=onboard Hnsae e =unsate  mom:=onboRr N =Oneate Bl =anboard =
(Th |ppoat = 0 bost==unzafe  boat==safe boat==unsate  bost==safs bost==unzafe  hoat==safe I
[Bo ||passengers = 0
crossings = 8 Boh Alice Harin
LI bost==unzafe hnat==zate hoat==unzate bost==zafe bost==unzate
bok: =anboard ok =zate dice;=onbosrd dice =zafe katir: =onboard
Simulation Trace |
_ S hok:=unsafe bob:=0nbcer.?fe s dicei=unzafe  dice=onho; Sl karin:=unsafe  karin:=onho ﬁe
[Boat 1] hoat==unzafe  hoat==safe hoat==unzafe  bost==safe Ioat==unzafe  boat==zafz
oat.
[Safe, Unsafe, Safe, Safe, Unzafe, Unsafe, Onboa Police Thier Boat
(Boat.2) boat=crossng  kost=safe
hoat==unzafe hoat==zafe loat==unzafe hoat==zafe - an :
[Safe. Unsafe, Safe, Safe, Unsafe, Unsafe, Onboa kolice:=onboard police: =sae thisf —onboard et osats . crossingat+
[Police.4) Spkoagd oy .
Safe. Unsafe, Safe, Safe, Unsafe, Unsafe, Safe, [ : :
[ 7 J Unisate - i Unsafe e Unsa Safe
[T hiief.4) police:=unsafe  police:=onk thief=unsafe  thief=onbos P BT boat: =crossing
boat==unzafe hnat==zate boat==unzafe hoat==zafe " ' T
[Safe, Unsafe, Safe, Safe, Unsafe, Unsafe, 5afe, & CIOSSINGE++
[Dad.3) | j
[Onboard, Unzale, S ale, Safe, Unsafe, Unsafe, Sa Dad Mom Bill Boh Alice Karin Police Thief Boat Constr

[Boat.3)

Trace File: I
Prev Mext Replay
Open Save Fandom
1
I | | H I | |
Slow Fast

sate

Safe [ Un;afe] [ Un;afe] [ Onb‘oard ][ Onbloard] [ Un;afe] [j

Cros@

Safe

UPPAAL provides the Schedule




Linearly Priced Timed Automata:

cost’=1 cost’=2

X<3 e X<3 cost’=0
cost+=4 Q
Q y>2, Xx<2
& {x=0} b ©

@ Timed Automata + Costs on transitions and locations.

» Cost of performing transition: Transition cost.
» Cost of performing delay d: ( d x Location
cost).

2.5
TraICQ,X:y:O)T' (b,x=y=0) 28(5—)()2 (b,x:y:2.5)T> (a,x=0,y=2.5)

e Cost of Execution Trace: Sumofcosts: 4 +5+0=9
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Linearly Priced Timed Automata:

cost’=1 cost’=2

X<3/\ X<3 cost’=0
cost+=4 Q
Q\/Q y>2, X<2 '
a {x:=0} b C
m Timed Automat~ - =
*
» Prob\em cation C

Trac ., — (bx=y=25 a,x=0,y=2.5
¢ ) , ,2_5X2( y )T'( y=2.5)

e Cost of Execution Trace: Sumofcosts: 4 +5+0=9
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Prices
} ={.]. _3(_‘,':-:2‘.
=0 B 0 C y<1 D ..,
-0 -0 -0
S 8y 0
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Example (execution)

y =0, X >=2,
E) Sl \JE"\ =0 \;‘\ y<=1 xﬂfD-\ T \6
W, W,
1 0 1 0 1 0 q 0 1
y =0
P
(4,0,0,0) 2225 @2 (0 2 2 2) I (0,2,0,2) 22524 (p, 3. 1,3) 22 (E,3,1,3)
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Example (Imin-cost)

Optimal cost of reaching E depends on values p and g:

min(3+p,2+p+¢,2+ 2¢)
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SIDMAR Steel Production Plant

Gent, Belgium
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In LEGO MindStorm

achine

|
i
- -
- ey
L
3
CY
- &
=
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SIDMAR Overview

Crane Aﬁl
Machine 1 Machine 2 Machine 3
| |
Machine 4 Machine 5 Lane 1

\/ \/

Crane B [

Lane 2

Buffer

- Storage Place

Continuos
Casting Machine
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SIDMAR Modelling

A Single Load

Crane —
Machme 1 MaChlne 2 MaChlne 3 b s E:EI::I‘.u"m T o [ = e
- R
Machine 4 Machine 5 Lane 1 [ e ee|ew
1 Ty
Lane 2
Buffer
CraneB] N&®Z = o= L le |[f=0
-Storage Place
Continuos
Casting Machine ) b _
-\ UPPAAL Model
e N e =
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SIDMAR Modelling

A Single Load

...........

Crane —
Machine 1 Machine 2 Mgchine 3 - | Ny

Machine 4 Machine 5 Lane
| |
Lane 2
Buffer
Crane B
-Storage Place
Continuos

Casting Machine

. UPPAAL Model , .. o o . .

e ' T
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SIDMAR Modelling

A Single Load

Crane I
Mac h | ne 1 Mac h | ne 2 Mac h | ne 3 E:EI::I‘.u'“”' R o [ = e

- ]
Machine 4 achine Lane 1

Lapie 2

Buffer
Crane B
-Storage Place
Continuos
Casting Machine e 4 _ J e N
-~ UPPAAL Model .
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SIDMAR Modelling
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SIDMAR Modelling
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SIDMAR Modelling
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Modus Operandi

Physical Plant <4 Program

4, Execute _
program. 3. Synthesise

program.

1. Model plant as
networks of
timed automata.

Plant Model > Trace

2. Reformulate
schuling as reachability
and apply UPPAAL .
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Extracting Programs

Trace

( loadB1l.p1l recipeBl.gotoT1
loadB2...

{ loadB1.x=5 recipeBl.tot=5
recipeB1l...

Sync: blright
( loadB1.pre recipeBl.gotoT1

loadB2...

{ loadB1.x=5 recipeBl.tot=5
recipeBl...

delay(5)

( loadB1.pre recipeBl.gotoT1
loadB2...

{ loadB1.x=10 recipeB1.tot=10
recipe...

Sync: B1M1lon
( loadB1l.onM1 recipeBl.onT1

loadB2...

{ loadB1.x=0 recipeBl.tot=10
recipe...

delay( 10)

( loadB1l.onM1 recipeBl.onT1
loadB2...

Schedule

beltl right

delay 5

load B1 on Machine 1
delay 10

load B1 off Machine 1

1971 lines of RCX code (n=5),
24860 -“- (n=60).

Program

// Belt Unit 1 move RIGHT
PB.SendPBMessage 2, 20

// Delay 5
PB.Wait 2, 500

// Machine 1 START
PB.SendPBMessage 2, 23

// Delay 10
PB.Wait 2, 100

// Machine 2 STOP
PB.SendPBMessage 2,24
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Example: Aircraft Landing

cost d+*(t-T) E earliest landing time
T target time
*(T-
e*(T-) \ L latest time

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

.t d fixed cost for being late
L
B
Planes have to keep separation
distance to avoid turbulences . O
caused by preceding planes b
' Runway
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Example: Aircraft Landing

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

=

Planes have to keep separation
distance to avoid turbulences

caused by preceding planes } I _

Runway
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Ai rC raft Lan d i n gource of examples:

Baesley et al’2000

optimal value

3100

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

optimal value 0 0
3||explored states 24| 46 y 207715
cputime (secs}) | 0.36| 0.70| 1.71}14786.19
optimal value 0
4||lexplored states | N/A|N/A[N/A 65
cputime (secs) 1.97

189602
12461.47

1||explored states 5693 15069 122| 662
cputime (secs) 87.67| 220.22| 0.60|4.27
optimal value 640 60| bhbd| 0

2||explored states 28821 47993| 903b| 92
cputime (secs) 1085.08
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Ressource Optimal Scheduling

Compute : @0@@ @@@ )

1 ""
(£ — ) essors
3 (e 4 P2 (slow)

| B n n 5
[ rﬁ;} e T3
5 / - > >
5 13 15 20 25
T Secs
Pl 2 S O

dtime
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Ressource Optimal
Schedulin

Compute: (D*(C*( 9+B))+((A+B)+(C*D))

Gi‘)\zg‘) On 2 processors
'@  But what about

v

75
S energy 7
O— consumption
o [T 2171 3
- LEE =T TN,
P2 2 | | |/|

dtime
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Ressource Optimal
Schedulin

Compute:(D*(C*(9+B))+((A+B)+(C*D))

On 2 processors

P1 (fast) . P2 (slow) )
. + < + o)
'\l‘aé"-“ * 3_ * 3_
e | Ml
Idle |, = Idle
11 W_ 11N W_
5/7 Hse—L\A/ use—L\A/
5 e/.g 15 20 25
— % |
P11 3 S 139 JOU /US@.
p2 R
...... N

dtime
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Ressource Optimal
Schedulin

Compute : (D*(C*( 9+B))+((A+B)+(C*D))

@\ On 2 processors
@ P1 rfach P? rclann
&

But how to solve ;-
the problemin 27
practlse 21721 e

P11 3 4| Py, e |H

time
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- Use UPPAAL Cora

tgs-summit-example.xml - UPPAAL @@ ®
Elle Edit Templates Yiew Queries Options Help
Ble<| B GIE| B @ o
System Editor Simulator |’\-’erifier |
T q ] cost == energy[pI[[TOCET EETime <= deadlne o
‘ Drag out ‘, Drag out ‘, dle ez
“|-Variables
Enabled Transitions i
dlpest = 1
(T3.1.T3, P2.0.P2) ifinished[o] = 1 start[pl] done[pl]!
(PLLPL, T4.2.T4) | [finished(1] = 1 B R  EERIcH == busy[p1] B
lfinished[2] = O
i finished[2] = O by
= ini = nlse
::2:2:23{;} . g cost' == energy[pl][INUSE] £& ¢ <= busy[p:
{lbusyio] =2 ]
l lbusyi1] = | M=
illfinfimum_cost 5 & it
| Next | Reset | i||offset_cost = 1)) =
|rate[0] = 0
Simulation Trace ilgrate[1] = 0 enabled(t2), gnabled(t2) Ftl
i - start[p2]!
{nit, Idle, Init, Idle, Init, Init, Init, IniK i :;:EE} = g
(T12.0.T2, PL.0.P1) | jime in [5,120]
dnit, InUse, UsingP1, Idle, Init, Init, Init, 1| | [FLcin [0,2] busy[pl] = ptime[p1][MULT]
(TLLTL, P2.0.P2) p2.cin[5,130] busy[p2] = ptime[p2][MULY
o e aE . | diime - Plcin done[pl]? . done[p2]? 3w
@UsingP2, InUse, UsingP1, Inllse, Init, Ini Pz e = tirne in I =~ finished[t2] = IDone finished[t2] = 1 %
PLLPL, T22T) JAP2.c-Plcing UsingPl UsingP2
@singP2, ldle, Done, Inllse, Init, Init, Init ! P2
P2.1.P2, TL3.TD
- - - A cost' == energy[p2][IDLE] && time <= deadline
(Done, Idle, Done, Idle, Init, Init, Init, Inig dle
(T4.0.T4, P1.0.P1)
(Done, InUse, Done, Idle, Init, UsingP1, Ir
start[p2] done[p2]!
€ =0,1e5t = enabled(2)| £ == busy[p2] =
Trace File: e
T1 P1 T2 P2 T3 T4 T3 Th
Prev Mext Replay o
Open Save Random i
[ LY A 1] T
Slow Fast %
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More Information

DUPPAAL CORA - Mozilla Firefox 18] x|
file Edt Yew Go Bookmarks Tools  Help i

QEI - I:JL;) > @ ||_| http: e, cs. aau. dkf~behrmann)cora) LI @ Go | i

UPPAAL CORA

LIPPAAL for Cost Optimral Reachability Analysis

Main Page | Introduction | Language Guide | Option Guide | Publications | Case Studies | Download |

Welcome! Latest News
UPPAAL §s an integrated tool enwironment for modeling, validation and verification of real-time Updated case studies
systems modeled as networks of timed automata, extended with data types (bounded integers, 30 Nov 2004

arrays, etc.). ;
3 ) The models of the case studies can now

UPPAAL CORA is a branch of UPPAAL for Cost Optimal Reachability Anslysis developed by the bepowhlaaded from.the eace sty page.

New release
you to annotate the model with the notion of cost, This can be the cost of delay in certain 9 Now 2004
situations or the cost of particular actions, UPP&sL CORA then finds optimal paths matching goal ) )
diti First publicly announced release of
conditions.

UPPASL CORS, The higgest change is the
bundling of a GUI. —
Update 12 Nov 2004: Motice that a new
build with the same version number was

UPPAAL CORA has been used in a number of case studies. Some of these are described on the
case study page of this site. If you come up with interesting uses, please contact us, We are

interested in hearing what you do!
uploaded today. If you downloaded the
Due to different internal data structures, UPPAAL CORA currently consists of two different old build, please download the version

versions: Al

= A version for the simplified case of time optimal reachability analysis, More Mews =

= A version for the full language of LPTA,

Like UPPAAL, UPPAAL CORA is free for non-profit use, e.g. for evaluation, research, and teaching LI

Done

www.cs.aau.dk/—behrmann/cora
123



