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Outline

¥ Real-Time and Embedded systems

¥ Resource-bound computation

¥ Resource-bound formalisms
Ð ACSR (Algebr a of  communicat ing shar ed r esour ces)
Ð Schedulabilit y Analysis Pr oblem
Ð PACSR (Pr obabilist ic ACSR)
Ð Schedulabilit y analysis f or  sof t  r eal-t ime syst ems
Ð Design f r amewor k f or  embedded syst ems
Ð P2ACSR (Pr obabilist ic ACSR wit h power  consumpt ion)
Ð Scheduling synt hesis and par amet r ic schedulabilit y analysis
Ð ACSR-VP (ACSR wit h Value-Passing)

¥ Conclusions
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Real-time, Embedded Systems

¥ Difficulties
Ð I ncr easing complexit y
Ð Decent r alized
Ð Saf et y cr it ical
Ð End-t o-end t iming const r aint s
Ð Resour ce const r ained

¥ Non-f unct ional: power , size, et c.

¥ Development of reliable and robust embedded
software
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Properties of embedded systems

¥ Adherence to safety-critical properties
¥ Meeting timing constraints
¥ Satisfaction of resource constraints
¥ Confinement of resource accesses
¥ Supporting fault tolerance
¥ Domain specific requirements

Ð Mobilit y
Ð Sof t war e conf igur at ion
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Real-time Behaviors

¥ Correctness and reliability of real-time systems
depends on
Ð Funct ional cor r ect ness
Ð Tempor al cor r ect ness

¥ Factors that affect temporal behavior are
Ð Synchr onizat ion and communicat ion
Ð Resour ce limit at ions and availabilit y/ f ailur es
Ð Scheduling algor it hms
Ð End-t o-end t empor al const r aint s

¥ An integrated framework to bridge the gap between
concurrency theory and real-time scheduling
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Scheduling Problems

¥ Priority Assignment Problem
¥ Schedulability Analysis Problem
¥ Soft timing/performance analysis (Probabilistic

Performance Analysis)
¥ End-to-end Design Problem

Ð Par amet r ic Analysis
Ð End-t o-end const r aint s, int er mediat e t iming const r aint s
Ð Execut ion Synchr onizat ion Pr oblem
Ð St ar t -t ime Assignment  Pr oblem wit h I nt er -j ob

Tempor al Const r aint s

¥ Fault tolerance: dealing with failures, overloads
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Scheduling Factors

¥ Static priority vs dynamic priority
Ð Cyclic execut ive, RM (Rat e Monot onic), EDF (Ear liest

Deadline Fir st )

¥ Priority inversion problem
¥ Independent tasks vs. dependent tasks
¥ Single processor vs. multiple processors
¥ Communication delays
¥ Uncertainty in execution times
¥ Resource use tradeoffs
¥ End-to-end timing requirements
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Example: Simple Scheduling Problem

¥ ( per iod, [  e-, e+ ]  ), wher e e- and e+ ar e t he lower  and upper  bound of
execut ion t ime, r espect ively.

¥ Goal is t o f ind t he pr ior it y of  each j ob so t hat  j obs ar e schedulable

¥ Consider ing only wor st  case leads t o scheduling anomaly

(12, [1,2])

(4, [2,3]) (12, [1,3])

(4, [1,2])

(4, [1,2])

J2,2

J3,1 J2,1

J1,1
J1,2

CPU1 CPU2 CPU3
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Example (2)

Let J1,1 > J2,1 and J2,2 > J3,1

Consider worst case execution time for all jobs, i.e.,
Execution time E1,1 = 2, E2,1 = 3, E2,2 = 2, E3,1 = 3

(12, [1,2])

(4, [2,3]) (12, [1,3])

(4, [1,2])
(4, [1,2])

J2,2

J3,1 J2,1

J1,1
J1,2

CPU1
CPU2 CPU3

J1,1

J3,1

4 8 12

4 8 12

J2,1 J1,1 J2,1 J1,1

J3,1 J2,2 J3,1

CPU2

CPU1
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Example (3)

With same priorities, J1,1 > J2,1 and J2,2 > J3,1

Let execution time E1,1 = 1, E2,1 = 1,, E2,2 = 2, E3,1 = 3

(12, [1,2])

(4, [2,3]) (12, [1,3])

(4, [1,2])
(4, [1,2])

J2,2

J3,1 J2,1

J1,1
J1,2

CPU1 CPU2 CPU3

So with the priority assignment of J1,1 > J2,1 and J2,2 > J3,1,

jobs cannot be scheduled and scheduling problems are in general NP-hard

J1,1

J3,1

4 8 12

4 8 12

J2,1 J1,1 J1,1

J2,2

CPU2

CPU1

J3,1 missed its deadline
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End-to-end Design Problem

¥ Given a t ask set  wit h end-t o-end const r aint s on input s and
out put s
Ð Fr eshness f r om input  X t o out put  Y (F(Y| X)) const r aint s:

bound t ime f r om input  X t o out put  Y
Ð Cor r elat ion bet ween input  X1 and X2 (C(Y| X1,X2))

const r aint s: max t ime-skew bet ween input s t o out put
Ð Separ at ion bet ween out put  Y (u(Y) and l(Y)) const r aint s:

separ at ion bet ween consecut ive values on a single out put  Y
¥ Der ive scheduling f or  ever y t ask

Ð Per iods, of f set s, deadlines
Ð pr ior it ies

¥ Meet  t he end-t o-end r equir ement s
¥ Subj ect  t o

Ð Resour ce limit at ions, e.g., memor y, power , weight , bandwidt h
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Job1

s1 s1+e1

Job2

s2 s2+e2

[ 5,7 ] [ 3,4 ]

!  25

"  14

!  10!  12

Start-time Assignment Problem with Inter-job Temporal Constraints

Goal is to statically determine the range of start times for each job
so that jobs are schedulable and all inter-job temporal constraints
are satisfied.

Example: Start-time Problem
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Example: power-aware RT scheduling

¥ Dynamic Voltage Scaling allows tradeoffs between
performance and power consumption

¥ Problem is how to minimize power consumption while
meeting timing constraints.

¥ Example: three tasks with probabilistic execution
time distribution

1423

1032

831

Per iodWor st -case execut ion t imeTask
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Our approach and objectives

¥ Design formalisms for real-time and embedded
systems
Ð Resour ce-bound r eal-t ime pr ocess algebr as
Ð Execut able specif icat ions
Ð Logic f or  specif ying pr oper t ies

¥ Design analysis techniques
Ð Aut omat ed ver if icat ion t echniques
Ð Par amet er ized end-t o-end schedulabilit y analysis

¥ Toolset implementation
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Resource-bound computation

¥ Computational systems are always constrained in their
behaviors

¥ Resources capture physical constraints
¥ Resources should be supported as a first-class notion

in modeling and analysis
¥ Resource-bound computation is a general framework

of wide applicability
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Resources

¥ Resources capture constraints on executions
¥ Resources can be

Ð Ser ially r eusable:
¥ pr ocessor s, memor y, communicat ion channels

Ð Consumable
¥ power

¥ Resource capacities
Ð Single-capacit y r esour ces
Ð Mult iple-capacit y r esour ces
Ð Time-sliced, et c.
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Process Algebras

¥ Process algebras are abstract and compositional
methodologies for concurrent-system specification
and analysis.

¥ ÒDesign methodology which systematically allows to
build complex systems from smaller ones Ó [Milner]
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Process Algebras

¥ A process algebra consists of
Ð a set  of  oper at or s and synt act ic r ules f or  const r uct ing

pr ocesses
Ð a semant ic mapping which assigns meaning or

int er pr et at ion t o ever y pr ocess
Ð a not ion of  equivalence or  par t ial or der  bet ween

pr ocesses
Ð a set  of  algebr aic laws t hat  allow synt act ic manipulat ion

of  pr ocesses.

¥ Ancestors
Ð CCS, CSP, ACP,É
Ð f ocus on communicat ion and concur r ency
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Advantages of Process Algebra

 A lar ge syst em can be br oken int o simpler  subsyst ems and t hen
pr oved cor r ect  in a modular  f ashion.

1 A hiding or  r est r ict ion oper at or  allows one t o abst r act  away
unnecessar y det ails.

2 Equalit y f or  t he pr ocess algebr a is also a congr uence r elat ion;
and t hus, allows t he subst it ut ion of  one component  wit h anot her
equal component  in lar ge syst ems.
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ACSR
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ACSR

¥ ACSR (Algebra of Communicating Shared Resource)
Ð A r eal-t ime pr ocess algebr a which f eat ur es discr et e

t ime, r esour ces, and pr ior it ies
Ð Timeout s, int er r upt s, and except ion handling
Ð Two t ypes of  act ions:

¥ I nst ant aneous event s
¥ Timed act ions
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Events

¥ Events represent non-time consuming activities

Ð   event s ar e inst ant aneous:     cr ash

Ð point -t o-point  synchr onizat ion
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Events

¥ Events

Ð have pr ior it ies:

Ð have input  and out put  capabilit ies

   or

)p?,e( 1 )p,!e( 2

)10,j ob( 10

)p,e( 1 )p,e( 2
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Actions

¥ Actions  represent activities that
Ð t ake t ime
Ð r equir e access t o r esour ces
Ð each r esour ce usage has pr ior it y of  access

Ð each r esour ce can be used at  most  once
Ð r esour ces of  act ion A:
Ð idling act ion:

¥ Examples:
{(cpu,2}},  {(cpu 1,3),(cpu2,4)},
{(semaphore,5)}

( ) ( ){ }
2211

,,, prprA=

!
( )A!
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Syntax for ACSR processes

¥ Process terms

¥ Process names

C

Pb

FP

P

SRQP

PP

PP

Pna

PA

NILP

I

a
t

|

|

\|

][|

),,(|

|||

|

).,(|

:|

::

!

"

+

=

PC
def

=
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Constant and Nil

PC
def

= C is a constant that
represents the process
algebra expression P

P = NIL
P does nothing
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Prefix Operators

P performs timed
action A and then

behaves as Q

P = A:Q

P = (a,n).Q P performs event
(a,n) and then
behaves as Q

EXAMPLE

Operator).1,hangup(:)}2,phone{(=Talk

Talk).1,pickup).(1,ring(=Operator
def
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Choice

P can choose
nondeterministically
to behave like Q or R

P = Q+R

EXAMPLE

'').1,(                 

').1,(

CARgoright

CARgoleftCAR
def

+

=
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Parallel Composition

P is composed by Q and R
that may synchronize on

events and must synchronize
on timed actions

P = Q || R

EXAMPLE

CallerOperatorConverse

Callerhangup

phoneringCaller

Operatorhangup

phoneringOperator

def

def

def

||

).1,!(:                        

)}3,').{(2,!(

).1?,(:                        

)}2,).{(1?,(

=

=

=
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Scope

Q may execute for at most t
time units. If message a is

produced, control is delegated
to R, else control is delegated to
S. At any time T may interrupt.

)T,S,R(   Q=P a
t

def

!

EXAMPLE

NIL!.finish+Run:)}1,run{(=Run

)rkBeepedToWo                                   

GoToWork,                                   

,eGoForCoffe(   Run=Runner

def

finish
10

def

!
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Hiding/Restriction

P behaves just as Q but
resources in I are no longer
visible to the environment

P = [Q]I

EXAMPLE

phone]Home[||PayPhone||Caller

P = Q\F P behaves just as Q but
labels in F are no longer

visible to the environment
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ACSR semantics

¥ Gives an unambiguous meaning to language expressions.

¥ Semantics is operational, given by a set of semantic
rules.

¥ Example of a labeled transition system:

P P P P P
IC

0 1 2 3 4
!" #" " #" " #" " " " #" " " " #"N C gate, train gate, train

 ...
{ } { }

ACSR

specification

Semantic

rules

Labeled
transition
system
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ACSR semantics

¥ Two-level semantics:
Ð A collect ion of  inf er ence r ules gives t he unpr ior it ized

t r ansit ion r elat ion

Ð A pr eempt ion r elat ion on act ions and event s disables
some of  t he t r ansit ions, giving a pr ior it ized t r ansit ion
r elat ion

PP !" #" $

PP !" #" $
%

3 October 2003 ESSES 2003 34

Unprioritized transition relation

( ) ( )
PPpa

pa
!! "!

#
,:,

   ActI
PPA A! "!

#
:

   ActT

¥ Prefix operators

PQP
PP

!" #"+

!" #"
$

$

    ChoiceL

¥ Choice

( )

( ) QPQP
PP

pa

pa

|||| ,

,

!"" #"

!"" #"
    ParIL

¥ Parallel
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Unprioritized transition relation (II)

( ) ( ) !="
##$$ %$

#$ %$#$ %$
& 21    

||||
    

21

21

AA
QPQP

QQPP
AA

AA

''    ParT

¥ Resource-constrained execution

( ) ( )

( ) QPQP
QQPP

pp

papa

!!""" #"

!"" #"!"" #"
+ ||||

    
21

21

,

,!?,

$    ParCom

¥ Priority-based communication

( ){ }12 |0,    
][][ 21

1

AIrrA
PP

PP

I
AA

I

A

!"=
#$$ %$

#$ %$
&    CloseT

¥ Resource closure
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Examples

¥ Resource conflict

¥ Processes must provide for preemption

¥ Unprioritized transitions:

QrQ != :)}2,{( NILQP ~||PrP != :)}1,{(

PPrP ::)}1,{( !+"= QQrQ ::)}2,{( !+"=

QP ||

QP ||! QP !||

!

)}1,{( r )}2,{( r
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Unprioritized transition relation (III)

)0(    
),,(),,( 1

>
!"# $#!

"# $#

%

t
SRQPSRQP

PP
a
t

Aa
t

A

    ScopeCT

)0(    
),,( ),(

),(

>
!! "!#

$!! "!
t

QSRQP
PP

na
t

na

%    ScopeE

)0,)((    
),,(),,(

>!
"#$ %$"

#$ %$
tael

SRQPSRQP
PP

a
t

ea
t

e

    ScopeCI

)0(    
),,(

=
!" #"$

!" #"
t

RSRQP
RR

a
t

%

%

    ScopeT

)0(    
),,(

>
!" #"$

!" #"
t

SSRQP
SS

a
t

%

%

    ScopeI
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Example
¥ A Scheduler

SchedSched :!=

).,.,().1,(
_____

max
SchedrcSchedkillNILtc y

t!+ "#

(...):    . . .  (...):(...):  0

(tc,1)

1maxmax

yy
t

y
tSched !""!"!" ###

$
%%%

%%%

# Sched

rc

Sched

rc kill

Sched
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Preemption relation

!" p
¥ To take priorities into account in the semantics we

define the relation  !  is preempted by "  :

)()(),( !"#"#$ rrr %&'

)()(),( !"#"!$ rrr <%&

)}5,(),7,{()}5,(),3,{( 2121 rrrr p

)()( !"#" $

¥ An action $ preempts action % iff
Ð no lower  pr ior it ies:
Ð some higher  pr ior it ies:
Ð it  cont ains f ewer  r esour ces
e.g.

)1,()}4,{( !pr

¥ An event preempts an action iff
Ð & wit h non-zer o pr ior it y pr eempt s all

act ions e.g.

)3,!()1,!( aa p
¥ An event preempts another event iff

Ð same label, higher  pr ior it y            e.g.
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Prioritized transition relation

¥ We define

    when
Ð t her e is an unpr ior it ized t r ansit ion

Ð t her e is no                 such t hat

¥ Compositional

PP !" #" $
%

PP !" #" $

PP !!" #" $ !" p
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Example

¥ Unprioritized and prioritized transitions:

PPrP ::)}1,{( !+"= QQrQ ::)}2,{( !+"=

QP ||

QP ||! QP !||

!

)}1,{( r )}2,{(rp

QP ||

QP !||

!
)}2,{(r

'

'
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Example (cont.)

¥ Resource closure enforces progress

[ ] }{|| rQP

[ ] }{|| rQP! [ ] }{|| rQP !

)}1,{( r )}2,{( rp
)}2,{( r

'

)}0,{( r

p

[ ] }{|| rQP

[ ]
}{|| rQP !
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Compositionality of preemption relation

¥ Given

12

211

212

211

12

211

).2,(

).1,().2,(

).2,().3,(

).5,().3,(

).2,(

).1,().2,(

SaR

SaSaR

TbTaQ

TbTaQ

SaP

SbSaP

=

+=

+=

+=

=

+=

¥  Given P1 and P2, can t hey be t r eat ed as equivalent ?
   That  is, f or  all Q, P1 | |  Q = P2 | |  Q?

¥  How about  R1 and R2?
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¥ This requirement was captured formally through
   the notion of bisimulation, a binary relation on
   the states of systems.

¥ Observational equivalence is based on the idea
  that two equivalent systems exhibit the same
  behavior at their interfaces with the environment.

¥ Two states are bisimilar if for each single
   computational step of the one there exists an
   appropriate matching (multiple) step of the other,
   leading to bisimilar states.

A
a

B

A

C

ED

C D

B

a

b c

cb

a

(

Bisimulation
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Prioritized strong equivalence

¥ An equivalence relation is congruence when it is
preserved by all the operators of the language.

¥ This implies that replacement of equivalent
components in any complex system leads to equivalent
behavior.

¥ Strong bisimulation       over                      is a
congruence relation with respect to the ACSR
operators.

PP !" #" $
%

!~
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Equational Laws

¥ Equational laws are a set of axioms on the syntactic
level of the language that characterize the
equivalence relation.

¥ They may be used for manipulating complex systems
at the level of their syntactic (ACSR) description.

¥ There is a set of laws that is complete for finite state
ACSR processes:

...

)||(||||)||(              

                 

RQPRQPPQQP

PPPPNILP

=+=+

=+=+
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Equational Laws

¥ ACSR-specific laws for scope and resource closure:

( )
( )

( )( )

[ ] { }
[ ] [ ]II

I

a

a

t

a

t

a

t

a

t

a

t

PePe

AIrrAPAAPA

RSRQP

aeltSQeSRQPe

aeltSSRQPeSRQPe

tSSRQPASRQPA

..
)(|)0,(:)(:

),,( 
)(0 if.,),,( .
)(0 if),,( .),,( .

0 if),,( :),,( :

12211

0

1

=
!"=#=

=$

=%>+=$

&%>+$=$

>+$=$ !

'

()
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Laws (1)

!
!
!
!
!
!
!
!
!
!

"

#

+

$+$+

$+$+

=

++

=

=

=+

++=++

+=+

=+

=+

%

% % %

% % %

%

%%%%

=

&&

& & &

& & &

/='
&&

&&&&

)()(
,,

0)()(
,,

)||)).(()(,(

)||):((

)):(||(

)||(:):(

)::(||).:(

)||(||||)||(

||||

 if     

)()(

NIL

lj

ki

flel

LlJj

ljlj

Ll Ii

l

Jj

jjiil

Jj Kk Ll

llkkjj

BA
KkIi

kiki

Ll

ll

Kk

kk

Jj

jj

Ii

ii

SQfe

SQePAf

SfRBQe

RPBA

SfRBQePA

RQPRQP

PQQP

QQP

RQPRQP

PQQP

PPP

PP

(()

*+**+

,,

p

Par(3)

Par(2)

Par(1)

Choice(5)

Choice(4)

Choice(3)

Choice(2)

Choice(1)
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Laws (2)

PP

FEPFEP

FaaFPna

FaaFPnaFPna

FPAFPA

FQFPFQP

F

tSSRQ

SRQPSRQPSRQPP

RSRQP

beltSQeSRQPe

beltSSRQPeSRQPe

tSSRQPASRQPA

b
t

b
t

b
t

b
t

b

b
t

b
t

b
t

b
t

b
t

=/

!=

"=

#=

=

+=+

=

>=$

$+$=$+

=$

=%>+=$

&%>+$=$

>+$=$

'

'

0\

\\\

, if     NIL\)).,((

, if     )\).(,(\)).,((

)\(:\):(

)\()\(\)(

NIL\NIL

0 if     ),,(NIL

),,(),,(),,()(

),,(

)(0 if   )).(,(),,(.

)(0 if    )),,(.(),,(.

0 if    )),,((:),,(:

2121

0

1

1

()

Scope(6)

Scope(5)

Scope(4)

Scope(3)

Scope(2)

Scope(1)

Res(7)

Res(6)

Res(5)

Res(4)

Res(3)

Res(2)

Res(1)
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Laws (3)

PXIUUEE

EPXrecEXPXrec

QXrecPQXXPQP

XPXrecPPXrec

EPEP

PP

PP

PePe

AIrrAPAAPA

QPQP

Ji
iJ

Ji
iJ

IJ
UJ

Ji
Ui

II

JIJI

II

III

III

I

Ji

in  guarded is  and finite is  , ,  where

)]\[.( )]\[.( 

.  then in  guarded is  and  ]/[ If

]/. [. 

\][]\[

][

][]][[

].[].[

)}(|)0,{(      where][:)(]:[

][][][

NIL]NIL[

0

2211

UU
!!

"!

/

#

==

=+

==

=

=

=

=

=

$!=#=

+=+

=

%%

&

Rec(3)

Rec(2)

Rec(1)

Close(7)

Close(6)

Close(5)

Close(4)

Close(3)

Close(2)

Close(1)
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Soundness of the laws

¥ Theorem:

if  P=Q  then

¥ Proof approach:

Ð Const r uct  t he set  of  pr ior it ized der ivat ions f or
each P

Ð Pr ove t hat  if  P=Q, t hen t he set s of  der ivat ions
ar e t he same

QP !~
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Completeness of the laws

¥ Theorem:

if P and Q are finite-state processes and
then P=Q

QP !~



27

3 October 2003 ESSES 2003 53

Schedulability Analysis
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Schedulability Analysis

¥ Can all real-time tasks meet their deadlines?

¥ Factors include
Ð Delay caused by synchr onizat ion bet ween t asks
Ð Delay caused by pr ecedence bet ween t asks
Ð Delay caused by r esour ce const r aint s
Ð Scheduling disciplines and synchr onizat ion pr ot ocols
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Outline

¥ ACSR-VP: ACSR with value-passing and dynamic
priorities

¥ Specifying real-time systems using ACSR-VP
Ð Specif ying t ask models
Ð Specif ying scheduling disciplines

¥ Analyzing real-time systems using bisimulation
Ð Specif icat ion cor r ect ness
Ð Schedulabilit y analysis

¥ Schedulability analysis using VERSA (ACSR Toolkit)
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ACSR (Algebra of Communicating Shared Resources)

¥ A t imed pr ocess algebr a based on CCS wit h not ions of  t ime,
r esour ces and pr ior it ies

¥ Discr et e t ime and dense t ime
¥ St at ic pr ior it ies
¥ Act ions: I nst ant aneous Event s + Timed Act ions

Ð Timed act ion: a set  of  (r esour ce, pr ior it y) pair s
{(cpu, 4),(dat a, 3)}, {(cpu1, 2),(cpu2, 3)}, #

Ð I nst ant aneous event : (event , pr ior it y) pair
(signal, 2), (chan, 2) (#, 3)

¥ Real-t ime oper at or s f or  t imeout , int er r upt , except ion
¥ Gr aphical specif icat ion language (GCSR)
¥ Toolkit  (VERSA)
¥ No value passing communicat ion, no var iables f or  pr ior it ies
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ACSR-VP (ACSR with Value Passing)

¥ Extends ACSR with variables and value passing
communications

¥ Values can be specifies using expressions
Ð Timed Act ions:

{(cpu, x), (dat a, y + 1)}
Ð I nst ant aneous event s:

(signal !8, x) Ð out put
(chan?y, 2) Ð input

¥ Dynamic priorities
¥ Exchange priority information without global variables
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ACSR-VP Syntax

PxC
xC

IP

FP

P

PP

PP

be
Pbe

Pe

PA

NILP

I

=

+

!

=

)(
 process a be  todefined name process)(|

hiding resource\\|

nrestrictioevent \|

close resource][|

ncompositio parallel|||

choice|
)expressionboolean  :(

process lconditiona|

prefixevent  ousinstantane.|

prefixaction  timed:|

nothing does that process::

21

21
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ACSR-VP Example

Preemptable  and Non-preemptable  Jobs
¥ Both jobs execute c time units on cpu with priority $
¥ Non-preemptable  job: once it acquires cpu, it

executes to completion

¥ Preemptable  job: its execution can be preempted by
actions on cpu of other jobs with higher priorities

)1(Exec:)},{()()(Exec

)0(ExecJob:Job

11

111

+!<

+"

=
=

scpucss
def

def

#

)(Exec:
)1(Exec:)},{()()(Exec

)0(ExecJob:Job

2

22

222

s
scpucss

def

def

!+
+"<

+!

=

=
#
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Unprioritized Operational Semantics

[ ] [ ]
[ ] [ ]

[ ]

( ) ''

','
ParC2

)()((
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','
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).,!(ActI2
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),!(

12

),?(

A

21

21

12

QPQP

QQPP
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QPQP

QQPP

PPe

PPeel

xnPPexl

P

nm

nklmkl
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e

eel

enl

!! "!
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#=$
!! "!

! "!! "!

!! "!

!!!! "!

!!! "!
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Unprioritized Operational Semantics

[ ] [ ]

[ ] [ ]

IPIP
PP

IrApr
IPIP

PP
PP
PP

AIrrA
PP

PP

e

e

A

A
I

e
I

e
I

AA
I

A

\\\\
'

HideI

})|),({(
\\\\

'
HideT

'
'

CloseI

)})(|)0,{((
'

'
CloseT

'

1221

1

!"!

!"!

#$
!"!

!"!

!"!

!"!

%$=
!! "!

!"!
&

'
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Preemption

A preemption relation is defined for two any actions !
and " , denoted           read "  preempts !  .

Examples:

,!" p

)2,()}5,(),2,{(  
)2,(,1)(  
)2,(a,1)(  
)5,(a,2)(  

)}7,{()}1,(),2,{(  
)}7,{()}0,(),2,{(  

)}3,(),7,{()}5,(),2,{(  
)}5,(),7,{()}5,(),2,{(  

21

121

121

2121

2121

!
!!

p

p

p

p

p

p

p

p

rr

b
a

rrr
rrr

rrrr
rrrr

¥
¥

/¥
¥

/¥
¥

/¥
¥
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Prioritized Operational Semantics

The operational semantics of ACSR-VP, the prioritized
transition  r elation          is defined as follows:!

"  # $#

2
3

2
3

1
2

21

:n transitiodPrioritize  

:n transitiotized  Unpriori

:)}3,{(:)}2,{(    :Example

such that  " no is  there(2)                      
' (1)   iff  '

PP
PP

PP

PcpuPcpuP

PP
PPPP

)}{(cpu,

)}{(cpu,

)}{(cpu,

def

!

"

#
!

#

"#

$$$ %$•

&
'
(

$$$ %$

$$$ %$
•

+=

$ %$
$ %$$ %$

p
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Modeling a Real-Time System

¥ A r eal-t ime syst em consist s of  a set  of  t asks r unning in par allel
under  a specif ic scheduling discipline

¥ A t ask is a pr ocess composed of  a sequence of  j obs execut ed
ser ially

¥ A t ask can be
Ð I ndependent  or  dependent
Ð Pr eempt able or  non-pr eempt able
Ð Per iodic or  aper iodic

¥ Possible t iming const r aint s of  a t ask ar e:

 taskaperiodicfor 
 timesarrival-inter maximum and Minimump ,p

 taskperiodicfor  Periodp
deadline and timeExecution d c,

 timeStartingb

21
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Specification of a real-Time System
A r eal-t ime syst em is specif ied by t he pr ocess RTS:

Tasks ar e specif ied by t he pr ocesses T i :

¥ Pr ocess J obi : int er nal char act er ist ics, e.g.,:
Ð r esour ce r equir ement s
Ð synchr onizat ion

¥ Pr ocess Act ivat or i : ext er nal t iming at t r ibut es, e.g.,
Ð per iodic or  aper iodic
Ð per iod and deadline

¥ Event s st ar t , end ar e synchr onizat ion event s:
Ð st ar t : act ivat e j obs
Ð end: mar k deadlines of  j obs Ð deadlock if  unsuccessf ul

[ ]
R

def

n21 T    T  T   RTS L=

},{\)Activator  Job(T endstartii

def

i =
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Sample Activators

nmm
def

nm

def
n

d

def

def

def

def

n

where

endstart

endstart

!++!+!=!

!!=!

!
!=

!=

!
!=

!=

+

"

L

L

K

1..

pd-p

d

b

21

d-p

d

b

units)  timefor  (idling           ::   

Activator' :
).2,!(:).1,!(Activator'

Activator' :Activator

    

)p ,p d, (b,  task withaperiodicAn  2.Activator 

Activator' :
).2,!(:).1,!(Activator'

Activator' :Activator

    

p) d, (b,  task withperiodicA  1.Activator 

21
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Sample Jobs

J ob 1
¥ pr eempt able, independent  j obs

r unning on cpu
pr ior it y '  and execut ion t ime c:

¥ s f or  accumulat ed execut ion t ime
¥ t  f or  t he elapsed t ime
¥ J ob can r esponse t o end event  only when it s cur r ent  execut ion is

f inished

Job).1?,(Wait:it         Wa

Wait)(                    
))1,(Exec:                                   

)1,1(Exec:)},({)( ),(Exec

)0,0(Exec).1?,(Job: Job          

end

cs
ts

tscpucsts

start

def

def

def

+!=

"=+
+!+

++"<=

+!=

#
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Sample Jobs

Job 2
¥ nonpreemptable , independent jobs

on multiprocessors cpu1, É , cpuk
with priorities ' 1, É, ' k     and execution time c:

¥ A job can be executed on any of the processors
¥ Once a processor is assigned to a job, the job

executes on that processor until completion

.Job )1?,( Wait : Wait 

 Wait): )},({( Exec

Exec. )1?,(Job: Job  

1

end

cpu

start

def

c
i

ki
i

def

def

+!=

=

+!=

"
##

$
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Sample Jobs

J ob 3
¥ dependent  j obs on pr ocessor  cpu  wit h pr ior it y '  and execut ion t ime c

a single pr eempt able cr it ical sect ion of  lengt h cs on r esour ce dat a (wit h pr ior it y '
Õ) af t er  at  cÕ t ime unit s execut ion:

¥ P and V oper at ions ar e modeled by t he pr ocesses P and V wit h event s (p?,0) and
(v?,0)

¥ When s equals cÕ, Exec wait s f or  (p?,0) t o ent er  t he cr it ical sect ion CS(s,t )

V :  P0V        

P :  V0P        

),(Exec).0,!()'(

))1,(CS:                           

)1,1(CS:)},({(  )'(  ),(CS

.Job )1?,( Wait : Wait

Wait          )(

))1,(Exec:                            

),(CS).0,!((         )'(

))1,(Exec:                            

)1,1(Exec:)}({(cpu,)c'sc(sExec

Exec(0,0). )1?,(Job: Job 

!+=

!+=

"+=+
+!+

++"+<=

+!=

"=+
+!+

"=+
+!+

++"=/#<=

+!=

).(v?,

).(p?,

tsvcscs
ts

tscpucscsts

end

cs
ts
tspcs
ts

ts

start

def

def

def

def

def

def

$

$
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Scheduling Disciplines

[ ]

i

def

i

ii

def

i

i

i

imaxi

def

i

ii

def

i

ii

def

i

cpun

def

n

def

max

imaxi

def

i

endstart

end

c)(s
ts

ts
tcpucsts

start

endstart

t

i Activator: ).2,!(:).1,!(Activator

Job).1?,(Wait:Wait

 Wait

)1,(Exec:                 

)1,(Exec:                            

))}d(d,{()(),(Exec

)0,0(Exec).1?,(Job:Job

 },{\)Activator Job(T

T    T  TEDFSys

          

})d ,,max{d  (1 d     where

)d(d     Priority   

1Activator   1 Job T       Tasks 

First DeadlineEarliest 

d-pd

}{
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Other Time-Driven Scheduling Disciplines

})c,,cmax{1(c where

)c()d(dFirstLaxity Least 

)c(cFirst Time RemainingShortest 

ddMonotonic Deadline

        

1 n

def

max

iimax

def

i

imax

def

i

imax

def

i

st

s

L+=

!!!!=

!!=

!=

"

"

"
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The Priority Inversion Problem
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Task parameters

4:prioritymax
123:priority
10c'2c'2c':CS oflength 
1cs5cs3cs:CS of start time:Constants
30d30d30d:deadline
13c8c6c: timecomp.
0r10r5r:ready time

processor:Resources

321

321

321

321

321

321

=
===
===
===

===
===
===

max

cpu

!
!!!
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Priority Inheritance Protocol

( )[ ]
( )

section criticalin  timeExecution cs
section critical enetringfor  Timec'

job a of timeExecution c
PriorityptyT of Parameters

V()(                            
)V(            

V(:P).1,!(V(

P:)(V).1,?).(,?()(.V1P

).2,!(:).1,!(:Activator

)(Exec).1?,()csc'(
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),1(CS:)},({)csc'(   ),(CS

)(Req:),(CS).,!()(Req

Job).1?,(Wait:Wait

Wait           )c(
))(Exec:)(Req).,!((          )cs(

))(Exec:                                 
)1(Exec:)},({)csc()(Exec

)0,0(Exec).1?,(Job:Job

},{\Activator JobT

},,,{\P T T TPIPSys

Events Passing-Priority 1Activator  3 Job  T                    
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}{321
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i
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def
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newsnewchan
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Traces of tasks

section)   criticalin   :(

P)}1,{({ }{ }26
P)}1,{({ }{ }25
P{ })}2,{({ }24

P!{ }           ?)},2,{({ }23
V(2),2?,2?{ })}2,{(,2!,2!{ }22

P{ })}2,{({ }21
P{ })}2,{({ }20
P{ })}2,{({ }19
P{ })}2,{({ }18
P{ })}2,{({ }17
P{ }{ })}3,{(16
P{ }{ })}3,{(15

P,!{ }{ }    314
V(3),3?{ }{ }  )}3,{(,3!13

P,!          ?)},3,{({ }{ }12
V(3)                )}3,{({ }{ }11
V(3)                )}3,{({ }?,{ }10
V(3)                )}3,{({ }{ }9
V(3)                )}3,{({ }{ }8

V(3),3!,3?  )}3,{(,3?{ }{ },3!7
V(1){ }{ })}3,{(6
V(1){ }{ }35
V(1)                )}1,{({ }{ }4
V(1)                )}1,{({ }{ }3
V(1)                )}1,{({ }{ }2

V(1),1?,1?)}1,{(,1!,1!{ }{ }1
P)}1,{(?,{ }{ }0

P processT processT processT processTime 321

¥

¥
¥

¥
¥

¥
¥
¥
¥
¥
¥

¥
¥
¥
¥

cpu
cpu

cpu
vvcpu

preqcpupreq
cpu
cpu
cpu
cpu
cpu

cpu
cpu

v)},v?{(cpu,
pcpup
vvcpu

cpu
cpustart
cpu
cpu

chanreqcpuchanreq
cpu

)}pu,start?,{(c
cpu
cpu
cpu

preqcpupreq
cpustart
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Weak Bisimulation

ACSR.for  )congruence anot (though relation  eequivalenc
an isIt  "."over on bisimulatiak largest we  theis    Def.

.)','( and ',' somefor   then,, '  if 2.  

and ,)','( and ',' somefor   then,, '  if 1.  

,action any for  and ),(for  if,on bisimulati weak a is
relation binary any  , "" systemsition given tran aFor    Def.

integer.arbitrary  represents _),(in  _"" where
,')()()()(

if  '  then  ,  If  Def.

. from  of soccurrence all deletingby 
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Analyzing Real-Time Systems in ACSR-VP

¥ Two types of analyses
Ð Validat ion
Ð Schedulabilit y analysis

¥ Basic idea
Ð Checking weak bisimulat ion ! $

Ð Sear ching deadlocked st at es

¥ Practical Issues
Ð Ensur e t hat  t he EDFSys and PI PSys pr ocesses ar e

f init e st at e
Ð Tr anslat e ACSR-VP pr ocesses t o ACSR pr ocesses and

use VERSA, t he t oolkit  f or  ACSR
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Validating the EDFSys Specification

Const r uct  a cor r ect ness specif icat ion, EDFSpec, t hat  is sequent ial
and easy t o inspect

Ver if y t hat                        EDFSys ! $ EDFSpec

!
""

++##

++##

++##

$
$
$
$
$

%

$$
$
$
$

&

'

++++
##(

<)<+
+++*(

<)=+
(

=)<+
(

=)=
=

=

ni

iiiiii

imax

iiii

iiiiii

iiii

iiii

iiii

iiii

def

nn

cpu

tststs
tcpu

ts
tststs

ts

ts
tsts

ts
tsts

1

1111

1111

1111

11

}{

def

),1,,1,1,1,,(S:                 

))}d(d,{(            

)dc(

),1,,1,,1,,(S:            

)pc(

NIL).1,(            

)dc(

),,,0,0,,,(S).1,(            

)pc(

),,,S(

)]0,0,,0(S[EDFSpec

LL

LL

LL

L

L

+

+
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Schedulability Analysis

Lemma 1 I f    EDFSys is deadlock free, then it is
schedulable.

Lemma 2  I f

then  EDFSys is deadlock free.

Lemma 3  I f    PIPSys is deadlock free, then it is
schedulable.

Lemma 4 I f

then  PIPSys  is deadlock free

,}\{\EDFSys !"#$cpu

,}\{\PIPSys !"#$cpu
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Example 1

¥ Consider  an inst ance EDFSys1 of  EDFSys wher e:
Task T1:  c1 = 1, d1 = 2, p1 = 3
Task T2: c2 = 2, d2 = 3, p2 = 3

¥ The f ollowing suf f icient  condit ion f or  schedulabilit y f r om [Liu
and Lay 73] is not  sat isf ied:

¥ The f ollowing equat ion

is sat isf ied, i.e., t he t ask syst em is schedulable.
Mor e specif ically, we have

1
d
c

d
c

2

2

1

1 !+

,}\{\EDFSys !"#$cpu

EDFSys1                 
 EDFSys1

,3)({ (cpu,3)}

,3)({ (cpu,3)}{ (cpu,2)},2)(,2)(

!
"

!

!
"

!!!
"

!
"

## $#### $#
## $#### $#### $### $### $#
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Example 2

¥ Consider  anot her  inst ance EDFSys2 of  EDFSys wher e:
Task T1:  c1 = 2, d1 = 2, p1 = 3
Task T2: c2 = 2, d2 = 3, p2 = 3

¥ The equivalence

is f alse and t he t ask syst em is t her ef or e not  schedulable.

¥ Mor e specif ically, we have

,}\{\EDFSys2
!

"#$cpu

NIL                 
 EDFSys2

{ (cpu,3)}

,3)({ (cpu,2)}{ (cpu,2)},2)(,2)(

!

!
"

!!!
"

!
"

### $#

##$#### $#### $###$###$#
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Summary

¥ The ACSR paradigm:
Ð For malism f or  modular  specif icat ion of  r eal-t ime

syst ems along wit h scheduling disciplines
Ð For mal char act er izat ion of  t he schedulabilit y analysis in

pr ocess algebr a
¥ Automated schedulability analysis

Ð Pr ovide t echniques f or  det ect ing t iming anomalies
bef or e an implement at ion is developed

Ð I nt egr at e int o a met hodology f or  engineer ing r eliable
r eal-t ime syst ems

¥ Tools:
Ð GCSR (Gr aphical ACSR)
Ð XVERSA: VERSA and GCSR
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Probabilistic ACSR
for soft real-time scheduling

analysis
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PACSR (Probabilistic ACSR)

¥ ACSR extension for probabilistic  behaviors.

¥ Objective :
Ð f or mally descr ibe behavior al var iat ions in syst ems t hat

ar ise due t o f ailur es in physical devices.

¥ Since failing devices are modeled by resources we
associate a f ailure probability  p(r)  with every
resource r
Ð at  any t ime unit , r  is down wit h pr obabilit y p( r )  or  up

wit h pr obabilit y 1- p( r )

Ð f ailur es ar e assumed t o be independent
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Syntax for PACSR processes

¥ Similar to ACSR

¥ Process terms

¥ Process names

¥ Distinction: For all resources r we write     for the
failed occurrence of resource  r. Thus, an action can
specify access to failed resources.

CPbFPPSRQP

PPPPPnaPANILP

I

a

t
    |        |    \    |    ][    |    ),,(    |         

   ||    |        |    ).,(    |    :    |    ::

!"

+=

PC
def

=

r
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EXAMPLE

PlaceCallphone :)}1,{(

Resource failures and recoveries
¥ An action containing resource r cannot be taken when

r is failed, i.e.,

¥ Failed resources:

¥ Recoveries are modeled by using failed resources in
actions

NILPAArr =!" :)( # failed, is

)(1)(    , rrr prpr !=

eUsePayPhonphone :)}1,{(+
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PACSR Semantics

¥ Semantics of a PACSR process is given in terms of
probabilistic transition systems : some transitions are
labeled with probabilities and others with
actions/events.

¥ Labeled Concurrent Markov Chain (LCMC)

&

&

a

c

1/2

1/2

1/3

2/3

b

d
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PACSR Semantics

¥ Configurations are pairs of the form (P,W), where
Ð P  is a PACSR pr ocess, and
Ð W  is a wor ld capt ur ing t he st at e of  r esour ces as f ollows

¥ A configuration (P,W) is characterized as
Ð Pr obabilist ic, if  P r equir es r esour ces whose st at e is not  in W.

Example:   (  {r 1,1}:Q , {r 2} )

Ð Nondet er minist ic, if  all r esour ce inf or mat ion r equir ed by P is
in W.

Example:  (  (a,1):NI L ,  #  )

WrWrrWrWrr !"#$!"#$ ,   and   ,
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PACSR semantics (II)
¥ The semantics is given via a pair of transition

relations:
Ð Pr obabilist ic t r ansit ion r elat ion,

Ð Nondet er minist ic t r ansit ion r elat ion,

¥ Let imr(P) be resources that can be used in the first
step:

{ })(,'| ArPPr A !"# $#

)',(),( WPWP p
pr! "!

),(),( WQWP ! "! #
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Operational semantics

WA
PWPA A !

"# $#
%

)(   
),(),:(

   &ActT

¥ The nondet er minist ic t r ansit ion r elat ion is t aken f r om ACSR,
wit h one except ion:

),(),(

)(),()(,

2

)(

121

2 ZWPWP

ZZWWPZSP

p
Zpr

p

!"" #"

$!%=$ Wimr

¥ The pr obabilist ic t r ansit ion r elat ion is as f ollows:

)},(),
__
,(),,

__
(),

__
,

__
{(})

__
,({ 2121212121 rrrrrrrrrrW =

W(Z) is a set  of  all possible scenar ios of  r esour ces; e.g.,
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¥ Let                                  ,    pr (r 1) = "  and pr (r 2) = 1/ 3.

Then  imr (P) = {r 1,r 2}  and  W({r 1,r 2})={{r 1,r 2}, {r 1,r 2}, {r 1,r 2}, {r 1,r 2} }

¥ Thus by t he pr obabilist ic t r ansit ion r elat ion

Example
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¥ and by t he nondet er minist ic t r ansit ion r elat ion
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Example: A faulty channel

wher e pr (ch) = 0.99

}ch{\)FCh}.ch{+

FCh.!out:}ch.({in+

      

 

FCh:=FCh !

ch

in
out

),( !FCh
_____

out
),( !P

in

}){,( chP }){,( chP

0.99 0.01

),.(
_____

!FChout

!

!

!



47

3 October 2003 ESSES 2003 93

Probabilistic HML with until

¥ In order to analyze PACSR specifications we may want
to check whether a specification satisfies a property
written as a logical formula.

¥ We use a probabilistic HML  with an Ôuntil Õ operator
¥ The Ôuntil Õ operator is parameterized with regular

expressions over event names.
¥ Syntax

   where )  is a regular expression over actions and *  + {!
," }

'|'|'||:: fffffffttf
t

pp !!
""#Â=
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The until operator

'| ffP
t

q!
"= There is some execution with

probability !  q for which f holds
until fÕ becomes true within time t
and observable behavior from !

EXAMPLE

truehangup}wait,talk{true
20

01.0

*

,   the probability that within 20 time units

    after any number of talk and wait actions

    action hangup arises is !  0.01
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Semantics for until

¥

if there exists a scheduler -  such that the set of
computations that

Ð st ar t  at  s

Ð cont ain only st at es (except  t he last ) sat isf ying f1
Ð have obser vable cont ent  )

Ð end in a st at e sat isf ying f2

have probability greater than '

21| ffs
!>

"=

3 October 2003 ESSES 2003 96

Resolving non-determinism

¥ Analysis involves comput ing t he pr obabilit y of  r eaching a set  of
desir ed st at es (wit hin a t ime per iod) via an accept able set  of
behavior s.

¥ Example:

¥ What  is t he pr obabilit y t hat  event  head t akes place?

¥ Such pr obabilit y depends on how t he nondet er minism of  s is
r esolved.

&

&

head

tail

1/2

1/2

1/3

2/3
s
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Model Checking

¥ Scheduler s ar e used f or  r esolving non-det er minism. These ar e
f unct ions t hat  given a comput at ion ending in a nondet er minist ic
st at e choose t he next  t r ansit ion t o t ake place.

¥ Given a scheduler  -  of  a syst em P, set s of  st at es A and B, and a
r egular  expr ession ) , we may comput e pr obabilit ies

¥ So f or  example:

                            
'| ffP

t

q!
"= iff    t her e is  scheduler  -   such t hat

q "  Pr A(P .  B, ) , t , - )
wher e  A = { PÕ |  PÕ | = f  },

B = { PÕ |  PÕ | = f Õ }

Ð Pr A(P .  B, ) , t , - ), t he pr obabilit y of  r eaching a st at e in B,
passing only via st at es in A, via pat hs wit h obser vable
cont ent  in ) , and wit hin t  t ime unit s
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Model checking until

¥ To check

Ð Comput e t he least  solut ion t o t he set  of  equat ions:

Ð Ret ur n t r ue if

21| ffs
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"
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"
"
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'

'
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Equivalence Relations

¥ New not ions of  equivalence f or  t he LCMC model t aking account
bot h act ion t ypes and pr obabilit ies.

¥ I n par t icular  t wo LCMCs ar e st r ongly bisimilar  if
1. t hey r each set s of  bisimilar  st at es wit h t he same

pr obabilit y, and
2. f or  each nondet er minist ic st ep of  one t her e exist s a st ep of

t he ot her  leading t o bisimilar  st at es.

1s 2s

1t 2t 3t 4t

1
u

3u2u

2v
1

v

s u

v! ! 1

a b ba

a

a b

b~ ~
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Equivalence Relations

¥ There is a set of laws that completely axiomatizes
strong bisimulation  for PACSR processes.

¥ Other equivalence notions include weak bisimulation
which relates systems that have the same observable
behavior, that is, it ignores !  actions.
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Two Examples

¥ EDF with probabilistic execution time
¥ Telecommunication application
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EDF task scheduling

¥ Per iodic pr ocess Job: Per iod pi, comput at ion t ime ci

Ð At  each st ep, t ot al t ime t incr eases, act ive t ime e incr eases only if
r esour ce cpu is available; complet e when e=ci

¥ Resour ce cpu: scheduling
Ð Pr ior it y of  a t ask dynamically incr eases closer  t o t he deadline

¥ Pr ocess Actuator keeps t iming deadlines
Ð Ever y pi seconds, signal start is sent  t o t he t ask, which can accept  it

only if  it  has f inished execut ion

iJob( )istart i ,!

?ice=

0,0 == te

?ice<

!1+= tt

)}0),(,{(
max

tppcpu i ""1,1 +=+= eett

iActuator

)?,( istart

ip!

cpu
!

start teiExec
,,
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EDF task with probabilistic completion

¥ The t ask may decide t o become inact ive af t er  complet ing a
comput at ion st ep

¥ Resour ce cont cont r ols pr obabilist ic complet ion
Ð f ailur e means Òt er minat e ear lyÓ

teiExec ,,iJob( )istart i ,!

?ice=

0,0 == te

?
i

ce<

!1+= tt

)}0,1,(),0),(,{ ( m ax conttppcpu i ""1,1 +=+= eett

)}0,1,(),0),(,{ ( max conttppcpu i ""

iActuator

)?,( istart

ip!

cpu,cont

!

start
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A Telecommunication Application

¥ Based on the specification of a switching system
considered in AJK97.

¥ The system consists of a number of concurrent
processes with real-time constraints.

¥ Probabilistic behavior is present in the form of
Ð pr obabilist ic ar r ival of  alar ms, and
Ð uncer t ain execut ion t imes of  pr ocesses.
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Env

BP

outin

Sched

kill kill
tc tc

rc
rc

a
AS AH

Example: A Telecommunication Application
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PACSR Specification

IFBPAH

ASSchedBEnvSys

\\\)||||            

||:||||( 0 != The system in its
initial state: a parallel
composition of all the

components

ii

iiiiii

ini

QNILaQ

QPrPrP

PEnv

::

)||(:}{:}{
__

__
1

!+=

+=

"= ## The environment provides
probabilistic alarms: at

the failure of any of
resources ri an alarm is

sent via channel a

¥ The Syst em

¥ The envir onment
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PACSR Specification

¥ Backgr ound Pr ocess

¥ The Scheduler

}\{\).:}{':}({'

:).,,(').0,(
_____

___

rBPrcrBPrBP

BPBPkillNILNILBPtcBP h

+=

+!= " #

).,.,().1,(
_____

max
SchedrcSchedkillNILtc y

t!+ "#

SchedSched :!=

The background process
competes for processor
time managed by the

scheduler. Its duration is
geometrically distributed.
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¥ The buf f er

¥ The Alar m Sampler  and t he Alar m Handler
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PACSR Specification
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Two configurations

¥ Consider two versions of the system:
S1 with
Ð Possibilit y of  1 alar m per  t ime unit ,
Ð Buf f er  size of   3
Ð Capabilit y of  pr ocessing 2 alar ms per  t ime unit , and

S2 with
Ð Possibilit y of  2 alar ms per  t ime unit
Ð Buf f er  size of  6
Ð Capabilit y of  pr ocessing 4 alar ms per  t ime unit

¥ Comparison criterion:  What is the probability of
overflow in the alarm buffer?
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Checking f = tt%overflow& 
t
' q tt

3.5x10-93.2x10-5100

3.1x10-92.9x10-590

2.8x10-92.5x10-580

2.4x10-92.2x10-570

2.1x10-91.9x10-560

1.6x10-91.5x10-550

1.3x10-91.2x10-540

1.0x10-99x10-630

6x10-105x10-620

3x10-102x10-610

S2S1T(t ime unit s)

The table
shows for

various values
of t, the

probability q
that makes

property f true
for each of the

systems.
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Design of Embedded Systems in
a Resource-oriented Framework
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Embedded systems design process

high-level
model

resource-
aware model

task set with
timing

task set
code

generation

resource
modeling

timing
estimation

Schedulability
analysis

resource
tradeoffs

task
allocation

e2e timing
constraints

platform
parameters
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Modeling and code generation

¥ High-level model capt ur es f unct ionalit y of  t he syst em and
assumpt ions about  t he envir onment

¥ Code gener at ion br eaks t he f unct ional behavior  int o a set  of
t asks

high-level
model

resource-

aware model

task set with
timing

task set
code

generation

resource

modeling

timing
estimation

Schedulability

analysis

resource

tradeoffs

task

allocation

e2e timing
constraints

platform

parameters
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Timing parameter estimation

¥ Est imat e t he execut ion t ime f or  t ask on a given plat f or m
¥ Assign t ask per iods based on end-t o-end t iming const r aint s

high-level
model

resource-
aware model

task set with
timing

task set
code

generation

resource
modeling

timing
estimation

Schedulability
analysis

resource
tradeoffs

task
allocation

e2e timing
constraints

platform
parameters
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Resource modeling

¥ Resour ce is a cr it ical not ion in embedded and r eal-t ime syst em
design, yet  lacks syst emat ic f or mal t r eat ment

¥ Key idea: r esour ce at t r ibut es capt ur e t r adeof f s

high-level
model

resource-
aware model

task set with
timing

task set
code

generation

resource
modeling

timing
estimation

Schedulability
analysis

resource
tradeoffs

task
allocation

e2e timing
constraints

platform
parameters
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Formal schedulability analysis

¥ Resour ce conf lict s int r oduce execut ion delays
¥ Violat ions of  t iming const r aint s lead t o deadlocks in t he model

behavior
¥ Discover ed by st at e-space explor at ion

high-level
model

resource-

aware model

task set with
timing

task set
code

generation

resource

modeling

timing
estimation

Schedulability

analysis

resource

tradeoffs

task

allocation

e2e timing
constraints

platform

parameters
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Modeling and Analysis of
Power-Aware Systems
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Motivation

¥ Features of mobile embedded systems:
Ð Resour ce const r aint s

¥ Limit ed bat t er y lif e

Ð Uncer t aint y
¥ changing communicat ion delays, f ailur es

¥ Solution:
Ð a unif ied f or mal f r amewor k f or  designing and r easoning

about  power -const r ained, t imed syst ems wit h
pr obabilist ic behavior
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P2ACSR Ð A power-aware extension of PACSR

¥ A unif ied f r amewor k f or  modeling and analyzing power -awar e
r eal-t ime syst ems.

¥ We associat e a f ur t her  at t r ibut e t o r esour ce usage,  t hat  of
power  consumpt ion.

¥ The synt ax r emains t he same, except  t hat  act ions ar e t uples of
t he f or m (r ,p,c), wher e r  is t he r esour ce, p is t he pr ior it y level
and c t he power  consumpt ion of  t he r esour ce usage.

EXAMPLE

2

1

:)}3,1,{(

+     

:)}0,1,{(

Callcellphone

Callphone
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P2ACSR

¥ Semantics is given similarly to PACSR, as a LCMC.

¥ We can use various techniques to perform various
analyses on P2ACSR models including:
Ð Model checking

We may expr ess t empor al logic pr oper t ies involving
power  consumpt ion bounds and check t hat  t hey ar e
sat isf ied by P2ACSR pr ocesses.

Ð Pr obabilist ic bounds on power  consumpt ion
We may comput e t he pr obabilit y t hat  power
consumpt ion exceeds cer t ain limit s.

Ð Aver age power  consumpt ion
We may comput e t he aver age power  consumpt ion dur ing
int er vals of  int er est .
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P2ACSR

¥ P2ACSR is an extension of PACSR, a probabilistic real-
time process algebra.

¥ In P2ACSR:
Ð syst em is a collect ion of  concur r ent  pr ocesses
Ð communicat ion among pr ocesses is inst ant aneous
Ð access t o ser ially-r eusable r esour ces consumes t ime and

power
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Resources

¥ Resources capture constraints on executions
¥ Features of resources:

Ð Ser ially r eusable
¥ pr ocessor s, memor y, communicat ion channels

Ð Unr eliable
¥ Fail wit h a f ixed pr obabilit y in each st ep

Ð Requir e t ime and power
¥ May allow dif f er ent  levels of  power  consumpt ion
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Actions

¥ Actions  represent computation

Ð act ions t ake one unit  of  t ime

Ð r equir e access t o r esour ces

¥ each r esour ce r has pr ior it y of  access pr

¥ each r esour ce r has power  use level cr

¥ each r esour ce can be used at  most  once

Ð r esour ces of  act ion A:

Ð power  consumpt ion of  act ion A:

( ) ( ){ }222111 ,,,,, cprcprA =

( )A!

!
"

=
)(

)(
Ar

rcApc
#
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Power constraints

¥ Resource classes R 1,É,R n
Ð cor r espond t o dif f er ent  power  sour ces

¥ Attributes of resource class R i:
Ð capacit y Ci Ð maximum amount  of  power  in one st ep

Ð char ge Pi Ð t ot al amount  of  power

¥ Valid actions satisfy capacity constraints:

Ð f or  each R i , irAr ri
i

cApc C
R

<=! "" ),(
)(

#
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Processes

¥ Event and action steps

¥ Choice P1+P2

¥ Parallel composition P1||P2

¥ Temporal scope, time-outs, exceptions, É

¥ Structural operational semantic rules build behaviors
of complex processes from behaviors of component
processes
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P2ACSR semantics

¥ Before steps of a process can be computed, status of
relevant resources has to be determined

¥ Resource status is kept in a world

¥ Non-deterministic configurations  Sn

Ð wor ld has complet e knowledge of  r esour ces

¥ Probabilistic configurations  Sp

Ð incomplet e knowledge

¥ Probabilistic steps:
Ð acquir e missing knowledge

np SS !
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Non-deterministic rules

¥ Action can happen if all resources are available and
power constraints are obeyed:

¥ Parallel processes can proceed if their actions do not
conflict and the joint step does not violate constraints

¥ Model: Labeled Concurrent Markov Chains

)(,)(   ),,(),:( AvalidWAPWPA A !"# $# %

( ) ( ) )(,    
||||

    
212121

21

AAvalidAA
QPQP

QQPP
AA

AA

!"=#
$$%% &%

$%&%$%&%
! ''
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Example

in outC

!

C’
)1?,(in

)1,!(out
)}2,1,{(cpu

cpu !,C

!,'C

}{,' cpuC

!,).1,!( Cout

)1,!(out

)1?,(in

1

)}2,1,{ (cpu

¥ C is a process that reliably translates messages from
in to out in 1 time unit using 2 units of power per
message

¥ " (cpu) = 1
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Example

in outFC

!

FCÕ
)1?,(in

)1,!(out )}2,1,{ (cpu

cpu
)}1,1,{ (cpu !,FC

!,'FC

}{,' cpuFC

!,).1,!( FCout

)1,!(out

)1?,(in

0.99

)}2,1,{(cpu

}{,' cpuFC

0.01

)}1,1,{(cpu

¥ FC (f ault -t oler ant  C) accommodat es f or  cpu f ailur es
Ð " (cpu) = 0.99

¥ I f  cpu f ails, t he message is not  deliver ed, but  less power  is
consumed

¥ Message is deliver ed wit h pr obabilit y 1
Ð What  is t he expect ed power  consumpt ion per  message?
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A logic for power constraints

¥        :  Power-aware probabilistic HML with until

Ð Propositional operators

Ð until  operators  specify probabilistic bounds on
power consumption along a set of paths

¥ Basic var iant :

¥ Wit h t ime const r aint s:

¥ Wit h r esour ce class const r aint s:

21
,, ffftt !¬

21 ff
p!

>
"

#

2,1 ff
p

t

!

>
"

#

2

,

1 ff
p !"

#>
$

pc
PHMLuL
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Semantics for           : until

¥

if there exists a scheduler -  such that the set of
computations that

Ð st ar t  at  s

Ð cont ain only st at es (except  t he last ) sat isf ying f1
Ð have obser vable cont ent  )

Ð consume no mor e power  t han p

Ð end in a st at e sat isf ying f2

have probability greater than '

21| ffs
p!

>
"=

#

pc
PHMLuL

3 October 2003 ESSES 2003 132

Model checking until

¥ To check

Ð Comput e t he least  solut ion t o t he set  of  equat ions:

Ð Addit ional annot at ion          in t he var iable set

Ð Ret ur n t r ue if

21| ffs
p!

>
"=

#

!

!

"
"

#

"
"

$
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otherwise0
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21
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n

n
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Example

¥ Power consumption per message:

in outFC

!

FCÕ
)1?,(in

)1,!(out )}2,1,{ (cpu

cpu
)}1,1,{ (cputtoutcpucpuinttFC

2

1
*},{|,

>

!
""=#

ttoutcpucpuinttFC
3

999.0
*},{|,

!

>
""=#
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Example ttoutcpucpuinttFC
3
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*},{|,
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Power-aware scheduling

¥ Trade-off: power vs. execution time

¥ CMOS-based processors can operate at reduced
voltage levels

Ð Power  dissipat ion is pr opor t ional t o V2

Ð St r ongARM SA2:

¥ 600 MHz /  500 mJ  or  150 MHz /  160 mJ

¥ Tasks can take less than worst-case time

Ð Adj ust  f r equency dynamically t o ut ilize Òt ime slackÓ
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Dynamic Voltage Scaling

¥ Dynamic voltage scaling  is a technique proposed for
making energy savings by dynamically altering the
power consumed by a processor.

¥ Lower frequency execution implies longer processing
of tasks.

¥ This may lead to violation of real-time constraints.

¥ [Pillai  and Shin 01] propose extensions to real-time
scheduling algorithms to make use of dynamic voltage
scaling.
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Case study: two kinds of resources

¥ Power-aware resources:

Ð At t r ibut es:

¥ Pr ior it y (dynamic) Ð schedulabilit y analysis

¥ Power  consumpt ion (dynamic) Ð power  calculat ions

¥ Òabstract Ó resources:

Ð At t r ibut es:

¥ Availabilit y (st at ic) Ð pr obabilist ic complet ion

¥ No power  consumpt ion, same pr ior it y
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Taski = (start?,0) . Execi,0,0 + #  : Taski             i = { 1,É ,I}
Execi,e,t = e < ci .   ( #  : Execi,e,t+1

                       + { (cpu, dmax#(pi# t ))                 }  : Execi,e+1,t+1

 + e = ci .  Taski        i = { 1,É ,I}

                                                 e= { 0,É , ci}
t = { 0,É , ci}

Power-Aware Real-Time Scheduling

¥ Let  I  be a set  of  t asks wit h per iods pi and wor st -case execut ion
t imes ci, shar ing t he same CPU.

¥ I n r ealit y t asks of t en t ake much less t ime t o execut e.

¥ This pr obabilist ic execut ion t ime may be modeled in PACSR as
f ollows:

potential for early
termination (geometric

distribution)

,(cont,1)

+{ (cpu,dmax#(pi# t )),(cont,1))}  : Taski )
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Power-Aware Real-Time Scheduling

¥ The algor it hm of  [Pillai and Shin] t akes advant age of  t he
possibilit y of  ear ly t er minat ion of  a t ask by t hen execut ing t he
next  t ask at  t he lowest  possible f r equency.

¥ Specif ically, on ever y r elease or  complet ion of  a t ask it  r e-
comput es t he sum

wher e  is t he comput at ion t ime of  t he last  execut ion of
t ask i or  ci if  t ask i has j ust  been r eleased.

¥ Based on t his value it  decides t he lowest  f r equency t hat  is
consist ent  wit h t he cur r ent  ef f ect ive ut ilizat ion.

n

last

n

last

p

c

p

c
+...+=

1

1!

last
ic
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Taski = (starti?,0) . (releasei!, i). Execi,0,0 + #  : Taski             i = { 1,É ,I}
Execi,e,t = e < ci .

    ((fast? , i) ( #  : Execi,e,t+1

                           + { (cpu, dmax#(pi# t )),(cont,1)}  : Execi,e+1,t+1

                                      + { (cpu, dmax#(pi# t )), (cont,1)}  : (endi,e+1!,i). Taski )
    + (slow? , i) ( #  : Execi,e,t+1

                              + { (cpu, dmax#(pi# t )),(cont,1)}  :
({ (cpu, dmax#(pi# t )),(cont,1)}  : Execi,e+1,t+2

                                      + { (cpu, dmax#(pi# t )), (cont,1)}  : (endi,e+1!,i). Taski )

 + e = ci .  Taski        

Power-Aware Real-Time Scheduling
¥ Fir st  we ext end t he model of  a t ask wit h t he abilit y of  execut ing

slower  or  f ast er . I t  r esponds t o messages f ast  and slow. I n t he
slow mode a comput at ion st ep t akes t wice as long, i.e t wo t ime
unit s. I t  also signals it s r elease when execut ion commences and
it s complet ion t ime when it  complet es.
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Speed-sensitive task

teiExec ,,iJob

?ice =

0,0 == te

?ice <

!
1+= tt

)}0),(,{(
max

tppcpu i ""

1,2 +=+= eett

)}0,1,(),0),(,{(
max

conttppcpu i ""

)?,( istart

1+= tt
!

),!( , iend
ici

),!( 1, iend ei +

),!( 1, iend ei +

)?,( islow

)?,( ifast

)}0,1,(),0),(,{(
max

conttppcpu i ""

1,1 +=+= eett

)}0,1,(),0),(,{(
max

conttppcpu i ""

)}0,1,(),0),(,{(
max

conttppcpu i ""!

cpu,cont

start

fast

slow

endi,j

releasej

¥ If operating frequency is fast, take one time unit per
scheduling step

¥ If operating frequency is slow, take two time units per
scheduling step
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Power-Aware Real-Time Scheduling

¥ The DVS algor it hm is r epr esent ed as t he  P2ACSR pr ocess:

¥ Scale r esponds t o r elease and complet ion signals and t r igger s t he
r e-comput at ion of

},{\)Proc||(=
3,2,1 downupfastccc

ffScaleDVS

...+                     

).0?,(+                     

).0?,(+                     

...+                     

).0?,(+                     

).0?,(+                     

).0?,(=

31

32

321

321

321321

,,,2

,,,1

,,3

,,2

,,1,,

ecec

eecc

cee

ece

eeceee

SetNewend

SetNewend

SetNewrelease

SetNewrelease

SetNewreleaseScale
!
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¥ Set New decides t he lowest   f r equency t o t he cur r ent  ef f ect ive
ut ilizat ion and sends t he appr opr iat e signal

SetNewe1,e2,e3 = e1/p1 + e2/p2 + e3/p3  < !  . (fdown!,4). Scalee1,e2,e3

       + e1/p1 + e2/p2 + e3/p3  "  !  . (fup!,4). Scalee1,e2,e3

¥ DVSf ast  and DVSslow descr ibe t he pr ocessor  oper at ing in t he high
and low f r equency, r espect ively

 DVSfast ={ (power,1,pwfast)} :DVSfast + (fast!,1).DVSfast

+(fdown?,0).DVSslow + (fup?,0).DVSfast

DVSslow ={ (power,1,pwslow)} :DVSslow + (slow!,1).DVSslow

+(fdown?,0).DVSslow + (fup?,0).DVSfast

Power-Aware Real-Time Scheduling
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Operating frequency manipulation
)},1,{ ( fastpwpower )},1,{ ( slowpwpower

)0,( upf

)0,( downf

)0,( downf)0,( upf

slowDVSfastDVS

)1,( fast )1,(slow

321 ,, eeeScale
321 ,, eeeSetNew

f do
w

n

fup

slow

fast

irelease

jiend ,

power

!

)0,( irelease ii ce =

)0,( , jiend jei =

)2,( upf

)2,( downf

" # 2/1/ ii pe

" < 2/1/ ii pe

¥ Recompute
frequency each
time a task is
released or
completed

¥ Consume pwf ast
in fast mode
and pwslow in
slow mode
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Analysis of DVS
¥ We consider ed t he f ollowing set  of  t asks:

¥ The algor it hm guar ant ees t he t ask set  r emains schedulable.

¥ We comput ed t he expect ed power  consumpt ion f or  one maj or
f r ame (t =p1/p2/p3) f or  pr (cont )=1/ 3 and pwf ast =2, pwslow=1.

1413

1032

831

Per iodExecut ion t imeTask

Ð Wit h DVS minimum power  consumpt ion = 1906.66
and   maximum power  consumpt ion = 1922.65

Ð Wit hout  DVS power  consumpt ion = 2240

Ð Thus expect ed savings bet ween 14% and 14.8%.
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Conclusions

¥ We have developed a timed, probabilistic, process
algebra that allows modeling the power consumption of
system resources

¥ Various techniques for quantitative analysis of power
properties have been developed and implemented in
the PARAGON toolset
Ð Pr obabilist ic bounds comput at ion
Ð Model checking

¥ Research direction:
Ð Unif or m r esour ce at t r ibut e model
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ACSR-VP
for design synthesis and

parametric analysis
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Example: A Start-time Assignment Problem

¥ St ar t -t ime Assignment  Pr oblem wit h I nt er -j ob Tempor al
Const r aint s

¥ The or der  of  execut ion of  j ob is not  known
¥ Goal is t o st at ically det er mine t he r ange of  st ar t  t imes f or  each

j ob so t hat  j obs ar e schedulable and all int er -j ob t empor al
const r aint s ar e sat isf ied.

Job1

s1 s1+e1

Job2

s2 s2+e2

[ 4,7 ] [ 3,4 ]

!  25

"  14

!  10!  12
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ACSR-VP (ACSR With Value-passing)

¥ Ext ends ACSR wit h
Ð var iables:  (a?x,1).(c!x,1)...
Ð value passing communicat ions: (c!7,1)É | |  (c?x,1)...
Ð par amet er ized pr ocesses: P(x) = (x > 1) .  (a!x,1).nil

¥ Pr ior it ies can be specif ied using expr essions
Ð t imed act ions:  {(dat a, y+1)}
Ð inst ant aneous event s: (signal!8, x+3)

¥ Synt ax

P

A
S
C

::=

::=
::=
::=
::=

NIL  |  a . P  |  A : P  |  P + P  |   P || P
b .  P   |   P \ F   |   [ P ] I   |  C
(#, e)  |  (c?x, e)  |  (c!e1, e2)
#   |  { S }
(r, e)  |   (r, e), S
X   |   X( v )

.

a
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Symbolic Graph With Assignment (SGA)

P(x) = (a!x,1).Q(x)
Q(y) = (y !  0) .  (b!y,1).Q(y+1)
         + (y > 0) .  (a!y-1,1).Q(y-1)

P(0) 0  (a!0,1).(b!0,1).(a!0,1)É
Q(y)P(0)

true
(a!0,1)
y := 0

y !  0
(b!y,1)
y := y+1

y > 0
(a!y-1,1)
y := y-1

SGA is a directed graph with edges labeled with b,$, and 1, where b is
a Boolean condition, $ is an action, and 1 is an assignment.

We use SGA to capture the semantics of ACSR-VP
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P(x) = (x < 0) .  (b!x,1).nil 
        + (x "  0) .  (a!x+1,1).nil Q(y) = (a!y,1).nil

P(x)

x "  0
(a!x+1,1)
Id

x < 0
(b!x,1)
Id

Q(y)

true
(a!y,1)
Id

Symbolic Bisimulation (Informal Description)

XPQ (x,y) = (x < 0 0  false) 
                2 (x "  0 0  (true 2 x+1 = y)) 
                2 (true 0  (x "  0 2 y = x+1))

( x "  0 2 x+1=y 
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Suppose we have an ACSR-VP term System (0,s1,s2) that model a real-ti
me system or a scheduling problem. We generate the Symbolic Graph
with Assignment for System (0,s1,s2)

SGA of 
System (0,s1,s2)

Idle #

Schedulability Analysis Using Symbolic
Bisimulation

Given two SGAs, we can apply th
e symbolic weak bisimulation alg
orithm to check the equivalence o
f System (0,s1,s2) and thr idle proc
ess # 3 , which never deadlocks

That is, finding a condition that
makes a system schedulable is e
quivalent to finding a symbolic
bisimulation relation with a non
-blocking process

4b
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ACSR-VP approach

¥ Pr ovides a f or mal f r amewor k f or  modeling r eal-t ime syst ems, especially
f or  r eal-t ime scheduling pr oblems such as
Ð Pr ior it y Assignment  Pr oblem
Ð Execut ion Synchr onizat ion Pr oblem

¥ St ar t -t ime assignment  pr oblem

¥ Per iod assignment  pr oblem

¥ Deals wit h unknown par amet er s in t he pr oblems r at her  t han Òyes/ noÓ
answer  ( i.e., par amet r ic appr oach )

¥ Pr ovides a f ully aut omat ic met hod f or  t he analysis of  r eal-t ime
scheduling pr oblems

¥ Takes advant ages of  exist ing t echniques such as int eger  pr ogr amming
and BDD
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Overview of General Approach

Constraint Logic Programming or Theorem Prover

Solution Space (Ranges of Free Variables)

System Described 
in ACSR-VP

Non-blocking Process 
in ACSR-VP

Symbolic Weak Bisimulation

Predicate Equations with Free Variables

SGA SGA
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Example: Start-time Assignment Problem

¥ St ar t -t ime Assignment  Pr oblem wit h I nt er -j ob Tempor al
Const r aint s

¥ Goal is t o st at ically det er mine t he r ange of  st ar t  t imes f or  each
j ob so t hat  j obs ar e schedulable and all int er -j ob t empor al
const r aint s ar e sat isf ied.

Job1

s1 s1+e1

Job2

s2 s2+e2

[ 4,7 ] [ 3,4 ]

!  25

"  14

!  10!  12
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Jobi(t,s) = ( t < s ) (  )  : Jobi(t+1,s)
              + ( t = s ) (  (Start!,1).Job’i (0,t,s)

Modeling With ACSR-VP

¥ The f ollowing f r agment s of  ACSR-VP descr ibe t he st ar t  t ime assignment
pr oblem wit h int er -j ob t empor al const r aint s

Job’i(e,t,s) = ( e < ei
- ) (  {(cpu,1)}: Job’i(e+1,t+1,s)

                  + ( e = ei
- ) (  Job’’i (e,t,s)

Job’’i(e,t,s) = ( e < ei
+ ) (  {(cpu,1)}: Job’’i(e+1,t+1,s)

                   + ( e '  ei
+ ) (  (Finished!,1).Idle

Constraint(t) = (start?,1).Constraint1(t) + )  : Constraint(t+1)
Constraint1(t) = (Finished?,1).Constraint2(t) + )  : Constraint1(t+1)

System(s1,…,sn) = (Job1(0,s1)||…|| Jobn(0,sn)||Constraint(0))\{Start,Finished}

Constraint2(t) = ( t '  12 ) (  Constraint3(t,0)
Constraint3(t) = …
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X0 ( t, s1, s2 ) = ( t '  5 *  t < s2 ) (  X1 ( t+1, s1, s2 )
                     *  ( t '  5 *  t = s1 ) (  X2 ( 0, t+5, s2 )
                     *  (   ( t '  5 *  t < s1 *  X1 ( t+1, s1, s2 ) )
                         + ( t < 5 *  t = s1 *  X2 ( 0, t+5, s2 ) )  )
X1 ( t, s1, s2 )  = …  X2 …
X2 ( e, s1, s2 ) = …  X1 …

Predicate Equations

¥ The f ollowing f r agment s of  pr edicat e equat ions ar e gener at ed
f r om t he symbolic weak bisimulat ion algor it hm wit h t he inf init e
idle pr ocess

To get the values of s1 and s2, we can ask
a query X0 ( 0,s1,s2 )
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Solution Space

¥ The solutions to the predicate equations can be
obtained using linear/integer programming  techniques,
constraint logic programming  techniques, or a t heorem
prover .

¥ The solutions for the previous example  are :

Start time S1

Start time S2

3 4 4 5 5

14 14 15 14 15

5

16
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An Automatic Approach
¥ The disadvant age of  symbolic weak bisimulat ion is t hat  it  r equir es t o add

new & edges int o SGA. This will incr ease t he size of  pr edicat e equat ions
¥ The disadvant age of  CLP is t hat  t her e is no guar ant ee t hat  it  t er minat es

¥ Reachabilit y Analysis: Finding a condit ion t hat  makes a syst em
schedulable is equivalent  t o f inding a condit ion t hat  guar ant ees t her e is
always a cycle in an SGA r egar dless of  a pat h t aken

Ð No need t o add new & edges

¥ Rest r ict ed ACSR-VP
Ð Give synt act ic r est r ict ion t o ident if y a decidable subset  of  ACSR-VP

¥ Cont r ol Var iable : in f init e r ange;  Values can be changed

¥ Dat a Var iable : could be in inf init e r ange;  Values cannot  be changed

¥ P(x:0..100,y) = (x<0 2 x+y>10) .  # :Q(x+3, y)

Ð Gener at e a boolean expr ession or  boolean equat ions (i.e., no need t o use CLP)
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Conclusions: resources

¥ We have presented a family of resource-bound
process-algebraic formalisms
Ð t he not ion of  a r esour ce plays cent r al r ole

¥ Abst r act ions of  physical r esour ces
¥ Resour ce shar ing: coor dinat ion and synchr onizat ion
¥ Resour ce consumpt ion t akes t ime: r eal-t ime behavior
¥ Resour ce f ailur es: pr obabilist ic behavior

¥ Sample application domain: analysis of scheduling
problems
Ð Ot her  domains: pr ot ocol analysis, r apid pr ot ot yping
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Conclusions: analysis techniques

¥ Analysis of safety properties by means of deadlock
detection

¥ Conformance analysis by means of equivalence and
preorder checking

¥ Probabilistic analysis techniques:
Ð Model checking
Ð Resour ce ut ilizat ion

¥ Parametric analysis in ACSR-VP
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Extensions

¥ Presented: serially reusable resources with access
constraints

¥ Other t ypes of resources:
Ð Consumable r esour ces: each r esour ce use deplet es

r esour ce st ock
Ð Mult i-capacit y r esour ces: allow simult aneous access by a

limit ed number  of  pr ocesses

¥ Other kinds of resource constraints :
Ð non-f unct ional const r aint s such as memor y, power

consumpt ion, weight , et c.
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