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A unified framework for continuous and discrete systems

Definition A transition system is a tuple:
T = (QIQOILI —)IOIH)I

consisting of:

= 3 set of states Q

= 3 set of initial states Qo

= asetoflabels L

= 3 transition relation—— c QxLxQ
= anoutputset O

= an output function H: Q —> O

We will follow standard practice and denote (qg,1, ") € —— by qL) q’
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A transition system T is said to be:

« countable if Q and L are countable sets
« symbolic/finite if Q and L are finite sets
« non-blocking if for g €Q there exists | L and g’ €Q such that q |—> q
« deterministicif forany q eQ and any | €L there exists at most one state 9’ €Q
s.t. q SN q’
« accessible if for any q €Q there exists an initial state qo €Qo and a finite path
P I

|1
go > Ji—> ... Qn-1——> (On

ending up in gn=q.

« Atransition system T1 = (Q1,Qo1,L1,——1,01,H1) is a sub-transition system of a
transition SyStem T2 = (QZ QOZ L2 —>2, 02 H2) . Q1 - Qz, QOl c Qoz, Ll A Lz,

»1C&—>2, 04 € 0,, and H1(q)=Hz(q) for all states g eQ1. We write T1 C To.

* The non-blocking part Nb (

) of a transition system T is the unique non-blocking
transition system s.t. T' = Nb(T

) ET for any non-blocking transition system T'.
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LTSs T1 = (Qq,Qo1,L1, —>1,01,H1) and T2 = (Q2,Qo2,L2, —>2,02,H2), with O, = O,,
are bisimilar if there exists a relation

RcQ; xQ,

(called bisimulation relation between T, and T,) such that:

= Foranyq, € Qg there exists q, € Qq, such that (q,, 9,) € R

For any g, € Q, there exists q, € Qg, such that (q,, g,) € R

For any (a,, 9,) € R, Hy(a,) = H,(a,)

| |
Forany (q,, 9,) € R, g, ——>, p, in T, implies existence of g, —=—, p,in T,s.t. (p;, p,) € R

For any (q,, 9,) € R, q, I2—>2 p,in T, implies existence of q1|1—>1 p,inT;s.t. (py, p,) €R

T2
@
N

R={(15),(2,6),(3,7), (4.6) }
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are ¢ - bisimilar for some precision € > 0, if there exists a relation

Review: approximate bisimulation
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RcQ; xQ,

(called approximate bisimulation relation between T, and T,) such that:

An approximate simulation relation is a
one-sided version of an approximate
bisimulation relation

For any q, € Qg there exists q, € Qg, such that (q,, g,) € R

For any g, € Q, there exists q, € Qg, such that (q,, g,) € R

Forany (q,, ,) € R, Hy{aq)=-Hstam—— d(H.(0,),H,(0,)) = ¢

For any (q,, 9,) € R, q1|1—>1 p, in T, implies existence of q, |2—>2 p,inT,s.t. (p, p,) € R

For any (q,, 9,) € R, q, I2—>2 p,in T, implies existence of qan p,inT;s.t. (py, p,) €R

Embedded Systems 2012/13



DEWS

CENTER OF EXCELLENCE

Review: Transition Systems modeling Control Systems

A nonlinear control system X
dx/dt= f(x,u), xeXZ R", ucsUC R™
can be modeled by the transition system A

T(Z) = (X,Xo, W, ——>,0,H),

where: /
= Xo=Xis aset of initial states P \ q/: X(t,p,u)

= U is the collection of control signalsu: R — U — >
= p—YUq,ifx(t,p,u) =qforsomet>0
= O0=X

= His the identity function

T(X) captures information contained in X but it is not a symbolic model because
X and U are infinite sets!
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Review: Transition Systems modeling Control Systems

A nonlinear control system X

dx/dt= f(x,u), xeXZ R", ucsUC R™
can be modeled by the transition system A

T(Z) = (X,Xo, W, ——>,0,H),

where: /
= Xo=Xis aset of initial states P \ q/: X(t,p,u)

= U is the collection of control signalsu: R — U — >
= p—YUq,ifx(t,p,u) =qforsomet>0
= O0=X

= His the identity function

T(X) captures information contained in X but it is not a symbolic model because
X and U are infinite sets!

Software can be modelled by systems
The states are all the possible memory configurations and the transition relation
describes how the memory contents are changed by the execution of instructions
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Review: construction of symbolic models

We consider digital control systems, i.e. control systems where
input signals are piecewise constant.

Consider a nonlinear digital control system
T(X) = (X,Xo,l, ——>,0,H),
and given some 1 > 0, define the transition system

Tt(z) = (XIXOI uﬂu —)TIOIH)I

where:

=  U_ is the collection of constant functions u : [0,T] — R™
" p—>, qifx(t,p,u) =q
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Review: construction of symbolic models
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Consider the following parameters: : I
I SRR W

= 1t>0 sampling time | :
= 1 >0 state space quantization ~8 ¢—>
= u >0 input space quantization '
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Review: construction of symbolic models

Consider the following parameters:

= 1t>0 sampling time

DEWS
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= 1 >0 state space quantization 4
= u >0 input space quantization |

and define T X)=(X_. ,X U O

TN, 0, T,m,u2 Y T,m,u r,n,u'O'H)' where:

‘C’n'u(

- rnu [X]Zn

- XOmw Xrnu MXo

- Ufﬂw - [U]Zu

" p— udif [ X(Tpu)—a || <n
= O0=X

= His the identity function

Remark
Transition system T_, (Z) Is countable.
If state and input spaces of = are bounded

thenT_, (%) is symbolic!
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Review: construction of symbolic models

DEWS

Consider the following parameters:

= 1t>0 sampling time
= 1 >0 state space quantization
= u >0 input space quantization

and define T . (X) = (X, X0 1w Yrnw — onwO:/H), Where:
" Xonu= Xl
" Xornu = Xeonu™Xo

- Umw - [U]Zu

. p—u)r,n,qu if | | X(T,p,U) —q | | Sn
= O0=X

= His the identity function

Theorem If X is 8-ISS, for any desired precision
¢ > 0 and for any t, n, n > 0 satisfying

B(e,t) +m+y(n) se

then T (X) and T . (%) are e-bisimilar

MU

CENTER OF EXCELLENCE

—
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Problem 1: Continuous Specifications [cf. Borri, Pola, Di Benedetto, CDC 2010]

Given a plant P, a specification Q and a desired precision ¢ > 0, find a symbolic
controller that implements Q up to the precision ¢ and that is non-blocking when
interacting with P.

Plant system P:
U %, =1( x

Specification system Q:

—» X, 48 Xq=f$ xq) —» X

!
—~> DIA }4
!

‘ Symbolic A &

Controller C
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Approximate composition [Tabuada IEEE TAC 08]

Definition Given T1 = (Qu,Qo1,L1, —>1,01,H1) and T2 = (Q2,Qo2,L2, —>2,02,H2), with
0,=0,, and a precision 6 >0, the approximate composition of T1 and Tz is the

system

T=T,|1¢T,=(Q,QoL,—>,0,H)

where:

= Q= {(q1; Q2)€Q1 x Q,: d(Hl(ql);Hz(qZ)) < 6}
= Qo=0QN(Qo1x Qo2)
= =L, xL,

.1 ) I I
= (qy,9,) "2 (p,p,), if g2 p, and g2 p,
= 0=0,=0,
. H(qpqz) = Hl(ql)

0,

T,
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Design of symbolic controllers DEWS
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Problem 1
Given a plant P, a specification Q and a desired precision ¢ > 0, find a symbolic
controller C such that

LT.(P)[eC <. T(Q)
2.T_(P)|[¢C is non-blocking

Plant system P:
u—»» o _
X, =f( x,,u)

Specification system Q:
. : X
> X, 48 x. =f( x.) —> X

!
—~> DIA }4
!

‘ Symbolic A &

Controller C

Embedded Systems 2012/13



Solution of Problem 1
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Synthesis through a four-step process:

Plant P: Specification Q:
Continuous System Continuous System
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Solution of Problem 1 DEWS
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Synthesis through a four-step process: —
1. Compute the symbolic model T . (P) of P
Symbolic model
Plant P: Specification Q:
Continuous System Continuous System
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Solution of Problem 1 DEWS
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—

Synthesis through a four-step process:
1. Compute the symbolic model T . (P) of P
2. Compute the symbolic model T, ((Q) of Q

] 6=

Symbolic model Symbolic model
Plant P: Specification Q:
Continuous System Continuous System
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Solution of Problem 1 DEWS
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Synthesis through a four-step process:

1. Compute the symbolic model T . (P) of P

2. Compute the symbolic model T_ | (Q) of Q

3. Compute the symbolic controller C*=T_ (P)| [T, o(Q)

e e,

Finite Controller Symbolic model Symbolic model

Plant P: Specification Q:
Continuous System Continuous System

Embedded Systems 2012/13



Solution of Problem 1 EWs
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—

Synthesis through a four-step process:

1. Compute the symbolic model T P) of P

(
T’n’u
2. Compute the symbolic model T_ | (Q) of Q

3. Compute the symbolic controller C*=T_, (P)[|T,, ,(Q)
4

Compute the non-blocking part Nb(C*) of C*

e e,

Finite Controller Symbolic model Symbolic model

% Plant P: Specification Q:
Continuous System Continuous System

Nb Controller
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Solution of Problem 1
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Synthesis through a four-step process:

1. Compute the symbolic model T. . (P) of P

T,M,n

2. Compute the symbolic model T_, ((Q) of Q
3. Compute the symbolic controller C* = ToanPHIT, 0 0(Q)
4, Compute the non-blocking part Nb(C*) of C*
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Design of symbolic controllers

Drawbacks

= It considers the whole sets of states of T, (P)and T, ,(Q)

= For any source state x and target state vy, it includes all transitions x —4— y with any
control input u by which state x reaches state y

= |t first constructs T. . (P)and T._4(Q), then C*, to finally eliminate blocking states

T,M, 1 ™,M,0
from C*

To cope with space and time complexity, instead of computing separately

(1) Discrete abstraction T, (P) of P

(2) Discrete abstraction T, o(Q) of Q

(3) Symbolic controller C*=T_  (P)||T., o(Q)
(4) Non-blocking part Nb(C) of C*

Integrated Approach: Compute (1) + (2) + (3) + (4) at once!

Space/time complexity analysis of the proposed algorithm formally quantifies the gain
of the integrated approach
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Integrated Algorithm for Problem 1 Dg_ws
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Basic ideas —

1. It only considers the intersection of the accessible parts of P and Q
2. For any given source state x and target state y, it considers only one transition

(x,u,y)
3. It eliminates blocking states as soon as show up

Finite Controller Symbolic model Symbolic model

% Plant P: Specification Q:
Continuous System Continuous System

Nb Controller
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Integrated Algorithm for Problem 1
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How does it work?

First, we consider the target space as the
intersection of the sets of initial states of
TT,TLM(P) and Tr,n,O(Q)-

_______________________________________________

1
1
1
1
1
|
1
[ ] o () ®
|
———————————————————————————————————————————————
1
1
1
o o | o o
:
1
_______________________ U S U
1
1
1
[ ] o | (] o
:
1
________________________ R S I
1
1
1
[ ] o ! (] [
1
1
1

————————————————————————————————————————————————
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Integrated Algorithm for Problem 1

DEWS
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How does it work?

First, we consider the target space as the
intersection of the sets of initial states of
Tr,n,p(P) and Tr,n,O(Q)' p

_______________________________

________________________________

Pick a “symbolic” state p from the target

{ { ] o
space and compute [Xq¢(t,p)l;;=q bY ~ + &+ i 4 b
integrating the specification differential . ,r | | !
equation . 0 i e e .o
L o ] L

————————————————————————————————————————————————
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Integrated Algorithm for Problem 1
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How does it work?

First, we consider the target space as the
intersection of the sets of initial states of
TT,TLM(P) and Tr,n,O(Q)-

_______________________________

Pick a “symbolic” state p from the target
space and compute [Xq(t,p)l,,=q by
integrating the specification differential
equation

————————————————————————————————————————————————
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Integrated Algorithm for Problem 1
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How does it work?

First, we consider the target space as the
intersection of the sets of initial states of
TT,TLM(P) and Tr,n,O(Q)-

_______________________________

Pick a “symbolic” state p from the target
space and compute [Xq(t,p)l,,=q by
integrating the specification differential
equation

————————————————————————————————————————————————
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Integrated Algorithm for Problem 1

How does it work?

First, we consider the target space as the
intersection of the sets of initial states of
TT,TLM(P) and Tr,n,O(Q)-

_______________________________

Pick a “symbolic” state p from the target
space and compute [Xq(t,p)l,,=q by
integrating the specification differential
equation

Pick control inputs in [U],, and integrate ¢ L ¢ ¢ *
the plant differential equation untii - S A E
q=[xp (t,p,u)],, for some u. ’ ’ ' ' '
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Integrated Algorithm for Problem 1

How does it work?

First, we consider the target space as the
intersection of the sets of initial states of
TT,TLM(P) and Tr,n,O(Q)-

_______________________________

Pick a “symbolic” state p from the target
space and compute [Xq(t,p)l,,=q by
integrating the specification differential
equation

Pick control inputs in [U],, and integrate ol ° ¢ *
the plant differential equation until A
q=[xp (t,p,u)],, for some u. ’ ’ ' ' '

No matching! Try another input!

Embedded Systems 2012/13
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Integrated Algorithm for Problem 1

How does it work?

First, we consider the target space as the
intersection of the sets of initial states of
TT,TLM(P) and Tr,n,O(Q)-

_______________________________

Pick a “symbolic” state p from the target
space and compute [Xq(t,p)l,,=q by
integrating the specification differential
equation

Pick control inputs in [U],, and integrate ¢ ¢ ¢ *
the plant differential equation untii - S A E
q=[xp (t,p,u)],, for some u. ’ ’ ' ' '
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Integrated Algorithm for Problem 1

How does it work?

First, we consider the target space as the
intersection of the sets of initial states of
TT,TLM(P) and Tr,n,O(Q)-

_______________________________

Pick a “symbolic” state p from the target
space and compute [Xq(t,p)l,,=q by
integrating the specification differential
equation

Pick control inputs in [U],, and integrate ¢ ¢ ¢ *
the plant differential equation untii - S A E
q=[xp (t,p,u)],, for some u. ’ ’ ' ' '

Matching found!!
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Integrated Algorithm for Problem 1

How does it work?

First, we consider the target space as the
intersection of the sets of initial states of
TT,TLM(P) and Tr,n,O(Q)-

_______________________________

Pick a “symbolic” state p from the target
space and compute [Xq(t,p)l,,=q by
integrating the specification differential
equation

Pick control inputs in [U],, and integrate ¢ ¢ ¢ *
the plant differential equation untii - S A E
q=[xp (t,p,u)],, for some u. ’ ’ ’ ' ’

Add the transition (p,u,q) to the controller. Matching found!!
Replace p with q in the target space.

Embedded Systems 2012/13



Integrated Algorithm for Problem 1
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How does it work?

First, we consider the target space as the
intersection of the sets of initial states of
TT,TLM(P) and Tr,n,O(Q)-

_______________________________

Pick a “symbolic” state p from the target
space and compute [Xq(t,p)l,,=q by
integrating the specification differential
equation

Pick control inputs in [U],, and integrate ¢ ¢ ¢ *
the plant differential equation untii - S A E
q=[xp (t,p,u)],, for some u. ’ ’ ' ' '

Matching not found!!

If any “good” input does not exist, then p is blocking!
A backwards procedure is executed to eliminate p and all its ingoing transitions
from the controller, until a controller is found which is non-blocking.
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Integrated Algorithm for Problem 1
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Successive iterations:

Repeat the procedure for all the target

states. ______________________
| | e Pel ol
The algorithm terminates when there are @ | R
no more target states to be visited. |
{ { i ] {
L o { L
L o ] L

————————————————————————————————————————————————
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Integrated Algorithm for Problem 1
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Successive iterations:

Repeat the procedure for all the target

states. ] _____________
. . o ° p. o
The algorithm terminates when there are N
no more target states to be visited. |
{ { i ] {
L o { L
L o ] L

————————————————————————————————————————————————
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Integrated Algorithm for Problem 1
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Successive iterations:

Repeat the procedure for all the target

states. ] _________
_ _ ° o ° p0
The algorithm terminates when there are ~ :  { — +
no more target states to be visited. |
{ { i ] {
L o { L
L o ] L

————————————————————————————————————————————————
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Integrated Algorithm for Problem 1
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Properties
Let C** be the outcome of the integrated procedure:

1. The integrated algorithm terminates in a finite number of steps

2. C** and Nb(C*) are exactly bisimilarms) C** solves Problem 1

3. C** is the minimal O-bisimilar system of Nb(C*)

4. C*™ is accessible

5. space/time complexity of the integrated procedure is not larger than the one of the
classical procedure

A
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Integrated symbolic control design

Example 1

0.2 T
Plant and Specification L _ : ——
04 ; | | 1 “Plant
Systems: o] 0.15 1 1.6 2 25 3
Time
f . ¢ 2 0.2 . T
I = —2r1+ x5 —u —— ! A _ ‘
. —_ Ig —_ & 0_2 ................ ................. S ot .................. ........ Specification
P { 9 = 2;{:1 — (e —+ s S — Pt
. . o} 0.5 1 1:5 2 25 3
\ ;.[.‘3 — —._))‘,Lg —|— %’{,{2. o Time
oF : ! ! :
i . & & ecification
&1 = —3x1 + 73 g A chn
QQ:4{ To=x;— dsinzs ’ o 1 ik ? “ ?
. 0.1 . . : :
| g = —x3 — 4. = F—— U E— T— L
0 | IS A TR —_— s
P 0.2 i . | . !
Precision € = 0.2 R

C** Ratio
3,152 0.14
3,152 2.5-103

10,400 [ 1.11-10*4
11,144 0.08

Comparison between Nb(C*) and C**

States

Transitions

Max memory occupation

Time
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Problem 2: Specifications given as deterministic transition systems [cf. Pola, Borri, Di
Benedetto, IEEE TAC 12]

Given a plant P, a deterministic specification Q and a desired precision ¢ > 0, find a
symbolic controller that implements Q up to the precision € and that is non-blocking
when interacting with P.

Specification

Plant system P:
u—» )-(p :f'( Xp,u) —» X, 48 transition system Q:
Yo

I
> DA ~ ‘yl @ éyB'
L P

Symbolic
Controller C
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Design of symbolic controllers DEWS
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—

Problem 2
Given a plant P, a deterministic specification Q and a desired precision ¢ > 0, find a
symbolic controller C such that

2.T_(P)|[¢C is non-blocking

Specification

Plant system P:
u—» )-(p :f'( Xp,u) —» X, 48 transition system Q:
Yo

I
> DA ~ ‘yl @ éyff
| L P

Symbolic
Controller C
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Solution of Problem 2
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Synthesis through a three-step process:

et

Specification Q

Plant P:
Continuous System
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Solution of Problem 2 DEWS
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—

Synthesis through a three-step process:

1. Compute the symbolic model T P) of P

t,n,p(

] 6=

Symbolic model Specification Q

Plant P:
Continuous System
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Solution of Problem 2 DEWS

CENTER OF EXCELLENCE
Synthesis through a three-step process: —
1. Compute the symbolic model T . (P) of P
2. Compute the symbolic controller C* = ToauP,Q
o= ]| %2
Finite Controller Symbolic model - Specification Q
Plant P:

Continuous System

Embedded Systems 2012/13



Solution of Problem 2 DEWS
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—

Synthesis through a three-step process:

1. Compute the symbolic model T . (P) of P

2. Compute the symbolic controller C*=T_ (P)[|,Q
3. Compute the non-blocking part Nb(C*) of C*

W [ R

Finite Controller Symbolic model Specification Q

% Plant P:
Continuous System

Nb Controller
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Solution of Problem 2
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Synthesis through a three-step process:

1. Compute the symbolic model T. . (P) of P

T,M,n

2. Compute the symbolic controller C*=T__ (P)||,Q
3. Compute the non-blocking part Nb(C*) of C*
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Design of symbolic controllers

Drawbacks

= It considers the whole sets of states of T (P) and Q
= For any source state x and target state vy, it includes all transitions x —4— y with any
control input u by which state x reaches state y

= It first constructs T, (P) and Q, then C*, to finally eliminate blocking states from C*

To cope with space and time complexity, instead of computing separately

(1) Discrete abstraction T, (P) of P
(2) Symbolic controller C*=T_  (P)|[, Q
(3) Non-blocking part Nb(C) of C*

Integrated Approach: Compute (1) + (2) + (3) at once!

Space/time complexity analysis of the proposed algorithm formally quantifies the gain
of the integrated approach
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Integrated Algorithm for Problem 2 D\E__V!s
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Basic ideas —

1. It only considers the intersection of the accessible parts of P and Q
2. For any given source state x and target state y, it considers only one transition

(x,u,y)
3. It eliminates blocking states as soon as show up

e N AN

Finite Controller Symbolic model Specification Q

| |

Continuous System
Nb Controller

n
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How does it work? It is similar to the one for continuous specifications

First, we consider the target space as the
intersection of the sets of initial states of
T...(P)and Q.

_______________________________________________

1
1
1
1
1
|
1
[ ] o () ®
|
———————————————————————————————————————————————
1
1
1
o o | o o
:
1
_______________________ U S U
1
1
1
[ ] o | (] o
:
1
________________________ R S I
1
1
1
[ ] o ! (] [
1
1
1

————————————————————————————————————————————————
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Integrated Algorithm for Problem 2
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How does it work? It is similar to the one for continuous specifications

First, we consider the target space as the
intersection of the sets of initial states of
T...(P)and Q. P

_______________________________

________________________________

Pick a “symbolic” state p from the target

. o () o ([
space and compute the unique state ¢ ¢+ ~ ¢ o b
such that the transition p—— g is in Q.

o () o o
o [ ) o o

————————————————————————————————————————————————
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Integrated Algorithm for Problem 2

How does it work? It is similar to the one for continuous specifications

First, we consider the target space as the
intersection of the sets of initial states of
T...(P)and Q.

Pick a “symbolic” state p from the target
space and compute the unique state q

such that the transition p—— g is in Q.

————————————————————————————————————————————————
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Integrated Algorithm for Problem 2

How does it work? It is similar to the one for continuous specifications

First, we consider the target space as the
intersection of the sets of initial states of
T...(P)and Q.

Pick a “symbolic” state p from the target
space and compute the unique state q

such that the transition p—— g is in Q.

————————————————————————————————————————————————
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Integrated Algorithm for Problem 2

How does it work? It is similar to the one for continuous specifications

First, we consider the target space as the
intersection of the sets of initial states of
T...(P)and Q.

Pick a “symbolic” state p from the target
space and compute the unique state q

such that the transition p—— g is in Q.

Pick control inputs in [U],, and integrate | .
the plant differential equation until i v
q=[x(t,p,u)],, forsomeu. T
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Integrated Algorithm for Problem 2

How does it work? It is similar to the one for continuous specifications

First, we consider the target space as the
intersection of the sets of initial states of
T...(P)and Q.

Pick a “symbolic” state p from the target
space and compute the unique state q

such that the transition p—— g is in Q.

Pick control inputs in [U],, and integrate
the plant differential equation until \
q=[x(z,p,u)],, for some u.

________________________________

No matching! Try another input!
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Integrated Algorithm for Problem 2

How does it work? It is similar to the one for continuous specifications

First, we consider the target space as the
intersection of the sets of initial states of
T...(P)and Q.

Pick a “symbolic” state p from the target
space and compute the unique state q

such that the transition p—— g is in Q.

Pick control inputs in [U],, and integrate
the plant differential equation until
q=[x(z,p,u)],, for some u.

————————————————————————————————————————————————
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Integrated Algorithm for Problem 2

How does it work? It is similar to the one for continuous specifications

First, we consider the target space as the
intersection of the sets of initial states of
T...(P)and Q.

Pick a “symbolic” state p from the target
space and compute the unique state q

such that the transition p—— g is in Q.

Pick control inputs in [U],, and integrate
the plant differential equation until
q=[x(z,p,u)],, for some u.

————————————————————————————————————————————————

Matching found!!
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Integrated Algorithm for Problem 2

How does it work? It is similar to the one for continuous specifications

First, we consider the target space as the
intersection of the sets of initial states of
T...(P)and Q.

Pick a “symbolic” state p from the target
space and compute the unique state q

such that the transition p—— g is in Q.

Pick control inputs in [U],, and integrate

the plant differential equation until y y ° °
q=[x(z,p,u)],, for some u. F e s e S
Add the transition (p,u,q) to the controller. Matching found!!

Replace p with q in the target space.
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Integrated Algorithm for Problem 2

How does it work? It is similar to the one for continuous specifications

First, we consider the target space as the
intersection of the sets of initial states of
T...(P)and Q.

Pick a “symbolic” state p from the target
space and compute the unique state q

such that the transition p—— g is in Q.

Pick control inputs in [U],, and integrate
the plant differential equation until
q=[x(z,p,u)],, for some u.

————————————————————————————————————————————————

Matching not found!!

If any “good” input does not exist, then p is blocking!
A backwards procedure is executed to eliminate p and all its ingoing transitions
from the controller, until a controller is found which is non-blocking.
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Successive iterations:

Repeat the procedure for all the target

states. ______________________
| | e Pel ol
The algorithm terminates when there are @ | R
no more target states to be visited. |
{ { i ] {
L o { L
L o ] L

————————————————————————————————————————————————
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Successive iterations:

Repeat the procedure for all the target

states. ] _____________
. . o ° p. o
The algorithm terminates when there are N
no more target states to be visited. |
{ { i ] {
L o { L
L o ] L
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Successive iterations:

Repeat the procedure for all the target

states. ] _________
_ _ ° o ° p0
The algorithm terminates when there are ~ :  { — +
no more target states to be visited. |
{ { i ] {
L o { L
L o ] L

————————————————————————————————————————————————
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Properties
Let C** be the outcome of the integrated procedure:

1. The integrated algorithm terminates in a finite number of steps

2. C** and Nb(C*) are exactly bisimilar m) C** solves Problem 2

3. C** is the minimal O-bisimilar system of Nb(C*)

4. C*™ is accessible

5. space/time complexity of the integrated procedure is not larger than the one of the
classical procedure

A
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Example 2 s
Plant , '
i1 = —4duy + x5 —u E
P .1 ! . .2 f
To = 2xr1 — 7Sinas
_1 .
. . 0 1 2 3 imté . 5 ] 7 8
Specification et
(=0.5,—0.65) — (—0.5, —=1) ——» T
(0.3, -0.8) — > (0.2,—0.1) — = »
(O } ({]4 08) - 1 1 1 | 1 |
0 1 2 3 _ 4 5 ] 7 8
(0.2,0.65) — > (—0.3,0) — e
(—0.5, —0.65) Precision € = 0.2
Comparison between Nb(C*) and C** C** Ratio
Max memory occupation 48 | 1.74 - 10>
Time 13 0.002
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