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°

Cyber-Physical Systems
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"Cyber-Physical Systems (CPS) refers to a new generation of systems with
integrated computational and physical capabilities ..."”

— Radhakisan Baheti and Helen Gill : CPS. The Impact of Control Technology, 2011
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Question : Can we design a Cyber-Physical System to meet a given specification?
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m Feedback Controller
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m Feedback Controller
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Safety Properties

Liveness Properties

Linear Temporal Logic (LTL)
Signal Temporal Logic (STL)
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STL Property + Feedback Controller:

| ]
—— MILP-based Method
]
— Barrier Certificate based Method
| ]

—— CEGIS based Method
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Controller Synthesis

Controller Synthesis

Property ® —__ | m Feedback Controller

Synthesis

: —> Controller C
System S P Engine

(S| c=2o) ® Switching Controller

m Reset Controller

STL Property + Feedback Controller:

| ]
—— MILP-based Method
]
— Barrier Certificate based Method
| ]

—— CEGIS based Method
[ ] ——NN
based Method

We considered switching controller synthesis of hybrid system, with respect to
Signal Temporal Logic.
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Signal Temporal Logic (STL)

P
Reactor Rod

1. Keep liquid level in safe region (i.e., 0 < h < 4)
2. Reaction between liquid and Reactor Rod happens

at reaction phase 3 < t < 4 l h
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Signal Temporal Logic

Signal Temporal Logic (STL)

P
Reactor Rod

1. Keep liquid level in safe region (i.e., 0 < h < 4)

2. Reaction between liquid and Reactor Rod happens

at reaction phase 3 < t < 4 l h

©=(0<h<4)Uy 43 < h<5)
STL
=T |p20]|-¢|e1Ves|eildes

ST-RA
=T |p>0]-9]¢1Ve2

@ 1= o1l p2

= No nested “until” operator.
m No negation outside “until” operator.
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Switched System

Switched System

A switched system is defined as a tuple ® = (Q, F, Init, 7), where
® Q2 {q1,q,...,q9m}-Set of discrete modes,
m F= {fq] ge Q}-Setof vector fields,
m Init C R”-Set of initial states,
m 7: Init — (R>o — Q) - Switching controller.

ISCAS

Han Su - ISCAS Switching Controller Synthesis for Hybrid Systems Against STL Formulas FM 2024 - Milan, Italy 5/11



Problem Statement
L]

Switched System

Switched System

A switched system is defined as a tuple ® = (Q, F, Init, 7), where
® Q2 {q1,q,...,q9m}-Set of discrete modes,
m F= {fq] ge Q}-Setof vector fields,
m Init C R”-Set of initial states,
m 7 Init = (R>9 — Q) —(Switching controller)

For any initial state x, (x) specifies the control mode in which the system resides at time ¢

ISCAS

Han Su - ISCAS Switching Controller Synthesis for Hybrid Systems Against STL Formulas FM 2024 - Milan, Italy 5/11



Problem Statement
L]

Switched System

Switched System

A switched system is defined as a tuple ® = (Q, F, Init, 7), where
® Q2 {q1,q,...,q9m}-Set of discrete modes,
m F= {fq] ge Q}-Setof vector fields,
m Init C R”-Set of initial states,
m 7 Init = (R>9 — Q) —(Switching controller)

For any initial state x, (x) specifies the control mode in which the system resides at time ¢

= Two Modes:

; P
g1 : PisON h=1, ﬁ Reactor Rod
go : Pis OFF h= -1,

Sy

m Switching Controller:

w(ho) = (q1,0), iFO< hy <1
(g2,0)(qr, =1y, iF1 < hy < 4.

|
|
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Synthesize Switching Controller Against STL
[ Je]

Compute State-Time Sets Iteratively

State-Time Sets X{J

i The system, initiating from state xattime = in mode g,

q satisfies the STL specification within jswitch occurrences .
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Synthesize Switching Controller Against STL
[ Je]
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State-Time Sets Xg

i The system, initiating from state x at time = in mode ¢q,
x,7) €X =
q satisfies the STL specification within jswitch occurrences .
#1 #o
e N e N
p=(0<h<4)Usz B3 <h<5) ,
h h g Reactor Rod
5 — ®2 5 4 — ?2 ;
4 b1 4+ 91 /
3 — 3+ —
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1 2 3 4 1 2 3 4
1
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B Ujey Ugeo X’,'J[t:(]} is all the initial states that can be driven to satisfy the given
STL formula.

m Switching controller can be extracted from the state-time sets.
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Synthesize Switching Controller Against STL
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Synthesizing Switching Controller

Synthesizing Switching Controller

Forany q € Q, suppose the solution of ODE x(t) = fq(x(t)) with initial x at time T is
denoted by ¥ ( - ; x, T, q), then the state-time sets can be inductively represented by

X5 =€ (36> 0, (2l(x H=(W(E+ 8% ), t+ O] A(E+5 € 1) (1)
A (Y0 < h< 6, dal(x O =(U(E+ hix, 6,q), t+ h)]))
Xy=\/ (30> 0, (X' [(x H=(¥(t+ 8 x £ 9), t+0)]) @
q'#q

A (vo <h<6, d1[(x )=(T(E+ h;x, t,q), t+ h)}))

foranyq e Qandanyiec N.
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Forany q € Q, suppose the solution of ODE x(t) = fq(x(t)) with initial x at time T is
denoted by ¥ ( - ; x, T, q), then the state-time sets can be inductively represented by

X5 =€ (36> 0, (2l(x H=(W(E+ 8% ), t+ O] A(E+5 € 1) (1)
A (Y0 < h< 6, dal(x O =(U(E+ hix, 6,q), t+ h)]))
Xy=\/ (30> 0, (X' [(x =(¥(t+5x £ 9), t+0)]) @
q'#q

A (Y0 < h <6, 6al(x O =(U(t+ hix, ).+ h)]))
foranyq e Qandanyiec N.

m For a Switched System with constant dynamics, Xg can be explicitly calculated in
polynomial time

m For a Switched System with general dynamics, the explicit calculation of XQ is
undecidable; however, it can be inner-approximated.
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Synthesize Switching Controller Against STL
L]

Theoretical Guarantee

Theoretical Guarantee

m This method is sound :
P = (Q,F Intt,m) F ¢

m This method is relatively complete for constant dynamics system :

For any x € R”, if x can be driven to satisfy ¢ with some controller 7, then there
exists k € N, such that the initial set of the synthesized switched system contains
X.

m The controller synthesized features minimal switching property for constant
dynamics :

For any xo € Init, there does not exists any controller =/, that can drive xg to
satisfy ¢ with switching time less than 7(xo).

ISCAS

Han Su - ISCAS Switching Controller Synthesis for Hybrid Systems Against STL Formulas FM 2024 - Milan, Italy 9/11



Synthesize Switching Controller Against STL
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Experimental Results

Experimental Results

Table 1: ST-RA Specifications
Model ST-RA Formulas

Reactor [55] @ @ (10<tempe<90) A (0< cooling < 1) Ujys 201 (40 < tempe < 50)

w12 (10 <lewo <95)A (10 < levr < 95) A(|levo — levi | < 10) Uiso,60) (50 < levo < 80)
A(50 < levy <80)

2 (10 <levg <95)A (10 < levy < 95) A(|levo — levi | <10) Uzo,40 (50 < levg < 80)
A(50 < levs < 80)

@3 1 (10 < levg <95) A (10 < levy < 95) Uso,a0) (50 < levy < 80) A (50 < lev; < 80)

WaterTank [33]

#1 ¢ (1< posy—posy <3) Uz, 31 (20 < posy < 25)
Carseq [5] 2 (1< posy —pos; <3)A (1< pos; —posy) Ujz 31 (20 < posy < 25)

w3 (1< posy —pos; <3)A(1<pos; —posy <3)A (1< posy —posz) Upa 31
(20 < posy <25)

Oscillator [52] ¢ ¢ (2 +y? <1) Uz a (2 +32 <0.01)

#1 1 Ni=1,23(23 < temp; < 29) Ups 10) Ni=1,23 (26 < temp; < 28)
Temperature [5] P2 1 Ni=1,23(23 < temp,; < 29) U 100 Ni=1,23 (26 <temp; <28) A (temp, < temp,)

©3 1 Ni=1,23(23 <temp;<29) Us 10 Ai=1,2,3 (26 < temp; <28) A(tempy < temp, )
A(tempg < temp,)
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Synthesize Switching Controller Against STL
L]

Experimental Results

Experimental Results

Table 2: Empirical results on benchmark examples

Model Scale  Synthesis Time

Model Dynamics ST-RA -
Mdim_Mmode flter. Time (3) m For constant
@ 2 4 6 031 dynamics system :
Reactor [55] Const @ 2 8 6 (fp) 4.14
p 2 10 6m 801 Efficiency o< Ny,
o 2 7 9@ 1804 n and
WaterTank [33]  Const . 2 7 6@ 1063 ’””de'l ity of ST-RA
3 2 76 (fp) 5.24 complexity or 51-
o 5 T 12 formulas,
CarSeq [5] Const, 2 3 8‘ 7 (fp) 4%7.41 m For non-constant
ki 4 64 134.79 dynamics system :
® 2 36 77.20
Oscillator [52] Poly » 2 4 6 106.09 Efficiency Ngim and
© 2 5 6 155.77 o
moder
o 3 8 5 236.99 Fe
Temperature [5]  Linear 2 3 8 5 293.66 EFFICIenC.yQé
o5 3 s 5 252,39 complexity of ST-RA
formulas

Dynamics: the type of continuous dynamics; ST-RA: formulas to be satisfied (cf. Table 1);
Naim: dimension of state; ny,oq.: number of modes; #lter.: number of iterations, (fp) means the
synthesized set X! (cf. Sect. 5) reach a fixpoint at current iteration.
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Concluding Remarks
°

Summary

Summary

m Contribution:

m This work presents for the first time a method for generating hybrid system switching
controllers under STL constraints and implements a prototype.

m The proposed algorithm in this work is theoretically guaranteed to be sound, relatively
complete, and minimally switching.

= Su, Feng, S. Zhan, N. Zhan : Switching Controller Synthesis for Hybrid Systems Against STL Formulas. FM'24.
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Concluding Remarks
°

Summary

Summary

m Contribution:

m This work presents for the first time a method for generating hybrid system switching
controllers under STL constraints and implements a prototype.

m The proposed algorithm in this work is theoretically guaranteed to be sound, relatively
complete, and minimally switching.

= Future Work :

m Enlarge the range of STL specification under consideration : nested STL formulas
m Generalize the hybrid system under consideration : stochastic, delay

= Su, Feng, S. Zhan, N. Zhan : Switching Controller Synthesis for Hybrid Systems Against STL Formulas. FM'24.
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