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Search & Rescue Scenario

%o 2(t) = (1), v @) < v
| y'(t) =z(1) S’
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z(H) e R*, z(0) = x,, y' (t) e R?

Kress-Gazit, Fainekos and Pappas, Where's waldo? sensor-
based temporal logic motion planning, ICRA 2007
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Search & Rescue Scenario

Two Issues:

1) How can you construct robust trajectories wrt the
temporal logic specifications?

2) How can we handle complex environments with
complicated specifications beyond kinematics
models?
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Hierarchical Modeling of Control Systems

z(t)=gz(®).v(@), vy eV N,

A
SN Rough model Y(t) = k(z(1) .
z(t) e R", z(0) =z, y' (1) e R’
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y(t)
v

x(1)eR", x(0)=x,, y(t)e R’
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Motivation - Motion Planning

x(t1) e R*, x(0)e X,,x(0)=0,y(t) e R
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Motivation - Motion Planning
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Task: "Stay always in My and visit area m,, then area 5, then area m, and,
finally, return to and stay in region m; while avoiding areas m, and m"

RTL: OmoAO(TAN(T AT A(~T,A T ) U )))
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Overview of solution

Agile robot

Sluggish robot

Abstraction

" 9’ -

\V/

y(1) z(t) = v(t), Hv(t)H <vy V(1)
y'(t) =z(¢) S’
x(t1) e R*, x(0)=x,,%x(0)=0, y(¢) e R* z(t) e R*,z(0) = x,, y' (1) e R?
@ € RTL ¢'e RTL
< »
Refinement
Fainekos, Kress-Gazit, Pappas
Girard, Pappas ICRA 2005, CDC 2005, CDC 2006
CDC 2005, CDC 2006, Automatica Kress-Gazit, Fainekos, Pappas
ICRA 2007
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z(1) = g(z(O).v (), v(t) eV
y'(t) = k(z(1))

S!

A. Girard & G.J. Pappas, Approximation Metrics for Discrete and Continuous
Systems, IEEE TAC, to appear.




Approximate Simulation Relation

(1) z(t)=gz(@)v(@), vy eV |,
y'(t) =k(z(2))

S!
x(1)eR", x(0)=x,, y(t)e R’ z(t) e R",z(0) =z, () e R’
A 4 ,
P p ’
K K y(-yo|<s
V() =x@)
N
> >
t t
Exact simulation Approximate simulation
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Approximate Simulation Relation

) 2(1) = gz, vy eV
y'(t) = k(z(1)) ,
S
x(t)eR", x(0)=x,, y(t)eR” z(t) e R",z(0) =2z, (t) e R?

« Arelation R ¢ R™ x R" is a d-approximate simulation if for all (z,x) € R,
1. lk(z) = h(x)|| < 6

2. forall T >0, for all trajectories z(¢) of S’ such that z(0)=z,,
there exists a trajectory x(¢) of S such that x(0)=x, satisfying:

Viel0,T], (z(¢), x(1)) € R.

If initially the states of Sand S’ are in R (i.e. (z,,x,) € R), then

Any observed trajectory of S’ has an observed trajectory of S in its 3-neighborhood.

)
Penn &
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Simulation Functions

(1) z(t)=gz(),v(@), v eV N1
y'(1) = k(z(1))

x(1)eR", x(0)=x,, y()eR” z(t) e R",z(0)=z,,y' (1) e R’

* We can construct approximate simulation relations using simulation

functions.

* A simulation function W: R™ x R" —» R* satisfies:
W (z,x) > |k (z) = h(x)|

(GW(Z,x) oW (z,x)
0z

X

g(z,v)+

sup inf
vey ueU

f(x,u)j <0

» Effective characterization of approximate simulation relations

R= {(z,x)‘ W(z,x)< 52} is an approximate simulation relation of precision .

)
Penn &
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Abstraction

 Let S’ be an abstraction of S such that there is simulation function .

» Let 5% = W(z,x,), then

Any observed trajectory of S’ has an observed trajectory of S in its 6-neighborhood.
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Linear Temporal Logic: Continuous Time

Like propositional logic, but also reasoning wrt time ...

Basic operators:
Propositional: A, V, =
Temporal: ¢, O, U,R

O(red) O(gray) (gray) U (red)
Eventually red Always gray gray Until red

el F
Pel I I I GRASP
‘ UNIVERSITY of PENNSYLVANIA V




Let TT be a set of atomic propositions.

Define the denotation [[.]]: TT — P(X).

Syntax in NNF: ¢ ::= 7 | 9,Ag, | 0;Vo, | 9,Uo, | 9,Re,

Semantics:
(y.[[.1D) & miff y(O)e[[n]]
(y.[LID) £ @i Ag, iff (v [[.1]) £ o, and (y.[[.]]) F o,
(y.[LID) B o Ve, iff (y.[[.1]) F oy or (y.[LID) F o,
(y.[[.1D E @Uo, iff 3+20 s.t. (yl,.[[.]]) F 9, and Vs€[0,+] (vl [[.1]) E o,
(y.[[ID E @R, iff V120 (yl,[[.]]) £ 9, or 3s<[0,t] s.t. (yI.[[.1]) F ¢

Some notation: yl.(s) = y(t+s) 09 = TUg g = F Ry
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Contraction - Expansion

For 8>0, the d-ball centered at acA is defined as:
B,(a)= {,B €A: Ha —ﬂH < 5}

For TcA, the contraction and expansion are defined as:
C5(F)= {a e A:B,(a)c F}
B,(I)={a € 4:B,;(a)nT =}

B4 Cs(T)

g UNIVERSITY of PENNSYLVANIA
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"Robustifying” an RTL formula

Define a translation function

where

Define new map [[.]]5: =1 = P(X)

1, = {Cg([[ﬂ]]C) i o&=g,
TG i g=¢,

GRASP




Main Result

Theorem:

Consider an RTL formula ¢, a map [[.]] : IT » P(X) and a number é > 0,
then for all functions y(1), y’(t) from R* to Rr such that for all >0,

@) —y' @] <o
it is

0, [l Eroble) = O, [[IDFe

y(1) z(t) =gz @), vO) eV
y'(t) = k(z(2)) g

x(1)eR", x(0)=x,, y(t)eR” z(t) e R",z(0)=z,,y' (1) e R’
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Back to our simple example

[Gupta, Henzinger, Jagadeesan, HART '97]

GRASP




Hybrid Controller

z(1) = g(z(O).v (), v(t) eV
y'(t) = k(z(1)) g

G. E. Fainekos, S. G. Loizou and G. J. Pappas, Translating Temporal Logic to
Controller Specifications, CDC 2006




Hybrid Controller

A hybrid controller is a tuple
H =(Z,V,L,E, Inv, Out, Init, Guard)

where
> Z is the state space of the system S’

Hybrid Controller

> L is the set of control locations,
> EcL xL is the set of control switches

lv(f) z(t)T

each location

» Out : L x Z - Vis the control input for S'
» Init: L — P(Z) assigns to each control
location a set of initial conditions

» Guard : E - P(Z) is the guard condition
that enables a control switch e in E

!
|
!
|
|
» Inv:L - P(Z) assigns an invariant set to :
|
!
|
!

UNIVERSITY of PENNSYLVANIA

z2(1) = g(z(),v(®), v(t) eV
y'(1) = k(z(1))

Hybrid Automaton
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Each control location
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How can you design such controllers?

P.ronﬁ' s of the 45th IEEE Conference on Decision & Control “hAD23

[Conner et. al.] "Composition of local potential functions for global
robot control and navigation”, ICRA 2003

Main idea: Use a C? diffeomorphism from the simplex to the unit disk and then
construct a potential function free of local minima.

U = —quyT

= = - e —
4 "’,,, ) ‘,_‘u\“;\‘, ¥ e _;\e w\v" v.‘ ,_.n . 3 = n m'\. howe«er ooy ;‘q ..% ‘;".\J_" ’"va ‘”’1'&

[Belta, Habets], Cons’rr'uc’rmg decidable hybr'ld sys‘rems with velocu‘ry
bounds"”, CDC 2004

Main idea: Affine functions on simplexes are uniquely defined on vertices. The
set of all controllers can be parameterized by the values on the vertices.

u=Ax +0b
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1% a Y i He

[Lindemann et. al. ] "Real time feedback con‘rrol for' nonholonomlc
mobile robots with obstacles”, CDC 2006

Main idea: Perform GVD decomposition in each convex cell and design smooth
vector fields.
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Back to the toy example ...

111)))

nOAQ(§n2A0(§n3/\<>(§n4A(§—|n2/\§—-n3)UD§

Bld

RTL:
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A. Girard & G.J. Pappas, Hierarchical Control using Approximate Simulation
Relations, presented in CDC 2006




Refinement

(1) z(t)=gz(@)v(@), vy eV |,
y'(t) =k(z(1)) g

x(1)eR", x(0)=x,, y(t)e R’ z(t) e R",z(0) =z, () e R’

« Can we synthesize u(.) from the input v(.) ?

* Interface u,, : Rm x R* x V — U associated with simulation function W :

Wi(z,x) = Hk(Z) — h(x)H2

sup(@W(Zz,x) (z.v)4 aw;j,x)

f(x,uy, (Z,)C,V))j <0

velV
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@ UNIVERSITY of PENNSYLVANIA v




Back to our simple example

x(t) e R*, x(0)=x,,%x(0)=0, y(¢) e R* z(t) e R?,z(0) = x,, y' (1) e R?

- Simulation function and associated interface :

W(Z,X,X):max(“2—x||2+a||z_x_2x2,4‘/2)
uw(zaxax»V)Z%Jrl:aa(z—x)—)'c
* Condition :
\% ] 2
—| 1+l -—+ <
(ol e

y'(t)

(1) z2(0) =v(1), ()| <v
yr(t):Z(l‘) S’—>
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Hybrid Controller

v(t)
z(t)=g(z(t),v(t)),v(t)eV V(1) = o'
y'(t) =k(z(1)) I ““é‘ """"" >
0] lz(” IEG
Interface

x(1)
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1(ord

Final Motion for v




2.5 (or 6=5)

Example for v
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If the abstract system is too fast ..
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Conclusions \ Future work

VI Hierarchical framework for the synthesis of HA from temporal logic

I Hierarchical controller
I Approximate simulation relations
/I Robustness of temporal logic formulas

1 Takes advantage of existing methods for the design of HA from TL

I Can provide solutions for complicated specifications, for systems with
complicated continuous dynamics that operate in complicated environments

O Compute interfaces for other systems

[ Design for distributed specifications and for open systems

[ Make a public distribution of the prototype toolbox

4
®
3
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Thank Youl!

Any Question(s) ?
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