Problem Formulation T | Loaic Motion P/ na f -
m r-orm emporal Logic Motion Flanning for A Simple Example
Model: We consider a fully actuated, planar model of robot motion operating Mabl‘/e Rabo rs
in a polygonal environment £. The motion of the robot is expressed as: Consider a robot that is moving in a square environment with four areas
v(t) =u(t) z(t) € PC R* wu(t)€UCR? of interest denoted by Ty, m,, ™3 and m,. Initially, the robot is placed
GeOrg 10S E. Fal HEKOS, Hadas Kress-Gazit somewhere in the region labeled by m;. The desired specification
Specification: A linear temporal logic (LTL) formula ¢ that captures for the robot given in natural language is: "Visit area m, then area w5 then
the robots’ desired behavior. and GeOrge J : PappaS area 1, and, finally, return to region m; while avoiding areas m, and m;"
Problem: Given robot model, environment P, initial condition x(0), and an LTL _y
temporal logic formula ¢ , find control input u(t) such that x(t) satisfies o.
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The formulas are built from a finite number of atomic propositions TT r—- r—- (_'7'('2 A —'7T3)U7T1)))
which label areas of interest in the environment such as rooms or | 7, : | 1, :
obstac/es. Proposition meTl represents an area of interest in the vervie Te / /o 44 /i P/ /i == L=
environment which can be characterized by a convex set of the form: Over w Of mp ora La-g ¢ ofion Flann ”g LSMV Cod
T uS ode
P, ={x € R*| /\ak:c—l—bk <0, ar € R*, b, € R}
" . . I : Specificati I : Pol | :
The propositional formulas are formed using the traditional operators of I:pltll: TfrlzzlichauTaog Eﬁs;rron?\wi%?rnlg MODULE main
conjunction (A), disjunction (v), negation (=), implication (=), and JHad o e e~ VAR
eguivalence (<). LTL_y formulas are obtained from the standard o = e robot_1: process robot(33);
propositional logic by adding temporal operators such as eventually (0), . e . | i LTLSPEC (! F ((pi2) & F ((pi3) &
always (1), and until (U). /TR T T2 | F ((pi4) & (1(pi2) & (pi3) U (pil)))))
. . o i T | Loai Triangulation & ~_ A\ \ I
Some LTL examples that express interesting properties in the context of Inear 1emporal Logic Finite Transition Sys Sy AN N A MODULE robot(init_cond)
mobile robot motion planning include: ) 5 1'5 S VAR
> Reachability: The formula "0m" means that the trajectory of the 1 1 [, A ‘N node : O .. 34;
robot should eventually reach a state where we observe . e \\ 7 ASSIGN
» Reachability while avoiding obstacles: The formula "= (o;v 0,V ... v 0,) Ly 27 e/ e S — init(node) := init_cond;
U 1" expresses the property that eventually 7 will be true, and until m is Open-Loop Hybrid é CIOSZ-LOOP Hybrid | SN LA N next(node) := case
reached, we must avoid all obstacles labeled as o, i=1,... n. Controller Controller g N ‘ node=1: {2.19}:
> Sequencing: The requirement that we must visit wy, m, and 3 in that || ee—gd. ee—————— g\ — T~ o N/ node=2 : {16 .31};
order is naturally captured by the formula *¢ (¢y A ¢ 0y A0 m3))". | —  —— —77—  ———Fr—"—7 —— — 7 — W/ T " hode=3 : {414 30}
» Coverage: Formula "0 my A 0 T, A .. A O 1" reads as the robot will hode=4 : {3,5,26);
eventually reach m; and eventually m, and ... and eventually m,, requiring Ope”- LOOP Hybria’ Confr'a//er* Triangulation and Dual Graph node=5 : {46 .32);
the robot to eventually visit all regions of interest. node=6 : {2,5,7};
» Recurrence: The formula "CI(0 Ty A 0 T, A ... A O Tp)" requires that the m node=7 : {6,11,33};
. . . y . . 1 . e !
robot trajectory does whatever the coverage does and, in addition, will Model Checker - Hybrid Controller Continuous
force the robot to repeat the desired objective infinitely. (SPIN or NuSMV) | - Coun’rer—exampﬁ/ Implemenfahon'l' Model Th : node=32 : {5,23,31};
! | e trajectory generated by NuSMYV, | ,
discrete fral satisfying this formula is: node=33 :{7,14,34)
' node=34 : {10,24 33}
Spec: Go toareas 1,2,3,4,5,6 E:\/amp/es ack 33 34 24 25 27 16 15 14 3 4 . { }
in no particular order Spec: Go to the two black rooms 5, 32, zé 26, 29, 3(,) 3, 14, 3,3 , esac.
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Trajectory o o W4 25
created by the Hybrid Controller Implementation” N
close-loop hybrid ==
controller. Each A triangulation is a bi-simulation if the system can move between any two adjacent triangles 2= S ZZZ Py
divergence from regardless of the initial state. For each triangle, we design three controllers ensuring that 27 ; A v 2PN
the planned system exits the triangle from the desired facet to the adjacent triangle. e A
discrete path due
fo sampling errors ~ Thm: There exist (many) affine vector fields
is circled. Tp= up up= Ax +b € Up o 4 .
on any triangle, satisfying the bisimulation property. : esu ting com‘u)uous
Open-Loop Hybrid Controller mobile robot trajectory
Affine functions on simplexes are uniquely defined on
: IR vertices. The set of all controllers can be
Spec: Go to area 2, then fo area 1. and ,.’X “\Us arameterized by the values on the vertices & 6. E. Fainekos, H. Kress-Gazit and 6. J. Pappas, Temporal Logic Motion Planning for Mobile Robots, to
then cover areas 3, 4, 5 - all this, e h P Y ' appear in the Proceedings of the International Conference on Robotics and Automation, Barcelona, April 2005
while avoiding obstacles o4, 0,, 05 0,/ 0z . 1 C. Belta, V. Isler, and 6. J. Pappas, “Discrete abstractions for robot motion v 6. E. Fainekos, H. Kress-Gazit and 6. J. Pappas, Hybrid Controllers for Path Planning: A Temporal
‘ planning and control, ” IEEE Transactions on Robotics, Accepted for publication. Logic Approach, Submitted to the 44th IEEE Conference on Decision and Control, Seville, Spain, 2005
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