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Flexible Timelines
Flexibility: the begin and end “times” of tokens are temporal intervals

Flexible timelines and plans can be thought as envelopes of non-flexible
ones

This relaxation may lead to violate some constraints of the planning domain.

Projection of a flexible timeline: its tokens have begin and end points in the
intervals of the corresponding flexible tokens.

FTLpm
Earth Slewing Science Slewing Earth

110 120 140 150 181 203 211 233

TL2
pm

Earth Slewing Science Slewing Earth
115 148 185 215

Not every projection of a flexible timeline or plan respects the constraints of
the planning domain.

Instance: a projection that is valid w.r.t. the planning domain.

Goal of the formalization: describe flexible timelines and plans so that
checking whether a projection is also an instance can be done without looking
back at the underlying domain
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The Controllability Problem

The executor of a flexible plan must take decisions on when exactly end a
given activity (token) and start the following one
(i.e. which instance of the plan is to be executed)

When the exact duration of some values is not under the system control,
this raises controllability problems

This part of the tutorial presents
a comprehensive formalization of timeline-based flexible plans
the definition of their controllability properties
a method for checking a plan dynamic controllability by exploiting
existing tools for Timed Game Automata
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Flexible Tokens

A flexible token for the state variable x = (V ,T , γ,D) is a tuple

x j = (v , [e,e′], [d ,d ′], τ)

for i ∈ N, v ∈ V , and the obvious constraints:

e ≤ e′ and dmin ≤ d ≤ d ′ ≤ dmax for D(v) = (dmin,dmax )

x j is the token name

v = value(x j )

[e,e′] = end time(x j ) is the end time interval of the token

[d ,d ′] = duration(x j ) is its duration interval

τ = γ(v) is its controllability tag (also denoted by γ(x j )).
If τ = c, then x j is a controllable token
if τ = u, it is uncontrollable
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Flexible Timelines

A (flexible) timeline FTLx for the state variable x = (V ,T , γ,D) is a finite
sequence of flexible tokens for x

x0 = (v1, [e1,e′1], [d1,d ′1], τ1), . . . , xk = (vk , [ek ,e′k ], [dk ,d ′k ], τk )

where for all i = 1, ..., k − 1: vi+1 ∈ T (vi ) and e′i ≤ ei+1.

[ek ,e′k ] is the horizon of the timeline

The start time interval of a token is determined by its position in a
timeline:

start time(x0) = [0,0]
start time(x i+1) = end time(x i )

A timeline for an external state variable contains only uncontrollable
tokens.
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Scheduled Tokens and Timelines

A scheduled token is a token of the form

x i = (v , [t , t ], [d ,d ′], γ) = (v , t , [d ,d ′], γ)

It represents a token fixed over time (end time(x i ) = t).

A scheduled token corresponds to a non-flexible one: its end time is
fixed, instead of its duration.
This new form makes scheduled tokens particular cases of flexible ones.

A scheduled timeline TLx is a timeline consisting of scheduled tokens
only (and respecting duration constraints).
It is a schedule of a given flexible timeline if the end times of each token
belong to the corresponding end time intervals.
I.e. a schedule of a flexible timeline is obtained by narrowing down to
singletons (time points) the tokens end times.

A schedule TL of a set of timelines FTL is a set of scheduled timelines
where each TLx ∈ TL is a schedule of the corresponding FTLx ∈ FTL.
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Flexible Plans

A “good” plan must satisfy the synchronization rules of the domain.

Consider, for instance

S = a0[x = v ]→ ∃a1[y = v ′].a0 ≤end,start
[0,0] a1 ∨ a0 ≤end,start

[5,10] a1

and a set FTL of flexible timelines with tokens

x i with value(x i ) = v and end time(x i ) = [30,50]
y j with value(y j ) = v ′ and start time(y j ) = [30,60]

FTLx = . . . v . . .

FTLy = . . . v ′ . . .

Not every pair of instances of x i and y j satisfies S.

The representation of a ”good” flexible plan with x i and y j should include the
information that y j is required to start either when x i ends or from 5 to 10 time
units after.
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Flexible Plans (2)

In general, a flexible plan must include information about the relations that
have to hold between tokens in order to satisfy the synchronization rules of
the planning domain.

Different plans may be defined with the same set FTL of flexible timelines,
each of them representing a possible way of satisfying the synchronization
rules.

FTLx = . . . v . . .

FTLy = . . . v ′ . . .
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Flexible Plans (3)

A flexible plan Π is a pair (FTL,R) where

FTL is a set of flexible timelines
R is a set of relations on tokens in FTL.

An instance of the flexible plan Π = (FTL,R) is any schedule of FTL
satisfying every relation in R.

A flexible plan represents the set of its instances .

R enforces the plan to obey the rules of planning domains and to achieve
the goals

The pair (FTL,R) describes all the information required to execute the
plan
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Semantics of Synchronization Rules on Flexible Plans

A plan Π = (FTL,R) satisfies a synchronization rule S if:

the relations in R hold =⇒ the constraints represented by S hold

In other terms, R represents a possible choice to satisfy S.
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Example

Consider the rule S:

a0[pm = Comm]→ ∃a1[gv = Visible] .a1 ≤start,start
[0,∞] a0 ∧ a0 ≤end,end

[0,∞] a1

(i.e. a1 contains a0)

and timelines:
FTLpm with pm5 = (Comm, [80,120], [30,50],u), with start time [50,70]

FTLgv with gv4 = (Visible, [120,190], [60,100],u) with start time [60,90]

The flexible plan
Π = (FTL,R)

with
FTL = {FTLpm,FTLgv} and

R = {gv4 ≤start,start
[0,∞] pm5,pm5 ≤end,end

[0,∞] gv4}

satisfies S, because mapping a0 to pm5 and a1 to gv4 makes a1 contains a0
true.
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Valid Flexible Plans

A flexible plan Π = (FTL,R) is valid w.r.t. a planning domain D = (SV ,S) if:
it is complete: Π satisfies all the synchronization rules in S;
it is consistent: it has at least an instance.

Π is a flexible solution plan for P = (D,G,H) if
it is valid w.r.t. D,
it satisfies the synchronization rule representing G,
the horizon of every timeline for a planned state variable is [H,H]

Theorem. If the flexible plan Π is complete w.r.t. the planning domain D, then
every instance of Π is valid w.r.t. D.

Consequence: if Π is valid w.r.t. D then there exists an instance of Π that is
valid w.r.t. D.
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Controllability: Flexible Plans and STNU

A formal equivalence between STNU and flexible plans is missing
[Morris, Muscettola, Vidal 2001, Cesta et al 2009]

Taking inspiration from the work on STNU, the same concepts can be
defined for flexible plans

Given a plan Π = (FTL,R), we consider

tokens(FTL) = tokensC(FTL) ∪ tokensU(FTL)

Duration constraints and temporal relations on tokensU correspond to
contingent links

Logica per L’informatica Flexible Timelines and Control 13 / 20



Situations and Projections

Given a set of timelines FTL, a situation ω is a total function

ω : tokensU(FTL)→ T

where ω(x i ) is in duration(x i ).

A situation is a function assigning a (legal) value to the duration of each
uncontrollable token.

The set of all situations for FTL is denoted by ΩFTL

A situation ω for FTL defines a projection ω(FTL) of FTL – i.e. a fully
controllable evolution of FTL:
every uncontrollable token x i = (v , [e,e′], [d ,d ′]) in FTL is replaced, in
ω(FTL), by (v , [e,e′], ω(x i )).

Logica per L’informatica Flexible Timelines and Control 14 / 20



Scheduling and Execution Strategy

A scheduling function θ assigns an execution time to the end time of each
token

θ : tokens(FTL)→ T

The set of all the scheduling functions is denoted by TFTL

A scheduling function θ for a flexible plan (FTL,R) is consistent iff the
scheduled timelines induced by θ are an instance of the plan

An execution strategy for a flexible plan is a mapping

σ : ΩFTL → TFTL

It is viable if for each situation ω the scheduling function σ(ω) is
consistent with the plan (ω(FTL),R)
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Prehistory and DES

If t ∈ T, the prehistory θ≺t is a partial function defined only for
uncontrollable tokens

θ≺t : tokensU(FTL)→ T

It assigns a duration to uncontrollable tokens that finish before t
according to θ.

A prehistory defines a partial situation, i.e. a partial projection of FTL

A dynamic execution strategy for a plan is an execution strategy σ for FTL
such that for all situations ω, ω′ and every controllable token x i :

if σ(ω) = θ,
σ(ω′) = θ′

and θ(x i ) = t ,
then θ≺t = θ′≺t implies θ(x i ) = θ′(x i )
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Controllability of Flexible Plans

A Flexible Plan Π = (FTL,R) is

Weakly controllable if there is a viable execution strategy for Π

Strongly controllable if there is a viable execution strategy for Π giving the
same scheduling function for every situation

Dynamically controllable if there is a dynamic execution strategy (DES)
for Π – decisions only consider past uncontrollable events

Dynamic controllability constitutes a highly desirable property for a flexible
plan
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Timed Game Automata [Maler & Pnueli & Sifakis 1995]

The set Act of actions is split in two
disjoint sets

Actc : the set of controllable actions
Actu: the set of uncontrollable
actions

A valuation is a mapping from the set of
clocks to integers

A state is a pair (qi , v) with v a valuation

A strategy F is a partial mapping from
the set of Runs of A to the set Actc ∪{λ}

The special action λ stands for “just wait
and do nothing”

Controllable: −→
Uncontrollable: 99K
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Building TGA from Timelines

A Flexible Plan (FTL,R) is encoded into a network of TGA
Each TLx in FTL is encoded by an automaton, a location for each
token
Transition controllability is defined according to tokens controllability
tags
Temporal relations are encoded by clock constraints on transitions

A TGA Reachability Game (RG) is defined so that
Winning the game implies checking DC for a flexible plan

UPPAAL-TIGA is used as verification engine
The winning strategy is a viable DES for the encoded plan

The encoding tool plan2tiga and details are available at
http://cialdea.dia.uniroma3.it/plan2tiga
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Empirical Evaluation

Aim: investigating the practical feasibility of the TGA- based approach

Approach:
APSI-TRF and EPSL as the planning engine
A benchmark domain inspired by a Space Long Term Mission
Planning problem

Results: the experiments show the feasibility of the approach in realistic
scenarios

Details in M. Cialdea Mayer & A. Orlandini, TIME 2015.
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