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Abstract

The CNT framework (Constraint Network on Timelines (Ver-
faillie, Pralet, and Lemaitre 2008)) has been designed to
model discrete event dynamic systems and the properties one
knows, one wants to verify, or one wants to enforce on them.
In this paper, after a reminder about the CNT framework, we
show its modeling power, first on two generic problems (the
planning problem in the STRIPS framework and the resource-
constrained project scheduling problem), then on two specific
problems coming from the aerospace domain (the mission
management problems for a team of unmanned air vehicles
and for an Earth watching and observing satellite).

The CNT framework

The CNT framework (Constraint Network on Time-
lines (Verfaillie, Pralet, and Lemaitre 2008)) is a generic
constraint-based modeling framework for discrete event dy-
namic systems. More precisely, the CNT framework al-
lows any discrete event dynamic system (including its dy-
namics and the properties one wants to verify or to en-
force on it) to be modeled as a kind of dynamic CSP (Con-
straint Satisfaction Problem (Rossi, Beek, and Walsh 2006;
Mittal and Falkenhainer 1990), also referred to as a condi-
tional CSP, where the set of variables and constraints is not
a priori fixed, but depends on the assignment of special vari-
ables called dimension variables.

The CNT framework is built on the usual assumption of
discrete steps at which events or instantaneous changes oc-
cur. Its basic components are attributes which may be of
three types: time, state, or event. With each attribute, is
associated, in addition to its type, a domain of possible val-
ues, which may be discrete or continuous, finite or infinite.
The time attributes allow the temporal positions of the suc-
cessive steps to be modeled. The state attributes allow the
values taken by the permanent features of the system at the
successive steps, such as for example a resource level, to
be modeled. Finally, the event attributes allow the values
taken by the instantaneous phenomena in the system at the
successive steps, such as for example subsystem failures, to
be modeled. The only difference between state and event
attributes is the assumption that, between two successive
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steps, a state attribute keeps the value it took at the first of
both steps (assumption of a piecewise constant evolution)
whereas an event attribute takes no value (or a default value
which models the absence of event). See Figures|[T]and 2]

A timeline puts together completely synchronized at-
tributes, which share the same sequence of steps with the
same temporal positions. With each timeline, are associated
(i) a variable referred to as dimension variable which mod-
els the number of steps in the timeline, (ii) a finite set of
state and event attributes, and (iii) at most one time attribute
(none if the temporal positions of the successive steps are
not relevant). The domain of the dimension variable may
be finite or infinite. With each timeline, each step and each
attribute in this timeline, is associated a variable referred to
as attribute variable which models the value of this attribute
at this step. Various timelines allow concurrent evolutions,
possibly partially synchronized, to be modeled.
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Figure 2: Evolution of an event attribute.

A constraint network on timelines (CNT) is defined by (i)
a set of timelines which defines itself a set of variables (one
dimension variable per timeline and one attribute variable
per attribute and per step in the associated timeline) and (ii)
a set of constraints on these variables (with no limitation on
the involved variables and on the kind of constraints on these
variables). However, differently from classical CSP, the set
of variables and constraints associated with a CNT is not a
priori fixed. It depends on the assignment of the dimension



variables. The result is a form of dynamic CSP (Mittal and
Falkenhainer 1990), also referred to as conditional CSP.
More formally, we adopt the following definitions:

Definition 1 An attribute at is a pair (ty(at),do(at)),
where ty(at) is the type of at with three possible values
(state, event, or time) and do(at) is the domain of values
of at.

If ty(at) = state, there is no assumption on do(at) : it
may be discrete or continuous, finite or infinite. If ty(at) =
event, there is no assumption too, except the presence of a
special value | which models the absence of event. Finally,
if ty(at) = time, then do(at) C R, but do(at) may be also
discrete or continuous, finite or infinite.

Definition 2 A rimeline tl is a pair {ats(tl),ns(tl)), where
ats(tl) is the finite set of attributes associated with tl and
ns(tl) is a variable which represents the number of steps in
tl.

We make the assumption that an attribute at belongs to
one timeline and only one, denoted ¢l(at), and that a time-
line ¢l involves at most one attribute of type time, denoted
ti(tl), if it exists. For an attribute at of any type, we denote
ns(at) = ns(tl(at)) the dimension variable of the time-
line at which it belongs. Similarly, for an attribute at of
type state or event, we denote ti(at) = ti(tl(at)) the at-
tribute of type t¢me of the timeline at which it belongs, if
such an attribute exists. We make also the assumption that
the domain of values do(ns(tl)) of the dimension variable
of a timeline ¢/ is any subset of N, finite or infinite. An in-
finite domain allows unbounded evolutions to be modeled.
The successive steps in a timeline ¢/ are numbered from 1 to
ns(tl). With each timeline ¢/, each attribute at € ats(tl),
and each step 7|1 < i < ns(tl), is associated an attribute
variable at; whose domain of values is do(at). Moreover,
for an attribute ti of type time, we make the assumption
that Vi |2 < i < ns(tl), ti;—1 < ti; (successive steps are
temporally totally ordered) and, for an attribute at of type
state or event, we make the assumption that Vi |2 < ¢ <
TLS(tl), (ti(at)i_l = ti(at)i) — (ati_l = ati) (@if two suc-
cessive steps are temporally identical, they are identical over
all the attributes).

If we consider now a finite set t/s of timelines, we can
classify the variables associated with tls into dimension
variables (d-vars(tls); one per timeline) and attribute vari-
ables (a-vars(tls); for each timeline t! € tls, one per at-
tribute and per step in t/). We can also classify them into
mandatory (or static) variables (m-vars(tls)) and optional
(or dynamic) variables (o-vars(tls)). Mandatory variables
are the dimension variables and the attribute variables that
are associated with mandatory steps in t/s. Some steps may
be indeed mandatory due to the minimum values in the do-
mains of the dimension variables in tls. If, for example,
do(ns(tl)) = [3.. + oo}ﬂ the timeline ¢/ involves at least
three steps and the attribute variables associated with each

'We denote [a..b] the set of integers greater than or equal to
integer a and less than or equal to integer b and [a.. + oo the set
of integers greater than or equal to integer a.

attribute at € ats(¢l) and each step ¢ | 1 < ¢ < 3 are manda-
tory. Optional variables are the attribute variables that are
not mandatory. It is important to emphasize that the set of
optional variables may be infinite, if the domain of some di-
mension variables is unbounded. However, each assignment
A of the dimension variables in ¢ls defines a finite set of
optional variables, we denote o-vars(tls, A).

Definition 3 An assignment A of a finite set tls of time-
lines is an assignment of all mandatory variables in tls
(m-vars(tls)) and of the optional variables that result
from the assignment of the dimension variables in tls
(o-vars(tls, Ald-vars(tls)]), if Ald-vars(tls)] denotes the
restriction of A to d-vars(tls)).

Definition 4 A mandatory (or static) constraint c on a fi-
nite set tls of timelines is a classical CSP constraint i.e.,
a pair {sco(c),rel(c)), where sco(c) (the scope of c) is a
(finite) subset of the mandatory variables in tls (sco(c) C
m-vars(tls)) and rel(c) (the relation associated with c) is
any explicit or implicit representation of the allowed combi-
nations of values for the variables in sco(c).

Definition 5 An optional (or dynamic) constraint ¢ on a
finite set tls of timelines is a pair (tls(c), fct(c)), where
tls(c) is a (finite) subset of tls (tls(c) C tls) and fct(c) is
a function which associates with each assignment A of the
dimension variables in tls(c) a finite set of classical CSP
constraints whose scope is, for each one, a (finite) subset
of m-vars(tls) Uo-vars(tls(c), A): the set of the mandatory
variables in tls and of the optional variables that result from
the assignment A of the dimension variables in tls(c).

Definition 6 A constraint network cnt on timelines is a pair
(tls(ent), cs(ent)), where tls(cnt) is finite set of timelines
and cs(ent) is a finite set of mandatory or optional con-
straints on tls(cnt).

Definition 7 An assignment of a constraint network cnt on
timelines is an assignment of tls(cnt). It is consistent if and
only if all the constraints in cs(cnt) are satisfied.

Definition 8 A constraint network cnt on timelines is con-
sistent if and only if there exists a consistent assignment of
it.

To illustrate these definitions, let us consider a toy exam-
ple where we are given a set Ls of locations and a robot
which starts from a given location L¢ € Ls at a given time
T'i with a given level of energy F'4, must arrive at another
given location Lg € Ls by a given deadline T'g with a min-
imum level of energy Eg, and can move from any location
inl; € Ls to any other one [y € Ls, with each move taking
some time Dul[l, l3] and consuming some amount of energy
Co[ly,l2]. Durations and consumptions are infinite (equal to
large enough numbers) when no direct move is possible from
l 1 to 12.

To model this problem, we consider one timeline ¢/ where
each step is associated with the arrival of the robot at a loca-
tion and three attributes: an attribute ¢ of type ty(t) = time
and domain do(t) = [T%..Tg] which represents the cur-
rent time, an attribute [ of type ty(l) = state and domain
do(l) = Ls which represents the current location, and an



attribute e of type ty(e) = state and domain do(e) =
[Eg..Ei] which represents the current level of energy. Thus,
we have ats(tl) = {t,l,e}. Moreover, because the mini-
mum number of steps is equal to 2 (direct move from L;
to L,) and the maximum is equal to |L,| (all the locations
used), we have do(ns(tl)) = [2..|Ls]]

To specify the initial state, we can use the three following
unary mandatory constraints cj, co, and cs, respectively on
t1, 11, and eq:

ty =Ti ey
lh=Li @
e1 = Ei 3

Then, to specify state transitions, we can use the two fol-
lowing optional constraints c4 and c5, with the assumption
that energy is consumed at the end of each move:

Vi€ [2.ns(t])], t; = ti_1 + Dulli_1,l;] (@)
Vi € [2.ns(tl)], e; = e;—1 — Coll;—1, ;] (5)

If we consider ¢4, we have tls(cy) = {tl} and a function
fet(ca) which associates with any assignment V.S of the di-
mension variable ns(t) the set {t; = t;_1+Du[l;_1,1;] |i €
[2..NS]} of classical CSP constraints, each one connecting
variables ¢;_1, l;_1, t;, and [;.

To specify the goal state, we can use the following op-
tional constraint cg:

lns(tl) =Lg (6)

We have tls(cg) = {tl} and a function fct(cg) which as-
sociates with any assignment N .S of the dimension variable
ns(tl) the unary classical CSP constraint [ys = Lgonlyg.
The deadline T'g and the minimum level of energy Eg are
enforced via the domains of values of attributes ¢ and e.

Finally, if we want to enforce that the robot does not use
twice the same location, because this would be useless, we
can use the following optional constraint cr:

alldifferent({l; | i € [1..ns(t))]}) @)

We have tls(c7) = {tl} and a function fct(c7) which as-
sociates with any assignment V.S of the dimension variable
ns(tl) the global CSP constraint alldif ferent on the set
{l;]i € [1..N S]} of variables. Let us emphasize that, due to
this latter constraint, the resulting model is not Markovian.

Let us assume that Ls = {A,B,C,D}, Li = A, Lg =
D,Ti=0,Tg =20, Ei = 10, Eg = 2, and:

0 5 12 4o
Du=| Yy § o 5
+oo 17 5 0
0 2 7 4o
Co=| 7 40 >

+o00 6 2 0

The CNT associated with this data is consistent and a con-
sistent assignment, with ns(tl) = 4, is shown in table 3]

[stepindexi | 1 [ 2] 3 [ 4 ]
timet | O | 5 | 13 | 18
location! || A | B | C | D
energye || 10 | 8 | 4 | 2

Figure 3: Consistent CNT assignment.

In fact, the genericity of the CNT framework allows it
to subsume many classical frameworks used to model dis-
crete event dynamic systems, such as automata, synchro-
nized products of automata, timed automata, and Petri nets,
as well as request on them, such as for example state reach-
ability. See (Verfaillie, Pralet, and Lemaitre 2008) for the
proofs.

In this paper, we focus on planning and scheduling prob-
lems. Before showing how mission management problems
for a team of unmanned air vehicles or an Earth watching
and observing satellite can be cast into the CNT framework,
we start with two well known generic problems: the plan-
ning problem in the STRIPS framework and the resource-
constrained project scheduling problem (RCPSP).

In this paper, we focus on modeling issues and say noth-
ing about algorithmic ones. This is because we think that
modeling is a key question which has not be answered sat-
isfactorily yet and remains one of the main obstacles to the
development and the use of planning and scheduling tech-
nologies. However, for first CNT solving algorithms and
experimental results, see (Pralet and Verfaillie 2008b)).

Modeling the planning problem in the STRIPS
framework

A planning problem in the STRIPS framework (Ghal-
lab, Nau, and Traverso 2004) is defined by a quadruple
(F, A, I,G), where:

1. F'is a finite set of fluents whose values are boolean;
2. Ais afinite set of actions, with each action a € A defined

by a triple (pa, e/ e, )| pasef ey C F. where p,, e,
and e define respectively the preconditions, the positive

effects, and the negative effects of a;
3. I C F defines the initial state;

4. G is a finite set of logical conditions on F' which define
the set of goal states.

To model such a problem, we can use one timeline ¢/ with
ats(tl) = {sy|f € F} U {a} (one attribute s; for each
fluent f € F, to which we add an attribute a to represent
the current action), do(ns(tl)) = [1..00] (at least one step
associated with the initial state), Vf € F, ty(sy) = state,
do(sy) = {0, 1} (boolean attributes of type state), ty(a) =
event, do(a) = AU {L} (attribute of type event), and the
following constraints:

Initial state:

viel, spi=1 (8)
VfeF\I, s;1=0 ©)

No initial action and one action at each step from the sec-
ond one:



a; =1 (10)
Vi€ [2.ns(tl)], a; # L (11)
Action preconditions:
Vf € F,Yi € [2..ns(t)],
(f € pa;) = (sfi-1=1) (12)

Positive, negative, and null action effects, all assumed to
be instantaneous:

Vf e FVie [2.ns(t)],
(f €eq) = (550 =1) (13)
(f€eq) = (s =0) (14)
(f€F\ (e, Ueq,)) = (sp.i=sri-1) (15)
. }Satisfaction of the goal conditions, with S; = {ss; | f €
Vg € G, g(Snsuy) = true (16)

We can observe that constraints cg to c;g are mandatory,
whereas constraints ¢ to cj¢ are optional. Let us also recall
the semantics of an optional constraint such as c¢11 which as-
sociates with any assignment V.S of the dimension variable
ns(tl) the set {a; # L |i € [2..NS]} of classical unary CSP
constraints and the semantics of another optional constraint
such as ¢4 which, for each logical condition g, associates
with any assignment NS of the dimension variable ns(¢l)
the CSP constraint g(Syg) = true.

Modeling the resource-constrained project
scheduling problem

A RCPSP (Resource-Constrained Project Scheduling Prob-
lem (Baptiste, Pape, and Nuijten 2001)) is defined by a tuple
(n,m, D, Co,Ca, Pr,Tmaz), where:

1. n is the number of tasks;
2. m is the number of resources;

3. D is atable which associates a duration D; with each task
t € [1..n);

4. Co is a table which associates a resource consumption
Coy, with each task ¢ € [1..n] and each resource r €
1..m];

5. Ca is a table which associates a capacity Ca, with each
resource r € [1..m] : at any time, for each resource r, the
sum of the consumptions of r by all the active tasks shall
not exceed Ca,;

6. Pr is a table which associates with each pair of tasks
t,t' € [l..n] a boolean Pry, equal to 1 if and only if
t shall precede t' ;

7. Tmax is the maximum duration of the project: all the
tasks shall end by Tmaz.

To model a RCPSP, we can use n timelines: a timeline
tl; for each task ¢ € [1..n], with two attributes per timeline:
an attribute ac; which represents the fact that task ¢ is active

or not and an attribute ¢7, which represents the current time
ie, Vt € [1.n], ats(tly) = {acy, tis}, do(ns(tly)) = [3..3]
(three steps per timeline associated with time 0 and with the
activity starting and ending times of t), ty(ac;) = state,
do(acy) = {T, L} (attribute of type state, with two possi-
ble values respectively associated with the active state and
the inactive one), ty(ti;) = time, do(ti;) = [0..Tmaz] (at-
tribute of type time taking its value between 0 and T'maz)
and the following constraints:
For each task, first step at time 0:

Vt € [1.n], tig; =0 (17)

Activity of each task at steps 1, 2, and 3 (if a task ¢ starts
at time 0 (t7¢,1 = tir,2 = 0), we have ac; 1 = aceo = T be-
cause of the assumption that, if two successive steps are tem-
porally identical, they are identical over all the attributes):

Vte[l.n], (tige >tig1) — (a1 =1) (18)
acgo =T (19)
aci3 = L (20)

Duration of each task:
vVt € [1TL]7 tl’t’3 - tit’g = Dt (21)

Precedences between tasks:
Vt,t/ S [1n] | (P?"tﬂy = 1), tit,g S tit/72 (22)

Resource capacities (when starting each task, for each re-
source 7, the sum of the consumptions of all the active tasks
does not exceed the capacity of r):

Vr € [1..m],Vt € [1..n],
(> (wal(acy, t1,2) = T) - Cop ) < Cay, (23)
t'=1

We can observe that all the variables and constraints are
mandatory (all the dimension variables are fixed). In con-
straint ca3, val(acy, tly, 2) is an expression, function of the
problem variables, which refers to the value of the attribute
acy at step 2 in the timeline t/;, which differs from the time-
line ¢y at which acy belongs. Generally speaking, if at is
an attribute of type state in the timeline tl(at), if ¢! is an-
other timeline different from ¢l(at), if ¢l and t/(at) have both
an attribute of type time, and if both these attributes can be
compared, let be j = maz(j’ € [l.ns(at)] | (ti(at)),; <
(ti(tl));: j is the last step in ¢l(at) that occurs before or just
at (ti(tl));; if j does not exist, val(at,tl,) is not defined;
otherwise, val(at,tl,i) = at;, because of the assumption
that, between two successive steps, an attribute of type state
keeps the value it took at the first of both steps (see Figure[d)).
We make also the assumption, usual in the CSP framework,
that a constraint such as val(acy,tl;,2) = T is equivalent
to a boolean which is equal to 1 if the constraint is satisfied
and 0 otherwise.

In fact, attributes ac; are not absolutely necessary to
model a RCPSP which could be modeled by using only
attributes ti; of type time. However, their use may al-
low RCPSP extensions (with for example various ways of
performing a task with various associated durations and re-
source consumptions) to be more easily modeled.
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Figure 4: Value of an attribute at of type state at a step ¢ in
a timeline ¢!, different from t(at).

Modeling the mission management problem
for a team of unmanned air vehicles

The problem we consider is inspired from the interna-
tional competition of small unmanned air vehicles (Mi-
cro Air Vehicle Conference Competition; see for example
http://www.mav07.org/). Its data is the following:

1. a maximum mission duration M D;
2. atakeoff and landing area HO for all the vehicles ;

3. aset Al of areas, each one containing a target to be iden-
tified; to identify a target, it is necessary to have a camera
and to perform an eight over the associated area;

4. aset AL of areas, each one containing a target to be local-
ized; to localize a target, it is necessary to have a camera
and to scan the associated area;

5. a set AT of areas, each one containing a target to be
touched; to touch a target, it is necessary to have at least
a marble and to drop it;

6. anumber NV of vehicles;

7. atable C'A with, for each vehicle v, a boolean equal to 1
if and only if v embeds a camera;

8. atable N M giving the number of marbles initially avail-
able in each vehicle;

9. atable SP giving the speed of each vehicle;

10. a table DU giving, for each vehicle v and each action a
among actions TOFF, LAND, EIGHT, SCAN, and
DROP (takeoff, landing, eight, scan, and drop) the ex-
pected duration of a when performed by v;

11. atable DI giving, for each pair a,a’ of areas, including
HO, the distance from a to a’;

12. a minimum duration DU M IN between two takeoffs or
landings of different vehicles at HO.

Let be A = AI U AL U AT U {HO} the set of
areas, assumed to be all different. Let be also AC =
{TOFF,LAND,EIGHT,SCAN, DROP,GOTO,
NOT?} (takeoff, landing, eight, scan, drop, goto, and
nothing) the set of possible actions.

To model this problem, we can use NV timelines: one
timeline tl, for each vehicle v € [1..NV], with five at-
tributes per timeline: an attribute fI, to represent the
fact that v is flying or not, an attribute at, to repre-
sent its current position (area), an attribute nm, to repre-
sent the current number of available marbles, an attribute

ac, to represent the current action, and an attribute ti,
to represent the current time i.e., Yo € V, ats(tl,) =
{fly, aty, nmy, acy, tiy}, do(ns(tl,)) = [1..2 - |A| + 3] (at
least one step associated with the initial state and at most
2 - |A| + 3 ones associated with the case where all the ar-
eas are handled by the same vehicle), ty(fl,) = state,
do(fl,) = {T,L} (attribute of type state, with two pos-
sible values associated with in flight and on the ground),
ty(at,) = state, do(at,) = A (attribute of type state,
with the set A of areas as a domain), ty(nm,) = state,
do(nm,) = [0..NM,] (attribute of type state, with the set
[0..NM,] as a domain), ty(ac,) = state, do(ac,) = AC
(attribute of type state, with the set AC of possible actions
as a domain), ty(ti,) = time, do(ti,) = [0, M D] (attribute
of type time, with the set [0..) D] as a domain), and the fol-
lowing constraints, which assume that action effects occur at
the end of actions:
Initial state of each vehicle:

Yv e [1.NV], fl,n=1 (24)
aty,1 = HO (25)
nmy,1 = NM, (26)
acy1 € {TOFF,NOT} (27)
tips =0 (28)
Final state of each vehicle:
Vo € [L.NV],  flynse,) = L 29)
aty ns(tl,) = HO 30)

ACy ns(tl,) = NOT (31)
Conditions and effects of a takeoff:
Yo € [1.NV], Vie€ [l.ns(tl,)—1], (32)
(acy; =TOFF) —

(flog=L)A

(aty; = HO) A

(flu i+1 = ) A

(tiv,it1 — tivs = DUy rOFF))

Conditions and effects of a landing:
Yo € [1.NV], Vie [l.ns(tl,)—1], (33)
(acy; =LAND) —
((floi=T)A
(aty; = HO) A
(flv i+1 = ) A
tiyi = DUy LaND))
Conditions and effects of an eight:
Yov € [1.NV], Vie [l.ns(tl,) — 1], (34)
(acy; = EIGHT) —
(CA,=1)A
(flv i = T)
(at,; € AI) A
tiy; = DU, greur))

Conditions and effects of a scan:

(tzv,z-&-l

(tZ’U,l-‘rl



Yo e [1.NV], Vie [l.ns(tl,) — 1], (35)

(tiy,i+1 — tiy; = DUy scAN))
Conditions and effects of a drop:
Vv € [1.NV], Vie [l.ns(tl,) — 1], (36)
(acy; = DROP) —
((floy=T) A
(at,; € AT) A
(M s — My 11 = 1) A

tiyi = DUy prOP))

Conditions and effects of a move:

(tiv,i+1 -

Yo € [L.NV], Vie [L.ans(tl,)— 1], 37)
(acy; = GOTO) —
((flog=T) A

(aty,it1 # atv,i) A
(tiv,i-'rl - tiv,i = DIat'u,i;at'u.'i+1/SPv))

Conditions of a null action:

Yo € [1.NV], Vie [l.ns(tl,)], (38)
(acy; = NOT) —
((flog=L) A
(atv,i = HO)

Conditions of change for the attributes fI, at, and nm :
Yo € [1.NV], Vi€ [l.ns(tl,)—1],
(flv i+1 7& fl'u i)

(acy,; € {TOFF,LANDY}) (39)
(aty, i+l # aty 1)
(ac, ;, = GOTO) (40)
(nMmy j41 7# My ;) —
(acy,; = DROP) 41
Each area shall be handled once and only once:
Va € Al, (42)
NV ns(tly,)
Z Z tyi =a) A (ac,; = EIGHT)) =
Va € AL 43)
NV ns(tly,)
Z Z aty; = a) A (acy,; = SCAN)) =
v=1 i=1
Va € AT, (44)
NV ns(tly)

> >

v=1 =1

tyi =a) A (ac,; = DROP)) =

Minimum duration between takeoffs and landings:
Yo, v € [1.NV]|v < v/, (45)
Vi € [1..ns(tl,)], Vi’ € [1..ns(tl,)],
((acy,; € {TOFF,LANDY})
N acy v € {TOFF,LAND})) —
((tiyr 40 > tiy i1 + DUMIN) V
(tiy; > tiy 41 + DUMIN))

Different successive actions:
Yv € [1..NV], Vi€ [l.ns(tl,) — 1], (46)
ACy i+1 F ACy;
No landing followed by a takeoff:
Yo € [1.NV], Vi€ [l.ns(tl,)—1], 47)
(acy; = LAND) —
(acyit1 # TOFF)

Null actions only at the beginning or at the end:
Yv € [1.NV], Vie€ [2.ns(tl,) —1], (48)
acy; # NOT

Such a modeling is driven by two principles used by SAT
or CSP encodings of planning problems (Kautz and Selman
1992): (i) the presence of an action implies its precondi-
tions and effects (effective changes in attribute values; see
constraints c3o to csg) and (ii) any effective change in an at-
tribute value is justified by an action (see constraints c3g to
c41).

Resource constraints such as the fact that a drop cannot
be triggered when the number of available marbles is null is
enforced by the domain of attributes nm,. The same way,
the maximum mission duration is enforced by the domain of
attributes ti,,.

Modeling the mission management problem
for an Earth watching and observing satellite

The problem we consider now is a simplified version of the
problem of management of the observations and data down-
loads by an autonomous Earth watching and observing satel-
lite. A description of the whole problem, a timeline-based
modeling, and approximate solving algorithms are presented
in (Pralet and Verfaillie 2008a). The data of the simplified
version is the following:

1. a planning horizon defined by its starting and ending

times ST A and END;

2. satellite features such as the maximum available memory

M Mmaz, the minimum and maximum levels of energy
ENmin and ENmax, the power Psun delivered by the
solar panels during day periods, the powers Psat, Pob,
and Pdl consumed respectively by the platform, by any
observation action, and by any download action, and the
rotation speed M S of the sight mirror;

3. an initial state defined by the initial available memory

M My, the initial energy level E Ny, and the initial ori-
entation O Ry of the sight mirror;



4. a set OB of observations to be performed and down-
loaded with, for each observation o € OB, the required
memory SZ,, the observation and download durations
DO, and DDO,, the number NO, of possible obser-
vation windows over the planning horizon and, for each
window k € [1..NO,|, its starting time SO, }, and the
required orientation OR,, j, of the sight mirror;

5. a number N D of download windows over the planning
horizon with, for each window k € [1..N D), its starting
time S Dy, and its duration DDy,;

6. anumber N E of eclipse windows for the satellite over the
planning horizon with, for each window k € [1..NE], its
starting time S Ey, and its duration DE},.

To model this problem, we can first use usual CSP vari-
ables which may be seen as timelines with only one attribute
and one step.

1. for each observation o € OB, its observation win-
dow no, € [0..NO,]| and its download window nd, €
[0..N D] (values 0 allow the absence of observation or of
download to be modeled);

2. for each observation o € OB, its observation starting and
ending times so, and eo, € [STA..EN D],

3. for each download window k € [1..N D], its download
starting and ending times sdy, and edy, € [SDy..SDy, +
DDy].

Then, we use only one timeline ¢/ which models the evo-
lution of the state of the satellite, with six attributes: three
attributes ob, dl, and ec which respectively represent the fact
that the satellite is observing or not, downloading or not,
and in an eclipse period or not, two attributes mm and en
which respectively represent the current level of available
energy and memory, and an attribute ¢i which represents
the current time i.e., ats(tl) = {ob,dl,ec,mm,en,ti},
do(ns(tl)) = [2..NSmazx], with NSmaz = 2 - (NO +
ND + NE) + 2 (at least two steps associated with times
STA and END and at most NSmax steps associated
with the case where all the observations are performed, all
the download windows are used, and all the window start-
ing and ending times are different), ty(ob) = ty(dl) =
ty(ec) = state, do(ob) = do(dl) = do(ec) = {0,1}
(attributes of type state, with two possible values respec-
tively associated with the fact that the satellite is observing
or not, downloading or not, and in an eclipse period or not),
ty(mm) = ty(en) = state, do(mm) = [0..M Mmaz],
do(en) = [ENmin..ENmax] (attribute of type state),
ty(ti) = time, do(ti) = [STA..EN D] (attribute of type
time), and the following constraints:

Starting and ending times of an observation: the starting
time is the starting time of the chosen window; the ending
time is the starting time plus the duration; if the observation
is not performed, then starting and ending times are arbitrar-
ily set to ST A:

Yo € OB,

(no, # 0) — (50, = SO no,) (49)
(no, # 0) — (€0, = s0, + DO,) (50)
(no, = 0) — (so, = eo, = STA) (51

Starting and ending times of a data download: the end-
ing time is the starting time plus the duration of all the
downloads performed in this window; if no download is per-
formed, then starting and ending times are arbitrarily set to
the window starting time:

Vk € [1..ND],

edy = sdy+ Y (nd, = k)-DDO, (52)
0€OB
(edk = Sdk) — (edk = Sdk = SDk) (53)

Constraints between observations and data downloads: if
an observation is not performed, then it is not downloaded;
else, it is downloaded after the end of the observation:

Yoe OB, (no,=0)— (nd, =0) (54)
(no, # 0) — (€0, < sdpa,) (55)

Constraints between observations: if two observation
windows are conflicting and if the first one is performed, the
second one cannot be performed; moreover, if an observa-
tion window is in conflict with the initial mirror orientation,
it cannot be performed:

Yo,0' € OB,Vk € [1.NO,],VK € [1.NO,] |
((0# o) A (SO < SO 1)

|ORo 1 — ORy 1|
(SO 1» < SO, ). + DO, + S )
(no, = k) — (noy # k') (56)
Yo € OB,Vk € [1..NO,)] |
|OR, 1. — ORy|
TA - or 2l
SO, < S + MS ,
no, # k (57)
Initial satellite state:
mmi; = MMO (58)
en, = ENQ (59)
tip, = STA (60)

Observing, downloading, and eclipse states:
Vi € [1..ns(tl)],
(ob; = 1) © Vocon(s0, < ti; < eo,) (61)
(dl; = 1) < VIE (sdy, < ti; < edy,) (62)
(ec; = 1) « VNE (SEy, < ti; < SE), + DE)63)
Memory evolution: the available memory is equal to the
memory previously available, plus what is produced by the
downloads that end and minus what is consumed by the ob-
servations that start (observations are assumed to consume

memory when they start and downloads are assumed to pro-
duce memory when they end):

Vi € [1.ns(tl) — 1],
mmi41 = mMmin; + (64)

> ((tiirr = edna,) — (tiigr = 50,)) - SZ,
0oeOB



Energy evolution: the available energy is equal to the en-
ergy previously available, plus what has been produced by
the solar panels if the satellite was not in an eclipse period
and minus what has been consumed by the platform, by ob-
servation if the satellite was observing, and by download if
it was downloading, with a maximum of ENmax:

Vi € [1..ns(tl) — 1],
en;y1 = min(ENmax,en; + (ti;4q1 — ti;) - (65)
((1 — ec;) - Psun — ob; - Py, — dl; - Py — Psat))

Successive steps and times: let
TO = UO€OB | soo#eo0, {8007 600}7 TD =
Uke[1..N D] | sdy£edy 150k, €di }, and TFE =

Uren..NE|{SEk, SE, + DE}} be respectively the sets of
effective observation, download, and eclipse starting and
ending times; letbe T’ = TOUTDUTEU{STA, END}
and let ST be the set T sorted using an increasing order;
the number of steps is equal to |T'| and, at each step 4, the
current time is equal to S7;:

union(TO,TD,TE,{STA,END},T) (66)

ns(tl) = |T| (67)
sort(T, ST) (68)
Vi € [L.ns(tl)] , ti; = ST, (69)

unton is assumed to be a global constraint which enforces
that 7" be the union (without any duplication) of T'O, T'D,
TE, and {STA, END} and sort is assumed to be another
global constraint which enforces that S7" be an increasingly
ordered permutation of 7" (see the Global Constraint Cata-
log, http://www.emn.fr/x-info/sdemasse/gccat/).

Memory and energy limitations are enforced by the do-
mains of attributes mm et en.

Lessons and research directions

Contrarily to classical frameworks used in the planning
and scheduling community, such as STRIPS, RCPSP, or
PDDL (Fox and Long 2003)), which are all built around the
notion of action, the CNT framework is a more basic model-
ing framework, built around the notions of attribute and step.
This is its strength, but may be its weakness too. Indeed,
the modeling exercises presented in this paper show that the
CNT framework allows complex dynamic phenomena such
as concurrent interdependent evolutions to be finely mod-
eled. But, they show also that the modeling task remains
a complex human task where the modeler must cope with
various modeling alternatives which cannot be easily a pri-
ori assessed and where the risks of omission or error are not
negligible.

Our current work focuses on algorithmic issues. First,
we have already modeled and solved the two problems pre-
sented in this paper, coming from the aerospace domain,
using standard Constraint Programming (CP) tools, such
as OPL Studio (http://www.ilog.com/products/oplstudio/)
and Comet (http://www.comet-online.org/). See for exam-
ple (Pralet and Verfaillie 2008a). This was possible be-
cause, in both these problems, the domains of the dimen-
sion variables are bounded and because a variable number of

steps can easily be managed using null steps. Then, we are
currently working on algorithms able to manage dimension
variables with unbounded domains. See (Pralet and Verfail-
lie 2008b)) for generic CNT solving algorithms implemented
on top of the CP Choco solver (http://choco-solver.net/).

Future works should allow the CNT framework to be ex-
tended to state variable evolutions which would be more
complex than piecewise constant ones, to optimization via
local utility functions (soft constraints (Bistarelli et al.
1999)), and to sequential decision-making under uncertainty
via local plausibility functions (soft constraints of another
type (Pralet, Vertaillie, and Schiex 2007)).
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