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Abstract

Planning for temporally extended goals (TEGS)
expressed as formulae of Linear-time Temporal
Logic (LTL) is a proper generalization of classi-
cal planning, not only allowing to specify prop-
erties of a goal state but of the whole plan exe-
cution. Additionally, LTL formulae can be used
to represent domain-speci ¢ control knowledge to
speed up planning. In this paper we extend SAT-
based planning farcTL goals (akin to boundeldrL
model-checking in veri cation) to partially ordered
plans, thus signi cantly increasing planning ef -
ciency compared to purely sequential SAT plan-
ning. We consider a very relaxed notion of par-
tial ordering and show how planning fofL goals
(without the next-time operator) can be translated
into a SAT problem and solved very ef ciently. The
results extend the practical applicability of SAT-
based planning to a wider class of planning prob-
lems. In addition, they could be applied to solving
problems in boundedTL model-checking more ef-
ciently.
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20011, and Metric Interval Temporal Logid{ITL) and Lin-

ear Temporal Logicl(TL) in TLPlan[Bacchus and Kabanza,
1996; 2000. Recently, the Planning Domain De nition Lan-
guage (PDDL) has been extended to express state trajectory
constraint§Gerevini and Long, 2045 Both TALplanner and
TLPlan are forward-chaining planners, pruning the search
space by progressing the temporal formula. Other appreache
include compiling tasks includingTL goals into classical
tasks[Cresswell and Coddington, 2004; Baier and Mcllraith,
2006 before solving them by using a classical planner.

Bounded model-checkirl@iereet al., 1999; Latvalaet al.,
2004, which is an extension of the planning as satis abil-
ity approachl[Kautz and Selman, 1992can be viewed as a
SAT-based technique for planning with TEGs. Since the ef-
ciency of SAT-based planning techniques is often strongly
dependent on the notion of partially ordered or parallehpla
[Kautz and Selman, 1996; Rintanen al, 2004, extend-
ing the SAT-basellTL model-checking/planning approach to
parallel plans may in some cases be very critical to obtain ef
cient planning. The contribution of this paper is an encgdin
of constraints that preserve the semanticd Bf formulae
underparallel plans.

In Section 2 we give a formal description of the problem to
be solved. In Section 3 we present the propositional encod-
ing, in which we use the base encoding of planning as sat-
is ability [Kautz and Selman, 1992eproduced in Section

In classical planning, a goal that an agent has to achieve i3-1 and the translation &ffL formulae to propositional logic
simply a property of a goal state to reach. TEGs are speci [Latvalaet al,, 20_04 reproduced in Section 32 Section 3_.3
cations not only stating desired properties of a nal state b Shows our adaption of the encoding of parallelism consiain
of a sequence of states, namely the execution of a plan sa#iven in[Rintanenet al, 2004 to tasks with TEGs. Our ex-
isfying the speci cation. Expressing these goals as foemul Periments are described in Section 4.

of an adequate temporal logic, one can impose more precise

constraints on plans than one could with classical reathabi2  Planning for Temporally Extended Goals as

ity goals. So for instance it is possible to specify mainte-
nance goals (some property must be maintained inde nitely)

Propositional Satis ability

goals stating how the agent should react to some environmer> 1  Problem Description

tal condition, and safety goals that impose a restrictiothen

agent's behavior not to change certain properties of thédwor Notation
state while trying to achieve a reachability goal.

Let A be a set of propositional variables anda proposi-

In planning, temporal speci cations are usually either re-tional or temporal formula. We writkit (A) as a shorthand
garded as extended goals or as a means of encoding domafar A [ f:

aj a2 AgandLit () instead ofLit (var()) ,

speci ¢ search control knowledge used to guide the plannetvherevar() is the set of variables in. If Lit is a set of lit-

Different formalisms have been used, e. g. Temporal Acerals, we writelit
tion Logics (TAL) in TALplanner[Doherty and Kvarnsém,

= Lit \ Lit() .If isa propositional
formula, thena occurs positively (negatively) in iff there



is an occurrence d in
ber of negation signs. A negative literah occurs positively
(negatively) in iff a occurs negatively (positively) in. A
literal * occurs in if it occurs positively or negatively in .
We writepos(’; ) ,neg(; ) , andocc(; ) , respectively.

Linear Temporal Logic

In order to specify TEGs, we have to choose a speci catio

language. Here we use propositiohdl. [Emerson, 1990

nested within an even (odd) num-

O( bymod (b Kj+ k. Otherwise. Note thatf is actually a
path, i. e. consecutive states are related by An LTL x

formula’ is valid along such a nite sequencg written as
aF
G F .
We make sure that there ika2 f 0;:::;b 1g such that
b = O by allowing idling in a nal state (enforcing it if there

"s no other loop).

without next-time operator because it has a simple and wellPlanning
de ned semantics and it is suf ciently expressive for many A planning task is a tupl® = bA;1;0;' i, whereA is a

qualitative TEGs.

The set of well-formed.TL x formulae in negation nor-
mal form over a sefA of propositional variablesLTL x
formulae for short) is inductively de ned as follows: forlal
a2 A,aand: aareLTL x formulae. If' ,' 1, and' , are
LTL x formulae,soaré;”™"',,"' 1 ', F' (“eventually
"M, G' (falways' "), ' U5 (*" puntil' ;") and' R,
(*" 1 releases »").

An LTL x formula' overA is evaluated along an in -
nite path in a state space ower Formally, a Kripke model
M = hQ;! ;Li is a triple whereQ is a set of states,
! Q Qs are exive binary relation ove®, the tran-
sition relation, and_ : Q ! 2” is a function assigning to
each state a propositional valuation of the variable&.inA
path inM is a function : N! Q such that foralh 2 N,

(n)! (n+1).If isapathinM andi 2 N, then theth
sufxof , '":N! Q,isdenedas '(j):= (i+])for
allj 2 N.

Fork;b2 N,k <b,apath = u V' consisting of a nite
prexu= (0);:::; (k 1l)andaloopv = (k);:::; (b

1), repeated in nitely often, is called @:; k)-loop. Itis called
ab-loop if it is a(b; K)-loop for somek < b.

The truth of arLTL x formula' along a path , symbol-
ically F ' ,isnow inductively de ned as follows:

Fa:; a2L( (0)

Fra:; azL( (0)
F'1"'2:, F'iand F'o
F'i_'"25 F'i0or F'o

FF L9 i2N: '’
FG :,8i2N: "

E'U'»,59i2N: "F',and

8 2f0;:::;i 1g: 1 E ',
FE'1R"2,8 12N: "E'sor

9j 2f0;:::;i 1g: VFE o

If a given path is ab-loop, the rstbstates of together

with the value ok contain all the information needed to eval-

uate' along . In the following, all paths we will deal with
are of that type.

G :N! Q, whereg (i) = g,ifi <b, andqg} (i) =

nite set of Boolean state variablels,2 2* is the initial state,
O s a nite set of operators, aridis anLTL x formula with
variables inA. Operators have the form= hp; e; d, wherep
is a propositional formula oveX, the precondition 06, eis a
nite set of literals overA, the unconditional effects af, and
cis a nite set of pairsf B d, consisting of a propositional
formulaf and a nite set of literalsd. These pairs are the
conditional effects ob.

Th§ set of all effects ob will be written as[o] :=

e[ fdjf Bd2cg, the set of unconditional effects as
[0 = e qnd the set of active effects in a stajeas
[0y = el fdjg B d 2 candq  f g for a single oper-
atoroand[S], =, [0], for a setS of operators.

A setS of operators is applicable in a stajéf q = p for
allo 2 S and[S], is consistent. We identify an operator
o with the singleton setog, thuso is applicable inq if its
precondition is satis ed and its active effects are comsist
For a setS of operators, possibly singleton for sequential
plans or empty to model idling, and a statsuch thatS is
applicable ing, the simultaneous application §fin g results
in the stateg” obtained fromg by making the literals inS],
true and leaving the other state variables unchanged. We the

be a sequence of sets of operators gné state such that

®% qui® So 1 O is dened. Then the sequence of
statesexed p; S) =

of sets of operators, = h q;:::; p 1i a sequence of
binary relations such that; is a total ordering ofS;, say

Oo ¢ t Ojs,j 1, forallt 2 f0;:::;b 19, andg
a state. Assume thafi®°® g1®* %2 1% gy
is dened for al t 2 fO0;:::;b 1g. Then
the sequence of states exedq;S; ) =
hoo; OB O8; it an Ofs Q8 ittt iii g 1i IS called a

linearized execution d® in gp.
A plan of lengthbfor P = bA;I;0;" i is a tupleS =

together with a sequence =
(a)
and (b)g= exedl; S;
model induced by .

)isde nedandgE ' inthe Kripke

2.2 Reduction to Satis ability

Planning as satis abilitfKautz and Selman, 1992oughly
works as follows: given a planning task = bA;I;0;" i,
propositional formulae o; 1; 2;::: are generated such
that there exists a plan of lengthfor P if | is satis able.



The | are evaluated by using a SAT solver. If is unsatis- P = bA;1;0;" i be a planning task artw2 N. Then
able, the evaluation will proceed to .1 , otherwise a plan

for P can be extracted from a satisfying valuatiofor 1. PR, = looptoAx,, ~ beforeAx, ~ uniqueAx,
inftyAx ,~ J K;  where

2.3 Solution Quality "o n

looptoAXxy, := I ! (aa $ ap) ;
The quality of a parallel plars = hSy;::::Sy, 1i can be =0 A - aza
measured with respect to its parallel plan lengthr its se- beforeAx, := : befy » bef, $ (bef, ;_ I 1) ;
guential plan length tt’:oljStj. We will focus on nding Ny =t b 1
plans with a low parallel plan length because the size of theuniqueAx,, := bef, 1: Iy ;inftyAx ,:= o le;

largest propositional formula to be considered for a giwesk t =
is roughly proportional to thparallel length of a plan corre- with fresh auxiliary variabled;;bef,, t 2 f0;:::;b 19
sponding to a satisfying valuation. As SAT solver running (with the intended semantics that there is a loop frgym
times grow exponentially in the formula size in the worstback tog or back to somego;t® < t, respectively). The

case, obtaining small formulae is particularly important. recursive translatiod K of ' is de ned as
. . t< b \AL t = b
3 Propositional Encoding Jak a 0 &)
3.1 Base Encoding J aK L a Do (N ay)
A ! AT bl A . A W
We rst give the base encodingP K, ., of the transition sys- UERREL N EEEL L \/\/’bzol(lJ LY
tem induced by a planning task= hA;1;O;" iforabound J 1_'28 | JiK_J 2K o (AT 1 oK)
b on the plan length rst proposed bjKautz and Selman, JF' K JK_JF K1 jb—ol(li AHE! ijb)
- > : — Wi~ '
1994, omitting the reachability goal formula 6K TKAIG I{fl ,-bzol(h ARG i)
n . . ' ' b 1 v
‘Jplgase: lo" b_lRt; J U 2& J 2%_ J I%A j:o(lj/\m 1U 2|]b)
t=0 J 1U' 2li+l W
whereR; is the conjungjion of precondition axionts ! TR K | T KA T K| (A R i)
fx. effect axiomso, !\, e, conditional effect axioms J R’ 2@1
tpazcl(o ™ fy) ! di+1) forallo = hp;e;d 2 O, —— ' T
@pd positive and negative frame axiorfisa; \pAs+1) ! '_b JK_ I-tt)+1
020(0 * (EPCa(0)))) and(a *: as1) ! o0 ” NG iy | JKRAMG iy
(EPC. a(0))1), respectively, for alla 2 A. In the frame MU' ;i | J K _ J K" ?
ioms,EPC-(hp;e;d) is dened as>, if © 2 e, and as H LU i Lﬂ
ff j f Bd2 cand 2 dg, otherwise. R -
This encoding contains propositional variabkgsfor all MR 20 | T 2K ' ‘]_ tlﬁ’— z
state variablea 2 A and time pointst 2 f0;:::;bg as M 1R" 20 g

Notice that the translatiahK is closely related to the formula
progression procedures usedBacchus and Kabanza, 2000;
Doherty and Kvarnstm, 2001.

The following theorem states the correctness and com-

time pointt iff a; is true, and that operataris applied at
time pointt iff o is true. Where sets of variables or proposi-

tional formulae are indexed with sornethis actually denotes 1, oaness of the propositional translation. A slightlyefiént
the sets or formulae with variables indexed correspongling| formulation as well as a proof can be found iratvalaet al
The following theorem states the correctness of the proposgo4. '

;glgg.al translation. A proof can be found[iRintaneret al., Theorem 2. LetP = PA:1:0:" i be a planning task and

b 2 N. Then there exists a sequence of sets of operators
Theorem 1. Let P = bA;I;0;' i be a planning task. S = hSp;:::;Sp 1i such thatg = exeql; S) is de ned and
Then there exists a sequence of sets of operafors g ' iff the formulaJP K, ~ JPK,  is satisable. [
hSo;:::;Sp 1l suchthaexedl; S) is de ned iff the formula

JPK,. is satis able. 3.3 Parallel Plans
In this section we present our main contribution, being con-
3.2 Temporally Extended Goals straints which guarantee that the meaninglf x formulae

is preserved under parallel plans, and a propositional&enco
In this subsection we reproduce the reduction of the boundeihg of these constraints.
LTL/LTL x model-checking problem to propositional satis- Theorem 2 tells us how to encode the requirement that
ability given in [Latvalaet al., 2004, adding the constraint there is a sequenc® such thatexeql; S) F ' . But we
that a satisfying sequence of stateastcontain a loop: let have not yet made sure th&tis in fact a plan, i. e. there



exedl; S; ) E ' . Forsuchasequencetoyield anadmis- two possibilities are ruled out by condition (1.a.) togethe
sible linearization, it must ensure that @F exedl; S; ) with (1.b.i.) and (1.b.ii.) of De nition 2 respectively (se
is de ned and if so, that (b = ' . In order to state how this [Rintanenet al, 2004 for a detailed proof of that claim).
can be achieved, we need some de nitions. The rst one andf exedl; S; ) is de ned, by using Lemma 3 it is suf-
the subsequent lemma are dugltamport, 1983. cient to show thaexedl; S) exedl; S; ) in the Kripke
Denition 1. Let = qo:Gu:Cp::: and~= € 6h:6p;::: modeIM = hQ;! ;Li, whereQ and!l fqrm the state
be two in nite ( nite) paths in a Kripke modehQ:! :Li.  Space induced bf andL : Q ! 2% () is dened by

Then and~ are calledstuttering equivalent ~for L(d) = g\ var('). To see that this is true, consider a sin-
short, if there are two in nite ( nite) sequences of natural 9le time pointt 2 f0;:::;b 1g rst. Let ¢ be the total
numbers) = ig < i1 <ip <:::(<in) and0 = jo <  ordering ofS; and, sayo;o ¢ t Ojs,j 1. Thenthe
j1 <j2 <:::(<jn)suchthatforalld0 k(< n): subsequence ofthe linearized execugsrdl; S; )

L(g,) = L(g+2) = it = LG, 1) = L(§,) = _ _ _

L(qtﬂ) = 1= L6, 1)- A nite subsequence like L™ g™t @ ™ gy
gekzl,e%k;tla,t'e.s' is ééllleclj gfb|0cérk_~ consisting of identically la- corresponds to the subsequence of the execetier(l; S)
Lemma 3. Let' be anLTL x formula,M = hQ;! ;Li a L gl gad

Kripke model, wheré : Q! 2* forsomeA var(' ), and '

; ~two in nite ( nite) paths inM with ~ Then E' Note that condition (2.) of De nition 2 together with the tac
iff ~F "' . O thatno operator affects an operator applied laterimakes

0
The following de nition, adapted from a similar one by Suré that foro ¢ o, [OOJI ~ [0 holds and thus all ef-
[Rintanenet al, 2004, is crucial for the rest of this section fects in[St], relevant to’ , i. e. those effects concerning
in that it describes under which circumstances an opemator @ Variable occurring in , are effects ofy,o. Therefore, the

may or may not be applied before an operaiin a lin-  OPeratorso;1;:::;0js,j 1 do not have amdditional effect
earization ~of a set of operator$ if one wants to ensure on the labelind_. Thus,L(¢f) = L(cf) = ::: = L(G+1),
that for all time pointd the application o in g inthe or-  andq; 62;:::;g+1 form one block of the stuttering equiv-
dering given by  is de ned in the rst place, and if so, that alence ofexeql; S; ) andexeql; S). The corresponding
exedl; S; YF'. block inexeql; S) is the singletorf g +1 g. The other blocks
are constructed analogously. O

De nition 2. LetP = bA;I;0;" i be a planning task and

— e 0= o 0 0 0
0= m € d;0°= Ip €5 C(.} 2‘0' Thenoaffectso”iff 06 0 The next step is to nd a propositional formula encoding
and e|the_r (1)thereis a__hterabverA suchthat(a.) 2 [o] the condition that at no time pointany two operators; &
and (b.) (i.)neg(; p%.or (ii.) occ(; f 9) for somef °Bd2 ¢, g ;ch tha affectso®ando  ; o° can be applied simultane-
or(2)[d] n[o 6 ;. ously. For that purpose we de ne the notion of a disabling
Here, [09 is the restriction of[0] , i. e. of the set of graph[Rintaneret al, 2006 for a planning tasiP .

all conditional and unconditional effect literalsdf to those  De nition 3. Let P = MA;1;0;' i be a planning task. A
literals occurring (positively or negatively) in. Similarly,  directed graplG = hO;Ei,whereE O O, is adisabling
foro= tp;e;d, [o] =e\ Lit(). graphfor P if E contains all edge®; &) such that (1.) there
_ The cases correspond to different problems that can potefis a stateq reachable fron with operators inO in which o
tially arise if o is applied befor@®in a linearization, namely andco®are simultaneously applicable and (@Affectso®.
to o falsifying the precondition 06°[(1.a.) + (1.b.i.)],0 af- .
fecting the set of active effects of [(1.a.) + (1.b.ii.)], ando E LftSEt {)e a set of opiratg_rs. tl)fl.the SUbgtgeh:mr_SE.Eft' '
andao® putting at risk the stuttering equivalenceesfedl; S) B induce d(bStSt i?z)a,cocli: L‘E‘Zn Thgergereilg o order inl g]rc
andexeql; S; ) [(2.)]. The de nition gives rise to a condi- 5, in which %ere areyno o oneratons P with gaf-
tion on the admissibility of a sequenceof total orderings. : 0 P ot ;

fecting 0”. In fact,  can be an arbitrary topological or-

Lemma 4. LetP = bA/I;0;" i be a planning taskS = dering ofhS;; E, i. As the strongly connected components
So;::1;Sp 11 @ sequence of sets of operators such thaysccs) of a directed graph form a directed acyclic graph, in-
exeql; S) F ',and = h o;:i;  1i asequence such stead of ensuring the acyclicity &, it is suf cient to ensure

that . is a total ordering ofS; forall t 2 f0;:::;b 19.  the acyclicity of the subgraphs @& induced by the SCCs
If there are no operators; & 2 S; such thato affectso® and Ci of G i.e. ofG = hS/;Eli, whereS! = S\ C; and

o (dforanyt2f0;:::;b  1g, thenStogetherwith is gl = g, \ (S S!). This can be achieved as follows:

a plan forP. LetG = hO;Ei be a disabling graptC = fCy;:::;Cng
Proof sketch.We have to show thaxedl; S; ) is de ned the set of SCCs of5, and ' an arbitrary total ordering

Coe oy I of G = fo,;:::;0,..gforali 2 f1;:::;mg, say
andexeql; S; ) F ' . As argued ifRintaneret al., 2004, _ 1 icii

in order to show thaexeq!; S; ) is de ned, it sufces to O ' ' 0, Foro':::;0" 2 O,E;R - Oand
show that no operatas 2 S; can disable another operator ~ 2 Lit (A), we de ne formulae stating that there are no



0;; 0 are applied simultaneously (intuitively, operatorssin  in Remark 1 form such a sequence. Thus, the precondition

can disable operators R wrt °): of Lemma 4 is satis ed and it follows th& together with
S B NEpety is a plan forP, and in particular thagxeql; S; ) is de ned
g\haln(o,...,o,E,R,).— andexedl: S; ) E ' . -

[ | & ji<j fd:dg Rfd™::::0 'g\R=: 4 Experiments
[ 11 djd 2R ; 4.1 Setting
» ) We compared the cumulative SAT solver running times un-
where thea"  are fresh auxiliary variables. Now, the nega- tj| the rst satis able formula for (a.) the parallel encatj
tion of (1) in De nition 2 translates to the conjunction of gescribed in Section 3 and (b.) a sequential encoding derive
i(mik\]/?(lanufsoerrt?]lgeflgllfc())v(/iﬁ” ts'rgt?E‘P%f‘FS' SCCs, and literals'in 5y, the parallel one by replacing the parallelism constsi
9 B by axioms demanding at most one operator per time point.
E-=fo20j 2[o] g and The evaluation of the formulae corresponding to increasing
plan lengths was performed sequentially. Additionally, we
compared the (parallel) plan lengths of the resulting plans

a"
a"

R- :=fhp;e;d 2 Oj pos(;p) orex.f Bd2 cs.t.occ(;f)g:

Similarly, the negation of (2) in De nition 2 translates toet We used two types of planning tasks. First, we considered
conjunction ofchain formulae with the setg. ;R : a simple hand-crafted logistics-like transportation tasth
E =f020] 2[0 gandR. :=f020j 21 g three portables and trucks each. The goal was to ndhan

nite plan assuring that the portables are shipped back and
So, the parallelism constraints can be encoded in the farmul forth between two\)ocations {'pde nitely. The goal formula
" 2 3

1 m A we used was = i-1 GF 4 at(p;; dij ) , where the
PK, = chain(oi,;:::;0c s E SR ) pi are portables and thdy are locations.
t=0 i=1 “2Lit (A) The other tasks were adapted from the 2006 International
A # Planning Competition. We modi ed the qualitative prefer-
A chain(o, ;11501 i E SR ) ences tasks from the rovers domain by turning the soft tem-
2Lt () poral constraints (preferences) into hard constraintstand

ignoring the metric function. When changing soft into hard
constraints, it turned out that it was necessary to drop some
. . ; . of them in order to keep the tasks solvable. This was done by
E)r_arllotllgg p0|(rjlt§t r?nd SCCC; of dtr:t]e d's"’lllb“ng graﬁh drawing uniformly at random constraints for each task and
G{_ o lEui_se in the ??Szuiﬁonscﬁn : all subgrap I'S only retaining the ones drawnThe constraints were trans-

= Bl are acyclic. As the S lorm an acyclic |ated toLTL x as explained ifGerevini and Long, 2005
gfaph, ﬂ_‘?_r?_ is a total orderingc on C such that for all  ypjike the rst task above, the rovers tasks lacked explicit
"g 2fL:imgwith G ¢ Cj, there are n@ 2 Ci and  pesting of temporal operatdrand could, if solvable at all, be
0”2 Cj such thia(o; (IDO) 2 E. SmceG{.l.s. ?_CyC“C, thereis a  solved by plans always yieldingite executions, apart from
total ordering { of S; for eacht 2 f0;:::;b  1gandi 2 in nite idling in a nal state. The reachability goals speci
f1,:::;mg (col%sstent with the ordering' USeotg inthe con-  ed in the problem de nitions were required to hold in such
struction ofJP K, ) such that there is no pai; @’ 2 C; with  a nal state.
(0; 2 E ando | o The relations },i 2 f 1;:::;mg, The SAT solver we used wasesE V. 4 [Ryan, 2004. The

Remarkl. If the valuation corresponding to a sequence of

and noo; @2 S; such thab affectso®ando ; o°

The following theorem combines the conclusions from4-2 Results
Theorem 2 and Lemma 4 with the above Remark. Table 1 contains results from the logistics task and the modi
; - A O ; ed rovers tasks for = 3.
g/lnac;rl; 'ZFhNe.one\r?P. %‘etf P K?A I,\OJpK:) bies gaﬁ)i?zgllzgtafnk The second and third columns show the sMeof the
there is a plan of Iaesﬁgtbfor B° n largest SCC of the computed disabling graph compared to its
overall number of nodeg)j. The fourth column shows the
Proof sketch.From Theorem 2 we know that there exists aparallel plan length, obtained with our parallel encoding,

sequence of sets of operat@s= hSy;:::;S, 11 suchthat compared to sequential plan lengtisn column ve. Where
g= exeql; S)isdened andg F ' . In order to be able to an interval(m;n] is given, the shortest sequential plan has
use Lemma 4, we still need a sequence h ¢;:::; p 1l lengthm < bg n, but we could not precisely determibhg

of corresponding total orderings such that there is no timéecause of SAT solver running times exceeding our time-out
pointt 2 f0;:::;b 1gand no pain;d 2 S; of operators

with o affectingo®ando ; o® The orderings  constructed For =3, the tasks r-03, r-05 and r-15 remained unsolvable.
B — 3There is an implicit nesting of depth two to three in the tem-
1we will not formally prove this here. A similar proof can be poral operatorssometime-after , sometime-before and

found in[Rintaneret al,, 2004. at-most-once
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