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Abstract

In this paper, we focus on extending the expressive
power of constraint-based temporal reasoning for-
malisms. We begin with the well-known Simple
Temporal Problem with Uncertainty, and incorpo-
rate three extensiongrior observability in which

the values of uncontrollable events become known
prior to their actual occurrenceartial shrinkage

in which an observation event triggers the reduc-
tion of a contingent temporal interval; and a gener-
alization of partial shrinkage to requirement links,
making it possible to express certain types of uncer-
tainty that may arise even when the time points in a
problem are themselves fully controllable. We de-
scribe levels of controllability in the resulting for-
malism, the Generalized STPU, and relate this for-
malism to related developments in disjunctive tem-
poral reasoning. Throughout, we motivate our ap-
proach with simple, real-world examples that illus-
trate the limitations of existing formalisms and the
flexibility of our proposed extensions.

Introduction

Ghallab, 1996; Vidal and Fargier, 1999; Morret al.,

2001]. In this line of research, traditional temporal networks
[Dechteret al, 1991 are extended to include two classes

point only at the time of its occurrence). This is not an ac-
curate reflection of how such knowledge is obtained in many
practical situations: one often learns the time of an ithtia
uncertain event before its actual execution, and can use tha
knowledge to make informed decisions about the remainder
of the plan. In addition, one may acquire only partial infor-
mation about the time of an upcoming event. Finally, and
perhaps surprisingly, certain varieties of uncertainty res

ist even for problems that should be modeled entirely with
controllable time points, something that again cannot Ipe ca
tured by previous formalisms.

In this paper, we generalize the problem of controllabil-
ity in constraint-based temporal reasoning. We begin with
the Simple Temporal Problem with Uncertainty, an increas-
ingly popular framework that models uncertain events and
contingent constraints. We then consider three progressiv
extensions to this formalism. The first introduces the notio
of prior observability in which the values of uncontrollable
events become known prior to their actual occurrence. The
second captures situations in which an observation evignt tr
gers the reduction of a contingent temporal interval, a form
of partial observabilitythat has not yet been captured in pre-
vious work. The third and final extension generalizes this
notion to the requirement links, making it possible to espre
ﬁ(_ertain additional types of uncertainty. Finally, we draalar
lonships between our extended framework and related de-
velopments in disjunctive temporal reasoning, and suggest
promising avenues of continued research. Throughout the
text, we make use of practical, real-world examples thasll
trate the limitations of existing formalisms and the flekipi

of time points: controllableones, whose time of occurrence
can be set by the execution agent, amtontrollableones
that are instead determined by an external force, ofteedall
“Nature”. As a result, the problem of consistency is trans-2 Background

formed into one otontrollability. Recent efforts have made 2.1 Simple Temporal Problems

significant progress toward increasing both the expressivrheSimple Temporal ProblefiDechteret al, 1991 (STP) is

ityd[VenabIe alnd ;(&rjke]:Smith, Zobﬁnd %ﬁiciency{l\l/lorris defined by a paifX, E), where eachX; in X designates a

and Muscettola, 5of constraint-based temporal reason- i i i i

ing with uncertainty. time point, and eacl;; in E is a constraint of the form
However, significant limitations in expressive power do ex-

ist in the formalisms developed to date. In particular, theywith x;, z; € X andl;;, u;; € R. An STP is said to be

have all assumed that temporal uncertainty is resolved in aonsistenif there exists aolutionS : X — R that satisfies

specific way: the execution agent discovers the duration oéll constraints ink.

a contingent link only at the exact moment of its conclusion Each STP has an associated graph-based encoding, which

(or equivalently, it discovers the time of a uncontrollatilee  contains a node for each time point, and a directed edge for

of our proposed extensions.

lij < @i — x5 <wyj



each inequality having weight;; or —I;; (depending on its Example 1: Example 2:
direction). An STP is consistent if and only if its corresgen T T -
ing graph contains no negative cycles; this can be determine| R R [9:45, 11:15] 0
in polynomial time by computing its All Pairs Shortest Path —
matrix and examining the entries along the main diagonal. 8
N
2.2 Simple Temporal Problems with Uncertainty g
The STP models situations in which the agent in charge of -E
plan execution is in complete control of all time points. The 191
Simple Temporal Problem with Uncertair(§TPU) is an ex- Vv
tension of the STP that relaxes this assumption. Specificall
the STPU is defined as a tupl& ¢, Xy, E, C), where: Te W Tl Te m T
e X andXy are sets otontrollableanduncontrollable ——» Contingent Link
time points, respectively. Their unioX,c U Xy, forms ——————> Requirement Link

an entire seX of time points.

e E is a set ofrequirement linkswhere eaclt;; is of the
form lij <uz;— T < Ugje

e (C is a set ofcontingent linkswhere eaclC;; is of the
form 17] <x;— Zj < Ujj andIi € XU.l

Figure 1: Networks corresponding to Examples 1 and 2.

10:30 and12:00. At time T, you begin to clean out the items
in your current fridge; to guarantee that all items can be re-
The contingent links in the STPU can be regarded as repranoved without any spoiling, this must happen no later than 45
senting causal processes whose durations are uncertdin, aminutes, and no earlier than 60 minutes, before they arfrive.
thus their endpoints (the uncontrollable time points) &@e d  The network corresponding to this example is depicted
termined by some external force. The remaining time pointgraphically in Figure 1 (left). The time poinfy is a tem-
are in the control of the agent, who is charged with the taslporal reference pointepresenting midnight, and is used to
of assigning them in such a way as to satisfy the requiremerdxpress constraints with respect to wall-clock time.

links. .
It is often convenient to refer tofojectionp of the STPU Weak Controllability

[Vidal and Ghallab, 1996 which is simply an STP obtained AN STPU is said to b&eakly Controllabléf there is a viable
by replacing the interval of each contingent lifiku] with a ~ €X€CUtion strategy; in other words, for every possibleguoj

particular fixed boundb, b] wherel < b < u. A schedulel tion, there exists a consistent solution. Our example isénd
is defined as a mappiné - weakly controllable; if we happen to know what Nature will

assign tdl'p, we can obtain a consistent solution by setting
T:X—-N Tc to Tp — « for anyz between 45 and 60 minutes.

whereT'(z) is thetimeof time pointz. A schedule is deemed  Strong Controllability
consistentf it satisfies all links. Theprehistoryof a time  An STPU is said to b&trongly Controllablef there is a vi-

pointx with respect to a schedulg, denoted’'{< =}, speci-  aple execution strategy such that
fies the durations of all contingent links that finish priotito

it can be determined directly from any schedule. Sp1(x) = Spa(x)
Finally, we define amxecution strategy as a mapping:  for each controllable time point and all projectiong1 and
S: P T p2, i.e., there exists a single consistent solution that féesis

every possible projection. Our example is clearly not giyn
where?P is the set of all projections, arfl is the set of all  controllable; for instance, there is no solution for theecas
schedules. An execution strate§yis viableif S(p), hence- whenTp = 10:30 that will also work for the case when
forth written.S,,, is consistent withp for each projectiom. Tp = 11:30.

2.3 Controllability of the STPU Dynamic Controllability -
With the addition of uncontrollable events and contingent! "€ most interesting and useful type of controllabilityhiat
links in the STPU, the previously defined notion of consis-©f dynamic controllability, a concept that exploits the mon
tency for the STP is no longer sufficient. Instead, we ex-@ nature of plan execution. Specifically, an STPU is said
ploré various flavors otontrollability, which have all been to beDynamically Controllabléf there is a viable execution
defined previously ifVidal, 200d. To illustrate these con- Strategys such that:
giﬁetﬁavgg)put forth the following example (which will latex b Spi{=< 2} = Spa{=< 2} = Sp1(x) = Spa(z)

Example 1: ACME Appliances is delivering a new refrig-
erator to your apartment at some (unknown) tifiigbetween

for each controllable time point and all projectiong1 and

p2. In other words, there must exist a strategy that depends

on the outcomes of only those uncontrollable events tha hav
As in prior work, we assumé < I;; < u;; < oo for each  occurred in the past (and not on those which have yet to oc-

contingent link, and that contingent links do not share endpoints. cur). Our current example is not dynamically controllable,



since we need to set the time B before we learn thafp nately, the reduction is not sufficient to achieve dynamit-co
has occurred. trollability. However, if ACME instead provided a 15-mirgut
Of the three types of controllability, dynamic controlla- time window on their arrival, then the reduction would sup-
bility has been the most extensively studied. Recently, iply enough information to guarantee dynamic controll&pili
was shown to be computable in polynomial tifhorris and  (despite the fact that the exact delivery time would still e

Muscettola, 200b known precisely).
This scenario clearly addresses a different kind of knowl-
3 Adding Observation Events edge acquisition than the previous examples. Partial gbser

ability is a very general phenomenon that commonly arises
in a broad range of practical instances that involve complex
guences of decision making. For instance, consider a Mars
Bover domain where the texture of the upcoming terrain is un-
known. As the rover moves forward, it may execute a sens-
ing action to establish whether the ground will be rough or

The concept of dynamic controllability assumes that the val
ues of uncontrollable events become known at the same ti

as their occurrence; that is, we learn when they happen, on
when they actually happen. However, as we see in the follow,
ing example, the temporal uncertainty of an event is some

tlmEes res<|3lvgd Cearllecrj thalg Its a(itu?I. ehxecutlon. AcME Smooth. While this information might not allow it to calcu-
xampie 2. Lonsider Exampie L1, however, now late the exact travel time, it could enable the estimatioa of
Appliances agrees to phone you exactly 45 minutes beforﬁwore accurate window on the time of arrival. The need to

th?y ar:_nve.D . g he ti fth model constraint “shrinkage” of this type motivates the de-
n this new scenario, we discover the time of the Uncony,q|onment of an extension to the STPU formalism.

trollable eventbeforethat particular time arrives. While ob-

taining this information earlier has no impact on the weak or4.1 The STPU"

strong controIIabjI_ity of the problem, it' serves to enabje. d We define the STPU as a tuple X¢, Xu, E, C, O), where:

namic controllability (e.g., we can begin clean out thedgd

immediately after receiving the phone call). e Xc andXy are as in the STPU (andl is their union).
Fortunately, prior observability of this form can be mod- o E is a set ofequirement linksas in the STPU.

eled with the existing STPU framework. We achieve this . . . .

by introducing an uncontrollablebservation event for in- °C IS a set ofgengrallzed contingent linksvhere each

stance I, — and making it, rather thaiip, the endpoint of Ci; is of the form:

a contingent link. A requirement link can then be introduced 2, — 2 € {d;j1 : [lij1, wiji)s -, dijns, © [lijne s Wini, ]}

between the new observation action and the original uncer-

tain event. Therefore, the act of “splicing” contingenksrin andz; € Xy. Each sub-interval;;; is referred to as a

this fashion makes it possible for the agent to reason aheut t reduction?

foreknowledge of events. The STPU for the current example ¢ O : X, — C is a mapping from observation events

is shown graphically in network of Figure 1 (right). to generalized contingent links, whel&, C X. Each
Despite the fact that our current notion of prior observabil event inX,, specifies (at the time of its occurrence) the

ity is a mere modeling issue, this concept will prove to be reduction of its corresponding constraintch.

essential in extensions to follow. . .
Turning to Example 3, let us assume that the phone call will

. . . . occur sometime between 7:00 and 7:30. We can then encode
4  Partial Shrinkage of Contingent Links Example 3 as an STPtUby creating a generalized contingent
In the STPU, the occurrence of an uncontrollable event catink C,.;;,, containing three possible reductions:
be thought of as establishimgpmplete shrinkagef a contin-
gent link; that is, a constraint, — z; € [I,u] is squeezedtoa 10~ Tr € {[10:30, 11:00], [11:00, 11:30], [11:30, 12:00]}
single pointr; —x; € [b, b]. However, many real-world prob- and establishing that this link will be resolved at the tinfie o
lems demand a generalization of this mechanism, in which athe phone call:
intermediate reduction is achieved. We refer to thipasial O(To) = Caetiv
shrinkage

Example 3: Again consider Example 1; however, ACME
Appliances agrees to phone you very early in the morning t
inform you of within which of the three half-hour blocks they
intend to arrive (e.g., they may say “sometime betweef0
and11:30"). O To —Tr € {[7:00, 7:30] }

Unlike Example 2, here the time of the phone call is, . . L Lo
only a portion of the information obtained. In addition, !N Figure 2 (eft) we provide a graphical interpretation it
there is knowledge conveyed during the observation everftxample. The generalized contingentlink is labeled witthea

that_trlggers the_reductlon of a cont_lngent ,“nlf' the origi- 2As will be discussed in Section 7, these generalized links re-
n/al |nt?rval [[,u] is reduced to a subintervall, u'], where  gemple — put should not be confused with — the disjunctive con-
I" # u'. (For example, the intervall):30,12:00] may be-  straints of a TCSP, DTP, or DTPU. Note also that the sub-intervals
come [11:00,11:30]). This reduction becomes known simul- in a generalized link may overlap, although in our examples we use
taneously with the execution @}, (the phone call). Unfortu- non-overlapping intervals without loss of generality.

Regular STPU-style contingent links can be modeled as well
(g)y encoding them as generalized contingent links with sin-
gleton intervals. An example of this is the contingent link o
the time of the phone call:



Example 3: Example 4: have a problem if ACME selected the interval [10:30, 11:00]:
T T T =T even though we can choose to schedule the delivery as late as
R [07:00, 07:30] . o R [07:00, 07:30] K 0 11:00, we now only have 40 minutes to clean out the fridge
‘ ‘ (whereas we need 45).

We can now see the advantage of explicitly specifying the
set of allowed reductions. In the current example, becaese w
know up front that the possible resolutions of the — Tp
link are each a half-hour in length, we are able to determine
that the problem is dynamically controllable. If, insteady

") "3 arbitrary reduction were possible, we could never conclude
- D - - 7r - this: indeed, in the worst case, the “reduction” might net re
_—_— > _— > H H
C [0045, 0060] D C [0045, 0060] D Sult N any Sh”nkage at aﬂ
—— = Contingent Link :
>  Requirement Link 6 The Generalized STPU

------- #  Observation Mapping We define the Generalized STPU as a tuple
(Xc, Xy, E,C,0), where:

e X andXy are asinthe STPU (and is their union).

e F is a set ofgeneralized requirement links/here each
E;; is of the form:

Figure 2: Networks corresponding to Examples 3 and 4.

of the possible reductions, and a dotted arrow is added o sig
nify that the reduction occurs simultaneously with. zi — x5 € {dij1 ¢ [lij1, win], o dign, < Ly Wigng, 1}
One might wonder why we enumerate the set of all allowed
partial shrinkages, rather than the leave the potentialaed
tions completely unspecified. Although the latter alteiueat
might seem to be more general, we will see in the next sec- i — 2 € {dij1 : [lij1, Wijil, -+ dijng; © [ligngs > Wijng, |}
tion how it precludes the possibility of generalized nosior andz; € Xy
controllability.

e (C is a set ofgeneralized contingent linksvhere each
C;;j is of the form:

e O: Xp — FUC is amapping from observation events

. . . . to generalized links, wher&, C X.
5 Partial Shrinkage of Requirement Links g _ 0= .
In the Generalized STPU, we augment both requirement

The generalization in the STPUs limited to the contingent  |inks and contingent links in an identical fashion, expaigdi
|ink, an interval whose endpoint is an uncontrollable eventthem from sing'e intervals to sets of intervals (the red]m),

As we demonstrate in the following example, this expressiveynd associating the moment at which a single reduction is se-
power can be further extended to express uncertainty ovegcted with observation events. The definitionspadjection
requirement links that constrain pairs of purely conttiléa  andschedulecan remain unchanged from the STPU. In ad-
time points. dition to these, we introduce a new notion, @pservation

_ Example 4: Consider another variation of Example 3. This trace v, which is a record of the generalized link reductions
time, ACME te“syou to call them sometime betwedn00 dynamica”y selected (by Nature):

and7:30. When you do, they'll tell you which half-hour block

works best for them, but then alloywuto specify the exact (Lyy digy )y ooy (Lny s, )

time in that block for delivery. O whereL = E U C is the set of all generalized links. We also
Note that in this final variation (depicted in Figure 2 right) need to extend the notion ofpaehistory T{< z} (the pre-

all events involved — including the phone cdll{) and the history of 2 with respect to schedul®) now specifies both

delivery time ('p) — are bothcontrollable Yet there is still  the durations of all contingent links that finish prioritpand

uncertainty that can only be resolved dynamically, i.er; du the selected reduction of all generalized links whose @ssoc

ing the execution of the plan. In particular, you do not knowated observation event occurs befare

what constraint on delivery time must be satisfied prior to Finally, we define ajeneralized execution strategyto be

the phone call, even though the exact time is ultimately uga mapping:

to you. Further, the nature of this uncertainty interacts di S:PxV—-T

rectly with the level of controllability that can be achieve \\herep and7T are as before, and is the set of all possible
For instance, our current example is dynamically contiiéla  ,pgeryation traces. A generalized execution strafgyvi-
even with half-hour intervals, as we can decitig and thus - a6t §(p, v), henceforth writtens, ,, is consistent with
T once the delivery interval becomes known. However, if 5,4, for each mutually consistent pair of a projectioand
instead our phone call had to be placed at 10:20, we would, gpservation trace

3If this example seems contrived, imagine a situation in whicha  “Note, however, that one could consider extensions to our for-
friend says that he wants to get together this weekend, but isn’t sunmalism that allow for more flexible specifications of possible reduc-
yet whether he has to work on Saturday or Sunday. Once he findsons (for instance, involving reductions that comprise sets of inter-
out, he calls you, and lets you select the time to meet on his day offvals).



6.1 Generalizing Controllability Agent Picks a Durationy Nature Picks a Duratior

With these new definitions in hand, we can now specify the % B Disiuncti Disiuncti

three levels of controllability for the Generalized STPU. A| & S R ISjunctive C'SJU.nC Ve

Generalized STPU can be said to Weakly Controllablef £ 8 S?_l;'rf.mkem D'IqlgtllJnlg_]?rl](t

there exists a viable generalized execution strategy;ishis | 2 « n In

equivalent to saying that every pdjw, v) of a projectionp 7

and an observation traeds consistent. ks G lized G lized
A Generalized STPU iStrongly Controllablef there is a %5 R:q”&;grﬁgm C%?w?irr?glgr?t

. ; ; 07
viable generalized execution strategjyuch that 3 % STPU Link STPU Link
Spl,vl(x) = Sp2,v2($) z

for each executable time point, all projectionspl and Table 1: Classification of “Disjunctive” Links

p2, and all observation tracesl andv2. As before, this

means that a single schedule is guaranteed to satisfy all con

straints, regardless of the choices (assignments to umtont \yords, we need to be able to satigfgichof the disjuncts in

lable eventsor partial shrinkages of generalized links) that the generalized requirement link.

Nature makes. _ _ _ , Further properties of the solution set will define the leviel o
Finally, a Generalized STPU is said to Bynamically  controllability: the Generalized STPU will be strongly eon

Controllable if there is a viable execution strategy such  tro|lable if the set of solutions is a singleton (so that tame

that: assignment to controllables “works” regardless of the -deci

sions made by Nature); it will be dynamically controllakie i

Spro{= 2} = Spaa{= 2} = Sp1.01(2) = Sp22(w) the solutions )f/or sets ())f selectionsythat are )i/denticalrndo

for each executable time point all projectionspl andp2,  time pointz make an identical assignment o and it will

and all observation traced andv2. In other words, there ex- Otherwise be weakly controllable.

ists a strategy that depends on the outcomes of only those un- Interestingly, the difference in what is needed to satisfy

controllable events and partial shrinkages that have oedur standard disjunctive links (e.g., of the DTP) versus gdnera

in the past (and not on those which have yet to occur). ized links closely parallels the difference in what is nekde
to satisfy requirement versus contingent links of eithesdita
7 Disjunctions, Generalized Links, and Given a _problem_ with onl_y requirement IinI_<s, what is needed
ey ’ for consistency is the existence of a solution that “selexts
Controllability particular legal duration for each constraint. Howevegen

As mentioned earlier, there is an apparent similarity betwe contingent links are added, controllability depends ujemnet

the reductions of a generalized (requirement or contingentoeing solutions that satisgachpossible combination of du-

link, and the disjuncts in a constraint of a Binary Temporalrations that the contingent links might take.

CSP[Dechteret al., 1991 or Disjunctive Temporal Problem  These distinctions are summarized in Table 1. This analy-

(DTP) [Stergiou and Koubarakis, 198 However, the se- sis reveals that there are additional scenarios that carole m

mantics of the two types of links are in fact quite different eled using this general approach: for example, by introtyci

from one another. observation events and partial shrinkage into DTPU's, we ca
Recall that the DTP is a generalization of the STP, in whichmodel cases in which both Nature and the agent can “pick”

each constrainf; may consist of a disjunction of simple tem- reduced intervals from contingent links.

poral constraints: Note that just as the Generalized STPU with controllable
time points serves as a counterpart to the TCSP or DTP, the
lin S@in —yin Suan V.o Vi, < Tin, = Ying < Uin, full Generalized STPU (which allows contingent time pojnts

A solution to a DTP is an assignment to its time points thatg?;ﬁuegotgg recently proposed DTHMenable and Yorke-

satisfies every constraint; of course, since the constrairet
disjunctive, what is required is thabmedisjunct from each
constraint be satisfied. 8 Other Related Work

In contrast, consider a Generalized STPU; for the momen
to facilitate comparison with the DTP (which has only con-
trollable time points), assume that it is also comprised ex

rhe addition of observation events is similar to the apphnoac
taken in Conditional Temporal Probled&samardinot al.,

i 200d. However, in that line of research, the observation ac-
clusively of controllables. Because Nature may setg! tions serve to remove events from the execution plan, rather

Irgt()jlictt)lﬁln (.?;hde'sé”.ncg fz: ?)?C&C%Stra;t]ég\,\glggg g?“h.chthan to specify the resolution of constraints. Furthermore
Yl reisas solutions, S Whichy, e temporal uncertainty is not modeled in the CTP, as all

satisfies each combination of selected reductions. In otht{irme points are required to be controllable

5t is worth noting that strong controllability can be easily dis- Also, there are some relationships between our General-

proven in cases where there exists a generalized requirement liiged STPU and the Uncertain C$Porke-Smith and Gervet,
containing a non-overlapping pair of reductions. 2009, a formalism that augments a standard GSPD, C)
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