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Abstract

This paper treats the problem of managing personal tasks,
through an adaptation of the Squeaky Wheel Optimization
(SWO) framework, enhanced with powerful heuristics and
full constraint propagation. The problem involves
preemptive and non-preemptive tasks, with extra constraints
imposed on the sizes of and the distances between the parts
of each preemptive task. Travelling times are imposed by
the alternative localization possibilities of each task.
Ordering constraints are imposed by the producer-consumer
relations between tasks. The user may have preferences
regarding scheduling options of single tasks or pairs of
tasks. Higher degree time constraints and preferences are
supported as well. SWO allows for fast scheduling and
rescheduling. Several heuristics are proposed to estimate the
difficulty to schedule each task and to compensate with the
degree of the user’s satisfaction. Experimental results show
that this approach is remarkably effective and efficient.

Introduction

Modern electronic organizers, such as MS-Outlook 2007,
Google Calendar and Yahoo Calendar, do not provide for
automatic scheduling of users’ tasks. Users have to
manually place their tasks into the calendar, as well as to
arrange meetings with others. These applications provide
various functionalities to assist the user to put her tasks
into the calendar, detect conflicts, merge calendars, assign
tasks to other users, arrange meetings, share and publish
her calendar. The need for intelligent assistance to
schedule a wuser's tasks has already been identified
(Refanidis, McCluskey and Dimopoulos, 2004). It is a
general impression that most of the effort in developing
new editions of office applications is towards personal time
management simplification. However, current status still
remains behind automatic scheduling abilities (not to speak
about planning) being incorporated into these programs.
We consider managing personal tasks as a variation of
disjunctive preemptive scheduling (Le Pape and Baptiste,
1996) with setup times. First of all, no two tasks can
overlap in time. Some tasks, such as writing a paper, may
be interruptible, with special constraints imposed on the
way they can split; other tasks, such as giving a lecture, are
not. Each task is characterized by a set of location
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references, i.e. alternative places where the user should be
in order to perform the task; additional time (setup time) is
required to travel between these locations. Various forms
of constraints between tasks, including ordering and
proximity constraints are allowed. Similarly, various types
of preferences, e.g. unary preferences regarding the various
time-windows to schedule a task or binary preferences
regarding the relative positions of pairs of tasks can be
defined.

This paper treats the problem of scheduling in time and
space tasks with arbitrary time constraints and preferences
using an adaptation of the incomplete heuristic search
framework Squeaky Wheel Optimization (Joslin and
Clements, 1999). We propose general and adaptable
heuristics for scheduling the tasks, with the ability to trade-
off between efficiency, i.e. the ability to find a schedule
quickly, and effectiveness, i.e. the quality of the found
schedule (if any) wrt user preferences. Moreover, we
propose an incremental scheduling schema, which
preserves existing schedule as far as possible, when new
tasks arrive or the current schedule becomes invalid for
external reasons. The overall approach is tested
experimentally through a large set of artificially created
problem instances and is shown to be remarkably efficient
and effective. In this paper we do not treat the underlying
planning problem, we do not consider scheduling with
resources and we do not cope with the problem of
arranging meetings.

The rest of the paper is structured as follows: The next
section formally defines the problem. Then we outline the
SWO algorithm. The next two sections treat the problem of
scheduling with arbitrary constraints, without and with
time preferences respectively. Next we modify SWO to
support incremental scheduling, present empirical results
and, finally, conclude the paper and pose future directions.

Problem formulation

Time is considered discrete. Indeed, most electronic
organizers use a minimum time slot, usually 30 mins. So,
time is considered a non-negative integer, with zero
denoting the current time. We have a set 7 of N tasks,
T={T\, T,, ..., Tn}. Each task T;eT is characterized by
several attributes, as described in the following paragraphs.



Each task has duration, denoted with dur; 2. All tasks are
considered interruptible, i.e. they can split into parts that
can be scheduled separately. With the decision variable p;
we denote the number of parts in which the i-th task has
been split, where pi>1. With Tj; we denote the j-th part of
the i-th task, 1</<p;.

For each T} we introduce the decision variables #; and
dur, denoting the start time and the duration of this part
respectively. The sum of the durations of all parts of a task
must equal its total duration (C1).

For each task T}, the maximum and minimum allowed
duration for its parts, smax; and smin; (C2), as well as the
minimum allowed temporal distance between every pair of
its parts, dmin; (C3), are given. Depending on the values of
smax; and smin; and the overall duration of the task dur;,
implicit constraints are imposed on p;. For example, if
smin>dur/2, then p;=1, so task T} is non-interruptible.

Each task i has its given domain D, consisting of a set of
intervals within which all of its parts have to be scheduled
(we do not consider tasks with infinite horizon of
execution): Di=[ai1,bi1]u[ai2,bi2]u. . .u[aﬂ:i,biyi], where Fi is
the number of intervals of D; (C4). Obviously, ajj+smin<b;;
as well as b;j<a;j;; must hold for each 1<i<N, 1</<F;.

We are given a set of M locations, Loc={L,, L,, ..., Ly}
and a two dimensional matrix Dist (not necessarily
symmetric) with their temporal distances (non-negative
integers). Each task T7; has its own spatial references,
LocicLoc, denoting alternative places where the user
should be in order to execute each part of the task (the user
has not to execute all the parts of a task in the same
location). With the decision variable /e Loc; we denote the
particular position where Tj will be executed (CS5, C6).

For any subset of tasks Sc7, a constraint ¢ over these
tasks may be defined, thus determining the valid ways to
schedule the tasks of the set. Constraints refer only to time,
not to location references; however the role of the locations
in deciding when to schedule a task is important, since the
decision to schedule a task at a specific location may affect
the domain of other tasks. Each constraint ¢ is defined by
one procedure and one function:

e propagate(S): Given a set of partially instantiated
tasks S, propagate(S) applies the constraint ¢(S) on
the domains of these tasks.

e eval (S): Given a set of partially instantiated tasks S,
eval(S) returns L if this partial assignment violates
the constraint ¢(S), otherwise it returns T (C7).

A typical example is the ordering constraint, denoted
with <(7;,7;), meaning that no part of the j-th task can start
its execution until all parts of the i-th task have finished
their execution. In this case, propagate(T;,T;) applies
bounds consistency (Van Hentenryck et al., 1998) to the
domains of T; and Tj, whereas eval(T;,T;) checks whether
the current partial assignment satisfies the constraint.
Higher order constraints can be defined in a similar way.

% In the following we use the notation x; to abbreviate 7;.x, where
x is any attribute of the task structure. In case of multiple
subscripts, e.g. x;;, the first one, i.e. i, indicates the task.
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Finally, time preferences over sets of tasks are also
allowed. A preference v over a set of tasks S is defined as a
function v [TriesDi—R, i.e. function v maps each
combination of the domains of the tasks of S in a real
number. For example, a unary preference could evaluate
the possible time-windows when a task could be
scheduled, whereas a binary preference could evaluate the
relative positions in time of two tasks.

So, after these definitions, the problem of managing
personal tasks can be formulated as follows:

Given a set of tasks T with their attributes, a set of
constraints C and a set of preferences V, find appropriate
values for the decision variables p;, #;, dury, [, where
1<i<N, 1<j<p; such as to maximize the expression:

PRACH

subject to the following constraints:

o

Pi

Cl: Vi, 1<i<N: Zlduri/. =dur, .
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VZJ, 1SZSN, 15]5[71 E'k, 1§k§Fl . aikStiijik-durij.
VIJ, ISISN, 15]5[71 . lijGLOCi.
Vij,mn, 1<i<N, 1<5<p;, 1<m<N, 1<n<p,, : i#m Vv j#n
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Squeaky Wheel Optimization

Squeaky Wheel Optimization (SWO) is a general
optimization framework that can be adapted to several
constraint satisfaction problems. The core of SWO is a
Construct/Analyze/Prioritize cycle, as shown in Figure
1(a). Constraint variables are ordered in a priority queue in
decreasing order of an initial estimate of the difficulty to
assign a value to each one of them. A solution is
constructed by a greedy algorithm, taking decisions in the
order determined by the priority queue. This solution is
then analyzed to find those constraint variables that were
the “trouble makers”. The priorities of the “trouble
makers” are increased, causing the greedy constructor to
deal with them sooner in the next iteration. This cycle
repeats until a termination condition occurs.

g(p)
analyze/
prioritize]

construct

Blame

Solution

2(q)

Priorities Solution space
(a) (b)

Figure 1. (a) The Construct/Analyze/Prioritize cycle. (b) Coupled
search spaces.

Priority



SWO is a fast but incomplete (in the general case) search
procedure. As shown in Figure 1(b), SWO searches in two
coupled spaces: The priority space and the solution space.
The greedy construction algorithm defines a function g
from the priority queues to the solutions, i.e. for each
ordering p of the tasks a schedule g(p) is defined.
However, function g may be neither surjective nor
injective; so, many feasible solutions may not correspond
to any ordering of the tasks in the queue.

Managing Personal Tasks without Preferences

This section presents our adaptation of SWO to the
personal time management problem, with arbitrary
constraints but without preferences. We present the
initialization of the priority queue, the greedy construction
algorithm and finally the queue reordering strategy.

Initialization of the Priority Queue

We employed a simple priority queue, with the priority of
each task simply being its position in the queue. The
priority queue is initialized by taking into account the
difficulty to schedule each task by its own. We defined two
heuristic metrics to measure this difficulty. The first one
takes into account the net size of the domain of each task.

Definition 1 (net size): The net size net(D) of a domain
D consisting of a set of intervals is defined as the sum of
the widths of these intervals.

For example, for a task 7; having domain D; = [0,12] U
[20, 35], we have net(D;)=(12-0)+(35-20)=27.

Definition 2 (metric m,): Metric m; of a task T; is
defined as the ratio between the total duration of the task
and the net size of its domain, i.e.:

my(Ty)=dur/net(D;)
Suppose that task 7; has duration dur=15, then
my(T;)=15/27=0.55. Note that intervals whose widths are
smaller than smin; are removed from D;. Metric m, takes

into account the minimum distance dist; between any two
parts of each interruptible task 7.

Definition 3 (makespan of a task): We define as
makespan(T;) of a task T; the distance between the start
time of the earliest scheduled part of the task and the end
time of the latest scheduled part of the task, i.e.:

makespan(Ti)=max;(ti+dury)-mimd(ti)

Definition 4 (width of a domain): The width width(D;)
of a domain D; is defined as the distance between the left
end of the leftmost interval and the right end of the
rightmost interval, i.e.:

width(Di):maijij—minkAik
In the running example we have widrth(D;)=35-0=35.

Definition 5 (metric m,): Metric m, of a task T; is
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defined as the ratio between the minimum possible
makespan of the task and the width of its domain, i.e.:

my(Ty=min(makespan(T,))/width(D;)

For the task of the running example, suppose that
smax;=6, smin;=3 and dmin;=4. Since smax;<dur;, this task
has to be executed in parts. The minimum number of parts
is min_partsi= dur/smax;1=3. This implies that dmin; will
appear at least two times within the makespan of T}, so a
lower bound for the makespan of 7; can be computed as
15+42:4=23. So, my(T;)= 23/35=0.657.

Definition 6 (difficulty of a task): The difficulty of a
task T is defined as the maximum between m; and m,, i.e.:

dif(Ty)=max(my(T}), my(T))

In our example, diff( T;)= max(0.55, 0.657)=0.657.

Non-interruptible tasks are evaluated only by m,, since
for these tasks m;>m, always hold. Note also that both
metrics are admissible, so in case any one of them has a
value greater than 1, the task cannot be scheduled.

To conclude, the priority queue is initialized as follows:

INITIALIZATION OF THE PRIORITY QUEUE

1. Apply full constraint propagation for all constraints.

2. Compute the difficulties of all tasks.

3. Place the tasks in the priority queue in decreasing
order of their difficulty.

Greedy construction algorithm

Tasks are scheduled one after the other in specific start
times, in the order imposed by the priority queue. To
simplify our presentation, we suppose that the order of the
tasks in the priority queue coincides with their numbering,
i.e. task 7; is in the i-th position of the priority queue. Now
suppose that tasks 77 to Ti.; have already been scheduled
and next is the case for 7.

While scheduling tasks 7 to T, several parts of the
domains of the remaining N-i+1 tasks may have been
removed, due to the propagation of the various constraints.
In order to schedule T;, we consider its current domain, as
well as the current domains of the remaining tasks. This is
done as follows:

Let's first suppose that all tasks are non-interruptible; we
generalize later for interruptible tasks. So, for each location
lieLoc; where T; could take place and for each possible
start time (dependent on the location /;) where 7; could be
scheduled, we compute the impact on the difficulty to
schedule the remaining tasks. This requires two steps:
First, propagating all the constraints to the domains of the
remaining tasks. Second, computing for each one of the
remaining tasks the difficulty to schedule it. Note that
while propagating the constraints, each one of the
remaining tasks is considered to be executed in the closest
to /; available location, i.e. there is no need to examine all
the possible locations for the remaining tasks. Then, the
combination {/;,t;) for the current task that results in the
lower overall difficulty to schedule the remaining tasks is
adopted (in case of ties, earlier start times are preferred):



Definition 7 (Overall difficulty): The overall difficulty
to schedule a set of tasks S , denoted with overall(S), is
defined as the product of their individual difficulties:

overall(Sy=] | ricsdif(T7)

Example 8: Suppose for example that we have three
non-interruptible tasks, 4, B and C in this order in the
priority queue, with durations 2, 1 and 3 respectively,
locations Locy={X,Y}, Locg={X}, Locc={Y},
Dist(X,Y)=Dist(Y,X) =2, the ordering constraint <(4,B) and
their current domains shown in Figure 2.

LA ]
S
-
| 1 1 I I | l | l | 1 1 >
0 5 10 15 20

Figure 2. An example of scheduling tasks. Colored areas denote
the current domains of the tasks, before scheduling task A.
Shaded areas are excluded from their domains after placing task A4
at 1,=3 and /,=X.

There are seven possible start times to schedule 4, i.e.
14€{0,1,2,3,4,13,14}, and two possible locations, i.e. X and
Y. Each combination of start time and location has to be
evaluated and the best one will be selected. Let’s take for
example the case 7,=3 and /,=X. By applying bounds
consistency we get #5>5. Moreover, since 4 and C cannot
coincide and must have a distance of at least 2, the interval
between 3 and 7 is removed from C's domain. Difficulties
are computed as m;(B)=1/11 and m;(C)=3/12 respectively.
The overall difficulty is then overall({B,C})=0.0227. After
testing all the alternative possibilities to schedule 4, we
conclude that the best case is for 7,=0 and /,=X, with
overall({B,C})=0.014286.

In case the difficulty to schedule some of the remaining
tasks for a particular option to schedule the current task
exceeds 1, this option is never adopted, irrelevant to its
score. However, if no feasible schedule for the current task
can be found, the current task is considered a trouble
maker and is promoted in the priority queue, as explained
later in this section. The process continues from the new
position of the current task.

Interruptible tasks need special treatment when they are
current: Parts are scheduled one after the other, as if they
were non-interruptible. However, for each part an
additional decision has to be taken, concerning its duration.
So, for each possible part duration duri;e[smin;, smax;] and
for each possible time/location combination when/where
this part could be scheduled, the overall difficulty to
schedule the remaining duration of the current task as well
as the remaining tasks is computed. Then, the best
combination of part duration/time-window/location is
selected. In case of ties, higher durations are preferred.
This process continues until either the whole duration of
the interruptible task has been scheduled, or we fail to
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schedule some part. In the latter case the current task is
considered a trouble maker and is promoted in the priority
queue.

Computing the valid part durations: Depending on the
values of duri, smax; and smin;, several durations for dur;;
may not be allowed. For example, if dur=12, smax;=8 and
smin;=5, it is not possible to schedule a part of duration 8,
since in this case the next part to be scheduled should have
a maximum duration of 4, which violates the constraint of
smin;. This situation does not necessarily indicate bad
problem definition; indeed, dur; might be the remaining
duration to be scheduled, after already having scheduled
several parts of the current task. Another more strange
situation is when dur=6, smax;=6 and smin;=3. In this case
the only valid part durations are 3 and 6.

Identifying the valid part durations to be scheduled for
an interruptible task is crucial, since it does not only
preserve computation time, but it also prevents us from
unnecessary failures that would be detected later. In order
to compute the valid durations for the next part to be
scheduled, we use the following approach:

Given dur;, smin; and smax;, with dur; being the
remaining duration to be scheduled of task 7}, any duration
durjj, such that smin<duri<smax; is allowed for the next
part, if for L:L(duri— durij)/sminij, the following condition
exists:

2

In the first example, with dur=12, smax;=8 and smin;=5,
if dury=8 then L= (12-8)/5)=0, so condition (2) does not
hold. For durij=7 we have L:[(12-7)/5J:1 and (2) holds
with equality to the left. Similarly, for dur;j=5 we have
L= (12-5)/5]=1 and (2) holds with inequality to both
directions. In the second example, with dur=6, smax=6
and smin=3, for dur=6 we have L= (6-6)/3}-0 and (2)
holds with equality to both directions. Similarly, for
duri=3 we have L= (6-3)/3J=1 and (2) holds with equality
to the left. Finally, for all other values of dur; we have
L=(6-5)/3)=0 and the right inequality of (2) does not hold.

Lemma 9: If part durations are chosen according to (2),
then the whole duration of 7; can be covered.

L-smin<duri-dury<L-smax;

Proof: Suppose we are given dur;, smin; and smax;, with
dur; being the remaining duration of task 7; to be
scheduled, and we select dur;j such as condition (2) holds.
Suppose that duri-duri=L-smin+K, with 0<K<L-(smax;-
smin;). Let K=K div (smax;-smin;) and K,=K mod (smax;-
smin;), where div and mod denote integer division and
modulo respectively. The relation between K, K| and K is
K=K, (smax;-smin;)+K,. So, one possibility to schedule the
remaining duri-dury; time units is to schedule K, parts of
duration smax;, one part of duration smin;+K, and L-K;-1
parts of duration smin;. In this case we have scheduled (L-
Ki-1)-sminitsmin+Ky+K,-smax=L-smin+K, - (smax;-smin;)
+ K> = L-smintK=dur-dur;.

Lemma 9 follows by applying inductively the above one
step proof until the whole duration of 7; is scheduled. o



Lemma 10: Taking into account the minimum and
maximum part durations, smin; and smax; respectively, the
maximum and minimum possible number of parts in which
an interruptible task with duration dur; can be split are
L dur/smin) and [ dur/smax; | respectively.

Proof: The proof is similar to that of Lemma 9. o

Reordering and Memorization

Reordering of the tasks in the priority queue occurs each
time the greedy construction algorithm fails to schedule the
current task in a way such that, after having applied full
constraint propagation, the difficulty of every one of the
remaining tasks does not exceed 1. In this case, the current
task is considered a trouble maker and is promoted in the
priority queue. Two issues arise: How far to promote the
current task and how to avoid cycles.

Concerning promotion, there are several approaches.
The simplest one is to promote the trouble maker task by
one position. This approach is easy to implement, but may
perform unnecessary computations in case the previous
task was totally irrelevant to the current one. In our
implementation of SWO we adopted a greedy approach for
promotion, which after thorough experimentation, has been
proved significantly efficient: The trouble maker task is
promoted in the first position of the priority queue, with
the intermediate tasks being shifted one position
backwards. This strategy is quite powerful for two reasons:
First, it causes drastic reordering of the priority queue, thus
increasing the probability to escape local optima; and
second, it minimizes the probability to enter into loops, i.e.
to revisit the same ordering in the priority queue.

More eclaborated approaches to promote the trouble
maker could exploit dynamic information generated while
scheduling the tasks in the current order. For example, the
trouble maker could be promoted just before the closest
preceding task which was responsible for canceling at least
one scheduling possibility of the trouble maker; or just
before all tasks that removed some scheduling possibilities.
Such strategies however require extensive bookkeeping,
whereas the strategy we eventually adopted is simple
enough and performs well.

Irrelevant to what promotion strategy is adopted, it is
always useful to partition the tasks into clusters of related
tasks, using the transitive closure of the constraint graph.
Suppose for example the case that the only constraint
between tasks is C6, i.e. the constraint that no two tasks
can overlap in the final schedule. Then morning tasks may
form a cluster, evening tasks another one and weekend
tasks a third one. The identification of such clusters is
crucial, since the scheduling problem can be solved
separately for each cluster. Of course, the existence of a
task whose domain spans over morning, evening and
weekends would merge all clusters.

Especially for the constraint C6, two tasks are
potentially overlapping (so they are connected in the
constraint graph) according to the following definition:

Definition 11 (potentially overlapping tasks): Two
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tasks 7; and 7; are potentially overlapping if there is a pair
of locations /;e Loc; and /e Locj, as well as a pair of domain
intervals [Aim,Bim]€D; and [4jn,Bjn]€Dj, such that either
Bim+DiSf(Zi,lj)>Ajn or Bjn+DiSf(lj,li)>Aim hold.

Definition 11 captures the case that scheduling one task
may cancel some scheduling possibility of the other task
due to the time needed by the user to travel between the
two locations. Note that this cancellation might not
concern the domain intervals themselves, but some
possible location references for these intervals.

Finally, in order to avoid cycles, memorization of no-
good prefixes of the priority queue is required. Then, each
time a promotion occurs, the new ordering of the priority
queue should be checked against the memorized no-good
prefixes. In case a match is detected, either further
reordering should take place, or the problem should be
claimed unsolvable. With our adopted greedy promotion
strategy, loops in the priority queue occur rarely. However,
in case of a detected loop, we proceed with promoting the
tasks following the trouble maker. If no such tasks occur,
or if they lead to orders in the priority queue that have been
already checked, the problem is claimed unsolvable.

Managing Personal Tasks with Preferences

Time preferences can naturally be incorporated into the
SWO framework. Our approach allows the user to express
any kind of time preference between subsets of tasks,
provided that he can express an estimate about the final
value of each preference as a function of the involved
tasks' domains. More formally:

Definition 12 (Time Preference): A time preference v
over a set of tasks S is a real valued function v:[[rsDi—R,
higher values being preferred.

Definition 12 states that in order to define a time
preference, we need to provide a function that maps any
combination of domains of the involved tasks to a real
number. This function will be used, together with the
difficulty heuristics, while scheduling the tasks of the
priority queue. Definition 12 works both for fully
instantiated and for partially instantiated sets of tasks. For a
fully instantiated set of tasks, D;'s will refer to the actual
time-window(s) where each task 7; has been scheduled.
For partially instantiated tasks, several approaches could be
adopted in order to map (the combination of) their domains
into a real value; for example, the maximum possible value
of the preference wrt the current domains is one such
possibility. Note finally that function v usually takes into
account other constant parameters of the involved tasks,
such as their duration, smin;, smax; etc.

Example 13 (unary time preference): Suppose a unary
preference v; over a task T;, with D;=[0,10] and dur=2. We
may define v; by assigning values to the various time slots
of D; and then sum the values of the slots where T; actually
has been scheduled, divided by dur;. For example, suppose



that we assign value 7+1 to each unit time slot starting at ¢,
then the value received from executing task 7; at time 7 is,

dur; —
W= D" (¢ +1) Jdur,. So if T; will be scheduled at

=3, the received value is vi(£=3)=(4+5)/2=4.5.

Suppose now that 7; has not yet been scheduled and that
its domain has reduced to D;'=[0,4]U[7,10]. What could be
an estimate about the final value obtained by v;? The
simplest approach is to consider the maximum possible
value of v;(¢) for the various time windows where T; could
be scheduled. In this case this happens for /=8, so:
vi(DN=maxwi(t)=vy(8)=9.5 o

Example 14 (binary time preference): Suppose two non-
interruptible tasks 7; and 7; and a binary preference over
them defined as vij(Di,Dj):max,ieDi,,jEDj(tj—ti—duri, ti—tj—durj).
In other words, v;; is defined as the maximum possible
distance between the two tasks in the final schedule.
Suppose for example that Di=[0,5][20,30], Dj=[10,16],
duri=3 and durj=4. The maximum possible distance
between the two tasks is achieved if T; is scheduled at 27
and 7j at 10 and the received value is v;(D;',D;')=13.

In case of interruptible tasks a similar approach can be
adopted, just by trying to maximize the minimum distance
between any pair of parts of the two tasks. Finally, a
similar approach can be used in case we are trying to
minimize the temporal distance between two tasks:
Replace max with min and vice-versa, and try to maximize
the negated minimum distance. O

Incorporating time preferences in the SWO framework
is quite natural. Preferences can be taken into account
together with the difficulty to schedule the set of the
remaining tasks S. Indeed, for each task to be scheduled,
the following ratio has to be minimized:

(overall(S))"

py|

Non-negative parameters ¢ and b in (3) are used as
relative weights between the objective to receive a feasible
schedule quickly and the objective to receive a high-value
schedule. As the ratio a/b becomes higher, priority is given
to receive a feasible schedule quickly. As the ratio a/b
becomes smaller, priority is given to receive a good
schedule. In the extreme case where a/b—o0, preferences
are ignored, whereas as the ratio a/b tends to zero, the
choices of SWO are based solely on the preferences.

Different values of the ratio a/b lead to different
scheduling decisions during the application of the SWO
algorithm. So, changing the ratio a/b is a way to alter its
behavior. A simple policy for changing this ratio is the
following: Start with a low value for a/b. In case of failing
to find a schedule, increase a/b and start again. In case of
success, decrease a/b, thus trying to find a better schedule.
Note that each time the algorithm restarts with a new value
for the ratio a/b, the previous set of no-goods is deleted.

A3)

Example 15: In Example 8, suppose that the following
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unary time preferences are given:

0=t +1)

6,if t <12
ve(f)={ 7
3,ifr>12

ve(=y. 2t

Moreover, we have a binary distance time preference
between 4 and B of the form vag(?a,ts)= max(tg-ta-dura, ta-
tg-durg), i.e. tasks A and B should be scheduled as far to
each other as possible. We assume also that a=b=1. Let us
evaluate the possibility to schedule 4 at £4=3 and /,=X. For
this case we have already computed the difficulty to
schedule the remaining tasks, which is 0.0227. Now we
will compute also the preferences. As for task 4 we have
va(=3)=9. As for task B, the maximum of vg(¢) over its
remaining domain (not shaded in Figure 2) is 6. Finally, as
for task C we have maxy (f)= v(16)=2-(16+17+18)=102.
Finally, as for the binary time preference vy we have
vAB(z‘A,tB):max(z‘B—tA—durA, IA-IB-dLlVB): max(tB—3—2, 3'tB'
durg)=13. So, the ratio of (4) becomes:

_ 00227 =1,75-10"*
9+6+102+13

Doing the same calculations for the various scheduling
possibilities of A results that the best case is to schedule
task 4 at =0, and /,=X with an overall score equal to:

0,014286 ~112-10% ©
3+6+102+16

Other types of preferences, beyond time preferences,
could be defined. For example, one could express location
preferences, or, even more complicated, mix time and
location preferences, e.g. preferring location /; if the task is
scheduled during the five working days of a week, or
location /, if the task is scheduled during the weekend.
Various engineering issues arise concerning these types of
preferences, such as how to define them in a user-friendly
way, as well as to incorporate them within the SWO
framework; these issues constitute future research
challenges.

Incremental scheduling

Scheduling personal time is a continuous process. Time
passes quickly, early tasks are executed and new tasks
arrive. So, the scheduling problem must be solved
repeatedly each time a new set of tasks arrives. An
incremental scheduling approach would be beneficial for
both efficiency and usability reasons. Indeed, each time a
set of new tasks arrives, the current schedule should be
taken as a basis while trying to schedule the new tasks,
thus saving computation time and minimizing the user
disturbance from frequent changes in her personal plan.
SWO is very suitable for incremental scheduling, as the
following paragraphs illustrate.

In order to adapt SWO to an incremental scheduling
approach, we apply four modifications:



e The tasks of the priority queue are divided into two
sets, the already scheduled old tasks and the new
tasks, for which scheduling is pending.

o New tasks are initially placed at the end of the priority
queue, in decreasing order of their difficulty.

e In order to schedule each one of the old tasks, the
greedy construction algorithm considers only the part
of the remaining tasks until the last old one.

o In case new tasks are involved in user preferences, it
is an option for the user whether incremental
scheduling or scheduling from scratch will be applied.

Suppose for example that the current priority queue
order is (4,B,C,D), with a schedule already found for the
four tasks, when the new tasks E and F arrive. The new
tasks are initially placed at the end of the priority queue, so
the new priority queue is (4,B,C,D,E,F). When applying
SWO for first time with the new set of tasks, the
scheduling decisions for 4, B, C and D do not change,
since the greedy construction algorithm does not take into
account tasks £ and F when computing the overall
difficulty. Suppose now that task E is unable to schedule in
this order, so it is promoted and the new priority queue
order becomes (£,4,B,C,D,F). Now, E is scheduled first
thus affecting scheduling decisions for the old tasks; on the
contrary, task F, which is beyond the last old task, is not
taken into account while scheduling the old tasks;
however, F is taken into account while scheduling the new
task £, i.e. the difficulty to schedule F is considered by the
greedy construction algorithm when deciding when to
schedule E.

An issue arising in incremental scheduling is the
introduction of new preferences along with the new tasks.
In this case, incremental scheduling might result in a lower
quality schedule compared to the schedule that would
result by scheduling from scratch. Several engineering
solutions could be adopted in this case, such as never
perform incremental scheduling in case of new
preferences, or perform both incremental and non-
incremental scheduling and let the user decide.

Another issue that arises in incremental scheduling
concerns the executed tasks. If a task is executed and thus
removed from the priority queue, it is possible (although
least probable) that if SWO is applied to the remaining
tasks, their schedule might change. To avoid such
unnecessary changes, we do not reapply SWO when tasks
are executed (except if manually asked by the user) but
only when new tasks arrive. However, this issue may arise
even when scheduling new tasks. In the aforementioned
example, suppose that when the new tasks E and F arrive,
task B has already been executed. In this case, the new
ordering (4,C,D,E,F), with D being the last old task, does
not ensure that the schedule for 4, C and D will be
identical to the schedule that had resulted by the prefix
(4,B,C,D). Nevertheless, this is a marginal situation that
arises rarely, with changes being minor and not in the
immediate future, so it is expected not to be annoying;
otherwise, engineering solutions such as locking the
proximate tasks could be adopted.
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Experimental Results

We implemented our SWO algorithm in C++ and tested it
in a set of artificially created problems. We considered
tasks with durations uniformly selected from the interval
[4, 12]. The 60% of the tasks with durations greater than 5
were interruptible. In this case, we considered dmin=8,
smin=2 and smax uniformly selected from the interval [3,
dur - 2]. We considered three locations, randomly assigned
to the tasks, with symmetric mutual distances 3, 4 and 5.
We chose three alternative configurations for the a/b ratio:
1/5, 1 and 5. Starting from the 1/5 configuration, SWO
performed N iterations at maximum in each case, where N
is the number of tasks. Between each pair of tasks 7; and
T;, i<j, an ordering constraint of the form <(7;,7;) was
imposed, with probability 1/N. We randomly assigned
unary preference functions over the domains of all tasks, of
the following types: constant, linear ascending, linear
descending, step ascending and step descending. All
preferences were normalized in the interval [0,1], so an
upper bound for the value received by a schedule is the
number of the tasks. We set a deadline of 500 time units
for all problems and created random non-compact domains
for all tasks. We created seven sets of problems, with 15,
30, 35, 40, 45, 50 and 55 tasks per problem in each set
respectively and 10 problems per set in all cases. All
problems were generated randomly (a problem generator is
supplied along with the test set for cross-validation).

To compare with, we developed an alternative approach
to solve the same problems, based on the constraint-logic
programming platform (CLP) ECLiPSe’. We modeled the
problems using a combination of normal and reified
constraints and we employed a complete branch-and-bound
search procedure with the most constrained variable
selection heuristic and the domain splitting method to solve
them. In order to optimize the CLP program, we
introduced additional constraints in the model, so as to
avoid generating redundant solutions (e.g. duri>durij,, for
all 1<i<N, 1<5<p;). We set a time limit of 2 mins for the
branch-and-bound algorithm to report the best possible
solution within this time limit.

All experiments were run on an MS-Windows based
AMD Turion, 64 bit, 2 GHz dual core machine, with 2GB
memory. Table 1 summarizes the results®. Problem ids are
of the form XX-Y, where XX corresponds to the number
of tasks in the problem. Problems with 55 tasks are not
reported, since none of them was solved by either solver.

For each problem columns ifer, time and value for SWO
report the number of iterations performed by SWO, the
time needed to solve the problem (in secs) and the value of
the solution respectively. Column value for CLP reports
the best solution found by the CLP program; if no value is
reported, no solution was found within the time limit.

It is interesting to observe the behavior of SWO. In the

? http://eclipse.crosscoreop.comy.
* The source code and the data of our experiments are available
from the author's web-page, http://eos.uom.gr/~yrefanid.



" SWO CLP 4 SWO CLP 4 SWO CLP

iter time value value iter | time | value iter time value time

15-1 1 0.14 12.95 11.34 | 35-1 1 10.625| 28.80 27.85 45-1 1 0.64 37.42 35.89
15-2 1 0.125 12.25 10.81 | 35-2 1 ]0.375] 29.165 x 45-2 2 2.031 33.97 x
15-3 1 0.15 13.71 11.95 | 35-3 1 10.797| 27.842 x 45-3 | 21 16.17 35.44 x
15-4 1 0.188 11.57 10.88 | 35-4 1 10.547| 26.64 24.11 45-4 | 43 29.54 33.02 x
15-5 1 0.125 12.64 12.57 | 35-5 2 [1.032| 25.15 25.01 45-5 | 66 51.79 30.83 x
15-6 1 0.125 14.3 13.88 | 35-6 1 10.718| 26.12 23.14 45-6 1 0.656 32.70 x

15-7 1 0.125 13.08 12.22 | 35-7 1 10484 29.28 27.47 45-7 1 0.828 32.40 33.71
15-8 1 0.187 11.46 9.79 35-8 1 10.578] 25.71 26.89 45-8 | 110 | 74.032 31.79 x
15-9 1 0.141 11.44 8.29 35-9 2 10.906| 23.74 21.20 45-9 1 0.797 35.79 x
15-10 1 0.172 12.07 9.37 | 35-10 1 10.406| 30.70 x 45-10 1 0.75 32.78 x
30-1 1 0.368 24.17 21.55 | 40-1 9 |536| 2472 x 50-1 26 | 20.157 42.04 x
30-2 1 0.399 24.69 19.68 | 40-2 1 [1.002] 23.48 x 50-2 | 150 141 x x
30-3 1 0.386 25.61 21.81 | 40-3 1 [0.711] 33.57 x 50-3 | 106 104 x x
30-4 1 0.316 27.13 25.10 | 40-4 1 [0.75] 31.46 29.21 50-4 | 150 141 x x
30-5 1 0.413 23.89 21.00 | 40-5 1 10.619] 28.05 29.14 50-5 2 1.46 34.25 x
30-6 1 0.433 28.09 24.14 | 40-6 3 2.1 29.46 27.03 50-6 | 36 24.96 38.32 x
30-7 1 0.339 23.8 18.10 | 40-7 2 [ 1.28| 33.13 x 50-7 2 1.328 32.59 x
30-8 1 0.415 24.06 20.73 | 40-8 1 10.691| 29.72 26.78 50-8 | 24 16.26 34.70 x
30-9 1 0.447 23.42 18.95 | 40-9 1 [0.556] 33.03 x 50-9 | 150 127 x x
30-10 1 0.461 22.04 21.00 | 40-10 | 3 |223| 30.28 25.33 50-10 | 24 17.5 37.46 x

Table 1: Experimental results for SWO and comparison to a complete CLP branch-and-bound search procedure.

easier problems (up to 35 tasks), all problems were solved
in just one or two iterations. For harder problems with 40
tasks, SWO needs more iterations in many cases, but it
does not increase the ratio a/b. For even harder problems,
i.e. 45 tasks or more, significantly more iterations are
needed, whereas now the ratio a/b is frequently increased
to the values 1 or 5 (e.g. problems 45-5, 45-8).

Comparing to the complete CLP search procedure, we
have two comments: First, SWO solved all problems
solved by CLP in the specified time limit. In many cases,
CLP was unable to find a solution, whereas SWO found
one in just a single iteration. This demonstrates the power
of the difficulty measures and the reordering strategy
employed in SWO. However it is interesting that SWO
solved many of the really difficult problems, as those with
45 tasks. This makes it reliable for using in real-world
applications. Finally, concerning the value of the schedules
returned by the two algorithms, SWO found better
schedules in all but three cases (35-8, 40-5 and 45-7)

Conclusions and Future Work

This paper treats the problem of automatically scheduling a
user's tasks, while trying to maximize her satisfaction. New
types of tasks and constraints are introduced, powerful
heuristics are devised and an SWO incomplete search
procedure with full constraint propagation is employed to
solve the problem. Experimental results demonstrate the
effectiveness and the efficiency of this approach.

This work constitutes a first step in coping with the more
general problem of managing personal tasks. There are
many directions to extend this work, such as:

e introduction of new types of tasks, constraints and
preferences,
coordination between different users,
enhancement of tasks with preconditions and effects
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and employment of a plan engine in order to
automatically introduce tasks into the user's agenda,

e maintenance of the user status,
automated accomplishment of tasks using web services.

In particular, we see our system as a module of highly-
integrated electronic assistants, such as CALO (Myers and
Yorke-Smith, 2005).

One of our immediate plans is to integrate the work
presented in this paper with existing calendar applications
in order to provide additional functionality to the users.
Several issues concerning usability and knowledge
engineering arise. Finally, we are investigating new types
of constraints, preferences and heuristics, as well as the
possibility to combine the heuristics with a complete
search procedure, such as dynamic backtracking (Ginsberg
1993), in order to take the best of each side.

References

Ginsberg, M.L., 1993. Dynamic backtracking. Journal of
Artificial Intelligence Research, 1:25-46.

Joslin, D.E., Clements D.P.: “Squeaky Wheel” Optimization. J. of
Artificial Intelligence Res, vol. 10 (1999), 375-397.

Le Pape, C., Baptiste, Ph.: Constraint Propagation Techniques for
Disjunctive Scheduling: The Preemptive Case. 12" European
Conf. on Artificial Intelligence, 1996.

Myers K. and Yorke-Smith N. A Cognitive Framework for
Delegation to an Assistive User Agent. Proc. of AAAI 2005
Fall Symp. on Mixed-Initiative Problem Solving Assistants.

Refanidis, 1., McCluskey, T.L., Dimopoulos, Y.: Planning
Services for Individuals: A New Challenge for the Planning
Community. Workshop on Connecting Planning Theory with
Practice, Whistler, British Columbia, Canada, 2004.

Van Hentenryck, P., Saraswat, V., Deville, Y.: Design,
implementation and evaluation of the constraint language
cc(fd), J.of Logic Programming, 37 (1998), pp. 139-164.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


