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Abstract

We study the problem of optimal preemptive scheduling with respect to a general target
function. Given n jobs with associated weights and m < n uniformly related machines, one aims
at scheduling the jobs to the machines, allowing preemptions but forbidding parallelization, so
that a given target function of the loads on each machine is minimized. This problem was
studied in the past in the case of the makespan. Gonzalez and Sahni [6] and later Shachnai,
Tamir and Woeginger [12] devised a polynomial algorithm that outputs an optimal schedule
for which the number of preemptions is at most 2(m — 1). We extend their ideas for general
symmetric, convex and monotone target functions. This general approach enables us to distill
the underlying principles on which the optimal makespan algorithm is based. More specifically,
the general approach enables us to identify between the optimal scheduling problem and a
corresponding problem of mathematical programming. This, in turn, allows us to devise a
single algorithm that is suitable for a wide array of target functions, where the only difference
between one target function and another is manifested through the corresponding mathematical

programming problem.

Keywords: Scheduling, Preemptive scheduling, Optimization, Mathematical programming.

1 Introduction

We are interested in the problem of optimal preemptive scheduling with respect to a general
target function. The data in such problems consists of:
e n jobs, J = {J;}1<i<n, where job J; has a weight w; and wy; > we > -+ > wy,, > 0.
e m machines, M = {M;}1<j<m, m < n, where machine M; has speed s; and 1 = s; >
S9 > - > 8y > 0.
If a job of weight w runs on a machine of speed s, its processing time will be w/s. A non-

preemptive schedule of the jobs to the machines is a function o : J — M. In such schedules,

once a job started its process on a given machine, it is executed continuously until completion.
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We, however, are interested here in preemptive schedules, where a job’s execution may be

terminated and then resumed later, possibly on a different machine.

Definition 1.1 A preemptive schedule is a vector o = (01, ...,0.,) where o; is the schedule on
M;, 1 < j <m. The machine schedule o; takes the form of a pair of sequences, o; = (75,1;),
where T; is a sequence of strictly increasing times, 0 = 70 < Tj1 < o+ < Tk, and n; s a
sequence of indices, i.e., N; = (N;1,...,Mjk;) where n;x € {0,1,...,n} for all 1 <k < k;. Such
a schedule means that M; processes Jy, , in time interval [T x—1,Tjx), for all 1 < k < kj, unless

n;% = 0 in which case M; is idle during the corresponding time interval.

The schedule is legal if the same job is never scheduled to be processed at the same time
by two different machines (namely, parallelization is forbidden). The schedule is complete if for

every given job, the sum over all machines of its processed parts amounts to its weight, i.e.,

Z (Tje —Tjk—1) 85 =w; forall 1<i<n. (1)
(4,k): mj =i

Hereinafter we consider only complete and legal schedules.
For a given schedule, o, we let A(g) = (A1, ..., Amn) denote the corresponding vector of loads,
where \; := 7;, is the ¢ime in which M; finishes running under the schedule o. One usually

seeks schedules that minimize the value of some target function of the loads,

flo)=f(A(o) = F(has- o Am) (2)

where f is typically a convex, symmetric and monotonically non-decreasing function with respect
to its arguments.

For a given target function f, we let fo,¢ denote its optimal value, i.e.,
fopt = moi_n flo) . (3)

The usual choice is the makespan, f = max. This case was studied in [11, 10, 6, 12]. Liu and
Yang [11] introduced bounds on the cost of optimal schedules. Horvath, Lam and Sethi proved
that the optimal cost is indeed the maximum of those bounds by constructing an algorithm that
uses a large number of preemptions. Gonzalez and Sahni [6] devised a polynomial algorithm
that outputs an optimal schedule for which the number of preemptions is at most 2(m—1). This
number of preemptions was shown to be optimal in the sense that there exist inputs for which
every optimal schedule involves that many preemptions. This algorithm was later generalized
and simplified for jobs of limited splitting constraints by Shachnai, Tamir and Woeginger [12].
In this paper we extend the ideas of [12] for general symmetric, convex and monotone target
functions. This general approach offers several benefits over the study of the particular makespan
problem. By looking at the problem from a more general perspective, we are able to distill the
underlying principles on which the algorithm of [12] is based. This approach enables us to
identify between the optimal scheduling problem and a problem of mathematical programming.
This, in turn, allows us to devise a single algorithm that is suitable for a wide array of target

functions, where the only difference between one target function and another is manifested



through the corresponding mathematical programming problem. Lastly, this approach facilitates
the presentation and analysis of the algorithm.

The paper begins with a study of properties of optimal schedules, Section 2. We show that
when the target function is convex, symmetric and monotone, there always exist optimal sched-
ules of a relatively simple structure. Specifically, there always exist optimal schedules where the
loads on faster machines are greater than or equal to the loads on slower machines, Proposition
2.2, and there are no idle times, Proposition 2.3. As a consequence of this characterization
of (some) optimal schedules, we define a mathematical program (i.e., a problem of minimizing
a multivariate target function in a bounded polyhedron) whose solution is the set of machine
loads of an optimal schedule, Theorem 2.5. Section 3 is then dedicated to the presentation and
analysis of Algorithm 3.1. This algorithm receives as an input a set of machine loads from the
polyhedron that corresponds to the equivalent mathematical program, and it outputs a complete
and legal preemptive schedule with those machine loads. Hence, if one runs this algorithm with
the set of machine loads that solved the mathematical program, one gets an optimal preemptive
schedule to the original problem, Theorem 3.10. In Appendix A we illustrate the algorithm with
an example.

The problem of finding an optimal preemptive schedule is therefore separated into two inde-
pendent stages. In the first stage we write down the corresponding mathematical program and
solve it. In that mathematical program we aim at minimizing the function (2) in a bounded
polyhedron in R™ that reflects a set of linear constraints that manifest our demand for com-
pleteness and legality of the schedule. After solving this mathematical program, we face an
algorithmic problem: finding a preemptive schedule whose loads equal the solution of the math-
ematical program. This is achieved by Algorithm 3.1. This second stage is general in the sense
that it is independent of the choice of the target function.

After presenting and studying the general algorithm, we derive explicit results for specific
target functions, Section 4. In Section 4.1 we revisit the makespan problem and we show that
the minimal value of our mathematical program when f = max agrees with the makespan of
optimal preemptive schedules as derived in [6, 12]. In Section 4.2 we apply our analysis to the

£,-norm,
1/p

FOx - Am) = | Do , 1<p<oo, (4)
j=1

that was studied in the past in the non-preemptive setting [1, 5]. More specifically, we charac-
terize the solution of the corresponding mathematical program when f is as in (4), Section 4.2.1,
and offer a polynomial time algorithm to solve it, Section 4.2.2. In Section 4.3 we continue to

explore the threshold cost function,
FO9 - Am) =Y max(Aj,c) (5)
j=1

where ¢ > 0 is some constant threshold. This target function was also studied in the past for
non-preemptive scheduling [2, 3, 4]. Finally, in Section 4.4, we show that an algorithm due to
Hochbaum and Shanthikumar [7] may be applied in order to solve the mathematical program in

a polynomial time whenever the target function is separable, i.e., f(A1,..., Ap) = z;nzl g(Aj).



It should be noted that even though the ¢,-norm target function, (4), with p < oo, and the
threshold target function, (5), are separable, the algorithms that we offer for these cases are
simpler and more efficient than the general algorithm in [7].

As a concluding remark we recall that the non-preemptive versions of the above problems
are typically strongly NP-hard. Approximation schemes for the makespan problem were given
by Hochbaum and Shmoys [8, 9]. The papers [1, 5] offer approximations schemes for a wide

class of target functions, including the ¢,-norms.

2 Properties of optimal schedules

In this section we derive some qualitative properties of optimal schedules for general symmetric

and monotone target functions.

Proposition 2.1 Let My and Ms be two sets of m machines each, M; = {M, j}1<j<m, t =
1,2, with speeds 1 = s;1 > -+ > 8;.m > 0, 2 = 1,2. Assume that the machines in My are no
faster than the corresponding machines in Ma, namely, s1; < so 5 for all1 < j < m. Then for
any input set of jobs J, and for every monotone target function f, (2), fopt2 < fopt,1, where
fopt,i is the optimal f-value for schedules of J on M;, i =1,2.

Proof. Let o1 be an optimal schedule of 7 on M;. Let o3 be the corresponding schedule
of J on My in the following sense: if oy scheduled J,,, to run on M; ; during time interval
[Tj7k,1, Tj’k>7 then o3 schedules the same job to run on M ; during the same time interval. In
case 51; < 82 5, My ; will be idle during a fraction of 1— :;—j in each such interval. Concentrating
on the last time interval on M ;, 1 < j < m, we see that the time in which it finishes working
in o2, A2, is no later than A; ;, the time in which it finishes working in o;. Since f is

monotonically non-decreasing, we conclude that fop:2 < fopt,1. O

Comment. We assume throughout the paper that the number of machines, m, is no larger
than the number of jobs, n. Proposition 2.1 implies that if m > n, an optimal solution simply

ignores the m — n slowest machines.

Proposition 2.2 There exist optimal schedules in which the loads \; are monotonically non-

imcreasing.

Proof. We start by showing that we may always place the smallest load on the slowest machine,
Am = mini<j<m A;, without increasing the value of the target function. Assume a schedule in
which the smallest load is A; for some 1 < j < m. Then, by Proposition 2.1, we may only
improve the value of the target function if we rearrange the post-A; schedule to use the m — 1
fastest machines, {Mj, ..., M,,_1}, rather than using the m — 1 machines in M \ {M,} (here
we rely upon the symmetry of f). Arguing along the same lines, we may show that the next

smallest load could be placed on M, 1 and so forth. [J



Proposition 2.3 There exist optimal schedules with no holes (i.e., no idle times on a machine
after which it resumes processing). Namely, if the last time interval in every machine is always
non-idle, in the sense that 1;, € {1,...,n} for all 1 < j < m, there exist optimal schedules in
which nj, #0 foralll1 <j<mand1 <k <k;.

Proof. Let o be an optimal schedule. For every k, 0 < k < m — 1, we let T, = Ti(o) denote
the first time in which the number of unfinished jobs equals k (namely, it is the (n — k)th time
in which a job completed its process). Setting T, = 0, we have T}, < T,—1 < -+ < Tp.

First, we show that ¢ may be modified into a schedule o) that has no holes during
[T, Tr1) and f(o™M) < f(o). Assume that such holes exist in @. Such a hole takes the form
of a time interval [7j —1,7j %) C [Tm, Tm—1) during which M; is idle. Let 7% € (7j5—1,Tj %) be
the first time in which a preemption occurred in any machine during this time interval (if there
are no preemptions at all during that time interval we take 7% = 7 ;). Then the set of (no more
than) m — 1 jobs that are running on the other machines during [7; x—1,7*) remains unchanged.
Since during [T}, T),—1) there are at least m jobs that are still not complete, we select one of
them that is not running during [7; x—1,7") and schedule it to run during that time interval (or
at least during part of it, if that job may complete its processing on Mj; in less than 7" — 7 1
time units). After doing so, we recalculate Ty, 1 < k < m, since they may decrease in wake of
such a reschedule. If the modified [T}, T},—1) still has holes, we repeat the same procedure until
we reach a schedule oV in which [T, Trn—1) is free of holes. Obviously, as the loads in o™
are no larger than the corresponding loads in o, we conclude that f(a(l)) < f(o), ie., oW is
also optimal.

After this is accomplished, we may apply the same process to all time intervals [Ty, Ti—1), for

k=m—1,...,1. During [T}, Tix—1) there are exactly k unfinished jobs. In view of proposition
2.2, we may assume that they are all scheduled to run on the k faster machines, {M; };‘?zl, while

the slower m — k machines already exhausted their load. If there are holes in any of the schedules
in the k faster machines, we may always fill them up, as we did earlier. This way, we get a
schedule o™ +1=%) where o(™*+1=%) has no holes until time 7}_; and it is optimal. Eventually,

we arrive at o("™) that is optimal and has no holes. O

Hereinafter we concentrate only on optimal schedules that comply with Propositions 2.2 and
2.3. We define the weight on M; as

1 = sjA; - (6)

Namely, the weight on machine M; under a schedule o represents the total weight of job parts

that are scheduled by o to be processed on M; (note that prior to Proposition 2.3 there could

have been holes in the schedule and then the weight might not have been related to the load
through (6)). We also define the following:

Zlewj 1<k<m-1
Wy = : (7)
Z;Zl w; k=m

With these definitions, we state the following key proposition.



Proposition 2.4 In optimal schedules that comply with Propositions 2.2 and 2.3

k
Supi=We , 1<k<m—1 (8)

j=1
while

Zuj:Wm : (9)

Proof. As (9) is just the completeness requirement, we focus on (8) and prove it for an arbitrary
value of 1 < k < m — 1. In view of Proposition 2.2, the entire schedule is embedded in the time
interval [0, A1). We break up this interval into a disjoint union [0, A1) = U?:o Ry, where Ry is
the union of all time intervals in which exactly ¢ of the k largest jobs are running (recall that
parallelization is forbidden so Ry is defined properly). Proposition 2.2 implies that

Rk C [07 >‘k)
RyURp_1 C [0, )\}cfl) (10)
RyU---UR; C [0,)\1)

Let r; denote the amount of work that was done on the k largest jobs during Ry. Then, as the
schedule is complete,

k
Z?‘e =Wy . (11)
(=1

On the other hand, since the schedule is legal, r, may not exceed the duration of R, times the
sum of speeds of the ¢ fastest machines,

¢
re < Sp-|Rel , Si=)_s;. (12)
j=1

Hence, by (11), (12) and (10),

k k k k k
W <D D s | IRl =D i [ DoIR | <D sihi=> -
=1 \j=1 j=1 l=j j=1 j=1

L

O

Finally, we state our main result.
Theorem 2.5

S1 Sm

foptmg%nf<m,...,mn> (13)

where Q@ C (RT)™ is the bounded polyhedron of all nonnegative weights ju; that satisfy the legality
and completeness constraints (8)+(9).



Proof. Let fp,in, denote the minimum of the optimization problem (13) under constraints
(8)+(9) (This optimization problem is a mathematical program to which we refer henceforth
as MP). fiun is well defined since f is convex and €, the domain in which the minimum is
sought, is closed and convex. Proposition 2.4 imply that fop: > fmin. Since Algorithm 3.1 in
the next section produces a complete and legal preemptive schedule with weights {u;}1<j<m

for any (p1, ..., pm) € Q, we infer that fopr = frin. O

We conclude this section with two notes on the properties of the target function:

e A note on the symmetry assumption: If the target function is not symmetric, most of
the properties of optimal solutions on which we relied do not hold any longer. As an example,
consider a problem with two machines with speeds s; = 1 and s; = 1/2, one job of weight

wy = 5 and the target function is
f(Al, )\2) = max(/\l, )\2/4) .

It is not hard to see that an optimal schedule in this case is to run a part of weight 2 of the
input job on M; in time slot [0,2) and then run the complementary part of weight 3 on Ms
in time slot [2,8). This optimal solution has a “hole” in M and the loads are not monotone,
A1 = 2 < Ag = 8. Therefore, asymmetry might require a different approach.

e A note on the convexity and monotonicity assumptions: If the function f is strictly mono-
tonically increasing with respect to each of its arguments and is also strictly convex, it may be
shown that Propositions 2.2 and 2.3 apply to all optimal schedules (i.e., filling up holes and ar-
ranging the loads so that A\; > A whenever s; > s; and A\; = Ay, if 5; = s;, always improve the
value of the target function). As a consequence, Proposition 2.4 applies to all optimal schedules.
We note that the £,-norms are strictly monotone and strictly convex for all 1 < p < oo. The
{1-norm is strictly monotone, but it is convex only in the weak sense; the ¢,,-norm, on the other
hand, is neither strictly convex nor strictly monotone. Indeed, it is easy to construct examples
with optimal schedules for the ¢1-norm that fail to comply with Proposition 2.2, and examples

with optimal schedules for the ¢,.-norm that fail to comply with both Propositions 2.2 and 2.3.

3 An optimal scheduling algorithm for a general target

function

3.1 The algorithm

Let {f;}1<j<m € © be a set of nonnegative weights that satisfy conditions (8) and (9). Let
145 !
A==, A=Y N, 1<j<m and Ag=0. (14)

Next, we define the following state functions on [0, A,,): a potential function

1 zel

0 ¢l (15)

U(x) = Zsj . X[A]»,l,Aj)(ﬂU) where xs(z) = {
=1

7



a timing function

O(z) = r—Aj ifze [.Aj—hAj) for some 1 < j <m | 16)
0 otherwise
and an indicator function
P(.’E) _ Jj ifze [.Aj—laAj) for some 1 <j<m (17)
0 otherwise

(see Figures 1-3 in Appendix A). The function ¥ represents initially the potential work of the
m machines, assuming the loads ;. Algorithm 3.1 produces a preemptive schedule o of J on
M such that the weight on machine M; equals f;.

Algorithm 3.1

1. Initialize U, © and I' according to (14)-(17).
2. i =1 (current job number).

3. Define End(a) for all a € [0, Ay,) in the following manner:
End(a) = minfa + A, — Ay, A1) Va€[A1Ay) . 1<j<m,  (18)

where, for the sake of the last interval, we take Apr1 = Ay

4. Find the mazimal value of a for which
b=End(a)
/ U(z)dx = w; . (19)

5. Decompose the interval [a,b) into a disjoint union of intervals,

14
[a7 b) = U [ar—la ar) (20)

where ag = a, ag = b, T' is constant along [a,_1,a,), say Uli,_, a,) = Jr, and j1 < j2 <
e < j€~
6. Compute

ar
Wiy = / U(z)dr , 1<r</. (21)
Ar—1

r—

7. Break up J; into € parts, {J; r}1<r<e, where the weight of J;, is wip, 1 <1 < L.
8. Schedule J; , to run on M, in time interval [©(a,—1),0(a,)) , 1 <r < L.

9. Remove the interval [a,b) from U, © and I'. More specifically, apply on all three functions

the following operator:
Uta,)® := @ - X0,0) + Lo—a {® - X[p.o0) } > (22)
where Lq is the d-left shift operator, i.e., Ly®(x) = ®(z + d).

10. Update m to indicate the number of discontinuities in the modified timing function © and

set Aj, 1 < j < m, to be the corresponding jth discontinuity.
11. i =i+ 1.
12. Ifi > n stop. Else go to Step 3.



3.2 Analysis

In this section we prove the validity of the algorithm. Hereinafter, whenever necessary to
distinguish between two subsequent rounds, we use the superscript i to denote the values of the
algorithm variables during the ith round in the algorithm, 1 < i < n. Namely, ¥¢(x), ©%(x) and
I'(x) are the three state functions during the ith round (before they are being updated in Step
9), m" is the number of discontinuities of ©°(z) while {A%},< <., are those discontinuities (with

£ =0), and End'(a) is the function that is defined in (18) at the ith round. We also define
Q" =[0,A? ;) to be the support of the state functions in round i, Q% = [A}_,, A%), 1 < j <m’,
be the decomposition of ' into intervals of continuity of ©°(z), and A} = [€2}].

Lemma 3.2 (i) The timing function is linear on each continuity interval, i.e.,

0 () = x— A5y ifxeQ) for somel < j<m
0 otherwise

(ii) A;, 1< j <m?, form a non-increasing sequence for all i.

(iii) The potential function, Wi(x), is monotonically non-increasing.

Proof. The statement clearly holds when ¢ = 1, in view of (15)—(16) and Proposition 2.2.
Moreover, statement (iii) is obviously true in all rounds since the cut-and-shift operator, Uy, 3),
leaves ¥* monotonic non-increasing. Hence, we may concentrate on the first two statements
and we proceed, by induction, to show that if they hold in the ith round they must hold in the
(¢ + 1)th round as well.

There are three cases to consider, according to the position of a that is selected in Step 4 in
the ¢th round:

Loac 9;7 j < mt, (namely, a does not fall in the last interval) and End(a) = a + )\;
2. ac€ Qé, j <m, and End(a) = A§+1.
3. a€Q ,, whence End(a) = A? .

mis

In the first case, the modification of ©% by means of the cut-and-shift operator Ula,p)» Step 9,
creates a continuous linear segment in @+ Q;H, out of two neighboring segments in 07, Q; and
Q%1 (the continuity stems from the fact that ©'(x+\}) = ©°(z) for all x € [Aj_1, Aj_; + A%, 4);
see Figure 3 and compare to Figure 6 and then to Figure 9). The form of ©*! is as in (23).
Moreover, )\;H = )\é 41 in this case. Therefore, since the lengths of all other intervals remain
unchanged, the new sequence of lengths is still monotone, )\’f“l > > )\f:ﬁl. We note that in
this case the number of intervals decreases by one, m ™t = m® — 1.

In the second case we also have m'*' = m’ — 1. Here, however, if a € Qf, then the
interval Q; 41 disappears in the next stage, while the preceding interval Q; will be shortened
into Q;H = [A;fll, A;*l) where the left end point remains the same, A;tll = Aé_l, while the
right end point is modified into A;‘H = a < A’. All other intervals remain the same. ©“*!(x) is
still of the form (23). Moreover, the length of the newly formed interval, )\?“1, is smaller than

the length of the jth interval in round ¢, and therefore it is smaller than all intervals to the left.



On the other hand, it is longer than the old interval that disappeared, Q; 11, and, consequently,
longer than all intervals that remain to the right. Hence, also in this case the monotonicity of
the interval lengths is preserved.

In the last case, there are two possibilities: either a falls in the interior of Q% ,,i.e., a > A?

mio mi—17
ora= A’ . In the first case, the number of intervals remains unchanged, m'** = m’, and
all intervals remain the same apart from the last one that is shortened to Q;‘;lﬂ = [Ajn s a).

In the second case, the last interval vanishes altogether and m**t! = m? — 1; here also, all other
intervals remain the same. In both cases, ©*! is still as described in (23) and the sequence of

lengths remains non-increasing. [J

Lemma 3.3 Define the sliding window potential function

R End(a)
U(a) :/ U (z)dz . (24)

Then End(a) and U(a) are both continuous, where the former is non-decreasing while the latter

1S NON-INcreasing.

Proof. (Here, since we do not use induction, we omit the superscript i.) FEnd(a) is clearly
continuous in the interior of each interval €2;. Let A; be the transition point between Q; and
Qj41. Then, by (18) and Lemma 3.2-(ii),

End(Aj—) = min(A; + Aj, Aji1) = min(Ajpg + X5 = Xjr, M) = A
On the other hand,
End(A;+) = min(Aj + Aj1, Ajro) = min(Ajpr, Ajro) = Ajpr

Hence, End(a) is continuous. Since it is monotone non-decreasing in the interior of each interval
Q;, it is monotone non-decreasing along its entire domain of definition [0, A,y ).

The definition of ¥(a) as a sliding window integral of a piecewise continuous function, where
the window edges, a and End(a), vary continuously, imply that it is also a continuous function.

It is non-increasing, as can be seen by differentiating (24),

d¥(a)
da

= V(End(a)) - End'(a) — ¥(a) . (25)

In the domains where End(a) is determined by the first argument in the minimum in (18), its

derivative is 1. Therefore, as End(a) > a and ¥ is non-increasing, Lemma 3.2-(iii), we get

d¥(a)
da

= U (End(a)) — ¥(a) <0 .

In the domains where End(a) is determined by the second argument in the minimum, End’(a) =
0. Consequently, since ¥ > 0, dq;—((la) turns out to be non-positive there as well. O
Assume that round * was the first round in which we selected in Step 4 a value of a with

End” (a) = Ai;* (namely, this is the first round in which the sliding window went all the way

10



to the right end point of the current support, [0, A:nl ), of the three state functions). It is not
hard to see that, as the jobs are ordered in a non-increasing order according to their weight,
the same will happen in all subsequent rounds, i.e., End(a) = Ain for all i > i*. We refer to
the first i* — 1 rounds in the execution of the algorithm as Phase 1, while rounds ¢* through n

constitute Phase 2. With this terminology, we proceed as follows.

Lemma 3.4 During Phase 1 the number of ©'-continuity intervals always decreases by one.
Namely, for all i, 1 <i <i*, m' =m —i+ 1. Consequently, Phase 1 lasts no more than m — 1

rounds.

Proof. Referring to the three cases that were discussed in the proof of Lemma 3.2, we note that
during Phase 1 we are always in case 1, or in case 2 with j < m® — 1. In either case, the value
of m decreases in such rounds by 1, as shown there. Consequently, if Phase 1 covers the first
m — 1 rounds, then during the mth round the number of continuity intervals in ©™ is one. The
definition of the function End(a) implies that this round must therefore mark the beginning of
Phase 2. I

Next, we turn our attention to the following important proposition.

Proposition 3.5 In all rounds, the set of values of a that satisfy requirement (19) in Step 4 of
the algorithm is nonempty and it has a maximum.
The following sequence of lemmas provides a proof for this proposition.

Lemma 3.6 If Proposition 3.5 holds for the first i — 1 rounds, where i is any value in the range
1 <i<m, then

[ wi@nds =3 - Wi (26)
Qi =

i.e., the total potential during the ith round equals the initial total potential minus the sum of
weights of the first i — 1 jobs, W;_1, (7).

Proof. In each round ¢ we identify an interval [a, Fnd(a)) along which the integral of the
potential function ¥ equals w;, (19), and then update W into U**! by extracting that interval,
Step 9. Since the total potential of W' is 3" ju;, see (14) and (15), equality (26) follows. OJ

Lemma 3.7 If in round i
*(0) > w; (27)

where Ut s defined in (24), the assertion of Proposition 3.5 holds in that round.

Proof. (The superscript ¢ is omitted.) The definition of End(-) and ¥(-) imply that

U(Ap) =0. (28)

11



As U(-) is continuous, Lemma 3.3, we infer by (27) and (28) that there exists at least one value
of a for which (19) holds. As ¥(-) is also monotone non-increasing, there is either a unique a
that satisfies (19), or a closed interval [@min, @max] from which the algorithm picks the largest

value @ = amax. [

Lemma 3.8 Let

p= [ W@ds . 1<i<m (29)
denote the integrals of the potential function in the ith round, Vi(x), along the intervals of
continuity of ©'(z). Then

k i+k—1
b= wy o, 1<k<mi-1 (30)
j=1 j=i

and ;
D M= ws (31)
i=1 j=i

During the ith round there are m® “virtual machines” that correspond to the m® continuity
intervals of ©¢. Those continuity intervals generalize the concept of the DPSs ( Disjoint Processor
Systems) of [6, 12]. The lemma states that the initial situation where machine weight prefixes
dominate job weight prefixes, while the total sum of machine weights equals the total sum of

job weights, as described in Proposition 2.4, is preserved in all rounds.

Proof. The statement is obviously true for ¢ = 1 since then it agrees with Proposition 2.4. We
proceed by induction to prove it for the (¢4 1)th round, assuming that it holds for the ith round.
To avoid too many indices we denote all entities of the ith round with no superscript, while
the entities in the subsequent round will be denoted by an apostrophe. To further simplify the
notations, we concentrate on the transition from the first round to the second one, i.e., i = 1.
First, we assume that the first round was in Phase 1, so that the number of intervals in the

second round is m’ = m — 1. So, given that
pr+ g >wi 4o twe , 1<k<m-—1 and i+ +pm=wi++w,, (32)

we need to show that if u}, 1 < j < m’ =m — 1, are the corresponding weights in the second
round, (29), then

pht oty > wet o Fwppr , 1<k<m-—2 and pi4--Fp, = watFwy . (33)

Let us assume that the first job was scheduled on an interval [a, End(a)) where a € Q; for some
1<j<m-—1(j5<min view of our assumption that the first round was in Phase 1). Then
after the update of the state functions, Step 9, the first 7 — 1 weights are not effected,

We=pr , 1<k<j-—1. (34)
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The new jth weight equals the sum of the previous jth and (j 4 1)th weights, minus w; (which

equals the integral of W’ over the interval [a, End(a)) that was extracted),

1y = i+ pjt1 — wi (35)

The remaining weights in the new round are obtained by a left shift of the remaining weights
in the previous round,
Mo =Hk+1 , JH1<k<m-—1. (36)

When k < j the corresponding inequality in (33) holds due to (34), (32) and the monotonicity
of the job weights,

fy A g = A g > wy e wg > wa e W
If j <k <m — 2, the corresponding inequality in (33) holds due to (34)—(36) and (32),
py e e = b ey — w1 > W A Whg

The equality in (33) is proved similarly. This completes the proof for i = 2 if the first round
was in Phase 1. If the first round was in Phase 2 the proof is very similar and should take into
account the two possible cases: either m’ =m (if a > Aj—q) or m’ =m — 1 (if a < A,,—1 and
End(a) = A,,); we omit further details. O

Proof of Proposition 3.5. Lemma 3.8 implies that in all rounds

\ili(O):/Qi\I/i(x)dx:uizwi , 1<i<n.
1

Hence, Proposition 3.5 holds in view of Lemma 3.7. [

Theorem 3.9 Algorithm 3.1 generates a complete and legal schedule. Moreover, the number of

preemptions that are enforced by the algorithm is bounded by 2(m — 1).

Proof. The algorithm is well defined in view of Lemma 3.2 and Proposition 3.5. This implies the
completeness of the resulting schedule since each job is assigned time shares on the machines
that enable its completion. The schedule is legal since End(a) is defined so that the timing
function ©(x) is one-to-one along the interval [a, End(a)).

Next, we turn our attention to the number of preemptions. We prove that the number of
segments in the schedule, Z;n:1 k; (see Definition 1.1), is bounded by n + 2(m — 1). Let @
denote the number of segments in the schedule after the assignment of the first ¢ jobs. Then
we aim at showing that @, < n + 2(m — 1). Initially, Qo = m since in each machine there
is exactly one idle segment of duration p;/s;. During Phase 1 in the algorithm, the overall
number of segments may increase by no more than 2. Indeed, going back to Step 5 in the
algorithm and to the decomposition (20) of the interval [a, End(a)), we note that the assignment
of such a job may increase the number of segments only in the first and last machines, M;, and

M;,, while in the intermediate machines, {M; }1<,<¢, the number of segments remains the

13



same. During Phase 2, however, the number of segments may increase by 1 at the most. More
specifically, if the interval assigned to the job is exactly the last interval of discontinuity of ©7,
ie., [a, End(a)) = [A!

m1‘_1,Aini), the number of segments does not increase; if, on the other

hand, a > Azn_l or a < Afn_l, the number of segments will increase by 1. Note that in the
last round a must equal 0, as implied by condition (9). In view of all of the above, if ¢ is the
number of rounds in Phase 1, @, < Qo +2t+ (n—t—1)=m+t+ (n—1). Since t <m — 1,

Lemma 3.4, we conclude that Q,, <m+(m—1)4+n—-1=n+2(m—-1). O

We note that this number of segments, n + 2(m — 1), was shown to be minimal for some
inputs for the makespan minimization problem [6].
In view of all of the above, we arrive at our final statement regarding Algorithm 3.1.

Theorem 3.10 Algorithm 3.1 outputs an optimal preemptive schedule when the input p =
(U1, .- bm) @8 a solution of the corresponding mathematical program MP, namely, when it
minimizes (13) under constraints (8)+(9).
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3.2.1 A semi-online version

Here we show that our algorithm works even when the jobs are not ordered according to a
non-increasing job weight. We describe herein all the necessary modifications that need to be
made in order to prove that also the semi-online version of the algorithm works.

When the jobs are not ordered, the terms Phase I and Phase 2 are no longer suitable.
Instead, one should speak of rounds of Type I and Type 2. Round number ¢ is a round of
Type 1 if the value of a that was selected in Step 4 was in the range [0, Afni_l]. Otherwise, if
a € (Ain_17 Afn,-), the round is referred to as a round of Type 2. When the jobs are ordered, all
rounds of Type 1 (if any) occur first, and once a round of Type 2 occurs, all subsequent rounds
are also of Type 2. This enabled the distinction between Phase 1 and Phase 2. However, when
the jobs are not ordered, the two types of rounds may be interleaved. Hence, Lemma 3.4 should

be modified as follows:

Lemma 3.11 In each round of Type 1, the number of ©%-continuity intervals decreases by one.

Consequently, there are no more than m — 1 rounds of Type 1.

The next lemma that needs to be modified is Lemma 3.8. Here is its modification:

Lemma 3.12 For every round number i, 1 < i < n, let {w;-}lgjgnﬂ_i denote the sequence
of job weights that were still not scheduled thus far, ordered so that wj > wj >+ > wy, 1 ;.
Furthermore, let ,u; denote the integrals of the potential function in the ith round, Wi(x), along
the intervals of continuity of ©%(x), see (29). Then

k k
ZpéZZw; , 1<k<mi-1 (37)
j=1 j=1

and
n+l—1:

S i (3%)

Tni

i
Z“a’ =
j=1

Proof. The statement is obviously true for ¢ = 1 since then it agrees with Proposition 2.4. We
proceed by induction to prove it for the (i+1)th round, assuming that it holds for the ith round.
To that end, we denote the weight of the job that was scheduled in the ith round by w?, where
1<s<n+1-1.

There are two cases to consider: either the ith round was of Type 1 or it was of Type 2. If it
was of Type 1, the number of intervals in the (i 4+ 1)th round is m**! = m? — 1 and there exists
£, 1< ¢<m’ such that

pp = ey — W : (39)
W= (+1<j<m™

In light of (39), the new set of machine weights u§+17 1 < j < m*t!, and the weights of the
remaining job weights,

{wi h<i<n—i = {wih<j<nti-igzs » (40)
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obviously satisfy the required equality (38). Thus, we concentrate on proving that they satisfy
the set of inequalities in (37), i.e., that

k k
TEED SN S T Ak (41)
j=1 j=1

Those inequalities hold for all £ < ¢ — 1 because, by (39), (37) and (40),

k

k k k
1+1 7 7 i+1
doH; pp =y wi=y witt.
=1 1 =1 j=1

j:
As for £ < k <m*tl —1,(39) and (37) imply that

k+1 k+1

k
D= w2 ) - (42)
j=1 j=1 j=1

Now, if s < k+1, the right hand side in (42) equals the sum of the k largest jobs in round i+ 1,
ie., Zle w}“, whence Zf:l ué‘“ > Zle w;H as required. If, on the other hand, s > k + 1,

we get that
k

k k k
SoH S uh (why — ) 2 Yow) = ul
j=1 j=1 j=1 j=1
namely, the set of k largest job weights remains unchanged in this case.

If the ith round was of Type 2, the number of intervals in the (i + 1)th round is mi*! = m?
and

M;+1:N3 1§j§mi+1—1

i+l 4 i
Boppivr = Hpps — Wy

(43)
Also here, the new set of machine weights u;-‘H, 1< j <m't!, and the weights of the remaining
job weights, (40), obviously satisfy the required equality (38). Thus, we concentrate on prov-
ing that they satisfy (41). Arguing along the same lines as before, this is a straightforward

consequence of (43), (37) and (40),

k

k k k
+1 7 7 1+1
Dot =Yz ez Wit
j=1 1 j=1 j=1

O

Next, we should modify inequality (27) in Lemma 3.7 into ¥#(0) > w! (namely, the first
machine weight in each round, u¢, should be at least as large as the weight of the largest job
that was still not scheduled). That, in turn, proves Proposition 3.5. That summarizes all the

necessary changes.
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3.3 Implementation

Algorithm 3.1 maintains three state functions and, in Step 4, it needs to find a specific value
of a out of a continuum of possible values. Hence, it is necessary to demonstrate how such an
algorithm, that deals with non-discrete entities, may be implemented efficiently.

The three state functions may be easily represented by vectors of length m that store their

discontinuities. To that end, the algorithm maintains the following variables:
1. The variable mt that holds the value m‘. It is initialized to mt= m.

2. The vector T[0 : m] that holds in round ¢ the discontinuities of the timing function ©(x),
ie., A;, 1 <j <m' It is initialized to T[j1=A; for all 0 < j < m.

3. The vector G[0 : m] that holds in round ¢ the discontinuities of the indicator function I'(z).

It is initialized in the same way as T[-].

We note that the discontinuities of the potential function, ¥(z), coincide with those of I'(x)
(When we talk hereinafter about discontinuities of ¥ we actually mean a transition point from
one machine to another, namely, a discontinuity in I'. Note that if two adjacent machines have
the same speed, there is a discontinuity in I" but not in W; still, we count that point as a
discontinuity in our discussion). During the entire execution of the algorithm, the vector T[-]

will represent the function ©(z) in the sense that

O(r) = { r-Ti-1] ecli-1T{) , 1sj<me
0 Otherwise

see (23). The vector G[-], on the other hand, represents both I'(x) and O(z) as

' j — j <j<
D(z) = J ze [G[J' 1,6[3)) , 1<j<m
0 Otherwise

and

(44)

; j — ' <ji<
U(z) = 55 T € [G[J. 1,G6[3)) » 1<j<m
0 Otherwise

Assume that in a given round we identified an interval [a,b) that should be extracted, see
Step 9. Implementing the cut-and-shift operation, (22), on T[], G[:] and mt is a straightforward
task. Hence, we proceed to explain how to find the appropriate value of a in Step 4. To that
end, we construct in each round a third vector that will represent the sliding window function
U(a) = faEnd(a) W(z)dz, (24). As shown in Lemma 3.3, ¥ is continuous and monotonic non-
increasing. Its derivative however, (25), is piecewise constant and has discontinuities of three

types:

e Type I. Points a in which the left end point of the sliding window, a, is a discontinuity of
v,

e Type II. Points a in which the right end point of the sliding window, End(a), is a discon-
tinuity of W.
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e Type III. Points a in which End’ is discontinuous. End’ has discontinuities in every point
T[jl, 1 < j < mt, and also in internal points of the intervals (T[j-1],T[j]) in which
the two arguments in the minimum in (18) are equal. The discontinuities of the first
kind, T[j], are always of Type I as well, since the discontinuities of O(z) are always
discontinuities of ¥ too.

There are no more than m — 1 internal discontinuities of W. Therefore, the number of discon-
tinuities of Type I is no more than m — 1, and the same holds for discontinuities of Type II,
since End(a) is monotone. As for discontinuities of Type III that are not also discontinuities
of Type I, there are no more than m — 1 such points because End’ has no more than m — 1
discontinuities in the interior of the intervals (T[j-1],T[j]1), 1 < j < m. In view of all of the
above we conclude that ¥ is continuous and piecewise linear and it has no more than 3(m—1)
singular points. Therefore, what we need to do in order to recompute \il() in each round is as
follows:

1. Find its set of (no more than 3(m — 1)) singularities.

2. Compute ¥ at each of these singularities, at a = 0 and at a = G[n] (in the latter point ¥

is always zero, (28)).

Having identified the nodes of ¥ and its values at those nodes, we may then easily find (the
maximal) point a where ¥(a) = w;, (19), by means of a binary search of w; in the list of values
of U at the nodes, followed by a linear interpolation. Hence, we proceed to discuss how we may
carry out the above two tasks. The second one is easy: given a value of a it is straightforward
to compute End(a), according to T[] and (18), and then ¥(a), according to (44). It remains
to discuss the first task above, namely, finding the singularities of . The singularities of Type
I are just the points G[j], 1 < j < m-1. The additional singularities of Type III are easily
computable from T[-]. Finally, the singularities of Type II are just InvEnd(G[j]1), 1 < j <
m-1, where InvEnd(-) is the inverse function of End(-). InvEnd(-) is well defined everywhere
apart from {T[j], 1 < j < mt}. So we may find all singularities of Type II for which G[j]
does not coincide with a discontinuity of ©(z), T[k]. We claim that we may ignore at this stage
points G[j] that do coincide with some T[k]. The reason is that such points give rise to two
singularities of Type II: the first one is also a singularity of Type IIT and the second one is also a
singularity of Type I. Therefore, we may ignore such points in our search of Type II singularities
because they were already covered in our search for Type I and Type III singularities.

4 Examples of Target Functions

4.1 The makespan

In [6] it is shown that the optimal makespan is

Wy
fopt ==  ax g where g, = 5, (45)

W is given in (7) and Sy, is the sum of the speeds of the k fastest machines, (12), 1 <k < m. We

continue to prove that f,,; is indeed the minimum of MP with f = max. First, we claim that f,p:
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is a lower bound for the minimum: Let g = (p1, ..., im) € Q and let fy, = max (’s‘—ll, cey ’:—:)
Then p; < fpu - 55 for all 1 < j < m. Invoking (8)+(9), we conclude that

k K
WkSZMiju'ZSj:fu'Sk , 1<k<m.
=1 j=1

We infer that f, > gx for all 1 <k < m, where g, are given in (45). This implies that

i > . 4
108 = fon 1o
Next, we need to construct a solution g = (u1, ..., fm) € § for which max (%7 . ’;—;”) = fopt-

Algorithm 4.1 that is presented in the next section constructs such a solution (see at the end of
Section 4.2).

4.2 The {,-norm

Here, we concentrate on the solution of MP where f is as in (4). Even though this section
concentrates on 1 < p < oo, the results presented herein apply equally to p = 1 and p = oo
by taking the corresponding limit. We begin in Section 4.2.1 with a characterization of optimal
solutions of this problem. This characterization provides also a method to compute all optimal
solutions. However, the run-time of this method is exponential in m. In Section 4.2.2 we describe
a polynomial time algorithm that constructs an optimal solution for the problem. In analyzing

that algorithm and proving its correctness, we rely upon some of the results of Section 4.2.1.

4.2.1 Optimal solutions for the {,-minimization problem

In the mathematical program MP we aim at finding a solution g = (p1,...,um) € Q that

Bi

P
S_) . Using (9) to express p,, as a function of all other arguments, we aim
J

minimizes Y770, (

at minimizing

m—1 p p
(1 Wi — fi1 — -+ —
Q(Mla---vﬂm—l) - ({:J> +( #1 o 1) 3 (47>
J

Sm

j=1
in the domain
Q' ={(p1,- s pm—1) € R ¢ 3p,, € R such that (1, .., 1, ) € Q) . (48)

Differentiating with respect to each of the m — 1 variables we find out that the minimum occurs

when )
B b= W — g — -+ — fhy—1)P 1
99 _ Py _pl L 0 1<j<m—1,
Ouj 85 Sm
or
s p/(p—1)
Mj:<sj) Wy =1 — - — 1) >, 1<j<m-—1. (49)
The solution of this set of equations is
_ Wi )
=00 <o, (50)

Sp[l:m]
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where hereinafter ,
Spla : ] = Zs;’/(p*l) . (51)
j=a

The minimal point (50) may occur outside of €. In that case, the minimum in €’ is obtained
at some point on the boundary 9. 9 is composed of 2(m — 1) faces. m — 1 of those faces
are characterized by
k

dui=Wi , 1<k<m-1. (52)

j=1
The other m — 1 faces are characterized by p; = 0, 2 < j < m, where py, = W, — Z;";ll fhj-
From the convexity of the £,-norm for 1 < p < co we may ignore the latter m — 1 faces and
restrict our attention to the first m — 1 faces. Along the kth face pp = Wy — Z;:ll p; and,
consequently, the function g, (47), reduces to a function of m — 2 variables. Repeating the same
computations as before, we find that the minimum along the kth face is obtained at

Wi /Sp[l : K 1< <k
= Si;_’/(?’*l) . . (53)
(Wi —Wi)/Splk+1:m] k+1<j<m
In general, the minimum of g along the intersection of ¢ faces, say, 1 < k; < --- <k <m —1,

namely, the minimum of g when (8) holds with equality for all k € {k, ..., k:} and with a strict
inequality for all other values of 1 < k < m — 1, is given by

i = S;)/(pil) : (Wki+1 - Wk1>/sp[kl +1: kiJrl] ) ki +1 SJ < ki+1 ’ (54>

where kg = 0, ki1 = m, Wy = 0 and 0 < ¢ < ¢. Note that (54) agrees with (50) when the
global minimum is obtained at the interior Q \ 9Q (i.e., when ¢ = 0) and with (53) when it is
obtained at the interior of one of the faces of 90 (¢ = 1). Formula (54) may be used to find
the global minimum in € using a naive algorithm by scanning all 2™~! values of 0 < ¢ < m — 1
and {k; }1<i<¢, computing the corresponding minimum by (54), checking if that minimum is in
Q and, among those that are, selecting the minimal one.

4.2.2 A polynomial time algorithm for finding an optimal solution

Here we present a polynomial time algorithm that yields an optimal solution g = (p1, ..., ftm)
for MP where the target function is the £,-norm. The run time of the algorithm is O(m?). After

presenting the algorithm, we prove that its output, p, is in €2 and that it is a minimal point in

Q.
Algorithm 4.1

1. Sett =0 and k; = 0 (at each stage k; equals the number of values p; that were already
determined).

2. For every ky +1 < k < m, compute
qu(Wk—Wkt)/Sp[k‘t-i-ltk] , (55)

and set ki1 to be the (minimal) value of k for which gy is mazimal.
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3. Forall ki +1<j <k, set
pj = s OV (Wi = Wi ) /Syl + 1+ Ry - (56)

4. If kyt1 <m sett =t+ 1 and go to Step 2.

Comment. We note that the algorithm solves also the extremal cases p =1 and p = co. When
p = 00, the powers p/(p — 1) need to be understood as 1. As for p = 1, let b denote the number
of machines of maximal speed, i.e., s; =1for1 <j<bands; <1forb<j<m. Whenp |1,
the powers p/(p — 1) 1 co. Hence, si/(p_l) =1for1 <j<bandzeroforb<j<m. Asa
consequence, by (56), the machines which are not among the fastest, M;, b < j < m, will be
assigned nothing, p; = 0, and the entire weight will be spread among the b fastest machines.
The manner in which the total weight will be spread among those machines depends on the data
but is insignificant because the ¢1-norm does not distinguish between such assignments. Such

schedules are of-course optimal.
Example. Assume n = 5 jobs of weights (wq,...,ws) = (5,5,3,1,1), m = 4 machines of
speeds (s1,...,84) = (1, %,
evaluated in Step 2 are g1 = 2, g2 = %, g3 =22 and qu = % The maximum 20/3 is achieved

%, %) and p = co. Then in the first round, the quotients ¢; that are

at k1 = 2. So we set in Step 3 pu; = 20/3 and pe = 10/3. In the second round, the quotients are
q3s = % and q4 = % The maximum 6 is obtained at ko = 3, whence we set in Step 3 pus = 3.
The third round is the last. Here we have g4 = 1%2 so that ks = 4 and, consequently, ugq = 2.
The algorithm thus outputs (u1,...,pxs) = (20/3,10/3,3,2).

Lemma 4.2 Let g = (1, .. ., ftm) be the solution that Algorithm 4.1 returned and let {k; fo<i<i+1
be the corresponding sequence of indices that were identified during the execution of the algo-

rithm. Then p € Q. Namely, it satisfies (8)+(9). Moreover, the set of indices for which (8)

holds with equality is exactly {k;}1<i<:-

Proof. We show that for every 0 < i < t,

k
Sowp>We=Wi o, ki+1<k<kig, (57)
j=ki+1
and
kit1
ST 5
Jj=ki+1

Obviously, (57)+(58) prove all claims of the lemma. Let us fix ¢ in the range 0 < ¢ < ¢t and
prove (57) for that value of i. k;11 was the first index that maximized the quotient (W} —
Wi, )/Splk; + 1 : k] among all k; +1 < k < m. Hence,

(WkiJrl _Wkl)/Sp[kz+1 Zki+1} > (Wk—Wkl)/SpU%‘Flk} s ki +1 §k<ki+1 . (59)

21



Consequently, by (56),

k k
Z = Z SP/(p 1) Wiy — Wi,)/Splki +1: kiq] >
j=ki+1 j=ki+1
k
S ST SO (W= W) Skt L K = W= Wi, kit 1< < kg
j=k;+1

This proves (57). The proof of (58) is similar. [J

Next, we claim that g is optimal for 1 < p < oo (the case p = oo is referred to later on).

Lemma 4.3 Let p' = {i;}1<j<m be an optimal solution of MP for 1 <p < oo. Then p' = p.

Proof. Let {k]}1<;<¢ be the indices for which the optimal solution p’ satisfies (8) with equality.
Then p' is given by (54) with k. and ¢’ instead of k; and ¢. We continue to show that p’ coincides
with p along the first run in pu, i.e.,

wr=p; , 1<j<k. (60)

The proof for subsequent runs is similar. Our first observation is that, by (54) and (56),
L= P W /S, k) < S/ PTY W, /S, k 61
H1 = 81 k’l/ pll K] < i/ Spl 1] = (61)

(the inequality in (61) stems from the fact that k; was chosen by the algorithm in the first round

so as to maximize the quotients g = Wy /S,[1 : k]). Moreover, as pu’ satisfies conditions (8)+

(9),
k?l kl
ZN; > Wy, = Zﬂj : (62)
j=1 j=1
Next, assume that (60) does not hold. Then, in view of (62),
Wy, > . for some 1<k <k . (63)

We continue to show that (63)+(61) imply that the solution ' may be improved by moving
some weight from g} to pf, in contradiction to the optimality of p’. To that end, define

M= +pe , M =p+ g, (64)
and
2/ (0-1)
1 !/ (3 o
p; = oa;M" where «; = — — , i=1k. (65)
sf/(p D4 Sz/(p 1)

We show below that

py > py s pg <ppoand py A+ pp =+ g (66)
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This will establish the required contradiction: by replacing in p’ the weights on the first and
kth machine, g} and g, with the newly defined weights, 1} and p/, we get a different solution
that is still legal and it has a smaller £,-norm since

" p " p li p / p
(5) () < (5) + (%)
S1 Sk S1 Sk

(p” is still legal because, by (66), we increase the weight on the first machine by some constant
and decrease the weight on the kth machine by the same constant, hence, we keep respecting
all conditions in (8)4(9)). It thus remains only to prove (66). The equality in (66) is obvious.
Regarding the two inequalities, it suffices to prove only one of them. If M > M’ then, by (65),
wr = apM’ < apM. But o, M = gy, as implied by our definition of 4, in the algorithm, (56),
along the first run 1 < j < k;. Hence, by (63), we conclude that in this case

fye = e <, - (67)
If, on the other hand, M < M’ then, by (65) and (61),
wl =a1M' >a M =pq >y . (68)
(66) now follows from (67) and (68). O

Before concluding this section we comment on the optimality for p = co. We observe that
the solution p that Algorithm 4.1 outputs satisfies

Wi, H1 H2 Hm
max = > > > — 69
A e e (69)
When p = oo, (69) translates into
W W,
maxik:maxlz&zﬂz...zuﬂ;
1<k<m S|l : k]  1<k<m Sy s1 S9 Sm

here, as in (12), Sy = Z?:l sj. Therefore,

(/h Mm) _ Wi,
max [ —,..., = max —

51 Sm 1<k<m Sy

which, in view of (46)4(45), shows the optimality of this solution.
In addition, we note in passing that (69) strengthens Proposition 2.2 for p < co because it

implies that

A A
L>.>m
31p71 STI;';l

4.3 Threshold cost functions

Here we study the target function
f(ul,...7um):ZmaX (sj_,c> . (70)
=1 !
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This case, also known as extensible bin packing [2, 3, 4], describes a scenario in which a fixed
payment is due up-front for ¢ time units in each machine, whether they have been used or not,
and, in addition, to any excessive time that was used beyond the fixed threshold in any of the
machines.

We begin with an algorithm to compute an optimal solution g € Q to MP when the target
function f is as above. Here W, and Sy, are as in (7) and (12).

Algorithm 4.4

1. Set pi, =0 for all1 <k <m.
2. SetW:Wm:Z;.Lzle,
3. IfW <c-s1 set uy =W and stop.
4. Set
ulzmax{c~81,lr<1}€a<x(Wk—c-Sk—I—c-sl)} , W=W—pu . (71)

5. For k=2 tok=m do:

(a) If W >c-s then uyp =c- s, and W =W —c- sp.

(b) Else p, =W and W = 0.

Lemma 4.5 The solution that Algorithm 4.4 produces is in Q.

Proof. In order to prove completeness, condition (9), we show that if we reach Step 4 then W
must be zero at the end of the loop in Step 5 (in fact, it may become zero earlier, and then all

i, from the next step will be zero). The initialization of g, (71), implies that
w1 >Wo —c-Sp+c-s1 .

Consequently, at the beginning of the loop in Step 5,

m
WSC-(Sm—sl):onj .
j=2

Hence, if in all m — 1 rounds of the loop we execute Step 5a, the value of W at the end of the
loop is zero. If, on the other hand, we execute in one of the rounds Step 5b instead, then W
becomes zero at that point.

As for the legality conditions, (8), we proceed to show that 25:1 w; > Wy, for an arbitrary
1 <k <m —1. The statement is clear for k = 1, in view of (71). As for higher values of k, we
separate the discussion into two cases:

o Case 1. In round k in the loop 5 we executed Step 5a. This implies that we executed Step ba
for all the preceding values of k as well. Consequently, p; = c-s; for all 2 < j < k. Hence,

k
Zuj:,ul—&—c-(S;c—sl)ZWk—c~(Sk—51)+c-(Sk—s1):Wk.
j=1

¢ Case 1. In round k in the loop 5 we executed Step 5b. Here, it is clear that Zle i =Wy >
Wi. O
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Lemma 4.6 The solution p that Algorithm 4.4 produces gives a minimum to f, (70), in Q.

Proof. Our first observation is that we may concentrate on solutions pu’ € Q where

Bice | 2<j<m. (72)
Sj

Indeed, if % > c for some j > 2, then p; = cs;+d where d > 0. In that case, if we decrease 11; by
d and increase u1 by d, we get another solution ' where p”” € Q and f(p”) < f(p')— S% + % <
f('). We note that the solution that Algorithm 4.4 outputs is consistent with (72).

Next, assume that p' = (], ..., u,,) € Q is a solution that satisfies (72) and f(p') < f(p),

i.e., by (70),
m / m
E max <Mj,c) < E max ('uj,c> . (73)
— S5 — Sj
Jj=1 j=1

Since both p’ and p satisfy (72), we conclude by (73) that

!
max (ul,c) < max <'u1,c> . (74)
S1 S1

This may happen only if pj < pq and g3 > ¢+ s1. Hence, by (71),
pr=Wir—c-Sp+c-s3 forsomel <k<m. (75)

Concentrating on that k, we invoke (8) and (72) to conclude that

Therefore, puj > Wi, —c- (Sg — s1). Hence, by (75), pj > p1, in contradiction to our assumption.
O

4.4 Separable functions

Here we consider the case where the target function is separable, namely,
FOL - Am) =D () (76)

where ¢ is convex and monotonic. In order to solve the corresponding mathematical program
MP, we may apply the polynomial time algorithm of Hochbaum and Shanthikumar [7]. That

algorithm is designed to solve minimization problems of the form

mijrjlf(x) , D={xeR™:Ax > b}, (77)
xE

where f is as in (76), A is an integer matrix and D is a bounded polyhedron. The algorithm is

polynomial in the size of the input, in the logarithm of the required accuracy and in

A = A(A) := max{|det Aps| : Aps is a square sub-matrix of A} . (78)
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It should be noted that when f is the ¢,-norm, p < oo, or the threshold cost function, (70),
Algorithms 4.1 and 4.4 are simpler and more efficient than the general algorithm in [7].

We need to show that our mathematical program MP falls under the framework for which
that algorithm applies. First, we think of the function f in MP as a function of the weights, u;,
rather than a function of the loads, A; = p;/s;. Namely,

m

Flasomm) =Y g(pi/s5) - (79)

Jj=1

This simple step is necessary so that the m restrictions on p = (p1,..., tm), (8)+(9), have

integral coefficients and may be written in the form

Wi
0 1<i<j<m .
Ap>b  where Ai,j: 1 1<j<i<m and b= : . (80)
1 i=m+1,1<j<m Wi
—W,,

Note that the mth restriction, (9), is an equality and it is represented in (80) in the last two

inequalities. Relying on (9), we may restrict the variables p; from above as well,
W <We , 1<j<m. (s1)

On the other hand, as we are interested in nonnegative solutions only, we add the set of restric-
tions
nj=0 , 1<j<m. (82)

Putting (80),(81) and (82) together we get a system of requirements of the form (77) where A

is a (3m + 1) x m matrix of integer entries,

A
A=| -1 (83)
I
and
b W, 0
b=1| w where w = : and 0= : . (84)
0 W, 0

The corresponding polyhedron D, (77), is bounded. It remains only to evaluate A(A) and to
verify that it may not become too large as a function of m.

Claim 4.7 For A in (83), A(A) =1.

Proof. Let Ap; be any square sub-matrix of A. We shall show that

det Ay € {~1,0,1} . (85)
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Assume that Aj; corresponds to the selection of rows 1 < i1 < --- < iy < 3m + 1 and columns
1 <j1 <+ < jy <m. Let us assume first that Ay, has entries from the last 2m rows of A.
Namely, there exists 0 < s <t — 1 so that m + 1 < i541. If one of these rows is identically
zero in Ajps or two of these rows are dependent, then det Ay; = 0. Otherwise, the last ¢t — s
rows in Aps are of the form (0,...,0,£1,0,...,0) where the non-zero entries, +1, appear in
different positions. Developing the determinant of A,; according to those rows, we get that
det Aps = +det A}, where A, is a sub-matrix of dimension s x s that is contained in the first
m + 1 rows of A (namely, in A).

Hence, we may concentrate on sub-matrices of A that are contained in A. We keep denoting
the row and column selections by i, and ji where 1 < k < ¢, and prove our claim by induction
on t. Since (85) clearly holds when ¢ = 1, we proceed to describe the reduction step. If j; > i1,
it is easy to see that the first row in A, is identically zero so that det Ay; = 0. If, on the other
hand, j; < iy there are two possibilities. If jo < i1 then the first two columns in A,; are equal
whence det Ay = 0. Otherwise, if jo > 41, then the first row in Ay is (1,0,...,0). Hence,
det Aps = det A, where A’ is the sub-matrix of dimension (¢ —1) x (t—1) that is obtained from
Aps by removing its first row and first column. That sub-matrix, by the induction hypothesis,
satisfies (85). O

A An example

Consider a scenario with m = 4 machines, the speeds of which are (s1, s2, $3,54) = (1, .8,.6,.3).
Assume that the set of job weights dictates machine loads (A1, A2, Az, A4) = (10,8,6,3) (when
p = 2 and the global minimum of the fs-norm in Q coincides with the global minimum in
R™, the machine loads indeed relate to each other like the machine speeds, see (50)). Then
the three state functions will be initially as described in Figures 1-3. There are m! = 4 jump
discontinuities in the timing function, ©(x), at (A}, A, AL, AL) = (10,18, 24, 27).

We proceed to describe the scheduling of the first job. Assume that w; = 9. It is not
hard to see that the window in which it fits, Step 4, is [5,15) (i.e., a = 5). The values of the
indicator and timing functions, I'' and ©', along this window imply that J; will be scheduled
to run on M> in time interval [0,5) and on My in [5,10). After scheduling J; we remove the
occupied time slots by applying the cut-and-shift operator Uys 15). Figures 4-6 depict the three
state functions after that application. We see that ©2(x) has m? = 3 jump discontinuities at
(A2,A3,A3) = (8,14,17).

Next, assume that the second job is of size wo = 7. Here, the value of a in Step 4isa =1
and the corresponding window is [1,9). Therefore, the values of I'? and ©2 along this interval
imply that Jo will be scheduled to run on M3 during [0,1), on M; during [1,5) and on M,
during [5,8). The resulting state functions after applying U} ) are illustrated in Figures 7-9.
Now, ©3(x) has m? = 2 jump discontinuities at (A3, A3) = (6,9).

We note that if wz < 0.9, then J3 will mark the beginning of Phase 2 and the corresponding
4

window will be completely within the last interval of continuity of ©3; in that case m* = m3 = 2.

If, on the other hand, ws > 0.9, m* = 1 and then J; will be the first job in Phase 2.
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