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1 Introduction

We are concerned with scheduling n independent jobs Ji,J2,...,J, on a single machine so as
to minimize a given objective function involving generalized due dates. We make the following
assumptions about feasibility of schedules.

1. The scheduling period is the interval [0, c0).

2. The machine is continuously available from the beginning, and it cannot process more
than one job at a time.

3. The processing times p1,pa,...,ps of jobs J1,J2,...,J, are positive numbers known in
advance, and they are independent of schedules.

4. Preemption is not permitted, that is, each job, once started, must be completed without
interruption before another job is started.

5. All jobs are available for processing from the beginning.

The objective functions we are interested in involve generalized due dates proposed by
Hall [7]. To illustrate the difference between the traditional view of due dates and Hall’s view,
consider the concept of lateness of a job in a schedule. In the traditional view, each job J; has as-
sociated with it not only a processing time p; but also a due date d;. All due dates d,da,...,d,
are known in advance and they are independent of schedules. In Hall’s view, no job has its own
due date in advance. Instead, only a non-decreasing sequence

61<62< - <6y

of numbers, called generalized due dates, is given. In both cases, for each 1 < 7 < n, every
schedule S determines uniquely

1. the job Jg(;) in the ith position of schedule S, that is, an order (sequence)
(8(1),8(2),...,8(n))
in which the jobs are processed on the machine, and

2. the completion time C;(S) of job J; in schedule S.



The lateness of the ith job in S, that is, the la,teness Ls(,)(S) of job JS(,) in S under the
traditional view is given by

, Ls(iy(8) = Cs3)(S) — ds(ays
whereas the lateness LS( )(S ) of job Jg(;) in S according to Hall’s view is given by

L§;)(8) = Cs5)(8) ~

For example, if A
' p1=3, p2=2, ps=35,

di =4, po=7, p3=10,
61=4, 8 =17, 63=10,

then, for the permutation schedule given by the sequence (J1, J3, J2), we have

Li=-1, Ly=3, L3z=-5,
LE=_1, [¥=0, L¥=-2,

Several authors [2, 7, 11] describe situations in which generalized due dates arise quite nat-
urally. These include public utility planning, survey design and some types of flexible manufac-
turing. Obviously, the concept of generalized due dates was proposed with the aim of allowing
for job independent due dates. It may, however, be also useful to consider generalized due dates
as numbers through which the sequence dependent due dates are determined. Then we obtain
the traditional concept and Hall’s concept as two (very) special cases of sequence dependent due
dates D;(S), Ds(S),...,Dn(S). Taking constant (sequence independent) functions ‘

D;(S)=d; for1<i<n,
we obtain the traditional concept, taking
D,;(S) = 55—1@) for 1 S ) S n, .

we obtain Hall’s concept.

Now it is clear that we may expect a variety of changes in results concerning the generalized
due date counterparts of the traditional scheduling problems. The following table, in which the
notation! proposed by Graham et al. [6] is used, shows that problems involving generalized due
dates may be easier, harder, or equally difficult as their traditional counterparts. The table
suggests that the max-problems tends to be harder and the sum-problems tend to be easier for
the problems involving generalized due dates (see [8] for further details).

1This notation will be used throughout this paper.
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Problem (notation

for traditional view)

Traditional view

Hall’s view

1| Lmax
1|prec|Lmax
1 I’I‘j [Lma.x

o,
ljprec,p; = 1| X U;

Polynomially solvable

Polynomially solvable

NP-ha.rd

Polynomially solvable
NP-hard

Polynomially solvable
NP-hard
NP-hard

Polynomially solvable
Polynomially solvable
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1irj| 2 U; NP-hard NP-hard
1| X T; NP-hard Polynomially solvable
ljprec,p; = 1| 1T} HP-hard Polynomially solvable
1| X Ty NP-hard NP-hard

Most research in scheduling involving generalized due dates has been concerned with es-
tablishing the complexity status of the problems whose traditional counterparts have regular
objective functions. Little is known about the problems whose traditional counterparts have
non-regular objective functions, and about approximation algorithms for the problems involving
generalized due dates. :

In what follows, we are concerned with several single machine problems involving non-regular
objective functions and generalized due dates. The objective functions we are interested in are
defined as follows.

Traditional model
Lmax(S) = maxi<i<n Li(S)
Luin(S) = mini<i<a Li(S)

Hall’s model
LEax(8) = maxigica L (S)
LE (S) = minici<n LH(S)

AL(S) = Lnax(S) — Luin(S)  ALE(S) = LE, () - LE(S)
Labs(S) = max |Li(S)| LE(S) = max |LE(S)

Main results can be summarized as follows. First, we show that the problems of minimizing
the maximum absolute lateness and range of lateness are NP-hard in the strong sense, both with
and without allowing for machine idle time. Second, for all of these problems, we give simple
efficient approximation algorithms based on the first-fit strategy. We show that they achieve the
performance ratios of n for the problems of minimizing the maximum absolute lateness and of
(n+1)/2 for the problems of minimizing the range of lateness.

2 Complexity

In this section, we begin with surveying the maximum and minimum lateness problems. For these
problems, simple sequencing rules give optimal schedules. Then, we investigate the complexity
of the problems of minimizing the maximum absolute lateness and minimizing the range of
lateness both under and without the requirement that machine idle time is forbidden.

Following the notation of Hoogeveen [9], we use nmit to indicate that no machine idle time is
allowed. Recall that a permutation schedule is a non-preemptive schedule in which the machine
starts processing at time ¢ = 0 and continues without any inserted idle time until ¢ = >°7_; p;.
Such schedules are usually specified by sequencing rules. We use the following rules.
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Shortest processing time (SPT) rule: sequence the jobs in non-decreasing order of
processing times

Ps1) < Psi2) £ < Ps(n)

Longest processing time (LPT) rule: sequence the jobs in non-increasing order of
processing times
Ps1) 2 Ps(2) 2 *** 2 PS(n)

Earliest due date (EDD) rule: sequence the jobs in non-decreasing order of (tradi-
tional) due dates : ,
dsa) < dge) £+ < dgn)

Minimum slack time (MST) rule: sequence the jobs in non-decreasing order of slack
times

ds1) — Ps(1) S dsi2) —Ps2) <+ L dg(n) — Ps(n)
Proposition 1 Each permutation schedule generated by the
1. EDD rule is optimal for the 1||Lmax problem,
2. MST rule is optimal for the 1|nmit| — Lyin problem,
3. SPT rule is optimal for the 1||LE__ problem,
4. LPT rule is optimal for the 1|nmit| — L problem.

Proof. All these results can easily be proved by a straightforward adjacent pairwise interchange
argument. The first case is also known as Jackson’s rule [10]. The second case, a mirror image
of Jackson’s rule, was already presented in [1, 3]. [ |

Now, we investigate the problem of minimizing the maximum absolute lateness. Garey,
Tarjan, and Wilfong [5] proved the following proposition.

Proposition 2 The problems .
1||Laps and

1{nmit| Laps

can be solved in polynomial time.
On the other hand, we have the following theorem concerning Hall’s model.

Theorem 1 The problems

1|LE, - and
1lnmit|LE

are NP-hard in the strong sense.

Proof. First, we consider the problem 1|nmit|LZ . We use 3-partition problem, which is known
to be NP-hard in the strong sense [4]. We transform 3-partition problem to the maximum
absolute lateness problem with the constraint nmit. ‘ , .

Suppose we have an instance of 3-partition problem, i.e., suppose we have a positive integer
B and a family A = {a3,a2,...,a3,} of positive integers such that 2?21 a; =nB and B/4 <
a; < B/2for 1 < j < 3n. We construct an instance of the lateness problem under consideration
with
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1. 4n jobs Ji,J2,...,Jan Whose processing times p1,p2,...,P4n are

Pi = a; Cfor1<i< 3n,
pi=B+1 for3n+1<i<4n,and

2. Hall’s due dates 61,82,...,04s given by
6 = (2B +1)[i/4] — B/2 for 1< i <4n,
where [z] is the smallest integer no less than z.

We now show that the problem above has a schedule with the maximum absolute lateness
B/2 iff A has a desired partition. Suppose that A has a partition A = A; UAU---U A, such
that EajeAi a; = B for 1 < i < n. Further suppose that 4; = {agi—2,a3i-1,0a3;} for 1 <1 < n.
It is easy to check that the schedule

(Jant1, J1, J2, I35 Jan+2, Ja, J55 J6s -« o s Jan, Jan—2, J3n—1, J3n)

is feasible and gives the maximum absolute lateness B/2.

On the other hand, suppose that there exists a schedule with the maximum absolute lateness
B/2. Notice that all feasible schedules give the maximum lateness no less than B/2 and the
minimum lateness no greater than —B/2, thus, the maximum absolute lateness no less than
BJ2.

We consider the positions of Jani1, Jan+2;s-- > Jan. We call jobs Ji,Ja,...,J3, a-type and
jobs Jani1,J3n+2s -y Jan b-type. For each 1 < i < n, a b-type job must be scheduled in the
(4i — 3)rd position from (2B +1)(i — 1) to (2B + 1)i — B. If a-type job J, is scheduled in the
(4i — 3)rd position, the lateness of the job in the (4i — 4)th position is greater than B/2, or the
lateness of J, is less than —B/2.

If b-type job Jp in the (4i—3)rd position is not scheduled from (2B+1)(¢—1) to (2B+1)i— B,
the lateness of the job in the (4i — 4)th position is greater than B/2, or the lateness of Jp is less
than —B/2.

The positions of b-type jobs divide the whole time interval where the machine runs into n
time intervals of the same length B. This implies 4 has a partition A = A; UA2U---U A, such
that 35, eq,0j = Bfor1 <i<mn, where the jobs from the (4¢ — 2)nd position to the (4i)th
correspond to the elements in A; for each 1 <1: < n.

Next, we consider the problem 1||LZ . Notice that if the machine idle time is inserted, the
maximum lateness of B/2 cannot be attained, neither can the maximum absolute lateness. So,
even if we allow the machine to be idle, no optimal schedule has the machine idle time. This
enable us to apply a similar argument as for the nmit version of the problem. [ ]

Next, we investigate the complexity of the problems of minimizing the range of lateness.
Hoogeveen [9] proved the following proposition.

Proposition 3 The problems
1||AL and
l|nmit|AL

can be solved in polynomial time.
On the other hand, we have the following two theorems concerning Hall’s model.

Theorem 2 The problem 1|nmit|AL¥ is NP-hard in the strong sense.



Proof. We transform 3-partition problem to the range of lateness problem with the constraint
nmit by constructing the same lateness problem as in the proof of Theorem 1.

Notice that all feasible schedules give the maximum lateness no less than B/2 and the min-
imum lateness no greater than —B/2, thus, the range of lateness no less than B. By a similar
argument as in the proof of Theorem 1, we can show that the problem above has a schedule
with the range B of lateness (i.e., the maximum lateness B/2 and the minimum lateness —B/2)
iff A has a desired partition. |

Theorem 3 The problem 1||ALY is NP-hard in the strong sense.

Proof. We transform 3-partition problem to the range of lateness problem by constructing the
same lateness problem as in the proof of Theorem 1.

We now show that the problem above has a schedule with the range B of lateness 1ff A has a
desired partition. Suppose that A has a partition. It is easy to check that the following schedule
gives the range B of lateness: the order of the jobs is the same as in the proof of Theorem 1 and
there is no machine idle time in the schedule. ‘

On the other hand, suppose that there exists a schedule with the range B of lateness. Let C
be the sum of the intervals where the machine is idle. Then, all schedules give the the maximum
lateness no less than B/2 + C, and the minimum lateness no greater than —B/2 + C, thus, the
range of lateness no less than B. We call _]obs Ji,J2, .. Jgn a-type and jobs J3p41, J3n+2, ceeydan
b-type. S

We show the sum of the processing times of the jobs in these pos1t10ns is exactly B for all
1 < i < n. Suppose the sum of the processing times of the jobs in the (47 — )nd position to the
(44)th is greater than B for some 1 <4 < n. Then, the difference between the completlon time
of the job in the (4i — 3)rd position and that in the (4i)th is greater than B, which prevents
us from atta,lmng the range B of lateness Thus, there are only a-type _]obs in the (42 — 2)nd
position to the (42)th.

On the other hand, suppose the sum of the processing times of the jobs in the (4i — 2)nd
position to the (44)th is less than B for some 1 < ¢ < n. Then, that in the (47 — 2)nd position
to the (47)th is greater than B for some 1 < j < n, j # ¢. This implies A has a partition
A= AjUAU---UA, such that Ea,-eA,' aj = B for 1 < i < n, where the jobs from the (47 — 2)st
position to the (47)rd correspond to the elements in A; for each 1 <7 < n. [

3 Approximation algorithms

In this section, we present two simple approximation algorithms for the problems 1|}Lis,
1|nmzt[Labs, 1||ALE, and 1|nmit|]ALE. The algorithms are based on the first-fit strategy
First, we introduce Algorithm A which works for the problems of minimizing L bs and
minimizing AL without allowing for the machine idle time.
The algorithm returns the resulting schedule A as a permutation, i.e., A returns the index
A(1) of the job in the ith position for each i, 1 <7 < n.

Algorithm A(p1,p2,: - Pn,61,62,...,6p)

504—0
fori=1to ndo
ai =6; — 6i—1

I—{1,2,...,n}
J—{1,2,...,n}
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while I # 0 do
Choose ¢ such that a; = minges ax
Choose j such that p; = mingcs ps
AG) —
I~ I\{i}
J— J\{i}

od

Output(A)

end

The time complexity of Algorithm A is O(nlogn), if we use a fast sorting scheme. First,
we show the following lemma which plays an important role in the proofs of establishing the
performance guarantees.

Lemma 1 For each schedule S, we have
max{pa(;) — ai} < max{ps(;) — ai}

and
min{pa) — @i} 2 min{ps(;) — ai}-

Proof. We only verify the validity of the first inequality. The proof of the second one is
analogous. Without loss of generality, we assume that p; < p2 < --- < p,. The proof is by
contradiction. Suppose that there exists a schedule S such that p4(;) — a; > ps(x) — ak, where
j and k are such that ps;) — aj = maxi{pa) — a:} and psx) — ax = maxi{ps() — ai}-
‘ Since p 4(j) — a;j > Ps(r) — ak > Ps(;) — a5, We have p4(j) > Ps(;), consequently, A(j) > S(j).
There are at most (A(j) ~ 2) i’s such that i # j and pg(;) < pa(j)- But, there are at least
(A(j) — 1) ©’s such that i # j and a; < a;. Therefore, there exists 7, ¢ # j such that a; < a; and
Ps(i) = Pa(j)- Hence,

Ps(k) — @k 2 Ps() ~ %
= Ps(i) ~ & taj —a
2 PaG)— e ta;—a;
2 PAG) T %
This contradicts the assumption. |

Then, we analyze the performance of the algorithm concerning the problem llnmitiLﬁ)s.
Let OPT be an optimal schedule for this problem. We obtain the following bound on the
pgrformance of Algorithm A. -

Theorem 4
LE (4) <nx LE_(OPT).

Proof. By Lemma 1, we have

LE(OPT) = max{Lg, (OPT),-Ly,(OPT)}
> 2 x (LE,(OPT) - LI, (OPT))
1
2 3 Xmax \Lg prsy — Lopr(i-n)l
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= g xmax [Copr(s) — b — (Copr(i-1) — bi-1)]

=N

= 35X max IPOPT(i) — a4

vV
LY

3 X max [Pag) — ail-

Let I = {1,2,...,n}, and let J and K be the set of the indices such that Pa(i) = a; for all

i € J and py(;) < a; for alli € K, respectively. From the definition of L

that

abs(A) = maX{Lr}r{ax(A)7 mln (A)}
< max{)_(pa¢) — ai)s— Y Pag) — @i)}.

ieJ €K

First, we assume that |J| = n/2. Then we have

(4)

abs

<

<

IA

bs and a;, it follows

max{|J| x max{p,.) - ai}, —IK | x min{pai) — ai}}

n
max{5 X mia‘x{pA(z az} - X nfun{pA(z) ai}}

n
3 X max [P agy — ail-

Next, we assume that |J| < (n —1)/2. Then we have

max{}_(pa) — )= Y (Pag) — @)}

Labs (A)

<

IA

<

<

ied iel\J
maX{Z(PA(i) - a;), Z(pA(i) —a;) -
ieJ ieJ
Y (Pay — @) + 1D _(pag) — ai)l
it iel

| 7] x Iflea-JX{PA(i) — a;} +|Cy(n) — 6nl

n—1

X max |pa(i) — ail + |G-

Finally, we assume that |J| > (n + 1)/2. Then we have

max{ Z (Pag) — @i)s— Z(PA(i) —a;)}

L abs (A)

<

<

<

i€el\K €K
max{) (pau) — @) — Y (Pa) — ai),
iel icK
|Z(PA(¢) —a;)| - Z(PA(:’) - a;)
icl icK

|CA('n,) - 6n| - lKl X IzIE]_iIx{l{pA(z) — ai}

n—1
|LA(n)| + X max [pagy — ail-

To conclude the proof, it is sufficient to observe that

ILJIQI(n)l = |LgPT(n)| < La}.{)s(OPT)

> (pag) — ai)}

el

Z (pA(z) - al)}

€K
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Theorem 4 provides the performance ratio n between the optimal value of Lg, , and the value
induced by a schedule found by Algorithm A. The following theorem says that this ratio cannot
be improved.

Theorem 5 There exists an instance satisfying
LE (A) =n x LE (OPT).

Proof. Let n be an even number and let m = n/2. Consider an instance of the absolute lateness
problem with '

1. 2m jobs Jy,J2,...,Jom whose processing times p1,p2,...,pom are
p1 =2,

pi=1 for2<i<m,
pi=5 form+1<i<2m,

2. Hall’s due dates 6y, 62,...,62m given by
6;=31 forl<i<2m.

For the instance above, it follows that a; = 3 for all 1 £ 7 < 2m. So, Algorithm A has the
possibility to give the schedule

(Tmt1> Imt2s -+ s Jomy J1, 25+ oy Im),

while an optimal schedule is

(J1, Jm+1y 25 Imt25 + « + s Iy J2m)-

The value of Lﬁ,s of the schedule found by Algorithm A is 2m, while the optimal value of L

abs
is 1. |

Next, we analyze the performance of the alg‘orithm cbncerning the problem 1|nmit|ALE.
Now, let OPT be an optimal schedule for this problem. We obtain the following bound on the
performance of Algorithm A. '

Theorem 6

ALE(A) < x ALZ(OPT).

n+1
2

Theorem 6 provides the performance ratio (n + 1)/2 between the optimal value of ALH and
the value induced by a schedule found by Algorithm A. The following theorem says that this
ratio cannot be improved.

Theorem 7 There exists an instance satisfying

ALE(A) = x AL (OPT).

n+1
2
Next, we present an approximation algorithm for the problems 1||Lgas and 1|/|ALE. To
describe a schedule §’, which may involve inserted idle times, we use an ordered pair S’ =
(81, 82), where S is a permutation of jobs and S; is a function whose value S2(z) gives the idle
time inserted between jobs Jg,(;—1) and Jg, (5)-
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Algorithm A'(p1,p2,...,Pn,061,02,...,65)
Ay « Algorithm A(pl,pz, «3Pny61,62,...,6 an).
Cy — 0 '
fori=1tondo
Ci & Ci—1+DPa,(5)
if ¢; < 6; then
Az(z) — 5,; —C;
neht else
A()) <~ O
od
Output((A1,A4z))

end

The time complexity of Algorithm A’ is O(nlogn), if we use a fast sorting scheme. First, we
introduce the following lemma which plays an important role in the proofs of establishing the
performance guarantees. This lemma is an immediate consequence of Lemma 1.

Lemma 2 For each schedule S' = (S1,S2), and for each number b, we have
max{py, ;) — @i + b} < max{ps, (i) — ai + b}

and
min{p4, ;) — @i +b} 2 mm{psl(a) - a; + b}.

‘Then, we analyze the performance of the algorithm concerning the problem 1||LZ . Let
OPT' = (OPT;,0PT3) be an optimal schedule for this problem. We obtain the following

bound on the performance of Algorithm A’.

Theorem 8

LE (4 <n x LE_(OPT').

abs

" Theorem 8 provides the performance ratlo n. The followmg theorem says that this ratio
cannot be improved. '

Theorem 9 There exists an instance salisfying

(4') =n x LE (OPT').

abs

Next, we analyze the performance of the algorithm concerning the problem 1||AL#. ' Now,
let OPT' = (OPT,,0PT3,) be an optimal schedule. for this problem We obtain the following
bound on the performance of Algorithm A’.

Theorem 10
ALE () < '2* x ALE(OPT').
Theorem 10 provides the performance ratio (n + 1)/2 between the optimal value of AL#
and the value induced by a schedule found by Algorithm A’. The following theorem says that
this ratio cannot be improved. o

Theorem 11 There exists an instance satisfying

ALE(A") = f‘_;ﬂ « ALE(OPT).
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