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Abstract In this paper, we consider some scheduling problems on a single machine, where
weighted or unweighted total tardiness has to be maximized in contrast to usual minimiza-
tion problems. These problems are theoretically important and have also practical interpre-
tations. For the total weighted tardiness maximization problem, we present an NP-hardness
proof and a pseudo-polynomial solution algorithm. For the unweighted total tardiness max-
imization problem with release dates, NP-hardness is proven. Complexity results for some
other classical objective functions (e.g., the number of tardy jobs, total completion time) and
various additional constraints (e.g., deadlines, weights and/or release dates of jobs may be
given) are presented as well.

Keywords Scheduling - Single machine maximization problems - Complexity - Dynamic
programming

1 Introduction

Most scheduling problems consider the minimization of a specific objective function. For

instance, the minimization of makespan is a very popular optimization criterion. The min-
imization of a sum function such as total completion time, total tardiness or the number of
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tardy jobs are other typical optimization criteria. In this paper, we consider single machine
problems with an opposite criterion, namely we consider the maximization of total tardiness,
the maximization of the number of tardy jobs and the maximization of total completion time.

The problems under consideration can be formulated as follows. We are given a set
N ={1,2,...,n} of n independent jobs that must be processed on a single machine. Job
preemption is not allowed. The machine can handle only one job at a time. For each job
J € N, a processing time p; > 0, a due date d; > 0, a weight w; > 0, a release date r; > 0
(i.e., the earliest possible starting time) and/or a deadline D; > 0 (i.e., the latest possible
completion time) can be given.

Each feasible schedule starts at time O and does not have any idle time between the
processing of the jobs (note that the maximization problem considered in this paper would
be trivial when allowing arbitrarily inserted idle times, since the maximal objective function
value can become arbitrarily large in this case). In particular, if release dates are given, it
is assumed that, without loss of generality, the smallest release date is equal to 0 and that
there exists a feasible schedule. Thus, a feasible solution is described by a permutation
7 = (Jj1, 2, .-, jn) Of the jobs of the set N from which the corresponding schedule can
be uniquely determined by starting each job as early as possible. Let S, (7m) = ZLI pj be
the starting time of job ji in the schedule resulting from the sequence m if release dates
are not defined. Moreover, let C;, () = §;, () + p;, be the completion time of job ji in
this schedule. If release dates are given, then S, () = max{r;,C;_,(m)}. If C;(7) > d;,
then job j is tardy and we have U;(7) = 1, otherwise U;(w) = 0. If C;(7r) < d;, then
job j is on-time. Moreover, let T; () = max{0, C;(w) — d;} be the tardiness and E;(7) =
max{0,d; — C;(w)} be the earliness of job j according to the sequence 7. We denote by
Ciax = C}, (;r) the makespan associated with the sequence 7 and by L;(w) = C; () — d;
the lateness of job j according to 7.

For the single machine problem of maximizing the weighted total tardiness, the objec-
tive is to find an optimal sequence m* that maximizes the total weighted tardiness, i.e.,
F(r) = Z'J’.Zl w;T;(). We denote this problem by 1(no-idle)||max)_ w;T; (‘no-idle’
means that there is no machine idle time in a feasible schedule (Aloulou et al. 2007)) ac-
cording to the traditional three-field notation «|B|y for scheduling problems proposed by
Graham et al. (1979) and adapted by Aloulou et al. (2007), where o describes the machine
environment, B gives the job characteristics and further constraints and y describes the ob-
jective function. For the single machine total tardiness maximization problem subject to
given release dates the objective is to maximize F(7w) = 2?21 T;(), and the notation is
L(no-idle)|r;|max ) T;. The problems with deadlines or release dates to maximize total
weighted completion time or the number of tardy jobs considered in this paper are denoted
by 1(no-idle)|r;|max )" w;C;, 1(no-idle)|D;|max Y w;C; and 1(no-idle)|D;|max ) Uj;.

On the one side, the investigation of problems with an opposite optimization criterion
itself is an important theoretical task (Aloulou et al. 2007). Algorithms for such maximiza-
tion problems can be used to compute parts of optimal schedules for the original problems,
or to cut bad sub-problems in the branching tree of branch-and-bound algorithms (Gafarov
et al. 2010a, 2012). In Aloulou and Artigues (2010), maximization problems were used for
solving bi-criteria problems using branch and bound algorithms. On the other side, such
problems separately have practical interpretations (for the problem 1(no-idle)||max)_ T},
they have been discussed e.g. in Aloulou et al. 2007, Gafarov et al. 2012) and applications.

Next, we mention some related results from the literature. Both the problems
L(no-idle)||max " E; and 1(no-idle)||max ) T; were considered by Lawler and Moore
(1969), where a pseudo-polynomial algorithm with time complexity O (ndn.x) was pre-
sented for the problem 1(no-idle)||max ) w;T;, where dp,x is the maximal due date. In
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Aloulou et al. (2007), Gafarov et al. (2010a, 2010b), the complexity of single machine
scheduling problems with classical objective functions and opposite optimization criteria
has been investigated.

Other models with semi-active and non-delay schedules have been considered in Aloulou
et al. (2004, 2007). In a semi-active schedule, a job cannot be started earlier without chang-
ing the job sequence or violating the feasibility. Such problems are denoted as 1(sa)l||y.
A schedule is called non-delay if the machine does not stand idle at any time when there
is a job available for processing at this time (Baker 1974). Such problems are denoted
as 1(nd)||y. If no release dates are given, then both the problems 1(no-idle)|| max f and
1(nd)|| max f are equivalent. To show the difference between the two types of schedules,
let us consider an instance with two jobs 1 and 2 and r; =0, r, =5, py =4, p,=2.
For the job sequence m = (1,2), we have C; =4 <5 =S, in a non-delay schedule. So,
for this instance, there does not exist a no-idle schedule. However, such an instance can be
reduced in O(nlogn) time to an instance for which there is a feasible no-idle schedule in
the following way. Renumber the jobs according to the order r} <r, <-.- <r,. If for a job
sequence m = (1,2,...,n), we have C; < ryy; in the corresponding non-delay schedule,
then we can modify the release dates as follows: r/ =r; — (i1 — Ci), i =k+1,...,n. So,
an nd problem can be easily reduced to a no-idle one in polynomial time.

It is known (Aloulou et al. 2007) that solving a problem in polynomial time when restrict-
ing the search to non-delay schedules allows one to solve the same problem in polynomial
time when considering semi-active schedules (by solving at most O (n) non-delay versions
of the problem). The same remark holds for the NP-hardness of a problem (Aloulou et al.
2007). From Aloulou et al. (2004) it is known that for the problem 1(sa)|r;| max f, there
exists an optimal schedule in which the jobs are processed from some release date r; without
idle times, i.e., for each possible r; (which is the starting time of the first job in the schedule),
we have to solve a problem 1(no-idle)|| max f. Thus, if one can solve the no-idle version
of a problem, this allows one to solve the corresponding problems extending the search to
semi-active or non-delay schedules.

The rest of this paper is organized as follows. In Sect. 2, we present several complex-
ity results and solution algorithms for single machine problems with total tardiness objec-
tive function. In particular, we prove NP-hardness of the problems 1(no-idle)|r;| max ) T;
and 1(no-idle)||max ) w;T;. As a consequence, the non-delay and semi-active versions of
these problems are NP-hard as well (Aloulou et al. 2007). In Sect. 3, some single machine
scheduling problems with deadlines are considered.

2 Single machine problems with total tardiness objective function

In this section, we present some complexity results and solution algorithms for single ma-
chine maximization problems with total tardiness objective function. First, we propose
NP-hardness proofs for the problems 1(no-idle)|r;| max )" T; and 1(no-idle)||max Y w;T;.
Then an exact algorithm for the problem 1(no-idle)|| max )  w;7; is presented. This algo-
rithm is a generalization of the algorithm for the problem 1(no-idle)||max ) T; given in
Gafarov et al. (2012).

2.1 NP-hardness proof for the problem 1(no-idle)|r;| max ) T;

In this section, we give a polynomial reduction from the partition problem to a special in-
stance of the problem 1(no-idle)|r;|max )" T;.
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Partition problem Given is a set N ={by, by, ..., b5} of n}lmbers by>by>--->b; >0
with b; € Z,, i = 1,2,...,n. Is there a subset N’ C N such that ZjeN’bj = A=
%Z?:lbi?

In this special instance we have n = 2n + 1 jobs. We renumber the jobs of the set N =
{0,1,2,...,2n}, as

Vo, Vi, Vo, V3, Va, ..., Vi1, Vo oo, Vo, Vaie

Without loss of generality, assume that A > 10 and n > 4. Denote

a4 3 2 _ 1
b=2An", M =n’b, g&i=— and &=———7—.
3n 2max; .y b;

Given an instance of the partition problem, we construct the following instance of the prob-
lem 1(no-idle)|r;|max ) T;:

po=4M, (1.1)
P =2M —ib, i=1,2,... 7, (1.2)
pr1=2M —ib+b;, i=12,...,7, (1.3)
2n
do=3  Pr (1.4)
doi = 27+ DM, (1.5)
di=doisr—(i—1+eDb, i=n—1,01—2,...,1, (1.6)
doj_1 =dy — (i — )b, —esb;, i=n,i—1,...,1, (1.7)
r0:2nM—Zi:1(n—z)b+A, (1.8)
r=0, i=1,2...,2. (1.9)

For this instance, we have py > p; > p» > --- > py; and dy < d, < --- < dp;. The decision
version of the problem is as follows: Does there exist a feasible schedule, in which total
tardiness is not smaller than 7 ZI.ZZO Pi— 2o G =Dpy = doi+&r- % Y bi. Next,
we can present the following properties for the instance (1.1)—(1.9).

Lemma 1 For the instance (1.1)—(1.9), there are exactly n tardy jobs in any feasible sched-
ules.

Proof In afeasible schedule, there is no machine idle time. Since dy = Z?’;O pj,thejob O is
not tardy in any feasible schedule. Since d; > Zj <m pj forall NcN \ {Wo} with |ﬁ | =n,
there are no more than 7 tardy jobs in any feasible schedule. Since d| < d, < --- < dy; =
Cn+ 1M <+ 1)2M — nb) = (n + 1) p2i, where py; is the minimal processing time,

we have at least 7 tardy jobs in any no-idle schedule. Thus, the lemma is true. ]
Let (Vﬁ,ly V;lfl’], ey ‘/,"1, ey Vl,l, Vo, V1’2, ey V,"z, ey V;lfl’z, Vﬁ,z) be a canonical
sequence, where {V; 1, Vi2} = {Vai_1, Vai}, i =1,2,..., 1. We note that some canonical

sequences are not feasible.

Let us consider two feasible job sequences 7’ = (iy, j, Vo, m2) and n” = (11, Vo, J, 72).
Since the job Vj is not tardy in all feasible schedules and the maximization of total tardi-
ness is considered, inequality F(;t) < F (") holds. Thus, to find an optimal schedule, we
only need to consider schedules, where job V; is scheduled as early as possible, i.e., in an
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optimal sequence this job is processed either at position 7 + 1 (if the completion time of the
job processed at position 7 is larger than or equal to ry) or n + 2 (otherwise). Below (see
Lemma 3) we show that it is processed at position 7 + 1 in any optimal sequence.

Lemma 2 For the instance (1.1)—(1.9), the inequality
[F(x') = F(z")] <A

holds for any two canonical sequences 7' and 7"

Proof Let us consider a canonical sequence

7=V, Vicit oo Vi Vi Vo, Vi, oo, Vias o0, Va2, Vi)
Itis known that the jobs Vi 5, ..., Via, ..., Vi_12, Vi, are tardy while the remaining jobs
are on-time. Then 3, T; () = Yooy Ty, ().
Let C = leio pi. Then we have

Y Cy,(m)y=nC=> (i —py,.
i=1 i=1

Denote by 7™" a canonical sequence, where V;, = V; foralli = 1,2,...,n. Then we
have the minimal value of the total tardiness among all canonical sequences:

DT =AC =Y i = Dpu— Y dy=T".
i=1 i=1

JEN

min

Denote by 7™ a canonical sequence, where V;, = V,;_; foralli =1,2,..., 1. Then we

have the maximal value of the total tardiness among all canonical sequences:

D Ti(E™)=T" - i(i — Dbi + (i(i — b, +822n:bi> =T
i=1 i=l1 i=1

JEN

We have T2 — T! < A, i.e., the lemma is true. O

Lemma 3 For the instance (1.1)—(1.9), all optimal sequences are canonical sequences or
they can be reduced to canonical sequences if the SPT (shortest processing time) rule is
applied to the first n jobs.

Proof The idea of the proof is as follows. In (1) and (2) we show how a non-canonical
sequence can be transformed into a canonical one for which the total tardiness is larger.
In (1) we prove that the tardy jobs have to be processed in non-decreasing order of a
pair to which they belong. In (2) we show that one and only one job from each pair
{Vi1, Vo), j=1,...,n,is tardy in any optimal sequence. Thus, (1) and (2) show that
in any optimal sequence the tardy jobs are processed in the same way as the n last tardy jobs
in a canonical sequence, and the 7 first on-time jobs can be processed in any order.

(1) Let us consider ajob V/ € {V; 1, V;,} andajob V' € {V 1, V;»}, where j > i > 0. Let
in an optimal sequence w = (, V/, V¥, ,) both jobs be tardy. We consider the sequence
7' = (my, VI, VJ, m,). Itis easy to check that in the sequence 7', both jobs are tardy as well
(analogously to the proof of Lemma 1). We get

F(n/)_F(ﬂ)ZPZi—pzj—bj>b—bj>0,
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i.e., the sequence 7 is not optimal. This means that in any optimal schedule, a tardy job
which belongs to a pair with smaller number has to be processed earlier than the other tardy
jobs.

(2) Let us consider an optimal sequence w = (71, Vo, 2, Vo, 3, Vo, m4), |3l =i — 1,
where at position 241+ job V;; is processed, i.e., the sequence 7 is not canonical because
in a canonical sequence, a job Vi € {Vi, Vio} = {Vai_1, Vai} should be processed at this
position. Next, for the cases (2.1) and (2.2) we show that the sequence 7 can be transformed
into a canonical one with a larger total tardiness.

(2.1) Let i > j. For the sequence 7’ = (11, V2, w2, Vo, w3, Vai, 714), we have

F(n’) — F(m)
= (Co; () — di) — (Coj () — doj) + (i — D(p2j — pai)
=dyj —doyi + (i — D)(p2j — p2i)
=—(G—1+e)+(G—D—1+e)+-+ (i —2)—1+g)
+ (=1 =14¢))b+ G — DM — jb—2M +ib)
=—((i-1+e—G—N)+(i-1+e—G—j—D)+--
+Gi—14+e-2)+>0—-1+e -1 )b

i—j

+@=DGE - )b
i—j
=—(i— DG — b+ ) kb—(i—j)esb+ (i —1)i— j)b

k=1
1
>b—l’_181b:§b>0,

i.e., the sequence  is not optimal.

Analogously, for any optimal sequence w = (7, V¥, 1y, Vy, 3, V/, m4), where Vi €
{Vi1,Via}and V/ € {V;1,V;2}, we can construct a feasible sequence 7’ = (7, Vi, ), Vo,
w3, Vi, ), for which F(n') — F () > %b — bmax > 0. To prove this, one can use (1.3),
(1.7), b =2An* > 2itby,y and e:b; < %

(2.2) Let j > i. For the sequence 7’ = (11, Va;, m2, Vo, 73, Vai, m14), we have

F(n') = F(m) =dy; — doi — (i — 1)(p2i — p2j)
=((—1+ep+((+D—1+e)++ (-2 —1+e)
(=D —=1+&))b— (G —1)Q2M —ib—2M + jb)
=((=1+a+0+G—l+a+D+-+(i—l+e+(—i-2)

+(i—1+e—(G—i—1) )b
j=i
— (=D =Db
j—i—1
=({—D(—Db+ Y kb+(j—i)etb— (i —1)(j—i)b
k=0

j—l1—i

= Z kb+ (j—i)eh>0,
k=0
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i.e., the sequence 7 is not optimal.

Analogously, for any optimal sequence = = (74, Vi, 1, Vo, 3, VI, m4), we can con-
struct a feasible sequence n’ = (y, V/, my, Vo, 3, Vi, my), for which F(n') — F(r) >
&1b — byax > 0. To prove this, one can use (1.3), (1.7), b =2An* > 2iibyy, and &2b; < %

We note that for both cases (2.1) and (2.2), inequality F(x") — F(w) > nA holds.
By the transformations described in (2.1) and (2.2), we change an initial feasible se-
quence into a canonical one. By each transformation the total tardiness value is increased
by a number larger than nA. By the transformation described in (2.1), we always ob-
tain a feasible sequence 7’. By the transformation described in (2.2), in the final canon-
ical sequence 7', we can have an idle time between Sy, (') and Cy, ('), i.e., the re-
sulting schedule is not feasible. This infeasible canonical sequence can be easily trans-
formed into a feasible canonical one which has no idle time, i.e., we can schedule the jobs
Vai—1, Vaii=3y . .» Vai—1, ..., V| at the beginning of the canonical sequence. Denote such a
sequence as 7”. Then F (') — F(n”) < A (see Lemma 2), i.e., the sequence 7" is better
than the initial sequence 7, since F (') — F (i) > €10 — bpux > A > F(n') — F(x1").

If we consider an optimal sequence @ = (m, Vy, Vg, Vo, 13), where the job Vj is
processed at position i 4 2, i.e., || =n — 1 and Cy, < ry, then the sequence m =
(71, Vo, Vo, Vg, 3) is not feasible. However, F () — F () > 0, and the sequence 7 can
be transformed into a canonical one by the operations described in (2.1) and (2.2), where by
each operation the total tardiness value is increased.

To sum up, we can conclude that all optimal sequences are canonical sequences or they
can be reduced to canonical sequences if the SPT (shortest processing time) rule is applied
to the first 7 jobs, since they are not tardy and can be processed in any order. ]

Theorem 1 The problem 1(no-idle)|r;|max ) T; is NP-hard.

Proof In this proof, we analyze the maximal possible value of total tardiness among all
canonical schedules. This maximal value corresponds to a canonical schedule which is not
feasible. Then, we look for the maximal value reached in a feasible canonical schedule if
the instance of the partition problem has the answer “YES” and vice versa.

Let us consider a canonical sequence

7=V, Vicits-o o Vit s Vi, Voo Vi, oo, Vi, oo, Vs, Vi),

Itis known that the jobs Vi o, ..., Via, ..., Vi_1.2, Vi, are tardy while the remaining jobs
are on-time. Then 3\ T () = Y/, Ty, , (7).
Let C = Y2, pi. Then we have

Y Cv,(r)=nC =) (i—py,.
i=1 i=1

In addition, let us denote
1, ifVip,=Vy_y,

o) = {o, if Vo = V.

IfVi,=Vyforali=1,2,...,n,then

Y Tim)=iC—Y (i—Dpu—» dy=T'
1 i=1

jeN i=
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else we have

YT =T"'=> ¢@)i— b+ (Zmi)(i — Db, +822¢>(i)bl~>.

jen i=1 i=1 i=1

Thus, the maximal objective function value obtained among the canonical sequences is equal
toT' + &, Z?:l b;. However, the sequence

Vaii, Vagitys oo s Vais oo s Vo, Vo, Vi, oo, Vi, oo Voo -1, Vaiet)

is not feasible since there is an idle time before the job V. We must construct a feasible
canonical sequence, where the value &, Y ;_, ¢ (i)b; is maximized.

If and only if the instance of the partition problem has the answer “YES”, we have a
feasible canonical sequence with

n ] n
& i b,‘ =& = b,‘
) ; ()b =£2- 3 ;
and thus, Sy, () = ro. If we have b; € N’ in the original instance of the partition problem,
then ¢ (i) = 1. If the answer is “NO”, then in an optimal schedule the total tardiness value is
less than T! + &, - % > bi.

This means that the NP-complete partition problem can be reduced to the problem
1(no-idle)|rj|max ) T; in polynomial time, i.e., the problem under consideration is NP-
hard. ]

2.2 NP-hardness for the problem 1(no-idle)||max ) w;T;

In this section, we give a polynomial reduction from the partition problem to a special in-
stance of the problem 1(no-idle)|| max ) w, T;. For the latter problem, we have to maximize
F(m) = Z;=1 w; T; ().

First, we present a property of an optimal schedule for the problem 1(no-idle)|| max)_ w;-
T;.
Lemma 4 There exists an optimal job sequence 1 for the problem 1(no-idle)||max Y w;T;
that can be represented as a concatenation (G, H), where all jobs j € H are tardy and all
jobs i € G are on-time. All jobs from the set G are processed in non-increasing order of the
values ]:—j’ and all jobs from the set H are processed in non-decreasing order of the values

g
Pj

Proof First, in (1) we prove that in any optimal schedule, the tardy jobs are processed one
by one at the end of the schedule. Then, in (2) and (3) we substantiate the order of the tardy
and on-time jobs in an optimal schedule.

(1) Assume that there exists an optimal sequence m = (my, j, 72, i, w3), where job j is
tardy and job i is on-time. For the sequence 7’ = (71, i, j, 72, 713), we have

F(n') = F(r) = w;(T;(n') = Tj(m)) + wi (T; (7') — T; (7)) = w; p;i + 0 > 0.

Therefore, we have a contradiction since the sequence 7" has a larger value of total weighted
tardiness, i.e., 7' is better and 7 is not optimal.

(2) We consider an optimal sequence = = (G, H), where all jobs j € H are tardy and all
jobs i € G are on-time. Now we prove that all jobs from H are processed in non-decreasing
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order of the values % Assume that there exists an optimal sequence 7w = (74, ji, jo, 72),
J
where the jobs j; and j, are tardy and :i > :i For the sequence 7’ = (71, j2, 1, 72), We
J1 J2
have

F(n/) = F(m) =wj (le (n/) =T (77)) twj (sz (T[/) - T (n))
=Wj pj, —Wj, min{pj] T, (72')} >0
Therefore, we have a contradiction and & = (7y, ji, j2, 772) is not optimal.
(3) We consider an optimal sequence 7w = (G, H), where all jobs j € H are tardy and
all jobs i € G are on-time. Now we prove that all jobs i € G can be processed in non-
increasing order of the Values —L in an optimal sequence. For all jobs i € G, we have d; >

Y ec Pk- Otherwise, if d; < ZkeG Dr, the sequence 7’ = (G \ {i}, i, H) is better, and we
have a contradiction. Therefore, the jobs from G can be processed in any order. O

The reduction from the partition problem to a special instance of the problem
1(no-idle)||max ) w;T; can be done as follows. Without loss of generality, we assume
that 7 > 3 and Z?  bi > 10. Given an instance of the partition problem, we construct the
following instance of the problem 1(no-idle)||max )" w;T;, where n = 27:

=M, i=1,2,...,1, 2.1
Woi—1 = Wy + by, i=1 2,...,n (22)
i—1 _
pi=) wyts Z,EN\,} jo i=1200, 23)
Drici=pa+b;, i=12,...,n, 24
d2i=d2i_1=P—ZrL.p2j, i=1,2,....7, (2.5)

with M = (1Y b;)'° = (2An)'"* and P = ZJ , Pj- The decision version is as follows: Does
there exist a feasible schedule, in which total tardiness is not smaller than Z jei WP+
1A%,

The main idea of using M’ is that the weight of a job belongs to a pair with the largest
number being greater than the total weight of all jobs from the pairs with smaller numbers,
e.g., for the job Vs;, we have: wo; > Z:le (wai—1 + wy;). If we suppose that all digits used
are coded in a binary system with approximately 2* zero-one symbols per digit, then, to
code M", we need 25 symbols. So, the input length for the resulting input will be O (i2)
times larger than the input length of the initial instance of the partition problem.

We renumber the jobs of the set N ={1,2,...,2n} as

VioVo,Va, Vi, oo, Vi, Vaiy oo, Vait, Vaae
Let (Vit, Vicits--s Vi, oo s Vi, Via, ooy Vi, ..o, Va2, Vi) be a canonical sequence,

where {V; 1, Vio} ={Vaio, Vai), i=1,2,...,1n

Lemma 5 For the instance (2.1)—(2.5), all optimal sequences are canonical sequences,
or they can be reduced to a canonical sequence if the first n jobs are reordered in non-
increasing order of the values ]:—’

J

Proof 1In this proof, we only consider optimal sequences of the type described in Lemma 4.
First, in (1) we prove that one of the jobs V5, and V,,_; is tardy in any optimal sequence.
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In (2) we show that only one of them is tardy, and it is processed at the end of any optimal
sequence. In (3), we explain that the same property holds also for the other pairs of jobs.

(1) Suppose that both jobs are on-time in an optimal sequence & = (7, Vo, 72, Vou_1,
13, m4), where only the jobs from the set 74 are tardy. We note that we consider only optimal
sequences of the type m = (G, H), where all jobs j € H are tardy and all jobs i € G are on-
time (see Lemma 4). For the sequence 7’ = (1, 72, Van_1, 73, 74, Va,), We have

ijTj(ﬂ',) — ijTj(ﬂ) = wz,,Tzn(T(/) — P Z w;
j=1 j=1 JETY
n—1
= pZIan — P2n Z(ZMI + bl)
i=1

Mn_l _1 n—1
ZPZnMn_pZn 2M M——I +;b, > 0.

Thus, the sequence 7 is not optimal, i.e., one of the jobs V,, and V,,_; is tardy in any
optimal schedule.
(2) Now we prove that the following inequalities hold:

wr Wy Wan
— < — < e <
P2 P4 P2
We have to prove:
Mifl Mi
i—2 1 b < i—1 1 b :
Zj:l Waj + 5 ZjeN\{i—l} J Zj:l Waj + 3 ZjeN\[i) J
Let B; = % > JeN\(i) bj,i=1,2,...,n. Then, by equivalent transformations, we obtain
Mi—l Mi
Mi=2-1 VY
MZ—= +Bi.1 MT— +Bi
1 M
MMI=2—1)4+B; _{(M—1) < MMi=1—1)+B;(M—1)
M—1 M—1

S MM —1)+BM—-1)<M[M(M>—-1)+Bi_;(M—1)]
= 0<M*(Bi_i —1)—M(B;_, + B — 1) + B,.

The latter inequality is true since M? > M - 22;’_,:1 b; and (B;_; — 1) > 1. Thus, the
above inequalities hold. Analogously, we can prove that

Wa(i—1)—1 Wa; Wa(i—1) W2i—1 Wa@i—-1)—1 Wai—1

_ <, ——— < —— and —/—— < —

P2i-1)-1 P2i P2ii-1) P2i—1 P2i-1-1 P2i-1
foreachi=2,3,...,n.

Thus, we conclude that in any optimal sequence, one of the jobs V; or V;_; is the
last tardy job. We remind that we only consider optimal sequences of the type m = (G, H),
where all jobs j € H are tardy, all jobs i € G are on-time and all jobs from the set H are
processed in non-decreasing order of the values %

Since db; = dyi1 = P — Z;':ﬁ D2j = P — p2i > P — paji_1, only one of the jobs V»; or
Vai—1 can be tardy in any feasible schedule. Then, one and only one of the jobs V,; and
Vi1 is the last tardy job in any optimal schedule. The on-time jobs can be processed
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in an optimal schedule in any order (see point 3 in the proof of Lemma 4). Therefore,
in the following, we consider only optimal sequences of the type (V;. i, 7wy, Vi2), where
{Va.1, Vi) = {Vaio1, Vo)

(3) Analogously to (1) and (2), we can prove that foreachi =n — 1,7 —2,...,1, one
and only of the jobs V,; and V5;_; is tardy and precedes only the jobs Vi1, ..., Vi.
Thus, the lemma is true. O

Theorem 2 The problem 1(no-idle)||max Y w;T; is NP-hard in the ordinary sense.

Proof For the sequence w = (Vzﬁfl, Vz(ﬁ,”,], ey V3, Vl, Vz, V4, ey Vz(ﬁ,]), Vz;,), we ob-
tain the objective function value

F(m)=> wyTy;(n) =Y wa;paj.

j=1 j=1
Now we consider the canonical sequence
7' =it Victdreoos Vids oo s Vits Vi oo os Vins ooy Vo102, V).
In addition, let us denote
1, ifVio=Vy_y,
e {0, if Vip = Va.
Then we get

F(n/) =F(m)+ in
i=1

i-1
(Wit — w) - Ty () — (P2ic1 — P%)(Z ij,2>i|
j=1
i i-1
=F(m) +ZX,- bi - pai —b; - (Zw‘/ﬁz)i|
i j=1

i=l

i i—1 i—1
:F(n)—{—Zx,— bi'pZi_bi'<Zw2f+ijb1>]
L j=1 j=1

i=1

i i—1
=F(w) +ZX;bi |:P2i - szj - % Z ij/':|
j=1

i=1 JeN\{i}

:F(TL’)-"%ZX,‘Z),‘( Z bj— Z )Cjbj)

i=1 JeN\(i} JeN\{i}

1 n
:F(JT)-FEZ Z X['bi'bj'(l—XJ).
=l jeN\i)
The equality
n i—1 n
1

Z)Cibi<zxj'bj> = ZX,‘[?,’(E Z ijj)
i=1 Jj=1 i=1 JEN\{i}

can be explained as follows. In the left part of the equality, for any i € N, we have the
fOHOWiIlg combinations )C,'bi Z_lj;ll )Cjbj +xi+1b,~+1xibi +xi+2b,-+2xib,- +-.- +x,;b,;x,-bi . This
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means that in the left equality for each pair (i, j), i € N, j € N \ {i}, there is one and
only one summand x;b;x;b;. This summand can be presented as a sum of two summands
%x ibjxib; + %x ibjx;b; to be taken into account twice in the right _part of the equality.

F (1) reaches its maximal value if there exists a subset N’ C N such that ), ., b; = A,
ie.,

/ 1 1
F(n):F(n)—I—EZ > bi-b;=F(r)+ A A.

ieN’ jeN\N'

Otherwise, we have

: I
F(a')=F@+3) 7 Y %i-bibj-(1-x))

i=1 jeN\{i}
1
=F(r)+ E(A —(A+y)

= F(r)+ 347 = 297,
2 2
where y > 0. )
This means that, if and only if there exists a subset N’ C N for the instance of the par-
tition problem such that ), _,,b; = A, then, for an optimal canonical sequence 7*, we
have

1
F(n*) = F(m)+ 5 A%
where x; = 1 fori € N'. O

In the following section, a pseudo-polynomial solution algorithm for the problem
1(no-idle)||max )_w;T; is presented. Thus, the problems 1(no-idle)||max) w;7T; and
1(sa)||max ) w;T; are NP-hard in the ordinary sense but not in the strong sense.

2.3 Solution algorithms for the problem 1(no-idle)||max ) w;T;

Assume that the jobs are numbered such that

w w w
_1<_2§...§_"

P1 P2 Pn

As a corollary from Lemma 4, there exists an optimal schedule, in which all jobs / €
{1,2,..., j} are processed from time ¢ one by one and there is no job i € {j + 1, j + 2,
..., n}, which is processed between these jobs. Thus, we can propose a dynamic program-
ming algorithm based on Lemma 4. In this algorithm, for each set of jobs {1, 2, ..., j} (i.e.,
at each stage j) and for each possible starting time ¢ (i.e., each possible state), we construct
a partial optimal job sequence m;(¢). In addition, F;(¢) denotes the total weighted tardiness
value of this sequence. @' (¢) and @2 (¢) are temporary functions, which are used to compute
Fi(1).

Algorithm 1
1. Number the jobs such that % < % <...< %;

2. m(t):=(), Fi(t) == wymax{0,t + p; —d;} forall t € Z with ¢ € [0, Z?:z pil;
3. FOR[:=2TOn DO
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FOR¢:=0TO Y/ ., pi (t € Z) DO
ali=, mo(t+ p), 7= (o (), D);
@' (1) :=wymax{0,1 + p; —d;} + Fi_1(t + p));
D2(t) 1= Fi_ (1) + wimax{0, t + Yi_, pi — d};
If @'(r) > ®%(¢) then Fi(¢) := @' (r) and m;(¢) := !, else F;(t) := P2(¢)
and 7;(t) :=7%;
4. 7,(0) is an optimal job sequence with the objective function value F, (0).

Theorem 3 Algorithm 1 constructs an optimal job sequence in O(n)_ p;) time.

The proof is very similar to that given in Gafarov et al. (2012) based on Lemma 4 adapted
to unit weights, and it is also presented in Gafarov et al. (2010b) for the problem under
consideration.

In all partial schedules starting from a point ¢ > dp,x, all jobs are tardy in each partial
schedule which starts from time ¢. Thus, we can reduce the time complexity to O (ndpax)-
We note that a similar algorithm for this problem with time complexity O (ndmax) has been
presented in Lawler and Moore (1969).

To reduce the running time of Algorithm 1, we can use a modification of the dynamic
programming algorithm presented in Gafarov et al. (2012) for the special case of the problem
L(no-idle)|| max > T;, where w; =1, j=1,2,...,n. In this modification, the functions
F @), l=1,2,...,n, are defined for any ¢ € (—oo, +00) (not only for integer ¢). Then it
is easy to prove that the functions F;(¢) are piecewise-linear, convex, continuous and non-
decreasing functions (Gafarov et al. 2012) and that the 7-axis can be divided into intervals,
on which function Fj(¢) is a linear function of the form F;(t) = Ff(t) = uf - (t — /") + bF,
where k is the number of the interval [t/‘f1 , t,k), uf‘ is the slope of the function and b;‘ =
E(t/‘" ). The points tl" which separate the intervals are called break points.

Lett'=d; — p;and t" =d; — Zi‘:l p;. In addition, assume that /| — p; <’ < tf_*ll -

pi, s+ 1<wv,_; and tf'f, <t < tlhfll, h + 1 <wv;_;, where v;_; is the number of intervals.

The function ®!(¢) is obtained from function F;_;(¢) by shifting the diagram of func-
tion F;_;(¢) to the left by the value p;,, adding a new break point ¢’ and increasing
the values u}*], ufflz,...,u;”_’llﬂ by wy, i.e., the weighted number of tardy jobs (and
thus the slope of the function) increases. The function ®2(¢) is obtained from function
F,_1(t) by adding a column which results from the new break point ¢” and increas-
ing the values u/"!, u/2, ..., u;)l:llH by wy, i.e., the weighted number of tardy jobs in-
creases. So, we transform F;_;(¢) into ®@'(¢) and @%(¢) analytically. The function F(¢) =
max{®@' (1), ®(¢)} can be computed analytically as well. Then the processing time of this
modification linearly depends on the number of break points. Since the functions Fj(t) are
convex and the slopes u} are equal to the weighted number of tardy jobs in a partial sched-
ule, the number of break points is less than or equal to O (Z[jzl w;) at stage [. Moreover, the
number of break points is less than or equal to O (dp.x) for instances with integer parameters.
Then the time complexity of this graphical modification is equal to O (n min{dmay, D w;}).

A more detailed description, the complete proofs and a numerical example of such an
algorithm for the problem 1(no-idle)||max ) T; with unit weights have been presented in
Gafarov et al. (2012). In particular, it has been shown that for such an algorithm, F;(¢) is a
continuous, piecewise-linear and convex function F;(¢) which is also true for the problem
under consideration. The time complexity of the graphical modification for the special case
1(no-idle)|| max ) T; is equal to 0 (n?) (Gafarov et al. 2012).

As a consequence, we can prove that the problem 1(sa)|r;|max ) T;, the complexity
status of which was open (Aloulou et al. 2007), is polynomially solvable. From (Aloulou
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et al. 2004), it is known that for the problem 1(sa)|r;|max ) T}, there exists an optimal
schedule in which the jobs are processed from some release date r; without idle times, i.e.,
for each possible r; (which is the starting time of the first job in the schedule), we have
to solve the problem 1(no-idle)|| max ) _ T}, i.e., the resulting solution algorithm has a time
complexity of O(n?).

3 Complexity results for single machine problems with deadlines and/or other
objective functions

First, we present two new complexity results for single machine maximization problems.

Lemma 6 The problems 1(no-idle)|D;|max T, and 1(no-idle)|D;|max)_U; are NP-
hard.

Proof We give a reduction from the partition problem. Given an instance of the partition
problem, we construct an instance of the scheduling problems with n =7 + 1 jobs, where
pj=bjandd; =D; = Z';:l pj+1, j=1,2,...,n Inaddition, let p; 1 =1, di; 1 =A
and Dj; = A + 1. It is obvious that in any feasible schedule, the jobs 1,2, ..., n are on-
time.

If the instance of the partition problem has the answer “YES”, then there exists an op-
timal sequence 7 = (1, n + 1, mp), where {7} = N’, Z,e/v’ pj=A,{m}=N\N'and
Z”“ T;(w) = 1. If the answer is “NO”, then in all feasible sequences Z"H Ti(m) =0.
Analogously, Z"“ Uj(x)=1and Z"“ U; () = 0, respectively, hold. O

Lemma 7 The problems 1(no-idle)|r;j|max)_w;C; and 1(no-idle)|D;lmax}_w;C; are
NP-hard.

Proof We give a reduction from the partition problem. Given an instance of the partition
problem with 7 numbers, we construct an instance of the scheduling problem withn =n+1
jobs, where p; =w; =bjandr; =0, j=1,2,...,n. In addition, let p;1; =1, w;y1 =0
and r; = A.

If the instance of the partition problem has the answer “YES”, then there exists an optimal
sequence w = (ry,n+ 1, 1), where {m{} = N’, Zjem pi=A,{m}= 1\_/\N/, Z/.Eﬂz pj=
Zjerj — A and

n+1

Zw]C (m)= Y bib +<ij —A),
I<i<j<n jel\7
since in the sequence 7’ = (7ry, 72, 1 + 1), the equality
n+1
Zw]c (m)= Y b,

I<i<j<n

holds (Lenstra et al. 1977). The _]ObS from the partial sequences 7} and 7, can be processed
in an arbitrary order (Lenstra et al. 1977). If the answer is “NO”, then

n+1
Zw,c (M < Y bib; +<ij—A).

I<i<j=n jeN
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Table 1 Complexity results

Problem

Maximization version

Minimization version

Total tardiness problems
L(no-idle)||max ) w; T;

L(no-idle)|rj|max y_ T;
L(no-idle)||max Y T;

L(no-idle)| D j|max ) T;
I(sa)|rj|max ) T;

I(sa)|rjlmax Y w;T;
L(nd)|rjlmax Y w;T;

Other maximization problems
1(no-idle)| D j| maxy_U;

1(no-idle)| D jlmax } w;C;

L(no-idle)|rj|max Y w;C;

NP-hard in the ordinary sense
(Theorem 2), Solution algorithm with
complexity O (nmin{}_w;, dmax})

NP-hard (Theorem 1)

Solution algorithm with complexity
O(n}_ pj) (Gafarov et al. 2010a).
Solution algorithm with complexity
0 (n?) (Gafarov et al. 2012)

NP-hard (Lemma 6)

Polynomially solvable in 0 (n?) time
(see Sect. 2.2)

NP-hard (Theorem 2)

strongly NP-hard (Aloulou et al. 2007)
NP-hard (Lemma 6)

NP-hard (Lemma 7)

NP-hard (Lemma 7)

strongly NP-hard

strongly NP-hard

NP-hard in the ordinary sense.
Solution algorithm with
complexity O(n* Y. p )
(Lawler 1977)

Special case 1| YT} is
NP-hard in the ordinary sense

strongly NP-hard

NP-hard (van den Akker and
Hoogeveen 2004)

strongly NP-hard (Lenstra
etal. 1977)

strongly NP-hard (Lenstra
etal. 1977)

Thus, the problem 1(no-idle)|r;| max ) w;C; is NP-hard.
In an analogous way, for the problem 1(no-idle)|D;|max)_ w;C;, we consider an in-

stance with n =7 + 1 jobs, where p; =b;,w; =0, D; =

;'l:l]piv j=12,...,n. In

addition, let ps+; =1, w41 =1 and D;y; = A 4 1. Now it is obvious that the instance of
the partition problem has the answer “YES” if and only if C;(r) = A + 1. ]

Next, in Table 1, we give an overview on new results which we presented in this paper
and a comparison with known results for the corresponding minimization problems. Here,
NP-hard means that the existence of a pseudo-polynomial algorithm is unknown.

4 Concluding remarks

In this paper, we considered several scheduling problems, where the optimization criterion
is opposite to the classical problems. Mainly, we considered complexity issues of such prob-
lems with total tardiness criterion. NP-hardness proofs for 6 open problems were presented
as well as a pseudo-polynomial solution algorithm for the total weighted tardiness maxi-
mization problem.

For future research, it is interesting to compare the complexity of maximization and
minimization versions for problems with other objective functions. Another subject can be
the improvement of algorithms for the original problems by analyzing the solutions found
in the maximization versions.
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