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1. Introduction

A class of NP-hard scheduling problems with minimizing the maximum penalty is considered. Even the special case
of the single machine problem of minimizing maximum lateness subject to given release dates [1]| belongs already to
this class. For these problems, the existence of a polynomial algorithm is unlikely. There exist two types of methods for
solving such problems: exact and approximate ones [2]. The first group includes integer linear programming [3], dynamic
programming [4], the branch and bound method [5], the local elimination algorithm [6], and so on. In this case, the optimal
objective function value is calculated without any error, but exact algorithms require large computation times and also a
huge memory. Approximate methods such as genetic algorithms [7], ant colony algorithms [8], bee colony algorithms [9],
tabu search [10], evolutionary algorithms [11] and many others obtain much faster a heuristic solution but there are usually
no estimates of the deviation of the objective function value from the optimal one [12].

This paper deals with sub-cases of scheduling problems with a single and several machines. The focus is on the use
of these polynomially solvable sub-cases for the solution of a the more general problem. We describe an approximation
approach which is denoted as metric one [13]. The core part consists in constructing a solution with a specified maximal
absolute error for scheduling problems on parallel machines with the criterion of minimizing maximum lateness. The abso-
lute error of the approximate solution is bounded by a metric function p(A, B). The idea of the metric approach is as follows.
An instance A of a problem is characterized by a point of the input data. For this problem, we consider all known polynomial
and pseudo-polynomial algorithms. Then we introduce some metric. By means of this metric, we find that polynomially or
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pseudo-polynomially solvable instance with the smallest distance from the given instance. To do this, we compile a system
of linear inequalities derived from the initial data. In other words, we construct the projection of the initial point onto a
particular instance of a suitable sub-space by the introduced metric.

Up to now, the following results have been obtained for this metric approach. In [14], a comparison of feasible regions is
carried out and the concept of a polynomial unsolvability measure for the single machine scheduling problem of minimizing
maximum lateness subject to given release dates are given. It can be possibly reduced further by finding new sub-spaces
of polynomially solvable instances. In [15,16], appropriate metrics for scheduling problems with total tardiness function are
derived.

Polynomial and pseudo-polynomial algorithms are widely used to solve practical scheduling problems. For example,
in [4], a supply chain scheduling problem is considered. The objective is to minimize the sum of the weighted number of
tardy jobs as well as the due date assignment, resource allocation, and batch delivery costs. The authors propose a pseudo-
polynomial dynamic programming algorithm for this problem. In addition, polynomial time approximation schemes are
often used. In [17], a coordinated scheduling problem of production and transportation in which each job is transported to
a single batching machine for further processing is studied. For a special case of this problem, where the job assignment to
the vehicles is predetermined, the authors provide a polynomial time algorithm.

In this paper, the main focus is on several types of parallel machine problems. Even the special case of two identical
parallel machines has important practical applications. In [18], the authors investigate the problem of wafer fabrication with
two parallel machines. Molds are presented as resource constraints. Two or more jobs with the same mold requirement
cannot be processed on the same or different machines at the same time. Three simple fast and efficient heuristics with a
worst performance ratio of 3/2 are proposed to solve the problem. The results of the calculations show that the proposed
heuristic allows to get good solutions for large-size problems. In [19], the problem of scheduling a given set of n jobs on
two identical parallel machines with a single server is considered. As the authors mention, such problems have their appli-
cations in several manufacturing systems, e.g. in the semiconductor manufacturing systems, in robotic cells or in automated
material handling systems. Each job must be processed on one of the machines. For the makespan minimization problem,
fast polynomial algorithms are given which are tested for instances with up to 10,000 jobs. The algorithms have an excellent
performance and obtain function values very close to the lower bounds or even optimal solutions.

The remainder of this paper is as follows. In Section 2, we describe the problem under consideration in more detail.
Some necessary preliminaries and the notion of an inverse instance are given in Section 3. Some fundamental lemmas and
theorems necessary for the subsequent approximation approach are given in Section 4. The approach for solving scheduling
problems approximately with an error estimate is described in Section 5 for the problem of minimizing maximum lateness
on identical parallel machines subject to given release dates and precedence constraints. Section 6 introduces a normalized
space of the instances. In Section 7, the application of the approach to several other scheduling problems is briefly discussed.
In Section 8, the metric approach for solving the scheduling problem with a single machine is tested and compared with
other algorithms. Some concluding remarks complete the paper.

2. Formulation of the problem

In this paper, we will use the classical 3-parameter notation «|B|y for scheduling problems [20]. Our main focus is on
different types of parallel machine problems, which can be described as follows. A set of n jobs j, je N={1,...,n}, has to
be processed on a set of m machines i,i e M = {1, ..., m}. Preemptions of a job are not allowed. At any given time, any of
the machines can process no more than one job.

For each job j € N, a release date rj, a due date d; and the processing times p;; for processing job j on machine i € M
are given with 0 < p;; < +oo. If p;j = +o00, then job j cannot be processed on machine i. In the case of identical parallel
machines (@ =P), we use p; for the processing time of job j on any machine. In addition, precedence relations between
jobs may be given by an directed acyclic graph GC N x N.

In addition to identical machines (o = P), we also consider problems with uniform (a = Q) or unrelated (@ = R) ma-
chines. A schedule for such a problem is obtained by partitioning the set N of jobs into subsets N; of jobs processed on
machine i,i=1,..., m. For each set N;, one has to find the job sequence m; processed on machine i. Inserted idle times
between the processing of jobs are not allowed. This means that, if a job j is assigned to a free machine i and the release
time r; allows to start job i, then it must be started.

Since we consider only regular optimization criteria, the assignment of the jobs to the machines (i.e., the specification
of the sets Ny, ..., Npn) and the job sequences mq, ..., T, describe completely a schedule by the set of job sequences: m =
{m1,...,mm}. In a semi-active schedule, each job j € N starts its processing at the earliest possible time: either at the
release date rj, or immediately after the completion of the previous job on this machine, or immediately after the end of a
job preceding it according to the graph G. Instead of the job sequences, one can equivalently give the starting times s; of all
jobs jeNji=1,...,m. We denote the set of starting times by S = {Jjcy ;-

Let Pred(j) be the set of all jobs which are a predecessor of job j in the precedence graph G and (k — j)z; be the jobs
scheduled on machine i before job j according to the sequence ;. Then the starting time of a job je N;, i=1,...,m, in the
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schedule 7 is given by
S; =max{r;, max (s it), mMax (s, (m; i) 1 - 1
() X{ j ,<6Pred7§j)( k() + Pik) (kaj;ii( 1 (7Ti) + P;k)} (1)

Since preemptions of jobs are not allowed, the completion time of job j € N; in a schedule 7 is given by
Ci(r) =s;(m) + pij. j € Ni.
The schedule 7 is called feasible, if r; < s;j(w) and Cj(r) < si(7r) for all arcs (j, k) € G.

Remark 1. If a schedule 7 is known, the starting times S can be uniquely determined and vice versa, if all starting times S
(together with the sets Ny, ..., Ny) are known, this uniquely identifies the resulting schedule 7.

The optimization criterion is to minimize the maximum lateness:
minmax {C;(w) —d;!.
T jeN { ]( ) J}
Note that, if d; = 0 for all jobs j € N, the objective turns into the makespan criterion.
Problems with o =P and o = Q are special cases of a problem with o =R (if the other parameters in the 3-parameter

are identical). A problem with a = P assumes that p;; = p; for all machines i. If @ = Q, it is assumed that p;; = p;/v;, where
v; is the speed of machine i.

3. Preliminaries

In this section, we give some preliminaries necessary for the subsequent considerations.

Definition 1. An instance A of the problem under consideration is defined by {G4, (rj.‘, p/]‘ d']‘,‘)|j e N}, i.e, by the prece-
dence graph and the job parameters. An optimal schedule with minimum maximum lateness value is denoted by 74, i.e.,

A AY _ i A
Linax (777) = min max I (),
where the minimum is taken over the set of all feasible schedules 7.

Definition 2. Let A be an instance and 7 be some schedule for this instance, satisfying (1). Any chain that is a subgraph of
the graph GA is called a precedence chain and is denoted by o c GA.

If o = (ji.....jx) € G* is a precedence chain, then by means of formula (1), we have:
A
G zr) + 3 P, 2)
jeo

where Cf () is the completion time of job j € N for the data of instance A under the schedule .

Definition 3. A delaying chain is the precedence chain for which the inequality (2) becomes an equality:

A _
Gy =ri+ > P (3)
Jjeo*(ji)
It can be noted that a delaying chain exists for any job since we consider only schedules without inserted idle times.
Next, we use an extended definition of the scheduling problems, which have negative values of the release dates and

the due dates. This is necessary to consider inverse instances. Then we define inverse instances for the scheduling problems
under consideration.

Definition 4. The graphs G; and G, are called inverse if they have the same set of vertices and edges, but the orientation
<«
of all edges is opposite. The inverse precedence relation to G is denoted by G.

Next, we consider the case of identical parallel machines. Recall that for this case, the processing times are p;; = p;. We
assume the following relationships between the dates for the instances A and B for all jobs j € N:

f=—di. pj=p df=-1} (4)

One can see that the values of the release dates and the due dates (4) can be negative. This is because when solving a
system of linear equations, solutions can be obtained that are out of the domain of the variables r; and d;. In order to find
a feasible instance, we construct an inversion to the given one as described below. This is described in more detail further.
Now we continue with the definition of inverse instances.

Definition 5. If for an instance A = {G4, (r?, p’; d;‘)| j € N}, properties (4) hold and G* is inverse to G, then the instances
A and B are called inverse.
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Permutations and schedules can also be inverse. The permutations! = (jn,, Jn=1, -+, J1) being processed on machine i is
called inverse to the permutation 7; = (ji, ..., Jn;). The schedule 7" = (7], ..., 7},) with the starting times {53. |jeN,ieM}
is inverse to the schedule = = (71, ..., 7wm) with the starting times {s;|j e N;,i € M}, if all permutations 7/ are inverse to

mwifori=1,...m ands;:—sj—pj for all jobs j € N; and i € M.

Definition 6. For two arbitrary instances A and B of the problems
{P. Q R}|prec, rj|Lmax, we define the following functions:

pa(A, B) = n]g]x{d? —dby - r}liﬁl{d? —d);
pr(A, B) = nj)EaNx{r? —rf) - rjrlw{r? Ny L

op(A, B) = Yoy (maxiew{ (pf — p§), 0} — minicw { (pf; — pE). 0});
p(A,B) = pa(A, B) + pr(A, B) + pp(A, B).

It is necessary to note one important property of the function p(A, B): it is separable with respect to the parameters d, r
and p.

(5)

Definition 7. Let A be an instance with the set of jobs N and the precedence relation G. We say that instance B with the
same set of jobs inherits the parameter x from the instance A if x? = x? for all jobs j € N.

Next, we will change the due date of the jobs and invert the graph of the precedence relations G.
4. Basic results

In this section, we present some lemmas and theorems which are required for the subsequent approximation approach.

Lemma 1. Let the instance B inherit all parameters from the instance A except the due dates {d;|j € N}. Then for any feasible
schedule 7t (for both instances), the following inequality holds:

L () = Ly () < max(d — ). 6)
Proof. Indeed, for any job j € N and any schedule 7, we have:
1A (r) + r?eellvx{dj‘ —d}} = Cj(w) —df + df — d} =Cj(m) — df.
Thus,
Lax (77) + r?jlvx{d? —df} > max {C€(r) —dD)} = 15 (m).
O

Lemma 2. Assume that the instance B inherits all parameters from the instance A except the due dates {d;|j € N}, and let 7B be
an approximate solution for the instance B satisfying the condition

0< Lﬁlax(ﬁg) - Lﬁwx(ng) < g, (7)
where 7B is an optimal solution, i.e., for all schedules 7 it satisfies the condition
Lfnax(nB) = Lfnax(n)- (8)

Then for any optimal schedule w# of the initial instance A, we obtain
0 < L0 (%) — Lo (T*) < pa(A. B) + 5.

Proof. For the schedules 74 and 758, we obtain the following estimation:
0 < [ () = [y () <

= Lglax(ﬁB) - Lfnax(nA) + max(df - d?) =
jeN
< 8+ Lyax (%) + njr‘gVX(dj-3 —df) = L (Tt + r§16a,VX(dj‘ —db) <

The second inequality above holds due to (6), the next inequality holds due to (6) and (7), and the latter inequality holds
due to (8). The lemma has been proved. O
Definition 8. A feasible schedule 7 for the instance V is called early, if C;(7) < d‘j/ for all jobs j € N. The value A = A(V, )

is the minimal value that has to be added to the due dates of all jobs, ie., dj = d}’ +A,j=1,2,...,n, so that the schedule
7 will become early.
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Lemma 3. Let V and W be mutually inverse instances with the job set N and w and 7’ be mutually inverse permutations. Then
we have
1% w
Lmax (7[) = Lmax (T[/)‘

Proof. Let A = A(V, ). The feasible schedule 7 is early for the instance V(A) with the due dates d; = d}/ + A for all jobs

j=1,...,n. Thus, the feasible schedule 7’ inverse to the schedule 7 is early for the instance W/, inverse to the instance
V(A). This means that L‘I’n";x(ﬂ’ ) < 0. Note that the instance W’ is different from the instance W (inverse to V) by the fact
that all release dates are reduced by the value A, i.e., rbf‘" = ryv — A, j=1,...,n If the schedule 7’ is shifted to the right by

A, then the resulting schedule 7" will be feasible for the instance W, and we get
LY (@) < A =LY, ().
Since the jobs in the schedule 7" are executed in the order 7/, we obtain
Linax (7)< Lo (1) < Ljpa (7).
Interchanging the instances V and W as well as the sequences 7 and 7/, we get the opposite inequality:
L‘lélax(ﬂ) S L‘I/nvax(ﬂ/),
from which the required equality follows:
L‘r;ax () = LYT‘{ax (7'[/).
O

Remark 2. If 7 is an optimal schedule for the instance V, then the inverse schedule 7’ is an optimal schedule for the
inverse schedule W.

Lemma 4. Let the instance C inherit all parameters from the instance B except the release dates {r;|j € N}, and #C be an approx-
imate solution for the instance C satisfying the condition

0 = chnax(ﬁc) - chnax(nc) = 8(:- (9)
Then

0 = Lanax(ﬁC) - L?nax(nB) =< IOT(Bv C) + 8C~
Proof. Consider two instances B and C inverse to the instances E and F, respectively, with the job parameters

E_ 4B .E_ B E_ _.B

rj_—dj, p; =p;, dj_—rj, jeN
and

F_ _4C F_ .C F_ :

rj=—dj. pi=pj dj=-1j JjeN.

Let zf and tF be inverse permutations to the permutations 78 and 7€, respectively. According to Remark 2, the permu-
tations t£, tF are optimal permutations for the instances E and F, respectively. Then, by Lemma 2, for the approximate
solution £F, we get

BC + pd(E9 F) = LrEnax(fF) - LﬁlaX(TE) z 0.
According to Lemma 3, we get
LB (7®) =15, (zF) and 1B (RC)=1LE  (F).

In fact, we use the approximate value LB, (7€). Therefore, we obtain the inequality

6C + ,Od(E?F) = Lﬁwx(ﬁc) - Lﬁmx(ﬂB) = 0. (10)
We have
= E_qf F_ gt
pa(E.F) = r?g]x{dj d]}+r?€allvx{dj d;}

c_ B B
Izjez%]x{rj -1} + rglgvx{rj - 1§}

= pr(B, C)
From the latter equality and (10), Lemma 4 follows. O

Lemma 5. Let the instance D inherit all parameters from the instance C except the processing times {p;|i € M, j € N}, and let
7D be an approximate solution of the instance D satisfying the condition

Lglax(ﬁD) _Lglax(nD) < ép. (11)
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Then
0 < Liax (P) = Liax (7€) < pp(C. D) + p.
Proof. The scheme of the proof is similar to the scheme of Lemma 2, and so we give here only the calculations:

Lfnax(ﬁD) - Lfnax(nc) =

= L%ax(ﬁD) - LSnax(nC) + Z rPeaMX(pfj - piDj)+ =

jeN
< Op + Linge (%) + 3 S max(pfj — pj) s — L (7) +
jeN
D C
+ Zl}lﬁ/lx(p"j - pij)+ =<

jeN
<8+y. (rgng(pfj = Pip)+ + max(pj; - p?j)_) =3dp + pp(C, D).
jeN

O

Theorem 1. Let the instance D inherit all parameters from the instance A except the values {d;, 1j, p;li € N, i € M}, and let 7D
be an approximate solution of the instance D satisfying the condition (11). Then

0 <A (7D — LA (@) < p(A, D) + 8p. (12)
Proof. The inequality

0 < Lhax () = Lhax (7
follows from the optimality of the solution 74 for the instance A. Next, we prove the inequality

Lhax (°) = Ly (T*) < p(A, D) + 8p.

We use the additive property of the estimates obtained in Lemmas 2, 4 and 5. Consider the auxiliary instances B and C with
the following job parameters:

A B C D.

. @ = df = d¥:
A — B € — D.
io= T io= 0

— B — C D

Py = P o= P Pij-

Then we obtain:
p(A.B) = pg(A,B);  p(B,C) = pr(B,C); p(CD)=pp(C.D).
Applying successively Lemmas 5, 4 and 2, and using
AP =7#C, Sc=68p+pp(C, D), #F =AB, 8 =38c+ pr(B,C),
we get
0 < Lax (B7) = [ (T") = P4 (A, B) + pr(B,C) + pp(C. D) + 8p =
= p4(A.D) + pr(A.D) + pp(A. D) +8p = p(A. D) + p.

Theorem 1 has been proved. O
5. A metric approach for the problem P|prec, rj|Lmax

In this section, we suggest a metric approach for the NP-hard problem P|prec, rj|Lmax. To do this, we introduce a few
basic definitions. Let us define a P-point.

Definition 9. Let 2 be the space, where each point represents the data of an instance of the problem P|prec, rj|Lmax. The
sub-space 9l c 2 is called P-cone, if all instances represented by points of this sub-space can be solved by a polynomial or
pseudo-polynomial algorithm. These points in 2 are called P-points.

There exist several studies devoted to finding P-points for various problems. A rather complete overview of the results
about P-points has been given in [21]. An analysis of the graphs related to the problems is also provided, which is not
covered in this paper. During the past three years, P-points have been found for the following problems: the classical multi-
machine problem [22], the scheduling problem with an agreement graph on two identical machines [23] and with prepa-
ration constraints [24], open shops subject to the constraint that some conflicting jobs cannot be processed simultaneously
on different machines [25] and job shop problems with tooling constraints [26], as well as some practical applications, for
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example the multi-league sport scheduling problem [27]. We can conclude that for many problems, there exists a space
in which P-points are located. Subsequently, we consider the subspace of P-points. The third part of the monograph in
Theoretical Computer Science is devoted to polynomially solvable time-dependent scheduling problems [28]. Three types
of P-points for polynomially solvable problems are described for polynomially solvable problems: single machine problems,
parallel machine problems, and dedicated machine problems.

Definition 10. Let there be a point (instance) A ¢ 9. Using some metric p, we can construct a projection onto the space 9
with respect to A. The resulting point (instance) B € 91 is called the projection of A by the metric p.

Definition 11. The sub-space ﬁlj, (A) € 2 is called an e-projection of A by the metric o if for each of its points x € 9, the
following inequality is satisfied:

A, (@) - 14, ") <e.

The metric approach consists of two steps. In the first step, we change the parameters {(r?,p?,d’}‘)lj e N} of the
original instance A = {G, (r;,‘, p';‘ df)}, where je N,A ¢, so that the projection of A by the metric p gives an instance
B={G, (r?, p’]?, d?)|j € N} in the P-cone. In the next step, we find an optimal schedule 78 for the instance B. According to
Theorem 1, we apply the schedule 78 to the initial instance A. As a result, we obtain the following estimate of the absolute
error:

0 < [ax (77) = Lo (7") < p(A. B).
We consider the P-cone when the parameters of the jobs satisfy the following k linearly independent inequalities:
XR+YP+2ZD <H, (13)

where R= (rq,..., m)T, P=(pi,..., pn)T (as usual, we assume p; > O for all jobs j € N), D= (di, ..., dy)T and X, Y, Z are
matrices of the dimension k x n, H= (hq,..., h)T is a k-dimensional vector (the upper index T denotes the transpose
operation). Then in the class of instances (13), we determine an instance B with the minimal distance p(A, B) to the original
instance A by solving the following problem:
xd—yd X —y") + Zx;’ —> min

jeN
yi=df —df <xi,

yosrf-ri<x,

VjeN. (14)
—xf<p}-pl=x.
0< xf,
XRB +YPB +ZDB <H.
The linear programming problem (14) with 3n + 4 + n variables (rf, p‘j,d?, Xa»Yd» X Yr, and xf, j=1,...,n)and Tn+k

inequalities can sometimes be solved with a polynomial number (in n and k) of operations, given the specificity of the
constraints of the problem (14). For example, for the problem 1|rj|Lmax, which is NP-hard in the strong sense, there are two
types of non-trivial P-points:

di <...<dy,
15
{dl_rl_plzu-zdn_rn_pnv (15)

and
max{d, —ry — pi} < dj — 3, (16)
keN
for all j € N.
In the case of (15), an optimal solution of the problem 1|rj|Lmax can be found in O(n®logn) operations. The linear pro-
gramming problem (14) can be solved in O(nlogn) operations. In the case of (16), an optimal schedule can be found in
O(n2logn) operations [29]. As in the case of (15), the minimum absolute error of the maximum lateness can be found in

polynomial time, in this case with O(n) operations. In addition, we can present also two new types of P-points for this
NP-hard problem:

r<rj=d;>dj,;

dj —pj= dmin(N),
and

r<rj=di—pi=dj
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Using schedule 7
for the given point A

\

P-cone Determine the P-point B
by metric p(4, B)

0

Fig. 1. Geometric illustration of the metric approach.

ijeN, i#]

In the first case, a solution algorithm with the complexity of O(n?) operations can be presented, in the second case one
can give an algorithm with O(nlogn) operations [13].

In the case when the original problem is not projected onto a P-point, the selected objectives (we can note that trivial
P-points usually do not give qualitatively new estimates of the absolute error) or the ‘distance’ p(A, C) to any polynomially
solvable instance C is not appropriate. However, if for some instance B = {G, (r?, p‘]?, d?)| j € N}, the estimate of the absolute
error of the maximum lateness of the approximate schedule 7 is ‘acceptable’, then the approximate schedule 7 for the
original instance A = {G, (r;‘, p’j‘ dg‘)|je N} has a guaranteed absolute error of 88(%) + p(A, B) from the optimal value of
the objective function according to Theorem 1. The value of §8(#) + o (A, B) is sometimes significantly less than p(A, C) for
any polynomially or pseudo-polynomially solvable instance C.

It is an upper bound on the absolute error of the objective function value. In Fig. 1, we show the idea of the metric
approach. Let us consider the P-cone which includes all known P-points bounded by a system of linear inequalities (note
that, since we consider this sub-space with respect to point zero, it is a cone). In this P-cone, we can find a point B, which
corresponds to an instance B with the obtained schedule 8. Thus, for the instance B, there exists a polynomially or pseudo-
polynomially solution algorithm.

Now we want to find a polynomially or pseudo-polynomially algorithm for an instance A, which does not belong to
the P-cone. Then we construct a metric p, which characterizes the difference of the two elements. Here the elements are
some functions whose parameters allow finding easily schedules for the instances B and A. Thus, the metric looks like
0 =44, (@B — 14, (™). That is, the projection of the initial point A from the 3n-dimension space onto a point of a feasible
sub-space is determined. For any instance (i.e., a point in the 3n-dimensional space), we know the projection of the initial
point A onto the feasible sub-space.

6. The normalized space of instances

Consider a set of instances from the problem class P|prec, rjllmax With a fixed number of n jobs, m machines
and the precedence graph G. This set of instances forms a 3n-dimensional linear space (with the 3n parameters:
ripi.di,jel,....,n).

j» Pjr 4

Definition 12. Two instances A = {G, (r?, p’; d;‘)|j e N} and
B = {G, (rf, p‘j, df.’)l j € N} are called equivalent, if
. A _ B _ B _ B
d,r: df =di+d, rj.‘_rj+r, p/}_pj,
for all j € N.

This definition generates a partition of the sets of instances of the problem into equivalence classes. As a representative
of each class, we choose the instance with r; = 0 and d; = 0. The resulting class is a (3n — 2)-dimensional linear space. Let
us denote this space by £,. We say that the instance A belongs to the class £, if the condition

= dl =0 (17)
is satisfied.
Remark 3. Equivalent instances have the same set of optimal schedules (permutations).

Next, we consider the following functionals on the space of equivalence classes of the instances:
A) = max{r?} — min{r?} + max{d?} — min{d*? >0
¢ (A) = max{rf} — min{rf} + max{d}} — min( ,}+j€ZN|p§‘| >
forall Ae Ly
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This functional satisfies the following three properties of a norm:
9A)=0=A=0;
@A) = ap(A); (18)
¢(A+B) < ¢(A) + ¢(B).

We have A=¢ if rj = pj =d; =0 for all j e N. The first property follows from the definition of the functional ¢(A). The
second one can be checked directly. The third one describes the triangle inequality. The metric functions are separable. This
means that any metric function f is representable as the sum of some functions ¢(a) and ¥ (b), depending on the initial
parameters a and b of function f:

f(a,b) = ¢(a) + ¥ ().
Thus, £, is a (3n — 2)-dimensional linear normalized space with the norm
1Al = @ (A).
It should be noted that this rule leads to the metric defined in (5)):
p(A.B) =||A-BJl.

7. Some schemes for finding an approximate solution

Next, we investigate how to use polynomially solvable sub-cases for the solution of more general problems. We show
how one can use the above approach for finding an approximate solution of certain scheduling problems with an estimate
of the absolute error. For an instance A of a problem «|f8|Lmax, we use the notation o|B84|Lmax. It is necessary to change
the parameters of the machines and the jobs of the instance A with o4, ,BA and possibly the objective function Lyax to Crmax
to result in an instance B of a problem o8|B8|{Lmax, Cmax}, for which we can find an approximate solution #2 (or even an
optimal one 78) and then to apply it to the original instance A of the problem |84 |Lmax.

In [30-34], a list of subproblems of the problem P|prec, r;|Lmax is given to which various « = R and o = Q can be reduced.

7.1. Reduction scheme o|B|Lmax — o|B|Cimax

Let there be some instance A of a problem a4|B4|Lmax belonging to the class of NP-hard problems and a known approx-
imate schedule 78 (or even an optimal one 78) for the instance B of the problem a4|84|Cmax with an absolute error not
exceeding 6z > 0. In the instance B, we have d? =0 for all jobs j € N and thus, from Lemma 2, we obtain the following
bound:

0< L/rqnax(ﬁB) - L/rqnax(nA) = :Od(A: B) + 88 = I?:}\lx{d/]q} - r}lll\?{d’]q} + (SB~

In fact, the obtained estimate allows to estimate the transition from the objective function Lpax to the makespan Cpax.
For an approximate solution of the problem «|B, rj|Lmax, one can use a solution of the problem « | 8,7j =0 | Lmax. In
this case, we obtain an estimate of the absolute error of the approximate solution 78 according to Lemma 4:

0 = L (#%) = Ly (7)< max(r) - min(r) + .

This estimate establishes a connection between the problems of minimizing Lynax with simultaneous and non-simultaneous
release dates of the jobs.

7.2. Reduction scheme « | B, pj | Lmax = @ | B, pj = P | Lmax

Let us solve an instance A of the problem a#|B%|Lmax belonging to the class of NP-hard problems, and assume that an
approximate schedule 78 (or even an optimal one 78) is known for the instance B of the problem a|84, Pj = PlLmax With
an absolute error not exceeding §g > 0.

In order to guarantee that the absolute error of the obtained solution is as small as possible, it is necessary to find the
optimal value of the parameter p, for which the distance pp(A, B) between the instances is minimal:

pp(AB) =min 3 [pj —pl . (19)
j=1

This function is a continuous, convex, piecewise linear function with respect to p. If n is odd, then the minimum is
reached on the value p’J‘ i.e., if all processing times p’]‘ are ordered according to non-decreasing values, then the solution of



172 A.A. Lazarev, D.V. Lemtyuzhnikova and F. Werner /Applied Mathematical Modelling 89 (2021) 1163-1176

the problem (19) is p* = pA ;. If n is even, then the minimum is achieved on the two median values pA as well as on any

n+1

2
value between them, i.e, p* € [p}: P ). Thus, p* = p?m
2 2

| and by Lemma 5, we have
z

n
0 = Lo (2) = Lo (7)< 3| P} = P [ +55.
j=1

Let us consider an instance A of the problem o?|84|Lmax, belonging to the class of NP-hard problems, and assume that
an approximate schedule 78 (or even an optimal one 78) is known for the instance B of the problem |84, Pj = PlLmax
with an absolute error not larger than §z > 0. The condition p; = 1 includes the case of p; = p when all parameters rj‘ and

dj.* are multiples of p. As p, we can take p = p’E Ik and in order that all values r']“ and dA are multiples of the number p,

il
2

we must subtract from them the remainder of the division of these parameters by p. Then pr(A, B) < p and py(A, B) < p.

For the instance B, we have for all jobs j € N:

=p= PAMJ, P =rf— (r} mod p),d? = d} — (d} mod p),
and the estimate of the absolute error is given by

0 = Lﬁlax(”B) - max(”A) = Z p‘j‘ _p’?%J

jeN

+ 2P

7.3. Problems with allowed preemptions of jobs

In the problems {R, Q}|8|Lmax, in contrast to the problem P|S|Lmax, the processing times of the jobs je N on dif-
ferent machines may vary: p; # pyj, i# k, wherei, k € M.

Let A be an instance of the problem R|B4|Lmax from the class of NP-hard problems and assume that an approximate
schedule 78 (or even an optimal one 78) is known for the instance B of the problem P|8%, pij € {pj, oo}|lLmax with an
absolute error not larger than §z > 0.

In order to guarantee that the absolute error of the obtained solution 75 is the smallest one, we need to find the values
of the parameters p‘} which would minimize the distance between the instances A and B:

pp(A.B) = min {JZN (max{(ply ~ p%). 0} ~ min{(pf; - p!).0}) }
We have

Pp(A,B) = ]ZN (“il‘i‘f{p?" P} — min{pf}. p‘}}) = 1213 (rg;aMx{pﬁ}} - rgg;p{p?j})
provided that

P € Imin{pfj}, max{pj}]
for all j € N. Therefore, we get

0 = Lhun ()~ Lhun(7%) = 3 (i) mindif}).

e

7.4. Reduction scheme R|B|Lnax — Q|B|Lmax

Let us consider an instance A of the problem R|B|Lmax (pjj < oc), belonging to the class of NP-hard problems and assume
that we know an approximate schedule 78 (or even an optimal one 78) for the instance B of the problem Q|8|Lmax with
an absolute error not exceeding 5z > 0. For the instance B, the processing times of the jobs are calculated by the formula
pij = o;p; for all jobs j € Nand i € M, where o; represents the speed of machine i.

Now, to find an estimate of the absolute error of the solution 78, one needs to solve the problem:

Pp(A, B) = min {Z (qneg”x{(p’,-} = pjof), 0} - min{(pj; - pjoy), 0}> }
71| jeN

This problem can be written as a linear programming problem:

min o — B
aj,ﬁj,pj?,af {J%l:\l( J ﬁl)} (20)
Bi=pj—ofpl<a;, ieMjeN;

,3]'505051‘, jEN.
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7.5. Reduction scheme « | B | Lmax — @|B. pj € {p1. - ... Pi}|Cmax

First, let us consider the problem with a single machine. Assume that we have an instance A of the problem o?|8%|Limax
from the class of NP-hard problems, and that an approximate schedule 72 (or even an optimal one 78) for the instance B
is known for the problem a*|84, p; e {p§. ..., pf}|Cmax with an absolute error not larger than 85 > 0. In this case, we get
the following estimate of the absolute error:

0 < Liax (%) = Lok (T) < pp(A, B) + p4 (A, B) + 8,
where
- AY _ min{d4
p4(A,B) = rgljvx{d] ! rjgllgl{d i

and to find pp(A, B), it is necessary to solve the following problem:

. . B
min min | ;= |

B — 1<I<k P/; pl
j=

n
=1

Recall that the problem 1|rj|Lmax is NP-hard in the strong sense [1]. An approach for finding approximate solutions has
been given in [35]. The more complex problem 1|prec, rjlLmax is also NP-hard in the strong sence. Polynomially solvable
subcases of this problem are given in [36]. The problem under consideration can be approximately solved by applying one
of the above two algorithms, depending on for which the absolute error is less.

Let us now consider the scheduling problems with two parallel machines. The problem P2|chains|Cmax is NP-hard in
the strong sense [31]. There exist polynomial solution algorithms for similar problems as given in [37]. For an arbitrary
number of parallel machines, NP-hard problems in the strong sense have been given in [30,32,34]. On the other hand,
polynomially solvable cases can be found in [30,38]. There are no exact polynomially solvable cases for problems with
arbitrary precedence relations. In our opinion, the question of modifying the precedence graph and obtaining error estimates
as a result of such a modification is important.

7.6. Flow-shop problems

Finally, we only briefly note that this approach can also be applied to construct an approximate solution and to obtain
an estimate of the absolute error for some flow-shop problems [39]. In a flow-shop problem, each of the jobs has to be
processed on the machines in the same order from machine 1 up to machine m. It is well known that for a problem with
up to three machines and a regular optimization criterion, there exists an optimal permutation schedule with the same
job sequence . For a general flow-shop problem, one has to consider also different job sequences on the machines when
looking for an optimal solution. For applying the approach presented, one has to use the known polynomially or pseudo-
polynomially solvable problems. In particular, we note that NP-hard problems in the strong sense are given in [32,33,40,41].
On the other hand, polynomially solvable cases can be found in [42].

8. Computational results for the problem 1|rj|Lmax

In this section, we present some computational results for three polynomial algorithms: the algorithms by Schrage [43],
by Hoogeveen [29] and the metric approach [12,44] for solving randomly generated instances of the problem 1|rj|Lmax using
the following three indicators. The parameter u determines the percentage of instances for which the algorithm has found
an optimal solution. It is calculated by the formula p = %, where K is the total number of generated instances, and K*
is the number instances optimally solved by the corresponding algorithm.

The parameters B4y and Bmqx determine the average and maximum relative error, respectively, of the value of the objec-
tive function of the schedule obtained by the corresponding algorithm. The parameters B4y and Bmax are calculated by the
following formulas:

/3 _ ﬁ: Lmax(ni) - Lmax(n*) .100%:
a i—1 Lmax (T[*) >

Lmux (JT,') — Lmax (]Z*)
Linax (7[ *)

Bmax = Max_ { . 100%},

where K is the number of generated instances for which the solution obtained by the corresponding algorithm was not
optimal (K =K — K*), 7; is the schedule obtained by the corresponding approximation algorithm and 7 is an optimal
schedule for the ith generated instance which was not solved optimally. In our study, we experimentally determined the
parameters [, Bay and Bmax for the three polynomial algorithms mentioned above.
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Fig. 2. (a) Schrage algorithm; (b) Hoogeveen algorithm; (c) metric approach.

We generated 10,000 instances for each number n of jobs considered in the range from 2 to 100 according to an N(0, 1)
normal distribution on the 3n-dimensional unit sphere. In the experiments, we changed only the release dates and the due
dates. The processing times remained unchanged for all instances.

Fig. 2 shows the dependence of the investigated parameters on the number of jobs n for the Schrage algorithm (Fig. 2a),
for the Hoogeveen algorithm (Fig. 2b) and for the metric approach (Fig. 2c). The algorithms by Schrage and Hoogeveen are
classical approximation algorithms with guaranteed accuracy estimation.

It turns out that the parameter p has a similar dependence for all three algorithms. For a number of jobs n < 5, the
parameter y decreases with an increase in the number of jobs. However, starting with n e {6, 7}, it begins to increase and
tends to 100%.
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For example, for numbers n greater than 30, the metric approach finds an optimal solution for more than 99.7% of the
instances, and the algorithm by Hoogeveen finds an optimal solution for more than 99.9% of the instances. Of course, there
are classes of instances that cannot be optimally solved by these polynomial algorithms. However, if we take into account
the whole set of instances of large dimension, the probability of finding a ‘hard’ instance is very small. If we consider the
parameters Bqv and Bmax, then we can see that the average and maximum relative error of the solutions obtained by the
algorithms decreases with an increase in the number of jobs. Again, the algorithm by Hoogeveen shows the best results.

As can be seen from the graphs the relative error did not exceed some threshold level of the dimension of instances.

The average relative error for this algorithm does not exceed 1% for n > 17 jobs, and the maximum relative error did
not exceed 2% in our experiments for instances with n > 23. For the metric approach, this holds 1% for n > 19 and 2% for
n > 36, respectively. As can be seen from Fig. 2, the relative error did not exceed some threshold value of the dimension of
the instances.

Based on the results of our experimental study, we conjecture that the percentage of 'hard’ instances in relation to
the entire set of instances of the problem 1|rj|Lmax decreases with increasing dimension. This may explain the fact that in
practice, exact non-polynomial algorithms can quickly find an optimal solution for large instances despite the NP-hardness
of the problem [45,46].

According to our experiments, the metric approach appears to be effective for most of the tested instances of the problem
1|rj|Lmax. We conjecture that the metric approach will be also effective for various types of multi-machine problems. This
investigation will be a subject of future work.

9. Concluding remarks

In this paper, we presented an approach for solving particular scheduling problems with minimizing the maximum
penalty approximately which also gives an estimate for the maximum absolute error. This approach is based on introducing
an appropriate metric and using polynomially or pseudo-polynomially solvable sub-cases of the problems. We described this
approach in detail for the problem with identical parallel machines, given release dates and minimizing maximum lateness
and sketched the application to other scheduling problems briefly.

In this paper, a new concept of metrics was introduced and algorithmically used for the class of problems under con-
sideration. For the first time, an approach of obtaining a (pseudo-) polynomial solution of the problem considered using a
projection from the original instance to a set of solvable instances by means of a metric was constructed. New schemes for
reducing scheduling problems from more complex one to less complex ones have been formalized. In this way, the metric
approach allowed us to obtain an approximate value of the objective function together with an estimation of the absolute
error for an NP-hard problem in (pseudo-) polynomial time.

In addition, we also conducted experiments for the single machine problem 1|rj|Lmax. It turned out that the metric ap-
proach obtained promising results. For future work, we plan to make detailed computational tests for several parallel ma-
chine problems.

To apply the suggested approach to a broader class of problems, it is important to find new polynomially solvable special
cases of NP-hard problems. The obtained estimates can be used for solving the problems by such methods as branch and
bound and its variations (constraint programming, branch and cut, branch and price, etc.). We note that it is possible to
construct metrics for any scheduling problem with a separable objective function.

Currently, the authors are working on the use of the metric approach for some practical problems. Among them, we
mention the problem of railway planning for a single-track way, the problem of scheduling the agricultural machinery to
combat insects, the problem of monitoring operating rooms in hospitals, and a problem of data transfer between processors.
Unfortunately, all these results are protected by a Non-disclosure agreement. Preliminary experiments have shown that
the metric approach can be used to reduce the number of iterations in branch and bound algorithms and the domains in
constraint programming.
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