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Chapter 1

Introduction

1.1 Importance of scheduling

Scheduling is crucial in various industries such as manufacturing and service
sectors. Companies have to operate their production systems efficiently and
produce goods or services by due date to satisfy the customers.

Given tasks to carry out and resources available to process the tasks, schedul-
ing problems are to determine the allocation of resources to tasks over time (see
e.g. [1-3]). A number of problems in real world, for example improvement of
production lines, gate assignments at an airport, etc., are scheduling problems.
Since theory of scheduling were historically developed in problems arising from
manufacturing, tasks and resources are usually called jobs and machines, re-
spectively.

The concept of scheduling is not new in human history, but the theory of
scheduling is comparably new. Some of the first publications in the research
literature were done by Johnson [4], Jackson [5] and Smith [6] in the mid-1950s.
Since then much research on a variety of scheduling problems have been done
(see e.g. [2,3]).

1.2 Classification of scheduling problems

1.2.1 Job shops, flow shops, and parallel-machine models

Scheduling problems contain n jobs and m machines available to process the
jobs. The environment is called job shops. The thesis deals with some flow
shops and parallel-machine models, which are derived as special cases of job
shops. Flow shops and parallel-machine models are very prevalent in many
manufacturing industries.

We consider deterministic models, where the job data, such as processing
times and release dates, are known in advance.

In job shops, each job follows a predetermined route. A distinction is made
between job shops in which there are no duplicate machines and in which there
are duplicate machines.

In flow shops, each job follows the same route. Flow shops are a special case
of job shops without duplicate machines, where there is the only route for all



jobs (see Figs. 1.1 and 1.3).

job — ’machine 1 ‘ — ’machine 2 ‘ == — (completion)

Figure 1.1: The flow of jobs in flow shops

In parallel-machine models, each job has to be processed on any one of the
machines. Parallel-machine models are a special case of job shops with identical

(duplicate) machines, where each job require a single operation (see Figs. 1.2
and 1.3).

machine 1

~
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Figure 1.2: The flow of jobs in parallel-machine models

Job shops with
duplicate machines

no duplicate machines

Job shops
one-stage

identical flow pattern

Flow shops ’ Parallel-machine models
one-stage

’ Single-machine models ‘

Figure 1.3: Relationships among job shops

1.2.2 Notations

We use the notation for scheduling problems suggested by Graham et al. [7]. A
triplet ||y describes a problem, where o denotes the machine environment,



provides details of constraints, and - describes the objective to be minimized.
«, B and 7y considered in the thesis are as follows.
The machine environments in the « field are:

Identical machines in parallel (Pm). There are m parallel identical
machines. Each job comes with one processing time and is processed on
any one of the m machines.

Flow shop (F'm). There are m different machines in series. Each job
consists of m operations, each of which requires a different machine. All
jobs have to be processed on the first machine, then on the second machine,
and so on.

The constraints in the 3 field are:

Release dates (r;). r; is the earliest time at which job j can be processed
(see e.g. [2]). Without r; in the field, all jobs are available at time zero.

Starting times (s;). s; is the earliest time at which machine ¢ can start
processing (see e.g. [8,9]). Without s; in the field, all machines are avail-
able at time zero.

The following constraints may appear only in flow shops.

Permutation schedules (prmu). The same sequence of jobs is main-
tained between machines throughout (see e.g. [1,2]).

No-wait (no-wait). A job must be processed without waiting between
two successive machines (see e.g. [2,10,11]). Any no-wait schedule is a
permutation schedule.

No-idle (no-idle). A machine must process a job without idling, i.e.,
without waiting for the next job (see e.g. [12,13])

Blocking (blocking). A completed job at a machine has to remain on the
machine until the downstream machine is available (see e.g. [2,10]). Here
suppose the First In First Out discipline, then any blocking schedule is a
permutation schedule.

Busy (busy). A machine completing a job has to have the job until the
next job come (see e.g. [14]).

v is the makespan (Cpax) or the total completion time () C;), where C;
denotes the completion time of job j. However, the case where - itself is specified
means that the objective is arbitrary.

1.3

Summary of previous research on scheduling
problems

We review previous research on flow shops and a two-identical-parallel-machine
problem, which we examine in the thesis.



1.3.1 Flow shops

Flow shop scheduling problems have been studied for several decades since John-
son’s paper [4] on the two-machine flow shop problem. They have many applica-
tions in production lines such as pharmaceutical and agro-food industries. Since
the late 1950s optimization procedures were applied to the problems. Linear
programming formulations [15,16], dynamic programming [17], and branch and
bound methods [18] were used. Meanwhile, heuristic methods were developed
due to computational difficulty [19].

In the about 1970s many theoretical research on flow shop problems has been
done ad hoc and some solvable cases were found. Burns and Rooker [20, 21],
Szwarc [22] and Achugbue and Chin [23] considered only three-machine flow
shops (F'3). Though Nabeshima [24,25] and Gupta [26] studied m-machine flow
shops (F'm), the research needed complicated and laborious computations. On
the other hand, it was revealed that most of the problems are NP-hard [27-30].
Most probably no fast (i.e., polynomial-time) optimal algorithm exists. Many
heuristic approaches have been developed since then (see e.g. [31]).

As stated above a variety of methods were developed for solving flow shops.
They are grouped into three classes [32]:

¢ Efficient optimal methods: These find an optimal schedule in polyno-
mial time, i.e., its running time is bounded by a polynomial in the input
size. The class of problems which these methods can be applied to is
relatively narrow.

¢ Enumerative optimal methods: These also find an optimal schedule,
but typically involve a partial enumeration of the set of all possible sched-
ules, so its running time is not bounded by polynomial time. A lot of
mathematical programming formulations (linear programming, dynamic
programming, etc.), and branch and bound methods are included in this
class.

e Heuristic methods: These approximate an optimal solution with some
degree of closeness in polynomial time.

Nowadays heuristics methods are widely studied from practical point of view
[33,34].

1.3.2 A two-identical-parallel-machine problem

The two-identical-parallel-machine problem to minimize the makespan, P2||Ciyax,
is equivalent to the number partitioning problem (NPP), which is to find a set
S’ C {1,...,n} that minimize the discrepancy

A= Zpi_ Z bi

i€s’ i€{1,...n}\S"

for a given positive integer p; for i € {1,...,n}. The problem has important
applications such as VLSI chip production [35], choosing fair teams [36], etc. It
has been studied from different perspectives, from its solution with heuristics
or exact methods to statistical analyses.



This decision version is known to be NP-complete [37], so the optimal prob-
lem is NP-hard.

A variety of heuristic algorithms have been developed. A greedy algorithm,
which sorts the given integers in decreasing order and assign each number to the
subset with the smaller sum, is simple and intuitive. The set differencing method
introduced by Karmarkar and Karp [38] is said to be the best polynomial-time
heuristics. Metaheuristics such as simulated annealing [39], genetic algorithm
[40,41], tabu search [42], etc. were applied to the problem.

There are several optimal algorithms that give exact solutions in exponential
time in n. The complete greedy algorithm and the complete Karmarkar-Karp
algorithm, which produces the optimal solution in O(2"), were developed by
Korf [43]. A better exponential time algorithm which takes O(n2"/?) time was
presented by Horowitz and Sahni [44]. A dynamic programming [28] solves the
problem in pseudo-polynomial time. This means that it runs in time polynomial
in the numeric value of the input (e.g., the sum of all given integers).

On the other hand, the solution structure has been studied based on the
notion and tools from statistical mechanics [45—49].

1.4 Max-plus algebra

This section reviews known results in max-plus algebra.

1.4.1 Definitions

We use the following notation:

0= —o0,

1=0,
and ~

R=RUNO.

For elements a,b € R, we define the operations @ and © by
a @ b = max|a, ]
and
ach =a+b.
Note that by definition for a € R

a®b0=0dDa=a

and
ao0 = 0oa = 0.

The first operator,®, is idempotent, commutative, associative and has a neutral
element 0. The second operator,o, is commutative, associative, distributive on
@ and has a neutral element 1.

The set R with the operations @ and © is called maz-plus algebra or also
tropical algebra.



Every element, except 0, is invertible: the inverse of z is denoted by = or %

Note that in this thesis the two notations % and X/Y have different meanings
and imply the quotient in max-plus algebra and the one in the conventional
algebra respectively. For example, % =1-2=—-1and 1/2=0.5.

Powers can be introduced as

qo — aA, A a€eR;
|0, A=0,a>0,

where aA is the product of a and A in the conventional algebra. For o > 0 we

have
A< ()B & A*<(L)B®

in max-plus algebra.

Definition 1.4.1. A semiring is a set R together with two binary operations
@®r and ®g such that

e Dp is associative, commutative, and has zero element Og;
e (Op is associative, distributive over &g, and has unit element 1g;
e 0y is absorbing for ®g, that is, for a € R, a ©r 0g = 0g Or a = 0y.

A commutative semiring is one whose multiplication is commutative. An idem-
potent semiring is one whose addition is idempotent, that is, for a € R, a®ra =
a.

Max-plus algebra is an idempotent and commutative semiring.

Lemma 1.4.2. Idempotency of & in maz-plus algebra implies that every ele-
ment except for 0 does not have an additive inverse.

Proof. Suppose that a # 0 had an additive inverse b. Then we would have
a®b=0.
Adding a to both sides from the left yields

a®(adb)=ad0

=a.
By associativity and idempotency of & we get
a=a®(a®b)=(a@a)Pb=adb=0,
which is a contradiction since a # 0. O

1.4.2 Link with nonnegative numbers in the conventional
algebra

Consider the equality
z=ao(b®c)ed .



Since
x @y =max[z,y] = lim elog (e’c/E + ey/g)
e—40

and
roy =z 4y = clog (e”/sey/s) ,

the equality can be approximated by

ez/a _ ea/fs(eb/a + ec/E)e—d/e.

By the exponential transformation max-plus algebra can be mapped to a
structure consisting of exponentials with the conventional addition and multi-
plication. This transformation maps 0 to 0 and 1 to 1. We can transform some
results from the conventional algebra to max-plus algebra. Note that there does
not exist an equivalent of the minus operator in max-plus algebra.

The relationship in the following table exists.

max-plus algebra the conventional algebra
(nonnegative, without subtraction)
Addition ®(max) +
Multiplication o(+) :

Table 1.1: The relationship between max-plus algebra and the conventional
algebra

1.4.3 Matrices and vectors

Many features of linear algebra, such as eigenvalues, eigenvectors, the Cayley-
Hamilton theorem and so on, were reproduced in max-plus algebra in Cuning-
hame-Green [50,51], Straubing [52], Olsder et al. [53], Elsner and van den Driess-
che [54], Butkovi¢ and Murfitt [55], Burkard and Butkovi¢ [56,57], and Binding
and Volkmer [58]. We present only definitions here, since the features are not
used in this thesis.

The two operators @ and © are extended to m x n matrices of elements of
R. The element of a matrix A € R™*" in row 4 and column j is denoted by
(A);j. The sum of matrices A, B € R™*" is defined as

(A® B)ij = (A)i; ® (B)ij

for all 4,7. The product of A € R™*! and B € R*™ is defined as

l
(A@B)ij = (A)ZkG(B)k]
k=1
for all ¢, j.
The standard orders, < and >, of real numbers is also extended to matrices
(including vectors) componentwise, i.e., if A and B are of the same size then

A < (>)B means that (A);; < (>)(B),; for all 4, j.



Example 1.4.3.

1.4.4 Polynomials

Consider a max-plus algebraic analogue of polynomials, which we call tropical
polynomials, or maxpolynomials. For tropical polynomials we use the notations
by Carlsson and Kalisnik [59].

Definitions

Definition 1.4.4. A tropical polynomial expression is a finite linear combination
of tropical monomial expressions:

i in i i
— 1 1
p(x1,...,2n) = @10z 00y @ D ayox 0oz,
where ai, ..., an are real numbers and if for p € {1,..., N} and ¢ € {1,...,m}

is an integer.

Definition 1.4.5. Tropical polynomials are the semiring of equivalence classes
of tropical polynomial expressions with respect to functional equivalence. In the
case of N variables we denote it by Trop[xy,...,xzN].

Example 1.4.6. Consider the two tropical polynomial expressions
2 2 2 2 2 2
1 @x3 Orz and x7 @ x5 O3 O 1072 O X103 O T20T3.
The two expressions are functionally equivalent, that is,
x% S7] x% S¥) x% = xf S x% S¥) x?,) P 1012 D 1073 P T20x3

for all (1, 22,73) € R3, since x1029 < 22 @ 23, 11073 < 22 @ 23 and xp0x3 <
23 @ 22. Therefore, the two expressions belong to the same tropical polynomial
(the same equivalence class).

Definition 1.4.7. A tropical polynomial p € Trop [xgl), e x%1)7 e ,:EY), e x;r)}

is r-symmetric if

P (xgl), ...,xg), e 71’57"), e :v,(f)) =p (xwl()l), e ;Ufrl()n), e :vff()l), ,:Egzn()n))
for every permutation 7 € S,.
We use the definition especially in Appendix A.

Example 1.4.8. Let n = 3 and r = 2. Let us denote () and z(® by z and v,
respectively. The tropical polynomial

TToys @ TT0Ys @ T30Y1 B T30Y3 B T30y B T30Y2

is 2-symmetric.



Polynomial equations

Cuninghame-Green [60] studied general equations between two univariate trop-
ical polynomials and presented an algorithm to determine the solutions.
We will first study the product form

O Zes)r,

r=1,....,n
where 3, € R and e, is an integer. The constants (3, are called corners.

Theorem 1.4.9. Every univariate tropical polynomial P(Z) € Trop [Z] pos-
sesses a product form P'(Z) such that P(Z) = P'(Z) for all Z € R.

Example 1.4.10. Consider the tropical polynomial
1®207Z @ Z°.

The product form is
(Z®-1)o(Z®1)2%

Theorem 1.4.11. Let S be the solution set to the polynomial equation

where P(Z) and Q(Z) are univariate tropical polynomials. Then every boundary
of S is a corner of P(Z) ® Q(Z).

It is geometrically clear that S is the union of a finite number of closed
intervals.

We define tropical algebraic equations as a special case of the tropical poly-
nomial equations above. As a corollary of the theorem, it is revealed that trop-
ical algebraic equations have a rich mathematical structure: the solution set
is described explicitly under certain conditions and there is a relationship be-
tween the solutions and the coeflicients of the equation through the elementary
symmetric tropical polynomials [61].

Definition 1.4.12. Let n be a positive integer. A tropical equation in the form

{@km—o Ago 2" = @y Asgyr0Z" " CFHD 0 = 2m; (1.1)

@Z”;O AQkQZn72k _ 6921:0 A2k+l®Zn7(2k+1)7 n=2m+1,

where Ag € R and A; € R fori € {1,...,n}, is called a tropical algebraic equation
of the n-th degree.

The equation is a tropicalization of the algebraic equation of the n-th degree
apz" —a12" P a2t — o+ (=1)" a2+ (=1)"a, =0,
a2 + a2 2 = a2 M ag 4

where ag # 0.
We suppose hereinafter that Ag = 1 and A; € R for ¢ € {1,...,n}.



Corollary 1.4.13. Let n be an integer greater than 1. The equation (1.1) has
n distinct solutions if the inequalities

A, As
A, <---<I1<A1

An A2
vy = Ay o
{An17 7A17 1}

Definition 1.4.14. Given variables X1, X5, ..., X,,, the elementary symmetric
tropical polynomials 31, ..., %, are defined as follows:

hold. The solution set is

SUX1L, Xoy o X)) = X180 X B X,

Si(X1, Xa, o Xy) = P XjoXjpo- - 0Xj,,

1<j1 <2< <ji<n

Yn (X1, Xo, ., Xp) = Xj0 X0+ 0X,,.

See Appendix A for an extension of the elementary symmetric tropical poly-
nomials.

Corollary 1.4.15 (Vieta’s Formulas). Let n be an integer greater than 1. Sup-
pose that the inequalities

hold. Let the n distinct solutions to the equation (1.1) be X1, Xo,...,X,,. Then
the following relations hold:

Al = EI(X17X27”‘7XH)7
Ai - Ei(XlaX27"'7Xn)a

A, =3, (X, Xo, o, X))

Consider a geometric interpretation of the solutions of tropical algebraic
equations.

Let the left-hand side and right-hand side of the tropical algebraic equa-
tion (1.1) be denoted by Fj(Z) and F,.(Z) respectively. Then the equation is
equivalent to

£(2)

Rz "

The solutions are the Z-intercepts of the graph of the function gi (é)) If the

assumption of Corollary 1.4.13 holds, then the slopes are 1 or -1 and all the
segments and half-lines cross the Z-axis (see Fig. 1.4).

10
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n: odd

Figure 1.4: Graphs of the function Fi(Z)

Example 1.4.16. Consider the tropical algebraic equation

Z* 16022 @14 =90Z° @ 170Z
& max[4Z,2Z +16,14] = max[3Z 4+ 9,Z + 17]  (in the conventional algebra).

The assumption of Corollary 1.4.13 is satisfied and the solution set is {—3,1,7,9}.
Let the solutions be X7, X5, X3, X4 in decreasing order. Then

Z:1 X13X27X33X4 = Xl = 93

23(X1, X2, X3, Xy) = XjoXp0X3 = 90701 = 17,

Y4 (X1, Xo, X3, Xy) = Xj0Xp0X30Xy = 9oT0lo(-3) = 14.

The solutions are the Z-intercepts of the graph of the function %
(see Fig. 1.5).
Yy y = Z'o16022914
= T90233170Z
Y=1=0 0 Z
-3 1 7 9

Figure 1.5: Graph of the function %.

Corollary 1.4.17. Let n be an integer greater than 1. If the inequalities

An A2
LS G G
llnfl_ _411_141

hold, then the solution set of the equation (1.1) is

A, Ay
vy —, A
{An17 7A17 l}a

11



and the following hold:
A =31(Xq, Xo, ., X)),

A =%(X1, X, ., Xy),

A, =3,(X1, Xo, .., X0,
where X1, ..., X, are the solutions (not necessarily distinct).

Example 1.4.18. Consider the tropical algebraic equation

Z°®140Z° ® 2207 = ToZ* @ 21027023
& max[5Z,3Z + 14, Z + 22] = max [AZ + 7,27 + 21, 23]
(in the conventional algebra).

The assumption of Corollary 1.4.17 is satisfied and the solution set is {1,1,7,7,
7H= {1,7}). Let the solutions be X7, Xs, X3, X4, X5 in non-increasing order.
Then

X =

X1®X2 = 707 = 14,

X10X90 X3 = 70707 = 21,

Xi10X90X30X, = ToT7oT0l = 22,
X10X90X30X,0X5 = 7ToToTolol = 23.

Y1 (X1, Xo, X3, Xy, X5)
Yo (X1, Xo, X3, X4, X5)
Y3(X1, X2, X3, Xy, X5)
( )
( )

Ya(X1, Xo, X3, X4, X5
Y5( Xy, Xa, X3, Xy, X5

The solutions are the Z-intercepts of the graph of the function %

(see Fig. 1.6). The solution Z = 1 has multiplicity 2 and so the graph touches,
but does not cross the Z-axis. The solution Z = 7 has multiplicity 3 and so the

graph crosses the Z-axis.

In general, if the multiplicity of a solution is odd, then the graph crosses the
Z-axis. If the multiplicity is even, then the graph only touches the Z-axis.

Y y — Z°314023@2207
— 7071321022323
V=1=0 0 1 4
7

Z°0l40Z°@220Z
Figure 1.6: Graph of the function 2775775255

12



1.5 Background and motivation

As stated in Section 1.3, it was revealed that many scheduling problems, includ-
ing flow shops and parallel-machine models, are NP-hard, that is, computation-
ally intractable in the 1970s. Due to their computational complexity, most of
research have recently been devoted to (meta-) heuristics, not exact solutions.
In the marketplace companies tend to make schedules by empirical rule.

On the other hand, max-plus algebra, or tropical algebra, has been studied
from the 1960s. A number of pioneering articles concerning links with linear
algebra and analogues of algebraic equations were published. Note that max-
plus algebra has no additive inverse and computations in the algebra requires
different techniques.

To our knowledge, there are only a few papers concerning the application
of max-plus algebra to flow shops and two-identical-parallel-machine problems.
Max-plus algebra was applied to some flow shop problems [8,9,62,63].

Our aim is to develop the basic theory of scheduling by using good properties
of max-plus algebra. We investigate exact solutions of these problems. The
study is important from theoretical and practical point of view. Our methods
and results contribute to effectiveness in production systems as well as algorithm
design, since the problems have many applications in real world.

1.6 Outline of the thesis

This thesis is organized as follows. Main results are described in Chapters 2 and
3. We in Chapter 2 present a new framework for flow shops. Using the frame-
work, we present a new solvable condition. In Chapter 3 theoretical analysis
on a two-identical-parallel-machine problem based on polynomial equations in
max-plus algebra were presented. We show the mathematical structure of the
NP-complete problem. Finally, Chapter 4 is devoted to concluding remarks.

13



Chapter 2

A New Framework for Flow
Shops

2.1 Introduction

Methods for solving flow shops, as stated in Subsection 1.3.1, are grouped into
three classes: efficient optimal methods, enumerative optimal methods, and
heuristic methods. Nowadays heuristics methods are widely studied from prac-
tical point of view.

We reconsider the boundary between efficient optimal methods and enu-
merative ones, armed with max-plus algebra. It is ideal to obtain an optimal
solution in polynomial time. In fact the cases where efficient optimal methods
can be applied are demanded in real world. Hence, our study is of not only
theoretical but also practical importance.

Section 2.2 introduces a basic flow shop problem. In Section 2.3, we present
an easily verified sufficient condition for an extension of Johnson’s rule. And
using max-plus algebra we give a simple proof of the theorem that Fm| no-wait
|Cimax can be formulated as a traveling salesman problem (TSP). We present
in Section 2.4 a new theoretical framework which associates a machine with a
matrix and is the dual of the existing approach based on job matrices. Using
the framework, we present a new solvable condition which is an extension of
known results. Moreover, we show duality relationships between some flow
shops. Section 2.5 is devoted to links with linear algebra. Finally, we summarize
this chapter in Section 2.6.

2.2 Problem formalization

A basic flow shop instance consists of m different machines, n jobs, and mn
nonnegative vales p; ; (¢ = 1,2,...,m; j = 1,2, ...,n), where p; ; specifies the time
required by machine ¢ for processing job j. Jobs flow from the first machine to
the last (m-th) machine. Let C; ; be the completion time of job j at machine .

Given a job sequence o = (o(1),0(2),...,0(n)) for Fm|prmu, r;,s;|y, the
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completion time Cj ; can be computed through a set of recursive equations:

Ci oy = max[Ci_1 o), Ciroth—1)] + Pioe) (1 =2,...,m;k=2,...,n) (2.1a)
Clo(k) = MaX[To (1), C1 o (k—1)] + P1,0(k) (k=2,..,n) (2.1b)
Ci oy = max[C;_1,5(1), 5i] + Dio(1) (i=2,..,m) (2.1c)
C10(1) = max(ry(1), s1] + P1,0(1)- (2.1d)

2.3 Job matrices

2.3.1 Permutation flow shop problems

We give a new interpretation that an extension of Johnson’s rule is understood
as the magnitude relationship between the two products of two matrices and
present a sufficient condition for the extension.

The recursion relations (2.1) for Fm|prmu, s;|y are the following:

C’i,a‘(k) = (Ci—l,a(k) @ Ci,a(k—l)) OPi,o (k) (Z =2,..,m; k= 2. TL)

Clok) = Clo(k—1)P1,0(k) (k=2,..,n)
Ci,a(l) = (Ci_lﬁ(l) ¥ si) OPi.o(1) (t=2,...,m)
Clo(1) = $1°P1,0(1)
Let
Ci,
c, - C?,j
Crmn.j
Then
C;(n) = Jg(n)e .. ®J0(1)6067 (2.2)
where
D1,j 0 o --- 0 51
P1,50DP2,5 p2; O .- 0 So
J] = ! . ! ’ . . and C, = .
P1,j© " OPm,j t Dmyj Sm

This formalism is the same as the one by Vo and Lenté [8,9] based on the

research by Bouquard et al. [63]. Job j is associated with matrix J; and we call

the matrices and the formalism job matrices and job representation, respectively.
The makespan is the m-th (maximum) component of the vector C’U(n)

Example 2.3.1. Consider an F2|prmu|Cpax with two jobs. Let the job se-
quence be (1,2). Then the makespan Cs o is obtained as follows:
Co2 = p1,1 + max[pi 2,p2,1] + P22
=p1,1° (P12 ® p2,1) ©p2.2-

The Gantt chart is useful to understand a schedule. The chart displays the
allocation of machines with a time scale shown along the horizontal axis (see
Fig. 2.1).
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machine 1 ] P11 P12
machine 2 P21 \ P22 ‘
— time

Figure 2.1: Gantt chart of a schedule of an F2|prmu|Cihax with two jobs

Theorem 2.3.2. [64] In an Fm|prmu|Cax problem, if m(m —1)/2 inequali-
ties:

min [p e 0P, OPis, 0 OPk,]
i=l,..,
< i [pr o Opim1 o1 O OPk,j]

i=l,..,

(l=1..m-1Lk=1+1,..,m) (2.3)

hold for two adjacent jobs j and j’, then job j precedes job 7' in an optimal
sequence. If equality in all the inequalities holds, either ordering is possible.

Lemma 2.3.3. The inequalities (2.3) are equivalent with the inequality of job
matrices:
Jpd; < Jjdj.

Proof. Since

_meopry (B>
(Jj)kl—{ gl Pr (k ) )

DI el B epiepi e opry (k> 1)
(Jjrd )t = i@uj Jeio ()it = { € vz

Then J;/J; < J;J; means that

k k
PDrijo---epigepige---opry <@ prge--opiyopio--op;  (k=1),
=l

i=l
Multiplying both sides by (p j© - - - opy, jop ;+© - - ©py,j) "+, we have

k
-1
@ (Pit1,5© "+ OPk,jOPLj © "~ * OPi—1,57)

=l
k

< ED (Pig1,j7@ - ODp,j1OPL ;O - - - ®p¢—1,j)_1 .

i=l

Dividing both sides by the product of both sides this equals

k —1
(EB (PO - ©Pim1,jOPi1,5© - G’Pk,j')_1>

i=l

—1
k
—1
S(@(Pl,j'@“'%Lj'@Pm,j@“'@Pk,j) > ,

i=l

16



which is equivalent to

, link[pl,jQ"'Qpifl,jepﬂrl,j’@'"ka,j’}
i=l,...,

SZ.glinkLpl,j@'"®pz‘—1,j'®p¢+1,j®'"®pk,j] (k>1). (24)

.....

This is the same as the inequalities (2.3). Note that in the case k = [ equality
always holds and

minfa, b, ¢, ...] = (a_1 b leoctle.-- )71 .
O
We straightforwardly obtain the next corollary using Lemma 2.3.3.
Corollary 2.3.4. In an Fm|prmu|Ciax problem, if
Jpd; < Jjdy (2.5)

holds for two adjacent jobs j and j', then job j precedes job j' in an optimal
sequence. If equality in the inequality holds, either ordering is possible.

In the case m = 2,
Jind; < JpJ;
<~ (Jj/‘]j)m < (Jj/‘]j)m
S P1,7OP2,OP1,j D P27 OP1,OP2,; < P1,;OP2,;0P1,5 D D2,;0P1,5OP2, 5/
-1 -1
& (rjer)) <(p)or))
& minfpyj, pe,i] < minfpy i, pa gl

This is the well-known Johnson’s rule [4], which satisfies the transitive property.
The derivation from job matrices in max-plus algebra was obtained by Bouquard
et al. [63]. Note that an F2||Ciax is reduced to an F2|prmu|Chax (see e.g. [1]).

Example 2.3.5. Consider the F2||Cpax with five jobs as described in the fol-
lowing table.

Jobj|1 2 3 4 5
P15 3 5 1 6 7
D25 6 2 2 6 5

The job sequence (3,1,4,5,2) is an optimal solution. Then the makespan is
24.

In general it is not easy to verify the inequality (2.5). We give a sufficient
condition which can be verified relatively easily.
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Theorem 2.3.6. Let m > 3. If inequalities

minfpy j, pr41,7] < minfpy o, piga ] (C=1,..,m —1) (2.6)
hold, and from the two inequalities
min(py j, pry1,57] < minfpy o, pry1;] and minfppg g, prye ] < minfpry g, proe,j]
forl=1,...m —2, one is strict, i.e., for | =1,...,m — 2, we have either
min(py,j, pi1,5/] < minfpy ;o prya ;] and minfpriag, prye,j ] < minpry g, prya )
or
min(p j, pi1,7] < minfpyjr, pryr;] and minfpie g, prye,y] < minpee g poe gl

then
Jj/Jj < Jij/ s while Jj/Jj 75 Jij/.

We consider the inequality (2.4). Let the left-hand side and the right-hand
side of (2.4) be dj, ; and dy,;, respectively. di; < dj; is equivalent to (J;:J;) i <
(JjJ1 )k, We give some relations existing between dj, ;s and dj s at first.

Lemma 2.3.7. Let
dk,l = ,jllflink [pl,jG o OPi—1,50Di41,59 - ®pk,j’]

and

dgg = min [pyji© - 0pi_,joPit1,j© - Pkl
i=l,...

)

Then the followings hold:

d1+h,z®dz+kf,l+h = min [Jl+k’,l7 leJrhfl,l@lerh,j’Qpl+h,j®d1+k’,l+h+1}
and

di+h,19di 44 145 = min [dl-&-k’,h dl+h—1,lOpl—i—h,j@pl-i-h,j’le+k’,l+h+1}
for1<i<m-2,2<kK<m-landl <h<k —1.

Proof. d’.’lJ’,h’l and dl+k’,l+h imply

irlll . (D1, OPIi—1,5OPI4i+1,579 *** OPlth—1,5') OPlth,j’s

min
i=0,

bij©- - GPth,J}
and
min {pl+h+1,j'® COPI+k 57

Piin,©, _ min [pz+h+1,j®"'®Pl+i—17j®Pl+i+1,j/®'"®pl+kaj'}]7
= ERRES)
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respectively. Hence we have

Qi 1014 r 14n

i=0,....,h—1

:min{ min = [p;© - Opipi—1,jOPIi41, O

©min [pl-i-h-i-l,j’@ .. @pl+k/7j/7

Pih© TN [Dlbht1,§© OPiaio1,jOPlrint1,j O Pk ]

i=h+1,...,

“OPI+h—1,5"] ©Pih,jrs

P1,5© " OPl4h—1,5

= min [dl-i-k’,l; dl+h—1,l®pl+h,j’Opl—i—h,j@dl—kk’,l-&-h-&-l} .

Note that

dl+h—1,z: min [pl,jQ'"®pl+i—1,j®pl+i+1,j/®'"®pl+h—1,j’]

i=0,...,h—1

and

dipprenen = ML [Plenj©c OPL+io1 jOPLH+ 1O OPL ] -
1

=h+1,...,

We can make a similar argument for d; 4 9di 15 141

Lemma 2.3.8.

1 If

Aish—1,0P1rny < DLjeopipn-1,; (h=1, .,k —1),
hold for somel(1<I<m—1) and ¥ (2<k <m —1+41), then

di4k/ =10 = Di+1,jOPl+2,5:© "

2. If

“OPI+k —1,57 -

7 /
Prh,jOdiyk 1ont1 < Piyhs1,y© - Opiprry (h=1,..,k = 1),

hold for somel(1<I<m—1) and ¥ (2 <k <m—141), then

A1k 141 = Dig1,9P142,9 - ODi4k/—1,5-

Proof. (1) The assumptions mean that

dl+k/—2,l®pl+k’—1,j’ < PL,iOPI+1,5© - ODi+k'—3,5OPI+k'—2,55

A1 =3,19D14 17 —2,50 < PLjOPI+1,;© " - * OPl+k' 3,5

di41,19P142,57 < P1,;9P1+1,5,

di1opi+1,5 < pi,j-
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Using the inequalities, we obtain

Jzﬂcuu = min {Jl+k'72,l®pl+ku1,jupz,j® S ®pl+k’72,j}
= Czl+k/—2,z®pz+k'—1,j/
= min {Czl+k/—3,l®pl+k/—2,jupl,j® T Qpl+k’—3,j} OPi+k!—1,5!
= Jl+k'—3,l®pl+k’—2,j’@pl+k’71,j’ =
= dl+2,l®pl+3,j’® T OPI4 R —1,57
= min {dl+1,l®pl+2,j/7pl,j®pl+1,j} OPI43,5© * ** OPI4k!—1,5

= di4+1,19D142,5/ OP143,5'© - - ODi4kr/ —1,5

min |:dl,l®pl+1,j’7pl,j:| ®pl+2,j’® e Qplﬁ'k:’fl,j’
= di1ODI4+1,/ OPi42,5'© * ** OPlk/ —1,7 = Di+1,5’ OPl+2,5/ € ODl4k/ 1,5 -
(2) The assumptions mean that

P11, 014k 142 < Pit2,j7OPI43,5© " ODipk/ —1,5' Pl k! 5’5

pl+2,j®dl+k',l+3 < Pi43,579 - OPl4k/—1,5 OPl+k 57

pl+k/—2,j®dl+k’,l+k’—1 < Pl4-k'—1,5' OPI+K' 5/

Ditk' 1,014k 14k < Pitkr -

Using the inequalities, we obtain

(Zl-}-k/,l-&-l = min pl+1,j®dl+k’,l+2apl+2,j’® T ®pl+k’7j/}
= pl+1,j®ézl+k/,z+2 = Pi41,j© min {pz+2,j OJl+k',l+3,pl+3,j/® s ®pl+k’,j':|
= pl+1,j®pl+2,j@dl+k',l+3 =
= Pi+1,;°D142,5© - OPl+k/—1,5-
O]
Proof of Theorem 2.3.6. We show that for [ =1,....,m and ¥’ =0,1,...,m — I,

dipry < diprey (K =0,1), (2.7a)
Jl—&-k’,l < dipir (/4;/ =2,3,..). (2.7b)

In the case k' = 0, since d;; = di; = 1(= 0), the statement (2.7a) is true.
In the case k' = 1, since Jl+1,l and d;11, are just the right-hand side and the
left-hand side of the assumption (2.6) of this theorem, the statement (2.7a) is
true.

We show the statement (2.7b) by induction on k. When &’ = 2, suppose
that (ZH_QJ > dj42,. From the two assumptions of the theorem, we obtain

dis119dis0101 < diprgodipag o ((=1,...,m —2). (2.8)
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Note that from the latter assumptions of this theorem equality does not hold.
By Lemma 2.3.7 the inequality (2.8) is equivalent to
min &l+2,z, Czl,l®pl+1,j’Qpl+1,jOJl+2,l+2}

< min [diyo,, diiepi1,jopis1,jodiya ] -
Since cng’l > di12,, it is necessary that the inequality
di1opi1,5 0Pt 0diy2, 142 < digay
holds. The left-hand side equals p;11 j7©p;11,5, so the substitution

diy2,; = min [Pl+1,j’®pl+2,j’v P1,;°P1+2,5 pl,j®pl+1,j]
reduces this inequality to
Pi41,5 < Di+2,5,

Di+1,5°Pi+1,5 < P1,jOPI42,5»
P41, < DPij-

Using the third and first inequalities and the inequality (2.7a), we obtain
diy1, = min Di+1,575 Pijl = Dty < digs (2.9a)
d~l+2,l+1 = min [pry2jr, Pre1,g] = a1y < div2ig, (2.9b)

where either of the two inequalities is strict. On the other hand, the definitions
of diy1,1,di42,+1 imply that

div1, = min [prya g, Pl < Pty (2.10a)
di42,041 = min [prro 5, pry1j] < Pigjr- (2.10b)

The inequalities (2.9) and (2.10) cannot hold simultaneously. Therefore, dj49; <
dito,. .

When &' > 2, assume that dj4;; < djy; for i = 2,..., k' — 1, which are the
induction hypotheses. We show that Jl+k’7l < dj4p,1. Suppose that

disrr g 2 digr -
From the induction hypotheses, we obtain

i naodipr ion < dipng©digwaen (h=1,... K —=1;1=1,...,m — k).
(2.11)

Note that either of Czl-i-h,l < dl+h,l and dl+k’,l+h < dl+k’,l+h holds since either

of h and k¥’ — h is greater than one. By Lemma 2.3.7 the inequality (2.11) is
equivalent to

min (diyx/,1, Ai4h—1,19Di4+h,j' ODi+h,j O D4k 1+h+1

< min |dix 1, dl+h71,l®pl+h,j@pl+h,j’le+k’,l+h+1} .
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Since JH;C/J > di1x 1, it is necessary that the inequality

141 —1,19P14h,j7 ©Pi+h,; OAi41’ 14 b1 < di4r 1

holds. The substitution

diypr,) = min [dl+h71,l@pl+h,j'®pl+h+1,j’® S OPILRY s
DP1,j© " OPI4+h—1,j9Pl4+h41,5'© " " OPI4+k’ 57,
DL OPlth—1,jOPl+h,j le+k’,l+h+1:| ;

reduces this inequality to

pl+h,j®dl+k',l+h+1 < Pl4h+1,5'9 - ODi+k 575
A1+ h—1,19P141h,57 ©Pi+h,; O D417 14 hg1 < D1GO " OPl4h—1,;ODIht1,57C "+ ODl+k! 5’
A1+ h—1,19P14h,57 < DP1;© " ODI4h—1,5-

Each assumption of Lemma 2.3.8 is satisfied by the third and first inequalities,
so we have

dipkr =10 = Pl41,j:OPl42,57 0 ODlpk!—1,57
ik 141 = Pi+1,jOP142,5© * - * ODigk/—1,5-
From these and the induction hypotheses, it follow that
Pis1j @ OPi—1,j0 = dipi—11 < dipr—1.1, (2.12a)
DLy1,jO  OPlyk 1, = disrasr < dippr 41 (2.12b)
On the other hand, the definitions of dj4r/—1; and di44 ;41 imply that
digr—10 S P1g1,0 - ODigk/—1,55 (2.13a)
Ak 141 S DI,/ OP ks —1,5 - (2.13b)

From the inequalities (2.12) and (2.13), we obtain

Di41,5/9 " OPlyk/ —1,5" < diypr—1, < DPi41,5© - OPi4k'—1,5

< vk 41 S Pi41,© OPIbk =157
which is a contradiction. The proof is completed. O
The assumptions (2.6) of the theorem are correspondent to the magnitude

relationship between the subdiagonal entries of J;/J; and J;J;/. The reason is as
follows: fori=1,....m —1

(Jjrdj)itri < (Jjdjr )it
& PijOPij OPit1,50 D PijOPit1,5Pi+1,5 < Pij OPi,jOPi+1,5 D Pij OPis1,5' OPit 1,5
& (pir1;) " @ (i)t < Disry) @ (pig) ™"

_ _1y—1 _ _
< (i)' @ Pir1)7 ") < (i)' @ Pigr) ™)

The subdiagonal entries play an important role in the magnitude relationship
between the job matrices.

—1
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2.3.2 No-wait flow shop problems

We reformulate the flow shop problems under no-wait condition using the job
matrices, which is presented in [8], and give a new simple proof of the well-known
theorem that the flow shop makespan problem with the no-wait condition can
be formulated as a TSP [65].

No-wait processes are seen in the production of steel, in the plastic molding,
in the chemical industry and so on, due to the temperature or other character-
istics of the material [10].

Proposition 2.3.9. [8] The makespan of a job sequence o = (o(1),...,0(n))
in Fm|no-wait, s;|Cmax is the m-th (mazimum) component of the vector:

C:T(n) = Jo’(n)Q"'QJd(l)@CéN (214)
where
D1,j 1 (p2,;)"' o (P2,jOP3,© OPm—1,;) "
P1,5©D2,5 D2.; 1 (p3,j0--- ®me1,j)71
Jj = | PLi®P2,j®P3,j  P2,j°P3,;j D3,j
pl,]G ... ®pm7] ... pm,J
and
S1
! 52
CO == .
Sm

Proof. Under no-wait condition, the recursion relations are the following:

Ciotk)y = Cic1,0(0)%Piok) (1=2,...,m;k=1,2,..,n)

- —1
Clom = (@ Cirok=1)¢ (PLo(k)® "+ * OPim1,0(k)) ) Prok (B=2,..,n)

=1
i —1

Cloq) = (@ 5:© (P1,0(1)® " OPi—1,0(1)) ) OP1,0(1)-
=1

In max-plus algebra, this reads the given formula (2.14). O

The next lemma is used in the proof of the following theorem.
Lemma 2.3.10. Let
p1

P1©p2 1 1
) and w=(1p;" ... (po - opm_1)"t),

S
|

D1©: - OPm
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then

D1 1 Pyt o (peopse - opg_q) Tt
DP1OP2 D2 r .- (p3e - opm—1)~"
vou = | P1°P2©p3 p20p3  p3 -
ple...me Pm
Proof. Straightforward. O

We provide a new simple proof of the next known theorem.

Theorem 2.3.11. [65] An Fm|no-wait|Cpax problem can be formulated as a
Traveling Salesman Problem (TSP), of which the intercity costs are

m
8i.5 =P prjo-opic1opio (prye--opi1) (4,5 =1,..,n),
=1

05,0 = D1, OPm,; (j=1,..,n),
bo,; =1(=0) (G=1,..,n).

Proof. We consider the case s; = 1 in the formula (2.14) of Proposition 2.3.9.
Thus we have

!
Ca’(n

) = Jom o1+ ©Jo(2)9J5(1)°Co.
By Lemma 2.3.10 this equals

(Vo (n) U (n))? (Vo (n—1)OUo(n—1))® - - - ©(Ver(2) OUg(2)) ° (Vo (1) OU4 (1)) 2 C
=V5(n)®(Ug(n) Vo (n—1))®  * O(Ug(3) OV (2)) 2 (Ue(2) OV0 (1)),
where
P15

P1,;©D2,; _ _
: and ;= (1pj ... (P Pm-14)7" ).

v; =
P1,j© - OPmj
We can rewrite it as
Vo (n)?0a(n—1),0(n)° " * 9o (2),0(3) 0o (1),0(2)>
since ¢, ;7 = wjov;. The makespan is
05(n),0900(n—1),0(n)® " * ©05(2),0(3) ©0o(1).0(2) ©00,0(1)-

Therefore, this makespan problem can be recast as a TSP. O

The proof is even simpler than the known one. This shows how useful the
formulation based on max-plus algebra is.
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2.3.3 Blocking flow shop problems

We present the job matrix of the flow shop problems under blocking condition,
which is used to show a duality relationship in Section 2.4. This formulation is
new.

The blocking environment is a lack of storage capacity between machines.

Proposition 2.3.12. The makespan of a job sequence o = (o(1),...,0(n)) in
Fmlblocking, $;|Cimax is the m-th (mazimum) component of the vector:

C;(n) = Jo(n)® cee QJa(l)QCg, (215)
where
P1,j 1 0 C 0 .
P1,;9P2, D2,j r .- 0 5
Jj = | Pri®p23ops;  p2ops; p3; o0 and Ch=| .
’ s
p17j@ . @pm’j - pm)] m

Proof. Under blocking condition, the recursion relations are the following:

Crno(k) = (Cm,o(k—1) ® Crn1,0(k)) Pmory (k=2,...1)
Ciotky = (Cioe—1) ® Ci1,0(k)) ©Pi,o(k) ® Cit1,0(k-1)
(i=2,...,m—1; k=2 ..,n)
Clom) = Clok—1)P10(k) D C2o(k—1) (k=2,...,n)
Cino1) = (8m ® Crue1,0(1)) “Pmo(1)
Cio1) = (si &) Ci,l,(,(l)) Pio) D siy1r (1 =2,...,m—1)
Clo(1) = 519P1,0(1) D S2.

Here C;; means the time at which machine ¢ releases completed job j. In
max-plus algebra, this reads the given formula (2.15). O

2.4 Machine matrices

2.4.1 Flow shop problems

We present a new framework for flow shop problems. The framework is the
dual of the job representation (2.2). We identify a duality relationship between
permutation flow shops and present a new solvable condition which includes two
known conditions in m-machine permutation flow shops.

The recursion relations (2.1) for Fm|prmu, r;|y are the following:

Ciok) = (Ci,l’g(k) @ Ci’g(k,l)) OPi o (k) (t=2,...,mk=2..n)
Clok) = (Tor) ® C10(k-1)) ®P1,0(k) (k=2,..,n)

Ci,a(l) = Cifl,o(l)Qpi,a(l) (i=2,..,m)

01,0(1) = T5(1)®P1,6(1)
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Let
Ci,a’(l)
Ci,a 2
oo _ o2

K2

Ci,o(n)

be the completion time vector of a job sequence o = (¢(1),...,0(n)) at machine
7. Then

Co =MZo---oM{oCg, (2.16)
where
Di,o(1) 0 o - 0
Di,o(1)®Ps,0(2 Piozy O - 0
M7 — (.) (2) (2)
Pio(1)® " OPio(n) o Dio(n)
and
To(1)
- Ta(2)
O =
Ta(n)

Machine ¢ is associated with the matrix M7 and we call the matrices and
the formalism machine matrices and machine representation.

The makespan is the n-th (maximum) component of the vector C?, and the
total completion time is the product (sum in the conventional algebra) of all
the components of the the vector C7,, i.e.,

Cm,a(l)QCm,a(Q)Q o OUmo(n) = C(TrL,l@CVm,QQ T QCm,n'

Let Chax(o, 7,05 [My, ..., M), s, ) denote the makespan of a sequence o of
jobs with the release dates r computed under the assumption of permutation
schedules in machine environment My, ..., M, with the starting times s and the
constraints « on jobs and 8 on machines. r, a, s and/or § may not be denoted.
For a given job sequence o, define n artificial machines ]\7[0(1), MJ(Q) ooy

Mgy in series, nm artificial processing times pr; = pip (b = 1,...,n;1 =
1,...,m) and n artificial starting times 8,(1) = 7o(1); 855(2) = To(2)s+ So(n) =
To(n)- Define also a sequence id = (1,2, ...,m) of m artificial jobs and m artificial
release dates 71 = s1, Fo = S9 ...y, Typ = Sy

Theorem 2.4.1 (A duality relationship between flow shops). For every job
sequence o in Fm|prmu, s;|Cmax and Fm|prmu, r;|Crax,

Crnax (05 [My, ..y M, 8) = Crnax(id, T; []\7[5(1), ceny Mg(n)]); (2.17a)

Cmax(o'; T [Ml, . Mm]) = Cmax(id; [Mg(l), . Mg(n)], §). (217b)

Proof. Note that the formulas (2.2) and (2.16) are similar.

The job representation (2.2) of an F'm|prmu, $;|Cpax can be interpreted as
the machine representation of the Fm|prmu, 7;|Crax of a job sequence id =
(1,2, ...,m) with machine series ]\7[0(1), Ma(g) yeees Z\Zg(n) and release dates 7, =
S1, Ty = 89 ..y T = Sm- Hence, the equality (2.17a) holds.
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On the other hand, the machine representation (2.16) of an Fm/|prmu,
7j|Cmax can be interpreted as the job representation of the Fm|prmu, s;|Crax
of a job sequence id = (1,2, ...,m) with machine series M, (1), My(2) .., Mo(n)
and starting times 54(1), ..., 55(n). Hence, the equality (2.17b) holds. O

This theorem implies that the machine representation is the dual of the job
representation.

The existing approaches based on max-plus algebra can be applied to only
permutation schedules, but this framework is not limited to permutation sched-
ules and the first one which can deal with non-permutation flow shop problems
based on max-plus algebra. It is possible that the framework give a clue to tackle
non-permutation flow shop problems. In Fm||Cpax (m > 4), non-permutation
schedules must be considered (see e.g. [1]).

For example, suppose that there are two jobs in an F4||Cyax. Consider the
schedule which has the job sequence (1,2) on machines 1 and 2, and the one
(2,1) on machines 3 and 4. Then

Ca2 \ _ [ Paz2 0\ (0 D32
C'4,1 P42°Pa1 P41 P3,1 D3,1©9P32

of P21 0 of P11 0 R 1
P2,10P2,2 P22 P1,19P1,2 D12 1)

Moreover, in terms of fluid dynamics, we may say that the job representation
is Lagrange type since the representation pays attention to the flow of jobs. On
the other hand, the machine representation is Euler type since the representation
observes jobs from fixed machines.

The next theorem is important and used to prove the main theorem.

Theorem 2.4.2. For an integer | > 2, let

a1 0 0 - 0
;19042 a2 0 --- 0
A =
ai,le'.'Qai,l e ai,l

and Ay defined similarly, with the condition mini<g<i[a; k] > maxi<k<i[ai k),
then
AZ‘GA,L'/ = AZGD(AZ/) and AZ‘/GA,' = D(Ai/)GA,

where D(A;) is the diagonal matriz composed of diagonal entries of A;, i.e.,

a1 0 0 0
0 Qi 2 0 0
D(A;) = 0 0 a3 0
0 0 0 a; g

Proof. Since



(Ai®Air)ap

l
_ _Joe (a < B)
— 762(141*)047@(141‘/)76 = { B i Cs00a 500y, (@ > f)
When minlgkg[aiyk] 2 maxlgkgl[ai/,k],
oA =40 (a < B)
(AzQAzI)Otﬁ - { ai,ﬂG e ®ai,a®ai’,ﬁ (a 2 /3)
Therefore,
(AieAi)ap = (Ai)aseai,g = (Ai©D(Ai))as.
The proof of A;©A; is similar. O

The next theorem is our new result. It is difficult to discover the theo-
rem without using max-plus algebra. The theorem is a fruit of the algebraic
modelization.

Theorem 2.4.3. In an Fm|prmu|Cmax problem, if

max[p; j] < min[pi11,;] (1<i<g-1), (2.18)
minp; ;] = max{pis1,j] (9<i<f-1), (2.19)
max(p; j] < minfpir1 ] (f+1<i<h-1), (2.20)
mjin[pi,ﬂ > mjaX[PiH,j] (h<i<m-—1) (2.21)

hold for f,g,h (g < h;g,h=1,....m; f = g,...,h — 1), then an optimal sequence
s obtained in polynomial time.

Proof. Since there is no release date r;, we may suppose that C§ = (10 ---0)”
in the formula (2.16). Using the assumptions (2.18), (2.19), (2.20), (2.21) and
Theorem 2.4.2, we have the completion vector of machine m for a job sequence
o as follows:

CG, = Mo oMy ---oMJ - - oM{oC
=D(My)e---oD(My )oMgeD(My_y)o---oD(MJ,,)
oMJeD(MJ_y)e - oD(M{ )oCy.
Hence,
Cimax (03 [M1, ..., Min]) = Prm,o(n)® " ** ©Pht1,0(n)
o(MpeD(My_y)e - oD(Mg 1)oMJ)n19Pg—1,0(1)° " ©P1o(1)-

Here let q; = pg+1,;© - ©pp—1,5. Then

(Mg oD(My_q)e--- @D(M§’+1)®M;’)n,1
= (ph,o(1)® ©OPh,o(n) " Ph,o(n—1)°Ph,o(n) ph,a(n))
4o (1) Dg,o(1)
95 (2) Pg,0(1)9Pg,a(2)
o] ) o] .
qo(n) pg,a(l)Q o epg,a(n)
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Since we can rewrite the diagonal matrix as

5(1)® " " 9o (n)
45(2)® " Qo (n)

(o) o) ©
do(n)

9o (1)
q5(1)%40(2)

d5(1)® " * ©qo(n)

we obtain

(Mo D(M{_y)o -+ 2D(MZ4 1) oM )

-1
= (%(1)O T G%(n))

© (ph,o(n@qau)@ ** OPh,o(n)®40(n)
Ph,o(n—1)%4o(n—1)°Ph,o(n) 9o (n) ph,a(n)qu(n))

Pg,0(1)®45(1)
Pg,0(1)®45(1)°Pg,0(2)40(2)

Pg,0(1)®45(1)° " " " ©Pg,0(n) 4o (n)
= (¢o(1)®" " ©Go(n)) " ®Crmax (03 [My, My)),

where artificial machines J\ng and M), have the processing times Dg,;©¢; and
q;©pn,;, respectively. The factor (gy(1) ©--- qu—(n))_l is independent of o.

Denote an optimal sequence for the two artificial machines alone by 7 =
(J1s---,Jn). Foreach k,l(k # Lk, l=1,..,n), let 71 = (Jr,J1, .., Jn, J1) be a
job sequence obtained from the sequence 7 only by shifting k-th job ji to the
top and [-th job j; to the end.

Considering the job representation of the two-machine flow shop problem,
for every job sequence o we obtain

Cmax(a; [Mgv MhD Z Cmax(Ta(l)ﬁ(n); [Mg7 Mh])
Therefore,
Cmax(g; [Mlv ) MmD > Cmax(To(l),a(n); [Mlv () MmD
This means that an optimal sequence is included in n(n — 1) job sequences
Tk,l~ D
The case (g = 1 and h = m) and the case ¢ = h — 1 are in [24] and [25],
respectively.

Example 2.4.4. Consider the F6|prmu|Cy,.x with five jobs as described in the
following table.

The assumptions of Theorem 2.4.3 are satisfied (¢ =2, f = 3,h =5).
Step 1
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Jobj| 1 2 3 4 5
P15 4 ) 9 8 1
pa; |14 12 12 15 10
D35 4 8 2 6 7
pa; |10 2 8 7 8
D5, 14 16 17 14 18
pe; |10 5 8 6 13

Job j 1 2 3 4 5
p1,; (product of machines 2-4) | 28 22 22 28 25
Da,; (product of machines 3-5) | 28 26 27 27 33

Consider the artificial F2||Cyhax with five jobs as described in the following
table.

The job sequence T = (2,3,5,1,4) is one of optimal solutions.
Step 2

Compute the makespans for all the job sequences that are obtained from 7
by shifting a job to the top and another job to the end (20 sequences such as
(1,3,5,4,2),(1,2,5,4,3) and so on.). We obtain the job sequence (5,3,1,4,2)
that minimize the makespan.

2.4.2 No-idle flow shop problems

We present the machine matrix of the flow shop problems under no-idle con-
dition. By this formulation, we can easily show a duality relationship between
“no-wait” and “no-idle” constraints and calculate the total completion time in
permutation flow shops.

The no-idle condition is especially important when the using cost of a ma-
chine determined by the actual time consumption is very high.

Proposition 2.4.5. The makespan of a job sequence o = (o(1),...,0(n)) in
Fm|prmu,no-idle, r;|Crax is the n-th (mazimum) component of the vector:

Co =MZo---oM{oCg, (2.22)
where
M7
Di,o(1) 1 (Pi,a(z)fl (Pio(2)® " 911%',0(71—1))71
B Pi,o(1)®Pi,0(2) Pio(2) 1
Pi,o(1)© " ODi,o(n) T Pi,o(n)
and
To(1)
cs - 7."0(2)
Ta(n)
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Proof. Under no-idle condition and the assumption of permutation schedules,
the recursion relations are the following:

Ciok) = Ciok—1)Piok) (1 =1,2,..;m; k=2,....,n)

- —1 .
Cz',a(l) = (@ Ci—l,a(k)Q (pl,cr(l)@ te @p1,a(k—1)) > OPi,o(1) (i=2,..,m)
k=1

- -1
Cioa) = <@ To(k)® (P1,0(1)© "+ @P1,0(k-1)) > OP1 (1)

k=1

In max-plus algebra, this reads the given formula (2.22). O

Theorem 2.4.6 (A duality relationship between “no-wait” and “no-idle” con-
straints). For every job sequence o in Fm|no-wait, $;|Cmax and Fm|prmu, no-
idle, 7;|Crax;

Crnax (0, no-wait; [My, ..., My,], 8;) = Cmax(id, 7; [Z\_Ja(l), ey ]\ng(n)], no-idle);

Cmax(0, 755 [My, ..., Myy], no-idle) = Crax (id, no-wait; [My 1y, ..., My ()], 5).

Proof. Note that the formula (2.14) of Proposition 2.3.9 and the formula (2.22)
of Proposition 2.4.5 are similar.
The proof is obtained similarly as in Theorem 2.4.1. O

The case without s; and r; has been studied in [14].
The next theorem is also a fruit of the machine representation.

Theorem 2.4.7. The total completion time of a job sequence o in Fm|prmu, no-
idle| Y~ C; is

-1
<Cmax(0; [Mla MQ])Q (p2,a(1)® o ®p2,a(n)) CRE
—1\"
QCmaX(O-; [Mmfla Mm])® (pm,a(l)Q t ®pm,a(n)) )
Op?n,a(l)Qp:f;;@)@ © OPm,o(n)-

Proof. We consider the case r; = 1 in the formula (2.22) of Proposition 2.4.5.
Similarly as in Lemma 2.3.10,

o __ 50 ~0
M7 = v]ouy,

where
Pio(1)
. Pi,o(1)®Pi,0(2)
v; = .
Pi,o(1)© " ODi,o(n)
and
uf = ( 1 pay - Pio)®  Pign-1) " )
Then

o o —1
U, 100; = Cmax(O—; [sz MiJrl])@ (pi+1,a(l)® T ®pi+l,a'(n)) .
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Hence,

Co =M7oMS _jo---oMJoM{oCf

m m

= (vp,0u7,) © (07, 100Uy, 1) © - © (V30uF) 00]
5 (@5,000,,) oo (a5005) ¢ (a5057)
Pm,o(1)

Pm,o(1)®Pm,o(2)

Pm,oc(1)® " ©Pm,o(n)

© (Cmax(o; [Mb M2])® (pZ,a(l)Q T ®p2,a(n))_1 .-

1
GCmax(U; [Mmfla Mm])® (pm,o(1)® e Gpm,a(n)) ) .

The total completion time is the product (sum in the conventional algebra) of
all the components of the vector C5,. O

2.4.3 Busy flow shop problems

We present the machine matrix of the flow shop problems under busy condi-
tion. By this formulation, we can easily show a duality relationship between
“blocking” and “busy” constraints.

Proposition 2.4.8. The makespan of a job sequence o = (o(1),...,0(n)) in
Fm|prmu, busy, rj |Cmax is the n-th (mazimum) component of the vector:

C) =M o---oM7eCyq, (2.23)
where
Di,o(1) 1 0 0
Pi,o(1)®Pi,0(2) Pio(2) 1 0
M = Pi,o(1)®Pi,0(2)®Pio(3)  Pio(2)®Pi,o(3)  Pio(3) 0
Pio(1)® " OPi,o(n) 0 Dio(n)
and
To(1)
To(2
="
To(n)

Proof. Under busy condition and the assumption of permutation schedules,
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the recursion relations are the following:

Cian) = (Cim1,00m) ® Cion-1)) “Pia(n) ((=2,...,m)

Ciotk) = (Cici,0(6) ® Cio(h—1) ©Pi,o(k) © Cio(k+1)
(i=2,...mk=2.,n-1)

Cio) = Cic1,601)%Pi0(1) @ Cipz) (1=2,...,m)

Clotm) = (Tom) ® Clo(m-1)) ®Pro(n)

Ciot) = (Totr) ® Clo(k=1)) OP1o(k) B Toer1) (k=2,..,n—1)

Clo(1) = To(1)P1L0(1) D To(2)-

In max-plus algebra, this reads the given formula (2.23). O

)

Theorem 2.4.9 (A duality relationship between “blocking” and “busy” con-
straints). For every job sequence o in Fml|blocking, $;|Cmax and Fm|prmu,
busy, 7j|Cmax;

Crnax (0, blocking; [My, ..., M), 8i) = Crax (id, T; [Mg(l), ey Ma(n)], busy);

Cmax(0,7j; [M1, ..., Myy,], busy) = Cax(id, blocking; [My(1), ..., My (n)], 5).

Proof. Note that the formula (2.15) of Proposition 2.3.12 and the formula
(2.23) of Proposition 2.4.8 are similar.
The proof is obtained similarly as in Theorems 2.4.1 and 2.4.6. O

The case without s; and r; has been studied in [14].

2.5 Links with linear algebra
2.5.1 Background of Theorem 2.3.6

Readers may think that Theorem 2.3.6 is not natural, but the theorem is con-
jectured from the next proposition in linear algebra.

Proposition 2.5.1. For an integer | > 2 and positive numbers xy,yp(k =
1,...,1), let

T 0 O 0 Y1 0 O 0
T1T2 g 0 -+ 0 Y1Y2 y2 0 0
X = . ] . and Y = .
:L‘l .. "’I:l “ e xl yl .. .yl ... yl
If
_ -1 _ 1 \—1
(' +uet) < (v +apg) (k=1,..,1-1), (2.24)

then Y X < XY.
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Proof.

7t 0 0 0 yrto0 0 0
-1 z;' 0 0 -1yt o 0
x-ly-1-1]0 S N | 0 -1 gyt -~ 0
0 0 0 z; ! 0 0 0 y

T 0 0 0

T R 0 0

1 R R e 0

= 0 1 —y; -yt 0

0 0 0 R

Therefore, if

—1 —1 -1 —1
~Yp —Tpp1 = T — Y (B=1,.,0-1),

ie.,
(@t ud) < et rak) T (k=10 1),

then
X'y l>ylx—L

Since X~'Y1 —Y~'X"'>0,X>0and Y >0,
XY(X 'Y -y ' X HyX =XY -YX >0.

O

Substituting adding and multiplying with @ and © in the assumption (2.24),
we obtain min[zy, yr+1] < min|yg, 2x4+1], which is correspondent to the inequal-
ity (2.6). To our knowledge, we do not know if the proposition is new or known,
but we identified a link between the proposition and the condition in m-machine
permutation flow shop problems. In fact, we conjectured Theorem 2.3.6 by con-
sidering a max-algebraic analogue of the proposition. We could not have found
the theorem without using max-plus algebra. We, however, cannot prove the
theorem similarly with the proposition since an additive inverse is not defined
in max-plus algebra.

2.5.2 Problems in linear algebra

In Sections 2.3 and 2.4 a variety of flow shop problems are represented as min-
imizing the maximum component of a vector in max-plus algebra. Due to the
relationship between max-plus algebra and the conventional algebra, there exist
problems in linear algebra that are correspond to flow shop problems. We here
present the problems. If the problems were solved, the methods for the solutions
would be applied to flow shop problems, i.e., NP-hard problems for m > 3.

In this subsection, let z; j,s;,r; fori € {1,...,m} and j € {1,...,n} be real
numbers larger than or equal to 1.
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The problem that corresponds to F'm|prmu, s;|Cryax

Problem 2.5.2. Find a permutation o € S,, for minimizing the p-norm of the
vector
Xom) - Xo1)Co,s

where
.Z‘l,j 0 0 e 0
o 0 0 51
L1,5%2,5 L2,j S5
. . . /o
L1 Tm-1, Tm-15 0 s
m
L1 Tn—1,jTm,j e Tonj

For p > 1, the p-norm ||V||, of the vector V' = (v1,v2,...,0s,) is

(Jo1]? + w2 P + - + [om )P

Since the components of the vector are sorted in increasing order, minimizing
the p-norm of the vector is correspondent to minimizing the m-th (maximum)
component in flow shops.

In the case without the starting times (s;) of machines, we may set Cy =
(1,0,...,0)T. The cases of the following problems are similar.

The problem that corresponds to Fm|no-wait, $;|Cpax

Problem 2.5.3. Find a permutation o € S, for minimizing the p-norm of the
vector

Xowm) - Xo1)Ch,

where
. -1 NN -1
1,5 1 Lo j (T2,j23,5 " Tm—1,5) )
T1,;T2,5 T2, Lo (T35 Tm—-1,5)
Xj = L1,j%2,j13,5  L2,jL3,5 X35
L1,j " Tm,j T Lm,j
and
S1
! 82
CO = .
Sm

The problem that corresponds to Fm/|blocking, s;|Cpax

Problem 2.5.4. Find a permutation o € S,, for minimizing the p-norm of the
vector

Xom) - Xo1)Co,
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where

T1,5 1 0 ce 0
1,22, Taj 1 e 0
X; =
xl,j "'xmfl,j xmfl,j 1
L1j " Tm—-1,jTm,j - Tm,j
and
S1
/ 82
CO == .
Sm

The problem that corresponds to Fm|prmu, 7;|Cmax

Problem 2.5.5. Find a permutation o € S,, for minimizing the p-norm of the
vector

Xg’L e Xf ga
where
xi’g(l) 0 o --- 0 7“0(1)
Ti (1) i, (2 Tig2) 0 -+ 0 T (2
X7 — (.) (2) (2) . ' and CF = (2)
Tio(1) " Lio(n) 0 Tio(n) To(n)

Since the components of the vector are sorted in increasing order, minimizing
the p-norm of the vector is correspondent to minimizing the n-th (maximum)
component in flow shops.

In the case without the release times (r;) of jobs, we may set C§ = (1,0,...,0)T.
The cases of the following problems are similar.

The problem that corresponds to F'm|prmu, no-idle, 7;|Crax

Problem 2.5.6. Find a permutation o € S, for minimizing the p-norm of the
vector

X5, X7CF,
where
Ti,(1) 1 33;;(2) e (Tie@)  Tie(n—1)) "
X7 = xi,a(l')xi,a(Q) Ti,0(2) 1
Tio(1) " Li,o(n) tee Zi o(n)
and
To(1)
To(2
cr=| "%
To(n)
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The problem that corresponds to F'm|prmu, busy, 7;|Cmax

Problem 2.5.7. Find a permutation o € S,, for minimizing the p-norm of the
vector

X5 X7 Cy,
where
.131‘,0(1) 1 0 s 0
Ti o(1)Li,0(2) Tio(2) 1 ;
X7 = )
Tio(1) " Ti,o(n—1) o Tio(n—1) 1
Lio(1) " Ti,o(n—1)Ti,0(n) T Li,o(n)
and
To(1)
To(2
cg - (2)
To(n)

2.6 Summary

We presented a new solvable condition in m-machine permutation flow shop
problems. This is derived using a new framework, the machine representation,
and difficult to derive without max-plus algebra. The result enables us to easily
obtain an optimal job sequence in more complicated production lines.

The new framework associates a machine with a matrix and is the dual of
the existing max-plus approach associating a job with a matrix by Bouquard et
al. The framework is the first one which can deal with non-permutation flow
shop problems based on max-plus algebra. Moreover, using the framework, we
provided new simple proofs of some known results such as duality relationships
between some flow shops and the reduction of a no-wait flow shop to a traveling
salesman problem (TSP).

We investigated links with linear algebra. We presented a sufficient condition
for an extension of Johnson’s rule by considering a max-plus algebraic analogue
of a proposition in linear algebra, and the problems in linear algebra that are
correspondent to some flow shop problems.

Max-plus algebra is very useful for flow shop problems. We expect that the
two dual frameworks based on max-plus algebra contribute to the development
of the theory of flow shops, especially non-permutation flow shops. It is a future
problem to formalize various flow shop problems,; including stochastic models, in
the job representation and/or the machine representation and to analyze them.
Furthermore, since there exist a lot of results in linear algebra, it is also an
interesting problem to investigate the application of the results to flow shop
problems.
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Chapter 3

Theoretical Analysis on a
Two-identical-parallel-

machine
Problem

3.1 Introduction

The two-identical-parallel-machine problem to minimize the makespan, P2||Ciyax,
which is equivalent to the number partitioning problem (NPP), is to find a set
S’ c {1,...,n} that minimize the discrepancy

A= Zpi_ Z Di

ies’ i€{1,..,n}\ S8’

for a given positive integer p; for ¢ € {1,...,n}. This decision version is known
to be NP-complete, so the problem is NP-hard.

A variety of heuristic algorithms as well as optimal algorithms have been
developed. On the other hand, the solution structure has been studied based
on the notion and tools from statistical mechanics. We examine the solution
structure directly using max-plus algebra.

Example 3.1.1. Consider the P2||Cp,ax with ten jobs as described in the fol-
lowing table.

Job j
Dj

2
2

Wil

4
4

(S i
~|1~

5 8§ 9 10
4 8 9 10

DO ||

The minimum of the discrepancy is 0, since letting S’ = {1, 3,6,7,10} (with
underlines in the table) the makespan is 27. This is easy to solve.
Next consider the P2||Ciyax with ten jobs as described in the following table.

Jobj | 1 2 3 4 ) 6 7 8 9 10
D; 50 61 307 336 495 630 633 760 946 960
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The minimum of the discrepancy is also 0, but it is not easy to find the
optimal subset S’ = {1,7,9,10} (with underlines in the table).

Hereinafter we refer to P2||Cpax as the NPP.

Section 3.2 is devoted to the proof of a proposition which is necessary for
theoretical analysis. In Section 3.3 we show that the decision version of the NPP
is equivalent to deciding whether one of given integers p1, ..., p, is a solution of
a tropical algebraic equation with coefficients composed of other integers. For
n up to 6 we derive concretely and explicitly the equation and its solution set.
Moreover, we consider the balanced NPP (BalNPP), where the difference of
cardinalities of two subsets is at most one. Finally, we summarize this chapter
in Section 3.4.

3.2 Preliminaries

We prove a proposition which is useful for computations in theoretical analysis.
Moreover, we present a simple procedure to write every symmetric tropical
polynomial in terms of the elementary symmetric ones. Carlsson and Kalisnik
[59] showed the fact, but did not present the algorithm.

Proposition 3.2.1. Let n be a positive integer and let a; and b; be nonnegative
numbers for i € {1,...,n}. A necessary and sufficient condition that

ay an by bn
Xl @...@Xn SXl @...@Xn

for any nonnegative numbers Xy, ..., X, such that X1 > --- > X,, is that the
followings hold:

a1 S blu

a1@...@an§b1®...@bn'

Proof. The necessity of the condition is obvious.

We prove the sufficiency by induction on n. The base case n = 1 is straight-
forward. Assume that for n — 1(> 1) the condition is sufficient. If a,, < by,
then

by br—1 b b,

Xl Q"'Oanl GXnn > ][@Xn

An— n An,

X{te--oX "o Xy Xan
> 1.

(by induction assumption)

If a,, > b,, then

by bn—1 b by bn—1 by by bn—19by
Xl O G>‘Xrn—l QXnn > Xl O QXn—l GXn—l o Xl O QXn—l

A = T =
X{to-oX, "o Xgr T X{to- o X" e X X{to.-- @XZSIO%

> 1 (by induction assumption).

The proof is complete. O
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Simplifying symmetric tropical polynomials by using the proposition and
substituting X1, %7 s 2211 for X1, Xo,..., X, respectively, we get expres-
sions of the tropical polynomials in terms of the elementary symmetric ones.

Example 3.2.2. Consider the symmetric tropical polynomial
X30X00X3® X10X50X3 @ X10X00X5 @ XioXs0X3.

Suppose that X; > X, > X3. Then the polynomial equals X{oX,0X3 @
X?0X30X2. By substituting Xy, g—f, % for X1, Xo, X3 respectively, we can
rewrite it as follows:

Yo 33 2\ [(25)°
21136271@2—2@256 (Zl) o] 2—2 :Z%@Eg@ﬂg.
3.3 Theoretical analysis based on max-plus al-
gebra
We show that the decision version of the NPP is reduced to solving a tropical
algebraic equation, and derive concretely and explicitly the equation and the

solution set for n up to 6 as examples.
The problem is to decide whether there is a set S’ C {1,...,n} such that

Zpi = Z bi = (Zm) /2 (3.1)

i€S’ ie{1,...,n}\S"

for a given positive integer p; for i € {1,...,m}. The case S’ = 0 or S’ =
{1,...,n} clearly does not satisfy the condition (3.1). Our strategy is to inves-
tigate whether the minimum of

max Z Di, Z Di (32)

i€S" ie{l,..,n}\S’

among all possible subsets equals (3>°1 ; p;) /2. Using max-plus algebra we
rewrite the expression (3.2) as

ay a 1—a1 l1—a
p1@...@pn7l@p1 @...@pn n’

where a; € {0,1}. We may assume that a; = 1 and thus it is sufficient to
consider (2"~! — 1) subsets. The minimum C is defined as follows:

C(p1,---,pn) =min[p; ® pao--- 0Py, P10P2 B P3© -+~ Py, .. .| .

Since the identity

. ZM(x1’$27...,l'M)
min(z1, T2, ..., Tm] = Shi—1(ze, xo Tar)
_ Ly T2,

holds, where ¥; is the elementary symmetric tropical polynomial, the minimum
C' can be expressed as the ratio of two tropical polynomials N and D, that is,

N(p17"'apn)

) = 5
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After all, the problem is reduced to solving the equation

N (p1,...,Pn
(P1---Pn) _ (pro--- opn)/?
D(pla 7pn)
N (p1,...,pn)?
= (pl P )2 = P19 -OpPp
D(pla' 7pn)
& N (pl...,p2) =pio---op,oD (pi,...,p2). (3.3)

Note that the Frobenius identity holds for all powers n: (A @ B)™ = A™ @ B™.
In fact, this equation is a tropical algebraic equation we defined. Squaring both
sides plays an important role as we show in the next proposition.

Proposition 3.3.1. The equation (3.3) is a tropical algebraic equation in py of
at most the (2™ — 2)-th degree.

Proof. Let L =271 — 1. It is sufficient to consider L subsets, so we have

N(pl’__.7pn):ZL: @ (plepg2®...®pgln @p%—UQQ...@p:L—an).
asz,...,an€{0,1}
(a2 smrmstn ) 2Ly 1)

N is thus rewritten as
@ Nk(an cee 7pn)®pf_k7
k=0

where Ny, is a tropical polynomial. Similarly we have

L-1

D (pla cee 7pn) = Z)L—l == @ Dk(P27 e ;pn)pr_l_ky
k=0

where Dy, is a tropical polynomial. Therefore, the equation (3.3) is as follows:

L L—1
@Nk (p%, . ,pi) @p?L’% = P10 OPy0O @ Dy, (p%, cen ,pi) @p?LiQ*Q}C
k=0 k=0

L L-1
& DN ) pl = D DL () el
k=0 k—0

where D = pye---op,oDy. The equation is a tropical algebraic equation of
the 2L-th degree. The proof is complete. O

Without loss of generality we may assume that p;1 > ps > -+ > p,. As
examples we derive concretely and explicitly the tropical algebraic equation
and the solution set for n up to 6, but the tropical algebraic equations can be
computed automatically for n lager than 6. In order to express the equations in
terms of the elementary symmetric tropical polynomials, let s; = X; (p1,.-.,Pn)
fori e {1,...,n}.

The multiplication sign o is omitted hereafter.
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3.3.1 The case n=2

Since
C(p1,p2) = p1 © p2,
we have the equation
Pi © pi = pipa,
which can be regarded as a tropical quadratic equation in p;. Simplifying the
equation using Proposition 3.2.1 we get

p1 = pa2. (3.4)

The solution set is
{pz} :

This implies that it is sufficient to consider only the partition:

({p1}, {p2})-

Expressing the equation (3.4) in terms of the elementary symmetric tropical
polynomials we have the equation

81 = So.

3.3.2 The case n=3

Since

C(p1,p2, p3) = min[p; ® paps, p2 S p1p3, ps S p1p2)
3 2,2, 2 3 3 2,2
_ p2psp? ® p3pipi @ (P3ps @ papd) pr @ p3p3
papspT @ (P3ps © pap3) P1 ® P3ps © P2p3

we have the equation

pap3ps @ papspt @ (pp3 @ Paps) PT @ Paps

= pap3p} ® (P3p3 © p3p3) P} ® (P3P @ P3p3) p1,s

which can be regarded as a tropical algebraic equation of the sixth degree in p;.
The equation is reduced to

4,4 2 3,,3,,3

Pap3pT @ papsp; ® (p3p3 @ paps) = papipt @ (pip3 ® P3p3) p1,

since p; is positive. Moreover, simplifying the equation using Proposition 3.2.1
we get

Pt @ p3p3 = (p2ps) pr- (3.5)
This can be regarded as a tropical quadratic equation in p;. The assumption of
Corollary 1.4.17 is satisfied and the solution set is

{p2p3} .

This implies that it is sufficient to consider only the partition:

({p1}, {p2,p3}).

Expressing the equation (3.5) in terms of the elementary symmetric tropical
polynomials we have the equation

4 2 2
s1 D s3 = 57583
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3.3.3 The case n=4

The minimum C is as follows:

C(p1,p2,p3,pa) = min[py © papapa, p1p2 © P3P, P1P3 D P2pa,
P1P2p3 © Pa, P1Pa D P2p3, P1P2ps © P3, p1p3pa © pa).

Simplifying this using Proposition 3.2.1 we get

2 2,2
p1 @ pP1p2psps D pap
C(p1,p2,p3, 1) = = 203

D1 D p2ps
Therefore, we have the equation
p1 © i (p3p3p7) © paps = pi (papspa) © p1 (P3P3Pa) - (3.6)

This can be regarded as a tropical quartic equation in p;. The assumption of
Corollary 1.4.17 is satisfied and the solution set is

{p2pspa, papspy 1}-
This implies that it is sufficient to consider only the partitions:

({p1}7{p27p37p4})7 ({pl,p4}7{p2,p3})-

Table 3.1 shows the solutions. The solutions to the BalNPP are straightfor-
wardly obtained from these solutions (Table 3.2).

Rank in Solution
decreasing order
1 P2P3P4
2 P2pspy

Table 3.1: The solutions to the NPP (n = 4)

Rank in Solution
decreasing order

1 | papsps |

Table 3.2: The solution to the BaINPP (n = 4)

Expressing the equation (3.6) in terms of the elementary symmetric tropical
polynomials we have the equation
5? SY 54115421 SY 5% = 5(1354 S7] 5%5354.
3.3.4 Thecasen=>5

The minimum C is as follows:

C(p1,p2,P3, P4, P5) = Min[py @ PapPspPaps, - .., P1P3Ps D PaPa, P1PaPs B Paps).
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Simplifying this using Proposition 3.2.1 we get

N(P1,P2,p3ap47ps)
D(plap2ap3ap47p5)’

C(p1,p2,P3,P1,15) =
where

N =p} ® pipapspaps © PIP3PaP; ® PiPapspaps ® 1P
@ P1PaP3PIPE D Papapip,

D =p? @ p3papsps ® pPp3paps © prpipi & pLpipipaps & pipipip?.

Therefore, we have the equation

pi® @ pt (p3p3pin:) @ S (P3pspl) @ pi (PSPSPIDE)

& p; (P55 © Pop3pips) © PopSpipe
=p! (p2p3paps) @ p] (P3pipips) @ pY (P3P3PIPs)

@ P} (p3pipaps © pipapipl) @ p1 (p3p3pips) - (3.7)

This can be regarded as a tropical algebraic equation of the tenth degree in p;.
When p3 < psps, the assumption of Corollary 1.4.17 is satisfied and the
solution set is

{p2p3paps, p2p3paps ", P2p3py ‘D5, P2p3 PaDs, D3 ' P3paps )

This implies that it is sufficient to consider only the partitions:

({p1},{p2,p3,P4,05}),  ({p1,p5}, {p2,p3,p4}),  ({p1,pa}, {P2. D3, D5}),
({pl,p3},{p27p47p5})7 ({p17p2},{p3,p4,p5})-

When ps > p4ps, the assumption is not satisfied, but considering the graph
of the function N?(p;papspapsD?)~! we easily obtain the solution set

{p2pspaps, popspaps ", P2pspy "D, P2p3py P}

This implies that it is sufficient to consider only the partitions:

({1}, {p2, 3, P4, 15}), ({p1.ps}, {p2,P3,P4}),
({th}»{Pz,m,ps}% ({P17P47P5}»{p2,P3})~

Table 3.3 shows the solutions. The solutions to the BalNPP are straightfor-
wardly obtained from these solutions (Table 3.4).
Expressing the equation (3.7) in terms of the elementary symmetric tropical
polynomials we have the equation
5%6 D 5%253 @ s?si S2) s%sgsg 2 s§ S2) s%sg 2] sg

14 10 2 6.2 .2 2.6 2.2.2.3 2.5
= 8] S5 ] 5555 D 51535455 D 575355 D 57555385 D $555.
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Rank in Solution
decreasing order | p3 < paps D3 > PaPs
1 P2P3P4P5
2 P2D3Paps !

3 D2pP3Py D5

—T —T -1
4 pzlig DaPs | P2p3Py Ps
5 Py P3PapPs -

Table 3.3: The solutions to the NPP (n = 5)

Rank in Solution
decreasing order | ps < paps | ps > paps
1 P2p3pap;

2 P2p3py Ps
3 pop; ' Paps | P2p3Py Ps
4 p5 ' P3paps —

Table 3.4: The solutions to the BalNPP (n = 5)

3.3.5 The case n==6

The minimum C' is as follows:

C(p1, P2, P3, P4, D5, D6)

= min[p1 © p2p3pPapsPe; - - - P1PaP6 D P2P3Ps, P1P5P6 D P2P3pal-
Simplifying this using Proposition 3.2.1 we get

N (p1,p2,P3: P4, P55 P6)
D(plap2ap37p47p57p6)7

C(p1,p27p3,p4ap5,1?6) =

where

N =pi° & pp2pspapspe © PiP3P3PIVE © DIPIPAPIDsP6
® Pl (pspspi @ Papspipaps) @ D} (Papapipsps @ PIPIPiPEDE)
@ péll 4 4 4 4 4)
& P} (p5p3papspe © PIPIPIPIDe B POPIPIDEDY)
P5p3 © PEPIPIPEPE © PSp3paps © PaPSPAPsDG)
D =p} & pipapspaps & pip3pspips © 1S (P3p3papspe © Pop3D])
® P} (P5P3PAPEPE © P3D3PL ® Pap3pipsDe)
(
® P} (pop3PiPiPE © PSPSPIPE © PSpSpaps © PSP3PiDEPe © P3p3pPiPaDe)
& i (PSP3PiPEps ® PIp§papspe @ Pips © PIPAPiDE © PIPIPIPEPs
@ pop3PIPED;)
5

PIPSPAPE ® PSP3PIDEDE D P3PaP4PaPs
@ pe
6,6 6, 6
@ pi(PAP3PIPEDE © P3paPipspe © PIPIPIDs © PIPIPIPEDE)
B p1(PIPSPIPEDE © PYPapips @ PIPSPiPEPe B PIPSPIPEDE) B PIPIDIDE.

o~ o~ o~ o~

5 3.3
@ p1(p3pipipipe @ pipipipips) @ pSpSpins,
4 4 2
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Therefore, we have the equation

Qo @ @2p1® © qupi® © gepi* @ gspi* @ quopi”

@ Q12PE1; ) Q14P(13 ) QIGP% S (hspf ® q20
=q1p1’ @ g3p1’ D gsp1° © qrpy” @ qopl’ B quip]

® q13p] ® q15D] B Q7P D qrop1, (3.8)

where

q =1,

q1 = P2P3P4P5DP6

42 = P3D3PADIDEs

g3 = P3pipinipe.

G4 = P3D3PIDs,

g5 = P3P3PaPEDs,

6 = PSPSPSPEDE

q7 = P3PIPIPEP © PAP3PAPSPG;

qs = P5p3pi @ PEP3PIPEDG,

o = PEP3PIPIPG © PHP3PiPsDs © PIPIPIPADG,
@10 = p5°p3 PSPEDE © p3 PSPIPeDs,
Q11 = PIp5PaPPE © P PIPipEpe © Py p3' Pipips @ Py PIPIPEDS,
G12 = P3°Py P1Ps B Pb DIPADSPE B PIPIPIPEDG,

@13 = Py PIPIPIPE @ Py ps pipips @ Py P Pipive © PSS PIPLPIPE © PIPIPIPLDE,

q1a = py p3 ' pipipg ® py P pipSpe @ P3Py pilpipe,

Q15 = PSPy Pipips © Py’ psPpipiph @ P3P’ Papspe @ Py PIPLPLPe

& pyps ' pIpipd @ pst i pipipd,
q16 = py°p3° @ py°py pipaps @ pa’pipips © Py 3 PIPEDE,

a7 = Py pEPpipEpd @ piPpIpipine @ p3pitpSpepe ® Py Py pipipd,

14 14 _6.6._6 14_10_10_10 2
Q18 = P2 P3 PaDs5Dg D D2 P3 Pa D5 Ps>
q10 = p3°p3'py' pi ' pe,

12,12 12 12

420 = P2 P3 Pa Ps -

This can be regarded as a tropical algebraic equation of the twentieth degree
in p;. We can identify that q;—fl < q_q—jl fori =1,2,...,15,16 and q"q# = qfl—il
fori=1,3,5,...,13,15

When p3ps < paps, the assumption of Corollary 1.4.17 is satisfied, that is,

% < qiq—’:'l for ¢ = 17,18,19 and the solution set is

{P2p3pap5P6, P2P3PaPsPG ', P2P3PAPs 6, P2P3PL P5D6, P2D3  PaD5D6,
P5 ' P3PapsPe, P2p3DaDs 'Pg s P2p3py 'Dspg s p2ps PapsPg s P p3papspg ) -
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This implies that it is sufficient to consider only the partitions:

) ({plvpﬁ}a{p27p37p47p5})7 ({p1’p5}7{p27p37p4’p6})?
) ({p17p3}a{p27p47p57p6})7 ({plap2}7{p37p4ap57p6})7
9 ({p17p47p6}7{p27p37p5})7 ({p17p37p6}7{p27p47p5})a

{p1}7 {p25p3ap4ap5ap6}
{p1,pa}, {p2, p3. p5, P}
{p17p57p6}7 {p27p37p4}

(
(
(
({p1,p2,P6}, {P3, P4, 05}

~— — ~— ~—

Note that % = - for i =17,19.
When psps > paps, the assumption is not satisfied. Considering the graph
of the function N?(pipapspapspsD?)~! we easily obtain the solution set. If

P3P > Paps and ps < papspg, then qiq—“ < q?—_il for ¢ = 17 and the solution set is

i

{p2p3papspe, P2p3PapsPg s P2P3PAPs D6, P2D3DL PsPe, P2D5  PaD5D6s
5 'D3paPsD6, P2P3Paps ' Dg s P2P3PL Pspg s P2P3Py D5 D -

This implies that it is sufficient to consider only the partitions:

({Pl},{P2,p37P47P57}96}), ({p1»P6}7{p27p37p47P5})7 ({p17P5}7{p2,p3»p4,p6}),
({p1,pa}, {2, 03,05, 06}),  ({P1, 03}, {P2, P4, D5, 06}),  ({P1, P2}, {P3, P4, 15, D6}),
({p1,p5,p6},{P2,P3,p1}),  ({P1,Pa,p6}, {2, p3,05}), ({P1,p4,p5}, {P2,P3,P6})-

Note that gl% = L7 If p3 > papsps, then the solution set is

q16

{p2p3papsps, P2p3PapsDG ", P2P3PADS D6s P2P3PL P56,
Pop3paps 'Dg s P2p3py 'Pspg s p2pspy D5 'Pe, P2pspy D5 Ds ) -

This implies that it is sufficient to consider only the partitions:

({p1},{p2:p3,P4,05,06}), ({P1,p6}, {P2,P3,P4,05}), ({P1,P5}, {P2; 3, P4, D6 }),
({p1,pa},{P2:P3,P5:16}), ({P1,P5,P6}, {P2:P3,Pa}), ({P1,Pa,06},{P2,P3,15}),
({phpzhps}, {P2,P37p6})7 ({P1,P4,p5,p6}, {p27173})~

Tables 3.5, 3.6, and 3.7 show the solutions for the cases p3ps < paps, (pgpg >
Paps, P3 < papspe), and p3 > papsps, respectively. Note that we write 7“21“;"
Dig " Piy,

Pigs1 Pin
these solutions (Table 3.8).

for . The solutions to the BalNPP are straightforwardly obtained from
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Rank in Solution
decreasing order | pspg < ps \ Pa < D5Pe
1 23456

7345
6 __
2346
737 7356

56 4
2356 234

56

N
oy

[\
~

o

‘cn@‘

45
23

456

| S| U | W N
N

Table 3.7: The solutions to the NPP (n = 6, ps > papsps)

Rank in Solution
decreasing order | paps < paps | psps > paps,
1 P2p3pPaps Pg
2 P2p3Ps PsPg
3 Pops ' Papspg | | p2pspi s Pe

4 Py P3PaP5Dg —

Table 3.8: The solutions to the BaINPP (n = 6)

Expressing the equation (3.8) in terms of the elementary symmetric tropical
polynomials we have the equation

32 28 2 24 4 20 4 2 16 8 16 4 4 12 4.4 .2 12 4 6
S17 D 8185 D 87 S5 D 87 8486 D sS4 D S 5385 D 577535455 D $17858¢

8.8 .4 8.4.4.4 12 .8 8.4.6 4,12 2 4.4 .44 .2 4.4.4 .4
D 575355 D 57555, D S17Sg D S15456 D S15375g D §159535555 D S153555¢

16 4.8 4 8.8 8 .6 4.8 .2 12
D 83 D 828386 (&5) 8285 () 5386 ©® 82‘9586 ©® 85
30 26 2 22 .2 2 18 .22 .3 18 .6 14,2 .25 14 .2 6
=87 S6 D 81 S556 D 517545556 D S1 535356 D S1 5456 D 1 558356 D S1 535456

14 4.2 .3 12 .2 .7 10,2.2.4.3 10 6 .2 .2 10 4 2.5 10 .2 .7
D 517535456 D 5175556 D S 55535455 D S 53545556 D S S5545¢ D 51 5156

8.2.4.5 6.2.6.4 6,10 .2 6.4.2.2.2.3 6.2.2.2.5
D 7558486 D 5153535556 D S153 S556 D S15953545555 D S15354555¢

4.2.4.43 2.2.10.3 2 .14 2.6.2.6 2.4.6.2.3
D 5155535555 D 515553 Sg D 153 S6 D 5159535556 D 755535555

2.2.2.6.3 2.6.2.5 2.8.5 6.8 2,10
D s15553555g D 51535555 D $55355 D S55556 D 5555 S6-

3.4 Summary

We found that tropical algebraic equations are useful in theoretical studies in
the NPP. The decision version of the NPP, which is NP-complete, is equivalent
to deciding whether one of given integers is a solution of a tropical algebraic
equation with coefficients composed of other integers.

Our new approach gives all possible partitions such that the two sums are
equal. The computations are simple but cumbersome. In fact, we get a tropical
algebraic equation of the forty-fourth degree in p; for n = 7. It is laborious
to derive the equation and the solution set for larger n. We also obtained
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expressions for the equations in terms of the elementary symmetric tropical
polynomials. Through the expressions the theory of algebraic geometry may be
applied to the problem.

Furthermore, our approach provides a new view point for the P versus NP
problem. The cardinality of the solution set seems to be O(2"). Since the
solutions are sorted, by the binary search algorithm it is determined whether
one of given integers is equal to a solution of the equation in polynomial steps.
Therefore, if a solution set (a column in the table) concerned is specified in
polynomial time, it is expected that P equals NP.

For the optimal version of the NPP we need to consider the graph of the
function derived from the equation, so the optimal NPP is more difficult. This
is a future problem.
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Chapter 4

Conclusion

In this thesis, the new methods to tackle flow shops and a two-identical-parallel-
machine problem based on max-plus algebra were presented.

First, we presented a new framework for flow shops. The framework, the
machine representation, which associates a machine with a matrix is the dual of
the existing approach associating a job with a matrix by Bouquard et al. and
the first one which can deal with non-permutation flow shops based on max-plus
algebra. Using the framework we found a new solvable condition in m-machine
permutation flow shop problems to minimize makespan (F'm|prmu|Ciax), which
is an extension of known results. The result implies that an optimal job sequence
is easily obtained in more complicated production lines. And we provided new
simple proofs of some known results such as the duality between no-wait and no-
idle constraints and the reduction of a no-wait flow shop to a traveling salesman
problem. Moreover, we found a sufficient condition for an extension of Johnson’s
rule by considering a max-plus algebraic analogue of a proposition in linear
algebra and presented the problems in linear algebra that correspond to some
flow shops.

Max-plus algebra is very useful for flow shop problems. We expect that the
two dual frameworks based on max-plus algebra contribute to the development
of the theory of flow shops, especially non-permutation flow shops. It is a
future problem to formalize various flow shops, including stochastic models, in
the job representation and/or the machine representation and to analyze them.
Furthermore, since there exist a lot of results in linear algebra, it is also an
interesting problem to investigate the application of the results to flow shop
problems.

Secondly, we presented a new approach to reveal the mathematical structure
of the decision version of the two-identical-parallel-machine problem, or the
number partition problem (NPP), which is NP-complete. We showed that the
problem is equivalent to deciding whether one of given integers is a solution of
a tropical algebraic equation with coefficients composed of other integers. Our
approach gives all possible partitions such that the two sums are equal. The
computations are simple but cumbersome. In fact, we get a tropical algebraic
equation of the forty-fourth degree in p; for n = 7. It is laborious to derive the
equation and the solution set for larger n. We also obtained expressions for the
equations in terms of the elementary symmetric tropical polynomials. Through
the expressions the theory of algebraic geometry may be applied to the problem.
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Furthermore, our approach provides a new view point for the P versus NP
problem. The cardinality of the solution set seems to be O(2"). Since the
solutions are sorted, by the binary search algorithm it is determined whether
one of given integers is equal to a solution of the equation in polynomial steps.
Therefore, if a solution set (a column in the table) concerned is specified in
polynomial time, it is expected that P equals NP.

Our methods and results are important from theoretical and practical point
of view. It can be expected that the development of our methods will generate
new results and contribute to higher efficiency in production systems in the
future.
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Appendix A

An Extension of the
Elementary Symmetric
Tropical Polynomials

A.1 Introduction

We consider r-symmetric tropical polynomials in nr variables. We define basic
r-symmetric tropical polynomials based on Matsui [66]. The basic polynomials
are tropicalizations of the symmetric polynomials presented by Weyl [67] and
a part of the elementary r-symmetric tropical polynomials defined by Carlsson
and Kalisnik [59].

The basic 2-symmetric tropical polynomials are not independent and many
inequalities between the polynomials hold. Using the inequalities we show that
the basic 2-symmetric polynomials give coordinates on R?"/S,, (Theorem A.3.4).
This result is better than the one by Carlsson and Kalisnik. Moreover, for
vectors such that at least a vector (Proposition A.4.1) or a difference vector
(Proposition A.4.2) has distinct components, the basic polynomials separate
orbits even for r > 3.
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A.2 Definition of basic r-symmetric tropical poly-
nomials

In order to define basic r-symmetric tropical polynomials we prepare the forms:

@) (u) =Puit,
k1

Dy (u(al),u(%)) = @ ul(c‘fl)caugf),

k1#ka
(a1) o (a2) o (as)) — (a1) , (o2)  (a3)
O3 (u y U U - @ Up, Quk2 Quk3 ’
k1,k2,ks all #
d, (u(al),u(‘”),...,u(“")) = @ u,i?l)Gu,iZz)@---Guﬁ"),
E1,kg,.. ki all #
() (@) (@)
where u(® = (u1 JUs e, U ) .
Definition A.2.1. Let z(M,...,z(") be n-dimensional vectors of variables.
The basic r-symmetric tropical polynomials in nr variables xgl), . ,xSB), ceey
x&”, ey mg) are defined by the formulas
@07

P, (x(al),x(az),...,x(“")) , Q... 0, =107,

where &5 = 1(=0).

The basic r-symmetric tropical polynomials are tropicalizations of the typical
basic invariants in Weyl’s book [67].

Example A.2.2. Let » = 1 and let us write 2 instead of (). The basic
1-symmetric tropical polynomials are as follows:

Dy = 1,
D) (2) =21 Da2 D+ D Ty,

Oy (1,2) = 21002 © 1023 D -+ B Tp_10Ty,
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These are the same as the elementary symmetric tropical polynomials defined

by Carlsson and Kalisnik [59] except for ®g.

Example A.2.3. Let n = 3 and r = 3, and let us write x,y, 2z instead of
W 23 23) respectively. The basic 3-symmetric tropical polynomials are as

follows:
B =1,
Py (x) =21 D a2 D T3,
Q1 (y) =y1 Dy2 Dy,
Q1 (2) =21 © 22D 23,
Oy (z,7) = 21072 © 21073 D T2073,
D2 (y,y) = y19Y2 © Y19Y3 D Y20U3,
Dy (2,2) = 21029 B 21023 D 20023,
Dy (7,y) = T10Y2 © T10Y3 O T20Y1 D T20y3 O T30Y1 O T30Y2,
Dy (x,2) = 11020 ® 21023 ® X202] O L2023 O 13021 D L3022,
@y (y,2) = Y1922 © Y1023 @ Y2021 D Y2023 © Y3021 D Y3022,
O3 (2, z,x) = x102903,
P53 (¥, y,y) = y1°92°Ys,
D3 (2,2,2) = 21029023,
Q3 (1, 2,y) = 210020y3 © 1107302 O L2023y,
D3 (2,2, 2) = x10L9025 B 11023029 B T20T3021,
D3 (y, Y, ) = Y10Y2023 © Y10Y302 B Y20y3021,
D3 (y,y,2) = Y19Y2023 O Y10Y3022 O Y20Y3021,
D5 (z,2,x) = 2102903 D 210230x2 D 20023011,
3 (2, 2,y) = 219220Y3 © 2102302 D 220230U1,
Q3 (2,9, 2) = T10Y2023 O T10Y3022 O T20Y1023 D T20Y3021

© x30Y1029 @ T30Y2027.

t
Proposition A.2.4. Let (1) = (mgl), ...,xﬁf)) () = (xgr)

t
7...7955;)) and

l be an integer between 1 and n. The basic r-symmetric tropical polynomials in
nr variables can be written in terms of those in (n — 1)r variables as follows:

P, (x(o“), . 733(0“)) = ¢ (33’(0‘1), . ,x’(c”))

® @ () ed;_, (m’(al),...,x'(o‘j*),x'(o‘f“),...,

1<5<l

(@) ORY
where z/(®) = (371 . 735”71) and ®,, (x’(al), .. 735’("")) =0.

Proof. By definition we have

P, (x(al),...,x(al)) = @ x,(c‘fl)o---exl(g’).

ki,....k; all #
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For 1 <l <n —1 we can rewrite this as

and all #
« o p o e}
&) @ @ x,(cll)@...@xéjill)ex;aJ)exl(cjﬁl)e...Qx,(wl),
1<5<1 k1,0 kj_1skjp1sees kyj<n-—1

which equals

d, (:c’(al), . ,x'(o‘l))

® @ 20Dod,_ (a:’(al), Lty gleas) x’(al)) :
1<5<d

For | = n we can rewrite the right-hand side of the formula (A.1) as

(a1) (aj—1) ()~ (1) (an)
@0 o ile @0
@ @ Loy xkj—l T xkj+1 )
1<j<n ki,..., kj_1kjp1so kn<n—1
and all #

which equals

P «eod, (x’(‘“),...,x’(aj’l),m'(a"“), e ,x’(“")).
1<j<n

These complete the proof. O

Let us introduce a notation for the basic r-symmetric tropical polynomials.
We write by, 4s.....q. (x(l),...,m(r)) (or simply bg,.gs.....q, When the arguments
are clear from the context) instead of

i

Dy (gc(l),...733(1),:10(2),...,x(2)7...,x(r),...7m(7')> ,

q1 q2 qr

where g1 + g2 + -+ + ¢ = k and the index ¢, for a € {1,...,r} indicates the
number of arguments z(®. For example, we write b2’1’0($(1), z3, x(?’)) instead
of ®3 (x(l),x(l), a?(Q)).

Corollary A.2.5. Let x = (x1,... ,xn)t, y = (y1,... ,yn)t, and p and q be
integers. The basic 2-symmetric tropical polynomials by 4 in 2n variables can be
written in terms of those bl. . in 2(n — 1) variables x1,...,Tn—1,Y1,. .-, Yn—1 aS

follows: )

Y /
bp.g = bpg © Tnobp_1 4 B Ynobp o1,

where by definition by, 4 = 0 when p <0, ¢ <0 orp+q>n.

Proof. For p and g such that p > 0, ¢ > 0 and p + q¢ < n, straightforward by
Proposition A.2.4.
If p<0,q<0orp+q>n, then both sides are 0. O
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A.3 Properties of basic 2-symmetric tropical poly-
nomials

Let r = 2 in this section. We present inequalities between the basic 2-symmetric
tropical polynomials. Using the inequalities, we show that the basic polynomials
give coordinates on R?"/S,,, which is the main result in this paper.

Proposition A.3.1. Let n > 1, p and q be integers, and by 4 be the basic 2-
symmetric tropical polynomial in 2n variables. Then the following inequalities
hold:

bp,g—19bp—1,g = bpg©bp—1,4-1, (A.2a)
bp,g®bp,g—1 = bpt1,g-19bp—1,4, (A.2b)
bp,g®bp—1,g = bp—1,4+19bp g—1. (A.2c)

Proof. Let 2n variables be denoted by (z,y), where x = (z1,.. .,mn)t, y =
(y1,...,yn)". By exchanging the roles of z and y in the inequality (A.2b) we
obtain the inequality (A.2c). Therefore, we show that the inequalities (A.2a)
and (A.2b) hold.

We will prove the inequalities by induction on n. The base case is n = 1.
For p and ¢ such that p <0, ¢ <0 or p+ ¢ > 1, that is, any integers p and gq,
the right-hand sides of (A.2a) and (A.2b) are 0, so the two inequalities hold.

Now assume that the proposition is true for n — 1, that is,

by qo19b, 14 > by, 0b (A.3a)
b’ Gb;q 1 pr+1q 1®bp L (A.3Db)

/
b pr 1q>bp 1q+1®bpq L

where each o' means the basic 2-symmetric tropical polynomial in 2(n — 1)
variables. Using the inequalities we prepare some inequalities. Replacing p by
p — 1 in the inequalities (A.3), we can write the inequalities in the forms

; 1,q— 1®bp 24 2 b/p 1q®bp 2,q—1> (A.da)
b, 1q oy 141 > by, g 190, o 4 (A.4Db)
1490 5 > bp 2.q41900 141 (A.4c)
Similarly replacing ¢ by ¢ — 1 in the inequalities (A.3) we have
b;g, 2®b/ —1g-12 b/ 1®bp 1,q—2> (A.5a)
b/ 1®bpq 9 2 bp+1q 2®bp 1,q—1> (A.5Db)
by, 1®bp L1 2 b1 400y 4 o (A.5c)
Multiplying (Adding in the conventional algebra) up the two inequalities (A.3a)
and (A.4a), (A.3b) and (A.4b), (A.3a) and (A.5a), (A.3a) and (A.3b), (A. 4a)

and (A.4b), (A.ba) and (A.5c), (A.5b) and (A.5c), and (A.4b) and (A.5b), w
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obtain

b;,q%@b;)f?,q = b;),qu;qufh (A.6a)
bpq®Vp—1,0-1 2 Vpi1,4-1°0p—2,4: (A.6b)
b;,q—2®b;—l7q = b;),qeb/p—lﬂ—% (A.6c)
bf,qfl 2 bpi1g-1901,4-15 (A.6d)
b;:?—l,q—l 2 b;),q—1®b;3—2,q—1? (A.Ge)
bf*l,qfl > by, 1,490} 1 g2 (A.6f)
btg—1 = byy1,g-2°b) 1g: (A.6g)

;7—141@ ;,q—Q = b;-&-l,q—?@b;—?,q' (A.6h)

Now let us consider the inequality (A.2a). It follows from Corollary A.2.5
that
bp,g—1°bp—1,4
= (Vg1 D20y 1 g1 B Ynbpg_0) © (b1, B 2o _5 4 ® Ynoby_1 4 1)
= by 1901, ® 20© (b, g 1000 DYy 4191 )
D Yn© (U q190p_1.9-1 Db g—20b,_14) B 2h0b), 1 4 106, 54
@ Ynobp 296191 B Tn®Yn® (Vj1,q—1 D by g2°b, ), (A.7a)
and

bp.qbp—1,4-1
= (b;,q @ Tnoby_1 4 yn@b;’qfl) © (b;afl,qfl D rnob), 541 ® yHQb;)fl,qu)
= Up®Pp-1,4-1 B Tn® (B,g°b—2,4-1 B V1 g-1051,4)
© Yn® (g—1°8p—1,4-1 ® g ®Vp1,4-2) © 70081400, 541
& yfbeb;mq—l@b;a—l,q—Z @ TnYn® (B g 10291 B 140, 14 2) -
(A.7h)
The expressions (A.7a) and (A.7b) are tropical polynomials of x,, and y,. By
comparing the coefficients of 1,2y, yn, 22,92, T,0y, in both expressions, we
observe that all the coefficients of (A.7a) are greater than or equal to those of
(A.7b), because (A.3a), (A.6a), (A.6¢c), (A.4a), (A.5a), (A.6e), and (A.6f) hold.
Hence, the inequality (A.2a) holds.
Let us consider the inequality (A.2b). We similarly have

bp,q®bp,q—1
= b;,qu;,q—l b zn0 (b;,qeb;o—l,q—l ® b;—l,qeb;o,q—l)
D yno (b;;,qu;,q—2 ® bgq—l) ® xi@b/p—Lq@blp—Lq—l
52 y?l@b;,q%@b;,q*? ® 0 oYn® (b 1,40 g2 B g 190, 14-1)  (A.8a)
bp+1,4-19bp—1,4
= V1,410 1,0 ® Tn® (V141002 O 1,40y, 41)
DYn® (bpy1,g-190p-19-1 D bpy19-2°bp_ 1) D T00b, 4 196, 2

D YnoBpi1,0-2°0p-1,0-1 © TnYn® (Bp1,0-2°8p2,0 D Vg1 14-1) -
(A.8b)
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By comparing the coefficients of 1,2, yn, 22, y2, 2,9Yn, we observe that all the
coefficients of (A.8a) are greater than or equal to those of (A.8b), because (A.3b),
(A.6Db), (A.6d), (A.6g), (A.4b), (A.5b), and (A.6h) hold. Hence, the inequality
(A.2b) holds, completing the proof. O

Corollary A.3.2. Let n > 1, p and q be integers, and b, , be the basic 2-
symmetric tropical polynomial in 2n variables. Then the following inequalities
hold:

bpg-1 = bpi1,g-190p-14-1, (A.9a)
by 1.q 2 bp—1,4+19bp—1,4-1, (A.9b)
bp.q = bp+1,4-10p—1,g+1, (A.9¢)
bg—l,q 2 bp,q®bp—2,q+190p—1,4-1, (A.9d)
bpg—1 = bpg©bps1,q—29p—1,4-1, (A.9e)
bp,0©bo,1 = bp 1, (A.9f)
bo,g®b1,0 = b1 4. (A.9g)

Proof. Let 2n variables be denoted by (x,y), where x and y are n-dimensional
column vectors. By exchanging the roles of z and y in the inequalities (A.9a),
(A.9d) and (A.9f), we obtain the inequalities (A.9b), (A.9¢) and (A.9g), re-
spectively. Therefore, we show that the inequalities (A.9a), (A.9¢), (A.9d) and
(A.9f) hold.

First we prove the inequalities (A.9a) and (A.9¢c). Multiplying (Adding in
the conventional algebra) up the two inequalities (A.2a) and (A.2b), and (A.2b)
and (A.2c), we obtain them.

Next we prove the inequality (A.9d). Replacing p by p — 1 in the inequality
(A.9¢), we have

2
bp—1,q = bp,g—1°bp—2,441-

Multiplying up this and the inequality (A.2a), we obtain it.

Finally we prove the inequality (A.9f). If p < 0 or p > n, then the right-hand
side is equal to 0, so the inequality holds. Consider the inequalities obtained by
letting ¢ = 1 in the inequality (A.2a) for p between 0 and (n — 1). Multiplying
up the inequalities

bp,09b5=+1.2 bp,19b=T70;
bp=10905=2,1. > Vp=+1bp=770;

baf6oDng = Do ebirs,
%Gbo,l ZMQZ)O,O,

we have by, 0©bo,1 > bp 19bo0 = bp 1. -

In order to prove our main theorem, we prepare the next proposition.
Hereinafter we use + or — instead of o.

Proposition A.3.3. Let

zdayr=c1,..., 2D am =Cp
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be equations in z. If z > a; for some j € {1,...,m}, then

z =minlcy, ..., )
Proof. Since z < ¢; for every i € {1,...,m}, we have z < minlcy,...,cn].
Suppose that z > a; for some j € {1,...,m}. Then z = ¢; and we have
minfci, ..., ¢n) < ¢j = z. Therefore, we obtain z = min[cy, ..., ¢p]. O

Note that if mz > a1 + - - - + a,,, where mz is the product of m and z in the
conventional algebra, then the assumption of Proposition A.3.3 is satisfied.

Theorem A.3.4. Let p and q be integers and b, , be the basic 2-symmetric
tropical polynomial in 2n variables. Let x,y, T,y be n-dimensional vectors, and
[(z,y)] and [(Z,7)] be two orbits under the row permutation action on R?™. If

bp,q (z,y) = bp,q (z,9)

for every p and q, then

[(z,9)] = [(Z,9)].

Proof. Let x = (z1,...,2,) ,y = Wy eesyn)' @ = (Z1,...,%,)", and § =
(F1,-- -, gn)t, such that by, 4(x,y) = b, 4(Z,y) for every p and ¢. Suppose that
X1 > X9 > > &y, Ty > Tg >+ > Ty, ifa; =xiyq forsomed € {1,... ,n—1},
then y; < y;11 and if Z; = T;41 for some i € {1,...,n — 1}, then §; < gi11. We
will prove that * =z and y = .

We use induction on n. When n = 1, we have

t

<
I

Kl
—

x1 = b1 o(x,y) = b1o(Z,
y1 = bo(x,y) = bo,1(,

A
Il
|

=

Hence, the theorem is true.

Now assume that the theorem is true for n — 1. First we show that x; =
Z1, T3 = Ta,..., Ty = Tyn. Applying b1 o, we get 1 = ;. Applying by o, we get
1 + 2 = T1 + T2, and from here x3 = Z2 and so on. Finally, applying b,
yields z,, = T,.

Let s =max{i € {1,...,n}: bj—1,1 = bi—1,0+ bo,1}. Next we show that

Ys = bO,l = Ys.

To do so, we show that @, ., yr = bo,1 at first. When s = 1, this is obvious.
Suppose that s > 2. By definition of b, , we have

bsfl,l = @ (‘T]ﬁ S 7 N yk:.) :
K, ks all #

Using the ordering of x we rewrite it as

mittreat P ow|e B @t ot aR ozt w0
s<k<n 1<k<s—1

On the other hand, by definition of s we have

bs—11=bs—10+bo1=x1+...+2Ts—1 +bo,1.
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Therefore, the following holds:

it tro+ P ow
s<k<n

52 @ (x14 -+ Th—1 + g1 + - Ts + Yi)
1<k<s—1

:$1+---+$S,1—|—b0)1.
If @sgkgn Yr < bo,1, then

@ (x14++ 1+ Tpp1+ s Fy) =21+ ...+ -1+ bo1.
1<k<s—1

Hence, for some [ € {1,...,s — 1}
Titc At Tt Tt Ts =1+ .o+ 21 + b,

and, thus, x5 + y; = 2; + bo,1, which implies ; = 241 = =25 and y; = bo 1
since x5 < x; and y; < by 1. It follows from this and the ordering of y that
Ys = bo,1, which a contradiction. Thus, @S<k<n yr = bo1. If ys < bg 1, then
@D, 1<w<n ¥t = bo1 and we observe that

bs,1: T+ -+ xs+ @ Yk
s+1<k<n

& P @+ o1+ Thpr + o Tap +uk)
1<k<s

=1+ +xs+bo

This contradicts the definition of s. Therefore, we get ys = bp,1. A similar
argument proves that ys = by.1. We conclude that ys = bg.1 = ¥s-

Let 2/, y', ', 7’ be the (n — 1)-dimensional vectors obtained from x,y, Z, § by
removing the s-th component respectively. Finally in order to use the induction
hypothesis we show that

bpo(2',y") = byo(z',9"), 1<p<n-1, (A.10a)
bp,a(2",y) = by (2, 7), p>1l¢>1,p+qg<n—1, (A.10Db)
bo,q(2',y') = boq (T, ¥), 1<g<n-—1 (A.10c)

We at first show that

bpo(z',y) =min by o(2,y), bpr10(z,y) —2s], 1<p<n—1, (Alla)
bp,q(xlvy/) = min [bpﬂ(:z:,y), bp-&-l-,q(fc,y) — Ts, bp7q+1(:1:,y) - Ys],

bo.q(z',y") = min [bo 4(x,y), bogr1(z,y) —ys), 1<qg<n-—1. (A.11c)

Let us write b, instead of b, 4(z',y'). We show the formula (A.11a). By

Corollary A.2.5 we have

bp,o = b0 ® (bp_10+5) 1<p<n,
bpr1,0 =5 = b;;,o ® (b;wrl,o - xs) ) 0<p<n-—1,
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which are equations in b’ . We claim that the assumption of Proposition A.3.3
is satisfied. We observe that

(Bp—1,0 +25) + (Vpyr0 = s) = by_10 + bpp10 < 20,0

The inequality is obtained by letting ¢ = 1 in the inequality (A.9a). Hence, by
Proposition A.3.3, we have the formula (A.11a). By exchanging the role of x
and y in the formula (A.11a) we obtain the formula (A.11c¢). Next we show the
formula (A.11b). By Corollary A.2.5 we have
bp,q:blp (b; 1q+x8)®(b;,q71+y5)7 pZO,qZOyP"‘(]Sn,
bp,g+1 — Ys = b;,q ® (bp,qul - ys) ® (b;)fl,qul + s — ys) ’
p20,¢20,ptg<n-1,
bpstg— s =0y, B (U 4y o —xs) & (b1, 1 +Ys — Ts)
p=20,¢20,ptg<n—-1,
which are equations in b; ¢ We claim that the assumption of Proposition A.3.3
is satisfied. Suppose that the assumption is not satisfied, that is, for p > 1, ¢ >
Lpt+gsn—1,
g < (Bh_1q+2s) ® (U 41 +Ys), (A.12a)
b < (Vg1 = ¥s) © (Vpmrgu1 + 25 = 9s) (A.12b)

Vg < (Vg = %s) & (Bppag1 + 9 =) - A12c)

(
We can eliminate y, by writing the two inequalities (A.12b) and (A.12c) in the
forms:

Vpr1g-1 +Us 050 < (g1 T bpi1,g-1) @ (Vprag1 + 01041 +24)
Ts+ 2b;0,q < (b/ + b/+1 q) (b;ﬂrl,qfl +Ys + b;,q) :
Eliminating z¢ similarly, we thus obtain the two inequalities
Ts+ 2b;7q < (b/ + b/+1 q) ® (b;,qul + b;Jrl,qfl) ® (b;Jrl,qfl + b;fl,qul + xs) ’
Vs + 2650 < (Vg + pg41) © (B + bpm1,041) © (Bprag1 + Bpor g1 +0s) -

Since the inequality (A.9¢) holds, we can neglect the third term in the right-hand
side of each inequality. Hence, we have

Ts+ 20 < (B g+ Vi g) @ (Vygrr +Vhi101)
Ys + 2b;,q < (b/ + bp q+1) (b;Hl q + bp 1 q+1)

Using the inequalities we can eliminate x5 and ys from (A.12a) and obtain the
inequality

3b;7,q < (b/ + bp+1 q + bp 1 q) ® (b;w-i-l + b;+17q—1 + blp 1 q)
® (b;%q + b;,q-s-l + b;) q— 1) ©® (b;+17q + b;—l,q+1 + b;o q— 1)

Since (A.9a), (A.9¢), (A.9b) and (A.9d) hold, the inequality does not hold.
This is a contradiction, so the assumption of Proposition A.3.3 is satisfied and
by Proposition A.3.3 we have the formula (A.11b).
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We similarly have for Z’, ¢

bO.,q (:E/, y/)

Hence the equalities (A.10) hold.

in [by0(Z,9), bpt+1,0(Z,Y) — s,
1 [bp,q(jvg)a bp-&-l,q(fa?)

= min [bO,q (Q_C, g)v bO,q—O—l(fa g)

- -i'sv bp,q+1 (jv g)

_g8]7

p>l,g>1,ptq<n-—1,

7gs]a

1<q¢g<n—1.

(A.13a)

(A.13b)
(A.13c)

By the induction hypothesis, we have 2’ = Z’ and 3y’ = 4’. Therefore, v = T
and y = ¢, which complete the proof.

O

By Theorem A.3.4 it is clear that the basic 2-symmetric tropical polynomials

give coordinates on R?"/S,,.

Example A.3.5. Let n =4 and = = (2,1,1,0)", y = (2,2,3,1)". Then
bl,()(xay) =2, by, 1($,y) =3,

bQ,O(xa y) = 3 bl 1(I7y) = 57 bO,Q(xvy) 53

bso(r,y) =4, bai(w,y) =6, bia(z,y) =7, bos(z,y)=7,

bao(z,y) =4, bzi(z,y) =6, baa(x,y) =7, bis(zr,y) =8, boa(z,y)=28.

To the contrary, we show how the orbit is determined by the values of the
basic 2-symmetric tropical polynomials according to the proof of Theorem A.3.4.
Suppose that 1 > x9 > x3 > x4 and if x; = x;4; for some i € {1,2,3}, then

yi < yi+1. First we obtain
T = bl,O = 27 To = b2,0_b1,0 — 17
We observe that

s =max {i € {1,

since bg’l = bg,o + bO,l and bg,l < bg’o + b()’l. Hence, ({E3, yg) =

Let o' = (2,1,0)%, ¢/ = (2,2, 1)".
b1o(z',y’) = min[by o(z,v),
bo,1(2',y") = min[b 1 (z,y),
bao(2',y") = min[bs,o (2, y),
bi1(2',y') = min[by 1 (2, y), ba
bo2(z',y’) = min[bg 2(z, ),
bs,0(z',y") = min[bs o(z,y),b
ba1(2',y") = min[ba,1 (2, y), b
bi2(z',y') = min[by 2(z, y), ba
bo,3(x',y") = min[by 3(x,y), b

23 = bgg—bao =1,

Then

bz,o yY) — xd] =2,
bO,Q ) - y3] - 27
bso(z,y) — 23] =3,

(z,9)
(z,9)
(z,y)
(z,y)
bo3(w,y) —y3] =4,
(z,y)
(z,y)
(z,y)
(z,9)

Therefore, the rest is reduced to the case n = 3.
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—x3,b12(x,y) —

—3,ba2(2,y) —
—x3,b13(2,y) —

2,3,4}:bi—10 =bi—10+bo1} =3,

(1,00,1) =
93] = 4a
y3] = 4)
y&] = 53

24 = by o—b3,0 = 0.

(1,3).



A.4 Properties of basic r-symmetric tropical poly-
nomials

We present special cases for r > 3 where the basic r-symmetric tropical poly-
nomials separate orbits.

Proposition A.4.1. Let r > 3 and there be r n-dimensional vectors, at least
one of which has distinct components. Then the basic r-symmetric tropical
polynomials separate orbits.

Proof. Let r n-dimensional vectors be denoted by (), z(®) ... 2. Suppose

that the components of the vector (") are all distinct and that xgl) > asgl) >

s > x%l). We will show that (ac(l),gc(2)7 . ,x(r)) is uniquely determined by
the values of the basic r-symmetric tropical polynomials.
By Theorem A.3.4 we obtain (m(l),x(Q)). Similarly we obtain (I(l),x(g)),
, (x(l), x(T)). Since all the components of z(!) are distinct, we can uniquely
merge (x(l),x(z)), R (x(l), J:(’“)) by (1) and obtain (x(l),w(z), . ,x(’“)). O]

Proposition A.4.2. Let r > 3 and there be r n-dimensional vectors, such that
at least one of the differences of all pairs of these vectors has distinct compo-
nents. Then the basic r-symmetric tropical polynomials separate orbits.

Proof. Let r n-dimensional vectors be denoted by (M), 23 ... (") Suppose
that the components of the vector (2 — z() are all distinct. We will show
that (x(l),x(z), . 755(”) is uniquely determined by the values of the basic r-

symmetric tropical polynomials by, g,....q. (a:(l), z®@ ,a:(r)).
First we show that each by, ., _; (x(z) — x(l), ... ,x(’") — x(l)) is written in
terms of the basic polynomials by, g,....q. (2,22, ... z(™).

Let ¢1 + ¢2 + - - - + ¢ = n. Then by definition we have

b1 .q2.....0n (w(1)7 m(2), ey ac(T)) —bno,..0 (m(l), x(2)7 ... ,ac(T)>
1) (1) (2) (2)

=D (xau)*"'*xcr(ql)*xa(qm)*"‘*xcr(qﬁqg)*'“
oc€eS,,

o(qu+-+qr—1+1) o(n)

_ (2) 1) (2) 1)
- @ (xc(qﬂrl) T T+t T T (gtan) T To(gtan) T
€S,

+z7) ot ) - (a:ﬁ” +al) 4 J:,(zl)>

NG (1) () _ () ) ,

olqittar1+D) ~ Lolgttaa+) T T Loy T To(m)

since xgl) + xgl) oot = xffl()l) + xgl()m +o x(l( )- Hence, we obtain the

)
formula
I (x@) N R (O x(l))

= le q2;--,q (33(1),],‘(2), s ’x(’r’)) - bnO ...,0 (Jj(l),$(2),. : .’x(r)) .

Using the formula and Proposition A.4.1 we obtain (x(z) —zW 2 — x(l)),
since the components of the vector z(2) — z(1) are all distinct.
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On the other hand, we obtain (z™), 2(®) from by, 4,0,....0 (z, 23, ... z(™).
Thus we get (ac(l),a:(z) — a:(l)). Since all the components of (2 — z(1) are dis-

tinct, we can uniquely merge (ﬂlc(l)7 z® — x(l)) and (x(z) —zW, ) — x(l))
by ) — 2. Therefore, we get (x(l),x(z) —zW ) — x(l)) and thus
(2, 2@ aM). O

A.5 Discussion

We defined the basic r-symmetric tropical polynomials and showed that the
basic 2-symmetric tropical polynomials give coordinates on R?"/S,,. Moreover,
we presented special cases where the basic polynomials separate orbits even for
r> 3.

The basic 2-symmetric tropical polynomials separate orbits more efficiently
than the elementary 2-symmetric tropical polynomials defined by Carlsson and
Kalisnik [59] in the sense that the set of the basic polynomials is a proper subset
of the set of the elementary polynomials. In addition, Carlsson and Kalisnik
alleged that the elementary polynomials generate the r-symmetric tropical ra-
tional functions, but the proof is false, because the authors made a mistake in
page 3626, line 7 (by replacing @& with ®).

It is interesting to investigate whether the basic polynomials separate orbits
for r > 3 in general and whether they are generators for the set of r-symmetric
tropical rational functions. It would be suitable to call the basic polynomials
elementary depending on the results.
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