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Abstract—We consider multiindex transportation problems of linear and integer linear pro-
gramming. As a method of solving them, we propose an approach based on reductions of
multiindex transportation problems to min-flow problems. We show that under the reduction
scheme we consider, the 2-embeddability condition for multiindex problems is a necessary and
sufficient condition for the problem to be reducible to a min-cost flow problem.
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1. INTRODUCTION

There exists a wide class of applied resource distribution problems formalized as multiindex
(integer) linear programming problems of transportation type. Examples of such problems include
(see [1-5]) problems of volume-calendar planning, data transmission channel power distribution,
natural gas mining and transportation, refining condensed natural gas, etc. Multiindex assignment
problems (a subclass of multiindex transportation integer linear programming problems) arise, for
instance, in scheduling theory [6, 7] and in computer vision [8, 9].

To solve multiindex transportation problems of linear programming, one can use general methods
like the simplex method or the Karmarkar algorithm [10, 11]. A number of works have been devoted
specifically to solving multiindex linear programming problems of transportation type. Two-index
problems have been studied the most [12]. Special subclasses of three- and four-index problems have
been considered, e.g., in [13-15]. In the general setting, the class of multiindex problems has been
studied in [13]. Conditions under which one can reduce dimension and/or reduce the number of
indices in multiindex transportation problems have been discussed in [16]. The geometric properties
of the set of admissible solutions for multiindex transportation systems of linear inequalities are
discussed in [14, 17, 18].

It is especially interesting to solve integer multiindex linear programming problems of trans-
portation type. It is known that the matrix of constraints for a two-index transportation problem
is absolutely unimodular, and the class of two-index integer linear programming problems is thus
solvable in polynomial time [12]. However, in the general setting the class of integer multiindex
transportation problems is NP-hard already in the three-index case [19]. Moreover, for problems
of this class there are no polynomial e-approximating algorithms unless P = NP, and this result
also holds already for the three-index case [20]. If there are no additional restrictions on the pa-
rameters, only general integer linear programming algorithms, exponential in their computational
complexity, are applicable (e.g., the branch-and-bound method or the Gomory method [10, 21]).
Among integer multiindex transportation problems, the best studied class is the class of multiin-
dex assignment problems. A comprehensive survey of results related to complexity analysis and
approximate algorithms in special subclasses of multiindex assignment problems is given in [22]; in
addition to that, we note the works [23-25].
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MULTIINDEX TRANSPORTATION PROBLEMS WITH 2-EMBEDDED STRUCTURE 91

One promising direction in developing efficient algorithms for studying multiindex linear pro-
gramming problems is finding subclasses of problems to which flow methods can be applied. This
direction is influenced, importantly, by active studies in network optimization [26]. Existing efficient
flow algorithms (see [27, 28]) allow, when linear programming problems reduce to flow problems,
for algorithms that have lower computational complexity than general linear programming algo-
rithms. In a number of cases, reduction to flow problems also allows for an algorithm for the
original problem that is guaranteed to find an integer-valued solution and thus we are able to dis-
tinguish polynomially solvable subclasses of integer linear programming problems. The reducibility
of linear programming problems to flow problems has been studied in [29-32]; these works differ,
importantly, in the concepts of reduction used in each of them. The problem of reducing multi-
index transportation linear programming problems has been less extensively studied. It is known
that two-index problems reduce to flow problems [12]. The question of reducibility for multiindex
problems with an arbitrary number of indices has been considered in [1, 33, 34].

In the study of multiindex systems of linear inequalities, the concept of reducing a system
of linear inequalities to the problem of finding an admissible circulation was formulated in [34].
An important characteristic feature of this concept is the existence of a correspondence between
variables in the original systems of inequalities and simple cycles in the auxiliary network. The
proposed reduction scheme guarantees that an arbitrary admissible circulation in the auxiliary
network will define such an admissible solution in the original system of inequalities that variables
are assigned flow values along the corresponding simple cycles. The value of the flow along simple
cycles is defined via cyclic decomposition of the admissible circulation.

It has been shown in [1, 33] that special 2-embeddedness conditions on the set of subsets of
indices over which one sums in the problem’s system of constraints are sufficient (in case of three-
index problems, necessary and sufficient unless P = NP) for a reduction to the problem of finding
a min-cost flow. One characteristic feature of the reductions used in [1, 33] is that there exists
a correspondence between variables in the original problem and arcs in the auxiliary network.
The proposed reduction scheme guarantees that any optimal flow in the auxiliary network will
correspond to such an optimal solution for the original problem that the variables are assigned flow
values along the corresponding arcs in the network. If the 2-embeddedness conditions hold, solving
a multiindex linear programming problem of transportation type reduces to finding the minimal
cost flow in a network with O(n) vertices and O(n) arcs, where n is the number of variables in the
original problem.

In this work, we continue our study of reducing multiindex transportation problems to flow
problems in the general reduction paradigm proposed in [1, 33]. In Section 2, we give a formalization
of multiindex linear programming problems of transportation type and introduce the necessary
notation. Section 3 introduces the concept of reduction we use in this work. In Section 4 we
show that the 2-embedding condition is a necessary and sufficient condition for the reducibility
(under this reduction scheme) of multiindex transportation problems to the class of min-cost flow
problems. This result generalizes reducibility results shown in [1, 33] and gives (in the proposed
reduction scheme) an exhausting answer to the question of reducibility of a class of multiindex
problems to a class of min-cost flow problems. The resulting constructive reduction for multiindex
problems with 2-embedded structure is optimal in the sense that a reduction with asymptotically
lower computational costs is impossible, and an arbitrarily large increase in the computational cost
of the reduction does not let us extend the class of reducible multiindex problems.

2. MULTIINDEX TRANSPORTATION PROBLEMS

To pose multiindex linear programming problems of transportation type, we use a formaliza-
tion proposed in [13]. Let s € N and N(s) ={1,...,s}. To each number [ we assign a corre-
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sponding parameter j;, called an index, that takes values from the set J; = {1,...,n;}, where
ng>2,1€ N(s). Let f={ki,...,ke} CN(s); ki <kis1, i=1,t—1. We call a set of values for
indices Ff = (Jgys---,Jk )¢ a t-index. The set of all ¢-indices corresponding to f is defined as
E; ={F¢|F € Jy, x ... x Ji, }. We will omit the subscript f in the ¢-indices if it does not lead to
ambiguity. We denote the component j; of the set Fy as Fy(i) = j;, i € f. Let f' C f” C N(s);
then we denote Ff/ = (Ff//)f/ if Ff/ S Ef/ Ff// € Ef// and Ff/() =F //('), 1€ f/ If Ff/ S Ef’
Fyn € Epr, where f',f" C N(s) and f'N f” =@, then we denote by FpFpr such a set that
Ff/Ff// S Ef/uf// and (Ff/Ff//)f/ = Ff/, (Ff/Ff//)fN = Ff// We further define f = N( )\f, then,
according to our notation, Fy (s = FyF, if Iy = (Fy(s))yand F, = (FN(S))f.

To each set Fy we assign a real number zp,, Iy € Ey. This mapping of the set of t-indices Ey
to the set of real numbers we call (similar to [13]) the t-index matrix, denoted by {zp,}. For an
s-index matrix {zy(s)}, we introduce the following notation:

d. wmE = D, X, - ) mE, FreEg

FreEy k1 €Tk Tk € Tky jkteJkt

This notation for the subsums of an s-index matrix will be used to formalize multiindex transporta-
tion problems.

Let M be a given set, M C 2N®) {aF 1 {bp }, given |f|-index matrices of free coefficients,
0< ar, < bFf, Ff € Ef, feM; {CFN(S)} a given s-index matrix of objective function coefficients;
{a:FN(S)}, an s-index matrix of unknowns. Then a multiindex linear programming problems of
transportation type is formalized as follows:

ap, < > trp, Sbr, Fpe By feM; (1)
FfEEf
Ty 20 FN(s) € En(s):s (2)
Z CFy (o) TPy (,) — Min. (3)
Fn)EEN(s)

We will denote problem (1)-(3) by w(s; M;ni,na,...,ns; {aF } {bF b f € Mi{cry, }); the class
of all multiindex problems of the form (1)—(3) for a given set M by W(M ).

If we W(M) then we denote a constraint of the form (1) for problem w corresponding to a
fixed set f € M and a fixed tuple Ff € Ef by d(w, f, Ff). We denote the matrix of the system of
constraints for problem w by Matr(w); the row of matrix Matr(w) defined by the two-sided in-
equality d(w, f, Ff), by row(w, f, F ) F, e E, , [ € M; the column of matrix Matr(w) correspond-
ing to the variable x Fi(s) , by col(w F N(S)) N(s) € En(s)- Suppose that we are given sequences

FO k) € F()EE ol )EE o FY

(k2)
F FAOTTT T p(ky) Ny F N

N(s) € En(s)- Then we denote the
submatrix formed by elements of matrix M atr(w) on the intersection of rows row(w, f ON Fﬁz)),

)7 1= 17k17 F(])

1 =1, k1 and columns col(w,F](Vj()s)), Jj =1,ka, by Matr(w; (f(Z Fo N(s)’ j=1ks).

J0)

3. REDUCTIONS

Let us formalize the concept of reduction that we will further use to study reducibility between
multiindex problems and flow algorithms.

Let A€ R™™ bb~,b" € R", ¢ € R™ be fixed parameters; x € R™, the vector of unknowns. By
w(A, b, c) we denote the linear programming problem min{(c, z)|Ax < b,z > 0}; by w(A4,b,b",¢),
the linear programming problem min{(c,z)|b~ < Az < b*,z > 0}. For convenience, we denote
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MULTIINDEX TRANSPORTATION PROBLEMS WITH 2-EMBEDDED STRUCTURE 93

by nrow(A) and ncol(A) the number of rows and columns in matrix A respectively. We note that
problem w(A,b~,b", ¢) can be described with a notation of the form w(A,b,c). Nevertheless, we
will use the notation w(A,b~,b", ¢) in case when we want to emphasize that the problem’s system of
constraints is a system of two-sided inequalities. We will also consider integer linear programming

problems. If w = w(A,b,c) is a linear programming problem, by wy; we denote the integer linear

programming problem wz = min{(c, z)|Az < b,x € ZiCOl(A)}. Let W be an arbitrary class of linear

programming problems; we define the corresponding class of integer linear programming problems
Wz =A{wzlw e W}.

We further consider two classes of linear programming problems W’ and W”. In essence, a
class W' is reducible to class W” if for any problem w’ € W’ it is possible to construct a corre-
sponding problem w” € W” in such a way that the solution of problem w” determines the solution
of problem w’. When formalizing a specific reduction scheme, we will determine computational
costs and/or specific computational procedures related to:

—constructing the matrix of the system of constraints for problem w” by the original parameters
of problem w’;

—constructing free coefficients and objective function coefficients for problem w” by the original
parameters of problem w’;

—constructing a solution of problem w’ by a solution of problem w”.

The notation for the reduction scheme proposed below is introduced similar to R. Graham’s notation
used to classify scheduling theory problems [35].

Definition 1. We say that a class W' is t; — s1|t2 — so|t3 — s3 reducible to class W if for every
problem w' = w(A',¥/,) € W’ one can in time O(t1) construct the matrix A”, in time O(t3)
construct the vectors b”, ¢ such that w” = w(A”,b", ") € W and, moreover,

—problem w' is feasible (bounded) if and only if problem w” is feasible (bounded);

—if an optimal (admissible) solution 2’ of problem w” is known then an optimal (admissible)

solution 2’ of problem w’ can be constructed in time O(t3).
Here (—s1), (—s2), (—s3) are optional string notations for computational procedures related to con-
structing the matrix of the system of constraints, free coefficients and objective function coefficients,
and constructing the problem’s solution in general.

We call problem w” (see Definition 1) the problem corresponding to problem w’. Sometimes, for
convenience, we will replace computational complexity estimates t1, to, t3 with L or P, meaning
respectively linear or polynomial functions in the size of an individual problem w’.

In this work, we study the possibility to reduce the class of multiindex linear programming
problems of transportation type to the class of problems of finding minimal cost flows defined as
follows. Consider a directed graph G = (Viz, Ag), Ag C Vg x Vi, where Vi and Ag are the sets of
vertices and arcs of the graph G respectively. Let [;;, u;; denote the throughputs of the arc (i, j);
eij, the cost of an arc (i, j); x;;, an unknown value of the flow along the arc (7,7), (7,5) € Ag. Then
by v(G; lij, wij, €5, (i, j) € Ag) we denote the following min-cost flow problem:

Z Tij — Z Tji = 0, 1€eVg,
J:(4,5)€Aq J:(4,9)€AG
lij <xy; <wgj,  (4,7) € Ag,

Tij > 07 (Z7]) € AG7

Z €ijLij — min .
(i,5)€Aq
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94 AFRAIMOVICH

We denote by Graph the set of all directed graphs. We define the class of problems of finding min-
cost flows as Warapn, = {v(G, lij, uij, €5, (1, ) € Ag)|lij, wij € Z4,ei5 € Z,(3,7) € Aq, G € Graph}.

Definition 2. Let W be a class of linear programming problems with a two-sided system of linear
inequalities. We say that a class W is t;|t2 — equal|ts — edge reducible to a class Weyqph if class W
is t1|ta|t3 reducible to class Wergpn and an arbitrary problem w = w(A,b™,b",¢) € W and its
corresponding problem v = v(G; lij, uij, €5, (1,7) € Ag) € Warapn satisfy the following conditions:
there exist such injective functions «: {1,...,nrow(A)} = Ag, B : {1,...,ncol(A)} — Ag, that
@)y = ;5 Uap) = b, e {l,...,nrow(A)}; luwy =0, uwp =0", (u,v) € Ag\{a(i)|i €
{1,...,nrow(A)}}, where b* = ZZ;Olw(A) b

—eg3) = Ci, 1 €{1,...,ncol(A)}; ewy =0, (u,v) € Ag\{B(i)[7 € {1,...,ncol(A)}};

—if @5, (i,j) € Ag, is an optimal (admissible) solution of problem v then (zgx1),zge),-- -,
T3(neol(A))) Will be an optimal (admissible) solution of problem w.

Remark. For b* one can use any sufficiently large value that would be equivalent to no upper
bound on the throughput in an arc.

Thus, according to Definition 2, in case class W is t1|ta — equal|ts — edge reducible to class
Warapn, We guarantee that if w € W, v = v(G;lij, wij, ¢ij, (1,5) € Ag) € Warapn, and v is the
problem corresponding to problem w, then in constructing the min-cost problem v the throughputs
and costs of arcs in the problem are defined via the coefficients of problem w, and the solution of
problem w is found via a subset of components of a solution of problem v. Then we can propose
an algorithm for solving problem w which is based on the solution of the corresponding problem v
with computational complexity O(t1 +t2 +t3 + u(|Va|, |[Agl)), where u(n,m) is the computational
complexity of the algorithm for solving a min-cost flow problem in a network with n vertices and
m arcs. A survey of computational complexity estimates for known flow algorithms can be found,
e.g., in [27, 28]. Further, in this work we consider the conditions under which the class W (M) is
t1|ta — equal|ts — edge reducible to class Weyaph-

4. REDUCIBILITY CONDITIONS FOR MULTIINDEX PROBLEMS

The form of linear programming problems in class W (M) is defined by the given set M. There-
fore, the problem is to find the conditions that a set M has to satisfy in order for a solution of a
problem from the class W (M) to allow finding with flow algorithms.

Theorem 1. Let M C 2V If 4 class W (M) is t1|ta — equal|ts — edge reducible to class Waraph
then for an arbitrary problem w € W (M) the matriz Matr(w) is absolutely unimodular.

Proof by contradiction. Suppose that class W(M) is t1|te — equal|ts — edge reducible to class
Waraph, and there exists a problem w € W (M) such that the matrix Matr(w) is not absolutely
unimodular. According to [36], the absolute unimodularity condition of the matrix is necessary and
sufficient for all vertices in the polyhedron of the corresponding feasible system of linear inequal-
ities to be integer-valued. Therefore, there exists a problem w’ € W(M) satisfying the following
conditions:

—Matr(w') = Matr(w);

—free coefficients in problem w’ are integers;

—the system of constraints in problem w’ is feasible;

—problem w’ has a single optimal solution, and it is not integer.

The class W (M) is t1]ta — equal|ts — edge reducible to class Wgyapn. Then consider the problem
v € Warapn corresponding to problem w’. By Definition 2, network throughputs in the min-cost
flow problem v are integer-valued. The matrix of system of constraints in problem v is absolutely
unimodular, so problem v has an integer optimal solution. Then, by Definition 2, problem w’ also
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MULTIINDEX TRANSPORTATION PROBLEMS WITH 2-EMBEDDED STRUCTURE 95

has an integer optimal solution. We have arrived at a contradiction, which completes the proof of
the theorem.

Definition 3. A set M, M C 2V0) s called k-embedded if there exists a partition of the set M

into k subsets M; = {fl(i),..., 7%2}, 1 =1, k, such that f]@ - f}ﬁl, j=1m; —1,i=1k.

Previously we have found the following sufficient reducibility conditions.

Theorem 2 [1]. Let M C 2V In order for the class W (M) to be L|L—equal|L —edge reducible
to class Warapn it is sufficient for the set M to be 2-embedded.

A constructive way of proving Theorem 1, proposed in [1], for the case of 2-embeddedness
of the set M lets on, for each problem w € W(M), to construct the corresponding problem
v = v(G; lij, uij, i, (i, §) € Ag) EWarapn- Here [Vg| = O(|En(s)|), 1Ac| = O(|En(s)|), where the
value |Ey ()| coincides with the number of variables in problem w. By Definition 2, in case of
L|L — equal|L — edge reducibility the construction of the corresponding flow problem and finding a
solution of the original problem by the solution of the corresponding problem both take linear time.
Let wu(n,m) be the computational complexity of solving the min-cost flow problem in a network
with n vertices and m arcs. Then we can formulate the following corollary.

Corollary 1. Let M C 2NG) . [f the set M is 2-embedded then the class of problems W(M) is
solvable in time O(u(|Ens)l, [En(s)]))-

It is known [26] that the min-cost flow problem (admissible flow problem) in a network with two-
sided throughputs with n vertices and m arcs reduces to finding a min-cost flow with a given value
(max-flow problem) in a network with single-sided throughputs with O(n) vertices and O(n + m)
arcs. We use the Orlin algorithm proposed in [27] to find the min-cost flow of a given value. To find
the maximal flow, we use the Goldberd-Rao algorithm [28]. Then, by Corollary 2, if the set M is
2-embedded then there exist algorithms for finding an optimal and admissible solution of problem
w € W(M) that require O(|Ey g |* log? |Ens)l) and O(|En s |*log |En(s)|) computational opera-
tions respectively. This approach is also suitable for solving a class of integer-valued multiindex
problems Wz (M).

We further show that the 2-embedding condition is necessary and sufficient for a multiindex
transportation problem to be reducible to a min-cost flow problem.

Definition 4. Let M C 2V() and g C N(s); then we denote M (g) = {f Ng|f € M}.

Definition 5. Let s1 < s9 and M7 C 2N(51), My C 2NG2) | Then we denote My < My if there exists
a subset g C N(s2), [g| = s1 and a bijection m: g — N(s1) such that My C Ugcpr,g){{m(@)]i € f}}.

In essence, Definition 5 means that if we “ignore” the indices from the set N(s2)\g, for every
problem from class W (My) there exists an equivalent (up to renumerating the indices 7) problem
from class W (My).

Lemma 1. Let s1 < so, My C 2N6U My C 2N62) gnd My < M. Then, if there exists a
problem wy € W (M) such that the matriz Matr(wy) is not absolutely unimodular then there exists
a problem wy € W(Ma) such that matriz Matr(ws) also is not absolutely unimodular.

Proof. Suppose that the lemma’s conditions hold. Then, by Definition 5, there exists a subset
g € N(s2), |g| = s1 and a bijection 7 : g — N(s1) such that My C Ugepp, ) 1{m(@)|i € f}}.

Let us show that for every problem w; € W (M) there exists a problem wy € W(Mz) such that
Matr(wq) is a submatrix of Matr(wsy). Consider an arbitrary problem wy € W(My), wy = w(sy;
nll’ T ’ngl; {a/Ff}7 {b/Ff}7 f € Ml; {C/F‘N(sl)}) and choose wy € W(M2)7 w2 = w(52; nll/a tee 7n;/2;
{a}éf},{b}’;f},f € Mg;{c}éN(Sz)}) such that n;(i) =n!, i €g. Then consider an arbitrary row
row(wy, f1, Fy ) of matrix Matr(wy). The row row(wi, f1, F ) can also be specified as a subma-
trix Matr(wl;fl,Ffl;FN(sl) € En(s,)). Choose fo € My in such a way that f; = {n(i)|i € foaNg}
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and choose F € E, such that F, (i) =F, (n(i)), i€ fang and F, (i) =1, i€ fo\g. In
the matrix row row(ws, fQ,Ff2), consider elements located on the intersection with the
columns {col(wz, F(s;))|[Fn(so) = Fy(1,...,1)5, where F, € E;}.  We see that the matri-
ces Matr(wl;(fl,Ffl);FN(sl) € En(s,)) and Matr(wg;(fg,Ff2);Fg(1,...,1)9,Fg € E,) of size
1 x \EN(SI)\ coincide up to a permutation of columns given by the function w. Therefore, ma-
trix Matr(w;) is a submatrix of Matr(ws).

Consequently, if there exists a problem w; € W(Mj) such that the matrix Matr(w;) is not
absolutely unimodular (i.e., contains a minor other than 0,1,—1), then there exists a problem
wy € W(Ms) such that Matr(wsy) also contains a minor other than 0,1,—1. This completes the
proof of the lemma.

Lemma 2. Let M C 2NG) If one of the following three conditions holds:

(1) s=3, M={{1,2},{1,3},{2,3}},

(2) s =3, M ={{1},{2},{3}},

(3) s=4, M={{1,2},{2,3},{1,4}},
then there exists w € W (M) such that matriz Matr(w) is not absolutely unimodular:

Proof. (1) Let s =3, M = {{1,2},{1,3},{2,3}}. By definition, ni,na,n3 > 2, so we choose an
arbitrary problem w € W (M) and consider its submatrix

H = Matr(w;
({1>2}7(1){3})?({13}7(1){2})7({273}7(1){1});

(17172)N(3)’ (17271)N(3)7 (271’1)]\7(3))'

and det H = 2.

O = =

01
We seethat H=| 1 0
11

(2) Let s = 3, M = {{1},{2},{3}}. Consider an arbitrary problem w € W (M) such that
ni,ng,ng > 3 and consider its submatrix

H = Matr(w:
({11 (1,3) 19 31):(111:(2:2) r2 31)-({11:(2:3) 12 31)
({35 (1, 1) g1 23 (33:(2.2) 11 21));
({21(1.2) 11 31).({213:3) 11 31 )5

(17172)N(3)7 (17173)N(3)7 (17272)N(3)7 (27272)N(3)7
(27273)N(3)7 (3>173)N(3)7 (37273)N(3))

We see that H = and det H = 2.

O = O = O O O
O O O = O O =
O R O O O = O
O O = O O = O
o O = O = O O
_ o O O o o =
_ o O O = O O
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(3) Let s =4, M = {{1,2},{2,3},{1,4}}. By definition, ni,ns,n3 > 2, so choose an arbitrary
problem w € W (M) and consider its submatrix

H = Matr(w;
({1251 £3.41): (12,31 (1,1) 11 43):({2:31,(1.2) 11 43);
({14}, (1.1 19 01).({14},(12) 19 533
(1L1,1,2) gy (1,1,2,1) gy (11,22) jays (1,2,1,1) gy (2.1,11) yay)-

00011
01010
It is easy to see that H = | 1 0 1 0 0 | and det H = —2. This completes the proof of the
10001
01100

lemma.

Remark. Matrices used to prove Lemma 2 have been obtained with a parallelized program
developed by a student A.S. Katerov [37]. The software was run on the supercomputer of the
collective use computational center at FGUP “RFYATS-VNIIEF.”

Lemma 3. Let M C 2N6) . In order for the set M to be 1-embedded it is necessary and sufficient
that for every f1, fo € M there exist k,l € {1,2},k # 1, such that fi C f;.

Proof. Necessity proof. Let the set M be l-embedded. Then, according to Definition 3, the
set M can be represented as follows: M = {fl(l),..., r(,%l)}, where f;l) - fﬁ)l, j=1,m;—1.
Consider arbitrary ji,72 € {1,...,m1}. If j; < j, then f;ll) - f]gl), otherwise fj(zl) - fj(ll)

Sufficiency proof. Suppose that for every fi, fo € M there exist k,l € {1,2}, k #1, such
that fr C f;. We reorder the elements of M in the nondescending order of their sizes, M =

{ft17 e '7ft“\/”}7 ‘ftj‘ < ‘ftj+1|7 ,7 = 17 |M‘ — 1. Since ftj 7é ftj+1 and ‘ftj‘ < |ftj+1|7 we get ftj+1 ¢ftj7
and then, by assumption, f;. C fi.,,, j = 1,[M|— 1. By Definition 3, the set M is 1-embedded.
This completes the proof of the lemma.

Theorem 3. Let M C 2V6) . In order for the set M to be 2-embedded it is necessary and sufficient
that for every fi, fo, f3 € M there exist k,l € {1,2,3},k # 1, such that fr C f;.

Proof. Necessity proof. Suppose that the set M is 2-embedded; then, by Definition 3, there
exists a partition of the set M into 2 subsets M; = {fl(l), e r(,%l)}, My = {fl(Q), e ,f,%)} such
that f]@ C f}ﬁl, j=1m;—1, 4= 1,2. Consider arbitrary fi, fo, f3 € M. There exist k,l €
{1,2,3},k # 1 and t € {1,2} such that fy, f; € M. If | fi| < |fi| then fi C f;, otherwise f; C f.

Sufficiency proof. Suppose that for every fi, fo, f3 € M there exist k,l € {1,2,3}, k # [,
such that fr C f;. We give a constructive proof, showing an algorithm for finding the partition
My= {fV, Ly My = (AP, FR)Y of the set M such that fi) C (17§ = 1,m; — 1,
1=1,2.

We reorder elements of the set M in nondescending order of their sizes, M = {gy,..., g M|},
|ft;| < |ft;inls 5= 1,|M] — 1. The algorithm is as follows.

Step 1. Let My, Ms := @, j:= 1. Goto 2.

Step 2. Reorder elements of the sets M, M, in nondescending order of their sizes M; =
(S My = {52, S, where £ < £k =1,m; =1, i=1,2. 1f j > |M] the
algorithm is over; otherwise goto 3.

Step 3. If there exists | € {1,2} such that fr(,ig C g; then M; := M; U {g;}, j == j + 1, goto 2;
otherwise, goto 4.
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Step 4. Denote I = {fi(l)|f£¢gj’8 =d,my,i € {1,...,mi}}, i = mini\f-(l)ell i, l = 1,2. Consider
the set I = I; U I and reorder its elements in nondescending order of their sizes I = {an, - qn )
\gs| < |gst1l, s =1,|1| — 1. Let

= 1, if ey i 1, if qlgéfl
2 if ¢ €D, "T\2 if ¢ ¢ L.

Then M, := I, UMy, M, :={g;} UM,\I,, j :=j+ 1, goto 2.

Let us show that the resulting algorithm is correct. By construction, by the beginning of each
of Steps 2 it holds that M; N My = &, and the next element g; is added either to M; or to Ms.
Thus, after the algorithm is over M;, Ms represent a partition of the set M. Let us further show
that before each of Steps 2 the sets My, Ms are 1-embedded.

Initially My, My = @, and by Definition 3 they are l-embedded. Let M; = {fl(i),..., T(riz},
f}z) - f]@l, j=1m;—1,4=1,2. If on Step 3 there exists [ € {1,2} such that fr(,iz C g; then
M; := M; U {g;}, and since f}l) C f]@l, j =1,m;—1, the set M; is 1-embedded. In case of going

on to Step 4 it holds that ﬁs@ll), 7(,122) Zg;, so r(r"}l) €1, f%) € I, and, therefore, 11, s # @ and there
exist values i},75. Schematically, the sets M; and My can be represented as shown on Fig. 1 (here
elements of the 1-embedded set M;\I; are subsets of elements of the 1-embedded set I;, i = 1,2):

N N

Fig.1.

By construction, ¢ ¢ g;, ¢ € I. On the other hand, according to the algorithm above |g;| > g,
qel, so gj¢q, gel. Consider arbitrary ¢’ € I1, ¢" € I,. As we have already shown, g; Z ¢, ¢"
and ¢',q” ¢ g;, then by the assumptions of the lemma one of the following relations hold: ¢’ C ¢”
or ¢ C ¢'. Therefore, by Lemma 3 the set [ is 1-embedded, and ¢s C ¢s+1, s = 1,|I| — 1. By
construction, ¢ € I;. Further, either M\I; = & or M\I; = {fl(t), . ,fg)_l}, and fi(;t)—1 - fz‘(;*t) =q.
Therefore, the constructed set M; := I U M;\I; is 1-embedded. Further, either M,\I, = & or
MA\I, = {flr), ey Z-(f)_l}, and by construction fl-(le C g;. Therefore, the constructed set M, :=
{g;} UM\I, is l-embedded. Sets My and M> constructed on Step 4 are schematically shown on
Fig. 2 (here elements of the 1-embedded set M;\I; are subsets of elements of the 1-embedded set
I, U I}, and elements of the 1-embedded set M,\I, are subsets of the set g;):

I,V 1,
8j
W

Fig. 2.
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Consequently, after the algorithm has finished the constructed sets My, Ms represent a partition

of the set M and are 1-embedded. This completes the proof of the theorem.
Consider arbitrary sets f1, f2, f3 € N(s) for which the following condition holds:

N faf3 o & fifs, 3¢ fi, fo (4)

Condition (4) holds if and only if there exist elements a;; € N(s), j € {1,2,3}\{i}, i € {1,2,3},
such that

a2 € f1, a2 & fo, a21 € fo, ao1 & f1, az1 € f3, az1 & fi,
ai13 € f1, a13 & f3, a3 € fo, a3 & f3, asz2 € f3, az ¢ fo.

We will call the set A = {a;j|ai;j € fi,ai; ¢ fj,7 €{1,2,3}\{i},i €{1,2,3}} adividing set for fi,f2,fs.
We denote by A(f1, f2, f3) the set of all sets dividing f1, f2, f3. Theorem 3 together with the notion
of a dividing set imply the following corollary.

Corollary 2. Let M C 2N6) . In order for the set M to be 2-embedded it is necessary and
sufficient that A(f1, fa, f3) = @ for any fi1, fa, f3 € M.

IftAe A(fb J2s f3)7 A= {aij|aij € fi, Qij ¢ fj)j € {17 2, 3}\{Z}72 € {17 2, 3}}7 then by p(A) we will
denote the value

p(A) = [{ar2} U{aiz}] + [{a21} U {aa3}| + {az1} U {as2}.

Let d*(f1, f2, f3) = mingca(s, fo,55) [Al- Then consider the problem of choosing, among the sets
dividing f1, fa2, f3, a set of size d*(f1, fa, f3) with maximal value of p(A):

A*(fl7f27f3) = argmax p(A) (5)
AeA(f17f27f3)|d* (f17f27f3):‘A|

A solution A*(f1, fa, f3) of problem (5) possesses the following important property.

Lemma 4. Let f17f27f3 C N(S)} A(f17f27f3) ?é I and A*(f17f27f3) = {a;k]|a>zk] € fma;,k] ¢ f]v
Je{1,2,30\{i},i € {1,2,3}}. If aj; € fi then aj; = ay;, where i, jk € {1,2,3}, i # 7, 1 # k,
J# k.

Proof by contradiction. Suppose that conditions of the lemma hold, and there exist 4,5,k €
{1,2,3}, @ # j, i # k, j # k, such that aj; € fi, but aj; # aj;. Consider the set A" = {aj,| s €
{1,2,3}\{t}, t € {1,2,3}}, constructed as follows:

al,.:a* a/.,:a*

I
j g 51 jir  Oki = Qs

I % I % I %
Qi = Qi Q5 = Qjgy, Qi = Ay e

By assumption %j = a;; € [i, here by construction we have aggj = aj; ¢ fj. Therefore, a, € fs,
ay & fi, t € {1,2,3}\{s}, s € {1,2,3} and A’ € A(f1, f2, f3). Let us show the proof by considering
the following two possible cases.

(1) Let aj; = aj,. Since ay,; = aj; = aj;, aj,; = aj;
{ai;} U{ain} U {af;} U {afy} U{ag} U {a;}

=Kaiz} U {aiy} U{aj;} U{aj,} U {ag,}]

=Hagi;} Udag} U faj U{ajt U{ag}]

=i} Ufaiy} Ufag} U{afy Udlagt Udag;l = AT (f1, f2, f3)]-

= aj;, we get that |A'| =
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o I %k [ !/ !/ : k%
By construction, ay; = aj; € f; and aj; = ay,; ¢ f;, and thus, aj; # aj,;. By assumption, aj; = aj;.

Therefore, p(A’) =

{ai;} U {ain} + {aj} U {aj | + {aki} U {a
=[{ai;} U {ai | + Haji} U {ajp}] + 2

and p(A*(f1, f2, f3)) =

{af;} U {af} + o) U {aged] + [{afi} U {af,}
={ag;} U {af} |+ [a} U {aje}] + 1.

Consequently, p(A") = p(A*(f1, f2, f3)) + 1, and we have arrived at a contradiction.
(2) Let aj; # aj;. By assumption, aj; # aj;. By construction, aj; € fi and ajj & fi, then
ay; 7 a;p,. Further, by construction ay; ¢ fi» @i, ajy € fj, 80 ap; # aj;, ajy. Therefore, |A'| =

{ai;} U{ain} U {dfi} U {aj} U {ag} U {a;}
=Haiz} U {aix} U {aj;} U{aj} U {az,}|
=Hai;} Ud{ag} U faj}t U{ajt U{ag}
=[A*(f1, f2, f3)\{ag;} = [A*(f1, fa, f3)] = 1.

We have arrived at a contradiction, so our assumption was false. This completes the proof of the
lemma.

Lemma 5. Let M C 2NG) . If the set M is not 2-embedded then there exists a problem w € W (M)
such that matriz Matr(w) is not absolutely unimodular.

Proof. Suppose that the set M C 2V() is not 2-embedded. Then, by Corollary 2, there exist
f1, f2, fs € M such that A(f1, f2, f3) # @. Consider the set A*(f1, f2, f3) = {aj;|aj; € fi,af; & fj,
J € {1,2,3}\{¢}, i € {1,2,3}}, that represents a solution of problem (5). We will schematically
represent possible combinations of the set A*(f1, fa2, f3) as a graph Gy with the set of vertices
V= {ij| j € {1,2,3}\{i}, i € {1,2,3}} and the set of arcs {(ij, kl)|aj; = ay,, ij # kl, ij,kl € V'}.
We show the proof by considering the following two possible cases.

(1) Suppose that for every i € {1,2,3} there exists such #; € {1,2,3}\{i} that a}, ¢ fi,, where
ki € {1,2,3}\{i,t;}. Consider the elements aj;, ,a3;,, a3, . By construction,

aTtl ¢f27f3 a;tg ¢f17f3 ai‘;tg ¢f17f2-

Then the subgraph of graph G induced by the subset of vertices {1t1,2t2,3t3} will look like the
following (Fig. 3):

11, 2t 3t
L L L
Fig. 3.

Therefore, {{af,, }, {a, }. (a3, }} € M({at, a3, }). and by Definition 5 {{1}, {2}, {3}} < M.
Then according to Lemmas 1 and 2 there exists w € W (M) such that Matr(w) is not absolutely
unimodular.

(2) Suppose that there exists i € {1,2,3} such that for every j € {1,2,3}\{i} it holds that
ai; € fr, where k € {1,2,3}\{4,j}. Without loss of generality we assume that i =1, or else simply
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renumber the elements. Then aj, € f3, ajs € fo. By Lemma 4, aj, = a3,, aj; = a33. By construc-
tion, ay; € fr, af; ¢ fi, 1 € {1,2,3}\{k}, k € {1,2,3}. Consequently, a}; # aj,,, m, k € {1,2,3}\{l},
1 €{1,2,3}. By construction, afy € f3, ajs ¢ f3, so ajy # aj3. By construction, a3; = ajs € fi1,
as, & f1, 80 a3y # abs; a3y = aiy € f1, a3y ¢ fi1, so we get aj; # al,. Further one of two subcases is
possible: either a3, = a3, or a3; # a3;.

(2.1) Let a3; = a3;. Then the graph Gy will look like the following (Fig. 4):

12 21 31

13 23 32
Fig. 4.

This means that {{aly,ais3},{als,a5,},{aly,a8;}} C M({ajs,als,a3;}), and by Definition 5
{{1,2},{1,3},{2,3}} < M. Then according to Lemmas 1, 2 there exists w € W(M) such that
Matr(w) is not absolutely unimodular.

(2.2) Let a3; # a3;. Then the graph Gy will look like the following (Fig. 5):

12 21 31

13 23 32
Fig. 5.

Therefore, {{ajs, a3}, {ajs, a3}, {ajs, a5, }} C M({a},, ais, a3, a3;}) and by Definition 5
{{1,2},{2,3},{1,4}} < M. Then, according Lemmas 1 and 2, there exists w € W (M) such that
the matrix of system of constraints for problem w is not absolutely unimodular. This completes
the proof of the lemma.

Theorem 4. Let M C 2NG) . In order for the class W (M) to be ti|to — equal|ts — edge reducible
to class Waraph, where ti(n),ta(n),t3(n) > n, n € N, it is necessary and sufficient that the set M
18 2-embedded.

Proof. Sufficiency automatically follows from Theorem 2.

Necessity proof. We argue by contradiction. Suppose that the class W (M) is t1|te — equal|ts — edge
reducible to class Wgrqpn, but the set M is not 2-embedded. Then, by Lemma 5, there exists a
problem w € W (M) such that matrix Matr(w) is not absolutely unimodular. On the other hand,
Theorem 1 implies that matrix Matr(w) is absolutely unimodular. We get a contradiction, so our
original assumption was wrong. This completes the proof of the theorem.

By Theorem 4, the resulting 2-embeddedness condition is a necessary and sufficient condition of
the reducibility (according to our concept of reduction introduced above) of multiindex problems to
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min-cost flow problems. Moreover, it turns out that the reduction scheme for a class of multiindex
problems W (M) with a 2-embedded set M, proposed in the constructive proof of Theorem 2 and
having linear computational costs, is optimal in the sense that

—reductions with asymptotically sublinear computational costs are impossible since we need to
look through all input data;

—an arbitrarily large increase in the computational power available for the reduction does not
lead to extending the class of multiindex problems reducible to the class Waraph-

Thus, Theorems 2, 4 together represent an exhaustive answer to the study of ¢1|ts — equall|ts — edge
reducibility of classes of multiindex problems W (A1) to the class of min-cost flow problems Wg,qph-

5. CONCLUSION

In this work, we have studied ¢;|ts — equal|ts — edge reductions of multiindex transportation
problems to the class of min-cost flow problems. This definition of a reduction has let us introduce
a relation between variables in the original problems and arcs in the auxiliary network. Here the
minimal cost flow in the auxiliary network also determines an optimal solution of the original
problem such that variables are assigned the value of the flow on the corresponding arcs of the
network.

We have distinguished a class of multiindex transportation problems with 2-embedded structure
which we have shown to be L|L — equal|L — edge reducible to the class of min-cost flow problems.
Based on this reducibility, we have constructed an algorithm for solving multiindex transportation
problems with 2-embedded structure. The algorithm in case of applying it to find min-cost flows
with Orlin’s method [27] has computational complexity O(|EN(S)|2log2 |En(s)l); where the value
|EN(5)| equals the number of variables in the multiindex problem. This algorithm is also applicable
for finding an integer-valued solution.

The main result of this work is the proof that the 2-embeddedness condition for a set M C 2N(s)
represents a necessary and sufficient condition for the t1|ty — equal|ts — edge reducibility of class
W (M) to class Wgrapn. This result generalizes reduction results shown previously in [1, 33] and
gives (for the considered reduction scheme) an exhaustive answer to the problem of reducibility
for a class of multiindex transportation problems to the class of min-cost flow problems. The
presented constructive algorithm for reducing a class of multiindex problems with 2-embedded
structure is optimal in the sense that reductions with asymptotically smaller computational costs
are impossible, and an arbitrarily large increase in the computational costs of the reduction will
not lead to extending the class of reducible multiindex problems.

Further studies may be related to specifying subclasses of multiindex problems reducible to
specific subclasses of min-cost flow problems for which more efficient algorithms are known (e.g.,
finding a flow in a tree network [38] or in a network with planar structure [39]). It is interesting to
develop new concepts of reduction that would allow to extend the applicability of flow algorithms
to solving multiindex problems.
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