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The Hypergraph Assignment Problem

Ralf Borndorfer® Olga Heismann™*

Abstract

The hypergraph assignment problem (HAP) is the generalization of assign-
ments from directed graphs to directed hypergraphs. It serves, in particular,
as a universal tool to model several train composition rules in vehicle rotation
planning for long distance passenger railways. We prove that even for problems
with a small hyperarc size and hypergraphs with a special partitioned structure
the HAP is NP-hard and APX-hard. Further, we present an extended integer
linear programming formulation which implies, e. g., all clique inequalities.

1 Directed Hypergraph Terminology

Definition 1.1. A directed hypergraph D = (V,W,A) is a pair of two disjoint vertex
sets V, W of the same size |V| = |W| and a set of hyperarcs A € 2V*V such that
every hyperarc a € A has the same size [a N V| = |a N W| > 0 of vertices in V and
W. If lanV|=|anW]| =1, then we call the hyperarc a also an arc.

In the usual definition of a directed hypergraph we have only one vertex set
and every hyperarc is a pair of two sets called its tail and its head [[GLPN93].
Despite that we do not require a nonempty intersection of the tail and the head, our
definition is equivalent to it. To get this form of the directed hypergraph identify
for the vertex sets V.= {v;,...,v,}, W = {wy,...,w,} the vertex v; with wy, ..., v,
with w,, and take for each hyperarc a € A, anV as its tail and aNW as its head.

Definition 1.2. Let D = (V, W, A) be a directed hypergraph. A hyperassignment in
D is a subset H C A of the hyperarcs such that for every v € V UW there exists
exactly one a € H such that v € a.

For an example of a directed hypergraph and a hyperassignment see figure

Definition 1.3. Given a set S, a cost function is a function ¢ : S = R. For T € S

we define
es(T) =Y cs(s).

seT
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Figure 1: Visualization of the directed hypergraph D = (V,W,A) with V =
{Vlav2’v3}: w = {WI’WZaWS}: A = {alﬁa29a3’a4}: a; = {vl:wl}: ay; =
{vi, v, wi,wo}l, as = {vi,vs,wy, w3}, a4, = {v5,w3} with the hyperassignment
{a,, a4} drawn with thick hyperarcs.

Problem 1.4 (Hypergraph Assignment Problem).

Input: A pair (D,c,) consisting of a directed hypergraph D = (V,W,A) and a
cost function ¢, : A — R.

Output: A minimum cost hyperassignment in D w.r.t. ¢y, i.e., a hyperassign-
ment H* in D such that

c4(H*) = min{c, (H) : H is a hyperassignment in D},

or the information that no hyperassignment in D exists if this is the case.

Analogically to the well-known minimum cost problem on directed graphs, the
HAP can be viewed as a minimum cost flow problem on directed hypergraphs: We
can add a source and a sink vertex, add arcs from the source to all vertices in V and
from all vertices in W to the sink, all with cost 0, and then ask for a minimum cost
flow from the source to the sink with |V| units of flow which satisfies a maximum
capacity of 1 on all hyperarcs.

However, the usual setting for the minimum cost flow problem on directed
hypergraphs, the minimum cost hyperflow problem, [[CGS92| [CGS97, IMRWO2] is
a B-hypergraph B = (N, E). There, we have one vertex set N and a set of so-called
B-hyperarcs (backward hyperarcs) E. A B-hyperarc e = (T,,h,) € E is pair of a
vertex set T, C N and a vertex h, € N. Further, a demand vector b € RY is given.
Also, weights can be associated with the B-hyperarcs but we we omit this here. A
hyperflow f € RE is a function, which associates a flow value with each B-hyperarc
such that the demand constraint

Z fe_ Z fezbn

ecE:n=h, e€E:neT,

is satisfied for all n € N. The problem consists of finding a minimum cost hyperflow

f*, ie.
Z cg(e)f, = min {ZCE(e)fe : f is a hyperflow in B} ,

ecE ecE



Figure 2: The corresponding B-hypergraph for the hypergraph in figure[1] The cor-
responding hyperflow is drawn with thick lines. The numbers next to the vertices
are the values of the demand vector.

w.r.t. a given cost function c; : E — R on the B-hyperarcs.

We can state the HAP in (D, c¢,) with D = (V, W, A) as a minimum cost hyperflow
problem in the following way. Let A = A; UA, where A; = {(h,,t,) : {h,} =
anV,{t,} =anW,a € A} is the set of all arcs in A and A, = A\ A; are the other
hyperarcs. We use the B-hypergraph B = (N,E) with N = VUW UA, and E =
E\UE,UE,, E; = {({t,},h) :a €A}, E; {(T,,a) : T, =anV,h, =a,a €A}, E) =
{(Ty,hy) : T, =anW,h, = a,a €A,}. In the cost function, we assign g ; .y = Cq
to the B-hyperarcs in E;, ¢(r, 5 ) = ¢, to the B-hyperarcs in E, and cost O to all
B-hyperarcs in E;. We define the demand vector b such that

-1 ifnev
b,=11 ifneA
1—|{fa€A,:weA}| ifnew.

This leads to a cost-preserving bijection between the hyperassignments in D and
hyperflows in B which assigns the following hyperflow values given a hyperassign-
ment H CAin D:

1 ife=({t,},h,)€E;, a€H

ife=({t,},h,)€E;, a€cH

ife=(T,,h,) €Ey, a€H

ife=(T,,h,)€Ey, a¢H

ife=(T,,h,)€E,, acH

ife=(T,,h,) €E,, a¢H.

= O O = O

For an example of the construction see figure

To solve the minimum cost flow problem on directed hypergraphs, a hyper-
graph network simplex algorithm was introduced in [JCGS92]. In contrast to the
problem on graphs, for integral input optimal integral solutions do not have to ex-
ist. The generalization of the network simplex algorithm can produce non-integral



solutions. Special cases where the set of feasible solutions is integral can be found
in [JMRWO92], but these usually do not apply to the instances arisen from the HAP

Definition 1.5. For a vertex subset U € V UW we define the adjacent hyperarcs
6(U) :={a€A:anU # 0} to be the set of all hyperarcs having at least one vertex
in U and write also 6(v) for §({v}) if v is a vertex.

Definition 1.6. D = (V, W, A) is called a partitioned directed hypergraph with max-
imum part size d € N if additionally there exist pairwise disjoint < d-element sets
Vi,...,V, and Wy, ..., W, called the parts of H such that [-)}_,V; =V, [J_ W, =w
and for every a € A there existi € {1,---,p}, j € {1,---,q} such thatanV C
Vi, anVe=0Vk#i, anW CW;, anW, =0 Yk # j.

We define the set of all configurations for some part P € {V;,...,V,,Wy,..., W}
to be

6p = {C CA:a;Na,=0Vay,a, € C with a; # a,, Uaecae{VUP,WUP}}.

We write 6" for [ J\_, 6, and 6" for | J., 6y, respectively. Finally, let ¢ =
¢ ue".

For an example of a partitioned hypergraph see figure

A hyperassignment in a partitioned hypergraph can be viewed as a system of
disjoint representatives. To do this we can merge the all the vertices in each part of
V to one vertex and use the configurations in 4" to describe the HAP instead of hy-
perarcs. For this problem a generalization of Hall’s theorem was proved in JAHOOQ].
This could be used to check whether there exists a hyperassignment in a given par-
titioned hypergraph. But even more than Hall’s theorem for bipartite matchings
this is unusable for practical computations because of the very high exponential
number of requirements one has to check.

2 Complexity and Structural Results

Theorem 2.1. Given a directed hypergraph D = (V,W,A) and a cost function c, :
A — R the hypergraph assignment problem is NP-hard and APX-hard, even if H is
partitioned with maximum part size 2.

Proof. We will use the NP-complete [|[GJ79, page 46] and in its optimization ver-
sion APX-hard [Kan91]] 3-dimensional matching problem. The input of the 3-
dimensional matching problem is an undirected hypergraph U, i.e., a pair U =
(X WY WZ,E), E C2X9YY2 with |X| = Y| =|Z]|,

lenX|=lenY|=|enZ|=1Ve€E.

It asks whether a partitioning of U, i. e., F C E such that each element from XUYUZ



Figure 3: Visualization of a partitioned hypergraph with maximum part size d = 3
and parts {vi}, {vy, s}, {vs, vs, v} and {w;}, {w,}, {ws}, {w,, ws, we} and hyperarcs
{vi, wol, {vo, wil, {va, va, wa, wel, {vs, vs, v, Wa, ws, we}. The vertices of each part
with more than one vertex are surrounded by an ellipse in the picture. For parti-
tioned hypergraphs we visualize the hyperarcs which connect all the vertices from
one part with all the vertices from another part by drawing just an arrow between
the two ellipses surrounding the vertices of the part.

is contained in exactly one set in F, exists. Let

X ={xq,...,x,},
YZ{J’b---,}’n},
Z= {21,...,2n},

E= {{xil’yjl:zkl},---,{xim’yjm»zkm}}-

To prove the theorem we construct an instance of the hypergraph assignment
problem having polynomial size in the size of a given 3-dimensional matching prob-

lem such that there exists a hyperassignment if and only if there exists a partitioning
of U.

Let D = (V,W,A) be a partitioned hypergraph with parts

vE= {vfx,vfy}, e VE={E VE L

mx’ “my
V= 0o viph o V= v

in V and

WlE = {wf wfzb}, . WmE = {wk anzb},

1za’ mza’
XY _ XY _ XY XY _ XY _ XY
wy —{Wlx,le}, s W —{an,wny}



Figure 4: Example for the construction of D in the NP-hardness proof for U = (X U
YuZ,E)withn=2and E = {{x, y1,2}, {x2, ¥1, %}, {x1, ¥2, %, }}. The partitioning
E = {{x5,¥1,%2},{x1,¥2,2:}} implies a hyperassignment in D drawn with thick
lines.

in W. Let

E= {{vfx,wfz} ‘T e {1,...,m}}

U {{vfy,wg} ‘re {1,...,m}}

zZ . Z E E 1.
U {{vm,vrb,wkrza,wkrzb} ‘re {1,...,m}}

E E E _E 7.
U {{vrx,vry,wrm,wrzb} ire {1,...,m}}
For an example of D see figure
Now, let H € A be a hyperassignment in D. The two vertices from each part V*
are always contained in the same hyperarc and A contains exactly one hyperarc con-
taining the vertices w2, ... wX", nyy e, wfyy and those from V/,...,VZ. All such

hyperarcs contain also at least one vertex from one of the parts VrE , WrE for some

: : E E _E E
r. Further, by construction for each r € {1,...,m} all vertices Vi Veys Wiz Wigp

from the parts VF, W’ are contained either in the hyperarc {vfx,vfy,wfz oWELd
in A (first type) or, since there are no other hyperarcs containing these vertices,
the hyperarcs {vfx,wg}, {vfy,wﬁ}, {vrza,vrzb,wfrza,wfrzb} (second type) are in A.
Thus, the set of all {Xi,’ yjr,zkr} € E for which r is such that H contains the second
type of hyperarcs form a partitioning of U.

On the other hand, given a partitioning of U we get a hyperassignment by
choosing for H the hyperarcs of the second type exactly for those r for which

{xi ,¥; 2z } is in the partitioning and the hyperarc of the first type otherwise. [

We work only with hypergraph assignment problems on partitioned hyper-
graphs. First of all, this is the type of hypergraph resulting in models of vehicle
rotation planning problems for long distance passenger railways. Further, we can
show that this also theoretically makes sense: Every directed hypergraph D with
the maximum number of vertices d contained in a hyperarc can be transformed



to a partitioned hypergraph D’ with maximum part size d such that there exists a
bijection between the hyperassignments in D and D’.

The construction works as follows (for a formal proof see the next theorem).
We duplicate each vertex v of D such that every hyperarc in D which contains v
is transformed to a hyperarc of the same size in D’ using a different duplicate v’
of v. Then, we add arcs which ensure that we can always use only exactly one of
the duplicates of the original vertex as an element of the corresponding original’s
adjacent hyperarcs in a hyperassignment in D’.

Theorem 2.2. Let D = (V,W,A) be a directed hypergraph with maximum hyper-
arc size d and c, a cost function. Then there exists a partitioned hypergraph D’ =
(V/,W’,A") with maximum part size d and a cost function c, such that there is a
bijection between the set of hyperassignments in D and the set of hyperassignments in
D’ preserving the costs w. r. t. the cost functions c, and c, respectively.

Proof. Let

V ={v,a):veV,acA vealu{w,i):weWw, ic{l,...,|6(w)—1|}}
and

W ={w,a):weW, aeA, wealu{(v,i):veV,ie{l,...,|6(v)—1]|}}.

For v € V define {v],..., vé(v)} := {(v,a) € V'} to be an arbitrary but fixed order of
the vertices constructed from v and, analogically, the w.

For each a € A we construct a corresponding hyperarc a’ = {(v,a),(w,a) : v €
V,w € W} € A’ with cost cy(a’) = cy(a). Further, we construct arc sets to control
that we always choose exactly one of the hyperarcs a’ in a hyperassignment in D’
which contain a vertex from V’(v) or W’(w). We assign to all these other arcs the
cost 0 by c,. We have

Al:={d :ae€A}U
(v, }:(i—-efo,1}, veV, iefl,...,s(}}u
{{w, ), w}:(i-j)efo,1}, weW, ie{l,...,5(w)}}.

D’ can be partitioned: Every vertex has by construction only one adjacent hy-
perarc which is not an arc. The tail and head of an arc are always contained in only
one part. The maximum hyperarc size of D gives us the maximum part size of D’
in the finest possible partitioning.

Now, let H be a hyperassignment in D. For every vertex v € V let i(v) be
the index of v,y = (v,a) where a is the unique hyperarc in H containing v and
analogically define i(w) for w € W. Let

H':={d :a€H}U
{vi’,(v,i):vev, i<i(v)}U{v{,(v,i—1):vEV, i>i(v)}u
{(V,i),vl./:WEW, i<i(w)}U{(w,i—1),wlf:w€W, i>i(w)}.



Figure 5: The corresponding partitioned hypergraph for the directed hypergraph
from figure|l| The thick hyperarcs show a hyperassignment in both.

By construction, this is a hyperassignment in D’ with the same cost w.r.t. ¢y as H
inDw.r.t. ¢y

On the other hand, given a hyperassignment H' in D’ we can construct a hy-
perassignment H in D using exactly the corresponding hyperarcs from A for the
chosen a’ € H' and thus having the same cost. To prove this, we need to show that
for every vertex v € V WU W of D, H' has only one vertex (v,a) which is contained
in a hyperarc a’ in H’. For this purpose observe that by construction of D’ there is
exactly one vertex less of the type (v,1) than of the type (v,a) and the vertices of
the first type have only adjacent hyperarcs which are arcs and whose other end is
one of the vertices of the second type. The only other adjacent hyperarc to (v, a) is
a'. O

3 Clique Inequalities and an Extended Formulation

The canonical integer linear program for the HAP is the following.

minimize Z cala)x, (HAP)
XERA oA
subject to Z x, =1 VveVuw (1)
aed(v)
x>0 (ii)
xe7d (iii)

It is easy to see that (HAP) is a valid formulation for the hypergraph assignment
problem. For a formal proof see [Heil0].

Definition 3.1. A clique in (the conflict graph of) a directed hypergraph D =
(V,W,A) is a set Q € A of hyperarcs such that every two hyperarcs a;,a, € Q
have at least one vertex in common, i. €., a; Na, 7 0. A clique Q is a maximal clique
if there is no clique Q' D Q containing Q and additionally other hyperarcs.

We call ZQEQ x, <1 a clique inequality.



Every feasible solution of fulfills every clique inequality since by defini-
tion no two elements of a clique can be both in a hyperassignment.

We want to state an extended integer linear programming formulation for the
HAP After proving its correctness we will show that it implies all clique inequali-
ties. Clique inequalities are important since for HAPs with real application data in
partitioned hypergraphs (there the maximum part size is 7) the gap between the
optimum solution and the solution of the linear programming relaxation of
could be highly reduced by inserting clique inequalities [[BHI1].

minimize Z cala)x, (HAP_ext)
xeRA,ye(R“V xR“W) acA
subject to Z Yo = Xq4 VaeA (1)
ce6V:acC
Z Yo = Xq4 VaeA (ii)
ce€V:.aeC
dlx,=1 Vvevuw (iii)
assé(v)
x,y=20 (iv)
xe74 W)
yez® xz%" (vi)

Definition 3.2. Let

Pip(HAP_ext) := {(x,y) € R* x R x R*" : (HAP_ext) (-}
be the polyhedron associated with the LP relaxation of (HAP). Further, let

T, RAXRY xR SRY (x,y)—x

be a mapping that produces a projection onto the coordinates of all the hyperarc
variables and

T tRAXRE xR S ROP) (x,y) = (xo)aes(r)

be a mapping that produces a projection onto the coordinates of all the variables
for hyperarcs adjacent to the part P.

The main idea for the correctness proof is the following.

Lemma 3.3. Let D = (V, W, A) be a partitioned hypergraph. Then, for every hyperas-
signment H of D there exist sets 6;, C 6, and 6,, € 6, of configurations such that
forallacAl{C 6, :acC}=|{C€ %6, :acC}=|Hn{a}l ie, 6, and 6,
are sets of configurations whose disjoint union is exactly H, respectively.

Proof. By the definition of a hyperassignment, for €, := {C, : P € {V},...,V,}}
and 6, := {Cp, : P € {Wy,...,W,}} with C;, = 6(P) N H the required condition
holds by construction. O



This easily implies the correctness proof.

Theorem 3.4. Given a directed hypergraph D = (V,W,A) and a cost function c, :
A — R, there are bijections between the feasible solutions of (HAP_ext), and hyperas-
signments of D. The optimum value of is equal to the cost of the minimum
cost hyperassignment in D w. . t. ¢, if it exists and to oo otherwise.

Proof. Since the projection 7,.(x, y) of every feasible solution (x, y) of
to its x-values is a feasible solution of (the constraints from are all
contained in (HAP_ext)) and the objective functions are the same, the previous
lemma implies that is a correct formulations for the HAP: For C € ¢
set yc = 1if C € 6, U6, and y. = 0 otherwise and use the same x-values as in

(HAP). O

Lemma 3.5. Let D = (V,W,A) be a partitioned hypergraph. Then for every clique
Q in D there exists a part P such that Q € &6(P), i.e., every clique is a subset of the
adjacent hyperarcs of the vertices of some part in D.

Proof. Let Q be a nonempty clique in D (otherwise the lemma in trivial) containing
some hyperarc a; where a; NV is contained in some part V; and a; "W is contained
in some part W;. Thus, for every other hyperarc a in Q either anV C V; or
anW C W, otherwise they would have an empty intersection. Assume that Q
contains some hyperarc a, with a,NV € V; and some hyperarc a; with a,nW ¢ W;.
Now, a, N a; must be empty since both a, NV, a3 NV and a, N W, ag N W are
contained in different parts, which contradicts the assumption that Q is a clique.
Hence, either V; or W; contains anV or aN'W for all hyperarcs a € Q. O

Theorem 3.6. Let D = (V,W,A) be a partitioned hypergraph and Q € A a clique.
Then, the clique inequality

is a valid inequality for every feasible solution of the LP relaxation of (HAP_ext).

Proof. First of all, observe that |QNC| < 1 for every C € € because if two hyperarcs
are in C, then they are disjoint, which implies that they cannot be both in Q.

By Lemma 3.5, Q € 6(P) for some part P. W.1.o.g., let P € V (the formulation
is symmetric in V, W). Let v be some vertex in P. Then, by

1= Z Xg»

aesd(v)

which is the sum of the right hand sides of (HAP ext) (i) for a € 6(v). Considering
the left hand sides we get

= > 1s(ncl-ye.

cesV

10



Since every a € §(v) is contained in V and exactly one such a is contained in every
C € 6y, we get

=ZJ’C-

CEGp

The observation from above implies

=3 vt DL ¥

aeQ Ce6p:acC Ce%p:CNQ=0

> D v

a€Q C€6p:acC

by (HAP_ext) (V). Finally, applying (HAP_ext) () again

“

aeqQ

O

The configuration formulation implies much more than the clique inequalities.
It implies all valid inequalities one can know from considering all adjacent hyper-
arcs to one part.

Theorem 3.7. Let D = (V, W, A) be a partitioned hypergraph and let P be some part.
Then, 7t,»(Pp(HAP_ext)) is a subset of

X :=conv {(xa)ae(;(P) e z5® .

X, S1VvEVUW, D) x,=1 VVEP,}.
asd(v)NS(P) asesd(v)

Proof. Let (x,y) € Pp(HAP ext) be a feasible solution of the LP relaxation of

(HAP ext)). For C € 6p, define x(C) € R®® by

© 1 ifaecC
x =
a 0 otherwise.

This implies that every point in 7,»(Pp(HAP_ext)) is the linear combination of
points x(C) € X, since x(C) has only integral coordinates 0 or 1 and satisfies by
the definition of a configuration the equalities and inequalities defining X . O
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