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Abstract. Based on recent advances in spectral hypergraph theory [L. Qi and Z. Luo, Tensor
Anaysis: Spectral Theory and Special Tensors, SIAM, Philadelphia, 2017], we explore the Fiedler
vector of an even-uniform hypergraph, which is the Z-eigenvector associated with the second smallest
Z-eigenvalue of a normalized Laplacian tensor arising from the hypergraph. Then, we develop a novel
tensor-based spectral method for partitioning vertices of the hypergraph. For this purpose, we extend
the normalized Laplacian matrix of a simple graph to the normalized Laplacian tensor of an even-
uniform hypergraph. The corresponding Fiedler vector is related to the Cheeger constant of the
hypergraph. Then, we establish a feasible optimization algorithm to compute the Fiedler vector
according to the normalized Laplacian tensor. The convergence of the proposed algorithm and the
probability of obtaining the Fiedler vector of the hypergraph are analyzed theoretically. Finally,
preliminary numerical experiments illustrate that the new approach based on a hypergraph-based
Fiedler vector is effective and promising for some combinatorial optimization problems arising from
subspace partitioning and face clustering.
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1. Introduction. Graph and hypergraph partitioning find groups and clusters
in a set of objects according to their inherent similarity and affinity. If pairwise
similarity among objects is available, graph-based models could be constructed and
spectral graph theory provides a unified and heuristic approach for graph partitioning
[15, 16]. However, pairwise relations are unprofitable in some situations. For exam-
ple, to separate points on two intersecting circles as shown in Figure 1, the distance
between two points is useless [25]. To model multiwise similarity, hypergraphs were
established and studied in many disciplines. Duchenne et al. [19] and Rota Bulo
and Pelillo [51] applied hypergraphs for face clustering and object matching. Zien,
Schlag, and Chan [60] and Karypis et al. [35] used hypergraph partitioning to de-
sign very large scale integration systems. In large scale parallel scientific computing
[8, 9, 26, 36, 55], hypergraph partitioning methods provided various heuristics for
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Fi1G. 1. Intersecting circles.

assigning computational loads to multiprocessors.

In 1975, Fiedler [21] first proposed using the eigenvector corresponding to the
second smallest eigenvalue of a graph Laplacian matrix to construct an effective par-
tition for vertices of the graph. Indeed, the Laplacian matrix of a graph is symmetric
and positive semidefinite. The smallest eigenvalue of the Laplacian matrix is zeros as-
sociated with an all-one eigenvector. Hence, this smallest eigenpair is trivial. Fiedler
[20] called the second smallest eigenvalue of a graph Laplacian matrix the algebraic
connectivity of the graph because the algebraic connectivity is positive if and only if
the graph is connected. To break down the connectivity and to obtain a graph par-
titioning, a natural idea is to explore the eigenvector corresponding to the algebraic
connectivity of the graph.

With the aid of efficient numerical algorithms for a spectrum of matrices [24,
41, 56], the Fiedler vector of a graph is well-studied and widely used in science and
engineering [15, 42, 44, 53]. To generalize this spectral method to the case of a
hypergraph, there are mostly two kinds of approaches. The first one is to approximate
the hypergraph by a graph [3, 36, 14]. A common approach is to expand an edge of the
hypergraph by a clique defined on the same vertex set. Then, graph-based approaches
are applied for constructing a hypergraph partitioning [30, 60, 50]. However, in general
cases, any graph substitutions for a hypergraph are unsatisfactory theoretically [31].

The tensor representation for a hypergraph is the other sort of method. Since
tensor and hypergraph are generalizations of matrix and graph, respectively, tensor
approaches for hypergraphs attract more and more attention from researchers. In
2012, Hu and Qi [28] first defined a Laplacian tensor for an even-uniform hypergraph.
They proved that the smallest Z-eigenvalue of the Laplacian tensor is zero. Further-
more, the hypergraph is connected if and only if the second smallest Z-eigenvalue of
the Laplacian tensor is positive. Hence, the second smallest Z-eigenvalue was called
the algebraic connectivity of the hypergraph. Li, Qi, and Yu [39] and Xie and Chang
[59] gave two variations of this kind of Laplacian tensor for an even-uniform hyper-
graph. For odd- and even-uniform hypergraphs, Qi [47] proposed another definition of
a Laplacian tensor. He verified that the smallest H-eigenvalue of Qi’s Laplacian tensor
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is zero. Bu, Fan, and Zhou [7] argued that zero is also a Z-eigenvalue of Qi’s Laplacian
tensor. A normalized version of Qi’s Laplacian tensor for a uniform hypergraph was
considered in [29].

On the other hand, inspired by the duality between the adjacency matrix and
the Laplacian matrix of a graph [58], many researchers studied the adjacency ten-
sor defined for a uniform hypergraph [17]. Duchenne et al. [19] proposed using the
Z-eigenvector corresponding to the largest Z-eigenvalue of the adjacency tensor of a
hypergraph to perform object matching. The tensor trace maximization approach was
also related to eigenvalues of the adjacency tensor of a uniform hypergraph [4, 23].
Rota Buld and Pelillo [51] extracted clusters of a hypergraph using similarities repre-
sented in the adjacency tensor. In fact, this model is related to the Lagrangian number
of the hypergraph [37, 34]. Govindu [25] and Shashua, Zass, and Hazan [52] preferred
to decompose the nonnegative adjacency tensor of a hypergraph. Then, a probabilistic
clustering was developed for problems of motion segmentation and face clustering.

In this paper, we present a new definition of the normalized Laplacian tensor of
an even-uniform hypergraph, which is a generalization of the normalized Laplacian
matrix of a simple graph. We verify that the smallest Z-eigenvalue of the normalized
Laplacian tensor is zero. The hypergraph is connected if and only if the second small-
est Z-eigenvalue of the normalized Laplacian tensor (i.e., the algebraic connectivity of
the hypergraph) is positive. Then, the Fiedler vector of an even-uniform hypergraph
is defined as the Z-eigenvector of the normalized Laplacian tensor corresponding to
the algebraic connectivity. We prove that the Fiedler vector is related to the Cheeger
constant of the hypergraph.

Since the smallest Z-eigenvalue of the normalized Laplacian tensor of an even-
uniform hypergraph is trivial, we investigate a compact Laplacian tensor, whose
smallest Z-eigenvalue is equal to the algebraic connectivity. To obtain the small-
est Z-eigenvalue of the compact Laplacian tensor, we propose a trust region algorithm
for minimizing a zero-order homogeneous function under a spherical constraint. At
each iteration, a quadratic approximation of the objective function is minimized in a
proper trust region. Whereafter, we apply the Cayley transform for preserving iterates
on the sphere. We prove that the sequence of iterates generated by the trust region al-
gorithm converges to a Z-eigenvector of the compact Laplacian tensor. When we start
the trust region algorithm from multiple random initial points sampled from a sphere
uniformly, we could obtain the algebraic connectivity of the hypergraph with a high
probability. Then, it is straightforward to get the Fiedler vector of the even-uniform
hypergraph from the Z-eigenvector corresponding to the smallest Z-eigenvalue of the
compact Laplacian tensor.

Finally, we apply the Fiedler vector heuristics for partitioning even-uniform hy-
pergraphs arising from subspace partitioning and face clustering. Compared with
some existing methods, the new approach based on the distribution of components of
the Fiedler vector of a hypergraph is effective and promising. In image segmentation,
with the aid of superpixels, the Fiedler vector of an even-uniform hypergraph could
extract interesting objects from images without being supervised.

The outline of this paper is drawn as follows. The new normalized Laplacian ten-
sor and the Fiedler vector of an even-uniform hypergraph are studied in section 2. The
relationship between the Fiedler vector and the Cheeger constant of the hypergraph
is also discussed here. In section 3, we propose a trust region algorithm and a global
strategy for computing the Fiedler vector of an even-uniform hypergraph. Section
4 illustrates applications of the Fiedler vector heuristics for hypergraph partitioning
and clustering. Finally, some concluding remarks are presented in section 5.
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2. Hypergraph partitioning using a Fiedler vector.

2.1. Preliminary and motivation. Spectral tensor theory provides useful in-
struments for spectral hypergraph theory. First, we introduce some basic conceptions
on tensors. Let R¥™ be the space of kth order n dimensional symmetric tensors. As
T e RF" | we have

T = [tiyip-ip)y, Whereiz=1,2,...,nand s=1,2,...,k.

By the symmetry of 7, the value of ¢;,;,...;, is invariable under any permutation of
its indices. There is a one-to-one correspondence between a symmetric tensor 7 and
a homogeneous polynomial

n n
(1) Tx" = Z Z iy, iy =+ " Ly, -
=1  ip=1

The above equality could be viewed as a product of the tensor 7 and a vector x € R™.
Moreover, we define a vector 7x*~! € R” and a symmetric matrix 7x*~2 € R"*" in
a componentwise manner as

n n
[Tx"1, = Z Z LiigigTig - Xip, fori=1,2,... n,

ia=1  ip=1

n n
[TxF2].. = LijigoipTig - Ty, fori j=1,2 n
ij — ijigeipLis ik 5 s Ly eyl

is=1  ip=1

respectively. In fact, 7x* = xT (Tx*~1) = x T (Tx*~2)x. Next, we consider a product
of the tensor 7 € R and a matrix Q = lgi;] € R™**. The resulting tensor
TQF € R¥4 has elements

n n
k —
[TQ e =D D biveia @iy dins

=1  ip=1

for jo=1,2,...,and s=1,2,... k.

Eigenvalues and eigenvectors of a tensor were defined by Qi [45], Qi and Luo [48],
and Lim [40] in 2005 independently. If there exist a scalar A € R and a nonzero vector
x € R" such that

TxF1 = \x and x'x=1,

we call A a Z-eigenvalue of 7 and x its associated Z-eigenvector. Qi [45] proved that
Z-eigenvalues of a tensor are invariant under orthogonal transformations.

Second, let G = (V, E,w) be a k-uniform hypergraph, where V = {1,2,...,n}
is the vertex set, E = {e, C V : |ep| = kfor p = 1,2,...,m} is the edge set, and
w = [wp] € R™ is a positive vector whose component w, denotes the weight of an
edge e, € E. Here, |- | means the cardinality of a set. For each vertex i € V,
its degree is di = >, cp.e., wp- We assume that d = [d;] € R" is positive, ie.,
the hypergraph has no isolated vertices. If k is even, G is called an even-uniform
hypergraph. Specially, G is a simple graph if £ = 2. For example, Figures 2 and 3
illustrate a simple graph and a 4-uniform hypergraph, respectively.

Two vertices ¢ and j are called connected if there is a finite sequence of vertices
{i,01,0s,...,0s, 7} such that every two adjacent vertices belong to one edge of G. If
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any two vertices in GG are connected to each other, G is called a connected hypergraph.
A connected component of a hypergraph G is a connected subhypergraph which is
not contained in any connected subhypergraph of G having more vertices or edges.

We now consider the problem of bipartitioning the vertex set V' of G [21]. For a
nonempty and proper subset X of V, we denote X = V\X. Assigning two different
labels (say 1) to the partition (X, X), we get an indicator x = [x;] € R™ such that
z;=1ifie X and z; = —11ifi € X.

At the beginning, we review the case of a simple graph, i.e., k = 2. If there is an
edge {i,j} = e, € E such that i € X and j € X, we should pay a weighted square
cost for cutting this edge wy,(z; — x;)?. Otherwise, there is no cost since {i,j} C X
or {i,j} C X. A natural objective of a good partition is to minimize the total cost
for cutting all edges connecting X and X:

(2) x' Lx = Z wy(z; — )%
{i’j}:ePEE

Setting ; = 1if i € X and x; = —1 if i € X, the number of cut edges for this
partition is %XTLX. Here, the graph Laplacian L € R™"™ is a symmetric positive
semidefinite matrix. The smallest eigenvalue of L is zero associated with an all-one
eigenvector. Fiedler [20, 21] called the second smallest eigenvalue of L the algebraic
connectivity of G and proposed using the corresponding eigenvector (Fiedler vector)
to construct a graph partitioning.

Ezxample 1. The graph Laplacian matrix L could be established directly. For
instance, we consider a simple graph shown in Figure 2. For this graph G = (V, E, w),
we see that V = {1,2,3,4}, E = {e1 = {1,2},e2 = {1,3},e3 = {2,3},e4 = {3,4}},
and w = (5,5,5,1)7.

(1

{ 5 ""\‘ 1 ""\
4 <)

(o
-

F1c. 2. A simple graph.

Generally speaking, there are two ways to establish the Laplacian matrix of G.
On the one hand, we define the adjacency matrix of G as

O oot O
O oL O Ut
— O Ut Lt
o= o o

Calculating the sums of each row of A, we get the degree vector d = (10,10,11,1)"
and the degree matrix D = diag(d). Then, using a “minus” operation, we compute
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the Laplacian matrix of G by

10 -5 -5 O
-5 10 -5 0
-5 -5 11 -1
0 0 -1 1

(3) L=D-A=

On the other hand, we define the edge-vertex incidence matrix of G

|
[t
o O O

1 -1
Using a “multiply” operation, we obtain the Laplacian matrix by

10 =5 =5 O
-5 10 -5 0
-5 -5 11 -1
0o 0 -1 1

(4) L=M" diag(w)M =

By multiplying x to both sides of M T diag(w)M, we see that (4) is consistent with
(2). Clearly, the “minus” form (3) and the “multiply” form (4) are equivalent for
graphs.

In 2012, Hu and Qi [28] generalized the Laplacian matrix of a graph to a Laplacian
tensor of an even-uniform hypergraph, using the star distance [33]. For each edge
ep € F/, we imagine an auxiliary vertex with label 7, = %Zi@p x;. An edge e, of a
hypergraph is replaced by an inauthentic star centered at this auxiliary vertex. The
cost for cutting this edge e, of a hypergraph is the sum of costs for cutting all edges
of the star ow, ) ,c. (i — Zp)*, where 0 = Mﬁ is a constant. We remark
here that the auxiliary vertex of a hyperedge is unreal and its value ,, is variable for
various partitions of vertices in the hyperedge. If a hyperedge is cut, labels of some
vertices in the hyperedge are +1 and labels of other ones are —1. Then, the label of
the auxiliary vertex is —1 < T, < 1, and hence the cost for cutting the hyperedge
is positive. Otherwise, all labels of vertices in the hyperedge are the same, and so it
is the label of the auxiliary vertex. Then, there is no cost. Therefore, the cost of a
partition (X, X) can be written approximately as

1
(5) Zowpz xifEZ:cj

ep,€F i€ep Jj€ep

The homogeneous polynomial (5) corresponds to a unique symmetric tensor £ €
R¥7] which is called the Laplacian tensor of an even-uniform hypergraph. The cost
(5) is only an approximation of the number of cut edges in a partition (X, X). We
note that Hu and Qi [28] studied unweighted hypergraphs, ie., w = (1,...,1)".
Similar results hold for weighted hypergraphs. If k = 2, (5) reduces to (2) and hence
L reduces to the graph Laplacian L.

Ezample 2. To see a detailed Laplacian tensor £, we take a 4-uniform hypergraph
illustrated in Figure 3, for example. Obviously, we have V = {1,2,...,10}, E =
{{17 27 57 6}7 {17 3’ 5’ 7}’ {23 37 67 8}7 {37 47 97 10}}7 a'nd w = (57 5’ 5’ 1)T'

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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/
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s
/3

Fiac. 3. A 4-uniform hypergraph.

According to (1) and (5), the Laplacian tensor £ € R[41% has (4+140_1) =715
independent elements by symmetry. By examining the homogeneous polynomial (5),
we find that there are 128 similar items. Hence, the Laplacian tensor £ has 128
nonzero independent elements, which are shown in Table 1. Obviously, off-diagonal
elements of the Laplacian tensor £ may be positive, negative, and zero. By the
symmetric decomposition formula similar to the one addressed in (9), we say that the
Laplacian tensor (5) of even-uniform hypergraphs is a generalization of the “multiply”
form (4) but not a “minus” form (3).

The normalized Laplacian matrix I € R"*™ of a graph was studied in [15]. Using
L, Shi and Malik [53] proposed a normalized graph partitioning whose objective is

2
(6) x"Lx = Z wp (\ZT - \;ZT) .

{i,j}=ep€FE

Whereafter, normalized partitioning methods were widely studied and applied in sci-
ence and engineering [27, 57]. The main advantage of normalized partitioning methods
is the robustness for outliers; i.e., the resulting partition of vertices is more balanced.

Comparing the Laplacian matrix (2) with the normalized Laplacian matrix (6)
of a simple graph, we see that the normalization makes all diagonal elements of the
graph Laplacian be one, i.e., coefficients of (x?)’s items are all one. Applying the
idea of normalization for the homogeneous polynomial (5), we obtain a new cost of a
partition (X, X) which is approximately

k

(7) Z OWp Z

Zj
ep€E i€ep d

PN
k

d; k jcen b i
By some calculations, we see that the coefficient of z¥ is one for all i € V. In this
way, all vertices of the hypergraph are treated equally. Note that the homogeneous

polynomial (7) determines a unique symmetric tensor £ € REM In this sense, we
will propose the new normalized Laplacian tensor £ which satisfies £x* being (7).
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Nonzero independent elements of a Laplacian tensor L = 51 (i1 ,i0,i5,i4]-

TABLE 1

L

£11,11 =210 | L1112 =—35 l11,1,3=—35 l11,1,5 =—"70
L1116 =-35 | £1,1,1,7 = —35 l11,22 =25 l1125=5
11,26 =05 l1,1,3,3 =25 £11,35=25 l11,37=25
l1,1,5,5 =50 11,56 =05 l11,57="5 l1,1,6,6 =25
li1,77=25 l1222=—35 L1225 = l1226=05
l1255=25 l1256=—1b l1,2,6,6 = £1,3,33=—35
£1335=D5 l1337=05 01,355 = l1357=—15
l1377="5 l1555 =—"70 1556 = l1 557 =
£1,5,6,6 =5 li577="5 £1,6,6,6 = —35 17,77 =—35
l2222=210 | l2223=—35 l22,25=—35 l2226=—T70
la228=—35 | £2233=25 l2236=25 l2238=05
l2255 =25 la256 = l2,2,6,6 =50 l2268=5
la288 =25 l2333=—35 02,336 = l2338 =05
l236,6 =5 l2.3,6,8 =—1b {2,388 = l2 555 = —35
02556 =05 l25.6,6 =5 l2.6,6,6 = —70 l26,6,8 =5
la688 =05 l2888 =—35 033,33 =231 l3334=—T7
£3,3,35=—35 | £3,3,36=—35 £3,3,3,7 = —35 £3,3,3,8 = —35
l3339=—7 03,3310 =—7 l3344=05 l3349=1
l33410=1 03,355 =25 03,357 =05 l3.3,6,6 =25
033,68 =05 033,77 =25 43,3,8,8 =25 l33,090=05
l3.39,10=1 £3,3,10,10 = D 034,44 =—T 03,440 =1
l3,4,410=1 l34,90=1 £3,4,9,10 = =3 l3,4,10,10 =1
l3555=—35 | £3557=>5 l3577="5 l3,6,6,6 = —35
036,68 =5 036,88 =5 l3777=—35 l38,88 = —35
£3,9,90=—7 | £3,9,9,10=1 £3,9,10,10 = 1 £3,10,10,00 = =7
lyg44 =21 lya49=—T7 L4410 =7 l4499=5
£4,4910=1 l4,4,10,10 =D l4,9,9,0 =—T7 £4,99,10 =1
l4910,10 =1 £410,10,10 = =7 | 45,555 = 210 l5556 = —35
l5557=—35| l556,6 =25 l55,7,7 =25 l5.6,6,6 = —35
ls,7,7,1=—35 | £g,6,6,6 =210 £6,6,6,8 = —35 £6,6,8,8 = 25
leg8,8 =—35 | L7777 =105 l3,8,8,8 = 105 l9.9,9,0 =21
l9.9910=—7 | £9,9,10,10 =5 £9.10,10,10 = —7 | %10,10,10,10 = 21

A2515

Remark. Hu and Qi [29] defined a normalized Laplacian tensor L HQ1s for a uni-
form hypergraph G. The corresponding cost of a partition (X, X) is

Q?k €
(8) IO D | B

ep€E i€ep j€ep J

We argue that (8) is an insufficient cost function for evaluating a partition of G. For ex-
ample, we consider a 4-uniform hypergraph with eight vertices V= {1,2,...,8}, four
edges E = {{1,2,3,4},{3,4,5,6},{5,6,7,8},{7,8,1,2}}, and weights for all edges
being one. Let x = (1,—1,1,—1,1,—1,1,—1)" be an indicator that means cutting
all edges of G. By some calculations, we find that (8) vanishes, which is the same
value as the case that no edges of G are cut. This fact motives us to propose the new
normalized Laplacian tensor. Note that the value of (7) is % > 0 for this example.
Hence, the new normalized Laplacian tensor is favorable for partitioning even-uniform

hypergraphs.

2.2. The normalized Laplacian tensor. According to the homogeneous poly-
nomial (7), we write down the normalized Laplacian tensor formally.
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LEMMA 2.1. The normalized Laplacian tensor L of an even-uniform hypergraph
G = (V, E,w) has a symmetric decomposition

(9) LZUE:“@E Up,i OUp; O+ O Upi,

ep,€E icep

k times

. Kk 1 1 1 ) o ) . .
where 0 = TmDF =1 Wi = g ® % Z]Eep —We] only if i € ey, €; being the ith

column of an identity matriz, and o denotes the outer product. Hence, L is positive
semidefinite since k is even.

Proof. By some calculations, we have

k
o §:wp E :up,ioup,io"'oup,i X

ep,€E i€ep

=)D o > wy Y [ i [l [l wy

i1=lis=1 ix=1 e,€E i€e,

=0y w, Yy (Z[um}nxil) (Z[up,i]léxiz) (Z[up,i]ikxik>

ep€E  i€ep \i1=1 ia=1 ig=1

(10) =0 Z wy Z(u;;ix)k7

ep,€F icep

which is exactly the homogeneous polynomial in (7). Because there is a one-to-one
correspondence between a homogeneous polynomial and a symmetric tensor, we know
that the normalized Laplacian tensor has the symmetric decomposition (9). ]

Qi [45, 46] pointed out that Z-eigenvalues of a symmetric tensor are invariant
under orthogonally transformations. Next, we study the smallest Z-eigenvalue of the
normalized Laplacian tensor of an even-uniform hypergraph.

THEOREM 2.2. Suppose that an even-uniform hypergraph G has s connected com-
ponents and L is its normalized Laplacian tensor. Then, the set

K:{xeR":Zxk_lzo}

forms a linear subspace with dimension s exactly.

Proof. Let connected components of G = (V, E,w) be G* for £ =1,2,...,s. The
corresponding vertex subsets V!, V2, ..., V* are nonempty and satisfy (J,_, V=V
and VANVt =0 if £ #¢.

For each connected component G*, we define a vector a® € R™ whose elements

are
('), = Vd, ifieV?,
0 otherwise.

Obviously, vectors a',...,a® are linear independent. Hence, they could span a linear
subspace span(al, ..., a®) with dimension s. By some calculations, we have

(11) u;iaz:() forice,e Fand{=1,...,s.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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Hence, for any vector x € span(al,...,a%), we have u;ix =0fore, € £ and i€ ep.
Therefore, from (9), the product £x*~* = 0 and x € K.
On the other hand, suppose x € K. Then, LxF = xT(Lx*~1) = 0. Recalling

(7), we have Z'LEe (— - kZ]EEP w) = 0 for all e, € E. That is to say,
l J

k UL = & Z]Ge W for all i € e,. We now consider a connected component G*. It is
easy to see that the values of {kxi\/;f}ievé are the same. Hence, x € span(al,...,a®).
Therefore, K = span(al, ..., a®) is a linear subspace with dimension s exactly. |

_ COROLLARY 2.3. The smallest Z-eigenvalue of the normalized Laplacian tensor
L of an even-uniform hypergraph G is zero, and the associated eigenvectors form an
eigenspace K = span(al,. .., a%).

2.3. The Fiedler vector. For a connected even-uniform hypergraph, the small-
est Z-eigenvalue zero of the normalized Laplacian tensor £ is trivial. Now, we focus
on nontrivial Z-eigenvalues of L.

DEFINITION 2.4. Suppose that G is an even-uniform hypergraph and L is its nor-
malized Laplacian tensor. Let all the Z-eigenvalues of L be ordered as

0=X<A <

Then, we call A1 the algebraic connectivity of G, denoted as A1(G). Moreover, the
Z-eigenvector of L corresponding to M\ (G) is called the Fiedler vector of G.

Immediately, we get the following property on the second smallest Z-eigenvalue
of the normalized Laplacian tensor L of G.

COROLLARY 2.5. An even-uniform hypergraph G is connected if and only if its
algebraic connectivity A1 (G) is positive.

Next, we show a variational characterization for the Fiedler vector of the hyper-
graph.

THEOREM 2.6. Suppose that G is an even-uniform hypergraph and L is its nor-
malized Laplacian tensor. Then, the algebraic connectivity of G could be characterized
as

(12) M(G) = min £x"
' ] st xTx= 1,x' 6 =0,

where & = [{/d;] € K. Moreover, the optimal solution of (12) is the Fiedler vector
of G.

Proof. First, we assume that G has multiple (s > 2) connected components.
By Corollary 2.3, we know A\; = A9 = 0. Furthermore, there exists a unit vector
x € K = span(al,...,a®) such that x'd = 0 and £x*~! = 0. Hence, x is a feasible
solution of (12) with objective £x* = xT(£x*"1) = 0. Since k is even, £x* > 0 for
all x € R™. Hence, the global minimum of (12) is also zero.

Second, we_consider the case that G is connected. Suppose that x; is a Z-
eigenvector of L assomated with the algebraic connectivity A; > 0. Then, we have
A= Mix] x; = x] (£xF7Y) = LxF. Hence, A; is the minimum value of the following
optimization problem:

(13) A = min{£x" : £x"' = Ax,xTx = 1,1 > 0}.
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Next, we turn to (12). Since x'x = 1, x # 0. By x'd = 0, we know that
gradients 2x and d of equality constraints in (12) are linear independent. According
to the KKT condition [43, 54], the optimal solution x of (12) satisfies

LxF1 = + o,

where scalars A and p are Lagrangian multipliers. From (11), we have 8T (£xF~1) = 0.
Moreover, by 6 'x = 0, we get ud '8 = 0. Hence, it = 0 and L£x*~1 = Ax. Therefore,
the optimization problem (12) is equal to

(14) min{Lx" : £x" ' = Ax,x"'x=1,x'6 = 0}.

Finally, we prove the equivalence between (13) and (14). If A > 0, we take inner
products of both sides of £x¥~! = Ax with & and get x' & = 0 since 8 ' (LxF~1) =0
by (11). Conversely, we assume x'd = 0. Since x is a Z-eigenvector of L associated
with Z-eigenvalue \ = Exk, we know A > 0. Because G is connected, K = {¢d},
where ¢ is an arbitrary scalar by Corollary 2.3. According to x'x = 1 and x'd = 0,
we get that x does not belong to K and hence A\ # 0. Therefore, we have A > 0. The
proof is complete. 0

Whereafter, we reveal a theorem which is a generalization of one part of the
Cheeger inequality [15]. Before we start, we prove a lemma.

LEMMA 2.7. For an even k, we have
gk — )" + (k- q)g" < (k-1 + k-1
forallg=1,2,... k—1.
Proof. Let
p(z) =z(1 —2)F + (1 — x)z.
We are going to prove a stronger inequality
(15) p(z) < p(3) forall z € [£,1—4].

Multiplying k%! to both sides of (15) and taking = = #, we get this lemma.

The inequality (15) is trivial if ¥ = 2. We now consider the case of k = 4. Owing
to p(z) = p(1 — x), we only need to verify (15) for z € [1, 1]. By some calculations,
we have

p'(z) = (1 —22)(62% — 62 + 1).
Since p'(x) < 0 for = € [i, %), p(z) decreases monotonously. Hence, the inequality
(15) holds for k = 4.

Next, we assume k > 6 and prove that (15) is valid for z € [, 2]. By some

calculations, we obtain

pz)=a"" Yk —ke —2)— (1 —2)* Yk +2—1)
<zl -2)(k+1) - A —2) e
=zl —2)[(k+1)a"2 - (1 —2)F2,
where the above inequality holds because kxz—1 > 0 as z € [, 2]. Since (k+1)z* 2 —
(1 — z)*~2 increases monotonically in z, we know
pe) <z(l-2)[(k+1)(F) - (1- )"
z(1

= kk%f)[(k +1)2872 — (k. —2)2.
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It is straightforward to see that (k+1)2%=2—(k— Q)k 2 <0fork > 6. Hence P’
and the inequality (15) holds for k > 6 and z € [+, 2] as wellas z € [1 — 2,1
symmetry.

Finally, we focus on « € [#,1 — 2]. By some calculations, we have

| /\

p’(x) = k(1 — 2)*2[(k + 1)z — 2] 4+ ka* 2 [—(k + D)z + k — 1].

Since z € [£,1— 2], we have (k+ ) -2> 2 and (k+1)x+k712%. Hence, we
obtain p”(x) > 2[(1 — )*=2 4+ 2¥=2] > 0. Therefore, p(z) is a convex function in the
interval [2,1 — 2]. Because p(%) = p(1 — %), we get

p(2) > p(z) for z € [2,1— 2].
Therefore, the inequality (15) is valid. |

Let (X,X) be a partition of an even-uniform hypergraph G. We denote the
volume of X as volX = ). d;, the boundary of X as 0X = {e, € E:e, N X # 0,
e, N X # 0}, and the cut between X and X as cut(X) = >e,cox Wp- The Cheeger

ratio of X is
cut(X)

min(volX, volX)
Hence, h(X) = h(X). The smallest one hg = minycy h(X) is called the Cheeger

constant of G. The partition (X, X) attaining the Cheeger constant hg = h(X) is an
ideal partitioning for an even-uniform hypergraph G.

h(X) =

THEOREM 2.8. Let A\1(G) be the algebraic connectivity of an even-uniform hyper-
graph G. Then, we have

(16) M(G) < 2¥/2hg.

Proof. The inequality (16) is trivial if X = @ or X = V. Next, we suppose that
X is a nonempty and proper subset of V' in the following analysis.
For a given subset X, we define scalars

1/2

az(Z("di>2>1/2, 8= Z(’“di)z . and y = /a2 + 2.

1€X iceX

Using these scalars, we define a vector x = [z;] € R™ such that
By Y
—/d; ifie X,
= V4 if 4
—a, g
—/d; ifie X.
By

It is easy to see that x'x = 1 and x ' = 0. From (12), we know

€Xr; =

A(G) Z Uwpz Z W

ep€EER i€ep ]Ee
k
Ly
= 2 ow ), P2 o
ep€0X i€ep jEep J
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Let |e, N X|=¢q, € {1,...,k—1}. Then, |e, N X| = k — g,. By some calculations, we
obtain

MG < ) ow,

ep€0X

k/2
k—1DF+k—-1[a®+3
<o ez o252 Z Wp

ep€0X

(042 + 52>k %(k - CIp)k + (k- QP)(];I;
afy kk

1 1 k/2
= (OZQ + 62> Cut(X),

where the last inequality holds for Lemma 2.7.
For p-norms, we know ||z, > [|z[|, if ¢ > p > 1. We look at a vector z = [z;] € R"
such that z; = ¥/d; if i € X and z; = 0if i € X. Then, by k > 2, we get

1/k
a =z > |zl = (Z m—) — (volX)V/E,

i€X

Similarly, 8 > (volX)Y*. Without loss of generality, we suppose volX < volX.
Hence,

1 1 ok/2

(volX)2/k + (volX

M(G) < ( cut(X) = 2F/2p(X).

k/2
X) <
)2/k> ut(X) < Soix

Due to the arbitrariness of X C V| we get this theorem. O

Theorem 2.8 means that the Fiedler vector of an even-uniform hypergraph gen-
erated by the optimization model (12) is well-defined.

3. Computing the Fiedler vector. Because a hypergraph may contain plenty
of vertices, numerical methods for small tensors such as [18, 12] are inefficient for
finding the second smallest Z-eigenvalue of the normalized Laplacian tensor and the
associated Z-eigenvector. To obtain the Fiedler vector of an even-uniform hypergraph,
we establish a customized approach for solving the optimization model (12). First, we
give an equivalent optimization problem with a simple spherical constraint. Second,
a trust region method for the spherical optimization is presented.

Because the smallest Z-eigenvalue of the normalized Laplacian tensor is zero,
that is, trivial, we propose investigating a compact Laplacian tensor, whose smallest
Z-eigenvalue is the algebraic connectivity of the even-uniform hypergraph. Let 6+ =
{x € R" : x"§ = 0} be a subspace of R". Recalling (11), we get u,,; € &+ for
i € e, € E. This fact motivates us to construct a basis of 01, using the Householder
transform [24]. Let v = & — [|6]je; be a Householder vector and 8 = —#—. The
corresponding Householder matrix P = [ — fvv ' satisfies P§ = (||4]],0,...,0)".
The second to last columns of P form an orthonormal basis of 6+, which we denote
as Q € R"*(™=1)_ Then, Q"6 =0,_; and Q" Q = I,,_;.

The compact Laplacian tensor L& € R¥7=1 of an even-uniform hypergraph G
is defined as

(17)  Le=LQ =0 wy Q)0 (Q upi)o--0(Q ),

ep€E icep

k times
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where the last equality holds because

[‘CQk 31 gk T Z Z Z1"-ikth1 © Qi g,

111 7,k1

[for (9)] = Z Z Z Wp Z Wpiliy o [Upalin Gy -+ Giriie

i1=1 ir=1 ep€E i€ep

o> wp Y <Z i j [up,,»]h) (Z Qirj [up,i}z‘k>

ep€E  i€ep \i1=1 ig=1

=0 Z Wp Z up, [QTuP:i]jk

ep€E i€ep

for jo=1,2,...,n—1land s =1,2,...,k.
Using the compact Laplacian tensor, we address another characterization of the
algebraic connectivity of G in the following theorem.

THEOREM 3.1. Let L& be the compact Laplacian tensor of an even-uniform hy-
pergraph G. Then, the algebraic connectivity \1(G) is the smallest Z-eigenvalue of
Lo, i.e.,

min Loy”
(18) M(G) = { ¢
st. y y=1.

Let y* € R"™1 be the optimal solution of the spherical optimization (18). Then, the
Fiedler vector of G is Qy™*.

Proof. First, we prove the equivalence between two sets
(19) {xe€R":x'§=0,x'x=1} and {x€R":x=Qy,y'y=1}

We suppose x'd = 0 and x'x = 1. By x'd = 0, there exists a unique vector
y € R* ! such that x = Qy. Moreover, y'y = y ' Q'Qy = x'x = 1. On the
other hand, if x = Qy and y'y =1, wehave x ' d = y' Q"6 = y'0,_; = 0 and
x'x =y 'Q"Qy =y'y = 1. Hence, the two sets in (19) are equal.

Finally, by Theorem 2.6, we get

AM(G) =min{Lx" : x"6 =0,x'x =1}
= min{Zx’c x=Qy,y'y=1}
= min{/:'(Qy)k yly =1}
=min{Lcy* 1y Ty =1}.
The proof is complete. ad

3.1. A trust region algorithm. Since the optimization problem (18) using the
compact Laplacian tensor of an even-uniform hypergraph is easier than (12) based on
a normalized Laplacian tensor, we consider the following spherical optimization:

. _ Leoy*
(20) min f(¥) = Ty

st. yesn?,
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where the spherical constraint is S"~2 = {y € R*! : y'y = 1}. The objective
function f(y) is zero-order homogeneous, while the denominator ||y||¥ is indeed one
when y € S"~2. The advantage of using the denominator is reflected in the freedom
of a multiplier corresponding to the spherical constraint.

LEMMA 3.2 (Theorem 4.1 in [10]). Suppose that k is even and y. € S"~2. Then,
Vs« is a first-order stationary point of f(-), i.e., g(y«) = 0, if and only if y. is a
Z-eigenvector of the compact Laplacian tensor Lo. The associated Z-eigenvalue of
Lo is f(y«).

The gradient and the Hessian of the objective function f(y) at y € S*=2 [13] are

k B
(21) gly) = TyTF (Ilyl? - Loyt = Ley® - y)
and
k(k—1 ~ 2 ~ B
H(y) = <||y”k)£cy’“ 2 Ty (Y(Ley* )T+ (Ley*NyT)
k‘ﬁcyk k‘(k‘ + Q)ECyk T
22) Tyt T e Y

respectively. Obviously, H(y) is a singular matrix since y ' H(y)y = 0.

The trust region method is an iterative algorithm [54, 43]. Suppose that the
current iterate is y. and we are going to find the next iterate y.11. A quadratic model
m.(-) is established to approximate the objective function f around a neighborhood
of y.. This local model leads to a trust region subproblem

1
min me(s) = f(ye) +&ye) s+ 58" H(ye)s
st sl < A,

(23)

where the neighborhood {y.+s: ||s|| < A.} is called a trust region at y. with a trust
region radius A.. To obtain y.11 quickly, the trust region subproblem (23) is usually
solved inexactly.

If we restrict s along the negative gradient direction in the trust region, the
optimal solution s¢ is called the Cauchy point of (23). We pick an approximate

solution s, of (23) that is as good as the Cauchy point [1], i.e., the estimation of
model reduction is at least

(24) me(0) —me(se) = C1 [mC(O) - mc(sg)]
and the step size is at most
(25) Isel| < min (Colls¢’ll, Ac)

where 0 < C <1 < (5.

LEMMA 3.3. Assume that s. is an approximate solution of the trust region sub-
problem (23) which satisfies (24) and (25). Then, we have

(26) me(0) = m(s2) = G eyl min ( A, 5L )
and
(27) me(0) — me(se) > %Hg(yc)IIIISCH.
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Proof. By some calculations, we know the Cauchy point [54, 43]

< — _ min lg(ye)l? g(y.)
c (AC’ g(yc)TH(yc)g(yc)> Ig(ye)l’

which triggers a reduction
1
me(0) —me(s¢) > Sllglye)lllse -
Obviously, we have ||s|| > min(A., |lg(ye)|l/IH (ye)|), and hence (26) holds by (24).
Moreover, from (24) and (25), we get

me(0) — me(se) > ﬁmc(O) — me(sg)

Cq
> Il
”SC” — Oy Hsg” = 20, ”g(y )H

The proof is complete. ]

To generate a trial point yI on the unit sphere S"~2, we employ the Cayley
transform [24, 13]. Let

1
(28) W = 5 (YCSZ - scy;r)
be a skew-symmetric matrix. Then I 4+ W, is invertible. By the Cayley transform, we
know that
(29) Oc=I+We) '(I-W,)

is an orthogonal matrix. Hence, the trial point

(30) yz_ = Ocyc

stays still on the sphere S"~2 if y. € S""2. We remark here that the trial point y
could be computed efficiently by about 4n multiplications, and matrices W, and O,
are not required to form explicitly.

LEMMA 3.4 (see [32, 10]). Suppose y. € S"2 and s. # 0. Using the Cayley
transform (28)—(30), we obtain

o 1@ =slye)® — lscl®lye + s

31 —
31) Y L+ [se]” = (57 y0)2
and
1/2
Isell? — (s]y.)?
(32) ||yj - yc“ =2 . P) TC 2
4+ [se? = (s7y0)

Whereafter, we compute the ratio of the actual reduction and the predicted re-
duction

flye) = flyd)

(33) pe = me(0) — me(se)”

If this ratio is sufficiently positive, we accept the trial point as the next iterate. We
would enlarge the trust region radius when the ratio is large enough. If the ratio
is poor, we reduce the trust region radius for the next iteration. The detailed trust
region algorithm is addressed in Algorithm 1.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 11/15/22 to 158.132.161.240 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

A2524 YANNAN CHEN, LIQUN QI, AND XIAOYAN ZHANG

Algorithm 1. A trust region algorithm.

1: Choose an initial iterate y; € S*~2, parameters A} < A, 0 < (< m <12 < 1,
0<y <y <l<~ys,and c=1.

2: while g(y.) # 0 do

3:  Solve a trust region subproblem (23) and obtain s, satisfying (24) and (25).

4:  Compute y and p. by (31) and (33), respectively.

5:  Update iterate:
it pe > ¢
Vet y. otherwise.
6:  Adjust trust region radius:
min(yAg,y2llsel)  if pe < 1,

A(:-‘,—1 - Ac lf Pec S [7717 772)7
min(y3A,, A) if po > .

7 c+c+1.
8: end while

3.2. Computational complexity. We turn to analyze the computational cost
in each iteration of Algorithm 1. First of all, it is unnecessary to store the n-by-(n—1)
matrix @ explicitly [24]. In practice, we only save the Householder vector v € R™ and
a scalar 3 € R. For a given vector y € R"~!, we could calculate x = Qy by

(34) X { 2 } and then x ¢ x— (Bv ' x)v.

For a given vector x € R™, we compute y = Q' x using
(35) X x— (fv'x)v andthen 7y x(2:n).

The computational cost of x = Qy or y = Q" x is about 2n multiplications, which is
cheap.

Let u,,; = {owpu,; € R" for i € e, and ¢, € E. Obviously, each vector u,, ; has
only k nonzero elements. From (17), we rewrite the compact Laplacian tensor as

Lo=)> Y (QTap:)o-0(Qy,,).

ep,€E i€ey

At the initial step of Algorithm 1, we save a sparse matrix U € R™*™* in which each
column is ;. Hence, the total number of nonzero elements of U is mk?.
Given a vector y € R"~! by a similar process used in (10), we have

Loy® =Y > @W,),Qy)F =sum (UT(Qy)). k),

ep,€E i€e,

where (). k means the kth componentwise power of a vector and sum(-) stands for
the sum of all elements of a vector. By (34), it is about 2n multiplications to compute
Qy. For computing U (-), we need mk? multiplications since U is sparse. Then,
the operation (-).k costs mk? multiplications at most. Hence, there are 2(n + mk?)
multiplications for computing Loy” in total.
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Using similar skills, we get

Loy* ™ =" Y (@),Qy) 1 (QTH,)

ep€E i€ey
T ~T k—1x
=QT [ D > @,y My,
ep€E i€e,

= Q" (UIUTQy).~&-1)]).

Similar to the discussion for computing (U (Qy)). "k, we need 2(n + mk?) multipli-
cations to calculate the vector (U'Qy)."~(k-1). Then, by the sparsity of U, costs
for computing U- and Q" (+) are mk? and 2n multiplications, respectively. Hence, the
total cost for Loy*~! is about 4n + 3mk? multiplications.

To solve the trust region subproblem (23), we could employ iterative methods such
as the conjugate gradient method [43, 54]. If so, the time-consuming computation in
each iteration is (Lcy*~2)s for some vectors s € R*~!. By some calculations, we
obtain

(Ley" s =Q7 [ D0 D (8,09 *(@,,Q8)8,,
ep,€E i€e,
Computational costs for (ﬁ;iQy)’s or (ﬁ;iQs)’s are 2n 4+ mk? multiplications. Their
products require mk? multiplications. Owing to the sparsity of u,;’s, we get the
sum in the bracket with mk? more multiplications. Multiplying Q" needs 2n multi-
plications additionally. Therefore, the total cost for (Loy*~2)s is about 6n + 4mk?
multiplications.
Other operations in Algorithm 1 are about O(n) multiplications. Moreover, we
note that n < mk for a uniform hypergraph. Hence, the total cost for one iteration
of Algorithm 1 is about O(mk?) in a word.

3.3. Convergence analysis. If Algorithm 1 terminates finitely, i.e., there exists
an iteration ¢ such that g(y.) = 0, then f(y.) is a Z-eigenvalue of the compact
Laplacian tensor L and the associated Z-eigenvector is y., according to Lemma 3.2.
Now, we consider the case that Algorithm 1 generates an infinite sequence of iterates.
A weakly convergence theorem of Algorithm 1 is verifiable.

THEOREM 3.5. Suppose that Algorithm 1 generates an infinite sequence of iterates
{y.}. Then, we get
lim inf [|g(y.)| = 0.

c—-+o00
Proof. See Appendix A. ]

Theorem 3.5 implies that there exists a subsequence of iterates {y.; } such that
g(ye;) — 0 as j — oo. Since the feasible region S"=2 is compact, {yc,} has at least
one accumulation point y.. Owing to the continuity of g(-), we have g(y.) = 0. That
is to say, there exists a subsequence of iterates {y.,} which converges to a first-order
stationary point y..

THEOREM 3.6. Let {y.} be an infinite sequence of iterates generated by Algo-

rithm 1. Then, we have
+oo

Z [Yet1 = yell < 4o0.

c=1
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Proof. See Appendix B. ]

Theorem 3.6 means that the sequence of iterates generated by Algorithm 1 is a
convergent Cauchy sequence. Hence, the total sequence of iterates {y.} converges to
a stationary point y.. Since f(-) is continuously differentiable, we have

Jim f(ye) = f(y-) and lim [|g(y.)|| = 0.

c— 00

Hence, f(y.«) is a Z-eigenvalue of the compact Laplacian tensor Lo and y, is the
associated Z-eigenvector.

3.4. A probabilistic approach for the Fiedler vector. To obtain the Fiedler
vector of an even-uniform hypergraph, we need to get the smallest Z-eigenvalue of the
compact Laplacian tensor. For this purpose, we first start the trust region algorithm
from plenty of random initial points sampled from the unit sphere uniformly. Then,
we regard the minimum of resulting Z-eigenvalues as the smallest Z-eigenvalue of the
compact Laplacian tensor, i.e., the algebraic connectivity of the hypergraph. Finally,
the Fiedler vector of the hypergraph is easy to be calculated from the Z-eigenvector
of the compact Laplacian tensor corresponding to the algebraic connectivity. The
following theorem estimates the probability of obtaining the Fiedler vector of the
hypergraph via this global strategy.

THEOREM 3.7. Suppose that G is a given even-uniform hypergraph and Lo is its
compact Laplacian tensor. We first start Algorithm 1 from N initial points that are
sampled from S"~2 uniformly. Second, we pick up the resulting smallest Z-eigenvalue
A« of Lo as well as the associated Z-eigenvectory,. Finally, we compute the estimated
Fiedler vector of G by x,. = Qy.«. Then, this vector X, is the true Fiedler vector of G
with a probability of

(36) 1- (1 - Q)N7

where o € (0,1] is a constant. Therefore, if the number of samples N is large enough,
we obtain the Fiedler vector of G with a high probability.

Proof. Let y* € S"2 be the Z-eigenvector of Lc corresponding to the smallest
Z-eigenvalue. From Theorem B.1 and Lemma B.2, there is a neighborhood B (y*, )
such that a sequence of iterates {y.} generated by Algorithm 1 converges to y* if
the random initial point y; € B(y*,7) N S"~2. Since B(y*,r) N S"~2 is nonempty
and S"~? is compact, there exists a constant ¢ € (0,1] such that y; happens to be
sampled from B (y*,7) N S"~2 with probability ¢. If so, we obtain the Z-eigenvector
y* of L& and the true Fiedler vector x* = Qy™* of G. In fact, we get the true Fiedler
vector of G if {y.} N B(y*,r) # 0.

By the binomial distribution with parameters N and g, we obtain the probabilistic
estimation (36) straightforwardly. O

4. Numerical experiments. At the beginning, we report parameters for the
trust region method proposed in Algorithm 1: { = 0.01,7; = 0.1, = 0.9, = 0.25,
v2 = 05,93 = 2,A; = 1, and A = 10. To sample a random initial point y; from
S™~2 uniformly, we first generate a random vector whose components have a standard
Gaussian distribution; then we normalize this vector and obtain y;. Algorithm 1
terminates if the gradient is tiny (||g(y.)|| < 107°) or if the number of iterations is
large enough (¢ > 1000).

A conjugate gradient (CG) method [43, 54] is employed to solve the trust region
subproblem (23). The first CG iteration generates exactly the Cauchy point s¢. To
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F1G. 4. Synthetic points for circle partitioning with size n = 50 (left) and n = 800 (right).

ensure (25), we may modify the trust region radius A, to 10[|s$|| if the latter is
smaller than A.. Whereafter, CG iterations are going on until the CG path reaches
the trust region boundary or the residual error is rather small: |H (y.)s. + g(y.)| <
0.01]g (v

In the following experiments, we focus on a fundamental problem in hypergraph
partitioning, which is to divide vertices of a hypergraph into two groups. If several
groups of vertices are divided, we could partition the resulting subhypergraphs and
compute the corresponding Fiedler vectors hierarchically. In addition, we do not
concern ourselves with the detection of outlier vertices in the process of hypergraph
partitioning.

4.1. Circle partitioning. Circle partitioning is a spectral case of subspace clus-
tering. In Figure 1, we try to estimate centers and radiuses of two crossing circles on
which some points are known. The synthetic points are produced as follows. We set
centers of true circles at (0,0) and (1,0). The common radius of two circles is one.
Let [] be the rounding function. For a given n = |V|, we choose [n x 45%)] points
from each circle and then corrupt coordinates of these points with Gaussian white
noise whose standard deviation is 0.05. The reminder [n x 10%)] points are outliers.
Figure 4 illustrates typical locations of sampled points. These points serve as vertices
of a k-uniform hypergraph, where k > 4 is even. We note that a complete hypergraph
contains (:) edges. This number maybe huge, e.g., (820) ~ 3.57 x 10'*. Here, the
complete hypergraph is approximated by a k-uniform random hypergraph which is
generated by a three-step approach. First, we construct a complete graph which is
connected. Second, for each edge {i,j} of the complete graph, we add k& — 2 random
vertices which are sampled uniformly from vertex set V\{i, j}. Finally, we repeat the
second step k — 1 times and obtain m = (k—1) (g) edges. Hence, the resulting hyper-
graph is connected. In this way, a 6-uniform random hypergraph with 800 vertices is
only equipped with 1,598,000 edges, which is significantly smaller than the number
of edges of a complete hypergraph. So the resulting hypergraph is sparse and easy to
manipulate. For each edge e, of the hypergraph, we fit locations of points in e, onto
a circle and denote the fitting error as r,. Let ¢ be the sample standard deviation of
fitting errors {rp}p=1,.. m. Then, the weight for an edge e, is w, = exp(—r,/<).

For these hypergraphs, we test three kinds of partitioning methods.

— CE. Clique expansion of a hypergraph means that each edge of a hypergraph
is expanded to a clique. Then, we partition the resulting graph using the
normalized cut [3].
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Fic. 5. Estimated errors of two circles. Results for 4-uniform (left) and 6-uniform (right)
hypergraphs.

— TTM. The tensor trace maximization method based on the adjacency tensor
of a hypergraph was studied in statistics [4, 23].

— FV. The new approach explores the Fiedler vector of an even-uniform hy-
pergraph, which is a Z-eigenvector of the normalized Laplacian tensor corre-
sponding to the second smallest Z-eigenvalue.

When the partition of vertices is obtained, we estimate two circles using points from
these two clusters, respectively. For the appearance of outliers, we employ ¢;-norm
fitting. The estimated error of a circle is defined as the distance between true and
estimated centers plus the difference between true and estimated radiuses.

We test 4-uniform and 6-uniform hypergraphs and the number of vertices ranges
from 50 to 800. For three partitioning methods, we run 100 tests in each case. The
mean and standard deviation of estimated errors of two circles are reported in Figure
5. We see that all methods work well for a sparse hypergraph with some randomly
selected edges. As the number of vertices increases, the estimated error of all methods
decreases because more information on circles is available. Compared with the matrix-
based method CE for 4-uniform hypergraphs, the Fiedler vector based on a normalized
Laplacian tensor improves the estimated error by 29.8% on average.

4.2. Face clustering. The set of images of an object with a Lambertian re-
flectance function forms an illumination cone whose dimension is approximately three
[5]. Regarding each image as a vertex, this phenomenon motivates us to estab-
lish 4-uniform hypergraphs. For every four images, the dissimilarity is defined as
s3/(s2 + -+ + s%), where s; is the ith singular value of a matrix whose columns are
the vectorization of these images.

In this experiment, we consider the extended Yale face database B [22, 38]. 600
face images of 30 persons under 20 lighting conditions are chosen. To improve the
efficiency of computation, we resize each image as 48 x 42 pixels. In one test, we select
40 face images of two persons with or without 10 outlier images. See Figure 6 for a
typical selection. Hence, there are n = 40 or n = 50 vertices in a 4-uniform hyper-
graph. Then, the three-step approach introduced in circle partitioning is employed
to construct random hypergraphs. Particularly, we equip a random hypergraph with
more edges by repeating the second step [(}) - 10%/(5)] times. In fact, we repeat the
second step 12 and 19 times when n = 40 and n = 50, respectively. For four images in
an edge e;,, we compute the dissimilarity d,. Let ¢ be the sample standard deviation
of {d,}. Then, the weight of an edge e, is w, = exp(—d,/<). In this way, we produce
a 4-uniform hypergraph.
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Fic. 6. Sampled images from the extended Yale face dataset B [22, 38]. Face images of two
persons (lines 1-4) and 10 outliers (line 5).

TABLE 2
Results for face clustering (mean + standard deviation).

# outliers GT TD TTM FV
0 0.380 £0.081  0.203 £0.100 0.098 +£0.190  0.002 £+ 0.007
10 0.402 £0.071  0.214£0.138 0.028 £0.109  0.009 £+ 0.018

Our target is to divide 40 images of two persons into two groups such that images
of one person under different lighting conditions are collected in one group. We do
not care about outlier images that could be in any group. To divide vertices of these
hypergraphs, we compare four kinds of methods for hypergraph partitioning. First, a
game-theoretic (GT) method [51] modeled the hypergraph clustering problem in terms
of a noncooperative multiplayer clustering game. Second, a tensor decomposition
(TD) approach was applied for the adjacency tensor of a uniform hypergraph [25, 11].
The other two approaches are TTM and our FV. For each method, we run 100 tests
and report results on mean and standard deviation of partition errors of two persons
in Table 2. Compared with GT and TD, we find that FV and TTM work well for
a hypergraph with a small quantity of edges. To partition a 4-uniform hypergraph
generated from face clustering, the Fiedler vector heuristics based on a normalized
Laplacian tensor performs better.

4.3. Image segmentation. The Fiedler vector of a hypergraph could be applied
for image segmentation. For example, we consider the earth image! shown in Figure
7(a) and try to extract the earth image from a dark background. Using the technique
of superpixels [49], we divide the original image into dozens of superpixels in advance.
Here, we employ the SLIC technique [2] and obtain n = 48 superpixels which are
reported in Figure 7(b). Then, we construct a k-uniform hypergraph, whose vertices
are these superpixels. The three-step approach introduced in circle partitioning is
applied for generating a random hypergraph, where the second step is repeated (k—1)2

Download from https://en.wikipedia.org/wiki/Earth.
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(b) Superpixels

(c) Earth (d) Dark

F1G. 7. The earth image is segmented by Fiedler vectors of even-uniform hypergraphs.

times. Hence, the resulting k-uniform hypergraph has m = (k—1)?(}) edges. If k = 2,
we obtain a complete graph. In each edge e,, the weight w,, is proportional to the
similarity of color distributions of superpixels color, and is inversely proportional to
distance among superpixels dist,. Given an image, we first transform the image from
the RGB color space to the HSV color space since the latter is more perceptually
relevant. Second, we compute the HSV color distribution hsv; for superpixel i =
1,...,n. Here, HSV stands for hue, saturation, and value. The domain of hue is
divided into 12 intervals. Domains of saturation and value are divided into four
intervals, respectively. That is to say, the HSV color space is divided into 192 areas.
Since a superpixel may contain plenty of pixels, we count the number of pixels in
these areas and then normalize to obtain the HSV color distribution hsv; € R1%2.
The similarity of color distributions of superpixels in an edge e, = {i1,42,...,4x} is
defined as

.
hsv, (hsv;, * - -~ hsvy,)

color, =

[hsviy [[k - - [[hsvig ||k

where * is the componentwise Hadamard product. Third, we find centers of super-

. . — 1 ) . .
pixels cent; for ¢ = 1,...,n. Let cent, = 1 Zjeep cent; be an imaginary center of e,.
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Fic. 8. Element values of Fiedler vectors of k-uniform hypergraphs.

The star distance among superpixels in an edge e, is

dist, = Z(centi — cent,)".

1€ep

For even k = 2, 4, 6, and 8, Fiedler vectors of k-uniform hypergraphs generate the
same partition of the earth image. See Figures 7(c) and (d).

If £ = 2, the hypergraph reduces to a complete graph whose Fiedler vector is illus-
trated in Figure 8(a). Components of the Fiedler vector of a graph enjoy two clusters
0.5 and —1.4. Fiedler vectors of 4-, 6-, and 8-uniform hypergraphs are reported in
Figures 8(b), (c), and (d), respectively. It is easy to see that with the increase of even
k, the distribution of components of the Fiedler vector of the k-uniform hypergraph
becomes loose and unconsolidated. This phenomenon is consistent with Theorem 2.8.

5. Conclusion. The Fiedler vector of an even-uniform hypergraph has been
proposed and applied for subspace partitioning and face clustering. For an even-
uniform hypergraph, the Fiedler vector is the Z-eigenvector corresponding to the
second smallest Z-eigenvalue of a normalized Laplacian tensor. When the order of
vertices of the hypergraph is permuted, components of the Fiedler vector change
consistently. The relationship between the Fiedler vector and the Cheeger constant
of the hypergraph was also addressed.

A trust region algorithm with a global strategy was proposed to compute the
Fiedler vector of a k-uniform hypergraph, where k is even. The computational com-
plexity of the proposed algorithm is about O(|E|k?) multiplications in each iteration.
So it is cheap. Theoretically, the probability of obtaining the Fiedler vector of the
hypergraph was analyzed, and it is close to one when random initial points on the
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unit sphere are dense enough. Generally speaking, our Fiedler vector heuristics for
partitioning an even-uniform hypergraph is a generalization of the normalized cut for
a graph and contains more advantages in applications. The theoretical rationality
of the partitions of a hypergraph induced by the tensor Fiedler vector are natural
connected clusters. Altogether, the Fiedler vector of an even-uniform hypergraph
enriches spectral hypergraph theory.

For partitioning a uniform hypergraph, the design of the cost function, such as
the ones presented in (5) and (7), is delicate and crucial. How to design a better
cost function for hypergraph partitioning and establish the (equivalence) relationship
between the cost function value and the number of cut edges are our further research
works.

Appendix A. Proof of Theorem 3.5. Since the objective function of the
spherical optimization (20) is twice continuously differentiable and the feasible region
is compact, we get the following lemma.

LEMMA A.1 (Lemma 3 in [13]). Suppose that f(y), g(y), and H(y) are defined
by (20), (21), and (22), respectively. Then, there exists a constant M > 1 such that
<M, g <M, and |H(y)| <M

fory € S"72,

The next lemma means that if the gradient is bounded away from zero, the trust
region radius cannot tend to zero and we will find a new iterate soon.

LEMMA A.2. Suppose g(y.) # 0. If

(1 —n2)C1llg(y.)ll
M(2 +Z/2)

A <

)

we have
Achl Z Ac~

Proof. Since (1 —12)C; < 1 < (2 + A/2) and by Lemma A.1, we have A, <

letyell < JBell Hence, by (26), we know

C1
(37) me(0) —me(se) 2 - llg(ye)|Ac.
Because the objective function f(x) is zero-order homogeneous, we get

(38) y'gly) =0

Since ||y.|| = 1, we have |s!y.| < ||s.||. Moreover, ||s.| < A. < A. From (31), (38),
and Lemma A.1, we get

4g(yc) s
T+ . c c
g\Ye Ye —Ye—S¢)| =

gye) =T — Ty

— |g(YC)TSC| 5 - )
oA+ [Ise]l? = (sl ye)? (Iscll® = (sc ¥e)?)
" <

- g(Yc)Tsc
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By the mean value theorem, we have

SF v THE) Y~ o)

where y = 0y + (1 — 6)y. and 6 € (0,1). From (32), we know

(40) f(y:r) = f(yc) + g()’c)T(}’j - yc) +

(41) lyd = yell < llsell-

Moreover, by (33), (23), (37), (39), (40), and (41), we obtain

11— po| = f(YZL) — f(ye) — g(YC)TSc - %SZH(YC)SS
‘ me(0) — me(sc)
180T —ye =) + 5 —yo) THE)(YE —ye) — 33  H(ye)ss
me(0) — me(s,)
BT = ye o)l + Ml |?
- me(0) — me(s.)
AZMA /4 + A2M
Chllg(ye)llAc/2
<1-mn2.
Therefore, we have p. > 12 and hence A .41 > A.. 0

Now, we are ready to prove the weakly convergence theorem for Algorithm 1.

Proof of Theorem 3.5. We proceed by contradiction. Assume that there exists a
small constant € such that

(42) lg(y)l| >e>0 fore=1,2,....

Let Z = {c € N} : p. > (} be an index set of successful iterations. Then, Z
contains infinite iterations. Otherwise, let ¢ be the largest index in Z, which means

that pzy; < ¢ <y for j =1,2,.... Hence, we have Azij11 < 720z, < 13 Azy4 for
all j =1,2,.... Therefore, Azy; — 0 as j — co. Because of (42) and Lemma A.2,
(177]2)(}16

Az4jy1 does not decrease if Agp; < This leads to a contradiction.

M(2+A/2)°
Since the objective function f(y) has a lower bound f, according to (33), (26),
(42), and Lemma A.1, we obtain

-f> Zf()’c) — f(ye41)

ceL
><ch me c)

ceL

& mm( el
> S5 2 bty min (A Sy

S

Hence, we have A, — 0 as ¢ — oo and ¢ € Z. However, by (42) and Lemma A.2, we get
that A, cannot tend to zero, which lead to a contradiction. Therefore, Theorem 3.5
is valid. O
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Appendix B. Proof of Theorem 3.6. Due to the multilinearity of tensors,
the objective function f(y) is semialgebraic [6] since its graph

Graphf(y) = {(y,t) : Loy" = t(y "y)"*}
is semialgebraic. Hence, f(-) enjoys the following Kurdyka—Lojasiewicz (KL) property.

THEOREM B.1 (KL property [6, 1]). Suppose that y. is a stationary point of
the objective function f(y). Then, there exist a neighborhood X (y.), an exponent
0 € 10,1), and a positive constant Cry, such that for all'y € X (y.), the following
inequality holds:

(43) 1f(y) = fly)I” < Crrlg)ll-

Here, we define 0° = 0.

LEMMA B.2. Let B(y.,r) ={y e R" 1 : |ly —y.| <r} C X (y.) be a neighbor-
hood of y.. Suppose that y, € S"~2 is an initial point satisfying

2020[{[, 1-0
p(y1) C01(1_9)\][(3'1) f(ys)l [y1 =y«
Then, the following two assertions hold:
(44) Ye € B(y.,m) fore=1,2,...
and
2C,C _
(45) Z [Yet1 = Yell < C ? KL) fy1) = fly)l 7

Proof. We proceed by induction. Obviously, we have y; € B(y.,r).
Now, we assume that y; € B(y.,r) for ¢ = 1,...,c. Hence, the KL property
holds in these points. Let

6(1) = TEE |~ f(ya)".

Then, ¢(t) is a concave function for ¢ > f(y.). Therefore, for successful iterations
i€{l,...,¢} NZ, we have

o(f(yi) — o(f(yir1)) = &' (fFy))(f(yi) = f(yis1))

— Cnlfys) = Fy )l (flyi) = fyisn))
I property) > £ )
C(mi(0) — mi(s1))
=T el
for (27)] 2 St s
[for (41)] > C 1||yz+1 yill-

On the other hand, for i € {1,...,c}\Z, we know y;+1 = y;. Therefore, we obtain

205

lyir1 —yill < G, —o(f(yi) — o(f(yit+1))] fori=1,...,c
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Then,

c
yert =3l < D Iyies = il + llyr =y

=1
<2 Z¢ — 6(fyir) + lyr — -
< f% F) + Iyr — vl
=p(y1) <r

The above inequality means y.+1 € B(y«,r), and hence (44) holds. Moreover,

2C 2C
Z [Yers —yell < 402 qu — O(f(Yer)) < CTj<zs<f<y1>)-
The inequality (45) also holds. |

Proof of Theorem 3.6. From Theorem 3.5 and the compactness of S*~2, there
exists a subsequence of iterates {y.,} that converges to a stationary point y. € Sn—2,

For this y., there exists a neighborhood X (y.) such that the KL inequality (43)
holds. Since y., — y« as j — oo, there exists an index J such that p(y.,) < r, where
B(y.,r) C X (y«). Then, by Lemma B.2, we have

(1

Hence, {y.} is a Cauchy sequence and converges to the stationary point y.. ]

= = 20,C -
D llyers —yell < Z Iyess —yell +Z 2 KL@)\f(ch)—f(y*)ll Y < to0.
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