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ABSTRACT

The orthodox Non-negative Inverse Eigenvalue Problem (oNIEP) has challenged
mathematicians for over 70 years. Motivated by applications in non-negative ma-
trix factorization (NMF) and network modeling, we consider an NIEP as follows.
Consider a K x K diagonal matrix Jg ,,, = diag(1+ax m,1,...,1,—-1,...,—1),
where exactly m entries are —1 and af ., = max{0,(2m — K)}. We wish to
determine for which (K, m), there is a K x K orthogonal matrix @) such that
QJk m Q' is doubly stochastic. Using several approaches (especially a combined
Haar and Discrete Fourier Transform (DFT) approach) we developed, we show
that in most of the cases, the NIEP is solvable. We show that these results are
sharp. Also, since these are construction approaches, they automatically provide
an explicit way for computing matrix ). As a result, these approaches give rise
to both a computable NMF algorithm and sharp results for NMF. We also discuss
the implication of our results for social network modeling.

1 INTRODUCTION

The Non-negative Inverse Eigenvalue Problem (NIEP) goes back to a question posed by Kolmogorov
in 1937 Kolmogorov| (1937)): given a complex number z, when is z an eigenvalue of a non-negative
matrix? Suleimanova Suleimanov]| (1949) extended Kolmogorov’s question in 1949 to what is now
called the orthodox NIEP (oNIEP): find necessary and sufficient conditions such that the list of K
complex numbers o = (A1, Ag,..., Ak) is the spectrum of a K x K non-negative matrix A. It
turns out that Kolmogorov’s question is relatively easy to answer, but the oNIEP is much harder and
has challenged mathematicians for 70+ years. For this reason, many sub-problems of oNIEP has
been proposed, among them are the Real NIEP (assume )y are real-valued), the Symmetric Real
NIEP (assume Ay, are real-valued and A is symmetric), and the Double Stochastic Symmetric NIEP
(assume )\ are real-valued and A is doubly stochastic). Existing approaches to NIEP have been
largely focused on construction approaches (e.g., see (Fiedler, (1974} |G.W.Soules| [1983))). Unfor-
tunately, both oNIEP and these sub-problems are extremely hard ones, and all remain unsolved for
K > 5. See (Egleston et al.,|2004) and also (Johnsona et al.,|2018)) for a nice survey.

Motivated by applications in non-negative matrix factorization (NMF) and network modeling (see
Sections[I.T|and ), we consider a special NIEP in this paper. We need the following definition.

Definition 1.1 We call a matrix non-negative if all its entries are non-negative. We call a non-
negative matrix double stochastic if all of its rows and columns sum to the same number.

Conventionally, in a doubly stochastic matrix, all rows/columns sum to 1; our definition is slightly
different. Fix integers (K, m) such that K > 2and 1 < m < K — 1. Let ak ,,, = max{0, (2m —
K)} and let Jg ,,, € REK be the diagonal matrix Jk.m = diag(l + ax m,1,...,1,—-1,...,—1)
(where exactly m of them are —1). We are interested in a special case of the NIEP as follows:

The NIEP: for which (m, K), there is an easy-to-compute K x K orthogonal matrix

1
@ such that QJk ., @’ is doubly stochastic (and so non-negative by definition). M

When such a @ exists, we say Problem (1)) is solvable for (K, m). In this paper, we identify many
pairs of (K, m) where Problem (1)) is solvable and K be arbitrarily large. These results address a
hard problem and shed interesting new light on the NIEP.
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1.1 MOTIVATION: NMF AND SOCIAL NETWORK MODELING

The NIEP is motivated by an NMF problem as follows (where K < n as in most applications).
The NMF problem: Given an n X n non-negative matrix {2 with rank K, when can we

write Q = OIIPII'O, where © is an n X n positive diagonal matrix, ITis ann x K 2)
matrix where each row is a weight vector, and P is a K x K non-negative matrix?

The NMF is motived by recent interests on social network modeling. Especially, if the NMF problem
is solvable, then we can rewrite a so-called rank- K network model as a Degree-Corrected Mixed-
Membership (DCMM) model (Jin et al.,[2022+; [Zhang et al.,[2020). See Section[L]in the supplement
and Jin| (2022) for detailed discussion on how the NMF problem @]) is related to network modeling.

To see how NIEP in (I)) is motivated by the NMF problem (2)), we fix a > 0 and introduce a K x K
matrix Ji ., o = diag(l +a,1,...,1,—1,...,—1) (where m entries are —1). Let A be the k-th
largest (in absolute values) eigenvalue of €2 and let &, be the corresponding eigenvector. Extending
(J1n,2022), we can show that the NMF problem ({22) is solvable if the Conditions (A)-(B) below hold:

Condition (A). Ja K x K orthogonal matrix @) such that Q' Jx ,,, @ is doubly stochastic,

= 1 | 3)
Condition (B). k; Arst] - (Epsr(i)/€1(0))% < i07 a)’l <i<n.

In fact, once Conditions (A)-(B) hold, we can use () and the first K eigen-pairs of ) to construct
(6,11, P) such that 2 = OIIPII'O and (O, II, P) are non-negative matrices as we desire to have
in (). See Algorithm|I]for details. Seeming, the parameter a > 0 plays a key role. For the special
case of m < K/2, we can take a as mall as ¢ = 0. For all (K, m) in this case, we can construct
a Q with an explicit formula (so it is easy-to-compute) such that Condition (A) holds. At the same
time, Condition (B) is known as the sharpest as we can have (see (Jin, 2022)) and the 551 page book
on NMF (Shaked-Monderer & Bermanl, [2021))).

For the more challenging case of m > K/2, the problem remains largely unsolved. In fact, to use
Algorithm [T} we must input an @ > 0, and check Conditions (A) and (B) (both depend on a). Note
that Condition (A) does not depend on 2, and for each a > 0, Condition (B) defines a class of ().
Therefore, in order to have a better algorithm, we wish to identify the smallest a (denoted by aj ,,,)
such that Condition (A) is satisfied. If we can identify aj ,,, then we have two benefits.

e We can improve Algorithm[I|to a new algorithm, where there is no need to input an a or to
check Condition (A); all we need is to check if Condition (B) holds for a = a}(’m.

e The class of 2 defined by Condition (B) is as broad as possible.

These motivate the following problem.

Optimal a: Fix K and 1 < m < K — 1. What is the smallest a (denoted by a}(,m) such @
that there is a K x K orthogonal matrix Q) where Q' Jx @ is doubly stochastic?

Recall that a ,, = max{0,2m — K }. We have the following lemma (the proof is omitted).
Lemma 1 For Problem @) 10 be solvable, we must have a > ak . Therefore, aj ., > aK,m.

By Lemma (I} the smallest a we may consider is @ = ag ,,. This raises the following question:
for a = ag m, is there a K x K orthogonal matrix @ such that Q' Jx . .Q is doubly stochastic?
Compared with (T)), this is nothing but the NIEP stated earlier; see details therein.

In summary, fix a (K, m) and suppose NIEP is solvable for them. In this case, first, aj ,,, =
ax,m, S0 we have completely solved Problem (4). Second, Condition (A) is automatically satisfied.
Last, Condition (B) defines a class of {2 that is as broad as possible. Combining these gives an
improved algorithm for NMF (e.g., Algorithm 2) and sharp results on NMF.

This explains how NIEP (T) is related to the NMF problem (2), and also why NIEP () is of interest.

The matrix (). Note that to solve the NMF problem, we must solve the NIEP (1)) with an easy-to-
compute orthogonal matrix (). This is exactly what we provide in this paper: in Section 2} for all
(K, m) where we show that the NIEP is solvable, we use a construction approach for the proof, so
the matrix @ is provided explicitly in our proof and is easy-to-compute.
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Algorithm 1 The NMF algorithm
Input: a number @ > 0, an integer K > 1, and an n X n non-negative matrix with rank K.

e Fork =1,2,..., K, obtain the k-th eigen-pair (A, &) of Q.

o If Conditions (A)-(B) hold (note that both conditions depend on a; e.g., see (E])), obtain

U = [&1,&, ..., Ek]diag(|A1]/V1 + a, | Az, .. ., |[AK|)Q. Write U = [ug,us, ..., Uy
and factor u; as 0;m; where 6; = ||uq||;. Claim the NMF problem (2)) is solvable:

Q = OIIPI'O, where © = diag(fy,...,0,), T = [r1,....mn)", P = QJx.m Q-

e Otherwise, conclude that it is unclear whether the NMF problem @]) is solvable or not.
Output: (0,11, P) (if Condition (A)-(B) hold) or Unclear otherwise.

1.2 RESULTS AND CONTRIBUTIONS

We tackle Problem (T) using the construction approach (which is frequently used in the literature
on NIEP). Our construction uses (a) a Haar basis approach, (b) a Discrete Fourier Transformation
(DFT) approach, (c) a combined Haar-DFT approach, and (d) a Fiedler’s approach. Compared with
existing approaches in NIEP, all (a)-(d) are new. Note that (d) is inspired by well-known Fiedler’s
approach (Fiedler, [1974), but we need new tricks to make it useful in our setting).

In Section E], first, we show in 9 different cases, (S1)-(S9), Problem (EI) is solvable. For example,
one such case is when 4 | K, and we show Problem (1)) is always solvable when 4 | K. We also
show that in two different cases, (N1)-(N2), Problem (1)) is not solvable. For illustration, we present
our results for all eligible (K, m) with K < 20 in Table|l} in all 190 pairs of (K, m) in this range,
169 of them are solvable, 9 of them are not solvable, and 12 of them remain unclear. In Section[3]
to complement with our study in Section 2] we propose a novel optimization approach and further
identify 3 of the 12 “unclear” cases as solvable. Therefore, only 9 out 190 cases remain unclear.

In Section [ we discuss connections to NMF and network modeling, and propose Algorithm [2] as
an improved version of Algorithm E} In detail, we construct a quantity ax ., which equals to ax
for the 9 solvable cases S1-S9 above, and is slightly larger than ax ,,, otherwise. We show that if

K—1
D el e (/&G0 < M/I(L+arm)(K 1)), 1<i<n, )
k=1

then there exist non-negative matrices (0, II, P) as desired in (2) such that Q@ = OIIPII'O. Com-
pared with Condition (B), the above condition is nearly optimal in the sense that ar ,, is nearly
equal to aj ,,, (recall that aj ,, denotes the optimal a; see (Fl_f[)).

Our contributions are two fold. First, we obtained many interesting results on Problem (I)). By far,
for K > 5, the oNIEP |Suleimanov| (1949) and many of its sub-problems remain unsolved. Our
problem is a special NIEP motivated by NMF and network modeling. Compared to oNIEP and
many of its subproblems, our problem is still quite challenging, but fortunately, the study of which
is more fruitful (e.g., our K can be arbitrarily large). The main technical challenge is, we need
an array of innovative ideas and tricks to construct orthogonal matrices () with desired properties.
We tackle this by developing a Haar basis approach, a DFT approach, and a combined Haar-DFT
approach. Compared with existing works on oNIEP (see [Egleston et al.| (2004); Johnsona et al.
(2018) for surveys), our setting is quite different and our results and approaches are new.

Second, we propose a new algorithm (e.g., Algorithm [2). In this new algorithm, once condition
is satisfied, then we can have an NMF Q = OIIPII'O as desired. Our NMF results are sharp:
when the NIEP is solvable for (K, m), then ax ,, solves Problem (E]) and Condition (B) defines
a class of () that is as broad as possible. Our work is related to Jin/ (2022}, but the focus of Jin
(2022) is on how to rotate an n-dimensional vector to the first quadrant of R™ and on the case of
m < K/2, and our focus is on NIEP and the much more challenging case of m > K/2. As aresult,
our study is technically more demanding than Jin|(2022), requiring many new ideas and tricks. Our
work also sheds new light on network modeling. There are many different network models, and we
must understand their advantages and disadvantages and pick the most suitable one; our findings are
helpful in identifying the most suitable models in analyzing real networks.
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Notations. In this paper, cx o = K~'/?1x = K~'/2(1,1,...,1)" (where “ /" is the transpose).
For a vector a € R", ||a|| and ||a|| denote the £2-norm and the £°°-norm, respectively, and diag(a)
denotes the n x n diagonal matrix where the i-th diagonal entry is a;, 1 < ¢ < n. When Q is an
n X n matrix, diag({2) denotes the n x n diagonal matrix where the i-th entry is Q(i,7), 1 <i <n.

2 MAIN RESULTS

We tackle the NIEP with the construction approach and a frequently used idea is as follows.
Definition 2.1 Fix K > 2, let cxc o € R be the vector K—'/2(1,1,...,1)".

Suppose there is a K x K orthogonal matrix ) such that M = QJk ,,Q’ is doubly stochastic.
Partition Q = [q1,Q1,G], where ¢1,Q1, G consisting 1, (K — m — 1), and m columns of Q,
respectively. Since M is doubly stochastic, we can always assume ¢; = cx o (€.g., LemmalE and
especially the remark below it). By the definition of Jg ,, and direct calculations,

M = (24 arm)cr0Ck o +2Q1Q1 — Ik. (6)
Therefore, all we need is to construct a matrix @ € R¥-K=m=1 guch that (H = Q, Q) for short)

0 0O — o (K2 ag,)/2K), =],
Qch,O - 07 QlQl - IKfmfla H(Zvj) Z { _(2+aK7m)/ 2K), otherwise. (7)

Especially, if m > K/2, then ak ,, = 2m — K and M is non-negative and traceless (trace(M) =
trace(Jx,m) = 0). In this case, the last requirement of (7)) can be strengthened into

H(i,j)=(K—m—1)/Kifi=jand H(i,j) > —(2+2m — K)/(2K) ifi # j. (8)
When (K —m — 1) < 1or K < 4is small, the above problem is not hard to solve.

Theorem 2 Problem (|Z] ) is not solvable when m = K — 2 and K > 5 is an odd number.

In this case, first, (K —m — 1) = 1 so Q; reduces to a unit-norm vector ¢ € R¥ and so H = ¢¢'.

Second, m > K /2, so H must satisfy . Combining these, each entry of ¢ is +4/1/K, but since
K is odd, none of such ¢ is orthogonal to 1 ; compare this with the first requirement (7). This
proves Theorem 2] (see the appendix for detailed proof). Similarly, we have the theorem below.

Theorem 3 Fix integers (K,m) with 1 < m < K — 1. Problem ) is solvable in either of the
following cases: (a) m = K — 1, (b) m = K — 2 and K is an even number, (¢) K < 4.

When m < (K — 3), @ has at least two columns, and the study is much harder. This includes the
case of (K, m) = (7,4); the theorem below is long and it takes a long time to figure out.

Theorem 4 Problem (1]) is not solvable when (K, m) = (7,4).

See Section B of the supplement for proofs for Theorem[2}Jfd] We now discuss more general cases. In
many of these cases, we follow the idea above and focus on how to construct (). Since the columns
of @ is part of an orthogonal basis of R¥, we borrow ideas from wavelets (e.g., (1999)),
where we have many ideas for constructing an orthogonal basis (e.g., the Haar basis, the Discreet
Fourier Transformation (DFT) basis).

2.1 THE HAAR BASIS APPROACH

Definition 2.2 Fix K > 2. Foranyl < j < K/2,lethk ; € RX be the vector where the (25 —1)-th
row is 1/\/5, the 2j-th row is —1/+/2, and all other rows are 0.

Flel‘lg K >2and m < K/2, let H* = [hK’l,hK’Q, ey hK,m] e RE™and U = [CK’(),H*]. It
is seen that U'U = I,,,,1. Therefore, we can always find a matrix G € R¥K—=m=1 quch that the
matrix Q) = [ck 0, G, H*] is a K x K orthogonal matrix. Theoremis proved in the supplement.
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Theorem 5 Fix integers (K, m) with K > 2 and 1 < m < K/2. In this case, ax , = 0 and
Jr.m =diag(l,...,1,—1,...,=1). For the matrix Q) above, the matrix QJg Q' is non-negative
doubly stochastic. Therefore, Problem (I|) is solvable when 1 < m < K/2 and K > 2.

The first part of Theorem [5|overlaps with Theorem 2.2), but not exactly the same. Theo-
rem3|is proved in the supplement. The above construction is inspired by the well-known Haar basis
(1999). In fact, when K is dyadic, (e.g., K = 2" for some integer 1), {cx,0, hx 1, - -, hic.m}
is part of a Haar basis (1999). Note that Theorem [3]is valid for any K (dyadic or not).

When K is dyadic, Problem is always solvable. Since the case m < K/2 is covered above,
we assume (K/2) < m < K — 1. In this case, let H = [v1,va,...,vk] be the K x K standard
Haar basis matrix [1999), where v; are arranged in the descending order of [|v;[|o (number
of nonzero entries in v;). Write K = 2° and H = [vy, Uy, Uy, ..., Us_1], where for 0 < j < s —1,
U; consists of 27 consecutive columns of H. Write m — K = Zj;g a;j27 where a; € {0,1} (such

an expression exists and is unique). We construct a matrix Q; € R%™ as follows: we start with
Q1 = [Uo,Ui,...,Us_1]. Then for j = 0,...,s — 2, we remove block U; in H if and only if
a; = 0. Denote the resultant K x m matrix by Q1. Theorem|§|is proved in the supplement

Theorem 6 Fix integers (K, m) where K is dyadic and 1 < m < K — 1. For the matrix Q1 above,
there is a K x K orthogonal matrix Q with the form of Q = [ck 0, G, Q1] where QJk Q' is
non-negative doubly stochastic. Therefore, Problem (1)) is always solvable when K is dyadic.

Theorem [f] is a special case of Theorem [I0] below, but they use very different approaches to con-
structing ). For this reason, both results are interesting and may lead to different future extensions.

2.2 THE DISCRETE FOURIER TRANSFORMATION (DFT) APPROACH

In this section, we focus on the case of (m + 1) > 3K/4. Let Q = [q1,Q1,G] as in (6). We
wish to construct a ) in a way so that all diagonal entries of 1@} are (K — m — 1)/K. Once
we have such a @1, then M = QJk ,,, @’ is doubly stochastic. To see the point, first, note that by
(6) and direct calculations, all diagonal entries of M are 0. Second, by Cauchy-Schwartz equality,
when all diagonal entries of QQ’ are (K — m — 1)/K, then all off-diagonal entries of 1@ are
> —(K —m —1)/K. It follows from (6)) and direct calculations that all off-diagonal entries of }/
are > [3(m + 1) — 4K]/K, which is > 0 since (m + 1) > 3K /4.

We now construct such a ;. Our idea is to use the well-known DFT orthogonal basis vectors
, which serve well for our purpose. Recall that cxr g = K~Y/2(1,1,...,1)" € RE.
Consider four cases: (a) K is even and m is odd, (b) K is odd and m is even, (c) both K and m are
even, and (d) both K and m are odd. Note that (K —m — 1) is even in (a)-(b) and is odd in (c)-(d).

Definition 2.3 Fix K > 2. When K is even, let s o = \/1/K(1,—-1,1,—-1,...,1,-1)" € RE.
Moreover, forany 1 < j < (K —2)/2, let

27 2-2j 3-2j
CK,j = \/Q/K(l,cos(%)mos( KJT‘—),COS( KJW), ..., cos(

27 2-29 - 27 K—-1)-29
sicy = VTR0, sin( 7). sin(2 2T sin(? ‘m),...,sin(u)/.
’ K K K
Now, let n be the largest integer such that 2n < (K —m — 1) and let

K.,2n .
0 = [CK1:SK 1, -+ Cion, SK.n] € R in Cases (a)-(b),
[SK,O; CK,1,5K,1,--+,CKn; SKJJ S RK’2n+1, in Case (c).

(K—l)-2j7r)/

b

For Case (d), let QF = [qo0, q1, G2, - - -, g2n] € RV2"H! where for 1 < j < n,

1 c ; S :
_ (K+1)/2 B TR [ s |
0 [ ~L(r-1)/2 ] LA [ C(K—1)/2,§ } B [ S(K—1)/2,j }

Letcg = /(K —1)/(K(K+1)),do = \/(K+1)/(K(K—-1)), ¢ = y/%(5* + 3) and

d= /%571 — ). We partition Q7 as follows (left) and introduce a new matrix Q; (right) by
* Lx+1y2 B col(x41y/2 B
f— = . 9
@ [ “Lk-1y2 B2 |’ @ —dol(x—1)/2 dB> ©)
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The following lemma is proved in the supplement.

Lemma 7 Fix integers (K, m) such that (3K/4) < m + 1 < K. Suppose when K is odd, m #
K — 2. In all the four cases (a)-(d), the matrix Q1 we constructed above satisfies Q1Q1 = I —m—1
and all diagonal entries of Q1Q) are (K —m —1)/K.

Combining Lemma[7] with earlier arguments in this section gives the following theorem.

Theorem 8 Fix integers (K, m) with (3K/4) < m+1 < K and m # K — 2 when K is odd.
For Q1 € REE=m=1 g5 above, there is a matrix G € RF™ such that (a) Q = [ck0,Q1,G] is a
K x K orthogonal matrix, and (b) QJ Q' is non-negative and doubly stochastic.

Theorem [§] is proved in the supplement. Theorem [§] can be further improved with more delicate
analysis. Consider Case (b) for example, where 1 < m < K — 1, K > 5, K is odd, and m is
even. Let ax = (1/2) + 1/(K sin(4n/K)), and let 1/2 < bx < 3/4 be the unique solution of the
equation z — 1/2 + sin(37z) /(K sin(37/K)) = 0. Theorem[J]is proved in the supplement.

Theorem 9 Fix integers (K,m) and 1 < m < K — 1. Suppose K is odd, m is even, and m/K >
max{ag,br }. Let Q1 be constructed as above in Case (b). Then there is a matrix G € R¥™ such
that Q = [ck,0,Q1,G] is a K x K orthogonal matrix and QJk Q' is non-negative and doubly
stochastic. Therefore, Problem (|Z|) is solvable in this case.

As K — oo, min{ag,bx} — xg, where xg ~ 0.58 is the unique solution of z — 1/2+M =0.
Compared with Theorem 8] the result in Theorem [9]is much stronger. Theorem [9]is for Case (b).
For Case (d), improvements are possible, but we need more delicate analysis, so we omit it. For
Case (a) and (c) (where K is even), improvements are also possible. However, with a new approach
in next section, we have much stronger results in these two cases; see Theorems @-@ below. For
these reasons, we skip further discussion along this line.

Two algorithms (Section [J| of the supplement). Alternatively, we may directly check for which
(K,m), QJk m Q' is doubly stochastic for the ) constructed above. In Sectionmof the supplement,
we introduce two algorithms for Case (b) and (d), respectively. Se details therein. For Case (a) and
(c), such algorithms are not necessary for the problem is already solved (almost) completely.

2.3 THE COMBINED HAAR-DFT APPROACH

The combined Haar-DFT approach gives much stronger results. Since the case m < K/2 is solved
(e.g., Theorem , we assume m > K /2. We consider two cases (a) 4 | K and (b) 2 | K but4 ¢t K.
Consider case (a). Let n be the largest integer such that 2n < (m — K/2). Introduce

Sk/20, M7], if misodd .
M, = [s5c/2,0, i ’ where M7 = [c s ...c s )
1 Ml*a if m is even, 1 [ K/2,00°9K/2,05 sy CK/2,m» K/Q,n]

We construct ; € RX m=K/2 gych that (a) the first two rows of @1 equal to each other, the next
two rows of Q1 equal to each other, and so on and so forth, and (b) row 1, 3, ..., (K —1) of Q; equal
to row ].7 2, ey K/2 of Mf, I'CSpGCtiVGly. Let HO = [hK,la ey hK,K/Q] and Q(] = [CK’(), Ql, H()].
It is seen that Qp € R¥™+1 and Q{Qo = I,. The following theorem is proved in the supplement

(compared with Theorem 6] the result here is much stronger, but constructions are very different, so
both of them may be valuable for future extensions).

Theorem 10 Fix integers (K, m) where K > 5,1 < m < K — 1, and 4 | K. There is a matrix
G € REE=m=1 gych that Q = [ck.0,Q1,G, Hol is a K x K orthogonal matrix and QJk , Q' is
non-negative and doubly stochastic. Therefore, Problem (1)) is solvable when 4 | K.

Consider Case (b). In this case, K /2 is odd. When m is odd, let n = (m — K/2)/2, and let M =
[CK /2,0, 5K /2,05 -+ CK /2,5 SK/2,n)- Whenm isevenand m—K/2 > 3,letn = (m—(K/2)—1)/2,
and define M7 in a way similar to that of @} in (E[) by replacing K there by K/2. Similarly, let
Q, € RE:m=K/2 pe the matrix such that a) the first two rows of Q equal to each other, the next two
rows of (1 equal to each other, and so on and so forth, and (b) row 1, 3, ..., (K — 1) of Q1 equal to
row1,2,..., K /2 of M{, respectively. Finally, with the same Hy, as above, let Q¢ = [cx 0, @1, Ho].
It is seen Qo € RE™*+L and Q)Qo = I,,+1. The following theorem is proved in the supplement.
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Theorem 11 Fix integers (K, m) where K > 5,1 < m < K — 1. Suppose 2 | K but 4t K, and
m < (K/2) + 1. There is a matrix G € REE=""1 gych that Q = [ck,0,Q1,G, Holisa K x K
orthogonal matrix and QJ K,mQ’ is non-negative and doubly stochastic. Therefore, Problem is
solvable when K is even, 4 t K, and m # (K /2) + 1.

Somewhat unexpected, the case of m = (K/2) + 1 is a challenging corner case. The reason why
this is a corner case is that, when m is even, our construction above requires m — K/2 > 3.

2.4 CONNECTIONS TO LITERATURE ON NIEP, ESPECIALLY FIELDER’S APPROACH

Soules’ approach |G.W.Soules| (1983) and and Fielder’s approach |Fiedler| (1974) are two well-
known NIEP approaches. For our setting, Soules’ approach does not produce any non-trivial result.
Fielder’s approach inspires an approach below, which produces some non-trivial result that are not
covered in the previous sections.

The main idea is to relate Problem (1)) for a given (K, m) to Proble for (K1, m1) and (K3, ma),
with (K1, K2, m1, ms) to be determined. In detail, suppose A € R LK1 g a traceless non-negative

doubly stochastic matrix with spectrum o(A;) = {(2m; — Ky +1,1,...,1,—1,...,—1} (where
exactly my of them are —1), and Ay € R¥2:52 5 traceless non-negative doubly stochastic matrix
with spectrum o(A43) = {(2m2 — Ko + 1,1,...,1,—1,...,—1} (where exactly mo of them are

—1). Suppose (2m; — K1) > 0 and 2ms — K5 > 0, so the Perron roots of two matrices are
(2my — K1 + 1) and (2my — Ko + 1), respectively, and the corresponding Perron eigenvectors are
up = (K1)~ Y21k, and u; = (K3)~'/?1k,, respectively. Introduce

A /
A= | o ] e p = m - K@m - K (0

Theorem 12 Fix integers (K1, m1) and (K2, mso) suchthat K1/2 < my < K1 —1, K3/2 < my <
Ko — 1, and K1/ Ko = mq/ma. For Ay and Ay as above, the matrix A defined as in is doubly
stochastic, and the spectrum of Ais 0(A) = (2(m1+mg) — (K1 +K2)+1,1,...,1,—-1,...,-1),
where exactly my + mo of them are —1. As a result, if Problem is solvable for (K, m) with
K/2 <m < K — 1, then for any integer N > 1, Problem (1) is also solvable for (NK, Nm).

Example 2. It is not hard to see that Problem (1]) is solvable for (K, m) = (3,2). By Theorem|[12]
Problem (1]) is also solvable for (K, m) = (6,4), (K, m) = (9,6), etc.

2.5 A SUMMARY AND ESPECIALLY A PYTHON CODE FOR USING OUR THEOREMS

In summary, we have three cases: (N), (S), and (U), where Problem is not solvable, solvable,
and unclear so, respectively. Moreover, Case (N) includes all cases (N1) where K > 5 is odd and
m = K — 2 and (N2) where (K, m) = (7,4). Case (S) includes 9 different cases: (S1). K < 4,
(52). m =K —1,(S3). m < K/2,(S4). 4 | K, (S5). 2|K but4 1 K and m # (K/2) + 1, (S6).
K is odd, m is even, and m/K > max{ak, bk}, (S7) K is odd, m is odd, and (m + 1)/K > 3/4
but m # K — 2, (S8). K is odd, and QJk ., Q' is doubly stochastic for the Q constructed in cases
(b) or (d) in Section respectively (this can be checked by the algorithms in Section H of the
supplement), and (S9). Problem (1)) is solvable for (K7, m;) where K1 = K/N and m; = m/N
for some integer NV > 2. Case (U) includes two cases: (U1) the corner case where K is even and
m = (K/2) + 1, and (U2) all other cases not covered by Cases (N), (S), and (U1).

To use these results, we have written a python code, where if you input a K, then for each m =
1,2,..., K —1, we output three possible outcomes: (N), (S), (U), where Problem (T)) is not solvable,
solvable, and unclear for (K, m). Using the code, we have produced Table where we present our
results for all (K, m) with K < 20. The results suggest when K < 20, Problem is solvable for
most cases. The code is available upon request (and will be made public after the review process).

3 AN OPTIMIZATION APPROACH TO THEORETICALLY UNSOLVED CASES

The results in Sectionare based on construction approaches, where for each (K, m) where Problem
is solvable, we have provided the the orthogonal matrix (). See the proofs in detail. At the same
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Table 1: Our results on Problem ) for all possible( K, m) with 1 < m < K < 20. B: outside the
range of interest; v': the problem is solvable; X: the problem is not solvable; A: solvable suggested
by the numerical approach in Section [3] but not yet validated in theory; [J: whether Problem (1) is
solvable or not remains unclear.

m 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
K=2 v 1 1 1 1 i I I f f §f B B B B B B B &
K=3 v v i i 1 i i i §I §E fR §R B B B B B B~
K=4 v v v 1 1 1 i 1 i § §I &I &fR §R B B B B &~®
K=5 v v X v 1 1 1 1 i & I &I &R §R B B B B &=
K=6 v v v v ¥ 1 1 1 1 & I &I &I & §E & & & &=
K=7 v v v X X v 1 1 1 &I 1 &I &I & §E & §E & &=
K=8 v v v v v v v 1 1 1 1 1 I 1 § & & & =&
K=9 v v v v O v X v & A 1 1 &I &I &I & & & =
K=10 v v v v v 0 v v vV 1 1 & & & & & & & &
K=1 v v v v v O A v ¥ v & 1 1 & & B & E =
K=12 v v v v v v v v v v v & 1 1 1 1 1 =1 1
K= v v v v v v 0 v v v X v 1 1 1 1 1 =1 1
K=4 v v v v v v v 0 v v v v v 1 1 1 1 1 1
K=1 v v v v v v v O A Vv v v X v 1 1 1 1 1
K=1%6 v v v v v v v v v v v v v v v 11 1 1 1
K= v v v v v v v v O v v v v v Xx v 1 1 1
K=8 v v v v v v v v v 0 v v v v v v v 1 1
K=19 v v v v v v v v v O A Vv v v v v x v 1
K=200 v v v v v v Vv v v v v Vv v Vv v v Vv Vv V

time, for some of the cases (e.g., see Table E]) it is unclear whether Problem @]) is solvable or not.
To complement our study in Section 2] we propose an optimization approach with further insights.

Since Problem is always solvable when m < K/2, we assume m > K/2. Consider a K x K
orthogonal matrix Q = [ck 0, Q1,Q2], where Q; € REE="=1 and Q5 € RE™, and we recall
cxo=K712(1,1,...,1). By the definition, QJx m Q" = [(ax.m+2)/K|1x 1} +2Q:1Q} — Ik,
where (01 is known as a Stiefel manifold. Therefore, at a heart of Problem , it is a Stiefel manifold
optimization problem, which is known to be a hard non-convex problem|Li et al.| (2020). We propose
an approach which combines random Stiefel manifolds sampling with convex optimization, where
the key is the following lemma (Lemma|[I3]is proved in the supplement).

Lemma 13 Fix (m, K) such that m > K/2 and let Q = [ck 0, @1, Q2] be a K x K orthogonal
matrix as above. QJg Q' is doubly stochastic if and only if there exists a matrix M € REK
that satisfies the following constraints: (a). rank(M) = K — m — 1, (b) Anax(M) < 1 and
1M1k =0, and(c). M;; = (K—m—1)/K and M;; > —(2m—K+2)/(2K),1 <i# j < K.

Note in all constraints in Lemma T3] all except the first one are convex. This motivates the follow-
ing algorithm. (A). Repeat (A1)-(A2) below for N times: (Al). Generate M, € RX x(K—m=1)
with iid N(0,1) entries. Compute its SVD: My = UDV’, and let ]VI\O = UU'. (A2). Let
M be the feasible region defined by (b)-(c) in Lemma Solve the convex program: M =
arg maxnre m,m=o trace(M ]\/{To), where M > 0 constrains M to be positive semidefinite. (B).
Declare Problem || solvable if rank(]\/f ) = K — m — 1 for any of the N repetitions.

The main idea is to randomly sample a projection matrix of the desired rank, and find M € M that
maximally aligns with it. We apply the approach to all 12 unsolved cases in Table[I] The algorithm
declares that Problem (1)) is solvable for (K, m) = (11,7) and (K, m) = (15,9) with N = 103,
and declares that Problem (1) is solvable for (K, m) = (19,15) with N = 2 x 10°. See Tablel]
as well as the supplement (Section [K)) for details. Since the solution accuracy is limited by floating-
point precision, whether these cases are theoretically solvable remains open. Assuming they are, all
(K, m) pairs such that K = 2m — 3, m > 5, and K < 20 are solvable. This suggests an interesting
conjecture: Problem []is solvable for all (K, m) where K = (2m — 3) and m > 5.

Our problem involves the optimization over the Stiefel manifolds and is known as a hard non-convex
problem. We approach it by running /N different random sampling, and for each of them we run a
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convex optimization. The convex optimization part is relatively fast, but we may need a large N.
How to develop a more effective approach to our problem is a very interesting future question.

Algorithm 2 The NMF algorithm (as an improved version of Algorithm[I]in Section [L.1)
Input: An integer K > 1 and an n X n non-negative matrix {2 with rank K.

e Fork =1,2,..., K, obtain the k-th eigen-pair (g, {x) of £2, and obtain m (the number of
strictly negative eigenvalues of {2). Following our constructions, set a = G g, and obtain
the K x K orthogonal matrix @ such that QJx ,, Q" is doubly stochastic (see the proofs
in the supplement for explicit formula for Q).

o If Condition (B*) holds, let U = [&1,&a, . .., Ex|diag(|A1]/v/1 + ax.m, | A2l - - - [AK])@-
Write U = [uy,us,...,u,] and factor u; as 6;7w; where 6; = ||uy|;. Claim that the
NMF problem (2)) is solvable and 2 = OIIPII'©, where © = diag(6y,02,...,6,), II =
[11, 72, ..., ] and P = QJk m, Q' are non-negative matrices as in (2).

e Otherwise, conclude that it is unclear whether the NMF problem @I) is solvable or not.
Output: (0,11, P) (if Condition (B*) holds) or Unclear otherwise.

4  APPLICATION TO NMF AND NETWORK MODELING

Recall that ar ,, = max{0,2m — K} and aj,, is the smallest value of a such that there is a
K x K orthogonal matrix () such that QJx Q" is doubly stochastic; see . Also, recall that we
have 9 different solvable cases (S1)-(S9), 2 not-solvable cases (N1)-(N2), and some unclear cases,
denoted by (U); see Section[2.5] We further divide U as (U1) and (U2), where (U1) is the case where
m = (K/2)+ 1and 2 | K but4 t K, and (U2) contains all other cases in (U). Recall that (A, &)
is the k-th eigen-pair of 2 (e.g., Section [I.I)). Introduce

aK,m, Case (S1)-(S9),
K — 4(1271), Case (N1) (akx,m = K — 4 in this case),
Arm={ 4cos(m/7)—2~16 Case (N2) (ak,n, = 1 in this case), (11)
' AKLD) Case (U1) (ag.m = 2 in this case),

g (arem — 1)+ 2, Case (U2).

Similar to Condition (B) in Section|l.1} we introduce

K-1

Condition (B*). > Ay |(&r41(1)/€1(§)* <

k=1

1

1<i<n. (12)

)

Theorem 14 Fix (K, m) such that K > 2 and 1 < m < K — 1. We have ag m < ¢ < AK,m
and especially @y ,,, = ar,m if Problem (1)) is solvable for (K, m). Also, for a = Gk m, there is an

explicit K x K orthogonal matrix Q such that Q' J i .o Q is doubly stochastic. Finally, if Condition
(B*) holds, then there are non-negative matrix (0,11, P) in (2) as desired such that Q = OIIPII'©.

Theorem |14]is proved in the supplement. For the cases (S1)-(S9), the result follows directly from
our results on NIEP. For other cases, we need a new approach. Note that for each case of (K, m), our
proofs provide an explicit formula for @) so @ is easy-to-compute. See the supplement for details.

Combining Theorem [T4] and our discussion in Section [I.T} we have an improved version of Algo-
rithm [T} Algorithm 2] Note that in Algorithm [T} we need to check both Conditions (A) and (B).
In Algorithm [2| we only need to check Condition (B*) (which is same as Condition (B) but with
a = axK,m). We can do this because when a = ax ,, our results on NIEP guarantee that Condition
(A) is automatically satisfied with an explicit orthogonal matrix (). Moreover, by the discussion in
Section our NMF results are sharp in the sense that ag ,, is nearly equal to the optimal a in (4)
(.e., a}’m), so Condition (B*) covers a class of 2 that is nearly as broad as possible.

In Section[I.T} we mentioned that the NMF problem is partially motivated by the problem of network
modeling. In fact, it was pointed out by Jin|(2022)) that if the NMF problem is solvable, then we
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can rewrite a rank- K network model as a DCMM model. Our results suggest that the NMF problem
is solvable provided with a mild condition. Therefore, a DCMM model is nearly as broad as a
rank- X’ model. Note that in comparison, a rank-K model is broader, but the DCMM is more useful
and interpretable and it is more appealing in practice. Combining these points, we recommend the
DCMM as a good model for social networks. See (Jin et al., 2022+; [Zhang et al., |2020; Jin & Ke}
2021)) for more discussion on DCMM.

5 DISCUSSION

NIEP is one of the most challenging problems in research on non-negative matrices. We obtain
sharp results for a special NIEP, and apply the results to NMF and network modeling. NIEP, NMF,
and analysis of networks are important areas in machine learning and applied mathematics, with ap-
plications in image processing, Natural Language Processing, and cancer study [Donoho & Stodden
(2003); [Ke & Wang| (2022). We make an interesting connection of the three areas by studying a
special NIEP motivated by NMF and network modeling. On one hand, our study may open the door
for a new line of research on NIEP. On the other hand, we gain valuable insight on NMF and what
are the most suitable network models. These are important for a suitable model is the starting point
for methods and theory. Our study may help researchers identify the right network models and so
can channel their strengths to the right direction. Our ideas are extendable to NMF and modeling
text analysis |Ke & Wang|(2022); Yuan et al.| (2021 and tensor analysis|Jin et al.[(2021) and analysis
of financial networks.

Our study may also motivates a new line of research in optimization theory. By the construction
approach we introduced, for some of the (K, m), it remains unclear whether Problem (1)) is solvable
or not. To tackle these cases, we may use an optimization approach in Section [3| but the approach
face some major challenges. To overcome these challenges, we need new ideas. We hope our efforts
many spark some new research along this line.
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