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Learning Orthogonal Latent Representations for
Multi-View Clustering

Xiaolin Xiao"”, Member, IEEE, Yue-Jiao Gong

Abstract—In the field of multi-view clustering, latent
representations are often employed to address the challenge
posed by low-quality data. Traditional approaches typically
assume that multiple views are fully dependent, directly learning
a common latent representation from the observed data. However,
this assumption is overly restrictive in real-world scenarios and
may overlook valuable information, as the independence of
different views can reveal critical view-specific characteristics. To
overcome this limitation, we propose learning Orthogonal Latent
Representations for Multi-View Clustering (OLR-MVC), which
jointly captures both cross-view dependence and independence.
Specifically, our model maps multi-view data into shared
and private latent spaces using distinct projection bases. To
accurately capture both dependence and independence, we
enforce orthogonality between the shared and private latent
representations while also encouraging pairwise orthogonality
among private representations. Furthermore, we leverage the
self-expressive property of these latent representations to capture
global data structures. Extensive experimental evaluations
demonstrate that OLR-MVC outperforms state-of-the-art
multi-view clustering methods.

Index Terms—Dependence, independence, orthogonal latent
representation, multi-view clustering, self-expressiveness.

1. INTRODUCTION

OR data clustering, relying on a single feature often in-
F troduces bias, as feature extraction is typically an unsu-
pervised process that may not align with the underlying cluster
memberships. To address this issue, an emerging research field
focuses on reducing bias by leveraging the complementary in-
formation present in multiple views. Typically, these views are

Received 2 October 2024; revised 30 December 2024 and 6 February 2025;
accepted 22 February 2025. Date of publication 12 September 2025; date
of current version 12 November 2025. This work was supported in part by
the General Program of Guangdong Natural Science Foundation under Grant
2025A1515012267, in part by the Guangzhou Science and Technology Elite
Talent Leading Program for Basic and Applied Basic Research under Grant
SL2024A04J01361, in part by the Guangdong Natural Science Funds for Distin-
guished Young Scholars under Grant 2022B 1515020049, in part by the National
Natural Science Foundation of China under Grant 62276100, and in part by the
Fundamental Research Funds for the Central Universities. The associate editor
coordinating the review of this article and approving it for publicatio was Prof.
Xiu-Shen Wei. (Corresponding author: Yue-Jiao Gong.)

Xiaolin Xiao is with the School of Computer Science, South China Normal
University, Guangzhou 510631, China (e-mail: shellyxiaolin@ gmail.com).

Yue-Jiao Gong is with the School of Computer Science and Engineering,
South China University of Technology, Guangzhou 510006, China (e-mail:
gongyuejiao@gmail.com).

Yicong Zhou is with the Department of Computer and Information Science,
University of Macau, Macau 999078, China.

This article has supplementary downloadable material available at
https://doi.org/10.1109/TMM.2025.3607704, provided by the authors.

Digital Object Identifier 10.1109/TMM.2025.3607704

, Senior Member, IEEE, and Yicong Zhou

, Senior Member, IEEE

TABLE 1
THE RAW DATA 1S GROUPED INTO 16 CLASSES BASED ON THE VALUES OF
FOUR DIMENSIONS

Ly : {(a,b,c,d)[a<0,b<0,c=0,d=0} Ly : {(a,b,c,d)[a<0,

Ly : {(a,b,c,d)[a<0,b<0,c=1,d=0} Ly : {(a,b,c,d)[a<0,

Ly : {(a,b,c,d)[a<0,b>0,c=0,d=0} Lg : {(a,b,c,d)[a<0, , =1}
L7 : {(a,b,c,d)[a<0,b>0,c=1,d=0} Lg : {(a,b,c,d)[a<0,b>0,c=1,d=1}
Lg : {(a,b,c,d)[a>0,b>0,c=0,d=0} Lig : {(a,b,c,d)[a>0,b>0,c=0,d=1}
L1y : {(a,b,e,d)|]a>0,b>0,c=1,d=0}  Ljg: {(a,be,d)[a>0,b>0,c=1,d=1}
L1z : {(a,b,e,d)|a>0,b<0,c=0,d=0}  Ljg: {(a,b,e,d)[a>0,b<0,c=0,d=1}
Lis : {(a,b,e,d)|a>0,b<0,c=1,d=0}  Ljg: {(a,b,e,d)|a>0,b<0,c=1,d=1}

collected either from the same sensor with different parameters
or from different modalities. The core of multi-view learning
is to fully exploit the cross-view complementarity to enhance
performance [1], [2], [3].

Due to the presence of noise and redundancy, directly using
the observed multi-view data may result in suboptimal perfor-
mance. To mitigate this issue, latent representation learning as-
sumes that the observed views are generated from a common
latent space [4], [5], [6], [7], [8]. The goal of these methods is
to find transformations from individual views to a shared latent
representation. This latent representation provides a compact
interpretation of the observed data, helping to uncover the un-
derlying data structures.

While latent representation learning has demonstrated strong
empirical performance, most existing methods inherently as-
sume that multi-view features are fully dependent [9]. How-
ever, this assumption is overly restrictive and may overlook
valuable view-specific information. Recently, the complemen-
tarity of view-specific characteristics has garnered increasing re-
search attention. For instance, Wan et al. proposed exploring la-
tent representations under diverse dimensions to enhance model
expressiveness and capture cross-view complementarity [10].
Zhou et al. learned shared and view-specific dictionaries to sepa-
rately exploit the cross-view correlations and view-specific prop-
erties [11]. However, the dependence and independence between
views are not accurately modeled, leading to inadequate repre-
sentation capabilities.

To address the aforementioned issues, a pragmatic approach
involves simultaneously modeling both cross-view dependence
and independence. We demonstrate this with a simulation ex-
ample that highlights the significance of jointly considering
dependent and independent information. First, we generate a
raw dataset from a 4-D space represented by [a, b, ¢, d], where
{(a,b)|a® + b*> = 1}, and ¢ and d are independently set to ei-
ther 0 or 1. As shown in Table I, these samples are grouped
into 16 classes (L1, ..., L1g) based on the four quadrants of
the a — b plane and the values of ¢ and d. In this case, a and b
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Fig. 1. Tllustration of the importance of jointly modeling dependence [a, b] and independence [c, d]: A two-view dataset with 16 classes is generated, where each
s s
view consists of two dependent dimensions and one independent dimension, namely, z(M = la, b, c] and z(2) = [a, b, d]. (a) Only four classes are identified using

the dependent information, i.e., [a, b]. (b) Eight classes are identified by incorporating the independent information in (M i.e., dimension c. (c) Eight classes are

identified by incorporating the independent information in 22, i.e., dimension d.

are dependent, whereas ¢ and d are independent of each other
and also independent from the a — b plane. Next, we construct a
two-view dataset from the raw data, where the first view is repre-
sented by (1) = [a, b, ], and the second view is represented by
x(?) = [a, b, d]. As depicted in Fig. 1(a), if only the cross-view
dependence (i.e., the a — b plane) is utilized, four classes are
mixed within each quadrant. By simultaneously leveraging both
the cross-view dependence and the independence inherent in
either x, or xo, eight classes can be correctly identified (see
Fig. 1(b) and 1(c)). Although visualizing the dataset in 4-D space
is challenging, it is reasonable to expect that all 16 classes can
be correctly identified by integrating both the cross-view depen-
dence and the independence within both views.

Building on this insight, we propose Orthogonal Latent Rep-
resentations for Multi-View Clustering (OLR-MVC), which
jointly exploits cross-view dependence and independence.
Specifically, the multi-view data are factorized into shared
and private components using respective projection bases. The
shared representation encodes dependent information across dif-
ferent views, while the private representations capture indepen-
dent information specific to individual views. We introduce or-
thogonal constraints to separate the cross-view dependence and
independence. Additionally, the self-expressive property of the
latent representations is leveraged to reveal clear data structures
with global constraints. The main novelty and contributions of
OLR-MVC are summarized as follows.

1) We propose factorizing latent representations into orthog-
onal shared and private components to accurately capture
cross-view dependence and independence. Compared to
existing models that transform multiple views into a com-
mon latent representation, our framework is more flexible
and comprehensive, opening up new avenues for design-
ing latent representation learning approaches.

2) We explore orthogonal latent representations for multi-
view clustering. To the best of our knowledge, OLR-MVC
is the first model to accurately model both dependence
and independence, resulting in significant performance
improvements across a range of datasets.

3) We design an efficient optimization algorithm to solve the
OLR-MVC model within the framework of the alternating
direction method of multipliers.

4) Extensive experiments comparing OLR-MVC with state-

of-the-art methods demonstrate its superiority.

The remainder of this article is organized as follows.
Section II reviews existing multi-view clustering algorithms.
Section III introduces the core idea of orthogonal latent repre-
sentation learning and then proposes the OLR-MVC model. The
optimization algorithm for OLR-MVC is also elaborated in this
section. Section IV presents experimental results on real-world
databases. Finally, Section V concludes the article.

II. RELATED WORK

Drawing partially on [2], [3], we classify modern multi-view
clustering methods into four technological approaches: (1) ker-
nel learning methods, (2) graph learning methods, (3) subspace
learning methods, and (4) deep learning methods.

Asreal-world data may not be linearly separable, kernel learn-
ing methods exploit the kernel trick to address data nonlinear-
ity [12]. Typically, these methods apply different predefined ker-
nels to process various views and then combine the results to
obtain a unified kernel. The core challenge is selecting appro-
priate kernel functions and designing an optimal fusion strat-
egy. For instance, Huang et al. [13] learned data similarity in
kernel space to improve the quality of base kernels. Based on
the kernel alignment criterion, Liu et al. [14], [15] and Zhang
et al. [16] proposed multi-kernel clustering methods that guar-
antee good theoretical and empirical performance. Additionally,
Huang et al. [17] enriched affinity matrix learning with iterative
clustering in the kernel space. Recently, Liu et al. [18] intro-
duced contrastive learning with kernel generation to better ex-
plore cross-view complementarity.

Graph learning is a popular technique in multi-view cluster-
ing [19], [20]. Typically, these methods either construct view-
specific graphs from raw features and leverage graph fusion tech-
niques to obtain a unified graph, or directly learn view-specific
graphs during the optimization procedure. For example, Huang
et al. [21] captured multi-view consistency and diversity in a
unified framework and fused the consistent graphs, allocating
cluster labels without post-processing. Li et al. [22] constructed
initial graphs based on the inner products of normalized spectral
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embedding matrices and enforced high-order cross-view rela-
tionships using a weighted tensor nuclear norm. Huang et al. [23]
proposed learning a latent graph from view-specific graphs, con-
sidering both global and local data structures. Wang et al. [24]
used the Hilbert-Schmidt independence criterion to learn a
consensus graph without predefined similarity matrices. Bipar-
tite graph-based methods have also been proposed to improve
efficiency in multi-view clustering [25], [26], [27]. While graph
learning methods have demonstrated strong empirical perfor-
mance, they can struggle when the initial graph quality is poor.

Subspace learning-based methods assume that the underlying
data structures can be uncovered in low-dimensional compact
spaces. Most models either regularize view-specific representa-
tions using a common structure (i.e., self-expressiveness learn-
ing [28]) or directly find a shared latent space from multiple
observations (i.e., latent representation learning [4]). In the first
category, self-expressive matrices are generated for each view,
and various techniques are used to align view-specific repre-
sentations to achieve consensus. For example, tensor decom-
position techniques have been used to regularize the stacked
self-expressive matrices via third-order tensor ranks [29], [30],
[31]. The second type of methods, latent representation learning,
focuses on finding a common compact representation across all
views. Commonly used techniques for learning low-dimensional
representations include (non-negative) matrix factorization [32],
[33], [34], projection learning [4], [6], [8], and mapping matrix
learning [5], [7]. Note that projection learning methods enforce
orthonormal constraints on the transformation matrix, while
mapping matrix learning models replace these constraints with
spherical constraints. Both approaches assume that the shared
latent representation captures cross-view relationships by mod-
eling cross-view dependencies [9]. However, this assumption
may be too rigid, overlooking important view-specific informa-
tion. Recently, mining cross-view complementarity has gained
increasing research attention. For instance, Wan et al. [10] and
Zhou et al. [11] explored the diverse and view-specific proper-
ties to uncover the underlying data structures. However, their
models do not accurately capture the dependence and inde-
pendence between views, resulting in limited representation
capabilities.

Recently, the advancement of deep learning models has facil-
itated the development of multi-view learning [35]. Multi-view
learning tasks have been integrated with autoencoders [36],
generative adversarial networks [37], graph neural net-
works [38], deep belief nets [39], and contrastive learning [40],
[41], leading to excellent results. While these deep learning
methods often deliver enhanced performance, they require sub-
stantial computational resources. Therefore, in this work, we
focus on mathematical modeling approaches.

III. LEARNING ORTHOGONAL LATENT REPRESENTATIONS FOR
MULTI-VIEW CLUSTERING

A. Orthogonal Shared-Private Latent Representations

Since multi-view features represent data from different per-
spectives, assuming that they only share dependent information
that projects to a common space is impractical. As illustrated
in Fig. 1, independence also provides valuable insights for data
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TABLE IT
SUMMARY OF COMMONLY USED NOTATIONS
[ Notation | Description
1% Number of views
N Number of samples
d; Data dimension in the i-th view
k Latent dimension over all view
X @ ¢ pGiXN Observed data in the i-th view
H® ¢ RFXN Latent representation for the i-th view
Hs € RFXN Shared latent representation
HI(,"”) c RFXN Private latent representation for the i-th view
P ¢ R4 Xk Projection to obtain H
PISZ) € R4 XK Projection to obtain HI()”
Zs € RVX Self-expressive matrix for Hg
Z;') € RVXN Self-expressive matrix for H](f)
E;i) c RGN Reconstruction error in projection learning of the i-th view
Es € RFX Reconstruction error in self-expressiveness learning of H
EE)” € RFXN Reconstruction error in self-expressiveness learning of H ()
£ Reconstruction errors,= {E(D - - -, ECV) | E,, E;”, -, El()m}
zZ Set of self-expressive matrices, = {Z, Zél), BRI Z;V)}

clustering. Based on this insight, we introduce a more flexible
and comprehensive method that accurately models cross-view
dependence and independence in a unified framework. As shown
in Fig. 2, each view is mapped into shared and private spaces
using their respective projection bases. The shared latent rep-
resentation captures cross-view dependence, while the private
latent representations portray independent information. We then
learn the self-expressive matrices from the latent representations
to uncover the underlying data structures. The key challenge
is accurately distinguishing between shared and private latent
representations in an unsupervised manner. To address this, we
enforce orthogonality between the shared and private latent rep-
resentations. Additionally, the private latent representations are
encouraged to be pairwise orthogonal to model independence.
The commonly used notations are presented in Table II. For-
mally, given multi-view features { X () € R%*N}1V_ where d;
is the observed dimension in the ¢-th view and N is the num-
ber of samples, let { H(?) € RF*N 1Y | be the set of multi-view
latent representations, with % indicating the latent dimension.
The j-th column of H(") represents the latent representation
of the j-th sample in X (. To illustrate the main concept, we
decompose the latent representations as {H ) = H, +

H Z(;i) M., where H, and { H, I(,i) } are the shared and private latent
representations, respectively. By encouraging orthogonality, we
factorize the shared and private latent representations as follows:

\% v v
D HHEP G+ > IH HP|IE,
i=1

i=1 j#i
st {HO = H,+ HOYY |, )
where || - ||z denotes the Frobenius norm. Orthogonality is

achieved by minimizing the squared Frobenius norm of the
inner products between latent representations. Specifically, let
M=H ;H,(,i). If Hy and Hz(,i) are orthogonal, each pair of
columns in H, and Héz) will be perpendicular, and hence all
elements in M approach zero. To simplify the optimization pro-
cess, we use the squared Frobenius norm of the inner products
as the cost function.

By introducing orthogonal constraints, (1) can accurately
model both dependence and independence across different
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The framework of the proposed OLR-MVC model. The multi-view data are mapped into a shared latent space and V' private latent spaces using their

respective projection bases, with self-expressive matrices learned from individual latent spaces. The latent representations are mutually orthogonal to model
independence, while the self-expressive matrices are encouraged to be low-rank to capture global data structures. The final affinity matrix is obtained by integrating

the shared and private self-expressive matrices.

views. This approach uncovers valuable cross-view complemen-
tarity, enabling more accurate modeling of data relationships.
Moreover, the shared and private latent representations remain
independent of each other, enhancing the interpretability.

However, directly solving (1) may lead to a trivial solution
where one of the latent representations approaches zero. In the
next section, we introduce a more realistic framework to avoid
this issue.

B. Learning Orthogonal Latent Representations for
Multi-View Clustering

We explore orthogonal latent representations for multi-view
clustering. Given the multi-view data { X (¥ }Y_ | | we assume that
each view is factorized into shared and private latent represen-
tations by projecting onto respective bases. Our method offers
greater flexibility and comprehensiveness compared to previ-
ous latent representation learning models by jointly considering

cross-view consistency and complementarity.

Specifically, we use two sets of bases, {PS(Z)}ZV:1 and
{P,SZ) V_,, to project the observed data into different latent
spaces. We then apply the self-expressive property of latent
representations to clearly capture data affinities. To avoid po-
tential trivial solutions, we minimize the reconstruction errors
associated with both projection learning and self-expressiveness
learning. Formally, the Orthogonal Latent Representation-based
Multi-View Clustering (OLR-MVC) model is formulated as
follows:

min ||
£,2,H, (P,
P HOY
P P

1% vV oV
DONHHEDE+Y D NHPHD |
i=1 i=1 j#i

Ell21+al 2]+

st. £€={EM,... B, E,,ED, .. BNV}

Z={z,,z",...,z{"},

(POPO =1, PIED =1},

(X9 =pPOH, + POHD + EO YL,

H, = H, * Z, + E,,

(HY =120 + B )L @

=1

where « and [ are hyper-parameters that balance the relative
importance of different modules. For conciseness, the swash
letters £ and Z denote the sets of variables. The Iz 1-norm ||€]|2, 1
and the nuclear norm || Z||.. are imposed on each element in £
and Z, respectively.

To improve understanding, we make the following remarks:

e The i-th view is factorized as X() = PYH, +
P,@H,@ +EW. where P and P,Sl) are constrained by
Ps(i)/PS(i) =] and P,gi)/PZSi) = I. Thus, the observed data
are projected into shared and private latent spaces.

® By incorporating orthogonal constraints, we can effectively
model both cross-view dependence and independence. The
shared representation captures the dependent information
shared by different views, whereas the private representa-
tions reflect the independent information unique to each
view.

e Weuse the /s ; norm || - ||2,1 to model sample-specific cor-
ruptions. Since sample-wise inconsistency may occur in
both projection learning and self-expressiveness learning,
the > 1 norm is utilized in both stages and is expressed as
1€ll21 = S0 1B o0+ [ Bellon + S0 13 ]2

e The coefficient matrices are encouraged to be low-
rank by minimizing the nuclear norm || Z|. = || Z4||. +
Zly:l | Zéz) ||+ This encourages the self-expressiveness of
the latent representations, imposing global constraints on
affinity learning and improving overall accuracy.
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C. Solution

The variables in Z = {Zj, ZI(,l), c ZI(,V)} are coupled in
(2), making direct optimization challenging. To address this, we
introduce an auxiliary variable set VW = Z to separate coupled

variables as follows:
c i €l Wi

(PO P p()

Z IIH’H(”\\F+ZZ 1S HD [

=1 j#i
st € ={BM, .. BV, B, EW, . BYY,
_ 1 v —
z2={7,z\,..., 2"}, Ww=2z2,

(PORD =1, PR = 1)L,
{ X9 = POH, + POHD + ED JV,,
HS :Hs*Zs‘i‘Es»

{(HD =H"ZO + EO Y. 3)

Next, we apply the Alternating Direction Method of Multipli-
ers (ADMM) [42], [43] to optimize (3). ADMM provides an ef-
ficient approach for solving constrained optimization problems
by forming an unconstrained augmented Lagrangian function
and iteratively updating one variable at a time while keeping the
others fixed. The unconstrained augmented Lagrangian function

of (3) is given by:

LEW, 2, H, {P, P HOY) = ||E]|2 1+l W

+8 ZIIH’H“ ||F+2;§||H YHD|%
) JF1

14 (@)
p . . . . ) Yl 9
+5 Z: 1X® — POH, - POHD — EO + 1|12

+ g”Hs - HsZs - Es +

Y p
2 2 : i
r i=1

Yg(i) , P Vi s

H{ 5 2 — B + 2|+ DW= 2+ =17,

st. {PY'PW =1, PP =1}, 4)
where {Yl(i) 1, Yo, {YES(L)} and ), are the Lagrange multipliers,
and p > 0 is the penalty parameter. Within the ADMM frame-
work, the iterative optimization scheme involves seven variables
(or variable sets) and consists of the following steps:

arg min [|€]|2 1+" Z 11 ()

=1

PO H, PO H-E)

Y(’L)
+ T DL 2B pZnH“ ~HZ{)

8569
oy
B+ B, ®
P
argmin oW, + LW — 2 + 22|12 ©)
W 9 p F

1%
argmin ||H, — H,Z, — B, + fu% + > N HS - HD Z(
=1

- EJ) + 2 %" HF""HW Z+%||F, (7
oy
arg min ) Z IX® — POH, — POH ~ BO + |3,
st AP P = 1N ®)
arg min XV:HX() PYOH, — p(l)H() E()+Y(Z) 2
(P} p
st AP P =T} )

174
. 2 L P i i i i
argn#:lﬂZHH;ng)HF+§Z||X()_PS()HS—PIS)Hzg)_

v, Y;
E“+—IIF fHHs—HsZs—Eﬁfll%; (10)
arg mmﬂZZHH( H(“Hp—i-pE:HX(Z PO H~

{H P i=1 j#i

i i i P
PIE)HI(,Z)—E;Z)-I- ||2 ZHH(Z) H(i)z(l) E(t)

i=1

Y(’L)
JrT”F’ (11)

More specifically, one iteration of the optimization algorithm is
updated as follows.

Step 1. E—subproblem: (5) with respect to £ = {Eg), cee
E;V), Ey, E;(,l), e 7EZ(;V)} can be separated into 2V + 1 inde-
pendent /5 ;-norm minimization problems, each corresponding
to an element in the set £. Taking the optimization of F as an
example:

1 Yo\ 9
2||ES (H HZ+p)|F.

(12)
(12) is a typical group lasso problem, solvable by column-wise
thresholding. Let Ty = Hy — H  Zs + % be a temporal matrix.
The optimal E; is achieved by setting

i) = (1 p||T1<:,k>||F)+T1<"k)’

where F(:, k) and T (:, k) are the k-th columns of F; and T
respectively, and ()4 = max(-,0) denotes the positive part of

()-

arg mi
g N

(13)
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Step 2. W-subproblem: Let W = {W,, WV, ... W},
The optimization of (6) with respect to WV consists of V' + 1 in-
dependent nuclear norm minimization problems. Here, we take
the optimization of W as an example:

L« 1 Yi\ 2

where Y} is the element in )4 corresponding to W. The nuclear
norm minimization problem can be solved by singular value
thresholding [44]. Specifically, if the Singular Value Decompo-
sition (SVD) of Z, — % is Uw Xw Vlj[,, the optimal solution to
(14) is obtained as:

U
Vw,
+

W = Uw (EW - dz‘ag(j)) (15)

where diag(%) denotes a diagonal matrix whose elements are
filled with %.
Step 3. Z—subproblem: (7) with respect to Z = {Z,, Z\",
..,Z;V)} can be separated into V' + 1 independent F-norm
minimization problems. We take the optimization of Z; as an
example:

. Y; Y,
argnélnHHsZs—(Hs—Es—i—pz) 13 +12,— <W5+p4> %

(16)
(16) can be efficiently computed by setting the derivation with
respect to Z, to zero. Specifically, let the temporary matrices
T, =H, — B, + % and 15 = W, + %. The optimal Z7 is
given by:

Z;=(HH,+ I)" (H,Ty + T5). (17)

Step 4. {Pb@ }—subproblem: (8) with respect to {Pé@} can be
decoupled into V' independent orthogonal Procrustes problems.

Here, we take the optimization of Ps(i) as an example. Eq (8) is
thus reduced to

. [ 7 7 7 7 Yl(i) 2
arg min P H, — <X< ) PO HD — B + = |l

(18)

We solve the orthogonal Procrustes problem using the follow-
ing Theorem 1 [45].

Theorem 1: Given two matrices A and B, the solution to
equation

s.t. PO PO =,

argrrgnHQA—BH%, st. QO =1, (19)

is obtained as follows. Let BA" = Uq¥q VY, bethe SVD of BA'.
The optimal solution is given by Q* = U V).

Step 5. {Pzgi)}—subproblem: Similar to the optimization of
{Ps(i) }, the optimization of {P,Ei)} reduces to solving V" orthog-

onal Procrustes problems. Specifically, the optimization of Péi)

is formulated as follows:
. . L . yl(i) )
g min | POH, — (X - POHO — 50+ 1) i,
P

st. PO PO 1 (20)
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Step 6. Hs—subproblem: The optimization of H reduces to an
F-norm minimization problem. Let {T4(Z) =XxX® — P,@Hz(,z) -
, ()
EW 4 YlT}, Ts =1—Z,, and Ty = E, — % be temporary
variables. The derivation of (10) with respect to H is:

\4 14
28> HYOHY Hetpd  POPYH~T()
=1 =1

+p(H,T5—To)Ts. @1

By setting (21) to zero, the optimal H; can be calculated using
an off-the-shelf Lyapunov equation solver.

Step 7. {HI(,i) }—subproblem: The optimization of {Hz(f)} can
be solved separately by calculating the derivations. We take H, IS”
as an example. Fixing {HZ(,J )}};i, the derivation of (11) with

respect to H;()i) is:

|4
28> HY HP H +pP (PO H —Tr)
j#i

+p(HO Ty —To) T4, (22)

. . . (i) .
where 7 = X — P H, — B + 12 Ty = 1 — 7, and
Ty=Fs; — % are temporary variables used for conciseness.

Similar to the optimization of Hy, the optimal H. Z(,T’)* is obtained
by setting (22) to zero and then solving it using a Lyapunov
equation solver.

Step 8. update Lagrange multipliers and the penalty parame-
ter After updating all variables/variable sets, the Lagrange mul-
tipliers and the penalty parameter are updated according to

MY =¥ 4 p(XO - POH, - BV — BD)),
Yo=Y+ p(Hs - H.Z, - E,,
00 =¥ 4 ()~ 10789~ ),
Vi=Yi+pW - 2),
p = min(p *p, Pmax).
(23)
In the context of ADMM, a small value of the penalty param-
eter p tends to minimize the objective function at the expense of
increasing the residuals. Conversely, a large value of p places a
strong penalty on violations of primal feasibility and hence pro-
duces small residuals. Theoretical analysis suggests initializing
p to a small positive number and then increasing it by a positive
factor (. This approach enables superlinear convergence as p
grows towards infinity during the iteration process [42], [43].
Furthermore, this strategy reduces the dependence of optimiza-
tion performance on the specific choice of a fixed p value, which
is advantageous for machine learning algorithms. The iterative
scheme is repeated until the convergence condition is satisfied,
which is defined by the residuals related to the four constraints:

n=max({| X P H, = BV HD — B mas}) < 6
V2 = HHS - HSZS - ESHmax < €]

~3 = max({[|Hy" — HY Z) — EY)lmax}) < &

Y4 = HW - ZHmax S €,

(24)
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Algorithm 1: OLR-MVC.

: Multi-view data: {X)}; hyper-parameters: , 3;
latent dimension k; optimization parameters
p=10"1 pme® =105 ¢ =2, e =105,
Output: The affinity matrix.

1 repeat

2 Update & by solving 2V + 1 independent subtasks in

the form of Eq. (12) according to Eq. (13);

3 Update W by solving V' + 1 independent subtasks in

the form of Eq. (14) according to Eq. (15);

4 Update Z by solving V' + 1 independent subtasks in the

form of E(% (16) by setting the derivations to zero;

5 Update {P{"} by solving V independent subtasks in

the form of Eq. (18) according to Theorem 1;

6 Update {sz)} by solving V' independent subtasks in

the form of Eq. (20) according to Theorem 1;

7 Update H, by setting Eq. (21) to zero and solving it

using the L(yapunov solver;

8 Update {le) } by solving V' independent subtasks in

the form of Eq. (22) using the Lyapunov solver;

9 Update multipliers and penalty parameter by Eq. (23).

10 until converged,

11 Obtain the affinity matrix A with Eq. (25).

Input

where || - || max denotes the maximum norm and max(-) denotes
the maximum value in current set. Once the algorithm converges,
the affinity matrix is given by:

|4 (7) (2)'
Z + 17, 1 ( 12| + |28 )
A= ms g S|y ) (25)
2 Vv P 2

We then apply the spectral clustering algorithm [46] on A to
obtain the final clustering results. The entire optimization pro-
cedure is summarized in Algorithm 1.

D. Complexity Analysis

Algorithm 1 exhibits an iterative behavior, comprising seven
block variables. The main computational costs in each iteration
are analyzed as follows: (1) £ subproblem: This step consists
of 2V + 1 group Lasso problems, each involving column-wise
thresholding. The computational cost of these operations is neg-
ligible compared with other steps; (2) VW subproblem: This
step involves V' + 1 singular value shrinkage operations, with
a computational cost of O(N?) for each operation; (3) Z sub-
problem: This step requires matrix inversion and multiplica-
tion, with a cost of O(N?3) for each of the V + 1 subtasks;
4) {Ps(i)} and {P,gi')} subproblems: This step involves solv-
ing 2V orthogonal Procrustes problems, requiring SVD oper-
ations with a computational cost of O(max(D, N)?3), where
D = max({d;}) is the maximum dimension of observed fea-
tures; (5) H, and {H}g)} subproblems: These optimizations
rely on solving Lyapunov equations, which require a cost of
O(D? + N?) for each subtask. Overall, the computational cost
of Algorithm 1is O(D? + N3).
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IV. EXPERIMENTS

In this section, we evaluate the performance of OLR-MVC
and present an in-depth analysis to enhance the understanding
of our model.

A. Experimental Setup

We compare OLR-MVC against 12 state-of-the-art peer al-
gorithms, as well as the standard spectral clustering algorithm.
The experimental details are outlined as follows.

1) Dataset Overview:

e ORL:' It contains 400 face images from 40 persons. Three
types of features are extracted: intensity (4096-D), LBP
(3304-D), and Gabor (6750-D).

e Yale:? This dataset includes 165 face images from 15 indi-
viduals. It also includes intensity, LBP, and Gabor features.

e MSRC-v1 [47]: This database consists of 210 scene im-
ages from seven classes. Each image is represented by
five different features: LBP (256-D), HOG (100-D), GIST
(512-D), CENTRIST (1302-D), and SIFT (210-D).

e 3sources:® This dataset contains 169 news documents from
three organizations. The multi-view features included term
frequencies (3560-D), content-bearing terms (3631-D),
and story identifiers (3068-D).

e BBC4views:* It collects 685 documents belonging to five
classes. Four features are extracted, with dimensions 4659,
4633, 4665, and 4684.

e Flowerl7:> It consists of 17 flower categories, with 80 im-
ages per category. The 2 distance matrices of seven fea-
tures constitute the multiple views, each with a dimension
equal to the number of samples (1360-D).

e Scenel5 [48]: It contains 4485 images from 15 categories,
described by three features: pyramid histograms (1800-D),
PRI-CoLBP (1180-D), and centrist features (1240-D).

e Caltech-101 [49]: It contains 9144 generic object images.
Six features are extracted: Gabor (48-D), wavelet moments
(40-D), census transform histogram (254-D), HOG (1984-
D), Gist (512-D), and LBP (928-D).

2) Competitors: The competitors includes six latent
representation-based methods and six algorithms from other cat-
egories. Additionally, the standard spectral clustering algorithm
is included to establish a baseline. Specifically,

e SPC: standard spectral clustering algorithm [46]. It pro-
cesses each individual view, and the best-performing re-
sults are reported.

e LMSC: latent multi-view subspace clustering [4]. It
seeks the latent representation by concatenating all
views and simultaneously performs self-expressiveness
learning.

![Online]. Avilable: http://www.uk.research.att.com/facedatabase. html

2[Online]. Avilable: http://cve.cs.yale.edu/cve/projects/yalefaces/yalefaces.
html

3[Online]. Avilable: http:/mlg.ucd.ie/datasets/3sources.html

4[Online]. Avilable: http://mlg.ucd.ie/datasets/segment.html

3[Online]. Avilable: https://www.robots.ox.ac.uk/vgg/data/flowers/17/index.
html
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e MCLES: multi-view clustering in latent embedding
space [5]. It clusters multi-view data in a latent embed-
ding space while simultaneously learning the global data
structure and the cluster indicator matrix.

e LCRSR: latent complete row space recovery for multi-
view subspace clustering [6]. It aims to recover the
row space of the common latent representation for
clustering.

e RMCLES: relaxed multi-view clustering in latent embed-
ding space [7]. It learns latent embedding, global similarity,
and cluster indicator matrix in a unified framework.

e LRMVC: latent representation guided multi-view cluster-
ing [8]. It accomplishes three subtasks: latent representa-
tion extraction, similarity graph learning, and cluster allo-
cation.

® OMVCDR: one-step multi-view clustering with diverse
representation [10]. It projects data into latent spaces, and
incorporates multi-view learning and k-means into a uni-
fied model.

o FSMSC: fast self-guided multi-view subspace cluster-
ing [50]. It integrates view-shared anchor and global-local
self-guidance learning into a unified model.

e MLRR: multi-view low-rank representation [51]. It con-
siders symmetric low-rank representations and uses the
angular information of principal directions to construct the
affinity matrix.

e UOMVSC: unified one-step multi-view spectral cluster-
ing [52]. It integrates spectral embedding and k-means into
a unified framework to obtain the clustering results.

e SGF: similarity graph fusion [53]. It models multi-view
consistency and inconsistency in a unified model and fuses
the consistent parts for clustering.

e DGEF: distance (dissimilarity) graph fusion [53]. It uses the
same learning paradigm as SGF but generates initial graphs
based on distance/dissimilarity.

e TSSR: tensorized scaled simplex representation for multi-
view clustering [31]. It leverages a low-rank tensor con-
straint to capture the consensus and complementary infor-
mation.

3) Evaluation Metrics: To comprehensively compare all
competing algorithms, we employ six commonly used evalu-
ation metrics to assess the clustering performance, including the
normalized mutual information (NMI), accuracy (ACC), ad-
justed rand index (ARI), F-score, precision, and recall. Experi-
ments were conducted using MATLAB R2022a on a server with
an Intel Core 19-9920X 12-core CPU and a 128 GB RAM. Each
algorithm was run ten times, and the average results are reported.
For each run, the order of data samples was randomly shuffled,
and all competitors used the same shuffling seed to avoid random
disturbances. Since the NMI score provides a more comprehen-
sive understanding of the clustering results [54], we report the
clustering results with the highest NMI values when the optimal
results do not align with a single parameter configuration.

4) Parameter Settings: For all competing algorithms, we
obtained the source codes from the respective authors and
used the default settings as recommended in their published
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Fig. 3. Average runtime of different latent representation-based methods on
real-world datasets. The empty bar indicates that MCLES encounters problems
with the respective datasets.

papers. Our OLR-MVC model has three hyper-parameters:
the trade-off parameters «, 3, and the dimension of latent
representations, hdim. Empirically, we tune « and S from
{0.001,0.01,0.1,1,10, 100, 1000}, and the optimal hdim is
chosen from [60,200] with a step size of 20.

B. Experimental Results

1) Numerical Comparison: We evaluate the performance
of OLR-MVC compared to state-of-the-art methods. The
clustering results, assessed using six evaluation metrics, are pre-
sented in Tables III and IV. Overall, our OLR-MVC model
achieves the best or near-optimal performance in most cases.
From the experimental results, we derive the following key find-
ings:

® The proposed OLR-MVC model achieves the best results

across all databases according to four out of six evaluation
metrics: NMI, ACC, precision, and F-score. This demon-
strates the robust performance of OLR-MVC. We attribute
the success of OLR-MVC to its flexible latent representa-
tion learning framework.

® OLR-MVC performs best on seven out of eight databases

based on the ARI score, securing third place on the Cal-
tech101 database. The ARI score evaluates pairs of samples
that are assigned to the same or different clusters in two
clustering results. Variations in the ARI score can occur
if categories are particularly small or large. The slightly
lower ARI score on Caltech101 can be attributed to the
imbalanced class sizes.

® OLR-MVC achieves the highest recall scores on ORL and

Yale, and ranks second or third on MSRC-V1, 3Sources,
BBC4Views, Flower17, and Caltech101. It ranks fourth in
recall on Scenel5. This may be due to imbalanced class dis-
tributions, which cause the spectral clustering algorithm to
disproportionately prioritize the larger classes. As a result,
samples from smaller classes may be incorrectly assigned
to larger classes, potentially leading to a lower recall. Since
there is an inherent trade-off between recall and preci-
sion, we focus on the F-score, which balances both metrics
to provide a comprehensive evaluation. OLR-MVC con-
sistently achieves the highest F-scores, demonstrating its

Authorized licensed use limited to: Universidade de Macau. Downloaded on December 04,2025 at 01:09:23 UTC from IEEE Xplore. Restrictions apply.
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TABLE III
AVERAGE CLUSTERING RESULTS AND THE CORRESPONDING STANDARD DEVIATIONS FOR COMPETING METHODS ON ORL, YALE, MSRC-V 1, AND 3SOURCES
DATABASES. (THE BEST RESULTS AND THE SECOND BEST RESULTS ARE MARKED IN BOLD AND ITALIC BOLD, RESPECTIVELY).

ARI

F-score

Precision

Recall

0.7564 £ 0.0203

0.7621 £ 0.0198

0.7363 £ 0.0225

0.7899 + 0.0178

0.7243 £ 0.0265
0.6778 £ 0.0446
0.4482 £ 0.0234
0.3012 £ 0.0289
0.1910 £ 0.0000
0.5968 £ 0.0448

0.7502 £ 0.0251
0.7084 £ 0.0492
0.4736 £ 0.0170
0.3560 £ 0.0283
0.4293 £ 0.0000
0.6041 £ 0.0409

0.6720 £ 0.0279
0.6239 £ 0.0647
0.4021 £ 0.0186
0.2245 £ 0.0222
0.3597 £ 0.0000
0.5447 £ 0.0507

0.8496 + 0.0284
0.8228 £ 0.0263
0.5764 £ 0.0168
0.8660 £ 0.0125
0.5322 + 0.0000
0.6798 £ 0.0319

0.6376 £ 0.0328
0.7588 £ 0.0127
0.7728 £ 0.0051
0.7919 + 0.0131
0.7812 £ 0.0125
0.2907 £ 0.0102

0.6645 £ 0.0329
0.7911 £ 0.0116
0.8025 £ 0.0042
0.8201 + 0.0128
0.8061 £ 0.0122
0.3150 £ 0.0139

0.5816 £ 0.0336
0.7028 £ 0.0157
0.7329 £ 0.0079
0.7658 + 0.0168
0.7530 £+ 0.0160
0.2315 £ 0.0127

0.7753 £ 0.0351
0.9052 £ 0.0164
0.8869 £ 0.0037
0.8828 + 0.0103
0.8672 £ 0.0109
0.4928 + 0.0203

0.8206 + 0.0152

0.8377 £+ 0.0150

0.7781 £ 0.0196

0.9075 £ 0.0156

0.4875 £ 0.0224

0.5197 £ 0.0206

0.5048 £ 0.0265

0.5358 £ 0.0156

0.4668 £ 0.0188
0.4872 £ 0.0385
0.3865 £ 0.0275
0.4852 £ 0.0000
0.3692 =+ 0.0000
0.4341 £ 0.0257

0.4543 £ 0.0108
0.4153 £ 0.0577
0.3843 £ 0.0414
0.5010 £ 0.0000
0.3768 £ 0.0000
0.3976 £ 0.0330

0.3700 £ 0.0140
0.3137 £ 0.0713
0.3011 £ 0.0404
0.4294 £ 0.0000
0.3035 £ 0.0000
0.3213 £ 0.0467

0.5895 £ 0.0227
0.6296 + 0.0217
0.5347 £ 0.0471
0.6012 £ 0.0000
0.4970 £ 0.0000
0.5312 £ 0.0284

0.4552 £ 0.0488
0.5060 + 0.0374
0.4803 £ 0.0117
0.5014 £ 0.0070
0.4941 £ 0.0017
0.3740 £ 0.0264

0.4526 £ 0.0539
0.4479 £ 0.0464
0.3906 £ 0.0083
0.5327 + 0.0065
0.5259 £ 0.0016
0.4097 £ 0.0313

0.3722 £ 0.0617
0.3515 £ 0.0490
0.2859 £ 0.0067
0.5177 £ 0.0072
0.5105 £ 0.0012
0.3696 £ 0.0329

0.5846 £ 0.0518
0.6210 + 0.0316
0.6164 £ 0.0106
0.5486 £ 0.0060
0.5422 + 0.0021
0.4607 £ 0.0353

0.6340 £ 0.0198

0.5917 £ 0.0272

0.5004 £ 0.0395

0.7268 + 0.0187

0.5530 £ 0.0000

0.6161 £ 0.0000

0.6056 £ 0.0000

0.6269 £ 0.0000

0.5693 £ 0.0863
0.7301 £ 0.0157
0.6813 £ 0.0213
0.4560 £ 0.0471
0.3680 £ 0.0000
0.7158 £ 0.0214

0.6468 £ 0.0686
0.7680 £ 0.0135
0.7268 £ 0.0180
0.5663 £ 0.0401
0.6402 £ 0.0000
0.7556 £ 0.0184

0.6006 £ 0.0859
0.7584 £ 0.0135
0.7077 £ 0.0238
0.4379 £ 0.0426
0.5731 £ 0.0000
0.7471 £ 0.0182

0.7049 +£ 0.0500
0.7779 +£ 0.0137
0.7471 £ 0.0147
0.8049 + 0.0353
0.7251 £ 0.0000
0.7644 £ 0.0186

0.7103 £ 0.0750
0.7130 £ 0.0000
0.6857 £ 0.0069
0.7283 £ 0.0044
0.7691 £ 0.0173
0.2482 £ 0.0157

0.7583 £ 0.0488
0.7537 £ 0.0000
0.7681 £ 0.0055
0.7837 £ 0.0028
0.8016 + 0.0112
0.3820 £ 0.0170

0.7395 £ 0.0717
0.7368 £ 0.0000
0.7011 £ 0.0053
0.7147 £ 0.0043
0.7895 + 0.0142
0.3315 £ 0.0252

0.7803 +£ 0.0202
0.7714 £ 0.0000
0.8491 +£ 0.0056
0.8673 £ 0.0026
0.8141 +£ 0.0834
0.4595 £ 0.0617

0.8178 £ 0.0061

0.8433 £ 0.0052

0.8358 + 0.0049

0.8510 + 0.0056

0.4751 £ 0.0000

0.5770 £ 0.0000

0.6909 £ 0.0000

0.4953 +£ 0.0000

0.5481 £ 0.0201
0.4225 £ 0.0751
0.3594 £ 0.0047
0.2462 £ 0.1095
0.5447 £ 0.0000
0.2682 £ 0.0187

0.7464 £ 0.0193
0.6692 £ 0.0390
0.7502 £ 0.0024
0.5275 £ 0.0690
0.7198 £ 0.0000
0.5829 £ 0.0241

0.7579 £ 0.0164
0.5594 £ 0.0496
0.6356 £+ 0.0020
0.4157 £ 0.0721
0.6541 £ 0.0000
0.4994 £ 0.0544

0.7354 £ 0.0220
0.8400 +£ 0.0660
0.9152 + 0.0043
0.7403 £ 0.1127
0.8002 £ 0.0000
0.7147 £ 0.0751

NMI ACC
SPC [46] 0.9106 =+ 0.0075 0.8275 + 0.0211
LMSC [4] 0.9181 + 0.0111 0.8265 + 0.0173

MCLES [5] 0.9015 & 0.0154  0.8027 + 0.0287
LCRSR [6] 0.7755 =+ 0.0072 0.6065 =+ 0.0174
RMCLES [7] 0.8564 & 0.0091 0.7210 £ 0.0128
LRMVC [8] 0.7559 = 0.0000  0.6425 =+ 0.0000
ORL OMVCDR [10] 0.8374 4 0.0175 0.7180 =+ 0.0369
FSMSC [50] 0.8790 =+ 0.0149 0.7578 =+ 0.0302
MLRR [51] 0.9386 + 0.0043  0.8345 =+ 0.0103
UOMVSC [52] 0.9359 4 0.0015 0.8618 =+ 0.0024
SGF [53] 0.9368 =+ 0.0040  0.8725 & 0.0118
DGF [53] 0.9302 =+ 0.0045 0.8750 + 0.0123
TSSR [31] 0.6826 =+ 0.0147 0.4775 =+ 0.0186
OLR-MVC (ours)  0.9470 & 0.0050  0.8885 + 0.0104
SPC [46] 0.6895 & 0.0100  0.6733 + 0.0205
LMSC [4] 0.6774 + 0.011 0.6727 =+ 0.0081
MCLES [5] 0.7029 + 0.0232 0.6527 =+ 0.0398
LCRSR [6] 0.6146 & 0.0220  0.5473 + 0.0164
RMCLES [7] 0.7015 £ 0.0000  0.6848 =+ 0.0000
LRMVC [8] 0.5734 4 0.0000  0.5636 + 0.0000
OMVCDR [10] 0.6331 & 0.0200  0.6024 + 0.0157
Yale FSMSC [50] 0.6687 =+ 0.0391 0.6236 =+ 0.0430
MLRR [51] 0.6933 =+ 0.0256 0.6570 = 0.0354
UOMVSC [52] 0.6903 =+ 0.0080  0.6303 £ 0.0057
SGF [53] 0.6918 =+ 0.0050  0.6400 £ 0.0031
DGF [53] 0.6868 =+ 0.0018 0.6364 = 0.0000
TSSR [31] 0.6200 =+ 0.0237 0.6158 =+ 0.0286
OLR-MVC (ours)  0.7980 & 0.0118  0.7642 + 0.0226
SPC [46] 0.6489 & 0.0000  0.7000 =+ 0.0000
LMSC [4] 0.6589 =+ 0.0676 0.7571 = 0.0651
MCLES [5] 0.7803 =+ 0.0127 0.8729 =+ 0.0087
LCRSR [6] 0.7509 =+ 0.0117 0.8448 + 0.0154
RMCLES [7] 0.6786 =+ 0.0346 0.6562 + 0.0294
LRMVC [8] 0.6871 & 0.0000  0.7286 =+ 0.0000
OMVCDR [10] 0.7679 =+ 0.0197 0.8633 =+ 0.0121
MSRC-v1 FSMSC [50] 0.7783 + 0.0381 0.8490 + 0.0495
MLRR [51] 0.7685 £ 0.0000  0.8571 = 0.0000
UOMVSC [52] 0.7877 =+ 0.0061 0.8252 =+ 0.0032
SGF [53] 0.8172 =+ 0.0061 0.8333 = 0.0041
DGF [53] 0.8219 + 0.0094  0.8857 + 0.0106
TSSR [31] 0.3943 + 0.0177 0.5033 = 0.0160
OLR-MVC (ours)  0.8494 & 0.0056  0.9205 + 0.0032
SPC [46] 0.6286 & 0.0000  0.6391 =+ 0.0000
LMSC [4] 0.7044 =+ 0.0166 0.8077 =+ 0.0094
MCLES [5] 0.6105 = 0.0442 0.7172 + 0.0334
LCRSR [6] 0.6477 =+ 0.0042 0.7385 + 0.0025
RMCLES [7] 04663 & 0.0620  0.6201 + 0.0481
LRMVC [8] 0.6912 & 0.0000  0.7929 + 0.0000
OMVCDR [10] 0.4110 £ 0.0176 0.6231 & 0.0108
3sources FSMSC [50] 0.6724 =+ 0.0328 0.7538 =+ 0.0294
MLRR [51] 0.7859 + 0.0000  0.8698 =+ 0.0000
UOMVSC [52] 0.7433 =+ 0.0031 0.8172 =+ 0.0086
SGF [53] 0.6906 & 0.0000  0.6864 =+ 0.0000
DGF [53] 0.6860 =+ 0.0046 0.6911 =+ 0.0025
TSSR [31] 0.6405 =+ 0.0091 0.7615 =+ 0.0029

0.4449 £ 0.0686
0.7317 £+ 0.0000
0.5597 £ 0.0226
0.5481 £ 0.0000
0.5587 £ 0.0061
0.3956 £ 0.0043

0.7334 £ 0.0492
0.8641 + 0.0000
0.7748 £ 0.0059
0.6417 £ 0.0000
0.6470 £ 0.0049
0.7243 £ 0.0054

0.6826 £ 0.0574
0.8308 + 0.0000
0.7646 £ 0.0473
0.7201 £ 0.0000
0.7512 £ 0.0054
0.6877 £ 0.0039

0.7988 £ 0.0802
0.9003 £ 0.0000
0.7935 £ 0.0719
0.5787 £ 0.0000
0.5682 +£ 0.0046
0.7651 £ 0.0074

OLR-MVC (ours)

0.8054 £ 0.0000

0.8817 £ 0.0000

0.7658 £ 0.0000

0.8818 + 0.0000

0.8684 + 0.0000

0.8957 £ 0.0000

strong overall performance. However, in certain applica-
tions, false negatives have more severe consequences than
false positives, making high recall preferable. This is evi-
dent in tasks such as cancer prediction and scene graph gen-
eration [55]. To improve recall by reducing false negatives,
we can apply a smaller weight to the low-rank constrained
term to capture more potential relationships. Additionally,

post-processing techniques can be employed to prioritize
the recall score.

e The competitors, MLRR, SGF, and DGF, exhibit sub-
optimal performance on most smaller databases. This is
likely because these databases have relatively clear graph
structures, making the predefined similarity graphs useful
for uncovering underlying data relationships. Additionally,
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TABLE IV
AVERAGE CLUSTERING RESULTS AND THE CORRESPONDING STANDARD DEVIATIONS FOR COMPETING METHODS ON BBC4VIEWS, FLOWER17, SCENE1S5, AND
CALTECH101 DATABASES. (THE BEST RESULTS AND THE SECOND BEST RESULTS ARE MARKED IN BOLD AND ITALIC BOLD, RESPECTIVELY) MCLES
ENCOUNTERS PROBLEMS ON RELATIVELY LARGE DATABASES, I.E., FLOWER17, SCENE15, AND CALTECH101.

ARI

F-score

Precision

Recall

0.6854 + 0.0000

0.7627 £ 0.0000

0.7282 4 0.0000

0.8006 =+ 0.0000

0.7164 + 0.0122
0.5950 + 0.1830
0.4319 + 0.0008
0.3163 + 0.0545
0.4923 + 0.0000
0.2516 + 0.1411

0.7830 £ 0.0096
0.6961 £ 0.1323
0.6040 £ 0.0006
0.5356 £ 0.0391
0.7062 £ 0.0000
0.4818 £ 0.0790

0.7822 4 0.0081
0.6708 £ 0.1485
0.5618 4 0.0009
0.4001 =+ 0.0275
0.6766 £ 0.0000
0.3872 £ 0.0802

0.7838 + 0.0128
0.7255 4 0.1105
0.6529 =+ 0.0002
0.8123 4 0.0777
0.7385 £ 0.0000
0.6541 £+ 0.1214

0.6141 + 0.0954
0.7644 + 0.0030
0.7383 + 0.0043
0.7405 + 0.0014
0.7313 4 0.0011
0.4682 + 0.0023

0.7563 £ 0.0346
0.8217 + 0.0023
0.8037 £ 0.0031
0.8004 £ 0.0011
0.7937 £ 0.0008
0.7040 £ 0.0027

0.7505 4 0.0700
0.7926 4 0.0023
0.7540 £ 0.0040
0.8126 + 0.0010
0.8023 £ 0.0006
0.6747 £ 0.0024

0.7682 £ 0.0440
0.8529 + 0.0027
0.8605 + 0.0019
0.7886 £ 0.0011
0.7852 4 0.0010
0.7360 £ 0.0030

0.8089 + 0.0089

0.8543 + 0.0069

0.8561 + 0.0054

0.8525 4 0.0088

0.2265 + 0.0010

0.2734 £ 0.0011

0.2621 4 0.0014

0.2858 + 0.0025

0.2756 + 0.0143

0.2845 + 0.0108
0.1972 + 0.0166
0.1473 + 0.0000
0.2331 + 0.0122

0.3174 £ 0.0130

0.3297 £ 0.0093
0.2733 4 0.0133
0.2314 £ 0.0000
0.2878 £ 0.0104

0.2781 £ 0.0113

0.2937 4 0.0109
0.1783 4 0.0123
0.1385 4 0.0000
0.2453 4 0.0133

0.3701 =+ 0.0207

0.3765 + 0.0164
0.5892 + 0.0210
0.7018 + 0.0000
0.3492 + 0.0168

0.3616 + 0.0226
0.2950 + 0.0074
0.3191 + 0.0130
0.4091 + 0.0011
0.4233 + 0.0019
0.2073 £ 0.0089

0.3929 + 0.0229
0.3378 £ 0.0067
0.3680 4 0.0138
0.4441 £ 0.0010
0.4576 + 0.0018
0.2524 £ 0.0054

0.3606 + 0.0292
0.2989 4 0.0140
0.3118 4 0.0192
0.4362 £ 0.0021
0.4468 + 0.0018
0.2115 £ 0.0081

0.4326 + 0.0202
0.3894 4 0.0130
0.4506 4 0.0182
0.4522 4+ 0.0012
0.4690 + 0.0021
0.3141 £ 0.0179

0.4310 + 0.0116

0.4842 + 0.0141

0.4722 + 0.0181

0.4974 £ 0.0081

0.3927 + 0.0134

0.4366 £ 0.0112

0.4178 £ 0.0236

0.4581 £ 0.0036

0.3663 + 0.0129

0.3685 + 0.0150
0.3675 + 0.0079
0.3549 + 0.1076
0.1801 £ 0.0200

0.4414 £ 0.0093

0.4351 £ 0.0124
0.4360 £ 0.0114
0.4308 £ 0.2352
0.2714 £ 0.0131

0.3791 £ 0.0155

0.3852 4 0.0180
0.3851 4 0.0115
0.3218 4 0.1668
0.2156 + 0.0181

0.5281 =+ 0.0387

0.4998 =+ 0.0070
0.5024 =+ 0.0302
0.6516 + 0.4092
0.3730 4 0.0437

0.3732 + 0.0185
0.3990 + 0.0237
0.4275 + 0.0253
0.3930 + 0.0177
0.4080 + 0.0225
0.2166 + 0.0162

0.4353 £ 0.0171
0.4875 4 0.0193
0.5133 + 0.0197
0.4378 £ 0.0138
0.4535 £ 0.0165
0.3041 £ 0.0128

0.3933 £ 0.0214
0.4020 £ 0.0255
0.4218 + 0.0263
0.4138 4 0.0184
0.4082 £ 0.0242
0.2296 + 0.0163

0.4880 =+ 0.0190
0.6192 4 0.0059
0.6567 + 0.0068
0.4651 £ 0.0027
0.5106 % 0.0079
0.4504 £ 0.0491

0.4562 + 0.0253

0.5160 + 0.0197

0.4509 + 0.0263

0.6030 4 0.0068

0.1558 + 0.0139

0.1700 £ 0.0136

0.2861 4 0.0128

0.1209 £ 0.0148

0.2013 + 0.0213

0.1657 % 0.0076
0.1344 =+ 0.0081
0.1549 + 0.0280
0.1585 £ 0.0032

0.4573 £ 0.0188

0.4444 £ 0.0292
0.3507 4 0.0545
0.4308 £ 0.0157
0.4331 £ 0.0209

0.3418 £ 0.0202

0.3412 4 0.0232
0.2437 4 0.0443
0.3218 £ 0.0211
0.3354 £ 0.0257

0.6906 + 0.0127

0.6372 4 0.0100
0.6252 4 0.0350
0.6516 £ 0.0076
0.6131 4 0.0128

NMI ACC

SPC [46] 0.6414 + 0.0000  0.8511 % 0.0000
LMSC [4] 0.6729 £ 0.0124  0.8695 % 0.0076
MCLES [5] 0.6288 + 0.0889  0.7860 + 0.0836
LCRSR [6] 0.5690 + 0.0013  0.6964 + 0.0000
RMCLES [7] 04202 + 0.0387  0.5635 + 0.0235
LRMVC [8] 0.6181 = 0.0000  0.7635 = 0.0000
OMVCDR [10] 02996 + 0.1231 05507 + 0.0730
BBC4views FSMSC [50] 0.6745 + 0.0251 0.8067 + 0.0358
MLRR [51] 0.7471 = 0.0033  0.8933 + 0.0020
UOMVSC [52] 07015 + 0.0026  0.8810 % 0.0010
SGF [53] 07142 = 00011 0.8701 + 0.0006
DGF [53] 07126 £ 0.0020  0.8686 % 0.0006
TSSR [31] 0.5887 £ 0.0031  0.7524 + 0.0012
OLR-MVC (ours)  0.7614 + 0.0091  0.9143 =+ 0.0036
SPC [46] 04320 + 0.0033  0.4001 + 0.0020
LMSC [4] 04544 £ 00132 0.4695 + 0.0201

MCLES [5] - ;
LCRSR [6] 04599 + 0.0081  0.4790 = 0.0127
RMCLES [7] 05092 + 0.0111  0.4364 + 0.0237
LRMVC [8] 04162 = 0.0000  0.2632 = 0.0000
OMVCDR [10] 04279 4+ 0.0093 04103 + 0.0185

Flowerl

owerl? FSMSC [50] 0.5255 + 0.0184  0.5538 = 0.0275
MLRR [51] 04837 + 0.0062  0.4806 = 0.0095
UOMVSC [52] 0.5553 £ 00117  0.5732 % 0.0128
SGF [53] 0.5607 £ 0.0011  0.6004 % 0.0014
DGF [53] 0.5772 £ 0.0015  0.6057 + 0.0020
TSSR [31] 03510 £ 0.0086  0.3774 = 0.0108
OLR-MVC (ours)  0.5968 + 0.0063  0.6147 - 0.0092
SPC [46] 0.5494 + 0.0030  0.5436 + 0.0188
LMSC [4] 05397 £ 00131  0.5962 = 0.0147

MCLES [5] - -
LCRSR [6] 0.5389 =+ 0.0061  0.5846 + 0.0154
RMCLES [7] 05203 + 0.0151  0.5835 + 0.0144
LRMVC [8] 0.5954 + 03055  0.5405 + 0.2749
OMVCDR [10] 03707 + 0.0158 03423 + 0.0238
Scenel3 FSMSC [50] 05208 + 0.0122  0.5864 + 0.0207
MLRR [51] 0.5947 £ 00119 0.6149 + 0.0220
UOMVSC [52] 0.6467 + 0.0123  0.6435 + 0.0206
SGF [53] 0.5768 £ 0.0080  0.5487 % 0.0163
DGF [53] 0.5941 £ 0.0087  0.5371 = 0.0207
TSSR [31] 04310 £ 0.0174  0.3978 + 0.0156
OLR-MVC (ours)  0.6583 + 0.0123  0.6653 =+ 0.0206
SPC [46] 0.4857 & 0.0056  0.2266 + 0.0137
LMSC [4] 0.5048 £ 0.0043  0.4767 % 0.0051

MCLES [5] - ;
LCRSR [6] 04138 £ 0.0046  0.4012 = 0.0028
RMCLES [7] 03413 + 00146 0.3541 + 0.0077
LRMVC [8] 04542 £ 0.0054  0.4073 % 0.0065
OMVCDR [10]  0.3987 + 0.0054 03947 =+ 0.0043
Caltech101 FSMSC [50] 0.5246 + 0.0056 0.4975 £ 0.0074
MLRR [51] 04243 + 0.0004  0.4182 = 0.0063
UOMYSC [52] 04878 + 0.0082  0.4419 + 0.0046
SGF [53] 04684 £ 0.0097  0.2662 % 0.0079
DGF [53] 04740 £ 0.0062  0.2697 = 0.0028
TSSR [31] 04804 £ 0.0160  0.4593 = 0.0108

0.2176 + 0.0214
0.1717 % 0.0070
0.0545 + 0.0043
0.1828 + 0.0062
0.1842 + 0.0063
0.1904 + 0.0119

0.5676 + 0.0393
0.4401 =+ 0.0277
0.2228 £ 0.0356
0.2011 £ 0.0060
0.2033 £ 0.0415
0.4740 £ 0.0471

0.4731 + 0.0552
0.3361 4 0.0207
0.1332 £ 0.0266
0.2538 £ 0.0131
0.2451 £ 0.0324
0.3852 £ 0.0352

0.7154 + 0.0098
0.6373 4 0.0158
0.7038 + 0.0229
0.1667 £ 0.0039
0.1740 £ 0.0304
0.6159 £ 0.0269

OLR-MVC (ours)

0.5464 + 0.0030

0.5164 + 0.0047

0.1925 4 0.0251

0.5828 + 0.0196

0.4978 + 0.0242

0.7011 4 0.0098

MCLES encounters problems on relatively large databases, i.e., Flowerl7, Scenel5, and Caltech101.

these graph learning-based methods experience slight per-
formance declines when processing larger databases.

® The Scenel5 and Caltech101 databases have relatively
complex data structures. UOMvSC achieves the second-
best results on Scenel$5, likely benefiting from its inte-
grated use of graphs, embedding matrices, and a one-step
learning strategy without post-processing. FSMSC shows
the second-best results on Caltech101, accounting for noisy
views with unclear clustering structures and cross-view di-
versity.

These findings highlight the effectiveness and robustness of
OLR-MVC, outperforming or matching state-of-the-art peer al-
gorithms. More experiments one the statistical significance and
visualization results of the comparisons are provided in our sup-
plementary materials.

2) Runtime Comparison: We also examine the empirical ef-
ficiency of all latent representation-based methods, namely,
LMSC [4], MCLES [5], LCRSR [6], RMCLES [7], LRMVC 8],
OMVCDR [10], and the proposed OLR-MVC. The average run-
time of different algorithms is presented in Fig. 3. Generally
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TABLE V
ABLATION STUDY OF OLR-MVC

Eq. (26) Eq. (27) OLR-MVC
NMI ACC NMI __ ACC NMI _ ACC

ORL 09482  0.8825 | 0.0464 0.8800 | 0.0470  0.8885
Yale 07755 07515 | 0.8050  0.7758 | 0.7980  0.7642
MSRC-vl | 0.8068 08905 | 0.7497  0.8381 | 0.8494  0.8817
3sources | 0.6964 07929 | 0.6217 07633 | 0.8054  0.8817
BBC4views | 0.7004  0.8540 | 0.7702 09182 | 0.7614 09143
Flower7 05092 05081 | 0.5617 05588 | 0.5968  0.6147
Scenel5 05889  0.6076 | 0.6044  0.6482 | 0.6583  0.6653
Caltech101 | 04397 04309 | 0.5233 04987 | 0.5464  0.5164

speaking, (1) the proposed OLR-MVC method incurs a mod-
erate runtime cost compared to other competing methods. (2)
Existing latent representation-based methods do not scale well
to large datasets, as the average runtime increases exponentially
with dataset size. To improve the computation efficiency, we can
apply dimension reduction methods to the multi-view data, as
detailed in our supplementary materials.

C. Model Discussion

1) Ablation Study: Multi-view learning is inherently an ill-
posed problem, and additional assumptions are necessary to
distinguish between dependent and independent information in
noisy data. In this work, we assume that the observed data can be
divided into three components: the shared representation, which
captures the dependent information; the private representations,
which encode the independent information; and noise, which is
eliminated through sparsity constraints. We introduce orthogo-
nality constraints to eliminate the coupling between dependent
and independent information, which is a simple yet efficient ap-
proach. For comparison, if we allow only shared information
across views, our OLR-MVC model degenerates to:

min " €21 + | Zs||

£,Z,Hs (P}
st. € ={EW, ..., EV) B}, {PW' PO =1}V
{X(i) - ps(i)HS + BNV

2 Yie1, He=HgxZs+ E;.  (26)

Conversely, if we only allow private information between the
views, the model degenerates to:

min &2+l 2],
&2 (P y {H}

st. € ={BW,.. BV B, BV,
2={zM,...,z"}, {P{V P =1},

XO=POHO+ED YV, {HO =HDZO +EMY .
(27)

Visualization of the learned latent representations via t-SNE.

We compare the clustering performance of these two strate-
gies with that of OLR-MVC in Table V. Experiments show that
OLR-MVC achieves either much better or slightly worse perfor-
mance than models that admit only shared or private informa-
tion, thereby validating the effectiveness of our joint modeling
strategy.

2) Visualization of the Learned Latent Representations: To
better demonstrate the effectiveness of jointly modeling depen-
dence and independence, we apply the t-distributed Stochas-
tic Neighbor Embedding (t-SNE) method [56] for visualiza-
tion. The t-SNE method uses the Kullback-Leibler divergence
to measure the difference between the similarity distributions
in the observed data and the learned representations. These
low-dimensional representations are then visualized to reveal
the clustering structure. We use BBC4views as a representative
example and plot the t-SNE results for the shared latent repre-
sentation, private latent representations, and their combinations
in Fig. 4. It is evident that the clustering structures of differ-
ent components vary significantly based on feature quality. The
combined representations exhibit a better clustering structure,
with the clustering boundaries being much clearer, validating the
effectiveness of our OLR-MVC model. In addition, we visualize
the t-SNE results on Scene15 in our supplementary materials for
further comparison.

3) Block-Diagonal Structure of the Self-Expressive Ma-
trices: In data clustering, a block-diagonal structure of the
self-expressive matrix is highly desirable, as it indicates
dense connections within each cluster and sparse connections
between different clusters [57]. We provide visual results
of self-expressive matrices learned by OLR-MVC on ORL,
using the first five classes to enhance visibility. As shown in
Fig. 5, the block-diagonal structures of self-expressive matrices
learned from either shared or private latent representations are
suboptimal. Specifically, in the first four columns of Fig. 5, it is
evident that many within-cluster samples are poorly connected,
and between-cluster samples are misconnected. However, by
jointly exploring both shared and private latent representations,
a clear block-diagonal structure emerges in the last column of
Fig. 5, demonstrating the effectiveness of OLR-MVC. We also
visualize the block-diagonal structure of the self-expressive
matrices learned on Yale in our supplementary materials for
further comparison.

4) Empirical Convergence Analysis: Ensuring the theoret-
ical convergence of the ADMM method is generally infeasi-
ble when the number of optimization blocks exceeds two [58].
Instead, we demonstrate the empirical convergence of our op-
timization algorithm by plotting the convergence curves on
real-world databases. As observed in Fig. 6, the four residuals
(defined in (24)) approach relatively small values within dozens
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Fig. 6. Residuals of Algorithm 1 on representative databases.
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Fig. 7. NMI scores across different combinations of parameters « and 3 on
representative databases.
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Fig. 8. NMI scores over different settings of the latent dimension hAdim on
representative databases.

of iterations, highlighting the excellent empirical convergence
of our optimization algorithm.

5) Parameter Sensitivity Analysis: Our OLR-MVC model
includes three hyper-parameters: «, 3, and hdim. « controls
the weight of the low-rank term for learning the self-expressive
coefficient matrices, J balances the importance of the orthog-
onal latent representation learning module, and hdim deter-
mines the latent dimensions. We tune the parameters using
grid search and present parameter sensitivity analysis on rep-
resentative databases. The NMI scores obtained by OLR-MVC
for different combinations of « and [ are shown in Fig. 7.
The relatively smooth NMI surfaces indicate that OLR-MVC
achieves robust performance on these datasets. The NMI scores
of OLR-MVC across different setting of hdim are also provided

Private coefficients in view 2
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Private coefficients in view 3

Final affinity

Visualizations of the self-expressive matrices learned from the shared and private latent representations, as well as the final affinity matrix.

in Fig. 8. OLR-MVC obtains consistently stable performance
across large numerical intervals, demonstrating the robustness
of our model. Additionally, we provide the parameter sensi-
tivity analysis on all the other databases in our supplementary
materials.

V. CONCLUSION

Latent representation learning is a powerful approach for
multi-view clustering, but its performance is often limited by
the rigid assumption that multiple views share only dependent
information. To address this limitation, we propose to factorize
the latent representations into shared and private components,
and accordingly, introduce the Orthogonal Latent Representa-
tions for Multi-View Clustering (OLR-MVC). In contrast to tra-
ditional latent representation learning methods, our approach
offers a more flexible and comprehensive framework for mod-
eling complex relationships between different views, providing
new insights into the design of advanced latent representation
learning methods.

While OLR-MVC has shown promising results, its complex-
ity is cubic with respect to the number of samples, which limits
its performance when applied to large-scale or online databases.
Inspired by the novel work in [59], our future work will incor-
porate prototype learning to efficiently handle large-scale and
online databases.
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