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Abstract
In this paper, we study one challenging issue in multi-view data clustering. To be
specific, for two data matrices X(1) and X(2) corresponding to two views, we do
not assume that X(1) and X(2) are fully aligned in row-wise. Instead, we assume
that only a small portion of the matrices has established the correspondence in
advance. Such a partially view-aligned problem (PVP) could lead to the intensive
labor of capturing or establishing the aligned multi-view data, which has less
been touched so far to the best of our knowledge. To solve this practical and
challenging problem, we propose a novel multi-view clustering method termed
partially view-aligned clustering (PVC). To be specific, PVC proposes to use a
differentiable surrogate of the non-differentiable Hungarian algorithm and recasts
it as a pluggable module. As a result, the category-level correspondence of the
unaligned data could be established in a latent space learned by a neural network,
while learning a common space across different views using the “aligned” data.
Extensive experimental results show promising results of our method in clustering
partially view-aligned data.

1

Introduction

As one of the most important unsupervised technologies, data clustering has attracted much attention
in recent years [22, 16, 6, 34]. Since most of the real-world data are presented in multiple views or
modals, it is highly expected to explore and exploit the correlation and invariance across different
views for data analysis [33, 30, 14, 27, 41].
In general, most existing multi-view clustering (MVC) approaches jointly learn a common representation to bridge the gap among different views and then achieve clustering using the common
representation. The success of such a learning paradigm highly relies on a “well-established” dataset
which has to satisfy two assumptions: 1) completeness of data: It requires that all examples appear
in all views. Taking two view matrices V(1) and V(2) as a showcase, it assumes that V(1) and
V(2) are with the same number of rows, where each row denotes a data point; 2) correspondence of
views: It requires that V(1) and V(2) have the corrected correspondence in row-wise. In other words,
V(1) and V(2) are fully aligned in advance. With the above two assumptions, the correlation and
correspondence of multi-view data are available, thus making learning the common representation
and clustering possible.
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Based on the above two assumptions, a variety of MVC methods [30, 14, 19, 23, 39, 37, 25] have
achieved promising performance. In practice, however, it is a daunting task to collect the complete
and fully-aligned multi-view data due to the complexity and discordancy in time and space. In other
words, these existing works probably fail whether the data is with partially data-missing problem
(PDP) or partially view-aligned problem (PVP). More specifically, PDP assumes that all views would
miss some data and therefore results in many partial examples, i.e., examples with some views
missing. Recently, some works have attempted to solve this challenging problem [9, 31, 28].
In this paper, we focus on the solution of PVP rather than PDP. To the best of our knowledge, there
are few efforts towards solving PVP in MVC so far. In PVP, only a portion of data is aligned across
(v)
(v) m
different views. Formally, for a given dataset {X(v) }m
, U(v) }m
}v=1 are
v=1 = {A
v=1 , only {A
(v) m
aligned with correct correspondence while the correspondence of {U }v=1 is unknown. Here,
v denotes which view and m denotes the total view number. A typical example of PVP is street
surveillance as shown in Fig. 1. In the example, several cameras correspond to multiple views. Due
to the inconsistency and complexity in time and space, an interest of object may appear in another
monitor at different time t1 with different position p1 , thus leading to the partially-aligned multi-view
data. It should be pointed out that it is a daunting task to solve this problem due to the following
three reasons. First, it is impossible to utilize the label to perform view alignment in the unsupervised
setting such as clustering. Second, although the vanilla graph match methods such as Hungarian
algorithm [10] could be used to seek the correspondence of views. However, it is impossible to plug
it into a neural network due to the non-differentiable property of the Hungarian algorithm. Third, it is
expected to jointly learn common representation and perform alignment into a unified framework
so that the partially aligned information could be utilized to facilitate the multi-view clustering
performance.
To this end, we propose possibly the first study on partially view-aligned clustering (PVC). To
be exact, PVC establishes the correspondence of unaligned data with the help of the ground-truth
aligned data, while learning a common representation by preserving the view-specific structure and
cross-view consistency. The contributions of this work could be summarized as follows:
• We propose a new paradigm for multi-view clustering, termed partially view-aligned problem. The PVP is pervasive but ignored in a variety of real-world applications and our solution
to this problem could alleviate even avoid the daunting assumption of correspondence of
views in data collection.
• To tackle the partially view-aligned problem in MVC, we propose a novel neural network
which simultaneously aligns a given partially aligned dataset in a latent space and learns the
common representation across different views. The alignment module is a differentiable
surrogate of the Hungarian algorithm, which could be plugged into any neural network to
embrace the joint optimization with back-propagation. To the best of our knowledge, this
could be the first effective deep solution which makes clustering partially view-aligned data
possible.

2

Related work

Multi-view clustering methods aim to exploit the diverse and complementary information contained
in different views [32], which could be roughly classified into three categories based on different
formulations of view-specific similarity and cross-view consistency. Namely, multi-view canonical
correlation clustering which utilizes the correlation among different views [29, 1, 30]; multi-view
matrix decomposition clustering which exploits the mutual information based on the matrix factorization technology and then perform the clustering on the learned matrix with low-rank constraint [40];
and multi-view subspace clustering which jointly perform the subspace learning with view-specific
similarity and learn the common space with cross-modal consistency[23, 36, 15]. Although the
above approaches have achieved promising results in multi-view clustering, they highly rely on the
aforementioned two assumptions, i.e., “completeness of data” and “correspondence of views”. Thus
they are limited to handling the partially data-missing problem (PDP) and partially view-aligned
problem (PVP) well.
Recently, there are some deep methods have been proposed to solve PDP [13, 28, 4, 9, 18, 17]. The
basic idea of these works is to utilize the remained information in the available views to predict the
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Figure 1: An illustrative example of the partially view-aligned problem. In the example, four
individuals (clusters) walk through an underground passageway which is monitored by three cameras
corresponding to three views. Clearly, it is a daunting task to collect the fully-aligned data based
on either of the time and space positions. The blue-colored frames are a showcase of the “ideal”
aligned data despite the space difference. On the right panel, we give a more direct illustration of the
difference between the partially view-aligned data and well-established data. Different colors indicate
different objects. In the example, only the first two rows are with the corrected correspondence.
missing samples. For example, [28] proposes using the paired views to train the networks so that the
missing views are completed.
Compared to the PDP, PVP is more challenging and only a few works have tried to alleviate the
effect caused by this problem. For example, [11] performs maximum covariance analysis (MCA) on
the aligned data then progressively obtain the correspondence on the optimal cost matrix by using
the existing Hungarian algorithm. [38] performs clustering for each view based on NMF and then
utilizes the clustering result and the partially aligned information to establishes the correspondence of
unaligned data. The major limitation of these methods is given below. On one hand, the methods are
shallow models, and there is no efforts have been devoted to developing effective deep solution so far
as we knew. On the other hand, these works establish the correspondence of views in a separate step.
To utilize the representative capacity of the neural network, it is highly expected to jointly perform
view alignment and the downstream task. As the view alignment is an NP-hard graph matching
problem in essence, it is difficult to seek such a solution.

3

Partially View-aligned Clustering for Multi-view Data

In this section, we propose a deep multi-view clustering method, termed partially view-aligned
clustering (PVC) which could solve the partially view-aligned problem as mentioned above. We first
formally introduce the formulation of the partially view-aligned problem. Then we present how to
tackle this problem with a detailed description of our proposed method based on a differentiable view
alignment algorithm.
3.1

Problem Formulation

Given a dataset {X(v) }m
v=1 , MVC aims to separate all data points into one of c clusters, where
(v)
(v)
(v)
(v)
X = {x1 , x2 , · · · , xn }> . Furthermore, in our partially view-aligned setting, there only a part
(v)
of {X(v) }m
= {A(v) , U(v) }, where
v=1 is with the correspondence in advance. To be specific, X
(v)
(v)
A and U denote the aligned data and unaligned data in row-wise for the v-th view.
To achieve clustering on the partially view-aligned data, one feasible way is to first establish the
correspondence of the pair of views using the graph matching methods such as the Hungarian
algorithm. After that, one performs multi-view clustering on the aligned data like the conventional
pipeline. Although such a two-step paradigm is easy to follow, it has suffered from the following
limitations. First, the vanilla Hungarian algorithm directly seeks the maximum-weight matchings in
bipartite graphs, which cannot utilize the partially-aligned data. It is reasonable to believe that the
performance would be facilitated if the partially-aligned data are exploited during alignment. Second,
the Hungarian algorithm is non-differentiable, which cannot be plugged into a neural network. As a
variety of studies [30, 40, 37] have shown the effectiveness of neural networks in MVC, it is highly
expected to develop a differentiable alignment algorithm so that the common representation learning
3
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Figure 2: Overview of the proposed method which consists of two modules, the representation
learning module and the differentiable alignment module. The arrows show how we train the
network with the aligned data A(1) and shuffled Â(2) . We first obtain the latent representations
Z(1) = f (1) (A(2) ) and Z(2) = f (2) (Â(2) ), then compute the distance matrix D on the hidden
representations. Then, the permutation matrix P is computed by progressively feeding D into the
alignment module. After that, we compute the loss to optimize the network.
and data alignment could be jointly optimized. The reasonability of such a joint learning paradigm
relies on the following observations/assumptions. To be specific, the clustering performance will be
improved by considering the correspondence/correlation at the set (i.e., cluster) level during learning
common representation. However, most of MVC methods only utilize the correspondence at the
point level. Clearly, a pluggable alignment algorithm will alleviate such an issue and lead to a more
desirable result.
Based on the above discussions, we aim to develop a neural network that could establish the
correspondence of a given dataset using a differentiable surrogate of the Hungarian algorithm and
simultaneously learn the common representation for different views by implicitly using the alignment
information. Formally, one key step of our model is to seek the correspondence or so-called
permutation matrix P ∈ Rn×n so that:
X(1) ∼ PX(2) ,
(1)

(1)
(2)

where ∼ is a relational operator, which denotes that X and X are aligned with correct correspondence via P. P is a square binary matrix that has exactly one entry of 1 in each row and column,
and 0 elsewhere. In words, P will reorder the rows or columns while remaining the value of X(2)
unchanged.
As shown in Fig. 2, our PVC model consists of two modules, i.e., one is to learn the cross-view
representation by utilizing the predicted correspondence, and the other is to perform data alignment
in the latent space learned by the neural network.
3.2

Cross-view Representation Learning Module

To tackle the partially view-aligned problem in MVC, we propose using the aligned data {A(v) }m
v=1
to train a neural network which is with the following objective function:
X (uv)
L = L1 + λ
L2 ,
(2)
v6=u

where L1 is the loss for learning common representation across views, L2 is the loss between the
model prediction and ground-truth correspondence. To be exact,
L1 =

m
X

kA(v) − g (v) (f (v) (A(v) ))k22 +
|
{z
}
v=1
within-view reconstruction

4

X
v6=u

kf (v) (A(v) ) − Puv f (u) (Â(u) )k22 ,
|
{z
}
cross-view consistency

(3)

Algorithm 1 Optimization of P
Input: D, P0 , σ, {τi }2i=1
Initialize: P = P0
for i < τ1 do
P = P − σD, T0 = P, d1 = d2 = d3 = 0
for j < τ2 do
T1 = Ψ1 (T0 + d1 ), d1 = T0 + d1 − T1
T2 = Ψ2 (T1 + d2 ), d2 = T1 + d2 − T2
T3 = Ψ3 (T2 + d3 ), d3 = T2 + d3 − T3
end for
P = T3
end for
Output: P

where the v-th autoencoder {f (v) , g (v) } aims to learn a view-specific latent space for the v-th view by
minimizing the reconstruction error. Â(u) denotes the shuffled aligned data from A(u) which is used
to simulate the unaligned data. In brief, L1 consists of within-view reconstruction and cross-view
consistency term which aims to learn the common representation by preserving the view-specific
structure and cross-view consistency.
(uv)

To exploit the alignment information in A(v) to facilitate MVC, L2 is defined to minimize the loss
between the predicted and ground-truth alignment on the simulated unaligned data Â(u) via
(uv)

L2

(uv)

= kP(uv) − Pgt k22 ,

(4)

(uv)

where Pgt is the permutation ground truth from A(u) w.r.t. A(v) . P(uv) is the learned permutation
matrix which establishes the correspondence between A(v) and Â(u) . We experimentally adopt the
`2 -norm loss term here, but other metrics such as Hamming distance could also be used. For ease of
presentation, we take the binary-view data as a showcase by letting m = 2 without loss of generality.
Note that, our model could easily extend to multiple views by selecting one view as the anchor, and
align the other views to establish the correspondence with the corresponding permutation matrix.
It should be pointed out that directly learning P through minimizing L will face two problems. On
one hand, the properties (e.g., binary value) of P are hard to guarantee. On the other hand, our main
goal is not to obtain P on the aligned data A. Instead, it is highly expected to have a parametric
model to handle the unaligned data U. In the next part, we will elaborate on the optimization of P in
the neural network.
3.3

Differentiable Alignment Module

To achieve data alignment, the optimization of P could be defined as an integer linear programming
(ILP) problem which aims at achieving the best matching of bi-graph. Formally,
arg min T r(DP> )
P

s.t.

Pij ∈ {0, 1}, ∀(i, j)
P1 = 1

(5)

P> 1 = 1,
where T r() denotes the matrix trace and D ∈ Rn×n is the distance matrix in which Dij denotes the
(1)
distance of assigning i to j. In the paper, we define D as the pairwise distance between Ai and
(2)
Âj in the latent space, i.e.,
(1)

(2)

Dij = kf (1) (Ai ) − f (2) (Âj )k22 .

(6)

As Eq.(5) is NP-complete [12] and non-differentiable, it is impossible to plug it into a neural network
as expected. Therefore, we relax the constraint of the binary matrix into real-valued permutation
5

matrix and Eq.(5) could be rewritten as:
arg min T r(DP> )
s.t. Pij ≥ 0, ∀(i, j)
P1 = 1

(7)

P> 1 = 1,
where the relaxation is also consistent with the goal of MVC, i.e., the exact point level alignment
in multi-view data is unnecessary to the clustering task. Instead, the set level alignment is more
desirable.
As the above loss could be solved by a differentiable gradient descent algorithm through updating the
permutation matrix P with the negative gradients. The remained challenge is how to keep the above
three constraints when updating the permutation matrix. One could observe that the optimized set is
the intersection of the three closed convex sets from the constraints above.
To obtain the optimized permutation matrix, we adopt the Dykstra’s projection algorithm [3] that
computes the intersection of convex sets by iteratively projecting the updated permutation matrix
P onto each of the convex sets, which has been proved effective in many applications [24, 20, 35].
Similar to [35] which adopts Dykstra’s projection algorithm to solve the ILP problem, we project the
permutation matrix into three constraint sets individually as follows:
Ψ1 (P) = ReLU(P).
1
Ψ2 (P) = P − (P1 − 1)1> .
n
1
Ψ3 (P) = P − 1(1> P − 1> ).
n

(8)
(9)
(10)

Obviously, Ψ1 , Ψ2 , and Ψ3 project the permutation matrix P into the three constraint sets, respectively.
It should be pointed out that the Dykstra’s projection algorithm is not the unique solution. Other
algorithms such as Sinkhorn normalization [26] could be alternative as long as P satisfies the
aforementioned constraints. The optimization process is summarized in Algorithm 1.
It is attractive that the alignment operation is fully differentiable and only involves matrix multiplication and addition/division. Therefore, we further recast Algorithm 1 as a differentiable alignment
module which is pluggable to the neural network as shown in Fig. 2. Note that, the module does not
involve the parameter optimization, and the computation of P will be very fast. It aligns the data with
the computation complexity O(τ1 τ2 n2 ) (n is the batch size for training), and allows the network to
utilize the available correspondence information from partially aligned data in an end-to-end manner,
as shown in Eq.4. In general, the alignment module is pluggable for any neural network such as
DCCA/DCCAE by computing the pairwise distance on the learned representations and achieving the
alignment by the differentiable alignment module. In addition, the structure and output of the module
enjoy interpretability derived from the ILP problem and the Dykstra’s optimization.
3.4

Implementation Details

As shown in Fig. 2, the proposed PVC method consists of two modules, i.e., representation learning
module and alignment module. For the representation learning, we adopt two standard autoencoders
for two views and have presented the details of the network structure and implementation in the
supplementary materials.
We perform the representation learning and aligning in a cyclic order as below:
• Step 1 (Representation learning): Pass “unaligned” data through the network, i.e.,
{f (1) , f (2) , g (1) , g (2) }, yielding the hidden representations Z(1) = f (1) (A(1) ) and Z(2) =
f (2) (Â(2) ). Then we calculate the distance matrix D in the latent space via Eq. 6.
• Step 2 (View Aligning): Perform alignment by feeding D to obtain the permutation matrix
P. Moreover, we experimentally set τ1 = 30 and τ2 = 10 to speed up the computation.
• Step 3: Compute the loss as defined in Eq. 2 and then update the network parameters and
weights via back-propagation.
6

• Step 4: Repeat Steps 1–3 until convergence.
Once the network converged, we feed the whole dataset into the network which will perform alignment
and infer the corresponding latent representations with the aligned data. After that, the view-specific
representations are simply concatenated as the common representation which is further used for
clustering by k-means like the traditional fashion [30, 25, 37].

4

Experiments

In this section, we evaluate the proposed PVC method on four widely-used multi-view datasets with
the comparisons of nine multi-view clustering approaches. We implement PVC in PyTorch and carry
all evaluations on a standard Ubuntu-18.04 OS with an NVIDIA 2080Ti GPU. Due to the space
limitation, some analysis experiments and the technical details about our method and experiments are
presented in the supplementary materials.
4.1

Experiment Setting

We carry our experiments on four popular multi-view datasets including: Caltech101-20 [15, 25]
which consists of 2,386 images of 20 subjects with two handcrafted features as two views. Reuters [8]
which is a subset of the Reuters database. It consists of 3,000 samples from 6 classes, using German
and Spanish as two views. Scene-15[5] which consists of 4,485 images distributed over 15 scene
categories with two views. Pascal Sentences [7] which is selected from 2008 PASCAL development
kit. It contains 1,000 images of 20 classes with corresponding text descriptions. More details could
refer to the supplementary material.
Table 1: Clustering performance comparison on four challenging datasets.

Aligned

Methods

ACC

Reuters
F-mea

NMI

Caltech101-20
ACC F-mea NMI

ACC

Scene-15
F-mea NMI

ACC

Pascal
F-mea

Partially

CCA
KCCA
DCCA
DCCAE
LMSC
MvC-DMF
SwMC
BMVC
AE2 -Nets

39.70
40.67
40.40
36.77
37.43
34.63
32.93
34.90
37.67

30.90
33.18
33.72
29.65
32.72
23.56
19.15
24.01
30.73

14.25
16.79
15.47
14.07
12.31
11.21
15.30
9.24
13.03

42.20
26.61
23.60
31.68
26.03
19.74
38.94
31.73
29.97

36.15
23.82
21.44
26.22
20.27
17.43
21.09
23.74
26.16

60.84
31.56
30.64
38.61
35.65
21.58
30.14
50.78
47.64

32.46
30.86
33.24
30.28
22.16
21.54
18.73
36.74
29.52

26.00
26.72
28.94
27.11
20.00
19.78
15.85
32.91
26.45

NMI

35.81
31.12
34.27
33.31
16.46
19.31
21.30
37.47
28.43

62.56
38.78
42.33
43.89
50.89
30.00
49.00
50.89
66.56

60.24
36.57
39.88
41.87
48.78
28.81
46.38
49.21
66.02

65.19
41.79
47.67
50.76
53.70
32.33
54.65
52.71
64.89

Fully

CCA
KCCA
DCCA
DCCAE
LMSC
MvC-DMF
SwMC
BMVC
AE2 -Nets

39.37
47.07
47.10
48.10
48.40
38.80
33.33
40.87
40.67

29.84
42.15
41.93
42.33
45.03
28.55
22.21
37.31
33.06

13.98
23.32
23.53
24.57
27.47
17.81
24.01
17.28
15.50

39.52
42.20
41.95
44.17
31.56
59.72
52.68
39.65
30.09

33.90
37.95
35.89
42.11
22.18
38.16
34.96
30.79
19.11

57.53
56.4
60.72
60.83
32.17
62.76
56.87
63.24
32.31

34.38
37.24
35.88
36.68
33.60
29.70
27.47
40.16
36.16

29.07
30.86
30.08
30.11
31.09
26.45
24.55
35.69
34.14

37.37
36.85
39.90
40.56
32.98
29.72
35.71
40.30
39.98

38.89
44.33
63.44
64.89
60.44
56.33
65.44
64.89
69.67

36.32
41.45
59.94
62.27
56.99
53.17
62.28
60.01
69.53

44.85
49.66
68.08
67.89
64.50
61.18
72.48
71.54
70.08

Partially

PVC

50.67

48.44

27.99

48.07

55.03

65.39

37.32

33.05

39.33

62.67

62.84

72.33

We compare our PVC with nine multi-view clustering approaches including: canonically correlated
analysis (CCA)[29], kernel canonically correlated analysis (KCCA)[2], deep canonically correlated analysis (DCCA) [1], deep canonically correlated autoencoders (DCCAE) [30], Multi-View
Clustering via Deep Matrix Factorization(MvC-DMF) [40], latent multi-view subspace clustering (LMSC) [36], self-weighted multi-view clustering (SwMC) [23], binary multi-view clustering
(BMVC) [39], and Autoencoder in Autoencoder Networks (AE2 -Nets) [37]. For all methods, we
adopt the recommended network structure and parameters. In brief, for the CCA-based methods, we
fix the hidden representation dimension to 10. For BMVC, we fix the length of binary code to 128.
For LMSC, we fix the latent representation dimension to 100 and seek the optimal λ from (0.01, 0.1,
1, 10). For MvC-DMF, we seek the optimal β and γ from (0.1, 1, 10, 100) as suggested.
For a comprehensive analysis, we adopt accuracy (ACC), normalized mutual information (NMI), and
F-measure (F-mea) to evaluate all the tested methods. A higher value of these metrics indicates a
better performance.
7

4.2

Comparison with State of The Arts

To evaluate the effectiveness of PVC on the partially view-aligned data, we first construct the partially
view-aligned data from the above four datasets. For Caltech101-20, Reuters and Scene-15, we
(v)
randomly split them into two partitions ({A(v) , U(v) }m
}v
v=1 ) with the equal size. The partition {A
remains the known correspondence and the partition {U(v) }v are randomly permuted. For the Pascal,
we directly use the training set as {A(v) }v and shuffle the testing set as {U(v) }v .
As the almost all existing MVC methods including the above baselines cannot handle with the
partially view-aligned data, we adopt two alternative solutions for comparisons: 1) We adopt PCA to
project the raw data into a latent space so that the Hungarian algorithm could be applied to establish
the correspondence of {U(v) }v . After that, we carry out these baselines on the aligned data to achieve
clustering. This evaluation could demonstrate the effectiveness of our whole model. 2) We run these
baselines on the original data which are with the ground-truth correspondence. In other words, these
baselines directly handle the fully-aligned data without any preprocessing. This evaluation could
verify our claim that set-level alignment could favor clustering performance.
Table 1 shows the quantitative comparison results, from which one could observe that: 1) In the
first evaluation, our PVC remarkably outperforms the other methods by a considerable margin.
Specifically, in terms of NMI, PVC achieves about 11.2% (Reuters), 4.55% (Caltech101-20), 1.86%
(Scene-15) and 7.14% (Pascal) progress compared to the best baseline. 2) In the second evaluation,
our method PVC still achieves competitive results even though the baselines are with ground-truth
alignment whereas our method does not. It is surprising that PVC could be better than all baselines
in this test on Reuters. The possible reason is two-fold. First, Reuters is a document database
that consists of English documents and its machine-translated versions. Thus there may be some
noise/incorrect pairs in the fully-aligned dataset which could be addressed by our alignment module.
Second, the re-aligned multi-view data may improve data consistency and meet the intrinsic data
distribution, thus boosting the clustering performance.
4.3

Ablation Studies and Parameter Analysis
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Figure 3: (a) Clustering performance of PVC with varying λ on Reuters. (b) Clustering performance
of PVC on the Reuters dataset with varying alignment ratio. (c) Clustering Performance of PVC
with increasing epoch on the Reuters. The x-axis denotes the training epoch, the left and right y-axis
denote the loss value and the corresponding clustering performance respectively.
To further investigate the influence of the parameter λ of our method, we conduct the experiment on
the Reuters dataset by reporting the ACC and NMI score with varying lambda values. Note that, the
alignment module is ablated from our method when λ = 0. Fig. 3(a) demonstrates that ACC and
NMI keep increasing until λ = 100 and then decline with increasing value.
Moreover, to investigate the performance of the proposed model on the partially aligned data with
different unaligned proportions, we conduct experiments on the Reuters dataset. From Fig. 3(b),
one could observe that the clustering performance generally increases with the alignment ratio.
Note that, PVC achieves the best result when 80% rather than 100% of data are with ground-truth
correspondence. The reason may come from our alignment module. Specifically, in the testing stage,
all data will be realigned and thus lead to an inferior result.
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4.4

Convergence Analysis

In this section, we investigate the convergence of our PVC by reporting the loss value and the
corresponding clustering performance with increasing epoch. As shown in Fig. 3(c), one could observe
that the loss decreases a lot in the first 600 epoch, then continuously decrease until convergence. As
for the clustering performance, both the ACC and NMI continuously increases in the first 600 epoch
and then only keep fluctuation in a narrow range.

5

Conclusion

In this paper, a challenging problem in multi-view clustering, namely the partially view-aligned
problem, is studied for the first time. The solution to this problem could alleviate intensive labor
for fully-aligned data collection. To solve this challenging problem, we propose a novel multi-view
clustering method termed as partially view-aligned clustering consists of a differentiable alignment
module and a representation learning module. The alignment module is a differentiable surrogate
of the non-differentiable Hungarian algorithm, which could establish the correspondence of two
views. Besides, the module could enjoy the high interpretability in neural structure and outputs as it
is derived from the Dysktra’s projection algorithm. Extensive experiments verify the effectiveness of
our learning paradigm. In the future, we plan to explore the potential of our method to handle other
multi-view analysis tasks. Moreover, it is still unknown how to handle fully unaligned data and the
data which simultaneously encounters the missing views and unaligned data problems.

Broader Impact Statement
Multi-view clustering is a common topic in multi-view learning which could be applied to a wide range
of applications including computer vision, recommender systems, data retrieval, natural language
processing. Our work could address the partially view-aligned problem faced by many real-world
applications and perform multi-view clustering.
While there will be important impacts resulting from the use of PVC in general (depend on various
multi-view applications), here we focus on the impact of using our method to address the partially
view-aligned problem which is widely faced by the real-world applications. There are many benefits
to solving this problem, such as reducing the costs of manually aligning multi-view data, increasing
the robustness for downstream tasks by handling PVP. Besides the benefits we should also care about
the potential negative impacts including 1) The risk of automation bias [21] for decision making,
especially in aviation, health care, and autonomous vehicles. 2) The job loss caused by the PVC
since it can automatically establish the correspondence on the unaligned data. Usually, this requires
domain experts to manually align them.
We would encourage further work to understand and mitigate the above biases and risks. Concerning
the risk of automation bias, we encourage research to understand the final decision with domain
expertise.

Acknowledgements
This work was supported in part by the National Key R&D Program of China under Grant
2020YFB1406702; in part by NFSC under Grant U19A2081, 61625204, and 61836006; in part by
the Fundamental Research Funds for the Central Universities under Grant YJ201949; and in part by
A*STAR AME Programmatic under Grant A18A1b0045.

References
[1] Galen Andrew, Raman Arora, Jeff Bilmes, and Karen Livescu. Deep canonical correlation
analysis. In Proc. Int. Conf. Mach. Learn., pages 1247–1255, 2013.
[2] Francis R Bach and Michael I Jordan. Kernel independent component analysis. J. Mach. Learn.
Res., 3(Jul):1–48, 2002.
9

[3] James P Boyle and Richard L Dykstra. A method for finding projections onto the intersection of
convex sets in hilbert spaces. In Advances in order restricted statistical inference, pages 28–47.
Springer, 1986.
[4] Lei Cai, Zhengyang Wang, Hongyang Gao, Dinggang Shen, and Shuiwang Ji. Deep adversarial
learning for multi-modality missing data completion. In Proc. ACM SIGKDD Int. Conf. Knowl.
Discov. & Data Min., pages 1158–1166, 2018.
[5] Li Fei-Fei and Pietro Perona. A bayesian hierarchical model for learning natural scene categories.
In Proc. IEEE Conf. Comput. Vis. Pattern Recognit., volume 2, pages 524–531. IEEE, 2005.
[6] Chenping Hou, Feiping Nie, Dongyun Yi, and Dacheng Tao. Discriminative embedded clustering: A framework for grouping high-dimensional data. IEEE Trans. Neural Netw. Learn. Syst.,
26(6):1287–1299, 2014.
[7] Xin Huang, Yuxin Peng, and Mingkuan Yuan. Mhtn: Modal-adversarial hybrid transfer network
for cross-modal retrieval. IEEE Trans. Cybern., 2018.
[8] Zhenyu Huang, Joey Tianyi Zhou, Xi Peng, Changqing Zhang, Hongyuan Zhu, and Jiancheng
Lv. Multi-view spectral clustering network. In Proc. Int. Joint Conf. Artifi. Intell., pages
2563–2569, 10–16 Aug 2019.
[9] Yangbangyan Jiang, Qianqian Xu, Zhiyong Yang, Xiaochun Cao, and Qingming Huang. Dm2c:
Deep mixed-modal clustering. In Proc. Adv. Neural Inf. Process. Syst., pages 5880–5890, 2019.
[10] Harold W Kuhn. The hungarian method for the assignment problem. Naval research logistics
quarterly, 2(1-2):83–97, 1955.
[11] Christoph H Lampert and Oliver Krömer. Weakly-paired maximum covariance analysis for
multimodal dimensionality reduction and transfer learning. In Proc. Eur. Conf. Comput. Vis.,
pages 566–579. Springer, 2010.
[12] Hendrik W Lenstra Jr. Integer programming with a fixed number of variables. Mathematics of
operations research, 8(4):538–548, 1983.
[13] Shao-Yuan Li, Yuan Jiang, and Zhi-Hua Zhou. Partial multi-view clustering. In Proc. AAAI
Conf. Artif. Intell., 2014.
[14] Sheng Li, Ming Shao, and Yun Fu. Cross-view projective dictionary learning for person
re-identification. In Proc. Int. Joint Conf. Artifi. Intell., 2015.
[15] Yeqing Li, Feiping Nie, Heng Huang, and Junzhou Huang. Large-scale multi-view spectral
clustering via bipartite graph. In Proc. Conf. AAAI Artif. Intell., pages 2750–2756, 2015.
[16] Guangcan Liu, Zhouchen Lin, Shuicheng Yan, Ju Sun, Yong Yu, and Yi Ma. Robust recovery
of subspace structures by low-rank representation. IEEE Trans. Pattern Anal. Mach. Intell.,
35(1):171–184, 2012.
[17] Xinwang Liu, Lei Wang, Xinzhong Zhu, Miaomiao Li, En Zhu, Tongliang Liu, Li Liu, Yong
Dou, and Jianping Yin. Absent multiple kernel learning algorithms. IEEE Trans. Pattern Anal.
Mach. Intell., 42(6):1303–1316, 2019.
[18] Xinwang Liu, Xinzhong Zhu, Miaomiao Li, Lei Wang, Chang Tang, Jianping Yin, Dinggang
Shen, Huaimin Wang, and Wen Gao. Late fusion incomplete multi-view clustering. IEEE Trans.
Pattern Anal. Mach. Intell., 41(10):2410–2423, 2018.
[19] Canyi Lu, Shuicheng Yan, and Zhouchen Lin. Convex sparse spectral clustering: Single-view
to multi-view. IEEE Trans. Image Process., 25(6):2833–2843, 2016.
[20] Sobhan Miryoosefi, Kianté Brantley, Hal Daume III, Miro Dudik, and Robert E Schapire.
Reinforcement learning with convex constraints. In Adv. Neural Inf. Process. Syst., pages
14093–14102, 2019.
[21] Kathleen L Mosier, Linda J Skitka, Susan Heers, and Mark Burdick. Automation bias: Decision
making and performance in high-tech cockpits. The International journal of aviation psychology,
8(1):47–63, 1998.
[22] Andrew Y Ng, Michael I Jordan, and Yair Weiss. On spectral clustering: Analysis and an
algorithm. In Proc. Adv. Neural Inf. Process. Syst., pages 849–856, 2002.
[23] Feiping Nie, Jing Li, and Xuelong Li. Self-weighted multiview clustering with multiple graphs.
In Proc. Int. Joint Conf. Artifi. Intell., pages 2564–2570, 2017.
10

[24] François-Pierre Paty and Marco Cuturi. Subspace robust wasserstein distances. arXiv preprint
arXiv:1901.08949, 2019.
[25] Xi Peng, Zhenyu Huang, Jiancheng Lv, Hongyuan Zhu, and Joey Tianyi Zhou. Comic: Multiview clustering without parameter selection. In Proc. Int. Conf. Mach. Learn., pages 5092–5101,
2019.
[26] Richard Sinkhorn. A relationship between arbitrary positive matrices and doubly stochastic
matrices. The annals of mathematical statistics, 35(2):876–879, 1964.
[27] Zhiqiang Tao, Hongfu Liu, Sheng Li, Zhengming Ding, and Yun Fu. From ensemble clustering
to multi-view clustering. In Proc. Int. Joint Conf. Artifi. Intell., 2017.
[28] Luan Tran, Xiaoming Liu, Jiayu Zhou, and Rong Jin. Missing modalities imputation via
cascaded residual autoencoder. In Proc. IEEE Conf. Comput. Vis. Pattern Recognit., pages
1405–1414, 2017.
[29] Alexei Vinokourov, Nello Cristianini, and John Shawe-Taylor. Inferring a semantic representation of text via cross-language correlation analysis. In Proc. Adv. Neural Inf. Process. Syst.,
pages 1497–1504, 2003.
[30] Weiran Wang, Raman Arora, Karen Livescu, and Jeff Bilmes. On deep multi-view representation
learning. In Proc. Int. Conf. Mach. Learn., pages 1083–1092, 2015.
[31] Cai Xu, Ziyu Guan, Wei Zhao, Hongchang Wu, Yunfei Niu, and Beilei Ling. Adversarial
incomplete multi-view clustering. In Proc. Int. Joint Conf. Artifi. Intell., pages 3933–3939,
2019.
[32] Chang Xu, Dacheng Tao, and Chao Xu. A survey on multi-view learning. arXiv preprint
arXiv:1304.5634, 2013.
[33] Chang Xu, Dacheng Tao, and Chao Xu. Multi-view intact space learning. IEEE Trans. Pattern
Anal. Mach. Intell., 37(12):2531–2544, 2015.
[34] Yingzhen Yang, Jiashi Feng, Nebojsa Jojic, Jianchao Yang, and Thomas S Huang. Subspace
learning by `0 -induced sparsity. Int. J. Comput. Vis., 126(10):1138–1156, 2018.
[35] Xiaohui Zeng, Renjie Liao, Li Gu, Yuwen Xiong, Sanja Fidler, and Raquel Urtasun. Dmm-net:
Differentiable mask-matching network for video object segmentation. In Proc. IEEE Int. Conf.
Comput. Vis., October 2019.
[36] Changqing Zhang, Qinghua Hu, Huazhu Fu, Pengfei Zhu, and Xiaochun Cao. Latent multi-view
subspace clustering. In Proc. IEEE Conf. Comput. Vis. Pattern Recognit., pages 4279–4287,
2017.
[37] Changqing Zhang, Yeqing Liu, and Huazhu Fu. Ae2-nets: Autoencoder in autoencoder networks.
In Proc. IEEE Conf. Comput. Vis. Pattern Recognit., pages 2577–2585, 2019.
[38] Xianchao Zhang, Linlin Zong, Xinyue Liu, and Hong Yu. Constrained nmf-based multi-view
clustering on unmapped data. In Proc. AAAI Conf. Artif. Intell., 2015.
[39] Zheng Zhang, Li Liu, Fumin Shen, Heng Tao Shen, and Ling Shao. Binary multi-view clustering.
IEEE Trans. Pattern Anal. Mach. Intell., 2018.
[40] Handong Zhao, Zhengming Ding, and Yun Fu. Multi-view clustering via deep matrix factorization. In Proc. AAAI Conf. Artif. Intell., pages 2921–2927, 2017.
[41] Wei Zhao, Cai Xu, Ziyu Guan, and Ying Liu. Multiview concept learning via deep matrix
factorization. IEEE Trans. Neural Netw. Learn. Syst., 2020.

11

