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ABSTRACT Extreme Learning Machine (ELM) has shown fast learning speed and good generalization
property in single-domain problems, such as classification and regression. However, the assumption that
the training and testing data are subject to identical distribution often leads to significant performance
degradation of ELM in cross-domain problems. To cope with unsupervised domain adaptation problems by
ELM, we propose a novel method called Extreme Learning Machine based on Maximum Weighted Mean
Discrepancy (ELM-MWMD) in this paper, which learns an adaptive ELM classifier with both labeled source
data and unlabeled target data. Firstly, the cross-domain weight coefficients are specifically designed and
assigned for each sample in source and target domains, fully considering the effects of individual information.
Then the source classifier is adapted to the target domain by minimizing the distribution discrepancy between
the two domains, both the marginal distribution and conditional distribution are simultaneously reduced to
obtain a more accurate target classifier. Moreover, the predicted results for target data are utilized as pseudo
labels to further improve the classification accuracy in multiple iterations. Extensive experiments on public
image datasets demonstrate that ELM-MWMD performs better than several existing state-of-the-art domain
adaptation methods by computation efficiency and classification accuracy.

INDEX TERMS Extreme learning machine, domain adaptation, cross-domain weight, maximum mean

discrepancy, joint distribution adaptation.

I. INTRODUCTION

In the current era of big data, a huge number of image, text,
audio and video data can be obtained from different fields.
However, only a small fraction of them that are annotated can
play a part, while most original data is discarded for lack of
accurate label information. Annotating data with high quality
is laborious and expensive, which has not been completely
solved yet. On the other hand, it is usual in most of the
machine learning tasks to assume that the training and testing
data follow identical distribution, which is often violated in
practical applications. Transfer learning has provided a good
solution to these problems and achieved fruitful results, such
as in computer vision [1]-[3], medical image analysis [4], [5]
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and natural language processing [6], [7], etc. Domain adap-
tation is a representative method in transfer learning, which
can leverage the labeled source data to develop a model for
the different but related target domain, in the case that the
target domain has little or even no labels.

Neural networks have been widely used in main
adaptation research for the superior performance [8]—
[10]. As a special single layer feedforward neural net-
work (SLFN) proposed by Huang et al. [11], Extreme Learn-
ing Machine (ELM) has faster learning speed and better
generalization than Support Vector Machine (SVM) and
back propagation (BP) neural network for the regression
and classification tasks [12]. In some practical applications,
e.g., face recognition [13], [14], ELM also shows excellent
performance and efficiency. Although classical ELM handles
machine learning tasks well in single domain, it cannot
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directly deal with the cross-domain problems, where the
training and testing data are from different distributions.

In order to take full advantage of ELM, some modi-
fied methods have been incorporated into domain adaptation
research over the years. Zhang and Zhang [15] are the first
to study the application of ELM in domain adaptation prob-
lems. They have put forward the domain adaptation extreme
learning machine (DAELM) framework, and on this basis,
two different methods have been proposed to learn a robust
classifier for gas identification and drift compensation of
e-nose system. Subsequently, the work in [16] has combined
the theory of online sequential extreme learning machine with
DAELM to establish the online drift compensation model,
so that the recognition models could adapt to the changes of
sensor responses in a time-efficient manner without losing the
high accuracy. Besides, a parameter transfer-based domain
adaption ELM has been developed in [17], which projected
the target parameters to the source and made the parameters
maximally aligned, thus the parameters of the classifier and
the transformation matrix could be calculated simultaneously.

However, the above mentioned methods require some
labeled data in the target domain, which is consistent with the
restriction of semi-supervised learning. To deal with the cases
where there is no labeled data in target domain, Liu et al. [18]
have proposed a unified subspace transfer framework called
cross-domain extreme learning machine (CdAELM), in which
the ELM was well-exploited to learn a shared subspace
across domains. Furthermore, Chen et al. [19] have devel-
oped another ELM-based space learning algorithm, domain
space transfer ELM (DST-ELM), both source and target
data were reconstructed in a domain invariant space, and
the distribution distance of the two domains was also mini-
mized here. Instead of learning a shared subspace by ELM,
Zhang et al. [20] have integrated the scalable factor into
discriminative ELM (DELM) to strengthen the discriminative
capacity of the ELM classifier, and proposed a joint unsuper-
vised cross-domain model via scalable discriminative ELM
(JUC-SDELM). In addition, Li er al. [21] have proposed
a cross-domain ELM framework for unsupervised domain
adaptation, in which the source classifier was adapted to tar-
get domain by matching the projected means of both domains,
and the structural property of the target domain was explored
by manifold regularization to make the final classifier more
adaptable.

In the mentioned feature-based domain adaptation meth-
ods, a nonparametric estimate criterion of distance, Maxi-
mum Mean Discrepancy (MMD) has been frequently used to
reduce the distribution difference between domains. It mea-
sures the probability distribution distance by the maximum
mean function rather than solving an intermediate density
estimation procedure, which is simpler and more applicable
for domain adaptation problems [22], [23]. Nevertheless,
the existing MMD-based domain adaptation methods just
show the whole distribution information and global structural
information of the data space, the sample individual informa-
tion is neglected.
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Motivated by the sample weight mechanism presented
in [24], [25], we put forward a novel method, ELM-MWMD,
to deal with the unsupervised domain adaptation problems.
In our method, the individual difference of samples is fully
considered and utilized to learn a more adaptive target clas-
sifier. The basic idea of ELM-MWMD is illustrated in Fig
1. Firstly, we assign the cross-domain weight to each sample
in both domains, which can effectively reflect the contribu-
tion difference of samples. Then the MWMD is utilized to
estimate and minimize the distribution discrepancy between
the source and target domains, thus the source classifier
learned with the labeled data can adapt to target domain
well. In MWMD, the marginal distribution and conditional
distribution differences between domains are simultaneously
considered, and the predicted results are iteratively applied
to the ELM classifier to further improve the classification
accuracy.

The contributions of this paper are summarized as follows:

(1) The different effects of individual sample are explic-
itly considered and we design special cross-domain weights
for each sample, which is beneficial in reducing calculation
burden.

(2) Combining the cross-domain weights with MMD,
the MWMD is proposed to measure and minimize the dis-
tribution difference of source and target domain.

(3) We incorporate ELM into the MWMD, and propose an
ELM-MWMD to learn a cross-domain classifier with labeled
source data and unlabeled target data in unsupervised domain
adaptation problems.

(4) Comprehensive experiments are conducted on
real-world image datasets, including Office, Caltech-256,
MNIST, USPS and COIL20 to verify the efficiency of the
proposed ELM-MWMD.

The remainder of the paper is organized as follows.
In section 2, we briefly reviewed the basics of ELM and DA.
Then the ELM-MWMD with a detailed model and optimiza-
tion algorithm is presented in Section 3. Section 4 describes
the contrast experiments and the results analysis. The conclu-
sions are finally made in section 5.

Il. PRELIMINARIES

In this section, the basic knowledge of the Extreme Learning
Machine (ELM) and Domain Adaptation (DA) is briefly
introduced.

A. EXTREME LEARNING MACHINE (ELM)
Different from the conventional feedforward neural networks,
ELM is a special single-hidden layer feedforward neural
network (SLFN), which randomly initializes the input weight
and bias of hidden nodes without tuning. The output weights
of ELM can be analytically solved in a simple way rather than
computing the gradient iteratively.

Given a training set {x;, y,-};vzl, where  x; =
[xi, X2, -+, Xin]" € R"and y; = [yi1, yi. -+ » yim]’ € R™.
The output of the standard SLFNs with L hidden nodes and
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FIGURE 1. Illustration of the ELM-MWMD method. X is the mean point of samples and X(©) is the mean point of samples belong to class in source or

target domain.

activation function /% (x) is defined as:
L
0j=Y Bh(wi-xj+b). j=12- N (1)
i=1

where w; = [wi1, wia, - -+ , win] is the input weight vector,
Bi = [Bi1, Bia, -+ ﬂim]T is the output weight vector and b;
is the bias term of the ith hidden node.

In a supervised learning problem, the SLFNs can approxi-
mate the samples with zero error, namely the output is equal
to the expected value,

L
yi=0j=Y_ Bih(wi x;+b) )
i=1

For the sake of simplicity, there is a concise matrix format
of the network outputs:

HB =Y 3)

where H . is the output matrix of the hidden layer, B; .,
is the output weight matrix of the network, and
h(wi - x1 + by) h(wg -x1 +br)
H = s - : ,
h(wi - xy + b1) h(wr - xy +br)

L L SR R I R )

Generally, § can be solved by minimizing the sum of
squared losses of prediction errors. In ELM algorithm, it is
expressed as the following regularized least square optimiza-
tion problem:

1 C N
. 2 § : 2
min — B + J— .

st.hoyB =yl —&l, i=12,-- N (5
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where C is a relevant penalty factor, & € R™ is the prediction
error vector of the ith sample.

Further, the problem (5) can be converted into an uncon-
strained optimization problem as

1
rlf}Sir1§||13I|2+§I|Y—Hﬁll2 (6)

This problem can be determined analytically by the
Moore-Penrose generalized inverse and has a closed form
solution as follows:

T r In B
H HH + F Y, N <L
B = “ @)

T I T
H' H + ol H'Y, N=>L

where Iy and I}, represent the identity matrix of the corre-
sponding dimensions.

It can be seen that the parameters of hidden layer in ELM
are not updated iteratively, and as a result of (7), the output
weight can be easily solved without complicated back prop-
agation, which makes the ELM perform more efficient than
other BP networks.

B. DOMAIN ADAPTATION
Domain adaptation is developed to deal with the scenarios
that the training data and testing data come from different
domains. According to the different types of target and source
domain, there are four different types of domain adaptation
problems: unsupervised, supervised, heterogeneous distribu-
tion and multiple source domains [26].

In this paper, we aim at addressing the unsupervised
domain adaptation problems, in which the training data
is sampled from the source domain with accurate label
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TABLE 1. Notations in domain adaptation problems.

Terminology Source Target
Domain Ds ={Xs, P (Xs)} Dr ={Xr, P(Xr)}
Data X5 ={(®si,v:1)};2, Xr= {(mT7)}7£1
Feature space Xs € Rrs*d Xr € RrTXd
Label space Vg € Rnsxm Yr € RrTXm
Marginal distribution P (Xg) P(XrT)
Conditional distribution P(Ys|Xs) P(Yr|Xr)

information and the testing data sampled from the target
domain is fully unlabeled.

We define the source domain data X5 = {(xs;, ;) },nil and
the target domain data X7 = {(xrj)}j";, where ng and nr
are the sample numbers, respectively. The source data and
the target data belong to the same feature space X's = A1
and label space Vs = JYr, the marginal distribution and
conditional distribution are different. Table 1 is a list of some
primary notations in domain adaptation problems.

Maximum Mean Discrepancy (MMD) is a nonparametric
estimate criterion of distance. Compared with the Bregman
divergence [27] and the Kullback-Leibler (K-L) diver-
gence [28], it measures the difference between two probabil-
ity distributions via the maximum mean function rather than
solving an intermediate density estimation procedure [23].
So it is more simple and applicable for minimizing the dis-
tribution distance between the source and target domains.
Generally, the empirical estimate of MMD in a Reproducing
Kernel Hilbert Space (RKHS) is utilized for DA problems.

1 & 1 & ’
MMD? (X5, Xr] = | —3 ¢ (xs) = — > ()
S im T o ”
)]
where ¢ () is the mapping kernel function, || - || is the

RKHS norm.

. ELM-MWMD

In this section, the proposed ELM-MWMD method is
described in details. It is developed to deal with the unsu-
pervised domain adaptation problems, where the distribution
of source data and target data are related and they share
the same category information. Specially, the cross-domain
weight strategy is introduced to reflect the effects of indi-
vidual sample in causing the distribution differences and the
discrepancy of the marginal and conditional distributions are
simultaneously minimized to obtain a more adaptable target
classifier.

A. ELM SOURCE CLASSIFIER

In domain adaptation problems, there are accurate labels only
in source domain, where the classifier can be easily learned
by supervised learning. So we firstly adopt ELM to learn the
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source classifier, due to its better learning efficiency and gen-
eralization performance than other ordinary algorithms. The
regularized formulation of ELM is expressed as following:

1 C el
. 2 2
min — ﬂ + — es;
8 2“ ” ) ?1 ” St”

st h(xs) B =yg; — e ©

By substituting the constraints into the objective function,
an equivalent unconstrained optimization problem can be
obtained as:

1 C&
mﬁinzllﬁller 3 E IYs — HgBII* (10
i=1

where Hs = [h(xs)ih(xs2): - i h(xses)] €
R™*L is the hidden layer output matrix and Yg =
T

[ygl,ygg, e 7)’§ns] € R™>™ is the label matrix.
We rewrite it in an equivalent form

1 c
min Z1B1° + S 7r (5B ~Y5)" (HsB~Ys)) (A1)

where Tr ( - ) is the trace of a matrix.

We hope that the classifier could work with high-efficiency
not only in source domain, but also in target domain. How-
ever, it cannot be applied directly to the target domain,
because of the distribution difference between domains.
Reducing the discrepancy of the two domains is a feasible
approach to generalize the source classifier to the target data
[29], which has been widely applied in domain adaptation
research.

B. DISTRIBUTION ADAPTATION
MMD is a nonparametric metric, which has been frequently
used in domain adaptation problems. There, the projected
MMD is employed to measure and decrease the distribution
distance. In addition, the marginal distribution and condi-
tional distribution are simultaneously considered according
to the Joint Distribution Adaptation (JDA) strategy presented
in [30].

Firstly, we compute the distance between the marginal
distributions:

2
ns 1 nr
D*[Xs,X7] = |— Zh (xi) B — E Zh (xj) B
i=1 J=1 H
— T (ﬂTHTMOHﬂ> (12)

where H = [H , H ;]T € Rs*m1)xL ig the nonlinear map-
ping matrix for all the source and target samples, M is the
MMD matrix which can be computed by

1

., x,x;€Dg
nsng
1
Mo);; = — x;,xj € Dr (13)
1 .
,  otherwise
nsnr
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Then the modified MMD is used to measure the distance
between the class-conditional distributions:

D*[Xs, X7].
2
-3 | T 6 T ali)s
s xeDY) T €D
H
C
= Tr (ﬂTHT (ZML) Hﬂ) (14)
c=1

where D( ) ={x;:x; € Ds N Y (x;) = c} is the set of source
examples in class ¢ and ) (x;) is the true label of x;;
correspondingly,D(;) = {xj ix;eDrnNYy (xj) = c} is the
predicted label of x;.

And the MMD matrix within classes can be computed by

1 £© <c> ©
o.@ i % €Ds
ng ng
1 £© (c) e DO
(© (o)’ Yio X
Me);=1"r"r (15)

- (C) D(C)andx(c) D;g’)
ngc) n(TCV ](-C) € Dgc)andxgc) € D;f )

0, otherwise

Based on the above analysis, we incorporate (12) and (14)
to get the joint distribution adaptation optimization function:

C
min 77 ((BTHTMOHﬂ) n (ﬁTHT <§MC) Hﬂ))
C
= mﬁin Tr <ﬂTHT (Mo + §M> Hﬁ) (16)

Minimizing the distance between the marginal distribu-
tions may ignore the class information across domains, so we
have also considered the conditional distribution difference.
It can transfer the well-labeled source class knowledge to the
target domain, then improve the final target classification.

C. CROSS-DOMAIN WEIGHTS

Based on the above analysis, MMD reveals the distribution
difference by solving the mean error of the two datasets,
only considering the whole data distribution and ignoring the
individual sample information. For the purpose of reflect-
ing the effects of individual sample in causing distribution
differences, we introduce a cross-domain weight for each
sample. Combining the cross-domain weights with MMD,
the MWMD is proposed to further measure and minimize the
distribution difference between domains.
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For the marginal distribution, the optimized objective func-
tion can be expressed as

2
—Z(h(x)+wzh(x>>ﬁ
Ji(B) =min| =
B
__Z x] + wih (xj)),B
H
= minr (ﬁTHT Mo+ WO)H/s) (17)
where the weight matrices Wy is defined as follows:
M, X, Xj € 'DS
nsngs
Wiw; o D
(Wo);j = P— X, xj € Dr (18)
—WiWj .
. otherwise
nsnr
ns+nr _\2
wherew; = | > (x;i — X)" is the weight coefficient of ith

i=1
S Xr,x; €D
sampleand X = { /"7 S
Xs,x; € Dp
in source or target domain.
For the conditional distribution, the optimized objective

function can be expressed as

J2 (B)

is the mean point of samples

BT b))

. ¢ S x;eD©
TTELES b))

T x.iED(TC) H

c
= H}Sin Tr (ﬂTHT (; M.+ Wc)) Hﬂ) 19)

where the class weight matrix W is defined as follows:

(0), ()
Wi Wi ¥, x (c) e D

(C) (C) ’

(C) (C)
(©) _(c) (c)

Woy={ e *% €D 20)
W(C)W](C) xgc) c Dgc) and xj(f) c Dgf)
n(S‘)n(TC) ’ x;c) € Dgc)andxgc) € D(TC)

0, otherwise
© ns+nr .
where w;” = Z (xc (C)) is the cross-domain

weight coefficient of lth sample belongs to class ¢ and X(©) =
X9, x¢ e DO
X S(C), x{ € D(Tc )
class c in source or target domain.

is the mean point of samples belong to
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By incorporating (17) and (19), the joint MWMD opti-
mization problem can be presented as follows:

JB) =11 (B)+12(B)
C
= mﬁin Tr(ﬂTHT ((Mo-l—Wo)-l—Z (Mc—i-Wc))Hﬂ)

c=1

21

D. OPTIMIZATION FUNCTION

We incorporate ELM into the MWMD to obtain the final
ELM-MWMD optimization function, which can be rewritten
as a general form:

1, C .
min S1BI° + 57 ((HB —¥)" HB~Y))

) C
+5Tr (ﬂTHT ((Mo + Wo) + Z M. + Wc)> Hﬂ)

c=1

(22)

By setting the gradient with respect to 8 as zero, we can get
the closed solution similar to the classical ELM algorithm.
When (ng + ny) < L, itis

* T T (ZCWO o r  IN T
B*=HT [HHT + S M+ W HH'+2 | Y5
- (23)
When (ng 4+ nr) > L, itis
) Mo+ Wt L -
B*=|H"H+\H i . wo | BT C HTY]
c=1 (24)

According to the above analysis, the ELM-MWMD
method can be summarized in Algorithm 1. It is worth noting
that multiple iterations are used to eliminate the occasional
negative effects and further improve the classification accu-
racy. Simultaneously, the predicted results are taken as the
pseudo labels of target data, which can iteratively become
more accurate until it converges.

IV. EXPERIMENTS

In this section, we have implemented a series of experi-
ments on public image datasets to evaluate the proposed
ELM-MWMD method. A brief description of the datasets is
reported in Table 3 and some image samples are displayed
in Fig 2.

A. DATASETS DESCRIPTION

Office+Caltech-256 are widely used visual benchmark
datasets in domain adaptation. Office [31] dataset consists
of 4652 images belonging to 31 object classes. These images
are collected from three different domains: Amazon (images
downloaded from online chants www.amazon.com); DSLR

2288

TABLE 2. The procedure of ELM-MWMD method.

Algorithm 1 ELM-MWMD

Input: Source samples ng , Source labels Vg ; Target
samples X .7 .

1.Set the parameters L, C', A and the iteration number 7;

2.Construct the MMD matrix M and the weight matrix Wy ,
set the conditional matrixes M. = 0 and W, = 0;

3fort=1:Tdo

4.Initialize the ELM network, calculate the matrix H by (4),
and compute the output weight 3 by (7);

5.Train a classifier F' and predict the unlabeled target data to
obtain their pseudo labels V7 ;

6.Update the M by (15) and W, by (19);
7.Compute the optimal weights 3* by (23) and (24);
8.end for

Output: The predicted output Vr.

TABLE 3. Description of the datasets.

Datasets Types Samples Classes Features
Amazon(A) object 958 10 800
Caltech(C) object 1123 10 800
DSLR(D) object 157 10 800
Webcam(W)  object 295 10 800
MNIST digit 2000 10 256
USPS(C) digit 1800 10 256
COIL1 object 720 20 1024
COIL2 object 720 20 1024

(high-resolution images by a digital SLR camera in realistic
environments); and Webcam (low-resolutions images by a
simple webcam). Caltech-256 [32] is also a standard object
recognition dataset that contains 30607 images of 256 classes.

As shown in Table 3, we use a reduced version of Office
and Caltech datasets preprocessed in Geodesic Flow Kernel
(GFK) [33]. For convenience, the four domains Amazon,
Caltech, DSLR and Webcam can be replaced with letters A,
C, D and W, respectively. Then, we construct 12 cross-domain
tasks for evaluation, e.g., A—> C, A—»D ... W—C, and
W—D.

MNIST+USPS are classical hand-written digit datasets
and both include ten same classes. MNIST contains
60000 training images and 10000 testing images of size
28 x 28, and USPS has a training set of 7291 images and
2007 testing images.

In the experiments, we randomly choose 1800 images from
USPS and 2000 images from MNIST and all the images
are resized to 16 x 16 like in [33]. We also construct two
cross-domain tasks as USPS— MNIST and MNIST— USPS.

COIL20 is another visual recognition database that con-
sists of 20 objects. The images are taken from different angles
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FIGURE 2. Image samples from the different datasets.

for every object. In the experiments, we utilize the demo
derived from [30], in which the whole dataset is separated
into two subsets COIL1 and COIL?2 to build the cross-domain
tasks. Both the subsets contain 720 pictures of size 32 x 32
with 20 classes. Similarly, we construct two cross-domain
tasks COIL1—COIL2, COIL2— COILI1.

B. EXPERIMENTAL SETTINGS

To validate the efficiency of the proposed ELM-MWMD
method, we have tested it on 16 cross-domain tasks.
The results are compared with several state-of-the-art
related methods, including supervised classification meth-
ods, semi-supervised and unsupervised domain adaptation
methods. For Office datasets and hand-written digit datasets,
two traditional classification algorithms and 5 domain adap-
tation approaches were compared, including SVM [34],
ELM [12], TCA [35], JDA [30], DAELM (DAELM-S and
DAELM-T) [15], CDELM-M [21] and DST-ELM [19]. For
COIL20 dataset, we chose some other DA algorithms, such as
PCA, GFK [33], SA [36] and JUC-SDELM [20]. For fairness,
the experiments in every cross-domain task have been run
20 times and recorded the average value.

It should be noted that there are no labels in target domain,
the parameters cannot be tuned by cross validation. So we
empirically search in parameter space to get the respective
optimal parameters of all methods. For classical algorithms
as SVM, ELM, PCA, TCA, SA and GFK, we follow the con-
ventional settings. For DAELM, the number of labeled target
sample is set to 10. In ELM-MWMD, there are three tunable
parameters: L, C and A. The detailed parameter effects will
be discussed later.

C. RESULTS AND ANALYSIS
First, we test the ELM-MWMD on Office+Caltech-
256 datasets and MNIST+USPS datasets, the comparison

VOLUME 9, 2021
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results are displayed in Table 4, where the best results
of each task are in bold. It can be seen that the average
classification accuracy of ELM-MWMD is 52.80%, which
is the highest in comparison to other methods. It has an
improvement of 3.65% against the best baseline CDELM-M.
Specifically, the ELM-MWMD performs particularly well in
task MNIST— USPS and task USPS— MNIST, the average
accuracy increases by 16.87% and 11.29% than the relative
best baseline, respectively.

Second, we test the ELM-MWMD on COIL20 dataset
with some other baselines that are different from Office
dataset. Table 5 summarizes the accuracy of all the meth-
ods and the best results are still in bold. It is obvious that
the ELM-MWMD outperforms the other baselines in both
cross-domain tasks. The average accuracy is 2.08% higher
than the best baseline, JUC-SDELM. Though the superiority
is not great, it still verifies that the ELM-MWMD can achieve
domain adaptation well.

For better interpretation, Fig 3 gives the classification accu-
racy results of all cross-domain tasks on three datasets, and it
can be seen that: 1) The two supervised learning algorithms,
SVM and ELM, fail to achieve satisfactory performance,
because the assumption that the training and testing data
are identically distributed is violated in cross-domain tasks.
2) The semi-supervised method DAELMs (both DAELM-S
and DAELM-T) realize some good results due to the labeled
data in target domain. And we have proved that the more
labeled target samples, the better performance of the algo-
rithm. 3) The traditional DA methods, e.g., TCA, SA, GFK
and JDA, perform relatively better, when compared with other
supervised and semi-supervised methods. However, they
learn a projection matrix to establish the connection between
domains, ignoring the inherent discriminative information.
4) The results of all ELM-based methods are comparable,
which are slightly less than the proposed ELM-MWMD.
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TABLE 4. Average accuracy of the Office and the hand-written digit datasets.

Task/Method SVM ELM TCA JDA DAELM-S DAELM-T CDELM-M DST-ELM ELM-MWMD
A—C 44.08 37.85 4452 4381 37.11 40.16 42.33 43.72 42.03
A—D 40.76 3376  33.83 43.95 37.41 45.58 45.86 40.13 46.50
A—W 41.69 37.63 41.09  40.00 34.74 42.11 42.85 4441 41.69
C—A 5240 46.87 5477 51.67 48.21 48.95 52.07 51.88 53.97
C—D 42.04 3949 4644 47.13 44.90 46.26 45.86 44.59 49.04
C—-W 40.68 41.02 4144 4237 47.02 47.02 51.05 46.10 52.20
D—A 3236 3194 37.80 384l 34.49 33.54 35.72 34.45 38.83
D—C 3143 3054 33.86 3037 32.52 33.78 30.31 32.06 32.50
D—-W 73.56 7220 8245 76.95 75.09 70.53 81.76 77.97 81.69
W—=A 3413 36.64 36.54 37.79 38.82 38.40 39.83 36.22 39.04
W—=C 2992 30.10 33.83 31.61 31.27 34.68 30.31 33.93 35.98
W—=D 8790 7197 8476 8535 76.87 74.83 81.15 74.52 71.97

MNIST—USPS  54.11 5139 5277 65.02 7291 61.56 62.47 59.83 89.78
USPS—MNIST 25.65 30.70 47.19 41.62 52.61 47.39 46.53 43.90 63.90
Average 4505 4229 4795 48.29 47.43 47.48 49.15 47.41 52.80

TABLE 5. Average accuracy of the COIL20 dataset.

Task/Method SVM ELM TCA PCA SA GFK JUC-SDELM ELM-MWMD
COIL1—COIL2 8222 77.64 8597 83.06 86.81 8597 90.28 92.64
COIL2—COIL1  81.94 7375 83.61 8236 8458 8556 86.94 88.75

Average 82.08 7570 8479 8271 85.70 85.77 88.61 90.69

In fact, the performance of these methods suffer from the
number of hidden nodes, and the detailed effect shall be
discussed later.

Because we predicted the target data in the iterative process
to improve the classification accuracy, the performance vary-
ing with the iterations is also displayed in Fig 4. As expected,
the accuracies increase iteratively and finally converge after
several iterations (All cross-domain tasks were tested and
the trends are much the same, so we only select some for
display).

D. PARAMETER SENSITIVITY
In ELM-MWMD, the performance is affected by three tun-
able parameters: 1) L, the number of the hidden layer neuron;
2) C, the penalty factor in ELM; 3) A, the tradeoff param-
eter of MMD. In order to validate the parameter sensitivity,
we conducted contrast experiments on different cross-domain
tasks, including W—D, MNIST— USPS, USPS— MNIST,
COIL1—COIL2 and COIL2—COIL1. The results are dis-
played in Fig 5.

In Fig 5(a), the influence of the hidden neuron number L
is displayed. It can be seen that most of the tasks achieve
a good classification accuracy and tend to stabilize with
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a small scale of the hidden nodes. When the number is
less than 500, the classification accuracies improve quickly,
and when the number is more than 2000, the accuracies
smooth in fluctuation. Although a larger network is helpful
for the exploration and exploitation of the invariant features
of both domains, a huge number of hidden layer nodes
results in heavy computation of the algorithm. Moreover,
too many hidden nodes may not be beneficial because
they may lead to better output function approximation but
degrade the performance on the adaptation, such as MMD
measurement.

The penalty factor C balances the regularization and train-
ing errors in ELM. It is obvious in Fig 5(b) that the accuracy
of varies very little on COIL1— COIL2 and COIL2— COIL1,
which indicates the insensitive performance to the value of
C. In contrast, the accuracy of the other three tasks varies
widely, particularly on task W—D. When the value of C
is large, the results of all tasks are reduced. The possi-
ble reason is that the weakened regularization term reduces
the generalization performance of the model, resulting in
overfitting.

The tradeoff parameter A controls the effect of the dis-
tribution adaptation. From Fig 5(c), we can see that the
hand-written digits datasets is more sensitive to A than other
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FIGURE 4. Accuracy of all tasks on different datasets.

tasks. Especially when the value of A is small, the classi-
fication accuracy of MNIST— USPS and USPS—MNIST
improve rapidly. When A increases, the results of all tasks
become relative stable, which indicates that the projected
MMD can effectively minimize the distance between source
and target domain.
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V. CONCLUSION
In this paper, we present an ELM-MWMD method to deal
with the unsupervised domain adaptation problems. Being
different from the ordinary methods based on MMD met-
ric, we fully consider the individual information and assign
cross-domain weight coefficients to each sample, instead of
only considering the global distribution information. Mean-
while, the joint distribution adaptation strategy is utilized to
learn an adaptive ELM classifier with labeled source data and
unlabeled target data. Thus, our method reserves a simple
calculation due to the ELM base, which is beneficial for the
learning speed. Besides, the ELM-MWMD can achieve good
performance with a small number of hidden nodes, avoiding
large-scale calculation. Extensive experiments on real-world
image datasets demonstrate that the proposed method outper-
forms most of the compared baselines.

In the future, we will research further about ELM in
unsupervised domain adaptation. For example, the random
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initialization of ELM affects the stability of the algorithm to
some extent, and unselected pseudo-labels may lead to neg-
ative transfer, such factors that were not taken into account,

will

be our next object of research.
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