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Abstract— Quality prediction is beneficial to intelligent inspec-
tion, advanced process control, operation optimization, and
product quality improvements of complex industrial processes.
Most of the existing work obeys the assumption that training
samples and testing samples follow similar data distributions.
The assumption is, however, not true for practical multimode
processes with dynamics. In practice, traditional approaches
mostly establish a prediction model using the samples from the
principal operating mode (POM) with abundant samples. The
model is inapplicable to other modes with a few samples. In view
of this, this article will propose a novel dynamic latent variable
(DLV)-based transfer learning approach, called transfer DLV
regression (TDLVR), for quality prediction of multimode pro-
cesses with dynamics. The proposed TDLVR can not only derive
the dynamics between process variables and quality variables
in the POM but also extract the co-dynamic variations among
process variables between the POM and the new mode. This
can effectively overcome data marginal distribution discrepancy
and enrich the information of the new mode. To make full use
of the available labeled samples from the new mode, an error
compensation mechanism is incorporated into the established
TDLVR, termed compensated TDLVR (CTDLVR), to adapt to
the conditional distribution discrepancy. Empirical studies show
the efficacy of the proposed TDLVR and CTDLVR methods in
several case studies, including numerical simulation examples and
two real-industrial process examples.

Index Terms— Dynamic latent variable (DLV), LV regression,
multimode processes, quality prediction, transfer learning.

I. INTRODUCTION

ITH the increasing development of process industries
toward high integration, multimode processes have
played an important role in responding to diverse market

Manuscript received 5 March 2022; revised 19 September 2022, 2 December
2022, and 6 February 2023; accepted 4 April 2023. Date of publication
20 April 2023; date of current version 3 May 2024. This work was supported
in part by the National Natural Science Foundation of China under Grant
61991401, Grant U20A20189, and Grant 62161160338; in part by the
National Natural Science Foundation of China, Research Grants Council,
Joint Research Scheme, under Grant N_HKBU214/21; and in part by the 111
Project 2.0 under Grant BO8015. (Corresponding author: Qiang Liu.)

Chao Yang and Qiang Liu are with the State Key Laboratory of Synthet-
ical Automation for Process Industries, Northeastern University, Shenyang
110819, China (e-mail: yangc1109@163.com; liug@mail.neu.edu.cn).

Yi Liu is with the Institute of Process Equipment and Control Engineer-
ing, Zhejiang University of Technology, Hangzhou 310023, China (e-mail:
yliuzju@zjut.edu.cn).

Yiu-Ming Cheung is with the Department of Computer Science,
Hong Kong Baptist University, Hong Kong SAR, China (e-mail: ymc@
comp.hkbu.edu.hk).

Digital Object Identifier 10.1109/TNNLS.2023.3265762

demands and agile manufacturing. During the multimode
operations, various products with different specifications or
grades are produced by adjusting the proportion of ingredients
or operating conditions. The quality variables are usually
obtained by offline laboratory analysis, rather than online
measurement. The grade changeover may result in large over-
shoots, long settling times, and increased off-grade products.
Quality prediction is, therefore, essential to intelligent inspec-
tion, advanced process control, and operation optimization of
the multimode processes. In general, the difficulties of estab-
lishing the first-principles model of the multimode processes,
particularly the short-time mode with a few labeled samples,
hinder the application of model-based approaches. By contrast,
data-driven quality predictions have received much attention
over the past decades [1], [2], [3], [4].

Data-driven quality predictions are mainly built from latent
variable (LV) models that extract useful features by performing
dimension reduction [5], [6], such as principal component (PC)
regression [7], partial least square (PLS) [8], [9], canonical
correlation analysis [10], slow feature analysis [11], [12].
To conduct complex nonlinear characteristics, kernel exten-
sion [13], Gaussian process model (GPM) [14], and least
square support vector regression [15], as well as convolutional
neural networks and long short-term memory networks in [16]
and [17], have been applied for quality prediction of nonlinear
processes [18], [19], [20]. The above methods are unimode
modeling provided that training samples and testing samples
follow the same distributions. This assumption is, however,
not true for multimode processes. This complex characteristic
motivates multimode modeling.

Multimodel approaches in [21] and just-in-time learning
(JITL)-based approaches in [22] and [23] are popular for
multimode processes. The multimodel approaches decompose
a complex global model into multiple simple sub-models.
However, they require abundant labeled samples collected in
each operating mode to establish sub-models. In addition,
mode division and matching are necessary. The JITL-based
approaches use limited historical samples most similar to the
ones of a new mode to establish quality prediction models.
They are inapplicable when the number of labeled samples
is insufficient for the new mode. Due to frequent changes in
operating modes, it may be unable or expensive to acquire
enough labeled samples for a specific mode.

As an alternative method, transfer learning (TL) in [24]
and [25] has gained attention. TL approaches including deep
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TL [26], [27], [28], [29], [30] and multisource TL [14], [31],
[32] can effectively handle cross-domain learning by reducing
data distribution discrepancy in [33], [34], [35], and [36].
For a specific operating mode with a few labeled samples,
TL provides an effective way to transfer useful information
from other operating modes with abundant labeled samples
for quality prediction. The principal operating mode (POM)
with abundant labeled samples in multimode processes is
considered the source domain, and the new mode with a few
labeled samples is considered the target domain for the TL.
Transfer component analysis (TCA) in [37] and correlation
alignment (CORAL) in [38] are popular unsupervised TL
methods, but they may extract the transferred features not
relevant to the labels. Supervised TL methods have been
carried out recently. For example, the paper [26] proposes
a deep probabilistic transfer learning-based quality predic-
tion with missing data. The paper [28] proposes a deep
subdomain learning adaption network for quality prediction.
The work of [39] proposes a domain transfer functional-link
neural network for quality prediction of nonlinear processes.
A GPM-based transfer learning method that adopts a weighted
threshold to extract transferable information from multisource
domains is proposed in [14]. Moreover, inspired by adversarial
learning with good feature distribution representation ability,
the paper [40] proposes a domain-adversarial neural network
(DANN) to extract the shared features between different
domains. Subsequently, the DANN-based quality prediction
method has been proposed for a power plant in [41]. Also,
a sample-based domain adaptation transfer learning method for
quality prediction has been developed for multigrade chemical
processes [42]. To further conduct distribution discrepancy
among domains, an adversarial TL is developed in [43].
A domain-invariant PLS (di-PLS) with a domain regularization
is developed to align feature distribution in the LV space [34].
Also, a heterogeneous transfer learning regression method
called domain-adaptation joint PLS has been developed in [35]
to handle dimension differences between the source domain
and the target domain. To the best of our knowledge, however,
most of the traditional TL-based quality prediction methods
are developed based on static models.

The practical industrial processes normally operate dynam-
ically whose dynamics come from the inertia units and
closed-loop control. The dynamic processes generate auto-
correlated and dynamically cross-correlated high-dimensional
time series. Incorporating dynamic modeling in transfer learn-
ing is beneficial to quality prediction. Some recent work
has been investigated to address the process dynamics in
transfer learning, such as transfer linear dynamic system
(TLDS) [44], transfer slow feature analysis (TSFA) [45], and
transfer dynamic GPM [36]. While TLDS is an unsuper-
vised TL method for process monitoring, TSFA and transfer
dynamic GPM are supervised methods for quality prediction.
TLDS develops a dynamic probabilistic LV model that cap-
tures the shared dynamic relations between the source domain
and the target domain without using quality data. Among
these supervised TL models, transfer dynamic GPM is a
parameter-based TL method for quality prediction of nonlinear
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dynamic processes by using a time-lagged augmentation
matrix to capture dynamics. However, data augmentation not
only encounters the curse of dimensionality problems leading
to high computational complexity but also has difficulty in
accurately extracting domain-shared dynamic features. TSFA
obtains transferred dynamic features for quality prediction
in a multisource domain scenario. However, TSFA weights
multiple separate dynamic features extracted from different
domains rather than extracting domain-shared dynamic fea-
tures by feature distribution alignment.

The above TL methods cannot fully explore and transfer
the co-dynamic variations with a reduced dimension hidden
in the source domain and the target domain. Since dynamic
processes are naturally driven by low-dimensional dynamic
latent variations, the common (or transferred) dynamic LV
(DLV) between the source domain and the target domain
should be extracted from the reduced-dimensional subspace
instead of the original data space. DLV modeling provides an
effective way to extract low-dimensional dynamic variations.
For example, dynamic PLS use augmentations of original
variables to extract the DLV by the PLS algorithm. However,
the augmented matrix introduces a complex model structure
with a large number of parameters. In addition, the extracted
LVs may not be necessarily dynamic and do not sequence in
predictability. In order to derive a compact dynamic model
with DLV sequenced in predictability, dynamic-inner PLS
(DiPLS) and dynamic-inner canonical correlation analysis
(DiCCA) have been developed [9], [46]. Nevertheless, DiPLS
and DiCCA cannot avoid the performance degradation caused
by insufficient labeled samples.

The efficient extraction of representative domain-invariant
dynamic features is beneficial to the performance improvement
of the quality prediction of multimode processes. However,
the common DLV between various operating modes can be
different from the most predictive DLV extracted by the above
DLV methods. The possible difference makes the dynamic
extension of transfer learning not straightforward. The work
of [47] proposes to incorporate TL with dynamic PLS to deal
with the concept drift problem with different data distributions.
However, the transfer of dynamics among process data is not
involved and the available labels of the new operating mode
are not used. Transfer learning in the DLV framework for
quality prediction of a new operating mode with a few labeled
samples remains a challenge.

The major contributions of this article are twofold: 1) by a
concurrent decomposition, the dynamics between process vari-
ables and quality variables in the POM, and the co-dynamic
variations among process variables between the POM and
the new mode are extracted to achieve a reduced marginal
distribution discrepancy for quality prediction. 2) To make
full use of the newly collected labeled samples in the new
operating mode to address conditional distribution discrepancy
with the POM, an error compensation mechanism is integrated
into the TDLVR algorithm to propose a compensated TDLVR
(CTDLVR) method. Note that the transfer from the dynamic
operation of a steady state to another one for quality prediction
is the major concern of this work. The process dynamics
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mentioned in this work are autocorrelation and cross-dynamic
relations among the process data, but not the ones during the
nonsteady/transition stage.

The remainder of this article is organized as follows.
Section II makes an overview of the relevant work of
the DLV method. The proposed TDLVR algorithm and
its implementation are presented in Section IIIl. A new
CTDLVR for conditional distribution discrepancy adaptation
is proposed in Section IV. In Section V, the proposed meth-
ods are demonstrated by numerical simulation examples and
two real-industrial processes. Finally, Section VI gives the
conclusions.

II. OVERVIEW OF DYNAMIC LATENT
VARIABLE MODELING

To extract reduced-dimensional DLVs from high-
dimensional process data and quality data, DLV modeling
methods, including DiPLS and DiCCA, were proposed in [9]
and [46]. DiPLS not only extracts dynamic relations between
the process scores and predicted quality scores but also
keeps the consistent outer model structure with the inner
model. The DLV is to extract a dynamic latent relation as

up = ity + Pote—1 + -+ - + Beli—s1 + 1 (D

where #;, and u; are the latent scores of process variables and
quality variables, respectively. r; and s are the residual and
dynamic order, respectively. The latent scores #; and u; are
obtained by projecting the original variables as

ug =y, q
h = kaw 2)

where x; € N" and y, € NP represent the process data
and quality data vectors at time instant k, respectively. w
and q are the weights for process variables and quality
variables, respectively. For each LV, the inner model prediction
is described as

A

ik =X Wh + -+ Xy W,
X1 ](B®W 3)

where B = (B1,...,8,)" and ® denotes the Kronecker
product. DiPLS maximizes the covariance between u; and
ity, while DiCCA maximizes the correlation. The objective
of DiPLS is as

= [XZ XZ—]

1

N
- T T T T
«rll,lv?,)lg N—-s+1 kZ:;q yk[xk X1 kas+1](ﬂ QO W).

“4)

In Eq. (4), q, w, and B are used to project the original
process data and quality data space into latent dynamic sub-
space in a reduced dimension. An iterative algorithm is used
to solve the above-mentioned optimization problem. By doing
this, the latent relations are extracted and used to calculate
the predicted quality for a sample. The detailed algorithm of
DiPLS and DiCCA can be found in [46].
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III. PROPOSED TDLVR FOR QUALITY PREDICTION OF
MULTIMODE PROCESSES

A. TDLVR Objective

Suppose Ny samples are available for the POM (i.e., source
domain) as {Ssrc} = {XserYsrc}5 where {Xsrc} = {Xsrc,i €
n" lN:“; and {Yse} = {Ysre € St”}?’;‘f denote the process and
quality variables with Ng. samples, respectively. Meanwhile,
the new mode (i.e., target domain) has unlabeled samples
{Str} = {Xear}, where (X} = {Xeari € Eﬁ”‘}f\’;‘{ denotes the
process variables with Ny, samples (N >> Ny,). The original
data matrices are represented as

Xge = [xsrc,l, Xre. 25 -« - s xschvm]—r € flVsrexm
Ysrc = [ysrc,lv Ysic2o - - ysrc,Nm]T € mNmXp
Xiar = [Xar. > Xtar2s - - Xarn ]| € RV (5)
Fori =1,2,...,s, the following source domain submatri-
ces are formed by time-lagged augmentation as
Xsrc,i = [Xsrc,ia ) Xsrc,i+Nm—s]T € SR(NW?SJrl)Xm
Zsrc,s = [XSTC,S7 Xsrc,.f—l 3 ooy Xsrc,l] € Syt(NWﬁYJrl)X(mS)
Ysrc,s = [ysrc,ss Ysee,s+15 -4 - ysrc,N,m]T- (6)

The target domain submatrices are formed in a similar way
as

T A (Nar—s+1)xm
Xlar,i = [Xtar,i’ ceey Xlar,i+N.a,—s] e RN

Ztar,s = [Xlar,sv Xlar,s—l’ ) Xlar,l] € m(Nm_H_l)X(mX)~
(7

In order to extract the common DLV from the POM to the
new mode for quality prediction, the modeling objective is
decomposed into three parts. The first objective is to extract the
quality-relevant dynamics between process variables and qual-
ity variables in the POM. The second objective is to extract the
co-dynamic variations of process variables between the POM
and the new mode. However, the extracted quality-relevant
dynamics may contain both POM-specific DLV variations and
common DLV variations. The third objective is, therefore,
to retain common DLV variations as much as possible. To sum
up, the overall modeling framework is shown in Fig. 1.

The first objective is to extract dynamic latent relations with
maximized co-variances between the process latent score #y. «
and the quality LV ug. in the source domain as

Usre,k = Zle Blitsck—i+1 + Tsie .k (3)
with the LVs as

T
= ysrc,kq
= x] W ©)

Usgre, k

tsrc,k

where Xq . and yg i represent the process and quality data
vectors at time k in the source domain, respectively. The inner
model prediction for ug.; can be described as

N N
n T
Usre k = E ﬁlitsrc,kfiJrl = E ,Blixsrc,kfprlw

i=l1 i=I

) X;;c,k—s-&-l] (.Bl ® W) (10

_ T T
- [Xsrc,k’ Xsrc,k—l’ ce
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: Extract latent dynamics between the process variables and
the quality variables in the POM
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Objective 2: Extract the co-dynamic variations between the POM
and the new mode
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Fig. 1. Modeling framework of TDLVR.

where B, = (B, .-, B1s)T. DICCA aims to maximize the
correlation between g and wugcy, while DiPLS aims to
maximize the covariance to enable the best predictability for
quality variables. The DiPLS objective is utilized in this work
and it is equivalent to minimizing the regularized distance
between g ; and Ugey as

Nsl’C
. A 2
min J; = > (e r — fsrer)’- Y
q,w,ﬂl ks

The second objective is to extract co-dynamic variations
between g k41 and fyr k41 In the source domain, the dynam-
ics of process variables using 8, can be described as

s
tsrc,k+l - Z ,32itsrc,kfi+l + Vsre,k+1- (12)

i=1
The same f, is utilized to describe the dynamics within the
process variables in the target domain as

tar k+1 = Z,Bziftar,k—i+l + Ttar,k+1- (13)

i=1

where S, (Ba1, ..., Ba)". Both of the residuals Fsrek+1
and ry 41 are zero mean and uncorrelated in time. Since the
labeled samples are not available for the target domain, it is
not feasible to use DiPLS to model the dynamics between
the process variables and quality variables for both the source
domain and target domain models separately. To address this
dynamic discrepancy, the same autoregression coefficients are
used to model the domain-invariant dynamics among the
process variables for the source domain and the target domain.

The inner model prediction for #yc 41 and fyrry1 can be

denoted as
N N
2 _ _ T
tsrc,kJrl - ,32itsrc,k7i+1 = ,32ixsrc,k7i+1w

i=1 i=1

s s
A T
Tark+1 = E :32ittar,k—i+l = 2 ﬁﬁxtank—i-}—lw'

i=1 i=l

(14)

Remark 1: 1t is noted that the source domain and the target
domain are similar but different, and the shared parameters
are, thus, adopted to extract domain-invariant information for
the multimode processes.

Similar to the DiCCA algorithm for one dataset in [46],
both of the correlation between fyc x+1 and fsrc, x+1, and the one
between fiy 41 and ftar’k+1 should be maximized to extract the
co-dynamic variations as

N A
Zk ’ri« tirc k+1 tﬁrc k+1

Src NSI'C A2
\/Zk-v §1'C k+1\/2k_v src k+1

Zk =5 ttdl‘ k+1ttax k+1

Nar 2 Nar 22
\/Zk 5[[drk+1\/zk =s tark+1

tsrc s+1t5f€,5+1

max J, =
w,B,

T
ttar,s+1t‘ﬂfq5+1

||tsrc,s+1 ” ”Esrc,sﬂ H Httar,erl ” ||Elar,s+1 ” .

5)

In Eq. (15), the maximized correlations are to enable the
best predictability for the latent process scores of the source
domain and the target domain, respectively.
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Moreover, according to Xg..; and X,; in (6) and (7), the
subvectors of LVs can be denoted as

1 Nore—s
toc,i = Xsrc,iw e N

Ugre,i = Ysrc,iq € mNm_S

Near—s

ttar,i = Xtar,iw eN (16)

where tgc i, Ugci, and tye; denote the time-lagged process
scores from the source domain, quality scores from the source
domain, and process scores from the target domain, respec-
tively. The corresponding predictions of tg. s, Ugc i, and tiy; g
can be organized as

N N
sre,s+1 — ibsre,s—i+1 — i4X\src,s—i+
ties+1 = D Pait 1= ) BuX 1w
i=1 i=1
= Tsrc,sﬂz = Xsrc,ﬂzw
s s
Ugre,s = E ,Blitsrc.s—i-H = § ,BliXsrc,s—i-Hw
i=1 i=1

= Tsrc,sﬂl = Xsrc,ﬂ]W

S S
tars+1 = E Baitar,s—i+1 = E Boi Xiar,s—i+1W

i=1 i=1

= Ttax,sﬁz = Xtar,ﬂzw~ (17)
Some derived relations are given as
Bew=(1AwWB=(BDw (18)

Xsrc,ﬁj = Zsrc,s(ﬂj ® I) = Zﬂjixsrc,sﬂ#lv j=12

i=1
Xtar,ﬂz == Ztar,s (ﬂ2 &® I) = Z ,BZiXtar,s—i-&-l
i=1

Tsrc,s - [tsrc,sa e tsrc,l] = Zsrc,s (I ® W)
Tta.r,s = [ttar,sv ) tlar.l] = Ztar,s(I @ w).

The prediction in (17) can be reformulated as

19)

Esrc,s+1 = Zsrc,s (ﬂz & W) = Tsrc,sﬁz = Xsrc,ﬂzw
lAlsrc,s = Ly, (ﬂl ® W) = Tsrc,sﬁl = Xsrc,ﬁlw
tarst1 = Zars (ﬁz ® W) = Tar,s B2 = Xuar,, W-

Using (11) and (15), the dynamic relations between the
process variables and the quality variables, and co-dynamic
variations between the two domains are well addressed.

Remark 2: The main purpose of (12)—(15) is to find the
co-dynamic variations among process variables between the
source domain and the target domain using the same coef-
ficients. By contrast, simply augmenting the source domain
data and the target domain data and applying DiPLS is inap-
propriate from the following two aspects: 1) DiPLS can only
learn dynamic relations while assuming the source domain and
the target domain follow the same data distribution. For these
two domains with different data distributions and dynamic
relations, it is not feasible to use DiPLS directly on the
augmented source domain and target domain data. 2) We
expect to extract the co-dynamic variations between the source
domain and the target domain, but only process data with no or
a few labels in the target domain are available. This situation

(20)
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makes DiPLS inapplicable to learning the dynamic relations
between process data and quality data in the target domain.

The third objective is to eliminate data distribution discrep-
ancy based on the extracted dynamics between the process
variables and the quality variables. The inner model in (10)
can be expressed as

Ugre,s = Xsrc,ﬁl w

lAltar,s = Xtar,ﬁlwo (21)

The Euclidean norm of the variance difference between
Oger and Oy, is adopted as a regularization term to reduce
data distribution discrepancy. The objective can be written as

qr,rvifi,ll;ll J3 = Hvar(ﬁsrc,s) - Var(ﬁtar.s) ”2
2
— |w™ ch,ﬁlxsrc,ﬂl _ XtTdr,leaEﬂl - (22)
Nge — s — 1 Nar — s — 1

Using the expressions in (16), (19), and (21), the first
objective can be reorganized to minimize |[Uges — Oges* =
1Ysresq — Xsrc,ﬁlwllz. In summary, these three objectives are
combined into a unified objective as

b 2
J = 5 ||Ysrc$sq - XSTCﬂlw”

min
w.q.8,.8,
- (WTXJC,S_HTsrc,sﬂz + WTXt—l;r,S-ﬁ_]Ttar,xﬂz)
2
(Rt s,
2 Ngec—85—1  Ng—s—1
st llall =1 B, = [B2] = 1. [Xesriw] = 1
||Tsrc,sﬂ2|| = 1» Xtar,s+lw|| = 1a |Ttar,xﬂ2” =1

(23)

where § is a tradeoff coefficient.

B. Latent Variable Extraction
Lagrange multipliers are used to solve the above optimiza-
tion problem in (23). Define
1) 2
L = E HYsrc,sq - Xsrc,ﬁIWH

Ty T Ty T
- (W Xsrc.s-HTSFC»SﬂZ +w Xtar,s+1TtaI,sﬂ2)
2

A (Ftes ks,
A1) = 20~ 18~ (1 - 818
_ %(1 — WTX;ECJHXsrc,sHW)
_ %(1 — WTXLSHXtar,s-HW)
_ %(1 — B3 Ty, Tore.sB2)

v

(1= BT TursBs). (24)

2
The third term of the right side in (24) can be represented

as (X 4, X p,> W). Taking derivatives of L with respect
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to q, w, 8, and f8,, and setting to zero, the following relations
are extracted similar to the work in [9]:

oL .
% = 8Ysrc s (Ysrc,sq - Xsrc,ﬂlw) - /\qq =0 25)
oL .
aW axsm B (Ysrc sq — Xsro b1 W)
Xsrc s+1Xsre, p, W — Xsro ﬁzxsrc,erlW
Xtar s+1Xtdr W — Xtar B2 Xiar,s+1W
+ (’b ( sre, 1 X;rqﬂ]; W)W
+ 7Xsrc s-HXSYC,SJer + 'YX;gr,S.Q_lXtar,erlw
+ ’strc ﬁzxsmqﬂzw + ’VXJ;I,ﬁZXlal‘,ﬁzw =0 (26)
oL
(STJ;C Y(Ysrc.sq - Tsrc,sﬂl) + /\ﬁﬁl
Er
+ ¢ﬂ| ( src, /31 lar ﬁl )131 =0 27
aL
T;l;c sXsrc s+1IW — T[aI SXtar,erlW
By
+ Aﬂﬂz + P)/T;I;C,STsrc,sﬂZ
+ 7T Tiars B> = 0. (28)
Equation (25) can be simplified as
8Y3Trc s(Ysrc s — Xre, B w) =\ (29)

X 5,3 W) can be further

In (26), the expression ¢y, xr
denoted as

sre, B °

_ Xt-gr,ﬁl Xtar’ﬁl
—s5—1 Ng-s—1
‘»b (X;c B’ XtTarﬁl )

Substituting (30) into (26) and denoting
M =Dyww Dy — X[ X s,

T
Xsrc,ﬂl XSfC»ﬁl
NSrC

D;ww'D;. (30)

- X;Ec,ﬁzxsrC,H-l
- XtTar,sHXtar,ﬁz - XtTdr,ﬂZXtar,sH
+ 'YX;l;c,sHXsrc,sH + ’YXL,SHXtar,erl
+ Vch,ﬂZXsrc,ﬁz + 'YX;;, B> Xiar, g,

we have the following relation from (26):

(€29

1 —1
W= (8 IT+ Xsrc 51Xsrc,f31) X;Ec,ﬁlusrcqs’ (32)

In (27), the expression ¢ (X 5, Xy 5,3 W) can be further
denoted as
Tsrc vTSfC s Ttdr thar,s
D, = -
Nge —s —1 Ntdr_ -1
Op, (Xie 5> Xirgs W) = D218 Do (33)

In order to calculate B, and B,, the relations between A,
v, and Ag are derived in the following.

Premultiplying (29) by q', we have
89" Ve s (Vsresd = Xowepy W) = 2@ g = A (34)

Similarly, premultiplying (26)-(28) by w', B/, and 8, ,
we have

A +20, -0, —7=0 (35)
A —dg—0y =0 (36)
—Ap—7=0 (37)

IEEE TRANSACTIONS ON NEURAL NETWORKS AND LEARNING SYSTEMS, VOL. 35, NO. 5, MAY 2024

where ®l =W (Xsrc g+1Xsrc W + Xtar H—leaT ﬁz)w 0, =
<1>(XSrC B [ar p,> W), which leads to 3Ag +~ = 0. Using this
relation, 7 in (31) can be replaced by —3\g. Equations (27)
and (28) can be calculated as

—1
Bi = (D28 Dy + 8T, T + Asl)

Ty Ustc s (38)
1 ~1
ﬂZ )\/3 (I - 3(T;|;c § L SIC,S§ + Tt—;zr,_thar,s))
(Tsrc sTsrc,s+1 + T;I,STlar,s+l)~ (39)

In order to be consistent with the dynamic outer model, for
the source domain, a regression model is built to describe the

relation between g and (tyecs, tsres—1s - - - » tsre.1)-

Ugre s = Aqtse s + dotge g1 + -+ - + Aglore 1 + Fore s (40)

where rg.  is a regression error that should be minimized.
The solution of (48) is, thus, obtained as

IeT
o = (T Tsrc v) Tsrc.susrc,s

SIC, s

(41)

where & = [y, a0, ..., 05]"
Ugc s can be represented as

. The predicted quality scores

Ugre, s = Tsrc SO
LT
= Tsrc K (T Tsrc s) Tsm,yusrc,y

SIC, s

(42)

Remark 3: If Y. has only one output to be modeled,
q=1.

Similar to the work of [34], § in (32) is obtained by the
following equation with the weight w computed from the
DiPLS algorithm:

T
IT
5= wow . (43)

T(XT T
w (Xsrc,ﬂl Ugre,s — Xsrcyﬂlxsrc.ﬂlw)

C. TDLVR-Based Quality Prediction

After modeling the outer and inner structures of TDLVR, the
loading vectors pg. for Xy and py,, for Xy, can be calculated
by minimizing the Frobenius norm of the corresponding
residuals between X and ty.pg. and between Xy, and tp,;-
The detailed expressions are as

(44)
(45)

Psic = X;l;ctsrc / t;l;ctsrc
_~xT T
Prar = Xy tear/ b brar-
It is noted that labeled samples can only be available in
the source domain, rather than the target domain. The loading

vector Qg for Yy ¢ in the source domain can be obtained in
a similar way as

Qsrc = Y;Ecqsﬁsrc,s/ﬁ;cqsﬁsrc,s- (46)
Xre, Xiar, and Yy s are deflated by the following:
Xsrc = Xsrc - tsrcp;c (47)
Xtar = Xta: - ttarp;I (48)
Ysrc,s = Ysrc,s - ﬁsrc,sql—c- (49)

The next latent component of TDLVR can be extracted from
the deflated Xy, Xtar, and Y s by conducting the same proce-
dure of outer structure modeling, inner structure modeling, and
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deflation iteratively. [ possibly DLVs are extracted to represent
the most common variations of Xy and Y. with X,.

After performing TDLVR, X, Xar, and Y s are decom-
posed as

!
Xsrc = Z tsrc,ip;lr-c,i + Esrc = TsrcP;EC + Esrc

i=1

1
Xtar = Z ttar,ip;;,i + Etar = TtarPtZr + Etar

i=l1

1
Ysrc,s = Z ﬁsrc,s,iq;;c_i + Fsrc = Usrc,sQ;C + Fsrc (50)

i=1

§ = [u 0 o Nge—s)x1
where Uges = [Usres,15 Usie,s,25 -+ - Usreys,t] € RWNsre—s)xI
Ugre,s,i = Tsrc,s,iai’ Tsrc,s,[ - [tsrc,s.is tsrc,(s—l),i» e tsrc,l,i] S
R (Nere—s) S, and Ttar,s,i = [ttar,s,i’ ttar’(sfl),,', ceey ttar,l,i] S

RWa—)xs E . and By, are the process data residuals for the
source domain and the target domain, respectively. F. are the
quality data residuals for the source domain.

From (50), predicted quality is represented as

~ ~ T
Ytar.tst,s = Ular, tst,s erc

where Uy, s can be obtained from Ty ises, Trarsts =
XarstsR, and R = WP! W)~!. Hence, Yiarsts can be

SIcC

predicted from X, « directly. The parameters Qg and «;
learned from the source domain are used for quality prediction
of the target domain. The proposed TDLVR aims to reduce
marginal distribution differences using the unlabeled process
data samples in the target domain when labeled samples are
not available in the target domain and the marginal distribution
difference is the dominant factor of data distribution. The
detailed TDLVR algorithm is summarized in Algorithm 1.
It can be seen that the nonlinear iterative partial least-square
(NIPALS) algorithm is used to solve the optimization prob-
lem in (23). The convergence of the NIPALS algorithm is
achieved as demonstrated in [48]. The iteration is considered
to converge when the two-norm of the difference between the
extracted process data score and the one of the last iteration
is fewer than a threshold or when the number of iterations
reaches a predefined maximum. s is determined by prior
knowledge. [ and \g are selected by grid search.

(51

IV. COMPENSATED TDLVR USING AVAILABLE LABELED
SAMPLES IN TARGET DOMAIN
To further address the conditional probability distribution
discrepancy (CPDD) between domains, a new CTDVLR algo-
rithm using the newly collected labeled samples in the target
domain is proposed.

A. Motivation and Strategy for Solving CPDD

For transfer learning, the distribution discrepancy that
mainly describes the joint probability distribution P(X,Y)
is inconsistent between the source domain and the target
domain, i.e., P(Xgc, Ysre) # P(Xiars Yiar). In fact, the joint
probability distribution discrepancy (JPDD) can be further
divided into two parts: marginal probability distribution dis-
crepancy (MPDD), i.e., P(Xg.) # P(Xw) and CPDD, i.e.,

6067

Algorithm 1 Proposed TDLVR Method

Inmput: X, € RV Yoo e RVl X0 e fiNuxm,
Xiar,ist € RVar s [ g0 Ng.

Output: W, Py, Q. and {o;}_,.

Offline Training

1: Normalize Xgc, Y, Xtar, and X sr. Construct the cor-
responding augmented matrix Zgec s, Zars, and Yge g.

2: Initialize B, and B, with [1,0,---,0]" and ug., as some
column of Y .

3: fori=1,...,/ LVs do

4 Initialize w with a random unit vector.

5: Outer modeling: Iterate the following relations until
convergence.

6: a. Obtain § by Eq. (43);

7: b. Calculate w from Eq. (32) and let w = w/||w|[;

8 c. Construct Ty s = [tsrc,s, cee, tsrc,l] with

9 toe = XsrcW;

10 d. Construct Ty = [tiars, =+, tar,1] With

11: tiar = XiarW;

12: e. Find q from Eq. (29) and let q = q/||q||;

13: f. Obtain Uy s = Y sq;

14: g. Calculate 8, from Eq. (38) and let 8, =

Is: Bi/|Bil:

16: h. Calculate 8, from Eq. (39) and let 8, =

17: B2/ B :

18: Inner modeling: Build a linear model between T
and ugc s by

19: o = (T;EC’sTsrC,S)71T;|;c,suSrC,S;

20: Calculate Gy, ; = Ty s

21: Deflation
22: Calculate pge = X toe/td s

23:  Deflate Xge = Xgre — torcPgres

24:  Calculate pyy = X tar/t] tiars

25: Deflate Xeyr := Xear — b

26: CalCU1ate qsrc - Y;I;C,Sﬁsrc,s /ﬁ;l;c,sﬁsrc,.v;

27: Deflate Y5 := Yares — Osre.sQores

28: Store W(:, i) = W; Py (5, i) = Pores &) =

29: Qe (i, 1) = Qsrcs

30: end for

31: return W, Py, Q. and {ai}ﬂzl used for online predic-
tion.

P(Yge|Xsre) # P(Yiar| Xiar). Some transfer learning methods,
known as unsupervised domain adaptation, focus on the sit-
uation when the MPDD is a major contributor to the JPDD,
provided that the CPDD is small to be omitted [49], [50].
In practice, there may be a significant CPDD. To address
the CPDD for the TL methods, it is common to incorporate
a compensation mechanism such as offset approach [33],
and LV represented conditional distribution alignment [51].
In this work, the online compensation model in the TDLVR
framework is proposed. Notably, the proposed TDLVR in
Section III can conduct the MPDD but not the CPDD since
no labeled samples in the target domain are involved in the
training stage.
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To address the CPDD well, an error compensation model
is established using available labeled samples in the target
domain. The output of the error compensation model and
the one of TDLVR are combined to establish a CTDLVR.
On the basis of the reduction of MPDD by TDLVR, CTDLVR
outperforms TDLVR in eliminating CPDD to some extent.

B. Proposed CTDLVR

Suppose sufficient labeled training samples are available
in the POM as {XL

L. YL }. Meanwhile, sufficient unlabeled
training samples {XU } and the limited labeled training samples
{XE YL} are available in the target domain, respectively.
During the CTDLVR modeling, TDLVR in Section III is first
used to extract the common dynamics between labeled training
samples in the source domain and unlabeled training samples

in the target domain as
(vl .U L
Jrovr () (Xsrc’ Xtar) - Ysrc

where frpryr(-) is learned by using the proposed TDLVR.
TDLVR is used as the main model to perform quality
predicting based on XL

Y. = frowr(XE)
where YE

1o Tepresents predicted labels in the target domain.
Herein, the CPDD can be referred to as the offset between
label values. To overcome the difficulty of TDLVR in han-
dling the CPDD, a DiPLS-based error compensation model is
established.
The errors between the predicted labels and the actual labels
are first calculated as

(52)

(53)

7L
Ztar

=YL — YL

tar

(54)

where ifar represents the offset value. In fact, the offset value
can be regarded as a specific part of the target domain. There-
fore, the input feature of the limited labeled data in the target
domain X% and the offset value Zf;r is reorganized as a new
training dataset {XL_, ZL } for establishing the DiPLS-based
error compensation model. The model can be described as

foirLs () : Xk — ZL (55)

where fpipLs(-) is the mapping function learned by applying
the DiPLS algorithm in [9] on the training dataset {XL , ZL }.

Finally, the output of the CTDLVR model consists of two
parts, including the main prediction by TDLVR and the error
prediction by DiPLS. The predicted output of the testing data
is described as

Ytar,lst = f CTDLVR (Xtar,tsl)

= froovr Kar,ist) + fpirLs Kear,tst) (56)

where ferprvr(:) is the mapping function of CTDLVR.

V. CASE STUDIES

In this section, numerical simulation examples and two
industrial process examples are applied to demonstrate the
effectiveness of the proposed TDLVR and CTDLVR.
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Fig. 2. Data distribution discrepancy for multimode processes. (a) Three-di-
mensional distribution scatter of process LVs. (b) Data discrepancy of quality
variables.

The proposed methods are compared with traditional LV
models including PLS and DiPLS, and TL models, including
di-PLS, dynamic di-PLS, TCA, CORAL, DANN, Wasser-
stein distance guided representation learning (WDGRL) [29],
and margin disparity discrepancy (MDD) [30]. The dynamic
di-PLS is a dynamic version of di-PLS by using data time
augmentation.

A. Numerical Simulation Example

The process data X and quality data Y are generated by a
dynamic process as

te = Aty — Aoty +t] + £

x; = Pt + e

Y = Clrxk + C;Xk,1 + Vi

= t0, k>3
0.5586 0.2042 0.6370 0.7451 1.9939
0.2007 0.0492 0.4492 0.4928 0.7728

P =]0.0874 0.6062 0.0664 |, C= | 0.7329 1.0146
0.9332 0.5463 0.3743 0.47383 1.1563
0.2594 0.0958 0.2491 0.5652 1.2307

(57

where ¢, € W ~ N(0,0.01), fi € R ~ N(0,0.01),
vi € R ~ N(0,0.01), C = [C1 Cz], and t0; follows
different Gaussian distributions for three modes, respectively.
Meanwhile, A; and A, in one mode are different from those
in another mode. The parameters are listed in Table I.

A total of 1800 samples are collected from three modes
with every 600 samples. The number of LVs is chosen as
3 for Mode 1 (i.e., M1), Mode 2 (i.e., M2), and Mode 3
(i.e., M3), respectively. The LVs follow Gaussian distributions,
ie., (U, X1), (Ky, X2), and (@3, X3). In addition, to import
intermodel varying dynamics, time-lag matrices A; and A,
are set. In contrast to M1, only A; varies in M2, while A,
remains as it is. Different from Mode 1 and Mode 2, A; and
A, all vary in M3. As a result, the 3-D distribution scatter
of process LVs and data discrepancy of quality variables are
shown in Fig. 2. It can be observed that the 3-D distributions
are significantly different for the three modes.

The first 300 samples for each mode are selected as training
datasets, and the remaining 300 samples are regarded as testing
datasets. In addition, one of the three modes is randomly
selected as the source domain and the rest as the target
domain. For each scenario, all baseline methods and the
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TABLE I
PARAMETERS FOR SIMULATED MULTIMODE PROCESSES

Mode No. A, Ao “tok ~ (Mg, X5) 51 :2(1’ 2,3)

0.4389 0.1210 —0.0862 —0.2998 —0.1905 —0.26697 —1.3 3.5 1.2 1.89

Mode 1 —0.2966 —0.1550 0.2274 —0.0204 —0.1585 —0.2950 —-1.7 1.2 1.26 0.46
0.3538 —0.6573 0.4239 L 0.1461 —0.0755 0.3749 | —1.1 1.89 0.46 0.64
0.2389 0.1210 —0.0862 —0.2998 —0.1905 —0.26697 1.0 3.4 1.3 0.66

Mode 2 —0.2966 —0.0550 0.2274 —0.0204 —0.1585 —0.2950 0.0 1.3 1.2 —0.05
0.0154 —0.6573 0.0424 L 0.1461 —0.0755 0.3749 | 3.0 0.66 —0.05 0.78
0.2334 —0.0836 0.2573 —0.1998 —0.0905 —0.26697 1.0 1.49 2.3 —-0.7

Mode 3 0.1783 —0.1590 0.3416 —0.2141 —0.1585 —0.3950 —2.0 2.3 1.25 —0.96
0.4345 —0.4573 0.3239 | —0.1461 0.6755 —0.3749 1.2 —0.7 —0.96 0.66

TABLE II

COMPARISON OF PREDICTION PERFORMANCE OF TDLVR, CTDLVR, AND TRADITIONAL APPROACHES FOR NUMERICAL SIMULATION EXAMPLES

Methods MSEMAE Mean MSE/MAE/PCC
M1 — M2 M1 — M3 M2 — M1 M2 — M3 M3 — M1 M3 — M2
PLS 85.70 / 7.51 7880/7.19  121.06/9.03  11246/860  177.50 /1070  133.03 /924  118.09/8.71 / 0.60
DIPLS [9] 12.47 / 2.79 721/2.19 2433/ 4.11 4264 15.39 0249 /784  4928/554  38.07/4.64 /087
CORAL [38]  87.07/7.55 7741 /704 12638/925  11469/870 1773471070  131.22/9.19  119.02/8.76 / 0.55
TCA [37] 13756 /9.55  166.84 /1038  317.51/1425 17524 /1070  23235/1226  7254/662  183.67/10.63 / 0.21
WDGRL [29]  62.04 /6.2 53.66 / 5.89 90.49 / 7.60 7330 / 6.99 8389/723  8931/742  7545/689/0.68
MDD [30] 6532 1 6.36 56.10 / 6.09 9776 1 7.91 84.97 / 7.48 8934/752  10737/808  8348/724/065
DANN [40] 6034 /6.32 67.06 / 6.57 89.53 /746  10537/799  101.60/802  7643/715 8339 /7.25/0.56
di-PLS [34] 2.44E+04 / 156.13 1.77E+05 / 421.13 3.43E405 / 585.65 1.66E+05 / 407.67 1.60E+05 / 400.19 8.19E+03 / 90.08 1 47E+05 / 343.48 / 0.16
dynamic di-PLS 6823 / 8.12 28621498 12656/ 11.02 4449 /590 2561426 2663 /461  52.85/648 /087
TDLVR (Ours) 451/ 1.71 488/ 1.80 5.85/ 1.97 184/ 1.13 17.88 / 339 7.59 / 2.23 7.09 / 2.04 7 0.98
CTDLVR (Ours)  3.32/1.44 3.45/1.48 3.05/1.42 0.77 / 0.71 12.45 / 2.93 5.62 / 1.86 4.78 / 1.64 / 0.98

proposed method are evaluated on the same target testing
dataset. PLS and DiPLS only utilize the source domain labeled
dataset to establish the quality prediction model, while all
transfer learning methods, including CORAL, TCA, DANN,
di-PLS, WDGRL, MDD, dynamic di-PLS, and TDLVR, utilize
both the source domain labeled data and the target domain
unlabeled data as the training dataset. Notably, it is a common
practice for transfer learning to use unlabeled samples of
the target domain as part of the training dataset to reduce
distribution differences. CTDLVR, as an online version of
TDLVR, utilizes a small number of labeled samples from
the training dataset of the target domain to achieve error
compensation. In this work, the number of labeled training
samples available from the target domain for CTDLVR is
selected as 15. In addition, the number of LVs or PCs |
is set as 3 for all of the methods. For DiPLS, dynamic di-
PLS, TDLVR, and CTDLVR, time-lag coefficient or dynamic
order s is set as 2. Ag of CTDLVR and TDLVR is chosen
from [—10e3,...,—10e™3, —10e™*, 10e™*, 10e3, ..., 10e?]
by grid search.

One mode from {M1, M2, M3} is selected as the source
domain with the remaining ones as the target domain, respec-
tively. The mean squared error (MSE), mean absolute error
(MAE), and mean Pearson correlation coefficient (PCC)
between the predicted value and actual value of six mode
pairs are used to evaluate the prediction performance. The
prediction results on testing data are listed in Table II. Several

insights can be observed: 1) the results of two static methods,
i.e., PLS and di-PLS, are significantly worse than those of
the proposed TDLVR and CTDLVR. In particular, di-PLS has
a negative effect due to its inability of capturing dynamic
relations and is even worse than PLS. 2) Compared with PLS,
DiPLS can improve performance, but it still performs worse
than TDLVR. 3) Dynamic di-PLS can effectively improve
the performance of di-PLS, but it is unstable. For example,
dynamic di-PLS performs better than DiPLS only when M3
is chosen as the source domain, and M1 and M2 are the
target domains. By contrast, TDLVR and CTDLVR show
better performance in all scenarios. Finally, the prediction
performances are further evaluated by mean MSE, mean MAE,
and mean PCC, as shown in the last column of Table II.
The results indicate that the proposed TDLVR and CTDLVR
achieve lower MSE and MAE, and higher PCC compared
with the traditional methods. Meanwhile, the predicted values
and absolute prediction errors for M1—M2 and M1—M3 are
shown in Fig. 3. It is seen that the proposed TDLVR and
CTDLVR track the actual value of the quality variable well.

The dynamics of the three operation modes are further
described by DiPLS. The corresponding visualization results
of weighting coefficients B are shown in Fig. 4. It can
be seen that the weighting coefficients learned by DiPLS
are different from each other for each mode. This situation
directly indicates the dynamics differences between the three
modes and the need for cross-domain modeling. In addition,
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Predicted values and the corresponding absolute prediction errors using TDLVR, CTDLVR, and other approaches in numerical simulation examples.

(The left part of — denotes the source domain, with the right part of — denotes the target domain). (a) M1—-M2. (b) M1—-M3.

(a) (b) (©

Fig. 4. Visualization of weighting coefficients B using DiPLS in three
different modes. (a) M1. (b) M2. (c) M3.
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Fig. 5. Heatmap visualization of projection matrix W using DiPLS. (a) M1.
(b) M2. (c) M3.

the heatmap visualization results of the projection matrix of
the DiPLS are shown in Fig. 5. It can be seen that the
projection matrix differences make it difficult to handle the
cross-domain modeling for DiPLS. The proposed TDLVR
inherits the interpretability of DiPLS and is able to describe
the dynamics between modes. For TDLVR, the corresponding
visualization results of two types of weighting coefficients B,
and B, are shown in Fig. 6. It can be seen that the weighting
coefficients can learn the appropriate dynamic information
between domains. 8, represents the dynamics between process
variables and quality variables in the source domain, and
B, represents co-dynamic variations within process variables
between the source domain and the target domain. Meanwhile,
the heatmaps of the projection matrix of TDLVR are shown
in Fig. 7. It can be observed that different projection matrices
are obtained to find a suitable projection in each scenario. For
example, for M1—M2 and M2—M1, the effect of weighting
coefficient B, is to select a suitable projection that may not

TDLVR
°

{ TDLVR G,

®

Fig. 6.  Visualization of two types of weighting coefficients B; and S,
using TDLVR. (a) M1—>M2. (b) M2—MI. (¢) M3—>MI. (d) MI1—M3.
(e) M2—>M3. (f) M3—>M2.

be the same. However, for weighting coefficient 8, in the
new projection space, the dynamics between process variables
and quality variables are different from those of DiPLS. For
example, for M1—-M2 and M1—M3, by comparing with 8 of
DiPLS from Fig. 4, B, of TDLVR can retain similar dynamics
between two different domains to some extent.

B. Industrial Polyethylene Example

An industrial polyethylene process in [43], as a typical
multimode process with dynamics, is used to demonstrate the
proposed TDLVR and CTDLVR methods. The investigated
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TABLE III
COMPARISON OF PREDICTION PERFORMANCE OF TDLVR, CTDLVR, AND TRADITIONAL APPROACHES FOR AN INDUSTRIAL POLYETHYLENE EXAMPLE

6071

Mean MSE/MAE/PCC

2.75E+02 / 10.44 2.23E+03 / 35.77 / 0.23
2.48E+02 / 13.67 1.65E+03 / 31.37 / 0.21
3.35E+02 / 12.98 1.57E+03 / 31.92/0.21
1.34E+02 / 9.51 1.64E+03 / 33.75 / 0.30
6.64E+02 / 19.27 1.71E+03 / 28.13 / 0.19
3.72E+02 / 14.98 1.58E+03 / 26.19 / 0.16
8.32E+02 / 19.59 1.76E+03 / 31.31/0.22

MSE/MAE
Methods
Ml — M2 Ml — M3 M2 — Ml M2 — M3 M3 — Ml M3 — M2

PLS 1.81E+02 / 10.06 7.18E+03 / 64.53 17.00E+02 / 30.98 9.39E+03 / 71.74 0.92E+03 / 26.86
DiPLS [9] 1.28E+02 / 7.81 7.14E+03 / 67.12 5.80E+02 / 18.95 5.31E+03 / 49.61 1.23E+03 / 30.99
CORAL [38] 2.01E+02/10.76 5.69E+03 / 57.58 8.54E+02 / 25.23 3.84E+03 / 52.13 1.48E+03 / 32.86
TCA [37] 1.23E+02 / 8.45 7.68E+03 / 75.13 9.63E+02 / 23.48 5.49E+03 / 61.60 0.75E+03 / 24.14
WDGRL [29] 1.59E+02 /9.13 5.00E+03 / 55.25 4.40E+02 / 17.18 3.33E+03 / 48.50 0.68E+03 / 19.43
MDD [30] 1.33E+02 / 8.34 4.34E+03 / 52.92 6.03E+02 / 18.20 3.40E+03 / 43.37 0.66E+03 / 19.31
DANN [40] 1.05E+02 / 7.39 6.38E+03 / 59.84 8.39E+02 / 23.52 4.50E+03 / 48.13 1.36E+03 / 29.38
di-PLS [34] 1.25E+02 / 8.47 6.93E+03 / 63.04 4.89E+02 / 18.13 5.09E+03 / 49.89 0.89E+03 / 25.48

dynamic di-PLS
TDLVR (Ours)

1.41E+02 / 8.20
0.75E+02 / 6.90

5.08E+03 / 54.72
2.01E+03 / 34.46
1.77E+03 / 35.16

6.67E+02 / 21.85
3.24E+02 / 12.73
2.83E+02 / 12.34

4.82E+03 / 49.00
3.17E+03 / 40.99
2.88E+03 / 38.34

1.42E+03 / 35.22
0.51E+03 / 19.31
0.41E+03 / 16.88

2.17E+02 / 10.85 1.50E+03 / 29.31 / 0.22
2.13E+02 / 12.07 1.48E+03 / 30.18 / 0.16
1.13E+02 / 8.31 0.72E+03 / 20.45 / 0.30

CTDLVR (Ours) 0.68E+02 / 6.06

0.71E+02 / 6.24 0.62E+03 / 19.17 / 0.46
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Fig. 7. Heatmap visualization results of projection matrix W using TDLVR
to transfer shared information between modes. (a) M1—M2. (b) M2—MI1.
(c) M3—>Ml. (d) M1—->M3. (e) M2—M3. (f) M3—>M2.
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process consists of three steady-state grades with different
characteristics and transitions [52]. The melt index (MI), as the
key product quality variable, can only be measured by offline
laboratory analysis in around 6-8 h. Without online analyz-
ers for MI, off-grade products and materials are produced
inevitably in practice. Consequently, the proposed TDLVR and
CTDLVR are applied to predict the MI online. In this study,
three steady-state grades corresponding to medium (30-50),
low (10-20), and high (240-350) levels of the MI are selected.
A total of 331 samples are collected from the three grades,
which are referred to as Mode 1 (i.e., M1), Mode 2 (i.e.,
M2), and Mode 3 (i.e., M3), respectively. Finally, 95 labeled
samples in M1, 90 labeled samples in M2, and 145 labeled
samples in M3 are utilized for verification.

Data preprocessing, including mean interpolation and three-
sigma criterion, is first performed to deal with missing values
and outliers. Subsequently, the collected data are divided into
two parts: the training samples and the testing samples. In M1,
the number of training samples is 45 and the remaining 50 is
the test dataset; in M2, the number of the training samples is
45 and the remaining 45 is the test dataset; and in M3, the
number of training samples is 80 and the remaining 65 is the
test dataset. In addition, one of M1, M2, and M3 is randomly
selected as the source domain with relatively sufficient labeled
training data, while the remaining is the target domain. The

grade of the process switches frequently with each operating
for a short period. Accordingly, the number of quality mea-
surements available in each grade is scarce.

In the scenario where M1 is the source domain with M2
and M3 are the target domains, the MI predictions and
absolute prediction errors of six approaches are shown in
Fig. 8. The probability density functions (PDFs) of the first LV
using DiPLS and the proposed TDLVR are shown in Fig. 9.
It can be seen that the distribution of one mode is obviously
different from the one of another mode using DiPLS. The
distribution difference leads to prediction accuracy degradation
of DiPLS. Meanwhile, the proposed TDLVR effectively aligns
the distribution of LVs. The MSE and MAE of all scenarios
and the mean PCC are listed in Table III. It can be seen that the
proposed TDLVR and CTDLVR achieve lower MSE and MAE
and higher mean PCC, indicating better prediction perfor-
mances than PLS, DiPLS, CORAL, TCA, DANN, WDGRL,
MDD, di-PLS, and dynamic di-PLS. Furthermore, owing to
error compensation, CTDLVR is mostly superior to TDLVR.

The mean MSE and MAE metrics are further utilized for
comprehensive evaluations. DiPLS is mostly better than PLS,
although DiPLS shows poor performance in the scenario of
M3 to M1 caused by weak dynamics. Compared with PLS
and DiPLS, di-PLS achieves better prediction performance.
Dynamic di-PLS with comparable performance to di-PLS is
unstable in handling weak dynamics. It is unreasonable for
dynamic di-PLS to use time lag matrices directly to deal with
dynamic characteristics while ignoring the dynamic discrep-
ancy between domains. From the results, TDLVR performs
much better than other approaches in all scenarios. Unlike
dynamic di-PLS, TDLVR makes use of weight coefficients
to describe dynamics between process variables and quality
variables, as well as the co-dynamic variations of process
variables between domains.

To verify the time-lag impacts on model performance,
DiPLS, dynamic di-PLS, and TDLVR are compared with
different time lag coefficients. The results are shown in Fig. 10.
The performance of each method fluctuates with the time lag
coefficient, but TDLVR is much better than the other two
methods. In addition, TDLVR is more stable and reliable than
dynamic di-PLS. In contrast, dynamic di-PLS is inaccurate
and worse than DiPLS in some situations. In this experiment,
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Fig. 9. Distributions of the first LV between different modes for the industrial
polyethylene process example. (a) M1—M2. (b) M1—M3.

the optimal time lag of TDLVR is chosen for each scenario,
e.g., for M1-M2 and M3—M2, s is 2; for M2—MI1 and
M3—-Ml, s is 3; for M1—-M3 and M2—>M3, s is 4. It is
noted that a large time lag is not desired due to data volume
constraints. All prediction results demonstrate that the pro-
posed TDLVR achieves the best predictions. It is noted that
CTDLVR inherits the merits of TDLVR.

C. Debutanizer Column Example

The debutanizer dataset [53] contains seven process vari-
ables, including top temperature, top pressure, reflux flow, flow
to next process, VI tray temperature, bottom temperature 1,
bottom temperature 2, and one quality variable, i.e., bottom
butane concentration. This dataset has significant concept drift
and data distribution differences. The coherent dynamics of
this process can be adopted to evaluate the effectiveness of
the proposed TDLVR. The first 1100 samples are selected as
the source domain and the rest 1394 samples as the target
domain. The number of LVs and dynamic order is selected
to be the same as those used in [47]. Meanwhile, due to the
slow sampling rate of quality variables, only 1/10 of samples
in the target domain are adopted for performance evaluation.
The comparison results of MSE, MAE, and PCC on the target

600 | | |
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Fig. 10. Comparison of prediction performance for TDLVR, dynamic di-PLS,
and DiPLS approaches for the polyethylene process example. (a) M1—M2.
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TRADITIONAL APPROACHES FOR A DEBUTANIZER COLUMN EXAMPLE

TABLE IV
COMPARISON OF PREDICTION PERFORMANCE OF TDLVR AND

Methods MSE MAE PCC
PLS 0.038 0.152 0.523
DiPLS [9] 0.020 0.111  0.756
CORAL [38] 0.022 0.113 0.572
TCA [37] 0.021  0.108 0.638
WDGRL [29] 0.023 0.110 0.510
MDD [30] 0.023 0.114 0.527
DANN [40] 0.023 0.112  0.689
di-PLS [34] 0.022  0.108 0.540
dynamic di-PLS ~ 0.014  0.090 0.782
TDLVR(ours) 0.008 0.067 0.851

domain are listed in Table IV. It can be seen that some transfer
methods, including CORAL, TCA, WDGRL, MDD, DANN,
and di-PLS, are better than the traditional PLS and worse than
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traditional DiPLS. Furthermore, dynamic di-PLS outperforms
di-PLS, because the former considers data dynamics. The
proposed TDLVR achieves a more accurate prediction than
all the above-mentioned methods.

VI. CONCLUSION

In this work, a novel transfer DLV modeling scheme, includ-
ing TDLVR and CTDLVR, has been developed for quality
prediction of multimode processes with limited labeled sam-
ples available in the new mode. Compared with the traditional
TL and dynamic modeling approaches, the proposed TDLVR
achieves significantly improved predictions by extracting the
dynamics between process variables and quality variables
in the POM, the co-dynamic variations between the POM
and a new mode, and overcoming the marginal distribution
discrepancy between the two modes. Making full use of a
small number of labeled samples from the new mode, the
proposed CTDLVR with an error compensation model has
effectively reduced the prediction errors of TDLVR due to
conditional distribution discrepancy.
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