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Incremental Spatiotemporal Learning for Online
Modeling of Distributed Parameter Systems

Zhi Wang

Abstract—An incremental spatiotemporal learning scheme is
proposed for online modeling of distributed parameter systems
(DPSs). A novel incremental learning method is developed to
recursively update the spatial basis functions and the correspond-
ing temporal model based on the Karhunen-Loeéve decomposition
for time-space separation. The time-space synthesis continually
evolves by adding new increment data with more updated infor-
mation and revising the existing parameters of the dynamic
system. In this way, the spatiotemporal structure is inherited
and updated efficiently as output data increases over time. The
adaptive nature of this evolving structure makes it promising
for online modeling of DPSs under streaming data environment.
The proposed incremental modeling scheme is evaluated on the
classical benchmark of a catalytic rod problem. The simulation
results demonstrate the viability and efficiency of the proposed
method for online modeling of DPSs.

Index Terms—Distributed parameter systems (DPSs), incre-
mental learning, Karhunen-Loéve decomposition (KLD), online
spatiotemporal modeling.

I. INTRODUCTION

ISTRIBUTED parameter systems (DPSs) are a com-

mon kind of industrial processes where the input and
output may vary in both time and space dimension [1].
Despite of the difficulty, modeling such complex systems
is essential to industrial simulation, control, and optimiza-
tion [2]-[4]. Modeling and control of such spatiotemporal
systems has been widely investigated in practice due to recent
developments in sensor, actuator, and computing technology.
The first-principle description for known DPS convention-
ally leads to the mathematical partial differential equation
(PDE). Since the PDE system is infinite-dimensional, the
model reduction complements are always indispensable for
real implementation.

The time-space separation methods have been verified
to be an efficient model reduction method in modeling of
unknown DPSs [5]-[11]. In these spatiotemporal model-
ing methods, Karhunen-Loeve decomposition (KLD) is first

Manuscript received December 11, 2017; accepted February 14, 2018. Date
of publication March 19, 2018; date of current version November 19, 2019.
This work was supported by the General Research Fund Project from Research
Grant Council of Hong Kong SAR under Grant CityU: 11205615. This paper
was recommended by Associate Editor A. H. Tan. (Corresponding author:
Han-Xiong Li.)

The authors are with the Department of Systems Engineering and
Engineering Management, City University of Hong Kong, Hong Kong (e-mail:
njuwangzhi @ gmail.com; mehxli@cityu.edu.hk).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TSMC.2018.2810447

and Han-Xiong Li, Fellow, IEEE

utilized for the time-space separation, where the spatiotem-
poral output is decomposed into a set of dominant spatial
basis functions (BFs) with corresponding temporal coeffi-
cients. Second, a reduced-order temporal model is identified
from the decomposed low-dimensional data. The temporal
structure can be approximated by various identification tech-
niques, such as nonlinear autoregressive with exogenous input
(NARX) model [12] Hammerstein model [5], neural networks
(NNs) [7], [8], and so on. Finally, the spatiotemporal dynamics
can be reconstructed and predicted over the whole time-space
domain through the time-space pairwise data reconstruction of
the reduced-order model.

In traditional spatiotemporal modeling, the KLD process
and temporal structure identification are performed in the
so-called batch-mode. The output data over the whole time
domain has to be ready for time-space separation during the
model training stage. The modeling procedure stops once the
whole batch of spatiotemporal outputs has been fully pro-
cessed. These methods assume that all the output data is
available and accessible at the beginning of the modeling pro-
cess. Therefore, they are feasible for offline implementations
only. Nevertheless, in online settings, new streaming data will
be available continually, even after the spatiotemporal model
having been identified at a certain moment. If we want to
incorporate additional new output data into the existing time-
space synthesis, the time-space separation process should be
restarted from scratch with all the new and the old train-
ing data, which is called as “batch-mode” shown in Fig. 1.
Since the number of training data is growing constantly, the
batch-mode method is only feasible at the cost of retraining
the whole time-space synthesis with time-consuming proce-
dures and great storage burden. Although some DPSs may
have relatively slow dynamics, making such retraining scheme
feasible. It is difficult to characterize it as adaptation, espe-
cially with respect to the model structure of the time-space
synthesis. In fact, it is a procedure where completely new
reduced-order models are repeatedly generated from scratch
given the accumulated data with growing length.

From the aspect of computational efforts, calculating the
Karhunen—Loeve basis for L time steps of N spatial measure-
ments requires roughly O(NL) memory units and O(L*) flops.
The growing data length L results in superlinearly increas-
ing computational complexity and linearly increasing storage
capacity for batch-mode method. In many real applications,
this large storage requirements and computational demands
may be prohibitive. Moreover, acquisition of representative
training data is expensive and time-consuming. It is common
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for such data available only in small increments over a period
of time, and the previously visited data may be unaccessible
in consideration of online storage. Under the circumstances,
either we are not capable of collecting all the training data for
time-space separation, or the time-space synthesis is identified
from scratch inefficiently using all the data.

We can see that the batch calculation nature of the spa-
tiotemporal modeling methods has limited their applications.
It is an important obstacle in designing online modeling meth-
ods for distributed processes, since the traditional methods are
still not adaptive. In turn, it is hard to scale up the developed
modeling systems. An adaptive method of modeling DPSs
is needed for online settings to overcome the above chal-
lenges of streaming data and computational limits. A new
modeling scheme should be developed with the capability
of evolving the time-space synthesis as the process contin-
ues on. The model structure is supposed to be inherited and
updated whenever the new data increment is available. The
new information carried by the new data should be added
into the existing model structure in an incremental way, i.e.,
incremental learning.

Recent years have witnessed an increasing interest in the
topic of incremental learning from both academia and industry.
Incremental learning has been widely addressed in machine
learning and intelligent control communities to cope with
learning tasks, where the training data becomes available
over time or the learning environment is ever-changing [13].
Various methods have been suggested for incremental learn-
ing regarding various problems in different areas, including
unsupervised learning [14], supervised learning [15], rein-
forcement learning [16], machine vision [17], evolutionary
algorithms [18], and human-robot interaction [19].

For model reduction of DPSs, there are several results
reported regarding the concept of recursive, or adaptive, or
incremental methods. Li et al. [20] proposed a recursive
principle component analysis approach based on updating
the correlation matrix recursively. Varshney et al. [21] and
Pourkargar and Armaou [22], [23] developed a kind of
adaptive proper orthogonal decomposition on the base of
updating the BFs through orthonormalization of the dominant
eigenspace of the covariance matrix. The algorithm requires
the dimensionality of the covariance matrix to remain con-
stant by discarding the oldest snapshots, which leads to a
certain loss of the system’s dynamics. Xu et al. [24] pro-
posed a recursive proper orthogonal decomposition approach
through gradient search of the new eigenspace, which aims
at minimizing the approximation error. Sequently, they pro-
posed a rank-1 incremental proper orthogonal decomposition
method [25] and [26] based on expansion and transforma-
tion of the eigenspace by the normalized residue vector. These
methods are mostly based on analysis of the covariance matrix,
which requires access to all the historical data. Meantime,
some of them may have deficiencies, such as information loss,
limitation to rank-1 updating, and local minimum.

Regarding to spatiotemporal modeling of DPSs, there are
few results reported concerning the incremental learning
method, which is exactly needed for online modeling in envi-
ronments of streaming data. Although there are several works
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Fig. 1. Traditional batch-mode modeling versus proposed incremental-mode
modeling.
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proposing the concept of incremental modeling of DPSs [27],
they refer in particular to adding the hierarchical spatiotempo-
ral kernels incrementally, which is completely different from
our proposed incremental algorithm for online modeling. The
purpose of this paper is to present such incremental modeling
methodology and results of their applications to a number of
test cases.

The intuitive concept of proposed incremental learning
methodology for online spatiotemporal modeling is as shown
in Fig. 1, along with the comparison to conventional batch-
mode modeling. In online settings, assume that the mod-
eling procedure is processed continually at set time steps
(--.,ti—1, ti, tit1, . . .). For the batch-mode method, completely
new time-space syntheses (..., T/Squ-1), T/Sw. T/Si+1), ---)
are trained from scratch after collecting the whole batch
data (..., BD(,'_l), BD(i), BD(,‘_H), ...). While for our pro-
posed incremental modeling method, the time-space synthesis
is inherited and updated in a computationally effective way by
adding the new increment data (. .., ID¢_1), ID(;), ID(iy1y, . . )
into the existing model structure incrementally. It is not
required to store the entire time series of training data before
proceeding to the time-space separation, and this evolving
structure is capable of approximating and adapting to the
system’s dynamics well in real-time.

In order to demonstrate the performances of the proposed
incremental modeling algorithm, simulated experiments are
carried out on the benchmark of a catalytic rod problem.
We compare the incremental modeling algorithm with con-
ventional batch-mode method to illustrate the feasibility and
advantages of the incremental learning property. Both the-
oretical analysis and experimental results will demonstrate
that the proposed incremental modeling methodology achieves
good online performances, as well as being computationally
effective.

The rest of this paper is organized as follows. In Section II,
the problem description of online modeling is introduced. In
Section III, we present the concept and technical details of
the proposed incremental spatiotemporal learning scheme for
online modeling, accompanied by illustrations of complex-
ity analysis and main advantages. Experimental results are
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demonstrated in Section IV, and the conclusions are presented
in Section V.

II. PROBLEM DESCRIPTION

In this paper, a general class of DPSs is considered, which
can be represented by the following nonlinear PDE:

ay(x, 1) ay 82y a"oy
. = ‘C Yo T T s
ot ax’ 9x2 dx"0

) +Bu@ (1)

subject to the mixed-type boundary conditions

( dy 9%y grno—ly

q\ Y, o= =1

9’ ﬁw--, )|x=xa or x=xh=O (2

and the initial condition

y(x, 0) = yo(x) (3)

where ¢ € [0, 00) is the temporal variable, x € [x4, xp] C R is
the spatial coordinate, y(x, 1) = [y(x1, 1), ..., y(xn, H]T € RY
is the spatiotemporal output, and u(f) € R” is the temporal
input. £ € RY is a complex vector function which contains
a nonlinear spatial differential operator of order ny, B(x) is
a matrix function of appropriate dimensions which describes
how the temporal inputs are distributed in spatial domains, ¢
is a nonlinear vector function, and yg(x) is a smooth vector
function referring to the initial output.

A common approach to modeling the unknown nonlinear
DPSs leads to the time-space separation framework [1], where
the spatiotemporal output y(x, f) can be decoupled into a set
of orthogonal spatial BFs ¢(x) with corresponding temporal
coefficients a(t) as

Y& 0 =) piai). )

i=1

In practice, a finite nth-order of BFs {¢;(x)}?_; extracted
by KLD is used for capturing the most relevant dynamics
of the system. Then, the low-order temporal model F is
identified from the decomposed low-dimensional coefficients

{ai(D}L, as
a(t) = Fa(t — 1), ..., a(t —dy), u(t — 1), ..., u(t — dy))
+ e(®) (5

where d, and d, denote the maximum input and output lags,
respectively, and e(f) denotes the residual error. The detailed
description of spatiotemporal modeling can be found in the
Appendix.

Nevertheless, traditional spatiotemporal modeling methods
are only feasible for offline implementations since the time-
space synthesis is computed only once and remains fixed
afterwards. In an online environment, the time-space synthesis
is supposed to be retrained from scratch repeatedly when the
new data is available, which leads to a high computational
burden in real applications. For online modeling of DPSs,
an incremental learning mechanism is needed to inherit and
update the model structure efficiently whenever the new data
increment is available.
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III. INCREMENTAL SPATIOTEMPORAL MODELING
A. Framework

In the online environment, the output data for modeling
is collected continuously, instead of being a fixed set. Some
parts of the new collected data may confirm and reinforce
the knowledge learned from the previous data; while other
parts may bring new information that is sufficiently different
from the learned knowledge, which could indicate complex
dynamics such as abnormal interference or changes in oper-
ating conditions. Online methods are supposed to be adaptive
to such dynamics of DPSs during their whole life cycles.

We present the technical details of the proposed incre-
mental spatiotemporal modeling scheme in this section. The
whole framework is shown in Fig. 2. The continuous streaming
data is collected into data increments (..., D), ID¢y1y, .. .)
at certain time steps (..., %, tit1,...). First, we propose
an efficient method that incrementally updates the spa-
tial BFs when a new data increment arrives. Second,
the temporal model is reidentified using the corresponding
updated temporal coefficients. Finally, we use the time-
space synthesis (..., T/Sq), T/S(i+1), - - .) with updated spatial
BFs and temporal model to reconstruct the historical data
(...,HAD(,'),HADUH), ...), and to predict the future outputs
G.., If)(i+1), If)(i+2), ...). Then we repeat the above proce-
dures whenever the next new increment of output data arrives.
In this incremental way, the new increment data is added to
the existing time-space synthesis continually. The modeling
structure and parameters are inherited and updated recursively
over time.

B. Online Updating of Time-Space Synthesis

Suppose that the output data at time #;(j = 1,...,L) is
an N-dimensional vector y(x, ) = [y(x1,4),...,y(xnN, tj)]T,
which is measured at N spatial locations. For simplicity, mark
y; = y(x,t). The n-order spatial BFs, denoted as {¢; :?:1,
are typically learned by time-space separation from a set of
training data Y7 = [y, ..., y.] for time steps of L.

The output data is generated continually, even after the time-
space synthesis has been learned at time step 7. Suppose
that the time-space synthesis should be processed at a new
time step f74+m, and Yo = [yr41, ..., YL+m] is the new data
increment, for new time steps of M. For batch-mode method,
the time-space separation is reperformed from scratch by
KLD of the augmented data matrix ¥ = [¥; Y2]. This
method is computationally expensive as the online process
generates more and more historical data. Instead, we derive
the concrete procedure on how the proposed method inher-
its and updates the time-space synthesis efficiently through
incremental learning.

According to (31), the original temporal correlation matrix
C can be written as

Lor
C= ZY 1 Y. (6)
By singular value decomposition (SVD), the matrix YlT can be
decomposed into

vl =uzvr. )
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Fig. 2.

Then C can be rewritten as
3

where A = (1/L)E X7 is an L x L diagonal matrix. By KLD,
we choose the dominant n features which capture more than
99% of the system’s information according to (32). Then the
best rank-n approximation of C is

Cn = Uy AyUT

1 1
C= ZUZVTVEUT = ZUEETUT =uaUT

€))

where U, is formed by the first n columns of U, and A, is
the nth leading principal submatrix of A. According to (28),
we can construct the n dominant BFs ® = [¢;(x), ..., ¢,(x)]
as

o = Uy =1, (10)

After identifying the dominant spatial BFs {¢;(x)}\_,, the
corresponding temporal coefficients {ai(t)}?;l‘l’tzl of the spa-
tiotemporal output y(x, ) can be obtained using (23). Assume
that the acquired temporal coefficients matrix is A,x; =
l[a(l),...,a(L)], where a(t) = [a1(t),...,an()]", 1 =
1,...,L, it can be verified that the output data Y; is recon-
structed, as (Y1), using spatial BFs & and the corresponding

temporal coefficients A
(Y1), = @A. (11)

When the new data Y> is added and Y = [Y], Y>], the new
temporal correlation matrix C is

Loyry_ ! [YI; Y|

L+M L+M|Y,Y

Suppose that the previous data Y7 is not accessible any more,

the new C cannot be computed directly. Instead, we update the

eigenvectors of data matrix Y to compute the new BFs based

on the SVD-updating algorithm [37], [38] in an incremental

way.
As we known, YIT € RLXN, (YIT)LxN = UXVT, and its best
rank-n approximation (?IT n=U, 2, VnT , where U,, and V,, are

C=

YlTyz]. (12)

Yy,

Incremental spatiotemporal modeling scheme for online modeling of DPSs.

formed by the first n columns of U and V, respectively, and
¥, is the nth leading principal submatrix of E.TNext, we want
(Y] )LxN
, where
(Y Mxn
YT is an M x N matrix consisting of M additional rows.
Let the QR decomposition of (I — VnVnT )Y, be

to carry out the SVD of a larger matrix |:

(I—V,V])Y2 = QR (13)

where Q is orthonormal and R is the m x M upper triangular,
where m (m < min(N, M)) is the rank of (I — VnVnT)Yg. This
step projects the new rows Y2T to the orthogonal complement
of the old right eigenvector subspace, i.e., span{V,}. It can be
verified that

r TN, x1 Tun 0] = 0 T
a1 e e K | S
(14)

noticing that [V,, Q] is orthonormal. Now, obtain the SVD
of the (n + M) x (n + m) matrix

=, 0
YIv, RT

where U € ROTMXm+M) g 5 ¢ RO+HMx(tm)  anq V¢
R(n+m) X (n4m) .

~~ A~

=UxV’ (15)

Then, the new temporal correlation matrix C can be rewrit-
ten as

C=——Yly
L+M
1 U, 0lesw~r T
- UsvIy,
T KO G LY
T
~~r~1|U, 0
x [Va  QJVE'U [ o IM}
U, 07~ 1 << \/(TUu, 07=\"
- U b)) U
(|:0 IMi| L+M 0 Iy
= UAUT (16)
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U, 0|~
0 Iy U. By KLD, we

choose the new dominant n’ features which capture more than
99% of the system’s information according to (32). The best
rank-n" approximation of C is

Cy = Uy Ay}

where the updated diagonal matrix A = (1/L+M)S %7, and
the updated eigenvectors U =

A7)

where U, is formed by the first #’ columns of U, and A,; is
the n'th leading principal submatrix of A.

In accordance with (28), we can update the previous n-
order BFs ® = [¢;(x), ..., ®,(x)] to a new n'-order one as
© =[gi1(x), ..., o0 (0]

& = (T0y") =y,

V2|0 (18)

Since the complete information about the original data Y; is
not accessible due to online storage, we use the best rank-n
approximation (11) to reconstruct the original data. Then the
new n’-order dominant BFs can be computed as

omtos (s 4]0

where U,y is formed by the first n’ columns of U. In this incre-
mental way, the old BFs & is transformed to an updated one
® when the new increment of output data Y, arrives, with-
out requirement to store the previous data Y;. This function
enables recursive calculation, which is important for online
implementation of modeling methods.

After the spatial BFs being updated, the corresponding tem-
poral coefficients can be updated according to (34), following
by reidentification of the low-order temporal model in (35). At
this point, the whole time-space synthesis has been inherited
and updated online for reconstructing the system dynamics and
predicting future outputs in real-time. By incremental learning,
the modeling structure evolves continually as new increments
of spatial measurements are generated through the whole life
cycle of DPSs. Hence, this evolving structure is capable of
tracking and adapting to the system’s dynamics online.

19)

C. Computational Complexity of Incremental Modeling

The first step of the proposed incremental modeling is
QR decomposition of [(I — V,VI)Y2lyxy in (13), which
requires approximately O(NM?) flops. The following is SVD
, of
YZTV" RT (n+M) x (n+m)
approximately O((n + m)(n + M)?) flops. In many appli-
cations, the number of dominant BFs n is much smaller
than other parameters. That is to say, n < {m, N, M}, and
m < min{N, M}. Neglecting the contribution of initialization
step, the total time complexity of the incremental learning pro-
cedure is at the level of O(NM?), depending on the length
M of the new data increment. Nevertheless, in batch-mode
method, it requires approximately O((L + M)?) flops to pro-
ceed the KLD of the new correlation matrix C'(L+M)X(L+M).
Hence, the computational complexity of incremental model-
ing will be much lower than the batch-mode method, since
the historical data length L in online mode is continuously
growing, which leads to {N, M} <« L in many practical cases.

of the smaller matrix that requires
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D. Main Advantages of Incremental Modeling

1) Online Computation and Database Update: 1t deals with
a continuous sequence of spatial measurements, pro-
cesses the streaming data as it arrives in real-time rather
than waiting for the end of the sequence, without any
requirement to keep the previous measurements as well.

2) Reduced Complexity and Memory Requirements: The
incremental learning process requires approximately
O(NM?) flops and O(NM) memory units in compari-
son to O((L + M)?) flops and O(N(L + M)) memory
units required by the batch-mode method.

3) Adaptiveness: It develops a continually inherited and
updated time-space synthesis according to new incre-
ments of output data, which can track and adapt to the
system’s dynamics in real-time.

IV. SIMULATION EXPERIMENTS

In order to evaluate the proposed incremental spatiotemporal
modeling methodology, the benchmarked distributed process
of a catalytic rod is studied. At each time step ¢, the spa-
tial measurements vector y; = y(x, ) is acquired. Suppose
that during the time period between step #; and #7457, we col-
lect the new increment of output data Y = [yr+1, ..., Yi+Mm]-
The existing time-space synthesis learned from the histori-
cal data Y1 = [y1,...,y.] at ¢y shall be transformed to an
updated version at 774y through incremental learning of the
new data set Y>. The up-to-date synthesis is used to recon-
struct the system’s output and predict the system’s dynamics
in the future. Then, the updating process is repeated whenever
the next new increment of output data arrives. In this incre-
mental way, the time-space synthesis is inherited and updated
recursively, resulting in implementation of online modeling
and prediction in real-time.

In order to demonstrate the performance of our proposed
incremental modeling methodology, we compare it to the tra-
ditional batch-mode modeling method. In batch-mode, the
spatial BFs and temporal coefficients are computed directly
using all the training data from the initial state to the present
of the process, assuming that the previous data Y; was accessi-
ble. All the algorithms are implemented in MATLAB R2013a
running on Windows 7 with Intel core i5-4590 3.30 GHz and
4 GB RAM. And all the experimental results presented in this
paper are averaged over 100 runs.

Let y(x, #) and y,(x, f) denote the measured output and the
predicted output. The three performance indexes for evaluating
the modeling accuracy is defined as follows.

1) Spatiotemporal error e(x, t) = y(x, 1) — yn(x, 1).

2) Spatial normalized absolute error, SNAE(?) =
(1/N) Y le(xi, ).
3) Root of mean squared error, RMSE =

(J X e, n’dx/ [ dx Y An'/.

A. Case: Catalytic Rod

The benchmark PDE system of a catalytic rod, which con-
sists a long thin rod in a reactor, is shown in Fig. 3. It is a
classical and widely investigated transport-reaction process in
chemical industry [39]. A zeroth-order exothermic chemical
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Fig. 3. Catalytic rod.

reaction is produced inside in the form of A — B, where A
is the pure species fed into the reactor. A cooling medium in
touch with the catalytic rod is used for cooling the exothermic
process.

Assume the species A in the furnace is excess, and the
following parameters of the catalytic rod are constant: den-
sity, heat capacity, conductivity, and temperature at both sides.
The mathematical model of the following parabolic PDE can
be used to describe the spatiotemporal evolution of the rod
temperature [39]:

dy(x, 1) _ 9%y(x, 1) (5 )
a2 thrle e

+ Bu(bT u(®) — y(x, 1))

(20)
subject to the Dirichlet boundary and initial conditions

¥0,0=0, y@@, =0, yix 0 =yox)

where y(x, t) is the rod temperature, u(f) is the temporal input
function, and b(x) is the spatial distribution of input actuators.
Br is the heat of reaction, B, is the heat transfer coefficient,
and y denotes the activation energy. The process parameters
are often set as

Br=50, B,=2, y =4.
There are four input actuators u(t) = [u(¢), o ua(O1F
with the spatial distribution function b(x) = [b1(x),...,

ba()1T, bi(x) = Hx—(i— D /4)—H(x—in/4), i=1,...,4)
and H(-) is the standard Heaviside function. For gathering
informative data and persistently exciting the full spectrum of
the nonlinear system’s dynamics, the input signals are imple-
mented with a series of sinusoidal functions with different
frequencies as u;(f) = 1.1 4+ 5sin(¢/2 +i/10), i =1, ...,4).
The number of required sensors for modeling depends on
both the intrinsic physical system and the extrinsic model-
ing accuracy needed in practice. In this case, the system’s
output y(x;, 1), (i = 1,...,N) is collected from 18 identical
sensors that are uniformly distributed in the spatial domain
(N = 18).

The noise-free streaming data is generated from (20) contin-
ually, which is sampled at time interval At = 0.01. The initial
condition yp(x) is set to be the steady state with the input
ui(ty = 1.1, (i = 1,...,4). The white Gaussian noise with
mean zero and standard deviation o (x;) = Ag(x;)ng, where
Agq(xi) = (max(y(x;, 1)) — min(y(x;, 1)))/3,(i=1,...,N) and
ng = 2% is added additively to the noise-free streaming data
to derive the noisy output. The streaming output data is col-
lected for updating the time-space synthesis at time interval
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Fig. 4. Measured output for a period of the online process.

At = 10. That is, the original spatial BFs and the tempo-
ral model is computed when the first 1000 output data is
collected at time ¢+ = 10. Then the new data is added to
the existing time-space synthesis in increments of 1000 at
time t = 20, 30, ... Subsequently, the time-space synthesis
is inherited and updated through incremental learning every
time the next new 1000 data is collected. In these moments,
the up-to-date time-space synthesis is used for reconstruct-
ing the system’s output from the initial state to the present.
And for verifying the online modeling performance. It is used
to predict the 1000 output data during the future time inter-
val A.(?). In this way, the incremental spatiotemporal model
is trained and tested online in real-time, which is capable of
being adaptive to the system’s dynamics.

As a short example, the measured output y(x,t) for ¢ €
(0, 100) is shown in Fig. 4. In the experiment, three dominant
spatial BFs are selected since they can capture more than 99%
of the system’s energy all the time. As shown in Fig. 5, the
three BFs {gai(x)}?zl are updated every A.r = 10. It can be
observed that the first spatial basis oscillates between two sets
of values, while the changes of both the second and the third
basis are getting smaller and smaller along with the online
process.

For intuitive comparison, we use RMSE as performance
index regarding to modeling accuracy of the proposed incre-
mental modeling and the traditional batch-mode method. At
each time step when the new 1000 data is added in (r =
20, 30, ...), we compute the RMSE on the training data from
the initial state to the present, and RMSE on the 1000 testing
data during the future time interval A (). We also compute
the modeling errors when the BFs are not updated all the way
to illustrate the necessity of updating the BFs in the online
environment. Together, the modeling accuracy comparison is
shown in Table I. From the table, we can clearly see that the
reconstruction error on the training data of the incremental
method has always been very close to the batch-mode method.
By calculation, the difference of the reconstruction error
between these two methods is less than 1%. Meantime the
testing errors for predicting the future outputs of the two meth-
ods are equally comparable to each other. These two indexes
indicate that the incremental modeling method achieves almost
as good performance as the traditional batch-mode method in
terms of modeling accuracy.
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Fig. 5.  First three dominant BFs derived by the proposed incremental
modeling. (a) ¢ (x). (b) ¢2(x). (¢) @3(x).

TABLE I
MODELING ACCURACY COMPARISON BETWEEN THE TRADITIONAL
BATCH UPDATING AND THE PROPOSED INCREMENTAL
UPDATING METHODS

Without updating / Batch updating / Incremental updating

Time RMSE training RMSE testing
t=20  0.0788 /0.0433 / 0.0434  0.0844 / 0.0550 / 0.0549
t=30  0.0807 /0.0434 / 0.0435  0.0834 / 0.0555 / 0.0553
t=40  0.0814/0.0435/0.0436  0.0834 / 0.0552 / 0.0551
t=50  0.0818 / 0.0435/0.0436  0.0818 / 0.0552 / 0.0549
t=60  0.0818/0.0435/0.0436  0.0850 / 0.0551 / 0.0550
t=70  0.0823 /0.0435/0.0437  0.0841 / 0.0555 / 0.0557
t=80  0.0825/0.0435/0.0437 0.0832/0.0559 / 0.0555
t=90  0.0826 /0.0435/0.0437  0.0835 / 0.0556 / 0.0554
t=100 0.0827 /0.0435/0.0437  0.0832 / 0.0553 / 0.0549

On the other hand, the running time for updating the time-
space synthesis is considered as the performance index for
evaluating the computational efficiency. As shown in Fig. 6,

= = = Batch-mode
Incremental-mode ’

Running time
A Y

20 40 60 80 100

Fig. 6. Running time (s) comparison between the traditional batch-mode
modeling and the proposed incremental-mode modeling.

\ \
) \\\W\

X t

Fig. 7. Predicted output of incremental modeling on training data.

the running time of the batch-mode method increases super-
linearly over time, since its time complexity is O((L +
M)3) as the online process resulting in a growing num-
ber of historical output data with length L. Nevertheless,
the running time of the incremental modeling increases
very slowly. This attracting advantage should benefit from
its time complexity being O(NM?), which depends on the
data increment length M instead of the historical data
length L. This index shows that the incremental modeling
is computationally much more effective than the batch-mode
method.

For more intuitive performance demonstration and contrast
of model training, we present the predicted output y,(x, ),
the spatiotemporal error e(x, ) and spatial normalized abso-
lute error SNAE(#) on the training data ¢ € (0, 100), as shown
in Figs. 7-9, respectively, Similarly, for further verifying the
performance of model testing, the measured output y(x, ), the
predicted output y,(x, t), the spatiotemporal error e(x, ¢), and
spatial normalized absolute error SNAE(#) on a new set of
2000 testing data are also illustrated in Figs. 10-13, respec-
tively. Obviously, it can be found that the proposed incremental
modeling performs equally good as the traditional batch-mode
method, and can provide an extremely close approximation to
the original system.

Combined with the theoretical analysis in Section III, it
can be summarized that the expected modeling accuracy and
computational gains are indeed achieved. From the perspec-
tive of modeling accuracy, the proposed incremental method
on inheriting and updating the time-space synthesis gives an
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Fig. 8. Comparison on spatiotemporal error of (a) incremental-mode and
(b) batch-mode methods on training data.
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Fig. 9. Comparison on spatial normalized absolute error of incremental-mode
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Fig. 10. Measured output for the testing.

extremely close approximation to the traditional batch-mode
method. At the same time, the proposed incremental modeling
has the advantages of saving much computational effort, being
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Fig. 12.  Comparison on spatiotemporal error of (a) incremental-mode and
(b) batch-mode methods on testing data.

adaptive to online processes, and no requirement to store the
previous data.

Remark 1: The time interval for updating the time-space
synthesis, denoted as A.(f), is a hyperparameter in the incre-
mental modeling algorithm. In the experiment, we evaluate the
model training and testing performances of the incremental
modeling algorithm at time ¢ = 100 with respect to differ-
ent settings of updating time interval. As shown in Fig. 14,
it can be observed that the incremental modeling algorithm
achieves almost the same good performances regarding to dif-
ferent updating time intervals. In practice, the updating time
interval can be adjusted according to the process requirements.
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Fig. 14. Modeling error of the proposed incremental algorithm with respect
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V. CONCLUSION

An incremental spatiotemporal learning scheme is proposed
for online modeling of DPSs in this paper. It is based on
recursive updating of the spatial BFs and the correspond-
ing temporal model through incremental learning of new sets
from streaming data. In this way, the time-space synthesis
is inherited and updated through the whole life cycle of
the online process. The proposed incremental method can
achieve almost the same modeling accuracy as the tradi-
tional batch-mode method. Meantime, it is computationally
much more effective, since it does not require to retrain the
whole model structure from scratch when new output data
arrives. Besides, it does not require to store the entire set
of the process data. The adaptive nature of this methodol-
ogy makes it promising for online modeling of DPSs for the
whole life cycle. The proposed concept of incremental learning
will have broad applications in many fields, including model-
ing, optimal sensor placement, and predictive control of DPSs.
Experimental results demonstrate the viability, efficiency, and
potential of this incremental-mode approach for online model-
ing of distributed processes. Future implementation in various
engineering problems is under consideration.

APPENDIX
SPATIOTEMPORAL MODELING

A. Time-Space Separation

For time-space separation of the PDE system (1),
KLD [28]-[29], as a data-based model reduction method for
representing a stochastic field with the lowest dimension, is
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widely utilized for calculating the empirical eigenfunctions
and deriving accurate reduced-order approximations of many
PDE systems [5]-[11]. For simplicity, assume the system
output {y(x;, t)}gif 1> denoted as “snapshots,” is uniformly
sampled in both the time and space coordinates, where L is
the time length. Define the inner product, norm and ensem-
ble average as (fi(x),2(x)) = [ofi)AWdx, i) =
(1), i) and (fi (x. ) = (1/L) Y1, fi(x. D).
Motivated by Fourier series, the spatiotemporal variable
y(x, f) can be expanded onto an infinite number of orthonormal
spatial BFs {¢;(x)}7°, with temporal coefficients {a;(1)}7°,

Y1) =) ginai).

(21
i=1
Because the spatial BFs are orthonormal, i.e.,
0, i#j
(9i0), g) = / @i (x)dx = { N T@
Q » 1=

the temporal coefficients can be obtained from

ai(t) = (@i(x), y(x, 1)), i=1,...,00. (23)

For practical use, it can be truncated into a finite-dimensional
version
n
Yl D) =Y gi(x)ai(t) (24)
i=1
where y, (x, t) denotes the nth-order approximation.
Time-space separation aims to compute the most domi-
nant spatial BFs {¢;(x)}’_, among the spatiotemporal output
{y(xi, t)}f.iq"lzl using KLD. Finding the typical {;(x)};_; can
be performed by minimizing the following objective function:

min(|ly(x, 1) — yn(x, )]1%) (25)
®i(x)
subject to (¢;,¢) = 1,9 € L*(Q),i = 1,...,n. The

orthonormal constraint (¢;, ¢;) = 1 is imposed to restrict that
the function ¢;(x) is unique. The Lagrangian function with
regard to this constrained optimization problem is

7= {yG D) = yu 01 + Y Al — 1) (26)

i=1

the necessary condition of this problem can be computed as

/QR(X, E)pi(6)ds = rigi(x), (pi, i) = 1,i=1,...,n
(27)

where R(x, &) = (y(x, 1)y(&, 1)) is denoted as the spatial two-
point correlation function.

The solution of (27) can be obtained by a computationally
efficient method of snapshots [28]. The eigenfunction (spatial
BFs) ¢;(x) can be transformed into a linear combination of
the snapshots as

L
0ix) = ) yiy(x, 1). (28)
t=1
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After substituting (28) into (27), the necessary condition is
computed as

L L L
1
fQ T2 YO0 Y viy(€ KdE = A Y viy(x. ).
=1 k=1 =1
(29)

Then this eigenvalue problem is transformed to a simplified
form of an L x L matrix eigen-decomposition problem as

Cyi=\ivi (30)
where y; = [yi1, ..., yiL]T is the ith eigenvector, and
1
Ci = —/ Y&, Dy(&, k)d¢ (31)
LJg

is defined as the temporal two-point correlation function. The
solution of problem (30) yields the eigenvectors yi, ..., v,
which in turn can be used for constructing the eigenfunctions
©1(x), ..., or(x) in (28). Since the matrix C is symmetric
and positive semidefinite, the computed eigenfunctions are
orthogonal.

Denote the maximum number of nonzero eigenvalues as
K < min(N, L). Let the eigenvalues A1 > Ay > ... > Ag
and the corresponding eigenfunctions @1 (x), g2(x), ..., pg(x)
in the descending order of the magnitude of the eigenval-
ues. The eigenfunction corresponding to the first eigenvalue
is supposed to be the most “energetic.” The total “energy”
of the PDE system is considered as the sum of the eigenval-
ues. The energy percentage to each eigenfunction based on the
associated eigenvalue is assigned as

K
E,-:x,-/ZA-,i:l,...,K. (32)
j=1

Usually, the sufficient set of eigenfunctions that capture more
than 99% of the system’s energy can be used to determine
the reduced-order degree of n in (24). By experience, only a
small set of dominant spatial BFs expansion can approximate
most of the dynamics of many spatiotemporal systems. For
any arbitrary set of spatial BFs {¢;(x)}_,, the following result
holds [30]:

n n

D UG D00 =D k= Y (66D, 6.
i=1

i=1 i=1

(33)

It shows that KLD is optimal on average in the class of rep-
resentations by linear combination. That is why KLD can
provide the lowest dimension 7.

B. Temporal Model Identification

After learning the optimal spatial BFs {¢;(x)}7_, by time-
space separation, the low-order temporal model a;(¢) is identi-
fied from the decomposed low-dimensional data. The temporal
coefficients a;(f) corresponding to the spatiotemporal output
y(x, f) are computed from (21) as

ai(t) = (gi(x), y(x,1),i=1,...,n. (34)
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The time series data a(f) is usually approximated by a
deterministic NARX model [31]

a(t) = Fa(t — 1), ..., a(t —dy), u(t — 1), ..., u(t — dy))
+ e(d) (35)

where d;, and d, denote the maximum input and output lags,
respectively, and e(¢) denotes the residual error. The unknown
function F can be estimated from the low-dimensional input—
output data set {u(t), a(t)}lL:1 using various function approx-
imators, such as radial BFs (RBFs), polynomial functions,
wavelets and kernel functions [32]. After identification, the
model (35) can provide a prediction a(¢) at any time ¢ if the
initial conditions are given. Combined with (24), this reduced-
order model can reconstruct and predict the spatiotemporal
dynamics over the entire time-space domain.

In this paper, the temporal model is assumed to be a
simplified form as

a(t) = Ba(t — 1) + F(a(t — 1)) + Du(t — 1)

+ e(t) (36)

where the matrices B € R"*" and D € R™™ donate the linear
part and the transform function F : R” — R” donates the
nonlinear part. NNs are capable of approximating any contin-
uous function to an arbitrary accuracy and have been widely
investigated for various industrial processes [7], [8], [33]-[36].
In the temporal identification stage,  is estimated as an RBF
network, then the model (36) is rewritten as

a(t) = Ba(t — 1) + WK(a(t — 1)) + Du(t — 1) + e(t) (37)

where W = [Wy, ..., W;] € R™! denotes the weight, K(-) =
K1), ..., KO R* - R/ denotes RBF, and [ is the num-
ber of neurons. The RBF is usually selected as the Gaussian
kernel Ki(a) = exp—(a—c)'S Na—c)/2, G =1,....D
with proper center vector ¢; € R” and norm matrix ¥; € R™*".
With the KLD as a preprocessor, the size of the temporal
model can be greatly reduced. The unknown parameters A, B,
and W of the hybrid RBF network can be estimated by the
recursive least square method [7]. Finally, this time-space syn-
thesis can be used to reconstruct the spatiotemporal dynamics
and predict the future outputs of the system.
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