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1. Introduction

The aerospace community has introduced a system engineering concept called digital twin, which refers
to an exact mirror image of a real-life aspect (e.g., flying ofa spacecraft) in the cyberspace using the
multi-scale, multi-physics, and probabilistic simulation that is aided by the sensor updates and historical
data (Glaessgen and Stargel 2012). This has inspired the research community of the futuristic manu-
facturing systems (e.g., Industry 4.0, smart manufacturing, and connected factory). As such, the digital
twins of manufacturing aspects are expected to populate thesystems (e.g., cyber-physical systems) that
are needed for functionalizing the futuristic manufacturing systems (Grieves and Vickers 2017;Ullah
2019). The research on digital twin construction reports its myriad interplays with various aspects of
futuristic manufacturing systems. Some of the recent articles are described below.

Nevertheless, from the viewpoint of contents, the digital twins can be categorized into three cate-
gories, namely, object twin, process twin, and phenomenon twin (Ullah, 2019). An object twin is the
computable virtual abstraction of the geometrical and topological structures of a product (e.g., a gear)
or a facility (a machine tool, an assembly line, and so forth). A process twin is a computable virtual
abstraction of a process or production plan (e.g., scheduling for machining a part at different worksta-
tions spread in different factories, a bill of materials, and so forth). On the other hand, the computable
virtual abstraction of a manufacturing phenomenon (e.g., the phenomena related to material removal
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process, namely, cutting force, tool wear, cutting temperature, workpiece deformation, surface rough-
ness, chatter vibration, and so forth) is called a phenomenon twin. The three categories of digital twins
must populate the systems (e.g., cyber-physical systems) underlying futuristic manufacturing systems,
as mentioned above.

Section2 is organized in three subsections to describe the methodology showing how to construct a
hidden Markov model for an arbitrary time series. Section3 describes a case study where the method-
ology described in Section2 is applied to create the digital twins of the surface roughness of ground
surface (i.e., the workpiece surface generated by successive grinding operations).

2. Methodology

This section describes a methodology showing how to construct a hidden Markov model using the
information of an arbitrary time series. For the sake of better understanding, this section first describes
the fundamental idea, which is followed by the mathematicalformulations and algorithms, respectively.

2.1. Fundamental Idea
The fundamental idea means here a somewhat informal description of the hidden Markov model and
its relationship with a time series.

3. Data and Numerical Models

The computing power of hidden Markov models has been playingan important role in studying the
complex phenomena underlying design and manufacturing. For example,Liao et al. (2016) have
developed a heuristic optimization algorithm using hiddenMarkov model coupled with simulated
annealing for condition monitoring of machineries.Li et al. (2018) have developed a data-driven bear-
ing fault identification methodology using an improved hidden Markov model and self-organizing map.
Mba et al.(2018) developed a hidden Markov model based methodology for condition monitoring of
gearbox.Zhang et al.(2018) developed a methodology for predicting the residual life of the rolling
machine elements using hidden Markov model.Xie et al.(2016) described the hidden Markov model
based methodology for recognizing the machining states ensuring the safe operations.Bhat et al.(2016)
developed a hidden Markov model based tool condition monitoring methodology ensuring the eco-
nomical usages of cutting tools.Liao et al.(2006) developed a grinding wheel condition monitoring
methodology where a hidden Markov model based clustering approach was used to recognize the pat-
terns found in the acoustic emission signals.Cai et al.(2018) developed a methodology using hidden
Markov model to identify the energy efficiency states while removing materials by milling ensuring
eco-friendly machining operation.Kumar et al.(2018) integrated hidden Markov model with polyno-
mial regression for predicting the useful life of cutting tools. Nevertheless, this case study shows how
to apply the hidden Markov model (presented in Section2) for constructing a phenomenon twin of
surface roughness. The description is as follows.

Grinding is a widely used material removal process that helps remove materials from the surfaces of
the objects made of difficult-to-cut materials (e.g., stainless steels, ceramics, and so forth) ensuring a
high surface finish. In grinding, a complex microscopic interaction between the abrasive grains attached
on the circumferential surface of grinding wheel and work-surface takes place (Ullah, 2019).

4. Equations

Equations in LATEX can either be inline or on-a-line by itself. For inline equations use the$...$
commands. Eg: The equation�k = �k is written via the command�k = �k.
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For on-a-line by itself equations (with auto generated equation numbers) one can use the equation
or eqnarray environmentsD.
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Notice the use of\nonumber in the align environment at the end of each line, except the last, so as
not to produce equation numbers on lines where no equation numbers are required. The\label{}
command should only be used at the last line of an align environment where\nonumber is not used.
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The class file also supports the use of\mathbb{}, \mathscr{} and\mathcal{} commands. As
such\mathbb{R}, \mathscr{R} and\mathcal{R} producesR, ℛ andR respectively.

5. Figures

As per the LATEX standards eps images inlatex and pdf/jpg/png images inpdflatex should be
used. This is one of the major differences betweenlatex andpdflatex. The images should be
single page documents. The command for inserting images forlatex and pdflatex can be generalized.
The package that should be used is the graphicx package. See Figure1.
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Figure 1. The concept of hidden Markov model.
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Table 1. Tables which are too long to fit, should be written using the “table*” environment as shown
here

Element 1 Element 21

Projectile Energy fcalc fexpt Energy fcalc fexpt

Element 3 990 A 1168 1547 ± 12 780 A 1166 1239 ± 100

Element 4 500 A 961 922 ± 10 900 A 1268 1092 ± 40

Note: This is an example of table footnote this is an example of table footnote this is an example of table footnote this is an example of table
footnote this is an example of table footnote
1This is an example of table footnote

6. Tables

Tables can be inserted via the normal table and tabular environment. To put footnotes inside tables one
has to use the additional “fntable" environment enclosing the tabular environment. The footnote appears
just below the table itself. See Table1.

7. Cross referencing

Environments such as figure, table, equation, align can havea label declared via the
\label{#label} command. For figures and table environments one should use the \label{}
command inside or just below the\caption{} command. One can then use the\ref{#label}
command to cross-reference them. As an example, consider the label declared for Figure1 which is
\label{fig1}. To cross-reference it, use the commandFigure \ref{fig1}, for which it
comes up as “Figure1". The reference citations should used as per the "natbib" packages. Some sample
citations:Alam and Saddik(2017); Chui et al.(2013); Oliveira et al.(2017); Talkhestani et al.(2018).

8. Lists

List in LATEX can be of three types: enumerate, itemize and description.In each environments, new
entry is added via the\item command. Enumerate creates numbered lists, itemize creates bulleted
lists and description creates description lists. List in LATEX can be of three types: enumerate, itemize
and description. In each environments, new entry is added via the\item command. Enumerate creates
numbered lists, itemize creates bulleted lists and description creates description lists.

1. This is the 1st item
2. Enumerate creates numbered lists, itemize creates bulleted lists and description creates

description lists.
3. Numbered lists continue.

List in LATEX can be of three types: enumerate, itemize and description.In each environments, new
entry is added via the\item command.

• This is the 1st item
• Itemize creates bulleted lists and description creates description lists.
• Bullet lists continue.

9. Conclusion

Some Conclusions here.
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