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Digital-Twin Consistency Checking Based on
Observed Timed Events With Unobservable
Transitions in Smart Manufacturing

Moon Gi Seok
and Daejin Park

Abstract—Smart factories manage digital twins (DTs) to
evaluate the performance of various what-if production sce-
narios. This article presents a DT consistency-checking ap-
proach to maintain DT in high fidelity by checking whether
each sensed timed event from the physical manufacturing
plant is under its corresponding DT-based estimations in
runtime. The approach targets DTs developed using time
colored Petri net (TCPN). To build the candidates of the
next observable event with observable time margins, we
considered the stochastic property of the plant, frequent
external actuation caused by a new order, machine main-
tenance, etc., as well as intermediate unobservable state
transitions reaching the sensible events. Based on the con-
siderations, we propose an iterative method to build the
virtual estimates for streaming physical events using ef-
ficiently evolved state-class graphs (SCGs). We also pro-
pose a TCPN partitioning method to accelerate the SCG-
evolution and make DT maintenance easier by supporting
the isolation of inconsistent subnets being diagnosed. We
applied the approach to a USB flash-drive factory to prove
the concept and evaluated the performance under various
situations to show speedups of the SCG evolution, that is
the crucial overhead of the estimation.

Index Terms—Digital twin (DT), manufacturing system,
reachability analysis, state-class graph (SCG), time petri net
(TPN).
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Fig. 1. Checking TCPN-based DT using each timed event.

[. INTRODUCTION

IGITAL twin (DT) is essential for smart factories to
maximize manufacturing plants’ (or shop floors’) pro-
duction performance, such as throughput and cycle time, after
virtually commissioning various what-if scenarios. For reliable
performance estimation, it is crucial to maintain high-fidelity
DT that reflects the dynamics of part (or material) flows in the
high-mix/low-volume manufacturing lines. For that, DTs should
be developed considering various production behaviors of the
target plant’s components, such as machines, conveyors, human
operators, and automated guided vehicles (AGVs). Due to a
modeling error, an unreported physical change, or an unmodeled
exception, a DT-based prediction might become inaccurate.
This article focuses on a DT consistency check that verifies DT
using physical events sensed from the plant along with their
observed times (called fimed events). Sufficient fidelity in DT
can be guaranteed by iterative synchronization of DT with its
physical counterpart throughout the manufacturing life cycle.
To reflect the production dynamics, DT is modeled using
discrete-event models (DEMs). DEMs can describe the dynam-
ics of the plant’s operations using state transitions and exchanges
of the events generated by the transitions. Examples of the
events include part loading/unloading, AGV arrival/departure,
machine process start/end, setup or operation mode changes,
fault detection, and fault recovery start/end. Each physical timed
event has corresponding virtual estimates, which comprises
multiple event types and their observable time margin, as Fig. 1
shows. The consistency between the plant and its DT is examined
iteratively by checking whether each event is consistent with its
virtual estimates. If all state transitions and related events are
observable and the plant’s production is deterministic, building
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the estimates might be straightforward. However, computing the
virtual estimates presents the following three main challenges.

1) Some state transitions that do not produce physical events
(which can be monitored online) are unobservable due to
the lack of monitoring or communication tools for legacy
machines or human operators.

2) There are stochastic state transitions and state-duration
variances due to faults in the machines, human operators,
or AGVs. For example, a machine’s arm can locate a
part in the correct position after several attempts, or an
obstacle can suspend a moving AGV for a while.

3) External interventions from the control facilities (CFs)
to the plant can occur to handle new orders or manage
machines for energy efficiency. We aim to compute the
virtual estimates of the plant’s next physical event based
on reachable observable transitions, considering all pos-
sible sequences of intermediate unobservable transitions,
stochastic state transitions and variable operation periods,
and external interventions.

For the reachability analysis, researchers have identified
reachable transitions (or states) based on the states’ time ranges
and all possible transitions (including unobservable transitions)
using time Petri net (TPN) [1], [2], [3], [4], [5]. In the studies,
various state-class graphs (SCGs) and their evolution methods
for the analysis have been developed. In this article, we propose
a DT-modeling formalism of a time-colored Petri net (TCPN)
to apply the TPN-based analysis methods to high-mix manu-
facturing plants. It is designed by extending TPN to use colors
that distinguish tokens representing various types of parts. By
extending a modern TPN-based SCG evolution method, we
propose a runtime checking method to update SCG and compute
the virtual estimates of the plant’s next event based on the
recent physical event (for further consistency checking), as Fig. 1
shows. We denote the CF’s external interventions as actuation
events (AEs) and the plant’s sensed events as reactive events
(REs). DT’s observable transitions can be detected online using
associated REs and AEs. Assuming AEs are unpredictable, only
REs are used to check DT consistency. AEs are only used to
revise SCG to update the virtual estimates.

We summarize the main contributions as follows.

1) We propose an approach to check the consistency of
TCPN-based DTs during runtime using streaming timed
physical events (monitored online).

2) We extend TPN-based SCG-evolution methods to esti-
mate the next RE, considering AE’s unpredictability.

3) We propose a TCPN partitioning method based on the
AE’s property (unpredictability), which improves the
overall SCG evolution computational performance and
supports the isolation of problematic subnets (which can
examine other consistent subnets during the problem
diagnosis).

4) We propose methods to update the SCG iteratively with
newly observed event to maintain DT’s consistency.

The rest of the article is organized as follows. Section II
introduces the related works about TCPN and TPN-based reach-
ability analysis. Section III defines the formalism of TCPN.
Section IV specifies the problems related to SCG in the runtime
checking. Section V details the overall methods for constructing

the SCG and estimating the next REs. Section VI shows the
TCPN partitioning method and SCG revision according to the
observed AE/RE. Section VII presents a group of experiments
as a case study. Finally, Section VIII concludes this article.

[I. RELATED WORKS

Smart manufacturing systems can be generally struc-
tured in three layers: 1) enterprise resource planning (ERP);
2) manufacturing-execution system (MES); 3) industrial control
system (ICS) [6]. At the top level, ERP focuses on integrating
organizational functions to provide forecasting and planning,
inventory management, and accounting functionalities. In the
middle level, MESs have been used to collect and manage
the information from manufacturing plants and helps decision
makers understand the current status and improve productiv-
ity [7]. The decision making requires the evaluations of various
what-if manufacturing scenarios using the plant’s high-fidelity
DT. Our work is meant to increase DT’s fidelity by checking
the consistency between DT and monitored physical events. At
the lowest level, ICSs are used to control and monitor specific
equipment.

In previous works, researchers have examined the consistency
between DT and physical information to detect abnormal behav-
iors in the ICS’s security domain [8], [9], [10]. They considered
DT as a reference model and noticed the adversary’s attacks
by detecting the inconsistency between physical and virtual
states. Compared to the works from the security domain with
our method, we aim to check DT’s consistency considering
unobservable transitions, stochastic state transitions, stochastic
operation periods, and users’ interventions (which are AEs).

Petri net (PN) has been widely used to describe plants’ event-
driven behaviors for various purposes, including throughput
measurement [11], [12], supervisory control [13], [14], and
deadlock-free scheduling [15], [16], because of its advantages
in modeling concurrent and synchronization operations. PN has
been extended to include various features and functions for
specific modeling purposes, such as colored PN (CPN) [17],
[18], queueing PN [19], and time PN (TPN) [20], [21] or timed
PN [22]. CPN adds an attribute to tokens as color to distinguish
between multiple production sequences for different products
in a complex plant. Some CPNs can also support the primitives
to model specific data manipulation. TPNs or timed PNs help
analyze the performance of timed systems.

The main distinction between TPNs and timed PNs is whether
each enabled transition fires within a given interval or a given de-
lay value, respectively. We represent the plant’s stochastic state
durations as intervals based on measured means and standard
variations (see Section III). Then, we propose a new modeling
formalism of TCPN to: 1) combine TPN’s interval-based tran-
sition firing; 2) employ CPN’s colors (for high-mix manufac-
turing) and AEs (for users’ interventions); 3) reference previous
TPN-based reachability-analysis techniques [to build the virtual
estimates by identifying all reachable states (or transitions) that
generate the REs]. The TCPN’s formalism was not previously
defined to the best of our knowledge.

Berthomieu and Diaz [1] were the first to propose an ab-
stracted TPN state, called state classes (SCs), to represent the
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finite or infinite sets of the TPN’s timed states. They presented a
graph called a SCG-based on the SCs. The SCG’s nodes are the
set of SCs, and each edge shows the consequence of a labeled
transition execution (or firing) from one source SC to another.
Some studies have focused on better abstractions (reducing the
number of SC nodes) by proposing a relaxed SCG, contracted
SCG, or fault-diagnosis graph (which adds the sequence of
transition information to the edges and removes the unnecessary
SCs) [2], [3]. In [4], Basile et al. presented a modified SCG
(MSCG) that extends edge labels using additional transition
information related to timing variables and constraints. Using
the MSCG, they proposed a fault-diagnosis method that requires
solving a linear programming problem to detect the occurrence
of a fault-related transition for a given sequence of observed
events. In[5], He et al. showed that the previous MSCG evolution
might miss some reachable states. Therefore, they consolidated
the MSCG evolution method by defining deficient SCs that can
generate new paths (series of SCs) using new subsequent SCs.

SCGs show all reachable SCs caused by possible observable
and unobservable transition firings with their range-based time
intervals. Researchers have typically utilized SCGs for fault
diagnoses that check whether any fault transition might occur
based on a given sequence of observed events. The proposed
approach shares the existing TPN-based methods’ principles
in terms of SCG evolution but requires a revision based on
TCPN. Moreover, when we use existing SCG-related methods
for runtime DT checking, we need additional procedures, which
are: 1) building the virtual estimates based on the SCG; 2) up-
dating SCGs iteratively for streaming physical events. An SCG
should be revised for the subsequent event estimation in runtime
checking whenever a new physical event arrives. For the SCG
update, we compute consistent SCs (which become roots for the
next SCG) based on the previous SCG and each physical timed
event. Among various types of existing SCGs and their evolution
methods, our work uses MSCG (in [4] and [5]) because MSCG’s
timing information annotated with its edges is essential to derive
consistent SCs.

For runtime checking, speedup of SCG-evolution (which is
the main estimation overhead) is essential because early in-
consistency guarantees better problem diagnosis by dispatching
human operators to a problematic physical location. Thus, it is
recommended to build the virtual estimates using the updated
SCG before a new physical event arrives. For the evolution
speedup, we resolve computational inefficiency problems of the
latest MSCG evolution method in [5] (discussed in Section IV-A)
and propose a TCPN partitioning method.

The following section defines a TCPN’s formalism for the
formal description of our approach and the plant’s TCPN-based
DT modeling.

Ill. TIME COLORED PETRI NET

TCPN is a combination of TPN and CPN for: 1) TPN’s
transition-associated time intervals; 2) CPN’s token distinc-
tion. In our work, the tokens represent high-mix parts or other
part-flow control signals (e.g., machine availability, delivery
request/grants, etc.). Transitions represent part-specific or joint

P ={p,p.},T = {t1, 5}

thy = (cp,d1), thy = (c1,dz), ths = (c2,d3)
M = ({thy, thy, thy, ths}, ®) projection on
M = (3¢; + 1¢,,0) color domain
En(py,t1) = 2¢,, En(py, t;) = 2¢,

Fig. 2.

Example of a logically enabled transition (¢;).

operations (with their range-based time duration) for machine
operations, flow-control decisions, AGV movements, etc. We
simplify a transition’s logically enabling condition of TCPN
as the required number of colors in the transition’s backward
places, similar to TPN’s enabling condition (the required number
of tokens). For that, we represent a token, tk, as a pair of colors
(for the transition’s token distinction) and data (which can be
empty), i.e., tk € C x (D U @), where C is a set of colors and D
is a set of possible manufacturing-related data. Then, it requires
an additional color decision when the tokens are fired for the
subsequent transition (if needed).

Based on the concept, we define a TCPN’s formalism as
follows:

Definition 1: The net of TCPN is represented as N =
(P, T, En, Pre, Post,Q, L), where

1) P is a set of places.

2) T = Tie UT, UTy is a set of transitions, where Ty /The
is a set of observable transitions using their associated
REs/AEs and T§; is a set of silent transitions.

3) En: P xT — (Cx Nyl is an enabling-condition
function to specify the required numbers of colors for a
given transition ¢t € T from a place p € P to be logically
enabled.

4) Pre : {M} x T — {X*} is a function to show one or
multiple candidates of inflowing tokens when a transition
t € T is fired at the given marking M; a marking M :
P — {K} is a vector that assigns each place a multiset
of tokens; K is a multiset of tokens, and X : P — {K'}
is a vector of tokens inflowing to ¢ from each place.

5) Post: {X} x T — {Y'} is a function to compute a vec-
tor of outflowing tokens Y : P — { K} based on a given
vector X when transition ¢ € T fires.

6) @ is a timing function that defines the set of static closed
time intervals only for predictable transitions (77, U T;)
asQ:Tpe »0and Q : T\ Tpe = Q x (Q U {o0});

7) L:T — {\} Ue assigns an RE’s or AE’s type (using a
letter, 1) to each observable transition, ¢t € T, U T,e, Or
the empty string € to each silent transition ¢ € Tj;.

Let M be a conversion from marking M after projecting
the tokens onto the color domain, as Fig. 2 shows. We de-
note M (p) as the numbers of token colors in place p. A
transition ¢(€ T') is logically enabled if sufficient colors are
present in M,ie., M > En(-,t), where En(-,t) is the vector
of (En(py,t),..., En(pm,t)), p; is the ith place, and m = | P|.
The inequality > denotes the relationship: Vp; € P, M (p;) >
En(p;,t). We denote the set of transitions logically enabled
at M as A(M), i.e., A(M)={tcT|M > En(-,t)}. This
color-based enabling description can make the same-colored
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3 tl G tz Q(t4)= [Olo]

tl € TSi and tz, t3 € Tre tl! tz, t3 € TSi and t4_ € Tre

(@ | (b)

Fig. 3. TCPN examples for different operations (¢, and ¢3) whose
completions lead to the same-type event. (a) Compact TPN. (b) Revised
TPN with extra ¢4 and ps.

tokens with different data move through a shared transition,
which helps represent a common process of high-mix parts.

The function Pre is developed considering the corre-
sponding actual system. Let us suppose that a machine ran-
domly selects two parts (which require a t;-related opera-
tion) from its buffer, as Fig. 2 shows. Then, Pre is developed
for Pre(M,t;) = {Xi, X2}, where X = ({tk,tk,},0), and
X, = ({tk1,tk2},0). If the machine selects two parts by the
arrival order and token tk, arrived earlier than tk;, then tokens
should contain the arrival-order information in their data and
Pre(M,t,) is equal to { X5 }.

The function Post can forward each token ¢k in a given X to
the next place after the token’s color or data conversion. Post
can also drop or generate tokens on purpose. When a token
vector, X € Pre(M,t), is moved by the firing of a transition ¢,
M ischangedto the next marking, M' = M © X @ Post(X,t),
where © and @ are the element-wise set operations of \ and U
on two vectors, respectively.

The function ) does not return any interval for AE-related
transitions because of its unpredictable occurrence. Therefore,
an AE-related transition, ¢t € T}, is fired only by its real AE
observation. For the reactive transitions (which are T;. U Ty),
@ indicates the intervals of those transitions using two rational
numbers, namely Q(t) = (I, u), where { > 0 and u > [. In our
work, a logically enabled transition, ¢ € T' \ T, must be fired
within the interval as a constraint unless it becomes disabled.
The constraint is called strong time semantic (STS) in [4].
The time interval of @ is decided based on its corresponding
operation spans, which are reported online or measured man-
uvally. The interval of a transition ¢ € T\ T, is represented as
Q(t) = [8; — ko, 8; + ko;], where §; and o; are the means and
standard variation of measured spans of a t¢-related operation,
respectively, and k is a user’s empirical constant, such as 3 (for
the three-sigma rule of thumb).

We assume that each observable transition in 7. U T}, does
not share its label with any of the other transitions. This as-
sumption makes us find a specific transition corresponding to an
event type A, i.e.,t = L£(1). Suppose that a machine processes
two steps: a common step (denoted by the transition ¢;) and a
variable token-dependent step (among two tasks symbolized by
t, and t3) and we can only detect the completion of the second
step using an infrared sensor, as Fig. 3(a) shows. To prevent the
duplication s.t. £(t;) = L(t3), we should model this situation
as Fig. 3(b) shows by adding the synthetic step ¢4.

Cq to, & As€ [3min{4,55 - A,)],
C C CS Azi= AS\ fe
2 3 M =(..,2,3,0,..) q

C,’s time spent
Mz 10 e 0ye [005]| 5-Ap< 05 < 6-2,4 2 P
ty, & A€ [max{0,2 - A,}

2-A,< 6, <55-4,
,min{4,5.5 - A,}]

3<0:<4
A reuse introduces new constraint of C,’s time spent

Fig. 4. Examples of time-spent variable (A) usages and a node reuse

of MSCG (defined in [5]).

&, AQE [1,2], AZ:: Ag
A

IV. PROBLEM STATEMENT IN SCG-BASED DT CHECKING

Our approach is intended to check DT’s consistency during
runtime via three methods: 1) evolving the SCG (to build the next
RE’s virtual estimates) based on TCPN; 2) splitting the TCPN
(for fast SCG evolution and subnet isolation); 3) reupdating the
SCG based on each physical event. In this section, we describe
each methods’ SCG-related problems.

A. Background and Problems of SCG Evolution

As discussed in Section II, we uses the MSCG in [4] and [5]
as a default SCG. First, we introduce the background of MSCG
and its evolution. Then, we describe the latest evolution algo-
rithm’s computational inefficiencies. Last, we clarify additional
requirements for runtime TCPN checking.

The SCG is a directed graph whose nodes are called SC. Each
SC is associated with the net’s state and represented as a pair of a
reachable marking (M) and a set of inequalities (©) that define
the timing constraints of logically enabled transitions at M, i.e.,
Cr = (My, k), where Cy, is the kth SC. Each inequality in
O means the remaining time before its associated transition’s
(t’s) firing if ¢t does not become logically disabled due to a
token preemption by another transition firing. The inequality can
depend on a certain number of variables, denoted A variables,
which consider how long a transition has been enabled. Let
0; € O be transition ¢;’s timing constraints. Then, we generally
represent 6; as

di di
0; = [15,u] = |l = > A u; =Y~ ALD ey
=1 =1

where [I;, u;] = Q(t:); AD) is the time spent of the /th previous
SC C9; and d; is the number of intermediate SCs after ¢; was
newly enabled. In the case of SC C5 (which is one of C5’s next
SCs)inFig. 4, A9 and d3 of 65 (€ ©5) are A, (thatis, C»’s time
spent) and 1, respectively. This indicates that transition ¢3 was
newly logically enabled at C',. No timing variable in 05 € Os,
i.e., ds = 0 means that transition ¢s is newly logically enabled
at Cj.

Each edge e of SCG has an extensible label £(e) =
(ti, L(t;), Ay € I}, ui], . . .), where ¢; is the transition whose
firing leads to the target SC’s marking; £(t;) is ¢;’s label; and
Ay}, is a constraint of the source SC’s time spent. The constraint
bounds [} and v}, are functions of A variables, as Fig. 4 shows.
As in [5], the label can include a function, foq : A, — Ay, if
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an existing SC can be reused as the edge’s next after one or
multiple existing time-spent variables {A} (depicted in the
edge’s source) are renamed with their pairs { A, } of the reusable
SC.InFig. 4, Cs’s forwarding edge contains f to reuse C after
renaming As as Aj. The reuse can reduce the evolution overhead
because the reused SC will not be further explored if it is not a
deficient SC. Definition 1 in [5] defines the deficient SC, which
could generate a new path from the deficient SC when a new
deficient SC reuse (for a new path reaching the deficient SC)
lessens a firing constraint of a logically enabled but previously
preempted transition (called deficient transition) enough to be
fireable.

Fig. 4 depicts the deficient SC example, which is C’, because
it has the deficient transition 65 preempted by the prior transition
ts based on max(fs) < min(63). However, if Cs is reused and
its new backward edge contains a time spent, suchas A, € [1,2],
then ¢3 can be fired first as an imminent transition, which will
generate a new subsequent SC.

Based on the concept of SCs’ deficiency and reuse, the pre-
vious SCG evolution algorithms in [5] have the following two
computational inefficiencies:

1) Whenever an SC (from a queue) is called, imminent
transitions (which can be fired before the others) are
computed based on all the previous paths reaching the
SC (as Algorithm 2 in [5]).

2) All deficient SCs are called whenever the queue for the
waiting SCs (to be evolved) is empty to find possible new
paths (as Algorithm 1 in [5]).

Because deficient SCs can be called multiple times, comput-
ing the imminent transitions based on all previous paths can
lead to serious computational overhead. The iterative checking
of all deficient SCs is inefficient because most deficient SCs
would not lead to new paths as the SCG evolution cycle elapsed.
To prevent each SC’s all-path checking, the proposed method
schedules each SC with its new paths and timing information,
defined as follows:

Definition 2: Given an SC C}, in the queue, C;, has its own
new paths II} and related previous SCs’ time-spent intervals ®7,
where

1) 10} =CcW...0" c 7, €}isaset
of new paths reachlng C}; from the roots; IT is the set of
full paths (that comprise all SC sequences from each root
to terminal SCs that do not have any next reachable SC)
based on SCG; 7, is the ath path in IT; CW is the root on
7q; and C'(™ (= Cy) is the nth nodes.

2) &t = {I(xl"™) | 7™ €11t} is a set of the series
of time constraints of C}%’s previous SCs follow-

ing each new path I(m[l n]) ( W, e 1)> Vi e

={r [ln]| ln]

{1,...,n—1}, o) [[(5 ((f)] is the constraint of the
time spent of ¢th SC C' 0. [a and ugf) are two constant
bounds of (b((f).

Based on @}, we define the path-dependent newly observable
time range of Cj, as follows.

Definition 3: Given a path 7™ = c()

= ..CL e dt, Cyis
newly observable in a range of (7 ([1 ]) where ;.. (m[ll:

n]) is

a function to accumulate the lower and upper constant bounds

[L:n]

of each time constraint of previous SCs on 7 ", i.e.,

Lee(wll™) [Zﬂ ,quP]- 2)
i=1

The range of C},’s newly observable time based on a given
path 711[11:”] is the same as the time range of C’s last transition
t1) where (1)) = £(e(™V); e is the edge between
™) and C}.

To prevent the iterative invocation of deficient SCs, we sched-
ule particular deficient SCs when they are engaged in a new
path as a necessary condition. In addition, the proposed evolu-
tion method considers: 1) TCPN (in Definition 1); 2) different
stopping criteria sufficient to find all candidates of the next
observable transitions (related to REs), without reaching all
possible states.

B. Net Partitioning and Event Estimation Problems

First, we introduce why TCPN partitioning is required for
fast SCG evolution and the requirements of TCPN partitioning.
Then, we present preliminary notations for virtual estimates.

The number of SCs in an SCG increases exponentially with
TPN system complexity (related to the net structure and tokens
in the initial marking), as in [4]. Let Cy be original TPN’s (/Vy’s)
system complexity, and let size(Cy) be the expected number
of SCs induced by Cy. If the net and marking of Ny can be
split into two nets, N; and NN,, with distributed markings as
|Co| = |C1] + |C2], then the overall SC nodes are greatly re-
duced, for example, size(Cy) + size(Cy) < size(Cy) based on
the exponential node growth by the system complexity. The
net splitting for the complexity distribution should support the
independent evolutions of multiple subnets’ SCGs that lead to
the same virtual estimates (which are computed using the orignal
net’s SCG). The detailed partitioning method that satisfies this
requirement will be described in Section VI-A).

After partitioning, there can be multiple subnets { NV, }, where
Ny, = (P, T, - . .). Each subnet N, has its own SCG G,
which leads its own virtual estimates. Each subnet’s virtual
estimates consist of a set of observable RE’s types A,, and
their observable time intervals 7,,. To compute the estimates,
each subnet NN, manages its own full paths I, of SCG G,,
(see Definition 2), path-related time constraints ®,,, = {I(7,) |
ma € I, }, and last event’s observed time 7;,. The estimation
methods will be described in Section V-B.

C. SCG Update Problem

If a physical event is observed, its dedicated SCG handles
the physical event. The proposed net-splitting method enables
subnets to share observable transitions whose backward and
forward places are located in different subnets. If the physical
event’s transition is shared, the number of related SCGs can
be two. After checking DT’s consistency using the event (if the
eventis an RE), arelated SCG G, is updated by three processes:
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Fig. 5. Abstracted overview of the framework.

1) finding the consistent SCs; 2) revising the SCs to meet a root’s
property (defined below); 3) starting the SCG evolution based on
the roots. In [4] and [5], an initial marking (as a root) is given.
In our approach, an initial marking should be given only if a
previous SCG does not exist. However, more than one root is
iteratively derived during runtime using the previous SCG and
each physical event.

An RE-consistent SC has a backward edge whose transition
is related to the RE and can occur at the RE-observed time.
An AE-consistent SC is an SC that has a marking where an
AE-related transition is logically enabled and can stay at the
AE-observed time. We will formally define the consistent SCs
in Sections VI-B and VI-C. Asin (1), each SC’s timing constraint
0; can depend on previous SCs’ time constraints ({ A}, where
¢ > 0). Thus, we should examine each SC’s timing consistency
considering all paths I1,,, using their time-spent information ®,,,.

After finding the consistent SCs, we should revise the SCs
so that each SC’s constraint ; does not include previous SCs’
constraints { A9} because there are no more previous nodes
of the SC. For that, we define roots’ property as follows.

Definition 4: Given a root Cy, = (My, ©y,), each constraint
0; € Oy is a pair of two constants, i.e., d; = 0.

When the physical event is related to a shared transition
t; between two subnets, a subnet that has ¢;’s forward places
(denoted by t7) could need the inflowing token information from
the other subnet’s SCG to compute ¢;-induced next marking. To
specify the exchanging token information between subnets, we
extend the label of SCG’s each edge e to contain inflowing tokens
X, suchas £(e) = (t;,..., X;).

V. DT-BASED EVENT ESTIMATION

This section presents the methods for the proposed DT con-
sistency checking. First, we discuss the evolution of SCG using
TCPN in Section V-A. Next, the estimation of next REs are
discussed in Section V-B.

The overall architecture is illustrated in Fig. 5. Before check-
ing, the modelers should develop the TCPN NV based on plant-
specific knowledge. Then, they should collect operation timing
data related to the transitions manually or automatically to build
the TCPN’s time function (). Depending on the transition’s
observability, N can be split into multiple subnets { N, }, where
Ny = (P, Ty - - ) is the mth subnet. The subnets only share
some observable transitions, and we will discuss the detailed
methods of TCPN partitioning in Section VI-A. Each subnet
represents the production dynamics in a specific location of the
plant. The subnet IV, is used to compute its own SCG G, based
on initial consistent SCs to estimate the subnet’s next RE. The

event monitor (EM) converts the streaming physical events and
the external interventions into related REs and AEs, respectively.

When an A-type RE is observed at time instant 7, the EM’s
specific procedures are as follows.

1) The EM selects an SCG (,,,, whose net IV,,, includes the
A-related transition t;, thatis 3t; € T}, s.t. t; = L7'()). If
t; is shared by two subnets, then N, satisfies °t; € P,,,
where °t; is the set of the backward places of ¢;.

2) The EM checks the consistency condition using the es-
timated RE types A,, and their observable times 7,
based on last event’s observed time 7,,. The condition
isxe A, A(dr =7—1;,) € Tr(X), where T, (X) is
the estimated observable time interval of A after 7,,.

3) If it is consistent, the EM starts the GG,,, evolution using
identified consistent SCs for further RE estimation. If ¢;
is shared, then ¢;’s forward SCG G,,, s.t. t; € P,, is also
reupdated based on the candidates of moving tokens from
G to G,

4) If it is inconsistent, the EM activates an inconsistency
diagnosis.

If an AE arrives, the EM does not check the AE’s consistency
because users (in the CF) can generate the AE at any time in
their purpose. The AE only reupdates its associated SCG based
on identified consistent SCs. If the AE’s transition is shared, then
two SCGs are reupdated considering possible moving tokens.

For DT consistency checking, an inconsistency can stem from
aTCPN error or any physical change or error, so cross-validation
is required to diagnose the actual reason. We categorize the main
reasons as follows:

1) a modeling error in the TCPN structure;

2) a new physical exception;

3) an operation-logic change that requires a TCPN revision;

4) a statistical change of an operation period;

5) a packet loss.

Then, the EM initiates a manual diagnosis by looking into
subsystems related to the inconsistent subnet.

A. SCG Evolution

In this section, we describe the SCG evolution procedures
in detail, as depicted in Algorithm 1. A subnet N,,’s SCG
G, is computed based on root SCs, which are consistent with
the recent physical timed event, meet the root property (see
Definition 4), and denoted by Sioo- Root C} has one initial
path 71!l = C(V(= C}) in its new path set 1T} and its emp-
tied previous time-spent series, i.e., I(7["!l) = (), in ®} (see
Definition 2). C}’s newly observable time range is zero, i.e.,
Lee(n¥1) = [0:0]. SCG G,,’s full path set T1,,, is initialized as
U ChESun II; . 1I,,,’s time-spent intervals, ®,,, consist of emptied
time-spent information for each pathin I1,,,. So is stored in a set
Swait that consists of waiting SCs (to be evolved) in the insertion
order. Each SC C}, = (M}, ©y,) in Syay is evolved, as depicted
in Algorithm 1.

First, the EM attempts to identify the set of imminent transi-
tions (which can be fired first), denoted by 7, among candi-
dates T}, as Line 4. T}, is a set of logically enabled transitions,
except for T, (whose firing is triggered by physical AEs) and the
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previously identified imminent transitions (which are denoted
by T: .., and specified on forward edges). Then, time-bound
Umin, S.t min{ug | 6; = (-, uj) € O}, is computed to examine
the following necessary proposition.

Proposition 1: Transition t; € Ty, s.t. I > Uiy cannot be an
imminent transition.

Proof: Lett; be a transition s.t. °u; = Upyiy. If all transitions
in T}, \ {t;} are not fired until up,;,, then ¢; is eventually fired
first based on the STS assumption. Therefore, a first transition
always occurs within wiy. [ |

As (1) shows, each upper bound u; can include any previous
SCs’ time-spent variables { A9}, and the intervals vary de-
pending on the path, which changes i, and Ty, accordingly.
Thus, the necessary condition to be imminent is checked for
each transition ¢; € T} based on Proposition 1, considering all

new previous paths in II}, as Lines 6-7. From (1), l;’(m[ll :"]) and

umin(m[l] :"]) are given by
d;
™) = 1= 3wl ®
=1
d;
. [1:n] _ : L (n-£)
Umin (75 ™) tnél%i {uZ [ } ) %)
=1
If a previous path, ﬂ'([ll:"] € II7,, makes transition ¢; imminent as
Line 7, m[ll:n] is extended by ¢;-induced subsequent SC(s) from

C. In addition, SC C}, adds 7."™ to set Ty and stores all

previous paths and corresponding interval series (making ¢; im-
minent) in a dataset, ©; = {(x}"™, I(x[""))}, to save the path
candidates for their extension. As mentioned in Section IV-C,
the set of full paths, 1L,,, and its set of time-spent intervals,
®,,,, are important to deriving the next RE’s virtual candidates.
If 7l e 1, G, |7a| = n), then 7, and I(m,) are removed
from II,, and ®,, as Line 10. After examining all new paths
using their own time-spent information, Cj, clears (II}, ®7).
Let Sger be the set of deficient SCs. C}, updates Sger as Lines 12
and 13.

Using each new imminent transition ¢;, we derive the candi-
dates of tokens inflowing to ¢;, {X;}. Then, the EM finds the
next SC, C" = (M’,©"). Thus, M’ is derived as Line 16, and
©’ is computed by considering newly disabled transitions (as
Line 17), the time spent of C, (as Line 19), and newly enabled
transitions (as Line 21).

If C" is reusable using a function f.q, then we reuse existing
C’ (in G,,,) by making an edge e; from C} to C". If not, a new
node for C” is connected to C}, by edge e;. If C” is reusable,
then edge e;’s label is extended by adding f.q. Unlike in the
TPN-based SCG evolution, there can be multiple candidates for
leaving tokens at the transition ¢; firing (i.e., | Pre(My, t;)| > 1),
so an SC can have multiple forward edges for the ¢; firing, as in
SC (5 in Fig. 6.

Using each new edge (caused by each transition ¢;) from
SC C% to C’, O computes the set of new full paths (denoted
by II°) using the saved paths in ©;. C’ is one of a newly
added or a reused SC. If C’ was newly added, II° is set by the

[ScG]

roots | €3 M M3 Pre(Ms, t,)= p t, trigger by gser
1<6, <4 {{'zﬂt},{ti(s}} ‘\ Post({tk,},t,)=
C1 | " las<o, <70 ti forts forts ({thy}, {thy, ths}, ...)

T
1\ ty, & Az€ [14]7X; ty, . - t; € Tye, ts,tg € Tre
[ S—

ty,ts,ty € Ty

Q(t) =0,Q(t) =[14]
Q(t3) = Q(ta) =[0,0]
Q(ts) = [55,80], ...

o, En(py, ty) = 1 grey
En(ps, t3) = 1 black,

€M, = ((th) (T} 0,
(ths), (), (¢, 0, k)
1<0,<40<6,<0
45-Ay < 65 < 70— A,
PN W, = @y .6,

P | {tha) {the}, {ths}, @, {tky}

1<6,<4 En(p,, t3) = 1 blue
45-A; <05 < 70— Ay En(pa, t,) = 1 yellow,
X, = (@ {tks}, 0 ) [A] En(ps, ty) = 1 black, ...

Fig. 6. SCG example based on a TCPN and initial roots (Cj, ..., C3).

following: {m[ls]|zll:s] = Wélzn]/\(C”), s=n+1, <ﬂ_([11:n}, €

D, }, where  concatenates the given sequences.

If SC C" is reused, C’ can already have its subsequent paths.
Then, we extend the previous paths saved in D, based on C"’s
subsequent paths. We denote C”’s subsequent paths as Ilg,, =
{7 | T = C"...CY) C 14 €10, € = |ma|}. A full path
7, € IL,,, can lead to multiple subpaths (reaching 7,’s terminal)
when C’ exists multiple times in 7. Using I1,, we represent the
new path set by 1I° = {r[l:s] | zliss] = gl =plial oy
q, <7T¢[11:n], )€ @i,wy:q] C mp € I, ¢ = max<g<ir, [ {q |
Ve {1,...,q}30 (1) < u®)}}. When merging a previous
path 74" and a path m, € gy, an SC C® € 7, might
not be accessible from wgl:"] because of the violation
of Proposition 1, which results in [("*©) > u("+0)  where
[[(n+€)7u(n+£)] — ¢(n+é).

We denote [I°’s corresponding time-spent intervals as ¢° =
{I(m,) | mq € II°. The derivation method of ®° based on the
calculation of I(7,) will be discussed in the following section.
Based on (II°, ®°), G,,,’s full path information (II,,, ®,,) is
updated as Lines 28. In our work, the next SC C’ evolves if
the fired transition ¢; is silent. If ¢; is observable, C’ evolves
after ¢; is confirmed as being consistent with the next RE and
after being revised to satisfy the property in Definition 4. If C’
was not reused and scheduled in Sy, for further evolution, new
path information (TI°, ®°) is delivered to C’ as Line 32. If C”
was reused, C}, traverses subsequent deficient SCs on new full
paths to schedule them as Lines 34-36. This active scheduling
of deficient SCs can avoid inefficiency in iterative examinations
of all deficient SCs whenever there are no new SCs waiting for
further evolution, as in [5]. Finally, a scheduled SC starts a new
evolution.

B. Estimation of Next Reactive Events
The proposed approach utilizes full path and time-spent in-
formation of SCG G,,, (IL,,, ®,,), to estimate the next timed

RE. Let e be the (th edge on path 7, € II,,,, connecting C*)
and C“D  where 1 < ¢ < |a|. Then, the set of the next REs’
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Algorithm 1: Cj.evolve() in SCG G,,.
// Find the imminent transitions Tigg
let Cy, be a set of Cy’s forward edges.
Tom = {til (i) = £(ei),ei € CL}; Timm < 0.
Tk — .A(Mk) \Tae \ T
Upnin ¢ min{u | §;=(- 1)) € Oy}
5 foreach (w,&l:'n],ti) € I} x T}, do // 10,
if max{0, l;?(m[}’”])}gumm(wg"‘]) then
Tlmm — Tlmm U {tz},
DD, U {(m ™, 1(r )}
if 7r([l1 n] _ T then

L Iy < 1y, \ {ﬂ'a}; Dy — Py \ {I(ﬂ'a)}

N S

:= new paths

e w

10 I} < 0; & < 0

1 if Ck & Sdef/\ [Tk| > |Timm| then Sgep < Sger U {Cy }

12 if Cy, € Syes A |T| = |Tinm| then Sgep < Sger \ {Cr}
// Find the subsequent SCs

13 foreach X; € Pre(Mj,,t;) s.t. t; € Tjyy, do

14 M’ My © X; ® Post(X,t;); © « O,

15 remove {0,} from ©' s.t. M’ < En(-,ty). // sec.
111

16 | foreach 0, = (I3, uj) € © do

17 L 92% [l?—Ai,u?—Ai]

18 foreach newly enabled transition ty at M' do

19 L add 0, = Q(t;) to @',

20 let C' = (M’,0') and e be an edge s.t
L(e) = (ti, L(t;5), Ay € [max{0,17}, umin], X;).

21 if O’ is reusable using foq then add feq to S(ez)
22 else
23 L add C’ to G, as a new node.

24 add edge e between C, and C”.

25 compute new full path info. (II°, ®°) using ;.

26 Ly, + I UTI®; @, < &y U D°

27 let C’ be the gth SC in Gy, ie., C’' = Cy.

28 if t; € T§; then // C' scheduling condition

// Schedule a new SC or path-changed
deficient SCs with changed path info.

29 if C" was not reused then

30 | IIf<II; UII®; @« ®F U®°; add C’ to Sy
31 else

32 foreach 71'[[) ] CRC OB Comy e TI®

s.t. CUGSd{do let ¢ = .
3 I T0F U {1y @F « of U 1(l)))
34 add C; to S’WLm

35 if Sy # 0 then Cj, < popfront(Syai): Cj.evolve()

types from SCG G,, is given by

m = {L(t) | Vg € I, (t,...) = £(el™ V) st t € T}
&)
Let IT,, (A) be the set of paths in SCG G,,,, leading to specific
RE type 1. Based on subnet IV,,,’s recent event-arrival time, 7,,,,
the expected observable time range of the A-type RE, 7,,,(1), is

given by
Tm(X) = Uﬂagnm(x)lacc(%)' (6)

Thus, the expected observable time of any RE related to NV,
(from time 7,,,) s Upea,,, Trm (1). To calculate T, (1), we need to

compute each time-spent interval o) = [[,(f) (5)] € I(m). For

|

! .

[Ny

1

| tz[l

1

H 1 2

tl € Tae» tZ € Tre ! € Tr(e) € Ta(e)
1
() ' ()

Fig. 7. Example of TCPN partitioning. (a) Before partitioning. (b) After
partitioning.

this, we reformulate the lower and upper bounds as follows:

d;
(1Y) = max{0,15} = max { 0,1;,— Z max(A 7))

d
=max< 0,l;— Z u((f_j) , @)
j=1
(®) — i — _ (AC)
ug’ = min “up = mingei{uk ;mm )
dy,
= minke;g Uk — Z [((f_j) (8)

j=

where i is the transition index in e/, i.e., (tiy...) = L(e (4)) and
K is the set of indices of fireable transitions, i.e., K = {i | 6; €
0¥ (-,0®) = "1, As such, [(¥) and ul®) can be derived
using the previous values of {{(*~7)} and {u*~7)} in a recursive
manner. Based on the property in Definition 4, the first transition
t; (e, (ti,...)=£L(e (1))) has time constraint 0; = [I3, u?],
which is an interval having two constraint bounds and leading
to qSELl) = 0;. The derivation of first time-spent interval, qb(l)
1I,, enables subsequent time-spent intervals (gb((lz), ®
forth) to be recursively calculated as constant bounds.

, and so

VI. REVISION OF TCPN AND SCG
A. Partitioning of TCPN

As discussed in Section IV-B, the sizes of TPN-based SCGs
in [4] and [5] increase exponentially with TPN system com-
plexity. Compared to the TPN-based evolution, the size of the
proposed TCPN-based SCG grows more rapidly than that of a
TPN-based SCG because each imminent transition ¢; of each
TCPN-based SC C; can lead to multiple subsequent SCs—as
many as Pre(My,t;)| (see SC C5 in Fig. 6). Thus, the speed
up evolution of TCPN-based SCGs is essential for the runtime
analysis. Hence, we propose partitioning TCPN to speed up the
SCG evolution, described as follows.

We denote the set of the backward and forward transitions of
place p as °p and p°®, respectively. Let us look at the example
in Fig. 7(a), where *py C Top = Tre U Tye. Suppose that two
subnets of Ny = (Py,T},...) and N, = (P3,T5,...) have the
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following properties: Py N P, = P and T N'T5 = *py. Based on
the SC scheduling condition of Algorithm 1, any path from a
root in an SCG is terminated when an observable transition is
encountered. Thus, N;’s SCG G cannot affect the evolution of
N,’s SCG G, because any path reaching *p, is stopped. Let Ta(eZ )
and I}Ef) be the sets of subnet N;’s AE- and RE-related transi-
tions, respectively. Then, G, can also evolve independently to
estimate an RErelated to (T N T )\ *pe after assuming *p, tobe
an unpredictable transition in T, (i.e., *py € Ta(e2 )), as Fig. 7(b)
shows. (3, is influenced by G} only when °*py-related physical
events are observed, which triggers the GG, reupdate. Generally,
the set of subnets A from an original TCPN Ny = (P, Ty, - - *)
must meet the following definition:

Definition 5: The set of subnet A = {N,;}, where
Ny = (Py,Ty,---) is the fth subnet, 1 < ¢ <n, and n =
|N], should meet the following properties: |J;_; Pr =
Po; Uy T = To; and Vi, j € {1,...,n}(i#j) —» (PN P; =
DA (T;NT; € Tp).

To compute the subnets, we initially make temporary and
minimum-sized subnets using each place in F of the original
net No: e.g., N ={N;} s.t. [N|=|P|; |Pe] =1, and T} =
*p¢ U p}, where py is the (th place in Fy. Each subnet iteratively
merges other subnets in A/ when two paired subnets share any
silent transition. If there are no longer any subnets to merge, then
the remaining subnets are the final subnets.

B. SCG Update Based on Reactive Events

When detecting a new A-type event at time 7(*), the EM
selects the SCG G, whose subnet IV, contains transition ¢;
st.t, =L € Tr(;"gn Then, the EM decides the consistency by
checking (A € Ay,) A (d7 € Tpn(2)) from (5) and (6), where
dr =70 — T,m» Dot one subsequent SC in the TPN-based SCG.
If it is inconsistent, the EM triggers the inconsistency diagnosis
for the subnet. If it is consistent, the EM finds root SCs for the
further SCG evolution by following two main steps.

1) Select the paths whose terminals are consistent SCs
{C) = (M}, ©y)} with the timed RE.

2) Revise each time constraint §; € ©;, of each consistent
SC C}, by resolving previous SCs’ time-spent variables
{A®)Y to satisfy the property of Definition 4.

Let §2 be a set of the pairs of consistent SC and its path. Then,
) is represented by

Q= {(C("),Wa)h—a —cW o ¢ Hm,e((lnfl)
= A, d7 € Tpee(ma)}-

From a physical event, if we can get more information than
type A, which helps distinguish the processed tokens (annotated
in the last edge e("'l)) based on their data, we can reduce
the number of consistent SCs additionally, which lessens the
evolution overhead.

For each (C™ ) € Q, where n = ||, the previous time-
spent terms in each time constraint §; can be simply changed
into a constant interval from 30, A0 10 3% | ¢{"*) (which
. [n-di:n
18 Iacc(ﬂ'a
constraint, dr.

]). However, we should consider one additional

that
(-, mq) € Q, meets the following properties: Lm(m[l1 :4]) =1[20:
24], Lo (r5)) = Y = [2: 4], and Lee(mq) = [22 : 28]. For
constraint 6;,if d; = 1 and dr = 26, then >0 | A(*) (which s
A®) is the same as Toee (71*) = [2 : 4] because A™) canbe 2 if
S0 AD) =24 € Le(ni ) and canbe 4if 30 AD) = 22,
However, if dr =22, "7, AY) and A® should be [20 : 20]
and [2:2], respectively, which makes the interval of A®
smaller than I,..(7[*%)). In a similar manner, dr = 28 reduces
the interval of A(*) to [4 : 4]. Considering the dr constraint, we

can generally formulate the interval of Z?;l A0 based on
dt and 7, as follows:

d; d; n-d;-1
minz A = max {Zlg”‘“, dr — Z ugj)} )

(=1 =1 j=1

Suppose consistent path 7., st |7,/ =35 and

n—di—l

> [gﬂ}. (10)
j=I

From (9) and (10), each A-included constraint #; € @gf ) in
each C'(") is renewed by

d; 4,
max {07 l; — maxz A(”"é)} Ui — minz A(”'@] ,
(

=1 =1

11)
Then, renewed consistent SCs are saved to the root set, S;oo(, a$
initial SCs for the next (7,,.

maxz A = min {Zug”'z), dr —

/=1 =1

6; =

C. SCG Update Based on Actuation Events

When observing a A-type event at time 7(*), the EM selects
one or two SCG {Gn} s.t. t; = L£1() € T¢™; two SCGs
can be found when ¢; is shared by two subnets. Similarly, in
Section VI-B, the EM aims to find the consistent SCs and
their paths Q based on dr(=7(®) — 7.} to derive the roots
Sroot for the next SCG. Compared to the RE-consistent SCs
(which are the terminals of specific paths in II,,), any SCs
{C) = (MU),00U))} on paths s.t. CY) is observable at dr
and t; is logically enabled at M%) are consistent SCs. Thus,
we represent the pairs of consistent SCs and their belonging
paths, Q, by Q = {(CO), 7'y | 7l = cO. .0 cx, €
0, S0 10 <dr <9 WP veeqn,..j—- 139 e
Tg),t; € A(MU)}, where (¢ .-.) = £(e®). If an SC
C) is a path m,’s terminal and its last transition is silent
(i.e., tU-D e Ts), then u((lj) is oco. If t; is shared and a subnet
Gy = (P, - ..) has t;’s forward places (i.e., t; € Pp,), then
t;’s logical enabling is not checked. After deriving €2, the EM
performs the following two main steps to obtain the roots.

1) Renew A-dependent timing constraints of consistent SCs
in Q for Definition 4.

2) Update the markings and add new timing constraints of
renewed SCs based on the ¢; firing.

Compared to the renewals of RE-driven timing constraints, we
should consider the elapsed time of each SC from previous tran-
sition tU"1) up to 7(?). For each (CV), m[}:ﬂ) € Q, we add new
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Fig. 8. Overview of the plant’s manufacturing processes.

jth time-spent variable AU) to each constraint §; € O which
symbolizes the interval of C @) elapsed time. This leads to qbgj ) =
(max{0,dr — 37!, u®}, dr — 37 (9], The AU) insertion
resets the relative time-spent term in 6; to Z?;O AU from
Z?;l AU Then, constraint §; becomes A free using (9) and
(10).

After the constraint renewal, the EM begins the marking
update. If ¢; is not a shared transition, the marking of each
consistent SC Cy, = (My, O) s.t. (Ck,+) € L is revised using
the nextmarkings { M’ | X; € Pre(Mg,t;),M' = Mo X; &
Post(Xj,t;)}. If the size of { M} is larger than 1, multiple SCs
are generated from C}, and their constraints are also updated
based on their markings.

If ¢; is shared by two subnets G, and G,, s.t. °t; € P,
and t; € P,, two subnets exchange token candidates inflow-
ing to t; from G,,. Let Sc(f,ﬁ) and SC(;;) be the constraint-
renewed consistent SCs from G,, and G, respectively. If
t; € Tye, then each O}, € Sc(gf) is revised for the next mark-
ings {M'| X, € Pre(My,t;), M' = M}, © X;}. Then, each
SCC, € Sc(gﬁ,) is revised or duplicated based on the next mark-
ings {M' | M" = M, & Post(X;,t;),X; € X;}, where X; =
{X; | X; € Pre(Mj,t;),Cy € SC(Q;)}. If t; € Te At; € TS
and L(t;)-type RE arrives, each SC C,. € SC(;;) is revised in
the same manner in which the token candidates between the
t;-shared subnets are exchanged.

VIl. CASE STuDY

We applied the proposed approach to maintaining a DT of
a factory located on the Singapore Institute of Manufacturing
Technology (SIMTech) that has produced various research pro-
totypes, such as customized USB devices [23]. The USB device
requires a customer-selected logo and emits a scent, such as
lavender, from a scent-filled cartridge when the device is active.
Overall, the manufacturing processes consist of 17 steps: Steps
1 to 13, which are common to all products, and the following
optional steps (including Step 14 for customer-specific sen-
tences), as Fig. 8 shows. When a customer’s order arrives, the
CF generates an AE for specific parts of trays to be processed
by custom steps. An operator in the CF occasionally generates
an AE for some parts of a tray to complete specific steps (e.g.,
Steps 3-6) to reduce the makespan of the final product. If a tray
does not undergo a process, it stays in a work-in-progress (WIP)
conveyor or a machine’s output dock(s).

Twelve machines are used for the production, and some ma-
chines, such as an infrared oven and a screen printer, are involved

[ SIMTech
plant’s layout ]

-

g :4 machine for injection molding (first step)

waiting requests

1 1 1
Input | Out. dock In. dock H
Idle delivery to EQ3

avail. avail.

=) ;é"
°

12(0) I
=T delivery to EQ2 AWV Idle
\_/ parts->tray i

(@) (b)

Fig. 9. Examples of token-color conversions in the plant's TCPN.
(a) Subnet for a tool’s part-specific molding process. (b) Common sub-
nets for tray-delivery requests, request grant, and AlV driving.

in more than one step. The processed trays in a machine’s output
dock are transferred by an automatic intelligence vehicle (AIV)
to a destination’s input dock or WIP. The TCPN for the factory
consists of 220 places and 381 transitions, representing the
tray unloading/loading by AIV, single- or multiple-part-specific
processes of each machine, the delivery request and its grant,
AIV movements along paths, and so on. The tokens represent
the actual trays (for the part exchanges between machines), parts
(for machines’ processes), and synthetic control units (for the
delivery requests, machines’ availability, etc.). Each tray can
carry up to 12 different types of parts. The machines, excluding
the oven, process the input tray’s specific parts based on the
tray token’s data. For example, if four parts of a tray token are
required to be processed based on the tray token’s part-related
data, a Post function changes the tray token to four part tokens,
as Fig. 9(a) shows. In the case of an injection-molding machine,
depending on the part type (whether it is a reservoir or a bottom
cartridge), its processing time varies; thus, part tokens’ colors
change for their subsequent processes. The part tokens would be
merged into a tray token to be moved. As illustrated in Fig. 9(b),
the target TCPN has common subnets for a tray-delivery request
and its grant using an AIV. In the net, feasible requests are iden-
tified considering the availabilities of destinations’ input docks.
Among the tokens symbolizing feasible requests, a top-priority
token is selected based on the tokens’ data.

Using a daily RE/AE-observation history, we evaluated the
DT-checking performance by varying the degree of the RE
observation (OB). The degrees are categorized as follows.

1) OB1: All REs for all machines’ tray process starts and
trays’ arrivals at the input and output docks.

2) OB2: All REs related to OB1, process endings/failures,
and delivery requests.

3) OB3: All REs related to OB2 and AIV’s idles/failures.

OB3 represents all possible REs from the factory.
Examples of silent transitions include order-related setups and
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Fig. 10.

SCG Evolution
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# of SCG evolution 405 555 737 713 895
Avg. of SCG size 254.5 38.6 7.74 17.4 4.8
Avg. of path size
(# of RE estimates) 3933 36.9 3.8 18.4 2.0
Avg. # of SC iteration] 171 [ 96.8 [ 35.7[19.9[ 5.2 [ 3.8 [18.4[ 83 | 5.1 [ 2.9

Fig. 11.  Performance comparisons varying the evolution methods (be-
tween the previous state-of-the-art and the proposed approaches) and
TCPN splitting.

subprocesses of machines and AIV’s multiple attempts (with ex-
tant

maximums) to arrive at specific positions. The transition
durations are measured manually or can be calculated based on
observed events. Due to the stochastic property of the transition
duration, there can be more than one next RE candidate with
different time occurrence intervals.

We implemented the environment for the proposed TCPN-
based modeling and SCG-based runtime checking using C++.
If we intentionally create a DT inconsistency by considerably
lowering the average of a specific duration, such as changing an
infrared-oven operation from 2987 to 2680 s, an inconsistency
can be detected, as Fig. 10 shows.

Aside from OB1, OB2, and OB3 enabled us to split the TCPN
into 16 subnets for each of the machines, WIP conveyors, and
AlVs, based on the partitioning condition (see Definition 5).
Among the subnets, a subnet for ATV and delivery decision, with
a place size of 145, is dominant. The overall workload consists
of SCG evolution and finding the consistent SCs based on each
RE/AE. We measured the performances using a machine with
an Intel Xeon E5-1650 3.6 GHz CPU and 32 GB of memory.
The results are displayed as Fig. 11 shows.

As the degree of event observability decreases (from
OB3 to OBI1), the length and number of paths created

[ Event types | AE AE estimated time interval using
wip_mv reg sr;t;rz : estimated time interval {=%-an erroneous period (2680 &C')?-..
7, P e O = H
an oven's #cefetching of an RE observation Eﬂi-"
proc. end sp2_§rOC_8 A Ui
) start > o
event |W_}'e(ching Inconsistent: real observation
MA_GIP_MIV M0 DT s e e e R T is out of estimation
spl_loading
ov2_loading
sp2_tray_to_dock
spl_proc_8
spl_fetching = _ _I_. RE _I
ma_start
i sp2_start- 9AM 10aM 11AM 12AM 1 2PM

Example of an inconsistency detection when the average of the operation,ov2_proc, is significantly different from its real measurement.

by firing possible silent transitions subsequently increases,
which increases the numbers of the next RE candidates and
computational overhead. Compared to the previous SCG evolu-
tion method in [5], the proposed SCG evolution method that sup-
ports active scheduling (for path-changed deficient SCs) and new
path management (which prevents redundant computations in
examining deficient transitions), thus decreasing the number of
iterations.

TCPN partitioning requires additional consistent SC deriva-
tion and SCG evolutions whenever an RE related to a shared
transition occurs, which consequently increases the overhead
of consistent SC derivation. However, the average SCG size
becomes significantly smaller, which drastically reduces the
overall computation times. In our OB1 experimentation, the new
evolution method reduced the overhead by about 8%. In the
OB2 and OB3 cases, the final speedups (which are the ratios of
the conventional evolution times to the active-scheduling-based
evolution times after partitioning) were 18.97(= 18.21,/0.96)
and 8.28(= 5.69/0.68) times, respectively.

Future work will discuss the proposed work’s scalability by
measuring the SCG evolution times and their speedups caused
by TCPN partitioning, varying the plants’ scales.

VIIl. CONCLUSION

This work presents a novel approach for checking DT’s con-
sistency (for its high fidelity) by comparing streaming physical
events with corresponding DT-based virtual estimates during
runtime. For that, we aimed to build the virtual estimates of
the plant’s each physical event based on reachable observable
transitions (that can produce physical events), considering all
possible sequences of intermediate unobservable transitions,
stochastic state transitions, stochastic operation periods, and
external interventions. The previous TPN-based reachability-
analysis methods facilitate deriving the reachable transitions
and states by identifying all possible sequences of transitions
based on their time ranges. To model the plant’s high-mix man-
ufacturing using CPN’s colors and allow unpredictable users’
interventions (AEs), we first designed the TCPN formalism.
Then, we extended the previous SCG evolution method to
1) resolve some computational inefficiencies; 2) consider the
TCPN formalism (from TPN); 3) alter the evolution stopping
criteria sufficient to build the next event’s virtual estimates. For
better SCG evolution speedup and problematic-subnet isolation,
we proposed a TCPN-partitioning method. We also proposed
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an iterative SCG update based on the previous SCG and each
observed physical event for the next-RE estimation. We applied
the approach to a USB device factory. Under a given experimen-
tation set, the TCPN partitioning and revised SCG evolution
algorithm accelerated the performance of the state-of-the-art
evolution up to 18.97 times.
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