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Abstract
Addressing the safety and real-time performance requirements of train control
systems, UML (Unified Modeling Language) and Colored Petri Net (CPN) mod-
els for the C2-to-C3 level transition were established based on level transition
scenarios in the CTCS-3 train control system requirements specification, analyz-
ing factors affecting train safe operation and traffic efficiency—namely transition
duration and transition success rate—and verifying the effectiveness of this mod-
eling approach. Verification results demonstrate that the combined UML and
CPN modeling approach is suitable for verifying train control system require-
ments specifications. The established level transition model can satisfy system
real-time requirements. Under the premise of ensuring switching success rate,
train operating speed is inversely proportional to switching time; the higher the
speed, the shorter the switching time, and the higher the train speed, the higher
the real-time performance requirements for the system.
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Abstract

Aiming at the safety and real-time performance requirements of train control
systems, this paper establishes Unified Modeling Language (UML) and Colored
Petri Net (CPN) models for the C2-to-C3 transition based on level transition
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scenarios in the CTCS-3 train control system requirement specification. The
study analyzes the factors affecting train operation safety and traffic efficiency
—namely transition duration and transition success rate—thereby validating the
effectiveness of this combined modeling approach. Verification results demon-
strate that the integrated UML and CPN modeling method is suitable for val-
idating train control system requirement specifications. The constructed level
transition model satisfies system real-time requirements. Under the premise of
ensuring switching success rate, train running speed is inversely proportional to
switching time: higher speeds yield shorter switching times, which consequently
impose more stringent real-time performance demands on the system.

Keywords: Chinese Train Control System (CTCS); level transition; UML;
Colored Petri Nets (CPN); modeling

0 Introduction
As China’s railway network continues to expand, operational safety has become
paramount [1]. Level transition, as a critical scenario in train control systems,
must ensure train safety while improving traffic efficiency by minimizing transi-
tion time. Consequently, in-depth research on level transitions in train control
systems is essential.

Early research by domestic and international scholars focused extensively on
communication reliability in train control systems and ETCS communication
links [2]. In recent years, with China’s railway development, studies have grad-
ually shifted toward formal modeling approaches. Foreign scholars have em-
ployed hybrid timed automata and SDL methods for functional safety analysis
and modeling of CTCS-3 systems [3-4], while domestic researchers have utilized
various formal methods including Petri Nets (PN), timed automata, and Timed
RAISE to investigate train control system operational scenarios [5-9]. Some
scholars have applied UML semi-formal modeling methods to analyze level tran-
sition scenarios [10,12], while others have used formal CPN (Colored Petri Net)
methods to study the impact of train speed on transition success rates [13-15].

In system modeling and verification, ensuring consistency between the system
and model is paramount. UML defines a series of graphical symbols to de-
scribe software systems with strict semantics and clear syntax, establishing a
standard that enables all software development stakeholders to describe vari-
ous aspects of the system. Its main characteristics include unified standards,
object-orientation, clear concepts, concise modeling notation, process indepen-
dence, and simple yet diverse graphical expression capable of comprehensively
representing system models. However, UML lacks rigorous mathematical defi-
nitions and model analysis/automatic verification tools. Conversely, while Col-
ored Petri Nets provide automatic verification tools like CPN Tools for validat-
ing system properties such as reachability, boundedness, liveness, safety, and
fairness, their complex logical expression makes direct modeling difficult and
may compromise system-model consistency. In summary, existing research has
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not considered a combined UML and CPN modeling approach for train control
system level transition scenarios.

This paper employs a combined UML and CPN methodology to model train
control system level transitions. First, UML Message Sequence Charts (MSC)
analyze the information interaction process among Train, Driver, Balise, and
RBC components during transition scenarios. Second, based on UML-to-Petri-
Net transformation rules, the system’s CPN model is established. Finally, using
the C2-to-C3 transition CPN model, MATLAB processes data from 10,000 simu-
lated transition runs to obtain transition success rates under different switching
times and speeds. The results clarify how varying switching times and operating
speeds affect transition success rates, providing theoretical support for ensur-
ing system real-time requirements and references for improving train operation
efficiency.

1 C2-C3 Level Transition Process
To meet passenger transport demands amid China’s railway development, CTCS-
2 lines must adapt to CTCS-3 train control system requirements. When a train’s
head leaves a C2 line and enters a C3 line, it must perform C2/C3 level transition.
Before transition, onboard equipment should detect and reliably connect to the
GSM-R network. If C3 control conditions are not met at the C2/C3 transition
boundary, the train continues under C2 control while the system continuously
monitors for C3 control condition satisfaction, automatically transitioning to
C3 control when conditions are met. Figure 1 [Figure 1: see original paper]
illustrates the balise arrangement during C2-to-C3 transition.

Figure 1: Balise arrangement at level transition scenario boundary
Figure 2 [Figure 2: see original paper]: CTCS-2 to CTCS-3 transition flowchart

The specific meanings of each balise group are shown in Table 1 .

2.1 UML Message Sequence Chart Model
A Message Sequence Chart (MSC) is a 5-tuple:

𝑀𝑆𝐶 = (𝐼,𝑀, 𝑠, 𝑟, {≤𝑖}𝑖∈𝐼)

where:
a) 𝐼 represents a finite set of entities; 𝑀 represents a finite set of messages;
b) 𝑠 and 𝑟 represent two function sets, where message sending is denoted by
𝑠 ∈ 𝑀 → 𝐼 and message receiving by 𝑟 ∈ 𝑀 → 𝐼 ;
c) For 𝑖 ∈ 𝐼 , ≤𝑖= {?𝑚|𝑚 ∈ 𝑀, 𝑡𝑜(𝑚) = 𝑖} ∪ {!𝑚|𝑚 ∈ 𝑀, 𝑓𝑟𝑜𝑚(𝑚) = 𝑖}
represents the local ordering of message sending and receiving events.

To describe the level transition information interaction process using the 5-tuple
𝑀𝑆𝐶 = (𝐼,𝑀, 𝑠, 𝑟, {≤𝑖}𝑖∈𝐼), the following conditions must be satisfied:
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The C2-to-C3 transition comprises three parts:
a) 𝐼 contains four entity sets: Driver, RBC, Train, and Balise;
b) 𝑀 contains message sets related to the driver, RBC system, onboard system,
and balise system;
c) ≤𝑖𝑜= {(!𝑚, ?𝑚)|𝑚 ∈ 𝑀};
d) ≤𝑖𝑛𝑠𝑡 ∪𝑖∈𝐼 .

The message sets related to the four systems (Driver, RBC, Train, and Balise)
are shown in Table 3 . Functions 𝑠 and 𝑟 map message set 𝑀 to 𝐼 (e.g., 𝐼𝑇 =
𝑟(𝐶𝑜𝑛𝑛𝑒𝑐𝑡−𝑅), 𝐼𝐵 = 𝑠(𝐶𝑜𝑛𝑛𝑒𝑐𝑡−𝑅)), where !𝑚 denotes message sending events
and ?𝑚 denotes message receiving events, with ≤𝑖 representing the local order
of event occurrence. The established MSC model is shown in Figure 3 [Figure
3: see original paper].

In Figure 3, rectangular boxes represent specific information interaction objects
(Driver, RBC, Train, Balise), vertical lines represent temporal sequence, and
arrows denote information exchange.

2.2 UML Sequential State Diagram Model
For the sequential state diagram in Figure 4, states are transformed into places
in Petri Nets, while state changes are transformed into transitions.

3.1 Colored Petri Nets
Colored Petri Nets (CPN) are a formal modeling methodology that integrates
mathematics, systems theory, and graphical representation [7]. CPN differs
from Petri Nets (PN) by achieving net folding, making PN models easier to
understand. Colored Petri Nets classify Tokens by assigning them different
colors, thereby enabling PN system folding.

CPN Definition: A CPN is a multi-tuple set:

𝐶𝑃𝑁 = {Σ,𝑃 , 𝑇 ,𝐴,𝑁,𝐶,𝐺,𝐸, 𝐼}

where each element’s meaning is shown in Table 4 .

This paper employs a top-down modeling approach using CPN to establish both
top-level and corresponding lower-level models for level transition. Additionally,
CPN Tools verification software simulates the constructed models to check for
logical and structural errors.

3.2 C2-to-C3 Transition CPN Top-Level Model
Level transition comprises two scenarios: normal position transition and de-
graded transition. This paper models the CTCS-2 to C3 transition in normal
position transition scenarios. All models in this chapter use 0.1s as the unit
time.
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Based on the transition flowchart in Figure 2, when the train head reaches LTO
and meets transition conditions, the system automatically transitions from C2 to
C3 control. Extracting information from the message sequence chart, the over-
all level transition CPN model considers only data interactions among Driver,
Balise, Train, and RBC. According to UML state diagram-to-CPN transforma-
tion rules, the corresponding CPN top-level model is established as shown in
Figure 5 [Figure 5: see original paper].

In the model, tokens are represented as {𝑀𝑒𝑠𝑠𝑎𝑔𝑒}@𝑇 𝑖𝑚𝑒, where 𝑀𝑒𝑠𝑠𝑎𝑔𝑒 de-
notes current information between Train and RBC, and 𝑇 𝑖𝑚𝑒 represents the
token timestamp. Place sets represent Train and RBC states during level tran-
sition, with specific meanings explained in Table 5 . Transition sets describe
various action processes, with specific meanings shown in Table 6 .

In the C2-to-C3 transition CPN top-level model, transitions VSC_ConGSM-R,
Call_RBC, Position_Report, Arrive_LTA, and Arrive_LTO are all substitu-
tion transitions (double rectangles with 同名 small rectangles), each containing
subpages.

3.3 C2-to-C3 Transition CPN Subpage Models
Following the substitution transition sequence, the top-level model is refined
to derive subpage models. Due to space limitations, only the CPN models for
Train-GSM-R connection establishment and Train-to-RBC position information
transmission are presented, as shown in Figures 6 [Figure 6: see original paper]
and 7 [Figure 7: see original paper].

Transition VSC_ConGSM-R simulates the time delay from when the train
passes the GSM-R network connection balise group to the RBC connection
balise group. When the train head passes RE, transition Call_RBC simulates
the RBC calling process with connection time 𝑇 < 10s; if 𝑇 ≥ 10s, the call
fails and the train continues at the original level. Substitution transitions Posi-
tion_Report and Arrive_LTA simulate the information exchange process among
RBC, onboard equipment, and train. Substitution transition Arrive_LTO sim-
ulates the transition to C3 control.

4 Model Simulation and Analysis
Simulating 10,000 transition runs of the“C2-to-C3 level transition CPN model”
and processing the data with MATLAB yields the results shown in Figures 8
[Figure 8: see original paper] and 9 [Figure 9: see original paper].

The relationship between transition success probability and transition time is
shown in Table 7 . The results indicate that with a switching time of 104s, the
transition success rate reaches over 99.8%, meeting specification requirements.
Figure 8 [Figure 8: see original paper] shows that train switching time primarily
concentrates between 84-102s. Assuming discussion of transition time required
when trains run at initial speeds of 250km/h, 240km/h, and 220km/h from
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the advance warning point (LTA) to the transition execution point (LTO), the
results are shown in Figure 9 [Figure 9: see original paper].

From Figure 9, the relationship between train switching time and success prob-
ability at different speeds is obtained, as shown in Table 8 .

5 Conclusion
This paper models the CTCS-3 train control system C2/C3 level transition using
a combined UML and CPN approach. Starting from UML models, relevant
information is extracted to establish CPN models. MATLAB simulation of
model runtime data focuses on investigating how different speeds and switching
times affect transition success rate, yielding the following conclusions:

a) When trains perform level transitions at different speeds, higher operating
speeds result in shorter transition times.

b) To ensure over 99.8% transition success rate, higher operating speeds
demand greater real-time performance for level transitions.

c) When transitioning at CTCS-2 ceiling speed of 250km/h, transition
success rate improves by 0.3%.

d) The combined UML-CPN modeling approach, with MATLAB simulation
of model runtime data, produces results that meet specification require-
ments and satisfy system real-time performance demands to a certain ex-
tent.
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