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Abstract. The Train Operation Monitoring and Recording Device (LKJ) is a core
onboard safety equipment for Chinese railways, and the correctness of its embed-
ded control software directly affects train operation safety. Conventional manual
testing suffers from low coverage, heavy workload, poor repeatability, and diffi-
culty in defect reproduction. To solve these problems, the paper introduces a au-
tomatic simulation testing methodology for LKJ systems. The developed LKJ
automated simulation testing system integrates three approaches of test case gen-
eration—graphical editing, manual operation recording, and LKJ operation rec-
ord file conversion—to flexibly cover diverse scenarios. Key enabling technolo-
gies are analyzed systematically, including multi-type physical signal generation
(speed, signal, pressure, etc.), DMI (Driver Machine Interface) input simulation
via a robotic arm, and real-time acquisition of LKJ braking outputs and DMI
display information based on video capture and optical character recognition. A
timing delay calibration model is established to synchronize external signal in-
jection with LKJ internal recording, improving testing accuracy. The system has
been successfully applied in the development and verification of LKJ onboard
software. The repeatability of test results reaches 100% under identical condi-
tions. A practical technical method for automatic testing of LKJ and other railway
train control systems is proposed, which increasesthe safety and reliability in rail-
way operations.

Keywords: LKJ; Automated Simulation Testing; Physical Signal Generation;
Signal Acquisition; Test Case Generation; HIL Test

1 Introduction

The Train Operation Monitoring and Recording Device (LKJ) is a fundamental onboard
safety system and multiple-unit trains across China’s railway network. It constantly
monitors train speed, signal aspects, and driver actions, and automatically applies emer-
gency braking when safety criteria are violated [1]. With its excellent performance and
reliability, LKJ has become an indispensable technological pillar in the field of railway
transportation. Figure 1 illustrates different application scenarios of LKIJ. It plays a key
role in freight transport—guaranteeing efficient and safe transport of cargo, and plays
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a crucial role in passenger transport, supplying passengers with a safer and more com-
fortable trip. The LKJ system demonstrates its functions in shunting operations, where
precise train speed control and operating status improves the reliability and safety.

Fig. 1. LKJ Application.

The LKJ onboard control software, which implements over 150 functional logic
modules, is responsible for real-time decision-making; any software defect may lead to
severe safety consequences. Therefore, comprehensive and effective test of LKJ soft-
ware is a mandatory requirement throughout its lifecycle—from development and inte-
gration to application and maintenance [2].

Historically, LKJ software testing has been performed manually. Engineers design
textual test cases, manipulate physical signal generators, and visually inspect DMI
screens and recorded data files. While the method could verify basic functions, it is
increasingly inadequate for LKJ, which contains complex logic, frequent updates, and
shorter delivery cycles. Previous studies have reported that manual test typically
achieves only 60—70% statement coverage and requires more than 30 person-hours per
regression cycle [3], [4]. Moreover, human factors lead to inconsistent test execution
and poor reproducibility of intermittent faults [5].

Researchers and manufacturers have proposed various automatic testing techniques
for train control systems. He et al. developed a functional test platform for LKJ that
partially automates signal injection and result collection, yet test case generation re-
mains manual [6]. Bai et al. proposed a graphical test case definition method for LKJ,
but the method could not integrate with real-time signal synchronization [7]. Outside
the railway domain, model-based testing (MBT) and the test generation method based
on search have been successfully applied to avionics and automotive embedded systems
[8], [9]. However, direct adoption of these approaches to LKJ is hampered by the need
for heterogeneous physical /O, stringent real-time requirements and the intricacy of
domain-specific signal logic. The deep learning algorithm has been adopted to generate
GUI test scripts from the screenshots [10], but its application in the safety-critical hu-
man-machine interfaces (HMIs) of railways is still initial [11]. Hardware-in-the-loop
(HIL) testing have been applied extensively in railway signaling test. [12], but the in-
tegration with LKJ software validation remains a challenging issue. The collaborative
robotics for automatic test has exhibited high precision in industrial control panels [14],
while advances in real-time signal synchronization further improve the accuracy of HIL
simulations [15]. In addition, experimental studies on coverage-driven testing in safety-
critical domains provide benchmarks that support our coverage improvement [16].

The paper presents a complete automatic simulation testing system specifically de-
signed for LKJ. The main contributions are:
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(1) The comprehensive architecture integrates test case generation, physical signal
emulation, non-intrusive DMI operation, and multimodal output collection into a single
workflow.

(2) Three test case acquisition methods covering both requirement-based and
field-data-based scenarios, along with a timing-delay calibration model that guarantees
accurate signal-injection timing.

(3) The quantitative evaluation method based on the extensive industrial application
is proposed.

2 Test Process of LKJ

Testing of LKJ software follows two primary technical routes: manual test and auto-
matic test. The both routes vary greatly in the technical features, implementation pro-
cedures.

2.1 Manual Test

The method includes drafting test cases and configuring dedicated test environments,
manually configuring input physical signals, observing LKJ outputs and DMI (Driver
Machine Interface) displays, and analyzing recorded operation data. Results are com-
pared to determine the test conclusion [4].

The manual test limitations include repetitive data substitution resulting in heavy
workload, textual test case descriptions causing interpretation variances among engi-
neers, difficulty in reproducing discovered defects and difficulties in guaranteeing final
test accuracy.

2.2 Automatic Test

Automatic testing addresses manual testing shortcomings by automatic test case exe-
cution, signal input through dedicated test systems [5]. Hardware-in-the-Loop (HIL)
testing frameworks, which integrate real hardware with simulation models, are espe-
cially well-suited for complex cyber-physical systems like train controls, ensuring ac-
curate signal synchronization and real-time performance [12].

2.2.1 Objectives of Automatic Testing.

Automatic testing supports three scenarios in the software lifecycle:

(1) Developer Debugging: Aims to validate the revised logic, the hybrid virtual-
physical setups is employed in unit and integration to isolate defects [6].

(2) Independent Verification: Performed by testing departments to validate modifi-
cations of requirements and ensure non-regression of current functionalities conducted
on physical hardware with parallel testing to improve efficiency.

(3) On-site User Acceptance: Targets validation under specific railway lines, em-
ploying focused testing on modified content and critical use cases.
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2.2.2 General Process of Automatic Testing.

As illustrated in Figure 2, the automatic simulation testing process includes three
stages:

(1) Test Case Generation: Creating executable test cases from requirements. Al and
deep learning algorithm for automatic test, especially for GUI-based systems, repre-
sents that can enhance coverage [11].

(2) Test Execution: Interpreting test cases, driving signal generation equipment to
produce physical inputs, controlling LKJ operation, and collecting all output data.

(3) Result Judgment: Automatically comparing LKJ outputs with anticipated results,
flagging discrepancies for analysis.

. Generate simulation Execute simulation
Begin —p | —
test case test case

Generate test

End .
conclusion

the expectation?
Fig. 2. General Process of LKJ Automated Simulation Testing.

2.3  Comparison with Existing Automatic Testing

To further highlight the originality, a systematic comparison between the proposed
method and representative existing automatic test method for train operation and con-
trol system and related domains is conducted. Existing solutions either lack automatic
test from field data, depend on intrusive bus simulation, or do not support comprehen-
sive real-time synchronization.

3 Simulation Acquisition

Test cases form the foundation of automatic testing. Their scientific design and com-
pleteness directly determine testing effectiveness and precision [7]. Based on LKJ test-
ing requirements, simulation test cases can be generated via four methods: scenario
analysis, graphical editing, manual operation recording, and LKJ record file conversion.

3.1 Test Scenario

To gain an in-depth understanding of the complex application scenarios of LKJ—
including high-speed railway, conventional speed railway, passenger transport, freight
transport, and hub stations—a field investigation was conducted. The characteristics of
each scenario are summarized as follows:

(1) High-Speed Railway Scenario
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In high-speed railway scenarios, LKJ is required to achieve high-precision position-
ing and rapid response. Due to the high operating speeds, the real-time performance of
LK is particularly stringent. Furthermore, the signaling systems in high-speed railways
often adopt advanced train operation and control systems (such as ATP), and LKJ
should closely cooperate with the system to ensure the reliable and controllable train
operation at high speeds.

(2) Conventional Speed Railway Scenario

In conventional speed railway scenarios, LKJ primarily focus on the locomotive sig-
nal recognition, speed control, and monitoring of track conditions. The line conditions
in conventional speed railways are diverse, including straight sections, curves, and gra-
dients. LKJ should adjust its monitoring strategies according to the track conditions
(including line changes, etc.) to ensure the smooth operation of the train.

(3) Passenger Transport and Freight Transport Scenarios

In passenger transport scenarios, in addition to ensuring train operation safety, LKJ
also needs to take the passenger comfort experience into account. In the train accelera-
tion, deceleration, and curve negotiation, LKJ should optimize its control strategies to
reduce passenger discomfort. In freight transport scenarios, LKJ is required to monitor
operation status and guarantee the transportation safety.

(4) Station Scenario

Station scenarios represent one of the most complex scenario in railways. In hub
stations, LKJ must perform route control, signal interlocking, and collaborative opera-
tions with other systems. When the train enters or departs from stations, switch tracks,
or passes through complex turnouts, LKJ must precisely control train movements to
guarantee safe and efficient operation within the hub station.

3.2 Graphical Editing

The method abstracts testing functions (e.g., control condition operation, device oper-
ation, information acquisition, result judgment) into independent modules. Users ge-
narates cases by drag-and-dropping logical controls, setting parameters, and defining
control relationships.

Algorithm 1 shows the core process for generating a test case TC from graphical
elements G:

Algorithm 1: Test Case Generation via Graphical Editing

Input: Set of graphical modules G = {g4, g2, ..., In}

Output: Executable case TC
1 for each module g; € G do

Extract functional attributes A(g;)

Map A(g;) to script command C;
4, end for
5. Parse user-defined control relationships R between modules
6.  for each relationship 7, € R do

Apply timing between C; and C,

8 end for
9 Serialize ordered command set {C} into TC

2
3.
7
10. returnTC
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3.3  Manual Operation Recording

The method records a manual test process to generate a reusable automatic case. Steps
include: recording the environment configuration, defining judgment items based on
requirements, logging all interactions (clicks, settings, timestamps), capturing LKJ test
results, and standardizing the recorded data into an executable case.

3.4 LKJ Operation Record File Conversion

LKJ devices record comprehensive operational data during real runs [8]. As shown in
Figure 3, a record file consists of event rows containing name, time, mileage, and con-
tent. The conversion process includes analyzing the file, screening key events, and re-
trieving key parameters to form standardized test cases,which is shown in Table 1.

A critical challenge is the timing delay t,, representing the lag from the signal gen-
eration to its recording. Different events have varying t; (up to 5s). Direct use of raw
timestamps can misalign signal input, affecting test accuracy. Therefore, a calibrated
event execution timing strategy is essential, adjusting each event execution time in the
case by —tg .

The timing adjustment for an event E; with original timestamp
eled as:

T/¢°°T can be mod-

Tiexecute — Tirecord —ty (El) (1)

where T/ is the timestamp in the log, and t4(E;) is the empirically calibrated av-

erage delay for E;. For each variant,a calibration process is performed by a reference
signal to determine t;(E;). The model guarantees that test replay accurately recon-
structs the real-world timing sequence. Similar delay compensation techniques have
been successfully adopted in other real-time embedded system testbeds [17].

M ety Saware 15:49:00 1454

Mot Control Sofiware 15:49:00 1454
Main Contral Sofeware 15:49:00 1454
Mo Control Sofiware 15:49:00 1454
Cotirel Parameters 15:49:00 1454
Coturel Parameters 15:49:00 1454
Contral Parameters 15:49:00 1454
Lo Parameters 15:49:00 1454
Vb umied Data 15:49:00 1454

Fig. 3. Example of LKJ Operation Record File.
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Table 1. Example of LKJ Automatic Test

Serial Occurrence Mileage Event Parame-
Event Name X
Number Time (km) ters
1 Speed Change 12:29:30 12.345 Speed=5 km/h

Signal=Green

2 Signal Change 12:29:35 12.458 .
Light
Speed Limit Speed Limit=41
3 12:30:50 15.678
Change km/h

4 Execution of Simulation

The test execution is the essential element of automatic test, including four steps: ex-
ternal signal generation, device operation, output collection, and result verification.

4.1 Generation of External Physical Signals

LKJ operation requires multi-type signals, including the speed information, the loco-
motive signal, the handle position, the pipe pressure. These signals are got from the
specialized equipment or the signal generators. The equipments produce FSK or spe-
cific waveforms signal.

The LKIJ device requires several classes of analog and digital input signals.

(1) Speed signals: Frequency shift keying (FSK) pulses proportional to wheel rota-
tion.

(2) Locomotive signals: AC/DC voltage levels indicating track circuit status.

(3) Handle position signals represent the driver’s throttle and brake handle.

(4) Pipe pressure signals: 4-20 mA current loops for brake pipe pressure.

The test bench supports two types of signal generators.

(1) Specialized LKJ diagnostic instruments — native signal compatibility.

(2) Arbitrary function generators —A dedicated protocol adapter is proposed that
translates high-level test commands into the appropriate signal generator commands.

4.2  Operation Control of LKJ Device

The operation control simulates the driver input, including the parameter entry, the no-
tice input, the key presses, and the data dump procedures. The essensial is simulating
DMI button press. Figure 4 illustrates the architecture of the LKJ automatic test system.
Two technical schemes exist.
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(1) Bus Communication: Interfacing with the DMI button board bus. The method
allows both manual and software-triggered inputs but requires device modification and
lacks cross-vendor compatibility.

(2) Robotic Arm: A 6-axis collaborative robot equipped with a soft silicone finger
presses the DMI buttons exactly as a human. The approach is completely non-invasive,
compatible with all LKJ variants, and is now the mainstream solution [13]. The robot
is calibrated to the DMI screen coordinates using a vision-guided alignment procedure,
achieving a positioning accuracy of +0.5 mm][14].

Test Host PC (Test Manager) Control Commands Image Processing Server

« Script Interpreter

« Real-time Scheduler
« Result Comparator

« Test Report Generator

Physical Input Signals + OCR & State Recognition
« Display Analysis
« Timing Verifier

A 4

Inate
Processhins | ("LkJ Output Data

LKJ Device Under Test RUATS Cineig

. SPeed FSK + 30 fps capture
« Signal aspects (AC/DC) » Hardware trigger
« Handle position (0-10V) « GigE Vision

-

; |
« Pipe pressure (4-20mA) DMI (Display Unit)
\
Image Collaborative Robot

Button Results ST :
« 6-axis articulation

J

Image Processing

LKJ Host (Main Unit)

Serial Bus

Data Acquisition Card DMI Screen Real-
time Video Stream

« Galvanic isolation

« Digital input « Silicone finger
+ 250 kS/s sampling » Brake Outputs « Vision-guided alignment
|+ Hardware timestamp | + Physical Button Presses « Positioning 0.5 mm

Fig. 4. Architecture of the LKJ automated simulation testing system.

4.3  Acquisition of LKJ Output Information

Output information focuses on the two information.

(1) Braking Output Signals: These signals are collected using professional signal
acquisition modules connected to the corresponding interfaces of the LKJ device.

(2) DMI Display Information: Data are acquired through video capture and subse-
quent image analysis, with key indicators including signal type and number, real-time
speed, speed limit, and braking curve.[13].

The video analysis process for extracting display text S from a DMI frame I can be
summarized as:

(1) Region Detection: Locate dynamic information display area R, s, in I.

(2) Preprocessing: Apply binarization and denoising to Ry ,.

(3) Character Segmentation & Recognition: Use OCR (Optical Character Recogni-
tion) to obtain raw text string S’.

(4) Semantic Parsing: Map S’ to structured data S (e.g., {"speed": "80", "limit":
"85"}).

Recent surveys confirm that such non-invasive HMI testing is gaining traction in
safety-critical domains [11]. The novel deep learning-based OCR methods have
demonstrated superior accuracy under lighting and reflection conditions [18].
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4.4  Synchronization and Timing Control

Reliable hardware-in-the-loop simulation relies on deterministic timing.The LKJ auto-
matic test system implements a multi-layer synchronization framework that coordinates
signal generation, robotic actuation, and data acquisition with microsecond-level pre-
cision.

4.4.1 Clock Synchronization.

All test instruments support precision time protocol and are synchronized to the test
host’s grandmaster clock with an accuracy of +1 ps. The network switches are
PTP-transparent, and the boundary clocks are deployed to reduce cumulative drift.
Every acquired sample and actuation event is tagged with a 64-bit global timestamp,
enabling sample-accurate alignment across distributed components.

4.4.2 Timing Delay Characterization and Compensation.

LK record files exhibit an inherent input-to-log delay t;(E;) that varies per event
type. During system commissioning, a calibration procedure for each LKJ variant un-
der test is performed.

(1) A reference pulse is injected via the signal generator at a known absolute
time Ty

(2) The LKJ’s internal event log is downloaded and the recorded timestamp T, of
the corresponding event is extracted.

(3) The delay is computed as t; = Tiee — Tiyj-

(4) The measurement is repeated to obtain the mean and standard deviation.

The typical calibrated delays range from 0.8 s to 4.7 s. The standard deviation is
below 150 ms for all event classes, indicating stable behavior. The derived t; values
are stored in a configuration database and applied to each converted test case via Equa-
tion (1). Similar timestamp calibration techniques are widely applied in real-time em-
bedded system testbeds [17].

4.4.3 Runtime Triggering and Watchdog.

During test execution, the scheduler sends control commands to both the signal gen-
erator and robot controller over a deterministic Ethernet link. Each device replies with
a hardware-timestamped response, which is then checked against the predefined sched-
ule. In parallel, a software watchdog thread supervises the execution progress of each
individual test step. (1) Signal outputs: If the system does not detect the expected brak-
ing relay state within £100 ms of the programmed time, the test is paused and an alert
is raised.

(2) DMI display changes: The vision system output is expected within =1 s of the
scripted event.
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4.4.4 Multi-Bench Coordination.

The test setup consists of three identical units operating in parallel to speed up re-
gression testing. Each unit is equipped with an independent local real-time controller,
while a central orchestrator assigns test tasks and aggregates the experimental results.
Phase locking between units is not necessary, yet all clocks are traceable to the same
stratum-1 NTP server. The inter-bench jitter is maintained below 50 ps, making it neg-
ligible within the system’s £100 ms tolerance range. [15].

The timing performance of the test setup accurately reflects real-world conditions,
enabling the robust detection of time-critical software defects.

5 System Implementation and Application

The proposed LKJ automatic simulation testing method has been fully implemented
and deployed. It consists of three physical test benches (each equipped with an LKJ
device, a robotic arm, signal generators, and acquisition modules) and a central test
management server. This system has been applied to daily developer debugging. Test
duration has been reduced from 32 hours in manual test to 7.7 hours using automatic
testing, which is achieved across three test benches.

6 Conclusion

This paper presents an in-depth investigation into LKJ testing methods and core auto-
matic simulation technologies, on the basis of which an LKJ-oriented automatic simu-
lation test system is proposed. The successful application in LKJ software testing shows
that the system alleviates the drawbacks of conventional manual testing, including low
test coverage, heavy manual intervention, insufficient repeatability, and the difficulty
in reproducing faults. A practical technical solution is proposed for the automatic test-
ing of LKJ, which increasing the safety and reliability of train operation.
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