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Abstract : The transition toward the use of software-defined vehicles (SDVs) has prompted verification lead time following
application software (ASW) changes as an increasingly critical issue in ECU development processes. In conventional V-
model-based development, immediate functional verification after ASW modification is challenging, while Real ECU-based
HIL (Hardware-in-the-Loop) testing introduces major bottlenecks in DevOps environments due to high equipment costs and
physical resource constraints. To address these limitations, this paper proposed a Level 3 virtual ECU (V-ECU) environment
that eliminates hardware dependency by applying a Virtual MCAL, along with a context-aware automatic patch engine and
a Jenkins-based Dual-Build pipeline that enables parallel builds of Real ECUs and V-ECUs and automated execution of
software-in-the-loop simulation (SILS). Experimental results using representative ASW change scenarios confirm that the
V-ECU-based SILS results are functionally equivalent to those of the real ECU, while reducing verification time and effort.
The study’s primary objective is, through these validations, to demonstrate that the proposed V-ECU-based early verification
framework reduces overall verification lead time by lowering verification effort and effectively alleviates major bottlenecks
in DevOps environments, thereby providing a rapid ECU development and verification framework suitable for SDV systems.
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Nomenclature
. oS : operating system
ASW : application software RTE P . g3y .
. . : run-time environment
AUTOSAR: automotive open system architecture )
. SDV : software-defined vehicle
BSW : basic software SILS N thel o ati
: software-in-the-loop simulation
CAN : controller area network P
. . . SWC : software component
Cl . contimuous ntegration
ECU : electronic control unit
. 1.LAME2
EPC : ecu parameter configuration
FMU : functional mock-up unit Z & A5 2t A2 SDV (Software-Defined Vehicle) &
HIL : hardware-in-the-loop w2 Al 23k o w}g}, ECU (Electronic Control Unit) SW
MCAL  :microcontroller abstraction layer (AEZEY ) Bl W My} 7slgFd o=
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Algorithm 1 Resource Synchronization

1: procedure SYNCHRONIZERESOURCES (srcDir, buildDir)
2: for all (root, dirs, files) in srcDir (recursive) do
for all file in files do
targetPath < join(buildDir, relpath(root, file, srcDir))
create parent dir of targetPath if needed
copy file to targetPath
end for
end for
9: end procedure

e A A

Fig. 3 Pseudo-code of resource synchronization
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Algorithm 2 Prune Artifacts

1: procedure PRUNEARTIFACTS (inPath, targetFolder)
2: if inPath not exist then return

3: endif

4: absTarget < abs path of targetFolder

5: for all line in readLines(iniPath) do

6:  skip if comment/empty; normPath < clean(line)

7

8

candidate < join(targetFolder, normPath)

if candidate in absTarget then
9: delete file or dir if exists
10:  endif
11: end for

12: end procedure

Fig. 4 Pseudo-code of artifact pruning
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Algorithm 3 Apply Context-Aware Patch

1: procedure PATCHCONTEXT (targetRoot, ruleRoot)
2: for all rulePath in ruleRoot (json files recursively) do
3 targetPath « corresponding path in targetRoot

4:  iftargetPath not a file then continue

5:  endif
6.
7
8

rule < load(rulePath); src < read(targetPath)
if context in src then
if delLines match after context then delete them

9: end if

10: if addLines exist then insert them after context
11: end if

12: overwrite targetPath with modified src

13:  endif

14: end for

15: end procedure

Fig. 5 Pseudo-code of context-aware patching
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Fig. 6 Overview of dual-build and SILS automation pipeline
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Table 1 Test scenario sequence

Test case: High voltage injection test
Seq ECUI BAT (V) ECU2 BAT (V)
1 13.5 13.5
2 13.5 23.0

7} Al 2ol ti gk 7] o) &2 A 2= Table 22F 2T} o
£ £9], Sequence 29 4 & ECU29| Battery 1178 2| %=
Z o 7 F918}aL, ECUIS ECU29] Mt AR E 7]n
2 1745 Aslo] CAN Tx Signal 2 317 A EH| &
gho} 9hA ECU2E ECULS] A AR E 7o g

Rloopr %
ol > o

Table 2 Expected result
Expected result: High voltage injection test
Seq Chassisl: Chassis2:
ECU1_Fault ECU2_Fault
1 No Fault No Fault
2 Fault No Fault
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Fig. 8 Virtual ECU simulation architecture
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Table 3 Patch tool application results

Type Target Applied Ratio
Resource Sync 800 800 100 %
Code pruning 45 45 100 %
Context-aware patching 11 11 100 %
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Fig. 9 Comparison of fault detection results for real and virtual
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Fig. 10 Fault diagnosis under battery voltage conditions
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