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Abstract

The electronic and electrical architecture of vehicles has rapidly evolved to centralized.
At present, there is no unified consensus on the R&D strategy of the platform in the
industry, and there is also a lack of a quantitative decision-making framework that can
be implemented. This study takes the centralized architecture platform as the research
object, constructs a two-stage analysis framework of “advanced constraint screening-cost
quantitative evaluation”, uses a fuzzy-set qualitative comparative analysis method to
screen feasible R&D strategy combinations that meet the requirements of the architectural
advancement, builds a total cost of ownership evaluation system around the software and
hardware elements related to the architecture platform, and systematically analyzes the
optimal cost R&D strategy combinations of car enterprises with different mass production
scales under the two scenarios of Multi-Box and One-Board. The research results show that
adaptive platform middleware and framework middleware are the core necessary elements
to realize the advanced architecture; the amortization cost of architecture is negatively
correlated with the scale of mass production, and the cost of in-house R&D is highly
dependent on large-scale amortization; and there are differentiated optimal solutions in
the framework selection and R&D strategy combination of automakers with different mass
production scales. This study can provide quantitative reference and practical guidance for
R&D decision making of centralized architecture platform for automakers.

Keywords: centralized architecture platform; R&D solution decision making; fuzzy-set
qualitative comparative analysis; total cost of ownership

W) Check for updates

Academic Editors: Felipe Jiménez,

1. Introduction
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software-hardware collaboration, and cross-domain function integration, which urgently
Licensee MDPI, Basel, Switzerland.

requires original equipment manufacturers (OEMs) to develop centralized architecture plat-
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The centralized architecture platform is a highly complex cyber-physical system for
electrical and electronics, integrating multiple advanced software and hardware technolo-
gies such as heterogeneous chip design, operating system and middleware development,
and framework integration [5]. Its R&D threshold is much higher than that of traditional
distributed architectures. However, most OEMs are highly dependent on the supply chain
system in traditional automotive R&D and have not mastered these core advanced tech-
nologies. Faced with the new technological challenges of centralized architecture platforms,
there is no consensus on a unified R&D solution in the industry [6]: some new car-making
forces adopt an aggressive full-stack in-house R&D strategy, attempting to build more
advanced architectural products by independently controlling core technologies, while
some traditional automotive giants continue the industrial cooperation model, tending to
carry out joint development with long-term cooperative suppliers to share R&D risks and
reduce technical trial-and-error costs.

Existing research on the centralized architecture platform of intelligent vehicles mostly
focuses on qualitative analysis to discuss R&D strategies, lacking a systematic quantitative
analysis framework that balances technical advancement and economic feasibility. It is
difficult to provide actionable and differentiated R&D decision-making guidelines for
OEMs with different production volumes and technical development needs. This study
attempts to fill this research gap and provide scientific reference for the R&D practice of
OEMs. The subsequent content of this paper is organized as follows: Section 2 combs the
relevant research results on architecture platform evolution, core technical elements, and
evaluation systems through a literature review; Section 3 clarifies the research scope and
proposes a two-stage research framework; Sections 4 and 5 elaborate on the research model
construction and quantitative evaluation results in detail by stages; Section 6 conducts
multi-dimensional analysis, interpretation and discussion on the research results, and
puts forward differentiated R&D scheme suggestions; and Section 7 summarizes the core
conclusions of the research.

2. Literature Review
2.1. Evolution of Automotive EEA

Traditional distributed EEA takes independent functional electronic control units
(ECUs) as the core units. With the increasing complexity of automotive functions, the
peak number of ECUs per vehicle can reach more than 100, leading to problems such as
computing power fragmentation, high hardware redundancy, slow software iteration, and
bottlenecks in in-vehicle network bandwidth [7]. These issues make it unable to meet
the core requirements of scenarios such as high-level autonomous driving and intelligent
cockpits. Meanwhile, the industrial transformation of SDVs requires EEA to achieve
software—hardware decoupling and full-lifecycle function upgrading, centralization has
become an inevitable path for EEA evolution [8].

The centralized evolution of EEA proceeds synchronously along two dimensions:
physical and logical [9]. The core of the physical dimension is the intensive integration
of control units. By reducing the number of independent ECUs, the scattered computing
power and control authority are concentrated in domain controllers and central computing
units while optimizing the overall vehicle wiring harness layout and power consumption
level. The core of the logical dimension is the hierarchical decoupling and service-oriented
reconstruction of the architecture. Through standardized hierarchical software design,
the decoupling of hardware drivers, basic software platforms, and application software
is realized, supporting the implementation of service-oriented architecture (SOA) and
enabling flexible configuration and rapid iteration of vehicle functions.
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1.0: Distributed Modular Architecture

As shown in Figure 1, existing research generally divides the centralized evolution
of EEA into four stages [10]: distributed modular architecture, domain-centralized archi-
tecture, cross-domain integrated architecture, and “central computing + zonal control”
architecture. Among them, the fourth stage can be further divided into Multi-Box, One-Box,
One-Board, and One-SoC according to the form of the central computing platform. From
the perspective of industrial implementation, mainstream OEMs in the first echelon of
the global automotive industry have gradually realized the mass production of Multi-Box
architecture, where multiple computing printed circuit boards (PCBs) are independently
packaged and powered at the central position of the vehicle and interconnected through
high-speed Ethernet. A very small number of enterprises have completed the technical
verification and small-scale mass production of the One-Box architecture, in which PCBs
originally belonging to different boxes are integrated into a single box, optimizing the
wiring harness network, reducing costs, and improving system stability through a more
centralized design. The One-Board architecture will be the core research direction of the
industry in the next 5 years, which integrates computing system-on-chips (SoCs) respon-
sible for different functional domains into a single PCB and is in the frontier exploration
stage. Due to hardware technology limitations, the One-SoC architecture cannot meet the
functional safety requirements of automotive grade and has no mass production feasibility
in the short term.

2.0: Domain-Centralized Architecture
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Figure 1. Four stages of EEA evolution.

2.2. Core Technical Elements Related to Centralized Architecture Platforms

The mass production and implementation of centralized architecture platforms are
not merely the iteration and upgrading of a single hardware component but rather the
full-stack technical collaboration between hardware architecture and basic software. Zhao
et al. pointed out that the core competitiveness of centralized architecture platforms lies
not only in the integration of hardware but also in the integration and interconnection of
software, and software-hardware decoupling is even the core prerequisite for architectural
centralization [11]. Specifically, it involves the following core software and hardware
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technical elements, which collectively determine the engineering feasibility, functional

safety level, and full-lifecycle iteration capability of the architecture:

The central computing platform is the physical foundation and core hardware carrier
of the centralized architecture platform. The core connotation of this element is
to realize the computational capacity integration of functions such as autonomous
driving, intelligent cockpit, body control, and power system through the in-depth
integration of high-computing-power heterogeneous SoCs and cooperate with zonal
controllers to complete the distributed access of peripheral interfaces and actuators,
forming a minimalist hardware topology of “central computing + zonal control” [12].
Relevant studies have shown that the central computing platform can reduce the
number of ECUs in the entire vehicle from more than 100 to less than 20 and shorten
the length of the vehicle wiring harness by more than 30% [13].

The automotive operating system (OS) kernel is the underlying software core of the
centralized architecture platform and serves as the core carrier for hardware resource
scheduling, task management, and security isolation [14]. Its technical connotation in-
cludes real-time kernels for high-safety scenarios (such as QNX), ecological kernels for
Internet of Things scenarios (such as Android), and Al kernels for high-performance
Al computing (such as Linux) [15]. In the centralized architecture platform, functions
with different safety levels and real-time requirements are centrally deployed, and
the real-time performance, isolation, and security of the kernel directly determine the
safety boundary of vehicle functions.

Platform middleware represented by Automotive Open System Architecture (AU-
TOSAR) is the core bridge connecting the underlying operating system and upper-layer
applications. Taking AUTOSAR as an example, its technical connotation is divided
into two major systems: the classic platform and the adaptive platform [16]. The
classic platform is oriented to high-safety-level vehicle control functions, providing
basic software modules that comply with functional safety standards to support the
deployment of body, powertrain, and other domain functions in zonal controllers. The
adaptive platform is oriented to high-computational-capacity intelligent scenarios,
supporting POSIX standard interfaces and dynamic function deployment and pro-
viding a standardized platform for the rapid development of upper-layer intelligent
applications. Through standardized hardware abstraction, communication protocol
stacks, and basic software modules, deep decoupling of underlying software and hard-
ware is achieved. Platform middleware can shorten the vehicle software development
cycle by more than 40% and increase the software module reuse rate to more than 60%,
significantly reducing the engineering development cost of centralized architecture
platforms [17].

Framework middleware oriented to SOA /agent is the core basic software for realizing
cross-domain integration of centralized architecture platforms. The SOA framework
encapsulates vehicle functions into standardized service interfaces and realizes low-
latency cross-domain calls of vehicle functions through service registration, discovery,
invocation, and dynamic orchestration. Based on the SOA framework, OEMs can
quickly develop and iterate scenario-based functional applications without modifying
the underlying hardware and software [18]. In the era of AIDVs, the agent framework
further realizes intelligent service orchestration on the basis of the SOA framework,
supporting the realization of functions in complex scenarios such as autonomous
driving and vehicle-road—cloud integration through multi-agent collaboration [19].
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2.3. Evaluation Indicators of Centralized Architecture Platforms

Currently, academic and industrial evaluations of centralized architecture platforms
mainly focus on three core dimensions:

e  Architectural advancement is the key to measuring the core technological competi-
tiveness of centralized architectures, with core indicators including computing power
concentration, software-hardware decoupling degree, hardware redundancy, func-
tional scalability, and network topology optimization rate [20]. These indicators are
the core criteria for distinguishing the generational differences of centralized architec-
tures, determining the technological iteration potential and functional upper limit of
the architecture.

e  Quality and reliability indicators are the core compliance and safety bottom line for the
mass production of centralized architectures, with core indicators including functional
safety level, information security protection capability, hard real-time performance,
and electromagnetic compatibility [21]. Centralized architectures feature highly con-
centrated computing power and functions, where the impact scope of single-point
failure is much larger than that of distributed architectures. Networked scenarios also
bring higher information security risks, making these indicators directly determine
the compliance and driving safety of the architecture [22].

e  Economic indicators determine the industrial promotion value of centralized archi-
tecture platforms, with core indicators including development and operation and
maintenance costs, bill of materials (BOM) costs, and platform-based hardware reuse
rate [23]. Although centralized architectures reduce hardware redundancy through
ECU integration, the R&D investment in high-computing-power platforms and com-
plex basic software has increased significantly. These indicators directly affect the
mass production profit space of OEMs.

2.4. Impact of R&D Solutions on Centralized Architecture Platforms

The R&D strategy of OEMs directly determines the integration effect, iteration effi-
ciency, and engineering implementation capability of architecture platforms. A centralized
EEA is a full-stack collaborative system covering hardware, underlying systems, middle-
ware, and upper-layer applications. Different combinations of R&D strategies determine
OEMSs’ control over core technologies, the depth of software-hardware collaboration, and
the efficiency of supply chain collaboration, which, in turn, directly affect the performance
upper limit and commercial feasibility of architecture platforms [24].

In theory, the full-stack in-house R&D solution can realize the fully independent
definition of software-hardware interfaces, communication protocols, and the overall
architecture, completely eliminating the adaptation barriers among multiple suppliers
and maximizing software-hardware collaborative optimization and in-depth architectural
integration [25]. However, its R&D investment grows exponentially with the coverage of
the technology stack, and it is highly dependent on large-scale mass production to achieve
cost amortization. Restricted by technical reserves, capital strength, and sales scale, only a
few global leading OEMs have the capability of large-scale implementation.

Therefore, the full-stack controllable solution has become the core R&D strategic direc-
tion for more and more OEMs. By establishing a hierarchical division of labor collaboration
system with core suppliers, OEMs can, on the premise of firmly controlling key links such
as architecture definition, a few core technologies, and safety systems, jointly develop
and implement non-core modules with suppliers. This can not only ensure the effect of
architectural integration but also effectively share R&D investment and technical risks,
adapting to the R&D needs of OEMs with different scales and resource endowments [26].
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Currently, academic research on OEM R&D decisions mainly focuses on non-technical
influencing factors. Amiri et al. analyzed the compatibility contradiction between the
decentralized organizational structure of traditional OEMs and the R&D requirements of
centralized architectures, identifying key influences on decisions such as organizational
structure, systems engineering capabilities, and management cognition [27]. Moreover,
existing achievements are dominated by qualitative research, mostly adopting methods
such as multiple case studies, in-depth industry interviews, and theoretical deduction.
Only a small number of studies have attempted to conduct quantitative analysis on a single
technical element, such as R&D decisions for automotive chips [28]. The core reasons
for the difficulty in advancing quantitative research can be summarized into two points:
First, decision variables have strong coupling and high uncertainty. R&D decisions need
to consider multi-dimensional variables such as technology, organization, supply chain,
market, and regulations, and many non-technical factors are difficult to standardize and
quantify. Second, the availability of core data is extremely poor. Data such as input-output,
project cycle, and internal management of OEMs’ centralized architecture platform R&D
are mostly commercial secrets, and there is a lack of large-sample public data, which cannot
meet the sample requirements for quantitative analysis. The next section will introduce in
detail how the quantitative research framework designed in this study fills the above gaps.

3. Research Framework
3.1. Definition of Research Objects

Based on the literature review, this study mainly focuses on 7 core software and
hardware technical elements closely related to centralized architecture platforms, namely:
central computing platform (Computer), real-time and secure OS kernel (RT-OS), ecological
OS kernel (Eco-OS), high-performance AI OS kernel (AI-OS), classic platform middleware
(CP-MW), adaptive platform middleware (AP-MW), and framework middleware (Frame-
work). Among them, the central computing platform constitutes the hardware foundation
of the architecture; the three types of OS kernels are the core basis for hardware resource
scheduling and the operation of upper-layer applications; and the three types of middleware
are the core hubs for realizing software-hardware decoupling, service-oriented deployment,
and cross-domain collaboration. These seven elements fully cover the core technical links of
centralized architecture R&D without omitting any key capability modules.

From the perspective of technical hierarchy, each of the seven elements corresponds to
an independent technical module, R&D division of labor system, and business cooperation
model in centralized architecture R&D. Each element has an independent decision-making
space for R&D strategies, which can clearly distinguish the R&D characteristics of different
modules. From the perspective of decision-making practice, further decomposing the
technical granularity downward (such as decomposing middleware into a single functional
module) will lead to a dimensional explosion of R&D strategy combinations, exceeding the
actual management boundary of OEM R&D decisions; merging the technical granularity
upward will obscure the R&D differences and decision-making logic of different technical
modules, making it impossible to achieve accurate optimization analysis of R&D strategy
combinations. In addition, this granularity is completely consistent with the actual decision-
making units of centralized architecture R&D of global OEMs, which can ensure the
applicability of the research conclusions. Therefore, this research granularity can fully
adapt to the analysis objectives and application scenarios of this study. This study divides
four R&D strategies for each type of core technical element.

For the Computer, its core components include three core modules: core neural network
processing unit (NPU) IP, SoC, and PCB [29]. Based on the OEMs’ R&D responsibilities,
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depth of technical control, and ownership of IP for the three modules, the four R&D
strategies are defined as follows:

Full outsourcing strategy: OEMs do not participate in the R&D design, testing, and
verification of any modules of the central computing platform and directly purchase
standardized hardware finished products that have passed complete automotive-grade
certification from suppliers.

In-house R&D board strategy: OEMs independently complete the entire process of PCB
board-level design and prototype development and adopt third-party standardized
procurement solutions for SoCs.

In-house R&D SoC strategy: OEMs independently complete the entire process of
automotive-grade SoC design and automotive-grade certification, adopt third-party
standardized commercial authorization solutions for core NPU IP, and simultaneously
independently complete the entire process of PCB board-level R&D.

In-house R&D core IP strategy: OEMs independently complete the entire R&D process
of core NPU IP cores and complete the entire SoC design process and PCB board-level
design based on the in-house-developed IP cores.

For the six basic software elements, including RT-OS, Eco-OS, AI-OS, CP-MW, AP-MW,

and Framework, the four R&D strategies are uniformly defined based on the OEMs’ devel-
opment responsibilities for software code, degree of customization, degree of utilization

of open-source ecosystems, ownership of IP, and commercial payment models, combined

with the general business models in the automotive software industry:

Outsourcing strategy: OEMs purchase complete standardized commercial software
products from suppliers at the industry-unified average price and pay usage fees
through a per-vehicle license model.

Customization strategy: Based on the standardized benchmark software products
provided by suppliers, OEMs put forward customized development requirements
for some functional modules and adaptation needs, and the suppliers complete the
customized code development, testing, verification, and on-vehicle adaptation; OEMs
pay commissioned development fees and per-vehicle license fees for the basic products
according to the customization ratio.

Cooperation strategy: OEMs and suppliers jointly carry out software R&D work and
make full use of open-source software components to build the basic framework,
and the remaining core functional modules are developed, tested, and verified by
OEMs and suppliers in accordance with the agreed proportion of division of labor;
OEMs only pay the corresponding proportion of per-vehicle license fees to suppliers
according to their cooperative contributions.

In-house R&D strategy: OEMs fully dominate the entire process of software R&D and
iterative optimization, build the basic framework based on open-source software com-
ponents, and independently complete the R&D of all remaining functional modules;
OEMs independently bear all R&D investment and full-lifecycle maintenance costs
and do not need to pay any license fees to suppliers.

As shown in Figure 2, the core research object of this study is the combination of

R&D strategies for the above seven technical elements, totaling 4 to the 7th power (16,384)

combinations of solutions.
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Figure 2. Combination of R&D strategies for multi-technical elements.

3.2. Selection of Evaluation Indicators

Combining industrial practice and the academic literature, this study selects architec-
tural advancement and total cost of ownership (TCO) as core decision-making indicators
and takes quality as a constraint condition, which are specifically explained as follows:

e  Architectural advancement: This study does not focus on specific performance in-
dicators but uses the degree of architectural centralization described in Section 2.1
to characterize architectural advancement, which is divided into seven levels (Dis-
tributed, Domain, Cross-Domain, Multi-Box, One-Box, One-Board, and One-SoC).
This grading is determined by three core dimensions: (1) hardware integration and
computing power centralization; (2) in-vehicle network topology optimization; and
(3) software-hardware decoupling and SOA enablement. Each level has clear techni-
cal boundaries, corresponding to distinct mass-production stages and advancement
thresholds. This system fully covers the entire evolution path from traditional distri-
bution to ultimate centralization, provides a quantifiable benchmark for architectural
advancement evaluation in this study, and avoids excessive granularity that would
cause decision-making dimensionality explosion.

o TCO: It covers the one-time R&D investment, the variable cost per mass-produced
vehicle, and the lifecycle maintenance cost. The main purpose of TCO in this study is
to reflect the cost that OEMSs need to pay to implement the target architecture platform.
Therefore, the TCO here does not include the potential economic benefits brought
by the centralized architecture platform, such as the reduction of vehicle material
costs and software re-development costs. In fact, these potential economic benefits are
strongly associated with architectural advancement.

e  Quality: As a constraint indicator, it covers requirements such as functional safety,
information security, automotive-grade certification, and environmental reliability.
This study incorporates quality into the parameter calibration of the TCO model,
where higher quality requirements are reflected in higher costs.

3.3. Scenario Setting

Among the seven levels of architectural advancement described in Section 3.2, archi-
tectural forms such as Distributed, Domain, and Cross-Domain have formed relatively
mature industrial systems and R&D models and are not the core R&D direction for current
OEMs’ architecture upgrading.

The Multi-Box form is the mainstream mass production solution for OEMs in the first
echelon of the industry. Compared with the Multi-Box form, the One-Box form is primarily
an upgrade in physical hardware integration technology, which integrates multiple inde-
pendent PCBs into a single enclosure while retaining the independent functional domain
computing chips and software architecture design logic of the Multi-Box scheme. From
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the perspective of core R&D decision making, the core technical elements, R&D strategy
division, and the causal mechanism between R&D strategy combinations and architectural
advancement of the One-Box scenario are highly consistent with the Multi-Box scenario.
Separate analysis of the One-Box scenario will not produce new core conclusions on the
necessary technical elements and scale-dependent optimal R&D strategies but will lead to
research redundancy and repeated verification of existing causal relationships. Meanwhile,
the One-Box scenario does not raise new full-stack collaborative requirements for underly-
ing hardware and basic software beyond the Multi-Box architecture, which means it cannot
provide forward-looking decision-making reference for the next-generation high-level
centralized architecture evolution, one of the core research objectives of this study.

For the One-SoC architecture, it integrates all functional domain computing capabili-
ties into a single system-on-chip, which is the ultimate form of physical centralization of
automotive EEA in theory. However, from the perspective of industrial practice and techni-
cal feasibility, there is currently no automotive-grade SoC that can meet the full-scenario
functional safety requirements and pass complete automotive-grade mass production certi-
fication worldwide. There are no effective mass production cases and complete project cycle
data in the industry to support the calibration of the fsQCA model and TCO evaluation
system, and the inclusion of this scenario will lead to a significant reduction in the reliability
and practical guidance of the research conclusions. In addition, the One-SoC architecture
has no clear mass production feasibility in 5 years, which is inconsistent with the core
positioning of this study to provide actionable R&D decision-making reference for OEMs’
current and medium-term architecture platform development.

Therefore, Multi-Box and One-Board are the only typical scenarios that simultaneously
align with the research objectives, industrial reality, and practical guidance value of this
study. The Multi-Box scenario represents the current mainstream mass production solution
of the industry, while the One-Board scenario covers the forward-looking technical direction
of the industry in the next 5 years, which can fully reveal the iteration law of R&D strategies
in the process of architectural centralization.

3.4. Two-Stage Research Framework

As shown in Figure 3, this study constructs a two-stage research framework of “fea-
sible solution screening under architectural advancement constraints-TCO quantitative
evaluation” to realize dual verification of the technical feasibility and commercial rationality
of R&D strategy combinations.

Input: R&D strategy combination of multi-technical elements

Stage 1: Screening feasible solutions based on fsSQCA

Stage 2: Quantitative comparison of R&D solutions based on TCO

Output: Cost-optimal solutions under different scenarios
Figure 3. Two-stage research framework.

The first stage is the screening stage of feasible R&D strategy combinations, which
adopts the fuzzy-set qualitative comparative analysis (fsQCA) method for analysis. Based
on set theory and Boolean algebra, fsQCA integrates the idea of fuzzy mathematics, which
can accurately identify the concurrent causal relationship between combinations of multiple
conditional variables and outcome variables, breaking through the analysis limitation of
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traditional regression methods on the independent effects of variables [30]. The core of
this study is the combined synergistic effect of R&D strategies for the 7 technical elements,
rather than the independent impact of a single element, so fsQCA is highly compatible
with this research problem. In this stage, architectural advancement is taken as the outcome
variable, and the R&D strategies of the 7 core technical elements are taken as conditional
variables. Configuration analysis is carried out for the Multi-Box and One-Board sce-
narios, respectively, and the strategy combinations that do not meet the requirements of
architectural advancement are eliminated to complete the screening of feasible solutions.

The second stage is the cost quantitative evaluation stage of feasible strategy combina-
tions. Based on the TCO evaluation model, the cost of each element under different R&D
strategies is quantitatively calculated. The model finally outputs the total average cost per
vehicle. This study sets 4 production scale gradients, corresponding to local small-scale
OEMs with an annual output of 200,000 vehicles, local medium-scale OEMs with an annual
output of 500,000 vehicles, local large-scale OEMs with an annual output of 1,000,000 vehi-
cles, and international ultra-large-scale OEMs with an annual output of 2,000,000 vehicles,
fully covering the operating scenarios of OEMs of different sizes in the Chinese passenger
car market.

Through this two-stage framework, the cost-optimal R&D strategy combinations for
OEMs under different architectural scenarios and different production scales can be sys-
tematically output, providing quantitative references for OEM R&D decisions. This design
ensures that all strategies involved in the cost comparison can achieve the corresponding
potential benefits of the target architecture level, eliminating the interference of benefit
differences on cost comparative analysis and ensuring that the screening of cost-optimal
strategies is conducted under a unified benefit benchmark.

4. Screening of Feasible R&D Solutions Based on fsQCA

This section adopts fsQCA to screen feasible R&D strategy combinations that meet the
requirements of architectural advancement. The standardized implementation process of
fsQCA in this study strictly follows the classic analytical framework and mainstream appli-
cation norms in the engineering management field, which is divided into four core steps:

1.  Calibration of variables: converting the original data of conditional variables and
outcome variables into fuzzy-set membership scores between 0 and 1, which is the
core basis of fsQCA analysis;

2. Necessary condition test: verifying whether a single conditional variable constitutes
a necessary condition for the outcome of high architectural advancement, with a
consistency threshold of 0.9 as the judgment standard;

3. Truth table construction: constructing a truth table based on calibrated fuzzy-set data,
setting a case frequency threshold and a raw consistency threshold of 0.8 to filter
valid configurations;

4. Configuration analysis and Boolean minimization: performing standard Boolean
minimization operations on the filtered truth table through the Quine-McCluskey
algorithm and identifying the core necessary configurations that can achieve high
architectural advancement.

The detailed calibration rules of fuzzy sets and implementation details of each step
are elaborated in the subsequent content.

4.1. Sample Database Construction and Data Calibration

This study collected 143 valid cases of vehicle architecture platform solutions from
the Chinese passenger car market between 2018 and 2025, with data obtained from four
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complementary channels, and completed multi-source cross-validation for all cases. The
detailed composition of data sources is as follows:

e  Publicly available industry information (accounting for 62% of the core parameter
dimensions of all cases): including official technical disclosure documents of OEMs
and tier 1 suppliers, technical papers, authoritative media reports, and third-party
technology evaluation reports.

e Internal enterprise research, expert consultation, and project practice accumulation
(accounting for 38% of the core parameter dimensions of all cases): including the
R&D strategy division of core technical elements, non-public technical parameters of
software and hardware modules, and engineering implementation details of architec-
ture platforms, which are obtained through in-depth interviews with senior technical
experts from mainstream OEMs and core suppliers in the automotive industry, as
well as the first-hand project data accumulated by the research team for a long time.
For the sensitive data involving enterprise trade secrets in this channel, we have
completed desensitization processing, only retaining the classification information of
R&D strategies and technical level required for fsQCA calibration, without involving
specific enterprise confidential data such as detailed R&D investment and internal
technical parameters.

To ensure the validity and representativeness of the sample database, we formulated
strict and clear sample exclusion criteria before data collection: (1) concept car or proto-
type vehicle architecture solutions that have not entered the mass production verification
stage, to avoid the deviation of theoretical design from actual engineering implementation;
(2) cases where the core technical parameters of more than 30% of the 7 core elements are
missing and cannot be supplemented and verified through multi-source channels; and
(3) architecture solutions that only upgrade a single functional domain without iterative
optimization of the whole vehicle EEA, which cannot reflect the overall advancement of
the centralized architecture platform.

This case database includes mainstream OEMs in the Chinese market, including
traditional OEMs, new vehicle startups, and Sino-foreign joint venture brands. The samples
have sufficient industry representativeness and can fully reflect the complete evolution
process of centralized automotive architecture platforms from 2018 to 2025. Two researchers
with more than 5 years of research experience in the field of automotive EEA and software-
defined vehicles independently completed the labeling and initial coding of all cases in
a double-blind manner. For all cases, we ensured that the coding results of each variable
were supported by at least two independent data sources to eliminate subjective bias in the
labeling process.

For architectural advancement, the outcome variable of this study, its fuzzy-set mem-
bership score is comprehensively determined by two core dimensions: physical central-
ization and logical centralization of the architecture, which is consistent with the dual-
dimensional evolution law of automotive EEA proposed in Section 2.1. Among them,
physical centralization is characterized by the integration level of hardware control units
(i.e., the reduction of independent ECUs and the intensive integration of computing units),
and logical centralization is characterized by the hierarchical decoupling degree of software
and the service-oriented reconstruction level of the architecture. The two dimensions are
weighted equally in the scoring system, and the final comprehensive score is normalized to
the range of 0 to 1. Its quantitative coding rules are formulated based on the mainstream
EEA evolution stage classification in existing research and industry practice [31], and the
corresponding relationship between the comprehensive score interval and the architecture
level is as follows: Distributed (0-0.1), Domain (0.1-0.3), Cross-Domain (0.3-0.6), Multi-Box
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(0.6-0.7), One-Box (0.7-0.8), One-Board (0.8-0.9), and One-SoC (0.9-1.0). A higher value
indicates a deeper degree of architectural centralization and higher architectural advancement.

For the calibration of the outcome variable’s fuzzy-set membership, we set three
critical anchors in accordance with the standard fsQCA calibration norms: full membership
anchor, crossover point, and full non-membership anchor. For the Multi-Box scenario, the
research objective is to identify configurations that can achieve the Multi-Box and higher-
level architecture advancement, so the full membership anchor is set to 0.6 (the minimum
score for the Multi-Box architecture level); the crossover point (maximum fuzzy point) is
set to 0.3, which is the critical threshold between the domain-centralized architecture and
cross-domain integrated architecture, representing the minimum standard for entering
the centralized architecture evolution stage; and the full non-membership anchor is set to
0, corresponding to the distributed architecture with no centralized characteristics. For
the One-Board scenario, which focuses on high-level centralized architecture, the full
membership anchor is set to 0.8 (the minimum score for the One-Board architecture level);
the crossover point is set to 0.4, which is the critical threshold between the cross-domain
integrated architecture and Multi-Box architecture, representing the minimum standard for
entering the high-level centralized architecture stage; and the full non-membership anchor
is set to 0.

For the conditional variables, i.e., the R&D strategies of 7 core technical elements,
we adopt a standard four-value fuzzy set for coding and calibration, which is a widely
used calibration scheme in fsSQCA research for categorical variables with clear hierarchical
characteristics. This scheme is highly compatible with the four-level R&D strategy division
defined in Section 3.1, which can clearly distinguish the degree of OEMs’ in-house R&D
and technical control for each technical element and avoid the information loss caused by
binary calibration. The corresponding relationship is as follows: (1) full non-membership
(0): corresponds to the outsourcing/full outsourcing strategy, where OEMs have no R&D
participation and technical control over the element and fully rely on third-party suppliers;
(2) sub-crossover point membership (0.33): corresponds to the customization/in-house
R&D board strategy, where OEMs only participate in the functional customization or board-
level design of the element and the core technology is still controlled by suppliers, with a
low degree of independent R&D; (3) supra-crossover point membership (0.67): corresponds
to the cooperation/in-house R&D SoC strategy, where OEMs and suppliers jointly carry
out R&D, master part of the core technology and IP, and have a medium-to-high degree
of independent R&D, crossing the fuzzy crossover point of “whether to master the core
R&D capability”; and (4) full membership: corresponds to the in-house R&D/in-house
R&D core IP strategy, where OEMs fully dominate the whole R&D process, own all core IP,
and have complete independent R&D capability for the element. A higher membership
score indicates a deeper degree of independent research and development of OEMs for the
corresponding technical element.

4.2. fsQCA for Multi-Box Scenario

First, a necessary condition test was conducted on the 7 conditional variables to deter-
mine whether a single condition is a necessary condition for achieving high architectural
advancement. It is generally considered that a conditional variable with a consistency
greater than 0.9 is a necessary condition for the outcome variable, and the test results are
shown in Table 1.

As shown in Table 1, AP-MW (consistency = 0.911) and Framework (consistency = 0.913)
are necessary conditions for achieving high architectural advancement in the Multi-Box
scenario, while the remaining conditional variables do not meet the requirements of
necessary conditions.
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Table 1. Necessary condition test for Multi-Box scenario.

Conditional Variable Consistency Coverage

Computer 0.750 0.529
RT-OS 0.727 0.471
Eco-OS 0.724 0.494

AI-OS 0.774 0.565
CP-MW 0.700 0.412
AP-MW 0.911 0.965
Framework 0.913 0.988

On the basis of necessary condition test, this study constructed a truth table containing
all possible configuration combinations of 7 conditional variables and set strict filtering
thresholds in accordance with mainstream fsQCA application norms: the case frequency
threshold was set to 1 (to retain all valid case configurations in the sample database),
and the raw consistency threshold was set to 0.8 (to filter configurations with sufficient
explanatory power for the outcome variable). The filtered truth table is shown in Table 1
in the Appendix A. Subsequently, this study performed standard Boolean minimization
operations on the filtered truth table through the Quine-McCluskey algorithm and adopted
the intermediate solution as the core result of configuration analysis (the intermediate
solution can effectively balance the complexity of the solution and the interpretability of the
results, which is the most widely used solution type in fsQCA research). The core necessary
configurations for achieving high architectural advancement in the Multi-Box scenario are
shown in Table 2.

Table 2. Configuration analysis for Multi-Box scenario.

Conditional Variable Core Necessary Configuration

Computer
RT-0OS
Eco-0OS
AI-OS
CP-MW
AP-MW
Framework

BEEX KX KK

Configuration Consistency 0.915
Configuration Coverage 0.962

It can be seen from the configuration analysis results that in the Multi-Box scenario,
high architectural advancement can be achieved only by satisfying the dual-core indepen-
dent research and development of AP-MW and Framework, without blindly pursuing
full-stack independent research and development of other elements. The core reason
lies in: the core pain points of the Multi-Box architecture are cross-domain collaboration,
software-hardware decoupling, and interface standardization under the hardware isola-
tion of multiple computing platforms. AP-MW and Framework are the core carriers to
solve the above pain points and are the rigid demand foundation of the multi-domain
centralized architecture. Their impact on architectural advancement is far greater than that
of underlying hardware and OS kernel layer elements.

4.3. fsQCA for One-Board Scenario

The results of the necessary condition test and configuration analysis for the One-Board
scenario are shown in Tables 3 and 4, respectively.
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Table 3. Necessary condition test for One-Board scenario.
Conditional Variable Consistency Coverage
Computer 0.500 0.714
RT-OS 0.455 0.595
Eco-OS 0.483 0.667
AI-OS 0.500 0.738
CP-MW 0.400 0.476
AP-MW 0911 0.976
Framework 0.902 0.976
Table 4. Configuration analysis for One-Board scenario.
Conditional Variable Core Necessary Configuration

Computer vl

RT-OS X

Eco-OS X

AI-OS vl

CP-MW X

AP-MW vl

Framework vl

Configuration Consistency 0.928
Configuration Coverage 0.881

As shown in Table 3, AP-MW and Framework remain the necessary conditions for
achieving high architectural advancement in the One-Board scenario, while the remaining
conditional variables do not meet the requirements of necessary conditions. Different from
the Multi-Box scenario, the configuration analysis results show that in addition to the core
necessary conditions of AP-MW and Framework, it is also necessary to simultaneously
satisfy the in-depth independent research and development of Computer and AI-OS to
achieve high architectural advancement. The core reason is that the One-Board architecture
has exponentially increased requirements for centralized computing power scheduling,
software—hardware integration, and ecological compatibility. AP-MW and Framework
are still the core hubs connecting the underlying hardware and upper-layer applications,
but middleware alone can no longer meet the advancement requirements of high-level
architectures. It is necessary to realize the full-chain collaborative drive of “hardware
foundation + AI OS kernel + key middleware”, resulting in a significant increase in the
R&D threshold.

5. TCO Evaluation of Core Technical Elements Under Different
R&D Strategies

5.1. TCO of Central Computing Platform Under Different R&D Strategies

The TCO of the central computing platform can be decomposed into one-time R&D
costs Ccomputeuz& p, outsourced engineering fees Ceomputer_out, and variable costs per mass-
produced vehicle Ceomputer_unit- As shown in Figure 4, Ceomputer_ra&D can be further decom-
posed into three sub-items: Cnpy;, Csoc, and Cpcp. Different R&D strategies correspond
to different cost sub-items covered by the one-time R&D costs. This study selects a 5 nm
automotive-grade computing platform as a case, and the calculation details of the cost
sub-items of its one-time R&D costs are shown in Table 5.
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Figure 4. Different R&D strategies of central computing platform.
Table 5. R&D cost structure of central computing platform.
Cost Sub-Item Subdivision Subject Calculation Details Amount
e Annual per capita salary: ¥800,000
Labor Cost o  Team size: 120 people ¥288,000,000
e  R&D cycle: 3 years
e  Annual license fee: ¥1,200,000/seat
EDA Licensing Fee e  Number of concurrent seats: 60 ¥216,000,000
e R&D cycle: 3 years
C
Nru e  Prototype verification platform: ¥14,000,000
Test Verification Cost e  Simulation computation capacity: ¥12,000,000 ¥34,000,000
e  Functional safety verification: ¥8,000,000
e Including patent applications,
Other Supporting Cost pre-verification, etc., accrued at 8% of the ¥43,000,000
total amount of the first three subjects
IP Licensine Fee Basic IP package: ¥120,000,000 ¥120,000,000
& Automotive-grade NPU IP: ¥80,000,000 ¥200,000,000
Annual per capita salary: ¥800,000
Labor Cost Team size: 280 people ¥448,000,000
R&D cycle: 2 years
Annual license fee: ¥1,500,000/seat
EDA Licensing Fee Number of concurrent seats: 120 ¥360,000,000
R&D cycle: 2 years
Csoc Prototype verification platform: ¥32,000,000
Test Verification Cost Simulation computation capacity: ¥50,000,000 ¥130,000,000
Full pre-silicon verification: ¥48,000,000
e 5nm automotive-grade process: ¥340,000,000
Tape-out Cost for a single tape-out ¥680,000,000
e  2regular tape-outs
Aut ” q AEC-Q100: ¥ 12,000,000
C“ ‘t’r;‘o ;,Ve'géa f ASIL-D certification: ¥28,000,000 ¥50,000,000
eriication L-0s Environmental reliability test: ¥10,000,000
SoC Licensing Fee e  Automotive-grade SoC: ¥18,000,000 ¥18,000,000
Annual per capita salary: ¥500,000
Cpcs :
Labor Cost Team size: 30 people ¥30,000,000

R&D cycle: 2 years
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Table 5. Cont.
Cost Sub-Item Subdivision Subject Calculation Details Amount
. . . e Annual license fee: ¥3,500,000
Design Tool Licensing Fee | R&D cycle: 2 years ¥7,000,000
e  Signal integrity test: ¥8,000,000
Test Verification Cost e  Environmental reliability test: ¥5,000,000 ¥20,000,000

Cpcs

e  Electromagnetic compatibility test: ¥7,000,000

Cost of Prototyping and
Pilot Production

e Including prototype fabrication, low-volume
pilot production, material loss, etc., with a ¥10,000,000
total cost of ¥10,000,000

Meanwhile, OEMs need to pay a small amount of special outsourced engineering
fees outside the scope of independent R&D. The in-house R&D core IP strategy requires
services such as special process simulation and third-party testing, which are accrued at
2% of the total Ceomputer_r&D- The in-house R&D SoC strategy is accrued at 3% of the
total Ceomputer_r&D- The in-house R&D board strategy requires services such as underlying
drivers and board support package adaptation for third-party mature SoCs, with a fixed
industry quotation benchmark of 120 million RMB. The full outsourcing strategy requires
services such as customized engineering debugging and function cropping for mature
mass-produced central computing platforms, with a fixed industry quotation benchmark
of 35 million RMB.

In addition, different R&D strategies also affect the variable cost per mass-produced
vehicle of the central computing platform. The full outsourcing strategy requires full
assumption of R&D amortization, IP royalties, and profits from upstream manufacturers,
resulting in the highest variable cost (2500 RMB per vehicle). The in-house Ré&D board
strategy can save part of the PCB integration premium, with a variable cost of 2400 RMB
per vehicle. The in-house R&D SoC strategy can further save the huge premium of chip
manufacturers, with a variable cost of 2000 RMB per vehicle. The in-house R&D core IP
strategy does not require NPU IP royalty expenditure, with a variable cost of 1920 RMB
per vehicle.

In summary, Table 6 shows the complete TCO composition of the central computing
platform under different R&D strategies.

Table 6. TCO composition of the central computing platform under different R&D strategies.

R&D Strategy Cnpu Csoc CpcB Ccomputerfout Ccomputerfunit
In-house R&D Core IP ¥581,000,000 ¥1,788,000,000 ¥67,000,000 ¥48,720,000 ¥2500
In-house R&D SoC ¥0 ¥1,868,000,000 ¥67,000,000 ¥58,050,000 ¥2400
In-house R&D Board ¥0 ¥0 ¥85,000,000 ¥120,000,000 ¥2000
Full Outsourcing ¥0 ¥0 ¥0 ¥35,000,000 ¥1920

5.2. TCO of Automotive Basic Software Under Different R&D Strategies

The TCO of automotive basic software such as OS kernels and middleware can be
decomposed into one-time R&D costs Csiy_re.p, per-vehicle third-party software license
fees Csyy_ynit, and full-lifecycle maintenance costs Csyy_aintain- Based on the definition of
the four R&D strategies in Section 3.1, this study constructs an automotive basic software
TCO evaluation model, as shown in Figure 5.
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Figure 5. Automotive basic software TCO evaluation model.

Reustom is the ratio of customized software development; Ropen is the ratio of open-
source software components; and Reop is the ratio of workload undertaken by OEMs
in cooperative development. This study selects the products with the highest market
share/most representativeness of various types of software as benchmark products and
conducts extensive research on industry practice to obtain the data shown in Table 7.
Table 7. Benchmark parameters of automotive basic software R&D.

Software Element Benchmark Product Csw _unit Roustom Ropen Reoop
RT-OS QNX ¥200 10% 60% 30%
Eco-OS Android ¥2000 20% 70% 30%
AI-OS Linux ¥1000 30% 80% 30%

CP-MW AUTOSAR CP ¥500 10% 30% 30%
AP-MW AUTOSAR AP ¥1000 30% 50% 50%
Framework NeuSAR/ROS 2 ¥2000 60% 60% 60%

The model follows the following basic assumptions:

OEMs pay fees to software suppliers based on per-vehicle license fees and production
scale: This assumption is consistent with the mainstream business model in the current
Chinese automotive industry.

Third-party software license prices are stable: Due to the low marginal cost of software,
supplier pricing is prone to falling into a vicious price-cutting cycle under extreme
market conditions [32]. This study considers a benign market and assumes that
software suppliers maintain similar and stable pricing for the same type of software.
For the same type of software, the code size remains consistent under different R&D
strategies: Automotive basic software is all large-scale software, and its code size
can effectively reflect its functional completeness. This assumption is equivalent to
controlling the variable of software functional completeness, thereby better analyzing
the cost differences under different R&D strategies.

The core calculation process of this model lies in how to convert software code size into

actual development costs. The marginal development cost of automotive basic software
increases exponentially, and there are significant differences in the R&D characteristics
of different software types and the development efficiency of different teams [33]. The
constructive cost model (COCOMO) is an empirical software cost estimation model derived
from a large number of software engineering project data [34]. Its basic function form highly
matches the exponential growth law of automotive basic software development, and it
provides dozens of adjustable parameter factors to adapt to the forward development
mode of automotive basic software. Based on COCOMO 1], this study constructs a software
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development cost evaluation model adapted to automotive scenarios, specifically as shown

in Equations (1) and (2):
17
DW = A x Sizet x [TEM; 1)
i=1
5
EzB—i—0.0lXZSFj (2)
j=1

DW is the software development effort in person-months; Size is the software code size in
kilo lines of code; E is the scale exponent; EM; is the effort multiplier, covering 17 param-
eters in four categories: product factors, personnel factors, platform factors, and project
factors; and SF; is the exponent scaling factor, covering 5 items: precedent (PREC), de-
velopment flexibility (FLEX), risk resolution (RESL), team cohesion (TEAM), and process
maturity (PMAT). A and B are core calibration constants of the COCOMO II model, with
detailed definitions and calibration rules as follows:

e A s the productivity coefficient constant, which determines the linear baseline of
software development workload and reflects the overall development efficiency of
the engineering team. The value is calibrated according to software type: 3.6 for
embedded software and 3.0 for semi-organic and semi-embedded software.

e  Bis the scale exponent baseline constant, which affects the nonlinear growth character-
istics of development workload with code size and reflects the economies/diseconomies
of scale in software development. The value is also calibrated based on software type:
1.2 for embedded software and 1.12 for semi-organic and semi-embedded software, to
match the nonlinear growth law of R&D difficulty of different software types.

Different types of software have different R&D characteristic factors (for example, RT-
OS has higher safety requirements). Different R&D strategies also lead to differences in R&D
characteristic factors (for example, suppliers have more rich development experience than
OEMs). Therefore, for different types of software and different R&D strategies, this study
comprehensively calibrates all parameter factors combined with technical characteristics
and industry practical experience (see Table 3 for details). All parameter calibrations strictly
follow the classic framework of the COCOMO II model and the industry specifications
of automotive-grade software engineering. All parameter values are within the general
benchmark range of published research in the field of automotive software engineering,
which avoids subjective random setting of parameters and ensures the universality and
robustness of the benchmark model in industry general scenarios. Through the multi-
dimensional parameter calibration, we have strictly controlled the consistency of the
functional completeness, safety level, and reliability of software products under different
R&D strategies, ensuring that the cost comparison is carried out under a unified quality
and performance benchmark.

The above analysis solves the cost allocation problem between OEMs and suppliers.
Automotive basic software also requires continuous maintenance during its lifecycle. In
current business practice, per-vehicle license fees usually include later maintenance fees.
However, for software in-house or customized by OEMs, OEMs need to bear additional
maintenance costs, which have a certain proportional relationship with R&D costs. F,;;4intain
in Figure 5 is the maintenance proportional factor. The deeper the degree of in-house R&D,
the easier it is for OEMs to add, delete, modify, and query functional modules [35], and the
corresponding Fintqain is usually lower (this study sets the in-house R&D strategy to 8%,
cooperation strategy to 15%, customization strategy to 25%, and outsourcing strategy to
0 per year). This set of Fy4intain is the industry average benchmark value determined based
on in-depth interviews and project data research with 3 mainstream OEMs and 2 leading
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automotive basic software suppliers. In summary, the software TCO results shown in
Table 8 can be obtained.

Table 8. R&D cost structure of automotive basic software.

Software Element = R&D Strategy Csw R&D CsW_unit CsW maintain
In-house R&D  ¥2,897,000,000 ¥0 ¥231,760,000
RT-OS Cooperation ¥436,000,000 ¥140 ¥65,400,000
B Customization ¥100,000,000 ¥180 ¥25,000,000
Outsourcing ¥0 ¥200 ¥0
In-house R&D  ¥24,424,000,000 ¥0 ¥1,953,920,000
Fco-OS Cooperation ¥3,233,000,000 ¥1400 ¥484,950,000
o Customization  ¥1,726,000,000 ¥1600 ¥431,500,000
Outsourcing ¥0 ¥2000 ¥0
In-house R&D  ¥13,436,000,000 ¥0 ¥1,074,880,000
ALOS Cooperation ¥1,597,000,000 ¥700 ¥239,550,000
i Customization  ¥2,534,000,000 ¥700 ¥633,500,000
Outsourcing ¥0 ¥1000 ¥0
In-house R&D  ¥1,671,000,000 ¥0 ¥133,680,000
CP-MW Cooperation ¥296,000,000 ¥350 ¥44,400,000
B Customization ¥36,000,000 ¥450 ¥9,000,000
Outsourcing ¥0 ¥500 ¥0
In-house R&D  ¥1,917,000,000 ¥0 ¥153,360,000
AP-MW Cooperation ¥560,000,000 ¥500 ¥84,000,000
B Customization ¥156,000,000 ¥700 ¥39,000,000
Outsourcing ¥0 ¥1000 ¥0
In-house R&D  ¥4,010,000,000 ¥0 ¥320,800,000
P K Cooperation ¥1,261,000,000 ¥800 ¥189,150,000
ramewor Customization  ¥938,000,000 ¥800 ¥234,500,000
Outsourcing ¥0 ¥2000 ¥0

5.3. Vehicle Amortization Cost Under Different Mass Production Scales

Since the TCO includes both one-time costs and costs that increase with the expansion

of vehicle production scale, to facilitate comparison on the same scale, this study converts
all costs into the average cost per vehicle.

The formulas for calculating the vehicle amortization cost of the central computing
platform and automotive basic software are shown in Equations (3) and (4), respectively:

Ccomputer_R&D + Ccomputer?out
T x Scaleproduction

Ccomputerﬁvehicle = Ccomputer_unit 3)

Csw_r&D + Csw_maintain X T
T x Scaleproduction

CSW_vehicle = + CSW_unit (4)

Scaleproguction 18 the annual vehicle production scale of the architecture platform, and four
production scales have been introduced in Section 3.4. T is the lifecycle of the architecture
platform, which is set to 6 years. On the one hand, it is because the breakthrough of
hardware technology has slowed down, and the iteration of the architecture platform can
no longer achieve evolution every 2-3 years as in the past few years; on the other hand, it
is because the warranty period provided by mainstream OEMs for products is generally no
more than 6 years.

The evaluation results of the vehicle amortization cost under different production
scales are shown in Figure 6, where (a—g) correspond to Computer, RT-OS, Eco-OS, Al-
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OS, CP-MW, AP-MW, and Framework, respectively, with the ordinate unit being RMB
per vehicle.

4500 M Small scale
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4000 M Medium scale
3500 i Large scale
3000 1 Ultra-large scale
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Figure 6. Cont.
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Figure 6. (a) Vehicle amortization cost of Computer; (b) vehicle amortization cost of RTOS; (c) vehicle
amortization cost of Eco-OS; (d) vehicle amortization cost of AI-OS; (e) vehicle amortization cost of
CP-MW; (f) vehicle amortization cost of AP-MW; (g) vehicle amortization cost of Framework.

6. Results and Discussion
6.1. Scenario-Based TCO Comparison of R&D Solutions

Based on the feasible solution constraints screened in Section 4, this study calculates
the total vehicle amortization cost for the feasible R&D strategy combinations under the
Multi-Box and One-Board scenarios, respectively.

6.1.1. Multi-Box Scenario

The constraint condition for the Multi-Box scenario is that AP-MW and Framework
must adopt the in-house R&D strategy, and the evaluation results are shown in Figure 7. In
the figure, the ordinate is the total vehicle amortization cost of the R&D strategy combi-
nation, with the unit being RMB per vehicle; the abscissa is the degree of in-house R&D,
where the four R&D strategies are counted as 0/1/2/3, the scenario where all 7 types of
strategies are outsourcing is counted as 0, and the scenario where all are in-house R&D is
counted as 21.

In the Multi-Box scenario, the larger the production scale, the lower the optimal value
of the total average cost per vehicle. From small-scale to ultra-large-scale production, the
optimal costs are ¥13,539, ¥9072, ¥7406, and ¥6131, respectively, representing a reduction
of 54.7%.

The cost-optimal R&D strategy combination for small-scale production is as follows:
in addition to independently developing AP-MW and Framework, all other elements are
outsourced. Compared with the highest-cost R&D strategy combination, the cost is reduced
by 78.7%.

The cost-optimal R&D strategy combination for medium-scale production is as follows:
independently developing Computer Board, AP-MW, and Framework, customizing CP-
MW, and outsourcing other elements. Compared with the highest-cost R&D strategy
combination, the cost is reduced by 65.9%.

The cost-optimal R&D strategy combination for large-scale production is as follows:
independently developing Computer SoC, CP-MW, AP-MW, and Framework and outsourc-
ing other elements. Compared with the highest-cost R&D strategy combination, the cost is
reduced by 49.0%.
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The cost-optimal R&D strategy combination for ultra-large-scale production is as
follows: independently developing Computer NPU IP, CP-MW, AP-MW, and Framework,
cooperatively developing AI-OS and Eco-OS, and outsourcing RT-OS. Compared with the
highest-cost R&D strategy combination, the cost is reduced by 30.0%.

It can be seen that with the increase in production scale, strengthening the degree of
independent R&D by OEMs helps to reduce the total vehicle amortization cost.
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Figure 7. Total vehicle amortization cost of the R&D strategy combination in the Multi-Box scenario.

6.1.2. One-Board Scenario

The constraint conditions for the One-Board scenario are as follows: (1) AP-MW and
Framework must adopt the in-house R&D strategy. (2) Computer must adopt the in-house
R&D SoC or in-house R&D Core IP strategy. (3) AI-OS must adopt the in-house R&D or
cooperation strategy. The evaluation results are shown in Figure 8.

In the One-Board scenario, from small-scale to ultra-large-scale production, the optimal
costs are ¥16,899, ¥9979, ¥7612, and ¥6131, respectively. Expanding the production scale
can reduce the optimal cost by 63.7%.

The cost-optimal R&D strategy combination for small-scale production is as follows:
independently developing Computer SoC, AP-MW, and Framework, cooperatively de-
veloping AI-OS, and outsourcing other elements. Compared with the highest-cost R&D
strategy combination, the cost is reduced by 73.4%.
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Figure 8. Total vehicle amortization cost of the R&D strategy combination in the One-Board scenario.

The cost-optimal R&D strategy combination for medium-scale production is as fol-
lows: independently developing Computer SoC, AP-MW, and Framework, cooperatively
developing AI-OS, customizing CP-MW, and outsourcing Eco-OS and RT-OS. Compared
with the highest-cost R&D strategy combination, the cost is reduced by 62.5%.

The cost-optimal R&D strategy combination for large-scale production is as follows: in-
dependently developing Computer SoC, CP-MW, AP-MW, and Framework, cooperatively
developing AI-OS, and outsourcing RT-OS and Eco-OS. Compared with the highest-cost
R&D strategy combination, the cost is reduced by 47.0%.

The cost-optimal R&D strategy combination for ultra-large-scale production is as
follows: independently developing Computer NPU IP, CP-MW, AP-MW, and Framework,
cooperatively developing AI-OS and Eco-OS, and outsourcing RT-OS. Compared with the
highest-cost R&D strategy combination, the cost is reduced by 27.2%.

6.2. Decision Making of R&D Solutions by Mass Production Scale

For OEMs with small-scale production, the Multi-Box scenario has a cost advan-
tage of nearly 20% in terms of optimal cost compared with the One-Board scenario
(¥13,539 vs. ¥16,899). In absolute terms, the cumulative cost gap over 6 years is as high as
4 billion RMB. The gap mainly comes from the requirement of the One-Board scenario that
OEMs must independently develop the SoC of the Computer and cooperatively develop
the AI-OS. Therefore, if the profitability of an enterprise’s models/brands is insufficient
to cover the 3.4 billion RMB cost gap, it is recommended that OEMs prioritize the Multi-
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Box architecture temporarily to avoid the cost out of control caused by blind pursuit of
high-level architecture and full-stack in-house Ré&D.

For OEMs with medium-scale production, the Multi-Box scenario still has a 9.1%
advantage in optimal cost compared with the One-Board scenario (¥9072 vs. ¥9979). In
absolute terms, the cumulative cost gap over 6 years reaches 2.7 billion RMB (mainly due
to the requirement of the One-Board scenario that OEMs must independently develop
the SoC of the Computer and cooperatively develop the AI-OS). Therefore, OEMs need
to carefully balance technical needs and business operations. If the brand premium and
profitability can cover the cost gap, the pre-research and technical reserve of One-Board
architecture can be carried out; if cost control is the core goal, it is recommended to give
priority to Multi-Box architecture.

For OEMs with large/ultra-large-scale production (annual output > 1 million vehi-
cles), the cost difference between the Multi-Box scenario and the One-Board scenario is
basically negligible (<3%). On the one hand, this is because the cost-optimal R&D strategy
combinations under the two scenarios are nearly convergent; on the other hand, it is be-
cause the production scale is sufficient to amortize the R&D investment. Therefore, it is
recommended that OEMs prioritize technical advancement and forward-looking layout
and accelerate the R&D and implementation of the One-Board architecture platform.

It should be noted that the above decision-making recommendations are mainly based
on the supply chain system and cost structure of the Chinese passenger car market. For
OEMs in other regional markets, the cost threshold of in-house R&D and the optimal
production scale boundary may change due to differences in labor costs, supplier pricing
systems, and industry chain maturity, and the specific R&D strategy selection needs to be
adjusted in combination with local market conditions.

6.3. R&D Strategy Selection by Technical Elements

Based on the TCO calculation results of all elements, this study puts forward
cost-optimal R&D strategy suggestions for OEMs for each of the seven core technical
elements, respectively:

e  For Computer: Under the Multi-Box scenario, small- and medium-scale OEMs should
prioritize full outsourcing or in-house R&D board, while large/ultra-large-scale OEMs
can choose in-house R&D SoC/core IP; under the One-Board scenario, small- and
medium-scale OEMs should prioritize in-house R&D SoC, and ultra-large-scale OEMs
can choose in-house R&D core IP.

e  For RT-OS: Third-party mature solutions have complete technology and low pricing,
so OEMs of all scales are recommended to directly adopt the outsourcing strategy.

e  For Eco-OS: In-house R&D is as difficult as recreating an Android, with extremely
high costs, and the industry has formed mature open-source and commercial solutions.
Small- and medium-scale OEMs are recommended to directly outsource; only ultra-
large-scale OEMs can consider cooperation/customization to achieve differentiation
and cost optimization.

e  For AI-OS: It has high technical difficulty and large R&D investment. Only ultra-
large-scale OEMs can realize that the cost of cooperative R&D is lower than that of
outsourcing through large-scale amortization; for OEMs of other scales, if there are
no rigid constraints, it is recommended to adopt the outsourcing strategy and entrust
professional suppliers for development.

e  For CP-MW: It has mature technology and controllable R&D costs, and independent
R&D can be gradually realized with the improvement of production scale; small-
and medium-scale OEMs can adopt the customization/outsourcing strategy, while
large /ultra-large-scale OEMs are recommended to conduct in-house R&D.
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e  For AP-MW and Framework: These two technologies are necessary conditions for
achieving high architectural advancement in both scenarios, and there are no mature
and low-cost commercial solutions in the industry. OEMs of all scales must adopt the
in-house R&D strategy to grasp core competitiveness.

7. Conclusions

This study takes the central integrated architecture platform of intelligent vehicles
as the research object and constructs a two-stage analysis framework of “advancement
constraint screening-TCO quantitative evaluation”. Based on the fsQCA method and TCO
model, it systematically analyzes the optimal solutions of R&D strategy combinations for
OEMs with different production volumes under two scenarios: Multi-Box and One-Board.
The main research conclusions are as follows:

First, the implementation of the central integrated architecture platform hinges on
mastering core technical elements. The AP-MW and Framework are two core essential com-
ponents for achieving high architectural advancement, requiring in-house R&D strategies
in both the Multi-Box and One-Board scenarios. The One-Board scenario imposes higher
requirements on full-chain technical synergy; thus, it also needs to be combined with the
in-depth R&D of the central computing platform and AI-OS to meet the advancement
requirements of high-level architectures.

Second, there is a significant negative correlation between the TCO of the central
integrated architecture and production scale, and the amortization of in-house R&D costs is
highly dependent on large-scale mass production. For OEMs with small- and medium-scale
production, excessively increasing the degree of in-house R&D will significantly raise the
average cost per vehicle. In contrast, for large/ultra-large-scale production, appropriately
deepening the degree of in-house R&D can continuously optimize the cost per vehicle.
Under ultra-large-scale production, the cost differences between the Multi-Box and One-
Board scenarios can be completely negligible.

Third, there is a clear cost-optimal orientation for the R&D strategies of different
technical elements. Due to the maturity and low pricing of third-party solutions, RT-
OS is recommended for full-industry outsourcing. Given the extremely high R&D costs
of Eco-OS and AI-OS, only ultra-large-scale OEMs are suitable for carrying out coopera-
tive/customized R&D. CP-MW can gradually achieve in-house R&D with the improvement
of production scale. The in-house R&D depth of the central computing platform needs to
match the architectural scenario and production scale. AP-MW and Framework are core
elements that all OEMs must consider during in-house R&D.

Fourth, there are differentiated optimal solutions for architectural selection and R&D
strategy combinations among OEMs with different production scales. Small- and medium-
scale OEMs are prioritized to choose the Multi-Box architecture and adopt the strategy
of “core middleware in-house R&D + outsourcing/customization for other elements”.
Large/ultra-large-scale OEMs can accelerate the R&D of the One-Board architecture and
adopt the combined strategy of “core hardware + AI-OS + middleware collaborative in-
house R&D + cooperation/outsourcing for non-core elements”.

This study still has certain limitations. First, the core analysis framework of this study
is cost centered under the constraints of architectural advancement and quality compli-
ance and does not directly incorporate the full-lifecycle potential economic benefits of the
architecture platform into the quantitative decision-making model. Although we have
verified the strong positive correlation between these potential benefits and architectural
advancement and completed the feasibility screening based on advancement constraints,
the current framework cannot fully quantify the comprehensive return on investment of
different R&D strategies in real industrial scenarios. Second, this study does not fully
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consider the impact of new business models such as software payment and ecological
monetization on the full-lifecycle cost and benefit accounting of architecture platforms [36].
Third, this study does not take into account the impact of external non-technical and
non-economic factors such as supply chain security, geopolitics, and OEMs’ long-term tech-
nological strategic planning on R&D strategy selection [37]. Therefore, future research can
be carried out in the following directions: first, construct a full-cycle cost-benefit integrated
evaluation model and incorporate the potential economic benefits of centralized architec-
ture platforms into the quantitative decision-making framework; second, explore in depth
the impact of new business models such as software-defined vehicle commercialization
and ecological monetization on the R&D strategy formulation of architecture platforms;
and third, incorporate multi-dimensional non-economic factors such as functional safety,
cybersecurity, supply chain resilience, and long-term technological strategy to construct a
multi-objective comprehensive decision-making model for R&D strategies of centralized
architecture platforms.
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The following abbreviations are used in this manuscript:

SDV Software-defined vehicle

EEA Electrical and electronic architecture
AIDV Al-defined vehicle

OEM Original equipment manufacturer
R&D Research and development

ECU Electronic control unit

SOA Service-oriented architecture

PCB Printed circuit board

SoC System-on-chip

0s Operating system

AUTOSAR  Automotive open system architecture
NPU Network processing unit

1P Intellectual property

TCO Total cost of ownership

fsQCA Fuzzy-set qualitative comparative analysis
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Appendix A

Table 1. Truth table for Multi-Box scenario.

Configuration Case Raw PRI
Serialgl’\lumber Computer ~ RT-OS  Eco-OS  AL-OS CP-MW  AP-MW  Framework Frequency ! Consistency 2 Consistency 3
1 1 1 0 1 0 1 1 10 0.962 0.941
2 0 1 1 0 1 1 1 9 0.958 0.935
3 1 0 1 1 0 1 1 8 0.951 0.928
4 0 0 1 0 1 1 1 7 0.947 0.922
5 1 1 0 0 1 1 1 7 0.942 0.915
6 0 1 0 1 0 1 1 6 0.938 0.907
7 1 0 0 1 1 1 1 6 0.930 0.898
8 0 0 0 0 0 1 1 5 0.925 0.890
9 1 0 1 0 1 1 1 4 0.918 0.882
10 0 1 1 1 0 1 1 4 0.912 0.875
11 1 1 1 0 0 1 1 3 0.905 0.868
12 0 0 1 1 1 1 1 3 0.897 0.859
13 1 0 0 0 0 1 1 2 0.889 0.848
14 0 1 0 0 1 1 1 2 0.882 0.839
15 1 1 0 1 1 1 1 2 0.875 0.827
16 0 0 0 1 0 1 1 2 0.868 0.815
17 1 0 1 1 1 1 1 2 0.860 0.802
18 0 1 1 0 0 1 1 2 0.852 0.790
19 1 1 1 1 1 1 1 1 0.845 0.782
20 0 0 1 0 0 1 1 1 0.838 0.775
21 1 0 0 0 1 1 1 1 0.829 0.768
22 0 1 0 1 1 1 1 1 0.821 0.760
23 1 1 1 0 1 1 1 1 0.812 0.753
24 0 0 0 1 1 1 1 1 0.805 0.745
25*% 1 1 0 1 0 1 0 4 0.782 0.721
26 0 1 1 0 1 0 1 4 0.775 0.715
27 1 0 1 1 0 0 1 3 0.768 0.708
28 0 0 1 0 1 1 0 3 0.759 0.699
29 1 1 0 0 1 0 1 3 0.752 0.692
30 0 1 0 1 0 0 1 2 0.745 0.685
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Table 1. Cont.
Configuration Case Raw PRI
Serial%\lumber Computer ~ RT-O5  Eco-O5 A0S CP-MW  AP-MW  Framework Frequency ! Consistency 2 Consistency 3
31 1 0 0 1 1 1 0 2 0.738 0.678
32 0 0 0 0 0 0 1 2 0.729 0.669
33 1 0 1 0 1 1 0 1 0.721 0.662
34 0 1 1 1 0 0 1 1 0.715 0.655
35 1 1 1 0 0 1 0 1 0.708 0.648
36 0 0 1 1 1 0 1 1 0.699 0.639
37 1 0 0 0 0 0 0 1 0.205 0.182
38 0 1 0 0 1 0 0 1 0.198 0.175
! Case Frequency: The number of actual brand/model architecture cases corresponding to the conditional variable combination in the research sample database, reflecting the industry
adoption of the R&D strategy combination. > Raw Consistency: The consistency index of the conditional variable combination to the outcome variable (high architectural advancement),
which measures the degree to which the combination can lead to high architectural advancement. A higher value indicates a stronger causal relationship, and the threshold for effective
configuration in this study is set to 0.8. > PRI Consistency: Proportional Reduction in Inconsistency, an auxiliary consistency index to avoid simultaneous subset relationships of the same
configuration in both outcome and non-outcome variables, which further verifies the robustness of the causal relationship of the configuration. * The gray case in the table is invalid and
will not participate in the subsequent standard Boolean minimization operation.
Table 2. Truth table for One-Board scenario.
Copﬁguratlon Computer RT-OS Eco-OS AI-OS CP-MW AP-MW Framework Case R.aw P.RI
Serial Number Frequency  Consistency Consistency
1 1 1 0 1 0 1 1 11 0.955 0.932
2 1 0 1 1 0 1 1 9 0.948 0.925
3 1 1 0 1 1 1 1 7 0.941 0.918
4 1 0 0 1 1 1 1 6 0.933 0.909
5 1 0 1 1 1 1 1 4 0.925 0.901
6 1 1 1 1 0 1 1 3 0.918 0.892
7 1 1 1 1 1 1 1 2 0.909 0.883
8 0 1 1 0 1 1 1 10 0.788 0.725
9 0 0 1 0 1 1 1 8 0.779 0.718
10 1 1 0 0 1 1 1 6 0.772 0.710
11 0 1 0 1 0 1 1 5 0.765 0.703
12 0 0 0 0 0 1 1 5 0.758 0.696
13 1 0 1 0 1 1 1 4 0.750 0.688
14 0 1 1 1 0 1 1 4 0.742 0.681
15 1 1 1 0 0 1 1 3 0.735 0.674
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Table 2. Cont.

Configuration ¢ uter  RT-08 Eco-OS AI-OS CP-MW AP-MW  Framework Case Raw PRI
Serial Number Frequency  Consistency Consistency
16 0 0 1 1 1 1 1 3 0.728 0.666
17 1 0 0 0 0 1 1 2 0.720 0.659
18 0 1 0 0 1 1 1 2 0.712 0.652
19 0 0 0 1 0 1 1 2 0.705 0.645
20 0 0 1 0 0 1 1 1 0.698 0.637
21 1 0 0 0 1 1 1 1 0.690 0.630
22 0 1 0 1 1 1 1 1 0.683 0.623
23 1 1 1 0 1 1 1 1 0.675 0.615
24 0 0 0 1 1 1 1 1 0.668 0.608
25 1 1 0 1 0 1 0 3 0.482 0.421
26 0 1 1 0 1 0 1 3 0.475 0.415
27 1 0 1 1 0 0 1 2 0.468 0.408
28 0 0 1 0 1 1 0 2 0.459 0.399
29 1 1 0 0 1 0 1 2 0.452 0.392
30 0 1 0 1 0 0 1 1 0.445 0.385
31 1 0 0 1 1 1 0 1 0.438 0.378
32 0 0 0 0 0 0 1 1 0.429 0.369
33 1 0 1 0 1 1 0 1 0.421 0.362
34 0 1 1 1 0 0 1 1 0.415 0.355
35 1 1 1 0 0 1 0 1 0.408 0.348
36 0 0 1 1 1 0 1 1 0.399 0.339
37 1 0 0 0 0 0 0 1 0.105 0.082
38 0 1 0 0 1 0 0 1 0.098 0.075

This table is the truth table for the One-Board architecture scenario. The definition and calibration rules of all columns are completely consistent with Table 1, and the outcome variable is
set to high architectural advancement under the One-Board scenario in accordance with the calibration rules in Section 4.1. The gray case in the table is invalid and will not participate in
the subsequent standard Boolean minimization operation.
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Table 3. Calibration parameters of the COCOMO II model for automotive basic software.
Exponent Scaling Factors ! Effort Multiplier 2 3
Software Element R&D Strategy PREC  FLEX RESL TEAM PMAT  Product Factor Personnel Factor Platform Factor Project Factor A/B

In-house R&D  3.72 3.04 424 3.29 4.68 3.03 0.78 221 1.09
RT-OS Cooperation 2.48 2.03 2.83 4.38 6.24 3.03 0.58 221 1.20
Customization  1.24 1.01 1.41 2.19 1.56 3.03 0.29 221 1.09

In-house R&D  4.96 2.03 424 3.29 4.68 3.43 1.27 1.53 1.09 A =36

Eco-OS Cooperation 3.72 2.03 2.83 4.38 6.24 3.43 0.79 1.53 1.20 B=12
Customization  1.24 1.01 1.41 2.19 3.12 3.43 0.35 1.53 1.09
In-house R&D 6.2 4.05 5.65 3.29 6.24 4.50 1.39 2.21 1.09
AI-OS Cooperation 4.96 3.04 424 4.38 7.8 4.50 0.90 221 1.20
Customization  2.48 2.03 2.83 2.19 3.12 4.50 0.38 221 1.09
In-house R&D  3.72 2.03 424 3.29 3.12 3.43 0.85 2.21 0.89
CP-MW Cooperation 2.48 2.03 2.83 4.38 4.68 3.43 0.63 221 0.98
Customization  1.24 2.03 1.41 2.19 1.56 3.43 0.29 221 0.89

In-house R&D  4.96 4.05 5.65 3.29 4.68 4.50 1.55 3.19 0.89 A=30

AP-MW Cooperation 3.72 3.04 424 4.38 6.24 4.50 1.08 3.19 0.98 B=1.12
Customization  1.24 3.04 2.83 2.19 3.12 4.50 0.44 3.19 0.89
In-house R&D 6.2 5.07 7.07 3.29 4.68 4.50 1.94 3.19 1.00
Framework Cooperation 4.96 4.05 5.65 438 6.24 4.50 1.17 3.19 1.10
Customization = 2.48 3.04 424 2.19 3.12 4.50 0.54 3.19 1.00

! Exponent scaling factors: Five types of parameters, including PREC (precedent), FLEX (development flexibility), RESL (risk resolution), TEAM (team cohesion), and PMAT (process
maturity), are used to calculate the scaling index E (Equation (2)). A higher value represents higher R&D difficulty and complexity of the project, which will lead to a nonlinear increase
in development workload. ? Effort multiplier: Seventeen detailed parameters including the product factor, personnel factor, platform factor, and project factor. The comprehensive value
of each category is the product of the corresponding detailed parameters, which adjusts the linear baseline of development workload. A value greater than 1 means the factor will
increase the development workload, and a value less than 1 means the factor will reduce the workload. 3 A, B: Core calibration constants of the COCOMO II model. The detailed
definition, economic connotation, and calibration basis of the two constants can be found in Section 5.2.
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