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Abstract: In the field of active safety technology for intelligent connected vehicles (ICVs),
the reliability and safety of the Automatic Emergency Braking (AEB) system is recognized
as critical to driving safety. However, existing evaluation methods have been constrained
by the inadequacy of static weight assessments in adapting to diverse driving conditions,
as well as by the disconnect between conventional evaluation frameworks and experimen-
tal validation. To address these limitations, a comprehensive Vehicle-in-the-Loop (VIL)
evaluation system based on the dynamic weight analytic hierarchy process (DWAHP) was
proposed in this study. A two-tier dynamic weighting architecture was established. At the
criterion level, a bivariate variable-weight function, incorporating the vehicle speed and
road surface adhesion coefficient, was developed to enable the dynamic coupling model-
ing of road environment parameters. At the scheme level, a five-dimensional indicator
system —integrating braking distance, collision speed, and other key metrics—was con-
structed to support an adaptive evaluation model under multi-condition scenarios. By
establishing a dynamic mapping between weight functions and driving condition parame-
ters, the DWAHP methodology effectively overcame the limitations associated with fixed-
weight mechanisms in varying operating conditions. Based on this framework, a dedicated
AEB system performance test platform was designed and developed. Validation was con-
ducted using both VIL simulations and real-world road tests, with a Volvo S90L as the
test vehicle. The experimental results demonstrated high consistency between VIL and
real-world road evaluations across three dimensions: safety (deviation: 0.1833/9.5%), reli-
ability (deviation: 0.2478/13.1%), and riding comfort (deviation: 0.05/2.7%), with an overall
comprehensive score deviation of 0.0707 (relative deviation: 0.51%). This study not only
verified the technical advantages of the dynamic weight model in adapting to complex driv-
ing environments and analyzing multi-parameter coupling effects but also established a
systematic methodological framework for evaluating AEB system performance via VIL.
The findings provide a robust foundation for the testing and assessment of AEB system,
offer a structured approach to advancing the performance evaluation of advanced driver
assistance systems (ADASs), facilitate the safe and reliable validation of ICVs’ commercial
applications, and ultimately contribute to enhancing road traffic safety.
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1. Introduction

According to the “Global Road Safety Report 2023” by the World Health Organization
(WHO), 1.19 million fatalities were caused by road traffic accidents worldwide, with 92%
of these deaths occurring in low- and middle-income countries. Among them, pedestrians,
cyclists, and motorcyclists accounted for more than 50% of the fatalities [1]. In China, data
released by the National Bureau of Statistics indicated that casualties resulting from motor
vehicle accidents constituted 82.81% of all traffic-related casualties, leading to substantial
injuries and significant economic losses [2]. In response to these critical challenges, ICV
technologies are rapidly developed. Among various active safety innovations, the AEB
system is regarded as a core technology, with its performance exerting a direct impact
on road traffic safety. For example, a 27% reduction in accident incidence was observed
for vehicles equipped with an AEB system, as demonstrated by a study conducted by the
Insurance Institute for Highway Safety (IIHS) in the United States (U.S.) [3]. Furthermore,
it was reported to reduce the risk of fatal pedestrian collisions by 84-87% and the risk of
severe injury (MAIS 3+) by 83-87% [4]. In addition, the AEB system was proven to be
highly effective in preventing approximately 83% of rear-end collisions [5].

The AEB system is an active safety technology designed to prevent collision risks or
mitigate the severity of collisions through active alerts and braking interventions. It pri-
marily consists of three components: environmental perception, control decision-making,
and execution mechanisms. To ensure the stability and reliability of AEB systems’ perfor-
mance, major global automotive markets and international organizations have promoted
the implementation and the verification of the effectiveness of the technology through a
multi-dimensional policy framework encompassing regulatory mandates, standard certi-
fications, and testing evaluations. In 2016, 20 major automotive manufacturers committed
to installing more than 95% of new vehicles with an AEB system as standard. By 2025,
an AEB system was expected to be installed in 90% of newly sold vehicles in the U.S. As
part of regulatory initiatives, UN R152 was adopted as the entry standard of the European
Union (EU), mandating that the AEB system in M1- and N1-category vehicles should au-
tomatically detect collision risks within a speed range of 10-60 km/h [6]. The system was
required to issue both visual and auditory warnings and to activate emergency braking
(with a deceleration of no less than 4 m/s?) to avoid or mitigate collisions, as regulated.
It was initially enforced for vehicle-to-vehicle functions starting in July 2022 and was ex-
tended to pedestrian detection in July 2024 [7]. In addition, in May 2024, the Ministry of
Transport of China mandated that passenger buses, cargo vehicles, towing vehicles, and
hazardous goods transport vehicles be outfitted with an AEB system, in compliance with
the “Performance Requirements and Test Methods for AEB Systems in Operating Vehicles”
(JT/T 1242-2019) [8], where the evaluation of braking response time and deceleration perfor-
mance under high-speed conditions were emphasized. The technical implementation and
performance evaluation of the AEB system were promoted in various countries by means
of a trinity policy framework integrating “regulatory enforcement, standard certification,
and testing evaluation”.

However, the reliability of the AEB system varied across different driving environ-
ments and conditions, such as pedestrians crossing at urban intersections or strong light
interference on highways. Especially, the performance of the AEB system was observed
to deteriorate under harsh weather conditions, at higher speeds, and in situations where
visibility was obstructed, posing significant challenges to the scientific validity of current
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evaluation methodologies. In order to enhance the system’s reliability and improve driv-
ing safety, researchers endeavored to enrich AEB system testing scenarios and evaluation
parameters. Kidd [9], by examining 6.73 million police-reported rear-end collisions and
4285 fatal accidents, quantified the key factors affecting AEB system performance, pro-
viding empirical support for organizations like the IIHS and European New Car Assess-
ment Programme (E-NCAP) to revise their testing protocols. Zhou et al. [10], utilizing
data from the National Automotive Accident In-Deep Investigation System, investigated
the expected functional safety of the perception system in hazardous interactions between
automobiles and two-wheeled vehicles (e.g., motorcycles and bicycles). Similarly, Lian
et al. [11] extracted typical traffic accident characteristics from international traffic acci-
dent databases and analyzed the scenarios for triggering the AEB system, which added
data for the construction of a systematic test scenario database. Rao et al. [12] conducted
research focusing on the quantitative evaluation of the AEB system in non-standard driv-
ing situations. Through naturalistic, driving data-driven scene generation, the develop-
ment of simulation models, and boundary collision assessment, critical causes of substan-
tial AEB system performance degradation in curve scenarios were uncovered, being at-
tributed to sensor perception deficiencies and limitations in traditional algorithms. In ad-
dition, Kawaguchi et al. [13] analyzed large-scale fleet operational data and demonstrated
that the AEB system effectively reduced collision rates among non-fatigued drivers. They
further recommended integrating active intervention technologies, such as fatigue mon-
itoring systems, to optimize the safety performance of commercial vehicles. Karpenko
etal. [14,15] investigated the influence of tire performance on braking effectiveness through
a tire stress—deformation model. It was found that a 0.5 bar reduction in inflation pressure
could increase tire deformation by 15%, leading to an approximately 8% extension of brak-
ing distance. This indicated that the performance evaluation of the AEB system should
not solely rely on data from standard working conditions but also take into account the
actual impact of tire status (such as tire pressure and load) on braking response. Ji [16]
and Tian [17] focused on the investigation of performance evaluation indicators for the
AEB system, thereby laying a theoretical foundation for a reliable system assessment. Ci-
cchino et al. [18], employing both Poisson regression modeling and a quasi-induced expo-
sure methodology, assessed the effectiveness of the pedestrian detection AEB system on
real-world police-reported pedestrian collision incidents. Their findings indicated that ve-
hicles equipped with the pedestrian detection AEB system achieved a 25-27% reduction
in the risk of pedestrian collisions and a 29-30% decrease in the risk of pedestrian injuries.
Moreover, Li [19], Zhou [20], Wang [21], and Leng [22] explored optimization strategies
for AEB system control algorithms. In particular, Wang [21] proposed an “Estimation—
Prediction—Control” hierarchical architecture, which integrated the estimation of road sur-
face adhesion coefficients, the prediction of pedestrian trajectories, and braking system
control. This framework highlighted the critical role of road surface adhesion in AEB sys-
tems’ functionality and introduced a novel paradigm for active safety control under com-
plex operational conditions.

The aforementioned research on AEB systems’ performance mainly focused on enrich-
ing test scenarios, expanding evaluation metrics, identifying key influencing factors, and
optimizing control strategies, but there were rarely studies conducting a systematic evalua-
tion of the overall performance of the AEB system. Yang et al. [23] introduced a data-driven
pedestrian-oriented key test scenario generation method, wherein speed difference (Av),
relative lateral distance (D,), and relative longitudinal distance (Dy) were defined as core
variables to construct a scene risk assessment model. This approach provided a reusable
technical pathway for building large-scale scenario libraries and facilitated the transition
of the industry from “vehicle-oriented” to “vulnerable road user (VRU)-oriented” testing
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paradigms. Kovaceva et al. [24] incorporated Bayesian inference into the safety benefit
assessment of the AEB system, systematically integrating counterfactual simulations with
real-world test data to address the limitations associated with a reliance on a single source
in traditional methods. Zhao et al. [25] developed a multi-modal sequence model for pre-
dicting the motion intentions (such as lane changes, acceleration, deceleration, etc.) of sur-
rounding vehicles, by incorporating lateral trajectory planning into the emergency braking
process, and thus overcame the limitations of traditional AEB systems that were restricted
to longitudinal braking. Schachner et al. [26] established a scenario directory generation
and safety assessment method based on an open-source toolchain, systematically analyzed
the effects of AEB systems on collision outcomes in vehicle-pedestrian conflict scenarios
and introduced collision configuration quantification analyses, including impact speed at-
tenuation rate and collision point offset, to support the development of injury prediction
models for AEB systems. Jang et al. [27] applied ADAS testing system equipment and dif-
ferential global positioning systems to evaluate AEB systems’ performance, conducting as-
sessments based on established evaluation protocols. Xu et al. [28] proposed an integrated
Software-in-the-Loop (SIL) (Matlab/Simulink) and Hardware-in-the-Loop (HIL) (IPG sim-
ulation platform, dSPACE controller, and pneumatic braking bench) verification system
for two-axle passenger vehicles to improve the validation efficiency of AEB system control
algorithms. The test results showed a high degree of consistency between SIL and HIL
outcomes in terms of vehicle speed and relative distance measurements. Duan et al. [29]
advanced a novel safety testing method that combined digital twin technology with fault
tree analysis, thereby enhancing the richness of autonomous driving test scenarios and
improving the credibility of evaluation results. Moreover, Wang [30], Gao [31], Fang [32],
and Wang [33] employed VIL approaches to AEB system performance validation. Among
them, Wang [33] constructed a digital twin-based VIL testing system for intelligent vehicles,
which was employed in the development and validation of AEB systems. Real-world road
experimental results confirmed the effectiveness and advantages of the proposed method,
demonstrating that it not only preserved the realism of traditional real-world road testing
but also effectively mitigated the safety risks associated with direct on-road experiments.

Yet, the existing performance evaluation frameworks for AEB systems exhibited
two major limitations: First, mainstream evaluation methods, such as E-NCAP and China-
NCAP (C-NCAP), adopted static weight allocation mechanisms, making it difficult to ac-
curately capture the dynamic response characteristics of the system under multi-condition
coupling. Second, traditional evaluation frameworks generally demonstrated a disconnect
between theoretical modeling and experimental validation, resulting in discrepancies be-
tween assessment outcomes and actual road performance. With the increasing deployment
of L2+ and L3-level autonomous driving technologies, the AEB system has been required to
address increasingly complex scenarios, including pedestrian crossings and multi-vehicle
interactions. These two critical shortcomings have significantly constrained the accuracy
and engineering applicability of current AEB system performance evaluations.

To overcome these challenges, a comprehensive VIL performance evaluation system
with the DWAHP for AEB systems was proposed in this study. In particular, a two-level
dynamic weighting architecture was established: at the criteria level, a bivariate dynamic
weight function incorporating the vehicle speed and road surface adhesion coefficient was
introduced to enable the dynamic coupling modeling of road environment parameters; at
the scheme level, a five-dimensional indicator system —encompassing braking distance,
collision speed, and other key metrics—was constructed, and a multi-condition adaptive
evaluation model was developed through a nonlinear weight allocation algorithm. Com-
pared to the traditional AHP, the DWAHP approach effectively addressed the limitations
of fixed-weight mechanisms by establishing a dynamic mapping relationship between
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weight functions and operating condition parameters. Additionally, based on the primary
influencing factors of the AEB system (vehicle speed and road surface adhesion coefficient)
and the DWAHP method, a dedicated AEB system performance testing platform was devel-
oped for VIL testing, forming a complete technical chain covering parameter acquisition,
weight allocation, and comprehensive evaluation. Compared to a real-world road test, the
VIL-based evaluation outcomes exhibited a high degree consistency for safety, reliability,
and riding comfort. This achievement not only established a new methodological frame-
work for the comprehensive evaluation of AEB systems but also provided critical contribu-
tions to advancing the performance evaluation of ADASs. The developed testing platform
and evaluation model are expected to play a significant role in enhancing the intelligent
driving safety evaluation system and contribute substantially to its future improvements.

2. Development of the Evaluation Model Based on the DWAHP

A variable-weight evaluation model was constructed by leveraging the AHP and co-
simulation data. Vehicle speed and road surface adhesion coefficient were selected as the
key variables. The DWAHP model was adopted to enable the evaluation system to more
precisely capture the dynamic variations in real-world operating conditions. In addition,
a theoretical methodology was provided for the design and development of a VIL testing
platform for the performance evaluation of AEB systems.

2.1. Co-Simulation

CarSim 2019.1 and MATLAB/Simulink 2020a were employed as co-simulation plat-
forms to develop the vehicle dynamics model, test scenarios, and AEB system control strat-
egy model. The performance of the AEB system was assessed under varying conditions
of vehicle speed and road surface adhesion coefficient. The simulation outcomes laid a
theoretical foundation for the establishment of the AEB system evaluation model relying
on the DWAHP.

2.1.1. Simulation Scheme Design

The influence of vehicle speed and road surface adhesion coefficient on AEB system
performance were fully taken into account. The Car-to-Car Rear Stationary (CCRS) and
Car-to-Car Rear Moving (CCRM) conditions, as defined in the E-NCAP protocol, were
selected as the principal experimental scenarios. The corresponding test conditions are
detailed in Table 1.

Table 1. Design of simulation conditions.

Simulation Test Test Vehicle Speed Vy Target Vehicle Speed Road Surface Adhesion
Conditions (km/h) Vo (km/h) Coefficient (-)
1 30-80 (increment: 10) 10 0.85
2 30-80 (increment: 10) 10 0.5
3 80-140 80 0.85
4 60 20 0.1-1.0 (increment: 0.1)

In Table 1, the test scenarios are summarized, covering a range of traffic environments,
including urban roads, suburban areas, and highways. Different road surface adhesion co-
efficients were configured to account for the effects of actual driving conditions and envi-
ronmental weather on vehicle speed. Aside from the scenario settings, all other simulation
conditions—such as vehicle dynamic parameters, AEB system control models, and associ-
ated configuration parameters —were kept consistent across all experiments. Each scenario
was simulated three times to verify the reliability and reproducibility of the test results.
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2.1.2. Model Development

The construction of the model was divided into two parts: (1) the configuration of
the test vehicle dynamics, target scenarios, sensor settings, and input/output interfaces in
CarSim; and (2) the development of the AEB system control model in MATLAB/Simulink,
followed by co-simulation with CarSim. A four-wheel-drive E-Class sedan, equipped with
a 250 kW gasoline engine and a 7-speed automatic transmission, was selected as the test
vehicle within the CarSim environment. The detailed vehicle model parameters are illus-
trated in Figure 1.
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Product (Ixy): 0 kg-m2 Inertia and radius of gyration are related
Product (Ixz): 0 kg-m2 by the equation: | = M*R*R
Product (lyz): 0 kg-m2

Radii must be specified with numbers;
formulas are not supported

(b)

Figure 1. Vehicle dynamics model configuration: (a) Dynamic model parameters of the E-Class
sedan; (b) basic parameters of the vehicle model.

The specific parameter settings for the simulation scenarios were varied according
to the influencing factors under investigation and primarily encompassed vehicle speed,
braking control, gear control, steering control, road surface parameters, and simulation
process management. Since braking control was implemented through a closed-loop sys-
tem established by the Simulink-developed algorithm and CarSim, the corresponding
built-in braking control module in CarSim was disabled. The detailed configurations for
the target vehicle and sensors are presented in Figure 2.
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Figure 2. Simulation parameter settings of the target vehicle: (a) Initial operating parameters of the
target vehicle; (b) target vehicle speed setting.

The imported variables in CarSim were defined as IMP_PCON_BK (brake master
cylinder pressure (MPa)) and IMP_THROTTLE_ENGINE (throttle opening (-)), while the
exported variables were sequentially set as DisS1_1 (relative distance between the two ve-
hicles (m)), Vi (velocity of the test vehicle (m/s)), and V_object_1 (velocity of the target
vehicle (m/s)).

The AEB system control model was developed in MATLAB/Simulink in accordance
with Equation (1), as shown in Figure 3.

+ Uptj + Urettp + dg, 1)

2

2 2
& = 1 Up (vb _vrel)
br — 75| -
ap ag

where vy, is the velocity of the test vehicle (m/s); v, is the relative velocity between the test
vehicle and the target vehicle (m/s); a;, af are the maximum deceleration of the test vehicle
and the target vehicle (m/s?); ty, is brake system delay time (s); ¢ is driver reaction time to
braking (s); and d, is minimum stopping distance between the test vehicle and the target
vehicle (m).

After the input and output parameters were determined, co-simulation with CarSim
was carried out. CarSim provided real-time data, including the test vehicle speed, the
relative speed of the target vehicle, and the relative distance, to the AEB algorithm model.
The model outputs, namely brake_out and throttle_out, were subsequently fed back into
the vehicle dynamics model in CarSim, thereby forming a closed-loop control system. This
process was iteratively executed to achieve SIL control. The detailed simulation flow is
shown in Figure 4.
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Figure 3. Construction of AEB system control model.
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Figure 4. Co-simulation of CarSim and Matlab/Simulink.

2.1.3. Simulation Results Analysis

Following the above configurations, simulation results were generated to analyze five
categories of evaluation indicators: braking distance, braking deceleration, collision speed,
AEB system braking intervention time, and rate of change in acceleration (Jerk). The results
are depicted in Figures 5-8.
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Figure 5. Simulation results under test scenario 1: (a) Variations in velocity under different initial
vehicle speeds; (b) output results of other evaluation metrics under different initial vehicle speeds.
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Figure 6. Simulation results under test scenario 2: (a) Variations in velocity under different initial
vehicle speeds; (b) output results of other evaluation metrics under different initial vehicle speeds.
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Figure 7. Simulation results under test scenario 3: (a) Variations in velocity under different initial
vehicle speeds; (b) output results of other evaluation metrics under different initial vehicle speeds.
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Figure 8. Simulation results under test scenario 4: (a) Variations in velocity under different initial
vehicle speeds; (b) output results of other evaluation metrics under different initial vehicle speeds.

As illustrated in Figures 5-8, the reliability (braking intervention time, braking dis-
tance), safety (mean fully developed deceleration (MFDD), braking distance, collision
speed), and ride comfort (Jerk) of the AEB system were influenced by variations in the
initial speed of the test vehicle and the road surface adhesion coefficient under identical
test scenarios. Specifically, when the initial speed of the test vehicle ranged from 30 km/h
to 80 km/h, the low-adhesion road surface (Figure 6, |t =0.5) revealed the inherent physical
limitations of the system: constrained by the maximum attainable deceleration, the colli-
sion speed increased by 17-51% compared to high-adhesion conditions (i = 0.85) at equiv-
alent speeds, while the braking intervention time was prolonged by 0.103-0.231 s. Con-
versely, when the adhesion coefficient was elevated to 0.85 (Figure 5), the braking distance
was reduced by an average of 1.625 m, and successful collision avoidance was achieved
at speeds of <50 km/h, thereby reinforcing the decisive role of road surface conditions
in defining the safety margins of the system. Under high-speed conditions (Figure 7), a
greater deceleration prior to stabilization was detected as the initial speed increased; how-
ever, the final collision speed consistently remained higher (e.g., the initial speed was 80,
and the final collision speed was still higher than 30), signifying a deterioration in the safety
performance of the AEB system. These findings substantiated the critical influence of ve-
hicle speed on AEB systems’ effectiveness. Furthermore, an enhancement in road surface
adhesion (Figure 8) significantly mitigated collision speeds and braking distances, acceler-
ated braking response times, and enhanced braking efficiency. Nonetheless, while safety
performance was improved, ride comfort was substantially compromised, with Jerk values
exceeding 5 m/s®>. In summary, a marked negative correlation was identified between im-
provements in safety (increased MFDD and reduced collision speed) and deteriorations in
comfort (elevated Jerk values), elucidating the intrinsic trade-off between safety and com-
fort metrics. These simulation results provided a robust data foundation for constructing a
dynamic weight-based comprehensive performance evaluation model for the AEB system
utilizing the AHP.

2.2. Development of the DWHAP Model

Considering the AEB system’s safety, reliability, and ride comfort, as well as the ef-
fects of varying vehicle speeds and road surface adhesion coefficients, a comprehensive
evaluation framework, referred to as the DWAHP model, was developed based on the re-
sults of the co-simulation tests (Table 2). A standardized methodology for assessing the
overall performance of AEB systems under VIL testing conditions was provided.
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Table 2. Hierarchical structure of the comprehensive performance evaluation model for

AEB systems.
Target Layer Criterion Layer Scheme Layer
Hierarchical model for Brz?kmg dlstanc.e dor
comprehensive AEB system safety Braking deceleration ay,
. AEB system reliability Collision speed v,
performance evaluation of ) . LT
AEB svstem Ride comfort Braking intervention time of the AEB
Y system tp; in
Jerkj

The comprehensive performance of the AEB system served as the criterion layer,
while the five categories of evaluation metrics constituted the scheme layer. By analyzing
the performance priorities under different test scenarios (Table 3), a relative importance
matrix of the criterion layer with respect to the target layer was established for the compre-
hensive performance evaluation of the AEB system.

Table 3. Priority ranking of the AEB system under different scenarios.

Dimension Priority Scenarios
AEB system safety Low-adhesion surface, high speed
AEB system reliability Adverse weather, sensor occlusion
Ride comfort Urban congestion, high-adhesion surface

The effects of vehicle speed and road surface adhesion coefficient on the safety and
reliability of the AEB system, as well as on ride comfort, were taken into consideration.
Accordingly, a weight function Si]- (where i, j=1, 2, 3) describing the relative importance of
the criterion layer with respect to the target layer was constructed. This function aimed to
enable a reliable evaluation of the comprehensive performance of the AEB system under
different operating conditions and to enhance the accuracy of the assessment. The specific
formulation is presented in Equation (2).

Sij(v, u) = aiv + bip + ci(> 0), ()

where 4; is the influence coefficient of vehicle speed on the criterion layer weight S;; (-); b;
is the influence coefficient of the road surface adhesion coefficient on the criterion layer
weight S;; (-); and ¢; is the reference constant (-).

When vehicles operated on low-adhesion surfaces at high speed, ensuring that the
AEB system successfully avoided collisions or significantly reduced the collision speed
after activation was identified as the primary objective, owing to factors such as compro-
mised vehicle stability and intensified collision impacts. Under adverse weather condi-
tions, the sensing capabilities of the environmental perception system were subject to con-
siderable limitations, while in complex urban traffic environments, the field of vision of
the vehicle was often obstructed. Consequently, it was critical for the AEB system to detect
potential hazards and initiate braking interventions within predefined control thresholds
(such as time-to-collision (TTC) or relative distance). In urban traffic scenarios, the diver-
sity of traffic participants, combined with frequent traffic signals, resulted in repeated fol-
lowing and braking maneuvers, thereby diminishing ride comfort. On dry asphalt roads,
elevated braking deceleration contributed to stronger braking forces, further degrading
ride comfort. Drawing upon the above analysis and comprehensively considering the pri-
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ority scenarios under varying vehicle speeds and surface adhesion conditions, the weight
functions Sy, S13, and Sp3 were formulated, as shown in Equations (3)—(5).

Sia(v,p) =30+ (1 —p) +2, 3)
S13(v,p) =50+3(1—p) +2, 4)
Su(o,p) =v+31—p)+1, ®)

where 1 €[0.1, 0.9] and v=0-120 km/h; both variables were linearly normalized to the range
[0, 1] to prepare for the subsequent research work.

According to Equations (3)—(5) and the co-simulation results, pairwise comparisons
were carried out to investigate the relative significance between the criterion layer and the
target layer across the three prioritized scenarios, as presented in Table 4.

Table 4. Relative importance between the criterion layer and the target layer under priority scenarios.

o AEB System .
Criterion Layer AEB System Safety Reliability Ride Comfort
AEB system safety 1 S12 S13
AEB system reliability 1/512 1 Sy3
Ride comfort 1/513 1/53 1

The judgment matrix A was derived from Table 4, as shown in Equation (6).

1 S Si3
A= |1/5p 1 Sxs |, (6)
1/513 1/523 1

Through parameter discretization, key point sampling was performed to verify the
validity of the dynamic weight functions. The influencing factors were vehicle speed and
road surface adhesion coefficient (m = 2). The speed levels (S) were categorized into low-
speed (51) and high-speed (S;) conditions, while the adhesion coefficient levels (H) consid-
ered were low-adhesion surfaces (H;) and high-adhesion surfaces (H;). Accordingly, the
number of factor levels was determined to be two (1 = 2). Based on these considerations,
the experimental design scheme was formulated, as detailed in Table 5.

Table 5. Design of a sampling inspection scheme.

Test Number Vehicle Speed (S) Road Surface Adhesion Coefficient (H)
1 S 1 H; 3
2 S1 H,
3 S, 2 H; 4
4 S, H,

1S, =0.25 (0=30 km/h), 2S, =1 (v = 120 km/h), 3 Hy = 0.2 (4 = 0.26), and * Hy = 0.8 (4 = 0.74).

The aforementioned experimental schemes and corresponding data were substituted
into matrix A. The four test schemes were respectively denoted as matrices Aj, Ay, As,
and A4 (Equations (7)—(10)). Consistency verification was subsequently conducted for

each matrix.
1 3.55 5.4

A= |1/355 1  365|, @)
1/54 1/365 1
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1 295 36
Ay = [1/295 1 1.85], 8)
1/36 1/18 1

1 58 94|
A;= |1/58 1 44|, 9)
1/94 1/44 1

1 52  7.6]
A= |1/52 1 26|, (10)
1/76 1/26 1 |

The weight vectors of each matrix were calculated and subsequently normalized (as
shown in Equations (11)—(14)). Consistency verification of the constructed matrices was
conducted by calculating the maximum eigenvalue Amax (Equation (15)) and applying the
consistency test criterion (Equation (16)).

[0.652]
Wap = |0.254
0.094

(11)

~

[0.611]
war = (0240, (12)
0.149|

[0.747 ]
was = [0.192], (13)
0.061 |

[0.741]
was = [0.177], (14)
0.082]

—_

3
sz
Amax = 5; B (15)
Amax — 7

R = Ritn=1y’

(16)

Since the judgment matrices were of order three, the random consistency index (RI)
was set to 0.58 according to the corresponding reference table. Consequently, the consis-
tency test results for each matrix are summarized in Table 6.

Table 6. Consistency test results.

Matrix Amax Cl CR
Aq 3.089 0.0435 0.0750
A, 3.018 0.0090 0.0155
Az 3.115 0.0575 0.0991
Ay 3.042 0.0210 0.0360

As shown in Table 6, all CR values were less than 0.1, indicating that the consistency
tests were successfully passed.

Based on the simulation data, pairwise comparisons were conducted to analyze the
relative importance of evaluation criteria in the target layer with respect to the criterion
layer. Corresponding judgment matrices were constructed and weight vectors were de-
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rived. The importance relationships are presented in Tables 7-9, and the judgment matri-

ces By, By, and B3 are given in Equations (17)—(19).

M1 1/2 1/3 1/5 5
2 1 1/2 1/4 4
B, = 3 2 1 1/2 4 17)
5 4 2 1 6
|1/5 1/4 1/4 1/6 1]
(1 2 1/2 1/5 3]
1/2 1 1/3 1/6 2
B,=|2 3 1 1/3 4 (18)
5 6 3 1 7
11/3 1/2 1/4 1/7 1]
1 1/3 1/2 1/4 1/5]
3 1 2 1/2 1/3
B;= (2 1/2 1 1/3 1/4 (19)
4 2 3 1 1/2
15 3 4 2 1 |
Table 7. Importance relationships between the target layer and the safety of the AEB system.
Braking
. . Braking Braking Collision Intervention
Evaluation Indicators Distance  Deceleration Speed Time of the Jerk
AEB System
Braking distance 1 1/2 1/3 1/5 5
Braking deceleration 2 1 1/2 1/4 4
Collision speed 3 2 1 1/2 4
Braking intervention
time of the AEB system 5 4 2 1 6
Jerk 1/5 1/4 1/4 1/6 1

Table 8. Importance relationships between the target layer and the reliability of the AEB system.

Braking
. . Braking Braking Collision Intervention
Evaluation Indicators Distance  Deceleration Speed Time of the Jerk
AEB System
Braking distance 2 1/2 1/5 3
Braking deceleration 1/2 1 1/3 1/6 2
Collision speed 2 3 1 1/3 4
Braking intervention 6 3 1 ”
time of the AEB system
Jerk 1/3 1/2 1/4 1/7 1

The weight vectors of each matrix were calculated (Equations (20)—(22)) and subse-

quently subjected to consistency verification to assess their validity. The results of the

consistency tests are presented in Table 10.
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[0.1057
0.149
wp, = |0.245], (20)
0.454
10.047
[0.128]
0.071
wpy = |0.215], (21)
0.538
10.048
[0.069]
0.159
Wps = |0.096 |, (22)
0.262
10.414
Table 9. Importance relationships between the target layer and ride comfort.
Braking
. . Braking Braking Collision Intervention
Evaluation Indicators Distance  Deceleration Speed Time of the Jerk
AEB System
Braking distance 1 1/3 1/2 1/4 1/5
Braking deceleration 3 1 2 1/2 1/3
Collision speed 2 1/2 1 1/3 1/4
Braking intervention
time of the AEB system 4 2 3 ! 172
Jerk 5 3 4 2 1

Table 10. Consistency test results of the importance relationship between the target layer and the
criterion layer.

Matrix Amax Cl CR
B 5.2734 0.0684 0.0610
B, 5.1014 0.0254 0.0226
B3 5.0800 0.0200 0.0179

As shown in Table 10, all CR values were found to be less than 0.1, indicating that the
consistency tests were successfully passed and confirming the validity of the importance
relationships between the evaluation criteria in the target layer and the performance crite-
ria in the criterion layer. Let w; = (dy,, apy, V¢, tor ins 7)T; the evaluation model of the target
layer with respect to the criterion layer (EMy.) is formulated as shown in Equation (23).

EMtc = wg1-Wt + Wpp Wt + Wg3 Wy, (23)

The range of braking distance was set from 0 m to 100 m, while the braking deceler-
ation was assigned values between 1 m/s? and 10 m/s?. The collision speed was confined
within the range of 0 km/h to 120 km/h, the braking intervention time was defined be-
tween 0 s and 5 s, and the mean acceleration rate (Jerk) was selected within 1 10 m/s® to
10 m/s>. In order to facilitate evaluation and testing, all five categories of evaluation crite-
ria were normalized to [0, 1]. Specifically, the Jerk primarily reflected ride comfort: under
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comfort-oriented scenarios, values typically ranged from 1 m/s to 3 m/s®, whereas un-
der emergency conditions, values generally fell between 5 m/s® and 10 m/s®. Therefore,
a smaller value indicated a higher level of comfort. The values of braking distance, col-
lision speed, and acceleration rate were considered, with smaller values indicating better
performance of the AEB system; thus, their normalized values were adjusted according to
a 1-normalized score. Conversely, a shorter braking intervention time indicated a greater
likelihood of collision avoidance, and therefore its normalized value was retained directly
without inversion.

Drawing on the experimental data, the weight vector w; was derived, enabling the
formulation of the evaluation model EM;.. This model was subsequently incorporated
as coefficients into Equations (3)—(5) to compute the comprehensive performance score
of the AEB system under various initial speeds and road adhesion conditions. This ap-
proach was designed to provide an integrated assessment of the overall performance of
the AEB system.

3. Experimental Setup and VIL Test

The AEB system constitutes an indispensable component of both collision warning
and avoidance technologies, as well as autonomous driving systems. At present, perfor-
mance evaluations of AEB systems are primarily conducted through simulation testing
and real-world road testing. Simulation testing, which has become a major focus of recent
research, allows for evaluations under various extreme and idealized conditions. How-
ever, it remains highly subjective, as it heavily relies on the construction of control models
and the setting of critical parameters. Thus, it is not considered a primary reference basis.
In contrast, real-world road testing yields highly accurate results consistent with actual
driving environments, enabling the comprehensive consideration of factors such as envi-
ronmental conditions, road surface characteristics, and driver behaviors. Nevertheless, it
is limited by significant safety risks, the low repeatability of specific scenarios, and rela-
tively low efficiency.

In view of the above analysis, a performance testing platform for AEB systems was
designed and developed, grounded in a comprehensive performance evaluation paradigm
based on the DWAHP model and its primary influencing factors (vehicle speed and road
surface adhesion coefficient). Subsequently, VIL experiments were carried out on this
platform, providing a novel and effective approach for evaluating the performance of
AEB systems.

3.1. Development of Experimental Equipment

Experimental equipment was designed and developed based on the detection require-
ments and the primary influencing factors of AEB system performance (vehicle speed and
road adhesion coefficient). The platform was equipped with several key functionalities:
an adjustable wheelbase to accommodate different vehicle models, an adjustable center
distance between the primary and secondary rollers to simulate various road adhesion
conditions, and a dual-inertia coupling system realized through a mechanical flywheel
and an alternating current (AC) dynamometer, enabling safe operation and accurate data
acquisition across low, medium, and high vehicle speeds. The platform mainly consisted
of two subsystems: a mechanical body and a measurement and control system. Relying on
the comprehensive performance evaluation model DWAHP of the AEB system, employing
the VIL testing method, the performance of the AEB system was systematically assessed.

The mechanical structure of the testing platform primarily consisted of a roller assem-
bly, chain transmission and tensioning system, flywheel assembly, AC dynamometer, lift-
ing device, integrated linkage assembly, and protective components. The overall mechan-
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ical layout is illustrated in Figure 9. The specifications and selections of the major testing
components are summarized in Table 11. The platform adopted a four-axle, eight-roller
configuration, with an adjustable wheelbase ranging from 1.8 m to 5.0 m. Synchronous op-
eration across all axles was achieved, with a synchronization error of less than 2 km/h, and
the maximum detectable vehicle speed reached 120 km/h. The translational inertia of the
vehicle body could be dynamically simulated, with the actual applied torque deviating by
no more than 1 N-m from the theoretical value and a time delay of less than 10 ms, thereby
significantly enhancing measurement accuracy. The adjustable center distance between
the primary and secondary rollers ranged from 380 mm to 680 mm, enabling the simula-
tion of various road surface conditions, such as dry asphalt and icy and wet surfaces, by
altering the equivalent adhesion coefficient (as depicted in Figure 10, with the principles
described by Equations (24) and (25)) [34]. The developed platform met the performance
requirements for chassis dynamometers specified in Section 6.3.2.3 of GB/T 44500-2024,
“Safety Performance Inspection Regulations for New Energy Vehicles” [35].

| Nz

1 9 [ ’
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|~
rg
-
L~

; w1 W @

Figure 9. Mechanical structure of the AEB system performance test bench: (1) front drum set frame,
(2) drum set, (3) T-type reducer, (4) retractable drive shaft, (5) rear drum set frame, (6) mechanical
flywheel, (7) main and assistant drum synchronizing chain, (8) AC dynamometer or eddy-current
dynamometer, (9) moving guide, (10) axle weighing instrument, (11) HBM speed and torque trans-
ducer, (12) protective devices.
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Table 11. Selection of testing equipment.

Equipment Name Model Main Specifications
Motherboard model: Windows 10; processor: PCA-6113P4R;
Industrial computer IPC-610L power supply: 250 W/220 V/50 Hz ATX; compatible with Keil,

Vehicle speed sensor

Wheel speed sensor

Displacement sensor

AC dynamometer

Variable frequency
control system
Speed and torque

measurement instrument

Microsoft SQL Server, DAVE, and Delphi software (12.3 Athens).
Shaft-type rotary encoder with an outer diameter of $50 mm;
maximum response frequency: 300 kHz; supply voltage:
1224 VDC = 5%; resolution: 1000 pulses per revolution.
Shaft-type rotary encoder with an outer diameter of ®50 mm;
maximum response frequency: 300 kHz; supply voltage:
1224 VDC = 5%; resolution: 1000 pulses per revolution.
Nominal stroke: 500 mm; relative linearity accuracy: +0.05% FS;
resolution: infinite (wireless); repeatability accuracy: 0.01 mm.
Asynchronous induction motor; rated power: 37 kW; rated
speed: 3000 r/min; rated current: 68.3 A; rated torque: 118 N-m.
Direct torque control; rated power: 45 kW; RS-485
communication interface.

360 pulses per revolution; maximum speed: 20,000 r/min;
maximum torque: 200 N-m; accuracy class: 0.2.

E50S8-1000-3-T-24

E50S8-200-3-T-24

KTC-500

YVF2-200L2-2

ACS880-01-087A-03

HBM T21WN

o TEx

-  —

Figure 10. Schematic diagram of the center distance adjustment between the primary and

secondary rollers.

. L
& = arcsing———< ®+r) (24)
cosf + ¢sinf
y = (cosb+ gsind) (25)

(14 ¢?)cosa ¢
where 7 is radius of the primary and secondary rollers (mm); L is the center distance be-
tween the primary and secondary rollers (mm); 6 is angular difference in the height of the
rotational axes of the primary and secondary rollers (degree); R is the radius of the vehicle
wheel (mm); and « is installation angle of the vehicle wheel (degree).

The measurement and control system served as the core component of the AEB system
performance testing platform, comprising two main parts: the upper computer system and
the lower system. The upper computer system was primarily responsible for vehicle infor-
mation registration, vehicle detection, control command issuance for the test bench, and
the processing and storage of experimental results. The lower computer system mainly
consisted of a microcontroller unit, sensors, relay control units, and a detection indication
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circuit. The main microcontroller chip was selected to be the XE164FN, a 16-bit microcon-
troller from the XE166 series developed by Infineon Technologies. The overall structure of
the measurement and control system is illustrated in Figure 11, and the testing procedure
is depicted in Figure 12.

Test Bench Body Testing Module

Spread o.f Axles Wheel ?P“ed Speed Sensor
Sensor Sensor
Signal- Signal-

Signal-
conditioning

vt raa Signal-
conditioning conditioning conditioning

Industrial
Control Lower Machine (XE164FN Microcontroller)
Computer
[ . 1 1 1
y

y v v
Relay Relay Relay Relay Relay
Control Control Control Control Control

Flywheel Clutch Relay Control

AC Electrical ABB
Dynamometer Inverter

Inertia Simulation Module

Center
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Adjustment
Motor

Drum

Axles of Lifting Brake Air
Adjustment Device Path

Clutch

|
i
i
i
i
i
Spread of Adjustment Flywheel
i
i
i
i
i
i
i
i
i

Test Bench Auxiliary Module

Figure 11. Overall structural diagram of the measurement and control system.
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Figure 12. Flowchart of the testing procedure.

3.2. Test Preparation

Figure 13 illustrates the real-time display of critical parameters and system statuses
on the upper computer interface, which facilitated continuous monitoring and ensured the
reliability of the experimental operations.

1. The test vehicle and the target object.

The Volvo S90L model was selected as the tested vehicle. As a brand distinguished by
its leading position in automotive safety, Volvo adopted the City Safety system as the AEB
control strategy for this model. The key specifications of the vehicle are listed in Table 12.
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Figure 13. Upper computer operation interface during AEB system performance testing: (a) Interface
for vehicle entry onto test platform; (b) interface for vehicle inspection; (c) interface for vehicle ob-
stacle recognition; (d) interface for completion of AEB system performance testing.
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Table 12. Parameter configuration of the Volvo S90L.

Parameter Configuration
Wheelbase 3061 mm
Drive type Front-wheel drive
Braking system Ventilated disc brakes (front and rear)

184 kW
Level 2 automated driving assistance

Maximum power output
Safety configuration

AEB system sensor type
Number of sensors
Sensor detection range
Sensor detection distance

Multi-sensor fusion of vision sensors and radar
16
360 Degree
200 m

A movable adult dummy was employed as the target object. The dummy’s external
surface was designed to closely replicate the morphological features of an actual pedes-
trian, with all constituent parts detectable by the sensors of the vehicle. It was capable of
realistically emulating pedestrian motion, thereby satisfying the demands of diverse test-
ing scenarios and ensuring the validity of the experimental results.

2. Development of testing scenarios and operational conditions.

The testing scenario was established under sufficient daylight conditions, where the
VRU crossed the roadway at an intersection. The corresponding operational conditions
are detailed in Table 13, and the layout of the testing scenario is depicted in Figure 14.
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Table 13. Configuration of testing conditions.
Test Vehicle Target Vehicle Relative Road Surface
Test Scenario Speed Vy Speed V,, Distance (m) Adhesion
(km/h) (km/h) Coefficient (-)
Pedestrian 20, 30, 40 5 5 0.8
crossing

Figure 14. Test platform scenario setup.

3. Equivalence of translational mass and mechanical inertia.

During vehicle testing on the test platform, it was necessary to simulate the inertial
resistance experienced by the vehicle during actual road driving by means of the rotational
inertia of the bench. This process was based on the principle of kinetic energy equivalence,
requiring that the translational mass be matched to the mechanical inertia. To guarantee
the accuracy and reliability of the experimental results, the curb mass m (comprising the
vehicle mass and the driver’s mass) of the vehicle was converted into the equivalent rota-
tional inertia of the rollers and flywheels prior to testing.

Upon weighing, the curb mass m was found to be 1864 kg. The test platform pro-
vided a fixed mechanical inertia equivalent to 1021 kg. Three independently controllable
mechanical flywheels, each contributing 220 kg of equivalent mass, were available, in addi-
tion to an AC dynamometer capable of continuously adjustable torque control to simulate
translational inertia within the range of —220 kg to 220 kg. Accordingly, all three flywheels
were engaged during the preparation phase (totaling 660 kg of equivalent mass), and the
remaining 163 kg was compensated for via electrical inertia adjustment, thereby achieving
an accurate match between the translational mass of the vehicle and the mechanical inertia
of the test platform.

3.3. Testing

Real-time data, including vehicle speed, wheel speed, braking deceleration, braking
time, and braking distance, were recorded by the test platform. These data served as the
scoring basis for braking distance, braking deceleration, collision speed, AEB system brak-
ing intervention time, and acceleration variation rate within the DWAHP model scheme
layer. To characterize both the average level and the stability of deceleration during brak-
ing, braking deceleration was represented in the form of the MFDD, where a larger MFDD
indicated a stronger braking performance. The average acceleration variation rate was em-
ployed to describe the severity of acceleration fluctuations over time, serving as a core indi-
cator for assessing motion smoothness and ride comfort. A lower Jerk value corresponded
to smoother acceleration transitions and a reduced perception of jolting or abrupt surge
sensations by occupants. Accordingly, the average acceleration variation rate was output
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as a key metric. During the test, continuous in-vehicle video recording was performed to
monitor the activation of warnings, initiation of braking, and real-time speed changes of
the vehicle, thereby ensuring the accuracy of the measured collision speed and AEB system
braking intervention time.

To ensure data reliability, each operational condition within every testing scenario
was tested three times. The collected data were subsequently extracted for analysis, and
the testing outcomes were assessed accordingly. The results under various conditions are
summarized in Table 14 and depicted in Figure 15.

Table 14. Analysis of test results across different scenarios and operational conditions.

Speed . COI.l 1sion Brakmg Collision Braking MFDD Mean Jerk
(km/h) Warning Avoidance Intervention Speed Distance (m) (m/s?) (m/s%)
Status Time (s) (km/h)
20 Vv Vv 1.2 0 5.23 6.20 1.485
30 Vv Vv 1.24 0 5.65 7.34 3.056
40 Vv X 0.81 20.7 8.33 7.49 5.625
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Figure 15. Test platform results under different operating conditions: (a) Results at a vehicle speed
of 20 km/h; (b) results at a vehicle speed of 30 km/h; (c) results at a vehicle speed of 40 km/h.
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As revealed by the data in Table 14 and Figure 15, both the MFDD and the Jerk in-
creased with a rising vehicle speed, leading to deteriorated braking smoothness and re-
duced ride comfort. When the vehicle speeds were 20 km/h and 30 km/h, respectively,
the intervention timing of the AEB system occurred relatively earlier, accompanied by
higher braking intensities, thereby enabling effective collision avoidance. However, un-
der emergency scenarios involving sudden pedestrian crossings, when the vehicle speed
was elevated to 40 km/h, the response time was reduced to 0.81 s after detecting the poten-
tial collision risk. This response time was insufficient to complete the collision avoidance
maneuver, and the final collision speed was 20.7 km/h.

4. Validation Through Road Test

To validate the feasibility of the VIL testing for assessing the performance of the AEB
system, real-world road test scenarios and conditions were constructed. Based on the
DWAHP model framework, a comprehensive evaluation of the performance of the AEB
system was conducted. The same test vehicle and conditions were selected in real-world
road tests. Finally, by analyzing and comparing the road test results with the VIL test
outcomes, an in-depth assessment of the performance of the AEB system was carried out.

4.1. Pre-Test Preparations for the Real-World Road Test

The objective of the real-world road test was to validate the feasibility of assessing the
AEB system’s performance through VIL testing based on the DWAHP model framework
by analyzing and comparing the experimental results. Therefore, the target objects, test
vehicles, test scenarios, and operating conditions were kept consistent with those used in
the VIL experiments. The specific test conditions are presented in Table 15.

Table 15. Configuration of road test conditions.

Test Vehicle Target Vehicle

. Lightin Road
Test Scenario Speed Vy Speed V,, Cotg1 ditiogn Information
(km/h) (km/h)
1 20, 30, 40 5 Daytime Intersection

The experimental equipment used was the Kistler automotive dynamic performance
testing system (Germany), featuring a dual-axis optical velocity sensor. The system offered
a compact structure, high measurement accuracy (<0.1%), adaptability to slippery surfaces
such as snow and ice, and insensitivity to environmental conditions. It was mounted on the
vehicle body at a longitudinal height of 350 mm above the ground, with straightforward
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installation. After calibration, data were transmitted via a signal processing converter and
USB interface to a laptop, where the required parameters were extracted using CeCalWin
Pro 1.9.13 software. The system recorded vehicle speed, distance, time, acceleration, lateral
velocity, and slip angle. Equipment configuration parameters are listed in Table 16, and
the installation and data acquisition setup are shown in Figure 16.

Table 16. Parameter configuration of the automotive dynamic performance testing system.

Measured Variables Measurement Range Measurement Accuracy

Vehicle forward speed 0.1 m/s-70 m/s <+0.1%
Longitudinal acceleration 429.4 m/s2
. 4 m/s
Lateral acceleration 40.1% of full scale
Yaw rate +150 °/s

An%le Distance Height Velocit Tine

5] 5] na] Tin/h] fe]

0. 269 0. 000 0. 000 30. 000 0. 000

0.135 0.830 0. 000 29. 639 0.100

0. 436 1. 647 0. 000 29.179 0. 200

0. 334 2.451 0. 000 28. 657 0. 300

0. 088 3.239 0. 000 27.868 0. 400

=0. 281 3.999 0. 000 26. 508 0. 500

-0. 269 4.711 0. 000 24. 053 0. 600

0. 222 5.336 0. 000 20. 854 0. 700

-0.108 5. 870 0. 000 17.593 0. 800

-0. 609 6.313 0. 000 14. 414 0. 900

-0. 581 6.671 0. 000 11. 390 1. 000

0. 264 6.946 0. 000 8.275 1.100

0. 270 7.130 0. 000 4.991 1. 200

-0. 334 7.223 0. 000 2.227 1. 300

=0.543 7.254 0. 000 1.127: 1. 400

0.524 7.286 0. 000 0.904 1. 500

2.173 7.304 0. 000 0. 735 1. 600

1,533 7.327 0. 000 0. 638 1. 700

0. 000 7.340 0. 000 0. 000 1.883

Figure 16. Installation location and data acquisition of the testing equipment: (a) Installation location
of the testing equipment; (b) data acquisition of the testing equipment.

The experimental was conducted in the dedicated ICVs’ real-world testing area at
Shandong Jiaotong University (Changqing Campus), which was equipped with a vehicle-
to-everything (V2X) communication base station. The test zone encompassed straight sec-
tions, curves, intersections, and varying slopes, with asphalt pavement conditions (dry
surface friction coefficient pu = 0.8-0.9). The tests were conducted between 9:00 and 16:00
Beijing time. The weather remained dry throughout the experiments, with no occurrences
of precipitation or snowfall. Under natural lighting conditions, the illumination across the
test area was maintained consistently and uniformly. All experimental conditions were
tested with the same group of test operators and drivers to ensure consistency. The spe-
cific real-world road test scenarios are illustrated in Figure 17.

Figure 17. Real-world road test scenarios.

Each test scenario and operating condition was tested twice to ensure the accuracy of
the collected data. If a significant deviation was observed between the results of the two
trials, a third test was conducted to further validate the reliability of the outcomes. Upon
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completion of all tests, a comprehensive data analysis was performed by integrating the

information recorded by the onboard dashcam, ensuring that the final dataset was both

complete and accurate.

4.2. Road Test Results Analysis

The road tests were conducted using a Volvo S90L and an automotive dynamic perfor-

mance testing system, and were completed within 8 h. The tests covered typical pedestrian

crossing scenarios at urban road intersections, resulting in the collection of 10 sets of valid

data samples. The key performance dimensions of the AEB system, including safety, relia-

bility, and ride comfort, were primarily evaluated. The experimental results are presented

in Table 17 and Figure 18.

Table 17. Road test results of the AEB system performance on the Volvo S90L.

Collision Braking

Collision

(ipeeqxi) Warning Avoidance Intervention Speed Di]:’:aarll(clz ‘(gm) l:g/sDZ])j M?I;I;sl";rk
Status Time (s) (km/h)
20 vV Vv 1.79 0 3.861 4.48 3.252
30 v v 1.88 0 7.34 443 5.460
40 Vv Vv 3.2 0 7.89 6.86 3.875
26 Tested Vehicle Speed r 10
24 Braking Deceleration F9
22 Jerk &
20—\ 8
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Figure 18. Cont.
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Figure 18. Road test results under different operating conditions: (a) Results at a vehicle speed of
20 km/h; (b) results at a vehicle speed of 30 km/h; (c) results at a vehicle speed of 40 km/h.

Based on the foregoing data, it was observed that the collision avoidance rate of the
AEB system reached 100% across different vehicle speeds (20 km/h—-40 km/h), with the
warning function triggered simultaneously. This indicated that the AEB system reliably
detected risks and successfully initiated braking interventions in typical urban road speed
limit scenarios (<40 km/h), thereby meeting the mandatory requirements for low-speed
conditions specified in GB/T 39901-2021 “Performance Requirements and Test Methods
for Automotive AEB System” [36]. Moreover, the braking intervention time was found to
increase with a rising vehicle speed (from 1.79 s at 20 km/h to 3.2 s at 40 km/h), which is
consistent with the logical principle that the higher the vehicle speed, the greater the safety
needed. The mean Jerk, which is associated with ride comfort and reflects the smooth-
ness of deceleration, showed a significant increase at 30 km/h (5.460 m/s3 ), representing a
67.9% rise compared to 20 km/h (3.252 m/s%). Such a variation might potentially cause a no-
ticeable “nodding” sensation for passengers. In summary, under the constructed test con-
ditions, the AEB system demonstrated a reliable performance in braking effectiveness and
safety, successfully preventing collisions. However, the substantial fluctuations in acceler-
ation, particularly at higher speeds, revealed deficiencies in braking smoothness. Future
improvements should focus on optimizing the control algorithms to minimize abrupt de-
celeration changes, thereby enhancing ride comfort and system stability while maintaining
braking efficiency.

4.3. Comparative Validation Between VIL and Road Test Results

Drawing upon the results of the bench tests, road tests, and the dynamic-weighted
comprehensive performance evaluation model of the AEB system, the feasibility of using
VIL testing for AEB system performance evaluations was verified. To facilitate the com-
parison of the evaluation results across different testing methods, all performance metrics
were normalized. The normalized data for each test scenario and evaluation metric are
presented in Table 18.

The antecedent data were substituted into Equations (23) and (3)—-(5) to analyze the
influence of evaluation metrics within the target layer on various performance aspects of
the AEB system under different testing methods. In addition, taking the road test results
as the benchmark, the comprehensive performance evaluation outcomes of the AEB sys-
tem based on VIL test were analyzed. The comparative results are presented in Table 19,
Figure 19, and Table 20.
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Table 18. Normalized results of evaluation metrics across different testing methods.

Braking Intervention

Testing Braking Collision

Speed . MFDD Time of the Jerk
Method Distance Speed AEB System
0.167 0.9477 0.579 1 0.257 0.946
VIL test 0.250 0.9435 0.704 1 0.268 0.772
0.333 0.9167 0.721 0.8275 0.219 0.486
0.167 0.9614 0.388 1 0.358 0.749
Road test 0.250 0.9266 0.381 1 0.376 0.504
0.333 0.9211 0.651 1 0.540 0.681
Table 19. Scores of the scheme layer relative to the criterion layer.
. AEB System AEB System .
Testing Method Speed Safety Reliability Ride Comfort
0.167 0.5919 0.5711 0.7124
VIL test 0.250 0.6069 0.5770 0.6629
0.333 0.5287 0.4876 0.5159
0.167 0.6014 0.5941 0.6279
Road test 0.250 0.5935 0.5871 0.5277
0.333 0.7159 0.7023 0.6865
5.0

B AEB System Safety Scores
4.5 - [ AEB System Reliability Scores
4.0 - Ride Comfort Scores

3.625

95 321
3.0
5]
©25
@ 2.0
1.5
1.0
0.5

0.0

(0.167, 0.875) (0.250, 0.875) (0.333, 0.875)
Standardized Values of Speed and Road Adhesion Coefficient (-)

Figure 19. Scores of the criterion layer relative to the target layer.

Table 20. Comprehensive performance scores of the AEB system under different testing methods.

Comprehensive Performance

Testing Method Speed Score of the AEB System Total Score
0.167 4.4540
VIL test 0.250 4.8774 13.8341
0.333 45027
0.167 4.4550
Road test 0.250 4.2568 13.9048
0.333 5.1929

As shown in Tables 19 and 20 and Figure 19, the comprehensive performance scores of
the AEB system obtained from the VIL test and the road test were 13.8341 and 13.9048, re-
spectively. The deviations in the scores for AEB system safety (VIL score: 1.7275; road
test score: 1.9108), AEB system reliability (VIL score: 1.6357; road test score: 1.8835),
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and ride comfort (VIL score: 1.8912; road test score: 1.8412) were 0.1833 (deviation rate:
9.5%), 0.2478 (deviation rate: 13.1%), and 0.05 (deviation rate: 2.7%), respectively. The
overall deviation in the comprehensive performance scores was 0.0707, corresponding
to a deviation rate of 0.51%. These results demonstrated good consistency between the
VIL test and road test outcomes. Furthermore, the findings verified the feasibility of the
DWAHP-based comprehensive performance evaluation model for assessing the AEB sys-
tem through VIL testing.

5. Conclusions

In this study, a comprehensive performance evaluation method for AEB systems in
ICVs based on a DWAHP was proposed. The limitations of conventional static weighting
methods were overcome by establishing a dynamic mapping relationship among scenario
characteristics, indicator weights, and performance scores. A reusable and engineering-
oriented testing framework was thereby developed to support the efficient validation of
intelligent driving systems. The principal conclusions are summarized as follows:

1.  The DWAHP-based AEB system comprehensive performance evaluation model was con-
structed. To meet the demands for efficient and reliable evaluation, a co-simulation platform
integrating MATLAB/Simulink 2020a and CarSim 19.1 was established. A closed-loop test-
ing environment, comprising vehicle dynamics models, sensor models, and control
algorithms, was constructed. Typical traffic scenarios—including urban roads (vehi-
cle speeds of 30-60 km/h with surface adhesion coefficients of 0.5 and 0.85), subur-
ban roads (vehicle speeds of 30-80 km/h with surface adhesion coefficients of 0.5
and 0.85), and highways (vehicle speeds of 80-120 km/h with a surface adhesion
coefficient of 0.85)—were simulated. Moreover, five key performance parameters,
namely braking distance, braking deceleration, braking intervention time of the AEB
system, and Jerk, were systematically collected under various speed and surface con-
ditions. A multi-dimensional performance evaluation matrix was constructed using
the DWAHP model, providing a solid data foundation for the quantitative analysis
of the comprehensive performance of the AEB system;

2. A specialized AEB system testing platform was developed. Based on the major in-
fluencing factors—vehicle speed and surface adhesion coefficient—and the DWAHP
evaluation model, a dedicated AEB testing platform integrating a mechanical system
and a measurement and control system was developed. The platform was designed
with adjustable wheelbase configurations to accommodate different vehicle types, ad-
justable primary and secondary drum distances to simulate varying road adhesion
levels, and a dual-inertia coupling mechanism combining mechanical flywheels and
AC dynamometers. These features ensured accurate and safe data acquisition across
low-, medium-, and high-speed conditions. The platform was verified to comply with
Section 6.3.2.3 of GB/T 44500-2024, “Inspection Regulations for the Operational Safety
Performance of New Energy Vehicles”, regarding the performance requirements for
chassis dynamometers;

3. The VIL-based AEB system performance evaluation method was developed and ver-
ified. A comprehensive performance evaluation method for the AEB system, utiliz-
ing a VIL test and the DWAHP model, was established and comparatively validated
through a real-world road test. The results revealed that the comprehensive perfor-
mance scores obtained from the VIL test and road test were 13.8341 and 13.9048, re-
spectively. The deviations in safety (VIL score: 1.7275; road test score: 1.9108), relia-
bility (VIL score: 1.6357; road test score: 1.8835), and ride comfort (VIL score: 1.8912;
road test score: 1.8412) were 0.1833 (9.5%), 0.2478 (13.1%), and 0.05 (2.7%), respec-
tively. The overall deviation in the comprehensive performance score was 0.0707,
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corresponding to a deviation rate of 0.51%, demonstrating a good consistency be-
tween VIL test and real-world road test. These findings validated the effectiveness
and feasibility of the proposed DWAHP-based VIL testing framework for assessing
the comprehensive performance of the AEB system.

In conclusion, the DWAHP-based VIL evaluation methodology was demonstrated to
effectively deal with the limitations of conventional AEB system performance evaluation
technologies, particularly addressing issues related to static weighting, limited adaptabil-
ity to varying operational conditions, and the lack of integration between traditional evalu-
ation frameworks and experimental validation processes. The proposed methodology and
associated research outcomes are highly applicable in multiple practical scenarios. Effec-
tive implementation can be achieved in vehicle factory-out inspection processes, where the
repeatability, safety, reliability, and comprehensive scenario simulation capabilities of test
benches can be fully exploited to enhance inspection efficiency and reduce costs. Moreover,
these outcomes are also suitable for utilization in vehicle testing stations and scientific re-
search institutions, providing a reliable evaluation tool for both industrial quality control
and academic research endeavors.

Nevertheless, a few drawbacks were identified throughout the study. The dynamic
weighting model was calibrated using offline simulation data, and its capacity for real-
time correction utilizing online road test feedback remained insufficient. To overcome this
shortcoming, future research is recommended to investigate the incorporation of reinforce-
ment learning-based adaptive weighting mechanisms, thereby enhancing real-time respon-
siveness and the model’s robustness. Additionally, further efforts should be directed to-
ward closing the technological gaps between virtual scenarios” generalization capability,
hardware’s testing precision, and evaluation systems’ adaptability, with the aim of advanc-
ing the deployment in engineering and practical application of intelligent driving system
evaluation technologies.
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Abbreviations

The following abbreviations are used in this manuscript:

ICVs Intelligent Connected Vehicles
AEB Automatic Emergency Braking
VIL Vehicle-in-the-Loop

DWAHP Dynamic Weight Analytic Hierarchy Process
ADAS Advanced Driver Assistance Systems
WHO World Health Organization

ITHS Insurance Institute for Highway Safety

us. United States

EU European Union

E-NCAP European New Car Assessment Programme
VRU Vulnerable Road User

SIL Software-in-the-Loop

HIL Hardware-in-the-Loop

CCRS Car-to-Car Rear Stationary
CCRM Car-to-Car Rear Moving
MFDD Mean Fully Developed Deceleration

TTC Time-to-Collision

CI Consistency Index
AC Alternating Current
V2Xx Vehicle-to-Everything
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