
Fundamental Research 4 (2024) 1063–1071 

Contents lists available at ScienceDirect 

Fundamental Research 

journal homepage: http://www.keaipublishing.com/en/journals/fundamental-research/ 

Article 

Can software-defined vehicles never roll over: A perspective of active 

structural transformation 

Bowei Zhang 

a , Jin Huang 

a , ∗ , Jianping Wang 

b , Yanzhao Su 

a , Jiaxing Li a , Xiangyu Wang 

a , 

Ye-Hwa Chen 

c , Yuhai Wang 

d , Zhihua Zhong 

a 

a School of Vehicle and Mobility, Tsinghua University, Beijing 100084, China 
b Department of Computer Science, City University of Hong Kong, CYC-6223 Hong Kong, China 
c The George W. Woodruff School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, GA 30332, USA 
d FAW Jiefang Automobile Co., Ltd, China 

a r t i c l e i n f o 

Article history: 

Received 7 January 2023 

Received in revised form 2 December 2023 

Accepted 4 December 2023 

Available online 31 July 2024 

Keywords: 

Software-defined vehicles 

Active structural transformation 

Vehicle handling stability 

Vehicle ride comfort 

Multi-objective optimization 

a b s t r a c t 

The revolution of physical structure is highly significant for future software defined vehicles (SDV). Active struc- 

tural transformation is a promising feature of the next generation of vehicle physical structure. It can enhance 

the dynamic performance of vehicles, thus providing safer and more comfortable ride experiences, such as the 

ability to avoid rollover in critical situations. Based on the active structural transformation technology, this study 

proposes a novel approach to improve the dynamic performance of a vehicle. The first analytical motion model 

of a vehicle with active structural transformation capability is established. Then, a multi-objective optimization 

problem with the adjustable parameters as design variables is abstracted and solved with an innovative sce- 

nario specific optimization method. Simulation results under different driving scenarios revealed that the active 

transformable vehicle applying the proposed method could significantly improve the handling stability without 

sacrificing the ride comfort, compared with a conventional vehicle with a fixed structure. The proposed method 

pipeline is defined by the software and supported by the hardware. It fully embodies the characteristics of SDV, 

and inspires the improvement of multiple types of vehicle performance based on the concept of “being defined 

by software ” and the revolution of the physical structure. 
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. Introduction 

The global automobile industry is strategically moving toward intel-

igent vehicles. The evolution of intelligent vehicles will be reflected in

he improvement of the user experience, which is enabled by techno-

ogical advancements. Software drives innovation in automotive tech-

ologies. Therefore, the concept of software-defined vehicles (SDVs) is

ecoming an important trend in the vehicle industry [ 1–3 ]. The core

haracteristics of the SDV can be summarized as the realization of vari-

us intelligent algorithms and functions supported by both the new soft-

are and the new physical architecture. 

Recently, close attention has been paid to the characteristics of the

DV, focusing mainly on vehicular networks and vehicle software ar-

hitectures. Early in-vehicle software and networks, such as Google An-

roid [ 3 ] and GENIVI [ 4 ], were generally used as infotainment facili-

ies. The rapid advancement of information technology has led to the

ntegration of core driving with software systems. The AUTOSAR stan-

ard [ 5 , 6 ] provides software architecture support for a wide range of

ehicle-side task requirements, including aided driving and self-driving
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E-mail address: huangjin@tsinghua.edu.cn (J. Huang) . 

ttps://doi.org/10.1016/j.fmre.2023.12.024 

667-3258/© 2024 The Authors. Publishing Services by Elsevier B.V. on behalf of Ke

Y-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
 7 ]. Software under this standard must be supported by novel electri-

al and electronic (EE) architectures including distributed EE systems

nd in-vehicle networks of novel types (LIN [ 8 ], FlexRay [ 9 ], etc.). In

ddition to the functionality of a single vehicle, the “vehicle to every-

hing ” concept is also within the scope of the SDV. Representative stud-

es mainly focused on the over-the-air software updating technology

 10 , 11 ], software defined vehicular networks [ 12–14 ] and the vehicular

loud [ 15 , 16 ]. 

From a software perspective, innovative research has been con-

ucted to popularize the concept of the SDV. However, the hardware to

ccompany the developing software also needs a revolutionary upgrade,

nd the absence of the corresponding features of the hardware remains

roblematic. A key focus of the SDV is to make a vehicle sufficiently scal-

ble and customizable, which the embedded hardware should be able to

ccommodate. The active structural transformation capability should be

n important characteristic of the SDV hardware to customize future ve-

icles. This capability refers to the autonomous adjustment of the inher-

nt structural parameters of a vehicle based on the user’s needs. Various

ttributes of a vehicle are strongly related to its structural parameters.
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c d  
he active transformation technology can adjust vehicle performance

n demand and significantly improve user experience. 

Breakthroughs on active structural transformation have been made

n research on the deformation of mechanical systems such as robots.

ome deformation mechanisms have been applied to enhance versatility

f the robots [ 17–20 ]. Studies on the deformation of vehicles can be di-

ided into two categories: structural parameter adjustment and physical

opology transformation. Vehicles adopting the former maintain their

eneral physical topology while simply adjusting some key parameters,

ostly the wheelbase, the wheel track, or the stiffness and damping

f the suspension systems. In [ 21 ], a wheelbase adjustment mechanism

nd the mechanical structure of a three-axle all-terrain vehicle were de-

igned thus enhancing the adaptability to different terrains. In [ 22 ], an

nnovative vehicle yaw moment control system was described, in which

he longitudinal positions of the wheels were individually controlled. A

odel- free successor to this control method based on the active transfor-

ation of the structure was applied to a four-wheel independent steer-

ng unmanned ground vehicle [ 23 ]. Several studies on the design and

ontrol of active suspension systems also contributed significantly to

eveloping the adjustment mechanisms of structural parameters [ 24–

7 ]. Vehicles adopting the latter can significantly change their physical

opology according to different requirements. In [ 28 ], the prototype and

ontrol strategy of a foldable micro electric vehicle were designed for

exible driving in urban scenarios. In [ 29 ], the deformation of the con-

eptual prototype of a personal mobility vehicle was realized through

he special-designed structure. Several original equipment manufactur-

rs have introduced electric concept cars with deformation capabilities

nd their principle prototypes, such as iEV Motor’s iEV X and iEV Z and

udi’s Skysphere. However, a comprehensive mathematical description

f the active transformation is still lacking, thus hindering the corre-

ation between the active transformation and multiple types of vehicle

erformance. 

Here, based on the technical progress introduced above, the poten-

ial for further improving the dynamic performance of vehicles through

he active structural transformation technology was explored. In some

ritical driving scenarios, vehicles can lose stability and even suffer from

ccidents like tail- flip, rollover ( Fig. 1 ), and jolts. Meanwhile, a trade-

ff always exists between some types of dynamic features. For instance,

imiting the roll angle of the vehicle body by increasing the suspension

tiffness may lead to extra vertical vibration. However, with the support

f active structural transformation, fine-tuning structural parameters en-

bles the vehicle to meet dynamic performance requirements in differ-

nt conditions. It can also prevent the loss of stability under extreme

onditions to avoid fatal accidents. By establishing the longitudinal and

ateral motions and vertical vibration model of an active transformable

ehicle and describing the analytical relationship between the dynamic

erformance and adjustable structural parameters, a multi-objective op-

imization (MOO) problem is formulated and solved. To the best of the

uthors’ knowledge, this work is the first to emphasize the structural

spect in the development of the SDV, and specify it through transfer-

ing the real-time dynamic performance enhancement of vehicles to an

OO problem aided by the active structural transformation technology.

he main contributions of this study are threefold. First, the overall mo-

ion model of the active transformable vehicle is established to reveal

he analytical relationship between the dynamic performance and the

djustable structural parameters. To this end, part of the mathematical
ig. 1. Vehicle tail-flip and rollover caused by poor dynamic performance 

eading to severe crash . 

F

t

1064
odel of the hardware architecture of the active transformable SDV is

roposed. Second, enhancing the dynamic performance of the vehicle

s converted into an MOO problem. Its solution is defined by the soft-

are and supported by the hardware. Third, the nondominated sorting

enetic algorithm II (NSGA- II) method is adopted to solve the MOO

roblem, and a scenario-adaptive Pareto-rank rule is utilized to find the

rade-off point on the Pareto front as the final decision for adjustable

arameters. Simulation results revealed that, compared with conven-

ional vehicles with fixed structural parameters, the proposed method

ould help vehicles with the active transformation ability achieve bet-

er handling stability in different driving scenarios, including extreme

onditions, without sacrificing ride comfort. This study brings a novel

erspective to enhancing the safety and ride comfort of future vehicles

nd future studies on SDV technologies. 

. Motion model of active transformable vehicle 

The dynamic model of an active transformable vehicle is established

o derive the maps between the adjustable structural parameters and

valuation metrics of dynamic performance. The adjustable parameters

re illustrated in Fig. 2 . It is assumed that the basic configuration of

he vehicle is the same as that of a common two-axle car. The tuple

f adjustable parameters is 𝜽 = [ 𝑎 𝐿 𝑘𝑠 𝐶𝑠 ℎ 𝐵] 𝑇 , where a rep-

esents the distance between the front axle and the center of gravity

C.G.). L represents the wheelbase. ks and Cs represent the linear stiff-

ess and damping of the suspension system, respectively. h represents

he height of the C.G., and B represents the wheel track. As mentioned in

ection 1 , dynamic performance enhancement attempts to improve the

riving safety of the vehicle by enhancing the handling stability without

acrificing the ride comfort of passengers. 

.1. Motion model for handling assessment 

When modeling the motion of a vehicle to assess handling stability

n the planar road, it is common to employ a simplified two-degree-

f-freedom bi- cycle model. According to Newton’s laws of motion, the

quations of motion of the active transformable vehicle can be expressed

s 

v̇𝑥 + 𝜇𝐺 𝑚𝑔 + 𝜇𝐷 ̇v2 𝑥 = 𝐹𝑑 , (1) 

vx 

( 

𝑣 𝑦 

𝑣𝑥 
+ 𝜔𝑟 

) 

= 𝐹𝑓 + 𝐹𝑟 , (2) 

z 𝜔̇𝑟 = 𝐹𝑓 
(
𝑎0 + Δ𝑎 

)
− 𝐹𝑟 

(
𝐿0 + Δ𝐿 − 𝑎0 − Δ𝑎 

)
. (3) 

The longitudinal motion is described by (1), where m denotes the to-

al mass, vx denotes the longitudinal velocity, μG and μD are the coeffi-

ients of friction and air drag, respectively, and F represents the driving
ig. 2. Concept of active structural transformation realized by adjusting 

he key parameters of the vehicle . 
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orce. The lateral motion is described by (2) and (3), where β = 𝑣𝑦 

𝜐𝑣𝑥 

is

he ratio of the lateral and longitudinal velocities, 𝜔r is the yaw rate, Ff 

nd Fr represent the front and rear lateral forces of the tire, respectively,

nd a and L represent the distance from the C.G. to the front axle and the

heelbase, respectively. Symbols ()0 and ∆() refer to the initial value

nd change amount for all adjustable parameters, respectively. The yaw

oment of inertia is approximated as 

z = 𝐼𝑧, 0 

( 

𝐿0 + Δ𝐿 

𝐿0 

) 

(4) 

or simplicity. This plain model can describe the vehicle dynamics in

ost cases. However, it neglects the influence of the suspension system

n the lateral motion of the vehicle. This influence, mainly caused by the

olling– steering coupled effect, is critical when considering the context

f active structural transformation. 

To establish a more accurate and comprehensive model for deriving

ptimal parameters, the rolling of the vehicle body cannot be neglected

hen describing the transient response. Let 𝜙 be the roll angle and the

ehicle model is symmetric about the x –axis. The coupled lateral motion

odel can then be rewritten as 

vx 
( 

𝑣̇𝑦 

𝑣𝑥 
+ 𝜔𝑟 

) 

= 𝑚𝑠 ℎ𝑠 𝜙̈ + 𝐹𝑓 + 𝐹𝑟 , (5) 

z 𝜔̇𝑟 = 𝐹𝑓 
(
𝑎0 + Δ𝑎 

)
− 𝐹𝑟 

(
𝐿0 + Δ𝐿 − 𝑎0 − Δ𝑎 

)
, (6) 

x 𝜙̈ = 𝑚𝑠 ℎ𝑠 𝑣𝑥 

( 

𝑣̇𝑦 

𝑣𝑥 
+ 𝜔𝑟 −

𝜙̈

𝑣𝑥 
ℎ𝑠 

) 

+ ms 𝑔ℎ𝑠 𝜙 −𝑀𝜙, (7) 

ccording to the D’Alembert’s principle and the angular momentum the-

rem. Here ms is the sprung mass and hs is the distance between the C.G.

nd the rolling axis. In (5), ms hs 𝜙
¨ represents the inertial force caused

y rolling motion. In (7), Ix is the rolling moment of inertia, while M𝜙

efers to the rolling resistance caused by the suspension system. Assum-

ng that the height of the C.G. and the roll centers of the suspension

ystem hf and hr rise and fall consistently, hs can be expressed as 

s =
(
ℎ0 + Δℎ 

)
−

(
ℎ𝑓0 + Δℎ 

)(
𝐿0 + Δ𝐿 − 𝑎0 − Δ𝑎 

)
𝐿0 + Δ𝐿 

−
(
ℎ𝑟 0 + Δℎ 

)(
𝑎0 + Δ𝑎 

)
𝐿0 + Δ𝐿 

. 

(8) 

The expression of M𝜙 is 

𝜙 = 𝜆𝑘 
(
𝑘𝑠, 0 + Δ𝑘𝑠 

)
𝜙 + 𝜆𝐶 

(
𝐶𝑠, 0 + Δ𝐶𝑠 

)
𝜙̇, (9) 

here 𝜆k and 𝜆C are the transfer factors from linear parameters to their

ngular counterparts. By analyzing the total torque of the vehicle body

round the rolling axis using the D’Alembert’s principle, we can obtain

 description of the critical state of rollover. Let 

≔ − 1 
𝐵 

(
𝑚𝑠 𝑔

(
𝐵 

2 
−
(
ℎ − ℎ𝑟 

)
sin 𝜙

)
− 𝑚𝑠 𝑎𝑦 

(
ℎ𝑟 +

(
ℎ − ℎ𝑟 

)
cos 𝜙

)
− 𝐼𝑥 𝜙̈

)
, 

(10) 

here 𝐼𝑥 refers to the roll moment of inertia about the rolling axis, and

an be approximated as 

̃
𝑥 ≈ 𝐼𝑥 − 𝑚𝑠 

(
ℎ − ℎ𝑟 

)2 + 𝑚𝑠 ( ℎ + 𝐵 ) 2 (11) 

or simplicity according to the parallel-axis theorem of the rigid body.

herefore, T is the normal force exerted on the inside wheel by the

round. Rollover accidents can occur if T ≤ 0. 

emark 1. It is assumed that the parameters of the front and rear sus-

ension systems, including ks , Cs , 𝜆k and 𝜆C are equal in the dynamic

odel to simplify the analysis. In practice, they can be adjusted syn-

hronously and simultaneously by the fully-active suspension system. 

emark 2. Because changing the wheelbase B alone has little effect on

x , it is assumed to be a constant in the model. 

Without loss of generality, the pure-lateral-slip magic formula tire

odel proposed by Pacejka [ 30 ] is employed to describe the lateral
1065
orce of each wheel, which is a function of the slide-slip angle 𝛼 and

he normal load force Fz on the tire in the absence of the camber angle,

.e., 

i = 𝐹𝑖 
(
𝐹𝑧𝑖 , 𝛼𝑖 

)
, 𝑖 = 𝑓𝑙 , 𝑟𝑙 , 𝑓𝑟, 𝑟𝑟. (12) 

hen we have 

𝑓 = 𝐹𝑓𝑙 + 𝐹𝑓𝑟 , 𝐹𝑟 = 𝐹𝑟𝑙 + 𝐹𝑟𝑟 . (13) 

f μ is the road adhesion coefficient, the expression of Fi is 

i = 𝜇𝐷 sin 
(
𝐶 arctan 

(
𝐺𝛼𝑖 − 𝐸

(
𝐺𝛼𝑖 − arctan 

(
𝐺𝛼𝑖 

))))
. (14) 

To determine the coefficients in (14), Pacejka introduced a series of

onstant scalars { 𝛾 i }, i = 0 , 1 , 2 , 3 , 4 , 5 , 6, and defined the coefficients

s 

 = γ0 , 𝐷 = 𝛾1 𝐹
2 
𝑧𝑖 
+ 𝛾2 𝐹𝑧𝑖 , 

 = γ5 𝐹𝑧𝑖 + 𝛾6 , 𝐺 =
𝛾3 sin 

(
2 arctan 𝐹𝑧𝑖 

𝛾4 

)
𝐶𝐷 

. (15) 

The value of { 𝛾i} was given in [ 31 ]. Considering the roll-interference

ffect, the front and rear side–slip angles can be expressed as 

𝑓𝑙 = 𝛼𝑓𝑟 = 𝛽 +
(
𝑎0 + Δ𝑎 

)
𝜔𝑟 

𝑣𝑥 
− δ + ξf 𝜙, 

𝑓𝑟 = 𝛼𝑟𝑟 = 𝛽 −
(
𝐿0 + Δ𝐿 − 𝑎0 − Δ𝑎 

)
𝜔𝑟 

𝑣𝑥 
+ 𝜉𝑟 𝜙, (16) 

ith simple geometrical analysis, where 𝜉𝑓,𝑟 =
𝜕𝛼𝑓,𝑟 

𝜕𝜙
is the rolling-

nterference coefficient of steering. It is assumed that the longitudinal

peed is constant and the normal load forces on each axle are only in-

uenced by the position of the C.G. According to the moment equation

n the non-inertial frame, the normal forces can be expressed as 

𝑧𝑓 𝑙,𝑓 𝑟 
=

𝐿0 + Δ𝐿 − 𝑎0 − Δ𝑎 
𝐿0 + Δ𝐿 

( 

𝑚𝑔 

2 
±

ℎ0 + Δℎ 
𝐵 

𝐹𝑛 

) 

, 

𝑧𝑟𝑙,𝑟𝑟 
=

𝑎0 + Δ𝑎 
𝐿0 + Δ𝐿 

( 

𝑚𝑔 

2 
±

ℎ0 + Δℎ 
𝐵 

𝐹𝑛 

) 

, (17) 

here 

n = 𝑚𝑠 

( 

𝛽̇ + 𝜔𝑟 −
𝜙̈

𝑢 
ℎ𝑠 

) 

+ m𝑠̄ 

(
𝛽̇ + 𝜔𝑟 

)
, (18) 

ith ms as the unsprung mass. Adopting numerical methods, we can

olve the differential equation set that describes the rolling–steering cou-

led transient response of a vehicle, given the steer angle input. 

.2. Motion model for ride comfort assessment 

A half-vehicle vertical motion model with a pair of road excitation

nputs and its corresponding single-wheel-input model are established

o analyze the vertical vibration for ride comfort assessment. The single-

heel-input equivalent method loosens the coupling of the vibration of

he front and rear axles, thus simplifying the analysis without losing

uch precision. 

The sprung mass of a half-vehicle model can be decomposed into

hree parts: the massy above the front axle ( msf ), above the rear axle

 msr ) and on the C.G. ( msc ). If msc = 0, then the vertical vibrations of msf 

nd msr are independent. With 𝜌y as the pitch radius, we obtain 

s 𝜌
2 
𝑦 
= 𝑚𝑠𝑓 

(
𝑎0 + Δ𝑎 

)2 + 𝑚𝑠𝑟 

(
𝐿0 + Δ𝐿 − 𝑎0 − Δ𝑎 

)2 
, (19) 

sc = 𝑚𝑠 

( 

1 −
𝜌2 
𝑦 (

𝑎0 + Δ𝑎 
)(
𝐿0 + Δ𝐿 − 𝑎0 − Δ𝑎 

)) 

. (20) 

et ψ ≔ 𝜌2 𝑦 
𝑎𝑏 

denote the sprung mass distribution coefficient. Assuming

hat 𝜓 = 1, the vertical motion of an arbitrary point P on the vehicle

ody can be expressed as 

sP ( 𝑡) = 𝑧𝑠𝑓 ( 𝑡) +
𝑙 

𝐿 + Δ𝐿 

(
𝑧𝑠𝑓 ( 𝑡) − 𝑧𝑠𝑟 ( 𝑡) 

)
, (21) 
0 
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here l is the perpendicular distance between P and the front axle, and

sf ( t ) and zsr ( t ) are the vertical displacement of msf and msr , respectively,

hich satisfy 

sr ( 𝑡) = 𝑧𝑠𝑓 

( 

𝑡 −
𝐿0 + Δ𝐿 

𝑣𝑥 

) 

, (22) 

nd zsf can be calculated by solving 

sf ̈𝑧𝑠𝑓 ( 𝑡) + 
(
𝐶𝑠 0 + Δ𝐶𝑠 

)(
𝑧̇ 𝑠𝑓 ( 𝑡) − 𝑧̇ 𝑠̄ 𝑓 ( 𝑡) 

)
+
(
𝑘𝑠 0 + Δ𝑘𝑠 

)(
𝑧𝑠𝑓 ( 𝑡) − 𝑧𝑠̄ 𝑓 ( 𝑡) 

)
=0 , 

𝑠̄ f ̈𝑧𝑠̄ 𝑓 ( 𝑡) +
(
𝐶𝑠 0 + Δ𝐶𝑠 

)(
ż 𝑠̄ 𝑓 ( 𝑡) − 𝑧̇ 𝑠𝑓 ( 𝑡) 

)
(
𝑘𝑠 0 + Δ𝑘𝑠 

)(
𝑧𝑠̄ 𝑓 ( 𝑡) − 𝑧𝑠𝑓 ( 𝑡) 

)
+ 𝑘𝑡 

(
𝑧𝑠𝑓 ( 𝑡) − 𝑞( 𝑡) 

)
= 0 , (23) 

here zs ̄f is the vertical displacement of the front unsprung mass and

t is the linear stiffness of the tires. 

The above model describes the vertical motion of the body of the

ctive structural transformable vehicle under road excitation in the time

omain. 

. Optimization problem formulation 

.1. Problem statement 

With the aforementioned motion model, the dynamic performance

nhancement can be converted to an MOO problem aided by the active

tructural transformation technology. A scenario in which the vehicle

akes a sudden J-turn on the rough road was considered, as illustrated

n Fig. 3 . This type of driving behavior often occurs during emergencies,

nd has rather high requirements for vehicle handling stability and ride

omfort. 

Based on the motion model, the following optimization objectives

ere selected to assess the dynamic performance under the driving sce-

ario: 

• 𝜅 is the overshoot of the yaw rate 𝜔 r given a step input of the steering

angle. It reflects the precision of the yaw rate reaction. 
• 𝜙m is the maximal roll angle of the vehicle body given a step input

of the steering angle. It reflects the stability of the vehicle body. 
• aw is the average acceleration level of vertical vibration of the

sprung mass in the entire driving stage (tested on a fixed point on

the vehicle body). It reflects the ride experience of the passengers. 

The design parameter ∆𝜽 refers to the change in the adjustable pa-

ameters relative to a predefined base 𝜽0 . The MOO problem for the

ynamic performance enhancement of an active transformable vehicle

an now be pro- posed as follows: 

Problem 1. (Dynamic Performance Optimization): 

in 
Δ𝜽

{
𝜅( Δ𝜽) , 𝜙𝑚 ( Δ𝜽) , 𝑎𝑤 ( Δ𝜽) 

}
, 
Fig. 3. Driving scenario of dynamic performance evaluation . 
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ubject to 

𝜽 ∈ ℂ1 ∩ ℂ2 
here 

1 = 
[
Δ𝑎 ,Δa 

]
×
[
Δ𝐿 ,Δ𝐿 

]
×
[
Δ𝑘𝑠 ,Δ𝑘𝑠 

]
×
[
Δ𝐶𝑠 ,Δ𝐶𝑠 

]
×
[
Δℎ ,Δℎ 

]
×
[
Δ𝐵 ,Δ𝐵 

]
, 

2 = { Δ𝜽|1 − 𝜖 < 𝜓( Δ𝜽) < 1 + 𝜖} , 

ith 𝜖 as a small constant. 

emark 3. The constraints of the design parameters are specified with

wo sets: C1 and C2 . C1 refers to the lower and upper boundary of the

hange amount of each adjustable parameter. Various factors, includ-

ng the mechanical limitation and user requirements, can restrict the

𝜽 range. This study neglects the boundary design. C2 refers to the as-

umption in the modeling of vertical vibration. When 𝜀 is small, 𝜓( ∆𝜽)

1. Then (21) and (22) hold. 

.2. Evaluation metrics analysis 

With the motion model of an active transformable vehicle estab-

ished, we can derive the numerical or analytical expression of the eval-

ation metrics, i.e., the optimization objectives of the MOO problem. 

By solving (5)-(7), we can obtain the rolling–steering coupled tran-

ient response of an active transformable vehicle. When 𝜔r = 𝜔r ( ∆𝜽, t )

nd 𝜙 = 𝜙( ∆𝜽, t ) are the solutions of the yaw rate and roll angle, respec-

ively, and 𝜔r ∞ ( ∆𝜽) = lim 𝜔r ( ∆𝜽, t ) is the steady value of the yaw rate,

he overshoot 𝜅( ∆𝜽) can be represented as 

( Δ𝜽) =
max 

(
𝜔𝑟 ( 𝑡, Δ𝜽

)
) − 𝜔𝑟∞

𝜔𝑟∞

, (24) 

nd the maximum of the roll angle as 

m ( Δ𝜽, 𝑡 ) = max 𝜙( Δ𝜽, 𝑡 ) . (25) 

By transferring (23) into the frequency domain and conducting math-

matical processing, the transfer function | 𝑧̃2 𝑓 ( 𝑓 ) 
𝑞( 𝑓 ) | can be derived as 

𝑧̃2 𝑓 ( 𝑓 ) 
𝑞( 𝑓 ) 

||||| = 1 
Y 

( 

𝑘𝑡 

𝑘𝑠 0 + Δ𝑘𝑠 

) 2 
( 

1 +
4𝜋2 𝑓 2 

(
𝐶𝑠 0 + Δ𝐶𝑠 

)2 (
𝑘𝑠 0 + Δ𝑘𝑠 

)2 𝑚𝑠̄ 𝑓 𝑚𝑠𝑓 

𝜇𝑚 

) 

, (26) 

 =

[ ( 

1 −
4𝜋2 𝑓 2 𝑚𝑠𝑓 

𝑘𝑠 0 + Δ𝑘𝑠 

) ( 

1 +
𝑘𝑡 − 4𝜋2 𝑓 2 𝑚𝑠̄ 𝑓 

𝑘𝑠 0 + Δ𝑘𝑠 

) 

− 1 

] 2 

+
𝑚2 
𝑠̄ 𝑓 

(
𝐶𝑠 0 + Δ𝐶𝑠 

)2 
𝑚𝑠𝑓 

(
𝑘𝑠 0 + Δ𝑘𝑠 

) [ 

𝑘𝑡 

𝑘𝑠 
−
4𝜋2 𝑓 2 𝑚𝑠𝑓 

𝑘𝑠 0 + Δ𝑘𝑠 

( 

𝑚𝑠̄ 𝑓 

𝑚𝑠𝑓 

+ 1 
) 2 

] 

. (27) 

hen the weighted level of vertical acceleration aw can be calculated by

w =

[ 

∫
𝑓 

𝑓 

𝑤2 ( 𝑓 ) 𝐺𝑎 ( 𝑓 ) 𝑑𝑓 

] 

1 
2 

, (28) 

here w ( f ) is the weight function of the frequency, and 𝑓 and 𝑓 is the

ower and upper bound of f, as reported in [ 32 ]. From Eqs. 24 , 25 and

28) we can find that, in addition to ∆𝜽, the three evaluation metrics

re influenced by external factors, including the longitudinal velocity

x , steering angle given by the driver 𝛿, and power spectrum of road

xcitation Gq ( n0 ), which are considered as “environmental conditions ”.

In this section, the relationship between the evaluation metrics of

he dynamic performance and the adjustable structural parameters is

stablished utilizing the corresponding vehicle models. The map 

𝜽 →
[
𝜅( Δ𝜽) , 𝜙( Δ𝜽) , 𝑎𝑤 ( Δ𝜽) 

]𝑇 
(29) 

s formed and the image serves as the objectives of the MOO prob-

em. Consequently, part of the mathematical model of the active trans-

ormable SDV is proposed from the perspective of vehicle dynamics. 
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Table 1 

Adjustable and main fixed parameters of the active transformable 

vehicle . 

(a) 

Parameters (·)0 ∆(·) ∆(·) 

a /m 1.4 − 0.2 0.2 

L /m 2.7 − 0.3 0.1 

ks /N ·m− 1 22,500 − 2500 2500 

Cs /N ·(m ·s− 1 )− 1 1300 − 100 500 

h /m 0.8 − 0.15 0.25 

B /m 1.6 − 0.1 0.2 

(b) 

Parameters Symbol Value 

Total mass/kg m 1420 

Initial yaw moment inertia/(kg ·m2 ) I z 0 1311 

Initial roll moment inertia/(kg ·m2 ) Ix 582 

Linear stiffness of tires/(N ·m− 1 ) kt 225,000 

Initial height of front roll center/m 

h f 0 0.3 

Initial height of rear roll center/m 

h r 0 0.5 

Position of vertical vibration test point/m l 0.75 

Ratio between sprung and unsprung mass μss 0.9 
. Dynamic performance enhancement via multi-objective 

ptimization 

Although conflicts exist between handling and ride comfort, the ob-

ective of MOO is to seek the optima of all the evaluation metrics simul-

aneously with the help of the active transformation technology. From

he game theory perspective, the MOO problem defined in Section 3 at-

empts to determine a decision tuple (i.e., the optimal parameters) to

inimize each player’s cost (i.e., the evaluation metrics). According to

conomist Pareto, a decision N-tuple is considered optimal if and only

f one of two situations occurs: adopting another joint decision either 1)

esults in no change in any of the costs or 2) results in a cost increase

o at least one player. Such Pareto optimal decisions are considered so-

utions to the MOO problem. 

Many strategies have been recently explored to determine the Pareto

ptima for MOO problems. One strategy involves utilizing the analytical

ethod based on the definition and corresponding lemma [ 33 , 34 ]. Ana-

ytical methods can obtain the exact Pareto optima in theory, however,

hey require and explicit relationship between the decision tuple and

osts Ji = Ji ( d ), which is difficult to derive in most cases, including this

tudy. Another strategy involves the utilization of numerical or soft com-

uting methods, among which the family of genetic algorithms (GAs)

 35 , 36 ] has gained popularity owing to its effectiveness in addressing

onlinear problems and reducing the possibility of converging to a lo-

al minimum. NSGA-II [ 37 ], a widely-used meta-heuristic optimization

ethod, is adopted herein to optimize the adjustable structural param-

ters of the vehicle. The NSGA-II procedure begins with a randomly

elected population sorted according to the non-domination principle.

he first generation is created using binary selection, crossover, and

utation, as in the usual GA methods. After the first generation, the

opulation is compared with the previously obtained non-dominated so-

utions to select elites. To develop a novel population, binary selection

ased on non-domination and crowding distance is utilized, followed

y crossover and mutation. This type of crowded distance sorting is ap-

lied using crowding distance values. These values measure the objec-

ive space around the solution that is not occupied by any other solution

n that population. 

The decision tuples on the Pareto fronts are all optimal according to

he cooperative game theory because none of those tuples can dominate

he others in terms of the optimization objects. However, with differ-

nt optimal structural parameters, active transformable vehicles exhibit

ifferent dynamic characteristics. Meanwhile, the requirements for dy-

amic performance often vary with environmental conditions. Conse-

uently, for a certain scenario, decision tuples on the Pareto fronts are

ll optimal , but not all are suitable . Selecting a trade-off optimal point

n the Pareto fronts for a proper compromise among all objectives is

ecessary. A Pareto rank method is designed and applied to determine

he trade-off point. The procedure is as follows: 

1) The optimization objectives are normalized utilizing the min-max

normalization method. The the symbol (⋅̃) is defined as the min-

max normalization operator. Then we have 

𝑝̃ = 𝑝 − min 𝑝 
max 𝑝 − min 𝑝 

, 𝑝 = 𝜅, 𝜙, 𝑎𝑤 . (30) 

2) The weights of summation [𝛼( ) 𝛽( ) 𝛾( ) ] 𝑇 are determined ac-

cording to the environmental factors  = [𝑣𝑥 𝛿 𝐺𝑞 (𝑛0 ) ] 𝑇 and

the weights are normalized. In the dynamic model established,

all the optimization objectives increase with the increase in vx ,

and with increasing 𝛿, 𝜙m 

increases while 𝜅 remains nearly un-

changed. The vertical acceleration level aw increases with in-

creasing Gq ( n0 ), whereas 𝜅 and 𝜙m 

are nearly unaffected by

Gq ( n0 ). The following rules are proposed to determine the sum-

mation weights: 

α( ) = C + 𝑣̃
𝜎𝛼( 𝑣𝑥 ) , 
0 𝑥 
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β( ) = 𝐶0 + 𝑣̃
𝜎𝛽 ( 𝑣𝑥 ) 
𝑥 𝛿𝜎𝛽 ( 𝛿) , 

γ( ) = 𝐶0 + 𝑣̃
𝜎𝛾 ( 𝑣𝑥 ) 
𝑥 𝐺̃𝑞 

(
𝑛0 
)𝜎𝛾 (𝐺𝑞 ( 𝑛0 ) 

)
, 

⎡ ⎢ ⎢ ⎣ 
𝛼̂( ) 
𝛽( ) 
𝛾̂( ) 

⎤ ⎥ ⎥ ⎦ = 1 √
α2 ( ) + β2 ( ) + γ2 ( ) 

⎡ ⎢ ⎢ ⎣ 
α( ) 
β( ) 
γ( ) 

⎤ ⎥ ⎥ ⎦ , (31) 

where C0 = 1 is a constant that balances the x weights. The min-

imum and maximum of vx , 𝛿, and Gq ( n0 ) can be determined ac-

cording to the environmental conditions. The exponent 𝜎 is se-

lected to balance the weight of the three metrics. The weights can

penalize the metrics in the final cost function with the adjustment

of 𝜎. For instance, to achieve this goal, the change trend of α( )
w.r.t. ṽ𝜎𝛼 (𝑣𝑥 ) 𝑥 similar to that of 𝜎𝛼( vx ) w.r.t. vx . Other exponents

have the same feature. 

3) The weighted summation of the evaluation metrics is calculated

by 

(  , Δ𝜽) = 𝛼̂( ) 𝜅( Δ𝜽) + 𝛽( ) 𝜙𝑚 ( Δ𝜽) + 𝛾̂( ) 𝑎𝑤 ( Δ𝜽) , (32) 

which is the final cost function. Then on each Pareto front, select

the decision tuple with the minimal cost function value (  , Δ𝜽)

as the optimal structural parameters under the corresponding en-

vironmental condition, i.e., the “trade-off point ”. 

Seeking the trade-off point differs from the conventional weighted-

um optimization method, which converts an MOO problem into a

ingle-objective optimization problem [ 38 ]. The summation process

ere is performed on the Pareto fronts. Hence, the optimality of the

olution can be guaranteed. After performing the trade-off point seek-

ng procedure, the optimal change amounts of the adjustable parameters

an be determined. The pipeline procedure of the proposed method is

llustrated in Fig. 4 . 

. Simulation results 

.1. Selection of parameters 

Numerical experiments were performed under the driving scenarios

e- scribed in Section 3 to demonstrate the effectiveness of the pro-

osed method. The predetermined base 𝜽0 and the bounds of ∆𝜽 are

resented in Table 1 (a), according to the common structure of sedan

ars. The other parameters adopted in the modeling process are shown

n Table 1 b. In Table 1 a, (.) denotes the basic value of the parameter
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Fig. 4. Schematic of multi-objective optimization pipeline aided by active 

structural transformation . 
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nd ∆(), ∆() denote the lower and upper bounds of the change amount,

espectively. 

.2. Examples of Pareto fronts 

By optimizing the evaluation metrics with NSGA-II, a series of

areto fronts can be generated. Fig. 5 illustrates examples of Pareto
Fig. 5. Pareto fronts in different environmental 

1068
ronts under different environmental conditions, which are set to (a)

x = 18 km/h, Gq ( n0 ) = 210 × 0.6 × 10− 6 m3 , 𝛿= 0.1 rad in Fig. 5 a, (b)

x = 36 km/h, Gq ( n0 ) = 210 × 0.8 × 10− 6 m3 , 𝛿= 0.15 rad in Fig. 5 b and

c) vx = 54 km/h, Gq ( n0 ) = 210 × 1.0 × 10− 6 m3 , 𝛿= 0.2 rad in Fig. 5 c.

he adjustable and fixed parameters of the test car are presented in

able 1 (a) and (b), respectively. The population size and maximum gen-

ration of NSGA-II were both set to 100. The results reveal a trade-off

etween different optimization objectives when the environmental con-

itions are fixed. For instance, by adopting the structural parameters

n Zone 1 of the optimization objective space, the car might have less

and 𝜙m 

but a greater aw , leading to better handling stability but in-

erior ride comfort. When adopting the structural parameters in Zone

, the car might have less 𝜙m 

and aw but a greater 𝜅. The ride expe-

ience might be improved, but the precision of the transient response

s sacrificed. Moreover, when the environmental condition changes,

he Pareto front moves in the space generated by the optimization ob-

ectives. In such cases, the method of making the “final decision ” or

 “trade-off point ” according to the customized user requirements is

ssential. 

After conducting the trade-off point seeking procedure, the set of

ptimal change amount of adjustable parameters ∆𝜽m 

( E ) can be de-

ermined. Specifically, we chose 𝜎𝛽( 𝛿) = 𝜎𝛾 ( vx ) = 𝜎𝛾 ( Gq ( n0 )) = 1 and

𝛼( vx ) = 𝜎𝛽( vx ) = 2 as the exponents in (31) according to the sensitive

nalysis of the evaluation metrics w.r.t. the environmental parameters

. Fig. 6 illustrates the decreasing amount of the three evaluation met-

ics of the car applying the proposed optimization scheme compared

o a fixed-structure vehicle, with the environment parameters vx , 𝛿 and

q ( n0 ) varying in a wide but feasible range for the J-turn. All evaluation

etrics decrease to different degrees under different values of vx , 𝛿 and

q ( n0 ). The reduction in 𝜅 and 𝜙m 

can reach up to 50–60 % in some

cenarios, significantly improving the vehicle safety. The decrease in 𝜅

mplies the reduction of the side-slip possibility at sharp corners. Lim-

ting 𝜙m 

can reduce the risk of rollover and even approach the goal of

no rollover ” if other structural parameters are well designed. This may

elp avoid more than half the traffic accidents involving vehicle han-

ling [ 39 ]. Meanwhile, a decrease in aw can provide passengers with a

ore comfortable ride experience. Furthermore, because of the trade-

ff point seeking method, the effectiveness of optimization can also be

uaranteed in a scenario with high longitudinal speed and high road

oughness. This helps improve safety and ride comfort under extreme

onditions. Notably, the decreasing amount of the evaluation metrics

ompared with the conventional car varies in different scenarios. This

lso relates to the trade-off point seeking method, which dynamically ad-

usts the weight of different metrics according to the variation of driving

onditions. From the simulation results it can be concluded that the pro-

osed dynamic performance optimization method aligns with the goal

f SDV technologies: achieving higher flexibility and freedom to offer a

etter user experience. 
conditions derived by the NSGA-II method . 
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Fig. 6. Decreasing amounts of the evaluation metrics in different environmental conditions (comparing active transformable vehicles with conventional 

vehicles) . 

Fig. 7. Driving scenarios for validation . 
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Table 2 

Environmental conditions of Scenarios A, B and C . 

Test scenarios Scenario A Scenario B-I Scenario B-II Scenario C 

vx /(km/h) 18 36 36 54 

𝛿/rad 0.1 0.15 0.15 0.2 

3 210 × 0.81 210 × 0.62 210 × 0.81 210 × 0.62 

Gq ( n0 )/m ×10− 6 × 10− 6 ×10− 6 × 10− 6 
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.3. Simulations in certain driving scenarios 

To prove the effectiveness of the proposed method more intuitively,

hree real test scenarios are selected for experimental validation. They

re the square in front of the Main Building at Tsinghua University, the

arking lot in front of the Art Museum at Tsinghua University when

mpty, and the open space at the northwest gate of Shougang Park in

hijingshan District, Beijing, China, designated as scenarios A, B and

, respectively ( Fig. 7 ). By applying their environmental parameters,

imulation-based verification is performed. The test sections are of the

ype demonstrated in Fig. 1 . Scenario B comprises two road segments

ith different roughness levels. The environmental conditions are pre-

ented in Table 2 , among which the power spectral density of the road

oughness is estimated from the type of road surface. It is assumed that

he driver drives a conventional car and then an active structural trans-

ormable car on the test road. The test car is first on the straight road

ith constant longitudinal speed vx . After entering the curved road, the

river gives a certain steering angle and keeps it constant until the end
1069
f the test. The road excitation is assumed to be ideal white noise with

nite bandwidth. To provide sufficient data support for the ride comfort

valuation, the test in each scenario is repeated several times to accu-

ulate 1000s of simulation results. When the environmental conditions

hange, the structural parameters of the active transformable vehicle

re assumed to change linearly over time. 

The performances of the conventional and active transformable vehi-

le are compared, as shown in Fig. 8 . The symbol “CV-A/SDV-A ” implies

he results of the conventional / active transformable vehicle in Scenario

. The ordinate in (c) measures the ratio of the current vertical vibration

mplitude to the maximum amplitude of the conventional vehicle. Sta-

istical evaluation metrics of the ratio, including the average energy on

he time domain E and the standard deviation STD, are given in Table 3 .

he value before “/ ” is obtained from the conventional car, while that

fter “/ ” is obtained from the active transformable SDV. The total nor-

al force T on the inside wheels is also compared according to Eq. 10 ,

n order to assess the possibility of rollover. The assessment begins at

.5 s after the step input of the steering angle to avoid the influence of
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Fig. 8. Comparison of handling stability and riding performances of con- 

ventional and active transformable vehicles . 

Table 3 

Statistical metrics of amplitude ratio in vertical vibration evaluation . 

Metrics Scenario A Scenario B Scenario C 

E 0.0699/0.0645 0.0606/0.0646 0.0612/0.0680 

STD 0.2644/0.2539 0.2541/0.2462 0.2608/0.2474 

Fig. 9. Total normal forces on inside wheels for rollover possibility assess- 

ment . 
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1070
 sudden change of 𝜙¨ in the simulations. The results are illustrated in

ig. 9 . 

The simulation results revealed that the test active transformable

ehicle had a considerable advantage over the conventional vehicle in

ynamic performance in all test scenarios. When the step input of the

teering angle was given at a certain longitudinal speed, the overshoot

f the yaw rate 𝜔r , the peak of the roll angle 𝜙 and the fluctuation am-

litudes of the vertical displacement zsf ( t ) and zsr ( t ) were effectively

imited by adjusting the structural parameters online. The effect of the

ptimization was pronounced at high longitudinal speeds. The evalua-

ion metrics 𝜅 and 𝜙m 

were quite high in high-speed cornering. If the

ormer was too high, the accuracy of the transient response was reduced.

f the latter was too high, rollover accidents were more likely to occur.

he comparison in Fig. 9 illustrates that through online adjustment of

tructural parameters, the probability of rollover accidents was reduced

specially in the high-speed cornering scenario, because the value of T

f the active transformable vehicle was generally greater than that of the

onventional vehicle and remained positive in all test cases. Regarding

ide comfort, the vertical vibration acceleration level aw decreased by

ver 15 % in all test scenarios. This indicates that the proposed method

vercame the contradiction between handling and ride comfort in the

sual sense, and realizes the simultaneous optimization of multiple dy-

amic performances. 

For a vehicle with fully-functional software-defined technology, the

election of structural parameters is not only influenced by the dynamic

erformance requirements. User needs also play an important role. The

oundaries of the adjustable parameters were set to simulate the influ-

nce of user needs. In fact, the selected metrics varied monotonically

ith respect to some structural parameters, such as h and B . Lower h

nd higher B always lead to better dynamic performance. The changes

f these two parameters in the simulation also verify this statement.

owever, in practice, these parameters are bounded by other factors,

uch as user preferences. In the context of the “software-defined ” con-

ept, users are provided with more freedom to customize their vehicles.

he flexible physical structure provides various choices, which is nearly

mpossible for conventional vehicles. 

. Conclusion 

The trend toward SDVs will be irreversible. In this context, it is con-

iderably important to investigate the potential advantages of SDV tech-

ologies further and present concretely and mathematically the con-

epts derived from them. Similar to the changes in the EE, software
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rchitecture, and vehicular networks, the innovation in physical struc-

ure and hardware configuration is also an essential characteristic of

he concept of SDVs. In contrast to conventional vehicles, active struc-

ural transformation technology makes the hardware configuration of

he vehicle more extensible to support rich customized services better

nd improve the user experience. 

Considering the ongoing research on the physical transformation of

ehicles, this study explored the optimization of vehicle dynamic per-

ormance for a safer and more comfort driving experience in different

riving scenarios utilizing active structural transformation technology.

 mathematical model of the active transformable vehicle regarding

otion dynamics was constructed. To achieve real-time performance

nhancement, an MOO problem was proposed, considering key struc-

ural parameters as design variables and evaluation metrics of dynamic

erformance as optimization objectives. The simulation results revealed

hat, compared with a conventional fixed-structure vehicle, the active

ransformable vehicle applying the proposed method can adaptively ob-

ain a better dynamic performance under different environmental con-

itions. The possibility of serious accidents, such as rollover, can be re-

uced under extreme conditions. Consequently, driving safety and ride

omfort can be improved. Taking the enhancement of dynamic perfor-

ance as an example, the study demonstrates the impact of the inno-

ation in hardware architecture on future vehicles. This can provide

nsight for further research of future SDV. 
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