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MULTIDISCIPLINARY

Paradigm shift in science with tackling global challenges
Jinghai Li∗ and Wenlai Huang

In recent years, the paradigm shift in
science has become a hot topic in the
global scientific community. Scientific
problems unsolved with existing knowl-
edge or through traditional approaches
can be found in all disciplines. On the
other hand, more effective ways to meet
global challenges, such as climate change,
major diseases, natural disasters and gov-
ernance of social and economic systems,
are still to be explored. Unfortunately it
remains paralleled discussion on these
two aspects, with the former involving
a more generic view of the science de-
velopment trend—the paradigm shift—
while the latter concerns specific real-
world problems to be solved.

What could be the bridge that con-
nects these two aspects? We believe
the following changes are highly impor-
tant: First, research contents are being
extended from equilibrium static states
to dynamic structures and from local
phenomena to system behavior; Second,
research methods have gradually shifted
from qualitative analysis to quantitative
prediction, from single discipline-based
to transdisciplinarity-oriented and from
data processing to artificial intelligence;
Third, research domains are moving from
fragmented knowledge to integrated
knowledge systems, from traditional
theories to complexity sciences, from
detail-focused to multi-scale-associated,
and from multilevel discipline-based
study to the pursuit of universal princi-
ples. Additionally, it is very important for
scientists to deduce common knowledge,
even common principle, from disci-
plinary case studies in application-driven
research. This propels the combination

of the paradigm shift with transdisci-
plinarity and the specific solutions toma-
jor challenges. For example, traditional
approaches based on coarse-graining and
reductionism have to change to struc-
tural and systematic consideration, as dis-
cussed under the concept ofmesoscience
[1,2]. This new research strategy might
be summarized as follows.

Both natural and artificial worlds are
likely to be multilevel and each level is
multi-scale, containing the element scale,
the system scale and the in-between
mesoscale [2]. For adjacent levels, the
system scale at the lower level corre-
sponds to the element scale at the upper
level. Complexity usually emerges at
the mesoscale when the system is oper-
ated in the mesoregime where at least
two dominant mechanisms exist and
they compromise with each other in the
competition to realize their respective ex-
tremal tendencies. Therefore, in tackling
complex issues, it is desirable to identify
the involved levels first. At each level, it
is necessary then to identify its element
scale, system scale and the mesoscale.
Subsequently, the mesoregime should
be determined, where complex struc-
tures prevail (featuring spatiotemporal
heterogeneity). Next comes the key
step: the resolution of the multiple
dominant mechanisms co-existing in the
mesoregime under the specified internal
and external conditions. Meanwhile,
regime transitions can be defined by
analysing the specified conditions and
their influence on the system. The final
step is to solve the multi-objective
(variational or optimization) problem.
Additionally, when multiple levels are

involved, it is necessary to realize their
correlations (see [2] for details).

Such a methodology, if adopted in
research activities, could enhance the
paradigm shift in science and lead to ma-
jor breakthroughs. To be more specific,
we would like to propose the following
categories of issues in a variety of fields for
further discussion.

COLLECTIVE EFFECTS OF
CHARGE CARRIERS
Room-temperature superconductivity,
high-density energy storage, artificial
photosynthesis, photovoltaics, thermo-
electricity and semi-conductivity are
the frontier issues that deserve intensive
research in physics, chemistry, biology
and materials science. The common
difficulty in this category is to understand
relevant mechanisms governing carrier
motion or transfer and to reveal the
common scientific principles underlying
these phenomena. These issues, prob-
ably engaged in the collective effects
of charge carriers in different systems
under different conditions, would vary
with specific modes of carrier motion in
specific systems and conditions, and the
perspective of complex systems should
be adopted in research, as discussed
in [1].

MULTILEVEL MATERIAL
STRUCTURES
An object, man-made or natural at dif-
ferent levels, is composed of hierarchical
elements (also systems at the adjacent
levels) under certain circumstances.
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Therefore, the study in materials science
needs to be hierarchical and to focus
on the collective effects and system
attributes of the elements at each level.
In other words, it needs to clarify the
changes in the environmental conditions
of elements and systems during the
formation of materials and to reveal the
laws governing the collective behaviors
of various elements at relevant levels.
In particular, the changes in material
structures triggered by system variations
and the interdependence between levels
are important.

MULTILEVEL DYNAMIC
CHANGES AND REGULATION IN
MATERIALS PROCESSING AND
SERVICE
As the core of all industrial processes,
materials processing and service provide
energy, devices, tools and other neces-
sities for human beings. It is also com-
mon in the natural environments where
human beings live, and the key to the
utilization of natural resources and pre-
vention of disasters. How to perceive the
dynamic structural changes in the pro-
cessing and service of materials at all lev-
els in order to optimize the performance
of the products or enhance understand-
ing of nature is always the core scientific
issue underlying various types of manu-
facturing and relevant disciplines of nat-
ural sciences. Unlike the material struc-
tures elaborated in the above category,
the external effects introduced by differ-
ent modes of actions, such as mechan-
ics, electricity, physics and chemistry, of-
ten become the dominant factors. From
laboratory processing to mass produc-
tion, the complexity of the interaction be-
tween materials in different ways is al-
ways a big challenge. The evolutionary
laws of various types of dynamic struc-
tures and their effects on product per-
formance should also be studied along
with the interaction between elements,
system behavior, environmental condi-
tions, dominant mechanisms and other
aspects of various levels of systems and
elements.

DYNAMIC EVOLUTION,
INTERDEPENDENCE AND
REGULATION OF SUBSYSTEMS
AT DIFFERENT LEVELS OF THE
LIFE SYSTEM
Apart from the genetic information, the
life system shares the same multilevel
characteristics and similar laws of dy-
namic evolution with material systems.
The dynamic changes of small molecules,
biomacromolecules, cells, organs and or-
ganisms at other levels in specific in vivo
environments are of great significance to
life and health. In particular, the struc-
tural and functional changes caused by
the interaction of different levels and
in vivo environmental changes should be
the core of the life system. Issues to be ad-
dressed include: how to correctly identify
different levels, whether immune mech-
anisms and metabolic processes can be
explained fromthismesoscienceperspec-
tive, whether a spatiotemporal alterna-
tion between normality and lesions dur-
ing the transition from normal cells to
cancerous cells does exist and how to reg-
ulate the in vivo environment tomake the
alternating pattern return to the normal
state. The principles of the first three cat-
egories of issuesmay apply equally to this
category.

NERVOUS SYSTEM AND BRAIN
SCIENCE
The crosscutting interaction of the neu-
rology, brain science and information sci-
ence will contribute to the advent of the
age of intelligence. The peripheral ner-
vous system acts as a perceptual system
and the brain acts as the primary central
system for analysing perceptual informa-
tion. The relationship between the two
parts is similar to that of the input, cal-
culation and output functions of a com-
puting system. Therefore, revealing the
multilevel features, especially the mech-
anisms at each level in processing sig-
nals and how different levels relate to
each other and transmit information, is
the key to cognitive science (that is re-
lated to life science but focuses on infor-
mation). How to make a ‘Yes’ or ‘No’

decision based on countless perceptual
information after processing at multi-
ple levels is the core issue. The impact
of external conditions on this process
and the consequent changes of modes
are certainly factors that must be con-
sidered from the perspective of a com-
plex system, as mesoscales are the paths
to breakthroughs. The process might
also show three-regime features, namely
‘Yes’, ‘No’ and the in-between ‘Yes-No-
Alternation’.

COMMON SCIENTIFIC
PRINCIPLES OF COMPLEXITY
SCIENCE, ENGINEERING
SCIENCE, BIG DATA, AND
ARTIFICIAL INTELLIGENCE
All of the above five categories of issues
belong to the domain of complex sys-
tems. When these problems are solved,
empirical evidence will be generated for
the common principles of complex sys-
tems. In the meantime, the implicit law
of big data in engineering is also derived
from the complex systems involved and
the revelation of this law will provide
physical logic for the development of ar-
tificial intelligence.The crosscutting con-
vergence of these aspects will greatly ex-
pand the human knowledge systems. In
other words, the development of artificial
intelligence should focus on the mech-
anisms of human intelligent activities
and the logics underlying complex sys-
tems (data) with emphasis on the possi-
ble commonalities between these two as-
pects. Breakthroughs in these fields may
not only lay the scientific foundation for
a new generation of artificial intelligence
[3], but also play an important role in ex-
ploring future information technologies
such as network, computation, and infor-
mation security of the next generation.

HIGH-PERFORMANCE
COMPUTING PARADIGM BASED
ON THE PHYSICAL LOGIC OF
NATURAL AND ENGINEERING
ISSUES
The breakthrough of the above six
categories of issues will help to clarify the
common physical logic that the complex

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/6/6/1091/5602540 by guest on 09 April 2024



PERSPECTIVES Li and Huang 3

world should follow and will also
provide a scientific basis for the estab-
lishment of a computing paradigm that
conforms to the physical logic of the
computed object, thus boosting the
development of computational science.
In return, the logic of computational
science should comply with the laws
of cognitive science. The key is that a
common logic—the logic of complex
systems—should be adopted. The estab-
lishment of a computing system based
on the common logic of the computed
objects should be an important direction
for future development and the high
efficiency of computing systems should
be pursued throughmultilevel andmulti-
scale physical logic and human cognitive
laws.

LAWS OF THE EVOLUTION AND
REGULATION OF THE CLIMATE
SYSTEM
Handling global climate change needs
to understand and regulate the mate-
rial world on a mega scale. The prin-
ciples and methods involved in solving
the above seven categories of issues are
equally helpful to the study of the cli-
mate system. In order to achieve ma-
jor breakthroughs, the concepts of hierar-
chy, system, environment and dominant
mechanism should be defined and paid
attention to, and the structural dynamic
changes should be taken into account.
For example, the model of climate pre-
diction should be transformed from the
average grid into a structured grid, thus
leading to desirable forecasting capabil-
ity. The simple coarse-graining is there-
fore inadequate. How to build and pro-
cess structured grids at different levels

based on physical mechanisms is a chal-
lenge that has yet to be tackled.

MATHEMATICAL TOOLS TO
SOLVE MULTI-OBJECTIVE
PROBLEMS
Thesolution of the above eight categories
of issuesmust rely on effectivemathemat-
ical tools. On the one hand, the devel-
opment of mathematics should result in
the creationof new theories.On theother
hand, it must also solve the existing prob-
lems. Developing effective mathematical
methods to describe all complex systems
is a very important researchdirection. For
example, how to formulate the dynamic
changes of complex systems governed
by multiple dominant mechanisms, most
likely in the form of multi-objective vari-
ational problems, is a challenging math-
ematical issue worthy of great attention.
The most difficult step in solving this is-
sue is how to transform the multiple ob-
jectives into a single objective, either in
physical ways or inmathematical ways, to
reach an inherently identical solution.

In the governance of social and eco-
nomic systems, for instance, to achieve
the 17 sustainable development goals
identified in the UN 2030 Agenda, the
proposed research strategy is also appli-
cable, as discussed in [4]. In fact, the
common focus in various fields is es-
sentially the mesoscale issues at differ-
ent levels of the world, as exemplified
in the above categories for some levels
and in our previous attempts even for the
level of quantum and that of the universe
[1,2]. Hopefully, application of the pro-
posed strategy can yield new understand-
ings, of course, calling for the joint ef-
forts of different disciplines. Knowledge

of different disciplines should not only
complement each other, but also pro-
vide evidence for identifying the laws of
commonality.

These issues encompass a wide range
of disciplines, hopefully reflecting the
complex issues at various levels in differ-
ent fields. They might be well represen-
tative in fulfilling the proposed research
strategy and closely related to current
global challenges.Theyareproposedonly
as ‘possible strategies in adaption to the
paradigm shift’ to inspire new ideas and
studies. It is our hope that, together, we
can gradually clarify the research strategy
under the new scientific paradigm so that
the paradigm shift in science can be accel-
erated, and the solutions to global chal-
lenges can be achieved.
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