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Collective Intelligence via Markov Chains and Emergent Phenomena 

Sarah Cannon, Claremont McKenna College 

 
 
The ways collective intelligence can emerge in natural systems are complex, varied, 
and the focus of much study. Motivated by statistical physics and Markov chains, we 
have been exploring one mechanism by which collective intelligence can be created, 
which we call the stochastic approach. Rather than studying a particular system and 
trying to understand how collective intelligence emerges, we take a principled 
approach, using mathematical models and proofs to show how local interactions can 
produce system-wide emergent behaviors that are beyond the capabilities of 
individuals. 
 
Our main mathematical model is a self-organizing particle system, where 
computationally- limited particles move around on a lattice via distributed algorithms, 
communicating only with their immediate neighbors. Despite these constraints, through 
careful algorithm design, it is possible to observe (and prove) that systems of 
particles exhibit interesting collective behaviors such as aggregation, dispersion, 
integration, and separation. 
 
Our theoretical model has provided inspiration and motivation for showing the emergence 
of collective intelligence in physical robot systems as well. For example, we have 
shown that a collection of robot smarticles is capable of directed motion, despite each 
individual smarticle having no sense of directionality. This is accomplished through 
the simple mechanism of varying activity levels in response to light. These 
experimental results are supported by simulations in self-organizing particle 
systems. 

 

 
(a) A self-organizing particle system on 

the tri- angular lattice, exhibiting 

aggregation behavior 

(b) A collection of five smarticles; the 

collective can sense the direction of a 

light source, but individuals cannot. 

 

Glossary 

Markov chain: A memoryless random process where the probability the system will 

next be in a given state depends only on the current state. These are the processes 

we use to develop the algorithms that result in collective intelligence. 

 

Self-organizing Particle System: A mathematical model in which particles move on a 

lattice and only interact with immediate neighbors. 
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Robofish – A biomimetic fish-like robot for the study of collective behavior 
David Bierbach, Leibniz-Institute of Freshwater Ecology and Inland Fisheries, Berlin 

 
 

Live animals, especially when in a group of conspecifics, can hardly be forced to 
change their behaviors as intended by the experimenter. Hence, experimental 
manipulations are difficult and often lacking to underpin proposed theoretical 
assumptions on collective movement, decision-making or leadership. One elegant 
solution is to replace live individuals in a group by biomimetic robots. In a 
multidisciplinary group, we thus developed an interactive fish robot – the so-called 
RoboFish. Through the interactive behaviors based on real time tracking of the fish 
shoal, our system can be adjusted to imitate different individual characteristics of live 
fish and is accepted as a conspecific by live guppies (Poecilia reticulata). This allows 
us to use RoboFish to investigate many different questions regarding collective 
behavior.  
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A Machine Learning Approach to Modeling  

the Phenomena of Collective Intelligence 

Yoh-ichi Mototake, The Institute of Statistical Mathematics 

 

 
In scientific research, to understand complex phenomena with large degrees of freedom, we 

first find the coarse-grained nature of the set of elements. Then, by focusing on its nature, we 
model the phenomena with a contraction model. In the historical case of heat engine 
research, there are the same processes. In this case, they are finding free energy and 
entropy from the phenomena and then constructing thermodynamics theory based on the 
findings. On the other hand, in a non-linear and non-equilibrium large-degree-of-freedom 
system, such as collective intelligence, it is difficult to carry out this process to understand the 
phenomena. Such systems include not only physical objects, such as particle system and 
organisms, but also information science phenomena, such as deep learning and human 
cognition. It is important to find ways to understand these phenomena. With recent 
developments in machine learning techniques, many studies have begun to tackle this set of 
problems using this approach. 
 
Based on this background, we are working on developing a machine learning approach to 

understand non-linear and non-equilibrium large-degrees-of-freedom phenomena, such as 
collective intelligence. Our approach is divided into two parts, to reflect the process of 
understanding described above. We focused on the Boids simulation because it contains 
complex phenomena in a large-scale simulation (see Fig. 1). As a first step, we used machine 
learning to analyze the results of a large-scale Boids simulation [1]. The analysis founded that 
in a large-scale Boids simulation there are subsets of a swarm which behave like one swarm 
and each swarm has different nature. As a second step, we are developing a method [2] 
using deep neural networks to estimate the conserved laws or order parameters that each 
group satisfies in order to construct a contraction model that includes these subsets.   

References 

[1]Takashi Ikegami, Yoh-ichi Mototake, Shintaro Kobori, Mizuki Oka, Yasuhiro Hashimoto: Life as an 

emergent phenomenon: studies from a large-scale boid simulation and web data, Phil.Roy.Soc.,375, 

pp.1-15, 2017. 

[2] Yoh-ichi Mototake, "Conservation law presumption from the manifold structure captured by Deep 

Neural Networks", IEICE Technical Report, 118,284,IBISML2018-104, pp.441-446, 2018. 

 

Glossary 

Boids model: 

 A model created to reproduce collective motion of animals such as birds or fishes.

Figure 1. In a part of large scale boids simulations, the complex structures emerge. 
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The Entanglement Frontier: Quantum Information 

Kai Müller, Technical University of Munich 
 
Similar to how information technology revolutionized science and society in the last 
century, quantum technologies which exploit the peculiar properties of quantum 
mechanics are expected to become the driving force of this century. Quantum 
mechanics dictates that an entire physical system consisting of many 
sub-components, can be uniquely described by a wavefunction that defines the 
probability of obtaining a particular result upon measurement. Quantum coherence, or 
superposition, between different states is one of the main features of such many-body 
quantum systems. This distinctive property, coherence, ultimately leads to a variety of 
other phenomena, such as entanglement in which targeted manipulation of one of the 
sub-systems can change the result of performing a subsequent measurement on the 
other sub-systems. This type of quantum phenomena is believed to be the power 
behind several “quantum tools”, including quantum information processing, quantum 
metrology, quantum transport and even the function of biological organisms. The 
ability to control and exploit quantum coherence and entanglement now drives 
research in diverse fields ranging from ultra-cold quantum gases to single spins in 
solid-state systems. 
 
In my presentation I will give a general introduction to the fundamentals of quantum 
mechanics and the concept of quantum entanglement. Moreover, I will give an 
overview over different physical systems which are candidates for applications in 
quantum technologies and introduce the research areas of quantum communication, 
quantum computation, quantum simulation and quantum sensing. 
 
Further reading: 
 

• Website of European Union’s “Quantum Flagship”: https://qt.eu/ 

• M.A. Nielsen and I.L. Chuang - Quantum Computation and Quantum 
Information (Cambridge University Press) 

• A. Einstein, B. Podolsky, and N. Rosen, “Can Quantum-Mechanical 
Description of Physical Reality Be Considered Complete?”, Phys. Rev. 47, 
777 (1935) 

• B. Hensen et al., “Loophole-free Bell inequality violation using electron spins 
separated by 1.3 kilometres”, Nature 526, 682–686 (2015) 

• German federal government framework program on quantum technologies: 
https://www.quantentechnologien.de/media/quantentechnologien/pdf/Frame
work-Programme-Quantum-technologies-2018-bf.pdf 

 
 
  

https://qt.eu/
https://www.quantentechnologien.de/media/quantentechnologien/pdf/Framework-Programme-Quantum-technologies-2018-bf.pdf
https://www.quantentechnologien.de/media/quantentechnologien/pdf/Framework-Programme-Quantum-technologies-2018-bf.pdf
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Quantum Information Processing Based on Color Centers 

Marina Radulaski, University of California, Davis 

 

The computing and communication technologies supporting the emerging paradigms of large 
and real-time data processing will be based on a completely new generation of devices. 
Quantum technologies are the forerunning solution to this innovation challenge. In contrast to 
classical bits, quantum bits or qubits can simultaneously hold both binary values of 0 and 1, 
resulting in the exponential reduction in data storage, the exponential speedup of algorithms, 
and the ultimately safe cryptographic protocols. The elements of the so-called Quantum 
Internet are already being developed across academia and industry though research on local 
quantum memories, metropolitan fiber connections, and long-distance quantum satellites. 
Identical long-lived qubits with an efficient optical interface are needed to implement these 
systems in a scalable fashion. Color centers are exceptionally well-positioned solid-state 
systems for integration in quantum computing and communication: nearly identical, storing 
quantum information for a long time, and facilitating a connection between a local qubit (spin) 
and a flying qubit (photon). They are formed as atomic defects in the lattice of 
semiconductors such as diamond and silicon carbide. When integrated into nanoscale optical 
devices, color centers provide faster and more reliable quantum information processing. This 
talk will discuss the frontiers of design, fabrication and applications of color center quantum 
nanophotonic systems. 
 

 

Figure 1: Color centers integrated in silicon carbide nanopillars emit quantum light. 

 

Background Reading: 

Ananthaswamy, Anil, "The Quantum Internet Is Emerging, One Experiment at a Time," Scientific 

American, June 19, 2019 

https://www.scientificamerican.com/article/the-quantum-internet-is-emerging-one-experiment-at-a-ti

me/ 

 

 

https://www.scientificamerican.com/article/the-quantum-internet-is-emerging-one-experiment-at-a-time/
https://www.scientificamerican.com/article/the-quantum-internet-is-emerging-one-experiment-at-a-time/
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Entanglement and Information Retrieval from Black Holes 
Yoshifumi Nakata, Kyoto University 

 
 
Entanglement is a weird correlation predicted in quantum theory, the most 
fundamental theory that describes small matters such as molecules, atoms, and more 
elementary particles. When two particles are entangled, the state of the whole cannot 
be described by the states of each, making the two particles behave as if they were 
one particle. Entanglement commonly exists at zero temperature and has been 
theoretically recognized since the birth of quantum mechanics [1], but even greatest 
physicists, such as Albert Einstein, had struggled with believing its weirdness [2]. 
Experimentally, entanglement is easily broken by thermal noise, so that it had been out 
of reach for a long time. The recent progress of technologies however opens the 
possibilities to experimentally handle entanglement, leading to huge theoretical 
advances that are not only important in physics but also potentially influential in other 
fields of natural science such as chemistry, biology, and information science.  
 
Black holes are no exception: the weirdest correlation in quantum theory has shed 
new light on the study of the most eccentric objects in our universe. As an eminent 
example, it is recently argued that, despite the fact that even light cannot escape from 
black holes, we could have a look at their inside [3] by combining the power of 
entanglement with another strange quantum effects of black holes, called Hawking 
radiation [4]. This is based on a couple of theoretical postulates and should be better 
considered to be a thought-experiment at this stage. However, retrieving information 
from black holes was previously thought to be impossible by any means. Thus, it 
illustrates that quantum technologies, making use of quantum effects such as 
entanglement, have huge potential and help us explore fascinating phenomena 
nobody has ever imagined. 
 
 
References 

[1] E. Schrödinger, Naturwissenschaften 23, 807-812; 823-828; 844-84 (1935). 

[2] A. Einstein, B. Podolsky, and N. Rosen, Phys. Rev. 47 (10): 777–780 (1935). 

[3] P. Hayden and J. Preskill, JHEP09, 120 (2007). 

[4] S. Hawking, Commun. Math. Phys. 43,199-220 (1975). 

 

Glossary 

Quantum theory【量子論】provides the physical laws of microscopic matters. It 
predicts many counter-intuitive phenomena that we never observe in our daily life. 
Such strange phenomena are all together referred to as quantum effects.  

 

Hawking radiation【ホーキング放射】is the radiation from black holes theoretically 
predicted by calculating quantum effects around black holes. Hawking radiation 
carries away energy, so that black holes are believed to eventually “evaporate” i.e. 
disappear after a long time. 

 

 

 



2019 Japanese-American-German Frontiers of Science  

The Origin of Cooperation   

The Origin of Cooperation 
Dirk Semmann, University of Göttingen 

 
Cooperative behavior is not unique to the human species. It is a widespread 
phenomenon between individuals of the same, and even different, species. 
Cooperation in its broadest sense: behaviors which provide a benefit to another 
individual (recipient) or are beneficial to both the actor and the recipient. Even very 
simple organisms such as viruses, bacteria and social amoebas cooperate with each 
other. Although cooperation is a widespread phenomenon in nature, human 
cooperation exceeds that of all other species with regard to the scale and range of 
cooperative activities. Humans, in contrast to all other species, employ a wider range 
of enforcement mechanisms, such as reward, punishment, ostracism, reputation 
building, which allows higher levels of cooperation to evolve and stabilize among 
unrelated individuals and in large groups. One of the main functions of these 
mechanisms is ensuring that partners behave cooperatively, and cheaters are kept 
under control. Nevertheless, cooperative situations usually open the ground for the 
evolution of defective behavior and therefore a constant potential for conflicts 
between the group members. These conflicts become frequently visible when we 
interact with outgroup members or engage in public goods situations, where a public 
resource can be overused by a group. In this situation the groups interest contradicts 
the individual’s interest. The group would do best when they all members cooperate 
whereas the individual would benefit most not cooperating while the rest of the group 
cooperates. There are many natural situations such as our global climate and ocean 
fishery where the individuals interest wins. Nevertheless, humans frequently 
overcome the dilemma and continue to act highly cooperatively, which can only lead 
to the conclusion, that humans change the circumstances in ways that regulatory 
mechanisms lead to situations where the individual gains most by acting 
cooperatively.   
 
Glossary 

Public goods = A situation where the members of a group can overuse a public 
resource without any social regulations against the overuse.  

Altruism = Behavior that is costly to the actor and beneficial to the recipient. 

Mutualistic behavior = Cooperative behavior by two individuals which is only costly 
and beneficial when the cooperative behavior is executed by both individuals at the 
same time. 

Biological Markets = All interactions between organisms in which one can recognize 
different classes of 'traders' that exchange commodities, such as goods (e.g. food, shelter, 
gametes) or services (e.g. warning calls, protection, pollination). 

Kin Selections = Natural selection can favor cooperation if the donor and the recipient 
of an altruistic act are genetic relatives. 

Reciprocity = A social norm of responding to a positive action with another positive 
action, rewarding kind actions. 

Group Selection =  Is a proposed mechanism of evolution in which natural selection 
acts at the level of the group, instead of at the more conventional level of the 
individual. 

Review Article: 

“Five Rules for the Evolution of Cooperation”, Martin A. Nowak, SCIENCE, Vol 314, 
1560-1563, 8 December 2006 

[available in electronic agenda book] 
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On the Origins and Persistence of Altruism 
Jun Goto, Kobe University 

 
Recent economic research has highlighted that pro-social humanity or altruism 
influences every aspects of human micro-behavior. Additionally, Guiso et al. (2004) 
and Tabellini (2010) show that there exist huge variations on the degree of 
pro-sociality not only across societies but also among individuals and their variations 
can explain the success of macroeconomic development in all over the world. 
Therefore, altruism is doubtlessly important for understanding both micro- and 
macro-economic phenomena. However, few studies examine what individual altruism 
originates from: why do some people have altruistic traits while the others are fully 
selfish? Moreover, previous literature are silent to the important research question: 
after the current generation successfully forms altruistic norms, how societies can 
transmit such norms to subsequent generations? 
 
This study examines the origin and persistence of altruistic norms by providing 
empirical evidence on two seminal hypotheses. First, I hypothesize that repeated 
exposure to intergroup conflicts can induce an emergence of parochial altruism which 
is a combination of in-group favoritism and out-group hostility. This hypothesis which 
leans on a well-established insight in evolutionary theory and cultural anthropology 
can explain the origin of altruism. Specifically, keen competition between 
socially-defined groups for exploiting limited resources favors an individually costly 
but group-beneficial trait. This is because such pro-sociality will increase the 
probability that an individual's group survives under the pressure of intergroup 
competition with antagonistic out-groups. 
 
The second hypothesis is related to channels of a transmission of a cooperative norm 
from the current generation to subsequent generations. Such a norm can be 
maintained over multiple generations through an individual process of internalization 
of cultural beliefs or values, which is encouraged by parents' educational investments. 
 
I focus on historical inter-group conflicts in colonial India during early nineteenth 
century and corroborate above two hypotheses: inter-group conflicts nurture 
parochial altruism and ancestors are willing to provide oral history on conflicts and 
altruistic norms in their societies to their descendants. These are the first econometric 
evidences of origins and persistence of altruism. 
 
References 
Guiso, L., Sapienza, P., & Zingales, L. (2004). The role of social capital in financial 
development. American economic review, 94(3), 526-556. 

Tabellini, G. (2010). Culture and institutions: economic development in the regions of 
Europe. Journal of the European Economic association, 8(4), 677-716. 

 
Glossary 

 Altruistic behavior: altruistic behavior confers a benefit on another while 
inflicting a cost on oneself. 

 Parochial altruism: parochial altruism is a type of altruism which can be 
decomposed to in-group favoritism and out-group hostility. 

 In-group favoritism: a pattern of favoring members of one's in-group over 
out-group members. 

 Out-group hostility: a pattern of being hostile to members who belong to 

different groups with oneself. 
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Harnessing Reputations to Promote Altruism 
Erez Yoeli, Massachusetts Institute of Technology 

 
 
How can you promote charitable giving, volunteering, voting, and resource 
conservation--or even mundane good deeds like cleaning up after using the office 
kitchenette? Building on insights from evolutionary game theory, I synthesize 
diverse results from psychology and behavioral economics into a simple, actionable 
three-item 'checklist' for ‘harnessing reputations’ that can help practitioners 
maximally encourage people to do good for others. 
 
The premise of this talk is that the psychology that motivates contributions to 
public goods has been subconsciously shaped in repeated games with third-party 
and higher-order punishment. To help maintain our reputation in such environments, 
we are sensitive to: 
 

 The observability of our contributions, since in all such models, third 
parties if they are aware of them (i.e. they have first-order beliefs that they 
occurred). 

 
 Whether there are plausible excuses for failing to contribute, since, in 

equilibria supported by higher-order punishment, third parties will only punish 
a transgression if they believe other third parties believe that a transgression 
occurred. 

 
 Whether we are expected to contribute in a particular setting, since, in 

environments with multiple equilibria, we expect our psychology to be 
sensitive to which equilibrium we are in. 

 
In practice, these three features can help to explain a broad swath of 
otherwise-puzzling results in social psychology and behavioral economics: we give 
(much) more when observed, we exploit plausible deniability (e.g., by avoiding the 
ask or remaining strategically ignorant of the need for help) to avoid giving, and we 
are highly sensitive to descriptive norms, injunctive norms, identity frames, public 
good frame, etc.--all of which are effective ways of communicating expectations. 
These three features also provide a concise template for “socially engineering” the 
giving environment to maximize the reputational return to giving, and thus 
maximize contributions. To do so, we simply need to ensure contributions are 
maximally observable, that we have minimized plausible excuses for failing to 
contribute, and that we have clearly communicated expectations in one of the 
myriad ways identified in the behavioral literature. 
 
Review Article: 
 
Rand, David G., Erez Yoeli, and Moshe Hoffman. "Harnessing reciprocity to promote 
cooperation and the provisioning of public goods." Policy Insights from the 
Behavioral and Brain Sciences 1.1 (2014): 263-269. 
 
[available in electronic agenda book] 
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Organelles without borders: How liquid droplets organize the cell … and may 

hold the key to curing disease and solving the origin of life 

Stephanie Weber, McGill University 

Living cells are composed of a complex mixture of macromolecules. To regulate their 

activity, cells partition these molecules into specialized compartments called 

organelles. Typically, membranes form a selective barrier between organelles and the 

cytoplasm, allowing each compartment to maintain a distinct biochemical composition 

that is tailored to its function. By concentrating substrates and isolating reactions, 

membrane-bound organelles increase the rate and efficiency of cellular metabolism. 

Cells also contain compartments that are not enclosed by membranes. Instead, 

membraneless organelles, such as germ granules, stress granules and the nucleolus, 

consist of local concentrations of proteins and nucleic acids that rapidly exchange with 

the surrounding cytoplasm or nucleoplasm. These unusual structures raise a 

fundamental question: how do organelles assemble and stably persist without a 

membrane holding their components together? 

The answer to this question - a process known as “liquid-liquid phase separation” - has 

established a new paradigm for cellular organization and transformed the field of cell 

biology. Phase separation occurs when a homogeneous solution spontaneously 

de-mixes to form two or more liquids that stably coexist. In other words, just as salad 

dressing separates into layers of oil and vinegar, the cytoplasm and nucleoplasm 

separate into membraneless organelles. This discovery has sparked rapid advances 

in our understanding of gene regulation, stress responses, disease mechanisms and 

even the origin of life.  

Review Article: 

 

“Cell Biology’s New Phase”, Ellie Dolgin, Nature, Vol 555, 300-302, 15 March 2018. 

 

[available in electronic agenda book] 
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Decoding Plasticity in the Dark Proteome 

Edward Lemke, EMBL Heidelberg and Johannes Gutenberg University Mainz 

 

Nature regulates interference between cellular processes-allowing more complexity 

of life-by confining specific functions to organelles. I will use results from our own 

studies of the Nuclear Pore complex as an example of a vital process that enables 

evolution of more complex organisms. I will also show how inspired by this concept, 

we designed an artificial organelle dedicated to protein engineering. We generated a 

designer membraneless organelle to translate only one type of messenger RNA. This 

generates with cells with two genetic codes, of which one can be used exclusive for 

selective protein engineering, potential of which for synthetic biology I will also 

discuss.  
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Non-membranous organelles underlying learning and memory 
TokiwaYamasaki, Keio University 

 
In the brain, neurons are connected by synapses and form neuronal circuits. At 
synapses, inter-neuronal signal transmission is processed; chemicals (called 
neurotransmitters), such as glutamate or GABA, are released from signal-transmitting 
(presynaptic) side and bind to neurotransmitter receptors at signal-receiving 
(postsynaptic) side. This process is named synaptic transmission. The efficiency of 
synaptic transmission can be increased or decreased in response to specific patterns 
of neural activities. It is believed that this plastic change of synapse termed synaptic 
plasticity is the basis of learning and memory because of the strong correlation. 
However, there was no direct evidence of a causal relationship. 
 

 
Alterations of synaptic strength require changes in synaptic structure and/or property, 
which are mediated by two non-membranous organelles, postsynaptic density (PSD) 
and actin filament. PSD is a disc-shaped structure composed of densely packed 
proteins beneath the postsynaptic membrane and anchors neurotransmitter receptors 
at postsynapse. Actin filament is an assembly of monomeric actin, which supports 
postsynaptic structures by its skeletal architecture. In response to neural activities, 
they dynamically change the structure and/or contents and contribute synaptic 
plasticity.  
 
In this presentation, I will briefly explain structures and functions of PSD and actin 
filament at synapses, and introduce the recent study revealing that purified major 
PSD proteins form liquid-like condensates with PSD-like properties via phase 
separation[1]. Then I’d also like to introduce critical researches about synaptic 
plasticity from Japanese research groups, which demonstrated that synaptic plasticity 
is causally linked to memory storage and that learning and memory can be 
modified[2,3]. These studies shed light on the possibility to regulate human behavior 
through synapse control. 
 
References: 
[1] Zeng et al. (2018) Reconstituted postsynaptic density as a molecular platform for 
understanding synapse formation and plasticity. Cell 174: 1172-1187 
[2] Hayashi-Takagi et al. (2015) Labelling and optical erasure of synaptic memory 
traces in the motor cortex. Nature 525: 333-338 
[3] Kakegawa et al. (2018) Optogenetic control of synaptic AMPA receptor 
endocytosis reveals roles of LTD in motor learning. Neuron 99: 985-998 
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Glossary: 
Neuron: 神経細胞: One of the cell types of animals. It is an electrically excitable cell. 
Neurons have filament-like protrusions with branches termed neurites, by which 
neurons can communicate with other neurons. There are two types of neurites; 
dendrite and axon. Typically, neurons receive signals by dendrites and transmit 
through axons. 
 
Synapse (chemical synapse): シナプス（化学シナプス） : The site where 
signal-transmitting (presynaptic) and signal-receiving (postsynaptic) neurons are 
contacting. At synapses, which is submicrometer in size, presynaptic terminal (axon 
end) is connected to postsynaptic cells (usually at dendrite). Presynaptic terminal 
does not physically contact with postsynapse, but there is 20-30 nm gap. Through this 
gap, neurons process signal transmission using chemicals and its receptors called 
neurotransmitters and neurotransmitter receptors. When a presynaptic neuron is 
electrically excited, neurotransmitters are released from presynaptic terminals. They 
bind postsynaptic neurotransmitter receptors and regulates excitation of a 
postsynaptic neuron. There are several types of synapses including excitatory and 
inhibitory, which induces or suppresses excitation respectively. 
 
Synaptic transmission: シナプス伝達 : Signal transmission from a neuron to 
another neuron through synapses (see “synapse”).  
 
Neurotransmitter/Neurotransmitter receptor: シナプス伝達物質/神経伝達物質受
容体 : Chemicals released from presynaptic terminals and their receptors at 
postsynapses (see “synapse”). Excitatory synapses use glutamate and glutamate 
receptors, while inhibitory synapses use -aminobutyric acid (GABA) and GABAA 
receptors. 
 
Synaptic plasticity: シナプス可塑性: Ability to change the efficiency of synaptic 
transmission. It can be both directions; increase and decrease. Alterations of the 
efficiency in synaptic transmission are usually accompanied by changes in 
morphology and components of the synapse; e.g. increase or decrease of synaptic 
size and receptor number. 
 
Postsynaptic density: シナプス後肥厚 : The structure originally observed by 
electron microscope as an electron dense region beneath the postsynaptic 
membrane. PSD is disc-shaped, 20-30 nm in thickness and ~300 nm in length (in 
case of excitatory synapses). It is composed of proteins including scaffolds, 
adhesions, enzymes, and receptors. One side of PSD is attached to the inside of the 
postsynaptic membrane, and another is exposed to the cytosol. 
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Nobody knows the environmental fate of plastic garbage 

Shuhei Tanaka, Kyoto University 

 
After the rain fall occurred, we often observed the plastic garbage such as plastic 
bags and PET bottles in the waterside. However, nobody knows the environmental 
fates of plastic garbage in the water environment. Plastics such as the container 
packaging are gradually decomposed in the environment, and they become 
microplastics. 
 
A report concerning the transportation of toxic chemicals with plastic pellets in the 
ocean was reported in 2001 (Mato, Y. et al., Envi.. Sci. & Tech.). Accumulation of 
brominated flame retardants in seabirds due to drink plastic garbage by mistake was 
reported in 2013 (Tanaka et al., Mar. Poll. Bull.).  
 

Total 2,271 published papers include “Microplastics” in the key words from 2009 to 
2018 in the world, of which 1,437 papers have “Marine” as the second key word. 
Measures in the global environment, for example, the enactment of the ocean plastics 
charter in 2018 and so on has been starting. The number of papers intended for 
inland waters and urban area were only 190. 
 
It is necessary to specify the sources in order to solve the aquatic environment 
pollution with microplastics. 
 

Fig Abstract of research issues on microplastics in water environment
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Most researchers who were focusing on the microplastics in marine tended to 
analyze the microplastics which size was bigger than 300 μm. Recently, some 
researchers start to focus on smaller size of microplastics. As the results, in the 
personal care product such as scrub cosmetics, more than 621,000 microplastics 
were observed in the one product, which sizes were about 200 μm. There are many 
microfibers of the fiber origin such as fleeces, which sizes were about 30 μm. 
 
It has been understood like this that the aquatic environment pollution with 
microplastics is serious as the size of them becomes small. To know where the 
microplastics are generated, and what size, and where they exist is one of the 
emergent issues in the world. 
 
References 
Mato, Y., T. Isobe, H. Takada, H. Kanehiro, C. Ohtake, and T. Kaminuma, Plastic 
Resin Pellets as a Transport Medium of Toxic Chemicals in the Marine Environment, 
Environmental Science and Technology, 35(2), 318-324, 2001. 

Kosuke Tanaka, Hideshige Takada, Rei Yamashita, Kaoruko Mizukawa, Masaaki 
Fukuwaka, Yutaka Watanuki, Accumulation of plastic-derived chemicals in tissues of 
seabirds ingesting marine plastics, Marine Pollution Bulletin, 69, 219-222. 2013. 

 
Glossary 
Ocean Plastics Charter: a five part plan to move us to a zero plastics waste future, it 
was proposed at G7 2018. 
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Transport and Fate of Microplastic in the Environment 

Annika Jahnke, Helmholtz Centre for Environmental Research, Leipzig 

 

A major fraction of the plastic waste emitted to the environment originates from land, but from 

there it often enters rivers and streams and ultimately ends up in the world’s oceans. As soon as it 

reaches the environment, the plastic is subject to weathering processes (Figure 1), amongst 

others due to sunlight (ultraviolet, UV) exposure, which might change its transport, fate and effects. 

However, the rates of weathering and its impacts are to date poorly understood, partly due to the 

long timescales. 

 

Figure 1. Factors that influence the weathering of plastic in the marine environment with resulting 

impacts on transport and fate processes and possible adverse effects (Jahnke et al. 2017). 

 

Issues related to plastic pollution are numerous, from its physical presence, leading e.g. to 

entrapment of iconic marine animals or effects on species feeding on them, to the so-called 

„vector effect“ that can lead to the plastic particle-facilitated transport of environmental pollutants 

or pathogens from one site to another. However, we face substantial challenges in generating field 

data (difficult to access ocean field data, in particular from larger depths) and determining 

degradation rates (very long timelines). 

 

This presentation will give an outline of the general fate of plastic emitted to the environment, and 

how we try to improve our understanding on its environmental persistence and effects. After 

discussing the general pathways, results of a ship-based research expedition (Figure 2), 
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collecting and generating field-weathered plastic in the Great Pacific Garbage Patch and along 

gradients to less polluted areas will be included. Sampling will consider both plastic debris and the 

surrounding media (water and sediment) at the sea surface and down to the seabed, to determine 

if plastic is a source or sink of pollutants to the surrounding medium. The results of the expedition 

are expected to help test the hypothesis that the majority of plastic debris emitted to the marine 

environment sinks to the seabed, where it is stored for an undetermined time with yet unknown 

impacts. The presentation will also address future research needs in this field, identified at a 

recent Stakeholder Workshop in Belgium, with representatives from industry, policy making and 

science sectors. It will close with how to increase outreach of the results of the ongoing research 

efforts to the general population which is an important step towards limiting plastic emissions. 

 

 

Figure 2. Outline of the research activities carried out on the German research vessel 

SONNE between Vancouver (Canada) and Singapore in summer 2019. 

Glossary 

Mixture effects. Irrespective of the number, levels and properties of chemicals present in an 

environmental samples, those chemicals with the same mode of action can jointly elicit effects. This 

mixture effect is generally assessed in different biological test systems (bioassays). 

Weathering. Ageing of plastic initiated by environmental factors such as exposure to sunlight, leading 

to altered properties of the plastic, and ultimately to its fragmentation. 

Leachates. Chemicals being liberated from plastic into artificial seawater. 

List of references 

Jahnke et al., Environ. Sci. Technol. Lett. 2017, 4, 85-90, DOI: 10.1021/acs.estlett.7b00008 

SAPEA, Science Advice for Policy by European Academies. (2018). A Scientific Perspective on 

Microplastics in Nature and Society. Berlin: SAPEA. https://doi.org/10.26356/microplastics, ISBN 

978-3-9820301-0-4 
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Plastic Waste Inputs from Land into the Ocean: Science and Solutions 

Jenna Jambeck, University of Georgia 

   

Plastic debris and its impacts in the marine environment have been widely 

documented, but the quantity entering the ocean from land was previously unknown. 

By linking worldwide data on solid waste, population density, and economic status, 

we estimated the mass of land-based plastic waste entering the ocean at 5 – 13 

million metric tons. Cumulative global plastic production reached 8 billion metric tons 

in 2017 and 6.4 billion metric tons has become waste that has overwhelmed some 

waste management systems around the world that have not been able to keep up 

infrastructure with economic growth. And finally, the global trade of plastic waste 

intended for recycling and has influenced what countries can do with plastic as a 

recycled material with economic impacts worldwide. Dr. Jambeck will not only 

discuss the methods and results of her research on plastic waste inputs, flows and 

recovery, but the related impacts and policies around the world. She will present a 

solution framework while sharing stories of integrating technology and citizen 

science, science communication, and community-level efforts to address plastic 

pollution around the globe.  

 

Background Review Article: 

Jambeck, Jenna R., et al. "Plastic waste inputs from land into the ocean." Science 

347.6223 (2015): 768-771. 

[available in electronic agenda book] 
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Next-generation materials ––mimic and surpass natural organisms 
Yasuhiro Ishida, RIKEN 

 
Material scientists have long pursued to artificially reproduce the structures and 
functions of living tissues by using soft materials.  As represented by muscular, 
bone, and nerval textures, some living tissues exhibit amazing functions that can 
never be realized by synthetic soft materials.  With comparing between synthetic 
and naturally occurring materials in their structures, one may notice that there exists 
a significant difference in hierarchy and anisotropy; synthetic soft materials are 
generally of homogeneous isotropic structures, while living tissues are often 
composed of well-regulated substructures that are anisotropically oriented over a 
macroscopic size scale.  Through biological evolution, natural organisms have 
acquired such particular structures, which are the origin of their superb functions. 
 

Recent progress of materials science has enabled us to partially realize the above 
challenge by combining the methodologies of self-assembling and field-induced.  
Such soft materials are composed of small units, including proteins, colloids, and 
polymers etc., that mutually interact via physical forces to form ordered substructures.  
With applying physical stimuli, such as electric, magnetic, and force fields, the 
substructures unidirectionally orient, leading to hierarchical anisotropic structures.  
As typical examples, we have developed anisotropic hydrogels that exhibit unique 
functions reminiscent of living tissues, such as ultralarge mechanical anisotropy like 
articular cartilage [1], quick large deformation like muscular tissues [2], and vivid 
tunable colors like the skins of tropical fish [3]. 

 

Furthermore, recent rapid progress of microfabrication technologies might be able to 
produce novel classes of materials, so called “metamaterials” [4, 5].  Owing to their 
specifically programed micropatterns, metamaterials exhibit anomalous physical 
properties that can never be found in naturally occurring materials, including negative 
reflective index and negative Poisson’s ratio.  These metamaterials might lead to 
the development of futuristic tools that are conceived as imagination in fiction, such 
as invisibility cloaks and powered exoskeleton. 

References 
[1] M. Liu et al. Nature 517, 68 (2015). 
[2] Y. S. Kim et al. Nature Materials 14, 1002 (2015). 
[3] K. Sano et al. Nature Communications 7, 12559 (2016). 
[4] C. Barner-Kowollik et al. Angewandte Chemie International Edition 56, 15828 
(2017). 
[5] H.J. Lezec et al. Science 316, 430 (2007). 
 

 

Glossary 

Soft materials: 

A class of condensed materials that can be easily deformed or structurally altered by 
thermal or mechanical stress.  They include liquids, colloids, polymers, foams, gels, 
granular materials, liquid crystals, and a number of biological materials. 
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Metamaterials: 

Materials engineered to have a property that is not found in naturally occurring 
materials.  They are made from assemblies of multiple elements fashioned from 
composite materials such as metals or plastics. 

 

Reflective index: 

A parameter intrinsic for each material describing how fast light propagates through 
the material.  The refractive index determines how much the path of light is bent, or 
reflected, when entering a material. 

 

Poisson’s ratio: 

The ratio of transverse contraction strain to longitudinal extension strain in the 
direction of stretching force. 



 

2019 Japanese-American-German Frontiers of Science  

Plastics in the Ocean and Microplastics  

 Atomic Force Microscopy: 

from single molecules to soft materials 
Bizan N. Balzer, Albert-Ludwigs-Universität Freiburg 

 
The AFM is a versatile tool that enables imaging, force spectroscopy and mechanical 
indentation at the nanoscopic to mesoscopic scale. On the one hand, this helps to 
understand adhesion and friction at the molecular level, which is fundamental to 
design advanced smart multicomponent systems. On the other hand, the detection of 
nanomechanical changes upon external stimuli becomes possible, which is crucial for 
the development of fast switchable polymeric materials and coatings. 
 
We developed AFM-based methods to probe single polymer adhesion and friction at 
interfaces in liquid environment. This became possible by a functionalization protocol 
for covalent binding of a single polymer to an AFM cantilever tip.[1] The adhesion of 
single polymers has been probed on a great variety of solid substrates by using this 
method.[2] Then, our method was extended towards single polymer friction 
experiments revealing different friction mechanisms.[3] In addition, the molecular 
details of cohesion and friction in thin polymer films were investigated.[4,5] 
Furthermore, we determined the molecular details of the temperature-dependent 
elastic response of single polymers.[6] 
 
We further established a method to correlate the nanomechanical properties of 
cartilage by AFM based nanoindentation with the optical information of cell patterns of 
cartilage by fluorescence microscopy[7] and collagen structure by AFM imaging. The 
identification of distinct spatial patterns of superficial chondrocytes has created a 
means to discriminate between early- and mid- and late-stages of osteoarthritis with a 
previously unmatched resolution. Finally, we investigated the mechanical properties 
of shape memory polymers[8] and auxetic mechanical metamaterial structures by 
AFM based imaging and nanoindentation. 
 
References: 
 

[1] Stetter et al., Investigating Single Molecule Adhesion by Atomic Force Spectroscopy. JoVE, 96, e52456 (2015). 

[2] Horinek et al., Peptide adsorption on a hydrophobic surface results from an interplay of solvation, surface, and 

intrapeptide forces. PNAS, 105(8), 2842 (2008). 

[3] Balzer et al., Nanoscale Friction Mechanisms at Solid–Liquid Interfaces. Angew. Chem. Int. Ed. 52, 25, 6541 

(2013). 

[4] Balzer et al., Adhesion Property Profiles of Supported Thin Polymer Films. ACS Appl. Mater. Interfaces, 5(13), 

6300 (2013). 

[5] Balzer et al., Cohesion Mechanisms of Polystyrene-Based Thin Polymer Films. Macromolecules, 46 (18), 7406 

(2013). 

[6] Kolberg et al., Opposing Temperature Dependence of the Stretching Response of Single PEG and PNiPAM 

Polymers. JACS, 141(29), 11603 (2019). 

[7] Tschaikowsky et al., biorxiv, https://doi.org/10.1101/734368 (2019) 

[8] Schäfer et al., Influence of free PCL in PCL/PBA-a copolymers and blends on morphology, thermo-mechanical 

and shape memory properties. Polymer Testing, 77, 105888 (2019).  
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The Light Side of the Force: 

Upconverting Nanoparticles as Optical Transducers Of Biological Forces 
Jennifer A. Dionne, Stanford University 

 
Cells push and pull on their surroundings, generating and sensing mechanical forces. 
We experience these forces each time our heart beats, our ears hear, or a wound 
heals. Mechanical forces also affect processes like stem-cell proliferation and 
differentiation, ion-channel gating, synaptic plasticity, and immune responses. While 
the improper functioning of these mechanical forces can lead to disease, it is 
currently difficult to detect and study mechanical forces in vivo. For example, 
techniques such as atomic force microscopy and traction force microscopy cannot 
be deployed between cells; complementarily, FRET sensors have a limited optical 
efficiency, force sensing range, and bleach after extended use. 
 
Here, I present our work uniting nanophotonics and mechanobiology to develop a 
new class of in vivo force probes to monitor dynamic forces with deeply sub-cellular 
spatial resolution. Our design is based on inorganic nanoparticles that, when excited 
in the near-infrared, emit light of a different color (wavelength) and intensity in 
response to tensile or compressive strain. These upconverting nanoparticles are 
small (<30nm), bio-compatible, do not bleach or photoblink, and have sharp 
emission linewidths. First, I’ll discuss design strategies to achieve bright 
mechanosensitive nanoparticles. In one approach, d-metal ions couple to lanthanide 
ions with an efficiency that varies with pressure. In another strategy, a core-shell 
architecture enhances upconversion efficiency, while synthetically induced strain at 
the core-shell interface tunes sensitivity. By exploring different crystal phases and 
host lattice materials, we create a toolkit of optical sensors, all with a reproducible 
and ratiometric color response to mechanical stimuli and nano-Newton sensitivity. 
 
Then, we evaluate the biocompatibility and performance of UCNPs in biological 
environments, including a range of buffers, pH gradients, and in vivo in the 
roundworm C. elegans. We find  that these nanoparticles are pH-stable, chronically 
nontoxic by ingestion, and suitable for in vivo imaging. By feeding the nanoparticles 
to the worm, we track the rhythmic forces involved in digestion. Real-time videos 
reveal how stresses change both spatially and temporally, opening up future 
directions for using these mechanosensors to monitor disease onset, progression, 
and optimal treatment. 
 
Review Article: 
Mehlenbacher, Randy D., et al. "Nanomaterials for in vivo imaging of mechanical 
forces and electrical fields." Nature Reviews Materials 3.2 (2018): 17080. 
[available in electronic agenda book] 

 

 


	List of Sessions
	[(Applied) Mathematics / Computer Science/ Engineering] Collective Intelligence
	[Physics / Astrophysics] The Entanglement Frontier: Quantum Information
	[Social Sciences] The Origin of Cooperation
	[Biology / Life Science] Phase-changing Droplets as Nontraditional Organelles
	[Earth Science / Geosciences / Environmental Sciences] Plastics in the Ocean and Microplastics
	[Chemistry / Materials Science] Soft Matter and Metamaterials

