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My primary research interest lies in understanding how to control complicated collective behaviors via
simple rules in application to the fields of molecular programming, algorithmic game theory, robotics and
sensor networks. One does not need to look far to find systems that behave in this way: colonies of bees
that construct a hive cooperatively, ants that use each others bodies as bridges to reach a food source, and
man-made communal systems that are built by selfish individuals (like the Internet). The general problem
is to control a large number of individual components that possess limited local information to achieve a
specific task cooperatively. An understanding of how to program such behavior may enable the construction
of nanostructures and machines, efficient networks, reliable robotic systems and so on. What kind of tasks
can these systems perform that are not currently achievable? How robust or efficient can these systems be?

One major difficulty in providing a general solution to the above questions is that rules specified by
different applications may be very different from each other. For example, in molecular programming, we
are restricted by the amount of information or functions that can be coded into each molecule. Therefore,
the control rules must be very simple and rely only on local information. In algorithmic game theory, on the
other hand, we are allowed to specify complicated rules but may want to satisfy some given design criteria
such as stability or budget-balance to ensure that the system does not have unwanted failures. Furthermore,
even if we just consider one particular application, the power of control rules can change drastically even
with slight modifications [12, 5]. Therefore, most prior work only focued on one specific set of rules and
one must start from scratch every time when analyzing or designing a new system.

The goal of my research is to provide easy-to-verify characterizations for collaborative schemes that
are robust, efficient or have some other desired property and to use these characterizations to guide the
construction of such systems. Previously, I have established robustness criteria that guarantee the target
behavior of molecular systems. I have proven the validity of existing self assembly designs and designed
and built new molecular systems that satisfy these criteria [10, 7, 8, 15]. In network formation games, I have
fully characterized the set of possible cost-sharing schemes and identified the schemes with the best network
efficiency guarantees [13]. My work demonstrates that these characterization theorems can provide more
understanding about existing systems that lead to better designs.

Algorithmic self-assembly – Design robust system with error prone units
Self-assembly is the process by which small objects assemble into large, complex structures by them-

selves using simple local primitives. Although this is a prevalent process in nature, people have not yet
been able to exploit its full power in molecular engineering. Currently, external control of each compo-
nent is required to solve most engineering tasks. However, as scale decreases, precise control of struc-
tures by applying external signals becomes increasingly difficult, and thus self-assembly is a very appeal-
ing way to control molecules at the nano scale. Algorithmic self-assembly has been proposed as a gen-
eral method for directing self-assembly. In this framework, we are allowed to specify arbitrary binding



strengths between each component. This freedom of specification leads to a lot of interesting and useful
designs [18, 31, 29, 28, 1, 20, 2, 6, 17, 8, 22, 26, 27, 16] and therefore has received significant attention over
the last decade. Several self-assembly systems designed under this framework have been implemented in
practice [30, 19, 21, 23, 14, 4, 32] establishing the promise of this approach.

Although many powerful self-assembly systems have been proposed, only small systems have been suc-
cessfully built in practice. One major problem of self-assembly is its high error rate. However, it is hard to
apply previous error correction techniques to self-assembly systems because there is no centralized compu-
tational unit. Each component must contain the information to locally detect and correct errors. We have
designed an error correction scheme called the snaked proofreading tile system [8]. In this construction,
we design groups of redundant tiles that must be paired with each other. Whenever an error happens, the
process will halt locally until the erroneous tiles fall off. Given any self-assembly system, we can produce
an error-free self-assembly system that performs the same function with only a poly-logarithmic increase
on assembly time and the number of tiles required in the original system. This is the first provable solution
to error correction problem for self-assembly. Experimentally, we also implemented a small example of the
snaked proofreading tile system using DNA tiles [15]. Statistics indicate that there is a four-fold improve-
ment in error rates under experimental conditions. This demonstration indicates that the methods designed
theoretically can improve the dynamics of self-assembly systems in the direction predicted.

To make efficient error correction systems, we need to answer questions like “Is this specific system
robust to errors?” or “What is the most efficient error correction technique for this system?” However,
predicting the behavior of a given system requires modeling the whole system as a complicated Markov
process. To prove the correctness of a given error correction system, we need to show that the corresponding
Markov process will converge to a small set of states temporarily. Slight changes in the system can change
the corresponding Markov process drastically. Therefore it is unclear how to generalize the proof of specific
error correction schemes to a general set of criteria for robustness systems. Recently, we proved that a set
of combinatorial criteria is sufficient to guarantee the robustness of self-assembly systems [9] and use this
to prove that several previously designed systems are robust. Every system satisfying those criteria can
self-assemble correctly with arbitrarily high probability. We also showed that there is a trade off between
the complexity of the system and the time required for the system to assemble. This characterization allows
us to prove the validity of error correction designs without requiring knowledge of the underlying Markov
process and can lead to methods of determining whether a given system is robust or not.

Programming molecular systems – Learn from nature
There are many spectacular examples of collective behaviors in nature, ranging from the coordination of

cells in a body to colonies of ants and bees to the whole ecological system. Many researchers study specific
instances of a behavior without knowing if the mechanism is essential to the desired behavior or if it can
be generalized. We are interested in identifying the key features that enables nature to achieve spectacular
tasks. At molecular level, the set of behaviors we observe are assembly, disassembly, chemical reactions
and motion. It has been theoretically proposed [24, 25] that for a given set of arbitrary chemical reactions,
we can construct a set of DNA molecules that behaves according to these reactions. We also know that we
can construct a large variety of self-assembly systems and molecular machines. However, natural systems
are often far more efficient and robust than artificial ones. Identifying the key features in nature will both
aid in engineering molecular systems and give us more insight into how nature work.

Two particular amazing phenomena in assembling structures are self-recovery from small pieces (e.g.
sea stars) and exponential growth (e.g. growth from embryo). We first showed that self-recovery can be sim-
ulated by artificial tile self-assembly systems. We constructed “self-healing” tile systems that can assemble
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arbitrary shapes [9]. The shape can be regenerated from any fragment that is logarithmic in the size of the
desired assembly. Exponential growth, on the other hand, can not be simulated by the tile assembly model.
In this model, we assume tiles can only attach one by one to the existing lattice structure. Therefore, the
time required to construct any shape scales linearly with the size of the shape. However, if we allow the tiles
to make relative motions after they assemble, then we can build arbitrary shapes in poly-logarithmic time.
On the study of robustness, in addition to robust self-assembly, we also studied error correction schemes for
chemical reaction networks [11] and molecular machines [7]. In those two works, we constructed robust
and efficient systems that can do a very general set of computational tasks. These works help us understand
more about several major molecular mechanisms in nature and provide good techniques for building more
sophisticated artificial molecular systems.

Algorithmic game theory – Make selfish agents perform good deeds
Nowadays, many networks, including the internet, are created and used by many agents with a wide

range of objectives. These networks can be very different from the centrally optimized ones that have
received much more attention in previous studies. In these networks, we have to allocate scarce resources
to selfish users and assign costs accordingly. Different methods of resource and cost allocation can create
very different behaviors. People are interested in knowing how different allocation schemes can affect the
efficiency of the network. Many prior works studied one specific resource allocation method and how selfish
behavior impacts the efficiency of the system [3, 12]. We would like to identify the most efficient scheme
when agents are behaving selfishly to construct and operate such networks in the future.

One major difficulty in many systems is that these schemes need to possess some good properties such
as budget-balance and stability to prevent system failure. Therefore, it is hard to even determine all possible
schemes we can choose from. We studied the network formation game which arises from several agents
constructing a network cooperatively. In this model, we first tried to extend a previously known scheme but
discovered that even the slightest generalization can make the system become unstable. Later, we were able
to give a characterization of all possible cost-sharing schemes that guarantees the stability of the system [13].
We also showed that each of the possible schemes must have a potential function associated with it. The
existence of potential function provides us many useful properties and allows us to describe all possible
schemes easily. Using these properties, we can identify schemes that minimizes the inefficiencies caused by
selfishness under different circumstances. The counting argument we presented in proving the above results
can potentially become useful in other models as well.

Future research
Programming many diverse components using simple rules is a topic of interest to many different fields.

Currently, when a particular system is studied, first thing is to make models that can be generalized, and then
study what kind of tasks this system can do. There are a few drawbacks to this approach. First, we might
not be able to achieve the original tasks that we were seeking to accomplish since we start with a random
set of rules. Second, most of the previous work can not be applied if the set of rules is changed. The goal
of my research is to characterize the set of rules / systems that can achieve a given task with performance
guarantees and use these characterizations to speed up and automate the design process. Eventually, I believe
my results will change the way people analyze and construct these types of systems.

In the short term, my plan is to continue my research on each of the fields mentioned above. There are
many interesting and important open problems in each of these fields. Here are a few problems that I plan
to study:
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Is there a better characterization of robust molecular systems?
In real applications, we often want to find the simplest system that does a certain task robustly. To find

these systems, we need a simple robustness verification method. Given any molecular system, I would like
to easily determine whether it is robust and be able to automate this verification process. Previously, we have
established a set of criteria sufficient to show the robustness of some systems in several different molecular
models. Although we have not shown that all robust system must satisfy these criteria, we have evidence
that each of these criteria is necessary for the robustness of the system. Also, the verification process is
deterministic and does not have to deal with the underlying complicated Markov process. Therefore, it
should allow us to easily automate the verification process.

Does combining different rules give us more power?
Previously, we studied models generated by existing synthesized molecular systems. In each of these

systems, we are often limited to one set of control rules. However, in order to create more complicated
systems, models will inevitably require several types of rules. Before trying to construct such systems, we
would like to compare the power that different combinations of rule sets. Recently, we studied the case of
active self-assembly (in which molecules can make relative motions after assembling) and discovered that
even just adding simple motion rules can make self-assembly much more powerful. I am planning to extend
this work by studying other important combinations of rulesets.

How does the rate of molecular movement affect the behavior of molecular systems?
In previous studies on molecular systems, we often assume that the system is well mixed, meaning that

the probabilities for any two molecules to collide with each other are the same. In practice, the movement of
molecules rely on diffusion and are thus more likely to react with molecules that are nearby. I am interested
in studying how much this phenomenon can affect the behavior of molecular systems and their ability to
perform computation and error correction. More generally, I would like to know how much communication
between different components is required for a system to perform specific tasks.

When can we guarantee the existence of a potential function?
In network formation games, we showed that all possible cost-sharing schemes have natural potential

functions associated with them. The existence of potential function gives us many useful properties and
allows us to identify the most efficient scheme. We would like to generalize this result to a wider class of
models and determine the minimal set of restrictions that will give us similar characterization results. We
have some preliminary ideas on generalizing this result to distributed welfare games and we have found
several interesting features that might be critical to the existence of potential function.
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