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Abstract: A network of open interaction (NOI) is an open access platform that enables agents distributed over a wide geograph-
ical area to remotely exert actions mutually or to an ambient environment. A valuable benefit of an open architecture is to allow
open access so that it can be used to support a variety of individual or group objectives specified by the agents. In this paper we
present some examples of NOI to serve as illustration. While much research on design techniques and analysis methodologies
still awaits the attention of researchers, some germs of ideas relevant to NOI are presented here for consideration. The two main
concepts are distributed control allowing choices and real-time medium access control built on protocol sequences.
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1 INTRODUCTION

While the Internet revolution is still raging on and bring-

ing about monumental changes to our society, innovators

and researchers are already exploring even more encom-

passing offshoots, such as the Internet of Things, Web of

Things, Sensor Webs, Supervisory Control and Data Acqui-

sition (SCADA), and Distributed Control Systems (DCSs),

to name a few. In addition allowing people to disseminate

and access information around the world at their fingertips,

these potent scions engender the capability to act on remote

objects. Speaking in hyperbole, the goal post of Internet has

been advanced from omniscient to some limited degree of

omnipotent.

Industrial control networks started out with closed archi-

tectures and gradually migrated towards the open architec-

ture paradigm promoted by the OSI reference model. An

open architecture allows the possibility of open access for

agents who may be distributed all over the world. This open-

ness in access is one of the key success factors for Internet

and may prove to be as important for the development of

control networks. The shift to openness is not just limited

to accessibility, it is also reflected in the functionality of a

network – agents can now define their individual or group

objectives dynamically on the network. In traditional dis-

tributed control networks, goals are usually explicitly de-

fined along with key system parameters. Whether the agents

are cooperating or competing they are expected to know the

intended target and act and react accordingly. For an open

network, the set of active users can vary dynamically and

even their identity may be unknown to each other. The exact

task goal cannot be fully known to all and may change from

time to time. In a human society, such ambiguity in people-

to-people interaction is prevalent, although the sphere of in-

fluence of most individuals tends to be local. Advances in

technology now allows the sphere of influence of individu-

als to be extended, even globally. Networks of interaction
are the results of extrapolation of these development trends.

The word “interaction” emphasizes the fact that as agents

exert controls to the network and observe the resulting ef-

fects, their information on the network goals are refined so
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that future controls can be updated and optimized. In [1], the

authors studied the interaction between two dancing part-

ners. The model intermingles control, communication and

observation into a non-classical, non-separation complex. A

network of open interaction (NOI) extends this interaction

complex to a network platform, so that one can envisage

two dancing partners located in two separate continents can

perform a virtual dance for the appreciation of the audience

spread over the world.

2 EXAMPLES OF NOI

We illustrate the notion of a network of interaction

through three examples.

1. Smart Grid
Consider a smart grid composed of a large number of

independent generators running on renewable energy. The

source nodes are labeled from 1 to K, while the load nodes

(sink nodes) are labeled from K to L. Using the model pro-

posed in [19] and [16], the evolution of the network is as-

sumed to be described as:

Miθ̈i +Diθ̇i +
∑

j∈Ni
ViVjbij sin(θi − θj) = Pi,

i = 1, ..., L,
(2.1)

where Pi represents the power input or output at node i, (Pi’s

are expected to be positive for i = 1, . . . ,K and negative for

i = K + 1, . . . , L,) Vi represents the nodal voltage in rms

value, θi is the voltage phase, bij is the admittance of the line

joining node i and node j, Mi is the motor’s inertia constant,

Di is the damping coefficient, and Ni is the set of nodes

connected to node i.
The parameters, (Vi, Pi) for i = 1, ...,K, can be regarded

as control inputs although in some papers the Vi’s are fixed

and the model is reduced to the so called Kuramoto-like form

(see [16].) A large amount of work has been devoted to ana-

lyzing the stability region and the dynamics of such a model.

There is also a rich collection of problems that can be exam-

ined from the perspective of an NOI.

To give one example, consider the problem of coordinat-

ing the source nodes to provide power supply to satisfy the

demands of the sink nodes. To be more specific, assuming

that for i = K+1, . . . , L, sink node i has a publicized power

demand curve given by the non-negative function, Ri(t), for

the period [t0, t1]. Assume also that each source node i has
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committed to supply S units of power to the network during

the same time period, where S is defined by:

S =

∫ t1

t0

Pi(r)dr. (2.2)

The exact shape of the function Pi(r) is up to source node i
to decide individually. However, to ensure that the demands

at all sink loads are met at each time instant, there is a pre-

agreed penalty for under supply, so that the payment to each

source supplier is of the form:

G = C0S − C1

L∑
j=K+1

∫ t1

t0

(Rj(t) + Pj(t))
+
dt, (2.3)

for some constants C0 and C1. Here x+ is defined as

max(x, 0).
If the source nodes are all coordinated by a central sched-

uler, this is a standard power scheduling and transmission

problem. However, in the absence of a central scheduler,

the problem becomes very complicated. Communication

through the network is an important solution tool as there

may not be any sideline communication. As in the dancing

analogy, control and communication are mingled in an intri-

cate manner for this type of problems.

2. Minority Games
Tremendous attention have been devoted to gain analytical

understanding of the financial markets, involving researchers

not only in the financial and economic areas, but also those

from mathematics, physics and engineering. A real world

model of any financial market is beyond the scope of this

paper. However, it is noted that in recent years, researchers

working in the econophysics area has proposed some rela-

tively simple models that nevertheless captured salient as-

pects of the market dynamics. The Minority Game (MG)

model is one such model, (see for example [7], [5] and [8].)

Since these models have been set up to analyze the behavior

of market traders, it is natural to consider them as examples

of NOI. Here, we briefly describe one MG based problem

that has control theoretic context.

Consider an MG model with N trading agents (individual

investors.) Each agent at time step t can decide either to

“buy” or “sell”. These actions are represented by the integer,

1, and -1 respectively. Let ai(t) represent the action of the

ith agent at time step t. Since a buyer-dominant decision

would drive up the price benefiting the minority sellers, the

gain to agent i is given by [7]:

gi(t) = −ai(t)A(t), (2.4)

where A(t) is sum of the decisions of the agents at step t:

A(t) =
N∑
i=1

ai(t). (2.5)

An agent’s decision is determined by a deterministic strat-

egy which is based on the market history, defined in the fol-

lowing way. Let

h(t) =

{
1, ifA(t) ≥ 0,
−1, otherwise.

(2.6)

Let integer M represent the depth of the historical memory,

and define the binary market history sequence before time t
for t ≥ M by

h(t) = (h(t−M), h(t−M + 1), . . . , h(t− 1)). (2.7)

Agent decisions at step t are determined based on these se-

quences according to the strategy selected. In other words,

each strategy, S, can be regarded as a function from Z
M
2 to

Z2 so that the strategy S defines the action at t to be s(h(t)).

The strategy space, S , has a size of 22
M

which is extremely

large if the depth of memory M is long. There is a rich set of

literature investigating how to reduce the complexity of the

strategy space and to understand the effect of various strate-

gies on the long term performance of the market; (see for

example [14].)

We can reinterpret MG models as NOI by highlighting the

estimation-control elements. As an example, consider a spe-

cial situation where the strategies are restricted to a positive

strategy, p, or a negative strategy, n, only. These strategies

are defined as:

p(d) = sgn(

M∑
i=1

di), n(d) = −p(d), (2.8)

where d is an element of ZM
2 and sgn(0) is interpreted as 1.

At step 0 to M − 1, agents are assumed to derive their de-

cisions randomly and at step M , each agent is randomly as-

signed a strategy of either p or n. For step t greater than M ,

the strategy used by the ith agent, denoted by Si(t), evolves

according to the rules:

Si(t) = sgn(ci(t))p,

ci(t) =

{
ci(t− 1) + βigi(t− 1) if Si(t− 1) = p,
ci(t− 1)− γigi(t− 1) if Si(t− 1) = n,

ci(M) = 1 or − 1, depending on the strategy
assigned at step M.

(2.9)

Here βi and γi are individual scaling parameters.

These update rules can be understood by interpreting ci
as a confidence function of the effectiveness of the positive

strategy. An agent who has received positive gain from the

currently used strategy will become more convince of it or

lose confidence in it otherwise. A change of strategy takes

place when there is a change in sign for the confidence func-

tion.

So far we have described the basic dynamics of the model.

In order to introduce the control element, consider the sce-

nario where a subset of the agents may form groups, each of

which is controlled by a group leader. Moreover, all group

leaders have access to market projection given in the form

of ρ(t), the probability distribution of the sum of the deci-

sions of the individual (non-group) investors at step t. So,

for agents i who belongs to the jth group, the investment

decision ai(t) is no longer governed by Si(t), but instead is

given by

ai(t) = sgn(uj(t)), (2.10)

where uj is determined by the jth group leader based on ρ(t)
and the previous gain history of the group.

A basic question is then how to design uj for good fi-

nancial return. One important consideration factor is the
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number of agents belonging to such groups. If this number

is large, then the final market behavior may deviate signifi-

cantly from the prediction given by ρ. A good control strat-

egy may require estimating the number of agents belonging

to such groups. It would be interesting to analyze the market

dynamics of these types of models.

3. Air-Surface Cooperative Control Network
There is growing interest in the research of air-surface co-

operative control systems which consist of a team of un-

manned aerial vehicles (UAVs) interacting with a team of

unmanned ground vehicles (UGVs). (For references see for

example [15], [6], [17], [4], and [13].) There are many appli-

cations for these systems, including wide area surveillance,

cooperative search, formation control, remote task coordi-

nation, and so on. It is stated in [23] that there are three

cooperative scenarios in these systems, namely:

1) Aerial robots assist ground robots;

2) Ground robots assist aerial robots;

3) Ground and aerial robots cooperate to achieve a task.

UGV layer 

UAV layer 

Fig. 1: An air-surface network showing multiple UGVs

jointly controlled by multiple UAVs. Similarly, multiple

UGVs can control multiple UAVs. These scenarios demand

complicated real-time communication networking structure.

In all these scenarios, communication among the robotic

agents are complicated but indispensable. Assigning dedi-

cated physical channels for each pair of agents is too costly if

the number of agents is large and solutions via communica-

tion network become desirable. For shared communication

channels, coordination of user access is a fundamental issue

and there are many well researched solutions for networks

with base stations, such as a cellular network. Although

there is a natural two-layer structure for the network under

consideration, there is no natural hierarchy among nodes in

the same layer. For ad hoc networks like these, the traditional

feedback-based, non-deterministic solutions such as CSMA

quickly become unwieldy since every agent can serve as a

base station and there is no natural way to uniquely nomi-

nate a base station set. Moreover, traditional media access

control protocols are not intended for time critical applica-

tions. In spite of intense interests in developing real-time

ethernet protocols, (see for example [40] and [12],) there are

no obvious choice for communication protocols that can sup-

port mobile control networks such as the air-surface control

networks described here. As real-time guarantee is hard to

obtain, understanding the effect of information loss on con-

trol objectives becomes critical and much research has been

reported on these issues (see for example [27], [28], [41],

[31], [9], and [11].) It is shown in [20] and [31] that systems

with packet reception acknowledgments, referred to as TCP-

like, have better performance than those without acknowl-

edgments, referred to as UDP-like. Moreover, for TCP-like

systems, classic separation principle holds, but not so for

UDP-like systems. Unfortunately, providing acknowledg-

ments in an ad hoc network is costly as these acknowledg-

ments are additional data traffic.

The approach taken in [10], which relies on protocol se-
quences, offers a promising new direction of investigation.

Further details on this novel approach is provided in Section

5.

3 KEY FEATURES OF NOI

These examples serve to illustrate the breadth of problems

that can be modeled by an NOI and demonstrate that there

can be great variations in the underlying dynamic models for

these networks. Therefore, instead of making an attempt to

define here an all inclusive formal structure of an NOI, we

highlight some key features of these networks:

1) Control objectives may vary from time to time and are

dependent on parameters, referred to as choices, that

may not be universally known to all agents.

2) Locality and network connectivity can evolve dynami-

cally.

3) Nonclassical information structure is the norm rather

than exception. The separation principle of control and

estimation cannot be guaranteed in general.

4) Contention in communication and computing resources

may lead to varying delays in control actions.

5) No central coordinating authority, all control algo-

rithms are distributed in nature and may only depend

on information from local neighbors.

Not all these features are unique to NOI. For example,

many distributed control systems are premised on time-

varying locality and connectivity. Two of the more discrim-

inating features are the time-varying, choice-based nature of

control objectives and the influence of communication re-

source sharing on the effect of controls. Both features call

for solutions that require communication through the net-

work. In the following sections, we introduce concepts that

can be invoked to address some related issues.

4 CONTROL COMMUNICATION COMPLEX-
ITY FOR SYSTEM WITH CHOICES

In traditional distributed control problems, the control ob-

jective is typically assumed to be known to all agents. For

example, for the consensus problem the objective is to derive

distributed algorithms to enable agents reach a pre-defined

consensus, such as, identical velocity for a fleet of UAVs.

Generalized versions, such as the models covered in [38] and

[25], where the goal is to ensure agents converge to differ-

ent consensus clusters based on their choices pertain to the

realm of NOI.

The papers [34], [35], [36], and [2] report results from

early investigations on systems allowing choices. Some of

these ideas and techniques can be extended to NOI.
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Consider a controlled dynamical system of the form:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

d

dt
x(t) = f(x(t),uA(t, CA, ỹA(t)),uB(t, CB , ỹB(t))),

x(0) = x0 ∈ R
N ,

yA(t) = hA(x(t)) ∈ R
LA ,

ỹA(t) = {(s,yA(s)), 0 ≤ s ≤ t},
yB(t) = hB(x(t)) ∈ R

LB ,
ỹB(t) = {(s,yB(s)), 0 ≤ s ≤ t},
z(t, cA, cB) = c(x(t)) ∈ R

M ,
(4.11)

where f is a smooth vector field describing the inherent dy-

namics of the network . For simplicity, we consider the case

with only two active agents, Alice and Bob. Alice controls

the network via uA, which is dependent on Alice’s target

choice, cA, and past history of the observation received by

Alice up to t, ỹA(t). Similarly, the control of Bob, uB ,

is based on cB and ỹB(t). The target choice variables,

cA and cB , take values in the respective sets of choices,

A = {1, . . . ,m} and B = {1, . . . n}.

The control objective is to steer the network to a chosen

state at a finite terminal time, Tf , which is selected based on

cA and cB . At time t = 0, Alice and Bob each selects a value

for his or hers choice variable. The probability of selection

is specified by distributions ρA and ρB respectively; both

distributions are known to all agents. However, at time t =
0, Bob does not know what choice Alice has selected and

vice versa. Let H(i, j) represent the target state when Alice

selects i and Bob selects j. Following [34], we define the

target matrix to be the m by n matrix, H defined by:

Hi,j = H(i, j). (4.12)

The control objective can be rephrased as to derive con-

trol law sets, UA = {uA(·, 1), . . . ,uA(·,m)} and UB =
{uB(·, 1), . . . ,uB(·, n)} with uA dependent on cA and

ỹA(t) only and uB dependent on cB and ỹB(t) only, so that

z(Tf , i, j) = Hi,j . (4.13)

As in the formulation of the standard terminal state con-

trol problem (single target), one may add control cost to the

consideration. For example, one may be interested to find

the optimal controls that minimize:

I(UA,UB) =∑m
i=1 ρA(i)

∫ Tf

0
uT
AuA(t, i)dt

+
∑n

j=1 ρB(j)
∫ Tf

0
uT
j uj(t, j)dt,

(4.14)

subject to condition (4.13) is satisfied.

Although the control laws defined here are supposed to

be dependent on the whole observation history, in an NOI,

the observers and controllers are not necessarily co-located

but connected via a digital communication network. Hence,

there is a discrete time version of (4.11) so that observations

and controls are dependent on coded messages. Details can

be found in [34] and is not repeated here.

Noted that if the agent choices are known to both agents,

the network terminal control problem can be decomposed

into mn standard terminal control problems. The mean con-

trol cost of these standard terminal control problems pro-

vides a lower bound for I(UA,UB). This fact also offers

a solution approach whereby the control is divided into two

phases. The objective of the first phase is to enable the agents

to signal their selected choices to each other so that by the

end of the phase, the problem is reduced to a standard ter-

minal control problem; the solution is then applied in the

second phase. For a given choice set (i, j), the control cost

of this type of solution is a sum of the cost in the signaling

phase plus the cost of a standard terminal control problem,

(with correspondingly adjusted initial time and initial state.)

At the other end are solutions which do not make use of

any observations and hence there is no possibility of deter-

mining the other agent’s choice. At first sight, this seems to

be asking for an infeasible solution. Indeed, not every net-

work terminal control problem allows for such type of so-

lutions. But solutions can exist, although the control costs

tend to be higher. In a sense, one can trade communica-

tion cost with control cost. Between these two extremes,

that is communication-free on one hand and full signaling

of the agents’ choices on the other, are the hybrid solu-

tions which allow agents to gradually learn more about each

other’s choices. For these solutions, the controls also carry

information in addition to satisfying trajectory goals. (See

[29] and [30] for ideas on communication through control.)

We note in passing that for the discrete time models, a

natural question is how many information bits need to be

exchanged before the target can be realized. By extending

Yao’s concept of communication complexity ([39] and [22]),

a related concept of control communication complexity was

introduced in [34] and further developed in [35].

Communication-free solutions are of interest as they offer

solutions without requiring agent-to-agent communication.

Whether such a solution exists is hinged on the inherent sys-

tem dynamics and well as on the structure of the target ma-

trix.

In [36], this question was resolved for the case where the

output z(t) is a scalar function that is bilinear in the controls

uA and uB . Systems satisfying this bilinear condition in-

clude the Brockett-Heisenberg system and linear systems of

the form [36]:⎧⎨
⎩

dx(t)

dt
= Ax(t) + u(t)v(t)b, x(0) = 0 ∈ R

N ,

yA(t) = yB(t) = z(t) = cTx(t) ∈ R.
(4.15)

We note that in the smart grid model, if the phases are rel-

atively constant and the voltages Vi’s are regarded as con-

trols, there is a natural connection between equation (2.1)

and (4.15).

The bilinear assumption implies that the target realization

problem is to find a factorization of H as a product of three

matrices:

H = UFVT , (4.16)

where U and V are matrix representations of the controls in

relation to an orthogonal base in the control space, while the

matrix F is a description of the system input-output map-

ping. A basic result states that whether a communication-

free solution exists for the bilinear model hinges on the con-

dition whether the rank of F is larger than or equal to that of

H. If it is, then communication-free solutions exist, other-

wise they do not. Moreover, under suitable technical condi-

tions, it is possible to derive the optimal control cost. When
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compared with the mean control cost of the standard termi-

nal control problems, these results allow us an inherent way

to evaluate the value of the communication bits.

For the Brockett-Heisenberg system it can be shown that

the rank of F is infinite, hence it can realize any finite target

matrix without any communication. On the other hand, for a

linear system, say of the form:

⎧⎨
⎩

dx(t)

dt
= Ax(t) + uA(t)bA + uB(t)bB , x0 ∈ R

N ,

yA(t) = yB(t) = z(t) = cTx(t) ∈ R,
(4.17)

there exits a communication-free solution only if the target

matrix satisfies the compatibility condition [34]:

Hik −Hjk = Hil −Hjl, (4.18)

for i, j ∈ {1, . . . ,m} and k, l ∈ {1, . . . , n}.

For compatible target matrices, optimal communication-

free control laws were derived in [18]. These control laws

are open-loop control. To handle state disturbances, it is de-

sirable to use feedback control laws. One simple suggestion

explored in [18] is to repetitively apply the open-loop control

law using the latest state and time value as initial parame-

ters while keeping the choice distribution fixed. In principle,

such type of feedback laws can be shown to converge to the

chosen targets. However, the control energy of these laws

will diverge to infinity. An intuitive explanation is that the

defined solution tries to perform the same task with shorter

and shorter time duration and hence it requires an increasing

amount of control cost.

A more sophisticated approach is investigated in [24]

which allows the choice distributions be updated along with

the state estimation. Unfortunately, the separation princi-

ple no longer holds for the combined system. Instead, sub-

optimal control laws were derived under the condition that

Kitanidis estimators [21] are used. These control laws have

finite control cost and perform well in numerical studies. We

can regard these laws as examples of hybrid control laws al-

luded to earlier.

Finally a word on the non-compatible target matrix cases,

for which there are no communication-free solutions. How-

ever, one can construct two-phase solutions as follows. In

the first phase, which ends at time tI , agents use the con-

trols to indicate their choices. The output state at tI is coded

to represent the true terminal state to be reached. Hence, in

theory, each agent only needs to read the output informa-

tion once to complete the solution. The value of tI needs to

be fine-tuned so that the sum of the control costs at the two

phases is minimized.

Some of these results can be extended to multi-agent mod-

els to offer new methodologies to study NOI. A difficulty to

overcome is the “curse of dimensionality” as the target ma-

trix will be replaced by a high dimensional tensor. How-

ever, if the objective is to understand global network behav-

ior there are techniques to reduce the problem complexity.

5 REAL-TIME MEDIA ACCESS CONTROL

In [3], the concept of communication sequence was in-

troduced to define the communication access order of sen-

sors and actuators. A communication sequence is a periodic

binary sequence that can be used to assign communication

tasks in a network control system. In communication theory,

there is a related concept of protocol sequence [26] which

was introduced to define random access to a shared commu-

nication medium, such as a radio frequency band supporting

multiple users.

Traditional approach to the medium access control (MAC)

requires some type of conflict resolution if more than one

agent transmits at a given transmission time slot. Feedback

information such as channel status or protocol instructions

need to be sent to the transmitting agents by a central author-

ity. These feedback based solutions proved to be efficient

for systems built on base stations, such as wireless LANs.

However, for an ad hoc network where there are no clear

designated base stations, these feedback based MAC algo-

rithms are inefficient. Protocol sequences based solutions

on the other hand avoid using any feedback information at

the MAC protocol layer. (High level acknowledgments may

still be needed and can be implemented at a higher protocol

layer with lower frequency.) The basic idea is to assign to

each transmitting agent a unique periodic binary sequence.

A physical channel is divided into time slots and at the be-

ginning of every time slot a bit from the assigned sequence

is read — a “1” represents permission to transmit and a “0”

represents instruction to remain silent. If the sequences are

designed with low cross correlation, it is possible to guaran-

tee that no matter what time offsets the agents experience,

any one of them can transmit at least one data slot without

conflict from the other agents within one common period.

This property is referred to as User Irrepressibility, or UI for

short.

One drawback of this elegant idea is that the common pe-

riod of protocol sequences tends to be very long. Using the

original constructions in [26], supporting M active agents

with UI property requires sequences with a common period

of at least 2M . Recent works have been focused on find-

ing shorter UI sequences, for example [33], [32], and [37].

These works establish that the shortest known UI sequence

sets have common periods in the order of M2, where M rep-

resents the number of active users.

Protocol sequence based MAC is particularly suitable for

control network applications since it is possible to bound

the maximum delay caused by contention from peer agents.

TCP-like protocols, which support acknowledgments, are

more powerful than UDP-like protocols, which do not have

such acknowledgments, (see [31] .) However, in an ad hoc

network, there is no simple way to guarantee acknowledg-

ments are well-received as they are also data transmissions

and require acknowledgments themselves. A feedback-free

MAC can avoid this ad infinitum recursion.

To illustrate the use of protocol sequence in network con-

trol consider a simple model in which a controller aims to

stabilize a remote system by sending control information

over a shared wireless channel.

The basic dynamics of the system is of the form:

{
xn+1 = cxn + wn + αnun, x0 ∈ R,

yn+1 = xn+1.
(5.19)

Here wn’s represent state noises which are independent iden-

tically distributed random variables with mean 0 and fi-
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nite variance. The variable αn has value 1 or 0 indicating

whether the control signal at time t is received and applied

or not. For simplicity, we assume that there is no observa-

tion noise and that the observation measurements are always

available to the controller.

If the link between the controller and the actuator is sub-

ject to contention losses that can be modeled by indepen-

dent Bernoulli random variables, {αn}, with probability that

the transmission is successful given by 1 − p, then equation

(5.19) is a simple variant of the model considered in [20]. If

control cost is ignored, it is obvious that the optimal control

is simply:

un = −cyn. (5.20)

It follows from the arguments in [20] that the sequence

{E[x2
n]} is bounded if and only if

c <
1√
p
. (5.21)

On the other hand, if a MAC protocol based on a UI se-

quence set is used, the sequence {αn} in equation (5.19) is

no longer random but is deterministic once the time offsets

among the agents are fixed. Let the period of the protocol

sequences be L. By the UI property, there exists at least one

contention-free transmission, n, between 0 and L − 1. Un-

der the assumption that peer contention is the only packet

loss factor, this implies

αn = 1. (5.22)

Since the time offsets among agents remain unchanged, it

follows that for j = 0, 1, . . .,

αn+jL = 1. (5.23)

Moreover,

xn+jL+1 = wn+jL. (5.24)

Hence the sequence {E[x2
n]} is bounded for all values of c.

This simple example serves to illustrate the attractiveness

of using protocol sequences in control schemes. More re-

alistic scenarios incorporating control cost and sensing data

loss are being investigated.

6 CONCLUSION

Networks of open interaction are rooted and evolved from

information-based control and distributed control systems.

They also take cues from the Internet and the Internet of

Things. Remote enabling of actions and reactions on an

open access platform will engender novel applications and

services we have not yet dreamed of. However, this ambi-

tious goal is still a distant target. Paths leading to it will be

long and arduous, yet hopefully, rewarding.

References
[1] J. Baillieul and K. Ozcimder, “The Control Theory of Motion-

Based Communication: Problems in Teaching Robots to

Dance,” Proceedings of the American Control Conference
June 27-29, 2012, Montréal, Canada, pp. 4319–4326.

[2] J. Baillieul and W. S. Wong, “The Standard Parts Problem and

the Complexity of Control Communication,” Proc. of the 48-
th IEEE Conf. on Decision and Control, Shanghai, pp. 2723–

2728, December 16-18, 2009.

[3] R. W. Brockett, “Stabilization of motor networks”,In Pro-
ceedings of the 34th IEEE Conference on Decision and Con-
trol, pp. 1484-1488, 1995.

[4] D. Casbeer, et al., “Cooperative Forest Fire Surveillance Us-

ing a Team of Small Unmanned Air Vehicles,” International
Journal of Systems Science, 37(6), pp. 351–360, 2006.

[5] A. Cavagna, “Irrelevance of Memory in the Minority Game”,

Physical Review E, 59(4), pp. 3783–3786, 1999.

[6] L. Chaimowicz, V. Kumar, and M. Campos, “A Paradigm

for Dynamic Coordination of Multiple Robots,” Autonomous
Robots, 17(1), pp. 7–21, 2004.

[7] D. Challet and Y.-C. Zhang, “On the Minority Game: Analyti-

cal and Numerical Studies”, Physica A: Statistical Mechanics
and its Applications, 256(3) pp. 514–532, 1998.

[8] D. Challet, M. Matteo and Y.-C. Zhang, “Modeling Market

Mechanism with Minority Game”, Physica A: Statistical Me-
chanics and its Applications, 276(1), pp. 284–315, 2000.

[9] H. Cheng, Y.-S. Chen, W. S. Wong, Q. Yang, L.-F. Shen

and J. Baillieul, “Stabilizing an Tracking Control of Multiple

Pendulum-Cart Systems over a Shared Wireless Network,”

Proceedings of the Chinese Control Conference, July 25-27,

2012 in Hefei, AnHui, China.

[10] H. Cheng, Y.-S. Chen, W. S. Wong, Q. Yang and L.-F. Shen,

“Protocol Sequence Based Wireless Media Access Control in

Networked Control Systems,” 12th International Conference
on Control, Automation, Robotics and Vision (ICARCV) De-

cember 5-7, 2012, Guangzhou, China.

[11] H. Cheng, Y.-S. Chen, X.-K. Li and W.S. Wong, “Au-

tonomous Takeoff, Tracking and Landing of a UAV on a Mov-

ing UGV Using Onboard Monocular Vision,” to appear in

Proceedings of the Chinese Control Conference, July 26-28,

2013 in Xi’an, China.

[12] J.-D. Decotignie, “Ethernet-Based Real-Time and industrial

Communications”, Proceedings of the IEEE, 93(6), pp. 1102–

1117, 2005.

[13] H. Duan, and S. Liu, “Unmanned Air/Ground Vehicles Het-

erogeneous Cooperative Techniques: Current Status and

Prospects,” Science China Technological Sciences 53(5),

pp. 1349–1355, 2010.

[14] The Minority Game web page on

http://www.unifr.ch/econophysics

[15] A. Elfes, et al., “Air-Ground Robotic Ensembles for Coop-

erative Applications: Concepts and Preliminary Results,” 2nd
International Conference on Field and service Robotics, Pitts-

burgh, USA, 1999.

[16] G. Filatrella, A. H. Nielsen, and N. F. Pedersen.“Analysis of

a power grid using a Kuramoto-like model”, J. Eur. Phys. B,

61, pp. 485-491, 2008.

[17] B. Grocholsky, J. Keller, V. Kumar, and G. Pappas, “Cooper-

ative Air and Ground Surveillance,” IEEE Robotics and Au-
tomation Magazine, 13(3), pp. 16–25, 2006.

[18] G. Guo, W. S. Wong and Z.-C. Liu,“Cooperative Target Real-

ization in Multi-Agent Systems Allowing Choice-Based Ac-

tion, preprint, arXiv: 1207.0097, 2012.

[19] D. J. Hill and G. Chen, “Power Systems as Dynamic Net-

works,” IEEE Int. Symposium on Circuits and Systems, Kos,

Greece, May 2006, pp. 722-725.

[20] O. C. Imer, S. Yuksel, and T. Basar, “Optimal Control of Dy-

namical Systems over Unreliable Communication Links,” Au-
tomatica, 42(9), pp. 1429-1439, 2006.

[21] P. K. Kitanidis, “Unbiased Minimum-Variance Linear State

Estimation,” Automatica, 23, pp. 775–778, 1987.

[22] E. Kushilevitz and N. Nisan, Communication Complexity,

Cambridge University Press, Cambridge, UK, 1997.

[23] S. Lacroix and G. Besnerais, “Issues in Cooperative

Air/Ground Robotic Systems”, In Robotics Research,

13



Springer Berlin Heidelberg, pp. 421–432, 2001.

[24] Z.-C. Liu, W. S. Wong, and G. Guo, “Cooperative Control of

Linear Systems with Choice Actions,” to appear in Proceed-
ings of the American Control Conference, June 17-19, 2013,

Washington, D.C., USA.

[25] Z.-C. Liu and W. S. Wong, “Choice-Based Cluster Consen-

sus in Multi-Agent Systems,” to appear in Proceedings of the
Chinese Control Conference, July 26-28, 2013, Xian, China.

[26] J. L. Massey and P. Mathys, “The Collision Channel With-

out Feedback, IEEE Transactions on Information Theory,

31(2), pp. 192-204, 1985. IEEE Trans. Automat. Contr., 49,

pp. 1520–1533, 2004.

[27] H. S. Park, Y. H. Kim, D. S. Kim, and W. H. Kwon, “A

Scheduling Method for Network-Based Control Systems,”

IEEE Transactions on Control Systems Technology, 10(3),

pp. 318–330, 2002.

[28] N. J. Ploplys, P. A. Kawka, and A. G. Alleyne, “Closed-

Loop Control over Wireless Networks,” IEEE Control Sys-
tems Magazine, 24(3), pp. 58–71, 2004.

[29] D. V. Raghunathan and J. Baillieul, “Exploiting information

content in relative motion,” in Proceedings of the American
Control Conference, June 10-12, 2009, St. Louis, ThA606.4,

pp. 2166-2171.

[30] D. V. Raghunathan and J. Baillieul, “Motion Based Commu-

nication Channels between Mobile Robots A Novel Paradigm

for Low Bandwidth Information Exchange,” in Proceedings
of the 2009 IEEE/RSJ International Conference on Intelligent
Robots and Systems (IROS 2009), October 11-15, 2009, St.

Louis, pp. 702-708.

[31] L. Schenato, B. Sinopoli, M. Franceschetti, K. Poolla, M.

Jordan, and S. Sastry, “Foundations of Control and Estima-

tion over Lossy Networks,”Proceedings of the IEEE, 95(1),

pp 163–187, 2007.

[32] K. W. Shum and W. S. Wong, “Construction and Applications

of CRT Sequences,” IEEE Transactions on Information The-
ory, 56(11), 5780–5795, 2010.

[33] W. S. Wong, “New Protocol Sequences for Random Access

Channels without Feedback,” IEEE Transactions on Informa-
tion Theory, 53(6), pp. 2060–2071, 2007.

[34] W. S. Wong, “Control Communication Complexity of Dis-

tributed Control Systems,” SIAM Journal of Control and Op-
timization, 48(3) pp. 1722–1742, 2009.

[35] W. S. Wong and J. Baillieul, “Control Communication Com-

plexity of Nonlinear Systems,” Communications in Informa-
tion and Systems, 9(1), pp. 103-140, 2009.

[36] W. S. Wong and J. Baillieul, “Control Communication Com-

plexity of Distributed Choices,” IEEE Transactions on Auto-
matic Control, 57(11), pp. 2731–274, 2012.

[37] Y. Wu, K. W. Shum, W. S. Wong, Q. Su, and L.-F. Shen,

“Deterministic Channel Access Using Quasi-random Proto-

col Sequences,” preprint.

[38] W. Xia and M. Cao, “Clustering in Diffusively Coupled Net-

works”, Automatica, 47, pp. 2395-2404, 2011.

[39] A.C.-C. Yao, “Some Complexity Questions Related to Dis-

tributive Computing,” Proc. of the 11-th Annual ACM Sympo-
sium on Theory of Computing (STOC), 1979.

[40] H. Ye, G. C. Walsh, and L. G. Bushnell, “Real-Time Mixed-

Traffic Wireless Networks,” IEEE Transactions on Industrial
Electronics, 48(5) pp. 883–890, 2001.

[41] L. Zhang and D. Hristu-Varsakelis, “Communication and

Control Co-design for Networked Control Systems,” Auto-
matica, 42(6), pp. 953–958, 2006.

14



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


