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1 Abstract

We describe a new theory for determining fundamental perfiarance limits of wireless ad-hoc net-
works. The theory expands the traditional de nition of Shamon capacity to incorporate notions of

delay, outage, and robustness. Novel tools are described dpper and lower bounding the network

performance regions associated with these metrics under @&d range of assumptions about chan-
nel and network dynamics, state information, and network tpologies. We also develop a exible
and dynamic interface between network applications and theerived performance regions to obtain
the best end-to-end performance. Our proposed Informatidrheory for wireless networks embraces
an interdisciplinary approach to this challenging problenthat incorporates Shannon Theory along

with network theory, combinatorics, optimization, stochatic control, and game theory. Preliminary

results of this approach are described and promising futudérections of research outlined.

2 Introduction

A wireless ad hoc network is a collection of wireless nodestlself-con gure to form a network with-
out the aid of any established infrastructure. When these m&orks have mobile nodes, as shown in
Fig. 1, they are called mobile ad hoc networks (MANETS). Witlbut an inherent infrastructure, the
nodes perform the required network control and managemertirough dynamic control algorithms.
Multihop routing, whereby intermediate nodes relay data tevards its nal destination, is typically
used to increase performance, throughput and range of thetwerk.

MANETSs are highly appealing for many reasons. They can be rajly deployed and recon-
gured. They can be tailored to speci c applications. They @& also highly robust due to their
distributed nature, node redundancy, and the lack of singlpoints of failure, the latter being es-
pecially important in military applications for which the rst MANET protocols were developed
[JT87]. However, despite much research activity over thesaseveral decades on wireless communi-
cations in general, and on MANETS in particular, there remai many signi cant technical challenges
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Figure 1: A Mobile Ad Hoc Network (MANET)

in the design and performance optimization of these netwask In particular, the Shannon capacity

region of MANETS - the region de ning the maximum rates achieable between all node pairs - has
remained an open problem for decades, even for the most simpletwork topologies. The funda-

mental performance of MANETSs for metrics other than capacitis also poorly understood. These
fundamental performance bounds provide insight about optial network design, as well as an upper
bound against which to compare the performance of existingqiocols, as Shannon capacity has
done for point-to-point and multiuser channels.

The mathematical theory of information was born from Claudé&hannon's conception of channel
capacity in 1948 [Sha48] - the maximum rate that can be achies over a channel with asymptotically
small probability of error. The simple yet elegant mathemacts of this brilliant concept coupled with
its revolutionary ideas for coding over noisy channels andobnding their fundamental data rate
limits via their mutual information has inspired generatios of theorists and practitioners. Moreover,
much insight as well as design breakthroughs in communicati systems, such as multiple-input
multiple-output (MIMO) techniques, water- lling rate and power adaptation, and low-density parity
check (LDPC) codes, resulted from Shannon's results and t®that built upon it. Modular system
design, in particular the separation of application-layercompression techniques and lower-layer
transmission protocols, were also inspired by Shannon'sstdts on the optimality of this separation.

There has been much progress in nding the Shannon capacity wireless single-user and mul-
tiuser channels. For single-user channels this capacityasnumber, the maximum data rate of the
channel, while for multiuser channels it is am-dimensional region de ning the maximum rates
possible for alln users simultaneously, as shown in Figure 2 for a three-uséraanel. The capacity
of static single-user channels, multiple access channdi$XCs), and broadcast channels (BCs) with
noise and multipath is known [CT91]. In recent years these salts have been extended to include
multiple antennas at the transmitter and receiver (MIMO chanels) [GJJV03], where the additional
spatial dimension increases capacity linearly with the nuber of antennas. The capacity of time-
varying at-fading single-user, MAC, and BC channels whentte transmitter(s) and receiver(s) have
perfect information about the channel state is also known [BS98]. Without channel state informa-
tion at the transmitter, capacity is often limited by the worst-case channel conditions, which can
be quite bad in wireless channels. To address this issue, tiie nition of capacity in time-varying
channels has been modi ed to include error in the form of ougee, and results for this metric un-



der di erent fading distributions in the single-user, MAC, and BC have been derived. Capacity
of channels with feedback is largely unknown, except for thease of single-user static memoryless
channels, where feedback generally doesn't help, and timaying nite-state channels, where the
structure in the channel variations allows the impact of fegback on capacity to be determined. The
lack of capacity results for feedback channels is re ected the ad-hoc use of feedback in wireless
system design, which typically consists of channel state formation and/or acknowledgments of
correctly-received packets. Yet there is no fundamental salt that dictates this is the best use of
the nite-rate feedback channels built into these systems.

Figure 2: Capacity Region for Three Users

Capacity results are much more limited for ad-hoc wirelessetworks, even for simple static
models. In particular, the capacities of the most basic adet networks, the three-node relay
channel and the four-node interference channel illustrateén Figure 3, have remained open problems
for decades. Recent breakthroughs in capacity scaling laggee [NGSO08] and the references therein)
characterize how per-node capacity scales in an asymptatily large network. However, these laws
provide just one point, the equal-rate point, on the wireles network capacity region, which for
n users has dimensiom (n 1) since it dictates the maximum data rates between all pairsf
users simultaneously. Since the fundamental data rate litsi of the wireless networks shown in
Figure 3 have eluded researchers for so long, it is unlikelyat we can obtain the Shannon capacity
region of more general networks, especially when networkridymics and feedback are incorporated.
Separation theorems to guide wireless network protocol dgss are also absent due to the lack of
capacity results for these networks.
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Figure 3: Simple Ad-Hoc Networks for which Capacity is Unknen

The Shannon capacity of a channel places no restrictions oongplexity or delay in transmis-
sion or reception. Technology evolution has borne out the ppopriateness of the rst assumption,



as silicon chips today support highly-complex designs wittelatively small, cheap, and low-power
implementations unimaginable in Shannon's day. In contrashowever, the Shannon capacity as-
sumption of asymptotically large delays is problematic foreal-time applications and gives rise to
an unconsummated union between network theory and Shannohetory [HE98], since the former
is largely based on analysis of queuing delays. There has meery limited progress and therefore
little insight into consummating this union to obtain the fundamental capacity limits of wireless
systems with strict delay constraints.

The grand research challenge of developing and exploitingreore powerful Information Theory
for MANETS initiated the DARPA Information Theory of Mobile Ad-Hoc Networks (ITMANET)
program. The program's hypothesis is that a better understading of these fundamental capacity
limits will lead to insights and implications for network design and deployment, including an optimal
layering of the protocol stack de ning the appropriate inteface between applications and their
underlying networks. This paper provides an overview of owesearch under the ITMANET program
towards developing this new theory, which we call the Fundaemtal Limits of Wireless Systems
(FLOWS) project. In particular, we will provide an overview of the many research challenges
in developing this new theory as well as our approach for bidag the problem into separate
yet interconnected research areas. These research areas laoth evolutionary and revolutionary
with respect to the current state-of-the-art, and in fact tre interconnection between the areas is
what we believe will provide the theoretical breakthroughsowards this new theory. The principle
researchers on the project include the authors of this arteeas well as Stephen Boyd, Todd Coleman,
Ralf Koetter!, Ramesh Johari, Sean Meyn, Pierre Moulin, and Devavrat ShalhThe team brings
a wide range of interdisciplinary perspectives and matherieal tools to bear on determining the
fundamental performance limits of MANETS.

3 Overview of FLoWS

Our research in FLOWS is based on the following goals:

Expand the de nition of channel capacity to encompass a braker set of fundamental perfor-
mance limits associated with wireless networks.

Develop tractable and insightful canonical models for witess networks.

Obtain fundamental performance regions and bounds for thesnodels under our broader
de nition of capacity.

De ne the interface and negotiation between the applicatio and the network to optimize
end-to-end performance given the underlying network perfmance region.

The project is broken down into the three interconnected resrch areas to achieve these goals,
as listed below and illustrated in Figure 4:

Research Area 1: New Paradigms for Upper Bounds

Research Area 2: Layerless Dynamic Networks
1Ralf Koetter passed away as this article was being completed

4



Research Area 3: Application Metrics and Network Performance
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Figure 4. FLoWS Approach to Obtaining MANET Fundamental Peformance Limits

The rst research area investigates new paradigms for uppdéounds on network performance,
while the second explores novel layerless dynamic netwarffitechniques to lower bound this perfor-
mance. When the upper and lower bounds meet, the fundamenfarformance region is known. The
last area develops the interface between the application dmetwork to achieve the best end-to-end
performance. Underlying all three research areas are the deds and metrics for the networks we
analyze; what metrics are important in terms of network pedrmance, and what canonical models
are both insightful and tractable to analyze with respect tahese metrics.

Fig. 4 illustrates a performance region where capacity is tite only metric. Indeed, as discussed
earlier, delay (average or maximum) is an important metricdr many applications. In addition,
dynamic wireless channels may exhibit improved rates if s@outage or error is allowed. Hence
the performance region in Fig. 4 shows a hypothetical tradebetween data rate (capacity), delay,
and outage for a given user. But these are not the critical mets for every system. For example,
sensor networks with non-re-chargeable batteries may wish optimize energy per bit rather than
data rate; communication systems where reliability is targmount may preclude any outage; and
data systems may operate with little constraint on delay. Ths, the gure merely illustrates the
performance region for a user where data rate, delay, and age are the most important metrics.
Note that transmit power is not explicit in this performanceregion but rather is a parameter of the
underlying model. Other model parameters might include aylable bandwidth, number of antennas
at each node, and complexity limitations.

Research Areas 1 and 2 determine performance region uppeddower bounds which dictate
their performance tradeo s: e.g. a higher data rate might bechieved but at the expense of some
delay; or if outage is precluded then data rates will typicé su er. Where to operate on this network
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Figure 5: Existing and Emerging Intellectual Tools in each Bsearch Area

performance region depends on the application. In particad, for the region of Fig. 4, the optimal

operating point will depend on how sensitive the applicatiois to the outage, delay, and data rate of
the network. A video application might operate at a high ratewith low delay, but su er outage when

network conditions do not support this level of performance A voice application might operate

at a relatively low data rate with minimal outage and strict delay constraints. Networks might

implement multiple tiers of service, where some users havetter performance while other users
with lower priority have worse performance. All of these netork designs correspond to di erent
operating points on the performance region illustrated in i§. 4. The goal of our third research area
is to determine this optimal operating point for each user lsed on the application metrics and the
underlying performance region. These three research areamsnprise an interdisciplinary approach
to Information Theory that holds much promise for breakthraighs in establishing the fundamental
performance limits of wireless ad-hoc networks.

The remainder of this paper describes the existing and emenrg intellectual tools and methods
as well as preliminary results of FLOWS research, as brokemwn into the subareas illustrated
in Figure 5. Note that this description will cover a rich and varied tapestry of past and current
research. Our goal is not to provide a tutorial review of thestopics, but rather to discuss our vision
of Information Theory for MANETs and our relevant work in this domain. The limited references
we provide are by no means comprehensive but rather serve astarting point for further reading
(more references can be found at the FLoWS website wvw.mdi@ medard/itmanet).



4 Network Capacity Upper Bounds

The usual approach for nding capacity regions is to separaty nd upper and lower bounds, which
may not and often don't coincide. Of the two types of bounds,olver bounds are much easier to
come by, since basically any scheme, no matter how simple @ive, yields a lower bound on optimal
performance. Upper bounds, which de ne the best performaagossible for any arbitrary scheme,
are much harder to obtain since it must be veri ed that every pssible scheme has performance
no better than that of the upper bound. Of course, the ultima¢ goal is to propose aeally good
networking strategy whose performance meets that of the uppbound, thereby yielding the capacity
region.

Most capacity upper bounds generally rely on Fano's inequsl and the cut-set upper bounds
derived from it [CT91]. Cut-set bounds dictate that the ratetransmitted across a cut in the network
is no greater than what could be transmitted if all nodes on th transmitting side of the cut worked
together as a single transmitter node and all nodes on the eeing side of the cut worked together
as a single receiver node. Cut-set bounds are commonly usedupper-bound capacity of small
networks, such as the canonical con gurations of Fig. 3, asell as to obtain scaling laws. Cut-set
bounds are broadly applicable to most network topologies drare typically analytically tractable
and easy to work with. Unfortunately, though, these bounds @ not extend easily to networks
with multiple sources and destinations and are known to be dse for most networks of interest.
Interestingly, recent work in FLOWS indicates that some ope capacity problems can be solved
based on more stringenstrong converse theorems, which dictate that for rates above capcthe
probability of error approaches one [Mou09]. While strongoniverses are a promising area to explore
in cracking open capacity problems, it is likely they are oglanalytically tractable for small networks
with just a few nodes. Thus, the traditional tools of strong onverses and cut-set bounds have been
of limited value in tightly upper bounding capacity of typical MANET con gurations or in gleaning
much insight into their performance limits. This state of a airs indicates a clear need for new tools
and approaches for upper bounding MANET capacity.

FLoOWS has proposed a new approach to capacity upper boundsskd on the notion ofnetwork
equivalence Speci cally, it is shown in [KEMO09] that, given a network of noisy, independent,
memoryless links, a set of user rate demands can be met on tleeg network if and only if it can
be met on another network where each noisy link is replaced laynoiseless bit pipe of the noisy
link capacity. This network equivalence is proved by showgmthat if we know how to operate a
network of noisy links at a given rate point, we can nd a way toperate the corresponding network
of noiseless links at the same rate point. This approach nevenswers the question of which rate
points are achievable but only demonstrates the equivalemof the capacity regions of two networks
{ one with noisy links and the other with noiseless links of ta corresponding capacities. This result
also proves the optimality of separating the designs of theetwork and channel coding strategies,
as Shannon proved for source and channel coding separatimeropoint-to-point links [Sha48]. The
network coding problem determines the optimal codes at eaciithe intermediate nodes to transmit
the data over the underlying links, rendered approximatelgrror-free via channel coding.

This equivalence approach for point-to-point channels calne extended to networks containing
memoryless BCs, MACs, interference channels, and more gehaetwork topologies [KEMOQ9]. In
this extension we achieve not equivalence results but netks of noiseless links whose performance
bounds the component behavior. Thus, the network equivalea approach provides the cornerstones



of a systematic strategy for computing upper and lower bousdon network capacity for arbitrary
memoryless networks. While solving the network coding capié problem overlayed on networks of
noiseless links is computationally challenging, complesslution for smaller networks and approxi-
mations for larger networks both pose reasonable paths faapacity calculation. By separating the
probabilistic, noisy channel portion of the problem from tle combinatoric problem of understand-
ing the capacity of networks of noiseless links, this approa also highlights the tools required for
making further advances in calculating network capacities

5 Layerless Dynamic Networks

One of the biggest challenges in obtaining fundamental permance limits of MANETS is their
dynamics. These dynamics occur on di erent time scales, theireless channel varies much faster
than the network tra ¢ which in turn varies faster than topol ogical changes as users enter and leave
the network. Due to these di erent time scales of variationthe protocols that govern communication
networking, from access controls, routing, and congestiaontrol to the exchange of network and
channel state information to the coding, modulation, and MO strategy over the physical channels,
all must be designed relative to the dynamic requirements dlhe time scales over which they occur.

The di erent time scales in wireless networks coupled withhte engineering principle of breaking
a complex problem into multiple simpler problems has led to &ayered architecture for wireless
network protocols. Such separation greatly simpli es netark designs via a divide-and-conquer
procedure. However, wireless networks built according tdis paradigm have repeatedly demon-
strated that protocol separation can signi cantly hurt pefformance and sti es design innovation
that crosses layers. Thus, in order to consider novel trangssion strategies and the underlying
network performance limits without presupposed notions gprotocol layering, FLOWS takes the
network architectural view of layerlessdesign.

The theoretical foundation of layered design is Claude Shaon's separation theorem[Sha48],
where it was shown that separate design of information comggsion and channel coding does not
cause any performance loss, provided that the underlyingrmonunication channel is point-to-point
and static. However, in wireless networks, the underlyinghannel capacity can change over time and
data can be sent to multiple destinations, challenging Shaon's key assumptions associated with
channel capacity and separation. Moreover, the source anldannel codes in networks are separated
by the network protocol (or \network code"). Surely if the saurce and channel code designs cannot
be optimally separated from each other in wireless channgiseither can be optimally separated
from the network protocol stack that lies between them in weless networks.

Our research on layerless dynamic networks enables the daerization of MANET funda-
mental performance regions without a presupposition of piacol stack layering. We believe that
this layerless design must exploit the unique broadcast fe@mes of wireless transmission through
cooperation and relaying, utilize the exible structure ofwireless signaling through hierarchical
coding, and characterize the interplay between robustnesshannel/network state information, and
feedback, as we now describe in more detalil.



5.1 Generalized Relaying and Cooperation

The broadcast property is a very special feature of the wiress medium. When a node transmits,
nodes other than the desired receiver can often overhear fieetransmissions. These listening nodes
can use the information sensed from the channel to avoid dsibns, sense and utilize unoccupied
spectrum, remove interference via multiuser detection oridy paper coding, or forward overheard
signals to their desired receiver(s) and/or other receiveto help them remove the resulting interfer-
ence [GIMSO09]. The best of these possible strategies regsioptimizing the performance tradeo s
of all network users and not just a single transmit-receivegr. Other design considerations include
complexity of the cooperation, its scalability and stabily, and the overhead cost to obtain the
information required for cooperation.

5.2 Hierarchical Coding

Channels are generally agnostic to the information bits thyecarry; hence, all bits are treated with
equal priority. In MANETS, however, the data exchanged beteen nodes can have very di erent
priorities with respect to network performance. In particlar, the application itself may prioritize

bits, e.g. low-resolution bits in an image may have more imp@ance than high-resolution bits.

In addition, the channel and network information and contrd messages typically have di erent
priorities. Finally, bits or packets close to exceeding the maximum delay constraint might be

assigned a high priority. These di erently-prioritized bis have to be treated di erently, in a time

varying fashion, in order to most e ciently utilize the MANE T resources.

The address this challenge, FLOWS is developing noveierarchical channel codes that allow
multiple messages of di erent priorities to be encoded tofeer for simultaneous transmission, and
decoded at di erent time instances, with di erent reliabilities. Hierarchical codes typically require
structure along with powerful short codewords due to stringent delay constraints. As part of our
work we have characterized the fundamental performance lits of hierarchical codes in terms of the
tradeo between the rates and the reliability of di erent sub-messages in [BNZ]. Hierarchical codes
are best used in the context of joint source-channel codingnd in a MANET this requires network-
level awareness of bit priorities, leading to a joint souréghannel/network code approach. With
this approach, network control, protocol messages, as wall data with di erent QoS or reliability
levels can all be treated in a uniform way while optimally utizing limited network resources to
meet application requirements.

5.3 Interplay between Robustness, State Information, and F eedback

Dynamics introduce challenges to network robustness, oliéng network and channel state infor-
mation, and optimized use of feedback. Given the underlyingme-varying nature of the network,
algorithms must be developed that argobust to errors in network and channel side information
(NSI and CSI). There have been thorough studies on the impaof the lack of CSlI, or the lack of its
precision, at either the transmitter or the receiver, on theapacity of wireless single-user, broadcast,
and multiple access channels. Much less is known about thepact of imperfect or intermittent
CSI on capacity of multihop networks and related questionsush as how much overhead should be
incurred to obtain and distribute CSI. This imperfect CSI na only a ects optimality of signaling on



each link, but also how routes are selected and the amount oterference caused to other nodes in
the network. NSI can consist of node queue lengths, networkrmnectivity, network dynamics, and
other network characteristics. While performance analysifor speci ¢ networks with imperfect NCI
has been performed, the impact of this limited NSI on fundanmal network performance limits is
a wide open research area. There is clearly much more work te done in determining the value of
CSI and NSI as well as the impact of their imperfect knowledgen MANET performance.

Another challenging aspect of MANETS is how best to utilizededback. In wireless networks
today feedback links are generally used for transmission 651 and requesting retransmission of
lost packets. FLOWS has been exploring the fundamental perfnance limits of MANETs where
feedback can take any form subject to constraints on the feleaick link. For example, we have
developed results where feedback is a) used by cognitive asdo extract messages of other users to
remove their interference and/or enhance their transmissn [GIJMSO09]; b) exploited via structured
code-trees to enhance capacity; and c) incorporated intoamnsmission strategies to reduce delay
and improve multiplexing-diversity tradeo regions in mulkihop routes. In addition to these results,
a new perspective that applies well-developed stochastiontrol principles to determine network
capacity with feedback has emerged [Col09]. This perspetiyields new performance upper bounds
for channels with feedback along with recursive feedbacladed encoder designs, and could become a
powerful tool to address the impact of noise in the feedbacka&nnel and optimal performance under
channel uncertainty. Based on the preliminary results of FAWS and other work, it appears that
proper use of feedback in MANETSs can signi cantly improve gaacity, robustness, and end-to-end
performance.

6 Optimizing Application Metrics and Network Performance

The goal of our third research area in FLOWS is to provide a unersal algorithmic architecture that
is capable of optimally balancing and trading o applicatian requirements and network capabilities.
The main idea behind the architecture is to nd the operatingpoint on the underlying network
performance tradeo region that optimizes an applicationayer performance metric for all users
in the network. The network performance tradeo regions wiltypically coincide with MANET
capacity regions, upper bounds or achievable regions, foraenple those obtained under Research
Areas 1 and 2, but they could also consist of performance regs associated with existing systems
and standards or even be obtained from measured data in dient environments. The optimal
operating point is found via iterative information exchangs between the applications and the net-
work resources, and thus can be viewed as a negotiation amamgltiple parties based on local
information available at each of the nodes. The negotiatiocharacterizes the fundamental tradeo s
of MANET network performance and uses this characterizatioto optimize end-to-end application
metrics. This algorithmic approach brings a rich set of inteisciplinary tools from optimization
and stochastic analysis into the information-theoretic ftmework of network performance optimiza-
tion. The approach places few restrictions on the applicath metrics it can optimize over and the
structure of the performance tradeo regions. Moreover, wdn the chosen metric and performance
regions are convex, global optimality can be assured.

This work complements and integrates with the other FLOWS earch areas since it indicates
what a given network is capable of, how underlying network prmance tradeo s aect appli-
cations, and the performance gap associated with perform@nregion upper and lower bounds in
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terms of application metrics. This uni cation and interplay between all three research areas within
FLoWS is illustrated in Figure 6. Speci cally, this gure shows a performance region indicating
tradeo s between capacity, delay, and energy. This is justre slice of then (n 1) performance
region in ann-user network. The optimization algorithm will identify the optimal operating point
on this tradeo region to meet heterogeneous application geiirements: some application (e.g. le
transfer) might require high data rates but have no stringendelay requirements, whereas oth-
ers (e.g. voice on a handset) may have low data rate requiremt but strict delay and energy
constraints whereas still others (video) might have both lgih rate and low delay requirements. Op-
timization determines how the underlying network resourcecan best be utilized to maximize the
application-layer performance metrics associated with lalhese applications. Practical implemen-
tation of this architecture requires that the algorithms ae distributed (i.e. each node acts on local
information or obtains it with low communication overhead) adaptable to application and network
dynamics, scalable in network size, asynchronous, and rablagainst interference and jamming.
The FLOWS approach to this algorithmic architecture desigrombines new and existing theoretical
and computational tools in optimization, control, stochasc network analysis, and game theory, as
we now describe in more detalil.

Algorithms and
Relaxations

Capacity

Delay
(C* D*E*

Energy

Algorithmic Constraints and
Performance Requirements

Figure 6: Uni cation and Synergies between FLOWS Researchréas
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6.1 Dynamic Network Optimization and Control

Recent research in network optimization e ciently allocaies resources among heterogeneous ap-
plications based on a metric of network utility (see [ZTBOOBand the references therein). This
approach, referred to afNetwork Utility Maximization (NUM), has led to a deeper understanding
of wireline network architectures and development of new ptocols. However, it has several short-
comings when applied to wireless networks. In particularhe underlying premise of NUM is that
network dynamics occur on time scales much longer than thegakithm convergence time, hence
network structures are e ectively static. Since rapidly clnging conditions play a central role in
wireless networks, a nevdynamic framework is needed to optimize their performance.

FLOWS has developed a new dynamic NUM theory that combines NMJat the application layer
with adaptation of resources and transmission policies ahé physical and network layers [TZB08].
By optimizing performance at each protocol layer in terms adipplication metrics, signi cantly dif-
ferent transmission techniques can result. For example péigal-layer optimization no longer yields a
water- lling power and rate allocation in at fading [OTGBO 9]. In addition, this framework adopts
a multi-period optimization to meet the performance requements and hard-delay constraints of
dynamic tra c. Dynamic NUM can perform utility maximizatio n based on upper and lower per-
formance region bounds obtained under Research Areas 1 andl2 particular, we have used this
framework to optimize resource allocation and network uitly for the fading MAC capacity region
relative to a general concave utility function of transmissn rates with and without CSI [PEOMOS].

While wireline NUM techniques and their variants can be distbuted, this is often not the case
for MANETS due to their shared physical channel. In order to dvelop distributed dynamic NUM
policies, we combine optimization methods with consensuslies. Consensus policies involve each
node maintaining estimates of its own decision vector and dpting it based on local information.
Along these lines FLoOWS has developed algorithms for didbated optimization of application
performance metrics over time-varying MANETSs [LOO08]. Thes algorithms allow for optimization
of general (convex) objective functions with time-varyindocal constraints, time-varying network
connectivity, and time-varying underlying channel charateristics which may change faster than the
convergence speed of the optimization algorithms.

6.2 Queuing and Delay

Wireless network designs must also ensure that node queuesain small to minimize delay. One of
the prominent approaches to queue-length-based control emsure stable queues is thielaxWeight
policy. Under this policy, at each node information is stom at di erent queues depending on
destination, and priority in transmission is given to tra c types that have the longest di erential
gueue length. Although such queue-length-based policiesynlead to a stable network, this frame-
work lacks any kind of mechanism for performance speci cain and optimization. A new class of
scheduling and routing policies have been introduced in FIMS to deal with these shortcomings
[CTHO9]. This new h-MaxWeight policy extends Maxweight from a policy based on guadratic
cost function to one based on more generhlfunctions. Subject to a few technical conditions, the
new policy is throughput optimal for any network for which MaWeight is throughput optimal.
Moreover, for appropriate choice oh the policy is approximately delay optimal. This generaliza
tion to MaxWeight is based in part on a workload relaxation otained using cutset bounds. This
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workload relaxation makes a complex network simple, and thefore easy to optimize over, with
tight bounds on the approximations associated with the relation. In addition to h-MaxWeight,
ideas from consensus policies can be used to obtain distitidd algorithms that allow practical dis-
tributed implementation of generalized MaxWeight policis over wireless networks. Further, the use
of the inherent geometry of the wireless network topology lalvs for simple, distributed iterative
scheduling algorithm that have order optimal delay.

6.3 Game Theory

One of the greatest appeals of MANETS is their distributed adrol, which allows them to scale
organically and be robust against single points of failureln addition to the distributed optimiza-
tion framework described above, a new distributed networkoatrol paradigm is emerging. In this
approach \competitive situation-aware" users make autorraous decisions with regard to their net-
work usage based on the current network conditions and thamdividual preferences [JB09]. These
game-theoretic approaches usually aim to stabilize netwooperation through an equilibrium, where
individual users cannot achieve better performance throhgndividual actions. The basic premise of
these approaches is that friendly competition among usersamlead to globally-optimal distributed
control policies based on local information that are praatial to implement.

Game theory naturally addresses competition among users fonited wireless network resources.
In the FLOWS approach to this problem, we exploit a \law of lage numbers" for dynamic game
theoretic models of interaction between multiple deviceaAJWGO08]. In the limit where the number
of devices becomes large, we obtain a computationally trattle model that allows us to study
the e ciency properties of proposed spectrum management gbrithms in dynamic environments.
The game theoretic approach is also useful in sub-networklesetion when multiple users share a
common network characterized by a limited resource such aswer. For example, in [MEQ9], a
game theoretic approach enables multiple unicasts to tramst messages through a shared network
in a manner that minimizes the total number of transmissiongand therefore power) required to
meet the combined goals of all users. Network topology forman is another problem where a
game-theoretic formulation captures the tradeo s betweemetwork metrics such as connectivity
and the overhead cost of routing and link maintenance for nebrk nodes. Another protocol where
it is natural to apply a game-theoretic approach is competive scheduling. When posed in a game-
theoretic context, competitive scheduling can incorporatdi erent user objectives and channel state
processes, and sheds light on the equilibrium characteriian and distributed convergent dynamics
for competitive versus coordinated scheduling among muyile users.

7/  Summary

While much progress has been made on determining the fundamted performance limits of wireless
channels, wireless network design above the physical lagtitl lacks a fundamental theory to guide
it. An Information Theory for wireless multihop networks wil not only de ne the fundamental
performance limits of such networks, but will also lead to dggn insights and networking techniques
to approach these limits. This paper puts forth an interdisiplinary approach to make progress
in this area, integrating tools and methodologies from tratonal Information Theory along with
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Network Theory, combinatorics, optimization, control, aml Game Theory. Preliminary results have
already led to signi cant performance gains as well as newngless networking techniques, protocols,
and insights. The goal of this article was to describe the mgropen problems in this area, set forth
our approach to this great challenge, and inspire other remehers to join our quest towards an
Information Theory for wireless networks that is broad, inerdisciplinary, and leads to signi cant
breakthroughs in both theory and practice.
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