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Final Report for AFOSR Contract FA9550-13-1-0042: A Comprehensive Theory of
Algorithms for Wireless Networks and Mobile Systems

This report has two sections: an incremental report for the final year, followed by a summary of
accomplishments for the entire contract.

1 Incremental Report for April 1, 2015—May 31, 2016

The core topics of the project are algorithms and abstraction layers for wireless network algorithms.
In the course of the project, we have learned that many key ideas for wireless network algorithms
can be expressed in more abstract graph-theoretic terms, and so, we have developed many of
our algorithms in terms of such models. We also have new coding-based algorithms for efficient
distributed data management in fault-prone distributed networks. Finally, we have designed new
distributed algorithms related to biological systems, which suggest new ways of designing new,
more adaptive algorithms for wireless networks.

1.1 Wireless Network Algorithms

In papers [1]-[3] below, we have developed new, efficient implementations of Local Broadcast ab-
straction layers (also known as Abstract MAC layer) for two important and well-studied types of
wireless network platforms: unreliable radio networks and Signal-to-Noise-and-Interference (SINR)
platforms. A highlight of this work is that efficiency is assessed in terms of local parameters only.

[1] Nancy Lynch and Calvin Newport. A (Truly) Local Broadcast Layer for Unreliable Radio
Networks. Technical Report MIT-CSAIL-TR-016, Computer Science and Artificial Intelligence
Laboratory, Massachusetts Institute of Technology, Cambridge, MA 02139, May 2015.

[2] Nancy Lynch and Calvin Newport. A (Truly) Local Broadcast Layer for Unreliable Radio
Networks. ACM Symposium on Principles of Distributed Computing (PODC 2015), Donostia-San
Sebastian, Spain, pages 109-118, July 2015.

[3] Magnus Halldorsson, Stephan Holzer and Nancy Lynch. A Local Broadcast Layer for the
SINR Network Model. ACM Symposium on Principles of Distributed Computing (PODC 2015),
Donostia-San Sebastian, Spain, pages 129-138, July 2015. http://www.arxiv.org/abs/1505.04514.

We have also developed a new leader-election algorithm for unreliable radio networks:

[4] Mohsen Ghaffari and Calvin Newport. Leader Election in Unreliable Radio Networks. To appear
in International Colloquium on Automata, Languages, and Programming (ICALP), Rome Italy,
July 2016.

Papers [5]-[7] below contain interesting new techniques for solving local and global communication
problems over wireless networks that support network coding:
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[5] Keren Censor-Hillel, Bernhard Haeupler, Nancy Lynch, and Muriel Medard. Bounded-Contention
Coding for the Additive Network Model. Distributed Computing, 28(5):297-308, 2015.

[6] Keren Censor-Hillel, Erez Kantor, Nancy Lynch, and Merav Parter. Computing in Additive
Networks with Bounded-Information Codes. Submitted for journal publication, 2016.

[7] Keren Censor-Hillel, Erez Kantor, Nancy Lynch, and Merav Parter. Computing in Additive
Networks with Bounded-Information Codes. In Yoram Moses, editor, Distributed Computing:
29th International Symposium (DISC 2015), Tokyo Japan, October 2015, volume 9363 of Lecture
Notes in Computer Science, pages 405-519, 2015. Springer.

The following papers are all currently “submitted for publication”. Paper [8] and [9] determine costs
of communication in wireless networks with multiple channels, and with “oblivious” adversarial
scheduling. Paper [10] presents a new algorithm for fault-tolerant leader election in the SINR
model. Paper [11] is a preliminary announcement of an extremely efficient new algorithm for
computing a Maximal Independent Set, when only simple “beep” communication is available.

[8] Stephan Holzer, Thomas Locher, Yvonne Anne Pignolet and Roger Wattenhofer. Deterministic
Multi-Channel Information Exchange. Submitted for journal publication, 2014.

[9] Magnus Halldorsson, Stephan Holzer, Pradipta Mitra and Roger Wattenhofer. The Power of
Oblivious Wireless Power. Submitted for journal publication, 2015.

[10] Stephan Holzer and Evangelia Anna Markatou. Brief Announcement - Leader Election in the
SINR Model with Stopping Failures. Submitted for publication, 2016.

[11] Stephan Holzer and Nancy Lynch. Brief Announcement - Beeping a Maximal Independent Set
Fast. Submitted for publication, 2016.

The following papers [12]-[14] describe communication patterns for SINR wireless models.

[12] Erez Kantor, Zvi Lotker, Merav Parter and David Peleg. Nonuniform SINR+Voronoi Diagrams
are Effectively Uniform. In Yoram Moses, editor, Distributed Computing: 29th International
Symposium (DISC 2015), Tokyo Japan, October 2015, volume 9363 of Lecture Notes in Computer
Science, pages 588-601, 2015. Springer.

[13] Erez Kantor, Zvi Lotker, Merav Parter and David Peleg. The Minimum Principle of SINR:
A Useful Discretization Tool for Wireless Communication. 56th Annual IEEE Symposium on
Foundations of Computer Science (FOCS 2015), Berkeley, CA, October 2015.

[14] Erez Kantor, Zvi Lotker, Merav Parter and David Peleg. The Topology of Wireless Commu-
nication. To appear in the Journal of the ACM.

1.2 Graph Network Algorithms

The papers in this section assume an abstract graph network model. Paper [15] shows how one
could run many distributed algorithms in the same network with minimal interference. Papers [16]
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and [17] provide new algorithms for distributed max flow and single-source reachability. Paper [18]
gives a breakthrough result, on computing a Maximal Independent Set much more efficiently than
was previously possible. It uses novel feedback-based techniques.

[15] Mohsen Ghaffari. Near-Optimal Scheduling of Distributed Algorithms. ACM Symposium on
Principles of Distributed Computing (PODC 2015), Donostia-San Sebastian, Spain, pages 3-12,
July 2015. Best Student Paper Award at PODC’15.

[16] Mohsen Ghaffari, Andreas Karrenbauer, Fabian Kuhn, and Christoph Lenzen. Near-Optimal
Distributed Maximum Flow. ACM Symposium on Principles of Distributed Computing (PODC
2015), Donostia-San Sebastian, Spain, pages 81-90, July 2015.

[17] Mohsen Ghaffari and Rajan Udwani. Brief Announcement: Distributed Single-Source Reach-
ability. ACM Symposium on Principles of Distributed Computing (PODC 2015), Donostia-San
Sebastian, Spain, pages 163-165, July 2015.

[18] Mohsen Ghaffari. An Improved Distributed Algorithm for Maximal Independent Set. ACM-
SIAM Symposium on Discrete Algorithms (SODA 2016), Arlington, VA, January 2016. Best Paper
Award and Best Student Paper Award. Preprint arXiv:1506.05093v2, 2015.

The next two papers give new and efficient algorithms for a large collection of problems to be solved
in planar networks.

[19] Mohsen Ghaffari and Bernhard Haeupler. Distributed Algorithms for Planar Networks I:
Planar Embedding. To appear in Proceedings of the ACM Symposium on Principles of Distributed
Computing (PODC), Chicago, Illinois, July 2016.

[20] Mohsen Ghaffari and Bernhard Haeupler. Distributed Algorithms for Planar Networks II:
Low-Congestion Shortcuts, MST, and Min-Cut. ACM-SIAM Symposium on Discrete Algorithms
(SODA 2016), Arlington, VA, January 2016.

Papers [21]-[28] describe a variety of other new and efficient algorithms for communication problems
and network structuring problems, in several different types of graph networks.

[21] Mohsen Ghaffari and Merav Parter. Near-Optimal Distributed Algorithms for Fault-Tolerant
Tree Structures. To appear in ACM Symposium on Parallelism in Algorithms and Architectures
(SPAA), Asilomar State Beach, California, July 2016.

[22] Mohsen Ghaffari and Merav Parter. A Polylogarithmic Gossip Algorithm for Plurality Con-
sensus. To appear in Proceedings of the ACM Symposium on Principles of Distributed Computing
(PODC), Chicago, Illinois, July 2016.

[23] Mohsen Ghaffari and Merav Parter. MST in Log-Star Rounds of Congested Clique. To appear
in Proceedings of the ACM Symposium on Principles of Distributed Computing (PODC), Chicago,
Illinois, July 2016.

[24] Mohsen Ghaffari, Hsin-Hao Su, and Fabian Kuhn. Generalizing the Congested Clique. Sub-
mitted for publication, 2016.
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[25] David G. Harris, Johannes Schneider, and Hsin-Hao Su. Distributed (A+1)-coloring in Sublog-
arithmic Rounds. To appear in Proceedings of the 48th Annual Symposium on the Theory of
Computing (STOC 2016), Cambridge, MA, June 2016. http://arxiv.org/pdf/1603.01486v1

[26] Stephan Holzer and Nathan Pinsker. Computing Distances and Shortest Paths in the Congested
Clique. 19th International Conference on Principles of Distributed Systems (OPODIS), Rennes,
France, December 2015.

[27] Benjamin Dissler, Stephan Holzer and Roger Wattenhofer. Distributed Local Multi-Aggregation
and Centrality Approximation. Submitted for publication, 2015. arXiv:1605.06882.

[28] Erez Kantor and Shay Kutten. Optimal competitiveness for the Rectilinear Steiner Arbores-
cence problem. In Magnus M. Halldorsson, Kazuo Iwama, Naoki Kobayashi, and Bettina Speck-
mann, editors, Automata, Languages, and Programming - 42nd International Colloquium (ICALP
2015) Part II, Kyoto, Japan, July 2015 volume 9135 of Lecture Notes in Computer Science, pages
675-687, 2015. Springer. Also, ArXiv: 1504.08265.

1.3 Distributed Data Management

We have made considerable progress on our work on using erasure coding methods to reduce data
storage costs, in a distributed data management system (such as a cloud storage system). This
work is mainly funded by AFOSR contract FA9550-14-1-0403. However, it is relevant here because
our algorithms could be adapted for use in wireless networks.

Paper [29] is a journal version of our previous paper proposing the general idea of using erasure
coding for distributed data management, and presenting initial algorithms. Paper [30] presents
simplifications and performance improvements on the algorithms of [29]. Paper [31] describes
corresponding lower bound results, and [32] integrates data server repairs.

[29] Viveck R. Cadambe, Nancy Lynch, Muriel Medard, and Peter Musial. A Coded Shared Atomic
Memory Algorithm for Message Passing Architectures. To appear in Distributed Computing.

[30] Kishori M Konwar, N. Prakash, Erez Kantor, Muriel Medard, Nancy Lynch, and Alexander
A. Schwarzmann. Storage-Optimized Data-Atomic Algorithms for Handling Erasures and Errors
in Distributed Storage Systems. 30th IEEE International Parallel & Distributed Processing Sym-
posium (IPDPS), May 2016.

[31] Zhiying Wang, Viveck R. Cadambe and Nancy Lynch. Information-Theoretic Lower Bounds on
the Storage Cost of Shared Memory Emulation. To appear in Proceedings of the ACM Symposium
on Principles of Distributed Computing (PODC), Chicago, Illinois, July 2016.

[32] Kishori Konwar, Nancy Lynch, Muriel Medard and Prakash Narayana Moorthy. RADON:
Repairable Atomic Data Object in Networks. Submitted for publication, 2016.
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1.4 Biology-Inspired Distributed Algorithms

Finally, we have several new results about algorithms of the sort that might be used by social insect
colonies to solve various problems: searching for resources, deciding upon a new nest, estimation
of the density of the colony, and allocating themselves among various tasks. These are relevant
to wireless networks because the problems are similar to problems typically solved by wireless
networks; however, the platform assumptions are weaker, and the algorithms are simpler, and have
pleasant properties of flexibility, robustness, and adaptiveness that are also desirable for wireless
networks.

[33] Christoph Lenzen, Nancy Lynch, Calvin Newport, and Tsvetomira Radeva. Searching with-
out Communicating: Tradeoffs Between Performance and Selection Complexity. Submitted for
publication, 2016.

[34] Casey O’Brien. Solving ANTS with Loneliness Detection and Constant Memory. Masters of
Engineering, Department of Electrical Engineering and Computer Science, Massachusetts Institute
of Technology, Cambridge, MA 02139, September 2015. Charles and Jennifer Johnson MEng Thesis
Award winner for 2016 (second place).

[35] Mohsen Ghaffari, Cameron Musco, Tsvetomira Radeva, Nancy Lynch. Distributed House-
Hunting in Ant Colonies. ACM Symposium on Principles of Distributed Computing (PODC 2015),
Donostia-San Sebastian, Spain, pages 57-66, July 2015.

[36] Cameron Musco, Hsin-Hao Su, and Nancy Lynch. Ant-Inspired Density Estimation via Ran-
dom Walks. To appear in Proceedings of the ACM Symposium on Principles of Distributed Com-
puting (PODC), Chicago, Illinois, July 2016. Also, extended abstract to appear in the 4th Work-
shop on Biological Distributed Algorithms, Chicago, IL, July 2016. See http://arxiv.org/abs/1603.02981

[37] Nancy Lynch, Tsvetomira Radeva, and Hsin-Hao Su. Brief Announcement: A Distributed
Task Allocation in Ant Colonies. 29th International Symposium on Distributed Computing (DISC
2015), Tokyo, Japan, October 2015.
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2 Comprehensive summary of progress for the full contract

This AFOSR project has produced many algorithmic results and some lower-bound results for ad
hoc wireless network models, and has also developed abstraction layers that are intended to make
it easier to design and analyze algorithms and applications for wireless networks. Since some of the
results can be expressed in terms of abstract gaph network models, the project results also include
many new graph network algorithms. Other results involve two related topics: distributed data
management and biology-inspired distributed algorithms.

The complete list of papers we have produced appears elsewhere in this final report. Here we
describe highlights. More detailed descriptions of the work, year by year, appear in our four annual
progress reports—the one earlier in this file and the three previous ones.

2.1 Wireless Networks

We have obtained many new and efficient algorithms for reliable radio network models, for fun-
damental problems such as global broadcast [1, 2], computing a Maximal Independent Set [3],
establishing network structure for multi-message communication [4], and computing a Breadth-
First spanning tree [5]. We have also determined the costs of communication in wireless networks
with multiple channels [6].

We have also studied algorithms for unreliable radio networks, in which some communication links
are inconsistently available. It turns out that many of the same problems are much harder to solve
when such links must be taken into account. One early highlight was our results on structuring
unreliable networks by computing Maximal Independent Sets and Connected Dominating Sets [7],
and we recently developed a new leader-election algorithm for such networks [8]. Most of our other
work in this direction was focused on the development of Abstract MAC layers, which we discuss
next.

An Abstract MAC layer, also known as a Local Broadcast layer, is a distributed abstraction layer
for programming wireless networks, hiding the extreme complexities of wireless communication
contention management from application developers and algorithm designers. An Abstract MAC
layer provides an abstraction of reliable (and efficient) local broadcast communication. Early in
this AFOSR project, we finished a journal paper on how one can use Abstract MAC layers to
decompose the design of highly efficient high-level protocols, such as global broadcast protocols [9],
for reliable radio networks. Subsequently, we focused on algorithms to implement Abstract MAC
layers for unreliable radio networks. We first determined some general upper and lower bounds
for global and local broadcast in unreliable networks [10]. Most of the results in that paper were
negative (lower bounds), but we did obtain interesting preliminary positive results for settings
with reasonable schedulers and reasonable geometric constraints. Later, in [11, 12], we built upon
these positive results to obtain a new, efficient algorithm to implement an Abstract MAC layer for
unreliable radio networks with similar constraints. A highlight of this work is that efficiency is
assessed in terms of local parameters only.
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In other work on Abstract MAC layers, we developed a new, efficient algorithm to implement
multi-message broadcast above such a layer [13]. We also designed an interesting algorithm to
implement an Abstract MAC layer for reliable Signal-to-Noise-and-Interference (SINR) wireless
platforms [14]. Once again, efficiency is assessed in terms of local parameters only.

In other work on SINR models, we have designed slgorithms for several problems, including k-
selection and sorting, as well as distance computation and information dissemination [15]. Also, we
have several results that characterize communication patterns for SINR wireless models [16, 17, 18].
In very recent work [19], we have obtained a new algorithm for fault-tolerant leader election in the
SINR model.

We have also been studying algorithms for the Beeping model, a very primitive wireless communica-
tion model in which wireless nodes can communicate only with special beep, not detailed messages.
In each round, a node can only detect whether or not at least one of its neighbors has beeped. Early
in the project, we showed how one can use the Beeping model to compute a Maximal Independent
Set [20]. Very recently, we have been developing an extremely efficient new algorithm for computing
a Maximal Independent Set; paper [21] is a preliminary announcement of some of our claims.

In other work, we have developed some interesting new techniques for solving local and global
communication problems over wireless networks that support network coding [22, 23, 24]; this
work has mainly been supported by NSF Grant number CCF-1217506. Our other work on wireless
networks includes [25, 26].

2.2 Graph Networks

During the course of this project, we recognized that many of the ideas we wanted to develop
for wireless networks could in fact be expressed in terms of more abstract, simpler graph network
models such as the commonly-studied LOCAL and CONGEST models. Expressing them in this
way has served to make the work accessible to a broader theoretical audience, and has helped the
work to win several Best Paper and Best Student Paper awards. Our earliest work here was a
collection of algorithms for routing and leader election in dynamic graph networks [27]. The rest of
our subsequent work on this topic has been for static networks.

Quite a few of our graph-network algorithms solve connectivity problems for the network graphs.
For example, we have devised distributed algorithms for determining minimum edge cut approxi-
mations [28]; this paper won a Best Paper award for DISC 2013. Our later work on determining
vertex connectivity properties [29, 30, 31] has resulted in a Best Student Paper award for PODC
2014. Another batch of graph-network results are for computing distances and determining optimal
graph embeddings [32, 33, 34, 35, 36]; this has resulted in a Best Student Paper award for ICALP
2014.

We have obtained a notable graph-network algorithm for computing a Maximal Independent Set
much more efficiently than was previously possible [37]. This algorithm uses a novel feedback-based
technique. Our paper won both a Best Paper and a Best Student Paper award for SODA 2016.
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This algorithm is easily adapted to the wireless setting; in fact, we built strongly upon this work
in designing our Beep-based MIS algorithm, described above.

We have produced many other algorithmic results for traditional graph problems, including com-
puting nearly-optimal maximum flows [38], determining single-source reachability [39], graph color-
ing [40], and computing a Minumum Spanning Tree [41]. We also have algorithms for fault-tolerant
tree structures [42]. For the special case of planar network graphs, we have a comprehensive col-
lection of algorithmic results about planar embedding and other graph problems [43, 44].

Going beyond purely graph-theoretic problems, we have a recent algorithm for solving plurality
consensus [45]. Finally, we have a very interesting algorithm for scheduling many distributed
algorithms to run concurrently, in the same graph-based network, with minimal interference [46].
This work won the Best Student Paper award at PODC 2015.

2.3 Other Topics

The project has also yielded new algorithms for efficient, coherent, faut-tolerant data management
in distributed systems, using erasure coding techniques. This work includes papers that present the
basic idea of using erasure coding for fault-tolerant distributed data storage and some preliminary
data- management algorithms, and later papers that present simpler and more efficient algorithms.
We also have new algorithms that integrate server repair into the algorithms, and new information-
theoretic lower bounds for the achievable costs of distributed data management [47, 48, 49, 50,
51, 52, 53, 54, 55, 56]. We note that this body of work is primarily funded by AFOSR contract
FA9550-14-1-0403, but we mention it here because coherent distributed data management is of
interest for wireless networks, and some of our algorithms should carry over to the wireless setting.

Finally, we also studied algorithms that explain the behavior of biological systems. Specifically,
we developed and analyzed algorithms of the sort that might be used by social insect colonies to
solve typical problems: searching for resources, deciding upon a new nest, estimating the density
of the colony, and allocating the members of the colony among various tasks. These algorithms
are relevant to wireless networks because the problems are similar to problems typically solved by
wireless networks; however, the platform assumptions are weaker, and the algorithms are simpler,
and have pleasant properties of flexibility, robustness, and adaptiveness that are also desirable for
wireless networks. Contributions here include [57, 58, 59, 60, 61, 62, 63].

2.4 Current Status

It should be evident that, during the time of this AFOSR contract, we have made a great deal of
progress in developing a general theory of wireless networks. We have developed numerous new
algorithms for several reasonable models for wireless platforms, using a variety of new algorithm
design methods. We have developed one important abstraction layer (the Abstract MAC layer)
in depth. We have developed many algorithms using a graph network model, which can be trans-
formed to run on wireless networks via general simulations. We have also developed other ways of
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decomposing the process of designing wireless network algorithms, for example, by running several
algorithms concurrently with low overhead. We have studied the impact of such aspects as unre-
liable links, scheduling methods, and geographical assumptions on the costs of solving problems.
We have moved toward local analysis of algorithms.

Our work is not yet done. Most notably, most of our results have been developed for static
networks; it is important to extend many of them to dynamic networks. We would also like to
explore more biology-inspired algorithms, with the idea that these might be simpler than typical
wireless algorithms, use weaker model assumptions, and also be more flexible to run in different
environments, more robust to failures, and more adaptive to changes.

[1] Mohsen Ghaffari, Bernhard Haeupler, and Majid Khabbazian. Randomized broadcast in radio
networks with collision detection. In Proceedings of the 32nd Annual ACM Symposium on
Principles of Distributed Computing (PODC’13), pages 325–334, Montreal Canada, July 2013.

[2] Noga Alon, Mohsen Ghaffari, Bernhard Haeupler, and Majid Khabbazian. Broadcast through-
put in radio networks: Routing vs. network coding. In Proceedings of the ACM-SIAM Sym-
posium on Discrete Algorithms (SODA 2014), pages 1831–1843, Portland, Oregon, January
2014.

[3] Sebastian Daum, Mohsen Ghaffari, Seth Gilbert, Fabian Kuhn, and Calvin Newport. Max-
imal independent sets in multichannel radio networks. In Proceedings of the 32nd Annual
ACM Symposium on Principles of Distributed Computing (PODC’13), pages 335–344, Mon-
treal Canada, July 2013.
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