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Convex Optimization in Signal Processing

n recent years, we have witnessed

technical breakthroughs in a wide

variety of topics where the key to suc-
cess is the use of convex optimization.

In fact, convex optimization has now
emerged as a major signal processing tool
that has made a significant impact on
numerous problems previously consid-
ered intractable. Considering the founda-
tional nature and potential impact of
convex optimization in signal processing,
we have put together this special issue
that aims to provide tutorials of convex
optimization techniques (including avail-
able software) and various successful sig-
nal processing applications. Our goal is
not only to contribute to the diffusion of
recent developments in this research area
within the signal processing community,
but also to spur further advances in and
applications of convex optimization for
signal processing.

There was an enthusiastic response to
our initial call for papers. More than 40
white papers were received, representing a
broad mix of classical and contemporary
signal processing topics where convex
optimization has made a significant
impact. Aiming for balanced coverage
while respecting page limitations, we were
only able to accommodate eight articles in
this special issue. Collectively, these eight
articles introduce convex optimization
techniques, give insights into how convex
optimization can make a difference, and
showcase some notable successes.

The first three articles in this special
issue introduce various convex optimiza-
tion methodologies that are especially use-
ful in signal processing applications. The
article by Luo et al. introduces semidefi-
nite programming and the semidefinite
relaxation (SDR) technique, and high-
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lights their uses in a wide variety of prob-
lems, ranging from multiple-input,
multiple-output (MIMO) detection, to
transmit shimming in magnetic resonance
imaging, and on to sensor network local-
ization. This article also gives an overview
of key theoretical results on SDR from a
signal processing perspective.

The article by Scutari et al. introduces
game theoretic techniques for signal pro-
cessing applications. In recent years,
game theory has made headway in distrib-
uted signal processing, communications,
and networking, e.g., to address funda-
mental issues in peer-to-peer wireless and
emerging cognitive radio networks. This
article starts at the confluence of convex
optimization and game theory and takes
us on to a fascinating (yet crisp and rigor-
ous) tour-de-force of variational inequality
theory and methods—a powerful frame-
work that allows tackling not only classi-
cal optimization and equilibrium
problems, but also pertinent extensions
that arise in the aforementioned applica-
tion areas and beyond.

The article by Mattingley and Boyd
reviews the present state of the art in real-
time convex optimization-based signal
processing. The authors describe how to
leverage the enormous speed increases in
computing hardware, advanced program-
ming, and modern algorithms to solve
moderately sized convex optimization
problems in microsecond- or millisecond-
time scales, and with strict deadlines.

The next five articles in this special
issue showcase some notable successes
of convex optimization in signal process-
ing applications. The article by Gershman
et al. presents a comprehensive tutorial
survey on the use of convex optimization
techniques to solve a wide variety of
beamforming problems in wireless com-
munications. The review focuses on
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three main classes of beamforming:
receive beamforming, transmit beam-
forming, and distributed beamforming
for relay networks. The authors discuss
the importance of robust designs based
on different criteria, such as worst-case
and probabilistic analysis, and they illus-
trate the importance of convex optimiza-
tion techniques in solving the resulting
problem formulations.

Sparse signal reconstruction is an-
other important application of convex
optimization. The currently predominant
algorithmic approach for solving this type
of problem is based on mixed one- and
two-norm optimization, which yields a
convex problem. The article by Zibulevsky
and Elad offers a concise review of recent
developments towards acceleration of an
important class of problem-specific solu-
tions known as iterative shrinkage algo-
rithms (ITAs), which is significantly more
efficient than the generic convex optimi-
zation solvers. Design of finite impulse
response (FIR) filters is one of the classic
problems in digital signal processing.
Effective filter design requires judicious
tradeoffs between conflicting properties
of the filter.

The article by Davidson presents FIR
filter design from the perspective of con-
vex optimization. It shows how this
approach can enrich the art of designing
FIR filters, through both the direct design
of filters and the efficient computation of
appropriate tradeoffs between conflicting
design criteria. In addition, it illustrates,
with some simple examples, how new user
interfaces to general-purpose convex opti-
mization software have placed these tools
at our fingertips.

Dynamic spectrum access is an emerg-
ing area where convex optimization plays

(continued on page 145)
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positions where the Reynolds number
exceeds a critical value. The acoustic
volume velocities can be obtained for
the glottal excitation and for the mouth
and nostril radiation. The output vol-
ume currents act through radiation
impedances and encounter atmospheric
pressure. The sound pressure in front of
the speaker’s mouth is determined as
the superposition of the radiation of pis-
tons (mouth and nostril) set in a spheri-
cal baffle (the head). All controls are
related to the dynamic physiology. Initial
implementations are exceedingly primi-
tive. But, by appealing to an articulatory
domain for parameterization, we are
able to focus on the speech-producing
mechanism, rather than on the sound
output itself.

Preliminary experiments with such a
“mimic” suggest that information rates
in the range of 1,000-2,000 b/s may pre-
serve quality and personal characteris-
tics. But, so far deep studies of the fluid
flow approach have not been made (ham-
pered in part by the fact that even a
“stripped down” model runs over 100
times real time on a mainframe com-
puter, mainly to compute solutions of
the Navier-Stokes fluid flow equations).

Because this discussion has focused
primarily on applied commercial voice
transmission, it has not touched on a
variety of related topics that partake of
common fundamental components.
Automatic speech recognition (What
was said?) and talker verification (Who
said it?) are cases in point, and are
being brought into commercial telecom

services. The continuing interests in
formant analysis/synthesis seek auto-
matic extraction of the time-varying
eigen frequencies of the vocal system.
These contribute the prominent max-
ima in the short-time amplitude spec-
trum and, perceptually, promise even
more parsimonious description of
speech information. All these factors
underlie the transmission techniques
emphasized here.

EPILOGUE

So, practical speech compression has
advanced a distance, but likely has not
reached the limit of efficiency. Implied
is even the possibility for obtaining fun-
damental speech coding parameters at
the neural level. That is, just think what
you want to say! And, there are ambi-
tious studies commencing in this sec-
tor. The future is certain to prove
interesting!

ACKNOWLEDGMENTS

This review is an abbreviated form of a
presentation to the Marconi Foundation
Symposium honoring the centennial of
G. Marconi’s Nobel Prize for radio teleg-
raphy in Bologna, Italy, 9 October 2009.
I am indebted to Prof. Lawrence Rabiner,
Dr. Richard Cox, Dr. Joseph Hall, and
Ann-Marie Flanagan for their advice and
assistance in preparing this article.

AUTHOR
James L. Flanagan (jlf@caip.rutgers.
edu) is a Professor Emeritus at Rutgers
University.

REFERENCES
[1] H. Dudley, “The vocoder,” Bell Labs Rec., vol. 17,
pp. 122-126, 1939.

[2] H. Dudley, R. Riesz, and S. Watkins, “A synthetic
speaker,” J. Franklin Inst., vol. 227, pp. 739-764,
1939.

[3] E. O'Neill, Ed., in A History of Engineering and
Science in the Bell System: Transmission
Technology (1925-1975). AT&T Bell Laboratories,
1985, ch. 18, p. 527.

[4] C. Cutler, “Differential quantization of commu-
nications,” U.S. Patent 2 605 361, July 1952.

[5] F. de Jager, “Delta modulation, a method of PCM
transmission using a 1-unit code,” Philips Res. Rep.,
vol. 7, pp. 442-466, 1952.

[6] P. Elias, “Predictive coding,” IRE Trans. Inform.
Theory, vol. IT-1, pp. 16-33, 1955.

[7] P. Noll, “A comparative study of various schemes
for speech encoding,” Bell Syst. Tech. J., vol. 54, pp.
1597-1611, 1975.

[8] B. Atal and S. Hanauer, “Speech analysis and
synthesis by linear prediction of the speech wave,” /.
Acoust. Soc. Amer., vol. 50, pp. 637-655, 1971.

[9] F. Itakura and S. Saito, “An analysis-synthesis
telephony based on maximum likelihood method,”
in Proc. Int. Congr. Acoustics, Tokyo, Japan, 1968,
Paper C-5-5.

[10] R. McDonald, “Signal-to-noise and idle channel
performance of differential pulse code modulation
systems,” Bell Syst. Tech. J., vol. 45, pp. 1123-1151,
1966.

[11] P. Cummiskey, N. Jayant, and J. Flanagan,
“Adative quantization in differential PCM coding of
speech,” Bell Syst. Tech. J., vol. 52, pp. 1105-1118,
1973.

[12] B. Atal and M. Schroeder, “Predictive coding
of speech signals,” in Proc. Int. Congr. Acoustics,
Tokyo, Japan, 1968, Paper C-5-4.

[13] J. Pierce and J. Karlin, “Information rate of the
human channel,” Proc. IRE, vol. 45, p. 368, 1957.

[14] W. Keidel, “Information processing by sen-
sory modalities in man,” in Cybernetic
Problems in Bionics, H. Oestreicher and D.
Moore, Eds. New York: Gordon and Breach,
1968, pp. 277-300.

[15] J. Flanagan, K. Ishizaka, and K. Shipley,
“Signal models for low bit-rate coding of
speech,” J. Acoust. Soc. Amer., vol. 68, pp. 780—
791, 1980.

[16] C. Coker, “Speech synthesis with a parametric
articulatory model,” in Proc. Kyoto Speech Symp.,
Kyoto, Japan, 1968, pp. A-4-1-A-4-6.

from the GUEST EDITORS

an important role in system design. The
article by Zhang et al. dives a broad
overview of the spectrum sharing
approach for cognitive radio networks and
describes in detail various convex optimi-
zation formulations and solutions for the
design of cognitive radio systems.

Finally, the article by Jiang and Li
focuses on the applications of convex

continued from page 19

optimization to discriminative training
in speech and language processing. For
many widely used statistical models,
discriminative training for speech pro-
cessing normally leads to nonconvex
optimization problems. This article
shows how convex relaxation techniques
(such as linear programming relaxation
or SDR) can be used in this context.

In closing, we would like to thank all of
our colleagues who have contributed to
this special issue, including the authors of
submitted papers. We also thank the
reviewers for their quality work, and the
editorial board for their support, without
which this special issue would not have
been possible.
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