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1. Introduction P =}
. .. \ [ \\ Iv
Future pervasive connectivity among o / o \ / ~7
. Z U Z Ule R2
people and machines —referred to by o // C L N4 //
acronyms such as Internet of Things 8 /g a \\F” / @
. . / ’
(IoT), Machine to Machine (M2M), and L le A ~LooR Fathom
Vehicle to X(V2X )—is inevitable. Such
Variable Variable Subdivide

connectivity will be the bedrock of the
smart society, but by itself will not suffice
to achieve its many promises, including
efficient resource utilization and increased
safety and security.

Albert Einstein famously said that the world we have
created is a product of our thinking, and it cannot be
changed without changing our thinking. The future
smart society will need to apply advanced technologies
in order to solve or significantly improve the issues fac-
ing our world today. Optimization algorithms are one
important kind of such technologies that will help trans-
late the connectivity infrastructure into improved out-
comes for humans. In this article we describe examples
of such algorithms for finding global optimum for power
flow (Section 2), achieving robust optimal routing in
changing environments(Section 3), enhancing communi-
cation throughput of optical fiber links through the use
of high-dimensional modulation (Section 4), and achiev-
ing practical solutions for very large systems that would
otherwise require huge computational resources (Section 5).

2. Globally Optimal Power Flow

We seek to find the optimal operating point for a large
electrical network, such that demand at every node of
the network is satisfied, and the cost of generated elec-
tricity is minimized, subject to voltage and capacity con-
straints of the power line generators. It is one of the
main decision problems in everyday operation of most
transmission and distribution systems, and its optimal
solution can have a huge economic and societal benefit,
especially in situations where demand may outstrip supply.

Whereas direct current optimal power flow (OPF) is a
convex optimization problem, in many cases the alternat-
ing current OPF problem is non-convex. Most of the
widely used non-linear optimization algorithms are not
guaranteed to find the true global optimum, but are
rather likely to converge to one of the many local mini-
ma. Recent experimental studies demonstrated that local
solutions could be more expensive by over 120%, result-
ing in major waste for electrical utilities. This led to
active research in advanced methods for finding the true
global optimum. Many of these methods are based on
the branch-and-bound algorithm that operates on the
principle of subdividing the range of decision variables,
such as the voltages of generators, into sub-intervals,
and eliminating some of these sub-intervals if it can be
shown that the best possible solution in them is no bet-
ter than a known solution in another intervals(Fig. 1). One
effective way to show this is if a lower bound on the cost
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(@ Lower and Upper Bounding (b) Domain Subdivision

(c) Search tree

Fig. 1 Power flow optimization method

over such an interval can be computed; the tighter the
bound, the more efficiently the algorithm can eliminate
large regions without sub-dividing them further.
Although existing branch-and-bound algorithms
have been effective in finding global OPF minima in
small problems, they have not been able to scale up to
the large problems many actual customers have, which
include hundreds of network nodes and decision vari-
ables. The main reason for this is that the lower bounds
computed by these algorithms have been quite loose,
and the algorithm ends up exploring the entire decision
space. Recently, we have proposed two novel methods
for computing very tight lower bounds, one based on
Lagrangian Relaxation(LR) , and another one based on
Semi-Definite Programming (SDP). We have demon-
strated” that networks with hundreds of nodes, such as
the IEEE118 benchmark with 118 nodes can be solved in
less than 4 seconds on a modern PC, and are working
towards solving networks with thousands of nodes.

3. Robust Dynamic Routing

For several years, researchers at Mitsubishi Electric
Research Laboratories(MERL) have studied routing
problems in shared networks, for example, routing cars
through roadway traffic, routing data packets in ad-hoc
wireless networks, and routing passengers in people-
moving systems such as elevators and public transporta-
tion. The goal is to find a minimum-cost route for an indi-
vidual and/or a maximum flow for a population.

Classical algorithms can be used when one assumes
that each link of a network has a fixed cost or delay. In
the real world, however, link costs are unknown or
uncertain. Traffic makes it impossible to precisely pre-
dict travel times, so the cost for any sequence of routing
decisions must be described with probability distribu-
tions. We focus on this case.

Generally, it is necessary to balance two criteria to
select a route: expected performance and reliability.
Expected performance is calculated by integrating a util-
ity function over all possible costs according to their
probabilities. For example, the utility of a data packet
may decrease exponentially as delivery time increases.
Reliability is usually defined as a limit on the probability
of catastrophically expensive outcomes, for example,
arriving at an airport after one’s plane has departed. It is
possible to have very good expected performance and
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Expected Cost

Fig. 2 Expected cost of a route
vs. probability of cata-
strophic delay (see Ref. 2)

extremely poor reliability, and vice versa.

We have developed methods to optimize logistically
useful combinations and constraints on these criteria. In
many cases, it can be proven that the amount of compu-
tation needed to find the exact optimal path, or even cal-
culate the exact value of single path, can grow exponen-
tially with the size of the network. For those cases, we
have developed fast and efficient approximation algo-
rithms that optimize lower bounds on performance and
reliability, so that, for example, it is possible to quickly
identify a commuting route to work that offers a 99%
probability of avoiding traffic delays, and is within a few
seconds of being the fastest-on-average route with
such a guarantee (see Fig. 2). These methods also pro-
vide routing policies — real-time decision-making algo-
rithms — that optimally respond to current and predict-
ed changes in traffic. This has also motivated work on
predicting reliability from historical data plus occasional
new measurements.

4. High—-Dimensional Modulation for Optical Fiber
Communication

Supporting the smart society requires a huge transfer
of information and content. Cisco predicts that annual
global IP traffic will reach 10* bytes in 2016, and will
continue to grow at more than 20% annually. Much of
this traffic travels on long-distance terrestrial and
trans-oceanic fiber optic links. Since optical fibers are
very expensive to install on land or sea, maximizing the
capacity of the fiber is a key requirement to support the
growth in network traffic.

For many years, fiber capacity was improved by
increasing the signal rate of each channel, but going
beyond 10Gbps per channel proved too challenging due
to optical impairments of chromatic and polarization
mode dispersion. This limit was overcome using coher-
ent optical systems, which allowed multi-level modula-
tion formats to be used over all four physical dimensions,
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Fig. 3 Block diagram of HDM transceiver
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modulation schemes

In-phase and Quadrature (IQ) over X and Y polariza-
tions), with sophisticated digital signal processing (DSP)
algorithms to reduce impairments. This has allowed
100Gbps commercial systems to be deployed, with 200
and 400Gbps in trials. However, these new higher rates
come with a penalty of lower reach between expensive
regenerators due to noise and fiber nonlinearity.

Recently, optimized four dimensional modulation for-
mats have been developed, which provide some gain®.
MERL is at the forefront of research into the use of high
dimensional modulation (HDM) formats(>4D) and
codes which offer even higher levels of performance. By
increasing the dimensionality of the signal space it is
possible to more efficiently pack the signal constellation
and so improve the tolerance to noise and nonlinearity.

Fig. 3 shows a simplified transceiver block diagram
using HDM. In many cases, only the encoder/mapper
and soft detector need to be modified, allowing the
majority of the coherent transceiver design to be reused.
If needed, the error correction code can be optimized for
the exact HDM format characteristics to further
improve performance.

Fig. 4 shows the result of laboratory experiments
using a recirculating optical fiber loop using Corning
SMF-28 Ultra Low Loss fiber”. It can be seen that the
HDM method (using 24 dimensions to encode 12 bits)
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provides a 15% increase compared with the state-of-
the-art dual-polarization binary phase shift keying
(DP-BPSK) method while providing the same capacity,
allowing a transmission distance of more than 25,000km
(not including additional system margin).
High-dimensional modulation formats will enable sig-
nificant increases in transmission distance of fiber-optic
links, or allow higher capacity for the same distance,
thus supporting the rapid growth in global traffic demands.

5. Making Algorithms Run Faster

As the world continues to automate, an increasingly
large part of the value proposition of machines and ser-
vices comes from software, particularly optimization
methods from data mining, machine learning, and control
theory. Unfortunately, these optimization methods scale
very poorly: a problem that takes N bits to describe may
require solution times on the order of N°, N° or even 2%
Problems sizes are growing rapidly but CPUs stopped
getting faster roughly 10 years ago, which, for example,
is why most of the functionality and value of a smart-
phone actually resides in massive compute centers thou-
sands of kilometers away. Of course, for many products
the computation cannot be performed remotely by a
supercomputing cluster, so it is necessary to develop
approximation algorithms that produce near-optimal
solutions in linear or linear-log time.

This has been a major focus at MERL since its found-
ing. We give two examples here. One of MERL’s most
widely used technologies is an accelerated approximation
algorithm for computing the thin singular value decom-
position (SVD), which factors a data matrix into smaller
matrices with many useful properties. Typically SVD
reveals that most of the variation in the data can be
explained with a small number of degrees of freedom,
called its rank. Therefore it is widely used in data com-
pression, data mining, and system identification. In cur-
rent applications the data matrix may have a million
rows and billions of columns. Since SVD is fundamentally
an N° optimization, some approximation is needed to
enable real-time computation. We developed a linear-
time approximation algorithm that can deliver an exact
factorization if the data is indeed low-rank. The algo-
rithm is widely used in the research community, in some
Mitsubishi Electric Corp.(MELCO) products, and, via
licensing, in industries where MELCO does not partici-
pate in the market.

Data is usually corrupted with Gaussian noise, conse-
quently many optimization problems involve fitting a
parameterized model by minimizing a “soft” squared-
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error term subject to some “hard” constraints. If these
constraints can be written as linear equations, the opti-
mization problem is called a quadratic program (QP).
QPs are the core of industrially significant technologies
including model-predictive control, support-vector pre-
diction machines, and financial portfolio optimization. We
have developed a very fast parallel approximation algo-
rithm that solves a significant class of QPs in linear time.
The algorithm is unusually fast and simple, enabling the
use of advanced control and optimization technologies in
new settings where compute power is limited, notable,
optimal control of fast-moving machinery.

6. Conclusion

This paper presented several examples highlighting
the potential of smart algorithms to help realize the
promise of the future smart society.
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1. Smart Communities in Europe

Urbanization is a worldwide trend and a major evolu-
tion in Europe. Indeed, the average population density in
Europe is in the order of 120 citizens per square kilome-
ter, which is quite low but 75% of European citizens live
in urban areas. By 2020, they will be around 80% in
cities. In some countries, the ratio will reach 90%. This
tendency, which has a direct impact on the quality of life
of European citizens, strongly encourages the members
of the European Union to take initiatives towards a
smarter society.

In July 2012, the European Commission launched a
strategic partnership between industry and European
cities for smart communities, which integrates the Infor-
mation and Communication Technologies’ (ICT), Trans-
port and Energy sectors”’. The major goal of this part-
nership is to realize tomorrow’s urban systems and
infrastructures by developing innovative solutions in
order to solve the major environmental, societal and
health challenges facing European cities today. Reducing
traffic congestion, air pollution and energy costs are pri-
ority items.

Thus, this R&D initiative will define efficient urban
mobility schemes, open data management, innovative
business models and appropriate regulation to allow tak-
ing benefit from the needed integration of the communi-
cation, transport and energy networks. Thus, a signifi-
cant improvement of European citizens’ quality of life is
expected together with an increased competitiveness of
the European industry and a large contribution to meet
the EU 20/20/20 energy and climate targets®.

In this context, this paper focuses on the smarter inte-
gration of ICT infrastructures in transportation systems
as shown in the figure of the front page. First, we intro-
duce the specification of future ICT -based services that
are newly requested by stakeholders of the transporta-
tion sector. This is addressed in section 2 together with
an illustration of the performance limitations met when
using state-of-the-art, so called 4G, ICT technologies.
Then, we present in section 3 the recent initiative from
the ICT sector to design the next generation, so called
5G, convergent radio access network technologies, archi-
tecture and standard capable to offer not only consumer
but also professional services with stringent require-
ments. Finally, we will make conclusions in section 4.

2. ICT needs in transportation systems

There is a growing demand for ICT in transportation
systems. On one hand, public transportation operators,
especially railway operators, want to deploy an increas-
ing range of heterogeneous communication — based ser-
vices from the safety -critical ones (e.g. train control) to
the passenger-oriented applications (e.g. onboard inter-
net access).

On the other hand, public authorities would like to
increase the safety level of individual vehicles and
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reduce traffic congestion by traffic management.
2.1 ICT for railway applications

As shown in Fig.l, the various ICT-based railway
applications result in very different ICT requirements.

ICT -based train control is a key technology to accom-
pany urbanization. It allows reducing the inter-train dis-
tance, thus increasing the train line density. Train con-
trol does not require much throughput from the ICT
infrastructure but needs high reliability. To increase the
passengers’ safety, there is a growing interest for plat-
form and onboard closed-circuit TVs(CCTVs) with
real-time transmission to police departments. This safe-
ty-related service may have a significant impact on the
throughput requirements. Onboard Internet access for
passengers needs high throughput but service reliability
can be relaxed.

Offering this large range of services is very challeng-
ing with existing technologies. Therefore, we have opti-
mized the way different services are using the radio
resource, prioritizing the safety-critical services while
not impacting too much the throughput and latency of
other services®.

Besides, the radio spectrum dedicated for railway
operators is very limited. In Europe, only 8MHz of radio
spectrum have been allocated to railway operators,
which are using a railway -specific 2G technology (GSM -
R : Global System for Mobile communications-Railway).
This obliges railway operators to envisage using also
non-dedicated radio spectrum. In this context, we have
evaluated the interference between a train equipped
with an onboard femto base station and surrounding
three-sectored macro base stations of a public cellular
network using the same radio spectrum through com-
puter simulations.

Moreover, trains are operated in adverse environ-
ments for radio propagation. For instance, the mobility of
existing trains can reach 350km/h (500km/h with future
trains), which directly reduces the achievable transmis-
sion throughput. We have evaluated the impact of

High reliability

Low/throughput
Safety
critical - Train control
operations
Safety - Voice (driver, crew)
related - Maintenance
operations - Onboard CCTV

- Platform CCTV

Passenger - Passengers info.
oriented - Advertisement
services - TV

- Passengers com.

Low reliability
High throughput

Fig. 1 Requirements of ICT-based railway services
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mobility on the achievable throughput of a 4G technolo-
gy with the parameters in Table 1, Fig. 2 confirms the
strong throughput loss resulting from train high mobility.

From the above analysis, it is clear that up-to-date
ICT with better integration needs to emerge in order to
fully satisfy the railway transportation sector.
2.2 ICT for individual vehicle applications

Today, autonomous vehicle safety is increased gradu-
ally, mainly for high-end cars, thanks to advanced dri-
ving assistance services using embedded radars, cam-
eras or sensors. In the future, cooperative safety among
vehicles is expected thanks to Cooperative Intelligent
Transportation Systems(C-ITS). With car-to-car or
car — to —infrastructure communications, it will be possi-
ble not only to adapt in real-time each car movement
depending on its environment but also to optimize the
traffic load on the road infrastructure so as to make sure
each driver arrives in a minimum time to its destination.

Although a dedicated radio spectrum has been
reserved in the 5 GHz band for C-ITS applications, the

Table 1 Evaluated parameters for a train—to—railroad transmission

Radio parameters Value

Carrier Frequency 800MHz

Bandwidth 4 MHz

Antenna configuration 1x1, 1x2
Modulation QPSK, 16QAM, 64QAM

1/10, 3/10, 5/10, 3/4, 5/6
0, 350, 500km/h
4 trains per cell

QPSK : Quadrature Phase Shift Keying
QAM ! Quadrature Amplitude Modulation

Turbo code rate

Speed

Number of trains

6
4010
35F  — Okm/h
—— 350km/h
3.0F - - - 500km/h
5
=225 ) Sy .---"
fe] _Z
= -
320t " Throughput degradation
© 4 due to train speed
3
O 15F
N
'_
1.0F
05
O 1 1 1 1 1 1 1 ]
0 5 10 15 20 25 30 35 40
Transmission gquality : Signal to Noise Ratio(dB)
Fig. 2 Impact of train mobility on ICT throughput
Preventive and Active safety Passive safety
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Information| Warning vehicle Crash Rescue
control
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Fig. 3 C-ITS target applications
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economic viability of deploying a dedicated ICT infra-
structure along every road is still unclear. Using an
already deployed cellular infrastructure may offer a real-
istic alternative.

In Fig.3, C-ITS target applications are presented
together with their real-time requirements. With
requirements of transmission latency lower than 50ms,
active safety is hardly achievable by using a 4G technol-
ogy. Such extremely low latencies can be achieved with
a dedicated IEEE 802.11p short range communication
system. However, the cost of the deployment of such a
system hinders the development of C-ITS.

In order to take benefits from public deployments and
economies of scale brought by 4G ICT, a next-genera-
tion, called 5G, ICT must be designed satisfying not only
consumer requirements but also professional require-
ments.

3. Next Generation ICT Infrastructure for Smarter
Communities

In order to satisfy throughput and latency require-
ments for consumer and professional use, the 5G ICT
has to support spectrum bandwidth at least five times
larger than state-of-the-art 4G ICT. Due to spectrum
scarcity, 5G ICT will make the best use of existing radio
technologies and rely on the design of new radio tech-
nologies in less crowded bands above 6GHz.

Fig.4 depicts the concept for 5G ICT currently devel-
oped in European Union(EU). The 4G radio technology
should be updated in order to cope with frequency
bands as high as 30GHz and a completely new radio
technology should be developed for millimeter wave
bands above 30GHz. In addition to these new technolo-
gies, existing 4G, WiFi and satellite components will be
integrated in 5G ICT. Optical and satellite backhaul will
provide base stations with efficient connection to the
core network whatever their location.

Challenges for 5G are numerous. For consumer ser-
vices, it should avoid the data crunch expected for 2020,
considering the current progress of data communication
on public networks. For professional services, it should
offer robustness to mobility and short transmission
delays. Energy and operation/maintenance efficiency is
also a main concern. Finally, resilience, for instance to
natural disasters, should also be addressed. Table 2 lists
the main challenges as defined by the 5G Private Public
Partnership (5G-PPP) in EU.

56 system

Terrestrial base stations
with optical/satellite backhaul

Satellite

Radio Spectrum

Consumer Professional
services services

Fig. 4 5G system vision
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Table 2 Key Performance Indicators for 5G ICT

Challenges Purposes
1000x total throughput |Solution to the data crunch,
10x user throughput immersive experience
Main key “1Ims service level Delay - sensitive applications like
performance [
latency C-ITS, tactile internet
challenges
-90% energy Reduction of the 4.5% part of ICT in
consumption global energy consumption
. . Improved Quality of Experience (QoE)
Quality of service for differentiated services
Manageability Reduction of manual management
Main key . Intrinsic robustness to attacks or
System Hardening .
natural disasters
challenges
Flexibility Seamless mobility across networks
Evolution Transparent migration and future
development
New Anchor
Core network 9 Base Station
for ta
(&)
Anchor Jo- hop data «» 3-hop data
Base Station « )forwardmg ,é forwarding
forti, te, ts atte ’,/ atts_--~
- " k‘” ts
)'[2
(n)t
#Ir

Fig. 5 Optimized anchor selection for high mobility

In order to offer the expected high throughput to the
users, the 5G network infrastructure integrates many
very-low-range cells, i.e. small cells, implying strong
cooperation between base stations. However, the smaller
the cells, the more difficult the network management of
a moving vehicle.

A key issue in mobility is the selection of the anchor
base station receiving user data from the core network
and forwarding it to the base station actually serving
data to the user. As shown in Fig. 5, we have developed
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solutions to efficiently select the anchor base station in
order to avoid too frequent anchor changes due to mobil-
ity, which may lead to connection loss, and data forward-
ing with too many hops, which saturates the network
links between base stations.

Besides, the cooperation between base stations
involves frequent signaling between cooperating cells
and put a strong burden on the core network. In this
case, signaling methods which achieve efficient coopera-
tion are needed® while maintaining reasonable burden
on the core network®.

4. Conclusion

In this paper, we have presented the European trends
on Smart Communities with a focus on the integration of
the transportation and ICT sectors. Whereas 4G ICT
technology shows performance limitations, the promising
5G set of technologies will allow new professional-and
consumer -oriented applications to improve safety and
comfort in transportation.
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