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Megan Cowie, Nanoscience & SPM Group, 
McGill University

Congratulations to Peter Grutter and his group at the 
Nanoscience & SPM Lab at McGill University on 
bridging the gap between high spatial and ultrafast 
temporal resolution to advance molecular and 
quantum electronics. Observing 100 fs non-linear 
optical interactions and quantized vibration-modified 
electron transfer in single molecules with AFM 
are impressive achievements that set new standards 
at the forefront of scientific research.

We are excited to continue our collaboration and 
look forward to finding new ways of using lock-in 
amplifiers and boxcar averagers to push the limits 
of SPM applications.

www.zhinst.com
Your Application. Measured.

Zurich
Instruments

Keep pushing
the limits!
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GM bets 
biG on 
batteries
General Motors is gearing up 
to produce a wide range of 
electric models. These efforts 
include a $2.3 billion plant for 
manufacturing EV batteries. 
by Lawrence ULrich
Page 26 On the cover

Illustration for IEEE Spectrum 
by Tavis Coburn

32 gOIng hyPERSOnIC 
Beyond Mach 5, materials melt, 
airflow breaks up, and costs 
reach the stratosphere.
By Philip E. Ross

38 gOOd gRIdS MakE 
gOOd nEIghBORS 
With autonomous energy 
grids, sharing electricity leads 
to greater efficiency, reliability, 
and resilience.
By Benjamin kroposki, 
andrey Bernstein, 
Jennifer king & Fei ding

44 ThE BOdy IS 
ThE nETwORk
The best way to protect pace-
makers and insulin pumps 
from hackers is to send signals 
through the body.
By Shreyas Sen, Shovan 
Maity & debayan das
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F
OR THE PAST FOUR AND A HALF YEARS, Shreyas Sen 
has been developing a method for using the human 
body as a wire, to transmit electrical signals between 
wearable devices. And the � rst person he tested 
it on? Himself. “I do feel if we’re trying something 
new, I should be the � rst test subject,” Sen says.

The technique isn’t harmful, as it uses an extremely 
weak alternating current of about 1 to 10 microamperes. 

But Sen, a researcher at Purdue University, doesn’t think it’s fair 
to ask his grad students to volunteer until he has demonstrated 
the technique for them, to show that it’s safe. He, of course, also 
made sure Purdue’s institutional review board, which oversees 
experiments involving human subjects, had signed o�  on the project.

As Sen and his colleagues explain in “The Body Is the Network” 
[p. 44], their goal is to boost the security and e�  ciency of commercial 
wearables like wireless earbuds, as well as life-saving medical devices 
like pacemakers and insulin pumps. Those devices typically use 
Bluetooth or ultrawideband to communicate. But their signals extend 
well beyond the body, leaving the devices vulnerable to data snoopers 
and potential hacks. Sen’s technique restricts signals to the user’s 
own body, so to hack, say, a pacemaker, you’d practically need to 
be touching the person. Wireless techniques like Bluetooth are also 
relatively high power, draining batteries faster than Sen’s tech does.

Sen says the idea of sending communications through the body 
� rst emerged in the mid-1990s, but the few studies done were 
inconsistent. For one frequency explored, reported channel losses 
spanned an 80-decibel di� erence. To measure the loss more precisely, 
he redid those earlier experiments by hooking up a signal generator 
to one arm and an oscilloscope to the other. To his surprise, he 
couldn’t replicate the results: There was little to no loss in signal. 
That � nding became the basis for his body-as-a-wire research. 

“I failed, in a good way,” Sen says.  �
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“Washington Monthly,” 2020

                       Come for the views
                  no one else can see.

                Peel back the surf, 
                  the sand and the 
              beautiful campus we
         call home, and you’ll see 
              a whole other world.
          One equally stunning.
       Because here, world-renowned               
           professors, Nobel laureates 
                  and students reimagine what’s 
               possible. Their collaboration has 
                  transformed oil rigs into reefs and
         reshaped international law. Over half a century            
      of invention — and reinvention — has allowed
          our students to achieve the unimaginable.
                 Picture what you might discover at
                    the  No. 1 public university in the nation.

lookdeeper.ucsd.edu
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Charles Q. Choi 
Choi is a science reporter in New York City 
and a contributing editor to IEEE Spectrum. 
In this issue, he reports on a new way to print 
electronic sensors directly on the skin [p. 9]. In 
his spare time, Choi writes science fiction. His 
first published story, “By the Will of the Gods,” is 
about a temple acolyte devoted to foretelling the 
future who must solve the mystery of his mentor’s 
death. Look for it in the January/February 2021 
issue of Analog magazine.

Payal Dhar 
Dhar is a freelance writer based in New Delhi. 
For this issue, she writes about researchers at 
American University who used spinach to create a 
more efficient catalyst for fuel cells and metal-air 
batteries [p. 10]. The research “caught my eye for 
the very important reason that spinach season is 
back in north India, which means spinach paneer 
[will be back on the menu] soon,” Dhar says. “It 
gave me a whole new insight into the benefits of 
leafy greens.” 

Michael Dumiak 
Dumiak is a Berlin-based freelance reporter 
covering science and culture. A longtime 
contributor to Spectrum, he reports in this issue 
on the European Language Grid, a new platform 
for language and translation technologies [p. 11]. 
“There’s scant economies of scale for making digital 
tools work natively in languages like Irish or Greek 
or Latvian, but it’s vital for people in the digital 
world to be able to use their mother tongues,” 
Dumiak says. “Hopefully, the Grid will help.”

Benjamin Kroposki 
Kroposki, an IEEE Fellow, is director of the Power 
Systems Engineering Center at the National 
Renewable Energy Laboratory, in Golden, Colo. 
In this issue, he and NREL colleagues Andrey 
Bernstein, Jennifer King, and Fei Ding describe how 
a decentralized power grid built from autonomous 
energy cells could better handle distributed-energy 
assets like rooftop solar and battery storage and be 
more reliable, secure, and efficient. To learn more, 
see “Good Grids Make Good Neighbors” [p. 38].

Lawrence Ulrich
Ulrich is an award-winning automobile journalist 
who writes about cars for Spectrum and many 
other publications. In this issue [p. 26], he covers 
a new type of battery that General Motors has 
developed for its burgeoning fleet of electric 
vehicles, including, of all things, an EV Hummer 
truck and SUV. “Only a decade ago, we assumed 
that EVs would be frumpy little econoboxes,” says 
Ulrich. “But as EVs take over, there’s going to be 
more variety for sure.”



The stage of the load cycle, potential, local concentration, 
temperature, and direction of the current all affect the 
aging and degradation of a battery cell. This is important 
to consider when developing autonomous vehicles (AVs), 
which rely on a large number of electronic components 
to function. When designing long-lasting batteries that 
are powerful enough to keep up with energy demands, 
engineers can turn to simulation.

The COMSOL Multiphysics® software is used for 
simulating designs, devices, and processes in all fields of 
engineering, manufacturing, and scientific research. See 
how you can apply it to optimizing battery designs for self-
driving cars.

Visualization of the 
temperature profile 
in a liquid-cooled Li-
ion battery pack.

Autonomous vehicles require 
batteries with lasting power.

comsol.blog/autonomous-vehicle-batteries



HE APPROACH OF A NEW YEAR is always a time to take stock 
and be hopeful. This year, though, re� ection and hope are more 
than de rigueur—they’re rejuvenating. We’re coming o�  a year 
in which doctors, engineers, and scientists took on the most 
dire public threat in decades, and in the new year we’ll see the 
greatest results of those global e� orts. COVID-19 vaccines are just 
months away, and biomedical testing is being revolutionized. 

At IEEE Spectrum we focus on the high-tech solutions: Can 
arti� cial intelligence (AI) be used to diagnose COVID-19 using cough 
recordings? Can mathematical modeling determine whether preventive 
measures against COVID-19 work? Can big data and AI provide accurate 
pandemic forecasting?

Consider our story “AI Recognizes COVID-19 in the Sound of a Cough,” 
reported by Megan Scudellari in our Human OS blog. Using a cellphone-
recorded cough, machine-learning models can now detect coronavi-
rus with 90 percent accuracy, even in people with no symptoms. It’s a 
remarkable research milestone. This AI model sifts through hundreds 
of factors to distinguish the COVID-19 cough from those of bronchitis, 
whooping cough, and asthma.

But while such high-tech triumphs give us hope, the no-tech solutions 
are mostly what we have to work with. Soon, as our Numbers Don’t Lie 
columnist, Vaclav Smil, pointed out in a recent email, we will have near-
instantaneous home testing, and we will have an ability to use big data 
to crunch every move and every outbreak. But we are nowhere near that 
yet. So let’s use, as he says, some old-fashioned kindergarten epidemiol-
ogy, the no-tech measures, while we work to get there:

Masks: Wear them. If we all did so, we 
could cut transmission by two-thirds, 
perhaps even 80 percent. 

Hands: Wash them.
Social distancing: If we could all stay 

home for two weeks, we could see enor-
mous declines in COVID-19 transmission.

These are all time-tested solutions, 
proven e� ective ages ago in countless 
outbreaks of diseases including typhoid 
and cholera. They’re inexpensive and 
easy to prescribe, and the regimens are 
easy to follow. 

The con� ict between public health 
and individual rights and privacy, how-
ever, is less easy to resolve. Even during 
the pandemic of 1918–19, there was wide-
spread resistance to mask wearing and 
social distancing. Fifty million people 
died—675,000 in the United States alone. 
Today, we are up to 240,000 deaths in 
the United States, and the end is not in 
sight. Antiflu measures were framed 
in 1918 as a way to protect the troops 
� ghting in World War I, and people who 
refused to wear masks were called out 
as “dangerous slackers.” There was a 
world war, and yet it was still hard to 
convince people of the need for even 
such simple measures.

Personally, I have found the resistance 
to these easy � xes startling. I wouldn’t 
want maskless, gloveless doctors tak-
ing me through a surgical procedure. Or 
waltzing in from lunch without washing 
their hands. I’m sure you wouldn’t, either.

Science-based medicine has been one 
of the world’s greatest and most funda-
mental advances. In recent years, it has 
been turbocharged by breakthroughs in 
genetics technologies, advanced materi-
als, high-tech diagnostics, and implants 
and other electronics-based interven-
tions. Such leaps have already saved 
untold lives, but there’s much more 
to be done. And there will be many 
more pandemics ahead for humanity.
—SUSAN HASSLER

Ending the COVID-19 Pandemic
Embracing no-tech solutions will make
high-tech solutions possible
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The world’s most daunting challenges 
require innovations in engineering, and 
IEEE is committed to finding the solutions.

The IEEE Foundation is leading a special 
campaign to raise awareness, create 
partnerships, and generate financial resources 
needed to combat these global challenges.

Our goal is to raise $30 million by 2020.

ILLUMINATE
the possibilities of 

technology by using 
it to address global 

challenges

EDUCATE
the next generation 
of innovators and 

engineers

ENGAGE
a wider audience 
in appreciating the 

value and importance 
 of engineering and 

technology

ENERGIZE
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DONATE NOW  
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at biological structures may allow 
researchers to better understand 
the inner workings of cells and to 
search for causes of disease. 

“We’re trying to find interesting 
ways to ‘just look at the thing,’ ” says 
Steven Lee, a biophysical chemist 
at the University of Cambridge who 
coauthored the paper. Lee and his 
colleagues at Cambridge created the 
software through a partnership with 
3D-image-analysis company Lume VR. 

“Recognizing patterns in nature 
is the fundamental keystone in sci-
ence,” says Hermes Bloomfield-
Gadêlha, head of Polymaths Lab at 
the University of Bristol, in England, 
who was not involved in the proj-
ect. “This is an exciting new advance 
that will allow us to see patterns and 
interact with structures of the hid-
den and strange molecular universe.”

Lee graciously took the time to 
lead me on a guided tour of a brain 
cell, or neuron. We began from a 
bird’s-eye view of the neuron. Its 
axons, which are slender, tubelike 

projections, carry information from one 
brain cell to another in the form of elec-
trical impulses. “The little tubes you see 
are the ways in which your neurons com-
municate,” Lee said as we swooped in 
closer. “Thoughts and ideas and feelings 
run down the middle of these tubes.”

We drew closer to the axon, revealing 
that the tubelike structure is formed by 
a protein, called spectrin, that appears 
as a series of rings. “The space between 
these rings is something on the scale of 
100 nanometers. So it’s very small, you 
know—a hundred billionths of a meter,” 
he narrated.

Of interest were the molecules hang-
ing out outside of the spectrin-ring scaf-

In his “Plenty of Room at the 
Bottom” lecture at Caltech 
in 1959, physicist Richard 

 Feynman urged his audience to make 
the microscope ever more powerful so 
that biologists could explore the “stag-
geringly small world” beyond. It would 
be a lot easier to answer fundamental 
biological questions if we could “just 
look at the thing,” he said. 

A few years later, in the science fiction 
movie Fantastic Voyage, a submarine 
crew shrinks to microscopic size and 
goes on a mission through the human 
body to repair brain damage. The 1966 
movie trailer says the film “drops the 
bottom out of the world you know and 

News Small woRld: A VR headset is now 
all you need in order to peer into the 
inner workings of tiny structures such 
as brain cells. 

Take a Tour InsIde a Cell
advances in microscopy let researchers give immersive  
VR trips through brain cells

understand,” and sends viewers “where 
no man or camera has ventured before.” 

Now, scientists have combined the 
visions of the midcentury physicist and 
filmmakers in one groovy virtual real-
ity experience. In a paper published in 
October in Nature Methods, researchers 
described new software that enables sci-
entists to enter the body and explore a 
cell or other biological structures using 
a virtual reality (VR) headset.

This is no computer-generated ride. 
The images come from live cells using a 
super-resolution microscope. The soft-
ware then converts the 2D data from the 
microscope into a 3D immersive visual-
ization. This fresh, almost personal look 
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fold. “Are they floating through the axon 
or are they associated with the wall of 
the axon?” he asked rhetorically. We 
can try to answer those questions now, 

“which would be extremely difficult to 
do in another way,” Lee said. 

The software, called vLUME, allows sci-
entists to cut out and manipulate views 
of subregions of interest. We looked at 
a cut-out section of the axon turned on 
its end. We peered inside, which was 
like looking down the barrel of a ribbed 
drinking straw. (And a mind-boggling 
experience. We were, after all, standing 
in the very structure that was allowing 
us to think about that structure.) 

We looked at four subsections of the 
axon, which floated in virtual boxes, and 
then zoomed out to see them side by 
side. “We can do some sort of quantita-
tive measure to see how they are differ-
ent,” Lee said. Looking at the difference 
in structure of a healthy region versus 
a diseased region could help research-
ers understand the cause of the disease. 

We pulled out further to see the whole 
picture—the axon and the four boxes 
of subsections, annotated with some 
analysis and handwritten notes. It was 
beautiful, and it was easy to see how a 
scientist could use it not only to study a 
structure, but also explain it to the world. 

The technology would not be possi-
ble without super-resolution micros-
copy, whose developers were awarded 
the Nobel Prize in Chemistry in 2014. 
This optical microscopy technique 
bypasses the diffraction limit—a physical 
barrier that restricts optical resolution 
to roughly 250 nm and was previously 
thought to be impenetrable.

Super-resolution microscopy allows 
researchers to image biological struc-
tures with features as small as ~20 nm. 

But the images are typically two dimen-
sional. Since life happens in 3D, scien-
tists have been working on ways to infer 
3D information from those 2D pictures. 
But it has proven difficult to interact 
with the 3D data in an immersive and 
native way.

The vLUME software uses the data 
from super-resolved images made up of 
millions of individual points that repre-
sent the 3D position of individual mol-
ecules, called fluorophores. vLUME is 
used to render the information as a point 
cloud, or set of data points in space. The 
point cloud can then be explored and 
segmented with the vLUME software. 
Clustering algorithms then analyze the 
complex data sets to find patterns in bio-
logical structures. 

All the user needs is a VR headset.
Researchers are already using the tool—

which will be available for free for aca-
demic use—to understand how immune 
cells determine which cells in the body 
have been infected by a pathogen, and 
how proteins misfold in disease. “It’s 
allowed us to be able to rule out hypoth-
eses very quickly by showing people data 
in an intuitive way,” Lee says. 

But the ability to “just look at the 
thing” may be only the beginning. Says 
 Bloomfield-Gadêlha: “Future multidisci-
plinary interactions with, for example, 
mathematical modeling and simulation, 
and even robotics, could grant us predic-
tive power from these 3D molecular reali-
ties and an unimaginable understanding 
of the molecular multiverse in nature.”  

—Emily Waltz

A version of this article appears in our 
Human OS blog.

Drone Shoots Trees 
for Science
We all know how robots are great 
at going places where you can’t 
(or shouldn’t) send a human. We 
also know how robots are great 
at doing repetitive tasks. These 
characteristics have the potential 
to make robots ideal for setting 
up wireless sensor networks in 
hazardous environments—that is, 
they could deploy a whole bunch 
of self-contained sensor nodes to 
create a network that can monitor a 
very large area for a very long time.

When it comes to using drones 
to set up sensor networks, you’ve 
generally got two options: A drone 
that just drops sensors on the 
ground (easy but inaccurate, and 
locations are limited), or using a 
drone with some sort of manipulator 
on it to stick sensors in specific 
places (complicated and risky). 
A third option, under development 
by researchers at Imperial College 
London’s Aerial Robotics Lab, 
combines the accuracy of direct 
contact with the safety and ease 
of passive dropping by using the 
drone as a launching platform for 
laser-aimed, sensor-equipped darts. 
Their work was described in an 
article published 11 August in IEEE 
Robotics and Automation Letters.

These darts (which the researchers 
refer to as aerodynamically stabilized, 
spine-equipped sensor pods) can 

POST YOUR COMMENTS AT spectrum.ieee.org/
insidecell-dec2020
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Scientists wanted a way to 
sinter—that is, use heat to fuse—
metal nanoparticles to fabricate 

circuits directly on skin, fabric, or paper. 
However, sintering usually requires heat 
levels far too high for human skin. Other 
techniques for fusing metal nanoparti-
cles into circuits, such as lasers, micro-
waves, chemicals, or high pressure, are 
similarly dangerous for skin.

In a new study, researchers developed 
a way to sinter nanoparticles of silver 
at room temperature. The key behind 
this advance is what they call a sinter-
ing aid layer, consisting of a biodegrad-
able polymer paste and additives such as 
titanium dioxide or calcium carbonate. 
The scientists published their findings 
online on 11 September in the journal 
ACS Applied Materials & Interfaces. 

Positive electrical charges in the sin-
tering aid layer neutralized the negative 
electrical charges the silver nanoparti-
cles could accumulate from other com-
pounds in the material. This meant it took 
less energy for the silver nanoparticles 
printed on top of the sintering aid layer to 
come together, says study senior author 
Huanyu Cheng, a mechanical engineer 
at Pennsylvania State University. 

The sintering aid layer also created 
a smooth base for circuits printed on 
top of it. This in turn improved the per-
formance of these circuits in stand-
ing up to bending, folding, twisting, 
and wrinkling.

In experiments, the scientists placed 
the silver nanoparticle circuit designs 
and the sintering aid layer onto a 
wooden stamp, which they pressed 

n e w s

embed themselves in relatively 
soft targets from up to 5 meters 
away with an accuracy of about 
10 centimeters after being fired 
from a spring-loaded launcher. 
They’re not quite as accurate as 
a drone with a manipulator, but 
they’re pretty good, and the drone 
can maintain a safe distance 
from the surface it’s shooting 
the sensor at. Obviously, the 
penetrating spine is only going 
to work on things like wood, but 
the researchers point out that 
there are plenty of attachment 
mechanisms that could be used, 
including magnets, adhesives, 
chemical bonding, or microspines.

Indoor tests using magnets 
showed the system to be quite 
reliable, but at close range (within 
a meter of the target) the darts 
sometimes bounced off rather 
than sticking. From between 1 and 
4 meters away, the darts stuck 
between 90 and 100 percent of 
the time. Initial outdoor tests were 
also successful, although the 
system was under manual control. 
The researchers say that “regular 
and safe operations should 
be carried out autonomously,” 
which, yeah, means you’d just 
have to deal with all of the 
extra sensing and hardware 
required to autonomously fly 
beneath the canopy of a forest. 
That’s happening next, as the 
researchers plan to add “vision-
state estimation and positioning, 
as well as a depth sensor” to 
avoid some trees and fire sensors 
into others.

And if all of that goes well, 
they’ll consider trying to get each 
drone to carry multiple darts. 
Look out, trees: You’re about to be 
pierced for science.  

—Evan ackErman

A version of this article appears 
on our website in the Journal 
Watch section.

You Are the CirCuit BoArd
circuits made of metal nanoparticles enable  
skin sensors for tracking vital signs
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When Shouzhong Zou 
and his team at Ameri

can University’s chemistry 
department decided to try 
spinach as a way to improve 
the performance of fuel 
cells, even they were a lit
tle surprised at how well it 
worked. In their proofof
concept experiments, they 
used spinach—bought from 
local supermarkets—to make 
a  carbonrich catalyst that 
can be used in fuel cells and 
metalair batteries.

The spinach was used as 
a precursor for the high 
performance catalysts that 
are required for oxygen 
reduction reactions (ORRs) 
in f uel  cel l s .  T rad it ion
ally, fuel cells have used 
 platinumbased catalysts, 
but not only is platinum very 
expensive and difficult to 
obtain, it can be vulnerable to 
chemical poisoning, or inhi
bition, in certain conditions. 
Consequently, researchers 
have looked into biomass
derived, carbonbased cata
lysts to replace platinum, but 
there have been bottlenecks 
in preparing the materials 
in a costeffective and non
toxic way. “We were a little 
bit lucky to pick up spinach,” 
says Zou, because of its high 
iron and nitrogen content. 

“At this point [our method] 
does require us to add a lit
tle bit more nitrogen into the 
starting material, because 
even though [spinach] has a 

lot of nitrogen to begin with, 
during the preparation pro
cess some of this nitrogen 
gets lost.” 

Zou and his team weren’t 
the first to discover the elec
trochemical wonders of spin
ach, of course, even though 
other studies have used the 
leafy greens for other pur
poses. For example, a 2014 
study harvested activated 
carbon from spinach to cre
ate capacitor electrodes, 
while a more recent paper 
tackled spinachbased nano
composites as photocatalysts. 
Spinach, apart from being 
abundant in iron and nitro
gen (both essential in ORRs), 
is easy to cultivate, and “def
initely cheaper than plati
num,” Zou adds. 

The preparation of the 
spi n ac hba sed c at a lys t 
sounds suspiciously like a 
smoothy recipe at first—wash 
fresh leaves, pulverize into 
a juice, and freezedry. This 
freezedried juice is then 
ground into a powder, to 
which melamine is added as 
a nitrogen promoter. Salts 
like sodium chloride and 
potassium  chloride—“pretty 
much like the table salt that 
we use in our kitchen,” says 
Zou—are also added, nec
essary for creating pores 
that increase the surface 
area available for reactions. 
Nanosheets are produced 
from the spinachmelamine
salt composites by pyrolyz

onto the back of a subject’s 
hand. They next used a hair 
dryer on the cool setting to 
evaporate the solvent in the 
material. A hot shower could 
easily remove these circuits 
without damaging the under
lying skin.

After the circuits sintered, 
they could help the research
ers measure body tempera
ture, skin moisture, blood 
oxygen, heart rate, respi
ration rate, blood pressure, 
and bodily electrical signals 
such as electrocardiogram 
readings. The data from 
these sensors were compa
rable to or better than those 

measured using conventional commercial sensors 
that were simply stuck onto the skin, Cheng says.

The scientists also used this new technique to fab
ricate flexible circuitry on a paper card, to which 
they added a commercial offtheshelf chip to enable 
wireless connectivity. They attached this flexible 
paperbased circuit board to the inside of a shirt 
sleeve and showed it could gather and transmit 
data from sensors printed on the skin. 

“With the use of a novel sintering aid layer, our 
method allows metal nanoparticles to be sintered 
at low or even room temperatures, as compared to 
several hundreds of degrees Celsius in alternative 
approaches,” Cheng says. “With enhanced signal 
quality and improved performance over their com
mercial counterparts, these skinprinted sensors 
with other expanded modules provide a repertoire 
of wearable electronics for health monitoring.” 

The scientists are now interested in applying 
these sensors for diagnostic and treatment appli
cations “for cardiopulmonary diseases, including 
COVID-19, pneumonia, and fibrotic lung diseases,” 
Cheng says. “This sensing technology can also be 
used to track and monitor marine mammals.” 

—CHARLES Q. CHOI

POST YOUR COMMENTS AT spectrum.ieee.org/skincircuits-dec2020

HARDWIRED: Circuits attached 
directly to the skin can act as 
unobtrusive, always-on sensors to 
monitor vital signs.

Spinach GiveS Fuel 
cellS a power-up
Spinach-based catalysts could power 
fuel cells more efficiently than traditional 
platinum ones
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Organizers of a European 
Union–supported software-
shar ing plat form for lan-

guage technologies are planting seeds 
for applications that could debut with 
some eye-catching results: We might 
see the sprouting of a Basque-speaking, 
Alexa-style home assistant, for instance.

A first-release version of the platform, 
called the European Language Grid, is 
already being used to distribute and gain 
visibility for language usage and trans-
lation tools from some of the hundreds 
of European firms trading in language 
technology. Many of the tools offer the 
ability to communicate among speak-
ers of complex languages—Irish Gaelic, 
Maltese, and Latvian, to name a few—
that are spoken by relatively few people. 

If it seems global technology giants 
such as Google or Amazon could deliver 
these kinds of tools, maybe that’s right. 
But they might not dedicate the time and 
ensure the polish that a dedicated niche 
developer could. Besides, supporters of 
the initiative say, Europe should take care 
of its own digital infrastructure. Getting 
linguistic architectures to work easily and 
freely is a key interest on a continent that 
is trying to hold together a strained eco-
nomic and social union straddling more 
than 200 mother tongues.

The Language Grid is meant to create a 
broad marketplace for language technol-
ogy in Europe, says Georg Rehm, a prin-
cipal researcher at the German Research 
Center for Artificial Intelligence (DFKI). 

ing them at 900 °C a couple of 
times. “Obviously...we can opti-
mize how we prepare this material 
[to make the process more effi-
cient],” Zou says.

An efficient catalyst means a 
faster, more efficient reaction. 
In the case of fuel cells, this can 
increase the energy output of bat-
teries. This is where the porosity 
of the nanosheets helps. “Even 
though we call them nanosheets,” 
Zou says, “when they are stacked 
together, it’s not like a stack of 
paper that is very solid.” The 
addition of salts creates tiny holes 
that allow oxygen to penetrate 
the material rather than access 
only the outer surfaces. “We need 
to make it porous enough that...
all the active sites can be used.”

The other factor that favorably 
disposed the team at Ameri can 
University toward spinach was 
that it is a renewable source of 
biomass. “Sustainability is a very 
important factor in our consid-
eration,” says Zou. The first big 
question to explore, he adds, is 
how can we avoid competition 

“with the dinner table”? (Biofuel 
production has already raised 
concerns about food crops being 

diverted away from hun-
gry mouths.) “And the sec-
ond is how do we keep the 
carbon footprint down in 
terms of this catalyst prepa-
ration...because currently 
we do use high tempera-
tures in our preparation 
procedure? ... If we can find 
different ways to do this to 
achieve the same type of 
material, that will cut back 
the energy consumption 
and reduce significantly 
the carbon footprint.”

Even though the results 
are promising, there is yet 
a long way to go. Zou cau-

tions that the study so far is only a 
proof of principle. “We need to be 
very careful when we talk about 
practical applications because 
something that shows excellent 
performance in [lab] conditions 
could become more challenging 
when we implement [it] in the 
real device.” Another aspect that 
needs further study, he adds, is 
that while the spinach-derived 
catalyst outperforms platinum-
based catalysts in alkaline con-
ditions, the performance in an 
acidic medium is not as efficient. 

“So obviously, there is still some 
tuning we need to do to see if they 
can work through a range of pH.”

A complete prototype is clearly 
a next step—testing the catalyst 
derived from spinach in a fuel cell. 

“That’s the kind of expertise I don’t 
have in my lab at this point,” Zou 
admits. “We are thinking about 
collaborating with other groups, 
or we can build up our expertise 
in this area, because it’s a neces-
sary step.”  —Payal Dhar

A version of this article appears in 
our Energywise blog.

n e w s

POST YOUR COMMENTS AT 
spectrum.ieee.org/spinach-dec2020

I’m  
speakIng 
Your 
Language

The European Language 
Grid aspires to directly 
translate all the EU 
tongues 
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The Grid is a scalable Web 
platform that allows access 
to data sets and tools that 
are docked behind the plat-
form’s interface. The base 
infrastructure is operated 
on a Kubernetes cluster—
a set of node machines that 
run containerized applica-
tions built by service pro-
viders. It’s all hosted by 
the cloud provider SysE-
leven in Berlin. Users can 
access data and tools in the 
docker containers without 
needing to install anything 
locally. Grid organizers 
recently picked 10 early-
stage projects that can be supported 
by the platform, boosting them with 
small research grants. Another open 
call for projects ran through October 
and November. Results are likely to 
come in early January 2021.

“Our technologies and services will 
be more visible to a broader market we 

would otherwise not be able to reach,” 
says Igor Leturia Azkarate, speech tech-
nologies manager at Elhuyar Fundazioa, 
a nongovernmental organization pro-
moting the everyday use of Basque, 
especially in science and technology. 

“We hope it will help other speakers 
of minority languages be aware of the 

possibilities, and that they will take 
advantage of our work.” 

Azkarate and his colleagues are adapt-
ing Basque language text-to-speech and 
speech-recognition tools to work within 
Mycroft AI, a Python-based open-source 
software voice assistant. The goal is 
to make a home-assistant speaker, an 
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Alexa-like device, that operates natively 
in Basque. Right now, the big home 
assistants operate in the world’s dozen 
or so most widely spoken languages. 
But rather than obliging users to go into 
Spanish or English—or wait for an as-yet-
undeveloped Basque front-end facsim-
ile or halfway solution that might still 
leave users with a Julio Iglesias playlist 
on their hands rather than some Iñigo 
Muguruza—Azkarate is after something 
better. Once the Elhuyar team adapts 
its Basque tools, they’ll be accessible on 
the Language Grid for others to use or 
experiment with. 

Another early-stage project is com-
ing from Jörg Tiedemann at the Uni-
versity of Helsinki; he is working with 
colleagues to develop open translation 
models for the Grid. These models use 
deep neural networks—layered software 
architectures that implement complex 
mathematical functions—to map text 
into numeric representations. Using 
data sets to train the models to find the 
best ways to solve problems takes a lot 

of computing power and is expensive. 
Making the models available for reuse 
will help developers build tools for 
low-density languages. “Minority lan-
guages get too little attention because 
they are not commercially interesting,” 
Tiedemann says. “This gap needs to 
be closed.” 

Andrejs Vasiļ jevs, chief executive 
of the language technology company 
Tilde, got his start because of a scarcity 
of digital tools in his native  Latvia. In 
the late 1980s, he was studying com-
puter science in Riga; in those days 
 Latvia was part of the Soviet Union, 
with personal computing a limited 
realm. As the USSR collapsed, PCs came 
in and people wanted to use them to 
start independent newspapers and 
magazines. But because there were 
no Latvian keyboards and no Latvian 
fonts, it was not possible to write in 
Latvian. Vasiļjevs got to work on the 
problem and started Tilde in 1991 with 
a business partner, Uldis Dzenis. Three 
decades later, Tilde is still making tools 

to spur communication—but now in 
machine translation, speech synthe-
sis, and speech recognition. A Tilde 
translation engine is currently run-
ning underneath  Germany’s EU presi-
dency website; it provides on-the-fly 
translations of source documents from 
 German, French, and English origi-
nals into all of the other 21 official 
EU languages. The developer, based 
in Riga, already has several data sets 
and models on the Language Grid for 
potential clients to test, including a 
machine translation engine for  English 
to  Bulgarian and back, and a text-to-
speech model for a Latvian-language 
child’s voice. “We want to integrate our 
key services into the European Lan-
guage Grid,” Vasiļjevs says. “It makes 
for more exposure to the market.” 

—Michael DuMiak

A version of this article appears in our 
Tech Talk blog.
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LIGHT AND LIVELY
THIS CAR, A FOSSIL-FUEL-FREE VEHICLE prototype developed by 
engineers at the German Aerospace Center, represents a sea change 
in how vehicles are built and how much energy they use. Its body 
comprises front and rear sections made of plastic foam sandwiched 
between thin metal outer layers. The passenger cabin is a two-seater 
pod designed to absorb the forces acting on the lightweight vehicle in 
the event of a collision. All told, the car, dubbed the Safe Light Regional 
Vehicle (SLRV), weighs only 450 kilograms. It’s propelled by a hybrid 
power train featuring an 8.5-kilowatt fuel cell and a 25-kW battery 
that provide all the power such a slight vehicle needs for acceleration. 
The battery and a 39-liter hydrogen tank provide enough energy for 
400 kilometers of range. The SLRV team predicts that the vehicle, 
envisioned for car sharing and shuttle services, will retail for €15,000.
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O N C E  P R I C E D  O U T  O F 
the  reach of enthusiasts , 
fi eld-programmable gate arrays 

have become affordable in recent years, and 
have started popping up in all kinds of neat 
projects. By the very nature of their reconfi gu-
rable hardware, FPGAs can be used in many 
different ways, such as implementing novel 
CPUs. But from a maker’s point of view, a huge 
part of the attraction lies in the circuits’ capac-
ity for handling lots of input/output signals.

Multiple inputs—say, from an array of 
microphones or other sensors—can be pro-
cessed in perfect sync, and large numbers 
of outputs can be generated  simultaneously 
without losing any accuracy in timing. I’ve 
looked on in envy at FPGA-based under-
takings far beyond the capabilities of con-
ventional microcontrollers, such as driving 
9,000 smart LEDS. But I’ve been reluctant 
to dive into FPGAs myself because, in addi-
tion to price, there’s been another barrier to 
entry—learning how to program them. Tradi-
tionally, FPGAs are programmed using pro-
level hardware-description languages such 

D E PA RT M E N TS

PAINLESS FPGA 
PROGRAMMING
THE ALCHITRY AU 
KIT CAN SIMPLIFY 
PROJECTS THAT 
NEED A LOT OF 
INPUT/OUTPUT 

as Verilog or VHDL. But a new manufacturing 
partnership between SparkFun Electronics 
and Alchitry promised a gentle introduction on 
the programming side and the bonus of easy 
integration on the hardware side. So I decid-
ed to take the plunge and see if that promise 
could be fulfi lled.

As a test project, I settled on building a ki-
netic sculpture, partially inspired by George 

WOOD AND BOARDS: The frame and beams of the sculpture are made of light bass wood, while 
the tiles are made of even lighter balsa wood, to reduce the load on the microservos mounted on 
each rung. The supporting electronics—an LCD Keypad mounted on a RedBoard microcontroller 
to provide a user interface—are in the base, and the Alchitry Au FPGA and prototyping board are 
connected to the individual servos. Wiring runs up behind the sides of the sculpture to the servos.

Cutts’s motorized sculpture Sea Change, 
which I’d seen at the outdoor Storm King Art 
Center during my sole expedition beyond the 
borders of New York City in 2020. Sea Change 
uses two rotating elements with their motions 
locked together. What could I do with many 
more individually controlled moving pieces?

As the basis for my project, I bought an 
Alchitry Au Kit for US $130. This comes 

1220.Departments.HandsOn [P].indd   19 11/14/20   1:59 PM
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with the core Alchitry Au board, featuring a 
Xilinx Artix 7 FPGA with over 33,000 logic 
cells. The board also comes with eight built-
in LEDS, 256 MB of RAM, and a whopping 
102 I/O pins that operate at 3.3 volts. It also 
comes with a Qwiic connector, SparkFun’s 
open standard for a physical interface for 
the I²C protocol. Having this connector built 
right into the board means it’s easy to hook 
up microcontrollers or sensors from any 
manufacturer who uses the Qwiic interface.

On the software side, the kit uses Alchitry 
Labs, an IDE (integrated development envi-
ronment) designed to run on top of Xilinx’s 
Vivado package that creates the actual FPGA 
confi guration fi le. For the record, Vivado runs 
only on Windows (although I had no problem 
running it on my Mac under Parallels Desk-
top), and some folks may not be thrilled that 
the free version of Vivado has a mandatory 
reporting function that sends back statistical 
details about your designs, such as the num-
ber of logic cells used.

Alchitry Labs is designed for people pro-
gramming the Alchitry Au, as well as the 
cheaper but not quite as sophisticated 

 Alchitry Cu board (which has an FPGA with 
only 7,680 logic cells and 79 I/O pins but 
is supported by an open-source tool chain). 
FPGA programming is done via the Lucid 
language, which provides some guardrails 
for novices and useful higher-level abstrac-
tions. Projects are prepopulated with the 
required defi nitions needed for accessing 
things like the reset button, onboard LEDs, 
or the serial interface. A suite of addition-
al components can be added by clicking 
through a library that contains modules for 
things like SPI (serial peripheral interface) 
and I²C, pulse-width modulation, and HDMI 
encoding and decoding.

An ample set of tutorials is provided, al-
though they could probably do with some 
tidying up. For example, the documentation I 
found for using the servo controller was writ-
ten for the Alchitry’s now discontinued Mojo 
board, which uses a slightly different way of 
specifying I/O pins, but it wasn’t too hard 
to fi gure out. Many of the tutorials are built 
around using the I/O Element board that 
comes with the Au kit, and I was soon driv-
ing the Element’s four 7-segment displays 

to show the output of basic mathematical 
operations on numbers entered via banks of 
(teeny tiny) dip switches.

While I’m still very much an FPGA newbie, 
the tutorials did get me through some of the 
big mental shifts required for programming 
hardware versus writing software. You’re not 
actually writing a program; you’re writing a 
specifi cation for the tool chain to chew on, 
and you need to think much more in terms 
of combinatorial rather than sequential logic.

My sculpture consists of 18 servos ar-
ranged vertically, each attached to a hori-
zontal arm with black and red tiles mounted 
at either end that can oscillate back and forth 
as desired. Why 18? Well, it’s possible to 
drive 16 servos with an external servo board 
connected to a regular microcontroller, and I 
wanted to push beyond that, but 17 seemed 
too petty a number. And having many more 
servos posed its own challenges. When each 
servo is first energized, it can easily draw 
1 ampere before settling down to a few hun-
dred milliamperes in actual operation. Even 
18 A is a lot of current to handle at once: My 
bench supply maxes out at 10 A. I devised a 
quick-and-dirty power management kludge 
by dividing the servos into two strings of nine, 
and added manual switches to the 5-V pow-
er lines for each string, letting me energize 
them one at a time.

Fortunately, the servos will accept a 3.3-V 
control signal, so I could connect them  directly 
to a protoboard included in the Au kit that 
plugs onto the FPGA board. The FPGA board 
controls the servos and in turn takes instruc-
tions via a Qwiic connector from a RedBoard 
Turbo microcontroller, following SparkFun’s 
outline of using I²C in this way for a clock proj-
ect. An LCD Keypad shield is mounted on the 
RedBoard to provide a user interface for con-
trolling servo patterns. The result is a some-
times mesmerizing sculpture, but even more 
important, I’m now confident enough with 
FPGAs to consider using them in more proj-
ects. Promise fulfi lled.  —STEPHEN CASS

PARALLEL PULSES: The microcontroller runs a user interface and sends commands to the FPGA via an 
I²C interface. Inside the FPGA, 18 separate servo controllers running in parallel provide the actual pulse-
width-modulated signals used to control each servo’s position every 20 milliseconds.



Steven Cherry: People have been 
talking about CSS—which alterna-

tively stands for carbon capture and storage, 
or carbon capture and  sequestration—for well 
over a decade. To boost progress, the Carbon 
XPrize was founded to, as a  Spectrum article 
at the time said, turn “CO2 molecules into 
products with higher added value.”

One of the more unlikely finalists has 
emerged from the hipsterish Bushwick 
neighborhood of Brooklyn, N.Y. Their so-
lution to climate change: vodka. The Air 
 Company takes carbon dioxide that has been 
liquefied and distills it into ethanol, and then 
fine-tunes it into vodka. The resulting prod-
uct is, the company claims, not only carbon 
neutral but carbon negative.

The scientific half of the founding duo of 
the Air Company is Stafford Sheehan. Staff, 
talk us through the process. It starts with 
 liquefied carbon dioxide. 

Stafford Sheehan: We use liquefied car-
bon dioxide because we source it off-site in 
Bushwick. But really, we can just feed any sort 
of carbon dioxide into our system. We com-
bine the carbon dioxide with water by first 
splitting the water into hydrogen and oxygen, 
then combine the hydrogen with carbon di-
oxide in a reactor over proprietary catalysts 

Turning Carbon DioxiDe inTo VoDka
A Brooklyn stArtup is An Xprize finAlist for  
its Boozy cArBon-cApture technology

that I and my coworkers developed over the 
course of the last several years. And that pro-
duces a mixture of ethanol and water that we 
then distill to make a very, very clean and very, 
very pure vodka.... Our technology still has a 
ways to scale between our Bushwick facility—
which is, I would say, a microdistillery—and a 
real bona fide industrial process, [but] we’re 
working on that right now.

S.C.: It is rather pricey stuff at this point, isn’t 
it—[US] $65 or $70 a bottle?

S.S.: As we scale up, the cost will go down. 
But at the scales we’re at right now, we need 
to be able to sell a premium product to be 
able to have a viable business. Now, on top of 
that, the product has also won a lot of awards 
that put it in that price category. It’s won three 
gold medals in the three most prestigious 
blind-taste-test competitions. 

S.C.: Where do things stand with the XPrize? 
I gather you finally made it to Canada for this 
operational round, but take us through the 
journey getting there.

S.S.: Of course, coronavirus kind of threw 
both our team and many other teams for a 
loop, delaying deployment, [but] I’m  currently 
sitting in quarantine in  Mississauga, Ont., 
getting ready for a  factory-acceptance test. 

S.C.: What are the longer-term prospects for 
going beyond vodka?

S.S.: Longer term, we’re looking at com-
modity chemicals, even going on to fuel. Ul-
timately, we want to get to world scale with 
this technology.

From https://spectrum.ieee.org/podcast/energy/
environment/going-carbonnegativestarting-with-vodka

Editor’s note: IEEE Spectrum has resumed creating regular podcasts under the name radio 
Spectrum, hosted by Steven Cherry. You can get episodes from the Spectrum website or 
major podcasting platforms such as apple’s, google’s, and Spotify. The following has been 
excerpted and condensed from a recent episode.

Liquefied carbon dioxide
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NUMBeRS dON’T LIe_By VAcLAV SMIL OPINION

IN 2000, germaNy launched a delib-
erately targeted program to decarbon-
ize its primary energy supply, a plan 
more ambitious than anything seen 
anywhere else. The policy, called the 
Energiewende, is rooted in Germany’s 
naturalistic and romantic tradition, 

reflected in the rise of the Green Party 
and, more recently, in public opposition 
to nuclear electricity generation. These 
attitudes are not shared by the coun-
try’s two large neighbors: France built 
the world’s leading nuclear industrial 
complex with hardly any opposition, 

and Poland is content burning its coal. 
The policy worked through the govern-

ment subsidization of renewable electric-
ity generated with photovoltaic cells and 
wind turbines and by burning fuels pro-
duced by the fermentation of crops and 
agricultural waste. It was accelerated 
in 2011 when Japan’s nuclear disaster 
in Fukushima led the German govern-
ment to order that all its nuclear power 
plants be shut down by 2022.

During the past two decades, the 
Energiewende has been praised as an 
innovative miracle that will inexorably 

ENERGIEWENDE, 
20 yEaRs latER

NUMBeRS dON’T LIe_By VAcLAV SMIL OPINION

Crosstalk

Germany’s costly program 
to foster renewable energy 
produced results no better 
than what the United 
States achieved— 
with less expense.

cutting carbon 
the easy way
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lead to a completely green Germany 
and criticized as an expensive, poorly 
coordinated overreach. I will merely 
present the facts.

The initiative has been expensive, 
and it has made a major difference. In 
2000, 6.6 percent of Germany’s elec-
tricity came from renewable sources; in 
2019, the share reached 41.1 percent. In 
2000, Germany had an installed capac-
ity of 121 gigawatts and it generated 
577  terawatt-hours, which is 54 percent 
as much as it theoretically could have 
done (that is, 54 percent was its capac-
ity factor). In 2019, the country produced 
just 5 percent more (607 TWh), but its 
installed capacity was 80 percent higher 
(218.1 GW) because it now had two gen-
erating systems. 

The new system, using intermittent 
power from wind and solar, accounted 
for 110 GW, nearly 50 percent of all 
installed capacity in 2019, but operated 

with a capacity factor of just 20 per-
cent. (That included a mere 10 percent 
for solar, which is hardly surprising, 
given that large parts of the country 
are as cloudy as Seattle.) The old sys-
tem stood alongside it, almost intact, 
retaining nearly 85 percent of net gen-
erating capacity in 2019. Germany needs 
to keep the old system in order to meet 
demand on cloudy and calm days and to 
produce nearly half of total demand. In 
consequence, the capacity factor of this 
sector is also low.

It costs Germany a great deal to main-
tain such an excess of installed power. 
The average cost of electricity for  German 
households has doubled since 2000. By 
2019, households had to pay 34 U.S. cents 
per kilowatt-hour, compared to 22 cents 
per kilowatt-hour in France and 13 cents 
in the United States. 

We can measure just how far the 
 Energiewende has pushed Germany 

toward the ultimate goal of decarbon-
ization. In 2000, the country derived 
nearly 84 percent of its total primary 
energy from fossil fuels; this share fell 
to about 78 percent in 2019. If contin-
ued, this rate of decline would leave 
fossil fuels still providing nearly 70 per-
cent of the country’s primary energy 
supply in 2050.

Meanwhile, during the same 20-year 
period, the United States reduced the 
share of fossil fuels in its primary 
energy consumption from 85.7 percent 
to 80 percent, cutting almost exactly 
as much as Germany did. The conclu-
sion is as surprising as it is indisputable. 
Without anything like the expensive, 
 target-mandated Energiewende,  the 
United States has decarbonized at least 
as fast as Germany, the supposed poster 
child of emerging greenness.  n

Post your comments at spectrum.ieee.org/
energiewende-dec2020
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Transportation (SJDOT), for example, 
is working with Kiwibot, a delivery robot 
manufacturer, to get real-time data from 
the robots as they roam the city’s streets. 
The Kiwibots report their location to 
SJDOT using the open-source Mobility 
Data Specification, which was originally 
developed by Los Angeles to track Bird 
scooters.

Real-time location reporting makes 
sense for Kiwibots and Spots wandering 
the streets, but it’s probably overkill for 
bots confined to cleaning floors or patrol-
ling parking lots. That said, any robots 
that come in contact with the general 
public should clearly provide basic cre-
dentials and a way to hold their opera-
tors accountable. Given that many robots 
use cameras, people may also be inter-
ested in looking up who’s collecting and 
using that data.

I starting thinking about robot regis-
tries after Spot became available in June 
for anyone to purchase. The idea gained 
specificity after listening to Andra Keay, 
founder and managing director at Silicon 
Valley Robotics, discuss her five rules 
of ethical robotics at an Arm event in 
 October. I had already been thinking that 
we needed some way to track robots, but 
her suggestion to tie robot license plates 
to a formal registry made me realize that 
people also need a way to clearly identify 
individual robots.

Keay pointed out that in addition to 
sating public curiosity and keeping an 
eye on robots that could cause harm, 
a registry could also track robots that 
have been hacked. For example, robots 
at risk of being hacked and running 
amok could be required to report their 
movements to a database, even if they’re 
typically restricted to a grocery store 
or warehouse. While we’re at it, Spot 
robots should be required to have sirens, 
because there’s no way I want one of 
those sneaking up on me.  n

Who’s Behind ThaT RoBoT? 

I have a confessIon 
to make: A robot haunts my 
nightmares. For me, Boston 
Dynamics’ Spot robot is 

32.5 kilograms (71.1 pounds) of pure ter-
ror. It can climb stairs. It can open doors. 
Seeing it in a video cannot prepare you 
for the moment you cross paths on a 
trade-show floor. Now that companies 
can buy a Spot robot for US $74,500, you 
might encounter Spot anywhere.

Spot robots now patrol public parks in 
Singapore to enforce social distancing 
during the pandemic. They meet with 
COVID-19 patients at Boston’s Brigham 
and Women’s Hospital so that doctors 
can conduct remote consultations. Imag-
ine coming across Spot while walking 
in the park or returning to your car in 
a parking garage. Wouldn’t you want to 
know why this hunk of metal is there and 
who’s operating it? Or at least whom to 
call to report a malfunction?

Robots are becoming more prominent 
in daily life, which is why I think gov-
ernments need to create national reg-
istries of robots. Such a registry would 
let citizens and law enforcement look 
up the owner of any roaming robot, as 
well as learn that robot’s purpose. It’s 
not a far-fetched idea: The U.S. Federal 
Aviation Administration already has a 
registry for drones.

Governments could create national 
databases that require any companies 
operating robots in public spaces to 
report the robot make and model, its 
purpose, and whom to contact if the 
robot breaks down or causes problems. 
To allow anyone to use the database, all 
public robots would have an easily iden-
tifiable marker or model number on their 
bodies. Think of it as a license plate or 
pet microchip, but for bots.

There are some smaller-scale regis-
tries today. San Jose’s Department of POST YOUR COMMENTS AT 

spectrum.ieee.org/robotregistry-dec2020
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than a simple copy-and-paste operation, 
 Nelson’s approach allows one document 
to embed the content of another via a link 
to a portion of the source document. In 
such a system nothing needs to be copied. 
The referring document “transcludes” 
a portion of the material found in the 
source document.

Transclusion allows for the creation of 
hypertext documents that are themselves 
the assembly of other hypertext docu-
ments that are themselves the assembly 
of still more hypertext documents. While 
any document can contain original con-
tent, it simultaneously serves as a window 
onto other documents, allowing viewers 
to reach into and through the references, 
all the way back to their primary sources. 
Transclusion could have created a Web 
built on a set of unimpeachable, univer-
sally accepted sources of information. 

Served up by content-management 
systems that algorithmically compose 
documents from multiple sources, the 
modern Web gradually converged with 
Nelson’s vision for transclusion—with one 
key difference: The Web offers no single 
source of truth, nor any ultimate refer-
ence to a set of trusted sources. Instead, 
everything points to everything else (or 
to itself ), which tends to make the Web 
appear to be fuller and more authorita-
tive than it really is. That helps explain 
why conspiracy theories like QAnon are 
so difficult to root out.

It would only take a few subtle changes 
to nudge the Web away from the shift-
ing sands of links and plant it firmly in 
the real world of universally accepted 
facts. The nature of these authoritative 
sources will be fought over, naturally, as 
fierce rivals battle it out to set the terms 
for defining the truth. Yet where we can 
build consensus, humanity would pos-
sess “a truth universally acknowledged”—
to borrow a line that we can all agree 
belongs to Jane Austen.  n

The Web’s Lurking Lies

“A li e g et s h A lf wAy 
around the world while the 
truth is putting on its shoes.” 
That’s a great line, but who 

originally said it? Was it Mark Twain, 
always good for an epigram, or the oft-
quoted Winston Churchill? According to 
The New York Times, it’s an adaptation of 
something written three centuries ago 
by famed satirist Jonathan Swift: “False-
hood flies, and the Truth comes limp-
ing after it.” 

“Truth is the first casualty of war.” (Clas-
sical playwright Aeschylus or California 
statesman Hiram Johnson?) Given truth’s 
obvious vulnerabilities, we should be 
doing more to protect it when we send it 
out to do battle. But having constructed 
a technological apparatus that dissemi-
nates information instantaneously and 
globally without regard to its veracity, we 
shouldn’t be surprised that this appara-
tus has left us drowning in lies.

“First we shape our tools, thereafter our 
tools shape us.” (Marshall McLuhan or 
Father John Culkin?) Our copy-and-paste 
notions of truth and factuality likely have 
their roots in the early Web, which was 
intended initially only to link resources 
stored across a heterogeneous range of 
computers at CERN, the European Orga-
nization for Nuclear Research. The parti-
cle physicists’ tool soon helped everyone 
to share information about everything. 
But the Web’s hyperlinks inevitably cre-
ate an impenetrable thicket of pointers, 
from one resource to another to another 
to another until it becomes nearly impos-
sible to discern an ultimate source of 
truth. The Web created a global, hyper-
linked document space, paradoxically 
making the truth more obscure than ever.

Two decades before the Web, hyper-
text pioneer Ted Nelson offered another 
model: Rather than just reference 
sources, include them. More subtle POST YOUR COMMENTS AT 

spectrum.ieee.org/transclusion-dec2020
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GM Bets Big on Batteries

In April of 1966, a shiny white Chevrolet Impala became the first car off the assembly line of a new 
General Motors plant in Lordstown, Ohio. It was the glorious start of what became a checkered history for the area. This blue-
collar town survived an infamous labor strike in 1972, the Chapter 11 bankruptcy of GM in 2009, and a string of unmemorable 
small cars—including the Chevy Vega and Cavalier—before emerging as a symbol of industrial rebirth with the production of 
the Chevy Cruze in 2010.  n  But things soon went to hell again, and GM shuttered the plant in 2019. Even then, the pain wasn’t 
over. The plant became a political football for President Trump, who urged local residents not to sell their homes, because of 
jobs he promised to restore. He later rebuked GM for not building COVID-19 ventilators in a factory it no longer owned. (By that 
time, GM had sold the mothballed plant to Lordstown Motors Corp., a long-shot electric-truck startup.)  n  Now, nine-lives 
Lordstown is getting another chance to play a significant role in the automotive future. Whether it succeeds hinges on the big-
gest multibillion-dollar question in the global auto industry: Can GM, or any legacy automaker for that matter, transform itself 
into a true rival to Tesla, whose electric cars—and sky-high stock price—dominate the EV space? To do that, it’ll need better, 
stronger, more- affordable batteries. That’s where GM’s Ultium project comes in. 

PACKED WITH POWER: In February 
of 2020, technicians at GM’s Global 
Technical Center in Warren, Mich., 
tested this EV battery pack, which 
contains the company’s newly 
developed Ultium lithium-ion cells.

+  B A T T E R Y  T E C H   –
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Honoring its own promise to bring jobs 
back to northeast Ohio, GM, in partner-
ship with South Korea’s LG Chem, has 
begun building a US $2.3 billion battery 
factory in Lordstown. This joint venture, 
called Ultium Cells, will have the capac-
ity to produce at least 30 gigawatt-hours 
of batteries each year—50 percent more 
than can emerge from Tesla’s Gigafactory 
in Nevada. Huge as it is, that investment 
is just a small fraction of the $20 billion 
that GM will be pouring into electric and 
autonomous cars by 2025, en route to 
the “all-electric future” touted by the 
company’s CEO, Mary Barra. 

GM’s plan calls for building 1 million 
EVs a year by mid-decade, for both U.S. 
and Chinese customers. The first Ultium-
powered model, expected to be out late 
in 2021, will be a GMC Hummer pickup, 
reborn as an EV with up to 1,000 horse-

power. Once the symbol of unrepentant 
gas-guzzling, the Hummer should now 
pass muster at any Silicon Valley cocktail 
party with its electric power train and 
zero tailpipe emissions. 

This electric Hummer will roll out of a 
revamped $2.2 billion EV plant in Detroit—
the vanguard for 20 new electric mod-
els bearing the marques of Chevrolet, 
Cadillac, and Buick by 2023. Slated also 
for production is the Cruise Origin, a 
self-driving, ride-sharing EV from GM’s 
autonomous-car subsidiary. And all of 
them will, of course, need battery packs.

T h e  s p r aw l i n g  l o r d s T o w n  b aT T e r y  p l a n T, which 
will be big enough to encompass 30 foot-
ball fields, is where GM aims to churn out 
250 million Ultium cells a year by 2025. 
Those will be large-format pouch cells, a 
marked departure from the cylindrical-

can cells Tesla and Panasonic produce 
for use in EVs.

Tesla originally packed 8,256 of its 
cylindrical “18650” cells (18 millimeters 
in diameter and 65 mm long) into the 
100 kilowatt-hour versions of the Model S 
sedan and Model X SUV. These were only 
mildly reworked versions of the same 
Panasonic batteries found in many lap-
tops—indeed, using off-the-shelf batter-
ies was key to Tesla’s startup strategy. 
Yet the batteries have proven reliable in 
their new role, holding up well for many 
charge-discharge cycles. 

To supply the latest Model 3 and Model Y, 
Tesla’s Gigafactory began producing the 
more energy-dense “2170” cell, which has 
46 percent more volume than an 18650 
but is still barely larger than an AA bat-
tery. A Model 3 with a 75-kWh battery 
holds 4,416 of these cells. 
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Scaling for SaleS: general Motors is 
now constructing a giant battery factory 
in lordstown, ohio [above], which will 
produce batteries for its growing line of 
electric vehicles, including a reborn version 
of the company’s Hummer truck [left]. 

pHotograpH by Raymond DeRamo/Bug Eye Drone



SPECTRUM.IEEE.ORG | dEC 2020 | 29

G
M

 (6
)

In September, Tesla announced plans 
to move eventually to a larger, “4680” 
cell, which will hold five times as much 
energy as the 2170 cell it will replace. GM 
is taking a bigger leap in that direction: 
Its large-format cells each contain about 
20 times the energy of Tesla’s 2170 cell.

Each of GM’s large-format cells includes 
a stack of planar electrodes, which are 
immersed in a polymer electrolyte and 
wrapped in an aluminum-polymer pouch. 
Those cells can be stacked vertically or 
horizontally within scalable modules. 
A pack containing from 6 to 24 modules 
will provide between 50 and 200 kWh, 
depending on the vehicle. The 200-kWh 
version will become the largest available 
for any production EV, with double the 
storage of Tesla’s biggest pack. 

GM’s 200-kWh pack contains two 
stacks of modules wired in series for a 

total of 800 volts, allowing 350-kilowatt 
fast charging, enough to extend range by 
something like 160 kilometers (100 miles) 
in just 10 minutes. That matches the 
Porsche Taycan’s industry-topping charge 
speeds. Single-stack, 400-V packs will 
permit charging at a still-robust rate 
of 200 kW. (The majority of Tesla’s 
 Superchargers are limited to 150 kW.) 
And whatever the configuration, GM will 
be tracking the performance of its battery 
modules with a cloud-based monitoring 
system [see “EV Phone Home,” p. 31]. 

How much better are these upcom-
ing batteries and the ingenious archi-
tecture that supports them, which GM 
calls BEV3, compared with GM’s exist-
ing BEV2 models?

Consider the 2020 Bolt hatchback, built 
on the BEV2 platform. In my recent week-
long test, the Bolt proved its ability to 

squeeze 417 km (259 miles) of range from 
a modest 66-kWh pack, up from 383 km 
in the previous version. That is similar to 
the 354 km of range for a standard Tesla 
Model 3 with a 50-kWh pack. But Tesla 
can manage 531 km from its longest-range 
Model 3, with 75 kWh aboard—and 647 km 
from its thriftiest Model S with 100 kWh 
of energy storage. GM had work to do to 
match or beat those statistics.

Tim Grewe, GM’s global director of 
electrification and battery systems, says 
that Ultium 1.0 batteries offer 60 percent 
more energy density than those found in 
the Bolt. And that’s just the start. “The 
Bolt had a great lithium-ion chemistry, 
but we had to take it to the next level,” 
Grewe says. 

Doing so demanded a proprietary nickel 
cobalt manganese aluminum chemis-
try, one that reduces by 70 percent the 

From inside out: 
Gm’s new automotive 
battery packs 
contain many 
prismatic ultium 
cells [A], which are 
incorporated into 
battery modules [B]. 
six or more modules 
are packed together 
within a robust frame 
[C] and arranged in 
either one or two 
layers, depending on 
the vehicle model [d]. 
the modules are then 
covered [e], and the 
assembled pack is 
installed at the base 
of the vehicle [F].

+  b a t t e r y  t e c h   –
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amount of cobalt normally required, 
which is important because cobalt is the 
priciest element used in batteries and 
is often mined under inhumane condi-
tions. Tesla is on a similar track toward 
low-cobalt cathodes for the cells destined 
for future Model 3 production in China. 
Rather than being cylindrical, those cells 
will be prismatic. But they will be pack-
aged in aluminum housings instead of 
the laminate pouches used for GM’s cells. 
Both designs aim to maximize energy con-
tent in a given space, though pouch cells 
lead the industry at the moment, with 
90 to 95 percent packaging efficiency. 

Grewe describes the cathode in a 
 lithium-ion cell as a “parking garage” for 
electric ions. The problem is that the cath-
ode’s oxide structure begins to break down 
after thousands of charge-discharge cycles. 
Doping the cathode with aluminum can 
help avoid degradation, as does adding 
certain kinds of cladding to the structure, 
while also boosting thermal stability, “so 
all the parking spaces stay open,” Grewe 
says. He affirms that such measures put the 
industry’s much-discussed “million-mile 
battery” squarely in sight, a battery that 
will be especially valuable for the upcom-
ing autonomous Cruise Origin EV. 

T h o s e  U lT i U m  1 . 0  b aT T e r i e s  are key to the 
forthcoming Hummer EV, the high-end 
version of which generates a shocking 
1,000 horsepower from a trio of electric 
motors. This Hummer should combine a 
3-second rip from 0 to 60 miles per hour 
(0 to 97 km per hour) with commando-
worthy off-road skills—and still travel 
about 640 km (400 miles) on a charge. 

GM says even its smallest and most-
affordable new EVs will have ranges of at 
least 482 km (300 miles), despite having 
packs as small as 50 kWh, about 25 per-
cent less energy than the current Bolt. “If 
you’re not getting at least 300 miles from a 
new EV architecture, you’re doing some-
thing wrong,” says Andy Oury, GM’s lead 
engineer for high-voltage battery packs. 

It’s not all about range and perfor-
mance, though. Price is key. Because 

battery packs are so expensive, legacy 
automakers continue to lose thousands 
of dollars on every EV they sell. Even 
Tesla’s minuscule profits have mainly 
come from selling emissions credits to 
rival automakers, not from selling cars.

GM is confident that the Ultium 
program will drive cell costs below 
$100/kWh, long the holy grail of battery 
development, hastening the day when 
EVs achieve price parity with  fossil-fueled 
cars. But that’s still a ways off: Prices for 
Li-ion cells may have fallen by 87 percent 
since 2010, according to analysts at 
BloombergNEF, but remained a daunt-
ing $156/kWh in 2019. 

“We haven’t seen the bottom of the cost 
curve,” Grewe says. Company execu-
tives estimate that battery costs are drop-
ping 4 percent per year on average, with 
energy density rising by roughly the same 
amount. And GM has boldly announced 
that it will turn a profit on every Ultium-
powered EV it sells.

Even as GM races to bring these new EVs 
to showrooms, the company is develop-
ing ways to produce even better batter-
ies, some that contain zero cobalt and 

zero nickel. Much better performance 
could also be in store. At GM’s EV Week 
in March—where reporters were offered 
sneak peeks of 11 upcoming EVs—the com-
pany showed a working prototype of a 
lithium-metal cell, built at its Tech Center 
in suburban Detroit. That lithium-metal 
battery could provide nearly double 
the energy density of Ultium 1.0 cells—
boosting driving range to 800 or more 
kilometers—if it could be made to per-
form reliably in the real world, which is 
still a big if.

 b
e T T e r  b aT T e r i e s  a l o n e can’t guaran-
tee success for GM or any other 
automaker looking to transition 
its fleet to electricity. They’ll 
also need to produce cars that 

people really want, in everything from 
design to technology.

The Chevrolet Bolt was a solid first step 
in that direction for GM back in 2016. But 
the Bolt never really caught on, arriv-
ing just as the United States was fleeing 
small cars for SUVs. So GM will reverse the 
Bolt’s self-effacing, Birkenstock approach 
with the decidedly in-your-face Hummer 

+  b a t t e r y  t e c h   –

DISPLAY OF POWER: Owners of GM’s new electric Hummer can view information about its 
Ultium battery pack on a touch-screen display. More detailed battery data is transmitted to GM.
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pickup (followed by the SUV), aimed at the 
same Silicon Valley Bro crowd that’s gone 
wild for Tesla’s prototype Cybertruck. GM 
plans to follow the Hummer with nearly 
20 all-electric stablemates, including 
the Cadillac Lyriq SUV, a Caddy sedan, 
 Chevrolet Silverado pickup, and cross-
overs from Chevy and Buick. 

Tesla delivered about 367,000 cars in 
2019, whereas GM sells 9 million around 
the world in a good year. But if you con-
sider just electric vehicles, the tables 
turn: In the United States, GM sold just 
16,400 Bolts in the last year, as Tesla 
raked in 223,000 enthusiastic custom-
ers for its all-electric lineup. GM must 
leverage its global scale and manufactur-
ing know-how, if it intends to become a 
serious rival to Tesla.

To start, GM plans to simplify. Its full 
range of BEV3 offerings, from hulking 
all-wheel-drive pickups to perky front-
drive crossovers, can be built with just 19 
combinations of batteries and drivetrains. 
That compares with 550 combinations 
for GM’s internal-combustion portfolio.

The jigsaw commonalities of BEV3, 
paired with Ultium battery modules, will 

drive down cost and complexity, Oury 
says. The packs incorporate a load- 
bearing, crash-worthy structure, cooling, 
a high-current circuit, and electronic sen-
sors—all in an elegant, space-saving design.

To give one example of how simplicity 
matters, previous GM packs had fiend-
ishly complex cooling systems, some 
that grew out of hydrogen-fuel-cell devel-
opment. Pricey, one-off components 
hogged space, such as the 150 cooling fins 
used in GM’s now discontinued Chevy 
Volt, a plug-in hybrid. At scale, that’s mil-
lions of parts that couldn’t be used on any 
other GM model, Oury said: “For even 
100,000 vehicles, that’s 15 million fins 
per year, gone.” 

In contrast, the Ultium battery mod-
ules integrate their own thermal man-
agement, “so each module brings along 
its own scalable cooling,” Oury says. An 
aluminum plate with thermally conduc-
tive adhesive connects cells to a high-
strength steel “cold plate.” Pouch cells 
are “wrapped like a taco” to eliminate 
lower flanges, saving both cost and mass.

The single-height battery packs in 
most EVs require design compromises, 

Oury says. But GM can work around the 
usual constraints by being able to ori-
ent cells horizontally or vertically. That 
allows power-packed, double-stacked 
modules for beefy trucks, or slim, verti-
cally oriented modules that boost range 
for lower-roofed cars without stealing 
passenger space.

Some Ultium-equipped EVs will squeeze 
22 kWh below the rear-seat footwell alone, 
more than the plug-in Chevy Volt held in 
its entire pack. “We call it a multiheight 
battery pack, and it’s unique in the indus-
try for these large-format cells,” Oury says 
of the seating-friendly arrangement.

GM’s $20 billion move to develop a 
giga-topping factory, unrivaled pack 
storage, and a line of 400-mile SUVs and 
pickups surely has Tesla’s attention. But 
that competition might well be seen as a 
good thing, given the company’s stated 
mission to spur the transition to sustain-
able energy. If so, Mr. Musk should be 
very happy this holiday season: GM has 
given him the gift of a serious rival. Bat-
teries included.  n

POST YOUR COMMENTS AT spectrum.ieee.org/
gmultium-dec2020

EV PhonE homE   GM will monitor its battery modules wirelessly
When a smartphone or laptop 
dies, what do people do? 
Some may have a new battery 
installed, but most take it 
as an excuse to purchase a 
new device. 

It won’t work that way for 
cars: The battery must last the 
life of the vehicle. To that end, 
General Motors has developed 
a wireless, networked battery-
management system, the 
world’s first for any EV. 

Fiona Meyer-Teruel, GM’s 
lead engineer for battery-
system electronics, explains 
how the system—developed 
with Analog Devices—works. 
Instead of a tangle of wiring 

carrying signals to and from 
battery modules, circuit 
boards in each module will 
use integrated RF antennas 
and a 2.4-gigahertz wireless 
protocol (similar to Bluetooth, 
but using less power) to 
exchange measurements of 
cell voltages and other data 
with an internal battery-
management computer. That 
computer in turn shares data 
wirelessly with a cloud-based 
system GM maintains. The 
upshot is thoroughgoing 
monitoring of all its batteries, 
from the factory floor to when 
they are zipping around the 
highways of the world. 

And when these  batteries 
reach the end of auto motive 
life-spans, they can be 
 reconfigured for grid storage 
or other uses. “You can  easily 
[repurpose] the batteries for a 
second life, when they’re down 
to, say, 70 percent perfor-
mance,” Meyer-Teruel says. 

Tim Grewe, GM’s director 
of global electrification and 
battery systems, says the 
company’s cloud-based 
system stores metadata from 
each cell. But owners will be 
able to opt for more-extensive 
monitoring if they choose. 

That granular data can 
improve performance and 

drive down costs, teasing 
out tiny nuances between 
battery batches, suppliers, 
or performance in varying 
regions and climates. “It’s 
not that we’re getting bad 
batteries, but there’s a lot 
of small variations,” Grewe 
says. “We can run the data: 
Was that electrolyte a little 
different, was the processing 
of that electrode coating 
a little different? Now, no 
matter where it is, in the 
factory, assembling the car, 
or down the line, we have a 
record of cloud-based data 
and machine learning to 
draw upon.”  —L.U.



I t ’ s  o bv I o u s  wh y  the militaries of the world want missiles that can follow erratic paths at low altitude 
while flying at five times the speed of sound, eluding any chance at detection or interception. • “Think of it 
as delivering a pizza, except it’s not a pizza,” says Bradley Wheaton, a specialist in hypersonics at the Johns 
 Hopkins University Applied Physics Laboratory (APL), in  Maryland. “In the United States, just 15 minutes can 
cover the East Coast; a really fast missile takes 20 minutes to get to the West Coast. At these speeds, you have a 
factor of 50 increase in the area covered per unit of time.” • So the question isn’t why the great powers are pur-
suing hypersonic arms, but why they are doing so now. Quick answer: They are once again locked in an arms 
race. • The wider world first heard of this type of weaponry in March 2018, when Russian president Vladimir 
Putin gave a speech describing his country’s plans for a nuclear-powered cruise missile that could fly around 
the world at blinding speed, then snake around hills and dales to a target. His bold assertions have been ques-
tioned, particularly the part about nuclear power. Even so, a year later a nuclear accident killed seven people 
near a testing range off the northern coast of Russia, and U.S. intelligence officials speculated that it involved 
hypersonic experiments. 

Flying beyond Mach 5 is back, decades aFter  
the original need-For-speed arMs race ended  

by P h I l I P E .  Ros s
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The nature of that accident is still 
shrouded in mystery, but it’s clear there’s 
been a huge increase in the research 
e� ort in hypersonics. Here’s a roundup 
of what the superpowers of the 21st cen-
tury are doing to pursue what is, in fact, 
an old concept.

T
T H E  H Y P E R S O N I C
missiles in use or in test-
ing in China and Russia 
can apparently carry 
either conventional war-

heads, aimed at ships and other small 
military targets, or nuclear ones, aimed 
at cities and government centers. These 
ship killers could deprive the United 
States of its preeminence at sea, which 
is more than enough reason for China, 
for instance, to develop hypersonics. But 
a nuclear-armed version that leaves the 
defender too little time to launch a retal-
iatory strike would do even more to shift 
the balance of power, because it would 
dismantle the painstakingly constructed 
system of deterrence known as 
mutually assured destruction, or 
by the jocular acronym MAD. 

“The nuclear side is very 
destabilizing, which is why the 
 Russians are going after it,” says 
Christopher Combs, a profes-
sor of mechanical engineering 
at the University of Texas at San 
 Antonio. “But on the U.S. side 
we see no need for that, so we’re 
going conventional.”

That is indeed the o�  cial U.S. 
policy. But in August, some 
months after Combs spoke 
with IEEE Spectrum, an Aviation 
Week article pointed out that an 
Air Force agency charged with 
nuclear weapons requested that 
companies submit ideas for a 

“thermal protection system that 
can support [a] hypersonic glide 
to ICBM ranges.” Soon after that, 
the request was hastily taken 
down, and the U.S. Air Force felt 
compelled to restate its policy 
not to pursue nuclear-capable 
hypersonic weapons.

Today’s forays into hyper-
sonic research have deep roots, 
reaching back to the late 1950s, 

in both the United States and the Soviet 
Union. Although this work continued for 
decades, in 1994, a few years after the 
Cold War ended with the dissolution of 
the Soviet Union, the United States pulled 
the plug on research into hypersonic 
� ight, including its last and biggest pro-
gram, the Rockwell X-30. Nicknamed the 

“Orient Express,” the X-30 was to have 
been a crewed transport that would top 
out at 25 times the speed of sound, Mach 
25—enough to take o�  from  Washington, 
D.C., and land in Tokyo 2 hours later. Rus-
sia also discontinued research in this 
area during the 1990s, when its economy 
was in tatters.

Today’s test vehicles just pick up where 
the old ones left o� , explains Alexander 
Fedorov, a professor at Moscow Institute 
of Physics and Technology and an expert 
on hypersonic � ow at the boundary layer, 
which is right next to the vehicle’s skin. 

“What’s � ying now is just a demonstra-
tion of technology—the science is 30 years 
old,” he says.

Fedorov has lectured in the United 
States; he even helps U.S. graduate stu-
dents with their research. He laments 
how the arms race has stifled interna-
tional cooperation, adding that he him-
self has “zero knowledge” about the 
military project Putin touted two years 
ago. “But I know that people are work-
ing on it,” he adds.

In the new race, Fedorov says,  Russia 
has experience without much money, 
China has money without much expe-
rience, and the United States has both, 
although it revived its e� orts later than 
did Russia or China and is now playing 
catch-up. For � scal 2021, U.S. research 
agencies have budgeted US $3.2 billion 
for all hypersonic weapons research, up 
from $2.6 billion in the previous year. 

Other programs are under way in India 
and Australia; even Israel and Iran are in 
the game, if on the sidelines. But Fedorov 
suggests that the Chinese are the ones to 
watch: They used to talk at international 
meetings, he says, but now they mostly 

just listen, which is what you’d 
expect if they had started work-
ing on truly new ideas—of which, 
he reiterates, there are very few 
on display. All the competing pow-
ers have shown vehicles that are 

“very conservative,” he says.
One good reason for the rar-

ity of radical designs is the enor-
mous expense of the research. 
Engineers can learn only so much 
by running tests on the ground, 
using computational � uid-� ow 
models and hypersonic wind 
tunnels, which themselves cost 
a pretty penny (and simulate only 
some limited aspects of hyper-
sonic flight). Engineers really 
need to � y their creations, and 
usually when they do, they use 
up the test vehicle. That makes 
design iteration very costly.

It’s no wonder hypersonic 
prototypes fail so often. In mere 
supersonic � ight, passing Mach 1 
is a clear-cut thing: The plane out-
distances the sound waves that 
it imparts to the air to produce 
a shock wave, which forms the 
familiar two-beat sonic boom. But 
as the vehicle exceeds Mach 5, the 

INHALING A 
HURRICANE
The turbojet, which can manage supersonic speeds, 
uses a turbine near the inlet to compress air for 
combustion. The ramjet, which requires supersonic 
speed, instead uses the forward motion of the vehicle 
to “ram” air into the combustion chamber. The scramjet, 
or supersonic combustion ramjet, is optimized for 
hypersonic speeds. Its specially shaped inlets and 
combustion walls allow the very process of combustion 
to proceed supersonically—a feat that has been 
compared to keeping a match lit in a hurricane.
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density of the air just behind the shock 
wave diminishes, allowing the wave to 
nestle along the surface of the vehicle. 
That in-your-face layer poses no aerody-
namic problems, and it could even be an 
advantage, when it’s smooth. But it can 
become turbulent in a heartbeat.

“Predicting when it’s going turbulent is 
hard,” says Wheaton, of Johns  Hopkins 
APL. “And it’s important because when it 
does, heating goes up, and it a� ects how 
 control surfaces can steer. Also, there’s 
more drag.” 

The pioneers of hypersonic flight 
learned about turbulence the hard way. 
On one of its many � ights, in 1967, the U.S. 
Air Force’s X-15 experimental hypersonic 
plane went into a spin, killing the pilot, 
Michael J. Adams. The right stu� , indeed. 

H
HYPERSONIC missiles 
come in two varieties. 
The � rst kind, launched 
into space on the tip of a 
ballistic missile, punches 

down into the atmosphere, then uses 
momentum to maneuver. Such “boost-

glide” missiles have no jet engines and 
thus need no air inlets, so it’s easy to make 
them symmetrical, typically a tube with 
a cone-shape tip. Every part of the skin 
gets equal exposure to the air, which at 
these speeds breaks down into a plume 
of plasma, like the one that puts astro-
nauts in radio silence during reentry. 

Boost-glide missiles are now opera-
tional. China appears to have deployed 
the � rst one, called the Dongfeng-17, a 
ballistic missile that carries glide vehicles. 
Some of those gliders are billed as capa-
ble of knocking out U.S. Navy supercarri-
ers. For such a mission it need not pack a 
nuclear or even a conventional warhead, 
instead relying on its enormous kinetic 
energy to destroy its target. And there’s 
nothing that any country can now do to 
defend against it.

“Those things are going so fast, you’re 
not going to get it,” General Mark Milley, 
chairman of the Joint Chiefs of Sta� , said 
in March, in testimony before Congress.

You might think that you give up the 
element of surprise by starting with a bal-
listic trajectory. But not completely. Once 

the hypersonic missile comes out of its 
dive to � y horizontally, it becomes invisi-
ble to sparsely spaced radars, particularly 
the handful based in the Paci� c Ocean. 
And that � at � ight path can swerve a lot. 
That’s not because of any AI-managed 
magic—the vehicle just follows a random-
ized, preprogrammed set of turns. But 
the e� ect on those playing defense is the 
same: The pizza arrives before they can 
� nd their wallets. 

The second kind of hypersonic mis-
sile gets the bulk of its impulse from a jet 
engine that inhales air really fast, whirls 
it together with fuel, and burns the mix-
ture in the instant that it tarries in the 
combustion chamber before blowing 
out the back as exhaust. Because these 
engines don’t need compressors but sim-
ply use the force of forward movement 
to ram air inside, and because that com-
bustion proceeds supersonically, they 
are called supersonic ram jets—scram-
jets, for short.

One advantage the scramjet has over 
the boost-glide missile is its ability to stay 
below radar and continue to maneuver 

This rendering of the NASA X-43 experimental hypersonic vehicle, generated 
using computational fl uid dynamics, shows shock waves produced at Mach 
7—seven times the speed of sound—while the scramjet that powers its fl ight 
is operating. Such computations could not have been done in the early days of 
hypersonic research, when engineers were armed only with slide rules and wind 
tunnels. Note how the hypersonic shock waves form at the vehicle’s leading 
edges and at the air inlets. In merely supersonic fl ight the shock wave typically 
fans out and away from the vehicle, but at hypersonic speeds it may nestle close 
by. This boundary layer can be aerodynamically useful—by creating lift, for 
instance—but it can also cause problems should turbulence develop.

I SAID MACH 7, SCOTTY
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over great distances, all the way to its 
target. And because it never enters outer 
space, it doesn’t need to ride a rocket 
booster, although it does need some pow-
erful helper to get it up to the speed at 
which � rst a ramjet, and then a scram-
jet, can work. 

Another advantage of the scramjet is 
that it can, in principle, be applied for 
civilian purposes, moving people or pack-
ages that absolutely, positively have to be 
there quickly. The Europeans have such 
a project. So do the Chinese, and Boeing 
has shown a concept. Everyone talks up 
this possibility because, frankly, it’s the 
only peaceable talking point there is for 
hypersonics. Don’t forget, though, that 
supersonic commercial � ight happened 
long ago, made no money, and ended—
and supersonic � ight is way easier. 

The scramjet has one big disadvantage: 
It’s a lot harder technically. Any hyper-
sonic vehicle must fend o�  the rapidly 
moving air outside, which can heat the 
leading edges to as high as 3,000 °C. But 
that heat and stress is nothing like the 
hell� re inside a scramjet engine. There, 
the heat cannot radiate away, it’s hard 
to keep the � ame lit, and the insides can 
come apart second by second, a� ecting 
airflow and stability. Five minutes is a 
long time in this business.

That’s why scramjets, though conceived 
in the 1950s, still remain a work in prog-
ress. In the early 2000s, NASA’s X-43 used 
scramjets for about 10 seconds in � ight. 
In 2013, Boeing’s X-51 Waverider � ew at 
hypersonic speed for 210 seconds while 
under scramjet power. 

Tests on the ground have fared better. 
In May, workers at the Beijing Academy 
of Sciences ran a scramjet for 10 minutes, 
according to a report in the South China 
Morning Post. Two years earlier, the leader 
of the project, Fan Xuejun, told the same 
newspaper that a factory was being built 
to construct a variety of scramjets, some 
supposedly for civilian application. One 
engine would use a combined cycle, with 
a turbojet to get o�  the ground, a ramjet 
to accelerate to near-hypersonic speed, a 
scramjet to blow past Mach 5, and maybe 
even a rocket to top o�  the thrust. That’s a 
lot of moving parts—and an ambition wor-
thy of Elon Musk. But even Musk might 
hesitate to follow Putin’s proposal to use 
a nuclear reactor for energy.

T
T H E  C O S T  O F devel-
oping a scramjet capabil-
ity is only one part of the 
economic challenge. The 
other is making the 

engine cheap enough to deploy and use 

THREE PATHS TO THE TARGET
Most long-range missiles follow a ballistic curve that takes them high above the 
atmosphere and then down through it, a trajectory that can be detected early and 
modeled accurately. Boost-glide missiles ride a ballistic launcher to attain hypersonic 
speed, then use momentum to glide at low altitude while taking maneuvers to elude 
ground defenses. Scramjets use air-breathing engines to travel far, fast, and lower still, 
making them that much harder to detect and shoot down.

INTERCONTINENTAL
BALLISTIC MISSILE

(altitude: 2,000 kilometers)

Atmosphere 
(100 km)

BOOST-GLIDE MISSILE 
(below 100 km)

SCRAMJET CRUISE MISSILE
(below 30 km)Launch

in a routine way. To do that, you need 
fuel you can rely on. Early researchers 
worked with a class of highly energetic 
fuels that would react on contact with 
air, like triethylaluminum.

“It’s a fantastic scramjet engine fuel, 
but very toxic, a bit like the hydrazine 
fuels used in rockets nowadays, and this 
became an inhibitor,” says David Van Wie, 
of Johns Hopkins APL, explaining why 
triethyl aluminum was dropped from 
serious consideration.

Next up was liquid hydrogen, which 
is also very reactive. But it needs elabo-
rate cooling. Worse, it packs a rather low 
amount of energy into a given volume, 
and as a cryogenic fuel it is inconvenient 
to store and transport. It has been and 
still is used in experimental missiles, such 
as the X-43.

Today’s choice for practical missiles 
is hydrocarbons, of the same ilk as jet 
fuel, but fancier. The Chinese scramjet 
that burned for 10 minutes—like others 
on the drawing board around the world—
burns hydrocarbons. Here the problem 
lies in breaking down the hydrocarbon’s 
long molecular chains fast so the shards 
can bind with oxygen in the split second 
when the substances meet and mate. And 
a split second isn’t enough—you have to 
do it continuously, one split second after 
another, “like keeping a match lit in a hur-
ricane,” in the oft-quoted words of NASA 
spokesman Gary Creech, back in 2004. 

Scramjet designs try to protect the 
� ame by shaping the in� ow geometry to 
create an eddy, forming a calm zone not 
unlike the eye of a hurricane. Flameouts 
are particularly worrisome when the mis-
sile starts jinking about, thus disrupting 
the air� ow. “It’s the ‘unstart’ phenom-
enon, where the shock wave at the air 
inlets stops the engine, and the vehicle 
will be lost,” says John D. Schmisseur, a 
researcher at the University of  Tennessee 
Space Institute, in Tullahoma. And you 
really only get to meet such gremlins in 
actual � ight, he adds.

There are other problems besides 
� ameout that arise when you’re inhal-
ing a tornado. One expert, who requested 
anonymity, puts it this way: “If you’re 
ingesting air, it’s no longer air; it’s a 
complex mix of ionized atmosphere,” 
he says. “There’s no water anymore; it’s 
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all hydrogen and oxygen, and the nitro-
gen is to some fraction elemental, not 
molecular. So combustion isn’t air and 
fuel—it’s whatever you’re taking in, what-
ever junk—which means chemistry at the 
inlet matters.”

Simulating the chemistry is what makes 
hypersonic wind-tunnel tests problem-
atic. It’s fairly simple to see how an airfoil 
responds aerodynamically to Mach 5—
just cool the air so that the speed of sound 
drops, giving a higher Mach number for a 
given airspeed. But blowing cold air tells 
you only a small part of the story because 
it heads off all the chemistry you want 
to study. True, you can instead run your 
wind tunnel fast, hot, and dense—at “high 
enthalpy,” to use the term of art—but it’s 
hard to keep that maelstrom going for 
more than a few milliseconds.

“Get the airspeed high enough to start 
up the chemistry and the reactions sap 
the energy,” says Mark Gragston, an aero-
space expert who’s also at the UT Space 
Institute. Getting access to such monster 
machines isn’t easy, either. “At Arnold 
Air Force Base, across the street from me, 
the Air Force does high-enthalpy wind-
tunnel experiments,” he says. “They’re 
booked up three years in advance.”

Other countries have more of the nec-
essary wind tunnels; even India has about 
a dozen. Right now, the United States is 
spending loads of money building these 
machines in an effort to catch up with 
Russia and China. You could say there 
is a wind-tunnel gap—one more reason 
U.S. researchers are keen for test flights.

Another thing about cooling the air: 
It does wonders for any combustion 
engine, even the kind that pushes pis-
tons. Reaction Engines, in Abingdon, 
England, appears to be the first to try to 
apply this phenomenon in flight, with 
a special precooling unit. In its less- 
ambitious scheme, the precooler sits 
in front of the air inlet of a standard tur-
bojet, adding power and efficiency. In its 
more-ambitious concept, called SABRE 
(Synergetic Air Breathing Rocket Engine), 
the engine operates in combined mode: 
It takes off as a turbojet assisted by the 
precooler and accelerates until a ramjet 
can switch on, adding enough thrust to 
reach (but not exceed) Mach 5. Then, as 
the vehicle climbs and the atmosphere 

like greased lightning: Boeing’s X-51 Waverider [in white] is shown slung under the 
wing of a B-52 bomber, just before a test flight of the hypersonic vehicle in 2012. The B-52 
mothership was needed to attain the necessary altitude; a rocket booster on the missile 
pushed it fast enough into the supersonic range to allow the scramjet to ignite. In 2013, the 
X-51 flew hypersonically on scramjet power for 210 seconds, the official record.

thins out, the engine switches to pure 
rocket mode, finally launching a pay-
load into orbit.

In principle, a precooler could work 
in a scramjet. But if anyone’s trying that, 
they’re not talking about it.

F
Fast Forward  five 
years and boost-glide 
missiles will no doubt be 
deployed in the service 
of multiple countries. 

Jump ahead another 15 or 20 years, and 
the world’s superpowers will have scram-
jet missiles. 

So what? Won’t these things always 
play second fiddle to ballistic missiles? 
And won’t the defense also have its say, by 
unveiling superfast antimissiles and Buck 
Rogers–style directed-energy weapons? 

Perhaps not. The defense always 
has the harder job. As President John 
F.  Kennedy noted in an interview way 
back in 1962, when talking about anti-
ballistic missile defense, what you are 
trying to do is shoot a bullet with a bul-
let. And, he added, you have to shoot 
down not just one but many, including 
a bodyguard of decoys. 

Today there are indeed antimissile 
defenses that can protect particular 

targets against ballistic missiles, at least 
when they’re not being fired in mas-
sive salvos. But you can’t defend every-
thing, which is why the great powers still 
count on deterrence through mutually 
assured destruction. By that logic, if you 
can detect cruise missiles soon enough, 
you can at least make those who launched 
them wish they hadn’t.

For that to work, we’ll need better 
eyes in the skies. In the United States, 
the military wants around $100 million 
for research on low-orbit space sensors 
to detect low-flying hypersonic missiles, 
Aviation Week reported in 2019.

Hardly any of the recent advances in 
hypersonic flight result from new sci-
entific discoveries; almost all of it stems 
from changes in political will. Powers 
that challenge the international status 
quo—China and Russia—have found the 
resources and the will to shape the arms 
race to their benefit. Powers that benefit 
from the status quo—the United States, 
above all—are responding in kind. Poli-
ticians fired the starting pistol, and the 
technologists are gamely leaping forward.

And the point? There is no point. It’s 
an arms race.  n 

POst YOUr COMMents at spectrum.ieee.org/
hypersonics-dec2020
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Built-in Resilience: The all-electric homes in Colorado’s Basalt Vista use smart controllers from Heila Technologies [right] to 
manage the photovoltaic panels, batteries, electric-vehicle charging, heating, and cooling. In the event of an outage on the 
regional grid, the neighborhood can still draw electricity from battery storage and rooftop solar.

G o o d 
Grids M a k e 

G o o d
NeiGhb ors

With 
autonomous  

energy grids, local 
communities can 
efficiently share 

renewable energy 
and storage

By 

B e n j a m i n 

K r o p o s K i , 

a n d r e y  B e r n st e i n , 

 j e n n i f e r  K i n g 

&  f e i  d i n g



The Sharing economy: In the Colorado neighborhood of Basalt Vista, a microgrid allows 27 households to seamlessly share electricity when 
needed. So far, utility bills are about 85 percent lower than typical electric bills in the state. The local electrical utility, Holy Cross Energy, partnered 
with the National Renewable Energy Laboratory to implement this autonomous energy grid. 

I
It’s great to have neIgh-
bors you can depend on, whether 
you’re borrowing a cup of sugar 

or you need someone to walk your dog 
while you’re out of town. In the western 
Colorado neighborhood of Basalt vista, the 
residents are even closer than most: they 
share their electricity. But unlike your 
neighbor with the sugar, the residents of 
Basalt vista may not even know when 
they’re being generous. the energy 
exchanges happen automatically, behind 
the scenes. What residents do know is how 
inexpensive, reliable, and renewable their 
electricity is.

the 27 smart homes in Basalt vista, located 
about 290 kilometers west of Denver, are 
part of a pilot for an altogether new approach 
to the power grid. the entire neighborhood 
is interconnected through a microgrid that in 
turn connects to the main grid. Within each 
home, every smart appliance and energy 
resource—such as a storage battery, water 
heater, or solar photovoltaic (Pv) system—
is controlled to maximize energy efficiency. 
on a larger scale, houses within the neigh-

borhood can rapidly share power, creat-
ing reliable electricity for everyone—solar 
energy generated at one house can be used 
to charge the electric car next door. If a wild-
fire were to knock out power lines in the 
area, residents would still have electricity 
generated and stored within the neighbor-
hood. From the spring through the fall, the 
Pv systems can provide enough electricity 
and recharge the batteries for days at a time. 
In the dead of winter, with the heat running 
and snow on the solar panels, the backup 
power will last for about 2 hours. 

In theory, power systems of any size could 
be covered in a patchwork of Basalt vistas, 
layering regions and even an entire coun-
try in smart grids to automatically manage 
energy production and use across millions 
of controllable distributed energy resources. 
that concept underlies the autonomous 
energy grid (aeg), a vision for how the 
future of energy can be defined by resil-
ience and efficiency.

the concept and core technology for 
the autonomous energy grid are being 
developed by our team at the national 
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Renewable Energy Laboratory, in Golden, 
Colo. Since 2018, NREL and local util-
ity Holy Cross Energy have been put-
ting the concept into practice, starting 
with the construction of the first four 
houses in Basalt Vista. Each home has an 
8-kilowatt rooftop PV system with lithium 
iron phosphate storage batteries, as well 
as energy-efficient,  all-electric heat-
ing, cooling, water heaters, and appli-
ances. All of those assets are monitored 
and can be controlled by the AEG. So 
far, average utility bills have been about 
85 percent lower than typical electric 
bills for Colorado.

AEGs will create at least as many ben-
efits for utilities as they do for customers. 
With AEGs monitoring distributed energy 
resources like rooftop solar and house-
hold storage batteries, a utility’s con-
trol room will become more like a highly 
automated air traffic control center. The 
result is that energy generated within an 
AEG is used more efficiently—it’s either 
consumed immediately or stored. Over 
time, the operator will have to invest less 
in building, operating, and maintain-
ing larger generators—including costly 

“peaker” plants that are used only when 
demand is unusually high. 

But can a network as large and compli-
cated as a national power grid really oper-
ate in a decentralized, automated way? 
Our research says definitely yes. Projects 
like the one at Basalt Vista are helping us 
figure out our ideas about AEGs and dem-

onstrate them in real-world settings, and 
thus are playing a crucial role in defining 
the future of the power grid. Here’s how.

T
TOdAy, GRid OPERATORS 
must overcome two big prob-
lems. First, an ever-growing 

number of distributed energy resources 
are being connected to the grid. in the 
United States, for instance, residential 
solar installations are expected to grow 
approximately 8 percent per year through 
2050, while household battery systems 
are estimated to hit almost 1.8 gigawatts 
by 2025, and around 18.7 million EVs could 
be on U.S. roads by 2030. With such antici-
pated growth, it’s possible that a decade 
from now, most U.S. electricity custom-
ers could have a handful of controllable 
distributed energy resources in their 
homes. By that math, Pacific Gas & Elec-
tric Co.’s 4 million customers in the San 
Francisco Bay Area could have a total of 
some 20 million grid-tied systems that 
the utility would need to manage in order 
to reliably and economically operate its 
grid. That’s in addition to maintaining the 
poles, wires, transformers, switches, and 
centralized power plants in its network. 

Because of the soaring number of grid-
tied devices, operators will no longer be 
able to use centralized control in the not-
so-distant future. Over a geographically 
dispersed network, the communication 
latencies alone make a centralized sys-
tem impractical. instead, operators will 

have to move to a system of distributed 
optimization and control. 

The other problem operators face is 
that the grid is functioning under increas-
ingly uncertain conditions, including 
fluctuating wind speeds, cloud cover, 
and unpredictable supply and demand. 
Therefore, the grid’s optimal state var-
ies every second and must be robustly 
determined in real time. 

A centrally controlled grid can’t handle 
this amount of coordination. That’s where 
AEGs come in. The idea of an autonomous 
energy grid grew out of NREL’s participa-
tion in a program called NOdES (Network 
Optimized distributed Energy Systems) 
sponsored by the U.S. department of 
Energy’s vanguard energy agency, ARPA-E. 
Our lab’s contribution to NOdES was to 
create algorithms for a model power grid 
made up entirely of distributed energy 
resources. Our algorithms had to factor in 
the limited computational capabilities of 
many customer devices (including rooftop 
solar, electric vehicles, batteries, smart-
home appliances, and other loads) and 
yet still allow those devices to commu-
nicate and self-optimize. NOdES, which 
wrapped up last year, was successful, but 
only as a framework for one “cell”—that is, 
one community controlled by one AEG.

Our group decided to carry the NOdES 
idea further: to extend the model to an 
entire grid and its many component cells, 
allowing the cells to communicate with 
one another in a hierarchical system. The 

SignalS & Storage: The Basalt Vista autonomous energy grid uses a 900-megahertz radio antenna [above] to communicate with Holy Cross 
Energy’s dispatch center, about 50 kilometers away. Households rely on lithium iron phosphate batteries from Blue Planet Energy [right].
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generation, storage, and loads are con-
trolled using cellular building blocks in a 
distributed hierarchy that optimizes both 
local operation and operation of the cell 
when it’s interconnected to a larger grid. 

In our model, each AEG consists of a 
network of energy generation, storage, 
and end-use technologies. In that sense, 
AEGs are very similar to microgrids, 
which are increasingly being deployed 
in the United States and elsewhere in 
the world. But an AEG is computation-
ally more advanced, which allows its 
assets to cooperate in real time to match 
supply to demand on second- by-second 
 timescales. Similar to an autonomous 
vehicle, in which the vehicle makes local 
decisions about how to move around, an 
AEG acts as a self-driving power system, 

one that decides how and when to move 
energy. The result is that an AEG runs at 
high efficiency and can quickly bounce 
back from outages, or even avoid an out-
age altogether. A power grid that consists 
entirely of AEGs could deftly address 
challenges at every level, from individual 
customers up to the transmission system.

 To develop the idea, we had to start 
somewhere. Basalt Vista presented an 
excellent opportunity to bring the AEG 
concept out of the lab and onto the grid. 
The neighborhood is designed to be 
net-zero energy, and it’s relatively close 
to NREL’s Energy Systems Integration 
Facility, where our group is based. 

What’s more, Holy Cross Energy had 
been searching for a solution to manage 
the customer-owned energy resources 

and bulk generation in its system. In recent 
years, grid-connected, customer-owned 
resources have become much more afford-
able; Holy Cross’s grid has been seeing 10 
to 15 new rooftop solar installations per 
week. By 2030, the utility plans to install 
a 150-megawatt solar-powered summer 
peaking system. Meanwhile, though, the 
utility had to deal with nonstandardized 
devices causing instabilities on its grid, 
occasional outages from severe weather 
and wildfires, variable generation from 
solar and wind energy, and an uncertain 
market for rooftop solar and other energy 
generated by its customers.

In short, what Holy Cross was facing 
looked very much like what other grid 
operators are confronting throughout the 
country and much of the world.

The DisTribuTeD GriD: Unlike a centralized 
power grid, an autonomous energy grid (AEG)
is composed of local units, or cells, each of 
which includes electricity generation, storage, 
and consumption. Each hexagonal segment 
shown here represents an AEG cell. When 
interconnected  in a distributed hierarchy, the 
AEGs optimize each cell’s local operation as 
well as its operation within the larger grid.  
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Proof of ConCePt: At the National Renewable Energy Laboratory, researchers developed the optimization algorithms 
for the autonomous energy grid and tested them on real-world power systems, such as EV charging stations. 

To develop The AeG concepT, 
our group is working at the union of two 
fields: optimization theory and control 
theory. optimization theory finds solu-
tions, but might ignore real-world condi-
tions. control algorithms work to stabilize 
a system under less-than-ideal conditions. 
Together these two fields form the theo-
retical scaffolding for an AeG. 

of course, this theoretical scaffolding 
has to conform to the messy constraints 
of the real world. For example, the con-
trollers that run the AeG algorithms 
aren’t supercomputers; they’re com-
mon computer platforms or embedded 
controllers at the grid edge, and they 
have to complete their calculations in 
well under 1 second. That translates to 
simpler code, and in this case, simpler 
is better. Meanwhile, though, the calcu-
lations must factor in latency in com-
munications; in a distributed network, 
there will still be time delays as signals 
travel from one node to the next. our 
algorithms must also be able to operate 
with sparse or missing data, and contend 
with variations created by equipment 
from different vendors.

even if we produce beautiful algo-
rithms, their success still depends on 
the physics of the topology of power lines 
and the accuracy of the models of the 
devices. For a large commercial building, 
where you want to choose what to turn 
on and off, you need an accurate model 
of that building at the right timescales. If 
such a model doesn’t exist, you have to 

build one. doing that becomes an order 
of magnitude more difficult when the 
optimizations include many buildings 
and many models. 

We’ve discovered that defining an 
abstract model is harder than optimiz-
ing the behavior of the real thing. In other 
words, we’re “cutting out the middleman” 
and instead using data and measure-
ments to learn the optimal behavior 
directly. Using advanced data analytics 
and machine-learning techniques, we 
have dramatically sped up the time it 
takes to find optimal solutions.

To date, we’ve managed to overcome 
these hurdles at the small scale. nRel’s 
energy Systems Integration Facility is an 
advanced test bed for vetting new mod-
els of energy integration and power-grid 
modernization. We’ve been able to test 
how practical our algorithms are before 
deploying them in the field; they may 
look good on paper, but if you’re try-
ing to decide the fate of, say, a million 
devices in 1 second, you’d better be sure 
they really work. In our initial experi-
ments with real power equipment—over 
100 distributed resources at a time, total-
ing about half a megawatt—we were 
able to validate the AeG concepts by 
operating the systems across a range 
of scenarios. 

Moving outside the laboratory, we 
first conducted a small demonstra-
tion in 2018 with the microgrid at the 
Stone edge Farm estate vineyards and 
Winery in Sonoma, calif., in partner-

ship with the controller manufacturer 
heila Technologies, in Somerville, Mass. 
The 785-kilowatt microgrid powers the 
6.5-hectare farm through a combina-
tion of solar panels, fuel cells, and a 
microturbine that runs on natural gas 
and hydrogen, as well as storage in the 
form of batteries and hydrogen. An on-
site electrolyzer feeds a hydrogen fill-
ing station for the farm’s three fuel-cell 
electric cars.

The microgrid is connected to the main 
grid but can also operate independently 
in “island” mode when needed. during 
wildfires in october 2017, for example, 
the main grid in and around Sonoma 
went down, and the farm was evacuated 
for 10 days, but the microgrid continued 
to run smoothly throughout. our AeG 
demonstration at Stone edge Farm con-
nected 20 of the microgrid’s power assets, 
and we showed how those assets could 
function collectively as a virtual power 
plant in a resilient and efficient way. This 
experiment served as another proof of 
concept for the AeG.

Basalt vista is taking the AeG concept 
even further. A net-zero-energy afford-
able housing district developed by habitat 
for humanity for schoolteachers and 
other local workers, it already had a lot 
going for it. The final results of this real-
world experiment aren’t yet available, but 
seeing the first residents happily embrace 
this new frontier in energy has brought 
us another level of excitement about the 
future of AeGs. D
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POST YOUR COMMENTS AT spectrum.ieee.org/
autonomousenergygrid-dec2020

W
W e  e n g i n e e r e d  o u r 
early demonstrations so that 
other utilities could safely and 

easily run trials of the Aeg approach 
using standard interoperability proto-
cols. now our group is considering the 
additional challenges that Aegs will face 
when we scale up and when we transi-
tion from Holy Cross energy’s rural 
deployment to the grid of a dense city. 
We’re now studying what this idea will 
look like throughout an energy system—
within a wind farm, inside an office build-
ing, on a factory complex—and what 
effects it will have on power transmission 
and distribution. We’re also exploring 
the market mechanisms that would favor 
Aegs. it’s clear that broad collaboration 
across disciplines will be needed to push 
the concept forward. 

our group at nreL isn’t the only one 
looking at Aegs. researchers at a number 
of leading universities have joined nreL 
in an effort to build the foundational sci-
ence behind Aegs. emiliano dall’Anese 
of the university of Colorado, Boulder; 
Florian dörfler of eTH Zurich; ian A. 
Hiskens of the university of Michigan; 
Steven H. Low, at Caltech’s netlab; and 
Sean Meyn of the university of Florida 
are early contributors to the Aeg vision 
and have participated in a series of work-
shops on the topic. These collaborations 
are already producing dozens of tech-
nical papers each year that continue to 
build out the foundations for Aegs. 

Within nreL, the circle of Aeg con-
tributors is also expanding, and we’re 
looking at how the concept can apply to 
other forms of generation. one example 
is wind energy, where an Aeg-enabled 
future means that control techniques 
similar to the ones deployed at Stone 
edge Farm and Basalt Vista will auton-
omously manage large wind farms. By 
taking a large problem and breaking it 
into smaller cells, the Aeg algorithms 
drastically reduce the time needed for 
all the turbines to come to a consensus 
on the wind’s direction and respond 
by turning to face into the wind, which 
can boost the total energy production. 
over the course of a year, that could 
mean millions of dollars of added rev-
enue for the operator.

in our research, we’re also consider-
ing how to optimally integrate the vari-
able supply of wind energy into a bigger 
cell that includes other energy domains. 
For example, if a building’s energy man-
agement system has access to wind fore-
casts, it could shift its load in real time to 
match the available wind power. during 
an afternoon lull in wind speed, the build-
ing’s air-conditioning could be automati-
cally adjusted upward a few degrees to 
reduce demand, with additional power 
drawn from battery storage. 

We’re also looking at communica-
tions infrastructure. To achieve the fast 
response required by an Aeg cell, com-
munications can’t be clogged by simulta-
neous connections to millions of devices. 
in a new nreL partnership with the wire-
less company Anterix, of Woodland Park, 
n.J., we’re demonstrating how a dedi-
cated LTe network for device commu-
nications would operate.

reliable operation, of course, assumes 
that communication channels are pro-
tected from cyberthreats and physical 
threats. The possibility of such attacks 
is guiding the conversation in power sys-
tems toward resilience and reliability. 
We believe that Aegs should minimize 
the impact of both deliberate attacks 
and natural disasters and make the grid 
more resilient. That’s because the status 
of every grid-connected asset in every 
Aeg cell will be checked on a second-
by-second basis. Any sudden and unex-
pected change in status would trigger an 
appropriate response. in most cases, no 
drastic action would be required because 
the change is within the normal variabil-
ity of operations. But if a major fault is 
the cause, the cell could automatically 
isolate itself, partially or entirely, from 
the rest of the network until the prob-
lem is resolved. exploring the effects 
of Aegs on grid resilience is an ongoing 
priority at nreL. 

For now, Aegs will show up first in 
neighborhoods like Basalt Vista and in 
other small-scale settings, such as hos-
pitals and college campuses. eventually, 
though, larger deployments should take 
place. in Hawaii, for instance, 350,000 
customers have installed rooftop solar. 
With the state’s mandate for 100 percent 

renewable power by 2045, the amount 
of distributed solar could triple. The util-
ity, Hawaiian electric Company, antici-
pates having to connect about 750,000 
solar inverters, as well as battery systems, 
electric vehicles, and other distributed 
energy resources. Accordingly, HeCo 
is looking to push autonomous control 
down to the local level as much as pos-
sible, to minimize the need for commu-
nication between the control center and 
each device. A completely autonomous 
grid will take some time to implement. in 
particular, we’ll need to conduct exten-
sive testing and demonstrations to show 
its feasibility with HeCo’s current com-
munications and control infrastructures. 
But eventually the Aeg concept will allow 
the utility to prioritize controls and focus 
on critical operations rather than trying 
to manage individual devices. 

We think it will be another decade 
before Aeg rollouts become common-
place, but an Aeg market may arrive 
sooner. This past year we’ve made prog-
ress in commercializing the Aeg algo-
rithms, and with support from doe’s 
Solar energy Technologies office, nreL 
is now collaborating with Siemens on 
distributed control techniques. Likewise, 
nreL and the power management com-
pany eaton Corp. have partnered to use 
the Aeg work for autonomous, electri-
fied transportation. 

nreL has meanwhile explored how to 
sustain a distributed energy market using 
blockchain-based transactions—an option 
for so-called transactive energy mar-
kets. That project, in partnership with 
BlockCypher, successfully showed that 
a neighborhood like Basalt Vista could 
seamlessly monetize its energy sharing.

As we progress to a future of 100 percent 
clean energy, with a high concentration 
of inverter-based energy technologies, we 
will need a solution like Aegs to continue 
to operate the grid in a reliable, economic, 
and resilient way. rather than looking to 
central power plants to meet their elec-
tricity needs, individual customers will 
increasingly be able to rely on one another. 
in a grid built on Aegs, being neighborly 
will be automatic.  n
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The Body 
Is The 
NeTwork

T h e  B o d y 

I s  T h e 

N e T w o r k

In 2007, U.S. vIce preSIdent  Dick Cheney ordered his doctors to disable 
all wireless signals to and from his Internet-connected pacemaker. Cheney later 
said that the decision was motivated by his desire to prevent terrorists from being 
able to hack his pacemaker and use it to lethally shock his heart. Cheney’s com-
mand to his doctors might seem to some to be overly cautious, but wirelessly con-
nected medical devices have a history of exploitable vulnerabilities. • At a series 
of conferences in 2011 and 2012, for example, New Zealand hacker Barnaby Jack 
showed that connected medical devices could be remotely attacked. Jack used a 
high-gain antenna to capture the unencrypted electromagnetic signals transmit-
ted by an insulin pump on a mannequin 90 meters away. He then used those sig-
nals to hack into the pump and adjust the level of insulin the pump delivered. He 
also hacked a pacemaker and made it deliver deadly electric shocks.

The 
Body 
Is The 
NeTwork

To safeguard 
sensiTive daTa, 

 Turn flesh and Tissue 
inTo a secure 

wireless channel
By ShreyaS Sen, 

 Shovan Maity 
& DeBayan DaS
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Eight years after those demonstrations, connected medi-
cal devices remain vulnerable. In June 2020, for example, 
the U.S. Department of Homeland Security recalled a model 
of connected insulin pumps. The pumps were transmitting 
sensitive information without encryption, making the data 
accessible to anyone nearby who might want to listen in.

Medical devices are only the tip of the iceberg when it comes 
to the wireless devices people are putting in or on their bod-
ies. The list includes wireless earbuds, smartwatches, and 
virtual-reality headsets. Technologies still in development, 
such as smart contact lenses that display information and 
digital pills that transmit sensor data after being swallowed, 
will also be at risk.

All of these devices need to transmit data securely at low 
power and over a short range. That’s why researchers have 
started to think about them as individual components of a 
single human-size wireless network, referred to as a body-
area network. The term “Internet of Bodies” (IoB) is also 
coming into use, taking a cue from the Internet of Things.

At the moment, IoB devices use established wireless 
technologies, mainly Bluetooth, to communicate. While 
these technologies are low power, well understood, and 
easy to implement, they were never designed for IoB net-

works. One of Bluetooth’s defining features is the ability 
for two devices to easily find and connect to one another 
from meters away. That feature is precisely what allows 
a hypothetical attacker to snoop on or attack the devices 
on someone’s body. Wireless technologies have also been 
designed to travel through air or vacuum, not through the 
medium of the human body, and therefore they are less 
efficient than a method of communicating designed to do 
so from scratch.

Through our research at Purdue University, we have devel-
oped a new method of communication that will keep medi-
cal devices, wearables, and any other devices on or near 
the body more secure than they are using low-power wire-
less signals to communicate with one another. The system 
capitalizes on the human body’s innate ability to conduct 
tiny, harmless electrical signals to turn the entire body into 
a wired communication channel. By turning the body into 
the network, we will make IoB devices more secure.

SenSitive perSonal data like medical 
information should always be encrypted when 
it’s transmitted, whether wirelessly or in an 
email or via some other channel. But there 
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Your BodY 
Is a smart Home
PeoPle are Putting more and more 
devices in and on their bodies. Whether 
they’re medical devices like pacemakers, 
insulin pumps, and body-temperature 
sensors, or consumer tech like wireless 
earbuds, smartwatches, and fitness trackers, 
they all have one thing in common. None of 
them need to send data beyond the range 
of the human body. Any communications 
beyond the body can be handled by a central 
wireless hub.

The network that these devices create is 
called an Internet of Bodies (IoB) network, 
borrowing from the Internet of Things concept. 
IoB networks share some of the same needs 
as a smart home, for example. A smart home 
can be filled with wildly different devices—
an Amazon Alexa, a smart fridge, and a system 
that adjusts lights automatically when people 
enter and exit rooms—that all use Bluetooth 
or Wi-Fi to communicate. Likewise, consumer 
tech and medical devices in an IoB network 
can both use the common medium of the body 
itself to send signals.
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are three other especially good reasons to prevent an attacker 
from gaining access to medical devices locally.

The first is that medical data should be containable. You don’t 
want a device to be broadcasting information that someone 
might eavesdrop on. The second reason is that you don’t want 
the integrity of the device to be compromised. If you have a 
glucose monitor connected to an insulin pump, for example, 
you don’t want the pump to release more glucose because the 
monitor’s data was compromised. Not enough glucose in the 
blood can cause headaches, weakness, and dizziness, while 
too much can lead to vision and nerve problems, kidney dis-
ease, and strokes. Either situation can eventually lead to death. 
The third reason is that the device’s information always needs 
to be available. If an attacker were to jam the signals from 
an insulin pump or a pacemaker, the device might not even 
know it needed to respond to a sudden problem in the body.

So if security and privacy are so important, why not use 
wires? A wire creates a dedicated channel between two 
devices. Someone can eavesdrop on a wired signal only if 
they physically tap the wire itself. That’s going to be hard to 
do if the wire in question is on or inside your body. 

Setting aside the benefits of security and privacy, there 
are some important reasons why you wouldn’t want wires 

crisscrossing your body. If a wire isn’t properly insulated, the 
body’s own biochemical processes can corrode the metal in 
the wire, which could in turn cause heavy-metal poisoning. 
It’s also a matter of convenience. Imagine needing to repair 
or replace a pacemaker with wires. Rethreading the wires 
through the body would be a very delicate task.

Rather than choose between wireless signals, which are 
easy for eavesdroppers to snoop, and wired signals, which 
bring risk to the body, why not a third option that combines 
the best of both? That’s the inspiration behind our work to 
use the human body as the communication medium for the 
devices in someone’s body-area network. 

We call the method of sending signals directly through 
the body electro-quasistatic human-body communication. 
That’s a mouthful, so let’s just think of it as a body channel. 
The important takeaway is that by exploiting the body’s own 
conductive properties, we can avoid the pitfalls of both wired 
and wireless channels.

Metal wires are great conductors of electric charge. It’s 
a simple matter to transmit data by encoding 1s and 0s as 
different voltages. You need only define 1s as some volt-
age, which would cause current to flow through the wire, 
and 0s as zero voltage, which would mean no current flow-

Body Language
Using the body as the communications 
channel for IoB devices avoids the 
fundamental problem with radiative 
technologies like Wi-Fi and Bluetooth by 
keeping the electrical signals under the skin.

Take an insulin pump that needs to send 
blood-glucose levels to a smartwatch. The 
technique creates two circuit loops in the 
body. The first loop [blue] starts with the 
pump. Two electrodes, one touching the body, 
the other floating, create an electric-potential 
difference between them. The voltage 
change also slightly modulates the body’s 
potential. This causes a slight alternating 
current to flow from the pump, through the air 
to the ground, and up through the body.

The change in the body’s potential causes 
a similar voltage change between the 
electrodes of the smartwatch, which also has 
one touching the body and one floating. This 
creates a second small alternating current 
[yellow] to flow in a similar loop. These two 
closed circuits make it possible to send 
electrical signals between the devices.
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ing through the wire. By measuring the voltage over time 
at the other end of the wire, you end up with the original 
sequence of 1s and 0s. However, given you don’t want 
metal wires running around or through the body, what 
can you do instead?

The average adult human is about 60 percent water by 
weight. And though pure water is a terrible electrical con-
ductor, water filled with conductive particles like electro-
lytes and salts conducts electricity better. Your body is filled 
with a watery solution called the interstitial fluid that sits 
underneath your skin and around the cells of your body. 
The interstitial fluid is responsible for carrying nutrients 
from the bloodstream to the body’s cells, and is filled with 
proteins, salts, sugars, hormones, neurotransmitters, and 
all sorts of other molecules that help keep the body going. 
Because inter stitial fluid is everywhere in the body, it allows 
us to establish a circuit among two or more communicating 
devices sitting pretty much anywhere on the body. 

Imagine someone with diabetes who uses an insulin pump 
and a separate monitor on the abdomen to manage blood 
glucose levels. Suppose they want their smartwatch, among 
its many other functions, to display current glucose levels 
and the operational status of the pump. Traditionally, these 
devices would have to be connected wirelessly, which would 
make it theoretically possible for anyone to grab a copy 
of the user’s personal data. Or worse, potentially attack 
the pump itself. Today, many medical devices still aren’t 
encrypted, and even for those that are, encryption is not a 
guarantee of security.

Here’s how it would work with a body channel instead. 
The pump, the monitor, and the smartwatch would each be 
outfitted with a small copper electrode on its back, in direct 
contact with the skin. Each device also has a second elec-
trode not in contact with the skin that functions as a sort of 
floating ground, which is a local electrical ground that is not 
directly connected with Earth’s ground. When the monitor 
takes a blood glucose measurement, it will need to send that 
data to both the pump, in case the insulin level needs to be 
adjusted, and to the smartwatch, so that the individual can 
see the level. The smartwatch can also store data for long-term 
monitoring, or encrypt it and send it to the user’s computer, 
or their doctor’s computer, for remote storage and analysis.

The monitor communicates its glucose measurements 
by encoding the data into a series of voltage values. Then, 
it transmits these values by applying a voltage between its 
two copper electrodes—the one touching the human body, 
and the one acting as a floating ground.

This applied voltage very slightly changes the potential 
of the entire body with respect to Earth’s ground. This tiny 
change in potential between the body and Earth’s ground is 
just a fraction of the potential difference between the moni-
tor’s two electrodes. But it’s enough to be picked up, as an 
even smaller fraction after crossing the body, by the devices 
elsewhere. Because both the pump on the waist as well as 
the smartwatch on the wrist are on the body, they can detect 
this change in potential across their own two electrodes—

both on-body and floating. The pump and the smartwatch 
then convert these potential measurements back into data. 
All without the actual signal ever traveling beyond the skin.

One Of the biggest challenges  for 
realizing this method of body communication 
is in selecting the best wavelengths for the 
electrical signals. Electrical wavelengths like 

the ones we’re considering here are much longer than the 
RF wavelengths for wireless communications.

The reason selecting a frequency is a challenge is that there 
is a range of frequencies at which the human body itself can 
become an antenna. An ordinary radio antenna creates a 
signal when an alternating current causes the electrons in 
its material to oscillate and create electromagnetic waves. 
The frequency of the transmitted waves depends on the fre-
quency of the alternating current fed into the antenna. Like-
wise, an alternating current at certain frequencies applied 
to the human body will cause the body to radiate a signal. 
This signal, while weak, is still strong enough to be picked 
up with the right equipment and from some distance away. 
And if the body is acting as an antenna, it can also pick up 
unwanted signals from elsewhere that might interfere with 
wearables’ and implants’ ability to talk with one another.

For the same reason you don’t want to use technologies 
like Bluetooth, you want to keep electrical signals confined 
to the body and not accidentally radiating from or to it. So 
you have to avoid electrical frequencies at which the human 
body becomes an antenna, which are in the range of 10 to 
100 megahertz. Above that are the wireless bands, and we’ve 
already mentioned the problems there. The upshot is that 
you need to use frequencies in the range of 0.1 to 10 MHz, in 
which signals will stay confined to the body.

Earlier attempts to use the human body to communicate 
have usually shied away from these lower frequencies because 
the body is typically high loss at low frequencies. In other 
words, signals at these lower frequencies require more power 
to guarantee that a signal will make it to its destination. That 
means a signal from a glucose monitor on the abdomen might 
not make it to a smartwatch on the wrist before it’s unreadable, 
without a significant boost in power. These previous efforts 
were high loss because they focused on sending direct elec-
trical signals, rather than information encoded in potential 
changes. We’ve found that the parasitic capacitance between 
a device and the body is key to creating a working channel.

Capacitance refers to the ability of an object to store elec-
trical charge. Parasitic capacitance is unwanted capacitance 
that occurs unintentionally between any two objects. For 
example, two charged areas in close proximity on a circuit 
board, or between a person’s hand and their phone. Typi-
cally, parasitic capacitance is a nuisance, although it also 
enables certain applications like touch screens.

Astute readers may have picked up that we haven’t men-
tioned one key aspect of circuits before now: A circuit needs 
to be a closed loop for electrical communication to be possible. 
Up until now, we’ve restricted our discussion to the forward 
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path, meaning the part of the circuit from the transmitting 
electrode to the receiving electrode. But we need a path back. 
We have one thanks to parasitic capacitance between the 
floating ground electrodes on the devices and Earth’s ground. 

Here’s how to picture the circuit we’re using. First, imag-
ine two circuit loops. The first loop begins with the transmit-
ting device, at the electrode touching the skin. The circuit 
then goes through the body, down through the feet to the 
actual ground, and then back up through the air to the other 
(floating) electrode on the transmitting device. We should 
note here that this is not a loop through which direct current 
can flow. But because parasitic capacitances exist between 
any two objects, such as your feet and your shoes, and your 
shoes and the ground, a small alternating current can exist.

The second loop, in a similar fashion, begins with the receiv-
ing device, at its electrode that is touching the skin. It then 
goes through the body—both loops share this segment—to the 
ground, and back through the air to the floating-ground elec-
trode on the receiving device.

The key here is to understand that the circuit loops are 
important not because we have to push a current through 
them necessarily, but because we need a closed path of 
capacitors. In a circuit, if the voltage changes across one 
capacitor—for example, the two electrodes of the transmit-
ting device—it creates a slight alternating current in the loop. 
The other capacitors, meaning both the body and the air, “see” 
this current and, because of their impedances, or resistances 
to the current, their voltages change as well.

Remember that the circuit loop with the transmitting device 
and the one with the receiving device share the body as a seg-
ment of their respective loops. Because they share that segment, 
the receiving device also responds to the slight change in the 
body’s voltage. The two electrodes making up the receiving 
device’s capacitor detect the body’s changing voltage and allow 
that measurement to be decoded as meaningful information.

We have found that we want any IoB device’s capacitor to 
have high capacitance. If this is the case, relatively high volt-
ages created by the transmitting device will result in extremely 
low currents in the body itself. Obviously, this makes sense 
from a safety perspective: We don’t want to run high current 
through the body, after all. But it also makes the communi-

cations channel low loss. That’s because a high-impedance 
capacitor will be particularly sensitive to minor changes 
in current. The upshot is that we can keep the current low 
(and safe) and still get clear voltage measurements at the 
receiving device. We’ve found that our technique results in 
a reduction in loss of two orders of magnitude compared 
with previous attempts to create a wireless channel in the 
body, which relied on sending an electrical signal via cur-
rent directly through the body.

Our methOd fOr turning  the human 
body into a communications channel shifts 
the distance at which signals can be intercepted 
from the 5- to 10-meter range of  Bluetooth and 

similar signals to below 15 centimeters. In other words, we’ve 
reduced the distance over which an attacker can both inter-
cept and interfere with signals by two orders of magnitude. 
With our method, an attacker would need to be so close to 
the target that there’s no way to hide.

Not only does our method offer more privacy and security 
for anyone with a medical implant or device, but as a bonus, 
the communications are far more energy efficient as well. 
Because we’ve developed a system that is low loss at low fre-
quencies, we can send information between devices using 
far less power. Our method requires less than 10 picojoules 
per transferred bit. For reference, that’s about 0.01 percent 
of the energy required by Bluetooth. Using 256-bit encryp-
tion, it drew 415 nanowatts of power to transmit 1 kilobit 
per second, which is more than three orders of magnitude 
below Bluetooth (which draws between 1 and 10 milliwatts). 

Medical devices like pacemakers and insulin pumps have 
been around for decades. Bluetooth earbuds and smart-
watches may be newer, but neither life-saving medical equip-
ment nor consumer tech is leaving our bodies any time soon. 
It only makes sense to make both categories of devices as 
secure as possible. Data is always most vulnerable to a mali-
cious attack when it is moving from one point to another, 
and our IoB communication technique can finally close the 
loop on keeping personal data from leaving your body.  n

Staying grounded: 
David Yang [right], a Ph.D. 
student of Shreyas Sen 
[left], wears a transmitter 
on his right wrist. The 
transmitter sends a 
code through his body 
to unlock a computer 
connected to the receiver 
in his left hand. On the 
right is a close up of 
the wrist wearable and 
another prototype of 
the receiver that has 
been miniaturized into 
a USB insert.

PoSt your CoMMentS at spectrum.ieee.org/internetofbodies-dec2020
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NASA’s Echo 1 was an early experiment in satellite communication. 
Launched inside a metal sphere, it inflated in low Earth orbit into a giant Mylar 
balloon, 30.5 meters across. Project personnel dubbed it a “satelloon.” For 
four years, it circled the globe every 2 hours, reflecting radio, telephone, and 
TV signals between ground stations. One of its most novel uses occurred on 
9 November 1960, when U.S. postmaster general Arthur Summerfield used 

the satellite to inaugurate Speed Mail, an attempt to propel the traditional 
postal network into the space age. In Summerfield’s first Speed Mail letter, 
he urged “Mr. and Mrs. America” to post their holiday cards and presents 
early. That remains sound advice even in the Internet age and certainly 
during a global pandemic.  ↗ For more on the history of satellite mail 
and Echo 1, see spectrum.ieee.org/pastforward-dec2020

SpEciAl DElivEry 
by SAtEllitE

past  fo r wa r d   by  a l l i s o n  m a rs h
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New Faculty Searches in Electrical Engineering 2020-21

The Department of Electrical Engineering (EE) in the School of Electrical Engineering and
Computer Science at the Pennsylvania State University invites applications for multiple
tenure-track and tenured faculty positions at the level of Assistant or Associate Professor,
although appointment to Full Professor may be considered for candidates with a
demonstrated excellent track record in scholarship and education, recognition from the
research community, and the promise of continued distinction. Exceptional candidates
for multiple positions covering a broad range of research areas in electrical engineering
will be considered, including those bridging theory and emerging systems in
communications, data processing, and artificial intelligence; control systems, signal
processing, machine learning and all of its applications. Successful candidates will be
expected to establish and sustain an outstanding research program and to be effective,
inspiring teachers at both the undergraduate and graduate levels.

Candidates must have a doctorate in electrical engineering, or a related discipline
completed before the start date of the position. The EE Department has 40 tenured/
tenure-track faculty members, with annual research expenditures of over $16 million.
The undergraduate (juniors and seniors) and graduate programs enroll over 550 and
240 students, respectively. The Department is committed to advancing diversity, equity,
and inclusion in all of its forms. We embrace individual uniqueness, foster a culture of
inclusion that supports both broad and specific diversity initiatives, and leverage the
educational and institutional benefits of diversity. We value inclusion as a core strength
and an essential element of our public service mission. In welcoming every candidate,
we strive to meet the needs of professional families by actively assisting with partner-
placement needs.

Information about the Department can be found at http://www.eecs.psu.edu.
Applications will be considered until the positions are filled.Applicants should submit the
following: curriculum vita, statement of research, statement of teaching, and the names
and addresses of four references. If you have any questions regarding the application
process, please contact Alyshia Dann at mailto:azd246@psu.edu or 814-863-4255.

Apply online at https://apptrkr.com/2040210

CAMPUS SECURITY CRIME STATISTICS: For more about safety at Penn State, and to
review the Annual Security Report which contains information about crime statistics and
other safety and security matters, please go to http://www.police.psu.edu/clery/, which will
also provide you with detail on how to request a hard copy of the Annual Security Report.

Penn State is an equal opportunity, affirmative action employer, and is committed to
providing employment opportunities to all qualified applicants without regard to race,
color, religion, age, sex, sexual orientation, gender identity, national origin, disability or
protected veteran status.

Department of Electrical and Computer Engineering
Tenure Track Positions

The Electrical and Computer Engineering (ECE) 
Department at the University of Connecticut (UConn) 
solicits applications for tenure-track faculty positions at 
all ranks to start in Fall 2021. Strong applicants at the 
associate and full professor level will also be considered 
for the Nicholas E. Madonna Endowed Professorship. 
Areas of emphasis include robotics, computer 
engineering, power systems, and related specialties. In 
addition, candidates whose background is well-aligned 
with entrepreneurship, commercialization, and economic 
development are particularly encouraged to apply. 
Candidates must have a PhD in Electrical Engineering 
or related field and will be expected to develop and 
sustain an internationally-recognized and externally-
funded research program and share a deep commitment 
to effective undergraduate and graduate instruction.
Faculty who wish to be considered for the Madonna chair 
in power systems should apply to 
https://academicjobsonline.org/ajo/jobs/15020

All others should apply to

https://academicjobsonline.org/ajo/jobs/17379
Applications received prior to December 31, 2020 will 
receive priority in consideration.

The University of Connecticut is committed to 
building and supporting a multicultural and diverse 
community of students, faculty, and staff. As an 
Affirmative Action/Equal Employment Opportunity 
employer, UConn encourages applications from 
women, veterans, people with disabilities, and 
members of traditionally underrepresented populations.

Multiple Faculty Openings
Department of Electrical

and Computer Engineering

Georgia Southern University's Department
of Electrical and Computer Engineering
invites applications for 2 tenure-track
Assistant Professor positions. Screening
of applications begins December 1, 2020
and continues until the positions are filled.
Georgia is an open records state. Individuals
who need reasonable accommodations
under the Americans with Disabilities Act to
participate in the search process should
notify Human Resources at 912-478-6947.

For more information, visit:
https://apptrkr.com/2037444

To apply, email:
rhaddad@georgiasouthern.edu

Georgia Southern is an AA/EO Institution
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The Electrical Engineering Department at the University of 
Notre Dame invites applications for two tenured or tenure-
track faculty positions. All levels will be considered.

The first position is in the areas of signal processing, 
control, communications and networking. Applications of 
interest are, but not limited to, system-level methods and 
technologies that address grand challenges such as reliable 
and affordable power delivery, environmental monitoring, 
smart manufacturing, hardware for broad autonomy, 
healthcare, wireless communication and security. 

The second position is in the areas of semiconductor 
materials, devices and micro/nanoelectronic systems. 
Applications of interest are, but not limited to, novel 
integrated circuit technologies, devices and materials 
that address grand challenges in autonomous machines, 
smart sensors, energy-efficient and high-performance 
computing, wireless communication, and hardware security. 

The Department seeks to attract excellent faculty members with 
strong academic and research track record. The Department 
is especially interested in candidates who will contribute to 
the diversity and excellence of the University’s academic 
community through their research, teaching, and service. 

Applicants must submit a cover letter, curriculum vitae, a 
teaching statement, and 2 to 3 page research statement. 
The application must include the names, titles and email 
addresses of three or more individuals who will provide 
letters of recommendation. All materials can be submitted 
at apply.interfolio.com/80295 for the first position, and 
at apply.interfolio.com/80298 for the second. For best 
consideration, applicants are encouraged to apply by 
February 1, 2021. 

Notre Dame is located in South Bend, Indiana, a vibrant and 
affordable community not far from Lake Michigan and a short 
train ride to Chicago. The University is an Equal Opportunity and 
Affirmative Action employer; we strongly encourage applications 
from women, minorities, veterans, individuals with a disability and 
those candidates attracted to a university with a Catholic identity. 
Notre Dame is responsive to the needs of dual career couples, 
and is interested in candidates who will bring to their research the 
perspective that comes from a nontraditional educational background 
or understanding of the experiences of those underrepresented in 
higher education.

Tenure Track Faculty, Department of Computer Engineering

The Department of Computer Engineering at the Rochester Institute of
Technology invites applications for a tenure-track faculty position at the
Assistant Professor level starting in the 2021-2022 academic year.
Applicants must have a Ph.D. degree in Computer Engineering or closely
related discipline by the time of hire. The department is looking for
candidates who can strengthen the computer engineering core
competencies and have expertise in the areas of Digital and Embedded
Systems,High PerformanceArchitectures, IoT andNetworks,Cybersecurity,
AI/Machine Learning, emerging computing paradigms such as
Neuromorphic or Quantum Computing, or other closely related research
areas. Applicants are expected to have a strong publication record, ability
to teach computer engineering core courses and communicate effectively,
potential to establish and conduct sponsored research, and the ability to
contribute to the college's continuing commitment to diversity, pluralism,
and individual differences.

Formore information and to apply,visit:https://apptrkr.com/2018366.

You can contact the search committee with questions on the position at:
http://ce-facultysearch@rit.edu. Review of applications will begin on
January 15, 2021 and continue until a suitable candidate is found.

Additional Details
RIT does not discriminate. RIT is an equal opportunity employer that
promotes and values diversity, pluralism, and inclusion. For more
information or inquiries, please visit RIT/TitleIX or the U.S. Department of
Education at ED.Gov.

Professor/ Associate Professor/ Assistant Professor
School of Microelectronics

 Southern University of Science and Technology (Shenzhen, China)

Post Specifications
School of Microelectronics (SME) ，National Exemplary School of Microelec-
tronics, Southern University of Science and Technology (SUSTech) invites 
highly qualified candidates to fill multiple tenure-track/tenured faculty positions 
in the areas of (but not limited) Emerging Microelectronic Devices (Wide-band-
gap, Nonvolatile memory, MEMS Sensor), and IC-Chip Designs (Next-genera-
tion Computing/Communication/Biomedical SoC).

Junior applicants should have (i) a PhD degree in related fields; and (ii) out-
standing potential in teaching and research. Candidates for senior post are 
expected to have demonstrated exceptional academic leadership and strong 
commitment to be excellent in teaching, research, and services.

Applications
Submit (in English, PDF version) a cover letter, a statement in research and 
teaching, a CV plus copies of 3 most significant publications, and contacts of 
three referees to: sme-hr@sustech.edu.cn entitled with “Apply for Faculty Posi-
tion”. Applicants are required to specify the rank of the position in their letter 
of application. The positions will be open until they are filled by appropriate 
candidates. 

Salary and Fringe Benefits
Salary and startup funds are highly competitive, commensurate with experience 
and academic accomplishment. All regular faculty members will join the tenure-
track system in accordance with international practice for progress evaluation 
and promotion. Applicants are encouraged to check out the details about the 
university at: http://www.sustech.edu.cn.
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The Massachusetts Institute of Technology (MIT) Department of Mechanical 
Engineering together with the Schwarzman College of Computing (SCC) seeks 
candidates for tenure-track faculty positions in Computing for Health of the 
Planet to start July 1, 2021 or on a mutually agreed date thereafter. The search 
is for candidates to be hired at the assistant professor level; under special 
circumstances, however, an untenured associate or senior faculty appointment 
is possible, commensurate with experience. 

The Health of the Planet is one of the most important challenges facing 
humankind today. The need for a sustainable planet demands integrated 
research efforts that develop novel fundamental modeling, computation, 
machine learning and AI methods with technological innovation. Ocean systems 
are particularly important and in need of both fundamental research and 
development of breakthrough solutions. A creative mens et manus approach 
is essential to ensure the health and security of our oceans and environment. 

We seek candidates who have expertise in computing and data-driven science 
and engineering, and can apply it to: 

•  Develop integrated systems using smart sensors and physics-informed 
machine learning.  

•  Explore, utilize, and protect our environment and oceans. 
•  Conduct fundamental and applied research in sensing, acoustics, 

communications, signal processing, control, autonomy, sea-level and climate 
change mitigation, environmental hazards, environmental risk assessment, 
among others. 

•  Use data for estimation, prediction or control relevant to sustainable 
mobility, autonomous vehicles, sea transports, and ocean environments 
and coastal structures. 

•  Provide usable water, resilient food, and sustainable energy (e.g., desalination, 
water management, sustainable aquaculture, food security, wind and ocean 
renewable energy, low emission propulsion) using data-driven models and AI-
embedded engineering. 

Candidates should contribute to interdisciplinary research in environmental and 
ocean science and engineering such as marine robotics, sensing, structures, 
physics, acoustics, ecosystems, food, desalination, and renewable energy with 
fundamental expertise in one or more of these areas: learning for dynamics, 
nonlinear dynamical systems, computational modeling, physics-informed 
machine learning, high dimensional statistics, science of autonomy, intelligent 
systems, smart sensing, computing devices, decision theory, risk analysis, and 
data-driven science and engineering. 

The Department of Mechanical Engineering and the Schwarzman College 
of Computing are committed to fostering interdisciplinary research that can 
address grand challenges facing our society. We seek candidates who will 
provide inspiration and leadership in research, contribute proactively to both 
undergraduate and graduate level teaching in the Mechanical Engineering 
department and SCC and add to the diversity of the academic community. The 
successful candidate would have a shared appointment in both the Department 
of Mechanical Engineering and also the Schwarzman College of Computing, in 
either the Department of Electrical Engineering and Computer Science (EECS), 
or in the Institute for Data, Systems, and Society (IDSS). 

Faculty duties include teaching at the undergraduate and graduate levels, 
advising students, conducting original scholarly research and developing course 
materials at the undergraduate and graduate levels. Prior to the start of the 
appointment, candidates must hold a Ph.D. in a field related to Engineering, 
Physics, Data Science, Computer Science, or Applied Mathematics or a similar 
discipline by the beginning of employment. 

In addition to this search, the Mechanical Engineering department has 
positions available broadly in mechanical engineering: 
http://meche.mit.edu/faculty-positions.

Applications must include a cover letter, curriculum vitae, 2-3 page statement 
of research and teaching interests and goals. In addition, candidates should 
provide a statement regarding their views on diversity, inclusion, and belonging, 
including past and current contributions as well as their vision and plans for the 
future in these areas. They should also provide copies of no more than three 
publications. They should also arrange for four individuals to submit letters of 
recommendation on their behalf. This information must be entered electronically 
at the following site: https://school-of-engineering-faculty-search.mit.edu/
meche-scc by December 1, 2020 when review of applications will begin. 

MIT is an Equal Opportunity/ 
Affirmative Action employer.

Faculty Positions
Department of Mechanical Engineering

Give the gift of  
IEEE Membership

• Professional Growth 
• Collaboration 
• Global Network

Present a world 
of opportunity

Get started today at
www.ieee.org/gift

Professor and Head of Department 
(Permanent), Department 
of Electronic Engineering, 

Maynooth University
Maynooth University seeks an outstanding academic 
to join our staff as Professor of Electronic Engineering, 
with a specialism in robotics and intelligent systems. 
The person appointed will have an excellent record in 
research, scholarship and publication, in teaching and 
educational innovation, and in academic leadership. 
She/he will be expected to make a strong contribution 
to the teaching, research and profile of the university, 
and to provide leadership in the area of robotics and 
intelligent systems.

Applications are welcomed from outstanding research-
ers with a track record of high achievement in robotics, 
mechatronics and/or related intelligent systems. In par-
ticular, the ideal candidate will assist the Department in 
its strategic objective to grow the area of robotics and 
intelligent devices, through funded research and con-
tinuing development of academic programmes.

Professors will be expected to provide significant 
intellectual leadership, through a demonstrated com-
mitment to both education and research, and also to 
contribute to the effective leadership and manage-
ment of the department, the faculty and the university.
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Tier 2 Canada Research Chairs and 
Tenure-Track Faculty Positions

The Electrical and Computer Engineering 
Department at McMaster University invites 
applications for two faculty positions. Successful 
applicants will have the potential for global 
renown in both research and teaching. For more 
information and to apply, please visit https://
hr.mcmaster.ca/careers/current-opportunities/ 
and view job ID 33473. All qualified candidates 
are encouraged to apply. However, Canadian 
citizens and permanent residents will be given 
priority. McMaster University is strongly committed 
to employment equity within its community 
and to recruiting a diverse faculty and staff.

 jobs.rtx.com
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University of Central Florida (UCF)
Department of Electrical & Computer Engineering (ECE)

The Department of Electrical and Computer Engineering at the University of Central Florida seeks exceptional can-
didates for two faculty openings in the area of Computer Engineering. The first opening is at the rank of Assistant 
Professor (tenure-track). The second opening is for a Visiting Assistant Professor position. All emerging and 
traditional areas of Computer Engineering (CpE) are considered. Of special interests are candidates in the follow-
ing areas: 1) AI and Big Data Computational Systems; 2) Computer Architecture; 3) IoT, Cloud and Cyber-physical 
Systems; and 4) Secure Computing Systems. Visiting Professors will be expected to teach in fundamental CpE 
areas such as Computer Organization/Architecture, Computer Networks, and Embedded Systems.

All applicants must have a Ph.D. in an area appropriate to the ECE disciplines by the start of the appointment and 
a strong commitment to academic activities, including teaching, scholarly publications and sponsored research. 
Successful candidates will have an exceptional record of scholarly research. 

ECE has strong educational programs, with over 400 graduate students and 1,200 undergraduates, and state-of-
the-art facilities, the L3Harris Engineering Center and Interdisciplinary Research 1 Building. The department has 
highly competitive research programs funded by ARO, DARPA, Department of Defense, Department of Energy, 
L3Harris, Intel, Lockheed Martin, National Science Foundation, NASA, Siemens, Texas Instruments and local 
high-tech start-ups. 

UCF offers a competitive salary and start-up package as well as generous benefits. New faculty members will 
have graduate student support and significantly reduced teaching loads during their first two years of tenure-
track employment.

Located in Orlando, UCF and ECE are at the center of Florida High Tech Corridor with an excellent industrial base 
in telecommunications, energy, computer systems, semiconductors, defense, space, laser, simulation, software 
and the world-renowned entertainment/theme park industry. Exceptional weather, easy access to the seashore, 
one of the largest convention centers in the nation and an international airport ranked among the world’s best are 
just a few features that make the UCF/Orlando area ideal. 
UCF is an equal opportunity/affirmative action employer. All qualified applicants are encouraged to apply, 
including minorities, women, veterans and individuals with disabilities. As a Florida public university, UCF 
makes all application materials and selection procedures available to the public upon request.

Please send any inquiries to ECE-FacultySearch@cecs.ucf.edu. To submit your application, utilize the links below:

Assistant Professor: http://jobs.ucf.edu/cw/en-us/job/499576?lApplicationSubSourceID=
Visiting Assistant Professor: http://jobs.ucf.edu/cw/en-us/job/499577?lApplicationSubSourceID=
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Boston University
College of Engineering:

Tenure-Track Assistant Professor Positions In the Area of 
Intelligent, Autonomous and Secure Systems

Cellular and Immuno- Engineering

The College of Engineering at Boston University has embarked on a bold new strategic 
plan to pursue excellence and impact along six themes, each deploying convergent 
research at scale in order to accelerate unbounded impact on our diverse society. We 
are inviting applications for tenure-track positions along the theme of Intelligent, 
Autonomous and Secure Systems and the theme of Synthetic Biology thru Tissue 
Engineering. Candidates will join a strong group of existing collaborative faculty in 
this theme derived from our departments of Biomedical Engineering, Mechanical 
Engineering, and Electrical and Computer Engineering and our Divisions of Systems 
Engineering and Materials Science and Engineering. Of particular interest will be 
candidates aligned with the following applications within these respective themes:

Robotics & Autonomous Systems with an emphasis on applications of 
Artificial Intelligence, Machine Learning, Reinforcement & Real-time Learning.  
Candidates will likely have Mechanical Engineering as their primary appointment 
with secondary appointments possible in Electrical & Computer Engineering, 
and/or Systems Engineering. Please send application materials to: https://
academicjobsonline.org/ajo/jobs/17087

Novel Technologies and Systems Applied to Predictive, Digital, and Personalized 
Medicine. Candidates will likely have a primary appointment in Biomedical 
Engineering, with secondary appointments in Electrical & Computer Engineering 
and/or Systems Engineering. We seek candidates advancing breakthroughs in 
biosensing or medical imaging synthesized with AI/ML methods to improve human 
health. Please send application materials to: https://academicjobsonline.org/ajo/
jobs/17098 

Cellular Engineering and Manufacturing with interest in cellular therapeutics 
for applications including immunoengineering, regenerative medicine, and 
bioprocessing. Candidates will likely have a primary appointment in Biomedical 
Engineering as their primary department with secondary appointments in 
Mechanical Engineering and/or the National Emerging Infectious Disease 
Laboratory.  Please send application materials to: https://academicjobsonline.org/
ajo/jobs/17099

The College’s 150 primary faculty focus on six identified convergent themes. In 
addition to those mentioned, these include Photonic Systems, Neuroengineering 
& Neuroscience, Materials by Design, and Energy & Sustainability. The College of 
Engineering is ranked 16th among Private Universities. Last year our faculty was 
5th in the Nation in total NSF dollars and 7th in total NIH dollars among Private 
Engineering schools. 

Leading candidates will hold a PhD in Engineering or a related field. We are 
explicitly looking for candidates who have an interest in the Societal Impact of their 
research.  The College has been recognized by the American Society of Engineering 
Education for its commitment to diversity

In addition to the application materials listed online, the applicant should include 
how collaborations can enhance their research impact. The application deadline 
is December 18, 2020; however, review of applications will begin immediately.

For more information, please visit 

http://www.bu.edu/eng/departments/me/  
& 

http://www.bu.edu/eng/departments/bme

Boston University is an AAU institution with a rich tradition dedicated to inclusion and 
social justice and a commitment to broadening participation of underrepresented groups in 
engineering. We are an equal opportunity employer and all qualified applicants will receive 
consideration for employment without regard to race, color, religion, sex, sexual orientation, 
gender identity, national origin, disability status, protected veteran status, or any other 
characteristic protected by law. We are a VEVRAA Federal Contractor

For over 100 years, Proceedings of the IEEE 
has been the leading journal for engineers 
looking for in-depth tutorial, survey, and  
review coverage of the technical 
developments that shape our world.

To learn more and start  
your subscription today, visit  
ieee.org/proceedings-subscribe 

One of the most 
influential reference 
resources for engineers 
around the world.

Department of Electrical and 
Computer Engineering

Graduate School of Engineering 
and Management

Air Force Institute of Technology (AFIT)
Dayton, Ohio

Faculty Position

The Department of Electrical and Computer Engineering at the Air Force 
Institute of Technology is seeking applications for a tenured or tenure-
track faculty position. All academic ranks will be considered. Applicants 
must have an earned doctorate in Electrical Engineering, Computer 
Engineering, Computer Science, or a closely affiliated discipline 
by the time of their appointment (anticipated 1 September 2021).

We are particularly interested in applicants specializing in one or more of 
the following areas: autonomy, artificial intelligence / machine learning, 
navigation with or without GPS, cyber security, and VLSI. Candidates in 
other areas of specialization are also encouraged to apply. This position 
requires teaching at the graduate level as well as establishing and 
sustaining a strong DoD relevant externally funded research program 
with a sustainable record of related peer-reviewed publications.

The Air Force Institute of Technology (AFIT) is the premier Department of 
Defense (DoD) institution for graduate education in science, technology, 
engineering, and management, and has a Carnegie Classification as 
a High Research Activity Doctoral University.  The Department of 
Electrical and Computer Engineering offers accredited M.S. and Ph.D. 
degree programs in Electrical Engineering, Computer Engineering, and 
Computer Science as well as an MS degree program in Cyber Operations.

Applicants must be U.S. citizens. Full details on the position, the 
department, applicant qualifications, and application procedures can be 
found at https://www.afit.edu/ENG/page.cfm?page=1232

Review of applications will begin on 4 January 2021. The United States 
Air Force is an equal opportunity, affirmative action employer.

Department of Electrical and Computer Engineering
Graduate School of Engineering and Management

Air Force Institute of Technology (AFIT)
Dayton, Ohio

Faculty Position

The Department of Electrical and Computer Engineering at the Air Force 
Institute of Technology is seeking applications for a tenured or tenure-
track faculty position. All academic ranks will be considered. Applicants 
must have an earned doctorate in Electrical Engineering, Computer 
Engineering, Computer Science, or a closely affiliated discipline by the 
time of their appointment (anticipated 1 September 2020).

We are particularly interested in applicants specializing in one or more of 
the following areas: autonomy, artificial intelligence / machine learning, 
navigation with or without GPS, cyber security, and VLSI. Candidates in 
other areas of specialization are also encouraged to apply. This position 
requires teaching at the graduate level as well as establishing and 
sustaining a strong DoD relevant externally funded research program with 
a sustainable record of related peer-reviewed publications.

The Air Force Institute of Technology (AFIT) is the premier Department of 
Defense (DoD) institution for graduate education in science, technology, 
engineering, and management, and has a Carnegie Classification as a 
High Research Activity Doctoral University. The Department of Electrical 
and Computer Engineering offers accredited M.S. and Ph.D. degree 
programs in Electrical Engineering, Computer Engineering, and Computer 
Science as well as an MS degree program in Cyber Operations.

Applicants must be U.S. citizens. Full details on the position, the 
department, applicant qualifications, and application procedures can be 
found at http://www.afit.edu/ENG/ . Review of applications will begin 
on January 6, 2020. The United States Air Force is an equal opportunity, 
affirmative action employer.
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A s 2020 draws To a close, 
I look back on my year as 
IEEE president and marvel 

at what have been 12 world-changing, 
paradigm-shifting months. Through-
out this period one thing became quite 
apparent: IEEE is more than just our 
technical conferences, publications, and 
standards. IEEE is a vibrant, engaged, 
international community growing every 
year and contributing more diverse, 
insightful, and essential work than ever 
before. This year our community has 
come together in new ways, faced the 
challenges of a global pandemic, and 
emerged even stronger.

The year demonstrated the impact 
that professional engineers and tech-
nologists have had on society. We have 
witnessed amazing engineering devel-
opments and important medical and 
technological breakthroughs. We have 
stayed connected and engaged, lever-
aging computing and communications 
to allow critical work to continue while 
keeping individuals and families safe. 
The challenges and changes we have 
witnessed in local communities, across 
nations, and around the world confirm 
that the work of professional engineers, 
technologists, educators, young profes-
sionals, and students preparing for tech-
nical careers will continue to be in high 
demand and have a great impact.

I would be remiss if I didn’t thank all 
of you who proudly call yourselves IEEE 
members. Your enthusiasm in being 
members, in joining together in virtual 
communities, participating in our webi-
nars, writing for our journals, and mov-
ing our professions forward is greatly 
appreciated. We will continue to look 
for ways to improve IEEE’s products, our 

Amid Global Uncertainty, 
IEEE Steps Up

communications, and our advocacy. We 
will also continue to engage the public, 
policymakers, and the news media about 
the important work that you and your 
colleagues do each and every day.

I want to acknowledge the many vol-
unteer leaders who have served on the 
boards of our major committees, sections, 
societies, and councils and thank all who 
agreed to dedicate their time to the work 
being done by our regions, chapters, and 
branches. As a whole, there were thou-
sands of volunteers at all levels this year 
who said “yes” when asked to serve. The 
profession owes all of you a debt of grati-
tude for your efforts.

Finally, I would like to recognize our 
professional staff from around the world 
and thank them for their efforts in con-
tinuing to successfully meet the chal-
lenge of supporting our mission and our 
members while working under unique 
circumstances.

NEW WAYS OF CONNECTING
Despite the loss of face-to-face oppor-
tunities and interaction, this year IEEE 
became more vital than ever. IEEE oper-
ations not only continued but also inten-
sified to meet the increased need for 
access to technical resources; the need for 
swifter dissemination of pandemic-related 
papers; a seamless transition to online 
platforms for conferences and events; and, 
perhaps most importantly, embracing 
new ways to connect and communicate.

Our membership has remained strong, 
our resources were in high demand, and 
we worked to increase the public’s under-
standing of the key roles that our mem-
bers play in society around the globe.

In response to the pandemic’s chal-
lenges, we learned even more ways to use 

technology to work smarter and to reach 
wider audiences by engaging them how 
and where it worked best for them. For 
example, the Region 10 Students, Young 
Professionals, Women in Engineering, and 
Life Members virtual congress held this 
fall attracted more than 10,000 online 
participants. Instead of the conventional 
full-day model, the congress was held for 
shortened periods of time over 16 days. 
This provided more flexibility for mem-
bers to participate from numerous time 
zones and still fulfill their own profes-
sional and personal commitments. 

The International Conference on Intel-
ligent Robots and Systems pivoted to an 
on-demand conference, moving beyond 
constraints of time and space to provide 
a platform to view prerecorded videos of 
the more than 1,400 technical talks and 
60 tutorials. This enabled participants 
to easily access content, anywhere, any-
time, and with any device.

Personally, by participating in so many 
virtual events, I have been able to attend 
more IEEE activities and engage with 
more IEEE members around the world 
than ever before, despite the pandemic. 

It has been quite an interesting year 
to be IEEE president. Navigating the 
post-COVID meeting and conference 
environment will require adaptability, 
flexibility, and innovation. IEEE has a 
great opportunity to develop new mod-
els for virtual and hybrid events that pro-
vide participants all the benefits of IEEE’s 
cutting-edge technical content. 

EDUCATION EVOLUTION
Another promising development for 
IEEE is the ongoing evolution of its role 
within the field of continuing professional 
education and lifelong learning. It is 

president’s column

 proof 3    11/6/20  @ 12:00 pm    AD: MM  
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 Forging New Career Paths
BY KATHY PRETZ
Editor in chief, The Institute

IT CAN BE HARD TO LEAVE the comfort of your job 
to pursue another opportunity. In this issue, we 
highlight two members who made the transition.

Signal processing pioneer Martin Vetterli spent 18 
years as a professor at EPFL, the Swiss Federal Insti-
tute of Technology, in Lausanne. In 2016 he took on a 
big, new set of responsibilities when he was elected 

president of the institution (he began his second four-year term this 
year). The “head concierge,” as he calls himself, spoke with The 
Institute about several issues he is working on, including increasing 
the number of female faculty members [page TI-5]. He also talked 
about the work he did on multiresolution concepts that underpin 
videoconferencing and video streaming services.

This year Kathryn Jablokow took a leave from her job as professor 
of engineering design and mechanical engineering at Pennsylvania 
State University to join the U.S. National Science Foundation [page 
TI-8]. She was appointed as director of the agency’s Engineering 
Design and Systems Engineering program in the Division of Civil, 
Mechanical, and Manufacturing Innovation. There she plans to focus 
on the impact technology has on society.

On page TI-10, The Institute explores how Roberta Williams went 
from being a stay-at-home mom to developing early graphic adven-
ture video games. Her creations include the popular King’s Quest, 
Mystery House, and Phantasmagoria.

We continue to publish articles about those IEEE members who 
are working on COVID-related projects, and we have included a few 
in this issue.

On page TI-12, read about work done by Diego Loyola, lead researcher 
for a new analysis by the European Space Agency that supports the 
idea that COVID-19 shutdowns were responsible for cleaner air.

People with a severe case of COVID-19 often have di�  culty breath-
ing. Incentive spirometers are used to help improve the function-
ing of patients’ lungs. Farid Farahmand helped develop InSee, an 
auxiliary infrared device that attaches to an incentive spirometer to 
remind patients to use it [page TI-14].

Learn on page TI-15 how Enzo Jia, founder of startup Longan Vision, 
developed a two-camera system to conduct temperature checks of 
up to � ve people at once.

To read about more innovative technologies that members are 
developing, check out the COVID-19 News and Resources Hub on 
IEEE Spectrum’s website. The articles were sponsored in part by the 
IEEE Foundation.

FOR UPDATES ABOUT IEEE AND ITS MEMBERS, VISIT US AT

SPECTRUM.IEEE.ORG/THE-INSTITUTE

imperative that IEEE be one of the driv-
ing forces within the area of professional 
development—taking advantage of the 
latest online platforms and our unique 
worldwide volunteer community, which 
can provide a local-content perspective 
from almost anywhere on the planet. 
Throughout 2020, we dedicated time, 
energy, and expertise to this important 
topic.

Action plans have been developed 
to create IEEE Academies on arti� cial 
intelligence, the Internet of Things, and 
the smart grid. The IEEE Academies 
will provide members new and unique 
value, as they will be able to take training 
with a more thorough learning pathway. 
They will also combine resources such 
as eLearning courses, webinar record-
ings, videos, and articles about a key 
subject of interest together with new 
materials and take learners through a 
guided journey that better ties these 
concepts and materials together. Our 
volunteer educators-in-chief are build-
ing these educational products that IEEE 
can o� er to raise the caliber of profes-
sionals in these � elds.

In this year of unprecedented chal-
lenges and uncertainty, I’ve had the 
remarkable opportunity to witness 
IEEE’s mission—advancing technology 
for the bene� t of humanity—in action by 
our members, who are making signi� cant 
improvements throughout society. That, 
in my opinion, is one of the primary ben-
e� ts of being part of a global community 
such as IEEE. Together, IEEE members 
have changed our world—and we will 
continue do so every day.

A future of promise and possibility 
lies ahead for IEEE. We will continue 
to build that future together. I thank 
you for helping us progress during this 
extraordinary year. 

Share your thoughts with me at 
president@ieee.org.

—TOSHIO FUKUDA, 
IEEE president and CEO

editor’s note
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Ieee Fellow K.J. Ray lIu has been 
elected as 2021 IEEE president-elect. 
He is set to begin serving as president 
on 1 January 2022.

Liu, who was nominated by the IEEE 
Board of Directors, received 21,120 votes 
in the election. Life Fellow Saifur Rah-
man received 15,781 votes, and Fellow 
S.K. Ramesh received 12,852.

At press time, the results were unoffi-
cial. The Board of Directors was expected 
to accept the IEEE Tellers Committee 
report in November.

Liu is a Distinguished University Pro-
fessor and Christine Kim Eminent Pro-
fessor of Information Technology at the 

University of Maryland in College Park. He 
leads the university’s Signal and Infor-
mation Group, which researches signal 
processing and communications.

He has founded several startups includ-
ing Origin Wireless, which pioneered arti-
ficial intelligence for wireless sensing and 
indoor tracking. Under Liu’s leadership as 
chief executive, the company invented the 
world’s first centimeter-accuracy indoor 
positioning and tracking system. The 
product, which is available in more than 
150 countries, won a Consumer Electron-
ics Show Innovation Award this year.

Liu has held many volunteer positions. 
He was the 2019 vice president of IEEE 

briefings

K.J. Ray Liu is 2021 
President-Elect

Technical Activities. As 2012–2013 presi-
dent of the IEEE Signal Processing Soci-
ety, he established a new board to offer 
more benefits to society members—which 
resulted in increased membership. 

In 2005 he helped to found the Signal 
Processing Society chapter in Washing-
ton, D.C. From 2003 to 2005, he was 
editor-in-chief of IEEE Signal Processing 
Magazine. He also was the 2016–2017 Divi-
sion IX director.

He created IEEE DataPort, a platform 
where members can upload and store 
data sets for free—independently of, or 
in conjunction with, paper submissions 
to more than 64 IEEE journals. IEEE 
DataPort launched last year.

Liu proposed and helped lead the 
development of the IEEE Mobile App, 
which allows members to personalize 
how they engage and connect with all 
things IEEE, as well as network globally.

He was elevated to IEEE Fellow in 2003 
“for contributions to algorithms, archi-
tectures, and implementations for sig-
nal processing.”

Liu was inducted into the U.S. National 
Academy of Inventors last year and 
elected as a Fellow of the American Asso-
ciation for the Advancement of Science 
in 2008.

He has received numerous IEEE hon-
ors and recognitions including two IEEE 
Technical Field Awards: the 2016 Kirch-
mayer Graduate Teaching Award and the 
2021 Fourier Award for Signal Process-
ing. He also received the 2009 Signal 
Processing Society Technical Achieve-
ment Award and the 2014 Signal Pro-
cessing Society Award “for influential 
technical contributions and profound 
leadership impact.”

—Joanna GooDRICh

This article originally appeared online as 
“K.J. Ray Liu is 2021 IEEE President-Elect.”
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EPFL’s Martin Vetterli Tackles Gender 
Equity, COVID-19, and Science Policy

 signal processing pioneer Martin Vet-
terli began his second four-year term this 
year as president of EPFL, the Swiss Federal 
Institute of Technology, in Lausanne, Swit-
zerland. The IEEE Fellow sets the strategic 
agenda for the research institution, and he 
helps establish Switzerland’s science policies.

“I’m the head concierge of the school,” Vetterli says, laugh-
ing. “If something goes wrong, it will end up on my desk.”

The Swiss government renewed Vetterli’s position as presi-
dent in February. A statement about his appointment by the 
country’s Federal Council said that under Vetterli’s leader-
ship, EPFL had “progressed in its policy of excellence in 

both teaching and research at the international level, further 
cementing its position among the world’s top universities.”

Vetterli is tackling several issues at EPFL, including increas-
ing the number of female faculty members and developing 
technologies to fight COVID-19.

FAMILIAR FACE
Vetterli is no stranger to EPFL, having earned his doctorate 
there in 1986. He holds a bachelor’s degree in electrical engi-
neering from the Eidgenössische Technische Hochschule 
Zürich and a master’s degree from Stanford. He joined EPFL 
as a professor of engineering in 1995 after having taught at 
Columbia University and the University of California, Berkeley.A
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Vetterli has done groundbreaking work in the field of sig-
nal processing. He is also one of the pioneers behind multi-
resolution concepts underpinning videoconferencing and 
video streaming services.

“I’m just one guy among a huge community that contrib-
uted to these things,” Vetterli says.

While teaching at Columbia from 1986 to 1993, he worked 
on a project developing high-performance, high-speed net-
works that led to today’s high-speed Internet services. The 
only signal processing expert on the project’s team, he figured 
out how to use signal processing techniques to put speech 
and video on the packet network to make the network more 
useful. It was an unusual thing to try at the time, he says.

“I started battling in these fields of what was called packet 
video—which was taking video, making little packets out 
of it, putting it on a network and, at the other end, reas-
sembling it,” he says. At the time “it looked like something 
esoteric. It was certainly not what the mainstream [signal 
processing field] was into: doing communications, video 
transport, and so on.”

His work led to the development of videoconferencing.
“I feel a bit like an idiot now,” he says, “because I did not 

see that [the video packet network] would go so far. It was 
interesting intellectually to make it work, but I didn’t [fore-
see] that we would have a conversation over video.”

At UC Berkeley, Vetterli worked with a Ph.D. candidate, Ste-
ven McCanne, whom Vetterli says was an “absolutely excep-
tional and brilliant student.” McCanne, now coding CEO at 
startup Brim Security in Oakland, Calif., was also working 
on a packet video project but from a different approach.

McCanne came up with the idea of putting a weekly semi-
nar on the Internet, but in the early 1990s, Vetterli says, doing 
so was a headache because the Internet was just becoming 
available to the public.

“It was very clunky. You had to run wires and make sure 
you had access to one of the fat [data] pipes in the depart-
ment,” Vetterli says. “We wrote papers on the infrastructure, 
the algorithms, and the protocols that Steve developed to put 
video up online in a way that people with different access 
channels could get. That was cool stuff to do.”

The technologies the two worked on contributed to the 
development of streaming video.

McCanne says “Martin was the perfect Ph.D. advisor: incred-
ibly smart, a brilliant mentor and, most important, fun to 
hang out with. Back in the day, he told me that old joke: 
‘When you get your undergraduate degree, you think you 
know everything. Then you get your master’s degree and you 
realize you know nothing. Finally, you get your Ph.D. and 
you realize nobody else does either, so it just doesn’t matter.’

“This was Martin [being] self-effacing and hilarious, but 
always supersmart and deep. Working with Martin all those 
years ago to push the boundaries of knowledge in our field, 
all while enjoying a balanced and rich life along the way, was 
a pleasure, an honor, and a gift.”

Vetterli joined EPFL as a professor of engineering in 1995 
and held several positions there including dean of its School 
of Computer and Communication Sciences. He left in 2013 to 
become president of the Swiss National Research Council and 
returned in 2016, when he was elected the school’s president.

A MORE DIVERSE FACULTY
Many universities around the world have few female lead-
ers, and EPFL is no different. In Switzerland, 41 percent of 
female academics hold midlevel positions such as associate 
professor, while just 23 percent are full professors, accord-
ing to the 2018 Women and Science report from the Federal 
Statistical Office.

“We don’t have enough female professors, especially at 
the senior level, and together with many other engineering 
schools, we are lagging behind,” Vetterli says.

He commissioned a study in 2018, and its findings were 
released in July. The 100-page report covers such issues as 
hiring and promotion practices, allocation of resources, gen-
der pay gaps, and work-life balance. 

The task force working on the project has made recom-
mendations on how to address the issues—including easier 
access to day care facilities, hiring substitute instructors for 
those on maternity leave, and pausing the tenure process 
for new parents.

“The most forceful thing we can do,” Vetterli says, “is to 
make sure that hiring committees aggressively invite many 
female professors to apply, invite many to interviews, make 
sure we show them we have an attractive campus, that 
we have programs for spouses, and that we provide help 

“We want to 
create an 

environment 
that becomes 

more and more 
attractive 
for female 

professors”
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with child care. [We want] to create an environment that 
becomes more and more attractive for female professors.”

COVID-19 TECHNOLOGY
Like other leading research universities, EPFL has been 
working on projects to � ght the spread of the coronavirus. 
In May EPFL released SwissCovid, a contact-tracing app 
for COVID-19 that uses Apple’s and 
Google’s application programming 
interfaces, according to news web-
site Tech2. Using Bluetooth signals 
from smartphones, the app noti� es 
users when they’ve been in close 
contact with another person who 
has the app and who has recorded 
that they have been exposed to the 
virus. It is designed to do so without 
identifying the individual or collect-
ing personal information.

Apple and Google announced on 
1 September that future versions of 
their mobile operating systems will 
include a COVID-19 noti� cation system 
based on SwissCovid, CNBC reported.

IEEE RECOGNITION
Vetterli joined IEEE as a student mem-
ber, and that’s when he says he dis-
covered IEEE’s rich repository of 
research papers. More than 160 of 
Vetterli’s articles are now available in 
the IEEE Xplore Digital Library.

“I knew that’s where real research in 
the � eld of electrical engineering was 
being published,” he says. “An IEEE 
paper is sort of an atom of knowledge 
for me because I’ve lived with them 
for so long.”

IEEE honored Vetterli’s work with 
its 2017 IEEE Jack S. Kilby Signal Pro-
cessing Medal, sponsored by Texas 
Instruments. He was cited for his con-
tributions to “advanced sampling, sig-
nal representations, and multirate and 
multiresolution signal processing.”

Vetterli says the award recognized his students’ team-
work. “Because I’ve [advised] more than 70 Ph.D. students, 
I’ve been blessed with some absolute superstar students,” 
Vetterli says. “The award was really a recognition of the 
group and a research agenda that we have been pursuing 
all these years.”

— KATHY PRETZ

Exclusive offers are 
another big plus to  
IEEE Membership.
In addition to helping you stay abreast of the latest 
developments, network with your peers, and gain access 
to high-quality resources, an IEEE Membership will also 
give you exclusive offers and discounts on products and 
services from many trusted brands.

Visit www.ieee.org/discounts for Member savings and 
country-specific insurance. See the Member Discounts 
Marketplace for new, time-limited deals. 
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 K aThryn Jablokow was 
inspired to pursue a career 
in academia by her father, 
who taught electrical engi-
neering at Ohio State Uni-

versity, in Columbus, for 52 years. She 
took note of how he helped students 
understand difficult engineering concepts, 
conducted interesting research and, most 
importantly for her, learned something 
new every day—often by traveling abroad.

The IEEE senior member followed in 
her father’s footsteps in 1990, when she 
joined the faculty of Pennsylvania State 
University as a professor of engineer-
ing design and mechanical engineering. 
She had spent the previous year doing 
research at a manufacturing institute at 
RWTH Aachen University, in Germany.

Earlier this year, she took on a new job—
but not in academia. She was appointed 
as program director for the U.S. National 
Science Foundation’s Engineering Design 
and Systems Engineering program in the 
Division of Civil, Mechanical, and Manu-
facturing Innovation. The EDSE program 
supports fundamental research into the 
basic processes and phenomena of engi-
neering design and systems engineering.

During her term, which she began in 
July, Jablokow is overseeing the research 
projects currently being funded by the 
NSF. She guides each project’s lead 
researchers as they complete their work. 
She also evaluates and helps choose 
which new projects will receive fund-
ing from the foundation.

The position of program director brings 
together Jablokow’s research experience 
with her passion for mentoring others.

“I like a challenge. I enjoy helping engi-
neers generate bold research questions and 
find ways to make connections between El
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NSF’s Kathryn Jablokow  
Seeks Projects With  
a Humanitarian Edge
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Jablokow examines a capstone project created by one of her Pennsylvania 
state university engineering students. 

different technical domains in order to 
answer them,” she says. “It’s what I’ve done 
in my research, and it’s what I want to do 
at the National Science Foundation.”

PLANS FOR THE FUTURE
When Jablokow first joined Penn State, 
she was conducting research in robot-
ics, but she found that her true passion 
lay elsewhere.

“I  was  helping des ign walking 
machines at Ohio State that were big 
enough to carry humans as well as 
cargo,” she says. “Along the way, I real-
ized I had an even greater interest in 
the cognitive side of engineering design, 
from the perspective of both machines 
and engineering systems.”

She began collaborating with research-
ers who were investigating design cog-
nition, which includes the application 
of cognitive psychology to help under-
stand how engineers think and behave 
while they design and develop products 
and systems. She has been working in 
that area ever since.

“Interacting with engineering-design 
researchers pulled me into the research 
that I’ve been doing for the last 20 years,” 
she says. The research “focuses more 
on the person doing the design and how 
that person’s cognitive processes influ-
ence the ideas they generate and the 
solutions they develop.”

In addition to guiding principal inves-
tigators at the NSF, Jablokow is a driving 
force in expanding the scope and vision 
of the agency’s engineering design and 
systems engineering program.

“I was drawn to [the position] because 
EDSE is in a stage of renewal, redevelop-
ment, and a sort of renaissance,” she says.

The program attracts investigators 
from three domains, she says: engineer-
ing design, systems engineering, and 
material systems design. But, she says, 
the researchers often don’t interact or 
collaborate with one another, mostly due 
to a lack of familiarity with what the other 
communities are doing.

“I want to break down the walls between 
these communities of researchers,” she 
says, “and show them that there are really 
interesting things they could be explor-
ing together.”

FUNDING NEW PROJECTS
The NSF has two requirements for 
funding projects: intellectual merit and 
broader impacts. A project needs to be 
novel, feasible, rigorous, and relevant to 
meet the intellectual-merit benchmark, 
Jablokow says.

“Under the scope of broader impacts, 
reviewers [and I] look to see if the prin-
cipal investigators have identified an 
important problem and a path to solv-
ing it that will benefit society,” she says. 

“Broader impacts need to be just as 
thoughtfully considered and planned 
as intellectual merit.

“Engineers design and build better 
things to aid society. They are trained 
to be problem-solvers,” she says. “In a 
world with so many challenging and 
complex problems, engineering is an 
incredible way to give back to your 

community and to society in general. I 
think helping people recognize that fact 
is an important part of the job.”

Jablokow is looking to fund more 
research that is interdisciplinary. She 
says she believes it is important for 
researchers to work with people in other 
disciplines.

“I’d like to see researchers in engi-
neering design and systems engineering 
working with educators, psychologists, 
biologists, and medical doctors,” she says.

As a program manager, she says, she 
hopes to help researchers and proj-
ects flourish while expanding her own 
knowledge.

“I know that at the National Science 
Foundation, I’m going to be exposed to 
many things that I know nothing about,” 
Jablokow says. “And to me, that’s incred-
ibly exciting.

“I know my dad would be very proud.”
— JOAnnA GOODRiCh

This article originally appeared online 
as “Meet the U.S. National Science 
Foundation’s Engineering Design and 
Systems Engineering Program Director.”



Adventure video games have grown in popular-
ity now that people are staying home more due to 
coronavirus-related restrictions, according to The 

Washington Post.
Such games are driven by storytelling. Players solve puz-

zles to move the plot along. Adventure games including Bro-
ken Age, Machinarium, and Myst are successful because they 
feature beautiful graphics and extensive story lines, and they 
test players’ critical-thinking skills.

One of the people gamers have to thank for the genre is 
Roberta Williams who, along with her husband, Ken, cre-
ated a number of early graphic adventure games in the 1980s, 
including Mystery House and King’s Quest.

She was honored this year with the Pioneer Award at the 
Game Developers Choice Awards. The award recognizes 
breakthrough technologies and game design milestones.

Often called “Queen of the Graphic Adventure,” Williams 
was not an engineer by trade. She was a stay-at-home mom 
who developed an interest in video games after her husband, 

a computer programmer at IBM, brought home an Apple II 
computer with the Colossal Cave Adventure game loaded on 
it, according to the Lemelson-MIT program’s profile of her.

She enjoyed playing the text-only game, in which the 
player explores a mysterious cave filled with treasure. She 
searched for other adventure games to play, but there 
weren’t many other options. That inspired her to create 
her own game, and she added graphics to make the expe-
rience more interesting. 

“Previous games for the Apple II and other home com-
puters were text-only, like a choose-your-own-adventure 
book in game form,” Smithsonian Magazine pointed out in 
a profile about Williams.

While Williams wrote the story line, her husband made the 
graphics. He used a Versawriter, a board of thick plexiglass 
that had an electronic stylus attached to the top, according 
to the Lemelson-MIT profile. There was no software at the 
time that could read the Versawriter, so he created a pro-
gram to do that.
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Roberta Williams Created Iconic  
Graphic Adventure Games in the ’80s

tech history
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The couple released their first graphic adventure game 
in 1980, Mystery House. In the game, the player and several 
friends were trapped in an abandoned mansion and were 
being killed off one by one. The player tries to find the killer. 
Williams says she was inspired by the board game Clue and by 
the Agatha Christie story And Then There Were None, accord-
ing to Laine Nooney, a video game historian.

Mystery House became a success, leading the couple to 
launch their video-game development company, On-Line 
Systems, that same year. It later was renamed Sierra On-Line. 
They created more than 20 titles in the 18 years they worked 
as game developers.

Mystery House became the first of a series of six Hi-Res Adven-
tures. Between 1980 and 1982, the duo created Wizard and the 
Princess, which was the first adventure game with color graph-
ics, and Time Zone. Wizard and the Princess sold 
25,000 copies in two years, according to an arti-
cle in Computer Gaming World. The game tied for 
fourth on the magazine’s list of 1982 top sellers.

The game that made Roberta Williams a 
household name, however, was King’s Quest, the 
first animated 3D adventure game. IBM requested 
that the Williamses create a game to be included 
in its new PCjr home computer, according to a 
1984 article in PC Magazine. King’s Quest was the 
first in a series of eight about the adventures of 
the fictional royal family of Daventry.

“As a young girl, I always had enjoyed the 
old fairy tales of yore,” Williams said in a 2006 
interview on the Adventure Classic Gaming 
website. “I read them and re-read them. There-
fore, when thinking about designing a game, 
I naturally gravitated to what I liked and felt 
comfortable with. I felt comfortable with the 
idea of fairy tales, and so I put that passion into 
my game of King’s Quest.”

After King’s Quest, Sierra On-Line released sev-
eral more games. The most well-known was the 
horror adventure Phantasmagoria, which was 
released in 1994. It was the most successful game 
Williams developed, selling 300,000 units dur-
ing the first weekend of its release, according to a 
Business Wire article. Phantasmagoria featured 
full motion video and live actors, but it caused 
controversy in the gaming community because 
it was for a more mature audience than the other 
games the company had developed.

Two years later, Sierra On-Line was sold to 
CUC International, and the couple retired from 
game development.

“The experience of creating my adventure games was—other 
than marrying my husband and bringing into the world my 
two sons—the most fulfilling, wonderful experience I could 
ever have had,” Williams said in the 2006 Adventure Clas-
sic Gaming interview.

Williams’ technical achievement is worthy to be proposed 
as an IEEE Milestone, according to the IEEE History Center. 
The Milestone program honors significant achievements in 
the history of electrical and electronics engineering.

Any IEEE member can submit a milestone proposal to the IEEE 
History Center. The center is funded by donations to the IEEE 
Foundation’s Realize the Full Potential of IEEE campaign. 

—J.G.

This article originally appeared online as “Meet Roberta Williams, 
the Queen of Graphic Adventure Video Games.”
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screenshots from Williams’s first game, Mystery House (top), and King’s 
Quest, the first animated 3D adventure game



Since the early dayS of the 
COVID-19 pandemic, scientists 
and civilians on the ground have 
observed a sharp improvement in 
air quality, especially over quar-

antined regions. A likely explanation was the 
shutdowns in response to the pandemic, which 
reduced traffic and power production. But it 
may not have been the only explanation for 
the observed improvement. Weather systems 
can shift away pollution and improve air qual-
ity over cities. 

Now, a recent analysis by the German Aero-
space Center (DLR) that combined weather 
data and models, pollution measurements 
from ground stations, and spectral data from 
satellites supports the idea that the shutdowns 
were responsible, ruling out weather as a con-
founding factor.

Pandemic shutdowns have called attention 
to air-quality issues around the world. Photo 
comparisons of cities before and during quar-
antine measures show stark reductions in vis-
ible smog, while entire continents including 
North America, Europe, and Asia are report-
ing lower pollutant concentrations throughout.

Using data from TROPOMI onboard the 
Copernicus Sentinel 5-Precursor (S5P) satel-
lite and data from GOME-2 onboard the MetOp satellites, 
which can detect the spectral signatures of specific gases, 
the DLR researchers measured global nitrogen dioxide 
(NO2) levels. They were on average 30 percent to 50 percent 
lower during the shutdown period than during the same 
periods in 2019 and previous years. Locally, the impact of 
shutdowns on air quality varies widely and likely depends 
on the different progressions of the pandemic in each region.

But a decrease in measured emissions levels might not 
mean there has been an actual reduction in emissions. Most 
NO2—which is emitted primarily by burning coal, gas, diesel, 
and other biofuels—stays relatively close to its source. But this 
changes as the gas moves upward through the troposphere, 
the innermost section of Earth’s atmosphere. There, the air 
is in constant motion, and NO2 can be spread across large 
distances and between atmospheric layers.

NO2 that reaches the sunny upper regions of the tropo-
sphere can dissociate to form ozone (O3), another respiratory 
pollutant at ground level, and nitric oxide (NO), which returns 
to the ground level as acid rain. According to the World Health 
Organization, all three molecules—ozone, nitric oxide, and 
nitrogen dioxide—are linked to early mortality for exposed 
populations, in addition to worse outcomes for respiratory 
and cardiovascular illnesses.

Tracking emission levels by satellite comes with its own chal-
lenges. The troposphere, home to most weather events, can 
quickly turn air pollution into soil and ocean pollution—still 
harmful but now invisible to satellite spectrometers.

“Air contaminants get easily transported by winds or are 
washed out by precipitation,” says IEEE Senior Member Diego 
Loyola, lead researcher of the DLR analysis. His team at the Ger-
man Aerospace Center Earth Observation Center is monitoring 
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Yes, COVID-19 Shutdowns  
Improved Air Quality Worldwide

tech takes on COVID-19

Still images from a GiF comparing nitrogen dioxide emissions in europe in March 
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the positive impact of the COVID-19 restrictions on air qual-
ity using measurements from the European TROPOMI and 
GOME-2 satellite sensors.

Falling rain absorbs the airborne pollutants and drives 
them to the Earth’s surface, falsely deflating the observed 
concentration of pollutants.

To rule out the possibility that weather might be respon-
sible for some of the emission decreases over Asia, Europe, 
and the Americas, Loyola and his colleagues built computer 
models that transformed pre-COVID air pollution from TRO-
POMI satellite data from 2019 and GOME-2 satellite data from 
2015-2019 using observed weather patterns from 2020. The 
resulting models provide a weather-adjusted simulation 
of nitrogen dioxide concentrations in a hypothetical 2020 
where the coronavirus pandemic—or at least the shutdowns in 
response to it—never occurred. 

With the same weather conditions, the actual 2020 levels 
were much lower than those in the simulated no-shutdown 
models, confirming that the drop in manufacturing and trans-
portation in Europe, North and South America, and East 
and South Asia was indeed responsible for the cleaner air.

IMPACT ON COVID-19 PATIENTS
Exposure to air pollution can impact the health outcomes 
of people who develop the disease. “The study showed the 
positive impact of COVID-19 shutdowns on the air quality,” 
Loyola says. But he notes that the drop in air pollution will 
be temporary—the positive effects gradually rebounded with 
lifted restriction measures—and that long-term emissions are 
still a serious health concern.

“There’s consensus that there’s an impact of air pollution 
on the severity of COVID-19 for individuals,” agrees atmo-
spheric scientist Christa Hasenkopf, codirector of the open-
access air quality data platform OpenAQ.

While the sudden decrease in air pollution may ease the 
suffering of those infected with the novel coronavirus, Hasen-
kopf says, the illness is especially harmful on those with the 
same type of chronic respiratory and cardiovascular condi-
tions that result from long-term exposure to pollution.

The WHO estimates that 90 percent of people worldwide 
breathe polluted air, with the bulk of pollution affecting lower-
income countries. The statistics could point researchers to 
where resources are most needed, Hasenkopf says.

“We’re asking, ‘How does air pollution affect folks with 
COVID-19, and how does that help us prioritize areas that 
may experience more severe outbreaks?’”

— LYNNE PESKOE-YANG

This article originally appeared online as “COVID-19’s Effect on Air 
Quality Can Be Seen From Space.”

 IN SEvErE cASES of COVID-19, the virus causes respira-
tory distress, making it difficult for patients to breathe. 
Pulmonary therapy such as deep-breathing exercises can 

help prevent severe respiratory complications, according 
to the American Lung Association.

The Advanced Internet Technology in the Interests of 
Society Laboratory—at Sonoma State University, in Rohnert 
Park, Calif.—has developed InSee, an auxiliary device that 
attaches to an incentive spirometer. Spirometers can help 
patients improve their lung function by measuring their air 
volume as they breathe. InSee helps doctors track patients’ 
progress and can remind a patient to use the spirometer 
and record how well his lungs are performing.

IEEE Member Farid Farahmand is director of the lab, 
which develops Internet-based technology solutions for 
educational, environmental, and health care problems.

The Institute asked Farahmand about InSee. This inter-
view has been edited and condensed for clarity.

What problem are you trying to solve?
COVID-19 patients are often bedbound, which limits their 
daily movement and often results in minimal lung expan-
sion. This can lead to severe pneumonia, acute respiratory 
distress syndrome, and mechanical ventilation.

Smart Device 
Helps Monitor 
COVID-19 Patients’ 
Breathing



Incentive spirometry is a standard prac-
tice in postoperative care and has been 
proven to help patients improve their lung 
function. Its main drawback is patient 
compliance. Health care providers train 
patients how to use the device, but they are 
not able to monitor the patients’ progress.

What technologies are you using?
InSee uses an infrared sensor, which 
monitors the movement of the spirom-
eter’s internal cylinder. [Editor’s note: 
The cylinder contains a piston whose 
movement measures the volume of 
air that is inhaled.] Using time-of-flight 
calculations, cylinder movement is 
converted to tidal volume, which is the 

amount of air moved with each breath 
and a key marker of respiratory function.

The data the device collects is stored 
and accessed remotely on a computer 
through Wi-Fi.

Explain how your project works.
Using InSee, a doctor sets a target tidal 
volume for the patient before use. While 
sitting upright, the patient puts the mouth-
piece [of the spirometer] in his mouth 
and closes his lips tightly around it. He 
slowly exhales and inhales as deeply as 
he can. The patient must breathe through 
his mouth or else the device won’t work.

[The incentive spirometer contains two 
chambers. One, located in the center of 

 Before the coronavirus pandemic hit 
Canada, Enzo Jia was busy developing the 
Fusion Vision System, an augmented-reality 

(AR) visor with thermal imaging to help firefighters 
see through smoke.

“I always wanted to design something to help 
humans enhance their vision and also to see some-
thing they cannot with the naked eye,” Jia told The 
Institute in March. He is chief executive of Longan 
Vision, a startup he helped found. “I really want to 
help firefighters and first responders enhance their 
vision by using AR technologies.”

The startup, based in Hamilton, Ont., was named a 
2020 IEEE Entrepreneurship Star at this year’s Con-
sumer Electronics Show, held in January. The pro-
gram recognizes early-stage companies that have the 
potential of bringing to market engineering-driven 

the device, measures the volume of the 
patient’s breath. As the patient inhales, 
a piston moves along a numbered grid, 
marking the air volume. A second cham-
ber beside the first measures the speed 
of the patient’s breath.]

As the patient uses InSee, it measures 
the tidal volume and determines how 
many times the patient failed to reach 
the target. It also determines the maxi-
mum tidal volume the patient was able 
to reach and how long it took the patient 
to reach a specific tidal volume.

Using a red, blinking light, InSee auto-
matically reminds the patient to use the 
device at the frequency set by the doc-
tor. The only way to shut off the light is 
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Imaging System 
Repurposed for 
COVID-19 Fever
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innovations in IEEE’s field of interest. Along with the recog-
nition, awardees get a free year of IEEE membership.

In the months before the pandemic, the company had 
developed a prototype of its Fusion Vision System and had 
demonstrated it to several fire departments.

When COVID-19 began spreading throughout Canada, Jia 
and his colleagues realized they could use some of the same 
technologies to combat the spread of the virus, so they began 
a side project. To detect a high body temperature, which is 
a common symptom of COVID-19, the startup used compo-
nents from the visor to build Gatekeeper, a thermal-imaging 
system. Gatekeeper can be mounted on a wall or tripod to 
measure body temperature of up to five people at once.

Several units have been installed in long-term-care facili-
ties, grocery stores, and universities, Jia says.

AR VISORS
Jia, a mechanical engineer, says he has been a fan of AR technol-
ogy for some time. His undergraduate capstone project at McMas-
ter University, in Hamilton, was about how AR could be used 
in vehicle head-up displays. Such displays, which already exist 
in some vehicles, can project information on the windshield, 
including navigation instructions, speed limit, and mileage.

Jia, who earned a bachelor’s degree in automotive engi-
neering technology, was a member of the university’s IEEE 

student branch. He later earned a master’s degree in mechani-
cal engineering from the school.

He launched Longan in 2018 with five colleagues shortly 
after graduating. At first, the job wasn’t full time. To get busi-
ness experience under his belt, as well as an understanding 
of how to manufacture products, he worked as a mechani-
cal engineer for material-handling-equipment company Sky-
jack and automotive supplier Magna.

Today he works full time for Longan, which has five other 
full-time employees and two interns.

His initial idea was to develop AR glasses that integrated 
thermal imaging for industrial applications, such as Google 
Glass and Microsoft HoloLens. The company changed direc-
tion after several fires in Ontario caused major losses of life 
and property.

“In some of these incidents, firefighters lost their lives 
saving people while the building was collapsing around 
them,” Jia says. “They needed to fight not only the fire but 
also [a lack of] time. Additionally, they needed to overcome 
obstacles, like lack of communication and terrible visibility. 
Their bravery inspired me.”

Today’s firefighters use outdated technology, he says. He 
compares their equipment to cellphones of the past—which 
offered only basic features such as calling and texting. He 
wants to give first responders commercially available smart 

by using the spirometer and reaching 
the target tidal volume.

What challenges have you faced 
and how did you overcome them?
Packaging the device was very challeng-
ing. There is a wide variety of dispos-
able incentive spirometers available to 
medical facilities. We designed InSee 
to fit those that are most often used in 
hospitals, such as the Vyaire Medical 
AirLife volumetric incentive spirom-
eter. This allows InSee to easily and 
readily fit a variety of low-cost dispos-
able incentive spirometers without any 
modifications.

What is the potential impact  
of the technology?
By adding InSee to existing incentive spi-
rometers, hospitals will be able to record, 
monitor, and evaluate patients’ respi-
ratory exercises as well as remind and 
encourage the patient to use the device.

This will also minimize contact between 
patients and providers and reduce the 
risk of transmission of the coronavirus.

How close are you to  
the final product?
We were granted a U.S. patent in April 
and hope to receive funding soon so 
we can build 200 units and begin clini-
cal trials. Trials will take place at HCA 
Gulf Coast, in Houston, and Houston 

Methodist, pending approval from the 
institutional review board.

We launched our startup, Tidal Medical 
Technologies, in July. Through our startup, 
we have produced medical-grade proto-
types that have been in use at local hos-
pitals since October. 

How can other IEEE members  
get involved? 
Members who are interested in helping 
us improve the design of our device can 
email me: farahman@sonoma.edu.

— JOANNA GOODRICH

This article originally appeared online as 
“Infrared Device Helps Monitor COVID-19 
Patients’ Breathing Therapy.”
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technologies to “jump-start them to the next generation of 
technology,” he says.

“We are developing a solution,” he says, “to try and address 
all three of these pain points: poor visibility, communica-
tion, and data.”

The visor uses mixed-reality technology: AR and thermal 
imaging. A temperature sensor identifies the location of the fire. 
The headset allows firefighters to stream live video to a cen-
tral command terminal so other responders can learn details 
about the structure and determine how to fight the blaze.

“In a smoky building, you can’t see with the human eye,” 
Jia says. “Our technology can actually see through the smoke. 
It can give firefighters super vision, tell them where there’s a 
victim and where they can go past an object without bump-
ing into it.

“I believe our product with AR technology could help them 
prevent casualties, boost their efficiency, and send our heroes 
back to their families.”

The images can be saved and reviewed later for training or 
for investigations by insurance companies. Longan Vision 
also plans to collect the data to create predictive models for 
firefighters, Jia says.

The visor is compatible with many styles of firefighter hel-
mets including models used in Asia, Europe, and the United 
States. Jia says there currently aren’t any other smart visors 
for firefighter helmets on the market.

OVERCOMING OBSTACLES
As with any startup, the biggest hurdle has been a lack of 
funding for product research, design, development, and 
hiring experienced workers, Jia says.

“In general,” he says, “no budget means no progress, and 
no progress means death to a startup.”

The company began presenting its work at conferences 
and participating in startup competitions including those 
held by the IEEE Entrepreneurship initiative.

Jia says those activities helped bring visibility to the com-
pany and attract investors. The founders also developed 

a business plan and began hiring experienced engineers 
who “have the passion” and are “willing to grow with the 
company,” he says.

The first round of seed funding closed in July 2019. The com-
pany won contracts worth more than US $300,000, which 
went toward development, Jia says. One investor is Innovation 
Solutions Canada, which helps fund the country’s startups.

MULTIPERSON TEMPERATURE CHECK
When The Institute spoke with Jia in July to see how the com-
pany was faring during the pandemic, he told us about Gate-
keeper. In addition to AR and thermal-imaging technology, 
it also uses a facial-recognition system.

Jia worked with McMaster’s business incubator pro-
gram, The Forge, on that detection system, which uses two 
thermal-imaging tools to get accurate temperature readings. 
The measurement component monitors the calibrated tem-
perature of an area. The Gatekeeper camera component 
(GCC) scans individuals who cross its path.

The gathered data is sent to a computer that has a built-
in image-processing program, which looks for variances 
between the two feeds. Information from the GCC produces 
a visual image of each person and displays a message on the 
screen identifying each individual’s temperature. Should 
an elevated temperature be detected, the individual can be 
asked to return home or seek medical attention.

Jia says his system is less expensive than others on the 
market because Gatekeeper uses off-the-shelf components.

STAR TREATMENT
Jia says he was humbled to receive the IEEE entrepreneur-
ship recognition, which he says has opened up many doors.

“It’s a big honor to be named an IEEE Entrepreneurship 
Star. It gives us a really big thumbs-up,” he says. “Receiving 
the award is also helping us on the development side. Being 
part of IEEE’s communities means we can actually expand 
our network and access potential investors and technologies 
that we can integrate into our [visor] system.”

Another benefit that comes with the recognition is a free 
subscription to the IEEE Xplore Digital Library—which Jia 
says he is thrilled about. He says much of his master’s thesis 
was based on research he found in the library.

“We need access to papers,” he says. “That means a lot to 
us, to be honest. We can use the IEEE community to share 
our research findings on thermal imaging, AR, and how it 
helps first responders.”

—KATHY PRETZ

This article originally appeared online as “Startup’s Thermal 
Imaging and AR System for Firefighters Joins the COVID-19 Fight.”
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The Gatekeeper fever-detection system uses thermal imaging, 
augmented reality, and facial recognition.
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