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a contraption that would have earned him kudos 
from MacGyver, Schneider managed to track the 
transit of an exoplanet in the binary star system 
HD 189733, a type of observation that had escaped 
even professional astronomers until 2002.

Schneider’s training and experience as a geo-
physicist has informed not only his Hands On proj-
ects but also the hundreds of articles he has 
reported or edited over the years. A great example 
is his story about how BP dealt with a devastating 
well blowout in the Gulf of Mexico in 2010. “I was 
able to include a lot of detail in the midst of the 
Deepwater Horizon disaster at a time when nobody 
could interview the folks who were actually doing 
the work because they were too busy—and on a 
drill rig in the middle of the Gulf,” Schneider recalls.

And the bits and pieces he picked up about seis-
mology during his early career came in handy when 
he was building the Raspberry Pi seismometer for 
this month’s Hands On, “Detect Quakes With 
‘Raspberry Shakes,’ ” on page 16. It’s a new project 
driven by a familiar citizen-scientist investigative 
 motive. “Many earthquakes have…vibrated the 
ground beneath my feet,” he notes. “It’s just that 
those vibrations, having traveled long distances 
through the Earth, have (thankfully) been too small 
to feel. If I had a suitably sensitive seismometer, 
though, I’d be able to measure them.”

While this is Schneider’s last Hands On as an 
editor for Spectrum, it won’t be his last as a contrib-
utor. We’re looking forward to his next project  
and the wonders Schneider will help us uncover  
for ourselves.  

W hether chasing weather balloons 
with software-defined radio or 
searching for buried treasure with a 
DIY magnetometer, detecting solar 

flares and gamma-ray bursts for less than US $100 
or tracking the movement of the spiral arms of the 
Milky Way with a radio telescope he built himself, 
Senior Editor David Schneider has a knack for sat-
isfying his scientific curiosity with projects engi-
neered to delight Spectrum readers. 

With a doctorate in geophysics, Schneider has 
been helping to make the invisible visible for scien-
tists and engineers for almost three decades at 
Scientific American, American Scientist, and for the 
last 15 years, IEEE Spectrum. 

As he prepares to leave Spectrum to pursue more 
writing and assorted other projects, I asked 
Schneider to survey his DIY oeuvre and choose 
some highlights. He notes that his exoplanet detec-
tor, which he made back in 2014, still impresses him 
almost a decade on. That project reinforces a theme 
running through many of Dave’s projects: The only 
way most nonspecialists can explore these pursuits 
themselves is by using materials at hand or scored 
on the cheap. 

The exoplanet detector is an absolute delight for 
the frugal DIYer. Schneider took a camera he already 
had and added a vintage telephoto lens (which he 
bought on eBay for just $92, because by that time 
it was worthless to most photographers), then 
mounted it on a “barn door” tracker made of two 
pieces of plywood and gears yanked out of an old 
printer, along with some other odds and ends. With 

Our Hands-On 
Citizen Scientist
David Schneider’s DIY projects  
unveil nature’s secrets

“It’s just 
that those 
vibrations, 
having 
traveled long 
distances 
through the 
Earth, have 
(thankfully) 
been too 
small to 
feel. If I had 
a suitably 
sensitive 
seismometer, 
though,  
I’d be able 
to measure 
them.”

EDITOR’S NOTE BY HARRY GOLDSTEIN

Senior Editor David Schneider, sporting one of 
his signature Hawaiian shirts, futzes with his 
homemade coffee-can radar.
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 MARY L.“MISSY” 
CUMMINGS
Cummings, a roboticist at George 
Mason University who once flew 
fighter jets off aircraft carriers, knows 
well how people use and misuse 
automation. “Pilots figured out how to 
use air-to-ground bombing radar to 
manage the landing on the carrier by 
themselves,” she says. “But the 
system didn’t adjust for the pitching 
deck, so it set people up for much 
more lethal approaches.” Cummings 
argues that such weird man-machine 
interactions plague self-driving cars 
and other forms of AI [p. 30].

 MAXIMILIANO FERRARI 
Ferrari and coauthors Ben Ollis and 
Michael Starke are with Oak Ridge 
National Laboratory. Ferrari and Ollis 
are members of the R&D staff, and 
Starke is an electrical-engineering 
system integrator. Coauthor Arturo 
Massol-Deyá is executive director of 
Casa Pueblo de Adjuntas, a 
community-based nonprofit in Puerto 
Rico. In “The Well-Connected 
Microgrid” [p. 36], they describe new 
technologies for creating a resilient 
network of solar-powered microgrids. 
After validating the approach at 
ORNL, they plan to conduct a field 
demonstration next year in Adjuntas.

 TRACY H. SCHLOEMER & 
DANIEL N. CONGREVE 
Schloemer is an Arnold O. Beckman 
Postdoctoral Fellow and Congreve is 
an assistant professor of electrical 
engineering, both at Stanford 
University. They describe their 
research in triplet-triplet annihilation 
upconversion, a process used to 
change the color of light, in “Smashing 
Photons” [p. 44]. Previously, 
Schloemer taught high school 
chemistry and was a lead contributor 
to the ChemEd X teaching blog. 
Congreve is a cofounder of Quadratic 
3D, a startup that’s commercializing 
3D-printing technology. 

 THOMAS TEISBERG 
Teisberg is a Ph.D. candidate in 
electrical engineering working in the 
Stanford Radio Glaciology lab. He and  
a friend built their first quadcopter,  
from scratch, in high school. It flew for  
about 10 seconds. He has worked on 
drone-based perception systems for a 
medical logistics company and is now 
developing the drone-based, ice- 
penetrating radar system described  
in “Seeing Secrets in the Ice” [p. 22]. 
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This 5G cellphone tower undergoing installation in Germany in 2020, uses 
a proprietary system called a radio access network (RAN) that transmits, 
receives, and processes wireless data. Efforts are now underway to open 
up RANs to provide greater versatility and access. C
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Is the Wireless 
Industry Opening 
Up Locked 
Systems?    Open 
RAN fight affects 
interoperability  
of wireless tech

BY MICHAEL KOZIOL

A t a June meeting in Osaka, 
Japan, cellular-industry 
stakeholders gathered to pro-
pose solutions to a technical 

oddity with surprisingly far-reaching 
consequences. At stake was who calls the 
shots when it comes to defining interop-
erability: big-name vendors, smaller 
manufacturers of specialized compo-
nents, cell-service providers, or a mix-
ture across the entire industry.

The interoperability struggle has led 
to the Open RAN movement, whose 
supporters hope to disrupt the wire-
less-industry hierarchy and allow more 
companies to take more significant roles 
in network infrastructure.

A radio access network (RAN) is 
the portion of a cellular network (think 
cell towers) that connects individual 
devices, like phones, to a central, wired 
core network. Open RAN wants to make 
the interfaces between individual RAN 
components “open”—capable of inter-
acting with one another regardless of 
who made each component. The idea 
runs contrary to traditional RAN devel-
opment, in which a vendor like Ericsson, 
Huawei, or Nokia would build an end-
to-end network that would not interface 
with another vendor’s components. 

The Open RAN movement gained 
steam in 2018 with the formation of 
the O-RAN Alliance, based in Alfter, 
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Open RAN’s 
progression over 
the past several 
years has seemed, 
at times, both 
breakneck and 
stuck in the mud. 
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Germany. Which is not to say the entire 
industry was on board immediately. 
Indeed, the industry was initially divided 
into two camps by the issue. 

On one side were the vendors that 
build the network components and seek 
to bake in competitive advantage by 
making their systems incompatible with 
another vendor’s equipment. On the 
other side were the network operators—
think AT&T, Deutsche Telekom, Orange, 
or any other cell-service provider—that 
wanted the opportunity to mix-and-
match components and avoid getting 
locked into one vendor’s ecosystem, even 
across cellular generations.

There was also a hope that opening up 
the interfaces would allow smaller vendors 
to enter the market. These vendors would 
theoretically be able to focus on building 
one component really well and not have to 
worry about customers passing them over 
because they couldn’t easily integrate their 
equipment into an end-to-end system.

Open RAN’s progression over the past 
several years has seemed, at times, both 
breakneck and stuck in the mud. The 
O-RAN Alliance, for example, has gone 
from just five founding members to well 
over 300 participants in just half a decade, 
and the group already has 101 publicly 
available Open RAN specifications, with 
more being developed by the organiza-
tion’s technical groups.

Whereas half a dozen “splits”—ways 
to divide up RAN components to imple-
ment open interfaces—have already been 
explored across the industry, subsequent 
developments have zeroed in on a spe-
cific split called 7.2x that creates the 
Open Fronthaul Interface. Open Front-
haul moves data between two RAN com-
ponents called the radio unit—such as 
the antennas at the top of a cell tower—
and the distributed unit, which checks 
for errors and duplicated data, among 
other tasks.

Despite 7.2x’s ascendancy, progress in 
other directions has slowed as vendors 
and operators disagree on what counts 
as a sufficiently “open” interface. Overall 
investment in Open RAN deployments 
has fallen: Analysts at Dell’Oro Group 
recently estimated that revenue from 
Open RAN will account for only 15 per-
cent of the global RAN market by 2027, 
which is 5 percent less than they had pre-
viously projected. And while Vodafone in 
the United Kingdom announced earlier 
this year—following a 2020 order from 
the UK government to rip and replace 
Huawei components by 2027—that it 
would install Open RAN components in 
2,500 cell sites, the company is opting 
to replace far more (3,500 sites) with 
 Ericsson equipment.

Open RAN requires new cellular 
deployments, and outside of rip-and-
replace scenarios, the wireless industry 
isn’t eager for more. After all, the entire 
industry has just finished its monumen-
tal, multiyear effort of initial 5G rollouts. 
“Most operators that I’m familiar with 
in Western Europe and in the U.S. will 
probably not for the next five to seven 
years really start massively deploy-
ing something else,” says Kim Larsen, 
a wireless-industry advisor who was 
previously the chief technology and 
information officer for T-Mobile in the 
Netherlands. That kind of timeline aligns 
with when many network operators will 
begin thinking about 6G deployments, 
which is why Open RAN may find a larger 
role in that generation.

Which brings us back to Osaka. There 
are still plenty of technical questions that 
require answers as Open RAN continues 
to take shape. On the agenda in Japan 
was a specific question about how to 
incorporate massive MIMO (short 
for multiple-input, multiple-output) 
antenna arrays, which incorporate large 

A wireless network’s RAN (radio access network) functions as a middleman, 
connecting end devices like cellphones to the larger world. Open RAN 
proponents want the interfaces between RAN components, notably the 
radio unit (RU), distributed unit (DU), and centralized unit (CU), to be 
standardized so that components from different companies can be mixed 
and matched. The most popular division, or “split,” is called 7.2x and 
prioritizes creating a flexible (hence the “x”) interface called Open 
Fronthaul between the RU and the DU.
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AEROSPACE

Whose Sky Is It Anyway?    
Regulators ponder how  
to accommodate eVTOLs  
and delivery drones
 IN JULY, THE U.S. Federal Aviation Administration released 
its Advanced Air Mobility (AAM) Implementation Plan. The 
40-page document lays out the FAA’s preliminary vision for how 
U.S. aviation will transition to an era in which a new breed of 
aircraft, called electric vertical takeoff and landing (eVTOL), will 
be able to safely share the skies with everything else that now 
flies: passenger airliners, light aircraft, business jets, helicopters, 
as well as cargo, delivery, and other kinds of drone aircraft.

One of the issues regulators are now grappling with is how 
to manage the airspace in the vicinity of busy airports, which 
will be shared by most of those aircraft types. Several proposals 
have suggested dividing the airspace into vertical layers, with 
the highest, above 6,500 feet, reserved for commercial aircraft 
and the lowest, below about 400 feet, for drones. A middle 
layer would be reserved for Urban Air Mobility (UAM), including 
eVTOLs and personal air vehicles, or PAVs. —Glenn Zorpette

numbers of antennas to collectively beam 
precise signals to devices.

At issue was the fact that massive MIMO 
arrays weren’t playing nicely with open 
fronthaul interfaces. The short version is 
that because of the particulars of split 7.2x, 
Open Fronthaul, when paired with massive 
MIMO, would have to handle too much data 
traffic. Vendors and network operators 
were seeing performance degradation up 
to 40 percent compared to single-vendor 
RAN installations.

Massive MIMO has seen widespread 
use in 5G networks and could play an even 
bigger role in 6G networks, so it’s important 
to make sure it will work with Open Front-
haul. At the Osaka meeting, O-RAN Alliance 
members agreed to adopt two solutions to 
the problem as “operation modes” that 
could be selected, depending on the needs 
of a specific network operator.

The expectation is that the large vendors 
will just implement both operation modes 
into their RAN interfaces. The benefit is 
clear: Rather than developing, manufac-
turing, and selling two varieties of compo-
nents, they can provide one solution to any 
network operator’s needs. The trade-off is 
that the components on either side of Open 
Fronthaul have become more complex, with 
duplicated features and functions.

More notable than any specific technical 
agreement, however, is how the compromise 
in Osaka is indicative of the larger trend hap-
pening in Open RAN’s development: After 
initially resisting the movement, large ven-
dors are now actively engaged in the process. 
Regarding the Osaka agreement, analyst 
Caroline Gabriel at Analysys Mason wrote, 
“With the exception of Mavenir, the list of 
contributors could be related to any tradi-
tional RAN standards work.” (Gabriel did 
not respond to requests for comment.)

Despite the influx of participation by 
big players, the O-RAN Alliance says that 
all players will continue to have an equal 
opportunity to contribute.

Larsen says it’s not accurate to view the 
industry as entirely recoalescing around the 
usual vendors. “I don’t think it necessarily 
means that if you have been a startup or a 
smaller player that everything is lost,” he 
says. “I think you probably will see a seg-
mentation. Some, and that might be the 
bigger, usual people on the block like Nokia, 
Ericsson, and Samsung, will focus on the big 
incumbent players. And the smaller startups 
will focus on private networks, which is a 
really growing business.”  
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Digital Twins Model 
Hydrogen’s Growth
Hydrogen has great promise as a low-emission 
fuel source. It burns cleanly, generating only 
water as a by-product, and when it’s produced 
through electrolysis by splitting water into 
hydrogen and oxygen, the entire life cycle can 
be very environmentally friendly.

Hydrogen, however, has never reached its 
potential as a renewable fuel, mostly because 
its production process drives up the cost. 
Most hydrogen today is still produced in 
conjunction with fossil-fuel refinement, but it 
releases methane with carbon monoxide as a 
result. Meanwhile, the hydrogen produced by 
electrolysis represents less than 1 percent of all 
the world’s hydrogen production.

Sharaf AlSharif, a researcher at the 
Oldenburger OFFIS Institute for Information 
Technology in Oldenburg, Germany, believes 
digital twins could help bring down the cost of 
clean hydrogen production. Digital twins are 
computer-simulation programs that can track 
and optimize the operations of a physical device. 
Such close monitoring of hydrogen electrolyzers 
could help streamline the devices’ operation and 
bring down the cost of electrolysis.

Digital twins can monitor components 
like electrodes, membranes, or pumps to 
detect imminent failure and proactively make 
recommendations for scheduling maintenance. 
AlSharif says that such predictive capabilities 
could save operators many hours of production 
time by avoiding downtime for unscheduled 
troubleshooting.

To encourage the adoption of digital twins for 
electrolysis, AlSharif and his colleagues at OFFIS 
presented a software architecture—a kind 
of architectural blueprint—for developing 
electrolysis-monitoring digital twins at ETG 
Congress 2023 held in Kassel, Germany, in June.

Future research, AlSharif says, might 
study the use of digital twins to enhance 
electrolyzers’ manufacturing process. To truly 
scale up clean hydrogen production, large 
electrolyzer manufacturing, which is currently 
a semi-manual process, needs to scale up as 
well, he says.  —Tammy Xu
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IEEE Spectrum’s new  
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ENERGY

Iron Fuel Shows Its 
Mettle    It’s abundant, 
recyclable, and has  
a higher energy density 
than gasoline
BY PRACHI PATEL

A t the end of June, a large 1-megawatt plant that 
burns iron fuel was fired up, producing the heat 
needed to brew beer at the Swinkels brewery near 
Eindhoven, Netherlands. The plant, named Iron+, is 

a joint venture between three companies and uses technology 
first demonstrated as a 100-kilowatt system in 2020 by the 
Metal Power Consortium, which includes the Eindhoven Uni-
versity of Technology and startup Metalot, which was spun out 
of the university.

Because even metals can burn if you grind them into 
fine powders, and they do so without emitting toxic or 
 planet-warming emissions, they’re a potentially attractive 
fuel for producing clean power—one that can be easily stored 
and transported.

Finely ground iron powder is more energy dense than 
gasoline, but it emits no greenhouse gases when combusted.
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RIFT (Renewable Iron Fuel Technology), 
another spin-off out of Eindhoven, recently 
demonstrated that it could heat 500 homes 
using its own iron-fuel technology. Mean-
while, in Canada, startup Altiro Energy, 
launched by McGill University researchers, 
has run a prototype 10-kilowatt iron-fuel 
plant that it now plans to scale up.

Iron powder is an ideal alternative 
to carbon fuels, says Jeff Bergthorson, 
a mechanical engineering professor at 
McGill and the chief scientific advisor for 
Altiro. Bergthorson and collaborators at 
the European Space Agency developed 
the  metal-fuel concept and published their 
report in the journal Applied Energy in 2015.

In addition to being the most abundant 
metal on Earth, iron has an energy density 
of about 11.3 kilowatt-hours per liter—
better than gasoline. Burning iron powder 
produces heat that can be used directly or 
converted into electricity by a steam turbine, 
leaving behind iron oxide, or rust. This can 
later be reduced—by stripping the oxygen 
away—back into iron powder. “You can 
think of iron fuel as a clean, recyclable coal,” 

says Bergthorson.
Iron oxide can also be reduced to iron using 

hydrogen, which is already a carbon-free green 
fuel if produced by splitting water using renew-
able electricity. But hydrogen is also an ultralight, 
voluminous gas, so it must be converted into liquid 
using high pressures and extreme cold. The liquid 
then must be stored and transported in special con-
tainers. Iron, by contrast, is already moved in dry 
containers for a lower cost.

So, while both hydrogen and metals are essen-
tially ways to store energy, using metals makes more 
sense, Bergthorson says. Technical assessments by 
Metalot and the Technical University of Darmstadt 
suggest that “it’s more efficient to produce iron from 
hydrogen gas than to produce liquid hydrogen.”

 That’s not to say iron fuel doesn’t come with 
its own challenges. It does not ignite as easily as 
hydrocarbon fuels, and iron’s flame is unstable, slow, 
and prone to going out. Altiro gets around this prob-
lem by adding a little natural gas to ignite the iron 
powder when the boiler first starts up. It has also 
come up with a technology to better stabilize the 
flame so that it burns longer, Bergthorson says.

Collecting the resulting iron oxide can also be 
tricky. But Altiro’s technology ensures the forma-
tion of iron oxide particles that are large enough to 
easily capture “using cyclones and other methods 
without needing high-tech or costly equipment,” 
Bergthorson says.

Some of the iron powder inevitably evaporates to 
form iron oxide nanoparticles that cannot be read-
ily collected and turned back to iron. Both Altira 

and Iron+ have worked out ways to minimize this 
nanoparticle formation in order to reduce metal loss. 
“We improved the boiler by increasing the efficiency 
of heat transfer,” says Philip de Goey, a mechanical 
engineering professor at Eindhoven, cofounder of 
Metalot, and chief technical advisor at RIFT. “The 
nanoparticle emissions have been decreased by a 
factor of 10, so [the loss] is less than 0.3 percent. 
Furthermore, the nanoparticles are not emitted in 
the atmosphere but captured in a HEPA filter.”

The next step for iron fuel is bolstering the tech-
nique’s conversion efficiency, De Goey says. Then 
there are market hurdles to jump, such as increasing 
iron-powder production and lowering the cost of 
producing green hydrogen.

If these problems can be overcome, you could use 
renewable electricity to produce iron powder, store 
it as long as necessary, conveniently transport it to 
power plants, and then burn it when needed, says 
Bergthorson. “Places that have excess energy could 
make iron, and others can buy it. This way, you could 
commodify renewable energy so it can be globally 
distributed without the need for transmission lines. 
Metals can solve a big problem in the renewable 
energy transition: long-duration energy storage.”  

CAUTION: HOT IRON  
In an iron-fuel 
combustion system, fine 
iron powder from a metal-
fuel tank [top left] 
feeds into the combustor 
[right], where it’s 
burned to generate power, 
leaving behind recyclable 
iron oxide, collected in 
a storage tank [bottom].
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COMPUTING

IBM’s Quantum Computer 
Can Beat a Supercomputer—
Sometimes    Its 127-qubit 
Eagle handles problems that 
defy classical supercomputers
 BY CHARLES Q. CHOI

Q uantum computers are cur-
rently so prone to error that 
their ultimate utility is often 
questioned. But IBM argues 
that quantum computing may 

be entering a new era of utility sooner 
than expected, with its 127-qubit Eagle 
quantum computer potentially deliver-
ing accurate results on useful problems 
beyond what even today’s supercomput-
ers can tackle.

Though quantum computers can, in 
theory, find answers to problems that clas-
sical computers would take thousands of 
years to solve, they’re dogged by one key 
problem: Today’s quantum computers are 

notoriously vulnerable to disruption from 
the slightest disturbance. These so-called 
noisy  intermediate-scale quantum (NISQ) 
platforms typically suffer roughly one 
error every 1,000 operations, and many 
practical applications demand error rates 
lower by a factor of a billion or more.

Now, IBM reveals that its Eagle 
quantum processor can accurately sim-
ulate physical phenomena that regular 
computers find difficult to model past 
a certain level of complexity. Not only 
are these simulations of actual use to 
researchers, the company says, but the 
methods they developed could be applied 
to other kinds of algorithms running on 
quantum machines today.

Although quantum computing is still 
considered to be in its early stages, pre-
vious experiments by Google and others 
claimed that quantum computers may have 
entered the era of “quantum advantage,” 
“quantum primacy,” or “quantum suprem-
acy” over typical computers. Critics in turn 
have argued that such tests showed only 
that quantum computers were able to out-
perform classical machines on contrived 
problems. Consequently, it remains hotly 
debated whether quantum computers are 
good enough to prove useful right now.

IBM‘s quantum computer modeled 
the dynamics of the spins of electrons 
in a material with the aim of predicting 
its properties, such as magnetization. 
This model is one that scientists under-

The 127-qubit IBM 
Eagle quantum computer 
[interior view shown] 
performed quantum 
simulations in a recent 
utility test of a real-
world quantum computer 
versus some of the 
fastest supercomputers. 
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IBM researchers performed a complex simulation of quantum spins in a 
material, for which an exact theoretical solution [blue curve] was also 
available. The solution provided a reality check for the two simulations 
it ran of the same system. A classical approximation [gray] was able to 
arrive only at something close to the correct “answer” in less complex 
calculations. Whereas the quantum computer results [dots] closely matched 
the theoretical answer for highly complex systems as well.  Source: IBM
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stand well, which made it easier for the 
researchers to validate the accuracy of 
the quantum computer’s results.

At the same time, scientists at the Uni-
versity of California, Berkeley, performed 
versions of these simulations on classi-
cal supercomputers to compare how well 
the quantum computer performed. They 
used two sets of techniques. Brute-force 
simulations provided the most accurate 
results, but also demanded too much 
processing power to simulate large, 
complex systems. On the other hand, 
approximation methods could estimate 
answers for big systems, but they gen-
erally proved less and less accurate the 
larger a system got.

At the largest scale examined, the 
quantum computer was roughly three 
times as fast as the classical approxi-
mation methods, finding answers in 
9 hours compared with the classical 
machines’ 30. More importantly, the 
researchers found that as the scale of 
the models increased, the quantum 
computer matched the classical brute-
force simulations, while the classi-
cal approximation methods became 
less accurate. 

The IBM scientists caution that they 
are not claiming their quantum computer 
is better than classical computing. Future 
research may soon show that regular 
computers may find correct answers for 
the calculations used in these experi-
ments, they say.

IBM notes that its quantum hardware 
displayed more stable qubits and lower 
error rates than it has previously. However, 
the new findings depended on what IBM 
calls “quantum error mitigation” tech-
niques, which examine a quantum com-
puter’s output to account for and eliminate 
noise that its circuits experienced.

“Both our hardware and our error- 
mitigation methods are now at the level 
they can be used to start implementing 
the overwhelming majority of the near-
term algorithms that have been proposed 
in the last 5 to 10 years, to see which 
algorithm actually provides a quantum 
advantage in practice,” says Kristan 
Temme, a quantum physicist at IBM’s 
Thomas J. Watson Research Center, in 
Yorktown Heights, N.Y. 

One drawback of the quantum error 
mitigation strategy that IBM employed 
is that it requires a certain amount 
of redundancy. “For the zero-noise 
extrapolation method we have used 
here, we need to run the same exper-
iment at three different noise levels,” 
Temme says. “This is a cost that has 
to be paid for every data point in the 
calculation—that is, each time we use 
the processor.”

Nevertheless, IBM says its quantum 
computers running both on the cloud 
and on-site at partner locations in Japan, 
Germany, and the United States will be 
powered by a minimum of 127 qubits over 
the course of the next year.  
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ROBOTICS

Pneumatic Muscles 
Power Robotic 
Cheetah    Bursts of 
air could push legged 
robots to high speeds
BY EVAN ACKERMAN

I nspired by the high-speed maneuvering of cheetahs, robot-
icists at the University of Cape Town have started experi-
menting with the old-school sibling of hydraulic actuators: 
pneumatics. By using gas as a working fluid instead of a 

liquid, you can get a high force-to-weight ratio in a relatively 
simple and inexpensive form factor with built-in compliance—
meaning the working fluid can be compressed and return to its 
original volume when the pressure is released—that hydraulics 

lack. Are pneumatics easy to control? Nope! But to 
make a robot run like a cheetah, it turns out that 
complicated control may not even be necessary.

Hydraulics are complicated and expensive. And 
while the noncompliant nature of hydraulics makes 
them easier to model and control, it also makes them 
less forgiving in real-world use. That’s why, in the 
1980s, when Marc Raibert was developing dynamic 
legged robots at MIT, he and his team relied on pneu-
matics rather than hydraulics, because pneumatics 
were much easier to implement.

Nowadays, pneumatics have fallen out of favor, 
mainly because air is compressible, which messes 
up most traditional control methods. “Fine force 
control is difficult with this actuator, and most have 
avoided it,” explains Amir Patel, the associate pro-
fessor who heads the Cape Town research group. 
“When looking at animals that require explosive 
motion from their limbs, we thought that pneumat-
ics would be a good, and often overlooked, actuator.”

Patel has done an enormous amount of research 
on cheetah biomechanics. He has learned enough to 
suggest a new approach to cheetah-inspired loco-
motion. “From our years studying cheetahs here in 
South Africa, it appears as if they’re not really trying 
to do fine force control when accelerating from rest,” 
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Patel says. “They’re just pushing off as hard as they 
can—which makes us think that a pneumatic on/
off actuator [also known as a bang-bang controller] 
could do that job.”

Patel and his coauthors have built a legged 
robot—in this case a two-legged model—called 
Kemba. The intent is to explore the kind of rapid 
acceleration and maneuverability that pneumatics 

can offer. Kemba’s hips incorporate high-torque 
quasi-direct-drive electric motors for higher- fidelity 
positioning, with high-force pneumatic pistons 
attached to the knees. While the electric motors give 
the kind of precise control that we’ve come to expect 
from them, the pistons are controlled by simple (and 
cheap) binary valves, which can be either on or off.

With a boom for support, the 7-kilogram Kemba 
can repeatedly jump to 0.5 meter with a controlled 
landing. For a single burst, it reaches a maximum 
jump height of 1 meter. But maximizing jump height 
and top speed is not what the research is necessar-
ily about, explains Patel. “With Kemba (and all the 
robots and animals we study in my lab) we focus on 
the transient phase of the locomotion—like rapid 
acceleration from a standstill or coming to rest once 
you’re at a high-speed gait. Most papers don’t really 
concentrate on that phase of the motion. I would 
love for more labs to be publishing their results in 
this area so that we can have some metrics (and 
data) to compare to.”

“Getting Air: Modelling and Control of a Hybrid 
Pneumatic-Electric Legged Robot,” by Amir Patel 
and coauthors was presented in June at the 2023 
IEEE International Conference on Robotics and 
Automation, in London.  G
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THE BIG PICTURE

India’s Solar 
Center
By Willie D. Jones

India is a beacon of 
light when it comes to 
pursuing the switch 
from fossil fuels 
to solar power. The 
country overachieved, 
having met its goal of 
reaching 20 gigawatts 
of installed solar 
capacity before its 
self-imposed 2020 
deadline. The Indian 
government immediately 
moved the goal post, 
setting 100 GW as 
the new target. To 
symbolize the nation’s 
commitment to solar 
power, the West Bengal 
Housing Infrastructure 
Development Corp., or 
HIDCO, has erected 
this dome in Eco Park, 
New Town, Kolkata. 
The 29-meter-high, 
45-meter-diameter dome 
has 2,000 solar panels 
that together generate 
180 kilowatts—enough 
to light and cool the 
facility and power 
nearby streetlamps. 
Inside, HIDCO maintains 
exhibits designed 
to inform visitors 
about the benefits of 
renewable energy sources 
such as tidal energy, 
geothermal, wind, and 
of course, solar.

PHOTOGRAPH BY DIBYANGSHU 
SARKAR/AFP/GETTY IMAGES
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Detect Quakes With 
“Raspberry Shakes”    
A Raspberry Pi–based 
seismometer can detect  
even distant earthquakes

BY DAVID SCHNEIDER

I have only once felt an earthquake—
in 1985, when a magnitude-4 temblor 
occurred just north of New York City. 
It wasn’t until I heard the news re-

ports later that I realized the vibration 
that had awakened me at 6 a.m. was, in 
fact, a small earthquake.

Many earthquakes have since 
vibrated the ground beneath my feet. It’s 
just that those vibrations, having trav-
eled long distances through Earth, have 
(thankfully) been too small to feel. If I 
had a suitably sensitive seismometer, 
though, I’d be able to measure them. 

Housed in a 
waterproof 

enclosure, this 
Raspberry Pi–based 
seismometer is safe 
from the elements.

Illustrations by James Provost16  SPECTRUM.IEEE.ORG  OCTOBER 2023
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I recently decided that I needed to 
give this a try. Searching the interwebs, 
I found no shortage of leads about 
how to build a DIY seismometer. 
 Fundamentally, these consist of a 
magnet attached to a mass, with a 
nearby pickup coil. The mass is sus-
pended so that it remains largely 
motionless when the ground shakes. 
The shaking does vibrate the coil, how-
ever, inducing a voltage in it due to its 
relative motion through the magnet’s 
magnetic field. The problem is that the 
DIY seismometer designs I was seeing 
were large and ungainly  contraptions. I 
wondered whether I could build a more 
compact one using a geophone.

Geophones are commonly used , in 
the oil and gas industry for seismic sur-
veying, where the seismic waves are 
artificially generated to probe the 
ground below. On land, special trucks—
called “thumpers”—do the job. The 
seismic waves they produce reflect back 
up from layers of rock and are sensed 
using geophones.

A search of eBay showed that geo-
phones could be had inexpensively. The 
rub, I soon realized, is that geophones 
aren’t designed to pick up the low fre-
quencies found in teleseismic waves 
from distant earthquakes. These range 
from about one cycle per second (1 
hertz) down to a fraction of a cycle per 
second. Most geophones are designed 
for measuring frequencies above 10 Hz. 
The lowest-frequency models generally 
available are for 4.5 Hz.

Further investigation, though, 
revealed that some clever electronic 
signal conditioning could extend the 
range of a geophone to lower frequen-
cies. I was all set to pursue this strategy  
when I discovered that somebody had 
beat me to it. Actually, a whole commu-
nity of (mostly) amateur seismologists 
had, using a Raspberry Pi–based device 
called a Raspberry Shake, developed in 

2016 by a group in tectonically active 
Panama. The Raspberry Shake effort has 
grown to include users worldwide who 
share seismic data. Even some profes-
sional seismologists use Raspberry 
Shakes because they are inexpensive as 
seismometers go.

The Raspberry Shake folks offer a 
variety of configurations. I purchased 
the most bare-bones package for about 
US $175. This consists of a geophone 
and a sensor board that plugs into a 
Raspberry Pi. I used a Raspberry Pi 
Model 3B+.

The required electronics consist of a geophone [top left], a 
signal-conditioning and A/D board [top middle], a Wi-Fi dongle [top 
right], and a Raspberry Pi Model 3B+ [bottom].
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I housed the unit in a waterproof 
enclosure, in which I had installed one 
bulkhead connector for 5-volt power 
and a second one for USB, so that I 
could plug in a Wi-Fi dongle that was 
 physically separated from the  Raspberry 
Pi. (The Raspberry Shake people 
advised not using the Model 3B+’s 
built-in Wi-Fi, which apparently causes 
data glitches.)

Setting up my Raspberry Shake, like 
most Raspberry Pi projects, involved a 
few magic incantations to the Linux 
gods. In this case, there were really just 
two challenges. The first was to get an 
SD card prepared with the operating 
system and the Raspberry Shake 
 software. For me the primary approach 
described in the installation documen-
tation flopped, but the alternative 
system offered worked just fine.

The second challenge was getting a 
Wi-Fi dongle set up. The first one I pur-
chased, said to be suitable for Linux, 
proved a bust. But an older dongle I had 
on hand worked. Wary of Wi-Fi issues, 
I first tested my Raspberry Shake in my 

living room, wired directly to my router. 
The Raspberry Shake is designed to be 
used in a so-called headless configura-
tion, which eliminates the need for a 
display: You can connect to it remotely 
using SSH or via a nifty Web interface. 
So in no time I was able to see data the 
Raspberry Shake was recording.

Letting it record the shaking caused 
by people walking around my house 
revealed mysterious data gaps. 
 Investigating the cause, I discovered 
that the problem was the power adapter 
I was using, which couldn’t deliver 
enough current. Once I replaced it, the 
data outages disappeared.

At this point, I installed the unit on 
the cement-slab floor of my home’s 
detached garage, figuring that this 
 location would be free of signals caused 
by anyone walking around the house. 
Then I left it to gather data until an 
 earthquake was reported somewhere in 
the world sufficiently large to possibly 
be detectable. 

On 29 August, there was a mag-
nitude-5.5 earthquake in, fittingly, 

Panama, birthplace of the Raspberry 
Shake. I consulted a Web page that 
shows data recorded by a scientific-grade 
seismic station near my home in North 
Carolina. This revealed that faint sig-
nals from this earthquake had reached 
my area.

When I looked at the data recorded 
by my Raspberry Shake, though, it 
showed no matching signal. I was dis-
appointed but not particularly sur-
prised: Magnitude 5.5 is a pretty wimpy 
earthquake, after all, and it took place 
almost 3,000 kilometers away.

I investigated what some other 
Web-connected Raspberry Shakes had 
recorded during that earthquake. The 
farthest one from Panama that regis-
tered a good signal was in Puerto Rico. 
The seismic waves from the Panama 
earthquake were apparently too small 
to register on Raspberry Shakes in the 
continental United States.

Since that time, a larger (magnitude 
6.2) quake took place in Chile. The 
earthquake-magnitude scale is logarith-
mic, so this was five times the size of the 
magnitude-5.5 Panama quake. But it was 
much farther (about 7,400 km) away. 
And my Raspberry Shake didn’t register 
waves from it either.

So I’m still waiting for a big one. And 
I’m thankful that, from my East Coast 
location, I’ll only be seeing it as signals 
on my garage seismometer, rather than 
as a bunch of rubble in the street.  

The Raspberry Shake’s Web interface makes it easy to view recorded 
data, presented in what seismologists call helicorder format. 
This portion of the data for 6 September 2023 includes the time at 
which teleseismic waves from a moderate-size earthquake in Chile 
would have reached the recording site, at about 23:59 UTC, which is 
shown at the 14-minute mark in the green trace [bottom]. No obvious 
earthquake signal is seen at that point, though.
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Vanns grew up in Tonbridge, England, and played 
guitar for several bands as a teenager. He began 
tinkering with the software used to produce music. 
The programs often crashed unexpectedly, so he 
dug into the underlying code to find out why. That 
was his first taste of computer science. “I got into 
reverse engineering and understanding how com-
puters worked under the hood,” he says.

Meanwhile, his father was gently nudging him 
to study something with a more “realistic” career 
path than music. Vanns decided to combine his 
interests, majoring in computer science and music 
at Canterbury Christ Church University, in Canter-
bury, England.

After graduating with a joint honors degree in 
both fields in 2001, Vanns worked for a time writing 
software, and seemed to be setting off on a fairly 
conventional IT career. But his love of cinema set 
him on a different path. While watching the bonus 
content on the DVD version of The Lord of the Rings: 
The Two Towers (2002), he was captivated by a dis-
cussion about the CGI in an iconic battle scene. The 
scene’s large numbers of computer-generated char-
acters were created on a dedicated cluster of 
high-performance computers—a render farm—that 

W inning an Academy Award is proba-
bly not something most engineers 
ever expect to do. But it was a fitting 
honor for Jim Vanns, who won a 2023 

Technical Achievement Award—commonly 
referred to as a Technical Oscar—from the Acad-
emy of Motion Picture Arts and Sciences for his 
work on the high-performance computing systems 
behind the blockbuster films Gravity (2013) and 
Guardians of the Galaxy (2014). He shared the award 
with Mark Hills, a former colleague at the Lon-
don-based visual-effects studio Framestore. The 
pair designed the software to manage the cut-
ting-edge computing cluster that Framestore used 
to create its computer-generated imagery, or CGI. 
Their software is still being used today. 

“The great thing about the Academy Awards is 
that they raise awareness of the technology being 
used, which would be impossible to make films 
without,” Vanns says. “These awards show that the 
dependence on technology is understood and 
appreciated, rather than just assuming making 
movies is all about the creative teams.”

Vanns, who now works at Disney-owned Indus-
trial Light & Magic, in London, was an avid cine-
phile growing up. But he didn’t realize until after 
college that his coding skills would be his entry into 
the film industry. 

“I have always loved movies,” he says, “but I 
never really thought there would be a chance to 
apply my computer science knowledge to making 
them.” And with the growing importance of visual 
effects (VFX) in moviemaking, he says, there are 
increasing opportunities for the more technically 
minded to make their mark on the silver screen.

Careers:
Jim Vanns
The Industrial Light & Magic engineer  
wins a Technical Oscar
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Jim Vanns was one of 19 people who received a 
Technical Achievement Award this year for  
their contributions to the film industry over  
the last decade.

“The great 
thing about 
the Academy 
Awards 
is that 
they raise 
awareness 
of the 
technology 
being used, 
which 
would be 
impossible 
to make 
films 
without.”

SHARING THE EXPERIENCES OF WORKING ENGINEERS BY EDD GENT 
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had to do very few code changes,” Vanns says. “The 
system still runs just as it was designed.”

After completing the FQ project, Vanns wanted 
a new challenge. He joined the London office of 
Industrial Light & Magic in 2014 as a senior pro-
duction engineer. The first project he worked on 
involved researching whether the company could 
shift the bulk of its computing workload onto the 
cloud. That meant imagining how to build the com-
pany’s entire global VFX infrastructure from 
scratch using the latest cloud technology. 

“It was real ‘the world is your oyster,’ blue-sky-
thinking kind of stuff,” he says.

The project was fascinating, Vanns says, but the 
company concluded that a wholesale shift to the 
cloud didn’t make sense. It would be difficult to 
migrate the legacy software, and the investments 
the company had already made in hardware meant 
it was unlikely to save much money. However, 
insights gained from the project led to improve-
ments to the company’s IT infrastructure. Vanns is 
currently developing a new data-storage system 
that resulted from the project.

When it comes to a software-development career 
in the VFX industry, graphics-related work gets 
most of the attention. But Vanns says there are 
plenty of other interesting roles available. 

“I don’t think it’s really well understood how 
much work is involved in terms of building data-
bases, operating systems, networks, and all that 
slightly less grand software,” he says.

The requirements for the movie industry are 
similar to those for software engineering jobs in 
other sectors, Vanns says. An understanding of 
algorithms and data structures is important. The 
industry relies heavily on the Linux operating 
system, so relevant experience is also required.

Those who want to write software to support 
the creation of CGI will need to learn how the pro-
cess works, Vanns says. It involves coordination 
among the various departments specializing in 
different aspects of VFX, including textures, ani-
mation, and lighting, which all have different 
requirements and workflows.

Most important, though, is the ability to find 
creative solutions to problems. Complications are 
inevitable when managing computer systems made 
up of thousands of devices and used by thousands 
of people, who are often scattered around the globe. 

“I think an underestimated aspect of problem 
solving is creativity,” Vanns says. “Being able to 
think not only analytically but also creatively about 
how you might solve a problem is a must.”  

converted the data from a 3D computer model into 
a photo-realistic video.

Vanns had assumed that the only computer sci-
ence jobs in the film industry were related to cre-
ating the graphics themselves, something he hadn’t 
studied. But that DVD discussion opened his eyes 
to the extensive software development and systems 
management that went into producing CGI. Eager 
to break into the industry, he began applying for 
jobs, and in 2006 he was hired as a systems pro-
grammer at Framestore.

“It was that ‘foot in the door’ opportunity that 
I was after,” he says. “I think a lot of people end up 
falling into my line of work, but for me it was very 
much a conscious decision to try to get into the 
industry.”

After a few years of learning the ropes and working 
on a variety of projects, Vanns was assigned to 
revamp the management software for Framestore’s 
render farm. The company had just been hired for 
the VFX-heavy Gravity and needed to switch to a 
far more computationally taxing form of rendering 
called path tracing. The approach simulates the 
physics of light more faithfully than other 
approaches do, leading to scenes with more realistic 
and dynamic lighting.

The project was going to stretch Framestore’s 
render farm nearly to its breaking point, Vanns 
recalls, so it needed software that could squeeze 
every drop of efficiency out of the hardware. But 
the company also wanted to future-proof its sys-
tems. Vanns and Hills had to create software that 
would last a decade and could handle 10 times the 
workload required for Gravity as the company’s 
render farm grew. 

At its heart, the challenge they faced was one of 
resource management, Vanns says. “We had this 
render farm made up of 100,000 processor cores, 
but the company was often working on three dif-
ferent shows at the same time,” he says. “It was all 
about how we divvied up the cores.”

The goal was to ensure that the processors were 
used as efficiently as possible, and that different 
tasks running on the same machines didn’t end up 
competing for resources, like memory. That 
required some clever scheduling and networking. 
The team was also given the job of creating a 
responsive user interface that could provide real-
time updates on the progress of rendering jobs. 

The resulting system, dubbed the FQ render-
farm engine, is what earned Vanns and Hills their 
Academy Award. The software went live in 2010 
and is still in use at Framestore today. “They have 
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What about Braille—has that changed over the 
years?
Leland: Braille displays can hook up to a computer 
so that any text that appears on the screen you can 
read in Braille. And that brings up the screen reader. 
It’s a piece of software that sits on your phone or com-
puter and takes all the text on the screen and turns it 
into synthetic speech or into Braille. These days, the 
speech is a good synthetic voice. Imagine the Siri voice 
or the Alexa voice; it’s like that, but rather than being 
an AI that you’re having a conversation with, it moves 
all the functionality of the computer from the mouse 
to the keyboard.
 
How would writing your book have been 
different before screen readers and Braille 
displays existed?
Leland: If you had asked me that question in the 
1960s or ’70s, then I might have had to write the 
book in longhand with a really big Magic Marker 
and fill up hundreds of notebooks with giant print. 
Or I might have had to use a Braille typewriter. I’m 
so slow at Braille that I don’t know if I actually would 
have been able to write the book that way. Maybe I 
could have dictated it. I would then have to have 
that transcribed and hire someone to read the man-
uscript back to me as I made revisions. That’s not 
too different from what John Milton had to do [for 
Paradise Lost].
 
What technological advances made screen 
readers possible?
Leland: One really important one is optical character 
recognition (OCR). There’s been versions of it stretch-
ing back shockingly far—even to the early 20th cen-
tury, when they created a device in the 1920s called 
the optophone. The technique was known as musical 
print. Some blind people read entire books that way.

In the 1970s, Ray Kurzweil invented the flatbed 
scanner and perfected the OCR technology that was 
nascent at the time. The Kurzweil Reading Machine 
was not instantaneous but instead converted text to 
synthetic speech. Suddenly the entire world of print 
really started to open up to blind people. Now I can 
take my iPhone and snap a picture of a restaurant 
menu, and it’ll OCR that restaurant menu for me 
automatically.
 
What’s next in this technological progression?
Leland: Now you have ChatGPT machine vision, where 
I can hold up my phone’s camera and have it tell me 
what it’s seeing. There’s a visual interpreter app 
called Be My Eyes that has partnered with OpenAI, 
so now a blind person can hold their phone up to 
their refrigerator and say, “What’s in this fridge?” 
It’ll say, “You have three-quarters of a 250-milliliter 
jug of orange juice that expires in two days; you have 
six bananas and two of them look rotten.”  

S eeing his words on the printed page is a big 
deal to Andrew Leland—as it is to all writ-
ers. But it’s also more precious to him than 
for most people, because Leland is gradu-

ally losing his vision due to a congenital condition 
called retinitis pigmentosa, which slowly kills off the 
eyes’ light receptors.

Leland is the author of the newly released book 
The Country of the Blind: A Memoir at the End of Sight, 
which presents a history of blindness and some of 
the related social, political, and technological 
advances alongside Leland’s own experiences from 
three years of deteriorating sight. He answered five 
questions from IEEE Spectrum about the role tech-
nology has played in helping the visually impaired 
navigate the world around them.

 
What is the most important technology for 
visually impaired people in their day-to-day?
Andrew Leland: The fundamental technology of 
blindness is the white cane. I’ve heard from blind 
technologists who will often be pitched new tech-
nology that’s like, “Oh, we came up with this laser 
cane, and it’s got lidar sensors on it.” There are tools 
like that that are really useful for blind people. But 
I’ve heard super-techy blind people say, “You know 
what? We don’t need a laser cane. We’re just as good 
with the ancient technology of a really long stick.”

Andrew Leland is  
a writer, audio 
producer, editor,  
and teacher living  
in Western 
Massachusetts.  
His first book, The 
Country of the 
Blind: A Memoir  
at the End of  
Sight, was published 
in July 2023.

  Q&A  BY WILLIE D. JONES

 

Photo-illustration by Stuart Bradford

5 Questions for 
Andrew Leland
The history of assistive technology for the blind
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Seeing Secrets 
In the Ice
A drone-based radar looks for the future  
of climate change  |  by thomas teisberg
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Peregrine, a drone-based 
ice-penetrating radar system,  
was tested over Norway’s  
Slakbreen glacier in March. 



I
’m standing on top of 100 meters of ice, watching a drone crisscross the Slakbreen 
glacier on Norway’s Svalbard archipelago, more than 600 kilometers north of the mainland. I’m 
part of a team testing Peregrine—a fixed-wing unmanned aerial vehicle (UAV) equipped with 
miniaturized ice-penetrating radar, which can image the glacial ice all the way down to the bedrock 
below. • It’s –27 °C, dipping below –40 °C with wind chill—well below the operating temperature 
of most of the commercial equipment we brought for this expedition. Our phones, laptops, and 
cameras are rapidly failing. The last of our computers that is still working is sitting on top of a 

small heating pad inside its own little tent. •  Harsh as the weather is here, we intend for Peregrine to operate 
in even tougher conditions, regularly surveying the Antarctic and Greenland ice sheets. These great masses 
store enough water to raise global sea level by 65 meters should they melt entirely. Although neither ice 
sheet is expected to melt completely anytime soon, their incredible scale makes even small changes con-
sequential for the future of our planet. And the data that Peregrine will gather will help scientists to under-
stand how these critical areas will respond to climate change.



S
cientists have long looked at changes in 
the surface height of ice sheets, using data collected 
from satellite-borne laser altimeters. This data has 
come in large part from ICESat, launched in 2003, 
and its successor, ICESat-2, launched in 2018. With 

information from these NASA satellites, scientists measure the 
change in elevation, which they use to infer the net impact of 
surface processes such as snowfall and melting and the rates 
at which the ice sheets release icebergs into the ocean. 

These measurements are important, to be sure, but laser 
altimetry provides no direct information about what’s happen-
ing beneath the surface, including how the ice deforms and 
how it slides over the underlying rock. 

And as we try to understand how ice sheets are responding 
to new climate extremes, these processes are key. How will 
changes in temperature impact the rate at which ice deforms 
under its own weight? To what extent will liquid water reaching 
the bottom of a glacier lubricate its bed and cause the ice to 
slide faster into the ocean? 

Getting answers to these questions requires seeing beneath 
the surface. Enter ice-penetrating radar (IPR), a technology 
that uses radio waves to image the internal layers of glaciers 
and the bed beneath them. Unlike other more labor-intensive 
methods, such as drilling bore holes or setting up arrays of 
geophones to collect seismic data, IPR systems from their ear-
liest days have been flown on aircraft.

In the 1960s, as part of an international collaboration, a U.S. 
Navy Lockheed C-130 Hercules transport was converted into 
an IPR-data-collection aircraft. The project (which I’ll discuss 
in a little more detail in a moment) showed that it was possible 
to rapidly collect this type of data from even the most remote 
parts of Antarctica. Since then, IPR instruments have gotten 
better and better, as has the means of analyzing the data and 
using it to predict future sea-level rise.

Meanwhile, though, the aircraft used to collect the data have 
changed comparatively little. Modern instruments are often 
flown on de Havilland Canada DHC-6 Twin Otters, which are 
two-engine turboprops, or Basler BT-67s, which are modified 
Douglas DC-3s. (Some Baslers flying missions in Antarctica 
today flew World War II missions in their past life.) And while 
support for these operations varies by country, the demand for 
new data is outpacing the ability of crewed aircraft to collect 
it—at least with a price tag that doesn’t put it out of reach for 
all but the most well-funded operations. 

Collecting such data today just shouldn’t be that hard. 
That’s why I and other students in Dustin Schroeder’s Stan-

ford Radio Glaciology lab are developing several novel 
 ice-penetrating radar systems, including Peregrine.

Peregrine is a modified UAV carrying a miniaturized 
ice-penetrating radar that we designed around a software- 
defined radio. The radar system weighs under a kilogram—
featherweight compared with conventional IPR systems, P
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Thomas Teisberg, an electrical engineering  
Ph.D. candidate at Stanford University, launches 
Peregrine [opposite page] with fellow Stanford 
student Danny May at the laptop controller, 
while a group of students from the University 
Centre in Svalbard (UNIS) looks on. As Peregrine 
climbs into the air over the Slakbreen glacier, 
the system’s red antennas are clearly visible 
under the wings.   
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which take up entire equipment racks in crewed aircraft. The 
whole package—drone plus radar system—costs only a few 
thousand dollars and packs into a single ruggedized case, 
about the size of a large checked bag. 

But to truly understand why we felt we need to get Peregrine 
out into the world now, you need to know a bit about the history 
of data gathering with ice-penetrating radar.

 

T
he first large-scale IPR surveys of Antarc-
tica began in the late 1960s when a group of Amer-
ican, British, and Danish geoscientists mounted a 
set of radar antennas under the wings of a C-130. 
Predating GPS, the project recorded flight paths 

using internal navigation systems and known ground waypoints. 
The system recorded radar returns using a cathode-ray tube 
modified to scan over a passing reel of optical film, which the 
researchers supplemented with handwritten notes. This effort 
produced hundreds of rolls of film and stacks of notebooks. 

After the project ended in 1979, various national programs 
began carrying out regional surveys of both Antarctica and 
Greenland. Although they were initially limited in scope, these 
programs grew and, crucially, began to collect digitized data 
tagged with GPS coordinates.

In the late 2000s, IPR surveying got an unexpected boost. 
ICESat lost one laser altimeter after just 36 days of data col-
lection in 2003, and by late 2009 all the satellite’s lasers had 
stopped working. Laser altimetry’s problems would seem to 
have no connection to aircraft-based IPR surveys. But with 
ICESat-2 still years away from launching and a favorable polit-
ical environment for public earth-science funding in the United 
States, NASA organized Operation IceBridge, a large-scale 
aircraft-based campaign to cover the laser-altimetry data gap 
in Greenland and Antarctica. 

Although the primary purpose was collecting laser altime-
try, the use of aircraft instead of satellites meant that other 
instruments could be easily added. At the time, two U.S. insti-
tutions—the University of Texas Institute for Geophysics and 
the Center for Remote Sensing and Integrated Systems 
(CReSIS) at the University of Kansas—had been developing 
improved IPR instruments, so IPR was ready to get on board. 

Between 2009 to 2019, the aircraft of Operation IceBridge 
flew more than 350,000 kilometers over the Antarctic while 
collecting IPR data. During this same period, the National Sci-
ence Foundation’s Investigating the Cryospheric Evolution of 
the Central Antarctic Plate (ICECAP) program funded more 
than 250,000 km of additional Antarctic IPR data. 

Operation IceBridge enabled a huge jump in the amount of 
IPR data collected worldwide. While other organizations 
around the world also gathered and continue to gather IPR 
data, particularly the British Antarctic Survey and the Alfred 

Thomas Teisberg  
huddles over a laptop 
computer [left]  
that’s partly shielded 
from the cold by a  
small tent. The  
tripod supports the 
radio used to communi-
cate with the drone. 
Later, Teisberg  
carries  Peregrine  
back to the team  
after a test flight.

Antennas

Radar system

Illustrations by Chris Philpot
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The software-defined radio and other electronics that 
make up the ice-penetrating radar, shielded to avoid 
interference with GPS signals, sits in the nose.
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Wegener Institute, IceBridge took U.S.-led data collection from 
being almost negligible in most years to being the main source 
of data while the project was in operation.

In 2018, IceSat-2 launched, heralding the end of Operation 
IceBridge. Some IPR surveying continued, but the rate of data 
collection since 2018 has significantly lagged the scientific 
demand for such observations.

Adding to the need for better ice-monitoring tools is a 
recent shift in the type of IPR data that scientists see as 
important. Historically, these radar measurements have been 
used to identify the thickness of the ice above its bed of rock 
or sediment. 

Bed topography, with some exceptions, does not change on 
time scales relevant to people. So collecting this kind of IPR 
data could generally be a one-time—or at least infrequent—
exercise, ending once enough data was gathered to build a 
sufficiently detailed map of the bed of a glacier or ice sheet.

But the depth of the ice to the bed isn’t the only important 
information hidden below the surface. For one, IPR data reveals 
internal layering in the ice caused by changes in the composition 
of the snow that fell. The shape of these internal layers provides 
hints about the current and past flows of the ice.

Scientists can also look at the reflectivity of the bed, which 
can reveal the likelihood of liquid water being there. And the 

presence of water can give indications about the temperature 
of the surrounding ice. The presence of water plays a crucial 
role in how fast a glacier flows, because water can lubricate the 
base of the glacier, causing more rapid sliding and, conse-
quently, faster mass loss. 

All of these are dynamic observations that may change on an 
annual or even seasonal basis. So having just one radar survey 
every few years isn’t going to cut it.

Gathering more frequent data using just crewed flights is 
difficult—they are expensive and logistically challenging, and, 
in harsh environments, they put people at risk. The main ques-
tion about how to replace crewed aircraft is which direction to 
go—up (a constellation of satellites) or down (a fleet of UAVs)? 

A handful of satellites could provide global coverage and 
frequent repeat measurements over many years, but it isn’t the 
ideal platform for ice-penetrating radar. To get the same power 
per unit area on the surface of the ice as a 1-watt transmitter 
on a UAV flying at an altitude of 100 meters, a satellite in orbit 
at 400 km would need a roughly 15-megawatt transmitter—
that’s more than three times the maximum power for which 
SpaceX’s Starlink satellites have been licensed by the Federal 
Communications Commission. 

Another challenge is clutter. Imagine you have an antenna 
that emits power primarily within a 10-degree cone. You’re 
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Peregrine flew a pattern 
[left, red line] spanning 
an area roughly 0.6 square 
kilometers over 
the Tellbreen 
glacier, also 
on the Svalbard 
archipelago. 
The drone’s 
ice-penetrating 
radar mapped 
the ground 
below the glacier and also 
the layers within it. The 3-D 
visualization [right] created 
from the data shows those 
layers as faint lines and the 
bedrock as a brighter line.

The Slakbreen glacier, located on Norway’s Svalbard archipelago [see 
enlarged view of map] in the coldest part of the country, was selected 
for testing Peregrine because it was unlikely to contain liquid water, 
which would interfere with imaging of the bedrock below.

Day 3
Flight 3
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trying to observe the bottom of the ice sheet 1.5 km below the 
ice surface, but there’s a mountain range 35 km away. From 400 
km up, that mountain range is also being illuminated by your 
antenna and reflecting energy back much more strongly than 
the echo from the bottom of the ice sheet, which is attenuated 
by the 1.5 km of ice it passed through each way.

At the other end of the spectrum of options are UAVs, flying 
even closer to the ice than crewed aircraft can. Researchers have 
been interested in the potential of UAV-borne radar systems for 
imaging ice for at least a decade. In 2014, CReSIS fielded a 
5-meter-wingspan radio-controlled aircraft with a miniaturized 
version of its IPR system. The design made clever use of the 
existing wing geometry to provide low-frequency antennas, 
albeit with a small bandwidth that limited data quality. 

Since this pathfinding demonstration, much of the research 
focus has shifted to higher-frequency systems, sometimes 
called snow radars, designed to image the near surface to better 
understand mountain snowpacks, snow cover on sea ice, and 
the layering structure in the top few meters of ice sheets. 
CReSIS has tested its snow radar on a small autonomous heli-
copter; more recently, it partnered with NASA and Vanilla 
Unmanned to fly its snow radar on a massive 11-meter-wing-
span UAV that can stay aloft for days at a time. 

There’s still a need, though, for IPR imaging through ice 
sheets, with a high enough bandwidth to distinguish internal 
layers and a price tag that allows for widespread use.

H
ere’s where Peregrine comes in. The proj-
ect was started in 2020 to build a smaller and 
more affordable system than those attempted 
previously, now made possible by advances in 
fixed-wing UAVs and miniaturized electronics.

We knew we couldn’t do the IPR with off-the-shelf systems. 
We had to start with a blank slate to develop a system that was 
small and light enough to fit on an inexpensive UAV. 

We decided to use software-defined radio (SDR) technology 
for our radars because these RF transmitters and receivers are 
highly customizable and shift much of the complexity of the 
system from hardware to software. Using SDR, an entire radar 
system can fit on a few small circuit boards.

From the start, we looked beyond our first project, developing 
software built on top of Ettus’s USRP Hardware Driver applica-
tion programming interface, which can be used with a variety of 

software-defined radios, ranging in cost from US $1,000 to 
$30,000 and in mass from tens of grams to multiple kilograms. 

We added a Raspberry Pi single-board computer to control 
our software-defined radio. The Raspberry Pi also connects to 
a network of temperature sensors, so that we could be sure 
nothing in our system gets too hot or too cold. 

The SDR itself has two sides to it, one for transmitting the 
radar signal and one for receiving the echoes, each connecting 
to our custom-made antennas through amplifiers and filters. 
This entire system weighs a little under 1 kilogram.

Those antennas were tricky to design. IPR antennas require 
relatively low frequencies (because higher frequencies are more 
significantly attenuated by ice) and have relatively wide band-
widths (to achieve sufficient range resolution). Normally, these 
criteria would mean a large antenna, but our small UAV couldn’t 
handle a big, heavy antenna. 

I started by considering a standard bow-tie antenna, a type 
commonly used in ground-based radar systems. The initial 
design was far too large to fit even one antenna, much less two, 
on our little UAV. So using a digital model of the antenna, I 
adjusted the geometry to find an acceptable compromise 
between size and performance, at least according to the sim-
ulation software I was using. 

I also built several prototypes along the way to understand 
how real antenna performance might differ from my simula-
tions. The first of those I made from copper tape cut and pasted 
onto sheets of plastic. The later and final versions I fabricated 
as printed circuit boards. After a few iterations, I had a working 
antenna that could be mounted flat under each wing of our 
diminutive aircraft. T
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For the drone, we started with a kit for an X-UAV Talon 
radio-controlled plane, which included a foam fuselage, tail 
assembly, and wings. We knew that every piece of conductive 
material in the aircraft would affect the antenna’s performance, 
perhaps in undesirable ways. Tests showed that the  carbon-fiber 
spar between the wings and the wires to the servo motors in 
each wing was creating problematic conductive paths between 
the antennas, so we replaced the carbon-fiber spar with a fiber-
glass one and added ferrite beads on the servo wiring to act as 
low-pass filters.

I 
thought we were ready. But when we took our 
UAV out to a field near our lab, we discovered that we 
could not get a GPS fix on the drone when the radar 
system was active. After some initial confusion, we dis-
covered the source of the interference: our system’s USB 

3.0 interface. To solve this problem, I designed a plastic box to 
enclose the Raspberry Pi and the SDR, 3D-printed it, and 
wrapped it in a thin layer of copper tape. That shielded the 
troublesome USB circuitry enough to keep it from interfering 
with the rest of our system.

Finally, we were able to fly our tiny radar drone over a dry 
lake bed on the Stanford campus. Although our system cannot 
image through dirt, we were able to get a strong reflection off 
the surface, and at that point we knew we had a working 
prototype.

We carried out our first real-world tests six months later, 
on Iceland’s Vatnajökull ice cap, thanks to the help and gener-
osity of local collaborators at the University of Iceland and a 
grant from NASA. That was a good spot, because from time to 

time, a nearby volcanic eruption spews volcanic material 
known as tephra over the surface of the ice cap. That tephra 
eventually gets buried under new snow and forms a layer under 
the surface. We figured these strata would serve as a good 
stand-in for the internal layering found in ice in Greenland and 
Antarctica. Although an abundance of liquid water in the rel-
atively warm Vatnajökull ice prevented our system from prob-
ing more than tens of meters below the surface, the tephra 
layers were apparent in our radar soundings.

But these first trials did not go uniformly well. After one of 
our test flights, I discovered that the data we had collected was 
almost entirely noise. We tested every component and cable, 
until I found that the shield on one of the coaxial cables had 
broken and was only intermittently making a connection. With 
a spare cable and a generous application of hot glue, we were 
able to complete the rest of our testing. 

For our next round of tests, we were aiming to image bedrock 
under a glacier, not just internal layers. And that’s why, in March 
of this year, we ended up on a glacier in the coldest part of 
Norway, where liquid water within the ice was less likely to 
interfere with our measurements. There we were able to image 
the bed of the glacier, as much as 150 meters below the surface 
where we were flying. Crucially, we also convinced ourselves 
that our system will work properly in the harsh environments 
we expect it to face in Antarctica and Greenland. 

 

O
ur present system is relatively small. It was 
designed to be inexpensive and portable so that 
research teams can easily bring it along on expe-
ditions to far-flung spots. But we also wanted it 
to serve as a test bed for a larger UAV-borne IPR 

system with an operational range of about 800 km, one that is 
inexpensive enough to be permanently deployed to Antarctic 
research stations. With the 11 existing research stations as 
bases, at least one member of such a drone fleet could access 
nearly every part of coastal Antarctica. Though larger and more 
expensive than our original Peregrine, this next-generation 
UAV will still be far cheaper and easier to operate than crewed 
airborne systems are. 

Operating a larger UAV, much less a fleet of them, is beyond 
what a few Ph.D. students alone can reasonably do, so we are 
launching a collaborative effort between Stanford University, 
the Scripps Institution of Oceanography, and Lane Community 
College, in Eugene, Ore., to get this new platform off the 
ground. If all goes well, we’re hoping we can have IPR UAVs 
surveying the Antarctic and Greenland ice sheets within three 
years. Doing so would no doubt help scientists studying the 
responses of Earth’s ice sheets to climate change. With per-
manently deployed UAVs able to cover most areas of active 
study, requests for new data could be fulfilled within days. 
Surveys could be repeated at frequent intervals over dynamic 
areas. And when rapid and unpredictable events occur, such 
as the collapse of an ice shelf, a UAV could be deployed to 
gather real-time radar data.

Such observations are just not possible today. But Peregrine 
and its successors could make that possible. Having the ability 
to collect this kind of radar data would help glaciologists resolve 
fundamental uncertainties in the physics of ice sheets, improve 
projections of sea-level rise, and enable better decision making 
about mitigations and adaptations for Earth’s future climate.  
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Thomas Teisberg [opposite 
page] reviews some of the data 
recorded by Peregrine during a 
test flight [bottom] in Norway. 
The small box on his desk with 
wires attached is part of 
Peregrine’s payload, a package 
that includes a software-
defined radio, a Raspberry Pi, 
and other electronics wrapped 
in copper shielding. The 
surface of the ice and shape of 
the bedrock [left] are clearly 
visible in this two-dimensional 
tracing of the data. 
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CUMMINGS



< WHAT  
SELF-

DRIVING 
CARS  

TELL US 
ABOUT  

AI RISKS

This self-driving Cruise 
robotaxi got stuck at a 
crossroads in San Francisco 
in 2019, inconveniencing  
pedestrians.

ANDREJ SOKOLOW/ 
PICTURE-ALLIANCE/AP



I
n 2016, just weeks 
before the Autopilot 
in his Tesla drove 
Joshua Brown to his 
death, I pleaded with 
the U.S. Senate 
Committee on 

Commerce, Science, 
and Transportation to 
regulate the use of 
artificial intelligence in 
vehicles. Neither my 
pleading nor Brown’s 
death could stir the 
government to action.  
• Since then, automotive 
AI in the United States 
has been linked to  
at least 25 confirmed 
deaths and to hundreds 
of injuries and instances 
of property damage.

The lack of technical comprehension across 
industry and government is appalling. People do 
not understand that the AI that runs vehicles—
both the cars that operate in actual self-driving 
modes and the much larger number of cars offering 
advanced driving-assistance systems (ADAS)—are 
based on the same principles as ChatGPT and other 
large language models (LLMs). These systems con-
trol a car’s lateral and longitudinal position—to 
change lanes, brake, and accelerate—without wait-
ing for orders to come from the person sitting 
behind the wheel.

Both kinds of AI use statistical reasoning to guess 
what the next word or phrase or steering input 
should be, heavily weighting the calculation with 
recently used words or actions. Go to your Google 
search window and type in “now is the time” and 
you will get the result “now is the time for all good 
men.” And when your car detects an object on the 
road ahead, even if it’s just a shadow, watch the car’s 
self-driving module suddenly brake.

Neither the AI in LLMs nor the one in autono-
mous cars can “understand” the situation, the con-
text, or any unobserved factors that a person would 
consider in a similar situation. The difference is that 
while a language model may give you nonsense, a 
self-driving car can kill you.

In late 2021, despite receiving threats to my phys-
ical safety for daring to speak truth about the dan-
gers of AI in vehicles, I agreed to work with the U.S. 
National Highway Traffic Safety Administration 
(NHTSA) as the senior safety advisor. What quali-
fied me for the job was a doctorate focused on the 
design of joint human-automated systems and 20 
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In February 2023, this Waymo car 
stopped in a San Francisco  
street, backing up traffic behind 
it. The reason? The back door 
hadn’t been completely closed.

https://spectrum.ieee.org/teslas-crash-could-have-been-much-worse
https://spectrum.ieee.org/teslas-crash-could-have-been-much-worse
https://www.commerce.senate.gov/2016/3/hands-off-the-future-of-self-driving-cars


years of designing and testing unmanned systems, 
including some that are now used in the military, 
mining, and medicine.

My time at NHTSA gave me a ringside view of 
how real-world applications of transportation AI 
are or are not working. It also showed me the intrin-
sic problems of regulation, especially in our current 
divisive political landscape. My deep dive has helped 
me to formulate five practical insights. I believe they 
can serve as a guide to industry and to the agencies 
that regulate them.

1. Human errors in operation  
get replaced by human 
errors in coding 

Proponents of autonomous vehicles routinely assert 
that the sooner we get rid of drivers, the safer we 
will all be on roads. They cite the NHTSA statistic 
that 94 percent of accidents are caused by human 
drivers. But this statistic is taken out of context and 
inaccurate. As the NHTSA itself noted in that report, 
the driver’s error was “the last event in the crash 
causal chain….It is not intended to be interpreted as 
the cause of the crash.” In other words, there were 
many other possible causes as well, such as poor 
lighting and bad road design. 

Moreover, the claim that autonomous cars will 
be safer than those driven by humans ignores what 
anyone who has ever worked in software develop-
ment knows all too well: that software code is 
incredibly error-prone, and the problem only grows 
as the systems become more complex.

Consider these recent crashes in which faulty 
software was to blame. There 
was the October 2021 crash of a 
  Pony.ai driverless car into a sign, 
the April 2022 crash of a 
 TuSimple tractor trailer into a 
concrete barrier, the June 2022 
crash of a Cruise robotaxi that 
suddenly stopped while making 
a left turn, and the March 2023 
crash of another Cruise car that 
rear-ended a bus. 

These and many other epi-
sodes make clear that AI has not 
ended the role of human error in 
road accidents. That role has 
merely shifted from the end of a 
chain of events to the begin-
ning—to the coding of the AI 
itself. Because such errors are 
latent, they are far harder to mit-
igate. Testing, both in simulation 
but predominantly in the real 
world, is the key to reducing the 
chance of such errors, especially 
in safety-critical systems. How-
ever, without sufficient govern-
ment regulation and clear 

industry standards, autonomous-vehicle companies 
will cut corners in order to get their products to 
market quickly.

2. AI failure modes  
are hard  
to predict

A large language model guesses which words and 
phrases are coming next by consulting an archive 
assembled during training from preexisting data. A 
self-driving module interprets the scene and decides 
how to get around obstacles by making similar 
guesses, based on a database of labeled images—this 
is a car, this is a pedestrian, this is a tree—also pro-
vided during training. But not every possibility can 
be modeled, and so the myriad failure modes are 
extremely hard to predict. All things being equal, a 
self-driving car can behave very differently on the 
same stretch of road at different times of the day, 
possibly due to varying sun angles. And anyone who 
has experimented with an LLM and changed just 
the order of words in a prompt will immediately see 
a difference in the system’s replies.

One failure mode not previously anticipated is 
phantom braking. For no obvious reason, a self-driv-
ing car will suddenly brake hard, perhaps causing a 
rear-end collision with the vehicle just behind it and 
other vehicles farther back. Phantom braking has 
been seen in the self-driving cars of many different 
manufacturers and in ADAS-equipped cars as well.

The cause of such events is still a mystery. 
Experts initially attributed it to human drivers fol-
lowing the self-driving car too closely (often accom-

panying their assessments by 
citing the misleading 94 percent 
statistic about driver error). 
However, an increasing number 
of these crashes have been 
reported to NHTSA. In May 
2022, for instance, the NHTSA 
sent a letter to Tesla noting that 
the agency had received 758 
complaints about phantom 
braking in Model 3 and Model Y 
cars. This past May, the German 
publication Handelsblatt 
reported on 1,500 complaints of 
braking issues with Tesla vehi-
cles, as well as 2,400 complaints 
of sudden acceleration. It now 
appears that self-driving cars 
experience roughly twice the 
rate of rear-end collisions as do 
cars driven by people.

Clearly, AI is not performing 
as it should. Moreover, this is not 
just one company’s problem—all 
car companies that are leverag-
ing computer vision and AI are 
susceptible to this problem.

OCTOBER 2023  SPECTRUM.IEEE.ORG  33

Phantom 
braking: 
when a 
self-driving 
car stops 
cold for no 
apparent 
reason 

ALL CARS, 
2019

56%

28%

33%

ALL CARS, 
2020

SELF- 
DRIVING 
CARS, 
2023

60

50

40

30

20

10

0

Source: National Highway Traffic 
Safety Administration

REAR-END CRASH PERCENTAGES
Cars equipped with self-driving systems 
had worse rear-end collision rates than 
those not so equipped.

https://crashstats.nhtsa.dot.gov/Api/Public/ViewPublication/812115
https://www.reuters.com/business/autos-transportation/us-agency-review-if-ponyai-complied-with-crash-reporting-order-2022-03-29/
https://www.theverge.com/2022/8/4/23288794/tusimple-self-driving-truck-crash-investigation
https://www.reuters.com/business/autos-transportation/us-agency-probing-cruise-crash-california-2022-07-07/
https://www.koin.com/news/cruise-recalls-robotaxi-software-after-car-crashes-into-san-francisco-bus/
https://www.koin.com/news/cruise-recalls-robotaxi-software-after-car-crashes-into-san-francisco-bus/
https://static.nhtsa.gov/odi/inv/2022/INIM-PE22002-87085.pdf
https://static.nhtsa.gov/odi/inv/2022/INIM-PE22002-87085.pdf
https://www.handelsblatt.com/unternehmen/industrie/elektromobilitaet-mein-autopilot-hat-mich-fast-umgebracht-tesla-files-naehren-zweifel-an-elon-musks-versprechen/29166564.html
https://www.handelsblatt.com/unternehmen/industrie/elektromobilitaet-mein-autopilot-hat-mich-fast-umgebracht-tesla-files-naehren-zweifel-an-elon-musks-versprechen/29166564.html


As other kinds of AI begin to 
infiltrate society, it is impera-
tive for standards bodies and 
regulators to understand that 
AI failure modes will not follow 
a predictable path. They should 
also be wary of the car compa-
nies’ propensity to excuse away 
bad tech behavior and to blame 
humans for abuse or misuse of 
the AI.

3. Probabilistic 
estimates do  
not approximate 

judgment under 
uncertainty 
Ten years ago, there was signif-
icant hand-wringing over the 
rise of IBM’s AI-based Watson, 
a precursor to today’s LLMs. 
People feared AI would very 
soon cause massive job losses, 
especially in the medical field. 
Meanwhile, some AI experts 
said we should stop training 
radiologists. 

These fears didn’t material-
ize. While Watson could be 
good at making guesses, it had 
no real knowledge, especially when it came to making 
judgments under uncertainty and deciding on an 
action based on imperfect information. Today’s 
LLMs are no different: The underlying models simply 
cannot cope with a lack of information and do not 
have the ability to assess whether their estimates are 
even good enough in this context.

These problems are routinely seen in the 
self-driving world. The June 2022 accident involv-
ing a Cruise robotaxi happened when the car 
decided to make an aggressive left turn between 
two cars. As the car safety expert Michael Woon 
detailed in a report on the accident, the car cor-
rectly chose a feasible path, but then halfway 
through the turn, it slammed on its brakes and 
stopped in the middle of the intersection. It had 
guessed that an oncoming car in the right lane was 
going to turn, even though a turn was not physically 
possible at the speed the car was traveling. The 
uncertainty confused the Cruise, and it made the 
worst possible decision. The oncoming car, a Prius, 
was not turning, and it plowed into the Cruise, 
injuring passengers in both cars. 

Cruise vehicles have also had many problematic 
interactions with first responders, who by default 
operate in areas of significant uncertainty. These 
encounters have included Cruise cars traveling 
through active firefighting and rescue scenes and 
driving over downed power lines. In one incident, a 
firefighter had to knock the window out of the Cruise 

car to remove it from the scene. Waymo, Cruise’s 
main rival in the robotaxi business, has experienced 
similar problems.

These incidents show that even though neural 
networks may classify a lot of images and propose 
a set of actions that work in common settings, they 
nonetheless struggle to perform even basic opera-
tions when the world does not match their training 
data. The same will be true for LLMs and other 
forms of generative AI. What these systems lack is 
judgment in the face of uncertainty, a key precursor 
to real knowledge.

4. Maintaining AI  
is just as important   
as creating AI

Because neural networks can only be effective if 
they are trained on significant amounts of relevant 
data, the quality of the data is paramount. But such 
training is not a one-and-done scenario: Models 
cannot be trained and then sent off to perform well 
forever after. In dynamic settings like driving, 
models must be constantly updated to reflect new 
types of cars, bikes, and scooters, construction 
zones, traffic patterns, and so on.

In the March 2023 accident, in which a Cruise car 
hit the back of an articulated bus, experts were sur-
prised, as many believed such accidents were nearly 
impossible for a system that carries lidar, radar, and 
computer vision. Cruise attributed the accident to a 
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While a 
language 
model may 
give you 
nonsense,  
a self-driving 
car can  
kill you.

On 3 June 2022, a Cruise AV in San Francisco sensed an oncoming Prius, considered 
two scenarios [checked in green] out of a possible four, and chose a path. When 
things did not go according to plan, the Cruise stopped cold, right in the middle 
of the lane, causing a collision.  SOURCE: RETROSPECT
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https://www.statnews.com/2019/10/23/advancing-ai-health-care-trust/
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https://spectrum.ieee.org/how-ibm-watson-overpromised-and-underdelivered-on-ai-health-care
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https://www.retrospectav.com/products/cruise-unacceptably-risky-part-1
https://www.sfgate.com/tech/article/cruise-cars-entangled-in-san-francisco-17854795.php
https://missionlocal.org/2023/05/waymo-cruise-fire-department-police-san-francisco/
https://getcruise.com/news/blog/2023/why-we-do-av-recalls/


faulty model that had guessed where the back of the 
bus would be based on the dimensions of a normal 
bus; additionally, the model rejected the lidar data 
that correctly detected the bus.

This example highlights the importance of 
maintaining the currency of AI models. “Model 
drift” is a known problem in AI, and it occurs when 
relationships between input and output data 
change over time. For example, if a self-driving car 
fleet operates in one city with one kind of bus, and 
then the fleet moves to another city with different 
bus types, the underlying model of bus detection 
will likely drift, which could lead to serious 
consequences.

Such drift affects AI working not only in trans-
portation but in any field where new results contin-
ually change our understanding of the world. This 
means that large language models can’t learn a new 
phenomenon until it has lost the edge of its novelty 
and is appearing often enough to be incorporated 
into the dataset. Maintaining model currency is just 
one of many ways that AI requires periodic 
 maintenance, and any discussion of AI regulation 
in the future must address this critical aspect.

5. AI has system-level  
implications that  
can’t be ignored

Self-driving cars have been designed to stop cold 
the moment they can no longer reason and no 
longer resolve uncertainty. This is an important 
safety feature. But as Cruise, Tesla, and Waymo 
have demonstrated, managing such stops poses an 
unexpected challenge.

A stopped car can block roads and intersections, 
sometimes for hours, throttling traffic and keeping 
out first-response vehicles. Companies have insti-
tuted remote-monitoring centers and rapid-action 
teams to mitigate such congestion and confusion, 
but at least in San Francisco, where hundreds of 
self-driving cars are on the road, city officials have 
questioned the quality of their responses. 

Self-driving cars rely on wireless connectivity 
to maintain their road awareness, but what hap-
pens when that connectivity drops? One driver 
found out the hard way when his car became 
entrapped in a knot of 20 Cruise vehicles that had 
lost connection to the remote-operations center 
and caused a massive traffic jam.

Of course, any new technology may be expected 
to suffer from growing pains, but if these pains 
become serious enough, they will erode public trust 
and support. Sentiment toward self-driving cars 
used to be optimistic in tech-friendly San Fran-
cisco, but now it has taken a negative turn due to 
the sheer volume of problems the city is experienc-
ing. Such sentiments may eventually lead to public 
rejection of the technology if a stopped autono-
mous vehicle causes the death of a person who was 
prevented from getting to the hospital in time.

So what does the experience of self-driving cars 
say about regulating AI more generally? Companies 
not only need to ensure they understand the broader 
systems-level implications of AI, they also need 
oversight—they should not be left to police them-
selves. Regulatory agencies must work to define 
reasonable operating boundaries for systems that 
use AI, and issue permits and regulations accord-
ingly. When the use of AI presents clear safety risks, 
agencies should not defer to industry for solutions 
and should be proactive in setting limits.

AI still has a long way to go in cars and trucks. 
I’m not calling for a ban on autonomous vehicles. 
There are clear advantages to using AI, and it is 
irresponsible for people to call for a ban, or even a 
pause, on AI. But we need more government over-
sight to prevent the taking of unnecessary risks.

And yet the regulation of AI in vehicles isn’t 
happening yet. That can be blamed in part on 
industry overclaims and pressure, but also on a 
lack of capability on the part of regulators. The 
European Union has been more proactive about 
regulating artificial intelligence in general and in 
self-driving cars particularly. In the United States, 
we simply do not have enough people in federal 
and state departments of transportation that 
understand the technology deeply enough to advo-
cate effectively for balanced public policies and 
regulations. The same is true for other types of AI.

This is not any one administration’s problem. 
Not only does AI cut across party lines, it cuts across 
all agencies and at all levels of government. The 
Department of Defense, Department of Homeland 
Security, and other government bodies all suffer 
from a workforce that does not have the technical 
competence needed to effectively oversee advanced 
technologies, especially rapidly evolving AI.

To engage in effective discussion about the regu-
lation of AI, everyone at the table needs to have tech-
nical competence in AI. Right now, these discussions 
are greatly influenced by industry (which has a clear 
conflict of interest) or Chicken Littles who claim 
machines have achieved the ability to outsmart 
humans. Until government agencies have people with 
the skills to understand the critical strengths and 
weaknesses of AI, conversations about regulation 
will see very little meaningful progress.

Recruiting such people can be easily done. 
Improve pay and bonus structures, embed govern-
ment personnel in university labs, reward profes-
sors for serving in the government, provide 
advanced certificate and degree programs in AI for 
all levels of government personnel, and offer schol-
arships for undergraduates who agree to serve in 
the government for a few years after graduation. 
Moreover, to better educate the public, college 
classes that teach AI topics should be free. 

We need less hysteria and more education so 
that people can understand the promises but also 
the realities of AI.   
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The people of Adjuntas, in central Puerto Rico, are aiming 
to make it an all-solar town. The circles show houses and 
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BY MAXIMILIANO FERRARI, 
BEN OLLIS, MICHAEL STARKE 
& ARTURO MASSOL-DEYÁ

THE WELL- 
CONNECTED 
MICROGRID

A NETWORK OF 
MICROGRIDS can 
withstand severe storms

businesses where rooftop photovoltaic panels 
have been installed.  JOSÉ “TITO” ALMODÓVAR/CASA PUEBLO
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IN SEPTEMBER 2017, 
Hurricane Maria devas-

tated Puerto Rico. It was one of the dead-
liest and most damaging natural 
disasters to ever make landfall in the 
United States. Maria destroyed infra-
structure and crops and initially claimed 
64 lives. The aftermath was even more 
calamitous: More than 4,000 people are 
estimated to have died as a result of the 
shortage of medical care and basic 
resources during the extended power 
outages that followed the storm, accord-
ing to research reported in The New 
England Journal of Medicine. Low- 
income and rural communities suffered 
the most, with some remaining without 
power for almost a year. 

The winds had barely died down 
when electric-power specialists and 

others began calling for a radical over-
haul of Puerto Rico’s electricity net-
works, one that would emphasize 
renewable energy, distributed genera-
tion, and, critically, microgrids. 

A microgrid is like a miniaturized, 
tightly controlled version of a power grid. 
Each microgrid includes generation, 
loads, transformers, distribution lines, 
protective devices, and, typically, energy 
storage. Several factors combine to make 
Puerto Rico an ideal place for solar power 
and microgrids. The island gets on aver-
age nearly 3,000 hours of sunshine per 
year, putting it on a par with Honolulu 
and Brisbane, Australia. And it is vulner-
able to precisely the kind of destructive 
storms that microgrids are designed to 
ride out with minimal interruption in 
electric service. 

Although most microgrids today 
operate independently, one way to get the 
maximum benefit from them is to con-
nect them, letting them share resources 
wherever and whenever possible. To that 
end, engineers at the U.S. Department of 
Energy’s Oak Ridge National Laboratory 
(including three of us—Ferrari, Ollis, and 
Starke) are investigating distributed con-
trollers that will allow microgrids to form 
a larger network that will increase their 
resiliency and facilitate the integration 
of more renewable energy. Such net-
worked microgrids can be isolated for 
longer periods from the main grid, which 
is crucial during long-term outages 
caused by severe weather and other nat-
ural disasters.

We have designed such a controller, 
which we call a microgrid orchestrator, 

↑ Alexis Massol González, founder 
of the environmental nonprofit Casa 
Pueblo de Adjuntas, stands next to a 
rooftop PV installation, one of more 
than 400 deployed in the region.

SAN JUAN

Adjuntas
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and are now developing facilities to thor-
oughly test it in the lab. Next year, we plan 
to install and further test our controller 
on-site in the central Puerto Rican com-
munity of Adjuntas. Ultimately, such 
technology could benefit any part of the 
world where the electricity network is 
vulnerable to outages and where increas-
ing amounts of solar and wind power are 
being integrated into the power grid. 

IN THE DARKNESS 
caused by Hurricane Maria, 

a grassroots environmental nonprofit 
called Casa Pueblo de Adjuntas provided 
hope for the people of Adjuntas. (Coau-
thor Massol-Deyá is executive director of 
the organization.) The group is a pioneer 
in bringing solar energy to Puerto Rico, 
having installed the first photovoltaic 

(PV) panels in Adjuntas in 1999. During 
and after Maria, Casa Pueblo continued 
to operate a solar-based microgrid it had 
installed in 2017. The microgrid provided 
vital services, including running dialysis 
machines, refrigerating medicines, and 
charging cellphones. Adjuntas, a region 
that shares the same name of its main 
town, is known for its many coffee plan-
tations and has a population of about 
18,000 spread among 16 towns and vil-
lages. Casa Pueblo’s solar-powered radio 
transmitter was the main means of dis-
seminating news across central Puerto 
Rico after the 2017 storm. 

Maria was not an isolated event—
since it struck, eight major storms have 
either hit the island directly or passed 
close enough to have caused flooding or 
power losses. Vulnerable communities in 

Puerto Rico and elsewhere must decide 
how they will cope with future disasters, 
intensified by the effects of a changing 
climate. The residents of Adjuntas have 
chosen a path toward self-sufficiency and 
a power system that is relatively clean, 
decentralized, and resilient. 

The Adjuntas model is built around 
solar-powered microgrids. A key feature 
of a microgrid is the option of operating 
it connected to the main grid—a mode 
called grid-connected—or isolated from 
the grid, in islanded mode. Islanding lets 
microgrids continue to supply electricity 
to users even when the main grid is down. 
In 2019, in partnership with the Honnold 
Foundation and other organizations, 
Casa Pueblo started connecting the 
Adjuntas town square to two solar- 
powered microgrids. Construction was 

←↑→↙↙↓ Rooftop solar power totaling 
about 200 kilowatts, complemented by 
1 megawatt-hour of battery storage, supplies 
electricity to 14 businesses in Adjuntas.

→ The Solar Forest, 
a novel installation of PV 

panels, doubles as a public 
charging station in the 

town square of Adjuntas.
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completed this past March, and the 
microgrids will be fully operational by 
the end of the year.

Puerto Rico’s government has com-
mitted to transitioning to 100 percent 
renewable energy by 2050, with interim 
goals of 40 percent by 2025, the phaseout 
of coal-fired plants by 2028, and a 
60 percent renewable system by 2040. 
Meanwhile, though, much of the island 
continues to rely on a centralized grid 
that is fed mainly by power plants that 
burn natural gas, petroleum, or coal. 
From 2014 to 2022, the Puerto Rican 
power company, PREPA, increased its 
share of renewable energy from 
1.7 percent to 2.8 percent. During this 
same period, distributed residential 
solar connected to the main grid saw 
an incredible 50-fold increase, from 
4.4 megawatts to 224.6 MW. The 
growth in residential solar capacity has 
been 2.5 times as great as the combined 
growth in the commercial and indus-
trial sectors.

Solar-based microgrids have also 
seen an uptick in adoption since Maria. 
During prolonged outages, they can pro-
vide a cleaner and less expensive alter-
native to emergency diesel generators. 
Diesel generators emit harmful pollut-
ants and are expensive to operate, espe-
cially in the aftermath of a devastating 
storm, when fuel is scarce. Following 
Maria, businesses in Adjuntas struggled 
to obtain enough diesel and spent thou-
sands of dollars on fuel to keep their 
generators operating—an expense that 
sorely tested them. 

Sunlight, though, is a free and abun-
dant energy source in Puerto Rico, and 
solar-based microgrids have proven to 
be a reliable alternative to the central 
grid. The two microgrids in Adjuntas 
encompass more than 700 PV panels 
installed on the rooftops of 14 small busi-
nesses in the center of the town, includ-
ing the bakery, the pizzeria, and critical 
facilities such as the pharmacy. The 
microgrids, which have a total capacity 
of about 200 kilowatts, as well as two 
large battery-storage systems with more 
than 1 megawatt-hour of capacity, are 
designed to power these businesses. 

Most microgrids run in grid- 
connected mode whenever the main grid 
is available. The microgrids in Adjuntas, 
however, are designed to run in islanded 
mode, disconnected from the main grid. 
They’re owned, operated, and main-

tained by a nonprofit cooperative, which 
functions as an independent system 
operator. The businesses thus purchase 
electricity that is generated locally. Each 
business is equipped with its own energy 
meter, and at the end of the month it’s 
charged for the electricity it consumed.

Business owners pay a rate that’s 
lower than the main grid rate on the 
island, which is one of the highest in 
the United States. The average cost of 
electricity for commercial users in 
Puerto Rico is about 29 U.S. cents per 
kilowatt-hour; in May, the rate on the 
United States mainland was about 
13 cents per kilowatt-hour. Revenue 
generated by the microgrids will be rein-
vested into the community in several 

ways, including operation, maintenance, 
and future expansion of the microgrids, 
and as an emergency fund to bring solar 
energy to other low-income communi-
ties in the area.

The experience of regularly operating 
the system in islanded mode will be cru-
cial when the next natural disaster shuts 
down the main grid. During such extreme 
events, the connected businesses will 
serve the entire community by providing 
refrigeration for medicines and perish-
ables, power to recharge smartphones 
and laptops, a community kitchen, and a 
laundry, just to name a few essential ser-
vices. In Adjuntas, even a pizzeria can 
become a critical emergency facility. 
Having access to electricity will help to 

↑ The pizzeria in Adjuntas is connected to a 
microgrid. It should still be able to operate 
even if the main power grid goes down.

←↑↗↗ In a hurricane-
prone region like 
Puerto Rico, it’s good 
to be prepared. The 
pharmacy, hardware 
store, bakery, and 
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maintain a sense of normality during the 
crisis. It will also enable businesses to 
continue operating, mitigating the eco-
nomic impact that a long-term outage 
would otherwise inflict. It’s a powerful 
example of how electricity and commu-
nity resiliency are intertwined.

MICROGRIDS OFFER 
great promise for energy 

resilience, but they have some limita-
tions. Traditionally, islanded micro-
grids have rigid boundaries, creating 
energy silos that can’t communicate 
with one another or share resources. 
As a result, power generation and 
demand may be unevenly distributed 
across a region: One microgrid where 

demand is low or generation is high 
may have excess generation that goes 
to waste, while another microgrid 
nearby may have to disconnect electri-
cal loads due to insufficient generation 
or high demand. 

To tackle this challenge, our team at 
Oak Ridge National Laboratory (ORNL), 
in Tennessee, with funding from the 
Department of Energy’s Solar Energy 
Technologies Office, is designing a 
microgrid orchestrator that can intercon-
nect islanded microgrids. At present, 
there’s no single standard for microgrid 
architecture, and so the orchestrator is 
designed to be compatible with any type 
of microgrid controller. The orchestrator 
works with local microgrid controllers 

to optimize and coordinate the distribu-
tion of the available electricity supply. It 
does so by creating an artificial electricity 
market among the microgrids. In this 
market, the microgrids can sell or buy 
power from neighboring microgrids 
based on their local needs. 

The orchestrator looks at the power 
imbalance—the difference between gen-
eration and loads—for each microgrid. 
Its pricing algorithm then adjusts the 
pricing signal, which is sent out to each 
microgrid. The pricing signal isn’t the 
actual amount that a customer will pay 
for electricity. Rather, it’s a transactive 
signal used within the network of micro-
grids to determine if a specific microgrid 
will buy power from, or sell power to, its 

↓ Last March, Adjuntas celebrated its 
commitment to self-sufficient solar power. 
The microgrid technology being deployed 
there could be a model for the rest of Puerto 
Rico and other parts of the world.

barbershop are 
connected to the 
Adjuntas microgrids, 
and in extreme events, 
they will continue to 
serve the community.
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neighbors. The pricing signal is periodi-
cally updated based on the power imbal-
ance and other factors. 

Usually, the optimization of a micro-
grid is centralized, with the central con-
troller gathering information from and 
controlling each device, which could be, 
among other things, a PV inverter, bat-
tery inverter, or controllable load. Based 
on forecasts of loads and generation, it 
determines the optimal way to distribute 
power and sends instructions to each 
device. For example, it will prioritize a 
critical load like life-support equipment 
over a noncritical load like office lighting 
to ensure that the critical load remains 
powered. While a centralized approach 
is simpler to formulate than a distrib-
uted one, it requires full access to data 
and struggles to handle a large number 
of devices. 

The orchestrator’s distributed 
approach, by contrast, is highly scalable, 
as the optimization problem is divided 
into microgrid-size chunks. The orches-
trator doesn’t control the individual 
devices in the microgrid network. 
Instead, the local microgrid controllers 
maintain full control of their assets, such 
as PV panels, and they react to the pricing 
signal and make their own decisions 
about buying or selling power to one or 
more neighboring microgrids. This 
approach preserves the autonomy and 
privacy of each microgrid. 

Adjuntas will be an ideal location to 
demonstrate our microgrid orchestrator. 
Currently, the region has more than 400 
solar installations, capable of generating 

over 600 kW in bright sunlight. The fire 
station, barbershop, and several grocery 
stores are all powered by solar energy. 
The energy landscape is thus a glimpse 
of the transformation that needs to 
happen in Puerto Rico if the island is to 
reach its goal of 100 percent renewable 
energy by 2050. Microgrids with energy 
storage will help stabilize the larger 
grid as it integrates more distributed, 
intermittent generation coming from 
solar and wind power. 

BEFORE DEPLOYING 
the microgrid orchestra-

tor in the field, we are conducting a com-
prehensive validation of the technology 
in the lab. ORNL has two state-of-the-
art facilities dedicated to microgrid 
research. One uses a hardware-in-the-
loop (HIL) platform, which mimics a real 
system by integrating physical equipment 
such as external controllers into a simu-
lation. The other is a network microgrid 
facility based on actual hardware. 

At ORNL, the HIL simulator runs a 
detailed model of the Adjuntas micro-
grids, including PV inverters, energy 

Islanded microgrids [left] can fail if generation and loads become unbalanced. Networking the microgrids together [right] using 
technology such as ORNL’s microgrid orchestrator allows them to share resources and makes them more resilient.

Adjuntas’s two 
microgrids are 
designed to operate 
in islanded mode. 
In a demonstration 
next year, they will be 
networked together 
with a microgrid 
orchestrator.

storage, and protective systems, and it 
uses actual measurements of electricity 
consumption from each business, as well 
as PV inverter generation. This detailed 
simulation is thus validating the opera-
tion of the orchestrator in a safe and con-
trollable virtual environment.

The hardware testbed consists of 
three microgrids, each of which inte-
grates commercial PV inverters, energy- 
storage inverters, and synchronous 
machines to emulate conventional 
backup generation. The microgrids can 
be configured to operate in grid- 
connected or islanded mode, or as a 
network. The hardware testbed uses 
emulators for PV generation and loads, 
and we’ll use data collected in  Adjuntas 
through weather stations and data log-
gers to replicate those conditions in 
the lab. 

In the scenarios we have been eval-
uating, we’re seeing that during normal 
conditions, when the main grid is 
healthy, having a network of microgrids 
facilitates the exchange of power 
between the microgrids, reducing the 
need to shed loads on cloudy days and 
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maximizing the economic benefits. In 
Adjuntas, that means that surplus power 
generated in the northeast section of 
town will help support the power- 
hungry critical loads in the west, such as 
at the pharmacy. 

During a prolonged power outage 
following a storm, the testbed shows 
that a microgrid that’s been damaged 
can use both PV generation and battery 
resources from its neighbors. In that 
extreme scenario, the orchestrator will 
move electricity between the microgrids 
and allow every watt produced by the 
remaining solar panels to be used, mini-
mizing the need to cut electricity to crit-
ical loads. 

THE ORNL MICROGRID 
orchestrator is the center-

piece of a group of related technologies. 
Another component we’re working on 
with the University of Tennessee, Knox-
ville, are controls that will allow a micro-
grid that is operating in islanded mode 
to extend its reach and pick up addi-
tional loads and generation that are 
outside the microgrid’s boundaries. 

Setting up a microgrid with dynamic 
rather than fixed boundaries is partic-
ularly important during long-term 
power outages. In those instances, 
grid-connected PV installations in the 
affected part of the network will go off 
line because their commercial PV 
inverters require AC voltage to operate. 
But if a micro grid has dynamic bound-
aries, its voltage could reach PV instal-
lations in the affected area—which 
could be part of another microgrid or 
not connected to any microgrid—and 
bring them back on line. 

Although we plan to test this con-
cept in the lab, implementing it in the 

field will require permission from the 
main utility. Similar technology has 
been successfully tested in an airport 
microgrid in Chattanooga, Tenn. In a 
community like Adjuntas, which 
already has hundreds of distributed PV 
installations, dynamic boundaries 
would let each microgrid serve more 
customers while benefiting from their 
additional generation. And in general, 
this approach will help facilitate the 
integration of more renewable energy 
sources into the main grid. 

Another enabling technology we’re 
working on is a distributed architecture 
that lets the microgrid orchestrator 
communicate securely with the micro-
grid controllers, which in turn commu-
nicate with field devices, such as PV 
inverters and battery storage. We call 
this architecture ORNL CODAS, which 
stands for Control and Optimization 
using Distributed Agent-based System. 

As the name suggests, this distrib-
uted platform is based on agents, 
which are software entities that can 
make decisions based on their pro-
grammed logic. The CODAS agents 
rely on peer-to-peer communications, 
the peers in this case being the PV 
inverters, energy-storage controllers, 
and other microgrid devices and 
assets. This arrangement is critical 
when the orchestrator loses commu-
nication with one or more of the 

At Oak Ridge National Laboratory, researchers are testing microgrid hardware and 
running simulations of microgrid operation based on real-world data collected in 
Adjuntas, Puerto Rico. 

microgrid controllers. 
With a centralized microgrid archi-

tecture, the loss of communication 
between the microgrid controller and 
the microgrid devices can lead to the 
collapse of the entire microgrid. In an 
agent-based architecture like CODAS, 
the agents will temporarily take control 
of the microgrid assets to maintain 
power until the communication link is 
restored. For example, the energy- 
storage agent can communicate with 
the PV agents to prevent the state of 
charge of the battery from going 
beyond the maximum or minimum 
threshold. This agent-based approach 
brings another layer of resiliency to 
keep the lights on in extreme events. 

Meanwhile, the residents of Adjuntas 
continue to support the push for energy 
self-sufficiency. On 18 March 2023, thou-
sands of people came to Casa Pueblo for 
the inauguration of the two microgrids. 
The parade through town was not only a 
celebration—it was a community state-
ment demanding clean and resilient 
energy for the island of Puerto Rico. The 
residents want to be among the first 
all-solar towns in the world, an ambitious 
goal but one that’s already in progress 
and within reach. ORNL is developing 
the controls that will support this vision 
in Adjuntas and beyond, creating the 
foundation for a highly integrated power 
grid based on renewable energy.  
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Color plays a huge role in most of our lives. It signals 
danger or caution, like the patterns on a poisonous 
frog or the color of a stoplight. It evokes joy and 
inspiration through nature, art, and fashion. It can 
even trigger the recollection of a favorite memory, 

through pictures of family and friends.  ¶  In the technical world, 
the color of light is no less important. It affects the efficiency 
of solar cells, how far we can see inside our bodies, and the 
speed of 3D printing.  ¶  But light can be useful only if you can 
actually get it where it needs to go; many materials will absorb 
or scatter the light long before it can reach its intended desti-
nation.  ¶  We in the Congreve Lab at Stanford University 
became interested in changing the color of light for exactly this 
reason: It can help us get the right kind of light to the right place.  
¶  Initially, we focused on developing color-changing technol-
ogy for use in solar energy, where its usefulness is obvious. 
Photovoltaic cells harvest energy from only a limited range of 
energies—that is, colors. That range differs depending on the 
material used to produce the solar cell, but it’s always limited. 
One approach to improving solar-cell efficiency has been to 
produce cells with multiple layers tuned to different energy 
levels. But there is another way to think about it: It could be 
simpler and more efficient to change the light to fit the cell.
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Changing the color of light 
supercharges solar energy,  

3D printing, and night vision 
By Tracy H. Schloemer 
& Daniel N. Congreve

SMASHING
PHOTONS



releases the same amount of energy—in the form of heat or 
light—that it absorbed to excite the electron. The short-lived 
excited state, in which the electron is up in its higher orbital, 
is called a singlet exciton. 

There are other types of excitons. For example, there is a 
state in which the spins are unpaired (both spin up). Here, once 
one of the electrons is kicked up to a higher room, it cannot 
easily relax back to its ground state because that room is already 
occupied by an electron with the same spin. Still, it does even-
tually get there. Paint, stickers, and toys that glow in the dark 
after a period of exposure to light exploit this time lag. 

Apart from its use in novelty products, this species, called 
a triplet exciton, is usually viewed as a nuisance. For instance, 
in organic light-emitting diodes, it’s the singlet excited states 
that emit light. But both singlet and triplet excited states form 
in an OLED, with the triplet states reducing the light we see 
and generating excess heat, both things you don’t want in a 
display technology.

When you’re trying to manipulate the color of light, how-
ever, these triplet states have a silver lining. If two molecules 
in triplet states collide, they can sometimes combine their 
energy. This process is called triplet-triplet annihilation. 

What interests us is that after combining, the resulting 
molecule can emit a photon at a shorter wavelength—with 
higher energy—just as if the molecule had been excited with 
 higher-energy light directly. Here’s how we make that happen.

We start by generating the triplet excited state, which is a 
challenge. While several classes of molecules, called organic 
semiconductor annihilators, can allow triplets to combine, 
they don’t form triplets themselves when directly hit with 

Before we tell you more about how this process can boost 
solar power as well as revolutionize 3D printing and 
enable some other exciting applications, we’ll explain 

how this technology works.
Traditionally, the color of a photon (defined by its energy or 

wavelength) is a given. Yet it turns out that we can turn two 
low-energy photons into a single higher-energy photon using 
a process called upconversion. 

Upconversion has been observed in experiments for more 
than 50 years, but low efficiencies kept it a laboratory curiosity 
until materials that more efficiently emit upconverted light 
were discovered. Even then, issues with extracting a practical 
number of upconverted photons, how to incorporate the sub-
stances into the solid materials needed for real-life applications, 
and the availability of workable wavelengths have blocked 
upconversion’s path to commercialization.

Lately, however, a flurry of effort from scientists around 
the world has led to substantial advances in each of those 
challenging areas. Most notably, researchers have discovered 
new materials, made up of inorganic nanoparticles and metal- 
organic compounds, to increase the range of input and output 
wavelengths.

In our lab, we use these materials to perform a type of 
upconversion process called triplet-triplet annihilation, which 
we’ll explain in a moment. There are other approaches that use 
the intrinsic abilities of some rare heavy elements to conduct 
upconversion. But we chose the triplet-triplet annihilation path 
because the input energies required are low, so we don’t need 
expensive pulsed lasers. Instead, we can use low-power lasers 
or even light-emitting diodes, whose intensity is similar to that 
of laser pointers. Just as important, the 
materials we are using are more abun-
dant. Together, these characteristics 
put our technology on an easier path 
to commercialization. 

To understand how triplet-triplet 
annihilation works, you first need to 
grasp the concept of electron spin 
states in organic molecules. Electrons 
in a molecule are organized in discrete 
locations. Think of the molecule as a 
multistory house. Each floor has a 
single room representing one of these 
locations, or molecular orbitals. Each 
room can hold two electrons, but they 
don’t make for good roommates unless 
the electrons possess opposite quali-
ties, called spin states. Electrons first 
fill the bottom floors—the lowest 
energy locations—until all electrons 
have a room. If a photon hits this mol-
ecule (the house), it can excite one of 
the electrons to a higher energy state, 
pushing it to an unoccupied room on 
a higher floor. The electron remains 
there for only a couple nanoseconds 
or so before it falls back to the ground 
state—that is, its original room.

When an electron moves back to 
the ground state, the molecule  
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A silicon solar cell can efficiently convert photons to electricity only if 
the photons have energies close to silicon’s bandgap. The cell loses much 
of the energy from shorter-wavelength (higher-energy) photons as heat, 
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technology that can convert some of those unabsorbed wavelengths into colors 
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light. Instead, we need to use a material called a triplet sen-
sitizer. Triplet sensitizers typically contain a heavy metal like 
palladium, iridium, or platinum. This heavy metal serves as 
a mediator, creating a path for the molecule to move a singlet 
excited state to a lower-energy triplet excited state instead of 
falling directly to the ground state.

The sensitizer can then donate its triplet to an annihilator 
molecule, which possesses a triplet excited state slightly lower 
in energy than the sensitizer’s. When its energy is transferred 
to the annihilator, the sensitizer returns to its ground 
state without releasing light. The annihilator molecule will 
eventually emit light—but not just yet. 

To get the energy released as light, we need two annihilators 
in the triplet excited state. So we keep pumping low-energy light 
into the sensitizers, allowing them to repeat this process over 
and over, generating multiple excited annihilators and increas-
ing the chances of two of these excited annihilators colliding.

When such a mash-up happens, the annihilators transfer 
energy in a process called triplet-triplet annihilation, con-
verting one molecule into the singlet excited state and the 
other molecule into the ground state.

That singlet, however, has the combined energy of two 
triplets. So when it relaxes into the ground state, the photon 
it emits is higher in energy than the original photon absorbed 
by the sensitizer. We have upconverted two low-energy pho-
tons into one-high energy photon. In terms of colors, that 
means we can take two red photons and turn them into a blue 
one, for example, or take two infrared photons and turn them 
into a yellow one.

And that’s how we change the color of light. Now to 
get back to the reason we started doing this: 
photovoltaics.

Sunlight offers abundant photons spanning a wide range of 
energies, from the ultraviolet through the visible spectrum and 
into the infrared. Yet we use only a fraction of the available 
photons. That’s why a typical single-junction solar cell—a cell 
made of one layer of light-absorbing material—has a theoretical 
efficiency limit of just 34 percent; typical commercial solar cells 
today are only 15 to 20 percent efficient. The single largest source 
of this loss is a mismatch between the colors of incoming light 
and the colors of light that can be used by a solar cell.

To understand this situation, remember that photovoltaic 
cells are made of semiconductors, materials that possess an 
energy bandgap. When energy is applied, electrons will move 
from the valence band (the ground state) to the conduction band 
(the excited state) and can be harnessed as electrical energy. 

 If a photon whose energy matches the bandgap of the 
semiconductor hits a solar cell, this process proceeds 
smoothly: The incident photon generates an excited electron 
that is effectively captured to generate electricity. If a photon 
has an energy greater than the bandgap of the material—as 
is the case for all visible light for most photovoltaic materials 
in use—the incident photon generates an electron higher in 
energy. This excited electron then rapidly relaxes to an energy 
equal to the bandgap, and all the excess energy is lost as heat, 
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Sunlight contains many 
wavelengths that silicon solar 
cells cannot use efficiently. 
Short wavelengths [blue arrow] 
will be absorbed, but their 
excess energy is lost as heat. 
And long wavelengths [red arrow] 
aren’t absorbed at all. Today, 
researchers try to capture more 
wavelengths by stacking  
multiple types of electricity-
generating semiconductors atop 
one another, but this can be 
expensive and tricky to design. 
Instead, a layer of color-
change material could convert 
the long wavelengths to colors 
that silicon can absorb, thereby 
simplifying the design and 
potentially reducing the cost.

Electrons occupy the ground state [S0] in pairs with 
opposite “spins” [up and down arrows, left]. A photon can 
kick one of the electrons into the singlet excited state 
[S1, center]. Usually, the electron will quickly fall back 
to the ground state and emit a photon. But sometimes the 
electron’s spin can flip, and it gets stuck at a lower 
energy level, the triplet excited state [T1, right]. 
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a waste for the solar cell. Even worse, photons with less energy 
than the bandgap cannot do anything productive at all, and 
simply pass through the semiconductor unabsorbed. 

This presents a difficult trade-off for the solar-cell designer: 
Wider bandgaps will lose less as heat but absorb fewer pho-
tons, while narrower bandgaps will absorb more of the avail-
able photons but lose more as heat. Silicon, the ubiquitous 
light-absorbing photovoltaic material that makes up more 
than 90 percent of today’s photovoltaic market, sits in the 
sweet spot of this trade-off. Still, even the best experimental 
silicon solar cells leave almost three-quarters of the available 
sunlight power unharvested. 

This frustrating state of affairs has long inspired scientists 
and engineers, including us, to search for a better approach.

One promising idea is to use multiple absorber materials to 
create a stack of solar cells in which each semiconductor is paired 
with a particular portion of the solar spectrum. Designing these 
cells can be tricky. For instance, in one configuration each subcell 
must output the same amount of current; otherwise, efficiency 
will be limited to that of the worst-performing subcell. Currently, 
the most efficient device made using three light absorbers under 
standard illumination—that is, without using lenses or other 
concentrators—has an efficiency of 39.5 percent. 

But we think that changing the color of light can further 
boost efficiencies: Instead of trying to match the cell to the 
incoming light, we can match the light to the cell.

That means we convert the photons below the solar cells’ 
bandgap to harvestable, higher-energy photons. In the last few 
years in our lab at Stanford and in collaboration with other 
scientists around the world, we have successfully upconverted 
low-energy infrared photons—which often can’t be used by 
today’s solar cells—into productive yellow photons that can. 
And we translated this chemistry, originally developed in a 
beaker, into a thin-film material. 

We are studying how to improve these gains by controlling 
how energy moves inside our materials, how the singlet and 
triplet states interact, and how the light is emitted from the thin 
film to a solar array. Scientists around the world, including us, 
are working to develop materials that will enable more-efficient 
upconversion systems that harvest even further into the infra-
red. This technology isn’t being used commercially yet, but we 
believe it will get there. 

 

Improving the efficiency of solar cells is far from the only 
exciting use for changing the color of light through upcon-
version. This technology can also be used to target light to 

a precise location, solving a problem common to biology, 
chemistry, and additive manufacturing.

Preventing undesirable absorption or scattering of light is 
important in applications as diverse as activating a drug at a 
tumor site, lighting up a neuron to study brain function, and—
perhaps surprisingly—precisely building structures through 
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UPCONVERTING  
PHOTONS

TWO LOW-ENERGY PHOTONS can be turned into 
a single higher-energy photon by means of 
 triplet-triplet annihilation.

First, a low-energy photon [red wave] strikes a 
sensitizer molecule. This boosts [blue arrow] an elec-
tron from the ground state to the singlet excited 

state. The excited electron in the sensitizer subse-
quently falls to the lower-energy triplet state and flips 
its spin. The sensitizer molecule then exchanges an 
electron for an electron in the annihilator molecule, 
rubrene in this case. After this electron transfer, the 
sensitizer’s electrons have returned to the ground 
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To print this 3D boat [right], 
materials that can change the 
color of light were dispersed 
in a pool of resin. Focusing 
a red laser [far right] at a 
point in the pool triggered 
upconversion, creating a dot 
of blue light that cured the 
resin at that spot. Moving 
the laser in three dimensions 
built the boat dot by dot. 

STANFORD UNIVERSITY/HARVARD 
UNIVERSITY/NATURE

additive manufacturing. The way we solve this issue is similar 
in each case, but additive manufacturing (3D printing) is par-
ticularly promising and perhaps the easiest to explain.

If one were to imagine the best way to print a shape in three 
dimensions, without using today’s technology, it’s easy to 
picture curing individual points at their x, y, and z coordinates 
within a vat of resin. Yet curing a single target point without 
curing the space around it is difficult. Shining a laser beam 
into the resin, for instance, cures it along the entire laser path. 

 But we can get to this level of precision by changing the 
color of light. Here’s how that works.

Inside our upconversion 3D printer we use a resin con-
taining dispersed nanoparticles with sensitizers and annihi-
lators. In 3D printing, blue or UV photons are typically used 
to drive the curing of resin, but we don’t start with blue light. 
Instead, we shine a red laser beam toward our target. 

Then we take advantage of the fact that upconversion hap-
pens only at certain intensities of light: We use a lens to focus 
our red beam on a particular point in the resin pool, increasing 
its intensity at that spot. Upconversion creates a small dot of 
blue light at the focal point of the red light, curing the resin 
at the dot. By moving the focal point around, we can create 
arbitrary shapes deep in our resin pool. What’s exciting is that 
this entire process can be run with a laser no more powerful 
than a typical laser pointer. We have already made a number 
of sample objects, including a toy boat, a gear, and some Stan-
ford and Harvard University logos.

Moving forward, we are particularly excited about using 
this technique to rapidly print many objects at the nanoscale 
in parallel—something that has been difficult to do, since 
focusing too many high-powered lasers into one pool of resin 
simply breaks the resin down before it can be transformed 
into a solid plastic. The low-power lasers used for upconver-
sion don’t do this.

Still further promising developments remain beyond these 
applications: Upconversion could allow for near-infrared 
beams, which penetrate deep into living tissue, to generate 
high-energy photons useful for deep-tissue imaging, optoge-
netics, and local chemical reactions. 

Finally, we’re also exploring applications like passive 
night-vision systems and robust anticounterfeiting schemes. 
Each of these applications would require a thin coating of 
upconversion materials on a surface, in the same way we’re 
using our technology with solar cells. Imagine purchasing a 
pair of glasses with an added upconversion coating that allows 
you to see infrared photons, improving night vision without 
the bulky power source required in today’s night-vision gog-
gles. Or, if you embedded upconversion nanoparticles in cur-
rency or ID cards, distinguishing real from counterfeit would 
be as easy as shining a red laser pointer at the surface and 
seeing the light turn blue. 

Although each application requires different types of 
materials, getting high-energy photons to the right place 
through upconversion can be used to kick-start each one. 
We’re only beginning to scratch the surface of what this tech-
nology can do.  
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Illustration by Chris Philpot

state and the annihilator is in the triplet excited state. 
The process repeats itself, generating a second anni-
hilator in the triplet excited state.

Then, annihilator 1 exchanges electrons with 
annihilator 2. This boosts an electron to the singlet 
excited state in annihilator 2 and allows annihilator 
1 to return to the ground state.

Finally, the energized annihilator emits a photon 
[yellow wave] of a shorter (higher-energy) wave-
length than the ones that were initially absorbed by 
the sensitizer molecules.
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Global Institute of Future Technology 
(GIFT hereafter) at Shanghai Jiao 
Tong University invites applications for 
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at http://gift.sjtu.edu.cn.

Learn more at  
ieeeaccess.ieee.org

• Receive high-quality,  
rigorous peer review in only  
4 to 6 weeks

• Reach millions of global users 
through the IEEE Xplore®  
digital library by publishing 
open access

Harness the 
publishing 
power of  
IEEE Access.®

Tenure Track Faculty Positions
The UNC Charlotte Department of Electrical and 
Computer Engineering (ECE) invites applications 
for multiple 9-month tenure-track or tenured 
faculty positions at Assistant, Associate or Full 
Professor ranks starting from Spring 2024. Can-
didates are sought to fill positions in the areas of: 
(1) Electromagnetics with expertise in electro-
magnetics, metamaterials, photonics, acoustics, 
massive MIMO antennas, beamforming, antenna 
design, RF/millimeter/THz devices and systems, 
electromagnetic modeling and simulation, and 
time-variant and non-reciprocal electromagnetic 
devices; and (2) Semiconductor devices with 
expertise in semiconductor device physics, elec-
tronics, optoelectronics, power electronics, na-
noscale and novel devices, and semiconductor 
device design and fabrication techniques. Excep-
tional candidates in related areas are encouraged 
to apply.
Candidates should be committed to excellence 
in teaching at the undergraduate and gradu-
ate levels, development of sponsored research 
programs, supervision of student research, 
student mentoring, and academic services. Pri-
ority will be given to candidates having original 
and promising research as demonstrated by 
peer-reviewed publications, potential for suc-
cess in extramural funding, and a plan for future 
research that integrates well with existing and 
aspirational department strengths. Hires at the 
rank of Associate Professor and Full Professor 
are also expected to have demonstrated success in 
receiving extramural research funding, supervising/ 
mentoring of graduate students, and teaching. A 
Ph.D. degree in Electrical Engineering and related 
fields is required by the time of contract. 
Applications must be made electronically at 
https://jobs.charlotte.edu. Review of applica-
tions will begin September 15, 2023, and the 
position will remain open until filled. EOE

Connect with thousands 
of your colleagues in the 
IEEE AuthorLab today!

collabratec.ieee.org

The Department of Electrical and Computer Engineering 
in the Samuel Ginn College of Engineering at Auburn 
University invites applications for tenure-track Assistant 
Professor positions in the areas of image processing, 
computer engineering and microelectronics. Please 
visit www.eng.auburn.edu/elec for details about these 
positions and application instructions.

Auburn University is an EEO/Vet/Disability Employer. 
Auburn University is understanding of and sensitive to the 

family needs of faculty, including dual career couples.
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The College of Engineering at Boston University has embarked on 
a bold new strategic plan aimed at excellence and impact along 
convergent and collaborative research themes. The Department 
of Electrical & Computer Engineering (ECE) at Boston University 
(BU) anticipates multiple openings for a Tenure-Track Assistant 
Professor in the area of Computer Systems. We seek candidates 
in operating systems, compilers, cybersecurity, or software 
engineering to build future cloud and edge computing systems 
for a smart, secure and connected society. Potential application 
areas include healthcare, communications, transportation, 
finance, and scientific computing.  

Candidates with research programs that transcend the traditional 
boundaries of ECE may explore affiliated appointments in 
appropriate departments and divisions, such as Computer 
Science, Mathematics and Statistics, Systems Engineering, or the 
newly created Faculty of Computing and Data Sciences.   

BU ECE attracts exceptional undergraduate and graduate student 
and faculty talent at all levels. Research activity by primary faculty 
is approximately $26M per year. The College of Engineering is 
currently ranked 35th in the nation by US News and World 
Report, and 15th among private universities. The College is 5th in 
the nation in total funding from NSF among engineering schools 
at private universities. BU ECE faculty lead and participate in 
several high-profile, multidisciplinary research centers, including 
the Center for Information and Systems Engineering, the Hariri 
Institute for Computing and Computational Science and 
Engineering, the Center for Systems Neuroscience, the Rajen 
Kilachand Center for Integrated Life Science and Engineering, and 
the Photonics Center.  

We are looking for outstanding candidates who have earned or 
are expected to earn a Ph.D. in the relevant search area before 
Fall 2024, demonstrate potential for leading an independent and 
vibrant funded research program in their area of expertise, can 
teach effectively at the graduate and undergraduate levels, and 
can utilize their expertise to strengthen collaborative research 
within the department and beyond.   

For more information about BU ECE, please visit: 
http://www.bu.edu/ece/  

We encourage candidates to apply early. Applications received by 
December 15, 2023 will be given full consideration.   

For more information and to apply please visit: 
https://academicjobsonline.org/ajo/jobs/25188 

 

Boston University is 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. 
 

The Electrical and Computer Engineering (ECE) Division of the Electrical Engineering and 
Computer Science Department at the University of Michigan, Ann Arbor invites applications 
for junior and senior faculty positions.
Successful candidates will have a relevant doctorate or equivalent experience and an 
outstanding record of research in academia, industry and/or at national laboratories. They 
will have a strong commitment to teaching at undergraduate and graduate levels, to providing 
service to the university and profession, and to broadening the intellectual diversity of the 
ECE Division; and have expansive world-views on the potential impact of their research.

We invite diverse candidates across all research areas to apply.
The  highly  ranked  ECE  Division  prides itself on the mentoring of junior faculty toward 

successful careers.
Ann Arbor is highly rated as a family friendly best-place-to-live.

Please see application instructions at:
https://ece.engin.umich.edu/people/faculty-positions

Applications will be reviewed as they are received.  Submission of applications prior 
to Nov 30, 2023 is strongly recommended for full consideration. The application site 

will remain open until the positions are filled.
Michigan Engineers are world-class educators, researchers, students and staff who strive 
to build a people-first future. As part of the nation’s number one public research institution, 
Michigan Engineering’s mission is to provide scientific and technological leadership to the 
people of the world, develop intellectually curious and socially conscious minds, create 
collaborative solutions to societal problems, and promote an inclusive and innovative 
community of service for the common good.
Our vision, mission and values are supported by a people-first engineering framework 
that guides our work. As Michigan Engineers, we strive to apply excellent engineering 
fundamentals, integrated expertise and equity-centered values to reimagine what engineering 
can be, close critical gaps, and elevate all people. Information about our vision, mission and 
values can be found at: http://strategicvision.engin.umich.edu.
The University of Michigan has a storied legacy of commitment to Diversity, Equity and 
Inclusion (DEI). Michigan Engineering models that commitment in our research, culture 
and collaborations. We seek to recruit and retain a diverse workforce as a reflection of that 
commitment. Learn more about DEI at Michigan Engineering: https://www.engin.umich.
edu/culture/diversity-equity-inclusion
The University of Michigan is an Affirmative Action, Equal Opportunity Employer with an 
Active Dual-Career Assistance Program. The College of Engineering is especially interested 
in candidates who contribute, through their research, teaching, and/or service, to the diversity 
and excellence of the academic community.

Tenure-Track/Tenure
Assistant /Associate Professor

The Department of Electrical and Microelectronic Engineering 
at the Rochester Institute of Technology invites applications for 
tenure/tenure-track position from candidates in the area of 
Control/Robotics. Applicants must have a Ph.D. in Electrical 
Engineering or a closely related field. The candidate's research 
must specialize in Control/Robotics, with a record of refereed 
journal & conference publications. Candidates must have a 
strong aptitude and interest in undergraduate and graduate 
teaching, strong potential for establishing and conducting 
sponsored research, excellent written and oral communication 
skills, desire to provide service to the university and 
professional community and, ability to contribute in meaningful 
ways to the university's continuing commitment to cultural 
diversity, pluralism, and individual differences. Highly qualified 
candidates will be considered for an endowed chair.

Apply online at https://apptrkr.com/4489121. 
Keyword Search: 8108BR. 

Inquiries can be sent to Dr. Sohail Dianat (sadeee@rit.edu).

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.
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intricate clockwork mechanisms. In 
the early 1960s, though, the orrery 
got a makeover that aligned with the 
public’s growing interest in all things 
space. In the electronic desktop 
version shown here, a red lightbulb 
represents the sun, surrounded by 
brightly colored planets that the user 
could manipulate using dials at the 
bottom of the screen. Different over-

An orrery is a physical model of the 
solar system that shows the move-
ment of the planets, moons, and other 
celestial bodies. For centuries, orreries 
were mechanical displays that ran on 

lays map the moons, stars, and even 
Halley’s Comet. The orrery’s designer, 
Clair Omar Musser, was an engineer 
with Hughes Aircraft Co. who also 
happened to be a world-renowned 
marimba virtuoso.  

No Ordinary 
Orrery

FOR MORE ON MUSSER AND HIS 
INSTRUMENTS, see spectrum.ieee.org/
pastforward-oct2023

This ingenious  
solar-system  
display was  
designed by  
musician- 
turned-engineer  
Clair Omar Musser.

HISTORY IN AN OBJECT BY ALLISON MARSH
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MATLAB 
FOR AI
Boost system design and simulation with explainable and 
scalable AI. With MATLAB and Simulink, you can easily train 
and deploy AI models.

mathworks.com/ai
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