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Practical elivery

Eitan Frachtenberg, Reed College

Despite its enormous economic impact, the parcel delivery

industry has evolved slowly over the decades with the

biggest innovations coming from GPS and planning

algorithms. New developments in the technologies

of drone delivery, such as aircraft design, battery

improvements, and control software, could transform

this industry and, consequently, society as a whole.

arcel delivery generates revenues of more than

USS$200 billion per year in the United States

alone.! Small-parcel drone delivery will grow

rapidly in the near future and replace a sig-
nificant portion of deliveries in person. If successful, it
could soon be followed by drone delivery of more critical,
time-sensitive, or larger payloads.
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IMPACT

In recent years, there have been significant advances in a
variety of technologies designed to deliver cargo by drone,
primarily driven by industrial efforts. These drones may
be aerial, marine, or terrestrial. Some are fully controlled
by aremote human operator, while others are fully or par-
tially autonomous. Drones range in parcel size, from a few
kilograms to container ships. In this article, we focus on
arguably the most disruptive of these models: small-par-
cel delivery by autonomous or semiautonomous drones
and, in particular, by aerial drones.
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A successful deployment of delivery
drones at scale could radically trans-
form the industry, replacing thousands
of drivers, fossil fuel-powered delivery
trucks, road traffic, and centralized
delivery hubs with drone operators,
small aircraft, air traffic, mobile hubs,
and point-to-point delivery. This broad
transformation could result in reduced
congestion in existing road infra-
structure, increased road safety, and
improved accessibility to areas with
poor road infrastructure.? In addition,
numerous other applications could be
improved, expanded, or created. The
following sections detail the main appli-
cations under consideration.

Merchandise delivery

Merchandise delivery, one of the best-
known use cases for drone delivery, has
the potential to significantly reduce the
cost and carbon footprint of this enor-
mous industry.> For example, as of this
writing, Google is experimenting with
drone delivery in Australia. Amazon,
with the U.S. Federal Aviation Admin-
istration’s (FAA’s) limited blessing,
expects to begin actual aerial drone
deliveries in the United States within
months and is also experimenting with
terrestrial delivery robots. Walmart is
expected to overcome the drones’ cur-
rent constrained range with their exten-
sive network of retail locations that can
reach nearly 90% of Americans.*

Courier delivery

Similarly, courier delivery could take
advantage of the same technology but
with a different traffic model. Instead
of the hub model of merchandise deliv-
ery (warehouse to consumers), courier
delivery requires point-to-point travel
between two private parties.5 Depending
on the dispatch model for courier drones,
this distributed traffic pattern could either
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alleviate or exacerbate their range limita-
tions, presenting a different set of tech-
nical challenges and solutions compared
to merchandise delivery.

Food delivery

Another industry particularly well
suited for drone delivery due to the time
sensitivity of its perishable cargo is
food delivery.® This large market, esti-
mated to grow globally to more than
US$160 billion by 2023, is currently
attracting numerous proof-of-concept
prototypes, both terrestrial and aerial.
In the United States alone, trials are
underway in cities, including Washing-
ton, D.C. (by Starship Technologies), Los
Angeles (by Postmates), San Diego, Cal-
ifornia (by Uber), and Phoenix, Arizona
and Houston, Texas (both by Nuro). Si-
milarly, perishable floral goods could
enjoy the same benefits from timely
drone delivery.

Humanitarian aid

Humanitarian aid, that is, providing
essential supplies to otherwise inacces-
sible people in war or disaster areas, 8 is
another useful application of delivery
drones. Similarly, medical delivery of
organs and blood is another time-crit-
ical, life-saving application that has
previously seen field trials.>?

Passenger delivery

Perhaps the most ambitious of all ap-
plications and, therefore, the farthest
into the future, is passenger delivery by
drone. Various companies, for instance,
Uber, with its Elevate project, are collab-
orating with aviation companies, such as
Pipistrel, to develop autonomous, short-

range, passenger-carrying drones.*?

TECHNOLOGY CHALLENGES
Several critical challenges remain before
the full realization of the promise of

delivery drones can be achieved. These
as-of-yet unsolved challenges repre-
sentan active area of study and regula-
tion, and the successful deployment of
delivery drones depends on the devel-
opment of practical solutions. These
challenges can be broadly divided into
three categories and one shared pre-
requisite technology.

Capability
Compared to standard delivery by truck,
the two principal limitations of deliv-
ery drones, especially aerial drones,
are range and payload. The necessarily
lightweight batteries on aerial drones
cannot provide enough power for long-
range or heavy payloads. For instance,
Amazon's current prototype can deliver
packages of up to 5 1b for a distance of
15 mi. Because not every destination
is within 15 mi of a warehouse, each
dwelling is not an accessible house,
and not all packages weigh fewer than
5 lbs, the first wave of commercial
delivery drones can only augment
current delivery methods, rather than
fullyreplacethem. Drones, for example,
could initially be used to bring pack-
ages closer to the recipients in smaller
centralized distribution centers, rather
than to their doorstep. Or, conversely,
they could be launched from delivery
trucks as a hybrid solution to solve the
“last-mile problem.” This final step is
the most expensive and time-consum-
ing part of delivery by truck, especially
in areas of congested or underdevel-
oped road infrastructure.®!! Improve-
ments in battery and drone technolo-
gies will likely expand this envelope
only incrementally in the near future,
although these increments may suf-
fice to replace a significant fraction of
truck deliveries.

Other capability challenges relate
primarily to navigation: how to reach a
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precise destination (the “last-centime-
ter problem™); ensuring safety to peo-
ple and property, whose location may be
mapped in advance or be unexpected;11
planning the logistics of a drone-only
or combined truck/drone fleet;!213
and overcoming and planning around
mobility challenges and obstacles, for
instance, stairs, uneven terrain, debris,
and so on. Planning and navigation,
especially autonomous navigation, is
an open research area. Driven, in part,
by the commercialization of autono-
mous vehicles (see “Cognitive Robotics”
in this issue of Computer), significant
progress has been made in recent years.
Yet despite these new developments, the
technological challenges are still by no
means solved. Further evolvement may
also require, or at least benefit from,
continued advances in drone-borne
sensors, such as cameras and radar, as
well as real-time computation to inter-
pret the sensor data.

Efficiency

The efficiency of delivery drones, in
termsoftime, cost,andenergy,isdirectly
related to their economic viability and
environmental footprint. For example,
it is not always clear that the net carbon
emissions of delivery by drone are nec-
essarily lower than those of delivery by
truck® or that drone delivery cost is
necessarily economical.!” Improving
the efficiency of drones by making them
faster, cheaper, greener, quieter, and
able to handle more traffic are all engi-
neering challenges with a direct bearing
on the success and sustainability of the
drone-delivery concept.

Coordination

When we think of coordination, per-
haps the first picture that comes to
mind is a science-fiction vision of a sky
crowded with drones and airplanes,

zooming by each other in a tightly
choreographed dance of near misses
and shifting routes. In reality, a com-
bination of technical limitations and
cautious regulation will likely keep
the skies mostly wide open for years to
come, with strict separation between
aircraft. The FAA, as an example, has
mandated that all piloted aircraft in cer-
tain busy airspaces are required to use
aparticular technology called the Auto-
matic Dependent Surveillance-Broadcast
(ADS-B), starting on 1 January 2020.
ADS-B allows for all participating air-
craft and controllers to know the loca-
tion, altitude, and velocities of nearby
aircraft as an additional tool to the
existing traffic management models of
centralized radar and “see and avoid.”
Technically, the FAA requirement is
for only ADS-B out transponders, spe-
cifically, for each aircraft to transmit
its own position; however, many air-
craft are also equipped with ADS-B in
receivers, allowing them to visualize
the relative positions and velocities of
other participating aircraft. Similar
to several other drone manufacturers,
DJI now equips its drones with ADS-B
transceivers so that they can broadcast
to or “see” (and sense and avoid with the
proper control or software) other air-
craftin the vicinity.'®

Coordination also happens centrally
because delivery trips must be sched-
uled and planned to reduce conges-
tion, delivery times, downtime (for
charging), cost, and global effects of
localized delays. Planning and sched-
uling at this scale is a notoriously dif-
ficult computational challenge,'? where
mistakes can sometimes be highly
disruptive, as evidenced by cascading
airline delays. To develop this technol-
ogy, NASA haslaunched its Unmanned
Aircraft Systems Traffic Management
project in anticipation of ubiquitous

delivery by drone.® Several private com-
panies, like Flytrex, are also experi-
menting in this space.

Another important aspect of coor-
dination is the legality of deliveries.
The delivery of contraband is already
a challenge for existing delivery tech-
nologies. But the removal of the human
element and the potential increase in
delivery scale with drones could exac-
erbate the problem and require novel
technological approaches to mitigate it.

Artificial Intelligence at Edge

An overarching technological chal-
lenge that affects all three previously
mentioned categories is the control
hardware and software running on
each one of these drones. This so-called
Al at Edge challenge is both a prereq-
uisite and a beneficiary of the develop-
ment of delivery drones. The auton-
omy of drones requires the acquisition
and interpretation of sensor data with
tight time and energy constraints.
Some of the computational tasks in-
volved include image processing and
recognition, risk assessment, route
planning under constraints, and phys-
ics computations.

RISKS TO PREDICTION
As discussed in the previous section,
a number of technological challenges
exist that could derail, or at least delay,
realizing the full potential of delivery
drones. And like all technological pre-
dictions, one ever-present risk is sim-
ply that the required technologies will
not be developed quickly enough, thus
delaying their full implementation.
Additionally, there are a few other
risks that could stand in the way of this
realization, which relate more to peo-
ple than to technology.

Primary among these risks is reg-
ulation, including federal, state, and
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local.'” The airspace above a nation,
similar to the radio-frequency (RF)
spectrum, is regarded as a limited
national resource with concrete eco-
nomic and security implications and,
as such, is tightly regulated. Inciden-
tally, most drones rely on radio commu-
nication, which itself is subject to regu-
lation as part of the RF spectrum. In the
United States, drone regulation began
in 2005 with the FAA's Unmanned
Aircraft Systems Policy 05-01, which
delineates guidelines for drone opera-
tors. Commercial drones were banned
in 2012, but approval restarted on a
case-by-case basis in August of 2013.
The regulations for commercial and
recreational drones have evolved and
continue to do so. The operators of com-
mercial drones must still meet certain
licensing, operation, and registration
requirements to enhance safety and
security in the increasingly crowded
national airspace.

The FAA has launched and recently
expanded its Low Altitude Authoriza-
tion and Notification Capability test-
ing program, which allows operators
to coordinate the use of drones near
approximately 600 airports utilizing
a dedicated website. Some cities and
states impose their own additional
restrictions, although the legality of
these has been challenged by individu-
als and the FAA. Nevertheless, the reg-
ulation process continues to evolve and
slowly lift restrictions on drone pay-
load, range, and airspace use, concom-
itant with the technological develop-
ments that enable these improvements.
On the terrestrial side, which is typi-
cally subject to less federal jurisdiction,
regulation has progressed at varying
rates, with some states already permit-
ting or experimenting with delivery
drones. Virginia and Idaho became the
first two states to pass a law allowing
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the use of sidewalks for autonomous
ground-based delivery drones.

Among the reasons for regulation,
perhaps none are more prominent than
safety and security. Drones are vehicles
and, as such, are subject to vehicular acci-
dents, whether due to operator mistake
or technical faults. Thus far, there have
been relatively few attention-grabbing
accidents/incidents related to drones,
possibly due to conservative regulation.
However, as technology evolves and
whenever humans are involved, the
occasional safety mishap is inevitable.
Even a single, high-profile accident with
significant casualties or, worse yet, a
malicious attack or security hack involv-
ing drones could completely alter pub-
lic perception and, consequently, social
acceptance of drones. It is therefore
imperative for large players in the drone
market, as they work to ease regulation
and increase adoption, to assuage pub-
lic fears about the risks involved, or they
could lose the fight on the public rela-
tions front.

Another motivation for regula-
tion, and an important factor for social
acceptance, is the concern for privacy.
Drones can be used to violate individ-
uals’ privacy, even when used for unre-
lated purposes, notably, package deliv-
ery.! Several states have specific laws
in place to protect people from privacy
invasion by other individuals using
drones, butit is still unclear what regu-
lations would look like in a future with
ubiquitous commercial drones. For
instance, how would regulation handle
the occasional, but probably common-
place, accidental violation of privacy as
drones fly over individuals’ property?
How would individuals’ privacy be pro-
tected from use and abuse of commer-
cial drones by private companies or law
enforcement? Comparable to safety
and security, the utility of commercial

drones must be carefully balanced
against individuals’ rights and expec-
tations if the technology is to achieve
acceptable, widescale adoption.

Even if safety, security, and privacy
are reasonably assured and permis-
sive regulation allows for the growth
of delivery applications, it still may be
human resistance that slows or blocks
this growth.!® One example of resis-
tanceisthetheftorvandalismofdrones,
which could eliminate the economic
viability of the technology. Another
form of resistance is political, for exam-
ple, in objection to drones’ noise pol-
lution, effects on wildlife, or aesthetic
impact. Similarly, drone adoption could
face political and market pressure from
displaced commercial operators (for
instance, truck-based delivery compa-
nies), not unlike the pressures experi-
enced by electric vehicle manufacturers
from some of the traditional motor com-
panies. For the time being, however, it
appears that some of these companies,
such as UPS and DHL, are at the fore-
front of drone research.

rones are poised to take over

the delivery world. Compared

to human drivers, terrestrial
drones can travel at favorable costs,
and aerial drones can bypass the com-
plex urban navigation challenges alto-
gether at favorable speeds. This disrup-
tive technology could scale a labor- and
energy-intensive everyday task with
game-changing efficiency. There are
still important limitations to wide-
spread adoption, however, based on
technological and human factors. But
ifcurrent trends continue, these limita-
tions will quickly be overcome so that
delivery drones may become practical
as early as 2020 and ubiquitous in some
areas shortly thereafter.

WWW.COMPUTER.ORG/COMPUTER



ABOUT THE AUTHOR

EITAN FRACHTENBERG is a visiting associate professor of computer science

at Reed College. His research interests include computer systems, data sci-

ence, and data compression. Frachtenberg received a Ph.D. from the Hebrew

University in Jerusalem. He also received a remote pilot certificate (commercial

drone operator) from the FAA. He is a Senior Member of the IEEE. Contact him

at eitan@reed.edu.

ACKNOWLEDGMENTS

I would like to thank Danny Lange
for his insightful feedback on earlier
drafts of this article.

REFERENCES
1. E.Mazareanu, “Courier, express, and

parcels (CEP) market in the United
States,” Statista, 2018. [Online].
Available: https://www.statista
.com/topics/4063/courier-express
-and-parcels-cep-market-in-the
-united-states/

. E.Ackerman andE. Strickland,
“Medical delivery drones take flight
in East Africa,” IEEE Spectr., vol. 55,
no. 1, pp. 34-35, 2018.

. J.K. Stolaroff, C. Samaras, E. R.
O'Neill, A. Lubers, A. S. Mitchell,
and D. Ceperley, “Energy use and
life cycle greenhouse gas emissions
of drones for commercial package
delivery,” Nature Commun., vol. 9,
no. 1, p. 409, 2018.

. M. Hanbury, “Walmart invests in
drones as the delivery war against
Amazon heats up,” Business Insider
India, June 2019. [Online]. Available:
https://www.businessinsider.com/
walmart-invests-in-drones-as-amazon
-delivery-war-heats-up-2019-6

. P. M. Kornatowski, A. Bhaskaran,
G. M. Heitz, S. Mintchev, and D. Flore-
ano, “Last-centimeter personal drone

delivery: Field deployment and user
interaction,” IEEE Robot. Autom. Lett.,
vol. 3, no. 4, pp. 3813-3820, Oct. 2018.

. M. Doole,J. Ellerbroek, and J. Hoeks-

tra, “Drone delivery: Urban airspace
traffic density estimation,” in Proc.
Eight SESAR Innovation Days Conf.,
2018, vol. 4, p. 5.

. Adroit Market Research, “Online

food delivery market to hit $161.74
by 2023,” 2019. [Online]. Available:
https://www.globenewswire
.com/news-release/2019/04/16/
1804428/0/en/Online-Food-Delivery
-Market-to-Hit-161-74-Billion
-by-2023-Global-and-Regional-US
-U.K.-China-India-etc-Industry
-Strategy-and-Statistic-Analysis
-Adroit-Market-Research.html

. B.Anbaroglu, “Drones in healthcare:

An extended discussion on humani-
tarian logistics,” in Unmanned Aerial
Vehicles in Civilian Logistics and
Supply Chain Management, T. Kille, P.
R. Bates,and S. Y. Lee, Eds. Hershey,
PA:1IGI Global, 2019, pp. 86-114.

. J.R.Scalea, S. Restaino, M. Scassero, S.

T. Bartlett, and N. Wereley, “The final
frontier? Exploring organ transpor-
tation by drone,” Am.]. Transplant., vol.
19, no. 3, pp. 962-964, 2019.

. “Uber elevate.” Accessed on: June

2019. [Online]. Available: https://
www.uber.com/us/en/elevate/

12.

13.

14.

15.

16.

17.

18.

19.

. G.Brunner, B. Szebedy, S. Tanner,

and R. Wattenhofer, The urban last
mile problem: Autonomous drone
delivery to your balcony. 2018.
[Online]. Available: https://arxiv
.org/abs/1809.08022

0. Dukkanci, B. Y Kara, and T. Bek-
tas, “The drone delivery problem,”
SSRN, Jan. 10, 2019. doi: 10.2139/
ssrn.3314556.

M. Roca-Riu and M. Menendez,
“Logistic deliveries with drones:
State of the art of practice and
research,” in Proc. 19th Swiss Trans-
port Research Conf. (STRC'19). STRC,
2019. [Online]. Available: http://
www.strc.ch/2019.php

A. Goodchild andJ. Toy, “Delivery by
drone: An evaluation of unmanned
aerial vehicle technology in reducing
COy emissions in the delivery service
industry,” Transp. Res. D, Transport
Environ., vol. 61, pp. 58-67, June 2018.
A. Welch, “A cost-benefit analysis of
amazon prime air,” M.S. thesis, Univ.
of Tennessee, Chattanooga, 2015.

M. Murison, “DJIto install air-
sense (ADS-Breceivers) in new
drones from 2020,” DroneLife,

May 2019. [Online]. Available:
https://dronelife.com/2019/05/22/
dji-to-install-airsense-ads-
b-receivers-drones-from-2020/

C. Stocker, R. Bennett, F. Nex, M. Gerke,
and]. Zevenbergen, “Review of the cur-
rent state of UAV regulations,” Remote
Sens.,vol. 9, no. 5, p. 459, 2017.

P. Blank, S. Kirrane, and S. Spieker-
mann, “Privacy-aware restricted
areas for unmanned aerial systems,”
IEEE Security Privacy, vol. 16, no. 2,
pp. 70-79, 2018.

R. A. Clothier, D. A. Greer, D. G.
Greer, and A. M. Mehta, “Risk per-
ception and the public acceptance of
drones,” Risk Anal., vol. 35, no. 6,

pp. 1167-1183, 2015.

DECEMBER 2019 57



