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Abstract:

Vehicle automation technologies are rapidly devielgmand will be available soon. Businesses in tigistics
industry can develop a competitive advantage wtftettevely adopting this new technology. Howevenlyo
limited research exists about the impact of autamasrvehicles on the logistics industry. The ainthig paper is
to provide a broad introduction to autonomous Mekicafter which the usage and potential conseasent
autonomous vehicles in logistics is discusseds Itléar the adoption of AVs holds the promise ahpketely
innovating the way in which mobility and transpdida logistics are dealt with and many researchoojmities

remain unexplored.
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1. Introduction

The transportation of individuals and goods plays@minent role in the economy and everyday life.
The widespread introduction of motorised vehiclasethe beginning of the 2@entury has unarguably
revolutionised the transportation industry by makime world smaller and allowing larger loads, hagvi

a vast impact on many aspects of society. Espgdéralihe developed world automobiles are used by
many on a nearly daily basis for private and welkted purposes, businesses rely heavily on ttgeusa
of automobiles for their operations, and the corethieffect of transport and the manufacturing of
automobiles on the economy is non-negligible.

The recent technological advancements in the dpuedot of autonomous vehicles (AVs) are
announced as the next revolution in mobility arelttansportation sector. The introduction of AVkiso
the promise of completely innovating the way in e@fhmobility and transportation logistics are dealt
with. As explained throughout this study AVs arpected to revolutionise vehicle ownership structure
through on demand services, bring new solutiondffialging the first and last mile, redefine theerof
connectivity and data analysis in logistics, atansport and travel patterns, and create potdotialew

business models whilst ending the prospects oftiegioones (Anderson, et al., 2014; DHL, 2014;



Fagnant & Kockelman, 2013; Gao, et al., 2014; Sgbaset al., 2014; Silberg, 2013; Silberg & Wadlac
2012; Yeomans, 2014).

Although it is still unclear when businesses, gaweents and consumers will be ready for large-scale
production and usage of AVs, most experts and inglugatchers seem to agree that the introduction of
some sort of AVs in everyday operations is likety dccur within the next decade. The recent
technological progressions spurred traditional enafoile manufactures and new players (e.g. Google)
to start working on their own AV, while several gomments have started to propose legislation and
issue licenses so as to create the optimal envieahfar heading the development of this new teabgyl
and popular media have been eagerly reporting altexeélopments in the field of AVs. Similarly, the
evolution of AV technology has encouraged theditere in the field to start dealing with a widegan

of issues regarding autonomous vehicles.

Despite the increase in activities and the progmeade, the idea of AVs driving around in everyday
traffic within the near future is still faced withlot of scepticism and ignorance (Shanker, e2all 3).
However, if AVs are going to be available in thetrgecade, presumably in logistics, it is importzmt
logistics professionals to prepare for their atrasthe smooth adoption of the technology coulalal

for building a competitive advantage. Indeed, @sgaised by DHL in their Trend Report on AVs in
logistics (2014), logistics provides ideal workieigvironments for autonomous vehicles. AVs have been
used already for several decades in logisticssbuar only within the clearly defined boundariésao
controlled environment such as ports, distributioentres and production plants. The recent
technological advancements are aimed at bringitgnamous vehicles out of these controlled settings
and into the uncertain environments of everyddfit¢réPiekenbrock, 2014). However, current research
lags behind the technological progress that has besle and the efficient introduction of autonomous
vehicles in logistics would benefit from more rasba(Fagnant & Kockelman, 2013).

The aim of this study is to create a concise rewéthe research that has been carried out sanféne
introduction and implementation of autonomous Melsiof levels 3 and 4 (see Appendix A) in general
and in logistics in specific. This could providearity as to where research stands and what further
research is needed to allow for the efficient adopof the technology. Besides, the aim is to allow
scholars as well as important stakeholders indbistics sector to get an introductory overvievitef
current state-of-the-art, allowing them to preparethe introduction of the technology. To that ehd
term logistics in this study refers to the systesmisin place by organisations in order to systeabi
move goods between geographical locations. Theisimot to present a comprehensive review of all
aspects of AVs discussed here, but rather to presdmoad overview necessary to understand the
relevance and potential consequences of AVs fotdpistics industry and references to publications

focussing on and reviewing each of the differepeats touched upon.



The remainder of this paper starts with explairimgmaterial and methods (i.e., way of working)duse

It represents a broad introduction to AVs and eelaesearch by looking at the definitions of AV, b
describing a timeline of AV development, by diséngshe expected advantages and drawbacks of AVs,
and by taking a glance at popular research topinserning AVs. The aim of this broad introduction t
AVs is to provide the necessary background infoimmahecessary to fully understand the extent to
which AVs can impact the logistics industry. Thatreection then focuses on the results of thisditee
review by discussing the usage of AVs in logistioyl the potential consequences thereof. More
specifically, this section looks at applicationsfdfs in secure indoor and outdoor logistics setiag
well as for long-haul trucking and to solve the lafle problem. The fourth section reflects on stege-
of-the-art of AVs and related logistics researcle Tlast section summarizes the most important

conclusions.

2. Material and methods: a broad introduction to autonomous vehicles

This broad introduction of AVs to logistics is bdsan a search of publicly available publicationd an
information. To that end Google Scholar, Web ofe8ce, LIBISnet and the internet were searched for
the terms “autonomous vehicles”, “driverless cafdtjverless trucks”, “automated guided vehicle”,
“platooning”, etc., often in combination with othéerms specifying the intended focus such as
“logistics”, “supply chain”, “scheduling”, “technogy”, “liability”, “last mile”, “long-haul trucking,

etc. Naturally the references in the publicatioosnd through the aforementioned searches were
consulted. We started our search from 2007. Eadlerant publications are also incorporated whenev
a recent publication from 2007 or later was noflafée.

In order to fully understand the potential impatt¥s on logistics during the upcoming years, it is
important to have a general understanding of tveldpment and potential effects of AVs. Therefore,
we added the following topics to Appendices A, B,afd D respectively: the different levels of
automation as defined by the US National Highwagffic Safety Administration (NHTSA) (we will
focus on levels 3 and 4), a timeline of the dewelept of AVs, the advantages of AVs and the
disadvantages of AVs for society at large.

As the idea of autonomous vehicles became ever meailistic over the years, a literature started to
develop dealing with a wide range of issues reggréiVs. Most of these research areas have no direct
link with logistics. However, when trying to undensd how AVs could affect logistics and be
implemented in practice, it is important to be aavaf the research done in these different fields.
Therefore we give a brief overview of the most gdapuesearch topics concerning AVs that can be of
interest from a logistics point of view. As it erfbeyond the scope of this paper to give a congnsiie
overview of each of these fields of research, atatescription is given together with some refesmnc

for further reading.



2.1 Technology

The vast majority of research that has been caougdo far relates to the technological aspectovs.

This should not be surprising as autonomous vehietdnology has only recently been partly
commercialised and still mostly resides in the ttgwment and test phases. Note, however, that many
automobiles that entered the market during receatsyare already equipped with some automation
features (Casey, 2014) such as Forward Collisiomniig (Dagan, et al., 2004; Srinivasa, 2002),
Adaptive Cruise Control (Vahidi & Eskandarian, 2D@8d Lane Departure Warning (Lee, 2002).
When trying to understand the basic functioningmofAV, it is important to realise that there issuzh
thing as a single AV technology. Rather, the cdpglnf an AV to drive itself comes from a set of
hardware and complex software technologies thatthey make up the system enabling autonomy. As
noted by Shanker et al. (2013) it is hard to gepmplete overview of the state-of-the-art of AV
technologies because different players are devaiogm AV using their own approach whilst not being
very open about it, partly because of competitigsreoncerns.

Generally speaking, however, AVs consist of foweasial technologies that enable them to operate
autonomously in the complex environment that i@y traffic. These components are environment
perception and modelling, localization and mapdind, path planning and decision-making, and motion
control (Siegwart & Nourbakhsh, 2004). Simply gustcomes down to an AV being able to gather data
about its environment, interpret these data, usenterpretation to plan the best possible AVsondj
convert these plans into actionable commands aeclgs the actions (Anderson, et al., 2014). Anderso
et al. (2014) also note that AVs need to be equippiéh significant back-up systems that monitor the
performance of the different components and arke @bnavigate to a safe parking space in the event
that any of the primary units fails.

There are two broad approaches for achieving tbagabilities (Shanker, et al., 2013). The firsiel
heavily on V2V and V2I communication systems. Tdesi is that the infrastructure tells the vehiclaivh
its environment looks like, the car adds its owgHhtiDetection And Ranging (LIDAR) observations of
the surroundings of the car and compares thisnméition with a map database to identify differerees
obstacles to navigate around. The advantage ofylsiem is the relatively low cost of the vehiglbijle

the downsides are a limited ability to react todardchanges and the burden of having to instadl roa
infrastructure. The second system does not relgut from the environment, but rather enablesctire

to fully perceive and analyse its environment. @ba/nsides of this system are the higher vehiclg cos
as the vehicle needs to be equipped with a suitarokras, radars and sensors, and the greatdnsgnsi

to weather conditions. The advantage is the alidityeact more quickly to changes in the envirortmen
and a greater degree of independence of infraateiSilberg and Wallace (2012) note that conuerge
between both approaches would result in bettetysafebility, and self-driving capability than eéh



approach could deliver on its own, and describesp#th towards convergence. It is likely indeed tha
the eventual AV will be a combination of both déised methods.

Shanker et al. (2013) give a very brief and acbéssiverview of the different hardware components
and their role in an AV technology system (cameadar, LIDAR, sensor, GPS/communication, human-
machine interface, domain controller and motiontirsystem). Trible et al. (2014), on the othendha
briefly discuss the challenges developers stilefaith regard to perception, machine intelligencd a
decision-making. Cheng (2011) provides an in-deptrview of the different approaches to the various
components that make up the system enabling aroAlvite itself. Veres et al. (2011) made a syst@mat
review of decision-making methodologies for AVs ahaderson et al. (2014) briefly summarise the
current state of AV technologies with a specialf®on telematics and communication, because, gs the
argue, AVs will need those technologies not onhMal and V2V, but also in order to update maps and
software, and provide infotainment to passengers.

2.2 Liability and legidation

The need for legislative change and the liabilggue are often cited as the main obstacles to the
widespread adoption of autonomous vehicles as battently assume human drivers. Consequently
quite a few AV related publications deal with thessues.

Smith (2012; 2013) discusses the legal aspectd/sfiAthe US and concludes that AVs are most likely
legal as long as a driver is at all times ableaketover control of the vehicle. There are, however
difficulties as certain specifications in state lassume a human driver. The consequences of ghrar
always clear. For example, legislation about follayvdistance could hinder platooning. Khan et al.
(2012) look at the implications of further autoratievels and conclude that these would pose major
challenges to legislation and argue that a polieynework should be created that regulates, amongst
other things, technical standards, safety desemdsirds, privacy issues and usage requirements.

In the EU, on the other hand, the Treaty of Ronggiires that a driver is responsible at all timasafo
vehicle on public roads, which creates uncertasnggarding the usage of AVs that effectively hinde
their adoption (van Dijke & van Schijndel, 2012h€ly also point to the lack of criteria for verifgin
whether a system is safe enough to be licensed.

As mentioned before several EU countries and Utestre adopting legislation that allows the tegstin
of AVs. Both in the EU and the US, however, autoitestthat do not enable a driver to take control at
all times are not allowed on public roads. Henaeenu regulation assuming that the drivers are ydwva
human could hinder the adoption of AVs even if thgw a human driver to take control and a broader
legislative framework would need to be developed tegulates AVs beyond the test phase.

Besides, AVs come with a liability issue, as ih@t very clear-cut who is to be held accountablthén
event of an accident. Generally it is expected lihbtlity will shift away from drivers to manufaaters



as automation advances. However, before vehiclds avitomation Level 4 become common, many
vehicles will be controlled in part by both the ramdriver and the automation system. LeValley (32013
argues that when a vehicle is under automatiorr@pmhanufactures should be held accountable to the
same high standards as common passenger carngrey32013) brings a more nuanced view in which
the manufacturer is held accountable for accidesaised in autonomic mode whilst liability couldfshi
back to the driver depending on his nature andtald prevent the accident. Manufacturers, howgver
could argue in their defence that AVs are not 1@@8sless and that their fault should thus be evaldia

in a comparative context taking into account thetgebenefits of AVs as compared to human drivers a
well as safety standards set by regulators (Maitckarlindor, 2012). It is doubtful that this
manufacturer’'s argument will be successful thouggh thus it is feared that liability will be an ohske

to the adoption of AVs as long as they have a Sigmit rate of failure, because assuming the ligbil
risk would be very costly to manufacturers. Sinhjld¢alra, Anderson and Wachs (2009) explain how
current liability laws on design defects could ham@V technologies, because of which manufacturers
might wait before commercialising AVs despite thszicial benefits. Duffy and Hopkins (2013) therefor
reason that owners should be held accountable likeobther chattel that can act independently, beea
this would suit the dual purpose of fairly assegsiability without hampering the adoption of AVs.
order to facilitate the smooth adoption of AVs,isgtors will thus have to clarify the uncertaistie
concerning AV liability in such a way that privateerests are protected fairly without discouragimg

introduction of AVs and their social benefits.

2.3 Ethics

It is often noted that the decisions taken by AN'snistances where a crash is unavoidable might be
guestioned in court. When having to choose betwsiting a deer crossing the road, colliding with a
car coming from the other direction or driving irtdree, human drivers are often not held accotlstab
for the decision they have to take in a split secdkVvs, however, can take more informed decisions
given their computational power. What is more, kil of ethical decision already has to be maderwh
programming the car. Especially when it is a grotiphildren there is no obvious answer and thusethe

is a debate on how to deal with this ethical aspédeveloping AVs.

Goodall (2014) explains how driving involves comstask assessments and thus the need to make
decisions that are morally and legally ambiguous.ddlls for more ethics research in AV decision
systems and refutes nine criticisms of the neethisrresearch. After this he gives a brief revidwhe
relevant work in machine ethics and moral modelieged on two main challenges in developing
ethically programmed AVs. The first is to expresgisty’s value choices in a variety of complex

situations. The second is to program these mantdsAVs.



Also Lin (2015) discusses why it is important teefally consider ethics in designing AVs and stesss
the need for more research, as this is a new fiéldesearch with a lot of questions that remain
unanswered. To explain the issue at hand Lin (2pabjts out how a targeting strategy that minimises
harm, at first thought a sensible approach, isxaftgust. Besides, it is not so obvious whose hsrould

be minimised. Should the car occupant be protecteother road users? Further he describes some
scenarios explaining the complexity of the AV eshilebate.

Gerdes & Thornton (2015) give an introduction toysvan which ethical considerations could be
translated into mathematical cost or constraintsniroptimisation function that can be programmed in
AVs. In doing so they discuss the method, advastanel disadvantages of an approach based on cost
minimisation and rules enforcement. They also laiothe implications of strict obedience to trafws

and pose the question: to what degree should adteste traffic law be programmed in AVs given the
fluid application of traffic laws by human drivers.

In conclusion, there is a need for more transpgremz care in making these ethical choices when
developing AVs. They should not be made light-reg#lyt, nor should they be made by manufacturers
alone. Rather, the wider society should be involeedt least be made aware of the ethical decisions
AVs are programmed to make. Moreover, not givingugi attention to this issue before introducing
AVs on public roads could imply a serious setbackalutonomous vehicles in the event of an unfotina
accident, be it because of the liability of mantideers or because of any consequent public hgstilit

towards the technology.

2.4 Human factors

As mentioned before, it will most likely still takewhile before fully autonomous Level 4 vehicletea

to drive themselves anywhere will be widely avdsaliRather, vehicles that can drive themselves at a
certain speed, under certain conditions and oraicerbads will be introduced during the upcoming
years. In other circumstances these vehicles @itlon a human driver taking control. As the auttiom
system and the human driver will share the contrar the vehicle, it is important to foresee the
interaction between the human operator and AV.Bddy of AV-related human factors research studies
this issue. Part of the safety risks discussioemin Section 2.4 already tackles this issue. $addion
adds to that discussion and thus does not repesitivals already been mentioned.

Merat et al. (2014) report on human factor studsied out as part of the European CityMobil and
UK’s EASY project. Amongst other things they stutlithe degree to which drivers engaged in non-
driving related activities, their reaction to arél events and their ability to regain controllod t/ehicle.
They found that performance depends on the roagiaemaent, and that it was manageable for human
drivers to resume control as long as their attentias devoted to the road. Performance capacitpwhe
taking manual control, however, diminished sevevdign drivers were engaged in secondary tasks. The



report found that drivers take approximately 40oses to stabilize their gaze fixations and vehicle
handling when regaining control. When the transfiecontrol was predictable and at a regular rate,
however, performance levels increased. Merat ¢2@lL4) thus concluded that the biggest challenge f
human factor researchers is to create a succesgfufor the transfer of control to the human drivigh
sensors that can predict when human interventiiroeinecessary and a system that is able to peovid
the driver with the right information at the rigiithe to allow a smooth transfer of control. Thegoal
stress the need for research on how to keep dr@kersand allow them to engage safely in non-dgvi
related activities.

Trimble et al. (2014) carry out a human factoreassent of driver behaviour and performance under
automation Level 2 and 3. Part of this effort igerature review that gives a good impression o A
related human factor research. In doing so theg giv overview of the key human factor challenges
facing AV developers and usage. These include iegatclimatization of human drivers because of
misunderstanding of, misuse of or overreliance lw dutomation system, as well as inappropriate
distraction from the driving task. Also the impadtAVs on the information processing capabilities,
situational awareness and level of workload ofefdvis of concern.

The body of research concerning the human facfofd/ariving is still fairly new, but very importan

to anyone interested in using AVs of automationdlévor 3 as the impact of this research on thgydes
of autonomous vehicles will largely impact the degio which drivers can engage in non-driving eelat

activities.

3. Results: usage and consequences of autonomous vehiclesin logistics

The broad perspective provided in the previousi@edjives insight into the wider context of the
introduction of AVs, thus enabling us to better erstiand the potential usage, impact and hurdléseof
introduction of autonomous vehicles in logistichisTsection focuses on the significance of autongmo
vehicles for logistics. As mentioned before, lagisis understood in this paper to be the systenms
place by organisations in order to systematicalbyengoods between geographical locations.

As seen above, the literature concerning AVs comats on technical aspects, potential hurdles,
benefits and costs of the introduction of AVs. Wisamore, the main focus has been on autonomous
passenger cars, thus neglecting the significamheagof road transport that consists of the trariaion

of goods (Flamig, 2015). Consequently little aftamtias been paid so far to the introduction of AvVs
logistics and the consequences thereof.

Notwithstanding the minimal research, there areesdweasons why AVs might be adopted sooner in
logistics than in passenger transport (Ghaffary,42&tromberg, 2014). First of all, as recognizgd b
DHL (2014), logistics often provides the ideal eowiment for AVs. Operating AVs in controlled
settings such as warehouses, production plantarbots, and remote outdoor locations is signifilgant



easier than in the complex setting of urban traBiesides, in these settings the usage of AVsligesu

to fewer laws and regulations. By using AVs in theavironments logistics practitioners are in feamil
territory and can gain experience with the usag@\$, thus enabling them to adopt the technology
faster in everyday traffic than consumers who afamiliar with the technology. Secondly, it is aegu
that the aforementioned liability issue would besleevere when transporting goods rather than geopl
Thirdly, businesses are more likely to base theicigion on a potential cost advantage whereas
consumers could be more receptive to trust andaltissues.

What is more, as becomes clear throughout thisosedhe introduction of autonomous vehicles could
have a tremendous impact on logistics as it is kntaday. Logistics operations in the entire supply
chain, ranging from the extraction of raw materiatgl intermediate transport over the operations in
warehouses, distribution centres and productiontglall the way to systems bridging the last ndé

be affected by the adoption of AVs thereby creagiagential for new business models whilst endirgy th
prospects of existing ones.

The potential usage of AVs in logistics can be tdugplit into four segments (DHL, 2014). The
remainder of this section gives an impression efriésearch done in each of these segments in turn.
First, a brief review is given of the way AVs ared in indoor settings. Secondly, AVs are discugsed
secure outdoor environments. Third, research opdhential of AVs for long-distance road freight is
looked at. The last part of this section gives eragew of the work done on the prospects of AVisge

able to bridge the last mile.

3.1 Autonomous vehiclesin indoor logistics

Material handling is a crucial activity for manyopluction and distribution sites. Various kinds arid
autonomous vehicle are used in production plamtssedocking stations, warehouses and distribution
centres to increase the efficiency of material liagdactivities. These controlled, structured ahdst
relatively simple indoor logistics settings credbe ideal environment for autonomous vehicles.
Consequently the usage of AVs in indoor logistesisgs is one of the most developed applicatidns o
AVs in practice, acquainting the logistics industrigh AVs.

So far the term autonomous vehicle has been masdg to refer to vehicles of automation Level 3 or
as defined by the NHTSA and given in Appendix Atle indoor settings discussed in this section,
however, the literature typically uses the ternomated guided vehicle (AGV). AGVs are described as
“autonomous vehicles widely used to transport ni@tebetween workstations in flexible manufacturing
systems and perform a variety of tasks that invalw®mation in industrial environments” (Kalinovicic
et al., 2011; Vivaldini, et al., 2015). Autonomorehicles need to be understood in this sense tom mea

all kinds of vehicles which do not require a hundaiwer to move around.



As aforementioned, for a long time AGVs have besgrun indoor logistics settings. Barrett Electosni
Corporation brought the first AGV, and generallg fhist practical application of vehicle automatitm

the market in 1954 (Lagorio-Chafkin, 2014; Scrihn2@14). The vehicle, first used in a grocery
warehouse, slid along an overhead wire whilst pgla trailer much like a tow motor. Some AGVs sitill
use similar wire technology in which the vehiclé#dws radio waves transmitted by a wire in the grau
Building on this, AGVs were developed using guidpe technology in which coloured, reflective or
magnetic tape is integrated into the infrastructarguide the vehicles equipped with cameras, $senso
or magnets in order to detect the tape (Robote@5R0nstead of tape other visual elements can be
blended in the infrastructure in order to guide A Vhe disadvantage of these AGV technologies using
infrastructural elements to guide vehicles is thimiited flexibility, as these AGVs can only be dsen
predefined paths. Besides, many of these AGV dreapable of moving around an unexpected obstacle
on their path, thus being blocked until the obstdsl removed or a human operator takes control
(Vivaldini, et al., 2015). More recently AGVs eqpigd with vision guidance technology have come onto
the market. Much like the aforementioned AV tecloggl these AGVs use depth cameras, lasers and
sensors to constantly monitor their environmergating a 3D map used to navigate independently of
preinstalled infrastructural elements (Moller, & 2012). This newest generation of AGVs is thus
becoming truly autonomous and capable of navigdterjy on every possible path in the indoor sgtin
enabling more applications than ever before. Atslime time the acceptance of AGV in the industry
seems to be at a tipping point with increased usggarge manufacturers and distributors (Lagorio-
Chafkin, 2014).

The increasing popularity of AGVs in indoor logtstisettings can be recognised by looking at the
advantages they offer when compared to alternatorasse in material handling. These alternatives a
human operators or conveyor belts, carousels atainated storage and retrieval systems (ASRS).
Compared to human operators, AGVs can achieveesifig, productivity and accuracy gains as well as
increased safety (DHL, 2014). Compared to conveymgousels and ASRS on the other hand, AGVs
offer more flexibility when it comes to handlingsgarities in size, shape, weight, volume and
mechanical properties of the goods. They also affere flexibility in adapting to changes requiriag
new site layout, eliminating burdensome retrofgtiAGVs also facilitate scalability in order to ad#o
growth and cope with seasonal demand. Besidesybecd the modularity of AGVs the system remains
operative in the event of a breakdown or needdohnical maintenance of one or even several AGVs.
AGVs thus achieve a middle ground between humamatqres and fixed transporters by striking a
balance between efficiency, scalability and fleipi(Huanga, et al., 2015). Despite these advargag
and the scientific work described below, the pextietn of AGVs is impaired by installation costs and

the difficulty of taking full advantage of AGVs. €Hatter is in part due to the difficulty of deveing a



system that is sufficiently generic to be applieétwide range of industrial problems (Vivaldirtiaé,
2015).
In the remainder of this section the dispatchimpesluling and routing of AGVs is briefly discussed

followed by an overview of some applications of A&V

3.1.1 Dispatching, scheduling and routing

In most indoor logistics settings several AGVsa@perated at the same time and thus a group of AGVs
is jointly responsible for executing a set of matehandling tasks. Consequently some form of
cooperation and control is needed. The term AGMe&yqAGVS) is used to refer to a set of AGVs
operating concurrently and the system ensuringdbedination between the different AGVs. An AGVS
needs to execute three important functions in dalperform its tasks. These are dispatching, sdiregl

and routing (Vivaldini, et al., 2013; Qiu, et &002). This discussion of those functions owes nmach
the review of Vivaldini et al. (2015) concerningetissue at hand.

Vivaldini et al. (2015) identify the challenge af AGVS as that of servicing all transportation dadsa

in the correct sequence and in a timely mannerswadhering to certain constraints such as tha tot
time of the route, starting time, path capacitytwoek layout, and priority of tasks and AGVs (e.g.,
because of battery constraints). As this requirédsgh degree of integration between dispatching,
scheduling and routing, an AGVS needs a contratigrerform these tasks (Vis, 2006). As written by
Co & Tanchoco (1991) and Lavegin et al. (1996):s[izitching is the process of selecting and assigning
tasks to vehicles, Routing is the selection of $pecific paths that each vehicle will execute to
accomplish its transportation tasks, and Schedisditite determination of the arrival and departumes

of vehicles at each segment along their routesisare collision free travel.”

There are two types of dispatching: vehicle-ingthtn which a load is assigned to a vehicle when th
vehicle is ready for its next assignment and wankeeinitiated when a vehicle is assigned to a new
transport request (De Koster, et al., 2004; Egl&llianchoco, 1984). Generally the objectives of
dispatching are minimization of load waiting timggximization of the system throughput, minimization
of queue length, and guarantee of a certain selei@ (Vivaldini, et al., 2015). The main approash

to solving the dispatching problem are dispatchinps (Hwang & Kim, 1998), meta-heuristics
(Udhayakumar & Kumanan, 2010) and integer/mixedypamming (Kasilingam, 1991).

The main goal of AGV scheduling is transportinggagckly as possible to meet time constraints, but
minimization of the maximum load waiting time an@ximum number of items in critical queues can
also be considered (Le-Ahn, 2005). Scheduling sbaisif two key components. The first is predictive
and determines the planned start and completiom dinoperations. The second is reactive and manitor
execution and deals with unexpected events suchreskdowns, cancellations, data changes, etc.
(Akturk & Yilmaz, 1996). Scheduling can happen io# or online. In the event of the former all data



need to be available prior to a planning period @hthsks scheduled at once. In the event ofatierl
scheduling decisions are taken dynamically basati@current system state (Le-Ahn, 2005).

The AGV routing problem can be compared to the ®lehRouting Problem, which is covered
extensively in the literature as noted by Vivaldaial. (2015). Algorithms solving the AGV routing
problem can be divided into static and dynamic @éflgms. Static algorithms solve the problem based
on data available before the path execution. Dynamgorithms, on the other hand, take real time
information into account. Static systems thus neeble equipped with an additional system to avoid
deadlocks and collisions.

Vivaldini et al. (2015) provide an overview of thimte-of-the-art techniques used to solve the sdimgd
and routing problem for AGVs. They conclude that sitheduling and routing issues are often studied
independently, whilst being closely interrelatedpiractice and that their integration is a challaggi
problem deserving more attention in the literature.

3.1.2 Applications of automated guided vehiclesin indoor logistics

The AGV market has reached a point where a mutitafdousinesses are developing and producing all
sorts of AGVs, each with their own functionalityhi$ section presents some typical applications of
AGVs in indoor logistics and gives examples.

A first group of AGVs is designed to simply horizalty transport goods from A to B. An automated
towing vehicle for example can pull one or mordéra thus forming an automated train (see for gdam
(Egemin Automation Inc., sd)). These AGVs are galteused to transport big volumes over a relayivel
large distance in a production or warehouse setfitep automated unit load carriers are used t@kim
transport goods. Deck AGVs, for example, can haveamiay of deck-top appliances to carry and
transport goods. Some Deck AGVs, such as the KansSystem (Karlsruher institut fir technologie,
2014), can connect with each other to create &ilexonveyor system. This kind of AGV is generally
used to transport high throughput goods betweekstations or between a warehouse and production
units. When these vehicles are also capable ofraitcally loading or unloading themselves or when
other automated machines can perform these actibasentire material handling process can be
automated. AGVs also find applications in othetiisgs. In an office environment, for example, AGVs
are being used to drive mail around and in the oatdor life science world AGVs such as the
RoboCourier (Swisslog, 2015) are used to securehsport sensitive loads such as laboratory samples
and medicines.

A second group of AGVs is capable to not only hamially but also vertically transport goods. This
generally allows them to autonomously load and achlivom and onto heights such as racks, stands and
conveyors. A typical example is a forklift AGV, vdhi is amongst the most used AGV because it is so
versatile. The ability of forklift AGVs to verticigl move goods broadly widens the range of tasks tha



can be executed as it allows for storing and natrgeloads from multi-level storage racks. In agtdit
forklift AGVs are compatible with many conventionstiorage rack systems using pallet platforms
(Dziwis, 2005). This kind of AGV can thus be used anly to simply transport goods but also to take
care of other aspects of the material handlinggs®cAs an example DHL (2014) described how aeingl
employee can handle the entire receiving areandrahouse through coordinating a fleet of automated
forklifts that pick up loads, drive to the stordgeation and put the load in the rack before retgmo

the receiving area. Baylo (2015) recently took aplén overcoming adoption hurdles by introducing
MOVEBOX, a kit converting regular electronic forftt into self-driving vehicles. Similarly, un-
palletized loads can be handled by clamp AGVs.

As already illustrated, this second group of AG¥sveell suited for assisted put away applications. A
related popular application of AGVs is assistedeoquicking. DHL (2014) describes a possible use cas
for manual order picking in which an assisting jigkcart follows a human order picker through the
racks of a warehouse. The order picker instruagptbking AGV through hand gestures. When the cart
reaches full capacity it is sent to the drop-offdtion and replaced by another cart that can bereddo

join the human picker in advance. According to Dg014) this scenario results in a more ergonomic
and more efficient picking process. More profoupgleations could induce far-reaching changesén th
way warehouses are operated, as described by Hutahg(2015). In a goods-to-person (G2P) setting,
for example, employees can perform picking and iptespackaging tasks at a fixed location, whilst
AGVs bring the good to the human pickers, thus miming tedious and inefficient human movements.
AGVs capable of performing this task are readilgiable on the market (Brockmann, 2014). A famous
example is the Kiva system used by Amazon, whighsports entire shelves to the human picker and is
thus capable of handling goods of different shapbsize. G2P systems using AGVs are scalable and
combine the flexibility of human pickers with thifigiency of ASRSs. Huang et al. (2015) describe th
layout and working cycle of the Kiva system in aRG&ganisation. The material handling process can
be automated further by replacing the human pickats picking robots, thus creating a goods-to-itobo
(G2R) organisation. A robot-to-goods (R2G) orgamisais a different solution that eliminates thede
for picking stations when compared to G2P and GRIR2G system can be realised by letting AGVs
carry an order picking robot, thus creating an ®Rleking Robotic AGV (Bastian Solutions, sd). This
solution combines the automation strength of aipgckobot for picking the right object with an AGVS
to autonomously complete the transportation taskswarehouse. Huang et al. (2015) further describe
two innovative warehouse designs enabled by AGYs.fifst is a robotic grid warehouse in which aisle
space is eliminated and the second is cellular earge with AGVs capable of efficiently processing
different types of goods.

In order to overcome the high investment hurdleAGlVs adoption, Huang et al. (2015) argue for a
logistics automation service system business madehich stakeholders share risks and benefitssihil



focusing on their core competences, thus meetiag#pital needs of an AGVS. The business model
comes down to AGVS being installed and maintaingé ltechnology provider at low or no cost. In
return the technology provider receives a parhefrevenue generated by the logistics operatosimgu
the AGVS.

3.2 Applicationsin controlled outdoor environments

As mentioned before, the existing technologicakexabements are aimed at bringing automated vehicles
out of the security of controlled settings into theertain world of everyday traffic. A first stepdoing

so is applying AVs in private outdoor terrains sashharbours, airports and logistics courtyarde Th
usage of AVs in these controlled outdoor environisénthe topic of this section.

Just as with indoor settings, these private out@meironments are better suited for the usage o AV
than public roads because there is significantdg lencertainty, fewer regulations apply, the liapil
issue is not as complex and an efficiency-driverpaate logic applies. Consequently, as will become
clear in this section, AVs of various kinds aresatty consistently used in practice to execute maater
handling tasks in harbours and logistics yards.ofding to DHL (2014) AVs are not really used yet at
airports, but cargo transporters could be morecgffe when using vehicle automation technology.

In any case it is easily understood that materaleting performance is crucial for the competitieoes

of harbours, airports and logistics yards. For thireg ships, airplanes and trucks only generatemee
when they are underway. Turnaround times thus teebd minimised. Secondly, goods cannot be used
as long as they are being transported and thustthesportation needs to be completed as quickly a
possible. Given the importance of these two meficghe competitiveness of airports, harbours and
logistics yards, it is not surprising that a sim@atomation process can be observed to that clxénv
indoor logistics (Vis, 2006). Airports seem to bgding behind, as already mentioned, but in hasbour
automation is the most important development tsghdn it comes to transportation equipment (Carlo,
et al., 2014). After all, the same advantages apgplin the indoor settings. Here too AVs can elaten
human error, are highly reliable and accurate ivirtly, allow the continuous monitoring of goods and
vehicles, reduce vehicle wear and fuel consummm@hreduce labour costs (Demuth, 2012).

As in indoor settings, the term AGV is often usedvehicles that can drive without a human operator
in secure outdoor logistics arenas. Comparablyilainechnologies and vehicles are used to those
described in the previous section. In addition, &esv, as distances and loads are often largertidoou
settings, autonomous trucks are used. An exampl&@@¥ usage in harbours can be found at the
Container Terminal Altenwerder (CTA) in Hamburg haur (OELCHECK GmbH, 2009). On the quay
AGVs pick up or deliver containers that are loadétior onto ships. A network of transponders
embedded in the ground is used to guide the AGVistwinavel up and down between the quay and

intermediate storage areas. Here too, dispatckutggduling and routing are essential and are in par



managed by a central system coordinating the 8e&GVs. The AGVs not only move forwards and
backwards, but also sideways, making them extrie.algi a similar way AGVs are used in logistics
yards. A German dairy producer, for example, usésmated trucks to drive up and down between its
on site warehouse and production building (Dem2@i,2). The trucks drive at low speed (6km/h) with
a driving precision of 2 cm. They use laser scasmrter monitor their environment and rely on
transponders embedded in the infrastructure toyasei

Currently AGVs in secure outdoor settings mostlgrape at low speed and on fixed paths, guided by
infrastructural elements and by on-board camerak lasers. The recent developments in vehicle
automation technology described before enable AiGWsese outdoor settings to move faster and travel
more freely, independent of infrastructural elermeAimongst other things, the usage of GPS guidance
increases freedom of movement at the expense & nwnplex traffic management that has to avoid
deadlocks, collisions and congestion (Carlo, et2l14). The SalLsA research project aims to develop
AGV for secure outdoor environments that can dfreely at high speed even with human driven
vehicles and pedestrians around (Kerner, sd). TA€3és build a model of their environment based on
stationary and on board sensors, as well as mapjgitegand processing information. This model will
project the possible movements of all objects i@ #mvironment, based on which the AGV can
independently plan its path. This is preciselytdenology used to bring AV onto public roads.

As in indoor settings, the main challenges in ofegaAGVs relate to dispatching, routing and
scheduling. A significant body of research thuskbat these tasks. Carlo et al. (2014) created a
comprehensive review of the literature concernmagdport operations in container terminals. Inrthei
paper, a discussion of research on vehicle typesyumber of required vehicles, dispatching antmgu
collision and deadlock avoidance, and techniquestegrate these different decision problems can be
found.

Looking beyond private outdoor terrains, an intetiage step between using AVs in secure outdoor
environments and in everyday traffic, is using themdesolate public terrain. It should thus be no
surprise that automated trucks are already heagigd in the mining industry. A famous case is the
usage of autonomous trucks by Rio Tinto (Coyne,520TThe company currently operates 53
autonomous trucks across four mine sites, having ti@an 4 million kilometres on its odometer, asd i
planning to extend its fleet to 150 autonomouskisuéccording to Rio Tinto, using AVs reduced costs

and increased efficiency, but it also enhancedthesdfety and environmental performance.

3.3 Potential usage of autonomous vehiclesfor long-haul freight transport

The logistics use cases illustrating recent dewekags in vehicle automation technology looked at in
the previous sections, i.e. in secure private indoal outdoor settings, are mostly an extension of
already existing applications. Indeed, AGVs havealy been used for some time for material



handling purposes in private and deserted areasu3ge of AVs for logistics purposes in everyday
traffic, however, would be truly innovating. So fav AVs have been used or even allowed on public
roads, except for small-scale technological tesfgots executed in recent years. This section labks
what is arguably the most obvious application ofsfdh public roads for logistics operations
(Shanker, et al., 2013), namely long-distance aitiefreight transport, which mostly consists of
trucking on highways.

Several autonomous truck projects have been dex@loger the years, mostly focusing on platooning
(see section 3.2). Platoons are often referred toad trains. They essentially are convoys ofalesi
cooperatively driving together at very small distes from each other. The first vehicle takes thd le
and the others just have to follow. For exampl€fittsé European projects, PROMOTE CHAUFFEUR
| & Il, worked on the necessary technology (IST ldpP000), whereas the KONVOI project at the
University of Aachen studied the impact as welleggml and economic implications of platooning
(Lenk, et al., 2011). More recently the Europeam@ussion funded the SARTRE project that further
developed and tested platooning systems (Chah, 8042). In Japan the Energy ITS project has
similar objectives (Tsugawa, 2012). A follow-up jeat funded by the European Commission and led
by Scania will specifically study the logistics apalck-office supporting functions for platooning
(Scania Group, 2013). Last year also in the USuaon@mous truck project was started. (Atherton,
2014)

There are some good reasons why AVs might firgtdeel on public roads for long-haul trucking
rather than for passenger transport or on smalketg. First of all, because the benefits of notimee

a driver are especially large in the road freigiaiListry, as in the US driver wages and benefiteladc
for more than 30% of the total shipping costs (Eer& Pierce, 2012). What is more, there seems to be
a constant struggle to find enough drivers forttheking industry (Walsh, 2013). Secondly,
autonomous vehicle technology will most likely fike ready for driving on highways as this
environment is much more predictable and less cexnplan, for example, city streets (Stromberg,
2014). Third, when platooning, fuel savings cowddah almost 10% (National Renewable Energy
Laboratory, 2015), an important figure as fuel s@tcount for more than 30% of total road freight
costs (Fender & Pierce, 2012). Trucking compangeshe expected to be especially responsive to
these potential cost savings and are particuldlly t realise these savings as they can orgdmese t

own platooning.

3.3.1 Assigted highway trucking

As is true for AV technology in general, it remainmgcertain when fully autonomous trucks will be
commercially available. With its Future Truck 20@%ject, Mercedes-Benz committed itself to
bringing an autonomous truck to the market by 2@d%on., 2014), and other producers made similar



commitments. In the meantime several autonomoysstpystems are already present in today’s
trucks. Think for example of systems informing aherting the driver to safe driving distances and
activity in the vehicle’s blind spots, emergencghing, lane keeping, etc.

Based on these automation features, DHL (2014 )ibescsome assisted highway trucking scenarios
that could impact the operations of road freigtegragors. In first instance DHL (2014) expects an
assisted highway trucking system capable of autansiy safely driving a truck within its lane. The
driver would be required to take over at any timenerge into traffic, overtake other vehicles and
enter or leave the highway. In this first stepdhiger is only marginally relieved of their drivirduties
and can barely perform other actions. In a secooie mdvanced scenario the assisted highway
trucking system is capable of controlling the traicking most of the journey on the highway. The
driver would thus be able to perform other taskeetax. In a third assisted highway trucking scenar
no driver is required to be present during the Waghjourney. A driver could thus bring the truck to
the entrance of the highway and then leave thétfize truck could drive non-stop on the highway

until it has to leave the highway, where anothéredrwaits to bring the truck to its final destiroat.

3.3.2 Platooning

The real revolution in long-haul trucking faciliéak by vehicle automation technology, however, will
most likely come in the form of platooning. Consently, and as already mentioned, most research
and test projects concerning automated highwakimgcave focused on platooning.

Vehicle automation technology and V2V communicatdlow vehicles in platoons to travel much
closer together than would be possible with humareds. Essentially all vehicles in the platoon &av
to communicate constantly with each other so tleyimmediately mimic the actions of the previous
vehicle in the platoon, whilst the first vehiclencadapt its actions and speed to the situatioheof t
following vehicles. Bergenhem et al. (2012) provedeomprehensive review of different platooning
systems and the existing platooning research.

In the first instance, platooning would allow thevdrs of follower vehicles in a platoon to perform
other tasks than driving or to relax (Bergenhenal.e2012). The driver in the first vehicle wolddve
to be ready to take control of the vehicle atiales. Along the way different trucks could take lieed
so there is no need to stop in order to let theedsirest. In later stages no drivers would nedzbto
present in the follower vehicles and possibly asbin the first vehicle.

Janssen et al. (2015) describe different waysno fdatoons. In the first instance, when the
penetration rate of platooning technology amongsiks is rather low, platoons will have to be
scheduled. Transport planners of road freight congsawill have to plan the journeys of their trucks
so that multiple trucks can travel together inatgbn. In addition, there is of course the potéwnfia
cooperating across company borders when schedullitgons. In a later stage when platoon



technology is more commaon, platoons could be forforehe-fly’. This means that trucks on the road
could dynamically connect to form platoons whencemtering each other on highways. Janssen et al.
(2015) also foresee an opportunity for platoonisergroviders to come into existence. These would
act as intermediaries between various transporpeois so as to establish platoons. They would
essentially function as control towers for platdormation, guaranteeing the safety of trucks entgri
platoons.

3.3.3 Impact on logistics operations

Janssen et al. (2015) look into the potential imhpéplatooning on the supply chain operations and
processes of road freight transporters. Thesetsfége also partly induced by assisted highway
trucking. First of all, carriers will have to takéatoon formation into account when scheduling and
routing the trips of their trucks, thus further qaioating the optimal vehicle schedules and routes.
Furthermore, in order, to fully benefit from platoong, it might be necessary to cooperate across
company borders when scheduling and routing. Ségowtien drivers can perform other tasks when
riding on highways, carriers could alter their @iems so that the labour time of drivers sittinghieir
truck on highways is utilised. Drivers could, foaenple, engage in working on shipping documents,
preparing their arrival, planning their next trgi¢., thus decentralising part of the administeatind
planning work of carriers. Third, when trucks ridtéverless on highways, but need to be dropped off
and picked up by drivers at the beginning and titead the highway, this will have a severe impact o

the organisation of carriers who have to ensurgthsence of drivers when and wherever required.

3.4 Autonomous vehicle solutionsto bridge thelast mile

The last part, the so-called ‘last mile’, of a siypghain or distribution network that needs to taeérsed

to reach local stores and customers is often t kfficient and most difficult part. This is basa it
often consists of smaller roads or urban envirorimerere transport is slower, and because flows
become more fractioned and loads thus smaller. &prestly, the last mile problem is a well-known
topic in logistics research and a true challengédgistics professionals.

This section takes the final step in bringing A\& mto everyday traffic, by looking at their potieth

to provide new solutions for bridging the last mile order to do so AVs of automation Level 4 are
required, ones that are fully capable of drivingntiselves in the uncertain and complex world of mrba
traffic. This goes beyond the capabilities of tleehnology that is currently tested, and vehicle
automation technology will thus have to maturetertbefore the scenarios described in this section
become possible. Consequently, this section istiet hypothetical, but it remains within the boumnea

of what is expected to be technically feasiblehmy/énd of the next decade.



One of the often predicted effects of the introductof Level 4 AVs is a significant change in car
ownership structures through the introduction ofeated car sharing and mobility-on-demand systems
in which passengers do not own a car, but rathensan one when needed. As already mentioned the
implementation of such a system would bring addalcefficiency gains as cars are typically parked
during 95% of their lifetime (Shoup, 2005) andhe tUS less than 12% of privately owned cars are on
the road during peak time (Silberg & Wallace, 2012)nsequently, the little research and simulations
that exist concerning new urban transport mode&bled by Level 4 AVs, focus on this new car
ownership model. The International Transport FofR615), for example, estimates that in a mid-sized
European city the same mobility can be achievell %400 of today’s cars when using an AV based car-
sharing system.

Whilst some early publications look at this new camnership model, literature about the new solion
for the last mile problem in logistics facilitatbg AVs has yet to appear. However, some first cptuzd
ideas for bridging the last mile in logistics wifVs have been introduced. All of these would have a
significant impact on the business model, operatamd processes of retailers, e-commerce businesses
and package delivery companies. In the remaind#risfsection these conceptual solutions are riefl
presented.

Autonomous grocery shopping: A first model described by Sand (2015) relies andforementioned
new car ownership model facilitating a system obitity on demand. Sand (2015) portrays a system in
which a customer places an online order for a supeket or other retailer and orders an autonomous
car to drive by the retailer to pick up the orddeanwhile the retailer prepares the order so ithman
loaded into the autonomous car as soon as it arfiar traditional retailers this implies that mdewer
customers will physically visit their store and stthe floor layout could be redesigned, creatistpee
adapted to serving autonomous vehicles picking rders, much like a warehouse of an e-commerce
retailer. Sand (2015) suggest that as a consequetitonal retailers such as supermarkets wibhgr

in size and move to the outskirts of cities, esaptenhancing the direct competition with e-conmoge
retailers.

Home delivery logistics network: Also Kay (2013) predicts the end of all non-recieadl shopping.

He describes a home delivery logistics network clv goods are delivered to customers in reusable
containers by driverless delivery vehicles, beimgak cargo-only AVs. The network consists of many
small distribution centres (DC) such that an oider be sent from a store to the nearest DC aftahwh

it moves through the network of DC’s again, to e that is closest to the customer, from which the
order is delivered to the customer. The idea isdbeeral orders can be combined when being traresho

by a driverless delivery vehicle through the netan@irDC’s. As the empty containers would be shipped

back from the customer to the nearest DC, theydcalso be used to ship items such as waste from the



customer’s home to the DC. In order to be econdiyit@asible, the small DC’'s would need to be fully
automated.

Autonomous par cels: DHL (2014) outlines an even more futuristic solatior the fully autonomous
delivery of goods. In this scenario an autonomoursktcould drop a group of parcel-sized autonomous
vehicles off close to their destination. These $wethicles swarm out to nearby destinations and,the
after delivering their orders, the vehicles carhgatgain in the autonomous truck to return to a DC
Pack station based solutions: DHL (2014) further proposes two solutions basegack stations that
seem to be more feasible in the near future. Teedolution is based on the belief that machinpack
handovers of packages is technically feasible toGayrently human delivery agents serve a netwbrk o
pack stations at which customers can pick up op dfbtheir packages. In the future AVs equipped to
load and unload pack stations could perform thé&.tdhe second pack station-based solution takes
automation one step further as it entails selfidgvepositories. In this case customers wouldnaoe

to go to a pack station, but the pack station coalde to the customer. This solution appears antds
feasible one in order to completely automate mateliéveries.

Support vehiclesfor letter and parcel deliveries. the last AV-based solution for the last mile proble
proposed by DHL (2014) will most likely be the fiene to be implemented. The solution starts from
the observation that a serious inefficiency in osléetter and parcel delivery consists of longtaliee
walking occurring when the driver cannot find akiag spot close to the destination. This inefficgn
could be resolved by AVs following the delivery agduring the delivery of several parcels in a Eng
area. When the walking distance to the next dastimdecomes too great, the delivery agent will get
into the vehicle and drive to the next destinatafter which the AV follows the agent whilst deliirey
parcels within a walkable distance. When the Avigarly empty, the agent can instruct another AV to
join him with a new load of letters and parcelsjleskhe first AV returns to the DC. This system lbu

significantly increase the productivity of deliveaigents in urban areas.

4. Reflection on autonomous vehiclesand related logistics research

Based on the previous sections, this section isflge the state-of-the-art of autonomous vehidhes a
related logistics research. Conclusions of speégcipbrtance to scholars and logistics professioasds
highlighted and suggestions for further logistiesaarch concerning AVs are made.

Despite the scepticism evolving around the fedgjbif the introduction of AVs in everyday traffic,
most industry watchers and references consulted seagree that the question is not whether AVE wil
be available for mass consumption, but rather wheypwill be available. The technology necessary fo
introducing highly automated vehicles in everydayfic already largely exists today, and the pagnt
gains for both businesses and the society at lapgativise businesses and governments to compete f
pole position amongst the early developers andtadopf AVs despite their drawbacks. With nearly al



large automobile manufactures and other powerfuhpamies as Google working on their AV and
governments investing in research projects, inigaly that the development of AVs will come to an
end. As a matter of fact, many vehicle automateatures are already present in automobiles entering
the market today and it can be expected that \ehiml automation Level 4 will be readily available

the end of the next decade.

However, in the race to develop a functional androercially available AV of automation Level 3 and
4, it is vital not to neglect some serious thréathe development of AVs such as the safety aodrgg
risk, the privacy and ethics issue, and the huraatofs and liability challenges described in Secf#o
This is important not only because failing to desald cause a setback in the adoption of AVs yileda
the possibility of enjoying their benefits, but reamportantly also because neglecting these issuedd
result in serious negative externalities of AVs fzers and society at large. Given the urge for AV
developers to take the lead in introducing AVscdh be expected that they will not pay sufficient
attention to the aforementioned threats. It willgloe up to legislators to ensure that the riskisdbme
with AVs are sufficiently mitigated. Besides, usefs/ehicle automation technology, such as logsstic
professionals, have to be aware of these risks $0 be able to take them into account when adgptin
AVs.

As has been argued before, AVs are of special aaley for the logistics industry. Not only because
logistics often provides ideal circumstances focdmeing an early adopter of vehicle automation
technologies, but also because the smart usag¥efiilikely to create a competitive advantage over
competitors. This is both because the usage of éMsdd result in significant cost reductions and
efficiency gains, and also because they it resulhéw business models enhancing the customer
experience. What is more, to make the most of Ausjnesses will in part have to revise their opanat
and possibly re-evaluate their entire supply chain.

Given the significant impact the adoption of AVs & expected to have on best practices in thstlogi
industry, it is surprising to find how little lodiss-related research exists concerning AVs thasgo
beyond the dispatching, scheduling and routingé$ A secure indoor and outdoor environments. The
limited work that has been done so far to analysktest the potential impact and best usage of iAVs
logistics is performed by practitioners and bussnasalysts, and is largely unavailable in the publi
domain. Given the literature concerning AVs in &igis that is currently available, one can conclude
that rigorous findings from scientifically soundsearch, R&D efforts and field studies are needsd, a
opposed to publications intended at commercial ptan, to optimally prepare the logistics industry
for the adoption of AVs and to reduce the levelgoforance of the potential of AVs in logistics.

As mentioned before, the most common applicatidns\s today can be found in indoor and secure
outdoor logistics settings. Consequently, the egsiogistics research regarding AVs concentrates o
these settings. In particular, the focus is ondispatching, scheduling and routing of AVs applied



these situations. Nevertheless more research woeldeneficial. In particular, studies looking at
different aspects of AV traffic management wouldHapful, taking in such matters as dispatching,
scheduling, routing, avoiding deadlocks and congesautomated vehicle recharging and the required
number of vehicles. Also research investigating s layouts adapted to AVs and newly enabled
warehouse designs would be beneficial in ordematvdst the potential benefits of AVs in these secur
logistics settings.

When it comes to the usage of automated trucksnig-haul trucking, most existing research focuses o
platooning. However, the focus is rather on thdqgala itself rather than on how platoons can be
scheduled and what the effects of platooning wdaddon the scheduling and route planning of
businesses. Additional questions arise about thEadmof platooning on the overall supply chain of
businesses. For example, as the costs of truckihgee, it is not unreasonable to expect that thienap
amount of vehicles and the number of warehousesgegh®esides, when drivers can perform other tasks
while driving on highways or when trucks can rideverless on highways, the operations of businesses
involved in trucking might be affected further. Althe increased connectivity of automated trucksdcco
impact planning processes and enable businesseaki® their supply chain leaner. Academic research
looking into these effects would not only be ingirey, but could also greatly contribute to theefifve
adoption of AVs for long-haul trucking.

As noted in the previous section, the adoption @8 Aould lead to the development of an array of new
models to solve the last mile problem. So far s#veeas for new solutions have been presented, but
for virtually none of these are there publicly dabie detailed descriptions or simulations of tieéfects.
Hence there is an overwhelming potential for redeans to develop these models further and to parfor
simulations and field tests. Here too questiorseasn the impact of these models bridging thentaist

on the overall operations and supply chains ofrimssies.

5. Conclusion

This paper presents the researcher and the lagsti¢essional with a broad introduction to autonam
vehicles by evaluating the state-of-the art of aatoous vehicles and their potential consequenges fo
the logistics industry. The aim is to provide diaras to where the development of AVs and related
research stands and what further research is nee@ddw for the efficient adoption of the techogy

in the logistics industry. The baseline idea o$ théper is that vehicle automation technology g
developing and will be available soon, and thatinmsses in the logistics industry can develop a
competitive advantage when effectively adopting tilew technology.

The first part of this paper presents the generekground knowledge of AVs needed to fully underdta
the state-of-the art of AVs and their potential floe logistics industry. To that end popular resear
topics regarding AVs that should be of special rigge to scholars and logistics practitioners are



represented. These research areas are vehicleaigoechnology, liability and legislative chaltgs,
and the ethics and human factors challenges. Alwii these topics, the following additional
background is provided in the appendices: a dedmif the different levels of automation and agiime

for the development of AVs, the expected benefits\¢s (increasing safety, efficiency and the comfor
and productivity of drivers), and the drawback#&WuF (increased total vehicle miles travelled, theetit

to existing industries, safety and security riskd privacy issues).

The second part of this paper then focuses on shgeuand potential consequences of AVs for the
logistics industry. AVs are already commonly usednidoor and secure outdoor logistics settings and
thus the applications of AVs in these environmangsdiscussed first. When bringing AVs into evegyda
traffic the most obvious application in the logistindustry is long-haul freight transport and thhes
next section discusses this application. Lastly pbtential solutions for the last mile problemilfeated

by vehicle automation technology are looked at.

The third part of the paper highlights the cona@usi of this paper that are of special importance to
logistics scholars and professionals and it prastritre research avenues that can contributeeto th
effective adoption of vehicle automation technodsgby the logistics industry. The recent technalalgi
advancements in vehicle automation are bringinguatite next big revolution in mobility and the
transportation sector. The adoption of AVs holaspghomise of completely innovating the way in which
mobility and transportation logistics are dealthwiDespite the array of opportunities for the ltgs
industry to benefit from this new technology and bosinesses to build logistics-based competitive
advantages, little attention has been given t@thential consequences of AVs for the logisticsisidy.
Many research opportunities can thus be exploredidribute to the effective adoption of autonomous

vehicles in logistics.
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Appendix A: Levelsof automation
The NHTSA defined five levels of vehicle automationorder to allow for clarity in discussing AVs.
The definitions are based on the balance betwebitlgeand human control. The explanation of the
definitions below is a shortened version of thendgbns as provided by the NHTSA (2013). This stud
focuses on the potential impact of the introductibautomation Level 3 and 4. The levels are:
¢ Level 0 — No automatiorhe driver is in complete and sole control of thienary vehicle
controls (brake, steering, throttle, and motive povat all times, and is solely responsible for
monitoring the motorway and for safe operationalb¥ehicle controls.
« Level 1 — Function-specific automatiohutomation involves one or more specific control
functions; if multiple functions are automated tloperate independently from each other.
The driver has overall control, and is solely reslole for safe operation. The vehicle may
have multiple capabilities combining individualwt support and crash avoidance
technologies, but does not replace driver vigilagnog does not assume driving responsibility
from the driver.
¢ Level 2 — Combined vehicle automatidimis level involves automation of at least two pm
control functions designed to work in unison toee the driver of control of those functions.
Vehicles at this level of automation can utilizeustd authority when the driver cedes active
primary control in certain limited driving situatis. The driver is still responsible for
monitoring the roadway and safe operation andpeebted to be available for control at all
times and at short notice.
¢ Level 3 — Limited self-driving automatiovehicles at this level of automation enable the
driver to cede full control of all safety-criticalnctions under certain traffic or environmental
conditions and in those conditions to rely heawitythe vehicle to monitor for changes in
those conditions requiring transition back to drizentrol. The driver is expected to be
available for occasional control, but with sufficily comfortable transition time.
« Level 4 — Full self-driving automatioitthe vehicle is designed to perform all safety-caiti

driving functions and monitor roadway conditions &m entire trip. Such a design anticipates



that the driver will provide destination or naviigat input, but is not expected to be available

for control at any time during the trip. This indis both occupied and unoccupied vehicles.

Appendix B: A timeline of autonomous vehicle development

AVs might seem to be a new development, but the ides been around for decades. Already in 1939
General Motors presented some sort of AV at the Nerk World Fair in the form of automobile
guidance with electrical conductors inserted in tbhad (Vanderbilt, 2012). Ever since universities,
businesses and governments have invested in A\égisojin 1977 for example the first autonomous
vehicle able to process images of the road aheaddisplayed by S. Tsugawa at Japan's Tsukuba
Mechanical Engineering Laboratory, and from 198l u®95 the European Commission funded the
EUREKA Prometheus Project on autonomous vehiclbar{ier, et al., 2013). These are two examples
of what Anderson et al. (2014) identified as thrstfphase in the development of AVs, lasting from
approximately 1980 until 2003. During this foundatl research phase researchers tried on the ade ha
to develop automated highway systems in which Vesielied heavily on infrastructure and on thesoth
hand worked on truly autonomous vehicles indepenaleinfrastructure.

The turning point in the development of AV techrglpleading to the recent breakthrough, was the
Grand Challenges organised by the US Defense Depats Defense Advanced Research Project
Agency (DARPA), identified by Anderson et al. (2056 the second phase ranging from 2003 until
2007. In 2004 and 2005 participating autonomousclehneeded to complete a 150-mile off road race.
The progress made between both challenges was eunsyas the best participant in the 2004 challenge
drove not even eight miles whilst in 2005 five tesamade it to the finish (Urmson, et al., 2004; Usms

et al., 2006). In 2007 the “Urban Course” completeel series of DARPA AV challenges by asking
participating teams to design an AV capable of detimg a 60-mile urban track obeying traffic laws
and navigating between other vehicles. Six teanmspteted this course (Buehler, et al., 2008). The
DARPA challenges initially intended to boost theelepment of AV technology for military purposes,
but civilian applications followed swiftly. The Grd Challenges got many players in today’s AV market
interested in the technology, and many membersadfgipating teams are today involved in the AV
development of these players (Shanker, et al., 2013

The third, and for now, last phase in the develapneé AVs identified by Anderson et al. (2014) is
commercial development. The beginning of this phasgearked by the start of Google’s driverless car
project. What is arguably the most well-known A\oject started with Google hiring the head of the
team winning the second DARPA challenge (Marko®1@). Ever since companies, among them many
that are traditionally not active in the automobhitdustry, such as Google, Cisco and IBM, but also
Baidu and possibly Apple, have been announcing A8egts. The entrance of these new players
threatens to disrupt the automobile industry aaditional manufacturers have not hesitated to medpo



Almost all big automobile manufacturers have dedathemselves to be working on an AV, among
them Audi, VW, Mercedes-Benz, BMW, Ford, GM, Niss@ayota, Volvo, Renault, Daimler and Tesla.
Interesting from a logistics point of view is treect that, amongst others, Volvo and Mercedes-Benz a
not only working on autonomous cars, but also dorsamous trucks. The race to present the firsy full
operative AV ready for mass consumption has cldaetyun.

Several countries have joined the competition Eading the development of AVs, on the one hand by
sponsoring research and test projects and on ltiee band by adopting legislation aimed at creadimg
environment in which the development of AVs canvifirAs early as 2012, Shladover (2012a; 2012b)
provided an overview of activities in Europe andaAwith regards to cooperative vehicle—highway
automation systems, and made a comparison withiteesi in the US. More recently Trimble et al.
(2014) have made a partial update of this revievobking at AV projects in Europe and Asia. These
reviews discuss projects supported by the Euro@ammission and the governments of the United
Kingdom, the Netherlands, France, Germany, Itadypalh and South Korea. In the US the DARPA
challenges are an obvious example and more recamibral states have passed legislation to allow fo
AV testing (Anderson, et al.,, 2014). Besides, salvgovernments have explicitly expressed their
ambition to be at the forefront of the developmentl adoption of AVs. The UK, for example, has
published a report evaluating the UK’s legislativemework for AV testing as compared to other
European and Asian countries and the US (Departfoefiransport, 2015). Furthermore, Godsmark et
al. (2015) assess the potential impact of AVs fan&la and propose action for Canada to catch up and
prepare for the introduction of AVs. Also the Belgigovernment has expressed its willingness tavallo
AV tests (Haeck, 2014; Moens, 2014) after recoggigie risk of lagging behind relative to surrounggi
countries such as the Netherlands (Anon., 2014).

Looking towards the future, several timelines fdojption have been published. Shanker et al. (2013)
present four phases (not to be confused with thieafentioned levels of automation) of which thstfir
Passive Autonomous Driving 2012 — 2016, is mostijmpleted. In this phase autonomous capacity is
meant to correct rather than control. Technologyded for this phase (adaptive cruise control, crash
sensing, lane departure warning, etc.) is presentany models currently on the market. The second
phase, Limited Driver Substitution 2015 — 2019| aisumes the driver as the primary operatorttmit
vehicle can take over some tasks, for example pgrkncreasingly features needed for this phase are
installed in vehicles entering the market todaythe Complete Autonomous Capability 2018 — 2022
phase, the vehicle is able to drive itself, bueespn is assumed to be present in the drivingteeatct

in the event of an emergency. These are the vehdimg tested and developed today. The last phase,
identified by Shanker et al. (2013), is more spaitvd and assumes 100% penetration of AV technology
after 2030. Trimble et al. (2014) discuss sevettaiotimelines that have been published, all ofclvhi
follow more or less the same pattern with vehidésutomation Level 3 and 4 being available for



consumption between 2017 and 2025, and a penetnaie shortly after 2030 that allows capitalizing

on most AV benefits.

Appendix C: Expected benefits of autonomous vehicles

Many companies and governments are only investirgveloping AVs because the stakes are so high.
The potential gains stemming from the introductidrAVs largely result from the potential to reduce
the impact of many of the adverse effects of toslagltomobilesShanker et al. (2013) made a rough
estimate predicting that the full adoption of AVt save the US economy $1.3 trillion per yeaisTh
amounts to $5.6 trillion savings per year globallyen assuming the same savings over GDP ratio,
which is an oversimplifying assumption of courdemust be noted that this estimation only includes
cost savings and does not take value created bymeagufactures into account. On the other hand
offsetting losses and the cost of AVs are not actamlifor.However, the cost drivers resulting in this
estimate are similar to the benefits of AVs that aften cited, and are briefly listed below. A more
detailed discussion of several of these effectgvien by Anderson et al. (2014), by Eugensson].et a
(2013) and in the compilation edited by Meyer & l&ei(2014).

Wheresafety is concerned, according to the World Health Orzgtion (2013) 1.24 million road traffic
deaths occur annually, with traffic fatalities bggithe number one cause of death for those ageabatw
15 and 29, and many more are injured. On its weltisé European Commission’s Directorate General
Mobility and Transport reports more than 30,000tliean the EU’s roads in 2011. The number of
permanently disabling injuries, serious injuriesl aninor injuries are respectively four, eight ar@®@l 5
times higher. The total cost of road accidentsiBrated to reach on average 2.5% of a country’® GN
(Elvik, 2000). What is more, according to Maddo®12) 93% of crashes can be attributed to human
error, whether or not caused by driving under tiieénce (of drink or drugs). Recognition errorsuleb
account for 41% of crashes (inattention, intermal external distractions, inadequate surveillaate),
34% are decision errors (driving aggressively, dpeg etc.) and 10% are performance errors (Naltiona
Highway Traffic Safety Administration , 2008). & mostly accepted that AVs would eliminate most of
today’s causes for accidents and largely reducetingber of road crashes, especially as the adoption
rate increases and humans take less control afAMeiDesigning a system that is safe in nearlyrgve
situation is, of course, a very complex challen@anfpbell, et al., 2010), but the end goal of vitjua
crash-less cars is deemed feasible (Maddox, 20i&r§ & Wallace, 2012; Underwood, 2014). There
is already proof of the safety effect of automafieatures present in today’s cars and full autoonas

the next step in eliminating road fatalities (DaB607). Hayes (2011) predicts that road fatalitgsa
will approach those seen in rail and aviation,1%. of today’s rate.

The full adoption of AVs would result igfficiency gains in many different ways. The safety effects
described above could eventually result in the mddacy of many of the safety features includedhén t



design of today’s cars (Silberg & Wallace, 2012)r Example air bags, roll cages and weighty amounts
of steel might no longer be needed. Also serviessilting from today’s accidents could become
redundant. Think for example of the large marketctar insurance, traffic police, vehicle repair gsio
and medical care for crash victims. The reductiotraffic accidents could also significantly reduce
congestion as it is estimated that 25% of congessicaused by travel incidents, approximately balf
which are crashes (Federal Highway Administrati®@05). AVs could lead to further congestion
reductions because of increased vehicle througiguged by their optimised driving compared to human
driving, as explained by Anderson et al. (2014)t bioly are AVs able to react faster, they can also
match their behaviour more effectively to their ieorment when equipped with Vehicle-to-Vehicle
(V2V) and Vehicle-to-Infrastructure (V2I) communiin systems, leading to synchronised braking and
accelerating as well as smarter routing. This essatbilem to drive safely at higher speed and withged
space between vehicles (Tientrakool, et al., 204dgording to Fernandez & Nunes (2012) platooning
could increase lane capacity by up to 500%. Plat@oe often referred to as road trains. They esdignt
are convoys of vehicles cooperatively driving tbgetat very small distances from each other. Titsé fi
vehicle takes the lead and the others just hayelltaw. In congested circumstances AVs could avoid
inefficient start and stop conditions (Sorensern).eR008) thus avoiding traffic-destabilizing skeave
propagation (Fagnant & Kockelman, 2013). The degfdbese efficiency gains very much depends on
the AV adoption rate of course. Shladover et &1@), for example, estimate that a 10%, 50% and 90%
penetration rate of cooperative adaptive cruisérobwould induce a lane capacity increase by agoun
1%, 21% and 80% respectively. AVs would also alfowsmarter traffic management, reducing for
example waiting time at intersections and optingime speed with which intersections are approached
(Li, et al., 2013). Another factor influencing teéect on congestion is the impact of AVs on vehicl
miles travelled. The net effect of this is uncertas there are positive and negative effects asisied

by Anderson et al (2014). Besides, reduced corgestiptimized driving, lighter vehicles and smart
traffic management are all factors that imply imc®d energy efficiency. Platooning would allowdpr

to 15% fuel savings (Bullis, 2011). For aggressirigers optimized driving could potentially save?20

- 30 % fuel (Gonder, et al., 2012), whilst thisisgvgoes up to 15% for nonaggressive drivers (Brown
et al., 2014). Also according to Brown et al. (2Dlighter vehicles and the optimized design allowgd
AV technology could allow for as much as 50% enesgywings. As these examples show, the
introduction of AVs will imply significant energyffeciency gains. However, the net effect on fuedges

is uncertain as, for example, faster driving anéharease in vehicle usage will increase consumgpifo
fuel. Another efficiency effect of increased larapacity and improved driving relates to infrastouet

As noted by Silberg & Wallace (2012) today’'s roamte designed for human drivers and their
imperfections. Extra-wide lanes, guardrails, stigms wide shoulders, rumble strips and other gafet
infrastructure could become redundant. AVs coutt dlave surprising effects with regards to parking



space. Shoup (2005) found that as much as onedhlathd in many major city centers is devoted to
parking. Level 4 AVs would be able to drop theisgpengers off in the center then to drive to a more
remote parking lot, thus allowing reallocating $figant amounts of land in city centers. It is ofte
recognized that Level 4 AVs could significantly olga car ownership structures through the introdocti

of advanced car sharing and mobility on demandegystin which passengers do not own a car, but
rather summon one when needed. Much like taxis boivwith the advantage of not having to pay for
a human driver. The implementation of such a systenid bring additional efficiency gains as cars ar
typically parked during 95% of their lifetime (Shpw2005) and in the US less than 12% of privately
owned cars are on the road during peak time (SjlBeWallace, 2012). The International Transport
Forum (2015) estimates that in a mid-sized Europé#girthe same mobility can be derived with 10% of
today’s cars when using an AV based car-sharingsys

The full adoption of AVs will also result in mooemfort and productivity for passengers. On average
approximately 80% of the US work force spends 50utds in an automobile commuting per workday
(2012). The total time spent in automobiles is @firse much larger; Americans spend on average 75
billion hours per year on the road (Shanker, eR8i13). With the introduction of Level 4 AVs thime
could be used more productively. Be it to workaxeleat, sleep, converse or however people choose t
use their time, the potential time gain is enormaespecially considering how stressful the dailyidg
experience is for many people (Eden, 2002). Igfeiransport additional productivity could be gain

as AVs do not need to rest and time limitationgg@dbon driving could be removed. This would allow
trucks to travel 24/7 with the potential of achmayicost reductions approximating 40% per kilometre
(Bonnet & Fritz, 2000). Besides, Level 4 AVs coglaatly impact the mobility of those unable to driv
(Anderson, et al., 2014). Be it for children, tHdeely, disabled or even the intoxicated, autonosnou

vehicles could make a big difference in terms dejpendence and quality of life.

Appendix D: Drawbacks of autonomous vehicles

Despite their benefits AVs come with some serioasvbacks. We list the most important ones.

As noted by Anderson et al. (2014), there is a cadhat AVs willincrease the total vehicle miles
travelled which will at least partly reduce the net benafits bring in terms of fuel use and congestion.
Especially in the transition period in which manyran driven cars are still on the roads, this msee

in vehicle miles travelled could even induce ainetease in congestion and fuel use. Besides, ynma
road travel more comfortable, AVs could lead ta@ased suburban sprawl as the opportunity cost of
commuting would reduce. Similarly public transparuld be put at a disadvantage, amongst other
things harming those who cannot benefit from theaathges of AVs (Arieff, 2013).

Anderson et al. (2014) also point out that theranisther side to the coin where many AV benefiés ar
concerned, as thehreaten industries and the corresponding jobs. With increased safety automobile



insurance could largely become redundant, justdiker beneficiaries of the “crash economy” such as
vehicle repair shops, doctors and lawyers. Alsodescribed above, AV car sharing systems could
significantly reduce the number of cars neededeiwes mobility demand, potentially harming car
manufacturers in the long run. Probably more wogyn the eyes of the general public is the faat th
every automation exercise directly takes over &tfan previously performed by humans (Hern, 2014;
Kanter, 2015; Rutherford, 2015). In the case of AWany jobs in the transportation industry could
disappear. Taxi, truck and bus drivers might n@ésrbe needed.

Concerning another matter, technology always comittsa generasafety risk of system failures and
design flaws, as regularly illustrated by the blogig detected in software or the large recallsioowy

in the car industry (for a recent example see IMbiyabuchi (2015)). One could reasonably assumie tha
this will not be different for AVs. As noted by Cuamings & Ryan (2014), it might not even be enough
for the fatality rate of AVs to be significantlyver than that of human drivers as even the smallest
chance of a machine killing a human will not belgasccepted by the public. An ill-timed fatal adent
could thus result in a public rejection of the ealogy, preventing automation from advancing faange

to come. Cummings & Ryan (2014) also point to ikksrthat come with the shared authority between
vehicle and human in Level 2 and 3 of automatiohewsitting behind the driving wheel of a highly
automated car, human drivers are less attentiglyeadistracted, and slower to recognise and react
critical situations (Jamson, et al., 2013; Neubaetal., 2012; Rudin-Brown & Parker, 2004; Saxdy,
al., 2007; Vollrath, et al., 2011; Young & Stant@007). Besides, when drivers perceive the autamati
technology as reliable, they fail to utilise thewn skills, resulting in skill degradation and ceqsently
they end up relying even more on technology (Led@&ay, 1994; Parasuraman, et al., 2000). Then at
precisely the moment when the automation might ressistance, the driver is not able to provide it.
Cummings & Ryan (2014) stress the importance dhtathese issues into account in test settingagor
long as Level 4 automation has not been reached.

AVs also come with aecurity risk. The FBI (2014) has released a report in whichtates that
automation will make a car “more of a potentiahldtweapon than it is today”. The security risk goe
beyond the direct malicious use one could makenof¥. As AVs will be highly computerised and
connected through V2V and V2l communication systeirey are vulnerable to cyberattacks. Malicious
hackers could take control of a car, or worse,rdimesfleet and transport infrastructure with thiention

of disabling the transportation system or causiaglees. In the same way the security of, for exampl
GPS has been questioned (Humphreys, et al., 20@8ttacks have already occurred on both military
and civilian applications (Franceschi-Bicchiera,120Marks, 2012; Waterman, 2012). Fagnant &
Kockelman (2013), however, note that nations haseerplly been able to protect critical national
infrastructure systems such as power grids artdadiic control systems from cyberattacks. TheyHar

point out that unlike, for example, personal corepsit AVs have been developed with incorporated



security measures since the initial developmensg@hmaking them more robust. In any case cyber
security should be a top priority in the developt@nAVs (Moore-Colyer, 2014).

AVs also create privacy issue (Glancy, 2012), as they will involve the gatheristpring and sharing

of usage data. These data can be very usefulaamtining traffic, improving vehicle technology and
analysing crashes, but recorded travel patternisl @so be used to track individuals for commeroial
other purposes. The extent to which data can be& aisprivacy should be protected is a trade-off tha
needs to be made by society. Legislators shoularlgleegulate the storage and usage of these data
before the widespread adoption of AVs so as toggtatonsumers and avoid consequences seen on the
Internet today. Even if well regulated, AVs stitige a privacy threat as the aforementioned cylaekatt
could also be targeted at stealing data.
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