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Abstract
Mobility robots may soon be among us, triggering a need for safety regulation. Robot safety regulation, however, remains 
underexplored, with only a few articles analyzing what regulatory approaches could be feasible. This article offers an account 
of the available regulatory strategies and attempts to theorize the effects of simulation-based safety regulation. The article first 
discusses the distinctive features of mobility robots as regulatory targets and argues that emergent behavior constitutes the key 
regulatory concern in designing robot safety regulation regimes. In contrast to many accounts, the article posits that emergent 
behavior dynamics do not arise from robot autonomy, learning capability, or code unexplainability. Instead, they emerge 
from the complexity of robot technological constitutions coupled with near-infinite environmental variability and non-linear 
performance dynamics of the machine learning components. Second, the article reviews rules-based and performance-based 
regulation and argues that both will fail adequately constrain emergent robot behaviors. The article claims that controlling 
mobility robots requires a simulation-based regulatory approach. Simulation-based regulation is a novelty with significant 
theoretical and practical implications. The article argues that the approach signifies a radical break in regulatory forms of 
knowledge and temporalities. Simulations enact virtual futures to create a new regulatory knowledge type. Practically, the 
novel safety knowledge type may destabilize the existing conceptual space of safety politics and liability allocation patterns.
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1  Introduction

Mobility robots will soon be among us, maybe. Autonomous 
cars may roam our streets, drones zip by delivering grocer-
ies, and autonomous ships navigate the seas. If the robots 
arrive, they will have to be regulated, at the very least for 
safety reasons, to ensure that the robots do not kill or maim 
or inflict property losses at an unsustainable pace.

While seemingly important for our robot futures, robot 
safety regulation has garnered surprisingly little interest in 
the scholarly literature (Weng et al. 2018, pp. 614–618). 
Only a few attempts at analyzing the strengths and weak-
nesses of existing safety instruments and arrangements 
in robotic contexts exist (Koopman 2018; Nakamura and 
Kajikawa 2018; McDermid et al. 2019; Lee et al. 2022). 
Similarly, although scholars have recognized that robots 
will have multiple technological features that appear legally 
disruptive, accounts outlining what regulatory techniques 

regulators could use to ensure robot safety essentially do 
not exist (Leenes et al. 2017; Koopman and Wagner 2018; 
Koopman et al. 2019; Cf. Kouroutakis 2020; Hansson 2020; 
Bäck 2021; Petit and Cooman 2021; Ivanov et al. 2022).

This article attempts to address the research gap and chart 
the space of near-future mobility robot safety regulation, the 
possible safety regulation transformations that robots may 
trigger, and their downstream consequences for regulatory 
theory and practices. In contrast to many other areas of tech-
nology regulation (Bennett Moses 2017), the rationale and 
objectives for robot safety regulation are relatively clear-cut. 
The regulators aim to ensure that accident costs—material 
or immaterial—are sustainable.

While the orientation of the article is practical in the first 
six sections, Sects. 7 and 8 move to a more theoretical level, 
arguing that the simulation-based regulatory approach will 
trigger significant changes in the production of regulatory 
safety knowledge, regulatory politics, and responsibility 
practices. These developments are vital to understanding 
the implications of the transformations that mobility robots 
may initiate in law. *	 Mika Viljanen 
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The article discusses robot safety regulation in a par-
ticular setting. It is concerned with exploring the methods 
regulators could use to ensure the safety of a single mobil-
ity robot—an autonomous car, ship, or drone—as a stand-
alone object operating independently without direct human 
involvement or available moral crumple zones (Elish 2019). 
The article further does not discuss how smart or intelligent 
mobility systems (Vöckler and Eckart 2022)—as compos-
ites of mobility platforms, infrastructures, and traffic gov-
ernance—and their safety could or should be regulated. In 
addition, it does not discuss the complexities of mixed traffic 
Cheng and Zelinsky (2001).

Section  2 reviews the state-of-the-art mobility robot 
navigational cognitions, i.e., the technological assemblages 
that allow mobility robots to operate without direct human 
involvement. The objective is to lay out an empirical ground-
ing for identifying the technological trajectories that near-
future robot safety regulation will likely have to tackle. The 
article proceeds as follows.

The section uses maritime autonomous surface ships 
(MASS) as the primary technology mooring point. It is 
important to note that while MASS navigational cognitions 
will undoubtedly have their quirks, they share the essen-
tial functions, core technologies, and architectures with the 
cognitions used in other mobility robots, allowing for a gen-
eralizable discussion of the possible regulatory transforma-
tions. In addition, the article is primarily concerned with the 
modality of future regulation, not its implementation within 
the different regulatory bodies such as the UN Economic 
Committee for Europe (and vehicle regulatory forum or the 
International Maritime Organization).

In Sect. 3, I review what technological features of mobil-
ity robot navigational cognitions may give rise to regula-
tory challenges arguing that many existing accounts are 
misguided. Section 4 briefly outlines the instruments in 
the current safety regulation playbook. Section 5 tracks 
the difficulties of mobility robot complexity to the exist-
ing safety regulation instruments. The discussion focuses 
on rules-based and performance-based regulation, the two 
most promising candidates.

In Sect. 6, I argue that a simulation-based regulation will 
be necessary for ensuring mobility robot safety and outline 
its key design parameters.

Section 7 attempts to theorize simulation-based regula-
tion by focusing on how simulations produce safety knowl-
edge and what kind of knowledge they create. Section 8 
argues that the new type of safety knowledge may destabilize 
the established space of safety politics and liability alloca-
tion patterns.

2 � MASS navigational cognitions 
in a nutshell

Mobility robots are cyber-physical systems. The systems 
have two functional components: a computational sensory 
cognition first acquires information on its environment, 
processes it, and produces outputs (Hayles 2017). The 
physical platform second actuates the processing out-
comes into real-world changes. In contrast to traditional 
machines, the systems integrate computation with physical 
processes: "embedded computers and networks monitor 
and control the physical processes, usually with feedback 
loops where physical processes affect computations and 
vice versa" (Lee 2008).

Of the two functional components, the cognitions are 
the real novelties (Bennett Moses and Gollan 2015; Behere 
and Törngren 2016). They will replace humans as opera-
tors, fundamentally reconfiguring how cars, ships, and 
drones operate and shifting risk generation from human-
dominated to technological processes in the cognitions. As 
future primary accident risk drivers, the cognitions will be 
the focal points when regulators design future regulatory 
frameworks for mobility robots.

What will the cyber-physical cognitions be like? In the 
following, I will use an autonomous navigation system 
(ANS) of an uncrewed maritime autonomous surface ship 
(MASS) operating in autonomous mode without human 
supervision as an example.

In line with other mobility robots (on autonomous 
vehicle architecture: Behere and Törngren 2016, p. 139; 
Liu et al. 2017; Wang et al. 2020, p. 5; Ahangar et al. 
2021), an MASS ANS will likely contain two functionally 
interlocked subsystems. ANSs will first have a situational 
awareness (SA) or perceptive system that generates the 
ship's situational awareness. Second, the cognitions will 
include a navigational planning and decision-making 
(NPDM) system that plans and executes the ship's navi-
gational actions (for MASS: Ringbom et al. 2020).

The SA system comprises numerous sensors, computing 
infrastructure, and software components that facilitate the 
processing of sensor data and the generation of a digital 
map of the ship's surroundings and internal state.

A typical MASS sensor setup consists of five blocks. 
Fixed visible light and thermal cameras and robot pan-tilt-
zoom cameras capture imagery for detecting and labeling 
objects in the ship's vicinity. Lidars, radars, and sonars 
generate data for spatially mapping the vessel's external 
environment. The sensors help fix various objects' dis-
tances, movement vectors, and sizes. Inertial navigation 
systems, global navigation satellite systems, and local 
position reference sensors provide data on ego vessel loca-
tion. Automatic identification system transceivers, VHF 



AI & SOCIETY	

1 3

radio, and sound sensors, in turn, provide data on the site 
of other vessels. Machinery, environmental, and comput-
ing hardware sensors produce data on the vessel's inter-
nal state and its external environment. In addition to the 
sensors, the SA system contains a significant computing 
infrastructure with general-purpose and tailored proces-
sors Ahangar et al. (2021).

In addition to hardware, SA systems also rely on software 
components. The software includes signal-processing algo-
rithms for preprocessing sensor data feeds. Another layer of 
algorithms extracts spatial and semantic information from 
the preprocessed sensor data. Sensor fusion algorithms rec-
oncile the previous layers' partial spatial and semantic maps 
into a single coherent digital map (Ringbom et al. 2020, 
chapter 1). While some SA algorithms may originate from 
standardized off-the-shelf libraries, many will likely be 
proprietary and have a machine learning provenance. For 
example, image recognition algorithms crucial to produc-
ing semantic information on the MASS external environ-
ment are typically neural networks trained on proprietary 
image sets. Some spatial analysis algorithms (Gold 2016) 
may also derive from machine learning processes (Guizilini 
et al. 2021).

The navigational planning system, in turn, consists of 
computing infrastructure and various software components. 
The computers are likely standard off-the-shelf equipment, 
while most software components are proprietary. Some of 
the algorithms may be machine learning-based, and various 
path finding and optimization algorithms with no machine 
learning components implement the brunt of navigational 
planning. However, object trajectory models used to forecast 
the actions of other traffic participants may have a machine 
learning provenance (Ringbom et al. 2020, chapter 1).

To summarize, an MASS navigational cognition, like 
equivalent cognitions in other mobility robots, consists of a 
massive array of physical equipment with varying pedigrees. 
Manufacturers will likely source most equipment from ven-
dors but build some in-house. The same applies to software 
components. Manufacturers will source software both from 
commercial algorithm libraries and develop some internally. 
The algorithms will be varied, ranging from standard pro-
gramming code to complex machine learning-based neural 
networks.

3 � Robot cognitions as safety regulation 
targets

Identifying safety intervention targets and feasible measures 
is critical to designing safety regulations (van Kampen et al. 
2023) and mobility robot cognitions (Leenes et al. 2017). 
Three intertwined technological features or metaphors in the 
literature discussing possible future regulatory interventions 

(Leta Jones and Millar 2017) often feature prominently. 
Scholars think that robot autonomy, the robot's capability 
to learn, and the unexplainability of robot code affect how 
regulators could ensure mobility robot safety. In the follow-
ing, I will argue that when deployed to orient regulatory 
measures, the two features misinform and misguide the dis-
cussion. At the end of the section, I propose a new typology 
for understanding robot technological features. I argue that 
the robot's inherent technical complexity, non-linear perfor-
mance dynamics, and the complexity of the environments 
that robots will navigate give rise to emergent behavior 
that future safety rules for mobility robot cognitions should 
address.

3.1 � Autonomy and learning

Detailed definitions of autonomous behavior in robotic 
contexts vary and are the subject of heated debates (Asada 
2020). Robots and other artificial intelligence applica-
tions often attract the _autonomy_label in the legal litera-
ture (Chopra and White 2011; Karnow 2016; Wendehorst 
2020). A considerable fraction of legal accounts hang robot 
autonomy not only on the robot's ability to adapt to its envi-
ronment without direct human involvement (Leenes et al. 
2017)—a typical refrain in robotics (Hellström 2013)—
but extend it further toward autonomy as agency (Leenes 
et al. 2017, p. 5). The autonomy as agency account enacts 
a strong conception of autonomy typically reserved for 
humans in philosophical accounts (Haselager 2005). These 
strong autonomy robots (Gutman et al. 2012) eclipse their 
designers' intentions, react to their environment in a non-
determinist fashion, or independently make real ethical or 
moral choices.

The crux of the learning narratives is straightforward. 
The narratives imagine that the robot cognitions constantly 
learn from the new data they encounter during use (Matthias 
2004; Gless et al. 2016; Barfield 2018). Accounts that stress 
strong robot autonomy also often deploy the learning trope 
to account for robots' distinctive features. A ship, for exam-
ple, might observe a novel maneuver during a voyage and 
incorporate it into its navigational algorithms (For MASS: 
Porathe 2019; Røsag 2020). If robots learn this way, their 
technological composition will inevitably become fluid and 
unpredictable during use, with humans losing control over 
how the now unstable robots behave.

For the current state-of-the-art robotics, both framings 
appear misguided. Strong autonomy remains science fic-
tion (Richards and Smart 2016; Benjamin 2022; Sprenger 
2022). Soon, robots will likely remain stable amalgams 
of hardware and software that simply execute and actu-
ate code. They will lack the non-deterministic agency 
accounts adopting the strong autonomy framing ascribed 
to them. AI components may be sophisticated, and the 
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interactions between the code, hardware, and the envi-
ronment complex, but the robots will remain machines 
(Leenes et al. 2017).

Similarly, continuous in-use or online learning is (and 
hopefully remains) a pipe dream. The narrative appears 
to build on a fundamental misconception of how, where, 
and at what time scales robot cognitions and their machine 
learning components learn. The account glosses over 
the fact that machine learning algorithms are code that 
emerges when data scientists deploy machine learning 
methodologies on data sets (Shalev-Shwartz and Ben-
David 2014; Faul 2019). These processes are energy-inten-
sive and often temporally lengthy. Typically, testing and 
validation caps then off. Learning, thus, is not something 
that happens during operational use.

For example, the image recognition algorithms that 
emerge as products of supervised machine learning are 
stable during use. They learn while in labs. Engineers and 
data scientists first design the basic network configuration 
specifying the number of layers in the network and acti-
vation functions. Then, the actual training work begins. 
The developers load the network nodes with multiple sets 
of different weights and use training datasets to explore 
which weight configurations produce the best results. 
While the work is automated and methodologies such as 
backpropagation speed up the process (Traore et al. 2018, 
pp. 262–263), creating a well-functioning algorithm may 
take hundreds of hours of processing time and significant 
energy. Once a candidate algorithm emerges, it must be 
validated and tested to ensure that it works adequately 
on real-life data. Only after validation tests convince the 
engineers that the algorithm works well under real-world 
conditions is it approved for use and deployment. Thus, 
learning by robot cognitions is a system-level process con-
trolled by the system's developers.

While state-of-the-art robots do not learn at the instance 
level or online during operation, automating machine 
learning operations could transform algorithm develop-
ment into a continuous instance-level lifelong learning 
process (Chen et  al. 2018). Whether lifelong learning 
makes sense as a practical proposition is an open question. 
The answer hinges on whether the advantages of using 
online deployment data to train the algorithms during 
operations outweigh the computational and energy costs of 
training and validation. The genuine risks of system decay 
and bad learning outcomes also weigh into the decision. 
More importantly, one should question whether allowing 
lifelong learning in safety–critical contexts is acceptable 
in the first place. Deploying a lifelong machine learning 
approach in a safety–critical context is an extremely high-
stakes bet on the automated learning and automated veri-
fication methodologies with no safeguards if and when the 
robot learns wrong things.

3.2 � Unexplainability

Algorithmic unexplainability is a third trope that has 
attracted significant attention (Wortham and Theodorou 
2017; Felzmann et al. 2019). Commentators have lamented 
that robot cognitions are opaque and contain unexplainable, 
and often contain intractable algorithms (Wachter et al. 
2017; Umbrello and Yampolskiy 2022). The diagnosis is, 
per se, correct. Most deep learning components will remain 
largely uninterpretable or even inscrutable (Mittelstadt et al. 
2016).

Technologies such as post hoc interpretability tools (Vale 
et al. 2022) increase algorithmic transparency for develop-
ers. They help developers understand what factors drive 
algorithmic performance and debug systems, and increase 
their understanding of system performance. Nevertheless, 
explainability is likely a misguided focus for safety regula-
tion as it does little to promote safety objectives. The reason 
is simple. Explainability has significant immediate intrinsic 
and instrumental value in many use contexts but less so in 
robotics. To illustrate: a broad consensus exists for thinking 
that decisions affecting individuals' rights and obligations 
should be explainable, in particular, to justify the decision, 
facilitate contestation, and maintain and uphold the legiti-
macy of the decision-making processes (Vredenburgh 2022). 
In robotic safety contexts, none of the factors are present. 
Robot-induced injuries often cannot be meaningfully con-
tested as they are typically irreversible, and explanations do 
little to justify the damage or injuries the robots inflicted. 
Instead of focusing on explainability, safety regulation 
should seek to prevent injuries. Explainability is, however, a 
poor instrument for pursuing that end. Even if the cognitions 
were fully transparent and explainable, their internal and 
environmental complexity would make explainability-reliant 
efforts to predict their behavior and weed out undesirable 
outcomes largely futile, as argued below.

3.3 � The real safety concerns?

What, then, should be the central safety concerns? Robot 
safety regulation should be able to ensure that robots do not 
create excessive safety risks. Achieving this end requires 
that the regulatory interventions enact robots as clusters of 
features that, in reality, affect the safety risks and that regu-
lators can leverage to manipulate the risk levels. The often-
discussed robot features do not allow this. Robots first are 
not autonomous other than in the sense that they can func-
tion without direct human intervention. They do second not 
(and should) learn during use. Third, explainability will not 
help in controlling the risks.

What remains is a relatively dull control surface. Robot 
performance and safety outcomes seem driven by how 
the robots perform as machinic assemblages composed 
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of hardware and software components. Here, trajectories 
diverge. Hardware regulation has a track record that spans 
decades. We know how to make mechanically reliable 
ships, cars, and aircraft. The new challenge lies in manag-
ing the complex interplay between the sensory system, 
decision-making software, and the open world that mobil-
ity robots navigate.

As recounted above, mobility robot cognitions will 
likely contain hundreds, if not thousands, of hardware 
and software components. The components weave a com-
plex, entangled web with countless interdependencies. 
Sensor performance affects labeling processes which in 
turn affects decision-making. At the same time, envi-
ronmental variability is near-infinite in the open world’s 
robots operate. A staggering number of possible unique 
sensor input states exist. Action path dependency contrib-
utes to variability by temporally expanding the universe 
of relevant inputs. Surprising, unanticipated confluences 
of expected and unexpected environmental factors are 
bound to emerge. Teslas, for example, have mistaken the 
moon for a yellow traffic light (Ramey 2021). Under these 
conditions, the fundamental problem of robot safety work 
and regulation is simple. Regulators must ensure that tech-
nologically complex cyber-physical systems operating in 
complex, endlessly variable environments will consistently 
and reliably do the right thing, year in and year out, in all 
conceivable conditions and settings.

This complexity alone rules out formal verification. Even 
if the systems contain no unexplainable machine learning 
code is used (Törngren and Grogan 2018), there is currently 
no feasible verification method available. Scientists cannot 
adequately specify test cases and analyze and verify the 
robot cognition responses within every unique set of pos-
sible inputs (Michael et al. 2021). Machine learning algo-
rithms exacerbate the problem exponentially by adding a 
source of uncertainty. Machine learning algorithm outputs 
are typically non-linear: an infinitesimally small change to 
the input can trigger a drastic change in the output (Lip-
ton 2018). The non-linear performance dynamics change 
the game. The interdependencies between various system 
components may alone render system outputs hard to antici-
pate. However, when the non-linearity of machine learning 
components kicks in, it will push mobility robots toward a 
de facto indeterminacy.

Even if de facto indeterminate, robots will remain 
machines and a far cry from the intractable, opaque, mul-
tilayered, and unstable constitutions that humans (Morin 
2008, pp. 78–81) as thinking autonomous entities exhibit. 
Nevertheless, because of their inherent technological com-
plexity, non-linear performance dynamics, and the complex-
ity of the environments they will navigate, the robots will 
exhibit surprising, emergent behavior (Cf. Calo 2015) even 
if stable objects during use. Safety will be a function of the 

designers' capability to weed out undesired behavioral emer-
gence and turn it into dull predictability.

4 � The safety regulation playbook

As regulators respond to mobility robot behavioral emer-
gence, the critical question is will the robots destabilize the 
existing safety regulation approaches? To set the stage for 
charting future robot safety regulation trajectories and their 
consequences, I will first review what the traditional physi-
cal system safety regulation playbook looks like.

The traditional safety regulation playbook has two pri-
mary layers. Regulators often engage in artifact regulation 
and seek to affect the target artifacts' technological com-
position. Second, liability rules provide a buttressing layer 
that allegedly incentivizes manufacturers to implement safe 
designs by imposing civil or criminal liability for injuries 
and losses caused by unsafe designs (Polinsky and Shavell 
2010). In the following, I will focus on the artifact regula-
tion layer.

4.1 � Rule‑based standards

Regulators and their standardization organization proxies 
have multiple approaches when designing the artifact regu-
lation layer.

The oldest trick in the book is to deploy a rule-based 
regulatory approach. In rule-based regulation, regulators set 
detailed binding technical specification standards (Decker 
2018). The technical specification standards intervene 
directly in the artifacts' technological makeup and force 
manufacturers to adopt particular designs. These instruments 
are often further fleshed out in countless product standards 
(on standardization: Yates and Murphy 2019) that constitute 
the traditional backbone for, for example, machinery, vehi-
cle, aircraft, and marine safety regulation.

4.2 � Goal‑ and output‑based standards

For complex artifacts, the rules-based approaches often 
reach the limits of their utility (Coglianese et al. 2003; 
May 2003; Decker 2018. On similar developments in regu-
lating organizational behavior: Black and Baldwin 2010). 
There are several reasons for this. First, the space of fea-
sible designs may be too vast to allow the regulators to 
specify the best approach. There might also be an informa-
tion asymmetry between the industry actors and regula-
tors, as the regulators often lack the necessary technical 
knowledge and expertise to choose alternative designs. 
Third, the technologies might move too fast for detailed 
rigid rules to make sense. Under such conditions, regula-
tors often deploy a goal or performance-based regulatory 
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approach. The approach circumvents the problems of the 
more rigid methods by not laying out detailed specifica-
tions for the expected artifact features. Instead, it estab-
lishes performance targets that the artifacts must meet. 
The approach has several benefits. It gives leeway to the 
regulated to determine which designs to implement and 
coopts the industry's expertise to choose the best means 
for securing the desired outcomes (Coglianese et al. 2003).

4.3 � Design process and management‑based 
regulation

If both rule- and goal- and outcome-based approaches lose 
traction, regulators often resort to the design process- or 
management-based strategies. In these strategies, the regu-
latory focus shifts to artifact design processes. The regu-
lators set standards for organizational structures, outline 
workflows, articulate foci for attention, create checklists, 
and frame mindsets. Instead of relying on direct behavioral 
prohibitions and commands as is usual in legal settings, 
the strategies leverage the normative power of processes 
(Coglianese and Mendelson 2010; Chiu 2015).

The hope is that an existence of an organizational pro-
cess brings about the desired outcomes, even if rules do 
not articulate the results. For example, Christine Parker 
(2009) has argued that regulators design sustainability-
oriented corporate governance interventions to induce the 
birth of "corporate consciences" in target firms.

The approach remains relatively rare in legislative 
instruments. Still, it has been rapidly proliferating from 
standardization body practice (Yates and Murphy 2019, 
pt. III) to legislation (for an early example: European Eco-
nomic Communities 1993). The EU AI Act (European 
Commission 2021a) will incorporate the approach into the 
AI regulatory landscape, although the Act, due to Article 
2(2), will likely not apply to mobility robots.

While the design process and management-based regu-
lation may be an attractive template for robot regulators, 
its utility in safety–critical contexts seems dubious, given 
the failure dynamics in software development. As soft-
ware flaws affect the entire installed base, they can trig-
ger significant temporally concentrated accident cascades. 
With the threat of such cascades on the horizon, building 
and retaining public trust in mobility robots will likely 
require pre-deployment safety assurance methods and a 
set of performance-based standards all designs must meet. 
Even intensive in-use monitoring and reactive supervisory 
measures such as recalls (a robot equivalent to pharma-
covigilance) have problems. Possible recalls would tem-
porarily halt the use of critical high-value assets, making 
robot owners likely unhappy to see their robots shelved.

5 � Would existing tools work?

In the following sections, I will review the challenges 
robots impose on rule-based and performance-based 
regulatory approaches. The discussion will focus on the 
rule-based and performance-based approaches as the 
design process and liability approaches seem inadequate 
in safety–critical contexts.

5.1 � Rule‑based robot safety rules?

Rule-based robot safety regulation will probably fall into 
trouble when encountering mobility robots. As recounted 
above, mobility robot cognitions will be complex assem-
blages of software and hardware with multiple alternative 
configurations likely offering equivalent performance. For 
example, various manufacturers' ANS sensor configura-
tions and algorithms may all be capable of navigating a 
ship. Under these conditions, mandating that manufactur-
ers use a restricted set of designs will likely result in sub-
optimal outcomes and stifle innovation in an immature and 
fast-moving field.

Two system software traits, in addition, will, in particu-
lar, contribute to making rules-based approaches infeasi-
ble. First, the cyber-physical system design philosophy 
differs from traditional safety engineering methodologies. 
Many established safety engineering tricks that work well 
in physical systems, such as redundancy (Clarke and 
Hollister 2010), safety and design margins (Eckert and 
Isaksson 2017), and derating, are primarily useless for 
the software components. Engineers must design software 
flawlessly for it to function adequately. Second, mandat-
ing design standards for the machine learning compo-
nents vital to ANS performance is also senseless. As the 
algorithms are creatures of training and validation data in 
important respects, the utility of rule-based approaches 
will be severely restricted.

Nevertheless, regulators will likely deploy rule-based 
standards for ANSs and their hardware components. Many 
of the rules will probably be high-level declaratory state-
ments in the vein of Article 15 in the proposed European 
Union AI Act. The provision calls for all high-risk AI sys-
tems to "be designed and developed in such a way that they 
achieve […] an appropriate level of accuracy, robustness 
and cybersecurity" (European Commission 2021).

In addition to the high-level performative proclama-
tions, sensible pockets for rule-based standards exist, such 
as sensor array composition and performance and opera-
tional design domain (ODD) ontologies. ODD ontologies 
emerge as crucial components of future mobility robot 
regulation. As humans currently perform the brunt of 
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sensory work and human sensory capabilities are primarily 
biologically determined, regulators have largely been able 
to eschew defining what objects mobility actors should 
be able to detect and act on. With the new technological 
sensory systems, a need for object detection requirements 
seems likely to emerge as biological constraints disappear.

5.2 � Performance‑based robot rules?

Performance-based regulation (PBR) will likely fare bet-
ter than rigid rule-based approaches in robot contexts. PBR 
allows regulators to articulate safety standards despite the 
technological heterogeneity, informational asymmetries, and 
an unsettled, fast-moving technological field, all features of 
the robotics landscape. In addition, the problems arising 
from machine learning components' opacity, inscrutabil-
ity, and unexplainability will lose at least some relevance 
as performance-based regulation treats its target artifacts as 
black boxes (Colaner 2022).

However, trouble may, nevertheless, be brewing. Mobil-
ity robots seem likely to push the limits of established PBR 
schemes. Note that performance-based standards typically 
contain three structural components. PBR standards first 
establish a metric for desired outcomes. After regulators 
have articulated a metric, they will outline a verification 
methodology, typically a pre-use test or an in-service moni-
toring scheme, for gauging artifact performance (Coglianese 
and Nash 2017). Finally, regulators must specify a target 
level for acceptable performance. The performance targets 
serve as proxies for the objectives underlying regulatory 
designs.

The three aspects often make up an interwoven knot 
for complex artifacts embedded in complex environments. 
Take the EU regulations for vehicle emissions and its 103 
EU Official Journal pages of dense technical prose (Euro-
pean Commission 2017) on "real driving emissions" as an 
example of a highly complicated performance-based regu-
lation scheme. The metric arose naturally in the Real Driv-
ing Emissions (RDE) protocols. The regulatory objective 
is to control pollutant emissions. Thus, tailpipe pollutant 
quantities emerge as the self-evident measurement target. 
However, measuring a car's "real" emissions is tricky. The 
emissions are not a smooth object with only one causal 
engine-related factor but a function of many complicated 
and interdependent causalities. The RDE regime seeks to 
navigate the causal mess by focusing on a "realistic" driv-
ing scenario to capture and average all the different causal 
drivers for emissions. These include engine operating mode, 
speed, speed variations; vehicle size and weight; fuel deliv-
ery and emissions control systems; fuel type; and environ-
mental conditions (Sinha 2007, p. 255). As a result of this 
boundary work, the Euro6 metrics and performance targets 
remain tidy objects (Williams and Minjares 2016, p. 4), but 

the verification methodology balloons into an exceedingly 
complex contraption that ultimately proved easy to game 
(Schiermeier 2015; Jung and Sharon 2019).

If the RDE design is already byzantine, the protocols for 
testing mobility robots will likely be several orders of mag-
nitude more complex. The primary challenges arise from 
the characteristics of the processes ANS safety verification 
arrangements should control and cause problems in setting 
the regulatory objectives and ensuring adequate safety.

While a tricky and contentious subject, mainstream safety 
science understands safety as the absence of adverse events. 
Things are safe when nothing goes wrong, rendering safety 
a succession of non-events (Hollnagel 2014). Demonstrat-
ing the future absence of undesired events constitutes the 
fundamental challenge for performance-based safety regula-
tion schemes. To do that, regulators must have access to the 
artifact's future and inspect them.

Should we transport the RDE into the safety frame, the 
safe future with no excess emissions becomes tangible as the 
"real driving" scenario enacts the car's present state. Here, 
the crucial design choice emerges into view. The regula-
tors settled on a single stylized future to represent all pos-
sible futures. This approach is not feasible for robot safety 
schemes. Remember first that emergent behavior is the dis-
tinctive feature of mobility robot operations. The systems 
are complex, operate in high-variability environments, and 
exhibit non-linear traits. Enacting and collating a stylized 
future and building an isolated test to simulate the future 
would fail to account for all three key mobility robot fea-
tures. Complex, non-linear responses to highly varying 
inputs require more than one stylized future to explore. The 
same dynamics will make worst-case-oriented testing infea-
sible, as anticipating what conditions challenge system per-
formance is nearly impossible. Safety event dynamics fur-
ther add to the futility of limited localized tests. High-impact 
accidents are rare tail events that actualize in a small fraction 
of all operational scenarios (Kröger and Ayoub 2022, pp. 
142, 142). To explore the accident patterns, regulators must 
explore the high-risk low-probability tails of the likely envi-
ronmental condition distributions.

Consequently, ensuring that undesirable events do not 
happen will not occur requires a massive amount of tests 
to be run. The tests must explore the complex internal ANS 
dynamics, account for the virtually limitless variation in 
environmental conditions, and produce evidence of adequate 
performance in the tail ends of environmental distributions.

Designing and building a testing regime capable of gen-
erating the necessary scenario volumes will not be trivial. 
A 2016 RAND study on securing autonomous ground vehi-
cle safety illustrates the difficulties. The authors calculated 
what incident-free driving volume would demonstrate that 
self-driving cars were safer than human-operated vehicles. 
The analysis suggested that enough evidence for a 95% 
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confidence level would emerge first when an autonomous 
vehicle had run for driven billions of miles. Even with hun-
dred vehicles in constant operation, the tests would take 
approximately 500 years (Kalra and Paddock 2016, p. 10).

Traditional testbed schemes and even extensive real-
world testing are, thus, unlikely to generate sufficient evi-
dence to demonstrate robot safety. The scenarios would 
accumulate too slowly to facilitate feasible commercial robot 
deployments. The only way forward is to move to the vir-
tual world and simulation-based verification methodologies 
(Figueiredo et al. 2009; Ebert and Weyrich 2019; Kröger 
and Ayoub 2022).

5.3 � Simulation‑based robot regulation?

As limited real-world tests will likely fail to generate suffi-
cient evidence of operational safety, simulations seem des-
tined to become the inevitable cornerstones of future safety 
regulation regimes. Regulators will have to supplement the 
real world with its virtual twins.

The UNECE Inland Transport Committee World Forum 
for Harmonization of Vehicle Regulations, a primary venue 
for international regulatory cooperation, reached this conclu-
sion in its new assessment framework for automated vehicles 
published in June 2021. The Forum argued that simulations 
would provide "an indispensable tool to verify the capability 
of the automated system to deal with a wide variety of pos-
sible traffic scenarios" (World Forum for Harmonization of 
Vehicle Regulations 2021, p. 9).

As cyber-physical entities, robots are opportune targets 
for simulation-based performance verification. Several com-
plications may still emerge.

As recounted above, the first challenge lies in the testing 
volume required for demonstrating safety. Gaining confi-
dence in a mobility robot's capability to navigate everyday 
and challenging situations will take at least hundreds of 
thousands of simulation runs. The simulations should cover 
a sufficient selection of common simple traffic scenarios in 
various environmental conditions. However, they should 
also include the more freakish outlier scenarios, such as 
erratic pedestrians traversing roads at unanticipated loca-
tions (National Transportation Safety Board 2019) and wild 
animals. A good example is that such commonplace objects 
as parked emergency vehicles forced Tesla to recall over 
300 000 cars in February 2023 (Nyce 2023). Designing 
and generating the scenarios will take significant expertise 
and investments in personnel and the simulation platforms 
(Ringbom et al. 2020).

Building the scenario inventories and simulation plat-
forms will likely prove a complicated process. Informa-
tional asymmetries and the lack of expertise and resources 
will likely push the regulators toward self-regulation-based 
approaches. The constraints may force the regulators to 

rely on the industry and its proprietary platforms. The 
fragmented and uneven jurisdictional geography of mobil-
ity robot production may strengthen the self-regulation 
trend. While the UNECE Forum and IMO, for example, are 
essential regulatory cooperation venues, no global regula-
tors with the budget to build the simulation environments 
currently exist. Consequently, the simulation-based perfor-
mance verification landscape may be patchy, with regional 
and national actors adopting varying approaches and facing 
severe resource constraints.

Running tests on SA generation may offer further sig-
nificant technical challenges. The navigational planning and 
decision-making systems could build on standard dynamic 
map inputs. Even if input templates varied across systems, 
transposing the traffic scenarios into maps used in NPDM 
systems will probably be relatively easy. SA systems, in con-
trast, may significantly differ across ANS manufacturers and 
ANS versions as to their configurations and data feeds. As 
ANS performance is a function of both the SA and NPDM 
systems, simulating NPDM systems alone would likely lead 
to an insufficient understanding of ANS safety. To explore 
ANS performance, regulators must understand how the SA 
system performs under various conditions and interacts with 
the NPDM components. However, most simulation envi-
ronments still focus on mapping navigational planning and 
decision-making (Yang et al. 2021), while modeling sen-
sors remains fraught with technological difficulties (Schlager 
et al. 2020).

6 � Theorizing simulation‑based regulation

Above I argued that simulation-based regulatory approaches 
are critical parts of any viable regulatory approach to secur-
ing mobility robot safety. Notably, the techniques are relative 
novelties in the regulatory landscape and remain undertheo-
rized. In the following, I will argue that the emergence of 
simulation-based safety regulation approaches will trigger 
significant transformations in regulatory knowledge produc-
tion patterns, temporalities, and types of knowledge. I will 
start by discussing regulatory knowledge production and its 
temporalities.

6.1 � Producing knowledge of robot safety

During recent decades, science and technology studies 
have blossomed to trace how normative concerns shape 
(or co-produce) scientific knowledge and technological 
artifacts (Jasanoff 1995a). Similarly, all lawyers are at 
least instinctively aware of the peculiar but often under-
theorized way courts create and shape facts in legal flows 
(Latour 2009). In addition, significant research has gone 
into understanding the construction of expertise and 
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"regulatory science" in legal and regulatory processes 
(Jasanoff 2012, 2018) and mapping the production of 
knowledge on risks, in particular for chemicals, drugs, and 
food (Demortain 2011). These advances, however, seem 
to struggle when transplanted into robotics contexts. In 
the following, I will outline the material regulatory for-
mations that generate knowledge about artifact safety and 
the regulatory temporality embedded in rules. To do that, 
I will draw inspiration from Michel Foucault's early work 
on truth production in judicial and quasijudicial practices 
(Foucault 1977, 2002, pp. 1–91).

In his 1973–1974 Brazilian lectures on truth and law, 
Foucault traced the diachronous emergence of inquiry and 
examination as legal truth production regimes. The inquiry 
was a particular technology of truth production that emerged 
during the Middle Ages from administrative and pastoral 
practice to constitute the primary technique of judicial truth 
production. According to Foucault, the inquiry as a practice 
template put a "form of knowledge" in place. In the tem-
plate, the sovereign's representatives gathered notable people 
together. The representative then asked the people what they 
knew about past events, listened to their testimonies, and 
parsed together the truth. (Foucault 2002, pp. 49–51).

Three directions are crucial to understanding the inquiry 
as a knowledge production template. First, the inquiry is part 
and parcel of a particular (pre-)governmentality (Foucault 
2008, 2014). The inquiry is a crucial technology of power 
in facilitating the exercise of sovereign power. The inquiry 
allows the sovereign to react to and avenge rule infractions 
and reestablish the primacy of its will. Second, the inquiry 
as a technique of knowing has a particular temporality. As 
Foucault argues, the inquiry "extends the actuality" of the 
past by "transferring events from one time period to another" 
and making them subject to the sovereign's gaze even if 
already in the past (Foucault 2002, pp. 49–51; Hunt 2012). 
As a material formation, inquiry third rests on human cogni-
tive capabilities for remembering, recalling, and judging and 
the specific rules that govern assessing testimony.

Examination, the second of Foucault's forms of knowl-
edge, emerged as a technique of disciplinary governmental-
ity seeking to manage and increase the strength of a popula-
tion. The examination subjects its targets to a gaze that seeks 
to describe their various traits to “maintain [them] in [their] 
individual features, in [their] particular evolution, in [their] 
own aptitudes or abilities, under the gaze of a permanent 
corpus of knowledge. Conducting the subject's conduct then 
becomes possible through the “constitution of a compara-
tive system that made possible the measurement of overall 
phenomena, the description of groups, the characterization 
of collective facts, the calculation of the gaps between indi-
viduals, their distribution in a given ‘population’” (Fou-
cault 1977). Instead of making the past visible to the sover-
eign's gaze and its reactive interventions, examination as a 

technique allowed the disciplinary and biopolitical actors to 
peer into the futures of its subjects and prime interventions 
into the subjects' constitutions.

While Foucault's legacy in legal studies mostly arises 
from his analyses of disciplinary power (Hunt 1994), gov-
ernmentalities (Rose 1999; Rose et al. 2006), and biopoli-
tics (Lemke 2019), the legal forms of knowledge Foucault 
outlined still constitute the basic formations of knowledge 
production in legal processes. Courts gather evidence and 
testimony to recreate pasts. Quasijudicial processes, such 
as parole assessments, examine the subjects' traits to peer 
into their possible futures. Consequently, while Foucault's 
work remains relevant in many corners of legal knowledge 
production, the two forms of knowledge appear strained as 
heuristics when used to explain how safety regulation and 
other regulatory (e.g., Anwar 2020) practices co-produce 
knowledge about technological artifacts.

Due to its temporality, the inquiry as a template fits ill 
with safety verification procedures. The technique looks 
backward, not forwards. It only facilitates reactive interven-
tions that can govern futures indirectly. Examination, how-
ever, fares better. In rule-based technology regulation, the 
knowledge production about the artifact travels between the 
general regulatory science "corpus of knowledge" on safe 
designs that the technical rules and standards represent and 
the particular observable traits of a technological artifact. 
The corpus provides the anchoring point for safety. It is an 
object co-produced in negotiations between the industry, 
scientists, lawyers, and politicians representing a frail and 
temporally discrete state-of-the-art (Jasanoff 1995b; Irwin 
et al. 1997). This knowledge underlay allows the legal pro-
duction of knowledge about particular artifacts. The exami-
nation transforms observed artifact traits into writing (Cf. 
on clinical drug trials: Will 2007). The regulators compare 
the signs to those that stand in for safe designs. If there is a 
match, the future is secure.

As already discussed, performance-based regulation is a 
response to changes in regulatory knowledge. If the regula-
tors do not have access to a corpus of knowledge on safe 
artifact constitutions or the corpus is evolving rapidly, there 
are articulable safe futures. To respond, the regulators shift 
regulatory efforts to developing meta-level tests to manage 
the knowledge void. The tests serve as the proxies for know-
ing what artifacts are safe, allowing the regulators to retain 
control over what things emerge while remaining agnostic 
over their compositions.

In the transition to performance-based regulation, the 
material formations of knowing change, but the temporality 
of knowledge remains. The techniques still allow regula-
tors to peer into the future by inspecting the present state 
of an artifact. However, the artifact is no more the direct 
subject of the inspection. Instead, inscriptions reporting the 
test results represent the artifact, while the tests stand in 
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for the knowledge of safe artifact constitutions. The tests 
enact small-scale futures to verify safety. To facilitate this 
transformation, the material formations of legal knowledge 
production expand outwards, concretely embedding material 
assemblages of equipment and facilities (Latour 1994) into 
the formerly language-dominated legal flows. The regulators 
will certify that the future will be safe if the artifact suc-
cessfully passes through purpose-built material formations 
(On clinical trials: Will and Moreira 2010). For example, a 
lane-keeping system in a car must perform adequately on a 
purpose-built test track with particular intricately detailed 
physical properties to generate signs indicating the presence 
of a safe design (UNECE 2020).

The transition to a simulation-based regulatory paradigm, 
however, entails another reconfiguration. Whereas the per-
formance-based regulatory schemes with their tests bring the 
future into the present as test outcomes, simulation-based 
strategies seem to enact a more decisive temporal shift. 
Simulations enact massive arrays of virtual futures. Instead 
of building environments where the artifacts can go through 
localized trials, simulations as a form of regulatory knowl-
edge require a capability to enact the futures en masse. To do 
this, the regulators need virtual models of the artifact and the 
world the artifact inhabits. Knowing the future is possible 
if one has access to a complex industrial-scale information 
technology assemblage, computing power, energy, digital 
twins of the laws of physics and countless objects, and an 
endless succession of possible futures.

6.2 � A new type of robot knowledge

How to triangulate the characteristics of this new type of 
regulatory knowledge? Insurance emerges as an apt point 
of comparison. Actuaries gather years of data on how many 
insurance events have happened and how much the insurer 
had to pay in indemnities. As insurers use actuarial tech-
niques, they gain discrete visibility into the "laws of the 
physics" of the insurance pool. The laws are probabilistic: 
data on how indemnity payments total vary yearly indicates 
the variability of the insured process. Armed with data on 
the pool's past, actuarial mathematical tools, and a con-
viction that the future will be like the past, actuaries can 
create—often less than scientifically founded and rigorous 
(Doyle and Ericson 2010, p. 237)—futures. The futures are 
particular: the probability distribution of indemnity pay-
ment totals for the next policy year (E.g., Smith and Kane 
1994) stands in for the life of the pool. With this informa-
tion at hand, the future becomes actuarially manageable. 
The insurer can quantify the risks and ultimately share or 
move them.

Simulations produce a state of knowledge comparable to 
that of an insurer. There are, however, marked differences. 
While both technologies are future-oriented and enact 

statistical futures, simulations do not track how a mass of 
individual actors behaves as a collective in simultaneous 
enactments of multiple possible future world instances as 
insurantial technologies do. Instead, simulations reverse the 
dynamics of future generation by focusing on a particular 
actor, a single robot, and its behavior across multiple simul-
taneous alternative locations of a world. Two transforma-
tions take place.

First, in robot simulations, data scientists enact a mass of 
alternative local worlds, each with distinctive peculiarities, 
whereas insurance simulations enact multiple versions of 
a global world for the pool. Second, data scientists collate 
the robot simulation outcomes to make up the distribution 
of the future performance of the robot across a selection 
of locations. The contrast to insurance simulations is clear. 
In insurance contexts, simulations make alternative future 
worlds, but robot simulations create a mass of local world 
instances that, as a collective, stand in for a world. Third, 
the future in robot simulations is a function of the traits of a 
particular individual actor, not the outcomes of a collectiv-
ized process with tens of thousands of pool members whose 
specific features can remain opaque.

This difference is crucial. The simulated robot worlds 
are synthetic snapshots of possible episodes in the life of 
the simulated entity. The emerging future is singular, par-
ticularized, and episodic, not average, totalizing, or undif-
ferentiated, as in insurance. Robot simulation platforms 
need plugins to create a totalized view of overall robot per-
formance and costs to escape their inherent particularity. 
However, with plugins, the extended simulation environment 
can create robot and robot fleet life paths out of the epi-
sodes and collate them to arrive at a totalizing knowledge of 
robot futures. For MASSs, for example, simulation scientists 
would, first, compose multiple realistic voyages and, second, 
aggregate the trips to fleet actions over expanded periods. 
Once the plugins perform these manipulations, simulated 
knowledge approaches the real but imagined collective 
worlds actuaries deal with.

7 � Consequences of robot knowledge

I argued that simulations could produce insurance-like prob-
abilistic and totalizing knowledge of the future. Importantly, 
this new knowledge production formation affords its users 
an unparalleled information resource that may have signifi-
cant downstream implications. It may upend mobility system 
safety politics and cause other disruptions, particularly in 
liability allocation.
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7.1 � Disrupting safety politics

To understand the implications for safety politics, consider 
the safety politics of human-dominated mobility systems. In 
these systems, people are typically hard to govern objects 
and impervious to regulatory interventions. While stud-
ies suggest that training and informing people have clear 
impacts (Turner et al. 2021; Fisa et al. 2022), such interven-
tions often fall short. As a 1960’s New York traffic com-
missioner wrote, "as time goes on, the technical problems 
become more automatic, while the people problems become 
more surrealistic." (Vanderbilt 2008, p. 8). Many human risk 
factors remain beyond the reach of feasible interventions for 
practical or political reasons (Daniels et al. 2019). Conse-
quently, the problems force policymakers to tolerate a cer-
tain background level of accident costs.

Second, when regulators design human-targeting inter-
ventions, their work is often like grappling in the dark with 
an unknown opponent. Regulators can make assumptions 
about the humans they engage, build theories about what 
drives their behavior, gather evidence, and devise regula-
tory interventions they think may be effective. However, 
even evidence-based policymaking is no objective science 
(Pawson 2006; Head 2008). While feedback loops may 
allow the regulators to assess and retool interventions, no 
Planet B's exist, at least within the time constraints of policy 
cycles. Typically, regulators will remain uncertain whether 
interventions can imprint permanent human changes. Some-
times, interventions also prove counterproductive (Friedman 
2016). Consequently, regulators can rarely rely on anything 
other than vague guesses of the likely consequences of their 
actions when they make trade-offs between alternative regu-
latory options. As a result, the human-facing safety poli-
tics in human-dominated systems emerges as an eminently 
uncertain practice.

The policy-setting uncertainties seem prone to dissi-
pate when mobility robots gain ground. Robots eliminate 
and suppress the tensions emanating from human agency's 
capriciousness and unruliness but create new uncertainties. 
Robots’ machinic constitutions, however, make them easier 
to control than humans. Compared to humans, robots are 
dependable, compliant, and docile. They do not take stupid 
risks when they are young and male, get distracted by mobile 
phones, commit suicide, drink, use drugs, or deteriorate 
physically and mentally when reaching old age, at least not 
like humans do. They are, further, not resistant to reading 
instructions. Instead, robots, if hardware tear, wear and dirt, 
and instance-level lifelong learning excluded, perform day 
in, day out, as their machinic constitutions determine. Flaws 
in robot code, once identified, can be fixed. The patches also 
reliably stick. As this change occurs, a radical transformation 
in the degree of control regulators can have on mobility may 
be in the offing. Regulators may gain new policy horizons.

Given robot plasticity, simulation platforms could allow 
regulators to explore various alternative robot designs and 
analyze the outcomes of each design. If this happens, the 
informational basis for safety politics will transform. Instead 
of grappling in the dark with uncertain information (Alcaraz 
Carrillo de Albornoz et al. 2022), the new technologies 
could give regulators unprecedented visibility into the likely 
outcomes of their choices. Cost–benefit analyses could gain 
in accuracy, and policy justifications grow more detailed. 
Policymakers could set granular accident level targets for, 
for example, different road user groups and, importantly, 
have the leverage to enforce them.

The increased control, however, has several drawbacks. 
The transition toward simulation-based regulation could 
contribute to ushering in a code-driven law that "folds 
enactment, interpretation, and application into one stroke, 
collapsing the distance between legislator, executive and 
court" (Hildebrandt 2020). The transition to code-driven law 
"freezes the future," suppressing the flexibility and adapt-
ability of the traditional textual law. Quantitative wretched 
choices also seem poised to multiply. While regulators 
already make explicit choices between lives, money, and 
comfort in their cost–benefit analyses (Florio and Pancotti 
2022), the turn to code-driven law will multiply the decision 
points and make the choices increasingly explicit.

7.2 � Disrupting liability allocation

However, with robots, the wretched choices would flow 
downstream to manufacturers. Speed selection decisions 
are an illustrative example. As speed is a crucial, if not the 
most critical, risk factor in road traffic (Carsten and Tate 
2005; Elvik et al. 2019), selecting an appropriate speed is an 
ethical flash point in autonomous vehicle design. Adopting 
a conservative vehicle speed policy could ensure that the 
vehicles constantly adapt their speed to match road surface, 
visibility, and traffic conditions, and significantly reduce 
accident numbers compared to a more aggressive approach.

When and if injured parties contest AV speed selection 
decisions in liability trials, simulation data have the potential 
to destabilize the existing liability allocation patterns. The 
destabilizing potential emerges out of three dynamics.

First, simulations will likely create an unprecedented 
number of detailed article trails documenting risk imposition 
decisions, possibly making standard mobility robot product 
liability or negligence cases resemble the infamous Ford 
Pinto case (Grimshaw v. Ford Motor Company (119 Cal.
App.3d 757, 174 Cal.Rptr. 348)). Claimants will likely have 
a heyday in court, drawing attention to the manufacturers' 
callous choices. Whatever the state of legal doctrines will be 
once they emerge, the dynamic may encourage manufactur-
ers to adopt conservative policies.
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The second pathway emerges in the EU Product Liability 
Directive (PLD, (European Economic Communities 1985)) 
rules. The Directive imposes strict liability for products 
that do "not provide the safety which a person is entitled to 
expect" (PLD Art. 6). The new type of knowledge disrupts 
the important "development risk defense" to which most EU 
member states allow manufacturers to appeal. According to 
the defense, manufacturers escape liability if "the state of 
scientific and technical knowledge at the time [the product 
was designed] was such as not to allow the unsafe feature to 
be discovered" (PLD Art. 7).

Simulations will shrink the space of inadvertent safety 
defects considerably. All scenario failures indicate a poten-
tial unsafety not covered by the development risk defense. 
For these scenarios, the manufacturers will lose the chance 
to claim that they did not know of system inadequacy. The 
shrinking development defense will likely contribute to 
pushing manufacturers toward safer designs. Still, whatever 
courts consider legitimate robot safety expectations will 
draw the final line between acceptable and unacceptable 
system safety.

A third pathway seems prone to shake the foundations of 
negligence-oriented liability rules, which typically govern 
robot accidents if the courts cannot apply the product liabil-
ity framework. The EU legislative landscape is fragmented 
as the field is not harmonized, and the member state rulesets 
differ. Most jurisdictions have, however, settled on standard 
frameworks for assessing whether the defendant's conduct 
should attract liability. The defendant is first liable if they 
caused the loss wilfully. Wilful conduct typically requires 
that the defendant either intended to cause a particular con-
sequence, was certain that it would arise or understood it 
to be a probable consequence of their action. The second 
option, negligence, is harder to frame. For example, under 
Finnish law, three options exist. First, a defendant's conduct 
was negligent if they intended to cause harm, knew that such 
harm was a reasonably certain consequence, or understood 
that the harm was a probable consequence of the conduct. 
Second, a court would similarly find the defendant liable if 
they breached a relevant safety rule. Third, under a variation 
of the Hand formula, the defendant's conduct is negligent if 
they failed to take reasonable precautions considering the 
costs of possible safeguards, the gravity of the injury or the 
losses, and the likelihood that they were to occur (Hemmo 
2006).

In setting speed policies, each alternative has a weak-
ness. First, as usual, relevant safety rules are unlikely to 
exist in sufficient numbers to facilitate norm-based assess-
ments. Second, simulation-induced knowledge could throw 
a wrench into legal intentionality analyses. Design decisions 
collate and compress causality into a single point in time. 
When the designers settle on a policy design, the conse-
quences of that decision expose a large group of people and 

other entities to the risk the decision created. If success-
fully conducted, simulations allow the designers to know the 
aggregate outcomes of the risk processes they create. When 
choosing what design option to adopt, they make conscious 
system-level risk choices where the risk of injury is low for 
each exposed party but high for the collective. In this sense, 
mobility robots resemble traps. They have a known potential 
for causing injuries, but when the accident happens and who 
it affects is mainly stochastic. A fault line emerges into view. 
When opting for an aggressive speed policy over a more 
conservative one, a robot designer does not intend to cause 
any particular accidents but chooses to cause accidents on 
the systemic level. In the first case, intentionality builds on 
individualized knowledge. In the latter, knowledge is statisti-
cal (Simons 2012). Intentionality analyses are ill-equipped 
to deal with these situations (Simons 2012; Geistfeld 2017; 
Simons and Cardi 2017). The existing approaches have 
evolved to govern particularized processes, focusing on the 
immediate decisions available to defendants and struggling 
with disentangling systemic consequences.

The disruptive nature of robot choices could also con-
strain Hand formula defenses. How the costs for precautions 
in such defenses, for example, should be framed appears 
ambiguous. Significant outcome differences likely arise 
depending on which frame the courts choose. Costs to the 
manufacturer for specifying, for example, a safer AV speed 
policy may be negligible, but the overall social costs in terms 
of lost time may be considerable. Escaping liability could 
become difficult if the courts choose the manufacturers' cost 
frame. All three tendencies push liability allocation toward 
no-fault approaches (Schellekens 2018).

8 � Conclusion

In the article, I argued that the regulatory challenge mobility 
robots pose to regulation arises out of robot emergent behav-
ior that, contrary to many accounts, is a function of three 
features. The robots are complex technological constitutions, 
traverse complex open worlds, and machine learning code 
displays non-linear performance dynamics. I also argued that 
focusing on strong robot autonomy, capability to learn, and 
unexplainability of machine learning code misguides the 
discussion on robot safety regulation.

However, the difficulties in controlling robots should 
not lead to robots running wild. Robot regulation is a fea-
sible project. Robot technological features will, however, 
likely force regulators to abandon both rule- and simple 
performance-based regulatory approaches and develop new 
simulation-based regulatory instruments. Simulations, then, 
will allow both developers and regulators to gain sufficient 
anticipatory capability over robot performance to ensure that 
they will not cause excessive accidents.
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Robots seem bound to usher in a new era of large-scale 
simulation environments that produce knowledge on safety. 
Once simulations enter regulatory flows, they transform 
how regulatory practices produce knowledge. The emergent 
simulation formations are interesting in their materiality 
and temporality. They also open new possibilities for future 
research. They stress the materiality of regulation (Kang 
2018) and the care regulators should take when designing 
complex regulatory assemblages.

Simulation environments may also have important impli-
cations for future safety politics and doctrinal developments. 
Simulation environments will likely allow regulators and 
industry actors’ unprecedented visibility into the future. 
For regulators, this visibility may open up new policy hori-
zons. For industry actors, the same tendencies could speed 
up a de facto strict liability for mobility robots as available 
defenses shrink in their scope. However, significant prac-
tical research gaps are visible. Little work has been done 
to canvass the breadth and depth of regulation needed to 
create and sustain the environments. Similarly, research on 
the legal implications of increasing knowledge of process 
outcomes is warranted.
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