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Abstract— In the rapidly evolving landscape of Unmanned
Aerial Vehicles (UAVs), regulation enforcement is critical. Un-
fortunately, existing practices are largely manual and reactive
in nature. We present THEMIS1, a novel compiler-directed
approach for automated and proactive regulation enforcement.
By expressing regulations through a specification language and
integrating their enforcement into the compilation process,
THEMIS enables safe and regulation-compliant UAV flights by
enforcing prohibited and restricted areas, avoiding flights over
humans, and managing maximum limits of altitude and speed.
Our framework features a bidirectional interface that allows
the concrete algorithms used for enforcement to be customized.
Our evaluation shows THEMIS-compiled autopilots can adhere
to regulatory constraints amidst complex flight conditions, while
significantly reducing the burden of UAV operators.

I. INTRODUCTION

In recent years, Unmanned Aerial Vehicles (UAVs) have
found diverse applications such as in agriculture, media pro-
duction, and delivery services. For example, Amazon [1] and
Google’s Wing [2] demonstrate their potential in reshaping
our future by piloting drone delivery services. One primary
hurdle against broader adoption of UAVs in public domains
is safety, i.e., how UAVs can safely fly over public space,
and how safe they are perceived to be. To address the safety
need and gain confidence in the general public, a wide
variety of regulations have been implemented in place. For
example, US Federal Aviation Administration (FAA) [3] and
European Union Aviation Safety Agency (EASA) [4] are
regional governing bodies for UAV regulation. In addition,
local governments, businesses, and non-profit entities may
further regulate the operation of UAVs over their space.

Despite the importance of UAV regulations, their enforce-
ment primarily relies on the individual operator’s responsibil-
ity and integrity. In this manual process, the operator needs
to comprehend the regulations and be constantly reminded
of their enforcement. In other words, the regulations de
facto serve as “best practice” guidelines whose unintentional
violations may pose safety hazards. These regulations are
most effective for reactive compliance analysis: they can help
law enforcement conduct post-mortem “whodunit” analysis
after the violation. By this time however, the potentially
catastrophic outcome of the violation has occurred.

A. Automated and Proactive Compliance

In this paper, we describe THEMIS, a compiler-based
approach for automated and proactive enforcement of UAV

1Themis is a Titaness symbolizing divine law and justice, representing
the social order and customs essential in Greek mythology.

Fig. 1: THEMIS for UAV Regulation Enforcement

regulations. As seen in Fig. 1, our framework consists of
several components:

• a regulation specification language to encode UAV
regulations, so that a diverse set of common regulations
— such as altitude limits, speed limits, and Prohibited
and Restricted Areas (PRAs) — can be written as
programs. For example, FAA regulations can be written
as one program, whereas the regulations defined by
Yellowstone National Park can be written as another.

• a bidirectional algorithm interface to allow UAV re-
searchers (algorithm developers) to modularly cus-
tomize different UAV algorithms relevant for the en-
forcement of UAV regulations. For example, one may
customize the controller for altitude limit enforcement,
with choices such as Proportional-Integral-Derivative
(PID) controller [5], or Incremental Nonlinear Dynamic
Inversion (INDI) controller [6].

• a compiler transformation that combines the regulation
specification, the flight plan, the developer-customized
algorithm implementation into the autopilot, ready for
UAV deployment.

The design philosophy of THEMIS is regulation-by-
default, i.e., regulation compliance should be the rule not
the exception of UAV software systems. With THEMIS, the
burden of regulation compliance is reduced to a matter
of making a program compile: all generated target code
is guaranteed to comply with the regulations it compiles
against. Through judiciously selecting the default regula-
tion specification for compilation — e.g., a US-based UAV
operator by default compiles her program against the FAA
specification if none is provided — THEMIS can completely
eliminate several classes of regulation non-compliance. This
process is proactive, i.e., compliance is established before the
target code is generated, let alone being deployed to a UAV
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for flights. This process is also automatic: the intricacies
of modifying the autopilot source code to accomplish the
compliance is delegated to the compilation process.

For end users, THEMIS comes with several advantages.
First, it significantly reduces the impact of human errors
by shifting the UAV regulation compliance practice from
human-dependent enforcement to automated enforcement.
Second, as the number of UAVs in operation grows, the
automated approach adopted by THEMIS is essential for
scalability. Third, our compiler naturally decouples the or-
thogonal interests of the UAV regulator, the UAV operator,
and the UAV researcher. With THEMIS, each role can focus
on one of three programming interfaces — the regulation,
the flight plan, and the algorithm customization — and it is
the compiler that “ties the knot” to bring all concerns into
one organic whole. This modular design streamlines the in-
tegration of updated regulations and cutting-edge algorithms,
ensuring that UAV operators remain in sync with the latest
regulatory mandates and algorithmic advancements.

THEMIS has a complementary role with existing
algorithm-centric efforts. For example, geofencing [7] is a
well-known technique for supporting PRAs. There is also a
large body of work on altitude and speed control [8], [9],
[10]. With THEMIS, these algorithms can “plug and play”
for regulation enforcement. Upfront, we should also make
clear that the motivation of our work is safety not security.
Our goal is to endow a good-intentioned UAV operator with
tools for proactive and automated regulation enforcement,
not to thwart a malicious UAV operator from circumventing
regulations. As safety and security often go hand in hand, we
speculate our compiler-based approach may serve as a base
to further design UAV security mechanisms when THEMIS
becomes a part of the Trusted Computing Base (TCB).

B. Contributions

To the best of our knowledge, THEMIS is the first system-
atic framework to study UAV regulation enforcement through
a compiler-centric approach. It is a novel instance of legal-
computational integration in the domain of UAVs. The key
contributions of this paper are as follows:

1) the design philosophy of regulation-by-default for UAV
autopilots, enabled by a compiler-based approach for
proactive and automated UAV regulation enforcement,
and manifested by a programming model that divides
the responsibility of UAV programming among the
regulator, the operator, and the researcher,

2) the design of the regulation specification language,
where important classes of UAV regulations are pro-
gramming abstractions, and the composition of multi-
ple regulations is supported.

3) the compiler implementation that generates the au-
topilot control loop based on the combined programs
of the regulation, the flight plan, and the algorithm
implementations.

4) default algorithm implementations for PRA enforce-
ment, no flying over humans, speed limit, and altitude
limit.

Regulation Description
§ 107.39 Operation over human beings.

No person may operate a small unmanned aircraft over a human
being unless that human being is:

1) Directly participating in the operation of the small un-
manned aircraft;

2) Located under a covered structure or inside a stationary
vehicle that can provide reasonable protection from a
falling small unmanned aircraft; or

§ 107.45 Operation in prohibited or restricted areas.
No person may operate a small unmanned aircraft in prohibited
or restricted areas unless that person has permission from the
using or controlling agency, as appropriate.

§ 107.51 Operating limitations for small unmanned aircraft.
A remote pilot in command and the person manipulating the flight
controls of the small unmanned aircraft system must comply with
all of the following operating limitations when operating a small
unmanned aircraft system:
(a) The ground speed of the small unmanned aircraft may not
exceed 87 knots (100 miles per hour).
(b) The altitude of the small unmanned aircraft cannot be higher
than 400 feet above ground level.

TABLE I: Key FAA Operation Regulations (Some clauses
are shortened in this presentation. )

THEMIS is an open-source project. The source code of our
compiler, together with default algorithm implementations,
can be found at https://github.com/sick-py/Themis.

II. BACKGROUND AND MOTIVATIONS

A. UAV Regulations

In this section, we summarize UAV regulations, an emerg-
ing area of policy-making and legalization. We start with US
regulations as a representative example, followed by a brief
discussion on the broader international community.

The Federal Aviation Administration (FAA) is the primary
governing body for US-based UAV regulations. The current
Advisory Circular (AC) [11] of the FAA categorizes aviation
safety [12], [3] into three primary domains: equipment (part
A), operations (part B), and personnel (part C). While Part A
and Part C are beyond the scope of computing, their ultimate
objective is to ensure that UAVs adhere to the operational
rules outlined in Part B.

A subset of Part B regulations [13] are outlined in Table I.
For example, regulation § 107.39 establishes limitation on
operation over human beings, UAV shouldn’t fly over a
human being unless certain conditions are met. Regulation
§ 107.45 forbids UAV operations within PRAs unless express
permission has been granted. Regulation § 107.51 establishes
speed limit and altitude limit. Together, these regulations
ensure the safe and responsible operations of UAVs.

In addition to FAA-enforced regulations, state/local gov-
ernments and organizations can further impose restrictions.
For example, while FAAs have strict enforcement of airports
as PRAs, individual entities — from corporation campuses
to national park areas — may further define additional PRAs,
commonly referred to as “no-fly zones”.

Outside the US, UAV regulation is also common. The
European Commission and the European Aviation Safety
Agency formulates a risk-based regulatory framework for
UAVs [14]. For example, UAVs in the open category are
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restricted to altitudes below 120 meters. Lee et al. [12]
conducted an analysis of UAV regulations worldwide.

Broadly, UAV regulations are only a portion of regulations
in aviation safety. For example, FAA has basic and stringent
requirements on collision avoidance [15] and other real-time
guarantees for certified systems [3], beyond the scope of this
paper. More broadly, software solutions to improve the safety
and reliability of UAVs [16], [17], [18], [19], [20], [21] is a
growing area of pursuit.

B. Motivations And State of the Art

Ubiquitous enforcement of UAV regulations is critical for
a number of reasons. First, UAVs can pose significant public
safety risk if not operated safely; regulations like § 107.39
and §107.51 can help mitigate these risks. Second, UAVs
equipped with cameras or other surveillance equipment can
invade privacy if misused; regulations such as § 107.45
can help prevent such misuse by setting restricted areas,
ultimately protecting privacy by setting limits on when,
where, and how drones can be used for surveillance purposes.
Finally, regulations can help clarify legal liability in the event
of accidents or incidents, offering protection and fairness to
involved parties such as drone operators and victims.

While these regulations are crucial, the state of the art for
regulation enforcement is primitive and manual. The FAA’s
regulations are primarily self-enforced, relying heavily on
the experience and responsibility of UAV operators. This is
undesirable for both operators and regulators. For operators,
understanding and complying with all regulations is onerous
and time-consuming, and it can be daunting if one considers
the variations between countries, states, and locales. The
consequence is that a well-intentioned UAV operator could
unintentionally breach regulations and threaten safety. For
regulators, monitoring these regulations is also a daunting
task due to the vast number of UAVs in operation. Although
the FAA has mechanisms to report violations, it is chal-
lenging to identify violators unless an accident occurs or a
complaint is lodged [22].

As we described in § I, the state of the art for UAV
regulation enforcement is largely reactive. A draconian “just
say no” approach — i.e., not allowing any UAV to fly unless
authorized — may indeed be trivially proactive, but it is
unrealistic. For example, one may in theory rely on the Low
Altitude Authorization and Notification Capability (LAANC)
of FAA — an approach currently only used for controlled
spaces — to authorize all operators. This may introduce
delays and does not scale.

Geofencing [7] is one of the few successful examples
where automated computer technologies meet regulation
enforcement (see § 107.45). At its essence, this GPS-based
technology is also reactive: a UAV may indeed turn around
upon the encounter of a geofence, but this often comes with
the cost of wasted resources: if the UAV had been aware of
the regulation in place, a more optimal flight plan could have
been computed and avoided the geofenced area all together.

1 <!DOCTYPE regulator SYSTEM "regulator.dtd">
2 <regulator name = "FAA" max_alt="121.92" max_speed="5"

>
3 <PRA color="red" name="keepout">
4 <waypoint name="c1" x="68.1" y="136.4"/>
5 <waypoint name="c2" x="116.2" y="142.0" />
6 <waypoint name="c3" x="123.1" y="109.1"/>
7 <waypoint name="c4" x="110.0" y="92.9"/>
8 </PRA>
9 <stationaryPRP name="personS" x="0" y="0" radius="3"/>

10 <dynamicPRP name="personD" radius="3"/>
11 </regulator>

Fig. 2: A Sample Regulation Specification

Algorithm 1 THEMIS Bi-Directional Interface
1: import type COORD // coordinate
2: import type WID // waypoint ID
3: export type WP struct { w : WID; c : COORD } // waypoint
4: export type SEG struct { s : WID; d : WID } // flight segment
5: export type FPLAN LIST{SEG } // flight plan
6: export type PRA struct {bound : SET{WID}; band : FLOAT}

// prohibited or restricted areas
7: export type PRP struct { p : WID; band : FLOAT } // prohibited or restricted

point
8: export type MAP struct { bounds : SET{PRA}; ss : SET{SEG} }
9: export type PATH : LIST{WID}

10: export INIT(fp : FPLAN, nf : SET{PRA}, np : SET{PRP}) : MAP
// initialize the map with declared plan fp, PRA nf, PRP np

11: export SAFEBANDPRA(b : FLOAT, z : PRA): PRA
// PRA safety band

12: export SAFEBANDPRP(b : FLOAT, p : PRP): PRP
// PRP safety band

13: import FINDPATH(s : WID, d : WID, m : MAP): PATH

// compute the shortest path from start s to destination d in map m
14: import UPDATEMAP(m : MAP, nf : SET{PRA}) : MAP

// dynamically update map m given the updated PRA nf
15: export GETCUR : COORD // return current position
16: export NAVPATH(now: WID, p: PATH)

// follow path p by one segment, starting at waypoint now
17: import LOCATEDYNAMICPRP(w: WID) : WP

// detect and update a dynamic PRP
18: export UNITSYS(s : ENUM(metric, imperial)) // unit system

Fig. 3: THEMIS Interface for PRA and PRP Enforcement

III. DESIGN

A. Regulation Specification

A core component of THEMIS is a language for regulation
specification. We choose to embed our language grammar
in XML for its downstream interoperability. An example
regulation specification is shown in Fig. 2.

1) PRAs: THEMIS features a new abstraction with the
XML tag PRA. Each PRA defines a polygon area, the corners
of which are delineated by the waypoint clause. Such
areas typically include vicinities around airports, govern-
ment establishments, military installations, and other critical
infrastructures, in alignment with regulation 107.45 [13].
In the example, one PRA named keepout is defined,
with 4 corners defined by waypoints c1, c2, c3, and c4.
Semantically, the PRA abstraction captures the requirement
of PRAs: UAVs should not fly into the defined areas.
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2) Human Avoidance: THEMIS introduces two
tags: stationaryPRP and dynamicPRP. The
stationaryPRP tag delineates a waypoint which
represents either a stationery person or object over which
flight is prohibited. The dynamicPRP tag establishes
a potentially mobile person/object that should not be
flown over. In the provided example, a stationaryPRP
named peopleS represents stationary individual, while
a dynamicPRP named peopleD denotes a moving
individual. Semantically, the PRP abstraction specifies that
the UAV should avoid flying over the specified points.
The dynamicPRP is required for all human beings in
the proximity of the UAV, except the UAV operators with
explicit permissions as defined in Regulation §107.39. How
to automate human detection is an implementation issue we
detail in § III-E.

3) Speed Limit and Altitude Limit: THEMIS introduces
two tags, max alt and max speed, to proactively adhere
to attitude/speed limits. These tags define the maximum
allowable altitude and speed in accordance with FAA reg-
ulations, mitigating the risk of violations.

B. Regulation Composition and Regulation-by-Default

THEMIS allows multiple regulation specifications to be
composed together. Given two specifications r1 and r2, an
autopilot generated with the composed regulation conforms
to these rules:

• the PRAs it avoids are the union of that of r1 and r2;
• the human beings it avoids are the union of those

defined/tracked in r1 and r2;
• the altitude limit is the lower of that of r1 and r2;
• the speed limit is the lower of that of r1 and r2;
THEMIS is a “regulation-by-default” compiler: a flight

plan can only be compiled when a regulation specification
is provided. In addition, based on the geographical location
of the UAV, a default regulation is chosen, with the FAA
specification for US-based UAVs, and the EU specification
for EU-based UAVs 2. When THEMIS users explicitly defines
a regulation, our compiler always considers the regulation
to enforce as the composition of the default geographically
determined regulation and the user-provided regulation. The
composition rules above ensure that a UAV operator does not
accidentally override a “default”, say, the FAA regulation, by
compiling her flight plan with less restrictions.

C. Bi-Directional Algorithm Interface

THEMIS features a bi-directional interface design: a data
type or function can be either declared as an import or
an export. An import declaration is aligned with our goal
of developing a customizable compiler framework: develop-
ers and researchers with new algorithms for implementing
a specific form of regulation enforcement can “plug in”
their implementations, including both concrete data structure
representations and the algorithms defined over them. As a

2As an imperfect solution, THEMIS selects the FAA specification for non-
US non-EU UAVs, which we plan to refine as future work.

standalone system, THEMIS also provides a default imple-
mentation for each import, detailed in the next subsection.
An export declaration is a functionality already implemented
by THEMIS. They can be used in two purposes. First, the al-
gorithm designers who implement the import functionalities
can use them as callbacks to our framework. Second, the
export functions serves as the interface between the parser
and the code generator for the THEMIS compiler.

Fig. 3 defines the bi-directional algorithm interface related
to PRA and PRP enforcement. Two examples of import
data types are the representation of the coordinates (COORD)
and the ID of the waypoints (WID). The former is needed
because different coordination systems are popular, such as
LTA, UTM, and relative coordinates. The latter is often
represented as a mnemonic string or a numeric ID, but
leaving it as import further allows the algorithm designers
to keep additional algorithm-specific metadata. We leave the
discussion of the main import functions — UPDATEMAP,
FINDPATH and LOCATEDYNAMICPRP — to § III-E.

The WP data type serves as an example to show the export
data types at work. It defines the type for a waypoint, which
consists of an ID and a coordinate. Despite being simple,
this example shows the fundamental dependency between the
import and export declarations, where the latter is defined
through the former. As an example of the interface between
parsing and code generation, note that INIT is defined as
an export. After the regulation specification is parsed, code
is generated to initialize the PRA and PRP objects based
on the declarations (as well as the flight plan). With that,
the code generator only needs to generate a call to INIT to
complete the initialization process of the autopilot runtime.

D. THEMIS Common Runtime Features

The autopilot generated by THEMIS shares several features
in its runtime, transcending individual algorithm-specific
customizations.

a) Uniform Treatment for PRAs and PRPs: An insight
of THEMIS is that the enforcement of regulations such
as “no flying over human beings” can be reduced to a
dynamic variant of PRA enforcement. Concretely, we treat
a PRP as a PRA bounded by a circle (approximated by a
polygon) centered at the specified no-flying waypoint. As
a result, Fig. 3 also serves as the common interface for
PRP enforcement. With this unified treatment, we are able to
apply the same path planning algorithm – regardless how it
is customized by the algorithm developer — to both PRAs
and PRPs. The implication here is that despite the PRAs
are statically defined, PRPs may be either stationery or
dynamic. The latter necessities a path planning algorithm
that can dynamically update the waypoints to consider.

b) Safety Band Support: In THEMIS, the PRA comes
with a safety band: there should be a “buffer” distance
so that the UAV does not fly too close to the PRA. The
specific size of the safety band can be customized, through
the SAFEBANDPRA function. In a similar vein, one may
also customize the radius of the circle we construct around
the PRP, through the SAFEBANDPRP function.
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Fig. 4: A Visibility Graph Example

c) Dynamic Maps: THEMIS defines the data structures
of MAP and PATH, essential for path planning algorithms.
While the specific algorithms used for MAP and PATH are
up for customization, what remains in the common runtime
is that PRA enforcement and PRP enforcement at its heart
is a dynamic path planning problem. To see the dynamic
nature of this, the UPDATEMAP must be implemented by
the algorithm developer. The LOCATEDYNAMICPRP ad-
dresses the detection of the potential movement of each
dynamicPRP. Whenever the THEMIS common runtime
identifies a new position for the target object, it updates PRP
and subsequently calls UPDATEMAP to recalculate the path.

d) Control-Based Speed and Altitude Limit: A naive
solution for speed limit (or altitude limit) regulation is to add
a runtime check to the control loop and adjust the speed (or
altitude) when the limit is reached. This approach however
is flawed: by the time the limit is reached, the momentum
of the UAV may well push the UAV to exceed the limit.

THEMIS speed/altitude limit enforcement is control-based:
the UAV must proactively adjust its speed/altitude well be-
fore the limit is reached. The specific controller choice can be
customized (see § III-E). We elide the interface specification
for setting the controllers and tuning their parameters.

E. Algorithm Default Implementations

The default algorithm implementation of THEMIS for PRA
and PRP enforcement employs visibility graphs [23], [24].
Consider the regulation specification in 2 as an example.
The resulting visibility graph is illusrated as a MAP in
4. Here, waypoints labelled 1, 2, 3, and 4 represent the
waypoints modified from the original declared waypoints
c1, c2, c3, and c4, after the safety bands are applied.
Upon the construction of the MAP, THEMIS employs the
FINDPATH function to discern the most efficient route from
the source to the destination, subsequently transmitting the
resulting PATH to NAVPATH, the routine defined within
the common runtime of THEMIS to navigate a segment
on the PATH. The current implementation of FINDPATH
is A-Star. For mobile PRPs, our default implementation
for LOCATEDYNAMICPRP utilizes the aggregate count of
orange pixels to detect the object. The onboard camera of
the UAV continuously captures images at a rate of 20 FPS.
Once the aggregate orange pixel count reaches a threshold in
the image, our implementation interprets it as the presence of
a person. The radius of the safety band is set at 3 meters. In
our default implementation, the PID (Proportional-Integral-
Derivative) controller [5] is used for speed and altitude
limit regulation. It continuously calculates an error value as

Listing 1: Flight Plan
1 <!DOCTYPE flight_plan SYSTEM "flight_plan.dtd">
2 <flight_plan alt="600" ground_alt="380" lat0="

37.2109800" lon0="-113.4567800"
max_dist_from_home="500"

3 name="PRATest" qfu="270" security_height="25">
4 <waypoints>
5 <waypoint name="HOME" x="0" y="0"/>
6 <waypoint name="STDBY" x="0" y="75"/>
7 <waypoint name="CLIMB" x="-114.5" y="162.3"/>
8 <waypoint name="dest" x="160" y="160"/>
9 </waypoints>

10 <blocks>
11 <block name="Fly">
12 <go wp="STDBY"/>
13 <go wp="dest"/>
14 <go wp="CLIMB"/>
15 </block>
16 <block name="GoHome">
17 <go wp="HOME"/>
18 </block>
19 </blocks>
20 </flight_plan>

Fig. 5: A Flight Plan Example

the difference between a desired setpoint (in this case, the
altitude or speed limit) and a measured process variable (the
UAV’s current speed/altitude). The controller then seeks to
minimize this error by adjusting the UAV.

We note that there exist alternative path planning al-
gorithms [25], [26], [27], [28], alternative human/object
detection algorithms [29], [30], [31], [32], [33], [15], [34],
and alternative controllers [8], [9], [10]. THEMIS is comple-
mentary to these algorithms by allowing them to be plugged
into our framework for regulation enforcement.

F. Flight Plan

Instead of developing a flight plan language from scratch,
THEMIS extends from an existing XML-based language,
Paparazzi flight plans [35], for defining the navigation path.

The flight plan example in Fig. 5 defines the waypoints
to be used. Each block defines a stage of in-flight behavior.
For instance, in the provided example, the UAV first Fly and
then GoHome. Within the Fly stage, the UAV traverses the
STDBY, dest, and CLIMB waypoints.

IV. EVALUATION

In this section, we report our experience in leveraging
THEMIS for UAV regulation. Our experiments are con-
structed over the Paparazi simulator, with human detection
supported through Gazebo.

A. Prohibited and Restricted Areas

We first evaluate the effectiveness of THEMIS over PRA
enforcement. We define a flight plan that traverses a series
of pre-defined waypoints, from HOME, to STDBY, to dest,
to CLIMB, to dest2, and finally back to HOME. In our reg-
ulation specification, we define 3 PRAs, each as a polygon.
The flight plan consists of 42 lines of code and the regulation
specification consists of 27 lines of code. Their source code
can both be found in our repository.

Figure 6 shows the result of simulation over a fixed-
wing craft, where the actual flight path is indicated by
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(a) With PRA regulation (b) Without PRA regulation

Fig. 6: Enforcing PRAs with THEMIS

thin lines. Without any regulation, the UAV directly tra-
verses all waypoints, as shown in the left subfigure. When
the regulation specification is in place and compiled with
THEMIS, the flight path is shown on the right. Two important
observations can be made. First, the THEMIS-regulated flight
can successfully avoid all PRAs. Second, the regulated flight
largely follows a similar flight path as the no-PRA one,
faithfully carrying out the mission defined in the flight plan.

With THEMIS, the programmer’s task of flight planning
is significantly simplified. Her original flight plan does not
require any change. The regulation specification is likely
written by some regulators. How to avoid PRAs is the
responsibility of the compiler.

B. Human Avoidance

To assess the capability of THEMIS in human avoidance,
our flight plan consists of starting from HOME, traversing two
designated waypoints (Dest and Dest2), and subsequently
returning to HOME. We introduce two humans: one station-
ary PeopleS and the other mobile PeopleD. PeopleD
remains unknown until captured by the camera of the UAV,
first located between HOME and DEST. As the UAV redirects
towards Dest2, PeopleD moves to block the UAV’s return
path to HOME. The flght plan consists of 33 lines of code,
and the regulation specification has 10 lines.

Fig. 7 demonstrates that the THEMIS-compiled flight plan
— without any change to its original definition — can
successfully avoid both the stationary human being and the
mobile human being. In Step 1, the UAV plans to fly directly
from HOME to DEST. In Step 2, the UAV adjusts its path to
circumnavigate the stationary human being. As the mobile
human moves to obstruct the UAV in Step 3, the UAV avoids
both human beings. A Gazebo simulation of the people
detection can be found in the last subfigure.

C. Altitude Limit and Speed Limit

In final evaluation, we assessed the proactive capabilities
of THEMIS with respect to speed and altitude limits.

For altitude, we define a flight plan where the UAV is
programmed to execute a circular maneuver at an altitude of
600 meters with and without the regulator. In the absence
of the regulator, the UAV follows the original flight plan, as
depicted in Fig. 8(a). In contrast, the UAV under THEMIS
compilation is able to halt its ascent proactively and adhere
to the altitude limit.

(a) Step1 (b) Step2

(c) Step3 (d) Gazebo Simulation

Fig. 7: Human Avoidance (The green line represents the
projected flight path the UAV intends to follow, while the red
line traces the UAV’s actual flight path. The yellow triangle
indicates the UAV’s intended direction.)

(a) Altitude Regulation (b) Speed Regulation

Fig. 8: Enforcing Altitude and Speed Limits with THEMIS

For speed, we define a flight plan where the UAV performs
a circular maneuver at a speed of 7 meters per hour with
and without the regulator. Fig. 8(b) shows that the THEMIS-
compiled autopilot is able to stay below the speed limit
whereas the original flight plan without the regulation cannot.

V. CONCLUSION

THEMIS leverages the strength of the compiler to enforce
compliance with UAV flight regulations in a proactive and
automated manner. By implementing regulatory constraints
with little burden to the operator, this framework alleviates
the complexity of adhering to regulatory mandates. In the
future, we plan to THEMIS to support dynamic regulation
updates in the presence of multiple regulation zones.
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