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This article proposes a new Unmanned Aerial Vehicle (UAV) operation paradigm to
enable a large number of relatively low-cost UAVs to fly beyond-line-of-sight (BLOS),
without costly sensing and communication systems or substantial human interven-
tion in individual UAV control, in UAV-only traffic that is separated from non-UAV
airspace. The main contribution of this work is to propose the use of pre-established
route network for UAV traffic management, which allows: (i) pre-mapping of obstacles
along the route network to reduce the onboard sensing requirements and the associ-
ated costs for avoiding such obstacles; and (ii) use of well-developed routing algorithms
to select UAV schedules that avoid UAV-UAYV conflicts. Available GPS-based naviga-
tion can be used to fly the UAV along the selected route and time schedule with
relatively low added cost, which therefore, reduces the barrier to entry into new UAV-
applications market. Additionally, this article proposes a new decoupling scheme for
conflict-free transitions between edges of the route network at each node of the route
network to reduce potential conflicts between UAVs and ensuing delays. A simulation

example is used to illustrate the proposed ulNet approach.
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I. Introduction

This article proposes a new Unmanned Aerial Vehicle (UAV) operation paradigm to enable
a large number of relatively low-cost UAVs to fly beyond-line-of-sight, without costly sensing and
communication systems or substantial human intervention in the individual UAV control. A broadly
accessible UAV traffic network (uNet) for low-cost UAVs can reduce the barrier to entry into the UAV
market and enable new commercial enterprises and applications. For example, just as mobile phones
revolutionized communication in developing countries by circumventing costly landlines, minimalist
UAVs could make product delivery a reality in geographic areas where transportation infrastructure
is difficult and prohibitively expensive to build. The uNet itself can be an agglomeration of new
franchise operators, along with internet-based application (APP) providers who enable users to
automatically negotiate between different operators, and get a UAV to its destination. Additionally,
existing commercial delivery companies can use the uNet to transport products and smaller UAV

brokerage firms can use it to transport UAVs between locations.

Under the current free-flight-like paradigm, the initial UAV route selection only needs to avoid
restricted airspace and altitudes without considering the pre-scheduled routes of other UAVs and
intent of other users. Such freedom to fly anywhere, nevertheless, creates challenges when trying to
avoid obstacles and collisions with potentially other UAVs. Additionally, without a-priori detailed
information of the entire airspace, the free-flight approach leads to lack of knowledge about the im-
mediate surroundings of the UAV, which then requires sensors and/or humans to detect obstacles.
Moreover, the UAV could have potential conflicts with other UAVs and obstacles along the way,
which in turn, requires expensive on-board sensing and communication as well as substantial human
effort. The ultimate consequence of this is an increased cost of UAV operation, scaling upwards in
complexity as more and more UAVs are introduced. Conflict resolution protocols in the free-flight
system would need to continually evolve as density increases, and sensors and UAV-to-UAV com-
munications would need to become progressively more sophisticated, e.g., for potential collaborative
conflict resolution, as investigated previously for manned aircraft [29, 30]. An approach that can
avoid the increased complexity and cost of UAV-to-UAV communication is to develop pre-specified

conflict avoidance rules for UAVs that are similar to visual flight rules (VFR) for manned aircraft.



However, it can be challenging to develop such VFR rules that are provably safe with a large number
of UAVs with multiple independent UAV operators. Another approach is to use human-guided con-
flict resolution similar to current air traffic management (ATM) for commercial manned flights over
controlled airspace [31-34]. The human effort required for such conflict resolution can be lessened
by using emerging concepts such as sense and avoid [35]. Nevertheless, the human workload for
conflict detection and avoidance tends to increase with number of aircraft, which limits the ability
to scale such human-centered methods for a large number of UAVs. The increased cost, of the UAV
and its operation, also serves as an impediment to the emergence and development of broader UAV

applications.

The new idea proposed here is to place the UAVs along an established route network, similar
to automated guided vehicles on a factory floor [36, 37|, or the jet routes followed by commercial
aircraft in controlled airspace [38]. These routes can be dense and time-varying to optimize for
and accommodate conditions such as wind speed, precipitation, and other potential local variables.
Routes could be ad-hoc networks set up to meet application requirements, e.g., for agricultural
applications or coordinated disaster relief. Even with a high density of UAVs in flight, such route
networks can provide sufficient flexibility while also addressing privacy concerns. A UAV using this
route network could get to a typical home by flying over conventional roads, without flying over

private property or other restricted areas.

Compared to the free-flight-style of UAV traffic management, the proposed approach over es-
tablished route networks (such as roadways) offers two major advantages. First, obstacles along
the routes can be mapped a-priori and updated as needed, reducing onboard sensing requirements.
Note that detailed mapping of obstacles is only needed along the routes in this approach and not
the entire airspace as in the free-flight approach. Waypoints along these established routes can be
used to fly the UAV along a three dimensional trajectory, e.g., [39, 40]. The management of initial
and final departure by an expert human, say for arrival to or departure from a supermarket, will
increase the operational cost of the system. An alternative is to use automated approaches such
as GPS-based landing schemes, e.g., [41, 42]. Then, for UAV traffic management, the amount of

sensing and data required on each UAV reduces to GPS-enabled navigation from a given waypoint



to the next specified waypoint. The low cost of GPS-based navigation can reduce the barrier to
entry into new UAV-applications market. For example, an Insitu ScanEagle system with four air
vehicles, a ground control station, remote video terminal, the launch system and recovery system
costs about $3 million. In contrast, a hobby-type UAV with GPS-based navigation system is about
three orders of magnitude lower in cost. Moreover, since the proposed approach does not require
active imaging and sensing of the surroundings, such an approach could alleviate some of the privacy

concerns associated with UAVs with substantial sensing capabilities.

A second advantage is that conflict resolution over a route network can be transformed into a re-
source allocation problem, i.e., two UAVs cannot occupy the same section of a route at the same time.
Additionally, transitions between different sections of the network can be designed to be conflict-
free for reducing potential delays, e.g., [43]. Then, conflict-free route selection can be solved using
well-developed existing resource allocation procedures for multi-agent systems, e.g., [36, 37, 44—
48]. For example, scheduling can be done using context-aware route planning (CARP), where a
new agent (i.e., the UAV) selects a route from a route network (e.g., selects a shortest path-length
route [49]) and schedules the arrival time such that the new agent is conflict-free with respect to pre-
vious agents that have been scheduled already [44]. As opposed to the computationally-challenging,
simultaneous optimization over all agents to find conflict-free routing problems, CARP finds less
optimal solutions by using a first come first served (FCFS) approach. Although not optimal such
FCFS approaches are typically considered fair, e.g., in conventional Air Traffic Management [33].
In such a scenario, simultaneous conflicting requests could be sequenced randomly, which would
also be considered as an unbiased solution when all other things are equal. The proposed a-priori
de-conflicting using scheduling reduces the amount of on-board sensing and communication needed
on each UAV. Thereby, the proposed ulNet enables access to low-cost UAV, and consequently can

lead to broad usage of the ulNet.

Another contribution of this work is to propose a new decoupling scheme for conflict-free tran-
sitions between edges of the route network at each node of the route network to reduce potential
conflicts between UAVs. At low UAV densities, establishing a waiting protocol at nodes of the route

network could be one possible method of conflict avoidance. Unfortunately, this method incurs



additional fuel costs to slow down from cruise and hover, and then accelerate again. If the conflicts
at the nodes can be avoided by design, such delays can be reduced or even eliminated entirely. This
is similar to the design of multi-level interchanges at freeway junctions that allow multiple traffic
streams to pass through without crossing each other as opposed to the use of traffic lights or stop

signs on typical surface streets.

In addition to offering solutions for prior waypoint mapping and conflict resolution, the uNet
approach is also capable of distributed development and implementation through sector-level ulNets
(sNets) that each manage UAVs inside their local region of the airspace. With minimal effort
from the user, who only needs to specify initial and final locations along with an estimated time
of arrival (ETA), a service, possibly a commercial web-application (APP), can select a route that
spans multiple sNets and choose a scheduled time of arrival (STA) into the uNet based on route-
availability. The APP serves to negotiate between different sNets and manage different service fees
and availability along en-route sNets to propose a scheduled time of arrival (STA) into the uNet. If
the UAV meets requirements such as fuel for the flight, GPS and communication needs between the
UAV and sNets, and human-guided (or automated) initial and final transitions into and out of the
uNet, then the flight is accepted into the first sNet. Communication between the sNet and a UAV,
e.g., about waypoint specifications and current location updates (using GPS on the UAV), can be
done using cellular data. This allows each sNet to manage and monitor UAV flights and conflict
avoidance in its airspace. In case of emergencies which is another important issue in beyond line of
sight operation, e.g., [50], the sNet can potentially redirect the UAV by providing new waypoints
that could be precomputed for every section of the route network. Moreover, each sNet will keep
track of route occupancy (resource allocation) in its airspace and dynamically update the available

route network if needed.

The proposed distributed approach allows public-private partnerships to manage different as-
pects of the uNet such as management and regulation of the sNets. A progressive rollout and
expansion of the ulNet infrastructure, one sNet piece at a time, can enable organic growth of the
overall uNet. Commercial groups (such as local supermarkets or malls) can develop and manage

the local sNets, and sNets can be either refined over time into smaller sectors with a finer mesh or



integrated together to form larger sectors. Similar to the development of the National Science Foun-
dation (NSF) NSFNET, which provided the backbone communication service for the Internet, the
public sector could help the uNet effort by developing backbone-type services, e.g., over highways
to connect local sNets.

The article begins with a description of the proposed ulNet structure in Section II and then
presents the de-conflicting scheme in Section III. The resource-allocation approach to UAV schedul-

ing is illustrated with a simulation example in Section IV, which is followed by conclusions.

II. Proposed ulNet structure

A. UAV routing through sNets

The ulNet consists of multiple sector-level uNets (sNets), each of which controls a specified region
of the airspace. After entering a desired initial location L; in the initial sNet S;(1), a UAV U can
potentially transition through multiple such sNets before reaching the final location L in the final
sNet Si(ns, ) as illustrated in Fig. 1. For a given expected time of arrival ETA(k) into the uNet,
the router negotiates between multiple sNets to determine the scheduled time of arrival STA (k) and
a conflict-free flight route R(k) that spans multiple sNets {Sy.(i)}". The UAV U (k) receives GPS

information and communicates its position P[U(k)](t) to the current sNet Sk () at time ¢.
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Fig. 1 Schematic routing of the k" UAV U(k).

In particular, given the expected time of arrival ETA (k) of the k'* UAV U(k) into the initial

location L;(k) and the final location L (k), a router (potentially a web-based application) negotiates



between multiple sNets to determine a scheduled time of arrival STA(k) and a flight route R(k)

that is conflict-free with respect to all the prior UAVs [U(4)]*Z} in the uNet.

B. Definition: conflict-free

In the following, two UAVs U (i) and U (j) are considered to be in conflict at some time ¢ if they

are inside the uNet region and their minimal separation is less than an acceptable value dsep, i.e.,
ILIU@)]() = LIUGI @) [l2 < dsep (1)

where || - ||2 is the standard Euclidean norm and L[U(+)](¢) is the position of the UAV U(-) at time
t. The minimal separation ds., is needed to ensure that there are no collisions with other UAVs,
even with potential errors in UAV positioning. Thus, the minimal separation dg., between UAVs,
needed to be be conflict-free, will depend on the precision of the GPS-based navigation system.
The routes are selected by the local sNets to be obstacle free. Enroute sNets [Sy(i)];=} ensure
that all routes including the selected route R(k) for the UAV U (k) are clear of obstacles in each sNet
Si.(i) € S that the k" UAV U(k) passes through where S is the set of sNets and n;  is the number
of sNets traversed as in Fig. 1. The flight route R(k) can be used to determine the fuel required for

the flight. If the UAV meets the previously-specified requirements for flight (e.g., amount of fuel),

then the flight is accepted by the first sNet Si(1) on the selected flight route R(k).

C. Specified route structure

Under a specified route structure scenario, the potential route R of a UAV U can be selected
from edges of a directed graph G = (N, &) with nodes N enumerated as [N(i)];",, n, > 1 and
edges & C N x N enumerated as [E(j)];<,, ne > 1. There is a path on the graph from every
desired initial location to every desired final location. It is assumed that each node in the uNet
has a distinct spatial location, and the edges connect distinct points in space. Therefore, the initial

node N([j];) and the final node N([j]s) of each edge E; = {N([j]:), N([j];)} € & are different, i.e.,

N([51e) # N(ld5)-

Remark 1 (General 3-dimensional edges) The edges £ between nodes in the graph G could be

general curved paths and can be three dimensional. Alternatively, general curved paths could be



approximated with straight-line segments and the start and end of these segments could be included

in the set of graph nodes N

Given an initial node L;(k) and final node L (k) for the k' UAV U(k), a route R(k) is a path

on the graph G, i.e., sequence of distinct edges,
Ry = [Ex(1), Ex(2), ..., Ex(ni)],  where Ei(j) = {Ni([j]:), Ne(lj]f)} € €, (2)

n, 1, is the number of edges in route Ry, with a sequence of distinct nodes

N(Ry) = [Li(k), Ni([l]f), Ne((2]f), -5 N(lnrglp)]- ®3)

Therefore, the edges are connected, i.e., initial nodes Ni([-];) € N and final nodes Ni([-]f) € N

satisfy
Ne(lilp) = Ne(li +1]e), Vi=12,...,(nep — 1), (4)
without retracing an edge, i.e.,
Ni([l) # Ne(lG + 1), Vi=12,.., (neg = 1), (®)
and the edges begin and end at the desired initial and final locations, i.e.,
Ni([1];) = Li(k), Ni([nrxls) = Ly (k) (6)

D. sNets

The uNet is partitioned into ng number of sNets S = [S(j)]?;l such that each edge inside the
set of edges & of the uNet graph G belongs to a unique sNet. Each sNet S(¢) can be considered as
a subgraph G; = (N;, &;) of the overall graph G with N; C AN and & C €. An example sNet S(1) is

shown in Fig. 2, where the set of nodes N7 C A associated with the sNet
N = [N:(1), N1(2), ..., N1(12)] (7)

is represented by numbered dots [z]llil on a square gird with the same vertical height and the set of

edges

& C (N1 XN1)ﬁ5 (8)



associated with the sNet is enumerated as [E; (2)]1221 and given by

{1’4}’{2’5}7{374}7{471}7{473}7{475}7{477}7{478}7{572}7{574}7
&= | {5,6},{5,9},{6,5},{7,4},{8,4},{8,9}, {8,11},{9,5},{9,8},{9, 10}, | - 9)

{10,9},{10,11},{11,8},{11,10}, {11, 12}, {12,11}

Note that the example sNet S(1) includes typical roadway intersection geometries such as T-
intersection at node 9, Y-intersection at node 8, cross-intersection at node 5, and a general non-
circular intersection with more than four legs at node 4. Note that the T and Y intersections are
operationally similar, i.e., 3-way intersections, although it is possible to develop algorithms that
provide priority to the straight segments of a T intersection, e.g., by having smaller number of

turns.

7 8 9 1 10

Fig. 2 Example sNet S(1) with typical roadway intersections.

III. De-conflicting UAV routes

Potential conflicts between two UAVs on two routes are classified into two scenarios: (i) when
the two routes do not share an edge; and (ii) when the two routes share an edge. De-conflicting
UAV routes without a shared edge is discussed next and the second scenario where routes share an

edge is discussed in subsection ITIB.



A. Scenario 1: de-conflicting UAV routes without shared edge

It is assumed in the following that the ulNet design is such that edges are sufficiently spaced
from each other to avoid conflicts between two UAVs on two distinct routes that do not share any

edges, especially far away from common nodes, as stated formally below.

Assumption 1 (Sufficiently-spaced edges) The overall uNet graph G is constructed (with edges
sufficiently spaced from each other) such that two UAVs one on each of two distinct edges, say E(4)

and E(j), cannot have conflicts if the two edges do not have a node N in common.

Assumption 2 (Conflict-free away from nodes) If two distinct edges E(i) and E(j) have a
common node N, then there is no conflict between two UAVs (one UAV on each of these two edges),

when at least one of the UAVs is not inside a vertical conflict-free boundary cylinder of radius d*[N]
d*[N] > dsep (10)
centered around the common node N and height h*[N].

Assumption 3 (Edges planar near nodes) In the following, it is assumed that for each node N
in the ulNet graph G, each of the ny edges, say En (i), in the set of edges En = [En (])];lgl connected
to the node N intersects with the conflict-free boundary cylinder (in Assumption 2) at a single point
an(i). Moreover, the set of intersection points Ay = [an(i)];2, for each node N lie on a single

horizontal plane, on a conflict-free boundary circle B.[N] C Bg[N].

Assumptions 2 and 3 imply that all the edge-intersection points in the set Ay on the circum-

ference of the conflict-free boundary circle B.[N] of a node N are sufficiently separated, i.e.,
d(AN) :Ilggl{d(Ni,Nj) | N; E.AN,Nj € Ax} > dsep- (11)

Nevertheless, two UAVs U (i) and U(j) on routes R; and R, respectively that share no edges could
encounter conflict as they approach a shared node N, i.e., N € {P(R;) N P(R;)} where the set of
nodes of a route P(-) is defined in Eq. 3. To illustrate, in the example sNet S(1) in Fig. 2, a UAV,
say U(1) on route R(1) from node 8 to node 10 that includes a transition from edge {8,9} to edge

{9,10} in Fig. 3(a) could have a conflict near the common node 9 with a UAV, say U(2) on route

10



R(2) from node 10 to node 5 that includes a transition from edge {10, 9} to edge {9,5}. When both
UAVs are inside the space circumscribed by the boundary circle B.[9] shown in Fig. 3(b) that is

centered around node 9, the potential for conflict needs to be anticipated and resolved.

8 {89} 2 {9,10} Co(3)

¢ {9.8} * {10,9}010 Cf
'Ho(3)
(5,9} {9,5} ar

5@ Co2)—_—
(a) Node N=9 bb

{5,911 7{9,5}

(b) Zoomed view of boundary circle (c) Three-level transition

Fig. 3 Example decoupled edge-to-edge transitions at node 9 of sNet S(1) in Fig. 2.

Potential conflicts, between UAVs on routes that do not share an edge but share a common node

as described above, can be avoided by sufficiently separating the transitions between edges at all

n

nodes. To achieve this separation, the transitions from each edge in the set of edges € y = [En(5)] i}

into a node N to an edge in the set of edges Ex = EN(j)];”:Vl out of the same node N are

accomplished at different-height levels Hy = [Hy (j)]]ﬂgl. Each level, e.g., Hx(4) is a horizontal
plane separated from all other levels by at least height hy. Let the UAV be transitioning from
edge, say En(i) € £y, into node N to edge, say En(j) € En, out of node N. Moreover, let the
intersections of these edges E (i) and Ex(j) with the the conflict-free boundary circle B.[N] (in
Assumption 3) be ay (i) and an(j), respectively. Once the UAV on edge En (i) reaches ay (i) at
the edge of the conflict-free boundary circle B.[N], the UAV moves vertically to the i‘" level Hy (i),
then horizontally on this level Ly (i) to be located directly above node N before moving horizontally
towards the location on level ¢ that is directly above @x (j). Then, the UAV descends vertically down

from level Hy (i) to an(j) at the edge of the conflict-free boundary circle B.[N] and moves out of

node N along the edge En(j).

11



Remark 2 (Transition levels above and below node) The levels associated with the edge-
transitions of a node N need not be all above the node, they can be below or at the same height as
the node N provided such spaces are free of nodes, edges, obstacles, or other constraints preventing

use by the UAV.

To illustrate the de-conflicted edge transitions, consider the node N = 9 in the example sNet

S(1), which has six edges,

& = [Eo(1), E9(2), E9(3), Eg(4), Eo(5), Eo(6)]

(12)
= [{10,9}, {8,9}, {5,9}, {9,10}, {9,8}, {9,5}]
connected to the node, where three of these edges,
&y = [EQ(l)v E9(2)7 EQ(S)} = [{1079}7 {879}» {579}] (13)

are into node N = 9, as shown in Fig. 3(a). Therefore, three levels Hg = [Hy (j)]?:1 (at different
heights) are used for transitions from each of the edges in £y into the node N = 9 to the output

edges
?9 = [E9(1)v E9(2)a E9(3)] = [{97 10}> {978}7 {9’5}] (14)

out of node N =9, as illustrated in Fig. 3(c). Let a UAV aim to transition from edge E4(2) = {8,9}
into node N = 9 to edge Eg(3) = {9,5} out of node N = 9. Moreover, let the intersections of
these edges Eq(2) and F9(2) with the the conflict-free boundary circle B.[N] (in Assumption 3) be
ag(2) = b and ay(2) = e, respectively, as in Fig. 3(c). Once the UAV on edge E4(2) = {8, 9} reaches
aq(2) = b on the circumference of the conflict-free boundary circle B.[9], the UAV moves vertically
to the 274 level Hg(2), then horizontally on this level, Hy(2) to be located at 9, directly above node
N = 9 before moving horizontally towards the location e, on level Hg(2) that is directly above the
location @g(2) = e. Then, the UAV descends vertically down from level Hg(2) to location ag(2) = e
on the circumference of the conflict-free boundary circle B.[9] and moves out of node N = 9 along

the edge En(j) = {9,5}.

Remark 3 (Avoid back tracking) Since the nodes in a route (P(-) defined in Eq. 3) are distinct,

transitions to edges that return back to the start node of an edge into a node are not needed, e.g.,

12



transition from edge {8,9} € £y to edge {9,8} € Eg is not needed at node N =9, and is therefore,

not shown in Fig. 3(c).

Even with the multiple-level edge-to-edge transitions at a common node N, the minimal distance
between two UAVs on two different routes R(7) and R(j) without a common edge can be made larger
than the acceptable value d,.;, to avoid conflicts. Note that, from Assumptions 1-3, conflicts cannot
occur on the edges if both UAVs are outside the conflict-free boundary circle B.[N] of a common
node, say N. The UAVs have to arrive into the node N through different edges since their associated
routes do not share a common edge, and therefore, are designed to achieve edge-transitions using
different levels in the proposed scheme. Moreover, since the input and output edges from the node

N are different, the two UAVs also do not share the vertical ascending and descending paths.

There are three possible cases under which a conflict can occur between two UAVs:

1. both UAVs are on the ascending or descending paths to different edge-to-edge transition levels
Hy();
2. both UAVS are in two different edge-to-edge transition levels Hy(+); and

3. one UAV is on one of the ascending or descending paths and the other is on an edge-to-edge

transition level Hy(+).

The spacing between the vertical ascending and descending paths is at least as large as the minimal
spacing d(Ay) between the intersection points Ay of a node N, which in turn is larger than the
acceptable conflict-free separation ds., from Eq. 11. Furthermore, there can be no conflicts under
the second case when both UAVs are on different levels if the edge-to-edge transition levels are
separated by at least the acceptable conflict-free separation dsep. Under the third case, the distance
between two UAVs can become smaller than the minimal spacing d(Ay) between the intersection
points Apx of a node N. For example, consider the distance between two UAVs when both are on
the same edge-to-edge transition level, e.g., Hg(2) from Fig. 3c, when one UAV U(1) is is presently
located at ap on a vertical path and is transitioning to another level, e.g., Hg(3) while the other
UAV U(2) is located at z, on a transition path from location b, on level Hg(2) to the location 9b

on the same level, above the node 9, as shown in Fig. 4.

13
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Fig. 4 Third case: one UAYV is inside a level and other is changing levels.

Conflict can occur when UAV U(1) is at location ap, which is the closest that UAV U(1) gets
to location z, of UAV U(2), i.e., where its vertical ascent path intersects the edge-to-edge transition
level Hg(2). The distance d(ap, z5) between the two UAVs U(1) and U(2) can be found from triangle

A(z,9ap) using the law of cosines as,
d(ap, 2)? = d(zp, %) + d(ap,9%)* — 2d(2p, 9)d(ay, 9) cos(Zz,9pas) (15)
where the distance d(ap,9p) is the radius d*[9] of the conflict-free boundary circle B.[9], i.e.,
d(ap,9) = d*[9]. (16)

If the angle Zz,9pay is obtuse, then the UAVs cannot have a conflict since, from Egs. 15, and 16,

d(ab7 Zb)2 = d(9b, Zb)2 + (d* [9})2 - 2d(zb, 9b)(d* [9]) cos(lszbab)
> (d*[Q])2 since cos(/z,9%ap) < 0 (17)

> (dsep)2 from Eq. 10.

When the angle Z2,9,a4 is not obtuse, i.e.,
Lzppap = Lbppap < /2, (18)
the distance d(ap,z,) between the UAVs cannot be smaller than the perpendicular distance

d) (ap, bp9p) between location a, and line segment b9y, i.e.,

d(ay, z) > di(ap,bs95) = d(ap,9p)sin (£by9pas) (19)

d*[9]y/1 — cos? (Lby9pap).

14



Moreover, from the law of cosines for triangle A(by9as),

d(by,9)% +d(ap,9)>—d(ap,by)?
COS(Zabebb) — ds b)d(z;7éb§d(f11,9b)( b,b5) (20)
_ 20709 —d(an.by)®  _ q  d(ap.by)?
B 2(d*[9])? - 2(d*[9])?

since distances d(ap, 9) and d(by, 9p) are equal to the radius d*[9] of the conflict-free boundary circle

B.[9], i.e.,
d(ap,9%) = d(by,9) = d*[9] (21)

and the law of cosines for triangle A(by9as), Eq. 18 and Eq. 21 yield,
d(ap,by)* = d(by,9%)* +d(ap,9)* — d(by, %)d(ap, ) cos(LbyIpar)
= 2(d*[9])2 — (d*[9])% cos(Zz9pap) (22)
< 2(d*[9])%

Then, from Egs. 19, 20 and 22, the distance between the UAVs d(ay, 2,) satisfies

272 @ 212
o) 2 a1 1 o] = a1 - e

(23)
. 2
> d(a by)yf [1 - SEEIE] = Ld(an,b) > Ld(Ay).
Sufficient spacing, i.e.,
d(ab,Zb) > dsepa (24)

can be ensured if the minimal distance d(Ag) in Eq. 23 between intersection points Ag of node 9 can
be designed to be sufficiently large. In particular, choosing a large radius d*[9] of the conflict-free
boundary circle B.[9] enables a large separation between the intersection points Ag that need to be

distributed on the circumference of the conflict-free boundary circle B.[9], i.e., to achieve
d(Ag) > V2dsep (25)

to ensure the condition in Eq. 24 that the distance d(ay, z,) between the UAVs satisfies the separation

requirement,

d(ab, Zb)

Y%

d(Ag) > dsep- (26)
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Assumption 4 (Sufficiently-spaced intersection points) Fach node N that has more than one
edge-to-edge transition, i.e., a potential for conflict during edge-to-edge transition, the minimal dis-
tance d(Ap) in Eq. 11 between intersection points Ay of node N is sufficiently large, i.e., satisfies
Eq. 25. Moreover, the height h*[N] of the conflict-free boundary cylinder in Assumption 2 is suffi-
ciently large so that the edge-to-edge transition levels Hy (-) are sufficiently separated (hy > dgep) to
avoid conflicts between UAVs at different levels, and all levels can be contained inside the conflict-free

boundary cylinder.

Under Assumptions 1-4 there are no conflicts between UAVs in the uNet whose routes do not

share an edge.

Remark 4 (Non-vertical ascent and descent) If vertical ascent and descent is not feasible
(e.g., with the inclusion of fized-wing UAVs), then the edge-to-edge transition scheme can be modi-
fied with gradual ascent and descent. In particular, by making the size of the circles Cn(+) around
which transition points into and out of each level are made larger for levels that are closer to the
node N. For example, the circle Cy(3) at level Hy(3) in the example in Fig. 3, around which
transition points at locations ayf,cy and f¢ are arranged, can be the smallest, followed by a larger
level Ho(2) and level Ho(1) can be the largest, as illustrated in 5(a). It is also possible to consider
bounded turn rates, e.g., as studied in [51], which can require the use of increased spacing and

smoother turns rather than sharp turns to ensure safety.

Remark 5 (Narrow streets) In narrow streets, for sufficient separation between edges, only one
edge might be permitted, unless the UAVs fly above the buildings. Alternatively, two edges could be
stacked vertically one above the other to enable flight in two directions, In this case the arrivals can
be separated into different levels, and the proposed approach can be used to ascend or descend to a

different edge, as illustrated in Fig. 5(b).

Remark 6 (On-demand de-confliction) The vertical ascent and descent adds time to the UAV
flight. It is possible to only use the different levels when needed, e.g., as in on-demand de-conflicting
schemes [52]. For example, if there are no conflicts at a node N for the k" UAV U (k) with previously

scheduled UAVs, then the UAV U (k) can directly proceed from the intersection point ay(-) into the
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node at the circumference of the conflict-free boundary circle B.[N] to node N followed by movement
to the intersection point an(-) out of the node N. If there is potential for conflict, say for UAV
U(k+1) with UAV U(k), then the later UAV U(k+ 1) selects the next-closest available level Hy (-)

to achieve the edge-to-edge transition, as illustrated in Fig. 5(c).

N \‘; b
e (8.9} 5
¢ AL
{9.8} f\
{9.5} (5,00 195
(a) Non-vertical ascent & descent (b) Arrival & departure at different level (c) On-demand de-conflicting

Fig. 5 Schematic alternate approaches to decoupling edge-to-edge transitions at node 9.

B. Scenario 2: de-conflicting UAV routes with shared edge

The second scenario for potential conflict occurs between UAVs on routes that share an edge.
There are two conflict cases under this scenario: (i) during turns when UAVs are following each

other; and (ii) during merges into an edge.

1. Case 1: de-conflicted turns when UAVs follow each other

The first case of conflicts during turns is studied here. Note that even if two UAVs on a single
edge are sufficiently separated initially, the spacing between them can decrease when making turns,
e.g., for making edge-to-edge transitions at a node or on turns within a single edge. Therefore, the
spacing between UAVs following each other on a turn edge needs to be sufficiently large to ensure
conflict-free turns as shown in previous works for conflict resolution, e.g., [43, 52]. In particular,
if two UAVs have the same speed V (m/s) on an edge, then two UAVs arriving on the edge, one

following the other, are conflict-free during turns on the edge if they are separated in arrival time
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at the start of the edge by minimal time T,,;, that satisfies, e.g., see Lemma 2 in [43],

1 1 dse

where ¢* < 7 is the maximum turn angle between straight sections of the route and d,,;, is the
minimal separation between UAVs along straight sections of the route, as shown in Fig. 6. This is

formally stated in the following assumption.

dmin
<>

Fig. 6 Increased spacing needed (dmi» in Eq. 27) for heading change ¢.

Assumption 5 (Constant-speed flight) The edges and transitions between the edges are consid-
ered to be straight segments and turn between these segments of angle ¢ less than the mazimum
turn angle of ¢*. The speed of UAVs along all straight sections in the route network is a constant
V' m/s and scheduled time of arrivals (STAs) into each input location L;(-) in the route network
will be spaced at least by the minimal time Ty for conflict-free turns in Eq. 27. Moreover, the
height h*[N] of the conflict-free boundary cylinder in Assumption 2 is sufficiently large so that the

edge-to-edge transition levels Hy (+) are sufficiently separated

to decouple potential conflicts due to multiple heading changes at different levels [43], and all levels

can be contained inside the conflict-free boundary cylinder.

Remark 7 (UAVs with different speeds) The spacing condition in Eq. 27 for conflict-free turns
can be generalized to include UAVs with different speeds and turn dynamics, e.g., see spacing
conditions developed in [51, 53]. If the UAVs have several substantially different operating speeds,

then it might be advantageous to create a different set of routes for each operating speed. Other
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solutions, e.g., with variable speed UAVs, could include waiting for sufficient time just before arriving
at each mode to avoid conflicts with UAVs passing through the node that were scheduled earlier.
However, the resulting wait-related delay could be avoided by the proposed de-conflicting approach

using out-of-plane edge-to-edge transitions.

2. Case 2: de-conflicted merging into a shared edge

A scheduling-based de-conflicting approach for the second case in the shared-edge scenario, i.e.,
for conflicts between UAVs merging into a shared edge, is studied next. Consider two UAVs, say
U(1) and U(2) transition from two different edges, say E (1) and E(2), in the set of edges € 5, into
node N to the same edge, say En(3) € £, out of node N. Then, there is potential for conflict at
the intersection point @y (3) of the edge Ex(3) with the the conflict-free boundary circle B.[N]. For
example, consider two UAVs U(1) and U(2) transitioning from two different edges Eq¢(1) = {10,9}
and E4(2) = {8,9} into node N = 9 to the same edge Fq(3) = {9,5} out of node N = 9. Then,
there is potential for conflict at the intersection @g(3) = e of the output edge Fo(3) with the conflict-
free boundary circle B.[9], as in Fig. 7. In particular, conflict occurs if both UAVs U(1) and U(2)
attempt to reach the location e at the same time. Conflict can be avoided if the arrival times t.(1)
and t.(2) for the two UAVs U(1) and U(2), respectively, at location e of the edge {9,5} out of the

node 9 are sufficiently separated, i.e.,

|te(1)_te(2)| > dmzn/V = Tmin~ (29)

Fig. 7 Potential conflict at ¢ when UAVs U(1) and U(2) merge into edge {9,5}.
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Remark 8 (Sufficency of de-conflicting at arrival points) Since the UAVs have the same
travel speed V' from Assumption 5, the spacing of arrivals of UAVs by the minimum time Tpin
at any intersection point of an edge out of a node N with its conflict-free boundary circle B.[N]
ensures that the UAVs remain separated, both before and after, as long as they continue to travel

together along the same set of edges and nodes.

Assumption 6 (Isolation from UAVs outside ulNet) The uNet is sufficiently isolated and
there are are no conflicts with UAVs in the uNet and other UAVs outside of the uNet, e.g.,
with UAVs prior to its arrival into the uNet at an intersection point in the set Ar, ) associated
with node L;(k) and after its final departure from the UAV from an intersection point in the set

AL, (k) associated with node Ly (k).

At each intersection point ay (i) € An of edges associated with node N and its conflict-free
boundary circle B.[N], let the associated UAV arrival times be t,,¢;(k) such that ¢, (k) <
tay(iy(k+1) for & < k + 1. Then, under Assumptions 1-6 and with the proposed de-conflicting
scheme, there are no conflicts provided the arrival times of UAVs ¢, (;(k) (at each intersection

point ay (i) of each node N) are sufficiently separated, i.e.,
tay(y(kK+1) —toy @y (k) > Tin. (30)

Remark 9 (Managing uncertainties) The proposed approach relies on UAVs meeting scheduled
arrival times at different nodes. If a scheduled arrival time is not met, then the spacing between
the UAVs could become lower than the minimal spacing dsep. One approach to manage small un-
certainties in the arrival time is to provide some additional buffer, i.e., by using a larger minimal
spacing dsep in the ulNet design, e.g., as in [43]. Additionally, the operating speed of UAVs in the
uNet should be below the mazximum operating speed of the UAVs, to enable short-duration increases

in speeds to meet a specified arrival time at the next node.

IV. Example conflict-free UAV scheduling

The separation of arrival times at the intersection points A = |J Ay of edges and conflict-free
N

boundary circle B.[N] of each node N of the route network can be achieved using existing solutions

20



to resource allocation problems. Scheduling for the proposed uNet is illustrated with the context-
aware route planning (CARP), where a new agent selects a route and schedules the arrival time

such that the new agent is conflict-free with respect to previous agents [44].

A. Example uNet

Consider an example ulNet, shown in Fig. 8. This is an an lllustrative example that includes
multiple sectors and the typical intersection types. The example does have the advantage of sim-
plicity and sufficient details are provided for potential comparative evaluations with other methods
that might be developed in the future. It is composed of four repetitions of the sNet S(1) in Fig. 2,
where the boundaries the sNets are denoted by red dashed lines in Fig. 8. Potential initial and final

node locations L; and Ly, respectively, are to be selected from the set £

£=1{1,2,3,7,13,14,17,20, 23,24, 28, 33, 34, 37, 40, 42} (31)

depicted by white circles in Fig. 8. The grid spacing of the route network in Fig. 8 is assumed to be
100m, which is a medium-sized city block, e.g., in Seattle [54]. Since GPS with Wide Area Augmen-
tation System (WAAS) can have positioning error of say 3 — 7m, ideally the minimal separation dse,
between UAVs should be 6 — 14m. Given the five edge intersection at, say node 4, de-conflicting the
edge-to-edge transitions would require a separation of the UAV path into four paths at each level,
e.g., as in Fig. 3. On-demand de-confliction as in Remark 6, e.g., to only use the different levels
when needed, is not considered here. Assuming that all the paths are uniformly distributed, i.e.,
at angle 27/5 from each other, this requires a maximum heading change of ¢* = 7= — 27/5 = 37/5.
Then the minimal separation between the UAVS is dyyin = dsep/cos(¢*/2) = 10 — 23m from Eq. 27.
The spacing between UAVs on the same route is assumed to be d,,;, = 20m. With a speed of
say V = 4m/s (about a tenth of the maximum expected UAV speed [55]), the time spacing Tin

between UAV arrivals then needs to be T = dpin/V = bs.

B. Selection of UAV arrivals into ulNet

Simulations were performed to assess delays with the proposed FCFS scheduling approach. Note
that the time needed to move across the eight grids of the example ulNet in Fig. 8, with grid spacing

of 100m and speed V = 4m/s is Ty = 25s. Updates of the uNet, i.e., when new UAVs are allowed
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Fig. 8 Example uNet. Potential initial and final locations are depicted by white circles.

to enter were performed at a time interval of Th = 1s and time ¢ was discretized as

tln] =n*Th. (32)

Let a set of scheduled routes R(7), i = 1,2,---,k — 1 be given at discretized time instant ¢[n]. Then
a random number r[n] € [0,1] was selected and a new UAV U(k) was selected with an expected

time of arrival ET A(k) = t[n] if the random number was less than a probability of arrival p,, i.e.,

r[n] < pa. (33)

The input location L;(k) and the final location L (k) for the UAV U (k) were chosen randomly from
the set £. Then, the scheduled time of arrival ST A(k) was found in a two step procedure: (i) select

a minimal distance route R(k) from the input location L;(k) to the final location L (k) through
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the network; and (ii) select a conflict-free scheduled time of arrival ST A(k)

STA(k) > ETA(k), (34)

that is closest to the expected time of arrival ET A(k) as follows.

1. Select the scheduled time of arrival ST A for UAV U(k) to be the expected time of arrival

ETA(k).

2. Check for conflicts for UAV U(k) with previously scheduled UAVs.

3. If there is a conflict in step 2, then increment the scheduled time of arrival ST A by Ta and

repeat step 2.

4. If there are no conflicts in step 2, then assign the current scheduled time of arrival ST A to

UAV U(k).

The process of generating a random number at update time ¢[n] was repeated, e.g., for UAV U (k+1)
until the random number was larger than the probability of a UAV arrival, i.e., r[n] > p, resulting
in no new UAVs. The update time was then incremented to t[n + 1]. Note that more than one UAV
can have an expected time of arrival ETA of ¢[n]. The process was stopped when the number of

UAVs in the system reached k = 1000.

C. Simulation results

The delay D(k) = STA(k) — ETA(k) for each UAV was found and is plotted as a function of
the probability p, in Fig. 9 for a 1000 UAVs. Seven simulation trials were done for each different
arrival probability p,. The simulations results are shown for two different arrival time separations
Tonin were used: left plot, Ty, = 5s; and right plot, Tinin = 2s. In these simulations, the time
of flight from the departure intersection point in Ay (7) of a node N(i) to the arrival intersection
point in Ay (j) of another node N(j) was approximated by the distance between the two nodes. As
expected, the delays tend to increase with probability of arrival p,. Delays can be reduced by using
a smaller arrival time separation, e.g. for T,,;, = 2s instead of for T},;, = 5s, as seen in Fig. 9.
The average maximum delay, e.g., for arrival probability p, = 0.5 decreases by 87.3%, from 97.6s

to 12.4s when the separation time is decreased from T},;, = 5s to Tpin = 2s.
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Fig. 9 Delays for different arrival probability p, and arrival time separation T),y,.

Substantial delays might not be acceptable to users. The simulation results indicate the effect of
potential UAV conflict (e.g., the separation requirement) on delays. As the UAV deunsity increases,
or as the separation requirements get large, there can be a substantial impact on the delays in
the system. Clearly, one approach to reduce delays is to increase precision of the UAV navigation
system, i.e., decrease the arrival time spacing T;,,;, between UAVs, however, this can increase costs.
An alternative approach is to choose a set of possible routes R (k) consisting of more than one viable
route for each UAV. Then, an optimal route R(k) € R(k) can be selected to optimize other criteria
such as minimal delay between expected time of arrival at the destination ET A4(k) and scheduled
time of arrival at the destination ST A4(k). Note that a longer route (not energy optimal) might lead
to a smaller delay at the destination. Other combinations of the energy cost (path length that can
be approximated by ST A4(k) — ST A(k)) and the delay at the destination ST A4(k) — ET Aq(k) can
be used to select a route R(k) from the set of acceptable routes R(k). Another approach to reduce
delays is to modify the route network. If certain routes have high demand, additional routes could
be added in parallel to these dense route or allow UAVs to bypass the congested areas. Similarly,
direct higher-speed edges could be added between very high demand nodes to reduce the overall

delay in the system.

24



D. Future work

The implementation of the proposed uNet approach will require additional development and
evaluation of protocols for emergencies. For example, an evaluation of the proposed ulNet approach
for human factors issues is needed to ensure that human supervisors can monitor and maintain
overall situational awareness of overall system. The scheduling approach can be extended to ac-
commodate human-operated systems in the uNet route structure provided the intended route is
known. Additionally, if the UAV is not able to reach intermediate nodes in a specified time, e.g.,
due to uncertainties such as wind, routing is needed to land the UAV in a designated location, or
the routing needs to be dynamically updated. Such emergency re-routing could be a pre-planned
set of waypoints specific to each edge section in the route network. Moreover, sensors on-board the
UAV could also check for battery life with planned stops for battery swaps for long-distance travel.
Moreover, to ensure that the UAVs can meet the uNet requirements, certification protocols need to
be established and testing facilities are needed to prove UAV viability before acceptance into the
uNet. Such viability tests could include the ability of the UAV to obtain GPS data, communicate
with a typical sNet, and power usage to assess range of operation. Finally, as with self-driving
cars, risk assessment and liability issues will need to be addressed to handle situations such as a
UAV crash on a roadway. Future work could also study strategies such as reducing the number of
UAVs in the uNet to manage large scale changes in the operating conditions, e.g., as in conventional

air-traffic flow management [56].

V. Conclusions

This article proposed a new Unmanned Aerial Vehicle (UAV) operation paradigm to enable a
large number of relatively low-cost UAVs to fly beyond-line-of-sight. The use of an established route
network for UAV traffic management was proposed to reduce the onboard sensing requirements
for avoiding such obstacles and enable the use of of well-developed routing algorithms to select
UAV schedules that avoid conflicts. Another contribution of this work was to propose a decoupling
scheme for conflict-free transitions between edges of the route network at each node to reduce

potential conflicts between UAVs and ensuing delays. A simulation example and an example first-
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come-first-served scheduling scheme was used to illustrate the uNet approach.
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