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(57) ABSTRACT 

One embodiment provides a method comprising receiving a 
flight plan request for a drone. The flight plan request 
comprises a drone identity, departure information, and 
arrival information. The method further comprises con­
structing a modified flight plan for the drone based on the 
flight plan request, wherein the modified flight plan repre­
sents an approved, congestion reducing, and executable 
flight plan for the drone, and the modified flight plan 
comprises a sequence of four-dimensional ( 4D) cells repre­
senting a planned flight path for the drone. For each 4D cell 
of the modified flight plan, the method further comprises 
attempting to place an exclusive lock on behalf of the drone 
on the 4D cell, and in response to a failure to place the 
exclusive lock on behalf of the drone on the 4D cell, 
rerouting the modified flight plan around the 4D cell to a 
random neighboring 4D cell. 
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1 

DRONE AIR TRAFFIC CONTROL AND 
FLIGHT PLAN MANAGEMENT 

2 
FIG. 1 illustrates an example air traffic control and flight 

plan management system 200, in accordance with an 
embodiment of the invention; 

The present invention generally relates to drones, and 
more particularly, to a scalable, flexible, automated, air 
traffic control and flight plan management system for drones. 

FIG. 2 illustrates the air traffic control and flight plan 
5 management system in detail, in accordance with an 

embodiment of the invention; 

BACKGROUND 

Current drone management systems of single or fleet of 
drones via conventional radio control protocols have mul­
tiple disadvantages. For example, there are currently no 
plans for general air traffic control and no way to expand 
existing air traffic control systems to high traffic volumes 
and potential traffic congestion required for many drone 
applications such as package pickup and delivery. State-of­
the-art drones have on-board collision avoidance systems; 
but these systems are not designed to function in heavily 
congested airspace. As another example, there is currently 

FIG. 3 illustrates an example representative architecture 
for a scalable, flexible, automated, air traffic control and 
flight plan management system for drones, in accordance 

10 with an embodiment of the invention; 
FIG. 4 illustrates a flowchart of an example process that 

a zone controller implements for locking successive four­
dimensional ( 4D) cells included in a modified flight plan for 

15 
a drone, in accordance with an embodiment of the present 

no ubiquitous infrastructure for flight plan management for 20 

drones in multiple heterogeneous applications. Current work 
in this area addresses general air traffic control using human 
controllers with eventual automation, an approach that suf­
fers from a scalability issue. Further, there are presently no 
widespread infrastructures for drone service, no services like 25 

weather forecasts suited to drone requirements, and no fail 
safe designs for drones to enable safe usage over populated 
areas. 

SUMMARY 30 

Embodiments of the present invention provide a method 
comprising receiving a flight plan request for a drone, 
wherein the flight plan request comprises an identity of the 
drone, departure information for the drone, and arrival 35 

information for the drone. The method further comprises 
constructing a modified flight plan for the drone based on the 
flight plan request, wherein the modified flight plan repre­
sents an approved, congestion reducing, and executable 
flight plan for the drone, and the modified flight plan 40 

comprises a sequence of four-dimensional ( 4D) cells repre­
senting a planned flight path for the drone. For each 4D cell 
of the modified flight plan, the method further comprises 
attempting to place an exclusive lock on behalf of the drone 
on the 4D cell, and in response to a failure to place the 45 

exclusive lock on behalf of the drone on the 4D cell, 
rerouting the modified flight plan around the 4D cell to a 
random neighboring 4D cell. 

These and other aspects, features and advantages of the 
invention will be understood with reference to the drawing 50 

figures, and detailed description herein, and will be realized 
by means of the various elements and combinations particu­
larly pointed out in the appended claims. It is to be under­
stood that both the foregoing general description and the 
following brief description of the drawings and detailed 55 

description of the invention are exemplary and explanatory 

invention; 
FIG. 5 illustrates a flowchart of an example process that 

a zone controller implements for detecting change in an 
executable flight plan for a drone, in accordance with an 
embodiment of the invention; 

FIG. 6 illustrates a flowchart of an example process that 
a zone controller implements for detecting failure in execu­
tion of an executable flight plan for a drone, in accordance 
with an embodiment of the present invention; 

FIG. 7 illustrates an example framework for a drone 
programming environment, in accordance with an embodi­
ment of the invention; 

FIG. 8 illustrates an example onboard drone adaptor on a 
drone, in accordance with one embodiment of the invention; 

FIG. 9 illustrates an example remote adaptor on a server 
of a zone controller, in accordance with one embodiment of 
the invention; 

FIG. 10 illustrates an example drone management data 
structure system, in accordance with an embodiment of the 
invention; 

FIG. 11 illustrates an example tree data structure, in 
accordance with an embodiment of the invention; 

FIG. 12 illustrates an example split operation, in accor­
dance with an embodiment of the invention; 

FIG. 13 illustrates an example merge operation, in accor­
dance with an embodiment of the invention; 

FIG. 14A illustrates an example drone receiver, in accor­
dance with an embodiment of the invention; 

FIG. 14B illustrates an example top view of the drone 
receiver in FIG. 14A, in accordance with an embodiment of 
the invention; 

FIG. 14C illustrates an example bottom view of the drone 
receiver in FIG. 14A, in accordance with an embodiment of 
the invention; 

FIG. 14D illustrates another example bottom view of the 
drone receiver in FIG. 14A, in accordance with an embodi­
ment of the invention; 

FIG. 14E illustrates an example drone receiver mounted 
onto/coupled with a non-stationary flat-bed ground or water 
vehicle, in accordance with an embodiment of the invention; 

FIG. 15 illustrates a concept of feasibility, in accordance 
with an embodiment of the invention; of preferred embodiments of the invention, and are not 

restrictive of the invention, as claimed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 16 illustrates an example application of a heuristic 
ordering of tasks based on a recursive polygonal spiral, in 

60 accordance with an embodiment of the invention; 

The subject matter which is regarded as the invention is 
particularly pointed out and distinctly claimed in the claims 
at the conclusion of the specification. The foregoing and 
other objects, features, and advantages of the invention are 65 

apparent from the following detailed description taken in 
conjunction with the accompanying drawings in which: 

FIG. 17 illustrates a flowchart of an example process that 
the system implements for managing a moving drone 
receiver, in accordance with an embodiment of the present 
invention; and 

FIG. 18 is a high level block diagram showing an infor­
mation processing system useful for implementing one 
embodiment of the invention. 
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The detailed description explains the preferred embodi­
ments of the invention, together with advantages and fea­
tures, by way of example with reference to the drawings. 

4 
the system provides sufficient congestion reduction, such 
that the situations in which avoiding collisions becomes an 
issue will rarely arise. 

FIG. 1 illustrates an example air traffic control and flight 
DETAILED DESCRIPTION 5 plan management system 200, in accordance with an 

embodiment of the invention. The system 200 comprises one 
or more server devices 210, and one or more storage devices 
220. The storage devices 220 may maintain one or more 
databases 260. The system 200 may exchange data with one 

The present invention generally relates to drones, and 
more particularly, to a scalable, flexible, automated, air 
traffic control and flight plan management system for drones. 
Embodiments of the present invention provide a method 
comprising receiving a flight plan request for a drone, 
wherein the flight plan request comprises an identity of the 
drone, departure information for the drone, and arrival 
information for the drone. The method further comprises 

15 
constructing a modified flight plan for the drone based on the 
flight plan request, wherein the modified flight plan repre­
sents an approved, congestion reducing, and executable 
flight plan for the drone, and the modified flight plan 
comprises a sequence of four-dimensional ( 4D) cells repre- 20 
senting a planned flight path for the drone. For each 4D cell 

10 or more drones 50 and/or one or more zone controllers 60 

of the modified flight plan, the method further comprises 
attempting to place an exclusive lock on behalf of the drone 
on the 4D cell, and in response to a failure to place the 
exclusive lock on behalf of the drone on the 4D cell, 25 

rerouting the modified flight plan around the 4D cell to a 
random neighboring 4D cell. 

Embodiments of the invention may utilize an existing 
cellular phone network as a communication medium and 
fundamental structure for air traffic control zones (i.e., 30 

ground zones). The fundamental structure for air traffic 
control zones is two-dimensional (2D), specified as intervals 
in longitude and latitude. Each drone has a corresponding 
unique identifier (e.g., a cell phone number) that may be 
used for communication (e.g., via text messaging). For 35 

example, each drone may communicate with its correspond­
ing unique identifier in response to a hand-off from one 
cellular phone tower to another in the cellular phone net­
work. 

via one or more communication mediums ( e.g., an existing 
cellular phone network). As described in detail later herein, 
one or more application units may execute/operate on the 
server devices 210 to provide a distributed service config­
ured to partition available air-space below a pre-specified 
altitude and time into 4D cells, and exclusively lock one or 
more of the 4D cells in one or more air traffic control zones 
on behalf of a drone 50. 

In one embodiment, the system 200 is configured to 
receive different types of input and provide different types of 
responses. For example, in response to receiving as input a 
request for a unique identifier for a drone 50, the system 200 
assigns a unique identifier to the drone 50 and responds with 
the unique identifier. The unique identifier may be any type 
of identifier ( e.g., a cell phone number). As another example, 
in response to receiving as input a flight plan request for a 
drone 50, the system 200 responds with an executable flight 
plan for the drone 50. As another example, in response to 
receiving as input a detected change in an executable flight 
plan for a drone 50, the system 200 responds with a new and 
approved executable flight plan for the drone 50. As another 
example, in response to receiving as input a detected failure 
of a drone 50, the system 200 responds with one or more 
required changes to one or more other executable flight 
plans for one or more other drones 50, and a notification that 
the drone 50 has gone missing near a last known location for 
the drone 50. 

FIG. 2 illustrates the air traffic control and flight plan 
management system 200 in detail, in accordance with an 

40 embodiment of the invention. In one embodiment, the 
storage devices 220 (FIG. 1) maintain at least one database 
400 maintaining a collection of executable flight plans 410, 
where each executable flight plan 410 corresponds to a 
drone 50. 

Embodiments of the invention provide a scalable, flexible, 
automated, air traffic control and flight plan management 
system for drones, the system configured to provide a 
distributed service that partitions and locks available air­
space into four-dimensional ( 4D) cells. Each 4D cell is 
specified by intervals of four different dimensions. In one 45 

embodiment, the four different dimensions comprise three 
spatial dimensions (e.g., longitude, latitude and elevation) 
and one temporal dimension (e.g., time). The 4D cells have 
much finer granularity than any existing cellular phone 
network partition, thereby enabling air traffic control to be 50 

maintained via fine grained management and modification of 
flight plans. Air traffic control zones may share boundary 
cells. 

Embodiments of the invention avoid congestion by lock­
ing 4D cells in air traffic control zones to ensure that 
different executable flight plans may not share 4D cells. In 
one embodiment, the air traffic control and flight plan 
management system is configured to receive a request for an 
executable flight plan for a drone, lock 4D cells in air traffic 
control zones exclusively for the flight plan, and return/ 
provide the flight plan. The executable flight plan may be 
modified each time the drone moves from one air traffic 
control zone into another, thereby ensuring that the flight 
plan comprises best estimates for times of takeoff, landing, 
air traffic control zone arrival and/or air traffic control zone 
departure. The air traffic control and flight plan management 
system assumes collision avoidance is already implemented; 

The system 200 further comprises a partition module 450 
configured to partition available air-space into fine grained 
4D cells. In one embodiment, each 4D cell is specified by 
intervals of three spatial dimensions, such as longitude, 
latitude and elevation, and one temporal dimension, such as 
time. Minimum dimensions for 4D cells must satisfy the 
condition that each 4D cell is large enough to allow a drone 
to maintain its location within the 4D cell and to move 
vertically (i.e., change its elevation) from one 4D cell to 
another 4D cell immediately above or below the current 4D 

55 cell, without changing the horizontal intervals (e.g., latitude 
and longitude) defining the current 4D cell. Minimum 
dimensions for 4D cells may be based on one or more 
characteristics of a class of drones managed by the system 
200, such as maximum horizontal speed, maximum required 

60 tolerance for position, speed, heading, etc. 
In one embodiment, the at least one database 400 main­

tains a collection of data structures 420, where each data 
structure 420 corresponds to a 4D cell and includes infor­
mation relating to the 4D cell ( e.g., an identity of a drone 50 

65 that has an exclusive lock on the 4D cell). 
The system 200 further comprises a locking module 460 

configured to exclusively lock 4D cells on behalf of a drone 
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between a last 4D cell locked on behalf of the drone 50 and 
a randomly chosen adjacent/neighboring 4D cell that is not 
locked, and (2) an angle between a first segment and a 
second segment is not obtuse, where the first segment is 
between the last 4D cell locked on behalf of the drone 50 and 
the randomly chosen adjacent/neighboring 4D cell, and the 
second segment is between the last 4D cell locked on behalf 
of the drone 50 and the 4D cell that is already locked. 

In a preferred embodiment, a plamied flight path for a 
drone 50 is kept straight. In another embodiment, a plamied 
flight path for a drone 50 may be adjusted to minimize the 
number of 4D cells locked on behalf of the drone 50 by 

50 (FIG. 1). Specifically, the system 200 may receive, as 
input, a flight plan request for a drone 50 either from a zone 
controller 60 (FIG. 1) or the drone 50. The flight plan request 
may include a filing of a flight plan for the drone 50 ("the 
initially filed flight plan"). The initially filed flight plan 5 

comprises an identity of the drone 50 ( e.g., corresponding 
unique identifier), earliest requested flight time and/or latest 
desired arrival time for the drone 50, departure location for 
the drone 50, and one or more arrival locations for the drone 
50. The locations included in the initially filed flight plan 10 

may be specified as three-dimensional (3D) coordinates. The 
locking module 460 constructs a modified flight plan for the 
drone 50 based on the initially filed flight plan. The modified 
flight plan is an approved and executable flight plan for the 
drone 50. The modified flight plan comprises the identity of 
the drone 50 and a plamied flight path for the drone 50. The 
planned flight path comprises a sequence of 4D cells, such 

making adjustments in location to keep each successive 4D 
15 cell on the flight path unique. 

In one embodiment, a plamied flight path for a drone 50 
may be adjusted to bias towards lower altitudes whenever 
the altitude is more than one vertical unit (i.e., the height of 
the relevant 4D cell) above the ground, thereby protecting 
the drone 50 from external forces that are magnified at 
higher altitudes, such as wind. 

as an approved departure cell and a sequence of approved 
arrival cells. In one example implementation, the 4D cells 
represent 4D locations represented by two horizontal inter- 20 

vals ( e.g., longitude and latitude), one vertical interval ( e.g., 
elevation), and one time interval. An air traffic control zone The system 200 further comprises a lock conflict module 

470 configured to maintain a pre-determined rate of lock 

25 conflict for each air traffic control zone. 4D cells form a 

or a 4D cell is on a flight path if any part of the air traffic 
control zone or the 4D cell is within a pre-specified distance 
of any point on the flight path. 

As described in detail later herein, the locking module 460 
applies an algorithm that exclusively locks each 4D cell 
included in the modified flight plan. The modified flight plan 
may also include additional arrival locations. The system 
200 returns/provides the modified flight plan to either the 30 

zone controller 60 or the drone 50. 
The locking module 460 attempts to obtain/place an 

exclusive lock on behalf of a drone 50 on each 4D cell 

partition of air space below a pre-specified altitude and time; 
the 4D cells are organized/grouped into rectilinear 2D zones. 
For example, 4D cells are organized/grouped into air traffic 
control zones. To maintain a pre-determined rate of lock 
conflict for an air traffic control zone, the lock conflict 
module 470 may trigger the repartitioning of the air traffic 
control zone into more or fewer 4D cells, where the repar­
titioning is independent of other air traffic control zones and 

included in a modified flight plan for the drone 50. In one 
example implementation, the locking module 460 obtains/ 
places an exclusive lock on a 4D cell on behalf of a drone 
50 by registering an identity of the drone 50 in the 4D cell. 
In one embodiment, each 4D cell included in the modified 

35 subject to minimum dimensions for 4D cells. 

flight plan satisfies the following condition: some point of 40 

the 4D cell is within a pre-specified distance of a path 
defined by an original 3D location of the drone 50 and 
segments between 4D cells of the modified flight plan. 

If the locking module 460 fails to obtain/place an exclu­
sive lock on behalf of a drone 50 on a 4D cell included in 

45 

a modified flight plan for the drone 50 (i.e., the 4D cell is 
already locked on behalf of another drone 50), the locking 
module 460 reroutes the modified flight plan around the 4D 
cell to a random adjacent/neighboring 4D cell that is to the 50 

left of, right of, above, below, or later in time than the 4D 
cell, from the point of view of the modified flight plan 
toward the 4D cell. An available set of randomly chosen 
adjacent/neighboring 4D cells may include "later" cells with 
the same 3D coordinates, where each "later" cell indicates 55 

that the drone 50 is to remain in the same 3D cell (or wait 
before takeoff) for one time unit, the time unit being the time 
duration (i.e., time interval) of the 4D cell. 

In one embodiment, the system 200 maintains a quater­
nary tree of hierarchical 2D zones, where the finest grained 
zones are of at least a minimum size required for tolerances. 
If a zone is a source of significant contention among multiple 
initially filed flight plans, the zone may be refined into four 
zones. In another embodiment, each 4D cell of the zone may 
be partitioned into multiple 4D cells. In one example imple­
mentation, to determine a sequence of 4D cells to include in 
a modified flight plan for a drone 50, a depth first search of 
a quaternary tree of hierarchical 2D zones is performed, 
following zones on path. At leaves of the tree, 4D cells on 
path are determined and an identity of the drone 50 is 
registered in each of the 4D cells determined, thereby 
exclusively locking the 4D cells on behalf of the drone 50. 
If an exclusive lock on a 4D cell fails to be placed/obtained, 
the modified flight plan is rerouted around the 4D cell and 
the lock conflict module 470 increments a corresponding 
count of lock conflicts for the zone. If a corresponding count 
oflock conflicts for a zone exceeds a pre-determined thresh-
old, the lock conflict module 470 schedules 4D cells of the 
zone for partition. In another example implementation, 
optimistic concurrent breadth first search of the quaternary 
tree of hierarchical 2D zones is performed instead. If an 
exclusive lock on a 4D cell fails to be placed/obtained, 

In one embodiment, 4D cells at ground level are not 
lockable. 

60 rerouting around the 4D cell includes abandoning 4D cells 
no longer on the path. 

In one embodiment, to reroute a modified flight plan for 
a drone 50 around a 4D cell that is already locked on behalf 
of another drone 50, the locking module 460 adds a new 
location to a plamied flight path included in the modified 
flight plan. The new location must satisfy the following 
conditions: (1) the new location is on a shared boundary 

In this specification, let the terms "lat", "long" and "elev" 
denote latitude, longitude and elevation, respectively. 

Table 1 below provides medium level detail of example 
65 pseudo-code for an algorithm that the locking module 460 

applies when locking successive 4D cells included in a 
modified flight plan. 
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TABLE 1 

Input in Base State: 
• Current position as 4D location (time, lat, long, elev) . 
• Horizontal and Vertical speed of drone (hspeed, vspeed) 
• All required cells to this point locked 
• Eight surrounding 4D locations defining convex 4D space 
• At least one of eight surrounding locations on at least one cell boundary 
• Target 3D position (in zone) 

lockNextCell: 
• If at target then return success 
• For each surrounding location and each new cell on the boundary with the surrounding 

location 

move: 

0 Lock new cell 
0 Iffail, then { 

undo previous move 
call reroute(cell already locked, surrounding location, boundary) 

• Move current position and rigidly move the eight surrounding locations in the direction 
of the target until the base state conditions above are again satisfied: 

0 If at same lat and long as target then heading is in elev direction only 
0 Compute rate in each dimension (time always has rate 1) from heading and 

speed 
0 For each surrounding location: 

Compute time to next cell boundary using rate in each dimension 
0 Find minimum time to next cell boundary 
0 Advance current position and all surrounding points by minimum time 

Returning to base state 
• Iterate through steps of the algorithm 

Input in Base State 
Input: cell X on boundary Y with surrounding location z where locking failed 
reroute: 

• Select at random one of the following directions: 
0 Delay ( advance across time boundary if orthogonal to Y) 
0 Up (if available and orthogonal to Y, advance across elevation boundary) 
0 Down (if available and orthogonal to Y, advance across elevation boundary) 
0 Lat (if available and toward target and orthogonal to Y, advance across lat 

boundary) 
0 Long (if available and toward target and orthogonal to Y, advance across long 

boundary) 
• Try lockNextCell from move with trial direction replacing old heading 
• If fail, try again without replacement until pre-specified number of trials 
• If success, call lockNextCell on result state 
• If fail return fail 

8 

Table 2 below provides fine level detail of example 
pseudo-code for an algorithm that the locking module 460 
applies when locking successive 4D cells included in a 
modified flight plan. For simplicity of presentation, it is 
assumed that each change of3D location in a modified flight 

plan is either a vertical move only or a horizontal move only, 
40 not both. Further, it is generally assumed that a modified 

flight plan may include simultaneous horizontal moves and 
vertical moves with only a slight increase in the complexity 
of Table 2. 

TABLE 2 

This level of detail assumes a binary tree for each dimension describing the intervals 
corresponding to cells. 
In some embodiments hspeed and vspeed are functions of position based on estimated wind 
velocity. 
Given position (pTime, pLat, pLong, pElev), the eight surrounding locations are: 

1. (pTime+timeTh, pLat, plong, pElev) 
2. (pTime-timeTh, pLat, pLong, pElev) 
3. (pTime, pLat+latTh, pLong, pElev) 
4. (pTime, pLat-latTh, pLong, pElev) 
5. (pTime, pLat, pLong+longTh, pElev) 
6. (pTime, pLat, pLong-longTh, pElev) 
7. (pTime, pLat, pLong, pElev+elevTh) 
8. (pTime, pLat, pLong, pElev-elevTh) 

It is assumed that the thresholds timeTh, latTh, longTh, and elevTh are each smaller than half 
the minimum 4D cell defining interval in the corresponding dimension. These thresholds allow 
for some error in GPS location and prediction of time required to execute a part of a flight 
plan. If every cell touched by any of the eight surrounding locations is locked, then it follows 
from the size of the thresholds that every cell touched by the position of the drone is locked, 
provided the drone's actual position is within the thresholds of the estimated position used in 
the flight plan. 
(up V,latV,longV) partia1Velocity(position3D{ posLat,posLong,posElev}, target3D{ tar Lat, 
tar Long, tar Elev}, hspeed, vspeed) 

• If (tar Lat -- posLat&&tarLong -- posLong) then { 
up V - vspeed*sign(tarElev - posElev) 
latV- 0 

longV - 0 



} 
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TABLE 2-continued 

else IftarLat -- posLat then {upV- 0, latV- 0, longV- hspeed*sign(tarLong -
posLong)} 
else IftarLong --posLong then {upV- 0, latV- hspeed*sign(tarLat-posLat), longV-
0} 
else { 

} 

upV- 0 
x - (tarLat-posLat) 
y - (tarLong- posLong) 
latV - hspeed*((x/sqrt(x*x + y*y))*sign(x) 
longV - hspeed*((y/sqrt(x*x + y*y))*sign(y) 

nextCellBoundary(position4D{posTime, posLat, posLong, posElev}, target3D{tarLat, 
tarLong, tarElev)) 

• mint - 0 
• outputset = empty set of triples of form <surrounding location, dimension, value> 
• For each surrounding location and each dimension: 

0 determine partial velocity v using partialVelocity /* partial velocity in time 
dimension is always 1 * / 

0 search binary tree of dimension for interval containing the projection of 
surrounding location on dimension 

■ a = current projection of surrounding location on dimension 
■ (left, right) - root interval for dimension 
■ while (left, right) has active descendants 

if a<- (left+right)/2 then right - (left+right)/2 
else left - (left+right)/2 

■ interval - (left, right] 
0 synchLock(interval) /* for multithreading */ 
0 t = current projection of surrounding location on time 
0 if sign(v) > 0 then b - right else b - left 
0 nt - time to next boundary - t+ (b-a)/v 
0 if (nt< mint or mint -- 0) 

synchUnlock intervals corresponding to outputset 
empty outputset 

0 if (nt<= mint or mint== 0) {mint= nt, add <surrounding location, dimension, 
b> to outputset 

• output mint, outputset 

Table 3 below provides an example application of the 
algorithm in Table 2. 

Given: 

• • • • • • • • • 

TABLE 3 

thresholds: time(! minute), lat(0.1 mile), long(0.1 mile), elev(50 feet) 
2 minute time intervals, 
1 mile lat and long intervals 
100 feet elevation intervals 
10 mile by 10 mile by 400 feet zone 
position given in (minutes, miles, miles, feet) as (1, 4, 6, 150) 
target given in (miles, miles, feet) as (7, 10, 150) 
hspeed - 2 miles/minute 
cells locked for drone! 

0 <(0,2],(3,4],(5,6],(100,200]> 
0 <(0,2], (4,5], (5,6], (100, 200]> 
0 <(0,2],(3,4], (6,7], (100,200]> 
0 <(2,4], (3,4],(5,6],(100,200]> 

The following steps are taken to produce the flight plan from this base state: 
1. the eight initial surrounding positions are 

a. <2,4,6,150> 
b. <0,4,6,150> 
C. <),4.1,6,)50> 
d. <1,3.9,6,150> 
e. <1,4,6.1,150> 
f. <1,4,5.9,150> 
g. <1,4,6,200>, 
h. <1,4,6,100> 

2. partialVelocity 
a. 
b. 
C. 

3. outputset 

latV - 1.2 miles/minute 
longV - 1.6 miles/minute 
elevV - 0 

a. <f,long,6>nt - 0.0625 minutes 
4. Move all surrounding points by +0.0625minutes time 

a. <2,4,6,150>-<3.0625, 4.075, 6.1, 150> 
b. 
C. 

<0,4,6,150>-<0.0625, 4.075, 6.1, 150> 
<1,4.1,6,150>-<1.0625, 4.175, 6.1, 150> 

10 
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TABLE 3-continued 

d. <1,3.9,6,150>-<1.0625, 3.975, 6.1, 150> 
e. <1,4,6.1,150>-<1.0625, 4.075, 6.2, 150> 
f. <1,4,5.9,150>-<1.0625, 4.075, 6, 150> 
g. <1,4,6,200>-<1.0625, 4.075, 6.1, 200> 
h. <1,4,6,l00>-<1.0625, 4.075, 6.1, 100> 

5. lock new cell on boundary <(0,2],(4,5],(6,7],(100,200]> 
6. outputset 

a. <d,lat,4>nt - 0.025/1.2 - 1/48 - 0.028333 .. 
7. Move all surrounding points by +1/48 minutes time 

a. d -<1.090833 .. ,4, 6.133, 150> 
8. new cell on boundary <(0,2],(4,5],(6,7],(100,200]> already locked 
9. 

12 

and the FPR, wherein each counter maintains a reroute 
count. In process block 510, determine if the reroute count 
for the zone exceeds a pre-determined threshold. If the 
reroute count for the zone exceeds a pre-determined thresh­
old, proceed to process block 511. If the reroute count for the 
zone does not exceed a pre-determined threshold, proceed to 
process block 512. 

In process block 511, schedule the zone for partition. 
In process block 512, determine if the reroute count for 

the FPR exceeds a pre-determined threshold and fork. If the 
reroute count for the FPR exceeds a pre-determined thresh­
old and fork, proceed to process block 504. If the reroute 
count for the FPR does not exceed a pre-determined thresh-
old and fork, proceed to process block 513. 

FIG. 3 illustrates an example representative architecture 
600 for a scalable, flexible, automated, air traffic control and 15 

flight plan management system for drones, in accordance 
with an embodiment of the invention. The representative 
architecture 600 includes a first entity 610 that provides a 
flight plan request filing interface. The flight plan request 
filing interface is configured to receive, from a drone 50 20 

(FIG. 1), a flight plan request that includes a filing of a flight 
plan for the drone 50. The representative architecture 600 
further includes one or more zone controllers 60, each zone 
controller 60 controlling air traffic for a particular air traffic 
control zone. The first entity 610 and the zone controllers 60 25 

may exchange data via one or more communication medi­
ums (e.g., a cellular phone network). The first entity 610 and 
each zone controller 60 may implement one or more com­
ponents of the air traffic control and flight plan management 
system 200. 

FIG. 4 illustrates a flowchart of an example process 500 
that a zone controller 60 implements for locking successive 
4D cells included in a modified flight plan for a drone 50, in 
accordance with an embodiment of the present invention. In 
process block 501, receive a flight plan request (FPR) 35 
comprising a unique identifier for the drone 50 ("Drone 
ID"), a sequence of 4D cells representing a planned flight 
path for the drone 50 ("sequence of flight segments with 
constraints"), and an entry 4D cell ("entry cell") in an air 
traffic control zone ("zone") that the zone controller 60 
controls air traffic for. In process block 502, determine 40 

whether the entry cell is already locked with the Drone ID 
and the constraints are satisfiable. If the entry cell is already 
locked with the Drone ID and the constraints are satisfiable, 
proceed to process block 503. If the entry cell is not already 
locked with the Drone ID and/or the constraints are not 45 

satisfiable, proceed to process block 504. 

In process block 513, lock random neighboring cell. In 
process block 514, determine whether there is a conflict. If 

30 there is a conflict, proceed to process block 508. If there is 
no conflict, proceed to process block 515. 

In process block 504, send a "Fail" notification/message/ 
report to a flight plan request filing interface 610 (FIG. 3) or 

In process block 515, receive the FPR with the locked 
random neighboring cell as the entry cell. 

FIG. 5 illustrates a flowchart of an example process 700 
that a zone controller 60 (FIG. 1) implements for detecting 
change in an executable flight plan for a drone 50 (FIG. 1), 
in accordance with an embodiment of the present invention. 
In process block 701, receive a drone 4D position report. In 
process block 702, determine whether the report is consis-
tent with a FPR for the drone 50. If the report is consistent 
with a FPR for the drone 50, proceed to process block 703 
where the process 700 ends. If the report is not consistent 
with a FPR for the drone 50, proceed to process block 704 
where the FPR is rerouted from a start (i.e., current) 4D cell 
of the drone 50. 

FIG. 6 illustrates a flowchart of an example process 800 
that a zone controller 60 (FIG. 1) implements for detecting 
failure in execution of an executable flight plan for a drone 
50 (FIG. 1), in accordance with an embodiment of the 
present invention. In process block 801, receive a drone out a prior zone controller 60 controlling air traffic for a prior 

zone. 50 of control report. In process block 802, override locks in 
affected area within air traffic control zone that the zone In process block 503, determine whether there are more 

4D cells on path in the zone. If there are more 4D cells on 
path in the zone, proceed to process block 505. In process 
block 505, lock the next 4D cell for the FPR, and proceed to 
process block 507. If there are no more 4D cells on path in 

55 
the zone, proceed to process block 506. 

controller 60 controls air traffic for. In process block 803, for 
each flight plan affected fork, emergency reroute the FPR 
from a start (i.e., current) 4D cell of the drone 50. 

Embodiments of the invention provide a high level pro-
gramming language for execution by a drone, the high level 
programming language compatible with a scalable, flexible, 
automated, air traffic control and flight plan management 
system for drones. One embodiment is configured to convert 

In process block 506, send the FPR to a next zone 
controller 50 controlling air traffic for a next zone, if any; 
otherwise, send a "Success" notification/message/report 
with the FPR to a flight plan request filing interface 610 or 
a prior zone controller 60 controlling air traffic for a prior 60 

a program in the high level programming language and 
comprising a set of specifications for a drone to either an 
executable flight plan or an explanation of infeasibility ( e.g., zone. 

In process block 507, determine whether there is a con­
flict. If there is a conflict, proceed to process block 508. If 
there is no conflict, return to process block 503. 

In process block 508, reroute the FPR from the locked 
entry cell or a random neighboring 4D cell ("neighboring 
cell"). In process block 509, increment counters for the zone 

a report or notification explaining why an executable flight 
plan for the drone is not possible). 

Embodiments of the invention provide a high level pro-
65 gramming language for designing a flight plan for a drone 

50, and generating a flight plan request for the drone 50 that 
includes the flight plan. The high level programming Ian-
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guage is compatible with the air traffic control and flight plan 
management system 200, such that the system 200 is con­
figured to receive, as input, flight plan requests including 
flight plans designed using the high level programming 

The framework 550 comprises a design unit 590 config­
ured to design a flight plan for a drone 50 (FIG. 1) using the 
high level programming language, and generate a flight plan 
request for the drone 50 that includes the flight plan. 

language. s 
FIG. 7 illustrates an example framework 550 for a drone 

programming environment, in accordance with an embodi­
ment of the invention. The framework 550 may be incor­
porated into the air traffic control and flight plan manage­
ment system 200, or may stand alone and operate in 
conjunction with the system 200. 

In one embodiment, the high level programming language 
comprises different high level control instructions represent­
ing actions that are understandable and describable by 
humans. 

Table 4 below provides a listing of some example primi­
tives and control instructions of the high level programming 
language. 

TABLE 4 

Primitive/Control Instruction Definition 

Takeoff (x) x denotes a specified elevation above ground level. Elevation 
x. may have multiple optional syntaxes. 
Takeoff (x) represents an action that causes a drone to takeoff 
and rise up to the elevation x. 
For simplicity and computational efficiency, we assume that 
drones either move vertically or horizontally and do not combine 
the two motions. It will be understood that allowing full 3D 
motion is straightforward. 

From locl takeoff and locl denotes a specified location. The location locl may have 
rise elevchangel feet multiple optional syntaxes. The location locl is converted to 

latitude and longitude. 
elevchangel denotes a net elevation. Net elevation elevchangel 
may have multiple optional syntaxes. 
From locl takeoff and rise elevchangel feet represents an 
action that causes a drone to takeoff from location locl and rise 
up by the net elevation elevchangel in feet. 
The drone will take off and move vertically (maintaining its 
latitude and longitude within the latitude and longitude intervals 
describing its original 4D cell) until it has reached the desired 
elevation above the ground; it will then execute a next command 
that may involve horizontal motion. 

Land (y) y denotes an optional specified beacon. The beacon y may have 
or multiple optional syntaxes. 
Land ( ) If the beacon is stationary, y may optionally be converted to 

latitude and longitude; the alternative is a specific operation of 
iterative estimation of a target latitude and longitude followed by 
a change of altitude and then a change of heading. The latter 
alternative is necessary if y is mobile. A mobile landing beacon 
is the subject of two additional invention disclosures. For this 
specification, we can asswne that the beacon is stationary. 

From loc2 land at 
beacon2 

From locl proceed to loc2 

Move horizontal from 
locationl to location2 

Move vertical from 
elevationl to elevation2 

Land (y) represents an action that causes a drone to land at the 
beacon y. 
Land ( ) represents an action that causes a drone to land at a 
current latitude and longitude. 
loc2 denotes a specified location. The location loc2 may have 
multiple optional syntaxes. The location loc2 is converted to 
latitude and longitude. 
beacon2 denotes a specified beacon. The beacon beacon2 may 
have multiple optional syntaxes. 
From loc2 land at beacon2 represents an action that causes a 
drone at location loc2 to land at the beacon beacon2. 
locl denotes a first location, and loc2 denotes a second location. 
The locations locl and loc2 may have multiple optional 
syntaxes. Each location is converted to latitude and longitude. 
From locl proceed to loc2 represents an action that causes a 
drone to move from locl to loc2. 
locationl denotes a first location, and location2 denotes a 
second location. The locations locationl and location2 may 
have multiple optional syntaxes. Each location is converted to 
latitude and longitude. 
Move horizontal from locationl to location2 represents an 
action that causes a drone to move horizontally only from the 
first location locationl to the second location location2 while 
maintaining a current elevation above ground level. 
elevationl denotes a first elevation, and elevationl denotes a 
second elevation. Elevations elevationl and elevationl may 
have multiple optional syntaxes that are converted to net 
elevation in units (e.g., feet, meters, etc.) above ground level. 
Move vertical from elevationl to elevation2 represents an 
action that causes a drone to move vertically from the first 
elevation elevationl to the second elevation elevation2 while 
maintaining a current latitude and longitude. 
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TABLE 4-continued 

Primitive/Control Instruction Definition 

G 
or 

G or Grasp package represents an action that causes a drone to 
grasp a payload or package (e.g., an object for delivery) 

Grasp package 
R 
or 

R or Release package represents an action that causes a drone to 
release a payload or package (e.g., an object for delivery) 

Release package 
C (z) z denotes a custom, user-defined action (e.g., turn on/off spray). 

C (z) represents an action that causes a drone to execute the 
custom, user-defined action z. 

Complete by (t) t denotes a real-time deadline by which a flight plan for a drone 
must be completed. 
Complete by (t) is an optional primitive that may be used to 
determine timing feasibility of a flight plan for a drone. 

In this specification, let the term "program" denote a flight 
plan for a drone 50 that is designed using the high level 
programming language. A program comprises at least one 
sequence of at least one instance of at least one primitive 
and/or control instruction of the high level programming 
language. The program represents operating specifications 
for a drone 50 that may include one or more interpretations 
of one or more custom, user-defined actions for the drone 50 
to execute. 

Table 5 below provides an example program for a drone 
50. 

TABLE 5 

from locl takeoff and rise elevchangel feet 
from locl proceed to loc2 
from loc2 land at beacon2 
grasp package 
from loc2 takeoff and rise elevchange2 feet 
from loc2 proceed to locl 
from locl land at beacon! 
release package 

battery time may account for a user-specified cushion), 
battery life as a function of recharge time at any plamied 
recharge facility, horizontal air speed (assuming no wind 

20 speed, gusts, etc.), vertical climb speed (assuming no wind 
speed, gusts, thermals, etc.), vertical descent speed (assum­
ing no wind speed, gusts, thermals, etc.), number of rotors, 
and an Application Programming Interface (API) specific to 
the drone 50. 

25 
The framework 550 further maintains a collection of 

drone weather profiles 565. Each drone weather profile 565 
corresponds to a drone 50, and maintains one or more of the 
following information relating to effects of different weather 

30 conditions on the drone 50: estimated effect of horizontal 
wind gust on various drone speeds, estimated effect of 
prevailing horizontal wind on drone speeds, estimated effect 
of up draft on various drone speeds, estimated effect of down 
draft on various drone speeds, estimated effect of steady up 

35 wind on various drone speeds, and estimated effect of steady 
down wind on various drone speeds. 

The program in Table 5 comprises a sequence of control 
instructions that, when an executable flight plan ( comprising 40 

a sequence of 4D cells, see Table 6) is returned and executed, 
cause a drone 50 to operate as follows: (1) takeoff from 
location loci and rise up by net elevation elevchangel in 
feet, (2) move from location loci to location loc2, (3) from 
location loc2, land at beacon beacon2, ( 4) grasp package at 45 

beacon beacon2, (5) takeoff from location loc2 and rise by 
net elevation elevchange2 in feet, (6) move from location 
loc2 to location loci, (7) from location loci, land at beacon 
beacon!, and (8) release the package at beacon beacon!. 

The framework 550 is configured to receive and maintain 
zone-wide weather forecast information 575 for an air traffic 
control zone. The zone-wide weather forecast information 
575 includes wind velocity and intensity ( e.g., maximum 
amplitude and direction of gusts) for the air traffic control 
zone. The framework 550 further maintains a weather model 
580 for the air traffic control zone. The weather model 580 
is based on observations on the weather conditions of the air 
traffic control zone (e.g., the zone-wide weather forecast 
information 575), and is used to predict how wind conditions 
may change with elevation, horizontally in each direction, 
and daily/seasonally with time. 

The framework 550 further comprises an interpolate and 
extrapolate unit 594 configured to interpolate in space and 
extrapolate in time weather conditions at any 4D cell within 
an air traffic control zone that is on a flight path for a drone 
50. Specifically, when a flight plan calls for a drone 50 with 
a corresponding drone profile 560 to use the air traffic 

In one embodiment, a program is initially checked for 50 

consistency against a state machine 593. In another embodi­
ment, a program may omit one or more specified locations 
and/or elevations that are automatically filled in/provided by 
the state machine 593 based on an initial location and 
elevation. 55 control zone, the interpolate and extrapolate unit 594 deter­

mines, based on the drone profile 560, a sequence of 
time-stamped GPS coordinates representing a flight path of 
the drone 50 within the zone, by inferring weather condi­
tions at each 4D cell on the flight path. For example, the 

The framework 550 further comprises a compiler 591 for 
compiling a program into a flight plan request that takes into 
account one or more of the following factors: horizontal and 
vertical speeds, reported wind speeds, weather, temporary 
obstacles, etc. The flight plan request is forwarded to the 
system 200 to obtain an executable flight plan with exclusive 
locks on 4D cells in air traffic control zones touched by the 
flight plan. 

The framework 550 maintains a collection of drone 
profiles 560. Each drone profile corresponds to a drone 50, 
and maintains one or more of the following pieces of 
information relating to the drone 50: useful battery time (the 

60 interpolate and extrapolate unit 594 is configured to extrapo­
late in time wind conditions at any 4D cell on the flight path 
based on the weather model 580. As another example, the 
interpolate and extrapolate unit 594 is configured to inter­
polate in space wind conditions at any 4D cell on the flight 

65 path based on a latitude or longitude line through the 4D cell 
and between two nearby 4D cells within the zone based on 
independent observations of wind conditions at the two/ 
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nearby 4D cells, or based on one independent observation 
and one prediction from the weather model 580, or based on 
two predictions from the weather model 580. The ability to 
interpolate in space and extrapolate in time weather condi­
tions at any 4D cell on a flight path for a drone 50 removes 5 

the need to predict weather conditions for all 4D cells within 
the air traffic control zone (i.e., weather conditions for 
unused 4D cells that are not on the flight path may be 
ignored). 

The framework 550 further maintains a collection of 4D 10 

cell weather profiles 570. Each 4D cell weather profile 570 
corresponds to a 4D cell within an air traffic control zone, 
and maintains information relating to wind conditions at the 
4D cell, such as estimated prevailing (net) wind direction 
and speed, and estimated gust intensity direction and fre- 15 

quency. As described above, the wind conditions at a 4D cell 
may be interpolated in space and extrapolated in time based 
on the weather model 580 and/or independent observations 
of wind conditions at nearby 4D cells. 

The framework 550 further comprises a processing unit 20 

592 configured to determine overall feasibility of a program. 
Determining the overall feasibility of a program takes place 
within the system 200 where locks are obtained. The system 
200 determines which locks to obtain, taking into account 
weather conditions likely to be encountered to predict which 25 

4D cells need to be locked. The method of constructing the 
flight plan and obtaining locks is extended to include hori­
zontal and vertical speeds for the drone that depend on the 
4D cell in which the drone will move. For each action (i.e., 
control instruction) included in the program, the processing 30 

unit 592 estimates a speed at which the action will be 
performed at based on horizontal and vertical speeds that 
depend on reported wind speeds, weather conditions, tem­
porary obstacles, etc. The system 200 is utilized to obtain 
exclusive locks for 4D cells on the flight plan constructed for 35 

the drone 50, and to generate and return an executable flight 
plan including a time window for initial takeoff of the drone 
50. Before an executable flight plan is returned, if the 
processing unit 592 detects a failure at any stage of the 
program, a report including an explanation of infeasibility is 40 

generated and returned instead (i.e., each failure detected is 
reported in detail), and any 4D cell locked on behalf of the 
drone 50 is released. 

18 
framework 550 maintains a weather hash table 585 associ­
ated with a latitude binary tree, a longitude binary tree, and 
an elevation binary tree. Each hash entry includes an 
observed weather condition and a corresponding time stamp. 
Each hash entry has a corresponding hash key specified in 
intervals of longitude, latitude and elevation. A newer 
observed weather condition overwrites an older observed 
weather condition. Observed weather conditions that are 
older than a specified time are deleted from the weather hash 
table 585. 

Each leaf entry in each binary tree (i.e., latitude binary 
tree, a longitude binary tree, and an elevation binary tree) 
maintains a first list of hash keys for hash entries including 
observed weather conditions (at 3D cells) and a second list 
of hash keys for locks placed (on 4D cells). When two leaf 
entries of a binary tree are merged, an average of observed 
weather conditions is maintained for the merged leaf entry 
if both leaf entries have observations with the same time 
stamp; otherwise, the more recent observed weather condi­
tion survives. 

In response to a request to heuristically probe for 
observed weather conditions near a newly requested 4D cell, 
the heuristic probe unit 595 is configured to determine a 
latitude or longitude direction that is most orthogonal to a 
direction of a requested flight plan. If a latitude direction is 
most orthogonal to a direction of a requested flight plan, an 
entry corresponding to the newly requested 4D cell is 
located in the latitude binary tree, and the closest observed 
weather conditions are used, if any. If a longitude direction 
is most orthogonal to a direction of a requested flight plan, 
an entry corresponding to the newly requested 4D cell is 
located in the longitude binary tree, and the closest observed 
weather conditions are used, if any. If observed weather 
conditions on opposite sides of the newly requested 4D cell 
are available at any distance from the newly requested 4D 
cell weather conditions for the newly requested 4D cell are 
interpolated in space using the interpolate and extrapolate 
unit 594 based on the closest observed weather conditions 
on each side. If no observed weather conditions are found, 
the zone-wide weather forecast information 575 is extrapo­
lated in time using the interpolate and extrapolate unit 594. 

Embodiments of the invention provide a drone adaptor 
configured to adapt an executable flight plan for a drone 50 
to drone specific API 650 (FIG. 8) for the drone 50. In one 

45 embodiment, the drone adaptor is an onboard drone adaptor 
comprising a computer on a chip on the drone 50. In another 
embodiment, the drone adaptor is a remote adaptor imple­
menting synchronous radio translation using a compute 

The processing unit 592 is configured to detect different 
types of failures. For example, the processing unit 592 is 
configured to predict, for each maximum segment of a flight 
plan for a drone 50, a worst case time by which the drone 50 
must reach a 4D cell located at an end of the segment 
without recharging a battery of the drone 50. If the worst 
case time predicted exceeds useful battery time for the drone 50 

50, the processing unit 592 flags this as a detected failure and 
returns a report including an explanation of infeasibility. As 
another example, the processing unit 592 is configured to 
determine whether weather conditions exceed conditions for 
controlled flight or whether there is a severe weather warn­
ing for part of a flight plan for a drone 50. If weather 
conditions exceed conditions for controlled flight or there is 
a severe weather warning for part of a flight plan for a drone 
50, the processing unit 592 flags this as a detected failure and 
returns a report including an explanation of infeasibility. If 
an executable flight plan is returned and there is a chance 
that weather conditions will worsen, the plan may include 
one or more contingency landing points where the drone 50 
may seek shelter. 

The framework 550 further comprises a heuristic probe 
unit 595 configured to heuristically probe for observed 
weather conditions near a newly requested 4D cell. The 

thread on a server 680 (FIG. 9) of a zone controller 60. 
FIG. 8 illustrates an example onboard drone adaptor 660 

on a drone 50, in accordance with one embodiment of the 
invention. The onboard drone adaptor 660 is configured to 
convert high level time and location sensitive commands in 
the high level programming language to commands for a 

55 drone specific API 650 that lacks time and/or location 
sensitivity. The onboard drone adaptor 660 comprises a GPS 
unit 661 for enabling time and location sensitivity. The 
onboard drone adaptor 660 further comprises compass or 
gyroscopic sensors 662 for enabling orientation sensitivity 

60 to select a specific heading (i.e., direction of travel) on 
drones that have no built-in compass or other orientation 
device. 

FIG. 9 illustrates an example remote adaptor 670 on a 
server 680 of a zone controller 60, in accordance with one 

65 embodiment of the invention. The remote adaptor 670 is 
configured to convert high level time and location sensitive 
commands in the high programming language to commands 
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for a drone specific API 650 (FIG. 8) that lacks time and/or 
location sensitivity. The remote adaptor 670 comprises a 
triangulation unit 671 configured to obtain location infor­
mation for a drone 50 using triangulation from cell towers in 
or near an air traffic control zone controlled by the zone 
controller 60, thereby enabling time and location sensitivity. 
The remote adaptor 670 further comprises an orientation 
unit 672 for inferring an orientation of the drone 50 based on 
observed flight of the drone 50, thereby enabling orientation 
sensitivity. 

Both the onboard drone adaptor 660 (FIG. 8) and the 
remote adaptor 670 are configured to provide commands to 
the drone specific API 650. The commands provided to the 
drone specific API 650 may include low level commands 
addressing servos at individual rotors of the drone 50, such 
as low level commands that increase or decrease rotational 
speed, or change orientation of the rotors, with respect to a 
chassis of the drone 50. Both the onboard drone adaptor 660 
and the remote adaptor 670 are configured to convert high 
level commands of an executable flight plan to middle level 
command; the middle level commands are in tum converted 
to low level commands for the drone specific API 650. 

Table 6 below provides some example high level com­
mands of executable code for the example program in Table 
5. 

TABLE 6 

Cell(lativall, longivall, elevivall, timeivall) 
Cell(lativall, longivall, elevival2, timeival2) 
Cell(latival2, longival2, elevival2, timeival3) 
Cell(latival2, longival2, elevival3, timeival4) 
Land(beacon2) 

20 
As another example, in areas where frequency of conflicts is 
reduced, 4D cell structures may be locally merged, one 
dimension at a time as needed. To preserve a required lack 
of conflicts in individual 4D cell structures, a local merger 

5 may take place at a scheduled time after a last active time. 
FIG. 10 illustrates an example drone management data 

structure system 750, in accordance with an embodiment of 
the invention. The system 750 may be incorporated into the 
air traffic control and flight plan management system 200, or 

10 may stand alone and operate in conjunction with the air 
traffic control and flight plan management system 200. 

The system 750 comprises a construct unit 751 configured 
to construct a tree data structure 850 (FIG. 11) for each 
dimension of a variably partitioned multi-dimensional 

15 space. Each tree data structure 850 comprises one or more 
nodes 851 (FIG. 11). Anode 851 may be either a parent node 
851A (FIG. 11) or a leafnode 8518 (FIG. 11). As described 
in detail later herein, each node 851 in a tree corresponding 
to dimension D is defined by an interval in dimension D 852 

20 (FIG. 11) and each leaf node maintains a list 853 (FIG. 11) 
of 4D cells with transient unexpired data. 

In one embodiment, the tree data structure 850 may be a 
binary tree. In another embodiment, the tree data structure 
850 may be another tree data structure type, such as a ternary 

25 tree. When not specified we assume for simplicity that the 
trees are binary trees. The conversion of the descriptions 
below to apply to ternary or other tree data structure types 
is straightforward. 

As stated above, in one embodiment, available air-space 
30 within an air traffic control zone is partitioned into multiple 

4D cells, wherein each 4D cell is specified by intervals of 
three spatial dimensions (i.e., longitude, latitude and eleva­
tion) and one temporal dimension (i.e., time). The construct 

Table 7 below provides example middle level commands 35 

converted from example high level commands. 

unit 751 is configured to construct a first tree data structure 
850 for the latitude dimension, a second tree data structure 
850 for the longitude dimension, a third tree data structure 
850 for the elevation dimension, and a fourth tree data 
structure 850 for time. 

TABLE 7 

Time(timeivall [1]) - Up full power 
Elev(elevival2[1]) - Hover; 
Heading head(latival2-lativall ,longival2-longivall ), Forward full power 

Embodiments of the invention provide a data structure to 
support a variably partitioned multi-dimensional space, 
where some cells of the space include transient data. One 
embodiment provides a data structure that supports the air 
traffic control and flight plan management system 200. The 
data structure allows fast access to cells in a variably 
partitioned multi-dimensional space that are within proxim­
ity to a given path in the space. The data structure also 
allows local repartitioning in parts of the space that are 
accessed frequently. The data structure takes advantage of 
the transient and sparse nature of data included in the space. 

One embodiment implements adaptive management and 
modification of flight plans to maintain air traffic control for 
an air traffic control zone by partitioning a map of available 
air space within the zone into multiple 4D cell structures 
with dynamically changing granularity. The 4D cell struc­
tures may be subdivided (i.e., locally repartitioned) or 
merged (i.e., locally merged) to reduce traffic congestion 
while minimizing required compute power. Each 4D cell 
structure has a density that varies in each dimension (spatial 
and temporal) based on volume oflocal traffic and frequency 
of conflicts within the zone. For example, in areas of high 
conflict, 4D cell structures within the areas may be refined 
via local repartitioning, one dimension at a time as needed. 

Four binary trees corresponding to three spatial dimen-
40 sions and one temporal dimension are sufficient to maintain 

the locks on 4D cells required by our system for drone air 
traffic control. The root node in the latitude binary tree is a 
latitude interval that covers the air traffic control zone 
latitudes. The root node in the longitude binary tree is a 

45 longitude interval that covers the air traffic control zone 
longitudes. The root node in the elevation binary tree is an 
elevation interval that covers the air traffic control zone 
elevations (with ground level always regarded as zero eleva­
tion). The root node in the temporal binary tree is an interval 

50 of time sufficient to cover the remaining time in all current 
flight plans. This interval can be expanded and changed as 
needed and may exceed 24 hours. The other roots are fixed 
and reflect the dimensions of the zone, which is assumed to 
be a rectangular solid (3D figure). For the purpose of 

55 recording locks on 4D cells, a 4D hash table is constructed. 
When a lock is set, the hash key is the concatenation of the 
set of four intervals (in a specified order) that describe the 
4D cell. The hash key and the identity of the lock are placed 
in the hash table as a key, value pair. Each binary tree leaf 

60 points to a list of hash keys for all locked 4D cells. When an 
interval of time describing a 4D cell has expired, any 
corresponding entry in the hash table has expired. Thus all 
data in the 4D hash table is transient. Garbage collection 
removes the hash key from any binary tree leaf list and 

65 removes the entry from the hash table. 
The three spatial binary trees described above may also be 

used to record transient-weather observation information, 
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assume only the 4D hash keys are being discussed. A 
variable x satisfies the constraint (a if and only if x>a. A 
variable x satisfies the constraint b] if and only if x<=b. 
When a time constraint is represented as (t where t denotes 
a time in the past, the time constraint is dropped. When a 
time constraint is represented as t] where t denotes a time in 
the past, the time constraint and the corresponding list of 
hash keys are garbage collected. 

Each parent of leaf nodes or leaf node 851 has a corre-

each piece of information comprising a time stamp and a 3D 
cell. For this purpose, a 3D hash table is constructed, the 
hash key consisting of the concatenation of the three spatial 
intervals describing a 3D cell (in a specified order). The 
value corresponding to the hash key comprises a time stamp 5 

and details of a weather observation in the corresponding 3D 
cell. When a time stamp has aged beyond a pre-specified 
time, it is deemed to have expired and the corresponding 
entry in the 3D hash table may be garbage collected, as 
above. 10 sponding list 853 of 4D cells that is governed by a corre­

sponding time constraint. Each 4D cell is represented as an 
ordered sequence of four intervals, wherein each interval 
represents a dimension. 4D cells included in a list 853 that 

When a leaf node in a binary tree is split, the correspond­
ing interval is split in half, each half becoming the interval 
for a new leaf node. All the entries in the list of hash keys 
of the parent node must be changed to two entries, one for 
each new leaf. Entries corresponding to the parent must be 15 

garbage collected after their corresponding values have been 
placed in the hash table for each of the two keys. 

When two leaf nodes with the same parent are to be 
merged, the 4D case requires that the merger wait until the 
old data at the leaves has expired while accumulating any 20 

new data at the parent. The merger in the 3D case is simpler. 
If there is no conflict the value is promoted to the parent. In 
a conflict the newer timestamp wins and ties are averaged. 

is governed by a time constraint represented as (t are only 
available for access after time t. 4D cells included in a list 
853 that is governed by a time constraint represented as t] 
are only available for access at or before time t. A 4D cell 
is only included in a list 853 if a lock is placed on the 4D cell 
on behalf of a drone 50 (i.e., the 4D cell is active). 

Each node 851 further comprises a pointer 854. If the 
node 851 is a leaf node 851B, the pointer 854 is set to 
NULL. If the node 851 is a parent node 851A, the pointer 
854 references immediate descendants of the parent node 
851A (i.e., each leaf node 851B that descends from the In all cases keys must be modified to reflect the new binary 

tree structure. 25 parent node 851A). 
In another embodiment, the 3D case and the 4D case may 

be kept separate with independent sets of 3 and 4 binary 
trees, respectively 

The system 750 further comprises an activity unit 754 
configured to maintain a measure of activity for each leaf 30 

node 851B of each tree data structure 850 constructed. 
When a measure of activity for a leaf node 851B of a tree 

data structure 850 exceeds a pre-specified high threshold, 
the leaf node 851B is split (i.e., locally repartitioned) into n 
leaf nodes utilizing a split unit 752 of the system 750, 35 

wherein n is based on the tree data structure type of the tree 
data structure 850. For example, if the tree data structure 850 
is a binary tree, the leaf node 851B is split into two leaf 
nodes 851B. As another example, if the tree data structure 
850 is a ternary tree, the leaf node 851B is split into three 40 

leaf nodes 851B. 
When a measure of activity for each of n leaf nodes 851B 

that result from a split falls below a pre-specified low 
threshold, the n leaf nodes are merged into one leaf node 
851B utilizing a merge unit 753 of the system 750. 45 

FIG. 11 illustrates an example tree data structure 850 
constructed by the drone management data structure system 
750, in accordance with an embodiment of the invention. 
The tree data structure 850 is a binary tree comprising 
multiple nodes 851, such as a parent node 851A ("A"), a first 50 

leaf node 851B ("B") and a second leaf node 851B ("C"). 
The tree data structure 850 is associated with a dimension 

(e.g., latitude, longitude, elevation or time). Each node 851 
corresponds to an interval 852 of the associated dimension. 
Each dimension interval 852 is a pair of constraints that may 55 

be generally represented as (a, b ], wherein a variable x 
satisfies (a, b] if and only if x>a and x<=b. 

For example, the parent node 851A corresponds to a first 
time interval 852 ("Interval 1 "), the first leaf node 851B 
corresponds to a second time interval 852 ("Interval 2"), and 60 

the second leaf node 851B corresponds to a third time 
interval 852 ("Interval 3"). 

Each node 851 that is either a parent of leaves or a leaf 
may have a corresponding time constraint that may be 
generally represented as ( a orb]. This time constraint applies 65 

to a corresponding list of hash keys. In one embodiment, this 
time constraint is only used for 4D hash keys. We now 

FIG. 12 illustrates an example split operation, in accor­
dance with an embodiment of the invention. Let Interval 1 
denote a first interval 852 of, e.g., latitude, wherein Interval 
1 =( a, b]. Let Interval 2 denote a second latitude interval 852, 
wherein Interval 2=(a, cl, and c=(a+b)/2. Let Interval 3 
denote a third latitude interval 852, wherein Interval 3=( c, 
b]. 

Let List 1 denote a first list 853 of 4D cells with latitude 
interval (a,b], i.e., the interval for the dimension being split. 
Let List 2 denote a second list 853 with the latitude interval 
(a,b] replaced by (a, c] in List 1. Let List 3 denote a third list 
853 with the latitude interval ( a, b] replaced by ( c, b] in List 
1. Each 4D cell included in List 1 is split into two parts, i.e., 
one in List 2 and one in List 3. Let List 4 denote an empty 
list 853 after the split operation. 

The split operation only takes place when a time con­
straint governing List 1 is inactive (i.e., any time expressed 
in the time constraint is in the past). For ease of illustration, 
time constraints for the nodes 851 involved are not depicted. 

The hash table information corresponding to List 1 is 
duplicated in the corresponding entries for List 2 and List 3. 
Then the information corresponding to List 1 is erased and 
List 1 is discarded. 

FIG. 13 illustrates an example merge operation, in accor­
dance with an embodiment of the invention. Let Interval 1 
denote a first latitude (for example) interval 852 for a parent 
node 851A (FIG. 11) with an inactive time constraint and an 
empty list 853 of 4D cells, wherein Interval l=(a, b]. Let 
Interval 2 denote a second latitude interval 852 for a leaf 
node 851B with an inactive time constraint, wherein Interval 
2=(a, cl, and c=(a+b )/2. Let Interval 3 denote a third latitude 
interval 852 for a leaf node 851B (FIG. 11) with an inactive 
time constraint, wherein Interval 3=( c, b]. 

When the nodes for Interval 2 and Interval 3 are to be 
merged, a time interval (s, t] is selected in a tree data 
structure 850 associated with the time dimension tree, 
wherein there are no active 4D cells with time 
dimension>=s. Let List 6 and List 7 be lists of hash keys 
associated with the two nodes to be merged so that the 
latitude intervals are (a,c] and (c,b], respectively. The time 
constraint s] is placed on each of List 6 and List 7 Let List 
5 be the empty list governed by (s. 
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At any time before time s, when a new hash key is to be 
constructed based on a latitude f ( or a latitude interval 
ending inf) in (a,b] and including a time interval (d,e] with 
e<s, the new hash key is placed in either Listl (with latitude 
interval (a,c]) or List 2 (with latitude interval ( c,b ]), depend­
ing on whether f<=c or f>c respectively, the information 
associated with the new hashkey being placed in the hash 
table. 

In case the dimension of the binary tree is time, there is 
an extra operation that is performed: as needed, a new root 
interval is created that doubles the duration of the previous 
root interval increasing the end point into the future, and the 

5 future half of the time binary tree is extended to the same 
depth as the previous half. When the previous half is all in 
the past, it is removed and the root is removed. In this way, 
the time binary tree maintains a finite partition of a finite 
time, always extending into the future. Intervals in this 

10 partition may be split and merged as in the case of the other 
dimension binary trees. 

At any time before time s when a new hash key is to be 
constructed based on a latitude f ( or a latitude interval 
ending inf) in (a,b] and including a time interval (d,e] where 
e>=s, then the new hash key is placed in List 5 (with latitude 
interval (a,b ]), the information associated with the new 
hashkey being placed in the hash table. Since e>=s, (d,e] is 15 
a time interval in the time binary tree, and (s,t] is a time 
interval in the time binary tree, d>=s. 

In the case of a multidimensional structure without a time 
dimension ( e.g. a 3D structure including time-stamped 
weather observations or predictions in some cells), we 
assume that the transient information is time-stamped or has 
some other method for determining when the transient 
information has expired. In one embodiment we assume 
time-stamped information and allow immediate merger of 
cells by selecting the information with the latest time stamp 
or combining (for example, averaging) information from 
multiple cells with the same time stamp. 

When List 6 or List 7 is empty (i.e., the 4D cells have only 
expired data), each element of the non-empty list is con­
verted into an element of List 5 by changing the latitude 20 
interval to ( a, b]; the information associated with each hash 
key is removed from the hash table and copied into an entry 
associated with the new hash table; the leaf nodes 851B 
(FIG. 11) are removed; the pointer 854 (FIG. 11) is set to 
NULL; and the time constraint on List 5 is removed. 

Table 8 below illustrates example split and merge opera­
tions involving a 3D representation of weather data with 
time stamp and expiration of data 10 units later than time 
stamp. 

TABLE 8 

Initially two weather observations 

Split 

• at time 1 wind was observed at 20 in cell (0,100](4,8](0,4] 
• at time 5 wind was observed at 10 in cell (100,200](4,8](0,4] 
• Hash table 

(0,100](4,8](0,4]- tl,wind20 
(100,200](4,8](0,4]- t5,wind10 

• Elevation binary tree nodes 
(0,200] <c,none> <list,empty> 

• (0,100] <c,none> <list,((0,100](4,8](0,4])> 
• (100,200) <c,none> <list,((100,200](4,8](0,4])> 

• 
• Elevation binary tree node (100,200] becomes a parent to two nodes 
• Hash table 

(0,100](4,8](0,4] - tl,wind20 
(100,150](4,8](0,4] - t5,wind10 
(150,200](4,8](0,4] - t5,wind10 

• Elevation binary tree nodes 
(0,200] <c,none> <list,empty> 

• (0,100] <c,none> <list,((0,100](4,8](0,4])> 
• (100,200) <c,none> 

(100,150] <c,none> <list,((100,150](4,8](0,4])> 
(150,200] <c,none> <list,((150,200](4,8](0,4])> 

New observation and scheduled marge 
• at time 10 wind was observed at 5 in cell (100,150](4,8] 
• elevation binary tree leaves (100,150] and (150,200] are scheduled to merge into the 

parent node at time 20 when the current active data in the corresponding cells expires 
• Hash table 

(0,100](4,8](0,4] - tl,wind20 
(100,150](4,8](0,4] - t10,wind5 
(150,200](4,8](0,4] - t5,wind10 

• Elevation binary tree nodes 
(0,200] <c,none> <list,empty> 

• (0,100] <c,none> <list,((0,100](4,8](0,4])> 
• (100,200) <c,(10> 

(100,150] <c,10]> <list,((100,150](4,8](0,4])> 
(150,200] <c,10]> <list,((150,200](4,8](0,4])> 

Empty list triggers merge 
• at time 11 the data in (0,100](4,8](0,4] expires 
• at time 16 the data in (150,200](4,8](0,4] expires, triggering the scheduled merge early 
• Hash table 

(100,200](4,8](0,4] - t10,wind5 
• Elevation binary tree nodes 

(0,200] <c,none> <list,empty> 
• (0,100] <c,none> <list,empty> 
• (100,200) <c,none> <list ,((100,200](4,8](0,4])> 
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Commercial drone management requires a system for 
deploying and landing drones from stationary and mobile 
platforms. Embodiments of the invention provide an appa­
ratus for servicing, protecting and transporting drones ( e.g., 
drone launch, landing, storage, and/ or recharge). The appa­
ratus may be coupled with/mounted onto a stationery instal­
lation, a moving vehicle, or a larger drone for transporting 
smaller drones. The apparatus may be stationary or mobile 
(e.g., on the ground or in the air). 

26 
maintain payload and/or drones. In one embodiment, the 
conveyor belt 1020 has multiple sections, and each section 
has one or more mechanical movable arms for grasping 
drones and/or payload; the arms may be controlled by a 

5 landing drone or a departing drone. For example, in one 
example implementation, when a drone lands on the con­
veyor belt 1020, the drone may signal one or more arms of 
the conveyor belt 1020 to grasp the drone or a payload 
released by the drone. 

In one embodiment, the apparatus comprises a standard- 10 

ized, modular, portable, physical device that can serve as: (1) 
In one embodiment, the conveyor belt 1020 ascends from 

and descends into the storage facility 1030 via a first opening 
1030A and a second opening 1030B, respectively, of the 
body 1010. Stored payload and/or drone(s) stored in the 
storage facility 1030 may be retrieved and placed on a belt 

a beacon, (2) a landing area, (3) a sheltered storage area, (4) 
a takeoff area, (5) a recharge facility, and/or (6) a hangar for 
multiple drones. In this specification, let the term "drone 
receiver" generally denote the standardized, modular, por­
table, physical device described above. 

In one embodiment, the drone receiver may be mounted 
onto/coupled with any of the following: (1) a stationary 
foundation, (2) a non-stationary flat-bed ground or water 
vehicle (e.g., a truck, a railroad car, etc.), or (3) a larger 
drone capable of carrying/storing multiple smaller drones. In 
this specification, let the term "drone carrier" represent a 
drone receiver mounted onto/coupled with a larger drone 
capable of carrying/storing multiple smaller drones. 

One embodiment relates to managing a group of drones 
that are associated with and/or carried/stored on a drone 
carrier. A moving drone receiver with several stored drones 
(i.e., a drone carrier) may be configured to perform pick-up 
and delivery services for multiple source and target loca­
tions, wherein the stored drones have short flight times 
constrained by small light weight batteries. 

To execute coordinated pick-up and delivery or similar 
tasks using a mobile apparatus (e.g., a drone carrier or a 
drone receiver mounted to a non-stationary flat-bed ground 
or water vehicle) and a group of smaller drones, one 
embodiment applies a heuristic solution to the planar trav­
eling salesman problem to obtain heuristic ordering and 
assignment of the tasks to drones. 

One embodiment provides a method for landing a drone 
on a drone carrier while the drone carrier is in flight. Another 
embodiment provides a drone carrier configured to rescue 
disabled drones ( e.g., a drone that has lost power in air). The 
drone carrier is capable of catching powerless drones and 
powered drones using shock absorbers, magnetic levitation, 
and/or a net. 

One embodiment adapts the air traffic control and flight 
plan management system 200 to accommodate a moving, 
landing or take off area with its own flight plan. 

One embodiment provides shared locks for 4D cells for 
group coordinated plans. 

FIG. 14A illustrates an example drone receiver 1000, in 
accordance with an embodiment of the invention. FIG. 14B 
illustrates an example top view of the drone receiver 1000 in 
FIG. 14A, in accordance with an embodiment of the inven­
tion. The drone receiver 1000 comprises a body 1010. The 
body 1010 maintains a storage and recharge facility ("stor­
age facility") 1030 that acts as a storage body for storing 
payload and/or drones. The storage facility 1030 comprises 
different storage locations and one or more mechanical 
movable arms for storing or retrieving payload and/or 
drones in the storage locations. 

In one embodiment, the storage facility 1030 maintains 
charge on super capacitor for quick charge/re-charge of 
drone battery of the stored drones. 

The drone receiver 1000 further comprises a receiver and 
conveyor belt 1020 supported over the storage facility 1030. 
The conveyor belt 1020 is large enough to receive and 

15 portion of the conveyor belt 1020 before the belt portion 
ascends from the storage facility 1030 via the first opening 
1030A to rotate the stored payload and/or drone(s) to the 
top/upper surface of the drone receiver 1000. Any received 
payload and/or drone(s) on a belt portion of the conveyor 

20 belt 1020 may be stored in the storage facility 1030 after the 
belt portion descends into the storage facility 1030 via the 
second opening 1030B to rotate the received payload and/or 
drone(s) below to the storage facility 1030. 

For example, after one or more arms of the conveyor belt 
25 1020 grasp a received package (i.e., a received payload 

and/or drone), the conveyor belt 1020 rotates the package 
below to the storage facility 1030 where the arms then 
release the package to one or more arms of the storage 
facility 1030 for placement in a storage location within the 

30 storage facility 1030. To bring a stored package (i.e., a stored 
payload and/or drone) to the top/upper surface of the drone 
receiver 1000, one or more arms of the storage facility 1030 
retrieve the stored package from a storage location within 
the storage facility 1030, and release the stored package onto 

35 the conveyor belt 1020 where one or more arms of the 
conveyor belt 1020 grasp the stored package as the conveyor 
belt 1020 rotates the stored package to the top/upper surface 
of the drone receiver 1000. The process of retrieving or 
storing a package is controlled by an extension of the high 

40 level programming language described above that is com­
patible with the air traffic control and flight plan manage­
ment system 200. A drone may send parts of its executable 
flight plan to the drone receiver 1000 that executes the parts 

45 

with multiple threads and synchronization. 
In one embodiment, the drone receiver 1000 comprises an 

array of electromagnets ("electromagnet array") and pro­
vides alternating current to power the electromagnet array. 
As described in detail later herein, the electromagnet array 
may be used to slow and stabilize a falling drone that is 

50 programmed to land from above the drone receiver 1000. 
In one embodiment, the drone receiver 1000 comprises 

mechanical retractable devices mounted at a center of drone 
receiver 1000. For example, the drone receiver 1000 may 
comprise one or more retractable shock absorbers, and 

55 provides power to extend and retract the shock absorbers. As 
described in detail later herein, the shock absorbers may be 
used to cushion the fall of a falling drone that is programmed 
to land from above the drone receiver 1000. 

FIG. 14C illustrates an example bottom view of the drone 
60 receiver 1000 in FIG. 14A, in accordance with an embodi­

ment of the invention. In one embodiment, the drone 
receiver 1000 may further comprise a chassis 1040 sur­
rounding the body 1010. 

FIG. 14D illustrates another example bottom view of the 
65 drone receiver 1000 in FIG. 14A, in accordance with an 

embodiment of the invention. In one embodiment, multiple 
rotor units 1050 are placed on the chassis 1040. The rotor 
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units 1050 are spatially distributed on the chassis 1040 such 
that, when the rotor units 1050 are powered on, thrust power 
from the rotor units 1050 lift the drone receiver 1000 and 
provide stability. 

28 

In one embodiment, a drone may land on the drone 5 

receiver 1000 from above the drone receiver 1000. To land 

In one embodiment, a travel segment is scheduled for the 
mobile vehicle until the mobile vehicle arrives within a 
feasible distance of a task location. The launch and retrieve 
points for a task are identical and the mobile vehicle is 
scheduled to wait for the drone at this point. When other task 
locations come within a feasible distance of points on the 

on the drone receiver 1000 from above the drone receiver 
1000, the landing drone and the drone receiver 1000 are 
programmed to execute particular actions. Specifically, in 
one embodiment, the landing drone is programmed to power 
down when it is positioned over the drone receiver 1000 in 
the air; powering down the landing drone causes the landing 
drone to fall. To slow and stabilize the falling drone, the 
drone receiver 1000 is programmed to execute one of the 
following actions: (1) releasing blasts of air to slow and 
stabilize the falling drone, (2) utilizing diamagnetic partial 
levitation from an array of electromagnets powered by 
alternating current to slow and stabilize the falling drone, or 
(3) deploying one or more retractable shock absorbers to 
cushion the fall of the falling drone. 

In one embodiment, a drone may land on the drone 
receiver 1000 from below the drone receiver 1000. Specifi­
cally, the drone receiver 1000 comprise a drone receiver 
1000 mounted to a bottom of a large drone. Different 
variations of an umbrella or a net may be suspended below 
the drone receiver 1000. The drone receiver 1000 is pro­
grammed to use the umbrella or net to envelop, catch and 
retrieve a disabled drone ( e.g., a drone that has lost power in 
air), a powered down drone (i.e., a drone programmed to 
power down when it is positioned below the drone receiver 
1000 in the air), and a powered drone. 

FIG. 14E illustrates an example drone receiver 1000 
mounted onto/coupled with a non-stationary flat-bed ground 
or water vehicle 1500, in accordance with an embodiment of 
the invention. The vehicle 1010 may be a truck, a railroad 
car, a ship, etc. 

Embodiments of the invention provide for scheduling of 
multiple tasks based on a concept of feasibility. The concept 
of feasibility is based on a planned travel segment for a 
mobile vehicle on which a drone receiver is mounted, a task 
location of a task, predicted weather characteristics in the 
region including the travel segment and the target location, 
and operating characteristics of one of multiple drones 
carried by the drone receiver. FIG. 15 illustrates the concept 
of feasibility, in accordance with an embodiment of the 
invention. A launch point on the travel segment is feasible 
for the drone with respect to the task if there is a retrieve 
point at or later on the travel segment (i.e., in the direction 
of the scheduled heading of the mobile vehicle on which the 
drone receiver is mounted), such that the drone can travel 
from the launch point (e.g., segment "a" shown in FIG. 15) 
to the task location, perform the task, and return to the 
retrieve point ( e.g., over segment "b" shown in FIG. 15) with 
a pre-specified residue of stored energy, while the drone 
receiver travels from the launch point to the retrieve point, 
and if necessary wait for the drone at the retrieve point, 
given predicted weather conditions in the region and battery 
charge for the drone. 

In one embodiment, the residue of stored energy is 
provided by assuming that predicted wind speed in the 
region is always directly opposite direction of travel of the 
drone. If the drone is sufficiently faster than the mobile 
vehicle (as would likely be the case with a ground vehicle), 
there will be no need for the mobile vehicle to wait, and the 
retrieve point is plotted based on the relative speeds of the 
two vehicles. 

travel segment, these points are scheduled as launch points, 
and suitable retrieve points are plotted and scheduled. 

Embodiments of the invention are configured to apply any 
10 heuristic solution to the traveling salesman problem, includ­

ing applying heuristic solutions to the planar traveling 
salesman problem. For example, FIG. 16 illustrates an 
example application of a heuristic ordering of tasks based on 
a recursive polygonal spiral, in accordance with an embodi-

15 ment of the invention. For purposes of this example, assume 
a drone carrier must return to its original location ("Origin") 
and a group of drones carried by the drone carrier are 
homogenous (i.e., have the same or similar operating speci­
fications). The example shown is not limited to drone 

20 carriers; it is applicable to any type of moving drone receiver 
1000 (e.g., a drone receiver 1000 mounted to a non-station­
ary flat-bed ground or water vehicle). 

In one embodiment, the air traffic control and flight plan 
management system 200 is adapted to manage the drone 

25 carrier and the group of drones carried by the drone carrier. 
Specifically, the system 200 is configured to receive, as 
input, a task set comprising different tasks, wherein each 
task has a corresponding task target/location ("task loca­
tion") associated with the task (e.g., delivering a payload to 

30 a particular location). For example, as shown in FIG. 16, the 
task set may comprise four different tasks with four different 
task locations-Task A with Task Location A, Task B with 
Task Location B, Task C with Task Location C, and Task D 
with Task Location D. The system 200 determines a convex 

35 polygon that covers all the task locations by computing a 
center of the task locations, passing around task locations 
clockwise around the center, and correcting when a vertex 
for a task location is no longer in a convex hull of the 
polygon. A polygonal spiraling inward course for the drone 

40 carrier is then constructed based on the polygon (e.g., 
triangle ABC between Task Locations A, B and C in FIG. 
16). The different tasks are ordered by first encounter within 
a task feasibility distance of the drone carrier's path. Fea­
sibility is calculated as described above. Drones are assigned 

45 in accordance with the ordering of the tasks. For example, as 
shown in FIG. 16, the four different task locations are 
initially ordered as A, B, C, D in accordance with the 
polygonal spiral heuristic. The actual scheduled ordering is 
as follows: (1) Task Location A as the first target location, (2) 

50 Task D as the second target location because Task Location 
D lies within a feasible distance of a segment between a 
retrieve point for Task A and Task B, (3) Task B as the third 
target location, and ( 4) Task C as the fourth target location. 
In one embodiment, a delay along a spiral path for a drone 

55 assigned to a task is plarmed/progranimed to allow enough 
time for a next drone to become available for a next task 
(e.g., recharged sufficiently for next task). Part of the fea­
sibility calculation includes allowing for recharging time 
before scheduling the launch of a drone that has already 

60 performed a task. 
FIG. 17 illustrates a flowchart of an example process 1200 

that the air traffic control and flight plan management system 
200 implements for managing a moving drone receiver 
1000, in accordance with an embodiment of the present 

65 invention. In process block 1201, obtain an initial order of 
task locations to be visited by applying a heuristic solution 
to the planar traveling salesman problem. In process block 
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1202, determine whether there is a next task location not yet 
scheduled for a visit. If there is no next task location not yet 
scheduled for a visit, proceed to process block 1203. In 
process block 1203, schedule return to the origin; the 
process ends after scheduling the return to the origin. If there 5 

is a next task location not yet scheduled for a visit, proceed 
to process block 1204. 

In process block 1204, set the next carrier travel segment 
from the current location to the next task location (i.e., the 
location of the next task). In process block 1205, schedule 10 

the launch of a drone when within feasible distance of any 
task location in the order; also, retrieve points for the drone, 
schedule travel to at least one retrieve point as necessary, and 
schedule wait for retrieval as necessary. In process block 
1206, determine whether there are any remaining tasks 15 

within feasible distance of the current segment. If there is at 
least one remaining task within feasible distance of the 
current segment, return to process block 1205. 

30 
1000 continues toward the retrieval point until it is feasible 
to take a course toward a second task location that is second 
furthest away (and still within distance to receive the first 
drone member launched). The drone receiver 1000 contin­
ues iteratively in this manner until all tasks are completed. 

In one embodiment, if there is more than one mobile 
drone receiver 1000 in the group, the tasks are divided 
among the drone receivers 1000 proportional to the number 
and power of drone members that are initially located at or 
near each drone receiver 1000. 

In some embodiments of the invention, the travel seg­
ments for the drone carrier (mobile vehicle carrying the 
drone receiver) are perturbed from the method described in 
FIGS. 16 and 17. Instead of setting the heading toward the 
first task target not yet scheduled for a visit, the heading is 
set toward a point that is on the direct path between the first 
and second ordered tasks (replacing the second ordered task 
by the origin when no second task remains without a If there are no remaining tasks within feasible distance of 

the current segment, return to process block 1202. 
Embodiments of the invention allow 4D cells to be locked 

with a group lock. In one embodiment, each drone member 
of a group of drones is registered with its own name, a group 
name for the group, and its operating characteristics. Each 
drone receiver 1000 to be utilized with the group is also 
registered with its own name, the group name, and its 
operating characteristics (including whether the drone 
receiver 1000 is mobile or stationary). In one embodiment, 
each mobile drone receiver 1000 is configured to create an 
action plan and a group flight plan 

20 previously scheduled visit. This point must be a feasible 
launch and retrieval point for the first task. In some embodi­
ments it is always set closer to the first task than the second. 
If there is are earlier feasible launch and retrieval points for 
the first task on the segment then the earliest such are 

25 scheduled. If necessary the carrier waits at the retrieval 
point. The process is then repeated with a heading set toward 
a point on a path between the next task not yet scheduled for 
a visit and the next task after that. When all tasks have been 
scheduled, the heading is set for the origin and the carrier is 

30 scheduled to return to the origin. 
The system 200 receives a request for an action plan 

submitted on behalf of the group. The request comprises a 
task set comprising different tasks, wherein each task has 
one or more corresponding task locations and one or more 
task actions. Some of the task locations may be specified as 35 

a location of a drone receiver 1000 instead of specific 
location coordinates. Each task is intended to be performed 

FIG. 18 is a high level block diagram showing an infor­
mation processing system 300 useful for implementing one 
embodiment of the invention. The computer system includes 
one or more processors, such as processor 302. The proces­
sor 302 is connected to a communication infrastructure 304 
(e.g., a communications bus, cross-over bar, or network). 

The computer system can include a display interface 306 
by one drone member from the group. 

The system 200 attempts to satisfy the request tentatively 
using a heuristic solver. If a feasible solution is found, 40 

requests for flight plans are forwarded to each zone control-

that forwards graphics, text, and other data from the com­
munication infrastructure 304 ( or from a frame buffer not 
shown) for display on a display unit 308. The computer 
system also includes a main memory 310, preferably ran-

ler 60 (FIG. 1) in which a drone member is initially located; 
otherwise, if not feasible solution is found, the system 200 
returns the request with a notification indicating that the 
request is infeasible. 

In one embodiment, tasks are clustered by minimum 
distance from drone receivers 1000. 

In one embodiment, if all drone receivers 1000 utilized 
are stationary, each task is treated as a flight plan request, but 
4D cells are still locked with a group lock. Each stationary 
drone receiver 1000 is configured to create a group flight 
plan for each of its tasks beginning with the first task, and 
utilizes the least powerful drone member that can be 
expected to perform the task (i.e., a pre-specified percentage 
of the time), while allowing for re-charge before reuse, and 
allowing a minimum requested time between launch and 
landing events. 

dom access memory (RAM), and may also include a sec­
ondary memory 312. The secondary memory 312 may 
include, for example, a hard disk drive 314 and/or a remov-

45 able storage drive 316, representing, for example, a floppy 
disk drive, a magnetic tape drive, or an optical disk drive. 
The removable storage drive 316 reads from and/or writes to 
a removable storage unit 318 in a manner well known to 
those having ordinary skill in the art. Removable storage 

50 unit 318 represents, for example, a floppy disk, a compact 
disc, a magnetic tape, or an optical disk, etc. which is read 
by and written to by removable storage drive 316. As will be 
appreciated, the removable storage unit 318 includes a 
computer readable medium having stored therein computer 

55 software and/or data. 

In one embodiment, if there is only one mobile drone 
receiver 1000, tasks are ordered by maximum distance 
between a task location and an origin/initial location of the 60 

drone receiver 1000, and then clockwise spiraling in. For 
simplicity, assume all drone members are initially located at 

In alternative embodiments, the secondary memory 312 
may include other similar means for allowing computer 
programs or other instructions to be loaded into the com­
puter system. Such means may include, for example, a 
removable storage unit 320 and an interface 322. Examples 
of such means may include a program package and package 
interface (such as that found in video game devices), a 
removable memory chip (such as an EPROM, or PROM) 
and associated socket, and other removable storage units 

or near the drone receiver 1000. The drone receiver 1000 
starts on a shortest path towards a first task location that is 
furthest away from the origin. The drone receiver 1000 
launches a drone member when there is a feasible round trip 
between it and the other task locations. The drone receiver 

65 320 and interfaces 322, which allows software and data to be 
transferred from the removable storage unit 320 to the 
computer system. 
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oriented programming language such as Smalltalk, C++ or 
the like, and conventional procedural programming lan­
guages, such as the "C" programming language or similar 
programming languages. The computer readable program 

The computer system may also include a communication 
interface 324. Communication interface 324 allows software 
and data to be transferred between the computer system and 
external devices. Examples of communication interface 324 
may include a modem, a network interface ( such as an 
Ethernet card), a communication port, or a PCM CIA slot and 
card, etc. Software and data transferred via communication 
interface 324 are in the form of signals which may be, for 
example, electronic, electromagnetic, optical, or other sig­
nals capable of being received by communication interface 
324. These signals are provided to communication interface 
324 via a communication path (i.e., channel) 326. This 
communication path 326 carries signals and may be imple­
mented using wire or cable, fiber optics, a phone line, a 
cellular phone link, an RF link, and/or other communication 
channels. 

5 instructions may execute entirely on the user's computer, 
partly on the user's computer, as a stand-alone software 
package, partly on the user's computer and partly on a 
remote computer or entirely on the remote computer or 
server. In the latter scenario, the remote computer may be 

10 connected to the user's computer through any type of 
network, including a local area network (LAN) or a wide 
area network (WAN), or the connection may be made to an 
external computer (for example, through the Internet using 
an Internet Service Provider). In some embodiments, elec-

The present invention may be a system, a method, and/or 

15 tronic circuitry including, for example, programmable logic 
circuitry, field-programmable gate arrays (FPGA), or pro­
grammable logic arrays (PLA) may execute the computer 
readable program instructions by utilizing state information 
of the computer readable program instructions to personalize 

a computer program product. The computer program prod­
uct may include a computer readable storage medium ( or 
media) having computer readable program instructions 
thereon for causing a processor to carry out aspects of the 
present invention. The computer readable storage medium 
can be a tangible device that can retain and store instructions 
for use by an instruction execution device. The computer 
readable storage medium may be, for example, but is not 
limited to, an electronic storage device, a magnetic storage 
device, an optical storage device, an electromagnetic storage 
device, a semiconductor storage device, or any suitable 
combination of the foregoing. Anon-exhaustive list of more 
specific examples of the computer readable storage medium 30 

includes the following: a portable computer diskette, a hard 
disk, a random access memory (RAM), a read-only memory 
(ROM), an erasable programmable read-only memory 
(EPROM or Flash memory), a static random access memory 
(SRAM), a portable compact disc read-only memory (CD- 35 

ROM), a digital versatile disk (DVD), a memory stick, a 
floppy disk, a mechanically encoded device such as punch­
cards or raised structures in a groove having instructions 
recorded thereon, and any suitable combination of the fore­
going. A computer readable storage medium, as used herein, 40 

is not to be construed as being transitory signals per se, such 

20 the electronic circuitry, in order to perform aspects of the 
present invention. 

Aspects of the present invention are described herein with 
reference to flowchart illustrations and/or block diagrams of 
methods, apparatus (systems), and computer program prod-

25 ucts according to embodiments of the invention. It will be 
understood that each block of the flowchart illustrations 

as radio waves or other freely propagating electromagnetic 
waves, electromagnetic waves propagating through a wave­
guide or other transmission media ( e.g., light pulses passing 
through a fiber-optic cable), or electrical signals transmitted 45 

through a wire. 
Computer readable program instructions described herein 

can be downloaded to respective computing/processing 
devices from a computer readable storage medium or to an 
external computer or external storage device via a network, 50 

for example, the Internet, a local area network, a wide area 
network and/or a wireless network. The network may com­
prise copper transmission cables, optical transmission fibers, 
wireless transmission, routers, firewalls, switches, gateway 
computers and/or edge servers. A network adapter card or 55 

network interface in each computing/processing device 
receives computer readable program instructions from the 
network and forwards the computer readable program 
instructions for storage in a computer readable storage 
medium within the respective computing/processing device. 60 

Computer readable program instructions for carrying out 
operations of the present invention may be assembler 
instructions, instruction-set-architecture (ISA) instructions, 
machine instructions, machine dependent instructions, 
microcode, firmware instructions, state-setting data, or 65 

either source code or object code written in any combination 
of one or more programming languages, including an object 

and/or block diagrams, and combinations of blocks in the 
flowchart illustrations and/or block diagrams, can be imple­
mented by computer readable program instructions. 

These computer readable program instructions may be 
provided to a processor of a general purpose computer, 
special purpose computer, or other programmable data pro­
cessing apparatus to produce a machine, such that the 
instructions, which execute via the processor of the com­
puter or other programmable data processing apparatus, 
create means for implementing the functions/acts specified 
in the flowchart and/or block diagram block or blocks. These 
computer readable program instructions may also be stored 
in a computer readable storage medium that can direct a 
computer, a programmable data processing apparatus, and/ 
or other devices to function in a particular manner, such that 
the computer readable storage medium having instructions 
stored therein comprises an article of manufacture including 
instructions which implement aspects of the function/act 
specified in the flowchart and/or block diagram block or 
blocks. 

The computer readable program instructions may also be 
loaded onto a computer, other programmable data process­
ing apparatus, or other device to cause a series of operational 
steps to be performed on the computer, other programmable 
apparatus or other device to produce a computer imple­
mented process, such that the instructions which execute on 
the computer, other programmable apparatus, or other 
device implement the functions/acts specified in the flow­
chart and/or block diagram block or blocks. 

The flowchart and block diagrams in the Figures illustrate 
the architecture, functionality, and operation of possible 
implementations of systems, methods, and computer pro­
gram products according to various embodiments of the 
present invention. In this regard, each block in the flowchart 
or block diagrams may represent a module, segment, or 
portion of instructions, which comprises one or more 
executable instructions for implementing the specified logi­
cal function(s). In some alternative implementations, the 
functions noted in the block may occur out of the order noted 
in the figures. For example, two blocks shown in succession 
may, in fact, be executed substantially concurrently, or the 
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blocks may sometimes be executed in the reverse order, 
depending upon the functionality involved. It will also be 
noted that each block of the block diagrams and/or flowchart 
illustration, and combinations of blocks in the block dia­
grams and/or flowchart illustration, can be implemented by 5 

special purpose hardware-based systems that perform the 
specified functions or acts or carry out combinations of 
special purpose hardware and computer instructions. 

From the above description, it can be seen that the present 
invention provides a system, computer program product, and 10 

method for implementing the embodiments of the invention. 
The present invention further provides a non-transitory 
computer-useable storage medium for implementing the 
embodiments of the invention. The non-transitory computer­
useable storage medium has a computer-readable program, 15 

wherein the program upon being processed on a computer 
causes the computer to implement the steps of the present 
invention according to the embodiments described herein. 
References in the claims to an element in the singular is not 
intended to mean "one and only" unless explicitly so stated, 20 

but rather "one or more." All structural and functional 
equivalents to the elements of the above-described exem­
plary embodiment that are currently known or later come to 
be known to those of ordinary skill in the art are intended to 

34 
sequence of four-dimensional (4D) cells representing a 
planned flight path for the drone; and 

for each 4D cell of the flight plan: 
determining whether an exclusive lock on behalf of the 

drone on the 4D cell is available; 
in response to determining an exclusive lock on behalf 

of the drone on the 4D cell is available, placing the 
exclusive lock on behalf of the drone on the 4D cell, 
thereby restricting use of air space within the 4D cell 
to the drone only; and 

in response to determining an exclusive lock on behalf 
of the drone on the 4D cell is not available, rerouting 
the flight plan around the 4D cell to a neighboring 4D 
cell, wherein the rerouting includes delaying take off 
of the drone; 

wherein flight of the drone to the one or more locations is 
controlled in accordance with the flight plan; and 

wherein, in response to receiving a report identifying a 
current location of the drone and determining the 
current location of the drone is inconsistent with the 
flight plan, rerouting the flight plan from the current 
location. 

2. The method of claim 1, wherein: 
for each 4D cell of the flight plan: 

be encompassed by the present claims. No claim element 25 

herein is to be construed under the provisions of 35 U.S.C. 
section 112, sixth paragraph, unless the element is expressly 
recited using the phrase "means for" or "step for." 

a neighboring 4D cell is to the left of, right of, above, 
below, or later in time than the 4D cell, from the 
point of view of the flight plan towards the 4D cell. 

3. The method of claim 1, wherein each 4D cell represents 
4D locations represented by two horizontal intervals, one 

30 vertical interval and one time interval. 
The terminology used herein is for the purpose of describ­

ing particular embodiments only and is not intended to be 
limiting of the invention. As used herein, the singular forms 
"a", "an" and "the" are intended to include the plural forms 
as well, unless the context clearly indicates otherwise. It will 
be further understood that the terms "comprises" and/or 
"comprising," when used in this specification, specify the 35 

presence of stated features, integers, steps, operations, ele­
ments, and/or components, but do not preclude the presence 
or addition of one or more other features, integers, steps, 
operations, elements, components, and/or groups thereof. 

The corresponding structures, materials, acts, and equiva- 40 

lents of all means or step plus function elements in the 
claims below are intended to include any structure, material, 
or act for performing the function in combination with other 
claimed elements as specifically claimed. The description of 
the present invention has been presented for purposes of 45 

illustration and description, but is not intended to be exhaus­
tive or limited to the invention in the form disclosed. Many 
modifications and variations will be apparent to those of 
ordinary skill in the art without departing from the scope and 
spirit of the invention. The embodiment was chosen and 50 

described in order to best explain the principles of the 
invention and the practical application, and to enable others 
of ordinary skill in the art to understand the invention for 
various embodiments with various modifications as are 
suited to the particular use contemplated. 

What is claimed is: 
1. A method, comprising: 

55 

receiving a flight plan request for a drone, wherein the 
flight plan request comprises an identity of the drone, 
departure information for the drone, and arrival infor- 60 

mation for the drone, and the arrival information com­
prises one or more locations that the drone is pro­
grammed to perform one or more tasks at; 

constructing a flight plan for the drone based on the flight 
plan request, wherein the flight plan represents an 65 

executable flight plan for the drone that reduces air 
traffic congestion, and the flight plan comprises a 

4. The method of claim 1, wherein each 4D cell in the 
flight plan is within a distance of a point on the planned flight 
path. 

5. The method of claim 1, further comprising: 
partitioning available air-space below an altitude into 

multiple 4D cells; and 
organizing the multiple 4D cells into rectilinear two­

dimensional (2D) zones. 
6. The method of claim 5, further comprising: 
maintaining a pre-determined rate oflock conflict for each 

zone by repartitioning the zone into more or fewer 4D 
cells independent of other zones and subject to mini­
mum dimensions for 4D cells. 

7. The method of claim 1, further comprising: 
receiving a 4D position report identifying the current 

location of the drone; 
determining whether the current location of the drone is 

consistent with the flight plan; and 
in response to determining the current location of the 

drone is inconsistent with the flight plan, rerouting the 
flight plan from a current 4D cell that the drone is in. 

8. The method of claim 1, further comprising: 
receiving an input indicating a detected failure of the 

drone; 
overriding an exclusive lock on a 4D cell where the 

detected failure is located; and 
for at least one other flight plan for at least one other drone 

affected by the override, rerouting the at least one other 
flight plan from a current 4D cell that the at least one 
other drone is in. 

9. A system comprising a computer processor, a com­
puter-readable hardware storage medium, and program code 
embodied with the computer-readable hardware storage 
medium for execution by the computer processor to imple­
ment a method comprising: 

receiving a flight plan request for a drone, wherein the 
flight plan request comprises an identity of the drone, 
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departure information for the drone, and arrival infor­
mation for the drone, and the arrival information com­
prises one or more locations that the drone is pro­
grammed to perform one or more tasks at; 

constructing a flight plan for the drone based on the flight 5 

plan request, wherein the flight plan represents an 
executable flight plan for the drone that reduces air 
traffic congestion, and the flight plan comprises a 
sequence of four-dimensional (4D) cells representing a 
planned flight path for the drone; and 10 

for each 4D cell of the flight plan: 
determining whether an exclusive lock on behalf of the 

drone on the 4D cell is available· 
in response to determining an exclu~ive lock on behalf 

of the drone on the 4D cell is available, placing the 15 

exclusive lock on behalf of the drone on the 4D cell 
thereby restricting use of air space within the 4D cell 
to the drone only; and 

in response to determining an exclusive lock on behalf 
of the drone on the 4D cell is not available, rerouting 20 

the flight plan around the 4D cell to a neighboring 4D 
cell, wherein the rerouting includes delaying take off 
of the drone; 

wherein flight of the drone to the one or more locations is 
controlled in accordance with the flight plan; and 

wherein, in response to receiving a report identifying a 
current location of the drone and determining the 
current location of the drone is inconsistent with the 
flight plan, rerouting the flight plan from the current 
location. 

10. The system of claim 9, wherein: 
for each 4D cell of the flight plan: 

25 

30 

a neighboring 4D cell is to the left of, right of, above, 
below, or later in time than the 4D cell, from the 
point of view of the flight plan towards the 4D cell. 35 

11. The system of claim 9, wherein each 4D cell repre­
sents 4D locations represented by two horizontal intervals 
one vertical interval and one time interval. ' 

12. The system of claim 9, wherein each 4D cell in the 
flight plan is within a distance of a point on the planned flight 40 

path. 
13. The system of claim 9, further comprising: 
partitioning available air-space below an altitude into 

multiple 4D cells; and 
organizing the multiple 4D cells into rectilinear two- 45 

dimensional (2D) zones. 
14. The system of claim 13, further comprising: 
maintaining a pre-determined rate oflock conflict for each 

zone by repartitioning the zone into more or fewer 4D 
cells independent of other zones and subject to mini- 50 

mum dimensions for 4D cells. 
15. The system of claim 9, further comprising: 
receiving a 4D position report identifying the current 

location of the drone; 
determining whether the current location of the drone is 55 

consistent with the flight plan; and 
in response to determining the current location of the 

d~one is inconsistent with the flight plan, rerouting the 
flight plan from a current 4D cell that the drone is in. 

36 
16. The system of claim 9, further comprising: 
receiving an input indicating a detected failure of the 

drone; 
overriding an exclusive lock on a 4D cell where the 

detected failure is located; and 
for at least one other flight plan for at least one other drone 

affected by the override, rerouting the at least one other 
flight plan from a current 4D cell that the at least one 
other drone is in. 

17. A computer program product comprising a computer­
readable hardware storage device having program code 
embodied therewith, the program code being executable by 
a computer to implement a method comprising: 

receiving a flight plan request for a drone, wherein the 
flight plan request comprises an identity of the drone, 
departure information for the drone, and arrival infor­
mation for the drone, and the arrival information com­
prises one or more locations that the drone is pro­
grammed to perform one or more tasks at· 

constructing a flight plan for the drone based ~n the flight 
plan request, wherein the flight plan represents an 
executable flight plan for the drone that reduces air 
traffic congestion, and the flight plan comprises a 
sequence of four-dimensional (4D) cells representing a 
planned flight path for the drone; and 

for each 4D cell of the flight plan: 
determining whether an exclusive lock on behalf of the 

drone on the 4D cell is available; 
in response to determining an exclusive lock on behalf 

of the drone on the 4D cell is available, placing the 
exclusive lock on behalf of the drone on the 4D cell 
thereby restricting use of air space within the 4D cell 
to the drone only; and 

in response to determining an exclusive lock on behalf 
of the drone on the 4D cell is not available, rerouting 
the flight plan around the 4D cell to a neighboring 4D 
cell, wherein the rerouting includes delaying take off 
of the drone; 

wherein flight of the drone to the one or more locations is 
controlled in accordance with the flight plan; and 

wherein, in response to receiving a report identifying a 
current location of the drone and determining the 
current location of the drone is inconsistent with the 
flight plan, rerouting the flight plan from the current 
location. 

18. The computer program product of claim 17, wherein: 
for each 4D cell of the flight plan: 

a neighboring 4D cell is to the left of right of above 
below, or later in time than the 4D cell, f;om th~ 
point of view of the flight plan towards the 4D cell. 

19. The computer program product of claim 17, wherein 
each 4D cell represents 4D locations represented by two 
horizontal intervals, one vertical interval and one time 
interval. 

20. The computer program product of claim 17, wherein 
each 4D cell in the flight plan is within a distance of a point 
on the planned flight path. 

* * * * * 




