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SYMIBIOTC UNMANNED AERIAL VEHICLE 
AND UNMANNED SURFACE VEHICLE 

SYSTEM 

This invention was made with government support under 5 
#1111638, #09 16209, #0917676, #0936710 awarded by the 
National Science Foundation (NSF). The government has 
certain rights in the invention. 

BACKGROUND 10 

Precision agriculture offers to improve crop productivity 
and farm profitability through improved management of 
farm inputs, leading to better environmental quality. In 
precision agriculture, resources such as water, fertilizer and 15 
herbicides are only applied to those parts of the field that 
need them. 
A key component of precision agriculture is data collec 

tion to determine the current state of the various parts of the 
field. At present, there are two primary approaches to data 20 
collection for precision agriculture: remote sensing and 
manual data collection. Remote sensing involves collecting 
information without entering the field. This typically 
involves using cameras in Satellites or aircraft to collect 
images of the field. Satellite and aerial remote sensing are 25 
severely limited by cloud cover and remote sensing from a 
manned aerial device (either flown by a pilot or radio 
controlled by a professional operator) is costly and difficult 
to plan against weather conditions. Further, soil moisture, 
crop height, and pest infestations cannot be measured 30 
remotely in a vegetated crop. Manual methods involve the 
collection of data by humans who either gather the data by 
walking through the field, or guide a vehicle equipped with 
a sensor through the field. Manual data collection process 
can be tedious, time-consuming, and expensive. 35 

SUMMARY 

A system includes an unmanned aerial vehicle and an 
unmanned Surface vehicle. The unmanned aerial vehicle has 40 
a memory storing a plurality of collection points and at least 
one sensor for collecting sensor data from each of the 
collection points. The unmanned surface vehicle is capable 
of moving to a plurality of locations. The unmanned aerial 
vehicle travels through the air between at least two collec- 45 
tion points stored in the memory and the unmanned aerial 
vehicle is carried between at least two collection points 
stored in the memory by the unmanned surface vehicle. 

In accordance with one embodiment, a method includes 
storing measurement locations, launching locations, and 50 
landing locations in an unmanned Surface vehicle's memory 
and storing image capture locations, launching locations and 
landing locations in an unmanned aerial vehicle's memory. 
A data collection routine is initiated during which the 
unmanned Surface vehicle carries the unmanned aerial 55 
vehicle between multiple measurement locations and col 
lects sensor data at the multiple measurement locations 
while the unmanned aerial vehicle is positioned on the 
unmanned Surface vehicle. The unmanned Surface vehicle 
carries the unmanned aerial vehicle to a launching location. 60 
The unmanned aerial vehicle launches from the launching 
location and flies to a plurality of image capture locations. 
The unmanned surface vehicle travels to a landing location. 
The unmanned aerial vehicle lands on the unmanned surface 
vehicle at the landing location. 65 

In accordance with a further embodiment, a method 
includes identifying a collection of areas in which measure 

2 
ments should be taken, finding a maximal set of non 
intersecting areas among the collection of areas and setting 
an initial tour to a point in each area in the maximal set of 
non-intersecting areas. A minimum number of sampling 
locations around each area in the maximal set of non 
intersecting areas is then found in order to ensure that there 
is at least one sampling location in each area of the collec 
tion of areas. The initial tour is adjusted to add each 
sampling location to form an adjusted tour. An unmanned 
vehicle is then instructed to travel along the adjusted tour 
and to collect measurements at the point in each area in the 
maximal set of non-intersecting disks and each sampling 
location. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a plan view of a geographic area showing a 
collection of measurement areas associated with PML 
points. 

FIG. 2(a) is a plan view of a geographic area divided into 
grids showing a collection of PML points. 

FIG. 2(b) is a plan view of the geographic area of FIG. 
2(a) showing a combined aerial and Surface tour for an 
unmanned aerial vehicle to capture image data of PML 
points. 

FIG. 2(c) is a plan view of the geographic area of FIG. 
2(a) showing an initial tour for an unmanned Surface vehicle 
to visit the center of a Maximal number of non-intersecting 
sampling areas around the PML points sampled by the 
unmanned aerial vehicle. 

FIG. 2(d) is a plan view of the geographic area of FIG. 
2(a) showing an adjusted tour for an unmanned surface 
vehicle to visit the sampling areas around all of the PML 
points sampled by the unmanned aerial vehicle. 

FIG. 2(e) is a plan view of the geographic area of FIG. 
2(a) showing a further adjusted tour in which sampling 
locations that are outside of a sampling area around a PML 
point have been removed from the tour shown in FIG. 2(d). 

FIG. 2(f) shows a plan view of the geographic area of FIG. 
2(a) showing a final combined tour for an unmanned surface 
vehicle and unmanned aerial vehicle system. 

FIG. 3(a) shows a non-ideal collection of sampling loca 
tions that would be formed using a simple solution to the 
Traveling Salesperson with Neighborhood problem. 

FIG.3(b) shows a collection of sampling locations around 
a non-intersecting sampling area of a PML point under one 
embodiment. 

FIG. 4(a) shows a plan view of a geographic area showing 
a tour identified for a system that uses only an unmanned 
aerial vehicle. 

FIG. 4(b) shows a plan view of the geographic area of 
FIG. 4(a) showing combined tours for an unmanned aerial 
vehicle and unmanned Surface vehicle in accordance with 
one embodiment. 

FIG. 4(c) shows a plan view of the geographic area of 
FIG. 4(a) showing the PML sampling areas that are not 
sampled using only an unmanned aerial vehicle. 

FIG. 4(d) shows a plan view of the geographic area of 
FIG. 4(a) showing the PML sampling areas that are not 
sampled using a combined unmanned aerial vehicle and 
unmanned surface vehicle system. 

FIG. 5 provides a graph of the ratio of PML points visited 
by an unmanned aerial vehicle and unmanned surface 
vehicle system over PML points visited by an unmanned 
aerial vehicle alone. 

FIG. 6 provides a graph of the ratio of PML points left 
unvisited by an unmanned aerial vehicle and unmanned 
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surface vehicle system over PML points left unvisited by an 
unmanned aerial vehicle alone. 

FIG. 7 provides a perspective view of an unmanned 
Surface vehicle and unmanned aerial vehicle system in 
accordance with one embodiment. 

FIG. 8 provides a block diagram of elements found in an 
unmanned aerial vehicle in accordance with one embodi 
ment. 

FIG. 9 provides a block diagram of elements found in an 
unmanned Surface vehicle in accordance with one embodi 
ment. 

FIG. 10 provides a flow diagram for setting paths for a 
measurement system that includes both an unmanned aerial 
vehicle and unmanned Surface vehicle where the unmanned 
Surface vehicle carries the unmanned aerial vehicle along 
Some paths. 

FIG. 11 provides a flow diagram of a measurement 
method using a system having an unmanned ground vehicle 
and an unmanned aerial vehicle. 

DETAILED DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

Embodiments described below provide a low cost 
Unmanned Aerial Vehicle (UAV) and Unmanned Ground 
Vehicle (UGV) that work cooperatively to collect data for a 
precision agriculture application. The system provides mul 
tiple on-demand sensing capabilities, and combines the 
strengths of ground and aerial robots. Ground robots are 
capable of traveling long distances, carrying large loads and 
measuring soil data. On the other hand, Small aerial vehicles 
can take images from a low altitudebut have limited battery 
life and the images may need to be complemented with 
ground measurements. In the embodiments below, a UGV is 
used to deploy a small, inexpensive UAV at carefully 
selected measurement locations. As the UAV is taking aerial 
pictures over a small region, the UGV will take soil mea 
surements. The UAV will then land on the UGV, which will 
take the UAV to the next deployment location. The ground 
and aerial measurements collected by the system are used 
for estimating conditions across a farm field. These esti 
mates in turn guide resource application. The capability to 
apply the right amount of resources at the right time can 
drastically reduce resource usage which is desirable from an 
environmental and economic standpoint. 

In accordance with Some embodiments, a path is planned 
for the UAV+UGV system for estimating current conditions 
in an agriculture field. The method starts with a map of prior 
conditions of the field (e.g., obtained from satellite imagery). 
The map classifies each point in the field by assigning a label 
to the point based on the detected condition of the field at 
that point. For example, areas can be classified as to the 
moisture content of the soil as Dry, Moist, Overly Wet or the 
areas can be classified as to the Nitrogen level in the soil as 
Low, Medium, or High. After this initial classification, 
Potentially Mislabeled (PML) points are identified using a 
probabilistic framework discussed below. A UAV path is 
planned to visit a maximum number of PML points subject 
to an energy budget of the UAV where the path includes the 
ability to have the UAV muled by the UGV between 
deployment points of the UAV. A UGV path is then planned 
so that the UGV can take a measurement close enough to 
each PML point to confirm or reject the classification of the 
point. This UGV path provides a constant-factor approxi 
mation to an ideal path that takes into consideration that the 
UGV only needs to come within a neighborhood of each 
point and that there is a cost associated with each measure 
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4 
ment the UGV takes. The goal is to minimize the total time 
spent in traveling and taking measurements. The UAV and 
UGV are then loaded with the path and sample point 
information and are released to autonomously traverse the 
field and collect the desired data. 

In more detail, the operating environment is a farm field, 
which is discretized into a set of points X={x1, x2, ..., x}. 
Each point is assigned an initial label using a prior mea 
Surement such as a measurement made using satellite imag 
ery, for example. The current actual condition at each point 
is not known, however a Gaussian Process is used to 
estimate the condition of the field at each point from the 
prior measurements. For each point, the most likely field 
condition estimate, N(x), is assigned to the point with 
variance of the estimate as O(x). This most likely field 
condition estimate is then used to assign a label to each 
point. For example, each point can be classified using one of 
three field condition labels: low, medium, and high. These 
labels can refer to any condition of the field such as moisture 
content and Nitrogen level, for example. This initial labeling 
is based on label definitions where each label i is specified 
by a minimum and maximum condition level, 1,..l, respec 
tively. In general, since the true condition levels are 
unknown and only an estimate of the condition levels is 
available, it is not certain whether the label for the point is 
correct. As a result, there is a probability P(x,) that the label 
j for point x, is correct where P(x)=P(1, sN(x,)<1."). The 
details for computing this probability are given below. 
Labels are thus assigned to points based on which is most 
likely to be correct, given the estimates N(x) of each point. 
The shorter notation P(x,) is used to denote the probability 
of the most likely label. 

Potentially Mislabeled (PML) points are all points in X 
for which the probability of the most-likely label being 
correct is below a user-desired value Pe(0, 1). 

(1) 

where X, is the set of potentially mislabeled (PML) points. 
The probability of a correct label being assigned to the 
potentially mislabeled points can be improved by taking soil 
and aerial measurements near the PML points, as discussed 
below. 
One simple strategy would be to take measurements at 

every PML point to assign a label with a certainty higher 
than the user-desired value. However, the ability to take such 
measurements is constrained because the UAV has a limited 
battery budget (denoted by B) and the UGV requires some 
non-zero time (denoted by C.) to take a soil measurement. 
Thus, the objective is to maximize the number of PML 
points sampled with the UAV and UGV subject to the UAV's 
battery constraint and to do so in a minimal amount of time. 
The UAV spends some part of its energy budget for each 

take-off and landing. The average of these energy costs is 
denoted by C. So that a combined take-off and landing takes 
2C. It is assumed that the UAV and UGV travel at unit 
speed and the energy required to travel is proportional to the 
travel time. Hence, distance, time and energy are used 
interchangeably. Non-unit speeds can be easily accommo 
dated in the analysis. If t is a set of N deployments for the 
UAV, then the total cost of the UAV tour is given as 
len(t)+2N-C, where len(t) is the sum of Euclidean 
lengths of paths in all deployments. The problem can be 
concisely stated as, 

Problem 1 (UAV coverage): Find a UAV tourt consisting 
of one or more paths (each of which is associated with a 
take-off and landing location), to sample the maximum 
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number of PML points, such that the cost of the tour is not 
greater than the UAV budget. 

Given the PML points visited by the UAV, the next 
objective is to design a UGV path that obtains soil mea 
surements in the least time. The spatial correlation of soil 
properties means that nearby points are likely to have the 
same condition level. Hence, as described below, the loca 
tion of the measurement relative to any PML point should be 
within a radius defined by the spatial correlation of the 
measured property. The UGV can thus combine measure 
ment locations for multiple points if their radii overlap. The 
cost to take measurements is included as an additive time 

cost C. for each measurement. The UGV is assumed to have 
sufficient fuel for the entire trip, but the time cost must be 
minimized. If t is a UGV tour with N measurement loca 
tions, then the cost of the tour is given as len(t)+N-C the 
second optimization problem is then, 

Problem 2 (UGV cost): Given the set of points visited by 
the UAV and a radius associated with each point, find a UGV 
tour of minimum cost that obtains at least one measurement 
within the radius of each point. 
Finding Potentially Mislabeled Points 

In this section, points with unacceptably high mislabel 
probability are found using a map showing condition levels 
of the points and a Gaussian cumulative distribution func 
tion. In particular, points with unacceptably high mislabel 
probabilities are determined as: 

Insert Equations 12 and 13 from New Paper 
where d() is the Gaussian cumulative distribution func 

tion that assumes all points are jointly-Gaussian, with a 
function K(a, b, 0) to determine the covariance between 
points a and b, with hyperparameters 0. A prior estimate is 
required, which in our application is commonly available 
from a satellite image. Let the points at which prior mea 
surements are obtained be X, with estimated condition 
levels NCX). Let u and be the mean and variance of the 
set of prior measurements. The following equations for 
mean and variance at any specific point are then defined as: 

where Ke(a,b) is the covariance function used. Henceforth 
the squared exponential covariance function is considered, 
but the method generalizes to other functions as well. Then, 

22 2 (3) Kg (a,b) = cr; e + dabO 

where 8–1 if a=b, and zero otherwise. It is assumed the 
Gaussian Process has been trained, and the hyperparameters 
0–1. O, O, are known. 

Let I, be the current label at point x, Let d(a) be the 
standard Gaussian Cumulative Distribution Function evalu 

ated at a. Also, define the term 1 (x,) to be the “closest” 
labeling threshold, for each label, to the current estimate at 
point X, as follows, 

Due to the Gaussian noise assumption, an upper bound on 
the probability the point is mislabeled is found as follows: 
A point X, with labell, has a likelihood of being misla 

beled P which satisfies, nisia belied 
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(5) A. Pnislabeled (vi) is 2 O(x;) 

y l, (x,) is defined as the closest labeling boundary to 
X). 
Thus, the mislabel probability is a function of both the 

current estimate N(x) and the variance O(x). Of these 
quantities, O(X) can be controlled since it depends on the 
distance from the measurement location to point X, Specifi 
cally, in order to reach a desired probability threshold P, the 
measurement location should be chosen so that the variance 
1S 

f (6) 

Using the spatial correlation from Equation 2, the squared 
covariance function of Equation 3, and a single is a mea 
Surement point Z using a Sensor S with measurement error 
O. such that of(z)=O-O, , the relationship between the 
measurement location and the variance at X, can be deter 
mined as: 

Setting the right hand side of equation 6 as of, equations 
6 and 8 can be combined as: 

2. la-b) (9) 
of > or (x,z) = ori - - o; + O. 
O 

2 ( ; la-bl?) (10) Of 'e 
Of 2 O - 2 L -2 

O + C ; 

Solving equation 10 for the distance between the mea 
Surement point and Xi gives: 

|:- vill’s -log (O O )(or -- crior?') (11) 

|:- vil's (12) 

-flog O - min(IN(x) - I, I, N(x) le ar | Fa d (1) 

Thus, for every PML point x, a radius ||Z-X, can be 
determined that is a function of the probability threshold P. 
and the distance between the measured condition level at 
point x, N(x) to the closest label boundary where the radius 
sets a maximum distance from the point, as a function of the 
sensor noise and current uncertainty, from which a sample 
must be obtained such that the label currently assigned to the 
point x, has a probability greater than the probability thresh 
old P. of being correct. 
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FIG. 1 provides an example of a geographic area showing 
PML points as crosses such as cross 104 and the area where 
a measurement is to be taken is depicted as a disk with the 
radius determined above centered on the PML point such as 
disk 106. For each point, a measurement from inside the 
respective disk will indicate that the label assigned to the 
PML point is correct with a probability greater than the 
probability threshold P. 
Path Optimization 

In this section, a method is described for finding the 
UAV+UGV tours to visit the most number of PML points 
subject to the UAV battery budget. The method operates in 
two phases: first the subset of PML points to be visited by 
the UAV is found and then the tour (i.e. order and sampling 
locations) for the UGV is found. The tour for the UGV also 
includes take-off and landing locations for the UAV. 
A. Computing the UAV Tour 
The method of finding the maximum subset of PML 

points to be visited by the UAV begins with a graph G(V, E, 
IL, w) with weights (w(u, v)) on edges, and rewards t(v) on 
the vertices. The objective is to find a tour of a subset of 
vertices collecting maximum reward, with the constraint that 
the Sum of weights of edges on the tour is less than a given 
budget. 

First consider the simpler case of finding the maximum 
subset of points in a UAV-only system. For simplicity, let the 
camera footprint be a single point for now. The UAV tour 
will consist of a single path with one take-off and landing 
location. A graph is built with PML points as the vertices. An 
edge is added to G between every pair of points with weight 
equal to the Euclidean distance between the points. Each 
vertex is given a unit reward. The budget for the UAV equals 
the battery lifetime minus 2C to account for the single 
takeoff and landing. The method then finds the path that 
traverses the most PML points while having a length that is 
less than or equal to the available travel budget for the UAV. 

Since the edge weights are Euclidean distances, this graph 
is a complete metric graph. Blum et al., “Approximation 
algorithms for orienteering and discounted-reward tsp'. 
SIAM Journal on Computing, vol. 37, no. 2, PP. 653-670, 
2007 presented a 4-approximation for orienteering problems 
on undirected metric graphs. Applying this algorithm to the 
graph constructed above will yield a UAV tour visiting at 
least 4th of the PML points visited by the optimal algo 
rithm. 
Now consider the case of a UAV+UGV system. The UGV 

can transport the UAV between two PML locations, without 
affecting the UAV's battery life. To account for this move 
ment, the edge weights are modified accordingly. Further 
more, since the UAV carries a camera with a footprint of 
diameter C, it can sample a point without flying directly over 
it. Hence, the set of vertices should also be modified. The 
detailed construction of the input graph then becomes: 

(1) Create a square grid of resolution C/V2 over the plane 
representing the field. Each point in X, is associated with 
its nearest grid location. Store the number (denoted by L(v)) 
of PML points associated with a grid location. For example, 
in FIG. 2(a) the grid is shown by horizontal and vertical lines 
such as horizontal line 200 and vertical line 202. In each box 
formed by the horizontal and vertical lines that contains at 
least one PML point, the number of PML points in the box 
is assigned as the vertex weight L(v). For example, box 206 
contains two PML points 208 and 210 and is assigned a 
vertex weight of 2. 

(2) Let V be the set of grid vertices with at least one PML 
point. For each vertex veV, let L(v) be the number of 
associated PML points. 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

8 
(3) Build a complete undirected graph G=(V,E. L.w.. For 

each edge between (u, v)eV, add a weight w(u, v) min{d(u, 
V), 2C. This implies there are two types of edges between 
grid points: The UAV can either use the UGV to travel 
paying only for the ascent/descent (2C) or travel directly 
between points paying the distance cost (d(u, v)). 

(4) Find the path through the graph that provides the 
highest total vertex weight formed by Summing the vertex 
weight of each grid visited by the UAV while having a total 
edge cost equal to the Sum of the costs of each edge the UAV 
travels along that is less than the budget for the UAV. 
G is a metric graph. Consider a triple of vertices u, V., W. 

We know w(u, v),w(v,w),w(w, u)s2C. It is easy to see the 
triangle inequality holds when two or three edges have 
weights equal to 2C. Consider the case when only one edge 
has weight equal to 2C, say w(u, v)=2C. Now, w(v,w)+w 
(w, u)=d(v,w)+d(w, u)=d(u, v). Since w(u, v) min{2C d(u, 
v)}=2C, we have d(u, v)2C. Hence, w(v,w)+w(w, u)=w 
(u, v). And since w(u, v)=2C, and w(v,w),w(w, u):<2C, w(u, 
V)+w(w, u)aw(v,w) and w(u, v)+W(v,w)aw(w, u). For the 
case when all three edges have weights less than 2C, the 
weights are equal to Euclidean distances. Hence, weights 
satisfy triangle inequality in addition to symmetry, identity 
and non-negativity. Hence, the graph constructed above is a 
complete metric graph. As a result, the 4-approximation of 
Blum mentioned above may be used to find an approxima 
tion to the optimal path for the UAV. 
An example of a UAV tour identified using the method 

above is shown in FIG. 2(b). In FIG. 2(b), a two airborne 
paths 220 and 222 are shown as dotted lines while a ground 
path 224 is shown as a solid line. For airborne path 220, the 
UAV launches at location 226 and lands on the UGV at 
location 228. The UAV is then muled or carried by the UGV 
along ground path 224. When the UGV reaches location 
230, the UAV launches again and travels along airborne path 
222 before landing again on the UGV at point 232. 
As shown in FIG. 2(b), the UAV tour is not always able 

to visit all of the PML points due to the battery budget of the 
UAV. For example, the set of PML points 234 and the set of 
PML points 236 are not sampled by the UAV. 
B. Computing the UGV Tour 
The method in the previous subsection gives the subset of 

PML points to be sampled by the UAV and thus by the UGV 
as well. The second part of the method involves constructing 
a minimum cost tour for the UGV to visit each point in the 
subset. Note, for each PML point sampled by the UAV, the 
UGV must take a sample within the disk defined above. 
Thus, a tour must be found in which the UGV visits all disks 
of the PML points sampled by the UAV and takes a 
measurement within each disk. 
The problem of finding the best tour for the UGV differs 

from the problem of finding a best route for a Traveling 
Salesperson to visit a set of equally-sized Neighborhoods 
because unlike the Traveling Salesperson with Neighbor 
hoods problem, the problem of finding the best tour for the 
UGV must take into account the time required for the UGV 
to take a measurement in each disk. Thus the UGV must 
choose a measurement location within each disk Such that 
the length of the tour and the number of distinct measure 
ment locations are minimized. Specifically, finding the mini 
mum cost UGV tour involves: 
Given a set of disks with uniform radius r and centers at 

points X, find a tourt of N distinct sample locations to 
minimize the cost len(t)+C-N such that each disk 
contains a sample location, where C is a time cost for 
taking a measurement and len(t) is the time needed to 
move along the path of the tour. 
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The first step in determining the UGV path is to identify 
a Maximal Independent Set (MIS) of non-intersecting disks, 
from the set of disks for the PML points sampled by the 
UAV. The MIS consists of the largest number of disks that 
can be found that do not overlap any other disks in the MIS. 
A disk can overlap other disks for the PML points and still 
be in the MIS. However, none of the disks in the MIS 
overlap another disk in the MIS. 

Next, a lowest cost tour is found to visit the center of each 
disk in the MIS. This tour is based only on the travel time 
needed to travel between disk centers. This tour intersects 
the circumference of each disk in the MIS twice. An 
example of an MIS tour 240 for the PML points of FIG. 2(b) 
is shown in FIG. 2(c). 

After the tour of to the center of the MIS disks has been 
established, it must be modified to ensure that each disk that 
intersects a MIS disk is also visited. One simple way to do 
this would be to start from an arbitrary disk in the MIS, 
follow the tour in the clockwise order up to the intersection 
point of the next disk, then follow the circumference of this 
disk in the clockwise order up to the second intersection 
point of the same disk. This continues until the starting point 
is encountered again. The process is then repeated in the 
anti-clockwise direction. 

This algorithm ensures that the tour intersects all disks by 
moving along the circumference of each disk in the MIS. 
However, when the UGV has to stop and obtain a measure 
ment in each disk, restricting the motion to the circumfer 
ence can be potentially costly in terms of the number of 
measurements. For example, consider the situation shown in 
FIG.3(a) where the outer disks 300,302,304,306, and 308 
intersect with each other only outside the circumference of 
a disk 310 in the MIS. Since the tour in the standard 
algorithm only moves along the circumference, it will be 
forced to take one measurement for every outer disk, which 
can be as large as O(n), whereas the optimal algorithm can 
visit a small number of intersection points, not necessarily 
on the circumference of an MIS disk. 

In accordance with one embodiment, the method above is 
modified in order to simultaneously find sampling locations 
for the tour. The additional length due to this new local 
strategy and the number of samples obtained with respect to 
the optimal are both bound. In accordance with this embodi 
ment: 

(1) Starting from an arbitrary point, follow the tour of the 
centers of disks in the MIS (FIG. 2(c)). 

(2) When a new center (say o) is reached on the tour, 
before visiting the next center on the tour, first visit the eight 
sites as shown in FIG.3(b) where o is the center of the disk 
in the MIS, sites b, d, h, flie on a square of side 2V2r 
centered at o, and sites a, c, e.g. lie on a square of side 2V2r 
rotated by 

After visiting the last of these sites, continue toward the 
center of the next disk in the MIS. The resulting tour 250 for 
the MIS of FIG. 2(c) is shown in FIG. 2(d). 

(3) Restrict the candidate sampling locations to the set of 
centers of disks in MIS and the set of eight sites as described 
above. Denote this set of candidate sampling locations by S. 

It can be shown that the set S defined above intersects all 
disks in X by letting S be the set of all centers of the disks 
in a MIS of non-overlapping disks X of radius r. Let S also 
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10 
contain the eight sites as described above. Then, for each 
disk in X, there exists a point in S lying in its interior. 

This can be proven by considering FIG. 3(b) where o is 
the center of the disk in the MIS. Then all disks that intersect 
the disk ato, lie within a disk of radius 2r from o. This outer 
disk 320 may be denoted as D. Let S={o, a, . . . . h. We 
can observe that the set of disks of radius r centered at all 
sites in S. form a cover of D. Hence, any point in D is at 
a distance of at most r from a site in S. Now consider any 
disk centered at o' that intersects the disk centered at o. 
o'el), hence there exists a site in S, at a distance r from o', 
i.e., lying within the disk at o'. 
The size of S is bound with respect to the size of the 

optimal number of samples N*. In particular, if N is the 
number of Samples taken by an optimal algorithm, then 
Sls'9N. This follows from the fact that S contains 9 sites 
per disk in an MIS of nonintersecting disks: one for the 
center, and eight lying on the two squares as shown in FIG. 
3(b). Hence, |S|=9|MISI. No two disks in the MIS overlap, 
hence they cannot share any sampling location between 
them. Hence, the optimal number of samples must be larger 
than the number of disks in the MIS or N*>MIS and thus 
Ss 9N*. 
The length of the tour using the method above is also 

bound and is no more than a constant times the length of the 
tour of an optimal algorithm for sampling the disks. Spe 
cifically, let T be the tour constructed by the method 
above, and T* be the tour for the optimal sampling algo 
rithm. Then len(T)s44T*. For ease of notation, both a 
tour and its length are referred to by T. and T* refers to an 
optimal tour. 

Denote by T and T, the Traveling Sales Person with 
Neighborhoods tour of the MIS and the Traveling Sales 
Person tour of the center of the MIS respectively. Let n be 
the total number of input disks where 

4T ) 
Tr ns (4+ 

Now 

Tis T + 2nr 

T. s. T" +2nr 

T. s. T + 8 + 
C t 

The first inequality follows from the fact that a tour of the 
centers can be constructed by taking a detour of at most 2r 
for each disk from the tour of the disks. The second 
inequality comes from the fact that the optimal tour is also 
a tour of the disks in the MIS. T. consists of a TSP tour 
of the centers of the disks in MIS and a tour of the regular 
hexagon Surrounding each disk. Using a (1+e)-approxima 
tion for the Traveling Sales Person tour, we get 

TALG s (1 + e)T + V2 nr +7 V2nr 

32 V2 T; 8 
TALG s (1 + ( -- T; -- 8) +32 V2 r + 
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The V2nr term in the first inequality comes from the part 
of moving from the center of the disk in MIS to the closest 
of the eight sites (from otoh in FIG.3(b)). The 7V2nr comes 
from visiting each of the eight sites (starting from h through 
a in FIG. 3(b)). 
The length of any path that visits three non-overlapping 

disks of radius r is at least 0.4786r. Thus when the MIS 
contains more than 3 disks, we get T-0.4786r. Therefore, 

32 V2 (1 + ( -- + TALG is T! 

for small E. 
The total cost of the method above is then bound by the 

cost of an optimal sampling algorithm. Specifically, let C* 
be the cost of the optimal algorithm for sampling the disks. 
Therefore, C*-len(t)+N*-C where t is the optimal tour 
visiting all disks, and N* is the minimum number of sample 
locations such that each disk has at least one sample loca 
tion. 

The cost C. of the method described above is: 

CAta = len(r) + N. C., s 44len(r) +9N. C., s 44C". 

In practice, all nine sites around an MIS disk do not have 
to be sampled. Sample locations that do not intersect any 
disk are discarded from the sampling set or a smaller Subset 
that samples all the disks is found by applying a greedy 
algorithm that selects sample points that intersect more disks 
over sample points that sample fewer disks. Then, a tour 260 
of just these sampling locations is found, as shown in FIG. 
2(e). Nest, take-off and landing locations for the UAV are 
added to S if those locations differ from the sampling 
locations. This produces the final tour 270 for the UGV 
combined with the AUV tour 220, 222 and 224 as shown in 
FIG. 2(f). After visiting a take-off location, the UGV con 
tinues along its tour. Whenever, the time to reach a landing 
location from the current position of the UGV tour becomes 
equal to the landing time of the UAV, the UGV can deviate 
from its pre-planned route, visit the landing location, and 
return to its pre-planned route. The total distance overhead 
for the UGV is at most the budget of the UAV and in 
practice, not very significant. 

In a second embodiment, after determining the tour to the 
MIS disk centers, the UGV tour is determined using a 
geometric hitting method. 

Before presenting this second embodiment, consider the 
following straight-forward approach for finding the set of 
candidate sampling locations. Draw a square grid with side 
rt, about each disk in the MIS. Extend the grid so that any 
disk that intersects with a disk in the MIS lies within the 
grid. Now add a local detour to the tour of the MIS disk 
centers, T, such that every time a new disk in the MIS is 
visited, a sample is obtained at all of the extended grid 
locations near this disk. This guarantees that a sample will 
be obtained for each of the input disk in X. However, the 
number of grid locations will be 
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12 
per disk in the MIS. On the other hand, there could possibly 
be a single location within each MIS disk, where an optimal 
algorithm can obtain a sample. Thus, this approach would 
yield an 

approximation with respect to the number of measurements. 
Instead, the following procedure will obtain a constant 
factor approximation with respect to the number of mea 
Surements, and guarantee an overall 

approximation for an optimum sampling algorithm that 
obtains a sample from each disk. 

After finding the tour of the centers of the MIS disks, the 
Smallest sized set of points is found. Such that there exists at 
least one point in the interior of every disk in X. Consider 
the arrangement of disks in X in the plane. A set of points 
P is created by placing a point in each disk in the arrange 
ment. For each point peP. let R be the set of disks containing 
p. Let R be the set of such sets for all points in P. A 
geometric hitting set problem is then solved for the set 
system (P. (R). The hitting set solution finds the minimum 
number of points in P such that each disk in X has at least 
one such point in its interior. Finding the minimum number 
of points is NP-complete in general. However, there exist 
efficient approximation algorithms, e.g., (1+e)-approxima 
tion in N. H. Mustafa and S. Ray, “Improved results on 
geometric hitting set problems.” Discrete & Computational 
Geometry, vol. 44, no. 4, pp. 883-895, 2010, that can be 
used. Let C be the result from the hitting set algorithm. 

Instead of visiting a point in C, however, a grid is imposed 
and grid points are visited that neighbor a point in C. This 
allows the length of the tour to be bounded, while simulta 
neously bounding the number of measurements. 

Let X be some center along the tour T. Let N(x) CC be 
the set of all candidate locations corresponding to disks in X 
whose centers are at most 2r... from X. These are disks that 
are completely contained inside a disk of radius 3r 
centered at X. 

Let peN(x) be any such candidate location. A grid of 
resolution r, is imposed over the entire plane. Let G(p) be 
the set of all grid points within distance 2r, from p. There 
are at most 25 Such grid points. Any disk having radius 
greater than r, that contains p must contain at least one grid 
point in G(p). Hence, the samples can be restricted to only 
grid points G(p) without missing any disks. 
The final tour is obtained by modifying the tour of the 

MIS centers as follows. After having visited center X, instead 
of continuing on to the next center, the tour visits the set of 
all grid points within a distance of 3r of X. Along this tour, 
a sampling location is added every time a grid point belong 
ing to G(p) for some peN(x) is encountered. Let S be the set 
of all sampling locations. 

In general, S contains more sampling locations than 
necessary. As post-processing, the method greedily chooses 
a smaller Subset of S Such that each disk contains one 
sampling location. Having found this Subset, the tour is just 
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these locations. The construction described above allows the 
performance of the algorithm to be conveniently bound. 
The correctness of the algorithm is shown by proving that 

S has at least one sampling location in each input disk (not 
just the larger disk). Let S be the set of all candidate 
sampling locations found by the method above. The set S of 
sampling locations is computed based on the solution C to 
the hitting set problem. For any disk in X centered at x, there 
exists a point peC lying in its interior. Since the sampling 
locations are chosen from the grid, the method above may 
not be able to choose p. However, by including at most 25 
points for each point in the hitting set, all of the disks that 
intersect the disk centered at X will be contain one of the 25 
sample points. 

Specifically, G(p) is the set of grid points within 2r of 
p. Instead of sampling at p, we sample at Some grid point in 
G(p). Let D be any disk in X that contains p. At least one grid 
point, say p'eG(p), is also contained in D. Draw a disk D2 
centered at p, with radius 2r. Any disk of radius r 
contained completely within D2 must also contain at least 
one point of G(). Replace D by a smaller disk, say D1, such 
that D1 has a radius r, D1 is contained completely within 
D, and D1 contains p. D1 is completely contained within D2. 
Hence, D1 contains some point of G(p). 

Next, it is possible to show that this point p' is also 
included in S. There are one of two cases: either the larger 
disk centered at X lies in the MIS or not. If it lies in the MIS, 
then p' is within 3r of X and we are done. If not, then the 
larger disk of radius r intersects some other larger disk, 
centered at say X", lying in the MIS. Hence, the distance 
between X and X is at most 2r, which implies that p' is at 
most 3r away from x'. Hence, in both cases, p' will be in 
S. 
The method above provides an upper bound on the 

number of candidate sampling locations. Specifically, if N* 
is the number of samples collected by an optimal method of 
sampling the disks, and S is the set of sample locations 
determined using the method above, then Sls25(1+e)N*. 
This is proven by assuming that N* is the minimum number 
of sampling points, such that there exists at least one 
sampling point per disk in X. The set C can be found using 
any constant-factor approximation for the hitting set prob 
lem. Under one such approximation, Cls (1+e)N*. For each 
point in C, at most 25 grid sampling points are added to S. 
Hence, Sls25(1+e)N*. 
The total distance traveled during the tour determined 

using the geometric hitting method is also bound. Let T. 
be the tour constructed using the geometric hitting method, 
and T* be the tour for the optimal sampling algorithm. Then 

fia 

r len(TALG) is o t r r inin 

For ease of notation, both a tour and its length are referred 
to by T. and T* refers to an optimal tour. 

Denote by T and T, the Traveling Sales Person with 
Neighborhoods tour of the MIS and the Traveling Sales 
Person tour of the center of the MIS respectively. Let n be 
the total number of input disks. Now 

The first inequality follows from the fact that a tour of the 
centers can be constructed by taking a detour of at most 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

14 
2r... for each disk from the tour of the disks. The second 
inequality comes from the fact that the optimal tour is also 
a tour of the disks in the MIS. 

T. consists of a Traveling Sales Person tour of the 
centers of the disks in MIS and a tour of the grid locations 
within 3r of the center. Using a (1+e)-approximation for 
the Traveling Sales Person tour: 

Tatas (1+e)T+36ner + 6n(1 + V2)r, inin 

Here, 

imax 

min 

are the number of horizontal rows in the grid traversed, each 
horizontal row has a length of 6r. The last term accounts 
for moving from the center of the disk to the start and end 
of the grid, and moving vertically along one column. 
The length of any tour that visits in non-overlapping disks 

of radius r is at least 

20.4786 2 imax. 

That is 

it. 

T"> 50.4786ra. 

This gives, 

sk T 2 inra. 0.4786 

Therefore, 

TALG s (1 + e) (T + 2nr) + (36 imax 
min 

TALG s (1 + e)T + (36 The + O(1 yrna, 
inin 

imax TALG is O T. 
inin 

where r and r, are the radii of the largest and the 
smallest of the disks in X, respectively. 

In addition, the total cost of the sampling tour of the 
geometric hitting method, including both the tour length and 
the cost of sampling, is bounded. Let C be the cost of the 
optimal algorithm for Sampling the disks in X. Therefore, 
C*>T*+N*-C where T is the optimal tour visiting all 
disks, and N* is the minimum number of sample locations 
Such that each disk has at least one sample location. 
The cost C. of the sampling tour formed through the 

geometric hitting method is: 
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inax 

i 
CALG = TALG + SI: C, s O. T + O(1)N". C., s 

Simulations were performed to confirm that the symbiotic 
UGV+UAV system is able to sample more PML points than 
the UAV alone. To generate realistic data for the simulations, 
a generative model of Nitrogen levels based on actual data 
taken from a field and realistic values for the sampling noise 
for both systems were used. The data consists of 1375 soil 
measurements taken manually in a 50 m by 250 m cornfield, 
along with corresponding 1 m spatial resolution remote 
sensing images in the green (G), red (R) and near infrared 
(NIR) portions of the spectrum. The samples were taken 
along a dense uniform coverage and provided the levels of 
soil organic matter (OM). R and NIR are known to be 
inversely related to crop Nitrogen status. 

Organic Matter (OM) was used as a proxy for the initial 
quantity of soil Nitrogen supplied to the crop. The UGV was 
modeled as taking direct measurements of OM, corrupted by 
some sensor noise O and the UAV as measuring the 
Normalized Difference Vegetation Index (NDVI), which is a 
combination of NIR and R levels. We assume the NDVI 
levels are corrupted by sensor noise O. The noise variances 
were estimated to be O, 0.31 and O. 0.5 for our dataset, 
using the following procedure. 

To model the spatial patterns of the OM levels, we used 
Gaussian Process (GP) regression over the set of sample 
points and OM measurement values. This densely-sampled 
GP defined the hyperparameters which were used to gener 
ate new ground-truth Nitrogen maps in the simulations. 
As part of the ground-truth GP regression, it is possible to 

estimate the sample noise (O, and O. above) at each point 
from the data directly. This value is used directly as O since 
it is assumed that the robot would have the same sensing 
capability as the human operators. To estimate O, the 
sample covariance between NDVI (from the hand-measured 
R and NIR levels) and OM (measured directly) can be 
calculated, yielding a 

2 X2 matrix, 
2 Of CôM.Novi 

2 ONDVI.OM Cidvi 

From this, the variance in OM given a measurement of 
NDVI can be found as 

2 - 2 - - 2 CôM.Novi C = COMNpvp = Opy - 2 
Of 

For the simulations, a prior estimate of OM levels was 
formed by down sampling each randomly-generated ground 
truth N-map by a factor of 20 and fitting a new GP. From this 
prior GP, the PML point set is found as discussed above. For 
the simulation, 100 N-maps for a 600x400 m field were 
generated and PML points were found on each map using a 
desired labeling probability of 0.6. The number of PML 
points in any instance depends on the randomly generated 
map. 

Results 
The procedures described above for identifying a UAV 

path were used to find the subset of PML points visited by 
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the UAV only and the UAV+UGV system, subject to a 
battery constraint of 25 minutes. 

FIG. 4(a) shows a tour 400 for a system that only uses a 
UAV for one of the simulated fields. FIG. 4(b) shows a UAV 
path 402 and a UGV path 404 for a UAV+UGV system. 
UAV path 402 includes airborne portions 406, 408, 410, 412, 
414, and 416, shown dashed lines, and muled or carried 
portions 418, 420, 422, 424, and 426, shown as solid lines. 
During the muled or carried portions, the UAV is carried on 
the UGV. Comparing FIG. 4(a) to FIG. 4(b) it can be 
observed that the UAV-only tour is constrained to only one 
part of the field, whereas the UAV+UGV system can obtain 
measurements from more locations. This input instance 
consisted of 75 potentially mislabeled points, with the 
UAV-only tour covering 38 points and the UAV+UGV tour 
covering 50 points. FIG. 5 shows a histogram of the ratio of 
the points covered by the UAV+UGV and the UAV-only 
tours for 100 random instances with ratio values shown 
along horizontal axis 500 and the number random instances 
having each ratio shown on vertical axis 502. As expected, 
the ratio is always greater than 1 as the UAV+UGV system 
is at least as good as a UAV-only system in terms of the 
number of points visited 

Table I shows the effect of varying the budget on the 
percentage of input PML points visited. 

TABLE I 

PERCENTAGE OF INPUT PML POINTS VISITED 
AVG. OF 30 INSTANCES). 

Budget (sec) UAV only UAV. UGV 

500 19 25 
1OOO 36 49 
1SOO 55 72 

The UAV+UGV system can cover points that are spread 
across the field. Intuitively, if the measurements are distrib 
uted across the field, it is expected that the resulting map 
(after incorporating the measurements) has fewer mislabeled 
points than if all measurements are nearby. After calculating 
the desired UAV/UGV tours, random measurements for the 
sensors were sampled directly from OM values given the 
dense (ground truth) GP. Noise was added to the measure 
ments using estimated variances O, 0.31 and O. 0.5 as 
described above. These values were then used to update the 
prior GP, which was then used to find the posterior PML 
points. FIG. 4(c) shows the posterior PML points after the 
UAV-only sampling and FIG. 4(d) shown the posterior PML 
points after the combined UGV+UAV sampling. 

FIG. 6 provides a histogram of the ratio of the number of 
PML points left in a field after the UAV+UGV system has 
sampled the field and the number of PML points left in the 
field after the UAV-system has sampled the field. In FIG. 6, 
the ratio value is shown along horizontal axis 600 and the 
number of fields is shown along vertical axis 602. Since the 
number of PML points depend on both the variance, and the 
estimated N(x) values, occasionally there are instances when 
the number of posterior PML points with the UAV-only 
system is less than that of UAV+UGV system. However, 
FIG. 6 shows that the UAV+UGV system often outperforms 
the UAV-only system in terms of number of posterior PML 
points. 

This system obtains aerial images and Soil samples with 
a UAV+UGV system to estimate a condition level in a plot. 
Effective treatment plans can be developed by better esti 
mates of the current condition of various points of a field. 
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Since the battery life of a UAV is limited, the UAV and UGV 
can only sample a limited number of points. The embodi 
ments described above maximizing the number of points 
visited by the UAV and UGV. Unlike traditional approaches, 
the embodiments take into consideration the situation where 
the UAV can land on the UGV and thus be carried between 
points without expending energy. 

In addition, the embodiments provide methods that iden 
tify a tour for UGV that will minimize the total cost of 
obtaining a sample for each disk around a PML point while 
ensuring that a sample is taken from each disk. 

FIG. 7 provides a perspective view of a measurement 
system 900 that includes an unmanned ground vehicle 902 
and an unmanned aerial vehicle (aerial drone) 904. 
Unmanned ground vehicle 902 includes four rotatable 
wheels that include wheels 906, 908 and 910 and a fourth 
wheel that cannot be seen. Two or more of the wheels are 
rotated by internal motors under the control of a processor, 
described further below. Unmanned ground vehicle 902 also 
includes a GPS antenna assembly 912, which is used to 
receive a GPS signal from one or more satellites and can 
further include other antennas for wireless communication. 
Unmanned ground vehicle 902 includes other electronics 
that are not shown in FIG. 7 such as electronics used to 
control the operation of unmanned ground vehicle 902. 
Unmanned ground vehicle 902 also includes an articulated 
arm 914 that may be extended and rotated and that includes 
a sensor module 916 that includes one or more sensors such 
as a chlorophyll meter. Other sensors may be provided such 
as electric chemical sensors for detecting nitrogen ions in the 
soil, moisture content of Soil and plant height. 
Unmanned aerial vehicle 904 includes four rotors 920, 

922, 924 and 926 which are controlled by a printed circuit 
board in a central housing 928 and allow unmanned aerial 
vehicle 904 to launch from unmanned ground vehicle 902, 
to fly to preset locations and to rendezvous with unmanned 
ground vehicle 902 at a landing location where unmanned 
area vehicle 904 lands on landing deck 940 of unmanned 
ground vehicle 902. In FIG. 7, unmanned aerial vehicle 904 
includes a camera 930 that can be rotated from a horizontal 
position as shown in FIG. 9 to a vertical position by control 
mechanisms 932 under housing 928. Thus, camera 930 can 
capture images with the lens of camera 930 pointing directly 
downward while unmanned aerial vehicle 904 is at an 
altitude above a field. Although a camera is shown, 
unmanned aerial vehicle 904 may include one or more 
additional measurement sensors in addition to or instead of 
camera 930. 

In accordance with one embodiment, UGV902 is a Husky 
A200 by Clearpath Robotics. The UGV has a typical battery 
life of two hours on a single charge. The operating lifetime 
can be extended to over six hours easily with additional 
batteries. The UGV will measure soil organic matter as a 
proxy for Soil Nitrogen Supply to the crop using a Minolta 
SPAD-502 Chlorophyll meter. 

In accordance with one embodiment, UAV 904 is a Hexa 
XL by Mikrokopter. This UAV can operate for 25 mins. 
Deploying the UAV to approximately 100 meters height 
gives the camera a 50 meter diameter coverage with a single 
image. The UAV takes about 2 minutes to ascend/descend 
this height. The images include multi-spectral information, 
Such as near-infrared reflectance, which is used to estimate 
the crop N status. 

FIG. 8 provides a block diagram of elements found in 
unmanned aerial vehicle 904 including a printed circuit 
board 1000, motors 1016, flight sensors 1018, and Global 
Positioning Satellite (GPS) module 1020. Although FIG. 8 
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shows a single printed circuit board 1000, the components 
on printed circuit board 1000 may be distributed across 
multiple printed circuit boards in unmanned aerial vehicle 
904. Printed circuit board 1000 includes a memory 1002, a 
processor 1004, a motor interface 1006, a flight sensor 
interface 1008, GPS interface 1010, camera interface 1012 
and a wireless communication module 1014. Motor inter 
face 1006 acts as an interface between processor 1004 and 
one or more motors 1016 used to turn the rotors of 
unmanned aerial vehicle 904. Flight sensor interface 1008 
provides an interface between processor 1004 and one or 
more flight sensors 1018 that are able to detect the orienta 
tion, Velocity and acceleration of unmanned aerial vehicle 
904 along three separate axes. Flight sensors 1018 can 
further determine pitch, roll and yaw of unmanned aerial 
vehicle 904. GPS interface 1010 provides an interface 
between GPS module 1020 and processor 1004. GPS mod 
ule 1020 can detect signals from multiple satellites to 
determine a position of unmanned aerial vehicle 904. This 
position information can include a latitude and longitude of 
unmanned aerial vehicle 904 as well as the altitude of 
unmanned aerial vehicle 904. Camera interface 1012 pro 
vides an interface between processor 1004 and camera 930. 
Camera interface 1012 allows processor 1004 to set param 
eters for capturing images in camera 930 and to initiate the 
capturing of images. Camera interface 1012 also relays 
captured image data from camera 930 to processor 1004 for 
storage in memory 1002. 

Wireless communication subsystem 1014 can include one 
or more communication modules for communicating with 
other devices using one or more communication protocols. 
For example, wireless communications 1014 can support 
wireless LAN, short-range radio communications, cellular 
data services and satellite communications. Wireless com 
munication subsystem 1014 allows unmanned aerial vehicle 
904 to communicate with unmanned ground vehicle 902 
and/or a remote base station (not shown). 
Memory 1002 includes data and computer-executable 

instructions to allow processor 1004 to launch unmanned 
aerial vehicle 904 from unmanned ground vehicle 902, to 
attain a desired altitude at a desired image capture location, 
to fly between image capture locations (also referred to as 
collection locations), and to rendezvous with unmanned 
ground vehicle 902 so as to land on unmanned ground 
vehicle 902. In particular, memory 1002 includes flight 
control instructions 1050 that are used by processor 1004 to 
control motors 1016 based on sensor data from flight sensors 
1018 so that unmanned aerial vehicle 904 maintains stable 
flight and is able to launch, land and fly between way points 
along a path. Memory 1002 also includes launch locations, 
flight paths, image capture locations and landing locations 
1052 which are used by processor 1004 to know where 
unmanned aerial vehicle 904 should be launched, where 
unmanned aerial vehicle 904 should fly to when it is 
launched, where camera 930 should be instructed to capture 
images along the flight path, and where unmanned aerial 
vehicle 904 should rendezvous with unmanned ground 
vehicle 902. 
Memory 1002 also includes camera controls 1054 which 

are settings for camera 930 that are to be used when 
capturing images. 

Image data captured by camera 930 is stored by processor 
1004 along with time and date information, camera settings 
information and camera position and orientation information 
as image data 1056. Thus, for each image captured by 
camera 930, processor 1004 augments the image data with 
metadata that describes the time and date the image was 
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captured, the position and orientation of camera 930 when 
the image was captured and the camera settings such as 
filters used by the camera when the image was captured. 

FIG. 9 provides a block diagram of elements of unmanned 
ground vehicle 902 and includes a printed circuit board 
1102, motors 1104, sensors 1106, GPS module 1108 and 
measurement sensors 1110. Although printed circuit board 
1102 is shown as a single print circuit board, those skilled in 
the art will recognize that the components on printed circuit 
board 1102 can be distributed across multiple printed circuit 
boards. 

Printed circuit board 1102 includes a processor 1112, a 
memory 1114, a motor interface 1116, a sensor interface 
1118, a GPS interface 1120, a measurement sensor interface 
1122 and a wireless communication module 1124. 
Motor interface 1116 provides an interface between pro 

cessor 1112 and motors 1104, which can include motors that 
turn the wheels of unmanned ground vehicle 902 and the 
motors that control articulated arm 914. Thus, through motor 
interface 1116, processor 1112 is able to move unmanned 
ground vehicle 902 and rotate, extend, and collapse articu 
lated arm 914. 

Sensor interface 1118 provides an interface between sen 
sors 1106 and processor 1112. Sensors 1106 can include tilt 
sensors that sense the pitch or roll of unmanned ground 
vehicle 902, acceleration sensors that can sense the move 
ment of unmanned ground vehicle 902 and touch sensors 
and image sensors that can detect the articulation and 
position of articulated arm 914 so as to provide the position 
of measurement sensors 916. GPS interface 1120 provides 
an interface between processor 1112 and a GPS module 
1108. GPS module 1108 receives satellite signals and from 
those satellite signals determines a longitude and latitude of 
unmanned ground vehicle 902, which it provides to GPS 
interface 1120. GPS interface 1120 forwards this informa 
tion to processor 1112, which then uses that information to 
position unmanned ground vehicle 902 at a desired position. 

Measurement sensor interface 1122 provides an interface 
between processor 1112 and measurement sensors 1116. 
Through interface 1122, processor 1112 can instruct mea 
Surement sensor 916 to take a measurement at a current 
location and to provide the resulting measurement data. For 
example, processor 1112 can instruct measurement sensor 
916 to measure the chlorophyll content in a plant leaf or to 
measure the amount of nitrogen in a soil sample. 

Wireless communication system 1124 can include any 
form of desired wireless communication such as Wireless 
LAN, short-range radio communications and cellular data 
services. In particular, wireless communication module 1124 
can communicate with wireless communication module 
1014 of unmanned aerial vehicle 904 to allow unmanned 
ground vehicle 902 to coordinate with unmanned aerial 
vehicle 904 for the purposes of launching unmanned aerial 
vehicle 904 and recovering unmanned aerial vehicle 904. In 
further embodiments, wireless communication systems 1124 
and 1014 can be used by unmanned aerial vehicle 904 and 
unmanned ground vehicle 902 to transmit images captured 
by unmanned aerial vehicle 904 to unmanned ground 
vehicle 902 so that the image data may be stored on 
unmanned ground vehicle 902 instead of on unmanned 
aerial vehicle 904 thereby reducing the power consumption 
of unmanned aerial vehicle 904. Wireless communication 
system 1124 can also be used to allow unmanned ground 
vehicle 902 to communicate with a remote base station (not 
shown). 
Memory 1114 includes data and computer-executable 

instructions that allow unmanned ground vehicle 902 to 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

20 
travel between a set of stored locations, to obtain measure 
ments at a set of measurement locations, to travel to one or 
more launch locations for launching unmanned aerial 
vehicle 904 and to rendezvous with unmanned aerial vehicle 
904 to recover unmanned aerial vehicle 904. In particular, 
memory 1114 includes movement control instructions 1130 
that are used by processor 1112 to control motors 1104 so 
that unmanned ground vehicle 902 moves along a desired 
path and does not pitch or roll excessively. Memory 1114 
also includes travel data 1132 that includes measurement 
locations, travel paths, launch locations, and landing loca 
tions such that processor 1112 will use movement control 
instructions 1130 to move along the travel path, will instruct 
measurement sensor 916 to take measurements at each 
measurement location, will travel to launch locations along 
the travel path to allow unmanned aerial vehicle 904 to 
launch, and will travel to landing locations to recover 
unmanned aerial vehicle 904. 
Memory 1114 also includes landing rendezvous instruc 

tions 1134 that allow unmanned ground vehicle 902 to 
determine whether to move to a next measurement location 
to take another measurement or to travel to a landing 
location to recover or rendezvous with unmanned aerial 
vehicle 904. The instructions associated with landing ren 
dezvous 1134 are discussed in more detail in connection 
with FIG. 11. 
Memory 1114 also includes measurement data 1136 pro 

vided by measurement sensor 916. Measurement data 1136 
can include the measurements themselves as well as meta 
data provided by processor 1112 that indicates the location 
and time of day when the measurements were collected and 
the location where the measurements were taken. 

FIG. 10 provides a flow diagram for setting paths for a 
measurement system that includes both an unmanned aerial 
vehicle and unmanned ground vehicle where the unmanned 
ground vehicle carries the unmanned aerial vehicle along 
some paths. At step 1200, potentially mislabeled points in a 
field are identified. In accordance with one embodiment, 
points in a field are potentially mislabeled if they are 
assigned to a class of condition levels (e.g., low nitrogen, 
medium nitrogen, and high nitrogen) and the most likely 
estimate of the condition at that location as well as the 
variance of the estimate provide a probability that the point 
is correctly labeled that is less than a threshold probability. 
Although nitrogen levels are specifically referenced, those 
skilled in the art will recognize that any desired measured 
parameter may be used such as moisture content or plant 
height. In such cases, the points are placed in different 
classes for the chosen parameter and a determination is 
made as to whether the probability of the point being in the 
right class is compared to the user-defined probability level. 
At step 1202, image capture locations are identified for 

the unmanned aerial vehicle. In accordance with one 
embodiment, the image capture locations are identified by 
forming a grid of resolution c/V2 where c is the diameter of 
the area of the field captured by the camera in an image. The 
center point of each square grid that contains at least one of 
the mislabeled points from step 1200 is then identified as an 
image capture location. 
At step 1204, travel costs for the unmanned aerial vehicle 

to move between each image capture location by air and by 
land are determined. In accordance with one embodiment, 
the energy cost for the unmanned aerial vehicle to move by 
air is the energy required to travel the Euclidean distance 
between the image capture locations. The energy cost for the 
unmanned aerial vehicle to move by land on top of the 
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unmanned ground vehicle is set as the energy cost of landing 
the unmanned aerial vehicle and launching the unmanned 
aerial vehicle. 
At step 1206, the number of potentially mislabeled points 

covered by each image capture location is determined. In 
other words, the number of potentially mislabeled points 
that appear in each of the grid squares is determined. Note 
that at least one of the grids will contain multiple potentially 
mislabeled points in most instances. 

At step 1208, a combination of aerial and ground paths for 
the unmanned aerial vehicle is determined to maximize the 
number of potentially mislabeled points captured in images 
before an energy budget of the unmanned aerial vehicle is 
spent. To make this determination, the energy budget of the 
unmanned aerial vehicle is determined. In accordance with 
Some embodiments, the unmanned aerial vehicle is said to 
have used all of its available energy or spent its energy 
budget when it has used enough of its available energy that 
the remaining energy reaches an unsafe level. Thus, there 
may be some energy still remaining in the energy source 
when the energy budget is spent to provide a margin of error 
for landing the unmanned aerial vehicle on its last flight. The 
margin of error should be adequate to account for high winds 
and unforeseen events. 
The results of step 1208 are a set of launching locations, 

landing locations, and flying paths between the launching 
locations and the landing locations as well as a list of 
potentially mislabeled points that will be sampled by the 
UAV. 
At step 1210, discs are constructed around the potentially 

mislabeled points that will be sampled by the UAV as found 
in step 1208. These discs represent an area within which a 
measurement must be taken in order for a label to be 
assigned to a potentially mislabeled point with a probability 
that exceeds the designated probability. As discussed above, 
the size of this disc is based on sensor noise and current 
uncertainty in the estimated parameter value and as such, 
each potentially mislabeled point can have a different disk 
S17C. 

At step 1212, a maximal set of non-intersecting discs is 
selected. This maximal set includes the maximum number of 
non-intersecting discs that can be selected from the discs 
formed in step 1210. At step 1214, the shortest path to the 
centers of each non-intersecting disc is determined. At step 
1216, points around the center of each non-intersecting disc 
are selected to be added to the path. As discussed above, this 
ensures that each of the discs identified in step 1210 will be 
visited by the unmanned ground vehicle. The points around 
the non-intersecting disc that do not lie within any of the 
discs of step 1210 may be removed from the path. At step 
1218, the full path of the unmanned ground vehicle is 
determined by adding the unmanned aerial vehicle launch 
points to the paths. These launch points are be added so as 
to minimize the path length. 

FIG. 11 provides a flow diagram of a measurement 
method using a system having an unmanned ground vehicle 
and an unmanned aerial vehicle. At step 1300, the unmanned 
ground vehicle and unmanned aerial vehicle are placed 
together at a start point of the path determined at step 1218 
of FIG. 10. At step 1302, the unmanned aerial vehicle and 
the unmanned ground vehicle both determine whether they 
are currently at an unmanned aerial vehicle launch location. 
If they are not an unmanned aerial vehicle launch location, 
they are at an unmanned ground vehicle measurement 
location. As such, at step 1304 the unmanned ground vehicle 
collects sensor measurements such as nitrogen levels or 
chlorophyll levels, for example. At step 1306, the unmanned 
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ground vehicle determines if it is at the end of the path by 
determining if there are more locations within the path. If 
there are more locations, the unmanned aerial vehicle and 
the unmanned ground vehicle travel together to the next 
location at step 1308. Thus, the unmanned aerial vehicle is 
carried by the unmanned ground vehicle. 
When the unmanned ground vehicle and unmanned aerial 

vehicle reach a launch location at step 1302, the unmanned 
aerial vehicle is launched at step 1310. At step 1312, the 
unmanned aerial vehicle climbs to a capture altitude to 
capture an image at Step 1314. At step 1316, unmanned 
aerial vehicle 904 determines if it is to travel to the next 
image capture location by air. If it is to travel by air, the 
unmanned aerial vehicle flies to the next image capture 
location at step 1318 and captures a new image at step 1314. 
When the unmanned aerial vehicle is not to travel to the next 
image capture location by air but instead is to be carried by 
the unmanned ground vehicle to the next image capture 
location, the unmanned aerial vehicle lands on the 
unmanned ground vehicle at step 1320. 

While unmanned aerial vehicle 904 is performing steps 
1312, 1314, 1316 and 1318, unmanned ground vehicle 902 
is executing landing rendezvous instructions 1134 to deter 
mine when to proceed to the unmanned aerial vehicle 
landing location. At step 1322 of the landing rendezvous 
instructions, unmanned ground vehicle 902 determines if 
there is enough time for a next ground measurement. To 
make this determination, processor 1112 of unmanned 
ground vehicle 902 determines the amount of time needed to 
travel to the next measurement location, the amount of time 
required to take a measurement at the measurement location, 
and the amount of time needed to travel from the next 
measurement location to the landing location. Those times 
are Summed together and if the Sum exceeds the time until 
an expected landing time, there is not enough time for a next 
measurement and the unmanned ground vehicle goes to the 
landing location at step 1324 so that the unmanned aerial 
vehicle can land on the unmanned ground vehicle at Step 
1320. The expected landing time can be set in the unmanned 
ground vehicle based on the time at which the unmanned 
aerial vehicle launched, an expected ascent time for the 
unmanned aerial vehicle to climb to the proper altitude for 
capturing images, expected travel times between image 
capture locations, expected time intervals for capturing 
images and an expected descent time needed for the 
unmanned aerial vehicle to descend and land on the 
unmanned ground vehicle. 

If there is enough time for a next measurement at step 
1322, the unmanned ground vehicle travels to the next 
measurement location and takes a measurement at Step 
1326. The rendezvous instructions continue at step 1322 by 
once again determining if there is time for another ground 
measurement. Steps 1322 and 1326 are repeated until the 
unmanned ground vehicle must go to the landing location to 
rendezvous with the unmanned aerial vehicle. 

Although embodiments above have been discussed with 
reference to a field, the embodiments are not limited to 
taking samples in fields or to agricultural uses. In addition, 
although an unmanned ground vehicle has been discussed, 
in other embodiments an unmanned water vessel is used in 
place of the unmanned ground vehicle. Unmanned ground 
vehicles and unmanned water vessels are referred to generi 
cally as unmanned surface vehicles. 

Although the present invention has been described with 
reference to preferred embodiments, workers skilled in the 
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art will recognize that changes may be made in form and 
detail without departing from the spirit and scope of the 
invention. 

What is claimed is: 
1. A system comprising: 
an unmanned aerial vehicle having a memory storing a 

plurality of collection points and at least one sensor for 
collecting sensor data from each of the collection 
points; 

an unmanned Surface vehicle capable of moving to a 
plurality of locations, the unmanned surface vehicle 
comprises a memory storing a plurality of soil mea 
Surement locations and a landing time and a landing 
location for the unmanned aerial vehicle and at least 
one soil sensor and wherein the unmanned surface 
vehicle collects at least one soil measurement using the 
at least one soil sensor at each of the Soil measurement 
locations; 

wherein the unmanned aerial vehicle travels through the 
air between at least two collection points stored in the 
memory and wherein the unmanned aerial vehicle is 
carried between at least two collection points stored in 
the memory by the unmanned Surface vehicle. 

2. The system of claim 1 wherein the plurality of collec 
tion points comprise collection points selected from a larger 
set of possible collection points so as to maximize a number 
of measurement locations for which the unmanned aerial 
vehicle collects sensor data before an energy budget for the 
unmanned aerial vehicle is spent. 

3. The system of claim 1 wherein the collection points are 
selected based on energy use by the unmanned aerial vehicle 
to travel between collection points and energy use by the 
unmanned aerial vehicle to launch and land. 

4. The system of claim 3 wherein the unmanned aerial 
vehicle is carried on the unmanned surface vehicle between 
two collection points when the energy required for the 
unmanned aerial vehicle to fly between the two collection 
points exceeds the energy required for the unmanned aerial 
vehicle to land and launch from the unmanned surface 
vehicle. 

5. The system of claim 1 wherein the unmanned surface 
vehicle travels to a next measurement location and collects 
at least one sensor signal at the next measurement location 
if a time needed to travel to the next measurement location, 
collect the at least one sensor signal and travel to the landing 
location is less than a time remaining until the landing time. 

6. The system of claim 2 wherein the at least one sensor 
of the unmanned aerial vehicle comprises an image capture 
sensor and wherein the at least one sensor of the unmanned 
Surface vehicle comprises a sensor for measuring Nitrogen 
levels. 

7. The system of claim 6 wherein each measurement 
location comprises a location for which it is probable that an 
existing nitrogen classification of the location is incorrect. 

8. A method comprising: 
storing measurement locations, launching locations, and 

landing locations in an unmanned surface vehicle's 
memory; 

storing image capture locations, launching locations and 
landing locations in an unmanned aerial vehicle's 
memory; 

initiating a data collection routine during which: 
the unmanned surface vehicle carries the unmanned 

aerial vehicle between multiple measurement loca 
tions and collects sensor data at the multiple mea 
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Surement locations while the unmanned aerial 
vehicle is positioned on the unmanned surface 
vehicle: 

the unmanned surface vehicle carries the unmanned 
aerial vehicle to a launching location; 

the unmanned aerial vehicle launches from the launch 
ing location and flies to a plurality of image capture 
locations; 

the unmanned Surface vehicle travels to a landing 
location; and 

the unmanned aerial vehicle lands on the unmanned 
Surface vehicle at the landing location 

wherein the image capture locations, the launching loca 
tions and the landing locations are selected to maximize 
a number of measurement locations that are captured in 
images by the unmanned aerial vehicle before the 
unmanned aerial vehicle uses its budgeted energy. 

9. The method of claim 8 wherein after the unmanned 
aerial vehicle is launched and before the unmanned aerial 
vehicle lands, the unmanned surface vehicle travels to a 
measurement location from the launching location and col 
lects sensor data at the measurement location. 

10. The method of claim 8 wherein each measurement 
location comprises a location in a farm field that is Suspected 
of having an incorrect nitrogen classification. 

11. The method of claim 8 wherein the unmanned aerial 
vehicle comprises a camera with a field of view at a selected 
altitude Such that at each image capture location the field of 
view of the camera at the selected altitude includes a view 
of at least one measurement location. 

12. The method of claim 11 wherein the field of view of 
the camera at the selected altitude for at least one image 
capture location includes a view of multiple measurement 
locations. 

13. A method comprising: 
identifying a collection of areas in which measurements 

should be taken; 
finding a maximal set of non-intersecting areas among the 

collection of areas; 
setting an initial tour to a point in each area in the maximal 

set of non-intersecting areas: 
finding a minimum number of sampling locations around 

each area in the maximal set of non-intersecting areas 
in order to ensure that there is at least one sampling 
location in each area of the collection of areas; 

adjusting the initial tour to add each sampling location to 
form an adjusted tour, and 

instructing an unmanned vehicle to travel along the 
adjusted tour and to collect measurements at the point 
in each area in the maximal set of non-intersecting 
disks and each sampling location. 

14. The method of claim 13 wherein the unmanned 
vehicle comprises an unmanned Surface vehicle. 

15. The method of claim 14 further comprising: 
determining launching and landing locations for an 
unmanned aerial vehicle carried by the unmanned 
surface vehicle; 

determining a tour for the unmanned aerial vehicle 
between each launching and landing location; and 

instructing the unmanned aerial vehicle to fly along the 
tour and collect images of areas in the collection of 
areas positioned along the tour. 

16. The method of claim 15 wherein the unmanned 
surface vehicle carries the unmanned aerial vehicle between 
one landing location and one launch location. 
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17. The method of claim 13 wherein at least one sampling 
location is in more than one of the areas in the collection of 
aaS. 
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