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ABSTRACT
This paper presents the design and testing of systems for au-

tonomous tracking, payload pickup, and deployment of cargo via
a UAV helicopter. The tracking system uses a visual servoing al-
gorithm and is tested using open loop velocity control of a 3DOF
gantry system with a camera mounted via a pan-tilt unit on the
end effecter. The pickup system uses vision to control the cam-
era pan tilt unit as well as a second pan tilt unit with a hook
mounted on the end of the arm. The ability of the pickup sys-
tem to hook a target is tested by mounting it on the gantry while
recorded helicopter velocities are played back by the gantry. A
preliminary semi-autonomous deployment system is field tested,
where a manually controlled RC truck is transported by a UAV
helicopter under computer control that is manually directed to
GPS waypoints using a ground station.

INTRODUCTION
Unmanned helicopters are an increasingly valuable robotic

platform owing to their flexibility when maneuvering in re-

stricted urban environments. One advantage of this maneuver-

ability is the ability to land in locations without prepared landing

area. This suggests that an unmanned helicopter would be ideally

suited as a delivery vehicle for a payload needed, at a moments

notice, at a site without a prepared landing pad. Manned heli-

copters are frequently used to transport cargo that is oversize,

overweight, or that which is needed very quickly in a particular
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spot. However cargo transport by a manned helicopter is a dan-

gerous task that requires a great deal of training and entails risk

to both the pilot and ground crews [1]. By using an unmanned

vehicle to autonomously pick up the cargo, the risks to pilots

and ground crews can be eliminated. One cargo suited for de-

ployment by a UAV is the bomb defusing vehicle known as the

BomBot, developed by the West Virginia High Technology Con-

sortium [2]. The unmanned helicopter could be used to deploy a

BomBot UGV exactly where it was needed rather than requiring

manual human deployment.

The ultimate mission of the authors is broken down as fol-

lows. The UAV will navigate to the drop off point using GPS

waypoints. Once near the landing zone a suitable area for cargo

drop off is determined by mapping the ground with a LIDAR sys-

tem and applying a landing zone selection algorithm [3][4][5], or

by locating a target zone via lights or other fiducials. After a slow

descent over the landing zone, the payload will be deployed and

taken control of by a local operator. When the payload needs to

be retrieved, the UAV will navigate to the GPS coordinates of the

target. There the UAV will search for the cargo, and track it in

the case of a UGV cargo. Alternately it could be retrieved at a

predetermined and marked point.

There are four tasks that need to be completed for the goal of

unmanned cargo transport. The first task is to develop a platform

that can stably navigate to a GPS waypoint and also do stable

relative position and velocity control. The current platform is

the SR-100 UAV helicopter from Rotomotion. The autopilot of

the SR-100 uses accelerometers, gyros, a magnetometer and a

Novatel GPS to control its position and velocity. The resulting

autopilot can hover the helicopter to within a one meter radius

horizontally and half a meter radius vertically, as well as navigate
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to GPS waypoints and perform basic auto-takeoff and landing.

Command of the helicopter is performed from a ground station

computer using 802.11 wireless networking. The SR100 UAV is

capable of carrying approximately 19 lbs of payload.

The three tasks left for discussion are the focus of this paper.

First, the act of visual servoing to the payload UGV (and possi-

ble tracking of the payload while it is in use). This includes the

locating of a drop off zone either by ground mapping or locat-

ing fiducials. If fiducials are used to mark the area in a similar

manner as manned helicopters use [1], this task is highly simi-

lar to that of locating or tracking the payload that is to be picked

up. Second, mechanisms for carrying and deploying the payload.

Third, the visual servoing system for picking up the payload.

In the author’s experiments the visual tracking control was

tested with a three degree of freedom gantry system known as the

Systems Integrated Sensor Test Rig (SISTR), with an additional

2 degrees of freedom provided by a pan-tilt unit. The 3DOF

translational gantry represents the movement of the helicopter

trying to servo to the target, while the pan-tilt unit allows more

rapid tracking to keep the target in view regardless of the pitch-

ing of the helicopter that is necessary for its flight. Results show

that the 5DOF mechanism was successfully controlled via vi-

sion to track the movement of an RC truck with an LED fiducial.

The payload transport and deployment system was constructed

and flight tested. A semi-autonomous version of the mission was

accomplished to demonstrate feasibility, minus the tracking por-

tion of the mission which has thus far only been performed on

the gantry.

The cargo pickup system was also tested on the gantry. Ve-

locities recorded from a flight test were replayed by the gantry to

simulate helicopter movement, while at the same time the pan tilt

unit of the camera was manipulated to track the target. Once the

target was suitably close to the camera, a hook mounted on the

gantry via another pan tilt unit was moved to attempt pickup of

the target. The results of these tests are presented, as well as an

examination of the accuracy of the velocity playback conditions.

RELATED WORK
The use of computer vision on unmanned aircraft has been

the topic of much literature. Various approaches have been used

to stabilize the airborne video such as ego-motion estimation and

affine approximation models [6]. Affine models are fast enough

to use in real time to correct for aircraft motion. The control of

pan tilt cameras mounted on helicopters has been examined, in-

cluding the use of biomimetic control systems [7]. Such systems

use gyros to detect sudden accelerations and react by moving

the pan tilt unit in much the same way that the brain moves the

eyes in response to forces experienced by the inner ear. General

visual feature tracking by an unmanned helicopter has been de-

veloped and tested successfully [8]. There have been efforts to

develop other autonomous cargo transport systems for example a

plane/helicopter ”tail-sitter” [9]. The focus of that work was on

the aerial platform while the focus of our work is the mechanism

for picking up the cargo.

Vision based landing of an unmanned helicopter has been

the topic of several papers. The primary focus of our work is

the tracking portion of the mission and the carrying of the cargo,

without actually landing. Nevertheless some of the work regard-

ing vision based landing is related in that it utilizes tracking of

a ground based object by an unmanned helicopter. Visual track-

ing and landing on a moving target has been accomplished [10].

Computer simulation-based testing of vision-based landing sys-

tems have also been studied [11]. These completely software

based solutions can be tested without expensive hardware but do

not provide as useful a validation tool as a gantry system with

actual hardware cameras and targets.

The utility of teaming unmanned air and ground vehicles for

the deployment of UGVs by UAVs is analyzed in literature. The

speed and range of UAVs allows placement of a UGV where it

could not navigate to by itself. The lower cost UGV can then per-

form dangerous tasks and missions that require longer amounts

of time on station while the high cost UAV conserves fuel and

avoids close proximity to hazards. In this manner the disadvan-

tages of each vehicle is counterbalanced by the advantages of the

other [12]. In particular, unmanned helicopters could be used to

transport drive-by-wire scout robots that are used to search for

people trapped in building collapses. The helicopter could place

these robots on elevated levels of damaged structures that could

not be safely reached by a human manually deploying the robot.

EXPERIMENTAL SETUP
Semi-autonomous UGV Deployment Test

As a proof of concept for the carrying and deploy-

ment/retrieval of a UGV by a UAV, a partially autonomous test

scenario was carried out. In this scenario the UGV, a 1/10th

scale RC truck, was transported inside a carrying bay that was

mounted on the belly of the SR-100 unmanned helicopter. This

required a custom aluminum landing gear that was constructed

in order to accommodate the truck being mounted underneath the

helicopter. This setup is shown in Fig 5, with a placeholder UGV.

The much wider and longer footprint of this custom landing gear

also reduces risk of the helicopter tipping over, and helped the

SR-100 survive a rough landing caused by a motor failure.

Gantry Control System
In order to control both the 3DOF gantry, the 2DOF camera

pan tilt unit, and the 2DOF hook pan tilt unit, a system was con-

structed that used up to three computers and several methods of

communication including serial, Ethernet, USB, SCSI, and wire-

less PWM. This system also uses up to four distinct pieces of

software at the same time, namely a LabVIEW host application,

LabVIEW real-time, a custom C++ computer vision application

using VideoOCX for video capture, and the MATLAB engine.

Figure 2 shows block diagrams of this system in its two different

forms.
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Figure 2. GANTRY CONTROL SYSTEM BLOCK DIAGRAMS

Velocity Control and Playback
In order to use the SISTR 3DOF gantry for testing of our

visual servoing algorithms, it was first necessary to establish suf-

ficiently accurate velocity control of the gantry. For the purposes

of our tests an open loop controller provided sufficient accuracy

with minimal control loop overhead. The model for the open

loop controller was developed by moving the gantry back and

forth at ever-increasing speeds by sending higher and higher val-

ues to the motor amplifiers until the limits of the motors were

reached. This was correlated to speeds derived from encoder data

during the tests. Accurate velocity control of the gantry system

was only possible in the x and y axes, the horizontal plane. The

vertical/z axis could not be reliably controlled at slow speeds be-

cause of high friction and poor motor power relative to the weight

moved. This could likely be overcome using either a friction

model or an improvement in the mechanical construction, how-

ever for the purposes of these tests vertical velocity playback can

be omitted.

For the playback of helicopter velocities during tests of vi-

sual cargo pickup it can be assumed that the target vehicle is

located on relatively flat ground and that the helicopter is able

to maintain its altitude within approximately 0.32 meters accu-

racy. The height of the loop on the target, shown in Fig 1, is 0.32

m. For the flight data that is replayed on the gantry, the range

of vertical motion is 1.84 meters. However the variance of the

recorded vertical motion is 0.14 meters. So the assumption of a

range of motion of less than 0.32 meters is reasonable except for

outlier cases, brief deviations most likely caused by wind gusts.

Therefore we replicated the helicopter velocities in only the x

and y axes. A 72 second length of hovering data was replayed by

outputting the given velocity at each moment to the open loop ve-

locity controller for the gantry. The data was recorded at 24.188

points per second and using precision timers we were able to re-

play it at 24.708 points per second. This simulated the motion of

the helicopter to a degree useful for preliminary validation of the

cargo pickup procedure.

THEORY
Visual Tracking and Control

The core of the visual tracking algorithm is image-based

pose regulation. The pixel error between the desired position

of the target and its current position is fed through a Jacobian

matrix (1) that maps pixel space to Cartesian space. The goal
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Figure 1. CARGO PICKUP PROTOTYPE

is to reduce that error in order to keep the target centered in the

camera’s view.
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In equation (1) u and v represent the horizontal and verti-

cal pixel coordinates of the target, u̇ and v̇ are the error between

the current and the desired coordinates, f is the focal length of

the camera in pixels, and z is the distance to the target in cen-

timeters. The Tx,Ty,Tz values are the translational offsets of the

gantry, and the ωx,ωy,ωz values are the rotational offsets. Once

u̇ and v̇ are calculated from the image, the T value and ω values

can be found by taking the pseudo inverse of LT and performing

matrix multiplication with ṡ . This sort of basic visual servoing is

well established in the literature [13]. To move the gantry a PID

Figure 3. EFFECT OF IR FILTER ON ACQUIRED IMAGES

control loop was used with the open loop velocity control model

of the gantry that is discussed later.

The choice of a fiducial to be visually tracked and the

method of fiducial extraction were controlled by two criteria: the

speed at which the fiducials could be located and the ability to

locate them under a variety of lighting conditions. In early tests

the lighting condition constraint was ignored and standard visible

LEDs were used as fiducials. The input image was thresholded

and the centroids of the white regions were found. This simple

method of fiducial identification allowed for ”real-time” track-

ing at near the speed of the video stream from the camera. Four

fiducial LEDs were used for tracking the UGV, because of space

constraints only two were used for tracking the loop during cargo

pickup operations.

In order to satisfy the criteria of functioning under various

light conditions, the plan was to change the fiducial light’s wave-

length to infrared and filter out other light. Initially, infrared

LEDs were tested, but had either limited viewing angle or limited

brightness. The fiducials were changed from LEDs to krypton

light bulbs, which emit a significant amount of light in the in-

frared band as well as white light. At the same time, an infrared

band-pass filter was placed over the lens of the camera used for

the vision processing. Because of the relatively poor reflectance

of infrared light by most non-lustrous surfaces, even under bright

lighting conditions the krypton bulbs emit far more infrared than

most surfaces reflect. Figure 3 shows the effect of the filter on

the acquired images and their histograms. A threshold of 170

out of 255 was used in the tests. Without the filter there is a large

amount of pixels over 170 including many that are not fiducials.

The addition of the filter shifts all the pixel intensities well below

the threshold, except for those indicating the fiducials.

For the purposes of the initial tests the vision system needed
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Figure 4. OUTPUT OF IMAGE PROCESSING

to work with two backgrounds: a dark-gray asphalt parking lot,

and a tan simulated-desert flooring. These backgrounds are the

flying field and gantry floor, and are lit by sunlight and bright

theater floodlights respectively. In both cases the light source

has a significant infrared component. Preliminary video of the

fiducials outdoors suggests that thresholding will be able to iden-

tify them against the parking lot surface. Extensive tests in

the gantry demonstrated that tracking against the pseudo-desert

flooring functioned even under the full brightness of infrared-rich

theater floodlights.

Visual Cargo Pickup
The visual cargo pickup algorithm is an extension of the vi-

sual servoing algorithm. The same image processing is done as

in the velocity tracking. The effect of these operations is illus-

trated in Fig 4, where the IR filtered image and the fully pro-

cessed image are compared. Crosshair markers are placed on the

fiducials to visually indicate successful tracking. Instead of con-

trolling the 3DOF gantry to reach the target, velocities from an

actual helicopter flight are replayed on the x and y axes of the

gantry. The program then waits for the target to appear in the

cameras field of view, when the fiducials appear the pan tilt unit

the camera is mounted on is servoed to center the fiducials in its

view.

Besides servoing the pan tilt unit to center the fiducials, at

each iteration the program calculates the distance to the target.

This calculation is based on knowledge of the distance between

the fiducials and the focal length of the camera. The algorithm

considers that distance and how well centered the fiducials are in

the camera’s field of view. If the target is within the range of the

pickup arm and it is suitably centered in the camera’s view, the

pan angle of the camera’s pan tilt unit is matched by the hook’s

pan tilt unit and the hook is swept forward towards the target. It

is important that the fiducials be near the center of the camera’s

view to ensure moving the hook arm to the same angle as the

pan tilt unit will in fact line up the arm with the target. The pan

tilt unit of the hook’s arm is located directly behind the camera’s

pan tilt unit so no additional calculations are needed to correctly

match the angle of the camera. If the hook makes it through the

loop of the target, and the target is lifted off the ground slightly,

then it is considered to be successfully picked up. For the pur-

pose of future flight testing a mechanism for detection of a suc-

cess pickup has been added. A wire is suspended along the top

of the hook, which will flex and touch a contact when the target

is hanging from the hook.

Gantry Control System
For the initial visual tracking tests, two computers were

used. A host computer ran the C++ vision processing program

and the velocity control loop. This interpreted data from a CCD

camera, then calculated the velocities needed to track the target

by performing calculations with the image Jacobian by using the

MATLAB engine for matrix operations. It then converted these

velocities into the 16 bit value for the motor amplifiers by using

the open loop velocity controller, and called a LabVIEW appli-

cation compiled as a DLL to pass these values to a LabVIEW

application via a datasocket, which then passed those to the Lab-

VIEW real-time computer using Ethernet. The LabVIEW real-

time computer controls the gantry’s movements. At the same

time the C++ vision processing program is also controlling the

pan tilt unit on the gantry’s end effecter by communicating with

it over an RS-232 connection.

For the final visual cargo pickup tests, three computers

were used. The computer that previously ran everything ex-

cept for LabVIEW real-time now only uses C++ to play back the

recorded helicopter velocities and communicate them to the lo-

cal LabVIEW which then sends them to the LabVIEW real-time

computer. The third computer handles the vision processing and

control loops. It also controls the cargo hook which is mounted

on the end of an arm attached to an RC servo based pan-tilt unit.

This pan tilt unit is mounted behind and slightly below the cam-

era pan tilt unit. This is communicated with via a PC to RC USB

interface. Figure 1 shows this setup. It was necessary to use

a third computer because the helicopter velocities could not be

played back at an accurate rate on the same computer where the

vision was running without both processes being slowed down.
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Figure 5. SR-100 WITH CARGO BAY AND UGV

EXPERIMENTAL RESULTS
Tracking of a Moving Target

Fiducials were mounted on a 1/10 scale RC truck and track-

ing was performed using the gantry and vision system. A variety

of setups were tested: with and without the pan tilt unit, with

four fiducials and with only one, with a change in elevation and

with level ground, with smooth slow motion of the target and

with harsh accelerations. The results of these tests were mainly

binary, whether it could follow the target or not. There was also

a qualitative element of how well it followed the target, but no

repeated quantitative tests were conducted.

The overall result was that the system was able to track the

truck under each set of setup conditions, after some tuning of

the PID gains. The basic criteria for successful tracking was that

the target LEDs never leave the view of the camera. If the tar-

get vehicle was moved more quickly than the camera could fol-

low, it would fail to track it. Ultimately following a moving tar-

get is not essential to autonomous cargo pickup so this task was

mainly used to establish the functionality of the visual servoing

and gantry control systems, before the more critical problem of

picking up the target was tackled.

Semi-autonomous UGV Deployment Test
The proof of concept UGV deployment test occurred as fol-

lows. The helicopter performed autonomous takeoff, was di-

rected to a GPS waypoint, then was directed to autonomously

land. The actuated gate of the carrying bay was remotely low-

ered, and the UGV navigated out of the helicopter by remote

control, driven around and then driven back into the bay. At that

point the gate was remotely closed, and once again the helicopter

performed an autonomous takeoff, was directed back to its start-

ing point, and then directed to autonomously land. The entire

test took less than 10 minutes.

The purpose of this test was to show that the UAV heli-

copter could safely transport the UGV, and if an autonomous

UGV was used this test could have easily been completed fully

Figure 6. GRAPH OF GANTRY POSITION AND TARGET POSITIONS

autonomously. However the ultimate goal of this research is to

be able to use an unmanned helicopter to autonomously transport

any cargo, so the ability of the cargo to navigate into some sort

of bay cannot be relied upon.

Velocity Playback
As part of the testing of autonomous cargo pickup, the 3DOF

gantry system was used to partially mimic the behavior of a hov-

ering unmanned helicopter. To show that the velocities were cor-

rectly being replayed by the gantry, the velocity of the gantry

was continuously measured by taking a derivative of the encoder

readings. These are graphed with the input velocities in Fig 8.

The measured gantry velocity is noisier than the input because

it is the unfiltered derivative of the encoder values. Besides that

high frequency noise the fidelity of the velocity playback is high.

Video of the motion of the gantry during velocity playback was

also qualitatively compared to video of the helicopter during the

recorded flight. There was a noticeable correlation between the

motions of the simulation and the actual flight.

Visual Cargo Pickup
The goal of the visual cargo pickup test was to gauge the

reliability of the system under conditions as close as possible to

those that would be experienced while mounted on the actual he-

licopter. To that end the tests were conducted with the helicopter

velocities being played back by the gantry to simulate the sort

of motion the system tracking system would have to deal with

on the actual aircraft. At the same time the gantry floodlights

were at their full brightness, so there was the greatest possible

risk of false fiducial detection and so that the environment most

closely resembled the outdoors on a sunny. Since the real system

mounted on the helicopter would only know the cargo’s location

to within the GPS’s accuracy of 20 cm, the target was placed in

one central position and eight equally distributed positions 20 cm

away. Position 9 was considered to be the actual location of the

target while the other 8 positions were the possible 20 cm offsets

that could occur if GPS misestimated the position in any direc-
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Figure 7. GRAPH OF VISUAL CARGO PICKUP TESTING RESULTS

tion. Figure 6 shows the target locations relative to the portion of

helicopter data that was being replayed.

Visual cargo pickup was attempted twice for each possible

position of the target, for a total of 18 tests, the results are sum-

marized in table 1. In 11 of the tests the target was successfully

hooked by the computer. During the 4 near-miss tests the hook

was swung within centimeters of target’s loop, contacting the

outside of the loop but failing to pick up the target. The last 3 at-

tempts either failed to swing at the target or missed completely.

The near-miss events occurred when the pickup system at-

tempted to hook the target while the gantry was replaying a rela-

tively high velocity. Due to 5:1 gear reduction on the servo pan

tilt unit, it takes 1.86 seconds to move the 149 degrees of the

pickup swing. The cargo pickup program determines that the

target is in range and begins the swing, but during those 1.86

seconds the gantry can move out of reach of the target. This pan

tilt unit is designed for power at the expense of speed, in future

work a faster pan tilt unit will likely be used. Processing lag is

believed to have a minimal amount of detrimental effect com-

pared with this extremely long servo lag.

CONCLUSION AND FUTURE WORK
This research has shown the feasibility of using computer

vision for the task of autonomous cargo pickup by an unmanned

helicopter. The tests presented here are the first steps toward a

completely autonomous helicopter-based air cargo transport sys-

tem. Through the use of hardware in the loop testing and simula-

tion with a 3DOF gantry, we were able to create a realistic test of

the vision system without putting an aircraft at risk. Though the

success rate of the cargo pickup tests was only 61%, a success

rate of 83% or more should be possible through minor changes

to the system hardware. Tests are planned that will use a faster

servo mechanism to move the hook, and a new control computer

designed for mounting on the SR-100 unmanned helicopter. The

computer is a compact Mini-ITX system with a solid state disk

to withstand the vibrations of the helicopter. The visual cargo

pickup system will continue to be refined using the gantry as a

Figure 8. VELOCITY PLAYBACK TEST RESULTS

test bed until the visual cargo pickup system can be safely de-

ployed on a helicopter.

Plans for future work include:

1. Refinement of cargo pickup operations under simulation to

increase the success rate. Improvements include use of a

faster pan tilt unit, and autonomous detection of whether a

pickup attempt failed or succeeded so that the system may

make multiple attempts without being reset.

2. Navigation to the cargo’s position based on ground indicator

lights, similar to an approach used by manned helicopters

[1]. A sequence of lights leads to the cargo while three lines

of light fan out after the cargo. Indicator lights do not require

an actual prepared helipad, but are designed to be quickly set

up at an improvised landing area.

3. Flight testing of the tracking and cargo pickup system on the

SR-100 unmanned helicopter.

4. Development and/or implementation of stabilization algo-

rithms for autonomously carrying the payload suspended be-

low the helicopter.

5. Integration of cargo transport with safe landing zone detec-

tion, to allow deployment/pickup of the cargo in completely

unprepared environments.

These future plans combined with current work will add up

to a robust autonomous cargo transport system. Collision avoid-

ance is also a necessary aspect of such a system in order to bridge

the gap between pickup and drop off of cargo. That is a task of

substantial complexity in and of itself and is not likely to be ad-

dressed by this project. However developing a capability for an

unmanned helicopter beyond just surveillance missions enhances

the ultimate usefulness of other work related to UAV navigation

and control.
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