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Abstract 
A hierarchal planning method with three levels was demonstrated in simulation and in flight on a Black Hawk 
helicopter. The software was flown on prior occasions and demonstrated the ability to autonomously sense 
and avoid previously unknown terrain while enroute to a destination. The new mission level sof tware adds 
the ability to make mission-length plans over a stored terrain map, while simultaneously minimizing user-
input risk functions. This system was tested with different levels of pilot input, ranging from simply entering a 
destination, to replanning while enroute, to adding lateral and longitudinal inputs to inf luence the f light path 
and altitude. The addition of this mission level improves the ability of the system to keep to a desired height 
above ground level, while improving the ability of the pilot or operator to predict the path of the helicopter and 
time to destination. 
 
 

1. INTRODUCTION1 

One of  the primary design patterns in autonomy is 
hierarchal planning: a large and complex planning 
problem is divided into different levels, of  dif ferent  
time scales. Consider the aircraft planning problem: 
an aircraf t f lying near the ground must follow con-
straints dictated by the complex geometry of  the 
terrain, process a high-bandwidth terrain sensor 
data stream, and ultimately give control commands 
to the four or more actuators. This is similar to many 
tasks in mobile robotics, and in this f ield hierarchal 
planning is the dominant technique for solving the 
control problem. By decomposing the complex prob-
lem into simpler tasks and establishing a hierarchy 
between the tasks, a solution can be computed and 
updated in real time that can approach optimal per-
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formance. Each level has a communications inter-
face with the levels above and below it and provides 
certain safety guarantees. Hierarchical planning has 
been a dominant paradigm in operations even be-
fore the field of autonomous motion planning began. 
For example, in a piloted f light mission, the f light 
crew plans the f light and communicates the plan to 
relevant parties ahead of the flight. During the flight, 
a pilot senses and avoids terrain according to visual 
f light rules while still passing near waypoints 
mapped during pre-flight planning, while meanwhile 
maintaining a desired attitude, altitude prof ile, and 
power level that may vary f rom second to second. 
The above example can be formalized using a hier-
archical control f ramework. 

Hierarchical control has been suggested for auton-
omous motion planning for many years. In Ref . 1, a 
brain model is used as a basis of hierarchical control 
and lays out the fundamental theory of  this ap-
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proach. Two more recent approaches seek to opti-
mize the f ramework: Ref . 2 uses an approach that 
optimizes multiresolution hierarchical control sys-
tems, and Ref. 3 optimizes the interfaces and com-
munications between levels of control. Closely relat-
ed are multiresolution planning approaches: Ref . 4 
plans over a quadtree model of the world with small-
er volume elements on the boundaries between 
occupied and free space. Refs. 5 and 6 both repre-
sent the world in fine detail close to the vehicle and 
coarse detail distant from the vehicle, allowing long-
term planning while still ensuring safety in the im-
mediate vicinity. Ref. 7 gives a proof  of  complete-
ness of one refinement of this approach. Ref. 8 uses 
a dual resolution planner: the coarse resolution plan 
is over a terrain map, while the fine-resolution plan is 
over sensed terrain. The approach described in the 
main body of  this paper can be considered a 3-
dimensional generalization of  this dual resolution 
approach. 

US Army Combat Capabilities have accomplished 
research in helicopter autonomy for almost twenty 
years. Refs. 9 and 10 describes the control law and 
hardware development needed for autonomous 
f light testing of a 200 pound Yamaha RMAX helicop-
ter, and Ref . 11 describes the f irst f lights of  the 
RiskMinOFN algorithm for sense-and-avoid flight of  
the same helicopter. Ref. 12 outlines the transition of 
the aforementioned software onto the full-authority 
f ly-by-wire RASCAL JUH-60A helicopter, which 
achieved ground speeds of over 40 knots in sensor-
guided flight. Improvements in the sensor allowed an 
increase in speed up to 114 knots in sensor-guided 
f light, as described in Ref . 13. The Autonomous 
Partial-Authority Flight Control System (APAFCS) 
allowed operations on an EH-60L Black Hawk heli-
copter, described in Ref. 14. This aircraft is similar to 
Black Hawk helicopters in the US Army f leet. These 
earlier f light tests focused on demonstrating safety 

and performance of a local sense-and-avoid planner 
and did not use any maps or prior knowledge of  the 
terrain. More recently, we added a mission level 
planner to the existing system, in ef fect extending 
the hierarchal f ramework f rom two levels to three 
(see Table 1). These planning levels are categorized 
here by the time horizon involved but have other 
dif ferences. For instance, the highest level is charac-
terized by a complex environment at coarse resolu-
tion with a low dimensionality space of  2.5 dimen-
sions (a three-dimensional terrain surface repre-
sented by a two-dimensional map). By contract, the 
lowest level is characterized by a simple spatial en-
vironment, but of a higher dimensionality state space 
consisting of position vector, velocity vector, attitude 
vector, and other state variables. The time horizons 
given are order-of-magnitude approximates that vary 
f rom one f light to another. 

The highest level is newly written software called the 
Risk Aware Path Planner (RAPP). It is designed to 
integrate with the RiskMinOFN process, acting as a 
mission level planner with prior knowledge of terrain 
and airspace maps. It creates a pre-plan for the 
entire mission and can be triggered to replan by the 
operator at any time during the flight. It is a quasi-3-
dimensional planner that uses a digital terrain map 
as its base, and sends coarse waypoints to Risk-
MinOFN. By contrast, RiskMinOFN is a fully-three-
dimensional search that operates over a limited time 
horizon of  up to 3 minutes, which gives velocity 
commands each second to the Autonomous Partial 
Authority Flight Control System (APAFCS). This 
lowest level takes care of  trajectory generation, 
waypoint and velocity command following, and inner 
loop stabilization. While the system has been f lown 
under control of only the Middle and Low levels, this 
paper will show the effects of adding the High level 
to the architecture. 

2. MAIN BODY 

2.1. System architecture 

The system architecture that follows this structure is 
shown in Figure 1. Each level reads data from exter-
nal sensors or stored maps, including the digital 
elevation map, terrain sensor, and INS/GPS naviga-
tion sensor. The operator/pilot enters a destination 
command into RAPP: this may be a hover point, a 
landing zone, and approach direction may be re-
stricted to a certain angle or f ree. The APAFCS 
gives actuator commands to the helicopter. 

 
Table 1. Breakdown of  planning levels 

Level Task Planning 
Horizon 

Process 
Name 

High Mission 
planning 

~30 minutes RAPP 

Medium Reactive 
planning 

~3 minutes RiskMinOFN 

Low Trajectory and 
inner-loop 

control 

~30 seconds APAFCS 
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Figure 1: System block diagram showing the interac-
tion of  the levels of  control. 

 

2.2. Algorithm description 

The algorithm used by the RAPP process is based 
on the A* search, an algorithm that is widely used for 
grid searches. However, this A* search is a step in a 
larger process: 

1. Initialize: Set parameters, load terrain f rom 
storage, and load airspace threats f rom 
storage. Wait for a destination command 
and aircraf t state data. 

2. Create a risk map: Resample the terrain to 
desired planning resolution and limits, based 
on the information f rom step 1. Calculate 
risk values for each pixel – this risk assumes 
the aircraf t will be at the desired height 
above ground level (AGL). 

3. Search: Use the A* algorithm to search for 
the lowest risk path from the current state to 
the destination. Start state needs to be ad-
justed to account for vehicle motion while 
planning, and end state may need to be ad-
justed to control the ingress direction. This is 
the most computationally demanding step. 

4. Obtain path: A backtrace through the A* so-
lution results in a list of  equally spaced 
points at the resolution of the risk map. This 
is the lowest risk path to the desired state. 

5. Simplify path: To avoid over-constraining 
RiskMinOFN, waypoints falling in a straight 
line are eliminated. The remaining way-
points only are found at turns in the path. 

6. Send result: Format the points and send 
them to RiskMinOFN. Repeat from Step #1. 

A note on step 2 is important. One unique aspect of  
this research is that we use explicit modeling of mis-
sion risk factors in both RAPP and in RiskMinOFN. 
This allows automatic adaption to changes in the 
environment, such as higher winds and gusts that 
make control tracking less precise.  It is also a unify-
ing methodology used to weight dif fering mission 
constraints against each other. While some of  the 
risk factors will be common between RAPP and 
RiskMinOFN, they will each have some factors more 
relevant to the scale at which they operate. RAPP 
uses three terms of risk, constant time risk, altitude 
risk, and threat site risk: 

I. Constant time risk: 
(1)  𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑟𝑟𝑟𝑟/𝑣𝑣  
where r is risk per second, l is cell length, v is cruise 
velocity 

II. Altitude risk: 
(2) 𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎(𝑥𝑥,𝑦𝑦) = ℎ(𝑥𝑥,𝑦𝑦)𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚  
where 𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚  is maximum altitude risk, ℎ(𝑥𝑥,𝑦𝑦) is 
space-varying terrain height  

III. Threat site risk: 
(3)  𝑅𝑅𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (𝑥𝑥,𝑦𝑦) 
where 𝑅𝑅𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟   is the space-varying user defined risk 

Total risk: The above three factors are combine us-
ing probabilistic union: 
(4)  𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑒𝑒 ⋃𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎 ⋃𝑅𝑅𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 
where the form for independent variables is used to 
calculate the probabilistic union: 
(5)  𝐴𝐴⋃𝐵𝐵  = 𝐴𝐴 +𝐵𝐵 −𝐴𝐴𝐴𝐴  

The probabilistic union used in implementation to 
combine risk f rom time in operation, altitude, and 
threat sites assumes the three factors are independ-
ent. However, it is straight-forward to account for 
non-independence and other higher-order factors. 
Also, other risk factors can be factored in by using 
probabilistic union. For example, if a weather map is 
available, it can be expressed as a risk value and 
combined with the total risk using probabilistic union. 
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2.3. Interfaces 

The interfaces between RAPP and the other sof t-
ware are an important aspect of  this research. The 
sof tware is designed to minimize system disruption, 
so the interface between the operator and RAPP is 
identical to that previous interface between the op-
erator and RiskMinOFN. This consists of a list of one 
or more destinations which include Universal Trans-
verse Mercator (UTM) coordinates and an approach 
angle constraint. These coordinates consist of  east-
ing, northing, and height, although height may be 
unspecified to allow OFN to determine the altitude. If 
the list contains only a single destination, OFN will 
come to a hover at this point. If the list contains mul-
tiple destinations, OFN will approach each destina-
tion on the list to within a threshold radius. These 
are called waypoints. Once this radius is achieved, 
the achieved waypoint is deleted f rom the list and 
OFN continues to the next destination. The thresh-
old radius is set so that the helicopter will not begin 
slowing down for waypoints. As a result, if  the way-
point path specifies a sharp turn, OFN will turn early 
and miss the waypoint by a large distance. The OFN 
sof tware has ultimate responsibility for keeping the 
vehicle away f rom terrain and threats, and is de-
signed to do so even if a waypoint is located within 
the terrain. This identical interface is taken over by 
RAPP. If  the user enters a single destination, RAPP 
produces a waypoint path through low terrain to that 
destination, as outlined in the previous section. If  the 
user enters multiple destinations, RAPP calculates a 
waypoint path for the list of destinations, resulting in 
a long waypoint path that passed through the de-
sired waypoints. 

The interface between RAPP and RiskMinOFN is 
largely similar to that between the user and RAPP. 
There are several parameters that need to be de-
termined. First, spacing between waypoints. RAPP 
creates a waypoint list at grid spacing (here set to 
100 meters between points) and simplifies it by elim-
inating redundant points – only points at the ends of  
straight lines need be included. The resulting points 
are unevenly spaced, with a minimum space of  100 
meters between them, and no maximum space. 
Second, altitude designation. Initially, RAPP gener-
ates waypoints with altitude constraints, specifying a 
constant altitude above the terrain map. However, 
this constraint resulted in unsatisfactory behavior on 
the part of RiskMinOFN. For instance, if  one of  the 
RAPP points happened to fall in a deep valley, it 

would specify a spuriously low altitude. The result 
was that RiskMinOFN occasionally reduced speed 
and altitude for a valley that would have been quick-
ly overflown at constant speed and altitude. A more 
profound example is over steep terrain, any low-
resolution terrain map has signif icant altitude error. 
RAPP could specify an altitude that is too close to 
the terrain. While RiskMinOFN can recover f rom this 
error condition, in practice it tends to search for a 
lower-risk path to this inaccessible waypoint, result-
ing in unnecessary delays and possibly even an 
error condition resulting in RiskMinOFN taking the 
helicopter to a hover and sending an error message 
to the operator. To avoid these error conditions, 
RiskMinOFN now outputs 2-dimensional east-
ing/northing coordinates while leaving altitude un-
specified: RiskMinOFN attempts to fly through these 
waypoints at the desired height AGL according to 
the terrain picked up by the sensor. The f inal way-
point on the list does, however, keep the height con-
straint, to allow hover at a desired altitude. 

The timing aspect of the interface is also important. 
While RiskMinOFN executes a complete replan eve-
ry two seconds, RAPP only executes a replan when 
commanded by the operator. For longer missions of  
around 100 kilometers, a RAPP plan may take sev-
eral seconds to complete. Many missions stick with 
the original RAPP plan, but it is trivial for the pilot to 
replan RAPP while enroute. Since RiskMinOFN has 
full control over terrain and threat separation, it is 
safe for RAPP to take a long time to calculate a re-
plan. One important aspect of  the replan is that 
RAPP uses the point of nearest hover calculated by 
RiskMinOFN as its initial point rather than the cur-
rent position. This ensures the path produced by 
RAPP is f lyable without backtracking. In practice, 
RiskMinOFN marks the f irst RAPP waypoint as 
“complete” within one second of the creation of  the 
RAPP waypoint path. 

An important feature facilitated by RAPP is the con-
strained approach direction. While this feature could 
be implemented in RiskMinOFN, the scale is such 
that it would be tricky to account for all possible sce-
narios. RAPP has a mission scale view, so is better 
suited to planning an approach with a constrained 
direction. This feature is important for landing at an 
airf ield in coordination with other air traf f ic, as well 
as landing in high wind conditions. 
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An existing RiskMinOFN mode is GO-ARND, or 
constant direction mode. In this mode, the destina-
tion given to RiskMinOFN consists only of  a direc-
tion. RiskMinOFN will fly generally in this direction, 
while still avoiding terrain and threats. It is used for 
takeoffs and for cancelling the current mission, giv-
ing the operator time to determine a new course of  
action. 

To summarize, the original waypoint interface to 
RiskMinOFN was essentially split into two interfaces: 

coarse waypoints from the operator to RAPP, and 
f ine waypoints f rom RAPP to RiskMinOFN. The 
RAPP waypoints are 2-dimensional waypoints with 
unconstrained altitude, except for the f inal point 
which may have a specified altitude. Both interfaces 
are event-based and can happen as rarely as once 
each mission, and as f requently as the operator 
presses the replan button.  

 

   

Figure 2: Comparison of routes flown with RAPP disabled (left) and with RAPP enabled (right). Terrain relief  
is dominated by the river going through waypoints 35 and 9 and a ridge going through waypoints points 12 
and 5. Blue circles indicate waypoints used as destinations. The green line shows the path f lown, while the 
thin magenta line and dots show the RAPP output. The colored square around the aircraf t shows the Risk-
MinOFN view of  recently sensed terrain. 
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3. SIMULATION TESTING 

3.1. Simulation environment 

The simulation environment accounts for many of  
the f light conditions the autonomy sof tware is ex-
pected to be exposed to in f light. The f light model 
and control system simulator are integrated in a 
stand-alone desktop simulation model. This model 
consists of a linearized model with stability deriva-
tives interpolated across the 0 to 120 knot airspeed. 
This model includes non-linear kinematics, including 
actuator models and limits. Bounding aircraf t trim 
points are set to preserve stability derivatives that 
depend on velocity. In the desktop simulator, the 
Autonomous Partial-Authority Flight Control System 
(APAFCS) is fully integrated with the other autono-
my software in the same way as it is for f light tests. 
Hardware specific interfaces, such as the 1553 bus, 
are emulated. This flight model accounts for an av-
erage level of navigation solution noise. It also uses 
a sensor simulator, a GPU-accelerated beam-wise 
simulation of a terrain range sensor. In this case it  
simulates the H. M. Burns Corp. Multi-Function Lidar 
(MFL) sensor. The sensor simulator emulates the 
time-varying geometric state of  the sensor head 
relative to the aircraf t and returns the range in the 
direction of  each beam. Its noise model includes: 

• Additive Gaussian noise on range returns: 
for Lidar systems, this is a relatively small 
contribution to noise, on the order of magni-
tude of  0.1 meters. 

• Dropouts, or false negatives: the range-
variant dropout function randomly falsely 
changes range to NO_RETURN; the drop-
out rate increases with increasing range. 
This rate becomes signif icant near maxi-
mum range. 

• False positives, including wrap-around hits: 
this model takes additional GPU resources 
and is only run for calibration runs to ensure 
the evidence grid f ilters them out in the re-
gion near the aircraf t. 

• Sensor position and angle drift model: this is 
a Brownian motion processes with a correc-
tion term to represent the GPS corrections. 
It represents drift in the angle and position 
estimates of the sensor. It can be a signif i-
cant source of  error. 

Care was taken to calibrate these four error models 
according to data acquired in f light. The additive 

noise model used a scan of  a runway f rom hover, 
estimating standard deviation f rom a plane f it to 
determine noise level. Dropout rate was acquired by 
a f light in terrain and a matching flight in simulation – 
the range histogram f rom the f light data was com-
pared against the range histogram f rom simulation. 
False positives rate was acquired by flight over a f lat 
surface; any returns with altitude above the ground 
level higher than threshold were considered false 
positives. Sensor position and angle drif t were esti-
mated by looking at the dif ference between sensor 
position and angle estimates and aircraf t angle and 
position estimates and verified by comparing simu-
lated landing approach scans with scans from flight. 
The range at which a radio tower is detected by the 
fused terrain in f light is compared to detection range 
in simulation, to ensure they match. 

This noise model has been matured over the years 
to include increasing numbers of  sensor errors that 
were found to be significant. While a physics-based 
simulator would be better suited to deal with different 
surfaces, especially bodies of  water, this would in-
volve an increase in complexity of the sensor simu-
lator and make it dif f icult to achieve real-time per-
formance. To ensure safe flight over large bodies of  
water, a planar airspace limit (“threat”) is coded into 
the parameter f ile during any f light over a body of  
water with more than ~1 km maximum width. 

3.2. Simulation procedure 

Testing in simulation has been carried out to com-
pare the system with and without RAPP. Figure 2 
shows the result of one pair of  these runs. This ex-
ample is typical of  the dif ference between the two 
modes. RiskMinOFN by itself has no concept of  the 
overall view of the mission, only of what is in its line-
of -sight and within sensor range. Since RAPP has 
access to terrain for the length of the entire route, it 
produces waypoints that result in a lower altitude 
prof ile and make more use of  terrain masking. 
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Figure 3: The ratio of  performance with RAPP to 
performance without RAPP averaged over 21 flights 
for a variety of  performance metrics. 

 

For the averaged performance, a series of  21 mis-
sions was executed, both with RAPP and without 
RAPP. The mission length ranged f rom 8 to 30 
minutes. Five performance metrics were recorded: 

• duration: the time taken to execute the mis-
sion 

• height AGL: root mean square average of  
the height above ground level 

• std. dev. AGL: standard deviation of  the 
height above ground level 

• ridge clearance: safety metric that measures 
minimum clearance above terrain while at 
speed 

• mean height MSL: averaged height above 
Mean Sea Level 

Figure 3 shows metrics for the metrics for these 
runs. The largest difference between the conf igura-
tions was in altitude: using RAPP reduced overall 
altitude by 10 percent, reduced height above ground 

level by 9 percent, and reduced the standard devia-
tion of  height above ground level by 20 percent. 
There was no significant change in ridge clearance, 
meaning that this reduced altitude did not impact the 
safety of the mission in a negative way. RAPP ac-
complished this by taking longer routes to better f ly 
through low-altitude parts of the terrain, resulting in 
an increase of  10 percent in mission duration. 

4. FLIGHT TESTING 

4.1. Flight procedures 

RAPP was integrated into the autonomy sof tware 
stack for flight testing. With a limited number of flight 
hours available, the flight tests have some specif ic 
purposes: 

• Validate the realism of  the simulation envi-
ronment by comparing the system in the 
simulator to the same system in f light. 

• Investigate pilot interactions with the auton-
omous tools, and the usefulness of  feed-
back of internal states to the pilot for situa-
tional awareness and process monitoring. 

There are three types of flight test that were accom-
plished using RAPP: 

1. Checkout: starting in a hover 20 – 50 meters 
above ground level, send to a landing zone 
at least 2 km straight ahead over flat terrain. 

2. Traf f ic pattern: Starting in a hover 20 – 50 
meters above ground level, press 
GO_ARND to takeoff . Once ground speed 
reaches 25 m/s (50 knots), select a landing 
zone with a constrained approach angle 
close to the takeoff point. The approach an-
gle constraint causes RAPP to lay out a traf-
f ic pattern. 

3. Terrain f light: Starting in a hover 20 – 50 
meters above ground level, press 
GO_ARND to takeof f . Once the ground 
speed reaches 25 m/s (50 knots), select a 
distant landing zone. Use pilot input tools, 
including OFN speed up/slow down, pilot 
additive lateral and heave inputs through the 
4-way switch, and replan to accomplish 
secondary tasks such as following soft con-
straints such as avoiding low-altitude over-
f light of  residential areas. 

All three of  these flight types end with a Safe Land-
ing Area Detection (SLAD) scan. Since the RAPP 
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algorithm is not used in final landing operations, this 
paper will not detail the landings, other than to give 
an overview of  the landing procedure. When the 
aircraf t is within 60 seconds of  arriving at a hover 
point 40 meters above the center of the landing scan 
area, it points the sensor head down to focus on the 
landing area and slows down the scan rate to in-
crease data density. Once enough data are collect-
ed, a landing suitability map is shown on the pilot 
displays, and candidate landing points selected by 
the SLAD algorithm are shown. If the pilot makes no 
selection, the aircraf t will wait for a few minutes at 
the original hover point. If the pilot selects a landing 
point, OFN will guide the helicopter down to a hover 
15 meters above the landing point. At this point OFN 
hands over control to the landing sof tware, which 
takes the aircraf t down to the ground. 

There are four flight modes that the mission script 
and operator may put OFN into: 

• Cruise: 59.3 m/s (115 knots), 350 m (1148 
f t) AGL 

• TerrainPlus: 51.44 m/s (100 knots), 80 m 
(262 f t) AGL, increased acceleration limits 

• Terrain: 41.2 m/s (80 knots), 80 m (262 f t) 
AGL 

• Approach: 30 m/s (58.3 knots), 60 m (197 ft) 
AGL, reduced acceleration limits 

The GO-ARND command automatically sets the 
f light mode to Terrain. When a destination is en-
tered, the f light mode is automatically set to Terrain-
Plus. On the event of  approaching within 120 sec-
onds of the landing zone, the mode is automatically 
set to Terrain. This has two purposes: f irst, if  the 
operator had previously set flight to Cruise mode, it 
gives the helicopter time to reduce altitude in time 
for landing approach; second, it reduces speed more 
gradually to avoid encountering the lower collective 
limit on f inal approach. On the event of approaching 
within 60 seconds of the landing zone, the mode is 
automatically set to Approach. This allows more 
accurate f light closer to the terrain and gives the 
system enough time to scan the landing zone. 

4.2. Comparison test: traffic pattern 

The purpose of this test is to compare f light in the 
simulation environment with actual flight. The traf f ic 
pattern was used for this since it exercises the major 
parts of the autonomy stack while being of relatively 

short duration. It is also something that all pilots are 
familiar with, giving them a basis for evaluation. 

This f light was executed on July 19, 2023, run num-
ber 011, at Felker Army Airfield, Virginia. The results 
of  both the simulation and flight are coplotted in Fig-
ure 4, where black lines indicate flight data while red 
lines indicate simulation data. Figure 4 a). has time 
histories for speed, roll, pitch, yaw, and collective. 
The speed prof ile shows TerrainPlus mode used 
initially, with an automatic transition to Terrain mode 
at around 190 seconds. During the flight, the evalua-
tion pilot decreased the OFN speed limit to 70 knots 
to ensure the system could turn tight enough; this 
was replicated in the simulation run. While the sys-
tem roll limit is set to 30 degrees, in practice the 
limited sensor field-of-view limits the achieved roll to 
around 10 degrees for turn-about maneuvers. It is 
expected that mechanically pointing the sensor into 
the direction of  the turn can allow a tighter turning 
radius and more closely achieve the roll limit. Pitch 
and roll histories align closely between simulation 
and f light, while collective shows a bias between 
simulation and flight. This is because the simulator is 
calibrated to a particular aircraf t weight, while in 
f light the weight varies as fuel is consumed. Figure 4 
b). shows the altitude profiles. The simulation shows 
similar timing, but a bias towards higher altitude; the 
f light height AGL more closely matched the desired 
height of 80 meters. This difference can be attribut-
ed to the sensor model; in flight, there are few to no 
Lidar returns f rom the water but in simulation the 
water is treated the same as land. While the horizon-
tal plane threat representing the water is in place in 
both flight and simulation, the detected land plane in 
simulation causes RiskMinOFN to go for greater 
separation distance. Note also the height AGL, as 
measured by the radar altimeter, has rapid changes 
indicating forests, whereas the simulator in this case 
uses a f lat earth model. Figure 4 c). shows paths 
that overall line up but show some dif ferences. The 
actual path f lown is sensitive to small changes in 
initial condition and timing of  using inputs, and the 
dif ferences in path are roughly equal to dif ferences 
f rom one f light to another. 
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Figure 4: Comparison of flight data (black) with simulation data (red). Section a) shows time histories of  
speed, roll angle, pitch angle, and collective position. Section b) shows altitude prof iles and vertical rate – 
this f light ended with a landing near sea level, so altitudes both end at 0. Section c) shows paths overlayed 
on the area map – purple circles indicate no-fly zones requested by the airfield, magenta circles indicate the 
start and end points given to RAPP, with the arrow indicating the landing direction constraint. 
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Figure 5: Flight data for ridge crossing. Section a) shows time histories of speed, roll angle, pitch angle, and 
collective position. Section b) shows altitude profiles and vertical rate – this flight ended with a landing. Sec-
tion c) shows paths overlayed on the area map – magenta circles indicate the start and end points given to 
RAPP, with the arrow indicating the landing direction constraint. 
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4.3.  Terrain test 

A f light among terrain was executed in the area 
around Shenandoah Valley, Virginia, on November 
8, 2022. Shown here is run number 007. This f light 
involved taking off from one airport, f lying over the 
lowest gap in a sharp ridge with 300-500 meters of  
relief , and f lying to a dif ferent airport with a con-
strained approach direction. 

Figure 5 shows selected flight data records for this 
f light. Figure 5 a). has the time histories of  ground 
speed, roll angle, pitch angle, and collective. From 
the ground speed it is evident that after achieving full 
speed, the evaluation pilot put OFN into Terrain 
mode with a maximum speed of 41.2 m/s (80 knots). 
Midway through the flight, af ter crossing the ridge, 
the evaluation pilot put OFN back into TerrainPlus 
mode. The mission system automatically slowed 
OFN back to Terrain mode at 120 seconds to desti-
nation, and Approach mode at 60 seconds to desti-
nation. It executed a landing area survey and the 
evaluation pilot selected a landing point, allowing the 
system to autonomously land. Figure 5 b). shows 

the altitude profile f lown. Despite there being over 
300 meters of relief, the system tracked the desired 
height AGL of 80 meters relatively consistently. Fig-
ure 5 c). shows the path flown. After taking off in the 
northeast direction from the airstrip on the east side 
of  the map, the helicopter followed the RAPP path to 
gradually climb over the sharp ridge, cross at the 
lowest gap, and gradually descend the other side 
before turning around and approaching the airport 
shown on the west of the map from the desired ap-
proach heading. 

An example frame from the flight video record of this 
f light is shown in Figure 6. This shows the helicopter 
under full autonomous control crossing the gap in 
the ridge. The moving map in the upper lef t of  the 
image indicates a lateral pilot of fset with the split 
magenta pointer: the pilot clicked the left direction of  
a four-way switch, causing the system to f ly to the 
lef t of  the RAPP route. 

The system successfully executed 97 minutes of  
research f light in the terrain around the Shenandoah 
Valley. Due to a misconfiguration, the RAPP system 
failed to avoid high terrain as was desired f rom 
many of  the f lights, but instead minimized the 

 

Figure 6: Frame f rom flight record video. Upper left: pilot’s moving map display, shows RiskMinOFN fused 
terrain in false color overlay with red indicating high terrain and blue indicating low, RAPP route as a magen-
ta line. Upper right: pilot’s first-person view display shows true color Lidar data, aircraf t state information, 
f light path vector is a cyan aircraft symbol. Bottom (left to right): forward-facing camera, backward-facing 
camera, cockpit camera, tail camera. 
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change in altitude. That caused RAPP to seek high 
terrain in some cases. This has since been correct-
ed in the parameter files. It has additionally executed 
two traffic patterns of eight to nine minutes each and 
six checkout runs of  three to f ive minutes each. 

5. CONCLUSIONS 

This paper represents ongoing work and further 
f lights among terrain are planned for later this year. 
The most signif icant results of  this paper are: 

1. The Risk-Aware Path Planner (RAPP) add-
ed a level to the existing hierarchical control 
f ramework, increasing planning horizon from 
sense-and-avoid to mission timeframe. 

2. Adding RAPP has improved the system’s 
ability to keep a consistent height above 
ground level while reducing overall height. 

3. Procedural start point and end point adjust-
ments in the RAPP algorithm were found to 
handle replans in flight and constrained ap-
proach directions gracefully, and in fact can 
generate standard traffic patterns with mini-
mal user input. 

4. The existing waypoint interface was found to 
be suf ficient to control the sense-and-avoid 
planner along a mission length path. 

5. A waypoint path display on the moving map 
gives pilots/operators a better prediction of  
the vehicle’s position. 
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