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Abstract 
Sponsored by the NASA Small Aircraft 

Transportation System (SATS), flight tests were 
conducted at Easton/Newnam Field Airport 
(KESN) and Danville Regional Airport (KDAN) in 
a Cessna 402B using a Head-Up Display (HUD) 
and Highway-In-The-Sky (HITS) symbology.  Two 
types of HUDs were flown in the C402B: a GEC F-
16 HUD, and a Kollsman prototype HUD designed 
to a target price for general aviation.  Imagery of an 
Enhanced Vision Sensor (EVS) infrared camera 
was also combined with HITS to create a Combined 
Vision System (CVS) on the HUD.  HITS 
trajectories and symbology were displayed on the 
HUD to assess the value of HITS guidance for 
general aviation. Experimental WAAS GPS 
approach procedures were developed for the SATS 
Self Controlled Area (SCA) concept, and flown at 
both Easton and Danville airports.  Using a GPS-T 
approach with holding stacks above the initial 
approach fixes, multiple aircraft flew simultaneous 
IFR-like approaches without an air traffic 
controller.  Flight testing showed that synthetic 
imagery using real-time aircraft data can be used for 
aircraft guidance and improved situational 
awareness.  Comparable piloting accuracy was 
demonstrated with HITS as that achievable using 
only HUD flight director and velocity vector 
guidance.  Pilot preference for HITS over 
traditional HUD guidance cues was mixed, but 
consistently agreed that a combined HITS-HUD 
improved situational awareness of the aircraft’s 
relative location with respect to the approach 
course.  The flight test also proved the feasibility of 
an inexpensive synthetic vision system to generate 
HITS imagery with EVS on a low cost HUD. 

 

 

Introduction 
The HUD contributes to enhanced flight safety 

an instrument approach transition from instrument 
meteorological conditions (IMC) to visual flight 
rules (VFR), yet due to their expense, HUDs are 
used only on military aircraft and a growing number 
of large commercial aircraft.  

Since 1988, the University Research 
Foundation1 has conducted numerous flight tests of 
enhanced and synthetic vision systems on its 
research aircraft with various head-up displays to 
improve the safety of aircraft operations in low 
visibility and achieve lower landing minima2.  A 
HUD displays precision guidance cues for an 
approach in front of the pilot’s field of view while 
looking through the windscreen.  Research has 
consistently shown that HUDs provide for safer and 
easier transition from IMC to visual meteorological 
conditions (VMC) since the pilot is not 
continuously shifting vision from inside the cockpit 
to outside.  Due to the high cost of HUD systems, 
general aviation operators have not benefited from 
their use. 

Synthetic imagery (HITS, runway, and 
obstruction symbology) was generated using high 
quality scenery and elevation data available with 
the X-Plane3 flight simulator.  Customized 

                                                      

1 The University Research Foundation, Greenbelt, Maryland, is 
the leader of the Maryland Mid-Atlantic SATS Laboratory. 
http://www.urf.com/madl/index.html 

2 NASA / FAA Synthetic Vision (1987-1992); United-
Northwest-Lockheed Martin-FLIR Systems (1992-1994); 
DARPA-Lear Astronics (1994-1997); and Gulfstream V 
EVS Certification (1997-2000); FAA / Norris Electro 
Optical Systems Corporation Ultra-Violet System (2003-
2004); SATS Contract Number NCA-1-02001 (2001-2005). 

3 "X-Plane", A. Meyers, Laminar Research, http://www.x-
plane.com/ 



 

symbology was developed using the X-Plane 
Software Development Kit4. 

Flight testing was conducted with a GEC F-16 
HUD in the Cessna 402B, and with a new prototype 
HUD.  With sponsorship of the SATS program, a 
low cost prototype HUD was designed and 
developed by Kollsman5 specifically tailored for 
general aviation needs, yet with equivalent 
performance of commercial HUDs.  It was not the 
purpose of the flight tests to evaluate the differences 
between the two HUDs.  Early HITS testing was 
performed on the F-16 HUD, with transition to the 
SATS prototype HUD for its first flight in May 
2005, at Tipton Airport. 

The HITS symbology and scenery rendering 
system used for the flight test is discussed in a 
companion paper6.  It describes the methods and 
mathematics for HITS trajectory generation, high 
quality scene rendering, and aircraft interface. 

Aircraft System Configuration 
The URF Cessna 402B research aircraft, 

shown in Figure 1, is based at Tipton Airport 
(KFME) in Fort Meade, MD.  It is equipped to 
operate in normal category with either HUD, with 
Mi1-1553 and ARINC 429 interfaces to a research 
mission computer, a Honeywell laser ring gyro, 
multiple WAAS capable GPS receivers, ADS-B 
data link, Flight Director, an air data computer, a 
Kollsman EVS infrared camera, ultra-violet camera, 
and video recording equipment.  Video downlink 
and Ethernet modem connectivity to a ground 
station provided the capability of real-time ground 
observation and flight recreation. 

Other SATS technologies on the aircraft 
included an automated flight data fusion system 
(ADFP) for aircraft sensor integration and data 
recording, and a Cockpit Associate system that 
performs as an synthesized ‘copilot in a box.’  

                                                      

4 "X-Plane Plugin Software Development Kit", B. Supnik, S. 
Barbour, http://www.xsquawkbox.net 

5 Kollsman is a member of MMSL; http://www.kollsman.com 
6 “ An Airborne Synthetic Vision System with HITS Symbology 

Using X-Plane for a Head Up Display” , Dr. M. C. Ertem, 
University Research Foundation, 24th Digital Avionics 
Systems Conference October 30, 2005. 

 

Figure 1.  URF Cessna 402B Research Aircraft. 

 

Flight Test Procedure 
Experimental WAAS approach procedures 

were developed for flight tests at airports KESN 
RWY 047 and KDAN RWY 208 and shown in 
Figures 2.  These approaches were modeled for the 
NASA Self Controlled Airspace concept that relies 
on a GPS-T approach, with multi-altitude hold fixes 
at the initial approach fixes.  The experimental SCA 
concept was designed to allow multiple aircraft to 
simultaneously operate in the SCA and apart from 
air traffic control. 

                                                      

7 "WAAS GPS TERPS Report Easton/Newnam Field Airport” , 
S. M. Hickok, E. D. McConkey, Hickok & Associates, Inc., 
November 22, 2004. 

8 "WAAS Approach Procedures for NASA SATS Demonstration 
at Danville, Virginia", S. M. Hickok, E. D. McConkey, 
Hickok & Associates, Inc., January 2005, updated March 31, 
2005. 



 

Figure 2. SATS Approach Plate for  KESN Rwy 04 and KDAN Rwy 20. 

 

All flights were conducted in Visual Flight 
Rules (VFR) -day conditions.  Data parameters 
collected included (1) cross-track deviation, (2) 
altitude deviation, and (3) subjective pilot 
responses.  As a measure of performance, RNP 
0.3/125 Level9 was used to assess cross-track and 
altitude deviation for a Category I precision 
approach for which the pilot must not exceed ± 0.3 
nautical miles in cross-track and ± 125 feet in 
vertical deviation. 

Flights were grouped into three categories:  (a) 
flights with HUD guidance cues formed the 
                                                      

9 “ Criteria for Approval of Category I and Category II 
Weather Minima for Approach,”  Federal Aviation 
Administration, Advisory Circular 120-29A, August 12, 
2002. 

baseline; (2) flights with HITS guidance symbology 
on HUD; and, flights with HITS and HUD guidance 
cues.  For this series of tests, five pilots participated 
in eleven approaches.  Pilots were type-rated in the 
C402B.  Pilot experience with HUD were as 
follows:  two pilots with over 2,000 hours each; one 
pilot with over 200 hours; and, one pilot with under 
100 hours. 

Flight Test Objective and Hypothesis 
The objective involved assessment of a 

combined vision system (EVS with HITS and SVS) 
on a HUD flown to experimental WAAS approach 
procedures at general aviation airports.  This test 
objective was more extensive than the subject of 
this paper. 



 

The hypothesis is therefore narrowed to the 
specific objective of HITS performance on a HUD.  
Consequently, the hypothesis can be stated as: 
HITS symbology on a HUD will have equal or 
lesser performance than CVS HUD guidance cues 
with a flight director and velocity vector.  This 
hypothesis was selected since the researchers 
suspected that traditional HUD flight director and 
velocity vector provides superior precision 
guidance, particularly during turns, than a series of 
pathway boxes alone. 

Flight Test Analytical Results 
With the limited number of flights, the 

researchers acknowledge that the sample size of 
approaches conducted does not offer statistically 
significant results to prove the hypothesis.  Some 
flights were also affected by data recording drop-
outs.  Other conditions affecting the results for the 
various airfields included tail winds and cross 
winds along the final approach course.  Significant 
tail winds on approach greatly affected control of 
the aircraft approach speed.  This resulted in a 
vertical bias above the glide path in many instances. 

The results are shown in three categories: 

a. HUD baseline flight results; 

b. HITS with HUD guidance flight results; 
and, 

c. HITS-only guidance flight results (flown 
without HUD guidance cues). 

HUD Baseline Results 
The results showed cross-track deviation was 

0.07 nm (426 feet) for standard deviation and -0.06 
nm (-358 feet) for mean.  Altitude deviation was 
calculated to be 105 feet standard deviation, and 52 
feet mean. Figures 3 and 4 show the cross-track and 
altitude deviation with RNP boundaries.  The larger 
than expected altitude standard deviation is the 
consequence of a 20 knot tail wind on final 
approach to the ILS runway (not a normal approach 
procedure).  In addition, the HUD Flight Director 
was flown manually rather than with the auto-pilot.  
Although the data sample size is not statistically 
significant, performance is representative of HUD 
flight performance. 
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Figure 3.  HUD Guidance Cross-Track 
Deviation. 

 

HUD Guidance - Flight Profile
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Figure 4. HUD Guidance Altitude Deviation. 

HITS with HUD Guidance Results 
HITS symbology with the HUD guidance cues 

resulted in cross-track deviation was 0.03 nm (182 
feet) for standard deviation and 0.01 nm (71 feet) 
for mean.  Altitude deviation was 68 feet for 
standard deviation and -29 feet for mean.  Most of 
these approaches were done with a tail wind to the 
ILS runway, making it more difficult to capture the 
glide path.  Under normal approach conditions, the 
vertical deviation errors would be more reasonable. 
Applying the RNP 0.3/125 Level, as illustrated as 
the dashed orange lines in Figures 5 and 6, the 
flights are well within the lateral limit requirement 
of 0.3 nm, but exceed the vertical limit of 125 feet.  

 



 

HITS with HUD Guidance -- Cross-Track Deviation
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Figure 5.  Cross-Track Deviation: HITS and 
HUD Guidance. 

 

HITS with HUD Guidance -- Flight Profile
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Figure 6.  Altitude Deviation: HITS and HUD 
Guidance. 

HUD with HITS-Only Guidance Results 
HITS symbology was displayed on the HUD, 

but flown without HUD guidance cues.   This 
resulted in cross-track deviation was 0.07 nm (455 
feet) for standard deviation and -0.02 nm (151 feet) 
for mean.  Altitude deviation was 140 feet for 
standard deviation and 107 feet for mean.  Figures 7 
and 8 show the cross track and altitude deviation 
with RNP boundaries.  The contribution of tail and 
cross winds along the approach path affected 
acquisition of the final approach course.  Since the 
HITS-only guidance did not have a flight director 
guidance cue, the pilots were susceptible to 
overshooting the turn on to final, and to deviation 
from the glide path due to their higher than normal 
approach speeds. 

 

 

Figure 7.  Cross-Track Deviation: HITS-Only 
Guidance on HUD. 

HUD with HITS-Only Guidance on HUD -- Flight Profile
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Figure 8. Altitude Deviation: HITS-Only 
Guidance on HUD. 

Pilot Perspectives 
Experience with traditional HUDs is essential 

for a true evaluation of a HUD with HITS guidance.  
The perspectives expressed below are based on 
thousands of HUD flight-hours in both civil and 
military aircraft. 

 Steam Gauges virsus the HUD 
The military slang assigned to piloting skills in 

aircraft operating with a HUD is “HUD Cripple” .  
For those who transitioned from high performance 
aircraft using more conventional “steam gauges”  to 
a HUD display there is a common initial learning 
curve.  The first dozen flight hours are 
characterized by missing small bits of information 
presented on both the HUD and on cockpit displays.  
This occurs for two reasons:  information location 
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familiarity has not been developed and the 
transition from analog gauges to digital value 
presentation requires a measure of adaptation. 

After the first few hours of familiarization, 
these elements become issues of the past and pilots 
become very dependent upon HUD information.  
The scan volume is reduced and the presentation is 
very well coordinated allowing for less cognitive 
assembly of individual flight parameters.  In large 
part, the addition of the HUD flight director and 
velocity vector cues are a tremendous improvement 
in flight activity interpretation over the attitude 
indicator and other steam gauges alone.  There is 
much more data that could be included regarding 
the human factors associated with individual 
symbology cues and the creative blending of these 
cues into an instantaneous flight portrait. 

With traditional instrumentation, the course 
deviation indicator (CDI) only shows location 
relative to the approach course without regard to the 
aircraft’s attitude or heading at any given moment.  
Heading and attitude information must be retrieved 
from other instruments and applied to the CDI.  
Over time it is possible to deduce track relative to 
the approach course.  The horizontal situation 
indicator (HSI) is an improvement over a CDI by 
superimposing approach course onto heading 
information.  It provides instant information about 
the relative location of the horizontal approach 
course with respect to the aircraft’s attitude.  For 
this reason approach course information can be 
moved from the heading instrument, HSI, to the 
attitude instrument, be it a HUD or head down 
primary flight display.  Heading information as 
supplied by a heading indicator or HSI need not be 
as closely monitored nor is it strictly required to fly 
the approach course. 

The flight director (FD) takes this one step 
further.  It displays what attitudes to fly to intercept 
and maintain the approach course on the attitude 
indicator.  Flight director’s are most often coupled 
with auto-pilots.  They will depict what the auto-
pilot should do, if coupled with the attitude 
indicator.  Whether they are used with an auto-pilot 
or flight director they do not require that approach 
course guidance be displayed except for 
monitoring. 

The GEC HUD flown on the URF C-402B has 
a Flight Path Marker, also called a velocity vector.  

It shows where the plane is going versus where it is 
pointed.  This HUD also displays a flight director 
guidance cue.  Unlike CDI type symbol, it does not 
show location with respect to the approach course. 

The flight director guidance cue shows how to 
control the airplane to maintain or re-intercept the 
approach course.  For example, if you are re-
intercepting the approach course and are on an 
intercept angle it will command what appears to be 
a turn away from the course to lead a heading 
change to follow the course.  The guidance cue does 
this without commanding an attitude as seen on a 
attitude indicator with flight director command 
bars.  Pitch is commanded as the guidance cue rises 
and the nose of the aircraft is raised.  Laterally, an 
attitude indicator with command bars would 
command a bank angle that is to be used to change 
the heading.  The guidance cue simply indicates, for 
example “go up and left,”  and its displacement from 
the velocity vector cue indicates as to how much.  
The control inputs or attitude change of the aircraft 
is up to the pilot.  This message seems very 
intuitive and requires little thought as there is 
constant feed back.  If you over control, it will 
guide back the other way anticipating that without 
correction you will overshoot. 

Steam gauge needle guidance depicting 
azimuth and elevation deviations from a prescribed 
flight path lack a more precise method of evaluating 
the rate of change of deviations and subsequent 
corrections.  If the needle is ½ width to the left the 
pilot understands a correction and attempts to apply 
the correct initial control input.  The pilot is less 
assured as to the intensity of the correction or the 
timing of the “correction to the correction”  (lead).  
Once a velocity vector is placed on the HUD the 
pilot has instantaneous data regarding where the 
aircraft is going at that moment and, in VFR, can 
reference this to the ground scene.  In IFR the pilot 
references to an artificial horizon, or in the case of 
the MADL flight tests, the pilot may even have an 
enhanced camera (infrared sensor) overlaying the 
HUD symbology, as seen in Figure 9 (first flight of 
Kollsman Low Cost HUD on URF C402B in May 
2005; flown with filter to enhance image for photo).  
In its simplest form, the successful HUD based 
instrument approach requires that the velocity 
vector be positioned over the desired flight path and 
held there using basic piloting skills. 



 

 

Figure 9.  HUD and EVS Guidance on Final 
Approach, KFME Rwy 10. 

HITS and HUD on Straight-In Approaches 
When evaluating the difference between HITS 

and basic HUD symbology their remain the 
similarities of a guidance cue and a velocity vector.  
The fundamental difference is that HITS guidance 
displays the predictive cues (portrayal of future 
path) of where the aircraft should be rather than just 
the current instant.  In the case of HUD-only 
approaches, the display presents an instantaneously 
calculated guidance cue representing where the 
aircraft’s flight path (velocity vector) should be. 

What is not provided is future cues 5, 10, 15, 
or 20 seconds later.  Using the HUD-only cues, the 
pilot must still scan and interpret an approach plate 
or multi-function display to determine upcoming 
flight profiles or flight path error magnitudes.  Here 
is an example: the wind is gusting 25 knots varying 
in azimuth from left 30 degrees to right 20 degrees 
of the craft’s nose.  During these gusts the velocity 
vector is moving to account for the changes in the 
actual flight path.  The pilot has a single cue 
detailing instantaneous correct aiming point for the 
approach and must correct constantly. 

With the addition of HITS symbology the pilot 
sees the longer term contribution of these gusts 
because the presentation displays an extended 
“perfect”  flight path.  For this case extended means 
the cue is extended geographically.  The magnitude 
and rate of any gust-induced deviation is also 
immediately attained by looking at the positional 
change from the desired flight path projection.  In 
contrast, the basic HUD presents only an 

instantaneous correction.  The projection of the 
HITS boxes on the HUD also provides a firm flight 
deviation tolerance, whereas the basic HUD display 
does not confirm easily interpreted error 
magnitudes.  The pilot knows if the plane is 
generally not on a perfect glide path but may not 
know how far off and at what rate of change.  With 
HITS the alignment of one guidance box inside a 
series of other boxes with the velocity vector held 
in the middle adds the ability to interpret magnitude 
without calculation, assess rate without fixation, 
and apply a correction without chasing guidance. 

When using HUD-only cues, a pilot’s 
correction begins whenever the velocity vector is 
not on top of the guidance cue, or as is normal case, 
every instant the wind changes, thereby moving the 
velocity vector. 

A possible human factors contribution to 
avoiding tunnel vision, or the cessation of scanning, 
could be made when comparing a  small aiming cue 
circle to a larger HITS guidance box.  Chasing a 
small circle requires focus on the circle.  When 
presented with boxes whose size increase the closer 
they are to the aircraft, a pilot would be more likely 
to see and interpret other data such as the runway 
environment, as it would show up inside the boxes 
and not outside, and way outside the aiming cue. 

HITS and HUD During Turns 
Though not as prevalent for current straight-in 

approaches, HITS displays upcoming turns and 
relative angle of bank requirements to navigate 
these turns.  HITS symbology has less value during 
straight path tracking that is either level or of a 
constant descent/climb angle.  HITS becomes a 
greater benefit when assessing and anticipating 
changes in flight path.  HITS alone (without the 
HUD velocity vector) offers only nominal help in 
negotiating the turn, especially in crosswinds and 
gusts.  Whereas, HITS with a HUD velocity vector 
will ‘ lead’  the pilot, in most cases, smoothly 
through the turn, as shown in Figure 10 with HITS 
boxes, HUD, and EVS images.  This observation 
leads to the final overall assessment of comfort.  
VFR flight approaches are exceptionally 
comfortable because all cognitive flight information 
is presented.   



 

 

Figure 10.  HUD Guidance Cues ‘Lead’  the Pilot 
Through HITS. 

Approaches in IFR with only “steam gauges”  
are very acceptable but require larger degrees of 
scan coverage, more processing of available data to 
interpret the current flight scene, and a nagging 
sensation that the pilot might be or has been 
forgetting something.  When combined with 
instrument approach weather conditions, reduced 
visibility and a less than smooth flight path, this 
yields a higher “pucker-factor”  (fear of pilot error 
or the potential for pilot error). 

Often the pilot’s first impression when flying 
HITS boxes aligned with the approach course is 
how the consecutive HITS boxes block much of the 
scene through the HUD.  The airport itself is 
usually blocked from view by the HITS graphics 
when the aircraft is still a good distance from 
touchdown.  HITS boxes closest to airport that 
block most of the view of the airport and runway 
seem of lesser value.  Some could be eliminated and 
just the runway outline highlighted.  Consideration 
could be given to making the box graphics more 
transparent so as to retain the complete visual 
scene. 

The HITS boxes that are closest to the airplane 
also seem of lesser value as they are too close to 
intercept or use for navigation without making 
extreme maneuvers.  Some portion of these could 
also be eliminated.  Depth perception and knowing 
how far away any given box is from the airplane is 
not intuitive.  Only displaying those boxes that the 
airplane is capable of intercepting for its 
performance characteristics would be of more 
value. 

The velocity vector and flight director 
guidance cues give no sensation of forward motion, 

unlike the HITS boxes, which are moving toward 
the viewer.  It is this sensation of motion, 
particularly in low visibility conditions, that can 
help the pilot stay ahead of the aircraft.  In contrast, 
the velocity vector and guidance cues present 
themselves as two-dimensional.  Although they 
may seem video-gamish, the pilot relies on personal 
experience of knowing how to fly, and it works just 
as well for someone with little flying experience. 

In direct contrast, there are other pilots who 
feel there may be no useful reasons to display 
forward motion of the boxes (other than the 
sensation of progress) since in its present 
application, only relates to ground speed and not 
airspeed.  Innovative alternatives under 
investigation by URF include relating the HITS box 
movement to the reference airspeed of the flight 
segment.  Thereby moving the boxes toward or 
away from the aircraft may permit the pilot to intuit 
and apply speed control to the reference airspeed.  
Certainly, both concepts could be combined to 
display forward progress and along the flight path, 
as well as the aircraft’s speed relative to its 
reference airspeed. 

Overall, pilot impressions were consistent that 
HITS boxes provide a more intuitive display of 
where the course is with respect to the aircraft.  
This is a further evolution of the course deviation 
indicator.  Since the flight director’s two-
dimensional guidance cue makes it easy and natural 
to maintain course guidance, further work should be 
pursued to transfer of this two-dimensional quality 
to HITS symbology. 

Other Considerations 
 “Pucker-Factor”  decreases as the aircraft 

control and assurance increases.  A HUD provides 
more information than console flight instruments 
and it does in a way that packaging the various 
contributions paints a picture more easily viewed 
than interpreted.  The HITS display on a HUD 
provides a look at the future flight path at the same 
time as the current flight circumstance.  This 
continues to reduce the “pucker factor” . 

A few rather picky observations in developing 
an appropriately optimized HITS presentations. 

1. You only get one color, be careful how you 
use it with overlapping information. 



 

2. Military HUDS have a de-clutter mode 
because not all information is needed for all phases 
of flight.  If it doesn’ t contribute, get rid of it 
because it can be distracting and reduce the 
effective display. 

3. The velocity vector drifts out of view 
whenever crosswinds exceed coverage limits on 
HUD symbology.  There needs to be a plan for this 
degraded mode. 

4. Small planes bump around much more than 
bigger faster ones.  Pilots must have some 
proficiency and understanding of the bounce factor 
and when it is, or is not, a significant contribution to 
flight path perturbation. 

5. HITS guidance can have selectable 
tolerances.  How wide a road is wide enough?  
HITS boxes used on these experiments kept the 
pilot comfortably within very tight tolerances and 
yet allowed for smooth, low pucker factor 
corrections. 

6.  Having a runway symbol such as the 
runway outline presented on the HUD assists in 
depicting the relative size, orientation and location 
of the runway in real space so that the pilot can be 
looking for the runway environment earlier and 
more efficiently. 

Conclusions 
These series of flight test proved that a 

powerful yet low cost flight simulation software 
package could be interfaced with actual aircraft 
avionics to provide HITS and SVS symbology for a 
HUD.  Although more flight data should be 
gathered, it was demonstrated that HITS guidance 
alone on a HUD may meet RPN 0.3/125 Level 

requirements, but lacks essential flight director 
guidance.  HITS symbology provided improved 
situational awareness of the overall flight path for a 
GPS-T approach.  SVS terrain feature symbology 
associated with HITS presented additional useful 
information to the pilot in the form of obstacle 
animation (flashing) and special-use airspace 
‘ fences.’   The general consensus recommendation 
was for independent flight director and velocity 
vector guidance display with HITS guidance 
symbology on the HUD.   
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