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ABSTRACT

Project 2360r5He Tactical Combat Trainer (TCT), was an Air Fcrci. engineering Develop­
ment Program to d^elop two prototype Weapon System Trainers (WST) for training A-10, F-15, 
and F-16 pilots for combat. Each prototype was to consist of two visual simulation systems 
integrated with two previously manufactured Operational Flight Trainers (OFT) to form a 
single WST.,^Xhe two separate cockpit stations would permit two pilots to Pfly'? mutual 
support missions of as opponents in air-to-air combat. The WST was designed to provide 
full mission training for air-to-air and air-to-surface combat tasks. Vhe TCT prototypes 
were bping developed under contract by the General Electric Company and the Singer Company 
for a^ly offiPto select a production contractor. Approximately two years into the 
program, these Contracts were terminated due to USAF budget problems. Before termination, 
however, important studies and developments were completed in the visual simulation area 
by each contractor. Both Singer and GE proposed an Area-of-Interest (AOI) visual system 
and used Computer Image Generation (CIG) . The General Electric approach was based upon 
a head-slaved AOI infinity image displ.-i , The Singer-Link approach was based upon an eye- 
slaved AOI projected on a dome,

ing as opposing aircraft. The lOS was to be de­
signed for a single instructor to monitor and 
control the simulation for both pilots during 
integrated operations. Contracts to develop the 
TCT prototypes were awarded to the Gene-'al Electric 
Company, Simulation and Control Systems Depart­
ment, and the Singer Company, Link Flight Simula­
tion Division, in September of 1978. Just prior 
to the completion of the Critical Design Review 
in December 1980, these contracts were terminated 
due to the USAF funding problems. The termination 
included residual tasks to complete selected de­
velopment efforts and the documentation of all 
studies and developments.

The TCT was designed to permit combat training 
including evasive flight in a high thr?at (surface 
and air) environment; target detection, recognition 
and identification; and weapon delivery against 
either air or surface targets. A tactical fighter 
pilot primarily relies on his vision for target 
acquisition and tracking, detecting and avoiding 
threats, maintaining contact with his wingman, and 
controlling his own aircraft. Thus, the major 
thrust of the TCT was to provide all the visual 
cues that the pilot needs to fly combat tasks.

From the inception of Project 2360, it was 
evident that the visual display portion of the 
visual system placed the highest demand on tech­
nology. Due to the high risk involved, both con­
tractors developed breadboards of the display 
system to confirm projected performance and to 
establish subsystem requirements. In addition, 
many tests and emulations were performed to es­
tablish system performance. Prior to termination, 
both contractors were able to complete the devel­
opment of specific display components.

Since Project 2360 was a competitive program, 
information concerning the technical aspects of 
the program was not published. Due to the termi­
nation of the contracts, this information can now 
be presented. This paper will describe the TCT

TCT PROGRAM

The Tactical Combat Trainer (TCT) oroarara was 
to develop a full mission Weapon System Trainer 
(WST) to train A-10, F-15, and F-16 pilots in 
combat skills. The WST was to create an environ­
ment where the pilot could (1) coalesce all his 
training from separate sources, (2) experience the 
heavy task loading of combat, and (3) experience 
aspects of combat which cannot be trained in the 
air in peacetime, such as SAM launch, acquisition, 
and defensive maneuvers or low altitude air-to-air 
combat. The full mission capability of the WST 
was to include takeoff, formation (close, route, 
and tactical), aerial refueling, low altitude 
tactical navigation, air-to-air or air-to-surface 
combat, return to base and landing.

Project 2360 was a head-to-head competitive 
Engineering Development Program to develop two 
prototype TCT systems, each by a different con­
tractor. These prototypes were then to be evalu­
ated in a "fly off" to select a production con­
tractor to build an additional twenty-six units. 
Each TCT was to consist of two Government Furnished 
Operational Flight Trainers (OFT), a visual display 
for each OFT, an image generation system for each ' 
display, modified OFT Instructor/Operator Stations 
(lOS) and modified OFT Electronic Warfare (EW) 
simulation systems.

The TCT prototypes were to be designed to be 
integrated with A-10 OFTs manufactured by Reflec- 
tone. Incorporated. The production WSTs would be 
integrated with F-15 and F-16 OFTs manufactured by 
the Goodyear Aerospace Company and the Singer 
Company, respectively. The prototype development 
contracts consisted primarily oT developing the 
visual simulation system, integration with OFTs, 
modifying the Instructor/Operator Stations (lOS) 
and modifying the Electronic Warfare (EW) simula­
tion system. The OFTs, along with their respective 
visual systems, were to be integrated to permit 
either two aircraft mutual support missons or fly-



requirements, the technical approaches, design 
performance, and results of the development efforts. 
Although many developments and analyses were com­
pleted, this paper will primarily address the 
visual simulation developments with emphasis on 
the visual display. 

TCT REQUIREMENTS 

The requirements for the TCT evolved from the 
combined visual system requirements of the 
Required Operational Capabilities (ROCs) for the 
A-10 (Nov 76 . and F-15 (Jul 76) and the require­
men , s letter for the F-16 (Aug 74). Each of these 
documents required a full mission WST which con­
sisted to two OFTs with full (same as the air­
craft) field of view (FOV) visual simulation. 
Each WST was to be capable of independent (indi­
vidual) ur integrated (mutual support or opposing) 
flight for all tactical fighter training and 
tactical (combat) roles of the aircraft. The!.e 
roles included takeoff and landing, formation 
flight, air refueling, low altitude tactical navi­
gation, air-to-air combat and tactical air-to-
sur face t asks. 

Separate research visual systems had been 
devel oped and had successfully trained air-to-air 
combat at medium altitude, takeoff and landin g, 
and limited formation tasks, bu t no systems 
existed to support low altitude tactical naviga­
tion, tactical air-to-surface t asks, or low alti­
tude air-to-air combat. 

Pro ject 22 35 (PE 64227F ), the Air-to-Ground 
Visual Simulation Demonstration, was initiated by 
the Deputy for Simulators in 1975 to evaluate 
vi sual simulation technologies potenti ally appli­
cab le to air-to-surface weapons delivery training . 
The evaluation of three somewhat modified visual 
systems by tactical fi ghter pilots performing both 
training and tactical tasks showed that indeed 
more capability existed than was previously 
thought. i he demonstration included both camera 
model and CIG image generators, optical mosaic 
and dome displays, and the feasibility of both 
head slaved and target slaved areas of interest 
(AOls). The demonstrat i on included both subjec­
tive evaluation and objective measurement of the 
technical characteristics of each device. The 
basic recommendations of Project 22 35 were two­
fold : first, begin procurement of a production 
prototype of a CIG/Optical Mosaic visual system, 
and second, pursue research and development of a 
CIG/Dome visual system including further defini­
ti on of are a of interest requirements. In 
addition, the demonstration pointed out the need 
for further development to meet the Tactical Air 
Command (TAC) requirements. 

Further evaluation of the technical vi sual 
system requirements in the two primary task areas, 
tactical air-to-air and air-to-surface combat 
tasks, revealed that the requirements were so 
similar that a single device was the preferred 
approach. The display resolution requirelll!nts 
for air-to-air combat against a MIG-21 size target 
are essentially the same as the resolution re­
quirements for a tank size target for air-to­
surface weapons delivery. Also, when the highly 
likely scenario of offensive or defensive air-to­
air combat at low altitude is considered (a 
scenario not practiced in the aircraft for safety 
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reasons) the visu.1 cues required are also ery 
similar. All three aircraft, the F-15, F-16, and 
the A-10 can expect to engage or to be engaged in 
low altitude air-to-air combat. A thorough anal­
ysis of training and tactical (combat) tasks and 
the accompanying technical requirements for a 
visual system strongly support the development of 
a single visual system for training in both task 
areas. 

Armed with the stated user requirements, 
demonstrated air-to-air simulation capabilities, 
and the results of Project 2235; work was begun 
in 1977 on the specification and statement of work 
for what became Project 2360 (PE 64227F), the 
Fighter/Attack Simulator Visual System (F/ASVS), 
later known as the Tactical Combat Trainer (TCT) 
program. 

A functional specification was developed for 
Project 2360 to encourage the competing contrac­
tors to use their skills and to be innovative to 
meet the training requirements of the user. 
Special care was taken not to preclude a partic­
ular technology if it appeared to have any poten­
tial to meet the training requirements. The tech­
nical requirements for the visual display speci­
fied a minimum FOV and some limited optical and 
alignment characteristics based upon previous work. 
Image alignment requirements were based upon 
training task requirements, the most stringent 
alignment in front of the Heads Up Display (HUD), 
where it is more critical. A CIG system was re­
quired as an image source because of its inherent 
flexibility and the ability to permit a large 
gaming area. Imagery requirements were related to 
task requirements. 

To supplement the technical and performance 
requirements for the visual system a set of four 
annexes to the specification were developed. 
These annexes described the planned use of the 
TCT system. These annexes were: 

Annex A: Represe~•itive Task List and 
Generalized Scene Content 

Annex B: Concept of Training 

Annex C: Prototype Visual Data Base 

Annex D: Maintenance Concept 

The annexes were developed in concert with TAC 
to provide a thorough orientation and a ready 
reference for the contractor to use throughout 
the program. Annex A contains a comprehensive 
discussion in layman's language of each task to 
be trained, how each task is performed, and the 
visual references used to perform the tasks. All 
tasks and discussions were oriented toward tacti­
cal (combat) tasks as opposed to the normal 
orientation toward initial qualification train­
ing. Most of the TAC training requirements are 
continuation (recurring) training for mission 
ready tactical fighter pilots which consist 
primarily of tactical tasks. These tactical 
tasks have a significant impact on the visual 
system requirements. 

To document his particular approach, each 
contractor was required to prepare a Contractor 
Prepared Prime Item Development Specification 



(CPIDS) which was put on contract and updated as 
his design became better defined. Annexes A 
through D were included as part of the CPIDS. 

The technical requirements imposed upon the 
competing contractors fell into two basic cate­
gories: (1) Training Task Requirements and (2) 
System Design and Performance Requirements. The 
primary drivers were the training tasks and the 
contractors were encoura ed to be innovative 
making system performa e tradeoffs to meet the 
training task requirer,.•nts. 

The training task requirements included 102 
tasks which may be grouped into six basic task 
sets. These basic task sets are: Air-to-Air, 
Air-to- Surface, Formation, Low Altitude Tactical 
Navigation, Aerial Refueling, and Takeoff and 
Landing. Table l lists the basic task sets and 
representative tasks within each set. 

TABL E 1 TRAINING TASK REQUIREMENTS SUMMARY 

Air-to-Air 

Basic Fighter Maneuvers 
Basic Counteroffensive Maneuvers 
Gun Tracking 
Missile Employment 
Air Combat Tactics 
Low Altitude Intercepts/Engagement 
Visual Missile Trace Use 
AAA/SAN/Al Detection/ Avoidance 

Air-to-Surface 

Scorable Range 
Box Pattern 

Bomb, Strafe, Rockets 
Armed Reconnaisance 
Forward Air Contro 11 er Operations 
Tactical Deliveries 

Pop-up 
Random Attack 
Tactical Bombing 

Moving Target Attack 
Guided Weapons 
AAA/SAN/Al Detection/Avoidance 

Formation 

Takeoff, Landing (Lead/Wing) 
Close, Route, Trail 
Tactical 

Air-to-Air 
Air-to-Surface 

Low Altitude Tactical Navigation 
Target Acquisition 

Aerial Refueling 

Tanker Rendezvous 
Observation Position 
Precontact Position 
Contact Position 

Takeoff and Landing 

Single Ship 
Overhead Traffic Pattern 
Closed Traffic Pattern 
Circling Approach 

Air Force system design and performance re­
quirements were primarily written in terms of 
performance of the training tasks rather than 
implementation and design specification. The 
only implementation directed was the use of a 
CIG system as an image source. Special precautions 
were taken to avoid precluding potential tech­
nologies. Table 2 lists examples of the basic 
requirements grouped into categories. The re­
quirements were later specialiied by each of the 
two contractors to define thei r particular 
approach to solving the training problem. 

After contract award, unique methods were 
employed to insure that both the contractors and 
the users fully understood the significance of 
the system requirements throughout the program. 
Starting during the second month of the contract, 
Contractor Orientation Visits were made to opera­
tional bases. These visits included opportunities 
to look at, photograph and measure the aircraft 
and weapons; to discuss tasks and visual cues 
with pilots; to see films and video tapes of tasks 
being performed; and to ask questions of the 
pilots until the contractors understood the tasks. 
No questions were too trivial to ask. Orientation 
visits were held with A-10, F-4, F-15, and F-16 
pilots an d Tactical Fighter Weapon Center Pene­
tration Aids Instructors to cover all aspects of 
the planned use of the TCT system. The contractors 

TABL E 2 TCT TECHNICAL REQUIREMENTS/GOALS SlJIIIIIARY 

System Requirements 

Independent/Interactive 
Correlated In-Cockpit/Visual Cues 
Obj ect/Pattern/Light Size, Position 
AOI (If Proposed) Position 
HUD to Visual Alignment 
Geometric Distortion 
Moving Vehicles 
Vi sua 1 Effects 
Monochrome (Color-Goal) 
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AGM-6SB Maverick 
Channel Misalignment 
Transport Delay 
Safety 
Instructor Operator Station 
Availability/RIM Goals 
Computational System Require11ents 

CIG Requirements 

Basic Image Content 
Expanded in Annex C 
OMA Terrain, Cultural Data 
Model to Meet Training Requirement 

Performance 
Accuracy 
Special Effects (Haze, Clouds, etc . ) 

Display Requirements 

Field of View 
Coll iution 
Head Motion Evelope (MinimUIII) 

NOTE: Contractors were encouraged to be 
innovative and to make tradeoffs to 
meet training requirements. 
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showed extensive learning with these visits and 
developed a strong operational orientation. This 
had a very positive impact on both system analysis 
and design, and the morale of the persons assigned 
to the program. A true mission orientation 
developed. The guestions became more incisive 
during subseguent visits and caused the pilots to 
really look at how and why they performed each 
task. Pilots attended each design review to 
continue the operational inputs. Data base visits 
were also conducted at bases to be modeled. Data 
base modelers were able to discuss the signifi­
cance of features with pilots, to look at and 
photograph features, and to collect drawings of 
airfield layouts. Reconnaisance photography of 
gunnery ranges and low altitude tactical naviga­
tion routes was also provided.

The visual system was to use a common approach 
to generate and display all imagery. A CIG 
system would produce eight channels of video 
which were to be displayed to the pilot on ten
CRTs and viewed through a dodecahedron arrangement

The orientation and data base visits made 
major contributions to a thorough understanding 
of the reguirements and to the development of a 
sense of mission on the part of contractor per­
sonnel. Design tradeoffs were then made after an 
analysis of the effect on mission performance 
instead of on strictly cost or technical consid­
erations.

of ten pentagonal Pancake Window(K) virtual- 
image optical units. The image presented to the 
pilot would consist of a helmet-slaved high 
resolution area (HRA) centered within a large 
high detail background area of interest (AOI) and 
a low detail background/horizon filling out the 
repnainder of the display as shown in Figure 2. 
With the Haverick missile selected, one channel 
of video would be dedicated to the Maverick 
monitor 'he remaining seven channels allo­
cated to the visual display. The two or three 
chariOtls which utc not contain CIG imagery would 
be behind the pilot and would have a horizon 
display to provide a peripheral horizon and 
illumination in the cockpit.

GENFRAL ELECTRICS APPROACH

General Electric’s approach to the TCT visual 
system was based upon an expanded and modernized 
Advanced Simulator for Pilot Training (ASPT) 
display. The expansions included increasing the 
field-of-view (FOV) to provide coverage essen­
tially limited only by aircraft structure and the 
addition of a High Resolution Area (HRA) inset 
into the lower resolution backgroud. Figure 1 
is an artist's concept of the TCT WST as designed 
by GE.

The insetting of the HRA was to be accom­
plished electronically by seguentially scanning 
alternate fields of the full raster and a 
miniraster. The miniraster consisted of 600 
scan lines and 600 pixels per scan line. The 
full channel raster consisted to 88R scan lines 
with 888 pixels per scan line. The field-of-view 
(FOV) of the HRA is 15 degrees, circular, pro­
viding a resolution of 1.5 arc minutes. The 
average resolution of the full channel raster 
(for both high detail AOI and background) is 6 
arc minutes. Both the HRA and high detail AOI 
display the same high detail scene content and 
provide most of the visual cues to the pilot.
The low detail background scene contains the 
terrain outline, horizon and representative 
alerting cues such as a SAM launch, wingman or an 
air interceptor. The hig’ detail AOI FOV is 120-
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IIGURE 1 Artist's Concept of General 
Electri- s Approach to the TCT UST
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r decrees, horizontal, and 80-degrees, vertical.
This AOI FOV is based upon an AFHRL air-to-surface 
weapon system delivery study that evaluated pilot 
performance for various FOVs. The HRA remains 
centered in the high detail AOI and both are 
directed about the total FOV of the display by a 
Helmet Mounted Sensor (HMS). Thus, the Highest 
scene content will be displayed to the pilot in 
the direction his head is pointed w'th the high 
resolution area for target acquisition centered 
within the area of the highest scene content. 
B’ending is provided in the HRA to minimize the 
effects of a distracting boundary with the back­
ground imagery. This all electronic AO! approach 
requires no electromechanical servo mechanisms. 
This display approach has no constraints on the 
number of high resolution aircraft or ground 
targets which may be simultaneously displayed to 
the pilot, since the target will appear at high 
resolution whenever the pilot places the target 
in the HRA.

While the helmet-slaved AO! approach was 
adopted to avoid false "searchlight' cues which 
would pinpoint the targets, there was operational 
pilot concern that, because the HRA is centered 
about the helmet line of sight, the HRA could 
not be directed to the '6 o'clock position and 
that unnatural visual scan patterns would be 
necessary in the simulator since the head must 
be moved to control the HRA to acquire targets.
It should be noted that the General Electric 
visual system could also position the HRA along 
the pilot's line of sight (LOS) by using both 
eye and head position measuring devices.

The CRTs, developed by Thomas Electronics 
for General Electric, are 36-inch diameter metal 
funnel CRTs with a dispenser cathode electron 
gun. It was necessary to develop the metal 
funnel CRT technology in order to reduce signifi­

cant schedule risks and cost associated with the 
use of glass funnel tubes in the TCT production 
phase (as well as for safety considerations during 
manufacturing). The CRT developed for the TCT 
program is the largest metal funnel CRT ever 
developed. This technology is presently being 
used to fabricate replacement CRTs for both A6PT 
and Simulator for Air-to-Air Combat. Figure 3 
is a photograph of the nietal funnel CRT in process 
before application of the phosphor screen.

To drive the CRTs, the display electronics 
accept the video signals generated by the CIG 
system and produce signals for driving each CRT 
in such a manner that the proper view is provided 
to the pilot. The geometric distortion require­
ments placed upon the system required that the 
CRT sweep signals be very accurate. The display 
electronics subsystem designed and breadboarded 
by GF was capable of providing these sweeps, 
including the compensations for CRT to image 
plane mapping and Pancake Window'**) mapping 
functions. The magnitude of the compensations, 
the need for inset raster capability, and the 
accuracy requirements led 1o an approach using 
linear feedback deflection amplifiers to track 
precorrecled sweep signals.

Breadboard CRT electronics were fabricated 
and tested which sequentially scan a full channel 
raster field, a mini-raster field, a full channel 
raster interlaced field and mini-raster inter­
laced field. In addition to the dual scanning 
format, the electronics would position any part 
or all of the inset anywhere within the channel 
rnv. Figure 4 is a photograph of the 36-inch CRT 
with the mini-raster ovenvriting the full channel 
raster using breadboard CRT electronics. The 
mini-raster is scanned in a square format as 
shown in the figure. The blanking for the round 
format and the insetting and boundary blending is

AREA OF INTEREST TRACKS 
PILOT'S LINE-OF-SIGHT
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FIGURE 2 The Field-of-View of General Electric's 
Visual Display and Area-of-Interest 
(The white circle represents the HRA)



generated by a CIG syitem. Since the CIG system 
generates a scene with a "Tan 6" mapping and the 
Pancake Window(R) is true angle mapping, the CRT 
electronics must compensate the raster format on 
the CRT to display an undistorted image to the 
pilot. This compensation also requires that the 
circular HRA be scanned as an el ipse on the CRT 
as the HRA moves from the center of the channel. 
Tests were conducted which showed that the 
registration error on the HRA to the full channel 
raster was less than 0.40 degrees within the 
total FOV, less than 0.15 degree' within the 
instantaneous FOV and was much less near the 
center of the channel. Overall, the breadboard 
CRT electronics met all the TCT distortion speci­
fications except in a few areas at the edge of 
the CRT. In addition, the breadboard CRT 
electronics, operating with a 36-inch CRT, met or 
exceeded the resolution and MTF requirements 
without considering the effects of the Pancake 
Window(R). This was a significant advance in the 
state-of-the-art of display technology.

The In Line I.nfinity Optical System (ILIOS) 
consisted of ten Farrand Optical Company Pancake 
Windowsff*) and a dodecahedron shaped support 
structure. Each optical unit has a ?4-inch focal 
length and is pentagonally shaped. When juxta­
posed in the dodecahedron, the ten windows provide 
a continuous field of view from the pilot's eye 
reference point. The designed and manufactured 
ILIOS is similar to the ASPT system with two 
significant differences;

a. Although the dimensions of the 
individual Pancake Uindowf®) and dodecahedron 
are the same as the ASPT system, the orientation 
of the ILIOS relative to the cockpit is different 
in order to accommodate three additional channels 
and, therefore, a larger FOV.

b. Improved Pancake Hindowt^*) fabrica­
tion techniques resulted in reduced defects and 
imperfections in the optical elements.

The overall specified performance on the 
General Electric visual system is summarijed in 
Table 3. Before termination of the contract, GE 
had completed and tested a breadboard of the CRT 
electronics with a glass funnel CRT. These 
breadboards met or exceeded all TCT specifi­
cations. A 36-inch metal funnel CRT, the 
largest ever built, was developed, fabricated, 
and tested. When tested this CRT met all re­
quirements except for the resolution of the HRA 
raster. This lower resolution was attributed 
to the newly designed electron gun used for the 
test. With these developments, the overall 
technical risk of the General Electric concept 
was significantly reduced. However, the train­
ing risk of the helmet-slaved HRA remains and 
requires further evaluation with a pilot in the 
loop. Currently, no such effort has been funded 
to resolve this question.

FIGURE 3 Thirty-six Inch Metal Funnel CRT 
in Process Before Phosphor Application
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FIGURE 4 The High Resolution Mini-Raster (Off Center) 
Shown Inset Into the Background Raster, Visual Display

TABLE 3 GE TCT PERFORMANCE PARAMETERS

Total Iield of View:
High Detail Area of Interest:
High Resolution Area:
Full Channel Resolution:
High Resolution Area (HRA) Resolution: 
Brightness:

Contrast Ratio:
Number of Edges:
Number of Point Features:
Number of Circular Features:
Video Raster lines:
Edge Crossing/System Line:
Edge Crossing/Channel Raster Line: 
Moving Model Types:
Environment:

Scene Enhancement: 
Surface Te*turing:

Visual Data Base: 
Gaming Area:

Essentially same as aircraft 
1?0 degrees Horizontal, 80 degrees Vertical 
IS degrees Circular 
6 Arc Minutes, Average 
l.S Arc Minutes 
6 Footlaniberts. Highlight 
16:1 Minimum, ?6:1 Nominal 
4000 
4000 
1000
888 Background, 600 Mini Raster 
400 Background, 220 Mini Raster 
256 Background, 220 Mini Raster 
Airborne, 10 Types 
Ground, 60 Types
Full Weather, Time of Day Effects 
Articulated Parts, Curved Surface Shading 
Circular Features, Curved Surface 
Shading, Point Features, Gray Shade 
Variations

Both Transformed DMA and Hand Models 
1380 NH X 1380 NM



SINGER-LINK'S APPROACH 

The Singer-Link •ppro•ch to TCT exploited 
the fact that the high-resolution viewing aru 
of the eye ts relatively s111all. This high­
resolution area ts the fovea of the eye, which 
h the only area where s111111 details may be 
perceived. 

Surrounding the fovea i s a peripheral area 
where the resolution of detail ts low but, 
because of the way huiun vtston operates, 
there is a high sensitivity to 1110vement. The 
psychophysics of human vision creat s an image 
in the "mind's eye" of building a total high­
resolution image of the real-world scene from 
a series of small high-resolution "snapshots " , 
each of which is sur rounded by lower-resolutfon 
in fo rmation. If this situatian is emulated in 
the visual system, the FOY requirement for 
in s tantaneous high resolution and high detail 
i s greatly reduced. Thus, the capacity of the 
ima ge generator can be concentrated where it 
wi ll be used and the number of image display 
channels may be reduced. 

In the v1sual system, the pilot's line of 
si ght (LOS) is monitored and a high-resolution, 
hi gh-detail area. surrounded by a large low­
resolution, low-detail area, is displayed along 

is L:;S . l!h~n the eye' s LOS changes, this is 

l 
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sensed and the high-resolution area is mved 
accordingly, 111atching the eye's •bility to 
discern high detail in only a s•ll area of 
the total scene at •ny one ti•. The net result 
is the i ■presston that there is high-resolution, 
high det•il i ■agery everywhere. 

The TCT eye-directed AOI vis~l syste■ 
provides the pilot with high resolution and 
high detailed i ■agery anywhere within the pilot's 
FOY. This is acco■pltshed by projecting a 20 
degree ■onochrOflle image on a 35 ft dia•ter 
doN wherever the pilot looks out the cockpit. 
This 20 degree foveal image is directed alonq 
the pilot's LOS using servo driven foveal 
projectors. This foveal image is inset into a 
lower resolution and lower detailed ■onochroN 
peripheral image that is projected onto the 
dome through fixed wide angle peripheral pro­
jectors. Fi gure 5 shows the layout for the 
projectors coupled to an A-10 OFT. It requires 
four foveal and four peripheral projectors to 
provide an unobstructed FOY to the pilot. 
The four peripheral projectors are located at 
the four corners of the simulator (45 degrees 
to the cockp~t axis system) and are optically 
merged to form a continuous 360 ~egree image 
to the pilot. However, the CIG instantaneous 
field of view is limited to 180 degrees azimuth 
and 120 degrees elevation along the pilot's LOS 
to concentrate the scene detail capability of 

AFT 
FOVEAL 
,110JECTOII 

TAIIICASE 

FIGUR E 5 The Layout of Singer's Visual 
Displ ay Approach on an A-IO OFT 
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the CIG. The four foveal projector~ located on the cockpit axis system (forward, aft, left and right) have overlap on the dome to permit the switching of foveal projectors without loss of imagery. Therefore, only one foveal pro j ector is required at any instand to provide the foveal image along the pilot's LOS. The imagery for both the foveal and peripheral pro jec tion 5ys tems is generated by a single five channel CIG that supplies 874 active lines with 922 pix~ls per line. This provides better than 1.4 arc minute resolution everywhere within the total simulated aircraft field-of-view. In addition. two very important visual cues, head motion compensation and reali s tic G-di11111ing. are inherent in the eye-directed pproach. 

In real-image displays, there is an inherent problem of image placement as a function of head motion. In previ ous dome disp lays as the pilot moved his head, the simulated ima erJ would appear to be located on the pro j ection screen. The eye-directed system solves this prob lem by usin g the helmet posit10nal information to move the imagery in response to the pilo head motion. This results in correct image mo ion so that obj ects l ocated in infinity move as if they were at infinity and objects at. say, 5 feet move as if they were at 5 feet. Thi s is accomplished by providing to the CIG eyepoint position and pro j ector/screen/eyepoint geometry data . The result is ir.iagery that moves as it st,ould relat ive to the pilot changing viewpoi nt ~ot only wit h respect to the data base but also with respect to the projection aeometry. 

The visua l cue associated with pullint G's is a familiar visual effect used by experir,ced pilots of high performance airc raft . As th~ pilot pulls hi her G's over given periods, his FOV will norma lly start to collapse. and if the G-level is sustained, the FOV will eventually collapse to zero . This collapse could be fully simulated in the TCT visual system. The initial collapse down to 10 degrees f rom the foveal is handled by the peripheral hardware with the collapse from there to zero being handled in the foveal merge hardwa re. In an air-to-air mission, the TCT visual system will allow pilots to " fly the tunnel " when engaging another aircraft at short range. In this maneuver the pilot attempts to keep the target within the fovea while maintaining sufficient G's to provide an almost but not totally collapsed FOV. 
EY E PSYCHOPHYSICAL REVIEW 

The human vision system provides highly detailed information about the relative positions, reflectances, and visible emissions of very small elements in the visual world. It also senses changes and rates of change in scene element positions, and supports the examination and tracking of these elements. 

Highly detailed vision is maximized in a relatively small area in the center of the eye. approximately 5 degrees in dia111eter, known as the fovea. The eye is sensitive to light as far out as 90 degrees from the fovea. But, in the area beyond 10 degrees, the functions are primarily to alert the person to the presence and general activity of the scene elements. 

-

Figure 6 depicts the resolution falloff of the eye ,; a function of angle fro11 tt.e fovea. 
The movement of the eye is called a saccade. These saccades are the eye's way of moving new elements into the fovea for detailed exa11ination. Saccadic motions are typical of voluntary shifts of attention from one scene element to another and take place at relatively high speeds and accel­erations. The speed of a saccade depends on the distance to be scanned. Experiments indicate that the eye tends to maintain fixation on a scene e 1 ement for a minimum of about 250 mi 11 i -seconds, moving to new scene elements with peak velocities of 700 degrees per second with accelerations of about 50,000 degrees per second squared. 

During these high-speed eye movement~. scene i nformati on is passing very rap i dly across the fovea and is not apparent to the obs rver. This visual suppression process precedes the ~tart of a ~accade, continues on through the saccade wi th perception not fully returning until some time after the cessation of eye r.iotion. For example, one Is unable to see one's own eye movements in a mirror when looking from one eye to the othe,·. 

The previous discussion was for static scenes only. In the dynamic scene situation, the eye can smoothly maintain points of interest within the fovea for obj ects moving up to about 100 degrees per second. During these tracking motions. the scene elements of interest remain relatively fixed to the fovea and thus there is no need for visual suppression. Even so, visual acuity does decrease as the tracking vel oci ty increases. At high velocities, up to 200 degrees per second, the eye uses a combination of saccadic motions and tracking motions to main­tain the object within the fovea. 
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FIGURE 6 Relative Visual Acuity as a Function of Angle fro• Fovea 



The SIQOth eye aotion used to track 110ving 
objects cannot be voluntarily induced without the 
presence of 1110ving faagery. It 1s difficult to 
prevent one's eye fro• following i ■ages that 
fill a large portion of an observer's field of 
view. As an exa•ple. one can observe so■eone 
trying to 1110ve his eyes s-,othly down a typed 
page. It cannot be done without the aid of a 
pointer s110othly a>vfng down that page. Also. 
if the observer "focuses" on a page and the 
page is 1110ved s11>othly, the eyes will track the 
page's 1110tfon. 

DISPLAY SYSTEM 
The design of the TCT visual display system 

was based on these two characteristics: 

(I) Visual acuity as a function of 
angular distance from the fo ·:ea, and 

(2) Suppression of visual perception 
during eye motion. 

The first characteristic permits the concentration 
of image detail and resolution in the region where 
the eye is looking. Figure 6 suggests that high 
resolution and detail in the peripheral regions 
are unnecessary. The suppression of visual 
perception before, during. and after a saccade. 
provides the key to the feasibility of a visual 
design which is optimized on the eye's angular 
acuity falloff. Without the period of visual 
perception loss associated with a saccade. the 
bandwidth requirements to position the foveal 
image would be well beyond the state-of-the-art. 

The eye-di rector AO! display approach for 
TCT was developed around five major hardware 
systems. 
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FIGURE 7 Foveal Projector Diagram 

(1) Foveal projection syste• 

(2) Peripheral projection systNIS 

(3) Hel•t ■ounted oculoNter syste■ 

(4) Doll9 display screen 

( 5) Cl G 

FOVEAL PROJECTION SYSTEM 
Figure 7 shows the components of a single 

foveal projector from video input to the do• 
screen. 

The foveal projection lens has an external 
pupil and is approximately telecentrfc. The 
external pupil allows the servoed mirror to be 
made small by i111aging the pupil on ft. The first 
advantage is obvious: the servos used to drive 
the mirror can be made smaller as the load size 
is made s111aller. The second advantage is an 
increase fn excursion without vignetting as com­
pared to a system without an external pupil. 

As shown fn Figure 7 there are five servos 
in the fuveal projector. two co~trol LOS, two 
control size and focus, and one controls bright­
ness. The servo rates and accelerations are de­
signed to be consistent with the requirements of 
an eye-directed ADI. Link has breadboarded a 
complete foveal projector that fulfills these 
requirements. The azimuth/elevation servos control 
the LOS of the foveal image. This image can be 
pointed anywhere except where occulted by the 
projection lens or azimuth/elevation servos. By 
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the nature of this system, the i111age must be de­
rolled as the azimuth servo rotates. this function 
is accomplished in the image generator. The zoom/ 
focus servos control the size and focus of the 
projected foveal image. Due to the geometry of 
the displat system, the throw distance and apparent 
AOI FOY size to the pilot will vary as a function 
of his LOS. In order to maintain a constant 
AOI FOV size to th~ pilot, the projected FOV must 
be vaded as a function of the pilot LOS. In 
addition, the f111age must be refocused as the 
projection throw distance varies. Both these 
functions are controlled by zoom and focus. The 
attenuator servo controls the brightness of the 
projected f111age. Because of the geometry, the 
brightness of the imagery before reaching the 
screen must be varied as a function of the pf lot 
LOS in order to maintain a constant apparent 
brightness to the pilot. The main contributing 
factors to the variance are ( 1) screen gain, (2) 
angle of incir.ence and reflectance with respect 
to the pilot, and (3) projected FO~. The bright­
ness of the output image fs controlled by 
•-otating a variable-density disk located within 
the optical path. 

The 1i ght source for the fovea 1 projector 
will be provided by a GE light valve projector 
(PJ7150). This light valve provides a light 
output of 1,000 lu■ens with a minimum resolution 
of 800 by 750 TV lines per picture height 
resolution. The light valve will be IQdified to 
a 1:1 format rather than the standard 4:3 for1111t, 
to reduce the losses fn foveal image circular 
FOV. The modifications will result in a usable 
light output of 750 lumens and a resolution of 
800 V lines horizontal and 750 TV lines vertical. 



The brightness of the outside 3 degrees of 
the foveal image is reduced to blend/merge the 
foveal image into the peripheral imagery. This 
blending is accomplished by electronically 
feathering that area of the foveal system as a 
function of angular subtense to the pilot eye­
point. The reverse is done in the peripheral 
merge electronics. 

PERIPHERAL PROJECTION SYSTEM 
1 gure shows one of t e four peripheral 

projection systems from video input to the dome 
screen. 

The system utilized a wide angle lens in each 
peripheral projector to provide information in 
the peripheral FOV. The output is a 210 degree 
(relative to the lens) circular field projected 
onto the dome surface. Within the opt i ca 1 chain 
of the peripheral projector. a variable-density 
(spatial only) filter will be used to provide two 
functions. The first is the flattening of the 
field brightness as seen by the pilot. This 
comparison is required due to lens falloff. 
1 i ght valve falloff, screen gain, and varying 
bend angles. The second use is the feathering 
of the peripheral image at the boundary between 
two peripheral projectors. The roll assembly 
is used to orient the 4:3 aspect ratio o the 
light valve within the circular optical FOV. 

The light source for the peripheral projector 
will be provided by a GE li ght valve projector 
(PJ7155). The light valve r rovides a light out­
put of 2,000 lumens with a minimum resolution of 
800 by 750 rv lines per picture hei ght resolution. 

As mentioned in the foveal pro j ector descrip­
tion, the outs il.!e 3 de £1 rees of the fo veal image 
is used to bl cn" / , erge t he foveal i :. a e into the 
peripheral Ima ery . The lending i s act:omplished 
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FIGURE 8 Peripheral Projector Diagram 

by electronically feathering that area of the 
peripheral as a function of angular subtense to 
the pilot LOS. In addition, the area inside the 
blend/merge region is electronically blanked 
within the peripheral to provide a blank hole 
for i nsertt on of the foveal image. 

The projection/screen/eyepoint geometry 
along with the wide-angle lens. would provide a 
distorted image to the pilot if left uncorrected. 
TCT utili zes two methods of correction tn order to 
reduce the complexity of the system. The first 
approach ts software mapping within the image 
generator. This removes the baste distortion 
introduced due to the projector/eyepoint geometry. 
The second method of correction is provided by 
a scan converter. The scan converter compensates 
for the remaining distortion caused by the wtde­
anole ootics and soherical screen. 

HELMET MOUNTED OCULOMETER SYSTEM 
e measurement o the p1 ot's eye LOS 

utilizes a Helmet-Mounted Oculometer System (HMOS) 
developed by Honeywell Avionics Division under a 
sub-contract to Singer. The eye LOS relative to 
the cockpit ts continuously measured by the HMOS 
in tw stages: (1) A standard Honeywell Helmet­
Mounted Sight (HMS) measures helmet position and 
LOS relative to the cockpit, and (2) a recently 
developed Honeywell Helmet-Mounted Oculometer 
(HMO) measures eye LOS relative to the helmet. 
The two LOS are then sunmed to obtain the eye LOS 
with respect to the cockpit. The resultant eye 
LOS and helmet position ts then provided to the 
display computer to control the position of the 
foveal image. This same data 1s provided to the 
CIG for the generation of the foveal and periph­
eral image. Figure~ depicts the components 
mounted on the helmet. 

The HMS subsystem utilizes a magnetic field 
established by a transmitter located behind and 
above the pilot's head. The magnetic field 
c mponents are detected by a receiver mounted in 
the helmet as shown in Figur~ 9. The amplitudes 
of the field components are then transformed into 
helmet position and LOS. 

FIGURE 9 Hel•t Syst• Layout 
Mounted Oculo•ter 
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r The HMD main component is a charge coupled 
device (CCD) camera that views the pilot's eye 
from A mounted position on the helmet, figure 10. 
The pilot's eye is illuminated by a low intensity 
IR lamp that shares the same optical-path with 
the camera through a beam splitter. The CCD picks 
up the illuminator's reflection off of the pilot's 
cornea along with the pilot's pupil image. Using 
this information, the HMD system determines the 
pilot's eye LOS with respect to the helmet. The 
HMD computational system then combines the HHS 
helmet LOS with the HMO eye LOS into a combined 
pilot's eye LOS with respect to the cockpit.

DOHL DISPLAY SCRLEN
The display screen is constructed of three 

basic fiberglass panels and rib structures. The 
panels below the e-juator are 22 .b degrees n 46.7 
degrees; above the eguator the panels are 22 .b 
degrees «. 6? degrees; and the cap panels are 22 .b 
degrees n 2K degrees. The screen finish, a 
patented Link process, provides a variable gain 
function in order to provide compensation for 
brightness falloff due to the projector and 
observer locations. The screen gain is four above 
*65 degrees elevation and two below *1Q degrees 
elevation. The gain varies linearly from two to 
four with elevation angles between *10 degrees 
and *55 degrees. The dome construction process 
entails assembling the rib structure then laying 
in the panels. The panels are riveted and 
eponied in place. The seams between panels are 
filled to the dome radius before the raultiprocess 
screen coating is applied.

C0«WtR_[MAG| GLMRATOR
A single five channel CIG system drives the 

four peripheral projectors and four foveal 
projectors.

Four image channels are continuously projected 
on the dome screen to provide the peripheral 
image. The scene content is allocated between 
channels based upon the eye LOS. The fifth 
image generator channel is switched between the 
four foveal projectors as a function of the pilot 
LOS outside the cockpit. In addition, the 
foveal image channel is used for the Maverick 
cockpit display monitor when the pilot's LOS is 
directed toward the monitor.

The foveal image channel can process 3,000 
potentially visible edges at a rate of sixty 
times a second; the four peripheral image 
channels can process a total of 6,000 potentially 
visible edges at a rate of thirty times a second 
in an instantaneous FOV of IRO degrees r 120 
degrees about the pilot's foveal lOS.

yuDiy>
*'T)uring the TCT contract. Singer conducted 

several studies to define critical system 
parameters. The test arrangement consisted of 
viewing a rear projection screen with an eye 
directed, high resolution AOI in a low resolution 
background. The image was generated by two 
television cameras viewing test imagery. One 
camera operated at full resolution while the 
second camera was operated at appro* mat el y 
one-fifth resolution. A bench mounted oculometer 
detected eye position and direc d the position 
of a variable siye and blend/mergc of the AOI 
(from the first television camera inset into

the background (from the second camera). A GE 
Mght valve then projected the image on the screen 
for viewing.

The AOI FOV was variable from 10 to 24 degrees. 
The blend region, within the AOI, was adjustable 
for zero blend and variable from 1.4 to 6.7 
degrees.

In these studies, a blend region of 3 to 4 
degrees within the AOI provided the best viewing. 
With this blend region, the effects of image mis­
match, brightness and resolution differences were 
minimized. A high resolution area of 1? degrees, 
exclusive of blends, provided the best viewing. 
This value maybe decreased as the eye tracking 
accuracy improves. Thus, the final AOI design 
was a 14 degree FOV of high resolution imagery 
surrounded by a blending ring of 3 degrees for 
a total AOI FOV of 20 degrees.

An additional benefit of these studies was the 
unstructured subjective evaluation of the eye 
directed AOI concept. As the observer moved his 
eyes throughout the scene, it did appear to be 
completely high resolution. However, when the 
AO! was not eye directed, the difference between 
AOI and background resolution was easily seen.
This provided additional confidence that this 
concept would be successful.

Prior to the termination of the contract,
Ginger completed the fabrication and test of the 
HMOS, Figure 10. Two units were built and both 
met or exceeded the TCT reguirements. In addition, 
a breadboard of the foveal projector was fabricated 
but not tested. Figures 11 and 12. This breadboard 
was tested on a subseguent contract. Project EDIT, 
described below. These tests indicated that all 
TCT reguirements were met, except for the peak 
velocity of the azimuth servo requirement. Cor­
rections to this problem have been designed and 
will be incorporated in the future. The perfor­
mance of the Singer eye-directed AOI aporoach is 
Su'—iri.pd in ’a*'le T.

f I

■R( in HeIniet-Mounted Oculometer System
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PROJECT EDIT
Project EDIT (Eye-Slaved Display Integration 

and Test) is a cooperative Air Force and Navy 
continuation of the Singer eye-directed AOI 
development started on TCT. The Air Force is 
providing residual TCT contract equipment and 
funding. The Navy is providing funds, equipment, 
facilities, and contract administration. Project 
EDIT is a multiphased effort which will lead to 
pilot evaluation of the TCT eye-directed AOI 
technology on the Visual Technology Research 
Simulator (VTRS) located at the Naval Training 
Equipment Center.

Phase I has been recently completed where 
the HMDS and servos were integrated with the 
central computer and dynamically tested; and 
the video electronics checked out and dynamically 
tested. Phase II started in August 1982. During 
this phase, all the subsystems will be integrated 
and tested end-to-end. This will include using 
an artificial eye to provide known inputs to the 
MHOS and measuring the response of the projector 
servos. Preliminary plans are that Phase 111 
will integrate the breadboard eye-directed AOI 
equipment on the VTRS for pilot evaluation. The 
exact plan and schedule for Phase III will depend 
upon available funding and success during the 
various stages of integration.

The Air force goal for Project EDIT is to 
determine the feasibility of the eye-directed 
AOI concept for tactical combat training. If 
successful, data from Project EDIT will be used 
to establish system performance specifications 
for future procurements. The eye-directed AOI 
approach has the potential of meeting most of 
the tactical training requirements.

CONCLUSIONS

Although the TCT contracts were terminated, 
several developments were successfully completed, 
such as the 36-inch metal funnel CRT and the 
Helmet Mounted Oculometer System. These equip­
ments are currently being used in laboratories

TABLE 4 SINGER TCT PERFORMANCE PARAMETERS

Field of View:
Resolution:
Contrast Ratio: 
Brightness: 
foveal FOV: 
Peripheral FOV:

Number of Edges :

lexture:
Moving Model Types: 
Envi rnnment:
Gaming Area:
Scene Enhancement: 
Visual Data Base: 
Special Effects:

Total aircraft FOV including head motion
1.4 arc minutes 
14:1
1.5 foot Lamberts
20 degrees diameter with 3 degrees merge 
360 degrees H,*90 degrees, -60 degrees V 
except where occulted by cockpit 
1 foveal channel. 3,000 edges P 60 Hz 
4 peripheral channels, 6,000 edges P 30 Hz 
Surface (16 unique patterns)
Airborne. 10; Ground, SO
Full weather, time of day effects
1,000 x 1,000 nautical miles
Articulated parts, light point features
Transformed DMA, Hand modelled
Head Motion Compensation
G-Dimming



to perform much needed research. In addition, 
the feasibility of other developments were 
demonstrated such as the inset mini-raster on a 
CR! and the foveal projector. It is hoped that 
work will continue to complete and evaluate these 
developments.

On the TCT program, there was a continuing 
evaluation of the Technical and Training Risks 
of fielding a successful WST. It is our belief 
that the work accomplished on these contracts 
and described in this paper have significantly 
reduced the Technical Risk of these two approaches. 
However, continued effort is needed to reduce 
these Technical Risks for a production procure- 
™nt. Additionally, the Training Risks have not 
been significantly reduced. A simulator environ­
ment for flying combat tasks is needed to permit 
task-loading the pilot to predict the training 
performance of the visual system. Continued 
efforts, such as Project EDIT and other similar 
work, are needed to reduce the Training Risks.

i

ii
I IbLIHI Cioseup of Azimuth/1.1evation 

Servo Assembly

Another contribution of the TCT program, 
although not strictly technical, is demonstrating 
the importance of thoroughly communicating to 
the design engineers the pilot's tasks, visual 
references and how such visual references are 
used. The Air force. General Flectric and 
Singer-Link agree that the orientation trips 
and the continued dialogue between designers and 
pilots during the TCT program was extremely 
useful in designing the TCT system and determining 
design and performance tradeoffs. It is hoped 
that these effective communication techniques 
will be used on future programs.

References:

Hutton. D. P., Burke, D. K., Englehart, J. 0., 
Wilson, J. H.. Romaglia, F. H., and Schneider,
A. J., Air-to-Ground Visual Simulator 
Demonstration Final Report" (2 volumes). 
Aeronautical Systems Division, Simulator System 
Program Office, Wright-Patterson Air Force Base, 
Ohio: October 1976

Monroe, E. G. , and Richeson, H. E., "CIG Edge 
Conservation Evaluation and Application to Visual 
Flight Simulation" Proceedings, Tenth NTEC/ 
Industry Conference, November 1977

ABOUT THE AUTHORS

Hr James D. Basinger was the Chief Engineer 
on the TCT program for the Aeronautical Systems 
Division. Deputy for Simulators. His current 
responsibilities are Senior Systems Engineer on 
the C-130 Visual System and Research and Develop­
ment Planning Engineer. He has been associated 
with Air Force visual simulation research and 
development programs since receiving his B.S.E.E, 
degree from Ohio Northern University.

Mr John M. Wilson was the Deputy Chief 
Engineer on the TCT program for the Aeronautical 
Systems Division. Deputy for Simulators. He is 
Currently the Senior Systems Engineer for the 
EF-lllA OFT. He has been associated with visual 
simulation research and development programs with 
industry and the Air Force for twelve years.
He has extensive Air Force/Air National Guard 
experience as a tactical fighter pilot. Hr Wilson 
has a BS Aero Engineering Degree from the 
University of Minnesota and a MS Aero Astro 
Engineering Degree from the Ohio State University.

Mr Robert A. Fisher is a Visual Systems 
Program Engineer with Singer link. Flight 
Simulation Division. He is currently Principal 
Investigator for the Hide Angle Tactical Visual 
Program and Program Engineer on the Eye-Slaved 
Integration and Test Program. He has over 
twenty-two years experience in display system 
technology. Mr Fisher has a B.S.E.F. degree 
from Syracuse University.

230


	0001
	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014



