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ABSTRACT 

This study evaluates the obstacle impact hacards incurred by opera- 
tion of Amy aircraft at treetop altitudes and describes techniques useful 
in alleviating those hazards.    The magnitude of the problem of obstacle 
impacts is determined by a statistical analysis of aircraft tree strikes 
and wire strikes to identify the significant parameters involved.    In- 
vestigation of sensor techniques and aircraft operating procedures is 
presented to aid development of obstacle warning systems. 
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FOREWORD 

This report wai prepared by the Systems Analyjls Group of Northrop 
Norelr,  a Division of Northrop Corporation.    The report represents the 
total effort performed under U. S. Amy Contract DA 44-177-AMC-309(T), 
during the period July 1965 ending April  1966. 

The work was administered under the direction of the U. S. Army 
Aviation Materiel Laboratories.    Mr. J. L. Terry was the Project Engineer. 

The program at Northrop Norair was performed under the direction of 
Mr. T. A.  Bordeaux, Chief,  Systems Analysis Group.    Mr. J.  F. Paris served 
as Project Supervisor for Northrop Norair. 

The principal investigator was Mr. H. A. Relies,  and Northrop per- 
sonnel who made major contributions to this research effort were:   Messrs. 
J. R. Anderson, J. P. Campbell, M.  B. Grier,    D. R.  Hansen,  P. T. Koetz, 
R.  P. Kramer,  and D. L. Richartx. 
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I.     INTRODUCTION 

This report presents the results of a study performed by Northrop 
Corporation, Noralr Division, of Hawthorne, California,  for the U.S. Army 
Aviation Materiel Laboratories,  Fort Eustis, Virginia,  In compliance with 
U.S. Army Contract DA 44-177-AMC-309(T). 

Noralr has undertaken this study for the Army to identify and evolve 
techniques useful  for mitigating hazards of low-altitude  flight and to 
determine obstacle avoidance requirements associated with Army aviation 
and the air assault cone pt. 

The study had three main objectives: 

1. To assess the degree and type of obstacle Impact hazard ex- 
perienced by present and future Army aircraft during flight 
operations at and below treetop level. 

2. To describe the equipment and/or operational procedures that 
may be utilized for obstacle avoidance. 

3. To  Identify and assess aircraft design Implications pre- 
sented by potential equipment and procedures. 

The  scope of the study includes:     (1) a statistical analysis of air- 
craft collisions with trees and wires to  identify the significant par- 
ameters Involved,   (2) a determination of requirements for an airborne 
obstacle detection  system, and (3) a description of system concepts which 
might reasonably be expected to meet those requirements. 

The study Included a review of the role of Army aviation and, more 
specifically,  the Army air assault concept.    The purpose of this review 
was to describe the operational environment in which aircraft were em- 
ployed,  the flight requirements that were imposed, and the types of 
missions that were  flown. 

An analysis of the Impact hazards derived from Army aircraft acci- 
dent statistics wafi made in depth to determine the type, magrltude, and 
frequency of obstacle impact hazards.    A visit made to the Army Aviation 
Center at Fort Rucker, Alabama,  for discussions with Army aviation per- 
sonnel completed the review of present-day Army aviation operations. 

Accident statistical data included service-wid« operations,  the 
several numbered Army areas, and the European and Alaskan theaters*    Com- 
bat operations in Southeast Asia were not covered* 

Several obstacle detection and warning system concepts ware devel- 
oped,  including consideration of human factors and Army aircraft charac- 
teristics* 



The data describing Aimy aircraft operations were obtained from 
field manuals»  training manuals, and other specialized reports,   including 
"Amy Aircraft Availability Statistical Digest" and "Air Assault in 
Action."    The accident statistics were received from U.S. Army Board for 
Aviation Accident Research.    Information concerning millimeter radar was 
obtained from Norden Division of United Aircraft Corporation and from 
Emerson Electric Corporation.    A complete  list of the documents reviewed 
is contained in the bibliography. 



II.     SUMMARY 

OBJECTIVES AND  SCOPE 

A major objective of this study was to analyze krmy aircraft accident 
statistics to determine the magnitude,   frequency, and major causal factors 
of Army aviation accidents involving tree and wire strikes during in- 
flight operations based on past and projected operations.    A secondary 
objective of the  study was the exploration and evaluation of sensor tech- 
nology to determine if feasible and acceptable sensors are available for 
use  in developing operational obstacle-avoidance equipment. 

The scope of the accident  investigation includes an analysis of data 
for accidents  involving tree and wire  strikes from FY 1958  to  the middle 
of FY  1965.     Flying-hour data  for the period beginning with FY  1963 
through the  first half of FY  1965 are correlated to accidents  for a de- 
termination of rates per 100,000 flying hours for the period.    Statisti- 
ca1   data do not  include any operations  in combat. 

As a corollary to the primary investigation,  certain operational 
procedures are  Investigated by time  line analysis,  observation,  and study 
of training syllabi to determine areas of possible  improvements  in tech- 
nique or flying  training that would reduce obstacle  impact accidents. 

Application of both active and passive sensor technology is  investi- 
gated to determine the most  feasible concept to  solve  the problem of ob- 
stacle avoidance.    Non-equipment  solutions are also  considered,   i.e.,  the 
addition of observers and observer stations.    Several concepts  for landing 
aids are also  suggested as a result of the study. 

CONCLUSIONS 

It  is concluded that: 

1. Rotary-wing aircraft have  the highest  incidence of tree and 
wire  strike accidents. 

2. Within the rotary-wing class of aircraft,  the utility and ob- 
servation types of aircraft have  the highest obstacle  strike 
rates per  flying hour. 

3. For fixed-wing aircraft,  higher speeds correlate directly with 
rate of obstacle strikes. 

4. The three cause factors in the order of their importance are as 
follows: 

a.    Pilot inexperience. 



b. Errors in  Judgment,  time, and distance in relation to air- 
craft capability. 

c. Inability to see the obstacle   (wire) in sufficient time. 

5. Optical radar  (laser) presents the most feasible and practical 
sensor capability for a potential obstacle-avoidance system. 
The development of such a  system appears to be within the capa- 
bility of current technology; however,  size, weight,  and cost 
factors were not considered. 

6. Assignment of an observer or assignment of additional duties  to 
a crew member to provide additional visual scan  for wire hazards 
can provide  an easily implemented and inexpensive solution on an 
interim basis. 

7. Since a high incidence of Impact accidents occurs in the  landing 
phase, glide slope landing aids could be of assistance.    Although 
primarily limited to use on prepared airstrips,  certain equipment 
is capable of field application and can be used by either fixed- 
or rotary-wing aircraft. 

RECCKMENDATIÜMS 

It  is recommended that: 

1. Since current and future Army aviation operations will involve 
increased low-level missions, additional dual low-level flight 
training be included in the current  training program. 

2. Obstacle hazard briefings be included as a standard item of pre- 
flight briefings. Use of safety posters and other visual train- 
ing aids would also emphasize the need for alertness. 

3. Additional earl}  monitoring of student progress be Impletmented 
to  insure that he is not inadvertently exposed to situations  that 
would overtax his ability. 

4. Doctrine for laying of field communications wire include a re- 
quirement  for notices to airmen  (NOTAM) when hazards are created. 

3.    Consideration be given to the inclusion of an observer on flights 
known to be exposed to wire hazards. 

6. Operational evaluations be conducted on available approach and 
glide slope equipment to determine  its applicability. 

7. Active development of an obstacle-avoidance system based on the 
use of optical radar be pursued.    Steps in this development would 
include further definition of: 



a. Detailed requirements In respect to capability,  size, weight, 
and power. 

b. Autopilot applications of sensor inputs. 

c. Sensor field of view requirements. 

d. Integration or interface problems with terrain-following 
equipment and other features of the Integrated Helicopter 
Airborne Avionics System (IHAAS). 

8. Current medical  standards for Army pilots be  further studied and 
evaluated.    Possible changes in visual criteria may be indicated, 
with particular emphasis on depth perception. 

9. Current  emphasis on safety training, particularly in the earlier 
phases of flight training, be continued. 



III.    REVIEW OF HISTORICAL DATA 

As background to the presentation of the data on collisions with ob- 
stacles during low-level  flight operations,  the operational environment 
is described.    The current inventory of aircraft is shown with the physi- 
cal and performance characteristics of each model necessary for the analy- 
sis of obstacle-avoidance concepts.    An analysis of tree strike and wire 
strike accidents shows the major cause factors of such Impacts, and a 
study of operational procedures identifies some areas which might contri- 
bute to low-altitude strikes. 

The major mission categories and the distribution of flight hours 
in each category are presented as a basis for estimating future flight 
activity. 

ARMY AIR MISSIONS AND FLIGHT HOURS 

The primary combat air missions of Army aviation consist of: 

1. Troop transport 

2. Cargo transport 

3. Ground fire  suppression 

4. Casualty evacuation 

3.    Reconnaissance 

6. Message drop and pickup 

7. Liaison and courier 

8. Wire  laying 

9. Search and rescue 

Other missions may Include battlefield illumination,  smoke laying, 
emergency resupply, observation, artillery spotting,  and photography. 
This study is primarily concerned with activities carried on by operation- 
al avl   Lion units.    These missions are performed by either fixed-wing or 
rotary-wing aircraft.    They primarily take place over division airspace 
and during an airborne assault operation may be projected forward of the 
FEBA.    In these cases, armed escort aircraft may be provided for the pur- 
pose of ground fire suppression.    Many of the missions must be flown at ae 
low an altitude as possible to maintain cover from visual and radar obser- 
vation and to achieve surprise.    The resultant increased flight hasard 
from trees,  towers, wires, and other ground obstructions is readily appar- 
ent.    Although the pilot  is perforce more alert  to these dangers while 



flying at treetop level, his workload Is magnified because of distractions 
resulting from navigation duties, turbulent air, formation flying, reduced 
visibility, and the increased tension associated with low-level flight. 

Army aviation is basically oriented in its operations to the ground 
missions, and as a result  it operates in the environment of the  land 
battle.    A total aircraft  Inventory in excess of  7,000 aircraft of all 
types dispersed throughout  the Army organization has the primary purpose 
of Increasing the ground forces' mobility. 

The present Army ROAD division has  101 aircraft made up of 97 heli- 
copters and 4 fixed-wing aircraft.    The airmobile division has 434 air- 
craft:     428 helicopters and  6 fixed-wing aircraft.     By contrast,  the WW II 
division had  less than  12 aircraft and the Korean division only 26.    After 
extensive field evaluations,  the llth Air Assault Division,  redeslgnated 
the   1st Cavalry Division   (Airmobile),   is now operating in South Vietnam. 
Its organization structure  is shown in Figure  I.    With the ever-increasing 
tempo of Army aviation activities,  the problem of  collision with ground 
obstacles has become a  serious matter.    For example, although helicopter 
losses  to enemy action  in Vietnam have been phenomenally low (one  for 
every  13,000 flights),  the  losses to other causes have been relatively 
high.    It was reported that  177 helicopters were   lost during 1965, with 
76  lost to enemy fire.    It  is not known how many of the 101 lost to other 
than enemy actions were the result of collision with low-level obstacles, 
but on the basis of data presented,  it can be assumed that it was signifi- 
cant.    With the  increasing pattern of success in  the use of the Army's 
airmobile concept, additional means must be  found to aid the pilot  in 
early detection of obstacle hazards. 

Flight-hour statistics for various types of Army aircraft are  shown 
in Tables I and 2, giving total Army-wide operations as well as details 
concerning the  llth Air Assault Division.    It is noticed In Table 1  that 
some  seasonal shift can be detected for the 0-1, U-l, U-6, 0H-13, and the 
CH-34 types.    The CV-2, UH-1,  and CK-47 all  show a  strongly increasing 
trend in flight hours,  the  result of significant  Increases in numbers of 
operating aircraft during the period. 

More than half of the   llth Air Assault Division's flying hours were 
performed b> UH-l aircraft.    The next highest in terms of flight hours was 
the CV-2 Caribou, averaging about one-half the hours of UH-l aircraft. 

AKMY AIRCRAFT;     CURRENT INVENTORY 

Table 3 presents  the  inventory of aircraft used in compiling the 
flight hours on the preceding tables and their average aircraft utilisa- 
tion rates.      It will be noted :hat fixed-wing aircraft generally have a 
higher utilization rate  than rocary-wlng aircraft. 

Aircraft turning performance capability determines the amount of 
space  required to avoid obstacle hazards.    Table 4  lists the basic charac- 
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TABLE    2 

UTH AIR ASSAULT DIVISION  FLIGHT HOURS 

FY 1964 FY 1965 

3rd Quarter 4th Quarter 1st Quarter 2nd Quarter 

U-8 SEMINOLE 182 138 170 177 
CV-2 CARIBOU 6862 10,435 10,527 16,549 
OV-1 MOHAWK 2194 2455 2806 3494 
U-6A BEAVER 929 926 711 767 
OH-13 SIOUX 3103 6192 8291 7958 
UH-l 1ROQU01S 11,021 21,053 27,827 27,762 
CH-37 MOJAVE 1256 1369 892 1146 
CH-47 CHINOOK 641 1811 2638   4245 

TABLE    3 

U.S. ARMY AIRCRAFT INVENTORY 
JANUARY 1965 

AVERAGE 
UTILIZATION NO. AIRCRAFT 

HRS/MO 

30 - 35 1539 
18 - 20 175 
30 - 35 160 
35 - 40 614 
35 - 40 254 
60 - 65 135 

FIXED-WING 

0-1 BIRD DOG 
OV-1 MOHAWK 
U-l OTTER 
U-6 BEAVER 
U-8 SEMINOLE 
CV-2 CARIBOU 

ROTARY-WINJ 

OH-13 SIOUX 
OH-23 RAVEN 
UH-l IROQUOIS 
UH-19 CHICKASAW 
CH-21 SHAWNEE 
CH-34 CHOCTAW 
CH-37 MOJAVE 
CH-47 CHINOOK 

15 
25 
35 
30 
15 
20 
15 
25 

878 
962 

1009 
247 
241 
340 

86 
63 
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teristics of currently operational U.S. Army aircraft,  both fixed wing and 
rotary wing.    Detailed lift/drag relationships and other performance capa- 
bilities are proprietary and were not available  to the Contractor.    In 
lieu of complete performance data,  the turning capabilities of these air- 
craft models were computed on  the basis of published values of maximum 
velocity and the  following relationships: 

„2 
R = 

g(n2  -   1)^ 

where 

R = Turning radius,   feet 

V = Velocity,   ft/sec 

2 
g = Gravity acceleration,   32,2 ft/sec 

n = Normal  load factor 

The accuracy of the performance estimates makes any distinction be- 
tween horizontal maneuver and vertical maneuver merely an academic exer- 
cise.    For simplicity,  then,  the  turn radius and pull-up radius are 
assumed to be the same. 

The computed values of turn radius shown on Table 4 are considered to 
be conservative in the dete •raination of requirements for an obstacle- 
detection system.    At maximum speed,  the significant  increase in angle of 
attack accompanying a turn will also result  in reduced speed and shorter 
turn radius,  i.e., a decelerated turn.    Figure 2  shows  the relationship of 
turn radius to velocity for each of the aircraft   listed on Table 4.    It is 
seen that the load factors allowed for fixed-wing aircraft are consistent- 
ly higher than for rotary-wing aircraft, allowing the  fixed-wing aircraft 
to turn in a shorter radius.    Figure 2 illustrates the narrow bands which 
encompass the velocity-turn radius relationships  for the two classes of 
Army aircraft. 
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ANALYSIS OF LOW-ALTITUDE ACCIDENT STATISTICS 

The accident analysis was used as an aid in identifying the problems 
of low-altitude flight. From this analysis, the causes of obstacle 
strikes and the conditions associated with obstacle strikes were also de- 
termined within the limits of the data available. The relationship of the 
obstacle strikes to the total Army aircraft operation was not determinable 
because the flight-hour distribution by hour of the day, type, model of 
aircraft, pilot characteristics, etc., was not available. 

Accident Statistics 

The accident statistics investigated are divided into four major 
groups: 

1. Rotary-wing tree strikes 

2. Rotary-wing wire strikes 

3. Fixed-wing tree strikes 

4. Fixed-wing wire strikes 

These statistics  include all the U.S. Army aviation tree and wire  im- 
pacts in the period from the 1st Quarter FY 1958 to April  1965,  excluding 
combat area occurrences.    The operational  factors recorded in the groups 
.-•oted above are: 

1. Aircraft  type and model 

2. Accident  class  (degree of aircraft damage) 

3. Hour of the day 

4. Accident  type  (tree strikes and wire  strikes) 

3.    Phase of operations:    landing,  takeoff,   level flight, go-around, 
hover. 

6. Pilot cause  factors:    misuse of aircraft controls, errors in 
spatial  judgment,  failure to see obstacles 

7. Other personnel cause factors:     service, maintenance,  supervisory, 
aircraft crew,   tower operators,  etc. 

8. Major conmand:    basic army areas  in the continental United States, 
Europe,  Far East, Alaska,  and the various training centers 

9. Weather conditions:    rain,  fog,  dust,   snow, wind,  icing,  thunder- 
storms,  gusts 

14 



10. Pilot  experience   levels  in  terms of years,   flight hours, night 
flights,   instrument hours,   fixed-wing,   rotary-wing 

11. Flight mission:     training,  administrative,  test,   combat 

12. Personnel  injury:     none, minor, major,  critical,   fatal 

13. Pilot  qualifications:     fixed wing,  rotary wing,   rated in both, 
nonrated. 

14. Pilot's previous accidents 

13.     Psychological cause  factors 

16.     Physiological cause  factors 

Accident Data Evaluation 

The  foregoing factors are quantitatively summarized in Table 5, and 
complete detailed frequency distributions are presented in Appendix I. 
The most  significant conclusion reached  from the accident  statistics is 
that the pilot  causes predominate.    The pilot cause factors are:     (1) mis- 
judged distance,  altitude,  or position,  and (2) failed to  see obstacle. 
The outstanding  frequency of these two  pilot cause  factors  in tree strikes 
and wire  strikes suggests areas of increased training effort.    A syllabus 
item in the  training program might well  include  instruction in  low-alti- 
tude evasive maneuvers to gain an appreciation of the time and distance 
factors required  for obstacle avoidance. 

Table 6 presents a summary of all  the tree  strikes and wire strikes 
reported for the 8-year period.    These accidents are categorized by types 
of rotary-wing and fixed-wing aircraft  involved.    It is noted that tree 
strikes outnumber wire strikes approximately two-to-one  for rotary-wing 
aircraft and three-to-one for fixed-wing aircraft.    The primary hazard 
with wires  is their lack of visibility. 

Approximately 80 percent of all  rotary-wing wire  strikes resulted 
from a failure  to detect the wires until it was too  late.    A comparison of 
wire strikes  for fixed-wing aircraft  indicates that 60 percent failed to 
see the wires.    An examination of fixed- and rotary-wing tree strike cause 
factors reveals that approximately 46 percent,  for both fixed and rotary 
aircraft, misjudged their distance,  altitude, or spatial position. 

Pilot experience also has a  significant effect on obstacle strike 
rates.    Figure 3 illustrates the cumulative obstacle  strike rates for each 
of the  fou.. major categories as a  function of pilot  flight hours.    It is 
of Interest that  70 to 80 percent of the mishaps recorded  Involved pilots 
with  less than 500 total flight hours.    More importantly,  approximately 50 
percent of the mishaps involved pilots with less than  100 hours of total 
flight  time.    Approximately 33 percent of the total pilots at any one time 

15 



TABLE     5 

STATISTICAL SUMMARY OF  OBSTACLE  IMPACT ACCIDENTS 

TYPE OF AIRCRAFT-»- ROTARY-WING FIXED -WING 

TYPE OF OBSTACLE -^ TREE 1 WIRE TREE WIRE | 

TOTAL NUMBER OF OBSTACLES IN SAMPLE 498 224 259 79  j 

Incidental 53 36 40 48  { 
Degree of Minor 10 15 1  20 22 
Damage Substantial 27 28 18 17  | 

Total Destruction 10 21 22 13  j! 

Extent of None 90 75 84 87  1 
Personal Minor 5 12 9 6  | 

Accident 

Injury Major to Fatal 5 13 7 7 

Proficiency Trng. 10 14 16 25 
Description Type of Student Training 26 13 49 23 
U of total Mission Tactical Training 9 11 8 16 
accidents)* Transportation of 

Personnel 10 12 5 6 
AH Others(Appen.A) 45 50 22 30  j 

Takeoff 18 14 17 3  | 
Inflight 14 42 19 46 

Flight Hover 24 10 - j 
Phase Go-around 2 5 14 12  | 

Autorotation 14 4 - . 
Landing 26 23 50 36 
Other 4 2 - 3 

Spatial Misjudgment 51 32 56 46 
Accident Pilot Cause Failure To See 

Factor Obstacle 29 80 19 65 
Contribu- Misc. Factors 12 16 11 4 
tory 
causes (7. 

AH Other Causes See Api »endix A 

of total 
accidents) 

Caused by 
Supervisory Main- 
tenance and Ad- 

4 
2 

10 
7 

6 
2 

8 

Note: Per- 
centages 

other personnel 
ministrative 

sum to uore Pilot experience Less than 1 Year 70 60 69 67  1 
than 100/. Pilot qualifi- Nonrated 56 44 53 42  1 
due to mul- cation Rotary-Wing Only 26 30 
tiple 
causes 

Flxed-Wing Only 31 42  i 

Physiological Unqualified Visual  j 3 0     1 
Factor Obstruction Dis-   j 

orientation 
2 8 

2 5 

Psychological Faulty Decision: 
Factor Flight Procedure 

Use of Controls 
1 1 11 

1 
D 
2 

Failed To Anti- 
cipate a Hatard 1 3 

[♦Percentages are rounded to nea rest point 
i       ■ 
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are  students and represent approximately 5C percent of the  total accidents. 
Another contributing  f'-tor,  time in model,  also  relates pilot experience 
to accident  rate and  is presented in Figure  A.    This  figure  illustrates 
the cumulative accident  rate of the  total pilot  time in the aircraft model 
in which the mishap occurred.    It will be noted that approximately 60 to 
70 percent of the mishaps   involved pilots with   less  than  10 hours  of  ox- 
perience in that model aircraft - a very high rate.    While obstacle  strikes 
continue to occur with  Increasing familiarity with the model being  flown, 
the percentage of total occurrences decrease     significantly.    The data  in- 
dicate that  these pilots are possibly being exposed to hazards beyond 
their capabilities  early  in  their training.     Extra  transition  time  in  the 
aircraft may provide  the answer,  although other unknown factors  in  the 
training program may be  causative agents.     It  is  realized that any re- 
strictions placed on  their  training activities,  while being newly indoc- 
trinated, would adversely affect  the  training program.    However,  an average 
of only 2 percent of the  total accidents  involved pilots who had  10 to  20 
hours experience  in  the aircraft model. 

An area  for improvement of flight  safety may possibly be offered in 
an emphasized wire   location program.    Undoubtedly,   standard safety proce- 
dures are  followed  to notify pilots of wire   locations  through NOTAM's and 
flagging methods.     It may be possible  to offer,   through the  flying  safety 
officer, a "wire briefing"   to alert pilots  to wire  danger  in the area  in 
which the mission  is  to  be  flown.    Although  the  type of wire hazard  is 
unknown,  it  is assumed that  field communication wire is partly responsible. 
If this is true, measures  should be taken to disseminate information  re- 
garding wire  locations  in the vicinity of possible  operating areas. 

Flight-hour information available  included FY  1963, FY  1964,  and the 
first half of FY  1965,  not  including combat  operations.    On the basis of 
these  flight times,  accident rates were determined per 100,000 flight 
hours and are tabulated  in Table  7 by class and type of aircraft. 

As noted previously,  observation aircraft exceed all  the others  in 
gross numbers of accidents as well as  in their strike rates involving 
wires.    The accident  rate  for observation aircraft  involving trees  is ex- 
ceeded only by the UH-19. 

Differences in total  strike rates between classes of aircraft,   rotary 
versus fixed wing,   indicate a rate for rotary-wing aircraft three  times 
that of fixed-wing aircraft.    Helicopters  require a smaller turning  radius, 
generally operate at much  lower forward speeds,  and often possess  superior 
visibility.    This apparent paradox in rates probably derives  from the man- 
ner in which helicopters are employed.    Operations  from unprepared and un- 
familiar areas might explain the higher incidence  for rotary-wing aircraft. 
If training factors or design factors are  involved,  they cannot be deduced 
from the evidence available.    The higher rates experienced by observation 
aircraft tend to  support  the environmental  factor,   since the missions of 
these aircraft are roost   likely to place  thera in  forward areas away  from 
normal  facilities. 
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TABLE 

AIRCRAFT OBSTACLE   IMPACT RATE* 
(IMPACTS  PER   100,000 ELT.   HRS.) 

AIRCRAFT 
MODEL 

TREE 
STRIKES 

RATE 

WIRE 
STRIKES 

RATE 

TOTAL 
STRIKE 

RATE 

UTILITY 

OBSERVATION 

CARGO 

U-I 

U.6 

0-1 

OV-l 

CV-2 

ROTARY WING 

UTILITY UH-1 8.0 1.4 

UH-19 22.6 4.2 

OBSERVATION OH-13 16.5 10.1 

OH-23 4.3 4.2 

CARGO CH-21 8.8 4. '4 

CH-34 12.6 1.5 

CH-37 0 0 

CH-47 0 

FIXED WING 

0 

0.4 

1.2 

5.2 

5.2 

1.5 

0.8 

0.3 

1.8 

5.2 

3.1 

9.4 

26.8 

26.6 

8.5 

13.2 

14.1 

0.0 

0.0 

1.1 

1.5 

7.0 

10.4 

4.6 

•Accumulated over  the  period FY  1963,   FY  1964,   and  first half  of 
FY  1965  for noncombat  operations  of all Army aircraft. 
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In light of the  foregoing, It appears  that observation aircraft are 
the. most likely candidates for consideration of obstacle f.ensor installa- 
tions. 

As noted in Table 7,  observation aircraft show the highest or next to 
highest rates in all  four categories of rotary-  and fixed-wing tree and 
wire strikes.    Fixed-wing aircraft rates are generally lower than those of 
rotary-wing aircraft for both tree and wire  strikes.    Of the fixed-wing 
models, the utility aircraft have the  lowest rates  for both tree and wire 
strikes; of the  rotary-wing models,  the cargo aircraft have the  lowest 
rates in both classifications.    The rotary-wing aircraft wire strike rates 
are  lower than tree  strike rates, but in the  fixed-wing aircraft no dis- 
tinction In rates is apparent. 

OPERATIONAL PROCEDURES 

A task analysis was accomplished relative to the procedures Involving 
the operation of rotary-wing and fixed-wing aircraft in a low-altitude en- 
vironment.    In order that  the task analysis  cover only the critical areas 
of operation, obstacle  strike statistics were reviewed to establish the 
particular phases of flight experiencing the highest proportion of obstacle 
strikes.    Statistics established these phases to be takeoff, climb,  descent, 
and landing for both rotary-wing and fixed-wing aircraft.    Rotary-wing 
hovering flight was covered in the takeoff and  landing phases.    The ob- 
stacle strikes occurring  in cruise flight were not considered in the anal- 
ysis because of the  small occurrence rate and because cockpit tasks were 
minimal.    The task analysis investigated each operational procedure by 
reducing each task to subtasks, such as a  simple  throttle movement.    The 
psychological and mechanical responses required to accomplish this  subtask 
and its interfaces with other required tasks and  subtasks were evaluated 
to determine their effects on the pilot's overall ability to operate the 
aircraft safely during certain phases of flight.    The findings showed that 
aside from emergency procedures, the required procedures for low-altitude 
operations are  typical  for aircraft of this  type and did not promote undue 
strain on the pilot. 

Army aviation accident statistics indicated  that over half of the ob- 
stacle strike occurrences  Involved nonrated pilots with undnr 100 hours of 
flying experience in both rotary- and fixed-wing aircraft.    The high per- 
centage of student pilots Involved  in these mishaps suggested a review of 
the training program.    The inveatigation covered such specific training 
areas as low-level operations and tactics,  along with pilot tasks associ- 
ated with normal piloting functions such as    takeoff a and landings. 

The obstacle strike records received from the Army were statistically 
divided into tree strike and wir« strike accidents.    A quantitative review 
of cause factors determined that tree strikes arc primarily caused by a 
lack of adequate operational Judgment on the part of the pilot and that 
wire strike causes are mainly associated with the pilot's inability to see 
the obstacle in time to effect an evasive maneuver.    This is not to  imply 



that other cause factors are not significant or important,  but only to 
point out that the  study confines Itself to dealing with only the highest 
frequency cause factors associated with tree strikes ar I wire strikes.    In 
fact,  the highest  frequency cause  factor associated with tree strikes co- 
incidentally becomes the second highest frequency cause  factor of wire 
strikes,  and vice versa.    Therefore,  the analysis,  in effect, covered the 
primary and secondary problems associated --'1th both rotary-wing and fixed- 
wing aircraft which represents over 50 percent of the obstacle strike 
problem. 

Statistics for FY 1963 through the first half of FY  1965 have indi- 
cated a generally stable obstacle strike rate for rotary-    and fixed-wing 
aircraft of approximately 7 per 100,000 hours for tree  strikes and 3 per 
100,000 hours  for wire strikes.    The  constantly increasing emphasis on 
low-altitude operations versus the stabilized obstacle  strike rate Implies 
that some effective means of reducing obstacle strike occurrences is taking 
form in Army aviation.   A more persistent effort in this area, on the part 
of staff and supervisory personnel, would Inevitably yield  lower obstacle 
strike rates. 

An effecti/e move on the part of the Army Aviation School was the 
interchanging of the instrument phase of training with the  tactics phase. 
The present  training syllabus now terminates with the instrument phase fol- 
lowed by the  tactics phase.    This action permits the student to become more 
proficient before exposing himself to the hazards of low-altitude  flying; 
furthermore,   it allows the student to  leave training with a current ex- 
posure to  the type of flying that would be required of him in actual oper- 
ations. 

Although the analysis has determined that the operational procedures 
are adequate,  certain recomoendatlon» have been indirectly derived.    These 
reconnendatlors may be found In Section II. 
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IV.     FORECAST OF OBSTACLE STRIKES 

AIRCRAFT INVENTORY 

To accomplish Its present missions»  the Army has In Inventory approx- 
imately fourteen different types of aircraft.     Based on this present air- 
craft Inventory, a projection was made  for the years  1970 to  1975.    For 
this period,  the total number of aircraft of both classes appears to be on 
the order of 9,160,.as illustrated In Table 8.    The estimates presented on 
the chart are taken from unclassified source documents as listed In the 
bibliography. References  16 and 17. 

TABLE 8 
FORECAST INVENTORY 
OF ARMY AIRCRAFT 
(1970 - 1975) 

ROTARY WING FIXED WING 

Observation 4000 260 

Utility 1825 300 

Cargo 430 340 

Combat Support 1825 180 

Totals 8080 1080 

By the mld-1970 period,  the number of different types of aircraft 
will be reduced to about nine, with further reductions In types forecast. 
This trend will, among other things, be helpful  In reducing accidents, 
since greater proficiency In type  (model) will be possible. 

MISSION CATEGORIES 

The mission categories within which the Army aviation accident sta- 
tistics are recorded are training, administrative,  test flight,  combat, 
and other.    Three major categories of operational missions nay be listed 
as: 

1. Reconnaissance, surveillance, observation 

2. Transportation:  cargo, personnel 
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3.    Combat support 

All of these missions  involve low-altitude flight in a combat zone.    Ob- 
servation and surveillance missions usually require a major portion of the 
flight to be at   low altitude, as do ground fire suppression missions.    Com- 
bat support missions  require delivery of personnel and equipment  into 
areas that are restricted in size, unprepared, and often unfamiliar to the 
pilot. 

Coupled with the  foregoing mission requirements are  the complicating 
factors of reduced visibility resulting from dust,  burned grasses,   ground 
haze, and other obscurations that would be generated by a  large  flight of 
aircraft hovering,   landing,  and taking off  from unprepared surfaces.    Man- 
euver space  is usually limited because of the proximity of other aircraft, 
and mid-air collision   is an ever-present danger.    The resultant  environ- 
ment exposes Army aviation operations  to more danger of striking ground 
obstacles  than any other type of military flying. 

ANNUAL OBSTACLE  STRIKES 

Based on the postulated forecast of Army aircraft inventories and 
assuming continued use of present  standing operating procedures,   an ex- 
pected annual occurrence of tree and wire  strikes may be predicted. 
Figure 5  shows  the expected annual  rate of rotary-wing tree and wire 
strikes as a  function of aircraft utilization.    The curves of Figure  5 are 
based on the  1970 -   1975 inventory estimates of the  four types of aircraft 
noted.    S^nce utilizatiop of the different aircraft can vary so widely, 
the expected impacts were calculated for a range of aircraft utilization. 
The current emphasis on low-altitude  flight  in Southeast Asia suggests an 
increase  in the  proportion of low-altitude  flight  time; consequently, a 
concomitant  increase   in the rate of obstacle  impacts per  flight hour may 
be anticipated.    However,  the increased rate may be partially offset by 
experience and improved operational techniques. 

Based on the data in Reference  1,   the average utilization rates for 
the different  types of aircraft are  forecast  in Table 9: 

TABLE 9 
FORECAST AIRCRAFT UTILIZATION 

FIXED WING ROTARY WING 

Utili-y 

Observation 

Cargo 

Combat Support 

30 - 40 hr/mo 

20-35 hr/mo 

60 - 65 hr/mo 

20 - 40 hr/mo 

30 - 35 hr/mo 

15 - 25 hr/mo 

15 - 25 hr/mo 

15-35 hr/mo 
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Analysis of the statistics regarding accident class gives the distri- 
butions for the various types of aircraft as shown on Tables 14 and 15 for 
fixed-wing and rotary-wing aircraft, respectively.  Since the greatest 
loss Involves the classes "Substantial Damage" and "Totally Destroyed," 
these are assumed to constitute the bulk of the problem of tree and wire 
strikes. A quantitative evaluation is reached by considering the prob- 
ability of substantial damage or total loss for the different types of 
aircraft in each of the accident categories. The predicted distribution 
of aircraft losses is shown on Table 10. 

The preponderance of rcfary-wing aircraft in the projected Inventory, 
with their higher expected degree of damage, shows that major effort 
should be directed toward solving the problems of rotary-wing tree strikes 
and wire strikes. More than 40 percent of the forecast losses involve ob- 
servation aircraft, which are characteristically small and have severe 
weight and volume limitations for accommodating installation of sensor 
equipment. 

The conditions listed below summarize the nature of the expected 
obstacle strikes in the 1970 - 1975 time period projected on the basis of 
recent experience: 

1. 60 percent would be rotary-wing tree strikes and 30 percent 
rotary-wing wire strikes. 

2. 70 percent would involve student pilots or newly rated pilots. 

3. Pilot cause factors are primarily errors in judgment of speed, 
altitude, or position, or in failure to see the obstacle. 
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V.     EQUIPMENT/PROCEDURES  CONCEPTS  TO ALLEVIATE  HAZARDS 

Three  general  system concepts were Investigated as  feasible  solutions 
to  the problems of  low-altitude obstacle impacts:  a  landing aid or glide 
slope  device;   the installation of a  trained observer on   low-altitude mis- 
sions  to detect obstacle baiards;  a  radar sensor with a computer,  a  sensor 
alignment  device,  and an automatic warning device.    These  concepts are 
discussed in  the  following paragraphs.    In the  third concept,  five differ- 
ent types of  sensors were examined:   two active  and  three  passive.    The 
active  sensors, millimeter radar and optical radar,  appear  to be promising, 
but  the  passive  sensors were  found  to be  inadequate.     These  passive  systems 
are discussed briefly in  the  text,   and the detailed evaluation is presented 
in Appendix II. 

LANDING AID 

The statistics show that approximately 25 percent of the rotary-wing 
obstacle impacts and 50 percent of the fixed-wing obstacle impacts occur 
during the landing phase of aircraft operation.  Therefore, a simplified 
landing aid or glide slope device is considered as a low-cost partial solu- 
tion to the problem.  The systems discussed below are immediately available 
or close to being operationally available. 

Honeywell Inc. has developed a system which defines a landing glide 
slope by means of an electronic beam. Reference 3 states that the equip- 
ment consists of a ground station transmitter, an airborne receiver, and 
a cross-point indicator cockpit display. Flight testing of the equipment 
has indicated that a signal can be received at a range of approximately 
15 miles.  The glide slope can be adjusted up or down to insure clearance 
of obstacles along the flight path.  The pilot can keep the aircraft on 
the specified glide slope within half a degree of elevation and within two 
degrees of azimuth. Ground power may be obtained from a 28-volt aircraft 
battery. 

An optical landing aid called "Rainbow" has been developed by the U.S. 
Naval Research Laboratory. Reference 4 states that the Rainbow system 
provides accurate glide slope definition to the pilot.  It gives a color- 
coded signal to indicate whether he Is above, on, or below the proper 
glide slope.  The signal is visible from as far away as 3^ miles In bright 
daylight, and considerably farther at night. The unit is contained in a 
single package except for power supply, which Is estimated as one kilowatt. 

The U.S. Navy mirror landing system is available as a portable unit 
which would be mounted on the edge of the landing strip.  The technique of 
using the system is readily learned, and It accurately defines a glide 
slope In a manner similar to the other glide slope systems. The power 

requirement is expected to be less than two kilowatts for a visual range 
of approximately three miles. 
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TRAINED OBSERVER 

The  second general concept considered as a solution  to  the problem of 
low-altitude obstacle avoidance  is the assignment of the copilot to ob- 
serving and warning the pilot of potential hazards.     If  this  is not possi- 
ble,   some  other member of the crew might act as an observer during criti- 
cal phases.     The addition of observers can best be  evaluated  in  terms of 
the  tradeoff between increase in probability of detection and decrease in 
useful  load. 

The probability that a single observer will detect an obstacle can 
be  estimated on the basis of the observer's characteristics,   the aircraft, 
the   time of day, visibility conditions,   and the characteristics of the 
terrain.    The   increase in the probability of obstacle detection  resulting 
from the use of a second observer is obtained by the equation. 

Pl+2 -  pl 1NCR = -~ t- 

where P^  is  the probability of obstacle detection by a  single observer and 
P^+2  is the  probability of obstacle  detection by a  combination of two ob- 
servers.    If  the two observers have  the  same capability,   then 

Pl+2   «   I    -    (I   .    Pj^; 

if their capabilities differ,   then 

Pl+2 =   1   -   O-Pjm-P;). 

Observer  stations  should be easy to  install on larger helicopters,  but the 
copilot would have the observer  responsibility on  the  smaller observation 
aircraft.     Installation of a plastic dome or blister at  suitable  locations 
on  the   fuselage  to allow  the  observer  the  same  field of view as  the  pilot 
would  br.  one   solution. 

The  suggestion of adding an observer does not necessarily  imply that 
each aircraft would be  so equipped,   except when operating  independently. 
Using the   lead aircraft in each flight element or a si: ..le aircraft as a 
pathfinder might well  serve  the purpose  intended.    Visual aids,   such as 
field glasses,   could also be employed  to assist  in early hazard detection. 
Since  such techniques are already utilized in reconnaissance and observa- 
tion  flights,   they could be  readily adaptable  to  the ether mission cate- 
gories of transport and combat support. 

Further  illustration of the use of a crew member as a  sensor system 
is shown in Table  11 and Figure 6.    The  table shows the percentage in- 
crease in probability of detection when an observer is added to assist 
the pilot  In   the «earch or  scanning  function.    This might be  the case when 
comparing a  pilot and observer searching the  same area.     If the observer 
is other than  the copilot, he must be given a suitable observation station; 
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TABLE 11 

PROBABILITY OF OBSTACLE DETECTION BY ONE OR TWO OBSERVERS 

ONE OBSERVER TWO OBSERVERS* PERCENT INCREASE 

.10                    .19 90 

.20                   .36 80 

.40                   .64 60 

.60                   .84 40 

.80                   .96 20 

.90                   .99 10 

* Probability of obstacle detection is the  same  for each of the 
observers. 
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otherwise, his capability will be too limited and his motivation teve     yy 
reduced.    This bias could nullify the benefits of an added observer, 
an adequate viewing station is provided, a trained observer could be u«re 
effective than  the pilot.    This would make  the combined probability of 
detection even higher than shown in the table.    Training would be required 
to  develop proper techniques,  duties,  and responsibilities. 

Figure 6  is a graphical presentation of  the combined probability of 
detection for a range  of pilot and observer detection capabilities.     It 
shows that the higher the pilot's detection  capability,  the  less capabil- 
ity gained by an added observer. 

RADAR OBSTACLE-AVOIDANCE SYSTEM 

The radar obstacle-avoidance system concept consists of a radar,  an 
inertial platform,  an  integrator,  and a coordinate converter, as  shown in 
Figure 7.    The accelerometers of the inertial platform produce  signals of 
longitudinal,   lateral,  and vertical acceleration to be Integrated In  the 
Integrator to obtain  Inertial components of velocity.    These signals,  plus 
Indications of aircraft attitude and rotational  rates,  supplied from the 
Inertial platform,  are  then supplied to the coordinate converter.     The co- 
ordinate converter converts the aircraft velocity components  from Inertial 
platform coordinates into aircraft coordinates.    These signals,  represen- 
tative of aircraft velocity components, are then utilized by a gimbal and 
drive system to aim the  sensor about the  true velocity vector of the air- 
craft. 

For each aircraft,   there will be a different required angular scan 
coverage to guarantee adequate time  for accomplishing the avoidance of an 
obstacle.    The sensor scan progranner can be varied to supply the optimum 
field of view for any given aircraft that may use the obstacle-avoidance 
system. 

Fixed-wing aircraft, with propellers cutting across the sensor field 
of view,  require  synchronization of the radar pulses with the propellor 
blades.    The radar return  from the propellor could be sufficient to damage 
the receiver unless the system is specifically designed to acconnodate It. 

The requirements  for a radar obstacle-avoidance system are developed 
considering the problems described earlier in this report.    Conditions 
that must be satisfied are: 

1. Detection and warning of obstacles at ranges adequate  for re- 
sponse and avoidance maneuver. 

2. Operational  In both fixed- and rotary-wing aircraft. 

3. Usable by student pilots in the  training environment. 
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Sensors Investigated 

Sensor capabilities of the  following systems have been  Investigated: 

1. Millimeter radar 

2. Optical radar 

3. Microwave radiometer 

4. Infrared 

5. Electro-optical 

Sensor Requirements 

Detection Range 

Required detection range  is defined to be  thac minimum distance after 
which the pilot  can respond and maneuver the aircraft  laterally to miss 
the detected obstacle.    As noted previously,  the maneuver is not restricted 
to the horizontal plane.    The turn radius is calculated for the horizontal 
turn and  Is assumed to be the  same whether the turn is horizontal, vertical, 
or anything in between.    The obstacle   is  taken to be a point,  and a  lateral 
maneuver of one-half the span of the aircraft is assumed sufficient for 
clearance.     Detection range  is determined by three basic  factors:     (1)  the 
turning performance of the aircraft,   (2)  the pilot's response or reaction 
time,  and  (3)  the aircraft response  to. the controls, as shown on Figure 8. 
The  turning radii of the various types and models of aircraft were used to 
establish the  turning distance as a  function of aircraft speed.    Reference 
5 shows that  the pilot reaction time may be 3 or 4 seconds and that air- 
craft response  time  for transition from straight and level  flight to a 
maximum capability turn may be 2 to  4 seconds.    The combined reaction time 
is then 5 to 8 seconds.    However,  the combined pilot-aircraft reaction 
time was varied parametrically in this analysis from 0 to 9  seconds at 
shown on Figure 9.    Since the turning time is short compared to the pilot- 
aircraft reaction time,  the required detection range is almost a linear 
function of aircraft velocity.    The rotary-wing aircraft are  in the band 
below 150 knots, while the fixed-wing aircraft fall between 65 and 275 
knots.    The bands shown on Figure 9 encompass the variationa  in detection 
range due to  the maximum velocity and maneuver capabilities of the differ- 
ent aircraft. 
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FIGURE   8.   VARIATIONS   IN  DETECTION RANGE 
The aircraft  ia assumed to be moving at maximum velocity, and the 
turn is accomplished at maxlaun allowable   load  factor. 

Sensor Field of View 

In determining  the  required size of the   field of view,   flight path de- 
viations due to gusts and other factors must be considered as well  as the 
view required for an avoidance maneuver.    The  flight path perturbations 
caused by wind gusts and pilot control movements result in fluctuations 
about  the mean aircraft heading up to  3 degrees. 

Figure  10 shows  the effect of gusts on  the angular displacement  of 
the 0V-1A Mohawk at   sea   level.    Angular displacement  is Inversely propor- 
tional to aircraft velocity as shown by the  difference between Mach   .2 and 
Mach   .4  (132 -  264 knots).     The curves indicate  that  there  is no signifi- 
cant difference between pitch and yaw displacements.    At  132 knots,   the 
aircraft encounters ^ degree displacement rotations 8 times per mile;  and 
1  degree or greater  rotations occur,  on the average,   4 times in a mile. 
On the basis of these curves.   It  is estimated  that a   1-degree allowance 
for gusts is compatible with pilot capability and minlmlies requirements 
Imposed on an obstacle detection system. 

Discussions with Army aviation personnel at Fort Rucker Indicated 
that  rotary-wing aircraft are   less affected by gusts  than are  fixed-wing 
aircraft.    However,   since an objective evaluation  is not available,   the 
effects  shown  for the OV-1 are taken as typical  for all Array aircraft. 
The acquisition of more accurate data  in the   future may constitute a basis 
for evaluating various aircraft  types,  but  the magnitude of the rotation 
angles shown compared to  the  field of view angles  Indicates that  the  re- 
fined calculations would show only a  second-order effect. 

The  field of view required  for the avoidance maneuver is a  function 
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ot the detection range. This required field of view is defined by 

a = 2 sin' 1 r       Semi-Span J 
I   Detection Range   J 

Table   12 contains the minimum sice of the  field of view required for 
maneuver of the various aircraft.    As noted previously,  the  required field 
of view expands as the aircraft velocity is reduced.    The  field of view at 
maximum aircraft velocity,   from Table  12,  ii  1^ to  3 degrees.    With these 
small angles,   the reduction of the aircraft velocity to one-half the maxi- 
mum approximately doubles the required field of view,  namely,   3  to 6 
degrees. 

The   landing velocity of the  fixed-wing aircraft  is one-third to one- 
half the maximum speed.    Therefore,   the  field of view required for landing 
is two  to  three times that of maximum velocity,  and the  detection range 
requirement  is correspondingly reduced. 

Some of the slower or more maneuverable aircraft,  particularly rotary- 
wing vehicles,   require up to a   10-degree  field of view to meet the require- 
ments discussed above.    At velocities below 40 knots,  the required field 
of view expands so rapidly as to constitute completely different operating 
conditions  for an obstacle sensor. 

Since these requirements of detection range and view angle are re- 
lated to ground speed rather than air speed, a doppler measure could be 
used to adapt range gate and scan pattern to the actual aircraft ground 
speed.    Limitations on the size of the field of view are required to pre- 
vent excessive false alarms,  and yet  the field of view must be large 
enough to accommodate momentary pitch and yuw fluctuations of the aircraft 
without   losing sight of the obstacle. 

The  field of view should be wide enough in azimuth to  insure clear- 
ance between the obstacle and the wing tip (or rotor tip),  and should ex- 
tend in elevation to insure clearance between the obstacle and the lowest 
portion of the aircraft.    The  lowest portion may be the  landing gear, the 
empennage,  or the tail rotor,  depending on the attitude of the aircraft; 
and the  field of view must be designed so as to give full consideration to 
the aircraft contours presented. 

The  field of view and detection rang« requirements  for straight-line 
flight are described in a prior section of this report.    Consideration of 
a constant-speed turn shows that the field of view must be elongated in 
the plane of the maneuver in accordance with the aircraft speed and turn- 
in,,  radius.    A constant-speed turn requires at  least double the field of 
view,  and a decelerated turn probably doubles again the required field of 
view, with a corresponding degradation of system resolution.    Study of 
various flight paths shows that a very small portion of almost any flight 
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TABLE    12 

FIELD OF VIEW REQUIRED AT MAXIMUM AIRCRAFT VELOCITY 
ALLOWING 6-SECOND REACTION 

DETECTION MAX SPEED SEMI-SPAN MINIMUM FIELD 
RANGE (KNOTS) (FEET) OF VIEW 
(FEET) (DEGREES) 

0-1 1110 98 18 2 

U-l 1500 137 29 2-1/4 

U-8 2160 203 23 1-1/4 

CV-2 2060 185 48 2-2/3 

OV-1 2600 275 21 1 

OH-6 1410 125 13 1 

OH-13 910 91 18-1/2 2-1/3 

OH-23 730 83 18 2-3/4 

UH-l 1310 118 24 2 

CH-21. 1350 120 22 2 

CH-34 1120 105 28 3 

CH-47 1640 150 30 2 
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is involved in extensive maneuvering,  particularly at   low altitude. 
Therefore,   the problems and complications of an obstacle-warning system 
capable of predicting a curved flight path are considered prohibitive at 
this  time,  and the analytic effort  is confined to the dominant straight- 
line  flight  regime. 

Rotary-wing aircraft have  the capability of moviiig  laterally or even 
of reversing, with the attendant complications of system requirements of 
sensor alignment and field of view.     23 percent of  the  tree  strikes and 
10 percent of the wire strikes occur during hover, most of which were at- 
tributed to pilot errors  in  Judgment.    These pilot  Judgment errors may be 
more  readily corrected by education than by some electronic device, which 
would be  significantly more  complex than those  systems proposed for de- 
tection of obstacles while  in  forward flight.    Additional,   extensive 
study and analysis are required to develop feasible  system concepts cap- 
able of meeting aircraft maneuvering and hovering requirements. 

Sensor Techniques 

Millimeter Radar 

A  70,000-megacycle  radar was  investigated  to  determine  its suita- 
bility as an obstacle-detection system for low-altitude  flight.    The most 
critical obstacle,  from a detection standpoint,   is a   1/8-inch-diameter 
wire.    The detection range and field of view required have been defined 
previously,  and the radar parameters are: 

F = Frequency = 70 GC   (X=  .43 cent.) 

P = Peak Power Out = 500 watts 

G = Antenna Gain = 54 db  (3-foot dish) and 45 db  (l-foot dish) 

A*« Pulsewidth = 20 nanoseconds 

PRF = Pulse Repetition Frequency - 2,000 Pulses per Second (PPS) 

Af = Receiver Bandwidth = 50 megacycles 

Hf « Receiver Noise Figure - 11 db 

The equation used to calculate detection range of the obstacle was 
taken from Reference 5: 

t G2\2 Pp- 

Af   HT 

41 



where 

R - Detection range in nautical miles 

G = Antenna gain as a power ratio 

X — Wavelength in centimeters 

P = Peak power out  in watts 

Af = Receiver bandwidth  in megacycles 

NF = Receiver noise  figure  in power ratio 

(T = Radar echo area  in square meters 

The  ranges calculated are displayed in Figure   11.    Radar echo area 
was calculated by first utilizing the two  following equations for Refer* 
ences 6 and 7: 

ITTL1 a (I) 
X 

where 

L «■ Length of wire   (assumed to be 6 feet  for calculations) 

a = Radius of wire 

X = Wavelength 

and 
, L!Lk sin «^ 

_    a X cos g sin^     X  

2 ain2^ 
(2) 

where 

^= Illumination angle measured from broadside 

Equation (I) was used to calculate only when <^ = 0°. 

The calculated radar echo areas for the  1/8-inch and l-inch cablea 
are shown on Figure  12. 

In calculating the ranges shown on Figure  11,  the or used was an aver- 
age of the radar echo areas.    The average excluded the echo areaa at <^ » 0 
and 4> ~ 90° because the change in radar echo near the  ^ =■ 0° is so rapid 
that its inclusion in the calculations would give unrealistic results.    At 
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$= 90°,  the echo area approaches infinity. 

No systems  losses were included in the calculations, but the high 
number of pulses of the radar (with a PRF of 2,000 PPS or better) would 
increase the detection range. 

There are some radar capabilities that may be utilised to enhance 
detection of the various obstacles, one of which is to use dual  (simul- 
taneous horizontal and vertical) or circular polarization. 

Detection curves  for the millimeter radar do not consider the require- 
ment for   scanning;  but  the radar is capable of a very high PRF.   and con- 
sequently a high data rate is possible with the small required field-of- 
view sector. 

A study was  initiated to determine  the problem of return  from the 
side  lobe which  is  1.6 degrees down  from the main  lobe  for the millimeter 
radar with the  1-foot-diameter dish.    During  level  flight at a   100-foot 
altitude,  the  return  from earth due  to  the  first  side  lobe would have  to 
be greater than 80 decibels above the return from an obstacle  1,000 feet 
away to obscure  it completely. 

Because of  the high  frequency  (70,000 megacycles) of the  radar,  the 
main beam is very narrow i-nd the side  lobes are very close to  the main 
beam.    This factor plus the capability of gating out any return beyond the 
required detection range should reduce the effect of extraneous return 
from the  side  lobe  to  the point where  it  is not a problem. 

Optical Radar 

An optical  radar system's capability as an obstacle-detection device 
was evaluated per Reference 9.    The  effect of changing the noise  equiva- 
lent power (NEP)  on the detection range of 1/8-inch wire and  1-inch cable 
is shown on Figure  13.    The estimated signal-to-noise ratio that can be 
obtained with the present state of the art is approximately six.    There- 
fore,  the range at which the small wire can be detected is  230 yards  for 
NEP = 10-9 and is  2,700 yards with NEP = 10-12.    The method used for cal- 
culating radar range is presented below. 

Derivation of Laser Ranging Equation 
(Reference 10) 

0 = Beamwidth 
R « Range to Target 
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AT» 

J- * px " Power on target = PQT      (3) 
B 

where 

Ax " Area of target 

Ag = Area of beam at target 

P™ = Power transmitted 

Therefore, 

AB =iL (R  . 0)2 = JL .  R2  . 02 (4) 
4 4 

TT .    RZ    .0 

PTT = POT  '  P (6) 

where 

P_T « Power on the target 

p    = Target reflectivity 

PTT " i>ower transmitted from target 
PT  . A- . 4 . P PTT - _-_E—2T     (For ^ < AB) (7) 
»r   . Rz . ö ^ 

For a point source radiating uniformly in all directions. 

Ir * -/Tn (8») 

where 

Ir = Radiant intensity 

P =■ Power radiated 

For a source radiating over a hemisphere, 

lr - J— (8b) 
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P In equation  (8b)  Is the power transmitted  from target PTT. 

So 

Pipf  =»  I-   •   2 TT 

Ir=iL_f_Ei (From Ref.  9) (9) 
Cos B 

where 

H = Radiance  flux per unit area 

B = Angle of beam Incidence on target 

p     _ 2 TT .  H  . R2 do) 
TT 

Cos B 

H = PR/ (11) 

where 

Ap = Receiving area 

PR = Power Received 

p     _    2 ff .  PR  »  R2 (12) 
11        AR    Cos B 

Equating  12 and  7, 

-  i 2 7r. PR . R2 PT  . Aj . 4 . P 

Ajl    Cos B ir.R2   . Ö2 

Solving for PR, 

P       m    PT  ' tl  ' AR   • P*  Coa B  •   2   (For Aj^Ap) 
R        "ffT     .    R4    .    02   ~~ 

(13) 

Equation  13  is a general equation where the target area  (AT) is 
smaller than the area of beam at target  (A3).    If Aj. is equal to or larger 
than Ag,  then 

P0T - PT (14) 
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Therefore, from equation 6 , 

PTT = PT * P (15) 

Equating 13 with 12, 

Solving 16 for P , 

2 77. PB . R2 

PT .P=  (16) 
1 AR . Cos B 

PT . P . An . Cos B , 
PR = -I J  (For AT>AB) 

2 TT . R' 

(17) 

Equations  13 or  17 should be modified by the  following attenuation 
and efficiency factors: 

1. Atmospheric attenuation 

2. Transmitter efficiency 

3. Receiver efficiency 

These  factors are all  less than one and should be multiplied by the 
numerator of the equation.    The product of these three factors would have 
to be  less than  .13 before the  2,500-yard detection of the   1/8-inch cable, 
shown in Figure  13,  could be reduced to  the required  1,000-foot detection 
range.    The parameters that were utilized to calculate the  ranges shown 
in Figure  13 were as follows: 

Pp = Power received 

PT = Power transmitted = 1 kw 

P   = Target reflectivity = .1 

TR = Receiver efficiency ■ .7 

AR = Receiving area =   n     (3-Inch optics) 
64 

0=3  tnllliradlans 

Efficiency of transmission through the atmosphere was considered to 
be 1.0 for these calculations. 

Background radiation that appears as noise to the receiver is not 
considered in the calculation of the radar detection range. It is real- 
ized chat the noise from the background may contribute a large signal 
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during landing when the radar has the earth as a background; however, 
during level  flight the range to ground Is greater than the range to ob- 
stacle, and It may be possible to gate out the majority of the background 
noise. 

The detection range calculations have not considered any requirement 
for scanning to accomplish the required angular coverage of the obstacle- 
avoidance system. However, the sector to be scanned is small enough that 
the pulse rate of 300 PPS will furnish data at the rate required by the 
perfor.nance of the various Army aircraft. This pulse rate is well within 
the state of the art and does not require water cooling of the  Laser. 

Figure   13  shows detection range  in yards versus  signal/noise  for 
three receiver noise equivalent powers   (NEP).    These  three curves were 
calculated by utilizing equation  13 and substituting NEP for power re- 
ceived.    The other parameters used in the calculations are as   listed in 
the text. 

Passive Sensors 

Passive  sensors are those  that make use of the natural radiation 
emitted by or reflected from objects within the  sensor  field of view. 
Passive  sensors  in the microwave,   infrared, and visual  ranges of the 
electromagnetic  spectrum are of interest.    In each case  the  sensor pro- 
vides a "picture" of the scene that it views, but the characteristics of 
these "pictures" vary markedly from one case to another.    For example,  the 
resolution of a microwave radio-metric sensor is significantly poorer than 
the' unaided eye, while that of a  television sensor can be better than the 
unaided eye. 

The chief military appeal of passive sensors is the  fact  that they 
are not detectable.    A basic drawback of this class of sensors is that 
direct range  information (such as given by a radar system) is not obtained 
for the various objects in the  scene.    Alternatively, one can conceive of 
passive sensors which obtain range  information indirectly by stereoscopic 
or parrallax effects.    However,   these would involve highly  sophisticated 
processing of  the sensor images and are not practical for near-future 
systems. 

Without range information,  obstacle detection must be based on recog- 
nition of the object within the viewed scene.    Since automatic obstacle 
detection is desired,  the problem is placed in the realm of automatic pat- 
tern recognition, which at present  is only in the exploratory research 
stage.    In addition,  the passive  sensors investigated are hampered by 
variations in obstacle/background contrast, as noted in Table 23 in Ap- 
pendix II. 

In view of their severe limitations as obstacle detection devices, 
it Is of  Interest to consider whether passive sensors may have some use- 
fulness  in providing situation displays once an obstacle has been detected. 

50 



In this role, passive sensors might supplement the capabilities of the un-
aided eye in bad weather (through microwave radiometry), at night (through 
infrared radiometry or low-light-level television), or in clear daylight 
(by providing improved resolution through a televesion sensor). The use-
fulness of a situation display in the obstacle-avoidance situation will 
depend primarily upon the field of view and the resolution. Earlier con-
siderations indicate that an angular field of view 10 degrees by 10 de-
grees would be adequate. Similarly, the ultimate goal in resolution 
would be k, inch at a distance of 2,000 feet. By comparison, all-weather 
microwave radiometry could typically provide a resolution of 30 feet at 
a range of 2,000 feet, being limited by antenna size and wavelength. This 
would give only a very coarse picture, useful for major terrain features 
and large structures. Infrared and conventional television sensors would 
give much improved resolution, typically 2 feet at 2,000 feet; this is 
comparable to r.aked-eye resolution. To approach the potential for dis-
cerning distant wires, it is necessary to consider very-high-resolution 
TV techniques now under development. These will provide a capability for 
an 8,000-line picture in the near future, thus giving a theoretical reso-
lution of \ inch at 2,000 feet with a 10-degree by 10-degree field of 
view. The practical difficulty encountered here, however, is one of sen-
sor stabilization, since this ultimate resolution will be "washed out" by 
very slight motions of the sensor optic axis. In a high-vibration environ-
ment, resolution improvements much beyond naked-eye capability will require 
costly stabilization techniques. In any event, the use of an auxiliary 
pictorial display appears to be incompatible with the demands already im-
posed upon the pilot by low-level operations under hazardous conditions. 

The one application of passive sensing to the obstacle-avoidance 
problem which appears worthy of further investigation is that of an aux-
iliary sensor for alignment of an active (radar) obstacle detector with 
the flight vector. The basic approach would be to make use of flight-
direction information inherent in the relative motion of various objects 
within the scene viewed by the passive sensor. This is discussed in more 
detail in the section on sensor alignment by passive systems. 

SENSOR ALIGNMENT 

The need for sensor alignment is emphasized by comparing the rela-
tively low flight speeds of Army aircraft with probable crosswinds. For 
example, a crab angle of 30 degrees is required to fly at 60 knots in a 
30-knot crosswind. Therefore, it is necessary to align the sensor with 
the flight path so that its field of view can be kept to a minimum. This 
permits maximum sensor resolution using minimum power. Angle of attack of 
the aircraft will vary between 5 degrees and 20 degrees, indicating a need 
for sensor alignment vertically as well as horizontally. 

In the case of helicopters, the requirement for pointing the sensor 
becomes more complicated than for a fixed-wing aircraft because of the 
helicopter18 capability to fly in almost any direction or to hover. A 
rethod of sensor stabilization is required for the sensor to observe 
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obstacles that are along or near the flight vector of the aircraft and 
thus- to avoid collision with them. 

Slaving of sensor  line of sight to aircraft  velocity vector can be 
accomplished by using signals of pitch,  roll,  and azimuth from a  stable 
platform along with indications of angle of attack and drift angle  from 
various airflow type  sensors and some type of ground velocity sensor.     To 
facilitate use of these   signals,  some form of gimbal  drive system must  be 
available to position  the  sensor. 

Various stable platfoms   (gyrocompass or inertial navigation systems) 
are currently available and capable of providing  the outputs of pitch, 
roll,  and azimuth. 

A  typical example  of one  of the better gyrocompass  systems  is  the 
SYP-820,  described in Reference   10, with an in-flight verticality of  1 
degree R.M.S. and total  system weight below 30 pounds.    Total volume of 
the  system is approximately  .44 cubic foot and power required is  100 volt- 
amperes.    This system is more  than adequate to  supply the required inputs 
for  sensor stabilization,  and  suitable angle-of-attack sensors are current- 
ly available. 

A doppler radar navigation  sensor can,  by calculating the three vec- 
tor components of aircraft velocity, obtain the  resultant velocity vector 
of the aircraft with respect to an aircraft coordinate system.    This  in- 
formation can be utilized by a  computer to direct  the obstacle-avoidance 
sensor  to point along  the velocity vector of the aircraft.    This system 
will not  require  inputs  from a   stable platform unless pitch and roll 
stabilization of the doppler antenna is  required  to  insure the beams al- 
ways  striking the ground under the aircraft,  to  insure an adequate return 
to  the  receiver. 

Several doppler radar navigation sensors are  presently available  that 
have  the capabilities  required  for this  type of utilization.    Laboratory 
For Electronics and Canadian Marconi both are developing or have developed 
systems capable of performing this function.    A typical one is the 600 
series of L.F.E.  described in Reference  11.    It  is expected that growth 
potential  (5 years) will  produce a system weighing  18 pounds,  being  .7 
cubic  foot in volume,   operating on only 90 watts of power,  and approaching 
a  predicted Mean Time  Between Failures  (MTBF) of  10,000 hours.    The 
Canadian Marconi  system is described in Reference  13. 

The inertial navigation system also has the capability of determining 
the velocity vector of the aircraft.    Several  inertial  systems are avail- 
able or can be made available  in the near future.     One of the systems  to 
fill  this role is  the   low-cost  inertial  system  (LCI) of General Precision, 
Inc.,   in Reference  12.    The  system will weigh 20 pounds and will have a 
volume of f% cubic inches.    Power required is 55 watts. 

It  is possible  for the pilot  to manually point an obstacle-avoidance 
sensor along the estimated  flight vector.    However,   the errors which can 
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accumulate during busy flight periods tend to  Increase the detection-range 
and field-of-vlew requirements of the sensor to a point well beyond  the 
current state of the art. 

The changing scene viewed by a passenger In a moving vehicle provides 
Information regarding the  direction of motion of the vehicle.    It  Is  there- 
fore of Interest  to  consider the ways In which a passive sensor might make 
use of this  Information.     First, however, a quantitative description of 
the directlon-of-motlon cues given by the apparent angular motions of ob- 
jects is needed.    This can be provided most concisely by a vector analysis 
of the situation. 

Let V be the velocity vector of the aircraft,  and let R be the posi- 
tion vector  (at a given  Instant of time) of an arbitrary object with re- 
spect to the aircraft.    Then the time-derivative of this position vector, 
for an object in the  forward hemisphere,   is  the negative of the velocity 
vector: 

-V= dt  ÖÖ (18) 

To  treat apparent angular motion separately,   it  is convenient to express 
the vectors as products  of a magnitude   (R or V) and a unit vector  (r or v) 
in the appropriate direction.    Then 

. VV =f- (r R) = R 5_  (r) + r f-R (19) 
dt dt dt 

The quantity of  interest  is the TT^),  the rate of change of direction 
to the object: 

d_ (r) = - I   ±.(R)  - V_0 (20) 
dt R    dt R 

Since - 4? (R) is equal to (v . r) V, the component of V along R, we have 

j  .A.  v I A „A  A .  AI _ ^ 
4-  (r) -jf-lr (v . r) - vj (21) 

This expression gives the direction and rate   (in radians per second) of 
apparent angular motion of the object as viewed from the aircraft.    The 
angular rate is a function of aircraft speed,  range to the object,  and 
direction of the object with respect to the velocity vector.    The direc- 
tion of angular motion is  in the plane of V and IT.    This demunstrates, 
as expected,  that when the field of view is projected onto a plane, all 
objects appear to move radially outward from that point which represents 
the direction of motion.    For that particular point, v . r is unity (since 
the unit vectors are parallel) and there is no angular motion,  i.e., 
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^ (r) = 0 (22) 

To illustrate the  large variation in angular rates encountered,  con- 
sider an aircraft in   level  flight at 90 knots  (150 feet/second) at an 
altitude of 100 feet.    Objects passing directly beneath the aircraft 
(v  .  r = 0) have an apparent angular rate of  1.5 radians per second.    On 
the other hand, objects on  level terrain one-half nautical mile ahead of 
the aircraft   (v  .   ^ =  1 -       1    ) have an apparent angular rate of only  .03 

1800 y 

railliradian per second.    This shows the difficulty inherent in  sensing 
apparent motion of objects close to vhe projected flight path. 

A passive alignment device would operate  by automatically identify- 
ing the point corresponding to zero angular motion.    One approach would be 
frame-to-frame comparisons,   using signal  subtraction to erase all objects 
with apparent motion,   leaving only the object along  the flight direction. 
Difficulty is encountered when that portion of the   field of view in  t\.i 
vicinity of the flight direction contains no discernible objects. 

An alternative approach would make better use of the information 
provided by objects which do have apparent angular motion.    As noted 
earlier,  the angular  rates  of various objects are unpredictable   (especial- 
ly  in rugged terrain,   for example) because of  the  range dependence,  but 
the directions of motion are all radially outward  from the direction of 
flight.    Hence,  one might use several pairs of detectors in the  sensor 
image plane,  the pairs  lying in various planes containing the sensor 
optical axis per Figure 14.    When the optic axis is aligned with the ve- 
locity vector,  objects which pass across one detector of a pair will a 
short time later pass across the other member of the pair farther from 
the optic axis.    A continuous comparison,  by  signal cross-correlation of 
the outputs,  of a given detector pair could then establish whether the 
sensor is properly aligned.     The arrangement  is  illustrated for the  simple 
case of level flight over flat terrain.    The accuracy,  response speed,  and 
assurance of operation  for various scene content would improve as the 
number of detector pairs is   increased;  however,   the  complexity of the  sig- 
nal processing circuitry would also be increased. 

Some simplification can be achieved by reducing the capability of the 
passive sensor to  that of drift angle measurement only.    In that case,  the 
sensor's field of view would be centered below the aircraft and the pairs 
of detectors would be along parallel  fore-uft  lines.    This tensor would 
be an automatic version of the usual manual drift  sight.    Its usefulness 
stems from the fact that drift angle,  caused by steady-state horitontal 
wind,  is the largest unknown In the velocity-alignment problem.    The 
other unknown, angle of attack, can be measured with sufficient accuracy 
by an air data sensor,   since  steady-state vertical winds are rare In the 
low-altitude situations of Interest here. 
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a)    Sensor Misaligned 

b)    Sensor Aligned 

mm 
x = direction of flight 

o = sensor optic axis 

• = detector  locations in field of view 

FIGURE 14.   PASSIVE SENSOR OPTICAL ALIGNMENT 
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In summary, the study of passive optical alignment techniques has 
not boen pursued to the extent that a definitive statement regarding 
feasibility can be made.  However, the concept does appear worthy of 
further investigation. 

DATA PRESENTATION TO PILOT 

Presentation of an obstacle warning to the pilot can be auditory, 
visual, or, perhaps, both.  The warning should be clear and unambiguous 
to allow time for an avoidance maneuver. 

Visual 

During most phases of   flight, an  Illuminated warning light  is readily 
discernible by a trained pilot.    However,   some  flight phases require  that 
the pilot's attention be concentrated outside  the  cockpit.    It is during 
these  times within the mission profile that a pilot can be unaware that an 
unsafe warning light  is  on. 

Another consideration  concerns the  time  required to interpret  the 
meaning of the  light.    When  the  light comes on,  the pilot  first  has  to 
perceive it.    Then,   he must  decide the action  to  take as well as  initiate 
this action.    A  steady or  flashing light  activated by a sensor does not 
give  the range information necessary for optimal maneuvers.    A "barber 
pole"  type indication  could be instrumented  to imply a range value.     CRT 
and/or pictorial presentations require continuous monitoring on  the part 
of  the pilot and would not be suitable displays  for low-altitude VFR  fly- 
ing when the external viewing requirements are  so high. 

Reaction time to visual warning lights during stressful flight 
operations increases and is described graphically in Figure  13.    Consid- 
eration of the low experience  level of the pilots  involved in the obstacle 
strikes analyzed indicates  the great value of a  simplified warning pre- 
sentation.    The trainee with under 100 hours of flight time is in the 
process of developing patterns of response  to complete stimulus  situations, 
but  coordination and  timing are still uncertain and reaction times are 
long.    Rather than being controlled in  large part by automated response, 
the  trainee* s performance  is complicated and confused by many minor de- 
cisions.    Thus,  he is  in the process of  learning precision and coordina- 
tion of movements,   serialization of responses,  and the perceiving of 
larger blocks of  information per unit of time.    At  this stage of  learning, 
a visual indicator  requiring perception and interpretation may create a 
task marked by considerable  subjective confusion,  and may interfere with 
the  required response.    This  lack of temporal  integration of the processes 
of perception, medic.tion,  and response  reaction will be improved with 
training experience.     However, obstacle  strikes remain a real possibility 
until the trainee has reached an effective  level of information processing, 
decision making,  and response initiation. 

Another problem especially acute in helicopter operation is vibration, 
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which can excite Che  instrument panel,  the pilot's body,  and his head at 
different resonant frequencies, with serious impairment of visual acuity 
and perception.    In contrast,  the aural  sense, as utilized by a voice 
warning system.  Is relatively unaffected.     In fact, with a voice warning 
system,  there  Is no appreciable  loss of effectiveness with vibration, 
buffeting,  eye orientation,  load factor,   light glare and/or modulation, 
noise or other environmental phenomena.    Further, there  Is no  learning 
period required to Interpret a voice warning.    Minimal use of voice warn- 
ings results in word    associations, which further reduce response  time. 

Due to  reaction times associated with visual warning systems,  the 
level of experience  of the trainee,  and the perceptual and evaluative re- 
quirements of a  light or barber pole display, it appears that an auditoty 
system could facilitate a reduction of obstacle strikes.    If,  however, a 
visual  system were required,  it  is recommended that the barber pole dis- 
play be placed in the crew station within the range of the pilot's periph- 
eral vision. 

Auditory 

Several  considerations are  important  to the selection of an auditory 
warning system.    The  temporal Integration problems of the trainee associ- 
ated with visual warning systems also apply to the use of a bell or buz- 
zer.    Under the stress of the training situation, the auditory signal, 
although reducing reaction time  in general, may go unnoticed or unper- 
celved by the trainee.    It may also be confused with landing gear/stall 
warning systems and create a subjectively confused situation during inter- 
pretation and selection of response.    In addition, these  systems do not 
include ranging information unless pitch or loudness are varied,  in which 
case additional interpretative processes would be required by the pilot. 

The most efficient warning system would be the recorded voice warning. 
A comparison of pilot reaction tine and sequence with visual and voice 
warning systems is presented below. 
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WJtNINC 

PEICtmON 
.3 SECONDS 

i SEC TO SS KIN 
SCAN INTUVAL 
AND/01 UAOOUT 

SCAN 

1 UCOCNITION 
2.} SECONDS 

LICHT HUNINC 
BESrONSt      12 SEC 

TO OVBI IS HIN 

1 
uoocnriON 

1.0 SEC 

UMEDIAL 
ACTION 

^^ IEACTI0N TIMI 
.2 SECONDS 

i 
nmmrtATio* 

2.0 TO 4.0 
ncoNDt 
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Additional Incidence on recorded voice warning systems was obtained 
on F-100F studies.    Response times to visual  indicators alone averaged 
44.05 seconds.    Response times to  identical  situations presented verbally 
averaged 2.93 seconds.     Of particular interest was the difference between 
these two systems  for various mission segments as shown in Table  13. 

TABLE    13 

C0HPARIS0N OF RESPONSE TIMES TO VISUAL AND VERBAL WARNING SIGNALS DURING 
VARIOUS  FLIGHT PHASES   (ALL RESPONSE  TIME  FIGURES ARE  IN SECONDS)* 

FLIGHT PHASE AVG & RANGE OF VISUAL AVG & RANGE OF AID 
RESPONSE TIMES RESPONSE  TIMES 

Climb Out Avg.     23.82 Avg.     2.92 
R.     1.8 -  278.8 R.     2.8 -   5.8 

Cruise Avg.     7.13 Avg.     2.78 
R.     1.9 -   57.4 R.     1.8  -   4.6 

Penetration Avg.     67.19 Avg.    2.89 
R.     1.8 -  762.4 R.     2.1 -  4.9 

Low Level Avg.  128.27 Avg.  3.03 
R.  1.8 - 622.1 R.  1.8 - 6.6 

♦TAC-TR-62-20 Reference 4 

It is seen that the average response time is quite sensitive to the 
pilot's outside workload. 

In the training environment, it appears necessary to present the 
trainee with information that he will readily perceive, understand, and 
react upon. A voice warning system not only could alert the trainee to 
potential dangers but c<->uld spell out action required to avert a mishap. 
In general, the system would not be affected by: 

1. Trainee preoccupation with other tasks 

2. Cockpit lighting and glare 

3. Vibration and acceleration effects 

4. Concentration on "out of window flying" 

A voice warning system could minimise the pilot reaction time, and 
corrective action could be taken concurrently with operational task 
learning. In the case of helicopters, the environment presents vibration, 
modulating light, high noise levels, and conditions which materially in- 
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crease  fatigue and degrade visual perception.    It has been demonstrated 
that pilots react  to auditory signals even after they have  lost  their 
ability to respond to visual  stimuli. 

The voice warning system would also alleviate the phenomenon of 
fascination, particularly In training, which results  from overconcentra- 
tlon (fixation) on some Instruments or tasks and produces a  state of nar- 
rowed attention with  loss of voluntary control over response. 

In conclusion,  the voice warning  system has the  following advantages: 

1. Relieves  the pilot tad/or crew of the constant monitoring of a 
cautionary warning-light or visual presentation. 

2. Increases  the probability of  signal detection by using an ad- 
ditional  sense modality. 

3. Insures crew perception of warning;  signal not affected by cock- 
pit vibration or by glare of high-altitude sunlight or modulating 
light  in rotary-wing applications. 

4. Improves combat effectiveness;   faster crew reaction to hazards 
gives greater confidence in ability to operate at  low altitudes 
when following unfamiliar terrain. 

EVALUATION  OF PROPOSED CONCEPTS 

Landing Aid 

Evaluation of the different system concepts is based on an estimate 
of the number of    predicted obstacle  strikes which each would prevent, 
along with estimates of size, weight,  power consumption, and maintenance 
requirements.    The  statistics show that 32 percent of the Impacts occurred 
during the  landing phase.    Therefore,   the upper limit of th.« value of a 
landing aid system,  if it were  IGO-percent effective, would be to elimin- 
ate approximately one-third of th« total obstacle strikes.    A  limitation 
on the effectiveness of the  landing aid  lies in the use of landing areas 
which are not equipped with the glide  slope devices.    Rotary-wing aircraft 
particularly are expected to operate  from fields which are devoid of any 
landing aids much of the time.    If half of the aircraft operation it into 
these primitive areas,  then landing aids Installed at the heavily used 
Army airfields could eliminate one-sixth of the  low-altitude obstacle 
strikes. 

Trained Observer 

The evaluation of a trained observer as an obstacle detection system 
is based on the advantage offered by dual  search. 

The statistics on low-altitude obstacle impacts show that th« pilot 
causes are  largely: 
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1. Pilot  failed to  see the obstacle. 

2. Pilot misjudged distance,  altitude,  or position. 

The impacts are divided between these  two cause  factors as shown 
below: 

PERCENTAGE 

Failed 
To See 

Misjudged 

Of Tree Strikes 

Of Wire Strikes 

26 

71 

53 

33 

Of Total Strikes 39 47 

Since 40 percent of  the obstacle  strikes are attributed to the 
pilot's failure to detect  them,  it  follows that  in 60 percent of the 
collisions,  he had detected the obstacles but  collided with them for some 
other reason.    The pilot also detected and avoided some unknown number of 
obstacles. 

The probability that a pilot detects an obstacle can be expressed by: 

P =      EJUt  
x + y + t 

where   x = number of obstacles pilot sees and avoids 

y = number of obstacles pilot sees but does not avoid 

z = number of obstacles pilot fails to see 

From the data, y = .60 (y + E); 

therefore. 

(23) 

x + .60 (y + z) w + .60 

x + y + t w + 1.0 
(24) 

where   w = 
y + z 

It can be seen from this equation that the probability of the pilot's 
detecting an obstacle is greater than .60 according to the number of ob- 
stacles that were detected and avoided. If it is assumed that both pilot 
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and observer have equal detection probability of .60, then from Figure 9, 
the combined probability of detection is .84. Therefore, by the use of a 
trained observer to assist the pilot in all low-altitude operations, the 
obstacle strikes should be reduced by at least 24 percent. 

As seen on the above tabulation, pilot errors in judgment account for 
47 percent of the obstacle strikes. It is expected that the observer 
would be trained to aid the pilot in the judgment of distance, or position, 
with a corresponding reduction cf such impacts. However, a quantitative 
evaluation of this capability is not possible with the data available. 

Another advantage of the trained observer concept lies in its ease 
of implementation. No aircraft modifications are required. 

Radar Concept 

An active  radar obstacle-avoidance  system is a  feasible method of 
detecting obstacles  in  low-altitude  flight.    The passive  sensors require 
target/background contrast or heat differentials  to obtain detection.    As 
noted in the  situations in Table 24 of Appendix II  in this  report,  the 
contrast  is often  insufficient  for detection. 

The main drawback to the active  sensors is their  requirement  for com- 
ponents  in order to become a complete obstacle-avoidance system.    Compo- 
nents  required are a velocity sensor,  a computer,  a method of stabiliza- 
tion,  and some  type of a presentation   (either visual or aural). 

The optical  radar has the capability of detecting  1/6-inch wire at a 
range   far greater  than that  required by the fastest aircraft programmed 
for the Army inventory.    The weight of the   laser is estimated as  70 pounds 
in  1-cublc-foot volume, and the power required is approximately 3 kilo- 
watts. 

As  shown  in Figure  11,   the detection capability of the millimeter 
radr.r  is marginal  against the  1/8-inch wire with the  1-foot-diameter dish. 

Both the   laser and the millimeter radar require  stabllltatlon and 
continuous alignment.    The alignment method which appears to be most prac- 
tical  is the inertlal platform with accelerometers, and Integrators to 
locate  the aircraft velocity vector.    The  inertlal platform system is 
estimated to weigh  20 pounds in   .3 cubic  foot and to use  55 watts of 
power. 

The presentation of the obstacle warning to the pilot must be unmis- 
takably clear and concise.    The pilot must be made aware of the existence 
of an obstacle  in as short a time as possible, without ambiguity or con- 
fusion.    The presentation methods studied are:    a flashing panel  light 
which would fall within the pilot's peripheral vision, a horn or butter, 
a voice recording,  a pictorial display on a cathode ray tube,  and a digi- 
tal data display on the Instrument panel.     Instrument panel displays are 
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considered incompatible with  low-altitude  flight because of the demand 
for the pilot's attention outside the cockpit, on the terrain ahead, along 
the  flight path.    The time required to divert the pilot's attention from 
the  flight path to the instrument may be prohibitive.    An auditory signal 
does not require  the diversion of visual attention even momentarily and is 
therefore considered superior for this application. 

VISUAL VERSUS  RADAR DETECTICH 

In comparing visual observation with radar or other sensor systems, 
the conclusion reached is that they must  augment each other.    Ihe  capabil- 
ities,   limitations and other factors concerning sensor equipment are dis- 
cussed elsewhere  in this report.    From the examination of visual  capabil- 
ities,   it appears  that  first consideration most be given this area,  the 
trained observer concept, as a means of  reducing in-flight obstacle im- 
pacts. 

Some   limitations in respect  to visual detection where electronic 
sensing would augment the eye may be considered from the  following.    The 
eye,  when searching systematically,   tends  to  look  in one  field in a 
specific direction  for a short period of   time  (about a  second).     In this 
time  interval several fixations occur,  and then the eye  skips  to a new 
line of  sight.    The direction frequently differs  from the previous   line of 
sight by as much as  1C degrees.    The eye  can resolve  distant objects, 
under normal conditions, only within an area of about  1 degree.    The dis- 
tant  coverage pattern for visual  search  tends to be ragged.    Due  to the 
broad  lobe of peripheral vision at shorter ranges,   larger objects off the 
direct  line of sight are readily detected,  but there  is a considerable 
probability that  small objects at   long range will  be passed over. 

Radar scans continuously and does not experience the gaps in coverage 
that  the eye does.     Its rate of scanning  is considerably higher than that 
of the eye,  and of course radar is uninhibited by obscurations  to visibil- 
ity.    These  things taken together support  the use of detection    devices 
to augment normal visual means. 
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VI.    AIRCRAFT DESIGN IMPLICATIONS 

The obstacle-detection systems  discussed previously  In this report 
are:     the glide-slope  landing aids,   the copilot observer,  and the elec- 
tronic sensors.    The optical  landing aids do not require any equipment to 
be installed in the aircraft,  but the Honeywell terminal  approach system 
requires an airborne radio receiver and a cockpit  instrument display. 
The radio system is operable over a much greater range than either the 
"mirror"   system or  the  "rainbow"   landing aid,  by approximately a factor 
of five. 

The use of a trained observer  for obstacle detection  during low- 
altitude  flight may require.little or no aircraft modification.    It   is 
expected that the copilot position would normally acconmodate  such an ob- 
server and meet all  the  requirements  for visibility.    The copilot's cock- 
pit tasks would net normally conflict with  low-altitude observation and 
obstacle-warning activity. 

The use of an electronic warning system for low-altitude hazards 
presents problems of installation  in current and programmed future Army 
aircraft.    The most practical mounting is an external pod mounting on the 
bottom of  the  fuselage.    A radar antenna requires  swivel mounting to meet 
scanning requirements,  and the external pod offers the simplest solution, 
with the aircraft power supply transmitted through a small pylon.    The 
radar system components can all be  packed into a  single pod to make the 
unit interchangeable  for different aircraft models. 

Obstacle-avoidance system installation would probably be a very sim- 
ple matter if the aircraft  is designed for IHAAS or ILLAAS.    Since navi- 
gation systems and terrain-following systems perform many of the functions 
required of an obstacle-avoidance  system,  integration of  the obstacle- 
avoidance  system with the other avionics units should present  little in 
the way of installation problems. 

To  summarize, aircraft design changes are required only for the radio 
type glide slope system and for the radar obstacle detection system. 

The procedural analysis,  as noted, disclosed no procedural problems 
which might be corrected by aircraft modification. 
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APPENDIX    I 

ACCIDENT STATISTICAL ANALYSIS 

The statistics  surveyed in the analysis covered all the known Aray 
aviation tree strikes and wire strikes extending approximately from the 
begitming of FY 1965.    No data were provided on the character of the 
total pilot population or on the hourly, weekly, and monthly distribution 
of  flight hours for different models of aircraft.    Accident statistics 
by themselves  lead only to  intuitive conclusions and require comparison 
with other types of data  for complete evaluation. 

CARGO AIRCRAFT 

Figure   16  shows the rate of occurrence of obstacle strikes per 
100,000 flight hours  for cargo type aircraft.     The CH-21 and CH-3A rotary- 
wing aircraft  show a  significantly higher rate  than the CV-2A/B fixed-wing 
aircraft.    It  is seen that  the later-design cargo helicopters, CH-37 and 
CH-47,  have encountered no  tree strikes or wire  strikes in the flight 
hours  shown. 

UTILITY AIRCRAFT 

Figure  17 shows the rate of obstacle strikes  for utility type air- 
craft.    The rotary-wing aircraft, UH-19 and UH-1,  have higher rates than 
the   fixed-wing aircraft, U-1A and U-bA.    However,   the UH-1 has  less than 
half the rate of the UH-19.    The UH-19 and the U-6A show a slight down- 
ward trend with experience, while the UH-1 is  stable and the U-1A rises. 
These rates appear to reflect the more hazardous operations associated 
with  low-flying helicopters. 

OBSERVATION AIRCRAFT 

Figure  18  illustrates the rate of obstacle  strikes suffered by ob- 
servation type aircraft.    The OH-13 has approximately three times the rate 
of  the other aircraft,  both  fixed-wing and rotary-wing. 

TREE AND WIRE STRIKES  PER MODEL AIRCRAFT 

Figures  19 through 24 show the separate rates of tree strikes and 
wire strikes for the rotary-wing aircraft being studied.    The tree strikes 
invariably occur at a higher rate than the wire  strikes, and the UH-19 
appears to have the highest tree strike rate, while the OH-13 has the 
highest wire strike rate.    Of the rotary-wing aircraft,  the UH-1 appears 
to have the  lowest wire strike rate and the OH-23 has the  lowest tree 
strike rate. 

From Figures 25 through 29,  it can be  seen that the OV-1 has the 
highest rates of both tree  strikes and wire strikes of the fixed-wing air- 
craft.    The manner in which the aircraft missions are flown probably is 
the  largest  single contributing factor.    The  rates are suramarited in 
Table  7. 
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TABLE 14 

FIXED. -WING AIRCRAFT ACCIDENTS BY  CLASS 

INCIDENT MINOR DAMAGE SUBSTANTIAL 
DAMAGE 

TOTAL LOSS 

TREE STRIKES 
(T)0.1A,E 89 41 32 40 

0V-1A,B 6 1 1 3 

U-lA 0 2 1 U 

U.6A 7 5 10 7 

U-8D,F - - 1 1 

CV-2A,B 4 1 1 - 

C-126 . . 2 

WIRE STRIKES 

(T)0-1A,E 29 

0V-1A,B 27 

U-lA 1 

U-6A 4 

U-8D,F 1 

CV-2A,B 3 

C-126 

15 

1 
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TABLE     15 

ROTARY-WING AIRCRAFT ACCIDENTS  BY CLASS 

INCIDENT MINOR DAMAGE SUBSTANTIAL TOTAL LOSS 
DAMAGE 

TREE  STRIKES 
OH-13 73 22 47 20 

OH-23 46 2 21 2 

UH-1 37 - 11 9 

UH-19 53 7 6 5 

CH-21 12 6 37 3 

CH-34 38 10 10 8 

CH-37 3 - 3 1 

CH-47 1 1 m 1 

WIRE  STRIKES 

OH-13 30 

OH-23 24 

UH-1 3 

UH-19 5 

CH-21 11 

CH.34 8 

CH-37 • 

CK-47 m 

21 

4 

2 

2 

4 

35 

17 

5 

3 

2 

3 

29 

7 

2 

5 

2 

1 
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ticularly to the time of day. The peaks at 9 a.m. and 2 p.m. are probably 
the hours of highest aircraft usage. The period after 8 p.m. and before 
7 a.m. involves a very limited amount of aircraft operation and with re-
duced low level operation, impacts occur mainly during takeoff and landing. 
Intuitively, it is expected that the accident rates would increase with 
darkness and reduced visibility, but the data on flight hours are not 
presented according to the time of day so no correlation with time of day 
is possible. The only information that relates daytime/nighttime aircraft 
operation is the U.S. Navy statistics, which show that night carrier 
landing accidents occur at 3 to 5 times the rate of day carrier landing 
accidents. 

PHASE OF OPERATION 

Trees constitute the greatest hazard to low-level flight primarily 
because of their greater frequency of occurrence in nature as opposed to 
man-made obstructions such as wires. Obviously a wire is more difficult 
to detect visually and in sufficient time to take evasive action. This 
is particularly applicable to higher performance aircraft such as the 
OV-1. Obscurations to visibility and viewing against ground rather than 
sky backgrounds serve to compound the problem. As seen on Figure 36, 
fixed-wing aircraft collisions with trees occur principally during the 
landing phase, with a comparatively even distribution of accidents being 
spread over the takeoff, in-flight,and go-around phases of flight. Rotary-
wing aircraft tree strikes appear to follow an even distribution for all 
phases including the hover phase. In respect to wire strikes, both types 
of aircraft have a similar pattern of accident distribution, with the 
preponderance of helicopter collisions being experienced in the in-flight 
phase. 

Figure 36 shows that 25 percent of the rotary-wing impacts with trees 
or wires occur during the landing phase and that 50 percent of the fixed-
wing tree strikes and 35 percent of the fixed-wing wire strikes occur 
during landing. It appears, therefore, that a glide slope indicator could 
reduce these landing accidents by a significant nunber. 

PILOT CAUSE FACTORS 

The distribution of the tree strikes and wire strikes over the re-
corded pilot cause factors are shown in Table 16. It is apparent that two 
of the listed pilot cause factors account for 50 percent, or more, of the 
occurrences in every one of the four accident categories. These two major 
cause factors are: (1) pilot misjudged distance, altitude, or position, 
and (2) pilot failed to see object. The errors in judgment are much more 
frequent in the tree strikes, while the wire strikes were more often at-
tributed to lack of visibility. This again indicates a need for addition-
al positional information while flying in close proximity to trees, and 
for a visibility aid during all low-altitude flight. Further examination 
of the "misjudged" factor shows that the two subfactors occurring most 
frequently, other than "undetermined", are: 
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1. Low In landing approach 

2. Used poor landing technique In general 

It Is Interesting to note that none or very few occurrences of tree 
strikes or wire strikes were attributed to: 

1. improper instrument procedures 

2. Exceeding stress   limits 

3. Becoming  lost 

4. improper use of miscellaneous equipment 

5. Improper use of,  and/or inattention to,   fuel  system 

The very  low frequency with which these  fact:rs occur as causes would 
tend to validate  training procedures  in  Instruments,   flight maneuvers, 
navigation, and the use of on-board equipment. 

OTHER PERSONNEL CAUSE FACTORS 

In the category of otherpersonnel as contributors to collision ac- 
cidents,  the  largest  percentage,  50 to 60 percent,   are  in the  supervisory 
category.    As seen in Table  17,  the next significant  category of other 
personnel are found to be  in the administrative  field.    Those personnel  in 
supervision appear to  be amenable to  simple correction and could be a 
source of reduced accident occurrence.     For example,   insuring that  current 
NOTAMS are available,   that approach patterns  to air  facilities are  cleared 
of all obstructions,   that hazards are clearly marked,  and that proper 
flight preparations are executed, are typical areas in which Improved 
supervision would pay dividends. 

It  is noted  from Table  17  that none of  these accidents are due  to 
enemy personnel.    No  data were available on combat  losses or the effect of 
combat conditions on tree  strikes and wire  strikes. 

MAJOR COMMAND 

The  tree  strikes and wire  strikes were examined to evaluate  the  rela- 
tive differences of operational areas.    Table   18  shows the recorded im- 
pacts  for each numbered Army area, overseas command,  and aviation school. 

The Third Army area  has the greatest number of  rotary-wing tree 
strikes,   rotary-wing wire  strikes, and  fixed-wing  tree  strikes.    USAREUR 
has  the highest number of  fixed-wing wire  strikes.    No  flight hours data 
were available to compute  impact rates  for each area and aircraft model. 
Since  tree strikes and wire  strikes are a direct   function of  the number of 
operational aircraft,  Table  19 shows  the aircraft deployment by model and 
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cninroand area.    The aircraft quantities  shown are as of January  1965. 

WEATHER 

Weather conditions were considered as  cause   factors  in   10 to   20 per- 
cent of the  tree  strikes and wire  strikes.     Of these,   the most  frequently 
noted conditions were:     unfavorable wind gusts,   updrafts,   turbulence, 
downdrafts,   etc;   density;   altitude;  and  rain.     From Table  20, wind   is   con- 
sidered  to be  the weacher condition most   likely  to   cause an obstacle   im- 
pact   in  low-altitude   flight and must be  evaluated   in  establishing  design 
requirements   for an  obstacle-avoidance warning  system. 

PILOT  EXPERIENCE 

Pilot  experience  correlation with obstacle  strikes shows  in Figure  37 
that   60 to  70 percent  of  the events  involve  pilots having   less  than  one 
year of experience;   i.e.,   they have  been  rated pilots,   in either   fixed- 
wing or rotary-wing,   for   less  than one  year.     From Table  21,   A0  to  60  per- 
cent  of  these  pilots were  nonrated and  30  to   40 percent were  rated only 
in   the  type of aircraft   in which the  event  occurred;   i.e.,   rotary-wing or 
fixed-wing.     Fifteen   to   twenty percent of   the  obstacle  strikes  involved 
pilots qualified  in both  fixed-wing and  rotary-wing aircraft.     Of   the 
rotary-wing obstacle   strikes,   50 to  60 percent  of   the  pilots had   less 
than   100 hours of   rotary-wing experieice. 

Most of the   remaining  strikes  involved  pilots with  less  than   1000 
hours of experience.     The   fixed-wing obstacle   strikes  involved pliers with 
less  than  100 uours  of  fixed-wing  time on   50  to   55 percent of  the  occur- 
rences.    The experience   level of the  remaining pilots   (fixed-wing obstacle 
strikes)  is  quite  evenly  distributed over   the   range   from  100 to   2000 hours, 
as   shown on Figures   3t'  and  39. 

MISSION 

Table  22  shows  that   the missions on which  the   low-altitude  obstacle 
strikes occurred an?  divided approximately   into   two-thirds  training and 
one-third administrative.     The  training mission  occurrences were   largely 
student   training and pilot  proficiency  training   (approximately  2:1).     The 
administrative missions  were   listed as   "undetermined"   or  "transportation 
of  personnel"   (approximately 3:1).     "Test   flights"  and "other" missions 
were  involved  in a   few of  the obstacle   strikes,   and,   as previously noted, 
no   combat missions were  recorded. 

TRAINING 

Training factors reltted to the obstacle strikes are primarily de- 
scribed as lack of experience in the type of aircraft, inadequate training 
for accident cause, and lack of emergency procedurer training or survival/ 
rescue training. 
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TABLE     21 

DISTRIBUTION  OF  OBSTACLE STRIKES 
BY  PILOT QUALIFICATIONS 

KOTARY-WING ROTARY-WING FIXED-WING FIXED-WING 
PILOT  QUALIFIED      TREE  STRIKES       WIRE  STRIKES     TREE   STRIKES    WIRE  STRIKES 

Fixed-Wing Only 9 8 72 18 

Rotary-Wing  Only 152 63 3 - 

Combination 96 48 33 7 

Nonrated 327 94 122 18 

Total 584 213 230 43 
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TABLE     22 

DISTRIBUTION   OF  OBSTACLE   STRIKES   BY MISSION 

ROTARY-WING 
TREE  STRIKES 

ROTARY-WING 
WIRE   STRIKES 

FIXED-WING 
TREE  STRIKES 

FIXED-WING 
WIRE   STRIKES 

TEST FLIGHT; 
Regularly Scheduled 
Air frame Change 
Power Plant Change 
Other 
Undetermined 

219 124 54 

TRAINING: 
Proficiency 51 31 42 20 
Student 132 30 127 18 
Tactical 43 24 20 13 
Transition 33 6 8 . 
Maneuver/Field 17 3 3 i 
Other _ 1 m . 
Undetermined 1 

277 

1 2 

202 

- 

96 52 

ADMINISTRATIVE: 
Ferry 2 10 4 - 
Evacuation 4 3 - - 
Demonstration 19 5 5 1 
Search and Rescue 5 6 1 1 
Transportation of Personnel 48 26 13 5 
Transportation of Cargo 8 2 3 2 
Other 18 7 4 1 
Undetermined 115 65 24 16 

26 

COMBAT: 

OTHER: 

TOTALS 512 223 257 78 

104 



PILOT FATIGUE 

In an attercpt  to evaluate pilot  fatigue as a cause  factor in  low- 
altitude obstacle   strikes,  pilot  experience   in the  24 hours,   30 days,  and 
90 days  preceding   the mishap was  studied.     As  shown  in Figures  40 through 
42,  85  to  90 percent  of the  pilots  had   flown   less than  3 hours   in   the pre- 
vious   24,   less   than  40 hours  in  the  previous  30 days,  and   less  than   10 
hours of night   flying  in the previous  90 days.     Physiological   factors  for 
rotary-wing   low-altitude obstacle   strikes  are   listed as   fatigue,  unquali- 
fied,  and visual  obstructions(dust,   sun,   snow,  etc.).    The main   fixed- 
wing physiological   factor is  disorientation   (vertigo,  IFR).     Relating the 
physiological   factors  to the  pilot   flight   time preceding  the   strikes,   it 
is concluded that pilot  fatigue  is not a  significant  factor  in  low-alti- 
tude  flight mishaps,   and the   "unqualified''   portion of the   "fatigue,   un- 
qualified"   cause   factor  is probably predominant.    The  statistics  suggest 
that   fatigue  begins   to be  significant when pilot time  in  the   last   24 hours 
exceeds   7   to  8  hours   for rotary-wing aircraft and  10 hours   for  fixed-wing 
aircraft. 

PERSONNEL  INJURIES 

Review of   the   injuries  related  to   low-altitude   flight hazards  on 
Table   23   shows   the  rotary-wing wire   strikes   to have  the  highest  rate of 
fatalities and  critical  injuries and  the   fixed-wing tree  strikes  to  rank 
second.    These  relate  to the greatest  degree of aircraft  damage  discussed 
previously under accident class.     The   least  hazardous of  the   categories of 
obstacle  strikes   is  rotary-wing  tree   strikes,   from the  standpoint  of  in- 
jury  to  personnel  and damage  to  the aircraft. 

TABLÜ  23 

PERSONNEL  INJURY 

DESCRIPTION ROTARY-WING    ROTARY-WING     FIXED-WING       FIXED-WING 
TREE STRIKES WIRE   STRIKES  TREE STRIKES WIRE  STRIKES 

No Injury 449 168 218 69 

Minor Injury 27 27 22 5 

Major Injury 9 2 3 2 

Critical Injury 2 4 4 - 

Fatal Injury 11 13 12 3 

Unknown - - - - 

Totals 498 224 259 79 
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APPENDIX    II 

PASSIVE  SENSOR TECHNOLOGY 

MICRCWAVE RADIOMETRY 

Because of  the relatively  large beam widths (compared  to optical  sen- 
sors)  characteristic of microwave  radlometric sensors,   targets of  interest 
will generally not  fill the beam.     In this situation,   the  temperature dif- 
ference between an obstacle and its background is effectively reduced by 
the  ratio  of  the  solid angle  subtended by the target  to  the  solid angular 
beam width.   Hence  the target-background  temperature difference AT required 
for detection  is  related to  the minimum detectable  temperature  Tm charac- 
teristic  of   the   radiometer by 

Ao 
AT     = T 
"     rr      2    2 ™ 

— 0     R 

where A0 is the area of the target, R Is the range to the target, and 6 
is the radiometer beam width. Alternatively, the maximum detection range 
can be expressed as 

R2==ASLAT 

*    n2 

For a wire of diameter d extending across the beam at a range R,  the 
projected area within the beam Is  döR;   by substitution  In  the above equa- 
tion,   the maximum detection range  for a wire is 

R.4dAT 

*»** 

A crucial measure of radiometer performance Is the effective ras 
temperature  fluctuation at the radiometer Input, Trms.    This parameter is 
related to the noise figure F,  predetectlon bandwidth B,  and Integrating 
time T by the expression 

A      [(F  -   l)Tn-hTA] 1rm8 =   
VTT 

where T    la  290oK, A Is a constant of order 2 depending on the  specific 
configuration of the radiometer,  and TA  is antenna temperature.    State-of- 
the-art values for Tms with T « 1  second sre about   .20K for a  super- 
heterodyne receiver with a traveling-wave-tube IF amplifier, and about 
.07oK for receivers employing traveling-wave-tube RF amplifiers.    The 
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minimum detectable  temperature Tn is usually taken to be about  five or six 
times Tms.    Using   .40K for 1^,, and a beam width of 2.3°   (2-foot-diameter 
antenna at an operating frequency of 35 Gc),   the maximum detection range 
for a 1/4-inch-diameter wire exhibiting a  50°   temperature difference  from 
its background is 

R =  A(.25 inch)(50°  K)  = 33  ^ 

7r(.04 rad)(.40K)(12  inchis/ft) 

which of course  is entirely inadequate. 

OBSTACLE-BACKGROUND CONTRAST 

Obstacle detectabliity depends  fundamentally on contrast between the 
obstacle and  the background.    In the  case of  thermal  sensors,   the contrast 
depends on obscacle and background  radiometric temperature. 

Table  24 presents  the general contrast  situation  for the above ob- 
stacles as  seen against  the matrix of backgrounds.    The table  shows a 
wide  range of expected oostacle-background contrasts because of the variety 
of backgrounds which must be considered.    Therefore,   the obstacle  itself 
will not always be  discernible on a passive   sensor display.    This does not 
rule out the application of passive  sensors  to the alignment problem de- 
scribed in  the main body of this report,  however. 

THE  INFRARED  SENSOR 

In the  following,   the detector raster  is  considered to be an array, 
or matrix,  of smaller elements,  each element a small detector capable of 
being sampled independently of the rest of the matrix.    The entire detec- 
tor matrix consists of N = n x n elements. 

Three possibilities should be examined: 

1. Obstacle   larger than raster  (AT > A^) 

2. Obstacle   larger than detector element   (AT > A^) 

3. Obstacle  smaller than detector element  (AT<A(l)) 

where 

A-p = area of obstacle 

Ay. «■ projected area  in obstacle plane of entire scan pattern;  i.e., 
area viewed by entire matrix 

Aw=» area viewed by one detector element of solid angle  (instantan- 
eous  field of view). 
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In case I, the size of ehe obstacle Is such that its image is larger 
than the entire detector matrix, as shown in Figure 43. Here the detector 
matrix sees only the target; it sees none of the surrounding background. 
In case 2,  the target image is larger than any one detector element, but 
smaller than the entire detector matrix. In case 3, the image of the tar- 
get is so small that it does not even completely fill one detector element. 

Whichever case pertains depends upon (1) the optical system, (2) the 
detector raster area, (3) the number of detector elements, (4) the target 
area, and (5) the range, R. In any case, however, the relative spectral 
transmission of the optical system T0(X) must be considered, since, with 
the exception oC  the transmission losses in the optical system, all the 
energy incident on the collector optics is focused on the detector. Also, 
the relative spectral responslvlty R(X) of each detector element, normal- 
ized to the peak responslvlty, may be Included to give a figure for the 
effective power. 

In cases 1 and 2, the expression 

dS dSD f*7 

dP   - —U^-S COBfl,
s 

COia
R    J      r,^) ro(X) Ra) e(X)T V^S dX 

R Xl 

where  as , 0lR = angles accounting for projections of the target a   J 
the collector aperture normal to the line of sight 

ra(X) = relative spectral transmission of the atmosphere 

t (X)T = spectral emissivity of target 

N (X) _ = spectral radiance of a blackbody at the same tempera- 
ture as the target 

where    dS^  = projected area of the detector element in the plane of 
the obstacle 

dSr,  =B area of collector 

gives the effective power on one detector element in the wavelength inter- 
val A 2 ^1 when that element is actually viewing part of the target. 

In cases 2 and 3, some of the elements are permitted to view only 
the background, and the effective power on one such element is given by 

dS dS rX2 
dPB= -£2       C08  «B COi ^    J T.<X)  To(X)  R(X> e<X)B Nb^>BdX 

\ 
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where       C^B   ~    spectral emlsslvity of background 

N. (X)_   =    spectral  radiance of a  blarkbody at  the  same 
temperature as  th^ background. 

In case 3,   the total power is the  sum of the powers contributed by 
the  small target and that contributed by  the background within the element 
field of view: 

P3fB - ?S   H P
B 

where: v 
dS dS f  2 

dPs - -^-S co. as co. o^ j      Ta(>0 TO(?0 KM e (X)s Nb(X)s dX 

d5 db r  <■ 
dPB=      B

2 
R cos o^ cos c^    |       ra(X) To(X) R(X)  e(X)B Nb(X)B dX 

R ,, ^ 

and    dSg - dS^ -  dS    is the area of the background. 

The resulting video  signals are given by the  step: 

P " PS t-B  "   PB 

Calculation of  Infrared Sensor S/N Ratio 

The detectivity, D,  of a sensor is defined as 

Ry 1 

D ~ Nrms " NEP 

where 

NEP =    Noise Equivalent Power 

^rms=    rms no^se output detector,  volts 

RY    = responsivit.y, volts watt"     (electrical out to optical in) 

Also, 

VNLs Pms V^nns 
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The  signal-to-noise  ratio  is determined by 

S/N = Dfps     - Pß   ]= -z-z: fPs     - **] 
\    rras rmsj    v a(Af) \     rms rTO8/ 

. D* 
wnere D - ts   the detectivity of  the element 

Va(Af) 

D* =    specific detectivity normalired with respect  to element 
area and noise bandwidth 

a    =    area of  the detector 

Af    =    noise equivalent  bandwidth 

Note:     The values of detectivities,  D and D*,  are normally obtained by 
optical  chopping.     If the  irradiation of the detector  is essentially con- 
stant, while the  sensor is electrivally chopped,   the  rms optical power is 
equal  to  the peak power.    The  calculation of S/N assumes that  the same D* 
would be obtained  for optical and electrical chopping.     It is also assumed 
that all  detectors  are  in every way identical. 

Except in case  3,   the  rms optical power is equal   to  the peak power. 
If the area of the detector element  is unknown,   it can be computed  from a 
knowledge of the optical  system employed. 

SENSOR REQUIREMENTS 

The   following detector and optical  system parameters are defined as 
determining sensor  subsystem behavior: 

1.     Detector; 

n = number of  image elements on side of  square array 

N = n^ = number of  image elements per frame 

T = frame period 

t = T/N = image element dwell time 

L = raster  length 

W = raster width 

A = LW = raster area 

a " A/N = image element area 

Af ■=• N/T -^r bandwidth 
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2.    Optical System; 

f =  focal  length 

D0 
c diameter of the collector 

F = F/D0 = relative aperture of telescope 

ü)   = H/n = angular instantaneous field of view of  the 
dector element   (analagous  to beam width) 

ft   = L/f = angular field of view of the matrix 

The  specifications of a possible  infrared sensor on the basis of the 
above parameters are outlined  in Table  25. 

Substitution of numerical values  into the appropriate   relations given 
earlier  shows  that the  signal-to-noise  ratios achievable against wire ob- 
stacles at   ranges of interest are  inadequate.    For example,   even with a 
temperature  contrast of  250K,  a minimum target diameter of  30 inches  is 
required for detection of a cylindrical obstacle at  1300 feet with an un- 
cooled  lead-sulflde detector.    Use  of more sensitive  detectors does not 
improve  the   situation sufficiently to make passive  infrared obstacle de- 
tection practical. 

TABLE    25 

ELECTROOPTICAL CHARACTERISTICS  OF PROPOSED 
OBSTACLE-AVOIDANCE  IR SENSOR 

DETECTOR PARAMETERS OPTICAL SYSTEM  PARAMETERS 

n 0    16 f =    8.2  inches 

N =    256 F =    1.37 

T = 1 second T = 1 second 

t - 3.9 millisec D0 = c inches = 15 cm 

L = 2.54 cm ft =. 7,0 degrees 

W =    2.54 cm ü> =    .44 degrees ■s 26 arc-minutes 

2 
A =    6.45  cm 

a =    2.5 mm^ 

Af "    256 cps   
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Although the resolution of the sensor should not be construed to be 
a fihal design value, a notion of the sensitivity of a multichannel sys- 
tem  is obtained. 

VISUAL SENSOR 

There will   first  be  calculated the  visual   irradiance of an   image  ele- 
ment of a visual   image   sensor  from a wire obstacle  as  a   function of  ob- 
stacle  range and  reflectivity,  and ambient   illumination   level.    As an 
example  of a visual   sensor   for the approximate  calculation,   the   l/2-inch 
vidicon will be   taken with  an  f:2  telescope.     The   resolution   is assumed 
to   be  400  lines   (Table   26). 

TABLE     26 

ELECTR0OPT1CAL  CHARACTERISTICS  OF A  PROPOSED VISUAL 
OBSTACLE-AVOIDANCE  SENSOR 

DETECTOR PAR.* METERS 

n =    400 

N =    1.6   •   105 

OPTICAL   SYSTEM  PARAMETERS 

5.6  cm 

F =    2 

T = I  second 

t ~ 6.25 microseconds 

L = .188  inch = 4.77 mro 

W = .25  inch = 6.33 ram 

D0 =    2.8  cm 

H   =    4.9  degrees 

w  =     .21 milliradians 

A =    .302  cm' 

a =    1.89   •   lO"6  cm2 

Af =    1.6  •   105  cps 

The contrast will be  defined as 

AB 
B 

M. 
Be 

Bs  >BI 

where the B's are the brightness of the source and background raspactive- 
ly. Note that for Bg - 0, the contrast is unity. This case will be con- 
sidered first. 
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From the general photometric equation,  expressed in photometric 
units,  and assuming cos Qrs= cosa.= 1,   the  luminous   flux on the collector 
Is 

BdS« 
dF = —J«. . dSD     lumens,  or 

R7^ R 

R2 R 

where 

I    = ambient   Illumination of the obstacle   field 

Ps = the diffuse  reflectance of the  source 

B = source brightness,   laraberts 

Since  in the present  case, 

dS     =ö)Rd  ,  where  d    is   the   (wire) obstacle 

diameter, we may write 

lo^wdyTTD2 

dF =  ■     lumens. 
4R 

Note  that, except  for   losses,  all radiation collected by the objective 
is   incident upon  the   image  element. 

From Table 25, 

R = 1000 • 12 • 2.54 = 30,500 cm 

dy = .125 inch = .318 cm 

D = 2.Ö cm 

Two extreme conditions of  illumination will be  taken:     (a) bright sunlight 
(sun at zenith) I = 10,000  foot-candles and  (b)  full moon, I0 ■ .03  foot- 
candle.    Assume  that Ps' ,   the reflectivity of  the wire obstacle, ■ .5. 

Note  that  for 

(a)    I0PS = 104   •   1.06   *   lO-3 '   .5 

= 5.4  lumen» cm"2  (lamberts) 
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(b)    I0PS - 3.10-2  •   1.08   '   IQ"3   •   .5 

= 1.6  '   10"5  lamberts 

Furthermore,  assume  the daylight  spectral  distribution of radiation, 
6000oKf  and  the mechanical  equivalent of  radiation to be 

Le .-= 200   lumens watt"1; 

the irradiant flux from the wire upon the image element then becomes for 
bright sunlight 

dP = 3.7 . lO"10 watts. 

Since the NEP per image element at frame rates of approximately 30 sec"1 

is of the order of to 10"13 Watt, there is ample signal for detection of 
the wire,   in bright  sunlight,  assuming unity contrast as indicated above. 

For  the  case   of  illumination  by  full moon, 

dP = 1.1   •   lO-15 watts,    which is  too  small 
a value  to be  practical. 

For the purpose of more complete description of the physical  situation, 
two contrasts are defined: 

(a) Obstacle-to-background contrast   in the element Ce,  and 

(b) Element-to-element contrast,  Cee 

where one element contains the image of the obstacle within i^s boundary, 
and the adjacent scanned element contains background only. 

In terms of photons, 

C _ n<S+B)-"B 
n(S+B) 

where 

nfs-t-R) = ra^iant  ^lux in photons  sec"1 on the  image element due to 
both obstacle and background 

nB      _      radiant  flux in photons sec'    on the  same image element 
due to background alone. 

Expressed  in  terms of radiance, 

c     =   B(s-hB) dSfu-.BB (dS^   - dSs)   # 
ee B(S+B) dSü> 
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In case  (b),   the  element-to-element contrast,  C    ,   in  terms of photon 
flux Is given by 

c     = 
n(SfRrnB 

n(S+B) 

where 

n(S+B) = ra^^ant  flux in photons sec~l on  the image element  due  to 
source and its background 

nB    = radiant  flux on an adjacent  element due  to background  ex- 
pressed in terns of radiance 

Cee 
_ BS dSS+BR  (dS^-   dSs)  .  BR dS^ 

or 
(BS-BB)  dSs 

" (BS  -   BB)  dSS  + BBdSü, 

It  is of interest  to express the value of  the   luminous  flux increment,  dF, 
as the element containing the obstacle of brightness,  Bg  is  sampled, 
assuming that  this element  is immersed in a matrix of elements  illuminated 
by a uniform background of brightness,  Bg: 

dF   = kj  dSs + BB   (dS^ -   dSs   )  -  BB dS^J-^Ä • 

Let     PB = the average diffuse reflectance of the background 

Ps = the average diffuse reflectance of the source. 

Then we may write, for the lumii.ous flux on the collector, 

dF =| Ps dSs + pB (dSo, -dSs) -PBdSt 

I    dS 
o      R 

R2 ' 

and introducing the mechanical equivalent of  light, Le, we obtain the 
irradiant  flux, 

dP - I0  (ps .^)  dSS dSR      f 
LeRZ 
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As an example,  again assume that 

10 =  1000  foot-candles 

ps -  .5 

PB -   .4 

Then  for  the   sensor of Table  25, 

dF = 4.5   *   10"11 watts. 

Unde*- the assumption of linearity of response of the photosensor, 
the S/N would be adequate for a vidicon with an NEP of 10"^2 Watts at a 
frame rate of 30 per second. 

For the case of the full moon, 

Pe = 1.3 * 10"18 watts, 

which  is   inadequate even with  image  intensification. 
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APPENDIX     III 

PROCEDURAL TASK ANALYSIS 

The following  procedural task analysis was  conducted  for various 
flight mission  segments using the OH-23  rotary-wing and 0-1  fixed-wing 
aircraft.    The purpose  of the -^alysis was  to determine whether a  typical 
procedural-control-display relationship existed which could cause  inad- 
vertant wire and/or tree  strikes.    The  task analysis included the normal 
takeoff,  climb,   descent,   hover  (rotary-wing),  and   landing phases of  flight. 
Variations of  these  procedures,   such as  crosswind  takeoffs  and   landings, 
were also  included.    The analysis disclosed no procedures associated with 
low-altitude  flight which would put undue  strain on the pilot and  thus 
cause distraction or confusion. 

The procedural  analysis is outlined on  the   following Tables  27 
through 33. 
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