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(54) Navigation using triangle of light sources

(57) A system for determining the spatial position and attitude of a moving object and for guiding its movement, comprising
a triangular arrangement of three light sources 1 attached to the moving object and facing guidance means comprising an
area imaging device and an image processing computer 2 located at a position facing the moving object, there being
provided a guidance computer connected to the image processing computer, and radio-communication means 4 for the
exchange of signals from and to said moving object. As an alternative the three light sources can be provided at the ground
station, the other components of the system being attached to the moving object.

The system is of special value for guiding manned and unmanned aircraft,
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NAVIGATION SYSTEM

BACKGROUND OF THE 1NVENTION

The present invention relates to automatic landing of

aircraft with the help of a special-purpose electrooptical
sensor.

Landiny of aircraft in general, and of RPV in particular, is
the most difficull slep in the operation of aircraft. 1t requires

highly-skilled operators, involves non-negligible risk, and can

be performed only in favorable flight conditions.

Currently the RPVs are landed by human operators that either
observe it from the land strip or monitor the picture Lransmitted
by a TV camera mounted on board. The guidance commands are radio

trangmitted to the RpPV. Both methods pose considerable
difficulties since the pilot is put into unfavorable conditions

compared to the operation of ordinary aircraft and receives only

incomplete information. In particular, the pilot's perception of

the RPV position is limited, he lacks some motion cues, is less
percipient of sudden disturbances, etc. The ability to land the

RPV in adverse condilions such as bad weather, limited

“visibility, or at night is severely limited.

20

“strip, so that very accurate

Landing of manned ajrcraft on small airstrips ,such as
aircraft carriers present similar difficulties. The landing:

platform is very small compared to the typical ground landihg

guidance to the touch down point is

required. The pilot lacks a stationary reference like the horizon
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or some terrain features; strong wind disturbances are often
encountered; the landing process is very short and demands very
quick response of the pilot to correct the flight path
deviations; and in rough seas the landing platform is moving in

six degrees of freedom with considerable amplitude.

Prior art

various systems have been suggested for automatic landing of

aircraft. These systems use thé instrument measurement of the’
aircraft position to keep it on the desired descent trajectory.

The measurements used are the readings of the on-board

instruments (e.g. altimeter, gyros, and accelerometers), radar

readings, or even special-purpose ground-based sensors. The

methods and systems described in the literature [Kitten and

Fried] are, however, of limited nature since the measurement of

the RPV degrees of freedom is incomplete and inaccurate.

In particular, Hornfeld et al describe an automatic landing

system based on an additional optical sensor. The system

comprises a plurality of infrared fires in a line which extends

transversely to the runway, whereby the central one is located at

the end of the runwaﬁ, and an infrared TV camera connected to a

computer on board of the aircraft. The camera (sensor) is

continuously rotated in such a way that the image of the central

fire is obtained in the center of the image plane; the angle of.

the rotation of the camera is used to determine the deviation of

the aircraft relative to the centerline nf the runway. The system
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is supplemented by additional sensing systems such as the laser

range finder Lo find the distance to the aircraft. This me thod

can, basically, be used only to guide the aircraft aleng a

predetermined straight path. The measurement method of gimballing

the camera and using the TV tracker is incomplete and introduces

large measurement errors, which should prove detrimental to

proper guidance.

other described systems [Urness & Hess, Philips el al.] use

radar readings in order to determine the direction and the

These systems suffer from

distance to the approaching aircraft.

the drawbacks mentioned above: the measurements are not accurate

and incomplete (only the direction to and the position of the

aircraft is provided), and the guidance to the landing is,

necessarily, restrictive. Systems of this kind are- incapable of

providing tight landings, landings on limited strips or on

medium- and gmall-size ships.

The existing automalic landing systems for large commercial

or military aircraft, on Lthe other hand, are very expensive and

require extensive installation on the landing slte.
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SUMMARY OF THE INVENTION
The present invention relates to an automatic landing system
comprising light sources, an electrooptical sensor and a guidance

computer. The novelly of the system is characterized by accurate

measurement of all the six degrees of freedom of'the aircraft

(position and orientation) effected by a single and self-

contained sensor and full utilization of thig information in

controlling the aircraft. On the basis of the measurements the

system evaluates the disturbing influences such as atmospheric

turbulence or wind gusts and takes them into account. This allows

one guide the aircraft very accurately along the desired

trajectory and take any required corrective actions

instantaneously.

Aamongst the significant advantages are the increased safety

of the aircraft and payload; the ability to make the landing very

soft (minimizing damage to payload) and very accurate (touch-down

in a precise spot); Lthe ability to take full advantage of the

capacities of the aircraft by executing very complicated

maneuvers not available ordinarily to human operators, as a

consequence of which it is possible to minimize the size of the

required landing strip and minimize the time spent by the

high update rate, high accuracy, and

aircraft above the airfield;
kes it possible to land on movinyg -

full computer control ma

the information on the

platforms such as small ships provided

ghip motion is supplied.
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In the preferred embodiment for small unmanned aircraft, such
as the majority of current RPVs, the light sources are mounted on
the aircraft while the measurement, processin§ of information,
and computation of the guidance commands are performed on the
ground; the commands are transmitted to the RPV through the radio
link, as it is done in the manual operation mode. This embodiment
is suggested as an add-on system designed for minimum

intervention with the manual operation mode.

in the embodiment preferred for larger aircraft the light

sources are ground based while the sensor and the processing of

information is performed on board of the aircraft. This extends

the operational range, since much more powerful light sources can

be used, and improves the overall performance since the

transmission time lags are eliminated. An additional advantage is

that the airborne system becomes self-sufficient.
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DETAILED DESCRIPTION OF THE INVENTION

The present invention relates to a method of guiding and

landing aircraft on the basis of accurate measurements of its

position and orientation, and to a system for such method. The

method is characterized by accurate measurement of all the six

degrees of freedom of the aircraft (position and orientation) and

full utilization of these in the landing algorithms. The general

block scheme of the automatic landing system is shown in Fig. 1.

The system comprises, in combination, light sources (1), an

electrooptical sensor (2), a guidance computer (3), and a radio

link (4). The invention provides two types of configurations: (a)

* 1ight sources mounted on the aircraft with a ground-based sensor,

15

20

25

and (b) an airborne sensor with grouhd—based light sources, with

necessary auxiliary equipment.

The light sources comprise at least three point sources of

light (L5) mounted to define a triangle, which must be powerful

enough to be detected from sufficiently large distances by the
electrooptical sensor.

According to preferred embodiments, the electrooptical sensor

(1) comprises a high—reéolution area CCD camera (5) and a

frame-grabbing card (6) connected to an image data processing

computer (7). guch as a general-purpose microcomputer or a .

special card embedded in a larger computer.
ne or more fields of view, a

such a camera is

equipped with a lens (8) providing o

spectral filter (9), and an autoiris (10). The spectral filter
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. to determine the coordinates of the images of the 1li

(9) is matched to the spectral band of the light sources (1)
employed in order to improve the signal-to-noise and the
signal-to-background ratios. The computer-controlled autoiris
(10) regulates the received signal whose intensity increases

considerably with the approach of the alrcraft.

The provision of geveral fields of view of such a system can

be effected by using an appropriate changeable-focus lens (8), or

by using several cameras (5) each with a different lens,

connected to the same computer.

The image information received by the camera (5) through the

frame-grabbing card (6) is processed by the computer (7) in order

ght sources;

subpixel interpolation is used in order to achieve maximum

resolution. The imaging equations are then solved and the

three-dimensional coordinates of the light sources relative to

the sensor are determined. On the basis of these coordinates the

position and orientation of the aircraft are determined. It is an

impbrtant feature of the system of the present invention, that it

is designed so as to achieve highly accurate measurements of the

all the six degrees of freedom of the aircraft.
The measurements of the position and orientation of the

aircraft, which can be sampled at the TV rate or at & higher

passed to the guidance computer (11). The computer uses

ased on the model of the aircraft dynamics

rate, are

filtering techniques b

in order to reconstruct the aircraft trajectory and to evaluate
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type of

any disturbances (such as wind gusts). The deviations from the
desired optimal landing trajectory are computed, and the

corresponding guidance commands are€ issued.

In the configuration with a ground-based sensor, the guidance
commands are transmitted to the aircraft by the radio link (4)

through an appropriate interface (12). In the reverse

configuration, the radio 1ink is used to transmit optional
information to the ground control station. Provision is made to

supply various technical data tovthe automatic landing system by

means of the terminal (13), guch as the identification of the

type of the approaching aircraft, general weather conditions,

the desired landing trajectory, etc. The terminal (13) is

also to display back the flight information to the operators,

such as exact position of the aircraft, the aircraft speed and

sinking rate, any deviations from the landing trajectory, wind

and turbulence disturbances as measured by the system, and the

position of the expected touch down point. The terminal can also

used to transmit the abort command in unexpected emergency

situations.

The system is utilizing the existing autopilot systems of the

aircraft, but is designéd to fully replace same in various

failure modes or in the absence of the autopilot.

The process of landing aircraft with the help of the system

is depicted in Fig. 2. The aircraft (14) is brought to the

vicinity of the landing site by independent means, and is guided
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1

into the acquisition box (15) of the automatic landing system at
the maximum acquisition range. The acquisition range is defined
by the detectability of the light sources by the system, and the
dimensions of the acquisition box correspond to the field of

view. The acquisition range and the dimensions of the acquisition

box are designed in accordance with the size and type of the
aircraft, the independent navigation means used to guide the

aircraft into the acquisition box, and the specifics of the

landing site. Typically, the system will function with two fields

4 wide field of view for the initial acquisition, and a

narrow field of view for accurate measurement. The system will

acquire the target in the wide field of view, where at large

- distance only the measurement of the height and lateral

15

20 pay switch again to the wide field of vi

displacement are possible, and will guide it along the descent

trajectory (16) to the gliding slope (17) in the center of the

field of view, where it will gwitch to the narrow field of view.

once in the narrow field of view, accurate measurements of all

the six degrees of freedom are effected and the guidance of the

aircraft is changed accordingly. At very short ranges the system

ew since in the narrow

field of view the size of the image may become too large. The

system guides the the aircraft to the touch down point (18) and

full stopping of the aircraft, typically by the arresting cable

(19). |
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puring the guidance process the system estimates constantly
the expected trajectory of the aircraft, which is calculated so
as to be the closest to the optimal landing trajectory given the
actual disturbances, and calculates the position of the expected
5 touch down point as well as the aircraft speed and sinking
velocity. In the case where any of these critical parameters

exceed the allowed limits, or if an emergence abort command is
received from the human operators, the system aborts the mission
the aircraft to gain safe altitude

the

and commands the autopilot of

10 and transmits the control to the control station. Typically,
aircraft will be made to complete a go-around circle around the

landing strip and will be brought again into the acquisition box

 so that the automatic landing will be retried. The data entry and

display terminal (13) is designed in such a way that a human

15 operator can take over the control at any desired moment. The

terminal (13) is located inside the ground control station (22),

being connected to the electro-optical sensor (2) and the

guidance computer (3) by means of a connecting cable (23). The

data entry terminal (13) can by equipped with a highest-priority

Zojoystick for taking over the control by a human operator in

emergency situations.

The imaging geometry is ghown in Fig. 3, where A, B, and C

b, and c are their imagés in the

the

are the light sources and a,
25camera chip plane. Denoting by Xa, ¥Yor Zps «ccv Xoo Yoo %o
£ the light sources, and denoting by Yor Zqr ccct

r images, the imaging equations

coordinates o

Yoo Z. the coordinates of thel
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where £ is the focal length of the lens. On the other hand, the

three relative dista d
istances rAg' Tpc ! and r,. between the light

sources A, B, and C can also be expressed in terms of the '
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The result is a system of nine equations for the nine unknown

coordinates of the light sources. This system can be solved

knowing the coordinates of the light source images, provided the

20 1light sources are not collinear. In the practical conditions

encountered in the operation of the automatic landing systems,

the solution is unique. the coordinates of the images in the

camera chip plane are obtained by image processing of the pixel

information., Namely, the video output of the camera is digitized

25 and stored in the computer memory with each number corresponding
to the light intensity in the appropriate picture element :
(pixel). The pixels corresponding to the light source images are

detected by thresholding, and centroid interpolation is used for
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determination of the image position. The interpolation results in

superresolution - positional resolution better than pixel size.

The critical system parameters are the range, total field of
view, and the measurement accuracy. The former two parameters are

a consequence of the operational requirements of the concrete

application, viz., type of aircraft, size and type of landing

strip, operating conditions, type and availability of independent

navigational means, etc. For the RPVs the typical range is 1 - 2

km, and the total field of view is of the order 20 degrees. The -~

requirement of a certain measurement accuracy ig dictated by the

considerations of the guidance and control: the better the
the more reliable control. Simulation of

the RPV landing sho&s that a measurement accuracy of 3 mrad is

sufficient to achieve very reliable control of the RPV and ensure

very accurate ianding. The accuracy achievable in a concrete

design is mainly dependent on the range and field of view. InN

order to achieve the required accuracy at large ranges the system

will typically employ 2 second narrow field of view.

in the preferred configuration for RPVs, shown in Fig. 4, the

light sources (1) are preferably powerful laser diodes mounted on

the RPV (20), and the sensor (2) and the computer (3) are placed

on the ground, at the end of the landing strip (21) behind the

arresting cable (19). The diodes chosen were the 500 mW laser

s the SLD303 diodes of SONY operating in the .

diodes such a

continuous—wave'mode, and they were mounted on the nose and the

wing tips of the aircraft. The diodes were equipped with
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cylindrical lenses in order to achieve an emission angle of 20 by
20 degrees; the CCD camera was Pulnix TM 865 camera possessing
800 by 590 photosensitive elements; the lens was capable of
providing two focal lengths, 35 mm and 170 mm, and was equipped

with a computer—controlled autoiris; the frame grabber was the PC

vision Plus card by Imaging.Technologies inc.,; and the data

processing and the guidance computer was an IBM PC compatible.
The bandwidth of the spectral filter of the camera was matched to

the emission wave length of the diodes. The diodes mounted on the

aircraft define a triangle with a 5 m base and 2 m height. The

two focal lengths of the ljens define the two fields of view, a

wide one, of 15 by 12 degrees, and a narrow one, of 2 by 3

depending on the

conditions, 1500 - 2000 m, and the

1d of view is of the order

atmospheric visibility

measurement accuracy in the narrow fie
3 mrad.

The system acquires the target in the wide field of view at

the maximum range, with the aircraft flying horizontally towards

the sensor at a cruising altitude of, approximately, 300 m, Only

the measurement of the altitude and lateral position of the RPV

are provided. On the basis of this information, the RPV is guided

down to the gliding slope to the center of the field of view.

once this is achieved, the system gwitches to the narrow field of

view and starts providing accurate measurements of all the siX

degrees of freedom. This transition occurs at a distance of 1000

_ 1500 m and altitude "100m. At a distance of 250 m the system
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switches back to the wide field of view which is now sufficiently

accurate. The landing accuracy is better than 1 m laterally, 2 m

longitudinally, and 3 degrees in the roll and azimuth angles.

5 This configuration is designed as an add-on system for

minimum interference with the existing configuration of the RPV

and its mode of operation, and with the requirement of the

minimum additional weight and power demands on the aircraft. The

computer calculated guidance commands are transmitted to the RPV

“)by a radio link (4) in pléce of the joystick commands of

the human operator.

In the preferred embodiment for larger aircraft, shown in
*‘Fig. 5, where larger acquisition ranges are required and where

15 there is less emphasis on the minimum weight of airborne parts,

the light sourceéﬂare based on the ground and the camera and the

computer are on board. Two of the possible options are

specifically mentioned, (a) a configuration with three powerful

projectors (24) placed on the landing strip behind the arresting

20 cable and arranged in the triangle} and the alrborne sensor

equipped with two fields of view, much like the configuration for

the RPVs but in the reverse mode; and (b) a configuration with

additional two powerfui projectors €25) placed so as to form an

additional extended triangle and to eliminate the need for two

25 fields of view of the airborne sensor. In this latter i

configuration, the system acquires the target according to the

gliding slope (17)
o that full

small triangle, ‘'guides the aircraft to the

where the extended triangle will also becoﬁe visible s
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accurate measurements become possible, and switches eventually to
the measurements according to the small triangle (21) at very
close ranges. In order to facilitate the identification of the
gmall triangle during the target acquisition, only the projectors
5 (21) can operate.initially, and the projectors (24) will be
switched on at the next step. Alternatively, the discrimination

between the triangles is performed by image processing, based on

the number and relative positions of the observed images.

10 The former configuration is preferable for landing of larger

aircraft on very small airstrips, where it is not possible to

form the extended triangle because of space limitations, such as

landing on aircraft carriers.

15 The sensor in these embodiments is the same as in the RPV

_example with the provision that the corresponding lens has the

fields of view 10 by 8 degrees and 1.5 by 1 degrees (in the

former configuration); the light sources are high power

projecéors of 1000 watts. The electrooptical sensor is
20fixed-mounted on the aircraft and the computer with all the

support electronics is also placed on board.

The system operates in a way similar to the way described

above for the RPV case; in this case, however, the acguisition

25 range is 3000 - 4000 m, and cruising altitude is 600 m.
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Although exemplified with reference to a landing system
of ajrcraft of various types; inciuding RPVs, it is clear that
the systeh of the invention is suited for the determination
of the spatial position of a moving object and its trajectory,

5 and for the guidance ofbits,mOVement. The basis is the provision
of the system of three 1ight sources in a triangle either attached
to the object or at a guidance station, with the provision of
electrooptical sensing means énd auxiliaries, inc]uding a radio-

link, said sensor being at the control station or on said object,

10 pespectively.
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CLAIMS :
1. A system for the determination of the spatial position

of a mo¥ing object and for guiding its movement comprising

in combination :

a. an arrangemént of three light sources defining a triangle

attached to said dbject facing guidance means 3
b. electrooptical sensing means comprising an area imaging

device and an image processing computer located at a position

facing said object;

c. a guidance computer connected to the image processing
computer;
d. radio-oommunication means for the exchange of radio-signals

from said object and vice-versad,
said system providing for the accurate measurement of all six
degrees of freedom of the said object and for the guidance of

its movement on the basis of such accurate measurements.

2. A modificatiob of the system of claim 1, where the

electrooptical sensor is attached to the moving object, and the

three light sources are arranged in a triangle at the control

statfion.
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. 3, A system for landing of aircraft, comprising in combination:
a. an arrangement of three light sources defining a triangle;
b. electrooptical sensing means comprising an area imaging

5 device and an image processing computer}

c. a guidance computer connected to the image processiﬁg

computer;

d. radio—communication'means..

4. A system according to claim 3 where the electrooptical gensing

10 means provides accurate measurements of all six degrees of

freedom of the aircraft on the basis of the images of the said

light sources, and the gaid measurements are utilized fully for

accurate guidance of the aircraft, including guidance along the

desired landing trajectory.

155, An electrooptical gensing means for accurate measurement of

all six degrees of freedom of a remote object based on three

"light sources forming a triangle mounted on the object,

compriging a CCD camera, a lens, and a computer for processing

the image information and calculating the coordinates on the

20 basis of the imaging equations.

6. An electrooptical sensing means according to claim 3 and a

system according to claims 3 or 4 where the light sources are

jaser diodes, halogen lamps, projectors, or any other sources of

1ight of small emitting . surface, equipped if necessary with

251enses g0 as to define a predetermined emission angle, and where

ped if necessary with a

-

the electrooptical gensing means is equip

»
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matching spectral filter.

7. A system according to claims 3, 4 or 6, where the light

sources are mounted on the front part of the aircraft, the

electrooptical sensing means located on the ground at the end of

5 the runway where the aircraft is to land, and the alrcraft

guidance commands are transmitted to the alrcraft by means of the

radio link.

8. A system according to claims 3, 4 or 6 -where the light

sources are placed on the ground, and the electrooptical sensing

10 means and the guidance computer are located on board of the

alrcraft.

9. A system according to claims 3, 4 ot 6, comprising the means

. for switching on the light sources when the aircraft has reached

ed into the field of

a certain acquisition distance and has enter

15 yiew of the system, oOr prior to that.

10. A system according to claims 3,4 or Gg;where the lens system

of the imaging device is ‘capable of providing two or more fields

of view selectable by computer control in accordance with the

guidance algorithms, such as switching to the narrow field of

e aircraft has been brought to the center of the

720view when th

field of view and switching back to the wide field of view when

the alrcraft has approaéhed sufficiently.
11. A system according to claims 3,4 or 7 where the light

e nose and at, or close to,

sources are laser diodes mounted at th ‘

25 the wingtips of the alrcraft.
12. A system according to claims 3.4 or .8, ‘where the light

gources are powerful white-1light projectors.
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13. A system according to claims '3 and A, equipped_with more than

three light sources in order to enhance the angular coverage Or

to provide redundancy for robust averation.

44?;‘A system according to claims 3,4 or 8, equipped with more

5 than three light gources as a substitute for geveral fields of

view, gubstantially as described with reference to Fig. 5.

153, A gystem according to claims 3 -or 4, where the computed

guidance commands are addressed te the autopilot of the alrcraft.

16. A system according to claims 3 OF 4, where the computed

10 guidance commands are addressed directly to the controls of the
aircraft.

7. An automatic landing system for RPVE. gubstantially as

described, for landing on an alrstrip, arranged elther on ground,

‘an alrcraft carrier, or on a gmaller ship amounting to a moving

15 platform, and for landing into a'net or the like, raised either

on the ground, a vehicle, or 2 ship.
18. An automatic landing system for manned aircraft substantially as

described, on airfields, small landing strips such as forward battle

airstrips, and aircraft carriers.
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