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Abstract

This paper deals with the error analysis of a novel navigatdgorithm that uses as input the sequence of images actjuire
from a moving camera and a Digital Terrain (or Elevation) ME&RTM/DEM). More specifically, it has been shown that the
optical flow derived from two consecutive camera frames @nded in combination with a DTM to estimate the position,
orientation and ego-motion parameters of the moving cam&saopposed to previous works, the proposed approach daes no
require an intermediate explicit reconstruction of the 3brid. In the present work the sensitivity of the algorithnilioed
above is studied. The main sources for errors are identifielet the optical-flow evaluation and computation, the qualit
of the information about the terrain, the structure of thesetved terrain and the trajectory of the camera. By assuming
appropriate characterization of these error sources, aseld form expression for the uncertainty of the pose and motio
of the camera is first developed and then the influence of flaesers is confirmed using extensive numerical simulations
The main conclusion of this paper is to establish that thgppsed navigation algorithm generates accurate estimates f
reasonable scenarios and error sources, and thus can betigfily used as part of a navigation system of autonomous
vehicles.

1 Introduction

Vision-based algorithms has been a major research issirgdhe past decades. Two common approaches for the narigati
problem arelandmarksandego-motion integrationIn the landmarks approach several features are locateldeoimiage-
plane and matched to their known 3D location. Using the 2D23ihdlata the camera’s pose can be derived. Few examples
for such algorithms are [2], [3]. Once the landmarks weranfhuhe pose derivation is simple and can achieve quite ateur
estimates. The main difficulty is the detection of the feegwand their correct matching to the landmarks set.

In ego-motion integration approach the motion of the cameétia respect to itself is estimated. The ego-motion can be
derived from the optical-flow field, or from instruments swahaccelerometers and gyroscopes. Once the ego-motion was
obtained, one can integrate this motion to derive the campath. One of the factors that make this approach attedtiv
that no specific features need to be detected, unlike thégueapproach. Several ego-motion estimation algorithensbe
found in [4], [5], [6], [7]. The weakness of ego-motion intatjon comes from the fact that small errors are accumulated
during the integration process. Hence, the estimated csmmath is drifted and the pose estimation accuracy dez@dang
time. If such approach is used it would be desirable to rethedrift by activating, once in a while, an additional aigfom
that estimates the pose directly. In [8], such navigatigsteam is being suggested. In that work, like in this work, the
drift is being corrected using a Digital Terrain Map (DTMQh& DTM is a discrete representation of the observed ground’s
topography. It contains the altitude over the sea level efténrain for each geographical location. In [8] a patch fitim
ground was reconstructed using ‘structure-from-moti@¥i) algorithm and was matched to the DTM in order to derive
the camera’s pose. Using SFM algorithm which does not makeise of the information obtained from the DTM but rather
bases its estimate on the flow-field alone, positions thehrtiejue under the same critique that applies for SFM algmst
[1].

The algorithm presented in this work does not require arrnméeliate explicit reconstruction of the 3D world. By com-
bining the DTM information directly with the images infortian it is claimed that the algorithm is well-conditioneddan



generates accurate estimates for reasonable scenari@srandources. In the present work this claim is explored day p
forming an error analysis on the algorithm outlined abowvg.aBsuming appropriate characterization of these erracseu

a closed form expression for the uncertainty of the pose asttbmof the camera is first developed and then the influence of
different factors is studied using extensive numericalsations.

2. Problem Definition and Notations

The problem can be briefly described as follows: At any giveretinstancef, a coordinates systeifi(¢) is fixed to a
camera in such a way that th&axis coincides with the optical-axis and the origin codles with the camera’s projection
center. At that time instance the camera is located at sowgrgehical location(¢) and has a given orientatidR(¢) with
respect to a global coordinates systBm(p(¢) is a 3D vector,R(t) is an orthonormal rotation matrixp(t) and R(t) define
the transformation from the camera’s frai@i¢t) to the world’s frameV, where ifv and" v are vectors irC'(¢t) and W
respectively, theff' v = R(t)v + p(¢).

Consider now two sequential time instan¢eandt.: the transformation fron@’(¢1) to C(t2) is given by the translation
vectorAp(ty,to) and the rotation matriA R(¢1, t2), such that“2v = AR (t1,t2) ““v+ Ap (¢1, t2). A rough estimate of
the camera’s pose &t and of the ego-motion between the two time instangesg¢:) ,Rg(t1), Apg(t1,t2) andARg(t1,t2)

- are supplied (the subscript letteE™ denotes that this is an estimated quantity).

Also supplied is the optical-flow field{u;(tx)} (i=1...n, k=1,2). For thei'th feature,u;(t;) € R? andu;(tz) € R?
represent its locations at the first and second frame ragekct

Using the above notations, the objective of the proposeatititgn is to estimate the true camera’s pose and ego-motion:
p(t1), R(t1), Ap(t1,t2) and AR(t1,t2), using the optical-flow field{w;(¢;)}, the DTM and the initial-guesspg (¢1),
RE(tl), ApE(tl, tg) andARE(tl, tg).

3. The Navigation Algorithm

The following section describes a navigation algorithmahhestimate the above mentioned parameters. The pose and ego
motion of the camera are derived using a DTM and the optioal-fleld of two consecutive frames. Unlike the landmarks
approach no specific features should be detected and mat®hgdthe correspondence between the two consecutive gnage
should be found in order to derive the optical-flow field. Asswaentioned in the previous section, a rough estimate of
the required parameters is supplied as an input. Nevesthedence the algorithm only use this input as an initial guesl
re-calculate the pose and ego-motion directly, no intémmatf previous errors will take place and accuracy will begarved.

The new approach is founded on the following observationc&the DTM supplies information about the structure of the
observed terrain, depth of observed features is beingtdittay the camera’s pose. Hence, given the pose and egormotio
of the camera, the optical-flow field can be uniquely deteeainThe objective of the algorithm will be finding the pose and
ego-motion which lead to an optical-flow field as close as ip&s$o the given flow field.

A single vector from the optical-flow field will be used to defia constraint for the camera’s pose and ego-motion. Let
W@G € R? be a location of a ground feature point in the 3D world. At twiffedent time instances, andt,, this feature
point is projected on the image-plane of the camera to thetgait,) andu(tz). Assuming a pinhole model for the camera,
thenu(ty), u(t2) € R%. Letq(t;)andq(t2) be the homogeneous representations of these locationgsakdasd, one can
think of these vectors as the vectors from the optical-cesftthe camera to the projection point on the image planendJsi
an initial-guess of the pose of the camera;athe line passing through (¢;) and®¢(¢1) can be intersected with the DTM.
Any ray-tracing style algorithm can be used for this purpo$ie location of this intersection is denoted*a&'r. The
subscript letter £” highlights the fact that this ground-point is the estintatecation for the feature point, that in general
will be different from the true ground-feature locatidiz. The difference between the true and estimated locatiodséds
to two main sources: the error in the initial guess for theepmsd the errors in the determination"of: z caused by DTM
discretization and intrinsic errors. For a reasonabléairguess and DTM-related errors, the two poitits'  and™ G will
be close enough so as to allow the linearization of the DTMiatld” G . Denoting byN the normal of the plane tangent to
the DTM at the point” G, one can write:

N'("G -"GEg)~0 1)

The true ground featuré G can be described using true pose parameters:

"G =R(t1) “q(t1) - A + p(t1) 2



P(Reay,N)(P,- Cp)

Figure 1: Geometrical description of expression (9) usheggrojection operator (7)

Here, A denotes the depth of the feature point (i.e. the distandeegboint to the image plane projected on the optical-axis).
Replacing (2) in (1):
NT(X-R(t1) - “q(t) + p(t1) — "Gp)=0 €)

From this expression, the depth of the true feature can b@gtad using the estimated feature location:

_ NTWGE — NTp(t)

A T NTRE) ) @
By plugging (4) back into (2) one gets:
Tw _ T

In order to simplify notationsR(¢;) will be replaced byR; and likewise forp(¢;) andgq(t;) i = 1,2. AR(t1,t2) and
Ap(ty,ts) will be replaced byR;2 andp;» respectively. The superscript describing the coordina@é in which the vector
is given will also be omitted, except for the cases were gpatiention needs to be drawn to the frames. Normallyand
¢’s are in camera’s frame while the rest of the vectors arengineéhe world’s frame. Using the simplified notations, (5hca

be rewritten as:
Ryt NT Rigy NT

G = —— - = 6
NTRiqr NTqulpl + (6)
In order to obtain simpler expressions, define the followgngjection operator:
UST
=|I-— 7
Plus) = (1- 45 @

This operator projects a vector onto the subspace normalaiong the direction ofi. As an illustration, it is easy to verify
thats” - P(u, s)v = 0 andP(u, s)u = 0. By adding and subtracting z to (6), and after reordering:

_ R1Q1NT R1Q1NT
G=Gg+ {I NTquJ D1 {I NT R, (8)
Using the projection operator, (8) becomes:
G =Gg+P(R1q1,N) (p1 — Gg) %

The above expression has a clear geometric interpreta@mKig.1). The vector froi¥ i to p; is being projected onto the
tangent plane. The projection is along the directity;, which is the direction of the ray from the camera’s opticahter
(1), passing through the image feature.



Our next step will be transferring’ from the global coordinates framéV into the first camera’s framé€'; and then
to the second camera’s frandi®. Sincep;and R;describe the transformation frodi; into 1/, we will use the inverse
transformation:

“2G =pia+ Rz (R] (G —p1)) (10)
Assigning (9) into (10) gives:
G =p1a + Ri12L (Gg — p1) (11)
L in the above expression represents:
o aN” (12)
- NTRiqy

One can think ofC as an operator with inverse characteristidoit projects vectors on the ray continuitigy ¢; along the
plane orthogonal tav.

g2 is the projection of the true ground-feature Thus, the vectorg, and“2G should coincide. This observation can be
expressed mathematically by projectifig= on the ray continuation afs:

2} = q_2 <£02G> (13)
|QQ\ \92|

In expression (13)q2T/|q2| - ©2(G is the magnitude of2G’s projection ong.. By reorganizing (13) and using the projection
operator, we obtain:
T
L__qu qﬂ -2G = Pleg) 2G = 0 (14)
a3 - q2
©2(G is being projected on the orthogonal complemen},0fSince“zG andg, should coincide, this projection should yield
the zero-vector. Plugging (11) into (14) yields our final straint:

P(q2,q2) [p12 + R12L (G —p1)] =0 (15)

This constraint involves the position, orientation and ¢ige-motion defining the two frames of the camera. Although it
involves 3D vectors, it is clear that its rank can not exceeamdue to the usage @ which projectsR® on a two-dimensional
subspace.

Such constraint can be established for each vector in theabyfiow field, until a non-singular system is obtained. &in
twelve parameters need to be estimated (six for pose andrding ego-motion), at least six optical-flow vectors areunegl
for the system solution. But it is correct conclusion for lne@ar problem. If we use Gauss-Newton iterations methatisan
make linearization of our problem near approximate sotutibhe found matrix will be always singular for six points i
zero determinant)as numerical simulations demonstratét iS necessary to use at least seven points to obtain rgquriam
linear approximation. Usually, more vectors will be usedider to define an over-determined system, which will lead to
more robust solution. The reader attention is drawn to tbetfeat a non-linear constraint was obtained. Thus, antitera
scheme will be used in order to solve this system. A robugtrialgn which uses Gauss-Newton iterations and M-estimator
is described in [9].We begin to use Levenberg-Marquardhioeeif Gauss-Newton method after several iterations st ppe
converge. This two algorithms are realized in Isgnonlin@tldb function. The applicability, accuracy and robussnafthe
algorithm was verified though simulations and lab-expenitse

It is more convenient to use more robust for iterations eajaivt to (15) equation:

P(q2,92) [P12 + Ri2Li (Gg, —p1)] /|G| =0 (16)

Using of this normalized form of equations avoids to get medt trivial solution when two positions are in a singlengoi
on the ground.

3.1 Multiple Features

Suppose next that feature points are tracked in two frames, so that the estiinlaications) g; and projections onto the
image planeg; andgs; are estimated and measured, respectively, forl, - - - | n. Associated with eacl) g; is the normal
vector to the DTM at this point, namely;.



Taking this into account, one can re-write (15) in matrixfioas:

{ —P (g2:) 77(‘121')% } [ 127112 } -

)RIQCIM L O (17)

P @) MR ians

Repeating this for each feature point:

T
—P(g21) Pgz1) %%éﬁ
_P P Ri2q12Ny
(q22) (q22) NI Ridio |:p12 } B
: : p1

R NT
=P (g2n) Pla2n) Figig™
R NT
P (q21) Nl%g,iqli Q1

Rizqis N
P (q22) ngﬁfqli Qp2

(18)
P (q2n) %;%:qlﬂ QEI’L
In compact notation:
A [ P12 } = B,. (19)
D1

Note thatA4,, andB,, depend on known quantities: the estimated features, thmaisrof the DTM tangent planes, and the
images of the features at the two time instances, togethhrtie unknown orientatio®; and the relative rotatiof®;,. At

this point in our discussion, several remarks are in order.

Remark 1 The constraint (18) involves twelve "unknowns”, namelg fose and ego-motion of the camera. From the remark
at the end of the previous section, the equation involvesat2n linearly independent constraints, so that at least sixifeat

at different locationg); are required to have a determinate system of equations.t Butarrect conclusion for nonlinear
problem. If we use Gauss-Newton iterations method and seetiadarization of our problem near approximate solution.
The found matrix will be always singular for six points (witkero determinant)as numerical simulations demonstrate. S
it is necessary to use at least seven points to obtain naramiinear approximation. Usually, more vectors will beeds

in order to define an over-determined system, and hence edtleceffect of noise. Clearly, there are degenerate scanari
in which the obtained system is singular, no matter whateésniimber of available features. Examples for such scenarios
include flying above completely planar or spherical terr&élowever, in the general case where the terrain has “irttegés
structure the system is non-singular and the twelve paremsiean be obtained.

Remark 2 The constraint (18) is non-linear and, therefore, no diafplution to it is readily available. Thus, an iterative
scheme will be used in order to solve this system. A robusirdlgn using Newton-iterations and M-estimator will be
described in following sections.

Remark 3 Given Remark 2, one observes that the location and tramslappear linearly in the constraint. Using the
pseudo-inverse, these two vectors can be solved explioityve:

[ P12 } = Al B, (20)
P
so that, after resubstituting in (19):

(I-A,AY) B, =0. (21)

This remark leads to two conclusions:

1. If the rotation is known to good accuracy and measuremaseris relatively low, then the position and translation ca
be determined by solving a linear equation. This fact mayehevant when "fusing” the procedure described here with
other measurement, e.g., with inertial navigation.



2. Equation (21) shows that the estimation of rotation (kadikolute and relative) can be separated from that of loca-
tion/translation. This fact is also found when estimatinggfrom a set of visible landmarks as shown in [17]. In that

work, similarly to the present, the estimate is obtained lryimmzing an objective function which measures the errors
in the object-spaceather than on the image plane (as in most other works). Thoggoty enables the decoupling
of the estimation problem. Note however that [17] addressly the pose rotation and translation decoupling while
translation.

here the 6 parameters of absolute and relative rotatiorseperated from the 6 parameters of the camera location and

3.2 The Epipolar Constraint Connection

Before proceeding any further, it is interesting to lookl&)(in the light of previous work in SFM and, in particularjggar
geometry. In order to do this, it is worth deriving the basiostraint in the present framework and notation. Write:

“Qr = Aag2 = p12 + M Riaq
for some scalarg; and\; (see Fig.2).

It follows that:

Figure 2: The examined scenario from the second camera 418 point of view. ¢, is the perspective projection of the

terrain feature’2Qr, and thus the two should coincide. Additionally, singds also a projection of the same feature in the
C-frame, the epipolar constraint requires that the two rape (n the direction o, and the other fronp;- in the direction
of Ri2¢1) will intersect.

D12 X A2g2 = p12 X A1 R12q1,
and hence:

q3 (p12 X Ri2q1) = 0.
For a vectorr € R3, letz” denote the skew-symmetric matrix:

A

O —x3
[ T3 0 -
T3 —ry X 0

€2
Then, it is well known that the vector product between twaee: andy can be expressed as

rxy=a"y.

(23)

(24)

(22)



Using this notation, the epipolar constraint (24) can bétemias:

g3 (Ri2q1)" p1a =0 (25)
and symmetrically as:
i Ri2q5p12 =0 (26)

The important observation here is that if the vegipr verifies the above constraint, then the vectomp,, also verifies the
constraint, for any numbet. This is an expression of the ambiguity built into the SFMigleon. On the other hand, the
constraint (15) is non-homogeneous and hence does not fuffie the same ambiguity. In terms of the translation alone
(and for only one feature point!), if;5 verifies (15) for givenR; and R, then als@;s + rq- Will verify the constraint, and
hence the ego-motion translation is defined up to a one-diioeal vector. However, one has the following trivially:

41 R1502" 2 = 0, (27)

and hence the epipolar constraint does not provide an additequation that would allow us to solve for the transtatioa
unique manner. Moreover, observe that (15) can be writtergusvector product instead of the projection operator as:

Ryi2g1 N7
A —_— - =0. 28
g2" |p12 + N"Riqt (Qe —p1) (28)
Taking into account the identity
(Ri2¢1)" ¢2" Ri2q1 = 0, (29)

it is possible to conclude that (28)— (26), and hence the new constraint "contains” the classjgiglolar geometry. Indeed,
one could think of the constraint derived in (15) as streegihg the epipolar constraint by requiring not only that tilve
rays (in the directions of; andgs) should intersect, but, in addition, that this intersectmint should lie on the DTM’s
linearization plane. Observe, moreover, that taking mioaa tone feature point would allow us to completely compuge th
translation (at least for the given rotation matrices).

4 Vision-based navigation algorithm corrections for inertial navigation by hdp
of Kalman filter.

Vision-based navigation algorithms has been a major rekéssue during the past decades. Algorithm used in thisrpape
based on foundations of multiple-view geometry and a land.rBy help of this method we get position and orientation of
a observer camera. On the other hand we obtain the same diaténirtial navigation methods. To adjust these two results
Kalman filter is used. We employ in this paper extended Kalfiin for nonlinear equations [12].

For inertial navigation computations was used Inertial ijation System Toolbox for Matlab [13].

Input of Kalman filter consists of two part. The first one isiahtes X for equations of motion. In our case it is
inertial navigation equations. Vectdf consists of fifteen component®ix oy 6z 6V, 6V, 6V, d¢ 60 6¢ ay ay a, by by b,].
Coordinatesxdydz are defined by difference between real position of the caaraigosition gotten from inertial navigation
calculus.VariablesV,, 06V, 6V, are defined by difference between real velocity of the camedavelocity gotten from inertial
navigation calculus. Variablép 50 6v are defined as Euler angles of matfix x DI whereD,. is matrix defined by real
Euler angles of camera with respect to Local Level Framer@dnte) andD,. is matrix defined by Euler angles of camera with
respect to Local Level Frame (L-Frame) gotten by inertiaigation computation. It is necessary to pay attention fiad
Euler anglesi¢ 00 6v» ARE NOT equivalent to difference between real Euler angfes Buler angles gotten from inertial
navigation calculus. For small values &b 660 d+ perturbations to these angles can be added linearly andese #ngles
can be used in Kalman filter for small errors. Such choose gliearis made because formulas describing their evolutien ar
much simpler than formulas describing evolution of Euleglasa differences. Variables, a, a. are defined by vector of
Accel bias in inertial navigation measurements.Variatlligd,, b, are defined by vector of Gyro bias in inertial navigation
measurements.

The second input of Kalman filter B-result of measurements by vision-based navigation dlgos.VectorZ consists of
six component$dx.,,, Y., dzm 0, 00,, J1b,,|Coordinatedz,,, dy,, dz,, are difference between camera position measured
by vision-based navigation algorithm and position gottemf inertial navigation calculus.Variabdd,,, 61, are defined as
Euler angles of matrixD,,, * DI whereD,,, is matrix defined by Euler angles of camera with respect talLbevel Frame



(L-Frame) measured by vision-based navigation algoriththia.. is matrix defined by Euler angles of camera with respect
to Local Level Frame (L-Frame) gotten by inertial navigatmomputation. Let variablé to be number of step for time
discretization used in Kalman filter.

We assume that errors for between values gotten by inegiadjation computation and real values are linearly depend o
noise. Corespondent process noise covariance matrix ®etbby(Q,. Diagonal elements a), correspondent to velocity
are defined by Accel noise and proportionadlte: Qv ~ dt?, wheredt is time interval betweety, andt,_1: dt = t,, —ti_1.
Diagonal elements af);, correspondent to Euler angles are defined by Gyro noise ambgiional todt: Q 4 ~ dt.

We assume that errors for between values gotten by visieaebaavigation algorithm and real values are linearly dépen
on noise. Corespondent measurement noise covariance mateinoted byR;. Error analysis giving this matrix is described
in [14].

Kalman filter equations describe evolutionwposteriori state estimatiork;, described above andposteriori error
covariation covariance matrik, for variablesXj,.

To write Kalman filter equations we must define two 15x15 noaiyetH; and A;. Matrix Hj, is measurement Jacobian
describing connection between predicted measureitignt X; and actual measuremefi}, defined above. Diagonal ele-
mentsHy(1,1), Hx(2,2), Hi(3,3) describing coordinate and elemetifs (4, 7), Hx(5,8), Hx(6,9) describing angles are
equal to one. The rest of the elements are equal to zero.

Ay is Jacobian matrix describing evolution of vecfor. The exact expression for this matrix is very difficult so veeu
approximate formula ford;, neglecting by Coriolis effects, Earth rotation and so ont ¢.é ¢ be the Euler angles in L-
FramedV is deltaV vector gotten from inertial navigation measuretsgf,,.. is acceleration vector in L-fram&C My _tq_|
is direction cosine matrix (from body-frame to L-frame).

The formulas definingi,, are follow:

cos(yp) sin(¢p) O
Upom = | —sin(v) cos(yp) 0 (30)
0 0 1
cos(f) 0 —sin(h)
O©pom = 0 1 0 (31)
sin() 0  cos(6)
1 0 0
@pecu = 0 cos(¢) sin(¢) (32)
0 —sin(¢) cos(¢)
DCMp to-| = Ppcm®OpemV¥pom (33)
dv
Foee = DCMp 0.5 (34)
1 0 0
Phi(1:3,4:6)= 0 1 0 (35)
0 0 1
0 _fvec('?)) fveC(Q)
Phi(4:6,7:9) = | foee(3) 0 — fuee(1) (36)
_fvec(2) fvec(l) O
Phi(7:9,10 : 12) = —DCMj 40| (37)
Phi(4:6,13:15) = —DCMj 40| (38)
The rest of elements for matrix Phi are equal to zero.
Ay =1+ Phidt (39)

Kalman filter time update equations are follow:



X]; = [0 0 0 0 0 0 0 0 0 Arl—1 ayk,_l Ayle—1 bxk—l bf‘/k'—l bzkfl] (40)

Pk_ = Akpk_lAg + Qr—1 (41)

Kalman filter update equations project the state and cavegiastimates from the previous time siep 1 to the current
time stepk.
Kalman filter measurement update equations are follow:

Ky = P HI (H Py HE + Ry,) ™ (42)
Xy =X, + Ki(Zp — H X)) (43)
P = (I~ KyHy)Py (1 - KyHy)" + K Ry K (44)

Kalman filter measurement update equations correct the atat covariance estimates with measurenagnt

The found vectotX}, is used to update coordinates, velocities, Euler angleselfemd Gyro biases for inertial navigation
calculations on the next step.

Numerical simulations were realized to examine effectagsof Kalman filter to combine these two navigation algaorih
On figurefig:figel we can see that corrected path for coorgieabr much smaller than inertial navigation coordinaterer
without Kalman filter. Improved results by help Kalman filtge gotten also for velocity in spite of the fact that thisoedtly
was not measured by help vision-based navigation algorithm
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Figure 3: Position errors ((a) for x coordinate (b) for y adiaate (c) for z coordinate) of the drift path are marked veith
red line, and errors of the corrected path are marked withia lihe. Parameters : Height 2000m, FOV 60 degree, Features
number 120, Resolution 1000x1000, Baseline=200uime = 15 s

5 Error analysis

The rest of this work deals with the error-analysis of thegpsed algorithm. In order to evaluate the algorithm’s penfince,
the objective-function of the minimization process neewl®é¢ defined first: For each of the optical-flow vectors, the
function f; : R'2 — R3 is defined as the left-hand side of the constraint descrin¢td):

filp1, @1,61, 91, P12, d12, 012, %12) =

= Plg,q2) [P12 + R12Li (GE, — p1)] /|G (45)
In the above expressio®;» and L; are functions of ¢12, 612, ¥12) and(¢1, 01,11 ) respectively. Additionally, the func-
tion F : R'2 — R3" will be defined as the concatenation of tfiefunctions: F(p1, ¢1,01,%1,p12, h12,012,012) =
[fis--, fn]T. According to these notations, the goal of the algorithro fétd the twelve parameters that minimizé6, D) =
| F(6, D)||*, whered represents the 12-vector of the parameters to be estingted) is the concatenation of all the data
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Figure 4: Position errors for x, y, z coordinate of the dritlpare marked with a red line, and errors of the correctell pat
are marked with a blue line. Parameters : FOV 60 degree, fesatumber 120, Resolution 1000x1000, Baseline=200m,

Atime = 15 s, Height a) 700m b) 1000m ¢) 3000m
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Figure 5: Position errors for x, y, z coordinate of the dridtipare marked with a red line, and errors of the correcteu grat
marked with a blue line. Parameters : FOV 60 degree, Featuraber 120, Baseline=200m\time = 15 s, Height 2000m,

Resolution a) 500x500 b) 1000x1000 c) 4000x4000

obtain from the optical-flow and the DTM. D would have been free of errors, the true parameters werénebtaSince
D contains some error perturbation, the estimated parasaterdrifted to erroneous values. It has been shown in [HD] th
the connection between the uncertainty of the data and tbertainty of the estimated parameters can be describedeby th

following first-order approximation:
-1 T —1
g, (1) (dg g (do\" (do
de dD dD do

Here,Xy andXp represent the covariance matrices of the parameters anldtheespectivelyg is defined as follows:

9(6,D) = Z-M(0.D) = - F'F = 2J] F

(46)

(47)

Jo = dF'/df is the(3n x 12) Jacobian matrix of" with respect to the twelve parameters. By ignoring secadéicelements,
the derivations of; can be approximate by:

dg

0~ 2JF Jy (48)
dg

5~ 2J5 Jp (49)

Jp = dF/dD is defined in a similar way as th&n x m) Jacobian matrix oF" with respect to then data components.
Assigning (48) and (49) back into (46) yield the followingoegssion:

Jr = (JFJe) " IF
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Figure 6: (a) Velocity errors of the drift path (x y z compotgn and (b) Velocity errors of the corrected path (x y z
components). Parameters Height 1000m, FOV 60 degree,rEsatumber 120, Resolution 1000x1000, Baseline=200m,
Atime =15s

Yo = Jr - (JpEpJ}) - It (50)

The central component, X J7, represents the uncertainties6fwhile the pseudo-inverse matr{x/;" J9)71 J7 transfers
the uncertainties of to those of the twelve parameters. In the following subsesti/y, Jp andXp are explicitly derived.

5.1. Jy Calculation
Simple derivations of; which is presented in (45), yield the following results:

Np(q2,*G) = P(q2,42)P(*G,*G) /|G| (51)
d
d—f = 7Np(q2, CQG)ngﬁ (52)
P1
d, d
dTJ; = —Np(q2, ?G)R12L (quR1> L(Gg —p1) (53)
df
Y Np(ge, 2@ 54
s P(q2 ) (54)
df _ g d
dog Np(g2,*G) (da12 R12> L(Gg —p1) (55)

In expressions (53) and (55); = ¢1, 61,91 and: a2 = ¢12, 012, 112. The Jacobiany is obtained by simple concate-
nation of the above derivations.

5.2 Jp Calculation

Before calculating/p, the data vectolD must be explicitly defined. Two types of data are being usethbyproposed
navigation algorithm: data obtained from the optical-floeldiand data obtained form the DTM. Each flow vector starts at
q1 and ends afo. One can consider;’s location as an arbitrary choice of some ground featurgeption, whileg, represent
the new projection of the same feature on the second frames tHe flow errors are realized through thevectors.

The DTM errors influence th€ z and NV vectors in the constraint equation. As before, the DTM liizzdion assumption
will be used. For simplicity the derived orientation of therain’s local linearization, as expressed by the normal,be
considered as correct while the height of this plane mightieneous. The connection between the height error and the
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error of G g will be derived in the next subsection. Resulting from the\ed theg;’s and theN’s can be omitted from the
data vectorD. It will be defined as the concatenation of all taés followed by concatenation of th@g's.

The i'th feature’s data vectorg,, andGg, appears only in the i'th feature constraint, thus the oletidacobian matrix
Jp = [Jy, J¢] is a concatenation of two block diagonal matricésfollowed by J. The i'th diagonal block element is the
3 x 3 matrix df;/dgs, anddf;/dGg,for J, andJ respectively:

af _
dqa
-1
W [(QQT . C2G) I+ qo- CQGT] P(QQ,Qz)/|CQG| (56)
2
d
ﬁ = NP(q27ch)R12£ (57)

“2(G in expression (56) is the ground featdraunder the second camera frame as defined in (11).

5.3. Xp Calculation

As mention above, the data-vector D is constructed fromammation of all thes's followed by concatenation of thég's.
ThusXp should represent the uncertainty of these elements. Siege’s and theGG g’s are obtained from two different and
uncorrelated processed the covariance relating them sitdoo, which leads to a two block diagonal matrix:

Sp = { a9y ] (58)

In this work the errors of image locations and DTM height assusned to be additive zero-mean Gaussian distributed with
standard-deviation af; ando;, respectively. Each, vector is a projection on the image plane where a unit fomadth is
assumes. Hence, there is no uncertainty aboutdsmponent. Since a normal isotropic distribution was etifor the
sake of simplicity, the covariance matrix of the image measents is defined to be:

Yg = 0’% . 1 (59)

andX, is the matrix with thez,,’s along its diagonal.

In [11] the accuracy of location’s height obtained by intdgtion of the neighboring DTM grid points is studied. The
dependence between this accuracy and the specific reqotation, for which height is being interpolated, was fouod t
be negligible. Here, the above finding was adopted and aaanstandard-deviation was set to all DTM heights measure-
ments. Although there is a dependence between clgse uncertainties, this dependence will be ignored in thiofahg
derivations for the sake of simplicity. Thus, a block diaglomatrix is obtained fod. containing the3 x 3 covariance
matricesX, along its diagonal which will be derived as follows: consitlee ray sent fronp; along the direction of?;¢;.

This ray should have intersected the terrairtzat = p; + AR1q; for some), but due to the DTM height error the point

~ \T
Gg = (:Ic, 7, h) was obtained. Let be the true height of the terrain abo\ie ) andH = (Z, g, k) be the 3D point on the

terrain above that location.
Using that H belongs to the true terrain plane one obtains:

N (Gg — H)=N'(py + \Ryqy — H) = (60)
ExtractingA from (60) and assigning it back t@x’s expression yields:
Gp=p1+ RiL(H—p1) (61)
For Gg's uncertainty calculation the derivative 6fz with respect toh should be found:

dGE
dh

Riq:

T

(62)
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The above result was obtained using the fact thatztltemponent ofNV is 1: N = ( -VDTM 1 )T. Finally, the
uncertainty ofG g is expressed by the following covariance-matrix:

dGp\ o, (dGe\" 5 RiqglRT
G; < dh ) o-h ( dh ) O-h (NTqul)Q (63)

5.4. ¥, Calculation

The algorithm presented in this work estimates the poseefitht camera frame and the ego-motion. Usually, the most
interesting parameters for navigation purpose will be #wmad camera frame since it reflect the most updated infaymat
about the platform location. The second pose can be obtanadtraightforward manner as the composition of the first
frame pose together with the camera ego-motion:

p2 =p1 — RiR{yp12 (64)
Ry, = R1RT, (65)

The uncertainty of the second pose estimates will be desttifily a6 x 6 covariance matrix that can be derived from the
already obtained2 x 12 covariance matrixty by multiplication from both sides witll-,. The last notation is the Jacobian
of the sixCy parameters with respect to the twelve parameters mentaip@ek. For this purpose, the three Euler angles
0, andy» need to be extracted from (65) using the following equations

B R»(2,3)
¢o = arctan (Rz(& 3)) (66)
0> = arcsin (—R2(1, 3)) (67)
1hg = arctan (gzgj f;) (68)

Simple derivations and then concatenation of the aboveesgjams yields the required Jacobian which is used to patpag
the uncertainty fron’; and the ego-motion t@s. The found covariance matri¥., is the same as measurement covariant
matrix R, described in section about Kalman filter.

Ry =%c, (69)

6. Divergence of the method. Necessary thresholds for the method congence.

In previous Section we considered Error analysis for vid@dgation method. But its consideration is correct onlyoififid
solution is close to true one. If it is not true nonlinear effecan appear or even we can found incorrect local minimam. |
this case the method can begins to diverge. We can obtaimdheresult:

1)if large number of outliers features appears.

2)if the case is close to degenerated one. In this case thiioposr orientation errors are too large. It can happen for
example for small number of features, flat ground , small féldiew of camera and all that.

3) if the initial position and orientation for iterationsquess are too far from true values

In the follow subsections we consider some threshold cimmditwhich allow us to avoid the such situations.

If in some case even one of these threshold conditions isarotat we don't use for this case the correction of visual
navigation method and use only usual INS result.If suchatitn repeats three times we stope to use the visual namgati
method at all and don't use it also for the last correct cas¢éuk discourse these three factors in details
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6.1 Dealing with Outliers

In order to handle real data, a procedure for dealing witfiemgtmust be included in the implementation. The objeabi/e
the present section is to describe the current implementatthich seems to work satisfactorily in practice. Threelkiof
outliers should be considered:

1. Outliers present in the correspondence solution (ve@fig matches”).
2. Outliers caused by the terrain shape, and
3. Outliers caused by relatively large errors between th®@Ad the observed terrain.

The latter two kinds of outliers are illustrated in Fig.7.e€Ttutliers caused by the terrain shape appear for terraioréesa
located close to large depth variations. For example, densivo hills, one closer to the camera, the other fartheyaarad a
terrain feature) located on the closer hill. The ray-tracing algorithm udimg erroneous pose may “miss” the proximal hill
and erroneously place the feature on the distal one. Neettiesay, the error between the true and estimated locatorat i
covered by the linearization. To visualize the errors idtroed by a relatively large DTM-actual terrain mismatcipmse a
building was present on the terrain when the DTM was acquiretis no longer there when the experiment takes place. The
ray-tracing algorithm will locate the feature on the builglialthough the true terrain-feature belongs to a backgt et is
now visible.

Figure 7: Outliers caused by terrain shape and DTM mismatghandCg are true and estimated camera frames, respec-
tively. @1, andQ-,, are outliers caused by terrain shape and by terrain/DTM muisim respectively.

As discussed above, the multi-feature constraint is salvadeast-squares sense for the pose and motion variabies G
the sensitivity of least-squares to incorrect data, thiigien of one or more outliers may result in the convergea@atrong
solution. A possible way to circumvent this difficulty is bging an M-estimator, in which the original solution is reqdd by
a weighted version. In this version, a small weight is assigio the constraints involving outliers, thereby minimgtheir
effect on the solution. More specifically, consider the fiort f;(©) defined in (45) resulting from thieth correspondence
pair. In the absence of noise, this function should be equaéto at the true pose and motion values and hence, following
standard notation, define the residugl®) = || f:(©)]|. Using an M-estimator, the solution fér (the twelve parameters to
be estimated) is obtained using an iterative re-weightastisquares scheme:

O = argmin Z w;r?. (70)
i=1
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The weightaw; are recomputed after each iteration according to theiesponding updated residual. In our implementation
we used the so-calle@eman-McClurdunction, for which the weights are given by:
1

w(z) =

The calculated weights are then used to construct a weigiseado-inverse matrix that replaces the regular pseudose
Jr appearing in (50). See [18] for further details about Mraation techniques. Let us define weights matrix W which
allows us to decrease influence of outliers

ri = || fi(p1, 61,01, U1, P12, P12, 012, V12) ||
medR = median(z;)
R; = w(r;/medR) (72)

wherei = 1, ..., n andn is number of features.

The weights matrix W3n x 3n) can be found as follow: for diagonal elements of W we can writé;; = R;, where k
is integer part of(¢ — 1)/3 + 1]. Non-diagonal elements &¥;; = 0 for i # j.

Instead equation (50) we use new one:

JT = (JTW.J) " JFW

Yo =JT (JpSpJh) - JTT (73)

If we know two positions of camera and features position m fibst photo so we can find the features position on the
second photo. If the distance between true position of sanespondent feature on second photo and the position found
by previously described method larger thgary we would consider the such feature as outlier. Let us definas number
of outliers in initial approximation of cameras positiordasrientation (i.e. before using visual navigation methaaijl V
as number of outliers after visual navigation method cdivaes. The follow conditions let us to avoid too large numbgr
outliers case:

N; > Ny
N
Wf < thresholdy, (74)

where N is full number of features amntlresholdy, is some threshold value. We choose it to be equal 0.1 .

6.2 Degenerated case large errors.

For degenerate case the matfikW.J, in equation (73) can be singular. It gives us follow threshmindition:

reond(Jg W Jg) > threshold,cona (75)

where rcond() -Matlab function for matrix reciprocal comalh number estimate. It is measure for matrix singularity
(0 < reond() < 1). Threshold valughreshold,..,q iS chosen to beé0~16.

Degenerated case because of small number of features, diadyor small field of view of camera gives the follow
threshold conditions:

b i
ﬁ < threShOlddist (76)
I

wherei = z,y, z coordinate indexes for diagonal elements of covarianceixnai,.f = 1 is a focus length of the
camera, h is height of the camef# h gives us the maximum camera position shift allowing the plieature error to be
smaller than pixel size.Threshold valtieresholdy;; is chosen to be 40.

3 [ZCQ]M < Lgroundfdist (77)
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wherei = z,y, z coordinate indexes for diagonal elements of covarianceixat,, Lground—dist IS Character size of
ground relief change.

[Ecylis
Y2 < thresholdgn, 78
Bo1/f) < thresho gle (78)
wherei = ¢, 0,v angular indexes for diagonal elements of covariance malgix 2% gives us the maximum camera
angular shift allowing the photo feature error to be smahen pixel size.Threshold valuéreshold,,qi. is chosen to be
40.

L round—dis
3v[Za,)i < QTC“” (79)

wherei = ¢, 6,1 angular indexes for diagonal elements of covariance majix
Degenerated case because of small baseline (distanceelpetwe camera positions used in video navigation method)
gives the follow threshold conditions:

[Zolii
P12l

wherei = x12,¥12, 212 Mutual coordinate indexes for diagonal elements of comadamatrixXy. Threshold value
thresholdg;st,, IS chosento be 0.1 .

< thresholdg;st,, (80)

(o)
([lp12ll /h)

wherei = ¢12, 012, 112 mutual angular indexes for diagonal elements of covariamateix £y. Threshold valuéhresholdangie, .,
ischosentobe 0.1.

< thresholdangie,, (81)

6.3 The initial state of the camera is too far from the its true @ final calculated state.

Let us define threshold conditions to avoid the initial stftthe camera to be too far from the its true statg. is covariant
matrix obtained from INS and previous corrections of INS ligeo navigation method with help of Kalman filter and
described in section about Kalman filter.

3 [P];]Z’L < Lgroundfdist (82)

wherei = x,y, z coordinate indexes for diagonal elements of covariancexmaf .

L round—dis
34/ [P i < QTW (83)
wherei = ¢, 0,1 angular indexes for diagonal elements of covariance magfix
Let us define threshold conditions to avoid the initial staftthe camera to be too far from the its final state. The follow
four equations give us differences between initial and fitate obtain as corrections of INS by video navigation metho
with help of Kalman filter.

dp2 = |p2 final — P2init (84)

dp12 = |p12final — P12init| (85)

daz = | final — Q2inie| mod (2) (86)
daiz = |2 final — M2ipie] mod (27) (87)
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3\ 1Py Jii + V[, i) > 0p2; (88)

wherei = z, y, z coordinate indexes for diagonal elements of covarianceixmBf andX,

3Py i + V[Ec, i) > daz; (89)

wherei = ¢, 0,1 angular indexes for diagonal elements of covariance marxandXc,

510127;
P12l
wherei = x4, y12, 212 Mutual coordinate indexes.

< thresholdg;st,, (90)

dag;

(Ipa2ll /7)

wherei = ¢12, 012, 112 Mutual angular indexes.

< thresholdangie,, (91)

7. Simulations Results

7.1 Dependence of error analysis on different factors.

The purpose of the following section is to study the influeotdifferent factors on the accuracy of the proposed algorit
estimates. The closed form expression that was developedghout the previous section is being used to determine the
uncertainty of these estimates under a variety of simulstedarios. Each tested scenario is characterized by tbeviiod
parameters: the number of optical-flow features being ugettid algorithm, the image resolution, the grid spacing ef th
DTM (also referred as the DTM resolution), the amplitude iliEhmountains on the observed terrain, and the magnitdide o
the ego-motion components. At each simulation, all parareegxcept the examined one are set according to a predefined
parameters set. In thiefault scenaripa camera withl00 x 400 image resolution flies at altitude of 500m above the terrain.
The terrain model dimensions asex 3 km with 300m elevation differences (Fig.13(b)). A DTM of 30gnid spacing

is being used to model the terrain (Fig.10(c)). The DTM raoh leads to a standard-deviation of 2.34m for the height
measurements. The default-scenario also defines the nwhbptical-flow features to about 170, where an ego-motion of
lp12]] = 40m and||(¢12, 612, %12)|| = 10° differs the two images being used for the optical-flow corafiah. Each of the
simulations described below study the influence of diffeparameter. A variety of values are examined and 150 random
tests are performed for each tested value. For each testuthera position and orientation were randomly selectedepxc
the camera’s height that was dictated by the scenario’sypeteas. Additionally, the direction of the ego-motion skation

and rotation components were first chosen at random and tremafized to the require magnitude.

In Fig.8, the first simulation results are presented. Inshisulation the number of optical-flow features that are used
the algorithm is varied and its influence on the obtained @ayuof C>; and the ego-motion is studied. All parameters were
set to their default values except for the features numbg8() presents the standard-deviations of the secont:fd the
camera while the deviations of the ego-motion are showndrBfb). As expected, the accuracy improves as the number of
features increases, although the improvement becomeigibdghfter the features’ number reaches about 150.

In the second simulation the influence of the image resalutias studied (Fig.9). It was assumed that the image mea-
surements contain uncertainty of half-pixel, where the @itz the pixels is dictated by the image resolution. Obvigusl
the accuracy improves as image resolution increases diecquality of the optical-flow data is directly depends ors thi
parameter.

The influence of DTM grid spacing is the objective of the néxtidation. Different DTM resolutions were tested varying
from 10m up to an extremely rough resolution of 190m betwefjacent grid points (see Fig.10). The readers attention is
drawn to the fact that the obtained accuracy seems to declieaarly with respect to the DTM grid-spacing (see Fig.11)
This phenomenon can be understood since, as was explaittesl pinevious section, the DTM resolution does not affect the
accuracy directly but rather it influences the height uraiety which is involved in the accuracy calculation. As caskeen
in Fig.12, the standard-deviation of the DTM heights ines=alinearly with respect to the DTM grid spacing which is the
reason for the obtained results.

Another simulation demonstrates the importance of thair@structure to the estimates accuracy. In the extremeasoen
of flying above a planar terrain, the observed ground featdeenot contain the required information for the camera pose
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derivation, and a singular system will be obtained. As thightedifferences and the variability of the terrain increathe
features become more informative and a better estimatelecdarived. For this simulation, the DTM elevation diffezes
were scaled to vary from 50m to 450m (Fig.13). It is emphabktbat while the terrain structure plays a crucial role at the
camera pose estimation together with the translationapcment of the ego-motion, it has no direct affect on the egtion
rotational component. As the optical-flow is a compositibtwm vector fields - translation and rotation, the informatfor
deriving the ego-motion rotation is embedded only in thatiohal component of the flow-field. Since the features dejoth
fluence only the flow’s translational component it is expéthkat the varying height differences or any other stru¢tirange

in the terrain will have no affect on the ego-motion rotatemtimation. The above characteristics are well demoestriat
Fig.14.

Since itis the translation component of the flow which holasinformation required for the pose determination, it wioul
be interesting to observe the effect of increasing the ntadaiof this component. The last simulation presented swtloirk
demonstrates the obtained pose accuracy when the egoatratitslation component vary form 5m to 95m. Although it has
no significant effect on the ego-motion accuracy, the uag#st of the pose estimates decreases for a large magnifude o
translations (see Fig.15). As a conclusion from the abatedt the time gap between the two camera frames should be as
long as the optical-flow derivation algorithm can tolerate.

7.2 Results of numerical simulation for real parameters of fight and camera.

Inertial navigation systems (INS) are used usually for ctete of missile position and orientation. The problem dbth
method is that its error increases all time. We propose tomasemethod (Navigation Algorithm based on Optical-Flow and
a Digital Terrain Map) [15] to correct result of INS and to mneake error to be finite and constant. Kalman Filter is used to
combine results of INS and results of new method [12]. Erraiysis with linear first-order approximation is used to find
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error correlation matrix for our new method [14]. We made eugal simulations of flight with real parameters of flightlan
camera using only INS and INS and our new method to check mesfsi of this new method.

The chosen flight parameters are following:
Height of flight is 700, 1000, 3000 m.
Velocity of flight is 200m/s.

Flight time is 800 s.

Trajectory of the flight we can see on (Fig.16). Digital Tarr®lap of real ground was used as cell (Fig.17) for our sim-
ulations. This cell was continued periodically to obtail Map of the ground (Fig.18). Random noise was used as main
component of INS noise. The more real drift and bias noise giuch bigger mistake (about 6000 m instead 1000 m in the

finish point of the flight).

The chosen camera and simulation parameters are following:
FOV (field of view of camera) is 60 degree. ( FOV is field of viefxcamera. )

Features number found on photos is 100, 120.
Resolution of camera is 500x500, 1000x1000, 4000x400@ (&bolution of camera defines precision of feature detgctio

we assume no Optical Flow outliers for features.)
Baseline is 30m, 50m or 200m. ( Baseline is distance betw&ercamera positions used to make two photos for new

method.)
Atime is 5s, 15 s, 30s Atime is time interval between measurements. )

The typical results of numerical simulations can be seerr@n3, 4, 5, 6) for different cases of flight, camera and satiah
parameters. Let us demonstrate error tables for typica wéth positive results: x, y, z position errors of INS withing

new method and without using new method.

Used flight, camera and simulation parameters for this case:
FQOV is 60 degree
Number of features is 120
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Figure 16: Trajectory of the flight.

Heights are 700m, 1000 m, 3000m.

Height 700m | 1000m 3000m
Max x error without new method 900m | 130m 1300 m
Max x error with new method | 25m | 20m 100 m

Table 1. x axis max error for INS with and without new methoddiferent heights.

Height 700m | 1000m 3000m
Max y error without new method 1000m | 2000m 400m
Max y error with new method | 25m 20m 100 m

Table 2. y axis max error for INS with and without new methoddifferent heights.

Height 700m | 1000m 3000m
Max z error without new method 250m | 180m 250m
Max z error with new method | 25m 20m 150m

Table 3. z axis max error for INS with and without new methoddifferent heights.
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Figure 17: Map of real ground was used as cell.

Let us demonstrate error tables for typical case with p@sitsults: x, y, z position errors of INS with using new metho
for different resolutions of camera. Used flight, camerasintilation parameters for this case:

FOV 60 degree, Number of features:120, Resolution 500x5000x1000, 4000x4000, Baseline 200m, Deltatime 15 s,
Flight velocity 200 m/s, Heights: 1000 m.

Resolution 500x | 1000x 4000x
500 | 1000 4000
Max x error with new method 50m | 20m 10m

Table 4. x axis max error for INS with new method for differeesolutions of camera.

Resolution 500x | 1000x 4000x
500 | 1000 4000
Max y error with new method 50m | 20m 10m

Table 5. y axis max error for INS with new method for differeesolutions of camera.
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Figure 18: cell was continued periodically to obtain full Mef the ground.

Resolution 500x | 1000x 4000x
500 | 1000 4000
Max z error with new method 35m | 20m 10m

Table 6. z axis max error for INS with new method for differeggolutions of camera.

8 Open problems and future method development.

1) If situation is close to degenerated case (for examplesifall camera field of view, almost flat ground, small bagelin
and so on) we can not used described method because it issiblea® find cameras states from this data. But it is possible
also for this case to used found correspondent featuresraorssfor INS results improvement by help Kalman filter.Veac
consider directly these corespondent features (and nuileédd position and orientation on basis these featusa®sailt of
measurement for Kalman filter. Example of the such improveman be found in [16]. But in this case errors of method
will increase with time similar to INS. So after some time m@@@d position is too far from the true position and we can not
use DTM constrains for error correction, but only epipolanstrains. For described in this paper method the errosstop
increase and remains constant so we are capable to use DTE¥#aios all time.

2)It is possible to consider more optimal and fast methodddoking for minimum of function giving position and
orientation of camera.For example it is possible to imprioitéal state for described method , using epipolar equesti@5 )
for R12 andp;2 up to constant calculations. The next step can be use eguatiy for R, calculation. And final step using
equation (18) fop,, andp; calculation.The result can be improved by described immahethod.

3)We can look for not only some random features. Also hillstogalleys and hill occluding boundaries can be used for
position and orientation specifying.

4) using distributed (not point) features and also someaaitar object recognition.

5) Using the used methods in different practical situati@mgntation in rooms, inside of man body.
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9 Conclusions

An algorithm for pose and motion estimation using corresliog features in images and a DTM was presented with using
Kalman filter. The DTM served as a global reference and its @ats used for recovering the absolute position and orientat
of the camera. In numerical simulations position and véjoestimates were found to be sufficiently accurate in order t
bound the accumulated errors and to prevent trajectorisdrif

An error analysis has been performed for a novel algorithahubes as input the optical flow derived from two consecutive
frames and a DTM. The position, orientation and ego-motimrameters of the the camera can be estimated by the proposed
algorithm. The main source for errors were identified to leedptical-flow computation, the quality of the informatidvoart
the terrain, the structure of the observed terrain and #jediory of the camera. A closed form expression for the taicgy
of the pose and motion was developed. Extensive numeritaillations were performed to study the influence of the above
factors.

Tested under reasonable and common scenarios, the atgdsghaved robustly even when confronted with relatively
noisy and challenging environment. Following the analyisiss concluded that the proposed algorithm can be effelstiv
used as part of a navigation system of autonomous vehicles.

On basis results of numerical simulation for real paransetéflight and camera we also can conclude follow:

1) The most important parameter of simulations is FOV: fersmall FOV the method diverges. For FOV 60 degree the
results are very good. The reason for this is that for smaW Q2 or 6 degree) the situation is close to degenerated, state
also we must choose small baseline and observed groundipatchsmall and almost flat.

2) Resolution of camera is also very important parameteibdtter resolution we have much more better results, becaus
of much more better precision of features detection.

3) The precision of new method depends on flight height.dijtiprecision increases with height increasing because we
can use bigger baseline and can see bigger patch of grouriddoBigger heights precision begin to decrease because of
small parallax effect.
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[IpennokeH anropuT™ U HAXOXKICHHS TIO3UIMH, OPUCHTAIIMN M OLICHKY JBIKCHHS,
UCTIONTB3YIOUIHIA COOTBETCTBYIOIINE TOUYKH B M300pKEHHUAX U TUPPOBYIO KapTy JaHAMA(TA.
HcnonwsizoBanue Ludposoit Kaprer Jlanamadra (LIKJI) kak riaobanbHO# cipaBo4HOM
UH(OPMALIUH TTO3BOJIIET BOCCTAHOBJICHUE a0COIIOTHOM MO3UIIMH U OPHEHTAIMN KaMepbl. YToOBI
cnenath 310, LIKJI ncone3yercs, 4ro0s! chopMyIHpOBaTh JONOTHUTEIbHBIE OTPAaHHYCHUS
MEXy COOTBETCTBYIOIIMMH TOUYKaMH B JIByX MOCJIEIOBATEIBHBIX Kaapax. Vcronp30BaHue ITHX
JAHHBIX TIO3BOJISIET YIYUIIUTh HaJeKHOCTh U TOYHOCTh MHEPIUAILHOTO HABUTAIIHOHHOTO
anroput™Ma. Pactmmpennsiii punstp Kanmana ncnonb3oBancs, 4T00b 0ObEAMHUTH PE3YIHTATHI
MHEPIUAIFHOTO HABUTAIIHOHHOTO AJITOPUTMA ¥ HAaBUTAIIMOHHOTO aJITOPUTMa, OCHOBAHHOTO Ha
KOMITBIOTEPHOM 3pEHUH. BBITOIHUMOCTB 3TOTO aIropuT™Ma MpoAEMOHCTPUPOBAHA Iy TEM
YHCIIEHHOTO MOJICIIUPOBAHUSL.

1. BBeaenue

ANTOpUTMBI BU3YyAJIbHOW HABUTALUU SIBIIIIOTCS OJTHUM W3 OCHOBHBIX OOBEKTOB HCCIICIOBAaHHUU B
TEYCHWH TIOCJEHETO JeCATWIEeTHs . bypHoe pa3BuTHE pPOOOTH3MPOBAHHBIX CHUCTEM IOTPEOOBAIO
BBIPAOOTKH  CHEMU(PUUECKUX TOAXOAOB IS ONpEAeNeHWs B pPEalbHOM BPEMEHH KOOpAHMHAT
MECTOIIOJIOKCHUA U TapaMETPOB OPHUCHTANU ITOABUKHBIX O6’I)eKTOB, KaK B 3aKpPBIThIX ITOMCHICHUAX, TaK
u Ha ynune. OMHUM U3 BaXHBIX TPeOOBaHUN K COBPEMEHHBIM OECITMIOTHBIM aBUAIMOHHBIM KOMILIEKCAM
SBIISIETCSI BO3MOXKHOCTHh OCYIIECTBJICHHS TOYHOW HABHTAI[MM B YCIOBHSIX OTCYTCTBHSI CITyTHHKOBOH
I/IH(i)OpMaHI/II/I. I/IHTCI‘paHI/ISI BU3YAJIbHBIX MCTOJOB HaBUTrallUl C TPaAUIIUMOHHBIMU MWHEPHUATIbHBIMU
CUCTEMaMU MOXET OO0CCIEeYUTh YCTONYMBOEC pEIICHWE HABUTAIMOHHOW 3aladyd JUIss HA3eMHBIX U
JIETAOIINX aBTOMATHIECKIX CHCTEM.

CYHICCTBYIOT TpU OCHOBHBIX IMOJAXOAa K PCHICHUIO 3aJavdd ONPCACIICHUSA NapaMETPOB ABUKCHUA
00BEKTa 110 BU3yaJbHOW UH(POPMAIIHH.

1) Omnpenenenne mapaMeTpoOB MBIDKEHUS W OPHEHTAIlMH IYyTEM OTCIICKHBAHHS
MepeMEIICHHs B KaJipe M300paKCHUH HEKUX XapaKTepHBIX (0COOBIX) TOUeK MecTHoCcTH [2,3].
[Mocne uneHTHUKAIMKA OCOOBIX TOYEK HAa KaXXIOM CHHMKE TOUYHOE OMNpeeICHUE MapaMeTpoB
IIBUKCHUS TIPEACTaBIsieT COOOW JOCTaTOYHO TpPHUBHAJBHYIO 3amady. Hambomee ciioxHON
mpoOeMoii  OCTaéTcsl METEKTHPOBAaHHME OCOOBIX TOYEK M WX COOTHECEHHE ¢ HabopoM
XapaKTEePHBIX IPU3HAKOB JAHHOH MECTHOCTH, OIIPEICIICHHBIM 3apaHee.

2) [Mpu momxoxe “ego motion” [4-7] OICHMBAETCS OTHOCUTEIBHOC IBHKCHUE
KaMephl TI0 OTHONICHHIO K TMPENbIAyIIeMy €€ MOJIOKEHHUI0. VICTOYHWKOM NaHHBIX SBISTFOTCS
Brneokanpel. OIEHWB MapaMmeTphl OBMKCHUS W 3HAs HAa4YaIbHBIE YCJIOBHS, MOXKHO ITyTEM
WHTETPUPOBAHUS BBIYHCIUTH TPACKTOPUIO JBUKCHUS KaMepbl. BaXKHBIM JOCTOMHCTBOM 3TOTO
MeTofa (B OTIMYME OT MPEIBIAYIIET0) SBISETCS OTCYTCTBHE HEOOXOAWMOCTU BBISBICHHS
0COOBIX TOYEK Ha MeCTHOCTH. [IpoOjeMHOW CTOPOHOH SBISETCS HapacTaHWE OIMMOKH B



MpOIleCCe HHTETpUpOBaHMs. TakuM o00pa3oM, WMeeTcs aHaluor «Apeida» OIeHKH
MECTOIOJIOKEHHS], 1 TOYHOCTh OIICHUBAHUS JIETPAJAUPYET C TE€YCHHEM BpeMEeHH (WU C pOCTOM
MIPONAEHHOTO MYy TH).
JBa WM3MOXKEHHBIX TOAXoAa OOBEAWHSET HEOOXOIMMOCTh aHaln3a MOCJeNOBaTEbHBIX
M300pakeHUH.

3) Tpetuid MeToA TO3BOJIIET  KOMIIGHCHPOBAaTh YIOMSHYTBHIM BBILE 3PQPEKT
«apeiia», MPUMEHsIs TOTIOTHUTENBHBIN aNTOPUTM HPSIMOTO OLEHUBAHHS MECTOIIOIOKEHUs. B
MIPEACTABISIEMON paboOTe HCIONB3YIOTCS NaHHBIE IHM(poBoro penbeda MmectHOcTH (L[PM).
LIPM npencrapnsieT co00i 1upoBOe MpeACTaBIeHHE TONOrpadud MECTHOCTH YepPe3 MaTPHUILY
BBICOT HaJ[ YPOBHEM MOpS ISl ITUCKPETHBIX KOOpPIWHAT MecTomoiyokeHus. [locraBnennas
3a/1ada U3BECTHA 10 HA3BaHWEM M3BJICUCHUE CTPYKTYPHI U3 IBIDKEHUSA (structure from motion
- SfM) [1]. BoccranoBnennsiit merogamu SfM penbed MOXKeT OBITH COOTHECEH C JaHHBIMHU
LPM wu, Takum oOpa3oM, onpeAessieTcsi MeCTOMoNoKeHne o0bekra oTHocuTensHo [[PM. B
MpeIcTaBIsIeMoil paboTe mpeyiaraeTcss HeIoCPeICTBEHHO KOMIUIEKCHpOBaTh AanHble [[PM u
BUJIOBBIC JTaHHEIE [§], TOMyYEeHHBIE C KaMepPhl 00BEKTa IS OICHKH TIOJIOKECHUS B OPUEHTAITIHT
00beKTa, MHHYS CTaJUI0 BOCCTaHOBICHHs penbeda MO BHICOJaHHBIM. B pesynbrare
cokparnraercss 00bEM BRIYHCICHNN, U TTOBBIIIACTCS YCTOMUYNBOCTD AITOPUTMA.

Takum 00pa3oM, UMEIOTCS HECKOJIBKO PEIICHUH HAaBUTAITMOHHOHN 3a/adu depe3 METOJbI BUIOBOM
00paboTku maHHBIX. Kaxaplii W3 MpenioXeHHBIX METOJ0B 0a3upyeTcsl Ha YHHKAIbHOW arpHOpPHON
uHOpMaITK W MaéT HEe3aBUCHMOE PEIICHHE C TOW WM WHOM CTENEHBI0 TOYHOCTH. JIf0boe M3 3THX
peleHuii, Kak ¥ BCE BMECTE, MOXKET MCIOJIB30BAThCA ISl KOPPEKIIUK WHEPIHATLHON HaBUTAIIMOHHOMN
CHUCTEMBI C IPUMEHEHUEM CTAaHAAPTHON TEXHUKU MHTETPUPOBAHUS JAHHBIX mocpencTsoM KanmaHoBckoit
(unpTpanmy.

B mnpencraBnsemoil paboTe H3MOKEHBI AITOPUTMBI TMONyYEHUS HABUTAIMOHHBIX JAaHHBIX W3
BUJIOBOH MH(poOpMaIuK ¢ Ucroiib3oBaHueM [[PM, paccMOTpeHBI BOIPOCHI KOMIUIEKCHPOBAHHS BHUIOBBIX
JAaHHBIX C JAHHBIMM HMHEPUUAJIBHOM CHUCTEMBl, MPHUBOAATCS  PE3yJbTaThl KOMIIBIOTEPHOTO
MOJICIIUPOBAHMSI.

2. OnpeaesieHre U ONUCaAaHUE NPOOJIEMBI.

[IpobGnema MokeT OBITH KpaTKO OINHKCaHa cleayrolmMm obpazoMm: B 0ol MOMEHT
BpeMeHHu ¢, cucteMa koopauHaT C(¢) ycTaHOBJEHA Ha KamMepy TakKUM CIOCOOOM, 4TO Z -OCh

COBIMAJIACT C ONTHYCCKOW OChIO, M HAYAJIO KOOPJMHAT COBIAJIAET C IIEHTPOM IPOCKTUPOBAHUS
KaMepbl. B 3TOT MOMEHT BpeMEHH KaMmepa pacloJioKeHa B HEKOTOPOM TeorpaduuecKkoM
MECTOTIOJIOKEHUH p(f) W HWMEeT MAHHYI0 OpHUEHTAlui0 R(Z) OTHOCUTENBHO TI00aThHOU

KOOpAUHATHOW cucteMmbl W ( p(t) - TpexmepHbld BEeKTOp, R(f) - OpTOHOpMaJbHAs MaTpHIlA
BpamieHus). p(t) u R(t) ompeaensioT mpeoOpa3oBaHHE U3 KOOPAUHATHOW CHUCTEMbI KaMephbl
C(t) B r00aNbHYI0 KOOPAWHATHYIO cucTeMy W, rae, eciu ‘v U Vv SBISIOTCSA BEKTOPaMH B
C(t) u W cootBeTrcTBeHHO, TO " v = R(1) v+ p(t).

PaccmoTpuM Temepp JBa MOCHENOBATENbHBIX MOMEHTAa BpPEMEHU f U 1,
npeoOpaszoBanue u3 C(t,) B C(¢,) naHo BekTopoM casura Ap(t,t,) W MaTpuued BpalleHUs
AR(t,,t,) TakuM oOpa3oM, 4YTO (7('2)1/:AR(tl,tz)C(")v+Ap(tl,tz). Jns rpyOoO OLIEHKM MO3bI
KaMepbl B #, U COOCTBEHHOE JBMKCHHME KaMepbl MEKAY ABYMS MOMEHTAMU BPEMEHU - p.(f,),
R (1), Ap.(t,t,) m AR.(¢,t,) wucnons3yrorci. (CumBon "E" nuas HUKHEro HHJIEKcCa
o0o03HaJaer, 4To 3TO oleHouHas (estimated) BenmuuHa. )

Takxe UCIONb3yeTCsl MOJIe ONTHYECKOrO MOTOKA: {ul.(tk)} (i=1...n,k=12). Ina i'th
XapaKkTepHasi TOUKa MeCTHOCTH, u,(t,) € R* u u,(¢,) € R* mpe/cTaBIsIoT €€ MECTONONOKEHUE Ha

MIEPBOM U BTOPOM KaJIp€ COOTBETCTBEHHO.
Hcnonp3ys BbILICyTOMSHYThIE 0003HAUEHHUS, LENb MPEATI0KEHHOTO aJrOpUTMa COCTOUT
B TOM, YTOOBI OLIGHUTh MCTUHHOHM MO3y Kamepbl U e€ coOCTBeHHoe IBmxeHue: p(t), R(t),

2



Ap(t,,t,) u AR(¢,,t,) UCIOIB3Ys MOJE ONTHYECKOrO MOTOKA {ui(tk)}, LKJI u mpubnu3utensHbIe

HaydalbHbIe yCIOBUA: p, (1), R (t), Ap.(¢,t,) n AR, (t,,t,).

3. HaBuraumoHHbIH AJITOPUTM

Crnenyromuii  pasfen ONMCHIBAET HABUTAIlMOHHBIM aJIrOPUTM, KOTOPBIA OLEHUBAECT
BBILICYNIOMSIHYThIe napameTpsl. [1o3a u aBMKeHUe 3ro-kamepsl moiydyeHsl, ucnonb3ys LKJII u
10JIe ONTHUYECKOTO TOTOKA Jig JBYX IIOCIENOBATEIbHBIX KaapoB. B orimume ot Merona
Ha3€MHBIX OPUEHTHPOB HUKAKHUE XapaKTEpHbIE OPHUEHTUPHI HE JOJDKHBI ObITh OOHAapyX EHbI U
pacmo3HaHbl. TONBKO COOTBETCTBHE MEXIY JBYMs TIOCIEIOBATEIBbHBIMUA H300paKEHUSMH
JIOJDKHO OBITh HaiIeHO, YTOOBI MOIY4YHTh MOJI€ ONTHUYECKOro moTtoka. Kak ObLIO yNOMSHYTO B
HpeablaylieM paszene, rpy0as OLeHKa HCKOMBIX IIapaMeTpOB HCIONIBb3YETCs KakK IepBOe
npubnmxenne. OfHaKo, Tak KakK aJrOpUTM TOJIBKO HCHOJNB3YIOT 3TO Kak HayaJlbHOE
HpI/IGJII/I)KeHI/Ie 1 IMOBTOPHO BBIYUCIACT O3y WM ABUXKXCHUEC HECTIOCPCACTBCHHO, HUKAKOC CJIOKCHUC
OpeabIAYIINX OMKUOOK He OyIeT UMETh MECTO, M TOUHOCTh Oy/IeT COXPaHAThCS.

HoBelif moaxon ocHoBaH Ha cienyromeM HaOmonenuu. Tak kak LIKJI mpenocrasnser
UH(POPMALIMIO O CTPYKType HabmogaeMoro jJaHamadra, rayOuHy HaOIr01aeMbIX XapaKTEPHbBIX
TOYEK MECTHOCTH OmpeleisieT mo3a kamepbl. ClieoBaTeIbHO, YUWUTHIBas MO3Y U JABU)KECHHE
KaMephbl, 10JIe ONTHYECKOro MOTOKAa MOXKET ObITh OJHO3HAYHO ompeneneHo. Llenblo anroputma
ABJICTCA HAXOXIACHUC II03bI U ABWIKCHHSA, KOTOPBIC NPUBOAAT K IIOJIIO OINTHUYCCKOI'O ITOTOKaA
HauOosiee OJIM3KOMY, HACKOJIBKO 3TO BO3MOXKHO, K HANJIEHHOMY BBILIE IOJIIO ONTHUYECKOIO
NIOTOKA.

EnuHuuHbBId BEKTOp M3 MOJS ONTHYECKOrO IOTOKAa OyJeT HCHOJIb30BATHCS, YTOOBI

" 3
ONpeNeInTh OrPaHMYEHUs Ha 103y Kamepbl u eé mmwxkenme. Ilycte "G € R’ apnsercs
MECTONOJIO)KEHUEM XapaKTepHOM TOYKM MECTHOCTH B TPEXMEPHOM IMpocTpaHcTBe. B 1Ba
pasInyHble MOMEHTA BPEMEHHU f, W f,, 3Ta XapaKTepHas TOUYKH MECTHOCTH MPOEKTUPYETCs Ha

IUIOCKOCTb U300paKeHUs1 KaMepbl B TOUKHU u(t,) U u(t,). Mcnonb3ys MoAenb IbIpOYHON KaMepHL,

nomyyaem  u(t,),u(t,) e R>. Tlo3BonbTe Cq(l‘l) and Cq(tz) OBITb  TOMOTCHHBIMH

MMPEACTABICHHUAMUA 3TUX MECTOITOJIOKeHHH. Takke MOKHO OITHMCAaTh 3TH BCKTOpPa KaK BEKTOpa U3
ONTHYCCKOI'0 MHNCHTPOB KaMCp K TOYKAM [MPOCKTUPOBAHHA Ha IJIOCKOCTHU I/I306pa)KGHI/H7L

Hcnonp3yst Ha4yalbHYIO OLCHKY T03bI KaMephl B £, , IMHUsL, Ipoxoasias yepe3 p,(¢) u “q(t,),
MoxeT ObITh TiepecedeHa ¢ LIKJI. JIro0oit anropuTm TpacCHpOBKH JTydei MOKET UCIIOJIb30BAThHCS
It 9TOW 1enu. MeCTOIONOXKEHHE 3TOro InepecedeHus oOo3HaueHo kak G, . CumBon "E"

HIOKHETO WHJEKCa MPOSICHSIET TOT (hakT, YTO OSTa TOYKA MECTHOCTH - IMPEANOoJaracMoe
MECTOIOJIOKEHHE IS XapaKTepHOW TOUYKH, KOTOPBIA BOOOIIE Oy/eT OTIMYATHCS OT UCTHHHOIO

MECTOTIOIOKEHUS XapakTepHod Toukd G . Pasnuuue MexXay HCTUHHBIM M OICHEHHBIM
MECTOIOJIO)KEHUEM TPOUCXOJUT M3 JBYX OCHOBHBIX HMCTOYHHMKOB: OHIMOKa B HadyalbHOM

IPEIITOJIOKESHIH JITSL TIO3BI M OIMOKa B onpenencHun G, BbI3BaHHOM auckpern3anmeit LIKJT u
OCHOBHBIMH TOTPEITHOCTAMH. JIJisi pasyMHBIX OIMOOK HadanbHOTO monokeHuss u LKJI -
CBA3aHHBIX OIIMOOK, J1Be TOUKM "G, W "G HOMKHBI ObITH JOCTATOYHO OJIM3KUM, YTOOBI

1103BOJIUTH JMHeapu3anuio LIKJI Bokpyr " G, . O6o3nagass N HOpMaib INIOCKOCTH, KacaTeIbHOM

k DTM B touke " G, , MOXKHO HaIUCAaTh:
N'("G-"G,)=0 (D

Hctunnas XapaKTCpHAsA TOYKa MCCTHOCTU "G Moxer OBITh OIIMCaHa, HUCIHOJIb3YA
HNCTHUHHLIC MapaMCTPhI MMO3bI:



"G=R(1) q(t)- A+ p(t) 2

3nech, A 0003HAYaeT IrIIyOMHY XapaKTepHOH TOYKH (TO €CTh PACCTOSHUE OT TOYKH JI0
TUTOCKOCTH M300paKeHUsI, CIIPOSKTUPOBAHHOE HA ONTUYECKYI0 och). [Toacrasmss (2) B (1):

N"(Z-R(1)-" q(t}) + p(t;) = "Gy) =0 3)

U3 sToro BelpakeHus IiyOWHA UCTUHHOM XapaKTepHOW TOUKU MOXKET ObITh pacCuMTaHa,
HCIIOJIb3Y$ OLICHOYHOE MOJI0KEHUE XapaKTePHOU TOUKHU:

2= NTWTGE - NTP(Q) 4)
N R(t) q(t))

[ToncranoBkoii (4) o6paTHO B (2) moayyaem:

NG, —N"p(t)

"G =R(t) q(t)- NTR(t)" q(t,)

+p(t) )

YroOsl ynpocTuth 0003HaueHus, R(#,) Oyzaer 3ameHeH R, M aHAJIOTWYHO A p(f,) U
q(t) i=12. AR(¢,,t,) n Ap(t,,t,) OynoyT 3aMeHeHbl HA R, U p,, COOTBETCTBEHHO. BepxHwuii
WHJICKC, ONUCHIBAIONINN CHCTEMY KOOPJHMHAT, B KOTOPOH J1aH BEKTOp, OYyJET TakKe OIMyIICH, 3a
UCKJIFOUCHHEM CJIy4aeB, Tle TpeOyeTcss oco00oe BHUMAaHHE K OIKMCHIBAEMBIM CHCTEMaM
koopauHaT. OOBIYHO, p,, U ¢'S HAXOIUTCA B CUCTEME KOOPAMHAT KaMephl, B TO BPeMs Kak
ocTanbHas 4acTh BEKTOPOB JaHA B TJI0OOATBHON cucTeMe KOoOopAauHaT. Vcmonb3ys ynpoiieHHbIe
0603HaueHwHsI, (5) MOXKET OBITh MTEPENMUCAHO KaK:

RgN" RqN"
G="1"_G T o 6
NTqul E NTqul pl pl ( )

s Toro, 4ToOBI TONYYUTH OOJEEe MPOCTOE BBIPAKEHUE OIPEACTUM CIEAYIOIUi
MPOEKTUPYIOIIUN OnepaTop:

s u

P(u,s).= [l - M;—TJ (7)

DTOT omepaTrop NPOEKTUPYET BEKTOp Ha HOpMallb MOANPOCTPAHCTBA K S, BHOJb
T
HampaBieHuss u. Kak wuroctpanus, 3TO TPOCTO MPOBEpUTh, 4Yto s -P(u,s)v=0 u
P(u,s)u=0. Hobasnssa u Beruutast G, K (6), mocie nepeynopsioueHus:

RqNT] [ RqNT}
G=G, +| -2 _|p [ 1-2"_ |G (8)
£ [ N'Rg | N'Rq, | *

19,

Hcnonb3ys NpoeKTUPYIOLIHiA onepatop, (8) CTaHOBUTCS:

G=G,+P(Rq,,N)(p,-Gy) 9)



VY BBIIICONMCAHHOIO BBIPAKEHUSI €CTh SICHAasi T'€OMETpUYECKash HHTEpIpeTanus (CM.
Puc.2). Bextop u3 G, K p, NpOEKTUPYETCs HA KacaTeJIbHYIO IUIOCKOCTh. [IpoekTrpoBanue uaet

BIOJIb HAmpaBieHUs R,q,, KOTOpOE SBISETCS HANpaBlICHWEM Jyda W3 ONTHYECKOTO IIEHTpa
KaMepsl ( p, ), IPOXOJAIIETO Yepe3 COOTBETCTBYIOLIYIO TOUKY H300pakeHusl.

P (Ryqy,N)(P,- Cp)

Puc. 1: 'eomeTpruueckoe onucanue BeipakeHus (9), HConb3yst MPoeKTHpYomnii onepatop (7)

Ham cnexyronuii mar Oyaer nepeHoc G w3 riao0anbHON CHCTeMBbl KoopauHaT - W B
cUCTeMY KOOpAMHAT MepBoi kaMmepsl C, U 3aTeM K cucTeMe KoopAuHaT BTopoi kamepsl C, . Tak

kak p, and R, omuceiBaroT mpeobOpasoBanue uz C, B W, Mbl OyJeM UCHONB30BaTh 0OpaTHOE
npeoOpa3oBaHue:

2G=p,+R,(R7 (G- p,)) (10)

[Toncranoska (9) B (10) naet:
C2G2p12+R12£(GE_p1) (11)
£ B HallMCAaHHOM BBIIIE BRIPAKEHUU MPECTABIISCT:

‘]1NT

L= T
N'Rg,

(12)

MOKHO UHTEPIIPUTHPOBATH L KaK ONepaTrop OOpaTHBIA K P : OH MPOCKTHUPYET BEKTOPHI
Ha JIy4, IPOAOJIKAOIIUN R g, BIOJIb INIOCKOCTH, OPTOrOHAJILHOW K N .

¢, - IPOEKIIMs UCTUHHOM XapakTepHOU Touku MecTHOCTH G . Takum oOpa3om, BEKTOPHI

C
2
q, 1 G JOJDKHBI COBIIACTB. 910 Ha6J'IIOI[eHI/Ie MOJKET OBITH BBIPAXKCHO MAaTCMAaTUYCCKH,

C
IPOEKTHPY I ’G na HPOIOJDKEHUE JIyya ¢, :

a9 |4 og

13
PR =

C
; . 2
B Boipaxkenun (13), qu /|612|-62 G sBJsSETCS BEJIMYUHOM G s IIPEKUUU Ha ¢, .

[Ipeobpasyst (13) u ucmonb3ys MPOSKTUPYIOIINIA OTIEPATOP, MBI IOTyYaeM:

5



T
]_‘IZ 9 26 = P(QQ,QZ)'CzG = 0 (14)

T

9, "4,

C. o c
G sBIAETCS TPOCKIMEH Ha OPTOTOHANBHYIO KOMIIOHEHT ¢,. Tak kak °G u ¢,

JIOJDKHBI COBITAIaTh,ATO IPOSKTUPOBAHKE JOKHO JaBaTh HyJeBO# BekTop. [lomcranoska (11) B
(14) mpuBOIUT K HAlIEMy OKOHYATEITbHOMY OTPAaHUYEHUIO:

73(923%)[%2 + Rlz‘C(GE — D )] =0 (15)

OTO oOrpaHWYCHHE BKJIIOYACT TIO3WIIMIO, OPUEHTAIIMI0 W COOCTBHHOE JIBHDKEHHUE,
ofpenensieMoe Ha OCHOBE JIByX KaJpOB KaMepbl. XOTS OHO BKJIFOUAIOT TPEXMEPHBIC BEKTOPA,
SCHO, YTO €ro PaHI HE MOXKET MPEBBICHTH JBOWKY W3-3a2 HCIIOJIB30BaHHUS P, KOTOPBIH

npoextupyeT R’ Ha 1ByMepHOE MOANPOCTPAHCTBO.

Takoe orpaHudyeHue MOXKET OBITh YCTAHOBJIEHO Ul Ka)JOro BEKTOpa B IIOJE
ONTUYECKOT0 MOTOKA, NIOKa He OyAeT MOoJTydYeHa HeCUHTYJIsIpHas cucTema. Tak Kak JABEHaaTh
napamMeTpPOB JOJDKHBI OBITh OIEHEHBI (IIIECTh JIJIS O3Bl U MIECTh JJISI COOCTBEHHOTO JIBHKCHHS),
10 KpaifHel Mepe, IIEeCTh BEKTOPOB ONTHYECKOT0 IMOTOKA TPeOYIOTCS A perieHus cucrembl. Ho
9TO - NPAaBWIBHOE 3aKIIOYEHUE s HEIMHEHHOW mnpoOiemsl. Eciu Mbl HCHONB3yeM METOA
utepaimii  ['aycca-HproToHa, TO JenmaeM JHMHeapU3allMi0 Halled MpoOJeMbl  OKOJIO
npubsmkeHHoro pemenus. Haiinennass Matpuna OyneT Bcerja CUHTYJISIPHOM Ul IIECTH TOYEK
(c HyJeBBIM JETEPMHHAHTOM), KaK YHMCICHHOE MOJICIIMPOBAHUE JEMOHCTpUpYeT. Takum
o0pa3oM, HEOOXOAMMO HCHONb30BaTh, MO KpaiHEH Mepe, CeMb TOYeK, 4TOObI MOJIYYHTbH
HECUHTYJISIpHOE  JIMHeWHoe npubmmwkenue. OOblUHO, ueM Oonbllie  BEKTOPOB  Oyaer
UCTIOJIB30BaThCS, YTOOBI OMPEACIUTh MEPEONpECTICHHYI0 CHCTEMY, TeM Oojiee yCTOWYMBO
pewienre. BHumanue NOmKHO OBITH MPUBIEUEHO K (PAKTy, 4TO OBLJIO MOJYYEHO HEMHEHHOoe
orpanudenue. Takum o0pazoMm, UTEpallOHHAs cxema OyJeT MCIOIb30BATHCS, YTOOBI PEUINTH
9Ty CHCTEMY. Y CTOMUYMBBIN aJIFOPUTM, KOTOPBIM UCHOJB3yeT urepanuu ['aycca-Hprorona u M-
OLIGHIIMK omnucaH B [23]. Mbl HauMHaeM HcCmoyib30BaTh Meron Levenberg-Marquardt, ecnu
meton ['aycca-HproToHa mociae HECKOJIBKUX MTEpalui MpeKpaTHsl CXOOUThbcA. OTH JiBa
anropuT™Ma peanu3oBaHbl B ¢yHkmuu Isqnonlin() makera Matlab. IlpumeHMMOCTD, TOYHOCTH U
HaJIeKHOCTh aJITOpUTMa ObUTH MPOBEpPEHBl Yepe3 YMCIEHHOE MOJAEIMPOBAHUE U J1aOOpaTOpHBIE
IKCTIEPUMEHTHI.

bonee yno6HO wucmonp30BaTh Oojee  yCTOMUMBOE A MTEpaldil  pelieHue,
HKBUBAJIEHTHOE ypaBHEHHUIO (15):

P(gsrt)|pin + RoL (G, — 1 ) 2 G 10 (16)

3.1 MHo:XeCTBEHHbIE XapaKTEePHbIE TOYKH.

HpeI[HOJ'IO)KI/IM , YTO 1 XapaKTCPHBIX TOUCK 71 OTCICKHUBAKOTCA MPHU JABYX IMOJIOXKCHUAX
KaMCpPbI Tak, 9TOOBI UX OLCHOYHBIC MECCTOIIOJIOXKCHHUA QEiH HUX IPOCKIHHU Ha IJIIOCKOCTH

n300pakeH ¢, U ¢, ObUIN OLEHEHBl M H3MEPEHbI, COOTBETCTBEHHO, M [=1,---,n.
Hopmasnbheiii Bektop k DTM B Touke Q,. 0603HauuM N, .
Torna moxxHO Tiepenucath (15) B MmaTpuaHoi hopme Kak:

R,q, N/ || Pn
- P . P ; % =
(q2 ) (qz ) N;Rq, P



R,q,N/
P 1291 17
(%z) N'Rq, Op- (17)

[ToBTOpSISt ATOTO AJIS KAXKIOW OCOOCHHON TOUYKH, TIOTy4aeM:

_ R NT_
—P (g ) 2V
(%1) (q21) N'Rgq.,
_P(%z) 7D(%z) U Pr|_
N ,Rq,,
. L P
R,q,,N,
_7) 7) 1241n" " n
i (an) (q2n) N’:quln |
[ R,q,N{ ]
P(‘]zl) N1TR1Q_11 Op
Rq:,N,
'P(q )NTqulz Ors (18)
12611;1
_P(an) Nrquln QEn
B xommakTtHO# dopme:
1

OTMCTI/IM, qTo An u Bn 3aBUCAT KaK OT M3BECTHBLIX KBEJIWYHMH: OCOOCHHBIE TOYKH, HOPMAJIN K

kacarenbHbIX IuockocTsaM LIKJI, nx u3oOpaskeHHs Ha ABYX CHUMKAaX, TaK MU OT HEU3BECTHBIX
OpUEHTAalMK R, 1 OTHOCUTEIIBHOIO BpalleHus R, . Teneps caemaeM HECKOIBKO 3aMEYaHHMN:

3ameuanuel: Cps3p (18) BriatoyaeT ABEHAATh "HEM3BECTHHIX', a MMEHHO, 1033 U
JBUKEHHE 3ro-KaMmephl. M3 3aMeuaHusi B KOHIIE MPEIbIAYIIEeTo pasiesia cleyeT, YTO ypaBHEHUE
MIPEACTABISIIOT CO00# 271 JTMHEHHO-HE3aBUCUMBIX orpannueHuid. CieoBaTeIbHO, 9YTOOBI UMETh
OTIpE/ICIICHHYIO CHCTEMY YpaBHEHUI HEOOXOUMO UMETh 0 KpaifHel Mepe MEeCTh 0COOSHHOCTEH
B pa3IMuHBIX MecTononoxeHusx Q. Ho 3To - mpaBuibHOe 3akitodyeHHe A HEITUHEHHOM

3amaun. Ecim mbl ncnonb3dyem Meron urepauuil Herotona I'aycca, To nenaeMm nMHeapu3anuio
Hallel 3aJa4d  OKOJO  MPHUOJIM3UTEIBHOTO  pemieHus. YucieHHoe  MOICITUpOBaHHE
JIEMOHCTPUPYET, 4TO HalJleHHas Marpuua OyJeT Bcerza OocoOOM A MIeCTH Todek (T.e. ¢
HYJIEBBIM oTpenienuTenieM). Takum o0pa3om, HeOOXOIMMO HCIIONIb30BaTh 110 KpaiHel Mepe ceMb
TOYEK, YTOOBI MOJYYUTh HEOCOOYI0 JIMHEHHYyI0 ammpokcumanuioo. OObIYHO, MHOro OoJiblie
BEKTOPOB HCIIOJIb3YETCS, YTOOBI CO3JaTh MEPEONPEACNIEHHYI0 CUCTEMY, M, CIIEOBATEIbHO,
CHM3UTH 3Q(eKT 1ryma. SICHO, CYLIECTBYIOT U BBIPOKIACHHBIE CLIECHAPHH, B KOTOPBIX MOJyYEHHAs
cucTeMa SIBJSIETCS 0COO0H, HE3aBUCUMO OT TOTO KaKOBO YHCJIO JOCTYITHBIX XapaKTEPHBIX TOYEK.
[TpuMepbl TakuX ClieHapueB BKJIIOYAIOT MOJIET BbINIE MOJHOCTHIO IIOCKOT0 MM C(hepHUecKoro
nagamadra. OgHako, B oOmeM ciydae, Thae y JaHmmadTa ecTh "HHTEepecHas" CTPYKTypa,
cucTeMa SIBJIETCSI HEOCOOEHHOM, M 3TH HEOOXOAMMBbIE TApaMETPhl MOTYT OBbITh MOJIYUYEHBI.

3ameuanue 2: cBsa3b (18) HenuHeilHa M, MOATOMY, AHAJUTHUYECKOE pEIICHHUE HE
cyuiecTByeT. TakuM o0pa3oM, UTepalioHHas cxema OyAeT UCIOIb30BAThCS, YTOOBI PELIUTh 3TY
CUCTEMY. YCTOWYMBBIM allrOPUTM, UCIIONB3YIOMUN ntepaunn HerotoHa 1 M-actumarop Oyner
OIMCAaH B CIEAYIOUINX pa3aeiax.



3ameuanne 3: M3 3amMeuanume 2 MOXKHO BHJACTH, YTO MECTOIIOJIOKCHHE H CIBHUT
TOSIBIISIIOTCSl JIMHEWHO B TIOJIYYCHHBIX ypaBHEHHsX. VICHoip3ys TNCEBIOMHBEPCHIO, ITHU JIBa
BEKTOpa MOTYT OBITh HalJICHBI B IBHOH (popme:

P
D

= A4,B,, (20)

1, TI0CJIe TTOACTaHOBKH B (19):

(1-4,4)B,=0. 1)
D70 3aMevaHue NPUBOJUT K CIETYIOLIUM 3aKIIOUCHHSIM:

1. Ecnu BpallieHrne U3BECTHO € XOPOLIEH TOYHOCTBIO, U IIIyM U3MEPEHUs
OTHOCHTEJIBHO HU30K, TO MOJIOKEHHE U CIIBUT MOTYT OBITh HalICHBI, ITyTEM pEIIECHUs
JMHEHHOTO ypaBHEHUA. DTOT (PaKT MOKET ObITh BaYKHBIM, IIPY COYETAHUH MTPOLENYPY,
OIMCAHHYIO 37IECh C IPYTMM U3MEPEHUEM, HAllpUMep, C UHEPLUOHHON HaBUTalleH.

2. YpaBuenue (21) 1eMOHCTpUPYET, UTO HAXOXKACHUE BpalleHus! (U aOCOJIFOTHOTO, U
OTHOCHTEIJIBHOT0) MOXKET ObITh OT/IEIIEHO OT HAX0XKICHHUsI MECTOIOJIOXKEHUS/CIBUTA. DTOT (paKT
ObL1T Takke HaiiieH B [17], rae olieHMBaiach 1103a Ha OCHOBE Psiia HA3€MHBIX OpUEHTUPOB. B
9TOM CcTaThe, TakK JK€ B HALLEH, OlleHKa NOTy4eHa, MUHUMHU3UPYS LIEJeBYI0 (QYHKIINIO, KOTOpas
U3MepseT OUIMOKU B npocmpancmee 06vekma, a He Ha TUIOCKOCTH N300pakeHus (Kak B
OOJBIIMHCTBE APYTHX paboT). ITO CBOWCTBO MO3BOJISET pa3beJUHEHUE 3a1aul. OTMETUM
OJIHaKo, uTo B [17] , pa3fesieHbl BpallleHUe U CABUT, B TO BpEMs Kak 3/1eCh 6 mapamMeTpoB
abCOJIFOTHOTO U OTHOCUTEIILHOTO BPALEHUs OT/ENEHBI OT 6 TapaMeTpOB MECTONOI0KEHHUS
KaMephbl U CABUIA.

3.2 CBsI3M Ha OCHOBE MUIIOJIAPHOI reOMETPUH.
[Ipexne, 4yem mTPOMOIDKUTH Jajblile, WHTEPECHO NpoaHaauzupoBath (15) B cBerte
npeapaymeid padotel o SFM u, B 4aCTHOCTH 3MMIONISAPHON reomeTpuu. YToOBI caenarh 3To,

cleayeT ToJlydaTh OCHOBHBIE COOTHOIICHHMS B CYIIECTBYIOIIEH CTPYKType U CHUCTEME
00o3Hauennii. Hamumewm:

e Or =449, = p, + 4R, (22)

11 HEKOTOPBIX CKAIIpoB U A4, (A4, cM. Puc. 2).
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Puc. 2: UccnenoBanHue cueHapus ¢ TOYKH 3peHMs BTopod kamepsl (C,). IlepcnekTuBHBIE

c

0
INPOCKIUN ¢, W ¢, OIPEHCISA0TCA OJHOM M TOM K€ OCOOECHHOCTBIO JaHImadTa T.
OnunosnsipHas CBA3b TpeOyeT, 4ToOBl J1Ba Jy4da M3 COOTBETCTBYIOIIMX ONTUYECKUX IIEHTPOB
(o1uH B HANpPABICHUU U ¢, , APYTOH B HANIPABIECHUU p,, R,,q,) NEPECEKIIUCh.

U3 sToro caenyer, 4ro:
P X hg, = P X AR,q,, (23)
U CJIEIOBATENBHO:
T —
4> (plz X Rlz%) =0. (24)
Jlns BekTopa, x € R? 0603HauMM X" ClEAyIONTyI0 KOCOCHMMETPHUYECKYIO MATPHILY:
A
X, 0 -x x
xX=lx| = x 0 -x
X, -X, X 0

Toraa, BeKTOpHOE POU3BEICHUE MEKIY JBYMs BEKTOPAMHU X U ) MOKET OBITh BBIPAKEHO KaK:

xxy=x"y.
Hcronb3ys 3Ty cucTeMy 0003HAYEHHMH, STHIONAPHAS CBA3b (24) MOXKET OBITH HAIMCAHA KaK:
T A
q9, (Rlz%) p,=0 (25)
)41 CHMMeTquHO KaK:
T T N J—
¢, R4, p1, =0 (26)

BaxHoe HaOmofeHue 31eCh COCTOMT B TOM 4YTO, €CJIH BEKTOp p,, YAOBIETBOpSET
BBILICYIIOMSHYTYIO CBSI3b, TO BEKTOP TAKXKE K- p,, TAKKE YJOBJIETBOPSET 3Ty CBs3b, A

m000T0 Yncia k. DTO - ABYCMBICIICHHOCTh, BCTpOeHHas B 3amauyy SFM. C apyroil CTOpOHHBI,
cBs3b (15) HEOTHOPOIHA U CIIEIOBATEIILHO HE CTPAIACT OT ATOM JBYCMBICIIEHHOCTH. B TepMuHax
TOJILKO CABHra (M TOJBKO AJISL OJHON XapakTepHOoU Touku!), ecnu p,, yaosiuerBopsieT (15) ma

JIaHHOTO R, u R,,, TO Takke p,+kg, OyAET yIOBIETBOPATH €My, H, CIECAOBATECIBHO, CIABHUT

9ro-ABMXKCHUA ONPCACIICH € TOYHOCTHL OO OJHOMCPHOI'0 BCKTOpA. Ol[HaKO, cJIcayromiec
BBIPAXKCHUC TOXKIACCTBCHHO BBINTOJIHACTCA:

T T A .
¢, R,q, 9, =0, 27)
U CJICOOBATCIIBHO OJIIMIIOJIAPHAA I'COMCTPHUA HE O6eCHeI‘H/IBaeT AOIIOJIHHUTECIBHOC YpPaBHCHUC,

KOTOpPOE€ TMO3BOJWIO OBl HaM OJHO3HAYHO HaXoAuTh ciaBur. Kpome toro, 3amerum, 4to (15)
MOJKET OBITh HAIMCAHO, UCIIOJIb3Ysl BEKTOPHOE IPOU3BEIEHUE BMECTO ONepaTopa MPOESKIIUHU KaK:

N R.qN'
9, | P +W(QE—P1) =0. (28)

HpI/IHHTI/Ie BO BHUMAaHHEC TOXKICCTBO

T A
(Rlqu) 7, Rq, =0, (29)
BO3MOXXHO 3aKJIFOUUTh, 4TO (28) mpuBoAUT K (26), U CIIeIOBATENHLHO HOBAs CBSI3b "COMEPIKUT"
KJIACCHYECKYIO JIUIOJISIPHYIO0 reoMeTpHio. JlefcTBUTEIbHO, MOXKHO HUHTEPIPETUPOBATH CBS3Ub
NOJY4YeHHOYIO B (15) kak ycuieHue snunoisipHoi reomerpun. OHa TpeOyeT He TONBKO, YTOOBI
JBa Jyd4a (B HampaBICHUSAX ¢, U ¢, U3 COOTBETCTBYIOIIUX ONTHYECKUX ILIEHTPOB Kamep)
NEPECEKIINCh B OJHOM TOYKE, HO, KpOME TOro, yToObl 3Ta TOYKAa MEpEecedyeHUs Jiexala Ha
KacaTeIbHON TUIOCKOCTH K MOBEPXHOCTH, KOTOpas Haxonutcs ¢ nomoirsio LIKJI. Habmronenue,
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0OJIBIIIe YeM OJJHAOW XapaKTEPHOUN TOYKH TO3BOJMIO ObI HAM IMOJIHOCTHIO BBIYHCIISTEH CABUT (TI0
KpaitHeil Mepe, JIJIsl 3aJaHHBIX MATpPHUIL BPAIICHHUS).

4. HaBuraiMmoOHHbIA aJITOPUTM, OCHOBAHHBIH HA
KOMIIIOTEPHOM 3PEHUMN, JJISI KOPPEKUUN MHEPIHAJIbHOI
HaBHMIramuu ¢ nomMoumbo puiabrpa Kaamana

OcHoBaHHbIE Ha KOMIIBIOTEPHOM 3pPEHMM HABUTALIMOHHBIE AJITOPUTMBI ObUIM TJIABHOMN
uccieayeMol npo0aeMoil B TeueHHe MPOLUIBIX AeCATHICTHH. AJITOpUTM, UCHIOIb3YEMBIH B 3TOH
CTaThe, OCHOBAaH HAa T€OMETPUU MHOTUX M300pakeHUH u KapTe MeCTHOCTH. C MOMOIIBIO 3TOTO
METO/a MbI I10JTy4aeM MO3ULUI0 U OpHEHTalMI0 Habmoatomel kamepsl. C 1pyroif CTOpOHBI Mbl
Nojy4aeM Te€ J>K€ camble JaHHbIE W3 WHEPIUAIBHBIX HABUTAIIMOHHBIX METOM0B. YUTOOBI
CKOPPEKTUPOBATh 3THU JiBa pe3yJibTara, ucnosbdyercs Gpuiabtp Kanmana. Mbl ucnosnbs3yem B 3Toi
CTaThe pacmupeHHblid GpunbTp Kanmmana i HemMHEeHHBIX ypaBHEHUH [26].

JUis uMHepuualbHBIX HAaBUTAllMOHHBIX BBIYMCICHUH UCHONb30Bajics HepuuaibHbIM
Hapuranvonnsiii Cucremusiii [Taket aius Matlab [27].

Bxon ¢unetpa Kanmmana cocrout u3 aByx uacteil. IlepBblii - mepemennble X s
ypaBHEHUH ABW)KEHUA. B Hamiem ciydyae 3TO - MHEpUUAIbHbIE HAaBUTAIlMOHHBIE YPABHEHMS.
Bekrop X COCTOUT u3 NATHAUATH KOMITOHEHTOB:
[Oxdy eV, OV, V. 09600y a a,a b b, b.]. KoopmuHatel Sxdy oz OmpeneneHbl Kak pasHuLa
MEXIYy pealbHOM MO3UIMEN KaMepbl M MO3MLUEH, TOJYyYEHHbIH W3 HMHEPUHAIBHOIO
HaBUTalMOHHOTO BblYMCIeHUs. [lepemennHbie OV, OV OV, ompenesneHbl Kak pasHHLA MEKIY
peaNbHON CKOPOCTBIO KaMepbl U CKOPOCTHIO, MOJIyYEHHON U3 MHEPLUAIBHOIO HAaBUT'ALIMOHHOTO
Beiuncienus. [lepemennas S¢S0 Sy onpenenena kak yrubl Jiinepa matpuusl D, * D! . 3nech

D, wmatpuna omnpezieieHa peajbHbIMH yriamMM Oiijepa KamMepbl OTHOCHTENBHO JIOKAJbHON
cucteMsl koopauHat (L-frame). C apyroii croponsl D, MaTpuia ompejeneHa yriamu Jilepa

KaMepbl OTHOCHUTEJIBHO JIOKAIbHOW cHUCTeMbl KoopauHat (L-frame), momydeHHBIMEH U3
MHEPIMAIBFHOTO HABUTAllMOHHOTO BbIYHMCICHHUA. HeoOxomumo oOpaTHUTh BHUMAaHHE, YTO
HaliieHHbIe yriel Diinepa 0¢o6 oy HE skBUBaNeHTHBI pa3HUIE MEXKAY PEaTbHBIMH yTIaMU
Olinepa u yrinamu Jinepa, NOIYYEHHBIMH W3 WHEPIHAIBbHOIO HABUTAIIMOHHOTO BBIYUCIICHHUS.
OpHako [l MaJICHbKUX 3HAYEHUH O@O6 Oy TONPBKH K STHUM YIJIaM MOTYT OBITH JOOABIICHBI
JMHEHHO W TakUM 00pa3oM 3TH YIJIbl MOTYT HCIOJIb30BaThcs B (puibTpe Kanmana B cimyuae
MaJICHbKHX OMMOOK. Takoil BBIOOp YIJIOB clenaH, MOCKOJIBKY (OPMYJIBI, ONHUCHIBAIONIINE HX
HBOJIIOIMIO, HAMHOTO Oosiee TPOCThI, 4eM (HOPMYJIbl, OINHUCHIBAIOLINE HBOJIOIUIO PA3HUIIBI
MeXy yriamu Jiinepa. [lepeMeHHble a, a,a. ONpPENETEHbI BEKTOPOM CMENIEHUS YCKOPEHHUS B

MHEPLHUAIbHBIX HABUTALMOHHBIX M3MepeHusX. Ilepemennbie b b b, ompeneneHbl BEKTOPOM

TUPOCKOMHMYECKOT0 CMEIICHUS B MHEPIMATBHBIX HABUTALIMOHHBIX U3MEPEHUSX.

Bropoit Bxony ¢uubrtpa Kammana - Z-pe3ynabTaT H3MEpEHUH, OCHOBAHHBIX Ha
HABUTAIIMOHHBIX aJrOpPUTMax KOMIIBIOTEPHOTO 3peHHs. Bektop Z CcOCTOMT U3 IIEeCTH
KOMIIOHEHTOB [0X,, O, Oz, 0@, 60, oy, |. Koopaunatsl Ox,, 6y, oz, SBISIOTCS PasHULEH MeXIy
NO3UIMEN KaMepbl, U3MEPEHHON Ha OCHOBE HABUTALIMOHHOIO AJITOPUTMA KOMIIBIOTEPHOTO
3peHusi, W TMO3UlMeH, TOJYYEHHBIH U3 HWHEPUHUATHLHOTO HABUTAIMOHHOTO BBIUMCIICHHUS.
[epemennas &6, Sy, onpeneneHa Kak yriubl Jiinepa matpuusl D, * D! . 3necs D, marpuna
ompejeNieHa yriamMu Oijepa KaMmepbl OTHOCHTEIbHO OTHOCHUTEIBHO JIOKAJIBHON CHUCTEMBbI
koopauHat (L-frame), u3MepeHHbIX HAa OCHOBE HABHTAI[HOHHOTO AJITOPUTMa KOMIBIOTEPHOTO
3penus. C npyroil cTopoHsl [, MaTpuLa OIpeleeHa yrilaMH Oiilepa KaMepbl OTHOCHTEIBHO

JoKalbHOM cuctembl koopauHat (L-frame), mosy4eHHBIMU U3 MHEPLHMAIBLHOTO HaBUTALIMOHHOE
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BeluucieHus. Ilycte nmepemenHas & ompenensieT YMCIO LIAroB Ui AUCKPETU3ALUU BPEMEHH,
ucnosb3yemsbix B punbTpe Kanmana.

Mpsl monaraeM, 4YTO OIIMOKM MEXIy 3HAUEHUSMH, IUTyYECHHBIMH W3 HMHEPLUAIBHOTO
HaBUTALIMOHHOTO BBIYHCICHUS, W pEalbHBIMU 3HAYCHHUAMH JIMHEHHO 3aBUCAT OT UIyMa.
CooTBeTCTBYIOILAs] KOBapUALIMOHHAS MaTpulla iryma obo3HaueHa (, . JlnaroHanbHble 3J€MEHTEHI

O, COOTBETCTBYIOT CKOPOCTH, OMPEENAOTCS ITyMOM yCKOPEHHSI M MPOTIOPIMOHANBHBI df’ :
Q, ~dt’, tne dt vHTepBaN BpeMEHH MEXKIy f, M f,_ : dt =t —t_, . JIMaroHaNbHbIE 3IEMEHTHI
(O, COOTBETCTBYIOT yriaM Oiliepa, ONPEAEIAITCS TUPOCKONMMYECKHMM  IIyMOM U

IPONOPLUUOHAIBHBL dt : O, ~ dt.

MpI npeanonaraeM, 4To TakKe OMIMOKH MEXIY 3HAUCHUSMH, MOJyYCHHBIMH Ha OCHOBE
HABUTALIMOHHOTO QJITOPUTMa KOMIIBIOTEPHOTO 3PEHUS, W PEAJbHBIMU 3HAYCHUSAMHU JIMHEHHO
3aBUCAT OT 1rymMa. COOTBETCTBYIONIAs KOBAPHALMOHHAsl MaTpULia IitymMa o0o3HadeHa R, . AHanu3

OIIMOOK, MAIOIIHI ATy MaTpHILy, onucaH B [28].
VYpaBHenus ¢uibTpa Kanmana omuchIBaroT Kak 3BosoLUio aiioddeidilid  oreHok
COCTOAHUS X, , OMMCAHHBIX BBIIIE,TAK M ABOJIOIMIO a1lfi040¢101i¢ KoBapHAIIMOHHON MaTpPHIIbI

P, nns nepemMeHHBIX X, .

Yr0o0Bl HamucaTh ypaBHeHUs ¢(uibTpa Kaimana, Mbl JOIKHBI ONpENENUTH €LIE JBE
15x15 marpuns: H, u A, . Martpuua H, sBigercd sKOOMaHOM HM3MEPEHUs, ONHKCHIBAIOIIASL

CBA3b MEXKAY IpelICKa3aHHbIM H3MepeHueM H, * X, u ¢QaxkrudeckuMm wusmepeHueMm Z,,
onpeneneHHsIM Bole. /luaronansusie anementsl H,(1,1), H,(2,2), H,(3,3), onucsiBaromue
KoopauHaty u snementel H,(4,7), H,(5,8), H,(6,9), onucelBarolue yribl, paBHbl €AMHUIIE.

OcranpHasl 4acTh JIEMEHTOB paBHA HYJIIO.
A4, marpuna SxoOu, onuceiBaromas Boronu0 Bekropa X, . TouHoe BblpaskeHHE ISt

9TOI MaTPHILBI SBISETCS OYEHb CIIOKHBIM, IIO3TOMY MBI UCIIONIB3YyEM MPHOIMKEHHYIO (HhOpMyITy
s A, , nmpenedperas agdexramu Kopruoinca, BpaieHueM 3emin 1 Tak ganee. IlozBonste ¢y

ObITh yriamu Oinepa B L-frame, dV sBusercs BekropoMm deltaV, mnosydeHHBIM U3
MHEPIHAIbHBIX HaBUIALMOHHBIX M3MEpeHuil, f,,. BekTop yckopenus B L-frame, DCM,_, ,

MaTpuIla HAMPaBJISIOMUX KOCHHYCOB (IIJIs1 TIEPEBOIa U3 KOOPJIAWHATHON CHUCTEMBI JIETATEILHOTO
anmapara B L-frame).
DopMyJIbl onpeaensomue 4, , Cleayomue:

cos(w) sin(y) O
Yoy =| —sin(y) cos(y) 0 (48)
0 0 1

cos(0) 0 —sin(0)
Opewr = 0 1 0 (49)
sin(@d) 0 cos(0)

1 0 0

Ppeyy =| 0 cos(p)  sin(9) (50)
0 —sin(g) cos(p)
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DCM ,_, ; = PpeyOperiien (1)

v
f;ec:DCMb—to—l_ (52)
dt
1 00
Phi(1:3,4:6)=|0 1 0 (53)
0 01

0 ~f.() f.®
Phi(4:6,7:9)=| f.(3) 0  —f.() (54)
~f@  fu) 0

Phi(7:9,10:12)==DCM,_, _, (55)

Phi(4:6,13:15)=-DCM,_, _, (56)
OcranbHble 311eMeHThl MaTpuibl Phi paBHbI HyIIIO.
A, =1+ Phidt (57)
VYpaBuenus punbTpa Kanmana i1t BpeMEHHOM 3BOJIIOIUH CJICTYIOIINE

X; =[000000000a ay by by, bl (58)

wk-1%y,

F= AkEc—lAkT +0, (59)

VYpaHenus ¢unbTpa Kanmana npoekTHPYIOT COCTOSHUE U KOBApUALIMOHHYIO MATPUILy C
MpebIIyIIero BpeMEHHOro mara kK —1 Ha TeKyl[uii BpeMeHHOM mar k .
VYpaBuenus punbTpa Kanmana niist usmMepenus clieyromnue:

K, =FH/(HFH +R)" (60)
X, =X +K,(Z, -H X)) (61)
P=(I-KH)P (I-K,H) +KRK/ (62)
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VYpaBHenuss ¢uiaptpa Kanmana ans  u3MepeHUs  MCHPABISAIOT  COCTOSHUE U
KOBapHAaLlMOHHOW MaTPHILy B COOTBETCTBUM C U3MEPEHUEM Z, .

Haiinennsiii Bektop X, ucnonb3yercs, 4To0bl OOHOBUTb KOOPAUHATHI, CKOPOCTH, YIJIBI

Dilsiepa, CMEIIEHHE YCKOPEHS ¢ TUPOCKOMHYECKOE CMEIIEHHUE IS HHEPIUaIbHBIX
HABUTAIIMOHHBIX BBIYUCIICHUN Ha CIEAYIOIIEM Ilare.

UmncneHHbIe pacueThl OBUIM pealM30BaHHBI, 4YTOOBI HCCienoBaTh 3((HEKTUBHOCTH
¢unbrpa Kanmana u yToObl 00bETUHUTH 3TH JBa HaBUTALMOHHBIX anroputma. Ha Puc. 3, 4, 5
MBI MO>KEM BUJIETh, YTO JIJIi OTKOPPEKTUPOBAHHOTO MYTH OIIMOKA KOOPAMHATHI, MTOJTYyUYCHHBISI Ha
OCHOBE JIByX HABUTAIIMOHHBIX METOJOB C (QuubTpanueii KaniMana, HaMHOrO MeEHBIIE YeM
WHEpIHaIbHAs HABUTAIIMOHHAS OIMMOKAa KOOPJIWHATHI, MojydeHHas Oe3 ¢unbTpa Kambmana.
VYiydiieHHble pe3ynbTaTthl ¢ nomomleio GuasTpa Kanmana ObUIM MOMy4YEHBI TakKXKe IS
CKOPOCTH, HECMOTPSI Ha TO, YTO 3Ta CKOPOCTh HE H3MEPSETCS HAIPSMYI0 HABUTAIIMOHHBIM
ITOPUTMOM, UCIIOJNIB3YIOLIUM KOMIIbIOTEpHOE 3peHue Puc. 6.

Fight Pulhz
Figrt Pasnx

Fight Pahy 4
o )

20

e 1

Puc. 3: Ommbku no3unmu ((a) 1ist koopauHathl X (b) 1u1st KoopaAuHATHL Y (C) JUIs
KoopauHaThI z). OmuOKu HHePIUAIBLHOTO Apeii(a 0TMEeUeHbI KpaCHON JIMHUEH, U OIINOKH,
WCIIPABJICHHBIE BUICO-HABUTAllMEH, OTMeUeHbI cuHel tuHuen. [Tapamerpsi: Boicota 1000 M.,
FOV 60°, Yucno xapakrepubix Touek 120, Paspernierne 1000x1000, Paccrosiaue Mex Iy IBYMs
MOJIOKEHUSIMH Kamep JIJIsl IpBeAeHu BuaeoHaobmoaens 200m, Bpemst Meny HabmoieHusiMu 15
ceK

Fight Pun 2
“ = Figrt Pushx

E-I(C- -

200

W m E ] ™ %0 o R ] o = e T ]
e i e

(a) (b) (©)
Puc. 4: Ommbku no3unu X, y, z Uit KOOpAXHAT HHEPLUHUAIBHOTO Jpeiida OTMeUeHbI

KpacHOU JIMHUEH, M OITMOKH UCIIPABICHHOTO MyTH OTMEYCHBI ¢ CHHEH auHuel. [lapameTpsr:
FOV 60°, Yucso xapakrepubix Touek 120, Pasperierne 1000x1000, Paccrosiaue Mex Iy IBYMst
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MOJIOKCHUSIMU KaMep JIJIs TIpBeieHus BuacoHaomoneHss =200m, Bpems Meny HaOmroaeHusIME 15
cek, BeicoTa a) 700 M. b) 1000 m. ¢) 3000 m.

Fighi Pamz
Figtt P

Puc. 5: Ommbku nonoxeHus s X, Y, Z KOOPAUHAT HHEPLIUAIBHOTO apetiha OTMEUEHBI C
KpacHOH JTMHHUEH, U OIIMOKH HCIPABICHHOTO IyTH OTMEYEHBI ¢ cCUHEeH JinHuel. [lapamerpsi:
FOV 60°, Yucio xapakrepHbix Touek 120, PaccrosHue MLy IBYMsI TIOJIOKEHUSIMHU KaMep JUIs
npBeaeHus Buaeonadmoaens =200m, BpeMs Meny Habmonenusmu 15 cex, Beicota 1000 M.,
Pazpemenwne a) 500x500 b) 1000x1000 c) 4000x4000

5 delta-velocity in m/s deta-velocity in mis
| | | : "
D e g PO e
i o T e e,
2t ey \ b
U -
", H
ot o . = it 1] | !
= I =T I ‘
£ £
s £
=
2 2
3 . g2
2 s 3
&
-] 8
3 k g2
-

-4 t 4

5 -5

5 N 6

7 L I . . y 7 .

0 100 200 300 400 500 600 700 &00 0 100 200 300 400 500 600 700 800

timeins fimein s

Puc. 6: (a) OmmOKku CKOpOCTH sl HHEPLUUAIBHOTO Jpeida (X y Z KOMIOHEHTHI), u (b) ommoku
CKOPOCTH, UCIIPABJICHHbIE BHI€0-HaBUTaIUeH (X y z komrnoHeHThl). BricoTa [Tapamerpos 1000
M., FOV 60°, Yucio xapakrepubix Touek 120, Paspernrenne 1000x1000, Paccrosinue Mexmy
JIBYMs [IOJIOKEHUSMU Kamep AJIs IpBeieHus BuaeoHaomoaeHs =200m, BpeMs Mex Iy
HaOmoeHusIMu 15 cexk.

5. AHasIM3 morpeumHocTei

OctanbpHas 9acTh 3TON pabOTHI UMEET JIEJIO C aHAIM30M MOTPEUTHOCTEH MPEII0KEHHOTO
anroput™a. YToObl OLlEHUTh paboTy airopuT™a, LeneBas (QyHKUUS Ipolecca MUHUMH3ALUU
JIOJDKHA OBbITh CHayajla OIpeleNieHa: JJIs KaXJO0ro M3 7 BEKTOPOB OINTHYECKOro IMOTOKa

onpenesena gpynkuus £, :R'> — R?, koTopas sBnsercs nesoit yactbro ypapuenus (16):
Ji(p18.0.9,,015:0,.0,.v,) =
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= P2 |pn + RoL (G, )17 G (45)
B BhlIeynoMsHyTOM BbIpaxeHuH, R,u L, sBmorca QyHKUUSAMU HepeMeHHbIX (4,,6,,¥;,)
u(d,0,,y,) coorBercTBeHHO. JlononuuTenbho, Gpynkuus F R — R* Gyner onpenenena kak

v T o
o6beunenne GyHkuwit f;: F(py,4,0,.,, s $2,0,0.071,) = [ 1o, £,] . Cornacuo sroit cucreme
0003HaYeHUH, 1IeJIb AITOPUTMA COCTOUT B TOM, YTOOBI HAWTH JBEHAAIATh ITAPAMETPOB, KOTOPHIE
MUHUMU3UPYOT M (6,D) = ||F (9,D)|

KOTOpBIE€ JTOJIKHBI OBITH OLIEHEHBl, & 00beJUHEHHE [) BCEX JaHHBIX, KOTOpBIE MOIYyYaroT U3
ontuyeckoro noroka 1 DTM. Ecnu 6b110 661 D cBOOOIHO OT OMIMOOK, UICTUHHBIE TapaMeTpbl
OblIM modyuyeHbl. Tak kak D COAEPKUT HEKOTOPOE OIIMOOYHOE BO3MYILIEHHUE, OLIEHEHHbBIE
napaMmeTpsl ApeiidyroT k omubouHbiM 3HaueHUsM. B [10] mokazaHo, 4TO CBSI3b MEXKAY
HEOIPEEIEHHOCThIO B JaHHBIX M HEOINPEAEIECHHOCThIO B OLICHEHWBAEMbIX MapaMeTpax MOKET
OBbITH OMMCaHa CIeAYyIolIEeH anmpoKcuMalel IepBoro nopsaKa:

() (BF(2](3)
dg) \dD dD ) \do

3necp, 2,um 2, - MaTpHIbl KOBapMAaHTHOCTH IApaMeTPOB M JAHHBIX, COOTBETCTBCHHO. g

2 o
, Tne @ mpencraBiser co0oil BekTop U3 12 mapamerpos,

OTIPEICIICHO CIICAYIONUM 00pa3oM:

2(0,D).= %M(@,D) = %FTF =2J)F 47)

J,=dF/d0 - (3nx12) Sxobuan MaTpuubl F OTHOCUTEIBHO ITHUX JABEHAALATU apaMETPOB.

HrHopupys 35€MeHThl BTOPOTO MOpPsiAKa, IPOU3BOJIHBIE g MOTYT OBITHOIIPEIEIIECHBI:

% ~2J)J, (48)
:zl_zg) ~2JJ, (49)
Jp,=dF/dD - (3nxm) SxoOuaH MaTpuubl F OTHOCUTEIBHO /M KOMIIOHEHTOB JIaHHBIX.

[Toncrasnss (48) u (49) B (46), IpUXOIUM K CIEAYIOIIEMY BBIPAKEHUIO:
Jr =52,

— T T
Ze_JT'(JDEDJD)'JT (50)
LenTpanbHplii komroneHt J,X,J) TNpeacTaBiaseT HeoNmpejaeNeHHOCTh F, B TO BpeMs Kak

Ty Y7
IICeB1000paTHas Marpuia (J o 5) J, mpeoOpasyer HEOIPEIEIEHHOCTh B Fx
HEOIPEEIEHHOCTH TUX JBEHAAATH mapamMeTpoB. B ciuemyromux moapasnenax,J,,J, u2,
SBHO IIOJTyY€HBI.

5.1 Bbruuciaenue J,

IIpocroe nuddepenuuposanme f,, NpeaCTaBIEHHOIO B (45), NpUBEIUT K CIIEAYIOIUM
pe3ynbTaram:

N,(4,,2 G)="P(4,,4,)P(?G,2 G)/[* G| C2))
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YV N2 GRL (52)

dp,
d ¢ d
Y Ny ORL 2R, |G, - 1) (53)
dal dal
d ¢
_f =N,(q,, > G) (54)
dpy,

d c d
df =N,(q,,?G)
a, da,

R, £(GE - p1) (55)
B Bepaxkenusx (53) u (55):¢,=4,,6,, v, na,=4¢,,0,,v,. Sxobuan mnomnyueH
J , IPOCTBIM 00BEAMHEHNEM BBIIICYTOMSHYThIX AU(PepeHInpOBaHUIA.

5.2 Bbluuciaenue J,

Hepen BBIYHUCIICHUEM JD JOJDKCH OBITH SBHO OMpCACIICH BCEKTOD JaHHBIX D . I[Ba THUIIA

JAHHBIX MCIIOJIB3YIOTCS MPEIJIOKEHHBIM HABUTALMOHHBIM QJITOPUTMOM: JAHHBIE, IOJYyYEHHbBIE
U3 ONTUYECKOro moroka, u ganusle n3 LIKJI. Kaxxaplii BEKTOp IOTOKA HAYMHAETCS B ¢, U

3aKaH4YMBAeTC B¢,. MOMKHO pPaccMOTpETh ¢, 's KaK IPOEKLHIO HEKOTOPOHl IPOU3BOJIEHO
BBIOPAHHOW XapaKTepHOW TOYKM MECTHOCTHOCTH, B TO BpeMs Kak ¢, NpeACTaBiseT coOoi

HOBYIO IPOEKIUI0 TOW e caMoil XapaKTepHOM TOYKM Ha BTOPOM CHUMKe. Takum obOpazom,
OLIMOKH MTOTOKA PEaIn3y0TCs Yepe3 BEKTOPBI ¢, .

Ommobxkn IKJI Baustor Ha G,u N BEKTOpOB B ypaBHeHuHU cBsizu. Kak u mpexne,

muaeapuzanuss  LUKJI Oyner wucnonb3oBatbes. Iyt MPOCTOTHI, OPUCHTAIUS  JIOKATBHOM
JIMHECapu3anuu J'IaH)IHIa(i)Ta, BbIpaXXCHHAad HOPMaAJIbIO, paCCMOTPUBACTCA KaK IpaBUJIbHAA, B TO
BpeMsl KaK BBICOTa COOTBETCTBYIOIICH MIIOCKOCTH MOTJAa Obl ObITH OMIMOOYHON. CBS3b MEXIY
omnOKoN BbICOTHI M omKOkoi Oyner G,mnodydeHa B cieayromeM nogpasnene. Crnenys us

BBIIICYTIOMSIHYTOTO, BCE ¢, U N MOTYT OBITh BJICYCHBI U3 BEKTOPA AaHHBIX D . DTO MOXET OBITH
OIIpEJIENICHO KaKk 00bEUHEHNE BECh ¢, , CONPOBOXKIaEMOe 00beAuHEHNEM BeeX G, .
BekTopbl naHHBIX 1-0l XapakTepHON TOUKU ¢, 1 G, MOSIBIISIOTCS TOJIBKO B YPAaBHEHUAX
1 1
st i-oit Touku. Takum oOpasom, modydeHHas MaTpuua Skxobu - J, = |_J Y G_l ABJISACTCS
00bEIMHEHUEM JIBYX OJIOK-AMAroHaIbHBIX MaTpHIl: J , 1 nonenytomen J; . 1'th tnaronanbHbIi

OJIOKOBBIH 7IEMEHT - 3TO 3 X 3 MaTpuIlbl dfi/d%i u dﬁ/dGEi mnst J, u J; COOTBETCTBEHHO:

ﬁ[(qf 2644, 6 Plara) 7 G (56)
2
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d c
d—gE N (0. GORL (57)

C
2 .
G B BbIpaxxeHHH (56) - xapakTtepHasi TOYka MeTHOCTH G CHHMMKa BTOPOW KaMephl, Kak
onpeneneHo B (11).

5.3 Boruuciaenue 2,

Kak ynomunanoch Bbllle, BEKTOp AaHHbIX D mocTpoeH M3 oObeAMHEHUS BCeX ¢,,
COIIPOBOXKIaeMoro obbeauHeHueM Bcex (.. Takum o0pa3zom,b2, [0/KEHAa ONMCHIBATH
HEOIPEAEIEHHOCTh B 3TUX dJeMeHTax. Tak kak ¢, U G, NOJydYeHbl U3 JBYX Pa3IM4HbIX, U
HEKOPPEJIMPOBAHHBIX IPOLIECCOB, KOBAPUAHTHOCThH, CBS3bIBAIOLIas MX, OyAeT HOIb. ITO
HPUBOJUT K JIByM OJIOK-MaroHaJbHBIM MaTPHUIIAM:

2 0

2, =11 58
oz (58)

B oroii pabore OMmMMOKH TMOJNIOKEHHUS H300pa)KeHUsT W BBICOTHI, omnpenensemon L[KJI,
npeamnojgararorca aaaIuTHBHBIMU, OIHCBIBACMBIC FaYCCOBLIM pacupeaciiCHUEM C HYJCBbBIM
CPEJIHUM U CTaHJIApTHBIM OTKIOHEHUEM O, U O,, COOTBETCTBEHHO. Kax1blii BEKTOp ¢, -
NPOCKIMSI HA TUIOCKOCTH HW300pakeHUs, Tle (OKYCHOE pAcCCTOSHHE HPUHUMACTCS PaBHBIM
equanie. ClieoBaTeIbHO, HET HUKAKOW HEOIPEISICHHOCTH O - z KOMIOHEHT. Tak Kak, paau
IPOCTOTHI, HOPMAJIBLHOE U30TPOITHOE PACIpPE/ICIICHUE TPUHUMACTCS, KOPEUIAIUOHHAS MaTpHIla
M3MEPEHHS N300paXKeHUs ONpeiesieHa CISAYIOIMHUM 00pa3oMm:

1
_ 2
) . ~ 05 1 (59)
0
a MaTpuia 2, - 9T0 MaTpHla ¢ MaTpULaMi 2, BJOJIb €C IHATOHAIIH.

1
B [11] u3ydyeHa TOYHOCTb BBICOTBI TOYKH HAa MECTHOCTH, MOJYYEHHOU MHTEPHOJISALUEH
coceqHUX To4yek u3 cerku, onpeaensemon LIKJI. [lokazaHo, 4TO 3aBUCHMOCTb MEKIY ITOM
TOYHOCTBIO M MECTOIIOJIO)KEHHUEM, JUII KOTOPOTrO HHTEPIOIMPYETCS BBICOTA  SABIIAETCS
HE3HAUMTENFHOU. 371eCh, BBIICYIIOMSHYTOE HAOMIOACHHE OBUIO TPUHATO BO BHHMaHHUE, U

MOCTOSTHHOE CTaHJAPTHOE OTKJIOHEHHE ObUIO YCTAHOBJIEHO IJisi Bcex m3MepeHuid BbicoT LIKIJI.
XO0Td U CyLIECTBYET 3aBUCHUMOCTb MEKIY HEOIPEIEIEHHOCTbI0 TOYeK (,, 3Ta 3aBUCHUMOCTb
OyZeT NpOUrHOPUpPOBaHA B CleAyIOUMX IU((EepPeHIUPOBAHUAX paaud MPOCTOThL. Takum
obOpazoM, OJIOK-IUaroHagbHas MaTpula, MoilydeHas mi1d 2., colepxkamyro 3x3

KOpEJSLMOHHbIE MAaTpHLbl 2, BIOJIb €€ JUaroHalld, KOoTopas OyAeT MOJydeHa CIEAYIOIUM
1

obpazoM. PaccMoTpuM 1yd, HOCIAHHBIM U3 TOUKU p, BAOJNb HANpaBleHUA R g,. DTOT Iy4

JOJKEeH Obul nepecedb Janamadr B touke G, = p, + AR g, i HekoToporo A . Ho u3-3a omnbku
BoicoThl L[KJI, npyras touka G, = ()Nc ,},h)[ Obuta mosydeHa. Ilyctb /4 siBisieTcs MCTUHHOMN

BBICOTOH JaHamadra B TOUKe (x, y), a H= ()7 ,)7,h) SIBJISIETCS COOTBETCTBYIOILEH TPEXMEPHOM

TOYKOU Ha NaHmadre.
Hcnonb3ys To, uro H mpuHamiexuT UCTUHHOW KacaTelbHOM IIJIOCKOCTH K JaHmmadTy,
MOJIy4YaeM:

NT(GE_H):NT(pl+/1R1Q1_H):O (60)
N3pnekas A u3 (60) u moacrasiisist 3ro Ha3al B ypaBHeHue Uil G, M0JIy4aeM BbIpaXKEHHUE:
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G,=p,+RL(H-p,) (61)
Jlns  BelYMcleHME HeompenaeneHHOCTH G, no/bkHa ObITh  HaliieHa npousBogHas Gy
OTHOCHUTEIBHO /1 :

9Cr _pr.(0 o 1y =R (62)
dh N'Rq,

BeleynomsHy Tl pe3yabTaT ObLI MOJYYEH, MCHOJb3ys (aKT, YTO z KOMIIOHEHT BEKTOpa

N pasen 1: N =(— VDTM l)T. Hakonen, HeompezneineHHOCTs G, BbIpaXkaeTcs ClELyHOIIeH
KOPPEISIUOHHON MaTPULIEH:

r T pT
3, = (dGEj_o_z .[dGE] _ Gi . R1‘]T1‘]1 R, (63)
o\ dh dh (N"Rq,f

5.4 Beruncienne X

ANropuTM, NpenCcTaBIEHHBINH B 3TOH paboTe, OLEHUBAET MO3UIMIO U OPUEHTALUIO MPH
MEPBOM IOJIOKEHUH KaMephl U 3ro-IBmxkeHue. OObIYHO, caMble HHTEPECHBIE MapamMeTphl Mpu
HaBUTAIlMHU - 3TO BTOPOE IMOJIOKeHUe Kamepbl. OHO OTpakaloT Hanbosee HOBYIO MH(POPMALIUIO
0 MECTOIOJIOXKEHUH Kamepbl. BTopast mo3uius u opueHTauus KaMepbl MOTYT OBbITh MOJTY4YEHbI
HanpsMY0 KakK KOMIIO3ULMS IEPBOM MO3ULUU U OPUEHTALMH U 3r0-ABH)KEHUS KaMEpBI:

D, =D - RIRIZPIZ (64)

R, =R.R), (65)
HeomnpeneneHHOCT, BTOPHIX TO3UIMK M OpUEHTalMu OyneT omucaHa 6X6 KOpeasiuOHHOU
MaTpulled KOoTopass MOXeT ObIThb IOJlydeHa U3 YK€ nojyuyeHHoW 12 x12 marpuiist
KOBapHaHTHOCTU 12 x12 ymHOxkeHuem J2,c o00eux CTOpOH HaJ, ¢, ITocnequuii  cUMBOI

o0o3HO4aeT SIkoOmaH yNOMSHYTBIX BBINIE INECTHM HNapaMeTpoB, onuceBaommx C,,
OTHOCHUTENIBHO TUX ABEHaAUaTH napamerpos. C 3Tol uenbto, Tpu DWIepoBbIX yIia, ¢, ,6, u v,
JOJKHBI OBITH U3BJIEUEHA U3 (65) , UCTIONB3Ys ClIeAYIONINE YPaBHEHUS:

_ R,(2,3)
@, = arctan —R2 G3) (66)
0, = arcsin(~ R,(1,3)) (67)
v, = arctan 22—1:?; (68)

[Ipocroe muddepennupoBanne, a 3aTeM U 00HEIUHEHUE BBIIICYTOMSIHYTBIX BBIPAKESHUHN
OPUBOJUT K HeoOXoaumomy SkoOuaHy, KOTOPBIM HCIOJIB3YETCs, 4YTOOBI PacHpOCTPaHUTH
HeonpeneneHHocTs oT  C; u sro-aswkeHus k C,. HalineHHass koppenslMOHHas MaTpuua -

ECZ Ta K€ €aMos, 4TO M KOPpEJALMOHHAs MaTpulla MU3MEpeHHs R, , ONMCAaHHAas B paslene o

¢unbTpe Kanbmana.

R, = Zcz (69)
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6. Pacxoaumocth MeToaa. HeoOxoanmbie MOpOroBbie 3HAYEHUS 1JIs1
CX0IMMOCTh METO/1a.

B npensinymem Paznene Mbl paccMarpuBaii  AHajaM3 MOTPEIIHOCTEW ISl BUAEO
HaBUTallMOHHOrO MeToja. Ho ero paccmorpeHue mNpaBUIIBHO, TOJIBKO €CIM IepBoe rpyodoe
npuOIMKEHHOE pelleHne OMU3K0 K MCTUHHOMY. Ecnu 3T0 He BepHO, HeluHeHHble 3((eKTsl,
MOTYT IMOSIBUTHCSI, WJIA JIaK€ Mbl MO’KEM HAWTH HENPaBUIbHBIM JIOKAJIbHBIH MUHUMYM. B 3TOM
CJIy4yae METOJl MOXET HausITh paCXOAUThCs. Mbl MOKEM MOJTYyUYUTh TAKOW pe3ysbTaT:

1) eciiu GOMBIIOE KOJMYECTBO XapPAKTEPHBIX TOUCK, HAWIEHHBIX C TPyOBIMH OIIMOKAMH B
UX TMOJIOKEHUH HA MECTHOCTH TOSIBIISIETCS

2) ecnu cuTyanusi OJIM3Ka K BBIPOKICHHOW. B 3TOM cilyyae ommOKM MOJOKEHUS WU
OpUEHTAIMH SIBJISIOTCS CIUIIKOM OOJNBIIUMHU. DTO MOXKET CIYYUTHCS HAMpHUMEp ISl Majaoro
Yyclia XapaKTepPHBIX TOYEK HAa MECTHOCTH, IUIOCKOTO JaHmadTa, HEOONBIIOrO yIiia 3peHHs
KaMephl.

3) ecnu HayaJIbHOE TOJIOKEHUE U OPUEHTALIUA ISl POLIECCa UTEPALIMHA CIUIIKOM JalIeKH
OT UCTUHHBIX 3HAYEHUU

B crnenyromuxcs moapaszgenax Mbl pacCMaTpUBAEM IOPOTOBBIE YCIIOBHUS, KOTOpPbIE
MO3BOJIAIOT HaM M30eraTth TaKUX CUTyaIuil.

Eciu B HekoTOpoM ciyyae Ja)ke OJHO W3 AITUX IOPOTOBBIX YCIOBHM JETEKTHPYET
OIIMOKY, MBI HE HUCIIOJIb3YEM JJISl 3TOTO CIy4as BU3yalbHYI KOPPEKIIHIO U UCTOIb3yeM TOIBKO
OOBIUHBIN pe3yJbTaT MHEpLUMaIbHON HaBUranuu. Ecinu Takas cuTyalusi IOBTOPSIETCS TpU pasa
MOJPSA MBI TpPEKpaliaeM HCIOIb30BaTh BU3YalbHBIM HABUTALMOHHBIA METOJ BOOOIIE U HE
UCIIOJIb3YEM €r0 KOPPEKIUIO TAaKKe JUIsl MOCIEAHET0 MPaBUIBHOrO ciydas. Teneps mo3BoJsibTe
HaM OOCYJIUTh BBIIICONUCAHHBIEC TPU CIy4as B A€TaJsX.

6.1 O0padoTka cuTyauuu ¢ 00JBIIMM KOJIHMYECTBO XapaKTEPHbIX
TOYeK, HAWACHHBIX ¢ TPYObIMHU OIIMOKAMH

UtoOsl paboTaTh C peaNbHBIMH JaHHBIMHU, MPOIEAYypa JUIsl 00pabOTKH OOJBIIOTO YHCIa
XAapPaKTCPHBIX TOUYCK [JOJIKHA 6LITB BKJIFOUCHA BaJITOPUTM. I_[e.]'[b CYHICCTBYIOLICTO pa3acia
COCTOMT B TOM, 4YTOOBI ONKCAaTh TEKYIIYI0 MPOLEAYpPY, KOTOpas, KaKeTcs, padoTaer
yZIOBJIETBOPUTEIHHO Ha MpaKkTUKe. Tpu BUA TPyObIX OMIUOOK HYKHO PACCMOTPETh:

1. OmmOKY CBS3aHHBI C HEBEPHBIM HAXOXKICHUEM COOTBETCTBHS MEXTY
XapaKTePHBIMU TOUYKAMH.

2. OmuOkw, BeI3BaHHBIE (hopMoi manamadTa, u

3. OLHI/I6KI/I, BbI3ZBAHHBIC OTHOCHUTCJIBHO 6OHLHJI/IM HCCOOTBCTCTBUCM MCIKIY
umeromeiics LIKJI u HabmomaempiM masmmagpTom.

[Tocnennue nBa BHaa OMIMOOK MPOMILTIOCTpUpOBaHbl Ha Puc. 7. OmmOKu, BbI3BaHHBIC
dbopmoii maramadTa, NOSBISIOTCS AT OCOOCHHOCTEH JaHamadTa, pacrnolioKeHHBIX OIU3KO K
OonbpIIMM BapuauusM riyounsl. Hanpumep, paccMoTpute Ba Xoima, OJUH ONIKE K Kamepe,
JIpyroy Janblie, ¥ XapakTepHas Touka JaHnamadra ¢ pacnoiokeHHa Ha O6osee OJIM3KOM XOJIMe.

AJNTOPUTM, MPOCIICKUBAIOITUHN JTy4, HCTIOIB3YS OIIMOOYHYIO OPUEHTAIUIO MOXKET "TIPOITyCTUTH"
Omkalmui XOIM ¥ OMIMOOYHO TIOMECTUTh OCOOEHHOCTh B AuctanbHui. Camo coboit
paszymeeTcsi, olnOKa MEKy UCTUHHBIMU U OLICHEHHBIMH MECTOIOIOKEHHUSIMH HE TOKPHIBACTCS
nuHeapuzanueid. UtoObl BU3yallbHO MPEICTAaBUTH ce0e OIMMOKH, CBS3aHHBIE C OTHOCHUTEIHHO
OonpmM  paccoriacoBanueM Mexay Jnapmamadprom u LKJI, mpemmonoxum, 9TO 31aHHE
npucyTcTBoBaso Ha nanmamadre, korga LIKJI 611 mpuoOpereH, HO Oonbliie ero TaM HET, Koraa
HKCIIEPUMEHT UMEET MECTO. AJITOPUTM, MPOCICKUBAIOIINK JIyd, ONMPEACIUT MECTOHAXO0XK/ICHNE
OCOOCHHOCTH Ha 3[aHUM, XOTS HCTHUHHAs OCOOCHHOCTh NaHAmA(Ta MNPUHAMAICKHUT (OHY,
KOTOPBIN MBI TETIEPb BUIAHM.
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Puc. 7: Ommbkwu, Be13BanHbIe (hopmoii nanamadTa u paccornnacoBanrem ¢ LIKJI. 3nece
C, - uctunHoe, a C, OLIEHEHOYHOE 0JIO)KEHNE U OPUEHTALINS KaMEphl, COOTBETCTBEHHO. 1

QlE ,QzE rpyOble omMOKM BbI3BaHHBIE (POpPMOIL aHIIadTa MM paccoriacoBaHuEeM

nanamadt/LIKJI, coorBeTcTBEHHO.

Kak 0o0cyXIeHO BbIIIE, Y4€T MHOTHX XapaKTEPHBIX TOYEK IPOU3BOIHUTCS B CMBICIC
HaMMEHBIIUX KBaJpaTOB JUIsl MEPEMEHHBIX ABWKEHHSI M MO3bl. YUMTHIBAas UyBCTBUTEIBHOCTb
HAVMEHBIINX KBAJPATOB K HEMPABWIBHBIM JaHHBIM, BKIIIOYCHHE OJIHOW WM Ooiee rpyOoi
OLIMOKY MOJKET MPUBECTH K PACXOIUMOCTH K HENPABWIBHOMY pelIeHHI0. Bo3MOXHEIH croco0
00OWTH 3Ty TPYAHOCTh COCTOHMT B HCIIOJIb30BaHUM M-3CTUMAaTopa, B KOTOPOM OPUTHHAIIBHOE
pelIeHne 3aMEHEHO B3BEILCHHOW Bepcuel. B 3Toll Bepcum HEOOINBIION BeC MPHUIUCHIBACTCS
TOYKaM, IMEIOINX OOJbIINE ONIMOKH, TAKMM 00pa30M, MUHUMH3HPYSI UX BIHMSHUE Ha pEIICHUE.
bonee oneranbHo, paccMoTpuM QyHKIMIO f(@) omnpeneneHHyo B (45) u BbITeKarouen usi-th
napsl COOTBETCTBHU. B oTcyTcTBuM mryma sta (yHKOMs OOJDKHA OBITH paBHA HYINIO TIPH
UCTUHHOW 1103€ W OTO-JBWXKCHHH U, CIEI0BATEIbHO, HCIOB3Yysl CTAaHAAPTHYIO CHCTEMY
0003HaUEHMH, MOXKHO ONpPENEIUTh pa3sHOCTh 7, (®) =|| /i (@)”. Hcnonezys M-actumarop,
peurenue g @ (3TO JBEHAALATH MMaPaMETPOB, KOTOPHIE TOJKHBI OBITH OIICHEHBI), OTy4aeTcs,

HCIIOJIb3YyA HMTCPALMOHHYIO CXEMY [JIA HAMMCHBIIHUX KBAaAPaTOB, C MHNCPCCUUTBIBAIOIIUMUCS
BECaMU:

n
_ : 2
O = argmin ZW[V[ . (70)
i=1
Beca w,IOBTOpHO BBIUUCISIOTCA 3aHOBO IIOCIE TOrO, Kak Kaxjaas uTepauuss OOHOBUIIA
pasHOCTH. B HamieM BBIMTOJIHEHUU MBI HCIIOJIB30BalM Tak Ha3biBaeMyr GyHKiuo Geman-

McClure, nnst KOTOpOH Beca JAlOTCS:

1
w(x)——(l+x2)z. (71)

PacueTHble Beca HCIONIB3YIOTCS, YTOOBI MIOCTPOUTH B3BEIICHHYIO IICEBIOOOPATHYIO MaTpHILy,
KOTOpasl 3aMEHSAET PETYJIIPHYIO NICEBJAOMHBEPCHIO, MOABIstoMmyocs A J, B (50). Cm. [18] ma

JanpHeWmmx geraned o M-sctumarope. Ilo3BonbTe HaM oOmNpeneyniaTh MaTpuily BeCOB W,
KOTOPBIN MO3BOJISIET HAM YMEHbIIATh BIUSHNE BEIOPOCOB

r= ”fi(pla¢1a91a':”1ap12a¢12a912"//12)”
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medR = median(x,)
R, = w(r,/medR) (72)

rae i =1,...,n HoMep XapaKTepHOU TOUKH.
Matpuna BecoB W (3nx3n) MoOXeT ObITh HaleHa, CIEAYIOIIMM o0pa3zom: s

JIMaroHaJIbHBIX 3JeMEeHTOB W Mbl MoxkeM HanucaTtbh: W, =R, , rae k - 310 nenas 4acTb uucia
[(i —1)/3+1]. Henuaronanbueie snementst s W, =01 # ;.

Bwmecto ypaBHenus (50) Mbl HCIIOSIB3YEM HOBOE:!
g =(7Iwr, ) gIw
5, =Jr-(J,2,J8)-JT" (73)

Ecnu Mbl 3HaeM 1Ba IMOJIOKEHUs KaMepbl U IOJIO0KEHHUE XapaKTEPHOU TOYKH Ha IEpBOU
dboTorpaduu, MBI MOKEM HAWTH TMOJOKEHUE XapaKTePHON TOYKU Ha BTOpoi ¢ortorpaduu. Ecnu
paccTosiHUEe MEXIy WCTHHHBIM IIOJIO)KEHHEM HEKOTOPOM COOTBETCTBYIOLIEH OCOOEHHOCTH Ha
BTOpOo (hoTorpadmu U MONOKEHHUEM, HAWJECHHBIM paHEE OMUCAHHBIM METOJIOM, OOJIBIIE YeM,

30,, MBI paccMaTpUBaeM TaKyl0 XapaKTepHYyIO TOUKy Kak rpyOyro ommOKy. JlaBaiite onpenenum
Kak N, uucio rpyOblIX OIIMOOK MpU HAYaldbHOW aNMpOKCUMAIMU IIOJIOKEHUS KaMmep U

OpI/IeHTaLII/Iﬁ (TO €CTh CACIIAHHYI0 OO0 UCIIOJB30BaAHUS BHSyaHLHHﬁ HaBI/IFaI_[I/II/I) u Kak N r qucJjio

rpyObIX OmMOOK TIOCHE MCIONb30BaHUA BU3yalbHBIH HaBuranuu. Creayonme yCIoBHs
MO3BOJISIIOT HaM M30€XaTh CIUIITKOM OOJIBIIIOTO KOJIMYECTBA TPYOBIX OITHOOK:

N2N,
Nf
7 <threshold,, (74)

rae N - nonHoe umcio IpyObIX omMOOK, a threshold, 3TO HekOTOpoe HOPOroBOeE
3HaueHneM. Mbl BeIOpanu ero paBabM 0. 1.

6.2 BoipoxxaeHblii cirydail 00J1bIIKX OLIMOOK.

JIns  BBIPOXkIEHHOTO ciydas Matpuna B J),WJ,ypasnenun (73) MoxeT OBITh
BBIPOXKJACHHOW. DTO ONPENENSIETCS CIIeTyIOIINM IIOPOTOBBIM YCIOBUEM:

rcond(J jWJ ) > threshold (75)

rcond

rae rcond() - Matlab QyHKIS U HAXOXKIEHUS ONEHKHA BBIPOKICHHOCTH MATPHIIBL.
(0 <rcond() <1). [loporoBoe 3HaueHue BuiOpaHo threshold =107"°.

BripoxaeHHbIil ciayyail n3-3a HEOOJBIIOrO KOJUYECTBA XapaKTEPHBIX TOUYEK, TIOCKOTO
nanamwadTa UM HeOONbILIOrO yIJia 3peHUs KaMepbl 1aeTCsl CIEAYIOIIUM TOPOTOBBIM YCIOBUEM:

JEa
————— <threshold (76)

Golfh
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rne i=Xx,y,z - 9TO KOOPJAMHATHBbIE WHAEKCHl JUIsl JHAaroHaJbHBIX 3JEMEHTOB
KOPPEJALIMOHHON MaTpPHLbI ZCZ. 3necs f =1 ¢okycHoe paccTosiHue Kamepsl, h - BbIcOTa

30
U h a€T HaM MAKCHUMAJIBHOC HW3MCHCHHC II0JIOKCHUA

NIOJIOKEHUSI Kamepbl. BrulpakeHue

KaMephl, MO3BOJISIIOIIEE OIIMOKE TMOJIOKEHUS XapaKTEPHOW TOYKM Ha ¢oTorpaduu ocTaBaThCs
MEHBIINM, YeM pa3Mep nukcena. [loporosoe 3nauenue threshold ,, = 40.

3'\' [27C2 ]ii < Lgmund—dist (77)

A€ KOOPAWHATHBI [ =X,y,Z- O9TO KOOPJAWHATHBIE WHACKCHI I JUArOHaJbHBIX

AJIEMEHTOB KOPPEIALMOHHON MaTpULbl 2 o L - XapaKTepHas JJIMHA, Ha KTOPOH penbed

ground—dist

JI2e i
N < threshold

(30_1/]p) angle

CHJIBHO MCHACTCA

(78)

rae i=¢, 0,y yrioBble WHACKCH JUIS IUATOHATBHBIX 3JIEMEHTOB KOPPEISIIMOHHON
3o,
MaTpUulbl Zcz . BI)Ipa)KeHI/Ie —Lh Ja€T HaM MAaKCUMAaJIbHOC W3MCHCHHUC ITOJIOKCHHA KaMCPhbI,
HI03BOJISTIOIIEE OMIMOKE MOJIOKEHUS XapaKTepHOH TOUKM Ha (oTorpaduu octaBaThCsi MEHBIINM,
yeM pa3mep nukcena. [loporoBoe 3nauenue threshold,, , = 40.

angle

L :
3 [ZCZ ]H < grou;ld—dtst (79)

rae i =¢,0,y -yrioBble MHAEKCHI Ul AMArOHAJIBHBIX 3JIEMEHTOB KOPPEISALMOHHON MAaTPHILIbI
2. .
&

BriposkieHHbI ciyyail u3-3a HEOOJBIIMX JAHHBIX (MajO€ PAcCTOSIHUE MEXIY IBYMs

IMMOJIOKCHUAMHN KaMEpPbI, UCIIOJIB3YEMBIMHU B BUJCO-HABUTAITUOHHOM MGTOI[G), AacT CICOAYIOIUC
IMOPOroBbIC YCIIOBUA:

NIPAP
N0 < threshold (80)
12
s
rae i=x,,V,,Z, - B3aUMHbIC KOOPAMHATHbIE HHICKCHl /I AWArOHAJIbHBIX 3JICMEHTOB

KOppesiquoHHON MaTpuubl 2, . [loporosoe 3Hauenue threshold sy, = 0.1.

JIZ,1;

2ok <threshold,,, (81)
(||p12||/h) 12

e i=4¢,,0,,v, - B3aUMHBIC YIJIOBBIE MWHJEKCHI JUIS JWAaroHaJbHBIX HJIEMEHTOB

KOppesuoHHON MaTpulbl 2, . [loporosoe 3Hauenue threshold =0.1.

anglel P
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6.3 HauaabHoe nmoJjio:xxeHue KaMephbl CJIMIIKOM JAJIEKO 0T €€ HCTUHHOI'O
HJIA UTOTOBOI'0 PACYE€THOI'O MOJO0KCHUA NI OPUCHTAIIUU.

IIo3BonbTE HaM ONpeaACIsITb IMOPOroBbIC YCJIOBUA, yTOOBI M30€XKATh HAYaJIbLHOI'O
IMOJIOKCHHUA KaMEPhI, KOTOPOC CIMIIKOM JAJICKO OT €€ UCTUHHOI'O IMOJOXCHUA UJIN OPHUCHTAIUU.

Koppemsinuonnas marpuna B, NOIy4YeHHas CC IOMOLIbIO HMHEPLUAIBbHOM HAaBUTALUU U

NPEIBIIYIIUX KOPPEKIUH MHEPLIUATHHON HABUTAIIMH C MTOMOIIBIO BUCO-HABUTAIMH (DHIBLTPOM
Kanvana , onucanna B pazaene o ¢punstpe Kanmana.

WIE <L

‘ground —dist

ii (82)
rac = X,yY,Z- OTO KOOPAMHATHBIC MHACKCHI [JIA JHAarOHaJIbHBIX 3JICMCHTOB

KOPPEIALUOHHON MaTpuLbl P .

—— L, N
3 [[)k—]ii < g}ou;ld—dzst (83)

rae i=¢,0,y -yrioBble MHACKCHI IJIS AWArOHAJIBHBIX AJIEMEHTOB KOPPEIAIMOHHOM
MaTpuusl £ .

[To3BoBTE HAM ONPEAETSATH TIOPOTOBBIC YCIOBHSI, MO3BOJISIFOIINE W30€KaTh HAYAILHOTO
COCTOSIHMSI KaMephl CIMILKOM JAJ€KOro OT €€ KOHEYHOro cocTosHMs. Clenyromue 4YeThipe
YpPaBHEHUS JAIOT HaM, Pa3HOCTh MEXIY HAYaJlbHbIM U KOHEYHBIM COCTOSIHUEM, MOJTYyHArOIIUECs

KaK KOpPPEKIMsS HWHEPLHAIbHON HAaBUTALMU BHJCO-HABUTALIMOHHBIM METOJOM C HOMOILBIO
¢unbrpa Kanmana:

P> =| P2 puat = Prini | (84)

P12 =| Pr2 puat = Praiui | (85)

oa, =, 4, = Uy, |MOd (277) (86)
0a, = Ay, 0y = iy, | Mm0d (277) (87)

3(\/ (B ] + 1[[2c2 Ii)> 5172[ (88)

rac I=Xx ,V,Z- OTO KOOPAWHATHBIC MWHACKCHI I JHArOHAJIBHBIX 3JICMCHTOB

KOPPEALMOHHBIX MaTpull B u 2C2

3WIA ) +[2¢,)i) > 0, (89)
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rac i= ¢, 9,(// - YTJIOBBIC MHIACKCHI IJII JUAIOHAJIIBHBIX 3JICMCHTOB KOPPCIALIMOHHBIX

MaTpul B, H 2C2

Pus < hreshold,, (90)
||p12|| .

rie [ =X, )),,Z, - B3aUMHbIE KOOPAMHATHbIE HHJECKCHI.

< threshold

—L 1
AL oD

rae i =¢@,,0,,y,, - B3AUMHbIE YIJIOBbIE UHJEKCBL.

7 PesyabTarsl MoaenupoBaHus

7.1 3aBHCUMOCTDH AaHAJIHU3A NOTPELIHOCTEN OT PAa3JIMYHBIX (PaKTOPOB.

Llenp cnemyromiero pasieia COCTOMT B TOM, UYTOObI HM3YyUWUTh BIUSHUE DPA3IUYHBIX
(GakTOpOB HA TOYHOCTH OLICHOK, MPEAJIOKEHHBIX aJITOPUTMOM. YpaBHEHHE, ONMHUCAHHBIE B
OpeABIAYIINX pa3JieNax, HUCIOIb3yeTCsl, YTOOBI ONpPEICTUTh HEONPEACICHHOCTh OICHOK IS
MHO>KECTBa MOJIEIHPYEMbIX clieHapueB. Kakaplii MpoBepeHHBIH CIEHapUi OXapaKTepu30BaH
CJICAYIOUIMMHU TapaMeTPaMH: YHCIO XapaKTEPHBIX TOYEK ONTHYECKOTO MOTOKA, MCIIOJB3YEeMbIX
aNrOpUTMOM, pazpelieHrue u3o0pakeHusi, cerounbiM uHTepBaioM LIKJI (paspemenue LIKJI),
aMIUTUTYZa XOJIMOB/TOp Ha HabmomaeMoMm JaHgmadTe W BEJIUYMHA KOMIIOHEHTOB 3TO-
nerkeHus. [Ipu kaxaoM MoIeTMpOBaHUH BCE MapaMeTpbl KPOME UCCIIEI0BAHHOTO YCTAaHOBIEHBI
COIJIaCHO TMPEAONPEICTICHHOMY MHOECTBY MNapameTrpoB. B atom cyewmapuu no ymonuanuio
ucrnonb3yercss kamepa ¢ 400x400 paspemenueM. Ona setut Ha BbicoTe S5S00 M BbIIe
nauamadgTa. Pazmep nanamadra - 3x3 kM ¢ pazHoctsimu Bo3BbimeHus Ha 300 m (Puc. 13 (b)).
HKJI ¢ marom cetkn 30 M wmcrmosb3yercsi, 9To0bl cmoaemupoBarh Japamadt (Puc. 10 (c)).
Pazpemienrie LIKJI npuBOOuT K CTaHAAPTHOMY OTKIOHEHHIO 2.34 M. Uil U3MEPEHUI BBICOTHI.
CueHapuii Mo yMOJYaHUIO TAK)KE OMPEEISET YUCIO XapaKTEPHBIX TOUYEK ONTUYECKOTO IMOTOKA

Kak npuonausurensHo 170, rae sro-aBrkeHue || pu” =40mu ||(¢12,<912,y/12)|| =10", ucnosp3yemble

JJIs1  BBIYMUCIICHHSA OIITHYCCKOI'0O IIOTOKaA. Ka)Kl[OG u3 MOIICJII/IpOBaHI/Iﬁ OIMMCAaHHBIX HHIKE
UCCIIETyeT BIMSHHUE Pa3IMYHBIX @ApaMeTPOB IO OTAEIBHOCTTH. MHOXKECTBO 3HA4YEeHUM
ucciaenaoBaHo, W 150 ciayyallHbIX HCHBITAHUN BBIMIOJHEHBl JUISI KaXXIOr0 MPOBEPEHHOIO
3HaueHus. [l KaXXIoro HCHBITaHMUS TOJOXKEHUE KaMepbl W OpHUeHTalus ObLIM BbIOpaHbI
OecropsiIoYHO, KPOME BBICOTHI KaMephbl, KOTOpas ONpeJesieHa MapaMmMeTpaMu CIeHapusl.
JlononHuTeNbHO, HAPABJICHUS CIBUTA U BpAIlCHHUE ISl ATO-ABHKEHUS ObUIM CHavalsia BbIOpaHbl
HayraJ ¥ 3aTeéM HOPMaJH30BaHbl K TpeOYIOLIeics BeTUINHE.

Ha Puc. 8 npencraBieHbl mnepBble pe3yibTaThl MojaenupoBanud. [lpu  stom
MOJICJIMPOBAHUU YMCIIO XapPaKTEPHBIX TOUEK ONTHUYECKOrO MOTOKAa, KOTOPbIE HCIOJIb3YHOTCS
QITOPUTMOM, Pa3IMYHO M €ro BIMSHUE Ha MOJYYEHHYK TOYHOCTh , C, M 3ro-IABHXKEHHE

u3ydeHo. Bce mapameTpsl OblIM yCTaHOBJIEHBI HA UX 3HAYEHUS 110 YMOIYAHUIO 3a UCKIIOUEHUEM
Yuciia XapakTepHbIX Touek. Puc. 8 (a) mpeacraBiser cTaHJapTHBIE OTKJIOHEHHs] BTOPOTO CHUMKA
KaMepbl, B TO BpeMsI Kak OTKJIOHEHUS 3r0-ABIKEHHs moka3aHsl Ha Puc. 8 (b). Kak oxwumaercs,
TOYHOCTh YJYYIIAeTCsl TpPU YBEIMYEHUH YHUCIA XapaKTEPHbIX TOYEK, XOTSA YTOYHEHHE
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CTAaHOBUTCS HE3HAUMTEIbHBIM IIOCJIE TOr0, KaK YHCIO XapaKTePHbIX TOYEK JOCTUIAET
npubnusuTensHo 150.
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Puc. 8: Cpennee crangapTHOE OTKIOHEHUE BTOPOTO MOJIOKEHUS U OpUEHTAIMH (a), 3ro -
JBW>KEHUS U BpaleHue (b) oTHOCUTENbHO Unciia XapaKTepHbIX TOYEK ONTHYECKOro notoka. B
00enx JauarpamMmax JieBasi BepTUKAIbHAS OCh H3MEPSET IMOCTyNaTelbHbIE OTKIIOHEHUE (B METpax)
U COOTBETCTBYET CIUIOIIHOM JMHUU AUAarpaMMBbl, B TO BpeMsl Kak MpaBUIbHAs BEPTHKAJIbHAS OCh
U3MepseT BpalllaTesIbHbIE OTKJIOHEHUS (B paJuaHax) U COOTBETCTBYET MyHKTUPHON JIMHUN
JarpaMMel

[Ipu BTOpOM MOJEITMPOBAHUM BIIUSHHUE pa3pelieHust n3o0paxxeHus Obuio uzydeHo (Puc.
9). lIpeanonaranock, YTO U3MEPEHUE COACPKAT HEOMPEACTCHHOCTh B TIONYHUKCEINb, TAC pa3Mep
NUKCENlsT HaM JUKTYyeT paspemeHne u3o0paxkeHus. O4YeBHUIHO, TOYHOCTh YIIydIIaeTcs MpH
YBEIMUCHUU pa3pelieHus] H300paKeHUs, TaK KaK KadecTBO JaHHBIX OINTHYECKOTO IMOTOKA,

HEMOCPECACTBCHHO 3aBUCHUT OT 3TOr0 ImapamMeTpa.
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(b)
Puc. 9: CpegHekBagpaTndeckoe OTKIOHEHUE JIJISI BTOPOTO MOJIOKCHUS U OpPUEHTAIHH
KaMmepsl (), U Ansl 3ro-ABMKeHHs (CABUT U BpaieHue) (b) mpuBeneHo sl paTuyHbIX
paspeiieHnuid n300pakeHUs

Bnausane mara cerku LKJI - wenp crenyromero MoaenaupoBaHus. PasnuuHbie
paspemienuss LIKJI Obuin mpoBepensl. OHM u3MeHsMch oT 10 M 10 upe3BblYaiiHO TIpyOoro
paspemenns 190 M MexIy cCMEXHBIMU Toukamu ceTkd (cMm. Puc. 10). OGpatum BHUMaHHE, YTO
HOJy4YeHHasi TOYHOCTb, U3MEHsEeTCs JUHEeNHHO nmpu n3MeHeHuu mara cetku LIKJI (cm. Puc. 11).
DTO SBJICHHE MOXET OBITh MOHATO Tak. Kak ObLI0O OOBSICHEHO B MPEIBLIYIIEM pasfele,
paspemwenue LIKJI He 3arparumBaeT TOYHOCTb HENOCPEICTBEHHO, a CKOpee 3TO BIMIET Ha
HEOIPEeIEHHOCTh BBICOTHI, KOTOpasi BKIIOYEHA B BBIYMCICHHWE TOYHOCTH. Kak MoxeT ObITh
3ameueH B Puc. 12, cpennexkBaapatudeckoe otkioHeHue BbicoT LIKJI yBennuuBaeTcs nuHenHo ¢
marom cetku LIKJI, 4yTo sBiIgeTCS MPUUMHOMN JJIsl TOJTYYECHHBIX PE3YJIbTATOB.

Puc. 10: Pa3anHe paspemenus DTM: (a)mar cetku = 190 m., (b) mar cetku = 100 M.,
(c) mar cetku = 30 m.
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Puc. 11: CpennekBaspaTiueckoe OTKIIOHEHHUE JUIsl BTOPOTO MOJIOKEHUS U OPUEHTALIUN
KaMmepsl (), u Ansl 3ro-ABMKeHus (cABUT U BpaieHue) (b) mpuBeIeHo sl paTMYHBIX I11aroB
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Puc. 12: CpennexBapaTuiueckoe OTKIIOHEHUE n3Mepenus BicoThl LIKJI oTHOCHTENBHO
mrara cetku LIKJI

Jlpyroe MopenupoBaHHE JEMOHCTPUPYET 3HAYUMOCTh CTPYKTYpHl JaHAmadTa JUIs
TOYHOCTH OLICHOK. B KpaliHem clieHapuu MojeTa Haja TUIOCKMM JaHamadToM HabIogaeMbie
XapakTepHble TOYKM JaHAmadTa HEe coiepKaT HEoOXOAWMYI0 HH(OPMAIUIO Ui pacyera
MOJIO’KEHUH KaMephl, U BBIpOXKJEHHasi cuctema Oyzaer momydeHa. C yBeIHMYEHHEM pPa3HOCTU
BBICOT W HM3MEHUYMBOCTH JaHAmadTa, OCOOCHHOCTH CTAHOBSTCA Ooiiee MHPOPMATUBHBIMHU, U
JyYIINe OLEHKU MOTYT OBITh MOJyYeHBI. J[J1s1 TOro MoAenupoBaHus U3MEHUYUBOCTH JTaHIadTa
HKJI Obun ompeneneHsl macmTad, KoTopbli MeHsuicss oT 50 M. go 450 m. (Puc. 13).
[TomuepkHeMm, 4TO, B TO BpeMs KaK CTPYKTypa JaHamadTa UrpaeT peliaollyo poib Ipu OleHKe
MIOJIO’KECHUST M OPUEHTAIIMN KaMephl BMECTE C TIOCTYyNATeIbHBIM KOMIIOHEHTOM 3TO-/IBIKCHUS, Y
HEro HET HHUKAKOTO NPSAMOro JCHCTBHS HAa BpallaTeNbHbI KOMIIOHEHT STO-ABH)KCHUU.
[TockoJIBKY ONTHYECKHN MOTOK - KOMIIO3UIIUS JBYX BEKTOPHBIX MOJICH - CIBHT W BpAIICHUE,
uHboOpMaIMsl O BpPAIIATEIBHOM OTO-IBIKEHUU COJEPTXKUTCS TOJIBKO BO BpallaTeIbHOM
KOMIIOHCHTE ONTHYECKOTO TMOTOKA. Tak Kak BBICOTHI XapaKTEPHBIX TOYEK BIUSIOT TOJBKO Ha
MOCTyNaTeNbHbI KOMIIOHEHT MOTOKA, 0KUJAETCS, YTO Y MEPEMEHHBIX Pa3HOCTEH BBICOTHI HIIU
0000 APYTOTro CTPYKTYPHOTO M3MEHEHUs B JIaHAmadTe He OyneT HUKAKOTO BO3JICHCTBUS HA
OLICHKY BpallleHus 3rO-/ABHKEHUS. BrlmeynomsiHy ThIe 0COOCHHOCTH XOPOIIO
IpoJEeMOHCTpUpoBaHbl Ha Puc. 14.
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Puc. 13: Paznoctu Bo3soimenunii LIKJI: (a) 150 m., (b) 300 m., (c) 450 m.
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Puc. 14: CpennekBaspaTHuecKoe OTKJIIOHEHHUE JUIsl BTOPOI'O NIOJIOKEHUS M OPUEHTALIUN
KaMmepsl (@), U U1l aro-ABIWKeHus (cABur U BpameHue) (b) mpuBeaeHo I paTMIHbIX
pasHocTel BHICOTHI TaHAmadTa

Tak TpaHCHSAIMOHHBI KOMIIOHEHT MOTOKA COICPKUT MHGPOPMAIUIO, TPEOyeMyro s
OTIpEICTICHUS TIOJIOKEHUS U OPUEHTAIIMK KaMepbl, ObUT0 OBl MHTEpECHO HaOM0AaTh 3PGHEKT OT
YBEIMYEHUS] BEIUYUHBI 3TOro KommnoHeHTta. [locnegHee MopaenupoBaHuE, MPEACTABICHHOE B
3TO paboTe, IEMOHCTPUPYET TOYHOCTh IIOJIOKEHHMST W OpUEHTAIlMM Kamepbl, Korjaa
MOCTYMATENbHbI KOMIOHEHT 3TrO-IABUXEHUS W3MEHSAET BEIUYMHY OT 5 M A0 95 m. XoTs 310
WU3MEHEHUE HE BIUSET CYIIECTBEHHO Ha TOYHOCTb 3r0-BUKEHHUSI, YMEHBILIEHUE HEONIPEIEHHOCTH
JUTSL OIICHOK TIOJIOKEHUS M OPHEHTALMU KaMepPhl 3HAYUTEIIBHO ISl OOJBION BETUYHUHBI CABUTOB
(cm. Puc. 15). Kak 3akmioueHre W3 BBIIIEYTOMSHYTOIO MOXHO 3aKJIIOUHTh, YTO MPOMEXKYTOK
BPEMEHH MEXIy JBYMS TOJOXCHHUSIMH KaMephbl JOJDKEH OBITh HACTONBKO BEIIMK, HACKOIBKO
JITOPUTM pacyeTa ONTHYECKOr0 MOTOKA MOYKET IO3BOJIUTD.
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Puc. 15: CpenHekBapaTHIecKoe OTKIIOHCHHE ISl BTOPOTO TIOJIOKEHUS U OPUCHTAIINN
KaMmepsl (), U A7 3ro-ABKKEHHs (CABUT U BpaieHue) (b) mpuBeAeHO IS paTUuHbIX BETHUYUH
MOCTYNATEILHOTO KOMITOHEHTA 3T0-IBUKCHHUS

7.2 Pe3yJabTaThl YUCJI0BOI0 MOACJIUPOBAHUA IS PeAJIbHBIX
NapaMeTpoB I0JIeTa H KaMephl.

WNueprmanpapie  HaBuranmoHHbie cucteMbl (INS) 00BIYHO UWCHONB3YIOTCS IS
oOHapy>KeHUS TIOJIOKEHHUSI U OpueHTaruu paker. [IpobGiaema 3TOro MeTona COCTOUT B TOM, YTO
ero omuOKa yBEIMYUBAETCS BO BPEMEHHU. Mbl MpeasiaraéM HCIOJIb30BaTh HOBBIM MeETOJ
(HaBuranmonnsrii Anroput™m, OcHOBaHHBIM Ha OmntudeckomM motoke u Lludposoit Kapre
Mectrnoctn) [15], 4toOml ucnpaButh pe3yiabTaT INS u caenate OmMOKHM KOHEYHBIMH U
noctossHHbIMHA. OuinbTp Kanmana ucmonb3yercs, 4ToObl 00beAMHUTH pe3yabTaThl INS u HOBOTO
Metrona [12]. AHamu3 MOrpenrHOCTEM C JIMHEWHOW amnmpoOKCHUMAalKUeW MEepBOro MOpsaKa
UCTIONB3YETCS, YTOOBI HAUTH KOPPENALIUOHHYIO MATPHUILy OLUIMOOK I HAIIET0 HOBOTO METOJa
[14]. MBI caenanu 4KCIIOBBIE MOJIEIUPOBAHUS TOJIETA C PEabHBIMU MapamMeTpaMH IoJeTa U
KaMepbl, UCob3ys Todabko INS , a 3arem INS u Hain HOBBIHM METOJ BMECTE, UTOOBI IPOBEPHUTH
MOJIHOLIEHHOCTh 3TOT0 HOBOT'O METO/Ia.

BriOpaHHBIC TapaMETPBI TIOJIETA CIICAYIONIHE:
BricoTa nmonera 700, 1000, 3000 m.
CxkopocTts mosteta - 200m/s.

Bpewms nonera - 800 s.

Tpaextoputo monera Mbl MoxeM Buuetb Ha (Puc. 16). Ludposas Kapra MectHocTu
UCIIONIb30BaJIoch Kak suedika (Puc. 17) nns Hammx MopenupoBaHud. OTa suelika Obuia
IPOJIOJDKEHA MEePUOINYECKH, YTOOBI MosyunTh nonHoe Janamadr (Puc. 18). Cnyuaitubii mym
UCTIONIB30BaJIC Kak TJaBHBIA KommoHeHT myma INS. Bonee peanmpHbIi 1Iym apeiida casura
HYJIS JaeT HaMHOTro Ooublyto omuoOKy (mpubnusurensbHo 6000 M. BMecTo nonydeHHbIX 1000 M.
B TOYKE KOHIIA MOJIETA).
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Puc. 16. TpaekTopus nozuera.
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Puc. 17: OToOpakeHue NeHCTBUTEIBHOTO OCHOBAHUS MCTIOIH30BAIOCH KaK sTUCHKa.
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Puc. 18: flueiika Obu1a MPOIOKEHA IEPUOANYECKH, YTOOBI MTOJTYYUTh TTOJTHBIN
na"amadT.

BriOpanHas kamepa U nmapaMmeTpbl MOIETIMPOBAHUS ClIEAYIOUE:

FOV (Yron 3penust kamepsi) siBsiercst 60°..

Yucno nap xapakTepHBIX TOYEK, HaileHHbI Ha doTorpadusx, 100, 120.

Paspemenne xkamepsr 500x500, 1000x1000, 4000x4000. (Pa3pemenue xamepbl
ofpesieNsieT TOYHOCTh OOHAPYKEHHs XapaKTEePHbIX TOYEK, Mbl HE YYUTHIBAEM IpyOble OLIMOKU
JUISL XapaKTEPHBIX TOYEK).

paccrosiHue Mexnay kamepamu (baseline) cocraBmser 30 M., 50 m. wiam 200 wm.
(paccTosiHME MEXIy KaMmMepaMH - pacCTOSHUE MEXAy JABYMsI TIOJOXKEHUSIMU KaMephl,
UCIIOJIb3YEMbIMH, YTOOBI clienath e (oTorpaduu A1 HOBOro METOA).

Atime - 5s, 15 s, 30-b1e. (BpeMeHHOM UHTEpBaN Afime MeXKIy U3MEPEHUSIMH).

TunuyHble pe3ynapTaThl YHUCIOBBIX MojenupoBaHuil npusenensl Ha (Puc. 3, 4, 5, 6) mis
pa3IUYHBIX CIydyaeB IOJETa, MapaMEeTpoOB KaMepbl U MapaMmeTpoB MojeiaupoBaHus. Huke
NpUBECHbI TaOIMIBI OMMOOK sl TUITMYHOIO CIyyas C MMOJIOKUTENIbHBIMU pe3yJbTaTaMu: X, Y,
z onOku nojoxenus INS kak ¢ ucrnonb30BaHHMEM HOBOTO METO/A , TAK U HE UCIOJIb3YS HOBBIN
METOJ.

Hcnonb3yemslii OJIET, MapaMeTpbl Kamepa U apaMeTpbl MOJICIIMPOBAHUS Il 3TOTO Clyvasi:
FOV - 60’
Yucno nap xapakTepHBIX TOYEK, HaiIeHHBI Ha doTorpadusax 120
Paspemenne 1000x1000
baseline 200 wm.
Atime 15 s.
CxopocTts nosieta coctasisiet 200 m\c
Bricots! coctaBistror 700 M., 1000 M., 3000 M.

Tabnuna 1. ock X: Makcumanbras ommoka it INS ¢ i 6e3 HoBoro MeTo1a AJist pa3IMyHbIX
BBICOT.

Bricora 700 M. 1000 M. 3000 m.
MakcuManbsHas 900 M. 130 m. 1300 m.
ommnbOKa X 0e3
HOBOT'O METOA
MakcuMansHas 25 M. 20 M. 100 M.
omnbKa X C HOBBIM
METOI0M

Tabnuna 2. ock Y: MakcumanbHas omubka s INS ¢ u 6e3 HOBOro Merona Juisl pa3iMyHbIX
BEICOT.

Bricorta 700 M. 1000 m. | 3000 M.
MakcuMansHas 1000 m. | 2000 m. | 400 m.
omubOka y  0Oe3
HOBOI'O METOJa
MakcuManbsHas 25 M. 20 M. 100 M.
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ommbKa y C HOBBIM
METOJIOM

Ta6muma 3. ock Z : MakcumanbHas omnoka 1t INS ¢ u 6e3 HoBOoro Metojia A1t pa3IndHbIX
BBICOT.

Bricota 700 M. 1000 M. | 3000 m.
MakcuManbHas 250 m. 180 M. 250 m.
ominOka z 0e3 HOBOTO
MeToza

MakcuManbsHas 25 M. 20 M. 150 m.
omuOKa Z C HOBBIM
METOJIOM

[To3BonbTe HAM MPOAEMOHCTPUPOBATH OLIMOOYHBIE TAOMMIBI [JS TUIWYHOTO Ciydas C
MOJIOKUTETBHBIMU PE3yJIbTaTaMH: X, y, Z OHOKH monoxeHus: INS ¢ ucrnoiap30BaHHEM HOBOTO
METOoJla JUIsl Pa3IMYHBIX pa3pelieHuil kamepbl. VMcmonp3yemblil moner, kamepa U mapaMeTphbl
MOJICTTUPOBAHUS JIJISI ATOTO CITydasi:

FOV 60 creneneii, Homep features:120, Pazpemenue 500x500, 1000x1000, 4000x4000,
Hannsie 200 M., Deltatime 15 s, ckopocts [Tonera 200 m\c, Boicotsr: 1000 m.

Tabnuna 4. ocs X : MakcumanbHas ommubka st INS 6e3 U ¢ HOBBIM METOJIOM ISl Pa3IMYHBIX
pa3peleHuii KaMepsl.

Paspemienue 500x 500 1000x 1000 | 4000x4000
MakcuMansHas 500 M 1000 m 4000 m
OIInOKa X oe3
HOBOI'O METOJa
MakcuManbsHas 50 m. 20 M. 10 m.
omnOKa X C HOBBIM
METOA0M

Tabmuua 5. ocs Y : MakcumanbHas omuOka st INS 6e3 1 ¢ HOBBIM METOAOM ISl pa3IuYHbIX
pa3penieHuii KaMepsl.

Paspemenue 500x 500 1000x 1000 4000x4000
MakcumanbHas 500 m 1000 m 4000 m
ommoOKa y 0e3
HOBOT'O METO/Ia
Makc y ommbOka c | 50 m. 20 M. 10 m.
HOBBIM METOJIOM

Tabnuna 6. ock Z : MakcumanbHas omrOka st INS 6e3 1 ¢ HOBBIM METO/IOM JJISL Pa3IUYHBIX
pa3peleHuii KaMepsl.

Paspemienne 500x 500 1000x 1000 4000x4000
MaxkcumanbHas 500 M 1000 m 4000 m
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omnoOKa z oe3
HOBOI'O METO/A

Makc z ommbOka c | 35 M. 20 M. 10 m.
HOBBIM METOJIOM

8 OTkphIThIE BONIPOCHI U Oyaylee pa3BUTHE METOAA.

1) Ecim wmecromosiokeHre ONM3KO K BBIPOXKACHHOMY Ciy4alo (Hampumep, s
HEOOJIBIIIOrO  yrjla 3peHUs Kamephl, MOYTH IUIOCKOro JaHamadTa , HEOOJBIIOE YHCIIO
XapaKTEepHBIX TOYEK U TaK Jaliee), Mbl HE MOKEM HCIIOJIb30BaTh ONMKUCAHHBIA METOM, IOTOMY YTO
HEBO3MOKHO HAMTH CIOJOKEHUS KamMep OT ATUX JaHHbIX. HO 171 3TOro ciyuyas BO3MOXKHO C
MMOMOIIBIO HAWJIEHHBIX COOTBETCTBYIOIIMX XAPAKTEPHBIX TOYEK, YTOYHEHUTHh pe3yibTarbl INS
nomoripto  ¢uiasTp Kammana. Mbl  MOXeM  pacCMOTPETh  HEMOCPEICTBEHHO  OTH
COOTBETCTBYIOIINE XapaKTepHbIE TOYKU (HE BBIYMCIISAA IMOJIOKEHWE U OPUEHTALMI0O Ha OCHOBE
ITHX XapaKTEPHBIX TOUYEK) Kak m3MepeHuemms ¢puibrpa Kanmana. [Ipumep Takoro yrouHeHus
MOXeT ObITh HaiineH B [16]. Ho B 3ToM cimydae ommOKkM MeTONa yBEIWYaTCsi CO BPEMEHEM,
nonobno INS. Tak, mocie HEKOTOPOrO BPEMEHH, MOJIOKEHHUE CIUIIKOM JalIeKO OT UCTHHHOTO
MOJIO’KEHUS, U MBI HE MOXKeM Hcronb3oBaTh LIKJI u nMeeM TOJbKO SMUNOJSpHbIE OTPaHUYEHUS.
st omMcaHHOTO B CTAaTbe METOJa OIIMOKAa OCTaeTCsl MOCTOSHHOW, TakuM 00pa3oM, MBI
crtocoOHbI ucnionib3oBaTh LIKJI Bce Bpems.

2) BO3MOXXHO paccMOTpeTh Oosiee ONTUMANIbHBIE U OBICTPbIE METOMBI AJISl TOTO, YTOOBI
MCKaTh MUHUMYM (DYHKIIMH, AarOlIel MOJI0KEHNE U OpUEeHTalNIo kKamepbl. Hanpumep BO3MOKHO
YIYUYIIUTh HAYaJIbHOE COCTOSIHUE JJI1 OMMCAHHOTO METO/a, UCTIOJb3Y sl MU0 PHbIE YPaBHEHUS
(25) nns Bbruucnenuss R,u p,, € TOYHOCTb A0 MOCTOSHHOM. Creaylomui mar MoKeT ObITh

UCNOJIb30BaHus ypaBHEHMs (21) i BeluMcieHus R, . W 3akimouMTenbHbIN 1Iar, UCHIOIb30BATh
ypaBHenue (18) mis BbluMcieHus p, U p,. Pe3ynprar MoxeT OBITb yJIydIlEH ONUCAHHBIM

UTEPATUBHBIM METOOM.

3) MBI MOXEM HMCKaTh HE TOJILKO HEKOTOPHIC CIy4yalHBIE XapaKTepHbIE TOYKH. Tak,
BEpIIMHBl XOJIMOB, JHMILNA JIOJIMH,a TAaKXKE XOJMBI, 3aKpbIBAIOIIUE TOPU30HT, MOTYT
UCIIOJIb30BaThCS JUIsl ONPEAEICHUS IOJI0KEHNS U OPUEHTALINN.

4) wucmonb30BaHUE MPOCTPAHCTBEHHBIX  (pacHpeleNieHHbIX), a He TOYEUHBIX
0COOEHHOCTEH, a TaK)Ke paclo3HaHHE HEKOTOPBIX XapaKTEPHbIX 00BEKTOB.

5) Meron moucka He JIOKaJbHOIO, a INI00AaJbHOIO0 MHMHHMYMa (YHKIMH OLIEHKHA B
60b1I0M 00s1acTH

6) ITouck 3amaHHOrO y4acTka MecTHOCTH B 0a3e naHHbIX LIKJI oOGmupHBIX TeppuTOpHid,
KOTJ]a Mbl COBCEM HE 3HAEM Hallle MECTOIOJIOKEHHE

7) Hcnonp3oBaHME ONHUCAHHBIX METOJOB B PpAa3JIMYHBIX MPAKTUYECKUX LEIAX:
OpHEHTAIMs B KOMHATax, Ha yJIMLAX FOpoAa, B TEJE YelIOBeKa.

9. 3akiouenue

beln mpeacTaBieH anropuTM IS ONPEETCHUsS IMOJOKEHHS M OPUEHTALMM KaMepbl U
OLIGHKU JIBWKCHMS, HCIOJB3YIOMIMNA XapakTepHble TOUYKM B u300paxenusax u LIKJL
ucrnonp3ytonuit Gunbrpa Kamvana. IKJI cinyuT 17100abHBIM OPUEHTHUPOM, U €€ JIaHHBIC
UCTIOJIb30BAJIMCh Il TOTO, YTOOBI MOJYYUTh a0COTIOTHOE TOJIOKEHUE U OPUEHTALUIO KaMephl.
YucneHHoe MOJIEIHPOBaHUE JOCTATOYHO TOYHO, YTOOBI MPEIOTBPATUTH HAKOIUIEHUE OMIMOKH U
NpeoTBPATh APEi] TpaeKTopuu.
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AHanu3 norpemHocTeld ObLI BBIOJIHEH JJI1 HOBOTO aJrOPUTMA, KOTOPBIM HCIOJB3YET
KaK ONTUYECKUH MOTOK, MOJYUYEHHBIH U3 JBYX MOCIEA0BAaTEeNbHBIX H300paxkeHuil, Tak u LIKJI.
[lonoxenue, opueHTalUuss M NapaMeTpbl BSro-ABMKEHHMS KaMepa MOTYT OBbITh OLIEHEHBI
IPEJIOKEHHBIM AITOPUTMOM. |J1aBHbIE MCTOYHUKU OIIMOOK ObUT MACHTU(UIMPOBAHBI MpPU
BBIUMCJIEHUM ONTHYECKOIO IOTOKAa -  KadecTBO HHGopMauuu o JaHamadre, CTpyKTypa
HaOroaeMoro yaHamadgTa U TpaeKTopus Kamepsl. bbulo pa3paboTaH aHalu3 MOIPEIIHOCTEH.
OOmupHBIE YHCIIOBBIE MOJCIUPOBAHMS OBUIM  BBIMOJHEHBI, YTOOBI M3yYUTHh BIHSHHE
BBILICYTOMSAHYTHIX KO3(PHULIUEHTOB.

[IpoBepeHHBIN COIrNIaCHO pasyMHBIM U OOIIMM CIIEHApUSM, aJrOPUTM Besl ce0sl CHIIBHO
Jla)Ke KOIJla CTAJKMUBAETCS C OTHOCUTENIBHO IIYMHOM U CTUMYJIMPYIOLIEH OKpYyXKaroueh cperoi.
[Tocne aHanm3a MPUXOIUM K 3aKJIIOYEHHIO, YTO MPEATIOKESHHBIH aNropuT™M MokeT 3(h(HEeKTHBHO
MCIIOJIb30BAThCS KaK YaCTh HABUTALIMOHHON CUCTEMbI aBTOHOMHBIX TPAHCIIOPTHBIX CPEACTB.

Ha pesynprarax 4mcioBOro MOAEIHMPOBAHUSA I APEAIbHBIX NApaMETPOB IOJIETA U
KaMephl MbI TAK)K€ MOKEM 3aKIIIOUNTB, CIEAYIOIIEE:

1) Camblii BaxHBI NapaMmeTp MoJeaupoBaHuil — yron 3penus kamepbl (FOV): mus
HeOonboro FOV merton pacxogurcs. ns FOV 60° pe3yabpTaTel O4eHb XOpolud. IIpuunna s
3TOro - T0, uro I HeGombmoro FOV (12° wmn 6°) curyamus 6:1u3Ka K BBIPOKACHHON © MBI
JIOJDKHBI BBIOpaTh HEOOJIBIIOE CMELICHUE MEXTy KaMepaMH, HaOJI0JaeMblil y4aCTOK OCHOBaHMS
ABJIIETCS CIIMLIIKOM HEOOJIBLINM U [TOYTHU TIOCKUM.

2) Pa3perienue kaMepsl - TakXKe OYEHb BaXKHBIM HapameTp: Ul JIy4dllIero pa3peieHus y
Hac €CTb HAaMHOro OoJibll€ JIy4IIMX pe3yJbTaToOB, M3-3a HAMHOIrO OOJIbIIEH TOYHOCTH
oOHapy»)eHHsI 0COOEHHOCTEH.

3) TouHOCTH HOBOrO METOJA 3aBUCUT OT BBICOTHI mojeTa. IlepBoHaYalbHO TOYHOCTH
YBEJIMYUBAETCSI C YBEJIMYEHUEM BBICOTHI, IOTOMY YTO MbI MOXEM HCIIOJIb30BaTh OOJbIINE
JTAHHBIE U MOXKEM BHJETh OONbIIWi ydacToknaHamadra. Ho Ha Gonbmmx BBICOTAX TOYHOCTH
HAuMHAaeT YMEHBIIAThCS U3-3a 3 deKTa napauiakca.

baarogapHocts

Mbr Ob1 xoTenu mnoOnaromaputh Ponena JlepHepa, Oxyna Pusnuna u  Xekropa
Potmireiina 3a oueHb MOJIE3HBIE KOHCYJIBTAIUH.
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