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Abstract

This paper deals with the error analysis of a novel navigation algorithm that uses as input the sequence of images acquired

from a moving camera and a Digital Terrain (or Elevation) Map (DTM/DEM). More specifically, it has been shown that the
optical flow derived from two consecutive camera frames can be used in combination with a DTM to estimate the position,
orientation and ego-motion parameters of the moving camera. As opposed to previous works, the proposed approach does not
require an intermediate explicit reconstruction of the 3D world. In the present work the sensitivity of the algorithm outlined
above is studied. The main sources for errors are identified to be the optical-flow evaluation and computation, the quality
of the information about the terrain, the structure of the observed terrain and the trajectory of the camera. By assuming
appropriate characterization of these error sources, a closed form expression for the uncertainty of the pose and motion
of the camera is first developed and then the influence of these factors is confirmed using extensive numerical simulations.
The main conclusion of this paper is to establish that the proposed navigation algorithm generates accurate estimates for
reasonable scenarios and error sources, and thus can be effectively used as part of a navigation system of autonomous
vehicles.

1 Introduction

Vision-based algorithms has been a major research issue during the past decades. Two common approaches for the navigation
problem are: landmarks and ego-motion integration. In the landmarks approach several features are located on the image-
plane and matched to their known 3D location. Using the 2D and 3D data the camera’s pose can be derived. Few examples
for such algorithms are [2], [3]. Once the landmarks were found, the pose derivation is simple and can achieve quite accurate
estimates. The main difficulty is the detection of the features and their correct matching to the landmarks set.

In ego-motion integration approach the motion of the camera with respect to itself is estimated. The ego-motion can be
derived from the optical-flow field, or from instruments such as accelerometers and gyroscopes. Once the ego-motion was
obtained, one can integrate this motion to derive the camera’s path. One of the factors that make this approach attractive is
that no specific features need to be detected, unlike the previous approach. Several ego-motion estimation algorithms can be
found in [4], [5], [6], [7]. The weakness of ego-motion integration comes from the fact that small errors are accumulated
during the integration process. Hence, the estimated camera’s path is drifted and the pose estimation accuracy decrease along
time. If such approach is used it would be desirable to reduce the drift by activating, once in a while, an additional algorithm
that estimates the pose directly. In [8], such navigation-system is being suggested. In that work, like in this work, the
drift is being corrected using a Digital Terrain Map (DTM). The DTM is a discrete representation of the observed ground’s
topography. It contains the altitude over the sea level of the terrain for each geographical location. In [8] a patch from the
ground was reconstructed using ‘structure-from-motion’ (SFM) algorithm and was matched to the DTM in order to derive
the camera’s pose. Using SFM algorithm which does not make any use of the information obtained from the DTM but rather
bases its estimate on the flow-field alone, positions their technique under the same critique that applies for SFM algorithms
[1].

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



generates accurate estimates for reasonable scenarios and error sources. In the present work this claim is explored by per-
forming an error analysis on the algorithm outlined above. By assuming appropriate characterization of these error sources,
a closed form expression for the uncertainty of the pose and motion of the camera is first developed and then the influence of
different factors is studied using extensive numerical simulations.

2. Problem Definition and Notations

The problem can be briefly described as follows: At any given time instance ¢, a coordinates system C(¢) is fixed to a
camera in such a way that the Z-axis coincides with the optical-axis and the origin coincides with the camera’s projection
center. At that time instance the camera is located at some geographical location p(t) and has a given orientation R(t) with
respect to a global coordinates system W (p(t) is a 3D vector, R(t) is an orthonormal rotation matrix). p(t) and R(t) define
the transformation from the camera’s frame C(t) to the world’s frame W, where if v and " v are vectors in C'(¢) and W
respectively, then Vv = R(¢)v + p(t).

Consider now two sequential time instances ¢ and ¢: the transformation from C(¢;) to C'(¢2) is given by the translation
vector Ap(t1,t2) and the rotation matrix AR(t1,t2), such that ““2v = AR (t1,t2) ““Yv+ Ap (t1,12). A rough estimate of
the camera’s pose at ¢; and of the ego-motion between the two time instances - pg(t1) ,RE(t1), Apg(t1,t2) and AREg(t1,t2)
- are supplied (the subscript letter “E” denotes that this is an estimated quantity).

Also supplied is the optical-flow field: {u;(tx)} (i=1...n, k=1,2). For the i’th feature, u;(t;) € R? and u;(t2) € R?
represent its locations at the first and second frame respectively.

Using the above notations, the objective of the proposed algorithm is to estimate the true camera’s pose and ego-motion:
p(t1), R(t1), Ap(t1,t2) and AR(t1,12), using the optical-flow field {w;(¢x)}, the DTM and the initial-guess: pg(t1),
RE(tl), ApE(tl, tg) and ARE(tl, tg).

3. The Navigation Algorithm

The following section describes a navigation algorithm which estimate the above mentioned parameters. The pose and ego-
motion of the camera are derived using a DTM and the optical-flow field of two consecutive frames. Unlike the landmarks
approach no specific features should be detected and matched. Only the correspondence between the two consecutive images
should be found in order to derive the optical-flow field. As was mentioned in the previous section, a rough estimate of
the required parameters is supplied as an input. Nevertheless, since the algorithm only use this input as an initial guess and
re-calculate the pose and ego-motion directly, no integration of previous errors will take place and accuracy will be preserved.

The new approach is founded on the following observation. Since the DTM supplies information about the structure of the
observed terrain, depth of observed features is being dictated by the camera’s pose. Hence, given the pose and ego-motion
of the camera, the optical-flow field can be uniquely determined. The objective of the algorithm will be finding the pose and
ego-motion which lead to an optical-flow field as close as possible to the given flow field.

A single vector from the optical-flow field will be used to define a constraint for the camera’s pose and ego-motion. Let
WG € R3 be a location of a ground feature point in the 3D world. At two different time instances t; and to, this feature
point is projected on the image-plane of the camera to the points u(¢1) and u(¢3). Assuming a pinhole model for the camera,
then u(t1), u(t2) € R2. Let “g(t1)and “g(t2) be the homogeneous representations of these locations. As standard, one can
think of these vectors as the vectors from the optical-center of the camera to the projection point on the image plane. Using
an initial-guess of the pose of the camera at ¢1, the line passing through pg(¢;) and “¢(¢1) can be intersected with the DTM.
Any ray-tracing style algorithm can be used for this purpose. The location of this intersection is denoted as ' Gg. The
subscript letter “E” highlights the fact that this ground-point is the estimated location for the feature point, that in general
will be different from the true ground-feature location " G. The difference between the true and estimated locations is due
to two main sources: the error in the initial guess for the pose and the errors in the determination of ' G caused by DTM
discretization and intrinsic errors. For a reasonable initial-guess and DTM-related errors, the two points ¥ G and ' G will
be close enough so as to allow the linearization of the DTM around " G g. Denoting by N the normal of the plane tangent to
the DTM at the point " G g, one can write:

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

The true ground feature " G can be described using true pose parameters:

"G =R(t1) “q(t1) - A + p(t1) @
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Figure 1: Geometrical description of expression (9) using the projection operator (7)

Here, A denotes the depth of the feature point (i.e. the distance of the point to the image plane projected on the optical-axis).
Replacing (2) in (1):
NT(\-R(t1) - “q(t) + p(t) — "Gp) =0 (3)

From this expression, the depth of the true feature can be computed using the estimated feature location:

_ NTWGp — NTp(ty)

A= TNTR@) () @
By plugging (4) back into (2) one gets:
o NTYGp — NTp(t1)
6 = R alt) (S r o) ol ®

In order to simplify notations, R(t;) will be replaced by R; and likewise for p(¢;) and ¢(¢;) ¢ = 1,2. AR(t1,t3) and
Ap(ty,ts) will be replaced by R12 and p;» respectively. The superscript describing the coordinate frame in which the vector
is given will also be omitted, except for the cases were special attention needs to be drawn to the frames. Normally, p;5 and
¢’s are in camera’s frame while the rest of the vectors are given in the world’s frame. Using the simplified notations, (5) can
be rewritten as:

Ryt NT RigtNT
G = —/—/—— — =y 4+ 6
NTR,q1 NTR.q, P1 b1 (6)
In order to obtain simpler expressions, define the following projection operator:
us”
Plu,s) = 1— —— 7
(s = (145, G

This operator projects a vector onto the subspace normal to s, along the direction of u. As an illustration, it is easy to verify
that s - P(u, s)v = 0 and P(u, s)u = 0. By adding and subtracting Gz to (6), and after reordering:

RlQlNT RlQlNT
G=G [— ————— — |1 - == 8
By { NTRiq |7 NTRigi| ° ®)
Using the projection operator, (8) becomes:
G =Gg+P(Riq1,N) (p1 — GE) 9)

The above expression has a clear geometric interpretation (see Fig.1). The vector from G g to p; is being projected onto the
tangent plane. The projection is along the direction R;q;, which is the direction of the ray from the camera’s optical-center
(p1), passing through the image feature.



Our next step will be transferring G from the global coordinates frame- W into the first camera’s frame C and then
to the second camera’s frame C5. Since pjand Rqdescribe the transformation from C into W, we will use the inverse
transformation:

@G =pi12+ Rz (R (G —p1)) (10)
Assigning (9) into (10) gives:
G = p12 + R12L (Gp —p1) (11)
L in the above expression represents:
aNT
L= """ 12
NTRiq (12)

One can think of £ as an operator with inverse characteristic to P: it projects vectors on the ray continuing R;q; along the
plane orthogonal to V.

g2 is the projection of the true ground-feature G. Thus, the vectors g, and “2G should coincide. This observation can be
expressed mathematically by projecting “2G on the ray continuation of go:

CQG:q_z. <£02G> (13)
|Q2\ \Q2|

In expression (13), ¢J’ / |g2| - 2@ is the magnitude of “2G’s projection on ¢,. By reorganizing (13) and using the projection
operator, we obtain:
4 g
|:I_'T } -2G = Plezg) PG = 0 (14
a3 - q2
©2(7 is being projected on the orthogonal complement of g2. Since “2G and ¢» should coincide, this projection should yield
the zero-vector. Plugging (11) into (14) yields our final constraint:

P(g2,92) [p12 + R12L (GE —p1)] =0 (15)

This constraint involves the position, orientation and the ego-motion defining the two frames of the camera. Although it
involves 3D vectors, it is clear that its rank can not exceed two due to the usage of 7P which projects R3 on a two-dimensional
subspace.

Such constraint can be established for each vector in the optical-flow field, until a non-singular system is obtained. Since
twelve parameters need to be estimated (six for pose and six for the ego-motion), at least six optical-flow vectors are required
for the system solution. But it is correct conclusion for nonlinear problem. If we use Gauss-Newton iterations method and so
make linearization of our problem near approximate solution. The found matrix will be always singular for six points (with
zero determinant)as numerical simulations demonstrate. So it is necessary to use at least seven points to obtain nonsingular
linear approximation. Usually, more vectors will be used in order to define an over-determined system, which will lead to
more robust solution. The reader attention is drawn to the fact that a non-linear constraint was obtained. Thus, an iterative
scheme will be used in order to solve this system. A robust algorithm which uses Gauss-Newton iterations and M-estimator
is described in [9].We begin to use Levenberg-Marquardt method if Gauss-Newton method after several iterations stopped to
converge. This two algorithms are realized in Isqnonlin() Matlab function. The applicability, accuracy and robustness of the
algorithm was verified though simulations and lab-experiments.

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

P(a2,42) P12 + R12Li (G, —p1)] /|G =0 (16)

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

3.1 Multiple Features

Suppose next that n feature points are tracked in two frames, so that the estimated locations () g; and projections onto the
image plane ¢1; and ¢o; are estimated and measured, respectively, fori = 1, --- | n. Associated with each Q) g; is the normal
vector to the DTM at this point, namely V;.



Taking this into account, one can re-write (15) in matrix form as:

{ —P (g2:) P(‘Di)% } [ 127112 } -

) i g (17

P @) MR o,

Repeating this for each feature point:

T
—P(g21) Pgz1) %%

R N
—P(g22) P(g22) % [ P12 ] B
. . p1

Risgin N7
=P (g2n) Pla2n) Figig™

Rizqii NT

P (g21) N@gqli Qe
Rizqis Ny

P (q22) Nl?gqui Qp2

(18)

R nIN,
P(Q%) Nl;(i:lﬁlm QE!L

In compact notation:

A [ b2 } = B,. (19)
Y41
Note that A,, and B,, depend on known quantities: the estimated features, the normals of the DTM tangent planes, and the
images of the features at the two time instances, together with the unknown orientation R; and the relative rotation Ri5. At
this point in our discussion, several remarks are in order.
Remark 1: The constraint (18) involves twelve “unknowns”, namely the pose and ego-motion of the camera. From the remark
at the end of the previous section, the equation involves at most 2n linearly independent constraints, so that at least six features
at different locations QQr; are required to have a determinate system of equations. But it is correct conclusion for nonlinear
problem. If we use Gauss-Newton iterations method and so make linearization of our problem near approximate solution.
The found matrix will be always singular for six points (with zero determinant)as numerical simulations demonstrate. So
it is necessary to use at least seven points to obtain nonsingular linear approximation. Usually, more vectors will be used
in order to define an over-determined system, and hence reduce the effect of noise. Clearly, there are degenerate scenarios
in which the obtained system is singular, no matter what is the number of available features. Examples for such scenarios
include flying above completely planar or spherical terrain. However, in the general case where the terrain has “interesting”
structure the system is non-singular and the twelve parameters can be obtained.
Remark 2: The constraint (18) is non-linear and, therefore, no analytic solution to it is readily available. Thus, an iterative
scheme will be used in order to solve this system. A robust algorithm using Newton-iterations and M-estimator will be
described in following sections.
Remark 3: Given Remark 2, one observes that the location and translation appear linearly in the constraint. Using the
pseudo-inverse, these two vectors can be solved explicitly to give:

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

(I-AAY) B, =0. 1)

This remark leads to two conclusions:

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



2. Equation (21) shows that the estimation of rotation (both absolute and relative) can be separated from that of loca-
tion/translation. This fact is also found when estimating pose from a set of visible landmarks as shown in [17]. In that
work, similarly to the present, the estimate is obtained by minimizing an objective function which measures the errors
in the object-space rather than on the image plane (as in most other works). This property enables the decoupling

of the estimation problem. Note however that [17] address’s only the pose rotation and translation decoupling while
translation.

here the 6 parameters of absolute and relative rotations are separated from the 6 parameters of the camera location and

3.2 The Epipolar Constraint Connection

Before proceeding any further, it is interesting to look at (15) in the light of previous work in SFM and, in particular, epipolar
geometry. In order to do this, it is worth deriving the basic constraint in the present framework and notation. Write:

“2Qr = Xaga = p12 + M Ri2qu
for some scalars A\; and A5 (see Fig.2).

(22)

“Qr

Figure 2: The examined scenario from the second camera frame’s (Cs) point of view. go is the perspective projection of the

terrain feature “2 ()7, and thus the two should coincide. Additionally, since ¢; is also a projection of the same feature in the
C1-frame, the epipolar constraint requires that the two rays (one in the direction of g5 and the other from p;5 in the direction
of Ri2q1) will intersect.

It follows that:

P12 X A2q2 = p12 X A1R12q1, (23)
and hence:
43 (p12 X Ri2q1) = 0. (24)
For a vector z € R?, let 2 denote the skew-symmetric matrix:
T " 0 —T3 X9
2= | 2o =

Then, it is well known that the vector product between two vectors = and y can be expressed as:

rxy=a"y.



Using this notation, the epipolar constraint (24) can be written as:

5 (Ri2q1)" p12 = 0 (25)
and symmetrically as:
i Riyq3p12 = 0 (26)

The important observation here is that if the vector pyo verifies the above constraint, then the vector « - p15 also verifies the
constraint, for any number . This is an expression of the ambiguity built into the SFM problem. On the other hand, the
constraint (15) is non-homogeneous and hence does not suffer from the same ambiguity. In terms of the translation alone
(and for only one feature point!), if p15 verifies (15) for given R; and R;5, then also p12 + kge will verify the constraint, and
hence the ego-motion translation is defined up to a one-dimensional vector. However, one has the following trivially:

qi R1502"q2 = 0, (27)

and hence the epipolar constraint does not provide an additional equation that would allow us to solve for the translation in a
unique manner. Moreover, observe that (15) can be written using a vector product instead of the projection operator as:

Riaqi N™
A —_— — =0. 28
q@" P12 + NRiqr (Qe —p1) (28)
Taking into account the identity
(Ri21)" 2" Ri2q1 =0, (29)

it is possible to conclude that (28) — (26), and hence the new constraint ”contains” the classical epipolar geometry. Indeed,
one could think of the constraint derived in (15) as strengthening the epipolar constraint by requiring not only that the two
rays (in the directions of ¢; and ¢2) should intersect, but, in addition, that this intersection point should lie on the DTM’s
linearization plane. Observe, moreover, that taking more than one feature point would allow us to completely compute the
translation (at least for the given rotation matrices).

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

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

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

Input of Kalman filter consists of two part. The first one is variables X for equations of motion. In our case it is
inertial navigation equations. Vector X consists of fifteen components: [§z oy §z 6V, 6V, 6V, 8¢ 60 6 ay ay a by by ).
Coordinates dzdyd z are defined by difference between real position of the camera and position gotten from inertial navigation
calculus. Variables 6V, 6V, 6V, are defined by difference between real velocity of the camera and velocity gotten from inertial
navigation calculus. Variable ¢ 66 d4) are defined as Euler angles of matrix D,. * DI where D,. is matrix defined by real
Euler angles of camera with respect to Local Level Frame (L-Frame) and D, is matrix defined by Euler angles of camera with
respect to Local Level Frame (L-Frame) gotten by inertial navigation computation. It is necessary to pay attention that found
Euler angles d¢ 60 61p ARE NOT equivalent to difference between real Euler angles and Euler angles gotten from inertial
navigation calculus. For small values of d¢ 060 d1) perturbations to these angles can be added linearly and so these angles
can be used in Kalman filter for small errors. Such choose of angles is made because formulas describing their evolution are
much simpler than formulas describing evolution of Euler angles differences. Variables a, a, a. are defined by vector of
Accel bias in inertial navigation measurements. Variables b, b, b, are defined by vector of Gyro bias in inertial navigation
measurements.

The second input of Kalman filter is Z-result of measurements by vision-based navigation algorithms.Vector Z consists of
six components [0, Y 02m 0@y, 00, d1by,]Coordinates 0, 0y, 02, are difference between camera position measured
by vision-based navigation algorithm and position gotten from inertial navigation calculus.Variable 66, d1,,, are defined as
Euler angles of matrix D,, * DI where D,, is matrix defined by Euler angles of camera with respect to Local Level Frame



(L-Frame) measured by vision-based navigation algorithm and D, is matrix defined by Euler angles of camera with respect
to Local Level Frame (L-Frame) gotten by inertial navigation computation. Let variable k to be number of step for time
discretization used in Kalman filter.

We assume that errors for between values gotten by inertial navigation computation and real values are linearly depend on
noise. Corespondent process noise covariance matrix is denoted by (). Diagonal elements of @) correspondent to velocity
are defined by Accel noise and proportional to dt?: Qv ~ dt?, where dt is time interval between t;, and tj,_1: dt = ti, —tp_1.
Diagonal elements of Q) correspondent to Euler angles are defined by Gyro noise and proportional to dt: Q4 ~ dt.

We assume that errors for between values gotten by vision-based navigation algorithm and real values are linearly depend
on noise. Corespondent measurement noise covariance matrix is denoted by Ry. Error analysis giving this matrix is described
in [14].

Kalman filter equations describe evolution of a posteriori state estimation X}, described above and a posteriori error
covariation covariance matrix P, for variables X},.

To write Kalman filter equations we must define two 15x15 matrices yet: Hy, and Ay. Matrix Hj, is measurement Jacobian
describing connection between predicted measurement Hy * X, and actual measurement Zj defined above. Diagonal ele-
ments Hy(1,1), Hi(2,2), Hi(3,3) describing coordinate and elements Hy,(4,7), Hy(5,8), Hj;(6,9) describing angles are
equal to one. The rest of the elements are equal to zero.

Ay, is Jacobian matrix describing evolution of vector Xj. The exact expression for this matrix is very difficult so we use
approximate formula for Ay neglecting by Coriolis effects, Earth rotation and so on. Let ¢ 6 i be the Euler angles in L-
Frame, dV' is deltaV vector gotten from inertial navigation measurements, f.. is acceleration vector in L-frame, DC My, 4
is direction cosine matrix (from body-frame to L-frame).

The formulas defining Ay, are follow:

cos(¢)  sin(¢) 0
Upom = | —sin(v) cos(yp) 0 (30)
0 0 1

cos(d) 0 —sin(6)
Opon = 0o 1 0 G1)
sin(@) 0  cos(8)

1 0 0

@pecu = 0 cos(¢) sin(¢) (32)
0 —sin(¢) cos(¢)
DCMy_to-1 = ®ocMOpem¥pem (33)
dv

fvec = DCMb-to-lE (34)

100
Phi(1:3,4:6)=| 0 1 0 (35)

0 0 1

0 _fvec('?)) fveC(Z)
Phi(4:6,7:9) = | foee(3) 0 — foee(1) (36)
_fvec(Z) fvec(l) O
Phi(7:9,10 : 12) = =DC My, 4,1 (37
Phi(4:6,13:15) = —DC My, ¢ (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 O Arl—1 ayk_l Ayle—1 bxk—l byk—l bzkfl] (40)

P = Ak.Pk_lA{ 4+ Qr—1 41)

Kalman filter update equations project the state and covariance estimates from the previous time step £ — 1 to the current
time step k.
Kalman filter measurement update equations are follow:

Ky = Py HY (Hy P, HF + Ry)™* (42)
Xk:X];—I—Kk(Zk—HkX];) (43)
Py = (I — Ky Hy) Py (I — KpHy)" + Ky Rp KT (44)

Kalman filter measurement update equations correct the state and covariance estimates with measurement Zj.

The found vector X, is used to update coordinates, velocities, Euler angles, Accel and Gyro biases for inertial navigation
calculations on the next step.

Numerical simulations were realized to examine effectiveness of Kalman filter to combine these two navigation algorithms.
On figurefig:figel we can see that corrected path for coordinate error much smaller than inertial navigation coordinate error
without Kalman filter. Improved results by help Kalman filter are gotten also for velocity in spite of the fact that this velocity
was not measured by help vision-based navigation algorithm.

(a) (®) (©)

Figure 3: Position errors ((a) for x coordinate (b) for y coordinate (c) for z coordinate) of the drift path are marked with a
red line, and errors of the corrected path are marked with a blue line. Parameters : Height 1000m, FOV 60 degree, Features
number 120, Resolution 1000x1000, Baseline=200m, Atime = 15 s

5 Error analysis

The rest of this work deals with the error-analysis of the proposed algorithm. In order to evaluate the algorithm’s performance,
the objective-function of the minimization process needs to be defined first: For each of the n optical-flow vectors, the
function f; : R'> — R3 is defined as the left-hand side of the constraint described in (16):

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

= Plg2,q2) [P12 + R12L; (Gg, — p1)] /|G| (45)
In the above expression, R15 and £; are functions of (412, 012,%12) and (¢p1,01,11) respectively. Additionally, the func-
tion F' : R'2 — R3" will be defined as the concatenation of the f; functions: F(p1,¢1,01,%1,p12, P12,012,012) =
[f1s-- -, fn]T. According to these notations, the goal of the algorithm is to find the twelve parameters that minimize M (6, D) =
|F(6, D) ||2, where 6 represents the 12-vector of the parameters to be estimated, and D is the concatenation of all the data



(a) (b) (©)

Figure 4: Position errors for X, y, z coordinate of the drift path are marked with a red line, and errors of the corrected path
are marked with a blue line. Parameters : FOV 60 degree, Features number 120, Resolution 1000x1000, Baseline=200m,
Atime = 15 s, Height a) 700m b) 1000m c) 3000m

(@) ®) ©

Figure 5: Position errors for x, y, z coordinate of the drift path are marked with a red line, and errors of the corrected path are
marked with a blue line. Parameters : FOV 60 degree, Features number 120, Baseline=200m, Atime = 15 s, Height 1000m,
Resolution a) 500x500 b) 1000x1000 c) 4000x4000

obtain from the optical-flow and the DTM. If D would have been free of errors, the true parameters were obtained. Since
D contains some error perturbation, the estimated parameters are drifted to erroneous values. It has been shown in [10] that
the connection between the uncertainty of the data and the uncertainty of the estimated parameters can be described by the

following first-order approximation:
dg -t dg dg T dg -t
Yo=|— — | ¥Xp | == — 46
0 <d9) (dD) b (dD df (46)

Here, 3y and X p represent the covariance matrices of the parameters and the data respectively. g is defined as follows:

d d
D)= —M(®,D)=—F'F=2J]F 4
Jo = dF'/d@ is the (3n x 12) Jacobian matrix of F’ with respect to the twelve parameters. By ignoring second-order elements,
the derivations of g can be approximate by:

dg
0~ 2JF Jy (48)
dg
5~ 2JF Jp (49)

Jp = dF/dD is defined in a similar way as the (3n x m) Jacobian matrix of F with respect to the m data components.
Assigning (48) and (49) back into (46) yield the following expression:

Jr = (JFJe) " IF

10
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Figure 6: (a) Velocity errors of the drift path (x y z components), and (b) Velocity errors of the corrected path (x y z
components). Parameters Height 1000m, FOV 60 degree, Features number 120, Resolution 1000x1000, Baseline=200m,
Atime =15s

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

- : . . -1
The central component Jp Y pJ], represents the uncertainties of F' while the pseudo-inverse matrix (J7 Jp) ~ Jg transfers
the uncertainties of F' to those of the twelve parameters. In the following subsections, Jy, Jp and X p are explicitly derived.

5.1. Jy Calculation

Simple derivations of f; which is presented in (45), yield the following results:

Np(q2,?G) = P(q2,92)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, G 54
drs r(g2 ) (54)
df

d
= Np(q2, *G) (d

Q12

Ris | L(GE — 55
dos 12) (Ge — 1) (55)

In expressions (53) and (55): a1 = ¢1, 61,91 and: a13 = @12, 012, 112. The Jacobian Jy is obtained by simple concate-
nation of the above derivations.

5.2 Jp Calculation

Before calculating Jp, the data vector D must be explicitly defined. Two types of data are being used by the proposed
navigation algorithm: data obtained from the optical-flow field and data obtained form the DTM. Each flow vector starts at
¢q1 and ends at g2. One can consider ¢ ’s location as an arbitrary choice of some ground feature projection, while g, represent
the new projection of the same feature on the second frame. Thus the flow errors are realized through the g2 vectors.

The DTM errors influence the G and N vectors in the constraint equation. As before, the DTM linearization assumption
will be used. For simplicity the derived orientation of the terrain’s local linearization, as expressed by the normal, will be
considered as correct while the height of this plane might be erroneous. 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 above, the ¢;’s and the N’s can be omitted from the
data vector D. It will be defined as the concatenation of all the g5’s followed by concatenation of the Gg’s.

The i’th feature’s data vectors: go, and G'g, appears only in the i’th feature constraint, thus the obtained Jacobian matrix
Jp = [Jq, Jc] is a concatenation of two block diagonal matrices: .J, followed by Jg. The i’th diagonal block element is the
3 x 3 matrix df;/dqs, and df; /dGg,for J, and Jg respectively:

a4 _
dqa
-1
W [(QQT . C2G) I+ qo- CzGT] P(QQ,Qz)/|CQG| (56)
2
d
ﬁ = Np(q27ch)R12£ (57)

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

5.3. Xp Calculation

As mention above, the data-vector D is constructed from concatenation of all the ¢-»’s followed by concatenation of the G’s.
Thus X p should represent the uncertainty of these elements. Since the ¢o’s and the G g’s are obtained from two different and
uncorrelated processed the covariance relating them will be zero, which leads to a two block diagonal matrix:

Sp = [ e ;G ] (58)

In this work the errors of image locations and DTM height are assumed to be additive zero-mean Gaussian distributed with
standard-deviation of o and o}, respectively. Each g2 vector is a projection on the image plane where a unit focal-length is
assumes. Hence, there is no uncertainty about its z-component. Since a normal isotropic distribution was assumed for the
sake of simplicity, the covariance matrix of the image measurements is defined to be:

Y, =07 1 (59)

and X, is the matrix with the ¥, ’s along its diagonal.

In [11] the accuracy of location’s height obtained by interpolation of the neighboring DTM grid points is studied. The
dependence between this accuracy and the specific required location, for which height is being interpolated, was found to
be negligible. Here, the above finding was adopted and a constant standard-deviation was set to all DTM heights measure-
ments. Although there is a dependence between close G ’s uncertainties, this dependence will be ignored in the following
derivations for the sake of simplicity. Thus, a block diagonal matrix is obtained for ¥ containing the 3 x 3 covariance
matrices X, along its diagonal which will be derived as follows: consider the ray sent from p; along the direction of R;¢q;.

This ray should have intersected the terrain at Gg = p; + AR1q; for some A, but due to the DTM height error the point
T

Gg = (:i, 7, iz) was obtained. Let h be the true height of the terrain above (Z, §) and H = (Z, ¢, h) be the 3D point on the

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

NT(Gg — H)=N" (py + ARiqy — H) = (60)
Extracting A from (60) and assigning it back to G g’s expression yields:
Gg=p1+ RiL(H —p1) (61)
For G'g’s uncertainty calculation the derivative of G with respect to A should be found:

dGg
dh

Riq:

T

(62)
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The above result was obtained using the fact that the z-component of N is 1: N = ( -VDTM 1 )T. Finally, the
uncertainty of G g is expressed by the following covariance-matrix:

dGp\ ., (dGe\" , RiqglRT
Ya = ——= - S| —= = T St
G < dh ) o-h ( dh ) o’h (NTR1q1)2 (63)

5.4. X, Calculation

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

P2 =p1 — RiR5p1o (64)
Ry, = R1RT, (65)

The uncertainty of the second pose estimates will be described by a 6 x 6 covariance matrix that can be derived from the
already obtained 12 x 12 covariance matrix Xy by multiplication from both sides with J¢,. The last notation is the Jacobian
of the six Cy parameters with respect to the twelve parameters mentioned above. For this purpose, the three Euler angles ¢o,
05 and 1 need to be extracted from (65) using the following equations:

¢o = arctan (%) (66)
0> = arcsin (—R2(1, 3)) (67)
1po = arctan (%) (68)

Simple derivations and then concatenation of the above expressions yields the required Jacobian which is used to propagate
the uncertainty from C; and the ego-motion to C'5. The found covariance matrix ¥, is the same as measurement covariant
matrix R, described in section about Kalman filter.

Ry =X, (69)

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

In previous Section we considered Error analysis for video navigation method. But its consideration is correct only if found
solution is close to true one. If it is not true nonlinear effects can appear or even we can found incorrect local minimum. In
this case the method can begins to diverge. We can obtain the such result:

1)if large number of outliers features appears.

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

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

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

If in some case even one of these threshold conditions is not correct we don’t use for this case the correction of visual
navigation method and use only usual INS result.If such situation repeats three times we stope to use the visual navigation
method at all and don’t use it also for the last correct case. Let us discourse these three factors in details

13



6.1 Dealing with Outliers

In order to handle real data, a procedure for dealing with outliers must be included in the implementation. The objective of
the present section is to describe the current implementation, which seems to work satisfactorily in practice. Three kinds of
outliers should be considered:

1. Outliers present in the correspondence solution (i.e., "wrong matches”).
2. Outliers caused by the terrain shape, and
3. Outliers caused by relatively large errors between the DTM and the observed terrain.

The latter two kinds of outliers are illustrated in Fig.7. The outliers caused by the terrain shape appear for terrain features
located close to large depth variations. For example, consider two hills, one closer to the camera, the other farther away, and a
terrain feature () located on the closer hill. The ray-tracing algorithm using the erroneous pose may “miss” the proximal hill
and erroneously place the feature on the distal one. Needless to say, the error between the true and estimated locations is not
covered by the linearization. To visualize the errors introduced by a relatively large DTM-actual terrain mismatch, suppose a
building was present on the terrain when the DTM was acquired, but is no longer there when the experiment takes place. The
ray-tracing algorithm will locate the feature on the building although the true terrain-feature belongs to a background that is
now visible.

Figure 7: Outliers caused by terrain shape and DTM mismatch. Cr and C'g are true and estimated camera frames, respec-
tively. 1, and ()2, are outliers caused by terrain shape and by terrain/DTM mismatch, respectively.

As discussed above, the multi-feature constraint is solved in a least-squares sense for the pose and motion variables. Given
the sensitivity of least-squares to incorrect data, the inclusion of one or more outliers may result in the convergence to a wrong
solution. A possible way to circumvent this difficulty is by using an M-estimator, in which the original solution is replaced by
a weighted version. In this version, a small weight is assigned to the constraints involving outliers, thereby minimizing their
effect on the solution. More specifically, consider the function f;(©) defined in (45) resulting from the i-th correspondence
pair. In the absence of noise, this function should be equal to zero at the true pose and motion values and hence, following
standard notation, define the residual r;(©) = || f;(©)]|. Using an M-estimator, the solution for © (the twelve parameters to
be estimated) is obtained using an iterative re-weighted least-squares scheme:

O = argmin Z wr?. (70)
i=1
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The weights w; are recomputed after each iteration according to their corresponding updated residual. In our implementation
we used the so-called Geman-McClure function, for which the weights are given by:
1

(71)

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

ri = || fi(p1, 61,01, U1, P12, P12, 012, Y12) ||
medR = median(z;)
R; = w(r;/medR) (72)

where ¢ = 1, ..., n and n is number of features.

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

Instead equation (50) we use new one:

JT = (JTW.J) " JFW

So=JT - (JpSpJp) - JTT (73)

If we know two positions of camera and features position in the first photo so we can find the features position on the
second photo. If the distance between true position of some correspondent feature on second photo and the position found
by previously described method larger than 30; we would consider the such feature as outlier. Let us define V; as number
of outliers in initial approximation of cameras position and orientation (i.e. before using visual navigation method) and Ny
as number of outliers after visual navigation method corrections. The follow conditions let us to avoid too large number of
outliers case:

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

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

6.2 Degenerated case large errors.

For degenerate case the matrix .J{ W .Jp in equation (73) can be singular. It gives us follow threshold condition:

reond(J§ W Jg) > threshold,cona (75)

where rcond() -Matlab function for matrix reciprocal condition number estimate. It is measure for matrix singularity
(0 < rcond() < 1). Threshold value threshold,conq is chosen to be 10716,

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

E [
ﬁ < threshold ;s (76)
I

where { = x,y, 2z coordinate indexes for diagonal elements of covariance matrix X¢,.f = 1 is a focus length of the
camera, h is height of the camera.2%Lh gives us the maximum camera position shift allowing the photo feature error to be
smaller than pixel size.Threshold value thresholdg;s; is chosen to be 40.

3 [ZCQ]M < Lgroundfdist (77)

15



where ¢ = x,y, z coordinate indexes for diagonal elements of covariance matrix ¢, , Lground—dist 1 character size of
ground relief change.

e, )i
@ < thresholdgngie "

(301/f)
where i = ¢, 6, angular indexes for diagonal elements of covariance matrix X¢,.3%% gives us the maximum camera

angular shift allowing the photo feature error to be smaller than pixel size.Threshold value thresholdgngie is chosen to be
40.

L round—dis
3v[Za,)i < E’T‘l“ (79)

where ¢ = ¢, 0, 1y angular indexes for diagonal elements of covariance matrix ¢, .
Degenerated case because of small baseline (distance between two camera positions used in video navigation method)
gives the follow threshold conditions:

[Zolii
P12l

where ¢ = =12, Y12, 212 mutual coordinate indexes for diagonal elements of covariance matrix >y. Threshold value
thresholdg;st,, is chosen to be 0.1 .

< thresholdg;st,, (80)

(o)
([lp12ll /h)

where i = ¢12, 012, 112 mutual angular indexes for diagonal elements of covariance matrix ¥y.Threshold value thresholdangie,,
is chosen to be 0.1 .

< thresholdangie,, (81)

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

Let us define threshold conditions to avoid the initial state of the camera to be too far from the its true state. P, is covariant
matrix obtained from INS and previous corrections of INS by video navigation method with help of Kalman filter and

described in section about Kalman filter.
3\/ [P];]zz < Lgroundfdist (82)

where ¢ = x,y, z coordinate indexes for diagonal elements of covariance matrix P, .

L g
3 [P;;]u < gTou'r}LLd dist (83)
where ¢ = ¢, 0,9 angular indexes for diagonal elements of covariance matrix P, .
Let us define threshold conditions to avoid the initial state of the camera to be too far from the its final state. The follow
four equations give us differences between initial and final state obtain as corrections of INS by video navigation method
with help of Kalman filter.

0p2 = P2 final — P2init] (34)

0p12 = |P12 finar — P12init (85)

daz = | final — Q2inie| mod (2) (86)
daiz = |2 final — M12ipie] mod (27) (87)
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3O\ [Py lii + VI[Ecsli) > dp2; (88)

where i = x, y, z coordinate indexes for diagonal elements of covariance matrix P, and X¢,

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

where ¢ = ¢, 0, v angular indexes for diagonal elements of covariance matrix P, and ¢,

5p127;
P12l

where i = x12, Y12, 212 mutual coordinate indexes.

< thresholdg;st,, (90)

dag;

(Ipa2ll /7)

where i = ¢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 influence of different factors on the accuracy of the proposed algorithm
estimates. The closed form expression that was developed throughout the previous section is being used to determine the
uncertainty of these estimates under a variety of simulated scenarios. Each tested scenario is characterized by the following
parameters: the number of optical-flow features being used by the algorithm, the image resolution, the grid spacing of the
DTM (also referred as the DTM resolution), the amplitude of hills/mountains on the observed terrain, and the magnitude of
the ego-motion components. At each simulation, all parameters except the examined one are set according to a predefined
parameters set. In this default scenario, a camera with 400 x 400 image resolution flies at altitude of 500m above the terrain.
The terrain model dimensions are 3 x 3 km with 300m elevation differences (Fig.13(b)). A DTM of 30m grid spacing
is being used to model the terrain (Fig.10(c)). The DTM resolution leads to a standard-deviation of 2.34m for the height
measurements. The default-scenario also defines the number of optical-flow features to about 170, where an ego-motion of
lp12]] = 40m and ||(¢12, 612, 912)|| = 10° differs the two images being used for the optical-flow computation. Each of the
simulations described below study the influence of different parameter. A variety of values are examined and 150 random
tests are performed for each tested value. For each test the camera position and orientation were randomly selected, except
the camera’s height that was dictated by the scenario’s parameters. Additionally, the direction of the ego-motion translation
and rotation components were first chosen at random and then normalized to the require magnitude.

In Fig.8, the first simulation results are presented. In this simulation the number of optical-flow features that are used by
the algorithm is varied and its influence on the obtained accuracy of C5 and the ego-motion is studied. All parameters were
set to their default values except for the features number. Fig.8(a) presents the standard-deviations of the second frame of the
camera while the deviations of the ego-motion are shown in Fig.8(b). As expected, the accuracy improves as the number of
features increases, although the improvement becomes negligible after the features” number reaches about 150.

In the second simulation the influence of the image resolution was studied (Fig.9). It was assumed that the image mea-
surements contain uncertainty of half-pixel, where the size of the pixels is dictated by the image resolution. Obviously,
the accuracy improves as image resolution increases since the quality of the optical-flow data is directly depends on this
parameter.

The influence of DTM grid spacing is the objective of the next simulation. Different DTM resolutions were tested varying
from 10m up to an extremely rough resolution of 190m between adjacent grid points (see Fig.10). The readers attention is
drawn to the fact that the obtained accuracy seems to decrease linearly with respect to the DTM grid-spacing (see Fig.11) .
This phenomenon can be understood since, as was explained in the previous section, the DTM resolution does not affect the
accuracy directly but rather it influences the height uncertainty which is involved in the accuracy calculation. As can be seen
in Fig.12, the standard-deviation of the DTM heights increases linearly with respect to the DTM grid spacing which is the
reason for the obtained results.

Another simulation demonstrates the importance of the terrain structure to the estimates accuracy. In the extreme scenario
of flying above a planar terrain, the observed ground features do not contain the required information for the camera pose
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derivation, and a singular system will be obtained. As the height differences and the variability of the terrain increase, the
features become more informative and a better estimates can be derived. For this simulation, the DTM elevation differences
were scaled to vary from 50m to 450m (Fig.13). It is emphasized that while the terrain structure plays a crucial role at the
camera pose estimation together with the translational component of the ego-motion, it has no direct affect on the ego-motion
rotational component. As the optical-flow is a composition of two vector fields - translation and rotation, the information for
deriving the ego-motion rotation is embedded only in the rotational component of the flow-field. Since the features depths in-
fluence only the flow’s translational component it is expected that the varying height differences or any other structural change
in the terrain will have no affect on the ego-motion rotation estimation. The above characteristics are well demonstrated in
Fig.14.

Since it is the translation component of the flow which holds the information required for the pose determination, it would
be interesting to observe the effect of increasing the magnitude of this component. The last simulation presented in this work
demonstrates the obtained pose accuracy when the ego-motion translation component vary form 5m to 95m. Although it has
no significant effect on the ego-motion accuracy, the uncertainty of the pose estimates decreases for a large magnitude of
translations (see Fig.15). As a conclusion from the above stated, 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 flight and camera.

Inertial navigation systems (INS) are used usually for detection of missile position and orientation. The problem of this
method is that its error increases all time. We propose to use new method (Navigation Algorithm based on Optical-Flow and
a Digital Terrain Map) [15] to correct result of INS and to make the error to be finite and constant. Kalman Filter is used to
combine results of INS and results of new method [12]. Error analysis with linear first-order approximation is used to find
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error correlation matrix for our new method [14]. We made numerical simulations of flight with real parameters of flight and
camera using only INS and INS and our new method to check usefulness 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 Terrain Map of real ground was used as cell (Fig.17) for our sim-
ulations. This cell was continued periodically to obtain full Map of the ground (Fig.18). Random noise was used as main
component of INS noise. The more real drift and bias noise give much 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 view of camera. )

Features number found on photos is 100, 120.
Resolution of camera is 500x500, 1000x1000, 4000x4000.( The resolution of camera defines precision of feature detection,

we assume no Optical Flow outliers for features.)
Baseline is 30m, 50m or 200m. ( Baseline is distance between two camera 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 seen on (Fig.3, 4, 5, 6) for different cases of flight, camera and simulation
parameters. Let us demonstrate error tables for typical case with positive results: x, y, z position errors of INS with using

new method and without using new method.

Used flight, camera and simulation parameters for this case:

FOV is 60 degree
Number of features is 120
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Figure 16: Trajectory of the flight.

Resolution is 1000x1000

Baseline is 200m

Atimeis 15 s.

Flight velocity is 200 m/s

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 25 m 20m 100 m

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

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

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

Let us demonstrate error tables for typical case with positive results: x, y, z position errors of INS with using new method
for different resolutions of camera. Used flight, camera and simulation parameters for this case:

FOV 60 degree, Number of features:120, Resolution 500x500, 1000x1000, 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 different resolutions 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 different resolutions of camera.
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Figure 18: cell was continued periodically to obtain full Map of 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 different resolutions of camera.

8 Open problems and future method development.

1) If situation is close to degenerated case (for example, for small camera field of view, almost flat ground, small baseline
and so on) we can not used described method because it is impossible to find cameras states from this data. But it is possible
also for this case to used found correspondent features constrains for INS results improvement by help Kalman filter. We can
consider directly these corespondent features (and not calculated position and orientation on basis these features) as result of
measurement for Kalman filter. Example of the such improvement can be found in [16]. But in this case errors of method
will increase with time similar to INS. So after some time measured position is too far from the true position and we can not
use DTM constrains for error correction, but only epipolar constrains. For described in this paper method the error stops to
increase and remains constant so we are capable to use DTM constrains all time.

2)It is possible to consider more optimal and fast methods for looking for minimum of function giving position and
orientation of camera.For example it is possible to improve initial state for described method , using epipolar equations (25 )
for R12 and pi up to constant calculations. The next step can be use equation (21) for R; calculation. And final step using
equation (18) for p15 and p; calculation.The result can be improved by described iteration method.

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

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

5) Using the used methods in different practical situations: orientation in rooms, inside of man body.
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9 Conclusions

An algorithm for pose and motion estimation using corresponding features in images and a DTM was presented with using
Kalman filter. The DTM served as a global reference and its data was used for recovering the absolute position and orientation
of the camera. In numerical simulations position and velocity estimates were found to be sufficiently accurate in order to
bound the accumulated errors and to prevent trajectory drifts.

An error analysis has been performed for a novel algorithm that uses as input the optical flow derived from two consecutive
frames and a DTM. The position, orientation and ego-motion parameters of the the camera can be estimated by the proposed
algorithm. The main source for errors were identified to be the optical-flow computation, the quality of the information about
the terrain, the structure of the observed terrain and the trajectory of the camera. A closed form expression for the uncertainty
of the pose and motion was developed. Extensive numerical simulations were performed to study the influence of the above
factors.

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

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

1) The most important parameter of simulations is FOV: for the small FOV the method diverges. For FOV 60 degree the
results are very good. The reason for this is that for small FOV (12 or 6 degree) the situation is close to degenerated state,
also we must choose small baseline and observed ground patch is too small and almost flat.

2) Resolution of camera is also very important parameter: for better resolution we have much more better results, because
of much more better precision of features detection.

3) The precision of new method depends on flight height. Initially precision increases with height increasing because we
can use bigger baseline and can see bigger patch of ground. But for bigger heights precision begin to decrease because of
small parallax effect.
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[IpenioskeH anropuTM TS HAXOXKJICHHS TTO3HIINN, OPUCHTAIINN M OIICHKH JBYDKCHUS,
UCTIONB3YIONINI COOTBETCTBYIOININE TOYKU B H300pKEHUAX U IU(POBYIO KapTy JaHamadTa.
Ucnons3oBanue Ludposoit Kapter Jlannmadra (IIKJI) kak rmodanbHON cripaBOYHON
uH(GOPMAIIMHU TIO3BOJISIET BOCCTAHOBJICHHE a0COTIOTHOW MO3UIIMHN M OPUEHTAIIUHN KaMepbl. UTOOBI
caenatb 310, LIKJI ucronbs3yercs, 9To0bl chOpMYITHPOBATH JOTIOTHUTEIBHBIC OTPAHUYCHUS
MEXIy COOTBETCTBYIOIIMMHU TOYKAMH B IBYX TOCJIEIOBATENILHBIX Kaapax. Mcmonp30BaHUE ITUX
JTAHHBIX TI03BOJISICT YIYUIIUTh HAJACKHOCTh H TOYHOCTh HHEPIUAIEHOTO HABUTAITHOHHOTO
anroputMma. Pacmupennsiit puibtp Kanmana ucnonbszoBaics, 4T00bI 00BEAMHUTD PE3YIbTATHI
WHEPIHATFHOTO HABUTAIIHOHHOTO aJITOPUTMA M HABUTAIIMOHHOTO aJITOPUTMa, OCHOBAaHHOTO Ha
KOMIBIOTEPHOM 3pEHUH. BBITTOIHUMOCTD 3TOTO aAropuTMa MPOASMOHCTPUPOBAHA ITyTEM
YHCIICHHOTO MOJICJIMPOBAHUSI.

1. BBeaenue

ANTOpUTMBI BU3YyaJIbHOW HABUTALIMU SIBIIIOTCS OJHUM W3 OCHOBHBIX OOBEKTOB HCCIICOBAHUN B
TEYCHWN TIOCTIeHEr0 JecATWIEeTHs . bypHoe pa3BuTHe pOOOTH3MPOBAHHBIX CHCTEM IOTPeOOBajo
BBIPAaOOTKM  CHEIMU(PUUECKUX TOAXOAOB I ONpEAeNeHWs B pPEalbHOM BPEMEHH KOOPAHMHAT
MECTOIOJIOKEHUS U NTApaMETPOB OPUEHTAIIMHU TTOIBHKHBIX 00BEKTOB, KaK B 3aKPBITHIX MTOMEIICHHSIX, TaK
u Ha ynune. OTHUM U3 BaXKHBIX TPEOOBAaHUN K COBPEMEHHBIM OECIMIOTHBIM aBUAIMOHHBIM KOMILIEKCAM
SIBJIIETCSI BO3MOXKHOCTH OCYIIECTBICHUS TOYHON HABUTAIIMM B YCJIOBHUSX OTCYTCTBHUS CITyTHHKOBOWM
uHpopmalu. MHTerpanus BHU3YyalbHBIX METOJOB HABHUTAllMM C TPAJUIMOHHBIMU HHEPIHUATbHBIMU
CUCTEeMaMH MOXET O0ECIeYUTh YCTONYHMBOE peIICHWEe HABUTAIMOHHOW 3aJadyul JUisi Ha3eMHBIX W
JIETAOMINX aBTOMATUIECKIX CHCTEM.

CyI1ecTBYIOT TpU OCHOBHBIX MOJXOAA K PEIICHUIO 33Ja4Yd ONpeiesieHUs MapaMeTpoB JBHKEHUS
00BEeKTa 110 BU3yaJIbHOW HH(POPMAIIHH.

1) OmnpeneneHne MapamMeTpoOB ABIKCHWS W OPHUEHTALMH ITyTeM OTCICKUBAHUS
MepeMeNIeHns B KaJpe M300pakeHN HEKMX XapaKTepHBIX (O0COOBIX) TOYEK MecTHOCTH [2,3].
[Mocne nnenTruKauU 0COOBIX TOYEK HAa KaXXIOM CHHMKE TOUYHOE ONpeAeCHUE MapaMeTpoB
IBIDKCHUS TIPEICTaBIsICT COOOW JOCTaTOYHO TPUBHANBHYIO 3amady. Hawmbosee cCioxHOM
mpo0IeMoii  OCTaéTcsl JETEKTUPOBaHHE OCOOBIX TOUYEK W HUX COOTHECeHHEe C HabopoMm
XapaKTepHbIX MPHU3HAKOB JAHHOI MECTHOCTH, OIIPEICIIEHHBIM 3apaHee.

2) [lpu momxome “ego motion” [4-7] oIlleHMBAaeTCSs OTHOCHUTEIIBHOE IBHKECHUE
KaMephl TI0 OTHONICHWIO K IPENbIIyIIeMy €€ MOJOKEHHUI0. VICTOYHWKOM MaHHBIX SBISIOTCS
BHUIeOKanpel. OIEHWB TMapaMeTphl NBIDKCHUS M 3HAas HadadbHBIC YCIOBHUS, MOXXHO ITyTEM
WHTETPUPOBAHUS BBIYMCIHTH TPACKTOPUIO JIBM)KEHUS KaMepbl. BaKHBIM JOCTOMHCTBOM 3TOTO
MeTofa (B OTIMYME OT MPEIBIAYIIET0) SBISETCS OTCYTCTBHE HEOOXOAWMOCTH BBISBICHHS
0COOBIX TOYEK Ha MecTHOCTH. [IpobieMHON CTOpPOHON fABNsSETCS HapacTaHWe OLIMOKH B



MPOIECCe HHTETPUPOBaHMS. TakuM oOpa3oM, UMeeTcs aHalor «apeida» OIEeHKH
MECTOIOJIOKEHHS], 1 TOYHOCTh OLIEHWBAHUS JETpajivpyeT ¢ TEYEHHEM BpEeMEHH (MU C POCTOM
NPOMICHHOTO MYTH).
JBa W3MOXEHHBIX TOAXoAa OOBEAWHSET HEOOXOIMMOCTh aHalu3a MOCJeN0BaTEeIbHBIX
n300paKeHnH.

3) Tpetuid MeToA TO3BOJIIET  KOMIIGHCHPOBAaTh YIOMSHYTBHIM BbIEe 3(GQHEKT
«apeida», IpUMeHsIsl TOMOJHUTENBHBINH aJITOPUTM IIPSIMOr0 OLIEHUBAHUS MECTOIOIOXKeHUs. B
npecTaBisieMoll paboTe UCIONB3YIOTCS JaHHble NUppoBoro penbeda mectHocTH (L[PM).
LPM mpencrasisieT coboit nnppoBoe npeacTaBieHne TONOrpagi MECTHOCTH Yepe3 MaTPHUILY
BBICOT HaJ YPOBHEM MOps A IUCKPETHBIX KOOPAMHAT MecTomnoisokeHus. IlocraBneHHas
3aJlaya W3BECTHA I0J] Ha3BaHHEM H3BJIEUCHHE CTPYKTYPHI U3 ABIKEHHUS (structure from motion
- SfM) [1]. Boccranornennsiii merogamMu SfM penbed MOKET OBITh COOTHECEH C JIaHHBIMU
LPM wu, Takum 00pa3oM, OmpeaemseTcs MEeCTOIoNIOKeHne 00bekTa oTHocuTenpHo [[PM. B
MIPEACTABIIIEMON padoTe MpeaIaracTcsl HeIoCPEICTBEHHO KOMILUIEKCHPOBaTh AaHHbe [IPM u
BHJIOBBIC JIaHHBIE [8], MOMy4YeHHBIE ¢ KaMephl OOBEKTA JIsl OLICHKH TOJIOKEHUS i OPUCHTAIIIU
00beKTa, MHHYS CTaJUi0 BOCCTaHOBIEHHUsS penbeda MO BHIEOJAaHHBIM. B pesynbrare
COKpalaercsi 00b&EM BBIUNCIICHUH, U IOBBIIIAETCS YCTOHUYMUBOCTh aJITOPUTMA.

Takum 00pa3zom, UMEIOTCS HECKOJIBKO PEIICHU HAaBUTAIIMOHHOM 3a/layd Yepe3 METOJbI BUOBOM
00paboTKN HaHHBIX. KaXIelii M3 TPEIIOKEHHBIX METOIOB OasupyeTcs Ha YHHKAIBLHOH arpHOpHOM
uHpoOpMaIMK ¥ AaéT HE3aBHCHMOE PEIICHHE C TOH WM MHOH CTemeHblo TOYHOCTH. JIroboe M3 3THx
pelieHuii, kKak U BCE BMECTE, MOXET HCHOJIB30BATHCA ISl KOPPEKIMK WHEPIHUATBLHON HABUTAIMOHHOM
CHUCTEMBI C IPUMEHEHUEM CTaHAAPTHON TEXHUKU MUHTETPUPOBAHUS JaHHBIX nocpenctsoM KanmanoBckoii
bumpTpanymy.

B mpencraBmsiemoii paboTe H3IOXKEHBI AITOPUTMEI TMOTYUYCHHUS HABUTAIMIOHHBIX HaHHBIX W3
BUJIOBOM MH(poOpMaluu ¢ ucroib3oBanueMm [[PM, paccMOTpeHBI BOIPOCHI KOMIUIEKCHPOBAHUS BHIIOBBIX
JAHHBIX C JAHHbIMM MHEPLUHUAJIbHOM CHUCTEMBI, MPHUBOAATCS  Pe3YyJbTaThl KOMIIBIOTEPHOTO
MOJICITUPOBAHMSI.

2. OnpeaesieHre U ONUCaHUE NMPOOJIEMBI.

[Ipobnema MoxeT OBITH KpaTKO OINHUCaHa CIeAyIomMM obOpa3zom: B mro0oit MoMeHT
BpeMeHH ¢, cucremMa koopauHat (C(f) ycCTaHOBJEHa Ha Kamepy TaKMM CIOCOOOM, 4yTo Z -0Ch

COBIAJIa€T C ONTHUYECKOW OChI0, M HAYAJI0 KOOPIMHAT COBIMAACT C IIEHTPOM MPOCKTUPOBAHUS
KaMepbl. B 3TOT MOMEHT BpeMeHH KaMmepa pacloyio)keHa B HEKOTOpOM TeorpaduyeckoM
MECTOIOJIOKEHUH p(f) W HWMEeT JAaHHYI0 OpHUeHTaluio R(7) OTHOCUTENBHO TI00aIbHOU

KoopAMHATHON cuctembl W ( p(¢f) - TpexmepHblii BekTop, R(f) - OpTOHOpMajbHas MaTpuLa
BpamieHus). p(t) u R(¢) ompeaenstoT mpeoOpa3oBaHHE W3 KOOPJMHATHOW CHUCTEMbI Kamephbl
C(f) B rno0anpHyI KOOpPIUHATHYIO cucTeMy W , rne, eciid ‘v U Vv SBISIOTCS BEKTOPaMH B
C(t) u W cooTBeTcTBeHHO, TO "v=R(?) v+ p(1).

PaccMoTpuM Temepp Ba MOCIENOBAaTENbHBIX MOMEHTAa BPEMEHH f, U 1,:
npeoOpaszoBanue u3 C(¢,) B C(¢z,) naHo BekTopoM casura Ap(t,t,) W MaTpuLed BpalleHUs
AR(t,,t,) TakuMm 0Opa3oM, UTO C(’Z)vzAR(tl,tz)C(’l)v+Ap(tl,tz). Jlist Tpy0OOi OIEHKH MO3bI
KaMepsl B #, U COOCTBEHHOE JIBIDKEHHE KaMephl MEXKAY IByMsS MOMEHTAaMH BpeMeHH - p.(f,),
R.(t), Ap.(t,t,) m AR, (¢,t,) wucnons3yrorca. (CumBon "E" sl HUKHEro HHJIEKCA
o0o3Havaer, 4To 3TO olleHouYHas (estimated) BenmmuuHa.)

Taxoke ucnonb3yeTcs Moje ONTUYECKOro MOTOKA: {u,.(tk)} (i=1l...n,k=12). dna i'th
XapaKTepHasi TOUKa MECTHOCTH, u,(1,) € R* u u,(¢,) € R? npeicTaBisioT eé MecTONON0KEHHE Ha

MIEPBOM M BTOPOM KaJIp€ COOTBETCTBEHHO.
Hcnonb3ys BeIIEyNOMSIHYThIE 0003HAUYEHMSI, 11€Jb MPEAJIOKEHHOTO AITOPUTMA COCTOUT
B TOM, YTOOBI OLIEHUTh MCTUHHOH MO3y Kamepbl U e€ coOCcTBeHHoe JBuxkeHue: p(t), R(t),
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Ap(t,,t,) u AR(?,,1,) UCHOIB3Ys NOJE ONTHYECKOrO MOTOKA {ul.(tk)}, LKJI u npubnusurensHbie

HaualbHbIE YCIOBUA: p.(?), R, (1), Ap(t,t,) n AR, (¢,1,).

3. HaBuraumoHHbIH AJITOPUTM

Cnenyromuil paszien ONMCHIBAET HABUTALMOHHBIM aJIrOpPUTM, KOTODPBIA OLEHUBAET
BBILICYNIOMSIHYThI€ TapaMeTpbl. [103a n ABMKEHHE 3ro-Kamepsl MotydeHbl, ucnonb3ys LIKJT u
[0JIE ONTHUYECKOrO IMOTOKA JJIi JBYX IIOCJIEOBATEIbHBIX KajgpoB. B ominume or merona
HA3eMHBbIX OPUEHTUPOB HUKAKHE XapaKTepHble OPHUEHTUPBI HE JOJDKHBI ObITh OOHAPYXKEHBI U
pacrio3HaHbl. TONBKO COOTBETCTBHE MEXKIY JBYMs IIOCIEIOBATEIbHBIMU H300paKEHUSIMHU
JOJIKHO OBITh HAaWJEHO, YTOOBI MOMTYYUTh MOJ€ ONTUYECKOro moroka. Kak Obulo ymOMSHYTO B
npeablAyIeM pasfene, rpydas OLEHKa MCKOMBIX MapaMeTpOB HCHOJB3YETCs Kak IepBoe
npubmkenne. OJHAKO, Tak KakK aliroOpuTM TOJBKO HCIOJB3YIOT 3TO Kak HaydajabHOE
npuOIMKEHNE U TIOBTOPHO BBHIYUCIISIET MO3Y U JIBMYKEHUE HETIOCPEACTBEHHO, HUKAKOE CIOXKEHHE
MPEABIAYINUX OMUOOK HE OYIeT UMETh MECTO, M TOYHOCTh OyAET COXPaHSITHCS.

Hosplit moaxon ocHoBaH Ha cienyromeM HaOmogennu. Tak kak LKJI mpemocraBnsier
uH(pOpMaIHIo 0 CTPYKType HaOiogaemMoro janamadTa, rimyonHy HaOMIOAaeMbIX XapaKTEePHBIX
TOYEK MECTHOCTH ompenenser mo3a kKamepbl. CienoBaTenbHO, YUUTBIBAas 103y U JABH)KEHHE
KaMephl, MoJie ONTUYECKOT0 MOTOKAa MOXKET ObITh OJIHO3HAYHO ompezeneHo. Llenpio aaropurma
ABJIIETCS HAaXOXACHHUE I03bl U JBUKEHMSI, KOTOPbIE IMPUBOJAT K MO ONTHYECKOIO IMOTOKA
HaubOosnee OJIM3KOMY, HACKOJIBKO 3TO BO3MOXHO, K HAilIeHHOMY BBILIE MO0 ONTHYECKOIO
MIOTOKA.

EnvHu4HBIA BEKTOp W3 MOJS ONTHYECKOrO IMOTOKAa OyJeT HCHOIb30BaThCs, YTOObI

“ 3
ONpPENEIUTh OrPaHMYEHUs Ha 103y Kamephl u eé amwkenwe. Ilycte "G € R’ apisercs
MECTOIIOJIOXKEHUEM XapaKTEPHOM TOYKM MECTHOCTH B TPEXMEPHOM IpOoCTpaHcTBe. B 1Ba
pa3IuYHbIE MOMEHTA BPEMEHU f, M f,, 3Ta XapaKTePHas TOYKU MECTHOCTU IPOCKTUPYETCS Ha

IUIOCKOCTb U300paskeHUsl KaMephl B TOUKHU u(?,) U u(t,). Ficnonb3ys Moziesb AbIPOYHOM KaMephl,

nonysaeM  u(f,),u(t,) e R*. Tlossomere q(#4) and “q(f,) Gbite romoreHHsIMH

MMPEACTAaBICHHUAMUA 3TUX MECTONOJI0KEeHMM. TaKkKe MOKHO OIMMCATh ATH BCKTOpa KaK BEKTOpa U3
ONTHUYCCKOI'0 HCHTPOB KaMEp K TOYKAM IIPOCKTUPOBAHHA Ha IIJIOCKOCTHU 1/1306pa>1<eHI/1171.

HMcnonp3yst HayalbHYIO OLEHKY I103bI KaMephl B 7, , IMHUSL, Ipoxoasas yepe3 p,(¢) u “q(t,),
MoxeT ObITh nepecedeHa ¢ LIKJI. JIro0oit anropuTm TpacCHUpOBKH JTydell MOKET UCIIOJIb30BAThHCS
A1 3Toi 1enu. MecTOmoNoXKeHHe 3TOro nepecedeHus oOo3HaueHo kak ' G,. CumBon "E"

HIDKHET0 MHJEKCa TPOSICHAET TOT (aKT, YTO 3Ta TOYKA MECTHOCTU - MPEAINojaraeMoe
MECTOIIOJIOKEHUE I XapaKTepHOW TOYKU, KOTOPBIN BOOOIIE OyIeT OTIMYAThCS OT UCTUHHOTO

MECTOIOJIOKEHUSI XapakTepHoi Touku =G . Pa3nuume MeXIy HWCTHHHBIM M OLECHEHHBIM
MECTOIOJI0KEHNEM IPOUCXOAUT M3 JIByX OCHOBHBIX HCTOYHHMKOB: OHIMOKAa B HAYaJbHOM

NPEIONI0KEHUH JIJISI TO3bI U OIIMOKA B OMPEICICHUHN G, , Be13BaHHOU auckperuzanueit LHKJI u
OCHOBHBIMH TOTpEIIHOCTAMH. 7l pa3yMHBIX OIIMOOK HaudanbHOro mnosioskeHuss u LKJT -
CBSI3aHHBIX OIIMOOK, nBe TOYKH "G, W "G JOMKHBI OBITh IOCTATOYHO OJHM3KHM, YTOOBI

1103B0JIKTh JuHeapu3anuio L{KJI Bokpyr " G, . O603Ha4yass N HOpMaib IIIOCKOCTH, KACATEIbHOM

Kk DTM B touke " G, , MOXXHO HalUCAaTh:
N'("G-"G,)=0 (1)

WctuHHas xapakTepHas TOYKa MECTHOCTH (G MOXeT ObITh OIHCAaHA, HCIOJIb3YsI
WCTUHHBIE TTapaMETPhI MO3bI:



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

3nech, A oOo3HaYaeT IyOMHY XapaKTEpHOH TOUYKH (TO €CTh PACCTOSHUE OT TOYKH JI0
IUIOCKOCTH M300paKeHUs1, CIIPOSKTUPOBAHHOE Ha oNTUYecKyto ock). [loactasnss (2) B (1):

N"(A-R(1)-" q(t)) + p(t,) = "G) =0 )

W3 sTOro BeIpaxeHus riiyOMHa UICTUHHON XapaKTEpHOW TOYKU MOXKET ObITh pacCUMTAHA,
UCIIOJNIb3YS OLICHOYHOE MOJI0KEHUE XapaKTePHOU TOYKHU:

_N"G,—N"p(t)

z “4)
NTR(t1) q(t,)
[ToncranoBkoii (4) oOpaTHO B (2) mosydaem:
v B NG, —N"p(t)
G=R(#) q(1)- +p(t) ()

NTR(QYQ(Q)

YroOsl ynpoctuth 0003HaueHus, R(#,) OyneTr 3ameHeH R, W aHAJIOrW4HO A1 p(f,) U
q(t) i=1,2. AR(t,,t,) nu Ap(t,,t,) OyoyT 3aMeHEHbl Ha R, U p,, COOTBETCTBEHHO. BepxHuii

MHJIEKC, ONMUCHIBAIOIINN CHCTEMY KOOPJIMHAT, B KOTOPOW JaH BEKTOp, OyJeT TakkKe OIyIleH, 3a
UCKIIIOUEHHEM ClIy4aeB, IJe TpeOyeTcs o0co0oe BHUMAHHE K ONMCHIBAEMBIM CHUCTEMaM
koopauHaT. OOBIYHO, p;, U ¢'S HAXOIUTCA B CUCTEME KOOPAMHAT KaMephbl, B TO BpeMs Kak

ocTajbHas 4acTh BEKTOPOB JaHa B TN00aIbHOW cucTeMe KoopAauHat. Mcmonb3ys ynpoleHHbIe
o00o3HavYeHWMs, (5) MOKET OBITh MEPENUCaHO KaK:

RgN" RqgN"
G:#GE_ITLM"'H (6)
19 N Rg,

Jlns Toro, 4ToOBI MOMYyYUTH OOJE€Ee MPOCTOE BBIPAKEHUE OIpPEeNeTUM CIeAYIOIUi
MPOEKTUPYIOUIUN ONIepaTop:

P(u,s).= (1 - ui—T] (7)

S u

DTOT omepaTop MPOEKTUPYET BEKTOP Ha HOPMaib IMOANPOCTPAHCTBA K §, BIOJb
Hanpasnenus u. Kak WIOCTpamus, 5TO NPOCTO INpPOBepUTh, uTo S -P(u,s)v=0 wu
P(u,s)u=0. obaBnas u Beruutas G, K (6), mocie nepeynopsgodeHust:

RqNT] [ RqNT]
G=G, +|1-=1"_|p | -2 |G (8)
E [ N'R ! N'Rq, | *

19

Hcrnonp3yst MpoeKTUPYIOMINMA oniepaTop, (8) CTAHOBUTCS:

G=G,+P(Rq,,N)(p,—-Gy) 9)



Y BHIIIEONUCAHHOTO BBIPAKCHUA CCTb sCHAasl TCOMCTPHYCCKAsA HWHTCPHPCTALUA (CM.
Puc.2). Bextop u3 G, x p, NpOEKTUPYETCs HA KacaTeJIbHYO INIOCKOCTh. [IpoekTrpoBanue uaetr

BJIOJIb HAIPaBJICHUSA R q,, KOTOpOE SBISETCS HAIPABICHUEM JIy4a M3 ONTHYECKOIO ILICHTpa
Kamepsl ( p, ), MPOXOAAIIETO Yepe3 COOTBETCTBYIOIIYIO TOUKY HU300paKeHN.

P (Ryqy,N)(p,-Gp)

Puc. 1: 'eomeTpuueckoe onucanue BoipakeHus (9), HConb3ys MpoeKTUpyomuii oneparop (7)

Ham cnenyronuit mar Oyaer nepeHoc G u3 riao0anbHON cUCTeMbl KoopauHaT - W B
cUCTeMy KOOpAMHAT MepBoM kaMmepbl C, U 3aTeM K cUCcTeMe KoopAuHAT BTOpoi kamepsl C, . Tak

Kak p, and R, omuchiBaroT npeodOpasosanue u3 C, B W, Mbl OyaeM UCHOIb30BaTh 00OpaTHOE
npeoOpa3oBaHuE:

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

[Tonacranoska (9) B (10) gaert:
C2G=p12+R12£(GE—pl) (11)
£ B HallMCAaHHOM BBIIIIE€ BHIPAKEHUU MPECTABIIACT:

%NT

L= T
N"Rg,

(12)

MOo’KHO UHTEpIPUTUPOBATh L Kak onepaTop oOpaTHHIN K P : OH MPOEKTHPYET BEKTOPHI
Ha JIy4, IPOAOJDKAOINN R g, BOOJb INIOCKOCTH, OPTOTOHAJIBHOM K NN .

¢, - IPOEKLIMsl UCTUHHOHN XapakTepHOU Touku MecTHOCTH G . Takum oOpa3om, BEKTOPBI

C
2
q, U G JOJIXKHBbI COBIIaCThb. 910 Ha6J'IIO,Z[eHI/Ie MOJKET OBIThH BBIPAXKXCHO MAaTECMATUYCCKH,

C
MPOEKTUPYS G na HPOIOJDKEHUE JIyda ¢, :

2G=1 . % o G

13
0] el (4

C
; o 2
B Beipaxennn (13), ¢ /|q2|-(2 G saBnsercs BEIMYUHOMN G s HPEeKId Ha  ¢,.

[Ipeo6pazys (13) u ucnonb3ys MPOSKTUPYIOIIUNA OTIEPaTOP, MBI MOTYYaeM:

5



T
[-8L %26 = Pg,3,)?G = 0 (14)
q, 4,

C o C
G sABIAETCS TPOEKIMEH Ha OPTOTOHANBHYIO KOMIIOHEHT ¢,. Tak kak °G u ¢,

JOJKHBI COBIAAATh,3TO MPOEKTUPOBAHUE JOJKHO J1aBaTh HysneBoi BekTop. [loncranoska (11) B
(14) npuBOIUT K HalIEMy OKOHYATEIbHOMY OTPAHUYEHUIO:

P(%aqz)[plz + RIZ‘C(GE — P )] =0 (15)

DTO oOrpaHHYEHHE BKJIIOYACT TO3HIIMI0, OPUEHTAIMI0 U COOCTBHHOE JIBHDKEHUE,
orpezieNiieMOe Ha OCHOBE JIBYX KaJpOB KaMepbl. XOTS OHO BKJIIOYAIOT TPEXMEPHbIE BEKTOPA,
SCHO, YTO €ro paHr' HE MOXET IMPEeBBICUTh JBOWKY H3-32 KCIONb30BaHUS P, KOTOPBIU

npoektupyer R’ Ha IByMepHOE MOAMPOCTPAHCTBO.

Takoe orpaHuyeHHe MOXET OBITh YCTAHOBJICHO JUIsI KaXXJIOr0 BEKTOpa B TIOJE
ONTHUYECKOTO MOTOKA, MOKa He OyJeT MojyuyeHa HECHUHTYJsSIpHas cucTema. Tak Kak JABEHaAlaTh
napamMeTpoOB JOJDKHBI ObITh OIEHEHBI (IIECTh JJIsl TIO3bI U MIECTh JJIsi COOCTBEHHOTO JIBHXKCHHUS),
Mo KpaifHel Mepe, MIECTh BEKTOPOB ONTUYECKOTO MOTOKA TPeOYIOTCs s peuieHus cucteMbl. Ho
9TO - MPAaBWIbHOE 3aKIIOUCHUE JJIi HETWHEHHON mpoOiembl. Eciu MBI UCIONB3yeM METOJ
utepauuii [aycca-HproToHa, TO JemaeM JWHeapu3alMi0 Hamed MPoOJIeMbl  OKOJIO
npuOIvbKeHHOTo penieHus. Halinennass matpuma OyaeT Bcerja CHHTYISIPHOM JIIS IIeCTH TOYCK
(c HyJIeBBIM JETEPMHHAHTOM), KaK YHCJIEHHOE MOJEIMPOBaHUE AEMOHCTpUpyer. Takum
o0Opa3oM, HE0OXOIUMO HCIOJL30BaTh, MO KpailHe Mepe, CeMb TOYEK, YTOOBI MOIYyYHUTh
HECHHTYJIIpHOE JIMHEWHOe mpuommwkenne. OObYHO, YeM OoJbllle BEKTOPOB  OyneT
UCIIONIb30BAThCS, YTOOBI OMPEIEIUTh TMEePEONpPEeACICHHYI0 CUCTeMY, TeM O0ojiee yCTOHYHMBO
pemienue. BHUMaHue MOMKHO OBITH MPUBJIEUEHO K (DAaKTy, 4TO ObUIO IMOJYyYEHO HEIMHEHHOEe
orpannueHue. Takum o0Opa3oM, UTEpallMOHHAS cxeMa OyJeT HCIOJIb30BAaThCs, YTOOBI PEIIUTh
3Ty CHUCTEMY. Y CTOMYMBBIA aJirOPUTM, KOTOPBIA HCHoib3yeT urepanuu ['aycca-Hptorona u M-
OLIEHIIMK onucaH B [23]. Mbl HauMHaeMm wucmosib30BaTh Meton Levenberg-Marquardt, ecnu
Meton ['aycca-HproTOHa TOCIE HECKOJBKUX HWTEpalMil MPEKpaTHyl CXOAUThCSI. T JBa
anroputMa peanu3oBaHbl B pyHkuuu lsqnonlin() makera Matlab. [IpumeHMMOCTB, TOYHOCTH U
HAJI)KHOCTh aJIFOPUTMa ObUIM MPOBEPEHbI Yepe3 YUCIEHHOE MOJCIUPOBAHHUE U JIabopaTOpHbIE
HKCTIEPUMEHTHI.

bonee ymoO6HO wucmosb30BaTh Ooyiee  YCTOWYMBOE JUIsl  UTEpAIMil  pEIICHHE,
HKBUBAJIEHTHOE ypaBHeHuIo (15):

P(grng)|ps + R (G~ p )| 12 G0 (16)

3.1 MHo:XeCTBEHHbIE XapaKTEePHbIE TOYKH.

HpCIIHOJ'IO}KI/IM , UYTO n XapaKTCPHBIX TOUCK 7 OTCICKHNBAKOTCA IIPHU JABYX IMOJTOXCHUAX
KaMCpbl Tak, YTOOBl MX OLCHOYHBIC MCCTOIIOJIOXKCHHUA QE:‘H HUX IMPOCKIUHU Ha IIJIOCKOCTHb

n300pakeHni ¢, M ¢, ObIIM OLIEHEHBl W W3MEPEHBl, COOTBETCTBEHHO, i i=1,---,n.
Hopwmanbherii Bektop Kk DTM B Touke Q,, 0603Haunm N, .
Torna moxHO neperncath (15) B MaTpudHO# Popme Kak:

R,q, . N/ || Pn
_pqi pqi% =
(2) (Z)Niquli P



R,q,N;
7) 12711i 17
(@) gy O (17)

[ToBTOpSAs ATOTO IS KAKAOH OCOOCHHOM TOUKH, MOTydaeM:

_ R.g N
_P (g, ) RNy
(%1) (%1) N'Rg,,
_P(%z) P(%Z)M P _
N2R1‘I12 12
. R q,,N,
-P P _24in 'n
i (an) (an) N;quln
_ Rog.N _
Plq an 0
( 21) N Rﬂu £l
R
P(q )]\lfzrql]; : Or, (18)
R12qln
_P(an) N quln QEn
B kommnakTHO# popme:
alP?|=B. (19)
P

OTMCTI/IM, qTo AnI/I Bn 3aBUCAT KaK OT M3BECTHBIX KBEJIWYHMH: OCOOCHHBIE TOYKH, HOPMAJIN K

kacarenbHbIX ockocTaM LKJI, ux m3oOpakeHus Ha AByX CHHUMKaX, TaK M OT HEU3BECTHBIX
OpUeHTalMK R, 1 OTHOCUTEIBLHOIO BpalleHus R, . Teneps caenaeM HECKOIBKO 3aMEYaHHMN:

3ameuanuel: CBs3p (18) BkIouaeT HBEHAAATh "HEW3BECTHBIX', a MMEHHO, 1033 U
JBIDKEHHE dTro-KaMephl. M3 3amedyaHust B KOHIIE MPEABIIYIIETo pa3/ena cleayeT, YTO YpaBHCHHE
MIPEJICTABIISIIOT CO00H 27 JIMHEWHO-HE3aBUCUMBIX orpaHudeHuii. CiieqoBaTebHO, 9YTOOB HMETh
OTIpe/ICNICHHYI0 CUCTEMY YpPaBHEHHI HEOOX0IMMO UMETh 0 KpaiiHel Mepe IIecTh 0COOEHHOCTEH
B Pa3JINYHBIX MECTONOJOXKeHUsAX (. Ho 5To - mpaBuinpHOE 3aKitoueHuE I HEJIUHEHMHOU

3agaun. Eciu Mbl ucnons3dyem merop urepanuid Herorona [Maycca, To genaeM JauHeapu3anuio
Halle 3aJa4d  OKOJO  MNPHOJIM3UTENBHOTO  pemieHus. UuWcleHHOe  MOJAEIMpPOBaHUE
JEMOHCTPHUPYET, YTO HaijeHHas Marpuua OyJeT Bcerga ocoOOW i MIeCTH To4ek (T.e. ¢
HYJIeBBIM ompeaenuTeneM). Takum oOpa3oM, HEOOXOIUMO HCIIONB30BATh 1O KpalHEl Mepe ceMb
TOYEK, YTOOBI TOJYYUTh HEOCOOYIO JHHEHHYI amnmpokcuManuio. OOBYHO, MHOTO OOJbIIe
BEKTOPOB HCIIOJIB3YETCsA, YTOOBI CO37aTh TMEPEONPECIIEHHYI0 CUCTEMY, U, CIIeJOBATEIbHO,
CHU3UTH 3P deKT uryma. SICHO, CYIIeCTBYIOT U BBIPOK/IEHHBIE CLIEHAPUH, B KOTOPBIX MOTyUYeHHAas
CUCTeMa SBJISIETCSl 0CO00M, HE3aBUCUMO OT TOTO KaKOBO YMCJIO JIOCTYITHBIX XapaKTEPHBIX TOYEK.
[TpuMepsl TakuX CUEHAPUEB BKJIIOYAIOT IMOJIET BBIIIE MOJHOCTHIO TUNIOCKOTO WIH C(HepruuecKoro
nanamadra. OpgHako, B oOmeM ciydae, rae y jdaHmmadTa ecTh "HHTEepecHas" CTPYKTypa,
CUCTeMa SBJIETCS HEOCOOCHHOM, U AT HEOOXOIUMBbIE TapaMeTPbl MOT'YT ObITh MOJTYYEHBI.

3ameuanue 2: cBsa3b (18) HenuHelHa M, MOATOMY, AHAJIUTUYECKOE pEIICHHUE HE
cymectByeT. Takum oOpa3om, UTepallOHHAs cXxeMa OyJIeT UCIOJIb30BaThCs, YTOOBI PELIUTh ATY
cUcTeMy. YCTOMYMBBIM aNropuT™, UCMONb3yIomui utepaiu Hetorona u M-actumarop Oyner
OIMCAaH B CIEIYIOUINX pa3zesax.



3amecuanme 3: 3 3aMeuanne 2 MOXKHO BHACTh, YTO MECTOIIOJIOXKEHHE M CIBUL
MOSIBJIIFOTCSL JIMHCHHO B TIOJIYYEHHBIX YpaBHEHHsX. VICIONb3ys IICEBIOMHBEPCHIO, ITH JBa
BEKTOpa MOTYT OBITh HalJIeHbI B IBHOH (popme:

P
D

=A'B, (20)

H, mocJjie noAcTaHoBKH B (19):
(1-4,4)B,=0. 1)
DT0 3aMedaHre IPUBOJUT K CIAEAYIOIIUM 3aKIIIOUEHUSIM:

1. Ecnu BpaieHre u3BeCTHO ¢ XOPOIIeH TOYHOCTHIO, U IIIyM H3MEPECHUS
OTHOCHUTEJIbHO HU30K, TO MOJIOKEHHUE U CABUT MOTYT ObITh HAalJ€HbI, ITyTEM PELICHUS
JUHEWHOTO ypaBHEHUsS. ITOT (HaKT MOKET OBITh BaXKHBIM, TIPU COUYETAHHUH MIPOLICTYPY,
OMMCAHHYIO 3[IECh C IPYTHUM U3MEPEHUEM, HAIPUMED, C THEPLUUOHHON HaBUTALIUEH.

2. YpasHenue (21) neMOHCTpUPYET, UTO HAXOXKACHHE BpalieHus (1 abCOIIOTHOTO, U
OTHOCHUTEIILHOT0) MOXKET OBITh OTJEICHO OT HAXOXIACHHUS MECTOTONOKECHHS/CBUTA. ITOT (PaKT
ObLT Takoke HaliieH B [17], rae oleHrBaiach 103a Ha OCHOBE Psijia HA3eMHBIX OpUEHTUPOB. B
9TOM CTaThe, TAaK e B HAIlleH, OLIEHKAa MOJyuyeHa, MUHUMU3HUPYS 1eJIeBy10 (QyHKIUIO, KOTOpast
U3MepsET OMHMOKY B npocmpancmee 00beKkma, a He Ha III0CKOCTH n300pakeHus (Kak B
OOJILIITMHCTBE JIPYTUX pabOT). DTO CBOMCTBO MO3BOJISET pazbeAMHEHHUE 3aaul. OTMETHUM
OJIHaKo, uTo B [17] , pa3aeneHsl BpallleHUE U CABUT, B TO BpEMsI Kak 3/1eCh 6 IapaMeTpoB
a0COIIOTHOTO U OTHOCUTENLHOTO BpaleHHsI OTAENEHBI OT 6 MapaMeTPOB MECTOIOIOKEHUS
KaMephl U CIBUTA.

3.2 CBsA3M Ha OCHOBE JMHUIOJISIPHON reOMeTPHUH.
[Ipexxne, yeM NpONOIDKUTH Aajblle, MHTEPECHO IpoaHanusupoBaTh (15) B cBere
npeapiayei padotsel mo SFM U, B 4aCTHOCTH STHUIOISPHONU reoMeTpuu. UToObl crenaTh 3To,

CJIEQyEeT TOJIydyaTb OCHOBHBIE COOTHOILICHHMS B CYILECTBYIOLIEH CTPYKTypE M CHUCTEME
00o3Hauenuii. Hammmmewm:

2 Or =44, = p, + 4R, (22)

IUIL HEKOTOPBIX CKAIIpoB U A4, (A4, cM. Puc. 2).

“a,



Puc. 2: HccnenoBaHHue cleHapus ¢ TOUYKM 3peHust BTopoil kamepsl (C,). IlepcnexkTuBHBIE
)

NPOEKIUN ¢, WU ¢, OIPEACISIOTCA OXHOM M TOM e OCOOEHHOCTHIO JaHgmadTa QT.

OnunosisipHas cBA3b TpeOyeT, YTOOBI J1Ba Jiyda M3 COOTBETCTBYIOLIMX ONTHYECKUX IIEHTPOB

(oOvH B HampaBJIEHUU U ¢, , APYTOM B HAIIPaBJIECHUU p,, R,,q,) NE€PECEKIHCh.

U3 sToro caenyer, 4ro:

P X0, = Py X A4 R,q,, (23)
U CJICJIOBATEIIBHO:
%T(plz XRlqu): 0. (24)
Jlnst Bektopa, x € R® 0603HauMM x” CIIELYIONLYI0 KOCOCHMMETPHUYECKYIO MATPHILY:
x, | 0 -x x
xX"=x | = x 0 —-x
X, -X, X 0

Torzaa, BeKTOpHOE POU3BEECHIE MEKIY JBYMsI BEKTOPAMHU X U ) MOKET OBITh BBIPAXKEHO KaK:

xxy=x"y.
HWcnonb3ys 3Ty cucTeMy 0003HaYeHUI, SIMIOJISAPHAs CBA3b (24) MOXKET OBbITh HANUCAHA KaK:
((Rq,) P =0
H\1pq,) P~ (25)
U CUMMCTPHYHO KaK:
T T N —
¢ R,q5 P, =0 (26)

BaxHoe HaOmofeHue 31eCh COCTOMUT B TOM 4YTO, €CIM BEKTOp p,, YAOBIETBOPSET
BBILICYIIOMSHYTYIO CBSI3b, TO BEKTOP TAaKXKE K- p,, TAKKE YJOBJIETBOPSET 3Ty CBS3b, I
a000ro ynuciaa k. ITO - ABYCMBICIIEHHOCTb, BCTpoeHHast B 3afady SFM. C npyroii cTOpOHBI,
cBs13b (15) HeoOMHOPOIHA U CIeIOBATEIPHO HE CTPAJacT OT ATOM IBYCMBICICHHOCTH. B TepMuHax
TOJIBKO CABHIa (M TOJIBKO Ul OAHOM XapakTepHO# Touku!), eciu p,, yaosieTBopseT (15) mis
InaHHOro R, u R,,, TO Takke p,, +kg, OyIeT yAOBIETBOPATh €My, U, CIIEJOBATEIbHO, CABUT

OTO-ABHUXKCHUA OIPEACIICH € TOYHOCTbL OO0 OAHOMEPHOTO BCEKTOpA. O,[[HaKO, cIeayromiee
BBIPAXKCHUC TOXKIACCTBCHHO BBINTOJIHACTCA:

T T VAN _
g, R»q, 4, =0, (27)
N CJICOOBATCIBHO BHI/IHOJISIpHaH FGOMeTpI/IH HC 06eCHqu/IBaCT JOITOJIHUTCIIBHOC ypaBHeHI/Ie,

KOTOpPOC IIO3BOJJIHIIO Obl HaM OJHO3HAYHO HAXOJHUTHb CIABMHI. KpOMe TOTr0, 3aMCTHUM, YTO (15)
MOJKET OBITh HaImMCaHO, UCITOJIB3YyA BEKTOPHOC IMPOU3BCACHHUE BMCCTO OII€paTopa MPOCKIHNU KaK:

A R,q,N' _
4, | P +W(QE—P1) = 0. (28)

HpI/IHSITI/Ie BO BHUMAHHEC TOXKICCTBO

T N
(Rlz%) 9, R,q, =0, (29)
BO3MOXXHO 3aKJIIOUUTh, 4TO (28) mpuBOoAUT K (26), U ClIeq0BaTENbHO HOBas CBS3b "CONEPKUT"
KJIACCUYECKYIO ATUMOJIAPHYIO TeOMeTpHio. J[eMCTBUTENHHO, MOKHO MHTEPIIPETUPOBATH CBSI3Ub
noiydeHHOYto B (15) kak ycuneHue >numnonspHoit reomerpun. OHa TpedyeT He TONbKO, YTOOBI
JBa Jiydya (B HalpaBICHUAX ¢, U ¢, U3 COOTBETCTBYIOLIUX ONTHYECKUX LIEHTPOB KaMep)
MEPECEKIUCh B OJHOM TOYKE, HO, KPOME TOr0, 4YTOOBI 3Ta TOYKA IEPECEUCHHs Jiekala Ha
KacaTeJIbHOW TJIOCKOCTH K TIOBEPXHOCTH, KoTopas HaxoauTcs ¢ momompto [IKJI. Habmonenwue,
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0oJIbIIIe YeM OJJHAOW XapaKTEPHON TOYKH MO3BOJIWIO ObI HAM IMOJIHOCTHIO BBIYHCISATEH CABUT (TIO
KpaliHel Mepe, I 3a/IaHHBIX MaTPHI] BPAIIICHHUS ).

4. HaBuranmoHHbIN aJITOPUTM, OCHOBAHHBINA HA
KOMIILIOTEPHOM 3PEHUH, JJISI KOPPEKIUN MHEPUHAJIbHOI
HaBUTrauuM ¢ noMomib0 puiabTpa Kasmana

OcHoBaHHbIE Ha KOMIIBIOTEPHOM 3PEHMM HABUTALIMOHHBIE AJITOPUTMBI OBUIM TJIABHOM
ucciaeayeMon mpobaeMoii B TeUeHHUE MPOIUIBIX ACCITHICTUNH. AJITOPUTM, UCTIONB3YEMbIN B 3TOH
CTaThe, OCHOBAH Ha F€OMETPUU MHOTUX M300pakeHUil u kapTe MeCTHOCTH. C MOMOIIBIO 3TOTrO
METO/Ia MBI MOJTy4aeM MO3UIINI0 U OpUEeHTalln0 HaOmoAaromel kamepsl. C Apyroil CTOPOHBI Mbl
[oJy4yaeM Te€ JK€ caMmble JaHHble W3 WHEPUUAIbHBIX HABUTAIMOHHBIX METOAOB. YTOOBI
CKOPPEKTHUPOBATH 3TH JIBa pe3yjbTara, ucnoibszyercs ¢puibtp Kanmmana. Mbl ucnosnbs3zyem B 3Tol
CTaThe pacmMpeHHblil punbTp Kanmana s HemMHEeWHBIX ypaBHeHui [26].

Jns vHepuManbHBIX HABUTAMOHHBIX BBIYMCICHUN HCHOJAb30BaNICA MHepuuanbHbIA
Hapuranwonnsiii Cucremusiii [Taket ais Matlab [27].

Bxon ¢unstpa Kanmana coctoutr m3 aByx yactedd. Ilepmbrii - mepemenHsie X mis
YpaBHEHUH ABW)KEHHA. B HamieMm ciydae 3TO - MHEpUUAIbHbIE HABUTAllMOHHBIE YPAaBHEHMS.
Bexrop X COCTOUT u3 IIATHAIIATH KOMITOHEHTOB:
[Ox oy &z oV, OV, 0V, 09600y a a,a b b, b.]. KoopauHatel Sxdy oz ONpeseseHbl Kak pasHuLA
MEXIYy peajlbHOM MO3ULUEHd KaMepbl M IO3ULUEH, TIOJNYyYECHHBIH W3 HHEPLHUAIBHOIO
HaBUTalMOHHOTO BbIYHMCICHUS. [lepemenHbie OV, OV OV, ompenesneHbl Kak pasHHI@ MEKIY
pEAIbHON CKOPOCTBIO KaMEPBbI U CKOPOCTBIO, NOJYYEHHOW U3 MHEPLHAIBHOTO HABUTALMOHHOIO
BeIuKciIeHus. [lepeMennas 5¢50 Sy onpenencHa kak yrisl Diinepa matpunsl D, * D . 3nech
D_ Marpuma ompelercHa pealbHBIMH YIVIAMH OWiIepa KaMepbl OTHOCHTEIBHO JIOKAJIBHOMN
cucreMsl koopauHat (L-frame). C apyroii ctoponsl D, MaTpuia ompejeneHa yriamu Jiliepa
KaMepbl OTHOCHUTEIBHO JIOKANbHOM cucteMbl koopauHaT (L-frame), mnosydeHHbIMH U3

MHEPIHUAIBbHOIO HAaBUTallMOHHOTO BblYMcIeHUA. Heobxomumo oOpaTUTh BHUMaHHE, UTO
HalieHHbIe Yl Diinepa 0¢o6 oy HE skBUBaNeHTHBI pa3HUIE MEXKAY PEaTbHBIMHU yTIaMU
Olinepa U yrinamu Diniepa, NOIYYEHHBIMH M3 MHEPIHUAIbHOIO HAaBUTAIIMOHHOT'O BBIYUCIICHHUS.
OnHako 111 MaJeHbKUX 3HAYEHUH O@PO6 Oy TONPBKH K 3THUM YIJIaM MOTYT OBITh JOOaBIICHBI

JUHEHHO W TakUM 00pa3oM 3TH YIJbl MOTYT HCIOJIb30BaThes B puiubTpe Kanmana B cimyuae
MajieHbKUX omunoOoK. Takoil BeIOOp YIJIOB clenaH, MOCKOJIbKY (POpPMyJibl, ONUCHIBAIOIINE HX
9BOJIIOILIMIO, HaMHOTo 0ojee MpOCTbl, YeM (OPMYJIbl, ONMUCHIBAIOIIME SBOJIIOLUIO PAZHUILIBI
Mex 1y yriamu Oiiiepa. IlepeMenHbie a, a, a, ONpeleNeHbl BEKTOPOM CMELICHHS YCKOPCHHUS B

MHEPUHAIbHBIX HAaBUTALMOHHBIX M3MepeHusX. llepeMeHHble b, b b, oOmpeneneHsl BEKTOPOM

TUPOCKOMHYECKOr0 CMEIICHUS B MHEPLIUAIbHBIX HABUTALIMOHHBIX U3MEPEHUSX.

Bropoit Bxox ¢unbrpa Kanmana - Z-pe3yibpTaT HM3MEpEHHMH, OCHOBAaHHBIX Ha
HAaBUTAIIMOHHBIX aJrOpUTMax KOMIIBIOTEPHOrO 3peHus. Bektop Z CcOCTOMT U3 IIeCTU
KOMIIOHEHTOB [0X,, 0, Oz, 0@, 60, oy, ]. Koopaunatel Ox,, y,, oz, SBISAIOTCS Pa3sHULEH MEXIy
NO3UIMEN KaMepbl, M3MEPEHHOM Ha OCHOBE HABUTALMOHHOI'O AJIrOPUTMa KOMIIBIOTEPHOTO
3peHusi, M TMO3ULKeH, TOJYYEHHBIH U3 HWHEPUHUATbHOTO HABUTAIMOHHOTO BBIUMCIICHHUS.
[epemennas 66, Sy, onpenesieHa Kak yriubl Dilepa matpuusl D, * D' . 3necy D, marpuua
omnpezeNieHa yriamMu Oijepa KaMmepbl OTHOCHTEIBHO OTHOCHUTEIBHO JIOKAJIbHOM CHCTEMBI
koopauHat (L-frame), U3MepeHHbIX HAa OCHOBE HABMTallMOHHOI'O AJITrOPUTMa KOMIBIOTEPHOI'O
3penus. C apyroil ctopoHsl D, MaTpula ONpeneieHa yriaMu Diiepa KaMepbl OTHOCUTENIBHO

JoKalbHOH cucteMbl koopauHat (L-frame), mosy4eHHbBIMH U3 MHEPLHMAIBLHOTO HaBUTALIMOHHOE
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BeluncieHus. IlycTe nmepemeHHass & ompenenser 4MCIIO LIaroB Ui JAUCKPETU3AaLUU BPEMEHH,
UCHOJB3yeMBIX B puibTpe Kanmana.

Mpsl monaraeM, YTO OIIMOKM MEXJy 3HAUEHUSAMH, IUTyYEHHBIMH W3 HMHEPLUAIBbHOTO
HAaBUTALlMOHHOTO BBIYMCICHUS, W PEAJBHBIMA 3HAYCHHUAMM JIMHEWHO 3aBUCAT OT NIyMa.
CooTBeTCTBYIOIAs KOBapUAllMOHHAs MaTpulla Iryma obo3HaueHa (, . JluaroHanbHble 3J€MEHTHI

O, COOTBETCTBYIOT CKOPOCTH, OIPENENSIOTCS IIyMOM YCKODEHHS M IPONOPIMOHAIBHBI df’ :
Q, ~df’, rne dt vaTepBan BpeMeHM MeXTy f, W f,_,: dt =1 —{,_,. JlnaroHajbHbIE JIEMEHTHI
O, COOTBETCTBYIOT yIiaMm Oiijgepa, ONPEAETATCS T'MPOCKONMYECKMM HIyMOM U

IPONOPILMOHANBHEL df : O, ~ dtf .

Mu1 npeamnojaaracM, 94To TakKe OIIMOKHU MCKAY 3HAUYCHUAMH, MOJYUCHHBIMU Ha OCHOBC
HaBUTAaIUOHHOT'O aJIrOpUTMAa KOMIIBIOTCPHOTO 3pCHHUA, W PCAJIbHBIMHU 3HAYCHUAMU JIMHEIHO
3aBUCAT OT LIyMa. COOTBCTCTBYIOH_IB.SI KOBapualqMOHHAasA MaTpulla ryma o003HayeHa Rk . Ananns

olMOOK, JaroInii 3Ty MaTpuIly, onucaH B [28].
VpaBHenus o¢uibTpa Kammana omumchiBaroT Kak 3Bosonuio ailifioadeidilid  omeHok
COCTOSIHMSA X, , ONMCAHHBIX BBIIIE,TAK M IBOJIONMIO 2aiiN040¢i0iié KoBapHalMOHHOW MaTpHIIbI

P, nna nepemeHHbIX X, .

Yr0o0Bl HamucaTe ypaBHeHMs ¢(uibTpa Kaimana, MBI JOIDKHBI ONPENENUTH €HIE JBE
15x15 marpunsl: H, u A, . Marpuna H, sBisgercd SKoOMaHOM H3MEPEHHs, ONHMCBHIBAIOIIAS

CBSI3b MEXKAY MpeACKa3aHHbIM u3MepeHueM M, * X, u QakTuueckum H3MepeHueMm Z,,
omnpeneneHHbIM Boie. Jluaronansueie anementsr /,(1,1), H,(2,2), H,(3,3), onucsiBaromue
KoopauHaty u snementsl H,(4,7), H,(5,8), H,(6,9), onucelBaromue yribl, paBHbl €AHHUIIE.

OcranpHasi 4acTh 3JIEMEHTOB pPaBHA HYJIIO.
A, MaTpuna SlkoOu, onMchIBaroIas 3BOJOLUI0 BekTopa X, . TouHOe BbIpakeHUe AJs

9TOM MaTPHIIBI SBISETCS OUYCHB CIOXKHBIM, TIO3TOMY MBI UCIIOJIB3yeM MPHOIMKEHHYIO (hOpMYITy
s A, , npeneOperas apdexkramu Kopuoiuca, BpalieHueM 3emn 1 Tak ganee. IlozBonste ¢y

ObITb yrimamu Oinepa B L-frame, dV saBasercs Bektopom deltaV, moaydeHHBIM U3
MHEPUHAIbHBIX HAaBUIALMOHHBIX M3MepeHuil, f,,. BekTop yckopenus B L-frame, DCM,_, ,

MaTpHIla HAIPaBJIOIINX KOCHHYCOB (ISl TIepeBoJa M3 KOOPAMHATHONW CHCTEMBI JIETATEILHOTO
anmnapara B L-frame).
@opmyIIsl onpenensomue A, , ciaeayomue:

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

cos(0) 0 —sin(0)
Open = 0 1 0 (49)
sin(@) 0 cos(0)

1 0 0

Ppeyy =| 0 cos(p)  sin(9) (50)
0 —sin(g) cos(p)

11



DCM,_, 1 = DPpeyOpertoen (51)

av
=DCM — 52
-f;)ec b—to—1 dt ( )
1 00
Phi(1:3,4:6)=|0 1 0 (53)
0 0 1

0 /B f.@
Phi(4:6,7:9)=| f...(3) 0 —f.(D (54)
= 1@ LoD 0

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

Phi(4:6,13:15)=-DCM,_, _, (56)
OcrainbHble 3neMeHThl MaTpullbl Phi paBHBI HyIIIO.
A, =1+ Phidt (57)
VYpaBuenus puinbTpa Kanimana i1 BpeMEHHOM 3BOJIIOIUH CJIETYIOIINE

X, =[000000000a b

a xk-1

b, b.,.,] (58)

Xk—1 ayk_l zk—-1

F= AkPk—lAkT +0, (59)

VYpasaenus ¢punbTpa KasiMana npoeKTHPYIOT COCTOSIHUE U KOBapUALMOHHYIO MATPUILy C
MIpEaBIAYIIeTr0 BPEMEHHOTO 1mara kK — 1 Ha TeKyIuii BpeMEeHHOH 1mar k .
VYpaHenus GunbTpa KaniMana aiis uaMepeHus cleayomume:

K, = PH] (H,P"H] +R,)" (60)
X, =X, +K,(Z,-H X)) (61)
P,=(U-KH)B (I- Kka)T + KkRkKkT (62)
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VYpaBHeHuss ¢uiabtpa Kanmana and  u3MEepeHUs  HCIPaBIAIOT  COCTOSIHUE U
KOBapHaLlMOHHOW MaTPHUIly B COOTBETCTBUH C UBMEPEHUEM Z, .

Haiinennslit Bektop X, HcHoOIb3yeTcs, YTOObI OOHOBUTH KOOPAMHATHI, CKOPOCTH, YTJIbI

Diliiepa, CMEILEHHE YCKOPEHS ¢ TUPOCKONMHMYECKOE CMEIEHHWE I HHEpPUUaIbHBIX
HABUTAIIMOHHBIX BBIYUCIICHUN HA CIEAYIOIIEM Iliare.

UucneHHble pacueThl OBbUIM pealin30BaHHbI, 4YTOOBI HcCienoBaTh 3(P(HEKTUBHOCTH
¢bunpTpa Kanmana u yToObl 0OBEIMHUTS ATH JBa HaBHTallMOHHBIX anroputMa. Ha Puc. 3, 4, 5
MBI MOXEM BUETh, YTO JIJIsl OTKOPPEKTUPOBAHHOTO My TH OIIMOKA KOOPJAMHATHI, MOJYYCHHBIS Ha
OCHOBE JIByX HABUTAIIMOHHBIX METOJOB C QuibTpanueii KaiMana, HaMHOro MeHbLIE uYeM
WHEpLUaIbHas HABUTAIIMOHHAS OIIMOKAa KOOpJIWHATHI, MoiyudeHHas 0e3 ¢umbTpa Kambmana.
VYiyuiieHHble pe3ynbTaTthl ¢ nomomipio QuibTpa Kanmana ObLIM MOTy4YeHBI TakkKe IS
CKOpPOCTH, HECMOTPSI Ha TO, YTO 3Ta CKOPOCTh HE H3MEPSETCS HAIpPSMYI0 HaBUTAIMOHHBIM
aJrOPUTMOM, UCIIOJIB3YIOIIMM KOMIBIOTEPHOE 3peHue Puc. 6.

Fight Paih 1 Fight Pah 2

it Pasny @
oo i

e i

Puc. 3: Ommbxu nmo3ummu ((a) st kKoopauHaTsl X (b) 11t KoopauHATH Y (C) A7
KoopauHaThI z). OmunOKku HHepIHUAIBLHOIO Apeii(a oTMeUeHbl KpacHOM JIMHUEH, U OIINOKHY,
WCIIpaBJIECHHBIC BUICO-HABUTAlUEH, OTMeUYeHBI cuHel nunuei. [lapamerpsl: Bricota 1000 M.,
FOV 60°, Yucno xapakrepubix Touek 120, Paspererne 1000x1000, PaccrosiHue MeX Iy IByMs
MOJIO’KEHUSIMU KaMep JIJ1s pBeieHuH BuaeoHaomoaeHs 200m, BpeMs Mey HaOmoieHussmMu 15
CceK

Fight vz

. o w0 -0 o L L L L] " ™ e 400 £ [ o (] " ] £ 0 e 00 L] ] ]
v 123 o e v

(a) (b) (c)
Puc. 4: Ommbku no3uuH X, y, z Juist KOOpAXHAT HHEPLUAIBHOTO Jpeiida OTMeueHbI

KpacHOU JTMHHUEH, U OIMOKH UCTIPABICHHOTO ITyTH OTMEYEHBI ¢ CMHEH uHuel. [lapamerps:
FOV 60°, Yucno xapakrepHbix Touek 120, Paspererne 1000x1000, PaccrosiHue MeX Iy IBYMs
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MOJIOKEHUAMU Kamep JJIs IpBeieHus BuaeonaomoaeHs =200m, BpemMst Mely HaOmoAeHusIMu 15
cek, BeicoTa a) 700 M. b) 1000 m. ¢) 3000 m.

Fignt Pz
Fight Puh

(] m 300 an 00 ] oo (] wo m 200 a0 0 w0 0 = e 0 E) wm  am 00 ] ] )
s 123 o

(a) (b) (c)

Puc. 5: Ommnbku nojgoxeHus 1Jis X, Y, Z KOOpAUMHAT HHEPLUATBHOTO Jpetiha OTMEUEHBI C
KpacHOM JIMHHUEH, ¥ OITMOKY UCIIPABJIECHHOTO IyTH OTMEUEHBI C CUHEW TnHuel. [1apameTpsl:
FOV 60°, Yucno xapakrepHbix Touek 120, PaccrosiHue Mex Iy IBYMs TIOJOKCHUSIMHI KaMep JUIs
npBeneHus BuaeonadmoaeHss =200m, Bpems meay HabmoaenusiMu 15 cex, Beicota 1000 M.,
Pazpemenune a) 500x500 b) 1000x1000 c) 4000x4000

3 Caliveicchy i mvy. deka-velocity in mis
T T 3 : -
DN
i it T T
4 Y 2
1 -
- H L
ot T P b r ==l
=l = I |
£ £41 .
£ €
>
& 2
8- L 82
H o 2
&
o 2
& 2 g2
"

4 ) 4

5 5

5 N T 5

7 " . . L L 7

0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
fimein s time in's

Puc. 6: (a) OmubKu CKOPOCTH TSl HHEPIHUAIBLHOTO Jpeiida (X Y Z KOMIOHEHTHI), U (b) omuoKu
CKOPOCTH, UCTIPaBJIEHHbIE BUCO-HABUTAlMEH (X Y Z KOMITOHEHTHI). BricoTa [TapameTrpos 1000
M., FOV 60°, Yucio xapakrepubix Touek 120, Pasperenne 1000x1000, Paccrosinue Mexay
JBYMSI TIOJIOKEHUSIMU KaMep JUTsl pBeieHusl BuaeoHaobmoaeHss =200m, BpeMst MeKIy
HaOmoIeHusIMU 15 cek.

5. AHajm3 morpeuHocrei

OcranbHas 4acTh 3TOH pabOThI UMEET JIEJIO C aHAIM30M MOTPEUIHOCTEN MPeII0KEHHOTO
anroputMa. YToObl OIEHUTH paboTy anropuTMa, lejeBas (QyHKIMs Ipolecca MUHUMHU3ALUU
JOJKHAa OBITh CHayajia OMpefiesieHa: sl KaXJAO0ro U3 7 BEKTOPOB ONTUYECKOTO MOTOKa

onpenenena ¢pynxuus f, : R — R’, xotopas sBnsercs nepoii yacthio ypasHenus (16):
S, 0.0, 010585, 00.01,) =
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P(Qza%)lpn + RlZLi(GEl. — P )J/ |C2 G| (45)
B BeimeynmomsHyTOM BBIpaXeHUHW, R, u L, saBmoTca ¢yHKumsAMH nepeMeHHbIX (@,,6,,¥;,)
u(d,6,,w,) coorBercTBeHHO. JlononuurensHo, Gynkuus F :R” — R Gyzer onpenenena kak

" _ T o

oobenunenue Gynkuuit f;: F(p,,4,60,.¥,, PirrPrr 00 W1,) = [fl,,f"] . CormacHo 310l cucreme
0003HaYCHHUIA, [1eIh AITOPUTMA COCTOUT B TOM, YTOOBI HAWTH JBEHAALATH MApaMETPOB, KOTOPHIE
MuHUMU3NpywT M(6,D) = ||F (49,D)|
KOTOpbIE JTOJDKHBI ObITH OIICHEHBI, a 0ObenuHeHHe [ BceX MaHHBIX, KOTOpPbIE IMOJIyYaloT U3
ontuieckoro nmotoka 1 DTM. Ecmu 6bu10 661 D cBOOOIHO OT OMMUOOK, HCTUHHBIE MapaMeTphI
Obutn mony4yeHbl. Tak kak D COAEPKUT HEKOTOPOE OIIMOOYHOE BO3MYIIECHHUE, OICHEHHBIC
napameTpsl ApedyroT K omubOodHbM 3HaueHusM. B [10] mokazaHo, YTO CBS3b MEXAY

HEONPEIETICHHOCTHIO B JJAHHBIX M HEOMNPEIEICHHOCTHIO B OIEHEHWBAEMBIX MapaMeTpax MOKET
OBITH OMKCaHa CIEAYoIIel anmpoKCUMalel epBoro NopsaKa:

() o o) () w
d6) \ap ) "\ dp) \ a6

3necy, 2,u 2, - MaTpulbl KOBapUAaHTHOCTH NAapaMETPOB M IAHHBIX, COOTBETCTBEHHO. g

2 o
, Tne @ mpencraBisger co0oil BekTop U3 12 mapameTpos,

OTIPEIETICHO CIETYIOITUM 00pa3oM:
d d
0,D).=—M(0,D)=—F"F=2J'F 47
g(0,D) 70 (0,D) 70 0 47)

J,=dF/dO - (3nx12) SxobuaH MaTpuubl I OTHOCUTEIBHO ITHUX JABEHAALATU MapaMeTPOB.

HUrHopupys 351eMeHTBI BTOPOTO MOPsIIKa, IPOU3BOJIHBIE ¢ MOTYT OBITHOIPEICICHDI:

% ~2J77, (48)
j_f; ~2J77, (49)
J,=dF/dD - (3nxm) Slkobuan wmarpuipl F OTHOCHTEIBHO /7 KOMIIOHEHTOB JIaHHBIX.

[Moncrasnss (48) u (49) B (46), IpUXOIUM K CIAEAYIOIIEMY BBIPAKEHUIO:
Jp = (Jg']a)_ljg

— T T
ZQ_JT'(JDZDJD)'JT (50)
LenTpaibhplii koMroneHt J,X,J) TNpeacTaBiaseT HeOoNpeAeNeHHOCTh F, B TO BpeMs Kak

— 1
nceBiooOpaTHas Marpuiia (J 0 9) J, ipeobpasyer HEOIPECTCHHOCTD B Fx
HEOIPEJCICHHOCTH JTUX JBEHAAUATH IapaMeTpoB. B cimemyrommx moapasaenax,J,,J, u,
SIBHO TTOJTYYECHBI.

5.1 Beruucienue J,

ITpocroe nuddepenumrpoBanue f;, NpeacTaBiIeHHOro B (45), NpUBEAUT K CIEIYIOLUM
pe3yibTaram:

Np(4,,? G)=P(q,,4,)P(*G,2 GY [? G| (D
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d c
VN4, G)RLL (52)

dp,
d d
dl ==Np(q,, > G)RLL| —R, L:(GE _pl) (53)
a, do,
d c
d_f:NP(%’ 2G) (54
4P

d c d
A~ N0, 6)
ap, da,

R, E(GE _pl) (55)

B Beipaxenusax (53) u (55):¢,=4¢,6,,v, wn:a,=¢,,0,,¥,,. Skobuan mnomayuyeH
J , IPOCTBIM 00BEIMHEHNEM BBIIECYOMSHYTHIX AU} PepeHINPOBaHUIL.

5.2 Boluuciaenue J,

Ilepen BbuucienueMm J,10JMKEH OBITH SIBHO OINpeNeNeH BEKTOp AaHHbIX D . JlBa Tuma

JAHHBIX MCIIOJIB3YIOTCS MPEIJIOKEHHBIM HABUTALMOHHBIM AJITOPUTMOM: JaHHbBIE, IOJIY4YEHHBIE
U3 ONTUYECKOro noroka, u ganHsle u3 LKJI. Kaxnaplii BeKTOp MOTOKa HAayMHAeTCsI B ¢, U

3aKaH4YMBAETCA B¢,. MOXKHO paccMOTpPETb ¢;'s KaK IPOEKIMI HEKOTOPOH IPOU3BOJIBHO
BbIOPAHHOW XapaKTEpHOW TOYKM MECTHOCTHUOCTH, B TO BpeMs Kak ¢, NpeACTaBisieT coOoi

HOBYIO TPOEKIIMIO TOW >K€ CaMOW XapaKTEpHOW TOYKM Ha BTOPOM CHHUMKE. Takum o0pa3om,
OLIMOKY MTOTOKA PEAIN3yIOTCs Yepe3 BEKTOPhI g, .

Ommbku HKJI Bnusitor Ha G,u N BEKTOpPOB B ypaBHEHUH cBs3M. Kak u mpexne,

muneapusanus LKJI Oynmer wucnonb3oBaThes. [l1s TPOCTOTHI, OpHMEHTAlUS JIOKATHHOM
JMHeapu3aluuu Ja"amagdra, BeIpakeHHas HOPMAIIbIO, PACCMOTPUBAETCS KakK MpaBHIbHAs, B TO
BpeMs KaK BBICOTa COOTBETCTBYIOIICH IUIOCKOCTH Morjia Obl ObITh OMKUO0YHOU. CBS3b MEXKIY
omnOKON BBICOTHI W ommOKoil Oyner G, modydeHa B cieayiomeM noapasaene. Cremys u3

BBILIEYTIOMSIHYTOTO, BC€ ¢, U N MOTYT OBITh BJICUCHBI U3 BEKTOPA AaHHBIX D . DTO MOXET OBITH
OTIpeIeNIeHO KaK 0ObeAMHEHUE BECh ¢, , COTIPOBOXKIaeMoe oObeAuHeHueM Beex G, .
Bekropsl 1aHHBIX 1-0i XapakTepHOH TOUKU ¢, U G, TOABISAIOTCS TOJIBKO B YPABHEHUSX
1 1
s i-oit Touku. Takum obpasom, monyudeHHas Matpuua Skobu - J, = |_J o G_l SIBIIETCS
00beIMHEHNEM [IBYX OJIOK-AMAroHajbHBIX Matpuil: J, W nojienywouieii J, . i'th quaroHanbHbIi

OJIOKOBBIH IEMEHT - 3TO 3 X3 MaTpUIbI df/d%i u dﬁ/dGEi mist J, n J; COOTBETCTBCHHO:

a2 6)rv 2 6T PPgna 2 61 (56)

Joalf
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d c
d—g;= N (4.2 GR,L (57)

C
2 .
G B BhIpakeHUU (56) - xapakTepHas TOYka METHOCTH G CHHUMKa BTOpPOH KaMephl, Kak
onpeneneHo B (11).

5.3 Bbluuciaenue X,

Kak ynmomunanoce Bbllle, BEKTOp JAaHHBIX D mocTpoeH u3 0ObEeIUHEHUS BCeX ¢,,
COIIPOBOKIaeMOro oobeauHeHueM Bcex G,. Takum oOpa3zoMm,b2, [0KEHa ONMCHIBATH
HEOIPEJeIEHHOCTh B 3TUX 3JIeMeHTax. Tak kKak ¢, U G, TOIy4eHbl U3 JIBYX DPa3IU4YHBIX, U

HEKOPPEJIUPOBAHHBIX IPOILIECCOB, KOBAPUAHTHOCTb, CBS3bIBAIOLIAsl MX, OyAE€T HOJIb. ITO
HOPUBOJUT K JIBYM OJIOK-HaroHaJbHbIM MaTpHUIIaM:
2, 0

T, =" 58
»“lo s (58)

B »oT0it pabore OmMOKK TMOJOKEHUS U300paKeHWsT W BBICOTHI, ompenensemont LKJI,
npeamnojgaratorTca aaaIuTUBHBIMU, OIHNCBIBACMBIC rayCCOBI)IM pacnpeaciicCHUEM C HYJCBbBIM
CPelHUM W CTaHIAPTHBIM OTKJIOHEHHWEM O, U O,, COOTBETCTBEHHO. KaXIblii BEKTOp ¢, -

MPOEKIHsA Ha IUIOCKOCTH H300pa)keHus, riae (OKyCHOE pacCTOSHHE NPUHHUMAETCS pPaBHBIM
equnune. CrenoBareabHO, HET HUKAKOM HEOMPEACICHHOCTH O - Z KOMIIOHEHT. Tak Kak, paau
MPOCTOTHI, HOPMAJILHOE M30TPOIHOE pacIpeielieHle MPUHUMAETCs, KOpeUIAlUOHHasT MaTpUlia
U3MEpPEHUs M300paKEeHHUs OTIpeIesieHa CIeAYIOINUM 00pa3oMm:

S =0 1 (59)
0
a MaTpuia 2, - 9T0 MaTpHla ¢ MaTpULAMU 2 BJOJIb €C JHATOHAIIH.

B [11] u3ydyeHa TOYHOCTb BBICOTHI TOYKHM HAa MECTHOCTH, MOJYYCHHOW HHTEPHOJALIMEH
coceqHuX Touek u3 cerku, ompexaensemoil LIKJI. IlokazaHo, 4TO 3aBUCHMOCTb MEXAY AITOU
TOYHOCTBIO M MECTOIIOJIOKEHUEM, I KOTOPOrO0 HWHTEPHOJUPYETCS BBICOTA SBIIAETCA
HE3HAYUTEIILHOM. 3,[[6013, BBILICYIIOMAHYTOC Ha6JIIOIIeHI/IC OBLIO IIPpUHATO BO BHUMAHHC, H
MOCTOSTHHOE CTaHJIAPTHOE OTKIOHEHHWE OBLIO YCTAaHOBIJICHO I Becex m3MmepeHuid BeicoT LIKJIL.
XOTS M CyLIECTBYET 3aBUCUMOCTb MEKIY HEOIPENEICHHOCThIO TO4YeK (G, , 3Ta 3aBUCUMOCTH
OyIeT MNpOWTHOPUPOBaHA B cleAylImuX auddepeHIMpoBaHUAX paad MTPOCTOTHL. Takum
oOpa3oMm, OJOK-AMaroHajlbHas MaTpulia, MoJydeHas il 2;, cozepxkamyr 3x3

KOPEJISIIMOHHBIE MaTpULbl 2, BJAOJb €€ AMAarOHaIM, KOTopas OyJeT MOoJlydyeHa CIeAYIOLIUM
1

oOpa3oMm. PaccmMoTpuM iyd4, MOCIaHHBIM W3 TOYKM p, BAOJNb HampaBieHUsARq,. DTOT Jyd
JIOJDKEH Obu1 nepeceds Janamadt B Touke G, = p, + AR q, ans Hekoroporo A . Ho n3-3a ommbku

BoicoThl LIKJI, npyras touka G, =()7,)7,h)r Obuta momydeHa. Ilyctb / sBisieTcs UCTUHHOU
BBICOTOH JlaHImaTa B TOUKE (35 ,)7), a H= ()7 ,)7,h) SIBJIIETCS COOTBETCTBYIOIEN TPEXMEPHOM

TOYKOM Ha JaHamadre.
Hcnons3yst To, uto H npuHAAIEKUT UCTUHHON KacaTeIbHOM IUIOCKOCTH K JIaHAIA(TY,
IIOJTy4aeM:
N'(G,-H)=N"(p,+ ARq,—H)=0 (60)
E P 19
N3pnekas A u3 (60) u moacrasisis oro Ha3al B ypaBHeHuUe Ui G, I0JIy4aeM BbIpaXKECHHUE!
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G,=p +RL(H-p,) (61)
Jlns  BelUMcieHHe HeompeaeldeHHOCTH (G, IoJbkHA OBITh  HaligeHa mnpowmsBogHas G
OTHOCHUTEJILHO 4 :

dG; =RL-(0 0 1) =% (62)
dh N Rq,

BrimeynomsHy T pe3ysbTaT OBLI IMOJIYYEH, HCHOJB3Yys (PaKT, 4TO ZzKOMIIOHEHT BEKTOpa

T o
N paBen 1: N =(— VDTM 1) . Hakonen, HeompezneneHHOCTs G, BbIpakaeTcs CIELYyIOLIEH
KOPPEJALIMOHHON MaTPULIEH:

T T pT
3, = (dGEj'UZ . (dGEJ =o2- ququl R, (63)
i\ dh dh (N qul)z

5.4 Beruncienne X

AJIFOpI/ITM, HpeI[CTaBHeHHLIﬁ B 3TOH pa60Te, OIICHUBACT IMO3HULUI0 U OPHUCHTALIUIO IIPU
IEPBOM IIOJOXKCHHUHU KaMEpPbl U 3ro-ABUIKCHHC. O6I>I‘~IHO, CaMbIC MHTCPCCHLIC IMapaMCTPhI IMPU
HaBUT'allUUHU - 5TO BTOPOC IMOJIOKCHUC KaMCPhI. Omno OTpaXxaroT HanOoJee HOBYIO I/IH(i)OpMaI_[I/II-O
0 MCECTOITOJIOKCHUN KaMEpPBhbI. BTopas[ no3unuss U OpHUCHTAllMA KaMCpPbl MOI'YT OBITH IMOJIYYCHBI
HaIllpAMYHK KaK KOMIIO3UIHA nepBoﬁ MMO3UIUU U OPUCHTAIIUU U 3T0-ABUKCHUS KaMCPhI:

D, =P~ R1R1T2p12 (64)

R, =RR/, (65)
HeonpeneneHHOCTh BTOPHIX MO3ULMU M OpUEHTAUUU OyaerT omucaHa 6x6 KOpEeIsIHMOHHOU
MaTpUIlel KOTopas MOXXeT OBITh TMOJy4eHa U3 YK€ moiydeHHoH 12 x12 maTpuis
KOBapHaHTHOCTU 12 x12 ymHOkeHneM J,c 00eux CTOpOH Hach. [Tocnennuii cUMBOI

o0o3HOuaeT SIkoOMaH YNOMSIHYTBIX BBIIIE INECTH MapamMeTpoB, onuchBaromux C,,
OTHOCHTEJIBHO 3THX ABEHaaTu napamerpos. C 3Tol 11enblo, TpU DilliepoBeIX yriia, d, ,6, u v,
JTOJDKHBI OBITH U3BJICUEHA U3 (65) , UCTIONIB3Ysl CIICYIONINE YpaBHEHUS:

_ R,(2,3)
@, = arctan —R2 33) (66)
6, = arcsin(- R,(1,3)) (67)
_ R,(1,2)
v, = arctan —Rz (L) (68)

[Ipocroe nuddepennrpoBanue, a 3aTeM U 00bETIUHEHUE BHIICYTOMSHYTBIX BBIPAKEHUHN
OPUBOJUT K HeoOxoaumomy SkoOuaHy, KOTOpBIM HCIONB3YeTCs, 4YTOOBI pPacHpOCTPAHUTH
HeomnpeaeneHHocTh oT €, u asro-aBmwxkeHus k C,. HaiineHHas KoppelsLMOHHAs MaTpuLa -

ZCZ Ta K€ €aMos, 4TO M KOPpEJILMOHHAs MaTpulla MU3MEpeHHs R, , ONMCaHHas B paslele o

bunsTpe Kaapmana.

R =2 (69)
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6. PacxonumocTs MeTo1a. Heo0XxoanMble MOPOroBbie 3HAYEHUSI 1JI
CXO0IHUMOCTh METO/A.

B mpenbigymem Paznene Mbl paccmaTpuBanu AHanM3 MOTPELIHOCTEN i BUICO
HaBUTallMOHHOTO MeToja. Ho ero paccMoTpeHue MpaBUIIBHO, TOJIBKO €CIU IepBoe Tpydoe
npuOIIKEHHOE pelieHne ONM3K0 K UCTMHHOMY. Eciu 5To He BepHO, HenuHelHble 3()QeKTsl,
MOTYT MOSIBUTBCS, WA J1aK€ Mbl MOKEM HANTU HENPABUIIBHBIN JIOKAJIBHBI MUHHUMYM. B 3TOM
CJIy4yae METOJl MOXKET HausITh PaCXOAUTHCS. Mbl MOKEM MOJYYUTh TAKOW pe3yJIbTaT:

1) ecnu 60JBIIOE KOTMYECTBO XapaKTEPHBIX TOUEK, HAIIEHHBIX ¢ TpyObIMU OIIMOKaMH B
X TOJ0KEHUHM Ha MECTHOCTH MOSABJISICTCS

2) ecnu cutTyanusi OnHM3Ka K BBIPOXKICHHOW. B 3TOM ciydyae OIMOKH MOJOXKCHHS WU
OPHUEHTAIIMH SIBIITFOTCS CIUIIKOM OONBIMMMH. DTO MOXET CIYYHTHCS HAlpuMep I MaJloro
YHClla XapaKTePHBIX TOYEK HAa MECTHOCTH, IUIOCKOTO JaHmadTa, HEOONBIIOTrO YIiia 3peHus
KaMephl.

3) ecnu HayaJIbHOE MOJO0KEHUE U OPUEHTAIMS JJIsl TPOLiecca UTePALlUid CITUIIKOM JaleKu
OT UCTHHHBIX 3HAUYCHUM

B cnenyrouuxcst moapaznenax Mbl pacCMaTpUBaeM IOPOTOBBIE YCIOBHS, KOTOPBIE
MO3BOJISIIOT HAM M30€TaTh TAKUX CUTYaIIUM.

Eciun B HekoTOpoM ciydae Jake OJHO U3 ATHUX IMOPOTOBBIX YCIOBUM JETEKTUPYET
OmMOKY, MBI HE MCIIOJIB3YEM JIsl TOTO CIIydas BU3YaIbHYI KOPPEKIMIO M UCIIONB3YEM TOJIBKO
OOBIYHBIN pe3yJIbTaT MHEPLIMAIbHONW HaBurauu. Eciu Takas cuTyalusi MoBTOpPSIETCS TPU paza
MOJAPSAT MBI TIPEKpaIiacM HCIOJIb30BaTh BH3yaJbHBI HAaBUTAIIMOHHBIA METOJ BOOOIIE W HE
UCIIOJIB3YEM €T0 KOPPEKIHUIO TakyKe JJisl MOCIEAHEro MPaBWIBHOIO ciiydas. Tenepb Mo3BOJbTE
HaM OOCYJIUTh BBIIICONUCAHHBIC TPH CIIyYas B ICTAIIAX.

6.1 O0padoTka cuTyauuu ¢ 00JbLIMM KOJIHMYECTBO XapPAKTEPHbIX
TOYeK, HAWACHHBIX ¢ TPYObIMHU OLIIMOKAMH

UtoObI paboTaTh ¢ peaqbHBIMHU JaHHBIMH, MPOIEAYpa JJIsi 00pabOTKK OOJIBIIOTO YuCia
XapaKTepHBIX TOYEK JOJDKHA OBITh BKJIIOYEHAa BanroputM. Llenb cymiecTByromiero pasaena
COCTOUT B TOM, YTOOBI OMNHUCAaTh TEKYIIYyI0 MPOLEIypy, KOTOpas, KaxKercs, padoTaer
yAOBJIETBOPUTENLHO HA MpakTUKe. Tpu BuAa rpyObIX OMIMOOK HYXKHO PACCMOTPETH:

1. OmuOKu CBsI3aHHBI C HEBEPHBIM HAXO0XICHUEM COOTBETCTBUS MEXKIY
XapaKTePHBIMU TOUYKAMHU.

2. Omm6kwm, BeI3BaHHBIE (popMoit nanamadra, u

3. OmmOKH, BEI3BaHHBIE OTHOCUTENBHO OOIBIIUM HECOOTBETCTBHEM MEKIY
umerorieiics [IKJI n nabmomaeMbiM TaHAMIA(TOM.

[Tocnennue nBa Buaa OMMOOK MPOMILTIOCTpUpOBaHbl Ha Puc. 7. OmmbOKu, BbI3BaHHBIC
dbopmoii mannmadTa, NOSABIAIOTCS N1 OCOOCHHOCTEH MaHamadTa, pacnolioKeHHbIX OIU3KO K
OonpIMM BapuauusaM rayOunbsl. Hanpumep, paccMoTpute Ba XoiMa, OJUH ONMKe K Kamepe,
JIPYTO#l AaJibllie, U XapakTepHas Todka jJaHamadra O pacnoyiokeHHa Ha 0oJiee OJIM3KOM XOJIME.

ANTOpUTM, MPOCIEKUBAIOIINN JTyU, UCIOJIb3Ysl OLIMOOUYHYIO OPHUEHTALIUI0 MOXKET "TIPOITYCTUTD"
OmKalmMi XoaM M OMOOYHO TMOMECTUTh OCOOEHHOCTh B jucTanbHU. Camo coOoi
pasymeercsi, omrOKa MEeKAy HCTUHHBIMH U OIICHEHHBIMH MECTOIOJIOKEHHUSIMHU HE TIOKPHIBACTCS
nuHeapu3auued. YToObl BU3YyaJbHO MPEACTaBUTh ceOe OIIMOKM, CBS3aHHbIE C OTHOCHUTENIBHO
OonbmMM paccoriacoBanueM Mexay mganamadtom u LKJL, mpennmonoxum, YTO 30aHHE
MpUCYTCTBOBaIO Ha JNanamadte, korna [IKJI 6su1 mpruobpereH, HO Ooblle ero TaM HEeT, KOoTa
HKCIIEPUMEHT UMEET MECTO. AJITOPUTM, MPOCICKHUBAIOLIUI JTyd, ONPEACTUT MECTOHAXOXKICHHUE
OCOOCHHOCTH Ha 3JaHWHM, XOTS HMCTHHHAS OCOOEHHOCTh JIaHamadTa NPUHAIICKUT (OHY,
KOTOPBII MBI T€NIEph BUJIUM.

19



Puc. 7: Ommobku, Be13BanHbIe hopMoii TanamadTa u paccornacopanuem ¢ LIKJL. 3necn
C, - uctuaHoe, a C, OLIEHEHOYHOE MOJIOKEHUE U OPUEHTAINs KaMepbl, COOTBETCTBEHHO. U

QIE =Q2E rpyOble OIMOKY BBhI3BaHHBIE (OpMOH JTaHAmAadTa U PACCOTIACOBAHUEM

nanamadT/LIKJL, cooTBeTCTBEHHO.

Kak 0o0cyXIeHO BbIlIe, Y4eT MHOTHX XapaKTepHBIX TOYEK MPOU3BOIAHUTCS B CMBICIE
HAaUMEHBIIUX KBAJApPaTOB MJISl MEPEMEHHBIX JBW)KEHUS U TO3bl. YUUTHIBas 4yBCTBUTEIHHOCTH
HaMMCHBIINX KBAaJApPAaTOB K HCIIPABUJIBHBIM OAHHBIM, BKJIHOUCHUC OZ[HOfI 1501058 60.]166 FPY60ﬁ
OIIMOKU MOKET MPHUBECTH K PAaCXOJUMOCTH K HEMPaBUIHLHOMY peleHH0. Bo3MokHbI ciocod
000NTH 3Ty TPYIHOCTH COCTOUT B HCIOJIb30BaHMU M-3CcTUMaTOpa, B KOTOPOM OpPUTMHAIBHOE
pelieHrne 3aMEHEHO B3BEUIEHHON Bepcueil. B 3Tol Bepcuu HEOONBIION BEC MPHUIHCHIBACTCS
TOYKaM, HMCHOIIUX 60J'IBI_HI/I€ OIJ_II/I6KI/I, TaKuUM 06pa30M, MHUHUMU3UPYS UX BIMAHUC HA PCHICHUC.
bonee operanbHo, paccmMoTpuM QyHKIMIO f;(@) onpeneneHHyo B (45) u BbITeKkaromen u3i -th
nmapbl COOTBETCTBHMI. B oTCyTCTBUM Imyma 3Ta (YHKIMS [OJDKHA OBITh paBHA HYJIKO MpU
WCTUHHOM T1I03€ M DJro-IBW)KEHUU U, CJIEIOBATENIbHO, WCIIOb3ysl CTAaHIAPTHYI CHCTEMY
0003HaUEHUH, MOYKHO ONPEIEIUTh Pa3HOCTh 7, (0) =|| f (®)||. Hcnionp3yss M-sctumarop,

pemienue uist @ (3TO ABEHAALATH MapaMEeTPOB, KOTOPBIE JOJIKHBI OBITh OLEHEHBI), TOTy4YaeTcs,
UCIIOJIb3YSl WUTEPALMOHHYIO CXEMYy JUIsi HAaWMEHBIIUX KBaJpaToB, C MEPECUUTHIBAIOIIUMUCS
BeCaMu:

n
— . 2
O = argmin ZWIJ’; . (70)
i=1
Beca w,IOBTOpHO BBIUUCISIOTCA 3aHOBO IOCIE€ TOrO, Kak Kaxjaas uTepauus OOHOBUIIA
1 3
pa3HOCTH. B HameM BBINOJIHEHMH MBI UCIONIB30BAIM TaK HasblBaeMylo (yHkuuto Geman-

McClure, nist KOTOpPOI Beca JArOTCA:

1
w(x)——(l+x2)z. (71)

PacueTHble Beca HCTONB3YIOTCS, YTOOBI MOCTPOUTH B3BELICHHYIO IMCEBIOOOPATHYIO MaTpUILy,
KOTOpas 3aMEHsET PEryJIPHYI0 NICEBAOMHBEPCHIO, NOsABIAtoMmyocs 1t J, B (50). Cm. [18] ma

JanpHeummx geraned o M-actumarope. Ilo3BoiabTe HaM ompenessaTe MaTpuly BecoB W,
KOTOPBIN TTO3BOJISIET HAM YMEHBIIIATh BIMSIHUE BEIOPOCOB

r= ”fi(pla¢1’91:‘//1ap125¢123‘912:W12)”
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medR = median(x,)
R, = w(r/medR) (72)

rae i =1,...,n HoMep XapaKTepHOU TOUYKH.
Martpunia BecoB W (3mx3n) MoxkeT OBITh HalACHA, CIEAYIOINIMM O00Opa3zoMm: s
JMarOHAJIBHBIX 371eMeHTOB W MbI MOKeM HamucaTb: W, =R, , rae k - 3To menas yacTe 4ucia

[(i —1)/3+1]. HennaronanbHeie snementsl st W; =0i# j.

Bwmecto ypaBHenus (50) Mbl HCIIOTIB3YEM HOBOE:!
JT=(Iwa, ) Jiw
2, =Jr-(J,2,J8)-JT" (73)

Ecnu MBI 3HaeM [Ba IOJIOKEHHs KaMephl U MOJOKEHUE XapaKTEpHON TOYKHU Ha IEPBOU
¢dororpadumn, MbI MOKEM HaWTH TOJOKECHNE XapaKTEPHOU TOUYKH Ha BTOpo# dotorpaduu. Ecnu
paccTossHUE MEXJy UCTHHHBIM II0JIO)KEHHEM HEKOTOPOW COOTBETCTBYIOLIEH OCOOCHHOCTH Ha
BTOpOH (oTrorpadun u MOJOKEHHEM, HaWJICHHBIM PaHEe OMHCAHHBIM METOJOM, OOJbBIIE YeM,
30, , MBI pacCMaTpUBaeM TaKyIO XapaKTepHYIO TOUKY Kak IpyOyro omuoky. JlaBaiite onpeaenum

Kak N, uuciao rpyObIX OIMOOK IpU HAYalbHOW aNIpOKCHMAlMM IOJIOKEHUS KaMep U
OpHEHTALHIT (TO eCTh CHENIaHHYIO 110 UCIIOJIb30BAHNS BU3YabHBIN HABUrAllMK) U Kak N, 9HCIO

rpyObIX oOmMOOK TIOCHe MCIOAb30BaHUsA BU3yalbHBI HaBuranuu. Cregyonme yCclIoBHs
MO3BOJIAIOT HaM M30eXKaTh CIUIIKOM OOJIBIIOr0 KOJIMYECTBA IPyObIX OLINOOK:

N,2N,
Nf
N <threshold,, (74)

rae N - nonHoe ymciao IpyObIX omMOOK, a threshold, 5TO HEKOTOpOe IOPOroBOE
3Ha4YeHHeM. MblI BEIOpanu ero paBHbM 0. 1.

6.2 BeipoxkaeHblii cirydail 00J1bIUX OLIMOOK.

Jlns  BBIPOKIEHHOro ciydas wmatpuna B J,WJ,ypasHenun (73) MoOXeT ObITh
BBIPOKAECHHON. DTO ONPEEIIAETCs eIy OIINUM IOPOTOBBIM YCIOBUEM:

rcond(J ,WJ ) > threshold (75)

rcond
rae rcond() - Matlab yHKUS 118 HaXOXKAEHUS OLEHKH BBIPOXKIEHHOCTH MAaTPHIIBI.
(0 <rcond() <1). IloporoBoe 3HaueHue BeIOpaHo threshold =107".

rcond
BprO)K,HeHHBIP'I CJIyIIaP'I n3-3a HC6OHBH_IOFO KOJIM4YeCcTBa XapaKTeprIX TOYCK, ITIIIOCKOI'O
.HaHI[H_Ia(I)Ta N He6OHBHIOFO yrﬂa 3peHI/I}I KaMepBI nacTCsa CHCI[yIOU_[I/IM HOpOFOBBIM YC.HOBI/ICM:

[2c 1
© < threshold

m dist (76)
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rac l'=x,y,z - OTO KOOPAWHATHBIC MHACKCHI [JIA AWAarOHajJbHBIX 3JIECMCHTOB

KOPPEJSIHMOHHON MaTpHIIbI 2c2~ 3necy f =1 ¢okycHoe paccTosiHue Kamepsl, h - BbIcoTa

30,

IMOJIOKCHUSI KaMCpPhbI. BLIpa)KeHI/IC h Ja€T HaM MaKCHUMAaJIbHOC HN3MCHCHHUC ITOJIOKCHMUA

KaMephbl, TIO3BOJISIONIEE ONIMOKE IMOJIOKECHHSI XapaKTepHOW TOYKH Ha ¢oTtorpaduu ocTaBaThCs
MEHbIIUM, 4YeM pa3mep nukcena. [loporosoe 3nauenue threshold ,, = 40.

3'\' [ZVC2 ]ii < Lgmund—dist (77)

rac KOOPAWHATHBLI i =X,Y,z- O9TO KOOPAWHATHBIC HWHACKCBHI A JUaroOHaJbHBIX

AJIIEMEHTOB KOPPEIALUOHHON MaTPULIbI Zcz . L - XapakTepHas JJIMHa, Ha KTOPO# penbed

'ground —dist

CHJIBHO MCHSCTCA

[2c 1
© < threshold

m angle (7 8)

rae i=¢, 0,y yrioBble WHACKCH IS IUATOHAIBHBIX 3JIEMEHTOB KOPPEISIIMOHHON
3o,

MaTpUulbl ZCZ . BLIpa)KeHI/Ie h Aa€T HaM MAaKCHUMaJIbHOC M3MCHCHHUC ITOJIOKCHHSA KaMCPhbI,

MIO3BOJISFOIIEE OIIMOKE MOJIOKEHHS XapaKTepHOH TOUKH Ha (oTorpaduu OCTaBaThCs MEHBIIHNM,

ueM pasmep nukcena. lloporosoe 3Hauenue threshold,,,,= 40.
3 Zv < Lground—dist 79
(2, ], < e (79)
h
e i=¢@,0,y -yrioBble WHICKCHI JUIS TUArOHAIBHBIX 3JIEMEHTOB KOPPEISIIUMOHHON MaTPHUIIBI
2. .
)

BripoxkieHHbI ciyyail u3-3a HEOOJBIIMX JAHHBIX (Majoe PacCTOSHUE MEXIY JBYMs
MOJIO’KEHUSIMU KaMepbl, UCIOJb3YEMBIMU B BH/I€O-HABUTAllMOHHOM METOJIE), JaeT CIEIYyIoIIne
IIOPOTOBBIE YCIIOBHUSA:

NP
@ < threshold

disty (80)
s
rae i=Xp,,),,Z, - B3aHUMHBIE KOODAMHATHbIE HHIEKCHI JUIA JUArOHAIBHBIX DIEMEHTOB
KoppeanuoHHoi MaTpunsl 2, . IloporoBoe 3nauenue threshold sty 0.1.

NIPAP

N0 < threshold (81)

/h angle12

(|pw|/7)

e i=4¢,,0,.v, - B3aUMHBIC YIJIOBbIE MHJAEKCHl U1 JMAaroHajJbHBIX 3JIEMEHTOB

KoppenanuoHHoi MaTpuusl 2, . Iloporosoe 3nauenue threshold =0.1.

anglel 2
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6.3 HauaabHoe moJjioxxeHue KaMephbl CJIMIIKOM JAJIEKO0 0T €€ HICTUHHOI'O
HJIA UTOTOBOI0 PACYE€THOIO MOJ0KEHUA UJIK OPUCHTAIINU.

IIo3BonbTE HaM OnpeaAciisiTb IMOPOroBbIC  YCJIOBUA, yTOObl H30€KaTh HAYaJIbHOI'O
IMOJIOKCHUA KaMEPhI, KOTOPOC CIMIIKOM AAJICKO OT €€ HCTUHHOT'O MMOJOXCHUA UJIKW OPUCHTALIUH.

KOppCJ’IHHI/IOHHaH MaTpuna Pk_’ MOoJIyu€HHass CC IOMOIIBRO HHepHHaHLHOﬁ HaBUTallud H

MOPEIbIIYIINX KOPPEKIUH WHEPLUAIbHOW HABUTAIIMH C MTOMOIIBIO BUCO-HABUTAIIMH (PUILTPOM
Kammana , onucanna B pazzerne o punstpe Kammana.

WiE L <L

‘ground—dist

(82)

rac i=x ,V,Z2- OTO KOOPAWHATHBIC MWHACKCHI JIA JHArOHAJIBHBIX O3JICMCHTOB

KOPPEJALMOHHON MaTpuLbl P .

eroun —dis.
WIE), < e (83)

rne  i=¢,0,y -yrnoBble MHAEKCHl AJIS JUArOHAJIBHBIX 3JIEMEHTOB KOPPENANOHHOM
MaTpuusl B .

ITo3BosbTe HaM OINpPENENATh IOPOTrOBbIE YCIOBUS, O3BOJIAIOIINE N30€kKaTh HAYAJIbHOTO
COCTOSAHHUS KaMephl CIMIIKOM JAJEKOro OT €€ KOHEYHOro coctosHus. Crenyromue dYeTbIpe
YPaBHEHHMA JAIOT HaM, Pa3HOCTh MEXKIY HAYalbHBIM U KOHEYHBIM COCTOSHUEM, IOJIyYarOIIUECs

KaK KOPPEKIHsS WHEPIHAIbHOW HAaBUTAIMM BHJCO-HABUTAIOHHBIM METOJOM C ITOMOIIBIO
¢unpTpa Kanmana:

P> = P2 pat = Paii | (84)

P12 =l P12 et = Proimi | (35)

oa, = at, ;. — Ay, |MOd (277) (86)
0, =| Q3 gy = Cliniy | MO (277) (87)

3WIE L +[2¢, i) > dpy, (88)

rac i= X,yY,Z- 9TO KOOPAWHATHBIC MWHACKCHI JIA JHArOHAJIBHBIX 3JICMCHTOB

KOPPENALMOHHBIX MaTpull P u 2C2

3WIE ) +([2¢,)i) > 0, (89)
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rue i= ¢, 9,(// - YIUJIOBBIC MHIACKCHI IJII JUATIOHAJIBHBIX 3JICMCHTOB KOPPCIALUOHHBIX

marpull B u ZCZ

b,
Pui < threshold it (90)
s .
rae i= X5 Vi2sZ1p - B3aMMHBIC KOOPAWHATHBIC WHACKCHI.
oa,,.
R < ppreshold,,, 91)
(||p12||/h) 12

rae i = ¢,,0,,y,, - B3AUMHBIE YITIOBbIE UHJEKCHL.

7 PesyabTarsl Moae iupoBaHus

7.1 3aBUCUMOCTDH AaHAJIU3A NOTPELIHOCTEN OT Pa3/IMYHbIX (paKTOPOB.

Hens cnenyromero pasaena COCTOUT B TOM, YTOObI M3YyUWUTh BIUSHUE PA3IUYHBIX
(GakTOpoB HA TOYHOCTH OLIEHOK, MPEMJIOKEHHBIX aJIrOpUTMOM. YpaBHEHHE, OINHCAaHHbIE B
OPEIbIIYIINX pa3fesaX, HCIONb3yeTcs, YTOObl OINpEAEIUTh HEONPEAEICHHOCTh OLEHOK s
MHOKE€CTBA MOJICTUPYEMBIX cClieHapueB. KakIplii MPOBEPEHHBIM CIEHApU OXapaKTepHU30BaH
CIIEIYIOIIMMH MTapaMeTPaMHU: YUCIIO XapaKTEPHBIX TOUEK ONTHYECKOTO MOTOKA, UCIOJIb3YEMBIX
aJITOPUTMOM, paspelieHue u300pakeHus, ceToyHbiM uHTEepBasioM [IKJI (paspemenne 1KJI),
aMIUTUTYAa XOJMOB/TOp Ha HaOmromaeMoM saHAmadTe W BEITUYMHA KOMIIOHEHTOB 3IO-
nerkeHus. [Ipu kaxaoM MoIeTMpoBaHUH BCE apaMeTpbl KPOME HUCCIIeI0BAHHOTO YCTAaHOBIIEHBI
COIVIACHO IMPENONPEIEICHHOMY MHOYECTBY NapamerpoB. B atom cyewapuu no ymonuanuio
ucnonb3yercss kamepa ¢ 400 x400 pazpemienueM. Ona setut Ha BbhicoTe S00 M Bbile
nanamadTa. Pasmep nanmamadra - 3x3 kM ¢ pasHocTsamu Bo3pbieHus Ha 300 M (Puc. 13 (b)).
HKJI ¢ marom cetku 30 M wucmosb3yercs, 4To0bl cmonenupoBaTh Janamadr (Puc. 10 (c)).
Pazpemenne 1IKJI mpuBoauT K cTaHAAPTHOMY OTKJIOHEHUIO 2.34 M. JUIsi UBMEPEHUN BBICOTHI.
CueHapuil 10 YMOIUAHUIO TaKXKe ONPEEISIET YUCIO XapaKTEPHBIX TOYEK ONTUYECKOTO MOTOKA

Kak npuonusurensHo 170, rae sro-aBrkeHue || p12|| =40mu ||(¢12,912,1//12)|| =10", ucnosp3yemble

JUISL BBIYMCIEHUS ONTHYECKOro noToka. Kaxnoe M3 MOAEIMpPOBAaHMN ONHCAHHBIX HUKE
UCCIIEyeT BIMSHHUE pa3IMYHbIX @ApaMETpPOB IO OTAEIBHOCTTH. MHOXECTBO 3HA4YEHUN
uccienoBaHo, M 150 ciy4alHBIX HCHBITAHUM BBINOJHEHBl JUIS KaXIOT0 IIPOBEPEHHOIO
3HaueHus. s Kakaoro HCHbITaHHWs TOJOKEHUE KaMepbl M OpHUEHTalus ObLIM BbIOpaHbI
OecropsIOYHO, KpOME BBICOTHI KaMepbl, KOTOpas OIpelelieHa IapaMeTpaMy CLEeHapHsl.
JlononHuTENbHO, HAPABJICHUS CIIBUTA U BpAIlleHHUE JUIsl ATO-IBHKEHUS ObUIM CHavalsia BbIOpaHbl
HayraJl ¥ 3aTeM HOpPMaJM30BaHbl K TpeOyoleiics BeIuInHe.

Ha Puc. 8 mnpexacraBieHsl mnepBble pe3ysbTaThl MojenupoBanus. llpu s3tom
MOJIEJIMPOBAaHUU YHUCIIO XapaKTEPHBIX TOYEK ONTHYECKOIO IMOTOKAa, KOTOPBIE HCIOJIB3YIOTCS
QITOPUTMOM, Pa3IMYHO M €ro BJIMAHUE Ha MOJYYEHHYI TOYHOCTh , C, M 3ro-IABHKECHHE
u3ydeHo. Bee mapameTps! ObUIM yCTaHOBIIEHBI HA MX 3HAYECHUS MO0 YMOJTYAHHIO 32 UCKIIIOUCHHEM
yucia XapakTepHbIX Touek. Puc. 8 (a) mpeacraBiser CTaHAapTHBIE OTKJIOHEHHS] BTOPOIO CHUMKA
KaMephbl, B TO BpeMsl Kak OTKJIOHEHUS 3ro-ABIKeHHs Moka3aHbl Ha Puc. 8 (b). Kak oxwunaercs,
TOYHOCTh YJYyYIIAeTCsl TMPU YBEIWYEHUH YHUCIA XapaKTepPHbIX TOYEK, XOTS YTOYHEHHE
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CTAHOBUTCA HC3HAYUTCIBHBIM IIOCJIC TOIr0, KaK YHCIO XapaKTCPHBIX TOYCK JOCTUTACT
npuban3uTenpHO 150.

o 10.14
o {o.12
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2 {o.08 S
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g “l {o.06 2
20- 40.04
0 100 200 300 400
# of features
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Puc. 8: Cpengnee ctanaapTHOE OTKJIOHEHHE BTOPOTO MOJIOKEHHS M OpUEHTAIUU (@), 310 -
IBUKEeHUsI U BpalieHue (b) oTHocUTeIbHO YKciia XapaKTePHBIX TOUEK ONTHYECKOro moToka. B
o0enx quarpammax jeBasi BEpTUKAIbHAS OCh U3MEPSET MOCTynaTeIbHbIe OTKIOHEHHE (B METPaX)
U COOTBETCTBYET CIUIOIIHOM JIMHUU AUarpaMMBbl, B TO BpeMsl KaK IpaBUJIbHAsl BEPTUKAJIbHAS OCh
M3MeEpsET BpallaTeNIbHbIE OTKJIOHEHNUS (B paJuaHax) U COOTBETCTBYET IyHKTUPHOW JTMHUU
JUarpaMMbl

[Ipn BTOpOM MOAENMPOBAHUU BIMSHHUE pa3pelieHus nzodpaxeHus Obuio usyudeHo (Puc.
9). Ilpennonaranock, YTO U3MEPEHUE COJIEPKAT HEOIPEACICHHOCTh B MOJIYIUKCENb, I/I€ pa3Mep
NUKCEIs HaM JUKTYyeT paspelieHue u3zoOpaxeHus. OueBUIHO, TOYHOCTh YJIyYIIAeTCs MpHU
YBEJIMYEHUHU pa3pelicHus H300pakeHUsl, TaK KaK KauyecTBO JAaHHBIX ONTHYECKOrO MOTOKa,
HETOCPEACTBEHHO 3aBUCUT OT 3TOT0O IIapaMeTpa.
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Puc. 9: CpennexBagparnyeckoe OTKIOHEHUE Il BTOPOTO MOJIO0XKEHUS U OPUEHTALUU
KaMmephl (a), ¥ 1y dro-aBKeHus (cABur U BpameHnue) (b) mpuBeaeHo s paTMyHbIX
paspelieHnii n300pakeHMs

Bmussaue mara cerku LKJI - mens cnemyromero wmoxaenupoBaHusi. Pasznuunbie
paspemienus LIKJI Obutn mpoBepeHbl. OHM M3MeHsIUCh OT 10 M 10 4Ype3BhIYAHO TpyOOTro
paspemienus 190 M Mexy cMeKHbIMH Toukamu ceTKu (cM. Puc. 10). OOpatum BHHUMaHUE, 4TO
MOJIydeHHas TOYHOCTh, U3MEHSCTCS JIMHEWHO Tpu u3MeHeHuu mmara cetku L[KJI (cm. Puc. 11).
DTO SBJICHHE MOXET OBITh MOHATO Tak. Kak ObUI0O OOBSICHEHO B MPEIBIAYIIEM pasfele,
paspemienue [IKJI He 3arparuBaeT TOYHOCTh HEMOCPEICTBEHHO, a CKOpPEE ATO BIHUSET Ha
HEONPEIEICHHOCTh BBICOTHI, KOTOpas BKJIOUEHA B BBIYUCICHHE TOYHOCTU. Kak MoxkeT ObITh
3ameueH B Puc. 12, cpennekBaapatuyeckoe otkioneHue BbicoT LIKJI yBenmnunBaeTcs JUHEITHO C
maroMm cetku LIKJI, uTo siBasieTcss mpuuuHOMN 1Sl IOJTYUYEHHBIX Pe3yJIbTaTOB.

Puc. 10: Paznuunsie pazpemenust DTM: (a)mar cetku = 190 M., (b) mar cetku = 100 m.,
(c) mar cetku = 30 m.
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Puc. 11: CpennekBanpaTueckoe OTKJIIOHEHHUE JUIsl BTOPOIO NIOJIOKEHUS M OPUEHTALIUN
KaMmepsl (@), ¥ Ju1s dro-aBIKeHus (cABur U BpameHnue) (b) mpuBeaeHo 11 paIMuHbIX IaroB
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Puc. 12: CpegnekBagpaTuyeckoe OTKIOHEHUE u3Mepenus BbicoThl LIKJI oTHOCHTEBHO
mara cetku 1IKJI

Jlpyroe MojeiaMpoBaHUE JAEMOHCTPUPYET 3HAYUMOCTh CTPYKTYpHl JaHmmadTa IS
TOYHOCTH OLIEHOK. B KpailHeM clieHapuu mojera HaJ IUIOCKUM JaHAmadToM HalOIroJaeMble
XapakTepHble TOYKM JaHamadTa He coaep)kaT HeoOXoauMyro HH(POpMAIUIO Ui pacyeTa
HOJIOKEHUI KaMepbl, U BBIPOXAEHHas cucrema OyneT mosydeHa. C yBelIMYEHHEM Ppa3HOCTU
BBICOT U HM3MEHUYMBOCTH JaHAmadTa, OCOOCHHOCTH CTAHOBATCA Oosiee MHPOPMATUBHBIMHU, U
JTy4ILIUe OLEHKU MOTYT ObITh MOIXy4€eHbl. [IJI1 3TOro MOJAEINPOBAaHHS U3MEHUYMBOCTH JIaHAIIA(TA
HKJI Obun ompeneneHsl macmtad, kotopbli MeHsmicss oT 50 m. mgo 450 m. (Puc. 13).
[ToguepkHeMm, 4TO, B TO BpeMs Kak CTPYKTypa JaHmagdTa UrpaeT PeLIaoNlyto poJib IpU OLIEHKe
IIOJIO’KEHUSI M OPUEHTALMM KaMepbl BMECTE C IOCTYyNaTeIbHbIM KOMIIOHEHTOM 3TO0-/IBHKEHUS, Y
HErO0 HET HMKAaKOTO INPAMOIro JCWCTBHS HA BpallaTEIbHBIM KOMIIOHEHT JrO-IABH)KCHHU.
ITockOnpKY ONTHUYECKHUH IOTOK - KOMIIO3MIMS ABYX BEKTOPHBIX IIOJIEH - CABUI M BpaIllCHHE,
UHpOpMaLUs O BpaIATEIIbHOM 3TO-IBM)KEHUU COAEPTHKUTCS TOJBKO BO BpalllaTeIbHOM
KOMIIOHEHTE ONTHYECKOTO MOTOKA. Tak Kak BBICOTHI XapaKTEPHBIX TOUYEK BIMUAIOT TOJIBKO Ha
IIOCTYNIAaTEJIbHBIM KOMIIOHEHT IIOTOKA, 0’KHJAETCS, YTO Y MEPEMEHHBIX Pa3HOCTEH BBICOTHI WA
JT1000T0 JPYroro CTPyKTYPHOTO M3MEHEHHs B JlaHAmadTe He OyJeT HUKaKOro BO3JCHCTBHUS Ha
OLICHKY BpalllCHUs 9rO-IBHKEHUS. BrimeynomsHyTeie 0COOEHHOCTH XOpOo1Io
IpOJEMOHCTpUpOBaHbl Ha Puc. 14.
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Puc. 14: CpenHexkBaspaTHueCcKOe OTKJIIOHEHHE ISl BTOPOIO MOJIOKEHUS U OPUEHTALIMA
KaMepsl (), ¥ JUTsE ATO-IBWKEHUS (CABHT M BpamieHue) (b) mpUBEICHO TSl pATMIHBIX
pasHOCTeH BBICOTHI JIaHAIIA(TA

Tak TpaHCHAMOHHBIA KOMIIOHEHT MOTOKa COAEPXKUT MHGPOpPMalLHUIo, TpeOyeMyro JUIs
OTIpeIeIICHNS TIOJOKECHUSI U OPHEHTAIMH KaMepbl, Obl10 OBl MHTEPECHO HaOmonaTh dhdekt ot
YBEJIMUEHUSI BEIMYMHBI 3TOro KommoHeHTa. [locnennee monenupoBaHMe, NPENCTAaBICHHOE B
3TOi paboTe, IEMOHCTPUPYET TOYHOCTh TMOJOXKEHHS M OpPHUEHTAlMd KaMepbl, Koraa
IIOCTYyNIaTEJIbHbIM KOMIIOHEHT 3rO-IABW)KCHMSI M3MEHSET BEIMYMHY OT 5 M 110 95 M. XoTs 3TO
U3MEHEHUE HE BJIMSAET CYIECTBEHHO HAa TOYHOCTb AT0-/IBH)KEHUS, YMEHbILIEHUE HEONIPEIEHHOCTU
JUISL OLICHOK TTOJIOKEHUSI U OPUEHTALMU KaMepbl 3HAYUTEIbHO Ui OOJIBIION BEIUYMHBI CABUIOB
(cm. Puc. 15). Kak 3akiroueHue U3 BbIIIEYHOMSHYTOTO MOXKHO 3aKJIIOYUTh, YTO MPOMEXKYTOK
BPEMEHU MEXJy ABYMS IOJIOKEHUSMHM KaMephbl JOJDKEH ObIThb HACTOJBKO BEJIHMK, HACKOJIBKO
QJITOPUTM pacyeTa ONTHUECKOI0 IOTOKA MOKET MO3BOJIUTh.
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Puc. 15: CpennekBanpaTiieckoe OTKJIIOHEHHE JUIsl BTOPOTO NIOJIOKEHUS M OPUEHTALIUN
Kamepsl (), U JUIsl 9To-IBIKEHHs (CABUT U BpalieHue) (b) MpUBEICHO I PATUYHBIX BETHYUH
MOCTYTATEILHOTO KOMITOHEHTA 3T0-ABIKEHHS

7.2 Pe3yabTaThl YUCJA0BOT0 MOAEJIUPOBAHUSA VIS PeaJIbHbIX
napaMeTpoB M0JieTa U KaMepbl.

WNuepuuaneupie  HaBuranuoHHble cucteMbl (INS) o00bl4HO ucmonb3yroTcs s
oOHapy>KeHHsl MOJIOKEHUSI U OpHeHTalMu paket. [Ipobiema 3Toro Meroga COCTOUT B TOM, YTO
ero omuOKa yBEIMYUBAETCS BO BPEMEHU. MBI MpeajaraeéM HCHoIb30BaTh HOBBIM METOJ
(HaBurauuonnslif Anroput™m, ocHoBaHHbIH Ha Onrtudyeckom motoke u [ludposoit Kapre
MectHoctn) [15], uyToOBl HchpaBuTh pe3yabTaT INS U crnenarb OmIMOKM KOHEUHBIMH U
noctosHHbIMU. PunpTp Kanmana ucnonbsiyercs, yTo0bl 00beIHUTH pe3ynbTaTsl INS u HoBOrO
Merona [12]. AHanmM3 mOTpenHIHOCTEW C JMHEHHOW amnmpoKCHUMAaIMed IMepBOro MOopsaKa
UCIIOJIb3YEeTCsl, YTOOBl HANTH KOPPENALMOHHYI0 MAaTpHIly OLIMOOK JJIsi HAIllero HOBOI'O METOAA
[14]. MBI caemany 4KCIIOBBIE MOJICTUPOBAHUS TI0JIETa C PEAIbHBIMU MapaMeTpaMH IoJeTa U
KaMephbl, UCIob3ys ToabKo INS , a 3areM INS u Hain HOBBINM MeTOZ BMecCTe, UTOOBI IPOBEPUTH
IIOJIHOLIEHHOCTB ATOT0 HOBOT'O METOJ1A.

BriOpanubie mapaMeTpsl 1MojeTa clieyonue:
Bricora monera 700, 1000, 3000 m.
Ckopoctb mosrera - 200m/s.

Bpewms nosnera - 800 s.

Tpaektoputo monera Mbl MoxkeM Buaerb Ha (Puc. 16). Iludposas Kapra MectHOCTH
UCTIONB30BalOCh Kak sueiika (Puc. 17) ang Hammx MonenupoBaHuil. Jrta sveiika ObLia
MPOJIOJDKEHA TEPUOANYECKH, YTOOBI MOMyunTh nojHoe Janamadt (Puc. 18). CiyvaitHbiii mym
UCTIONB30BAJICS Kak TaBHBI kommoHeHT mryma INS. Bonee peanbnbiit mym npeiida cupura
HYJISI JaeT HAMHOTO OoJIbInyto omuOKy (mpuoimusutenbHo 6000 M. BMecTo mosrydeHHBIX 1000 M.
B TOYKE KOHIIA I1OJIETa).
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Puc. 16. Tpaekropus nosuera.

Puc. 17: OToOpakeHue NelCTBUTEIHHOTO OCHOBAHUS UCTIOIB30BAIOCH KaK siuehKa.
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Puc. 18: Syeiika Obla MpoAOIDKEHA MEPUOINIECKH, YTOOBI TOTYYUTh MOTHBIN
maHamadT.

BriOpanHas kamepa 1 napaMeTpbl MOJICIHUPOBAHUS CIIEAYIOHE:

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

Yucio map xapakTepHBIX TOUCK, HalIeHHbIN Ha (oTorpadusx, 100, 120.

Paspemenne xkamepbr 500x500, 1000x1000, 4000x4000. (Pa3pemenue Kamepbl
orpezesnisieT TOYHOCTh OOHApYKEHUSI XapaKTEPHBIX TOYEK, Mbl HE YUUTHIBAEM IpyOble OMHUOKU
JUISL XapaKTEPHBIX TOYEK).

paccrossuue Mexnay kamepamu (baseline) coctaBmaser 30 M., 50 m. wm 200 wm.
(paccrosiHEEe MEXIy KamMepaMH - PpAacCTOSHHE MEXAy JBYMS TIOJOXKEHUSMH KaMephl,
HCITOJIB3yEMBIMH, UTOOBI CeNaTh J1Be (poTorpaduu 11 HOBOTO METO/IA).

Atime - 5s, 15 s, 30-b1e. (BpeMeHHOM MHTEpBaAT Atime MEXy U3MEPEHUSIMH ).

TunuyHble pe3yibTaThl YHUCIOBBIX MOJENMpoBaHMi mpuBeneHsl Ha (Puc. 3, 4, 5, 6) mus
pa3lIMYHBIX CiIy4aeB TMOJieTa, MapaMeTpoB KamMepbl M MapaMeTpoB MojenupoBaHus. Huxe
MpUBEIEHbI TaOJUIBI OMKUOOK JJIsl TUTMYHOTO ClTydas C MOJIOKHUTEIbHBIMU Pe3yJbTaTaMu: X, V,
z omOku nosioxkeHust INS kak ¢ UCIoJIb30BaHUEM HOBOTO METOJIa , TAK U HE UCIIOJIb3Ysl HOBBIM
METO/I.

Hcnonp3yeMslii 1oiet, mapaMeTphbl KaMepa U mapaMeTpbl MOJICIUPOBAHUS IJISl 3TOTO CIIydast:
FOV - 60’
Yuciio map xapakTepHBIX TOYCK, HaIeHHBIN Ha (oTorpadusax 120
Paspemenue 1000x1000
baseline 200 wm.
Atime 15 s.
Ckopoctb nosieta coctaniser 200 m\c
Bricotsl cocraBimsior 700 M., 1000 M., 3000 M.

Tabnuna 1. ock X: MakcumanbHas omuoOka s INS ¢ u 6e3 HoBoro MeTo1a AJist pa3IMyHbIX
BEICOT.

BricoTa 700 M. 1000 M. 3000 M.
MaxkcumansHas 900 M. 130 m. 1300 M.
ommnbOKa X 0e3
HOBOI'O METOJIa
MakcuManbHas 25 M. 20 M. 100 M.
oInOKa X C HOBBIM
METOH0M

Ta6muma 2. ock Y: MakcumanbsHas ommoOka st INS ¢ u 6e3 HOBOro Merona il pa3IudHbIX
BBICOT.

BricoTa 700 M. 1000 m. | 3000 M.
MakcuManbsHas 1000 m. | 2000 m. | 400 m.
omubka y  0Oe3
HOBOI'O METOJa
MakcuManbsHas 25 M. 20 M. 100 m.

31



omubKa y C HOBBIM
METOZIOM

Tabnuna 3. ock Z : MakcumanpHas omnoka s INS ¢ u 6e3 HOBoro Metoja Jiisl pa3iIudHbIX
BBICOT.

BricoTta 700 M. 1000 M. | 3000 m.
MakcuMannHas 250 M. 180 M. 250 M.
omunoOka z 6e3 HOBOTO
MeToza

MaxkcumansHas 25 M. 20 M. 150 M.
omuOKa Z C HOBBEIM
METOJIOM

[To3BOJIBTE HAM MPOJEMOHCTPUPOBATH OMIMOOYHBIC TAONMIBI JUIS THIWYHOTO CiIy4as C
MOJIOKUTEBHBIMU Pe3yJIbTaTaMU: X, y, Z omuOku monoxeHus INS ¢ ucnoiap3oBaHHEM HOBOTO
METOJIa JUISI PAa3IMYHBIX pa3pelieHui Kamephl. Mcmonap3yembli MojieT, Kamepa M HapaMeTphl
MOJICTTUPOBAHUS LISl ATOTO CITydasi:

FOV 60 creneneit, Homep features:120, Pa3pemenne 500x500, 1000x1000, 4000x4000,
Hannsie 200 M., Deltatime 15 s, ckopocts [Tonera 200 m\c, Boicotsr: 1000 m.

Ta6muma 4. oce X : MakcumanbHas omuOka st INS 6e3 ¥ ¢ HOBBIM METOO0M IS Pa3IUIHBIX
pa3peleHuii KaMepsl.

Paspeluenue 500x 500 | 1000x 1000 | 4000x4000
MakcuMansHas 500 M 1000 m 4000 m
OIInOKa X 0e3
HOBOI'O METOJa
MakcuMansHas 50 m. 20 M. 10 m.
omnOKa X C HOBBIM
METOLOM

Tabnuna 5. ock Y : MakcumanbHas omrn6Oka 1 INS 6e3 1 ¢ HOBBIM METOAOM JJIs Pa3IMuHbIX
pa3pelieHuii KaMepsl.

Paspemienne 500x 500 1000x 1000 4000x4000
MakcuMansHas 500 M 1000 M 4000 m
ommbka y 0e3
HOBOT'O METOJIa
Makc y ommbka c | 50 m. 20 m. 10 m.
HOBBIM METOJOM

Ta6mmia 6. ocb Z : MakcumaiibHast omnoka st INS 6e3 1 ¢ HOBBIM METOIOM ISl Pa3TMIHBIX
pa3pelieHuii KaMephl.

Paspemnienue 500x 500 1000x 1000 4000x4000
MaxkcumannHas 500 m 1000 m 4000 m
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omInOKa z 0e3
HOBOI'O METO/A

Maxkc z ommbOka c | 35 M. 20 M. 10 m.
HOBBLIM METOJIOM

8 OTkpbIThIE BONIPOCHI U OyAylIee pa3BUTHE METOAA.

1) Ecim wMecromosioxkeHue OMU3KO K BBIPOXKISCHHOMY Ciydar (Hampumep, s
HEOOJIBIIIOrO yIjla 3peHus Kamephl, MOYTH IUIOCKOro JaHamadTa , HEOOJBIIOE YHCIIO
XapaKTEepHBIX TOYEK U TaK Jajiee), Mbl HE MOXKEM HCII0JIb30BaTh ONKMCAHHBIA METO/, IOTOMY YTO
HEBO3MO)KHO HaWTH CIIOJIOKEHMSI KaMep OT 3TUX AaHHbIX. Ho mig 3TOoro cirydas BO3MOMKHO C
MOMOIIbIO HANJEHHBIX COOTBETCTBYIOUIMX XapaKTEPHBIX TOYEK, YTOUHEHUTh pe3ysbTaThl INS
noMompio  ¢uibTp Kammana. Mbl MOXeM — pacCMOTPETh  HEMOCPEACTBEHHO  3THU
COOTBETCTBYIOIINE XapaKTepHbIE TOUYKU (HE BBIYMCIISAA IOJIOKEHHE M OPUEHTALMI0O Ha OCHOBE
9THX XapaKTEPHbIX TOYEK) Kak u3mepeHueMm i ¢puibtpa Kanmana. [Ipumep takoro yrouHeHus
MOXeT ObITh HaiineH B [16]. Ho B 3ToM ciydae ommOKkM MeTO/a yBEIWYaTCs CO BPEMEHEM,
nogo6Ho INS. Tak, mociie HEKOTOPOro BpeMEHH, MOJO0KEHHUE CIMIIKOM JIajleKo OT UCTUHHOIO
MOJIO’KEHUS, U MBI HE MOKeM Hcronb30BaTh LIKJI u nMeeM TOJIbKO SMUNOJSpHbIE OTPaHUYEHUS.
Jlis omMcaHHOrO B CTaTbe€ MeToJa OLIMOKAa OCTAaeTCs MOCTOSIHHOM, TakuM o00pa3oM, MbI
cnoco6Hb! ucnoiab3zoBaTh LIKJI Bce Bpemsi.

2) Bo3MOXHO paccMOTpeTh Oosiee ONTUMAaNbHbIE U OBICTPbIE METOJBI AJISl TOrO, YTOOBI
UCKaTh MUHUMYM (YHKIIWH, AIOIICH TOJI0KEHNE B OpUEHTALNIO Kamepbl. Hanpumep BO3MOXHO
YJIy4IIUTh HA4aJbHOE COCTOSHUE JJI ONMCAHHOTO METOJA, UCIIOJIb3Ysl JIUIIOISPHBIE YPABHEHUS
(25) nna BbluMcneHus R, U p,, ¢ TOYHOCTb JO MOCTOSAHHOW. Cleyoluil mar MoKeT ObITh

UCIIONIb30BaHUs ypaBHEHMA (21) it BblumcineHus R, . W 3akimo4MTeNnbHBIA 1IAr, UCIOIb30BATh
ypaBHenue (18) mist BblumciieHus p,, ¥ p,. Pe3yabTaT MOXKeT ObITh YIydllIEH ONHCAHHBIM

UTEPATUBHBIM METOAOM.

3) Mbl MOXeM HCKaTh HE TOJIBKO HEKOTOpBIE ClIydaliHble XapaKTepHble TOYKU. Tak,
BEpILIMHBl XOJMOB, MHMINA JOJHMH,a TaKKe XOJMBI, 3aKpbIBAIOIIUE TOPU30HT, MOTYT
HCITOJIB30BAThCA [ ONIPEIEIICHUS TIOJI0KEHUS M OPUEHTALUN.

4) ucmonb30BaHWE MPOCTPAHCTBEHHBIX  (pacHpeleNieHHbIX), a He TOYEUHBIX
0COOEHHOCTEH, a TaKkKe paclo3HaHHE HEKOTOPBIX XapaKTEPHbIX 0OBEKTOB.

5) Meron moucka He JIOKaJbHOrO, a IN00aJbHOI0 MHMHUMYMa (YHKIMH OLIEHKU B
Oounb1I0M 00s1acTH

6) ITouck 3aaHHOrO y4yacTka MecTHOCTH B 6a3e gaHHbIX LIKJI oOmupHBIX TeppuTopHii,
KOI'ZIa MBI COBCEM HE 3HAEM HAILIe MECTOIIOJIOKEHUE

7) Hcnonp3oBaHME ONUCAaHHBIX METOAOB B pa3IMYHBIX MPAKTUYECKUX LEJX:
OpHEHTALMsI B KOMHATaX, Ha yJIMIaX rOpoja, B TeJIE YeJIOBEKa.

9. 3akioueHue

bbul mpezcraBiieH aaroput™M JUIsl ONpEAENICHUS IMOJIOKEHHUS M OPUEHTALMU KaMepbl U
OLIGHKU JIBWKCHMS, MCIIOJB3YIOIMNA XapakTepHble TOUYKM B u3o0paxenusx u LIKIJL
ucnione3ytoumii punprpa Kammana. LKJI cayxut riio0anbHBIM OpUEHTHPOM, M €€ JaHHBIC
UCIIOJIb30BAIMCH Il TOrO, YTOOBI MOJYYUTh aOCOTIOTHOE IMOJIOKEHUE U OPUEHTALUMIO KaMephbl.
UucneHHoe MOJIETUPOBAaHUE TOCTATOYHO TOYHO, YTOOBI MPEAOTBPATUTh HAKOIUIEHUE OLIMOKU U
IpeOTBPATh Apeild TpaeKTopuu.
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AHalu3 MorpenrHocTeld ObUT BBIMOJIHEH JUIsI HOBOTO QJITOPUTMA, KOTOPBIA HCIIOJIB3YET
KaK ONTHYECKUH TOTOK, IMOJTYYEHHBIH U3 JBYX MOCIEAOBATEeIbHBIX M300paxkenuid, Tak u L[KJI.
[Tonoxxenune, OpHWEHTAllMs H TIApaMETPhl OSTO-IABMKCHHS KaMepa MOTYT OBITh OIEHEHBI
MPEJIOKEHHBIM aTOPUTMOM. [J1aBHBIE HMCTOYHUKH OIIMOOK OBLT WIACHTHU(QHUIMPOBAHBI MpPHU
BBIYUCIICHUH ONTHYECKOr0 TOTOKA -  KauecTBO HMH(POpPMALUU O JaHAmadTe, CTPYKTypa
HaOMogaeMoro JaHamadTa U TpaeKTOpus KaMmephl. bplmo pazpaboTaH aHaau3 MOTPEITHOCTEH.
OOmupHBIe YHCIOBBIE MOJCTUPOBAHUS OBUIM  BBIMIOJHEHBI, YTOOBI HW3YYUTh BIIMSHUE
BBITIICYTIOMSHYThIX KO3(DPHUITHEHTOB.

[IpoBepeHHBIN COTIACHO Pa3yMHBIM U OOLIUM CIICHAPHSIM, aJrOPUTM Bel ce0si CHUIIBHO
Jla’ke KOrJa CTaJIKUBAETCS ¢ OTHOCUTEIBHO IIIYMHOM M CTUMYJIMPYIOIIEH OKpY>Karolel cpeaoi.
[Tocne ananu3a MpUXOJUM K 3aKJIIOYEHHIO, YTO MPEATIOKESHHBIH anroputM MoxkeT 3(h(HeKTUBHO
HCIIOJIb30BATHCS KaK YaCTh HABUTALIMOHHON CUCTEMbI aBTOHOMHBIX TPAHCIIOPTHBIX CPECTB.

Ha pesynprarax 4mMcioBOro MOJEIHMPOBAHMS A IpEajbHBIX IApaMeTpoB IoJjieTa U
KaMephl MbI TAK)KE€ MOKEM 3aKIIIOUUTh, CIIEAYIOIIee:

1) Camblii BaKHBIM MapamMeTp MOJAEIUPOBaHUN — yroia 3peHust kamepsl (FOV): nmns
Hebonpmoro FOV meron pacxonurcs. s FOV 60° pe3ysibTaThl 04eHb Xopomu. [Ipuunna nms
3TOro - T0, uto I HeGonbmoro FOV (12° wmn 6°) curyanus 61u3Ka K BBIPOKIACHHON : MBI
JOJIKHBI BBIOpATh HEOOJBIIOE CMEIICHHE MEXKIY KaMepaMu, HaOII04aeMblii y4acTOK OCHOBaHUS
ABJIIETCS CIIMLIIKOM HEOOJIBIINM M [TOYTHU IUIOCKHM.

2) Pa3pemienne kamephl - TaK)Ke OYEHb BAXXKHBIM MapaMeTp: JJIs JIYYIIero pa3pericHus y
HAaC €CThb HAMHOro OOJIbIIe JIyYIIMX pPe3yJbTaToOB, H3-32 HAMHOTO OOJbIIEH TOYHOCTH
0OHapyXeHUs1 0COOEHHOCTEH.

3) To4yHOCTH HOBOTO METOJA 3aBUCUT OT BBICOTHI mHojeTa. IlepBoHaYalbHO TOYHOCTH
YBEJIMYUBACTCS C YBEJIWYEHHEM BBICOTHI, IMOTOMY YTO MBI MOKEM HCIIOJIB30BAaTh OOJbIINE
JTAaHHbIE U MOXKEM BHJIETh OoJbIInii ywacToknaHamadra. Ho Ha Gonpmmx BBICOTAX TOYHOCTD
HAaYMHAET YMEHBIIAThCH M3-3a 3 dekTa mapamiakca.

buaarogapHocTb

Mbr O6b1 xoTenu mnoOmaromaputh Ponena Jlepuepa, Oxynma PuBmmaa u  Xekrtopa
Pormreitna 3a oueHb MOJIE3HBIE KOHCYIbTALUH.
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