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Abstract

An algorithm for pose and motion estimation using corresponding features in
images and a digital terrain map is proposed. Using a Digital Terrain (or Digital
Elevation) Map (DTM/DEM) as a global reference enables recovering the absolute
position and orientation of the camera. In order to do this, the DTM is used to
formulate a constraint between corresponding features in two consecutive frames.
The utilization of data is shown to improve the robustness and accuracy of the
inertial navigation algorithm. Extended Kalman filter was used to combine results
of inertial navigation algorithm and proposed vision-based navigation algorithm.
The feasibility of this algorithms is established through numerical simulations.



0.1 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 combining the DTM information directly with
the images information it is claimed that the algorithm is well-conditioned and gen-
erates accurate estimates for reasonable scenarios and error sources. In the present
work this claim is explored by performing an error analysis on the algorithm out-
lined 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.

0.2 Problem Definition and Notations.

The problem can be briefly described as follows: At any given time instance t, a
coordinates system C'(t) 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(¢) 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'(t) and W respectively, then "v = R(t)°v + p(t).

Consider now two sequential time instances ¢; and t9: the transformation from



C(t1) to C(ts) is given by the translation vector Ap(ti, ;) and the rotation matrix
AR(ty,ts), such that ““2v = AR (t1,t3) ““Wov + Ap (t1,t2). A rough estimate of the
camera’s pose at ¢t; and of the ego-motion between the two time instances - pg(t;)
JRe(t1), Apg(t1,ts) and ARg(t1,ts) - 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 wu;(ty) € R? represent its locations at the first and second
frame respectively.

Using the above notations, the objective of the proposed algorithm is to esti-
mate the true camera’s pose and ego-motion: p(ty), R(t1), Ap(t1,te) and AR(t1,ts),
using the optical-flow field {u;(tx)}, the DTM and the initial-guess: pg(t1), Rg(t1),
ApE(tl, tg) and ARE(tl, tg)

0.3 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 correspon-
dence 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 sup-
plies information about the structure of the observed terrain, depth of observed fea-
tures 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 "G € R? be a location of a ground
feature point in the 3D world. At two different time instances t; and t,, this feature
point is projected on the image-plane of the camera to the points u(t;) and u(ts).
Assuming a pinhole model for the camera, then u(t;),u(t;) € R?. Let “q(t;)and
“q(ty) 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 t1, the line passing through pg(t;) and “q(t1) 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 W G'g caused by DTM discretization
and intrinsic errors. For a reasonable initial-guess and D TM-related errors, the two
points WG 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, one can write:

NG —"Gg) =0 (1)



The true ground feature "G can be described using true pose parameters:
VG = R(t1) - “q(t1) - A + p(ta) (2)

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(X-R(t1) - “q(t1) + p(t1) — “Gg)=0 (3)

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

estimated feature location:

/\ _ NTWGE — NTp(tl)
NTR(tl)cq(tl)

(4)

By plugging (4) back into (2) one gets:

"G = RiCalt) - (S ) + ) 5)

In order to simplify notations, R(t;) will be replaced by R; and likewise for p(¢;) and
q(t;) i =1,2. AR(t1,t3) and Ap(ty,ty) will be replaced by Rys and pio 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, pio 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:

R1Q1NT RlQlNT

G ="t Gy —
NTR1Q1 g NTRlQ1p

1+ m (6)

In order to obtain simpler expressions, define the following projection operator:

Plu, s) = (1 “ST) (7)

sTy

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 Gg to (6), and after reordering:

T T
G:GE—i—[I—RIQIN} 1_[1 RigitN

—_ ——| G 8
NTRiqy b NTRlQ1:| F ( )
Using the projection operator, (8) becomes:

G =Gg+P(Riq, N) (p1 — Gg) 9)

The above expression has a clear geometric interpretation (see Fig.1). The vector
from 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 p;and
Rqdescribe the transformation from C4 into W, we will use the inverse transforma-
tion:

“@ = pia+ Ria (R] (G —p1)) (10)
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Figure 1: Geometrical description of expression (9) using the projection operator

(7)

Assigning (9) into (10) gives:
“2G = pra+ R L (Gg — p1) (11)
L in the above expression represents:

NT
r— 41

= 12
NTR1Q1 ( )

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 N.

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

T
G2} = 2 . (q_2 . C2G> (13)

2]\ |2l

In expression (13), ¢ /|gz| - ©G is the magnitude of “>G’s projection on go. By
reorganizing (13) and using the projection operator, we obtain:

qz - qT
|:I — T72:| . C2G == P(QQ, QQ) . C2G == 0 (14)
q3 - 42

“2(G is being projected on the orthogonal complement of ¢,. Since “2G and ¢, should
coincide, this projection should yield the zero-vector. Plugging (11) into (14) yields
our final constraint:

P(q2,q2) [P12 + R12L (Gg —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 P which projects R? 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
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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(q2, q2) [p12 + R12Li (Gg, — 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.

0.4 Vision-based navigation algorithm corrections for iner-
tial 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 Tool-
box 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: [dz 0y 6z 6V, 8V, 6V, d¢ 06 0¢ a, a, a, b, b, b,]. Coordinates
0x 0y 0z are defined by difference between real position of the camera and position
gotten from inertial navigation calculus.Variables 0V, 6V, 0V, are defined by difference
between real velocity of the camera and velocity gotten from inertial navigation
calculus. Variable §¢ §0 §¢) are defined as Euler angles of matrix D, * DT 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¢ 007 ARE NOT equivalent to difference
between real Euler angles and Euler angles gotten from inertial navigation calculus.
For small values of d¢ 66 1) 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,,0Ym0 2100, 00,,01¢,,] Coordinates
0% 0Ym 0z, are difference between camera position measured by vision-based naviga-
tion algorithm and position gotten from inertial navigation calculus.Variable 66,,,6,,



are defined as Euler angles of matrix D,, x 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 between values gotten by inertial navigation computation
and real values are linearly depend on noise. Corespondent process noise covariance
matrix is denoted by Jr. 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 t,_1: dt =ty —tx_1. Diagonal elements of (J; correspondent to Euler
angles are defined by Gyro noise and proportional to dt: Q4 ~ dt.

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

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

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

Ay is Jacobian matrix describing evolution of vector Xj. The exact expression
for this matrix is very difficult so we use approximate formula for A, neglecting
by Coriolis effects, Earth rotation and so on. Let ¢ 6 ¢ 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 A;, are follow:

cos(v) sin(¢)) 0
Upen = | —sin(y) cos(yp) 0 (17)
0 0 1
cos(f) 0 —sin(0)
Opev=| 0 1 0 (18)
sin(f) 0  cos(6)
1 0 0
Opoyy = 0 cos(¢p) sin(o) (19)
0 —sin(¢) cos(¢)
DCMy_ 6.1 = PpomOpemV¥pom (20)
av
foee = DCMy 51— (21)

1
Phi(1:3,4:6)= [ 0
0

O = O
_ o O
—~
[N}
(N}
N—



0 _fvec(g) fvec(2)

Phi(4:6,7:9) = | fuee(3) 0 —fuee(1) (23)
—fuee(2)  foee(1) 0
Phi(7:9,10:12) = =DCMy, ] (24)
Phi(4:6,13:15) = =DCMy ] (25)
The rest of elements for matrix Phi are equal to zero.
Ay =1+ Phidt (26)

Kalman filter time update equations are follow:

X, =[000000000 agg—1 ay;,_y Gzp—1 beg—1 by bag—1] (27)

P, = AP 1 AT + Qi (28)

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

Ky = P, HI (Hy Py HY + Ry,) ™ (29)
Xy =X, + Ki(Zr, — HpX},) (30)
Py = (I — K Hy) Py (I — KpHy)" + Ky Ry K (31)

Kalman filter measurement update equations correct the state and covariance
estimates with measurement 7.

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 Fig. 2 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 Fig. 3.

0.5 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.
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Annoramusa

[Ipeozken aaropuTm Jjis HAXOXKIEHUsT TO3UIINN, OPUEHTAINN U OIEHKY JTBUKE-
HUsl, UCTIOJIL3YIONIUI COOTBETCTBYIOIINE TOYKH B N300PAKEHUIX U IIUMDPOBYIO KAPTY
naaamadra. Ucnonpzosanme Hudposoit Kaprer Jlanmgmadra (IIKJI) kak rrobasib-
HO#l CIIpaBOYHON MHQOPMAIIUU TTO3BOJISIET BOCCTAHOBJIEHNE aOCOTIOTHON TO3UITMU U
opueHTAIu Kamepbl. UTobb! cienath 310, [HKJI ncnombsiyercs, 4Todbbr cchopmyim-
pPOBATDH JOMOJHUTETbHBIE OIPAHTYCHUS MEZKJTY COOTBETCTBYIONUMH TOYKAMHU B JIBYX
[IOC/IeI0BATEIbHBIX KaIpax. Vcrob30Banue 3TuX JAHHBIX TO3BOJIAET YIyUITUTh Ha-
JIEZKHOCTH M TOYHOCTb MHEPIMAJILHOTO HABUTAIIMOHHOTO aJITOPUTMa. Pacimmpennbrit
dunbrp Kaamana ncnoab3oBacs, 9To0bl O0beIMHUTD PE3YIbTaThl MHEPITHAIHLHOTO
HABUTAIIMOHHOIO AJITOPUTMa W HABUTAIIMOHHOI'O aJIOPUTMa, OCHOBAHHOTO Ha KOM-
LIOTEPHOM 3PEHUU. BBIMOJTHUMOCTE 3TOTO aJrOpPUTMa IIPOJEMOHCTPUPOBAHA ITyTEM
YUCJIEHHOT'O MOJIEJINPOBAHUS.



0.1 Bgejenune.

OcHoBaHHbIE Ha CHCTEME TEXHUYECKOT'O 3PEHHs aJTOPUTMbI ObLIN TJIABHOW HCC/Ie-
JIOBATEJILCKON TTPOOJIEMOil B TeUeHne MPOILIBbIX JAecaTuneTnii. JIpa equHbIX MOIX0-
Jla, JI7Isi HABUTAITMOHHON MPOOJIEMbBI CYIIECTBYIOT: HA3eMHBIE OPUEHTUPHI U UHTEIPa-
1isi COOCTBEHHOTO JIBMKEHHSA. B 1M0X0/1e, OCHOBAHHOM Ha HA3EMHBIX OPUEHTHUPAX,
HECKOJIBKO XapaKTEPHBIX 00bEKTOB HAXOAATCA Ha IIJIOCKOCTH M300paskKeHus U CBePs-
I0TCs 110 UX U3BECTHOMY TPEXMEPHOMY MECTOIOJIOXKEHUIO. VICIo/b3ys 2-ble U Tpex-
MEepHBIE JIaHHbIE, MOT'YT OBITH IIOJIYIEHBI TIOJIOXKEHIE U OprueHTalns Kamepbl. Hemmo-
ro IPUMEPOB It TAKUX aaroputmos - [2], [3]. Kaxk Torbko maseMible OpHEHTHDEI
ObLTM HallJIEHbI, HAXOXKJICHWE ITOJIOKEHUSI U OPUEHTAINA KaMepPhbl IIPOCTO M MOYKET
OBITh JOCTUTHYTO BechbMa TOYHO. OCHOBHAs TPYIHOCTH - OOHAPYKEHNE HA3EMHBIX
OPUEHTHUPOB U HaXOXKJCHUE UX MPABUJIBLHOIO COOTBETCTBUSA K OOBLEKTAM U3 M3BECT-
HOTr'O Habopa.

B merose nnrerparnun cobCTBEHHOTO JIBUZKEHUSI, JIBUKEHUE KAMEPHI OTHOCHTE b=
HO ce0s caMoil orieHuBaeTcd. /IBrUKeHne 3ro MOXKeT ObITh MOJYYeHO U3 TOJIs OITH-
YeCKOro MOTOKa, WJIM U3 MPUOOPOB, TAKUX KAaK aKCe/JIepOMETPhI U TMPOCKOIbL. Kak
TOJILKO COOCTBEHHOE JIBUKEHHE OBLIO TOJIYYE€HO, MOKHO UHTETPUPOBATH TO JIBUKE-
HU€e U HATH 1yTh KaMepbl. Ol n3 KoddMUIMEeHTOB, KOTOPBIE JIEJIal0T 3TOT TOIXO/T
IPUBJIEKATEIBHBIM, - TO, YTO HUKAKUX HA3EMHBIX OPUEHTHPOB HE HYKHO HAXOJIUTD,
B OTJIMYHE OT IIPEIBIIYINEro 10/1xo/1a. Hecko/IbKo aJaropuTMoB OIEHKH COOCTBEHHOTO
JIBHKEHUsT MOTYT ObITH Haiijenst B [4], [5], [6], [7].

HemocraTok Merojia mHTErpalin COOCTBEHHOTO JIBUYKEHUS ITPOUCXOUT U3 TOrO
00CTOATE/IHCTBA, YTO MaJeHbKHE OIMMOKKM CYMMHUPYIOTCA BO BPeMsi ITPOIECCa MHTe-
rparuu. Cjre/loBaTe/IbHO, OMINOKA MPE/II0/IaraeMoro MoJI0KEeHUs U OPUEHTAIUN Ka-
Mepbl HAKAIIMBACTCA U NPOUCXOJIUT yMEHbIIIEHHE TOYHOCTH OIEHKH IT03BbI C Tede-
HueM BpeMeHH. Ecymm Takoil 10J1Xoj1 UCIOIb3yeTcsd, OBbLIO Obl KeJIaTeJbHO yMEHb-
MIUTH HAKOILJIEHNE OIMUOKU, AKTUBU3UPYSH, BPEMS OT BPEMEHU, JIOTOJHUTETLHBII
AJITOPUTM, KOTODBI OIEHWBAET 103y HerocpencTBeHHo. B [8] mpesaraercs Takast
HaBUTallMOHHas cucremMa. B 3Toit paboTe, Tak»ke KakK 1 B HACTOsIIEH paboTe, HAKOII-
JieHue omubKu ucnpasisgercs, ucnonb3ys ndposyro Kapry Jlanmmadra (ITKJT).
HKJI - muckpernoe npejicraBierue Tonorpacdun vabd/iogaemoit mecraoctu. OHO co-
JIEP’KUAT BBICOTY HaJI YPOBHEM MOpd JaH madTa JIjisd KaxKJI0ro reorpaduieckoro
MecTornoJIoKeHus. B [8] Kycok MecTHOCTH GBI BOCCTAHOBJIEH, UCHOIB3Ys 'CTPYKTY-
py u3 apuxkenns (CUJ) amropurm, u cormacosan ¢ LIKJI, aTo6er moxyanTs o3y
kamephbl. Vcrnoab3oBanue ajropurma CU, KoTopblil He HCIIOIB3yeT MHMOOPMAIHIO,
nosrydernyto n3 [{KJI, a ckopee ocHOBBIBaeT CBOIO OIIEHKY Ha OJHOM TOJIBKO II0JIe
ONITUYECKOTO TIOTOKA, MOYXKET ObITh IOJIBEPXKEHO TOMY YK€ KPUTHUIECCKOMY AHAJU3Y,
gro u cam asjropurm CUJT [1].

AstropurMm, mpeicTaBIeHHBI B 9TO paboTre, He TpedyeT MPOMEXKYTOTHON ABHOM
PEKOHCTPYKINU TpexmepHoro Mupa. Komouuupys nadopmaruio n3 [IKM nernocpei-
CTBEHHO ¢ mH(poOpMaImeil n3 n300parkeHuil, aJropuT™M XOPOIIo OOYCJIOBJIEH U TeHe-
pUpYeT TOYHBIE OIEHKU JIIsI PA3yMHBIX CIIEHAPUEB U Pa3yMHBIX OMnOOK. B j1anHoit
paboTe 3T0 TpebOBaHUE UCCIIETyeTCs, BBIOJIHAS aHAJI3 OIMNOOK Ha aJrOPUTMa, BbI-
JieJIeHHOM BbIte. Ompesesiss COOTBETCTBYIONINE XapaKTEPUCTUKNA STHX UCTOYHUKOB
OImMOOK, TOJTydaeM BbIpazKeHUe I HEOIPeIeJeHHOCTU T03bI U JIBUKEHUS KaMe-
pPbl U 3aTeM HU3y4YaeM BJIUSHUE PA3JIUIHBIX KOI(DMUIIMEHTOB, UCIOJIb3Ys OOIMMPHOEe
YUCJIOBOE MOJIEJTUPOBAHUE.



0.2 Omupejiesienne u onucaHue podJIeMbI.

[Ipobaema MoxkeT OBITH KpaTKO OIKCaHa CJaeIyIonuM obpasom: B joboit MomeHT
BpeMent ¢, cucrema kKoopaunar C(t) ycTraHOB/IeHA HA KaMepy TAKUM CIIOCOOOM, UTOo
Z-0Cb COBIIAJAET C ONTUYECKON OCBbIO, M HAYAJIO KOOPAMHAT COBIIAJACT C IEHTPOM
IPOCKTUPOBAHUA KaMepbl. B 3TOT MOMEHT BpeMeHH KaMepa PacIlOoIOXKeHa B HEKO-
TOPOM reorpaduvaeckoM MecTonojoKeHuu p(t) u umeer jaHHyio opueHtanuio R(t)
OTHOCUTEJILHO TI06aIbHON KoopauHaTHOH cucreMbl W (p(t) - TpexMepHbIii BEKTOD,
R(t) - opronopmasibHag MaTpuria Bpaienus). p(t) u R(t) onpemnensiior nmpeobpazo-
BaHWe M3 KOOpAMHATHON cucreMbl KaMepbl C(t) B T00aIbHYI0 KOODJANHATHYIO CH-
cremy W, rne, ecim “v u “v sBasiores Bekropamu B C(t) u W coorBeTcTBEHHO, TO
Yo = R(t)%v + p(t).

PaccmorpuM renephb jBa oc/Ie0BaTeIbHBIX MOMEHTA BpEeMeHn {1 U to: Ipeodpa-
soanne u3 C(t;) B C(ty) mano Bekropom ciasura Ap(ty,te) n MaTpuiei BpareHus
AR(ty,t2) Takum obpazom, aro ““2u = AR (t1,ts) ““Wou + Ap (t1,t). s rpyboit
OICHKH TI03bI KAMEPHI B {| ¥ COOCTBEHHOE JBUKCHUE KAMEPhl MEXKJLy JIBYMS MOMEH-
tamu BpeMeHH - pp(ty), Re(t1), Ape(t,ts) u ARg(t1,te) ucnonssyores. (Cumpo
"E" 17151 HIZKHEro MHJEKca 0003HAYAeT, 9To ITO oleHouHas (estimated) BesmvmHa. )

Takke uCOJIB3yeTCsl MoJie onrudeckoro moroka: {u;(ty)} (=1 ... n, k=1,2).
s i'th xapakrepnas Touka mectnocty, u;(t;) € R? um u;(ty) € R? npencrapig-
10T €€ MECTOIOJIOKEHHE Ha IIePBOM U BTOPOM KaJIpe COOTBETCTBEHHO.

Mcmonb3ys BLIIEYIOMAHYTBIC 0O03HAYEHHUS, Ie/Ib MPEIJI0KEHHOTO aJarOPUTMa
COCTOUT B TOM, 9YTOOLI OINEHUTHL MCTHHHON O3y KaMephl M e¢ COOCTBEHHOE JIBU-
xkenue: p(ty), R(t1), Ap(ty,ta) u AR(t1,ty) uCnoabp3ys moje ONTHYECKOrO IIOTOKA
{u;(t) }, UKJI u npubnusuresnbubie Hadabuble yeaoBust: pg(ty), Re(ty), App(ti, ta)
n ARE(tl, tg)

0.3 HaBuralmoHHBII aJrOpuTM.

Chenytomuit pasjies ONUCHIBACT HABUTAITMOHHBIN aJIfOPUTM, KOTOPBIN OIEHUBAET
BBINIEYIOMSIHYyThIe TTapaMeTpbl. 11o3a n nBuzKeHne 5ro KaMepbl MOJIyYeHbI, UCIIOJIb-
3yg HHKJI n mojte onTtuvdeckoro moToka Jijid JBYX ITOC/IEI0BATENBHBIX KaJpoB. B
OTJINYHE OT METOJIa HA3eMHBLIX OPHEHTHPOB HUKAKHME XapaKTePHbIe OPUEHTUPHLI He
JIOJIZKHBI ObITh OOHapy?KEeHBI W PacIo3HaHbl. TOJBKO COOTBETCTBUE MEXKJIY JIBYMs
[IOCJIeI0BATEIbHBIMU N300parKeHUIMU JOJIZKHO ObITh HallJIeHO, YTOOBI TIOJIYIUTD I10-
JIe ONTUYECKOro moTokKa. Kak ObLIO yHOMSHYTO B IPEIbLIYIIEM pasjelie, rpyoas
OIleHKa MCKOMBIX IIapaMeTPOB HCIIOJIb3yeTCs KakK Ieppoe mpudmkenne. OIHAKO,
TaK KakK aJl'OPUTM TOJIBKO MCIIOJIb3YIOT 3TO KaK HadaIbHOE ITPUOJINKEHNE U IIOBTOP-
HO BBIYHCJISIET TI03Y U JIBUKEHIE HEIIOCPEJICTBEHHO, HUKAKOE CJI0YKEHUE TTPEJIbIIYIIIIX
omuOOK He OYJIET UMETh MECTO, U TOYHOCTL OYyJIeT COXPaHITHCH.

Hogwrrit mojixo/1 ocHOBaH Ha ciiemytorieM Habmogennu. Tak kak [HKJI mpegoctas-
JigeT mHMOPMaIUID O CTPYKType HabJrojaeMoro JjaHjmadra, riayouHy HabJIroga-
eMBIX XapaKTEePHBIX TOYEK MECTHOCTH OIpeessieT mo3a Kamepbl. CiemoBaTesbHo,
YUUTBIBasI 1103y U JIBUXKEHHE KaMephl, I10JIe OITHIECKOTO TIOTOKA MOXKET ObITh OJTHO-
3Ha9YHO ompe/iesieHo. [lenbio anropurMa siBIsieTcs HAXOXKJIEHHUE 1103bl U JIBUKEHU,
KOTOpbIE MPUBOJAT K IOJIIO ONTHUYIECKOIO IOTOKa Hambosee OJM3KOMY, HACKOJIBKO
9TO BO3MOXKHO, K HaWJICHHOMY BBIIIIE ITOJII0 OIITUYECKOTO IOTOKA.

EuHuYHbI BEKTOD U3 MOJIsI OITUYECKOTO ITOTOKA OY/IET MCIIOIb30BAThCS, ITOOBI
OIIpeJIe/INTH OrpaHiYeHsd Ha 03y KaMepbl 1 eé jpuzkenue. Ilyers WG € R3 apnser-
CsI MECTOIIOJIOXKEHMEM XapaKTePHON TOYKU MECTHOCTU B TPEXMEPHOM IIPOCTPAHCTBE.
B naBa pazimanble MOMeHTa BpeMeHH t U to, 3Ta XapakTepHas TOYKH MECTHOCTH



[POEKTUPYETCsT HA MIJIOCKOCTH M300pazKeHusi KaMepbl B ToUKN u(t1) u u(ty). Vcmonnb-
3ys MOJIe/Ib JILIPOYHOl KaMmepsbl, noay4daem u(ty), u(ty) € R?. Tlozsosibre “q(t;) and
“q(ty) 6BITH TOMOTEHHBIMHU TIPEJICTABICHUSAME STHX MECTOIOJIOKeHwiA. TakKe MOXK-
HO OIHUCATh TU BEKTOPA KAK BEKTOPA U3 OINTHUYECKOTO IEHTPOB KaMep K TOUKAM
IIPOEKTUPOBAHNS Ha IJIOCKOCTH U300pazkenuii. Vcrioibp3ys HadaabHYIO OIEHKY O35l
KaMephbl B {1, JIMHUsI, TIPOXOJdias depe3 pg(t;) u “q(t1), MOKeT ObITH TepeceveHa ¢
HKJI. JTroboit aJiropuT™M TpacCUPOBKHU JIydeil MOZKET UCIIOJIb30BaThCA JIJIs 9TOM TesH.
Mecromosioxkenne Toro nepecederunst obozuadero kak V' Gg. CumBon " E'"Huknero
HHJIEKCA TTPOSICHSIET TOT (aKT, ITO 3Ta TOUYKA MECTHOCTHU - IPEJIITOJIaraeMoe MeCTO-
[IOJIOYKEHUE JIJId XapaKTepPHOW TOYKHU, KOTOPBIH BOOOINE Oy/leT OTJINYaThCsd OT HC-
THHHOTO MECTOIIOJIOXKEeHUS XapakTepHoit Toukn V' (. Paznuane MexK 1y UCTHHHBIM U
OTICHEHHBIM MECTOIIOIOXKEHNEM ITPOUCXOIUT U3 JIBYX OCHOBHBIX UCTOYHUKOB: OIIOKA
B HAYAJILHOM IIPEJIITOI0XKEHUN IS IT03bI U omnOKa B onipejiesiennn ¥ G g, BI3BAHHOM
quckperusarueii [IKJI u ocHoBHBIMU mTOrperrHocTsAME. {1 pa3yMHBIX OIMINOOK Ha-
qasabHOoro nosioxkeans u LIKJI - cBasanubix ommbok, ase Touku ¥ Gg u V' G 101KHbBI
OBITH JIOCTATOYHO OJIM3KUM, ITOOBI 1M03BOINTE JmHeapu3aluio [IKJI Bokpyr VGg.
Ob6osnagass N HOpMaJIb ILIOCKOCTH, KacareabHoit K DTM B Touke " G, MOXKHO Ha-
[IACATD:

NG —"Gg) =0 (1)

Ucruanas xapakTepHas ToUka MecTHOCTH ¥ (G MOXKeT ObITh OMHUCAHA, UCIIOIb3Y s
ACTUHHBIC ITapaMeTPhI MO3bI:

G =R(t1) “q(t1) - N + p(t1) (2)

B1ech, A obo3Hadaer rIyOrHYy XapaKTepHO TOUKU (TO eCTh PACCTOSHIE OT TOYKU
JI0 TIJIOCKOCTH M300pazkeHusl, CIIPOEKTUPOBAHHOE Ha ONTHYECKYIO 0Ch). [lojacraBisst

(2) B (1):
NT(X-R(t1) - “q(t1) + p(t1) — “Gg)=0 (3)

N3 sToro BhIpakeHus T/IyOMHA UCTHHHONW XapaKTEePHON TOYKU MOXKET OBITH pac-
CUMTaHa, UCIOJIb3ys OIEHOYHOE T0JIO?KEHNE XapaKTePHON TOYKU:

/\ _ NTWGE — NTp(tl)
NTR(tl)cq(tl)

[Toxcranoskoit (4) obparho B (2) mosrydaeM:

(4)

NTWGE — NTp(tl)
NTR(tl)cq(tl)

Hro6b! yrpocTuth obo3uadenusi, R(t;) 6yaer 3amenen R; u aHajsormaHo jist p(t;)
uq(t;) i =1,2. AR(t1,t3) mw Ap(tq,t2) 6yayT 3aMeHeHbl HA Ris U P12 COOTBETCTBEH-
HO. BepxHuil MHIEKC, OMUCHIBAIONINIT CUCTEMY KOOPJMWHAT, B KOTOPOI JaH BEKTOD,
OyJeT Tak»Ke OIIYIIEH, 38 UCKJIIOUEHHEeM CJIydaeB, rje TpedyeTcs ocoboe BHUMAHUE
K OIMCBIBAEMBIM cucTeMaM KoopauHaT. OOBIYHO, pig U 'S HAXOIUTCS B CUCTEME KO-
OpAMHAT KaMephbl, B TO BpeMs KaK OCTaJbHasl JacThb BEKTOPOB JaHa B II00AIBLHOI
cucreme KoopjuHar. Vcnosb3yst yupoiieHHble 0003HadeHus, (5) MoKeT ObITb Tepe-
MACAHO KaK:

VG = R(t1)%(t1) - + p(t1) (5)

R1Q1NT
NTRlQl

RlQlNT

P1+ M (6)
191

¢ NTRq

Gp



(P(Ri‘?hN)(PT'GE)

Puc. 1: Teomerpuyeckoe omnucanue Bbipazkerus (9) UCIoIb3ysl IPOEKTUPYOMIUiT ore-
patop (7)

Jtst TOro, YTOOBI MOIYYIUTh OOJIee IIPOCTOE BbIPAXKEHUE OIPEICINM CJIe YOIt
HPOEKTUPYIOIUN OlepaTop:

T
us
P(u,s) = (I - — 7
(s = (145, )
DTOT omepaTop MPOEKTUPYET BEKTOP Ha HOPMAJIb IOJIIPOCTPAHCTBA K S, BIIOJb

Halpas/IeHus u. Kak mLIocTpanys, 3To IPOCTo IPOBepUTh, 4To s - P(u, s)v = 0 u
P(u, s)u = 0. lobasisis u Borautasg G K (6), oc/ie mepeynopsiodeHust:

RlQlNT _ 1= R1Q1NT
NTleh ! NTRlQl

Ucnonb3yst poekTupyomuii orneparop, (8) craHOBHTC:

G:GE+lI— }GE (8)

G =Gg+P(Riqi,N) (p1 — Gg) (9)

Y BBINIEONUCAHHOIO BBIPAYKEHUsI €CTh SICHAsl T€OMeTPUYECKasl MHTEPIIPETAIINs
(cm. Puc.1). Bekrop u3 Gg K p; MPOEKTHPYETCs Ha KACATEJIBHYIO MJIOCKOCTh. [1po-
eKTUPOBAHNE UJIET BJOJIb HAIIpaBJIeHUs R, KOTOPOE ABJISIeTCsS HAllpaBJICHHEM JIyYa
U3 ONTUYECKOrO IEHTPa KaMepbl (p1), IPOXOJIAIIETO Yepe3 COOTBETCTBYOILY IO TOUKY
N300parKeHHsI.

Harn cireytommuii mar oyaer nepenoc G- u3 17100abHON CHCTEMBI KOOPIUHAT -
W B cucremy KoopJuHaT mepBoii Kamepbl C U 3aTeM K CHUCTEeMe KOOPJIUHAT BTOPOit
kamepbl Cy. Tak Kax p; and Ry onuceiBaior rpeobpazoanue u3 C7; 8 W, Mbr Oyaem
HCIIOJIL30BaTh oOpaTHOe IIpeodpa3oBaHue:

“G = p12 + Ry (Rrip (G—pl)) (10)
[Toncranoska (9) B (10) maer:

“2G =p12 + R L (Gg — ;) (11)
L B HAIIICAHHOM BBIITIE BBIPAsKEHUN IIPEJICTABIIACT:
aN r (1 2)
NTRq

MoykHO mHTEpHpUTHPOBaTh L KaK Oomeparop oOpaTHBIH K P: OH MPOEKTHUPYET
BEKTOPBI Ha JIy, IIPOJIOJIXKAIONINI [21¢; BI0Jb ILJIOCKOCTH, OPTOTOHAJILHOI K V.



(2 - TPOEKIINsI MCTHUHHON xXapakTepHoil Touku MectHocTu G. Takum obpazom,
BEKTOPBI @ 1 “2(G JOJIKHBI COBIACTH. DTO HADJIIOIEHNE MOXKET ObITh BBIPAYKEHO
MaTeMATHIECKH, TPOEKTUpys “2(G Ha MPOJIOIKEHNE JIyda (o:

C2(7 = A (i . CzG) (13)
g2\ |g2]

B soipaxenun (13), ¢f / |ga| - 2G aBnsiercst BesmumHoit “2G’S MpeKnuM Ha ga.
[Tpeo6pasyst (13) u uCHob3yst TPOEKTUPYIONIHUI OMEPATOP, MbI [OJTY IaEM:

-2 %) ag  pe) GG = 0 (14)
qg s - q2, 42 —
“ G gBagerca UpoeKnuell Ha OPTOrOHAJILHYIO KOMIIOHEHT ¢p. Tak Kak “2G u ¢o
JIOJIZKHBI COBIIAJIATh,3TO IIPOEKTUPOBAHNE J0JXKHO JIaBaTh Hy/1eBoil BekTop. Ilogcra-
HoBKa (11) B (14) mpuBOAMT K HAIIEMY OKOHYATEIHLHOMY OIDAHIMYEHUIO:

P(q2,q2) [P12 + Ri2L (Gg —p1)] =0 (15)

DTO OrpaHUYEHUE BKJIIOYAET MO3UINI0, OPUEHTAINIO W COOCTBHHOE JIBUKEHUE,
orpejieigeMoe Ha OCHOBE JIBYX KaJIPOB KaMepbl. XOTd OHO BKJIIOYAIOT TPEXMEPHBIE
BEKTOPA, FICHO, UTO €r0 PAHT He MOXKET IPEBBICUTD JBOWKY M3-3a UCIOJIb30BaHus P,
KOTOPBIiT TpoeKkTupyeT R? Ha 1ByMepHOe TOIIIPOCTPAHCTBO.

Takoe orpanudenre MOKeT OBITH YCTAHOBJIEHO JIJIsi KarKJIOI'O BEKTOpa B IOJIE
ONITUYECKOTO TIOTOKA, IOKa He OYIeT MoJydeHa HEeCUHTY/IdpHas cucremMa. Tak Kak
JBEHAJIIATH apaMeTPOB JOJIZKHbBI ObITh OIEHEHbI (IeCTh JIJIg T03bl U MIeCTh JIisl
COOCTBEHHOTO JIBUYKEHU ), 110 KpaiiHell Mepe, [eCTh BEKTOPOB OINTHYECKOrO MOTOKA
TpeOyIoTCs JIIsd pelteHns cucteMbl. Ho 9To - npaBuibHOE 3aK/II0UeHHE /TSI HEeJTUHEH-
Hoit tipobsiembl. Ecin mMbl ucnosibdyem Metoj ureparuii ['aycca-Hpiorona, To jena-
eM JIMHeapu3aIuio Hareil mpob/ieMbl OKOJIO TPUOINKEeHHOTO perenus. Hailinennas
MaTpuria GyJeT Beerja CHHTYJISAPHON I IMeCTH TOYeK (C HYJIeBBIM JleTepMUHAH-
TOM), KaK 4YUCJIEHHOe MOJIe/IMpOBaHue JeMoHCTpupyer. Takum o6pa3oM, HeoOXO0Iu-
MO HCIOJIL30BATD, 110 KpaitHeil Mepe, ceMb TOYeK, YTOObI MOJYIUTh HECUHTY/ISIPHOE
JmHeitHOe npubmmKenne. OOBITHO, YeM OOJIbIIe BEKTOPOB OyIeT HCIOJIb30BATHCS,
YTOOBI OIPEIEUTH IEPEOIPEIE/IEHHYI0 CUCTEMY, TeM 0oJjiee YCTOWYHMBO peIleHue.
Buumanue 10/12KHO ObITH IPUBJIEUYEHO K (aKTy, 9TO OBLIO IOJYYEHO HeJMHeiHOe
orpannyenue. Takum obOpa3oM, UTepalrmoHHasd cxXeMa, OyJIeT UCIOIb30BAThCs, UTO-
ObI PEIUTD 3Ty CHUCTEMY. YCTOWHYMBBIN aJI'OPUTM, KOTOPBIN UCIOJIB3yeT UTepaIun
laycca-Hprorona u M-orennuk onucan B [9]. Mbl HadHIaeM HCIOIB30BATH METOJ
Levenberg-Marquardt, eciu metoj [aycca-HbioTona 1ociie HECKOTBKUX HTEpAIUit
[PEKPATUII CXOJIUThCsI. DTU JIBA ajllOPUTMa peajn3oBanbl B GyHkiuu lsqnonlin)
nakera Matlab. [IpumeHnMOCTH, TOYHOCTH U HAJIE?KHOCTH AJITOPUTMa ObLIN ITPOBE-
pPEeHbI Yepe3 YUCJIeHHOE MOJIUPOBAHUE U JTaDOPATOPHbIE SKCIIEPUMEHTHI.

BoJtee ynobHo ucrnosb3oBaTh 06oJiee yCTORYUNBOE I UTEPAIUil pelleHne, SKBH-
BaJIeHTHOE ypasHenuio (15):

P(q2, q2) [p12 + R12Li (Gg, — p1)] /|*G| =0 (16)

Ucrionb3oBanne 3Toi HOpMaJIM30BaHHON (hOPMBI ypaBHEHUN ITPEI0TBPAIIAeT 10-
Jy4eHUEe HEBEPHOI'O TPUBUAJBHOIO PEIICHUd, KOTAa JABE IO3UIUNA HAXOJAATCA B €11-
HOIl TOYKe Ha MECTHOCTH.



0.4  HaBuranmoHHbIil aJropuT™M, OCHOBAHHBIN Ha, KOMIIbIO-
TEPHOM 3DEHUU, JIJIsI KOPPEKIUN MHEPIUAJIbHON HaBU-
raiun ¢ momoinibio gpuabTpa Kanmana.

OcHoBaHHBIE Ha KOMIIBIOTEPHOM 3PEHUN HABUTAIIMOHHBIE AJITOPUTMbI OBLIH TJIAB-
HOI UCCJIeI0BATEIbCKON P00/ IEMOl B T€UEHHE MPOIILIBbIX JecaTuieTuii. Aaropurm,
UCIIOJTb3YEMbIil B 9TOI CTaThbe, OCHOBAH Ha T€OMETPUU MHOTUX M300ParKeHuil U Kap-
Te MecTHOCTU. C MOMOIIBIO 9TOr0 METOJ/a MbI MMOJyYaeM O3UIUI0 U OPUEHTAITIIO
nabJioaronieit Kamepbl. C APYyToit CTOPOHBI MBI MIOJIy9aeM Te Ke caMble JaHHbIe U3
NHEPIHUAIbHBIX HABUTAIIMOHHBIX METOI0B. ITOOBI CKOPPEKTUPOBATDH ITHU JIBa, PE3YJ/Ib-
TaTa, ucnoyab3yercd euiabTp Kanvana. Mbl ncriosib3yeM B 9TOi cTaThe PacIIupeH-
ublit uibTp Kanmvana s HemHeRHbIX ypaBHeHuii [12].

JIist MHEePIUAIBLHBIX HABUTAIIMOHHBIX BBIYUC/ICHUN HCIOJIb30Bajca VHepiuaib-
ubiit Hapuranmonnstit Cucremusriit [laker s Matlab [13].

Bxon duibrpa Kaamana cocrout us naByx dacreii. [leporiit - nepemennbie X jijis
ypaBHeHUIt ABUKeHud. B HaleM cirydae 9To - HHepIuaIbHble HABUTAIMOHHBIE YPaB-
nenus. Bekrop X cocront u3 maTHa AT KOMIOHEHTOB: [020yd20V,0V, 0V, 000001 a,a,a,b,b,b.].
KoopmuaaTs! dxdydz onpeneneHbl Kak pasHUIA MEXKIY PeaJbHON MO3UIINel KaMephbl
U TIO3UIINEH, TOJTYIEeHHbIN U3 WHEPIUAJIbHOIO HABUTAIIMOHHOTO BblunceHus. [lepe-
MenHble 0V, 0V, 0V, onpeiesiensl KaK pa3HuIa MKy PeasbHOI CKOPOCTHIO KaMephI
U CKOPOCTBIO, MOJIYIE€HHOW W3 WHEPINAILHOTO HABUTAIMOHHOTO BbIYuC/aeHUs. [le-
pemennas 0¢ 66 §1) onpesenena Kak yriabl Jitepa Mmarpunpt D, * DT, 3necs D,
MaTpHUIA OIpejie/ieHa PeaJbHBIMI yIlaMu Difjepa KaMepbl OTHOCUTEIBHO JIOKA b
Hoit cucrembl KoopgmHaT (L-frame). C npyroit croponsl D, mMaTpuiia onpejeieHa
yriamu Diijiepa KaMepbl OTHOCUTEIBHO JIOKAJIbHON cucreMbl KoopauHatr (L-frame),
MOJIYI€HHBIMU U3 UHEPIUAJILHOIO HABUTAIIMOHHOTO BhrauceHus. Heobxomnmo obpa-
TUTH BHUMaHKE, 9YTO HaliIeHHbIe yIJIbl Jdityiepa ¢ 00 6 HE skBuBasieHTHBI pasHuie
MEXK/JIy peaIbHbIMK yIJIaMK Jiljiepa n yriaamu Jitjaepa, MOJyIeHHBIMUA U3 WHEPIIH-
aJIbHOI'O HABUTAIMOHHOTO BhruncyeHus. OgHaKoO 1 MaJeHbKUX 3HadeHuil d¢ 60 1)
MIOTIIPBKY K 9TUM yIJIaM MOTYT ObIThH J00aBJIEHbI IUHEHHO U TAKIM 00PA30M STH YIJIbI
MOI'YT HCIIOJIb30BaThcd B (puibTpe Kaamana B ciydae MajeHbKUX omuOoK. Takoit
BBIOOD YIJIOB CJEJIAH, IMOCKOJIBKY (DOPMYJIbI, OIMMMCHIBAIOIINE UX IBOJIIOINIO, HAMHOT'O
6oJ1ee pOCThI, YeM (DOPMYJIbI, ONUCHIBAIONIAE SBOJIONUIO PA3HUIBI MEXKLY YIJIAMHI
Ditnepa. Ilepemennsie a, a, a, oupejeaeHbl BEKTOPOM CMEIIEHNAs YCKOPEHUA B HHep-
IIMaJIbHBIX HABUTAIIMOHHBIX n3Mepenusax. [lepemennsie b, b, b, onpenesrens BeKTopoM
TUPOCKOIIUYIECKOTO CMEIIEHNsT B NHEPIUAIbHBIX HABUTAITMOHHBIX U3MEDEHUSIX.

Bropoit Bxos puibrpa Kammana - Z-pe3yabraT n3Mepennii, OCHOBAHHBIX HA Ha-
BUTAIIMOHHBIX aJTOPUTMAaX KOMIIBIOTEPHOIO 3peHus. BekTop Z cocTouT w3 Immectu
KOMIIOHEHTOB [0Zy, OYpm 02 0P 00y, 010y, ). Koopmuuatsl 02, 0y, 02, ABISIOTCS
pasHuneil Mexxy HOo3ulueil KaMepbl, U3MEPEHHOI Ha OCHOBE HABUT'AIIMOHHOI'O aJl-
rOpUTMa KOMIIBIOTEPHOTO 3PEHMs, U IMO3UIHell, MOy IeHHbIN 13 WHePIAIbHOTO Ha-
BUTAIIMOHHOIO BhIuncaeHus. Ilepemennast 06,, 01, olpenereHa Kak yIybl Jitgepa
MaTpuipl D, * DZ. Breck D, MaTpuiia onpeeneHa yriaaMu Jiliepa KaMepbl OTHO-
CHUTEJIbHO OTHOCUTEIHHO JIOKATBHON cucreMbl KoopauHat (L-frame), m3amepeHHbIX Ha
OCHOBE HABUTAIIMOHHOTO AJITOPUTMa KOMIThbIOTEepHOTO 3penus. C apyroit cropousl D,
MaTpHIla OIpeesieHa yIjlaMu Jitaepa KaMepbl OTHOCUTEIBHO JOKAJIBHON CHCTEMbI
koopyunar (L-frame), moJiydeHHBIME U3 UHEPIUATIBHOIO HABUTAIMOHHOE BBIUKCIIE-
nud. [lycrs nepemennas k ompejessieT 9ucIo MaroB /s JUCKPETU3aIlud BPpeMeHH,
ucroab3yeMbix B puibrpe Kasimana.

MpbI moJraraem, 9TO OIMIUOKH MEXKIY 3HAYCHHAMU, ILIyIEHHBIMA W3 UHEPIIAA/Ib-



HOT'O HABUTAIIMOHHOTO BBIYUC/ICHUS, U PEAbHBIMU 3HAUCHUSIMU JIMHEHHO 3aBUCAT OT
myma. CooTBEeTCTBYIOIIAasl KOBapUaIllMOHHAA MaTpHIla ImyMa obo3HadeHa (. lna-
TOHAJIBHBIE JIEMEHTHI (), COOTBETCTBYIOT CKOPOCTHU, OIPEIEISTIOTCS IITyMOM YCKOpe-
HUS ¥ IPOIOPIUOHAILHLI dt?: Qv ~ dt?, rie dt uHTepBaI BpeMeHH MEXKIy 1) H
tp_1: dt = ty — t;,_1. JumaronayibHbie 3/1eMeHTHI () COOTBETCTBYIOT yrjiam Jiijepa,
OTIPEIEISAIOTCS TUPOCKOITMIECKUM IIIYMOM U HPOIOPIHOHAIBHBL dt: ()4 ~ dt.

MpI mipejiriosiaraeM, 9To TakzKe OIMHMOKKA MEXK/Iy 3HAUYCHUAMH, MTOJyICHHBIMUA Ha
OCHOBE HABUTAIIMOHHOTO AJTOPUTMa KOMIIBIOTEPHOI'O 3PEHUs, U peabHBIMU 3HATE-
HUSAME JIMHEHHO 3aBHCAT OT myMa. CoOoTBeTCTBYIONAs KOBAPUAIIMOHHAST MaTPHILA
myma obosHauena Rjy. Ananus ommboK, Jaommuii 3Ty MaTpuily, omucad B [14].

YpaBuenus puabrpa Kagmana onuchbiBalOT Kak dBOJIOIUIO OIEHOK COCTOSTHUSA
X}, ONMCAHHBIX BBINIE, TAK U SBOJIONMIO KOBapUAIMOHHONW MATPHUIIbI P JiIsd 1epe-
MEHHBIX X}.

Yro0b1 HammcaTh ypaBHenus ¢uabrpa Kajimana, Mbl JO2KHBI OIPEICTUTH eIlle
nBe 15x15 marpurnsr: Hy u Ag. Marpuna Hj, sBisercs SKoOUaHOM U3MEpPEHUs, OIli-
ChIBAIOIAs CBA3b MEXKJIY IIpeJIcKa3aHHbIM u3MeperHueM Hj x Xy n pakTuIecKuM nu3-
MepeHHeM Zj, OIpeJeleHHbIM Bbiiie. /lnaronasnbabie smementor Hy(1,1), Hi(2,2),
Hy(3,3), onuceBatomnue koopaunary u snementsl Hy(4,7), Hi(5,8), Hi(6,9), onu-
CBHIBAIOIIME YTJIbI, paBHBI equauie. OcTajgbHas 9acTh 9JIEMEHTOB paBHA HYJIIO.

Ay, Marpuna kobu, onuchIBaoIas SBOJIONIIO BeKTopa X . TouHoe BhIpazkeHme
JUUTsT 9TOW MATPUILLI SBJISIETCS OYE€Hb CJIOYKHBIM, TTO9TOMY MBI HCIIO/Ib3YeM TPUO/IU-
KeHHyo dhopmyiny st Ay, npenedbperast adpdekTamMu KoproJica, BpameHueM 3eM-
g u Tak jgajee. ITosBoabre ¢ 6 1) ObITh yriaamu Ditaepa B L-frame, dV saBisiercs
BekTOpOoM deltaV, moiyueHHbIM U3 MHEPIUATBHBIX HABUTAIMOHHBIX U3MEPEHUN, fyee
BeKTOp yckopenus B L-frame, DCMj,_ ] - MaTpulia HampaB/IAONIX KOCHHYCOB
(/17151 TIEpeBo/Ia M3 KOOPIMHATHOW CHCTEMBI JieTaTeIbHOro anmnapara B L-frame).

DopMyJIBI ONpeIesIoNnie Ay, CJIemLyIomme:

cos(v)) sin(¢)) 0
Upey = | —sin(y) cos(yp) 0 (17)
0 0 1
cos(d) 0 —sin(h)
Opev=| 0 1 0 (18)
sin(@) 0  cos(6)
1 0 0
Ppoyy = 0 cos(¢) sin(e) (19)
0 —sin(¢) cos(¢)
DCMy_t6.1 = PoomOpem¥pom (20)
av
fvec = DCMb—tO—l% (21)
1 00
Phi(1:3,4:6)={ 0 1 0 (22)
0 01

O _fvec(3) fvec(2>
Phi(4:6,7:9) = | foee(3) 0 —fuee(l) (23)
_fvec(2> fvec(1> O



Phi(7:9,10: 12) = —~DOMy, (24)

Phi(4:6,13:15) = =DCMy ] (25)
OcrayibHble 37eMeHTbl MaTpuIlbl Phi paBHbI HyITIO.

Ay = I+ Phidt (26)

YpaBuenus duiibrpa Kammana jisi BpeMeHHONH 9BOJIIONIH CJIeTY IOIIIe

Xk_ = [O 00000000 Arl—1 aykfl Ayp—1 bxk—l bykfl bzk—l] (27)

P = AP 1 AT + Qi (28)

Ypasuenus duiabrpa Kajnimana mTpoeKTUPYIOT COCTOSHUE U KOBaPHUAITMOHHYIO
MaTPHILY C IPEJbIIYIIEro BpeMeHHOTO Iara k — 1 Ha TeKyIuil BpeMeHHOo mar k.
Ypasuenus dbuibrpa Kanmvmana s u3mMepeHust cyeyiomume:

Ky = P, HE (Hy Py HY + Ry,) ™ (29)
X=X, + Kp(Zp — Hp X)) (30)
P, = (I — KyHy) Py (I — KpHy)" + KoRi KT (31)

VYpasuenusi puabrpa Kaamana 1j1si usMepeHns: UCIPABJIAIOT COCTOSIHIE W KOBa-
PUAITMOHHONW MATPUILy B COOTBETCTBUU C U3MEPEHUEM L.

Haitiennbrtit BeKTOp X), MCIOJIB3YyeTCsI, YTOOBI OOHOBUTH KOOPINHATHI, CKOPOCTH,
yIJIBL Ditjiepa, CMeIeHrne yCKOPEHsT U TUPOCKOINYIeCKOe CMeIeHne st WHepIuaIb-
HBIX HABUTAIMOHHBIX BBIUUC/IEHUN Ha CJIEAYIOIIEM Iare.

Yucennble pacueTsbl OBLIN PEAJIU30BAHHDBI, YTOOBI UCCIeA0BAThH 3(DHEKTUBHOCTD
duabrpa Kammana u 91o0bl 00bEIMHUTD TU JIBa HABUTAIMOHHLIX ajroputMa. Ha
Puc. 2 MbI MOKeM BUIETD, YTO /I OTKOPPEKTUPOBAHHOTO ITYTHU OIMINOKa KOOPIUHA-
ThI, IOJIy9EHHBISI Ha OCHOBE JIBYX HABUTAIIMOHHBIX METO/OB ¢ dhuabrparueii Kamma-
Ha, HAMHOI'O MEHbIIIe YeM MHepInaibHas HABUTAIIMOHHAs OIMIMOKa KOOPIUHATDI, I10-
Jiydennas 0e3 ¢puiabTpa KasmbMana. YiydieHHble pe3yabTaThl ¢ TOMOIIbI0 (hUIbTPa
Kanmana ObL1# 1Oy 9eHbl TaKzKe JIJIg CKOPOCTH, HECMOTPSI Ha TO, UYTO 9Ta CKOPOCTh
HE U3MepSIeTCs HAIIPAMYIO HABUTAIIMOHHBIM aJIrOPUTMOM, UCIIOJIb3YIOMIIMM KOMITHIO-
TepHoe 3penune Puc. 3.

0.5 BrBojbl

AJtropuT™ JI71s1 OIEHKU TO3bI U ABUKEHNS, UCIIOIL3Y IO COOTBETCTBYIONINE TOYKI
B m3o06pazkenusx u [IKJI Ob11 nipejictasiien ¢ ucnosb3oBanuneM dpuabrpa Kammana.
HKJI cyzxuT Kak riodaibHas clipaBovuHas WH(GOPMaIlus, U ee JaHHbIe UCIIOIb3YI0T-
¢ JIJIsi TOTO, 9TOObI BOCCTAHOBUTH aOCOJIIOTHYIO TO3UIAIO U OPUEHTAIIMIO KaMepPhI.
B uunciennbix pacderax oIeHKa I MMO3UIUNA U CKOPOCTH HAXOJATCS JIOCTATOTHO
TOYHO, 9TOOBI IIPEIOTBPATUTh HAKOILJIEHHBIE OIINOKU U IPEJIOTBPATUTh JApeiid Tpa-
€KTOPUMN.



BiaromapuocThb

Mpu1 661 xoTesn mobsiaromaputh Porena Jlepuepa, 9xyna Pusiuna n Xexkropa Pot-
IITeiHa 38 OYEeHb IOJIE3HbIE KOHCYIbTAIIUN
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Puc. 2: Ommbku nosunuu ((a) s koopauuats! X (b) s KoopauHaTsl y (c) s
KoopauHATHl 7). OmmbKy HHEPIHAJIbHOTO Jpeiida oTMedeHbl KPACHOW JIMHEEH, U
OIIMOKM, MCIIPaB/IEHHbIE BUICO-HABUTaIlMeil, OTMedYeHbl CUHEeH JTuHUei.
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Puc. 3: (a) ommbKu cKOPOCTH JIJIsi MHEPIMAILHOTO jpelida (X v Z KOMIIOHEHTHI), U
(b) ommbku CKOpOCTH, UCIIPABIEHHBIE BUJICO-HABUTAIMEH (X Y Z KOMIIOHEHTHI).
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