arXiv:submit/0298583 [cs.Al] 11 Aug 2011

A navigation filter for fusing DTM/correspondence
updates.

Oleg Kupervasser, Vladimir Voronov
Transas group of companies
Moscow, Russia
Email: olegkup@yahoo.com

Abstract—An algorithm for pose and motion estimation using in order to derive the camera’s pose. Using SFM algorithm
corresponding features in images and a digital terrain map which does not make any use of the information obtained from
is proposed. Using a Digital Terrain (or Digital Elevation) he pTM but rather bases its estimate on the flow-field alone,

Map (DTM/DEM) as a global reference enables recovering the o . . o .
absolute position and orientation of the camera. In order to positions their technique under the same critique thatieppl

do this, the DTM is used to formulate a constraint between for SFM algorithms|[1].

corresponding features in two consecutive frames. The utiation The algorithm presented in this work does not require
of data is shown to improve the robustness and accuracy of an intermediate explicit reconstruction of the 3D world. By
the inertial navigation algorithm. Extended Kalman filter was combining the DTM information directly with the images

used to combine results of inertial navigation algorithm am . 2 . - . -
proposed vision-based navigation algorithm. The feasikity of information it is claimed that the algorithm is well-coridited

this algorithms is established through numerical simulatons. and generates accurate estimates for reasonable sceadios
error sources. In the present work this claim is explored
. INTRODUCTION. by performing an error analysis on the algorithm outlined

Vision-based algorithms has been a major research isgimve. By assuming appropriate characterization of these e
during the past decades. Two common approaches for the naaurces, a closed form expression for the uncertainty of the
gation problem arelandmarks andego-motion integration. In  pose and motion of the camera is first developed and then
the landmarks approach several features are located on ttie influence of different factors is studied using extemsiv
image-plane and matched to their known 3D location. Usingimerical simulations.
the 2D and 3D data the camera’s pose can be derived. Few
examples for such algorithms afe [2]] [3]. Once the landmark
were found, the pose derivation is simple and can achiewe qui The problem can be briefly described as follows: At any
accurate estimates. The main difficulty is the detectiorhef tgiven time instancet, a coordinates syster/(t) is fixed
features and their correct matching to the landmarks set. to a camera in such a way that thieaxis coincides with

In ego-motion integration approach the motion of the canthe optical-axis and the origin coincides with the camera’s
era with respect to itself is estimated. The ego-motion cgmojection center. At that time instance the camera is &xtat
be derived from the optical-flow field, or from instrumentsit some geographical locatigiit) and has a given orientation
such as accelerometers and gyroscopes. Once the ego-mol@n with respect to a global coordinates syst&m(p(t) is a
was obtained, one can integrate this motion to derive tB® vector,R(t) is an orthonormal rotation matrix(¢) and
camera’s path. One of the factors that make this approaglit) define the transformation from the camera’s frafig)
attractive is that no specific features need to be detecttal the world’s framell/, where if “v and v are vectors in
unlike the previous approach. Several ego-motion estimatiC(t) and W respectively, thev = R(t)%v + p(t).
algorithms can be found in[4]. [5].[6]._[7]. The weakness of Consider now two sequential time instang¢gsand,: the
ego-motion integration comes from the fact that small errotransformation fromC'(¢1) to C'(¢2) is given by the translation
are accumulated during the integration process. Hence, tleetorAp(t1,t2) and the rotation matriA R(¢1,¢2), such that
estimated camera’s path is drifted and the pose estimatiof®’v = AR (t1,t2) ““Vv + Ap (t1,12). A rough estimate of
accuracy decrease along time. If such approach is usedhi¢ camera’s pose &t and of the ego-motion between the two
would be desirable to reduce the drift by activating, onca intime instances pg(t1) ,Re(t1), Apgr(t1,t2) andAREg(t1, t2)
while, an additional algorithm that estimates the posectliye - are supplied (the subscript letteE™ denotes that this is an
In [8], such navigation-system is being suggested. In tloakyy estimated quantity).
like in this work, the drift is being corrected using a Digita Also supplied is the optical-flow field{w;(¢x)} (i=1...n,
Terrain Map (DTM). The DTM is a discrete representation dé=1,2). For thei'th feature,u;(¢;) € R? andu;(t2) € R? rep-
the observed ground’s topography. It contains the altimder resent its locations at the first and second frame respéctive
the sea level of the terrain for each geographical locafion. Using the above notations, the objective of the proposed
[8] a patch from the ground was reconstructed using ‘strgetu algorithm is to estimate the true camera’s pose and ego-
from-motion’ (SFM) algorithm and was matched to the DTMnotion: p(t1), R(t1), Ap(t1,t2) and AR(¢1,t2), using the

II. PROBLEM DEFINITION AND NOTATIONS.
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optical-flow field {u;(¢tx)}, the DTM and the initial-guess: Here,\ denotes the depth of the feature point (i.e. the distance
pe(t1), Re(t1), Apg(ti,t2) and ARg(t, t2). of the point to the image plane projected on the opticaljaxis
Replacing[(R2) in[{lL):

The following section describes a navigation algorithm NTO-R(t)-“q(ta) + p(th) = "Ge) =0 @)
which estimate the above mentioned parameters. The p@sem this expression, the depth of the true feature can be
and ego-motion of the camera are derived using a DTM agdmputed using the estimated feature location:
the optical-flow field of two consecutive frames. Unlike the T .
landmarks approach no specific features should be detected A= N""Gg — N7 p(t)
and matched. Only the correspondence between the two con- NTR(t1)%q(t1)
secutive images should be found in order to derive the dptic&y plugging [3) back into[{2) one gets:
flow field. As was mentioned in the previous section, a rough NT Gy — NTp(t)
estimate of the required parameters is supplied as an input’ G = R(t,)%(t,) - ( 2 plts ) +p(t1) (5)
Nevertheless, since the algorithm only use this input as an NTR(t1)%q(t1)
initial guess and re-calculate the pose and ego-motioettire |n order to simplify notationsR(¢;) will be replaced byR; and
no integration of previous errors will take place and accyralikewise forp(t;) andq(t;) i = 1,2. AR(t1,t5) andAp(ty, t2)
will be preserved. will be replaced byR;, andp;, respectively. The superscript

The new approach is founded on the following observatiogescribing the coordinate frame in which the vector is given
Since the DTM supplies information about the structure ef thyill also be omitted, except for the cases were special tten
observed terrain, depth of observed features is beingtéittaneeds to be drawn to the frames. Normafly; and ¢’s are
by the camera’s pose. Hence, given the pose and ego-motiojhotamera’s frame while the rest of the vectors are given in

the camera, the optical-flow field can be uniquely determinege world’s frame. Using the simplified notationg] (5) can be
The objective of the algorithm will be finding the pose angewritten as:

ego-motion which lead to an optical-flow field as close as R T T
. ) , 11 N Ry N

possible to the given flow field. G = —5—Gp — 35—
A single vector from the optical-flow field will be used to NT g NTRiqy

define a constraint for the camera’s pose and ego-motion. lletorder to obtain simpler expressions, define the following

WG € R? be a location of a ground feature point in the 3[projection operator:

world. At two different time instances, andts, this feature usT

point is projected on the image-plane of the camera to the P(u,s) = <I — T) @)

points u(t1) and u(t2). Assuming a pinhole model for the s

camera, thenu(t1), u(ty) € R2. Let “q(t;)and “q(t,) be the This operator projects a vector onto the subspace normal to

homogeneous representations of these locations. As sthnda, along the direction ofu.. As an illustration, it is easy to

one can think of these vectors as the vectors from the opticegrify that s” - P(u,s)v = 0 and P(u, s)u = 0. By adding

center of the camera to the projection point on the imagesplaand subtractingx to (6), and after reordering:

Using an initial-guess of the pose of the camerg, athe line

IIl. THE NAVIGATION ALGORITHM

(4)

p1 + p1 (6)

- . . Ryt N™ Ryt N™
passing throughg(¢1) and®q(t;) can be intersected with the G =Gg+ |1 - NTro 1P Y NTRa Gg (8)
DTM. Any ray-tracing style algorithm can be used for this 19 19
purpose. The location of this intersection is denoted 65;. Using the projection operatof,](8) becomes:
The subscript letter E” highlights the fact that this ground-
g oatic ; G =Gp + P(R1g1.N) (p1 — i) (9)

point is the estimated location for the feature point, thmat i
general will be different from the true ground-feature loma The above expression has a clear geometric interpretaten (
"@. The difference between the true and estimated locatiopg[d). The vector fromG to p; is being projected onto
is due to two main sources: the error in the initial guess fétie tangent plane. The projection is along the direcfiyg;,
the pose and the errors in the determinatior'@f; caused which is the direction of the ray from the camera’s optical-
by DTM discretization and intrinsic errors. For a reasoeabtenter f,), passing through the image feature.

initial-guess and DTM-related errors, the two poilt§'z and Our next step will be transferringy from the global
"G will be close enough so as to allow the linearization of theéoordinates frameW into the first camera’s framé; and
DTM around™ G . Denoting by N the normal of the plane then to the second camera’s frafie Sincep;and R, describe

tangent to the DTM at the pointGg, one can write: the transformation fronC; into W, we will use the inverse
NT(G —"@p) ~0 (1) transformation:
©2G = p12 + Rz (R (G —p1)) (10)

The true ground featur€ G can be described using true pose
parameters: Assigning [®) into [(ID) gives:

WG =R(t1)-“q(t1) - X + p(t1) 2 “2G =pi2 + R12L(GEg —p1) (11)



P demonstrate. So it is necessary to use at least seven points t
obtain nonsingular linear approximation. Usually, moretoes
will be used in order to define an over-determined system,
which will lead to more robust solution. The reader attemtio
is drawn to the fact that a non-linear constraint was obthine
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 begingde u
Levenberg-Marquardt method if Gauss-Newton method after
several iterations stopped to converge. This two algosthm
are realized in Isgnonlin() Matlab function. The applidipi
accuracy and robustness of the algorithm was verified though
Fig. 1. Geometrical description of expressidd (9) using fiejection Slmu!atlons and lab_e_Xpe”ments' . .
operator [[7) It is more convenient to use more robust for iterations
equivalent to[(Ib) equation:

P(Ryq.,8)(P,- Gy

L in the above expression represents:
NT P(a2,q2) [p12 + Ri2Li (Gg, —p1)] /[7*G| =0 (16)
q . . . . .
= m (12) Using of this normalized form of equations avoids to get

] o . .incorrect trivial solution when two positions are in a sigl
One can think of£ as an operator with inverse charactenstlﬁomt on the ground.

to P: it projects vectors on the ray continuitity ¢; along the

plane orthogonal tav. IV. VISION-BASED NAVIGATION ALGORITHM
q2 is the projection of the true ground-featufie Thus, the ~ CORRECTIONS FOR INERTIAL NAVIGATION BY HELP OF
vectors ¢; and “2G should coincide. This observation can KALMAN FILTER.
be expressed mathematically by projectifif on the ray  Visjon-based navigation algorithms has been a major re-
continuation ofgs: search issue during the past decades. Algorithm used in this
02 @ ¢ o paper is based on foundatio_ns of multiple-view geometry and
=l (@ G) (13) a land map. By help of this method we get position and

orientation of a observer camera. On the other hand we obtain
In expression[(13)¢d /|gz| - “2G is the magnitude of2G's  the same data from inertial navigation methods. To adjesteh
projection ony,. By reorganizing[(13) and using the projectionwo results Kalman filter is used. We employ in this paper

operator, we obtain: extended Kalman filter for nonlinear equatiohs![12].
. For inertial navigation computations was used Inertial Nav
[I - ﬁ} -G = P(g,q)-*G = 0 (14) igation System Toolbox for Matlat [13].
2 42

Input of Kalman filter consists of two part. The first one is
“2(7 is being projected on the orthogonal complemenyf variablesX for equations of motion. In our case it is inertial
Since G and g2 should coincide, this projection shouldnavigation equations. Vectd¥ consists of fifteen components:
yield the zero-vector. Plugging (1) into (14) yields ourafin [5z 5y 62 6V, 6V, 6V, ¢ 60 64 ay ay a. by b, b.]. Coordinates
constraint: dx oy 0z are defined by difference between real position of
the camera and position gotten from inertial navigatiorcwaal
Pla2: @) [Pr2 + B2l (G = p1)] = 0 (15) lus.VariablesdV,, (F;Vy oV, gre defined by differenge between
This constraint involves the position, orientation and ¢éige- real velocity of the camera and velocity gotten from inértia
motion defining the two frames of the camera. Although itavigation calculus. Variablé 56 61 are defined as Euler
involves 3D vectors, it is clear that its rank can not exceeml t angles of matrixD,. x DI where D,. is matrix defined by real
due to the usage @ which projectsR? on a two-dimensional Euler angles of camera with respect to Local Level Frame (L-
subspace. Frame) andD. is matrix defined by Euler angles of camera
Such constraint can be established for each vector in théh respect to Local Level Frame (L-Frame) gotten by irarti
optical-flow field, until a non-singular system is obtainechavigation computation. It is necessary to pay attentiat th
Since twelve parameters need to be estimated (six for pdsand Euler angles®dfdy ARE NOT equivalent to difference
and six for the ego-motion), at least six optical-flow vestare between real Euler angles and Euler angles gotten fromahert
required for the system solution. But it is correct conausi navigation calculus. For small values®@$é6 ¢ perturbations
for nonlinear problem. If we use Gauss-Newton iteratiorts these angles can be added linearly and so these angles
method and so make linearization of our problem near apan be used in Kalman filter for small errors. Such choose
proximate solution. The found matrix will be always singulaof angles is made because formulas describing their evoluti
for six points (with zero determinant)as numerical simole are much simpler than formulas describing evolution of Eule



angles differences. Variables, a, a. are defined by vector

of Accel bias in inertial navigation measurements.vVagabl cos(f) 0 —sin(6)
b.byb. are defined by vector of Gyro bias in inertial navigation Opom = ) 0 1 0 (18)
measurements. sin(¢) 0 cos(6)
The second input of Kalman filter i&-result of measure- 1 0 0
ments by vision-based navigation algorithms.Vedtaronsists Ppey = | 0 cos(p) sin(e) (19)
of six component$dz,, 0ym Izm 0¢m 6., dtby,|Coordinates 0 —sin(¢) cos(¢)
0xmdymdzy are difference between camera position measured
by vision-based navigation algorithm and position gottemf DCMp to-1= ®pcmO©pem V¥ pom (20)
inertial navigation calculus.Variabl&,,, 61, are defined as
Euler angles of matrixD,,, x DI where D,,, is matrix defined — peM dV 21
by Euler angles of camera with respect to Local Level Frame Jvee = b-to-1; (21)
(L-Frame) measured by vision-based navigation algorithth a
D, is matrix defined by Euler angles of camera with respect L 00
to Local Level Frame (L-Frame) gotten by inertial navigatio Phi(1:3,4:6)=( 0 1 0 (22)
computation. Let variablé: to be number of step for time 0 01
discretization used in Kalman filter.
We assume that errors between values gotten by inertial 0 —fuec(3)  fuee(2)
navigation computation and real values are linearly depen(fh’(4 16,7:9) = Foee(3) 0 ~foee(1)
on noise. Corespondent process noise covariance matrix is —foee(2)  foec(1) 0 ba)
denoted by(@,. Diagonal elements of);, correspondent to
velocity are defined by Accel noise and proportionakitd: . ) B
Qv ~ dt?, wheredt is time interval betweer, andt,_1: Phi(T:9,10:12) = = DCMp.to.) (24)
dt = t;, — tx_1. Diagonal elements of); correspondent to
Euler angles are defined by Gyro noise and proportional to Phi(4:6,13:15) = —DCMp_to-| (25)
dt: Qa ~ dt. ~_ The rest of elements for matrix Phi are equal to zero.
We assume that errors between values gotten by vision-
based navigation algorithm and real values are linearlgdep A =1+ Phidt (26)

on noise. Corespondent measurement noise covarianc&matric siman filter time update equations are follow:
is denoted byR;. Error analysis giving this matrix is described

in [14].
Kalman filter equations describe evolution @posteriori <k = (000000000 ag k-1 ayy_y @zp—1brk—1byj_; bz—1]
state estimationX; described above and posteriori error (27)

covariation covariance matrik, for variablesXj.

- T
To write Kalman filter equations we must define two 15x15 Py = A1 Ay + Qi (28)

matrices yetf;, and A,. Matrix Hj is measurement Jaco- Kalman filter update equations project the state and covari-

bian describing connection between predicted measuremante estimates from the previous time stepl to the current

Hy, + X}, and actual measuremefif, defined above. Diagonal time stepk.

elementsHy(1,1), Hi(2,2), Hi(3,3) describing coordinate  Kalman filter measurement update equations are follow:

and elementdi;(4,7), Hy(5,8), Hx(6,9) describing angles

are equal to one. The rest of the elements are equal to zero. Ky =P, HE (H P HE + Ry)™* (29)
Ay is Jacobian matrix describing evolution of vectdy,.
The exact expression for this matrix is very difficult so Xy, = Xi7 + Ki(Zy — HyX[) (30)

we use approximate formula fad; neglecting by Coriolis
effects, Earth rotation and so on. Letd ¢ be the Euler
ang_les in L-FramedV is deltay vector gotten from |n.ert|al Pe = (I — KyHy) Py (I — KyHy)T + K R KF(31)
navigation measurementg,.. is acceleration vector in L-
frame, DCMp_to. is direction cosine matrix (from body- Kalman filter measurement update equations correct the
frame to L-frame). state and covariance estimates with measurerdignt
The formulas definingd,, are follow: The found vectorX, is used to update coordinates, veloci-
ties, Euler angles, Accel and Gyro biases for inertial naigm
calculations on the next step.
cos(¢)) sin(¢) 0 Numerical simulations were realized to examine effective-
Upom = | —sin(y) cos(yp) 0 (17) ness of Kalman filter to combine these two navigation algo-
0 0 1 rithms. On Fig[2 we can see that corrected path for coorelinat



error much smaller than inertial navigation coordinateoerr
without Kalman filter. Improved results by help Kalman filter

are gotten also for velocity in spite of the fact that thisoedty

was not measured by help vision-based navigation algorithr

(Fig.3).
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Fig. 3. (a) Velocity errors of the drift path (x y z componégntand (b)
Velocity errors of the corrected path (x y z components).

and velocity estimates were found to be sufficiently aceuirat
order to bound the accumulated errors and to prevent toaject
drifts.
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AHHOTaIIA

[Ipetozken ajropuT™ Jijist HAXOXKJICHUs [TO3UIUHA, OPUEHTAIINN U OIEHKHU JIBUZKE-
HUs, UCIIOJIL3YIONIUI COOTBETCTBYIOINIME TOYKU B M300PaKEeHUAX U IU(PPOBYIO KapTy
naummadra. Ucnonbzosanue Hudposoit Kaprer Jlanmmadra (IIKJI) kak rmobasib-
HOI cIpaBOYHON MHGOPMAIIUK TTO3BOJIAET BOCCTAHOBICHUE aOCOJIIOTHON MTO3UIUN U
opuenTtaruu kamepbl. dTo0sl cienars 3ro, HKJI ucnoms3yercs, arodbbl cdopmyliu-
POBATH JIOTIOJIHUTE/ILHBIE OTPAHUIEHUS MEXK/TY COOTBETCTBYIOIIUMI TOYKAMU B JIBYX
[IOCJIeI0BATEIbHBIX Kajpax. Vcnomb30Banue 3TUX JAHHBIX TIO3BOJIAET YIydIIUTh Ha-
JICZKHOCTh U TOYHOCTH MHEPIUAJIHLOT0 HABUTAIIMOHHOTO aJITOPUTMa. PacliupenHbii
dupTp Kasmmana ncnoib30Baics, 9To0bl 00bEIMHUTE PE3Y/IbTAThl MHEPITHAIHLHOTO
HABUTAIMOHHOI'O AJTOPUTMA U HABUTAIIMOHHOI'O aJI'OPUTMa, OCHOBAHHOI'O HA KOM-
[LIOTEPHOM 3PeHUH. BBIMOTHUMOCTE 9TOr0 aJropuTMa IPOJEMOHCTPUPOBAHA Iy TEM
YUCJIEHHOT'O MOJICJTUPOBAHUSI.



0.1 Bseaenunue.

OcHoBannble Ha CHCTeMe TEXHUYECKOI'O 3PEeHHs AJIOPUTMbI ObLIN TJIABHON HCCie-
JIOBATEILCKOI TIPOOJIEMOil B TedeHue MPOINLIbIX JecaTuyiernit. /IBa emHbIxX 1moaxo-
Jla 11 HAaBUTAIIMOHHOW MTPOOJIEMBI CYIIECTBYIOT: Ha3eMHbIE OPUEHTHUPHI U MHTErpa-
I1si COOCTBEHHOT'O JIBUZKeHUd. B TOxXo/ie, OCHOBAHHOM Ha HA3eMHBIX OPHEHTHPAX,
HECKOJIbKO XapaKTEePHBIX 00bEKTOB HAXO/IATCS Ha IJIOCKOCTU U300PaKEHUS U CBEPsi-
I0TCsI TI0 UX M3BECTHOMY TPEXMEPHOMY MecTomnoJiozkenuio. Vcrnoib3ys 2-bie u Tpex-
MepHBIE JIAHHbIE, MOI'YT OBITH MOJIYU€EHBI TI0JIOZKEHNe 1 OpueHTalus kamepbl. Hemuo-
ro mpumepos Jyist Takux aaroputmos - [2], [3]. Kak Tosbko nazemibie opueHTHDEI
OBLIN HaliJIeHbl, HAXOXKJIEHNE TIOJIOXKEHUS W OPUEHTAIINH KaMepbl IIPOCTO U MOYKET
OBITH JOCTUTHYTO BechbMa To4uHO. OCHOBHAs TPYIHOCTH - OOHAPYKEHUE HA3ZEMHDBIX
OPHEHTHUPOB U HAXOXKJEHHE WX IPABUJILHOIO COOTBETCTBUS K O0ObEKTAM U3 U3BECT-
HOro Habopa.

B meTo/ie mHTErpannn coOCTBEHHOI'O JIBUZKEHNS, JIBIZKEHNE KaMePhl OTHOCUTE T b-
HO cebs1 caMoii oreHnBaeTcs. J[BrzKeHne 3ro MOKeT OBITh MOJIyIeHO U3 IMOJIA ONTHU-
YeCKOTO MMOTOKa, WU N3 MPUOOPOB, TAKMX KaK aKCeJIepOMETPHI M THPOCKONBI. Kak
TOJIBKO COOCTBEHHOE JIBUKEHUE OBLIO MOJIYyIeHO, MOKHO UHTEIPUPOBATE ITO JIBUKE-
Hue u HaifiTu myTh Kamepbl. Ol u3 KO3 UIMEHTOB, KOTOPbIE JeIal0T STOT MOJIXOT,
[IPUBJIEKATEIBHBIM, - TO, YTO HUKAKUX HA3EMHBIX OPUEHTUPOB HE HY?KHO HAXOJIUTD,
B OTJIMYHE OT MPEJIBIIYIIEro Moaxo/ia. HeckombKo aJropuTMoB OIeHKN COOCTBEHHOTO
nBrzkeHnst MoryT 6biTh Hadigens! B [4], [5], [6], [7].

Hepiocrarok Merojia nnrerpamui cOOCTBEHHOTO JIBUXKEHUS MTPOUCXOJIUT U3 TOTO
00CTOATENILCTBA, UTO MaJeHbKUE OIMUOKU CYMMUDPYIOTCA BO BPEMs IIPOIECCa UHTE-
rpanuu. CjieJloBaTe/IbHO, OMIMOKA MPEJIIOIAraeMOro MMOJI0XKEeHUsl U OPUEHTAIIUN Ka-
Mepbl HAKAIlJIMBAETCA U ITPOUCXOUT YMEHBIIIEHNE TOYHOCTU OIEHKHU O3Bl C Tede-
HUeM BpeMeHH. Ecm Takoil MojXof, MCHOJIb3yeTcs, ObLIO Obl yKeJlaTelbHO yMeHb-
IIUTH HAKOILIEHUE OIMMOKU, aKTHUBU3UPYs, BPEMs OT BPEMEHH, JIONOJHUTETHLHBII
AJITOPUTM, KOTODBIH OleHuBaeT 103y Henocpejacrsentno. B [§] npeiaraerca rakas
HaBUTaIMOHHAas cucTeMa. B 91oit pabore, TakKe KaK U B HacTosdIell paboTe, HAKOII-
JeHre omubKn ucnpasisgercd, ucnonb3ysa Ludposyo Kapry Jlanmmadra (ITKJT).
HKJI - muckpernoe npejcrapienne Tornorpadun Habmoaemoit mectaoctu. OHO co-
JIEPYKUT BBICOTY HaJ| YPOBHEM MOps JaHmadTa Jjid KaxKJoro reorpaduueckoro
mecromnoioxkenusi. B [8] Kycok MecTHOCTH GbLI BOCCTAHOBJIEH, UCHOJIb3YS 'CTPYKTY-
py u3 peuxkenust’ (CUJL) amropurm, u corsacoBan ¢ IIKJI, 4Tobbr mosryanTs mosy
kamepsbl. Vcrmonbs3oBanne anropurma CU /I, koTopblit He ncmob3yer nH(GOPMAIIHIO,
nostydennyio u3 [HKJI, a ckopee ocHOBBIBaeT CBOIO OIEHKY Ha OJHOM TOJILKO IIOJIE
ONITUYIECKOTO TOTOKA, MOYKET OBITH IOJBEPXKEHO TOMY XK€ KPUTHUIECKOMY aHAJIN3Y,
aro u cam asropurm CUT [1].

AsropuTM™, 1pejcTaB/IeHHBIN B 9TOi paboTe, He TpeOyeT MPOMEXKYTOIHON sIBHOI
PEKOHCTPYKINU TpexmepHoro Mupa. Komounupys nadopmaruio n3 [IKM nenocpe;i-
CTBEHHO ¢ mHMOpMaInmeil n3 m300parKeHnil, aJropuT™M XOPOIIO 0OYCJIOBJIEH U IeHe-
pUpyeT TOYHBIE OIEHKU JJI Pa3yMHBIX CIIeHapHeB M Pa3yMHBIX omunOoK. B JaHHOI
paboTe 310 TpedoBaHMe UCCIIE/LYETCs, BBIIOJIHAS AHAIN3 OIUOOK Ha aJrOPUTMA, Bbi-
JiesienHoM Boitie. Oupesiesisiss COOTBETCTBYIOIINE XaPAKTEPUCTUKH 9TUX UCTOYHUKOB
OImMMOOK, MOJIydaeM BbIpayKeHUe JJIs HEONPEeIeJeHHOCTH O3Bl 1 JIBUZKEHNs KaMe-
pPBI U 3aTeM M3yYaeM BIIUSHUE PA3IUIHBIX KO3(DMUIMEHTOB, UCHOIb3Ys OOIIIPHOE
YHCJIOBOE MOJIETTMPOBAHUE.



0.2 OmnpegenieHne u onmcaHne IIPOOJIEMBI.

[Ipobsiema MoOkeT OBITH KPaTKO Olmcana cieayiomuMm obpaszom: B moboit MomenT
BpeMment t, cucrema koopauaar C(t) ycTaHOBJIEHA HA KaMepy TAKHM CIIOCODOM, UTO
Z-0Cb COBIIAJIAET C ONTUYECKOH OChIO, M HAYAJIO KOODJMHAT COBMAIAECT C IEHTPOM
[POEKTUPOBAHUS KaMepbl. B 9TOT MOMEHT BpeMeHH KaMepa DaCIoJIOKeHa B HEKO-
TOPOM reorpaduvecKoM MeCTOIOIoKeHnu p(t) U mMeeT JaHHylo opueHtanuio R(t)
OTHOCHTEJILHO IVI0DaIbHON KoopuHaTHoi cucreMbl W (p(t) - TpexMepHbIil BEKTOD,
R(t) - opronopmasibHas MaTpuiia Bparierus ). p(t) u R(t) omnpejessiior mpeobpaso-
BaHUe M3 KOOpAMHATHON cucreMbl Kamepbl C(t) B T100aIbHYI0 KOODJANHATHYIO CH-
cremy W, rue, ecoim “v u “v apisiiores Bekropamu B C(t) u W coorBeTcTBeHHO, TO
Vv = R(t)%v + p(t).

Pacemorpum rerepn J1Ba 1OCI€0BaTEIBHBIX MOMEHTA BPEMEHN {1 1 to: Ipeobpa-
soBanne u3 C(t1) B C(t2) mano BekTopoMm casura Ap(ti,ty) U MaTpuIei BpalieHus
AR(tq,ts) Takum obpazom, aro ““2uv = AR (t1,ts) ““Wv + Ap (t1,ts). dusa rpy6oii
OIEHKH TO3bI KAMEpHBI B {1 1 COOCTBEHHOE JIBUKEHIE KAMEPbl MEXKY JIBYMs MOMEH-
tamu BpeMen - pg(ty), Re(t1), Apg(ty,te) u ARg(ty,ts) ucnonssyores. (Cumso
"E" s HEZKHETO MHJEKCa 0003HaYaeT, 9To 9To oneHouHas (estimated) Besmtmma.)

Taxske HCIOJB3yeTCs TOJIe OnTHdecKoro moroka: {u;(tg)} (i=1 ... n, k=1,2).
Jlna i’'th xapakrepnasg Touka mectHoctu, u;(t;) € R* u u;(ty) € R? npeicrasiis-
0T €6 MeCTOIOJIOKEHNe Ha TIEPBOM M BTOPOM KaJpe COOTBETCTBEHHO.

Ucnosb3yst BbINIEYTOMSHYThIe OOO3HAYEHNUS, Teh TPEJJIOKEHHOTO AJTOPUTMA
COCTOUT B TOM, 9TOOBI ONEHUTHL MCTHHHOW 1103y KaMepbl U €€ COOCTBEHHOE JIBH-
xenue: p(ty), R(t1), Ap(t1,t2) u AR(t1,t3) uCHonb3yst MOJE ONTUIECKOTO ITOTOKA
{u;(ty)}, UKJI u npubsusurenbuble Havdaabuble yeiaosus: pg(ti), Re(ti), Ape(ty, t2)
n ARE(tl, tg)

0.3 HaBurammoHHbI aJropuTM.

Crtetytoruii pa3jesl ONMUCHIBAET HABUTAIMOHHBIN aJTOPUTM, KOTOPBIA OIEHUBAET
BBINIEYTIOMsIHy ThIe TTapaMeTphl. [lo3a n gBuzKeHne 310 KaMephl TOJTyIeHbI, UCIIOIhb-
gya [IKJI u mojie onruyeckoro moToka Jijid JIByX IOCJIEIOBATEIbHBIX KaJpoB. B
OTJINYME OT METOJIa Ha3eMHBIX OPHEHTHPOB HUKAKHE XapaKTepPHbIE OPUEHTUPHI HE
JIOJIZKHBI ObITh OOHapy2KeHbI U pacio3HaHbl. TOJIBKO COOTBETCTBUE MEXKIY JIBYMs
[IOCJIeIOBATEIbHBIMU M300PaKEHUSIMHU JIOJIZKHO ObITH HalIEHO, YTOOBI TIOJTYIUTD T10-
Jle OTNTUYIECKOTO MoTOKa. Kak OBLIO yIIOMSHYTO B NPEIbIAYIIEM pasjese, Tpydast
OTIEHKa HMCKOMBIX MapaMeTpPOB HCIIOIb3YeTCs KakK meppoe mnpuOsnkenne. O 1HAKO,
TaK KaK aJI'OPUTM TOJIbKO HUCIOJIB3YIOT 9TO KaK HadaIbHOE PUOIUKEHNE U [IOBTOP-
HO BBIYHC/ISIET 1103y U JIBUKEHUE HEIIOCPEICTBEHHO, HUKAKOE CJIOXKEHHE ITPE BTy X
omrbOK He OyJeT UMEeTh MECTO, B TOYHOCTH OyJ/IeT COXPaHATHCS.

Hoswrrit osixoj1 ocnoBan Ha ciemyrorniem nadmogennu. Tak kak [HKJI nmpemocras-
JiseT MH(MOPMAIMIO O CTPYKType Hab/IogaeMoro Janamadra, riyonny HaOJIo/a-
€MBIX XapaKTEPHBIX TOYEK MECTHOCTH Olpejieisger 1mo3a Kamepbl. CregoBaTebHO,
YUIUTBIBASI [I03Y U JIBUXKEHUE KaMEPBDI, 0JI€ OITUIECKOIO ITOTOKA MOYKET ObITH OHO-
3HAYIHO onpejeneHo. Lleapio ajropurMa SBISeTCd HAXOXKIECHUE IMO3bI U JIBUXKEHUSI,
KOTOpBbIE TPUBOJIAT K TIOJIIO0 OMTUYIECKOTO MOTOKA Hambojee OJIU3KOMY, HACKOJIBKO
9TO BO3MOXKHO, K HaiJICHHOMY BBIIIIE TIOJIIO ONITUIECKOTO ITOTOKA.

EuHuIHbI BEKTOD U3 [IOJISI OITUYECKOT0 TTOTOKA OYIET UCIIOIb30BATHC, YTOOBI
OIPEICINTD OIPaHIYeHud Ha 103y KaMephbl 1 eé japuzkenue. IIyers WG € R? apiger-
Cs1 MECTOIIOJIOKEHUEM XapaKTePHO TOYKN MECTHOCTH B TPEXMEPHOM IIPOCTPAHCTBE.



B jBa pasimuHbie MOMeHTa BpeMeHHU {7 ¥ lg, 9Ta XapaKTepHas TOYKH MECTHOCTH
[POEKTUPYETCsI Ha MIJIOCKOCTH M306pazKeHusi KaMepbl B ToUKd u(t1) u u(ts). Vcnosnb-
3ysl MOJIE/Ib JILIPOYHOl Kamepsl, noaydaeM u(ty), u(ty) € R?. Tozsombre “g(t;) and
“q(t3) OBITH TOMOT€HHBIMU HPEJICTABJICHUSIMU ITUX MecTornoJioxKenuit. Takxke MOK-
HO OIMCATh 3TH BEKTOPa KaK BEKTOPa U3 ONTHUYECKOIO IEHTPOB KaMep K TOYKAM
[IPOEKTUPOBAHUS Ha IJIOCKOCTH n300pazkeHuii. Mcronb3yst HadaabHYIO OIEHKY MO3bI
KaMepbl B 11, JUHUs, TIpoXo/sias epe3 pg(t;) u “q(t;), MoxeT ObITH HepeceveHa ¢
HKJI. JTroboit aaropuTm TpacCUpOBKY JIy el MOYKET UCIIOIb30BATHCS JIJIsT ITOM 1EJTH.
Mecrormosioxkenue sroro nepecevdenus oboznatdeno kak v Gg. Cumos " E"umxkuaero
MHJIEKCA MPOSICHIIET TOT (DAKT, YTO 9Ta TOYKA MECTHOCTH - IPEJIIOJIAraeMoe MEeCTO-
[IOJIOZKEHNE JIJIsI XapaKTEePHONW TOYKM, KOTOPBIA BOOOIE OyJIeT OTINYaThCsl OT HC-
THHHOTO MECTOIIOJIOZKEHHsT XapakKTepHoit Touku V' G. Pazimane MexKly HCTUHHBIM U
OIEHEHHBIM MECTOIOJIOKEHUEM TPOUCXOIUT U3 JIBYX OCHOBHBIX HCTOYHHKOB: OIIMOKA
B HAYAJILHOM TIPE/IITOJIOZKEHUN JIJIsI O3Bl U OIMOKa B ompeieiennn V' (G g, BBI3BAHHOI
nuckperusanueit [IKJI u ocHoBHBIMEU TOTperHOCTME. 151 pa3syMHBIX OMUO0K Ha-
qaabHOoro mostoxkenust u LIKJI - ceszannbix ommbok, ase Toukn ¥ Gg n W' G 10KHBI
OBITH JOCTATOYHO OJIM3KNUM, ITOOBI 1o3BOINTE JimHeapu3armio [IKJI Bokpyr VG g.
Ob6o3navass N HOpMaJIb ILJI0OCKOCTH, Kacareabnoit K DTM B Touke "' G, MOXKHO Ha-
[UCATD:

NG -"Gg) ~0 (1)

Ucrunnas xapakrepHas Touka MecTHOCTH V' G MOXKET OBbITh OIUCAHA, UCIOIb3Ys
WCTUHHBIE TTapaMeTPhI O3B

VG =R(t)-“q(t1) - A + p(t) (2)

31ech, A 0603HaYaeT TIyOHHY XapaKTePHON TOUKH (TO eCTh PACCTOSIHIE OT TOYKH
JI0 TIJIOCKOCTH M300pazKeHsi, CIIPOEKTHPOBAHHOE HA ONTUYECKYI0 0Ch). [lomcraBiiss

@) s @:
NT(X-R(t1) - “q(t1) + p(t1) — "Gp) =0 (3)

N3 sToro Bbipakenust r/iybrHa UCTUHHON XapaKTEPHOI TOYKU MOXKET OBITH pac-
CUNTaHA, UCIOJIB3YS OIEHOTHOE IOJIOYKEHNE XapaKTEPHON TOYKU:

\ = NTWGE — NTp<t1)
NTR(t1>Cq<t1)

[Toxcranoskoit () obparno B (2) momyaaem:

(4)

NTWGE — NTp<t1)
NTR(t1)%q(t1)

Yrobsl yrpoctuth obo3uavenus, R(t;) 6yaer 3amenen R; u anajgorunano s p(t;)
uq(t;) 1 =1,2. AR(t1,ts) u Ap(ty,t2) OyyT 3amMmeHeHbl Ha Ris U Py COOTBETCTBEH-
no. BepxHuil umnjiekc, ONMUCHIBAIONINI CUCTEMY KOODJIMHAT, B KOTOPOil JlaH BEKTOP,
OyJIeT Tak»Ke OIYIIEH, 38 MCK/II0YEHUEM CJaydaeB, rjie Tpedbyercs ocoboe BHUMAaHUE
K OIMCBIBACMBIM crcTeMaM KoopauHaT. OObIYHO, pio U ¢'S HAXOIUTCA B CUCTEME KO-
OpJMHAT KaMepbl, B TO BpeMs KaK OCTa/lbHas 4aCTh BEKTOPOB JaHa B IVIOOAJILHOI
cucreme KoopauHat. Vcnosb3yst yuporienusie oboznadenus, (B) moxker ObITH 1Epe-

VG = R(t)q(t) -

+p(t) ()

IINMCaHO KaK:



P(Ryq.,8) (P, Cp)

Puc. 1: Teomerpuueckoe omnucanue Boipazkerust ([9) ucmoib3yst MpoeKTUPYIONIHii orie-
parop (1)

Ryt N T Ry N T
NTR1 1 NTR1 q1

s Toro, 9TOOBI MOJIYIUThH OOJIee MTPOCTOE BhIPAXKEHUE OIPEJICIUM CJIEJIY IO
IIPOCKTUPYIOIIUIA OllepaTop:

G = Gg — A 1 (6)

T
, us
P(u7 S) =|1- T (7)

sTu
DTOT onepaTop MPOEKTUPYET BEKTOP Ha HOPMaJIb HOAINPOCTPAHCTBA K S, BIOJb
Harpasyenns u. Kak WTocTpays, 9To IPOCTO TPOBEPUTh, 910 s° - P(u, s)v =0 n

P(u, s)u = 0. Hobasmsis u serautas G k (), nocie nepeynopsiiodenus:
Riq:NT Riq;NT

G=Gp+|1- 200, -1 g 8

E*+ [ NT Ry, p1 E (8)

HUcnonbayst mpoekTupytoruii oneparop, (8) cranosurcs:

G =Gg+P(Riqi,N) (p1 — Gg) 9)

Y BBINIEOMCAHHOTO BBIPAYKEHUsI €CTh sICHAsT NeOMETPUIECKas WHTEPIIPETAI
(cm. Puclll). Bekrop u3 Gg K p; IPOEKTUPYETCsl HA KACATEIbHYIO MJI0CKOCTD. [1po-
eKTUPOBAHUE UJIET BJIOJIb HAIIPaBJIeHus 111 ¢, KOTOPOe SBJISIeTCS HAIPABJIEHUEM JIyYa
U3 ONTHYECKOTrO EHTPa KaMephbl (p1), MPOXOJIAIIETo Yepe3 COOTBETCTBYIOILYIO TOUKY
M300ParKeHNsI.

Harmr cnemyrommuit mrar 6yger nepenoc G u3 1y100aIbHOM CUCTEMBI KOOP/MHAT -
W B cucremy koopunat 1mepBoii Kamepbl C U 3aTeM K CHCTeMe KOODJIMHAT BTOPOIi
kamepbl Cy. Tak kak p; and R; onuceisator npeobpazosanue u3z C; 8 W, Mol Oyjiem
HCII0JI30BaThL 00paTHOE IIPeodpa3oBaHue:

“G = pi2 + Riz (R{ (G — p1)) (10)
[Moxcranoska (@) B (I0) maer:
G =pin+ Rl (Ge —p) (11)

L B HallUCaHHOM BBbIIII€ BbIpaKCHUUN ITPEACTaBJIAET:

(12)



MoxkHO mHTeprnpuTUpoBaTh L KaK OIeparop oOpaTHBI K P: OH MPOEKTHPYET
BEKTOPBI Ha JIyd, IPOJIOJIZKAIONIII [1q, BJIOJb IJIOCKOCTH, OPTOrOHAJILHOM K V.

@2 - TPOEKIIUs UCTHUHHON xapakTepHoil Toukum mectHoctu G. Takum obpazom,
BEKTODPBI (o 1 “2(G JIOJIZKHBI COBIACTb. DTO HADJIOJCHIE MOXKET OBITh BBIPAYKEHO
MaTeMaTHIeCKd, TPOEKTUPyst “2(G Ha MPOJIOJIZKEHNE JIyda (o

T
C2G — 2 . q_2 . C2G (13)
|2 g2

B soipazkenun ([[3), ¢f /|go| - ©2G sBasierca sesmunnoit ©G’s upekuuu Ha go.
[Ipeobpasys (I3) n ucrosab3yst TPOEKTUPYIOMHUIT OLePATOP, MBI Oy TaeM:

qz - q; c c
-2 aq - PG = 0 (14)
q " q2
(G gBasgeTca MpoeKImeil Ha OPTOTOHAJBHYIO KOMIIOHEHT (¢o. Tak Kak “2G u g9
JIOJIZKHBI COBIIAIaTh,3TO IIPOEKTUPOBAHIE JIOJIZKHO JaBaTh HyJeBoii BekTop. [Tomcra-
noska (1)) B (I4)) npuBouT K HaIIEMy OKOHYATEJLHOMY OIDAHUYIECHUIO:

P(q2, ) [p12 + Ri2L (Gg — p1)] = 0 (15)

DTO OrpaHWYeHHe BKJIIOYAET IMO3UINI0, OPUEHTAIINIO W COOCTBHHOE JIBUKEHUE,
ompejiesigeMoe Ha OCHOBE JIBYX KaJIPOB KaMepbl. XOTS OHO BKJIIOYAIOT TPEXMEPHDLIE
BEKTOpPAa, SICHO, YTO €ro PaHI' He MOXKET IIPEBBICUTH JIBOWKY M3-3a UCIOJIb30BaHus P,
KOTOpBIi1 1poekTupyer R? Ha 1ByMepHOE HOIIPOCTPAHCTBO.

Takoe orpanumvueHune MOXKET OBITH YCTAHOBJIEHO IS KaKJOIO BEKTOPa B IOJIE
ONITUYECKOTO IOTOKA, OKa He OyJeT IMOJIydeHa HeCUHTY/IdpHad cucTeMa. Tak Kak
JIBEHA/IIIATH TAPDAMETPOB JIOJIZKHBI ObITh OIEHEHb! (IeCTh JJisi TO3bl ¥ IIeCTh JIJIs
CODOCTBEHHOTO JIBUKEHNS ), 110 KpaiiHell Mepe, [IeCTh BEKTOPOB OITHIECKOrO MOTOKA
TPeOYIOTCH i perienns cucteMbl. Ho 910 - npaBuibHOE 3aK/II0UeHUe JjIs HeJInHel-
Hoit mpobsiembl. Keymm mbr ucnionib3dyem metoj ureparuii [aycca-Hobiorona, To mena-
eM JIMHeapu3aIuio Haleil mpobJyieMbl OKOJIO TPUOJINKEeHHOTO penenus. Haiinennas
MaTpuria GyJeT Beerja CUHTYJISIPHON I IeCTH TOYeK (C HYJIeBBIM JleTepMUHAH-
TOM), KaK YUCJIEHHOe MOJEJMPOBaHue JeMOHCTpupyer. Takum o6pa3om, HeoOXou-
MO HCIIOJIH30BaTh, 110 KpaiiHeil Mepe, ceMb TOYEK, UYTOObI MOJIYyINTh HECUHTYJISIPHOE
Jmneiinoe npubskenne. OObIYHO, YeM OO0JIbIIIe BEKTOPOB OYIET UCIOJIb30BATHCH,
4TOOBI ONPEJIEIUTD TIEPEOIPEJIC/IEHHYIO CUCTEMY, TeM 0oJjiee YCTOWYHMBO pelIeHue.
Buumanue 10/kHO ObITH HpUBJIEYEHO K (aKTy, 9TO ObLIO TOJIYYEeHO HEeJTUHeHHOe
orpannvienue. Takum obOpa3zoM, UTepaluoHHas cxeMa OYJIET HCIOJIb30BaThCA, TTO-
OBl PEIIUTb 3Ty CUCTEMY. YCTONUMBBIN ajJropuT™M, KOTOPDIH HCIOJIB3YeT UTepalun
Taycca-Hpiorona u M-onenmuk onucan B [9]. Mbl HaunHaeM HUCIIOIL30BATH METOI
Levenberg-Marquardt, eciin metoj [aycca-Hbiorona mociie HECKOTBKUX UTEPAIHil
[PEKPATUII CXOJUThCsI. DTU JIBA ajJlOPUTMa peajn3oBaHbl B GyHKuu lsqnonlin)
nakera Matlab. [IpumMenunMocThb, TOYHOCTH U HAJIEKHOCTD AJITOPUTMA ObLIN ITPOBE-
pPEeHbI Yepe3 YHCJIEHHOEe MOJIE/IMPOBAHNE U JIADOPATOPHBIE SKCIEPUMEHTHI.

Bosee yno6HO ucmob30BaTh 0oJjiee yCTOWYUBOE JIJIsi UTEPAIAl PellleHne, IKBU-
BasienTHOe ypasueruio ([IH]):

P(q2, q2) [P12 + R12Li (Gg, — p1)] /|G| =0 (16)

Ucnosib3oBanme 3Toit HOpMAJIM30BaAHHON (DOPMBI ypaBHEHU TTPEJIOTBPAIIACT 10~
Jy4YCeHUE HEBCPHOI'O TPUBUAJIBLHOI'O PEIeHUd, KOTJa JIBE HO3UINN HAXOIAATCA B €IU-
HOI TOYKE Ha MECTHOCTHU.



0.4 HaBuralimoHHBII aJITOPUTM, OCHOBAHHBIII HA KOM-
NMbIOTEPHOM 3PEHUU, JIJId KOPPEKIINN NHEPIAAITb-
HOIT HaBuTramum c nmomomnibio puiabrpa Kaamana.

OcHoBaHHBIE Ha KOMIIBIOTEDHOM 3PEHHH HaBHUTAIMOHHBIE AJTOPUTMBI OBLIN TIJIaB-
HO¥ MCCJIe0BaTE/ILCKOM IPOOJIEMOIl B TeUeHne MPOIILIX JeCaThIeTuii. Ajaropur,
HCIIOJIb3YEMbIil B 9TOM cTaThe, OCHOBAH Ha M€OMETPUN MHOIUX M300parKeHuit u Kap-
Te MecTHOCTH. C MOMOIIBIO 9TOrO0 METOA MBI TOJy9IaeM IMO3UIAI0 U OPUEHTAIHIO
Habsogaomneil Kamepsbl. C JIPyTroil CTOPOHBI MBI TIOJIYIAEM Te YK€ CaMble JTaHHbIe U3
MHEPIUAJIBHBIX HABUTAIIMOHHBIX METO/IOB. UTOOBI CKOPPEKTUPOBATDH ITH JIBA PE3YIlh-
TaTa, ucnojb3yerca Guabrp Kaimana. Mbl ucmo/ib3yeM B 3TO# cTaTbhe PaCIInPEH-
ubiit huibrp Kanivana jyist Hemubeiabix ypasuenuii [12].

JI1s1 MHEPIUAIBHBIX HABUTAIIMOHHBIX BBIYUCICHUN HCIOIb30Bajca VHepiuaib-
ubiit Hauranmonnsiii Cucremusiii [laker st Matlab [13].

Bxo duibrpa Kaamana cocrout us jiByx dacreit. [lepsbriii - nepemennbie X jirs
ypaBHEHUIT ABUKeHus. B HaleM ciiydae 3To - HHepIUuaJbHble HAaBUTAIIMOHHBIE YpaB-
nenus. Bekrop X cocrout u3 naTHaIATH KOMIOHEHTOB: [020yd20V,0V,0V, 005001 a,a,a,b,b,b.|.
Koopaunaret dxdydz onpeieseHbl KaK pasHUIa MeK/ly peajbHON HO3UIneil KaMephbl
U TO3UIIMEH, TTOJIyIeHHbBII N3 WHEPIUAJIbHOIO HABUTAIIMOHHOTO BhIUHCIeHus. [lepe-
Mennble 0V, 0V, 0V, onpe/iesienbl Kak pa3HuUIla MEKLy peasbHOIl CKOPOCTBIO KaMepEhI
U CKOPOCTBIO, TOJIYYIEeHHOH M3 WHEePIMaJIbHOTO HABUTAIMOHHOIO BbraucieHus. Ile-
pemennas d¢ 60 §1b onpejesnena Kak yribl Jitnepa marpunpt D, x DI 3necs D,
MaTpHIla OIpeIe/IeHa pealbHbIMU yIjIaMu Difjepa KaMepbl OTHOCHTE/IBHO JIOKAJIb-
Hoit cucrembl kKoopauHat (L-frame). C apyroit croponsr D, maTpuiia onpejeieHa
yriaMu Diijiepa KaMepbl OTHOCHTEIBHO JIOKAIbHON crcTeMbl KoopauHat (L-frame),
[TOJTy 9€HHBIMU U3 WHEPIUAJIHHOTO HABUTAIIMOHHOTO BhrauceHns. Heobxommmo obpa-
TUTb BHUMaHUE, YTO Hali/leHHble yriibl Jdilyiepa d¢ 06 0Y HE skBuBasienTHbl pasnuie
MEXK/Iy PeaJIbHBIMK yIylaMu Diljiepa u yriaamu Ditaepa, HOJYyIeHHBIMU U3 UHEPIIN-
AJIBHOTO HABUTAITMOHHOTO BhrauceHus. OHAKO JJII MaJeHbKUX 3HadeHuit d¢ 66 01
MTOTIPBKHU K 3TUM yTJIaM MOTYT OBITh J00ABJIEHBI IMHEIHO U TAKUM 00Pa30M TU YTJIbI
MOT'YT HCIIOJIb30BaThcd B (puyibTpe Kaamana B ciiydae MajeHbKUX omuOoK. Takoit
BBIOOD YIVIOB CJIEJIaH, IIOCKOJIBKY (DOPMYJIbI, OIMMCHIBAIOIINE UX IBOJIONNIO, HAMHOI'O
boJiee MPOCTHI, YeM (DOPMYJIbI, OIKMCHIBAIOIIIE SBOJIONNIO PASHUIIEI MEXKTY YIJIaMu
itnepa. Ilepemennsie a, a, a, oupeaeaeHbl BEKTOPOM CMEIIEHNAs YCKOPEHHA B NHep-
IaJIbHBIX HABUTIaIlMOHHbBIX U3Mepenusx. Ilepemennsie b, 0,0, onpeenenn BeKTOpoM
THPOCKOIIMIECKOIO CMEIEHUsI B MHEPIINAIbHBIX HABUTAIMOHHBIX M3MEPEHMSIX.

Bropoit Bxoa dpunbrpa Kammana - Z-pesyabraT u3aMepennii, OCHOBAHHBIX Ha Ha-
BUTAIIMOHHBIX AJI'OPUTMAX KOMIIBIOTEPHOI'O 3peHusi. BeKTop Z CcOCTOUT U3 IIecTu
KOMIOHEHTOB [0Zy, OYm 0Zm 0Pm 00y, 01by,]. Koopauuarsl 02, 0y, 0z, ABJISIOTCS
pasHunein Mexxjy HO3UIMeill KaMepbl, U3MEPEHHON Ha OCHOBE HABUIAIIMOHHOI'O aJl-
rOpUTMa KOMITBIOTEPHOTO 3PEHUSsI, U TO3UINEHl, MOy IeHHbII 13 WHEPIUAILHOTO Ha-
BUTaIIMOHHOIO BhIumcenus. Ilepemennas: 06,, 01, omnpeneneHa Kak yribl Diiiepa
marpunpst D, x DT, 3necy D, maTpuna onpejesiena yriaamu Ditjiepa KaMepbl OTHO-
CHUTEJIBHO OTHOCUTEJILHO JIOKAJIBHOI crucrembl KoopuHat (L-frame), namepeHubix Ha
OCHOBE HABUTAIMOHHOTO AJITOPUTMa KOMITbIOTepHOTO 3penusi. C apyroit croponsr D,
MaTPHUIA OIpeJieieHa yrlaMn Jitiepa KaMepbl OTHOCHTETBHO JIOKAJIBHONW CHCTEMBI
koopiuuat (L-frame), mosrydeHHBIME U3 WHEPIUATIBHOIO HABUTAIMOHHOE BBIUHCIIE-
nud. [lycrs nepemennas k onpejesisier 9rcjo MaroB Jjist TUCKPEeTH3allid BPpeMeHH,
HCIIOJIb3yeMbIX B puabTpe Kasivmana.



Mper mostaraem, 910 OMIMOKNA MEXKy 3HAYCHWIME, ILTYIeHHBIMU W3 WHEPIHAIb-
HOTO HABUTAITMOHHOTO BBIUUCJICHUS, U PEAJHbHBIMEI 3HAYCHUIME JIHHEITHO 3aBUCAT OT
mryma. CooTBEeTCTBYIOIIAs KOBapHaIllMOHHAA MaTpuila Iryma obo3HadeHa (. Jlua-
FOHAJIBHBIE 3JIEMEHTHI (), COOTBETCTBYIOT CKOPOCTH, OIPE/IE/IAIOTCS IYMOM YCKOPEe-
HHAS U TPONOPIMOHAMLHLI dt?: Qy ~ dt?, Tie dt wHTepBag BpeMeHW MeXIy tj u
tg_1: dt = ty — tg_1. maronaabubie 371eMeHTHI () COOTBETCTBYIOT yryiaM Jiirepa,
OTIPEJIEISIIOTCST TUPOCKOITMIECKUM TIIYMOM ¥ ITPOTIOPIMOHAIBHBL dt: ()4 ~ dt.

MpbI mpejriosiaraeM, 9To Tak:Ke OIIMOKKA MEK/y 3HAUECHUsIMH, [TOJyIEeHHBIMU Ha
OCHOBE HABUTAIIMOHHOT'O aJrOPUTMa KOMIIBIOTEPHOI'O 3PEHHs, U peabHbIMU 3HATE-
HUSIMI JIMHEHHO 3aBucaT oT mryMa. CoOTBETCTBYOMAs KOBAPUAIMOHHAS MaTPHIA
myma obosHavena Ry. Anamus ommbok, garomuii 51y Marpuily, omucad B [14].

VYpapuenusi ¢puibrpa KajiMmaHna onmuchbIBaloT KakK SBOJIIOINAIO OIEHOK COCTOSTHHSI
X}, OIIMCAHHBIX BBINIE, TAK W SBOJIONMIO KOBapPUAIMOHHONW MATPUIIBI P J/ist 1epe-
MEHHBIX X} .

Yrobb! HamucaTh ypaBHenus Guiabrpa Kajamana, Mbl JOJKHBI OIPEICTUTH €Ille
nse 15x15 marpuner: Hy u Ay, Marpuna Hj, sBisieTcs SKOOMAHOM U3MEpPEHUsI, OIIH-
CBIBAIOIIASA CBA3b MEXK/JIy IPEJICKa3aHHbIM u3MepenneM Hy x Xy u (pakTHIecKuM m3-
MepeHueM 7y, onpejieJieHHbIM Bbime. Jlnaronanbubie snementsl Hy(1,1), Hy(2,2),
H(3,3), onucoiBarormue koopauuaty u saementol Hy(4,7), Hi(5,8), H(6,9), omn-
ChIBAIOIUE YIJIbl, paBHbI eaunuie. OcrajabHas 9acTh 3JIEMEHTOB paBHA HYJIIO.

A marpuna fkobu, onmrchiBaoIas BOJIONII0 BeKTopa Xj. TouHOe BhIparKeHne
JUTST 9TOW MATPHUIILI SIBJIIETCS OYeHb CJIOKHBIM, TO9TOMY MBI HCIIOJIB3yeM TPUOJIH-
JKeHHy0 dopmyny st Ay, npenebperast addexTaMn KOpHoJmca, BpaleHneM 3eM-
s u tak jasee. [lozBosbre ¢ 6 1) O6bITH yriamu ditnepa B L-frame, dV asisercs
BekTopoM deltaV, mosiydeHHbIM U3 HHEPIUAIbHBIX HABUTAIIMOHHBIX U3MEPEHUN, fyee
BeKTOp yckopenus B L-frame, DC'My | - MaTpulia HalpapJsiomUX KOCHHYCOB
(U151 TIepeBo/ia U3 KOOPIMHATHOM CHCTEMBI JIETATeIbHOTO ammapara B L-frame).

Dopmystel onpeensionme Ay, ciaemyromnue:

cos(y) sin(¢h) 0
Upon = | —sin(y) cos(v) 0 (17)
0 0 1
cos(f) 0 —sin(0)
Open = 0 1 0 (18)
sin(f) 0 cos(f)
1 0 0
Ppemr = | 0 cos(¢) sin(¢) (19)
0 —sin(¢) cos(o)
DCMy,_ 461 = Poem®OpemV¥poum (20)
av
fvec = DCMb—tO—lE (21>

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

O = O

0
0 (22)
1

0 _fvec<3> fvec(Q)
Phl(4 6,7 9) = erC(3) 0 _fveC(l) (23)

_fvec(z) fvec(l) 0



Phi(7:9,10: 12) = —~DCMy, ¢ 1 (24)

Phi(4:6,13:15) = =DCMy, 1 (25)
OcrabHbIe 371eMeHThl MaTpuIlbl Phi paBHbI HyITIO.

Ay =1+ Phidt (26)

Vpasuenus duibrpa Kajivana Jijist BDeMEHHOI 9BOJIIOIUN CJIEJIYIOITIe

Xk:_ = [0 00000000 Agf—1 aykfl Ayl—1 bxk—l bykfl bzk—l] (27)

P; = AP 1 AY + Q1 (28)

Ypasuenusa duibrpa Kajimana mpoeKTHPYIOT COCTOSHUE U KOBAPUAITMOHHYIO
MATPHUILY C IPEIbILYIIEro BpeMEeHHOro 1mara k — 1 Ha TeKymnuit BpeMeHHoii mar k.
Vpasuenus duabrpa Kajmvana Jjijist u3Mepenus CjieyIoniue:

Ky = Py HI (H Py HE + Ry)™ (29)
Xy =X, + Ki(Zp — Hy X)) (30)
Py = (I — K Hy) Py (I — KpHp)" + Ky R KE (31)

VYpapuenusi dpuiabrpa Kaamana 1j1st uaMepeHns: HCIPABJIAIOT COCTOSIHIE W KOBa-
PUAIMOHHOW MATPUILy B COOTBETCTBUM C U3MEPEHUEM L.

Haiinenmbiit Bektop X}, ucnosib3yercs, 4To0bl OOHOBUTH KOOP/IMHATHI, CKOPOCTH,
yIJIbL Diljiepa, CMeIlleHrne yCKOPeHsi U TUPOCKOINYIECKOe CMeIleHue JIjist WHePIUa b
HBIX HABUTAIMOHHBIX BBIYHUCJIEHUI Ha CJIEYIONIEM IIare.

Yucienabie pacdeThbl ObLIH PEAJTM30BAHHbBI, YTOOBI HCCJIEIOBATEH 3D PEKTUBHOCTD
dunbrpa Kaamana n 91o0b 00beIMHUTH 3TH JBa HABUTAIIMOHHBIX ajropuTMa. Ha
Puc. [2 Mb1 MOXKeM BUJIETH, ITO JIJIsT OTKOPPEKTUPOBAHHOI'O IIYTH OITHOKA KOOP/IIHA-
TBI, TIOJIyIEHHBIS HA OCHOBE JIBYX HABUTAIMOHHLIX METOJIOB ¢ dusbrparueit Kaava-
Ha, HAMHOI'O MEHbBIIE YeM WHepIfaIbHas HABUTAIMOHHAS OIMOKa KOOP/MHATHI, 110~
Jydennad 6e3 puibrpa KasmbMana. YirydieHnble pe3yibTaThl ¢ IIOMOIIBIO (hUIBTPA
Kanvana ObL1# 10Ty 9eHbl TaKKe JIJId CKOPOCTU, HECMOTPSA Ha, TO, YTO 9Ta CKOPOCTh
He U3MepsieTcs HAIPAMYIO HABUTAIIMOHHBIM aJITOPUTMOM, UCIIOJIb3YIOIMIMM KOMITHIO-
reproe 3penue (Puc. [3).

0.5 BrniBoabl

AJIropuTM JIj1sT OTIEHKH TI03bI U JIBUKEHUST, KCIIOJIb3YIOIINNA COOTBETCTBYIOIIHE TOUKH
B n3obpaxkenusx u [IKJI 6bu1 nipejicrasien ¢ ucnosibzoBannem duibrpa Kaamana.
HKJI cayxut Kak riodbasibHas cripaBounas nuHdOopMalius, 1 ee JIaHHbIe UCIOJIb3YIOT-
¢ JIJIsT TOTO, 9TOObI BOCCTAHOBUTDH AOCOJIIOTHYIO TO3UIMIO U OPUEHTAIMIO KAMEPhI.
B 4gucnennbix pacderax OIEHKa JJIsi MO3UIUU U CKOPOCTU HAXOJATCH JTOCTATOYHO
TOYHO, 9TOOBI IIPEJOTBPATUTH HAKOILJICHHBIE OIMMOKN U MPEJIOTBPATUTD Jipeiid Tpa-
€KTOPUU.



BaaromapaocTh

Mpr 6b1 xoTesin obsaronaputh Pounena Jlepuepa, 9xymna Pusiuna u Xekropa Pot-
mITeitHa 3a OYeHb MOJIe3Hble KOHCY/IbTAIluN
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Puc. 2: Ommbkn nosunun ((a) s koopaunarel X (b) jyist KoopauHaTer y (c) s
KoopamHaThl 7). OumbKN WHepIuaIbHOro Jpeiicda OTMeUeHbI KpacHOil JuHuell, n
OIINOKM, UCIIPABJIEHHBbIE BUICO-HABUTAIMEH, OTMeUeHbl CUHeH JInHMeid.
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Puc. 3: (a) ommbKu CKOPOCTH JIJIsi MHEPIMAIBLHOTO jpeiida (X y z KOMIIOHEHTHI), I
(b) ommbKM CKOPOCTH, UCITPABJIEHHBIE BUICO-HABUTAIMEH (X Y Z KOMIIOHEHTHI).
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