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Introduction. Calculative algorithms of Strapdown inertial navigation systems (SINS) can be divided on naviga-
tion algorithms, which transform accelerometers output signals into local coordinates and attitude algorithms, which
transform gyroscopes output signals into vehicle angular attitude [1]. Wherein, navigation task solution requires dou-
ble integration of acceleration and attitude task — integration of kinematic attitude equation, related measured object
angular velocity with attitude parameters.

Paper considered of autonomous position determination methods based on vehicle angular velocity information
without acceleration measurement. Thus, attitude algorithms are considered only.

Paper researched the errors of algorithm based on quaternion attitude equation, moreover algorithm error drifts
were accepted as a main accuracy characteristic

The main part. Algorithm researched by imitation modeling of vehicle’s computer with SINS attitude algorithm.
The main task of modeling is defining depends between algorithm drift and sensor’s call step in cases of different fre-
quencies and amplitudes of base angular oscillations. It was researched four one-step algorithms: reverse, based on
modified Euler method; Picard method with two successive approximations and the new author’s algorithm which
combines formulas of first two algorithms. It was studied depends of algorithm drift and faze shift between two or-
thogonal axes oscillations. It was shown, the biggest drift values are obtained in case of base conning movement. It was
made the modeling researches of algorithm drift amplitudes relatively to sensor sample steps and oscillation frequen-
cies in dimensionless form. It was shown, substantial increase new algorithm accuracy compared to other researched.

Conclusions. The algorithm drift accuracy of new algorithm in 2600 times exceeds the revers algorithm. Small
modification of one-step algorithm allowed increase accuracy in few orders, almost without computing increase. Re-
ceived results allows to expend attitude algorithms application area and prognose their accuracy with different base
movement.

Keywords: strapdown inertial navigation system; attitude algorithm; one-step algorithm; algorithm drift.

Introduction

There are known six types of kinematic parame-
ters [2]:

— Euler-Krylov rotation angles;

— directional cosines between navigation and base
frames;

—  Euler orientation vector;

— Gibbs and Rodrigo rotation vectors which are
variants of orientation vector;

— quaternions of rotation [3].

Each of kinematic parameters conform deferen-
tial kinematic equation — attitude equation. Euler-
Krylov rotation angles are not commonly used in
Strapdown inertial navigation systems (SINS), be-
cause they could annihilate in some angle values.
More acceptable is Poisson deferential equation,
which defines directional cosine matrix. But the num-
ber of kinematic parameters becomes nine, which in-
creases computations. The most optimal for practical

application is quaternion kinematic equation. Kine-
matic equation, based on Euler orientation vector,
known as Bortz equation [4]. SINS attitude algorithm
synthesis based on Picard successive approximations
method for quaternion attitude equation presented in
[5, 6]. Miller developed his own attitude algorithm
method in 1983. It was based on the Teylor series ex-
pansion of Bortz equation. This method is commonly
used now in western [8-18] and eastern [19-24] papers
as well. Significant contribution of Chinese scientists
should be noted in attitude algorithms development
for last years [25-30].

SINS algorithm researching [31, 32] showed:
mean errors values increasing, in case of some angular
motions, with constant speed, which called algorithm
error’s drift speed or “algorithm drift”. Wherein, algo-
rithm drift, in some cases, could be so high, that in a
few minutes its value becomes much bigger than other
errors. Since that time, the error which depends of
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algorithm drift defines the algorithm accuracy. There-
fore, algorithm drift errors can be used as main SINS
algorithm accuracy characteristic.

Problem statement
Attitude algorithms based on measurement of
angular velocity vector ®, =®(f,) or quasi-

coordinate vector ¢, in discrete time moment sepa-

rated by sensor sample step A : q, = J- o, dt.
t—h
The algorithm error researching is easy to make
by computer simulation in Matlab which allows to
imitate data computing on-board by SINS.
It was studied the error drift of ¢ angle, assum-

ing the base movement, when this angle remains un-
changed (and equal zero). At the same time # and y

angles makes synchronic oscillations with frequency
w, same amplitude a, and phase shift £. This en-

sures the best conditions to algorithm drift appearance.
Such type of base moving is customary to call “con-
ing” in special inertial navigation works.

The final result of computer simulation is defin-
ing the dependence between attitude integration algo-
rithm errors and sensors polling rate with different
base angular oscillation amplitudes and frequencies.

One-step revers algorithm
One-step revers algorithm is commonly used in
practice currently. It calculates quaternion values on
n-th step by known value on (n-1)-th step and meas-
ured angular rate at the same times by formulas:
Ao =A""- 0,257, (0 A +o), I ol VT,

x1

n_n n-1 n-1 n n-1 n-1 n-1 n-1
A'=NT 40,25t (o)) Dol IS -of T,

xl
A=A +0,257, (o)) Dy ol TG -0l W),
AT=A""+0,257, (0 Dy o), T -0l L),
Ay=\" +0,251, (0!, D +o), T -0}, 1),
Ay=N" +0,251, (o), Dy o), A -of, D),
AY=A"+0,251, (o), O +ol, (A -o), L"),
Ay =Ay- 0,257, (0}, O +o’, D)+’ A7),

1)

R T .
where, A;™, A", A3, Ay — quaternion values on

(n-1)-th calculating step;

n-1 n-1
xl (‘Oyl ’

(n-1)-th calculating step;
)\’n

0

) "' — angular rate projections on

A, Ay, A} — quaternion values on n-th cal-
culating step;

o}, o}, o}, —angular rate projections on n-th
calculating step.

According to Eq.1, quaternion A elements ini-
tially calculates using angular rate values at the begin-

ning of the sample (“straight run”), then quaternion A

elements defines in revers sequence by using angular
rate values at the end of the sample (“revers run”). As
a result, previous calculating step quaternion

A" =A@"") transforms into current calculating step
quaternion A" =A@

Let write these formulas compact, using quater-
nions.

We denote:

— quaternion values at the beginning and at the end
of polling rate:

— 30 1RO 4 5O .
Ny =A7 +ilA” +jO7 +k 7
— 0 LD 4O .
N =A7 IO +§007 +k

— angular rate-quaternion values at the beginning
and at the end of polling rate:

0, =0+ + 2 +k 2
o, =0+i2J) +j2J) +k [2J) .

Let write first four equations from (1) of “straight run”
in quaternion form:

A :/\0+%/\Oom0,

where A" — intermediate rate quaternion, s — polling
rate, o — the quaternion product sign.

Similarly, write last four equations from (1) of “revers
run” in quaternion form:

A=A +IN o,
4

These two formulas can be combined into one by ex-
cluding of intermediate quaternion A" :

2

h h
A=A, +ZA° o(®, +ml)+E(/\0 00, )om,. (2)

Algorithm, presented in Eq.2, was called Revers1h.
The Matlab code of Revers1h presented below.

function Q1 = Revers1h(t,h,Q0)
[psi,tet,ga,ux0,uy0,uz0]=UgDvODbj_laz(t);
omO0=[0 ux0 uy0 uz0];
[psi,tet,ga,ux1,uy1,uz1]=UgDvODbij_laz(t+h);
om1=[0 ux1 uy1 uzi];
Qp=Q0+h/4*multQuat(Q0,o0m0);
Q1=Qp+h/4*multQuat(Qp,om1);

Here used two additional procedures:

— UgDvODbj_laz, which calculates current base angu-
lar movement;

— multQuat, which made quaternion product:

function q=multQuat(q1,q2)
qis=q1(1); q2s=q2(1);

qiv=qi1(2:4); gq2v=q2(2:4);
qs=ql1s*q2s-qiv*q2v’;
qv=q2s*q1v+qis*q2v+cross(qiv,q2v);
q=[gs,qv];
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Algorithm RK21 of Runge-Kutta method

One of the most commonly used integration
method for mathematical and engineering research is
Runge-Kutta algorithm. It could be applied to differ-
ent accuracy orders or step size.

One-step Runge-Kutta integration method of
second-order accuracy was applied to Matlab in algo-
rithm RK21:

function [tout,yout]=RK21(Zpfun,h,t,y)
k1=feval(Zpfun,t,y);
k2=feval(Zpfun,t+h,y+h*k1);
F=(k1+k2)/2;

yout=y+h*F; tout=t+h;

If RK21 applies to quaternion attitude equation,
Zpfun parameter need to assign a name of right part
quaternion attitude equation calculating function, for
example ZPfun ='KwUrAtt'". Matlab code of KwUrAtt
presented below:

function z = KwUrAtt(t,y)
[psi,tet,ga,ux,uy,uz]=UgDvODbj_laz(t);
om=[0 ux uy uz];
z=multQuat(y,om)/2;

Consider the operation of this functions set.

First calling kl=feval(Zpfun,t,y) to the the right
parts function of quaternion equation, calculates qua-
ternion

1
k, ZE/\() °oa) .

Second calling k2=feval(Zpfun,t+h,y+h*kl) al-
lows to calculate quaternion

1 h
k, 25(/\0 +5Ao°%)°6‘4-

Operator F=(kl+k2)/2 defines a half-sum of this
results:

11 1 h
F:E|:EA0°w+5(/\o+§/\o°a‘b)°("f:|:
1 h
_ZAoo(wo"'a’I)"'_S(/\oo%)oa'{'

Finally, operator yout=y+h*F defines a value of

new quaternion rate after polling rate:
2

h h
N, =N, +Z/\Oo(0)0+0)1)+—8(/\oom0)om1. 3)

The results almost coincide with revers algorithm
(2). The different only in value of third coefficient.

Algorithm Pic1h2tQuatOm of Picard method
The algorithm of quaternion rate A, =A(z,,,)

defining at the time moment ¢ =¢_,, =¢ +h (where h
— integration step) by it known value A; =A(z,) at
the previous time moment t =¢, is

A =N,°N,, “

where N, is solution of equation

N =1+ [N@oa O,

at the time moment ¢t =¢,, =t +h.

Eq. 5 can be solved by Picard method as succes-
sive approximations.

First approximation
In the zero approximation will be N, (r) =1. Using

this to the right part of Eq.3 get solution in first ap-
proximation:

1 t 1 t
Ny, (0 =1 +5£N<0> (oaddg=1+— j Wwé)d§ .

Second approximation

1 1
Ny () =142 [ N (o ax§)dé =

i 14
1+ j (Hgiw(/?)dﬂ]oaxf)df =

t t &
:1+%£w(<‘)d<‘+ﬂuw(f7)df7]ow(f)df.

Refine solutions
In case of one-step algorithm, there are known
two values of angular values ® , measured at the be-

ginning and at the end of polling rate. Denote ®, and
o, values of this vector at the beginning and at the
end of integration step A (¢t=¢; 7=0 and =7, ;
T=h).

In this case, angular rate can be approximated by
linear function:

o(T) =0, +2elf.

At the end of polling rate (and integration as

well) 7 =h measured value of angular rate will be:
o =0, +2lh.

Thus, unknown vector coefficient defines like
g= i (0, -0,).

Since the required function «(7) defines by ex-
pression

0 =0, +(m1 _mo)w >

. . . T
where dimensionless time value presented as ¢ = P

First approximation
Let find the value of integral

jw({)dézj(mo +2¢()dr = o, 7 +£ (1.
t, 0
Now Eq.4 in first approximation can be written as:

1
N, (D) :1+E|:(D<)T+£B2:| =
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1 1
=1+E{mor +E(m1 —mo)ﬁz} =

=1+§|:m05+(m1—m0)%2]

At the end of integration sample { =1, thus final
formula of algorithm will be

N, =1+g(m1 +m0).

Second approximation
First of all, we need to calculate double integral:

tf &
j( | m(n)dnJ co(&)dé =

r/?

(c)(,T+£Bz)o(m0 +2¢[T)dr =

O C— N

2 3 T3 4
Z0,c0,—+0,°¢ +go@,—+gog—.

2 3 2
Considering that, quaternion product of two quater-
nion vectors is

acb=(0+a)o(0+b)=-alb+axb,

i.e. difference between their vector’s product and sca-
lar product.
Thus,

0,00, =0 ; O,°e=0,%Xe-0,2;

gow, = -0, %Xe-0,[£; gog=-¢".

Finally get

t ¢ 2
[ [ a)(n)dﬂjow(f)d<‘=—a€%+

1,

3 4
+(w, xe =30, B)%—Sz%

e {-wg + (@, x6 30, a)%—y(hzy}.

So, the second approximation solution will be

h
N(2)¢n+l =1+Z((’)1 +m0)+—><

X{—wg +§(0)0 xg—30, I}t)h—ezlf} :

Separating scalar part from vector’s, we get
Neywn =1 —%z(af +2ho, &+ gzhz) +
+%[(m1 +o,) +§(m0 Xg):l =
7
=1 —g(mo + hs) [@mo + hg) +

+§[(w1 +mo)+§(mo xs)} -

n 2| h h
= {1_§ (ml +(’Jo)‘ }+Z[(m1 +mo) +§((00 X, ):| :
The final formula of the algorithm is

2
A=A, E{l—%‘(ml +o,)

2

+f—2/\0 o(w(, X, ) 6)

2}4.%/\00(0)1 +u)0)+

Computer simulation of the algorithms

The computer simulation software was created
for studying the properties of created algorithms. Soft-
ware simulates information processing process by
vehicle’s computer using all received methods.

Some of simulation results presented on Fig. 1 —
3. Test moving parameters were accepted as:

. oscillation amplitude of & and ) angles is
a, =0,1 rad;

. oscillation frequency of this angles is w=1
rad/sec;

. phase shift between & and )y angles is
£=90°.

The main simulation calculated value is error drift
of angle ¢ defining, which shouldn’t move at all.

Studding of the results obtained to the following
conclusions:

1) the biggest drift value has RK21 algorithm; it
about twice bigger then Revers1h; the most accurate
is Pic1h2tQuatOm algorithm, which showed error
drift more than 20 times less then Reversih;

2) all algorithms have second-order accuracy by er-
ror drifts;

3) algorithms Reverslh and Pic1h2tQuatOm
showed continuously amplitude error incising; Algo-
rithm RK21 showed steady error oscillations by base
angle oscillations;

Errors oscillation instability can be eliminated by
quaternion rating operation. The simulation result with
adding of quaternion rating operation showed on
Fig. 4 -6.

As we see, quaternion rating operation leads to
full elimination of error unsteady oscillation. At the
same time, it does not change errors of Runge-Kutta
method.

Dependence of error drift and phase shift

Influence of base oscillation phase shift value on
algorithms error received by computer simulation is
presented on Fig. 7. The amplitude frequency of oscil-
lation are a, =0,1 rad and w=1 rad/s;

It should be noticed, that algorithm’s RK21 and
Revers1h error drifts for any integration step values
changes anti-phase to base oscillation phase shift. This
circumstance could be used for developing high-
accurate algorithm.
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Fig. 7. Dependences of algorithm error drifts and phase shifts

Dependence of maximum error drift and sen-

sors polling rate
Computer simulations showed, algorithm error

drifts almost do not depend on frequencies and ampli-
tudes, which only changes the scale. If we change
considering from absolute drift values to their reality
to value wl&*, and use as argument not a polling rate
but a frequency parameter = wh, i.e. study relation
1 dhy
W’ |\ dt
maximum drift, this relations stay constant in any base

oscillations or polling rate.
For described algorithms, corresponding dimen-

sionless dependencies presented on Fig.8. Approxi-
mately, they can be presented in analytical form like:

. for Reversih — 0 =0.04201/ ;
«  for RK21 — 5=0.083027;
. for Pic1h2tQuatOm — J=0.0021 01 .

O() , where 0= . — dimensionless

m;

Dimensionless maximum drift

10° +
2 ¥
10 ftﬁ i
“*‘ 7
—_ P
3
e 10 ,“,’A‘ 1
s ol
a N ,t‘f“f B Revers
o 107 P * RK21
© Pic1h2tQuatom
Wik - e §=0,042,2
. — =§=0,083,°
o F §=0,0021>
10° : ‘ :
107 1072 107! 10°

u=wh
Fig. 8. Dependence of dimensionless drift and fre-
quency parameter
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We can see from Fig. 8, that Revers algorithm is
twice accurate than one-step RK21, and
Pic1h2tQuatOm algorithm is 20 times more accurate
than Revers.

High-accurate algorithm

Studying phase characteristics (Fig. 7) of pre-
sented algorithms, it can be noticed, that reverse algo-
rithm and Runge-Kutta method both changes har-
monically with anti-phase for all polling rate values. It
allows us to create combination of these algorithms to
significant decrease of maximum error drift.

The formula of corresponding algorithm is
2

h h
N =N, +Z/\0 °(0, to,) +E(/\0 O(’)o)oml - (D

A Matlab code of ExpRvrs1h function which imple-
ments Eq.7 presented below

function Q1 = ExpRvrs1h(t,h,Q0)
[psi,tet,ga,ux0,uy0,uz0]=UgDvObj_laz(t);
omO0=[0 ux0 uy0 uz0];
psi,tet,ga,ux1,uy1,uz1]=UgDvObj_laz(t+h);
om1=[0 ux1 uy1 uzi];
Qp=Q0+h/4*multQuat(Q0,om0+om1);
Q1=Qp+h*2/12*multQuat(multQuat(Q0,o0m0),0
m1);

The results of simulation algorithm (7) by func-
tion ExpRvrs1h presented on Fig. 9.

After simulations for couples polling rate values
and changing the phase shift values from -180° to
180°, we found relation between drift of new algo-
rithm and phase shift.

On Fig. 10 presented this dependence in four
polling rates. They show:

* dependence is harmonic in all cases;
*  maximum drift not always observed in phase shift
90° (i.e. in case of conning movement); in range

11
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0.01 s> h >0.001 s, maximum drift is on cases of More detail results of new algorithm maximum
phase shift - £ = —60° and £ =120°. drift measuring presented on Fig. 10, 11.
Dependence of error drifts and polling rates pre-
sented on Fig. 11.

Quaternion equation
aa 1 4 )
dt 2
One-step algorithms
with rationin
¥ Angular velocity measuring

ExpRvrs1h

Motion equation:
b= 'wm*sin(u tre)
100 0= 0m*$|n(w9t + <

10 y= 'ym*sin(wn/t + eﬂ)
10 I I ! ! Motion parameters:
v =0 6 =01 ~ =01
m _ 0 m moo
= +t v Yo7 =95
g s o ©Z] %29
4 v y
Integration step: h=0.1s
01

0 10 20 30 40 50 60 70 8 90 100 Error drift, rad/s
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<AY'>, =8.3e-06

<Ay>, =2.01e-07

Pic1h2tQuatOm

Program  Exp-quat-1h-om-upr.m
Author Y. Lazarev
14:51:10: 19-Nov-2020

Ukraine, KPI, PSON

Time, s

Fig. 9. Simulation of new ExpRvrs1h algorithm. Step 2 =0,1 s

Algorithm ExpRvrs1h One-step algorithms. Quaternions. Angular velocity
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Fig. 10. Dependence of phase shift Fig. 11. Dependence of dimensionless drift and
frequency parameter
From presented results we assume, that the new accuracy; algorithm drift can be calculated by for-
algorithm has next features: mula:
e in frequency parameter range 1>h>0.05 it has 0=1,600717;

fourth-order (not second-order like others) accu-

. . e at #=0,001 maximum drift value almost 4 times
racy; error drift can be approximately calculated

less then Runge-Kutta method and twice less then

by formula: les then Runge K
0=7,300"u*; icard’s algorithm; ' |
; : . .. * has “zero” maximum drift value at polling rate
e at =1 maximum drift value is similar to 1=0,05 s.
Picard’s algorithm;
* in frequency parameter range 0.001<h<0.05 it has Conclusions
(like other single-step algorithms) second-order Research [31, 33] shows, if we could find two

algorithms with the same error drift accuracy but op-

12 Bicnuk KIII. Cepia IIPU/IA/IOBY/IYBAHHA, Bun. 60(2), 2020.
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posite in sign in all faze shift range, it allows to in-
crease accuracy on few orders without significant
computation increasing. Computer simulations
showed: error drift value of new developed algorithm
is 2600 times exceeds similar accuracy of now-used
revers algorithm.

Received results allows to expend the using area
of strapdown attitude algorithms and to predict their
accuracy in different body movement.
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OJIHOKPOKOBUI AJITOPUTM BICO IMIJABUILIEHOT TOYHOCTI HA OCHOBI
KBATEPHIOHHOT'O PIBHAHHS OPIEHTALIIl I BUMIPIOBAHB KYTOBOI IIBUJKOCTI

Beryn. O6unciroBasbHi anroputMu 0e3miatpopMHuX iHepuiiHux Hapiranidaux cucrem (BIHC) moxHa po3ainnuT Ha
HaBiraniiHi aJrOPUTMHU, SIKi IEPETBOPIOIOTH BHUXI/IHI CUTHAIM aKCEJIEPOMETPIB Y LIyKaHi KOOPAWHATH MICLsl pO3Tally-
BaHHs 00'€KTa Ta aNrOPUTMH Opi€HTAlii, SIKi IEPETBOPIOIOTH BUXI/IHI CUTHAIM I'POCKOIIIB y KYTH Opi€HTALil pyXoMOro
o0'exta [1]. Ilpu mpoMy JUIs BUPINICHHS HaBiramidHOi 3afa4yi HEOOXigHO IBiYi IHTETpyBaTH HPUCKOPCHHS, a s
BUPIIICHHS 3aBJaHHS Opi€HTALil — IHTErpyBaTH AU(EpeHLia]bHi KIHEMaTH4HI PIBHSHHS Opi€HTalii, 0 3B'SI3YIOTH
BUMIpSIHY KYTOBY IIBUJKICTh 00'€KTY 3 TTapaMeTpaMu Opi€HTAIli1.

YV poOoTi WaeThCs PO aBTOHOMHI METOIM ITO3HITIOHYBAHHS Ha OCHOBI iH(POpMAIIii PO KyTOBY MIBHIKICTh pyXy 00'€KTa
0e3 BUKOpHCTaHHS iH(OpMAIl Mpo JiHiiHE MPUCKOPEHHS, TOMY Jalli PO3TIIAAAIOThCS OOYHMCIIOBAIbHI alTOPUTMH
opieHTaIil, MmO CKIaAalTh HahBaxmBimry dactuHy BIHC — GesmnatdopmoBy iHepiiaabHy CHUCTEMY Opi€HTaril
(BICO).

VYV cTarTi po3mISIAOThECS TIOXHOKH alrOpUTMiB, MOOYIOBaHUX HAa BHUKOPHUCTaHHI KBATEPHIOHHHWX PIBHSIHb Opi€HTAIl,
IPU YOMY Y SIKOCTI OCHOBHOI XapakTepucTHKH TouHOoCTi ainroputmiB BICO npuitasaTo apelidu nux moxmooxk.

OcHoBHA YacTHHA. J[OCITI/PKEHHST QJITOPUTMIB ITPOBOANUTHCS LIUIIXOM MOJICIIOBAHHS POOOTH GOPTOBOrO 00YMCIIIOBaYa
BIATOBITHO 1O PO3MISIHYTHX airopuTMiB. KiHIEBMM pe3ysbTaToM KOMII'IOTEPHOTO MOJICIIOBAHHS € BCTAHOBJIICHHS
3aJIeXKHOCTI Apeii(iB MOXMOOK YMCEIHLHOIO IHTErpyBaHHS PIBHSHHS Opi€HTAMii BiJj KPOKY ONMTYBaHHS AATYUKIB NPU
PI3HHMX 3HAUCHHSX YaCTOTHU 1 aMIUTITYJH KyTOBUX KOJMBaHb OCHOBHU. PO3IISIHYTO YOTHPH OJJHOKPOKOBUX ITOPUTMH -
pEeBEpCHUBHMIA, Ha OCHOBI MoaudikoBaHoro Merony Elinepa, moOynoBanuii Mmetomom [likapa JBOMa MOCITIJOBHUMH Ha-
OJIMDKEHHSIMHU 1 aBTOPCHKHM Ha OCHOBI KOMOiIHYBaHHSI ()OPMYJI TIEpUIUX ABOX aITOPUTMIB. JIOCHIIKEHO 3aJIe)KHOCTI
npeiidiB mOXuOOK Bij pi3HMIN (Pa3 MiXK KOJIMBAHHIMH 00'€KTa HABKOJIO JIBOX HOTO OPTOTOHAILHUX ocel. [TokazaHo, mo
HaHOUTBINI 3a BEIMYMHOIO Apelr B yCiX BWITAIKax CIOCTEPIraloThes INMPH KOHIYHOMY pyci o0'ekta. IIpoBemeHo
MOJICTIBHI JIOCITIDKEHHS 3aJIeKHOCTeH aMIUTITYTHUX Jpei]iB Bi KPOKIB ONMHUTYBaHHS 1 YacTOTH KOJUBAHb Y
6e3po3mipHiid Gpopmi. [TokazaHo cyTTeBe 301IBIIEHHS TOYHOCTI Y HOBOTO aTOPUTMY MOPIBHIHO 3 yCiMa IHITUMH PO3T-
JSTHY TUMH.

BucnoBku. TounicTh 3a apelidamu MOoXHOOK 3alporoHOBAaHOTO anroputMy B 2600 pasiB IepeBHILye aHAJIOTIYHY
TOYHICTh BUKOPHCTOBYBAHOI'O PEBEPCHBHOIO aNroputMmy. HezHauHOIO BHJO3MIHOIO (OPMYJIHM OJHOKPOKOBOTO ajro-
PUTMY BJQJIOCS IIJBHIIMTH TOYHICTh HA KUIbKA MOPSJIKIB, MPAKTHYHO HE 3MiHIOIOUM 00csr oduncienb. Otpumani pe-
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3yNbTaTH JAO3BOJIIOTH PO3IIUPHUTH 007acTh BUKOpHCTaHHS anroputMiB BICO i mporHO3yBaTH iX TOYHICTH MPH Pi3HUX
pyXax OCHOBH.
KirouoBi ciioBa: 6e3miatdopmHa iHepIianbHa CHCTEMa Opi€HTAIlil; OMHOKPOKOBHH alNrOpUTM; Apeid moxuoOKw.
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OJIHOIIIAT'OBBIM AJITOPUTM BUCO TIOBBLIIIEHHOM TOYHOCTHM HA OCHOBE
KBATEPHMOHHOI'O VPABHEHMSI OPUEHTALIMM W M3MEPEHMU VIJIOBOU
CKOPOCTH

Beedenue. BorancnurensHble anropuTMbl 6ecriiarOpMEeHHBIX HHEPIUAIBHBIX HaBuraunoHHbeix cucreM (BUHC) mox-
HO Pa3JeNuTh Ha HaBUTalMOHHBIE aJTOPUTMBI, KOTOpPBIE IPEOOPa3yIOT BBIXOJHBIE CUTHAJIBI aKCEIEPOMETPOB B HCKO-
MBI€ KOOPJIMHATHI MECTOIIOIOKEHUS 00BEKTa, M aITOPUTMBI OPHUEHTAINH, KOTOPBIE IPEOOPa3yIOT BBIXOIHBIE CHTHAJIBI
THPOCKOTIOB B yTJIbl OPUEHTAINN TOJIBMXHOTO 00BbekTa [1]. [Ipu aTOM I pemeHus HaBUrallnOHHOHN 3a71adu He00Xo-
MO JABaXKABI HMHTETPHPOBATH YCKOPEHHE, a JJIs pelIeHUs 3a/1a4 OpUEHTAUN — HHTETPUpoBaTh auddepeHnnansuee
KWHEMAaTHIECKHE YPaBHEHUS OPHEHTALNH, CBSI3BIBAIOIINE W3MEPEHHYIO YIIIOBYIO CKOPOCTh OOBEKTa ¢ IMapameTpaMu
OpHEHTAINH.

B pa6ote peub uaét 06 aBTOHOMHBIX METOIaX OIPEIEIICHIsI YTIIOBOTO IOJI0KEHHS 00beKTa Ha OCHOBE HH(OpMauu 00
YTJIOBOI CKOPOCTH €ro JBIIKEHUS, IOITOMY JlaJIee pacCMaTpHUBAIOTCSl BHIYHUCIUTEIBHBIC alllTOPUTMBlI OPUEHTALMH, CO-
crasistronue BaxxHelyro yacte BUHC — 6ecruiardopmenHyto nHepuuaibpayro ciucremy opuentauuu (bBUCO).

B craree paccMaTpuBaloOTCs MOTPEMIHOCTH ANTOPUTMOB, TOCTPOCHHBIX Ha MCIIOJIb30BaHUU KBATEPHUOHHBIX ypaBHEHHH
OpHEHTALMH, NMTPUYEM B KayecTBE OCHOBHON XapaKTEPUCTUKU TOYHOCTH anroputmMoB BUCO mpuHATH Apeidsr 5THX
MIOTPEIIHOCTEH.

Ocnognan uacms. ViccnenoBanue anropuTMoB MPOBOANTCS MYTEM MOJECIMPOBaHUS paOb0Thl OOPTOBOTO BBEIYMCIUTENS B
COOTBETCTBUH C PacCMaTPUBAEMBIMH aIrOpUTMaMi. KOHEUHBIM pe3yiIbTaTOM KOMITBIOTEPHOTO MOAEIHPOBAHUS SIBIIS-
€TCsl YCTAaHOBJICHHE 3aBUCHUMOCTH JIpeli()OB MOTPEIIHOCTEH YHCICHHOTO WHTETPHPOBAHUS YPaBHEHHS OPHUEHTALUU OT
rara onpoca U3MepUTeNeil Py Pa3IMIHbIX 3HAUYECHISIX YaCTOTH M aMIUTUTYIBI YTIIOBBIX KOJIeOaHW OCHOBAHUSI.
PaccMOTpeHBI YeThIpe OJHOIIATOBBIX aNTOPUTMAa — PEBEPCUBHBIN, HA OCHOBE MOIM(HUIIMPOBAHHOTO MeToAa Jiirepa,
MTOCTPOCHHBIN MeTonoM [Inkapa AByMs MOCIEeNOBaTENFHBIMA MTPUOIMKSHUSAMHI U aBTOPCKUN HA OCHOBE KOMOWHHPOBa-
HUsE (GOPMYJI IEPBBIX IBYX AJITOPUTMOB.

W3y4eHsl 3aBUCUMOCTH Apei(hOB MOrpEIIHOCTEH OT CABUIOB (a3 MEXIy KOJIeOaHUSIMU 00bEKTa BOKPYT JIBYX €r0 OpTO-
roHaJbHBIX oceil. [Toka3aHno, 4To HauboIbLIME IO BETUYUHE ApeH(B BO BCeX CiIydyasx HaOMOAAIOTCS PU KOHUYECKOM
JIBIDKEHUU 00BEKTA.

[TpoBeneHsl MOZEIBHBIC MCCIIEIOBAHUS 3aBUCUMOCTEI aMIUTUTYIHBIX Apei(oB OT IIaroB onpoca M 4acTOTHI Kojeda-
HUi B 6e3pa3mepHoii popme. [TokazaHo cyniecTBEHHOE yBEIMYEHHUE TOYHOCTH Y HOBOTO aJIrOPHTMA 110 CPAaBHEHHIO CO
BCEMH JPYTUMHU PaCCMOTPCHHBIMH.

Buieoowt. TourocTs 1o apeiidam mpemioxeHHoro anropurma B 2600 pas npeBbIaeT aHAIOTHIYHYI0 TOYHOCTh HCITOJTb-
3yeMOT0 PeBEPCHBHOTO anropuTMa. He3HaunTensHBIM BUAOM3MEHEHNEM (OPMYIIBI OJHOIIATOBOTO aJlTOPUTMA YAAJIOCh
MTOBBICHTH TOYHOCTH Ha HECKOJIBKO TIOPSIKOB, MTPAKTUIECCKH HE M3MEHSI 00heM BBIUUCIICHHUH. [1oTydeHHbIe pe3ynbTaThl
MTO3BOJISIIOT PACIIMPHUTH 00JIACTh UCTIONb30BaHMs anroput™MoB BMICO 1 mporHo3upoBaTh MX TOYHOCTH MPH PA3ITHIHBIX
IIBIKCHUSIX OCHOBAHUS.

Knrwouegvie cnosa: OecratopMeHHas MHEPLUAJIbHAS CHCTEMa OPHEHTAIMM; OJHOIIATOBBIA alropuT™; Ipeid mo-
IPEIIHOCTH.
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