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OPTIMIZATION OF FLIGHT TRAJECTORIES OF UNMANNED AERIAL VEHICLES WITH
GIVEN FINAL CONDITIONS

Abstract: The article considers the urgent problem of optimizing the flight trajectory of unmanned aerial
vehicles (UAVs) with given final conditions. An approach to constructing the optimal UAV trajectory along
successive sections using approximation by a fifth-degree polynomial is presented. A mathematical model is
developed that takes into account the features of using local inertial coordinate systems on each section of the
trajectory. A motion optimization method is proposed based on minimizing the quadratic functional
characterizing both the accuracy of reaching specified points and the energy costs for control. The solution to
the optimization problem is obtained using analytical design of the optimal controller. Analytical expressions
are given for determining the optimal lateral acceleration of the UAV, ensuring the required positioning
accuracy with minimal energy costs. Features of coordinate transformation between trajectory sections to
ensure continuity of motion are considered. A practical example of calculating the optimal UAV trajectory with
given initial conditions is given.

Key words: unmanned aerial vehicle, trajectory optimization, polynomial approximation, inertial
coordinate systems, quadratic functional, optimal control, segmented trajectory.

Introduction

Unmanned aerial vehicles (UAVs) are increasingly required to execute complex multi-stage
missions under strict constraints on positioning accuracy, timing, and energy consumption. Typical
missions include area reconnaissance, payload delivery, monitoring tasks, and return-to-base
operations, each imposing specific kinematic and dynamic requirements. The successful execution
of such missions critically depends on the quality of trajectory planning and control algorithms.

Trajectory planning for UAVs must account for physical and operational constraints, including
flight dynamics, actuator limitations, time restrictions, and safety margins. In practical applications,
inefficient trajectory generation may lead to excessive energy consumption or violation of mission
constraints, resulting in incomplete task execution. These challenges become particularly

©Z.A. Kutpanova, D.O. Kozhakhmetova, K.M. Suleymenov, G.N. Baiseitov, D.N. Shandronov, 2026

ISSN 2788-7995 (Print) [Iskepim yHUBEpCUTETIHIH Xabapibichl. TexHukaibik Feutbivaap Ne 1(21) 2026 118
ISSN 3006-0524 (Online) Bulletin of Shakarim University. Technical Sciences Ne 1(21) 2026


mailto:ftebueva@ncfu.ru
https://orcid.org/0000-0001-9324-9259
mailto:nazym9_1@mail.ru
https://orcid.org/0009-0001-5015-3617
https://yandex.kz/maps/163/astana/?from=mapframe&ll=71.424658%2C51.162748&mode=usermaps&source=mapframe&um=constructor%3A654d7775013977e59e313593e509a8a6cff21dab36934f52cc53fd92a8d2f93a&utm_source=mapframe&z=17
mailto:d.kojahmetova@shakarim.kz
https://doi.org/10.53360/2788-7995-2026-1(21)-13

pronounced in low-altitude environments, where flight paths must satisfy altitude limits, obstacle
clearance, and predefined airspace corridors [1, 2].

Mission-critical applications such as search and rescue, medical logistics, and inspection tasks
require deterministic and predictable trajectory behavior. In such scenarios, planning algorithms
must ensure not only optimality with respect to a selected performance criterion, but also robustness
and reproducibility of the generated trajectories. This motivates the use of deterministic trajectory
planning methods that provide explicit analytical descriptions of motion and allow direct incorporation
of boundary and continuity conditions.

Existing UAV trajectory planning approaches can be broadly classified into deterministic
analytical methods and numerical or heuristic optimization techniques. Classical deterministic
methods are based on variational calculus and optimal control theory, with Pontryagin’s maximum
principle serving as a fundamental tool for deriving optimal control laws for constrained dynamical
systems. These methods provide mathematically rigorous solutions and allow analytical
characterization of system behavior, but often suffer from high computational complexity and
sensitivity to modeling accuracy, especially in high-dimensional problems. While numerical and
heuristic methods, including evolutionary and swarm intelligence algorithms, offer flexibility, they
generally lack guarantees of smoothness, continuity, and predictability, limiting their applicability in
precision-critical missions.

In this context, the present study addresses the problem of deterministic UAV trajectory
planning using a segment-wise, polynomial-based representation within local inertial coordinate
frames. By employing fifth-degree polynomial approximations for each trajectory segment, the
method enables analytical computation of position, velocity, and acceleration, while simultaneously
allowing synthesis of optimal control laws with reduced computational complexity. The primary
objective of the work is to develop a trajectory planning framework that guarantees smooth, feasible,
and energy-efficient UAV motion along complex multi-stage paths, providing both high accuracy and
practical implementability in real-time onboard systems [3-5].

Materials and methods

This paper considers the problem of optimizing the movement of an unmanned aerial vehicle
(UAV) along a given trajectory while ensuring the required final conditions. The main task is to
develop a method for forming an optimal UAV flight trajectory that ensures passage through specified
points in space while minimizing energy consumption and ensuring the required positioning
accuracy.

Mathematically, the problem is formulated as determining the optimal control of the UAV,
ensuring movement along a trajectory passing through specified points in space with coordinates
(x®), y @), zK)in the inertial reference system (0XYZ), where k is the point number. It is necessary
to minimize the functional characterizing both the accuracy of reaching the specified points and the
energy costs for control.

Let us consider the problem of UAV movement along a given trajectory — the UAV flight is
carried out along three successively given trajectories, y; (tq, t1), V2 (t1, t3), v3(t,, t3), where we will
consider, y;(ty, t;) — the initial interval, y,(t;,t,) — the main flight interval, and y5(t,, t3) — the
interval including the return of the UAV to the starting point. In turn, (t,, t3)is the interval of the full
flight, i.e. denotes the beginning and end of the flight. For a number of sections of at least 3, the
problem will be solved similarly.

Methods of analytical synthesis of tasks and optimization of UAV control systems for flight
along successive sections are based on the approaches of the theory of optimal control taking into
account real conditions of application. The development begins with the creation of a mathematical
model of the UAV flight trajectory. To describe the trajectory, an approximation by a polynomial of
the appropriate type is used, which ensures an effective solution to control optimization problems [6-
9].

y(6) = Xizo Cit". (1)

Here y(t)is the change in spatial coordinates, tis the flight time of the UAV, in this case

to <t < t3,and C;, i = 1, nare the coefficients to be determined.

The polynomial is used to approximate the projection of the UAV trajectory onto each of the
axes of the inertial reference system.
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Ps(t) = Co + Cit + Cot? + C3t3 + Cut* + Cst>, (2)

1. To uniquely define a polynomial, it is necessary to specify six conditions (according to the
number of coefficients Cy, Cy, C,, C3, C4, Cs5). These conditions may include the position, speed, and
acceleration of the UAV at the initial and final points of the trajectory.

2. The fifth-degree polynomial ensures the continuity of not only the position function itself, but
also its first and second derivatives, which corresponds to the continuity of velocity and acceleration.
This is critically important for the feasibility of the trajectory by a real UAV, taking into account its
dynamic characteristics.

3. A polynomial of degree less than 5 does not provide sufficient flexibility to simultaneously
satisfy conditions for position, velocity, and acceleration at boundary points.

4. Polynomials of higher degrees can lead to undesirable oscillations of the trajectory between
given points, which complicates control and increases energy costs.

5. The fifth-degree polynomial provides a compromise between the accuracy of approximation
and the computational complexity of trajectory planning algorithms.

Polynomial (2) is used to approximate the projections of the UAV trajectory onto each of the
axes of the inertial reference system. Thus, the spatial trajectory of the UAV is represented by three
independent polynomials:

x(t) = Cy + Cit + Cot? + C5t3 + Cyt* + Cst®
y(t) = COy + Clyt + CZytZ + C3yt3 + C4yt4 + Csyts
Z(t) = COZ + Cth + CZZtZ + C3Zt3 + C4-Zt4 + CSZtS'

where x(t), y(t), z(t)are the coordinates in the inertial reference frame at the moment of time
t.

To determine the coefficients of the polynomials, it is necessary to set the boundary conditions
for each section of the trajectory. Such conditions include:

1. Coordinates of the UAV at the starting and ending points of the section:

{x(t0) = x0,y(t0) = yo,2(to) = 2.
2. Velocity projections at the initial and final points:
(x(t)) = vxo, %(tr) = vap, ¥ (to) = vyo, Y(tr) = vyp, 2(to) = v, 2(tr) = vy
3. Acceleration projections at the initial and final points (if necessary):
{£(to) = axo, J.C.(tf) = axf'y(to) = Qyo, j}(tf) = ayffz(to) = Az, z(tf) = Qgf.

Defining all these conditions allows us to uniquely calculate the coefficients of the polynomials
for each coordinate.

To determine the kinematic characteristics of the UAV motion, it is necessary to find the
derivatives of the polynomial function (2). The first derivative with respect to time will give an
expression for the speed, and the second for the acceleration.

Thus, the fifth-degree polynomial model provides an effective representation of the UAV flight
trajectory, allowing the analytical determination of the position, speed and acceleration of the device
at any time along the trajectory, which is the basis for constructing an optimal control system.

Results and discussion

The axes of the inertial coordinate system are the lines that describe the position of the UAV
in space and time in the inertial reference frame.

An inertial reference frame is a system in which the principle of inertia is preserved, i.e. if no
external forces act on the UAV, it will move at a constant speed or remain at rest.

In practice, pairwise orthogonal lines are considered as the axes of the inertial system; for
example, in three-dimensional space, X,Y,Zaxes designated as , ko are used, which determine the
location of the UAV in space and describe the movement of the UAV.

Let us differentiate the polynomial from (2) twice, then

Ps(t) = C; + 2C,t + 3C5t% + 4C,t3 + 5C5t*, 3
Ps(t) = 2C, + 6C5t + 12C,4t% + 20C5t3, 4
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Equations (3) and (4) define the projections of velocity and acceleration. The coefficients
(Cy, ..., Cs)are determined by solving the system of equations for polynomials (P5(t),P5 (t), Ps (t))for

the end of the guidance. These expressions (3), (4) are used to calculate the projections of the UAV
velocity and acceleration on the axes of the inertial coordinate system:

{vx(t) = Clx + ZCth + 3C3xt2 + 4‘C4xt3 + 5C5xt4, Uy(t) = Cly + ZCZyt + 3C3yt2 + 4C4yt3 + 5C5yt4, vz(t)

11
= Cyy + 2C,,t + 3C3,t% + 4C,,t3 + 5Cs,t%. (11)

Also

{ax(t-) = ZCZX + 6C3xt + 12C4xt2 + 20C5xt3, ay(t) = 2C2y + 6C3yt + 12C4yt2 + 20C5yt3, az(t)
= ZCZZ + 6C3Zt + 12C4Zt2 + ZOCSZts

(5)

The coefficients ¢,, C,, C;, C,, Csfor each coordinate axis are determined by solving a
system of equations formed on the basis of boundary conditions. This allows us to obtain a trajectory
that not only passes through the specified points in space, but also provides the required values of
speed and acceleration at these points.

A common application task is the flight of a UAV along a trajectory passing through specified
points in space with specified coordinates (x®,y®,z®)in an inertial reference system (0xYZz),
where k — indicates the number of the point through which the trajectory will pass.

Let us consider the problem of determining the trajectory of the UAV, where these sections
are consecutive, on each of which the guidance of the optimal UAV flight is determined, and the
requirements of the control system (CS) will also be met. The specified trajectory must pass with a
given accuracy approximately to the specified points, and also ensure the task of minimizing the
integral losses associated with the maneuvers of the UAV movement and the change in control
overload. It is necessary to form optimality criteria, including the following flight components:

1. characteristics of the accuracy of achieving the set goal, reaching the final position of the UAV;
2. characteristic of integral losses during the control period.
This problem is solved by the classical Boltz problem of minimizing a functional of the form:

/ = g(xk' tk) + fti)k F(x' t)dt, (6)

Here g(x,t,) describes the final goal of the state x(t) on the section [ty ¢,], and
ffo"F(X, t)dtdefines the integral losses in controlling the UAV movement. Note that the function

g(x, t)defines the final goal of the UAV flight section between the specified k, namely, between the
initial and final points, including the internal points of the UAV movement trajectory. Consequently,
the function g(x,, t,)will characterize the minimum deviation of the UAV flight trajectory from the
points x,, k = 1,N, where Nis the number of intermediate predetermined points of the UAV movement
route.

To determine the trajectory of the UAV, a problem similar to the problems of rigid body
kinematics is considered, determining the movement of the center of mass, thus, functional (5) is
transformed into a quadratic functional [10-12].

J = XERX, + [FIX@TQOX(®) + UOTS(OU®)]dt, (7)

Here X, = [Axy, Ayy, Az, ]Tis the vector of minimum deviations relative to the intermediate
point of the route, X(t) = [x(t), y(t), z(t)]"is the vector of coordinates of the center of mass of the

UAV, U(t) = [ax ), a, (®), az(t)]Tis the control vector of normal accelerations of the center of mass.

To solve the problem of optimizing the functional (7), it is necessary to solve the problem of
choosing matrices R, Q(t), S(t). The functional (7) includes variable terms of different dimensions
and values X, X(t),U(t), so it is necessary to transform them into dimensionless quantities by
normalizing using matrices R,Q(t),S(t) , and the admissible values of the variables
X, X(t), U(t)included in the functional (6) were taken as normalizing coefficients.

To determine the optimal control U(t), it is necessary to solve the boundary value problem,
i.e. to simultaneously solve the system of differential equations (5) and (7). In this case, in system
(6), the specified conditions are the initial conditions, and in system (7), the specified conditions are
the final conditions. The problem can be solved by the sweep method, in which, at the initial stage,
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approximate boundary values are specified for one of the systems (5) or (7), and then systems (5)
and (7) are repeatedly integrated in direct and reverse time until the specified accuracy is achieved.

The kinematics of the UAV guidance scheme to a given point (0%, x®),y (&), 7)) of the
inertial reference system is shown in Fig. 1, the ordinal number of the point in space through which
the UAV will move.
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Figure 1 — UAV guidance

New inertial coordinate system (0®,x®,y® z®) For each segment of the UAV flight, the
origin of the coordinate system 0®will coincide with the starting point of the trajectory. Then the axis
o®x®indicates the direction of movement to the next point, the axis is directed vertically upward,
o0®y®and 0@y ®the axis forms 0® z®a right-handed coordinate system with the axes 0®x®,
Designations:

3. V- the UAV velocity vector, and for the simplicity of the mathematical model during
programming we will assume that |V| = const;

4. v®—y — the orientation angle of the UAV velocity vector at the end of kthe -th guidance
section;

5. D®— the beginning of the given inertial coordinate system on kthe -th guidance section

0U)— s the origin of the given inertial coordinate system on k the guidance section.

Let us consider the movement of a UAV in a horizontal plane relative to a given inertial
coordinate system in k-th guidance section, which is described by a system of linear differential
equations

(X® = X;Ek), xW(0) = Xék)’Z'(k) — Vz(k), 7®(0) = Z(()k),l'/x(k) — a;(ck) (8)
V(k)(o) — Vx(ok)'Vz(k) — Cl;k), Vz(k) 0) = V(k) (9)

z0
where X®, Z®are the coordinates of the UAV in kthe -th coordinate system; V% v®are the
projections of the UAV velocity vector Vonto the axes of the -th k coordinate system; afc"),agk)are
the accelerations of the UAV in kthe -th coordinate system.
As an example, we present graphs of changes (x(t),z(t)) Figure 2.
In this case, time is considered fromt € [0, 2; 4, 4] with step h = 0,2. We will also provide

1

2 2 & B 1] iz 12 16

Figure 2 — Movement of the UAV at a constant speed and a changing angle with a certain step

Then the UAV movement graphs in different projections will be as follows Figure 3 (x(t); z(t)):

400

Figure 3 — UAV movement at constant speed and angular acceleration on a plane (0Z)
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The examples cover two illustrative cases. In the first case, the UAV maintains a constant
speed and heading angle; under these parameters, the trajectory forms a straight line, as predicted
by the model. In the second case, the UAV flies at a constant speed but with constant angular
acceleration, which leads to more complex curved trajectories when viewed from different planar
projections. Both scenarios confirm that the mathematical structure and polynomial representation
accurately reflect the underlying kinematic behavior.

The inertial coordinate system provides a rigorous and physically consistent framework for
solving the UAV trajectory control problem, enabling an analytical description of motion in space and
time while preserving the principle of inertia. Representing each flight segment in a local inertial
frame and approximating the trajectory with fifth-degree polynomials allows precise satisfaction of
boundary conditions on position, velocity, and acceleration. This ensures smooth segment-to-
segment transitions and accurate passage through predefined waypoints.

Conclusion

The study presents a segmented approach to UAV trajectory determination, where each
segment is defined by a local inertial coordinate system and a fifth-degree polynomial approximation.
This structure ensures that the aircraft closely approaches the specified waypoints, minimizing the
integral losses caused by control maneuvers and overload changes. The proposed method applies
an analytical design of the optimal controller, which helps to reduce the computational complexity
and supports efficient real-time computation.

The paper applies methods of analytical synthesis of tasks and optimization of UAV control
systems for flight along successive sections, while it is necessary to take into account the
requirements for satisfying real UAV flight conditions. The mathematical model of the UAV flight
trajectory in one of the papers is based on the approximation of the UAV flight trajectory relative to
the inertial system using a polynomial. In this case, boundary and initial conditions are specified to
determine the coefficients of the polynomial.

Then the problem of determining the kinematic characteristics of the UAV's motion is
considered, for this it is necessary to find the derivatives of the polynomial function. The first
derivative with respect to time will give an expression for the speed, and the second - for the
acceleration.

Thus, the fifth-degree polynomial model provides an effective representation of the UAV flight
trajectory, allowing analytical determination of the position, speed and acceleration of the device at
any time along the trajectory section, which is the basis for constructing an optimal control system.

The problem is then generalized using an inertial system, which provides lines describing the
position of the UAV in space and time in an inertial frame of reference, and preserves the principle
of inertia, i.e. if no external forces act on the UAV, it will move at a constant speed or remain at rest.

In practice, paired orthogonal lines are considered as the axes of the inertial system; for
example, in three-dimensional space, axes designated as X, Y, Z, ko are used , which determine the
position of the UAV in space and describe the movement of the UAV.
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¥LUKbILICHI3 ¥L1Y ANMNAPATTAPbIHbIH ¥LWY TPAEKTOPUATAPbIH COHF bl LUAPTTAPAbI
ECKEPE OTbIPbIT OHTAUNTAHAObLIPY

Makanada coHfbl wapmmapsbl andbiH ana bepineeH YWKbIWCKI3 yWy annapammapbiHbiH (YYA) ywy
mpaeKkmopusiCbiH OHmMatlnaHObIpyObiH e3eKkmi Macerneci Kapacmbipblinadbl. beciHwi dspexerni nonuHoOMMeH
XyblKmay 80iciH KorndaHa ombipbir, 6ipi3di yyackenep 6olibiMeH ¥¥A-HbiH oHmalinibi mpaekmopusiCbiH Kypy
macini ycbiHbinFaH. TpaekmopusiHbiH apbip ydackeciHOe xepeainikmi UuHepyusinblK KoopOuHamanap XyueciH
KondaHy epekuwesnikmepiH eckepemiH MamemMamukarnbik Moderb a3iprieHzeH. Kosranbicmbl oHmadlnaHobipy
adici ycbiHbINadbl, on bepinzeH Hykmenepae xemy dandieiH de, backapyra kememiH 3Hepausi WbiFbIHOaPbIH
Oa cunammalmbiH KeadpammbiK yHKUUOHano0bl MuHUMu3auusnayra HeeidderneeH. OHmalnaHObIpy
ecebiHiH wewimi oHmaltinibl KoHmposnepdi aHanumukarsbik )xobanay apKbiibl anblHFaH. QHepaus WblFbiHOapb!
MuHumandbl bosiraH xardalda Kaxemmi no3uyusinay 0endieiH Kammamachi3 ememiH ¥¥A-HbiH oHmMadlrbi
bylipnik yOeyiH aHbiKmayra apHasraH aHaumukarsblK 6pHekmep KenmipinzeH. KosranbicmabiH y30ikciadieiH
Kammamacbi3a emy ywidH mpaekmopusi benimOepi apacbkiHOarbl KoopOuHamanapObl mypreHdipy
epekuwernikmepi KapacmablpbisifaH. bacmankel wapmmapesl 6epineeH xarlaltida YYA-HbIH OHMalnbi
mpaeKmopusiCbiH ecenmeyoiH npakmukasbIK Mbicarlbl YCbIHbIFaH.

TytiH ce30ep: ywKbIWCKI3 YWy annapammapsl; mpaekmopusiapobl oHmaunaHobIpy; noauHOMObIK
XKybIKmay, UHepUusinbiK KoopOuHamarnap xydernepi; keaBpammeblK ¢hyHKyUoHandap; oHmadusnel 6ackapy;
maHOariFraH mpaeKkmopus.
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ONTUMMU3ALNA TPAEKTOPUA NONETA BECMUNOTHBLIX NETATENbHbIX AMMNAPATOB C YYETOM
KOHEYHbIX YCITOBUU

Cmambsi paccmampugaem akmyasnbHylo npobremy onmumusayuu mpaekmopuu fonéma
becnunomHbix niemamenbHbix annapamos (BI1JIA) ¢ onpedesieHHbIMU  KOHEYHbIMU  YCII08USIMU.
lMpedcmasneH nodxod0 Kk nocmpoeHuo onmumarnbHol mpaekmopuu BI/IA edosb nocrnedoeamesibHbIX
y4acmkoe C UucCronib3ogaHUueM rnpubnuxeHuss no rnonauHomuany namou cmeneHu. PaspabomaHa
Mamemamuyeckasi Modesib, yqumbigaroujass 0COB6eHHOCMU UCMOMb308aHUSI JIOKallbHbIX UHEPUUOHHbIX
KOOpOUHamMHbIX cucmem Ha Kaxdom yyacmke mpaekmopuu. [NpednoxeH memod onmumu3ayuu O8UXXEHUS,
OCHOBaHHbIU Ha MUHUMU3aUyuu Keadpamu4ecKkol (byHKUUOHaIbHOCMU, Xxapakmepu3yrouwel KaKk moYHOCMb
docmuxKeHuUs1 oripedesieHHbIX MOYeK, maK u 3ampambl 3Hepauu Ons yrpasneHus. PeweHue npobrnemsi
onmumu3ayuu Mosly4eHO C UCMOMb308aHUEM aHasumu4yeckoeo Ou3aliHa OonmumMasibHo20 KOHmpoJsiepa.
lpusedeHbl aHanumuyeckue ebipaxeHus 01 orpedenieHUs onmumasibHo2o 60kogo20 yckopeHusi BIJIA,
obecniequsaroujeeo mpebyemyio mMOYHOCMb MO3UUUOHUPOBAHUSI MPU MUHUMAaIIbHbIX 3ampamax 3Hepauu.
PaccmompeHbl  ocobeHHocmu  npeobpa3ogaHusi KoopOuHam MexOy CeKuusMu mpaekmopuu O5s
obecriedeHus HerpepbisHocmMu 08uxeHus. [lpueedeH npakmuyeckul MpuMep pacyema OnNMmMuMarsbHOU
mpaekmopuu BlJIA npu 0aHHbIX Ha4vaslbHbIX YCrI08USIX.

Knro4desbie cnioea: becnumomdble JfiemameribHbie annapamsbsl; onmumu3ayus mpaekmopud;
rnonuHomMuasbHoe NpubsiuXeHUe; UHepyuabHble cucmeMbl KOopouHam, K8adpamu4yHO-yHKUUOHAbHbIE;
onmumaribHoe yrpaeseHue; blbpaHHasi MmpaeKkmopusi.
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NMOCTPOEHUE U IMHIBUCTUYECKUA AHAITN3 BONPOCHO-OTBETHOIO KOPMYCA
KAZAKH HISTORYQA

AHHOmMauyus: Lugpposusayusi cpedHe2o obpasoeaHusi 8 KazaxcmaHe ycunueaem rnompebHocmeb 8
crieyuanu3upoBaHHbIX Ka3axCKOsI3bIYHbIX pecypcax, noddepxusarouux UHmMersieKmyarbHble 60rpPOCHO-
omeemHbie cucmembi M0 WKOosbHbIM ripedmemam. OOHako cywecmsyrouwue QA-Oamacembl 8 OCHOBHOM
OpUEHMUPOBaHbl Ha B8bICOKOPECYPCHbIE S3bIKU U He Oxeambigarom codepxxaHue y4yebHbiX OUCUUMNMUH, 8
yacmHocmu ucmopuu KazaxcmaHa. B 0aHHoU pabome nipedcmassieH u noGpobHo rnpoaHanu3uposaH Kopryc
Kazakh HistoryQA — nepenbili crieyuanu3upo8aHHbIl 80rMPOCHO-0ME8eMHbIU PECYPC Ha Ka3axCKOM S3bIKe,
co30aHHbIl Ha ocHoge Wwecmu oguyuarnsbHbix y4ebHukos no ucmopuu Kasaxcmana 0ns 5-10 knaccos. Kopriyc
sknroyaem 208 memamuydeckux cekyul, okorno 180 mbicsid mokeHos u 661 QA-napy ¢ rnpugsiskol K MOYHbIM
KoopOuHamam omeemHOo20 criaHa, 4Ymo obecrieqyugaem cO8MECMUMOCMb CO cmaHOapmHbIMU nadnnatiHamu
0byyeHusi modeneli MallUHHO20 YmeHus, ekirodasi bubnuomeky HuggingFace.

lMposedéH MHO20ypOBHESBbLIU aHanu3 Kopryca: cmamucmuka OfluHbl KOHMEeKCmOos, 80r1pocos U
omeemos, pacrnpedesieHUe Mamepuanose Mo Knaccam U ydebHukaMm, murosiosusayusi 80rpocos8 Ha
ghakmornoauyeckue, XpoHosio2udeckue, npouyedypHbIe, MPUYUHHO-CIIeOCMBEHHbIE U CPpasHUMEesbHbIe.
HoronHumenbHO 8bIMNOTHEHO MOPEHOI02UYecKoe pPouaUpo8aHUe meKcma, MOCMPOEH HYacmomHbIU
crnosapb U 8bl0esieHbl rpedmMemHbie mepMuHbl. [nsi oueHku HadexXHocmu Kopryca kak beHYMapka
peanusoeaHbl ba3osbie Moderiu ebibopa npednoxeHul (cry4alHbilt ebibop, TF-IDF, BM25), cpedu komopbix
BM25 nokazan nyqwue pesynbmamsl. [lpedcmasneHHbili Kopryc co3daém ocHogy Orisi nocriedyrouwux
uccnedosaHuli u paspabomku euUbpPulGHbIX OHMoslo2u4yecku obozawéHHbix QA-cucmem 8 cghepe
obpa3oeaHus.

Knroyeebie cnoea: Kaszaxcmaxckas ucmopus, OCR, QA, oHmonoaus, obpasosamenbHass NLP,
RAG, me3aypyc, 0Hmonoaus.
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