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Purpose. Construction of a general modular mathematical spatial model of the removal allowance process and shaping when
milling round surfaces of rotation, such as camshaft necks, cylindrical surfaces of gearbox shafts and others. Determination of the
components of the cutting forces when machining with crossed axes of the milling cutter and part in order to use the results when
assigning machining modes.

Methodology. Theoretical development of a modular mathematical model of the removal allowance process and shaping dur-
ing milling of cylindrical surfaces was carried out using a matrix apparatus for converting coordinate systems. Unified modules
were developed: instrumental, orientation and shaping, which allowed us to describe the processing of the part more clearly. All
calculations were performed in the mathematical package Mathcad. Using the functions available in the package, a graphical rep-
resentation of the mathematical model of the tool and machined surfaces was obtained. Using the logical blocks developed in the
program, the characteristics of the treated surface were investigated, such as roughness in the axial and radial planes. The influence
of the tool orientation angle and the number of cutter teeth on the roughness of the machined surface was investigated. The known
formulas for calculating the cutting forces during milling are specified.

Findings. A general modular mathematical spatial model is constructed of the removal process of an allowance and formation
at milling by the oriented tool of round surfaces of rotation, such as necks of camshafts, cylindrical surfaces of shafts of transmis-
sions and others. The roughness parameters of the treated surface are determined. The outflow of the tool characteristics and the
angle of its orientation on the geometric roughness in the axial and radial sections is investigated. The area of the layer cut off by
one tooth of a mill is defined. The calculation formulas are specified for finding the components of cutting forces during milling.

Originality. A modular spatial model of the process of milling cylindrical surfaces with an oriented tool is proposed, on the
basis of which the components of cutting forces are calculated, which can be used in designing new tools and improving machining
conditions by the existing ones.

Practical value. Based on the use of modern computer facilities and software, the developed calculation program allows control-
ling the process of forming cylindrical surfaces during their milling with an oriented tool. It also allows predicting the initial machin-
ing accuracy by determining the parameters of geometric roughness in axial and radial sections. This makes it possible to choose the
optimal tool orientation angle, milling cutter parameters and cutting modes to achieve high productivity and processing quality.

Keywords: cutting forces, milling, camshaft, grinding, modeling, roughness

Introduction. A significant number of operations for the
manufacture of various parts refer to the methods of cutting.
In this case, the final quality and accuracy of the parts are pro-
vided mainly by grinding operations. However, it is known that
grinding operations with abrasive and diamond wheels require
more energy consumption compared to blade processing
methods. At present, considerable attention is paid to the cre-
ation of new technologies and schemes of blade processing,
which will ensure a sufficiently high quality of parts and elimi-
nate the need for grinding operations.

In order to improve the quality of the treated surface after
milling, prefabricated milling cutters are used with replaceable
multifaceted plates. Thus, for more detailed studying of pro-
cess of milling the round surfaces of basic necks of a camshaft
and cylindrical surfaces of transmission shafts, it is necessary
to conduct mathematical modeling of the cutting scheme. In
the course of spatial modeling, it is necessary to determine the
mathematical model of the tool surface, the general modular
spatial model of the process of removal of allowance and shap-
ing. On the basis of the developed models, the parameters of
the initial roughness of the treated surface and the compo-
nents of the cutting force are to be investigated. This will make
it possible to investigate the milling process in more detail and
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use the obtained dependences to rationally choose the cutting
mode and geometric characteristics of the tool.

Literature review. Modeling of cutting processes is becom-
ing more and more widespread [1]. They use a variety of ap-
plications and applications. Systems of virtual modeling of all
stages of creation of details and each separate operation are
common [2], in particular CAM of system of modeling of pro-
cessing on CNC machines [3]. With the help of special soft-
ware one can predict the processing time and some of its pa-
rameters [4, 5].

Studies on the cutting process during milling are usually
performed using a flat machining scheme [6, 7]. However, as a
result of such simplification, insufficiently accurate values of
the area of the cut layer and other parameters of the cutting
process are obtained. In addition, in the field of blade process-
ing there is no method of comprehensive study on the process
of chip removal and shaping. At the same time, each of the
issues is described separately, as a result of which the com-
pleteness of the research is lost and some distortion of the ob-
tained results is observed.

A comprehensive study on the process of chip removal and
shaping is considered by the authors [8, 9]. In [8] the process
of grinding with an oriented abrasive wheel is investigated. For
the selected processing scheme the scheme of editing of a cir-
cle is offered and mathematical models on the basis of unified
modules are developed. In [9], a method of milling the sup-
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port necks and cams of the camshaft for one institution with a
special disk milling cutter is proposed. The productivity of
milling, as well as the dependence of the distribution of spe-
cific productivity along the cutting blade is determined.

Much attention is paid to the methods for calculating the
cutting forces during machining [10], as it improves the under-
standing of the processes of removal of allowance and shaping,
and allows predicting the initial accuracy of the part and the
quality of the surface layer.

Unsolved aspects of the problem. For a more rational
choice of cutting modes for milling according to existing
schemes and production of new processing methods and tool
designs, it is necessary to carry out mathematical spatial mod-
eling of the tool surface, the process of removing allowance
and shaping when milling round surfaces such as camshaft
support cylinders and cylinders gears. On the basis of the de-
veloped model it is necessary to carry out research on influ-
ence of parameters of the tool on quality of a detail by defini-
tion of components of cutting forces and geometrical rough-
ness of the processed surface.

Purpose. Construction of a general modular mathematical
spatial model of the process of removal of allowance and shap-
ing when milling round surfaces of rotation, such as camshaft
necks, cylindrical surfaces of gearbox shafts and others. Fur-
ther, on its basis, the determination of the components of the
cutting forces when machining with crossed axes of the milling
cutter and part in order to use the results when assigning ma-
chining modes.

Results. Currently, grinding schemes with crossed tool
axes and parts are known (Fig. 1).

According to this scheme, the grinding wheel 7 and the
part 2 rotate around their own axes with a constant frequency;
the part 2 additionally performs the feed movement S, along
the axis Z,. In order to distribute the allowance along the pe-
riphery of the grinding wheel, the tool is oriented relative to
the part by rotating it at an angle a relative to the Y,, axis.

Based on the developed model of allowance removal and
shaping during grinding with an oriented tool, the position of
the instantaneous contact spot and its area, as well as the
thickness of the cut layer are determined. And by determining
the number of cutting and deforming edges involved in the
machining process calculate the unit and total cutting force.

The milling scheme of the camshaft support necks (Fig. 2)
does not differ significantly from the grinding process. The
disk prefabricated milling cutter 7 rotates around its own axis.
The part 2, in addition to rotation, performs a longitudinal
feed movement. To improve the processing conditions, the
milling cutter is rotated by an angle am relative to the Y,, axis.

Due to the introduction of the angle of orientation of the
tool, the beginning of the removal of the allowance falls on the
end surface; in addition, the depth of cut decreases when ap-
proaching the radial edge and periphery. The axis of rotation

Fig. 1. Grinding scheme with crossed wheel axes and parts

Fig. 2. Scheme of milling a cylindrical surface with an oriented
tool

of the milling cutter is separated from its end by a certain
amount of C. This distance determines the presence of the
calibration particle and determines its length. Thus, the allow-
ance for removal by the peripheral cutting edge is also evenly
distributed along the length of the blade. This unloads the cut-
ting edge and reduces the wear intensity of the replaceable
multifaceted blade, and accordingly increases its service life.
Let us carry out mathematical modular spatial modeling of
the scheme of milling of cylindrical surfaces (Fig. 2). To do this,
we define a mathematical model of the tool surface. Processing
is performed by a prefabricated milling cutter with insert re-
placeable multifaceted plates; the number of plates and the na-
ture of their installation are determined by the design of the
milling cutter. According to the proposed milling scheme, the
removal of the allowance is carried out by the end surface of the
plate, its periphery and the transition radial edge (Fig. 3). Since
the tool rotates around its own axis, the contour formed by two
rectilinear and one radial section forms a continuous cylindrical
tool surface. To write mathematical models, we use coordinate
transformation matrices and special unified modules. There-
fore, the surface of the milling cutter can be determined by a
cylindrical module (1) with two independent parameters

7(8,,0) = C;Mu')-em-Rm(z,) ed, (M

where 7,,(0,,,0) is the radius vector of the milling cutter sur-

face; C1 (iy0.-R (zy 18 the cylindrical module of the work sur-
— T

face milling; e4:(0 00 1) is the radius vector of the

origin of the coordinate system; Z, (i) is a coordinate along the
axis 0,,Z,, (Fig. 3) of the tool surface at some i” point, mm; 6,

m?

mm

o
E
75’" Z,, mm

Fig. 3. Scheme for determining the mathematical model of the
working surface of the milling cutter
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is the current angle of rotation of the milling cutter point
around the axis 0,,Z,, radian; R,(z;) is the radius of the tool
surface at some i point, mm.

The dependence of the current coordinate Z,,(7) and radius
of the work surface R,,(z;)at the i” point of the profile can be
written using the Heaviside function

Z,()=i-(1-@@—i))+
+(i, +p).c1>[i{ip +p-gD+(l’p +p-sin ’;if’ ]x )

{@(i—ig—cp[i{ip+p~gm;

Rm(z[):R.(l—m(i—fp)){k—p—i{ip+p-’2tﬂx

xq{i{ip+p‘gD{R+p.[COS"‘i’%_1Hx G
Jorsriedl)

where 7 is the current coordinate on the cutting surface of the
milling cutter along the axis 0,,Z,,, mm; i, is the coordinate of
the starting point of the radial section on the variable polyhe-
dral plate along the axis O,,Z,,, mm; p is the radius of rounding
of a hard-alloy plate, mm.

In equations (2, 3), the first term characterizes the periph-
eral area of the tool surface, the second — the end, and the
third — the transitional radial edge. The Heaviside function de-
termines the position of each section on the coordinate plane.

The mathematical model of the tool surface of the milling
cutter using coordinate transformation matrices has the form

7,(8,,,0) = Cém(i)-em-Rm(z,) ed= 4)

=M?*(Z,(i))-M®(0,,)- M*(R,(z,))-4,

where M*, M? are single-coordinate transformation matrices
of the coordinate systems describing, respectively, the move-
ment along the axes 0,,Z, and O,,Y,; M® is the matrix that
describes the rotation around the axis 0,,Z,,.

To record a mathematical model of the treated surface, it is
necessary to transfer the tool to the coordinate system of the
part and set the shaping movements.

The relative position of the workpiece and the milling cut-
ter is determined by the orientation module and the transition
matrix. The transition nut sets the center distance

M= M*(y,), ®)]

where y,. is an interaxial distance, mm.

And the orientation module determines the specific posi-
tion of the tool relative to the workpiece. Since the processing
is proposed to be carried out with a cutter rotated at an angle
a,, around the axis O0,,Y,,, and the axis of the rotor enters at a
certain distance from the end of the cutter, the orientation
module has the form

C; o =M>(a,)-M3(C), (©)

where Cg ¢ isan orientation module; o, is an angle of rota-
tion of the milling cutter, rad; Cis the distance from the end of
the cutter to the axis of its rotation, which determines the
length of the calibration section, mm.

In the relative motion of the milling cutter and the cylin-
drical surface of the camshaft, the milling cutter performs a
helical movement, while the surface of the part is considered
immovable. Then the shaping module can be written

Cs o =M(Z,)-M(6,), @

Z,0

»p

where C ZF o is the shaping module; z, is the magnitude of the

movement of the axis of the milling cutter along the surface of
the part, mm; 6, is the angle of rotation of the part, which de-
termines the frequency of its rotation, rad.

The distance at which the tool moves relative to the initial
position of parts when turning the shaft at an angle 6, is calcu-
lated from the expression

Z,-6,-1, ®)

S
where #=—2- is a parameter of screw relative movement of a

2-m
mill, mm/rad; S, is axial supply of a detail, mm/rev.
Therefore, the equation of the treated surface can be writ-
ten as

70,0, =C o -CJ - M"7,,(0,,,0). ©)

Substituting expressions (4—8) in equation (9), we obtain a
mathematical model of the treated surface

_ o S, 3
rp(ep,em,z)—M3(ep~t)ﬁ M5(0,)

x M3 (at,, )- M3(C)-M?(y,)x (10)
x M*(Z,,(i))-M(6,,)- M*(R,(z,)) -e4.

Since equation (10) has three parameters and describes a
family of surfaces, it is necessary to additionally introduce the
condition of formation. It is known that the formation of the
final profile of the part occurs at the point where the equality
is performed

V.-n=0, (11)

where 7 is a normal to the treated surface, it can be defined as

a vector product of tangents; V' is the vector of the relative
speed of the tool relative to the part.

Tangents are determined by differentiating the radius-vec-
tor of the surface of the part by the angle of rotation of the tool
surface 6,, and the current coordinate and on the cutting sur-
face of the cutter. We will obtain

(0,.0,.0) 77,(0,.0,,.)
00, oi

n=

(12)

The relative velocity vector V' is a differentiation of the ra-
dius vector 7,(9,,0,,,i) at the angle of rotation of the detail 6,
0,(0,,6,,0)

o0,

V= (13)

Therefore, the condition of formation (11) taking into ac-
count (12, 13) can be represented as

0 (0,:0,,1)_0,(8,.0,,:) ) &, 0,.0,.0)
B oi 2,

m

=0.

To find the solution of this equality, and hence the points
of contact of the detail and the tool, we use the logic block

d—0

forge0...N

d<—dmin +dmax_dmin -q

N
= or, or \ or
L R < root ixi’f -i,d’ (14

o, o ) oo,

M) d
R

MT
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where N is the total number of segments into which the con-
tact line is divided; d,;,, dpax are initial and final coordinates of
the contact line at the periphery of the cutting edge of the mill-
ing cutter; ¢ is the additional parameter that determines the
sequence number of the point of the contact line; M is the ma-
trix in which the calculation results are stored.

As a result of the calculation of the block (14), we obtain
the points belonging to the contact line of the cutter and the
cylindrical surface of the camshaft. Interpolation functions are
used to obtain a continuous line

Le(i) = interp(cspline(LY, L®), LY, L@ i), (15)

where Lc(i) is the equation of the contact curve of the part and
the tool, which determines the position of the angular coordi-
nate of the contact point on the tool depending on the current
linear coordinate.

Knowing the position of the contact line, the original sur-
face of the part can be formed by rotating it around the axis of
the part. Finally, equation (10) of the surface of the machined
part is written as

7(0,.0)=M?(0, ~t)2S—’;c~M6(9p)x

x M3(a,, )-M?(C)- M?(y,)x (16)
x M*(Z,,(i))- M®(Le(i))- M? (R, (z,))-e4.

Graphical representation of equations (15, 16) and (4) is
shown in Fig. 4, which shows the treated surface of the part /,
the tool surface 2 and the line of their contact 3.

As a result of rotation of a mill and its movement on a
screw trajectory concerning position of a detail, in axial sec-
tion there is a geometrical roughness. The predicted axial sec-
tion of the part can be determined from the mathematical
model (16), using a calculation unit similar to (14).

kpin <0
for je0..N

k ko, k’“‘”‘j

x<—r( ,0)11 , a7
y(—r ( ’0)21

j+1(_x
y

where ki, = 0, k. = B are minimum and maximum coordi-
nates of points on the profile of the part in axial section, mm;
N is the number of points on the part that are considered to
determine the trace; M is the coordinate matrix of trace points.

The results of modeling the profile of the part in the axial
section are shown in Fig. 5 where line / is the nominal profile
of the part; 2, 3 are contact lines of the cutter and the cylindri-
cal surface. The distance from the nominal profile of the part

M7

Fig. 4. Mathematical model of the process of milling a cylindri-
cal surface

X,mm
20.02

20.015

3 2 1

MY T
>

-10 0 10

20
Z,mm

Fig. 5. Profile of a cylindrical surface when milling with an ori-
ented tool

to the points of intersection of the trace lines determines the
geometric roughness in the axial section.

The geometric surface roughness in the axial section is de-
termined from the equation

R(z)) = Siy(z)) - "p(Zl),

where z, is a coordinate along the axis 0,Z, of the intersection
of two consecutive traces of the cutter in the axial section, mm.

The dependence of the change in geometric roughness on
the angle of orientation of the tool during milling of the cam-
shaft support necks is shown in Fig. 6. Analysis of the graph
shows that the roughness in the axial section increases with
increasing angle of rotation of the milling cutter.

In addition to the geometric roughness in the axial section,
it is also necessary to consider the roughness in the radial sec-
tion — waviness — when milling. It differs from a grinding
wheel, when the tool surface is a solid disc surface. When mill-
ing, the tool surface in the form of a disk is formed by rotating
a certain number of cutting blades arranged in a circle. In the
case of constructing a mathematical spatial model of the pro-
cess of removal of allowance and shaping, this feature is not
significant. However, when studying the quality of the treated
surface, in particular its roughness, it is necessary to take into
account the discontinuity of the cutting tool surface.

Waviness is formed in radial section as a result of alternate
contact with the workpiece surface milling cutting edges,
which are located with a certain angular step. The scheme of
formation of geometric roughness in radial section is given in
Fig. 7. Due to the rotation of the milling cutter /, each of its
teeth will cut the allowance area ECD; however, as a result of
rotation of the part 2 and, accordingly, additional supply of
material to the cutting zone, each tooth cuts the allowance
cross section.

During the entry of the next tooth of the milling cutter into
contact, its rotation at an angle 0,,, the shaft rotates at an angle
0,, thereby, leaving the uncultivated area in the area of point C.

Fig. 7 shows that the current radius of the part when it
comes into contact with the milling cutter tooth can be deter-
mined as

r'(em):\/R,f,+(Rm+rp)2_z.cos(em).Rm,(Rm+rp),

where #(0,,) is the current radius on the part in contact with
the milling cutter tooth, mm; 6,, is the current angle of rotation
of the milling cutter, rad.

Qa

m’

grad

20 e
/____,—-
//

10

0
0 1x107° 21077 3x107> 4107° R,mm

Fig. 6. Graph of the dependence of the geometric roughness in
the axial section on the orientation angle of the milling cutter
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Fig. 7. Scheme for determining the roughness in the radial section

The corresponding angle of additional rotation of the detail is

r0,)+(R, +r,) ~ R}
2:7(0,)(R, +r,)

07,(0,,) =acos

When studying the contact curve of each subsequent tooth
of the milling cutter with the surface of the part angle, the cur-
rent angle of rotation changes by some constant value

) 2.1
070, )=0"(0,)+i-—,
0.0 =0,0,) 1=
where 67(6,,) is the current angle of the detail rotation in con-
tact with each i tooth of the milling cutter, rad; i=2...Zis a
serial number of the milling cutter tooth, starting from the 2%

®
Z is the total number of the tool teeth; k, =— is a speed fac-
®

]
tor, which depends on the angular speed of rotation the milling
cutter o,, and tool ®,.

Accordingly, the current coordinates of the contact point
of the milling cutter tooth and the shaft in the coordinate sys-
tem of the detail are

X1(6,)=r'(0,,)-cos(0,(0,));  ¥4(6,)=r'(0,)-sin(6,(0,,)).

Interpolating a set of points, using equation similar to (15),
we obtain the curves of the traces of each tooth of the milling
cutter with the treated surface. Fig. 8 shows traces of two adja-
cent teeth of the milling cutter on the surface of the detail. The
calculation was performed for machining a shaft with a diam-
eter of 40 mm, a milling cutter with a number of teeth Z = 12.
w,=30s7".

m’ m’

mm mm

Increased

03

"

-20 a

e
AR e S PR

riad

40
0 20 40 50

Fig. 8. Traces of the milling cutter teeth on the surface of the shaft

Angular speeds of rotation are ,=30s", @, =110s".

Waviness of cylindrical shaft flooding is defined as the dis-
tance from the point of intersection of two consecutive tracks
to nominal range details

R= r(ecr) - rp’

where R is roughness in radial section, waviness, mm; 0, is
the angle of intersection of two consecutive tracks, rad.

The dependence of the amount of ripple on the number of
the milling cutter teeth is shown in Fig. 9. It is seen that with
the increasing number of teeth of the tool the magnitude of the
waviness decreases.

Determination of cutting forces is carried out by two main
methods: theoretical and experimental, as well as their combi-
nation. To determine the cutting forces during grinding, the
calculation and experimental method has become widespread.
When calculating the unit cutting force acting on one grain,
the number of grains involved in processing is considered and
afterwards the total cutting force is determined. In the case of
grinding, the number of working cutting edges is determined
using the probability theory. When milling in the processing a
certain number of cutting edges are involved, the number of
which is easily determined by knowing the parameters of the
tool and the machining scheme.

In milling, the total components of the cutting forces act-
ing on one cutting blade can be defined as the sum of the forc-
es on the front and rear surfaces [10]

F=R+E;
F=h+h,

where P, is the normal component of cutting force; P is the
tangential component of the cutting force; P,, P, are forces on
the front surface; P{, P; are forces on the back surface.

The components of the cutting forces can be determined as

R,=C,-a-b+C,- Y L; (18)
R =U, ab+U, I, (19)

where C,, U, are specific forces on the front surface; Cy, Uy are
specific forces on the rear surface; a - b is a cut area; a, b are
thickness and width of the cut; Zl,,, er are projections of
the total length of the working parts of the cutting edges on a
plane perpendicular to the direction of the force.

The refined value of the cut area can be determined from
the modular mathematical spatial model (16), as the area of
the figure is limited by two consecutive traces of the tool sur-
face in the axial plane and the workpiece surface (Fig. 5).

a-b= ]Isp( 2)dz +T Si(z)dz —T Siy(z)dz,

2 2 4]

where S,(z) = R, + tis workpiece profile equation; Si|(z), Siy(z)
are equations of traces of two consecutive positions of the
milling cutter (1, 2) in the axial plane of the camshaft; z;, 25, 23

0.15

0.1 \

AN

0.05 N

\\

T,

VA

0
10 15 20 25 30 35

Fig. 9. Graph of the dependence of the roughness in radial sec-
tion on the number of the milling cutter teeth
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are coordinates of points of intersection of the specified
curves, mm.
Specific forces are calculated by equations [10]

C=1-(e+1);
U=1t-(e+1) tgw;
C=15t-e-p+tp-o,hy
U=15-1-3.17-e+1)-p-tgo+oc,- hy

where 1 is tangential stress along the conditional shear plane; ¢
is conditional shift; o is an angle of action; p is the radius of
curvature of the cutting edge; p is the coefficient of friction on
the rear surface; o, is border fluidity of material details; /,is the
width of the wear site on the rear surface.

Conclusions. The general modular mathematical spatial
model of the process of removing an allowance and formation
at milling by the oriented tool of round surfaces of rotation,
such as necks of camshafts, cylindrical surfaces of shafts of
transmissions and others is constructed.

The roughness parameters of the treated surface are deter-
mined. The outflow of the tool characteristics and the angle of
its orientation on the geometric roughness in the axial and ra-
dial sections is investigated. The area of the layer cut off by one
tooth of a mill is defined. The calculation formulas for finding
the components of cutting forces during milling are specified.

The found parameters allow predicting the initial machin-
ing accuracy by determining the parameters of geometric
roughness in axial and radial sections, as well as the normal
and tangential components of the cutting forces. That gives the
chance to choose an optimum angle of orientation of the tool,
parameters of a mill and cutting modes for achievement of
high productivity and quality of processing.
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Bu3HayeHHs CKIa0BUX CHJI Pi3aHHSA
npu ¢pe3epyBaHHI HWTIHAPUYHUX MOBEPXOHDb
OPi€EHTOBAHMM IHCTPYMEHTOM

B. B. Kanvuenko', C.JI. Lubyas', A. B. Koaoeoiioa',
E. I0. Caxno?, C. B. boiiko'
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Merta. [loGynoBa 3arajqbHOi MOIYJIBHOI MaTeMaTUYHOL
MPOCTOPOBOI MOJIEJIi IMPOLIECY 3HATTS MPUITYCKY Ta (hOPMOYT-
BOpPEHHS IMpH (ppe3epyBaHHI KPYIIIMX TTOBEPXOHBb O0epTaHHS,
TaKUX SIK ITUUAKY PO3MOIIIbHUX BaJliB, LIWJIiHAPUYHI TOBEPX-
Hi BaJliB KOPOOOK mepenay i iHmux. BusHauyeHHs cK1agoBux
CMJI pi3aHHS MPU 0OPOOLIi 3i CXpeleHUMU ocsiMu dpe3un i
NeTajli 3auisd BUKOPWCTaHHSI OTPUMAHUX Pe3yJbTaTiB MpU
MPU3HAYEHHI PEXUMiB OOPOOKU.

Metoauka. TeopeTuuHa po3poOKa MOIYJIbHOI MaTema-
TUYHOI MOJEJIi MPOLECY 3HATTS MPUITYCKY Ta (hOPMOYTBO-
peHHsI TIpu dpesepyBaHHI HWJTTHAPUIHUX TOBEPXOHD IIPOBO-
IUach i3 BUKOPUCTAHHSM MAaTPUYHOTO arapaTy MepeTBO-
PEHHSI CUCTEM KOOpAMHAT. byau BUKOpUCTaHI po3pobiieHi
yHi(iKoBaHi MoyJli: iIHCTpYMEHTaJIbHUIA, OpieHTallil Ta op-
MOYTBOPEHHSI, 10 TO3BOJIMIIO OiTBIIT HAOYHO OIUCATH TPO-
1ec 00poOKM AeTasti. 3MiliCHEHHST BCiX PO3PaxXyHKiB MPOBO-
IUIoCs B MateMaTHuHOMY Ttaketi Mathcad. 13 Bukopucran-
HSIM JOCTYITHUX y TaKeTi (DyHKIIii oTprMaHo rpadiuyHe Bino-
OpakeHHsI MaTeMaTUYHOI MoJesi iIHCTPYMeHTaJIbHOI Ta 00-
pobJieHOI MOBEPXHi. 3a AOMTOMOI0I0 PO3pO0JIEHUX Y porpami
JIOTIYHUX OJIOKIB TOCHIIKEHI XapaKTepUCTUKU 0O0poOJeHOT
MOBEPXHi, TaKi SIK IIOPCTKICTh B OChOBIli i pamialibHiii MJI0-
muHax. JlocainkeHo BIUIMB KyTa Opi€HTallii iIHCTpyMeHTa i
KiJIbKOCTI 3y0iB (ppe3n Ha IIOPCTKiCTh 00pOOIeHOT MOBEPXHI.
YTouHeHi BimoMi (opMynu po3paxyHKY CUJ pi3aHHS TMpU
¢pe3epyBaHHi.

Pesyabratu. [1oOynoBaHa 3arajipHa MoAyJibHa MaTema-
TUYHA TPOCTOPOBA MOIENb MPOIIECY 3HSITTS TMPUITYCKY Ta
(opmyBaHHS pu (hpe3epyBaHHI OPiEHTOBAHUM iIHCTpYMEH-
TOM KPYIJIMX ITOBEPXOHb 00epPTaHHSI, TAKUX SIK IIMIAKKN PO3-
MOMITbHUX BajiB, UWJIIHAPUYHI TTOBEPXHi BasliB TpaHCMICiit
Ta iH. Bu3HavyeHi mapamMeTpu LIOPCTKOCTI 0OpoOJIeHOl To-
BepxHi. bysio nociinkeHo BUTIKaHHSI XapaKTepPUCTUK iHCTPY-
MEHTY 1 KyT MOro opieHTallii Ha FreOMETPUYHI ILIOPCTKOCTI B
OChOBOMY ¥ pamianbHOMY TIepeTrHax. BusHaueHa rmuiomna
apy, 3pizaHoro onHuM 3yoom ¢pe3u. BkazaHi po3paxyHKo-
Bi (hopMyNM [7Ts1 3HAXOMKEHHSI CKJIAOBUX CUJT Pi3aHHS TIPU
¢bpesepyBaHHi.

Haykosa HoBH3HA. 3amTpOIIOHOBaHA MOYJIbHA ITPOCTOPO-
Ba MOJIeJIb TIpoliecy dpe3epyBaHHS IWITIHIPUYHUX TTOBEP-
XOHb OPIEHTOBAHUM iHCTPYMEHTOM, Ha 0a3i IKOi po3paxoBa-
Hi CKJIaJIOBi CWJI pi3aHHSI, 110 MOXe OyTH BUKOPUCTAHO TP
KOHCTPYIOBaHHI HOBUX iIHCTPYMEHTIB i MOJIIMIIIEHHI YMOB 00~
pOOKM iCHYIOUMMU.

IIpakTiyHa 3HAYMMIiCTh. I3 BUKOPHMCTaHHSIM Cy4aCHOTO
KOMIT I0TEpHOTo 00JIaIHAHHS Ta MPOTPaAaMHOIO 3a0e3MeyeH-
HsI, CTBOpEHA PO3paxyHKOBa Mporpama M03BOJIIE KepyBaTU
rporiecoM (opMOYTBOPEHHST MWTIHAPUIHUX TIOBEPXOHB TTPU
ix (ppe3epyBaHHi OpPiEHTOBAHUM iHCTPYMEHTOM. Takox a0-
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3BOJISIE POTHO3YBATU BUXiAHY TOUHICTh OOPOOKU 32 paxyHOK
BU3HAUEHHS MapaMeTpiB T€OMETPUYHOI IIOPCTKOCTI B OChO-
BOMY Ii pajiiaJibHOMY Mepepizax, a TaKoXX HOpMaJIbHOI It TaH-
TeHIIiaJbHOI CKJIaMOBUX CUJ pizaHHs. lle mae MOXIUBICTH
o0upaTy ONTUMAIbHUI KYT Opi€HTAllil iIHCTPYMEHTY, Napa-
MeTpu (ppe3u i pexkUMU pi3aHHS IUIsT JOCSTHEHHST BUCOKOIL
MPOAYKTUBHOCTI Ta SIKOCTi OOPOOKHU.

KumouoBi cioBa: cuiu pizanns, gpesepysanus, po3noodinb-
HUIL 84, WAIPYBAHHS, MOOCAIOBAHHS, WOPCIMKICIb

OnpeneneHne COCTABJISAIOMMX CHJIbI pe3aHUs
npu (pe3epoBaHNM IMIMHAPUIECKHX
NOBEPXHOCTEd OPHEHTHPOBAHHBIM
HHCTPYMEHTOM
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Hens. [TocTpoeHue obuieit MOAYIBHON MaTeMaTUYECKOM
MPOCTPAHCTBEHHOI MOJENU TMpoliecca CHIATHUS MPUITycKa U
dbopmoobpazoBanus mpu dhpe3epoBaHNMN KPYTIIBIX MTOBEPX-
HOCTe#l BpallleHUsI, TAKUX KaK IEeHKU pacrpeaeuTeIbHbIX
BaJIOB, IIWJIMHAPUYECKUE TTOBEPXHOCTH BaJIOB KOPOOOK Tie-
penayd u apyrux. OnpeneseHre COCTABISIONINX CUJT Pe3aHUsT
mpu 06paboTKe CO CKPEIIeHHBIMU OCSIMU (pe3bl U IeTaan
IUTSI MICTIOJTb30BaHMsI TIOJIYIEHHBIX PEe3YJIbTAaTOB IPU Ha3Ha-
YEHUU PEXKMMOB 00pabOTKU.

Metomuka. TeopeTnueckast pa3paboTka MOLYJIbHON Ma-
TeMaTUYECKO MOJENH Tpoliecca CHITUS Mpurtycka u dhop-
Moo0pa30oBaHUs Tpu Gpe3epoBaHUM IIMHIPUIECKUX TT0-
BEPXHOCTEl TTPOBOIMIIACH C MCTIOIH30BAHUEM MATPUYHOTO
armapaTa MpeoOpa3oBaHUsI CUCTeM KOOpmuHAT. bwim uc-
TMOJIb30BaHbl pa3paboTaHHble YHUGUIIMPOBAHHbBIE MOIYJIU:
WHCTPYMEHTAJIbHBIN, OpueHTanuu W (HopMooOpa3oBaHUs,
YTO TTO3BOJIMJIO 00JIee HATJISIIHO OMKMcaTh Impolecc oopadboT-
k1 petaynn. OCyIIeCTBIEHNE BCEX PacueToOB MPOBOIUIOCH B
marematuueckoM makete Mathcad. C ucnonb3oBaHueM 10-
CTYMHBIX B MakeTe (PYHKUIMI MOJy4eHO rpaduyeckoe oTo-
OpakeHHe MaTeMaTUYeCKOl MOIEIU MHCTPYMEHTAJIbHON U
00paboTaHHOI MOBepXHOCTU. [1pu moMolu pazpaboTaHHBIX

B ITpOrpaMMe JIOTUIeCKUX OJIOKOB MCCIIENOBAaHbI XapaKTepu-
CTUKM 00pabOTaHHOI MOBEPXHOCTU, TaKHUe KaK IIEPOXOBa-
TOCTb B OCEBOU M pagualibHON TUTOCKOCTSIX. McciemoBaHo
BJIMSIHUE YIJ1a OPUEHTAlMU MHCTPYMEHTA U KOJUYEecTBa 3y-
ObeB (hpe3bl Ha 1IEPOXOBATOCTb 0OPaOOTAaHHOI TMOBEPXHO-
CTU. YTOUHEHbI U3BECTHBIE (DOPMYJIbI pacueTa CUJ pe3aHust
npu pe3epoBaHUN.

Pesyabratel. [locTpoeHa oOliasi MoayJibHasi MaTeMaTH-
YyecKast IPOCTPAHCTBEHHAsT MOJEIh TIpoliecca CHATUS TIPU-
nycka u (opmupoBaHus Npu (ppe3epoBaHUM OPUEHTUPO-
BaHHBIM WHCTPYMEHTOM KPYTJIBIX TIOBEPXHOCTEN BpaIlleHNS,
TaKMX KaK IIEHKU paclpeeUTeTbHbIX BaJIOB, LUIUHAPUYE-
CKUE TTOBEPXHOCTHU BaJIOB TpaHCMUCCHil U nip. OmpeneneHb
rapaMeTpbl IIEpOXOBATOCTU OOPaOOTAaHHON IMOBEPXHOCTH.
Brio nccnenoBaHo UcTedeHNE XapaKTePUCTUK MHCTPYMEH-
Ta M yroJjl ero OpMeHTalluK Ha TeOMEeTPUIECKUe IIepOXOBaTO-
CTH B OCEBOM W paguaibHOM cedeHusix. OmpeneneHa Imio-
a1b CJI0sI, CPe3aHHOI0 OMHUM 3y6oM (pe3bl. YKa3zaHbI pac-
YeTHbIE (DOPMYJIBI IJIsI HAXOXKIEHUS COCTABIISIIONINX CHIT pe-
3aHUs TIpU (hpe3epoBaHUU.

Hayunasa noBusna. [IpennoxeHa MomyibHast MPOCTPaH-
CTBEHHasl MOJIENb Tpolecca (ppe3epoBaHUsT LUIUHAPUYE-
CKUX TTOBEPXHOCTEI OPUEHTUPOBAHHBIM UHCTPYMEHTOM, Ha
6a3e KOTOPOI pacCYUTAHBI COCTABIISTIONINE CHUJT Pe3aHUsI, YTO
MOXET OBbITh MCTOIb30BAaHO MPU KOHCTPYUPOBAHUN HOBBIX
WHCTPYMEHTOB W YJYYLIEHUU YCJIOBUH OOpabOTKHU cylle-
CTBYIOIIMX.

IIpakTuyeckas 3HaunMocTh. C MCITOJIIB30BAHUEM COBpE-
MEHHOTO KOMIIBIOTEPHOTO 000PYIOBaHUSI U TTPOrPAaMMHOTO
obecrieueHusI, co3MaHHasT pacuyeTHasl IpoTrpaMMa TI03BOJISIET
yIpaBIsITh MpoueccoM (GopMooOpa3oBaHusl LUIUHAPUIE-
CKUX TTIOBEPXHOCTEH TIpK MX (hpe3epoBaHNN OPUEHTUPOBAH-
HBIM MHCTPYMEHTOM. Takxe MO3BOJISIET MPOrHO3UPOBATh
HCXOIHYIO TOYHOCTb 0OPabOTKY 3a CUET OTpeIeIeHus Tapa-
METPOB F€OMETPUYECKOIl 1IIEPOXOBATOCTU B OCEBOM U Paiu-
THHOM CEUEHUSIX, a TaKKe HOPMAJbHOUW M TaHTEHIIMATLHO
COCTaBJISIIOLIMX CUJT pe3aHusl. DTO 1aeT BO3MOXHOCTb BbIOU-
paTh ONTUMAJBHBIN YTOJ OpUEHTALlMM MHCTPYMEHTA, Tapa-
MeTpbl (pe3bl U PEKUMBI pe3aHUsl UIsT TOCTUKEHUST BBICO-
KO TPOU3BOMUTEILHOCTH 1 Ka4ecTBa 00paboTKM.

Kurouesble ciioBa: cuivl peanus, (hpeseposanue, pachpede-
AUMENbHbIL  8all, WAUDOBAHUE, MOOCIUPOBAHUE, ULePOXO6A-
mocniob
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