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Abstract
Introduction. The challenges of placing virtual objects in a real-world environment limit the potential of augmented

reality (AR) technology. This situation identifies a gap in scientific knowledge that requires additional research.
Therefore, the main task of this study was to develop a method for optimal placement of virtual objects, in which the
objective function of comfort was minimized. This approach is aimed at improving AR systems and developing the
corresponding theory.

Materials and Methods. The conducted research was based on the analysis of the placement of virtual objects in AR/VR
applications with particular emphasis on optimization. The concept of comfort of placement was proposed, taking into
account the size of the object and the distance to the boundaries of free space in X, Y, Z coordinates.

Results. As part of the study, formulas were obtained for the optimal placement of objects with an arbitrary comfort
function. The basic criterion was to minimize the difference between comfort levels from different sides of the object. It
was found that a successful placement of objects required taking into account their size and comfort zones, as well as
solving a system of n linear equations.

Discussion and Conclusion. The results obtained make an important contribution to the study of the problem of placing
virtual objects in AR/VR/MR. They open up new opportunities for improving user interaction and conducting further
research in the field of spatial computing. Possible directions for further development are dynamic adjustments and
integration of the results into various XR scenarios.
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Pa3meneHue HeCKOJbLKUX BUPTYAJIbHBIX 00bEKTOB B (DM3UYECKOM
NPOCTPAHCTBE B IPUJIOKEHHUSX JOMOJIHEHHOMH peajbHOCTH

M.B. AanaroBa'~ <, 10.B. Pyasik
MoOCKOBCKMI NOJUTEXHUUECKUN YHUBEPCUTET, I'. MockBa, Poccuiickas ®enepanus
>4 m.v.alpatova@yandex.ru

AHHOTAIIMA

Beeoenue. TlpoGiembl, CBs3aHHBIE C pa3MEILICHHEM BUPTYaJIbHBIX OOBEKTOB B pEalbHOI cpene, CyLIIEeCTBEHHO
OTPaHMYMBAIOT BO3MOYKHOCTH TEXHOJIOTHH IOIMONHEHHOW peaidpHOCTH (AR). Takas cuTyarus BBIABISIET MpoOeN B
HaY4YHBIX 3HAHUSX, TPEOYIONMINHA TOTOIHUTEIHHOTO HccienoBanus. [1oaToMy OCHOBHOM 3a/1aueil JaHHOTO HUCCIIEI0BaHNS
SBAIACh pa3pabOTKa METOJa ONTHMAIBHOTO pPAa3MEIIEHHS BHPTYaJdbHBIX OOBEKTOB, NPH KOTOPOM IPOUCXOIMT
MUHUMH3AIUS eNeBord QyHKIMKA KoMpopTHOCTH. Takoil moaxo] HampaBiieH Ha yCOBEpUICHCTBOBaHHE cucTteM AR u
pa3BUTHE COOTBETCTBYIOIIEH TEOPHH.

Mamepuanst u memoOst. [IpoBeIeHHOE UCCIIEI0BAaHNE OCHOBBIBACTCS HA aHAJIM3E Pa3MEICHUS BUPTYaIbHBIX 00BEKTOB B
AR/VR npusnoxeHusx ¢ 0COOBIM aKLEHTOM Ha ONTUMHU3ALUI0. BbIIO MpeaiokeHo MoHITHE KOM(OPTHOCTH pa3MeIeHHs,
YUYHTBIBAIOIIEE Pa3Mepbl 00BEKTa M PACCTOSHUS JI0 TPaHUI] CBOOOTHOTO MPOCTPAHCTBA 1Mo KoopauHatam X, Y, Z.
Pesynomamur uccnedoganus. B pamxax ucciaenoBaHHs ObUIM MONTy4YeHB! (OPMYJNB! OIS ONTHMAIBHOIO Pa3MEILCHUS
00BEKTOB C MPOU3BOJIbHO (yHKIHEH KOMPOPTHOCTH. OCHOBHBIM KPUTEPHEM SBJISIETCSI MUHUMH3ALMS PA3HULIBI MEKIY
YPOBHSIMH KOM(OPTHOCTH C pa3HBIX CTOPOH 00beKTa. BbUIO BBISBICHO, YTO YCIIEIIHOE Pa3MEIIeHne 0OBEKTOB TpeOyeT
ydeTa X pa3sMepoB M 30H KOM(GOPTHOCTH, a TAKXKE PEIICHHS CHCTEMBI U3 N JIMHEHHBIX YpaBHEHHH.

Oécyracoenue u 3axniouenue. IlomydeHHBIC PE3yNBTATHl INPEACTABIIOT COOOM BaKHBIM BKIAX B HCCICHOBAHUE
po0JIeMBbl pa3MelIeHs BUPTyaabHbIX 00beKTOB B AR/VR/MR. OHH OTKPBIBalOT HOBBIE BO3MOXKHOCTH JUTS YITy4IICHHS
B3aUMOJCHCTBUS C TIOJNB30BATENIIMH W TIPOBENCHMS MAANBHEHWIINX HCCICIOBAaHWKH B OOJACTH MPOCTPAHCTBECHHBIX
BhIYMCIICHUM. BO3MOXKHBIMHU HalpaBJICHUAMU IJIA naﬂbﬁeﬁmero Pa3BUTHUA ABJIAIOTCA TMHAMHUYCCKUE KOPPEKTUPOBKU U
HHTErpanys NoJay4eHHBIX PE3YJbTAaTOB B pa3inuHbie XR-creHapuu.

KiaioueBble cjioBa: JAOTIOJIHEHHAsA pe€ajibHOCTb, BUPTYaJIbHBIC 06'beKTI>I, (1)H3I/I‘ICCKOC MMPOCTPAHCTBO, PAllMOHAJIBHOC
pasMEIICHUE, MATEMATUICCKad MOJCIIb, YPAaBHCHUA

BJiiarogapHocTH: TaHHOE KCCIIE0BAHUE OCYIICCTBICHO Oyaroaapst puHaAHCOBO#H nomaepxke PODU B pamkax HAyqIHOTO
mpoekTa Ne 21-510-07004. BreipakxaeM IpU3HATEIHHOCTh KOJUIETaM, YYaCTBYIOIIMM B JaHHOM TPaHTE, 32 UX [ICHHBIH
BKJa] B paboTy. Kpome Toro, XoTiM 1odiiaro/1apiuth pejakinoHHYI0 KOMaH Ty KypHalla U PELeH3eHTa 32 KOMIIETEHTHYTO
9KCTIEPTU3Y U LICHHBIC PEKOMEHIAINH 1O YITyUYIIEHHUIO CTAThH.

s nurupoBanus. AnmaroBa M.B., Pynsak 10.B. Pa3memnierrne HECKOIBKUX BUPTYaJbHBIX OOBEKTOB B (YU3HIECKOM
MPOCTPAaHCTBE B MNPHJIOKEHHUSX JOMOJdHEHHOW peansHocTH. Advanced Engineering Research (Rostov-on-Don).
2023;23(2):203-211. https://doi.org/10.23947/2687-1653-2023-23-2-203-211

Introduction. Rapid development of augmented reality (AR) technology opens up new opportunities in various
fields — from entertainment to education and industrial applications [1, 2]. However, despite considerable achievements,
there are numerous problems that need to be solved, specifically, in the context of placing several virtual objects in a real-
world environment. One of such problems is the optimal placement of virtual objects in augmented reality applications
to provide for optimal and comfortable user experience [3-5].

This problem arose in connection with the need for the device to understand physical space. For effective placement
of virtual objects in the real world, the application should be able to correctly interpret the material environment in which
the user is located applying sensors and cameras of mobile devices [6].

This article presents a new approach to determining the optimal placement of virtual objects in physical space. This
problem has some similarities with another close topic of generative contextual scene augmentation (CSA), where the
key goal is to create a harmonious and convenient interaction between virtual and physical objects [7, 8]. However, the
approach proposed by the authors differs from the one mentioned, since it focuses on determining the optimal distance
between objects using a monotone comfort function, while CSA takes into account the semantics of the scene, the context
and the meaning of virtual objects.

Existing approaches to solving the problem of rational location of virtual objects are usually limited by assumptions
about the form of the comfort function, and they do not always guarantee the optimality of the solution. This article
proposes a new approach that is significantly different from those currently used. This makes it more flexible to find a
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rational arrangement of virtual objects and provides a universal solution for various scenarios and conditions. The term
“optimal placement” is used for the following reasons: firstly, the final choice in the proposed recommendations is still
at the discretion of the user; secondly, despite the fact that in the context of this work, the task of minimizing the objective
function is solved, it contains elements of fuzzy sets.

Within the framework of this work, the concept of optimal placement of a set of virtual objects in a one-dimensional
physical space is introduced. A model has been developed that allows solving the problem of optimal placement of a set
of objects and results, regardless of the choice of the type of comfort function, in a system of linear equations for
determining the optimal distances between objects. As an example, the solution to the problem for the case with two
virtual objects is given.

The objective of this article is to propose and demonstrate a new approach to determining the optimal placement of
virtual objects in physical space, to establish its applicability and efficiency. Mathematical formulations and methods for
solving the optimal placement problem are presented, as well as examples of practical application of the results obtained.
This will show new opportunities for improving the interaction between virtual and physical objects, as well as contribute
to the development of the theory and practice of augmented reality.

Thus, this article is aimed at deepening the understanding of the problem of optimal placement of virtual objects in
physical space and offering a new approach to its solution. The results of the study can be used to create more efficient
and user-friendly virtual reality systems, as well as for further development of theory in this area.

Materials and Methods. Placing virtual objects in a real physical space is a task that arises in almost every AR/VR
application. For all its simplicity, it can create challenges in case of insufficient attention to the issue of optimizing the
placement of such objects, up to the complete refusal of a large number of potential users to work with the mentioned
applications. The optimization problem is most acute when it is required to place several virtual objects at once in a given
physical space. At the same time, even in the case of placing only one object, only recently the concept of “comfort” of
its placement was formulated and a corresponding model was proposed [9], consisting of the following.

An object embedded in a three-dimensional physical area is presented as a rectangular parallelepiped with
characteristic dimensions: | — length; d — width; h — height. At the same time, for each of X, Z, Y coordinates, the
following concept of placement comfort is introduced. It is clear that the size of the free space should not be less than the
size of the object, but, in addition, for each coordinate, the concept of comfortable distances from the object to the
boundary of free space is introduced. For example, for X coordinate, we introduce the concept of comfortable distance on
the left — D_ and right — D, and, respectively, left and right comfort — K_ and K, . Denote the distances to the left

and right of the object to the boundary of free space X_and X,.We assume that K_ =1, if X_>D_ and decreases to 0

when approaching zero. For example, for simplicity, let us take linear dependences K_ (X_/D_) and K, (X+/D+) :

X
—, X <D,

K =¢{D._ ) Q)
1L, X =D

Dependence K, (X+/D+) is similar (1). In exactly the same way, we introduce the concept of comfort on one side

and on the other for Z and Y coordinates.
If the size of the free space horizontallyis L>D_+1+ D, , then the problem of comfortable placement (K_ =K, =1)

does not arise; and all problems appear when 1 <L <D_+I+D,. In this case, the concept of comfort of the object

placement is introduced, when comfort on the one hand is not obtained at the expense of comfort on the other hand. We
introduce the target function of comfort:

K, =(K_-K,)". @)
By optimal placement, we will understand such placement, in which minimum K, is achieved. Obviously, this
happens if K_=K,.
As it was shown in [9], if dependences K_ (Xf/Df) and K, (X+/D+) are linear, the minimum of the target function
(2) corresponding to the optimal placement of the object is attained at the following values X_and X, :
D

X =(Nee
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D+
D +D,
Formulas (3) are simple and convenient for optimal placement of a single virtual object. As noted in [9], their
disadvantage is that they were derived for the case of linear (1) comfort functions K_(X_/D_) and K, (X, /D, ). We

X, =L-X_-l=(L-I)

+

©)

show that they are always valid if functions K_ (Xf/Df) and K, (X+/D+) are the same function k(x), satisfying the
condition that it increases monotonically for 0< x <1, and is equal to 1 at x >1. The type of such function
K_(X_/D_)=k(x) is shown in Figure 1.

1.0

Comfort criterion K-
o
ol

0 0,5 1.0 15
Distance normalized to the comfort zoneX- / D-

1-x*,0<x<1

Fig. 1. Comfort function dependence K(x) =
1 x>1

Figures 2 and 3 present additionally two more functions — cubic and linear, demonstrating similar described behavior.
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Fig. 2. Comfort function dependence K(X) =
1 x>1
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Fig. 3. Comfort function dependence k(x) =
1, x>1

Indeed, suppose we need to embed an object of size | with comfortable distances on the left D_ and right D, into the
space bounded by size L, and conditions | <L <D +1+D, are met. Then, if one-sided comforts are presentable in the
form K_(X_/D_)=k(x ), K,(X,/D,)=k(x,), where x =X_/D_, x, =X, /D, , and dependence k(x) satisfies the
above conditions, then, from the minimum condition of the objective function (2) we obtain:

K_=K,=k(X_/D.)=k(X,/D,).

For the given nonlinear comfort function k(x), the resulting equation can be solved numerically by one of the known
methods. However, since one-sided comforts are described by self-similar function k(x), from equation
k(X_/D_)=k(X,/D,), we obtain relation X /D =X,/D,, from which, taking into account equality

L=X_+I1+X,, equations follow (3).

Thus, it is shown that simple and rather convenient equalities (3), which provide embedding an object with optimal
comfort, are valid for any one-sided comfort function k(x).

Research Results. In a real situation, there is a need to place several objects at once. In this case, it makes no sense
to solve sequentially the problems of optimal placement of the first object, then the second, third, etc., since when placing
the next object, a need arises to shift previously installed objects so that the placement is optimal for the totality of all

objects. If condition L<2nll(‘) is met, the objects in principle do not fit in the free space of length L. If
i=1

L> i(DQ) +10) + Df) ) then the objects can be placed so that they do not interfere with each other. In reality, the problem

i=1

of optimal placement arises if the following conditions are met:

Y1V <L< (D104 D0) 4
i=1 i=1
In this case, we introduce the target function:
Ky = K&+ KP4+ 4K, (5)

where Kgi) — comfort of the i-th object determined by formula (2). Here, when there are two consecutive objects with
numbers i and i+1, then their neighborhood will be comfortable if the distance between them is not less than Df) + D)

, which corresponds to the new comfortable distances D" = DG+ = DY) + D(+3) | i=1,2,...,(n-1) since a comfortable

distance to the wall is one thing, and to another object, from where something can be pushed, is quite another. The rational
arrangement of embedded objects is determined by the minimum of the target function (5).
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The minimum of the target function (5), taking into account (2), gives us a system of n equations:

KV =0, KP=0; .., K" =0. (6)

From (6), it follows:
Kfi) _ Kfi); i=123,..,n. ()

The system of equations (7) can be written in the following form:

® 2
25 =K = |
DE) DJ(r)
(i) (i+1)
k(%}:k(%} i=23..(n-1),

L—»n (xf‘>+|“)) (8)

B

+

x
I/
O X
3"z
~
I
=~
D
N

That is, we have obtained n equations with respect to n unknowns X®, X@ ... X™ where X® — distance of the first
object from the left edge of the embedding area, X, i =2,3,...,n — distance between objects with numbers i and (i-1).

Since function k(x) is monotonic, system (8) is reduced to a linear system of equations, which does not depend on the
type of the comfort function itself k(x).

Xil) ~ XEZ)
DEl) - Ijil) !
XEI) Ei+l)
5" B0
(e () ()
X L—__l(Xf +10)
S 50 : 9)

- +

System (9) can be solved by one of the known methods. However, due to the fact that the matrix of system (9) is
highly sparse, the solution to the system can be found quite simply. For example, in the first (n-1) equations, it is possible
to express X(+) by X in each i-th equation, then, substituting this into the last equation, to obtain a linear equation

with respect to X® . After that, moving from the first equation to (n-1)-th, we can consistently find X@,X® .., X0,

In the case of placing two virtual objects, n=2, system (9) takes the following form:

Xfl) XEZ)
R
xEZ) L_xfl)_xfz)_|(1)_|(2)
5 = — : (10)
DS ) p®
From system (10), we find:
_10_1@2Y\p@p®
0 (L-19 -1} 5Dt
- (5(2>+D2)|5(1)+D<1)|5<2)’
. B e N 1
(,__|(1>_|(z>)[3<2>5<1> D
X @ = -

(5(2) i D2) BY 4 pYp®@ -’
where Xfl) — distance between the first object and the left edge of space; sz) — distance between the right edge of the

first object and the left edge of the second object.
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Consider example (12) when:

L =100, I =40, 1” =30, DY =10,D" =5,D? =11, D" =13 . (12)
Since conditions (13) are met, then:
1941 < L<1® 41?4 DY 4+ DY 4+ D + DY (13)

For optimal arrangement of two objects, we can use expressions (11), which give regardless of the form k(x) in this
case XY ~7.692; X'? ~12.308; K{! = K{?) =0. Here, the value of one-sided comfort depends on the type k(x). For

linear dependence k(x), shown in Figure 3, KY =K" =K® =K® ~0.769. If dependence k(x) corresponds to

Figure 1, we get the comfort value K = K = K® = K® ~ 0.973. Thus, the paper introduces the concept of optimal

placement of a set of virtual objects in physical space. A model has been developed that provides solving the problem
of optimal placement of a set of objects. It is shown that the solution to this problem does not depend on the type of
monotone comfort function.

Discussion and Conclusion. The theoretical aspect of the important issue of optimal placement of a set of virtual
objects in physical space (the problem often encountered in augmented reality applications) was considered. By
proposing a new mathematical model and including fuzzy logic, we laid the foundation for an algorithm that could
potentially help users find a rational and convenient location of virtual objects in their real environment.

The foundations laid in this study show that the proposed model effectively solves the problems associated with
the placement of a set of virtual objects in a given physical space. By analyzing virtual planes and taking into
account the distances between virtual objects and the edges of these virtual planes, our method provides optimal
placement considering the linear dimensions of virtual objects and the comfort zone around them.

The results obtained contribute to the current development of augmented and mixed reality applications,
providing a theoretical solution to the problem of optimal placement, which, in turn, can improve user interaction
and overall satisfaction with the tools of the technology under discussion. Moreover, the possible applications of
this research go beyond AR applications, they open up new avenues for research in the related fields, such as virtual
reality, mixed reality, and spatial computing.

Considering the results of this study, future developments may be aimed at verifying the algorithm through
empirical testing, enabling dynamic real-time adjustments based on user behavior, and exploring the integration of
our approach into various XR application scenarios. As the area of augmented reality continues to evolve, we expect
that our research will make a significant contribution to the development of the technology, inspiring its wide
dissemination and further enriching the user experience.
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3asnenennviii 6K1a0 cOasmMopos:
M.B. AnmnatoBa — (GopMHUpOBaHHE OCHOBHOI KOHIEHIIMH, LIEJIN U 3aJla4d UCCJICJOBAHMUS, TIOJrOTOBKA TEKCTa,
(dbopMHIpOBaHUE BEIBOJIOB.

10.B. Pynsixk — Hay49HOE PyKOBOJCTBO, IIPOBEACHHE pacu€TOB, JOPabOTKa TEKCTa, KOPPEKTHUPOBKA BEIBOIOB.

Kongauxm unmepecog: aBTOPHI 3asBIAI0T 00 OTCYTCTBUU KOH(IUKTa UHTEPECOB.

Bce asmopul npouumanu u 0000punu okoHuamenbHulil 6APUAHN PYKONUCH.
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