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Abstract

Introduction. Research and applied works on the placement of virtual objects in real space most often focus on issues
of interactivity, integration of reality and virtuality, physical properties of virtual elements. However, the task of
simultaneously free and optimal placement of objects, taking into account their size and the surrounding comfort zone,
has not been sufficiently worked out. In the literature, you can find a description of a similar task — about packing in a
rectangular container. In our case, the goal is not limited to the greatest possible dense placement. Two conditions
should be taken into account: rigid dimensions of the objects (it is forbidden to violate them) and additional areas —
comfort zones (it is undesirable to occupy them). The work aims at creating and implementing such a 2D algorithm for
placing objects in physical space, which takes into account the above limitations.

Materials and Methods. Using a set of numerical methods, the authors applied the previously created 1D algorithm for the
placement of objects. Calculations were based on a system of linear equations. In the one-dimensional case, the optimal
placement of virtual objects was reduced to a task that did not depend on the type of comfort function. The elements of
such a system were the dimensions of objects, the distances between them, as well as the distances to the edge of the
embedding area, a comfort zone. The proposed 2D algorithm for optimal placement of virtual objects was implemented in
the form of a program code in C# using the well-known Unity game engine. The solution was tested on gadgets in peak
load mode for 5, 10, 15, 20, 25, 35, 40, 45, and 50 objects. 1.8 thousand devices were used for experiments. About 77
thousand events were analyzed. To exclude unrepresentative values, each calculation was repeated 10 times, and a z-score
was performed for each value. Abnormal events (more than 3 and less than -3) were excluded.

Results. In this paper, a 2D placement algorithm that implements filling a rectangular area with virtual objects has been
created. Each of the objects had a size and another characteristic — a comfort zone. The authors compiled a flowchart
for the implementation of this algorithm in a given two-dimensional left-hand coordinate system. It was shown, in
particular, at what stage objects were sorted by length, when their batches were formed, and arrangements were made
along two axes. The first axis was horizontal, the second was directed forward from the user (this is the depth vector, or
frontal measurement). The 1D-placement algorithm for the generated row provided optimal positioning the objects
along X-axis based on the calculated comfort coefficient K. Calculations were made and schemes were drawn up to
obtain certain comfort indicators. For each object of the first string, the displacement along Z-axis from the edge of the
plane was determined so that the comfort in front was equal to the comfort along X. Starting from the 2nd row, to
calculate the displacement, the presence of potential neighbors who were a row higher and had common areas along X
with the object being processed, was checked. Each element of the string was set along Z-axis so that its comfort from
above was the maximum of the one-sided horizontal comfort in this and the previous strings. The principle of
calculating Z coordinate for a string object was presented in the form of a flowchart. The initial data for the
implementation of this algorithm were 7 objects with 14 different sizes and 28 comfort zones. After the software
implementation, the operation of the described 2D algorithm was tested in practice — in an augmented reality mobile
application. Analytical data of user sessions was recorded. The average execution time was calculated. The hypothesis
of quadratic dependence that arose during the work was tested on a personal computer. For this purpose, a similar
experiment was conducted for a range of [10-10,000] objects. The hypothesis was confirmed. The algorithm can be
assigned a complexity of O(n?).
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To compare the calculation speed, 10 of the most popular models of user devices were utilized. The results were
presented in the form of a diagram. The minimum registered execution time was 0.093 ms, the maximum — 0.146 ms.
Calculations showed high efficiency of the two-dimensional algorithm. Additionally, the placement schemes for
different numbers and parameters of objects were visualized.

Discussion and Conclusion. The proposed algorithm of two-dimensional placement enables the user to work with a set
of virtual objects with different sizes and comfort zones. Sufficiently high performance and stability are shown. On
average, the algorithm is implemented in fractions of a millisecond, even with large batches of objects. Possible future
focus areas:

— expansion of the approach for building 3D models and algorithms;

— inclusion of objects in the rotation algorithm for greater flexibility of their location and better use of space.

The research results can be of interest to engineers and interface designers. In the future, it is required to study the user
experience and the possibilities of including additional restrictions on positioning.
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AHHOTALINA

Beeoenue. Hayunrble 1 npuKiIagHbe pabOTHl O Pa3MEIICHUN BUPTYaIbHBIX OOBEKTOB B PEaJbHOM ITPOCTPAHCTBE Halle
Bcero (hOKYyCHpPYIOTCSI Ha BOIPOCaxX WHTEPAKTHBHOCTH, HHTETPAIlMM PEaJbHOCTH W BHUPTYaIbHOCTH, (PHU3NYECKHX
CBOHCTBaX BHUPTYaJbHBIX 3jeMeHTOB. OJIHAaKO HEIOCTaTOYHO IpopadoTaHa 3ajada OJHOBPEMEHHO CBOOOJHOTO
1 ONTUMAJIBHOTO pa3MeUIeHHs] OOBEKTOB C YUYETOM HMX Pa3sMEpOB M OKpY)Kalollei 30HbI KOM(POPTHOCTH BOKPYT HUX.
B nurepaType MOXHO HAaWTH ONHMCAHWE CXOXKEH 3amauyl — 00 yIakoBKe B IPSAMOYTOJIBHBIH KOHTeHHep. B Hamem
cilydae Ieib HEe OTpaHMYMBAETCS MAaKCHMAaIbHO IUIOTHBIM pa3MemnieHrneM. CieqyeT ydecTh ABa YCIOBHS: KECTKHE
pasMepsl OOBEKTOB (WX 3alpelieH0 HapymaTh) W JOTOJIHHUTENIbHBIE O00JaCTH — 30HBI KOMQOPTHOCTH (HMX
HEeXXeJaTenbHO 3aHnMath). Llens paboTel — co3maHme u peanm3anus Takoro 2D-anroputMma pasmemieHus 0OBEKTOB
B (PM3NYECKOM NPOCTPAHCTBE, KOTOPBIH OYAET YIUTHIBAaTh 0003HAYCHHBIE BHIIIIE OTPAHUYCHNS.

Mamepuanvt u memoowt. Vicrions3ysi ammapaT YHCICHHBIX METOJOB, aBTOPHI 3a/eiiCTBOBAIIM CO3JaHHBIA paHee
1D-anroput™ pa3MemnieHds 00beKTOB. PacdeTsl OCHOBBIBAIOTCS Ha CHUCTEME JIMHCHHBIX ypaBHEHHH. B omHOMEpHOM
cllydae ONTHMAIIFHOE pa3MeEIICHHE BUPTYalIbHBIX OOBEKTOB CBOIWTCS K 3afade, HE 3aBUCSIICH OT BHAa (YHKIUU
KOM(pOPTHOCTU. DIIEMEHTHI TAKOW CHCTEMBI — pa3Mepbl O0BEKTOB, AMCTAHIIMA MEKIY HUMH, a TaKXKe PAcCTOSHUS
o Kpas o0nacTh BCTpamBaHHA, 30HBI KoMpopTHocTH. IIpemmaraempiii 2D-anroput™M ONTHMAalIbHON pacCTaHOBKH
BHUPTYaJbHBIX OOBEKTOB pPEaIM30BAIH B BUAE MPOTPAMMHOTO Koaa Ha si3blke C# ¢ HWCIONB30BaHHUEM H3BECTHOTO
UTPOBOTO JBWXKKA Unity. Pemienne TecTUpoOBail Ha rajpkeTax B peskMMe MUKOBOW Harpysku s 5, 10, 15, 20, 25, 35,
40, 45 u 50 o6bexroB. [l onbIToB 3aaeiicTBoBanu 1,8 Thic. ycTpoiicTs. [Ipoananu3nupoBanu 0koyo 77 THIC. COOBITHIA.
UroOBbl MCKITIOYUTH HEpEeNpe3eHTATHBHBIC 3HAYCHMS, KaxXIbli pacueT moBTopsud 10 pa3, M I KakJOro 3HAYCHHUS
MIPOBEJIN Z-OLCHKY. AHOMaJIbHBIE (00IbIIe 3 ¥ MEHBIIE —3 ) HCKITFOUHIIH.

Pesynomamut uccnedosanus. B pabote co3maH anroputM 2D-paccTaHOBKH, KOTOPBIH peaM3yeT 3alojHCHHE
MPSMOYTOJIBHOM 00JIaCTH BUPTYAIILHBIMH 00BEKTaMHU. Y Ka)KJOTO U3 HUX €CTh pa3Mep U eIle OJIHA XapaKTePHCTHUKA —
30Ha KOM(OpPTHOCTH. ABTOpPHI COCTaBHIIM OJOK-CXEMy pealn3alliil JaHHOTO ajNrOpuTMa B 3aJaHHOW IBYMEpHOMH
JIEBOCTOPOHHEH cucteMe KoopauHat. [lokazaHo, B 9aCTHOCTH, HAa KAKOM dTare 00BeKTH COPTUPYIOTCS 10 IJTHHE, KOT/1a
(GopMHUpYIOTCS WX TApTHH W BBIIOTHSAIOTCS PACCTAaHOBKH IO IOBYM oOcsM. llepBas — TOpH3OHTalbHas, BTOpas
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HampaBJiecHa BIIEpea OT TOJB30BaTeNsl (9TO BEKTOp TIIyOWHBI, WIH (QpOHTATBbHOE W3MEpPeHHe). AITOPUTM
1D-pa3menierns s cOPMHUPOBAHHOTO Psijia TO3BOJISET ONTUMAIBFHO PACIIONIOKUTH O0BEKTHI B0 OCH X Ha OCHOBE
paccuutanHoro ko3¢ ¢urmenta kompoptHocTH K. BEHITIONTHEHBI pacdeTsl M COCTAaBIEHBI CXEMBI C IIENBI0 JTOCTUYb
OTIPEJICIICHHBIX TIOKa3aTelel KoM@popTHOCTH. s Kaxaoro oObeKTa MEepBOM JHMHUM CMEIICHWE 10 OCH Z OT Kpas
IJIOCKOCTH OTIPEJIeNACTCS TaK, YT00BI KOM(POPTHOCTH CIiepenu paBHsIach kompoptHocTr 1o X. Hauwnnas co 2-ro psnga
JUTS BEIYMCIICHUS OTCTYIA MIPOBEPSIETCS HAMMYUE TTOTCHIMAIBHBIX COCelIeH, KOTOPBIEC HAXOATCS HA s BBIIIC U UMCIOT
o0mue ydacTku 1o X ¢ o0pabarsiBaeMbIM 00beKTOM. Kask/Iblii 3JIeMEHT CTPOKH YCTaHAaBIIMBAETCS MO OCH Z TaK, YTOOBI
ero KoM(OpPTHOCTh CBEpXy OblIa MaKCHMAIIbHOW M3 OJHOCTOPOHHUX TOPHU30HTAJbHBIX KOM(OPTHOCTEH B JaHHOH
U mpeapinymeit ctpokax. [IpuHOMD pacyeTa KOOpIUHATHI Z IUIS OOBEKTa CTPOKH NPEJCTABICH B BUAE OJOK-CXEMBL.
VcxomHBIMU TaHHBIMU JJIS pEATU3aldy 3TOTO AIropuTMa ObUTH 7 00BEKTOB ¢ 14 pasHBIME pa3MepaMH H 28 30HaAMU
koMpoptHOCcTH. [lociie mporpaMMHON peanu3anuu paboTy omucaHHOro 2D-anropuTMa MpPOBEPWSIN HAa TMPAKTHKE —
B MOOMJILHOM TIPHJIOKEHHUHU JOTIOJHEHHOW peaibHOCTH. 3alucalld aHaJUTHYECKHE JTaHHBIE MOJIb30BATEIbCKUX CECCHH.
PaccunTanu cpenHee Bpems BBHIONHEHHSA. BoO3HMKIIyI0O B Xohe pabOThl THIOTE3y O KBaJAPAaTUYHON 3aBHCHUMOCTH
MIPOBEPMIIM HAa NEPCOHATBHOM KoMmbioTepe. C 3TOH Iebio MIPOBENH aHAJOTHYHBIN AKCIEPUMEHT ULt Auamna3oHa [10-
10000] o6wbekToB. I'MmoTesa moATBEpAMIACh. AITOPUTMY MOYXHO IIPUCBOUTHL CIOXHOCTH O(n?). Jlns cpaBHEeHHS
CKOpPOCTHU BBIYMCIICHUS 3ajeiicTBoBamy 10 caMbIX MOMYJISIPHBIX MOJEICH TONBb30BaTEILCKUX YCTPOMCTB. Pe3ynbraTs
MpEeACTaBWIM B BHAC JIuarpaMMbl. MUHHMAaNbHOE 3aperuCTpUpOBaHHOEC Bpems BoimoiaHeHus — 0,093 mc,
MakcumaibHoe — 0,146 Mc. Pacyetsl nokasanu BBICOKYIO 3((QEKTHBHOCTh JBYMEPHOTO alroputMa. JOmoIHUTEIbHO
BU3YaIIM3UPOBAJIM CXEMBI PACCTAHOBKH JIISI PA3HOTO KOJIMYECTBA U NapaMeTPOB 0OBEKTOB.

Oécyracoenue u 3akniouenue. IlpeanaraeMplii aNropuT™M ABYMEPHOTO pa3MELICHHUs MO3BOJISIET paboTaTh ¢ Habopom
BHPTyaJbHBIX OOBEKTOB C PAa3HBIMH pa3MepaMHd M 30HaMH KOMGOPTHOCTH. Ilokas3aHBI JOCTaTOYHO BBICOKHE
IIPOU3BOAUTECIILHOCTE U CcTaOMIBHOCTE. B CpE€AHEM AJITOPUTM PEATU3YETCA 3a 10U MUJUITUCEKYHIBI TaXKE IIPpU OO0JIBIINX
napTusix 00beKTOB. Bo3MOXKHBIE Oy TyIne HampaBIeHUs paOOThI:

— pacimpeHne moaxo/a st moctpoenus 3D Mozeneit u anropuTMoB;

— BKIIFOUCHHEC B aJITOPHUTM BpalICHUA 00BEKTOB JJIA 0O0JIBIIENH THOKOCTH HX PacCmoJIOXKEHNA U JIYUIICTO HUCIIOJIb30BaHUA
MIPOCTPAHCTBA.

Hroru paboThl MOTYT MPEICTABISITh HHTEPEC JJII MHXKECHEPOB U AnM3aiiHepoB MHTepdelicoB. B mepcrnekTuBe ciemyer
H3YYHUThH MOJIE30BATEIHCKUIA OTBIT U BO3MOXHOCTU BKJIFOUCHUS JIOMTOJHUTEIBHBIX OTPAHUYCHUH HA TTO3UIIHOHUPOBAHNE.

KiroueBble cioBa: BHpPTyalbHBIE OOBEKTHI B (DU3MYECKOM IMPOCTPAHCTBE, BUPTYaJIbHBIE OOBEKTHI B JOMOIHEHHON
peansHOCTH, KOM(OPTHOE pa3MeNIeHNE BUPTYaIbHBIX OOBEKTOB

BaarogapHocTH. ABTOpHI BBIP@XAIOT INPHU3HATENBHOCTh PEAAKIMOHHOM KOMAaHAE JKypHala M PELEH3EHTY
3a KOMIIETEHTHYIO 3KCIIEPTU3Y U IICHHBIE PEKOMEHIAINH 10 YIIyUIICHHIO CTaThH.
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Introduction. A well-known task of augmented reality (AR) applications is the placement of virtual objects in real
physical space. A number of studies [1-3] focus on interactivity, the merging of real and virtual spheres. The issues of
physical properties of virtual objects are also studied.

The task of such placement of objects, which would be free and optimal at the same time, taking into account not
only the geometry of objects, but also comfort zones around them, has not been sufficiently worked out. In [6], the
external similarity of this problem and the well-known problem of packing into a rectangular container is noted [5].
However, there is a significant difference. In the case under study, it is not enough to provide the greatest possible dense
packaging. When placing virtual objects, it is required to take into account not only their rigid dimensions, which
cannot be violated, but also additional areas — comfort zones. It is undesirable to occupy them. These additional areas
provide getting closer to the object and performing some actions with it.

Materials and Methods. Earlier [4], the authors defined what a comfortable placement of virtual objects was, and
introduced the concept of comfort function k(x). It increases monotonically from 0 to 1 at 0<x<1 and is equal to 1 at
x>1, where x = X/D, X — distance from the edge of the object to the nearest obstacle, D — size of the comfort zone.
For each measurement, the object has two one—way comfort zones D— and D+. Comfort on each side is calculated
separately.
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It is shown in [6] that the problem of one-dimensional placement of n virtual objects in a free region of space with
length L is reduced to a system of linear equations that do not depend on the type of comfort function k(x):

m x@
UGN
- +
0yl
- +
o L= (X0
X _ H( )
~(n) é(n)
Here, X! — distance of the first object from the left edge of the embedding area; XY, i=23,.,n — distance
between objects with numbers i and (i — 1); DY and Dfi) — left and right comfort zones, respectively; /) — object

size; DY =D =p 4 Y i=12,.., (n—1).
Matrix of system (1) is strongly sparse; therefore, it is possible to avoid using not the fastest universal methods, it is
easy enough to find a solution. As an example, in the first (n — 1) equalities, it is possible in each i-th equation, to

express X" by x| then, substitute this into the last equation and get a linear equation with respect to X"

After that, values X, X X" are sequentially determined from the first equation to the (n — 1)-th. The authors

implemented this 1D algorithm for placing objects using numerical methods. It showed high speed and efficiency. This
1D algorithm became the basis for the scientific research described in the presented paper. The authors proposed a 2D
algorithm for optimal placement of virtual objects It was implemented in the form of C# programming code using the
Unity game engine, which is widely utilized to create augmented reality mobile applications [8]. During the
experiment, an algorithm was run on the user's device operating in peak load mode to 5, 10, 15, 20, 25, 35, 40, 45, and
50 objects. The time spent on calculations was measured (in milliseconds). Each calculation was repeated 10 times to
avoid abnormal values. In total, 1.8 thousand devices participated in the experiment, about 77 thousand events with the
results were collected from them and analyzed.

Filtering anomalies using z-score allowed the authors to identify values that can be defined as outliers [9]. The data
was standardized, and a z-score was calculated for each value. Those with a z-score greater than 3 or less than —3 were
considered abnormal. They were excluded and focused on typical and representative data.

Research Results. Thus, on X, Z plane there is a rectangular area with width L, and length L_. It should be filled

with a certain number of virtual objects. Each object, in addition to its size lii) and lz(i) (where i — number of the

object), is also characterized by comfort zones DQ,D‘” D(i),DE?. Figure 1 shows a block diagram of the described

x+2 7 z—

algorithm.

Setting * Area Dimensions
parameters /T « List of objects

Spning Batch Notification of
objects by > formation batch !=null No-» calculation
length Z completion
X
Yes
¥
Placement by X
Placement by Y

Fig. 1. Top-level 2D placement algorithm
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In this work, a left-sided coordinate system is used: X-axis denotes the horizontal placement vector, Z-axis is
directed forward from the user and is the depth vector, or frontal measurement [7]. Objects are placed in a horizontal
plane (e.g., on the floor, countertop, etc.), therefore, the vertical Y-axis is not considered, and all illustrations assume a
top view of the resulting composition.

In the lower left corner of each virtual object, a pivot is denoted. It determines the final coordinates of the object

placement. Next, the set of objects is sorted in descending order by lfi) +D§’;) +D§‘3 — overall length of the objects,
taking into account the comfort zones located in front and behind in accordance with the coordinate axis under
consideration. After sorting, objects that occupy more space in depth are located farther away from the user (or
higher — for the scheme presented in the horizontal projection). A block diagram of the formation of a batch of objects
is shown in Figure 2.

Loading non-located
objects until the sum
of their width exceeds
the size of the plane

Direction of the current

Inverting the order of
string from left to right? No—» &

objects in the string

Changing Caloulati ¢
Index increment the shuttle B Creating a new ? culation f
of the current string < run flag N string object < D optima
for the next string position

Fig. 2. Algorithm for forming a batch of objects

Then separate strings, or batches, are formed from the ordered set of objects. Each string includes the minimum
number of objects, the sum of the width of which, together with the comfort zones, exceeds the width of the filled

region L, . If, when adding the next object, the calculated occupied width exceeds the horizontal size of the available

space inside the rectangle, the batch is considered completed. Thus, each batch can be placed as a line within the region.
Rows alternate from left to right and from right to left to mix large and small objects. This can be called a “shuttle run”

(Fig. 3).

7 A
Y
Y
Y
Y >
(_I .
0 X

Fig. 3. Scheme of the “shuttle run” on the coordinate plane

For the formed row, 1D-placement algorithm is used, which provides for the optimal placement of a number of
objects along X-axis based on the calculated comfort coefficient K, which is the same for all objects in the row. For each
object of the first string, Z-axis offset from the edge of the plane is determined in such a way that the comfort in front is
equal to the comfort along X:

Z(l) X(l) ZJ(j) X( )

:T_f)’ i=2,3,..,n. )

0 A0 0
p0 Dl Dl B

Starting from the 2nd row, to calculate Z: indent, the presence of potential neighbors from above from the overlying
row that have common sections with the current object being processed along X coordinate is checked. At the same

time, each object of the placed row is installed along Z-axis in such a way that its comfort from above is the maximum
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of the one-sided horizontal comfort in this row and the previous rows. The algorithm for calculating Z coordinates is

shown in Figure 4.

Getting Selecting Search
No—» theprevious (> themaximum [ for the nearest
row K neighbor
Yes

]

A\ 4
Calculating distance Z Neighbor Calculating distance Z
by the distance to the Yes —>» by the distance to the found

boundary of the plane x K

found?

No

|

neighbor x K

Calculating the frontal distance
by the smallest Z coordinate

of the previous row

Fig. 4. Principle of calculating Z coordinate for the string object

It can be seen from the flowchart that the indent is calculated similarly for all three possible scenarios:
— indent from the edge of the plane to install the object;

— indent from the neighbor from above;

— in the absence of a neighbor in the previous string, the object closest from all previous strings along Z is taken.

New batches are formed until all objects are assigned a row, or until the physical space runs out.

The initial data for the described algorithm are systematized in Table 1. Objects are sorted by their vertical dimensions.
Table 1

Source data for the example of the operation of the described algorithm

Object number Size Comfort zone

1 (7. 4) (4:3;3.5)

2 (10; 4) (4:3;5:3)

3 (5;:4) (2;3;5.25;:2,25)

4 (12; 4) (2,8 3,3; 3.8; 4,65)
5 5: 4 (2,5:4;1,75;5.8)

6 (18; 4) (3,2:2,4:5:2.25)

7 (11;4) (2,1;2,45:2;14.2)

Table 1 corresponds to Figure 5, which demonstrates the placement of objects.
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20

0 5 10 15 20 25 30 35 X

Fig. 5. Layout of the objects for the example under consideration. Top view

A gray rectangle is a free area on which objects are placed. Black areas are objects in their overall dimensions.
Colored areas, with overlays, are preset comfort zones for each object. As noted above, comfort zones of objects may
partially overlap and go beyond the free space, but the approach used allows for a balance so that the comfort of various
objects is equally reduced.

Recall that this model includes the concept of comfort function k(x). The resulting system of equations (1) does not
depend on it, and hence the optimal placement of objects. But the values of one-sided comfort of objects are determined
both by their placement and by the type of function k(x). Here are two examples:

— in the case of linear function k(x), one-sided comforts of objects in the upper row of Figure 5 are equal to 0.6;

— for dependence /1—(x— 1)2 — value 0.9.

After the software execution of the described 2D algorithm, it was implemented into an augmented reality mobile
application, and the analytical data of user sessions was recorded. The authors grouped information for each unique
device model, for each number of objects placed in the range [10]. The average execution time was calculated (Fig. 6).

04

e
[O8]
()]

\'O
w

0,25

The average execution time, ms

o
[\

0,15 1 1 1 1 1 1 1 ]
10 15 20 25 30 35 40 45 50

Number of objects
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Fig. 6. Algorithm execution time on custom devices: ® — real data; a=10,00498, b =0,10593 — linear approximation;
a=0,00003, »=0,00317, ¢ = 0,12743 — quadratic approximation
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Within the specified range, it is impossible to immediately determine the exact complexity of the algorithm
calculation. As can be seen from Figure 6, the data are close to linear and quadratic approximations. Using the residual
sum of squares method, a quantitative estimate of both approximations was calculated and values of 0.00035 and
0.00021 were obtained, respectively [10].

To confirm the hypothesis of quadratic dependence, a similar experiment was launched on a personal computer for a
range of [10-10,000] objects. Figure 7 confirms the hypothesis; therefore, the algorithm can be assigned complexity
O(n?). However, the situation with 10,000 objects is rather theoretical, and in practice, the user is unlikely to work with
more than 1-2 dozen objects in augmented reality.
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Fig. 7. Algorithm execution time for a large number of objects: ® — actual data; a=0,1365, b =—45,455 — linear
approximation; a=10,00001, »=10,0103, ¢ =—1,6178 — quadratic approximation

The execution time on different user devices was compared, 10 most popular models were selected, and a diagram

based on the calculations results was built (Fig. 8).
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The minimum registered execution time was 0.093 ms, the maximum — 0.146 ms. For this sample, the correlation
between the device model and the execution time was only 0.177. This is a pretty low value.

Calculations have shown the high efficiency of the two-dimensional algorithm. This is due to the splitting of the
entire set of objects into separate strings and the use of a fast one-dimensional algorithm in each string, described at the
beginning of the article. This algorithm provides solving the problem with less resources and time.

Figure 9 shows additional visualizations of placement schemes for different numbers of objects and their

parameters.

Fig. 9. Examples of placing different numbers of objects:
a — 4 objects; b — 9 objects; c — 21 objects

Thus, the proposed algorithm of two-dimensional placement provides working with a set of virtual objects.
Each of them is characterized by certain sizes and comfort zones. The algorithm is designed to optimally
position such objects in a rectangular physical space that recreates the user's environment.

Discussion and Conclusion. For the previously described one-dimensional problem, an effective algorithm
for optimal placement of virtual objects is proposed and implemented in the program code. A model of optimal
placement was constructed for the two-dimensional case. Based on it, an effective algorithm has been
developed, implemented in the program code.

The performance of the algorithm, which was measured by the execution time, was analyzed. It was found
that there was no significant correlation between the execution time and the device model. The average time
was fractions of a millisecond even for large batches of objects. This indicated a relatively stable performance
of the algorithm under various conditions. However, the possible influence of other untested factors cannot be
excluded. Further research is needed to fully characterize performance dependences.

The authors outline several areas of future work to improve the performance and adaptability of the
algorithm. This is, firstly, the improvement of the solution, which will allow using the full size of objects, when
possible, without intersections of comfort zones. Their sizes will be reduced only if absolutely necessary. This
should provide for optimal use of space and further improve the interactive user experience.

Secondly, the inclusion of rotation of elements in the algorithm will increase flexibility in their arrangement
and make it possible to use space better. In addition, this will allow the algorithm to take into account more

different objects, thereby expanding its practical application.
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Note that in an augmented reality application, placing three or more objects by the user is a rather time-
consuming task. It requires considerable time, and significantly complicates the work.

The proposed technology for placing objects in 2D allows the optimal positioning of virtual content to
improve the user experience in augmented reality. Automated location calculation reduces manual work and
makes it possible to focus on valid interaction with AR.

Scientific research in this direction involves seamless integration of virtual and physical spaces. The results
can be applied in practice by developers of augmented reality glasses who face the problem of rapid intelligent
positioning of objects depending on user preferences and context. Moreover, the results of the work may be of
interest to:

— engineers working on smart home systems;

— interface designers, for whom it is important to effectively and harmoniously combine controls and
information on the screen.

The introduction of fuzzy logic allows developers to adapt the solution to specific tasks and use cases. In
future research, it is advisable to study and apply user experience, include additional restrictions on the

positioning of objects.
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3asenennwiii 6x1a0 coasmopos
M.B. AnmatoBa — (opMupoBaHHE OCHOBHOM KOHIICTIIIUH, TIOCTAHOBKA LIEJICH U 3a]1a4 UCCICIOBAHUS, TOJATOTOBKA
TeKcTa, (HOPMYITHPOBAHUE BHIBOJIOB.

10.B. PyL[HK — HAay4YHO€ PYKOBOACTBO, PACYECTHI, [lOpa6OTKa TCKCTA, KOPPECKTUPOBKA BLIBOJOB.
Koudmukm urmepecos.: aBTOpPbI 3a4BJIAIOT 00 OTCYTCTBUU KOH(i)J'II/IKTa HUHTEPCCOB.

Bce asmopui npouumanu u 0006punu 0OKOHYAMENbHBLI BAPUAHIM PYKONUCU.
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