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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 К. 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(n2). 
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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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Научная статья 

Оптимальная 2D-расстановка виртуальных объектов в физическом пространстве для 
приложений дополненной реальности  
М.В. Алпатова , Ю.В. Рудяк  

Московский политехнический университет, г. Москва, Российская Федерация 
 m.v.alpatova@yandex.ru 

Аннотация 
Введение. Научные и прикладные работы о размещении виртуальных объектов в реальном пространстве чаще 
всего фокусируются на вопросах интерактивности, интеграции реальности и виртуальности, физических 
свойствах виртуальных элементов. Однако недостаточно проработана задача одновременно свободного 
и оптимального размещения объектов с учетом их размеров и окружающей зоны комфортности вокруг них. 
В литературе можно найти описание схожей задачи — об упаковке в прямоугольный контейнер. В нашем 
случае цель не ограничивается максимально плотным размещением. Следует учесть два условия: жесткие 
размеры объектов (их запрещено нарушать) и дополнительные области — зоны комфортности (их 
нежелательно занимать). Цель работы — создание и реализация такого 2D-алгоритма размещения объектов 
в физическом пространстве, который будет учитывать обозначенные выше ограничения. 
Материалы и методы. Используя аппарат численных методов, авторы задействовали созданный ранее  
1D-алгоритм размещения объектов. Расчеты основываются на системе линейных уравнений. В одномерном 
случае оптимальное размещение виртуальных объектов сводится к задаче, не зависящей от вида функции 
комфортности. Элементы такой системы — размеры объектов, дистанции между ними, а также расстояния 
до края области встраивания, зоны комфортности. Предлагаемый 2D-алгоритм оптимальной расстановки 
виртуальных объектов реализовали в виде программного кода на языке C# с использованием известного 
игрового движка Unity. Решение тестировали на гаджетах в режиме пиковой нагрузки для 5, 10, 15, 20, 25, 35, 
40, 45 и 50 объектов. Для опытов задействовали 1,8 тыс. устройств. Проанализировали около 77 тыс. событий. 
Чтобы исключить нерепрезентативные значения, каждый расчет повторяли 10 раз, и для каждого значения 
провели z-оценку. Аномальные (больше 3 и меньше –3) исключили. 
Результаты исследования. В работе создан алгоритм 2D-расстановки, который реализует заполнение 
прямоугольной области виртуальными объектами. У каждого из них есть размер и еще одна характеристика — 
зона комфортности. Авторы составили блок-схему реализации данного алгоритма в заданной двумерной 
левосторонней системе координат. Показано, в частности, на каком этапе объекты сортируются по длине, когда 
формируются их партии и выполняются расстановки по двум осям. Первая — горизонтальная, вторая 
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направлена вперед от пользователя (это вектор глубины, или фронтальное измерение). Алгоритм  
1D-размещения для сформированного ряда позволяет оптимально расположить объекты вдоль оси X на основе 
рассчитанного коэффициента комфортности К. Выполнены расчеты и составлены схемы с целью достичь 
определенных показателей комфортности. Для каждого объекта первой линии смещение по оси Z от края 
плоскости определяется так, чтобы комфортность спереди равнялась комфортности по X. Начиная со 2-го ряда 
для вычисления отступа проверяется наличие потенциальных соседей, которые находятся на ряд выше и имеют 
общие участки по X с обрабатываемым объектом. Каждый элемент строки устанавливается по оси Z так, чтобы 
его комфортность сверху была максимальной из односторонних горизонтальных комфортностей в данной 
и предыдущей строках. Принцип расчета координаты Z для объекта строки представлен в виде блок-схемы. 
Исходными данными для реализации этого алгоритма были 7 объектов с 14 разными размерами и 28 зонами 
комфортности. После программной реализации работу описанного 2D-алгоритма проверили на практике — 
в мобильном приложении дополненной реальности. Записали аналитические данные пользовательских сессий. 
Рассчитали среднее время выполнения. Возникшую в ходе работы гипотезу о квадратичной зависимости 
проверили на персональном компьютере. С этой целью провели аналогичный эксперимент для диапазона [10–
10000] объектов. Гипотеза подтвердилась. Алгоритму можно присвоить сложность O(n2). Для сравнения 
скорости вычисления задействовали 10 самых популярных моделей пользовательских устройств. Результаты 
представили в виде диаграммы. Минимальное зарегистрированное время выполнения — 0,093 мс, 
максимальное — 0,146 мс. Расчеты показали высокую эффективность двумерного алгоритма. Дополнительно 
визуализировали схемы расстановки для разного количества и параметров объектов. 
Обсуждение и заключение. Предлагаемый алгоритм двумерного размещения позволяет работать с набором 
виртуальных объектов с разными размерами и зонами комфортности. Показаны достаточно высокие 
производительность и стабильность. В среднем алгоритм реализуется за доли миллисекунды даже при больших 
партиях объектов. Возможные будущие направления работы: 
− расширение подхода для построения 3D моделей и алгоритмов; 
− включение в алгоритм вращения объектов для большей гибкости их расположения и лучшего использования 
пространства. 
Итоги работы могут представлять интерес для инженеров и дизайнеров интерфейсов. В перспективе следует 
изучить пользовательский опыт и возможности включения дополнительных ограничений на позиционирование. 

Ключевые слова: виртуальные объекты в физическом пространстве, виртуальные объекты в дополненной 
реальности, комфортное размещение виртуальных объектов 
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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 
х>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): 
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Here, ( )1X −  — distance of the first object from the left edge of the embedding area; ( ) , 2,3,...,iX i n− =  — distance 

between objects with numbers i and (i – 1); ( )
–
iD  and ( )iD

+
 — left and right comfort zones, respectively; l(i) — object 

size; ( ) ( ) ( ) ( )1 1i i i iD D D D+ +
+ − + −= = +  , i = 1,2,…, (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 ( )1iX +

−  by ( )iX − , then, substitute this into the last equation and get a linear equation with respect to ( )1X − . 

After that, values ( ) ( ) ( )2 3, ,..., nX 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 xL  and length .zL  It should be filled 

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

object), is also characterized by comfort zones ( ) ( ) ( ) ( ), , ,i i i i
x x z zD D D D− + − + . Figure 1 shows a block diagram of the described 

algorithm. 

 
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 ( ) ( ) ( )i i i

z z zl D D− ++ +  — 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. 

 
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 xL . 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). 

 
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 К, 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: 
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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. 

 
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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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 ( )21 1x− −  — 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). 

 
Fig. 6. Algorithm execution time on custom devices:  — real data; ––––– a = 0,00498, b = 0,10593 — linear approximation; 

 ––––– a = 0,00003, b = 0,00317, c = 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(n2). 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. 

 
Fig. 7. Algorithm execution time for a large number of objects:  — actual data; ––––– a = 0,1365, b = –45,455 — linear 

approximation; ––––– a = 0,00001, b = 0,0103, c = –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). 

 
Fig. 8. Comparison of computing speed on different devices for 10 objects 
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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. 

 

         
а)         b)     c) 

 
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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