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ABSTRACT

Context. The problem of automation of the generation of natural and anthropogenic landscapes is considered. The subject of the
research is methods of procedural generation of landscapes that quickly and realistically visualize natural and anthropogenic objects
taking into account different levels of detail.

Objective. The goal of the work is to improve the rendering quality and efficiency of the procedural generation process of land-
scape surfaces at any level of detail based on the implementation of the developed method.

Method. The proposed method of visualization involves the construction of a natural landscape using Bezier curves and surfaces
and manual editing of individual segments; use of software agents that are responsible for individual steps of generating anthropo-
genic objects; adaptation of anthropogenic objects to the characteristics of natural landscapes; containerization of three-dimensional
objects, which is used in various steps to organize the storage and loading of objects efficiently. A generated heightmap based on the
Perlin noise algorithm is used to construct surfaces on individual segments of the natural landscape. Landscape processing software
agents are used to unify the design of algorithms for creating and processing information about anthropogenic objects. Correct appli-
cation operation and error resistance is guaranteed due to the inheritance of a specific interface by all implementations of agents.

Containerization with two-level caching ensures the efficiency of display detailing.

Results. The developed method is implemented programmatically, and its efficiency is investigated for different variants of input
data, which to the greatest extent determine the complexity of visualization objects.

Conclusions. The conducted experiments confirmed the efficiency of the proposed algorithmic software and its viability in prac-
tice in solving problems of automated landscape generation. Prospects for further research include improvement and expansion of the
algorithms for procedural landscape generation, functionality complication of manual visualized object processing, and division of

individual objects into separate hierarchies of containers.

KEYWORDS: object visualization, segments, levels of detail, Bezier curves, software agents, containerization.

ABBREVIATIONS
LOD is a level of detail;
PRNG is a pseudorandom number generator;
DDA is a digital differential analyser.

NOMENCLATURE

ch is a number of generated segments;

n is a number of points in a row or a column of the
heightmap;

hy, is a surface height at the point (x, y);

step is a step between nodes in the height map (x and
»)

seed is a input parameter for generating pseudo-
random numbers;

chunkSize is a segment side size;

curvesPerChunkSize is a number of Bezier curves
modelling the surface per landscape segment;

bezierCurveDivisions is a number of pieces to divide
the Bezier curve into, used in algorithms for converting to
a three-dimensional model or elevation map;

By, P, are start and end points of the third-order Bezier

curve, which is used to describe segments of the natural
landscape;
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Ci, G, are checkpoints that do not belong to the third-
order Bezier curve used to describe segments of the natu-
ral landscape;

B(1) is a parametric Bezier curve;

[3,3 (1) is a third order Bernstein polynomials;

a is a constant that specifies the "tightness" of the
curve;

K is a constant used in the condition of continuity of
curves;

d is a maximum allowed distance between cities in the
case of laying a road between them,;

ris a city range;

Cy is a model visualization complexity.

INTRODUCTION

As a result of constant technical and scientific pro-
gress, the tasks of modelling and generation of three-
dimensional virtual worlds are gaining popularity not only
in the game industry or cinema but also in the fields of
education, science, architecture, design, and more. This
trend necessitates not only the manual creation of highly
realistic models of landscapes, natural and anthropogenic
objects through available hardware but also the produc-
tive performance of their automatic generation and visu-
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alization with different levels of detail. In addition to per-
formance, other requirements for visualization software
systems are essential. In particular: a sufficient level of
uniqueness of anthropogenic objects; their automatic ad-
aptation to the characteristics of the landscape on which
they are located; high realism of visualization; the ability
to supplement the system with new algorithms [1-3].

Automated systems for landscape visualization have
become widespread compared to the manual creation of
three-dimensional worlds due to their simplicity and
speed. The quality of the images used depends on the ac-
curacy of their perception by users of educational or sci-
entific programs, the profitability of the game or movie,
as well as the further development of appropriate software
systems.

The main problems of the available solutions are their
insufficient realism for large scales, limited means for
providing details in the results, the price of full versions
of the relevant software. Also, these software applications
have closed-source, hard-to-extend libraries of landscape
generation algorithms, which reduces the flexibility of
development. Within projects that require relatively small
landscapes, existing solutions can be applied effectively
despite existing shortcomings.

This area of research is promising, as, on the one
hand, it is necessary to improve the appearance of models,
and, on the other hand, it is impossible to go beyond the
possible number of calculations, i.e., it is necessary to
develop new models and more optimized algorithms. De-
veloping a new, optimized method of landscape genera-
tion is an urgent task both from a scientific and practical
point of view.

The object of research is the task of generating natural
and anthropogenic landscapes. The research subject is
landscape generation methods that quickly and realisti-
cally visualize objects taking into account different levels
of detail. The work aims to improve the quality of reflec-
tion and efficiency of the process of landscape surface
generation at any level of detail.

1 PROBLEM STATEMENT

According to the purpose of work, the following tasks
are solved:

1) determination of functional requirements to the sys-
tem of landscape visualization based on the analysis of
popular software systems of such purpose;

2) modelling of landscape surfaces;

3) modelling of anthropogenic objects according to
the landscape;

4) development of a containerization method for ob-
jects in three-dimensional scenes with different levels of
detail;

5) software implementation of methods for three-
dimensional model visualization based on generated ob-
ject data.

The inputs that directly describe the objects for the
visualization system are:

— landscape segment size chunkSize €[2;2'];
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— the size of the

ments regionSize & [chunkSize;2'°];

region of landscape seg-

— the number of curves modeling the surface per land-
scape segment curvesPerChunkSize €[2;20] ;

— parameter of maximum height (also depth) when us-
ing noise functions max Height € [200;5000] ;

— landscape segment height offset for the noise func-
tion zOffset € [0;1000];

— parameter for the coordinate step in the noise func-
tion noiseStepDivisor € [500;5000];

— the distance to which the city extends its influence to
the generation cityEffectRange € [chunkSize;regionSize] ;

— the minimum distance between roads in the city
roadMinDistance € [0,chunkSize];

- minimum road width
roadMinWidth < [0;chunkSize] ;
- maximum road width

roadMaxWidth € [ Min;chunkSize] ;

— maximum distance between cities for construction
of long-distance communication

maxNearbyCityDistance € [chunkSize;2"] ;

— the minimum width of the architectural element
architectureMinWidth € [0; chunkSize] ;

— the maximum width of the architectural element
architectureMaxWidth [ Min; chunkSize] ;

— the minimum area of the architectural element
architectureMinArea € [0; chunkSize] .

2 REVIEW OF THE LITERATURE

At the beginning of the researched problem (the
1980s), algorithms of calculation and representation of
fixed primitive landscapes were considered. An algorithm
for dividing the surface into triangles with its subsequent
vertical deformation with the help of fractal noise was
created [4], and methods for collecting, storing, and proc-
essing landscapes were developed [5].

The intensive advancement of software tools for visu-
alization of natural and anthropogenic landscapes requires
the development of visualization methods that provide
high-quality images and, at the same time, their cost-
effectiveness in terms of computing resources [3, 6—12].

The most common functions of software applications
for landscape visualization include:

1) generating a three-dimensional landscape of a spe-
cific size based on parameters (e.g., mountain locality
based on relief data);

2) loading an existing landscape for processing;

3) processing of the landscape utilizing manual re-
editing with available tools and automated systems;

4) generating and processing landscape characteristics,
such as water bodies, climate, soils, erosion and more;

5) visualizing the treated landscape, presenting, and
preserving the obtained result;

6) generating the scenery of the landscape surface tak-
ing into account its characteristics (in particular, trees,
hills, ravines, dams, etc. are generated);
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7) generating three-dimensional objects of architecture
and infrastructure taking into account the characteristics
of the landscape:

7.1) designating anthropogenic areas of the landscape;

7.2) generating infrastructure objects, namely roads,
communication lines, power grids, and other connections,
taking into account the properties and curvature of the
landscape;

7.3) generating architectural objects, in particular
buildings for industrial, residential, commercial and cul-
tural purposes, objects of transport and means of commu-
nication, taking into account the characteristics of the
landscape;

7.4) generating anthropogenic scenery: lamps, green-
ery, parks;

7.5) visualizing generated three-dimensional objects;

7.6) saving the generated three-dimensional objects.

Generation and visualization of anthropogenic objects
is the most extensive and complex process in software
systems, which requires the most time and money [13,
14].

Software systems for generating three-dimensional an-
thropogenic objects have the following advantages:

— Flexibility of application. Objects generated in such
systems are not static three-dimensional models but pa-
rameterized system objects with additional data that can
be modified to achieve the desired result.

— Using templates. After manually changing the gen-
eration parameters of architectural and infrastructural
objects, they can be saved as templates for later use,
which speeds up the work with the system.

— Levels of detail. Generation algorithms support dif-
ferent levels of detail of generated three-dimensional ob-
jects, allowing more flexible use of the system.

— Integration into general-purpose software.

Despite the advantages described above, systems for
generating three-dimensional objects of architecture and
infrastructure have some disadvantages:

— Dependence of the visualization quality and effi-
ciency on the machine's computing power.

— High cost of memory resources to ensure realism.

— Presence of artifacts. Errors occur when generating
architectural and infrastructural objects. Generation re-
sults require manual verification and adjustment.

The popular main algorithms for containerizing three-
dimensional scenes are Object Container Streaming from
Cloud Imperium Games, Asset Streaming from Umbra
Software, and Partitioned Scene Loading from Unreal
Engine. Among their disadvantages is the high probability
of data corruption during the transfer of containers; closed
software source code, which makes it impossible to use
the software in other systems; redundancy of information
due to the need for metadata about the components in the
files; uneven distribution of objects in sections [15-17].

3 MATERIALS AND METHODS
The proposed method of visualization involves:
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1) construction of a natural landscape with the help of
curves and Bezier surfaces and manual editing of individ-
ual segments;

2) the use of software agents that are responsible for
individual steps in the generation of anthropogenic ob-
jects;

3) adaptation of anthropogenic objects to the charac-
teristics of natural landscapes;

4) containerization of three-dimensional objects,
which is used in various steps to organize the storage and
loading of objects effectively.

The advantages of this method are:

— Realistic images due to high-quality consideration of
landscape characteristics in the visualization of anthropo-
genic objects, which involves the use of optimal segmen-
tation and containerization.

— Effective display detail based on containerization
with two-level caching.

— Flexibility and ability to develop through the use of
software agents.

The algorithm for constructing surfaces for individual
parts of a natural landscape segment consists of the fol-
lowing steps:

Step I: Procedural generation of the primary height-
map.

The “chunkSize” parameter determines the size of the
generated altitude map. The parameters for generating the
heightmap based on the Perlin noise algorithm are set: the
input parameter “seed” and the coordinates of the re-
quested segment (x,y).

The height value at points (X, y) is calculated using the
following function:

hy, = Noise(seed,x,y). @)

Step II: Selection of control points based on the
heightmap to specify Bezier curves describing a segment
of the natural landscape.

The number of points required to describe one row or
column of the heightmap is calculated:

n = 3-curvesPerChunkSize+1. 2)

The step for the heightmap is calculated as follows:

chunkSize

Step =

—. 3
3. curvesPerChunkSize

Using formulas (1)—(3) and the points of the segment
Py, which are used to describe the curve, we can define
the following statements:

b :P(xivyj’hx,»x/)r i, j=1,...n, x;=0, x;}=x; | tstep,
x,=chunkSize, y,=0, y;=y;,+step, y,=chunkSize.

It is assumed that the four points used to describe the
third-order Bezier curve are taken from the heightmap
points Pj;, and they pass through this curve. The landscape
segments generation algorithm automatically calculates
the control points {C;, C,} for the selected four points
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{}30,131,152,133} from the array of values P, through which

the curve passes:

B —13Ry + 21+ 341, +13)R
3L +1)

C ; “4)

2P — 2B, + (212 +3L1, +13)P.
C2:3123(3 3 2)2, 5)

35 +1)

where [; = |131 —I3l-_l|a , used value a=0.5.

After calculations (4), (5) the curve is described by
control points: {130,C1,C2,153} .

For each pair of curves that have a common point, the
control points are modified to ensure the continuity of
parametric curves:

B, ()=K"B(1). (6)

If a3 is the end point of curve B(f), a2 is the control
point of curve By(?), B0 is the starting point of curve B,(f),
B1 is the control point of curve By(f), then condition (6) is
as follows:

|03—02|=K-|B1-PO]. (7)

All these points form the description basis for the
segment in further processing (export or editing). The
height values are found using the local coordinates of the
calculated control points within the segment, rounding
them to integers and using them as indices for the two-
dimensional array of the heightmap. The control points
are modified for each pair of curves with a common point
to ensure the curve continuity.

Step III: Joins with previous segments. If there are ad-
jacent segments to the requested one, the values of the cur-
rent control points are modified so that there is a smooth
interpolation on the boundaries of the segments (7).

Step IV: Formation of the vector polygonal model for
the generated segment.

Every four calculated control points on each axis of
the plane on individual fragments of the segment (Step II)
form a bicubic Bezier surface, the parametric form of
which is as follows:

3 3
Quy) =Y Y B () B () B .

i=0 j=0

When converted to a vector polygonal model, each bi-
cubic surface is considered as a set of control points that
form Bezier curves in the x direction.

The input data for converting a landscape segment in-
to a vector polygon model are the calculated control
points in the Step II. The output data is a set of elemen-
tary polygons in the form of an array of vertices and an
array of indices of these vertices.

Creating a vector polygonal model consists of the fol-
lowing calculations:
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1) The primary Bezier curves are constructed based on
the control points of the Bezier surface in the x-direction.
The number of such curves is equal to curvesPerChunks-
Size'n. For example, the curve Q; is built based on points
P, i=1,...,4. The last control point of each curve con-
structed in the x-direction is the first for the next curve,
except the last.

2) Depending on the bezierCurveDivisions parameter,
the intermediate points L, of each curve constructed in
substep 1) are calculated. These intermediate points are
stored in a one-dimensional array M of size N,,, which is
calculated by the formula (8):

N,, = bezierCurveDivisions®, if curvesPerChunkSize = 1

N,, = (curvesPerChunkSize - bezierCurveDivisions — 1)2 , (®
if curvesPerChunkSize > 1
3) To determine simple polygons an array of indices /

is formed for vertices from array M. The total number of
vertices on the segment side is calculated by the formula

):
k = bezierCurveDivisions, if curvesPerChunkSize =1
k = curvesPerChunkSize - bezierCurveDivisions —1,  (9)
if curvesPerChunkSize > 1.

The number of polygons is determined by the formula

(10):

N, =2- curvesPerChunkSize® - (bezierCurveDivisions —1)*. (10)

Passing along the grid of polygons is in the x-direction
the indices of the vertices a, b, ¢, d of two triangles are
calculated according to formulas (9), (11). These triangles
form a square (Fig. 1).

c d

Figure 1 — Indexed polygons that form square
Indices (in the direction x — A and in the direction y —

p) of the square formed by the triangles of the polygon
are used to calculate:

(1:}\.+(H—1)'k, )\'ZlaNTa “:laNT

b=a+k, (an
c=a+l,
d=a+k+1.

The results of the described calculations for the values
of bezierCurveDivisions=5 and curvesPerChunks-
Size = 1 are shown in Fig. 2.
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Figure 2 — Example of the vector polygonal model

Information about the fully generated and processed
segment is returned to the caller for further processing
(visualization or export).

Pre-generated or manually edited landscape segments
can be exported to a three-dimensional polygonal model.

For the landscape generation module, it is necessary to
retrieve information about the same landscape segment.
To not perform generation steps each time, the caching
logic for the manually created or edited information is
used, which will ensure the processing of repeated queries
on landscape segments as a simple search in the cache.

Landscape processing software agents are used to uni-
fy the design of algorithms for creating and processing
information about anthropogenic objects. Correct applica-
tion operation and error resistance is guaranteed due to
the inheritance of a specific interface by all implementa-
tions of agents.

At the user’s request, the system prepares the land-
scape segments to create anthropogenic objects and alter-
nately uses pre-selected agents. After that, the system
cache of landscape segments is updated, and the response
is returned to the user (Fig. 3).

4: Agent application

l@ 1: Client request | Mediator S: Cache update | Landscape
—1 service | cache
?:Segmentswithobjecl_ T = &: Updated
- landscape segments
User w ‘t_:'n.,
&7 S
[1- =] W
3 &= r =
e L
(1] o
SR
=1
=
Software
agent
registry

Figure 3 — Communication UML-diagram of the product upon a
request from the user

The algorithms and the corresponding software agents
that use them are responsible for the following steps:
1) preliminary preparation the landscape segment;
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2) determination the city locations;

3) construction of transit roads within cities;

4) construction of roads between cities;

5) determination of road intersections;

6) determination of the boundaries of urban city
blocks by crossroads and transit roads;

7) construction of architecture for each city block of
the city;

8) algorithms for building three-dimensional models
adapting to the landscape based on the received informa-
tion about objects.

Based on these steps, software agents can create a va-
riety of information about architectural and infrastructural
objects and ensure the high performance of the applica-
tion.

The first step in creating information is to obtain the
parameters that are needed for the generation. After that,
the user needs to get a prepared landscape segment with
the coordinates specified in the request. The preparation
includes creating a segment hull, determining its identifi-
cation number, and obtaining its heightmap. The height-
map is used to adapt to the properties of the landscape
when creating three-dimensional models of different lev-
els of detail.

The creation of anthropogenic objects begins with the
generation of cities. The essence of this algorithm is the
choice of the city location within the region. After execu-
tion, the algorithm returns an array of cities belonging to
the segment. Each entity of the city has filled in informa-
tion belonging to the corresponding data structure. The
algorithm consists of several sequential steps that use
PRNG (Fig. 4).

The algorithm for laying roads in the city depends di-
rectly on the type of city generated in the previous step.
The work created a type of city with Manhattan markings,
i.e., parallel roads and rectangular city blocks. Laying
roads for such a city is reduced to determining the dis-
tances between parallel streets, creating roads, and cutting
roads outside the segment (Fig. 5).

For visual correctness and realism, the generation of
long-distance connections requires a preliminary genera-
tion of roads in the city. Then intercity roads will join
them, correctly continuing their direction.

In order to correctly build long-distance connections,
the user needs to have a list of city roads in their boundary
segments. This list is acquired by passing the segments in
the DDA algorithm towards another city to check whether
a particular segment is on the edge. Next, Bezier curves
are built to pave a smooth road.

The algorithm for determining intersections searches
for road intersections according to the formula for the
intersection of two segments. It is key to the next step in
defining city blocks, as roads and intersections can quick-
ly identify their boundaries.

An algorithm for building city blocks is needed to de-
termine the boundaries within which architectural objects
can be built. City blocks are built between roads and in-
tersections, which ensures the absence of roads and build-
ings clipping.
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The algorithm for constructing city blocks is some-
what more complex than the previous ones. In the case of
expanding the system by other software agents, it must
correctly build city blocks at complex intersections and
city forms. It is based on the Delaunay triangulation algo-
rithm, which optimally divides a two-dimensional array of
vertices into triangles, where the vertices of the city inter-
section are taken as vertices. From these triangles, city
blocks are then formed by merging adjacent ones (Fig. 6).

Since the points-nodes of a nonconvex polygon give
the city block boundaries, the algorithm for determining
the city block boundaries is reduced to the construction of
cyclic paths on the grid of intersections and roads that
form a connected graph. Users can use two methods to
provide this feature: inspecting intersections along roads
and looking for closed loops, or triangulating a graph and
then merging triangles into polygons. Since the first op-
tion requires the construction of graph edges on roads
between different segments, which is computationally
more complex, the second option was chosen, namely the
Delaunay triangulation. This method of dividing a grid of
points into triangles fulfils the task and allows users to
quickly calculate adjacent triangles, making it easier to
combine them. Once the triangles are combined into pol-
ygons, the city block information is stored in the segment.

Unlike previous algorithms, the algorithm for building
architecture in a city block works within the boundaries of
the city block, not the landscape segment. It arranges ar-

chitectural elements by selecting their coordinates and
type using PRNG.

The last step is to clean up unnecessary information in

the landscape segment. Roads that do not border intersec-
tions or city blocks are discarded, intersections are
merged with roads, and temporary additional information
used by a software agent is removed.

To ensure the objects’ realism, adaptation to the sur-

rounding landscape takes place, the advantages of which
are determined by the division of the landscape into rec-
tangular segments. The algorithms use cubic spline inter-
polation to determine the height of the terrain from the
nearest control points of the simulated surfaces. At the
same time, the small size of the segment allows users to
make queries and calculations quickly. Caching the
heightmap in containers allows the system not to calculate
it every time. In addition, taking into account the height
values at the points of the segment, the number of the
order of 10* due to caching allows avoiding display errors
(caves under the ground, overhangs in cliffs, etc.). Thus,
the speed of adaptation is not limited by the size of the
generated landscape, and, accordingly, the memory con-
sumption — by the number of control points.

The developed containerization algorithms provide the

following features:

1) creating a hierarchy of containers for a given three-

dimensional scene;

2) storing three-dimensional models and other con-

tainers inside a container;

PRNG Generation of
|r\|t|aluz§t|011 N city x, y \.\futhm .re Xy of the cit " Return an
by region the region in this segment? empty array
coordinates using PRNG
l Yes
Translate x, y into Select the type and Return the ¥
the local . .
. properties of the array with End
coordinates of the . . :
city using PRNG the city
segment
Figure 4 — Block diagram of the city generation algorithm
(.;.Qt alist of Generate roads Trim polygonal lines of Return the
Start cities around| —» . —> ! ; End
by city type roads outside the segment received roads

the segment

s
E Generate Generate

5§ S . Translate data parallel road Translate Return the
=] o . . .
o 2 into local city | . —— . —— into segment array of m
25 e coordinates streets using properties coordinates roads
§ b= PRNG using PRNG

Figure 5 — Block diagram of road construction within a city

Build triangles
by Delaunay
triangulation

Build a

Return an convex
array of shapes hull of the

figure

Merge t

riangles

f

Find the

tangent

triangle

tangential to the y

h

Figure 6 — Block diagram of city block construction
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3) calculating bounding volume for each container,
which contains all three-dimensional models of the con-
tainer;

4) creating a two-tier cache to optimize the process of
loading and storing containers (the first tier of the cache
stores objects in RAM, the second tier — in the file sys-
tem);

5) saving containers in a file system in binary format
(serialization);

6) saving and loading different levels of detail of ob-
jects inside containers.

The container is presented as a data model and con-
tains information about the segment, its three-dimensional
model, the current level of detail, the identifier, and other
containers (Fig. 7).

Main
container of
the scene

==

Container of segment 2

—

Container of segment 1

\

Container of segment 3

Does not contain 30
models, keeps the
bounding volume general
to all children's containers

Does not contain 30
models, keeps the
bounding volume general
to all children's containers

City container

Does not contain 3D
maodels and the bounding
volume

" Road container
City container
Contain 3D model of a
road and a bounding
volume

Contain 30 model of a city
and a bounding volume

Contain 30 model of a city
and a bounding volume

Figure 7 — Container hierarchy example

The architecture of the software system that imple-
ments the described algorithms is a session-based client-
server. There is a three-tier model based on software
agents for creating and editing the properties of anthropo-
genic objects on the server side. The highest model tier,
the service layer, is implemented based on the REST par-
adigm, which is used at the endpoints handlers of the ses-
sion server for the software system in which the applica-
tion is integrated. The business logic tier is at the middle
tier with predefined algorithms for creating information
about three-dimensional anthropogenic objects and a set
of software agents for processing landscape segments.
The lowest tier contains the data layer with a description
of the data structures used in the application.

The software system supports the construction of
bounding volumes and different levels of detail, resulting
in a reduction in the data amount that needs to be down-
loaded. An efficient binary format is used for storing con-
tainers. The cache implementation consists of two levels
and allows you to optimize the process of saving three-
dimensional models. All this allows to speed up the ren-
dering of virtual scenes, which is an essential indicator for
the systems of generation and visualization of natural and
anthropogenic landscapes.

4 EXPERIMENTS
The developed algorithms are software pieces imple-
mented in the form of the LandscapeGen software system,
the server part of which consists of three components

(Fig. 8):
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— LandscapeGen: Terrain — a component that contains
services for generating landscape surfaces using Bezier
curves and planes;

— LandscapeGen: Infrastructure — a component that
provides services for generating anthropogenic objects of
architecture and infrastructure based on ready-made land-
scape data;

— LandscapeGen: Containerization — a component that
provides services for containerization of three-
dimensional objects, their storage, and loading.

<<componentss @

LandscapeGen Server

linfrastructureService

<<COMponent> }@

LandscapeGen;
Infrastructure

I

| I
<<component>>{]
IMerrainService

LandscapeGen:
Terrain E] O

<CCOMpPonent» @

LandscapeGen:
Containerization

ICachesService

A = IContainerService
ITerrainService linfrastructureService

<ar omponent»@

REST API

4<cu|n|.|unent>>g

LandscapeGen
Client

Figure 8 — Component diagram of LandscapeGen software
system

The experiments were performed on a computer with
the following characteristics: CPU Intel 17 9750H, GPU
Nvidia 1660TI, RAM 16GB DDR4, Drive SSD NVME2
1TB. City centres were selected as the locations where the
generation takes place in terms of the most significant
computing power requirements. Parameters that signifi-
cantly affect the generation time and do not give only a
visual difference were selected for experiments. These
include city range (r), the maximum allowed distance
between cities in case of road construction (d), level of
detail, and the number of generated segments (ch).

The complexity of the visualization model is calcu-
lated taking into account the maximum possible level of
detail (10d,4y):

_r-d-ch-(lod,,, —lod +1)
- 256 '

CM

A total of about 300 visualization experiments were
performed for the following cases: without the containeri-
zation cache use, with the use of cache in RAM and hard
drive. Used lod,,,x=5, implemented levels of detail- min,
low, medium, high, max. The minimum lod is for viewing
the song from a distance.

The time costs for visualization of one segment for
differentd, r, chat their maximum possible val-
ues, 4096, 1024, 25,  respectively, = were  recorded
(Table 1).
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5 RESULTS Among the parameters that determine the quality of

Anthropogenic and natural landscapes visualized by the obtained images used for modelling natural surfaces

the LandscapeGen system are characterized by the ab-  are: the number of Bezier curves per side of the segment,

sence of artifacts, adaptation of anthropogenic objects to  the noise reduction factor for landscape generation, the

natural landscapes (Fig. 9). Noise functions, which return  number of control points per segment. The use of these

the height value at the specified coordinates, are used to  settings is not limited by the amount of memory, as cach-
ensure the natural landscape automatic generation of the  ing methods are used.

virtual world. A programming interface from the noisejs The dependence of time costs for visualization of nat-
library is used to work with specific functions implemen-  ural and anthropogenic landscapes on the complex char-
tations: Perlin noise and Simplex noise. acteristics of the complexity of the visualization model is

analysed (Fig. 10).

Table 1 — Comparison of time spent for different types of visualization

Visualization Average Maximum time (ps) for the segment and the The minimum time (ps) for the segment and the
type time for corresponding parameters at which it is corresponding parameters at which it is

segment (us) achieved achieved

time,, timeyayx Cy d r ch lod timeyin Cy d r ch lod

Without the con- 68424 205935 | 192 | 4096 | 512 1 0 75084 108 | 4608 | 768 1 4
tainerization cache
use
RAM cache 16 52 162 | 4096 | 1024 1 3 2 1600 | 4096 | 512 25 4
Hard drive cache 4352 | 1024 25 4

Containerization
Bound ng Volumes Visible

Min LOD Distanc

Medium LOD Distance

Max LOD Distance

——-", 1ot ':"';l'f'i . Hibe

b c
Figure 9 — Examples of visualization:
a — anthropogenic and natural objects in the LandscapeGen program window; b — relief of Bezier surfaces; ¢ — visualization of the urban
landscape adapted to a relief (16 curves per segment, Perlin noise smoothing factor 500)
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Figure 10 — Generation time dependency on the complexity of objects:
a — for one segment without the use of caching; b — for one or more segments with RAM caching

6 DISCUSSION

The obtained results of the LandscapeGen software
system confirm the effectiveness of the developed method
of visualization using containerization.

The average rendering time for hard disk caching ex-
periments is about seven times shorter than the rendering
time without caching. At the same time, using cache in
RAM reduces rendering time by about 500 times com-
pared to hard disk caching.

Most time is spent on non-caching cases for a mini-
mum level of detail. Moreover, for insignificant values of
complexity (up to 144), caching gives an advantage of 4
times the display time (Fig. 7, a, b).

A dramatic increase in the complexity of the visualiza-
tion model does not significantly affect the visualization
time of one segment (Fig. 7, b). In the case of using cach-
ing, increasing the complexity of the visualization model
by 150 times increases the time only by three. Therefore,
the system scales well with different complexity of visu-
alization models.

The proposed method efficiently stores and loads
three-dimensional objects, which is especially important
to consider the trends of increasing the volume of three-
dimensional scenes and growing requirements for detail-
ing objects.

CONCLUSIONS

A unique feature of the developed software system
LandscapeGen is the generation of three-dimensional
objects with different levels of detail based on software
agents, taking into account the characteristics of the land-
scape. The architecture of the system allows expanding
the functionality of the system further.

The scientific novelty of the obtained results lies in
developing a method for landscapes surfaces generation,
which allows controlling the quantitative and qualitative
indicators of modelling, resulting in increased realism of
the display result and productivity of the visualization
process at different levels of detail.

The practical significance of obtained results lies in
developing a software system for the automatic genera-
tion of natural and anthropogenic landscapes. The ob-
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tained visualizations can be used as a basis for further
creation of virtual landscapes, video, photo, and game
materials by landscape designers, artists, developers of
virtual worlds.

Prospects for further research are the development
of algorithms for the procedural generation of natural
landscapes, particularly the addition of all ecosystems and
appropriate algorithms for adaptation to natural land-
scapes.
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AHOTAIIA

AKTyanbHicTh. Po3riisHyTO 3amady aBroMaru3anii reHepyBaHHs IPUPOJHIX Ta aHTponoreHHux Janamadris. [Ipeqmerom no-
CIIIDKEHHSI € TPOLEyPHI METOIM reHepaii Janamadry, o IIBUAKO Ta PEATICTHYHO Bi3yalli3yloTh 00’ €KTH 3 BpPaxyBaHHIM Pi3HHX
piBHiB feramizawii. Mera poGOTH — MiABUILEHHS SIKOCTI BiToOpakeHHs Ta e(peKTUBHOCTI IIpoLiecy reHepaii JaHamadTy moBepXxoHb
npu OyAb-sIKOMY PiBHI JeTtasizaii.

MeTton. 3anponoHOBaHUI MeTO] Bi3yamisauii nepegdavyae moOyaoBy NPUPOAHBOTO JTaHAMA(TY 3 JOMIOMOTOI KPHBHX Ta IIOBEP-
XOHb be3’e Ta pydHe pemaryBaHHS OKPEMHX CETMEHTIB; BUKOPHCTAHHS MPOTPAMHUX areHTIB, sKi BiAMIOBIZAIOTH 32 OKPEMi KPOKHU
reHepanii aHTPOIOTeHHUX 00 €KTIB; aJanTallilo aHTPOIIOTEHHUX 00’ €KTIB JI0 XapaKTepPUCTUK MPUPOIHIX JIaHAMA(TiB; KOHTEHHEPH-
3aIif0 TPUBUMIPHUX 00 €KTIB, [0 BUKOPUCTOBYETHCS Ha PI3HUX KpOKax s epeKTHBHOI opraHizamii 30epexeHHs Ta 3aBaHTAKCHHS
006’exTiB. [[1151 M0OYI0BH IOBEPXOHb Ha OKPEMHX CETMEHTaX IPUPOIHBOTO JIAaHAMA(TY BUKOPHCTOBYETHCS 3T€éHEPOBaHa KapTy BUCOT
Ha OCHOBI anroputmy Iymy I[lepnuna. IIporpamui arentu Juii oOpoOKH JNaHAMA(TY 3aCTOCOBYIOThCS JUlsl yHidikanii modynoBu
QJITOPUTMIB CTBOPEHHS Ta 00poOKH iHpOpMaLil IPO aHTPOIIOreHHI 00’ €KTH. 3aBIsIKH YCIaAKyBaHHIO KOHKPETHOTO iHTepdeiicy yci-
Ma peaiizallisiMi arcHTiB, rapaHTy€eThCs KOPEKTHA poOOTa 3aCTOCYHKY Ta CTiHKicTh 10 mommiok. EdexTuBHicTh neranmizamii Bimo-
OpakeHHS 3a0e3Meuy€eThCsl KOHTEHHEPU3aIi€lo 3 IBOPIBHEBIM KEIITyBaHHIM.

PesyabTaT. Po3pobienuii MeToa peaaizoBaHO IPOrpaMHO 1 JOCTiIKEHO HOTo e(eKTHBHICTD Ul Pi3HUX BapiaHTIB BXiAHUX Ja-
HUX, [0 y HalHOUIBIIiH Mipl BU3HAYAIOTH CKJIAJHICTH 00 €KTIB Bisyaizaril.

BucHoBku. TIpoBeeHi eKCIEpUMEHTH MiATBEPANIIH [IPALe3JaTHICT 3alPOIIOHOBAHOTO AITOPUTMIYHOTO 3a0e3MeUeHHS 1 J03BO-
JISIFOTH PEKOMEHIYBaTH HOro [UIsl BUKOPHCTAHHS Ha [PAKTHII IPU BUPIILICHHI 3a/1a4 aBTOMATH30BaHoi reHepanii sanamadris. Ilepe-
MEKTHBU HOJAJIBIINX JOCTIIKEHh MOXYTh MOJISIFATH Y BIOCKOHAJCHHI Ta PO3LIMPCHHI aIrOPUTMIB IMPOLEAYPHOrO I'€HEpYBaHHS
naHamadTy, GyHKIIOHATY PyYHOTO ONPALIOBAHHS, PO3AIJIEHHI OKPeMHX 00’ €KTIB Ha iepapxii KOHTEHHEPIB.

KJUIFOYOBI CJIOBA: Bi3yaiizauist 00’€KTiB, CErMEHT, piBeHb JeTanizallii, kpuei bes’e, mporpamuuii areHt, KOHTeHHepU3aLis.
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AHHOTALUA

AKTyanbHOCTb. PaccMoTpeHa 3a1aua aBTOMAaTH3aIMU TeHEPHPOBAHNS IPHPOAHBIX M aHTPOIIOTEHHBIX JaHAmadToB. IIpeqvmerom
HCCIIENOBAHNS SBISIIOTCS TIPOIEAypHbIE METOABI reHepanuy JaHamadra, OBICTPO M PEaTMCTHYHO BH3YaIM3UPYIOIUX OOBEKTHI C
Y4YEeTOM pa3HBIX YpoBHEH aeranmsanud. Llemb paGoTsl — MOBBIICHNE KauecTBa OTpaskeHUs U 3P (EKTUBHOCTH Hpoliecca TeHepauu
naHanadTa IOBEPXHOCTEH MPH JII0OOM ypOBHE A€TaIM3alNY.

Merton. [IpeanoxxeHHBIIl METOA BU3yaIH3allMy MpeIIoiaraeT NOCTPOSHUE PUPOIHOro JaHAmA(Ta ¢ IIOMOIIBI0 KPUBBIX U I10-
BepxHoCTell be3be n pydHoe pefakTHpOBaHHE OTAEIBHBIX CETMEHTOB; HCIOJIB30BAaHUE IPOrPAMMHBIX areHTOB, OTBEYAIONIHUX 3a OT-
JeTbHBIE IIaru MO TeHepalluy aHTPOIIOTEeHHBIX OOBEKTOB; aAaNTalMI0 AHTPOIOI€HHBIX O0OBEKTOB K XapaKTEPHUCTHKAM MPHUPOIHBIX
TaHAMmAaTOB; KOHTEHHEPHU3AINIO TPEXMEPHBIX 00BEKTOB, KOTOpAst HCTIOIB3YETCs Ha Pa3HBIX Marax A 3 QexkTHBHOI opraHu3anuu
XpaHEHHUS U 3arpy3Ku 00beKTOB. [l HOCTPOEHHS MOBEPXHOCTEH HAa OTAENBHBIX CETMEHTAX MPUPOIHOTO JaHAmadTa HCIONb3yeTcs
CTeHEepUpPOBaHHAs KapTa BBICOT Ha OCHOBE airopurMma Iryma Ilepmuna. IIporpamMMusie areHTs! it 00paboTKy TaHmmadTa mpuMe-
HSIIOTCS I YHU(HKAIIMY TOCTPOEHHS aITOPUTMOB CO3JaHUsI U 00paboTky MH(pOpManuu 06 aHTPOIOreHHBIX 00beKkTax. biaromaps
HAacJIeI0BaHUIO0 KOHKPETHOTO MHTepdelica BCeMH pean3alisiMi areHTOB TapaHTHPYETCsl KOppeKTHas paboTa MPUIOKEHHs U YCTOM-
YHUBOCTH K OIIKOKaM. DP(EeKTUBHOCTD eTaNIn3annul 0TOOpasKeHNUs 00eCTIeuBaeTCsl KOHTEHHepH3alei ¢ By XypOBHEBBIM K3LINPO-
BaHUEM.

PesyabTarhl. PazpaboTaHHbIil MeTOX peaiM30BaH NPOrPaMMHO, UCCIENOBAHO ero 3(G(GEeKTHBHOCTD M Pa3iIMYHbIX BapHAHTOB
BXOJHBIX JaHHBIX, B HAUOOJIBIIEH CTENEHH OIIPEACIISIONINX CIOKHOCTh OOBEKTOB BU3YalIH3aIHN.

BoiBoapbl. [IpoBeeHHbIE SKCIIEPUMEHTHI HOATBEPANIH pab0TOCIIOCOOHOCTh MPEIIAraeMoro aarOpHTMUYECKOTrO 00ecTiedeH s U T10-
3BOJISIIOT PEKOMEHJI0BATh €T0 JUISl MCIIOIb30BaHMUs Ha MPAKTHKE IIPU PEIICHUH 3a[a4 aBTOMATH3UPOBAHHON IeHepaluy JIaHIIIadToB.
IlepcriexkTyBBl JAIPHEHINNX KUCCIACAOBAHUNA MOTYT 3aKIIOYaThCi B COBEPIICHCTBOBAHUM U PACIIUPEHUM AJITOPUTMOB IIPOLIELYPHOrO
reHepupoBaHus JaHmadTa, GyHKIMOHANA PyYHOU POPAaOOTKHU, pa3ieIeHHH OTIEIbHBIX OOBEKTOB Ha HEpapXHU KOHTEHHEPOB.

KJUIIOUEBBIE CJIOBA: Busyanusamus o0bEKTOB, CETMEHT, YPOBEHb JeTalHu3aliy, KpuBble besbe, mporpaMMHBIN areHt, KOH-
TelHepu3auusl.
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