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Abstract: it achieved a visual representation of information about the crystallization
process in the multidimensional space, which creates prerequisites for the development of
software systems to solve a wide class of problems road construction. With the geometric
interpretation Minkowski space-time, quasi-Lorentz and Einstein's concept concerning the
concept of giving time physical sense, simulated the process of formation of crystals in the
four-dimensional space. The 4D model space combines the physical three-dimensional space of
the factors affecting the formation of crystals, and time. Visualization of the crystallization
process in spacetime plays an important role, as having great cognitive and probative value,
and contributes to a better understanding of crystallization processes, creates conditions to
control the properties of materials in the process of crystallization.
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I. INTRODUCTION
A large number of technologies that determine the modern road-building production
associated with the use of bitumen modifiers, creates prerequisites for a comprehensive review
of the process of crystallization of the binder in a multidimensional space [1-3]. Achieving
improved material efficiency through enhanced functionality, as well as adaptability and
facilitating the technologically automated mass production of the materials, at the stage of
crystallization. The transition to the practical solution of crystallization task is greatly simplified
by visualization of the processes developing in time [4]. You can make the conservative
assumption that the accumulations of the corresponding multidimensional arsenal of imaging
techniques allow to create software systems that solve a wide class of problems of crystal
formation [5]. Charted fairly clear tendency to see the production processes in space and time,
which creates prerequisites for more accurate forecasting calculations. According to US experts:
82

INTERNATIONAL COOPERATION ISSUE OF TRANSPORTATION - Special Issue - No. 10

“The market for 3D and 4D technology, is expected to be worth US $ 127.84 billion in 2016 and
will grow on average by 16.17 % between 2016 and 2022. The base year for analysis is taken in
2015, and the forecast period between 2016 and 2022. The market is segmented on the basis of
technology, end-user industry, and geography” [6].
II. THE RELEVANCE, THE SCIENTIFIC SIGNIFICANCE OF THE ISSUE, SETTING
GOALS AND OBJECTIVES
The desire to find a particular time in the development of diverse conditions and
phenomena associated with the crystallization of materials, leading to a number of assumptions
that deserve serious attention. Modeling of crystallization processes with the inclusion of the
time parameter as the fourth dimension is a very urgent task. Modeling of crystallization process
due to the complexity of the optimal process control, which, apparently, in the near future will
be an integral feature of any production.
Appeal to the multidimensional space in the crystallization of objectively determined. In
particular, when a pulsed radio studies on crystallization, such as water found that crystallizing
water – a system with a strongly inhomogeneous permeability. It was also found that the
dielectric constant, viewed in four-dimensional space ε (x, y, z, t), indicative of its temporal
changes, which in the course of transformation must lead to a change in capacitive coupling
with the probe and cause the appearance of electrical signals [7].
Active use of kinetic analysis allows predicting information about the fragility of the
materials obtained in the process of crystallization kinetics of phase transformation conditions,
optimizing energy costs [8], and also creates the preconditions for increasing the thermal
stability of the crystals.
In the works of famous authors the analysis of crystallization problems addressed many
questions about the process of planning or considering the factors of influence and control over
the process, for example, [9,10]. The process is not considered comprehensive, the development
in space and time on a predetermined trajectory of optimal process control.
It should be noted that both in domestic publications and foreign sources in visualization of
the crystallization process in spacetime problem has not received a positive conclusion.
Available results of the study process in four dimensions relate mainly to mathematical
relationships, sophisticated features and functions of three variables in spacetime by means of
an interactive environment, for example, [11]. However, this experience is somewhat theoretical
without reference to how a technical, industrial, or technological process functions.
The objective of this study is modeling and visualization of the crystallization process,
which allows visualizing the results of the analysis in three-dimensional space and time,
contributing to a better understanding of the processes that will enter the evaluation and search
for optimal process management.
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II. THE THEORETICAL JUSTIFICATION FOR THE VISUALIZATION OF THE
CRYSTALLIZATION PROCESS
The space – time (STSS) in special relativity theory (SRT) is a four-dimensional pseudoEuclidean space with a linear element [12]
ds 2 = c2dt 2 − dx2 − dy 2 − dz 2

(1)

Where x, y, z – the spatial coordinates, t – time coordinate c – the speed of light [13].
Fundamental importance is the remark of Einstein that “the theory of relativity is often criticized
for the fact that it unfairly attributes a central theoretical role of the phenomenon of light
propagation, establishing the concept of time in its laws. The situation, however, is
approximately as follows. To give the concept of time, the physical sense, there must be some
processes, which would give an opportunity to establish a connection between different points
in space. The question of what kind of processes are selected in such a definition of time is
irrelevant. Beneficial to the theory, of course, choose only those processes for which we know
something definite. The propagation of light in a vacuum thanks to the research of Maxwell and
Lorentz for this purpose to a much greater extent than any other process which could be subject
to review” [14] (Emphasis by the authors).
From this we can draw an important conclusion.
The system (1), from - the speed of light in vacuum - constant. Then, taking into account
the remark of Einstein, for applications the speed of light can be replaced by a constant, which
to the greatest extent meets the requirements of the analyzed process. Einstein came to the
conclusion that the principle of relativity is the universal [15]. Consequently, as the constants
can be set to take the maximum possible (or calculated) hardness, transparency, crystallization
temperature, crystallization speed, and other process control parameters with desired
characteristics.
III. VISUALIZATION OF THE SIMULATION CONCEPT
In the model as the original form of crystallization analysis it is proposed to use the
function, for example, type:
Y = f ( x1 , x2 )

(2)

Where Y – such as temperature; xi , i = 1, n – technological, physical, chemical, and other
factors depending on the Y. For example, x1 – the free energy of forming a solid; x2 – speed of
particles (atoms, molecules) about their average positions.
Consider Fig. 1 a three-dimensional graphical model of crystallization. Curves – 1Y and 2Y
connect points with the same numerical values representing the temperature. Their projections –
1Y1, 2 Y1, 1Y2, 2Y2, 1Y3, 2Y3 – isotherm. Consider the process of starting the crystallization of a
supersaturated solution of point A. As can be seen, the point A is located on the isotherm
characterized 2Y, for example, the equilibrium temperature T0 at which the free energy of the
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solid and liquid states of matter and are of the crystallization process is necessary to create
conditions under which the free the energy of the solid state is less than the free energy of the
liquid state. This is possible only when cooled below a critical temperature of – Tcr [16]. For
example, in our model - the isotherm 1Y, in which a substance spontaneous crystallization
process begins.

Fig. 1. 3D spatial model based on function (2), mapping the surface with different combinations
of output at the crystallization temperature of the level 2Y (T0) at 1Y (Tcr)

1Y crystallization process may begin in a particular system implementation by an infinite
combination of many factors. For example, the points B and D, showing some embodiments
output to achieve the crystallization temperature Tcr at 1Y level.
Consider two options to exit 1Y at the level 2Y provided by the implementation of the
process of formation of the crystal. Consider the vectors AB and CD. Each of them corresponds
to a combination of factors: Ax1, Ax2, Bx1, Bx2, Dx1, and Dx2. We will consider the best option
AB, as AB⊥1Y (to the tangent at point B) and is the shortest distance between 2Y and 1Y. Going
from A to B is characterized by a change in the free energy of the substance – 0Bx1. Fig. 1 that
0Bx1˂0Ax1 therefore, in the transition from 1Y to 2Y level comes free energy reduction
substances than create the preconditions for the development of the crystallization process. We
analyze the change in the velocity of particles (atoms, molecules) with respect to their mean
positions in the transition from 1Y to 2Y level. Given that 0Bx2˂0Ax2 i.e. drop in temperature is
accompanied by a reduction in the particle velocity relative to its middle position, therefore, the
crystallization process is developed.
Similarly, we argue in the analysis of the development process in the point D. Fig. 1 shows
that 0Dx2˂0Ax2, which indicates a decrease in the speed of the particles and the possibility of
the development of the crystallization process. However 0Dx1˂0Ax1, consequently, decrease the
free energy of substance happened, which can be considered as a factor hindering the
development of the crystallization process.
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IV. MATHEMATICAL MODEL
Minkowski status event is set four coordinates – three spatial and one temporal (1). The
coordinates are usually used: x1 = x, x2 = y, x3 = z, where x, y, z – сartesian coordinates of the
events in an inertial reference system (ISO) and, x° = ct, where t – is time event, c – speed of
light in a vacuum. Geometric properties of four-dimensional space defined by the expression for
the square of the distance between two events (interval):
s 2 = ( dx o ) − dx 2 − dy 2 − dz 2 ,
2

(3)

Where dx 2 , dy 2 , dz 2 – the difference coordinate events and dt – the difference of their time
instants. The space with s2 – pseudo. To solve the problem of modeling the crystallization
process in the generalized four-dimensional expression (3) can be represented as:
s 2 = ( dx o ) − dx12 − dy22 − dz 2 ,
2

(4)

Where x1 – the free energy of the solid; x2 – speed of particles (atoms, molecules) about
their average positions; y – temperature. Then xo = I it , where Ii – is the rate of crystallization
under ideal conditions, Ir – crystallization rate under actual conditions, t – time. In the transition
from one IRF to another spatial coordinates and time transform into each other by means of a
quasi-Lorentz transformations. It is known that the inertial reference system is called, if in
relation to it free from any interaction with other objects (isolated) material point moves
uniformly in a straight line.
Transformations during crystallization carried out at a spatial coordinate axes collinear
systems if ISO K’ – ISO K moves at a relatively constant speed. Origins coincide at the initial
time in both systems [17]. Then the lines quasi-Lorentz transformation to solve the problem in
three-dimensional space and time will have the form:
x1' = x1 I r t

1−

Ir

Ii

,

(5)

x2' = x2 , y ' = y,
I 
t ' = t −  r2  x1
 Iri 

1−

I r2

I i2

V. PRACTICAL IMPLEMENTATION OF THE CONCEPT OF VISUALIZATION OF
THE CRYSTALLIZATION PROCESS IN MINKOWSKI SPACE
For example, the entire set of possible combinations of factors that formalized the surface Y
= f (x1, x2) is moved in time, which are the world lines of material objects, forming some
hypersurface (Fig. 2). Consider an ideal example when transition from 1Y 2Y level to level, is
characterized, for example, the vector AB, which conventionally moving, forms a plane
ABA’B’. As a result of moving c Ir certain speed without turning in a predetermined spatial
object system Y = f (x1, x2) plane and formed hypersurface. The ABA’B’ length of the segment
A’B’, which characterizes the projection of the vector in time, will be equal to the length of the
86
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vector and is characterized by its optimum position AB in accordance with the criterion of
optimality.

Fig. 2. STSS Model illustrating the temporary section of Minkowski space in the
crystallization of the vectors AB and CD (AB transformation in the A'B' and a CD in C'D')

The second option. Slight changes in the ideal model. It is known that due to the influence
of various external and internal causes in the real world, permitted deviations in the factors and
conditions that affect the crystallization. Then, for example, under the influence of vector CD
receives these reasons deviation, and moving in the space over time, is converted into a vector
C'D'. Settings vector CD, built on the above optimality criteria, and will get a distortion of his
views may be presented, for example, C'D'. Position C'D' is not perpendicular to the 1Y’ and,
consequently, CDC'D'. This suggests the influence of various factors, such as cooling rate,
degree of saturation of the solid phase containing impurities and crystallization conditions and
disturbances etc.
Further develop the concept of the actual conditions, for example, Fig. 3. The process starts
with the point A. The actual development of the crystallization process is completed with the
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passage of time from А to B’. Depending on the processes associated with crystallization,
developing in time, in accordance with the principle of Le Chatelier–Brown, the vector AB
describes a rather complicated path (Fig. 3). By virtue of the cumulative impact of factors and
conditions, time-varying delay in the reaction system of self-organization of matter [18] on the
change in the process of crystallization and other reasons the path of the vector in time in
general form can be represented, for example, a number of successive curves. The substance in
the crystallization in a state of stable chemical equilibrium in external action seeks to return to
equilibrium, compensating an impact.
Confirmations of this hypothesis are studies, for example, [11, and 12]. In particular,
crystallization processes are accompanied by non-linear resonant vibrational modes of
interaction with the generation of higher vibrational states. Strong vibration-electron
interactions lead to a change in the electronic states and chemical bonding, which is a key for
the melting and crystallization processes in what appears the mechanism of self-organization of
matter.
For example, crystallization develops in the direction of the vector AB. Under the influence
of the actual conditions vector oscillates in time with respect to a predetermined direction and
relative to a fixed axis АА . Fluctuations show permanent changes in x1 and x2 factors. Figure 3
shows that, for example, self-organizing system does not provide a solution to the problem of
crystallization associated with access to 1Y in accordance with our criteria of optimality and
AB≠A'B'. Consequently, 0Bx1>0Ax1 during the crystallization process occurred the free energy
of the substance growth, which can be considered as a factor hindering the development of the
crystallization process (similar to 0Dx1>0Ax1 Fig. 1). To reach the optimal mode is necessary to
identify the causes and the introduction of control actions in the process.
The maximum nucleation rate of crystallization is at the temperature, which corresponds to
the optimal ratio between the potential energy of intermolecular interactions Epot and the
energy of thermal motion of the kT, (which is determined by the position of the vector AB while
moving it in space and time (Fig. 3). If Epot >> kT, then the energy of the thermal motion of
small to effectively influence the repackaging of macromolecules and speed Ir. When the
minimum temperatures will increase the rate of Ir. If Epot << kT, then quickly formed crystalline
regions are unstable and disintegrate under the influence of the thermal motion of the speed and
Ir – is minimal. When the temperature drops Ir speed will increase. Then Ir will be maximum in
kT–Epot [19].
Depending on what properties necessary to obtain a material having a mathematical model of
the process of crystallization time is possible to control the process to produce a material with
desired properties with optimum energy consumption.
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Fig. 3. Model illustrating the temporary section of the Minkowski space for the crystallization of the
vector AB (AB transformation in the A'B'), taking into account the response to the impact of external and
internal influences

VI. CONCLUSIONS
The possibility of visualization of the process of crystallization of polymer binder in the
space Minkowski space is substantiated. The concept of visualization of the crystallization
process in 3D space has been developed. The concept is a theoretical platform for analyzing
spatial distribution and study of possible situations and predicts crystallization results when you
change the parameters of factors. For example, the free energy of forming a solid and velocity
of the particles (atoms, molecules), it is possible to demonstrate in spacetime, that when the
crystallization temperature under the influence of the actual conditions of the time there is a
change of parameters of crystallization factors. It is found that the crystallization of the vector
direction in the space under the influence of channel real oscillates in time relative to the
predetermined direction and describes a complex surface whose area is an integral characteristic
of the crystallization process. Knowledge of quantitative characteristics creates conditions to
manage the process and produce a material with specified properties at optimal energy
consumption.
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