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AND IMPLEMENTATION OF SIMULATION MODELS
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Yu.l. Brodsky

A formalization of the concept of a complex system simulation model is
proposed, as a family of models-components with the standard organization
of simulation calculations. This family is closed under the integration of
models-components into the model-complex, so it is possible to synthesize
fractal complexity models, without changing the computation organization.
A new approach to the description, design and implementation of simulation
models of complex systems arises — the model synthesis and model-oriented
programming, allowing to exclude imperative programming, and to get the
high degree of parallelism in the executable code.
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Introduction

The work is devoted to the description and simulation of complex sys-
tems, about which it is well known of what components they are made, what
those components are able to do, what rules of interaction they obey. The
challenging problem of modelling is to reproduce the behaviour and to eval-
uate the capabilities of such a system as a whole.

A new approach to the design and implementation of computer simulation
models of complex multicomponent systems is introduced. It differs from
the object-oriented approach. The central concept of this approach and at the
same time, the basic building block for the construction of any more com-
plex structures is the concept of the model-component. Model-component
endowed with a more complicated structure than, for example, the object
in the object-oriented analysis. This structure provides to the model-compo-
nent an independent behaviour - the ability of a standard way to respond to
standard requests of its internal and external environment. At the same time,
the computer implementation of model-component’s behaviour is invariant
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with respect to the integration of models-components into complexes, which
allows firstly to build a fractal model of any complexity and secondly to im-
plement a computational process of such structures uniformly — by a single
program. In addition, the proposed paradigm of the multi-component simu-
lations allows to exclude imperative programming code and to generate code
with a high degree of parallelism.

Analysis and synthesis — are the necessary stages of the design and im-
plementation of complex systems and their simulation models. The analy-
sis allows to decompose the complex system into set of components, simple
enough for the subsequent research. With the help of synthesis, we are able
to gather the whole system from these components. The processes of analy-
sis and synthesis of complex systems and their models, are not formalized,
i.e. they are more likely to be an art than a science. Nevertheless, there are
number of tools designed to facilitate the analysis and synthesis of complex
systems. One of the basic modern facilities is an object-oriented (OO) ap-
proach or object analysis [2, 13]. The results of the analysis of the system can
be expressed by the class hierarchy in this approach. This hierarchy embodies
the basic ideas of the system in the code of the methods. Then the synthesis
of this system can be described using UML.

In our opinion, the problem here is that in the object analysis, there is
no enough harmony between analysis and synthesis — the moment of the
analysis greatly outweighs. As for the analysis in the OO approach, there the
methods of decomposition of type “factorization” are developed, when the
basic idea of the root class consistently specified by inheritance and over-
riding methods, until embodied in the code of the methods of the set of leaf
classes generated from the root one. The trouble is that in the object analysis
the decomposition into sub-objects is not developed.

The general theory of decomposition of mathematical objects - geometric
theory of decomposition, developed by the school of correspondent member
of RAS Yu.N. Pavlovsky [17, 18, 12], states that there are two main types
of decomposition: F-decomposition — decomposition of factorization, and
P-decomposition — decomposition into sub-objects. Any decomposition of
any mathematical object has some mix of these two types of decomposition.
From this point of view, the object analysis toolkit implemented in object-ori-
ented programming languages in the form of inheritance and methods over-
ride is incomplete functionally: in presence of F-decomposition means, it
lacks the means of P-decomposition.
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In addition, in the known object-oriented high level programming lan-
guages there are no facilities for the synthesis of a software system from the
leaf classes — it is left to the art of the developer. The means of the system
synthesis describing from the objects appear in the UML [2, 13]. However,
there is no consensus on the issue of how to build such a synthesis using
UML. Range of opinions here extends from having to compile UML descrip-
tions into high level programming languages, to the concept of model-driven
software development, well-known in various versions of the model-driven
concept of software development such as MDA (Model Driven Architecture),
MDE (Model Driven Engineering) or MDD (Model Driven Development).
Nevertheless, all these approaches offer no universal methods of the synthe-
sis — the question remains in the area of arts.

The closeness hypothesis applied to complex multi-component systems

J.W. Goethe said in his Maxims and Reflections: “Man must persist in the
belief that the incomprehensible is, in fact, comprehensible; else he would
cease to do research”. The closeness hypothesis in simulation is actually an
expression of developer’s confidence in the ability to create an adequate sim-
ulation model: to undertake its construction, you need to be sure of success.
Let’s try to discuss the possibilities of building computer models for complex
multi-component systems.

The assumption of continuous dependence of the characteristics from the
time is not natural for simulation models of complex systems. The discrete
dependence often occurs. Furthermore, calculation of all the characteristics
of a model is carried out by a computer as a rule. Note that implementing
simulation calculations on a computer, we are able to process only a finite
number of discontinuities of the first kind, during finite time. Hence, we seek
the trajectory of our model X () in the class of piecewise smooth functions
with respect to 7.

We assume that the internal characteristics of the model depend on each
other and on its external characteristics, and external characteristics do not
depend on the internal. The closeness hypothesis postulates that the knowl-
edge of the values of internal and external characteristics of the model at
time ¢ is sufficient to calculate its internal characteristics on some time in-
terval (¢,t + Af).

Further, we always put the discontinuity of the first kind in the beginning
of the modelling step A¢, and then during A¢, we assume the model trajectory
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X () to be smooth. We will calculate the model trajectory with a given accura-
cy € > 0. For example, if the model trajectory is determined by the differential
equation X= F(X, a), then for small enough t > 0 it is true:
X(t+1)= X(1) + F(X(1), a(t) T.
We now attempt to construct a trajectory of model X (f) on some macro-
scopic interval [0, 7] of model time, and along the way find out the assump-
tions that provide success for such a construction.

Definition 1.

We call a model closed at a point ¢ € [0, 7], if there is a number Az > 0, ,
t + At € (0,T], which we call the segment of the model forecast for the point
t, such that:

1. On the basis of internal and external characteristics of the model X
(1) and a(¢) can be determined whether there is a discontinuity point of the
trajectory AX(¢) in ¢, and if there is — to calculate the gap.

2. Then, on the interval (#,t + Af], the model trajectory, starting from the
point X 0+ AX (1), is a smooth function of time, for example, the solution of
differential equations

X =F(Xa).

Definition 2.
We call a model locally closed on the segment [0, 7], if it is closed at any
point ¢ € [0, 7).

Definition 3.

We call the model predictable or Laplace on the segment [0, 7], if there
is a finite partition of this segment by points 0 = ¢ < ¢) <,..., <t = T, such
that the model is closed at each of the points ¢, , i = 1,..., n, and each of the
intervals (¢, , ], i = 1,..., n, belongs to the forecast segment for its left end.

Obviously, if the model is predictable in the sense of the latest defini-
tion, and we manage to find the appropriate partition of the segment [0, T
by the points 0 = 7, <t <,..., <t =T, then the task of building our model is
solved. On the other hand, if conditions of the definition 2 are not executed,
i.e., there exist points ¢ € [0, T), where it is impossible to make even a small
step At > 0, the task of the model building seems hopeless. So the request
of the local closeness on the segment will be one of the basic requirements
to the model.
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A model predictable on a segment is called Laplace one, because the as-
sumption about the possibility of constructing models on the segment is ac-
tually equivalent to what was called Laplace determinism in the history of
science. That’s how P.S. Laplace writes about this [16]:

«An intellect which at a certain moment would know all forces that set
nature in motion, and all positions of all items of which nature is composed, if
this intellect were also vast enough to submit these data to analysis, it would
embrace in a single formula the movements of the greatest bodies of the
universe and those of the tiniest atom; for such an intellect nothing would be
uncertain and the future just like the past would be present before its eyes».

Note that in the above citation, the past along with the future is also men-
tioned — and as will be seen further, the mention of the past is quite important.

Local closeness on the segment is not sufficient for predictability on this
segment. A counterexample is so-called von Neumann'’s fly. Here is a slightly
modified version of it, found in the task-book for primary school: two pedes-
trians go towards each other at a constant speeds. Between them flies a fly
with a speed constant in absolute value and faster than the speed of any of
pedestrians. Once the fly reaches one of the pedestrians, it turns and flies to
the other. The question of the task is what the distance the fly will fly before
the moment of pedestrians meeting.

Here all the history of the model is not sufficient to determine the speed of
the fly at the time of the pedestrians meeting. Indeed, the speed of the fly is a
discontinuous function of time, and at the time of the meeting of pedestrians
has two limit values. So, at the time of meeting of pedestrians the old story of
the fly’s adventure is completely over, and the new could not begin without
additional assumptions about its speed at this time.

Proposal 1.

Adding the requirement of left continuity of the model trajectory X (t) at
any point t € (0, T can turn a model locally closed on the segment [0, T into
one predictable on this segment.

Indeed, let us move forward along the time axis from the origin 0, in ac-
cordance with the definition of the closeness at a point. If in a finite number
of steps we do not reach the point 7, it means that there is an accumulation
point 7 € (0, 7). Because of the left continuity of the model trajectory, there
is a left limit X = lim X(7) at the accumulation point 7. As we have chosen
accuracy € > 0 for simulation calculations, there exists 7 > & > 0, such that
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for all t € ( — 8,7), there is valid & > \)? — X(#)|. We get to the point 7 —§ in a
finite number of steps, otherwise it rather than 7, would be an accumulation
point. Let us set X(r) = X on the interval (7 — 8, 7), and so we reach the point
7 in a finite number of steps. Then, in accordance with the fact that our model
is locally closed on the interval [0, 7], we can continue our trajectory by a
non-zero step, and here is a contradiction with our initial assumption that 7 is
an accumulation point. m

As we can see, the left continuity is sufficient for the model locally closed
on the segment, to be predictable or Laplace on this segment. From the defi-
nitions of the closeness at a point and the predictability of the model on the
segment, it also follows that the continuity of the left there is a necessary con-
dition for predictability (possibly after redefining the trajectory of the model
in a finite number of points).

The left continuity of the trajectory provides the conditionality of the cur-
rent state of the model by some prehistory. P.S. Laplace said: « We may regard
the present state of the universe as the effect of its past and the cause of its
futurey» [16].

Note that the above reasoning is not only proclaims the opportunity to
cut modelling for finite number of steps (assuming the left continuity of the
trajectory), but gives a constructive way, how to do it. You have to start from
the left end of the segment and “step over” the possible accumulation points —
those segments where the trajectory of the system remains constant with the
selected precision of modelling & > 0.

Perhaps all the above considerations and suggestions seem too simple
and even trivial. However, they imply some very important consequences for
further discussion, which will be listed below:

1. As soon as we recognize the model characteristics functional depen-
dence from the initial time ¢ on the forecast segment [£,r + Af], as value of
possible trajectory jump at the time ¢, either its subsequent smooth dynamics
on (t,t + At], — it is naturally to recognize that there is an ability to calculate
these functional dependencies in the functional programming paradigm.

2. Functional dependence is unambiguous by definition. So, it follows that
if for some reasons (for example, out of the model domain, or from the way of
the computing process organization), it seems convenient to decompose this
dependence on the number of concurrent computations, this decomposition
must not violate this unambiguity mentioned. Thus, if two parallel processes
try to modify the same characteristic of the model — it is just a bug of its de-
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veloper — violation of the unambiguity of functional dependence (and not an
objective reflection of the complexity of the model or the system simulated).
Therefore, the calculations of the functional dependence decomposed into
parallel processes are not equivalent to the original. Saving the unambiguity
of calculations — is a necessary condition for such equivalence.

3. The Definition 3 of predictable or Laplace model implies that the pro-
cess of computing of its trajectory naturally decomposes into alternating
“jumps” and intervals of smooth dynamics. The model trajectory can be con-
sidered as left semi-continuous. It can have only a finite number of breaks,
which happen instantly in the model time and depend only on the left limit
of the model characteristics at the time of the break. At the smooth dynamics
intervals the internal characteristics of the model are depend continuously on
its characteristics on the left end of the interval and the time elapsed. This de-
composition determines the rules of the simulation calculations organization,
proposed in the next paragraph.

Further, we will essentially base on the above conclusions.

Fundamentals of model synthesis

Let us describe informally a concept of model-component — the basic
concept of the model synthesis. The formal description of family of species
of structure “model component” in the sense of N. Bourbaki [3] can be found
in [4, 7].

The model-component we define must have internal and external char-
acteristics — and in this aspect is similar to the object of the object analysis,
which also has a set of characteristics. In addition to the characteristics, the
object of the object analysis has methods — a set of skills. An object of object
analysis has not its own behaviour — it is only the storage skills, from which,
along with the skills of the other objects, the software system behaviour will
be formed. The model-component, in contrast to object, is endowed with its
own behaviour. In contrast to the object, you cannot call from outside mod-
el’s skills. But like the computer operating system, the model-component is
always ready to give a standard respond to any standard query from internal
and external environment (which is just a standard combination of internal
and external characteristics values of the model, because of the closeness hy-
pothesis). In operating systems, several system services works constantly and
parallel to each other, to enable standard queries servicing. In the model-com-
ponent, several processes can developed in parallel. Each of these process-
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es consists of alternating of methods-elements — elementary model’s skills
implemented as functions of model characteristics. The methods-elements
switching is determined by the state of the model’s internal and external char-
acteristics, due to the closeness hypothesis. Next, we take a closer look at the
rules of the elements switching.

One of peculiarities of complex systems simulation is the necessity of
taking into account different time scales of the phenomena, so we will carry
out the classification of the methods-elements of the model in relation to the
model time:

1. Instant or fast elements. These are the elements, which occur instantly
in relation to the model time. Instant elements — one of the ways to calculate
obviously discrete characteristics of the model.

2. Distributed or slow elements. These elements have non-zero length in
model time, that is, take a time not less than a characteristic for this model,
average time interval. In addition, for such elements for every reasonable in-
terval of the model time, the result of the execution of the element during this
time interval matches. The distributed elements — are the most natural way of
calculating of the continuous model characteristics.

If you remember the section devoted to the closeness hypothesis, we can
say that the fast elements are focused on the calculation of the model trajec-
tory jumps, and slow elements focused on the calculating of the trajectory
smooth intervals.

Events control the switching of the elements in the process. Informally,
events — are what you can not miss when modelling the dynamics of the sys-
tem — synchronization points for its various functionalities provided by the
processes. The points, where the stage of the model (values of characteristics
received) requires corresponding respond from some processes of the mod-
el-component.

Formally, the event is a function of the model internal and external char-
acteristics at the beginning of the simulation step. From the point of view
of simulation calculations organization, the event is a method, the input of
which is a subset of the internal and external characteristics, and the only
output parameter — the predicted time before this event. If this forecast time
is zero, it means that the event has already occurred.

For each ordered pair of the methods-elements {4, B}, if there is possible
an switching between them in a process, a corresponding method-event £ B is
required, to predict the time of this switching. The events of kind £ .y AT€ also
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possible, where the element A is interrupted but not terminated, for example, if
it doesn’t need finishing, but calculated characteristics of the model-component
that are important for the synchronization with other processes. The switching
should be unambiguous. The simultaneous occurrence of the events £ wn and
E,, ., says only that the model developer in his design missed out the consider-
ation of this case, which, perhaps, should correspond to the switching {4, D}.

So, let us sum up. The model-component, which is the main concept of
the model analysis presented, is characterized by:

1. A set of internal and external characteristics.

2. A set of processes, each of them features the alternation of methods-ele-
ments, which implement different functionalities. Incoming parameters of ele-
ments are subsets of the internal and external characteristics of the model, their
return parameters change subsets of the internal characteristics of the model.

3. Methods-events control the switching of the elements in the processes
or interrupt the execution of the elements to synchronize them. Incoming
event parameters are subsets of the internal and external characteristics of
the model. If there is possible a switching from one element of the process to
another — with such an ordered pair must be associated only one event. The
event that interrupts the execution of the element with its further continuation
is also possible.

The model-component is an elementary, but nevertheless, a full-fledged
model of a complex system. Therefore, it can be run to perform simulation
experiments, of course, if there are initial values of the internal characteristics
and the method of observation of the external characteristics.

The terms of the model-component running are the following. First, it
is believed that at the beginning of the simulation step current methods-ele-
ments of all processes and all of the internal characteristics of the model are
known (at the first step - there are the initial values of the internal character-
istics and the initial methods-elements of processes). Secondly, observability
of the external characteristics at any moment is assumed. Further,

1. The events associated with the current elements of the processes are
computed. The correlation of events with the current elements of the pro-
cesses is determined by the rules of switching. The events can be computed
in parallel, but to promote the computing process further, you should wait for
completion of the computation of all the events. If there are events occurred,
it is checked whether there are transitions to the fast elements. If there are
any — the fast elements run (they become current). They can also be computed
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in parallel, but to advance the computing process further, you should wait for
completion of all the calculations of the fast elements, and then return to the
beginning of the item 1. If there are no transitions to fast elements — the tran-
sitions to the new slow elements are made, and then return to the beginning
of the item 1.

2. If there is no occurrence of the events, from all the forecasts of the
events is selected the nearest At.

3. If the standard step of modelling Az does not exceed the predicted time
to the nearest event At < At, — we compute the current slow elements with
the standard step Az. Otherwise, we compute them with the step to the nearest
predicted event At. Slow elements can also be computed in parallel, with
expectation of completion of the latter.

4. Return to the beginning of the item 1.

All the events and elements are functions in the mathematical sense and in
the sense of the functional programming paradigm, i.e. do not have stages nor
side effects, that can give them the additional possibilities of parallelization
when calculating.

In connection with these terms of the model-component execution, a
question can be asked: what if the running of the fast elements in the item
1, as well as the decreasing of the time step in the item 3, lead to an infinite
loop of the program, due to the emergence of system events accumulation
points. Full guarantee, as was shown in the section devoted to the closeness
hypothesis, can be given only for piecewise smooth left-continuous systems.

Still, we note that once we have demanded the unambiguity of simulation
calculations of the elements and have achieved it — all running simultane-
ously in the model time elements can be calculated in parallel, on all avail-
able processor cores or distributed computers. If for some reason it was not
achieved — the running support system has the full information about who
and what changes (actually, it should update the relevant data in the database
after execution of the elements) and it is obliged to issue the appropriate di-
agnose of the run-time error.

Models-components can be combined into the model-complex, and may
be (optional) that some components explicitly model the external character-
istics of some other components.

In order to describe the model-complex it is enough to specify:

1. What models-components and in what number of exemplars are in-
cluded into it.
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2. Commutation of the models-components inside the model-complex
if it occurs, i.e., which the internal characteristics of which models-com-
ponent, are the external characteristics of which components of the mod-
el-complex.

When combining components into the complex, it should be appreciated
that the unambiguity of the computational process may be lost. This might
happen if, for some reason, several components calculates the same char-
acteristics of the modelled phenomenon. In this case, we can include into
the model-complex a new component that as the external characteristics re-
ceives all the set of mentioned characteristics and as the internal characteris-
tic somehow calculates the only value.

The model-complex consisting of many models-components, outside can
manifest as a single model-component.

Let us introduce the following operation of combining the components
into the complex:

1. Some new components may be included into the complex, for the un-

ambiguity of the computational process.

2. The internal characteristics of the complex are the union of the inter-

nal characteristics of all its components.

3. The processes of the complex are the union of all the components

processes.

4. The methods of the complex are the union of all the components

methods.

5. The events of the complex are the union of all the components events.

6. The external characteristics of the complex are the union of the ex-

ternal characteristics of all its components, except all those char-
acteristics that are explicitly modelled by any components of the
complex.

This operation turns the model-complex into the model-component. This
fact allows us to build the model as a fractal construction, the complexity of
which (and accordingly the model detailed elaboration) is limited only by the
desire of the developer.

Model-oriented programming
Historically, the changings of programming paradigms was accompanied
by the consolidation and aggregation of the base instruments of the program-
mer’s activity.
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It all started with the machine instruction, then, with the advent of
high-level languages — such a tool became an operator which implements
some of the completed action, possibly with a few machine instructions.

The victory of structured programming ideas replaced individual oper-
ators and variables by standard constructions such as “cycle”, “branching”,
sub-program-functions and data structures.

With the advent of object analysis, the object became the main unit of the
design. It unites some kind of data structure with a set of methods necessary
for the data processing. In addition, through the inheritance mechanism, you
can build a hierarchy of object classes, developing, implementing and em-
bodying basic ideas of the root classes of this hierarchy. This programming
paradigm is currently the dominant and its basic concepts, such as class, ob-
ject, data typing, inheritance, encapsulation, polymorphism is implemented
with some nuances in most modern imperative programming languages, such
as C++, Java, C#, Delphi and many others.

Model-oriented programming paradigm offers to increase once more
the aggregation degree of the basic units of programming. It is proposed to
design a software system from the model-component entities, which have
its own behaviour in addition to characteristics and individual skills, i.e. are
capable in any situation to give standard for them answers to the standard
demands of the internal and external environment. Formally, this fact follows
from the above-mentioned closeness hypotheses for the model.

Using the previously described invariance of the organization of simula-
tion model computing process with respect to the integration of models-com-
ponents into complexes, we can offer a new approach to programming — the
model-oriented programming. This approach is proposed firstly, for the sim-
ulation models of complex systems, and, secondly, for the complex software
systems (may be unrelated to the simulation), with a distinct multicomponent
organization, where the synthesis of the whole from its parts is pertinent, and
the nature and the ways of interaction among this parts are known in advance,
so that they fulfilled the requirements of the closeness hypothesis.

Unlike the object of the object analysis, it is not necessary (nor even pos-
sible) to call methods of the model-component from outside. No need to care
about the organization of functioning of the model-component. The mod-
el-component functions always (as always operates, for example, the com-
puter operating system), in accordance with the rules described above, and
always is ready to respond in the inherent in its design way, to the changes
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happening inside and outside that are observable by its methods-events. So,
we can completely forget about the internal structure of the once debugged
model-component, using it in the future structures as a ready functional block
just needed only to switch inputs and outputs correctly — and everything will
work. Everything happens about the same as when we put a chip into a mi-
croassembly and then placing this microassembly on a circuit board. If at the
each level of the project the commutation is reasonable — the chip will func-
tion properly in a much more sophisticated electronic device.

There were several approaches to object programming, where the ob-
jects had behaviour, in the history of the computer science development.
These approaches originated among researchers, engaged in the prob-
lems of artificial intelligence, and are known as the actor model [14] and
agent-oriented programming [19, 20]. However, although the author agrees
with the main message of these approaches — the importance of modelling
the behaviour of the agents of the system, — the details of this behaviour
description in [14, 19, 20], in our opinion, is too related with the specific of
the artificial intellect field, i.e. is not universal enough. This problem was
discussed in details in [8].

Descriptions of models-components are declarative. Also declarative are
descriptions of the unions of the models-components into models-complexes.
A special declarative language LCCD (language of component and complex-
es descriptions) [7-9] is offered for these descriptions. A considerable share
in this language have commutation operators.

Declarative descriptions of models-components on the LCCD determine
their structure and functioning logic, thus completely separating them from
the substance, as actions of models-components, carried out by the meth-
ods-elements, and the reasons for these actions identified by means of the
methods-events.

Due to the closeness hypothesis, all methods of the model-component,
as fast and slow methods-elements either methods-events, calculate some
functions (in the mathematician, not programmer’s understanding of the term
“function”) from some subsets of the internal and external characteristics of
the model-component. Therefore, these methods may be implemented in the
functional programming paradigm (which, incidentally, may increase the
parallelism degree of the resulting code). The latter does not mean an appeal
for transition to the lambda calculus — the functional paradigm may be feasi-
ble on all the favourites C, C++, C# and Java.
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The result is that the imperative programming — the most stumble rock
during the development and debugging of complex software systems [11,
21] — is not applied at all in the model-oriented programming. In addition,
the implementation of even very complex software systems by the mod-
el-oriented programming methods is decomposed in a number of foreseeable
declarative descriptions of models-components and models-complexes, and
functional programs not dependent on these descriptions and on each other.
Such a decomposition is very convenient for the collective development of
large software systems.

It follows from the above-mentioned rules that determine the computa-
tional process of functioning of any model-component, that the more pro-
cess has the model-component, the greater is the number of methods you
can run in parallel. Because when uniting the models-components into the
model-complex, the number of processes obtained is the sum of the processes
of its components, it can be concluded that when the complicity of the model
grows, the number of methods that allow parallel execution also increases. It
may be increased even more because of the implementation of the methods
of the functional programming paradigm. All this allows us to hope for the
fruitful application of the model-oriented programming methods in high per-
formance computing systems.

Model synthesis and object analysis

We now compare the fundamental concepts of the model-oriented and
the object-oriented programming. First of all, note that the object-oriented
approach is now presented in two forms: one that can be called “basic”, it is
based on concepts such as class, object, typing, inheritance, encapsulation,
polymorphism, which are implemented with some nuances in most modern
imperative programming languages such as C++, Java, C#, Delphi and many
others. The second, that may be called “advanced”, presented by unified
modelling language UML [2, 13]. The UML includes all of the above basic
concepts; in addition, its creators have opted for a sharp increase in the num-
ber of initial concepts and ideas. For example, apart from the “vertical” inher-
itance relationship that is often called a UML generalization relationship (the
generalization relationship is directed to an ancestor from the child), there
are relationships of association, composition, aggregation and dependence.
Now it is possible to describe the behaviour of systems, even in several ways:
interaction diagrams, state diagrams and activity diagrams. In the UML there
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are many things possible to be done in a number of ways, which makes it a
convenient tool for the professionals, but very difficult for the beginners. The
authors of the language say: “UML is subject to the rule of 8§0/20, i.e., 80% of
most problems can be solved using 20% of the UML” [2].

We continue the comparison of basic concepts. Such concepts as class,
object, typing in the two approaches are understood near the same. It should
only be noted that the roots of these concepts certainly are not to be found
in C++ nor even in Simula-67, but rather in the works of N. Bourbaki [3],
the structuralists of the twentieth century [1], up to the F. Klein’s Erlangen
program [15].

About the same refers to the characteristics and methods. As for the use of
the methods — there is a significant difference. In the object-oriented program-
ming the object is designed to call its methods from the various programs,
and you can pass as arguments to the method and take from it any variables
that match its signature — not necessarily the characteristics of the object. In
the model-oriented programming the method of the model-component can
work only with component’s characteristics, and to call it “manually” there
is neither possible nor necessary — it will be invoked automatically when
required by the logic of the model-component behaviour. The encapsulation
in the model-oriented programming does not allow direct access to methods.
You can only operate with models-components.

This does not mean that the methods are not available. On the contrary, for
example, in the realized layout of distributed simulation system [8, 9], a li-
brary of methods is published in the Internet for public use, and models-com-
ponents are possible that do not have any local method. All of their methods
can be physically located in different places of the Internet. However, you
can only use the method included in a process of some model-component,
and inside the model-component it will not work by itself nor by the outside
commands, but only in the accordance with the logic of behaviour of its host
model — such is the level of encapsulation. In some cases, it may seem more
complicated, but this is the fee of no worries about the model-component be-
haviour organization — it always behaves as it uses to do, and so its inclusion
in any complex is always just a matter of proper commutation.

Let us say a few words about the inheritance. Inheritance relationship for
the set of classes of object-oriented programming language is a partial order.
Classes that have no ancestors, but have descendants are called to them root
or base. Classes that do not have descendants are called leaf.
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Designing of a large software system with the object-oriented paradigm
is laying the basic concepts and ideas of this system into the base classes of
objects and then building a hierarchy of classes, developing, specifying and
embody these ideas in a variety of leaf classes, with the help of which the
target software system will be built. Such a deductive way of designing of a
large software system is good when it is created “from scratch”, as the world
of Plato. In the simulations, however, the problems not in the creation of
new worlds, but in the modelling of fragments of the existing one, are much
more likely. In such a fragment, there can easily be gathered “...the pan, the
divan, the basin, the box with three locks, the valise and a tiny Pekingese”
(Popular in Russia children’s poem by S. Marshak, translated by Richard
Pevear). They do not appear to be deduced from the each other and to rise up
to their common ancestors — is just pointless. For these tasks, “basic” version
of the object approach lacks inheritance up from the bottom (in the UML such
an inheritance is available). In a model-oriented programming integration of
models-components to the model-complex can be considered as multiple in-
heritances up from the bottom.

Even if the object-oriented design has built the greatest hierarchy of
classes using inheritance, still all the organization of the computational pro-
cess lies on the developer of the system: for the system does something - the
developer is to organize calling of right methods in the desired sequence.
The most difficult stage of construction of the system is not formalized — it
is an art.

The attempts to formalize the process of complex software systems de-
signing gave birth to the UML. Apparently any system can be described
with the help of the UML, and even from several points of view. The ques-
tion is what to do next with such descriptions — there is no unity in opinions.
Some specialists (for example, [13]) believe that the main value of UML
is just in the application as a mean of recording and sharing formalized
descriptions of the stages of the sketch and design of complex systems.
However, there are a number of tools, which allows to compile the UML-
descriptions into the billet classes of universal programming languages, and
in this case we can speak about the mode of using UML as a programming
language. However, here we remain within the object-oriented paradigm
again — we obtain a hierarchy of classes and billet classes, but do not re-
move the need to write imperative programs to call in the correct order
methods of these classes.
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Conclusion

We tried to find out some necessary properties of the obtained models,
basing on some generally accepted issues in the simulationists community,
such as closeness hypothesis, unambiguity and deterministic simulation cal-
culations, as well as the need of implementation of simulation calculations on
the computer for the final time,. One such property is piecewise continuous,
with no more than a finite number of discontinuities of the first kind, char-
acter model trajectory. However, overriding the trajectory models no more
than a finite number of points, we can assume that the trajectory models of
semi-continuous from the left.

Basing on some provisions, generally accepted in the community of
simulation models developers, such as the closeness of the model requir-
ing, unambiguity and deterministic simulation calculations, as well as
the need of the simulation calculations implementation on the computer
during the finite time, we tried to bring out some necessary conditions
for the obtained models. One of these conditions is the requirement to the
model trajectory to be piecewise continuous, with no more than a finite
number of jumps. However, overriding the model trajectory no more than
in a finite number of points, we can assume that the model trajectory is left
semi-continuous.

The class of models selected, (namely, meeting at each point the closeness
hypothesis, with piecewise smooth, left continuous trajectory) for which the
local closeness hypotheses causes the successful model synthesis on a finite
modelling time interval (Proposal 1).

The organization of simulation calculations proposed, oriented to the
models with piecewise smooth trajectories, as an invariant with respect to the
integration of models-components into the model-complex. This fact allows
solving completely the problem of describing and synthesis of simulation
models of complex multicomponent systems.

We can formally define a class of complex multicomponent systems
simulation models, as a family of species of structure “model-component”
in the sense of N. Bourbaki [3], and build on the basis of this definition
a new concept of description, synthesis and implementation of simula-
tion models — model synthesis and model-oriented programming, which
is an alternative to the widely used object analysis and object-oriented
programming, especially for the simulation of complex multicomponent
systems.
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The model synthesis is minimalistic in a set of basic concepts: it has the
only basic concept — model-component and an auxiliary concept — mod-
el-complex, which after all, can also be a model-component.

The concepts of model synthesis and model-oriented programming ex-
clude imperative programming from the simulation project — the most diffi-
cult in the design, implementation, and debugging. All the parts of the project
are declarative and functional [11]. In addition, model-oriented programming
produces a high degree of parallelism code.

The proposed concept of complex systems simulation has been realized
in series of simulation models implemented under the influence of the mod-
el-oriented programming paradigm. For example, some episodes of Reagan’s
SDI functioning were simulated, the model of interaction of several countries
was created. Also the tools for complex systems simulation were created: the
system MISS [10], and the software for the workstation of peer-to-peer sys-
tem of distributed simulation [8]. Currently, in the Department of Simulation
systems and operations research of Dorodnicyn Computing Centre of RAS,
we are working on implementing of the model-oriented programming for
high performance computing.

The above concept of model synthesis is applicable primarily for synthe-
sis of simulation models of complex multi-component systems. However, it
is hoped that a similar approach can be used for the development of complex
software systems, with the organization that fits for the paradigm described
in the paragraph devoted to the closeness hypothesis, including the software
systems focused on high-performance computing.

This work was supported by the Russian Foundation for the Basic
Research, project 13-01-00499-a.
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