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Abstract. State identification is a long standing problem in the area of Finite State Machine
(FSM) based modeling and testing of discrete event systems. For the identification of the
current state of the system, so-called homing and synchronizing experiments with FSMs are
used whereas for the initial state identification one can perform a distinguishing experiment.
The homing, synchronizing, and distinguishing experiments are known as “gedanken”
experiments, and the sequences for these experiments can be derived for deterministic and
nondeterministic, partial and complete specification FSMs that are used to formally represent
the required behavior of systems under investigation. The problems of checking the existence
and derivation of homing, synchronizing, and distinguishing sequences are known to become
harder as a specification FSM turns to be nondeterministic and partial. It is also known that in
some cases the complexity can be reduced through a ‘switch’ from preset to adaptive
experiment derivation. In this paper, we study how the partiality and adaptivity affect the
complexity of checking the existence of homing/synchronizing/distinguishing sequences for
deterministic and nondeterministic FSMs and visualize the complexity issues via appropriate
figures. We also mention that the existing solutions to state identification problems are
widely used for verification and testing of finite state transition systems.

Key words: Finite State Machines (FSMs), state identification problems, complexity.
DOI: 10.15514/ISPRAS-2018-30(1)-1
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1. Introduction

The state identification problem using gedanken experiments with Finite State
Machines (FSMs) is a long standing problem. The first results were obtained by
Moore [1] and have been then improved by many researchers. For the identification
of the current state of the system, so-called homing and synchronizing experiments
are used whereas for the initial state identification one can perform a distinguishing
experiment. The first results on the state identification problem were obtained for
complete deterministic FSMs [1-4] while nowadays the homing, synchronizing, and
distinguishing sequences are derived for deterministic and nondeterministic,
observable and non-observable, partial and complete specification FSMs that are
used to formally model the required behavior of systems under investigation.
References [1-16] present only a short list of existing papers on this topic.

An FSM is a 4-tuple with finite non-empty sets of states, inputs and outputs; it
moves to the next state producing an output when an input is applied. An FSM is
complete and deterministic if at each state for each input, there is exactly one
transition. FSM state identification experiments include
homing/synchronizing/distinguishing experiments (and corresponding input
sequences), which are known to be either preset or adaptive. A sequence is adaptive
if the next input to be applied to an IUT is chosen based on the previously observed
outputs; otherwise, the sequence is preset. Homing and synchronizing sequences are
used for identifying the current state of the machine under experiment while
distinguishing sequences identify its initial state. The methods for deriving
homing/synchronizing/distinguishing sequences are well elaborated for complete
and deterministic FSMs. In this case, the length of most such sequences is
polynomial with respect to the number of FSM states but it is nearly to impossible
to derive a complete specification for modern interactive digital systems due to their
complexity. Moreover, current specifications often include various options for
output responses under the same input. That is the reason why nowadays
nondeterministic and partial FSM models attract a lot of attention [17, 18].

The problems of checking the existence and derivation of homing, synchronizing,
and distinguishing sequences are known to become harder as the specification FSM
turns to be nondeterministic and partial. It is also known that in some cases the
complexity can be reduced through a ‘switch’ from preset to adaptive experiment
derivation [6]. Partiality and adaptivity can be considered like two forces working in
the opposite directions. Partiality tends to make the problems more complex, and
adaptivity tends to make the problem solutions simpler. Correspondingly, it is
interesting to study the dynamics here. Why in some cases partiality beats
adaptivity, and why in some cases adaptivity beats partiality? Thus, one of the
contributions of the paper is to pose this question as a new problem in this area.
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In this paper, we also collect the results of how the partiality and adaptivity affect
the complexity of checking the existence of homing/synchronizing/distinguishing
sequences for deterministic and nondeterministic FSMs. Given a complete
deterministic strongly connected reduced FSM, the problem of checking the
existence of preset homing and synchronizing sequences is in P [5] while for
distinguishing sequences it is PSPACE-complete [6]; the latter means that there
exists a complete deterministic FSM such that the length of a shortest distinguishing
sequence is exponential with respect to the FSM size. The polynomial complexity is
preserved for adaptive homing/synchronizing sequences and the problem of
checking the existence of an adaptive distinguishing sequence also ‘falls into’ P,
i.e., in the latter case, the adaptivity reduces the problem complexity. For partial
deterministic FSMs, the complexity of checking the existence of an adaptive
distinguishing sequence is also in P, i.e., for distinguishing sequences the partiality
does not destroy the polynomial complexity. That is not the case for homing and
synchronizing sequences, since given a partial deterministic reduced strongly
connected FSM, the problem of checking the existence of an adaptive homing or
synchronizing sequence is PSPACE-complete [14].

For nondeterministic complete observable FSMs, checking the existence of a preset
homing/synchronizing/distinguishing sequence is PSPACE-complete [5, 6, 15] and
in this paper, we show that it is the same for partial machines. For nondeterministic
complete FSMs the adaptivity reduces the complexity of the problem of checking
the existence of a homing/synchronizing sequence as the problem ‘falls into’ P [8,
13]. For distinguishing sequences, it is proven that there exists a class of FSMs
where the length of a shortest adaptive distinguishing sequence is exponential with
respect to the number of FSM states [16]. Moreover, in this paper, we strengthen
this result by proving the same result for 2-input FSMs. For partial nhondeterministic
observable FSMs, the problem of checking the existence of an adaptive
homing/synchronizing sequence is shown to be PSPACE-hard and in this paper, we
show that it is PSPACE-complete. We also show that the problem of checking the
existence of an adaptive distinguishing sequence for complete nondeterministic
FSMs is out of P. Finally, all the results on the complexity of the existence check of
homing/synchronizing/distinguishing ~ sequences  for  deterministic  and
nondeterministic, complete and partial FSMs are collected together and the
complexity issues are visualized via appropriate figures.

Therefore, the main contributions of the paper are as follows. First, we identify the
phenomenon of the dependency between partiality and adaptivity, and their
influence on the complexity of “gedanken” experiments for FSMs. Second, we
collect and visualize the known results in the area. Third, we close some gaps in the
area, in particular, we show that differently from deterministic machines the
adaptivity does not help to reduce the complexity of adaptive distinguishing
experiments for nondeterministic 2-input FSMs.

The structure of the paper is as follows. Section 2 contains the preliminaries.
Section 3 is devoted to exhibit how partiality and adaptivity affect the FSM state
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identification problems for deterministic FSMs while nondeterministic FSMs are
considered in Section 4. Section 5 concludes the paper.

2. Preliminaries

A Finite State Machine (FSM) S is a 4-tuple (S, I, O, h), where S is a finite set of
states; | and O are finite non-empty disjoint sets of inputs and outputs; h< Sx 1 x O
x S is a transition relation, where a 4-tuple (s, i, 0, ") € h is a transition. We
consider that the machine S is non-initialized, i.e., it can start working at any state
of the set S, unless the opposite is stated explicitly. An FSM S = (S, I, O, h) is
complete if for each pair (s,1) € S x | there exists a pair (0,5") € O x S such that
(s,1,0,5") e h; otherwise, the machine is partial. Given a partial FSM S, an input i
is a defined input at state s if there exists a pair (0,s) € O x S suchthat (s, i, 0,s")
e h. In this case, we say that input i can take the machine from state s to state s' and
the set of all states where input i can take the machine from state s is the i-successor
of state s. An FSM S is nondeterministic if for some pair (s, i) € S x |, there exist
at least two transitions (s, i, 01, S1), (S, i, 05, So) € h, such that 0; = 0, or s; = S,. An
FSM S is single-input if at each state there is at most one defined input, i.e., for each
two transitions (s, iy, 01, $1), (S, Ip, 02, S;) € h at state s it holds thati; = i,,and S is
output-complete if for each pair (s, i) € S x | such that the input i is defined at
state s, there exists a transition from s with i for every output in O. An FSM is
observable if for each state s and input i it holds that if (s, i, 0, s1'), (5,1, 0, S,') € h
then s’ = s,'; otherwise, the machine is non-observable. In this paper, we consider
only observable FSMs.

In usual way, the FSM behavior is extended to sequences of inputs and outputs, i.e.,
input/output sequences a/B, a. € I*, B € O*. Given a state s and an input sequence
o.i, the input sequence a..i is a defined input sequence at state s if o is a defined
input sequence at state s and i is a defined input at each state of the a-successor of s.
The set out(s, a) includes all possible output responses for the defined sequence o at
state s. A trace of S at state s is a sequence of input/output pairs of sequential
transitions starting from state s. As usual, for state s and a sequence y € (I0)* of
input-output pairs, the y-successor of state s is the set of all states that are reached
from s by trace y. If y is not a trace at state s then the y-successor of state s is empty
or we simply say that the y-successor of state s does not exist. As usual, the input
(output) sequence of vy is the input (output) projection of y. For an observable FSM
S, for any sequence y € (10)*, the cardinality of the y-successor of state s is at most
one. In this paper, an FSM under experiment is considered to be strongly connected,
i.e., we assume that for every two states s; and s, there is a trace that can take the
machine from state s, to state s,, i.e., state s, is reachable from state s; via some
trace.

If an FSM has the assigned initial state spthen it is an initialized FSM (S, s, I, O, h).
An initialized FSM S is acyclic if the set of traces at the initial state is finite, i.e., the
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FSM transition diagram has no cycles. An initialized, single-input, output-complete,
and observable FSM P such that each state is reachable from the initial state, over
input alphabet I and output alphabet O with an acyclic transition graph is a test case
(over alphabets | and O). A test case P over alphabets | and O is a test case for FSM
S that can be partial and nondeterministic if for each trace y(io) of FSM P at the
initial state, it holds that if y is a trace at a state s of S then i is a defined input at all
states in the y-successor of s. A state p of P without any transitions is a deadlock
state. A trace from the initial state to a deadlock state is a complete trace of P. Note
that when S is complete, any test case P over input alphabet | and output alphabet O
is a test case for S and if |I| > 1 then a test case P is a partial FSM. According to [8],
a test case P for S specifies an adaptive experiment with S. The length or the height
of a test case is the length of a longest trace from the initial state to a deadlock state.
A test case P for an FSM S is a distinguishing test case (DTC) for S if for each
complete trace y of P, the trace vy is a trace of at most one state of the FSM S. A test
case P for an FSM S is a homing test case (HTC) for S if for each complete trace y
of P, the y-successor of the set S has at most one state. An FSM S is adaptively
distinguishing (adaptively homing) [8] if there existsa DTC (HTC) for S.

Given a possibly nondeterministic observable partial FSM S, an input sequence o is
a distinguishing sequence if o is a defined input sequence at each state and for every
two different states s; and s,, out(s;, o) and out(s,, o) do not intersect. An input
sequence o is a homing sequence if it is a defined input sequence at each state and
for each input/output sequence o/, the non-empty o/B-successors of two initial
states coincide. The sequence a is a synchronizing sequence if it is a defined input
sequence at each state and for every two states s; and s,, the a-successors of s; and
s, are singletons and coincide.

As synchronizing sequences are usually constructed for finite automata, researchers
also use the notion of a finite automaton (FA, without empty messages, initial and
final states) [19]. The sequence a. is a synchronizing sequence for an FA [20] if o is
a defined sequence of actions at each state of the automaton and for every two states
s; and s,, the a-successors of s; and s, are singletons and coincide. If such a
sequence exists, the automaton is called synchronizing.

3. How adaptivity and partiality affect the complexity of
distinguishing/homing/synchronizing experiments for
deterministic FSMs

In this section, we consider possibly partial deterministic FSMs, which are reduced
and strongly connected. Given a possibly partial deterministic FSM S, S is reduced
if for each two different states s; and s, there exists an input sequence o that is a
defined input sequence at both states such that output responses to o at states s; and
s, are different. For other kinds of deterministic FSMs more results on
homing/synchronizing sequences can be found in [5, 14].
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3.1 Distinguishing experiments

It is known [6] that the problem of checking the existence of a distinguishing
sequence for deterministic complete FSMs is PSPACE-complete and the length of
such a sequence can be exponential with respect to the number of FSM states. A
distinguishing sequence for a possibly partial deterministic FSM can be derived by
the following procedure.

Algorithm 1 Deriving a distinguishing sequence for a deterministic possibly partial
FSM

Input: Deterministic possibly partial FSM S = (S, I, O, h)

Output: A distinguishing sequence for FSM S or the reply «There is no
distinguishing sequence for the FSM S »

Step 1. Derive a truncated successor tree for the FSM S. Each node in the tree is
labeled by a set of subsets of S of cardinality 1 or 2, i.e., the label of a node is a
subset of the set $°={ §'| < S and 1< |S] < 2 }. The root of the tree is labeled by

the set of all state pairs, i.e., by the set of all pairss,,s, , s, S; € S, p <q. Given a

non-leaf node of the tree that is labeled with a set P = S there exists an edge
labeled by an input i from this node if and only if i is a defined input at every state
of each pair in UP, where UP is the union of the elements of P, and states of any
pair of P do not have the same io-successor (for any output 0 € O). If this is the
case, then the edge labeled with i leads to the node labeled with the set Q ={ g |q s
the non-empty io-successor of p, p € P, 0 € O }. A node at the k™ level, k > 0,
labeled with a set P < S?is a leaf if one of the following conditions holds.

Rule 1: The set P has only singletons.

Rule 2: There exists a node at the j level, j, j < k, labeled with a set R such that P
contains each pair of R that is not a singleton.

Rule 3: There does not exist an input defined at every state of each pair in UP.

Rule 4: For each input i, states of some pair of P have the same io-successor.

Step 2. If all the tree paths are terminated using Rules 2, 3 and 4 then return reply
«There is no distinguishing sequence for the FSM Sy». If there exists a path
terminated using Rule 1, then the sequence o labeling this path is a distinguishing
sequence for the FSM S.

Due to the above procedure, for each input the set of pairs of states of the given
FSM is considered. On the other hand, the problem is known to be PSPACE-
complete for deterministic complete FSMs and thus the following statement holds.
Proposition 1. The problem of checking the existence of a distinguishing sequence
for a possibly partial deterministic FSM is PSPACE-complete.

In [6], the authors show that the existence check and the derivation of a DTC* for a
complete deterministic FSM is in P. In [10], Hierons and Tiirker presented a method

in [10], a DTC is called as an Adaptive Distinguishing Sequence (ADS)
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to check the existence of a DTC for a partial deterministic FSM by augmenting the
partial FSM up to a complete FSM and show that the upper bound on the height of
the DTC is polynomial with respect to the number of FSM states. The upper bound
on the length of a shortest adaptive distinguishing sequence was improved in [11].
Correspondingly, the conclusion can be drawn that the problem of checking the
existence of a DTC for a possibly partial deterministic FSM is in P, i.e., the FSM
partiality does not destroy the polynomial complexity for DTCs. To illustrate the
effects of adaptivity and partiality on checking the existence of a distinguishing
sequence for a deterministic FSM we present these results in Fig. 1. We hereafter
notice that when the upper bound of the shortest
distinguishing/homing/synchronizing sequence is known to be exponential but the
tight upper bound is unknown, we denote this fact by putting O(2") for the sequence
length.

Sequence
longth Deterministic FSMs

Distinguishing Experiments

AR
i L

. Existence check
it >

complexity

PSPACE
@ Complete ( Partial

Fig. 1. How partiality and adaptivity affect the complexity of distinguishing experiments for
deterministic FSMs

3.2 Homing experiments

It is known [4, 5] that a homing sequence always exists for deterministic complete
strongly connected reduced FSMs, and the length of a shortest homing sequence is
polynomial, O(n%), with respect to the number n of FSM states. The upper bound of
the length of the homing experiment remains the same for the adaptive case [21].
An algorithm that is very similar to Algorithm 1 can be used when deriving a preset
homing sequence for a possibly partial deterministic FSM. The condition “states of
any pair of P do not have the same io-successor (for any output o € O)” at Step 1
and Rule 4 should be deleted.

Proposition 2. The problem of checking the existence of a homing sequence for
possibly partial deterministic FSM is in PSPACE.

In [14], the authors also show the hardness of this problem. In fact, they prove that
the problem of checking the non-emptiness of the language of the product of k finite
automata can be reduced to the problem of checking the existence of a homing
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sequence for partial reduced strongly connected deterministic FSM and thus, the
following statement holds.

Proposition 3 [14]. 1) The problem of checking the existence of a homing sequence
for deterministic reduced strongly connected partial FSMs is PSPACE-complete. 2)
The problem of checking the existence of an adaptive homing sequence for
(unreduced and reduced) deterministic strongly connected partial FSMs is PSPACE-
complete.

Correspondingly, the conclusion can be drawn that the problem of checking the
existence of a homing sequence for possibly partial deterministic FSM is PSPACE-
complete even for the class of reduced strongly connected FSMs, i.e., the FSM
partiality destroys the polynomial complexity for preset and adaptive homing
sequences. We present the impact of adaptivity and partiality on checking the
existence of a homing sequence in Fig. 2.

length Deterministic FSMs
4 Homing Experiments

(o) (o R - F

Adaptivity
i

i E
lilla--—--- o Existence check

complexity

PSPACE
@Complete  (_ Partial
Fig. 2. How partiality and adaptivity affect the complexity of homing experiments
for deterministic FSMs

3.3 Synchronizing experiments

Given an FSM, the problem of deriving a synchronizing sequence can be reduced to
deriving such a sequence for an automaton that is obtained by erasing transition
outputs. Correspondingly, the problem of checking the existence of a synchronizing
sequence for complete deterministic FSMs is known to have the polynomial
complexity [5]. However, for the automaton that is obtained from a partial FSM by
erasing the output action at each transition, the problem is PSPACE-complete [22].
Using a bit modified termination rules in Algorithm 1 for getting a synchronizing
sequence one can conclude the problem of checking the existence of a
synchronizing sequence for deterministic partial FSMs is PSPACE-complete.

Once a homing sequence is constructed for a deterministic strongly connected
possibly partial FSM, an adaptive synchronizing sequence can be constructed
similar to that for complete machines [5], i.e., by prolonging a homing sequence
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with a corresponding transfer sequence that takes a machine under investigation to a
given state s. Therefore, the following statement can be established.

Proposition 4. The problem of checking the existence of a synchronizing test case
for deterministic strongly connected partial FSMs is PSPACE-complete.
Correspondingly, the conclusion can be drawn that the problem of checking the
existence of a synchronizing sequence for possibly partial deterministic FSM is
PSPACE-complete even for the class of reduced strongly connected FSMs, i.e., the
FSM partiality destroys the polynomial complexity for adaptive synchronizing
sequences. The impact of adaptivity and partiality on checking the existence of a
synchronizing sequence for a deterministic FSM is presented in Fig. 3.

Sequence

length Deterministic FSMs
A Synchronizing Experiments

- l Existence check

complexity

PSPACE
@ Complete { Partial
Figure 3: How partiality and adaptivity affect the complexity of synchronizing
experiments for deterministic FSMs

4. How adaptivity and partiality affect the complexity of
distinguishing/homing/synchronizing experiments for
nondeterministic FSMs

In this section, we study how adaptivity and partiality affect the complexity of
distinguishing/homing/synchronizing experiments for nondeterministic FSMs.

4.1 Distinguishing experiments

In order to describe the set of all distinguishing sequences for a nondeterministic
possibly partial FSM we use the procedure for deriving an appropriate automaton
proposed in [23] with slight modifications. For a nondeterministic FSM
S=(51,0,h),S={sy, Sy ..., Sn}, We derive an automaton S2 such that the set of
(all) synchronizing sequences of this automaton coincides with the set of (all)
distinguishing sequences of FSM S, i.e., Lgisi(S) = Lsynch(szdist).
Algorithm 2 for deriving the automaton S%ist
Input: Possibly partial observable FSM S = (S, I, O, h)
Output: The automaton S%gis
States of S%; are pairs (Sj, sk), J <k, and the designated state sink while actions are
inputs of the FSM ' S;

15



Yenigun H., Yevtushenko N., Kushik N., Lopez J. The effect of partiality and adaptivity on the complexity of FSM state
identification problems. Trudy ISP RAN/Proc. ISP RAS, vol. 30, issue 1, 2018, pp. 7-24

For each inputi € |
For each state (s;, si) of the automaton S2ist
Add to the automaton S’ the transition ((sj, s, 1, sink) if states s; and s
are separated by i, i.e., out(s;, i) N out(sy, i) = &;
Add to the automaton S% the transition ((Sjy 8, 1, (Spr Sp), p<tand j <k,
if for each 0 € O, the io-successors of states s; and s, do not coincide and
{sp, s} is the io-successor of the set {s;, s} for some o’ € O;
EndFor
Add to the automaton S% the transition (sink, i, sink) for each inputi € I;
EndFor

Based on the construction of S%g, similar to [23], the following result can be
established.

Proposition 5. An input sequence a is a distinguishing sequence for the FSM S if
and only if a is a synchronizing sequence for S%g;.

This result means that the set of all distinguishing sequences of the possibly partial
and nondeterministic FSM S coincides with the set of all synchronizing sequences
of the automaton Sy, i-€., Laist(S) = Lsynen(S aist)-

Given a partial observable nondeterministic FSM S, the automaton S%4it derived by
Algorithm 2 can be nondeterministic and partial, since for some pair (s;, Si), j <k, of
states of FSM S, there can be no transition to different pairs under an input i if
states s; and s, have the same non-empty io-successor for some output o or the input
i is an undefined input for some state of the pair. Therefore, taking into account the
complexity of the existence check for the synchronizing experiments and the fact
that the problem of deriving a distinguishing sequence for complete deterministic
FSMs is PSPACE-complete, we conclude the following.

Proposition 6. The problem of checking the existence of a distinguishing sequence
is PSPACE-complete for observable complete and partial nondeterministic FSMs.
The length of a shortest distinguishing sequence for complete observable machines

with n states is known to be O(2”2) and cannot be more for partial observable
nondeterministic FSMs according to Algorithm 1 that can be applied for
nondeterministic observable FSMs.

We now show that the problem of checking the existence of an adaptive
distinguishing test case for a complete observable FSM is PSPACE-hard. In order to
prove this, we will show that for any integer n, one can construct a 2-input FSM S
such that the size of FSM S is polynomial in n, but the minimal length of an
adaptive test case for a subset of n states of S is exponential in n. In fact, this
strengthens the previous result [16] where the exponential height of a DTC was
proven for an FSM with the exponential number of inputs.

Let n > 2 be an integer and p,, po, ..., P, be the first n different primes considered in
increasing order. Furthermore, let £, = p; + p, + ... + p, be the sum of the first n
primes, and let IT, = p; x p, x ... x p, be the product of the first n primes. For n > 2,
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we show that there exists an FSM S,, with X, states such that the minimal length of
an adaptive test case for a subset with n states equals IT,. Note that %, is polynomial
in n and IT,, is exponential in n. The state set of the FSM is S = {1, 2, ..., ¥, }. We
consider the set of states partitioned into n subsets Sy, Sy, ..., Sy, where §;= { Z; — p;
+1,%-pjt+2,...,Z} for 1 <j<n. An FSM has two inputs i, and i, and the set of
outputs is {0, X4, 2o, ..., Zn}. The transitions under i, constitute a cycle of length p;
for the states in §j, for 1 < j < n, with the same output 0. Formally, for a state k € §;,
for 1 <j <n, we have the transition (k, i;, 0, K) where K=k + 1ifk <Z;and K=Z; -
p;+ 1if k= X;. For a state %, for 1 < j < n, we have the transition (Z;, i, %, ).
Finally, for a state k € S;\{Z;}, for 1 <j <n, we have the transitions (k, i, 21, Z1), (k,
i, 2o, X»), ..., (K, iy, Zp, Z,). Transitions under i, distinguish only states of the subset
b={Z4 2, ..., Z,}. An example of such an FSM for n = 3 is shown below inTab. 1.
The number of states is 23= 2 + 3 + 5=10.

Table 1. FSM S, forn =3

Sl Sg SS

iy | 2/0 1/0 | 4/0 5/0 3/0 | 7/0 8/0 9/0 10/0 | 6/0

ip | 212 2[2 | 2/2 212 5/5 | 2/2 212 212 212 10/10
5/5 5/5 5/5 5/5 5/5 5/5 5/5

10/10 10/10 | 10/10 10/10 | 10/10 | 10/10 | 10/10

By definition, only states %;, %, ..., Z, can be distinguished by i,; therefore, until
this subset is reached states of any other subset of cardinality more than two cannot
be distinguished. Moreover, input i, cannot be applied when analyzing such a subset
due to merging reasons. Given the initial subset ¢ = {1, ;+1, ¥,+1, ..., £,,+1} of n
states, the subset b can be reached from ¢ only when input i, is applied IT,, times,
that is known to be exponential in n.

Proposition 7. The length of a shortest DTC for S,, is at least IT,.

The height of a shortest adaptive distinguishing test case for a complete observable
FSM with n states is known to reach 2" — n — 1 [8, 16]. However, the machines of
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the proposed class have exponential number of inputs with respect to the number of
states. On the other hand, given an arbitrary observable FSM, we still have no
procedure for deriving an adaptive distinguishing experiment by using a memory of
polynomial size. For this reason, Fig. 4 has only the upper bound on the length of an
adaptive distinguishing experiment.

Sequence

length Nondeterministic FSMs
A Distinguishing Experiments
o(2"), " S
L B Existence check
complexity
PSPACE

@ Complete { Partial

Fig. 4. How partiality and adaptivity affect the complexity of distinguishing
experiments for nondeterministic FSMs

4.2 Homing experiments

For complete reduced deterministic FSMs a homing sequence always exists. For
complete nondeterministic but observable FSMs the problem becomes PSPACE-
complete. In order to describe the set of all homing sequences for a nondeterministic
possibly partial FSM we again use the procedure (with slight modifications) for
deriving an appropriate automaton in [23].

For a nondeterministic FSM S=(S,1,0,h), S = {s1, Sy, ..., Sn}, We derive an
automaton S?.me such that the set of (all) synchronizing sequences of this automaton
coincides with the set of (all) homing sequences of FSM S, i.e.,, Lnome(S) =
Lsynch(szhome). The derivation of this automaton is very close to S?4ist; We do not care
if for some 0 e O, the io-successors of states s; and s, coincide.

Differently from complete nondeterministic FSMs, the automaton S%ome Can be
partial and nondeterministic. Similar to [32], it can be shown that the set of
synchronizing sequences of the automaton S%me coincides with the set of all
homing sequences of the FSM S.

Proposition 8. An input sequence o is a homing sequence for the FSM S if and only
if a is a synchronizing sequence for Szhome.

The length of a shortest homing sequence for a complete observable FSM with n
states is known to reach 2"* — 1 [8]. This means that the complexity of checking the
existence of a homing sequence for nondeterministic observable FSMs cannot be in
NP. Therefore, taking into account the complexity of the existence check for the
synchronizing sequences, we conclude the following.
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Proposition 9. The problem of checking the existence of a homing sequence is
PSPACE-complete for observable complete and partial nondeterministic FSMs.

For complete FSMs the complexity of checking the existence of a homing test case
is in P [8]. For partial deterministic FSMs it was shown that the problem is
PSPACE-complete [14], i.e., the partiality destroys the polynomial complexity for
adaptive homing sequences. The impact of adaptivity and partiality on homing
experiments for nondeterministic FSMs is shown in Fig. 5.

Sequence

length Nondeterministic FSMs
I Homing Experiments
0(2") ¥ P

i Adaptivity

I

B E Existence check

complexity

PSPACE
@ Complete ( Partial

Fig. 5. How partiality and adaptivity affect the complexity of homing experiments
for nondeterministic FSMs

4.3 Synchronizing experiments

As the problem of checking the existence of a homing sequence for complete and
partial nondeterministic FSMs is PSPACE-complete, the problem of checking the
existence of a synchronizing sequence for complete and partial nondeterministic
FSMs is not easier, but it is known to have the same complexity.

For adaptive experiments, it was shown that for complete nondeterministic FSMs
the existence check of an adaptive synchronizing sequence/test case is in P [12].

Sequence
fonath Nondeterministic FSMs
Synchronizing Experiments

Adaptivity
.

E Existence check

complexity

PSPACE
@Complete  (_ Partial

Fig. 6. How partiality and adaptivity affect the complexity of synchronizing
experiments for nondeterministic FSMs
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The problem of checking the existence of an adaptive homing sequence for
deterministic partial FSMs is PSPACE-complete, and thus, the existence check of
an adaptive synchronizing sequence for nondeterministic observable partial FSMs is
PSPACE-hard. The impact of adaptivity and partiality on synchronizing
experiments for nondeterministic FSMs is shown in Fig. 6.

5. Conclusions

In this paper, we have considered the problems of checking the existence of homing,
synchronizing, and distinguishing experiments for various FSM types, namely, for
complete and partial, deterministic and nondeterministic FSMs. We studied how the
adaptivity and partiality influence the complexity of the existence check for such
experiments as well as the length of the corresponding sequences. As a conclusion,
we can say that in general, for distinguishing experiments the partiality does not
increase the complexity but it is not the case for homing/synchronizing sequences.
For the sake of simplicity, we visualized the obtained complexity results via
appropriate figures. Thus, there are the following contributions. A new problem has
been introduced of studying the dependencies how partiality and adaptivity
influence the complexity issues of “gedanken” experiments for FSMs. We also
close some open issues in the area; in particular, we show that differently from
deterministic machines the adaptivity does not help to reduce the complexity of
adaptive distinguishing experiments for nondeterministic FSMs (even for 2-input
FSMs). All the known results have been collected together and the complexity
issues have been visualized via appropriate figures. A simple, yet important
conclusion from this study is that the partiality and adaptivity work in opposite
directions on the complexity of the state identification problems. When we consider
partiality and adaptivity together, in some cases partiality is more dominant and it
makes the problem more complex, and in some cases, adaptivity is more dominant
and it makes the problem easier. It is interesting to study what are the characteristics
of the problem in order to be able to decide which force, adaptivity or partiality,
wins, and why.

An interesting question for future research covers the complexity of deriving such
experiments for various FSM types and the tight upper bounds on the length/height
of a shortest distinguishing/homing/synchronizing experiment (if it exists).
Moreover, the complexity issues are very interesting for non-observable FSMs and
in fact, there are not many papers on this topic. We also mention that appropriate
FSM classes can be considered where the complexity goes down compared to a
general case. The issues listed above form the challenges for the nearest future
work.
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AHHOTAIUA. 3az[at1a I/IIIeHTI/I(i)I/IKaHI/H/I COCTOSIHUI B KOHEYHOM aBTOMATe ObLIa M OCTAcTCs
aKTyaanoﬁ, ITOCKOJIBKY MCIOJIB3YETCA BO MHOIUX MPUIIOKEHUAX, B YaCTHOCTH, IIpU
MOACIIMPOBAHNU U TECTUPOBAHUHN JUCKPETHBIX YIPABJIAIONIUX CUCTEM. I[JISI I/I,I[BHTI/Iq;)I/IKaIII/II/I
TCKYLIETO COCTOSTHUA CUCTCMbI CTPOATCA TaK Ha3bIBACMBIC YCTaHOBOYHBIC u
CUHXPOHU3UPYIONIUE ODKCIICPUMCHTBI € KOHCYHBIMH aBTOMaTaMHW, B TO BpPEMs KakK I
I/IZ[CHTI/I(i)I/IKaL[I/II/I Ha4aJIbHOI'O COCTOSIHUS CHCTEMbI HCIIOJB3YIOTCA AUArHOCTUYCCKUE HWIIN
pasIn4varomuye SKCIICPUMEHTHI. YCTaHOBO'-IHLIe, CUHXPOHHU3UPYIOUINE, TUATHOCTUYCCKUE WUIIU
pasian4yaromue JSKCICPUMEHTBI U3BECTHBI KaK  «YMO3PHUTCIBHBIE» OKCIEPUMEHTBI C
KOHCYHBIMU aBTOMaraMu, U MCTOJbl CHHTE3a BXOIHBIX MOCIeIOBATEIbHOCTEH I TaKuX
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JKCIICpUMEHTOB  (€clM  CYIIECTBYIOT) B  HACTOSIEE BpeMs  ONpPENENeHBl Ul
HEICTCPMUHUPOBAHHBIX U JI€TCPMUHUPOBAHHBIX, MOJHOCTBIO U YACTUYHO OINPEICICHHBIX
aBTOMATOB, OIMCBHIBAIONIMX ATAJOHHOE IOBEIEHUE CHCTEMBI. [3BecTHO, 4TO mpobiieMa
NpPOBEPKH  CYHIECTBOBAHMS UM  IIOCTPOEHMS  YCTAHOBOUHBIX, CHHXPOHH3HPYIOLIUX,
JUAaTHOCTUYECKUX WM Pa3IHYAIOMUX SKCHEPHMEHTOB CYIIECTBEHHO YCIOXKHSETCS, €CIH
STAJOHHOE TIOBEJEHHE CUCTEMBbl OIMCHIBAETCS HEIETEPMUHHPOBAHHBIM M YaCTHYHBIM
aBTOMAaTOM, YTO JOCTATOYHO YacTO CIy4aeTcs IpU OIMCAHUU CIOXHBIX COBPEMEHHBIX
cucreM. I3BecTHO Takxke, YTO B HEKOTOPBIX CIIydasX CJIO0XKHOCTh MOYKHO IIOHHU3UTH,
TIePEeKIIIOYMBIINCh HA ANANTHBHBINA (YCIOBHBIH) SKCIEPUMEHT C cucteMod. B Hacrosmiei
paboTe MBI UcCleyeM BIHMSHHE YaCTHYHOCTH aBTOMAara M aJanTHBHOCTU JKCIIEPUMEHTa Ha
CJIOKHOCTb IIPOBEPKU CYILECTBOBAHUS M IOCTPOCHUS YCTAaHOBOUHBIX, CHHXPOHU3UPYIOIIHX,
JUAaTHOCTUYECKUX U  PA3NUYaloONMX JKCIIEPHMEHTOB AN  JETCPMUHHPOBAHHBIX U
HEJCTepMUHHUPOBAHHBIX aBTOMATOB U MIUTIOCTPHUPYEM COOTBETCTBYIOIIYIO CIIOXKHOCTH C
UCIIOJIb30BAHUEM HOJXOJSAIUX PUCYHKOB.
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O BO3MOXHOCTSIX aBTOMATHOIo onncaHus
napanneanoﬁ KOMNO3nunmn BpeMeHHbIX
daBTOMaTOB
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Hayuonanenuiii uccnedosamensvckutl TomcKutl 20Cy0apcmeentuill yHusepcumenn,
634050, Poccus, Tomck, np. Jlenuna 36

AnnoTtamusi. KoHeuHble aBTOMAThl MIMPOKO HCIONB3YIOTCS IS aHalW3a M CHHTE3a
JIUCKPETHBIX CHCTeM. [Ipu ONMMCAaHUU CHCTEM, MOBEJCHUE KOTOPHIX 3aBHCHUT OT BPEMCHH,
KOHCYHBIA aBTOMAT PaCHIMPSICTCS BBEICHHEM BPEMEHHBIX ACICKTOB U BBOJIUTCS IOHSTHE
BPCMCHHOTO0 aBTOMaTa. B HacTosImiell cTaThe paccMaTpuBaeTCs MpoOJeMa MOCTPOCHUS
MapaJuIeJIbHOW KOMITO3MIIMU JUIS JBYX MOJICTICH BPEMCHHBIX aBTOMATOB, a WMCHHO, IS
aBTOMATOB C TaliMayTaMH W aBTOMATOB C BPEMEHHBIMU OTpaHWYCHUAMH. [[Be 3TH (opMBI
BPEMEHHBIX aBTOMATOB HE SIBISIIOTCS B3aMMO3aMEHSIEMBIMH U SIBISIOTCS 0OJiee YaCTHBIMHU
cirydasiMd oOmIeld MOJIeNId BPEMEHHOTO aBTOMAara, COAEPIKAIlero Kak TaiiMayThl, TaKk H
BpEMCEHHBIC OTpaHWYEHUs. MBI TakkKe CYHTaeM, YTO BCE BBIIIE YIMOMSHYTHIE MOJEIH
BPEMEHHBIX aBTOMATOB HMCIOT IICJIOYMCIICHHBIC BBIXOJHBIC 3aJepPKKH (BBIXOIHBIC
TaiiMayThl). ABTOMATBI-KOMIIOHEHTHI pabOTAlOT B PEKUME JUAJIOra, IO 3aBEpIICHUH
KOTOPOTO KOMITO3HIIUS BBIAAET BHEIIHUMA BBIXOAHOW CUMBOJI. [Ipu pelieHun 3a1au aHaau3a
JUTS CHCTEMBI B3aUMO/ICHCTBYIOIUX KOHEYHBIX ABTOMATOB C UCIIOBb30BAHUEM KIIACCHYCCKUX
METOZOB TaKas KOMITO3HMIHKS OOBIYHO OIHCHIBACTCS €IUHCTBCHHBIM aBTOMaTroM. B pabore
TOKa3bIBACTCS, YTO B OOMIEM clydae, B OTIMYHE OT CiIydas KIACCHYECKUX KOHEYHBIX
aBTOMATOB, HAIMYHS «MEJICHHOM BHEIIHEH Cpenbl» MW OTCYTCTBUS  OCIMILISALIUA
HEJIOCTATOYHO IJISl OTMCAHUS MOBEICHUS KOMIIO3UIIMK ETEPMUHHPOBAHHBEIM aBTOMAaTOM C
OJIHOM BPEMEHHOW IEePEMEHHOH, ecM BXOIHbIE CHMBOJIBI MOTYT IOCTYIaTh HE TOJBKO B
IIEJIOYHCIICHHBIC, HO W pallMOHATbHBIE MOMEHTHI BpeMeHH. TeM He MeHee, OmpeaenseTcs
KJIacC CHCTEM, B KOTOPBIX Ka)KJ0€ BHEIIHEe BXOJHOE BO3ACHCTBHE HMHHUIUHPYET JHAJIOT
MEXIy KOMIIOHEHTaMH, 4YTO TIIO3BOJISICT ONHKCaTh IOBEICHHWE TaKOil KOMITO3HMIMU
JIETEPMUHUPOBAaHHBEIM aBTOMAaTOM C OJHOW BpeMEHHOH mepemeHHOH. B wactHOCTH,
paccMarpuBaeTCs IOCIEOBaTelbHAS KOMIIO3WIMS BPEMCHHBIX aBTOMAaTOB, KOTOpas
VIOBIETBOPSIET TAaKOMY OTpaHHYCHHWIO. J[pyroe orpaHn4eHHe NPOAUKTOBAHO HAIUYAEM
TaiiMayToB, 3Ha4eHHE KOTOPOTO B KaXKIOM M3 COCTOSHHN JOJDKHO TPEBBIIATH BETHYHHY
BBIXOJTHOMU 3a/ICPXKKH TP 00paboTKe JIF0OO0T0 Mepexo1a B 3TOM COCTOSIHUH.

KimioueBble €JI10Ba. KOHCUHBIN aBTOMAT, BXOJHbIC M BBIXOJHBIC TaﬁMayTbI; BpPEMCHHBIC
OTPAHUYCHUSA,; KOMIIO3UIHA.
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1. BeedeHue

@dopmanbHble MOAETM ILIUPOKO MCHONb3yeTCss JAAA aHauu3a U CHHTE3a
NPOTPaMMHOI'0O U alIapaTHOro o0ecreueHus, 1 OJHOW U3 TaKuX MOJIEIIel sSBIsIeTCs
KJIacCHuecKuit KoHeuHblid aBToMaT [1]. KoHeuHbIi aBTOMAT OMUCHIBACT TIOBEACHHE
CHCTEMBl C KOHEUHBIM YHCIOM COCTOSHHUI, KOTOpas MOXET MEepeXOoAUTh U3
COCTOSIHUSI B COCTOSIHHE NPU HaJIWYHUU BXOJHOTO BO3JCHCTBUSI, BbIJAaBasi IPH 3TOM
BBIXO/IHYI0 peakiuio. Mopaenp KOHEYHOTO aBTOMara oO0JaJaeT eCTECTBEHHOH
PEAaKTHBHOCTBIO M TIO3BOJSIET CTPOHTH JUIS YHPABISAIOMINX CHCTEM HPOBEPSIOIINE
TECTHI C FAPaHTUPOBAHHOMN MOJHOTOI 0OHApPYXKEHHs OIIMOOK (HencnpaBHocTei) [2].
[Ipn ommcaHuy TOBENEHHS COBPEMCHHBIX YINPABILSIIONIMX CHUCTEM HEOOXOIMMO
YUUTHIBATh BPEMEHHBIC acTeKTHl B MX MOBEACHUH. [ 3TOro Mojenb KOHEYHOTO
aBTOMATa pacIIMPSETCs BBEJCHUEM BPEMEHHOH NEPEMEHHOW, U BBOAUTCS HOHSITHE
BpeMeHHOro aptomara [3-6]. BpeMeHHas mepeMeHHas MOCTOSHHO YBEIHMYHBACT
cBOE 3HaueHHe M «cOpaceiBaeTcs» B 0 TP MOCTYIUIEHMH BXOAHOTO CHMBOJIA HIIH
BbIJJaue BBIXOJHOTO CHMMBOJA. J[JI ONMMCaHMsA BPEMEHHBIX aCIEKTOB B aBTOMAaTHOMH
MOJICNTH HCIIONB3YIOTCSl BpeMeHHbIe orpanuueHus [4], (BxoaHbie) TaimayTtsl [5] u
BBIXOJ/IHBIE 33JICP)KKH, WHOTJA Ha3blBaeMble BBIXOJHBIMU TaiiMayTamu. BXojHoii
TaiiMayT onpenenseT MaKCUMalIbHOE BPeMs OXHIAHHUS BXOIHOTO BO3IACHCTBUS IS
KaXJI0OTO0 COCTOSIHMA aBTOMara. Ecny BXoaHOM cuMBOI He OBII MOAAH A0 UCTEYCHUS
TaiiMayTa, TO aBTOMAaT MOYKET CIIOHTaHHO TNepeiiTh B apyroe cocrosiaue (6e3
HOCTYIUICHHUSI BXOJTHOT'O ¥ BBIJAYH BBIXOJHOTO CUMBOJIA). BpeMeHHbIe orpaHHYeHHs
NPE/ICTABIAIOT CO00M HMHTEpBaIBI Ha IEPEXOoAaxX, OTPAaHWUYMBAIOIINE BpPEMs, B
TEUYEHHE KOTOPOTO TIIEPEeX0Jl MOKET OBITh BBINOJIHEH. BBIXOAHBIE 3amepiKKU
(BbIXOJHBIE TaliMayThl) OTpakaloT BpeMs, 3aTpaudBacMoe aBTOMAaTOM Ha
BBINIOJIHEHWE Tiepexofa. B oOmem ciydae, BpeMEHHOW aBTOMAT COJICPIKHUT
TaliMayTbl, BpEMEHHbIE OTPaHUYEHHS U BBIXOIHbIE 3a1epKKU. OJHAaKO B HacTOsIIEH
paboTe MBI paccMaTpUBaeM aBTOMATHI TOJIBKO C TalfMayTaMH M aBTOMATHI TOJIBKO C
BPEMEHHBIMH OTPaHUUYCHUSMH, I0JIaras, YTO BBIXOJHBIC 3a[ePKKH CYIIECTBYIOT B
obomx cmydasx. OTMeTHM, 9YTO [Ba pacCMaTPHUBAEMBIX Kjacca BPEMEHHBIX
ABTOMAaTOB HE SBIIIIOTCS B3aMMO3aMEHAEMBIMH, T.€. CYIIECTBYeT aBTOMAaT C
TalfiMayTaMu, KOTOPbIH HE MOXKET OBbITh ONHCAH aBTOMAaTOM C BPEMEHHBIMHU
OrpaHUYCHUAMH, 1 HA000pOT [7].

Jis ommcaHWS TOBENEHHS CIOKHBIX CHCTEM OOBIYHO HCIOJNB3YyeTCsl CHCcTeMa
B3aMMOJICHCTBYIOIINX aBTOMATOB, T.€. KOMIIO3UIIHS 00jee MPOCTHIX B HEKOTOPOM
CMBICJIC aBTOMAaTOB-KOMITOHEHT. B ciyuae onepanny napauiesbHOM KOMITO3ULINY,
JIOCTaTOYHO YacCTO MCIOJIb3yEeMO IpU ONKUCAaHUU MOBEACHUS B3aUMOAEHCTBYIOINX
NPOTPAaMMHBIX CHCTEM, aBTOMATBI-KOMIIOHEHTHI palbOoTaroT B pPEXHME JHaiora,
BBbIJIaBasi PEaKIMI0O Ha BHEUIHWI BXOJHOW CHUMBOJI IOCJIE OKOHYAaHUS OOMEHa
coobuieHusmu. M3BectHo [8], uTO mMOBeAeHHME KOMMO3ULUHM KIACCHYECKUX
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JIETEPMUHAPOBAHHBIX ABTOMATOB MOXET OBITh ONHCAHO KOHEYHBIM aBTOMATOM,
€CJI BHEITHSS cpeia SBIIETCS «MEJICHHOI, T.€. CIeIyIOINi BXOHOW CHIMBOJI Ha
CHCTEMY TOIAeTCsl TOJBKO IMOCJTE BBIJAYM BBIXOJHOW pPEAKIUH Ha MPEABIAYIIHI
BXomHO# cumBoi. [locnme mepexoga K TakOMy IIPEACTABICHHIO [UIS aHAIH3a
MOJYYCHHOTO aBTOMAaTa MOTYT OBITH HCIIONB30BaHBI AJNTOPUTMBI KJIACCHYECKON
Teopun aBromaroB [1]. B HacTosmeii paGoTe mOKasbIBAETCS, YTO B OTIWYUE OT
cilydasi KJIaCCUYECKUX aBTOMATOB, HAJIMYUS «MEJJICHHON BHEIIHEH Cpelbl» MOXKET
0Ka3aTbCsl HEJAOCTATOUHO JIJIsl OMMCAHUS JEeTEPMUHUPOBAHHBIM aBTOMATOM C OJHOI
BPEMEHHON TEpPEeMEHHON TMOBEAEHUS KOMIO3UIMM BPEMEHHBIX aBTOMATOB B
pauuoHanbHble MOMEHTHI BpeMeHH. COOTBETCTBEHHO, MBI OIpeneisieM Kiacchl
KOMIIO3UIIMII aBTOMAaTOB C BpPEMEHHBIMM OTPAHUYEHUSIMH UM aBTOMAaTOB C
TaiiMayTaMy, TOBEICHHE KOTOPHIX B pAlMOHAJIHHBEIC MOMEHTHI BPEMCHH MOXKET
OBITh ONMCAHO AETCPMHUHUPOBAHHBIM BPEMEHHBIM aBTOMATOM.

2. OcHoeHbIe onpedesneHus

B nmanHoii paboTe MbI pacCMaTpMBaeM JBa THUIIA BPEMEHHBIX aBTOMATOB, & UMEHHO
aBTOMAThl C TallMayTaMH M aBTOMAThl C BPEMEHHBIMH OTrpaHUYCHHsAMH. Takue
BPEMEHHBIE ~aBTOMATHI  SIBISIFOTCS  JOCTATOYHO MPOCTBIMH  PACHIUPCHUSMH
KJIACCHMYECKOT0 KOHEYHOTO aBTOMAaTa, M Mbl HIDKE MPUBOIUM UX (hopMaibHbIe
omnpezaenenus [7].
oo asmomamom ¢ maiimaymamu nounmaercs narépka S = (S, 1, O, hs, As), rae
| — 6xoomnoni andaButr, O — gvixoOHOU andpaBUT, S — KOHEYHOE HEIYCTOE
MHOXeCTBO cocmosinutl, hs © (S x | x O x S x Z) — omnowenue nepexooos, Z —
MHOECTBO IIEJIBIX HEOTPUIATEIbHBIX YHCEN, OMNPEICIAIONIMX YUCIO TAKTOB
BPEMEHH MEXJy MOCTYIUICHHEM BXOJHOTO CHMBOJA U BbIjJa4eil BBIXOJHOTO,
As:S — S x (N U {0}) — byHKIHS (BXOIHOTO) maimayma, ONpeaestomas st
KaX/IOTO COCTOSIHHMSI MaKCHMAallbHOE BPEMs OXHJAHUS BXOIHOrO cuMBoia, N —
MHOXECTBO HATypalbHBIX dHCeld. VHBIMH CIIOBaMH, €CIIH B HEKOTOPOM
COCTOSIHMM BXOJHOW CHUTHAJ HE TMOCTYMAeT B TEUEHHUE ONpPEJIETIEHHOTO BPEMEHH
(TaifimayTa), TO aBTOMAaT MOXXET CIIOHTAaHHO H3MEHHTH CBOE cocTosiHme. Ecim
As(s) = (s', T) u B cOCTOSIHMM S B T€YeHHWE | TaKTOB BPEMEHH Ha aBTOMAT HE
ObUIO MOJAaHO HH OJHOTO BXOIHOTO CHMBOJA, TO aBTOMAT MEPEXOIUT B
cocrostuue S'. TTocie mepexosa B COCTOSIHME S' OTCUET BpeMeHH HaduHaeTcs ¢ 0.
B ciyuae, xorma As(S) = (S, %), aBTOMAaT MOXET OXHUJIATh BXOJHOW CHMBOJ B
COCTOSIHMH S OeCKOHEeYHO J10Jr0. Eciu B aBTOMaTe ecTh nepexon (S, i, 01, Sg, d) u
BXOJHOM CHMBOJ OYyIeT IOJaH B COCTOSHMM S MEHEE YeM dYepe3 | TakTOB
BPEMEHH TIOCIIE MePeXxo/ia aBTOMATa B TEKYIIIee COCTOSIHUE, TO aBTOMAT MEPEenIeT B
cocrostHue S; ¥ 4yepe3 d TAKTOB BPEMEHH BBIJACT BBIXOJHOW cumBoj. Ywmcio d
TAKTOB BPEMEHU MEXy I[0Jaueii BXOJAHOTO CHMBOJA U BbIAa4edl BBIXOHOTO
CHMBOJIA HA3bIBACTCS 8bIXOOHOU 3a0epackoli (8bIX0OHbIM maumaymom). st Toro
4yToOBl KM30€KaTh MPOTUBOPEUYHMM MPU WHTEPIPETANUH BXOJHBIX U BBIXOIHBIX
TaliMayTOB, MbI IOJAraeM, YTO B KaXJOM COCTOSHHU BXOJHON TaiiMayT Ooiiblie
3a/IePKKU, HEOOXOAMMOHN JIsi 00paboOTKH JTHOOOT0 BXOJHOTO CHMBOJIA. ABTOMAT C
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TaliMayTaMH Ha3bIBACTCS NOJIHOCHbIO ONPEOeNEHHbIM, €CITH JUTA TF000#M mapsl (S, i)
€ S x |, To ecthb mys MFOOOrO BXOJHOTO CHMBOJIA i, MOCTYMAIOIIETO HA BXOJ
aBTOMAara B COCTOSIHHH S, CyIIeCTBYeT nepexon (S, i, 0, §', d) € hs. Ecnu mis moboit
napsl (S, i) € S x |, cymectByeT emuHCTBEHHBIH mepexon (S, i, 0, §', d) € hs, To
aBTOMarT C TaliMayTaMH  Ha3bIBACTCS  OEeMEPMUHUPOBAHHLIM, — WHAYE  —
HeO0emepMUHUPOBAHHBIM.

[ox asmomamom ¢ epemennvimu ocpanuyenusmu ounmaercs dersépka S = (I, S,
O, hs), re | — BxomHoit andasut, O — BEIXOAHOH andaBuT, S — KOHEUHOE HETYCTOE
MHOKECTBO cOCTOsAHUM, hs < (S x | x O x S x I x Z) — oTHOWIEHKE NepexonoB, 11 —
MHOXXECTBO HWHTEPBAIOB W3 MpoMexyTka [0; o), m Z — MHOXKECTBO MEJIBIX
HeoTpHuaTe bHbIX uuces. CooTBETCTBEHHO, kopmedic (S, i, 0, S', ¢, d) omuchIBaeT
MepeXObl U3 COCTOSIHUSL S B COCTOSIHHE S' IMOJ| JEWCTBMEM BXOJHOTO CHMBOJIA I,
MOCTYMHBIIIETO B MOMEHT BpeMeHH t, t € @, mocie mepexoja aBTOMAara B TEKyIlee
COCTOSIHAE C BBIZa4ell BBIXOJHOTO CHMBOJIa O uepe3 d TaKTOB BPEMEHH IOCTE
MOCTYIUICHUS. BXOHOTO CMMBOJIa. Eciu 1ytst TI0OBIX ABYX KopTexew (S, i, 01, Sy, 91,
dy), (S, 1, 0z, Sy, 92, dy) € hs cipaBennKBO cooTHOMICHUE §; N Jp = &, TO AaBTOMAT C
BPEMEHHBIMH ~ OTPAaHMYEHUSMHU HA3bIBACTCA OeMepMUHUPOSAHHbIM, WHAYE —
HeOemepMUHUPOSanHbIM. ABTOMAT C BPEMEHHBIMU OIPAHUYEHHSIMH HA3BIBAETCS
NOIHOCMbIO ONPEOCNEHHBIM N0 6XOOHBIM CUMBOIAM, SCII I JF000# mapsr (S, i)
€ S x|, To ectb aus MOOOTO0 BXOAHOIO CHMBOJA i, MOCTYMAIOIIEr0 Ha BXOJ
aBTOMAara B COCTOSIHHHU S, CYIIECTByeT Koptex (S, i, 0, §', g, d) € hs. ABromar ¢
BPEMEHHBIMH OTPAaHMYEHUSIMA HA3bIBAETCS  NOAHOCHIbLIO  ONPEOeNeHHbIM, €CIH
ABTOMAT MOJHOCTHIO ONPEAEIEH MO BXOAHBIM CHUMBOJAM, W JUIS KaXJOH Mapsbl
(s,i) € S x | oObemuHEeHHE BCEX BPEMEHHBIX HHTEPBAIIOB B COCTOSIHUM S IO
BXOJIHOMY cUMBOIY | paBHO [0; ). B kauecTBe mpuMepa TEXHHYECKOH CHCTEMBI,
MOBEJICHHE KOTOPOW OMHCHIBACTCS BPEMEHHBIM aBTOMATOM, MOXHO MPUBECTH
CHUCTEMY CHUTHAIU3AINH, PACCMOTPEeHHYIO B [9].

Bpemennvim 6xoonvim cumeonom HaspiBaetcs mapa (i, t), rie i — CHMBON BXOIHOTO
angasura, t — (BemeCTBEHHOE) BpeMsi MOCTYIUICHHsS BXOJHOTO CHUMBOJIA TOCIE
nepexojia aBTOMaTa B TEKYIIEe COCTOSHUE. BpPeMeHHbIM 6bIXOOHbIM CUMBONIOM
Ha3biBaercst mapa (0, d), riae 0 — cMMBOJ BBIXOJHOTO ajidaButa, d — BIXOIHAS
3ajepkka. [locne1oBaTenbHOCTh BPEMEHHBIX BXOAHBIX CMMBOJIOB (i, t1), (ip, ty) ...,
(in, tn) Ha3bIBAETCS 8pEMEHHO 6X00HO1 nocnedo8amenbHOCMbIO,
MOCJIEIOBATENILHOCT BPEMEHHBIX BBIXOHBIX CUMBOJIOB (01, d1), (0, d5) ..., (0p, dy)
HA3bIBACTCS  BPEMEHHOU  BbIXOOHOU  NOCIE008AMENTbHOCMbIO.  AHAIOTHYHO
KOHEYHBIM aBTOMATaM, BpEMEHHasI BBIXO/IHAS MOCJIEA0BATENLHOCTD,
COOTBETCTBYIOIAsl BPEMEHHOM BXOHOM MOCIIE0BATEILHOCTH O, TOCTYITUBIICH Ha
ABTOMAT B COCTOSIHUH S, HA3BIBAETCS (8bIX0O0HOIL) peakyuell aBTOMATa B COCTOSIHUM S
Ha MOCJIEI0BATEILHOCTD OL.

B mHacrosiieit pabore MbI paccMaTpuUBaeM JETEPMHUHUPOBAHHBIC MOJHOCTHIO
ornpeziejI€HHbIC BpPEMEHHbIE aBTOMAThI, T.€. ABTOMAaThl, B KOTOPBIX KaXIOMY
COCTOSIHMIO, BXOJHOMY CHMBOJIY W MOMEHTY BpPEMEHH COOTBETCTBYET
€IMHCTBEHHBIN MTEPEXO/I.
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3. Komnosuyus epeMeHHbIX asmomMamoe

CroxHBIE CHCTEMBl OOBIYHO SIBISIOTCS KOMIO3WIMAMHU 0Oojiee IPOCTBIX B
HEKOTOPOM CMBICJIE CHCTEM, W B HacTOsied padoTe MbI paccMaTpHBacM
napawiensayto  kommosuimioo [10-12] nByX JeTepMHHHPOBAHHBIX —IOJHOCTHIO
OTIpeNIeIeHHBIX BPEMEHHBIX aBTOMATOB (puc. 1).

\

Comp,

Comp,

J

Puc. 1. llapannenvras komnosuyus 08yx 6peMeHHbIX Ad8MoMAamos
Fig. 1. Parallel composition of two TFSMs

Pabora mapamiensHOW KOMITO3HIIMK MOXKET OBITh OIHCaHa CIEAYIOMIHM OOpa3oM.
IlycTh BpeMeHHOM BXOJHOM CHMBOJ mojgaércs Ha KommoHenty Comp; (Comp,),
KOTOpasi MOXKET OTpearupoBaTh BHYTPEHHUM WJIA BHEITHHM BBIXOJIHBIM CHMBOJIOM.
Ecnmu Obin mpow3BenéH BHENIHWM BBIXOJHOW CHMBOJ, TO KOMIIO3HMIIMS TOTOBA
NPUHATH CJICAYIONIEe BHEIIHEe BXOJAHOC BO3IACHUCTBHE, OMHAKO, B 3TOM Clyd4ae, K
3HAYEHHWIO BPEMEHHOM MepeMeHHON kommoHeHTsl Comp, (Comp;) mpubasnsiercs
Bpems, B TeueHune kotoporo Comp; (Comp,) B3ammojeicTBOBaia C BHEIIHEH
cpenoii. Ecnu xommonenta Comp; (Comp,) BbLIaeT BHYTPEHHIOK BBIXOAHYIO
peakiio, To kommoneHta Comp, (Comp;) obpabaThiBaeT 3TO BO3ICUCTBHE B
COOTBETCTBUH C IPEANUCAHHBIM € MOBEICHUEM W IMPOU3BOIUT BHYTPCHHEE WIIH
BHEIIIHEE BEIXOJHOE Bo3neiicTBue. [IpenmonaraeTcs, 4YTO CIEAYIOMIMNA BXOIHOW
CUMBOJ TMONAETCS Ha KOMIIO3UIIMIO TOJBKO IIOCIE TIIOJNyYCHHS pEakIuH Ha
TPEIBIAYIIHH BXOHOW CHMBOJI, T.€. BHEIITHSISI CpeJia SBISCTCS «MEICHHONY.

C Uenpl0 MOCTPOCHHS MPOBEPSIIOIIUX TECTOB IS KOMITO3UIIMH KIIACCHYCCKIMHU
meronamu (cM. Hanpumep, [13]), moBeaeHHe TaKOM KOMITO3HUIIMK JTOCTATOYHO YaCTO
OMHUCHIBACTCS OJHMM AaBTOMATOM, M Ui KJACCHYECKHX KOHEYHBIX aBTOMATOB
METOJIBI MOCTPOEHHST KOMITO3HMIIMM JOCTATOYHO XOpOINo u3ydeHsl. M3BectrHo [8],
YTO, €CJIH KOMIIOHEHTHI KOMITO3HUIINH SIBJISIFOTCS IETCPMUHUPOBAHHBIMHU MOJHOCTHIO
OTIpeNleIeHHBIMI ~ aBTOMAaTaMH, TO TMIOBEJCHHE MapaUICNbHON KOMITO3HIINN
OTIMCBIBACTCS MTOJHOCTHIO ONPEACICHHBIM ICTEPMHUHHUPOBAHHBIM aBTOMATOM IIPH
HaJIMYUU «MEJUICHHOM BHELIHEW cpeabl» M OTCYTCTBUM OCLMWIUIALUHN, T.€.
OCCKOHEYHOr0 JAMajora MEXJIy KOMIIOHCHTAaMH. B 3TOM cilydae COCTOSIHHS
ABTOMATa-KOMIIO3UIIUK OOBIYHO MPEICTABIIIOT COOOM Mapy COCTOSHII KOMIIOHCHT.
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3ajada NOCTPOEHHST KOMIIO3UIIMIT BPEMEHHBIX aBTOMATOB pacCMaTpHBaach B psie
pador [10-12], B KOTOpBIX COCTOSHHS KOMIIO3MIIHHA COXPAHSIOT HE TOJIBKO
COCTOSIHHSI KOMIIOHEHT, HO TalKe M TEKyllee 3HaueHHE BPEMEHHOH IepeMEeHHOH
onHoW wim 0o6enx kommoHeHT. B [10-11] ObUIO MpPEmIOKEHO CHHTE3HPOBATH
KOMITO3MIIMIO TYTEM MOCTPOEHHsSI JepeBa IPEEMHHUKOB, B KOpPHE KOTOPOTO
HAXOISTCSl HayajbHBIC COCTOSHHS KoMmroHeHT. B [12] mpemnmaraetcs mepeiiti ot
BPEMEHHBIX aBTOMAaTOB K COOTBETCTBYIOUIMM MOJyaBTOMaTaM W HOCTPOUTH
KOMITO3MIMIO MyTéM MX mepecedeHus. OpHAKO Jajee MblI MOKa3bIBaeM, 4TO 00a
MOAXO0/a TPUMEHUMBI JIMIIB JJIs1 OTPAHUUEHHOTO KJIacca CHCTEM M B OOLIEM clilydae
HOBEJCHHE KOMIIO3HLMH JSTEPMUHHPOBAHHBIX BPEMEHHBIX aBTOMATOB HE MOXKET
OBITh OITUCAHO IETCPMUHUPOBAHHBIM BPEMEHHBIM aBTOMATOM.

4. OnucaHue KOMMIO3UyUU aemomMamoe ¢ malimaymamu
demepMUHUpPOBaHHbIM a8MmMomMamom

B HACTOALIEM pas3fciyic Mbl pPACCMATPpUBACM HpO6J’I€MLI, BO3HHUKAKONIUC MPU
OIMMCAHUU OAHHUM ABTOMATOM KOMIIO3MIHMH BPEMCHHBIX aBTOMATOB, U B YaCTHOCTH,
INOKa3bIBACM, B KaKOM CJIy4ac IMOBCIACHUC HapannenLHoﬁ KOMIIO3UIINU BPEMCEHHBIX
aBTOMATOB MOXET OBITH OITUCAHO JACTCPMUHUPOBAHHBIM BPEMECHHBIM aBTOMATOM.

4.1 Npobnema onMcaHMA KOMMNO3ULUN

Kak 6bUTO OTMEUEHO BBIIIE, [UIS BBIYUCICHHUS PEAKIUH KOMITO3MINN HEO0O0XOIUMO
3HATh 3HAYEHHE BPEMEHHOH MEpeMEHHOM KaKIoH W3 KOMIOHEHT. OIHaKo, eciu
OlHA W3 KOMIIOHEHT B3aHMMOJEWCTBYET C BHEIIHEH cpeaoid 0e3 BHYTPEHHEro
Jpajora ¢ Apyroi KOMIIOHEHTOM, TO HapyIIaeTCs «CHHXPOHU3AII MEXKAY YacaMu
KOMITIOHEHT U MOJKET OKa3aThCsl, YTO OJJHO3HAYHO BBIYHCIIMTH 3HAYCHHE BPEMEHHOU
MEPEMEHHOM B COCTOSIHUM aBTOMAaTa-KOMIIO3UIIMM CTAHOBUTCS HEBO3MOXKHBIM.
[IprumHOil sBNseTCss TOT (HaKT, YTO KOMIIOHEHTA, HE B3aHMMOAEHCTBYIOIIAS C
BHEIIHEH  Cpefodl  «HAKalUIMBaeT»  BEUIECTBEHHOE 3HAYEHUE BPEMEHHOH
HNEPEMEHHOM M B 3aBHCUMOCTH OT MOMEHTAa IOCTYIUIEHHUS BHELIHETO BXOIHOIO
BO3ACUCTBHSI MOXET <«IIEPEUTH» WIH «HE MEepedTH» UEeNOYUCIEHHbI Mopor,
M3MEHSIOIMUI TTOBEJeHNEe KOMIIOHEHTHI. Boo01e roBopsi, mocieiHee coriacyercs ¢
pe3ynbraTaMH B 00JaCTH BPEMEHHBIX MOyyaBTOMAaToB [14], rae mokaszaHo, 4TO He
JUIl  BCSIKOTO BPEMEHHOIO IOJlyaBTOMaTa C HECKONBKMMU BpPEMEHHBIMU
NIEPEMEHHBIMHU CYILECTBYET SKBUBAJICHTHBIM II0JyaBTOMAaT € OJHOW BpPEMEHHOMU
NIEPEMEHHOM.

PaccmorpuM npumep napanienbHON KOMIO3HIMU JBYX aBTOMAaTOB C TaliMayTaMH,
NPEACTaBICHHBIA Ha pHUc. 2. B HayalrbHOM COCTOSHMM BpPEMEHHBIE I€pEMEHHBIE
o0enx KOMIIOHEHT paBHBI Hyr0. Ecim mogate Ha KOMIIO3UIIIO BPEMEHHYIO
BXOAHYIO mocienoBarebHoCTh (iyy, 1.8), (iy1, 1.8), To kommoneHTa S BBIHACT
BBIXOJIHYIO BPEMEHHYIO IIOCIENOBATENBHOCTE (011, 3), (011, 3), «cOpachiBas»
3HAYCHUE CBOEHM BPEMEHHOM TIEPEeMEHHOM B HOJIb IIOCJIE€ BBIJAYH KaXJIOTO
BBIXOJIHOTO cuMBoiIa. [Ipu aTom, aBromat P mepelaer B COCTOSAHME P, IO TAUMayTy
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8 1 3HaUeHWEe BpEeMEHHOH MepeMeHHOl aBTomMara P OyneT paBHo 1.6, 94TO BMecTe CO
3HAaYCHHEM TaiiMayTa, 110 KOTOPOMY OCYIIECTBHIICS IEPEXO0/I B COCTOSIHHE [)7, PABHO
CyMMe BpPEMEHH MOJadd KaXIOTO BXOJHOTO BPEMEHHOTO CHMBOJA W BpPEMEHHU
3alIepXKKU TIPHU BBIAAYEe KaXKIOTO BBEIXOJHOTO BPEMEHHOTO CHMBOJIA aBTOMAaTOM S.
Ecnu 3aTeM 1moaTh BXOJHOM BpeMEHHOM cUMBOI (ig, 5.3), TO aBTOMAT S, TIepeis
W3 COCTOSIHUS S; B COCTOSIHHE Sp IO TaiiMayTy 4, mepenact BHYTPEHHHUH BBIXOIHOU
BpeMeHHOU cumBoII (U, 1) Ha aBTOMAT P.

in/(o1,3) iy/(@ 1) iy / (u, 4) iy (03, 3) i/ (v, 1) i/ (v, 1)

v/(on. 1) v/(oy, 1) v/(oy. 1) u/(v,0) u/(v,0) u/(oy,2)

e

Puc. 2. Komnosuyus epemennvix agmomamos S u P
Fig. 2. Parallel composition of TFSMs Sand P

B 3TOT MOMEHT BpeMeHM aBTOMAT P OyaeT HAaXOIUThCS B COCTOSHHU [y CO
3HAQYCHUEM BpPEMCHHON IepeMEHHOH, paBHBIM 7.9, W TepeiacT BHYTPECHHHUH
BBIXOJHOW cuMBOI (V, 0) HA IEPBYI0 KOMIOHEHTY, KOTOpPasi, HAXOAACh B COCTOSHHU
S, BBIIACT BPEMEHHOW BBIXOJHOW CHUMBOJ (011, 2). Ecnu ske B KayecTBe TpeThEro
BpeMeHHOro cuMBoia moaath ue (i, 5.3), a (i, 5.4), To KOMIIOHEHTa S MO-TIPEKHEMY
nepeizier mo taiMayty 4 B COCTOSIHHE S; M BBLAACT KOMIIOHEHTE P BHYTpEeHHUI
BeixoqHOW cumBon (U, 1). Ho 3a 3TOT BpeMeHHO# NPOMEXKYTOK BpEMEHHAs
nepeMeHHasi aproMara P mpuMmer 3HaueHue 8 ¥ aBTOMAaT NepeiieT B COCTOSHUE P3 U
BBIIACT BHENIHHH BBIXOMHOW CHMBON (0y, 3). Takum 00pa3oM, peakiun
KOMIIO3MIIMK HE COBMAJA0T HA BPEMEHHBIC BXOJHBIC MmociemoBarenbHocTH (igg,
1.8), (iy1, 1.8), (i1, 5.3) u (iyy, 1.8), (i1, 1.8), (i1, 5.4), B TO Bpems Kak TpeTHit
BXOJHOH cuMBOJ TomaeTcs B mpomexyTtke (5, 6), KOTOpblii He MOXeT OBITh
YMEHbIIEH NPH ONHCAHUU BPEMEHHOTO aBTOMAaTa, MOCKOJIbKY 3HAUeHHs TaliMayToB
SIBJISIFOTCSI LIEJIBIMH HEOTPULIATEIbHBIMHU YHCIaMHU.

Takum 00pa3oM, eciay BXOJHBIE CHMBOJIBI MOTYT II0/IaBaThbCsi Ha KOMIIOHCHTHI B
BEIICCTBEHHBIE ~ MOMEHTHI ~BPEMEHH, TO OIMCAaHWE TAaKOH  KOMIIO3MIMH
JIETEPMHUHUPOBAHHBIM aBTOMAaTOM C KOHEYHBIM YHCIIOM COCTOSIHHMH B 00IIEM ciydae
HEBO3MOXXHO, M TakuM 0Opa3oM, B OTJIMYHE OT KJIACCHYECKHX aBTOMATOB, JUIA
ONMUCAaHUs  JICTEPMHUHHMPOBAHHBIM  IIOJIHOCTBIO  OIPEIEICHHBIM  aBTOMAaToOM
KOMIIO3MLIMA BPEMEHHBIX aBTOMAaTOB HEIOCTATOYHO HAJIHMYUS —«MEIUICHHON»
BHEILIHEW CpPeJIbl U OTCYTCTBUS OCLMIIISIINIA.

Kak mokaspiBaeT NpHBENCHHBIH HIDKE NPHUMEpP, CKa3aHHOE BBILIE CIIPABEIUIUBO H
JUIsL KOMITO3UIIMY aBTOMATOB ¢ BPEMEHHBIMH OIpaHMYCHUAME. PaccMoTpuM npumep
KOMITO3UITMHM aBTOMaToB S m P Ha puc. 3. HemocpencTBeHHON TPOBEPKOH MOMKHO
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yOequThes, YTO Peaknud KOMIIO3MLMHM HE COBNAJAIOT HA BPEMEHHBIE BXOJHBIC
nocnenoBarenbHOCTH (i1, 0.2), (i11, 1.1) u (i, 0.2), (iz1, 1.9), B TO Bpems kak
BTOPOW BXOJHOH CHMBOJ HOZaeTcs B mpoMexyTke (1, 2), KOTOpEIi He MOXKET OBITh
YMEHBIICH PH OINIMCAaHUU BPEMEHHOTO aBTOMATa, IIOCKOJIBKY TPaHUIIEI HHTEPBAJIOB
SIBJISIFOTCSI LIEJIBIMH HEOTPULIATEILHBIMU YHCIaMHU.

i1, [0, D/, 1) ir1, [0, 0)/(0p,, 1)
iy, [1, ) /(u, 1) ir, (0, ©)/(v, 2)

&) &

v, [0, 2)/(0,, 1) u, [0, 4]/(v, 1)
v, [2': 3]’/(0|29 2) u, (45 5)"{(1)’ 3)
v, (3, ©)/(u, 5) u, [5, )/(0y;, 3)

BY

Puc. 3. Komnosuyus epemennvix agmomamog Su P
Fig. 3. Parallel composition of TFSMs Sand P

Crnemyer OTMETUTb, UYTO BBIIIE ONHUCAHHAS CUTyallMsd HE HMMEET MECTa, €Cld
BXOJHBIE BO3ICHCTBUS MOTYT IIOJaBaTbCd HA KOMIIOHEHTBI TOJNBKO B
LEIIOYUCIICHHBIE MOMEHTBl BPEMEHH, W B O3TOM CIy4ae KOMIO3MLHUs
JIETEPMUHUPOBAHHBIX ~ IIOJHOCTBIO  OIPEIEJICHHBIX  aBTOMATOB  SIBISIETCS
JIETEPMUHUPOBAHHBIM IIOJHOCTBIO OIPEACICHHBIM aBTOMAaTOM IIPU  YCIIOBUSX
«MEIIEHHON» BHEIIHEHN CpeJibl U OTCYTCTBHS OCLWILIISLUIM.

B cnenyromem pasgene Mbl  BBOJUM JIOIOJHUTEIbHBIE OIPAHUYEHMS IS
KOMIIO3UIIMM BPEMEHHBIX aBTOMAaTOB U PaCCMaTPUBAEM KJIACC CUCTEM, Il KOTOPBIX
MIOBE/ICHUE KOMITO3ULIUU BPEMEHHBIX aBTOMAaTOB MO>XKHO onucarb
JIETEPMUHUPOBAHHBIM aBTOMATOM € OJIHOI BpPEMEHHOW NEPEMEHHOM.

4.2 [OocrtaTtoyHoe YycnoBue AnNA ONUCaHUA  KOMMO3ULUMU
AeTepPMUHUPOBaAHHbLIM aBTOMaTOM

3 omucaHHOTO BBIlIE TPEMepa BHIHO, YTO ONMCAHHE MOBEICHUS MapajulelIbHOM
KOMIIO3HLMM JETCPMHUHHPOBAHHBIM aBTOMATOM MOJXET OKa3aThCsi HEBO3MOXKHBIM,
KOTZIa BXOJIHBIC BO3ACHCTBHS MOTYT MOCTYNATh HA KOMIIO3HLHUIO B BELICCTBEHHBIC
MOMEHTBI BpeMeHH. Jlamee Mbl BBOJMM KJIAacC CHCTEM, ISl KOTOPBIX TakKoe
OIHCaHNE BO3MOXKHO.

Teopema 1. IlapannensHas KOMIO3UIUS aBTOMATOB ¢ TaliMayTamMu S u P Moxker
OBITh OMHCAHA [ETEPMHUHHPOBAHHBIM BPEMECHHBIM aBTOMATOM, €CJIH B KOMIIOHEHTE
S He cymiectByeT nepexoma (S, i, S, 0) € hs (B kommoHeHTe P He CyIIecTByer
nepexoxa (p, i, p’, 0) € hp), Tae i 1 0 — BHELIHME BXOHOM U BHIXOJHON CUMBOJIBI, 1
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B TIOCTPOEHHOHW TMapajuleIbHOW KOMIIO3UIIMM B KaXKIOM COCTOSSHUU BXOJHOM
TaiiMayT OOINBIIE, YeM BBIXOJHBIC 3aJCPXKKHU A 0OpabOTKH Ka)IIOTO BXOIHOTO
CHMBOJIA.

Joxka3zaresabcrBo. [lycTh B napamienbHOM KOMIO3UIMM aBTOMAaTOB C TallMayTaMu
SuP, rae |l u Oy (I, m Op) — BHENIHHME BXOOHOW M BBIXOXHOH ain(haBUTHI
kommoHeHTsl S (P), V u U — BXoaHOW W BBIXOAHOH (BBIXOJHOM M BXOMIHOM)
andasutsl KoMroHeHTs! S (P) U m060it mepexox aBToMatoB S U P 1Mo BHEIIHEMY
BXOZHOMY CHMBOJY IPHUBOIUT K THAIIOTY MEXIYy KOMIIOHEHTaMHU. B 3ToM ciydae,
KaXmas W3 KOMIIOHEHT OO0S3aTeNFHO BBIMIOJHHUT XOTA OBl ONWH IEPEeXOd MEeXIy
MOCTYIUICHUEM BHEIHETO BXOJHOTO CHMBOJIA M BBIJAucii BHEIIHETO BBIXOJHOTO
cumBosia u copocut BpeMs B (0. COOTBETCTBEHHO, B MOMEHT BBIJJAYM BHEIIHETO
BBIXOJJTHOT'O CHMBOJIA, BpeMeHHaH HepeMeHHaa COOTBeTCTByIOIHeﬁ KOMITOHCHTHBI
coOpacwiBaercs B 0, B TO BpeMst Kak BpeMsl BTOPOH KOMIIOHEHTBI CTAHOBUTCSI PaBHBIM
3aJIep’KKe IOCJIEIHEr0 Iepexo/ia KOMIIOHEHThI, BblAaBLIEH BHEIIHUI BBIXOJHOMU
CHUMBOJ, T.C. IMEET IeJIOUUCIICHHOE 3HaueHre. TakuM 00pa3oM, B MOMEHT BEIAYH
BHEIITHETO BBIXOJHOTO CHMBOJIA BPEMCHHAs TMEpEeMCHHAs KakKIOH M3 KOMIIOHEHT
[EIOYUCIICHHAs, ¥ MOBEJCHHE MMapauIeIbHON KOMIIO3UIIMH MOXET OBITh OIHMCAaHO
ABTOMATOM C TaiiMayTaMu C KOHCYHBIM YHCIIOM COCTOSHHU.

WHBIMEH crOBaMH, €cIM B paccMaTpUBAacMOH KOMITO3HWIMH JII0OOE BHEITHEE
BO3ACUCTBHE MPHUBOAUT K AHAIOTY MEXAYy KOMIIOHEHTaMH, TO TIOCNIE BBHITAYd
KOMITO3UIMe BHEITHETO BBIXOJHOTO CHMBOJIA 3HAYCHHE BPEMECHHOW MEPEMEHHOM
KaXIOW M3 KOMITOHEHT IICJIOYHCICHHOE M MOXXET OBITh COXPAaHEHO B COCTOSHHH
JETePMUHAPOBAHHOTO  BPEMEHHOTO  aBTOMaTa,  OINMCHIBAIOIIETO  PaboTy
komrosuiun. COrjacHO  OMPEACNICHHI0, [UIS TOrO0  YTOOBI  MOCTPOCHHAS
napajiesibHasi KOMITO3HIIMS OTKChIBAJIaCh aBTOMATOM C TalMayTaMH, HOCTATOYHO,
4TOOBI B K&XKJIOM COCTOSIHUM BXOJHOW TaiiMayT ObLT OOJIbIIE, YeM BBIXOJHBIE
3a[IEPIKKH JIst 00pabOTKH KaXI0r0 BXOHOTO CUMBOJIA.

Hanpumep, ecim B KOMIIO3UIIMK aBTOMATOB S M P Ha puc. 2 3aMEHUTD NepeX0/Ibl 10
BHCIIIHUM BBIXOJAHBIM CHUMBOJIAM TAaKHUM O6p3,30M, ‘ITO6LI J'IIO60€ BHCIIIHEC BXOAHOC
BO3JICHCTBHE MPUBOAWIO K JHAJIOTy MEKIy KommoHeHTamu (puc. 4), TO
KOMITO3HUIIHMSI TAKOM CHCTEMbI MOYKET OBITh ITOCTPOCHA C MCITOJIb30BAHUEM METOIA U3
[12]. B orom cnywae, MmO KaxIOMy aBTOMAary C TaiiMayTaMu CTPOHTCS
COOTBETCTBYIOIIMHA KJIACCHYECKUAN IIOJIyaBTOMAT, M KOMIIO3UIHUS (OpMHUpYyeTCs
MyTEeM IEePEeCEUYCHUS IMOTYICHHBIX OTYaBTOMATOB.

i/ (u, 2) iy /e, 1) in/ (w4 i/ (v, 0) iy /(v,1) i/ (v, 1)
II> I . AN
1 \_ " N
v/ (o, 1) v/(o;, 1) v/ (o, 1) ul(v,0) / (v, 0) i/ (03, 2)

e
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Puc. 4. KO.M}’IOB’ML{M}Z BPEMEHHbIX A6Mmomanos Su Pnocne uzmenenus nepexoc)a
Fig. 4. Composition of TFSMs S and P after changing the transition

Ha puc. 5 npuBenen aBroMaT ¢ TaiiMayTaMu, OIMCHIBAIOIIMN KOMIIO3HLIUIO JBYX
aBTOMATOB C TaliMayTaMH, PACCMOTPEHHBIX BBIIIIE.

in/(on,3)  n/(01,2)  in/(0n,2) i/ (0y,6)

i/ (0. 1) i/ (o, 1) in/(01,2) iy /(0 2)

Puc. 5. Bpemennoti asmomam G onucwleaiowutl pabony KOMRosuyuu agmomamos Su P,
npedcmasnenuvix Ha puc. 4
Fig. 5. The composed TFSM C of composition TFSMs S and Pfrom fig. 4

Takum 006pa3oM, MBI MOXKEM CHOPMYIHPOBATH TOCTATOYHOE YCIIOBHE IJISI OTTMCAHHUS
KOMIIO3WIIMH  BPEMCHHBIX  aBTOMAaTOB  JCTCPMUHHPOBAHHBIM  BPEMEHHBIM
aBTOMAaTOM, KOTOpOE 3aKII0YacTCs B HANWINH «MEIJICHHON BHEIIHEH Cpemsl»,
OTCYTCTBUH OCHWUIAIMA W HAJMIUN JUAJioTa MEXITy KOMIIOHCHTaMH B OTBET Ha
m000¢ BHEIIHEE BO3IEHCTBHE.

AHAIIOTHYHO MOXHO C(OpPMYyITHUPOBATE JOCTaTOYHOE YCIOBHE ISl OIHMCAHUS
MapajyieIbHOW ~ KOMIIO3WIIMM ~ aBTOMAaTOB C  BPEMEHHBIMH  OTPaHHYCHHSIMHU
JETePMUHHAPOBAHHBEIM KOHEYHBIM aBTOMAaTOM. B 3TOM cirydae, KOMITO3UIINST MOKET
ObITh MOCTpOEHa ¢ ucmoib3oBaHueM merona u3 [10]. CocrosHHMS KOMIIO3HIIUH
NpeJCTaBIAI0OT co00it ueTépku (S, i, P, ), rAe S U P — cocTOsHUS NEPBOI U BTOPOM
KOMIIOHCHTBI COOTBCTCTBCHHO, a ts u tp — 3HAUYCHUA UX BpeMeHHLIX HepeMeHHLIX.
Kommosuius popMupyeTcs Ha OCHOBE MOCTPOCHHUS JIepeBa MPEEMHHUKOB, B KOPHE
KOTOpOFO HAXOoOATCA HAa4YaJIbHBIC COCTOSAHHUS KOMIIOHCHT C HyHeBI)IMI/I 3HAYCHUSIMU
MEPEMEHHBIX.

Teopema 2. IlapamnenpHas  KOMIIO3UIIMS  aBTOMAaTOB C  BpPEMEHHBIMH
OFpaHI/I‘IeHI/IﬂMI/I S u P moxer 6I)ITI) OIIrMcCaHa }leTepMI/IHI/IPOBaHHBIM BpCMeHHBIM
aBTOMATOM, €CIIH He CyIIecTByeT nepexona (S, i, 0, §', g, ds) € hs ((p, i, 0, p’, gp, dp)
€ hp), re | 1 0 — BHENIHNE BXOAHON M BBIXOJIHON CHMBOJIBL.

JlefcTBUTENbHO, TMOAOOHO KOMITO3WUIIMM aBTOMATOB C TalMayTamH, €clid JII00oe
BHCIIIHEC BO3J]eﬁCTBHe HpI/IBOIH/IT K )manory Me>1<)1y KOMIIOHCHTAMH, TO IIOCJIC
BbIa4U KOMHOSI/IHI/ICI\/’I BHCIIHETO BBIXOOAHOI'O CHMBOJIA 3HAYCHHC BpCMeHHOﬁ
nepeMeHHoﬁ Ka)K]lOﬁ N3 KOMIIOHEHT LICJIOYUCIICHHOC U MOXET 6BITI) coxpaHeHo B
COCTOSTHUU JIETEPMHHUPOBAHHOTO BPEMEHHOTO aBTOMATa, OIMHMCHIBAIOIIETO paboTy
KOMIo3uly. Hampumep, ecii B KOMIIO3UIMM aBTOMaToB S u P Ha puc. 3
3aMEHUTH MEPEXOJbI [0 BHEIIHUM BBIXOJHBIM CHMBOJIAM TaKMM O0pa3oM, 4TOOBI
mr000¢  BHEIIHEE BXOJHOC BO3JCHCTBUE MPHUBOJUIO K  TUANOTY  MEXKIY
KOMIIOHCHTaMH (puc. 6), TO COOTBETCTBYIOIIUI aBTOMAT, OIKCHIBAIOLIHIA
KOMITO3HIIH MOXET ObITh ocTpoeH Mero oM u3 [10] u npescrasien Ha puc. 7.
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i, [0, 1)/(u, 3) ir,, [0, 01/(v, 1)
i (Lo, 1) iy, (0, 0)/(v, 2)

[\
> T, Co)
v, [0, 2)/(0,,, 1) u, [0, 4]/ (v, 1)

v, [2, 31/(0,,,2) u, (4, 5)/(v, 3)
v, (3, ©)/(u, 5) u, [5, ©)/(04,3)

Puc. 6. Ko,uno3uuuﬂ BPEMEHHbLX aemomanmos Su Pnocne uzmenenus nepexoba
Fig. 6. Composition of TFSMs S and P after changing the transition

iy, [0, D0y, 5) ir, [0, 0)/(0,,, 2)
i [1. 31011, 3) i (0 101, 4)
iy, (3, 9)/(042,5) Isys (1, 0]/(04, 10)

is [4, ©)/(05,,4)

Puc. 7. Bpemennoii asmomam G onucwieaiowuti pabomy KOMRo3uyuy agmomamos Su P,
npeocmasiieHHvlx Ha puc. 6
Fig. 7. The composed TFSM C of composition TFSMs S and Pfrom fig. 6

4.3 YacTHble cny4yau KoMmno3mumnm BpemMeHHbIX aBToOMaToB

Crnemyer OTMETHTH, YTO Ha TPAKTHKE YaCTO PAacCMAaTPHBAIOTCA 0Oojiee TPOCTHIC
YyacTHple ciyyaun Kommosuimu. Tak, wHanpumep, B [10] paccmarpuaercs
KOMITO3UIMSI BCTPOCHHONW KOMIIOHCHTHI C TaK HA3bIBAEMBIM C KOHTEKCTOM, T
JIMIIb KOHTEKCT B3aUMOJICHCTBYET C BHEIIHEH cpeioil. B 3ToM ciiyqae MOXHO
JIOKa3aTh TEOPEMBI, aHAJIIOTHMYHBIE TeopemaMm | W 2, T.e. IJIsl ONMHUCAHHS TaKOM
KOMIIO3NMOHNU JACTCPMHUHUPOBAHHBIM aBTOMATOM KOHTCKCT 00s13aTETBLHO JOJIDKCH
WHUIIUUPOBATHL JOHAJIOr CO BCTpOCHHOﬁ KOMIIOHEHTOH nmpyu noAade KaxJaoro
BHCIIHETO BXOAHOTO CUMBOJIA. llpyTI/IM y}IOGHBIM JJIA TIPAKTUKA CITydaeM SABJISICTCS
nociyieoBaTeabHasi KOMIIO3ULUS, B KOTOPOH JIUIIb OJIHA U3 KOMIIOHEHT NMPUHUMAET
BHEIIHUE BXOJHbIE CHUMBOJBI, B TO BpeMsl Kak Jpyras KOMIIOHEHTa MPUHUMAET
BXOJIHbIE BO3JIEUCTBUSL OT JPYrol KOMIIOHEHTHI W BBIJIA€T BHEIIHUE BBIXOJHBIE

cuMBoIIBI (puc. 8).
0]
v
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Puc. 8. Ilocredosamenvhas KOMno3uyus c)syx 6PEMEHHbIX aemomamos
Fig. 8. Sequential composition of two TFSMs

Pabota mocnenoBaTeNbHONH KOMIO3WIMM — BBINVISINT — CIEAYIOIIMM  00pa3oMm.
BHemHuii BXOAHONW CHMBOJ MOCTYNAaeT Ha MEPBYI KOMIIOHEHTY, KOTOpas
BBINOJIHSAET COOTBETCTBYIOLIMH MEPEXO/ U BBIIAET BHYTPEHHUM BBIXOAHON CUMBOIL.
BTopas KOMIIOHEHTa NPUHUMAET BHYTPEHHUH BXOOHOW CHUMBOJ WU IPOU3BOIUT
BHEUTHWH BBIXOJHOW CHMBOJ, TEM CaMbIM 3aBepmias 0OpabOTKy BHEIIHETO
Bo3aelcTBI. [IpuMep Takoil KOMIO3HITNH TIpecTaBlIeH Ha puc. 9. B aToMm ciyuae
BBINIOJIHEHBI ~ JOCTATOYHBIE yCIOBHA TeopeM | ©u 2, T.e. MOBEIECHHE
MOCJIE0BATENIHOCTEHl KOMIIO3UIIMM BpPEMEHHBIX AaBTOMATOB MOHO OIMCaTh
JIETEPMUHUPOBAHHBIM aBTOMATOM € OJIHOI BPEMEHHOU NI€PEMEHHOM.

il (u 1) il (u2) ul (o1, 1) ul (0, 4)

R oNo

Puc. 9. Ilocreoosamenvras komnosuyus 08yx 8peMenHvix asmomamos Su P
Fig. 9. Sequential composition of TFSMs Su P

BpemeHHOW aBTOMAT, ONKCHIBAIOIIUI KOMIIO3UIMIO aBTOMAaTOB Ha puc. 9,
npescraenex Huke (puc. 10).

il(0,2)  i/(oy.3) i/ (05, 6)

Puc. 10. Bpemennoii asmomam G onucwvléarowuii pabomy Komnosuyuu agmomamos Su P,
npedcmasnenuvix Ha puc. 9
Fig. 10. The composed TFSM Cof composition TFSMs S and P from fig. 9

5. 3aknoyeHue

B nactosimield craTtbe paccMoTpeHa 3ajladya aBTOMATHOTO OINHUCAHMS KOMIIO3WUIIUU
aBTOMATOB C TaﬁMayTaMH U aBTOMATOB C BpeMeHHLIMI/I OFpaHI/I‘-IeHI/IﬂMI/I. HoxasaHo,
YTO B CiIy4ae, KOIrJla BpEMEHHbIE NEPEMEHHblE MOTYT NPHUHUMATh BElIECTBEHHbIE
3HAuEHUs, T[OBEACHHE  NapajuleJbHOW  KOMIO3ULHMU  JAETEPMUHHPOBAHHBIX
BPEMEHHBIX aBTOMATOB HE MOXET OBITh OIIMCAHO JETEPMHHUPOBAHHBIM BPEMECHHBIM
aBTOMATOM JlaXKe NP HAIMYUKM «MEJJICHHON)» BHEIIHEW cpeibl. Y CTaHABIMBAECTCS
JIOCTaTOYHOE YCJIOBUE JI1 BOBMOXHOCTH TaKOTO OMHCAHMSI, KOTOPOE 3aKIII0YAETCsI
B HAJIWYUU «MEMJICHHOW» BHEIIHEH cpedbl, OTCYTCTBUU OCUWUIILUMNA U
BO3HMKHOBEHWHW JOHMAaJiora MEXIy KOMIIOHEHTaMH B OTBET Ha JIF00Oe BHEIIHEe
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BO3ACUCTBHE. DTOMY YCIIOBHIO YIOBICTBOPSIET, B YAaCTHOCTH, IIOCIIEIOBATEIbHAS
KOMITO3HUIIHSI BDEMEHHBIX aBTOMATOB.

OTMeTUM , 4YTO OTKPBITBIM OCTAa€TCSl BOIPOC O IIOCTPOCHUH KOMIIO3UIMU
BPEMEHHBIX aBTOMATOB ofmiero Buma [7], comepkammx Kak TaiMayThl, Tak U
BpPEMCHHBIC OorpaHudeHus. M3 mpuBea€HHBIX B paboTe pe3ynbTaToB CIEAYET, UTO
KOMITO3HIMS aBTOMATOB ¢ TaMayTaMH M BPEMEHHBIMH OTPAHHUYCHUSIMH TaKXKe He
BCET/Ia MOKET OBITH OMICaHa AETEPMUHUPOBAHHBIM BPEMEHHBIM aBTOMAaTOM. Takxke
ocraéres OTKPBITBIM BOIIPOC 0 BO3MOXKHOCTH HCTIONIB30BAHUSA
HEJICTEPMUHUPOBAHHBIX aBTOMATOB I ONTMCAHUS PACCMOTPEHHBIX KOMITO3HIIIH.
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Abstract. Finite State Machines (FSMs) are widely used for analysis and synthesis of digital
components of control systems. In order to take into account time aspects, timed FSMs are
considered. In this paper, we address the problem of deriving a parallel composition of two
types of Timed Finite State Machines (TFSM), namely, FSMs with timeouts and FSMs with
timed guards. These two TFSM types are not interchangeable and are particular cases of a
more general TFSM model that has timeouts and timed guards. We also assume that all of
considered TFSMs have output delays (output timeouts). When considering the parallel
composition, component FSMs work in the dialog and the composition produces an external
output when interaction between components is finished. In this work, it is shown that in the
general case, unlike classical FSMs, a "slow environment" and the absence of livelocks are
not enough for describing the behavior of a composition by a complete deterministic FSM
with a single clock. The latter occurs when inputs can be applied to TFSMs not only at
integer time instances but also at rational. A class of systems for which the behavior can be
described by a complete deterministic TFSM is specified. Those are systems where both
component TFSMs are participating in the dialog when an external input is applied; a
sequential composition of TFSMs is a particular case of such composition.
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Abstract. In this paper, we tell about a web-service we would like to develop. There are two
goals we aim at, when developing this service. The first one is to give researchers a platform,
where they could conduct preliminary experiments with different methods of test generation
for digital circuits, in order to check different ideas. The second one is an opportunity to share
implementations of new developed methods “on-the-fly”. The web-service development
procedure was splitted into three stages: the architecture design, a light version
implementation and the actual implementation. This paper tells about first two stages. There
are two types of web-service architectures — with monolithic kernel and with microkernel —
and our architecture has the properties of both types. The intention was to have monolithic
kernel, since the desired functionality is not that hard to implement. However, the property of
being extensible by implementations of new methods implies that part of the functions
(namely the methods implementations) should be designed as separate sub-services. The light
version implementation was done for the only method: method of fault domain enumeration
for the stuck-at-faults fault model. It proved that the designed architecture is viable. However,
some issues with the architecture were discovered. A mechanism of on-the-fly deployment of
a new method is unclear, since it is not obvious, how to satisfy possible dependences of the
implementation. Also, the architecture does not follow the classical web-service design: the
service has states, that should not be, if a service is intended to be the classical one. The
resolution of these issues is left for the future.

Keywords. Stuck-At-Faults, Combinational Logical Circuit, Web Service, Test.
DOI: 10.15514/ISPRAS-2018-30(1)-3

For citation: Shalyapina N.A., Zaytsev A.A., Batratskiy S.V. Gromov M.L. Stuck-At-Faults
Tester as a Web-Service. Trudy ISP RAN/Proc. ISP RAS, vol. 30, issue 1, 2018, pp. 41-54.
DOI: 10.15514/ISPRAS-2018-30(1)-3

41



Shalyapina N.A., Zaytsev A.A., Batratskiy S.V., Gromov M.L. Stuck-At-Faults Tester as a Web-Service. Trudy ISP
RAN/Proc. ISP RAS, vol. 30, issue 1, 2018, pp. 41-54

1. Introduction

The modern world is hard to imagine without a variety of digital circuits. Even if a
device does an analogue job, say, play music, most probably somewhere inside this
device there is a digital circuit. Like any other utilitarian objects, each digital circuit
is expected to perform particular work. Therefore, a problem, if this work is done
correctly, is an actual problem. This problem appears in almost all stages of a
circuit’s life cycle: development, production and use.

There are many aspects of doing a work right by a circuit: correct functions are
implemented, the circuit works quickly enough to be used, the circuit consumes
limited amount of energy, etc. For example, when it comes to the correct
implementation of desired functions, they usually talk about functional testing of a
circuit [1, 2].

There are many different methods for test generation [1], and every day new ones
appear (see, for example, [2]). In addition, new fault models for circuits are being
developed, that can describe faults, which occur in real life, in some sense better. In
such a situation, at least two questions arise. Is a new method better or worse than
already existing methods? Can existing methods detect faults, introduced by a new
fault model? Experiments can answer these questions. To conduct at least the
preliminary experiments, a researcher should have a “rapid” access to already
existing methods of test generation for digital circuits, as well as the opportunity to
share with other researchers his or her new method.

Apparently, a web-service can provide such an access. However, for the best of our
knowledge, a web-service that provides resources to construct tests for digital
circuits using different methods does not exist. Therefore, in our research group
under the leadership of Nina Yevtushenko, within the RSF project Ne 16-49-03012,
it was decided to implement such a service.

We splitted the development of the service into several stages. The first stage is to
design architecture of the service. The second one is to implement a light version of
the service, to see on practice, what hardships we shall meet during the main
implementation, what decisions we shall need to do and what white spots there are
in the architecture. And the final stage is the actual implementation of the service.
This paper describes the first two stages of the development: architecture design and
a light version implementation of the service. For the light version of the service, we
have chosen a classical fault model — stuck-at-faults [1] — and a classical method of
test derivation — fault domain enumeration [1]. The stuck-at-faults fault model
supposes that the only faults that can occur in the circuits are shorts to the ground or
to the power wire. The fault domain enumeration is the method when every possible
implementation of the circuit (defined by the fault model) is enumerated and input
stimuli are searched, which can show the difference between the right circuit (the
specification) and the enumerated one.

The rest of the paper is organized as follows. In Section 2, the description of the
designed architecture of the web-service is given. Section 3 is devoted to the light
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version of the service implementation; it includes the short description of the
enumeration of the fault domain method for the single stuck-at-faults fault domain.
Section 4 concludes the paper. In Section 5, we provide acknowledgements for the
paper support.

2. The Architecture of the Web-Service for Tests Derivation

When designing a web-service one should make two main choices: monolithic
kernel or microkernel and SOAP [4] or REST [5].

2.1. Monolithic Kernel vs Microkernel

A monolithic kernel supposes, that all logics of a service are implemented as a
single application, which has outside only data sources (databases). This approach
promises fast and easy deployment procedure together with better performance.

On the other hand, microkernel has always been considered as a more flexible
solution: each function of the big service is implemented as a stand-alone micro-
service. This approach provides natural mechanisms of functionality extensions and
updates (including security updates).

For our case, we have chosen somewhat hybrid approach (Fig. 1). We cannot use a
monolithic kernel, since we would like to implement a possibility of on-the-fly
functionality extension (adding new test generation methods on-the-fly). However,
the microkernel approach is not an option either. First, rapid analysis showed, that
apart of test generation methods implementations, the rest of the functionality is not
that large, to be splitted into different micro-services. Second, we would not like to
provide a separate database or an HTTP-server for each of micro-services.

2.2. SOAP or REST

SOAP (Simple Object Access Protocol) [4] and REST (Representational State
Transfer) [5] are two possible ways, how to organize interaction between a server
and a client of a web-service.

SOAP, being a protocol, works on top of HTTP and specifies how calls of remote
functions should be done and how the result should be returned. It is based on XML
and is able to process very complicated messages (for example, when a function
returns an object, containing lists of other objects etc.). But of course, for such a
flexibility there is a price: increased traffic and a need of an XML parser at both
ends of the communication channel.

In the same time REST is not a protocol, it is basically a prescription, how to
perform HTTP requests and how these requests should be understood at the server
side. It does not require such amount of traffic or special parser as SOAP does, and
it is much easier to implement. However, it is usually considered as less safe and it
definitely is not that flexible as SOAP is (example with an object containing lists of
objects is very tricky for REST).
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At present, we have chosen REST as a way of server-client communication, but
when the service grows, we suppose to introduce SOAP.

2.3. The Architecture

When all the choices are done, we are ready to present the architecture of our web-
service (Fig. 1). The service consists of the following parts. The engine, which
implements the main functionality of the service. HTTP server, which provides
HTTP transport and the rest of HTTP functionality. A PHP program that provides
Web API of the service. A small Simple PHP client, available via an Internet
browser. The database, which keeps information about users (username, password),
running jobs (process ID, start date-time, stop date-time) and existing
implementations of test generation methods (ID, path-to-run). And of course a
bunch of test generation methods implementations, available as Tool scripts.

The functionality of each element is clear from its description above, but the service
engine. The engine can be implemented either as a stand-alone program or as a PHP
program, combining Web API. The functions, which we consider the basic ones for

our service, are as follows.
HTTPserver || —  — — —~ : -
1
> Web APl [« Service .
t/ ‘ﬁk—l engine \‘I\
S?:P 1---- ! Tool

scripts

A client

Internet
py)
m
w
=
»a

Simple PHP ¢
+ client ! ) .
7 1 A file with
kl 1 results

1

User

Browser

Y

HTTP

Fig. 1. The web-service architecture

1. The authentication. A user is asked to provide a username and a password.
This function is always available; the rest functions are available only for
successfully authenticated users.

2. Ajob request. A user send a request to run specific tool to build a test.

3. Arequest for a list of running jobs. A test generation is a long-term job, it
takes a lot of time. For that reason, a user should have a mechanism to see,
which of his/her job requests are finished, and which are not.

4. A request for a list of available methods. Since it is supposed, that the
service will be expanded on-the-fly, the number of method may change and
a user should be able to see the change.

5. A request for a generated test. When a job is done and the test is ready, a
user should be able to get the result.
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6. A request for a new method deployment. A user provides a program, which
implements a method for a test generation he or she would like to share and
the service deploys it at its side.

7. Jobs sanitization. A test generation is a long-term job; it can take days or
even more. We suppose, that the service is not the production one rather
than for a research. We limited the time of the job to complete to 24 hours.
Also, a host, which runs the server, may lose the power supply. In this
case, all running jobs are lost, but no records are done about this fact in the
database, and the lost jobs will be marked as “in progress” forever. The
jobs sanitization mechanism resolves both issues. It searches for the jobs,
which are running for too long, and stops them, and looks for the lost jobs
and makes certain record about this fact to the database.

Among all the functions, the deployment function seems to be the trickiest function
of the service engine. The problem is that a researcher’s implementation of a new
method may have some dependences which may not be satisfied on the host
machine, and for now we do not see, how to overcome this issue.

2.4. The Web-Service Which is not A Web-Server

One can notice that the service we describe here is not a classical web-service. It
happens because a test generation procedure is a long-term process. When a user
requests to build a test, the server-side may not be blocked by the request, it should
stay responsive for this particular user and other users. Therefore, the server-side
changes its state from “ready for requests” to “ready for requests and running one
job in the background”. Then ... two jobs in the background”, then “... two jobs in
the background, but another ones, and those two are ready”. And so on. The
classical approach supposes that the server-side is stateless [6].

However, apart from the described issue, the rest of our design follows the classical
web-service design and therefore we tend to call it a web-service. In the future, we
would like to rethink on this issue.

3. Light Version of the Web-Service

In this Section, we describe an implementation of a light version of the web-service.
First, we describe the simplifications made. Then we describe the stuck-at-fault fault
model and the fault domain enumeration method, which we have chosen for the
implementation. And at last we give some implementation details.

3.1. Simplifications

We decided to implement only a part of the service engine functions, namely: “The
authentication”, “A job request”, “A request for a list of running jobs”, “A request
for a generated test”, and partly “Jobs sanitization” (only the time to complete
restriction).
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The web API is abandon. The engine and the simple PHP client should be
implemented as one PHP program. However, the “Jobs sanitization” and “A job
request” are shared between the engine and the tool script. And the tool script is a
shell-script which implements the fault domain enumeration method. In the light
version it is the only method implemented, that is why instead of several tool scripts
we have only one.

According to the selected engine functions, the database needs only two tables
(entities): the user information table and the job information table.

3.2. The Fault Model and the Method

3.2.1. Logical Circuits

There are two main classes of digital circuits: combinational circuits and sequential
circuits. The first ones are usually referred as memoryless circuit without feedbacks
and the second ones are the rest circuits [1, 7]. A digital circuit can be seen from
different perspectives (behavioural, structural and physical) and at different level of
abstraction (system, register, logical, schematic) [1, 7]. From the point of view of
the service that we design, it does not matter, which kind of a digital circuit or from
what perspective and at what level is given, everything depends on a test generation
method implementation (a tool script) being called, whether it can or not to handle
the call. For the light version of the service, we have chosen combinational circuits,
considered from the behavioural and structural perspectives at the logical level,
tested against the stuck-at-faults fault model using the fault domain enumeration
method.

3.2.2. Behaviour and Structure of a Digital Circuit

Behavioural model at the logical level of a combinational digital circuit with n input
pins and m output pins is defined as an ordered system of m Boolean functions,
mapping Boolean vectors of the length n into the Boolean set[1, 2, 7]: fi(xy,..,
Xn) €{B" — B}, where B = {0, 1} is the Boolean set, i € {1, ..., m}. Later on in this
paper, we shall omit the word “ordered”, but will always mean that, if the opposite
is not specially denoted.

Two ordered system of Boolean functions fi(xy,.., X,) and f'i(X,.., X,), i € {1, ..., m},
are equivalent, if for each i e {1, ..., m} it holds, that fi= f'; (corresponding
Boolean functions are equivalent).

A structural model at the logical level of a combinational digital circuit is called a
logical combinational circuit. A logical combinational circuit (or just a circuit) for
a combinational digital circuit with n input pins and m output pins is a directed
acyclic graph [2] G =(V, E), where V — is non-empty, finite set of nodes, Ec V xV
— is a set of ordered pairs (vy, v,) called edges, and every node v € V is either an
input pole or a gate or an output pole. Poles correspond to the pins of the digital
combinational circuit. There should be exactly n input poles and m output poles. An
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input pole has no ingoing edges, and at least one outgoing edge. An output pole has
no outgoing edges and exactly one ingoing edge. A gate has at least one ingoing and
at least one outgoing edge and is associated with some Boolean function g: B — B,
where arity k equals to the number of ingoing edges for this gate.

A logical circuit with n input poles and m output poles maps Boolean vectors of
length n into m Boolean values. This mapping is computed as follows. Let there is a
vector {a;...0,) € B" (an input vector). Before start, if there are any mappings of the
circuit’s edges and vertices, drop these mappings. When a node is mapped to some
Boolean value, its outgoing edges are also mapped to this very value. For each
j=1,...,n the input pole j is mapped to the value ;. When every ingoing edge of a
gate is mapped to some value vy,, the node becomes mapped to the value g(ys, ..., Y,
where g is the function associated with the gate. Due to our definition of the logical
circuit, each output pole i eventually is mapped to some Boolean value ;. So, at
some point we are able to collect an output vector

<B1Bm> = <f1((11, e (ln), ceny fm((ll, ey an)> e B"

The fact, that the circuit G maps vector (a;...a,) to the vector (B;...Bn) we shall
denote as G({oy...0n)) = (P1-..Pm)-

Therefore, every logical circuit is associated with a system of Boolean functions
fi(Xy,.., Xn), 1€ {1, ..., m}. This system is a behavioural model of the underlying
digital circuit. Apparently, that every logical circuit has the only corresponding
system of Boolean functions, and we say that the logical circuit implements the
system of the Boolean functions. However, every system of Boolean functions may
have several corresponding logical circuits (structural implementations).

3.2.3. Tests and Fault Models

Two logical circuits G and F are equivalent if they implement the same system of
Boolean functions. This fact we shall note as G = F. The non-equivalence of two
circuits G and F we shall denote as G £ F .

Let a logical circuit be given. They say, that there is stuck-at-zero (stuck-at-one)
fault [1] at the edge e =(v;, v,) if this edge is constantly mapped to zero (one),
regardless from the any other mappings. Stuck-at-zero (stuck-at-one) fault means,
that node v, is virtually associated with Boolean function g(X, ..., Xi_1, 0, Xj+1,...,
Xn) (with function g(X, ..., Xi_1, 1, X{+1,..., X)), Where | is the index of the edge e
and g(xy, ..., Xn) is the Boolean function actually associated with the node v,. One
can consider the case, when several edges are faulty in the circuit, but for the
purpose of this paper, we consider only single stuck-at-faults.

A fault model is a triple (S, =, Q), where S — is a logical circuit (usually called a
specification), describing a correct behaviour of a system; Q — is a set (usually
called a fault domain), containing logical circuits, which are considered as possible
(correct and incorrect) implementations of the system of Boolean functions defined
by S; and = — is the equivalence relation. Every circuit from Q has the same
numbers of input and output poles as S does.
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A test case t for the fault model (S, =, Q) is a Boolean vector {a;...a,) € B", where n
— is the number of the input poles of the circuit S. A test T for the fault model (S, =,
Q) is a finite set of test cases for the fault model (S, =, Q). A test T for the fault
model (S, =, Q) is called sound if for each circuit G € Q such that G =S and for
each t e T it holds, that G(t) = S(t). A test T for the fault model (S, =, Q) is called
complete if for each circuit G € Q such that G S there exists t € T such that
G(t) = S(t). A test T for the fault model (S, =, Q) is called exhaustive if it is sound
and complete.

In this work, we consider a fault domain, which contains S and every possible
circuit got from S by introduction every possible single stuck-at-zero or stuck-at-one
fault. The fault model with this fault domain is called the stuck-at-faults fault model.
Since S is finite graph with finite number of edges, the fault domain in this case is
finite. Namely, the number of circuits in fault domain equals to 2:-|E|, where E is the
set of edges.

3.2.4. Miter

Given two (ordered) systems of Boolean functions fi(xy,.., x,) and f'i(Xy,.., X), i € {1,
..., m}. A miter for them is the following function

fu = (f1(X) ® (X)) v ... v (fa(X) ® (X)),
where X =(X; ...,X,) is the vector of arguments. Note, that the order of the functions
in the systems is important.
Proposition. Two systems of Boolean functions fi(xy,.., X,) and f'i(x,.., X,), i € {1,
..., m} are not equivalent if and only if there exists such a vector a € B" that
fu(a) = 1, where fy, — is the miter for the give systems.
If there exists such a vector a € B" that fyy(a) = 1, then the miter is called satisfiable
and a is called satisfying vector. In contrary, if for any a € B" fy(a) = 0, then the
miter is called unsatisfiable.
Of course, a miter can be built for logical combinational circuits as well. A miter for
logical circuits G and G’ — is a circuit M, which we get by matching input poles of G
to corresponding input poles of G’ (v, to V'y, v, to V', etc.), so we have n input poles.
Then we combine every output pole u; of G with corresponding output pole u’; of G’
by XOR gate, and then combine all outgoing edges of those XOR gates by
disjunction gate. And at last outgoing edge of the disjunction gate comes to only
output pole u of M. Now, if we compute mapping, done by the structural miter we
shall get the same function fy.

3.2.5. The Method of Fault Domain Enumeration

The idea of the method is quite simple. Let the stuck-at-faults fault model (S, =, Q)
be given. Since for the case of stuck-at-faults fault model the set Q is finite, and its
cardinality is polynomial on the edges number of S, we can enumerate it. At the
beginning, a test under construction T is empty. Get the next circuit G from Q.
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Check, whether T contains such a vector t that G(t) = S(t). If it does, take the next
circuit from Q and repeat. If it does not, build a miter for G and S and check,
whether it is unsatisfiable. If it is not (i.e., satisfiable), then take a counter example
for unsatisfiability as a test case and put itin T.

Proposition. The above procedure provides an exhaustive test.

There are some notes to the procedure above. First, it does not guarantee that the
resulting test is minimal on number of test cases. But for the goals of this work we
do not aim at getting optimal tests. Second, the problem of unsatisfiability check is
not an easy task by itself [8]. It is known to be NP-complete and may bring a lot of
headache in general case. Fortunately, this problem is quite popular among
researches and many powerful tools were developed to solve it, which perform well
in most real life cases. For example, see works on MiniSAT [9].

3.3. Implementation Details

3.3.1. Operating System, HTTP Server, DBMS, and the Engine

The available to us host machine, where we can deploy the service, runs under
FreeBSD operating system. It has MySQL database management system and
Apache HTTP server with the support of PHP installed. Therefore, we had no need
of choosing the right environment for our web-service. The triple
Apache+MySQL+PHP proved to be the reliable basis for any project of any level of
complexity.

The engine of the light version of the web-service was implemented in PHP. As it
was noted earlier, we abandon the web API, and the small PHP client was
implemented together with the engine as one program.

3.3.2. The Method Implementation

To implement the method of fault domain enumeration for the stuck-at-faults fault
model as a tool, we use the tool called ABC [10]. This tool has built-in instruments
for a miter construction and checking the miter for being unsatisfiable. If the miter
is not unsatisfiable, ABC provides a counter example.

The only thing we implemented in addition to ABC is an instrument for faulty
circuit’s enumeration. This instrument is implemented as a stand-alone program,
which takes a logical circuit (specification) and a folder to store the result as an
input and saves files with faulty logical circuits in the designated folder.

Since the chosen fault model describes faults in the structural terms (in terms of
logical circuits), the method implementation requires digital circuits under test be
given as logical circuits. ABC understands logical circuits in ISCAS’89 format (also
known as .bench format). This format simply describes directed graph. For
example, a code like this

INPUT (x1)
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INPUT (x2)
OUTPUT (y)
y = AND(x1l, x2)

states, that there are two input poles, named x1 and x2, one output pole, named vy,
and one gate associated with the conjunction (AND), but without a name. Let call
this gate g. Then the edges are (x1, @), {x2, g) and (g, v).

To finish the method implementation, the faults enumerator and ABC should be
called in the right order with the right parameters. This is done by a shell-script,
which in terms of the architecture of the web-service we call the tool script.

3.3.3. Jobs sanitization

The most of the functions implemented in the engine of the light version of the web-
service are quite straightforward and we shall not describe them. However, the
implemented part of the “Jobs sanitization” (namely, the time to complete
restriction) and “A job request” functions are worthy of mention and description.
When the engine gets the request from a user to start a new job of test derivation, it
runs the script and delegates all interactions with the database to the script. The
script makes all necessary records in the database: the date-time of the script start,
the ID of the user, who requested this job, process ID of the job. When the script
finishes the task, it again makes necessary records about that: the task was normally
finished, when the task was finished.

The implementation of the time to complete restriction is done with the use of
timeout utility built into FreeBSD [11]. This utility starts the specified program,
waits for specified amount of time and if the program is still running, it sends to the
program the termination signal. The script catches this signal and before
termination, it makes a record into the database, that certain task was artificially
stopped. That is the engine does not run the script directly, it runs the timeout
utility, specifying that the script should be run and should finish within 24 hours.
The rest is done by the t imeout utility.

This approach to implementation of the “A job request” and “Jobs sanitization”
functions helped to guarantee the responsiveness of the web-service whilst the
requested jobs are run in the background and successfully sanitized.

4. Conclusion

In this paper, we presented architecture of the web-service we would like to
develop. The main goal of the web-service is to give for researchers a platform,
where they can do preliminary rapid experiments with different test generation
methods for digital circuits. And, as the second feature of the web-service,
researchers can share an implementation of a new method they developed.

The architecture has properties of both a microkernel service and a monolithic
kernel services. Also, the analysis of the architecture shows, that in its current state
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it is not the classical architecture of a web-service, because web-services are
supposed to be stateless, and our service by design has states. This issue needs some
further research.

Another issue that needs to be resolved in the future is the deployment of new
methods implementations on the service. For now, it is not clear, how to guarantee
possible dependences.

As the second stage of the development of the web-service, we implemented the
light version of the service. We took only minimal necessary functionality, and the
only test generation method — the fault domain enumeration method for the stuck-at-
faults fault model for combinational logical circuits. This implementation proved
that the designed architecture is viable. In addition, the implementation showed, that
some functions of the service engine (like the “Jobs sanitization™), probably, are
better be moved away from the engine.
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AHHoTammsi. B 370l craThe pacckasbiBaeTcs O pa3pabaTbIBaeMOM HaMH BeO-CEpBHCE.
PaspabatbiBasi 3TOT cepBHC, MbI IIpecieayeM pBe uenu. llepBas — IpeIIOKHUTH
HCCIIeIoBaTesIM  IUIATGOpMy, TA€ OHM MOIJHM OBl TIPOBOAWTH IIpEiBapHUTENIbHEIC
SKCIIEPUMEHTBI C PAa3JIMYHBIMH METOJaMH T'€HEepaliH TEeCTOB U1 LU(PPOBBIX CXeM, IS
MIPOBEPKU Pa3NMYHBIX uaeH. BTopas — BO3MOXXHOCTh «HA JETY» IOACIUTHCS PeaTn3alisiMy
HOBBIX MeTooB. [Ipomemypa paspaboTku BeO-cepBuca ObUTa pasfeieHa Ha TpU dTama:
II3aifH apXUTEKTYpHI, peanu3anus o01eryéHHol Bepcun U GakTuieckas peanmsanus. B aToi
CTaThe pacCKa3bIBAeTCA O MEPBBIX JBYX 3Tamax. ECTh 1Ba THIIA apXUTEKTyp BeO-CEpBUCOB — C
MOHOJIUTHBIM SIIPOM U MHKPOSIPOM — ¥ Hallla apXUTEKTypa o0jamaeT cBoWCTBaMH 00OMX
TUNOB. MBI CTPEMHJINCH K TOMY, YTOOBI IIOJy9UTh MOHOJMTHOE SIJIPO, IIOCKOJIBKY JKelaemMast
(YHKIMOHATIBHOCTh HE TaK YK TpPymHO peannzoBaTb. OIHAKO — pacIIMPsIEMOCTb
peanu3anusiMU HOBEIX METOJIOB ITO/Ipa3yMeBaeT, 4To 4acTh QYHKIHH (2 UMEHHO, peasT3aliy
METOJIOB) JOJDKHBI OBITH Pa3pabOTaHBI KaK OTAENbHBIE IOMA-CEePBHUCHL. Peammsamus jerkoi
Bepcud Oblla BBIIOJIHEHA MUl E€IWHCTBEHHOTO MeEToAa: MeTojaa mepebopa obmacTa
HEHCTPaBHOCTM OIS MOJETM KOHCTAaHTHBIX HencrnpaBHocTed. OHa TOKa3an, dTO
pa3paboTaHHas apXHUTEKTypa XHu3HecrnocoOHa. OnHako ObBUTM OOHApPYKEHBI HEKOTOPHIE
npoOseMsl ¢ Heil. MexaHu3M pa3BepThIBaHUs H00ABISIEMOTO «Ha JIETY» METOJa HEesICeH, TaK
KaK HEsICHO, KaK YJOBJICTBOPHTH BO3MOXKHBIE 3aBHCHMOCTH peaim3anmu. Kpome Toro,
apXMTEKTypa HE COOTBETCTBYET KJIACCHYECKOMY JAHW3aiiHy BeO-cepBHCa: y CepBHCa €CTb
COCTOSIHUSI, KOTOPBIX HE JOJDKHO OBITh, €CIIM CEPBHC KJIACCH(UIMPOBAH KaK KJIACCHYECKUIL.
Pemrenne 3tux BompocoB ocraercst Ha Oyylee.
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1. Necessity for the work

In the recent years, mobile phones with a mobile operating system are widely being
used, and now we observe the explosive growth of mobile devices in the world.
According to forecasts [1], in 2018 the number of smartphones in the world will be
over 50% of the total number of phones (see fig. 1).

More and more people do their daily tasks by using software for phones, including
making the financial transactions.

However, the computer literacy for today's smartphone users is not keeping pace
with the progress in the field of mobile devices. It can mean that soon we are going
to have about 2.5 billion potential victims of intruders; they would use mobile
phones as an instrument to steal private data and money.

It is known that in the past year hackers in Russia were stolen 349 million rubles [2]
from the owners of phones under Android OS (about 2 rubles in mean from each
Russian citizen), which is five times more than a year ago.
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smartphone Users and Penetration Worldwide,
2013-2018
miflions, % of mobile phone users and % change

2013 2074 2015 2016 207 2018
M Smartphone users WM % of mobile phone users W % change

Note: individuals of any age who own at least one smantphone and use the
smartphoneds) at least once per manth
Sotrce: eMarketer, Dec 2014

182203 wrioeMarketer.com

Puc. 1. Konuuecmeo cmapmepornos 6 mupe yogoumcs sa nocieonue 5 nem [1]
Fig. 1. Number of smartphones in the world will be doubled for the last 5 years [1]

Choosing the Android OS by intruders is primarily caused by its prevalence,
availability of cheap Chinese phones under it.

Here we have a problem: typical users (especially from the countryside) are not
even aware that they work with a minicomputer which can hook a trojan program
and such program could get access to user data, receive commands to work
following the hacker's request.

: B32%
RiskTool 29.24%
: 11.33%
Trojan-sS | s -1

Trojan-Dropper momﬂ%
-y
Trojan -.556';'0““"

2.10%
1.68%

0.93%
Backdoor 1300

1.48%
1.08%

Trojan-Banker

Trojan-Downloader

Trojan-Ransom W“““ m2016
Other [ e m2015
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50%

Puc. 2. Pacnpedenenue 06020 8pe0oHocH020 npoepammno2o obecnevenus no muny 6 2015 u
2016 co0ax (Kacnepckuii)
Fig. 2. Distribution of new mobile malware by the type in 2015 and 2016 (Kaspersky)
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According to a Kaspersky's report (see fig. 2), the most frequent malware types now
are “RiskTools” (special software or software with vulnerabilities used by intruders
to enter and control the system), “Trojan-SMS” (trojans for sending SMS to short
numbers) and some other trojan types including “Trojan-Banker” (trojans for
stealing money from a bank account).

In 2015, local representatives of the Police addressed to the Department of Applied
Mathematics at Altai State Technical University in order to develop methods,
algorithms, and software for the analysis of the smartphones injured by the trojans
(like types as “SMS” and “Bankers™), to do digital forensic science to analyze the
malicious applications. We have a situation now: there are no generally accepted
methods to do it.

2. The goals of the analysis

Android OS itself is a special Linux Kernel, which contains Dalvik virtual machine
for execution of Java applications using their own API.

The application for Android is an apk (Android Package) file, which is a zip archive
and it contains some compiled Java-classes of the application in the form of .dex file
(Dalvik EXecutable), resources and application's descriptor AndroidManifest.xml
within.

A trojan here — is a dual-purpose Android application. It looks like an ordinary
application but it was created to steal data or money from victims.

A victim — is a people who handed his smartphone with some trojans to the Police
for the analysis since he had suffered by unknown intruder's actions to withdraw his
money via the phone.

According to the problem described in the previous section, the goals of the analysis
are:

o identify malicious applications among given applications from given
phones;

o make some proof of harmfulness of given application;
o study algorithms of the work of applications without having sources of it;

o find the remote hosts which application communicates to, discover sending
content, format and protocols);

o discover user's private data leaks;
e compare various malicious applications and group them;

o develop and test a general method to make suchlike analysis.
So, we need dynamic and static methods for analysis the behavior of Android
applications. About 50 real recent malicious applications from the real victims (who
had lost the money because of intruder's actions) were analyzed and identified, and
methods for it were developed.
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3. Related work

There is a high number of research papers devoted to malicious applications for
Android but most often to identify whether or not the given application is a trojan.
For example, in the work [3] authors explain how to detect a malicious program for
Android with using machine learning and static analysis methods. But it is only a
part of current research, the main our goal is to make the analysis of the behaviour
and prove the harmfulness by the application's actions. The fact of malware can be
detected by using VirusTotal tool [5], which checks the signature of given
application by a lot of modern anti-viruses.

The Pennsylvania State University, Duke University and Intel lab have developed
the series of patches [4] for Android Kernel and libraries to track the data passing
through the functions calls in running Android applications to prevent privacy leaks
(taints). This approach can be applied to our research with some changes to do
dynamic analysis of application's behavior.

4. The analysis

4.1 Malicious applications identifying

The detection of malicious applications in a phone is not so difficult. As a rule, such
dual-purpose applications have a small size, a name and an icon disguised as the
popular applications (WhatsApp, Skype, Flash Player, Kaspersky, Sberbank Online,
etc.).

Since the majority of identified by this research viruses carry out sending messages
in a background to short phone numbers or performing USSD-requests, it is possible
to identify them by looking at the permissions of applications.

If the Android app uses some API, it must request the appropriate permissions from
the system. As a rule, such a request is made during the installation of the
application; however, users just ignore the warnings, even if they say that the
application will send SMS that can cost money or it is going to control the phone as
an administrator.

Permissions are set in AndroidManifest.xml and can be seen in the information
about an application. An example of malicious application's permissions is given on
table 1.

Tabn. 1. Paspewenus npunosicenuss Android
Table 1. Android application’s permissions

android.permission.INTERNET
android.permission.WRITE_SMS
android.permission.READ_SMS
android.permission.SEND_SMS
android.permission.RECEIVE_SMS
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The application can be sent for an analysis to one of the anti-viruses (for example,
DrWeb online), as well as viewed in the Virus Encyclopedia for its possible actions.
Now, we are using the online tool VirusTotal [5], which accumulates information
about the signatures of malware files from various antivirus software. However,
applications are modified, and some recent viruses could not be recognized, so this
analysis is made for educational purposes only.

When the malicious application is detected, a further analysis on the phone would
be inappropriate. As a rule, the application as an apk file is retrieved, and the
browser's logs and download history in the phone are analyzed to search from where
such application could be obtained.

Next, the application is analyzing on a desktop computer running Android OS
emulator (included in the Android Studio application development tools).
Application analysis is complicated because we deal with a compiled application
without the presence of the source code.

4.2 Low-level debugging the Android applications

Without the presence of the source code, there is a way to understand the logic of
the application — to analyze it with using a debugger. Starting with version 6.6, an
interactive debugger IDA Pro [6] supports debugging applications for Dalvik virtual
machine.

It is possible to trace the logic of the application, explorer function calls from a Java

library, set breakpoints on them and analyze the data transferred as parameters, etc.
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Fig 3. Discovering a behaviour graph with IDA

With using IDA we can use a feature "proximity browser" for some kind of static
analysis (see fig. 3). Once .dex file is loaded, the app creates a graph containing
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functions, variables, other objects and the relationships between them. Without
actual running the debugging it is possible to find a suspicious function call (like
sending the SMS) and view a path for its execution.

With using the debugger we can identify, for example, process of interaction with
an intruder's server (in this case, addresses and sending data were not explicitly
programmed in the code but collected in the values of local variables), and this
approach was used to prove the harmfulness work with SMS messaging with a
remote banking in one trojan application.

However, using this method of analysis requires knowledge of the virtual machine
assembler and approaches of low-level debugging, the process of analysis is long
and complicated. In addition, IDA Pro is a paid product.

The future research work may be applied here to create own solution to detect calls
from application's disassembled code started from some usable functions from
Android API liked by the intruders (send and receive SMS, networking, etc) and
programmable create a graph to do future analysis.

4.3 Analysis of network interactions in the Android applications

To determine what data is passed over the network to/from the analysing
application, we can propose a very simple way — to install a proxy server on a host
that is running the phone emulator, and make the settings in the Android emulator
phone instance to specify the address and port of the proxy server.

<<COMpONent>> El
Host system
< <Components @
Android Emulator
<<component=> &] < <Components: <<components> E
Trojan app L1 Proxy Intruder's server
< -<Components> El
Analysis
program

Menitors all HTTP
activity, provides
proxy and collects
in/out data

Puc. 4. [Ipoxcu-cepsep no3eonsem blnOIHAMb MOHUMOPUHS MPADUKA
Fig. 4. A proxy server offers to monitor the traffic

After that, all the HTTP connections will go through a proxy, which may log us
information is sent and received by the applications on the phone (the process is
shown on fig. 4). As a result, we can identify intruder's domains, through which the
trojan applications receive data and transmit the control commands.
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Having the recorded network data, we also can match various versions of the
malware, identifying the groups of trojans by comparing the remote hosts and
interactions data.

4.4 Tracing the application's logic with a patched OS kernel

To understand the logic behavior of Android applications, it is decided to use the
method of dynamic analysis with logging tools built into Android.

However, the standard "adb logcat" command creates a very sparse dump of the
application's operations during the run and not intended for the analysis.

The TaintDroid project [4] was created to tell the user about private data leaks
during the work of Android OS applications in the form of push notifications on the
top of a phone screen. It patches Android kernel and library code and inserts the
own code to reveal and process taint data.

They had to do a lot of work to pass some additional arguments between every
library function call in order to collect the data (a cut from the patch for the file
vm/InlineNative.cpp is shown on table 2).

Ta6n. 2. ®paemenm namua TaintDroid [4]
Table 2. A fragment of the TaintDroid [4] patch

@@ -291,8 +310,13 @@ bool javaLangString_compareTo(u4 arg0, u4 argl
/*
* public boolean equals(Object anObject)
*/
+#ifdef WITH_TAINT_TRACKING
+bool javalLangString_equals(u4 arg0, u4 argl, u4 arg2, u4 arg3,
+ u4 arg0_taint, u4 argl_taint, struct Taint* rtaint,
JValue* pResult)
+#else
bool javaLangString_equals(u4 arg0, u4 argl, u4 arg2, u4 arg3,
JValue* pResult)
+#endif *WITH_TAINT TRACKING*/
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After doing it they have inserted their code to check the fact of opened files,
network access, used encryption algorithms and data pass to encrypt/decrypt
functions, sending and receiving SMS (a number and a text of the message), phone
calls from applications, class loading into memory — just what is necessary for the
analysis of malicious code.

Next, we found Droidbox [7] — a framework for the dynamic analysis of
applications for Android, which is built on the top of TaintDroid's patches and
consists of two parts:

e aPython script to start and produce results;

o amodified OS kernel, containing TaintDroid's patches and additional
patches for improving the logging tools.

These patches work as follows: because of some added additional lines to the OS
code to preserve TaintDroid data to the log (see fig. 5), information of applications'
behavior now can be accessible with 'adb logcat' command and can be processed
with some external software.

It should be stressed that some viruses perform checks the OS version of Android,
the phone name, phone number, the IMEI, in order to determine the work in the
emulator with standard predefined values and possible to stop working after such
detection. So, we have to use one's own binary patches to the system image with the
replacement of the required parameters with some new values without having to
recompile the entire kernel.
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4.5 Decompilation and source code analysis

If the log during the time of the analysis of the application shows us no activity (for
example, the server that receives a command is not working now), we can try to
decompile the application code to observe the logic.

As every Java application could be decompiled to a source code (especially if the
application developer did not use any obfuscation algorithms after building the
code), we can try to decompile the application and get some semblance of its source
code. For such decompilation firstly we apply dex2jar program [8] (to convert from
a.dex archive inside of an .apk file to a set of .class files containing compiled Java
code), and Java decompiler program (a tool for process .class and obtain .java files
from them).

Because of a difficult Java structure, currently there is not exist a good decompiler
for all cases, so we propose to use some decompilers simultaneously (FernFlower
[9], CPR [10], Jadx [11], Procyon [12]), and to select the best result after
decompiling.

The results of decompiling to a source code can be used against intruders to prove
the harmfulness of the application.

However, if the application file structure is just restored (though not their contents),
then it can also be used for comparing the trojans from the various crime groups.
The process of restoring normal application code and understanding what it does —
is a handwork, but not a complicated enough. The issue of combating obfuscation
requires special studies. For example, this is a fragment of decompiled code that
possible had been obfuscated before distributed, it is unreadable and currently the
method of source code observing is not used for such files:

Tabn. 3. Dpacmenm 0eKOMRUIUPOBAHHO20 0OPYCYUPOBAHHO20 KOOU
Table 3. A fragment of decompiled obfuscated code

varl 5 =var9_1[0]

var9_1 = Class.forName(Application.onCreate("\ub559\u4623
\u069b\u920c\u5140\u162b\ul3b7\u927b\uffOc\ubf32\ulc9l
\udae2"))

varl2_9 =var9_1.getConstructor(new Class[]{var9_1, String.class})
varl0_11 = Class.forName(Application.onCreate("\ub552
\u462c\u0689\u921f\u5101\u162b\ul3bc\u927b\uff29\ubf34
\ulc93\udaf3\uda06\udbda\lu4b63\u895b\uBaab\ul9b8\ub2da
\uecc1\u2174\u912e\ucd52"))

varld 12 =varl0_11.getMethod(Application.onCreate
("\ub554\u4627\u0699\u9229\u5107\u1630"), new
Class[]{String.class, Integer. TYPE})
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4.6 The general method

The proposed general method is given on fig. 6. Suppose we have a phone with
some possible trojans. We look at the applications, get them from the phone and
select them to make the analysis by some indirect indications (like name, icon, size,
permissions). And possible we try to check some applications in the antivirus
databases.

If we found a suspicious application, we are going to make a comprehensive
analysis. The app in binary classes form could be checked by a static analyzer for
possible security vulnerabilities (currently the static analyzer has not been selected
yet). After, the app goes to the decompilation, and if the result of it is good the code
behavior can be observed from the sources.
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Fig 6. Proposed process of analysis.
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In addition, sources could be statically analyzed by the static analyzer, which works
with .java sources. If the decompilation has failed, the app goes to the debugger and
the behavior graph, which is received after disassembling is observing.

For analysis the dynamic behavior we use the emulator with a modified OS kernel
for logging, it is patched to change the IMEI, phone and so on, and proxy to detect a
network activity. Some applications cannot be run from the emulator for various
reasons, they could be run in the real phone with using the proxy monitoring.

After finishing the process, we will have some data about the application's behavior.
The completeness of the resulting data depends on the application but in the almost
all cases of analysis that we did, the information about the application is sufficed to
threat is it a malware or not.

4.7 Developing an application based on proposed methods of
the analysis

Our students have developed [13] a small aggregated single-window application
that performs semi-automatically the functions described here, without having to
manually run all the utilities, copying files, and so on. It can be used by a specialist
of digital forensic science. The application communicates with the Android
Platform Tools for managing connected phone, the emulator and examines the logs.

The app allows (see fig. 7):

e getting the permissions and copy the application from an Android phone. y
malicious applications among given applications from given phones;

e make requests to the VirusTotal to check the application in the antivirus
databases;

o start the Android emulator with the patched kernel and system image, make
the dynamic analysis of the application, display the collected logs;

o decompile the application by the described decompilers and navigate
through the decompiled files;

e run the integrated proxy server and monitor application's networking
activity.

e Later in this application, we plan to generate reports in the standard form
for digital forensic science.

5. Results and conclusions

e The article described the basic methods of analysis the behavior of
malicious applications for Android. The general analysis process is
proposed. Currently, the results are actually being used to make proofs of
committing computer crimes (it is a research work by the contract).

e An extension of this work will be a higher automation of the analysis as
well as analysis of the applications that have sophisticated protection, some
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strong research work for call graph building from the disassembled and
obfuscated code, providing patches for modern Android kernels.
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Abstract. The paper provides a review of distributed graph algorithms research conducted by
authors. We consider an asynchronous distributed system model represented by a strongly
connected directed rooted graph with bounded edge capacity (in a sense that only a bounded
number of messages can be sent through an edge in a given time interval). A graph can be
static or dynamic, i.e. changing. For a static graph we propose a spanning (in- and out-) tree
construction algorithm of time complexity O(n / k + d), requiring O(n d log A*) message size
and the same size of memory of each computing agent located in graph vertex, where n is the
number of vertices of the graph, k is the capacity of an edge, d is the maximum length of
simple path in the graph, A" is the maximum outdegree of the vertices. The spanning trees
constructed can be used in distributed computation of a function of the multiset of values
assigned to graph vertices in a time not greater than 3d. In a dynamic graph we suppose that
k=1 and an edge can appear, disappear, or change its end. We propose a dynamic graph
monitoring algorithm than delivers information on any change to the root of the graph in O(n)
or O(d) after the changes are stopped. We also propose graph exploration and marking
algorithm with time complexity O(n). The marking provided by it is used in distributed
computation of a function of the multiset of values assigned to dynamic graph vertices, which
can be performed in time O(n?) with messages of size O(log n) or in time O(n) with messages
of size O(n log n).
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1. Introduction

This paper considers distributed graph algorithms. To treat them formally, we must
use a formal computation model, and the choice of such a model critically
influences the complexity of possible algorithms. In this work we use the following
model: a set of computing agents located in the vertices of the graph under
consideration (an algorithm is intended to compute some information about this
graph) and interacting by passing messages through graph arcs [1-3].

Such computing agents are called in various ways in the literature: tasks [1],
processors [2], processes [3], or state machines [4] (if they are actually state
machines, maybe not finite ones). We suppose that the agents can interact only in a
peer-to-peer way. A round of agent’s operation can include message reception,
changing the agent’s state, and sending another message. In [1] such an agent is
called reactive entity or message-driven entity. To be able to send a message
through some arc, an agent should refer to this arc. To make this possible, all arcs
incident to one vertex are supposed to be enumerated, so an agent just use the arc’s
number. In case of directed graph, this enumeration includes only arcs outgoing
from the vertex. We also suppose that am agent has no information on other vertices
— it knows only the number of outgoing arcs in its vertex, and the vertex identifier if
the graph is enumerated.

Here and in [1] computations on directed graph are considered, although
computations on undirected graph are more usual, see [2, 3]. Note, that algorithms
solving the same tasks on directed graphs are considerably more complex. An
example is provided by the task of graph traversal by a single message, with agents
in the vertices being finite state machines. For undirected graphs it is solved by
well-known Tarry algorithm [2, 22] with time complexity O(m), where m is the
number of graph arcs. This complexity is minimal, because it coincides with lower
time bound for any algorithm for this task. For directed graphs lower time bound for
the same task is O(nm), where n is the number of graph vertices, and the best known
algorithm has time complexity O(nm+ n2 log log n) [16]. It is still unknown
whether the gap between lower bound estimate and actual algorithm complexity can
be reduced for directed graphs.

Synchrony or asynchrony of computation agents is also an important aspect of the
model. In synchronous models the agents work in lockstep mode, i.e., all the agents
make one computation step simultaneously, so the main complexity is related with
number of communication acts [18, 19]. In asynchronous model, the time of
message transport can differ for different arcs and different messages. Usually the
time of message transport through one arc is assumed to be bounded by some
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constant, which can be taken as 1 tic. The algorithm time complexity in
asynchronous model is the worst case time of its operation. Also in asynchronous
model, an arc becomes a buffer of messages sent by one arc end and not yet
accepted by the other, usually organized as a queue. This queue can be unbounded
or can has some maximum number of messages that can be stored, called an arc
capacity. It is so an important characteristic of a model [1]. In this work, we
consider a model with bounded arc capacity.

We also assume that graphs can have multiple arcs leading from one vertex to
another one, and can have loops leading from a vertex to itself (some authors called
such graphs pseudographs or multigraphs). In opposite to our approach, most works
on distributed computations consider graphs that cannot have multiple arcs or loops.
For distributed asynchronous algorithms, the memory used is an important
characteristic. It is true both for the inner memory of a computation agent (which
can be regarded as a logarithm of the number of its states) and for the size of
messages used in communication. Therefore, further we estimate the inner memory
of agents and the size of messages used in an algorithm as functions of the graph
complexity.

In synchronous models all the agents start their operation simultaneously and the
end of operation is often not specified explicitly. In asynchronous models the
algorithm operation is initiated by an external Start message, which is accepted by
an agent in some graph vertex, which than starts sending messages to other vertices,
agents in which start their operation after accepting them [3]. We assume that a
starting vertex is fixed, it is called the root of a graph.

The other problem with distributed computation is termination detection [2] — how
to notice the end of algorithm operation. We assume that the algorithm is finished
when the root agent sends to the environment special Finish message, possibly
containing some result data. A procedure helping the root agent to learn that the
algorithm work is finished is nontrivial in asynchronous models.

One of important tasks of distributed computations is computation of a global
function on a graph [3]. In this work, we consider a task of computing a function of
a multiset of values assigned to graph vertices. An agent located in a vertex knows
the value assigned to it. To compute the global function value we use the notion of
aggregate function, which global value can be computed from values for
nonintersecting subsets of vertices, and minimal aggregate extension, which exists
for any function [11, 12, 14, 21].

Such computation tasks are usually solved with the help of broadcast and
convergecast operations. The broadcast problem is a problem of communication
organization from one vertex to all other vertices. The convergecast problem is a
problem of communication organization from all vertices to some single vertex. To
solve broadcast and convergecast problems a spanning tree of the graph is used. In a
directed graph broadcast is performed as query message passing along forward or
spanning out-tree, which has the root coinciding with the root of the graph and arcs
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leading from an ancestor vertex to its descendants. Convergecast is performed as
answer message passing along backward or spanning in-tree, with arcs leading from
descendant vertices to their ancestor, and finally to the root. To use spanning in-tree
for correct convergecast an agent in a vertex should know the number of incoming
backward arcs, because it can send its answer only after accepting all the answers of
agents located in the descendants.

Algorithm of spanning tree construction for undirected graph uses information
propagation with feedback [3]. It is performed by broadcast with the help of
flooding (sending messages along all arcs that are not used before), and then
convergecast is performed to mark out the spanning tree arcs and assign the number
of descendants to each vertex. This algorithm uses the possibility to send a message
along an arc, which is used to transfer a previously accepted message. Directed
graph has no such a possibility. Instead, one can use for the same task a path from
the arc’s end to the root and a path from the root to the arc’s start. To construct these
paths, broadcast messages should accumulate the description of the path passed as a
sequence of arc numbers. In addition, convergecast also uses flooding, but takes into
account that several floodings initiated by different vertices are working in parallel
on the graph.

In many applications of distributed computations on graphs, including
communication networks, VLSI design, assembly planning, the base graph can be
slightly changed from time to time, that is, its vertices or arcs can be inserted or
deleted. In the last decade, there is a growing interest to algorithms solving certain
tasks on such dynamic graphs. If one allows only arc insertion or deletion, keeping
the set of vertices stable, such a graph is described by dynamic connectivity
structure, a data structure that dynamically maintains information about the
connected vertices. Some works consider a case when the set of vertices can be also
changed [20].

The following problems are often considered on dynamic graphs: connectivity
determination, computation of the shortest path between the given vertices,
spanning tree construction, etc. The usual goal of dynamic graph algorithms is to
update efficiently the solution of a problem after changes, rather than having to re-
compute it from scratch each time. Such algorithms provide incremental updates for
the previous solution. Our approach is different; we consider possibility to solve
some task without any previously gathered data on a graph, which is still changing.
We treat directed dynamic graphs with stable vertices set and changing arcs, an arc
can disappear, appear, or change its end. We also consider a problem of graph
monitoring: how to gather actual information on graph structure in its root agent. Of
course, this information gathering have sense if changes are not too quick. We give
an estimate of time needed for graph structure information update in the root agent,
so if no changes occur on this interval, one can trust the data gathered.

Another problem on dynamic graphs considered here is computation of a function
on a multiset of values assigned to graph vertices. In this case, we cannot use
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spanning trees because of possible changes in graph structure. In such a setting one
can send queries to all vertices from the root and then gather the answers, but
answers from different vertices should be distinguished. There are different ways to
distinguish them. One technique uses static enumeration of vertices and their
identifiers, in this case computation complexity is O(n) and message size is
O(n log n). Another technique uses linear order on vertices and sending answers
according to this order, in this situation message size can be O(log n), but total
computation time becomes O(n2). These methods can be generalized, namely, one
can construct virtual spanning tree of the graph with the help of additional virtual
arcs and use it to gather answers from vertices. If such a spanning tree has w leaf
vertices, then messages used can be of size O(w log n) and total computation time is
o(n2 / w).

Below in Section 2 we consider static graphs, their marking out algorithm, and
parallel computation on static graph. Section 3 presents the dynamic graphs,
monitoring algorithm, and parallel computation on dynamic graph. The conclusion
summarizes the paper.

2. Static Graphs

In this section we suppose that distributed computation is performed by agents
located in vertices of a directed graph and interacting by passing messages through
graph arcs, along their direction. The graph is static, i.e., stays unchanged during the
computation. An agent has no information on graph structure, it knows only the
number of arcs outgoing from its vertex. Outgoing arcs are numbered, so an agent
can send a message along an arc using its number.

Agents operation is asynchronous. On single step of its operation, an agent can
accept all messages sent to it through incoming arcs, perform some internal
computations, and send several messages through some outgoing arcs. An arc is a
buffer with capacity Kk, i.e., in one time not more than k messages can be sent along
this arc and not yet accepted. If an arc already has k unaccepted messages, an agent
located in its starting vertex cannot send new messages along it. We suppose that
message size is bounded, so arc capacity put a bound on the size of stored data. This
can be implemented in two ways: one can has k messages of some constant size on
an arc or one message of a size that is k time bigger. The difference is that in the
first case it is possible to send more messages, if the number of unaccepted
messages on an arc is less than k. We consider here algorithms using the first option,
they can send several messages of bounded size along one arc, but not greater than k
in atime.

A message can be sent along only one arc, along all outgoing arcs, or along some
subset of outgoing arcs. Nevertheless, we assume that a message waits until all
outgoing arcs are capable to transport it. This assumption can increase the total
computation time, but make unnecessary separate signals about ability of arcs to
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carry a message, a single signal concerning all arcs (that a message can be sent
along any of them) is sufficient.

To estimate time complexity of computation we count time of internal operation of
an agent negligible. We also assume that a message is transported through an arc in
one tic, i.e., not later than one tic after sending it is accepted on the end of the arc.
We also use the following notation: n is the number of graph vertices, m is the
number of graph arcs, d is the maximum length of a simple path (passing each
vertex not more than once), A+ is the maximum number of arcs outgoing from one
vertex, A— is the maximum number of arcs incoming to one vertex.

2.1 Marking out a graph

We consider in this subsection a problem of graph exploration. The solution of this
problem should be an algorithm that starts by accepting an external Start message in
the root agent, performs marking out of the graph by computing and storing in
agents’ internal memory some data that provides a local information on graph
structure, and finishes by sending Finish message from the root agent as an answer
to the Start one.

The graph marking out includes the following.

Spanning out-tree, directed from the root. We call its arcs forward arcs. An agent
located in each vertex should store all the outgoing forward arcs. Other outgoing
arcs are called chords.

Spanning in-tree, directed to the root. Its arcs are called backward arcs. A vertex can
have not greater than one outgoing backward arc (the root has no one). An agent
located in the vertex (except for the root) should store the number (id) of the
backward arc.

An agent located in the vertex should store the number of backward arcs incoming
to it. This number is necessary to gather correctly information along the in-tree, the
messages accepted along backward arcs are counted until the counter reaches this
number that means that all the data from the preceding part of in-tree are already
collected.

This marking out can be considered as a result of graph exploration, sufficient to
perform further exploration of the graph or distributed computations on it in an
efficient way.

The algorithm of marking out is described in details and with proofs in [10, 11].
Here we provide only the general description of it and give complexity estimates
without proofs. The algorithm has three phases: construction of spanning out-and
in-trees, construction termination detection, and setting counters of incoming
backward arcs.
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2.1.1 Construction of spanning out-and in-trees

This step uses 4 message types: Start is used to initiate the operation in the root and
to set vertex identifies, Search is used to find paths from any vertex to the root,
Forward marks out the spanning out-tree, Backward marks out the spanning in-tree.

The root agent accepts Start message from the environment and this initiates the
graph marking out. Start message is sent further with flooding pattern: an agent
accepts the first Start message, sends it along all outgoing arcs, and ignores all other
incoming Start messages (accepts them and does nothing in addition). A message of
this kind accumulates a vector — the sequence of arc numbers used along its way
(each agent before sending the message further appends the sequence in it with the
number of the arc it uses to send it). The vector of the first Start message accepted in
the vertex becomes the identifier of this vertex. The root identifier is an empty
vector.

A Search message looks for a path from a vertex to the root. An agent that accepts
the first Start message creates and sends Search messages along all outgoing arcs.
Such a message contains an initiator vector (the identifier of the vertex where it is
created) and accumulates backward vector — the sequence of arc numbers it passes.
An agent stores internally the set of identifiers of initiators of Search messages it
already processed. After accepting Search message, a non-root agent looks for its
initiator identifier in this set. If the initiator is already processed, the message is
ignored. Else, the initiator identifier is stored and the agent sends Search messages
along all outgoing arcs with their backward vectors appended by numbers of
corresponding arcs.

The root agent accepting Search message creates Forward message putting the
initiator vector and backward vector in it. Forward message is moved along the path
described by the initiator vector. To make this possible, each agent before sending
the message along the first arc of the vector marks this arc as a forward one and
removes its number from the vector in the message. If an agent accepts the Forward
message with empty initiator vector, then it is the initiator. It creates Backward
message, put backward vector from the Search message in it, and sends it along
backward path.

Backward message moves along backward path in the same way — each agent
accepting it before sending it along the first arc of the backward vector, marks this
arc as a backward one (stores its number in a special memory slot), and removes its
number from the backward vector in the message. Backward arc number can be
already stored in a vertex agent; in this case, the agent rewrites it. This guarantees
that no cycles along backward arcs appears in the end.

2.1.2 Construction termination detection

Construction termination detection is based on counting of arc starts and ends, when
this numbers become equal all the arcs are explored and so the construction step is
complete. To implement this idea the root agent stores the value of known arc starts
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minus known arc ends. After the operation start, the counter equals to the number of
outgoing arcs from the root.

To count arc starts every Search message has an additional field storing the number
of arcs outgoing from the message initiator. After accepting such a message, the
root agent adds this field value to the counter.

To count arc ends we add two special message types, Finish and Minus. All agents
have the counter of incoming arcs. When Forward message is accepted by its goal
agent (the initiator), it sends Finish messages along all outgoing arcs. The root agent
does this just after sending Start messages. When Finish message is accepted, the
agent increments the counter of incoming arcs. Minus message is created and sent to
the root agent along the backward arc just after the backward arcs is set in the vertex
for the first time. The first Minus message contains the value of the counter of
incoming arcs. If a Finish message is accepted after sending the first Minus
message, additional Minus message with value 1 is created and sent to the root
agent. When the root agent accepts Minus message, it decreases its counter of arc
starts on the value of the message field. When this counter becomes 0, the
construction step is finished.

2.1.3 Setting counters of incoming backward arcs

After the construction of in-tree is finished, it becomes possible to set the counters
of incoming backward arcs. For this purpose two additional message kinds, Begin
and End are used. Begin messages are created by the root agent and broadcasted
along the out-tree — each agent after accepting such a message creates its copies and
send them along all outgoing forward arcs. It also creates and sends along the
backward arc End message with initial flag set to true.

After accepting End message with raised initial flag, an agent increments its
incoming backward arcs counter, sets the flag to false, and sends the message along
backward arc (if it isn’t the root agent). End messages with dropped initial flag are
just sent along backward arcs. The root agent counts accepted End messages. When
their number reaches the number of registered initiators, the counter setting and so
the whole algorithm operation are finished.

2.1.4 Algorithm complexity

The time complexity of the algorithm is O(n/k + d). The size of internal agent
memory used is O(nd log A+). The maximum size of message used is O(d log A+).
Note, that here d means the maximum length of non-intersecting path, not the graph
diameter. This is a consequence of asynchrony; the forward path from the root to
some vertex may appear to be the maximal non-intersecting path, not a path of
minimum possible length between these two vertices.
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2.2 Parallel computations and aggregate functions

In this subsection we consider the problem of parallel computation of a value of a
function on graph. We suppose that each graph vertex has some value assigned to it
(vertex agent has special operation providing this value) and we need to compute
the value of some function on this multiset of values.

Let X denote a set, from which values assigned to graph vertices are taken. X# is a
set of all finite multisets of elements from X. Multisets are considered, because
different graph vertices may have equal values assigned.

A function g:X#—Y s called aggregate when Je:Y —Y Vabe X#
g(aw b) =e(g(a), g(b)). That is, g value on a multiset can be computed by parts. In
this situation e is called an aggregator of g.

Examples of aggregate functions are the following: sum
¥:{al,..an} »al +.+an has e:(ab)—oa+h, mimimum
min : {al,....an} — min(al,....an) has e:(a, b) — min(a, b), sum of squares
Q:{al,..,an} —»al2 +..+an2hase: (a,b) - a+h.

Not all the functions are aggregate, for example, arithmetical mean is not an
aggregate function. But one can expand function f: X# — Y as a composition
f=hg, where g: X# — Z is aggregate and h : Z — Y is just some function. In this
case g is called an aggregate extension of f. An aggregate extension can help to
compute f by parts, by computing g by parts and then computing h once in the end.
Some extensions aren’t helpful actually, e.g., one can take an identity function on
X# as g and f itself as h. To prevent this situation, we use minimal aggregate
extension. Intuitively, minimal aggregate extension keeps minimum information to
make possible further computation of f. Formally, g: X# — B is a minimal
aggregate extension of f: X# — VY, if g is its aggregate extension and for each g':
X# — B', which is an aggregate extension of f there is j : B' — B, such that g = jg'".
Minimal aggregate extension exists for every function on multisets and is unique up
to isomorphism.

Examples of minimal aggregate extension are the following: for arithmetical mean
function f:{al,...,an} —» (@l+..+an)/n the minimal aggregate extension is
provided by function g¢g:{al,..an} — ((@l+...+an),n) and corresponding
h:(a,n)—a/n, for root mean square f: {al,....an} — ((al2 +...+an2) / n)1/2 the
minimal aggregate extension is provided by function h: (a, n) — (a/ n)1/2.
Aggregate functions theory is a modification of theory of inductive functions on
finite sequences, see [21]. Detailed proofs can be found in [11].

2.3 Parallel computations on static graph

In this subsection we describe an algorithm for computation of a function of values
assigned to graph vertices (details can be found in‘[11, 12]). This algorithm uses the
marking out provided by the algorithm described above: spanning in-and out-trees
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and counters of incoming backward arcs. Note, that this marking out can be
constructed once and further used for many computations.

Computation is started when the root agent accepts an external Start message with
specification of three functions h, g, e. One need to compute the value of f =hg on
the multiset of values from X assigned to graph vertices. g is a minimal aggregate
extension of f, and e is an aggregator function of g. Specification of a function can
be actually a program to compute it.

The computation is based on broadcast along spanning out-tree and convergecast
along spanning in-tree of the graph. Request messages containing specifications of
g and e are transferred along forward arcs. Response messages are transferred along
backward arcs and contain value of g on a subset of values assigned to vertices of a
subtree of in-tree.

When an agent of a leaf vertex of in-tree (it has incoming backward arcs counter
equal to zero) accepts Request, it computes the function g of the value assigned to
its vertex, and sends the computed value in the field of Response message along the
backward arc. Agent of a non-leaf vertex also computes the value of g, but doesn’t
send it until getting Response messages from all incoming backward arcs, using the
counter to detect this situation. When it gets all the responses, it can compute the
complete value of g for the subtree having the corresponding vertex as its root, and
then sends the result with Response message along its backward arc. When the root
agent get all the responses, it can compute the value of f by applying h to the value
of g, and sends the final value to the environment.

The total computation time of this algorithm is O(3d), ignoring the computation
complexity of g, h, e, the memory size of an agent is bounded by O(A* + log A~
+ X +Y), message size is O(x +y), where x is the size of specification of g and e,
and y is the size of g values.

3. Dynamic graphs
In this section we consider computations on dynamic graphs, i.e., graphs, which arcs

can change while the set of vertices doesn’t change. There are three possible
changes of arcs.

— An arc can appear. This event produces a special signal to arc start agent; the
appearance signal contains the number of new arc.

— An arc can disappear. We assume that if there is a message being transported
along the arc, the arc start agent gets a signal with the number of disappeared
arc, and all the messages sent along it and not yet accepted also disappear. If
there are no such messages, then no signal is generated. However, in case the
agent tries to send a message along the disappeared arc, it also gets a
disappearance signal.

— Anarc can change its end vertex. No signal is generated on this event.
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This model requires minimal number of additional signals to provide agents with
data on arc changes. We assume that a special release signal is sent to an agent in
the arcs starting vertex when a message of the arc is accepted and new message can
be sent along it. We also suppose that arc capacity is 1 — only single message can be
transported at a time.

If an arc changes are too frequent, two unprocessed signals can emerge, and in this
case we assume that one of them is lost. The second signal can be only an
appearance signal, so the rules of signal collapse are as follows.

—  From two appearance signals only the last one is retained.

— From disappearance and appearance signals only the appearance one is
retained.
— From release and appearance signals any one can be retained.
We ignore the time of agent’s internal operation and consider the time of one
message transport through an arc as bounded by one tic. Too frequent changes can
make impossible message transport along an arc; to prevent this we suppose that
some arcs are long-living. A long-living arc always transfers at least one message
while it is in a stable state. So, long-living arcs are changed not more frequent than
once in a tic. We also suppose that changes preserve strong connectedness of the
graph. More precisely, the subgraph made of long-living arcs is always strongly
connected and contains all the vertices of the graph.
The algorithms presented below are operating when graph is changing, so they use
the following heuristics. All the data an agent need to send another agent should be
put in a single message, because only a single message is guaranteed to be
transported along an arc. Also, a message should be sent each time it becomes
possible, that is, the necessary arc appears or is released. Otherwise, the message
data may not reach other agents because the arc may change its end several times
without any signals to the sender.

3.1 Dynamic graph monitoring

We assume that the graph is enumerated, its vertices has numbers from 1 to n, and
each agent knows the corresponding vertex number.

We consider the problem of graph monitoring: to collect complete information on
graph structure in the root agent (this information is also gathered in all other vertex
agents). Due to permanent changes, one cannot guarantee the correctness of this
information, but we can require that the information on arc change becomes known
to all agents not later than in some finite time T,. So, if in time Ty an arc doesn’t
change, the agents has correct information about it.

The algorithm is described in details and with proofs in [13], here we provide only
the general description and complexity estimates without proofs.
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3.1.1 Arc description and messages

The algorithm works as follows. Each agent has an internal storage of arc
descriptions. An arc description is a triple of the number of start vertex, the arc
number in its start, and the number of the end vertex (if it is known, else it is
replaced with 0). Each message also contains a set of arc descriptions. Each time an
agent accepts a message, it compares his internal arc descriptions with the ones in
the message, copies to its internal memory the descriptions of arcs it doesn’t know,
and replaces the descriptions, which are more recent in the message. After that, it
sends its internal set of descriptions in messages along all outgoing arcs.

In case an arc appears, the start vertex agent creates the new arc description with
zero end number. The start vertex agent is also the first one who learns about arc
disappearance. In case of arc end change the end agent can discover this, if it
accepts a message with another end number (or zero) in arc description. To make
this noticeable, the message contains the identifier of the arc used to transfer it.

3.1.2 Arc rank

Since an arc can change several times, an agent should determine whether it has
more recent arc description than the one in a message or not. For this purpose, we
use a number field in arc description called rank and showing “a version number” of
the description. When the rank is greater, the corresponding description is more
recent and should replace an older one. When an agent learns about a new arc or arc
change and creates or modifies an arc description, it should increase the rank in it.
To be sure that in every other description the rank is smaller, it isn’t always enough
to increase it in a new description by 1. Several arc end changes can lead to the
situation when different end agents assign to a new description rank value greater by
1 than the old one. To resolve this, the arc start agent accepting a message with
newer arc description always adds additional 1 to updated arc description in its
storage. Accordingly, accepting an appearance or disappearance signal the arc start
agent increases the arc description rank by 2.

3.1.3 Estimates

The estimate of time needed to an agent to learn about arc change is Ty = O(n). The
estimate of time needed to transport information on all changes after they stop is
T, =0(d). The size of agent’s internal memory and the message size are both
O(m log A'nv), where v is the maximum number of changes of one arc. This is
caused by the fact the each agent actually stores the full description of graph
structure and the same full description is contained in a message. The multiplier v is
caused by the arc rank field in messages.

In case when all arc are long-living, we can eliminate v multiplier. In such a
situation, the number of arc changes is not greater than total time of operation,
which is O(n). So, one can count ranks modulo some number of the value O(n), and
the estimate of message size becomes O(m log A™n).
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3.2 Parallel computations on a dynamic graph

For parallel computation on dynamic graph, we need to mark it out, which is not
performed by monitoring algorithm. Moreover, one cannot use the same method
with broadcast of Request and convergecast of Response messages, because
changes in arcs of in-or out-trees may require modifications in spanning trees. Also,
successful message transport along arcs is not guaranteed.

However, as one can see on monitoring algorithm example, assumption on arcs
long-liveness can guarantee that information from any vertex can be delivered to
any other vertex. To do this, vertex agents should send all gathered information
along any arc any time the arc is able to transfer it.

This approach is sufficient to deliver Request messages to all vertices. One can
gather responses in the same way in the root and perform all the computations by
the root agent, but this requires very large messages that should contain all the data
from all known vertices. Use of spanning in-tree and backward arc counters helps to
minimize the size of Response messages; along backward arcs one can send only
the summary information on the subtree, having the start vertex as its root.

In case of dynamic graph the idea is to use a virtual spanning in-tree, constructed
using additional virtual arcs connecting arbitrary vertices. In addition, we can
choose the form of the virtual in-tree, since its height h (the maximum length of a
path from its leaf to the root) determines the computation time (the computations
can be performed in parallel on different paths only, on one path to the root they are
performed sequentially) and its width w (the number of leafs) determines the
maximum message size.

For the given n and w one can construct the tree of minimum height with n vertices
and w leafs. It is a fan-like tree homeomorphic to star graph with w rays (branches),
each ray contains h or h — 1 vertices, where h =[(n— 1) / w]. The vertices on such a
tree (besides the root) can be enumerated by two-component index, the ray number
from 1 to w and the number of the vertex on the ray from 1 to h, smaller numbers
are closer to the root. The backward arc counter in such a tree is necessary only in
the root (and it has value w). Other agents should know only the status of its vertex
whether it is a leaf (counter value is 0) or not (counter value is 1).

Below we present a general description of the algorithm and its complexity
estimates. Details and proofs can be found in [14].

3.2.1 Marking out a dynamic graph

Marking is performed in two phases; at the first phase the root agent gathers data on
all vertices using Forward messages, at the second one the root constructs the
virtual spanning in-tree and sends it to all the vertices using Backward messages.
The root agent after accepting the Start message from the environment creates
Forward message, which further circulates on the graph accumulating the arc
descriptions (with the same fields as in monitoring algorithm). Any agent accepting
this message updates its internal storage with its data, updates the message with the
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descriptions, which are more recent in its storage, and sends the updated message
along all outgoing arcs.

We need additional assumptions to guarantee that the root agent learns about all the
vertices. First, we assume that in the clash of release and appearance signals the
release signal is retained. This helps to guarantee the successful transport of a
message, since release signal cannot be lost now. Second, we need more stable
initial arcs. Initial arc is stable from the start of algorithm work until the first
message is transported along it. We also assume that all the vertices are reachable
from the root along initial arcs.

Using this assumptions an agent can register only arcs appearing until it accepts the
first message (and ignore arc appearing signals after this). This helps to register all
the initial arcs, and hence all the vertices becomes known to the root agent after
some time. The root agent can check the condition that it knows ends of all known
arcs, and due to assumptions, this condition is sufficient to conclude that it knows all
vertices.

When the root agent learns about all vertices, the second phase starts. The root agent
creates the description of virtual fan-like tree, which is sent in Backward message.
The tree description consists of descriptions of vertices. Each vertex description
includes the vertex number, its index in the tree, and the flag stating whether it is a
leaf vertex or not. Each agent accepting Backward message first time, stores the
description of its vertex, removes it from the tree description, stores the modified
description, and sends it with Backward message along all outgoing arcs. It also
stops resending of Forward messages. Accepting Backward message second time
or further, it constructs and stores the intersection of sets of vertex descriptions
stored internally and in the message, and stores and sends this intersection. After
some time the description of virtual tree in Backward messages becomes empty,
and then this description in the root agent becomes empty. This is the end of the
marking of the graph.

3.2.2 Function computation

To compute a function of a multiset of values assigned to graph vertices we use
request-response scheme, as for static graph. But in case of dynamic graph, all the
information should be sent in one message along all the arcs that can transport it
(that is, each time just after appearance or release signals). Therefore, each request
message should also contain a partial response. One response value for each tree
branch can be contained in a message, and it is accompanied by the index of the
agent, which computed this response. The response value is at first set by the agents
located in the leafs of virtual trees, then it is modified by the agents of the next
virtual tree vertices in the direction to the root, until the root agent gathers responses
from all the root neighbors in the virtual tree. Accepting Request message, an agent
also stops to send Forward and Backward messages.
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After the end of computation, Request messages can still move along the arcs.
Their movement can be stopped by next computation, to do this the root agent can
enumerate computation tasks requested by the environment and put the number of
task in Request message. So, Request message contains the number of task, the
specification of g and e functions, the set of pairs (the value of g for i-th branch, the
index of response creator).

3.2.3 Estimates

The time of graph marking out is O(n), the time of function computation is
O(n*/w). The size of agent internal memory and the size of a message is
O(m log nA™) on the marking out phase and O(x + log N + wy + w log n), where N is
the maximum number of tasks, x is the size of specification of g and e, and y is the
size of g values. For w = 1 one have total computation time O(n®) and message size
O(x+log N +y + log n), for w=n one have minimal total computation time O(n)
and maximal message size O(x + log N + ny + n log n). To remove dependence on
N, one can use the same modification as in monitoring algorithm if all arcs are long-
living, task number can be countered modulo some number of value O(n?/ w).

4. Conclusion

The paper presents algorithms for distributed computation of functions on directed
graphs, which is performed by agents assigned to graph vertices, communicating by
message passing along directed arcs, and knowing only the number of arcs outgoing
from the corresponding vertex.

At first we consider static graph, and describe an algorithm that performs the
marking out of the graph preparing it for further computations. The marking
includes marks of forward arcs, making up a spanning out-tree, along which all the
vertices can be reached from the root, marks of backward arcs, making up a
spanning in-tree, along which responses from all the vertices can be gathered in the
root, and incoming backward arcs counters, which are used to collect responses
correctly. The time complexity of the marking algorithm is O(n / k + d). The size of
internal agent memory and message size used are O(nd log A™). The computation
algorithm for a function of multiset of values assigned to graph vertices uses the
marking constructed to complete computations in O(d). Here n is the number of
vertices, d is the length of maximal non-self-intersecting path, A* is maximum
outdegree, k is the arc capacity, the maximum number of messages that can be sent
along an arc and not yet accepted.

Next we concern parallel computations on a dynamic graph that can change its
structure during computation. We present a graph monitoring algorithm providing
information about most recent changes to all the vertex agents in O(n). We also
describe a parameterized algorithm for parallel computation of a function on a
dynamic graph. The algorithm parameter w can be chosen from the interval from 1
to n and helps to balance computation time and the size of messages used. The time
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of computation is O(n?/w) and the message size and agent memory size used is
O(w log n) (ignoring memory for function specification and result storage).
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AHHOTaIMA. DTa CTaThsl MPEACTABIACT cO00M 0030p ceprr paboOT aBTOPOB, MOCBSIIEHHBIX
HCCIICIOBAHUIO  paclpeleNieHHbIX CHCTeM. PaccmarpuBaeTcss aCHHXPOHHAs — MOJIEINb
pacrpeneaéHHON CHCTEMBI, TIPEICTABICHHYIO CHJIBHO CBS3aHHBIM OPHUCHTHPOBAHHBIM
KOpPHEBBIM TpadoM, C OrpaHHYCHHOH EMKOCTHIO AyTH (B TOM CMBICIIC, YTO TOJBKO
OTPaHUYCHHOE KOJIMYECTBO COOOIICHHI MOXKET OBITh OTIPABIICHO IO JyTE 3a ONPEIeIICHHBIN
WHTEpBaJl BpemeHH). [pad MoxkeT OBITh CTATHYCCKAM WM JUHAMHUYECKUM, T.C.
MeHsIoIMMcs Bo BpeMeHu. [list cratuueckoro rpada mpeiaraercsi allrOpUTM MOCTPOSHHUS
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NpsIMOTO U 00paTHOrO OCTOBHBIX AEpeBheB C OueHKo#H Bpemenu O(n/ K +d), pasmepom
namaTy B Bepiuse u coobuenus O(n d log A*), rae n — uucio Bepruun rpada, K — eMKoCTh
ayru, d — JUIMHA MaKCUMAJIHOTO MyTH, A" — MakcuMasbHas TIOyCTENeHb UCXO0/a BEPILHUH.
ITocTpoeHHbIe KYITHUPEHKO HCIONB3YIOTCS. B PACIpEIEIEHHOM allTOPUTME BBIYHCIICHHS
GYHKIHK OT MyJIBTUMHOXECTBA 3HAYCHHMI, TIPUIMCAHHBIX BEpINMHAM Tpada, 3a BpeMs He
Gornee 3d. B muHamuueckoM rpade mpemmonaraercs, yto K =1, jgyra MOMeT MOABIATHCS,
HCcUe3aTh WIM MEHSTh CBOW KOHell. [Ipersaraercs aaroputM MOHHTOPHHIA THHAMHIECKOTO
rpada, KOTOPBIi TOCTAaBISIET B KOPEHb HHPOPMALIHIO O KaKI0M H3MEHEHHH B rpade 3a Bpemst
O(n) wiu O(d) mocie mpekpaieHus u3MeHeHui. Takke Mpeiaractcs aaroput™ cOopa
uHpOpMAalMK O BepiuMHax rpada u pasmerkn rTpada 3a Bpems O(n). Dra pasmerka
HCIIOJB3YETCSA B ATOPUTME BBIYUCIICHNS (QYHKIMA OT MYJIbTUMHOXECTBA HA THHAMIIECKOM
rpade 3a Bpemst O(n?) ¢ pasmepom coobuerns O(log n) wim 3a Bpems O(n) ¢ pasmepom
coobwenus O(n log n).

KioueBble  cjoBa:  pacnpeieNeHHble — QITOPUTMbI,  ACHHXPOHHBIC  CHCTEMBI,
OpPHEHTUPOBAHHBII rpad); KOpHEBOH Tpad; TUHAMUYECKUIT rpad); HapauieNbHble BRHIYUCICHHS
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Abstract. Bitcoin is the most popular cryptocurrency on the planet. It relies on strong
cryptography and peer-to-peer network. Bitcoin is gaining more and more popularity in
criminal society. That is why Bitcoin is often used as money laundering tool or payment
method for illegal products and services. In this paper we explore various methods for Bitcoin
users deanonimization, which is an important task in anti-money laundering process and
cybercrime investigation.
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1. Introduction

Cryptocurrencies and blockchain technology are gaining more and more popularity
nowadays. Besides hype around technology, there are a lot of useful and practical
properties around namely, they are
e Decentralization — peer-to-peer networks without central authority are used
for maintaining blockchain systems
e Transparency — every transaction and public address are accessible for
everyone in the network.
e lrreversibility — any transaction is irreversible so it is very hard to rewrite
the history of transactions.
Cryptocurrencies and blockchain technology are a perfect tool for mitigating the
need of a middleman for transaction processing. Blockchain systems are leveraging
the necessity of central authority. Transactions transparency helps to prevent theft
and fraud, thus, it becomes crucially important for government and voting systems.
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Bitcoin currently is the most widespread cryptocurrency on the planet. Bitcoin is a
decentralized electronic payment system, which was introduced by a man or a group
of people using an alias of Satoshi Nakamoto [1]. Bitcoin is based on peer-to-peer
network and probabilistic distributed consensus protocol. Electronic coin is defined
as a chain of digital signatures. If Alice wants to send bitcoins to Bob, then she
should digitally sign a hash of the previous transaction and the public key of the
next owner and add this information to the end of the coin.

The source and destination addresses in bitcoin are defined as hashes of public keys.
Hashes are providing users with a certain degree of anonymity. All the transactions
in bitcoin are public, so the bitcoin is pseudo-anonymous system.

Transactions in Bitcoin are processed to verify their integrity, authenticity and
correctness by a group of so-called Miners (bitcoin nodes used for transaction
verification and creation of new blocks). Transactions are grouped into the block
and then processed by the Miners. Miner advertises a block to the rest of the
network by appending it to the end of the blockchain. If the block is successfully
verified by other Miners, the block is added to the end of the blockchain, and miner
that proposed the block is earning a reward (fixed price for new block mining and
corresponding transaction fees).

There are five [2] major components in bitcoin system:

e Users that create new wallets, transfer payments and save bitcoins on
exchanges; typically they use one of the publicly available bitcoin clients;

e Miners that mine bitcoin blocks and process transactions; miners invest
money into hardware that mine bitcoins and install specific software for
that purpose;

e Testers, developers and entrepreneurs are improving bitcoin system and
proposing new features; they are forming a specific technical community
around bitcoin ecosystem;

e Bitcoin exchanges are the places where fiat money can be exchanged for
bitcoins; typical examples are Poloniex [3], Bitstamp [4], Localbitcoins
[51;
e  Wallets store users’ coins and provide features for making payments via
internet connection.
Any user can create a fresh new Bitcoin wallet with a single click of the mouse
without revealing any personal information like email, phone number or name. That
is why Bitcoin is a perfect payment method for illegal activities. While being
pseudo anonymous, Bitcoin helps to preserve the anonymity of the criminal in an
easy way.
There were a lot of cases, where Bitcoin was used as a payment method, money
laundering tool or a specific target for hackers:

e Silk Road was the most widespread darkmarket collapsed by the FBI; the
Silk Road showed the society that Bitcoin could be used for criminal
transactions as well as legitimate transactions [6];
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e WannaCry is a ransomware cryptoworm, which targeted computers
running Microsoft operating system demanding ransom payments in
Bitcoins [7];

e BTC-e cryptocurrency exchange managed by Russian citizens; the
exchange was shut down by USA for money laundering [8];

e Numerous ICO hacking cases; for example, hackers stole 7 million dollars
from CoinDash ICO [9].
In order to fight with Bitcoin related crimes, different governments are enhancing
law enforcement and make special training on cryptocurrency.
The following paper is an overview of existing methods. We propose novel
classification for deanonimization methods.

2. Threat Model

The main goal of the attacker is to tie real names or IP addresses to transactions and
bitcoin addresses. Instead of real name an attacker could tie email, phone number,
username or any other digital identifier to the transaction.

An attacker is able to access all public information on the Internet: private and
public forums, websites and social networks. Thus, an attacker could reveal real
name of the particular person by parsing all the available information. Another
approach is to “overhear” imprecise transaction information from users [10]. For
example, an attacker may overhear “Alice, its Bob. I will send you 45$ bitcoins
tomorrow morning”.

Besides public information, an attacker can inject malicious bitcoin nodes into the
network in order to eavesdrop IP addresses and try to link certain transactions to the
client IP addresses. If the attacker will use both attack vectors together, he will be
able to increase the deanonimization accuracy. Almost every deanonimization
method consists of two phases: data collection phase and data analysis phase. Data
collection could be online: using malicious bitcoin nodes to eavesdrop on traffic and
address propagation mechanism. Data collection could be offline: for analyzing
historical data parsed from blockchain an attacker doesn’t have the need to use any
additional components besides bitcoin client.

3. Deanomization

The deanonimization process is the process of linking public bitcoin address to the
digital identifier of the user or his IP address. The process itself is divided onto two
layers: P2P network layer and transactions layer.

It is very important to define the owner of the bitcoin public address.

We will define the owner of the bitcoin address as holder of the corresponding
private key. So, if the exchange or online website is used for transferring bitcoins,
and user doesn’t have access to the private key, the exchange or website is the
owner of the bitcoin address.
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The ownership of bitcoin wallet is a complicated task. For example, if the exchange
is holding the private key of a particular person then she is not able to control her
bitcoins directly. Instead, the user is using external service which is managing the
corresponding private key.

Deanonimization methods (see Fig. 1) could be divided into two categories they are
passive and active ones.

Passive methods don’t interact directly with bitcoin peer-to-peer network. Passive
methods only use data which is parsed from the blockchain or any other public
information source. Passive methods often rely on comprehensive graph analysis
techniques and various heuristics related to bitcoin protocol.

Active methods are using malicious bitcoin nodes and social engineering
techniques. Malicious nodes are the nodes with modified software under control of
the attacker. Such nodes are used for traffic interception or direct communication
with other peers in the network. Social engineering attacks are suitable for
deanonimization of partially unknown users in the transaction chain.

—{ Social engineering ‘

Active }

4{ P2P network analysis ‘

4{ Transaction graph |

4{ Clustering ‘ 4{ Address graph |
Deanonimization
methods 4{ User/entity graph |

4{ Graph analysis }—

Direct match
W { 1rect matc |
—— Multi-input heuristic |

4{ OSINT Mapping }74{ Change address heuristic |

Fig. 1. Deanonimization methods classification

3.1 Open source intelligence on Bitcoin wallets

Without external information collected from various sources there is no way of
finding the owner of the bitcoin wallet.

Information gathering stage can be classified into two different categories, namely,
they are passive gathering and active gathering.

With active gathering an attacker is trying to find public address of the target by
direct communication with it. Direct communication is an attempt to establish
contact with target and find out the address during conversation or a request for
payment [11]. This method is the most reliable, because a seller will not lie about
his public address after the deal.
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Another active approach uses malicious bitcoin nodes for traffic eavesdropping.
This scenario will help to an attacker to collect IP addresses.

In passive gathering an attacker is trying to collect data from various data sources
being in public access. There are various categories of data sources where an
attacker can find digital names of bitcoin public address users: websites, forums,
social networks, mining pools, wallets, bank exchanges, non-bank exchanges,
vendors, gambling, laundry services. There are various information aggregators
related to bitcoin wallets accessible online [12, 13].

The main goal of the information gathering stage is to collect as much tags for
bitcoin wallets as possible because almost every deanonimization technique will be
much more efficient in the wild with solid background on wallets participated in
transactions.

3.2 Passive methods

3.2.1 Direct match

This is the easiest deanonimization method. An attacker is trying to find the owner
of the bitcoin address by searching it in public sources. In case of success an
attacker will find the corresponding digital identity.

3.2.2 Multi-input heuristic

Authors of the paper [14] proposed multi-input transaction heuristics. Multi-input
transaction occurs when user wishes to perform a payment, and the payment amount
exceeds the value of each of the available BTCs in user’s wallet. Existing Bitcoin
clients choose a set of BTCs from user’s wallet and perform the payment through
multi-input transactions. The straightforward conclusion is that if these BTCs are
owned by different addresses, then the input addresses belong to the same user.

3.2.3 Change address heuristic

Change (“Shadow”) addresses: bitcoin network generates a new address, so-called
“shadow” address [1], at which each sender can collect back the “change”. Using
this heuristic, we can easily find the initial users wallet. Change addresses is the
mechanism used to give money back to the input user in a transaction as bitcoins
can be divided only by being spent.

All heuristic based methods heavily rely on direct match technique. Without
properly collected data all the heuristics are useless for searching the real name of
the person

3.2.4 Clustering

Authors of paper [11] proposed clustering techniques based on two previous
heuristics. Using the first heuristic researchers were able to partition the network
into 5,579,176 clusters of users (they started with 12 056 684 public keys). Authors
used transaction graph and address graphs.
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Authors of paper [11] enhanced second heuristics proposed by [14]. If an attacker
can identify change addresses, she can therefore potentially cluster not only the
input addresses for a transaction (according to Heuristic 1), but also the change
address and the user himself. In addition, in custom usage of the Bitcoin protocol it
is possible to specify the change address for a given transaction. Thus far, one
common usage of this setting that authors of [11] have observed has been to provide
a change address that in fact is the same as the input address.

Overall the authors proposed a new clustering heuristic based on change address,
allowing us to cluster addresses belonging to the same user. Using proposed
technique researchers were able to identify major institutions (like exchanges and
gambling websites) and interaction between them using only a small number of
identified transactions.

3.2.5 Fingerprinting

In work [15] authors show that third-party web tracker can deanonimize users of
cryptocurrencies. For example, when someone is paying on the shopping website,
there is enough information to deanonimize a person in future. Since the online
tracking is a very comprehensive and efficient tool in modern internet, the leakage
of bitcoin payment data is a serious threat for today’s users.

There are two options in fingerprinting process:

e Single transaction linkage. The purpose of the attack is to link a web user
to a transaction on the cryptocurrency blockchain. If the tracker has access
to the receiving address, it trivially enables linkage. Another case is when
tracker knows approximate price and time of transaction. Attacker just
search the logs of transactions.

e Cluster intersection. Complementary attack where the adversary aims to
identify the cluster of addresses in the victims’ Bitcoin wallets. The aim of
the attack is to link two purchases of the same users to the blockchain. The
further processing just uses known graph intersection attack methods.

3.2.6 Deanonimization with graph analysis

Bitcoin wallet owner’s privacy is a very fragile thing. Once broken it is very hard to
get it back. Public address is anonymous only when nobody knows the owner of the
address. That is why it is highly recommended to use new bitcoin address for every
new payment.

In combination with described passive methods graph analysis can help an attacker
to reveal the real identity of the bitcoin wallet. For example, if we know
intermediaries in the chain, we can use that information to manually find the real
name using social networks or social engineering techniques.

Another example of graph analysis is community detection algorithms and
centrality metrics. We can detect the community of friends or neighbors, find people
in the middle of the chain who are implicated in illegal activity.

94



Asnoumn C.M., Jlasapenko A.B. MeToibl IeaHOHMMHU3ALMH TT0Nb30BaTeneii 6urkout. Tpyovt UCIT PAH, Tom 30, BbIIL.
1,2018 r., ctp. 89-102

Authors of paper [16] used Page Rank on Directed Address graph. The main
purpose of it was to determine the most interesting nodes. The technique is able to
determine large Bitcoin gambling websites and marketplaces.

We are assured that sophisticated deanonimization techniques designed for social
networks will also work on bitcoin transactions graph. That could increase the
percentage of deanonimized users significantly.

Graphs that are described later are the main tool for passive bitcoin addresses
deanonimization process.

3.2.7 Transaction graph

The whole blockchain can be viewed as acyclic transaction graph (see fig. 2)
G ={T, E}, where T is a set of transactions stored in the blockchain, E — set of
unidirectional edges between these transactions. G represents the flow of coins
between transactions in the blockchain over time.

The set of input and output coins in a transaction can be viewed as weights on the
edges of G. In particular, each incoming edge in a transaction carries a timestamp
and the number of coins that forms an input for these transactions.

Transaction graph is the main graph in deanonimization attacks. Address graph and
user/entity graph are constructed using transaction graph.

P1

" Tx1

P5
P7 P13
E————
TX3 = TX5 [
P3
PG P9 P10
rn ———Tx2
P4 P11

\

Tx4 | e

Fig. 2. Bitcoin transaction graph

\

3.2.8 Address graph

While traversing the transaction graph we can easily infer the relationship between
various input and output addresses (public keys and these relations can be used for
generation of address graph (see fig. 3), G = {P, E}, where P is a set of Bitcoin
addresses and E are the edges connecting these addresses.
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Fig. 3. Bitcoin addresses graph

3.2.9 User/entity graph

By using the address graph along with a number of heuristics, which are derived
from Bitcoin protocol, the next step is to create an entity graph (see fig. 4) by
grouping addresses that seem to belong to the same user.

3.3 Active methods
3.3.1 Social engineering
This method is quite exotic in case of bitcoin users deanonimization. However, it

works perfectly in case of investigations. For example, if you only know the one-
time pseudonym and associated bitcoin address, you can perform social engineering

attacks.
D)
\ — &
. ~
—

Fig. 4. Bitcoin user/entity graph
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3.3.2 P2P network analysis

The Bitcoin P2P network contains two classes of nodes: servers and clients. Clients
are nodes that do not accept in- coming TCP connections (e.g., nodes behind NAT),
whereas servers do accept incoming connections. Clients and servers have different
networking protocols and anonymity concerns. For instance, clients do not relay
transactions. The focus of the deanonimization techniques is on servers.

All the attacks on P2P network are based on transaction broadcasting mechanism.
An attacker should capture the IP address that initiated the transaction broadcast. If
an attacker has resources, which are similar to the ISP, the IP-based
deanonimization vector could be a powerful tool though.

Various researchers used gossip-based flooding protocols [17] to show that it is
possible to deanonimize users using the linkage of users IP address with his
pseudonym in the Bitcoin network.

In 2015 Bitcoin community responded to proposed attack by changing the
network’s flooding mechanism to a different protocol known as diffusion.

The attacks used “supernode” that is connected to active Bitcoin nodes and listens to
the transaction traffic relayed by hones nodes. Using this technique, the linkage
accuracy was up to 30% [17].

New version of protocol uses independent exponential delays. However, researchers
in [17, 18] argue that it is unclear if such change actually protects against proposed
attacks [17]. In diffusion spreading, each source or relay node transmits the message
to each of its uninfected neighbors with an independent, exponential delay of rate A.
The attacks in [17] use a supernode that is connected to most of the servers in the
Bitcoin network. The supernode can make multiple connections to each honest
server, with each connection coming from a different (IP address, port). Hence, the
honest server does not realize that the supernode’s connections are all from the same
entity. The supernode can compromise arbitrarily many of a server’s unused
connections, up to the hard limit of 125 total connections.

The supernode in [17] also observes the timestamps at which messages are relayed
from each honest server. Since the adversary maintains multiple active connections
to each server, it receives the message multiple times from each server.

Supernodes are used for transaction and IP address matching via guessing the
correct entry node set of a particular user. The supernode is trying to intercept
clients IP propagation and correlate it with announced transaction. This attack
comes for IP address spreading mechanism in Bitcoin. Such an attack achieves 86%
IP matching probability on testnet (34% in average on the main net in 2013).

The paper [18] shows that new protocol is not effective against peer-to-peer traffic
monitoring attacks.

4. Commetrcial Implementation
There exist various commercial and scientific tools closely related to this topic.
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e Bitlodine [19] — an open and modular blockchain analysis framework that
allows to perform complex queries on transaction, group addresses together
by controlling entity, and build clusters on top of blockchain data.

e BitConeView [20] is a graphical tool for the analysis of flows in the
blockchain.

e  Startups: Chainalysis, Blockchain Intelligence Group, Elliptic, Blockseer.

5. Future work

In future, we are going to try state-of-the-art social network deanonimization
techniques on bitcoin transactions graph and adopt existing algorithms to fight with
mixers. We will use graph based deanonimization techniques on other popular
cryptocurrencies as well in order to prove that this technique is feasible with any
cryptocurrency that is not especially designed for anonymous payment purposes.

Another open question is the possibility of achieving good accuracy on main net
using P2P network level deanonimization techniques with significant amount of
resources.

6. Conclusion

We have presented Bitcoin deanonimization techniques and provided classification
of them.

Bitcoin privacy is an emergent field of research, which is gaining more and more
attention from researchers all over the world. Being a popular payment tool along
criminals, the society needs tools and suitable laws to fight with illegal usage of
bitcoin.
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1. Problems and risks in the life cycle of mission — critical
systems

Mission-critical information systems (MCS) quite common in the financial field,
public administration, retail and wholesale trade, transport and other industries
where information systems are deeply embedded in the business processes.

As a rule, they perform the functions of “back office”, i.e. accounting for financial
and material flows, the analytical systems of the state or corporate level, or other
functionality that is crucial to the business. Such systems are increasingly being
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built as centralized, have the contour of information security, as processed and
accumulated in the system data have a state or commercial secret.
Upon completion of the development of MCS is the transfer of ownership of the
MCS owner, the system is its asset. In this regard, the remainder of the life cycle of
the system responsible for the quality of the operation and maintenance of the
system at the right level of performance lies with the owner of the asset. The aim of
organization-owner is to ensure business-continuity in the system lifecycle. For this
type of activity in the organization-owner MCS must be put automated processes to
ensure reduction of planned and unplanned downtimes, operational risks and total
cost of ownership of MCS.
The need for systematic efforts to maintain compliance with the functional and
performance characteristics of the destination MCS in the state responsible usability
and thereby preserve the asset accounts for the fact that most of its value in the life
cycle of the system belongs to does not development. Costs for maintenance and
development in the life cycle (15-20 years and more) MCS application software
constitute 70-80%, and the actual development of the order of 20%. At lower timing
tracking (about 10 years) the share of maintenance costs remains significant (60%
vs. 40% for the development). However, the major potential losses that need to
reduce or minimize, the risks are being implemented during the phases of system
operation and maintenance.
These primarily include the following risks:
e loss of efficiency MCS
o due to lack of working out of their architecture, systems
engineering platform, software and information systems;
o due to incorrect support of their systems engineering platform;

e violation of the rules of functioning of the system of organization-owner
(by activity) due to:
o inadequate performance or availability of MCS (taking into
account the characteristics of the existing and future load flows);
o shortcomings allocation of responsibilities and duties of staff;
o lack of trained staff;

e loss of integrity of MCS during their maintenance and development.
Experience shows that the main causes of the onset of risks in MCSs are the human
factor and a poor understanding by managers of the complexity and labor-intensive
process of formation and use of services, implemented MCS, conditions of their
effective application. This leads to a substantial increase in the maintenance costs of
their MCS and software that implements the basic functionality of the services
included in the MCS. Neglecting the issues of ensuring the service MCS and
application software (AS) during their operation, maintenance and development
leads to unreasonably high additional costs and consequently to an increase in the
value of the MCS lifecycle.
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It is essential that after entering the MCS service or new services sales price risks of
default functions required by the system or part of it (sub-system, service, etc.)
increases significantly, since MCS is directly involved in the implementation of
business functions. Failure or improper execution of a business function because of
defects in the MCS leading to direct losses of business, which are much more
significant - sometimes several orders of magnitude, than the cost of MCS-holder
organization for the development of MCS and its AS. That’s why the main risks for
businesses using IP implemented in stages of operation and maintenance systems,
this is a potentially major loss, which should be minimized.

The most important goal in the life cycle of MCS is the design and
implementation of systematic action to prevent or reduce the impact of such
risks, primarily related to the presence of defects, with the untimely or
inadequate quality of their elimination, with changes to the system and
application software, with the modernization of equipment or machines of
MCS totally. Eliminating the effects of display defects requires an analysis of the
problems encountered in hardware, software, personnel actions. To address the
problems involved quite a large number of specialists, and problems of the
resolution should be carried out as soon as possible. There is a real need to
specifically deal with the methods of software life cycle of information systems,
particularly in the area of MCSs serving medium and large business.

2. MCS Life Cycle Supporting System

Experience shows that the primary method of ensuring the specified MCS
performance and reduce these costs is to create a life-cycle supporting system
(LCSS), which establishes and regulates the life cycle processes and automating
these processes, the so-called enabling system (supporting system). According to [1]
LCSS as supporting the system is in addition to consideration of MCS throughout
the stages of its life cycle, but not necessarily directly contribute to its functioning.
LCSS is the same system as the main MCS in the sense that it is being developed
under a separate Requirements Specification and documented. Its purpose is to
maintain the main MCS in a serviceable condition for any changes made to the
MCS, due to both the development of its functionality, and its scaling or upgrade
(change of operating system versions, hardware, architecture). LCSS operation
makes it possible, for example, to maintain system-wide MCS characteristics while
significantly increasing load compared to envisaged in the original MCS Technical
Specifications, in which the main MCS was created. The objects provide LCSS are
the main components of the MCS, their relationship, the types of the changes, as
well as a team, carrying out support and MCS development.

Ensuring operation, maintenance and development of MCS in its life cycle is
implemented team of specialists with different skills, so it is important to structure,
organize and regulate the activities of this group. One of the most important LCSS
functions is delineation of areas of responsibility of staff, the establishment of rules
and regulation of the work of the team, expected results of certain operations in the
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process of purposeful activity for the operation, maintenance and development of
MCS at all stages of its life cycle [2,5].

MCSs automate the organization's activities, so their use is subject to internal rules
and regulations, especially in the field of information security (IS). For this reason,
the operation of such systems involved employees of the organization-owner or its
operator, authorized by a certain set of documents and the types of activities that are
essential in terms of the MCS lifecycle. Public organizations usually have a number
of rules that restrict the use of material resources for authorized activities. In
addition, various experts should be involved in the life cycle of MCS, including
representatives of the various activities that shape the rules of work, automation
needs to MCS requirements. By virtue of this LCSS construction must be based on
certain principles described below:

e focuses on reducing total cost and complexity of operation, maintenance
and development of MCS as a whole, not just on development speed of its
constituent parts or systems;

e covers all the roles of personnel involved in the life cycle of MCS, and
regulates the processes of the life cycle of MCS, both within the
organization-owner and with cooperating organizations - contractors;

e supports processes and provide a systematic quality control, including for
suppliers of hardware, software and services

e has as the focus interests of MCS organization-owner, it has to be created
on the side of the owner and operated by and / or MCS operator;

e has to be deployed predominantly in the contour IS of MCS owner and
provides secure interfaces with contractors;

e automates the processes of life cycle the most responsible that provides
quality and labor-intensive processes which request attracting a large
number of staff with relatively low qualification.

3. Processes of MCS Life Cycle Supporting System

When creating MCS Life Cycle Supporting System (LCSS) must take into account
the impact that the requirements to the MCS functioning and development company
and business experience, exploit MCS as well as suppliers of products and services
involved in the creation of intellectual property and participating in its life cycle
(Fig. 1).

In the operation of MCSs is necessary not only to respond quickly to emerging
incidents, but also to carry out the current work to ensure the operation of backing
up and restoring data, control loading system components to prevent abnormal
situations, resource allocation settings to improve the performance provided by the
IT - based services accumulating experience exploit MCS and user requests, etc.
Requirements for MCS staff to ensure the operation reflected in the regulations and
the operating instructions.
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During the operation form as techniques and regulations accompanying the
components of the system and describes how to interact with the operation of the
service staff, develop new possibilities of MCS, as well as with the process of
tracking the MCS AS for the transmission of the last information on the MCS and
AS manifested defects. In addition, the accumulated experience of the
implementation of automated business processes, there are proposals for the
functional development of MCS, which are transmitted to the functional
development process.
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Fig.1. External factors and processes influenced to MCS LCSS
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During the operation of the MCS vendors of included in the composition of the
products and IT services are developing these products and services. Their plans for
the release of new versions of the products do not depend on MCS development
plans. Because of this, there is a need to replace the already operating as part of the
MCS system software versions with new ones, which are announced as the best
suppliers. The need for high availability MCS requires verification of compatibility
of new versions of the system software with the other elements of the system,
included in the composition of the technical means, as well as compatibility checks
AS and new versions of system software. As for the tools used in the development
of AS, the circuit works the same: you want to check compatibility of new versions
of tools and architecture AS, non-infringement of AS functionality after the
transition to new versions of the tools, such as software compatibility code
generated by the new version of the compiler, while reassembly of MCS AS. This
work is usually carried out on the stands for AS maintenance.

Society and business development leads to the fact that over time there needs to
change MCS architecture due to changes in business architecture organization, due
to the need of MCS productivity growth to hold its modernization, to automate new
business processes or sub-processes, to implement requirements related to personnel
development organization. These requirements are implemented functional
development process (inclusion of new functions in the AS) and a non-functional
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development (MCS modernization). Development needs arise in business (or the
public administration bodies), especially for those businesses that are not quite
satisfied with the existing level of automation of their operations. They arise in the
event of new legislative acts and other documents that require changes in the way
the data or generating analytical information (e.g., reporting) for business
management or management of social processes.

LCSS regulates the composition, order of implementation and automation of the life
cycle of MCS processes (see. Fig. 2). These processes for the projects, attracted by
the staff, nature and results of operations are divided into two groups: processes of
operation and processes for development.

Operation of

Support of set of
technical meansand
system software

The functioning of

&

Providing user

support
Life-cycle Organizational | Support of
supporting and normative- | application software
system methodical b
{Lcss) software

Ensuring functional

(—I— development
Development

Software

development non-
functional (scaling)

Fig. 2. Life Cycle Supporting System Processes

The first group consists of the following processes:

108

ensuring the operation;

provision of support of the technical means (Complex of Technical
Means - CTM) and system software (SS);

providing support to users;

providing maintenance to AS [4,5]

the composition of the second group consists of the following processes:
providing MCS functional development;

ensuring MCS non-functional development (scaling) [3].
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The regulation process is carried out with the help of institutional and normative and
methodological support - set of relevant documents. The composition and content of
these processes, as well as the maintenance of the complex documents discussed
below.

4. Content of MCS Life Cycle Supporting System
MCS Life Cycle Supporting System (Fig. 3) represents a set of:

e complex normative-methodical and organizational - administrative
documents,

e personnel who carries out maintenance and development of MCS, its
system and application software on all over the life cycle of MCS from
idea creation to remove the system from the service,

e tools, databases and repositories to automate the activities of personnel
involved in the provision of MCS lifecycle,

e infrastructure i.e. hardware and software tools used to automate activities
of LCSS staff.

) @ @

Regulatory and methodological support
(State standard, Regulations and procedures, methodologies and services)

| [ | | | |
Staff

Tools

Infrastructure

Environment Operating

Development
support environment

environment

Fig.3. Content of MCS Life Cycle Supporting System

All components of this set of tools determines the actions and / or placed in one of
three areas: the development area belonging to contractor (s), maintenance area
belonging to the organization, the owner of the MCS or perhaps rented them fully or
partially and operation area usually belonging to the organization, the owner of the
MCS and a characteristic highest information security requirements. Maintenance
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area in any case should be in the MCS Information Security contour. There must be
defined security policy, data types and exchange procedures for transferring data
from one area to another within the MCS lifecycle.

5. The complex normative-methodical and organizational -
administrative documents

Enter the new MCS in the action leads to changes in the organization of MCS-
owners. In most organizations, these changes of personnel roles and interaction of
units are regulated in terms of the use of MCS in the changed business processes.
However, the need to maintain the relevance of MCS for its use also requires
changes in the organization:

e determining the order of formation of change requests MCS functionality,
e connection of new facilities to its use,

e organization of MCS exploitation and work with the new system by the
users,

e retraining of end users to use the new functionality of MCS features (new
services), etc.

These changes are introduced in the organizations in the form of normative -
methodical guidance documents (for example, standards organizations) and
organizational and administrative documents (orders, regulations, instructions, etc.).
The main purpose of the formation of the complex of these documents is to create
policies and procedures that describe the delineation of areas of responsibility of the
owner of MCS-organization of staff while ensuring its operation and development.
It is expected that as a result of the changes recorded in this complex document, will
reduce the total cost of labor input on the functioning of the organization and
development of MCS. The documents should be regulated life cycle processes (see.
Item 3) that run the personnel organization of the owner of the system in parallel
with the development process, operation and maintenance of MCS. The documents
must include a description of the role models of personnel in the performance of the
MCS organization owner lifecycle processes, including life cycle stages, tasks each
role, the results of each role in the phases of the stages, the procedure and the form
of the transfer of results and accountability for results between the roles in the
implementation processes.
Documents must also regulate:

e procedure of formation and fixing the functional requirements for the
production of MCS release, the general rules of its planning, initiation,
implementation, in cooperation with contractors, monitoring the progress
of work and results, the procedure for release documenting and
completing;
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e kinds of products, of which the MCS is going, the procedure for their
acceptance of contractors and input control as an integral part of MCS
criteria;

e the procedure of implementation of MCS products, scope of work on the
target platform, and with the use of information security;

e the procedure to implement the integration of products, control of the
functional integrity of purpose and performance, documentation, the
quality assurance of integrated systems on impersonal data and its tests are
impersonal and real data;

e procedure to enter the tested system in operation.

The necessity and importance of creating such documents due to the fact that these
activities are determined, ultimately, the ability to reduce total costs. In working out
their estimated ability to perform work on their own organization or with the
assistance of an authorized contractor (s) with the unconditional implementation of
the IS requirements. It is important to recall that the vast majority of these activities
is carried out within the IS contour of the organization.

The basis for the formation of normative and methodological support LCSS are
basic and subsequent standards, the composition of which is shown in Fig. 4. These
standards define the properties of processes and quality requirements as a life cycle
processes and system organization and the quality of the owner of the MCS quality.

6. Conclusion

In the life cycle of MCS LCSS responsible role is extremely high, both from the
standpoint of enabling system of conservation investments in MCSs, increasing its
lifetime and reduce its total cost of ownership. Understanding this leads to the need
to lay the necessity of creating and commissioning LCSS simultaneously with the
development of a MCS. It is necessary to carry out the necessary investments in
support of LCSS in the feasibility study on the establishment of a MCSs. What is
important is the experience of about 10 years of practical development and use
LCSS. He showed that the increase in the number of changes in the MCS around
40% did not lead to the urgent need to increase the staff responsible for the
maintenance and functional development of middleware systems and responsible
uses automated technology to carry out their functions. Of course, the complexity
does not limit possibilities are endless. However, the very fact quite accurately
describes the subject matter and result.

The key issue is the implementation of a road map for the establishment and
commissioning of the MCS LCSS, namely the following key steps in the
organization of IP-owners:

e There must be put in place regulations governing the interaction of
functional units (functional customer) organization and IT — Service;

e There should be developed and put into action common to organize
documents: Terms and regulations of interaction of staff in dealing with the
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tasks of ensuring the functioning of the MCS, its maintenance and
development, to ensure the distribution of responsibilities between people
with all levels of management: strategic, tactical and operational and
regulate this distribution establishing criteria for the evaluation of human
activity;

e In addition to the infrastructure MCS operation must be regulated by a
separate document and the infrastructure to ensure the functioning of the
MCS, its maintenance and development, provides a process for the
implementation of the modified AS of the MCS on the target platform, as
well as releases of acceptance from the developer - the infrastructure
without diverting operation resources;
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Support of set of
technical means and ISO/IEC 20000-1

system software

—{ The functioning of

oY

Providing user

Regulatory support LCSS support
ISO/IEC 15288:2015
ISO/IEC 15026:1998

Standard for software life cycle of Support of
Mcs

e application software ISO/IEC 14764:99
Position to support
Regulationsimplementing the |5°/|EC 12207:2008
process ISO/IEC/EEE 29148:2011

Ensuring functional
development

| Software development

non-functional ISO/IEC 14764:99
[scaling)

Fig. 4. Regulatory support MCS lifecycle.

e The most systemically — significant, time-consuming and repetitive
processes should be automated, especially the requirements management
processes, delivery of tasks and monitoring their implementation, planning
and configuration management versions and releases of MCS AS,
automated functional and load testing.
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AHHOTamMsA. PaccMOTpeH KOMILIGKC MEp W CPEICTB aBTOMATH3AlUU I 00CCIeYCHUS
HEMpPepbIBHOCTH OW3HECa B JKU3HEHHOM IIMKJIE OTBETCTBEHHBIX CHCTEM. DTOT KOMILIEKC
TONTyYHJI Ha3BaHUE cucTeMa obecreueHus >kuzHeHHOro nukia (COXL). Llenmpro crctembl
SIBJISICTCSl CHIJKCHUE YPOBHS PUCKOB OT MPOSIBICHHS KPUTHICCKHX OUIMOOK B CHCTEMHOM U
MPUKIAHOM TMPOrPAMMHOM OOECIICYCHUH Ha BCEM >KM3HECHHOM IIMKIC OTBETCTBEHHOM
CHCTEMBbI, CHH)KCHHE OSKCIUTyaTal[MOHHBIX DPUCKOB M COBOKYITHOM CTOMMOCTH BJIQJCHHS
orBercTBeHHbIMU cucTeMamu. COXKL] B tepmunax ISO/IEC/IEEE 15288 mnpeacraBnser
coboii obecreunBaronyto cucremy (enabling system). COXI] co3maercs mis oGecrieueHus
JESITENIbHOCTH OPTaHU3anH-COOCTBEHHUKA OTBETCTBCHHOU CHCTEMBI.
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AnnoTtamusi. B pabore omwuchkiBaeTcs mpuMeHeHne HabopoB SIMD wunctpyknmii (Single
Instruction Multiple Data) mis mapamienu3anuy anropuTMa T€HEpaluu IICEBI0CTYYaiHBIX
gucen. [an o0630p pacmmpennit MMX, SSE, AVX2, AVXS512, peamu3yromux HpUHIUT
SIMD. TIlpuBemen mnpumep peamusanuu reneparopa LFSR113 ¢ wucnonb3oBanunem
pacumpenuss AVX512. [IpuBeneH cpaBHUTEIBHBIA aHAIN3 CKOPOCTEH pabOTHI Pa3IMYHBIX
peanu3anuii anropuTma.

KumroueBsie ciroBa: niceBocnyvaiinbie uncna; SIMD uncTpykuum; Texnonorus AVX-512.
DOI: 10.15514/ISPRAS-2018-30(1)-8

Jas murupoBanus: ['ycekoBa M.C., bapam JLIO., Illyp JI.H. Ilpumenenne AVXS512-
BEKTOPH3ALMH IS YBEINYCHHUS IPOU3BOANTEILHOCTH TeHepaTopa ICeBIOCTy ailHbIX YHCell.
Tpynst UCIT PAH, Tom 30, BbIm. 1, 2018 1., cp. 115-126. 10.15514/ISPRAS-2018-30(1)-8

1. BeedeHue

I'eHepanusi paBHOMEPHO paclpeesieHHBIX CIIydaiHBIX YHCeNn HeoOXommuma [Uis
KOMITBIOTEPHOTO MOJETHPOBaHMSA MeTronaMu Monrte-Kapio ©  MoOJeKysipHOU
muHamuke [1]. JIns reHepamuy CIydaWHBIX YHCENT HCIOJB3YIOTCS TE€HEePaTOpPhI
nceBaocaydaitapix  gucen (I'TICH). TTICH wucmonb3yer IeTepMUHUPOBAHHBIC
QITOPUTMBI  JUI  BBIYUCICHUSI UYWCEN, HO TIOJy4YCHHAas TAaKUM CIIOCOOOM
MIOCJIE/IOBATENILHOCTE 00J1a1aeT CBOMCTBAMH CITy4aiHOW mocienoBaresibHOCTH. [Ipu
stom Kk I'TICY npenbsasisoTes cineayoiuue TpeboBanust [2].
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*  IlociemoBaTenbHOCTh NICEBIOCIYIaHHBIX YHCEI JOJDKHA OBITH PABHOMEPHO
pacmpeneneHHoN, a HOANOCIEe0BATEIPHOCTH OQMHAKOBOW IUIMHBI JOJDKHBI OBITH
paBHOBepOsATHBIMU. C  IPaKTHYECKOM TOYKM 3pEHUs, I0CIEeN0BaTEIbHOCTh
NICEBIOCITyYaliHBIX YHUCEN JOJDKHA NPOUTH Ha0Op CTaTUCTHYECKUX TECTOB Ha
PaBHOMEpHOE paclpeielieHHe U OTCYTCTBHE KOPPEIALUi, KpOME TOT0, JKeJIaTeIbHO
HaJlMyhe  TEOPETHYECKOr0 OOOCHOBAHUS XOPOIINX CTaTUCTUYECKHX CBOWCTB
reHeparopa.

*  Ilepuon reHeparopa JOMKEH OBITH JOCTATOYHO OOJBIINM.

*  IlociemoBaTenbHOCTh JOJDKHA OBITH BOCIPOM3BOIMMOH, YTOOBI MOIKHO
OBLIO MOBTOPUTH IKCIICPUMEHT.

*  JlomxkeH OBITh alrOPUTM HpOITycKa KyckoB. [lapaiienpHble TOTOKH MOTYT
HCIIOJIB30BATh Pa3IMYHbIC KYCKH OHOM U TOII ke IMOCIIeI0BaTeNbHOCTH.

*  JlomkHa cymiecTBOBaTh 3G {eKTHBHAs peaju3alusi IeHepaTtopa C TOYKH
3pEHHUS] CKOPOCTH BBIYHMCIICHHUI M UCTIONIb30BaHMS ONIEPATUBHOM MaMSITH.

Jdns psana 3amad, UCmoib3yromux MmeToasl Monte-Kapino, reHepanus ciydaifHBIX
YHCceJl 3aHUMAaeT 3HAYUTENIbHYI0 YacTh BBIYMCIUTEIHLHOTO BPEMEHH, H YBEIUYCHHUC
MPOU3BOJUTENLHOCTH T'€HEPALINH SIBJIACTCS BAXKHOM 3aJauei.

B Hacrosme# pabGoTe Uil TOBBILCHUS HPOU3BOAUTEIBLHOCTH TI'eHEpaTopa
CIIydalHBIX ducenl OyIayT ucmonb3oBaThest omeparuu SIMD (Single Instruction
Multiple Data). Takwe omepanuu MO3BOJIAIOT HPUMEHSTH OJHY WHCTPYKIIHIO
OJTHOBPEMEHHO K HECKOJIbKUM JJIEMEHTaM JaHHbIX. MBI JeTallbHO pPaccMOTPUM
npuMeHeHne HoBoro  pacumpenus AVX512, koTopoe  mozJepKUBaeTCs
npoueccopamu Intel, Haunnas ¢ 2017 roxa.

2. TexHosnoz2uss SIMD

C 1997 roaa mo ceroAHsIIHWI AeHb, koMmnaHus Intel BeimycTHia 9 pacmmpeHuit
Habopa wuHcTpykimid apxutektyp Intel 64 and [A-32 pnst  momaepkku
Bektopm3anuu. 910 MMX texnonorus, pacmupenust SSE, SSE2, SSE3, SSSE3 u
SSE4, AVX, AVX2, AV X512 [3].

Kaxnmoe pacmpenne conepxxutr Habop SIMD-uHCTpykKmmii mist paboTel €
YIAaKOBAHHBIMU LEIbIMH YHCIAMH M C YIAKOBAaHHBIMH YHWCIAMHU C ILJIaBaIOIIEH
Toukoi. Kaxkomy pacmmpeHuio Takke COOTBETCTBYET CBOH HAOOp PErucTpoB (CM.
puc.1).

Texnonorus Intel MMX(Multimedia Extensions) BnepBble Oblla peann3oBaHa B
nporieccopax cemeiictsa Intel Pentium MMX B 1997 romy u npenHasHadyazach s
3¢ pexTuBHOI 00pabOTKM ayauo- U BHAEONOTOKOB. MMX HHCTPYKIMU MO3BOJISIOT
paborare ¢ OaiiTamMu, CIOBaMH WJM JIBOWHBIMH CJOBaMH, DAacCIIOJIOKEHHBIMH B
MMX perucrpax. Beero Takux perucrpos 8 (MMX0-MMX?7), onn 64-OutHble U
COOTBETCTBCHHO MOTYT COJAEP)KaTh OJHOBpEMEHHO 8 Oaiir wim 4 cnoa, win 2
JBOMHBIX CJIOBAa, MM 1 YYETBEpEHHOE CJIOBO. OTO pACIIMPEHHUE MOXKET
UCIIONIb30BAThCsl Ul 0OpabOTKM LIENOYUCICHHBIX MacCHBOB ¢ mnomomiblo SIMD
WHCTPYKIUH.
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511 256 255 128 127

ZNMMO YMMO XMMO

LB B r
ZMM1 l YMMI XMM1

'------------
1 ZMM31 YMM31 XMM31

Puc. 1. Pecucmper XMM, YMM, ZMM
Fig. 1. Registers XMM, YMM, ZMM

Pacmmpenune SSE (Streaming SIMD Extensions) mosiBunock B ceMeicTBe
npoueccopos Intel Pentium Il u AMD Athlon XP B 1999 roay. SSE sBistercs
pacuuperrieM MMX texHomoruu. Pacuiupenue BkiarodaeT B ceOs 8 128-OuTHBIX
XMM peructpos (XMMO0-XMM?7), HabOp HHCTPYKIMH 11 pabOThl ¢ YHCIAMH C
IUIaBaloIe TOUKON OJIMHAPHON TOYHOCTH, pacnoiokeHHbIX B XMM perucrpax u
Ha0Op MHCTPYKIUH [T paOOTHI ¢ IedpIMH YuciamMu B MMX perucrpax.
Pacumpenne SSE2 6buto mpezcrtasieHo B mporeccopax Intel Pentium 4 u Intel
Xeon B 2001 roay, a Takxe B AMD Opteron u Athlon64 8 2003 roxy. UacTpyKIHH
pacIIupeHnii MO3BOJSIOT 00padaThiBaTh YHCIa C IUIABAIOIICH TOYKOW IBOWHOU
To4HOCTH B XMM perucrpax u 1eible 4ncia, pacioyiokeHHble B peructpax MMX
u XMM perucrpax. Habop nenounciieHHpIX HHCTPYKIWA B SSE2 colepKUT HOBBIE
IA-32 SIMD omepanuu ans pabotel ¢ 128-OMTHBIMH PErHCTPaMU U PACHINPSET
cymiecTByromue 64-0uTHBIE HHCTPYKIIUH 0 paboTHI co 128 dutamu.

Pacumpenne SSE3 BrepBbie nosiBuiiock B mpoueccopax Intel Pentium 4 Prescott B
2004 roxy, a taxxke 8 AMD Athlon64 B 2005 roay. B SSE3 6butn no6asnenst 13
HOBBIX WHCTPYKIHH, KOTOpBIE yay4maioT mnpomsBogurenasHocTh SSE, SSE2 u
orepauuil ¢ IaBaroIle TOUKOM.

Pacmpenne SSSE3 (Supplemental SSE) 6puto npeacrasieHo B mporeccopax Intel
Xeon 5100 cepuit u cemetictBe mporeccopoB Intel Core 2 B 2006 roxy. beuam
nobasnens! 32 SIMD-uHCTpYKIHH T pabOTHI C TIETOYNCICHHBIMHU TaHHBIMH.
Pacmmmpenne SSE4 comepxut 54 HOBble MHCTpYKUUU: 47 U3 HUX COIEPKUTCS B
SSE4.1 m 7 - B SSE4.2. OHO OBIIO BIEPBBIE PEATM30BAHO B TpoIleccopax
cemeiictia Intel Penryn B 2008 roxy u AMD Bulldozer 8 2011 romy.

Pacimmperne AVX (Advanced Vector Extensions) sBiseTcs 3HAYUTEIHHBIM
yiaydmendeM pacmmpennit SSE. Ono moamepkuBaercs mporeccopamu Intel u
AMD, naumnnas ¢ 2011 roga. Hossie YMM peructpsl - 256-0utHbie. Kpome SIMD
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WHCTpyKInid Hag MMX peructpamu, moutd Bce 128-OutHple SIMD QyHKImH
nMeroT AVX-3KBUBAJIEHT, KOTOPBIA MMEET TpeX-OlepaHAHbI cuHTakcuc. Taxxe
J00aBJIEHBl COBEPIICHHO HOBBIE MHCTPYKLHH, KOTOPHIX HE OBUIO B MPEIbIIYLIHX
pacummpenusx. Pacimmpenne ucnone3yer HOBBIA npedukcHbii  kox  VEX,
MO3BOJISIOIIMH paboTaTh ¢ HOBBIMH Y MM peructpamu. BonbmmHCTBO HHCTPYKIMIA
He TpeOyeT BbIpaBHHBaHUS 1O 16- mim 32-OMTHBIM TrpaHuuaMm. 256-6utHeie AVX-
UHCTPYKLIUHU HCIOJB3YIOT TPEX-ONEPaHAHbIH CHHTAKCUC, 2 HEKOTOpPhIe — YEThIpPEX-
ONepaH/IHbIN.

B pacmmpenne AVX2 nobaBieHbl LeNOYHCICHHbIE HHCTPYKIMHU, paHee J0CTYITHbIE
TOJBKO It 128-OUTHBIX pErucTpoB. 3/1€Ch XKe MOSBIINCH HOBbIE (DYHKIIMOHAIBHBIE
omepannu pacnpoctpanerus (broadcast) m mepecTaHOBOK (permute), CIBHUTOBBIC
oTiepanyu, KOTOPBIE CIBUTAIOT AJIEMEHTHI BEKTOpA Ha Pa3HOE KOJMYECTBO OWTOB,
JUII  W3BJCUCHHUS HECMEXHBIX D3JIEMEHTOB U3 maMsATH. Pacmmpennme AVX2
noaaepkuBaercs mpoueccopamu Intel 1 AMD, Hauunas ¢ cemeiicts Intel Haswell
(2013) u AMD Excavator (2015).

Hosrrit HabGop wmHCTpykmmi AVXS512 mis mporeccopoB apXHUTEKTypel x86-64
kommaHus Intel mpencraBmia B wmronme 2013 1., omHako mepBoe ceMeHcTBO
MOJICPKUBAIOIINX ATy TexHoJoruio mporeccopoB Intel Xeon Phi x200 (komosoe
ums Knights Landing) 6su10 BeIMymieHo B utone 2016 T.

AVXS512 moppasnensiercss Ha HECKOJIBKO OTAENBHBIX HAOOPOB, JUIA KaXKIOTO W3
KOTOPBIX CYIIECTBYET CBOHM HACHTU(UKAIMOHHBIH OuT. OcHOBHOH Habop AVX512
Foundation BxiroueH Bo Bce peanmzanud AVXS512.

Crucok oTaeNbHBIX HA00pOB HHCTPYKIHA AVXS512:

. F (Foundation) - ocHOBHOW HabOp WHCTPYKIUH, PACHIHPSIFOIIHIA
OONBIIMHCTBO cymecTBYIOmMHUX AVX WHCTpYKOWH st paboTel ¢ 512-OMTHBIME
perucTpamu OOIIEero Ha3HAUCHHS;

. CDI  (Conflict Detection Instructions) obecrednBaer  JIydInyro
BEKTOPHU3ALMIO IIUKJIIOB,

. ERI (Exponential and Reciprocal Instructions) - uxctpykimn asst paGoTs
C TPaHCUEHACHTHBIMH (PYHKIMSIMA (3KCIIOHEHTA, JOTapu(M, TPUTOHOMETPUIECKNE
byHKIINN);

. PFI  (Prefetch Instructions) - wHCTpykimMM Uit mpederdnHra -
MpEABAPUTEIHHON 3arpy3KMl JaHHBIX M WHCTPYKIMH, YTO MO3BOJSIET YCKOPATH
JlanbHellee BBINOJIHEHNE IPOrpaMMBl;

. BW (Byte and Word Instructions) - uHcTpykuuu ass padotsl ¢ GaliTamu U
CJIOBaMU;

. DQ (Doubleword and Quadword Instructions) - uHCTpyKLuH AJ1s paboThI
C IBOWHBIMH W YETBEPHBIMHU ciOBaMH (32- ¥ 64-OMTHBIMH IEIBIMH YHCIAMHU H
YHCIaMU C TUIaBAIOIIEH TOYKOK);

. VL (Vector Length Extensions) ofecrieunBaeT BO3MOXXHOCTh pabOTHI CO
128- u 256-0uTHBIMU periucTpamMu (MIa UMK YacTIMH 512-OUTHBIX PErHUCTPOB).
Ha6opsr F, CDI, ERI, PFI BnepBeiec peanuzoBanbl B mpoueccopax Intel Xeon Phi
x200 (Knights Landing) 8 2016 roxy, a BW, DQ, VL — B nporieccopax cemeiicTsa
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Intel Xeon Scalable, semymennsix B 2017 romy. Wucrpykimmm AVX512
TpeaHa3HadeHbl UIs paboTel ¢ 32 HOBBIMH 512-OMTHBIMH perucTpaMu OOIIero
HazHaueHus (ZMM), paciupsiomumu cymectByonme 128- (XMM) u 256-6utHbie
(YMM) peructpsl. Peructper XMMO-XMM15 noctynusl anst uHcrpykuuii SSE,
AVX-128 (AVX, AVX2); peructppr YMMO-YMM15 - mna AVX256 (AVX,
AVX2); peructpel ZMMO0-ZMM31 - mns AVXS12F. JIns goctyna kK perucrpam
XMM16-XMM31 u YMMI16-YMM31 HeoOxoauMmM  HaboOp  MHCTPYKLUH
AVX512VL.

MUKpoapxXHUTEKTypa npoueccopoB, peaauzyromux AVXS512, takke noapasymeBaeT
Hanmunuue 8 peructpoB-macok (k0-k7), mo3ponsromux rubko paboTaTh C YacTIMU
perucTpoB o0mero Ha3zHadeHWs. Pa3psmHOCTh 3THX perucTpoB paBHa 16 (64 B
ciyqae AVX512BW) u mo3Bonser mMackupoBath 16 ameMeHTOB 512-pa3psmHbIX
peructpoB mpu pabore ¢ 32-pa3psOHBIMH YHCIAMH C IUIABAIOMIEH TOYKOW HIIH
JIBOWHBIMHU CJIOBaMU. B cirygae paboTHI ¢ YHCIaMU ¢ TUIABAIOMIEH TOYKOH JBOWHOU
TOYHOCTH WJIM YETBEPHBIMH CIIOBAMH HCIIONB3yeTCAd TOJBKO 8 OWT MacOodYHBIX
PETHCTPOB.

Msr paccmorpuMm mpumeneHne AV X512-pekTopusanuy Ha NpHMepe TeHeparopa
nicepnocmydaiaeix yncen LFSR113.

3. l'eHepamop ncesdocy4aliHbix yucesn LFSR113

LFSR113 (Linear Feedback Shift Register) sBisiercsi KOMOHHHPOBAHHBIM
TeHEepPaTOpOM M3 UETHIPEX CIBHTOBBIX perucTpoB [4]. Metox renepanuy,
OCHOBAaHHBIH Ha CIIBUTOBBIX PETUCTPAX, UCIOJIb3YET CBOMCTBA JMHEWHBIX ONEpALUH
10 MOAYJIIo 2 Hajl OuTamu X,,. PaccMOTpuM nocCIie1oBaTeIbHOCTD HYJICH U €AMHUIL:
Xp = (A1 Xp_q + =+ + agx,_y) mod 2 (1)

OTO IIMHEHHO-PEKYPPEHTHOE COOTHOIIEHHE B Mojie Z, , COCTOSIIEM M3 JBYX
3JIEMEHTOB, HYJISI U CIUHUIIBI. OnHo Ha3wpIBaeTCs CIABUTOBBIM PETUCTPOM U HUMECT
MEPUOJ IJIMHBI P = 2¥ —1 Tornma u Tombko Torna, korma momuHoM P(z) = zK —
a,;z""1 — - — a;, Ha3BIBaEMBIH XapaKTEPUCTHUYECKUM MOJMHOMOM PEKYPPEHTHOI
oCJIC0BATCIIBHOCTH, SIBJISACTCA IIPUMUTHUBHBIM IIOJIMHOMOM. JIHH OOHOTO
C/IBUTOBOTO DPETHCTpa BBIXOAHAS IOCIEAOBATEIBLHOCTD ONpEAeNAeTCs, Kak U, =
Y Xns+k—127%, rne pasmep mara s u jmMHA coBa L — Iiesible MOJNOKUTENbHbIE
qucna.

I'enepaTopsl, OCHOBaHHBICE Ha CIBUTOBOM peructpe, ObicTpbie. OHM 00damaroT
OoNpIION UIMHOW TepHoAa TPH YCIOBHH IPAaBHIBHOTO BEIOOpA MPUMHUTHBHBIX
noarHOMOB. OTHAaKO B T€HEpaTopax 3TOro Kiacca ObUIH 0OHApYKEHBI KOPPEISIHH,
KOTOpPBIE MOTYT MPUBECTH K CHCTEMaTHYECKUM OIMOKaM B pacuetax Monre-Kapio
[5,6,7]. Hdus yaydmieHdss CTaTHCTHYECKUX CBOMCTB  ObUIM  pa3paboTaHbI
moaudukaru ['CP. LFSR113 sBnseTcst TakuM KOMOMHUPOBAHHBIM T€HEPATOPOM.
Ilycte wmmeercss | peKyppeHTHBIX mociemoBaTenbHOCTeW (1) m  j —as
TIOCJIE/IOBATEILHOCT MMEET XapaKkTEPUCTUIECKUH TonuHoM Pj(z) crenenu Kk;.
ITycTb OH ABISETCS IPUMHTUBHBIM, TOTA EPHOJI MOCIENOBATENLHOCTH PABEH pj =
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2% — 1. Tpeanonoxum, uto P;(z) He MMEIOT OOIIMX JENUTENEH, H P; ABIAIOTCSA
B3aUMHO TIPOCTHIMH. Iyl KaKIOW TIOCIENOBAaTEIbHOCTH HYyJNEH W  eJUHUI
ONpPENENMM BBIXOAHYIO TIOCIENOBATENBHOCTE TP TOMOIIH  (OPMYIIBI  Uj, =
Yk, xn5j+k_12_k. Torna nanst KOMOMHHMPOBAaHHOTO TeHeparopa BBIXOIHAs
T0C/IEI0BATEILHOCTh  OTpPENEAeTCs, KaK Up = Uy, D -+ D u;, [4]. Ilepuon
renepatopa paseH p = (2K — 1) x .-+ x (2F1 — 1).

Just LFSR113 pnmaa coBa L = 32, KOMUYECTBO CABUTOBBIX PETHCTPOB | = 4,

X1n = X1n-31 @ Y1025 51 = 18,

Xom = Xon-20 D Xpp-27,52 =2,

X3n = X3n-28 D X3n-1553 =7,

Xan = Xan-25 D X4n-22,54 = 13.
Takum o6pasom, nepuon renepatopa LFSR113 pasen p = (23! —1)(2%° —
1)(228 —1)(2%° —1) = 10%*. Jlna remepatopa [JOKa3aHO TOYHOE CBOMCTBO
paBHOpacIpeneNeHiss  BEpOsTHOCTeH B pasmepHocTH mopsiaka 30 [4].
CraTucTHYECKHE TECThl BBIABIISIIOT JOMOJHUTEIbHBIE KOPPESIIMM B BBIXOJHBIX
nocienosarensHocTAx  LFSR113, Ho  HaliieHHble  KOppeNALUH  CBSI3aHBI
UCKIIIOYUTEIBHO C TEM, YTO BBIXOJHBIE OWTHI J@HHBIX T'€HEPATOPOB HMMEIOT
JMHEHHYIO CTPYKTYPY IO TOCTPOCHHUIO, YTO HE SIBISCTCS CEPhE3HBIM HEAOCTATKOM
naHHbix  renepatopoB [8]. Jlns remepatopa LFSR113 6wt paspaboraH
3¢ {eKTUBHBI METOJ NPOIyCcKa KYCKOB ITOCJIEHAOBATEIbHOCTEH M MHHIHAIU3ALHH
HapajUleNbHBIX TOTOKOB ciydyaiHbix gucen [9,10]. Ims renepaTtopa panee ObLIH
pa3pabortanbl >()(EeKTUBHBIE pealm3allii ¢ HCmoib3oBaHueM SSE- m AVX2-
BekTopusarmii [11,13,14,15], a takxe peanusaiuu it TpaQUUECKUX MPOLIECCOPOB
[9,16]. Tenepatop BkItOueH B GHONMOTEKH TeHepanuu ciydaiHbix uwucen GNU
Scientific Library [12], RNGAVXLIB [13,14,15], PRAND [9], cIRNG [16], u ap.
Peammzanus anroputma Ha s3pike Cu mpexacrtaBneHa B Tabm. 1. Ilepen mepBeiM
BBI30BOM T'eHepaTropa HeoOXoauMo 3a1ath (Ug, Uy, Us, U,) — HAYATHHOE COCTOSHHE,
COCTOSIILIEE W3 TMEPBBIX YEThIPEX BBIXOAHBIX 3HAYCHHUH. Uq, Uy, Uz, Uy MOTYT
NPUHUMATS JIF00BIE 3HaUEHUsI, Oosbue, ueM 1,7, 15,127 cOOTBETCTBEHHO.

4. AVX512-peanusauyusi napasnesibHOU 2eHepauuu 4Yembipex
8bIXOOHbLIX nocredoeamenibHocmelu nceedocnyYyalHbIX 4Yucesn
onst aneopumma LFSR113

s peanmsanuy adrOpUTMOB HCIONB30BaJCS Habop wuHCTpykmmid AVXS12F.
OmnucaHue UCTIOIb30BaHHBIX KOMaH MOXKHO HaiTh B [3].

B Tabnaumax 1 w 2 mpencTaBieHbl peanu3alié  alropuTMa s TeHeparopa
LFSR113. B tabmuue 1 mpuBenen amroputMm Ha s3bike ANSI C, B tabmure 2 —
anroput™, ucnons3yromuil AVXS512-pekropusanuro. IlepBas wacte AVXS512-
ITOPUTMA, TIPUBEJCHHOTO B TabJMIEe 2, BBINOJIHSIET TE )K€ caMble JICHCTBHS, YTO U
anroputM Ha ANSI C, npuBenensHelii B Tabnuue 1, HO Kaxzas ornepaus
OpUMEHSIETCS cpa3dy K BEKTOpY U3 IecTHaiuartu uucen. CoCTOsHME IeHepaTopa
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3a/1a€TCS YETHIPbMS YHCIaMH, a B perucTpsl ZMM momecTaTcss oJHOBpeMEHHO 4
Takux cocrossHuiA. Takmm  obOpasoM, AVX512-Bekropuzamus  IO3BOJISIET
NapajulelIbHO  BBIYHMCIATh YETHIPE BBIXOJHBIE I10CIENOBATEIbHOCTH. Bropas
BBIXOJHAS MOCJIEN0BATENLHOCTh MHUIMAIM3UPYETCS TIPH TIOMOIIM mporycka 208
yyceN B HepBOil BBIXOJHOMN MOCIEN0BATENLHOCTH, TpETUii moTok — 2109, ueTnepThiil
notok — 2110,

YToObI BHIYMCINTG HOBOE COCTOSIHUE T€HEPATopa, CTapoe 3aIliChIBACTCS B PETUCTD
ZMM1 mpm momomm KOMaHIBI VMOVAaps. Ota KoMmaHAa paboTaeT C NaHHBIMH,
BBIPOBHEHHBIMH 110 64-OMTHBIM TpaHUIIaM, M BBIIOIHACTCS TOpaszao OBICTpee, deM
aHaJOTMYHAas KOMaHAa VMOVUPS, i paboTel KOTOpo He Tpedyercs
BeIpaBHUBaHue. B peructp ZMMS5 momematorcss mepBbie 16 uumcen maccuBa
Ifsr113_const512. Tpex-onepaHHblii CHHTAKCUC TO3BOJISIET 3aMTUChIBATh PE3YILTAT
B PErucTp, OTIMYHBI OT BXOJIHBIX omnepanjoB. [losTomy cienyromas KomaHzaa
vpandd Berumcrsiet

z1 & 4294967294U, z2 & 4294967288U, z3 & 4294967280U, z4 & 4294967168U
OJTHOBPEMEHHO JUIS BCEX YETHIpEX IIOTOKOB W IOMEIIAET PEe3yJbTaT B PETHCTD
ZMM2. Tanee xomanx VPSIHvd npoussoaur caBur BiIeBO KaXJOro CIOBa PETUCTPa
ZMM2 wHa 3aganHoe KoaumyectBo Out. Temepp peructp ZMM2 conepxut
(z1 & 4294967294U) < 18, (22 &4294967288U) K 2,

(23 & 4294967280U) K 7, (z4 & 4294967168U) < 13 mns Bcex UeTHIpEX
noToKoB. ClieyIoIe KOMaH bl 3aBEPIIAOT BEIYMCICHUE HOBBIX COCTOSHUI.
WHcTpykups VMOVAPS 3alMChIBaeT UX B CTPYKTypy State. [lamee HeoOXomumo
BBIYUCIUTD Zy D 2, D 73 D 24, 25D 2 D 7, D 75, 2o D 210 P 711 B 212,
Z13 D 214, P 715 P z14. B perucrpe ZMM1  comepkarcs TOJNBKO — UTO
BBIYUCIICHHBIC COCTOSIHUS Zq, Zy, Z3, Z4, Z5, Z6) Z7) 28, Z9, Z10» Z11r Z125 Z13» Z14» Z15) Z16-
Hanee xomanma vpshufd $78 nepememmBaer umcna B ZMM1, u pesynbrar
coxpansier B ZMM2:  z3,24, 24,2, 2, Zg, Zs, Z6) Z11) Z125 Z9» Z10» Z15) Z16) Z13 Z14-
[ocne mpumenenns XOR xk ZMM1 u ZMM2, peructp ZMM3 coxpepxur z; @
73,20 D 24,23 D 21,2, D 75,2 D 7,,2 D 23,2, D 75,25 P 76,29 P

211,210 D 212,211 D 29,212 D@ 210,213 D 215,214 D 216,215 D 213,216 D Z14-
IMocne BoimonHenuss komauael Vpshufd $255 permcrp ZMM2 conepxur z, @
23,24 D 23,24 D 23,24 D 72,25 © 26,25 D 26,25 D 26,25 D 26,21, D
210,212 D 210,212 D 210,212 D 210,216 D 214,216 D 214,216 D 214,216 D

Zy4. Tocne ouepennoro npumenenust komanabl XOR, peructp ZMM3 conepxut
71D 23D 2, D 2,,0,23D 2, D 2, D 2,0,z D 2, D 23D 7,0,2, D
25D zg D 260,20 @ 211 D 212D 210,0,211 ® 29 D 71, D 210,0,213D

Z15s D Z16 D 714,0,215 D 213 D z16 D z14,0. Hamee mpu momomm KOMaHIBI
vpermd BBIXO/HBIC YHCITa KaXION MOCISI0BATEIBHOCTD TIOMEIIAOTCS B MITA/IIINE
128 out peructpa ZMM3: 2z, @ z; D 2z, D 2,2 P z, P zg D 24,20 D 2., D
Z12 DB 210,215 B 213 D 216 P z44. Tocnemusist HHCTPYKIMS  VMovaps
3aIHCHIBAET UX B MACCHB ans.
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Tabn. 1. Peanuzayuu ancopumma LFSR113 cenepayuu nceeoocnyuaiinoix uucen na ANSI C
Table. 1. Implementation of algorithm LFSR113 for generation of pseudo-random numbers
with ANSI C

unsigned ul, u2, u3, u4;

unsigned int 1fsr113_ansi_generate_(){
unsigned b;
b= ((ul << 6) ~ul) > 13;
ul = (( ul & 4294967294U) << 18) ~ b;
b= ((u2<< 2) "~ u2) > 27;
u2 = (( u2 & 4294967288U) << 2)
b = (( u3 << 13) ~ u3) >> 21;
u3 = (( u3 & 4294967280U) << 7) ~ b;
b= ((ud << 3) " ud) > 12;
ud = (( u4 & 4294967168U) << 13)
return (ul ~ u2 ~ u3 ~ u4);

>
(o
e

>
(o n
e

}

Tabn. 2. AVX512-peanuzayus napainenvHoll 2enepayuu yemvipex nociedo8amenbHoCmell
ncesoocayuainwix yucen 0ns areopumma LFSRI13
Table 2. AVX512-peanuzayus napanienshoi 2enepayuu vemipex noCie008ameibHOCmell
ncesoocyuainsix yucen 0ns aneopumma LFSRI113

typedef struct{
unsigned u[16] __attribute__ ((aligned(64)));

} 1fsrll3_state;
unsigned 1fsrll3 consts512[64] _ attribute  ((aligned(64)))
={4294967294U,4294967288U,4294967280U,4294967168U,
4294967294U,4294967288U,4294967280U,4294967168U,
4294967294U,4294967288U,4294967280U,4294967168U,
4294967294U,4294967288U,4294967280U,4294967168U, 6,2,13,3,
6,2,13,3, 6,2,13,3, 6,2,13,3, 13,27,21,12, 13,27,21,12,
13,27,21,12, 13,27,21,12, 18,2,7,13, 18,2,7,13, 18,2,7,13,
18,2,7,13};
unsigned ind[16] __attribute__ ((aligned(64))) =
{0,4,8,12,0,4,8,12,0,4,8,12,0,4,8,12};
void 1fsr113_avx512 generate_four_(lfsrll3 state* state,
unsigned int * ans){

asm volatile(

"vmovaps (%@),%%zmmi\n"\

"vmovaps (%1),%%zmm5\n"\

"vpandd %%zmml, %%zmm5, %%zmm2\n"\
"vpsllvd 192(%1),%%zmm2,%%zmm2\n"\
"vpsllvd 64(%1),%%zmml,%%zmm4\n"\
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"vpxord %%zmm4d,%%zmml, %%zmm4\n"\
"vpsrlvd 128(%1),%%zmm4,%%zmma\n"\
"vpxord %%zmm4d,%%zmm2,%%zmml\n"\
"vmovaps %%zmml, (%0)\n"\

"vpshufd $78,%%zmml, %%zmm2\n"\
"vpxord %%zmm2,%%zmml,%%zmm3\n"\
"vpshufd $255,%%zmm3, %%zmm2\n"\
"vpxord %%zmm2,%%zmm3,%%kzmm3\n"\
"vmovaps (%3),%%zmma\n"\
"vpermd %%zmm3, %%zmm4,
"vmovaps %%xmm3, (%2)\n"\

%%zmm3\n"\

"r"(state->u),"r"(1fsrll3_consts512),"r"(ans), "r"(ind));
}

5. Ckopocmb 2eHepayuu

BbUIM M3MepeHBl CKOPOCTH T'eHepaldH ICeBIOCTyYailHbIX YHCEN IS Pa3iIndHBIX
peanmuszanumii  rereparopa LFSR113. B Ttabmuiie 3 mpeacTaBieHbl CKOPOCTH
reneparuu st ANSI C Bepcum, M Uil BepcHid, KOTOpPbIE HCIIOJIB3YIOT HaOOPHI
xkomana SSE4.1, AVX2 u AVX512F. Usmepenus Osutn mpoBezaeHst Ha Intel Xeon
Platinum 8162 (2 GHz). Bsut ucnonszosan kommuisitop GCC Bepcun 4.8.5.

s nannoro redeparopa ucxoxnas ANSI C Bepcust Becbma 3¢ (ekTUBHA 3a CUeT
UCIIONIb30BaHMsl TOJIBKO OBICTPBIX OJHOTAKTOBBIX JIOTHYECKMX W  C/IBUTOBBIX
onepanuii. Bonee toro, npu kommuwisaiud ANSI C Bepcuu ¢ KIIFOYOM ONTUMHU3AIHH
—03, KOMIWIATOP aBTOMATHYECKH ONTHMHU3UPYET AITOPUTM, UCIOJB3YS MPHU 3TOM
AV X HHCTPYKILHH, II0ITOMY CKOPOCTb M'EHEpPaLU ISl TAKOW BEPCHU MPEBOCXOIUT
ckopocth SSE-peanmzanuu.

Tabn. 3. [Ipouszsooumenvhocms peanuzayuti cenepamopa LFSR113
Table. 3. Performance of implementations for LFSR113 generator

ANSI | SSE4.1 | AVX2 | AVX512 | AVX512/ | AVX512 | AVX512/
C Gbit/s Gbit/s Gbit/s ANSIC | /SSE AV X2
Ghit/s
-00 | 4.17 4.64 15.72 31.92 7.65 6.88 2.03
-03 | 14.24 4.67 20.11 39.37 2.76 8.43 1.96
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Abstract. The generation of uniformly distributed random numbers is necessary for computer
simulation by Monte Carlo methods and molecular dynamics [1]. Generators of pseudo-
random numbers (GPRS) are used to generate random numbers. GPRS uses deterministic
algorithms to calculate numbers, but the sequence obtained in this way has the properties of a
random sequence. For a number of problems using Monte Carlo methods, random number
generation takes up a significant amount of computational time, and increasing the generation
capacity is an important task. This paper describes applying SIMD instructions (Single
Instruction Multiple Data) to parallelize generation of pseudorandom numbers. We review
SIMD instruction set extensions such as MMX, SSE, AVX2, AVX512. The example of
AVX512 implementation is given for the LFSR113 pseudorandom number generator.
Performance is compared for different algorithm implementations.
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Abstract. Not fully described objects may be seen in many different areas and applications —
from medicine and up to space apparatus control. Starting to de-sign and develop a decision
support system, which should work with not fully described objects, we may choose between
alternatives. One of two approaches compared in this article is based on logical deduction
according to a priory specified rules. Here the “IF-THEN” productions are intensively used.
Another approach, which is often called case-based, assumes the presence of case base filled
by real and/or artificial (model) cases. This second approach does not insist on rules and
object models, but it is much closer to the mental model used when humans are thinking.
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1. Introduction

There are many practically used decision support programming systems (DSS)
nowadays (see examples in [1-3]). In these systems the most difficult for analysis
and decision making are the situations when the interacted objects have informal
characteristics, that means that it is difficult to discover main factors influencing the
objects and relations actual for those objects. Establishing the exact object behavior
model is often not possible because of lack of knowledge about the objects
themselves and about the environment in which they are functioning and
interacting. Nevertheless, operations with such objects are often even more
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important than operations with well-formalized objects. Some methods for
operating with not fully-described objects are not enough productive.

2. Rules and cases

There exists a very important example of such an object — it is a human organ-ism.
The application area for which human organism is of principle interest is medicine
in general and medicinal diagnostics in particular. Programming DSS used for
physician’s decision support for diagnostics and cure choosing are often based on
mathematical methods. It is easy to see two alternatives in dealing with the objects
mentioned above: rule-based and case-based deduction.

In production rule approach, knowledge is represented with the set of several rules
formulated in the “IF ... — THEN ...” form. These rules are used to de-duct the
conclusion from input data. Such a method of reasoning is an example of a direct
logical deduction.

Decision trees are often used in medicine. They represent a particular case of
decision trees when the conclusion starts with checking some sign assigned to the
tree root, and continues by moving along the tree to its leaves where the different
decisions are located. Decision trees with single entry named tree root are often
treated as a particular case of deduction rules.

Rule-based deduction makes it possible to incorporate knowledge into the system
with the help of descriptive logic. Rules are following each other in a definite order,
which is helpful for understanding them, but in fact does not create any order
relation.

Rule-based models are much less structured and reflect the order in general action
flow to smaller extent than many other approaches. They are really helpful in
situations with relatively small set of limits applied to active actions, and where,
consequently, a small amount of rules may define a very comprehensive scheme of
interactions of component parts of integrated system.

Conditions in rule notation are in fact rule premises. They consist of one or several
pairs “attribute — value” with logical “AND”, “OR”, “NOT” connectives. The
conclusion denotes some fact or some instruction for definite action, which should
be fulfilled according to the rule. Logical deduction mechanism is looking for those
rules that include the facts entered, and then actualize the appropriate rules. The rule
becomes active if the fact entered corresponds with the rule condition. In such a
case, the active rule conclusion becomes a fact too. When all the activated rules
respond, the final conclusion may be proved or rejected.

In practice, one can see a reverse logical deduction where the reasoning starts from
the assumption made for possible final conclusion and moves towards the facts that
may confirm the hypothesis.

Case-based reasoning (see [4-5]) is focused on knowledge about previous situations,
or cases, stored in “case base”. Decision made in conditions that are treated as
similar to some situation met earlier, after being adapted is applied to the current
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case. This method in conjunction with differential set (a set of potentially suitable
decisions) is optimal for not-fully described case if there is a lack of time and
resources. The case itself, if it was announced as similar, is the basis of the decision.
Decision making modeling human reasoning is practically used in many different
areas of human activity. There exist a broad spectrum of possible applications, and
control of poorly formalized objects is among them. We may treat the human
organism as an object under control. It cannot be described with relatively simple
mathematical model; thus, case-based reasoning methodology for physician’s DSS
may be considered as having very good prospects. Case-based reasoning is a
method of looking for similar problem situations, which takes into account previous
experience of problem solving. Instead of searching the solution from the very
beginning, an attempt is done to use the solution found earlier in similar situation,
and then adapting it to the changing situation of the current case. After this current
case is processed, it (and its solution) is added to the case base, from where it can be
used later.

Each case may consist of the situation description with the problem to be solved
included, and the list of actions that were used to solve the appropriate problem. The
solution may have the form of the previous case or of suggested typical example of
problem solving method.

Accumulated collection of cases, which can be replenished with modeled or met in
practice cases, forms the so called “case base”. System built on this principles is in
fact self-learning: the more cases are stored in the case base, the wider are the limits
of their possible values, the higher is the probability to find “the most suitable” case,
and therefore, the higher is the quality of the final solution.

3. Metrics and measures

Most part of existing approaches to building case-based reasoning DSS is focusing
on only one aspect: choosing the most suitable cases. The basis of all the approaches
to case selection is the method of estimation of similarity of previous cases and the
current case. In these systems the metrics is defined in feature space. The point
corresponding to the current case is then defined in this space, and, according to the
chosen metrics, the closest case point for the current case is defined. Depending on
case feature types, different metrics may be chosen: Chebyshev, Euclidean,
Hamming, Mahalanobis, Manhattan, Akritean, Minkowski, Zhuravlyov (see [6-8])
distances and many others. Still there are situations when no metrics can be
introduced. In these cases, measure of closeness is used instead of metrics. In its
turn, measure of closeness may be defined by different ways, for example, in the
form of case selection rule.

Structuring of a case set is also very useful. Different methods, in particular Data
Mining approach, make it possible to clarify hidden knowledge about the
application area. Classes of case equivalence may be established basing on various
techniques: with the help of expert knowledge, or using the learning samples, or by
clustering the case base. Breaking the case base into equivalence classes is the way
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of speeding-up case searching process: cases belonging to some class are announced
similar by the definition. Unfortunately, this measure of closeness is not absolutely
adequate for estimating interrelations between current case and previous cases,
especially when this current case falls into equivalence classes’ intersection.

Image recognition problems often assume that object descriptions are founded on
the set of features and signs, and this set is common for objects of all the classes. In
other words, classes of equivalence and investigated objects may be located in
unified feature space and have the dimensions. Industrial applications often break
this condition. Not only real objects, but also classes’ descriptions may have their
own unique feature space. As an example, in medicine each disease (every disease
may be treated as a separate class of equivalence) may be characterized with its own
set of significant features. In addition, a case under investigation may have feature
set that is absolutely different with those feature sets that were initially entered into
the system. Relations between current case and classes of equivalence may be
retrieved with the help of classes’ projections on object feature set. Not fully
described case may fall into the projection, to which it does not belong only because
of lack of the feature that may prevent it from ambiguity.

Current case

Fig. 1. Estimating the measure of closeness between the current case and previous cases

Estimating of the current case assumes the comparison of the corresponding point of
feature space with spatial location of classes' projections ([9]). Analogues are the
cases that belong to the class, to which current case belongs, these cases are
considered as the most closest to that current case. If current case falls into classes’
intersection, then the analogues belonging to the same intersection will be treated as
close ones. Depending on the complexity of intersection, we may divide all
analogues into separate groups (fig. 1). Analogues from the inner part of
intersection are naturally considered as more close to the current case than
analogues that are belonging only to one class. And, of course, analogues of the
highest rank are located in the intersection of all the classes from the differential set.

130



Oaun B.H., Kapnos JLLE. Pa6ota ¢ HENONHOCTBIO ONUCAaHHBIMU OOBEKTAMHU B CUCTEMAaX MOAEPKKH HPHHATHS
PpeIICHHUI: almbTepHaTUBHBIC noaxonsl. Tpyowt MCII PAH, Tom 30, Bemm. 1, 2018 r., ctp. 127-136

Now the definition of offered measure of closeness can be finally formulated. It is
the distance between the current case and previous case evaluated as the difference
of the number of classes that include the current case, and the number of classes
that include the previous case.
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Fig 2. Using analogues for defining missing features of the current case

Initial case selection may not bring any tangible result. For example, the presence of
a single “high temperature” feature will give a plenty of analogues. The physician
should either agree that this poor set of features will not help to solve the problem or
should expand feature set.

Analogues themselves contain the information about the features that should be
retrieved. On fig. 2 one-dimensional current case x=a falls into projection of classes
Xy and xz. To be compared with analogues from xy class, it lacks the y feature, and
for xz class — it needs z feature to be added.

Thus, case selection cycle may be split into stages:

1.
2.

searching analogues for current case;

estimating the validity of the selected set (done “manually”). If “yes”, the
selection succeeds. If “no”, execute the next stage;

building a ranked list of additional features in order to differentiate classes
(these features may be found in previous cases);

making an attempt to retrieve additional features (done “manually”). Some
features can never be exposed. If this is the case, the cycle stops with
negative result.

4. Classes and features

The method described here was implemented in the programming DSS designed
and developed in the Institute for System Programming of Russian academy of
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sciences (ISP RAS) in cooperation with specialists from Moscow Regional
Research and Clinical Institute ("MONIKI") (see [9-13]).

Physician is working in terms of “disease”, “treatment strategy”, “patient”, “sign”.
The system provides access to the case base and automatically converts these terms
into corresponding system notions “class”, “object”, “feature”.

In some countries, there exists hands-on experience to carry out minimal but
absolutely needed set of research actions before the diagnosis is stated. In our
country physicians often set the diagnosis in much more comprehensive conditions,
when not all the signs are known. The research actions are usually directed from
very simple to more complex and expensive, starting from complaints and external
examination and moving towards laboratory and instrumental research. From one
point of view, if the diagnosis is rather clear from very first stages, there is no need
to fulfill expensive analysis. From an-other side, the final solution may be delayed
after making additional investigations, or wait till new symptoms appear. If feature
set allows choice among several diseases, all of them are included into differential
set.

Before starting the estimation process, physician needs not only to estimate the
sufficiency of feature set, but also select those features that are linked with the
differential set. In order not to overload the estimation process by extra features, the
system automatically selects the needed signs, and if the set appeared is not full,
will show still absent features. The final solution either to estimate partially filled
set, or to continue with additional research, should be made by physician.

When there is a lack of time or resources, it may be impossible to expose all the
absent features. Some new notions should be introduced, for instance, “persistent
feature combination” and “feature rank within its class according to the degree of
its informativeness”. To define the priority of feature retrieving, additional selection
criteria of new features searching should be defined according to frequency of
feature used in the application, to object category, to feature availability.

Obviously, not all the features that are mentioned in the class description have the
same informativeness. For example, in medicine there exist (pathognomonic)
symptoms, that have absolute diagnostic value (markers of cancer, infarction,
different types of hepatitis) and make it possible to determine the particular disease.
Not only in medicine, but in much more general case, ideal features have the highest
level of informativeness. They identify their classes unambiguously and can never
be met in other classes. However, even in medicine ideal features sometimes can’t
be discovered while diagnosing the appropriate disease or its particular stage or
form, or while a particular. If no ideal feature is found, some other features that are
typical for the hypothesized disease should be investigated. There are features that
appear in some classes with a much greater probability than that of their occurrence
in other classes. These features are called controlling or causal features (bilirubin,
hepatic enzymes in hepatitis). To get the final solution, we must not be focusing on
one such feature, it should be considered in a combination with some other features.
There also exist the third type of features — attendant features. They do not
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characterize classes (in medicine, for example, some symptoms may accompany the
disease: high temperature or erythrocyte sedimentation rate, and so on). The
presence of these features may be treated as a necessary but not sufficient condition
of belonging to the class. Their role in differentiating class is negligible. In
summary, it may be stated that the features of the classes in the case base are ranked
from the ideal to causal and then to attendant. Only ideal features may reliably
identify the state of the object. If there is an ideal feature for some class, even if
there are a number of attendant features, the fact of belonging of an object to a
certain class can be stated only with some probability.

5. Advantages and drawbacks

In order to exactly define the current case class, it’s always possible to operate with
one single sign. Possible relations with other features should be taken into account.
For example, a consistently observed combination of symptoms, defined in
medicine as a syndrome, has a special diagnostic value. It is very close to Data
Mining method known as association analysis. This method is very useful and often
successful in processing of classes’ descriptions in the case base. It helps to retrieve
consistent feature combinations and ranks. Despite the fact that medicine is a
precedent science, a lot of case examples in literature are built in terms of decision
trees. Still, the lack of controlling (determining) feature may block the entry point
into the production rule-based mechanism (for example, into the decision tree or
into one of its nodes).

The DSS for transplantology designed and developed in ISP RAS and MONIKI is
the concretization of general conceptual case-based complex objects control system.
Usually, information support for physicians in similar DSS is limited to the “waiting
list” card catalogues. Such kind of DSS are intended to provide initial selection of
“donor-recipient” pair. All the problems of pair survival are beyond the competence
of many practically used DSS. This point significantly differs them from the
designed system. In fact, the main problem is in choosing of right tactics of patient
support that should be followed after surgery transplantation operation. Many input
parameters and contradictory factors should be taken into account. The role of DSS
is dramatically increasing. Only automated systems may help the physician to solve
conflicting problems. Human organism as an object under control can’t be described
with relatively simple mathematical model, that’s why case-based reasoning
methods for DSS may be considered as very promising.

6. Conclusion

Production rule-based model provides ease of perception and modification, simple
mechanism of deduction, but has a number of disadvantages: dissimilarity with
human mental structures of knowledge representation, uncertainty in rule
interrelations and others.
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The main advantage of case-based reasoning is simplicity and ease of
implementation, while the drawback is in its inability to create models and rules that
can generalize previous experience. One of the main problems of this method is the
difficulties with correct selection of appropriate cases, which rests on the
assessment of the similarity of the precedent and the current case. However, in
certain circumstances, particularly when there is the need to work with not fully
described objects, case-based reasoning method has notable advantage over other
approaches.
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AnHOTanmsi. HenmomHoCThIO OMUCAaHHBIE OOBEKTHI MOTYT BCTPETHTHCS B CaMbIX DPa3HBIX
MPEeIMETHBIX 00JacTAX M MPWIOKEHHUAX - OT MEAWLHUHBI IO YIPABICHUS KOCMHYECKHMH
Kkopabmsmu. Haumnass paboTy MO NPOEKTHPOBAHHIO M Pa3pabOTKEe CHUCTEMBI MOIIEPKKH
TIPUHATHS PEIICHUH, KOTOpasi JOJDKHA PadoTaTh ¢ HETONHOCTHIO ONMCAHHBIMU OOBEKTaMH,
HEOOXOIMMO TPEIBAPUTEIBLHO BHIOpaTh OJWH M3 aJbTEPHATHBHBIX IMOIXOJ0B. B ocHOBe
OJIHOTO M3 JABYX IOAXOJIOB, pACCMATPUBAEMBIX B 3TOW CTAaThe, HAXOUTCS JIOTHYECKUN BBIBOT
Mo 3apaHee 3aUKCHPOBAHHBIM TpaBHJIaM. B TakoM MOAXOe WHTEHCHBHO HCIOJB3YIOTCS
npoaykuuu Buaa "ECJIU-TO". dpyroi moaxo/, KOTOPBIA 4YacTO HA3bIBAETCS IPELEACHTHBIM,
MpearoNaraeT  Hajuumyhe  0a3bl  MPEHENeHTOB, HAMOJHEHHOH  pEalbHBIMH  W/HITH
HCKYCCTBEHHBIMH (MOIETBHBIMU) CIyqasMu. J{JIst 3TOro BTOpOro MOAXoa MpaBuiia B MOJEITH
00BEKTOB HE SBIAIOTCS HEOOXOAMMBIMH, HO OH 3HAYUTENHHO OJIDKE K MOJENH MPHHATHA
peleHni, KOTopasi HCIOJIB3YETCs YEIOBEKOM B IIPOIIECCE MBIIILICHHS.
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NpeleseHTOB; 0a3a MpELEJEeHTOB, METpPUKa ClIydyaeB, Mepa ONU30CTH  CIydaes,
nudbepeHIMaNBHBIN psi cydast; THOOPMATHBHOCTh ITPU3HAKOB CIIy4asl.

DOI: 10.15514/ISPRAS-2018-30(1)-9

Jas umutuposanusa:. IOmun B.H., Kapnos JLE. Pabora ¢ HEHmONHOCTBIO ONMCAaHHBIMH
00BEKTaMH B CHCTeMaX MOIICPKKH NPHHITHS PeIICHHH: albTepHATHBHBIC TOIXOABI. Tpy sl
VICTI PAH, Tom 30, BbIm. 1, 2018 1., cTp. 127-136. 10.15514/ISPRAS-2018-30(1)-9

Cnucok nutepartypbl

[1] Hillary Don. Decision making in critical care. University of California School of
Medicine San Francisco, California, B. C. Decker Inc., The C. V. Mosby company,
1995.

135



Yudin V. N., Karpov L. E. Dealing with not Fully Described Objects in Decision Support Systems: Alternative
Approaches. Trudy ISP RAN/Proc. ISP RAS, vol. 30, issue 1, 2018, pp. 127-136

136

[2] Chike. F. Oduoza. Decision support system based on effective knowledge
management framework to process customer order enquiry. Decision Support
Systems, Editor Chiang S. Jao, ISBN 978-953-7619-64-0, pp. 406, January 2010,
INTECH, Croatia.

[3] Prabhu Murugesan, Senthil Prabhu Natarajan, Lakshmi Karthigeyan. Clinical
decision support systems. Computer Sciences Corporation, 2014.

[4] Agnar Aamodt and Enric Plaza. Case-based reasoning: Foundational issues,
methodologi-cal variations, and system approaches. Al Communications, 7(1):39-
59, 1994.

[5] Klaus-Dieter Althof, Eric Auriol, Ralph Barlette, and Michel Manago. A Review of
Indus-trial Case-Based Reasoning Tools. Al Intelligence, 1995.

[6] Greg Grudic and Jane Mulligan. Outdoor Path Labeling Using Polynomial
Mahalanobis Distance, Robotics: Science and Systems 11, 2006.

[7] Elena Deza and Michel Marie Deza. Encyclopedia of Distances. Springer. 2009.

[8] Xypasnes YO. U. 36panusic Tpyasl. M., Maructp, 1998.

[9] ¥Omuu B. H., Mepa 6nu3octd B CHCTEME BBIBOJAa Ha OCHOBE IIPELEICHTOB.
MaremaTndeckue METOABI pacrio3HaBaHus o0pa3oB. COOpHUK JaoKIamoB 12-it
Bceepoccuiickoii koHdpepenuun, ctp. 241-244, M., MAKC ITPECC, 2005

[10] Kapmos JI. E., FOxuu B. H., UHTerpaiys MeToA0B A00BIMH JaHHBIX U BHIBOAA IO
NpereneHTaM B MEIUIUHCKON JHAarHOCTUKE U BBIOOpE JedeHus. MareMaTiHuecKue
METO/Bl pacmo3HaBaHHA o00pa3oB. COopuuk nokmamoB 13-ii Beepoccuiickoit
koH(epenuu, crp. 589-591

[11] ¥Oauu B. H., Kapnos JI. E., Baraszur A. B. MeToasl HHTEIUICKTYaIbHOTO aHAITH3a
JaHHBIX W BbIBOJIa II0 MNOpeHEACHTaM B HpOFpaMMHOI:I CUCTEME TOIACPIKKHU
BpauyeOHBIX pemieHuil. AnbMaHax kinHHueckoi memunmasl, MOHUKU, Mockga,
2008 r., cTp. 266-269

[12] FOmuu B. H., Kapnos JI. E., Batasun A. B. Ilporecc jeueHHs KaK aJalTHBHOE
yIpaBlieHHE YeJOBEYECKMM OPTraHW3MOM B TporpaMMHOW cucteMe "CHyTHHK
Bpaya". AnpMaHax KIMHHYECKOM Memumuebl, T. XVII B aByx wactax, 4. 1.
MOHMUMKMU, Mocksa, 2008 r., cTp. 262-265

[13] Valery Yudin, Leonid Karpov. "The Case-Based Software System for Physician’s
Decision Support". Lecture Notes in Computer Science Sublibrary: SL 3, Springer
Verlag, Berlin, Heidelberg, 2010, pp. 78-85



Array Database Internals

V.A. Pavlov <vlad.pavlov24@gmail.com>
B.A. Novikov < b.novikov@spbu.ru >
Saint Petersburg State University,
13B Universitetskaya Emb., St Petersburg, Russia, 199034

Abstract. After huge amount of big scientific data, which needed to be stored and processed,
has emerged, the problem of large multidimensional arrays support gained close attention in
the database world. Devising special database engines with support of array data model
became an issue. Development of a well-organized database management system which
stands on completely uncommon data model required performing the following tasks:
formally defining a data model, building a formal algebra operating on objects from the data
model, devising optimization rules on logical level and then on the physical one. Those tasks
has already been completed by creators of different array databases. In this paper array
formalization, core algebra and optimization techniques are revised using examples of AML,
RasDaMan, SciDB — developed array database management systems with different algebras
and optimization approaches.
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1. Introduction

Recently in many scientific fields database users need to support and process new
non-traditional data structures. Among such uncommon structures are different
hierarchical structures, graphs, as well as arrays. It's worth noting, that such a need
is not explained by the subjective preferences of database users, it is fully justified
by the real state of things for users and their requirements for processing the data
under study. In this paper we will partially consider what is offered to users who
need to store and process array data and how storage and processing are made
efficient. But first, we let us understand more precisely, with what kind of data such
users have to deal with.

The data referred to is also called multidimensional discrete data (MDD) or raster
data [1]. Such data is homogeneous, each element has some index (represented by a

vector in a O -dimensional Euclidean space) and, hence, has some adjacent

137



Pavlov V.A., Novikov B.A. Array Database Internals. Trudy ISP RAN/Proc. ISP RAS, vol. 30, issue 1, 2018, pp. 137-
160

elements. This data is typically huge. On a more intuitive level, MDD data can be
imagined as huge multidimensional cubes. For such a cube, each cell has a discrete
multidimensional index and contains a value of a fixed type. An example of a 3D
cube may be the following: a series of images[2] obtained from two Huble
telescopes cameras for some a period of time, say. a year. As it has been said, in real
life those cubes are usually of tera- or even petabyte scale: for instance, Large
Hadron Collider (LHC), producing raster cubes during its work, after a day of
functioning and filtering produced data generates multidimensional data sizing over
5 terabytes [3].

Granted, such cubes are not just stored as they often demand some kind of analysis.
Usually the analysis to be done is not trivial due to the fact that the need for
intelligent raster data processing arises in such fields as: natural sciences, medicine,
census, multimedia and OLAP. Demand for efficient storage and processing of huge
raster data cubes states a problem of devising special tools and algorithms. The
specificity of the data in use is another factor increasing the need in a specialized
storage systems. Raster data has several peculiarities induced by its properties
mentioned above. These peculiarities include: large size of a single raster data value
(a single cube may occupy several disk pages instead of a part of a disk page in case
of conventional data types, e.g. numeric values); lack of index support due to
absence of natural ordering of cubes, etc. Those peculiarities make efficient
processing of raster data different from processing conventional data types in terms
of storage and optimization techniques.

Fortunately, the problem of optimized storage and efficient processing of raster data
has already been faced by authors of special extensions for existing
relational/object-relational databases (such as Terralib [4], PostGIS [5], SpatialLite
[6], Oracle GeoRaster [7]) and creators of array databases standing on specially
devised array data models [8]. Today there are several array database management
systems (ADBMS) such as RasDaMan [9], SciDB [10], which are still maintained
and intensively developed with the aim to continuously improve and to conform to
rapidly increasing scientific demands. In each ADBMS much attention is paid to
optimization as optimizing queries is crucial when processing queries operating
with petabyte sized data cubes.

There are two ways of optimization: logical and physical ones. Logical optimization
is usually based on formal algebra standing behind the array model. Physical
optimization is typically achieved by devising special storage scheme and/or data
retrieving order[11], [12]. In the current work we will briefly review theoretical
basement and optimization techniques considering three distinct developed
ADBMSs : RasDaMan, AML and SciDB.

The reader should be aware of the fact that the aim of this paper is to present and
analyze different data models, algebras and optimization techniques used in some
array databases and certainly NOT to compare those databases in order to determine
advantages of one over another. The paper does NOT intend to characterize the
databases anyhow so that the given characteristics are based on subjective opinions.
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2. Diving In

To study the the theoretical basement along with optimization techniques in
ADBMSs it is important to understand a generic algorithm following which a new
ADBMS can be built.

First, an array term should be formally defined as it is a central object of interest in
such systems. Obviously, in array DBMS algebras, the main object of all operations
is an array. For best of our knowledge, all the existing algebras define an array
mostly similarly. Formally, an array is a function defined on index domain D to
some value set V . Value sets differ in different systems. Index domain D is

represented as Cartesian product of finite amount of ordered sets 1, I,,...,1, . The

value K is called an dimensionality (valence ) of the array. Applying A function
to avector (i, 1,,...,1, ) is associated with getting the array's cell value.

Second, a formal algebra is introduced. Algebras are mathematical structures where
several operations with some core objects are defined. Operations with those objects
return an object from the same algebra. One of the most important features of
algebras is an ability to construct expressions in them by combining application of
algebra's operations. As algebras operations are closed, result of an expression
evaluation is again an object from the algebra. In simpler words, a formal algebra
enables to construct complex expressions value of which do not leave the algebra.
In reality in different systems underlying algebras start to differ. Several existing
algebras in existing array dbms are described further.

Third, logical optimization rules are introduced. Complex expressions can be
overburdened with unnecessary operations and elimination them simplifies the
expression benefiting in less execution complexity.

Fourth, physical optimization rules are derived. Logical optimization of an
expression is not sufficient for actually executing the query in the most efficient
way. In most cases a single query can be executed differently accounting "physical”
information which tells how the queried data is actually stored.

Fifth, the query language is introduced to give a user of the system of the system a
convenient high-level language taking the user away from lower-level algebra
language.

In the current paper we will look at how the first four steps were followed for each
of the highlighted array databases, ignoring high level query languages as they do
not contribute much to understanding the theoretical essentials of ADBMS.

2.1 Baumann's array algebra

We will now optimization process is organized in RasDaMan ADBMS, explaining
its core model and formal algebra - Baumann's array algebra [13]. The overview of
optimization techniques is mostly based on PhD thesis [14] of Ronald Ritsch. To
present the entire data model the following terms should be explained:
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+ Multidimensional intervals and spatial domains

* MDD types, values and elementary operations on them
* Derived operations on MDD data

+ Extended relational model with MDD support

2.1.1 Multidimensional Intervals and Spatial Domains

An  m-interval X is defined as follows: let D=2Z", then
X=[:h,.,.:h] is  {(X, X,..X)eD|(l <x <hViel.n}.

Multiple probe functions are defined on the multidimensional intervals:
e Domain function : dom(X) =D

e Dimension function : dim(X) =n

Lower bound function : lo(X) = (l,,...,1,) , where lo;(X) denotes I,
Upper bound function : hi(X) = (h,,...,h,) , where hi;(X) denotes h,
Extent function : card (X) = IT, (hi,(X) —lo,(X) +1)

Usually a multidimensional interval represents an index set of a multidimensional
array, therefore it is commonly called a spatial domain. It is convenient to restrict
the possible value type of an interval by introducing a spatial domain type. More

precisely, a spatial domain type o is a set of admissible d -dimensional domains
o C ZZd . Union of all 8% over all non-negative integers d will be denoted as
O . Then, it is possible to define multiple operations from & to O :
e Trimming along dimension i with one dimensional m -interval B
trim(X, i, B) ={(X, X,,.... X,) € X | Io(B) < x. < hi(B)
e Slicing along dimension i at point b

SllCG(X,I,b) {(Xl " |—1’ |+17 X)l(XP " —1’b’ i+100 X)EX}

2.1.2 MDD values and types
An MDD value a over base type T and spatial domain D with T €7 and
D e o is a set of (coordinate, value)-tuples defined by a mapping function a:
D —T. Then an MDD value a would be {(x,a(x))|a(x)eT,xeD}.
Defining an MDD type is accompanied by definition of several probe functions:

e Dbase(a)=T
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e sdom(a)=D
An MDD type M with base type T and spatial domain D with T €7 and
D e o is defined as {a|a is MDD value over base type T and spatial domain
D, T €7,D ec}. An MDD type with base type T and spatial domain D is
denoted by [[T,D]].

Further, such operation as 'cell access' will be used very frequently on MDD arrays,
therefore it should be defined now.

Let a = {(x,a(x))|a(x) eT,xeD}<[[T,D"]] be an MDD value and
xeD® be a d-dimensional point, then the access operator []:
[[T,D]x(Z)" - T isdefined as: a[x] =a(x).

2.1.3 Core operations

As reported in [14] Baumann's array algebra stands on two basic operators. They
are listed below.

« Array constructor MARRAY (X, X, ex)

Let D be an spatial domain, X be a point variable, €, be an expression with result

type T  which contain free occurrences of identifier X. Then
MARRAY (X, X,e,) returns an array @ € [[T, D]] for which A[x]=e, .
« Condense operator CON D(op, X, x,eva)

Let X be an array, Op be a commutative and associative operation on
TxT —>T, x be a free identifier, €, be an expression with result type T ,
which contains free occurrences of identifier X and MDD array A. Then
COND(op, X, X,€, ,) returns ascalar value s being equal to OP,_, €, »

In some works [13], [8], [15] Baumann's array algebra is defined with additional
sort operator SORT (X,1,€), which can be defined as follows: let X be an
array, 1 be a dimension number, I be an expression of some type E on which a
total ordering is defined. Let S be a one-dimensional array representing a
permutation of elements of a set J={lo(X,),...,hi(X;)} sorted by

r(slice(X,i, j) where jeJ. Inless formal words, SORT operator allows to

sort hyperplanes of a hypercube along given dimension by value of I expression
evaluated on each hyperplane. In [15] it is used for modeling of such a geo-raster

operations as top—Kk and median operations.
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It should be mentioned that from optimization point, it is very important to
understand what expression € or operation Op is provided for an operator to make

best possible optimizations. As reported in [14], all operations for MARRAY 's
expression € are classified into seven disjoint classes:

. CE; : Constant expression

. CE, : Cell access with probing point X

. CE,: Simple expression on cell at probing point X

. CE, : Cell access with cluster preserving index expression
. CE5: Access to small neighbourhood of probing point x

. CE6: Simple expression on two cells at probing point X

. CE, : General expression

Those types of operations help to formally classify all probable expressions
provided for cell expression and to exploit that knowledge for finer optimization.

Similarly, all the operations for COND 's operation Op are considered to be from
one of the following class:
. CA : Cell access with probing point x

. CA, : Simple expression on cell with probing point x

. CA, : General expression

Generally speaking, classes CE, and CA, incorporate expressions to which an

optimizer cannot apply any modifications to optimize the MARRAY
performance.

2.1.4 Derived operations

When core operation are defined, multiple additional ones are built on top the low-
level core operations to have a convenient notation for frequently used typical
operations. Such operations are called derived operations and there are several types
of them: geometric, induced, binary induced, aggregate induced.

Geometric operations

These operations are some special cases of application of MARRAY constructor.
Let A be an MDD of type [[T,D]], K be a result of application of trim with
some parameters to multidimensional interval D, i be a dimension number, Vv
some valid point along i-th dimension of domain D. Then the following
operations can be defined:
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- trimming, (A) = MARRAY (K, x, A[X])

- slice;,,(A) = MARRAY (slice(sdom(A),i,v), x, Ax])
All MARRAY cell expressions in geometric derived operations belong to class
CE,.
Induced operations

These operations are again some special cases of application of MARRAY
constructor. Let A be an MDD of type [[T,D]], B be an MDD of type

[[T',D]], op be a function T — D, binOp be a function T xT"—>T".
Then the following operations are defined:
e Unary induced operation op(A):[[T,D]]— [[T’,D]] which is the
replacement to MARRAY (D, x,0p(A[X]))
e Binary induced operation:
binOp(A, B) : [[T, DI x[[T’, D] = [[T", D]] which is equivalent
to MARRAY (D, x,binOp(A[X], B[x]))
e  Left induced operation: O_p,en(A, const) :[[T,D]]xT"'—[[T",D]]
which is a shorter notation for MARRAY (D, x, binOp( Al x], const))
e Right induced operation:
Op,ign(const, A) : T'x[[T, D]] — [[T", D]] which is equivalent
notation for MARRAY (D, x, binOp(const, A[X]))
e Note that in case of unary induced operations MARRAY cell expression
belongs to CE3 class and in case of binary induced operations to class
CE;.
Aggregate induced operations
The main convenient operation is reduce operation on which other derived
aggregates are based. Let A be an MDD of type [[T,D]], op be an associative

and commutative binary operation defined and closed on T . Then reduce
operation can be defined as follows:  reduce(op,D,A) =

COND(op, D, x, A[X]) . Then several convenient operations can be defined as
follows:

sum_cells(A) = reduce(+, sdom(A), x, A[x])
o mult _cells(A) = reduce(*, sdom(A), x, A[X])
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sum_cells(A)
card (sdom(A))
- min_cells(a) = reduce(min, sdom(A), X, A[X])
- max_cells(a) = reduce(max, sdom(A), x, A[ x])

- avg_cells(A) =

2.1.5 Extended relational model

In order to examine MDD specific optimization techniques in combination with set

based query processing, the MDD Model is integrated into an adapted Relational
Model. The attribute domain of multi-dimensional values can be specified
differently:

e Base type is fixed. Spatial is domain unknown
e Base type is fixed. Spatial domain's dimensionality is fixed
e Base type is fixed. Spatial domain is fixed

o Base type is fixed. Spatial domain is fixed with its physical representation
(violation of 'hidden physical representation’ principle)

The type of attribute domain sets amount of restrictions on MDD values that can be
effectively used by an optimizer.

Formally speaking, let D, € & be spatial domains, T. €7 be types and di be
positive integers. Let A be attributes with
dom(A) e{I[T.11.[[T;,d, 11, [[T;, D,]1, T.}. Then the mutidimensional relation
R is defined as R < dom(A)xdom(A,)x...xdom(A,). When attribute

domains are formalized in the model, three relational operations are defined. Let R
and S be relations, cond be a predicate on R, 0p; be a function defined on R

and returning either scalar or multidimensional values for each j. Then relational
operations are defied as follows:
e  Selection Application o

Geona(R) = {t € R| cond (1)}

e Cross product x
x(R,S)={t|t=(r,1,,....T,,S,,S5,--,S,) , (F,e 1) €R,
(s;...,S,) €S}

e Application

Uty 0p, (R) = {t[t=(0P,(Y)....0P.(¥)). y <R}
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The first two operations are very similar to those in canonical relational model,
however, the third operator differs significantly. What it does is application of the
provided operators to all of the tuples Relational projection can be expressed
through projection operation with special functions returning an element of a tuple
at the specific position.

2.1.6 Formalizing Array Query Processing

An array query can be represented as a special graph. Each node of the graph is

represented by an operator which comprises the query. This graph is a tree and
consists of set trees and element trees. Set trees include relational operations as
inner nodes and MDD relations(see definition above) as leaves, whereas element
trees' inner nodes are MDD/logical operations. Leaves are MDD constants/iterators.
There are also some specific kinds of trees for naming convenience: condition trees
and operation trees. The former are element trees representing boolean
multidimensional expressions attached to a select node. The latter are element trees
representing some multidimensional expression attached to an application node.
The mere query graph represents data flow between operator nodes. A single edge
transfers only particular type of data, thus all edges can be classified into distinct
categories depending on type of data flowing through it. The whole edge set is
divided into non-intersection sets of three types: relational, dimensional, scalar
types. Data edges carrying relations comprises relation sets, edges carrying raster
data - dimensional ones, and edges carrying non-dimensional or scalar values are
those forming scalar sets. According to this classification, the graph is partitioned in
subgraphs of maximal size, each of which contains only one sort of edges. Such
subgraphs are called areas and are in particular called relational data areas (RDAS),
dimensional data areas (DDAs) and scalar data areas (SDAs), depending on the
type of edges they contain. Optimizing data flow in DDAs is of primary importance
in extended relational model for array query processing.

In general, when a query optimizer receives a query it processes it in three stages:

. Rewriting
. Transformation
. Execution

During rewriting a query is represented in a normal query form which is based on
logical optimization rules and the following key principles:

e Eager constant subexpressions evaluation.
This saves computational resources as those expressions might be needed to be
computed for each cell of MDD objects

e Boolean expressions normalization aimed at application of optimization

rules.
All boolean expressions are transformed to CNF or DNF depending on the
predicates in order to let the optimizer detect patterns for application of logical
optimization rules
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e Prepare induction expressions for the application of optimization rules.
Such a modification leverages associativity and distributivity of induced operations,
which can replace MDD operations by scalar ones, dramatically reducing
computation cost of the expression

In [14] more than one hundred logical optimization rules are presented. Those rules
are mainly based on load optimization for geometric operations; exploitation of
operations' beneficial properties (such as associativity, distributivity) for induced,
binary induced and aggregate operations; movement of individual o, o
subexpressions through cross product operation for set trees.

In the first case, geometric operations are pushed down to multidimensional nodes
serving as data sources for upper nodes. This potentially reduces amount of 1/0
needed to process a single MDD value by an upper node. An example of such a rule

is trimming, (unOplInduced (A)) — unOpInduced (trimming, (A))

where unOplnduced is an unary induced operation, A is an MDD value.

In the second case, rewriting expressions leveraging beneficial properties of an
operation on which some induced, binary induced or aggregation operation is based
may reduce the amount of multidimensional operations in an expression. A
remarkable example of such a rule is

binOp(binOplInduced (A, b), ¢c) — binOplInduced (A, binOp(b, ¢))
In the third case, computation effort is potentially diminished by reducing the
amount of multidimensional operations performed. For example, the amount of

multidimensional predicate evaluation may be diminished as in case of application
of the rule

O-condRand condS(R x S) - O-condR(R) X O-condS(S)

where R, S are relations, condR,condS - predicates defined on R and S
respectively.
In general, query rewriting is reported to be notably profitable if following
heuristics are taken into account:

e Perform geometric operations eagerly (load optimization rewriting)

e Reduce number and overall cardinality of Dimensional Data Areas as much

as possible

Abiding by this rule lets to diminish the number of edges in DDASs by applying rules
that eliminate MDD expressions or transform them into scalar ones.

e Perform applications eagerly

Similar to pushing down projections while using greedy algorithms in relational
query processing [16], which is not always the best choice [17]. However, lack of
join conditions lets sieving down application into cross product to reduce amount of
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tuples for which given functions are applied. Application is an expensive operation
as MDD values typically have plenty of cells to operate on.

e Perform selections eagerly
This heuristics also resembles the common heuristics in relational query processing
as noted in [18]. Selections are pushed down to diminish operation sets as early as
possible. Scalar predicates are given priority over MDD ones.

e  Search for common subexpressions
Common subexpressions are stored as intermediate results. Doing one unit of work
several times is useless and even costly when operating on large MDD values.
During transformation logical plan operations are mapped to physical plan's
operations. Such a mapping is not the distinctive feature of RasDaMan, for example,
AML (described in Sec. 2.2) also maps logical operations to physical ones.
Typically multiple physical plans are valid and semantically equivalent. Those
might be analytically compared via usage of special array cost models which were
devised for corresponding algebras in [19], [14]. However, being able to just
compare physical plans using cost functions is not always sufficient, it is crucial that
some physical plan refinement techniques are exploited whose aim is to try to
reduce the cost of a physical plan by accounting physical layout of the processed
MDD values and to adjust the iteration order correspondingly. In RasDaMan system
each type operation is considered separately.
Transformation of induced and aggregate operations is pretty straightforward. Main
idea of transformation in such cases is to provide parallel tile processing. However,
transformation of binary induced operations is a bit more tricky and we will focus
on them in more detail further.

Binary induced operations are optimized by trying to find the optimal tile
traversing order over tiles comprising binary induced operands. Finding optimal tile
traversing order minimizes disk reads as the main bottleneck during MDD values
processing, leveraging efficient exploitation of main memory. The problem can be

formalized using graph terminology. Let G=(V,E) be a graph, where

V =V, UV, and V, "V, =, sothat V,, V, represent tile sets forming the first
and the second operands of the binary induced operation respectively. The edge
(v,,v,) € E if and only if tiles corresponding to V,, V, need to be processed
simultaneously during binary induced operation performance. The result graph is a
bipartite graph, as any edge from E has the one end in V, and another in V,. An
edge in the graph may intuitively be perceived as an indicator of represents a need
for holding two tiles from different sets in main memory for faster processing.
However, to process the tiles in main memory those tiles should be, obviously,
loaded into the main memory first, unless they are already in place. Loading of a tile
is an expensive operation as it is directly related to expansive disk 1/O, hence the
amount loads should be diminished as much as possible. If there is no cache and
only two tiles can be held in main memory simultaneously at a time then the
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problem of minimization of disk access can be formulated as follows: find a vertex
traversing order K, K,,K K, minimizing amount of disk access.

The tile traverse algorithm for binary induced operations has been pondered in [14].
Disk access minimization problem is reduced to the problem of minimization of a
special cost function that is defined as

cost(k,,K,,...,k;) =cost(k,,k,,..k; ;) +(isAdj(k.,k, ,) and k, >1) ?1: 2.
The minimum is obtained when the sequence k;,K,,K ,K. formsa Hamilton cycle.

In generic case determination of whether such a sequence of vertices exist is known
to be an NP-complete problem [20].

However, the restriction to visit each vertex only once can be relaxed. Such an
approach has been used in [21] for facing the problem of finding the optimal tile
traversing order for array join - a special case of binary induces operation. In this
paper the requirement of exclusive visit of each vertex is replaced with requirement
of visiting each edge only once with intention to minimize multiple reads of a tile.
Authors exploit Hierhozer and Weiner necessary and sufficient condition to find an
Euler circuit, i.e. a circuit that visits each edge in the graph only once. As the
Hierholzer and Wiener criteria claims [22] the presence of Euler circuit in a graph is
equivalent to its connectivity and all vertices having even degrees. Authors split the
graph G into connected components, augmenting each with extra auxiliary edges
so that each vertex has an odd degree and Euler circuit exists. For each component
an Euler circuit is computed and tile traverse path is determined. The result traverse
path is built from a random permutation of components' paths. The authors report
that it is still an open question how this approach may be adapted to either a
distributed environment where each tile load may have its own cost and or to a
presence of an arbitrary sized cache.

2.2 AML algebra

2.2.1 Array abstraction

In Array Manipulation Language (AML) [23] an array A is set by its shape S,
domain D (which is conceptually similar to Array's algebra value set), and the
mapping M that establishes the link between the array's shape and domain. S[i]
represents the extent of A along i -th dimension, as all cells of an AML array has
lower bound equal to zero. A vector X is said to be in array's shape S iff
Vi0 < x[i] < S[i]. Said that, we can define the mapping M more formally as a

function that returns some value from D for every X € S and a special null ¢ D
element otherwise.
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2.2.2 Algebra operations

AML makes use of bit patterns and several probe functions defined on those
patterns (index and count). The Index(P,k) function returns the index of the
k —1-th 1 in the bit pattern P if it does not equal to (0), otherwise the function
returns 0. The count(P,Kk) function will return number of 1 up to K -th position
in the bit pattern B .

Let A B be the multidimensional arrays with different shapes S;, S, and common
domain D with d dimensions, P, P, be some bit patterns, D, , R, be some

shapes called domain and range boxes respectively; then the core operations on
arrays in AML algebra are:

 Subsection. C = SUB (A, P)

The SUB, operator iterates over hyperplanes along 1 -th dimension and, if allowed
by the corresponding bitin P, concatenates the hyperplane to the result array.

e Merging C = MERGE, (A B, P, )
The MERGE operator cyclically glues together hyperplanes cut along i -th
dimension according to pattern P . Hyperplane are taken from A for set bit in the

pattern and from B otherwise. If source array has no values hyperplane is filled
with O value.

e  Function application. APPLY(A, f,D;,R;,P,K,P, ;)
Iterates over slabs of shape D, from A, checks whether that slab is "allowed" by

all of the P, patterns (by looking through corresponding bits over all patterns and
rejecting the slab if some of the bits is not set). If the slab is "allowed" function f
is applied to the slab and a slab of shape R; is obtained. The result slab is "glued"
to the result array from the side indicated by iteration position (more formally to (
count(R,,i,),K ,count(P, ,,i, ;) where vector (i,,K ,i,) represents the
iteration vector) ).

The APPLY operator might seem to resemble the MARRAY operator defined
in Baumann's array algebra. Indeed, MARRAY operator can be called as a more
restrictive version of MARRAY operator with range boxes equalling a single
array cell. In AML function f is a black box just as an expression of class CE,

for MARRAY operator.
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2.2.3 Optimization

AML optimization techniques, similarly to those in Baumann's algebra, can be
classified into logical and physical ones. In AML those techiques are applied in
three phases, so called rewriting phase and plan generation phase, plan refinement
phase.

During rewriting phase an AML optimizer receives an AML query, builds query
expression tree, and transforms it to semantically equivalent one using algebra's
transformation rules. The transformed expression is guaranteed to be evaluated to
the same result as the intial one, however the transformed query is hoped to be
executed faster for some reason (e.g. due to operating on smaller amount of cells as
in case of load optimization in Baumann's array algebra, see Sec. 2.1.6). In [19],
[23] several algebraic rules are presented. The set of logical optimization rules is not
so diverse compared to those devised in [14]. The approaches used by AML
optimizer is similar to those exploited by Baumann's Algebra optimzer for load
optimization. Examples of AML optimizer's query transformations are: merging
several subsample operators into one, pushing subsample through merge in some
cases, pushing subsamples through apply in some cases, etc. As AML's algebra
operators by nature are superior to Baumann's Algebra ones in terms of flexibility
(e.g. bit pattern support in all elementary operators, differently sized range boxes for
function application operator), logical optimization rules become more complex,
accompanied with extra initial conditions and overburdened by auxiliary bit pattern
calculations. For example, some generic optimizations exploited by a Baumann's
algebra optimizer, like reducing the cardinality of processed cells set before
function application, cannot be simply borrowed by AML optimizer for use. This
occurs due to the fact that additional logic is introduced by bit patterns and possibly
different sizes of range and domain boxes. However, overall relative complexity of
AML's logical transformation rules does not diminish the AML optimization
potential. At plan generation phase rewritten expression tree is mapped to a
physical plan just as during Transformation phase of Baumann's optimizer. The
physical plan is represented by a directed graph where a vertex represents a logical
operator, while an edge depicts a data flow. Every operator expects a stream of non-
overlapping chunks (tiles in RasDaMan terminology) of some particular shape and
in some particular order as an input. Operators produce non-overlapping array
chunks of particular shape and in some particular order as an output. An operator
may have some parameters which specifies its behavior. The summary on the
physical operators is provided in table 1.

Table 1. AML physical operations

Name Input Parameters Description

Stream
APPLY_P 1 function Applies a function to an array
LEAF_P 0 array Reads array from disk
COMBINE_P | >0 combination | Maps input slabs (in each
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map dimension) to output slabs. Used

for MERGE and SUB

REGROUP_P

- changes input chunks' shapes

REORDER_P

- permutes input chunks

The building of the physical operator tree is based on recursive top-down
traversing of the expression tree. The algorithm step can be determined depending
on the currently processed node of the expression tree. Algorithm of building the
physical plan tree is summarized in tab. 2.

Table 2. AML physical plan tree building algorithm

Current tree root
node is ...

Action

Nonleaf
APPLY with

domain box D

Add APPLY_P and REGROUP_P operators where
* REGROUP_P precedes APPLY_P

* APPLY_P input chunk shape matches D, ;output— R,

aFr;d range  boX |+ Application mask are taken from APPLY patterns

f
SuUB or | Find max tree of SUB and MERGE rooted at current
MERGE  with | node. Translate it to n-ary COMBINE_P and n
n leaves REGROUP_P operators
Leaf APPLY Translate it to LEAF_P

The main aims of the optimizer on plan refinement phase are to remove no-op
operators and specify chunk ordering of each operator. Chunk iteration order
directly affects the amount of data buffed by an operator, therefore the optimizer
tries to minimize the memory requirement so that try to execute entirely in memory
not to spent effort on materializing intermediate results of evaluation. For d -
dimensional array consisting of q chunks there are (! iteration orders. If a plan

consists of multiple operators consuming several arrays then considering all
iteration orders becomes exponentially expensive. AML authors decided that the

optimizer should consider only d iteration orders for each operator, where d is the

maximum dimensionality of an array consumed in the plan. Each of those d
iteration order differs in the primary dimension by which all the input chunks are
ordered. Other sort dimensions are taken in dimension number increasing order.
Authors claim that Hilbert curve [24] or Z -order [25] could be considered by an
optimizer as those orders might be related to secondary storage scheme, but those
types of orders are neglected for the sake of simplicity.

151



Pavlov V.A., Novikov B.A. Array Database Internals. Trudy ISP RAN/Proc. ISP RAS, vol. 30, issue 1, 2018, pp. 137-
160

For physical plan consisting of W operators there will be dW iteration orders.
There is another problem that even if an optimal iteration order is found for some
operator it does not mean that optimizer is done with this operator. There might be
another dependent operator expecting output chunk stream of the just considered
operator in a completely different order. However, instead of examination of
another possible chunk ordering it might be more beneficial to insert a reorder
operator between the producer and the consumer operators. Having addressed the
aforementioned problems, AML authors devised a cost-based algorithm reducing

—2
the complexity of assigning chunk iteration orders to operators down to O(wd ).
The algorithm is briefly discussed below.

Let Ci(x) be cost of choosing output to be returned in i -th order for operator X .

Let Y (X) be set of X neighbors. If the X is LEAF_P then cost function is equal
to operator memory cost (defined for each operator separately), otherwise:

C.(x)=c(x)+ Zer(X)(min (Ci(Y), mini.; (Cj (y) + reorderCost( j,i, X, y)))

Here reorderCost( j,i, X, y) shows the additional cost augmented after inserting
a REORDER_P operator between X and Yy operator reordering j—th ordered
chunk stream into i -th order one.

2.3 SciDB

To the best of our knowledge the formal SciDB algebra description with possible
derived optimization techniques has not been yet published. This may be explained
by the fact that, formally speaking, there is no formal algebra in SciDB, as it will be
seen below, and all operators are initially considered to be user defined functions
(UDFs). There are some built-in operators, but they do not form any algebra, and
are still considered UDFs, as SciDB pays much attention to extensibility. Despite
this fact, here we try to formalize our knowledge about SciDB and structure it using
the plan used for AML and Baumann's array algebra. First we define an array, then
list built-in elementary operations of SciDB and finally try to explore how SciDB
query optimizer works.

2.3.1 Array abstraction

SciDB operates on collection of n -dimensional arrays each of which again may be
represented as a mapping

Al x L, xK x 1 —(V, xV, xK xV, )JU{NULL}
Sets 1,, I,,, I, are closed subsets of Z" just as in case of Baumann's array

algebra. Value associated with each index vector (il,K ,in) represents an array's

cell. What needs more attention here is the nature of a SciDB array's cell. As it can
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be seen from formal SciDB array definition the cell value is actually a
heterogeneous tuple or a special NULL value. The presence of NULL value gives
lets SciDB to store sparse arrays just out of the box. Cells which are mapped to
NULL are called empty. Each tuple element can be addressed by so called attribute

name. It should be mentioned, there are some constraints on value sets Vj, which
restrict a tuple value to be of one of some predefined types: fixed length string,
number, etc. However, users of SciDB are given an opportunity to compose custom

types (user defined types — UDTs). One of the features of the SciDB array data
model is that it is nested, allowing an array cell contain another array.

2.3.2 Algebra operators

One of the most distinguishable feature of SciDB is that as reported in [26] it has
no built-in operators, forming some rigor algebraic system. Authors claim that all
operators are in fact UDFs and SciDB has some embedded UDFs, which to some
extent may be perceived as elementary operators forming SciDB base algebra.
However, this might seem as contradiction to the SciDB ideology. In [27] the term
‘algebra’ is used, but formalism is avoided and just built-in operator usage examples
are provided. Below we describe SciDB built-in operators mentioned in [27] and
specified in online SciDB documentation [28].
Let

e A bean n-dimensional SciDB array, B be m -dimensional array

e V beaarray index values for A,

where array index values can be defined as a set of pairs

{(i,,v,). K, (i,,v,)} where for every 0<j<n : 0<i;<n, i

values are distinct and v, is an admissible index value for array's
dimension | .

e Q be a predicate containing free occurrence of A cell's dimensional
index

e E be apredicate containing free occurrences of A cell's attributes

e [ beafunction mapping A cell attributes values to some admissible cell
type

Then the set of the following operators may be described:
o Slice(AV)

Gets out the subarray of dimensionality dim(A)—|V | from array A, taking A

as buffer array and sequentially cutting out hyperplanes from buffer array based on
elementsin V .
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o Subsample( A Q)

Gets out the subarray from array A building it from those cells whose index over
dimension | satisfies the predicate Q for every admissible | .

o SJoin(A, B)

Combines the cells' values of two input arrays if cells have the identical dimensional
indices.

o Filter(AE)

Gets an array of the same dimensionality as A where each cell is taken from A iff
E evaluates to true on it, or considered empty otherwise.

« Apply(AF)
Gets a new array applying F to a cell (substituting cell's corresponding attribute

values to F ) and storing the result of the calculation in the result array's cell with
the same dimension index.

It should be mentioned that SciDB orients on high extensibility, which explains the
shift of SciDB towards UDFs (and UDTs). ScidDB provides a special facility that
enables to extend the aforementioned set of operators with custom ones, written in
C++. Custom operators are required to take array input(s) and return array output(s).
Moreover, SciDB supports defining own aggregates (user defined aggregates —
UDAs), increasing the degree of extensibility even more.

2.3.3 Optimization

The shift to the paradigm 'everything is defined by a user' makes query planning a
much harder task. The SciDB optimizer operates on 'blackbox' operators which may
theoretically be optimized, but in general case their nature is too generic for the
optimizer to determine optimizations it might perform. However, compared to AML
and RasDaMan systems, SciDB tries to overcome this difficulty with optimizations
basing more on physical data storage and parallelism. Those optimizations are
discussed below.

When a query is got an optimizer builds a logical plan ding all the required semantic
checks. As it is stated in [27] the optimizer will produce a complete physical plan
corresponding to the built logical plan, where possible. Otherwise it will split the
query plan into subplans consisting of pipelinable operators and execute them (in
parallel, taking into account the physical structure, discussed further). One logical
optimization of SciDB query optimizer mentioned in [29] is detecting commuting
operations and pushing them down in the query tree. However, due to generic nature
UDFs finding such operators is typically a luck.

When physical information comes in use, SciDB optimizer starts to 'breathe easier'.
A SciDB instance is supposed to run on multiple nodes, adhering to shared nothing
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design. A central system catalog exists, storing meta information about user-defined
extentions, data distribution, etc. By such SciDB enables to provide a high level of
parallelizm and related performance improvements accounting the fact that array
data manipulations are known to be CPU bound([14], [29]). SciDB optimizer makes
use of distributed architecture and performs several related optimizations discussed
in [29]. For example, the optimizer examines the logical tree for blocking
operations, i.e. those which require a temporary array to be constructed (e.g.
operations demanding redistribution of data in order to execute). In [29] built-in
SciDB optimizer is reported to be an incremental and cost-based one. It means that
the optimizer picks the best choice for the first subtree to execute making use of a
cost model for plan evaluation. The same paper states the SciDB optimizer can be
called a 'simple optimizer' which tries to minimize amount of date movement and
increase the level of parallelism.

However, different optimization techniques has been recently proposed, which
might be used in SciDB environment. Those include devising iterative array
processing model for a parallel array engine proposed in [30], optimization of

SciDB's Filter operator proposed in [31], shuffle join optimization framework for
the SciDB array data model presented in [32], etc.

3. Possible directions of investigation

Based on the overview of the optimization process provided above we summarize
some directions that are available for further investigation. Under no circumstances
should this list be perceived as complete one. The list below is just a set of noticed
future work directions which is actually much larger.

« Baumann's Array Algebra. Array Query Processing. Commutativity of
slice and trimming is not accounted during optimization
How can this property be exploited for load optimization?

« Baumann's Array Algebra. Array Cost Model. Approximating selectivity

of predicates containing MDD expressions using common techniques for AQP
approach.
In relational query processing there are three well-known techniques: Sampling,
Parametric, Histogram-based Techniques. RasDaMan creators opted for Histogram-
based approach, saying that parametric techniques have a problem that real
distributions (especially those of operations results) are seldom accurately
approximated by mathematical distributions. The problem is very serious in case of
raster image data. Sampling techniques are reports to be very flexible and tolerant to
updates. The main disadvantage of such an approach is that sampling has have
considerable 1/0 and CPU overhead and lacks computation result reusability. How
serious is that overhead and how disadvantages overweigh advantages?

» Baumann's Array Algebra. Cell expressions analyzing
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It is possible to analyze cell expressions for the elementary operations ( MARRAY
, COND ) in order to optimize disk access, e.g. detect tiles which should be cached
iteration over MDD value.

« Baumann's Array Algebra. Optimization of binary induced operations.
Array join problem. Optimization for relaxed restrictions
When the tile graph is built as in [21] the cost of fetching a tile from disk is
considered the same for all tiles. However, this might be not the case for a
distributed environment or in presence of cache with size allowing to hold more
than 1 tile of each operand. The approach presented in [33] might be considered.

« AML. Plan refinement. Iteration order

Authors claim that Hilbert curve or Z -order could be accounted by an optimizer
during plan refinement as those orders might be related to storage scheme, but those
types of orders are dismissed from consideration for the sake of simplicity. Can
such a simplification be revisited?

4. Conclusion

In the current paper we have investigated the theoretical background of array
databases exploring three different mature array database management systems:
RasDaMan, AML, SciDB. We have looked at those database from a fixed
perspective: firstly, we explore the data model the system uses to simply define an
array; secondly, we examine what formal algebra the system constructs above
arrays; thirdly, we take a closer look on algebraic optimizations (logical
optimizations) and those applied when information about physical storage and
retrieval of data is taken into account (physical level optimizations). We collect
some possible directions of further investigation for considered array databases. The
list of directions mainly contain ones outlined by the authors of the array databases
themselves.
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AnHotammsi. [locie MNOSBICHUS OrPOMHOIO KOJMYECTBA HAYYHBIX JaHHBIX, KOTOpPBIC
HeoOXoquMO OBLIO XpaHWTh M 00pabaThiBaTh, B Mupe 0a3 MaHHBIX BO3HHMKJIA 3amaya
MOAJEPXKKH OOJIBIIMX MHOrOMepHBIX MaccuBoB. Crama HeoOXxomumol paspaboTka
CHeIUaNbHBIX 0a3 NaHHBIX, KOTOpHIE OCHOBBIBAIMCH OBl HA MOJIENM JAHHBIX, "cepamem"
KOTOpoil ObUTO TOHATHE MaccuBa (array). Pa3zpaboTka XOpOIIO OpraHW30BAaHHOW CHCTEMBI
ynpaBieHHs 0a30i MaHHBIX, Oa3WpYIOIIEHCS Ha HETPaIWUIMOHHOW MOJENN JaHHbBIX,
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AnHoTanms. B cratee paccMarpuBaeTcs crnoco0 00pabOTKH pachpenenEHHBIX CTPaHUI] B
Oracle Real Application Clusters (Oracle RAC) n mpoBoguTcst ero cpaBHEHHE C APYTUMHU
U3BECTHBIMH CIIOCOOAMH B KOHTEKCTE CPaBHEHHS apXHUTEKTyp AOCTyNa K CTpaHuiaMm. B
pe3yabTare BBISBICHHS HEIOCTaTKOB TPAIMIMOHHOTO crocoba, mpumensemoro B Oracle
RAC, npemnaraercss HOBBIH Croco6 J0CTyNma, B OCHOBE KOTOPOTO JICKHT BBEICHHE eIle
OIHOTO COCTOSTHUSI CTPAHHUIIBI — COCTOSHHUS «pasrpy3Ku», MOBbImamomiee 3GGEeKTHBHOCT
00paboTKH pacrpeenéHHbIX CTPaHHI 3a CYET CHIDKECHHS KOJMYECTBA IEPECBUIOK MEXIY
y3J1aM# TIpu 00pabOTKe TOPSYMX CTPAHHUII.
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1. BeedeHue

JanHas paboTa MOCBSIICHA U3JIOKCHUIO OJHOW M3 OCHOBHBIX HJCH TUCCEepPTALUU
[1], 3amuménnoit B utone 2017 roma. PacmpocTpaHeHue TEXHOIOTHI OOIAYHBIX
BBIYUCIICHHUI BBIBEJIO MPOOJEeMy OOILIETro pecypca B KOHTEKCTE MacIITaOHUpOBaHUS
cucteM ympasieHus Oasamu maHHbBIX (CYDBJ/]) Ha HOBBI ypoBeHb. OOiagHBIE
TEXHOJIOTHH i1 OOJIBITMHCTBA BBIYMCIUTEIBHBIX 3a7ad (BKIIOYAs PEHJIEPHHT,
TpaHCchOpMaMi0 W T. I.) TPUBHECTH U CHIDKEHHE CTOMMOCTH PECYpCOB U
YIPOIICHHE aJIMUHHACTPUPOBAHUS 3a CUET KoHcoiummanuu. OaHako HEoOXOIUMO
ormetuth, 4To st CYBJl mMu pemraercs TONBKO OIHA 3aja4a — IOBBINICHHUE
3¢ pexTHBHOCTH yTpaBiIeHHs, B YIIepO CTOMMOCTH PECYPCOB, Tak Kak TpeOOBaHHS K

161



Gusev E.I. Optimizing access to memory pages in software-implemented global page cache systems. Trudy ISP
RAN/Proc. ISP RAS, vol. 30, issue 1, 2018, pp. 161-182

MOIIIHOCTH TIPY KOHCOJHMIALMHK BO3PAcTalOT, a BO3MOKHOCTH HCIIOIb30BaTh IS
KOHCONMJAIMK JeHIEBbIE OOJIavHBbIE TEXHOJIOTMH OTCYTCTBYeT. IJaBHas mpudYnHa
3meck — Hed((EeKTHBHbIE TEXHOJIOTMH O00paboTku ofmero pecypca, He
YUUTBHIBAIOIINE OCOOEHHOCTH OONauHBIX CHCTEM U, Kak CIEICTBHE, HE
MaclTadupyronmecs.
Ion wacmrabupoBanmem CYBJ[ Mp1 B maHHOM ciydae OyaeM IIOHHMATh
TpaHC(OPMALMIO OJHOY3JIOBOM CHCTEMBI B MHOTOY3J0BYI0. HeBO3MOXXHOCTH
MPONOPIMOHANBHOTO yBeNW4eHHs MoInHocTH 0a3bl naHubIX (BJ]) noGasnenunem B
00J1aKo cepBEpOB pelaeTcsl, Kak MPaBuilo, KOHCOMHUAlKeil BceX 00IIUX pecypcoB B
enuHyto neHTpaibHyro CYDBJ[ M HapamuBaHueM e€ anmapaTHOH MOIIHOCTH.
PesynbraroM crnokuBIIeiics MPakTUKK SIBIsSETCS cUTyaunusd, koraa bJ[ B cuctemax
OOJIauHBIX BBIYMCICHUN CTaHOBUTCS OOIIMM pPECYpCOM, HCIIOJIB3YEMBIM BCEMHU
BBIYHCIINTEIbHBIMI MOIITHOCTSIMH.
Jpyroii, 10OBOIBHO YacTO NPUMEHSIEMBIA NPUEM, — CYIIECTBEHHOE HU3MEHCHHUE
ApPXUTEKTYPHI MPUIOKEHUH s CHUKEHUS HHTeHCUBHOCTH oOpamieHuit k b/l gacto
32 CY4€T CHIKEHHMS KOHTPOJS 3a IETOCTHOCTBIO JaHHBIX. SIpKas WILIFOCTPALH
takoro ciay4as — NoSQL DB [2-7].
[TpumeHeHne ke KIACCHUECKHX CHOCOOOB OJOKMPOBaHUS IPH MacliTaOMpOBaHUH
oOmaunplx  (BmpodeM, W aApyrux pacnpenenéHusix) CVYBJl mpuBomutr K
3HAYUTEJIFHOMY YBEIMYECHHUIO BPEMEHN 00pabOTKN M OJOKHPOBAHUS 110 CPAaBHEHHIO
C OJTHOY3JIOBBIMH CHCTEMaMH.
Bcé 310 00ycinaBnmBaeT Kpu3uc B 0a3ax JaHHBIX, BBIPAXKAIOMINICS KaK B TOSBICHUH
HOBBIX apXUTEKTYp, TECHO CBS3aHHBIX C HPHJIOKEHHAMH (Kak, Harpumep, NoSQL
DB [2-7]) anst pasrpy3ku B/l ot 3anpocoB b0 o0IeryeHns caMoro 3ampoca, Tak ’
HOBOM BWTKE DAa3BHTHs IOPOTOCTOSIIMX IPOTPAMMHO-AMIIAPATHEIX KOMIUIEKCOB
(Oracle Exadata [8], IBM DB2 pureScale [9]). CoOcTBeHHO, HEBBICOKHE
BO3MOXXHOCTH OOJIaYHBIX CHCTEM KOHCOJIHMAMPOBATH CHCTEMBI C OOLIMM PECYpPCOM H
obycnounu kpu3uc B pazButuu CYDBJ] B KOHTEKCTe pa3BUTHSI CHCTEM OOJIAYHBIX
BBIYUCIICHUMN.
PaccmarpuBas mMozpenn oOCITyKHMBaHHsI OOJIAYHBIX CHUCTEM, CIEAYEeT OTMETUTbh, YTO
npenoctaBienne CYDBJ/] kak cepBHca KIMEHTY IMOIXOOUT IO KIACCH(PHUKAINIO
«marpopma kak yciyray, win PaaS (platform as a service) [10-12]. Xots
HEKOTOphIe uccienoBarenan otHocaT oonadnsie CYB/] k SaaS (software as a service)
[13], aT0, yumTeIBas ompeneneHue, manHoe B [11], HeBepHO, MOCKOIBKY B
OTIpeNieIeHNH YETKO TOBOPUTCA O «HECIIOKHBIX TIOKYIKE M CONPOBOXKICHUH
IPOTpaMMHOT0 oOecrieueHnsl 1 HHPPaACTPYKTYypBHI, Jexalleld B OCHOBE CEpBUCAY.
Cpenu KOMITaHHUH, MOCTaBILIOMUX yciayr# obmagabix CYBJ[, MOXHO BBIAETHTH
takne, kak Oracle — Ha ocHoBe cobctBeHHOW CYB]] [14], Enterprise DB — Ha
ocHoBe PostgreSQL [15], Caspio.com — Ha ocHoBe MSSQL [16], ClearDB [17],
SkySQL [18] wu npyrme — Ha ocHoBe mySQL. J[locrarouno mnozxpoOHas
Ki1accu(uKanys ceroqHAIIHNX 00Ja4HbIX CHCTEM NpuBeeHa B pabote [19].
OnHako Bce NpUMEpHl paboTaromuUX OOJaYHBIX CEPBHCOB OPHUEHTHPOBAHBI Ha
HEBBICOKME TpeOOBaHMS OOCIY)XMBAaHUS, a IVIABHBIM IUIFOCOM O3THX CEPBHCOB
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ABIIACTCA CHIDKCHHE PACXOAOB 3a CUET OTCYTCTBHS 3aTpaTr Ha BIIA/ICHHE CEPBEPOM.
IIpu yBenmmueHnu TpeboBaHMK K oOchmyxuBaHmi0 kommnanmmu (te e Oracle,
Microsoft, Enterprise DB) npemararor BiageTs COOCTBEHHBIMH CEpPBEpaMIL.

Taxum 00pa3oM, Bce MEePEUHCICHHBIE PEIICHHS SBIITIOTCS KOMMEPYEeCKOW HHIIEH, a
HE BO3MOXXHOCTBIO YBEIHMUYMBATh COOCTBEHHYIO NPOM3BOANUTEIBHOCTE (B TOM YHCIIE
B pPEalbHOM BpEMEHM) 3a CUYET MCHONB30BaHHS oOmaka. HecomMHEeHHO, 0 ueM
CBHJICTENBCTBYET YCIICITHOCTh ITHX MPOEKTOB, TaKas HHUIIA BOCTPeOOBaHA, OJHAKO
3aJauy YBEJIMYEHUS IPOU3BOAUTEIBHOCTH 3a CUET O0NaKka, B TOM YHCIIE 3a CUET
yacTHOTO obOnaka (private cloud [11]) wnu koproparusaoro (community cloud [11]),
OHH HE PELIaloT.

2. CpaeHeHue apxumekmyp CYB[] e KoHmeKkcme opzaHu3ayuu
obnaka

KnroueBbiM (hakTOpoM TIpH IOCTPOCHHWH OONAYHBIX CHCTEM SIBISETCA BBIOOD
APXUTCKTYPHI. Ha CeFO[[HSII_HHI/Iﬁ AC€Hb MOXHO BBIACIUTL CICAYIOIIHNE OCHOBHBLIC
ucrojb3yeMble apxutektypbl: shared nothing [20], shared disk [21], apxutektypy
shared everything, B KOTOpOil HCHONB3yeTCS MPOTrPAMMHO-PEaTU30BaHHBIH
mio0aneHbIit ke (Global Cache Fusion) [22] (nanee B crarbe — shared everything),
a TakKe pelIeHUS Ha OCHOBE ACHUHXPOHHOW WM CUHXPOHHOM peIlIMKalui,
MpUMEPBI KOTOPBIX OyIyT paccMoOTpeHsl HMke. KpoMme Toro, HecMOTpsl Ha SIBHYIO
HEe3((EKTUBHOCTD C TOYKH 3PEHUS] MPOU3BOAUTEIHHOCTH, B HEKOTOPBIX CIIydasx
UCTIONB3YIOTCS CHUCTEMBI, HCIOJIB3YIOIINE paclpenenéHHble TpaH3akuuu [23],
KOTOpbIE B CYIIHOCTH SBISIOTCS YacTHBIM CIy4aeM CHHXPOHHOH pEIUTHMKAIIUH.
[MpuBeném mmrockl M MUHYCHl KXIOH HMX JTHX apXUTEKTyp Ha IpHMepax
CYIIECTBYIOLINX pPeaTH3aIii.

Shared Disk. Orta apxutektypa aoBoibHO peako ucnonb3yercs B CYB/. Cpenu
npuMepoB MoxxHO TpuBecTH Oracle Parallel Server [24], cucremy, koTopas yxe
MHOTO JIeT He noazepskuBaeTcs. [IpuunHa 10BoIbHA MPOCTa — ISl CHHXPOHHU3AINH
JIaHHBIE HAJI0 3amKcaTh Ha OOIIMI AMCK M MpounTath oTTyAa. [lockonbKy ckopocTH
oOpamieHnsi K IUCKOBBIM YCTpOiicTBaM (BpeMs OTKJIHMKA) HIKE, YeM CKOPOCTb
oOpamieHns K maMsTH, B MOCIEAYIOMHNX Bepcusax kopmopanus Oracle mepemnmia Ha
apxutektypy shared everything. Apxutexrypa shared disk cormacmo [24] Takxe
NpUCyIla W oOmadHbIM pemeHmsiM Ha ocHoBe IBM DB2, xors wncmomb3oBaHHe
TexHoJoruu pureScale [9] mepeBoauT 3TH cHCTEMBI B Kateropuio shared everything.
CTOWT OTMETHTB, YTO JJII CHCTEM C HEOOJNBIIUM KOJMYECTBOM OOIIMX PECYPCOB
apxutektypa shared disk u3-3a cBoeil MPOCTOTHI MOXKET OBITH Moyie3na. Emé omaun
HEIOCTaTOK ATOW apXUTEKTYPhl — HU3KAs MPOU3BOIUTEIBHOCT (aMIOBBIX CUCTEM,
KOPPEKTHO pabOTaloUIMX C pa3JeisieMbIM HECKOJIBKMMH Yy3JaMH JHCKOM, H3-3a
HEOoOXOIMMOCTH 00eCIeYeHUs] KOTEPEHTHOCTH KEIINPYEMBIX JaHHBIX.

Pestomupyem: shared disk nemoHCTpHpyeT HEBBICOKYIO NMPHUTOAHOCTH K 00paboTKe
OLTP-tpaduxka.
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PemieHusi Ha oOCHOBe peIUIMKAUMM. PemieHHss Ha OCHOBE PpEIUIMKAINH, Kak
CUHXPOHHOM, TaK M ACHHXPOHHOHM, OYEHb WIMPOKO pacHpocTpaHeHbl. MOKHO
ynoMmsHyTh standby cepBepa, Ha KOTOpBIE IEpEHOCHTCS Harpys3ka read-only
(HampuMmep, cBA3aHHAS ¢ OTYETHOCTHIO) [25] mwim Tak Ha3bpIBaeMmas Harpyska read-
mostly, coieprkaimasi NpEeMMYIIECTBEHHO YTEHHE, HO, KPOME TOTO, OYEHb PEIKO
BBINIOJIHSAIOIIAs 3anuch [25]. Kpome TOro, CTOMT ynoMsHYTh CHCTEMBI BHIOOPOYHON
perutukariu (Hanpumep, Oracle Golden Gate [26], Quest SharePlex [27]), a Taxxke
CHCTEMBI, OCHOBaHHBIC Ha IPUMEHEHHH (4acTo (WIBTPOBAHHBIX) OHHAPHBIX
xypHasoB mySQL. OnHo#t u3 HanOoee ynauyHbIX CHCTEM Ha OCHOBE NMPHMEHEHHS
OmHapHBIX )XypHaIIOB aBisieTcs Percona XtraDB Cluster ot komnannu Percona [28].
OnHako, HECMOTPSI Ha LIMPOKOE PACHPOCTPAHEHUE, BCE NEPEUUCICHHBIE CHCTEMBI
CTpaJlaloT OJHHMM HEJOCTaTKOM: Ha KaXIbl y3el HeoOXOIUMO pEeIUTUIHpPOBATH
M3MEHECHHE CO BCEX OCTAIBHBIX Y370B. JTO HAKIAIBIBAET XKECTKOE OrpaHWYCHHE!
CyMMAapHbIii 00bEM M3MeHeHHIl BcCeX CHCTeM He [O0JKeH IPeBbIIATh
BO3MOKHOCTH €CaMOI0 Me/JJIEHHOI0 y3/Ja Ha NpUMeHeHUHe (HAKaT) U3MEHEHUH.
Ha npaxTnke Takue CHCTEMBI PeIKO COAEPKAaT YHCIIO Y3JIO0B, Oonbluee 3, IMEHHO
U3-3a 3TOTO OTPaHUYCHHUS.

Uro kacaeTcs CHCTEM, MCHONB3YIOUIMX pacHpeeNEHHbIe TPaH3aKIUK (HampuMep,
[29]), To OHU ABIAIOTCS YACTHBIM CIy4aeM CHHXPOHHOW peruTiKanui. MoXHO OBLITO
ObI MHOTO TOBOPHTH O HEIPPEKTUBHOCTH Hambonee pacHpoCTPaHEHHBIX
anroputrMoB 2PL [30] u 2PC [31], HO HE OHHU SBIAIOTCS CIIA0BIM MECTOM CHCTEM,
UCIIOJIB3YIOIUX 3TH aJrOpUTMbI (B KOHTeKcTe (yHKuHoHupoBaHus PaaS [11]), a
caMa apxHTeKTypa Ha OCHOBE peIUIMKAIlMd. BO3MOXHO, HMMEHHO TI03TOMY
MOZIEPHU3HPOBAHHBIC AJITOPUTMbI OJIOKMPOBaHUS U (UKCAMK TpaH3akuuu [32-34]
HE HaxoJsIT UIMPOKOTO IPUMEHEHUs] B KOHTEKCTE POCTa MOMYISPHOCTH OOJIavyHBIX
CHCTEM.

Shared nothing. IlpuMepoM yCHEmHBIX peanu3ainuid 3TUX TOIXOJOB SIBISETCS
mysql NDB cluster [35], ElasTras [36], Teradata [37], xkoto Gridscale [38]. Crour
OTMETUTh, YTO Ha OTOH apXUTEKType IOCTPOCHO HanOOoJblliee KOJIMIECTBO
obmaunsx cucteM. OgHaKo, Kak OymeT moka3aHo Hrke (pas3n. 3), shared nothing
BelBUraeT TpeboBanus kK OLTP-tpaduky M TOJbKO Il ONpenesiéHHBIX KIIAacCOB
Tpaduka apxuTekTypa 3pexTHBHA (B KOHTEKCTE MUTPAIIMH B 00JIAKO).
Ontumuzanyst pa3MeIleHHs AAaHHBIX 10 y3JaM B 3aBUCHUMOCTH OT Tpaduka
IPE/CTaBIIET cOOOH CephE3HyI0 3a/ady, pelieHue KOTOPOMl IMO3BOJIUT CHCTEMaM,
6asupyromuxcst Ha shared nothing coorBercTBOBaTh TpeOoBanusM PaaS [11]. Bcé
9T0 TpeOyeT Ooyee mMmompoOHOro aHanm3a mpobieM MacmrabupoBanus shared
nothing cucrem B 3aBUCHMOCTH OT Tpaduka.

OuenuBas apxutektypy shared everything, peammzoBannyio B cucreme Oracle
Real Application Clusters (Oracle RAC) [39], HeoOXoauMMO KOHCTaTHPOBATh
BO3MOXXHOCTh ~ MacIITaOMpOBAaHMS CHCTEMBI 0e3 SBHBIX OrpaHWYEHHH Ha
COOTHOIIICHWE YTEHHMS W 3alMCH N0 CPaBHEHUIO C apXUTEKTYpOil Ha OCHOBE
B3aMMHOW PpEIUIMKAIMHM, HECOMHEHHOE IIPEUMYIIECTBO B OBICTPOACHCTBHHU IO
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cpaBHeHMIO C apxmTekrypod shared disk w® oTCyTCTBHE 3aBHCHMOCTH
MacmTabupyeMocTs oT Tpaduka, npucymiee cucreMam shared nothing.

Tem He MeHee, HEOOXOMMMO yKa3aThb M Ha OTpPaHWYEHHUS apXuTeKTypsl shared
everything. B mepByro ouepenp — 3T0 BBICOKHE TpeOOBaHHS KO BPEMEHH OTKIHKA
MeXay y3namu. CIencTBHEM 3TOTO ABISETCA TOT (pakT, 4yTo IioOambHas CETb B
KaueCTBE MEXXY3JIOBOTO TPAHCIIOPTAa MOXKET HCIIOIb30BATHCS TONBKO MPU YCIOBUH
CYIIECTBEHHBIX OTPaHWYCHUH Ha TpaduK, KOTOpbIE, KaK OyIeT MOKa3aHO B ATOH
pabore, B KOHEYHOM Cu€Te HaKJIaAbIBAIOT OTPaHMYCHUS HA WHTEHCHBHOCTH
M3MEHeHHUs1 o0muX pecypcoB. [Ipnuém MHTEHCHBHOCTH M3MEHEHHMH OrpaHUYeHa HE
COOTHOIIICHHEM HM3MEHEHHH B o0uieM Tpaduke NpH 3aJaHHOM KOJIHYECTBE Y3JIOB
KaK B apXUTEKType Ha OCHOBE B3aMMHOI peIUIMKalMW, a abCOJIOTHAs BEJIMYMHA
MHTEHCUBHOCTH OTpaHUYCHa HEIOCPEJCTBEHHO BPEMEHEM OTKJIHMKa CeTH. Tak e,
Kak © ani  shared nothing, HEOOXOIWM JETANbHBIA aHAJN3 HEIOCTATKOB
apXUTEKTYPBI, 0COOCHHO B CpaBHEHWH shared everything w shared nothing.
OtmeruMm Takxke, uto cucremMa Oracle RAC (B3sitas B KadecTBE MPOTOTHIA
MPOTPAMMHO pEaln30BAaHHONW apXWUTEKTyphl shared everything) mmeer mmpoKwmii
CIIEKTP BHEAPCHMH, 00ECIICUNBAIOIINI PacpOCTPaHEHHOCTh CUCTEMBI M BIUSIOIINH
Ha KauecTBO €€ CONPOBOXKACHHS, YTO YNPOILIAET MWCCIECIOBAaHWE, W IIOBBIIIACT
IIEHHOCTb MOJTYYCHHBIX PE3YIbTaTOB.

3. OcHoeHble Hedocmamku apxumekmypbi shared nothing

OcHoBHas npoOiieMa B PeJSIHMOHHON Mouenu it shared nothing — 3TO OTCYTCTBHE
BCEX HEOOXOMUMBIX JAaHHBIX Ha y3Jie, MPOU3BOIsAIEeM 00paboTky. [Ipu sToM, Kak
MpaBUJIO, CHCTEMa CIIOCOOHAa paclo3HaBaTh 3alpoCHl, IS KOTOPBIX BCe
HEOOXOTMMBIC TAaHHBIC PACIIOIOKCHEI HAa OJHOM Y3JI€ U B HIeale, €CIId BECh TpapHuK
OyZIeT COCTOSITh M3 TAaKUX 3allPOCOB (HA30BEM HX <JTOKAIM3UPYEMBIE», XOTS TaKkKe
MOXKET HCIIONIb30BaThCsl TEPMUH OnHOY3M0BbIe [40,41]), TO MOXXHO TOBOPUTH 00
ycnemHoM MacmtabupoBanun. OOpaboTka OCTaJdbHBIX 3alMpOCOB (HA30BEM HUX
«HETOKATM3UPYEMBIE»), KaK MPaBUIIO, PEaTu3yeTcs BCEMHU Yy3JIaMH TapajuieibHO:
T. €. UICHTHYHBIA 3ampoc 00padaThIBACTCS Ha KAKIOM Yy3JI€ CHCTEMBI C JAHHBIMH
3TOTO y3Ja.

Henoxanu3upyeMbIMI 4aCTO CTAHOBSITCSI 3aPOCHI, oOpalarmuecs K ri00aibHbBIM
WHJEKCaM, 3alpOChl C COSAMHEHNUEM, a TaKKe BCE 3aIlPOCHI, HE COMEPIKaIe KoY
pa3bueHus Ha y3nubel. bonee moapoOHO Takme cimydam paccMorpessl B [1]. Crout
OTMETHTh U APYTOi BapuaHT 0OpabOTKH «HEOKAIM30BaHHOTO 3alpocay B CIydae
o0IIero TpOCTpaHCTBA aapecaldd CTpaHWIl (Jajee  YIOMHHASMBIH  Kak
«abTEPHATHBHBIN»), Korga OOpabOTKOW 3ampoca 3aHUMAeTcs OIMH Y3,
3aIpanIuBAOIINA HETOCTAONINE CTPAHUIIBI C APYTHX Y3IIOB.

Cpa3y ke CTOWT yKas3aTh, YTO JUIsi XpaHWIUIN NaHHbIX (data warehouse) mepas
CTpaTerusi SBISCTCS JOMHHHPYIOIIEH — mpu o0paboTke 3ampocoM OOJBIIUX
00BEMOB JTaHHBIX, I[EJIECO00PAa3HOCTh BOBJICYCHHUS BCEX Y3JIOB JUIS JOCTYIA KO BCEM
JAaHHBIM ITieniecooOpasna, a s OLTP — wer. Hampumep, xommanus Teradata uérko
MO3UITMOHUPYET CBOIO pacTpefeEHHYI0 CUCTEMY KaK XpaHWIHIIE TaHHbIX [37].
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JlornuHO HPEnNONOKHUTh, YTO BTOpasl «aJbTEpPHATUBHAS» HEMAapaJuIeNbHast MOJCIb
o0pabotku Oymet Oomee mpuromnHoit st OLTP-cucrem shared nothing, ommako
MpaKTHUKa MOKasbIBaeT, 9to B peamm3anmu OLTP-cuctem shared nothing [41-46] B
OCHOBHOM DacCMaTpHBAIOTCS TPa(QUKH, COCTOAIINE TOIBKO U3 JIOKAIU3UPYEMbIX)»
3ampocoB, a MpopaboTka BapuaHTa 00pabOTKH «HEJIOKAIU3UPYEMBIX)» 3alpocoB B
HHUX OTCYTCTBYET.

W nelicTBuTenpHO OBIBAIOT TpaduKy, AT KOTOPBIX PABHOMEPHOCTH PacIpeAeIeHIs
[45-46] wnu BBIOOP OOBEKTOB JUIA MIAPAWHTA (IUII MUHUMH3AIHUUA COCTUHCHUI
tabmuy [41]) ompenenstor 3¢ ¢deKTHBHOCTh MacmTadupoBanusi. Ho torma HyxHO
TOYHO OINPENEIHUTh, JUIl KakuX TpadUKOB 3TO BO3MOXKHO. B cirydae oGnayHoi
CYBJ, 310 o03HaYaeT HEOOXOAMMOCTh H3Y4YEHUS HMH)XEHEpaMu O0JIauHOro
MpoBaiiiepa B3aUMOCBSA3€Hl PECypcoB B TpPaH3aKUMUAX MEpPE TeM Kak IOIYYUTh
BO3MOXHOCTh ITOATBEPXKICHUS BO3MOXHOCTH pasmemiennss CYBJl B oOmake, 4To
BecbMa cTpaHHo ais PaaS[11].

Korga sto neiictBuTensHO Bo3MOXkHO? Hampumep, B cuTyanuu OOHOBICHHS
uHpopMaruu 00 aboHeHTe WM (HOPMHUPOBAHMS BHIMACKA IO a0OHEHTY, €CIH
KQKIOMY Y3JIy Ha3Ha4aeTcs CBOHW CIHCOK aOOHEHTOB, HETEPECEKArONIMHCS CO
crIrickaMy a0OHEHTOB JIPYTHX Y3JI0B, KaK Mpeiaraercs B padore [44].

Ha30BéM  «IIOTHOCTBIO  JIOKAMM3UPYEMBIM» TpadHK, OONaNaroOmMi TaKUMHU
CBOMCTBaMH: BCE 3alpoChl BKIIOYAIOT B ce0f WACHTH(HUKATOP CYIIHOCTH H
ABIAIOTCS  JIOKAJM3UPYEMBIMH, KpHTEPHEM JIOKANIM3aluy (Ha3HAuUeHHs Yy3ia
00paboTurka) BBICTYIAET HMAEHTH(HUKATOP CYIIHOCTH, yKa3bIBa€MBIH B 3ampoce.
Hdus npumepa [44] yke TOHCKOBBIM 3ampoc ¢ (QUIBTPOM IO Jare OIUIATEHI,
TpaHC(OPMHUPYETCS B 7 3aIPOCOB KO BCEM y3JlaM, IJe # — KOJIMUeCcTBO y31oB. C
00paboTKoi Tpauka, COCTOAIMIETO TONBKO M3 <JIOKAJH3HUPYEMBIX» 3allpOCOB,
cBs3aHa U momynsapHocTh NoSQL B koHTekcTe MacmiTabupoBaHus B obmake. Tak
)Ke, Kak U cIy4dail, paccMOTpeHHbII B [44], mo Oomplied dYacTH XOPOIIO
MacmTabupyroTest B 00JIa4HBIX CHCTEMaX M TPa(UKHU COLMAJbHBIX CEeTeil. 3aMeTnm,
YTO IOJHOCTBIO JIOKATU3UPYEMBIii» Tpaduk Bceraa MaciTabupyem B oOake.

1 3aech HEOOXOAMMO 00paTUTh BHUMAHHUE HA OY€Hb HHTEPECHBIN (DAKT, MEHSIOMUI
B KOHTEKCTe M3ydeHHus kpurtepueB Tpancopmarmm CYBJ] B obmayHyio mectamu
npuuuny U ciaenactsue: NoSQL-CYBJl moryt 3Q@exTHBHO OOCTYXHBATh TOJBKO
«TIOJHOCTBIO JIOKAJIM3UPYEMBIH» TpaduK, a 3HA4YUT, 0a3bl JAaHHBIX TAKUX CHCTEM
JIETKO aBTOMaTHYECKH pa30MBaTh HAa MApTUIIMH 10 NMepBHYHOMY Kirody. T.e. 3amada
MOMELIEHUsT TaKWX 3ajad B oO0JaKo, YIOBJIETBOpsomiee ycioBusiM PaaS, —
TpUBHAJIbHA. DTO MBI M HAOIIOJa€M HA MPAKTHUKE.

C nmxeHepoB 00Ja4HOTrO NPOBaii/iepa aBTOMATHYECKH CHUMAETCs 3ajadya aHajIn3a
NPUroAHOCTH Tpaduka s oOnaka, OPraHW30BAaHHOTO Ha apxurekType shared
nothing. Kpurepuem npurogHoctd pasmerieHus B o0ake  CTaHOBHUTCS
ucnonp3oBanne  NoSQL-CYBJl.  Bribop  paszpaborumkom  NoSQL  mpu
NPOEKTUPOBAHUU ITPUIIOKCHUSI aBTOMAaTHUECKH BBINOJHSACT paboTy 3a HMHXKeHepa
obagHoTO TIpOBaiiIepa.
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HyXHO OTMETHTPH M TOT (aKT, YTO HETIOCPEACTBEHHO Ha BHIOOPKY U MOIU(DHUKAIIHIO
JIaHHBIX TIpu 00padoTke OLTP 3anmpocoB TpaTUTHhCSI HAMHOTO MEHbIIIE BPEMEHH, YeM
Ha CyMMY OOCIYXWBaHHS CTPYKTYp YIpPaBICHHS OOLIMM pECypcoM, CETEBOTO
B3aMMOJICHCTBHS, IIEJIOCTHOCTH, Oe30macHOCTH, pa3bopa (parsing) W Jpyrux
3aJiepxKeK 3ampoca. Bo MHOTOM Takoe pacnpefeneHue 3aiep>KeK CTalo MPUYUHOU
nonynsipusanua NoSQL-CYB/I, xotst Hambonee 3HavamuMm (akTopoM SIBISETCS
3¢ PEeKTUBHOCT, MaclITaOMpOBaHUs M (DUHAHCOBAas JOCTYNMHOCTb. Bo Bcskom
cllydae, BIEUATIAIOUINX PE3yNbTaToOB CPAaBHEHMs OJHOY3JIOBBIX cucteM MongoDB
(wmu gpyroit NoSQL-CYB/l) u Oracle B mons3y mepBOW CHUCTEMBI aBTOPY 3TOU
CTaThU HAOIIONATh HE TOBOIUIOCH.

BosBparasce kK «aJbTepHaTHBHOMY» MOAXOLY NPH 00paboTKe HEIOKATHM3UPYEMBIX
3anpocoB Tpadrka, OTMETUM KITIOUeBOe 3HaYeHHe nHAeKcoB a1 OLTP-cucrem, uro
MPUBOIUT K MaJIOMy KOJHYECTBY CTPAHUI], UCTIONB3YEMbIX KaKIBIM 3allpOCOM, YTO
YKa3bpIBaeT Ha MEPCIIEKTUBHOCTH Takoro moaxonaa. OJHAKO OTCYTCTBHE pealld3alliid
9TOr0  MOAXOAa W BBHIOOp  TPAAWIIMOHHOTO  momxofa  (TUIOASIIETro
«HEJIOKAIM3UPYEMBIE) 3aIpOChl Ha KAKIOM y3JIe) 3aCTaBIICT CePhE3HO 3aIyMaThCs
O MIPUYMHAX TAKOW CUTYAITHH.

OdeBHIHO, UYTO «aJBTCPHATUBHBIN» BapHaHT O0OpPabOTKH HEIOKaIN3UPYEMBIX
JMAHHBIX TpeOyeT 3aKiIaabIBaHUS BO3MOXKHOCTH TIOOAIFHOW aJpecamnuyd CTpPaHHII
BHyTpu o0OmagHoi cuctembl shared nothing wHa ypoBHe camoit CYBJ, a
COBpPEMCHHBIC peain3alud apXuTeKTypsl shared nothing gacto mpoeKTHPYIOTCS B
pacdyeTe Ha OJHOY3JIOBOE HCIONB30BaHHE 0€3 MOMJIEPKKH TAKOM BO3MOXKHOCTH.
OpHaxko, 4yto OyJeT MoKka3aHO HMKE, abTePHATHUBHBIN BapHaHT MOXKET YCTYIaTh B
addekrrBHOCTH N apxuTekType shared everything.

Pestomupyst  Henoctarku — shared nothing, HeoOXomMMO  KOHCTAaTHPOBAThH
Hea(heKTUBHOCTh 00paboTKM Henokanudupyembix 3anpocoB B OLTP-cucremax,
YTO CBA3aHO C OTCYTCTBHEM IIPOPAa0OTKH «albTepHATUBHOIO)» BapuaHTa U
apXUTEKTYpHOH  HEed(D(EKTHBHOCTHIO  KJIACCHYECKOTO  mozaxoia.  IIpumepsr
YCIEIIHbIX peanu3aluii kiactepoB shared nothing mpu odpadorke OLTP-Tpaduka
BCeraa coAep:KaT K4 pa30MeHMsi HA NMAPTHLUMM B YCJOBHAX MOMCKA, YTO
nanexo He Bcerma mpucyme OLTP-tpaduky. MoXHO TOBOPHTH O HEBBICOKOH
3G PEKTUBHOCTH HCIIOIB30BaHUS IIOJOOHBIX CHCTEM B KadecTBe OOpabOTYMKOB
OLTP-tpadmka, ecnm omnuparbcsi Ha CYLNIECTBYIOIIME peaIn3aluud  3TOH
APXUTEKTYPBI.

4. [lMpobnema Hapacmaruwell o4yepedu KakKk Kir4veeol
Hedocmamok apxumekmypsbi shared everything

Jnst apxuTtekTypbl shared everything [22] orpaHWdeHHEM MacIITaOUPYEMOCTH
MOXET cTaTh Mpobiema Hapactaromeid odepenau [47]. CyTh mpoOiaeMbl COCTOUT B
TOM, YTO TPH MPEBBILICHUH HEKOTOPOTO YPOBHSI HHTCHCUBHOCTHU 3allPOCOB CHCTEMA
TepsieT paboTocnocoOHOCTh. M 3Ta HHTEHCHBHOCTD 3aBUCHUT OT CPEIHEr0 BPEMEHHU
OJIOKUPOBaHMSI PECYPCOB, BXOMASAIIMX B TpaH3akiuu Tpaduka, U B3aMMOCBs3ei
TpaH3aKIui u pecypcos [1].
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CrnencTBueM SBISETCA TO, YTO HapallMBaHUE KOJMYECTBA Y3IOB HE MO3BOJISAET
YBENIMYATh HWHTCHCHUBHOCTh Tpaduka TpPH COXpaHEHHH €ro Xapakrepa. T.e.
MacmTabupyeMoCTh OrpaHMYeHa HEKOTOPHIM YPOBHEM HHTEHCHBHOCTH, KOTOPBIH
0o0paTHO TPONOPLIHOHATICHA CPEOHEMY BpeMEHH 00pabOoTKH  «KPUTHYECKH
ropsiuero» Kiacca TpaH3akuui. «KpHTHYECKH TOpsSdMM» B JaHHOM Cilydae
Ha3bIBAETCS KJIACC TPAH3aKLMUH, Uil KOTOPOTO INPH TOBHIILICHUH WHTEHCUBHOCTH
Tpadpuka BelMYMHA, OOpaTHAs IIOKA3aTell0 HWHTEHCUBHOCTU  BBINOJHEHUS
TpaH3aKIMH 3TOTr0 Kiacca, MPEBBINIAET CPEHEe BPEeMsl BBINOIHEHMS TPaH3aKLUH
3TOro Kiacca. PaccMoTpum 3ToT 3¢ dekT moapooHee.

Jns nHavana ompexpenumcs ¢ TepMmuHosorued. TpaH3akuuum MOTYT OBITH pa3HBIX
KiaccoB. bynem cuutarh TpaH3aKIMU NPUHAUISKAIUMHA K OJHOMY KJaccy, €CIH
OHU KOHKYPHPYIOT 3a OJJUH M TOT k€ HaOOp KJIACCOB PECYPCOB, COONIONAIOT OIMH U
TOT K€ MOPSIOK 00PabOTKH KIACCOB PECYPCOB, a TAKKE MOANCPKUBAIOT OJUH U TOT
JKe peKMM BHITIONIHEHH (YTCHHE WM W3MEHEHHe). B cBOro odepenp, KiaccoMm
pecypcoB OymeM Ha3bIBaTh PECYPCHI, OTHOCSIIUECS K OJWHAKOBBIM JIOTHYECKUM
CYIITHOCTSIM.

[MosicHUM 3TH TPOMO3IKHE OIpeleNiCHHH Ha MpHUMEpe OOMIEH3BECTHOTO TpaduKa
TPC-C. 3mecs kmaccel Tpam3akmuid — 310 New-Order, Payment, Order-Status,
Delivery, Stock-Level, a xiaccsl pecypcoB — 3TO CTPOKH COOTBETCTBYIOIIUX TaOIIHIT
customer, warehouse, district, orders, order line u T.n. Kpome Toro, kmaccamu
PECYPCOB SBISIOTCS BXOIBI HHACKCOB HA COOTBETCTBYIOIIUE TAOIHIIBL.
[Ipennonoxkum, 4To MBI HMEEM CHCTEMY, Ha KOTOPYIO MOCTYMAIOT 3asBKH C
MHTEHCUBHOCTHIO V. [IyCTh B KaXKI0H 3asBKE COACPIKUTCS OIHA TPAH3AKIUS KaKOTO-
0o Kiacca. Y CHCTEMBI UMEeTCS MHOKECTBO 00mux pecypcoB. OOpaboTKa 3assBKH
3aHuMaeT Bpemst f. Eciu 3asBka, KOTOpas MOCTYNHJIAa B CUCTEMY, OOpPATHBIIKHCH K
o01emMy pecypcy, 0OHapYKHUBAET, YTO 3TOT pecypc 3a0JIOKHPOBaH, OHA 0XKUAAET €ro
ocBoOoxeHHsa. Ecnu Oornee onHOW 3asBKM OXKHAAET OOILIEro pecypca, JOCTYI K
pecypcy ocyuiecTBisieTcs B nopsiake ouepenu FIFO.

Ilycts Bpemst 00pabOTKHM TpaH3aKI[MM HEKOEro Kiacca paBHO f. [Jlis 1-i 3asBKU
BpeMs BBINIOJTHEHHUS paBHO f. Ecim omHOBpeMeHHO B 00pabOTKe IBe 3asABKH, TO
BpeMsi 00pabOTKM BTOPOH 3asBKH — O3TO ¢ IUTFOC BpEeMS OXXUJAHWS OKOHYAHHS
00paboOTKK TeKyIed 3asBKH f,. 3aMeTUM, UYTO #, MEHBIIE f, T.K. BTOpas 3asBKa
nocrynuia rnocie nepsoi. Toraa, ecnu B 00paboTke TpH 3asiBKH (oyepens U3 JIBYX
3as1BOK), TO BpeMst 00paboTku 3-ii 3as1BKU — £, +2¢. Takum o0pazoM, IIpu ouepey 13
1 3asBOK,BpeMst 00paOOTKH (n+1)-0li 3asBKU COCTaBUT £, +nt.

HecnoxxHo mnoka3are, YTO MNpHM NPEBHILEHWH IIOKas3aresisi WHTEHCHUBHOCTH [/t
odepequ B CHCTeMe OylyT HapacTtaTb, M CHUCTeMa YHAET B Tak Ha3bIBAEMYIO
Heperpys3Ky, T. €. IepecTaHeT 00pabaTrIBaTh 3asBKU. bosee HHTEpEeCHBIM CBOWCTBOM
Oymer W TO, uTOo TpH 0Opa3oBaBLICHCS BO BpeMs JIOKAILHOTO ITMKAa OYepeiu
MHTEHCUBHOCTb IIEpEX0/ia B IIEPErpy3Ky OyAeT 3HaUUTENEHO HUXeE /1.

BaxHO 0TMETHTD, UTO OKHMJaHUE 3a0JIOKHPOBAHHBIX PECYPCOB YBEIUUMBAIOT BPEMsI
00paboTKK 3asBKM, a YBEJIMUCHHE BpeMEHH 00pabOTKM 3asBKH, B CBOIO O4Yepelb,
YBEJIMYMBAECT BEPOSATHOCTH OJIOKMpOBaHUS pecypca. Kpome Toro, s Kiiaccos
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TPaH3aKIMH, KOTOpBIC TIEPECEKAIOTCs II0 pecypcaM, YBEIMYCHHE BpPEMEHHU
00paboTKM OHOTO U3 KJIACCOB PECYPCOB MOXET NPUBECTH K Imeperpyske. Beé ato,
HECMOTpS Ha MPOCTOTY PACCMOTPEHHBIX CHUTyalMi M OYEBHIHOCTH BBIBOJAOB,
co31aéT cepbE3HbIE POOIEMBI ISl IIPOrPaMMHOM peann3aniy I00aTbHOTO Kella B
peanmuzanuu apxutektypsl shared everything B Oracle RAC [22].

BrIxon 3 3TOTO MOIOKEHUS ONWH — COKpaIaTh BpeMs o0paboTku 3asBku. OmgHAKO
CTpaTeTHil peanu3ald MpHd CTPAHMYHON OpraHu3anuy TI00AaJbHOTO Kella
HECKOJIBKO —: COKpAIlleHHEe BPEMEHM AOCTyNa K CTpaHHUIE, COKpAIleHHE BPEMEHU
OJIOKMpOBaHMS PECYPCOB TpaH3aKIMell (B TOM 4HCiIe 3a CUET pacnapajuieMBaHUs
BBIOODKM CTpaHHIl HEOOXOOMMBIX s TpaH3akuuu [l]) M cokparieHue
JUTUTEIILHOCTH 00pabOTKH PECYpCOB TPaH3aKIIUCH.

3ametum, uto komnanus Oracle pemaer nmpoGieMy HepBBIM COCOOOM, YMEHbIIast
BpeMsl OTKJIMKa MEXY3JI0OBOro KaHaja Ha ocHOBe TexHojoruu InfiniBand [48].
Kpome TOro, ¢ yueTtoM CyIIECTBYIOIIMX MOIIHOCTEH MPOILIECCOPOB H
OTHOCHTEJILHOW OBICTPOTHI MpOIlecCOpHOi 00paboTku OLTP-Tpan3akuuii 1o
CPaBHEHHUIO C CETEBBIMH 3aJlCp’KKaMH IIPH 3TOH 00paboTke HerenecooOpa3sHbIM
ABISACTCA COKpAIlEHHE UIMTEIBHOCTH O00paboTKM pecypcoB TpaH3akuued. B
JAaHHOM CTaTrhbe MBI OTPAaHWYMMCS TEPBOM CTpaTeruei, ONHAKO, B OTIMYMH OT
nozaxona Oracle, cocpenoTounMCsl Ha COKPALICHHH CPEIHETO BPEMEHH JOCTyIa K
CTpaHUIIEC MyTEM M3MEHEHUS CIIOCO0O0B TOCTYIIA.

5. OcHogHoOe npeumyuwjecmeo apxumekmypsi shared everything

Ilpomomxkum cpaBHeHue apxutekryp shared everything u shared nothing.
ITockoneky gmst  OLTP-cucreM  «anpTepHAaTHBHBIN»  IOJIXOJI  BBIUTPBIIIHEE,
CpaBHEHHE OyaeM INPOBOIMTH MEXJy HPOTpaMMHON peaim3alueil apXUTEKTyphl
shared everything, mpumensemoii B Oracle RAC, 1 «anpTepHaTHBHBIMY» BapHaHTOM
shared nothing. Ecnmm paccmarpuBaTth B KadecTBe KpHUTEpUS IPPEKTHBHOCTH
NpeleNbHYI0  MHTEHCHBHOCTh, MPU  KOTOPOW  COXpaHsAeTcs  CIOCOOHOCTD
oOpabarbiBaTh 3asBKM ONpefenéHHOro Tpaduka, TO IpeuMymiecTBo shared
everything MOXXHO JOCTHYb 32 CYET COKpAILICHUS CPEIHEro BPEMEHH JOCTyNa K
cTpaHuile. JTo oOeclednBaeTCsi KeMMpOBaHWEM CTpaHWI, HO TpelyeT Oosee
CJIOKHOTO MeXaHHW3Ma O0ecIieueHUs] KOTepeHTHOCTH. boisiee MOompoOHO anroputm
00paboTKy cTpaHuIl onrcaH B [1]; HUKe PUBOAUTCS €r0 KPaTKoe OMMCaHue.

KnroueBoit wupeeit sBAsieTCs Ha3HAUCHME KaXJAOW CTpaHUIE Y3Jia MacTepa,
YIPABJISIONIET0 COCTOSHUSIMU KOTIMH CTPAHUIBI B JIOKAIBHBIX KeIllaX Ka)kKAoro y3Ja.
Brigensrorcs Takue coctosiHUs (Ha3biBaecMble Takke OmokmpoBkamu): XCUR (xc,
exclusive current) — MonomnonbHoe Tekymee, SCUR (sc, shared current) —
coBmectHoe Tekymee, CR (consistent read) — wuenocrnoe utenue. IlepBoe
COCTOSIHHE HEOOXOAMMO JJIsi BHECEHWSI HW3MEHEHHH, BTOPOE HCIIONB3YETCS IS
YTEHUS MOCJIEAHEH BEPCUU CTPAHULIBL, @ TPEThE TAKIKE UCIOJNIB3YEeTCsl IPU YTCHUH U
o0ecriednBaeT TO, YTO BEPCHS CTPAHHIBI COOTBETCTBYET HEKOTOPOMY MOMEHTY B
TIPOIIIIIOM.

169



Gusev E.I. Optimizing access to memory pages in software-implemented global page cache systems. Trudy ISP
RAN/Proc. ISP RAS, vol. 30, issue 1, 2018, pp. 161-182

Croutr otmeTuTh, uTo peamm3anus B Oracle MyIbTHBEPCHOHHOCTH 3a CYET
BEPCHOHHOCTH CTPAHMUI[ SBISCTCA IUIFOCOM IPH OPTaHW3allMH MHOTOY3JIOBOH
cucteMbl, mockoibKy CR-kommm cTpaHuIl He TpeOYyIOT CHHXPOHHM3ALUH MEXIY
y3namu. Kak cieactBue MacTep-y3en OTCIEKHUBACT NPEHMYIIIECTBCHHO TIEPBbIE /1Ba
cocrostaust (X¢ U sc). XCUR-OJIOKMPOBKOH B KaKAbIi MOMEHT BPEMEHH MOXET
BIaJeTh TOJNBKO onuH Yy3el. biokupoBkoit ke SCUR MoxeT BIageTh CKOJIBKO
yrogHo y3i10B. CHsitue co crpanuusl XCUR-6nokupoBku (nepexon B SCUR wnm
XCUR Ha apyrom y3ie) IpUBOIUT K IEPEBOAY COCTOSHHSI CTPAHUIIBI HA OTAAIOIIEM
y3ne B CR (uepe3 mpomexyrouHoe cocrosuue PI), a cusitue SCUR — x mepeBony
cocrossHUs Beex crpanull, rae 6pu1 SCUR, takke B CR. OT™MeTnM cymiecTBoBaHHE
MPOMEKYTOUHOTO cocTosiHue PI, HeoOXoanMoro Ayisi rapaHTHPOBaHMS IETOCTHOCTH,
HO K pacCcMaTpUBAEMBIM BOIPOCAM CpaBHEHHA 3(QQEKTUBHOCTH ApXHUTEKTYp HE
OTHOCSIIEECH.

Cama mocne1oBaTeNIbHOCTh IIEPEChUIOK, peain3oBanHas B Oracle mis obecnedeHust
KOT€PEHTHOCTH, JOCTATOYHO IPOCTa: TPH AOCTyNE K CTPaHWIE CHadana HIET
obpaleHne K MacTep-y3JIy C 3alpocoM HEOOXOAMMOHN ONOKMPOBKH (Ha CTPaHHUILY
XCUR wmm SCUR), 3areM mactep OUIET Y37y, BIAACIONIEMY B TaHHBIH MOMEHT
OJTOKMpPOBKOH,  MHCTPYKLHMIO  TI€peciaTh  TEKYUIyl0  BEPCHIO  CTPaHHIBI
3allpOCHUBIIEMY Y311y, ITOCIIE YEero MPOUCXOAUT Mepechlika caMoi crpanulsl. Ilocie
9TOTO y3e]1 MOXKET HadyaTh 00paboTKy cTpaHuupbl. [lapamienpHo ¢ 3THM UIET
OTIOBEILIEHHE MacTep-y3ia O MOJYYEeHUH CTPAHHIBI (M COOTBETCTBEHHO OJIOKHPOBKH
XC WM SC Ha CTpaHHUILy). Takum oOpa3oM, IJIsI JOCTYIIA K CTPAHUIIE MBI BBIHYXACHBI
BBINOJTHUTD TPU MEPECHIIKH.

31ech BaKHO OTMETHTh JBa (hakTopa, BIMAIOIIMX Ha KOJMYECTBO IEPECHUIOK:
HaJIMYME B KeIlle y3J1a, BBIIOJHAIONIETO 00pabOTKY HYKHOW BEPCHH CTpPAHHIEI C
TpebyeMoll OJIOKMpPOBKOW, W TO, dYTO Yy3el, oOpabaThiBalOmUii CTpPaHUILY,
OKa3bIBaeTcd MacTepoM Juid He€. B o0omx cioydasx yMEHBIIAeTCs] KOJIMYECTBO
MIepPECHUIOK, , KaK CIIE/ICTBHE, COKPAILIAETCs CPEAHEE BPEeMs JI0CTyIa K CTpaHUIIE.
HeoOxomumo 00paTuTh BHUMaHHE HA 3aMeuYaTeNbHBIA (aKT: Ui CTaTHYECKHX
JAHHBIX BpEMS JOCTyIa K CTPAHHUIE COKPAIIAETCs CYIIECTBEHHO, MOCKOJIBKY depes
HEKOTOpOE BpeMsI BCE aKTHBHO HCIIOJIb3yEeMbIE CTPAHMIBI HA KaXJIOM y3iie OymyT
3akempoBanbl (nosmydyar OnokupoBky SCUR) Bcemm y3mamu. OTo sBiseTcs
IVIaBHBIM ITIOCOM apXHUTEKTYyphl, peann3oBanHoi B Oracle RAC, mo cpaBHeHHIO C
JPYTHMH apXUTEKTypaMu.

Ho crour cka3zaTb M 0 IIaBHOM MHUHYCE MO CPaBHEHHMIO C «aJIbTEPHATUBHBIM»
nozaxonoM apxutektypsl shared nothing (B mepByro ouepens): TpH HEPECHUIKH JI0
Havajga oOpabOTKM CTpaHWIBI NPOTUB IBYX (0e3 ydéra OXHIaHMs odepend K
CTpaHHWIe) B Cllydae HE3aKeIIMpOBaHHbIX aaHHBIX. (B pabore [1] mokazaHa
BTOPOCTETIEHHOCTh (haKTOpa MacTep-y3jia II0 CpPaBHEHHIO C KEIIUPOBAaHHEM,
MO3TOMY cocCpenoTouuMcsi Ha 3¢dekre kemmpoBanus.) [Ipw cpaBHEHWH, eciH
HojaraTb OTCYTCTBHE OUYEpeneH, MOIydacTcs HWHTEPECHAs] CHUTYyalHs: €CIH IpH
00paleHn K TOPSTYMM CTPAHUIAM OJHOTO KJlacca IMpeolbiagaeT YTeHue, TO JIydiiee
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cpemHee BpeMsi oOpamieHus mokasbiBaeT crparerusi RAC, a mpu mpeoOmagaHuu
onepanuil 3aiCcH «albTEPHATUBHBIN TOIXO».

Ho HyXHO OTMETHTP W TO, YTO JUII HMEHHO [UI1 «TOPAYMX» CTPaHHI] C
YBENIMYEHHEM WHTCHCUBHOCTH OymyT oOpa3oBeiBaThcs odepenn. Kak Oymer
MOKa3aHO HWXKE, MMEHHO INPH HX OO0pa30BaHMM CO34AaETCSI ONMMCAHHBIA BBIIIE
a¢dexr HapacTalomed odepenM M BHAHA EPCIEKTHBHOCTh  ITOJIXOJA,
npumensemoro Oracle. Kpome Toro, ecnmm mpeoOnmamaroT oIepamuyl 3alHucHd B
TOpSIYyI0 CTPAHMIYy (YTO JIETKO OTCIEAWTh Ha NpU (GOPMHUPOBAHHU OYepeIH
3alpOCOB K MacTep-y3iy), BBIIOJHIETCS MPOCTble, HO 3(QQEKTHBHBIC ICHCTBUSL:
y3iy, 3anpocusuieMy onokupoBky SCUR, y3en, Bnaneromuii 6noxuposkoii XCUR,
He yposuerBopsas SCUR, ormaér CR-Bepcuio Ha camblii mociegHuil (current)
MOMEHT BpeMeHu. Takum 00pa3oM, HHTEHCHUBHOCTh 3asBOK, IPHBOIAIIAS K
CO3JJAHHUIO OYEPEH, COKPAIIAETCS IO MHTEHCUBHOCTH 3aIMCH B TOPSIYIO CTPAHHUILY.
Hns  nemonctpauuun 3¢ddextnBHOCTH shared everything Tnpu BO3HUKHOBEHUH
ouepefeil  pacCMOTPUM  BO3MOXKHYIO — PEaH3allMi0  KOTEPEHTHOCTH  IIpU
«aJbTepHATHBHOMY» Togxonxe. HamoMHHMM, 4TO moOCiie W3MEHEHHs CTPaHHIBl €€
HY)KHO BEPHYTh y3IIy-BIaJeblly. 11 BO3HHKAET qUIeMMa: WiH IIPU OJHOBPEMEHHOM
3ampoce CTPAHUIBI HECKOJIBKUMH y3JIaMH TOJBKO OJMH W3 HUX CMOXET BHOCHTH
W3MEHCHHUS, WM y3€ll BIAJEJel] paclapajuieNUT W3MEHEHHS B CTPAHHMIBI, a TpH
MOJTyYeHNH UX OyZeT BBICTYIATh apOUTpOM?

Bropoit momxonm Tpebyer rimyOOKoiW mpopabOTKM H paMKaX d3TOW CTaTbH
paccmarpuBaThes He OyZeT, a IpH MPUMEHEHUH MEPBOTO IMOJIX0Aa Mbl HaOIromaeM
SBHOE TpenMyIiecTBO noxxona Oracle, MOCKONBKY IIar o4epeay yBEINYHUBAaeTCs B
JIBa pa3a: CHadasa IepechlIKa BIaJelblly CTPAHHIBI W3MEHEHHONW KOIHH, a MOTOM
e€ e mepechuTka cieaymolieMy B odepenu y3iy. OOpariM BHMMaHWE, YTO €CJIU
y3JlaM J1aTh BO3MOXKHOCTH IEPEChUIaTh CTPAHHUILY JAPYT JAPYTY HAIpsSIMYH, TO MBI
MOJy4YMM KaK pa3 momaxoj, npuMmensemsiii Oracle, miroc TpeThio MepechuUIKy (OT
00pabarhIBaIOIIETO y3Jia MacTepy Ha (hoHe 0OpPabOTKU CTPAHMIIBI) JIi KOHTPOJIS
TOT0, I/Ie HAXOAUTCS TeKYIasi BEPCHs CTPAHUIIBI.

CrieacTBHEM yBEJIMYEHUS 11ara ouepely B JiBa pas3a sBIISIETCS YMEHbIICHUE YPOBHS
MHTEHCUBHOCTH, PUBOJISILETO K MEPEXOAY B MEPErpy3Ky, TaKKe MPUMEPHO B JBa
paza. Takum oOpa3om, moilydyaeM BECbMa WHTEPECHBIE BBIBOABL: ILTIOCOM
apxutektypbl  shared everything, peammszoBanHoii B RAC, sBusercs mydmas
YCTOHYMBOCTH K Ieperpy3kaM HpH JOCTyIE K TOpSYUM CTPaHHIAM, a MUHYCOM —
Oombinee (10 mMoOJyTOpa pa3) BpeMs JOCTyma IpH  OOpamieHMH K TakuM
«XOJIOZIHBIM» CTpPaHUIAM, Ul KOTOPBIX 3alMCh IpeolsiafaeT HaJ YTCHUEM
(XOJIOZHBIM HACTOJIBKO, YTO K HUM MPAKTHYECKH HEe 00pa3yeTcs o4epensp).

OOpatuM BHMMaHME W Ha TOT (haKkT, YTO IIPHU YBEIMYCHUH KOJIMYECTBA Y3JIOB
CHCTEMBI IIPU TOM K€ COOTHOIICHMM 4YHWCIa ONEpaluid YTEeHHsS U 3allucCH
3¢ PEKTUBHOCTH IPUMEHEHHMS Kellla CHI)KAETCS, YTO TaKKe TOBOPHUT O TOM, YTO TIPH
JOCTYIE K «XOJOIHBIM CTpaHHLAM» aJbTepHAaTHBHBIM mnoxxox shared nothing
ayame. IlosToMy akTyanbHa 3afada pa3paboTKuM Takoro crocoba mocTyma K
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CTpaHHLAM, KOTOPBIH OyAeT 00nazaTh MONE3HBIMU CBOMCTBAMH KaK IIEPBOTO, TaK U
BTOPOTO MTOAXOAOB ¥ Oy#eT 3(ppeKTHBHO pemars mpodiieMy HapacTalouie ouepen.

6. Memo0d Ha3Ha4yeHus1 o6pabomyuka pecypca

st moBermenus 3¢dexktuBHOCTH TpebyeTcss pPemmTh 3amady paclpeneseHHs
MEXIy BXOIAIINMH B CHCTEMY Vy3JIaMH BCEX HMEIOIIUXCS BO BCEX OUYEpeIsxX
TPaH3aKIUH W TMOCIEIOBATENIFHOCTH OOpaOOTKH CTpaHUI TPH YCIOBUHU, UYTO
meneBo  (DyHKOWEH KadecTBa pa3sMEIIeHHWsS SBISICTCS CHIDKEHHE BpPEMEHHU
MEepPEChUIOK MEXAy y3namu npu coxpaneHun tpeboBanuii ACID. IMockombky sty
3aja4y IPUXOMUTCS pellaTh B peaJbHOM BPEMEHH, HEOOXOJMMO HCIIOIb30BaTh
npoctsie 1 3 (HeKTUBHBIE aTTOPUTMBI INITAHUPOBAHUSL.

O4eBHAHO, YTO HAWIYUYIINNA BapUaHT IOJIYUUTCS, €CIIU BCe TPAaH3aKILUH, CBA3aHHBIC
B Ouepelb, BBIMOJIHATH Ha ofHOM y3ie. Ho Torma Mel ympéMmcs B OrpaHHYEHUS
MacmTabupyemoctu. [TonpoOyem Iist TOPSYUX CTPAHMIL JIOKATH30BaTh 00PabOTKY
Ha ofiHOM y3iie. [IpumepoM peanm3anuy JIOKaTU3aIHY, SBISETCS METOJ pas3rpy3Ku
ouepeny, onucaHHbi B [49], ¢ M3MEHEHHUSAMH, ONUCHIBAEMBIMU HIDKE B JaHHOU
cTathe. Pe3ympTaToM NpUMEHEHUs MeToja SBISAETCS «pasrpys3ka», yCTpaHCHHE
ouepenr K paclpeienéHHON CTpaHHIe TaMsATH, OYeper, BOHUKIICH B pe3ynbTare
TOTO, YTO YpPOBEHb MHTCHCHBHOCTH K «TOpSYEi» CTpPaHHUIE KPATKOBPEMEHHO HITH
JOJTOBPEMEHHO MPEBBICHIIA TPAHINYHBIH YPOBEHh HHTCHCUBHOCTH «IIEPETPY3KI.
Wness meroga MOCTaTOYHO TIPOCTa: €CIHM HApacTaeT oOdYepenb, TO HEOOXOIMMO
CHIM3UTH KOJHYECTBO TEPECHUIOK MEXIY y3iaMmu. Iyt 3TOro BHIOMpaeTcs y3ell,
KOTOPBIH OyIeT MOHOIOJIBHO BHOCHUTh H3MEHEHHS B «TOPSYYIO» CTpaHHIy (B
nmanpHeimem — xocrtep). Ilpm 3ToM Ha urteHme cTpanuma (B coctosHum CR)
OTHAETCS KKIOMY 3alIPOCHBIIEMY €€ y3ITy.

BozHukaet Bonpoc, Kak IMEHHO XOCTepy OYAyT IepenaBaThcsi H3MEHEHHs, KOTOPhIC
HEOOXOTMMO BHECTH B CTpPaHUILY. [IepBBIif BApHAHT IPOCTOMN: y3€ll, HE SBIIIOMIANACS
XOCTEpOM CTPaHUIIEI (B JabHEHIIIEM HHUIIMATOP), CHadYalla HY)KHYIO €My CTPaHHUILY
yuTaeT (3ampammBaeT y xoctepa B coctosHMM CR Ha camblii mociegHnii MOMEHT
BpeMeHH), 3aTeM (HOPMHUPYET 3aluch 00 M3MEHEHHUSX, KOTOPbIe HY)KHO BHECTH B
CTpaHHIy (aHAJOTHYHO TOMY, KaK 3TO JefaeTcs U JKypHasla, 00eCIIeunBaIOIIEro
nonroBedHOCTh (durability) ACID-TpaH3akumii), ¥ 9Ty 3alIUCh MIEPECHITIAET XOCTEPY
BMECTE€ CO CTapblMH JAaHHBIMH JUISI BHECEHHUS B CTpaHHUIy. XOCTep B Cilydae
COOTBETCTBHSI CTaphIX M HOBBIX JIaHHBIX (Ha yPOBHE CTPOKH) BHOCHUT M3MEHEHHS U
BO3BpALIAET MOJIyYUBIIYIOCS CTPAHUILy HHULIUATODY.

Hemocrarox Takoro moaxoma B TOM, YTO B CiIydae «ropsideil» CTPOKH MOXKET
BO3HHKATh OOJBIIOE KOJUYECTBO MCKIIOUEHHH, Ha 00paboTKy KaXJI0TO M3 KOTOPBIX
noTpedyeTcst 1Be JOMOIHHUTENbHbIE MEPEChUIKH; 00JIee TOro, 3TH NEePEChUTKH OyayT
YBEJIMYMBATh OXKUJAHUE B OUEPENU.

Bropoit BapmanT Oomee WHTEpeceH, HO M Oolee CIIOKEH: Y31y XOCTepy
OTIpaBisgeTcs Kycok koaa SQL-3ampoca BBIOJIHSIOMIETO BCE NEHCTBUS Hall JTOM
cTpaHuiell (BO3MOXKHO, M YHMTAIOIIUKI Ipyrue CTpaHuipl; Ha3oBéM ero SQL-bit).
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[lepBoif CIOXXHOCTBIO SABIAETCS TO, YTO ONEPAMM HW3MEHEHHS TPaH3aKIUH
BBINIOJNHAIOTCA B Pa3HBIX y3/axX. OTa CIOKHOCTh OOXOIUTCS, €CIM HM3MEHEHUS
paccMaTpuBaeMOi TPaH3aKIHMH, BEIIIOTHAEMbIE XOCTEPOM, €mIE pa3 )KypHaIH30BATh
B y3ie-uHUNHatope. s obecneueHus OonpIedl HAAEKHOCTH I3TO MOXET OBITh U
HPEUMYIIECTBOM.

Bropas cioxHOCTS — 3TO TpephiBaHKe BhIMonHEeHUs SQL-3anmpoca Ha MHHUIMATOpE
BBI30BOM YHNANEHHOW TIPOLERypsl OOpabOTKM TOpsSYel CTpaHWIBI Ha XOCTepe.
CJIOKHOCTD 37IeCh YHCTO TEXHHYECKas: TpeOyeTcss MHTEeTpalus HWHTEpIIpeTaTtopa
SQL ¢ MexaHn3MOM pacnpeenéHHOM afpecauy (1 KeIINPOBaHUs) CTPAHULL.

W310’%KHM BO3MOXKHYIO CTPYKTYpY OOMEHa COOOIICHUSIMH JUISl pEAT3aLlil BTOPOTO
BapHaHTa yIOMSHYTOTO METO/a.

1. Tlpm BO3HHKHOBEHHMH UIMHHOW OUYEpeld MacTep-y3es JOKEH IEePEeBECTH
CTPaHUILY B PEKHUM Pa3rpy3KH, T.€. B HEKOTOPHIH MOMEHT BpeMEHH (Korzna
oOpa3oBanach odepenb) y3Jbl, OXHIAIOIINE OUYepEeNH, IOJDKHBI OBITh
YBEIOMJICHBI O TIEPEBOZE CTPAHMIIBI B PEXKUM Pa3rpy3Kd, H O TOM, Kakou
y3€J Ha3HaueH XOCTEpPOM. OTO BBIABUraeT TPeOOBaHHA K MacTep-y3iy
OTCIIC)KUBATh COCTOSIHHE Oouepenel K CTpaHHWLaM U BhIOMpAaTh MOMEHT JUIst
BKJIIOUEHHS pexuMa pasrpy3ku. Kpome Toro, macrep AOIKEH YMETh
OTKJIFOYaTh COCTOSIHME pasTpy3Ku [l CTpaHWIBI M OIOBELIaTh
COOTBETCTBYIOIINE Y3JIbI O TAKOM U3MEHECHMU.

2. Ha 3ampocsl cTpaHuI] APYTUMH HHUIAATOPAMHU MAacTep-y3eJI OTBEYaeT, YTO
CTpPaHUIIBI HAXOAATCS. B COCTOSIHUM Pasrpy3KH C YKa3aHHEM y3Ja-xocTepa,
KOoTOpoMy Hajmo mepechiiate SQL-bit. MHHIIMATOPHl 3allOMUHAIOT, KaKHe
CTPaHUIBI HAXOMATCS B COCTOSHHM pa3rpy3kd, 4TOOBI B AajbHEHIIeM
oOpaiarscst K HIM, MUHYS MacTepa.

3. Haummarop GopMupyerT u mepechuiact xoctepy cBoit SQL-bit.

4. XocTep BHOCHUT M3MEHEHHMS B CTPAaHHUIy M B JKypHaJI yIpexaaromeit
3aluCH, a 3aTeM IMepechlIaeT WHUIMATOPY TEKYIIYI0 BEPCHIO CTPAHHMIIBI B
coctosgauu CR ¥ CBOIO KYpHAIBHYIO 3aITHCh 00 N3MEHEHIX.

5. VHummarop moiydaeT CTPaHMILy B COCTOSHHH «KaK OyITO OH caM BHEC B
He€ M3MEHEHHUs M Cpa3y jk€ OTHpaBHJ Jajbllle MO 3alpocaM JIpyrHx
Y3JI0B», U 3aHOCHUT KypPHAJIBHYIO 3aIIUCh XOCTEPa B COOCTBEHHBIN XKypHaJ
yHOpexXJarolei 3amucu.

[IpuHOUNHATBPHO 3aJ0KUTh B AJITOPHTM BO3MOXKHOCTH MUTPHPOBaTh C Y374,
BHOCSIIIETO WM3MEHEHHsS, Ha JpYyrod y3ed uis OO0ecleYeHUs IWHAMHYECKOU
0alaHCHPOBKH HATPY3KH B CIIydae HAJIAYHS HECKOJIbKUX TOPSYUX PECYPCOB
TPaH3aKIIHH. T.€. PACCHUIKY MacCTepPOM COOOIICHHIA O TIepeHa3HAYCHUN XOCTEPa.
YcnoBUMCST TOBOPUTH, YTO CTPAHUIIA HAXOAUTCS B COCTOSIHUM «Pa3TPy3KW», €CIIU K
HEl Hayal TPUMEHATHCS OINUCAHHOTO QJITOPUTM. BBIXOIOM U3  «pa3rpy3Ku»
YCIIOBHMCsl Ha3bIBaTh MPOILECC, IO pe3yiabraTaM KOTOPOTO MPEKpaIlaeTcs
NPUMEHEHHE OMKMCAHHOTO AJIrOPUTMAa W CHOBAa HAYMHAET MPUMEHSTHCS
KITAaCCUYECKHH crmocob Joctyna K crpanuile, npuMmensiembiii B Oracle RAC.
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BaxHBIM HIOAHCOM B 3TOM QJITOPUTME SBISIETCS MHHUMH3AIMA PECYpCOB Ha
MOHHTOPHHI BO3HHKHOBEHHUs ouepean. Kpome TOro, BBIXOA H3 COCTOSHHS
«pasTpy3Ku», OLEHKA LENeCO00Pa3HOCTH BBIXOAA W NPHOPHUTH3AINS Ha3HAYCHUS
y3J1a, BBIONHSIOMIETO «Pasrpy3Ky», T.€. BCE TO, YTO OTHOCHUTCS K MEPEXOTHBIM
mpolieccaM, CBSI3aHHBIM C  «pasrpy3Koil», BBIXOAAT 3a paMKd JaHHOTO
UCCIICIOBAHHUS.

7. CokpaweHue Kosiu4yecmea rnepecbisioK npu docmyne K
cmpaHuue 9onsi cmpaHuy SCUR mostly

3ameyarenbHBIM CBOMCTBOM MacTep-y3ja MpU HCIOJIb30BaHUM criocoba JocTyra,
npumensiemoro B Oracle RAC, siBisieTcst BO3MOXKHOCTD OTCIIKUBAHHS CTATHCTHKH
HaxoxaeHuss B coctosHusAx SCUR, XCUR u «pasrpy3ku». Jns crpanun SCUR
mostly, T.e. TaKUX, KOTOPbIE B OCHOBHOM YHUTAIOTCS, HO MHOTZA MEHSIOTCS, HMEET
cmbict npu ynosierBopenun OmokmpoBkrn SCUR mocne XCUR mepecwutath ere
onny konuto SCUR-cTpaHuiisl MacTep-y3iy.

Torma mpu mocnenyromux SCUR-3ampocax (T.e. 3ampocax Ha YTCHHE CTpPAHHIIBI)
BMECTO TPEX MBI Oy/leM BBITIOIHATH JIBE MEPECHUIKHU, KaK U IIPU «aJIbTEPHATUBHOM»
noxaxone shared nothing. DTo mpocToe pemieHHE MO3BOJIUT COKPATHUTH CpPEAHEE
BpeMs JOCTyIla K CTPaHHUIE, OJHAKO BAXHO OTMETHTh, YTO INPH NPeoOnamaHuu
3aliCH  HaJl YTEHHEM JIOTIOJHUTENbHAs IePeChUIKA MacTep-y3Iy CTaHOBHTCS
HerenecooOpa3Ho.

8. 3aknroyeHue

B 3axmodenue craTteu 0OpaTUM BHHMaHHE Ha TO, YTO OYEPEOH 3a CTPAHUIBI HE
SIBJISIFOTCS €IUHCTBEHHBIM UCTOYHUKOM KOHQIUKTOB B OLTP-cucremax. Bo MHOTHX
TpaduKax OCHOBHOW NPHUYMHOU TEPETpy3Kd SBISETCS KOHQIUKT 3a PEecypChl
OJTHOTO KJIacca, pacrojaracMble Ha cTpaHunax. OCHOBHOE OTIIMYHE COCTOHT B TOM,
yTo OnokupoBka pecypca (Ha mpumepe Oracle RAC) obecneumBaeTcs 10
3aBepIICHUS TPAH3AKIUH, a OJIOKUPOBKA CTPAHUIEI (¥, KaK CIICACTBUE, OTIPaBKa e€
CIIEAYIOIIEMY B OUepeIN y3JIy) MPEKPaIIaeTcs Mocie BHECCHUS N3MEHEHUH.
HecMmoTpst Ha B3aMMOCBSA3aHHOCTH 33CPIKEK, TOPOKIAEMBIX 3TUMH KOH(IHKTAMHU,
JUI KaXJIOTO W3 HUX HMEETCS CBOS CTPATETHI0 Pa3pelICHUs, W JAaHHAs CTaThs
BOOOmE HE KacaeTcd CHOCOOOB OpraHM3anud OJOKUPOBKHA PECYPCOB H
paspenieHrss KOHQIWKTOB TpaH3aKUWid. IJTO O€3yCIOBHO SIBISETCS aKTyallbHOM
TEMOU I UCCIIeOBaHNN, U Uaenu paboThl [1] B 5TOM HampaBieHHH HEOOXOIMMO
pa3BUBATH.

Takxe CTOUT OTMETHThb, YTO pPacCMaTpPUBAEMBbI B CTaTbe «aJbTEPHATUBHBIN
MOJTXO/1», MOYKHO KIIACCU(UIIUPOBATh HEe KaK Pa3HOBUIHOCTH shared nothing, a Kak
peanm3anuio  shared everything, ornmuHylo oT mupuMmensemoil B Oracle RAC
peamm3aruu  obmield mamaTthn Ha ocHoBe Global Cache Fusion (mporpammuo
peaTM30BaHHOTO TI00ATHHOTO KEIlia).

IMomuepkHeM BaXHYIO PpOJIb TPETHETO COCTOSIHUS CTpPAHMIBI (pasrpys3ka) Jyis
00eCIICYCHUs CTPAaHUYHOW OPTaHU3AIMH B JIFOOBIX PACIIPEICIEHHBIX CUCTEMAX, a HE
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tonmeko B CYBJ/l. Hakonemn, eme pa3 3ameruM, d9To 3(PQeKT OT mnpuMeHEHHs
pasrpy3Ku 3aBHCHT OT Tpaduka, W HamOoNbImnii 3pQeKT MmpoucxomuT B cirydae
KOPOTKHX TpaH3aKLuil Tpaduka.
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Abstract. This article is based on a thesis “Techniques of organizations shared access to
distributed memory pages in cloud computing systems”, defensed in Igor Sikorsky Kyiv
Polytechnic Institute in 2017. The paper describes distributed pages processing in Oracle Real
Application Clusters (Oracle RAC) and compares it with other known processing methods.
The comparison comprises analysis of different architectures (including shared nothing,
shared disk and “based on a replication” architecture) in the context of SQL query processing
and asserts reasonableness of distributed pages approach (also known as Global Cache
Fusion) choice for cloud DBMS. As a result researching the Global Cache Fusion approach
there was revealed main drawback of Oracle RAC systems — “increasing queue problem™:
impossibility process requests after intensity of requests exceeds threshold intensity, which is
inversely proportional packet sent time between nodes. To eliminate “increasing queue
problem” during distributed page access the new access method is proposed, which is based
on the initiation of one more page state - the "unloading" state, which increases the efficiency
of processing distributed pages by reducing the number of transfers between nodes during hot
page processing. The considered method can be used not only in cloud DBMS but also in
other cloud systems in a case if they use page-organized distributed memory architecture.
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AnHoTanmsi. B pabore mpoBoAUTCSA YHCIEHHOE MOJACIUPOBAaHHUE OOTEKaHUS TAPMOHHUYECKH
OCHMIUTAPYIOIIUX TOHKUX IUIACTHH C pasHoil (opMOH TOPIIOB B [IUAla30HE YHCENT
Peiinompaca 10<Re<600. J[lnst onucaHusi JABMOKEHUS! OSKUIKOCTH — peIIaeTcsl IOJHas
HecTalMoHapHasi cuctema ypaBHeHHi HaBbe-Crokca. 3ajgaua paccMarpuBaeTcs B IUIOCKON
noctaHoBke. UMCIIeHHass MOJieNb peainsyeTcs: Ha 0ase oTkpbiTol miatdopmel OpenFOAM.
PaccmarpuBaercss Bompoc 0 BAMSAHHM (GOPMBI  TOPLIOB Ha THUAPOJMHAMHYECKOE
CONPOTHBJICHUE B PEKMMAaxX C HMHTEHCHUBHBIM BuXpeoOpasoBanueM. [IpoBoanTcs aHamms
CTPYKTYpBl TE€UYCHHUS, paclpeleieHUs NaBICHHS MO MOBEPXHOCTU IUIACTHH, BBIMOJIHAETCS
pacder KO3 HUINEHTOB COMPOTHUBICHUS Ui PasHBIX aMIUMTYyA KonebOaHus. Pe3ymbrars
MCCIICIOBaHMS MTOKA3bIBAIOT, YTO M3MEHEHHE (POPMBI TOPIIOB MPHUBOJUT K CMEIICHUIO TOYCK
OTphIBA BUXPEH C TMJIACTHHBL. JTO CKa3bIBAeTCS Ha pACHPENENCHUN [aBJICHUS T10
MOBEPXHOCTH IUIACTUHBI. Tak y YCEUEHHBIX IUIACTUH pa3HULA MEXAY H3MEPEHHBIM
JABJICHUEM Ha l'lpaBOI\/'I u J'leBOI\/'I CTOpOHaX IUIAaCTUHBI B OerCTHOCTI/I TOleOB OKa3bIBACTCA
MCHBIIC, YCM y HpﬂMOyFOJ’[beIX. 3TO, B KOHCYHOM CHYETEC, l'lpPlBO}lI/lT K CHHXCHHUIO
PE3YNBTUPYIOMIETO  a3pOJAWHAMHUYECKOTO  CONPOTHBICHUS  YCEYEHHBIX IUIACTHH. B
paccMaTpuBaeMOM JHana3oHe MapamMeTpOB 3HAUCHHS KOA(PQHIMEHTa CONMPOTHUBICHUS IS
NpSIMOYTOJIbHOM IJIAaCTHHBI JexkaT B cpenHeM Ha 14% Beime. IlomydeHHblE pe3ynbTaThbl
XOpOmIO  OOBSACHSIOT OONBIION pPa3dpoc JaHHBIX MEKAY IPOBEICHHBIMH paHee
SKCHepI/IMeHTaﬂbeIMH U YHUCJIICHHBIMH HCCICIOBAHHUIMH, TaK KakK HpaKTI/I‘leCKlfI BO BCEX
YUCJICHHBIX HCCICOAOBAHHUAX CCYCHUC IIJIAaCTHUHBI HpHHHMa}OT l'lpﬂMOyFOJ'l])H])lM. B TOXE
BpeMsi B OKCIEPUMEHTaX OOBIYHO HCHONB3YIOTCS 00paslbl C YCEYCHHBIMH TOPLAMHU.
COOTBETCTBYIOIIME AAaHHbIE I KaKAOI0 U3 3TUX TUIOB IUTACTHH XOPOILO COTJIACYIOTCS C
HOqueHHbIMH B paMKax JAHHOT'O UCCJICAOBAHUA peByanaTaMI/I.

KimroueBble c10Ba: Bsi3Kas KUIKOCTh, TOHKHE IUIACTHHBI, FAPMOHUUYECKUE OCIMILIISLIUM;
KO3()(HUIHMEHT TUIPOANHAMHUYECKOTO CONPOTUBICHMS; (oOpMa TOPLOB, UHCICHHOE
MOZENUPOBAHUE
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1. BeedeHue

[lepBble  HCCNEOOBaHUS  B3aMMOJACIHCTBHSA — OCLIUUTHPYIOIIMX — IUIACTHH  C
HETIOJIBIKHOM BSI3KOHM JKHJIKOCTBIO MPOBOAMIKCH eme B 60 - 70-x rozxa mpomioro
BeKa B CBS3M C HM3y4YCHHEM BO3JCHCTBHS BOJH Ha JJIEMEHTHl KOHCTPYKLHMI mpH
MODPCKOM CTPOMTENBCTBE. Peann30BaHHBIE B 3TOT MEPHON T'HAPOIMHAMUYCCKUEC
skcriepuMeHThl  [1], [2] W co3maHHEle Ha 0ase HHX MOJENH BHXPEBOIO
B3auMogzeiicTBusA [3], MO3BONMJIM ONPENEIHTh OCHOBHBIC IapaMeTphl 3aqadyd,
HOPSOK TUIPOJUMHAMHYECKAX CHWJI M CTPYKTYPBI TCUCHHWI, CO30aBacMBIX B
KHUAKOCTH OCLMJUIMPYIOLIMMH TUIACTHHAMH, I OOJIacTH OOJIBIIMX aMIUTUTY.
konebanus. Jng ciaydass ManbIX aMIUTUTYI KoyieOaHHMs B 3TO JKe BpeMs Oblia
chopmynupoBana [4] o0oOIIeHHasT HAa Cly4yail TOHKUX IUIACTHH JIMHEAPHU30BaHHAS
teopust Ctokca. Jlosroe BpeMsi 3TH pe3yibTaThl COCTaBIISUIM OCHOBHYIO 0azy Io
OLIEHKE BO3JICWCTBHS Cpelbl Ha OCLMUIMpYIOLIME IUIacTHHBL. OJHAKO, pa3BHTHE
HOBBIX MpPUKIAAHBIX OONacTed, TakWX Kak aTOMHAas MHKPOCKOIHUS |
POOOTOTEXHHKA, pa3paboTka HAaHOAJICKTPUYCCKUX YCTPOMCTB u
NbE30IEKTPUIECKHX MHKPO-BEHTHIISITOPOB, CO3JAaHHE HOBBIX METOJOB OLICHKH
JeMIQUPYIOIUX CBOWCTB MarepuanoB [5]-[7], mamo Toix4ok K panpHeHumeMy
Pa3BUTHIO U PACIIMPEHHIO HCCIECIOBAHNS JAHHON MPOOIEMATHKH.

B coBpeMeHHBII ITepro HCCIeI0BaHuS 3a4a4a B3aUMOICHCTBHUS OCLMIUTHPYIOIINX
IJIACTHH C HEIOJIBIDKHOW BA3KOW )KUAKOCTBIO YaCTO PacCMaTPHBACTCS B KOHTEKCTE
npoOJIeMbl ONpEIeICHHsT adPOJUHAMUYECKOrO JIeMI(pHUPOBaHHUS CBOOOIHBIX WIIH
BBIHY)KACHHBIX ~ KOJNEOAHMIl  yIUIMHEHHBIX  KOHCOJBHO-3aKPEIUICHHBIX  0asiok
OPSIMOYTOJIHOTO TOMEPEYHOro CeYeHHs. B NpearnoiokeHUuH, YTo JUIMHA Oaliok
CYIIECTBEHHO MpPEBbINIAET WX INUPUHY U TOJIIUHY, B3aUMOjeiicTBHE OaloKk ¢
BO3JlyXOM paccMaTpuBaeTcsi B paMKax KBa3WJBYMEPHOW THUIIOTE3bl, COIJAaCHO
KOTOPOH adpOIMHAMHYECKHE CHIIbI OTPEEIISIIOTCS B KQXKAOM CEYEHHU OalKu MyTeM
M3y4eHUsI MJIOCKOTO JIBUKEHHS ra3a, BBI3BAHHOTO TAPMOHHYECKMMH OCIMIUISIIUSMH
TOHKOM KECTKOW IUIACTUHBI. TakoW NOAXOA JIEr B OCHOBY MHOIOYHCIICHHBIX
9KCIIEPUMEHTAIBHBIX M YHCICHHBIX wuccienoBanuii [5]-[11], mpoBoaumbIx B
HOCTICIHEM JCCATHIICTHH.

DkcrepuMeHTanbHble qaHHble (cM., Hampumep, [1], [6]) B mermom ykassiBaroT Ha
IIUPOKUE TPAaHMIBI IPUMEHUMOCTH ABYMEPHBIX (WIM KBa3HIBYMEPHBIX B ClIydae
Oanku) mozeneii obtekanus wiactuH (Re<1000). B To e Bpems pe3ynbTaThl
YHCIICHHOTO MOJEJIMPOBAHUS NPH OTHOCHTEIBHO BBICOKHMX 4Mciax PeiiHombxaca (
Re: 1000) [5], [10], omaror 3aBeimeHHbie  oueHku (Ha  20-30%)
A3POIMHAMUYECKOTO COMPOTHBIICHUS MO CPABHEHUIO C AaHHBIMH JKCIICPUMEHTOB.

184



Hypues A.H., KamanytaunoB A.M., 3aiiniea O.H.UncieHHoe nccae0BaHue BIUSHIS (OPMBI TOPIIOB KOJIEOIFOMINXCS
TUTACTHH Ha THAPOAMHAMHUYECKOE COMPOTHBICHHE B Mana3oHe OONbIINX aMILINTY R Konebanus. Tpyoet UCII PAH, Tom
30, Boim. 1, 2018 1., cTp. 183-194

Pe3ynbraThl HaCTOSILETO MCCIEIOBAHMS MOKA3bIBAIOT, YTO B KOPHE 3THX NPOOJeM
JeXaT YNPOIEHHBIE TPENNOIOKEeHNs (MCIONb3yeMble B YHCIEHHBIX MOZENIAX) O
TEOMETPUH CEUCHHUS ITACTHHBIL.

[IpakThyeckn BO BCEX UHUCICHHBIX HCCIEIOBAaHHMAX CEUYEHHE IPUHUMAIOT
OeckoHe4HO TOHKUM (cM. Harmpumep [10]) wiu npsiMoyrospHbM (cM. Hampumep [5],
[8]). B Toxe BpeMs B 3KCTIEpUMEHTaX OOBIYHO HCIOJB3YIOTCS 00pa3ibl (KOHCUHBIX
pa3mepoB) ¢ yceueHHbIME Topuamu [1], [6]. Kak moka3bIBaloT HACTOSIINE PacUeThl
9Ta, Kazajnachk Obl HECYIIECTBEHHAsL, IeTAllb HMEST OOJbIIOE 3HAYCHHE VIS PEKHMOB
C MHTEHCUBHBIM BHXpeoOpa3oBaHueM, Iie (opMa TOPLOB ONPENeNsIT TOUKY OTPhIBa
BUXpEH.

2. NlocmaHoeka 3adau4u.
[TnactuHa mupuHONW b W TonmmHOM h coBeprmaer KoneGaHWS B TOPH3OHTAIBHOM
TUIOCKOCTH B BSI3KOM HECKUMAEMOM JKHUIKOCTH [0 TAPMOHHYECKOMY 3aKOHY

s = Asinat,
Iie S — IOPU3OHTAJbHBIE TEPEMEIEHUsI, A, @ aMIUIUTYAa M 4acToTa KojeOaHuit
COOTBETCTBEHHO.
[Ipu HOPMHPOBKE MPOCTPAHCTBEHHBIX KOOPAMHAT, BPEMEHH W CKOPOCTH Ha b /2,
b/2/U,,-U,coorBerctBenno (rae U,— aMmmumTyna CKOpPOCTH KojeOaHuii),

cucTeMa ypaBHEHHH ABMXKEHHS XHJKOCTH 3alUCBIBACTCS B JEKApTOBOW CHCTEMeE
KOOpAMHAT KaK

ouU 2
—+U-VU =-Vp+—AU
at PrRe ™, (0

V-U=0

rne U =U(u,v) — Gespa3mepHas ckopoctb, P — Ge3pasmepHoe paBieHue, Re —
yncno PeiHompAca, v — KHUHEMaTH4YeCKash BA3KOCTh JKHJIKOCTH. YpaBHEHHE
JBIDKCHUS IMIIMHJIPA B HOPMHPOBAHHBIX IEPEMEHHBIX 3aITUCHIBAIOTCS B BUJIE

S =K—Csin(7zt /KC). 2
T

3pece  KC=2U,z/bw=27A/b— BrOopoit 6e3pa3sMepHBIi  yIPaBIIOLIMIT
napametp 3anaun — yncno Keinmurana-Kaprenrepa ninn 6e3pa3MepHasi aMILIHTYAA
KoJie0aHuH.

Bespasmeprass TonmmHa TuiacTHHBL h/D  sBAseTcs TpeThHM  Oe3pasMepHBIM
HapaMeTpoM 3a/1auH, B HACTOSILEM HCCIIEJOBAaHUN CIMTAETCS ITOCTOSTHHOW U paBHOU
1/10 (xak 1 B 9KCTIepHUMEHTaIbHOMN padoTe [6]).

Takum obOpaszom, komiuiekc u3 JjaByx mapamerpoB (Re,KC) mnoiHOCTBIO
olpeneNsieT TEYCHHE JKMIKOCTH OKOJIO OCLMJUIMPYIOMeH IulacTHHBL. IHorna
yIOOHO HCIIOJI30BATh TAKKE UX OTHOIICHUE
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5= Re b?w
KC 2zv’
UTparoIee pojb KoiedaTeapHOro uncia PeitHombaca.
Juis ancnennoro pemreHus 3axaqu (1), (2) ocymecTBiuseTcs mepexo] B MOABIKHYIO
CHCTEMy KOODIUHAT CBA3aHHYIO C IUIACTHHOH. B 3TOM ciydae s coxpaHeHHS
cucTeMbl ABIWKeHHA B ¢opme (1) B HOBOH HEHHEPIMATIHHON CHCTEME KOOPIUHAT
OTIpeNieNsIeTCsl HOBOE JIaBJICHHUE:

p = Pe-xsin(zt/ KC)z / KC.

3nech mepBoe ciaraemMoe f{ — maBieHHWE B HETOABHKHOW CHCTEME KOOPIHHAT, a

BTOPOC BKJIaZ OT MHEPIUAJIbHBIX COCTABJIAIOIINX.
Ha rpaHydnie IUIACTHUHBI B HOBOH CHCTEME KOOpAHWHAT 3aAar0TCd YCJIOBUA
MpUIUIIaHus:
u=v=0.
Ha OeckoHeYHOCTH U3MEHEHHE CKOPOCTH OTpeAeNseTcs Mo CIeAyIoleMy
TapMOHUYECKOMY 3aKOHY:
u=cos(zt/KC), v=0.

Briuncnenue ruapoAMHAMUYECKUX CUJI, IEMCTBYIOIIMX HA IJIACTUHY CO CTOPOHBI
KHUJKOCTH, B TIPEICTAaBICHHOH Oe3pa3MepHOil IMOCTAaHOBKE IPOBOJHUTCS IO
dhopmye:
F :_[ pnds—_[&-nds,
S S

rie o — TEH30p BS3KHX HANpsHKEHHH, S — TOBEPXHOCTh IWIMHApPA, N —
BHYTPEHHSS HOPMaJb K MOBEPXHOCTH TIACTHHBI.
[Nomy4yeHHBId TakuM 00pa3oM BEKTOp CHJIBI F  MOXHO pa3noXxuTh Ha

BEPTHKAIBHYIO COCTaBIAOMYI0 F — mogbeMHylo cuily, W ropusoHTambHyio F,

CTOSAIIY0O W M3 CHI CONPOTHBICHHMA M WHEPUUANbHBIX cul. MHepruambHbIe
COCTaBJISIOLINE BO3HUKAIOT BCIEACTBUE YCKOPEHUS KUJIKOCTU U COCTOSIT U3 JBYX
yacTel: CHJIbl MHEPLUU MPHCOEIUHEHHBIX MAacC, BOZHUKAIOUIEH H3-3a JOKaIbHOTO
yCKOpeHHsi BONM3M TuacTHHBl U cwibl @pyna-KpbeuioBa, koTopas cBs3aHHa C
TPaAMEeHTOM  JaBJICHHUS, CO3JaHHBIM B JKMAKOCTH JUII  MOJCIHUPOBAHHSA
OCILMJUIUPYIOUIETO ITOTOKA.

s anmpoKCMMAanWé  BIMSIHUS WHEPHHUAIBHBIX W BS3KHMX  COCTaBIISIOIINX
TOPU30HTABHON CHITBI HCTIONB3yeTcs popmyna Mopucona [12]:

X m

F =xC di+Cd |u,|u.,,
dt

rge  U,— CcKOpocTh kuikocTH Ha Oeckoneunocty,C, — koadduuueHt

0

uHepLuaibHbIX cuil, C; — k03 duLHeHT COnPOTUBICHUS.
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3. YucneHHoe peuieHue.

YucnenHoe permeHre 3amadn nposoautcs B makere OpenFOAM [13] Ha ocHOBe
pacueTHOl cxembl onmcaHHOW B [14]. TeueHne mMonenupyercsi B IPSIMOYTOJILHOM
obnactu pasmepamu 60x40, B LEHTpe KOTOpOIl pacrosiaraercsi Hccliexyemas
mnacTuHa. B ucmonb3yemoit aexapToBoii cucteme koopaunat (OX,0y ), cropoHs

pacueTHO# 067IacTH MmapaieIbHBI OCHOBHBIM OCSM, KOJICGaHHUS TIPOUCXOIST B0
ocu OX.

Jns auckpeTHsanuy pacueTHOW OO0JacTH HCHOJIB3YIOTCSA OJNIOYHBIE CETKH IBYX
TunoB. IlepBellf TUII — CTPYKTypHUpOBaHHBIE ceTKU. [loBBIIIEHHE pa3pelaronei
CIOCOOHOCTH BOJIM3M IUIACTHHBI Ha ATHUX CETKAaX JOCTHraeTcs 3a CueT JIMHEHHOro
CTYIIEHHs Y3JIOB B HalpaBleHHE HOpMajiel K CTOpOHaM IUIACTHHBL OTO
oOecreunBaeT IJIaBHOE IOCTENIEHHOE M3MEHEHHE pa3Mepa sueek B obmactu. Ha
CeTKax BTOPOr0 THUMA IOMHMO CIYIIEHHS HCHOJb3yeTcsl ApoOIeHHe S4eeK B
OKPECTHOCTH TPAHUI], YTO IPUBOJUT K HAPYUICHUIO YCIOBHUS PErYJSIPHOCTH U
JOCTaTOYHO PE3KOMY U3MEHEHHUIO Pa3MEPOB AYEEK B 30HE CTBIKOBKU M3MEIbYEHHON
Y OCHOBHOM ceTKH. OHAKO 3TO MO3BOJSET CYHIECTBEHHO MOBBICUTH Pa3peIIatoIlyto
CIIOCOOHOCTH, HE yBEIMYHMBAs MHOTOKPAaTHO OOIIEe KOJMYECTBO SUECK PACUETHOM
CeTKH. MakCUManbHOE KOJIMYECTBO SYEEK HCIONB3YEMBIX PACUETHBIX CETOK

nocruraer 3-10°.

Juckperu3anusi CHCTEMBl YpaBHEHUH JBIKCHUS J)KUIKOCTH POBOIUTCS IO METOILY
KoHeuHbIX 00beMoB (FVM) B nmekapToBoil cucTeMe KoopAHWHAT. JIMCKpeTHBIE
3HAYEHHs COCTABISIONMX CKOPOCTH M AWCKPETHBIE NaBJICHUS JIOKAJIH3YIOTCS B
HEHTPaX SUYeeK PAaCUYeTHHIX CeTOK. [yl BBIYMCICHUS OOBEMHBIX HMHTETPAIOB MO
KOHTPOJIbHOMY 00BEMy ucmoib3yeTcs obmas mnpoueaypa Iaycca. [lns
annpoKCUMAIlMM TpaJMeHTa [aBICHHUS B pacdeTax NPUMEHSETCS JIMHeHHas
uHTeprnomAnusi. B nuddy3noHHBIX clnaraeMbIXx NpH IUCKPETH3AIMH OIleparopa
Jlamnaca  HOpMaibHBIE TPAJAMEHTHl CKOPOCTH HAa IOBEPXHOCTH  SYEHKH
ANMPOKCHUMHUPYIOTCS C TIOMOIIBI0O CHMMETPHYHOH CXEMBI BTOPOTO IMOpSAKAa C
MOTIPaBKOW Ha HEOPTOTOHANBHOCTH (B CIydYae IUIACTHHBI C OCTPBIMHE TopIiamu) [13],
[14].

11 MHTepHoNAIUN TMEepEeMEHHBIX B KOHBEKTHBHBIX CJAaraeéMbIX HCIIONB3YeTCs
rubpuaHas cxema CranaMHra mpeiokeHHas B paborax [15] (amanor mupoko
NPUMEHSIEMOl B KOHEYHO-JIEMEHTHOW JHMCKpPEeTH3alnu cxeMmbl «Streamline
upwindy»). OHa npencrasisgeT co00i KOMOMHAIMIO JIMHEHHOH M MPOTHBOIIOTOYHOM
UHTEpNOIALUHA. JInHelHass MHTEPIOSIMS MIPUMEHSIETCSl B 00JIacTH, TJe CETOYHOE
yucno PejiHonbaca (wnm uucio Ilexne) Re, <2. IlpuMmeHeHHe CXEeMbl, OIHAKO,

TpeOyeT 0co00i aKKypaTHOCTH, TEPBBIA MOPSAAOK TOYHOCTH IMPOTHBOMOTOYHOU
MHTEPIONSALUA MOXET IPUBECTH K CYIIECTBEHHOMY BIHMSHHUIO Ha pEIICHHE
yucieHHoi auddysun. Kak nokassiBaioT pesyiabprarhl pador [16]-[18], s
paccMmarpuBaeMoro Kjacca 3agad, THOpujaHas cxema o0ecredrBaeT Xopoliee
COTJIACOBAHUE YHCJIEHHBIX PE3yJbTATOB C OKCHEPUMEHTAIbHBIMH JAHHBIMH B
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IIMPOKOM JMana3oHe uucen PeliHonpaca. HeratuBHOe BiMsSHHME 4YHCIICHHOW
mudhy3ur Tpu 3TOM MOXXKHO MHHUMM3HMPOBATH IIOBBIIICHHEM pa3pellaromieit
CIIOCOOHOCTH CETKHM BOJIMU3M OOTEKaeMOro Tejla M KOHTPOJIMPOBATH IOCPEICTBOM
U3y4YEHUs CETOYHOM CXOIUMOCTH.

Jns auckpeTu3aluy CHCTEMbl YPaBHEHHH IO BPEMEHH HCIIOJIB3YeTCsl HesBHas
cxema Dinepa. lllar mo BpeMeHHn BO BceX pacuerax BBIOMpaeTcs M3 YCIOBUS —
MakcuMmaibHoe ynciio Kypanra He npessimiaet 3Hauenus 0.1.

PelieHue TUCKpEAUTHPOBAHHON 3a1a4K IPOBOAUTCS ¢ oMolibio Metona PISO [19]
(B peanuszanuu, u3noxeHHo B [14]). Perienne cucteMsl ypaBHEHUH IS TaBICHUSL
BBITIOJIHSAETCS. HA OCHOBE MeToja compsbkeHHBIX rpanueHtoB (PCG) c¢ reomerpo-
anreOpandeckuM MHOTOCETOYHBIM mpenoOyciasnuBareaeM (GAMG). Cucremsl
yYpaBHEHHH M1 KOMIIOHEHT CKOPOCTH PpEIIaeTCsi METOAOM OHCONpPSKEHHBIX
rpagueHToB (PBiCG) ¢ mpeamkTtopom Ha ocHoBe HemonHoW LU ¢axropmzarmm.
PacueTpl BBIMOMHAIOTCS paclpeneieHHbIM oOpasoMm 1o TexHomormn MPI ¢
NPUMEHEHHNEM METO/Ia JEKOMITO3UIIUH 00JIaCTH PELICHUS.

4. Pesynbmamsl

Jlns  monydeHHs MpPEACTaBICHHS O BAMSHUM (OPMBI TOPIOB IUIACTHH Ha
CONPOTHUBIIEHHE B PEXHUMaX C HHTEHCHBHBIM BUXPeOOpPAa30BaHHEM PACCMOTPHM
Juana3oH 0osbiux aMmuTya konebanus 4 < KC <10.

TeueHne BOKpYT IUIACTUHBI B 3TOM JIMAra3oHE UMEET NMEPUOANYECKUIl OTPHIBHOM
xapakrep (cM. puc. 1). Ha kaxgom mnoxymnepruoje C IUIACTHHBI CPBIBAETCS I1apa
Buxpei. CphIBbI OOYEPETHO MPOUCXOAAT MPOTUBOIOIOKHBIX YIJIOB IIACTHHBI, 32
3TO PEXXUM YacTO HA3bIBAIOT AuaroHanbHbM [1], [3].

Kax BuaHo mo puc. 1, cTpykTypa T€UeHMI BOKPYI YCEUYEHHOH M HPSAMOYrOJIbHOM
IUTACTHH B LIEJIOM OCTAeTCsl OUEHb MOX0XKEH, B YACTHOCTH MIICHTUYHBIMH OCTAIOTCS
CTPYKTYpa, pasMepsl U MOJ0XKEHHE, (OPMUPYEMBIX OKOJIO TIACTHH BHXPEBBIX Map.
OpxHaKo B OKPECTHOCTH TOPIIOB IUIACTHH BCE K€ HAOIIOJAI0TCS BHIUMBIE PAa3ITHIUs
TEYEHHUs, CBA3aHHBIE C H3MEHEHHEM TOYEK OTPBIBA IIOTOKA: IS YCEUEHHBIX
TUTACTHH — 3TO BEPIIMHA OCTPOTO YIJIa, Y IMIIACTHH C MPSIMOYTOJIEHBIM ITOTIEPEUHBIM
CEYEHHEM OTPHIB MMPOUCXOIUT B BEPIIMHE MPSIMOTO YIJIa CO CTOPOHBI HAOETAIOIIETO
MOTOKA.

Oror (akTop CcKa3pIBaeTCA Ha paclUpeleNeHWH MaBICHHS 110 MOBEPXHOCTH
wiacTuHbl (puc. 2). Y yCeueHHBIX IUIACTHH Pa3sHHUIlA MKy JaBJICHUEM Ha MPaBoi
U JEeBOM CTOPOHaX IIACTMHBI B OKPECTHOCTH TOPLIOB MEHbIIE, YeM Yy
OpSAMOYTOJIBHOW. OTO, B  KOHEYHOM CueTe, MPUBOAUT K  CHHXKEHHIO
Pe3yIbTUPYIOLIETO a9POANHAMUYECKOTO COPOTUBIIECHNUS TNIACTHHBIL.
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Puc. 1. Cmpykmypa meuenus 66nusu nnacmun npu 3 =55, KC =7 . a - npsamoyeonvras
niacmuHa, b 7yC€‘léHH(l}l niacmuHa. Bu3yaﬂu3auuﬂ C NOMOUWbO KpacKu
The flow structure near the plates at =55, KC =7 . ais a rectangular plate, b is a
truncated plate. Visualization using paint
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Puc. 2. Pacnpedenenue dagrenus na niacmure npu 3 =55, KC =7 . Yépnas nunus -
NPAMOY2O0JIbHAA naaCmuta, cepas TUHUA — yCQHéHHaﬂ niacmuHa. HyHKmupHaﬂ JUHUA — Jlesasl
CMOPOHA NAACMURbL, CNIAOUIHAS TUHUS — npaedsi CMOPOHA
Fig. 2. The pressure distribution on the plate at g =55, KC =7 . The black line is a
rectangular plate, the gray line is a truncated plate. The dashed line is the left side of the
plate, the solid line is the right side
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I'padukn m3menenns xodddunuenta conporusnenns C, B 3aBucumoctu ot KC

JUISl IDTACTHH C pa3HOW GpOpMOH TOPIIOB MpECTaBJICHbI Ha pHC. 3.
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Fig. 3. Dependence C, on KC

Kak Buano, paccuuraHHble 3Ha4eHHS KO3(P(UIMEHTOB CONPOTHBICHUS IS
YCEUEHHOH IUIACTHHBI XOPOILIO COTJIACYIOTCS C 3KCHEPUMEHTAIBHBIMH JaHHBIMH
[1],[6], momyueHHBIME U 0OPA3LOB ¢ aHAIOTMYHONW reomerpueil. B Toxke Bpemst
KaK 3HaYeHHA Kod(pHUIHEHTa COMPOTHUBICHUS I MNPSIMOYIOJBHOHN IUIACTHHBI
nexaT B cpeaHeM Ha 14% Boime B obiacTu OOJBIIMHCTBA IMOJIYYEHHBIX paHee
pe3yabpTaToB YHCIEHHOTO MojienupoBanus [5], [10].
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Dependence of hydrodynamic forces acting on oscillating
thin plates on the shape of edges in the range of large
oscillation amplitudes.
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Abstract. In this work, numerical simulation of the viscous flow past harmonically
oscillating thin plates with different shapes of edges is carried out in the Reynolds number
range 10 <Re <600. To describe the motion of a fluid, a complete nonstationary system of
Navier-Stokes equations is solved. The problem is considered in a plane formulation. The
numerical model is implemented on the basis of the open-source OpenFOAM package. The
effect of the shape of edges on the hydrodynamic drag in regimes with intense vortex
formation is considered. The structure of the flow and the pressure distribution over the plate
surface are analyzed, the drag coefficient for different oscillation amplitudes is calculated.
The results of the study show that the change of the shape of edges leads to the shift the flow
separation points. This has noticeable effect on the pressure distribution on the plate surface.
For truncated plates, the difference between the pressure distribution on the right and left
sides of the plate in the vicinity of the edges is less than for the rectangular plate. This leads
to a decrease the aerodynamic drag of the truncated plate. In the considered range of
parameters the values of the drag coefficient for a rectangular plate lie (on the average) 14%
higher. The obtained results well explain the large spread of data between the earlier
experimental and numerical studies, since in almost all numerical studies the cross section of
the plate is assumed rectangular. .At the same time, samples, which are usually used in
experiments, have truncated (triangular) edges. The corresponding data for each of these
types of plates are in good agreement with the results obtained in this study.

Keywords: viscous fluid; thin plates; oscillatory motion; drag coefficient; edge shape;
numerical simulation
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CpaBHeHUue 3(hheKTMBHOCTU peLuaTeneu
pa3peXxeHHbIX CUCTEM NMNHENHbIX
anre6pan4eckux ypaBHeHMN HaA OCHOBe
meTtopoB BiCGStab n FGMRES

U K. Mapuesckuni <iliamarchevsky@mail.ru>
B.B. Ily3uxosa <vvp@dms-at.ru>
MITY um. H.O. baymana,
105005, Poccus, e. Mocksa, ya. 2-a Baymanckas, dom 5

AnHoTaumsi. B namHOi pabore mpoBemeHO cpaBHEHHE H(PQPEKTUBHOCTH peHIaTeNnei
pa3peKEHHBIX CHCTEM JIMHEHHBIX alreOpandeckuX ypaBHEHHH, MOCTPOCHHBIX HAa OCHOBE
OMHMX W3 Haubojee OBICTPHIX HTEPAMOHHBIX MeToa0B, Metoma BiCGStab (mertona
OUCONPSDKEHHBIX T'PAJUEHTOB co crabmmusanueit) 1 Merona FGMRES (rubkoro merosna
0000IIEHHBIX MHHHMANBHBIX HEBS30K). B paboTe mpeacTaBieHbl OLEHKH TPYHAOEMKOCTH
BBITIOJTHEHUSI OMHON HTEpallid paccMaTpHBaeMbIX MeToJoB. [lomydeHo yciaoBHe, KOTOpOMY
TOJDKHA YAOBIIETBOPATH pa3MepHOCTH moanpoctpancTBa KprutoBa B Metone FGMRES mnst
TOTO, YTOOBI TPYJOEMKOCTh OJHON UTEpalny JaHHOTO METOAa Oblila MEHbIIE TPYJ0eMKOCTH
omHoit mtepauuu Meroma BiCGStab. Kpome toro mpencraBineHa momumdukamus MeETOIa
FGMRES, mno3Bossitomasi OCTaHaBIMBATh QJITOPUTM JI0 OUYEPETHOrO pecTapra B cllyyae
JOCTVDKEHUs! 3ajaHHoi TouHOCTH. Ha s3pike C++ Ha OCHOBE HpECTaBICHHBIX aJrOPUTMOB
METOIOB BiCGStab u FGMRES (B8 Tom wuncne ¢ ILU- W MHOrOCETOYHBIM
npeno0ycaaBiMBaHHeM) —pa3pabOTaHbl pelIaTeNnd  pPa3speKEHHBIX CHCTEM  JIMHEHHBIX
anreOpanuecknx ypaBHeHHH. CpaBHeHHe S QEKTHBHOCTH pa3pabOTaHHBIX pemraTeneit
TIPOBOAMIIOCH Ha Pa3HOCTHBIX aHajorax ypasHeHWi I'empmronsia m Ilyaccona. Cuctemsl
ObUIM B3SATHI W3 TECTOBOM 3aJadll O MOJGIUPOBAHMH OOTEKaHMS KPYTOBOTO MPOQUIA,
COBEPIIAIONIET0 BHIHYK/ICHHBIE IONEpEeIHbIe KoeOaHus. Pa3sHoCTHas cxema Iy pemeHus
3a/ladd  CTPOMTCS  Ha  NOPAMOYIOJbHOM  CTPYKTYPUPOBAaHHOM  CETKE  MHTErpo-
MHTEPNOISIIUOHHBIM MeToioM LS-STAG — MeTo[0M MOrpyXEHHBIX TPaHUL] ¢ QYHKIUSIMH
YpOBHA. BpIumciuTeNnpHBIE IKCIEpUMEHTHl Mokasanu, uyto meron FGMRES nHa 3amauax
TaKOro Kiiacca JEeMOHCTPHUPYET 0oJiee BBICOKYIO CKOPOCTH CXOJMMOCTH IO CPaBHEHHIO C
merogom BiCGStab. Bpemst mpoBenenus pacdera npu ucnons3oBannd mMeroga FGMRES
cokpaTmiock Oonee deM B 6.5 pa3 Ge3 mpemoOycnaBiMBaHWS W HPUMEpHO B 3 pas3a ¢
npenoOycnapiaBanueM. Peammsanus MommdumupoBanHoro amroputMma Meroma FGMRES
Taloke CpaBHHUBANACh C AHAIOTHYHBIM pemaresnieM u3 Oubmmorekn Intel® Math Kernel
Library. BbluuciuTenbHble SKCIEPUMEHTBI I0Ka3alu, 4YTO pa3pabOTaHHas peaan3aius
merozna FGMRES no3Bonuna nmosry4uts yCKOpEHHE 110 CPABHEHHUIO C UCTIONb30BaHueM Intel®
MKL B 3.4 pa3a 0e3 mpenoOycnBmuBanus U B 1.4 pasa npu wucnons3zoBanuu ILU-
peno0yClaBIMBaHNS.
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1. BeedeHue

UrcneHHOE MOJCIUPOBAHHUE HCIIONB3YEeTCS IS pEIIeHUS MHOXKECTBa HAayJHBIX
U IIPOMBIIIUTCHHBIX  3afad. [Ipm 5TOM 3HAUWTENbHAas 4YacTb BBIYHCIUTEIHHBIX
PECYpCOB TPATHUTCS Ha pEIICHUE pa3peKEHHBIX CHCTEM JIMHEHHBIX anre0pandecKux
ypaBueHuir (CJIAY) Oompmmoro pasmepa, BO3HHKAIOMIMX TIPH JUCKPETHU3AIIUH
COOTBEeTCTBYIOINX  Au((GEepeHIINaTbHBIX WIH  HWHTETPO-Iu(PepeHITHaTbHBIX
ypaBHeHHN. [[Jg peleHust TakuX CHCTEM, KaK MPaBUIIO0, UCHOIB3YIOTCS pa3InIHBIe
UTepaloHHbIe MeTO B! [1].

OTMeTHM, 4YTO CYIIECTBYIOT TakKXKe NpsSMBIE METOIBI DPEIICHUS pa3peiKCHHBIX
cucteM, B 4yactHoctu pemarens PARDISO [2]. ABrop 3Toro Meroma COBMECTHO
C KOJUIEKTHBOM pa3paboTuuKoB peanm3oBan ero B mporpamme "PARDISO 5.0.0
Solver Project", kotopas coriacHo MHGOPMAaIMKM Ha caifTe HaHHOTrO mpoekTa [3]
npescTaBiseT co0oil MOTOKOOE30IacHOe, BBHICOKONPOM3BOANTEIBHOE, HAJeKHOE,
3¢ GeKTUBHOE IS TAMSITH U MPOCTOE B MCIIOJIH30BAHUU IIPOTPAMMHOE 00eCIICUeHNE
I pCIICHUA OOJIBIITNX Pa3peKEHHBIX CUMMETPUYHBIX W HECUMMCTPUYHBIX
JMHEHHBIX CUCTEM YpaBHEHHI B MHOTOIIPOIIECCOPHBIX CHCTEMAaxX ¢ OOIIeH MaMAThHIO
W pacmpeieleHHOW mamsiTbo. KpoMe TOro, IOaHHEIA pemaTelh pealn30BaH
B OMOJIMOTEKE BBICOKOONITUMU3UPOBAHHEIX MaTEMaTHYECKUX alroputMoB Intel®
Math Kernel Library (MKL), B moxymenTtanuu [4] KOTOPOil OH MO3UIIMOHHPYETCS
KaK BBICOKOIIPOM3BOANTENbHBIN NapauIeqbHbIH NPSAMOM pemaTtenb Il CHUCTEM
C pa3peXEHHBIMH MAaTPHULAMHK, OKAa3bIBAIOIIMICS dS(QQPEKTUBHEE HTEPALIMOHHBIX
pelaTesne npu penieHuy CUCTEM C YMCJIIOM YpPaBHEHHMM MEHee cTa ThIcA4d. TeM He
MeHee, Jake Npu COONIOJICHWH YKa3aHHOro orpanmdeHuss Ha pasmep CIIAY
BO3HHMKAIOT CIyyaW, KOTJa WCHOJbh30BaHMe mpsmoro pemarenss PARDISO
NPUBOIWT K YBEJIMYCHHWIO BpeMeHH cueta B 9-10 pa3 mo cpaBHEHHIO
¢ uTepannoHHbIMU MeToaamu [5]. TTo aToi mprumHe B TaHHO# paboTe manee OymayT
paccMaTpuBaThCA UCKITIOUYUTEIHFHO HTepaliOHHbIe MeToAb! pemenns CIIAY.
3arpaThl BBIYMCIUTENBHBIX PECYpCOB IIPH INPOBEACHHH MOICIHMPOBAHHUS MOKHO
CYIIIECTBEHHO COKPAaTHTh 3a cueT BbIOOpa mis pemeHuss CJIAY wuteparmoHHBIX
METOAOB, OOJAagaroImnX  BBICOKOW  CKOPOCTBIO  CXOAWMOCTH W  HH3KOH
TPYIOEMKOCTBIO Ha MPOBEJCHUE OAHOW nTepanuu. K coxxaneHuto, HECMOTps Ha To,
4YTO BO3MOXHOCTb BBIOOpa MTepaloHHOro Merona i pemenus CJIIAY nmeercs
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BO MHOTMX KOMMEPYECKHMX MPOTPAMMHBIX IaKeTaX, NMPUMEHSIEMBbIX HPU PELICHUH
IIMPOKOTO Kiiacca 3a/1au MexaHuku crutomHoit cpenst (ANSYS [6], NASTRAN [7],
FLUENT [8], STAR-CD [9] u ap.), mons30BaTenu KpaiiHe PeiKo MOJB3YIOTCS Ci,
NPEANOYNTasl OCTAaBIATH T€ METOABI pEIICHHs JMHEHHBIX CHUCTEM, KOTOpbIE
B IPOTPAaMMHOM TIaKeTe BBIOpAaHBI «IO yMoi4daHHio». OpHako mpu padote
C OTKPHITBIMH ~ CBOOOJHO  PAacHpOCTPAaHACMBIMH  NaKeTaMH, TaKHMH  Kak
OpenFOAM [10], mone30BaTeNsAM MPUXOIAUTCS SBHO YKAa3bIBATh METOIBI PEIIICHHUS
CJIAY, OCKOJIBKY YCTAaHOBKH «II0 YMOJYaHHI0» OTCYTCTBYIOT. [Taker Kratos [11]
TaKKe ITO03BOJISIET BHIOUpATh PelIaTeNld U3 NOANCPKUBAEMBIX BHEIIHIX OHOIHOTEK,
takux kak Intel® MKL [4] 1 AMGCL [12]. V makera OpenFOAM cymectByer
pacurupennas Bepcus [13], B KOTOPO#i MOIB30BATENIO JOCTYITHO OOJIBIIIE BAPUAHTOB
pemateneit CJIAY. Ilomumo BbeIOOpa pemiaTenss M3 YKCIA IPEAIaracMbIX
Y HACTPOEK €ro napaMeTpoB B YKa3aHHBIX MaKeTaxX CYLIECTBYET BO3MOXKHOCTb
JN00aBJIeHUs CBOEro pernarenis. Pemarens npu 3TOM MOXKET OBITh KaK peai30BaH
"c Hyns", Tak U 0a3MpoBaThCS HA HAPaOOTKAaX M3 TAKUX OTKPBITHIX OMOIMOTEK, KaK
AMGCL [12], PETSc [14] u ap. Ilpu 3TOM HEOOXOJMMO HE TONBKO BBHIOPAThH
9(Q(eKTUBHBI HTEpPAallMOHHBIA METOJ, HO M IOCTPOMTh Ha OCHOBE €ro
3¢ (eKTUBHBIIA BEIYUCITUTEIBHBIA aITOPUTM.

Llenpto nmaHHOM paOOTHl sIBISETCSl cpaBHEHHE JS(GQGEKTHBHOCTH peliarenei
Pa3peKEHHBIX CHUCTEM JIMHEHHBIX alreOpanvecKuX YpaBHCHHWH, MOCTPOCHHBIX Ha
OCHOBE OJIHUX M3 HanboJjee OBICTPHIX UTEPANMOHHBIX MeTO0B, MeTona BiCGStab
(MeTona GUCONPSKEHHBIX TPaIUEeHTOB co crabmiuzanueii [15]) u metoga FGMRES
(rubkoro Merojga OOOOIIEHHBIX MHHHMMAJBHBIX HEBA30K [16]), oTHOCsmuXcs
K IIPOCKLIMOHHBIM METOaM KPbLIOBCKOro Tuma [1].

2. MocmaHoeka 3adayu
PaccMoTpuM cucTeMy THHEHHBIX anre0pandeckux ypaBHEHHUI

Ax=bh, 1)
BO3HUKAOIYIO Npu auckperusanuu ypasuenus LU = f . 3nece Ae M(R) NgxNg »

x,beR No ;L — nuddepenumanpubiii 1160 wuHTErpo-andepeHaIbHbIN
oneparop; f — u3BecTHas QyHkuuMs; U — uckomas QpyHKuus. byJaeMm cuurarh, 4TO

MaTpuna A  sBIETCS pa3pexxeHHOH (mMeeT My HEHyJIeBBIX 3JIEMEHTOB, IPHYEM

My MHOro MeHblIE Ng ), HeBbipoaeHHON (detA=0) u He o6magaer
CTIIEIUATLHBIME CBOMCTBAMH (CUMMETpPHUEH, TOJOXUTEIBHONH ONPEeIEHHOCTHIO).
Jnst pemmenust cucteM Buna (1) ¢ TOYHOCTRIO € fanee OyaeM UCTOIb30BaTh METOIbI
BiCGStab u FGMRES, B Tom uncie B coueranuu ¢ ILU-npenoGyciaBianBaTeaeM
[17] u MmuorocerounsiM [18].

B kauecTBe TECTOBOW 3aJaud PAaCCMOTPUM 3a/ady O MOJCIMPOBAHHH OOTCKAHUS
KPYroBoro mnpoQuiisi, COBEpIIAONIET0 B HEBO3MYIIEHHOM IOTOKE BBIHY)KICHHbIE
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nomnepevHsie Konebanus 1Mo 3amaHHoMy 3akoHy [19]. PasHocTHas cxema st
pelIeHUs] 3aJadd CTPOHMTCS HA MPSMOYTOJBHON CTPYKTYpHpOBaHHOW CeTKe
HUHTErpo-uHTEpNONAIHOHHBIM MeTofoM LS-STAG [20] — meTo10M MOrpyXKeHHBIX
rpanun [21] ¢ ¢yakumamu ypoBrs [22]. Ha kaxaom mare pacyera Mo BPEMEHH
peleHne 3a1a4u CBOAUTCA K PEIeHNI0 ypaBHeHus [ eIbpMroibia

(A+k?)uy = fy )
JUIS IIPOTHO3a CKOPOCTU Uy ¥ ypaBHeHus Ilyaccona
AUZ = f2 (3)

JUIsl IONPAaBKHU JlaBlieHus Uy (31eck A — omeparop Jlannaca). PasHocTHele ananoru
ypaBHeHH (2) u (3) TpEeACTaBIAIOT COOOH CHCTEMBI TMHEWHBIX alnre0pandecKux

ypauennii Buna (1), mwmss xoropeix Ny =71040 , My =354128 . PasHoCTHBIIH

ananor ypaBHenus Ilyaccona (3) B oTinM4Me OT Pa3HOCTHOIO aHAJIOra ypaBHEHHUS
lexpmronbiia (2) sBisietcst mioxo oOycioBieHHOW cucTemoir [23], mosTomy
TpebyeT 0co00il TIATENEHOCTH MPHU BHIOOPE pelaTes.

3. Memod BiCGStab

Aunroputm Merona BiCGStab ¢ npenobycnasnuBanuem [1] nokaszan nuxke (4).
rO=b-Ax% p®=r0 wrl:(r2,r%=0

for n=01,K, while(|r"?|,>¢), do

yn :M—lpn
(r.r")
(04 -_——
Ty
s"=r" —a,Ay"
n —1.n
zZ' =M"s
- (4)
(Az"7,s")
Oy = ———
(Az", Az™)
XM =x f oy 4 op2"
rn+1 =g" —a)nAZn
_ an(rrHl,r*O)
" a’n(rnvr*o)

pn+1 - rn+1+ﬂn(pn —wnAy”).
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3nece X" — n-e WTepauMOHHOE NPUONMKEHHE K MCKOMOMY pENICHHIO X |

r" =b— Ax" — Bextop HeBsa3KM Ha N -i wrepamuu; p" = xMoxn - BEKTOP

KOppeKiMu Ha N -if urepaunn; M — marpuia npenodycnasnusarens [23]. Ecnu
marpuy M monoxuth paBHOW EIUHUYHOW MaTpHUIE COOTBETCTBYIOLIEH
pa3MEpHOCTH, IPUBEACHHBIA BBINIE AITOPUTM CTAaHOBHUTCS aJTOPUTMOM METOAA
BiCGStab 6e3 mpemoGycnapnuBanusi. SIBHOro oOparieHuss matpuisl M mpu
NPOBEJCHUH BBIYUCICHUH HE NPOU3BOJIUTCS: BMECTO ATOTO PEIIAFOTCS CHCTEMBI
My" =p" u Mz" =s". IMpn wucnonezoBanuun ILU-npenoOycrnaBiuBaHus uis
pemieHus JTUX CHCTeM wmcmonb3dyercs HemonHas LU-dakropusamus (ILU-
¢dakropuzauust) MaTpuisl A, a TpPH  HCIOIb30BAHMHM MHOTOCETOYHOTO
npenoOyciaBiIuBaTeIs — MHOTOCETOYHBIH MeToA. B pamkax maHHOW cTaTbH Ha
ITOPUTMaxX MOCTPOEHMs HpenoOyciaBiIuBaTeiIeil MOAPOOHO OCTaHABIMBATHCS HE
Oymem.

TpynoeMKoCTh BBINIOJIHEHHS OJHOM WTEpaluy auropurMa OylIeM ONpenessTh I0
Yyucly yMHOXEHWH. [Ipm 3TOM 3aTpaTsl Ha BBINOJHEHHE INArOB, CBS3aHHBIX
¢ peno0ycIaBIMBaHNEM, YIUTHIBaTh He OyzmeMm. Takum o0pa3oMm, TPyIOEMKOCTbH
onHOU uTepannu anroputMa (4) 6e3 mpeno0ycIaBIMBaHUS COCTABISACT

AgicGstab=2Mg +11Ng. 5)

4. Memod FGMRES

Meton FGMRES, xak u merox BiCGStab, oTHOCHTCS K METOAaM KPBLIOBCKOTO
tuma [1]. OcHOBHOE pasnuyme MEXIy STHUMH METOJaMHU 3aKII0YaeTCs B Crocobe
noctpoeHus: 6azuca B noanpocrpanctee Kpeuiosa: B merone BiCGStab mist atoro
ucnonezyercs 6moproronammsanus Jlanmoma, a 8 FGMRES — oproronanmusanus
Apuomsau [1]. Amroputm meroga FGMRES ¢ pecrapramm depe3 Kakasie M
urepanuii ¥ rubkum npenodycnasnuanuem [1] mokasan muke (6).

3necs  Hp, €MR)msyxm — MaTpnua Kod(PPUUMEHTOB OPTOroHaIM3aLMK
Hn € M(R)jxm (Bepxmas Martpuna XecceHOepra), [ONOJHEHHAs CTPOKOM
O K 0 hypym); el=@1 0 K 0)f erR™?; M —  Marpura
npenobycnapnuparens Ha J-i utepanuu. Ecim matpuny My Ha kaxso#

UTEpalMU  TOJOXKUTh  PAaBHOM  €OUHUYHOM  MaTpulle  COOTBETCTBYIHOIIEH
pa3MEpHOCTH, IPUBEACHHBIM BBIIIE AITOPUTM CTAHOBUTCA AJTOPUTMOM METOIA
FGMRES 6e3 mnpenoGycnasmuBanus (GMRES). Takum o6pasoM, oTiH4ne
aJITOPUTMOB C TpenoOycliaBIUBaHUEM M 0€3 COCTOUT TOJBKO B OJHOM Imare (

z) = Mj_lv ); mpu stom sBHOro oGpamenns Matpuisr M j [pU TPOBEICHUH

BBIYMCIICHUH HE MPOW3BOAMTCSA: BMECTO 3TOTO pemiaeTcsi cucrema M jZ] =v],
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1 m o
Otmernm, uro BekTtopel VK,V 00pa3yloT  OpTOTOHANBHBIA  0a3mc

B MMOAIIPOCTPAHCTBE KpI:IJ'IOBa PasMECpPHOCTH M, HOOPOXIACHHBIM BCKTOPOM Vl

u marputeit A, K, = Ky, (A vty = span{vt, Avt, AV K, ATV 1],

start: r0=b-Ax%, g=|r0|,,vt=r0/p

for j=1,K ,m
21 = Mj‘lvj
wl = Az
for i=1,K,]j
hi,j :(WJ,VI)
wl=w! —hi’jvi
hj+1,j :"WJ ll2 (6)

vj+1=wj/hj+1,j
Zn :[z1 K zm], Hi ={hi’j}
y™ =argmin | fe" — Hyy Iz
y
XM =x0 4z, ym
if (Ib—Ax"],>¢)
XO =M
goto Start.

W3-3a Toro, uto B anroput™Me (6) KpUTEpUil OCTAHOBA MPOBEPSETCS Yepe3 KaXKIble
M uTepanuii, KOJIMYECTBO HTEPAlU TPH HCIOJIB30BAaHHHA JAHHOTO AalTOpUTMa
Bcerya Oyner kpatHo M. CpefHss TPYA0EMKOCTh OJHON uTepaiuu anropurma (6)
0e3 ipeo0yCIaBIUBaHUS COCTABISET

m j m
Z(Md +2Nd+22NdJ (Md +2Nd)m+2Nd ZJ

j=1 i-1 j=1
AFGMRES = - = - = )

_ (Md +2Nd)m+ Ndm(m+1)
m

:Md +(3+m)Nd.
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N3 dopmyn (5) u (7) cmemyer, 4TO TPYAOEMKOCTh OJIHOM HTEpaIlM METOAA
FGMRES oxka3siBaeTcsi MEHbIIIE TPYIOEMKOCTH 0JIHOI ntepaunu Metona BiCGStab
MPY BBIIIOJHEHUH CIIEAYIOIIETro YCIOBUS:

m<Md g ®)
Ng

ITockodpKy mTpH MOCTPOCHWH pa3HOCTHOro aHamora B wmerome LS-STAG
UCIIONIb3YEeTCsl ISTUTOYCYHBIH INA0JIOH JUCKPETU3allMM, MOXKHO CYHMTaTb, YTO

My ~5N, . Torma u3 ycnosus (8) nomydaercs, 4ro 4ucio m B aaropurme (6)

JIIOJDKHO OBITH MeHbIIe 13.

5. Modugpukauyus anzopumma memoda FGMRES

Henocrarox anroputma (6) 3akimrodaeTcst B TOM, 4YTO KPHUTEPHH OCTaHOBA
npoBepsieTcs HE Ha KaKIOH HWTepaluu anroputMa. V3-3a 3TOro momydaercsi, 4To
MOTYT  BBINONHATHCA  "mumHme"  wrepamud.  [locTpomM — MoawmduKamuio
anropuT™Ma (6), MO3BOJIAIOIIYIO YCTPAHUTh TaHHBIH HETOCTATOK.

Anroput™m (6) TpeOyeT perieHHWs IJMHEHHOM 3a7aud HAMMEHBIINX KBaJpaToB

y™ =argmin || ﬂel —HpY 2, T. e. pemenus cuctemsr
y

Hmy = /" )
st storo ucnonbzyem QR -pasioxeHne, MOCTPOCHHOE IPU MOMOIIM METO.a
Bpamenuit [1]:  ymHokuM (9) cmeBa Ha Marpuny Q= QK -y,
Qm: Qi € M(R)(miyx(m+1), 1= 1,m, rae Q; — marpuua Bpaiuenuit ['uBeHca: i -i

u (i+1)-if 1naroHanbHBIE BJEMEHTHl 3TOH MaTpuubl paBHbl C; = hj, g i/A;,

A= hizyi + hi2+1,i , OCTAIBHBIC [HMAaroHANbHBIE BJeMeHTH — eauHuipl (i+1) -if
dJeMEHT | -if cTpoku pase S;=hy; i/A;, i -if onement (i +1) -i ctpoku pasen (-$;),
OCTaJIbHBIC JIEMEHTHI — HyJIH. B nTore mony4aem cucremy

Rmy=g". (10)
3nech Ry =QpHp € M(R)(m+1)xm . g =Qm(,&l)= (n K 7m+1)T eRM.

IMocne ynanenus u3 (10) mociaemHero ypaBHEHHS I0Iy9aeM

RmYm = 9m. (11)
rae Ry, € M(R)jxm — BEPXHETpEyroJibHasi MaTpHLa, YTO I03BOJISET PEIIUTh 3Ty
CHCTEMY IPH MOMOIIM 06paTHOro xoaa Merona Iaycca. ITomydennoe pemerue Yy

cuctemsl (11) Tarxke sBistercst pemeHueM 3agadd (9) W MO3BOJISIET BBIYHMCIHMTH
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uTepanuoHHoe npubmmwkenne X u3 (6). [Ipu 5TOM 171 HOPMBI BEKTOpA HEBA3KH
us (6) cmopasemmBo pasenctBo || b— AX" |;=|yy,q| [1]. Buaromaps stomy
CBOMCTBY KpHUTEpHH OCTaHOBa MOXKHO IPOBEpSATh Ha KaXAOH utepauuu 0e3
peureHust cuctembl (11), M, ecliu OH BBIMONHSETCS, BBIYHUCISTH PELICHHE, HE
Joxkuaasch m-i urepaunu. Ilpu 3ToM yno6HO XpaHuTh Matpuusl Z,, U Hp, mo
cron6iam (packed storage). JIois Toro, 4ToOBI TIEPECYUTHIBATG Ha | - WTepaltin
3JIEMEHTHl | -To cTonbLa MaTpuisl H,, u 3meMeHTs npasoii yactu cuctemsl (11)

gJ u gj+1 =y , TaKXe H€O6XO[[I/IMO XpaHUTb BEKTOPbBI KOCHMHYCOB U CHUHYCOB

c=(; K cp)'s=( K sy)" eR™

Toraa anroput™ (6) MOXHO TepenucaTh CIEIYIOIM 00pa3oM TaK, KaK IOKa3aHO
Huxe (13).

CpenHsis ~ TPyIOEMKOCTh  OAHOM  wureparmuu  amroputMma  (13)  6e3
npeno0yciaBIuBaHus COCTABISIET COBMALAeT C OleHuBaeMoi mo dopmyne (7) mis
UTEepalui, IPeaIIeCTBYIONIMX PECTapTy, U paBHa

AFGMRES-mod = Mg +(3+K)Ng (12)
I WTepaluid, mocie KOTOpeIX He ObIIo pecTtapra (T.e. cpaboTan KpHTepHit
ocraHoBa). Ilockomeky k<m, momydaeM, 9T0 ArGMRES-mod < AFGMRES-

COOTBETCTBEHHO,  €CIM  Pa3MepHOCTh m noampoctpanctea  Kpwiosa
yIOBIETBOpsieT  yciuoBuioo  (8), TO  TPYHOEMKOCTh  OIHOH  HTEpaIuu
MomudunupoBanHoro amropurmMa merogqa FGMRES (13) okaspiBaeTcss MeHbIIE
TPYAOEMKOCTH OXHOHM urepannu Meroma BiCGStab, Taxke Kak M TPyJOEMKOCThH
OIHOWH wWTepauuu ocHoBHoro amroputmMa wmerona FGMRES (6). Ilpu stom
Oyarojapss pOBEpPKE KPUTEPHsI OCTAaHOBA Ha KaXJ0W uTepauuu anroputMa (13)
BBIUMCIUTENbHBIE 3aTpaThl Ha pemnieHne CJIAY yMeHBIIAIOTCS MO CpPaBHEHUIO
C UCTIOJB30BaHUEM HCXOTHOTO anroputma (6).

6. BblyucnumersibHble 3KCrepuMeHmbl

s onmcaHHON BBIIIE TECTOBOW 3aJauyd O MOAETMPOBAHUU OOTEKaHUS KPYTOBOTO
IpoGUIs, COBEPIIAIONIETO B HEBO3MYIIICHHOM MTOTOKE BBIHYXKICHHBIC ITOIIEPEUHBIC
KoJiebaHus 110 3aJaHHOMY 3aKOoHYy [19], ObUIM MPOBEAEHBI PACUETHI, COCTOSIINE M3
301 mara mo BpemeHu. Takum 00pa3oM, B paMKax KaKJIOTO pacdeTa pelraiach
cepus CJIAY, cocrosmas u3 602 pa3sHOCTHBIX aHAJIOrOB ypaBHEHUH
Ienpmrousia (2) u 301 pasHocTHOTO anHanora ypaBHeHuH [lyaccona (3). CucreMsl

peuanucek ¢ TouHocThio & =10 -
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Start: rO:b—Axo,ﬁ:||r0||2,W°:ro,y:ﬁ,kzm
for j=1,K,m
vj:Wj_llﬁ
zj:Mj‘lvj
wl = Az
for i=1,K,j
hi,j :(WJ,VI)
wl=w —hi’jvi
for i=1,K,j-1

h=hi j,h=hiy;
hi,j =Ciﬁ+Sih
hi+l,j Z—Siﬁ-i-Cih
h=hjj A=W 13)
th] :\[h2+ﬂ2
Cj=AIhj;
Sj :h/hj,j
gj=1Cj
V=05
if (|;/|<g)
k=]
j=m+1

Zk=[21 K Zk]ka:{hi,j}vgk:(gl K g )
x™ =x%+ 7, H g

if (|7| >¢g)
x0 = xM
goto Start.
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Tabn. 1. Munumanvroe, cpedHee u MAKCUMATbHOE YUCIO UMEPAayull, a Maxdice cpeoHee
keaopamuynoe omknonenue (CKO) uucia umepayuil npu pewienuy cepuu pasHOCHHbIX
ananozos ypasuenuil I'enbmeonvya paspabomanHbiMu peutamensimu
Table 1. The minimum, average and maximum iterations number, as well as the standard
deviation (SD) of iterations number when solving a series of the Helmholtz equations
difference analogues by developed solvers

Meton MuHuMansHO€E Cpennee MakcumanbpHoe CKO
BiCGStab 1 24 58 5
FGMRES 0 33 52 5
BiCGStab+ILU 1 2 2 0
FGMRES +ILU 0 2 2 0
BiCGStab+MG 1 2 4 0
FGMRES +MG 0 2 4 0

Tabn. 2. MunumanvHoe, cpedHee u MAKCUMAbHOE YUCTIO umepayutl, a makice cpeonee
keéadpamuyroe omknonenue (CKO) yucia umepayuil npu pewieHuy cepuu pasHoCHHbIX
aHanozos ypasuenuii Ilyaccona paspadomanuvlmu peuamenimu
Table 2. The minimum, average and maximum iterations number, as well as the standard
deviation (SD) of iterations number when solving a series of the Poisson equations difference
analogues by developed solvers

MeTton MunuManbsHOE Cpennee MakcumanbpHoe CKO
BiCGStab 88 588 1671 300
FGMRES 98 105 107 1
BiCGStab+ILU 16 105 254 49
FGMRES +ILU 89 92 93 0
BiCGStab+MG 24 177 13
FGMRES +MG 7 13 1

Haromunwm, uto pasmepHocTs cucteM pasHsitack Ny =71040 , a MaTpuus! cucreM

conepxann My =354128 HeHyneBbIX 37€eMeHTOB. B pemarensx peann3oBaHbI
anroputmbl (6) u (13). PasmepHocts monmpoctpancTBa KpbuioBa B permiaTtessx,
ocHOoBaHHBIX Ha Meroge FGMRES, Oputa BeiOpana c yuetom ycnoBusa (8) o
paBHsu1ach M =12 . MeTo/ibl HCTIOJIL30BAINCH Kak 0e3 npe00yClIaBInBaHus, TaK U C
ILU- 1 MHOTOCETOYHBIM TIpeno0ycIaBIUBaHUECM.

B tabn. 1 u 2 coOpaHbl CTaTUCTUYECKUE CBEICHHS O CXOJMMOCTH pa3pabOTaHHBIX
pemareneil nIpy peleHUH Cepuil Pa3HOCTHBIX aHAJIOTOB ypaBHEHMH [ enbmroibiia
u [lyaccoHa COOTBETCTBEHHO: yKa3aHBl MHUHHMAJbHOE, CpelHEe M MaKCHMallbHOE
YUCIIO UTepalui, a Takke cpeanee kBaapatudHoe oTtkioHeHwe (CKO) uwmcna
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utepauuid. I'mcTorpaMMbl pachpeleneHust uucia WTepauuil [Uis HECKOJIbKUX
HanOoJiee MHTEPECHBIX CllydaeB (pellieHne cepuii pa3HOCTHBIX aHAJIOTOB YpaBHEHUH
I'enpmronsna u Ilyaccona paccMaTpUBaEMbIMU METOZaMHU 0e3
npenoOycnaBiuBanus, a Takke ypaBHeHus Ilyaccona pematensmu ¢ ILU-
npeno0yCIIaBIMBaHNEM ) TIPEICTAaBICHEI Ha puC. 1-3.

BiCGStab FGMRES
150 150

100 100

50 50
Yrermo A Yncmo

0 10 20 30 40 50 6Omreparpmi O 10 20 30 40 50 GOmreparprit

Puc. 1. I'ucmoepamma pacnpedenenus uucia umepayuii npu peuleHuu cepuil pa3sHoCnHbIX
ananozo6 ypasuenuti I enomzonvya memooamu BiCGStab (cresa) u FGMRES (cnpasa) 6e3
npeoobycraeiueanus
Fig. 1. A histogram of the iterations number distribution when solving a series of the
Helmholtz equations difference analogues by the methods BiCGStab (left) and FGMRES
(right) without preconditioning

W3 T1abn. 1 u puc. 1 BUIHO, YTO pacmpenelieHne YHCia MTepanuili Mpu penieHun
CepHM pa3HOCTHBIX AaHAJIOTOB YypaBHeHWi [empmrompuma (1) mmeer mnpuUMeEpHO
OJITHAKOBBIE CTATUCTUYECKHEE XapaKTEPHUCTUKM KaK B Cllydae HCIIOJIb30BaAHUS
pemaTeneil, ocHOBaHHBIX Ha Merone BiCGStab, Tak W B ciydae HCIONB30BaHUS
pemateneii, ocHoBaHHBIX Ha merone FGMRES. IIpu 3ToM HE0OOXOOUMO OTMETHUTH,
4yro Wrepanuu MmojauduimupoBanHoro amroputma Merona FGMRES (12) menee
JIOPOTOCTOSIIINE C BBIYUCITUTEILHOW TOYKHU 3peHus ueM urepanuu metoa BiCGStab,
MOCKOJIBKY Pa3MEpPHOCTh TMOANPOCTpaHCTBa KpbioBa mM B HCHOIB3yeMOH
peanuzanuu anroputma meroga FGMRES ynosneTBopsieT MOIy4eHHOMY BBIIIE
ycnouio (8).

Wnast xapTiHa HAOIIONAETCS MPU PEIICHUH CEPUM IUIOXO OOYCIIOBIECHHBIX CHUCTEM,
SBIISIIOIIMXCS PA3HOCTHBIMU aHajoraMmu ypasHeHuil Ilyaccona (3): BunHO, uTO npu
peLIeHNN CUCTEM pelarelisiMi, OCHOBaHHbIMH Ha Meroje BiCGStab, uucio
uTepalMii U3MEHSETCSs B O4YEHb IIMPOKOM JHANa30HE M MMEET 3HAuUTEIbHOE
cpenHee KBaZpaTHYHOE OTKIOHeHHe (Tabn. 2). Ilpm pemieHHH 3THX XK€ CHCTEM
pemaTensiMu, ocHOBaHHBIMH Ha Meroge FGMRES, mamportuB, uumcio wnrTeparuii
Majio 3aBUCHT OT mara mo Bpemenu u nmeetr CKO, 6mm3koe x Hymio (puc. 2 u 3).
IIpu sTOM cpemHee dYHCIO WTEpalMii NpH Hcmoib3oBaHnM Meroga FGMRES
okaspIBaeTcs B 5.60 pa3 MeHbIIIE ITPH CPAaBHEHUU METOIOB 0€3 Mpeno0yCIIBINBAHHUSA,
B 1.14 pa3 wMeHblle @OpU CpaBHEHHMM METOAOB C Hucmonb3oBaHueMm [LU-
npenoOycnaBnmuBanuss 1 B 3.43 pa3a — C HCIOJNB30BAHHMEM MHOT'OCETOYHOTO
npenoOycnaBnuBarens. Takum o00pa3oM, 3a HaWMEHbIIEE YHCIO HUTEpALUi
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paccMaTpUBacMble Pa3sHOCTHBIC aHAIOTH ypaBHEHHs IlyaccoHa MO3BOJISIET peIlaTh
Metoxg FGMRES ¢ MHOrOCeTOUHBIM IIpero0yciaBIBaHUEM.
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Puc. 2. I'ucmoepamma pacnpedenenus wucia umepayuii npu peueHuu cepuu pasHoCmMHsIX
ananozos ypasnenuti Ilyaccona memooamu BiCGStab (cresa) u FGMRES (cnpasa) 6es
npedodycrasIueanus
Fig. 2. A histogram of the iterations number distribution when solving a series of the Poisson
equations difference analogues by the methods BiCGStab (left) and FGMRES (right) without
preconditioning
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Puc. 3. I'ucmoepamma pacnpedenenus uucia umepayuti npu peueHuu cepul pasHoCmHvix
ananozo6 ypasnenuti Ilyaccona memodamu BiCGStab (cnesa) u FGMRES (cnpasa) ¢ ILU-
npedodycrasiueanuem
Fig. 3. A histogram of the iterations number distribution when solving a series of the Poisson
equations difference analogues by the methods BiCGStab (left) and FGMRES (right) with
ILU preconditioning

Hnst  pazHocTHOro anasnora ypaBHeHusa IlyaccoHa, KOTOpbI  pemaercs
B pacCMaTpUBAaEMOW TECTOBOW 3ajadye Ha TMEPBOM Iare Mo BpeMeHu Ha puc. 4
B JorapuMu4eckoM MacmTade T0Ka3aHO YOBIBAaHHE HOPMBI HEBA3KH IpHU
UCIIONb30BaHUN pa3paboOTaHHBIX peliaTened. BuUIHO, YTO MpHU HUCMOJIb30BAHUH
pemrareneir, ocHoBaHHbIX Ha MeTone FGMRES, HopMa HEBs3kM yOBbIBaeT CTpPOTO
MOHOTOHHO, TpPHYEM IMOCJIE OYEPEeTHOTO0 pecTapTa CKOPOCTb YOBIBAaHHUS PE3KO
yBenuuuBeTcs. [IpM MCHONb30BaHMM — peliaTenel, OCHOBAaHHBIX Ha METOJE
BiCGStab, nanpoTtuB, HOpMa HEBSI3KM YObIBAa€T HE MOHOTOHHO: Ha HTEpPaIMAX
c OoipmIMMU  HOMepamH (Uil paccMaTrpuBaeMoro npumepa — Oousbie 50)
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HaOJIIOAAIOTCSL PE3KUE YBEIWYEHHS HOPMBI HEBS3KH, XapakTep PpaclojiOKeHHs
TOYEK Ha rpadyke B HEKOTOPbIE MOMEHTHI pacueTa CTAHOBUTCS XaOTHYHBIM. JTH
a¢pdexter HaOmonatoTes At MetonoB FGMRES u BiCGStab kak npu pemenuu
cucteMbl 0e3 npeno0ycinaBiIuBaHus, TaK U NP pelieHnH paccMmarpuBaemoit CJIAY
C pEaTM30BaHHBIMH NPENO0yCIaBIMBATENAMHU. 13 BCEro 3TOT0 MOXHO CHENaTh
BEIBOA, 4uto cam Meroq FGMRES neiicTByeT He TONBKO Ha BBICOKOYACTOTHBIE
KOMIIOHGHTHl ~OmMOKHM, yOmpaeMmple Ha TIEpBBIX HTEpalusiX, HO W Ha
HU3KOYACTOTHEIE, B TO BpeMs kak Mero] BiCGStab obnamaeT mpemMyIiecTBEHHO
CIJIaXKMBAIOIIUMHM CBOlicTBamH [23].

Hopwma HeBsI3KH )
. s BiCGStab
101§
+ BiCGStab+ILU
1072 .
« BiCGStab+MG
-3
10 . « FGMRES
)
107 R . rGMRESILU
107 §| - FGMRES:MG
10°6 <
2 ° Ticno uTeparii
1 10 100 1000

Puc. 4. Yovieanue Hopmbl He6A3KU NpU peuleHUuU pa3HOCMHO20 ananoza ypaenenus Ilyaccona
PazpabomaHHbIMu peuamensimu
Fig. 4. Decrease in the residual norm when solving the Poisson equation difference analogue
by the developed solvers

Takum o6paszom, meron FGMRES Ha 3amadax paccmaTpuBaeMoro Kiacca
JIEMOHCTPHpPYET 0oJiee BBICOKYIO CKOPOCTH CXOAMMOCTH 10 CPaBHEHHUIO C METOIO0M
BiCGStab, npuuem 0co0eHHO CHIIBHO 3TO HAOMIOAAETCS TPH PEUICHUH IUIOXO
00YCJIOBJICHHBIX CUCTEM JTMHEHHBIX ANre¢OpandecKuX YpaBHCHUIA.

OnpenenuM, Kakoe BIUSHIE OKA3bIBACT HCIIOIB30BAHKE TOTO WIJIA HHOTO PEIaTels
Ha OOIIYIO NMPOAOJDKUTEIBHOCT PELICHHs paccMaTpUBaeMoil TecToBoM 3amauun. Ha
quarpaMMe Ha pHUC. 5 YKa3aHO BpeMs IIPOBEJCHHS BCEX pACYE€TOB B MC.
BrrunciuTensHple  3KCIEPUMEHTHl  NPOBOJMINCH HA  pabodyeld  CTaHIUH,
nocrpoeHHoid Ha margpopme Intel H81 ¢ wucnonb3oBaHmeM JBYXsSJIEpHOTO
nporeccopa Intel Core i3-4350T (Haswell) ¢ momnepsxkoit HyperThreading
(4 nornueckux sapa), padoraromem Ha yacrore 3100 MI'm. CraHims ocHalleHa
8 I'Baiitr omeparuHoi mamst DDR3-1333, SSD-nakomnurenem Crucial oobemMoMm
128 I'baiit u xecTtknM auckoMm Seagate oobemom 1 ThaidT.
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W3 puc. 5 BUIHO, 9TO BpeMs NMPOBEACHHS PAcdeTa IMPU HCIOIb30BAHWM METOJA
FGMRES coxkpartnnocs 6onee gem B 6.5 pa3 0e3 mpenoOycnaBIrBaHus U IPUMEPHO
B 3 pasa ¢ npenoOyciaBIBaHUEM 10 CPABHEHHUIO C MCIOJIb30BAaHUEM aHAJIOTUYHBIX
pemaresneif, ocHoBaHHbBIX Ha Merone BiCGStab. [Ipu stom HecMoTps Ha TO, YTO
UCIIONIb30BaHHE MHOTOCETOYHOIO  MpefoOyCciIaBiIMBaHHUs IO3BOJISIET — peIlaTh
paccMarpuBaeMble Pa3sHOCTHBIE aHajoru ypaBHeHuil IlyaccoHa 3a HaumeHblee
YHCIIO WTepalMi, WCHOJb30BaHWE JAaHHOTO MpenoOyclaBiuBaTenss U s
Pa3HOCTHBIX aHAJIOTOB YpaBHEHWH [enpMmronblia NPUBOAMT K HEOONBIIOMY
YBEIMUYEHUIO BpPEMEHUM cyYeTa IO CpPaBHEHHIO C ucnoib3oBaHueM ILU-
npenoOycIaBINBaHNsA, MOCKOJIBKY COKpPAIIEHHWsS 4YWCIa WTEpPalil IpPH 3TOM HE
NIPOMCXOMUT, @  BBIYHCIHWTENBHBIC  3aTpaTbl HA  NpenoOycCllaBIMBaHHUE
YBEIMIMBAIOTCA.

BpEMF{ cueTa, MC

800

600

m BiCGStab

400 m FGMRES

200

Des +ILU +MG
IIPeLoGY CITABIIIBAHIL

Puc. 5. Bpems cuema npu ucnonvb308aHuu paziudtslx peuwiamenel
Fig. 5. Computational time at different solvers usage

IIpoBepuM Takxe, HACKOJIBKO IPAaBWIBHBIM OBIT  BBIOOp  pa3MepHOCTH
noanpocTpancTBa KpbuioBa M B MCHOIB3yeMOW pealH3allid alropuTMa MeTofa
FGMRES wucxo/s U3 Moiy4eHHOro Bbiiie yciuous (8). Jlyist 9Toro cpaBHEM Bpemst
cuera MpH HCIOJB30BaHMU pernateneii Ha ocHoBe mMeroga FGMRES mpu m=12
n m=20. U3 puc. 6 BUAHO, 4TO yBEJIMYEHHE M JAEHCTBUTENHEHO NPUBOAUT K POCTY
BBIYUCIIUTEIBHBIX 3aTpaT Ha NPOBENEHUE OIHOM WTEPAallud U, COOTBETCTBEHHO,
YBEJIMYCHUIO BpeMeHH cueta. Haumbonee CHIBHO STO HaOmIo#aeTcss IpH
HCIIOJIb30BaHUHM METO/0B 0e3 MpenoOyciaBiIuBaHUs, IMTOCKOJIBbKY IMPHU 3TOM IS
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pewenust CJIAY Beimonusiercst 6ouibiie uTepauuii. B aToM ciydae Bpemsi cyera
pasnauyaeTcs Mo4TU B 2 pasa.

Tarke cpaBHUM pa3pabOTaHHYIO peaTH3aLHUI0 MOIU(PHUIUPOBAHHOTO AITOPUTMA
meroma FGMRES (12) ¢ anamorom u3 OGHOJHOTEKH BBICOKOOTITHMU3UPOBAHHBIX
Mmarematnueckux amroputmoB Intel® Math Kernel Library (MKL). B mannoit
OuOIMOTEKE HE pEaTM30BaH MHOTOCETOYHBIM Npeno0yCllaBIuBaTelb, IMOITOMY
Oynem cpaBHHMBaTh TOJBKO paboTy pematesneil 6e3 nmpenodycnasnuBanust u ¢ ILU-
npenoOycnBamuBanneM. M3 puc. 6. BHAHO, 4YTO pa3paboTaHHAs pean3alus
MogupunupoBanHoro amroputMa Meroxa FGMRES mpum m=12 mnozBommia
MOJIYYUTh YCKOPEHHUE 0 CpaBHEHHIO ¢ ucnonb3oBanueM Intel® MKL B 3.4 paza 0e3
npeao0ycnBauBanus U B 1.4 pasa npu ucnoib3oanuu ILU-npenoOyciaBinBaHus.

Bpew{ cueTa, MC

400

300

] m=12
m m=20

200
m Intel® MKL

100

Bes npenodycinapmBaHist +ILU

Puc. 6. Bpems cuema npu ucnonvzosanuu paziuunvix peanusayuil memooa FGMRES
Fig. 6. Computational time at different FGMRES method implementations usage

Bpime  OBIJIO  TPOJEMOHCTPUPOBAHO, YTO  HCIOJB30BAHHE MHOTOCETOYHOTO
npeno0yCIaBIMBaHusl  MO3BOJISIET 3HAUUTENBHO COKPATUTh  BBIYMCIHMTENLHBIC
3aTpaThl [IPU PEIIEHNH Pa3HOCTHHIX aHAIOroB ypaBHeHuil [lyaccona, HO Tpu 3TOM
MEHee JIOpOroCTOsIIIee C BBIYUCIUTENbHON ToukH 3peHust ILU-npenoOynaBiuBanue
MO3BOJISIET pelaTh pa3HOCTHBIC aHAJIOTH ypaBHEHUH [ enbMrosbna 3a TO JKe YHCIIO
UTepalyid, YTO M MHOTrOCeToYHoe IpenoOyciasiauBanue (tadn. 1). Ilostomy
JOTHYHO TIPU pPEImeHHH paccMaTpUBAaeMON TECTOBOM 3agadd Il PEUICHHS
Pa3HOCTHBIX aHAJOrOB ypaBHEHUU [eapMmrosblia ucnonb3oBath pemarenu ¢ [LU-
npenoOyIaBIMBaHUEM, a JUIA pPELICHUS Pa3HOCTHBIX AaHAJIOTOB YpaBHEHHUH
[Tyaccona — pemaTtenn ¢ MHOTOCETOYHBIM MpeAoOyclaBIMBaHHEM. Pe3ynbraTsl
TaKUX BBIUYUCIUTENBHBIX 3KCIIEPUMEHTOB IIPEJICTaBIICHEI HAa pHC. 7.

W3 puc. 7 BUAHO, 4TO NPUMEHEHHE PA3IMYHBIX METOJOB NPeNo0yCIaBINBAHUS
MO3BOJIMJIO COKPAaTHTh BpEeMsl cdYeTa IpH Hcmoib3oBaHumn meroma FGMRES
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IPpUMEPHO B 2 pasa II0 CPaBHEHHIO C IIPUMEHEHHEM OJHOTO M TOTO JKe
npenoOycnaBiuBarens M pemeans Bcex CJIAY. Ilpu stom BeiOOp 3HAUEHUS
pa3MepHOCTH MOANpOocTpancTBa KpbuioBa M, YIOBIETBOPSIOIIETO YyCioBuio (8)
MO3BOJSIET TIOJYYHTh YCKOpeHWe npuMepHo B 1.4 pa3a 1o CpaBHEHHUIO
C HUCIIOJIBb30BaHHEM OoJbIINX 3HAUYeHWH M. [Ipu 3TOM ycKOpeHHe MO CpaBHEHHIO
C MCIIOJIb30BAaHUEM aHAIOTHYHBIX pellaenel, ocHoBaHHbIX Ha Merone BiCGStab
cocrasiisie mpuMepHo 4.2 pasa.

Bpel\Iﬁ cuera, MC

m FGMRES (m=12)
m FGMRES (m=20)
m BiCGStab

Puc. 7. Bpems cuema npu ucnonvzosanuu pewameneii ¢ |LU-npedobycraenusanuem ons
PABHOCMHBIX AHAN0208 ypasHeHull I enbmeonvya u pewameneil ¢ MHO20CEMOYHbIM
npedobycrasiusanuem 01 pasHOCMHbIX aHan0208 ypasHernuil Ilyaccona
Fig. 7. Computational time when solving the Helmholtz equations difference analogues by the
methods with ILU preconditioning and the Poisson equations difference analogues by the
methods with multigrid preconditioning

7. 3aknroyeHue

HccrnenoBanpl  pemarein pa3peKCHHBIX CHCTEM JIMHEHHBIX —alireOpandecKux
ypaBHEHHH, IocTpoeHHbIe Ha ocHOBe MeToZ0B BiCGStab 1 FGMRES. [Momy4aeHst
OLIEHKU TPYJOEMKOCTHU BBIIIOJIHEHUSI OQHOM UTepanuu 3TUX MeroaoB. Kpome toro,
MNOIY4eHO  yCJIOBHE, KOTOpPOMY  JOJKHA  yJIOBIETBOPSATH  pa3MEpPHOCTb
nognpoctpancTBa KprsuioBa B meronme FGMRES s Toro, 94To0bl TPYAOEMKOCTh
OJTHOW WTepalfy JAaHHOTO MeTo/a ObLIa MEHBIIE TPYAOSMKOCTH OJHOHN WTepaiud
metona BiCGStab. [IpeacraBnena mogudukamnus merona FGMRES, mo3Bosnsromast
OCTaHABIIMBATh AITOPUTM J0 OYEPEIHOIO pecTapTa B CIydae JOCTHKCHHUS 3aJaHHON
TOYHOCTH. Ha OCHOBe NpeACTaBIEHHBIX aJTOPUTMOB pPa3pabOTaHBI peENIaTeIH
Pa3peXCHHBIX CHCTEM JHHCHHBIX anreOpandecKux ypaBHEHHH. pa3paboTaHBI
pemaTeny pa3peXEeHHBIX CHCTEM JIMHEHHBIX anreOpandecKux ypaBHEHHI.
PaspaboTanHble  pemaTeNd  MO3BOJIIIOT — pemiaTh  CUCTEMBI  Kak  0e3
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npefo0yciaBiIuBanus, Tak ©  wucnoip3oBate ILU-  u  MHOrocerodnoe
npeno0yciaBiIuBaHue.

CpaBHenne 3(QQeKTUBHOCTH pa3pabOTaHHBIX pelaTteiaeld MPOBOAMIOCH Ha
Pa3HOCTHBIX aHayorax ypasHeHuil ['enmbmronbia u IlyaccoHa u3 TecToBOHM 3aaaun
0 MOJICTIMPOBaHUHU O0TEKaHMsI KPYTOBOTO IPO(MIIS, COBEPILAIONIETO BBIHYK/ICHHbIE
nomnepeyHele KojieOaHusl. BhIUMCIUTENBHbIE AKCIIEPUMEHTHI MTOKA3aiH, YTO METOJ
FGMRES nHa 3amauax Takoro kjacca IEMOHCTPHPYET OoJiee BBICOKYIO CKOPOCTB
CXOJIMMOCTH TI0 cpaBHEHHIO ¢ MeTogoM BiCGStab. Bpems npoBenenus pacdera mpu
ucnone3oBanmu Merona FGMRES cokpatminocs Oonee wem B 6.5 pa3 6e3
npenoOyClIaBIMBaHUS W TpUMEpHO B 3 pasza c mpenoOycinaBiBanueM. Jlns
cpaBHEHUHSA 3(P(PEKTUBHOCTH TAKXKE HCIIOIb30BAINCH AHAIOTHYHBIC ANTOPUTMBL,
peann3oBaHHbBlE B OHOIMOTEKE BBICOKOONTHMHU3HPOBAHHBIX MAaTEMaTHUECKUX
anmroputMoB Intel® Math Kernel Library. Pacuers mokasamu, 9To pa3paboTaHHas
peanuzanus  MomubHUIMpoBaHHOrO anroputMa wmeroma FGMRES  mosBosmia
MOJIYYUTh YCKOPEHHUE 0 CpaBHEHHIO ¢ ucnonb3oBanueM Intel® MKL B 3.4 paza 0e3
npeao0ycnBauBanus U B 1.4 pasa npu ucnoib3zopanuu [LU-npenoOyciaBinBaHus.

Paboma svinonnena 3a cuem epanma Poccuiickoeo nayunozo gponda (npoexm Nel7-
79-20445).
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The efficiency comparison of solvers for sparse linear
algebraic equations systems based on the BiCGStab and
FGMRES methods

I.LK. Marchevsky <iliamarchevsky@mail.ru>
V.V. Puzikova <vvp@dms-at.ru>
BMSTU, 5 2" Baumanskaya st., Moscow, Russian Federation, 105005

Abstract. The efficiency comparison of solvers for sparse linear algebraic equations systems
based on one of the fastest iterative methods, the BiCGStab method (bi-conjugate gradient
method with stabilization), and the FGMRES method (flexible method of generalized
minimal residuals) is presented in this study. Estimates of computational cost per one
iteration are presented for the considered methods. The condition imposed on the Krylov
subspace dimensionality in the FGMRES is obtained. When this condition is fulfilled, the
computational cost per one iteration of the FGMRES method is less than the computational
cost per one iteration of the BiCGStab. In addition, the FGMRES modification, which allows
to stop the algorithm before the next restart in case of achieving the specified accuracy, is
presented. Solvers on the basis of presented the BiCGStab and FGMRES methods algorithms
including ILU and multigrid preconditioning are developed on the C++ language for sparse
linear algebraic equations systems. The efficiency comparison of developed solvers was
carried out on the difference analogs of the Helmholtz and Poisson equations. The systems
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were taken from the test problem about simulation of the flow around a circular profile,
which makes forced transverse oscillations. The difference scheme for the problem solution is
constructed by the LS-STAG method (immersed boundaries method with level-set functions).
Computational experiments showed that the FGMRES demonstrates a higher convergence
rate on problems of this class in comparison with the BiCGStab. The FGMRES usage
allowed to reduce the computation time by more than 6.5 times without preconditioning and
more than 3 times with preconditioning. The implementation of the modified FGMRES
algorithm was also compared with a similar solver from the Intel® Math Kernel Library.
Computational experiments showed that the developed FGMRES implementation allowed to
obtain acceleration in comparison with Intel® MKL by 3.4 times without preconditioning and
by 1.4 times with ILU-preconditioning.

Keywords: sparse linear algebraic equations systems; Krylov-space methods; the BiCGStab
method; the FGMRES method; preconditioner; multigrid method; Helmholtz equation;
Poisson equation; the LS-STAG immersed boundary method; Intel® Math Kernel Library
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MaTtemaTuyeckoe mogenupoBaHue
3BONKOLMM 3aBUXPEHHOCTU NpMU
NPOCTPAHCTBEHHOM OOGTeKaHun Ten
MeTOAO0M BUXPEBbIX NeTesb
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AHHOTanusA. MoJenupoBaHHE TUAPOIAUHAMUYECKHX SBICHHH, CBSI3aHHBIX C OOTEKaHHEM
MOJBMKHBIX J€(POPMHUPYEMBIX TEN SBISIETCS AaKTyalbHON HWHXXKGHEPHOHW 3ajadeid Juist
Pa3IYHBIX TEXHUYECKUX NPHUIOKCHUH. B maHHON cTaThe OMMCaH METOX BHXPEBHIX IETEINb,
MO3BOJIAIOMINIT MOZAENUPOBATE OOTeKaHHe Tesl 0Oe3 HEeOOXOIUMOCTH IPeIBApPHUTEILHOTO
3a1aHus JIMHUH CXOoJa 3aBHXpeHHOCTH. [IpuBeneHo BepuduUIMpOBaHME METOIMKH Ha
JKCIIEpUMEHTANIBHBIX JaHHBIX OOTeKaHHMs Kpblla KOHEYHOro pasmaxa u coepsl. [lokazana
TOYHOCTb, JOCTaTOYHasl I MNPUMEHEHUs IPOrpaMMbl M METOJUKU B HHKEHEPHBIX
npuioxeHusaX. CpaemaHbl BBIBOABI O BO3MOXKHOCTH TIepexofia K MOABIKHBIM U
nedopmupyemMbiM Temam. lIporpamma peanmm3oBaHa Ha s3pike C++ ¢ HCIIONB30BaHUEM
6nbmmorexn MPI 1i1st oprann3aniy epechbUTKH JaHHBIX IPH MapauIeIbHBIX BRITUCICHUSX.

KiioueBble ciioBa: TUAPOAVNHAMUKA, HECTAIITMOHAPHBIC HArPY3KH, BUXPEBBIC METIHN; BUXPH;
METOJ] BUXPEBBIX METEIb

DOI: 10.15514/ISPRAS-2018-30(1)-14

s uurupoBanms: Jlepraues C.A. MaremMaTtuueckoe MOACTHUPOBAHUE DBOJIOIUU
3aBUXPCHHOCTHU MPHU NPOCTPAHCTBEHHOM 06TeKaHI/II/I TEJI METOAOM BUXPEBBIX NETEJIb. pr}lbl
UCII PAH, towm 30, Bemm. 1, 2018 ., ctp. 215-226. DOI: 10.15514/ISPRAS-2018-30(1)-14

1. BeedeHue

Beruuciienne HeCTalMOHAPHBIX THAPOJWHAMUYECKHX HATrPy30K Ha IOJIBYIKHBIC
nehopMUpyeMbIe TPEXMEPHBIE OOBEKTHI B OE3TpaHUYHOM O0BEME HECKUMAEMOU
CpEeIbI SIBJIIETCS aKTyalIbHOM 3a/1aueii B pa3IUIHBIX WHKCHEPHBIX TPUIIOKEHUSIX.

CylIecTByIOT CETOYHbIE M OECCETOYHBIE IMOAXONbI K BBIYHCICHHIO 3TOTO BHIA
Harpy3ok. Ilpm yciaoBHHM 3HAYMTEIBHBIX TEpEMEUICHUH W AedopMaruii Tena
HEeCTaIlMOHAPHBIC HArpy3KW C TOYKH 3pPCHUS OBICTPONEHCTBHSA pacdeToB ynoOHee
BBIYUCIIATH OECCETOYHBIMU METOAAMH BRIYMCIUTEIBHON THAPOINHAMUKY. B cirydae
OTPBIBHOTO OOTEKaHMS Tela HEC)KNMAeMOH Cpefoil HecTallMOHApHBIE HATPY3KHA BO
MHOT'OM OTIPECISIOTCS IMpOIeccaMu BUXpeoOpa3oBaHus. B BHXpPEBBIX METOIax
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BBIYHCIINTEIIBHON THPOITHAMHIKH HETIOCPEICTBEHHO MOJEIHNpyeTcs
BO3HMKHOBEHHE M DJBOJIONUS 3aBUXPEHHOCTH, a IIOJE CKOPOCTEH M JaBiICHHE
BBIYHCIIAIOTCS [0 W3BECTHOMY IIONIO 3aBUXPEHHOCTH. BuxpeBble OecceTodHBIE
METO/IBI PA3INYaA0TCA TI0 CIIOCcO0aM MOAEINPOBAHUS 3aBUXPEHHOCTH.

Hauboree m3BecTeH MeTOI AUCKPETHBIX BUXPEH, TIOTYIHUBIINNA Pa3BUTHE B HAYIHOU
mkoine C.M. BemomepxoBckoro [1]. Ilpm MomennpoBaHMHM NPOCTPAHCTBEHHBIX
TCUCHNH 3aBUXPEHHOCTh 3aKITIOYEHA B 3aMKHYTHIX BUXPEBBIX PaMKax, COCTOSIINX
u3 HabOpOB OTpe3KOB. PaMKu B ciene COeIMHEHbI B TOHKHE BHUXPEBBIC IIEJICHBI.
VY316l BUXPEBBIX PaMOK IEpeMENaroTcsl Mo Homo ckopocTd. IloBepxHOCTH Teia
TaKKe MOJIENMPYETCsl 3aMKHYTHIMU BUXPEBBIMU paMKaMH. PaMku, Mojenupytomue
MOBEPXHOCTh Te€Ja IMEePEeMENIalOTCS B COOTBETCTBHU C NEPEMEIICHUAMH WM
JneopManusaMu Teina. PaMKu (OPMHUPYIOTCS IPH CXOJIC 3aBUXPCHHOCTH C 3aIaHHBIX
JVHUM Ha TOBEpXHOCTH Tena. JIMHMM cXoma Ha3HAdYaloTCs 3apaHee Iepen
MPOBEICHUEM pacdeTa, YTO 3aTPYAHACT MOJACIUPOBAHKE IIAAKNAX I1e(OPMUPYEMBIX
ten. KpoMe Toro, kak 1okaspIBaeT IMPaKTHKa PacyeToB, HEBO3MOXHOCTh Pa3phiBa
Nepe3aMbIKaHUsI BUXPEBBIX IIEJIEH MOXKET CIY>KHUTh HPUYMHOW BBIYHCINTEIHHOM
HEYCTOWYMBOCTH B CIIydae B3aWMOACHCTBUS HECKOJBKHX IEJIEH WM MEJCHBI C
00TeKaeMOil OBEPXHOCTBIO.

B MeTomax BHXPEBBIX 3JIEMEHTOB 3aBHXPEHHOCTb MOJAEIHPYETCS] OTACIBHBIMH, HE
CBSI3aHHBIMH MEXIy COOOH, YacTHIAMH - BOPTOHAMH, KOMITAKTHBIMHA HOCHTEISIMH
3aBuXpeHHocTH. OCHOBHAas 4YacTh 3aBUXPEHHOCTH B HHUX CKOHLEHTPHUPOBAaHA B
OrpaHMYEHHOI 00JacTH: B TOUKE, B JJUIMICOMAE WM Ha oTpes3ke. Ilpu pacuere
oOTekaHMsa Teld OOBIYHO HCHONb3yeTcs rumnore3a Jladtxumia-YopuHa, cormacHo
KOTOpPOW BOPTOHBI F'€HEPUPYIOTCS TI0 BCEH TOBEPXHOCTH 00TekaeMoro tena. Takoii
NOAXOA TO03BOJsieT 3(G(EKTUBHO MOJEIMPOBATh OTPBIBBI TI0TOKA C TJIAJKUX
nedopmupyemsix Ten. OnHaKo, B cuily TeopeM ['enbMrosbia Bo BCeM IPOCTPaHCTBE
BOKPYT BOPTOHA PaclpeliesieHa elle HEKOTOpasl YacTh 3aBUXPEHHOCTH, Ha3bIBaeMast
JIOTIOJTHUTENBHOH. JononautenbHas 3aBUXPEHHOCTH obecrieunBaet
COJICHOM/IANILHOCTD TIOJI1 BUXPEBOTO 3JeMeHTa. Ee WHTEHCHBHOCTH CTpPEMHTCS K
HYJII0O Ha OECKOHEYHOM YJIAJICHHH OT KOMNAakTHOW obnactH. OJHAKO pe3yJbTaThl
pacyeToB MOKa3bIBAIOT, YTO JOINOJIHUTEIbHAS 3aBUXPEHHOCTh MOKET MPUBOJHUTH K
HENPaBWJILHOMY BBIYNCIICHUIO Harpy30K Ha LIMJIMHPUYECKHE Tena [2].

W3BecTHO, 4TO B PUPO/IE 3aBUXPEHHOCTh UMEET CBOWCTBO 00Pa30BHIBATH 3aMKHYThIE
BUXPEBbIE CTPYKTYpbI: HUTH, KOJIbIIA, MEeTM. JlJaHHOE CBOMCTBO ()OpMajnN30BaHO B
Teopemax ['enpMmroibla. MoJenMpOBaHHIO 3BONIOIMU BHUXPEBBIX HUTEH, KoJel U
MeTeNIb TOCBAIICHO 3HAYUTEIBHOE KOJMYECTBO HcciemoBaHmil [3,4]. 3amkHyTas
HeTIepeceKaroIascs JJOMaHas JIMHUS — BUXPEBasi MeTJIS, COCTAaBICHHAs M3 BOPTOHOB-
OTPE3KOB, MOXKET OBITh UCIIOIB30BaHA B KAUECTBE BUXPEBOTO «CyNepasieMeHTa». Eciu
BOPTOHBI, MOZICJIUPYIOIINE TAaKUE HJIEMEHTHI, IMEIOT OAWHAKOBYIO MHTCHCHBHOCTD H
CBSI3aHHBI MEXIy COOOH [IOMONHHUTENbHASI 3aBUXPEHHOCTh OTCYTCTBYET, IOCKOJBKY
BCSI 3aBUXPEHHOCTH 3aKJIF0YEHA B BUXPEBBIX METIIAX.

[Ipumenenne BHUXPEBBIX HeTeNb ISt pacdera HECTAI[OHAPHBIX
THIPOJMHAMHYIECKUX Harpy30K B MHXKCHEPHBIX 3aJadax MOTpeOoBano pa3pabOTKH
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SMITMPHYECKUX MOJENE MX HBOJIIOIMY, T'eHEepalliy Ha ITIOBEPXHOCTH 00TEKaeMOro
TeJa ¥ BEIYHCIICHHUS Ha OCHOBE IIETEINb II0JIs JABJICHHS M HarPy30K Ha KOHCTPYKIIHIO
[5]. Lempto maHHO# paboOTHI sBISETCS BEpUPHKAIMSA pa3pabOTAHHBIX MOJENEH,
QJITOPUTMOB M MPOTPaMMBbI IO M3BECTHBIM SKCIICPUMEHTAIBHBIM JaHHBIM, a TaKKe
oIpezieJIeHUe AOIyCTUMBIX 3HAYCHUH apaMeTpoB pacueTa.

2. MocmaHoeka 3adayqyu

Monenmupyercss Te4eHHE HECKHUMAEeMOW Cpensl, I KOTOpOoH 3PQeKThl BS3KOCTH
YUUTBIBAIOTCSl TOJBKO KaK NPUYMHA POXKJICHHS 3aBUXPEHHOCTH Ha IOBEPXHOCTH
TeJa ¥ KaK MPUYNHA epe3aMbIKaHUs BUXPEBbIX METeNb.
Hcnone3yrorcs 1Ba ypaBHEHHs THAPOJAWHAMMKH: YpPaBHEHHE HEPa3phIBHOCTH H
ypaBHEHHE COXpaHEHHUS UMITyJIbca (ypaBHEHHE [ enbMrosbia):

divV =0; Z—? = rot(l7 X ﬁ);
rae 17(77, t) — HECTAaIMOHAPHOE TPEXMEPHOE TOJIE CKOPOCTEH; 7~ pajiyC-BEKTOP
TOYKH B HEMOJABMKHON CHCTEME KOOpAMHAT; Q = rotV- 3aBUXPEHHOCTb. 3aJlaHbl
TPaHWYHBIC YCIOBHS OTCYTCTBHS BO3MYIICHHH Ha OECKOHEYHOCTH M YCIOBHE
NPWINIAHNA Ha 00TeKaeMoW MOBepXHOCTH. HauanbHbIE yCIOBHS COOTBETCTBYIOT
peXIMy OCCIMPKYISIIMOHHOTO OO0TeKaHWs Tena. TpeOyercs B TEUCHHE 3aJaHHOTO
MPOMEKYTKA BPEMEHU OIPEJENUTh PaclpeieIeHUe JaBJICHUS 110 IOBEPXHOCTH TeNa
Y BBIYMCIIMTH ACHCTBYIOIINE HA HETO HAarPy3KH.
B pamkax BHXpeBOro MeTOJa YpPaBHEHHUE HEPa3PBIBHOCTH YAOBIETBOPSETCA
TOKAECTBEHHO, IIOCKOJIbKY II0J€ CKOPOCTH BOCCTAHABIMBAETCS MO  IOJIO
3aBUXPEHHOCTH B COOTBETCTBHMHU ¢ 3aKOHOM bno-Capapa. YpaBHeHHE COXpaHEHUS
UMITyJIbCa 3aMEHSIETCS CHCTeMOW OOBIKHOBEHHBIX MU depeHInalbHbIX YpaBHEHUH,
OTIMCHIBAIOIIECH B JIATPAHKEBOM ITOCTAHOBKE 3BOJIIOLMIO 3aBUXPEHHOCTH, KOTOpAst
MOJIEIUpyeTcs CUCTeMON U3 Np BHXPEBBIX IETeNb, Kax/1as H3 KOTOPBIX COCTOHUT U3
Nv BOpTOHOB-0Tpe3KOB. Bce BHUXpEBbIE NETIM B pacdy€re UMEKT OJUHAKOBYIO
UHTeHCUBHOCTb I'. JlaHHas BenMYMHA 3aJaeTCd B COCTaBE HCXOAHBIX JaHHBIX.
Bxnag B none ckopocTeill OT 0OHOTO BOPTOHA-OTPE3Ka €AMHUYHON MHTEHCUBHOCTH
ornpezensercs GopMyIIon:

\l?ki(P):i 8 §i'A'Qki _gz'APki ,

4z ‘g ‘El‘ ‘Ez‘
B=8xak. §—P_R, & -P—F,
JUis  ycTpaHEHMsS CHHTYISIPHOCTM B pacueTax BBOJUTCA pajguyC JIHUHEHHOro
CIJIQXKUBAHUS CKOPOCTH - PaJiuyC BUXPEBOro 3jemeHTa €. Bemmuuabsl Np u Nv

N3MCHAIOTCA B IPOICCCE pacdye€Ta MU3-3a POXKIACHUA HOBBIX IICTCIIb HA 00TeKaeMoOM
TCJIC, a TAKKE N3-3a U3MCHCHUSA UTMHBI U IICPE3aMBIKAHUA TICTEIIb.

biiok-cxema anroputma peuieHus 3aga4u npuBeaeHa Ha puc. 1.

1 =1,...,Np; k =1,...Nv

i+1
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Tenepauus Buxpesoro cnog uz I'p. V.

o

HOCTPO@HI/IG ICTENIb 1 C6p00 HUX B IIOTOK

(A

Hopmanuszauus nerens

"

Brruucnenue JAaBJICHHA Ha TCIIe

4

Pacaer Harpysok

@

Brraucnenne ckopocTei V3II0B METENb

&

IMTepemereHue y3noB netenb

V nanenwne nierene U3 TENA H
HOPMAITH3AIIHS TIETEND

ITepezambikanme
MeTemb

[Tepesamepixanmii
He ObUIO

IMepezampikanus
ObLIH

Puc. 1. Cxema opeanusayuu pabomor npocpammel. JKupnvim gvidenensl pacnapanienentvie
npoyeodypbl
Fig. 1. Scheme of the organization of the program. Parallel procedures are marked in bold.
HOBCpXHOCTL 06TeKa€MOF 0 TCJ1a MOACIHPYCTCA Ha60p0M n3 N IUIOCKMX ITaHEJIeH.
Kamuaﬂ MaHeJib MPCACTaBJIACT CO60f/i PpaMKy K3 BOPTOHOB-OTPE3KOB, a4 B LICHTPEC
HNaHeJIM pacroJIoKCHa KOHTPOJIbHAd TOYKa. Ha KaXK10M pacueTHOM Iare wus3
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yCIOBUsI O0OECHEUCHUsS] HETPOTEKAaHUsS B KOHTPOJBHBIX TOYKAaX (PaBEHCTBA HYIIIO
HOpPMalTbHOM  cocTaBisifomiei  ckopoctn) u3 pemenus CJIAY  Haxomsrcs
MHTEHCUBHOCTHU PaMOK.

[anee pacmpeneneHHe HMHTCHCHBHOCTH [aHENEH Ha MOBEPXHOCTH  Tela
crnaxuBaercsa. llo MOMydYeHHOMY CKaIsIpHOMY [ONIO, HAadWHAs OT TMOJoca ¢
MaKCHMaJbHOM Ha NaHHOM IIare MHTCHCHBHOCTBIO, OCYIIECTBIIETCS IOCTPOCHHUE
nHAR ypoBHSA ¢ marom ['. Broms 3Tux muHUN ypoBHS GOPMHUPYIOTCS HOBBIE TICTIIH.
Ilocne co3manus merin cOpachIBalOTCS B IMOTOK - OTOJABUIAIOTCA OT Tela Ha
HEKOTOPYIO BEIUUHHY A.

CbhopmupoBaHHbIE TakuM 00pa3oM METIM IOABEPraroTCs  HOPMalM3alluH:
3JIEMEHTHI IETeIb MONABLIIME BHYTPb Tejla M3-3a IIOIPEIIHOCTENH MHTErPUPOBAHUS
3aMCHAIOTCA Ha 3JIEMCHTHI ICTE/Ib MMPOJIOKCHHBIC MO MOBEPXHOCTHU Ha yAAJICHUN A,
Ui obecrieueHHs. YCTOHUMBOCTU pacdeTa OCYIIECTBIACTCS YCTpaHEHHE CHIIBHBIX
W3JI0MOB (T.H. IINWIEK) U IPOBOJTUTCA IEepepacipeesieHHe y3/I0B BIOJIb INETelb
JUISL TOTO YTOOBI O0ECIIEUNTh UIMHY OTPE3KOB PAaBHYIO 3aJlaHHOMY TapaMeTrpy a.
ANTOpUTMBI HOPMAJIM3AIMK HETeNb CHOPMHUPOBAHBI MO0 SMIUPUIECKUM 33aKOHAM,
nyTéM BepH(HUKAIMU PAacUeTOB C IKCIIEPUMEHTAIbHBIMU NaHHBIME [5]. Bemmunna
@ OIpenenseT MHUHHAMAIbHBIA Yroll MeXIy OoTpe3kamu. Ecmu yrom wmexnmy
OTpe3KaMH MEHbIE, TO JAaHHOE MECTO CUMTAETCS IIMHMIBKON M y3esl MepeHOCHUTCS
OJIHKE 1A YMEHBUICHUA YTJia 10 I[OHyCTHMOﬁ BeJINYUHEL. B pacyerax MnoJIy4€HO
onTuMansHoe 3HaueHue 160°.

JlaBnenue B KOHTPOJBHBIX TOYKAX OINPEAEISIOTCS aHajoroM uHTerpana Komm-
Jlarpansxa [6], ananTUpOBaHHBIM MO/ METOJI BUXPEBBIX METENb:

P2 1Pp 2
P N, .
NZ _M t)‘ _— ZA(Vi_Vi*_1)+ii[ﬁi(%'\}3(ﬁzilt) :

2 4r At .i k=i

p(Pt)=p, +p.

rae Aj — TeNeCHBIl yroJ MOA KOTOPHIM BHIHA MAHENb M3 TOYKH BBHIYUCICHHS
JIABIICHUSI.

Ha cnenyromem starne pacyéra onpeiessitoTcss CKOPOCTH B Y371aX BUXPEBBIX HETEIb.
YuncneHHOEe MHTETPUPOBAHUE JIBM)KEHHS Y3JIOB 10 TPAEKTOPHSAM SKHUIKHX YaCTHIL
MPOBOJIUTCS METOJIOM Jilyiepa NEepBOro MOpsAKa B 3aJaHHBIM ILIarOM IO BPEMEHH
dt. JIos KoMIeH Ay OTPEITHOCTEH HHTETPHUPOBAHUSI TIOCTIE TIePEMEICHHS Y3II0B
CHOBa IPOBOJUTCS KOPpeKIHs (parMeHTOB IETelb, IEPECeKAONINX TeNo H
HOPMAaJIU3alus MeTellb.

B KoHue mara ompenessiFoTcs OJM3KO PaClONOKEHHbIE YYacTKH IeTelb. [Ipu
Omm3koM  pacrioniokeHuH  (Onvpke, YeM  BENMYMHA 1)  NIPOTHBOIIOJIOKHO
HAlpaBJICHHBIX yYaCTKOB II€TENb OCYLIECTBISICTCS HX Iepe3aMblkaHue. B
pesyibTaTe MEeTIM MOTYT OOBEAMHATHCA WM PasfesAThcs Ha yacTH. [Ipomenmypa
niepe3aMbIKaHHs COIIPOBOXKIAECTCS HOpMAIU3alUel IeTeNb U IIPOM3BOJUTCS B LIUKIIE
JI0 T€X TIOp, TIOKa He Oy IyT 00paboTaHbl BCE METIIN.
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OnucaHHBI AITOPUTM pean30BaH B Buie mporpamMmbl MVortexLoops Ha s3bike
C++ ¢ ucnonb3oBanmeMm Onbmmorekun MPI s pacmapamuiennBaHus BBIYHCIICHHH.
Ha paspaboraHHyr0 HporpamMmy IOJYYEeHO CBHICTEIBCTBO O TIOCYIapPCTBEHHOM
peructparmu Ne2017616752. B03MOXHOCTD TapajUICIbHBIX BBIYWCIEHUH Oblia
peanuzoBaHa Al HauOoJiee TPYMOEMKHX TIPOLENyp: OMNpPEAEIEHHS CKOPOCTEH;
HOpPMaJIM3alliy TeTeNb; KOPPEKIHMU 3JIEMEHTOB IIeTelb, IIEPECEKAIOUINX TeJo;
nepe3aMbIKaHus IeTelb.

Pemenne CJIAY He pacnapajuleuBalioch, IIOCKOJIBKY —IEpEMELICHHE H
nedopmanmst Ten Ha JAHHOM JTale HE MOJEIMPOBAIIOCH M OOPAILCHUS MaTpPHIIBI
CHCTEMBI IPOBOIMIIOCH JIMIIIB HA NIEPBOM Ilare pacyéra oOTeKaHus Tell.

3.Pe3ynbmambi modeniuposaHus

Ha nepBom 3Tane BepuduKauy Ipou3BOAMIOCH MOJCIHPOBAHNE OOTEKAHUS KPbLa
KOHEYHOro pa3Maxa (mamHa kpbuia 0,5, xopasr =0,1), umeromero npodpuas NACA-
2217 wn ynnmuaeHue 5,0 MOTOKOM C €IUHUYHON CKOPOCTBIO 17(?', t) = {1,0,0} mpu
Pa3IMYHBIX YIIIaX aTaKH.

IToBepxHOCTh MOZETH pa30UTa HA YCTHIPEXYTOJILHBIC W TPECYrOJIbHBIC IAHEIH.
OO6mee umcno maHened moBepxHocTu Tenaa paBHo N = 5212. Pasbuenue Topua
npoduIs Ha MaHEIHW NMPUBEACHO Ha puc. 2. BuaHO, 4To 3aHsS KPOMKa 3aTyIUICHA,
Ul YMEHBIIEHUS B3aUMHOTO BJIUSHUSA T[aHeJlled Ha BEpXHEM U HUKHEH
MOBEPXHOCTAX MPODUIs, a JUCKpeTH3anus Ipoduis B MepeaHeil 4acTH SBISCTCS
JIOCTATOYHO TrpPyOOi, YTO CBSI3aHO C HEOOXOAMMOCTBHIO COOJIOAATH OJUHAKOBBII
pa3Mmep sdeeK Ui Bce Monend. BepXHSS M HIDKHSS MOBEPXHOCTH pa30OHTHI Ha
NpSAMOYTOJNBEHBIE paMKH. [Ipw 3TOM IIMpWHA pPaMOK COOTBETCTBYET CTOpPOHE
TPpaHUYHBIX TPEYTOJHHIKOB Ha TOPIaX KPHLIA.

NAVAVAAVAY.varan

e VA aa

AV YAYAYAVAVAVAVAYAVAVAVAvava v (AViVavave
KK AA PSR SRIRIIIS

Puc. 2. Pazbuenue 60K080U NOGEPXHOCMU NPOGUISL HA NAHEU
Fig. 2. Wing lateral surface partition

B pacuerax pamnyc BUXpeBOTO djieMeHTa B3aT paBHbIM €=0,002, mar mo BpeMeHH
At=0,00219, nmmmaa otpeska a=0,001, wuHTeHCHBHOCTH merens [=0.00526,
napaMeTpsl aIropuTMa pacuera sposmonun nereib A =0.0001, ¢ =160°, 1 =0.04.

Ha puc. 3 npusenens! (a3pl caMOOpraHU3alK 32 KPHUIOM BUXPEBBIX JKTYTOB M3
BUXPEBBIX IETeNIb (KpacHbIE JIMHHMHM). POKACHHE M YHOC DPa3rOHHOTO BUXPA H
¢dopmupoBanue 3a kpbiioMm [1-o6pasznoii cuctemsl Ilpanaris. Takxke Ha pUCyHKe
BUJIHA TPUCOEIUHEHHAs K KPBUIy 3aBUXPEHHOCTh B BUJAE CHCTEMBI BHXPEBBIX
HeTeJIb, @ TAK)KE OT/ENIbHBIE BUXPEBBIC METIH, (OPMUPYIOLINE TOHKYIO BUXPEBYIO
nejeHy 3a ocTpoil kpomkoil. Takum oOpazoM B pacuerax C HCIOJIb30BaHHUEM

220



Jeprayes C.A. MaTeMaTH4eCKOE MOJICITHPOBAHHE SBOJTIOLMH 3aBUXPEHHOCTH NPH MPOCTPAHCTBEHHOM OOTCKAHUH Tl
METOZIOM BHXpPEBbIX netenb. 1pyost UCII PAH, Tom 30, Beim. 1, 2018 1., cTp. 215-226

BUXPEBBIX TMETEIh IMOJydeHa KAdyeCTBCHHO BEpHas KapTHHA (OPMHPOBAHUS
BUXPEBOTO CIIe/Ia.

Puc. 3. Pazeumue suxpesozo cieda 3a KpulLiom
Fig. 3. Vortex wake evolution behind the wing

Ha puc. 4 mpuBeneHo cpaBHEHHE PACCUUTAHHBIX B CKOPOCTHOW CHCTEME KOOPIUHAT
AIPONMHAMUYECKHX KOI(D(DUIMEHTOB € OKCHEPUMECHTAIBHBIMU TaHHBIMH [7].
KoadduumeHTsl cum ¥ MOMEHTa BBIYHCISIFOTCS KadeCTBEHHO BEPHO, OIIMOKa B
OIIpe/IeTIeHUH TT0{beMHON CHJIBI 1 MOMEHTa HE MpeBHIIaoT 8%, YTO JOMYCTHMO
JUIL TIPOBEAEHMS WHXXEHEPHBIX pacuéroB. OTHOCHTENbHAs OMMOKa JI000BOTO
CONPOTHBJICHHSI BEJIHMKAa B CHJIy MAaJOCTH BEJIMYMHBI JIOOOBOI'O CONPOTHUBICHUS
npoduns, oIHAKO aOCOJIOTHOE 3HAYEHHE IOTPEITHOCTH TaKXKe JOMYyCTHMO IS
MH)KCHEPHBIX ~ pacueToB.  [IpuuMHa  3aBBINICHHOTO  3HA4YeHHs  JI0OOBOTO
COIIPOTUBJICHUA W 3aHMXKCHHOI'0 3HAYCHUA HO}I’beMHOﬁ CHJIBI, BO3MOXHO,
3aKII04YeHa B TPyOOCTH MOAENH MpOQuIisi, MPUMEHEHHOTO JUISI PacueToB. 37eCh
TpeOYIOTCSl JIOTIOJIHUTENbHBIE METOJIMYECKHe HccleoBanus. Ha BTopoM 3Tame
Bepu(UKauK OBUIO TPOBENEHO MOAETHPOBAaHHE OOTeKaHMSA c(epsl SOMHUIHOTO
nuamerpa. [loBepxHOCTh cdepsl pazouta Ha N=1917 deTbIpexyronbHBIX MaHENH.
Bekrop cKOpoCTH HAGETarOIIETrO HOTOKA ObUI €AMHHYHBIM V(#E¢t) = {1,0,0}. Bcero
ObuTO BBINOJHEHO OKoyo 520 pacueroB. [Ipm 3TOM BapbHpOBaNUCH MapaMETpPHI
pacyeTHOM CXeMBbl: IIar mo BpeMeHu dt, pamuyc CriaKMBaHUS CKOPOCTH BOJIM3H
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MCTIN €, TUCTAHOUA TCPE3aMBbIKAHUA TIETCIIb |, JJIMHA OTPE3Ka a, TUCTAHOUA OT
IIOBEPXHOCTH TE€JIa A0 Y3JIOB IETEIIb IIPU CO3AaHUN A, HHTCHCHUBHOCTH TeTelb [
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Puc. 4. Aspoounamuueckue kospguyuenmol. Boiuuciennvle 3HaueHus — mouKu, OaHHvle
okcnepumenmos - aunuu [ 7]
Fig. 4. Aerodynamics coefficient. Calculated value — points, experimental data — lines [7]

PesynbpraThl  pacyeToB  CpPaBHUBAINCH C  pe3yibTaTaMH  paclpeieieHHs
k03¢ duLKeHTa NaBlIeHHs, SKCIEPHUMEHTAIBHO TMOJXYYEHHBIMU JUis 4 3HadYeHHid
yncna PeifHompaca BOMM3M KpH3HCa CONPOTUBICHHSA cepbl, Kak IOKa3aHO Ha
puc.5.

IIpu pacuerax oOTekaHus cdepsl ucnonp3oBaics kiactep 10P MCI[ PAH.
Kaxmprii 3amyck mporpamMmbsl NmpoBoawiIcs Ha 16 smpax, a AJIUTENbHOCTh cYeTa
cooTtBercTBOBaia 960 MuHyTam. Ileprnoapl BBIYMCIEHHOTO MEPEXOTHOTO PEXUMa
(KOoNMUYEeCTBO CHETAHHBIX IIaroB) BO BCEX pacyeTax pa3iuyHbl W 3aBHUCAT OT
KOHKPETHBIX PACYETHBIX TAPaMETPOB.

Kputepuem kadecTBa HUTEpPaTHBHOTO MMOA0Opa MapaMEeTPOB PACUETHOM CXEMBI
SBIISTIOCH  CPETHEKBaApaTUIHOE OTKIOHeHWe Touek Nel,2.3.4 (cm. Puc.5) B
mwiockoctd OXY 3HaueHuil ko3dduineHTa qaBiIeHUs, NOTYICHHBIX IPU pacyere,
OT 3KCHEPHMEHTAIBHO IOJyYCHHBIX 3HAUYEHWH IIPH COOTBETCTBYIOMIMX HYHCIAX
PeiiHonmbica. B pesynprare Ui KaxIOro pexuma OOTEKaHMs MOJIyYeHbI
HaWIydllde COYETaHWs IapaMeTpoB, IpeAcTaBleHHble B Tabu. 1. B Tabmuue
HEpBBII CTOJIOELl COOTBETCTBYET HOMEPY pacuera, janee LIeCTb NapaMeTpoB
pacuera, T — JUINTEIBHOCTH MIEPEXOAHOTO pexnMa, Y1...y4 — cpeHeKBagpaTH4HbIC
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OTKJIOHEHHSI pPE3yNbTaTOB pacueTa OT IaHHBIX JKcIepuMeHTa. PacmpenenceHus
KO3 UIHUEHTa NABICHUS U1 HAHIEHHBIX COYETAaHWH MapaMeTpOB MOKa3aHBI Ha

puc. 6.
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Puc. 5. Pacnpeoenenue koaghuyuenma dasnenus 60ons oopasyroweii wiapa 1- Re=157200,
c,=0,471; 2- Re=251300, ¢,=0,313; 3- Re=298500, c,=0,151; 4- Re=424500, c,=0,143 [8]
Fig. 5. The distribution of the pressure coefficient along the generatrix of the sphere
1- Re=157200, ¢,=0,471; 2- Re=251300, c,=0,313; 3- Re=298500, c,=0,151; 4-
Re=424500, ¢,=0,143 [8].

PesynbraTel (cM Tabn. 1) mokasslBaloT, 94TO pa3pabOTaHHAS METOJMKA ITO3BOJSCT
MOJICITUPOBATh TMAPOJMHAMUYECKUE HATPY3KU MpH OONbLIMX 4Kciax PeiiHonbica,
KOTJ[a BJIMSHHE CHJI BS3KOCTH MajO [0 CPABHEHUIO C BIHMSHHEM CHJ UHEPIUU B
KUAKOCTH. [Ipu 3TOM mIar MO BPEMEHH HNPUMEPHO COOTBETCTBYET OTHOIICHHIO
CPEIHEro JHHEWHOro pa3Mepa MaHeJH K CKOPOCTH HEBO3MYIIIEHHOIO HAOETraroIero
MTOTOKA.

JlaHHBIE pEKOMEHJANMU [0 BBIOOPY pACUETHBIX IMapaMeTPOB COOTBETCTBYIOT
PEKOMEHAAIUSAM TPH pacy€Te METOAOM BHXPEBBIX 3JIEMEHTOB. [IpW MEHBIIHMX
3HAYCHUSAX YKCiIa PelHOJbICa KOJMYECTBEHHO CXOXKHE PE3YJIbTaThl IMOJYYaroTCs
NP YBEIMYCHUHM IAra IO BPEMEHH, YBCIHYCHHH paINyca CLUIAXKHBAHUS U
VBCJIMYCHUH [UCTAHIMH OTOJIBUTAHUS TETEJIb OT I[OBEPXHOCTH Tejla IMpH

POXKIIEHHH.

Taban. 1 Hapamempor u pe3yivmamol MOOeIUPOGaHUsi 0omekanus cgepol
Table 1 Parameters and simulation results sphere in the flow

NN| € dt a | p A ri 7|yl y2 | y3 | v4
482/0.0087| 0.23 (0.102|0.06| 0.042 |0.01{395|0.049 | 0.148 |0.293|0.343
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521(0.0005| 0.10|0.052|0.12| 0.016 [0.01{195|0.1539|0.0631|0.168|0.214
550(0.0035|0.027| 0.02 |0.08|0.00125|0.02|21.6| 0.287 | 0.150 |0.050|0.076

309|0.0035|0.025| 0.02 |0.08|0.00125|0.02|28.2|0.3477|0.2109|0.090|0.046
NN=482 Re=157200

NN=521 Re=251300
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Puc. 6. Cpasnenue pacnpeoenenus Kodgpuyuenma 0asieHus, ROJIY4eHHO20 8
pacueme(mouKu) u IKCHEPUMEHMATLHO (TUHUU)
Fig. 6. Comparison of the pressure coefficient distribution obtained in the calculation
(points) and experimentally (lines)

Cnengyer ydecTb, 4YTO B pa3pabOTaHHOH METOJMKH BIHSHWE BSI3KOCTH Ha
B3aUMOJICHICTBUE MEXAYy METISIMM HE  y4uuThiBaeTcs. /[l KOppeKTHOro
MO/ICJIMPOBAHUS BIMSHHS BSI3KOCTH Ha IPOLECCH POXKACHUS M B3aUMOJCHCTBHS
BUXPEBBIX TMETEJIb METOJWKa [IOJDKHA ObITh J0paboTaHa, Hampumep, C
UCIIONIb30BAaHUEM MOJIENIN 00MEHa MHTEHCHBHOCTSIMU Mexay BopToHamu. OJHaKo,
MOCKOJIBKY ~HEIOCPEICTBEHHOH 1Ie7bl0  pa3pabOTaHHONH METOMMKH  SIBIISETCS
MOJIETIMPOBaHNE THAPOANHAMUYECKUX HAarpy30K Ipu OoibImnuX uuciax PeiHonbaca
(okomo 7-10°), MeToMKa MOKET GBITh HCIIOIb30BaHA Ge3 T0PaBOTOK.

4. 3aknroyeHue

HpOBGL[CHHaH BepI/I(bI/IKaIII/IH pa3pa6OTaHHLIX Moz[enei/i, AJITOPUTMOB U MIPOTPpaMMbl
MVOI’tCXLOOpS MO0 M3BCCTHBIM OKCIICPUMCHTAJIbHBIM JaHHBIM IOKa3ajaa, 4YTO
HCIIOJIB30BAHUC 3aMKHYTBIX BUXPEBBIX CTCIIb B Ka4y€CTBC BUXPEBOI'O
«CYNCPIJICMCHTAa» IMO3BOJIACT KAYCCTBCHHO BEPHO MOJACIUPOBATH HECTALITMOHAPHOC
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OTPBIBHOE OOTEKaHWE KpBUIBEB M THagKUX Tes. [Ipu 3TOM KONMM4ecTBEHHBIC
3HAYEHMS a3POANHAMUYECKHX KOA((UIMEHTOB U pacpenencHns JaBICHHS MOTYT
OBITh HAWJCHBI C MPUEMIIEMOH U HH)KEHEPHBIX HMPIIIOKECHUH MOTPEIIHOCTHIO TIPH
COOTBETCTBYIOIIEM BBIOOPE APAMETPOB IMIMPHIECKUX MOAETICH.

[Ipumenerne paspaboTaHHOW MOIU(HUKAIANA METONAa BHXPEBBIX DSJIEMEHTOB
MO3BOJIAET, C OAHOM CTOPOHBI, HE 3aJaBaTh [0 Hayajla pacyera JIMHUU OTpbIBA
BUXPEBBIX IEJIEH, U, C IPYIOW CTOPOHBI, NO3BOJISIET UCKIIOYUTh BPEIHOE BIIMSHUE
JIONOJIHUTENIbHOM 3aBUXPEHHOCTH BOPTOHOB-OTPE3KOB. JlanpHelee pa3BUTHE
OyZeT HampaBlICHO HA MOJCIUPOBAHHE THAPOJMHAMHYCCKHX HArpy30K Ha
MOJIBMOKHBIC Ie(hOpMUpPYEMEBIC Tela.

PaGora BbImONHEHAa €  KCHOJNB30BAHMEM  CPEACTB  MEXBEJOMCTBEHHOTO
CYIEpKOMIBIOTEPHOTO LIeHTpa Poccuiickoil akageMun HayK.
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Mathematical simulation of vorticity evolution in the case
of spatial flow around bodies by the method of vortex
loops
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Bauman Moscow State Technical University,
5/1, 2-nd Baumanskaya st., Moscow. Russia, 105005

Abstract. Simulation of hydrodynamic phenomena associated with flow around movable
deformable bodies is an actual engineering task of various technical problems. This article
describes the method of vortex loops, which allows to simulate the flow around bodies
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without the need to preset the lines of vorticity retreat. Verification of the technique on the
experimental data on the flow past the wing and the sphere is given. The accuracy is shown
sufficient for application of the program and methodology in engineering applications.
Conclusions are made about the possibility of transition to mobile and deformable bodies.
The program is implemented in C ++ with the use of the MPI library to organize the transfer
of data in parallel calculations.
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loops.
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