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Abstract: The reliability and the cost of electronic circuits are closely connected to the maximum power
dissipated by them. Tools for evaluating the worst case power consumption of sequential circuits is becoming a
primal concern for designers of low-power circuits. In the paper the task of estimation of peak sustainable power
for CMOS synchronous sequential circuit is considered when its automaton description in the form of Finite State
Machine (FSM) is available. The method is based on finding out the simple directed cycles of FSM state transition
graph closely related with test sequences for simulating the sequential circuit for sustainable power estimation.
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Introduction

In the VLSI (Very Large Scale Integration) chip design performance, area and cost were historically the major
considerations. But in the last years power consumption has become the major issue in electronic research, it is
being given increased weight age in comparison to area and speed because of two main reasons:

— Increasing use of portable and battery operated electronic devices which have limited battery life;

— Continuous increase in chip density resulting in VLSI circuits that contain up to hundreds of millions of
transistors;

— Topicality of high performance computing resulting in VLSI circuits that have clock frequencies in the
GigaHertz range.

Excessive power dissipation (the unit of power used throughout the paper is energy per clock cycle) in integrative
circuits causes their overheating degrading the performance and reducing chip life. To prevent circuits from these
consequences discouraging their usage, the chips need costly packaging and cooling arrangements. The
Semiconductor Industry Association technology roadmap [SIA, 2014] has identified low power design techniques
as a critical technological need in semiconductor industry today.

The development of methods and software tools that can help designers to optimize digital circuits for power
consumption has received increasing attention. Accurate and efficient power estimation during design phase is
required. The appropriate tools must have efficient means to estimate the power consumed by a circuit on
different design phases. At present an increasing attention is focused not only on transistor-level design but on
higher levels of abstraction because early power estimation is important in VLSI circuits, because it has a
significant impact on the reliability of the circuits under design. And in the process of optimizing circuits for low
power a designer is interested in knowing the effects of specific design techniques on the power consumption of
the projected circuit. With the relevant information about power characteristics designer can redesign or correct a
circuit in early design stages if it is found to consume more power than expected.
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The estimation of power in digital circuits has become a significant problem, especially for present day
semiconductor technologies. Currently, the simplest and most direct power estimation can be done by circuit
simulation when the monitoring of the power supply current is done. So, power consumption values are
determined which depend on the given vector set. There are circuit-level power estimators available as
commercial tools. For example, the most known SPICE [Nagel, 1973]. But the simulation results are highly
related to the input patterns given to the circuit [Kang, 1986]. Simulation methods suffer from two major
drawbacks. First, they are very time consuming, especially for large circuits (because to produce a meaningful
power estimate the required number of simulated vectors is usually high). Second, it needs to know the set of
input patterns when the power for a designed circuit embedded in a large system is to be calculated. Thus, the
calculated power may be erroneous because some of input patterns used for estimation may never occur during
normal (or verified critical mode) operation.

Using simulators, power is measured for a specific set of input vectors (often chosen randomly), and can be
referred to average power consumption. Many investigations were focusing on the average power estimation
[Arasu, 2013; Chou, 1996; Ghosh, 1992; Najm, 1994; Wang1, 1996]. The proposed methods are not only
simulation-based but probabilistic methods are very popular too. However, the average dissipation is not the only
reason of circuit failure. Another critical factor that affects the chip reliability is the value of maximum (or peak)
power dissipation that can cause excessive heat generation resulting in permanent damage or temporary circuit
failure. Unlike average power estimations in which signal switching probabilities are sufficient to compute the
average power [Chou, 1996; Ghosh, 1992; Najm, 1994], maximum power is associated with a specific starting
circuit state and a specific input pattern sequence that produce such a power. Although the problem of estimation
of maximum power in VLSI circuits is essential for determining the appropriate packaging and cooling techniques,
optimizing the power and ground routing networks, there are a limited number of papers devoted to the problem
of maximum power estimation of combinational and sequential circuits (most of them are cited in the papers
[Kumthekar, 1998; Wu, 2006)).

Static CMOS logic style is used now for the vast majority of logic gates in digital integrated circuits because they
have good technological parameters and good power dissipation characteristics. Many ASIC methodologies allow
only complementary CMOS circuits custom designs use static CMOS for 95% of the logic [Zimmermann, 1997].
The reliability and the cost of electronic circuits are closely connected to the maximum power dissipated by them.
Power and switching activity estimation for sequential circuits is significantly more complex task than that for
combinational circuits because power value depends not only on input patterns but on the state the circuit is in.
Tools for evaluating the worst case power consumption of sequential circuits are becoming a primal concern for
designers of low-power circuits.

In the paper the task of estimation of peak sustainable power for CMOS synchronous sequential circuit when its
automaton description in the form of Finite State Machine is available. The proposed method is based on finding
out the simple directed cycles of FSM state transition graph (STG) closely related with input patterns for
simulating the sequential circuit for sustainable power estimation.

Peak power estimations for sequential logic circuits

The total power dissipated in a CMOS logic gate consists of two basic components: static and dynamic power. In
a typical CMOS circuit, most of the power dissipated is dynamic power while static power makes up a small part
of the total power dissipated [Balasubramanian, 2007]. The dynamic power component normally dominates in
CMOS system-on-chip and accounts for roughly 75% of the total power consumption [Benini, 2002]. The dynamic
power dissipation is defined as the power spent in charging or discharging of the nodal capacitances during a
high to low or low to high transition at the output node. The dynamic power dissipated is directly proportional to
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the circuit switching activity, which is evaluated by the number of gate outputs that toggle (change state) in the
circuit. Therefore, the total switching activity is the parameter that needs to be maximized for maximum power
dissipation or the peak switching frequency is used to represent the peak power consumption in the circuits.

In the first papers devoted to circuit peak power estimation, the problem was treated as estimating the maximum
power that the circuit may consume within any clock cycle. The problem in the case of combinational circuit is
equivalent to looking for the maximum-power-consuming vector pair among all possible input vector pairs. For
sequential circuits, on the other hand, the activity depends on the initial memory state as well as the primary input
vectors, so, the state ought to be added to the pair of input vectors when looking for the maximum power
estimation for sequential circuit. Further different design requirements of present VLSI chips make things more
complicated. Now three types of peak power are used in the context of sequential circuits [Hsiao, 2000]:

1) Peak single-cycle power;
2) Peak I-cycle power;
3) Peak sustainable power.
Their time durations are one clock cycle, I consecutive clock cycles and an infinite number of cycles, respectively.

Peak single-cycle power consumption corresponds to the highest switching activity generated in the circuit under
the test during one clock cycle. Accurate estimation of maximum power consumption for a combinational circuit
involves finding a pair of input vectors which, when applied successively, maximize the number of toggles, among
all possible input vector pairs. The estimate of peak single-cycle power dissipation can be used as a lower-bound
for worst-case power dissipation in the circuit because found pair of input vectors can be applied one after
another repeatedly causing the estimated power as an average for an indefinite time.

For a combinational circuit with n primary inputs, there are (22 = 4" possible two input vector sequences to be
considered. For a sequential circuit with m memory elements, this number of sequences increases up to m 4.
The power is controlled by initial memory state vector sy and input vectors x; and x,. The state sy and input
vector x initialize all gate outputs and determine the next state s,. Then, the vector x; and the state s, switch
some of the gate outputs, which accounts for the power dissipation. So in that case a three-tuple (s1, X1, X2) must
be found that maximizes the instantaneous power consumption.

Peak /-cycle switching activity is a measure of the peak average power dissipation over a contiguous sequence of
I vectors. The I-cycle power is related with the sequence (s, X1, Xa,..., X)) of the length +1. When /is equal to 3,
the peak I-cycle power is the same as the peak single-cycle power dissipation, and with / increasing the average
power is expected to decrease.

Peak sustainable power is a measure of the peak average power that can be sustained indefinitely over many
clock cycles [Hsiao, 1997] it is called as maximum average power too. The peak l-cycle power serves as an
upper bound to peak sustainable power. And both estimates have sense only for sequential circuits.

The peak average power can be defined as follows. The average power dissipation E; is maximum if 1) there
exist such unrestrictedly long sequence of clock cycles which is characterized by the average power E; (average
power dissipated per a clock cycle); 2) there does not exist the available unrestrictedly long sequence with
average power greater than E;.

Many efforts have been done to attack the problem of peak power estimation. The proposed methods are based
on transformation to a weighted max-satisfiability problem on a set of multi-output Boolean functions [Devadas,
1992]; calculation of maximum average length cycles of a weighted directed graph [Manne, 1995]; propagation of
signal uncertainty waveforms throughout the circuit [Kriplani, 1992]; automatic test pattern generation techniques
[Wang1, 1996]; Monte Carlo based statistical techniques for maximum current estimation [Wang2, 1996]; genetic
search algorithms [Hsiao, 1997]; the asymptotic theory of Extreme Order Statistics [Wu, 2006]; ant colony
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optimization techniques [Liu, 2009] and others approaches. The majority of the obtained results are devoted to
the problem of peak single-cycle power estimation some of them are applicable only for combinational circuits.
The difference between combinational and sequential circuits is the memory elements issue. The states of
sequential circuits cannot be assigned to arbitrary values but only to reachable ones. If the initial state is
initialized to any arbitrary value during the peak power estimation, then the power value will be overestimated
since unreachable states are not allowed.

The majority of peak power estimation approaches are based in any event on simulation. The simulation-based
power calculation procedure is comprised of three phases: generation (may be randomly) of a sequence of input
patterns to be tested (it should have statistically significant size to make conclusions); simulation of the tested
circuit on the sequence of input patterns estimating power dissipation on each clock cycle and then calculation of
the average value of power dissipation. For sequential circuits the initial sequence of input patterns should start
from some reachable state (it may be reset state). The difficulties of usage of simulation-based method for peak
power estimation are: 1) the need to generate such a sequence of input patterns that ensures energy critical
mode of circuit operation (otherwise we do not get estimate of peak power dissipation); 2) the simulation process
is very time consuming because of the great number of simulated vectors for large circuits to produce a
meaningful power estimate; 3) the necessity to initialize the tested sequential circuit, to start simulation from a
reachable state; 4) baffling complexity of the task because a sequential circuit can be considered as a series of
combinational circuits with different initial reachable states.

Problem statement

High level synthesis produces a combined description of the data-path and control logic. The well-known
representation of control logic is FSM state transition graph (STG). At the level of logic design a gate-level netlist
is generated from a FSM, so a circuit structure is reflected by an appropriate FSM structure.

In this paper the focus is on the upper bound to peak sustainable power for CMOS synchronous sequential
circuit. We made the assumption that the circuit automaton description in the form of FSM is available. We seek
for test sequences of input vectors that are the candidates to be tested for peak sustainable power dissipation in
sequential circuit. The test sequences are derived from augmented STG of the given FSM. The switching
frequency is used to evaluate the peak power consumption in the circuit in the process of constructing test
sequences that would cause this peak power value. We compute peak sustainable power by finding the average
switching frequency for a cycle sequence of FSM transitions that can be repeated infinitely for a long time.

The proposed approach constructs test sequences which are only suspicious (maybe highly) to consuming the
peak power, that is because: 1) we are not interested in detail of the target circuit structure and use only its global
structure — STG of FSM; 2) the correlation between switching frequency used for test sequence estimate and the
actual peak power is indefinite; 3) the process technology is not taken into account. Once the test sequences
have been determined circuit-level simulation should be performed to accurately determine the associated values
of average power dissipation and to choose the most of them corresponding to peak sustainable power
dissipation.

Let T; denote test sequence represented by k-cycle sequence (s/, x4, x2,..., x,), where s’ is a FSM internal state
represented by a Boolean vector of states of memory elements, x/ is a Boolean vector of input variables
representing a FSM input state at the j-th clock cycle The values of s’ and x' initialize the circuit at the first clock
cycle, before the process of estimating the series of switching’s in the circuit.
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The paper proposes a methodology for finding out a cyclic sequence that 1) is allowable (although it may have
low-probability); 2) may be repeated many times; 3) is the most power-consuming deriving the maximal average
(sustainable) power consumption.

Let a k-cycle test sequence T= (s, X1, Xo,..., Xx) be termed cyclic if its simulating generates the sequence (s, xi,
S1, X2, S2, ..., Sk, Xk, Sk) such that s = si. It is accepted that a single cycle power estimation metrics (evaluates
the power dissipated during any one cycle) is equal to the sum of signal switching’s of all circuit nodes.

The method of search for peak power test sequences

Let FSM (A, B, S, ¥, @) be given, where A is the set of input symbols, or input alphabet; B is the set of output
symbols, or output alphabet; S is the set of states, or internal alphabet; ¥ : A x S — S is the transition function
mapping a state and the input symbol to the next state; ®: Ax S — B (d : S — B for an automaton of Moore
type) is the output function mapping a state and the input symbol to the output symbol.

The more obvious representation of an automaton is the state transition graph G that is a directed graph whose
vertices correspond to the automaton states, and edges - to the transitions between the states. Any edge of the
graph is marked with input symbols, which cause the corresponding transition, and with output symbols going
with this transition (in the case of Mealy’s automaton). In the case of Moore’s automaton, the output symbols
mark the vertices corresponding to the states where the automaton is producing those symbols.

We suppose that all the automaton symbos are encoded by Boolean variables. At that, the state symbols a € A,
b € Band s € S are replaced by the vectors of Boolean variables:

a — x=(X1, X, ..., Xn);

b %y =(y1,y2, ,Ym);
S > z=(2,2 ..., Z).

The functions ¥ and @ are transformed into the vector functions y(x, z) = z* and @(x, z) = y, and those into the
system of m + k Boolean functions.

Let the vertices v; € V and edges tj € T of the STG G = (V, T) are marked with codes z (and with codes y in the
case of Moore type automaton), and the edges & € T of the STG are attached with codes x and y of input and
output symbols. Then let a weight to each edge in the STG be attached which indicates the power dissipation
estimate and is equal to the number of input, output and internal variables (from the vectors x, y, z) changing their
values as result of automaton transition between two adjacent states. In other words, an edge weight equals to
the total toggle count (variables bit changes) per the appropriate state transition calculated as the sum of
Hamming distances between codes of input, output and internal states touched with the transition.

For example, let the following sequence of transitions take place:
P(ai, So) = Sa, D(a), Sc) = by, P(a), Sa) = Se, D(a, Sa) = bg,
and s; — z.=(000), sy —> z4=(010), se > z.=(101), a— x;=(00), g — x;=(01), bp—> ¥ =(11), bg—>
¥q =(00). Then the weight of the edge (s4, S¢) between the states s, and s. equals 6:
d(zq, z) + d(a;, @) + d(bp, bg) =d(010, 101) +d(00, 01) +d(11, 00) = 6.
When looking for cyclic test sequences with maximal average peak power we may content ourselves only with
simple directed cycles, i.e. a closed directed walk with no repetitions of vertices or edges allowed. This

assumption is reasonable because 1)any directed cycle other than simple one can be constructed as a
superposition of some simple directed cycles, and 2) among simple cycles constituting no simple one, there
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exists always one better than the composite cycle; 3) we are interested of the most power-consuming directed
cycles.

We search for simple directed cycles Ci= (W, t, vi, t, via,..., ¥, W) of the state transition graph G= (V, T),
where v/ € Vand i e T are vertices and edges of the graph. For each obtained simple directed cycle, weights
are calculated for all its edges and then average value of the weight per an edge t/ € C; which will be the estimate
of power dissipation of sequential subcircuit which implements the automaton cyclic sequence corresponding to
the simple directed cycle Ci. The estimate carries the comparative character in the sense that it can be used only
for comparing different automaton cyclic sequences with each other to compute the maximum average cycles.
The approach must construct test sequences which are only highly suspicious to consuming the peak power.
These generated test sequences should be applied into a commercial power calculation tool to estimate real
power dissipation.

Test sequence (z', x1, x2'..., x) corresponds to a found i-th simple directed cycle (vo/, ti/, vi, &/, Viz ..., t, W),
where z /s the starting (and ending) sequential circuit memory state, X/ are input patterns causing the transitions
from the state z.1' to z/ (that mark the vertices vi.+ and v of the state transition graph G = (V, T)) so, for each two
consecutive vertices of the cycle, there exists an edge directed from the earlier vertex to the later one.

An example of the search for peak power test sequences

Let consider an example of FSM of Moore type with six states, the corresponding state transition graph G = (V, T)
is shown in Figure 1. The vertices of the directed graph G correspond to the automaton states, and edges - to the
transitions between the states. A vertex v; € Vis marked with the code z; of automaton state s; and the code y; (in
accordance with the output function @ : S — B) of the output symbol b; in the form z;/y;. An edge of the graph G
corresponds to the automaton transition and is marked with the code of input symbol, which causes the transition.
For instance, the vertex v4 is marked with two vectors 000/01 where 000 is the code z1 z; z3 of the automaton
state sy and 01 is the code y1 y» of the output symbol in the state s1. Two edges from the vertex vs marked with
00 and 11 correspond to automaton transition to states ss and s under input signals  x: x, and X1 x,.

100/00 100/00

110/11

111/01 110711 111/01

011/10 011/10

Figure 1. State transition graph of Moore’s FSM Figure 2. The best directed cycle of the state
transition graph of FSM of Moore type

The graph G has 14 simple directed cycles whose vertices are enumerated in the second column of the below
shown Table 1. For each cycle, the total toggle count is calculated which consists of the following three values:
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1) the sum of maximum numbers of value changes of internal variables z; 2) the sum of maximum numbers of
value changes of input variables x; and 3) the sum of maximum numbers of value changes of output variables y;
as the result of appropriate automaton transition (third, fourth and fifth columns of Table 1).

Then the average number of toggle counts per an edge for all cycles is computed (the sixth column of Table 1)
which serves as the power estimate of a cycle and allows to range the cycles according to their potentials to be a
candidate to be the test for worst-case power dissipation. In considered case we can choose, for instance, the
following three test sequences corresponding to the best directed simple cycles 8, 6, 7:

1) (212225 X1 X2, X1 X2 X1 X2, X1 Xo);
2) (Z1Z2275 X1 X, X1 X2, X1 X2, X1 X2, X1 X2);

3) (212223 X1 X2, X1 X2, X1 X2, X1 Xo; X1 X2; X1 X2).

The directed cycle 8 (the best candidate for estimating maximal average (sustainable) power consumption) is
shown at the state transition graph (Figure 2).

Table 1. The toggle characteristics of simple directed cycles of the state transition graph

_ Total number of variable toggles
Vertices
state input output | average
1 1,6 2 2 2 3
2 1,56 4 4 4 4
3 1,53,2,6 6 7 6 3.8
4 1,53,4,2,6 |6 4 8 3
5 14,26 4 4 4 4
6 [4,231,6 8 8 6 4.4
7 14,231,56 |10 8 8 4,3
8 14,256 8 6 4 45
9 1,53 4 4 4 4
10 |4,2,53,1,6 |10 8 6 4
11 123 4 2 2 4
12 23,4 4 4 4 4
13 12,53 6 4 2 4
14 12,534 6 4 4 3,5

Conclusion

The task of estimation peak sustainable power for sequential circuit is simplified when its initial automaton
description is known. In this case it is shown how it can find out candidate sequences of input patterns that
ensure energy critical mode of circuit operation. The approach allows avoiding time consuming generation of the
great number of simulated vectors to produce a meaningful power estimate of worst case power consumption.
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NAMATU YNEH-KOPPECMNOHAEHTA HAH BENAPYCH
APKAOWA OMUTPUEBUYA 3AKPEBCKOIO

24 cpeepana 2014 eo00a ywen u3 xusHu Apkadul [mumpuesuy 3akpegckull — 4ieH-
koppecnoHOeHm HAH benapycu, akademuk MexdyHapodHol akademuu UHOpMayUU,
UHGhOPMAUUOHHbIX NPOUECCO8 U MexHomo2ull, AOKMOpP MEXHUYECKUX HayK, npogheccop, 2nagHbil
Hay4Hb Il compydHuk O6beduHeHHo20 uHemumyma npobnem uHgopmamuku HAH Benapycu.

Apkaguit [MuTpreBmy 3akpeBCKMA — TanaHTNWMBEMLUMIA YYEHbIW, BblOaloWwuincs Geropycckuii U COBETCKMIA
knbepHeTUK — cneyuanuct B obnactu NpuUKNagHoN OWCKPETHOM MaTeMaTukW, MHGOPMATUKM W NOrNYeckoro
npoekTupoBaHus. OH CTOAN Y WCTOKOB POXAEHMS KUBEpHETUKW, SBNSETCH OCHOBAaTenem OAHOW W3 CamblX
W3BECTHbIX LUKOM foruMyeckoro npoektupoBaHus B Cosetckom Cowse W B mupe. Ero yxog w3 XusHu —
HEBOCMONHMMas noTeps Ans 6enopycckon Haykw.

A.Ll. 3akpesckuin poguncs 22 mas 1928 r. B JleHuHrpage B cembe cnyxawwmx. lMonyums B KpacHosipckom
PEMECIIEHHOM Y4MnnLLEe CBSI3M Mpodheccuio paguoonepaTopa, OH, HaumHas ¢ 1943 r., Bocemb net pabotan
pagncToOM B M3biCKaTeNbCkux oTpsigax “YKengopnpoekta” B panoHax 3anonspbs, Cubupu, Moronum (Tanmblip,
Wrapka, Hopunbck, p. TypyxaH, a 3atem 3abaitkanbe, Yuta, MoHronus). B 1949 r. B r. YnaH-batope (MoHronms)
COaeT 3KCTEPHOM 3K3aMeHbl 3a Kypc CpefHel WKoSbl W, Nonyyus attectar 3penoctn, B 1951 r. noctynaer Ha
usnyeckuit hakynsteT TOMCKOrO rocyHusepcuteTa. Yepes aBa roga Apkaguit 3akpeBCKWMA MepexoanT Ha
TONbKO YTO OPraHW30BaHHbIA pPagnoduanyecknin akynbTeT U C OTNIMYMEM OKaHYMBAET €ro Mo CreLnanbHOCTH
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“chusnk-paamoanekTpoHuk”. B 1956 r. oH nmocTtynaeT B acnupaHTypy K npocbeccopy B.[. Keccenwxy, Beget
npenogasaTenbCkyto paboTy B yHUBEpcuTeTe, noabupaeT rpynny CTYAEHTOB-3HTY3WAacToB W BMECTE C HUMU
Ha4MHaeT 3aH1MMaTLCA HOBOW (He TONbKO B CTeHax yHuBepcuteTa, Ho M B CCCP) HayKow — knbepHeTuKoN.

Y3HaB, 4T0 B I. [leH3e HaunHaeTcs cepuiHbii Bbinyck OBM Ypan-1, ALl 3akpesckuit B 1957 r. gobuncs
BbldeneHns ee TOMCKOMY TOCYHUBEPCUTETY, a 3aTeM, KPWUTWYECKM OLEHWB 3TO nocregHee [JOCTWXKEeHWe
BbluncnuTensHon TexHuku CCCP, npegnaraeT npoekT OpUrMHanbHOWM BbIMUCAMTENBHOM MalUMHbl C TOW Xe
NPOM3BOAMTENBHOCTBIO, 4TO U Ypan-1 (koTopblii TpeboBan Ans ceoero pasmelleHus 3an B 100 kB.M), HO BCero
Ha 18 Tpurrepax. Mo 3TOMy NpoekTy MOTOM 06y4anocb He OOHO MOKONEHWE CTYAEHTOB-KNOEPHETUKOB W He
TONbKO B TOMCKOM rocyHuBepcuteTe, HO U B CeBacTononbCKoM NpUbOpOCTPOUTENBHOM WMHCTUTYTE. 3aTem
paspabatbiBaeT norudeckoe paclumpenne 9BM Ypan-1 (L-malimHy), Ha HECKOMbKO MOPSAKOB MOBLILLALLEE ee
NPOU3BOAMTENBHOCTb NPW PELLeHU NOTYeckux 3agaud. /srotoBneHne maketa L-MalivHbl NOCAYXWNO TEMOM
AMNIOMHbIX paboT CTYAEHTOB-KNOEPHETUKOB NEPBOrO Bbinycka B TOMCKOM rOCYHUBEPCUTETE.

C 1956 r. Apkaguin 3akpeBCKM MPOBOAMN MCCNEAOBaHWA B 00OMACTM TEXHWYECKUX MPUMOXEHWA NOTUKKM B
Tomckom rocyHusepcuteTe u Cubupckom (PU3NKO-TEXHUYECKOM WHCTUTYTE, PYKOBOAWUS YCTAHOBKOW NEpBOW B
Cubupn OBM VYpan-1 (1958 r.), 3anoxun OCHOBbI KOMMbIOTEPHON AMCKPETHOW MaTematuku, paspabotan
TEXHONOMI0 3KCNEPUMEHTANBHOTO CTATUCTUYECKOrO UCCIIeA0BaHNS anropuTMoB Ha OBM.

B 1960 r. Apkaguin 3aKpeBCKuiA 3aLyMLLAeT AUCCEPTaLMI0 Ha COMCKaHWE YYEeHOM CTeneHn Kanaugata guanko-
MaTeMaTU4eCcknX Hayk Ha Temy “MaTpuyHbIN METOA CUHTE3a peneiibix cxem”. O BBICOKOM YPOBHE AuccepTaLmm
KpacHOPEYMBO CBMAETENLCTBYET TOT (PaKT, YTO €€ NEPBbIM ONNOHEHT A.T.H., npod. A.b. CanoxHukos, 3a4nTaB
CBOW OT3bIB, MPELNOXWN NPUCBOUTL COMCKATENHO CTEMNeHb He kaHaMAaTa, a cpasy — LOKTOpa Hayk.

OueHnB Ha ocHoBe COBCTBEHHOTO OMbITa TPYAOEMKOCTb MPOrPaMMMPOBAHMS 3adady NIOTMYECKOro CUHTE3a B
MalUMHHBIX Kodax, A. 3aKkpeBCKuiA NPUXOAMT K BbIBOAY O HEOBXOAMMOCTYM CO34aHWs creuuaniu3MpoBaHHOMO
3blka NporpammmpoBaHns, u B 1962 r. oH paspabatbiBaeT Jlornyecknin S3bIk 4Ns NPeACTaBNEHNS anropuTMOB
cuHTe3a peneiHblx ycTpoiictB — JIAMAC - nepBblil  OTEYECTBEHHBIA  A3blK  NMPOrPAMMUPOBAHMS,
OPVMEHTUPOBAHHLIN HA PELLIEHWE NIOTMYECKMX 3a[1ay U peann3oBaHHbIi Ha OBM.

/iTorom nnogoTBOPHOW HayyHOM AesdTenbHocTM A, 3akpeBCKOro sBMnacb €ro nepsasi MoHorpadms
“Anroputmmndeckuit a3bik JIAMAC 1 aBTOMaTM3aUmMs CMHTE3a AUCKPETHBIX aBToMaToB” (1966 r.), No KOTOPOW OH B
1967 r. sawmwaetr B WHctutyTe aeTomatuku u Tenemexanukn AH CCCP (r. Mockea) guccepraumio Ha
COMCKAHME YYEHOW CTEMEHW [OKTOpa TexHWdeckux Hayk. Ons sa3bika JIAMAC 6binu paspaboTaHbl CUCTEMBI
nporpaMMmUpoBaHmns Ans pasHbix TMNoB OBM, KOTopble HaL LUMPOKOE MPUMEHEHWE BO MHOTUX OpraHu3auusix
CCCP, a Takxe 3a pybexom: B Monbwwe, Frepmanum (TP 1 OPT), Yexocnosakuu, KOrocnasum, CLUA. VHTepec K
a3biky JIAMAC 3a py6exom Obin Bbi3BaH NOSIBNEHNEM NEPEBOAA HA aHMMNACKMI A3blk COOPHIKA HayYHbIX CTaTen
c onucaHuem sa3blka JIAMNAC 1 anropuTMOB CUHTE3a AUCKPETHBIX aBTOMATOB, MPEACTABMNEHHbIX HA 3TOM Si3bIKe,
- «LYaPAS, A Programming Language for Logic and Coding Algorithms» (Ed. by M. Gavrilov and A. Zakrevskij),
ACM Monograph Series, New York, London, 1969.

B 1959-1971 rr. A.l. 3aKpeBCKUA — aCCUCTEHT, CTapLINA HayYHbIA COTPYOHWK, 3aBeaytolmin nabopatopuen
CYETHO-peLLarLLyX YCTPONCTB CMBMPCKOrO (hN3NKO-TEXHUYECKOrO MHCTUTYTA, a 3aTeM Npodeccop, 3aBeayHoLL il
kadpeapo MaTemMaTUYeckod NOTMKW U MPOrpaMMMpOBaHUsi, KoTopas Obina WM OpraHu3oBaHHa Ha
paguouanyeckom akynbtete Tomckoro rocyHmsepcuteta. B 1971 r. oH nybnukyeT LWMPOKO M3BECTHYIO B
CCCP  cbyHpameHTanbHylo MoHorpadmio  «ANropuTMbl  CUMHTE3a  AUCKPETHbIX aBTomatoB». [log ero
pykoBogcTBOM co3gaetcs nepeas B CCCP cuctema aBTOMaTUYECKOr0 CHUHTE3a AWCKPETHbIX aBTOMATOB,
npuHsTast komucenen no knbepHeTuke npu Mpesuanyme AH CCCP u skcnnyaTtupoBaBLuascs B 1970-1980-e rr.
Ha MHOMMX NPEAnpUATUSX MUHUCTEPCTB SNEKTPOHHOM MPOMBILLNEHHOCT W PaaMoanekTpoHukW. Tak 6bino
MOMOXEHO Hayvano LUMPOKOMY (OPOHTY MCCEedoBaHWA B 06MacTu KOMMBIOTEPHOA OUCKPETHOW MaTeMaTuk |
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NOTMYECKOro NPOEKTUPOBAHWNS AWUCKPETHBIX YCTPOCTB W CUCTEM. TN UCCNEaoBaHUs OpraHMYeckm BIUMWUCH B
npobnematuky M3BeCTHOM B TO Bpems wWwkonbl M.A. [aBpunoBa Mo TEOPUM PENENHBIX CXEM U KOHEYHbIX
aBTOMATOB, NEPBOE 3acefaHne KOTOPOW cocTosnock B Mapte 1964 B Tomcke, a BTopoe (B Komaposo, B6nnau
Nenunrpaga) 6bino uenukom nocesweHo JIAMACYy.

B 1971 r. Apkaguit OMuTpueBud C rpynnon COTPYOHWKOB nepeedxaeT B MuHCK W opraHusyeT B WHCTUTYTE
TexHuveckon knbepHetukn AH BECCP nabopaTopuio CUCTEMHOTO MPOrpamMMMPOBaHUS M NOMMYECKOro CUHTE3a,
BMOCNEACTBUM MEPENMEHOBaHHY0 B nabopaToputo NOrMyeckoro NpoekTupoBaHus. B 1972 r. oH u3bupaetca
uneHom-koppecnoHaeHtom AH BCCP. Bonee pasaguatn net AJl. 3akpeBCkun SBRSNCS 3aBEOyHOLLMM
OpraHu3oBaHHoM MM nabopaTopuy, Nepeaas 3aTeM ynpasfieHne nabopaTopuen CBOEMY YYEHWKY, OCTaBasiCb
rMaBHbIM Hay4HbIM COTPYAHWMKOM M Hay4HbIM PYKOBOAMUTENIEM MHOXECTBA Hay4HbIX U HAYYHO-TEXHUYECKNX TEM U
MPOEKTOB.

XapakTepHON uYepToit HayyHoro TBopyectBa A.J. 3aKpeBCKOro SBMSETCS COYETaHWe LUMpOTbl OXBaTa
paccmaTtpuBaemMblx npobnem (BMAOTb 4O MOWCKA aHanoruin B COCEAHMX 06racTsx) co CTPOrocTbto U rny6uHom
nccnenoBaHus (C NMpeanioXeHUsMW MPaKTUYeckn SQEEKTUBHLIX METOZOB WX peLUeHWs, [OBedEeHHbIX [0
anropuTMMYECKOi, a 3a4acTylo W nporpaMMHon peanusauim). OTNNYMTENBHON OCOBEHHOCTBLIO HAaY4YHOW LUKOIbI
Apkagus 3aKpeBCKOro CTano pasBuTME FOTMKO-KOMOMHATOPHOTO NOAXoda, OCHOBAHHOTO Ha (hOpMyNMpOBKe
3afjay NpOEKTUPOBaHMS B BWAE ONMTUMMU3ALMOHHBIX NOrMKO-KOMOMHATOPHBIX 3aday Ha (YHKUMOHAMbHbIX 1
CTPYKTYPHbIX MOZensix o6bekToB NPOEKTUPOBaHMS. Takoi noaxod MO3BOMWN Pa3BUTb TEOPETUYECKNE OCHOBbI
KMOEpHETUKM B CaMblX pasHblx obnactax. TpygHO nepevncnuTb Bce, 4To ObINo caenaHo Apkaguem
OMuTpreBmnyeM, NOITOMY OrpaHNYMMCS NULLb KPaTKUM NEPeYHEM OCHOBHbIX HanpaBneHnin KGepHETUK, TAe OH
ocTasun Haubonee rnybokun cnes;

1. Jloaudeckas meopusi AuckpemHbIx ycmpolcme (MpUMEHEHWE MOMEXOYCTOMYMBOTO KoAda XeMMUHra K
CUHTE3y HAZEXHbIX NOMMYECKUX CXEM; BU3yanbHO-MATPUYHbIA METOA MWUHUMU3ALMM OYneBbiX (yHKUWA;
annapaTt MaTpuuHbIX NIOTUYECKUX YpaBHEHWI [N PeleHWs 3aday aHammsa, CUHTesa W AMarHOCTUKM
HeWCnpaBHOCTEN NPOrpaMMUPYEMbIX NIOTMYECKUX MaTPUL,; 3DEKTUBHBIE METOAbI 4EKOMNO3nLMKM ByneBbIX
(OYHKUMA W OUCKPETHbIX aBTOMATOB, KOAMPOBAHWS BHYTPEHHUX COCTOSIHUIA CUMHXPOHHOMO WM aCUHXPOHHOMO
astomatos). A.Jl. 3akpeBckuM Obil NPEANOXKEH MAaTPUYHBIA annapar Ans forMyeckoro aHanuaa, cuHTe3a u
AMarHoCTUKN OUCKPETHBIX YCTPONCTB Ha Base nporpamMMupyeMbiX NMOrUYECKUX MaTpul, pes3ynbTaTbl 3TUX
1CcCregoBaHUi NPeaCTaBeHbl B ero MOHorpadum «Jlornyecknin cuHTe3 kackagHeix cxemy (M.: duamatnur,
1980).

2. Asmomamu3ayusi npoepamMmMuposaHus o2udeckux 3aday (s3blk U cuctembl nporpammuposanms JIAMAC,
9(hPeKTUBHbIE ANS PELLEHNS NTOTUKO-KOMOMHATOPHBIX 3aay W HalleaLWwne WNPOKOE NPYMEHEHNE BO MHOMMX
OpraHu3aLymsx cTpaHbl v 3a pybexom: B MNonbuwe, AP, Yexocnosakuu, KOrocnasuu, P, CLLA).

3. Asmomamu3ayusi 1102U4ecKko20 npoekmuposaHusi (3hPEKTUBHLIE METOAbI MUHUMM3ALMM U peanu3aumm
NOMHOCTbI0 M cnabo onpeaeneHHbiX 6yneBbiX (YHKUMA MHOMMX MNEpPeMEHHbIX, MWHUMU3ALWM CUCTEM
OyneBbiX dyHKUMIA B knmacce monuHomoB XerankuHa u Puga — Mannepa, mMeTogsl peanusauun cuctem
MHOTO3HaYHbIX YaCTUYHBIX (DYHKLMA NONSAPU30BaHHBIMKU NonMHoMamu Puga — Mannepa, aMarHocTupoBaHus
KOHCTaHTHbIX HeucnpaBHocTell B EXOR-cxemax, a Takke psii CUCTEM aBTOMATW3MPOBAHHOMO NOMMYECKOro
NPOEKTUPOBaHMs, BHeApeHHbIX B nponseoacteo (LKB «Anmas» (Mocksa), HIMGBM, HINO «MHTerpany u
np.).

4. Jloazuyeckue OCHOBbI UHMeENEKMyanbHbIX cucmeM (MEeTodbl pelleHns GOMblNX CUCTEM NOMUYECKMX
YPaBHEHWN, NUHENHBIX U HEMWHERHbIX; METOAbl HAXOXOEHWS KpaTyalluMX PeLLeHWin HeonpeaeneHHbIX
HECOBMECTUMbIX CUCTEM TWHENHbIX MOTMYEeCKUX ypaBHEHWW; 0600LleHne MeTogoB Teopun Oynesbix
(OYHKUMA Ha KOHEYHble MpeauKaTbl; MEeToAbl MHOYKTMBHOTO M AEAYKTUBHOMO BbIBOAA B MPUMOXEHUN K
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pacnosHaBaHMio 06pa3oB B MPOCTPAHCTBAX OMHApHBIX W KOHEYHO3HAYHbIX MPU3HAKOB, BbISBNEHNS
MMNINKATVBHBIX ~ 3aKOHOMEPHOCTE B 3TUX MPOCTPAHCTBAX; 3KCMEPTHble CUCTEMbI  JIOTUYECKOTO
pacrno3HaBaHus 06pa3oB).

5. Asmomamusayusi npoeKkmuposaHusi CucmeM J102U4ecK020 ynpasneHus (A3blK OMUCaHWA napanmnernbHbIX
anropuTMoB norudeckoro ynpasneHus MPAJTY; metogbl BepuduKaLum, MOLENUPOBaHUS U peanusaumuu
napannenbHbIX anropuTMOB; MOHATUS MapanfienbHOro W CeKBEHLMANbHOr0 aBTOMATOB W OCHOBaHHbIE Ha
HWX METOAbl CMHTE3a YCTPOWCTB MOTrMYECKOr0 YMpaBReHUs; MeToAbl KOMMO3UUMM U AEKOMMO3ULMN
napannenbHbIX aBTOMATOB M OnucaHnin Ha a3bike MPATTY).

6. KombuHamopHble 3adayu AuckpemHol Mamemamuku (TEXHWKA BbIYMCTEHMIA B GyneBOM MPOCTPaHCTBE;
KOMOMHATOPHBIN ©a3nc NOrMYECKOr0 MPOEKTUPOBAHUS — KOMMAEKC 3Q@EKTUBHbIX METOAOB W NpOrpamm
PELLeHNs KOMOWHATOPHbIX 3ajady Hag NorMyeckUMW maTpuuamu U rpadamu, UMEKLLMX MHOXECTBO
NOMe3HbIX NPaKTUYECKUX MHTEPNpPEeTaLWin; TEXHMKA BbIYUCTIEHUIA B MPOCTPAHCTBE KOHEYHbIX MPEeAMKaToB,
METOAbl MX MUHUMM3ALMM 1 AEKOMNO3NLIUK; BbICOKOI(PMEKTUBHBIE METOAbI PELUEHUS CUCTEM NOMNYECKNX
YPaBHEHWIA).

PesynbTathl TeopeTuyeckux uccnegosanuii ALl 3akpeBCKOro nernm B 0CHOBY psiga NporpaMMHbIX KOMMAEKCOB
aBTOMaTM3aUMW  pELLeHUs  MOMMKO-KOMOMHATOPHBIX  3adadv:  MOMMYECKOro MPOEKTUPOBAHWS  AWCKPETHbIX
ynpasnswowwmx ycrtponcts B 6asuce CBUC, nporpamMmHOA M annapaTHOM peanu3auun napannenbHbIX
anropuTMOB YNpaBreHUs 1 3KCNIePTHOM CUCTEMbI OrMYECKOro pacrno3HaBaHus.

Apkaguin [IMUTpUEBWY, CTOSIBLUMIA y UCTOKOB poxaeHus knbepHeTukn B CoeTckom Col03e, CBOK HayuqHYHO
JeATEeNbHOCTb YCMELHO codeTan ¢ negarornyeckon. OH umMTanm Kypcbl Mekuuin coBCTBEHHOM paspaboTku no
MaTeMaTN4ecKon noruke, AUCKPETHON MaTeMaThke, TEOPUN BEPOSITHOCTEN, TEOpPUM aBTOMATOB, TEOpPUM rPadoB,
Teopum GyneBbIX YHKUMIA, NPOrPaMMUPOBAHMIO, METO4AM FIOrMYECKOro NPOEKTPOBaHMs 1 gp. B TIY (Tomck),
Bry u BI'YUP (MuHck). Co3gaHHasi MM HayyHas LUKOMA JIOTMMECKOTO MPOEKTMPOBAHMS MepBOHAYanbHO
3apogunacb B ToMmcke, a 3aTem cTana gencteoBatb B MuHcke, CeBactonone v KuwwmHese. Ero pabotbl 6binu
M3BECTHbI HE TOMNbKO B cTpaHax ObiBwero CCCP, Ho 1 3a pybexom, OH PyKOBOAMM U BXOAMM B NPOrpamMmHble 1
OpraHu3aLMoHHbIE KOMUTETbI MHOTUX MEXAYHAPOAHBIX KOH(EepeHLMIA 1 CUMMNO3MYMOB.

TanaHTnvBbIA opraHu3aTop w pykosoguTens, AJl. 3akpeBckuii nogrotoun 34 kaHguaaTta v BOCEMb LOKTOPOB
TEXHWUYECKMX U (OU3MKO-MaTEMATUYECKMX HAYK. OH Bbin HEU3MEHHbLIM PYKOBOANTENEM NOCTOSHHO AENCTBYIOLLErO
Hay4yHoro cemuHapa OUMW HAH Benapycu no noruyeckoMy npoeKTUPOBAHWIO 1 BOCMUTLIBAN CBOMX YYEHUKOB
NIMYHBIM MPUMEPOM U TILATENbHBIM PELIEH3MPOBAHNEM BCEX CTATEMN, UM HAMMUCAHHBIX.

PesynbTathl HayuHbIX nccnegosanuin Al 3akpeBckoro npeacTaeneHbl 6onee yem B 540 HayyHbIx nyBnmkaumsx,
B TOM yucnie B 26 moHorpadmsx (7 u3 HUX — B AanbHem 3apybexbe), MoMyumBLLMX LUMPOKYH W3BECTHOCTb B
cTpaHe u 3a pybexom. OH sBnsAncs ogHUM 13 aBTopoB kHurk “Hayka benapycu B XX ctonetum (2001 r.)". Mog
€ro Hay4HoW pegakumen 6bino nagaHo donee 50 MoHorpaduii U HayYHbIX XYPHANOB, EXErogHbIX COOPHMKOB
TPYZOB MO NOrMYECKOMy MPOEKTUPOBaHMI0 U nporpammupoBanuio (1975 — 2001 rr.), matepuarnoB Hay4Ho-
TEXHUYeCKuX koHgepeHumir (1975 — 1995 rr). Okono 30 cTaTen 1 3aMeTOK BbINO N3AAHO O €r0 XW3HU W HAY4HOM
[esTenbHOCTU.

HayuHyto paboty Apkaguii IMUTPUEBKY YCMELHO COBMELLAn C Hay4YHO-OPraHW3aLMOHHON: SBMANCS YNEeHOM
coBeToB No 3awute aucceptaumn B OUMU HAH Benapycu, BI'Y, WHcTuTyTa anektpoHuku flateuitckon AH
(1980-1990); uneHom YueHoro u HayuHoro cosetos QUMW HAH Benapycy; uneHoM peakonneruin xypHanos
“International Journal on Information Theories and Applications” (Cocpus, Bonrapus), “YnpaensioLiue CUcTeMbl n
mawwuHbl” (Kues, YkpauHa), “UHcopmatuka” (OUMN HAH Benapycu, MuHck), cbopHuka “Mpobnemsl 3awuTsl
nHcpopmaumn” (Bry, Muxck). AJl. 3akpeBckuin SBASNCH YYACTHUKOM BaXHENLMX HAy4YHO-OPraHuU3aLMOHHbIX
MeponpusTin u cobbituin B WHcTuTyTe M HAH Benapych, CBSi3aHHbIX C pa3BWUTWEM, HanpaBneHUsMU W
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MOBbILIEHNEM PE3YNbTAaTUBHOCTU HayYHbIX WCCMedoBaHUI; npeaceaaTenemM nogkoMUCCUMM Mo aBToMaTU3aLuu
NOTMYECKOro NPOEKTUPOBaHNS npu coseTe no kubepHetuke Mpesmauyma AH CCCP (1970- 1990 rr.). 3a HayyHo-
OpraHusauuoHHyto geatensHoctb A.[l. 3akpeBckui HarpaxaeH Meganamu, MoyeTHeIMK rpamoTamu BepxoBHOro
Coseta BCCP (1978, 1988 rr.).

Apkaguit  [IMATpUEBMY 3aNOMHUTCA MHOTUM HE TOMbKO KaK BbIAAKOLMACA YYEHbIA, HO W Kak OMbITHbINA
OpraHu3aTop TYPWUCTCKMX MeponpusaTuii (BO BPEMS MPOBEAEHUS LIKOM-CEMUHAPOB), MELUMX W MbDKHbIX
OOHOLOHEBHbIX NMOXOA0B B OKPECTHOCTSAX I. Tomcka M MuHCka, pyKOBOAWTENb MHOTOAHEBHbBIX FOPHBIX W MELUMX
noxogos (TaHb-WaHb, Antan, Mpubaiikanse, benapych), 3asanbIn Aa4HWK, KOTOPbIM Ha CBOEN “thaseHae” Bce
caenan CBOMMM pyKamu.

Bca xu3Hb Apkaaus Omutpuesuya bbina cBs3aHa ¢ Haykon W Bbina et nocBsLleHa, OH TBOpPUN A0 NOCNEAHEro
OHs cBoen xu3Hn: B 2013 . B usgatensctee TUT Press um 6bina onybnukoBaHa MOHOrpagvst Ha aHrnmuinckom
A3blke, FOTOBMINACH K NeYaTy crieaytolas MoHorpadus, 6bin nogaH Aoknag Ha KoHGepeHLUmio. ..

A.l. 3aKpeBCKMM 3acryxun npusHaHWEe W aBTOPUTET He TOMbKO Kak BblOAOWMACS uccnenoBaTenb U
pYKOBOAWUTENb, HO W KaK YECTHbIA, CMpaBea/MBbIA M NpUHUMNManbHbIA YenoBek. OH 6bin  HageneH
(heHOMEHaNbHbIM  TanaHTOM MOABOAMTL TEOPETMYeCKyld 0a3y M HaxoguTb aneraHTHble pelleHns Ans
CMNOXHEMLUMX 3a0a4 AUCKPETHON MaTEMaTUKK, MHCOPMATUKW 1 NPOEKTUPOBAHMS AUCKPETHbIX YCTPOICTB. Ecnun
K€ FOBOPUTb O rPaHsX ero xapaktepa, TO FMaBHbIMU U3 HUX SBNAKOTCA TPydoniobue; YBNEYEHHOCTb Hay4HbIM
MOMCKOM; CTPEMNEHMe [OBECTU (hyHOAMeHTamnbHble MCCnegoBaHWsl [0 WX BOMMOWEHUS B MpaKTUKe
NPOEKTUPOBAHMS; TBEPAOCTb N BECKOMMNPOMUCCHOCTb. TanaHT U HeYCTaHHbIA TPYA — UCTOKW ero JOCTUXEHUA 1
BEMNMYMS KaK y4eHOro u yernoseka ¢ 6onbLion Byksbl. B cepauax yyeHUKoB 1 ero nocrnegosatenen B obnactu
IOrMYeCcKOro NPOEKTMPOBaHNS HaBcerga ocTaHeTcs bnarogapHas namsTs 06 Apkagun Omutpuesnye — Yuntene
v liugepe.

[1.H. buburo, 11.[]. YepemucuHosa

Cnucok moHorpachmin Apkagua [mutpueBuya 3akpeBcKOro

1. Anroputmmnyeckui a3bik JIAMAC 1 aBTomMaTM3aums CUHTE3a AUCKPETHBIX aBTOMAToB. ToMck,1966;

2. LYaPAS: A programming language for logic and coding algorithms. Academic Press, N.-Y., L., 1969 (with M. A. Gavrilov);
3. AnropuTMbl CUHTE3a ANCKpeTHbIX aBTomaTos. M.: Hayka, 1971, 512 ¢.;

4. Nlornyeckue ypaBHeHus. MH.: Hayka u TexHuka, 1975, 96 c.;
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