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РА ІОЕ Е РО І А 
А Е Е О І А І  

 
РА О Е РО А 
 Е Е О А  

 
RADIO ELECTRONICS 

AND TELECOMMUNICATIONS  
УДК 621.391+004.7  

Е О  ОР ВА  С А СІВ Ь СЕРВІС О  А ОВО  
ЕРЕ І О І Ь ОГО В’  

 
С і а С. В. – а и  а и і а і - і а і и   На і а ь  і  і-

в и  У а и «Ки в ь и  і і и  і и  і і І я і ь », Ки в, У а а.  
А О А І  

А а ь і ь. Зі а я  ’є  а і  і ь и  а и  а и а ві ів, я і а а ь я і ь  , 
а ь і и в  ава а я,  ви и ає   і і и и ів,  а ів а і а і  -
в ва я і а і и  ів   а я а а  я і а а я ши  а  и  а 
і  ив и  . ва  а ш а ва і а а и і  і и  ви  а и а і іє а 

ви и а я і и  ів і а я и  ви и а я  і  ві а і а і  а і  в  
а и ,  в яє а и ви і і і а ві ві ів, а в и и ві а і а і  ви  -
і . У ь  і в и  а ишає ь я и а я, я а і ь і ь ви  а ів  і ь   и  а а  
а ва я а а и і а я і  і а ь і. 

а. і ви я ив і и і ь  і а  и а ь  ва я а ів ь ві- і в’я . 
. А а і  і а і , и вя и  ві а і а і  ви  і , ав  вияви и і і   а і а і  ви -

и а я ів ь и ві  і ь  і, а а  а ав а  ив і ь і и  іш ь  ва -
иви  и а ь ь   ( ив і а и  ва я а ів, ів я і а ь и  ви а ). 
Р з ь а и. є ь я  ва я и и і  ів і,  а ає ва я -

ви  ви і и  а ів, я і в ь ви а і ви и ві ів а  а і ь і  і а і. 
Ви в и. У а і ви іш  ав а я ви  ва я а ів ь ві  а в  і і ь  

в’я , я и  ав я и ив  и а і  а аш ва  і а і  и и и, в яє а и и а а я 
ши  а ві ів  а а и и а и а и я і. ва  ь и и а і а і  ів, а  я  

ав  , я и  в а в є ви а и, в’я а і  а і и  ви і я  ів, а а  ш є і ь і ь а-
ів і а і  і,  в яє я а и а і а ь  івві ш я а а  а ав і я а і в  а-
я я і в ва я. 
ЮЧОВІ С ОВА: Network Functions Virtualization, ав і я а и, ви  а и , ви і а а, Evolved Packet Core. 

 
А РЕВІА Р  CAPEX – Capital Expenditure; eNB – Evolved Node B; EPC – Evolved Packet Core; HSPA – High Speed Packet Access; HSS – Home Subscriber Server; LTE – Long-Term Evolution; M2M – Machine-to-Machine; MME – Mobility Management Entity; NFV – Network Functions Virtualization; NGMN – Next Generation Mobile Networks Alliance; OPEX – Operating Expense; PGW – Public data network Gateway; SDN – Software-Defined Networking; SGW – Serving Gateway; SMF – Service-slice Mapping Function; UE – User Equipment. 

 
О Е А РА 

pNS
k – и а ив і ь а  k; 

pS
j – ви и ив і ві  j; 

rth – в  а я ві и  і а ь и  
ви а ; 

rwk – ві і і а ь і ви а и а  k; 
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sk – а і  ві ів а  k; 
th – в  а я і а ь и  ви а ; 
wk – і а ь і ви а и а  k. 

 
ВС  

У а  і ь  в’я  і ає ь я 
а  а я а і ,  в’я а  і і ьш -
я  ви и а я а ів, и і ва і  а і ши и а а и. а і і а-
і і и и ь я я  а і і, я і -

ь і і и и и в, ’є а и  в є и и  , а ь в ва  в и и  ів ава -
а я а в и  і ь і ’є а ь [1]. К і  , 

я ви а и а і а і  а  а а  42% ви   LTE, ів и і а а  в’я  HSPA [2].  а а  а и . 1, і а і і ві и ь 
а ава и я ві и и а и [3]. а і -
в вв я в і ь и  і а і и  -
ія  а і ь и  і а а  и ь в -

я і и  ві ів і  ши и  іа а  ви   а и и, і ь і а а і і  і -
ши  [4]. 
В а и  а  і ь і і а а ь в в  
и  а а і а и   а і  Evolved Packet Core (EPC). EPC –  а і а -

в і  IP і, я а в є в і ві и а і і 
и и и ва ь и ь  а а я (UE), а і я  
а и а и  і аши  в ає і  M2M.  
На ь іш і  ь ви и ає і і ь  -
і ви  і ів  а і а і  а а я ві ів, 

я і ь а ва и а ва і ь ві ві   ви  і ви  и ва ів а и ів ві ів. 
О ’є  і я є  ви і-
а і  і. 

 і я є і а и -
ва я а ів ш я  ва я ві ів  і -
и и а а и и а и. 

ю и є і ви я ив і и 
і ь  і а  и а ь  -

ва я а ів ь ві  і в’я .  
1 ОС А ОВ А А АЧІ EPC   ви и а я  а і  

і  « я ь-я  ви а » я і и и в і  
и ів а і , я і я ь я а а і  -
а и а в  і, а и и я  SGW а PGW [4]. 
Ц а і ва а і ва а а і а, а і ь, 
а и і ь є а а и, я і и ь ви  -
і ь и  . К і  , и а і  а є а і-
і ь і а ь і. На и а , MME ви и -
в є ь я в и і я ав і я і ь і  и-
ва а в EPC, а   в  а а я и ва а (UE) є і и и і ь і ( а и а , 
и і аши  в ає і  M2M а ь і ва- а і  я я  а а і  

і ). и ь  ви и ви  и ь -
і і ь  шви  а  а і ви  
і а і и  ві ів. К і  , я  я ава-
а я а  і є ь я. Т  ві ві   
і ь [5]  80% и ва ь  і 

а ви  а і  і  ви и і а в  
і є ви и а и и. Ц  и в и ь  и ь - ви и а я ів, а а   ви  ів я 
ива я і ,  и ь і  -

ив і ь і я а ів в’я . 
Та и  и , ає а а а ви і ь  
і і а і  і и ва и і а і і ві-

и  а я  а а и  ви   в ва я, 
ив  ви и в и і і и а-

а в’я . Ви і и и а и и ь ви а и 
ви и  ив і ві  j, я і а а ь я я  
pS

j=[pS
j,1, pS

j,2,…, pS
j,l],  l ав яє  і ь і ь 

и и  а а ів ив і. В ь а і 
і  и а и і ь і ь ви і и   |k| а l 

а а ів   и  а ,  і і і ва и в а и 
ів а а а а а і і ви а и. 

 
2 ОГ  І ЕРА Р  

Н і и  Р  а і ва и а -
и  и  [4]: 1) А і а и и. 
В а  є і а , і ив  я і и -

и в и  і а і я ві ів ( ив   в -
и и ви а и)  і ь. 2) а а ів. 

а и а и  і ь  я ь я а а ь а 
а и і,  я а ь я в і ь і  
і (ві  eNB, SGW  PGW). Ба а   и  -

ів ь я в і и  і а ь и  а .  
а і чи я 

і и а ь  і а і я ві ів 
М і и / і  

і а і  а ва я 
ен р ; р з н  і  … 

Т а и і і и 
і ь  в’я  

те е нія; SMS … Ви ви иви   
і а ена хір р ія; 

п нена реа ьні ть …  
Ри  1 – ві и в   а і  і ь  
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3) а  а а. 

і  і а і а и и ва ів і и ь я в 
і ь  ви  а . 4) Ча  я ви  а и . 
Т а и і а а EPC ає в и  а  -

а я  и  а я а а я. 5) Ва і ь. 
Ви і а і а ь і а а і і ви а и (CAPEX і OPEX). 
Д я ви іш я и   є ь я а -
в ва и і  ві а і а і  [6]. 
Ві а і а ія М ви  Ф і  NFV и є ь-

я в а а  и і а і  Єв ь  і и  
а а ів і а і  (ETSI). и и  NFV [7], 
я ва и  а в я ви  а і  

ш я  в ва я ви  і  в а- а і,   а ва и а а а -
і  а а а і  а і. М ва ія є -
і а ь и   в а  в  і а -
и, я а ає і  ви а і в іш і і и і і - ви а  і а ь  в і . и а а и 

ви  і  є и в і я а LTE EPC, а и а  MME, HSS і . . Та и  и , ві -
а і ва а ва ія є а і а іє  в  

і , я а а а ві а ь и  а , а-
и  я  ві а ь и   а а ’я ь ві а ь  
аши и. NFV і  в’я а а  і ши и ви и ія-
и, а и и я  SDN [8]. SDN –  ва -
ія, я а ві є и  ав і я ві  и -
аш ва  и и а и  і ’є є і  
ав і я в і  а і ва  і. 
З  а в я ши   ви  в  5G, і і і а і і а і а і  а -
ь а  ви а а и и и а я и. На и а , NGMN ви и в є я я « ви  а ів», 

я і в а в ь ви і і ві а ь і і а -
ві ві ів, а в и и ві а і а і  -
ви  і  NFV  ви и а я  а ів а SDN ( и . 2) [9]. 
а и  і в яє ва и ( ав я и 
ві  а і і) а і і 5G,  -
ь і і а а и и и а ш а ва і а 
і, а и  и , і и и і а і і 

а і  в ва я а и. М ви  а   и ви а и  я  і  і ь ва а а, 
я а в ає в  и  5G, а а  ві 

і  , а ва я а я а [10]. 
К ія а и   и іє   -

ви  а а и и  і 5G; а , и і-
а ь и  ,  ви і я ь я  а , 

є ив и и а і ь ва и и. Та и  и , а -
і а « а - а- ві », я а ви і яє и а -
ів  ві  я а я ви   -
ив і, и в   в а и ви аш  ь и -
ва я. К і  , а и ви і в ва и 

а ва и в и  і ь і  а ів я і и  
ві ів,  а а і і ви а и і ьша ь я. 
ив и   ш я а и  а а-

і и  ви а  є в я а ів,  а  
а і і є ь я а і и и ви и 

ви а и, и  а и  ш є ь я а а ь а і ь і ь 
а ів [9]. Та и  и , в и  а ишає ь я и-
а я, я   а а  и а ь а і ь і ь 

ви  а ів. Х а і ьша  і ь і ь  
и в и  в и и  а а  а ва я а -
в ва я а ів,  і ш  , я і ь-
і а   в и и в ь  і   и  
і а ь і [4]. 

 
WiMAX 

   
2G/3G/4G/5G 

  -
  xDSL/ 

ь  
    

 /  
 я  

  
    

   
Ри  2 – М ві а и 5G,  а ь а і ь і  ь и-в і  і. К  а  є ь я а  а 

ві ві ає і  а а і [11] 
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У а і  і а  і і  « а - а-» а  ва я ві ів  а и. -
и  а ва   ви а ь и -

и и, и а і  [9], а  а и  а і  
в а ва я ви а  ив і в ив ши-
и і ь і ь а ів и а ь  і ь і -

ви  а ів а ши и ви а и ів. 3 А ЕРІА  І Е О  
ва и   ві а я ві ів а 

а и, а а и  а и . 3. 
М  а ає ь я  а и  и ь  ів. 1. ві яє ь я и ві  є і ь ва  
а .   а , є ь я ви і и  а .  

 

я -  
• ь    ( ,  ь, ) 
• SLA ( ь ь ,  , ) 

  
?

1.      ь  
 я k  

2.     ь   

Ф .   j 
  th? j=1

j=j+1

 
  

я  Ф  я 
 

є ь я 
  SLA

К ь     j

   j 
  r th?  

  j 
j>k

 Н

Н

Н  
Н  

Ри  3 – Ві а я ві ів а а и    
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2.  ві  в яє ’є а я  і ши и -

ві а и, и ь я « і а ь і в а и» (wk)  а . К  а  є ь я я  
Nk(sk,pNS

k)(k=1,2… n), sk яв яє  а і  mk⊂M -
ві ів,  і ь я  а і k ( а и а , 
M={ в  ві , а а -
в’я,...}). pNS

k ав яє и  ив і ь 
а ,  а ає ь я  і ь  а а ів ( а-
и а , а и и,  а і а і ь і UE). , pNS

k=[pNS
k,1, pNS

k,2,…, pNS
k,l] а l ав яє  і ь і ь и и  а а ів 

ив і. У а і ви и ив і 
ві  j а а ь я я  pS

j=[pS
j,1, pS

j,2,…, pS
j,l]. 

А и  і  ві а я ві ів а а и (Service-slice Mapping Function – SMF) и є wk а  а і я   
∑ == l

i ikk ww 1 , , (1)
S

jk
NS

ikik ppw ,,, −= . (2)  ив і ь а  ві і яє ь я ві  ви-  ив і ві , SMF и є і и- і  и  а а  я  « - і а ь і 
в а и wk,i». 3. З а я wk в і  а ів ь я. Т і і і-
а ь  wk ів є ь я  а а и   th.  
в  ви є th, SMF в є ви  а  я 
ві ; в і ш  ви а , и ь я ві і 

в а и rwk, и а и,  SMF і ає ві  в 
а і k.  

∑ == l
i ikk rwrw 1 , , (3)

S
ig

NS
ik

g
ik pprw ,,, max −= . (4) 4. rwk ів є ь я  а а і ь ви а и  - rth.  в  ви є rth, SMF в є  3 я а  а   ві ва  а -

і; в і ш  ви а , SMF і ає ві  в а і k.   і  а ів  а в ь яє а и  th а  
rth, в є ь я ви  а .  SMF  в є ви  а  я ві , і-
я , я  ви а  ві ві и  а  я ві , SMF и є і  і ь і ь а ви  -
ів а ві і а і   а і  ві , і ь і 
а ів, ша  а і  ві  і ви аш  а и -
и  ь и ва я а . і  SMF а а-
є и і ва я а в и і ьши и -
и а  ві ві   ь а  а .  EPC ає th ів и  і і,  в і 
ві и ь и ь я в и  а  і і ьш -
ь я і а ь і в а и, і я  а і а 
а - а- ві , я а ви і яє и  а  я - ві , ає th ів и  . 

М  а а є, , я  ив і ь а  
і ьш є ь я, і а ь і в а и ві ів  -

ви а ь ві а я. 
Д я ,  а и и а ь  а і а і  
а ів і ь  в и и я а и  я 
і ь  і и  ви  а ь і а ь и  
в а  а ів я и  и ва и  ви аш   ’є а  ві ів  и а а а і и  ви-
а а . і я  ів я и иві ва іа и -
ва я а ів і а и а і ьш ив и . Ф -
ія ви аш  ь и ва я f1(mk) ви и в -

є ь я я і ь і  і и ва я ві ів. -
а а і і ви а и яв я ь  і  f2(n) 

а і а ь и  а а і и  ви а . Та и  и , я 
і и  th и є ь я а, а и а  а и ив а  
ва ви и і іє а и u1, u2, u3:  

U=u1wk+ u2f1(mk)+u3f2(n),  
а и ає ь я и а ь и  ва іа  а і а і  и -
и а ів. 
і я , я  а и ва і ві ває ь я 

а  и а ь  ви а ві а я ві а і-
ва и  ви  а ів а и аш ва  і-
и  і а   а ва я  і -
ів, і ив і ава а я а ви  я і.  

4 Е С ЕР Е  
ва и  а и  ві а я ві ів а 

а и  ь ва  а і   а  
а і Mathcad, а а  ви а  в ає в’я  і  

ви и а я и а і а ь и и в а а-
и я 24 ві ів  и а а а а и ви   

ив і и и. а а и ві ів -
ва и ь ви а ви  и  ів і  і и и 
и а и. 
Б и ви и а і и ви  а я: и , 

ва, і и. Д я ів я я ва   ві-
а я ві ів а а и и і і ви а -

и   EPC (  ви а  і  а, - ь-я и  и  ві ів  и і и   
а і EPC) а а і а ві - а- а  (  ви а  
а ів  ,  иш  и  и  ві ів  и і и    а і), а а  - [9]. 

 
5 РЕ Ь А  

Кі ь і ь а ів і і а ь і в а и  ві -
ш   і и  ви  а ь ав  а 
и . 4.  а а  а и , и а і -
в  а я а ва и  а и  ш є 
і ь і ь а ів. З і ш  , я  і а ь-
и  в а  і ьш є ь я і і ьш я  в  
а я. 
Б  і  і  и  ів я    [9], ь а и и ів ав  в 

а . 1. 
11
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051015202530354045 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24Ряд1

Ряд2

Кі ь і ь а і  
Ф . ра

П р е а е я    
Ри  4 – Р ь а и ва я и и ва я а ів. Кі ь і ь а ів а і а ь і ви а и в а -

і ві  в  а я th  
Та и я 1 – Р ь а и и ів    [9] а и   

і  Кі ь і ь а ів Ф . ви а и Кі ь і ь а ів Ф .ви а и 0 24 0 24 0 1 8 12,2 11 10,1 2 4 24,2 6 23,8 3 1 42,5 3 33,3 24 1 42,5 1 42,5  
6 О ГОВОРЕ  

Р ь а и ва я в а ь а ,  і є 
і  і  і ь і  а ів і і а ь и и 

в а а и. Ві ві , а ва и  а и  а-
ає а  і а і  ви  ві ві  -
а, я и  в ів ва є і ь і ь а ів (а а , а -
в ь яє ви и  ив і ві ів) а ви а-
и ів. 
М   ів я   а а і и  , а-

ва и   [9],  а а  иві ь -
ши и і а ь і в а и в ь  а 13%, а 
и и и  а я іш я  8%. 

 
В С ОВ  

А а і  и и ів ви  і ь  
в’я  в ив вияви и в і і  ви  

і а і и  и  а и,  я ь а  ш я . Ві  а ав,  ви и ь -
і  ви ви і и  ві а і ва и  , я і 
ь а и а і ь в ва и и а і и  

а і  і а і и  ві ів, і и и а а і 
а и и ви   в ва я і  -
ив и  . За и  а и  и -, і  ь  а і ва и і а і  а  

і а і - и ва ь  ви а. 
У а і в ва ь ,  і і и 
ва я « ви  а ів», я і ь в а -

в ва и ви і і ві а ь і і а ві ві ів,  ь я ві ві    і а ь  и-
ь і. Д я ви іш я ав а я ва я а ів 
ь ві  а в  і і ь  в’я  
ав  а и  , я и  а ві 
і и и а і а і  ів, в а в є ви а-

и, в’я а і  а і и  ви і я  ів, а а- ш є і ь і ь а ів і а і  -
і,  в яє я а и а і а ь  івві -

ш я а а  а ав і я а і в  а я 
я і в ва я и  ві ів. 

в  і    ви и а я  -
ва я в и і Mathcad. Р ь а и а а и, -
ив  а і а ь  і я и и и и, -
ив  и ів я і  а а і и  і , -
і а ь і в а и в а я ши и в ь  а 13%. 
М   а в ва и ь я ва я -
а я  ві а і ва и  ь и ві и   а 
и  аш ва і  і и і  і я і і і а і  
ви а  а а в’я  а а я я і -
в ва я а ів. 

а ьші і я я ва і а   ві а я ва и  а ів а і и  
і а .  

О  
Р  в  в а а  і і іа ив  и: «Т ія а я я і в ва я -

і а і и  ві ів и а в  ва і 
і и  а а я» (Н  ав  є а і  – 0117U001861).  

І ЕРА РА / ЕРА РА 1. The Intellectual IoT-System for Monitoring the Base Station Quality of Service / [L. Globa, V. Kurdecha, I. Ishchenko et al.] // 2018 IEEE International Black Sea Conference on Communications and Networking (BlackSeaCom), 4–7 June 2018 : conference proceedings. – Batumi, Georgia, 2018. – P. 1–5. DOI: 10.1109/BlackSeaCom.2018.8433715 2. Signaling is growing 50% faster than data traffic [Online]. – Available at: http://docplayer.net/6278117-Signaling-is-growing-50-faster-than-data-traffic.html 3. Future mobile core network for efficient service operation / [T. Shimojo, Y. Takano, A. Khan et al.] // 1st IEEE Conference on Network Softwarization (NetSoft). – London, UK, 2015. – P. 1–6. DOI: 10.1109/NETSOFT.2015.7116190 4. Reshaping the mobile core network via function decomposition and network slicing for the 5G Era / [M. R. Sama, X. An, Q. Wei, S. Beke] // 2016 IEEE Wireless Communications and Networking Conference 
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УДК 621.391+004.7 
 

Е О  ОР РОВА  С А СОВ Ь СЕРВ С О  А ОВО  СЕ  О Ь О  СВ  
 

С и а С. В. – а и  а  и а и - и а и   На и а ь  и  ив -
и а У аи  «Ки в и  и и и  и и  и и И я и », Ки в, У аи а.  

A О А  
А а ь ь.   а а и а и ь  а  и и а ви в, ав я  и ь  ь , а- и и  а и,  в ва  ь в и ии и и в,  и в а и а ии -
ива ия и а и  в  ь  ия а а  а ва ав ия ши  а  и и  и и и ив  . и в а ш а и и и а и и   в - а а я и и а и ь ва ия и и  в и  и ь  и ь ва и  и  

ви а и а ии и ии в  а и а,  в я  а в а ива ь в  ви а ь  и а в  -
ви в, и яя  ви а и а ии в  и . В   в  а я в , а  и в  

в  а в  а   и ия а а  а ав и  а а и и ия  и а ь-
и. 
ь. в ш и  ив и а  и ь  и  ь  и а ь  и ва ия а в ь -

ви  и вя и. 
. А а и  и а и , вя  ви а и а ии в  и , в и  в яви ь   а и а ии 

и ь ва ия в ь и ви  и ь  и, а а  а а  а  ив ь в и  
ш и   ва  в а   а ( и в и ь и а и а и ва ия а в, в я и а-
ь  а в). 
Р з ь а . а а я  и ва ия и  а ия в и, а ива и  и -

ва и  в  в  а в,  ива   ви  ви в ави и  а в  и а -. 
В в . В а ь  ш а а а а ия а и ва ия а в ь ви  а в  и и ь  

вя и,  а а я ив  и а и  а  и а ии а  и , в я  и ь -
ав и  ши  а ви в  а а и а а я и а ва.  ь и  а и а ии -

в,  ь   ав  , и ва и  а а , вя а   и  в и  в, а а  
ьша и  и в  а в и а ии и,  в я  и а ь и а ь  ш ия а а  а 
ав и  и и в  а и  а ва ива ия. 
ЮЧЕВЫЕ С ОВА: Network Functions Virtualization, ав и  а и, в  а и , в ая ь, Evolved Packet Core.           
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METHOD FOR FORMING OF MULTISERVICE CORE MOBILE COMMUNICATION NETWORK SLICES 
 

Sulima S. V. – Assistant of Department of Information and Telecommunication Networks, National University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, Kyiv, Ukraine. 
 

ABSTRACT 
Context. With the growth in the volume of mobile data traffic and the number of services provided by the mobile network, service load flows are also increasing, which necessitates changing the principles, models and methods of telecommunication flows serving in order to ensure the given quality of providing a wide range of services in flexible and cost-effective way. Advantages of scalability and elasticity with the support of a high rate of network technical resources utilization can be achieved using virtualization technologies and the concept of network slicing, that allows deploying dedicated virtual networks based on services, using the methods of network functions virtualization. In this context, the main question remains what number of network slices will be feasible in terms of the cost of slice managing and providing the required functionality. 
Objective. To improve the efficiency of mobile network through optimal slice forming in multiservice telecommunication network. 
Method. Analysis of the publications devoted to network functions virtualization has shown the organization approach of using the multiservice mobile network resources, and also showed insufficient efficiency of existing solutions on important issues of this process (the performance of the slices formation algorithm, the level of functional costs). 
Results. A method to model network resource allocation system, which forms dedicated network slices that serve certain types of services independently on the common infrastructure. 
Conclusions. The article solves the problem of constructing a method for forming multiservice core mobile communication network slices, which, due to the effective dynamic configuration of the system, allows providing a wide range of services with a given quality indicators. A model of resource management system is constructed, which is used to present a method that takes into account costs associated with excessive resource allocation, and also reduces the number of network configuration recalculations, which allows achieving a rational ratio of management costs and Quality of Service. 
KEYWORDS: Network Functions Virtualization, resource provisioning, network slicing, dedicated network, Evolved Packet Core.  
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О Е РОВА Е ОГРА ЧЕ  О А В О О Е Р ЧЕ-
С  С С Е А  СО ЕЧ Ы  А АРЕ  С С О Ь ОВА Е  

СА ОВОСС А АВ ВАЮЩ С  РЕ О РА Е Е  
«POLYSWITCH» 

 
ш  А. С. – -  и .- а . а , ,  а   в и и ь  а-

ши , Д в и  а и а ь  ив и  и и я а а, У аи а. 
а аши з  . В. – а . . а , а ш. а . ., и  НИИ и и Д в и  а и -

а ь  ив и  и и я а а, У аи а.  
А О А  

А а ь ь. Р ш и  а а и в ш ия а и  а а , в ая а и  ш а  ( а -
а ) и а и  а в  а а и в и в в а ия в   в и  и и  
и а . 

ь. И и  ив  и и и а ии в   в и и  и а   а а  - и ия я и  в и а ь  и и, в а и, и ь  в  и, ив-
ши  ши  а а и , а в а ав ива и я а и  и а «Polyswith». 

.   ш и  и  и ва ия ва  в и и ь ва ия а и- и а Polyswitch я в а ия и и и и а ии в   в и и  и а   
а а .  
Р з ь а . а а и и ва  в ия и  в и и  ив ия в в я  я ии и а а а ва ия -
а и  а в ь -а  и в ь -ва  а а и и и а а ь  и и  и и  а ва- и и  . 
В в . а а ,  ив  а и и  а и а и ии  а а ия и а  и ии -
и и    ь а и ва  и в ии и  ви : – ив и  а и я в в я  я ии а и ь  ьш  а а ь  и ия ва-

ь  ив и  и и  ; –  а а ва ия а и я  ь ьш  а  а а ия ь  и  
а  и ьш  а и  а а ь  и ия. 

ЮЧЕВЫЕ С ОВА: и и  а ва ь, в  и, а в а ав ива и я -
а и и, в ь -а  а а и и и, в ь -ва  а а и и и, и ва и .   

А РЕВ А РЫ 
ВАХ – в ь -а  а а и и и; 
ВВХ – в ь -ва  а а и и и; 
В  – а в а ав ива и я а и -

и; 
ФЭМ – и и  ь; 
ФЭ  – и и  а ва ь.  

О Е А РА 
A – и  и и ; 
Fu – а в а ав ива и я а и ь; 
I – , ава  в  в ш  и  
ь; 
i0 – а   и а; 
IFu –  В  в в я  я ии; 
IL –  и а а и; 
iph – в и и а а ФЭ ; 
isc –   а а ия ФЭ ; 
Isc –   а а ия ФЭМ; 
Itrip –  а а ва ия ( а в и и  – я и ) В ; 
k – я ая Б ь а а; 
m – и  ва ь  и  ФЭ  в ; n – и  а а ь  и  ФЭМ в -

и  и ; 
PV – и и  ; 
q – а я  а; 
R1max – и и а ь  ив и  В    а а в а в ия и а а  а - а  в а; 
RFu – ив и  В  в в я  я-

ии; 
rL – ив и  а и; 
RL – и  а и; Rmin – а и а ь  в  и и а ь  а-

а ь  ив и  В ; 
rs – ва ь  ив и  ФЭ ; 
Rs – вива  ва ь  ив -

и  ФЭМ; 
rsh – ш в  ив и  ФЭ ; 
UT  – вива  а ь  а я и ; 
V – в  а я и ; 
Voc – а я и   а; 
Т – а ая а а; 
v – в  а я и  ФЭ .    
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ВВЕ Е Е 

и  и  аи  а ь  и и в 
а и и и  в - а а  яв я я в  и и в -

и в и  в в, в ая а а ия -
в  в и , а а  и  а а ия - и  и и ь и а а и [1–3]. Фи и -

и и и и а и а и  и а и   ь в -
ия и  в  а а ии ав-

я и  и  в, « » и в в  , и ав  и и  и в  
и  и и ь а  а а ии и я ии  -
ви  а   [2].  а и   и  я ФЭМ а в   ия,  и   а ва-
и  ш в а  « » в и и в в , 
а  и и - а а  ия я , в ва  а-

и   и и ь  ФЭ   а-
а и в   а а ии. Э  я я ,  я   в ив    и ь ва и  в  и в  ь 
в и я а и ия а  а я -
ия а а ив  ФЭ  [1]. 
Наи  а ия  вия в и -
в ия а а  и  а а и  и   

в а а ь  и ия  и и  -
в. В  а  и ив я   в  и  
я в  и ия и в и в и  в - в в и - а а и ь  в, ава - и ва и  в ь  а и  -

в. В и    ив и  ш а  ( а-
а ) и а ия . У а и  и и и и и а ия 

в ия ия а а  а а а а   
а а  ав я я аи  и  -
ви  я  ши  и ь ва ия а а ь- и и  и и ва ии  и а -  а а .  и ь,  в а я  в я а а- в и в в а ия яв ия 
а ь  в в (« я и  я ») в -
и и  а   а а  я я 
а и ь  в и а и . В а и, и в  ш -
ия а  а а и а : и ь ва и  ФЭ   и и и 
а я ия и а  я [4]; в и  в 

и  и  и ь  -
в: в  и в и а ив  в  -
а  [3, 5–7];  и и и  ва, -
ва  а а ии « я  я а» а в  

и и  и и  а а в  а- в а ии  а ив  а и    
а  а [8, 9]. 
Т   , и  яв я я ив а ь и. 

И ь ва и  ФЭ   и и  а я и  а - я а и ива  ь, а ива  в  
в я а ва  а ь  а ,   

ь ив   в а ия « я- я а», и в и и а а ива  и 
а а я в ия ФЭ . 

И и я а а я и   ь а  -
и ва ия и и а ь  а  ви ь-
в ,  в  и  в а ь  а  

и и  в  ь  а и-
а   яв ия « я и  я ». в  и -  ив  я в а ия « я и  
я » и ь и  и а   ФЭ ,   
и я я в в  ии а  и  

и и  а и . А ив  в  
а и, а  и и и  ва, ва - а а ии « я и  я », яв я я 

ш и   ав и   в  и ,   ия  ш и  и а а  [5].  
1 ОС А ОВ А А АЧ  

и  и  ив  а ав и  ш ия 
а а ива  а а и яв я я и и  я и -
я ии а ив  ( а  и и ) а - а  ь  ФЭ , а  и и  ,  -

я и  в и а ь  и и, в 
а и, и ь  в  и, ивши  ши - а а и , В  и а «Polyswith» [3, 10]. Э и  и  и в  а и-  аш и и и  в а я а  и а ьва-
и и  и и а  и а ия [11–14]. Н и  
а   ав я я а а а и и ва-
и  и и ва ия  ш и  я -

и и  в, и ь и  а а  
а в а ав ива и я а и и. 
В а  а  а ь и а а и-

и ва  в и и ь ва ия а в а-
ав ива и я а и  и а Polyswitch я 

в а ия и и и и а ии в   
в а а ь  и ия  и и  -
а ва  и и  .  

 
2 О ОР ЕРА РЫ 

Ка   а ва ь, и  а а ия яв я-
я аи  а ь и в а а ь  -
и ия  а  ФЭ  а и  ва ь  и -
и  ФЭМ. И  и . 1 ви ,   а а и   а PVn в ви  В  в   - в  а а ь  и, а  и  
и ав  . 
На и и  а в а ав ива и я а и - Fui, и  ва ь   а  -
и и   PVi, в я  а и ь и 
а и ва ь и ав  и а и ии  а-

а ия в  и  и . Ма а и ая ь, -
в я ая а а и и ва ь а а ива   
а и ия а и  а а ии и -

и ь аи  ив  и  а  а и , 
в а  в я ш и  а а и в а вива  , и ва и  ФЭ  и ФЭМ, а и а ии -
в  ави и и и  ив ия В , а 
а  и в  и ш и  в  ав и  
а а ива  и я ия и  в ь -
а  и в ь -ва  а а и и . 
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IL, IFu и I –  и а а и RL,   а  -
а и и, и  PVi. 

Ри  1 – У ая а, и и ая а и    а а ия в а а ь  и ии -
и и  в PVi (i=1, 2, … n–1)  и ь -

ва и  а в а ав ива и я а и  Fui (i=1, 2, … n)  
ФЭ  а а  и и в ь -а и а-

а и и а и,  ави я   в я  
а иа ии, а  а   и - а  я и. 
В а я  в я и в  ь  в   а ия ФЭ , а а и  и а и  - и ь я в в  и ва ии [15–17]. Наи  и в ая и  и , и  и -

и  а (iph), а а ь  в  и  (D),  и  -n- , ш в  -
ив и  (rsh), и  и и, и -
ва ь  ив и  (rs),  а а и  
в  ив и  а и а в. 
В а  и  ФЭ  ( я  и )  и а , . . и и а ,  rsh 

и я  и и вива ая а 
а ия ФЭ  и  ви , а а  а и . 2. 
В в вии    а ия в   а i  ь  [15, 16] и  

в а ия  0 ( )exp 1 ,s
ph

q v+ir
i = i i

AkT
⎧ ⎫⎡ ⎤− −⎨ ⎬⎢ ⎥⎣ ⎦⎩ ⎭

 (1)  A – и и , ави я и   и и и  в в 
а иа в и а а в -n- а ( я ия 
и и а я ав  1,2…1,8 в в   [15, 18]).   

Ри  2 – У ая вива ая а  
а ия ФЭ  

Ка   в и ь в ш , и ва ь , 
а а ь  и и и и ва  и ии -

и и  в а я ФЭМ. Д я -
ия вива  ВАХ а и  и и  и ь-
я а и   и  ав ия [15, 19–23]. 

Д я ия а а ива  и, в -
в  а а ь  и и  n ФЭМ ( а  и   яв я я ва ь  и и  m 
ФЭ ) ав я я аи  я и  и в  
в а и , в  а и я а  (1) [15, 20–22] ,exp1

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

⎥
⎦

⎤
⎢
⎣

⎡ −
−

T

soc
sc U

IR+VVI=I  (2)  Isc = n · isc –   а а ия -
и  я; isc = i (v = 0) = iph –   
а а ия ФЭ  ( аи ьши  , и в и  
ФЭ  и вии а а ия  а в); 
UT = (AkT/q) · m – вива  а ь  а я -
и  я; Voc = m · voc – а я и   а 

я, voc = v(i = 0) = (AkT/q) ln[(iph
 + i0)/i0] – а я-

и   а ФЭ  ( а и  а я ия а -n- ,  а   (iph), и  в  в ш  и (i) ав  ; Rs = rs · m/n – вива  ва ь  ив и  -
я. 
а в а ав ива и я а и и «Polyswith» и  а  ави и ь -
ив ия RFu, в а а    а , 
ая и  и а а  а а. и 
и ь  ьши  а ия  а  ( а  1) и   ав  в ш и  и  
ив ия  а . В  иа а  
а   125º  а а я и   ( а 
ь  я в) ив ия В  ( а  2). 

и а ь ш  в и ии а  ави и ь 
ив ия и  в  а  а  

и  ав  в а а и  а а  ( а  3) [11]. 
Фи и и  а и  и и  а  а -
а  ави и и я я и 

я и в  и а ь  а -
иа а В ,  ав я   а -

и   в я  и  а и  и 
в в я и  а  а и . 
Б а а я  а а а  в а  

я ии ( а  1) а и  яв я я 
в и   и и  в  ив и . 
и а в  в ш   а  ( а  а)  а а  а -

ва я а   а ши ия и  
а и  и/и и а а ии и а и   а и  в а  и и  

ив и  а и а  в а а  ( а  2) [11–12]. На в - а  
а  3 а в я и  а а в ь  
а ш а и ив и  В  и а  
а и а ь  в и и . 
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Т и  и и  и  а  1 (в в я  я и ) и 2 ( а а     и в я  я и ). 
В а в  в  а а в, ва  я и  
и ия в  и . 1,  и я ь: 
RFu0 – ив и  В  в в я  -
я ии ( я я а и в и и а и Rmin – а и а ь  и и а ь  а а ь  -
ив и  и и R1max, – и и а ь  ив и    а а в а в ия и а а  -
а  а  в а); Itrip –  а а ва-

ия В , . . и и а ь    В , и - и и    в я  я ия  
в я . 

За и а а а ь  и ия -
и и  в  а а  ( и . 1)  ь а и ва а и в ии и  
ви  

RFu0=Rmin (и и R1max)<<m R*
s  (3) ss r=R∗  и и ss R=R∗  в ва ь  и-

ии m я  и и , в в . 
Т  ь а и и  а и  а и  в и- и   в ия ь а а ь  а  

и и  в. 
В  ви : 

( ) ∗∗⋅− SCirip I>I>In 1 ,  (4) i=I ∗ , SCSC i=I ∗  и и I=I ∗ , SCSC I=I ∗  в -
ва ь  и ии m я  и и , -

в в . 
Т. .  а а ва ия а и я PPTC  ь ьш  а  а а ия 
ь  а ( ь  -

и  я и и а) и ьш ,   и  а а ь  и ия в а  и  (n–1) · I*,  (n–1) – и  и ав  ФЭМ и и ФЭ . 
У и вая а а  я В  ьш и  а 
а а ва ия   а ,  и ь,  в  и  а а  ва и   ь 

в  и а и а ь  в  а  
и и ва ия ФЭ  (~60…80°  [10]). 

 
3 А ЕР А Ы  Е О Ы 
и  а а и и и  в а и  и - ь и в  а в  ав и  Ки а и 

и в  а а и и  и а ия  я ВАХ а -
а ива  и и  и  и и -
и  а а и и  и ь   и -
в. В а и,  и вия В  ( и . 1) - ь и в  а  в в в  -

вива   и  ва ь  -
ив ия rs а    а ь  ив ия 

RFu, и я я а а  ФЭ  в ва ь- и  и ии, . . ( )Fus R+R∗ .  и ь,  в в вии  а в  
и и  и ь ва ия В  [10] и  ив -
ия  а а ва ия и в ш ии а  

и  а  в ав ии  ва ь  
ив и  ь  ФЭМ , и а и  а  в 
а ь  и   и я ь RFu0<<R*

s. 
На и и   а а ия  -
и  а в в вии   
и . 1  а а ива ь я а  а а ь  -
и и  ив ия а и RL и ив ия 

а и я RFu
 (IFu), ави я   в и и  

а    а IFu.  и ь,  ив и  а и RL я ия а -
в и и а ь а ив , я   ь и 
а ив  ( а и , ) и и, в  
а , . 
и  в  в и а и , :  

== ),( LFu RIVV  ))( )(),(
LFuFu

LFuFu
LFu RIR

RIRRII
+

= , (5)  I (IFu,RL) = IFu+IL – в и и а а  а - а   и и ив и  
а и. C  (5) ав и  я а а ВАХ а а и-
ва  и  и  ( и а и ии - а   и   )  -
и ь а в  (2),   а ва ия ( а -
ш ия и ь  V)  и ь и  ви :  ( , )Fu L TV I R U= −⎥

⎦

⎤
⎢
⎣

⎡ −

SC

LFuSC
I

RIII ),(ln
SSFuOC RRIIV ),(+− , (6)   ( )( , ) 1 Fu Fu

Fu L Fu
L

R II I R = I +
R

⎡ ⎤
⎢ ⎥
⎣ ⎦

.  
и ии а а в UT, ISC, VOC, и RS а- а и ь в и и  m ( и  ФЭМ и  

а а ь  а  и . 1) а (m–1). 
ВАХ а в а ав ива я а и я, 

а  и  и  а ав я я 
N- а  ави и ь  и  ь а в 
а а и  ,  в а в  а  а а-
а и ь я а а  а ва [24, 25]. 
а , и ь ва и  а и  ав и  -

в  я  а а ива  а а . Д я  
ия, а  и  я  а -

ва  ь а а, ав я я в  и -
ь ва ь ав ия  а а  и -

ии ив ия а а ива  В  в а и 
в в и а а а ва ия Itrip. Та и  
а ,  и я ь,  ави и ь RFu(IFu) 

и  ви  а ь  ии,  - а и и ва ь и  ви а: 
18
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⎪
⎪
⎭

⎪
⎪
⎬

⎫

⎪
⎪
⎩

⎪
⎪
⎨

⎧

<⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

<

= α

II
I
IR

IIR

IR
Fu

Fu

Fu
Fu

FuFuFu

FuFu
и,и,)( 00 00 , (7) RFu0 = Rmin (и и R1max); IFu = Itrip. 

 

4 С ЕР Е Ы 
Ка   а ь, а а а и, я и-

и ив ь и ь ва ия В  я а и  
и и  и   и  а а и , 

яв я я ив и  а и я в в я- я ии RFu и   а а ва ия IFu0.   
Та и а 1 – а а  в и и - и  

К  а а  и я  
а ия 

i0 1 А 
iph 0,039 А 
rS 2  ФЭ  [18] 
A 1,8 

RFu0 0,1–1  М  (и  ии RXEF) [26] IFu0 0,3–1 А 
Чи  ФЭ  в и  ва ь- и ии (в ФЭМ)  m 36 
Чи  а а ь  и и  
ФЭМ n 36 
Д я и ва ия и и ва ия а а и-

ва  и и  в а и  и в  
и  и  а в  и - и  ( и . 1)  а и а в  -

в  и в и а а а и, ив и в 
а . 1. 

а а  α в  (7) и и а я ав  25.  
5 РЕ Ь А Ы 

В ия и  в и и  ив ия RFu0 а в ь -
а  и в ь -ва  а а и и и и - и  и  а а  а и . 3 и 
и . 4.   
Ри  3 – В ь -а  а а и и и IL(V) ( и-

в  1–4) и ави и и а  В  Fun IFu(V) (1′–3′) 
и  и  и  и а и ии  а а ия  и   в 

а а  В  IFu0 = 0,3 А и RFu0, : 1 – 0,1; 2 – 0,4; 3 – 1. 
К ив  4 в в  ви   а а ия 

 
Ри  4 – В ь -ва  а а и и и PL(V) -

и  и  и  и а и ии - а а ия  и   в. а а  и 
а ия в в  и я  а и . 3 

 
В ия и  в и и  а а а ва ия В  а 

а а и  а а и и и а а ива  -
и  и  ив  а и . 5.  

а 
  

а а  В  RFu0 = 0,4  и IFu0, А: 1 – 0,3; 2 – 0,5; 3 – 0,7. К ив  4 в в  ви  - а а ия 
Ри  5 – В ь -а  (а) и в ь -ва  ( ) а-
а и и и и  и  и  

и  а а ия  и   в 
 

6 О С Е Е 
Ка  ви  и  и . 3, в ия и  ив ия В  в 
в я  я ии RFu0 и   в иа а  
ь а  а я и  V.  а и ива   

а а ь  а ,  ив и  а и RL 
ьш  RFu0 и а и и в   а  
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а и а а и ь.  ьш и  -
ив ия RFu0  а  а а я. 

и  в и  а ия  RL   В  
в и ива я,  ив и  в и    а а ва-
и ,   а я и вая я и-
и  и  ави и ь IL(V),   а и  -

а  а а ия ьш  а в и и , 
ая ав я    в - ( а ) ва ь  и-

ия ФЭ  (PVn) и а а а ва ия а и -
я Fun. 
На и и  В  ив и  ь    
и и  и в и  и  и - и  и, а    в - и  я ( и . 4). И и  ив ия -
а и я в в я  я ии а и и  

в ия  а ВВХ 
Ка  ви ь в  и а  и . 5а и и . 5 , 

и ия в и и  а а а ва ия а и-
я я  и ия а и а ь  а и 
и в и  и  и в а  

иа а ,  а и я а и а   а-
а ия, . . В  а и я в я ии  в и  

а и  ив ия. У ьш и  в и и  IFu0 
и а  и и  а а  а а и  -
а и я в и в я  я ии, и-  а а и  а а а ь- и. В и ,  ив и    а а и 

IL и и PL, . . в ш и  ив и 
а  в  и  и . в  
а и и  и  и ии а а а -

ва ия В  яв я я ва и  вия а -
и  в ия ия а и я а а ь  -
и и и  (в вии  и  а а и  
а а ива  ви а) и и  - (ФЭМ и и ФЭ ), . . IFu0>ISC.  а  и ь,  и и в и  

и  ии а а  а и я в 
а а ива  и а ии  а а ия - и  а а ь  и  и и  

в  ь и ьши и,   
в а а  а а ива  и, а и я а 
а и а ии а а и и и В  а ь- и , ая  и ва ,  и в и-
ии а ия а я ия а а и     ьша я.  

ВЫВО Ы   ш и  а и ия а в 
и и  и а   а а   

и ь ва и  а в а ав ива и я -
а и  «Polyswitch». 
Ра а а а а а и ая ь  -

ш ия и в  и ва и   в  а-
а и и  и и ь ва ии и и  а а в 

и и  а ва  а в  -
и а и  ия и и  а -

в а ав ива и я а и . а а и и-
ва  в ия и  в и и  ив ия в в я-

 я ии и а а а ва ия В  а ВАХ и 
ВВХ а а ь  и ия и и  

в  а а . 
а а ,  ив  а и и  а и 

а и ии  а а ия в а а ь  
и ии и и    
ь а и ва  и в ии и  
ви : – ив и  а и я в в я  
я ии а и ь  ьш  а а ь  и-

ия ва ь  ив и  -
и и  ; –  а а ва ия а и я  ь 
ьш  а  а а ия ь  -
и  а и ьш  а и  а а -

ь  и ия. 
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УДК 621.31 
О Е ЮВА  О Е Е  С Р  В О ОЕ Е Р Ч  С С Е А  СО Ч  А АРЕ   

 В ОР С А  СА ОВІ ОВ ЮВА ОГО А О І А «POLYSWITCH» 
ш  О. С. – -  і - а . а . ,  а и и  и ва ь и  аши , Д і в ь и  

а і а ь и  ів и  і і я а а, У а а. 
а аши з  . В. – а . . а , а ш. а . ів ., и  НДІ и и Д і в ь и  а і а ь и  

ів и  і і я а а, У а а. 
А О А І  

А а ь і ь. Ріш я ав а я і ви я а і і я и  а а , в а и я ш а и  ( -
и ) и а і , а ві и ів і а ів а і а я ви  ва а ь в  и и  

и а . 
а. Вив я иви і і і а і  ви  ва а ь  и и  и а  я и  а а  ш я- а ва я и  ів і а ь  і и, а ві  ви  і и ,  а и ши  

ши я, а ві в ва и  а і и ів и  «Polyswith». . За ва   іш я і  ва я ґ ва і ив і ви и а я а і и ів 
и  Polyswitch я а і а я а і і і а і  ви  ва а ь  и и  и а  я и  а а . 
Р з ь а и. а а і ва  в ив в и и и  в ві  а і а  а ь в ва я а і и ів а 

в ь -а і а в ь -ва і а а и и и а а ь и  ’є а ь и и  в ва ів і  ів. 
Ви в и. а а ,  ив  я  а аяв і  а и а я и а  ’є а і -
и и    и а і ва  и ви а і а и  в: – і  а і и а в ві  а і а  ш  і в   и  а; –  а ь в ва я а і и а ви  и і ьши    а и а я  и  

а і ши    а а ь  ’є а я. 
ЮЧОВІ С ОВА: и и  в ва , ві ва а я, а ві в ва и  а і и , 

в ь -а і а а и и и, в ь -ва і а а и и и, ва я. 
 UDC 621.31 
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ABSTRACT 

Context. Solving the problem of increasing the reliability of solar cells, including the elimination of abnormal (fire hazardous) situations based on the development of methods and means to prevent current overloads in their photovoltaic systems. 
Objective. The study of the prospects of minimizing current overloads in photovoltaic systems of solar cells through the use of low-cost elements of functional electronics in particular rather new and widely used self-healing fuses of the type “Polyswith”. 
Method. A circuit design is proposed and the modeling method makes it possible to use Polyswitch-type fuses to prevent and minimize current overloads in photovoltaic solar panels. 
Results. The influence of the magnitude of the resistance in the conducting state and the current of operation of the fuses on the current-voltage and voltage-watt characteristics of parallel connections of photoelectric converters and their modules is analyzed. 
Conclusions. It is shown that an effective current limitation in the presence of short-circuits with such a connection of photo-voltaic components can be realized under the following conditions: – the resistance of the fuse in the conducting state is much less than the consistent resistance of the photoelectric component; – the current of the fuse should be greater current of short circuit of a separate photoelectric component and less current of their parallel connection. 
KEYWORDS: photoelectric converter, overcurrent, self-resetting fuses, current-voltage characteristics, voltage-watt characteris-tics, simulation. 
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INVESTIGATION OF A HYBRID REDUNDANCY IN THE FAULT-
TOLERANT SYSTEMS  

Tyurin S. F. – Dr. Sc., Professor, Professor of the Automation and Telemechanic Department, Perm National Research Polytechnic University, Perm, Russia; Professor of the Software Computing Systems Department, Perm State National Research University, Perm, Russia.  
ABSTRACT 

Context. Structural redundancy is one of the main ways to create highly reliable devices and systems for critical applications.  The object of the study was hybrid redundancy in the Fault-Tolerant Systems, for example in aerospace hardware exposed to radiation. 
Objective. The goal of the work is the calculation of the complexity and probability of failure-free operation of digital circuits with hybrid redundancy combining tripling, deep tripling, and quadding. The comparison shows that tripling is not always better than a circuit without redundancy over a sufficiently large time interval. Good results are obtained by tripling with three majority voters and deep tripling, but the latter significantly increases the time delay of the signal. The greatest gain in reliability provides quadding at the transistors level, but it is not always possible due to the restrictions of Mead-Conway, in addition, the delay at least is doubled. The article describes proposed method of the combined redundancy taking into account the necessary hardware costs and time delay.    
Method. Determining the complexity in the units of the conditional number of transistors and maximum signal path from the input to the output in the number of transistors, as well as using the Weibull distribution to estimate the probability of failure-free operation. Simulation of proposed hybrid redundancy in the system NI Multisim by National Instruments Electronics Workbench Group. The failure-free operation probability estimation in the computer mathematics system MathCad. 
Results. Expressions are obtained for the estimates of complexity, time delay and probability of failure-free operation of redundant digital circuits; curves are built in the Mathcad. Simulation confirms the performance of the proposed redundancy options. 
Conclusions. The conducted studies allowed us to establish the effectiveness of hybrid redundancy to improve the reliability and the radiation resistance of the digital circuits. 
KEYWORDS: Redundancy, Triple Modular Redundancy, Quadding Redundancy, Failure-Free Operation Probability.  

ABBREVIATIONS TMR is a Triple Modular Redundancy; QR is a Quadding Redundancy; RBD is a Reliability Block Diagram; DT is a Deep Triple Modular Redundancy; HR is a Hybrid Redundancy; DNF is a Disjunctive Normal Form; CNF is a Conjunctive Normal Form.  
NOMENCLATURE 

λ  is a failure rate of one transistor (1 / hour); 
t is an operation time in hours; 
α  is a Weibull distribution coefficient; 

αte−λ⋅  is a failure-free operation probability of the circuit without redundancy; 
EMP  is a failure-free operation probability of the circuit with exist redundancy; 

n is a common amount of the transistors in device without redundancy; 
EMn  is a common amount of the transistors in device with exist redundancy; 
HRn  is a common amount of the transistors in device with proposed redundancy; 
τEM  is a conditional time delay of the device with exist redundancy; 
τHR  is a conditional time delay of the device with proposed redundancy; HRP  is a failure-free operation probability of the circuit with proposed redundancy; 

r is a share of the transistors for QR; 
e is an amount of the parryable faults; 
k is an amount of the DT layers.  

INTRODUCTION Fault-Tolerance Theory is the relatively young Theory was formed from the Von Neumann works [1] to Avizenis А. [2] and further to modern researchers [3–6]. Fault-Tolerance Systems are very important in aerospace, medical, nuclear power plant, military hardware [2, 3]. Under the radiation in Integrated Circuits, two types of failures are observed [7]: some occur because of accumulation of a dose of radiation, others occur because of hitting a single particle. The first type of failure includes, for example, an increase in delays inside the Integrated Circuits or a change in logic levels. The second type of failure is called single events. Such events include, for example, the Single Event Latch. Next is Single Event Gate Rupture, Single Event Transient, Short-term state change of the logic output. Single Event Upset reversibly changes the state of the memory register, RAM, or flip-flop. Single Event Hard Error irreversibly changes the state of the memory register, RAM, or flip-flop and others. In Radiation Hardened by Design [8–10] device are used special circuit and technological methods to increase radiation resistance for example Passive Fault-Tolerant and Active fault-tolerance technique [11]. For example, 
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Passive Fault-Tolerant Systems uses Triple Modular Redundancy, Deep Triple Modular Redundancy, Quadding Redundancy. Similar technologies are currently being applied at the FPGA level and provides radiation protection too [12,13]. 

The object of study is the Passive Fault-Tolerant Systems based on RHBD Radiation Hardened by Design CMOS circuits or pass transistors circuits.  
The subject of study is the Triple Modular Redundancy, Deep Triple Modular Redundancy and Quadding Redundancy methods for parrying radiation faults (single events) by Hybrid Redundancy.  The known sampling methods [4–6, 12–16] not uses hybrid types of the Triple Modular Redundancy, Deep Triple Modular Redundancy / Quadding Redundancy. 
The purpose of the work is to establish Hybrid Redundancy capabilities at the CMOS transistor level.   

1 PROBLEM STATEMENT Given: , , τEM EM EMP n  according existing methods of Fault-Tolerant Systems, Radiation Hardened by Design Systems: Triple Modular Redundancy (TMR), Deep Triple Modular Redundancy (DT), or Quadding Redundancy (QR). In the literature [1–16], the problems of Hybrid Redundancy (HR) are not fully covered. It is required: investigate the effectiveness of HR in the sense of complexing TMR, DT, QR and obtain ,HRP  ,HRn  τ ,HR  δ ,EM HRn n n= −  αλ

δ

t
HRP e

n

− ⋅−
Ψ =  according proposed HR.  

 
2 REVIEW OF THE LITERATURE The Radiation Hardened by Design methods [8–10] for parrying IC radiation faults (single events), are divided into  parrying methods to reversibly changes and parrying methods to irreversibly changes.   Radiation resistance is the property of equipment, component elements and materials to perform their functions and maintain parameters within the established standards during or after ionizing radiation. To create radiation-resistant microcircuits, commercial technologies are used, for example, Silicon-on-insulator, which excludes thyristor effects. Well proven technology silicon on sapphire. The Radiation Hardened by Design methods includes parrying Single Event Upset cells of static random access memory SRAM by means of special duplication – Dual Interlocked Storage Cell [14]. For parrying faults, it is used TMR [13], NN-Transistor Structure for Defect-Tolerance at the Nanoscale [15], for example QR. TMR for the A, B, C one bit channels [3] shows Fig. 1.   

   
  a b  c  Figure 1 – TMR: a – Tripled Circuit (Channels A, B, C); b – Conditional CMOS Mirror Majority Vote Circuit (Decision Circuit); c – Conditional TMR RBD with three Majority Voter  Channels A, B, C (Fig. 1 a, c) can be single output circuits. If there are several outputs, then each requires its own Majority Vote. CMOS Mirror Majority Vote Circuit (Decision Circuit) has three A, B, C p-type transistors in the part of the circuit connected to the power supply Vdd, and three transistors of n-type in the part of the circuit connected to the Ground. Conditional TMR RBD shows logic OR of the A, B, C, bur real logic functions V (NOT V) of the Majority Vote Circuit (for the p-type transistors) are as follows:  ( ) ,( )( )( )( ) ( )( )( ).V ABC AB AC BC

V ABC AB AC BC

AB AC BC A B A C B C

AB AC BC

= ∨ ∨

= ∨ ∨ =

= ∨ ∨ ∨ =

= ∨ ∨

 (1) Thus, any error (radiation faults) in one of the channels A, B, C (Figure 1a, formulas 1) will not lead to an incorrect result if there is no radiation fault in the Majority Voter. In order to take into account the possibility of failure of Majority Voter, it also mast be triple (Figure 1b). In this case, the failure of one channel and one Majority Voter is allowed. This TMR is more than 300% redundancy, since Majority Voters, three more power sources and tripling of communication lines are needed. It increases reliability in a logical sense. However, it is required a quantitative assessment of reliability in the sense of probability theory Weibull distribution [3] is most suitable for describing the reliability of circuits under conditions of radiation exposure. Let “12” is a complexity of the Majority Vote Circuit in amount of the transistors (Fig.1–b); 1 2≤ α ≤ . Formula (2) describes failure-free operation probability of the TMR system (Fig. 1 a). 
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α α α2 ( ) 3 ( ) (12)(3 e 2 e )e .n t n t t

tmrP − ⋅ ⋅λ⋅ − ⋅ ⋅λ⋅ − ⋅λ⋅= ⋅ − ⋅  (2) With the Majority Voters tripling (Fig. 1 c), we get formula (3)  
α α

α α

2 ( ) 3 ( )3 2 (12) 3 (12)(3 e 2 e )(3 e 2 e ).n t n t
tmr

t t

P − ⋅ ⋅λ⋅ − ⋅ ⋅λ⋅

− ⋅ ⋅λ⋅ − ⋅ ⋅λ⋅

= ⋅ − ⋅ ×

× ⋅ − ⋅
 (3) Comparison of (3) and (2) shows great efficiency, of course at the expense of high costs. Thus, TMR can parry only one (2) or two (3) radiation failures in one channel or in one Majority Voters. TMR delay increases due to Majority Vote Circuit delay (two transistors delay of the CMOS Mirror Majority Vote Fig. 1b + additional one transistor delay of the CMOS NOT). The analysis shows that the probability (2), (3) of increases with a larger number of parried failures and decrease failure rate of the channels A,B,C. This approach is implemented in Deep Triple Modular Redundancy (DT) DT (k-layer tripling) shows Fig. 2 and is described by formula (4)  

α α

α α

2 32 12 312[3 2 ][3 2 ] ,n t n t kk kdt
t t k

Р e e

e e

λ λ
− −

− ⋅ λ − ⋅ λ

= − ×

× −

 (4) 
nλ – the failure rate of the entire channel.  With such DT (k-layer) redundancy (Fig. 2), radiation failures is parried in each k layer of the generalized channels A,B,C and in each generalized Majority Vote. This further increases costs and the time delay in the circuit due to k Majority Vote. However, the effectiveness of (4) is much higher than (2) and (3). In common case it is parrying e radiation fault from 2e+1, where e – number of the failures (errors), we get formula (5).   

[ ] ( )α α(2 1)2 10( , , ,α) 1 .e ie i ti t
e

i
P t e C e e− + − ⋅λ⋅ −λ⋅

+
=

⎧ ⎫⎪ ⎪λ = ⋅ −⎨ ⎬
⎪ ⎪⎩ ⎭

∑  (5) Limit of the triple redundancy depth at the present technology level – is one element (gate, flip-flop or SRAM cell), transistors cannot be tripled. However, they can be quadded [15]: A,B,C,D – four copies of one transistor for 
e=1 (Fig. 3). We see (Fig. 3) that with any radiation failure (=1,= 0, NOT) of one transistor (value A=B=C=D), the logic function does not change.  QR on transistors level does not required Majority Voters because it is implemented implicitly by connecting transistors. Therefore, we get parrying any fault of one transistors from four transistors for the each transistors in circuit unlike (2)–(5) – expression 6.  

α α α4 3( ) [ 4 (1 )] .t t t n
qrP t e e e− ⋅λ⋅ − ⋅λ⋅ −λ⋅= + ⋅ −  (6) However, redundancy increases even more – up to 400% percent with e=1.    a  b Figure 2 – DT (k-layer) a – Real RBD; b – Real CMOS Mirror Majority Vote Circuit  
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  a b Figure 3 – QR circuits: a – DNF option; b – CNF option  In common, case parrying any faults, one of the e transistors from 2( 1)e +  we get formula (7).  2 α α2 2 [( 1) ]( ) ( 1) ( 1)0( ) { (1 ) }.e

i e i t t i
e from e ei

P t C e e− + − ⋅λ⋅ −λ⋅
+ +

=
= ⋅ −∑  (7) At e=2 we get 900% redundancy. At e=3 we get 1600% redundancy. Moreover, there are restrictions on the number of series-connected transistors. This is a lack of  QR. Therefore, we restrict ourselves to e = 1. Besides quadding circuit time delay increases more than 2( 1)e

e
+   times compared to the original circuit (Fig. 3, expression 6, 7). Thus, each method has its advantages and disadvantages. It is advisable to determine the conditions for their effective combination. Based on the above, an hybridization of known methods of introducing redundancy is proposed (Hybrid Redundancy, HR).   

3 MATERIALS AND METHODS Hybrid Redundancy estimates we are obtained by possible modifying the formulas (1)–(7). First, it is necessary to determine the circuit complexity, time delay and possibly other estimates for the proposed HR. To do this, we will perform modeling of typical CMOS circuits and circuits used in the FPGA, which characterize the basic set of digital elements. Simulation of the QR, TMR, HR is performed in the system NI Multisim by National Instruments Electronics Workbench Group.  Then it is necessary to determine failure-free operation probability of the different proposed and experimentally confirmed HR variants.  The first variant of combining redundancy 34tmrP  is proposed: only Majority Voter (12 transistors, with additional inverter not specified in Fig. 2b) is quadded – formula (8):  
α α

α α α

2 ( ) 3 ( )344 3 12(3 e 2 e )[ 4 (1 )] ,n t n t
tmr

t t t

P

e e e

− ⋅ ⋅λ⋅ − ⋅ ⋅λ⋅

− ⋅λ⋅ − ⋅λ⋅ −λ⋅

= ⋅ − ⋅ ×

× + ⋅ −
 (8)In expression (8) part α α2 ( ) 3 ( )(3 e 2 e )n t n t− ⋅ ⋅λ⋅ − ⋅ ⋅λ⋅⋅ − ⋅  is tripled system including n transistors ( λ  is the failure rate of one transistor, 1/hour) in each A, B, C channels (Fig. 1a). Part α α α4 3 12[ 4 (1 )]t t te e e− ⋅λ⋅ − ⋅λ⋅ −λ⋅+ ⋅ −  presents quadded Majority Voter (Fig. 2 a). The second variant 34tmr gP : Quadding of the Majority Voter transistors and r-part of the n transistors; tripling of the gates with n-rn transistors is – formula (9):  

2 ( ) 3 ( )34 4 3 12(3 e 2 e )[ 4 (1 )] .n rn t n rn t
tmr g

t t t rn

P

e e e

α α

α α α

− ⋅ − ⋅λ⋅ − ⋅ − ⋅λ⋅

− ⋅λ⋅ − ⋅λ⋅ −λ⋅ +

= ⋅ − ⋅ ×

× + ⋅ −
  (9) Take into account that rn transistors are quadded so rn is added to the number of transistors in the Majority Voter (12 + rn). The same value rn is deducted from the total number n in tripled part. This option does not take into account the requirements of the Mead-Conway [17]. It is assumed that they are respected. The third variant dtqrР uses deep tripling at k(1–r) levels and nr quadding, Majority Voters are quadded: 

α α

α α

α α α

2 32 12 3124 3[3 2 ][3 2 ][ 4 (1 )] .n t n t k krk k
dtqr

t t k kr

t t t nr

Р e e

e e

e e e

λ λ

λ λ

λ λ λ

− − −

− ⋅ − ⋅ −

− ⋅ ⋅ − ⋅ ⋅ − ⋅

= − ⋅

⋅ − ⋅

⋅ + ⋅ −

  (10)In formula (10) subexpression 
α α2 3[3 2 ]n t n t k krk ke e

λ λ
− − −−  is the failure-free operation probability of the DT part of the system, 

α α212 312[3 2 ]t t k kre e− ⋅ λ − ⋅ λ −−  is failure-free operation probability of the k(1–r) Majority Voters according (4).  The fours variant is tripling of the quadded circuit ( )tq tP  
α α α4 3

α
α

α α α4 3
α

α α α

ln([ 4 (1 )]2 [ )]( ) ln([ 4 (1 )]-3 [ ]4 3 12(3 e2 e )[ 4 (1 )] ,t t t n
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e e e t
ttq t

e e e t
t

t t t

P

e e e

− ⋅λ⋅ − ⋅λ⋅ −λ⋅

− ⋅λ⋅ − ⋅λ⋅ −λ⋅

α

+ ⋅ −
− ⋅ − ⋅

+ ⋅ −
⋅ − ⋅

− ⋅λ⋅ − ⋅λ⋅ −λ⋅

= ⋅ −

− ⋅ ×
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 (11)Note α α α4 3
α

ln([ 4 (1 )]t t t ne e e
t

− ⋅λ⋅ − ⋅λ⋅ −λ⋅+ ⋅ −
−  is the failure rate of the quadded part. Therefore, the expression (11) is not simplified. Second element of the (11) is equal the second element of the (8).   The next variant 34tmr gtP  – part of the gates with n transistors is quadding (gates with rn transistors); tripling of the gates with n-rn transistors + Majority Voter is quadding – formula 12. 
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α
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e e en rn t
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e e en rn t
t

t t t

P

e e e

− ⋅λ⋅ − ⋅λ⋅ −λ⋅

− ⋅λ⋅ − ⋅λ⋅ −λ⋅

+ ⋅ −
− ⋅ − ⋅λ− ⋅

+ ⋅ −
− ⋅ − ⋅λ− ⋅

− ⋅λ⋅ − ⋅λ⋅ −λ⋅

= ⋅ −

− ⋅ ×

× + ⋅ −

(12)So formula (12) is combined expression (9) and (11). Failure-free operation probability according existing and proposed expressions is estimated in the computer mathematics system MathCad. Hardware conditional costs in number of the transistors, conditional time delay are corrected  taking into account experimental resalts. 
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4 EXPERIMENTS Let us perform simulation of the base CMOS logic gates with QR. For example simplest CMOS NOT QR (CNF option) gate static simulation shows Fig. 4.   a                                       b    d  Figure 4 – QR of the CMOS NOT Gate static simulation: a –  

x=1; F(x)=0; b – x=0; F(x)=1; c – defaults B, D ; d – default CMOS NOT at defaults B, B , D . 
Fig. 4 corresponds to QR DNF option (Fig. 3 a). QR parry any single radiation defect in A,B,C,D or/and A,B,C,D  (Fig. 4 c). The number of transistors quadruples from two to eight and the delay in the number of transistors in the path from Power supply twice.     a                 b  c Figure 5 – QR CMOS NOT Gate dynamic simulation: a – Quad NOT normal waveform; b – Single Fault – Quad NOT correct waveform; c – Two Faults – Quad NOT defect waveform  
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Since the NOT Gate have a single transistor in each of the two parts of the circuit, the QR  leads to a twofold increase of the time delay so the Mead-Conway constraints [15] are performed.  It is easy to see that the QR in the logical gate 2NAND (2NOR) will lead to a path of a maximum of four transistors. These restrictions allow for a series of no more than four transistors. As a rule, we are talking even about three transistors. For example, in FPGA, after every three transistors, a signal-level restorer is installed. Four transistors in a row are present, for example, in 4NAND (4NOR). It is clear that the direct QR of 3NAND (3NOR) is unacceptable, the decomposition by 2NAND (2NOR) is required. Fig. 5 shows dynamic simulation results of the QR NOT gate without faults – a; with single fault, (e=1) – b; with two faults, (e=2) – c. Fig. 5 b, c confirms that with one fault (for example – default B, D  Fig.4 c) the circuit functions correctly, the circuit is not operational if two transistors fail in one part of the circuit (for example – default A,B Fig.4).  At the same time, the Majority Voter (Fig. 2 b) performs NOT function of the three channels with the same time delay, but the cost is ten transistor. LUT FPGA – is the universal logical module or functional generator or multiplexer 2 1n → , for example at n=1: SRAM0 is the F(0), SRAM1is the F(1). A comparison QR with TMR shows the preference QR for energy consumption, for example as shown Fig. 6 for the TMR and QR LUT FPGA (n=1).  Fig. 6 a, b does not take into account additional inverters for the output and inputs, which are taken into account in the Fig. 6 c. Simulation of the LUT-2 and the measuring of the power consumption of the LUTs shows Fig. 7. Similarly, was performed the simulation and investigation of the redundancy SRAM cell, D-flip-flop, 3-state buffer.  Then let us build Failure-free operation probability curves in the computer mathematics system MathCad based on the results of circuits simulation.    

5 RESULTS The simulation results of the TMR and/or QR FPGA’s basic elements confirmed the possibility of the proposed combined redundancy. As it turned out, the QR gives a gain in power consumption (Fig. 7 b). Comparative curves of the original CMOS NOT circuit failure-free operation probability and TMR, TMR3, QR shows Fig. 8 – a, b. Fig. 8 – c, n=20, – d, n=100 graphically illustrates the QR advantage with increasing number of transistors n.  Increasing of the failure-free operation probability by using hybrid redundancy demonstrates Fig. 8 – e, n=50; 
r=0.5; k=10; – f, n=100; r=0.4; k=7. The unit specific probability (Formula 13) is obtained taking into account the costs in number of the transistors (Table 1).  

α

ξ

λ
ξ .
δ

n t

P
P e

n

− ⋅−
Ψ =  (13)  Charts are shown on Fig. 8 – g, t=50; r=0.7; k=10; – h, t=10; r=0.5; k=7.   a   b    c  Figure 6 – Experiment with LUT FPGA (n=1): a – LUT-1;  b – QR LUT-1 and c – LUT-1 TMR   
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 a  b  Figure 7 – LUT-2 simulation: a – XOR waveform; b – a comparison power consumption of the LUTs at 0,3 V Power Supply  Table 1 – The hardware and time costs of the QR/TMR and HR 

№ Failure-free 
operation 

probability 
symbol  

Hardware conditional 
 costs in number  of the 

transistors 

Conditional time delay Note 

1 tmrP  3 12n +  τ 2n +  
TMR, Excluding additional power supplies; 

nτ – time delay of the circuit with n transistors; 2– time delay of the Majority Voter 
2 3tmrP  3 36n +  τ 2n +  TMR3, Majority Voters tripling 
3 

dtP  3 36n k+  τ 2n k+  DT, Majority Voters tripling 
4 qrP  4n  2τn  QR, Without taking into account the decomposition 
5 34tmrP  3 48n+  τ 4n +  HR (TMR+QR) Majority Voter  
6 34tmr gP  3 (1 ) 4 48n r nr− + +  (1 )τ 2τ 4n r nr− + +  HR (TMR+QR) Majority Voter 
7 

dtqrР  3 (1 ) 4 48n r nr k− + +  (1 )τ 2τ 4n r nr k− + +  HR (DT+QR) 
8 ( )tq tP  12 48n+  2τ 2n +  HR (TMR+QR) 
9 34tmr gtP  12 (1 ) 4 48n r nr− + +  (1 )2τ 2τ 4n r nr− + +  HR (TMR+QR)  

6 DISCUSSION As it evident from the Fig. 8 – a,b with a small “n”, the TMR tmrP  is worse than the non-redundant circuit. TMR 3tmrP wins only to probability 0.99 (n=2, t=60), and then it becomes lower than the non-redundant circuit. At the same time, QR qrP  is better any TMR. However, and G falls below after a probability of about 0.6 (t about 800). With an increase in n (20, 100) QR wins over the entire time interval (Fig. 8 – c, d). The direct introduction of QR into logical elements with е = 1 is possible only for two-seat operations, and for the implementation of the others logic gates decomposition is necessary, which increases the complexity and delay. ( )tq tP allows to achieve maximum reliability (Fig. 8 – e, f), but this requires a very large redundancy (Table 1). Quadding “not more expensive” than CMOS tripling (Table 1) in case a large number of outputs  m, since each  
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 0 20 40 60 80 1000.950.9550.960.9650.970.9750.980.9850.990.9951e 2( )− λ⋅ tα⋅Ptmr t( )Pqr t( )Ptmr3 t( ) t  0 500 1 103×

0.20.280.360.440.520.60.680.760.840.921e 2( )− λ⋅ tα⋅Ptmr t( )Pqr t( )Ptmr3 t( ) t  a b 0 500 1 103×
00.10.20.30.40.50.60.70.80.91e n( )− λ⋅ tα⋅Ptmr t( )Pqr t( )Ptmr3 t( ) t  0 100 200 300 400 50000.10.20.30.40.50.60.70.80.91e n( )− λ⋅ tα⋅Ptmr t( )Pqr t( )Ptmr3 t( ) t  c  d  100 200 3000.50.550.60.650.70.750.80.850.90.951Ptmr t( )Pqr t( )Ptmr3 t( )Ptmr34 t( )Ptmr34g t( )Ptmr34gt t( )Ptq t( )Pdtqr t( ) t  100 200 3000.10.190.280.370.460.550.640.730.820.911Ptmr t( )Pqr t( )Ptmr3 t( )Ptmr34 t( )Ptmr34g t( )Ptmr34gt t( )Ptq t( )Pdtqr t( ) t  e  f   500 1 103× 1.5 103× 2 103×
1 10 5−×

1.39 10 4−×

2.68 10 4−×

3.97 10 4−×

5.26 10 4−×

6.55 10 4−×

7.84 10 4−×

9.13 10 4−×

1.042 10 3−×

1.171 10 3−×

1.3 10 3−×

Ψtmr n( )
Ψqr n( )
Ψtmr3 n( )
Ψtmr34 n( )
Ψtmr34g n( )
Ψtmr34gt n( )
Ψtq n( )
Ψdtqr n( ) n  2 103× 4 103× 6 103×

1 10 5−×

2.3 10 5−×

3.6 10 5−×

4.9 10 5−×

6.2 10 5−×

7.5 10 5−×

8.8 10 5−×

1.01 10 4−×

1.14 10 4−×

1.27 10 4−×

1.4 10 4−×

Ψtmr n( )
Ψqr n( )
Ψtmr3 n( )
Ψtmr34 n( )
Ψtmr34g n( )
Ψtmr34gt n( )
Ψtq n( )
Ψdtqr n( ) n  g  h    Figure 8 – Failure-free operation probability of the TMR, QR, HR: a – n=2, t=0…100; b – n=2; t=0…1000; c – n=20; d – n=100; e – n=50 r=0,5; k=10 ; f – n=100; r=0,4; k=7; g – t=50; r=0,7; k=10;  h – t=10; r=0.5; k=7; 510 ,α 1.5−λ = =    
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of them must has TMR Voter (12 transistors), that determined by the formula (8):  4 3 12 1 12 .mn n m

n
≤ + ⇒ ≤  (14) For example 2NOR (2NAND) gate has n=four, so we get 16 transistors (QR) against 24 (TMR). In addition, time delay TMR 2NOR (2NAND) in amount of the transistors is five, time delay QR 2NOR (2NAND) is equal four. That is, with a small n there is an advantage in terms of complexity and delay even at m=1! However, TMR, unlike QR, takes into account the failure of one of the three power sources. However, it can be shown that K has the ability to connect a backup power source. It is easy to see that redundancy at the circuit level and even more so at the channel level is worse than redundancy at the level of individual transistors. Failure-free operation probability of quadding channel requires specific CMOS voter circuit (for example Fig. 4).  Quadding transistors (6) better than quadding circuits (15) and channels (16):   

α α α4 34( ) [ 4 (1 )].n t n t n t
circuitP t e e e− ⋅ λ⋅ − ⋅ λ⋅ − λ⋅

− = + ⋅ −   (15) 
α α α

α α α

4 34 4 3( ) [ 4 (1 )][ 4 (1 )].n t n t n t
channel

t t t

P t e e e

e e e

− ⋅ λ⋅ − ⋅ λ⋅ − λ⋅
−

− ⋅λ⋅ − ⋅λ⋅ −λ⋅

= + ⋅ − ×

× + ⋅ −
(16) Option (15) for time delay is equivalent to (6), although it is possible that this option (15) is preferable technologically, this requires further study of the corresponding sizes of the crystals areas. At the same time, (15) requires compliance with the Mead-Conway restrictions, and (16) does not.  However, channel quadded-structure (16) much worse than quadded-transistor (6) and tripling (2), (3), (4). Taking into account the restrictions of Mead-Conway, DT with partial QR dtqrР  (Fig. 8 – e, f) is most preferable compared to clean redundancy (Fig. 8 – c, d). The specific unit probability of the dtqrР  is most preferable too (Fig. 8 – g, h). However, dtqrР  requires a significant increase of the latency “input-output” which may be unacceptable in some cases.  Therefore useful TMR-QR 34tmr gP (Fig. 8 – g, h) in the case of strict limitations in the time delay.  

CONCLUSIONS The problem of creating Passive Fault-Tolerant Systems with Hybrid Redundancy is urgent, as known types of redundancy in some cases do not allow achieving the required reliability in radiation conditions. 
The scientific novelty of obtained results is that the proposed method uses a combination of Triple Modular 

Redundancy, Deep Triple Modular Redundancy, Quadding Redundancy, taking into account the necessary hardware costs and time delay. The resulting estimates and expressions allow finding the desired and optimal option in specific conditions. 
The practical significance of obtained results lies in the fact that the simulation of the proposed options for redundancy confirmed their effectiveness, which allows you to create systems with a new level of reliability and radiation resistance  
Prospects for further research are to study the problem of optimal Quadding Redundancy decomposition for the satisfaction of the Mid-Conway restrictions in the modern FPGA’s LUTs [18].   
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ABSTRACT 
Context. Constant growth of spacecraft operating life requirements leads to creating equipment which fits these requirements. From this point of view, specifically durability prediction allows to evaluate the potential of creating equipment with a long operating life. On early stages of equipment’s development analytical methods of durability prediction are used. Obviously, the more precise the estimation is, the more likely that the practical test will confirm the durability predictions. Therefore, improving the engineering techniques of the durability prediction is a relevant problem.  
Objective. The objective of this research is to improve the quality of design work by enhancing the engineering techniques of the durability prediction, which raise the authenticity of the evaluations. 
Method. Life of the equipment are calculated using the statistical modelling method (Monte-Carlo method). This method takes into consideration probabilistic characteristics of constituent elements’ life. 
Results. As a result, the problem of predicting operating life of electronic equipment using the reference data on early stages of development is solved. An analysis of standardized method of durability prediction was performed which revealed existing limita-tions for using this method when predicting operating life of electronic equipment. An alternate, statistical method of predicting op-erating life of electronic equipment was suggested and a software implementation was created. Developed software was tested and verified. Analytical experiments were performed to show the authenticity of the suggested method and to compare it to the standard-ized one. 
Conclusions. Thus, results of the performed research show that the standardized method is applicable only for calculating the minimum operating time. Also, it was concluded that the truncation parameter of element’s life distribution, variation coefficient of life and some specific qualities of dependability prediction scheme have to be taken into consideration when predicting durability of electronic equipment. 
KEYWORDS: electronic equipment, dependability, durability, life, design automation, simulation.  

NOMENCLATURE EE – electronic equipment; 
ТT – technical task; DM – durability measure; EC – electronic component; DS – data sheet; LS – limiting state; m – mean; g – group; ASONIKA-K-D – software for calculating durability indicators of electronic equipment; PK ASONIKA-K – software complex for calculating dependability indicators of electronic equipment; 
Tр.γ – gamma-percentile life; 
Tн.  – minimum operating time; 
P – probability; 1рТ  – life vector of electronic components; 2рТ  – life vector of the electronic components that reached the limit state; 
χγ – quantile of the normal distribution; 
γ – probability for which the life is calculated, ex-pressed as a percentage; 
tр – life; 
m(tр) – mathematical expectation of life; σ(tр) – standard deviation of life; 

ν – variation coefficient of life; 
Тр.m – mean life; 
νm – mean variation coefficient of life; 
νn – variation coefficient of life of the n-th electronic component; 
N – number of electronic components in electronic equipment; 
m(tр)n – mathematical expectation of life of the n-th electronic component; 
σ(tр)n – standard deviation of life of the n-th electronic component; 
Тр.γn – gamma-percentile life of the n-th electronic component; 
γn – probability for which the life of the n-th electronic component is calculated, expressed as a percentage; . nН МT  – minimum operating time of the n-th elec-tronic component; 
КLS – limiting state criterion of electronic equipment; 
k – number; 

kрt  – k-th life realization; 
EEрt  – life realization of electronic equipment; 
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nрt  – life realization of the n-th electronic compo-nent; 

l – number; 
lрt  – l-th life realization; 

γЭМ – probability for which the life of electronic equipment is calculated, expressed as a percentage; 
M – number of simulation experiments; . EEрТ γ  – gamma-percentile life of electronic equip-ment; 
xn – n-th realization of random variable; 

gLSК  – limiting state criterion of reserved group; 
gрt  – life realization of reserved group; 

Ng – number of electronic components in reserved group.  
INTRODUCTION Level of quality of renewable and modifiable elec-tronic equipment largely depends on quality and effec-tiveness of engineering such equipment. This is a big fac-tor in competitiveness on global and local markets. More-over, this applies to modern on-board equipment of spacecraft which has complex operating algorithms, heightened dependability, noise immunity and persistence against external influences. Besides, in addition to growing complexity of equip-ment and more strict requirements, time allotted for de-signing machinery is shortened. First stages of engineer-ing are usually hindered by countless revisions and modi-fication targeted not to raise the quality of equipment, but to eliminate flaws, defects and failures. This happens due to a number of shortcomings of traditional engineering process, mostly from insufficient integration of math modeling into modern information technology. Main difficulties of using math modeling methods in engineering process come from two reasons. Firstly, methods of selecting and analyzing engineering decisions are not developed enough. In addition, malfunctions mod-eling and dependability-oriented engineering are often neglected. Secondly, there aren’t many software packages to choose from, and their capabilities are limited. Modern reliability calculation software packages (ASRN, “ARBITR”, “Nadejnost” module of KOK com-plex, “Reliabilty” modules of CAD-systems, RAM Commander, WQS, BlockSim and others) focus mostly on reliability prediction, leaving durability out. However, these factors do matter a lot for spacecraft with its long lifespan, and for competitiveness on the market too. It is known that durability is established with design, implemented with manufacturing and kept with mainte-nance. Better accuracy of durability characteristics evaluation on early stages of designing means more chances to construct durable equipment. This makes im-proving methods of durability characteristics calculation for equipment with heightened operating life a relevant problem. 

This research examines standard procedure of equip-ment’s life prediction and also methods, models and algo-rithms used for equipment durability analysis. The objective of this research is to heighten equipment engineering quality by improving durability calculation method with durability probability characteristics of equipment’s composite elements usage.  
1 PROBLEM STATEMENT Durability characteristics of equipment’s components is the initial data for equipment operating life prediction. These characteristics are «minimum operating time» and «gamma-percentile life». Result of the calculations is the gamma-percentile life of electronic equipment which in-dicates the time during which equipment won’t reach it’s limiting state with gamma-probability. Limiting state cri-terion of electronic equipment is decided by a predeter-mined percentage of equipment’s components reaching their life expectancy (in the worst-case scenario – of any component). Based on this, mathematical problem of equipment’s operating life prediction comes to calculating equation (1) for . EEрТ γ :  

( )1 2. . ,100 EE EEр р р рP Т Т Т Тγ γ≤
γ

≥=  (1) for worst-case scenario equation (1) becomes:  
( )1 . .100 EEр рP Т Т γ

γ
≥=  (2) 

2 REVIEW OF THE LITERATURE Many publications are devoted to the problems of equipment’s operating life evaluation. They review three main methods of operating life prediction – experimental, analytical and experimental-analytical. Experimental methods rely on operational life testing (usually, acceler-ated testing) [1]. experimental-analytical methods assume that dependability tests are performed for a part of equip-ment’s composing elements (usually in place developed elements), and the technical equipment’s operating life itself is calculated. Since there is no equipment to test on early stages of engineering and the equipment consists of elements with known durability characteristics, these methods won’t be reviewed. The most widespread dura-bility assessment methods are the methods of calculating mechanical equipment’s operating life under cyclic stress-ing, mechanical wear and other fatiguing stresses. These methods are used in calculating operating life of separate elements of equipment’s carcass [2], which is a separate problem and it will not be reviewed here. There are also operating life prediction methods based on using prob-ability-physical failure patterns [3, 4]. But using these methods also requires experimental tests of the compo-nent base, so they haven’t found much use in engineering routine. 
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Perhaps, the only document which regulates durability prediction on the stages of development is the standard [5], which is used ether directly (for example, [6]) or serves as a base for creating factory-local standards (for example, [7–9]). Initial data for durability prediction using methods of this standard are the element’s durability characteristics which are detailed and systematized in the handbook [10]. The handbook is an official publication and it gives a list of such experimentally obtained element’s durability characteristics: – gamma-percentile life; – minimum operating time. Fig. 1 shows a fragment of a Hand Book’s table of re-sistor’s durability characteristics. However, minimum operating time values are detailed only for elements which have been produced under mod-ern requirements. If an element is missing from the refer-ence book, it has to be calculated using standard’s [5] formula:  1. .1 0,15 .1 0,15н рТ Т γ

γ

γ

− ⋅χ
= ⋅

− ⋅χ
 (3) As implied by (3) methods of standard [5] assume that life of an element is a normally distributed random value:  

( ) ( )

( )( )
( )

2221 .2 р р

р

t m t

t
р р

р
f t e dt

t

−
−+∞

⋅σ

−∞

= ⋅
σ ⋅ ⋅π ∫  (4) Clearly, the number 0.15 in formula (3) represents variation coefficient of life:  

( )
( )

.р

р

t

m t

σ
ν =  (5) It should be noted that in the document [7] value of ν is 0.25, and in the document [8] – 0.21. On top of that each of those documents assumes that the value of ν stays the same for every element when cal-culating durability characteristics. Therefore, if one ele-ments has the same γ value as some another element, but one of the elements has greater Тр.γ value, other durability characteristics (Тр.m и Tн. ) will also be greater.     Figure 1 – Hand Book “Nadyozhnost EhRI”: part of a table with resistors’ durability characteristics 

36



e-ISSN 1607-3274   Ра і і а, і а и а, ав і я. 2019. № 2 p-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2019. № 2   

© Zhadnov V. V., Kulygin V. N., Zotov A. N., 2019 DOI 10.15588/1607-3274-2019-2-4 
Calculation of variation coefficient for different types of elements shows that ν values lie in the range of 0.1÷0.25. As example, Fig. 2 shows distribution of the variation coefficient for the “Receiving and converting cathode-ray tubes” class.  Figure 2 – Distribution of the variation coefficient diagram  So, if variation coefficients of life differ between ele-ments, it can happen that one element has Тр.m greater than another, and Тр.γ, in contrast, lesser. To combat this, in [11] it has been suggested to use mean value of variation coefficient of life:  1 .N

n
n

m N
=
ν

ν =
∑  (6) But neither documents [7, 8] nor monograph [11] de-tail evaluation of error, which is based on assumption of 

νn values equality. Thus, one of the ways to increase durability prediction of equipment is using not determinate, but probabilistic characteristics of elements life.  
3 MATERIALS AND METHODS In order to resolve this problem a method of statistical modeling was used. This method is “a universal method of calculation for objects of any structure, for any distri-butions of operating time between failures and restoration times, for any strategies and methods of restoration and preventive maintenance…” [12]. In this case statistical modeling included following stages: – Calculating parameters of the life distribution (m(tр)n 

и σ(tр)n) using values of Тр.γn, γ, Tн. n and γ1 = 99.9% for each element (using normal distribution law). – Performing simulation modeling: – Calculating life realization for each element (using Box-Muller transform); – Calculating life realization for equipment using lim-iting state criterion (КLS). The limiting state criterion in standard [5] is interpreted as reaching operating life limit by a defined percentage of total count of equipment. Us-
ing this limiting state criterion for equipment’s life realiza-tion means life realization’s vector is aligned in ascending order. A value with number k is chosen from this vector:  ,EE kр рt t=  (7) where k is     

( )int 1.100LSКk N⎡ ⎤= ⋅ +⎢ ⎥⎣ ⎦
 (8) Obviously, if the limiting state criterion is formulated as “reaching lifespan by any element”, then, with this limiting state criterion:  

( )1 21,min , ,..., .EE Nр р
n

р р
N

t t t t
=

=  (9) – Carrying out simulation experiment and forming a vector of life realizations of electronic equipment – Calculating γ-percentile life of electronic equipment. Aligning the vector of life realizations in descending or-der and selecting a value with number l from it:  . ,lEE ррT tγ =  (10) where l is   1 .100l Mγ⎛ ⎞= − ⋅⎜ ⎟
⎝ ⎠

 (11) This method was implemented and included in ASONIKA-K-D system of ASONIKA-K software pack-age [13]. Fig. 3 shows results of modeling operating life of Р1-1 resistor, which has Tн.  = 25 thousand of hours, Тр.γ = 50 thousand of hours (γ = 95%), amount of simulation ex-periments – 106.  Figure 3 – Results of P1-1 resistor life modeling 
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As seen in Fig. 3, statistically modelled value of resis-tor’s 95% operating life (49.956 thousands of hours) al-most coincides with predetermined one.  

4 EXPERIMENTS To evaluate the influence of variation coefficient of life a number of calculations inside ASONIKA-K-D sys-tem was carried out. Case 1. Equipment contains 5 elements with Тр.m = 50 thousands of hours (ν = 0.25) and 5 elements with 
Тр.m = 40 thousands of hours (ν = 0.1), КLS = 0%. Case 2. Equipment contains 5 elements with Тр.m = 50 thousands of hours and 5 elements with with Тр.m = 40 thousands of hours, КLS = 0%. The variation coefficient for each element equals νm, which is calculated using for-mula (6). Case 3. Equipment contains 10 “P1-1” resistors (de-picted in Fig. 1), КLS = 0%.  To evaluate the accuracy of calculations using a method described in standard [5], a 95% operating life calculation example was chosen. The equipment consists of 101 resistors, 34 non-electrolytic capacitors, 28 electrolytic capacitors, 22 sili-con diodes, 14 low-powered silicon transistors, 5 high-powered transistors, 37 microchips with low degree of integration, black and white kinescope and 2 low-frequency transformers. limiting state criterion: “No more than 20% of ele-ments should have their operating life used up”. Since standard [5] does not include types of elements, they were chosen match standard’s [5] example. That means choosing elements in a way that makes the count of elements with 95% life’s value to fit with the stan-dard’s [5] example. Formed data is summarized in Ta-ble 1.    

5 RESULTS Results of calculating 95% life’s value for case 1 are shown in Fig. 4a. Calculations were performed using ASONIKA-K-D system with a number of simulation ex-periments M = 106. Fig. 4 b shows Results of calculating 95% life’s value for case 2. Results of calculating 95% life’s value for case 1 are shown in Fig. 5. Calculations were performed with a number of simulation experiments M = 106. Fig. 6a illustrates results of calculating 95% life’s value calculated using ASONIKA-K-D system with a number of simulation experiments M = 106 for КLS = 20%. Fig. 6b shows results of calculating equipment’s 95% life’s value for КLS = 0%.   Table 1 – Initial data for calculating 95% life of equipment Data [1] 
№ Type products T , , in thousand hours Тр,γ (γ = 95%), in thousand hours Number of pieces All pieces Тр,γ (γ = 95%) Total percent-age 1 2 3 4 5 6 7 8 Ceramic capacitors for rated voltage 1600 V and higher 1 К15-15 2 5 24 Monochrome picture tubes 2 2ЛК1Б 2 9 (γ = 90%) 1 25 before 10000 100 Electrolytic capacitors 3 К50-20 10 13 1 Thermoresistors 4 КМТ-1 10 15 (γ = 90%) 25 26 “15000 89.6 Volumetric-porous capacitors 5 К52-2 10 15 27 Ceramic capacitors for rated voltage 1600 V and higher 6 К15-14в 7.5 15 10 37 “20000 79 Resistors, constant, metal-dielectric 7 2-6 15 25 35 Low-voltage power transformers 8 ТАН 12 27.5 2 37 “30000 63.9 Integrated microcircuits 9 Hybrid 25 50 37 Low-power silicon transistors 10 2Т317А 25 50 14 Silicon rectifier diodes 11 Д214 25 50 22 Powerful silicon transistors 12 2Т808А 25 50 5 Resistors, constant, metal-dielectric 13 Р1-12 25 40 17 95 “50000 48.8 Resistors, constant, metal-dielectric 14 Р1-4 30 60 24 24 “60000 9.9 Total: 244  
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  a b Figure 4 – Simulation modeling results:  a – for values ν1–5 = 0.1 and ν6–10 = 0.25; b – for values ν1–10 = νm = 0.175   Figure 5 – Simulation modeling results for a unit with 10 resistors    a b Figure 6 – Simulation modeling results:  a – for КLS = 20%; b – for КLS = 0%   
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6 DISCUSSION To determine the cause of discrepancy between results of statistical modeling and standard’s [5] example a test example was calculated (Fig. 4) As Fig. 4a illustrates, the value of 95% life is equal to 18,788 thousands of hours. For comparison, Fig. 4b shows the value of 95% life of the same equipment with ν for each element equal to νm, which is calculated using formula (6). As shown in Fig. 4b, the value of 95% life (23,834 thousands of hours) differs from the one with using different ν values as shown in Fig. 6a However the calculated values are substantially lower than the value of 95% life calculated using standard’s [5] method (33.42 thousands of hours) A calculation of a test example was performed to iden-tify the reason behind such results of statistical modeling (see Fig. 5). As illustrated in Fig. 5, the value of 95% life is equal to 34.068 thousands of hours, but standard’s [5] result is 50 thousands of hours. Since the νn values in this case are same for all ele-ments, this discrepancy is due to different elements’ life values being independent random values. When modeling independent random values (ele-ments’ lifes), for each element a random value is gener-ated (x1, x2,…, xN) and it’s used to calculate the life’s value (t 1, t 2, …,t N) as shown in Fig. 7.   Figure 7 – Modeling of elements’ lifes  Removing discrepancy between results of statistical modeling and standard’s [5] method can be achieved by not only making νn values equal, but also creating func-tional relation between elements of different types. That means if the first element’s life realization equals to tр1 for a random value equal to x, then values of life realizations of other elements (tр1, tр2, …,tрN) must be the same (illus-trated in Fig. 8). However, this is impossible in practice. It is hard to imagine skipping one type of element life verification but checking all of the others when building equipment. Spe-cifically it has to be verification of elements life which would guarantee the element’s life with probability close to 1. Thus, if elements life are independent values, the probability of equipment’s life being no lower than a cer-tain value would decrease with increasing equipment’s elements count. 

 Figure 8 – Functional relation implemented by modeling ele-ments’ lifes realizations  This can lead to calculated value of 95% equipment’s life being lower than the gamma-percentile life calculated using standard’s [5] method. Minimum operating time would be lower too. It should be noted that the value γ = 99.9% in formula (3) should be considered as an approximate one. Such value is recommended in standard [5] for calculating Tн.  of elements with no Tн.  values given in Data Sheet. By definition, minimum operating time is a time period (life) during which limiting state of an element won’t happen with a probability of 1. Which means it should be consid-ered as a shift parameter for life distribution function (Fig. 9).    Figure 9 – Life distribution function  To confirm this, let’s find χγ1 value using formula (3). In accordance with requirements of current standards, 95% element’s life should be no lower than it’s doubled minimum operating time. Let’s assume Тр.γ = 2�Tн. . In this case, formula (3) will take the following form:  1. .1 0,15 2 .1 0,15 1,645н нТ Тγ− ⋅χ
= ⋅ ⋅

− ⋅
 (12) Solving (12) for χγ1 gives χγ1 = 4,1568. For this value the probability is almost equal to 1 (at χ = 4.265  

γ = 99.999%). Based on this, it should be assumed that the element’s life distribution function is shifted by Tн.  value. In this 
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case, statistical modeling of element’s life realization should be performed using formula:  .. .   , . ,,  n
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 (13) With taking into account all of the correction, statisti-cal modeling was performed for standard’s [5] example. As illustrated in Fig. 6 a, 95% equipment’s life is no lower than 17.827 thousands of hours, which is 1.4 times greater than the one calculated using standard’s method (13 thousands of hours). Besides, Fig. 6b shows results of calculating 95% equipment’s life for КLS = 0%. Fig. 7 b shows that 95% equipment’s life is no lower than 2.457 thousands of hours, which is 2 times less than the one calculated using standard’s [5] method (5 thousands of hours). It should be noted that existence of reserved elements (reserving using additional (reserve) elements) should be taken into consideration when modeling equipment’s life realizations. For example, limiting state criterion for constantly loaded reservation is formulated as “Expending operating life of 100% of elements included in reserved group”. КLS value for such reserved group will be equal to:  100%
gLSК = .  Calculating realizations of reserved group for such КLS value is performed using following formula:  

( )1 21,max , ,..., .g Ng
gn N

р р р рt t t t
=

=  (14) 
CONCLUSIONS Thus, performed studies and analytical experiments al-low us to draw the following conclusions: – value of minimum operating time as a minimum of integral element’s minimum operating time can be used for “lowest” estimation of gamma-percentile life of non-reserved equipment; – standard’s [5] method of calculating equipment’s durability is applicable for calculating gamma-percentile life only if it’s proven that lifes of integral elements have strong correlative connection and equal variation coeffi-cients; – statistical modeling is the most reasonable way of analytical gamma-percentile life calculation only if life of integral elements are independent random values with different parameters of their distributions; – laws of life distribution with shift parameters equal to the minimal operating time should be used for model-ing element’s life realizations; – existence of reserved elements (reserving using ad-ditional (reserve) elements) should be taken into consid-eration when modeling equipment’s life realizations. 

– specialized software should be used to calculate gamma-percentile life of equipment (like ASONIKA-K-D). In conclusion, it should be noted that aforementioned method of statistical modeling does not take into consid-eration elements’ life dependence from equipment’s op-eration model. Particularities of predicting life of ele-ments whose total flow of failures consists of independent failure flows of its components. These problems are re-viewed in detail in [11] and [14]. Their suggested models will be implemented with ASONIKA-K-D further devel-opment.  
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Е О  РОГ О ВА  О А ІВ ОВГОВІЧ ОС І Е Е РО  АСО ІВ 

 
а в В. В. – а . . а ., ,  Д а а   і і  На і а ь  і и ь  

ів и  «Ви а ш а і и», М ва, Р ія. 
и і  В. . – а і  і и і і , а і а  А і а ь  ш и  і и  а  На і а ь  

і и ь  ів и  «Ви а ш а і и», М ва, Р ія. 
в А. . – а і  і и і і , а і а  А і а ь  ш и  і и  а  На і а ь  

і и ь  ів и  «Ви а ш а і и», М ва, Р ія.  
А О А І  

А а ь і ь. і  і ви я ви   ів а ив  і ва я і и  а а а ів ви а ає в я -
и  а ів,  ві ві а ь и  ви а . З іє  и  а  а и и в ві і в я ь і и и и -

и в  иві ь в я и  а ів ива  і ва я. На а і  а а  ва я я і и 
а и ів в ві і а в ь я а ві и. ви ,  и  іш  і а, и  і ьша ві і ь ,  и ви ва я  а ів а и и в ві і ь і в і. Т  в а я і и  -

и  і и а и ів в ві і и  а ів є а а ь и  ав а я . 
а и. і ви я я і и  і  а а  в а я і и  и  а   
и  а ів,  в я ь і ви и и і ь і ві і ь  і и. 
. Д я а   и  а ів а ва и   а и и  ва я (  М -

Ка ),  в яє в а в ва и і ві і і а а и и и  и  ів. 
Р з ь а и. Р в’я а а а а а ва я  и  а ів а ві ві ви  а и   а а и-
и а  в ві і ів а а і  а а  ва я. в  а а і  а а и ва   а  
а и ів в ві і і вияв я і і я ь   и ва і  и  ів. 

За ва  а ь а ив и   ва я  и  ів, а ва и  а а и  ва -
і, і в а  а а а і а ія. в  ва я  а  а я. в  
и ва ь і и и  і я ві і а ва   і  ів я я і  а а и ва и  . 
Ви в и. За ь а а и в и  и ів а а ,  а а и ва и   а а в ва и 

і ь и я а  і і а ь  а а ва я і  ви в   і і ь в а ва я а а а і я 
і   ів і і іє а ва іа і  , а а  ив  и а  а і і и -

ва я а и ів в ві і и  а ів. 
ЮЧОВІ С ОВА: и  а і , а і і ь, в ві і ь, , ав а и а ія ва я, і і а і  -

ва я.  
УДК 621.396.6, 621.8.019.8  

Е О  РОГ О РОВА  О А А Е Е  О ГОВЕЧ ОС  Е РО Ы  СРЕ С В  
а в В. В. – а . . а , ,  Д а а а  и ии На и а ь  и ва-

ь  ив и а «В шая ш а и и», М ва, Р ия. 
и  В. . – а и  и и и и , а и а  А и а  ш   и и  а а  На и а ь  

и ва ь  ив и а «В шая ш а и и», М ва, Р ия. 
в А. . – а и  и и и и , а и а  А и а  ш   и и  а а  На и а ь  и -

ва ь  ив и а «В шая ш а и и», М ва, Р ия.  
А О А  

А а ь ь. я  в ш и  ва и   а  а ив  в ва ия и и  а а а в  
а ия  в, в а и  и  ва ия .   и ия и  а а и в и -

в я  и ь и и иа ь  в ь а ия  в и ь  и и ва ия. На а и  
а а  и ва ия я и а а  в и и я я а  . ви ,    

а,  ьш  в я ь ,  и и а ия  а в а а и в и  в . - в ш в ва и  и  и  и а а  в и  в яв я я а а ь- а а . 
ь. в ш и  а ва  а  а  в ш в ва и  и  и  а а а - в, в я и  в и ь ь и в ь  и. 
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. Д я а а а  в и   а и и  и ва ия (  М -

Ка ), в я и  и ва ь в я  а а и и и а и  в. 
Р з ь а . Р ш а а а а и ва ия а  в а в  ав  а   а а и-
и а  в и в а а и  а а  и ва ия. в  а а и  а а и ва  а а а 
а а  в и и в яв  в  а и ия  а и и ва ии а - .  а ь а ив   и ва ия а  , ва  а а и - и ва ии и а а  а ая а и а ия. в  и ва и  а а а  а  -
ия. в  в и и ь  и   и ва и  в и  а и  ав -

и   а а и ва  . 
В в .  ь а а  в  и в а а ,  а а и ва   и и  ь  я 

а а и и а ь  а а и и а  в в   и и а а а а ия а ия а -
в и и и а ва иа ии а, а а    а а а и и и ва ия а а  
в и  в. 
ЮЧЕВЫЕ С ОВА:  в , а ь, в ь, , ав а и а ия и ва ия, 

и и а и  и ва и .   
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ABSTRACT 
Context. We consider a Kolmogorov-Wiener filter for fractal random processes, which, for example, may take place in modern information-telecommunication systems and in control of complex technological processes. The weight function of the considered filter may be applied to data forecast in the corresponding systems. 
Objective. As is known, in the continuous case the Kolmogorov-Wiener filter weight function obeys the Fredholm integral equation of the first kind. The aim of the work is to obtain the Kolmogorov-Wiener filter weight function as an approximate solution of the corresponding integral equation. 
Method. The truncated orthogonal polynomial expansion method for approximate solution of the Fredholm integral equation of the first kind is used. A set of orthonormal polynomials is used. 
Results. We obtained approximate results for the Kolmogorov-Wiener weight function for fractal processes with a power-law structure function. The weight function is found as an approximate solution of the Fredholm integral equation of the first kind the kernel of which is the correlation function of the corresponding fractal random process. Analytical results for the one-, two-, three-, four- and five-polynomial approximations are obtained. A numerical comparison of the left-hand and right-hand sides of the integral equation for the obtained weight functions is given for different values of the parameters. The corresponding numerical investigation is made up to the 18-polynomial approximation on the basis of the Wolfram Mathematica package. The applicability of the obtained solutions is discussed. 
Conclusions. The Kolmogorov-Wiener weight function for fractal processes is obtained approximately in the form of a truncated orthogonal polynomial series. The validity of the obtained weight functions is discussed. The obtained results may be applied to the data forecast in a wide variety of different systems where fractal random processes take place. 
KEYWORDS: Kolmogorov-Wiener filter weight function, truncated orthogonal polynomial expansion, Fredholm integral equation of the first kind, approximate solution. 
 

NOMENCLATURE 
T  – time interval along which the input data are observed 
k  – time interval for which the forecast should be made ( )h t  – Kolmogorov-Wiener filter weight function 
H  – Hurst exponent  ( )nS t –  set of orthonormal polynomials in [0, ]t T∈ . ( )R t  correlation function of the random fractal process 2σ  process variance 

 
 

INTRODUCTION Nowadays fractal processes take place in a huge variety of different systems (see, for example, [1–4] and various references in [4]). This paper is devoted to the obtaining of the Kolmogorov–Wiener filter weight function for continuous fractal processes. The structure function of the corresponding random fractal process is supposed to be a power-law one. Such a model is widely used for description of different systems in different fields of knowledge; see, for example, [5] and references therein.  
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In paper [4] the problem of data forecast for fractal processes in telecommunication systems was considered on the basis of Kolmogorov-Wiener filter. The results of paper [4] were refined in [5], but the Volterra integral equation was considered in [4, 5] rather than the Fredholm one. As is known [6], in the general case for such a problem the Fredholm integral equation of the first kind should be used. The exact analytical solution for such equation meets difficulties, so an approximate solution of the corresponding integral equation is obtained in this paper. 
The object of study is the Kolmogorov-Wiener filter for continuous fractal processes. 
The subject of study is the weight function of the corresponding filter. 
The aim of the work is to obtain the corresponding weight function as an approximate solution of the Fredholm integral equation of the first kind. 

 
1 PROBLEM STATEMENT We consider the Kolmogorov-Wiener filter for continuous fractal processes. As is known, the weight function of the considered filter obeys the following integral equation    where T  is the time interval along which the input data are observed, k T  the time interval for which the forecast should be made, ( )h τ  is the Kolmogorov-Wiener filter weight function and ( )R t is the correlation function of the corresponding fractal process, the noiseless case is considered. Here we consider a random fractal process with the power-law structure function which leads to the following correlation function [5]   where 2σ  is the process variance, α  is a constant and 

H is the Hurst exponent. The statement of the problem is to obtain the weight function ( )h τ  as an approximate solution to the integral equation (1). 
 

2 REVIEW OF THE LITERATURE Nowadays fractal processes are used for the description of a huge variety of different systems, and a model with a power-law structure function is a popular model of the fractal process, (see, for example, [1–5] and references therein). In paper [4] the Kolmogorov-Wiener filter is proposed in order to make the forecast for the fractal traffic which takes place in some telecommunication systems. Such a 
traffic is rather data-intensive, that is why for convenience it is described as a continuous process in [4]. But in [4] the Volterra integral equation of the first kind is used rather than the Fredholm one. In [4] the method of solution of the corresponding Volterra integral equation is described and finally an exact analytical solution of this equation was obtained in [5]. It should be stressed that the Volterra integral equation is not so complicated as the Fredholm one and it admits an exact analytical solution. Maybe, in some cases the use of the Volterra equation instead of the Fredholm one is a reasonable simplification. But definitely in the general case one should use the  Fredholm integral equation of the first kind rather than the Volterra one, see, for example, [6]. So the aim of the paper is to solve the corresponding Fredholm equation. But the exact analytical solution of the Fredholm integral equation (1) meets difficulties, so here we restrict ourselves only to a search for an approximate solution of (1).  It should be stressed that Fredholm integral equations of the first kind take place in various fields of knowledge. One of the most popular methods of their approximate solution, which is used in this paper, is the expansion of the unknown function into a truncated orthogonal polynomial series, see the corresponding solution of the kinetic equation in the framework of statistical physics [7, 8]. In fact, this method is a special case of the Galerkin’s method described in [9].   

3 MATERIALS AND METHODS The solution of eq, (1) is sought as the orthogonal polynomials series   
( ) ( )n n

n

h t g S t=∑   (3)  where ( )nS t  a set of polynomials which are orthonormal in [0, ]t T∈  and ng  are unknown coefficients.  The polynomials ( )nS t  are constructed as follows. As is known [10], the polynomials ( )nS t′  orthogonal in [0, ]t T∈  can be constructed as follows:  
( )

0 1 21 2 3 11 1 2 12 ,1 n

n

n

n n n n
n

S
+

− + −

μ μ μ μ
μ μ μ μ

′ τ =
μ μ μ μ

τ τ τ

 
[ ]0,Tτ∈  (4) where   10 1T n

n
n

T
x dx

n

+
μ = =

+∫ . (5)  ( ) ( ) ( )0 ,T

d h R t R t kτ τ − τ = +∫  (1) 
( ) 22 ,2 HR t t

α
= σ −  (2) 
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The numerical values of ( )nS t′  for t T≈  may be rather large, that is why the use of the orthonormal polynomials ( )nS t  may be convenient:  

( ) ( )

( )( )20 n
n

T

n

S
S

dt S t

′ τ
τ =

′∫

, (6)  the polynomials (6) obey the property   
( ) ( )0T n m mndtS t S t = δ∫  (7)  where mnδ  is the Kronecker delta.  By a straightforward calculation on the basis of (4)–(6) one can obtain explicit expressions for the first 5 polynomials:    

( )0 1
S t

T
= , ( )1 3 2 1S t t

TT

⎛ ⎞= −⎜ ⎟
⎝ ⎠

, 
( ) 22 1 2 25 6 6 1S t t t

TT T

⎛ ⎞
= − +⎜ ⎟

⎝ ⎠
, 

( )3 2 22 3 31 12 30 2017 ,S t t t t
T T TT

⎛ ⎞
= ⎜ +

⎝
− − ⎟

⎠
+  

( ) 2 34 32 41 2 420 9013 140 70
S t t t t t

T T TT T

⎛ ⎞
= + − +⎜

⎝
− ⎟

⎠
.   (8) On the basis of (3) one can rewrite (1) as  

( ) ( ) ( )0Tn n
n

g d S R t R t kτ τ − τ = +∑ ∫ .  (9)  After multiplying (9) by ( )mS t  and integrating one can obtain   ,n mn m
n

g G b=∑   (10)  where   
( ) ( ) ( )0 0T T

mn n mG dt d S S t R t= τ τ − τ∫ ∫ ,  
( ) ( )0Tm mb dtS t R t k= +∫ , (11)  the quantities mnG  are called the integral brackets. The obtained set of linear equations (10) is infinite, and 

solving (10) meets difficulties. So one should artificially truncate (10):   10l

n mn m
n

g G b
−

=
=∑ , 0, 1m l= − . (12)  The set (12) is finite, and one can obtain the coefficients ng  as the solution of the set (12). The corresponding approximate solution of the integral equation (1)   

( ) ( )
10l

n n
n

h g S
−

=
τ = τ∑  (13)  is called the solution in the l -polynomial approximation. In matrix form (12) can be rewritten as   

Gg b=  (14)  where   00 10 001 11 10 1 j

j

j j j j

G G G

G G G
G

G G G

⎛ ⎞
⎜ ⎟
⎜ ⎟= ⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

, 1j l= − , 01
j

g

g
g

g

⎛ ⎞
⎜ ⎟
⎜ ⎟= ⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

, 01
j

b

b
b

b

⎛ ⎞
⎜ ⎟
⎜ ⎟= ⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

, (15)  so the coefficients ng  can the obtained in matrix form as   1g G b−= . (16)  Now let us consider the properties of the matrix G . First of all,  
( ) ( ) ( ) { }0 0T T

mn n mG dt d S S t R t t= τ τ − τ = ↔ τ =∫ ∫  
( ) ( ) ( )0 0T T

n md dtS t S R t= τ τ τ −∫ ∫ .  (17) The correlation function is an even one:  
( ) ( )R t R tτ − = − τ , (18) and on the basis of (17) we have  

( ) ( ) ( )0 0T T

mn m n nmG d dtS S t R t G= τ τ τ − =∫ ∫ . (19)  
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Also the polynomials (6) obey the property   , 222 ,2n

n

n

T
S t n

T
S t

T
S t n

⎛ ⎞−⎜ ⎟
⎝ ⎠⎛ ⎞+ =⎜ ⎟

⎝ ⎠ ⎛ ⎞− −⎜ ⎟
⎝ ⎠

2⎧
⎪⎪
⎨
⎪
⎪⎩

, 0, 2Tt
⎡ ⎤∈ ⎢ ⎥⎣ ⎦

. (20)  Let us consider the quantity nmG  where m and n  are of different evenness. On the basis of (11) and (18) we have  
( ) ( ) ( )0 0T T

mn m nG dt d S t S R t= τ τ − τ =∫ ∫  ,2 2T T
x t y

⎧ ⎫= = − = − τ =⎨ ⎬
⎩ ⎭

 

( )
2 22 2 2 2T T

m n
T T

T T
dx dyS x S y R y x

− −

⎛ ⎞ ⎛ ⎞= − − − =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠∫ ∫  

{ },y y x x= → − → − =  

( )
2 22 2 2 2T T

m n
T T

T T
dx dyS x S y R y x

− −

⎛ ⎞ ⎛ ⎞= + + −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠∫ ∫ , (21)  here the fact that the correlation function is even is used. On the basis of (20) and the fact that m  and n  are of different evenness, we have  2 2 2 2m n m n

T T T T
S x S y S x S y

⎛ ⎞ ⎛ ⎞ ⎛ ⎞ ⎛ ⎞+ + = − − −⎜ ⎟ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠ ⎝ ⎠ ⎝ ⎠

 (22)  and with account for (21) we have  
( )

2 22 2 2 2T T

mn m n
T T

T T
G dx dyS x S y R y x

− −

⎛ ⎞ ⎛ ⎞= − − − =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠∫ ∫  0mn mnG G= − ⇒ = . (23)  So the matrix G  obeys the following properties: 1. G  is a symmetrical matrix: mn nmG G=  2. 0mnG =  if m and n  are of different evenness. These properties allow one not to calculate all the matrix G  by a straightforward calculation. It is enough to calculate by straightforward calculation only those components mnG  for which m n≥  and m and n  are of the same evenness. By a straightforward calculation on the basis of (8) and (11) one can obtain the components of the matrix G  up to 44G :  

( ) ( )
2 2 100 12 2 1 1 HG T T

H H
+α

= σ −
+ +

, 
( ) ( ) ( )

2 111 32 2 1 1 2 HH
G T

H H H
+α

=
+ + +
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H

−
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+
, 33 227 25 4H
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−
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+
, 44 339 37 5H

G G
H

−
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+
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2 120 2 52 2 2 3 2 4 HH
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= −
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, 

( ) ( )
( ) ( ) ( )40 24 1 2 12 2 6 2 5 2 4H H H

G
H H H

− −α
= − ×

+ + +
 

( ) ( )
2 112 3 2 2 HT

H H
+×

+ +
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( ) ( )
( ) ( ) ( )42 3 5 1 22 1 2 3H H H

G
H H H

− −α
= − ×

+ + +
 

( ) ( )
2 114 2 3 HT

H H
+×

+ +
, 

( )
( ) ( ) ( ) ( )

2 131 21 12 1 2 3 2 3 H
H H

G T
H H H H

+−α
=

+ + + +
. (24)  On the basis of (11) and 8 the coefficients mb  are calculated up to 4b : 20 11 21 2b T J

T

α⎛ ⎞= σ −⎜ ⎟
⎝ ⎠

, 
( )( )1 2 13 23 2 22b J k T J

T

α
= − − + , 

( )2 3 25 25 6 12 62b J k T J
T

α
= − − + +⎡⎣  

( )2 2 16 6k kT T J ⎤+ + + ⎦ , 
( )3 27 1323 2 12 30 22 07

b T T k k k
T

T J
α ⎡= − +− + + +⎣  

( ) ( )2 2 2 3 412 5 30 205 2JT kT k T Jk J+ − + ⎤+ + + ⎦ , 
( 24 9 24 312 2 903 02b J T kT k T

T

α ⎡= − + + +⎣  
) ( 323 4 2 2714 00 220 9 1Jk T k kT k TT+ + +− + +  

) ( )23 23 914 10 42 42k kTJ kT+ + + + −  
( ) 4 5140 72 0T J Jk− ++ ⎤⎦ , 
( )2 22 H n H n

n

T k k
J

H n

+ ++ −
=

+
. (25)  On the basis of (15), (16) and the above-mentioned properties of the matrix G  one can obtain the following results:  
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( ) ( )[1] [1]0 0h t g S t= , [1] [2] 00 0 00b

g g
G

= = , 
( ) ( ) ( )[2] [1] [2]0 0 1 1h t g S t g S t= + ,  [2] [3] 11 1 11b

g g
G

= = , 
( ) ( ) ( ) ( )[3] [3] [3] [3]0 0 1 1 2 2h t g S t g S t g S t= + + , [3] [4] 0 22 2 200 0 200 22 20b G b G

g g
G G G

−
= =

−
, [3] [4] 0 20 2 002 2 220 00 22b G b G

g g
G G G

−
= =

−
, 

( ) ( ) ( ) ( )[4] [4] [4] [4]0 0 1 1 2 2h t g S t g S t g S t= + + +  

( )[4]3 3g S t+ , [4] [5] 1 33 3 311 1 211 33 31b G b G
g g

G G G

−
= =

−
, [4] [5] 1 31 3 113 3 231 11 33b G b G

g g
G G G

−
= =

−
, 

( ) ( ) ( ) ( )[5] [4] [4] [4]0 0 1 1 2 2h t g S t g S t g S t= + + +  

( ) ( )[4] [5]3 3 4 4g S t g S t+ + , [5]4g
ξ

=
η

, 
( ) ( )22 40 20 42 0 40 00 4G G G G b G G bξ = − − −  
( ) ( )2 40 20 4 20 40 00 42b G G b G G G G− − − , 
( ) ( )222 40 20 42 40 00 44G G G G G G Gη = − − −  

( ) ( )20 40 00 42 42 40 20 44G G G G G G G G− − − , 
( ) [5]40 2 20 4 40 42 20 44 4[5]2 40 22 20 42G b G b G G G G g

g
G G G G

− − −
=

−
, [5] [5] [5]4 42 440 2 440 40 40b G G

g g g
G G G

= − − , (26) 
 where explicit expressions for mnG , mb and ( )nS t  are given in (24), (25) and (8), respectively, and the superscript [ ]n denotes that the corresponding quantity is taken in the n -polynomial approximation. The approximations of a larger number of polynomials are investigated in this paper only numerically because the corresponding analytical expressions are too cumbersome.   

4 EXPERIMENTS As is known, the above-mentioned method of truncated polynomial expansion is convergent if the kernel of the corresponding integral equation is positively defined function (see, for example, a similar discussion for the solution of kinetic equations in electron-phonon systems in [11]). The kernel of the integral equation (1) is the correlation function (2), which is not a positively defined function, so the proposed method is not necessarily convergent for all the parameters. So the obtained solutions should be checked at different numerical values of the parameters, and the aim of this 
section is to answer the question for which parameters the proposed method is reliable.  Let us take the following parameters:  100T = , 3k = , 1.2σ = , 0.8H = , 2α = π  (27)  and compare numerically the left-hand and right-hand sides of eq. (1) for the obtained weight functions (26). The corresponding numerical calculation is made in Wolfram Mathematica 11 package. The corresponding graphs for one-, two-, three-, four- and five-polynomial approximations are given in Fig. 1, Fig. 2, Fig. 3, Fig. 4 and Fig. 5, respectively:   Figure 1 – Comparison the left-hand and right-hand sides of eq. (1) for parameters (27) for the one-polynomial approximation   Figure 2 – Comparison the left-hand and right-hand sides of eq. (1) for parameters (27) for the two-polynomial approximation   Figure 3 – Comparison the left-hand and right-hand sides of eq. (1) for parameters (27) for the three-polynomial approximation 
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 Figure 4 – Comparison the left-hand and right-hand sides of eq. (1) for parameters (27) for the three-polynomial approximation   Figure 5 – Comparison the left-hand and right-hand sides of eq. (1) for parameters (27) for the three-polynomial approximation  It should be stressed that the left-hand side of (1) is calculated numerically on the basis of Wolfram Mathematica as  

( ) ( ) ( ) 220 0 2T T
H

d h R t d h t
α⎛ ⎞τ τ − τ = τ τ σ − − τ =⎜ ⎟

⎝ ⎠∫ ∫  

( ) ( )220 2t
H

d h t
α⎛ ⎞= τ τ σ − − τ +⎜ ⎟

⎝ ⎠∫  

( ) ( )22 2T
H

t

d h t
α⎛ ⎞+ τ τ σ − τ −⎜ ⎟

⎝ ⎠∫ . (28)  As can be seen from the figures, the one-polynomial approximation is not quite accurate, but the accuracy of the obtained solution increases with the number of polynomials, and the three-polynomial approximation is already rather accurate. For the five-polynomial approximation the obtained curves are very close to each other. Approximations of a larger number of polynomials are made numerically in Wolfram Mathematica up to the 18-polynomial approximation. It should be stressed that Mathematica is not able to calculate the approximation of higher-than-18 polynomials adequately due to machine errors (the corresponding «ripple» can be seen on the graphs). A rather strange behavior of n -polynomial approximation solutions is obtained: for 1 8n≤ ≤  the accuracy increases, and for 7n =  and 8n =  the curves are in fact ideally identical. For 9 15n≤ ≤  the method fails – the left-hand and right-hand sides of (1) are totally different. But for 16 18n≤ ≤  the method is again very 
good and the curves are in fact ideally identical. Such a strange behavior can hardly be explained. Maybe the reason is that the kernel of the integral equation (1) is not a positively defined function and the convergence of the method is not guaranteed. But nevertheless it should be stressed that for parameters (27) and for 3 8n≤ ≤  the method works really good and the obtained solutions for the weight function give the good coincidence of the left-hand and right-hand sides of eq. (1). Then let us change the parameters. The most interesting change is the change of the parameter T  because this parameter may vary most significantly in real systems. So let us take the parameters  10T = , 3k = , 1.2σ = , 0.8H = , 2α = π . (29)  For parameters (29) the corresponding investigation is also made up to the 18-polynomial approximation, and it seems that for parameters (29) the method is really convergent. The accuracy increases with the number of polynomials, the three-polynomial approximation is already rather accurate, for the five-polynomial approximation the obtained curves are very close to each other and starting from 8n =  the curves are in fact ideally identical.  Another set of parameters which is investigated in the paper is the following:  1000T = , 3k = , 1.2σ = , 0.8H = , 2α = π . (30)  For this set of parameters the method is not convergent. For  1 4n≤ ≤  the accuracy increases and for 3n =  and 4n =  the coincidence of the curves is rather good. But starting from 5n =  the method begins to fail, and the accuracy decreases with the number of polynomials for 5n ≥ . The corresponding comparisons of the left-hand and right-hand sides of (1) for the four- and five-polynomial approximation are given in Fig. 6 and Fig. 7, respectively. But, as can be seen, the four-polynomial approximation gives a really good coincidence of the curves. So, although the method is not convergent for parameters (30), the four-polynomial approximation gives a good approximate solution for the weight function.   Figure 6 – Comparison the left-hand and right-hand sides of eq. (1) for parameters (30) for the four-polynomial approximation  
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 Figure 7 – Comparison the left-hand and right-hand sides of eq. (1) for parameters (30) for the five-polynomial approximation  It should be stressed that, strictly speaking, the correlation function should obey the property   

( ) ( )0R t R≤ , (31)  so the considered parameters may not be physical. But if, for example, we change the parameter α  in such a way that ( )R t  obeys (31), the situation does not change significantly; anyway, the situation does not become better. If, for example, we take 33 10−α = ⋅  rather than / 2α = π  in (27), we have the following behavior of n -polynomial approximations. The one-polynomial approximation is not accurate, for the two-polynomial approximation the curves on the corresponding graphs are very close to each other. The three and four-polynomial approximation give approximately the same pictures. They are worse than the two-polynomial approximation, but better than the one-polynomial approximation. But the five-polynomial approximation gives almost identical curves, and for 5 18n≤ ≤  the qualitative behavior of the solutions is the same as for parameters (27). If, for example, we take 110−α =  rather than / 2α = π  in (29), we have the following behavior of n -polynomial approximations. The one-polynomial approximation is not accurate, the two-polynomial approximation is much better than the one-polynomial one, and for 2 6n≤ ≤  the accuracy slowly increases with the number of polynomials. The accuracy of the 7-polynomial approximation is lower than that of 6-polynomial approximation, but for 7 10n≤ ≤  the accuracy slowly increases with the number of polynomials. For 11 17n≤ ≤  the accuracy increases with the number of polynomials and the curves on the corresponding graphs are very close to each other. Mathematica is not able to calculate the approximations of more than 17 polynomials adequately due to machine errors (the corresponding «ripple» can be seen on the graphs). If, for example, we take 58 10−α = ⋅  rather than / 2α = π  in (30), we have the following behavior of n -polynomial approximations.  The one-polynomial approximation is not accurate, but the two-polynomial approximation is rather accurate: the curves in the 
corresponding graphs are very close to each other. For 3n ≥  the accuracy of the result decreases with the number of polynomials, starting from 5n =  the curves are far from each other.    

5 RESULTS The method of truncated orthogonal polynomial expansion is proposed in order to solve the integral equation (1). Analytical expressions for a one-, two-, three-, four- and five-polynomial approximation solutions are obtained. The kernel of this integral equation is not a positively defined function, so the method may not be convergent, in other words, the accuracy of the obtained solution may not increase with the number of polynomials. But in a rather wide range of parameters the approximations of rather small number of polynomials are rather accurate and may be applied to the following investigation of the data forecast.  Moreover, for some parameters the method is convergent.  
6 DISCUSSION We propose the method of truncated orthogonal polynomial expansion in order to obtain the Kolmogorov–Wiener filter weight function on the basis of the Fredholm integral equation of the first kind (1). A set of polynomials orthogonal for [ ]0,t T∈  is built (6), and this set is convenient because of the above-mentioned properties of the integral brackets. The analytical expressions for the approximate solutions for the integral equation (1) are obtained in the one-, two-, three-, four- and five-polynomial approximation. The kernel of the integral equation (1) is not a positively defined function, so the proposed method is not necessarily convergent for all the parameters. The sets of parameters (27), (29), (30) are chosen to check the convergence and the accuracy of the proposed method. The investigation is numerically made up to the 18-polynomial approximation.  For rather small T  ( 10T = ) the method is convergent, and starting from the three-polynomial approximation the left-hand and the right-hand sides of (1) are rather close, starting from the eight-polynomial approximation they are almost ideally identical. For 100T =  a rather strange behavior of n -polynomial approximations is seen. The accuracy increases up to the eight-polynomial approximation, starting from the three-polynomial approximation the left-hand and the right-hand sides of (1) are rather close, for the seven- and eight-polynomial approximation they are almost ideally identical. The corresponding graphs for the one-, two-, three-, four and five-polynomial approximations are given. Then for 9 15n≤ ≤  the method fails, and for 16 18n≤ ≤  the method again works very well. Such behavior can hardly be explained. But it should be stressed that the approximation of 3–8 polynomials works well, and the corresponding obtained 
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weight functions may be applied to a further investigation of the data forecast. For 1000T =  the method is not convergent, the five-polynomial approximation is not good, and  the accuracy decreases with the number n  of  polynomials for 5n ≥ . But for 1, 2, 3, 4n =  the accuracy of the obtained solutions increases, and three- and four-polynomial approximations are rather accurate. To summarize the above-mentioned, we should stress that the proposed method is not necessarily convergent for all the parameters. It works well for rather small values of the parameter T , but for high values of this parameter the method may not be convergent. Nevertheless, the approximation of rather small number of polynomials may be rather accurate in a wide range of parameters. But it should be stressed that generally speaking, each of the approximations obtained by the proposed method should be checked numerically before it is applied in further investigation of data forecast.   

CONCLUSIONS Approximate solutions for the Kolmogorov-Wiener filter weight function for fractal processes are obtained and the applicability of the proposed method is discussed. 
The scientific novelty of the obtained results is that the approximate solutions for the weight function in the problem under consideration are obtained on the basis of the truncated orthogonal polynomial expansion method. The applicability of the proposed solutions is discussed. 
The practical significance is that the obtained results may be applied to further investigation of data forecast for continuous fractal processes.  
Prospects for further research are to apply the obtained results to the corresponding investigation of data forecast.   REFERENCES 1. Korniienko V., Маtsyu  S., Udovik I., Alekseyev A. Method and algorithms of nonlinear dynamic processes identification, 

Scientific Bulletin of National Mining University, 2016, No. 1, pp. 98–103.   2. Kornienko V., Gerasina A., Gusev A. Methods and principles of control over the complex objects of mining and metallurgical production, In book “Energy Efficiency Improvement of 
Geotechnical Systems”. Taylor & Francis Group, London, 2013, pp. 183–192. ISBN 978-1-138-00126-8. 3. Bagmanov V. Kh., Komissarov A. M., Sultanov A. Kh. Prognozirovanie teletraffika na osnove fraktalnykh filtrov, 
Vestnik Ufimskogo gosudarstvennogo aviatsionnogo 
universiteta, 2007, Vol. 9, No. 6 (24), pp. 217–222.  4. Pipiras V., Taqqu M. Long-Range Dependence and Self-Similarity. Cambridge University Press, 2017, 668 p. DOI: 10.1017/CBO9781139600347 5. Gorev V. N., Gusev A. Yu., Korniienko V. I. On the analytical solution of a Volterra integral equation for investigation of fractal processes, Radio Electronics, Computer Science, 
Control,  2018, No. 4, pp. 42–50. 6. Miller S., Childers D. Probability and Random Processes With Applications to Signal Processing and Communications. Second edition. Amsterdam, Elseiver/Academic Press, 2012, 598 p. DOI: doi.org/10.1016/B978-0-12-386981-4.50001-1 7. Gorev V. N., Sokolovsky A. I. Plasma kinetic coefficients with account for relaxation processes, International Journal of 
Modern Physics B., 2015, Vol. 29, No. 32, pp. 1550233 (23 pages). 8. Loyalka S. K., Tipton E. L., Tompson R. V. Chapman–Enskog solutions to arbitrary order in Sonine polynomials I: Simple, rigid-sphere gas, Physica A., 2007, Vol. 379, pp. 417–435. 9. Polyanin A. D., Manzhirov A. V. Handbook of the integral equations. Second edition. Boca Raton: Chapman & Hall/CRC Press. Taylor & Francis Group, 2008, 1143 p. 10. Ismail Mourad E. H. Classical and Quantum Orthogonal Polynomials in One Variable. Cambridge University Press, 2005, 708 p. 11. Ziman J. M. Electrons and Phonons. The Theory of Transport Phenomena in Solids. Oxford University Press, 2001, 576 p. Received 21.02.2019. Accepted 24.03.2019.  

УДК 517.968.21 
О І О І РО В’   ВАГОВО  І  І Ь РА О ОГОРОВА-ВІ ЕРА  РА А Ь  

РО ЕСІВ 
Г єв В. . – а . і .- а . а , а и  а и и і а і  а і а і , На і а ь и  і и  
ів и  Д і в ь а і і а, Д і , У а а. 
Г єв О. Ю. – а . і .- а . а , ,  а и и і а і  а і а і , На і а ь и  
і и  ів и  Д і в ь а і і а, Д і , У а а. 

іє  В. І. – -  . а , , аві ва  а и и і а і  а і а і , На і а ь и  
і и  ів и  Д і в ь а і і а, Д і , У а а. 

A О А І  
А а ь і ь. Ми я ає  і ь  К ва-Ві а я ви а ви  а а ь и  ів, я і, а и а , 
ь а и і  в а и  і а і - і і и  и а  а  ва і а и и і и и 
а и. Ва ва ія і ь ,  я ає ь я,  и а ва а   а и   ві ві и  и а . 
а и.  ві ,  в  ви а  ів я я а ва в  і  і ь а К ва-Ві а є ів я я  

Ф ь а ш  . М  и є и а и ва в  і  і ь а К ва-Ві а я  а и и  
в’я  ві ві  і а ь  ів я я. 

. Ви и а   і ва  ви я а а ь и и і а и я а и  в’я а я 
і а ь  ів я я Ф ь а ш  . Ви и а  и  ва и  і ів. 

Р з ь а и. На и и а  а и і ь а и я ва в  і  і ь  К ва-Ві а я а а ь и  
ів  в   іє . Ва в  і  а  я  а и и  в’я  і а ь  ів я я 

Ф ь а ш  , я  я  є я і а ія ві ві  ви а в  а а ь  . А а і и і 
ь а и и а  я а и ь , в , ь , и ь  а ’я и і ів. Д я і и  а ь а а ів  и ь  ів я я ів  а ав  а и  і а ь  ів я я я и а и  ва ви  і . Ві ві  

51



e-ISSN 1607-3274   Ра і і а, і а и а, ав і я. 2019. № 2 p-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2019. № 2   

© Gorev V. N., Gusev A. Yu., Korniienko V. I., 2019  DOI 10.15588/1607-3274-2019-2-5 
и ь  і я   а а и  а і Wolfram Mathematica  а и я 18 і ів в . 

в є ь я а в і ь и а и  ь а ів. 
Ви в и. На и  и а  ва в  і  і ь а К ва-Ві а я а а ь и  ів  ви я і 
і ва  я  а а ь и и і а и. в  а в і ь и а и  ва ви  і . и а і 
ь а и ь и а в и и  ва я а и  я а а ь  і и  и ,  а ь і  а а ь і 
и. 
ЮЧОВІ С ОВА: ва ва ія і ь  К ва-Ві а, і ва  ви я а а ь и и 

і а и, і а ь  ів я я Ф ь а ш  , а и и  в’я .  
УДК 517.968.21 

О О ЫЕ РЕ Е   ВЕСОВО   Ь РА О ОГОРОВА-В ЕРА  
РА А Ь Ы  РО ЕССОВ 

Г в В. . – а . и .- а . а , а и  а  а и и а ии и и а и , На и а ь  
и и  ив и  Д в ая и и а, Д , У аи а. 
Г в А. Ю. – а . и .- а . а , ,  а  а и и а ии и и а и , 

На и а ь  и и  ив и  Д в ая и и а, Д , У аи а. 
и  В. . – -  . а , , ав и  а  а и и а ии и и а и , 

На и а ь  и и  ив и  Д в ая и и а, Д , У аи а. 
A О А  

А а ь ь. М  а а ива  и ь  К ва-Ви а я а а ь  в, , а и ,  
и ь  в в  и а и - и а и  и а  и в ав ии и 

и и и а и. В вая ия а а ива  и ь а  ь и а я а а  в 
в в и  и а . 
ь а . Ка  и в , в в  а  ав и  а в в  и  и ь а К ва–Ви а ь 

и а ь  ав и  Ф ь а в  а. Ц ь а  – и ь в в  и  и ь а К ва–
Ви а а  и и  ш и  в в  и а ь  ав ия. 

. И ь ва   ва  а ия  а ь  и а  я ия и и  
ш ия и а ь  ав ия Ф ь а в  а. И ь ва а ь и а и ва  и в. 
Р з ь а . На и  и и  ь а  я в в  ии и ь а К ва-Ви а я 
а а ь  в, ая ия  ь  и . В вая ия а а а  
и и  ш и  и а ь  ав ия Ф ь а в  а, я   ь я и ая ия 
в в  а а ь  а. А а и и и  ь а   я и и и  , в , ,  и я и и в. Д я а  а и  а а в а  и  ав и  в  и ав  а  

и а ь  ав ия я  в в  и . в в  и  и ва и  в и ь  
ь  а а и  а а Wolfram Mathematica в ь  и и ия 18 и в. ва ива я 

и и ь  ш и . 
В в . В вая ия и ь а К ва-Ви а я а а ь  в и и  а в ви  
ва  я а  а ь  и а . а я и и ь  в в  и .  
ь а   ь и   и ва и  а  в ши  а а ии а и  и , в  

и   а  а а ь  .  
ЮЧЕВЫЕ С ОВА: в вая ия и ь а К ва-Ви а, ва  а и   а ь  

и а , и а ь  ав и  Ф ь а в  а, и и  ш и . 
  

І ЕРА РА / ЕРА РА 1. Method and algorithms of nonlinear dynamic processes identification / [V. Korniienko, S. Маtsyu , I. Udovik, A. Alekseyev] // Scientific Bulletin of National Mining University. – 2016. – No. 1. – P. 98–103.   2. Kornienko V. Methods and principles of control over the complex objects of mining and metallurgical production / V. Kornienko, A. Gerasina, A. Gusev // In book “Energy Efficiency Improvement of Geotechnical Systems”. – Taylor & Francis Group, London, 2013. – P. 183–192. ISBN 978-1-138-00126-8. 3. Bagmanov V. Kh. Prognozirovanie teletraffika na osnove fraktalnykh filtrov / V. Kh. Bagmanov, A. M. Komissarov, A. Kh. Sultanov // Vestnik Ufimskogo gosudarstvennogo aviatsionnogo universiteta. – 2007. – Vol. 9, No. 6 (24). – P. 217–222.  4. Pipiras V. Long-Range Dependence and Self-Similarity / V. Pipiras, M. Taqqu. – Cambridge University Press, 2017. – 668 p. DOI: 10.1017/CBO9781139600347 5. Gorev V. N. On the analytical solution of a Volterra integral equation for investigation of fractal processes / V. N. Gorev, A. Yu. Gusev, V. I. Korniienko // Radio Electronics, Computer Science, Control. – 2018. – No. 4. – P. 42–50. 6. Miller S. Probability and Random Processes With Applications to Signal Processing and Communications. Second edition / S. Miller, D. Childers. – Amsterdam: Elseiver/Academic Press, 2012. – 598 p. DOI: doi.org/10.1016/B978-0-12-386981-4.50001-1 7. Gorev V. N. Plasma kinetic coefficients with account for relaxation processes / V. N. Gorev, A. I. Sokolovsky // International Journal of Modern Physics B. – 2015. – Vol. 29, No. 32. – P. 1550233 (23 pages). 8. Loyalka S. K. Chapman-Enskog solutions to arbitrary order in Sonine polynomials I: Simple, rigid-sphere gas / S. K. Loyalka, E. L. Tipton, R. V. Tompson // Physica A. – 2007. – Vol. 379. – P. 417–435. 9. Polyanin A. D. Handbook of the integral equations. Second edition / A. D. Polyanin, A. V. Manzhirov. – Boca Raton: Chapman & Hall/CRC Press. – Taylor & Francis Group. – 2008. – 1143 p. 10. Ismail Mourad E. H. Classical and Quantum Orthogonal Polynomials in One Variable / E. H. Ismail Mourad. – Cambridge University Press, 2005. – 708 p. 11. Ziman J. M. Electrons and Phonons. The Theory of Transport Phenomena in Solids / J. M. Ziman. – Oxford University Press, 2001. – 576 p.  
52



e-ISSN 1607-3274   Ра і і а, і а и а, ав і я. 2019. № 2 p-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2019. № 2  

© К ш в  Н. Д., К  . М., ав и  А. В., К ш вая И. И., Р ва Т. ., 2019 DOI 10.15588/1607-3274-2019-2-6 
УДК 519.24 

СС Е ОВА Е О ЕС ВА А ОВ ОГО А ОР Ы  
С ЕР Е ОВ С А Ь Ы  Ч С О  ЕРЕ О ОВ  

РОВ Е  А ОРОВ  
ш в  . . – -  . а , , ав и  а  авиа и  и в и и и , 

На и а ь  а и и  ив и  и . Н. . в  «ХАИ», Ха ь в, У аи а. 
 Е. . – -  . а , ,  а  и  и ва ия а а ва и  и 

и в  и в в, ав ая а в ая а а ая а а ия, ава, У аи а. 
ав и  А. В. – а . . а , ,  а  авиа и  и в и и и , На и а ь- а и и  ив и  и . Н. . в  «ХАИ», Ха ь в, У аи а. 
ш вая . . – а и а  а  авиа и  и в и и и , На и а ь  а и и  

ив и  и . Н. . в  «ХАИ», Ха ь в, У аи а.  
Р ва . Г. –  а . . а , . ава ь а  ав а и а ии и ва ия в и и ь- и и, Ха ь в и  а и а ь  ив и  а и и и, Ха ь в, У аи а.  

А О А  
А а ь ь. Р ш а а а ь ая а а а а ия ва а в а  и в и и  
и а ь   и  а а а . 

ь а  – и  и и ва и  ва а в и а  и и а ь  и  в в  а -
в. . и и  в а и ва ия и а в я  а и ь и  и в  а а  и 

и ва ии а и  и и  в, и в и и . 
Ми и и а ия и ва в в  а в в а  и а, в в  ь, ив и   ьш и  
и и (в и)  а и а ии. и  и  в ьш ия и ва в в  а в яв я я 
и и  а я и ии а а и а. 

а а ,  а  а и  и в,   и ь ва и  а я, и  и и а ь  
и в  в в  а в,   в а и а ь   и и (в и) а и а ии и а.  
Д я и а ва а в и а  и и а ь  и  в в  а в и и  и-

а ь  а а  и  (в ) а а а   , в в   и  а ия ва иа в 
в и  в, а а и  и  а а и и  и в  ва ь , в а и  а а  ва ия . Ф и ва-
и  и в  а в и а в я я  , в в   и  а ия ва иа в ия 
а в, и  а в вива и и ь  а а   Р а ва и  и и ва и  ва 
и в  ави  я в  а в вива и. 
Р з ь а . Ра а а  а  и , а и   ,  и ь ва  и 

ии ва а в и в я и ва а в k=3  и и а ь  и  в в . 
В в . в  и  в и и а ь  в и а и  и  -
а  ия,  в я  а и ь в  а в и а я и а и а ь . На  
ви  а  ав я  ,  в я  и и ва ь в  а в а  и -
в, а а и  и  и а ь   и  (в ) а а а  а в. а и ая а и ь ь а-
в а  в ,  а а а  а  и , а и   ,  а и ши  
и и  и и ва ии и и  в, и в и и , а  в а а и а ия а ив  

и а. 
ЮЧЕВЫЕ С ОВА: , и а ь  а  и а, в , а  и , и ь.  

О Е А РА 
k – и в  а в; 
Хi – i-  а ; 
Хmin n – в  а в и а  и и-

а ь  и  в в  а в; 
Х  nn – а ,    -
а; 

Х   – а ,   и ь ва и  а 
я. 

ВВЕ Е Е 
Д я в ш ия ив и и а ь- и ва и , а ав  а и  а-
а и и   в, а  и-
я ь  а и ва ия и а. и  

и и  я а в ия в а а -
и а в  в ия  а и ь (в я) а и а ии и а, а  а     

а    ав а а . 
Ха а ,  и ии  и и а ь  
и в  в в  а в  а  
и и а ь я  и и и а ии и и (в и) 
а и а ии и а. Ми и а ь  и в  

в в  а в и  а  и-
в,   и и  а я [1]. 
а  в  в  а в  и и а ь- и  в в  а в,  

и  и ва ь  и и  и и (в и) и  а и а ии. 
О  и ва ия:  и и а ии  
и  а а а  а в а  -
и в. 

53



e-ISSN 1607-3274   Ра і і а, і а и а, ав і я. 2019. № 2 p-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2019. № 2  

© К ш в  Н. Д., К  . М., ав и  А. В., К ш вая И. И., Р ва Т. ., 2019 DOI 10.15588/1607-3274-2019-2-6 
 и ва ия: ва а в -

а   и в  и и а ь  и  
в в  а в. 
ь и ва ия: и  и и ва и  -

ва а в и а  и и а ь  и  
в в  а в.   

1 ОС А ОВ А А АЧ  
Д я и ия ав  и и  
ши ь и  а а и: – а а ь,  а  а  и-

в Х  ,   и ь ва и  а 
я, и  и и а ь  и в  в 
в  а в,   в а и а ь   и- (в ) а а а  а и  а и а и ; – а а а ь а  и  я и -
а ва а в и а Хmin n  и и-
а ь  и  в в  а в; – я и ва а в k =3  ь  а а-
а  а  ия и и ва ь 

и и ва ь а  и а Хmin n  и и а ь- и  в в  а в; – а а ь,  и а ь  а ,    а Х  nn и  и и  
а я Х  Г в я  в в  а в Хmin n, . . 

Х  nn∈Хmin n;  Х  Г∈Хmin n.  
2 О ОР ЕРА РЫ 

Д я ия и а ь  а в и -
в  и я ь  и а  и-
и а ии [2–18]. Э и  и  в и и -
ва и а и. в и а а и и 
и  и ии яв я я: и  ви ,  
в а а и я  ш и , а а я а и 
ш и  ишь и   и а ь . 
И в  и  [1] ия а и, -
ва и а и ь ва ии а я, и а ь-  и  (в ) а а а  а в 

а  и в. 
а  а , и и ва  и и а и, 

и  и и а ь  и в  в в  
а в,   в а и а ь   и и (в и) а и а ии и а. 

и и а и  а в и а  и - (в ) а а а    а 
и в  в  а ви ия в и и ь  
и и  ши ь ь  я и ва а -

в k ≤ 3. 
ва ь  в и а  а а ия 
ва а в а  и а  

и и а ь  и  в в  а в 
я и а и а ь   и  (в -) а а а  а  а и а и .  

3 А ЕР А Ы  Е О Ы 
В а  [6] я и ва ия я  и  
ив  и  а   а  -
и а ( а . 1) и и и и ия а и  
в  а в ( а . 2).   

Та и а 1 – И  и и а ь  а   
и а 

И  а      а 
Н  

а Х1 Х2 Х3 Х1 Х2 Х3 1 –1 –1 –1 +1 +1 –1 2 +1 –1 –1 +1 +1 +1 3 –1 +1 –1 +1 –1 +1 4 +1 +1 –1 +1 –1 –1 5 –1 –1 +1 –1 –1 –1 6 +1 –1 +1 –1 –1 +1 7 –1 +1 +1 –1 +1 +1 8 +1 +1 +1 –1 +1 –1  
Та и а 2 – и и и ия а и  в   

а в 
а ия а в и и и и  а -

и  в  а в X1 X2 X3 
и  «–1» в «+1», . . 8,0 2,0 1,0 
и  «+1» в «–1», . . 4,0 2,4 1,6  
и и а ия и  а а и а  

и  а а а  а  а и а и  в-
я а ь   а. и  и-
ь а и а ии и а  и а ь  

а  ( . а . 1) ав я  13,6 . . 
В а  а ь  и и а ия а а  а - и а я и ва ия я  

и  в я а ь , ва  а 
и ии а я [1]. 
Д я и а ва а в и а  

и и а ь  и  в в  а в 
и и  и а ь   и и (в и) 
а и а ии а а  , в в  - и  а ия ва иа в в и  в, а а-
и  и  а а и и  и в  ва ь , 
в а и  а а  ва ия . Ф и ва и  
и в  а в и а в я я  -, в в   и  а ия ва иа в 

ия а в, ия а в вива -
и и ь  а а   Р а ва-

и  и и ва и  ва и в  ави- я в  а в вива и.  
4 С ЕР Е Ы 

и и и а ии а а  а  -
и а , ва  а и ии а 
я,  ва иа , ив  в а . 3. 
и ь а и а ии  а а ав я  17,6 . . Та и  а , а ,  , 

ва  а и ии а я, и а ь   и  в в  а в,   и-
а ь   и и а и а ии и а. 

ва ь , в и а  а а а и а -
ва а в и а  и и а ь  и   в  а в я и а и а ь - а а  и  (в ) а а а . 
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Та и а 3 – а  и а,   а 

в  а я 
Н  а X1 X2 X3 1 –1 –1 –1 2 –1 –1 +1 3 –1 +1 +1 4 –1 +1 –1 5 +1 +1 –1 6 +1 +1 +1 7 +1 –1 +1 8 +1 –1 –1  
Д я ш ия  а а и ав а и а а а а 
ь ая а а и ва ия ва иа в 
в  и и а ь и и ия и [19], в в   и  а ия ва иа в в и  в, 

а а и  и  а а и и  и в  ва ь -,  в а  а а  ва ия . 
В а  в  а а и  и и а ь  и 

а и а ь  и ва и и . 
Ав а и а  а а а а ь ая -
а а и ва ия и в  а в а -  и а [20], в в  а   -

и  а ия ва иа в ия а в, -
и  а в вива и и ь  а а -  Р а ва и  и и ва и  -
ва и в  ави  я в  

а в вива и. 
Ра а а  а  и  а и -

ва  а я  «TURBO PASCAL»,   -
ь  и и  и ива  и  а а а-

и  я ш ия  ши  а а а а . 
Ра а  ЭВМ в я я в и  иа а.  в я и ь а ь    Intel Pentium G20 c а  2,60 .  

5 РЕ Ь А Ы  ь  а  [19] я k = 3,  k – -
и в  а в, и  144 а а -
и а ( в и  )  и и а ь  и -
в  и и  (2k–1). Ф а   ва 

ав  в а . 4 и в а  а  а  (Nom = 137),   а в  а я и 
а  (Nom = 57)  а.  

Та и а 4 – Дв и    и и а ь  и в  и и  (2k–1) я k = 3 
57 58 59 60 61 62 63 64 65 66 67 +1 +1 –1 +1 +1 +1 +1 –1 +1 +1 –1 –1 –1 –1 –1 –1 –1 +1 –1 +1 +1 –1 +1 –1 +1 +1 –1 +1 +1 +1 +1 –1 +1 +1 –1 –1 –1 –1 –1 –1 +1 –1 –1 +1 +1 –1 –1 +1 –1 +1 –1 +1 +1 –1 +1 +1 +1 +1 –1 +1 +1 –1 –1 –1 –1 –1 –1 –1 +1 –1 +1 +1 +1 +1 –1 +1 +1 +1 +1 –1 +1 –1 –1 +1 –1 +1 +1 –1 +1 –1 –1 –1 –1 +1 –1 –1 +1 +1 –1 +1 +1 +1 –1 +1 +1 –1 –1 +1 +1 –1 +1 +1 –1 –1 –1 –1 –1 –1 +1 –1 +1 +1 –1 +1 +1 +1 –1 +1 +1 –1 +1 –1 –1 –1 –1 –1 –1 +1 +1 –1 +1 +1 –1 –1 –1 +1 –1 +1 +1 –1 +1 +1 +1 –1 +1 +1 –1 –1 +1 +1 –1 +1 +1 –1 –1 –1 –1 –1 –1 –1 –1 –1 +1 –1 +1 +1 –1 +1 +1 +1 –1 +1 +1 –1 –1 +1 +1 –1 +1 +1 –1 –1 +1 +1 –1 –1 +1 –1 –1 +1 +1 +1 +1 +1 +1 –1 +1 +1 –1 –1 –1 –1 –1 –1 –1 +1 +1 +1 –1 –1 +1 –1 –1 +1 +1 +1 +1 +1 +1 –1 +1 –1 –1 +1 –1 –1 –1 +1 –1 –1 +1 +1 –1 –1 +1 –1 –1 –1 –1 –1 –1 +1 –1 +1 +1 +1 +1 +1 +1 –1 +1 +1 –1 –1 
68 69 70 71 72 73 74 75 76 77 78 –1 –1 –1 –1 –1 +1 –1 +1 +1 –1 +1 –1 +1 +1 –1 +1 +1 +1 +1 –1 +1 +1 –1 –1 –1 –1 +1 –1 +1 +1 –1 +1 –1 +1 +1 –1 +1 +1 +1 +1 –1 +1 +1 –1 –1 –1 –1 –1 –1 +1 +1 –1 –1 +1 –1 –1 –1 –1 +1 –1 +1 +1 –1 +1 +1 +1 +1 –1 +1 +1 –1 –1 –1 +1 +1 –1 +1 –1 +1 +1 –1 +1 +1 +1 +1 –1 +1 –1 –1 +1 –1 –1 –1 +1 –1 –1 –1 +1 +1 –1 +1 –1 +1 +1 –1 +1 +1 +1 +1 –1 +1 +1 –1 –1 –1 –1 –1 –1 –1 +1 –1 +1 +1 +1 +1 +1 +1 +1 –1 –1 +1 –1 –1 –1 –1 –1 –1 +1 +1 –1 +1 +1 –1 –1 +1 +1 +1 +1 +1 –1 –1 +1 –1 –1 +1 +1 –1 –1 +1 +1 –1 +1 +1 –1 –1 –1 –1 –1 +1 +1 +1 +1 +1 –1 +1 –1 –1 +1 –1 +1 –1 –1 +1 –1 +1 +1 –1 +1 –1 –1 –1 –1 +1 +1 +1 +1 +1 –1 +1 –1 –1 +1 –1 +1 –1 –1 +1 –1 –1 –1 –1 +1 –1 –1 +1 +1 +1 +1 +1 +1 +1 –1 –1 +1 –1 –1 –1 –1 +1 –1 –1 +1 –1 +1 –1 –1 +1 –1 +1 +1 +1 +1 +1 +1 +1 –1 +1 –1 –1 –1 –1 –1 –1 +1 –1 –1 +1 +1 –1 –1 +1 +1 –1 +1 
79 80 81 82 83 84 120 121 122 123 124 +1 +1 +1 +1 +1 –1 –1 +1 –1 –1 +1 +1 –1 –1 +1 –1 –1 –1 +1 –1 –1 +1 –1 +1 +1 +1 +1 –1 +1 +1 –1 –1 +1 –1 –1 –1 –1 +1 –1 +1 +1 –1 +1 –1 –1 +1 –1 +1 +1 +1 +1 –1 +1 +1 –1 +1 –1 +1 +1 –1 +1 –1 –1 –1 –1 –1 –1 –1 +1 +1 –1 +1 +1 +1 +1 –1 +1 +1 –1 +1 –1 +1 +1 –1 +1 –1 –1 +1 –1 +1 –1 –1 +1 –1 –1 –1 –1 +1 +1 +1 +1 +1 +1 +1 –1 +1 –1 –1 +1 –1 +1 –1 –1 +1 –1 –1 –1 –1 +1 –1 –1 –1 +1 –1 +1 +1 +1 +1 +1 +1 +1 –1 –1 +1 –1 –1 –1 –1 +1 –1 –1 +1 –1 +1 –1 –1 –1 –1 –1 +1 +1 –1 +1 +1 +1 +1 –1 +1 +1 –1 +1 –1 +1 +1 –1 +1 –1 –1 +1 –1 +1 +1 +1 +1 +1 +1 –1 –1 +1 –1 –1 +1 +1 –1 –1 +1 –1 –1 –1 +1 –1 –1 –1 –1 +1 +1 –1 +1 +1 +1 +1 +1 +1 –1 +1 –1 –1 –1 –1 –1 –1 +1 –1 –1 +1 +1 +1 –1 +1 +1 +1 +1 +1 +1 –1 +1 –1 –1 –1 –1 –1 –1 +1 –1 –1 +1 +1 –1 –1 +1 +1 –1 +1 +1 +1 +1 +1 +1 –1 +1 –1 –1 –1 –1 –1 –1 –1 +1 –1 +1 +1 –1 +1 –1 
125 126 127 128 129 130 131 132 133 134 135 +1 –1 +1 +1 +1 +1 –1 +1 +1 –1 –1 +1 –1 –1 –1 +1 –1 –1 +1 +1 –1 –1 +1 –1 –1 –1 +1 +1 –1 +1 +1 +1 +1 –1 +1 +1 –1 +1 –1 –1 –1 –1 +1 –1 –1 +1 +1 –1 –1 –1 +1 +1 –1 +1 +1 –1 –1 –1 –1 –1 –1 +1 –1 –1 +1 +1 +1 +1 +1 +1 +1 –1 +1 –1 +1 +1 –1 –1 –1 –1 –1 –1 –1 +1 –1 +1 +1 +1 +1 +1 +1 +1 –1 –1 +1 –1 +1 –1 –1 +1 –1 +1 +1 +1 +1 +1 +1 –1 –1 +1 –1 –1 +1 +1 –1 –1 +1 –1 –1 –1 –1 –1 –1 +1 –1 –1 +1 –1 +1 +1 +1 +1 +1 +1 –1 –1 +1 –1 –1 +1 +1 –1 –1 +1 +1 –1 –1 +1 –1 +1 +1 +1 +1 +1 +1 –1 –1 +1 –1 –1 –1 –1 –1 –1 +1 –1 +1 +1 +1 –1 –1 –1 –1 –1 –1 –1 +1 +1 –1 +1 +1 +1 +1 +1 +1 –1 –1 +1 –1 –1 +1 +1 –1 –1 +1 –1 –1 –1 +1 –1 –1 +1 –1 +1 +1 +1 +1 +1 +1 –1 –1 +1 –1 –1 +1 +1 –1 –1 +1 –1 –1 –1 +1 –1 –1 +1 –1 +1 +1 +1 +1 –1 +1 +1 –1 +1 –1 +1 +1 –1 +1 –1 –1 –1 –1 –1 –1 –1 +1 +1 –1 +1 +1 +1 +1 –1 +1 +1 –1 +1 –1 +1 +1 –1 
136 137 138 139 140 141 142 143 144 +1 –1 –1 +1 –1 +1 +1 +1 +1 –1 +1 +1 –1 –1 +1 –1 –1 –1 –1 +1 –1 +1 +1 –1 –1 –1 –1 +1 –1 –1 +1 –1 +1 –1 –1 +1 –1 +1 +1 +1 +1 +1 +1 +1 –1 –1 +1 –1 +1 –1 –1 +1 –1 +1 –1 –1 +1 –1 +1 +1 +1 +1 +1 +1 +1 –1 –1 +1 –1 –1 –1 –1 +1 –1 –1 +1 –1 +1 –1 –1 +1 –1 –1 –1 –1 +1 –1 –1 +1 +1 +1 +1 +1 +1 +1 –1 –1 +1 –1 –1 –1 –1 +1 –1 –1 +1 –1 +1 –1 –1 +1 –1 +1 +1 +1 +1 +1 +1 +1 –1 +1 –1 –1 –1 –1 –1 –1 +1 –1 –1 +1 +1 –1 –1 +1 +1 –1 +1 +1 +1 +1 +1 +1 –1 –1 +1 +1 –1 –1 +1 –1 –1 –1 +1 –1 –1 +1 –1 +1 +1 +1 +1 +1 +1 –1 –1 +1 –1 –1 –1 +1 –1 +1 +1 –1 +1 –1 –1 –1 –1 +1 –1 –1 +1 –1 +1 +1 +1 +1 +1 +1 –1 –1 +1 –1 –1 +1 +1 –1 –1 +1 –1 –1 –1 +1 –1 –1 +1 –1 +1 +1 +1 +1 +1 +1 –1 
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и и ь ва ии а  а я  ая а а и и я  40320 ва иа в. 
а а [19] я k = 3 в и а и ь а- а  и в  в  и и а ь и и -

ия и ( а . 5), в  а  в ш и а  -
и а,  а и а в  а я (№3) и  а (№ 20).  6 О С Е Е 

и и  а в я и ва ия я  
и  а а ,  а  а  -
и а,   и ь ва и  а я, 

и  и и а ь  и в  в в  
а в,   в а и а ь   и и а-
и а ии и а.  

Та и а 5 – М в  и в  ави  а в  и и а ь и и ия и 
Н  а Н  а 

№ 1 2 3 4 5 6 7 8 № 1 2 3 4 5 6 7 8 –1 +1 +1 –1 –1 –1 +1 +1 –1 +1 +1 –1 –1 –1 +1 +1 –1 –1 –1 –1 +1 +1 +1 +1 –1 –1 –1 –1 +1 +1 +1 +1 1 –1 –1 +1 +1 +1 –1 –1 +1 2 +1 +1 –1 –1 –1 +1 +1 –1 –1 –1 –1 –1 +1 +1 +1 +1 –1 +1 +1 +1 +1 –1 –1 –1 –1 –1 +1 +1 +1 +1 –1 –1 –1 –1 –1 +1 +1 +1 +1 –1 3 –1 +1 +1 –1 –1 +1 +1 –1 4 +1 +1 –1 –1 +1 +1 –1 –1 –1 –1 –1 –1 +1 +1 +1 +1 –1 –1 +1 +1 +1 –1 –1 +1 +1 +1 –1 –1 –1 +1 +1 –1 +1 –1 –1 +1 +1 +1 –1 –1 5 +1 –1 –1 +1 +1 +1 –1 –1 6 +1 +1 +1 +1 –1 –1 –1 –1 –1 –1 +1 +1 +1 +1 –1 –1 –1 –1 –1 +1 +1 +1 +1 –1 +1 +1 +1 +1 –1 –1 –1 –1 +1 +1 –1 –1 +1 +1 –1 –1 7 +1 –1 –1 +1 +1 –1 –1 +1 8 +1 –1 –1 –1 –1 +1 +1 +1 –1 –1 –1 –1 +1 +1 +1 +1 –1 –1 –1 +1 +1 +1 +1 –1 –1 +1 +1 –1 –1 +1 +1 –1 +1 –1 –1 –1 –1 +1 +1 +1 9 +1 +1 –1 –1 –1 –1 +1 +1 10 –1 –1 +1 +1 –1 –1 +1 +1 +1 –1 –1 –1 –1 +1 +1 +1 –1 –1 –1 –1 +1 +1 +1 +1 –1 –1 +1 +1 –1 –1 +1 +1 +1 –1 –1 +1 +1 –1 –1 +1 11 +1 +1 +1 –1 –1 –1 –1 +1 12 +1 +1 –1 –1 –1 –1 +1 +1 –1 +1 +1 +1 +1 –1 –1 –1 –1 –1 –1 –1 +1 +1 +1 +1 –1 –1 +1 +1 –1 –1 +1 +1 –1 –1 +1 +1 +1 +1 –1 –1 13 +1 +1 +1 –1 –1 –1 –1 +1 14 +1 –1 –1 +1 +1 –1 –1 +1 –1 –1 –1 –1 +1 +1 +1 +1 –1 +1 +1 –1 –1 –1 +1 +1 –1 –1 +1 +1 +1 –1 –1 +1 –1 –1 +1 +1 +1 –1 –1 +1 15 +1 –1 –1 +1 +1 +1 –1 –1 16 +1 +1 +1 +1 –1 –1 –1 –1 –1 –1 +1 +1 +1 +1 –1 –1 –1 +1 +1 +1 +1 –1 –1 –1 –1 +1 +1 –1 –1 +1 +1 –1 –1 –1 –1 +1 +1 +1 +1 –1 17 +1 +1 +1 +1 –1 –1 –1 –1 18 –1 –1 +1 +1 –1 –1 +1 +1 –1 +1 +1 –1 –1 –1 +1 +1 –1 +1 +1 –1 –1 +1 +1 –1 +1 +1 –1 –1 –1 +1 +1 –1 +1 +1 +1 +1 –1 –1 –1 –1 19 +1 +1 +1 +1 –1 –1 –1 –1 20 +1 +1 –1 –1 –1 –1 +1 +1 –1 +1 +1 +1 +1 –1 –1 –1 +1 +1 –1 –1 –1 +1 +1 –1 +1 +1 –1 –1 +1 +1 –1 –1 +1 –1 –1 +1 +1 +1 –1 –1 21 +1 +1 +1 –1 –1 –1 –1 +1 22 +1 +1 +1 +1 –1 –1 –1 –1 +1 +1 +1 +1 –1 –1 –1 –1 +1 +1 –1 –1 +1 +1 –1 –1 +1 –1 –1 +1 +1 –1 –1 +1 +1 –1 –1 –1 –1 +1 +1 +1 23 +1 +1 –1 –1 –1 –1 +1 +1 24 +1 +1 +1 –1 –1 –1 –1 +1   
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ABSTRACT 

Contex. The actual problem of reducing the set of plans for multivariate experiments in searching for the best in price costs has been solved. 
Objective is the synthesis and study of a variety of experimental plans with a minimum number of transitions of factor levels. 
Methods. The use of experimental design methods allows reducing the price and time costs in the study of various technological processes, devices and systems. Minimizing the number of transitions of levels of factors in terms of the experiment, in turn, leads to a decrease in the cost (time) of its implementation. One of the methods for reducing the number of transitions of levels of factors is the use of the Gray code when constructing a plan of an experiment. It is shown that multi-factor experiments plans constructed using the Gray code have a minimum number of transitions of factor levels, but are not always optimal in terms of the cost (time) of the experiment. For the synthesis of many experimental plans with a minimum number of transitions of levels of factors in searching for the op-timal plan for cost (time) costs, a method based on the generation of binary code variants is proposed. Analysis of their characteris-tics and the choice of sequences that meet specified requirements were conducted. The formation of test plans for an experiment is carried out according to the method based on the generation of variants for constructing plans, determining equivalence classes with respect to a given group P of transformations and forming a set of typical representatives for the selected equivalence classes. 
Results. Software that implements the proposed methods, which is used in the construction of a set of experimental plans for the number of factors K = 3 with the minimum number of level transitions was developed. 
Conclusions. The experiments, which were carried out, confirmed the efficiency of the proposed methods and the software im-plementing them makes it possible to reduce the set of experiment plans for finding the optimal one. The scientific originality of the research is presented by the methods which allow to synthesize many plans of multifactor experiments to reduce the search for opti-mal plans in price (time) cost. The practical significance of the research results is in the developed software which implements the proposed methods. It can be widely used in the study of technological processes, devices and systems, on which the implementation of an active experiment is possible. 
KEYWORDS: ethods, optimal experiment plan, set, software, cost.  
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IMPROVING THE QUALITY OF CREDIT ACTIVITY BY USING  
SCORING MODEL  

Melnyk K. V. – PhD, Associate Professor of the Department of Software Engineering and Management Information Technologies, National Technical University “Kharkiv Polytechnic Institute”, Kharkiv, Ukraine. 
Borysova N. V. – PhD, Associate professor of the Department of Intelligent Computer Systems, National Technical University “Kharkiv Polytechnic Institute”, Kharkiv, Ukraine.  

ABSTRACT 
Context. The problem of credit assessment of a client is considered. It is a simultaneous processing of lender’s data of different nature with further definition of the credit rating. The object of this study was the process of lending to individuals by credit institu-tions. 
Objective. The purpose of the work is to study the process of improving the quality of lending through the development and use of a scorecard model. 
Method. An analytical review of the domain area was conducted. A business process model for assessing clients’ creditworthi-ness in the form of an IDEF0 diagram is developed. Dedicated groups of indicators characterizing a potential lender from different directions. Selected sets of values for each indicator of credit separately. The methods of solving the problem of clients’ creditwor-thiness are analyzed. Selected Bayesian naive classifier as a method for solving the problem of classification of potential lenders. The existing information systems for assessing the creditworthiness of clients are analyzed. A scoring model for assessing credit ratings by the client in the form of an algorithm is developed. The list of functional requirements of the information system, which is pre-sented in the form of a use case diagram is determined. Three-level architecture for the information system is proposed. A database model has been developed to preserve customer information. An information system was developed for determining the credit rating of a client based on the developed scoring model. Numerous studies have been conducted to determine the class of a potential credi-tor. The process of determining the quality of credit activity is analyzed. Quality indicators for assessing the creditworthiness of cli-ents are selected. The method of calculating the quality of credit activity is offered. 
Results. The scoring model was developed, which was used in solving the credit assessment of clients through the help of the proposed information system. The process of improving the quality of credit rating is investigated. 
Conclusions. The conducted experiments have confirmed the proposed scoring model and allow recommending it for use in practice for assessment process of client creditworthiness. Scientific novelty is to improve the process of credit activity by automat-ing the use of naïve Bayes classifier, which reduces the human factor in decision-making. 
KEYWORDS: scoring model, classification task, naive Bayesian classifier, credit score assessment, lending, lender, borrower, and creditworthiness.  

ABBREVIATIONS NBC – Naive Bayes classifier; IS – information system; 
ІТ – information technologies.  

NOMENCLATURE 
K  – set of clients; 
Q  – set of output classes; 

lq  – l -th output class, element of the set Q ; 
lkq  – l -th output class of the k -th client, k K∈ ; 
lK  – set of clients from l -th output class; 

I  – set of client’s characteristics; ,iJ i I∈  – set of i -th characteristic meaning; 
ijf  – j -th value of i -th characteristics, ,ij J i I∈ ∈ ; 
k

ijf  – j -th value of i -th characteristics from k -th client, , ,ij J i I k K∈ ∈ ∈ ; 
l
ijx  – number of j -th value of i -th characteristics l -th output class; 
ly  – number of l -th output class from set of clients 

lK ; ( )ij lP f q  – conditional probability of occurrence j -th value of i -th characteristic ijf  from output class lq ; ( )lP q  – probability of assignment to a client output class lq ; 1( { })k
l ijP q f +  – conditional probability of assign-ment to a client l -th output class based on conditionals 1{ }k

ijf + ; ( )lR q  – probability of assignment to a 1k + -th client output class lq ; 
P  – precision of NBC; 
R  – recall of NBC; 
a  – the number of clients of a particular class that has been allocated IS and which are really related to this class; 
b  – the number of clients who were mistakenly at-tributed to a particular group; 
c  – the number of customers who mistakenly was not in a certain class.  

INTRODUCTION Lending is the main activity of credit institutions, banks and credit unions. It provides almost 50% of the 
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profitability of these institutions [1]. The basic concepts in the process of lending are a loan, a creditor and a bor-rower. The credit is the relationship between two subjects of credit relations the creditor and the borrower, in which the creditor transfers the borrower’s money, and the bor-rower undertakes to return the same amount of money within a certain period [2, 3]. In the process of conducting credit operations, the in-stitution works with a credit risk. It is the risk of non-payment by the borrower of the amount of principal and interests. Non-repayment of loans, especially large ones, can lead to a bankruptcy of a credit institution, and this may be the cause of bankruptcy of other enterprises, banks and individuals associated with this bank or credit union. Therefore, credit risk management is an indispensable part of the strategy and tactics of survival and develop-ment of any bank or credit institution. Risk reduction in the implementation of loan operations can be achieved on the basis of a comprehensive examination of the credit-worthiness of the bank’s clients. Credibility of a client is the ability of a person to complete and to pay off in time for his debt obligations [3, 4]. This topic is of great interest for the research of not only Ukrainian but also foreign economists [2–8]. The scientific literature focuses on lending to enterprises and legal entities. In this case, there are many financial indica-tors of the company’s work, which allow to assess the degree of credit risk. However, there is no effective method for determining the individual’s creditworthiness, therefore, a great inter-est is the increase in the quality of the credit assessment process when working with the people. When it comes to lending to the population, an important role in determin-ing the creditworthiness is not so much the ability to re-pay the borrower’s debt, but the willingness to pay the loan and pay interest on time. Readiness for this is differ-ent one; it depends on the personal characteristics of each person. These characteristics may include education, age, social class, gender, family status, etc. [7–9]. To analyze personal and financial indicators of an individual is a complex process for a financial consultant, which will result in the adoption of sound financial decisions. In or-der to minimize the subjectivity of a financial consultant and reducing the time to take decisions on lending to in-dividuals use scoring [10, 11]. Scoring is a way to quickly evaluate a potential client. The result of it a client score. The received score can be used to solve various financial issues. Scoring model of credit assessment is a mathematical model of the borrower’s behavior based on the accumu-lated statistics. The result of the using is integral assess-ment of the risk in the view of the probability of repay-ment of the loan. Therefore, the actual task is to develop a scoring mod-el for assessing the creditworthiness of individuals, which will increase the speed of analysis of information about the client, reduce the time for approval of the decision on 

the loan and reduce the subjectivity of the assessment. And all of this will increase the quality of credit activity. 
The object of study is the process of lending to indi-viduals by credit institutions. 
The subject of the study is the theoretical and meth-odological tool for assessing the client’s creditworthiness by the use of a scorecard model. 
The purpose of the work is to improve the quality of lending through the development and use of a scoring model that will satisfy the interests of the lending institu-tion associated with the risk of non-repayment of credit.  

1 PROBLEM STATEMENT The problem of the assessment of creditworthiness is the task of classification, where the classes are customers from the database, which need to be classified according to their indicators into two groups: reliable clients, that is, the borrowers are creditworthy and unreliable when bor-rowers are uncreditworthy. The formal formulation of the task of classifying cli-ents can be presented in the following way. Let X  is a set of clients of the bank, at the same time 1{ ,... }mX x x= . Let Y  is a set of classes that need to be broken up by cli-ents, that is 1{ ,... }kY y y= . The task of classification is a reproduction of one set in another, in which each element of the first set becomes unambiguous with the particular element of the second set :a X Y→ . To solve the problem of assessing the creditworthiness of a client it is necessary: – to allocate a set of characteristics of the client – in-formation about the borrower, which will be taken from the application form and documents provided by the bor-rower; – to choose a method that will allow to determine the dependence between the characteristics of the client and the level of his creditworthiness; – define the client class.  
2 REVIEW OF THE LITERATURE At the present time almost all credit institutions use IT in solving many financial problems, including lending. Using IT can improve the quality of the results. An over-view of IT used to assess the creditworthiness of indi-viduals allows to emphases following IS: 1. The Ukrainian Bureau of Credit Histories (UBCI) [12] is an IS that provides such services: collection, proc-essing, analysis, keeping of information, which is a credit history; providing legal and individual person with advi-sory services; providing credit reports 2. Mobile app “Credit History” is app from the Google Play service [13]. Functional abilities of IS: calculate a credit rating; see your credit history online and find out how to improve it; receive reminders for next payments; analyze personal finances and make informed financial decisions. 3. Online-banking Privat24 [14] is the IS for assess-ment creditworthiness of clients. To calculate the credit rating you need to go to the menu item “My accounts” → “Credit rating” and fill in the necessary information. 
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An analysis of existing IS for assessing creditworthi-ness in Ukraine shows that the main disadvantage is the secrecy of methods used by credit institutions to calculate credit score. Also, systems do not allow to change the indicators for the calculation of the rating credit assess-ment. Therefore, the results indicate the relevance of this study. There are many methods to determine the credit rat-ing, which have their advantages and disadvantages. All methods can be divided into two main groups: expert me-thods and scorecard models that use mathematical meth-ods for processing information, such as Data Mining [15–19]. Expert methods are use only the experience and know-ledge of a financial advisor, so this approach is character-ized by a high degree of subjectivity and a high probabil-ity of error in deciding about issue a loan. The second group of methods is scoring. The scoring procedure using a scorecard model includes: information gathering, the construction of a mathematical model (the choice of the classification method and the definition of criteria for risk categories) and the distribution of creditors by risk cate-gory. Among the main advantages of scoring systems, one can distinguish: – lowering the loan non-repayment level; – increasing speed and impartiality in decision mak-ing; – possibility of effective management of a loan portfo-lio; – absence of long-term training of the employee. The main disadvantages of a scoring system for as-sessment of client’s creditworthiness: – high cost of adaptation of the used model under the current situation; – the probability of a model error in determining the creditworthiness of a potential borrower is due to the sub-jective opinion of a specialist. The methods and approaches in the scoring systems are quite diverse, they can be use both individually and in different combinations. An analytical review of the main known and currently used methods for assessing credit-worthiness is presented in Table 1. Comparing the methods of assessing the creditworthi-ness of the clients presented in the table above, one can conclude that the “Naïve” Bayesian classifier is a good classifier in the scoring model for processing information about a potential lender.  Table 1 – Review of methods for assessing creditworthiness Method  Advantages Disadvantages Expert method 1. Experience and knowledge gained by credit experts. 2. Possibility of obtaining quantitative estimates in cases when there is no statistical information. 3. The speed of obtaining results due to the lack of complex mathematical calculations. 1. Big probability of model error in determining the credit-worthiness of a potential borrower is due to the subjective opinion of a specialist. 2. Necessity of long-term training of the employee. "Naive" clas-sifier Bayes 1. Good results of classification.  2. Simple calculations. 3. Adaptation to new data. 4. High speed. 5. Modest memory requirements. 6. Small amount of training data. 7. Effectively works with categorical data. 1. Requires a sample containing all possible combinations of variables. 2. Assumptions for the independence of variables. 3. The need to convert different types of data to a category. Discriminant analysis 1. Finding the strongest differences between classes – predictors. 2. Ability to restore missed values. 3. Possibility of solving the problem of classification of new data using past learning. 1. Works with interval data or with a scale of relationships. 2. There is a rather rough method for scoring of the assump-tions of the linearity of the discriminatory function. Logistic regression 1. Ability to choose the number of classes. 2. Ability to find an assessment of the likelihood of non-return of the loan. 1. Complex calculations for obtaining weight coefficients, so it needs a more powerful computer base and advanced computer security. 2. Sensitivity to correlation between characteristics. 3. Low resistance to errors. 4. Dependency on the data set. Cluster analy-sis 1. Ability to classify multidimensional observations. 2. Ability to work with indicators that may have non-numeric character. 3. Ability to work on small sample sizes. 4. Possibility of calculations in the conditions of non-fulfillment of normal distribution of random variables. 1. The problem of choosing the distance metric in the space between the centers of the classes. 2. The problem of checking the adequacy of the results. Decision trees 1. Simple to understand and interpret. 2. Does not require thorough preparation of data. 3. Ability to work both with categorical and interval variables. 4. Allows you to work with a large amount of information with-out special training procedures. 1. The problem of obtaining an optimal decision tree is NP-task. 2. The problem of retraining is the problem of creating too complex structures that do not sufficiently represent the data. Neural Net-works 1. Good results of classification. 2. Ability to change the structure of the network for new obser-vations. 3. Ability to explain the rather complicated relationship between the values of risk factors and their level. 1. Great statistics for network learning are required. 2. The problem of choosing a network architecture is exist. 3. The difficulty of choosing a learning method is exist. 4 The complexity of calculations of weight coefficients between separate layers during training of a network is exist.  
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3 MATERIALS AND METHODS The first step of assessing the client’s creditworthiness with the help of the NBC is the choice of customer char-acteristics. Consider the most significant indicators that characterize the creditworthiness of clients, and their pos-sible meaning: – personal indicators; – indicators on labor activity; – financial indicators.  Personal indicators of client creditworthiness: 1) Sex = {Man, Woman}  2) Age = {< 25, 25–30, 30–35, 35–45, 45–50, 50–55, >55} 3) Family status = {Unmarried, Married} 4) Number of dependents = {0, 1, ≥ 2} 5) Education = {Secondary, Specialized Secondary, Higher} 6) Period of residence in the region = {< 1 year, 1–3, 3–5, 5–7, 7–10, 10–15, ≥ 15 years} 7) Location = {Center, Region} Indicators on labor activity of client creditworthiness: 1) Branch of the company = {Banking and financial activity, Information Technology, Non-state medical ser-vices, Industry, Construction, Service, Transport and communications, Science or education or culture, State and social organizations, Policy, Agriculture, Other} 2) Enterprise class = {Small, Medium, Great} 3) Professional experience = {< 3, 3–5, 5–10, 10–15, > 15 years} 4) Experience in an enterprise = {<1, 1–3, 3–5, 5–7, 7–10, >10 years} 5) Position at an enterprise = {Manager, not a man-ager} Financial indicators of client creditworthiness: 1) Own land = {Have, Have not} 2) Own country house = {Have, Have not} 3) Private property = {Have, Have not} 4) Garage = {Have, Have not} 5) Car = {Domestic, Foreign, Have not} 6) An apartment = {Have, Have not} 7) The area of the apartment = { Have not, from 18 to 25 square meters, 25–32, 32–50, 50–70, ≥ 70}  8) How did obtain an apartment = {Have not, Pur-chase, Gift} The second stage of solving the problem of assessing the creditworthiness of a client with the help of NBC is the development of a scoring model. To do this, first of all, it is necessary to build a model of the business process of assessing the creditworthiness of the client. The nota-tion IDEF0 was chosen for modeling process. It let to create the context level of the business process (Fig. 1). The input for the client’s creditworthiness assessment process is a questionnaire. It contains general information about the client, financial and social. With the help of a scorecard model, a certain class of creditworthiness is assigned to the client. After IS make a decision to issue a loan. This process is a step-by-step process, therefore, for the implementation of this business process, are needed a 

loan expert and a financial advisor who is responsible for part of the procedures.  Figure1 – Context level of assessment of client creditworthiness  The list of procedures for evaluating the client’s cred-itworthiness is presented at the next level of detail of the business process (Fig. 2).  The customer credit assessment process consists of four steps: – an interview: at this stage, the financial consultant conducts a preliminary selection of clients by clarifying all conditions of credit; – validation and verification of the questionnaire: at this stage, a credit expert with the help of the IS checks the correctness of filling in the questionnaire, and then the correspondence of the personal data to the real informa-tion of the client;  – scoring of the questionnaire: the result of this proc-ess is the assessment of the client’s creditworthiness, which is calculated using a scoring model based on the Bayesian Classifier; – decision on granting a loan: the final decision on the issue of a loan is taken at this stage. A business process model for creditworthiness as-sessment is the basis for developing a scorecard model [15, 16, 20–22]. The NBC is a probabilistic classifier that uses the Bayesian theorem to determine the probability of belong-ing to the sample element to one of the classes assuming the independence of the variables. The Bayesian Classi-fier can be applied to any data set that can be represented as categorical data or list of features. A feature is any property that may be present or absent from the sample. The NBC is often very effective when working with the data despite assumptions about the independence of the features. Another important feature of the NBC is that classifier can be built on a new sample with missing val-ues. The reason of it the assumption that the presence or absence of values of variables is completely random. In practice, the NBC, regardless of a number of shortcom-ings, has proved itself to be quite good due to the high speed of operation, simplicity, scalability and moderate memory requirements. Examples of using are: – data classification in real time [19, 20];  – classification of texts, for example, spam filtering: Google Analytics and Yandex metrics confirm that Baye-sian approach to classification has proven to be very good when it detects spam emails [23];  
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 Figure 2 – Assessment process of client creditworthiness  – analysis of the tonality of the text: analysis of social media, identification of positive and negative clients; this approach, in conjunction with collaborative filtering, is implemented in advisory systems [24]. Let consider more detailed using of the NBC for cal-culating the credit rating. The algorithm of using the Bayesian Classifier to determine the client’s creditworthi-ness consists of two steps: 1) training of the NBC – based on data of clients who have already been issued loans, and who in fact make a monthly contribution; 2) using of the NBC – credit rating is calculated for potential lenders. Each new potential lender should be classified into one of two classes { }, 1, 2lQ q l= = : the first class 1q  includes those customers who can give a loan, the second one 2q  includes all other customers. Taking into account the introduced notation, the cus-tomer classification algorithm using the Bayesian Classi-fier consists of the following steps. 1. Stage of training of the NBC: I Select set of indicators I . Define set of each i -th characteristic meaning ,iJ i I∈ . Find value for 21, ,k

ij l
l
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IX Define output class of 1k + -th client 1 1,2arg max ( )l l

l
k R qq

=
+ = . For the automation of the calculating process of the credit rating is using a scoring model. The following IS functionality is proposed, which is presented in the form of a use-case diagram (Fig. 3). This diagram shows the user of the IS and all the actions that he can perform. Consider these options for use in more detail way. In order to work with customer data: to view, to edit, to enter new data, the option “Management client’s data” is provided. By analogy, the option “Management indica-tors” allows to work with the characteristics used in the scoring model. The main task of the IS is to assess the creditworthi-ness of a client. The use case “Calculate creditworthiness” is responsible for it. This functionality involves the use of a scorecard model and the generation of a relevant report on the creditworthiness assessment of clients. The report can be saved to file or can be showed on the screen. The use cases “Use Scoring Model”, “Generate Report”, “Save to File”, “Display to Screen” are responsible for these functionality accordingly. The use case “Get some help” is showing information about the program and FAQ.  The classical three-level architecture is proposed for IS. Each element of architecture is at its own level and responsible for the implementation of a limited set of functions. IS architecture is shown in Fig. 4 in the form of a deployment diagram where it is possible to separate 3 main nodes presented by devices of different purposes. The client part is presented with the graphical inter-face of the web application. For efficient operation of IS, customer information is stored in a database that should be located on one of the servers of the credit institution. Also this database can has information about authorizing and accessing the database as a separate entities in the database. In order to access the databases, it is necessary to make requests from client part, which is presented as a web application. The web server retrieves the requests to database. The results of the request (sampling and proc-essing) the web server will return to the client part. The following model of the database is proposed for storing information on existing and potential lenders  (Fig. 5).  Figure 3 – Use case diagram   Figure 4 – Deployment diagram 
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 Figure 5 – Database model  The structure of Database model is consist of 6-th en-tities (Table 2): – the entity of “Client” corresponds to the main data about clients of a credit institution; – the entity “FeatureType” describes a group of indi-cators used to assess the creditworthiness of clients; – the entity “Features” is a vocabulary for the indica-tors used for the scorecard model; – the entity “Values” describes all possible values of all indicators; – the associative entity “Features_Values” describes the relationship between the entities «Features» and «Values»; – the associative entity “Client_Features_Values” cre-ates an interconnection between the entities “Client” and “Features_Values”.  Table 2 – Description of client database model  Attribute Attribute description Entity “Client” Id_client  Client’s Id FirstName Client’s name LastName Surname MiddleName Third name PassportData Passport IdentificationCode Code of Physical Entity PhoneNumber Phone Number Email Email Entity “FeatureType” Id_featureType  Id of Feature Group  Name Group name Entity “Features” Id_feature Id of Feature FeatureTypeId_featureType  Type of feature Entity “Values” Id_value Id of feature value Value Value of feature Entity “Features_Values” FeaturesId_feature  Id of Feature ValuesId_value  Id of feature value Entity “Client_Features_Values” ClientId_client Client’s Id Features_ValuesFeaturesId_feature Id of Feature Features_ValuesValuesId_value Id of feature value  

So, a scorecard model based on NBC and IS was pro-posed, which automates the process of solving the client’s creditworthiness assessment task.  
4 EXPERIMENTS For the training of the Bayesian Classifier the data was used for 113 clients who have already been issued a loan or have been denied. Granting a loan was the case if the last line received the value of “1”. An example of in-put data is presented in Table 3.   Table 3 – Fragment of set with training data   Set 1 Set  2 .... Set  113 Loan amount 7000 7500 .... 10000 Loan term 6 6 .... 12 Sex woman man ... woman Age 37 38 ... 41 Family status Unmarried Unmarried .... Married  Number of de-pendents 2 2 .... 2 Education Higher Secondary .... Secondary Period of resi-dence in the re-gion 22 12 .... 21 Location Region Center .... Center Branch of the company Industry Service  Other Enterprise class Medium Small .... Medium Professional ex-perience 5 8 .... 5 Experience in an enterprise >10 >10 .... 9 Position at an enterprise not a man-ager not a manager .... not a manager Own land Have not Have not .... Have Own country house Have Have .... Have not Private property Have not Have .... Have not Garage Have Have not .... Have not Car Domestic Foreign .... Domestic An apartment Have not Have .... Have The area of the apartment 37 29 .... 38 How did obtain an apartment Have not Have not .... Have not To give a loan 1 1 .... 0  
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All information from the Table 3 was divided into three types of indicators: personal indicators, indicators on labor activity, and financial indicators. After that each indicator obtained appropriate meaning.   

5 RESULTS The calculation of the creditworthiness of clients is based on the trained Bayesian classifier. Using the NBC was conducted on the example of three clients, one of them was denied in the loan, for the second and third one scoring model calculated the value of the credit assess-ment, which corresponds to the economic expediency of the loan. Example of calculated results and client’s infor-mation according to table 3 are presented below. Client  143 = {25500; 12; man; 25 – 30; unmarried; 0; higher; 1 – 3; Center; Service; Medium; < 3; <1; not a manager; Have not; Have not; Have not; Have not; Have not; Have not; Have not; Have not; 0} Client  97 = {14500; 12; man; >55; married; 1; higher; 
≥ 15 years; Center; Banking and financial activity; Great; > 15 years; 7 – 10; Manager; Have; Have; Have; Have; Foreign; Have not; 32 – 50; Have not; 1} Client  136 = {17000; 24; man; 30–35; married; 1; higher; ≥ 15 years; Center; Information Technology; Me-dium; 5 – 10; 3 – 5; Manager; Have not; Have not; Have; Have; Foreign; Have; 18 – 25; Gift; 1} Clients  97 and 136 have a good credit assessment, so they can obtain the loan. Another one doesn’t have any financial support, so his credit value is very small for is-suing the loan. The issuance of money to the client, which the scoring model has calculated the positive value of the credit as-sessment, occurs after signing by the bank and the client of the loan agreement and other agreements (mortgages, guarantees of commercial pledge, etc.).  

6 DISCUSSION To use the developed IS in real conditions, it is neces-sary to overcome the adequacy of the scoring model. To do this, it is necessary to check the quality of the proposed classifier, which is the basis for making decisions in the credit activity. For the checking NBC we used client’s data, which did not use in the training classifier. The quality of credit activity is an integral characteris-tic of a process that shows the degree of suitability of a process for achieving certain goals. To assess the quality of the classifier, we can use the following quality indica-tors: precision, recall, measure of Van Risbergen [25, 26]. Precision is a criterion that shows the proportion of clients that really belong to a particular class with respect to all clients that IS has identified about this class: 
aP

a b
=

+
. The more precision, the fewer the number of false alarms. Recall is a quality metric that shows the proportion of clients that really belong to a particular class with respect to all clients from this class: aR

a c
=

+
. The more recall 

of the data obtained from the IS, the greater the benefit of the received information. A good metric for a joint assessment of precision and recall is the F-measure or measure of Van Risbergen, which is defined as the weighted harmonic average of precision and recall: 2PRF
P R

=
+

. To check the quality of the work of the NBC 61 cli-ents were taken, which were not used in the training. A series of experiments were carried out with different con-ditions. Firstly, the NBC obtained 61 cards for verifica-tion, then some of these cards were used for training, and the remainder was again checked for the definition of customer classes. The process was repeated until all data was used. The results of the experiments are shown in table 4. We can also evaluate the client class definition error: a cError
number of clients

+
= .  Table 4 – Result of checking NBC  

№ a b c Num-ber of clients P R F Error 1 33 5 3 61 0,87 0,92 0,89 0,13 2 25 4 2 52 0,86 0,93 0,89 0,12 3 23 2 2 43 0,92 0,92 0,92 0,09 4 23 2 1 37 0,92 0,96 0,94 0,08 5 15 1 1 20 0,94 0,94 0,94 0,10 6 10 1 0 16 0,91 1,00 0,95 0,06  As can be seen from Table 4, as the training pattern increases the Van Riesbergen measure increases (Fig. 6). The error in determining the client’s credit rating decreases.   Figure 6 – Quality metrics  The IS considered earlier [12–14] are characterized by the closeness of the scoring model used for decision mak-ing. This restriction does not allow doing many experi-ments to test the performance of these IS. The conducted studies and the obtained results show the feasibility of using the proposed scoring model and the developed IS in real conditions.  
CONCLUSIONS In the course of this research, the task of assessing the creditworthiness of a potential creditor was solved. To do this, an analytical review of the main methods for assess-ing creditworthiness was conducted. Result of it is the method of scoring-analysis based on Data Mining tech-
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nology. A scorecard model for calculating the credit rat-ing based on the use of the NBC was developed. A design stage of IS was conducted, during which a diagram of activity was developed for a clear presentation of the work of the classification algorithm, a use-case diagram was developed for allocating functional capabili-ties, a deployment diagram was developed for represent-ing the architecture of the IS. A database model was de-veloped that allows the knowledge domain to be struc-tured. The conducted pilot studies have shown the prac-
tical significance of the results for credit institutions, as evidenced by the calculated assessment of the quality of credit activity. 

The scientific novelty of the obtained results consists in improving the client’s credit rating process by using the scoring model based on NBC, which reduced the subjec-tive factor in decision making and also reduced the time for processing information about a potential creditor. The results obtained in the course of this research work indicate the feasibility of using the proposed solu-tion under real conditions in credit institutions to increase the quality of lending activities. 
Prospects for further research are to automate the process of selecting informative indicators of customer creditworthiness. 
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УДК 004.9  
І В ЩЕ  ОС І РЕ О  І Ь ОС І А РА О  В ОР С А  С ОР ГОВО  О Е І  

ь и  . В. – а и а  і и  а ,  а и а  і і  а і а і и  і   
ав і я, На і а ь и  і и  ів и  «Ха ів ь и  і і и  і и », Ха ів, У а а. 

и ва . В. – а и а  і и  а ,  а и І а ь и  ’ и  и , На і а ь и   
і и  ів и  «Ха ів ь и  і і и  і и », Ха ів, У а а. 

 
А О А І  

А а ь і ь. Р я   і и и і іє а. В а яв яє  а   а и  
и а і  и и  а ьши  ви а я  и  и . ’є  а  і я ви ав  
и ва я і и и  і  и и и а ва и. 
і ь. Ці ь и є і я  і ви я я і и  ія ь і а а  и і ви и а я 
и в  і. . в  а а і и и  я   а і. Р  ь і -  і ва я и -

і іє ів  ви я і IDEF0 іа а и. Ви і і и а и ів, я і а а и ь і  и а  і -
и  ів. а і а и а ь я  а и а и і . а а і ва  и ви іш я 
а а і і и и і іє ів. а  а в и  а и і а  Ба є  я   ви іш я а а і а и і а і  

і и  и ів. а а і ва  і і і а і і и и я і и и і іє ів. Р - и в  ь і и и  и  іє   ви я і а и . Ви а  і  і а ь и  -
ив  і а і  и и, я і ав   ви я і іа а и ва іа ів ви и а я. За ва  и ів в  
а і  я і а і  и и. Р  ь а и а и  я я і а і   іє ів. Р - і а і  и  я ви а я и  и  іє  а ві ви и а я  и в  

і. в  и ь і і я ви а я а  і  и а. а а і ва   ви а я 
я і и  ія ь і. а  а и и я і ви а я і и и і іє ів. За ва  

і  а  я і и  ія ь і. 
Р з ь а и. Р  и в  ь, я а а ви и а а и ви іш і і и и і іє ів 

а  а ва  і а і  и и. Д і   і ви я я і і и и  и . 
Ви в и. в і и и і в и и а и і ь а ва  и в  і а в я ь -
ва и  я ви и а я а а и і я а а і   и і іє ів. На ва ви а я ає в 

а і  и  ія ь і а а  ав а и а і  ви и а я а в  а и і а а Ба є ,  
в яє ши и ь и  а  и и я і іш ь. 

ЮЧОВІ С ОВА: и ва ь, а а а а и і а і , а в и  а є ів ь и  а и і а , і а и  
и , и ва я, и а ь и , и , и і ь.  

УДК 004.9  
ОВЫ Е Е АЧЕС ВА РЕ О  Е Е Ь ОС  А СЧЕ  С О Ь ОВА  С ОР ГОВО  

О Е   
ь и  . В. – а и а  и и  а ,  а  а  и ии и и а и  и  

ав ия, На и а ь  и и  ив и  «Ха ь в и  и и и  и и », Ха ь в, У аи а. 
и ва . В. – а и а  и и  а ,  а  и а ь  ь  и , На и а ь  

и и  ив и  «Ха ь в и  и и и  и и », Ха ь в, У аи а.  
А О А  

А а ь ь. Ра а а и и и и а, ая ав я   в - а  а  и а а и  и   и  и  и  и а.  а - и ва ия в а   и ва ия и и и  и  и и ия и. 
ь. Ц ь  а  яв я я и ва и  а в ш ия а ва и  я ь и а  а а и и 

и ь ва ия и в  и. . в  а а и и и    а и. Ра а а а ь и - а и и -
и и в в ви  IDEF0 иа а . В   а а , а а и и  иа ь  и а  

а  .  а  а и  я а  а а я и и ь . а а и и ва   ш ия а а и и и и и в. И а  аив  а и и а  Ба а а   ш ия 
а а и а и и а ии иа ь  и в. а а и и ва  в и  и а и  и  я -
и и и и в. Ра а а а и вая ь и и  и а и а в ви  а и а.  ь и а ь  в  и а и  и , ав  в ви  иа а  ва иа -
в и ь ва ия. а в вая а и а и а и  и . Ра а а а ь а  а  
я а ия и а ии  и а . Ра а а а и а и ая и а я ия и  и а и  
а в  и ь ва ия  и в  и. в  и  и ва ия ия а а -
иа ь  и а. а а и и ва   ия а ва и  я ь и. В а  а а и 

а ва ия и и и и в.   а а а ва и  я ь и. 
Р з ь а . Ра а а а и вая ь, ая а и ь ва а и  и и и в  
ь   и а и  и . И ва   в ш ия а ва и и  и а. 
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В в . в  и  в и и а и ь  и в  и и в я  -
ва ь  я и ь ва ия а а и  я а а и а а и и и в. На ая ви а а -

а я в в ш в ва ии а и  я ь и а  ав а и а ии и ь ва ия аив  а и и-
а а Ба а,  в я  ьши ь в и  а  и и я ии ш и . 

ЮЧЕВЫЕ С ОВА: и вая ь, а а а а и и а ии, аив  а в и  а и и а , а -
и  и , и ва и , а и , и , и ь.  
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а ив  и в  а а: и -
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ш и   // М а  а  и а  и 
а а ь  и ва и . – 2016. – № 7–4. – . 667–672. 9. в и в И. Ф. а и и   - и 

и а в  в  и и и  и и и и  
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УДК 621.391.1: 621.395  
А А  В  С С Е  АССОВОГО О С ВА  HE2/M/1 

С О ЫЧ Ы   С В Ы  В О Ы  РАС РЕ Е Е  
 
а а в В. . – -  . а , , ав и  а  а  ия и ав ия 

в и и  и а  в  а в  ив и а и а и  и и а и и,  
Р ия. 

 
А О А  

А а ь ь. В ии а в  ива ия и ва ия и  G/M/1 и G/G/1 а а ь  в вя и  ,   
и    в  ш ия в  ви  я  ая и и в ь  а а  а и  в  

а и в и ива ия. Ра а а а а в в а ш ия я  в и и а ия в и в а -  я в  и   и и  ви и и а в и и и иа ь и в и а -
ия и.  

ь а . и  ш ия я в  а а и и и и  –  в и и а ия ва и  в 
и я в  и  а в  ива ия и а G/M/1 и G/G/1  и и  ви и и а в и и и 
иа ь и в и а ия и. 
. Д я ш ия ав  а а и и ь ва  а и и   а ь  а ия ш ия и -

а ь  ав ия Ли и. Да   в я  и ь ш и  я  в и и а ия я а а и-
ва  и  в а  . М  а ь  а ия ш ия и а ь  ав ия Ли и и а  
ва  ь в ии и  G/G/1. Д я а и  и ия  ь а в и ь ва  и в   

в ии в я . 
Р з ь а . В в   а ь  а ия ш ия и а ь  ав ия Ли и я в  и ,  ь   в в  а  в а ия я  в и и а ия в и в а  .  
В в .  а ь  а ия ш ия и а ь  ав ия Ли и я а а ива  и  

и  и  ь  в в  а  в а ия я  в и и а ия в и я и  и  в а  . Э и в а ия а ши я  и я  и в   ии а в  ива ия я  в и 
и а ия я и  G/M/1 и G/G/1  и в ь и а а и а и  в  а и в и ива ия. 

Та   в я  а и а ь  в я и а ия я а а  и  в а а и и  а а  я ши  
иа а а и ия а а в а и а. В  а ь  а а и и и и  яв я я и в и  в и и-
а ия. 
К   в и и а ия, а   а  в ь и ь и  в ши  я в в и 
и а ия. У и вая  а ,  ва иа ия а и а в ( и ) в и а ия  я я а  а  

в и и а ия    а ия,  и    и ь  и и  в и и а ия.  
ЮЧЕВЫЕ С ОВА: и а в и  и иа ь  а  а ия, и а ь  ав и  Ли -

и,  а ь  а ия, а ва и  Ла а а. 
 

СО РАЩЕ  
ИУЛ – и а ь  ав и  Ли и; 
М  – и а а в  ива ия; 
ФРВ – ия а ия в я . 

 
О Е А РА 

a(t) – ия и а ия и ва-
в  ия и ва и ; ( )A s∗  – а ва и  Ла а а ии a(t); 
b(t) – ия и а ия в и 

ива ия; ( )B s∗  – а ва и  Ла а а ии b(t); 
cλ  – и и  ва иа ии и ва в -
и  ва и ; 
cμ  – и и  ва иа ии в и ива-

ия; 
WD  – и ия в и и а ия; HE2 – и а в  а и  в    
я а; 2HE−  – ви  и а в  а -

и  в  я а; G – и в ь  а  а ия; M – иа ь  а  а ия; M−  – ви  иа ь  а  а -
ия; 

W  –  в я и а ия в и; *( )W s  – а ва и  Ла а а ии -
и в и и а ия; 

( )W y  – ФРВ в и и а ия ва ия в -
и; 
z –  и  и  и ва а (–1, 1); 
λ  – и ив ь в  а; 1λ  – в  а а  и а в  а -
ия в  а; 2λ  – в  а а  и а в  а -
ия в  а; 

μ  – и ив ь ива ия и а а  -
иа ь  а ия; 
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ρ  – и и  а и и ; 
λτ  – и  и ва   ия и -

ва и ; 2
λτ  – в  а а ь   и ва а  

ия и ва и ; 
μτ  –  в я ива ия; 2
μτ  – в  а а ь   в и и-

ва ия; ( )s+Φ  – а ва и  Ла а а ФРВ в и 
и а ия; 

( )ψ s+  – вая а а ь  а -
ия; 

( )s−ψ  – в ая а а ь  а -
ия. 

 
ВВЕ Е Е 

На я ая а ья вя а а а и  М  HE2/M/1  и и  ви и и а -
в и и (HE2) и иа ь и (M) в и 
а ия и. В   ав   а-
ь а и ь ь а  я  в и 
и а ия ва и  в и в а и  М . Ка  

и в  и  ии а в  ива ия,  
в я и а ия яв я я ав  а а и и  
я  М .   а а и и , а и , 
ива  а и а в в я  а  -

а ии и и  и ва ии  ь  М . Ра -
а ива ая М   и в и а -
ия и HE2/M/1 и я  и  G/M/1, а М   
ви и а ия и и я  и  G/G/1. 
В ии а в  ива ия и ва ия 

и  G/M/1 и G/G/1 а а ь  в вя и  ,  
и а ив  и ь я в в  ии -
а и а,     и    в  ш -

ия я а и  и  в  ви  я  
ая.  
В и ва ии и  G/G/1 ва  ь и а   а ь  а ия ш ия и а ь- ав ия Ли и и ьши в  ь а в в 
ии а в  ива ия  и   
ь  а  а. 

О  и ва ия яв я я М  и а G/M/1 и G/G/1. 
 и ва ия яв я я  в я 

и а ия в и а  HE2/M/1 и 1/M/HE --2 . 
ью а  яв я я и  ш ия в 

а   я в  а а и и и и - –  в и и а ия ва и  в -
и я в ш и  М .  

 
1 ОС А ОВ А А АЧ  

В а  ав а [1] в в  ив  ь а   и ва и  и   и иа ь и 
и иа ь и в и а ия и, 

  ь  а а ь  а -
ия ш ия и а ь  ав ия Ли и (ИУЛ). Р ь а  а  [1] в я  а ви ь -

и  а  а а  а и а в  а -
и . 
а и   и а ь  ав ия Ли и 

в я и  а  [2, 3]:  
( ) ( ) ( )d , 0;0, 0.y

W y u C u y
W y

y
−∞

⎧
− ≥⎪

= ⎨
⎪ <⎩

∫   
и а  и ии а а ь  

а ия ш ия ИУЛ  и ива ь я 
а и и в и и ав а а и и ии а -

в  ива ия [2]. ь ш ия ИУЛ  
а ь  а ия и  в а ии а-

а а ия в и и а ия  - а ь  а и : 
( ) ( ) ( ) ( )* * 1 /A s B s s s+ −− ⋅ − = ψ ψ ,  ( )ψ s+  и ( )ψ s−   а и а ь  ии  s,  - а и ь а и и. Ф ии ( )s+ψ  и ( )s−ψ   в в я ь и  вия  а - [2]: – я ( )Re s 0>  ия ( )s+ψ  яв я я а а и-

и    в  и; – я ( )Re s D<  ия ( )s−ψ  яв я я а а-
и и    в  и,  

D – ая и ь ая а а, -
я ая и  вия: ( )lim

Dtt

a t

e−→∞
< ∞ . (1) 

К  , ии ( )s+ψ  и ( )s−ψ   
в в я ь и  вия : 

( )
( )s ,Re 0 ψlim 1;

s

s

s
+

→∞ >
=  

( )
( ),Re ψlim 1

s s D

s

s
−

→∞ <
= − .  (2) 

В а  ави я а а а а ия ш ия я 
в и и а ия ва и  в и в М  HE2/M/1 и 1/M/HE --2 . Д я ш ия а а и -
и  в а а  и ь я а а  и  -
а ь  а ия ви а 
( ) ( ) ( ) ( )* * 1 /A s B s s s+ −− ⋅ − = ψ ψ    ви  (1), (2) в а  а .  

2 ЕРА Р Ы  О ОР 
М  а ь  а ия ш ия и -
а ь  ав ия Ли и в в   -
ав  в а и  ии а в  ива ия [2], а в вии и я я в  и  а а , 

в ая [3,4]. А а и    ш и  ИУЛ 
и ь ва  в [5]. З ь в  и а « а ь- а и » и ь ва а а и а ия, а в -
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 и  ( )sψ+  и ( )sψ−  –  а и-

а ии ( ),z t+ω  и ( ),z t−ω  ии 1 ( )z t− ⋅χ . 
Та   я ия  ь а-
в я а а ива  и   ,  , и а  в [2] и и и ва  

и и и а и. 
В а  [6] ав а в в  ав  ь-

а  а а и а М   ви и иа ь -
и а ия и. 

а и  и и  а а ь  
а ия ш ия ИУЛ я и ва ия и   
и иа ь и и иа ь и 
в и а ия и а а  в а а  [7–9]. 
В   в я, а  и а , в ая web-, ав   а ь а и ь ь а   
в и и а ия я М   иа ь и и 
и а в и и в и а ия и 2-  
я а  ви а.  
А и а ив   и ь  а в 

а и   и а  в а а  [11–13], а 
и  и ва ия в ии а в  и-

ва ия в  в я в  в [14–17]  
3 А ЕР А Ы  Е О Ы 

Д я и  HE2/M/1 а  а ия и -
ва в в  а и в и ива ия 

а а я ия и и ви а:  
( ) ( ) tt teptepta 21 222221 144 λ−λ− λ−+λ= ,             (3) 

( ) tetb μ−μ= .                               (4)  
Р ш и  я  в и и а ия я и - HE2/M/1  и ь а в  а и  
а а ь  а ия ш ия ИУЛ, а   а а  в [6–9]. Та   в я  -

и ь  ь   в я и а ия,  и - в ши  я в в и и а ия.   
ия ва иа ии а и – и а в -

и а ия  а  а  в и и а ия    а ия [10],  а  и  в -
ь ия и а  и и  в -

и и а ия. 
а ва ия Ла а а и  (3) и (4)  

в в :  
( ) ( )

222211 22122* ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
λ+

λ
−+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
λ+

λ
=

s
p

s
psA ; ( )

μ+
μ

=
s

sB* .  
Т а а ь  а и  ш ия ИУЛ 
я и  HE2/M/1 ( ) ( ) ( ) ( )sssBsA −+ ψψ=−⋅− /1**  
и  ви :  
( )
( ) ( ) 12 212 2 22 221 1 −⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+μ
μ

⋅
⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−λ

λ
−+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−λ
λ

=
ψ
ψ

−

+
ss

p
s

p
s
s . 

В а и , я  в ва а  а , -
ави  в ви :   

( )

( )
( ) ( )

( )( )
( ) ( )

( ) ( )
,22 22 416161 22 41616 2 212 2 2221 2210 2221 2222212221 2221 2212212221 22 221 1

ss
sasaa

ss
ssp

ss
ssp

s
p

s
p

−λ−λ

+−
=

=
−λ−λ

λ+λλ−λλ−
+

+
−λ−λ

λ+λλ−λλ
=

=
⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−λ

λ
−+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−λ
λ     а а  22210 16 λλ=a , 
( ) ]1[16 21211 λ−+λλλ= ppa , ( ) ]1[4 22212 λ−+λ= ppa .   

ая а и , и :  
( )
( )

( ) ( )
( ) ( )

( ) ( )

( ) ( )
.)(22 ))()()(( )(22 )( )(22 )(22)( 2221 4321 2221 0122334 2221 22212210

sss
sssssssss

sss
cscscscss

sss
ssssasaa

s
s

+μ−λ−λ

−−−+−
=

=
+μ−λ−λ

++++−
=

=
+μ−λ−λ

+μ−λ−λ−+−μ
=

ψ
ψ

−

+   
а ь , а ь  а и  ш ия 

ИУЛ я и  HE2/M/1 и  ви :  
( )
( ) ( ) ( ) )(22 ))()()(( 2221 4321

sss
sssssssss

s
s

+μ−λ−λ

−−−+−
=

ψ
ψ

−

+ .         (5)  
М  в  и в и и  а -
ия 0122334 cscscscs ++++                       (6)   и и а и: )]([16 21212110 λ+λμ−λλλλ+μ=ac , 

μ−λ+λλλ−λ+λλ+λμ= 221212221211 )(16)4(4 ac , )(416)(4 212122212 λ+λμ−λλ+λ+λ=c , )(4 213 λ+λ−μ=c  
и  и  ви ь  и а ь  ь и 
и и ь  я ( и  в  и  
и  ви ь  и ь  и ва - я   и ь  в в - а ь ). И ва и  а а а ш  и-
и а 0c  а ва ,  00 <c  в а в а  а-
и ь  и , а 10 <ρ< . Э  а  в -
а  и   а и ии а и   -
а. 
Да ,   ви  (1) и (2) и  а и -

а ь  ии ( )s+ψ  и ( )s−ψ : 
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)/()()( 1 sssss +μ+=ψ + , . . и а (6): 0=s , 1ss −= , и  μ−=s  а  в а и Re( 0)s ≤ , а а и  

( ) ( ) ))()(( 22)( 432 2221
ssssss

sss
−−−
−λ−λ

−=ψ− , . .  и и  
а  в а и ( )Re s D< ,  ви  (1). В и  ви  (1) и (2) а ь  а -
ия я  и  ( )s+ψ  и ( )s−ψ  

ви ,  а  в а я и . 1.    
Ри  1 – Н и и  ии ( ) ( )ψ / ψs s+ −  я 

и  HE2/M/1  
и ии и  и   и и -

а ш ия ( ) ( )ψ / ψs s+ −  и ь а - s – и я и ия ши  -
ия и  ( )ψ s+  и ( )ψ s− . На и  -  и а и, а и – а и.  

Да   и  а ь  а ия 
а  а  К:  

( ) ( )
( ) μ

=
μ+

+
=

ψ
=

→
+

→
1100 limlim s

s
ss

s
sK

ss
,   1s  – а  а и  и а ь  я 1s− . я ая K я  в я ь ,  

а  в и  ва и  а а   в -. 
Д я а ия а ва ия Ла а а ии 

и в и и а ия и  и  
( ) ( )

( )
( )11

sss
ss

s
Ks

+μ
μ+

=
ψ

=Φ
+

+ . 
а а ва и  Ла а а ии -

и в и и а ия ( )sssW +Φ⋅=)(*   ав    
( ) ( )

( )11*
ss

sssW
+μ
μ+

= .                             (7)  
Д я а ия  в и и а ия 

а  и в   ии ( )*W s   а  
и  в  s = 0:  

( )
μ

−=
μ

μ+μ−
=−=

=

11* 1212 12210 ss
ss

ds
sdWW

s
.  

а ь ,  в я и а ия я и - HE2/M/1  
μ−= /1/1 1sW .                                 (8)  

И  в а ия (7) а   и ь - в ши  я в в и и а ия. В ая -
и в ая  а ва ия (7) в  0=s  а  
в  а а ь   в и и а ия,  
в я  и ь и и  в и и а ия:  

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
μ

−=
112 11 ss

DW .  
Д я а и  и ия в а ия (8) -
и  и ь и в  а а и и и а -
ия (3) HE2. Д я а ия (4) и а а -

и и и и в  и  а ии в я . 
Д я  в ь я в в  а ва ия 
Ла а а в и в ия в и а иш  а-
а ь    в  я а я а -
ия (3):  

( ) ,1 21 λ
−

+
λ

=τλ
pp                             (9)  

( )2 2 21 2132 pp
λ

⎡ ⎤−
τ = +⎢ ⎥

λ λ⎢ ⎥⎣ ⎦

.                        (10)  
Ра а ивая ав ва (9) и (10) а  а и ь -

а в, а  и в  а а  а -
ия (3) p,, 21 λλ . и а в  ав и  (9), (10) и  яв я я ,    ави  в а и  я ва а а и и а 

ва иа ии:  2 222 )( )(
λ

λλ

τ

τ−τ
=c ,                            (11)  

а  вя  ви   (9) и (10). К  , 
и и  ва иа ии  и ь ва ь в а -

а  в а в  в  а а а и . И я 
и  ви а ав ия (9) и   

λτ=λ /21 p , λτ−=λ /)1(22 p             (12)  
и  в ия вия (11). авив в -
а ия (9), (10) и а  ш и  (12) в (11) и -
шив  ав и  в  и -
и ь  а а а p, в    а и    вия 10 << p :  2 22(1 ) 312 8(1 )cp

c
λ

λ

+ −
= +

+
.                          (13)  

а ,  и и  ва иа ии .2/1>λc  Та и  а ,  а  ш -
и    и  ав и  (9) и (10)  а. 
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Та     а и а ии а в а -

ия и иа ь  а и  
и  в а а  ав а [6–9]. Та и  а , и-

а в и  а  а ия в  я -
а  я ь я ь  в я в и 

а и и ва ь в ь иа а  и ия 
и и а ва иа ии  1/ 2   ∞ ,  ши ,   и иа ь  а ия ),1( ∞ . 

В и и  λτ , μτ , λc , μc   и а ь в и 
а а а и я а а  в и и а ия 
я и  HE2/M/1. Т а а и  а а в -
я  ва ь  и  а а в 
а ия (3) и  в а и  (13), (12) и  а -
и   я а (6), а а   и -
ь ва и  а  в а ия (8). 
Да  а и  и и иа ь  и а я  и ва  М  и . Д я и  HE2/M/1  ви и а а и а и  и -
ва в в  а и в и ива ия 
и а  а а я ия и и ви а:  
( ) ( ) )(2022)(2021 0201 )(14)(4 tttt ettpettpta −λ−−λ− −λ−+−λ= ,(14) 

( ) )( 0ttetb −μ−μ= .                            (15)  
Та  М  в и и    и  -
а и  а  1/M/HE --2 . В а  ав а [6] и а  
ви и иа ь и в и а -
ия и а а а  и а  а а ва и . 

ви  в  в и иа ь  а ия 
а и  и  HE2/M/1 и а G/M/1 в и - и а G/G/1. 
У в и . а ь  а ия ш ия 

ИУЛ ( ) ( ) ( ) ( )* * 1 /A s B s s s− ⋅ − = ψ ψ+ −  я и  1/M/HE --2  и HE2/M/1 ь  в а а  и и  
ви  (5). 
Д а а ь в . а ва ия Ла а а и  (14) и (15)  в в :  

( ) ( ) ste
s

p
s

psA 0222211 22122* −⋅
⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
λ+

λ
−+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
λ+

λ
= ; 

( )
μ+

μ
=

−

s
esB

st0* .  
а ь  а и  ш ия ИУЛ я и - 1/M/HE --2  ( ) ( ) ( )

( )s
ssBsA

−

+
ψ
ψ

=−⋅− 1**  и  ви :  
( )
( ) ( )

( ) .12 212 2 1 2 212 2 22 221 1 22 221 10 0
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+μ
μ

⋅
⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−λ

λ
−+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−λ
λ

=

=−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+μ
μ

×

×
⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−λ

λ
−+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−λ
λ

=
ψ
ψ

−

−

+

ss
p

s
p

e
s

e
s

p
s

p
s
s

st

st  
З ь  и - а ив  а в 
я я и  а  а ия ви а ив и -

я. ва ь , а ь  а ия я 
и  1/M/HE2 −−  и HE2/M/1 ь  в а а  и 
и  ви  (5). У в и  а а . 
Та и  а ,  и  1/M/HE2 −−   -
ь   в ь ва ь я и в ш  -
ь а а и я и  HE2/M/1,   и и 

и в и а а и и  ви  а и  (14) и (15). 
и  и в  а а и и и и ва а  ия и ва и  и в и -

ива ия я в  и  1/M/HE2 −− . Д я  
в ь я а ва и  Ла а а и  (14) и (15). 
З а и  в  и в  ии ( )A s∗   
а  и  в  s=0 ав    

( ) 012110 )1(* tpp
ds

sdA

s
+λ−+λ=− −−

=

.  
а  а и  и ва в  -

и и ва ия и в  а  ав    01211 )1( tpp +λ−+λ=τ −−
λ .                  (16)  

З а и  в  и в  ии ( )sA *  в  s=0 а  в  а а ь   и ва а 
ия   2 20 0 2 21 2 1 2(1 ) 3 3(1 )2 [ ] 2 2p p p pt tλ

− −
τ = + + + +

λ λ λ λ
.         (17)  

а и  ва а  и и а ва иа-
ии и ва в ия:  2210211 221212212 ])([2 ))(21()(2

λλ+λ−λ−λ

λ−λ−+λ−λλ−λ
=λ

tp
pppc .   (18)  

Д я ия и в  а а и и  а -
ия (4) в ь я ь а а и [1].  в я ива ия в и  1/M/HE2 −−  

ав  01 t+μ=τ −
μ .                            (19) 

В  а а ь   в и ива ия 
ав   20202 22

μ
+

μ
+=τμ

tt .                         (20)  
а и и  ва иа ии в и и-

ва ия  ав   
( ) .1 10 −

μ μ+= tc                            (21) 
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За и ,  и и  ва иа ии 0>λc  и 1<μc  и а а  ви а 00 >t . Та и  а , 
ви ,  и а 1/M/HE2 −−  и я  и  G/G/1. 
Ра а ивая в а ия (16)–(21) а   а-

и и а в, а  и в  а а - а ия (14) и (15): p,, 21 λλ , μ,0t . На -
и  а а в а ия (14) p,, 21 λλ  - а а и  а и  и  а а в я 

а ия (3). Т ь и я и  ви а ав ия (16) и    1 02 / ( )p tλλ = τ − , 2 02(1 ) / ( )p tλλ = − τ −          (22)  
и  в ия вия (18). авив а- ш и  (22) в (18) ша   ав -
и  в  и и ь  а а а p   вия 0 1p< <  и в   ш и   ])[(8 )(34121 2220 20

λλλ

λ

τ+−τ

−τ
−+=

ct
tp ,  

а а  я  и  (22) а а  1λ  и 2λ . 
а я и ь а а  а ия (15) и  ав и  в (19)–(21). И  (19) -

и  а и  10 −
μ μ−τ=t  и авив  в (21) а - а а  а ия (15) μμτ=μ c/1 . Т а 

а а  ви а  вя а   а а а и -
ива ия ви    )1(0 μμ −τ= ct .                           (23)  
В а и  (23)  я ь иа а  и -
ия а а а ви а )1,0(0 ∈t . 
За авая а ия λτ , μτ , λc , μc  в а в  в - а а в и , а и  а  я  

и в   в в  и в  а а- а и  (14) и (15). 
Т ь а и  в ия и  а а а ви а а 
и и  ва иа и  а и . Д я - а ия HE2, а   и  в а и  (9)–(11), и :  2211 221212212 )]([2 ))(21()(2

λ−λ−λ

λ−λ−+λ−λλ−λ
=λ

p
pppc .  

ав ивая  в а и   (18) а -
я,  а а  ви а в  в и 00 >t  ьша  

и и  ва иа ии и ва в и  в 0 1 21 21 [ (1 ) ]t
p p
λ λ

+
λ − + λ

 а . А а и  я и-
а ь  а а в и ива ия, а а  
ви а ьша  и и  ва иа ии в и 

ива ия в 01 tμ+  а . У и вая ва а и  
ави и ь  в и и а ия  и-
и в ва иа и  и ва в и  и в и 

ива ия, а я в ,  вв и  а а-
а ви а в а  а ия, ьша   в я и а ия в и в М .  

4 С ЕР Е Ы 
Ни  в а . 1 ив  а  а в я 

и  HE2/M/1 я а в а ,  и в - а и 0,1; 0,5; 0,9ρ = . Д я ав ия в ав   ив  а  я и  H2/M/1, я  1≥λc  [1].  
Та и а 1 – Р ь а  и в я М  HE2/M/1 в 

ав ии  H2/M/1 
В  а а   в я и а ия 
ρ λc  я и  

НE2/M/1 я и  
Н2/M/1 0,71 0,03 – 2 0,08 0,19 4 0,10 0,23 0,1 8 0,11 0,25 0,71 0,62 – 2 2,00 2,16 4 4,62 4,83 0,5 8 10,15 10,40 0,71 6,61 – 2 22,59 22,41 4 77,28 75,79 0,9 8 295,96 289,13  

З а ия  в и и а ия в и а  HE2/M/1 и H2/M/1 а  и и и  и 
в  а  и , я  а -
и  ( а и ая  в ) HE2 и H2 а я я. За и ,  и  H2/M/1 ав ива ь  и 1≥λc  и 1=μc ,  в а . 1 я 1<λc  я  и. 
В а . 2 ив  ь а  и в 
я и  1/M/HE2 −− , а я ав ия в ав   ив  а  я  и  HE2/М/1.  
К и и  а и ρ  в и  а и а  -
я я ш и  и  и ва в /μ λρ = τ τ . Ра , ив  в а . 1–2 в - я и ва  в и ива ия 1μτ = .      
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Та и а 2 – Р ь а  и в я М  1/M/HE --2  и HE2/М/1 
В  
а а   в я и а ия 

я и  1/M/HE --2  ρ μc

λc  1,0=μc  (t0=0,9) 5,0=μc  (t0=0,5) 99,0=μc (t0=0,01) я cи  HE2/M/1 0,71 0,000 0,005 0,029 0,03 2 0,000 0,013 0,078 0,08 4 0,000 0,016 0,094 0,10 0,1 8 0,000 0,017 0,099 0,11 0,71 0,005 0,181 0,610 0,62 2 0,008 0,458 1,966 2,00 4 0,009 0,599 4,503 4,62 0,5 8 0,009 0,655 9,706 10,15 0,71 0,344 2,956 6,516 6,61 2 0,805 16,002 22,465 22,59 4 1,102 60,607 77,044 77,28 0,9 8 1,260 238,99 295,29 295,96  
Да  а . 2 ь  в а  а - в ш  ия   в и и а-

ия в и   а а ва и . К  ,  ь-
ш и  а а а ви а t0  в я и а ия 
в и   а а ва и  и я  а и  - в и в  и ,  и ь  

в а  а ва ь  ь а в.  
5 РЕ Ь А Ы 

В а   а ь  а ия -
ш ия и а ь  ав ия Ли и я в  
и  HE2/M/1 и 1/M/HE2 −− ,  ь   
в в  а  в а ия я  в -
и и а ия в и я и  и  в а  . Р ь а  а в ав ива я  ь а-
а и а а и  и  H2/M/1. 
Диа а  и ия а а в  а  HE2/M/1 и 1/M/HE2 −−  ши ,   а  H2/M/1 и 1/M/H2 −− , - а а  и     ь и- в в  ии а и а.  

6 О С Е Е 
Р ь а  а в в а   а ,  

вв и  а а а ви а 0 0t >  в а  а -
ия ив и   а в  в  и  а в - ива ия, а а  и ва и   и . В в  ь  а ши и  

иа а а и и и в  и . К  , 
и а  а а ва и  ива  ьш  а-  ав и    и .  

ВЫВО Ы 
а ч ая виз а  ь а в а-
а я в ,   а ь  а -
ия ш ия и а ь  ав ия Ли и я 

а а ива  и  и  и  ь  в в  
а  в а ия я  в и и а-

ия в и я и  и  в а  . 
Э и в а ия а ши я  и я  и в   ии а в  ива ия я - в и и а ия я и  и а G/M/1 и G/G/1  и в ь и а а и а и  в  

а и в и ива ия.  
а ич  з ач и  а  а а я в ,   ь а     

ь и  в в  ии а и а,  а и а в в я  а и а и а  -
в  ь. Д я  и  а ь и-
в  а а и и и и ва в в я  а и-

а и в и ива ия а в  в  в  
в,   в ва   и и ь -

ва ии в  а а и а в а и а [8, 9]. 
ив  а ь ших и ва и  -

а ива я в ии и ва ия и  
и а G/M/1 и G/G/1  и и и и в и 
а ия и и в а ши ии и ии - я  в и и а ия.   
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УДК 621.391.1: 621.395 
а а в В. . – -  . а , , аві ва  а и а  а я а ав і я в і и  и -
а  в ь  ав  ів и  і а і  а і а и и, Р ія.  
А А І  ВО  С С Е  АСОВОГО О С ГОВ ВА  HE2/M/1 І В ЧА  А С  

В І  РО О І А  
 

А О А І  
А а ь і ь. В і  а в  в ва я і я и  G/M/1 і G/G/1 а а ь і  в’я   и ,  а 

ь і  і є іш я в і в  ви я і я а а ь  ви а  и ві ь и  а а  і ів в і   і 
а  в ва я. Р я  а а  вив я іш я я ь  а  і ва я в і в а і  і я 
в  и  і ви а и и і і и и і а ів ь и и а и и в і и и і а и. 

а и. и а я іш я я в  а а и и и и и – ь  а  і ва я ви  в і я 
в  и  а в  в ва я и  G/M/1 і G/G/1 і ви а и и а і и и і а ів ь и и а -
и и в і и и і а и. 

. Д я ви іш я ав  ав а я ви и а  а и и   а ь  а а я в’я  і -
а ь  ів я я Лі і. Ц   в яє и а и в’я  я ь  а  і ва я я я и  и  

в а і  і. М  а ь  а а я в’я  і а ь  ів я я Лі і ає ва ив  ь в і  
и  G/G/1. Д я а и  а ва я и а и  ь а ів  ви и а  ві и   ів і  -
ві .  

Р з ь а и. В ш  и а  а ь і а а я іш я і а ь  ів я я Лі і я в  и , а - я и  вив і а ві и я ь  а  і ва я в і в а і  і. 
Ви в и. и а  а ь і а а я в’я  і а ь  ів я я Лі і я я и  и , а    вив і а ві и я ь  а  і ва я в і я и  и  в а і  і. Ці 

и ши ь і в ь ві і и і  а в  в ва я я ь  а  і ва я я 
и  G/M/1 і G/G/1  ві ь и и а а и і ів в і   і а  в ва я. Та и  і і  в яє -
а ва и і  а  і ва я я а а и  и  в а а и и  а а  я ши  іа а  і и а а ів 
а і . В і і ші а а и и и и  є і и и а  і ва я. 
К і  ь  а  і ва я, а и  і і  ає иві ь а  ви а и и и ви и  я ів а  і ва -

я. З я  а  а ,  ва іа ія а и и а ів ( и ) в і а і  ви а ає ь я я  и ія а  і -
ва я ві   ь  а я,  и  а  ви а и и  и і  а  і ва я.  

ЮЧОВІ С ОВА: і а ів ь и  а и  а и і , і а ь  ів я я Лі і,  -
а ь  а а я, в я Ла а а.  UDC 621.391.1:621.395 

THE ANALYSIS OF TWO QUEUING SYSTEMS HE2/M/1 WITH ORDINARY AND SHIFTED INPUT DISTRIBUTIONS 
 

Tarasov V. N. – Dr. Sc., Professor, Head of Department of Software and Management in Technical Systems of Volga State Uni-versity of Telecommunications and Informatics, Samara, Russian Federation.  
ABSTRACT 

Context. In queuing theory, G/M/1 and G/G/1 systems research is relevant in that there is still no solution in the final form for the general case for arbitrary laws of distributions of the input flow and service time. The problem of finding a solution for the aver-age waiting time in queue in a closed form for two systems with ordinary and shifted hypererlangian and exponential input distribu-tions is considered. 
Objective. Obtaining a solution for the main system characteristic – the average waiting time in queue for two queuing systems of type G/M/1 and G/G/1 with ordinary and shifted hypererlangian and exponential input distributions. 
Method. To solve this problem, we used the classical method of spectral decomposition of the solution of the Lindley integral equation. This method allows to obtaining a solution for the average waiting time for systems under consideration in a closed form. The method of spectral decomposition of the solution of the Lindley integral equation plays an important role in the theory of sys-tems G/G/1. For the practical application of the results obtained, the well-known method of moments of probability theory is used. 

78



e-ISSN 1607-3274   Ра і і а, і а и а, ав і я. 2019. № 2 p-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2019. № 2   

© Та а в В. Н., 2019 DOI 10.15588/1607-3274-2019-2-8 
Results. The spectral decompositions of the solution of the Lindley integral equation for a pair of dual systems are for the first time received, with the help of which the formulas for the average waiting time in a closed form are derived. 
Conclusions. The spectral expansions of the solution of the Lindley integral equation for the systems under consideration are ob-tained and with their help the formulas for the average waiting time in the queue for these systems in a closed form are derived. These expressions expand and supplement the known queuing theory formulas for the average waiting time for G/M/1 and G/G/1 systems with arbitrary laws distributions of input flow and service time. This approach allows us to calculate the average latency for these systems in mathematical packages for a wide range of traffic parameters. All other characteristics of the systems are derived from the waiting time. In addition to the average waiting time, such an approach makes it possible to determine also moments of higher orders of waiting time. Given the fact that the packet delay variation (jitter) in telecommunications is defined as the spread of the waiting time from its average value, the jitter can be determined through the variance of the waiting time.  
KEYWORDS: hypererlangian and exponential distribution laws, Lindley integral equation, spectral decomposition method, Laplace transform.  
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A COMBINED APPROACH TO MODELING NONSTATIONARY 
HETEROSCEDASTIC PROCESSES 

 
Tymoshchuk O. L. – PhD, Associate Professor at the Department of Mathematical Methods of System Analysis, Institute for Applied Systems Analysis at the NTUU «Igor Sikorsky Kyiv Polytechnic Institute», Kiev, Ukraine. 
Huskova V. H. – Post-graduate student at the Department of Mathematical Methods of System Analysis, Institute for Applied Systems Analysis at the NTUU «Igor Sikorsky Kyiv Polytechnic Institute», Kiev, Ukraine. 
Bidyuk P. I. – Dr. Sc., Professor at the Department of Mathematical Methods of System Analysis, Institute for Ap-plied Systems Analysis at the NTUU «Igor Sikorsky Kyiv Polytechnic Institute», Kiev, Ukraine.  

ABSTRACT 
Context. Nonlinear nonstationary processes are observed today in various fields of studies: economy, finances, ecology, demog-raphy etc. Very often special approaches are required for model development and forecasts estimation for the processes mentioned. The modeling methodologies have to take into consideration possible uncertainties that are encountered during data processing and model structure and parameter estimation.  
Objective. To develop a modified methodology for constructing models for nonlinear processes that allows for achieving high quality of forecasts. More specifically heteroscedastic processes are considered that create a wide class of nonlinear nonstationary processes and are considered in many areas of research.  
Method. To reach the aim of the study mentioned the following methods are used: systemic approach to model building and forecasting, modified methodology for modeling nonlinear processes, methods for identification and taking into consideration possi-ble uncertainties. To cope with the structural uncertainties following techniques: refinement of model order applying recurrent adap-tive approach to modeling and automatic search for the “best” structure using complex statistical criteria; adaptive estimation of input delay time, and the type of data distribution with its parameters; describing detected nonlinearities with alternative analytical forms with subsequent estimation of the forecasts generated. 
Results. The proposed modified methodology for modeling nonlinear nonstationary processes, adaptation scheme for model building, new model structures proposed. As a result of performing computational experiments, it was found that nonlinear models constructed provide a possibility for computing high quality forecasts for the process under study and their variance.  
Conclusions. Application of the modeling methodology proposed provides a possibility for structural and parametric adaptation of the models constructed with statistical data. The models developed exhibit acceptable adequacy and quality of short-term forecast-ing.  
KEYWORDS: nonlinear nonstationary processes, systemic approach to modeling, structural and parametric adaptation, com-bined models, uncertainties in modeling and forecasting. 

ABBREVIATIONS ACF is an autocorrelation function; AIC is an Akaike information criterion; AR is an autoregression; ARCH is an autoregressive conditional heteroscedas-ticity; ARMA is an autoregression with moving average; DW is a Durbin-Watson statistic; EGARCH is an exponential generalized autoregres-sion with conditional heteroscedasticity; GARCH is a generalized autoregressive conditionally heteroscedastic; GMDH is a group method of data handling method; GNP is a gross national product; HSP is a heteroscedastic processes; IDA is an intellectual data analysis; KF is a Kalman filter; MAE is a mean absolute error; MAPE is a mean absolute percentage error; MCMC is a Markov chain Monte Carlo; ML is a maximum likelihood; MLNSVM is a modified log-normal model of stochas-tic volatility; NLS is a nonlinear least squares; NNP is a nonlinear nonstationary processes; SS is a state space; U is a Theil coefficient. 
 

NOMENCLATURE )(kh  is a conditional variance; )(1 ky  is a gross national product logarithm; )(2 ky  is a logarithm of tax deductions; 
y  is a sample mean for the data window w  selected for computing conditional variance; )(kx  is a vector of state variables; )(1 kx  is a level of internal investment;  )(2 kx  is a level of external investment; )(kz  is a vector of time delayed values of dependent variable )(ky ; 

mikz i ,...,2,1),( =  is an explaining variables for )(kx ; 
ii γα ,  is a model parameters to be estimated with maxi-mum likelihood or Monte Carlo Markov chain procedures; )(xiϕ  is a set of linear and nonlinear functions; )(kε  is a random process that influences financial process under study; )(ˆ2 kε  is an account effects of absolute values. 
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INTRODUCTION The study is focused on combined models develop-ment for forecasting nonlinear nonstationary heterosce-dastic processes in economy, finances, ecology and other areas. Most of the processes taking place in these areas belong to the class of nonlinear and nonstationary due to many random factors influencing their evolution in time. Financial processes are influenced by various random shocks happening inside of countries (local inflation, high competition between companies, unstable market situa-tions) where they are originated and by outside shocks in the form of general economic crisis, fast variability of prices on energy resources, raw materials and food etc. Processes in modern ecology and climatology also often exhibit unstable nonstationary development with nonlin-earities. Thus, the problem of constructing forecasting models for the process mentioned is urgent and it is con-sidered by many researchers [1–4].  A simplified classification of NNP in economy, fi-nances, demography, ecology, is shown in Fig. 1. The figure provides information for a general situation in the area of study.    Figure 1 – A simplified classification of dynamic  processes   

The object of study is the linear process can be non-stationary only in a case when it contains linear trend. Nonlinear processes can be piecewise stationary mostly in their stable mode of operation. NNP are most commonly met in many areas of study. They include nonlinear inte-grated process with trends of order two and higher, coin-tegrated processes with the same degree of integration, and heteroscedastic processes. The latter suggest simulta-neous constructing of the following two model types: first model describing evolution of the process (amplitude) itself, and the second model describing dynamics of con-ditional variance that is widely used in practice for solv-ing the problems of diagnostics (technical, medical, fi-nancial and economic), risk analysis in various spheres including, stock trading, investments etc. The article is concentrated on the studying of nonlinear nonstationary processes with time varying variance and mean on the interval of study.  
The subject of study is the known mathematical models and construct the new ones using statistical data. An approach to modeling the processes mentioned is pro-posed providing a possibility for constructing the models of acceptable adequacy.  
The purpose of the work is in development of methodology and system for constructing mathematical models of nonlinear nonstationary (heteroscedastic) processes of acceptable adequacy and providing a possi-bility for computing high quality of forecasts. Special software was developed on the purpose and illustrative examples are given. 

 
1 PROBLEM STATEMENT The purpose of the study is as follows: (1) develop-ment of some generalized methodology for modeling and forecasting nonlinear non-stationary heteroscedastic proc-esses both for the process itself and its conditional vari-ance; (2) development of combined model based upon linear and nonlinear regression; (3) performing of compu-tational experiments directed towards model constructing for NNP and computing short term forecasts for the proc-ess amplitudes and their conditional variances; (4) per-forming a comparative analysis of the results achieved with various models constructed with the computational experiments.  The formal problem statement is as follows: statistical data are given characterizing nonlinear nonstationary processes with arbitrary probabilistic distribution ))(),((~})({ 2 kkDistky yσμ , Nk ,...,1= , where const)( ≠μ k  is time varying mean; const)(2 ≠σ ky  is process variance that is varying on the interval of the process study. The statistical data parameters are subject to the following restrictions: ∞<μ )(k ; ∞<σ< )(0 2 ky  on the interval of studying.  It is necessary to con-struct mathematical models for the process mentioned of the general structure: )](,),(),([)( kkxkyFky εθ= , where )(kx  is possible independent variable; θ  is model vector parameters; )(kε  is stochastic process induced by external disturbances and measurement errors. The con-structed model selection criteria are based upon determi-nation coefficient, 2R , DW , MAPE, Theil coefficient, 

U , and combined criterion: 
θ

→+−+−= ˆ2 min21 UDWRJ . The models will be constructed according to the methodology proposed.   
2 REVIEW OF THE LITERATURE A comprehensive study of nonlinear nonstationary HSP is given in [5]. Here methodology of modeling and forecasting HSP using ARCH models is provided based on statistical data. Several parameter estimation methods are considered including maximum likelihood. A set of model misspecification tests is provided and fractionally 
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integrated models are analyzed. The volatility forecasting problem is considered with one-step-ahead and multistep forecasting using actual statistical data and known com-puter based systems for time series analysis.  A comparative study of VaR estimation methods for structured products is considered in [6]. The author stud-ies forecast accuracy of GARCH and EGARCH models by means of multivariate extension of the Diebold and Mariano [7] test proposed for non-nested models. It was shown that GARCH and EGARCH models often produce higher capital requirements than ARCH models in order to avoid default risks.  The article is concentrated on the problem of model-ing and forecasting heteroscedastic processes using sys-temic approach to solving the problems. Some special software was developed for identification and taking into consideration possible uncertainties relevant to statistical data processing.  Thus, among possible data uncertainties are the fol-lowing: missing measurements, random external influ-ences (state noise), short low informative samples, possi-ble outliers, noise corrupted measurements etc. These uncertainties are relatively easy identifiable and easy to correct with available data processing techniques for the lost measurements imputation, bootstrap analysis and filtering techniques. The model structure uncertainties aforementioned are provoked by poor data structure that does not contain enough information for model the struc-ture and parameter estimation.  The parametric uncertainties are closely related to the quality of available data and their influence is usually related to biased parameter estimates and low model ade-quacy. The remedy for avoiding the bias is in application of alternative parameter estimation techniques, among which are the following: maximum likelihood and MCMC procedures. A substantial improvement of fore-casts estimates can be reached with simultaneous hiring of alternative forecasting methods and forecasts combining techniques [8–12].   

3 MATERIALS AND METHODS Fig. 2 illustrates the scheme of the generalized ap-proach proposed that is suitable for modeling both linear and nonlinear processes as well as financial risk estima-tion.  First exponential smoothing, optimal Kalman or elliptical filtering is applied to input data to perform smoothing and prepare the data to model constructing procedures. After smoothing the model can be linear or nonlinear dependently on the specific effects contained in the input data. Generally data may contain linear and nonlinear part what will result in linear and nonlinear models (or components of a single model) simultaneously. In a case of heteroscedastic proc-esses analysis usually the following problems are solved: (1) constructing a model that describes formally the proc-ess itself; (2) constructing a model describing dynamics of conditional variance; (3) estimation of short-term fore-casts using both types of models.    Figure 2 – An approach to modeling heteroscedastic processes and financial risk estimation  The methodology proposed for modeling nonlinear non-stationary processes includes the steps formulated below.   – Data pre-processing before modeling that includes the following operations: imputation of missing observa-tions, measurements normalization, digital and/or optimal filtering, statistical processing of outliers etc.   – Identification and elimination (or decreasing of in-fluence) of data uncertainties using the following data processing procedures: estimation of non-measurable val-ues, estimation of statistical parameters for observations (variance, covariance, mean, median), appropriate data structuring, analysis of random external influences and their distributions, coping with measurement errors, tak-ing into consideration probabilistic uncertainties etc.  – Model structure estimation using statistical (correla-tion) and probabilistic (mutual information) data analysis techniques providing a possibility for determining the following elements of a model structure: model dimen-sion (number of equations); model order (order of autore-gression and moving average parts); nonlinearity and its type (nonlinearity with respect to variables or with respect to parameters); delay time estimate, and type of probabil-istic distribution for the variables under study; it is always desirable to estimate structures for several candidate models to get a possibility for further selection of the best one.  – Taking into consideration possible nonlinearities. It is recommended to construct first nonlinear part of a data model using various possibilities for describing nonlinear parts: polynomials, exponents, squared harmonic func-
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tions, bilinear constructions etc. Then linear part of the model is fitted using nonlinear model residuals. Good results were achieved with combining linear and nonlin-ear regression; linear regression and Bayesian networks; linear regression and special nonlinear functions like non-parametric kernels etc.  – Model parameters estimation using alternative methods such as NLS, ML, MCMC procedures and others providing unbiased estimates of parameters under specific distributions of variables and model structures. Applica-tion of alternative parameter estimation techniques pro-vides a possibility for further comparison of the estimates and selection of the best ones after comparison of the models constructed.  – Computing statistical parameters characterizing can-didate models adequacy and determining the most suit-able (adequate) one(s) among them. It is not necessarily to leave only one model for computing forecasts, it can be a set of the “best” models based on different ideologies. The final choice is always made after model application for solving the following specific problems: forecasting, control, constructing simulation model or deep analysis of the process under study.  Computing model based forecasts for the process (un-der study) evolution and their quality estimation for the final selection of the best forecasting model. Here another set of statistical quality criteria is used: MAPE, Theil coef-ficient, mean absolute error, minimum and maximum fore-casting errors etc. On the purpose of automatized model selection the following combined criteria is proposed:  

θ
→+−+−= ˆ2 min21 UDWRJ . – Testing the model(s) constructed on similar proc-esses (model calibration).  To timely and reliably monitor the methodology im-plementation it is necessary to utilize in modeling system at least three sets of statistical quality parameters: data quality parameters, model adequacy and forecasts quality statistics. Also the quality criteria selected/developed should analyze alternative decisions based on the fore-casts generated. Correct practical application of the meth-odology proposed is an important task aiming construct-ing adequate models suitable for solving the problems of forecasting, automatic (or semi-automatic) control, finan-cial risk estimation, business decision making, complex system simulation etc. Today there exist some known methodologies for studying linear and nonlinear nonstationary processes, and constructing adequate mathematical models in the aforementioned fields (including financial processes) us-ing statistical procedures for regression analysis and SS  representation [8, 9, 12]. Another popular approach to development linear and NNP models is based on IDA techniques: artificial neural networks, fuzzy sets, neuro-fuzzy models, static and dynamic Bayesian networks, complex multivariate distributions, non-parametric mod-els, decision trees etc.  

When constructing linear and nonlinear time series models it is convenient to use the proposed here unified notion of mathematical model structure:   
{ }lwdnmprS ,,,,,,=  (1)  where r is model dimension (number of equations); p is model order (maximum order of differential or difference equation used for process description); m is a number of independent variables; n is nonlinearity and its type (with respect to variables or parameters); d is input delay time; 

w is external stochastic disturbance and its type of distri-bution; l represents possible restrictions on variables and parameter values. The aforementioned elements of a model structure are estimated using available statistical tests and correlation analysis techniques: correlation ma-trix, ACF, partial ACF, bi-correlations, and higher order correlation functions.  Some nonlinear models that were utilized successfully in practice resulted from former studying of econometric time series. Nonlinear regression of the type shown below is used to describe GNP and tax deductions [10]:    ).(1)(2)(12 ))(2exp(12)1(110)(1
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expanded with quadratic form of the type )()( kkT zAz ;  

ixxi ∀ϕ=ϕ ),()( , where )(xϕ  is a link function, for example appropriate probability density function or logis-tic function of the type:   )),((exp1 1)),((
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yxy  (8)  where )(ky  is ]1[ ×n  a vector of dependent variables;  ])1(...,),1(),([)( +−−= nkkkk yyyx  is a vector of state variables; dynamics of the variables is described by the model:    )()1())1(())1(()( kvkkkhk +−−+−= xxFxx . (9)  The model based forecasts can be computed, for ex-ample, with six selected (or more) techniques given in fig. 3. Regression model (autoregression or with moving av-erage) is used for generating forecast as well as its trans-formed version into SS form for further use by optimal KF. Adaptive version of KF provides a possibility for forecasting and on-line (off-line) estimation of state dis-turbances and measurement noise covariance. The GMDH generates models in the general form of Kolmo-gorov-Gabor polynomial, and the last three methods are related to the intellectual data analysis techniques. Thus, here we have the combination of classic regression (statis-tical) approach with intellectual data analysis techniques. The best result of combining the forecasts is achieved when variances of forecasting errors for selected forecast-ing techniques do not differ substantially. Some other possibilities for hiring nonlinear models for formal de-scription of NNP are shown in table 1. Most of them have been used successfully for modeling and forecasting eco-nomic and financial processes.  The models (No. 1–8) presented in Table 1 have known structure though it can be modified in the process of adap-tation using specific statistical data. Model 1 was success-fully applied for trend modeling of various orders together with short-term deviations from conditional mean. Models 2, 4 can describe bilinear and exponential nonlinearities or nonlinearity with saturation (model 3). Models 5 and 6 are used for description of conditional variance dynamics while modeling heteroscedastic process. The last one turned out to be the best model for short term  forecasting of variance 
Table 1 – Some linear and nonlinear models for describing process dynamics  
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i  9 State-space representation )()](),([)]1(),([)( kdkkkkk wubBxaFx +−+−=  10 Neural networks – Selected (constructed) network structure  11 Fuzzy sets and neuro-fuzzy models – Combination of fuzzy variables and neural network model  12 Dynamic Bayesian networks – Probabilistic Bayesian network structure constructed with data and/or expert estimates  13 Multivariate distributions – Like copula application for describ-ing multivariate distribution  14 Immune systems – Immune algorithms and combined models   in about 90% of applications performed by the authors. Models 7, 8, 9 can describe arbitrary nonlinearities with respect to variables of order 3–5 or higher. Fuzzy sets based approach to modeling supposes generating of a set of 
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rules that could describe with acceptable quality function-ing of selected processes and formulate appropriate logical inference. Neural networks and fuzzy neural networks are suitable for modeling sophisticated nonlinear functions in conditions of availability of some unobservable variables. Dynamic Bayesian networks and multivariate distributions are statistical/probabilistic models that could describe com-plex multivariate processes (systems) with generating final result of their application in the form of conditional prob-abilities (probabilistic inference).  The model based forecasts for nonstationary process it-self can be computed, for example, with six selected (or more) techniques given in Fig. 3. Regression model (auto-regression or with moving average) is used for generating forecast as well as its transformed version into SS form for further use by optimal Kalman filter. Adaptive version of KF provides a possibility for forecasting and on-line (off-line) estimation of state disturbances and measurement noise covariance. The GMDH generates models in the gen-eral form of Kolmogorov-Gabor polynomial, and the last three methods are related to the intellectual data analysis techniques. Thus, here we have the combination of classic regression (statistical) approach with intellectual data analysis techniques. The best result of combining the fore-casts is achieved when variances of forecasting errors for selected forecasting techniques do not differ substantially. Some other possibilities for hiring linear and nonlinear models are shown in table 1.    Figure 3 – Illustration of the combining principle  for alternative forecasts  Models of conditional variance. Today there exist a wide variety of models describing dynamic of conditional variance. Here we will mention only those that were tested during experimental studies using statistical data. We propose modified log-normal model of stochastic volatility in the following form:   
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 is conditional variance that characterizes dynamics of the financial time series under study. The model proposed also takes into consideration necessary depth of memory for the process formed by the values of conditional variance )(kh , as well as the values of basic variable )(ky , that provides a possi-bility for taking into consideration influence of positive and negative disturbances to conditional variance. The per-formed testing of the model proved the possibility of its practical application for forecasting conditional volatility and financial risk estimation.  One of the best results so far with forecasting the vari-ance was achieved with exponential generalized autore-gression with conditional heteroscedasticity (EGARCH) shown below [2]:   )()](log[)( )( )( )()](log[ 11 10
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= , (11)  where )(kh  is conditional variance; )(kε  is random process that influences financial process under study; 
ii γα ,  are model parameters to be estimated with maxi-mum likelihood or MCMC procedures; )(kυ  are model residuals.  

 
4 EXPERIMENTS The analysis included three experiments. In the first experiment time series was applied for studying of the gold prices within the period between 2005–2006 years. The statistical characteristics showing constructed models and forecasts quality are given in Table 2. Here the case is considered when optimal KF was not used for preliminary data processing smoothing.  The second experiment was statistical analysis of the time series selected with application of Goldfeld-Quandt test proved that gold prices data create heteroscedastic process with time varying conditional variance. As far as the variance is one of the key parameters that is used in the rules for performing trading operations it is necessary to construct appropriate forecasting models. Table 4 contains statistical characteristics of the models constructed as well as quality of short-term forecasting. To solve the problem we used GARCH models together with description of the processes trend which is rather sophisticated (high order process). The models of this type GARCH demonstrated low quality of short-term forecasts, and quite acceptable EGARCH one-step ahead forecasting properties. Forecasting financial process (stock prices) using com-bined (linear + nonlinear) model – third experiment. The combined model includes optimal and digital filters, linear regression models and nonlinear logit model (Fig. 4).  
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 Figure 4 – Combined model: filtering + linear  regression + nonlinear regression The purpose of using the filters is to perform data smoothing (suppressing high frequency components) and this way prepare it for modeling. Besides, applica-tion of optimal KF additionally provides a possibility for solving the following problems: estimation of non-measurable state vector components; variance (covari-ance) estimation for observations and the state vector; and short-term forecasting in a case of necessity.  The data used reflect dynamics of stock prices to-gether with technical analysis indicators. The indicators computed on the basis of actual dynamics of prices create useful data for modeling and forecasting financial proc-esses. Among widely used indicators are the following: Pivot Point, Woodie’s Pivot Points, Fibonacci’s Pivot Points, Camarilla’s Pivot Points.  

 

5 RESULTS Experiment 1 shown that the best model turned out to be AR(1) + trend of 4th order. It provides a possibility for one step ahead forecasting with mean absolute percentage error of about 3.19%, and Theil coefficient is =U 0.024.  Table 2 – Models and forecasts quality without Kalman filter application Model quality Forecast quality  Model type 2R  ∑ )(2 ke  DW MS MAE MA PE Theil AR(1) 0.99 25644.67 2.15 49.82 41.356 8.37 0.046 AR(1,4) 0.99 25588.10 2.18 49.14 40.355 8.12 0.046 AR(1) + 1st order trend 0.99 25391.39 2.13 34.39 25.109 4.55 0.032 
АР(1,4) +1st order trend 0.99 25332.93 2.18 34.51 25.623 4.67 0.032 AR(1) + 4th order trend 0.99 25173.74 2.12 25.92 17.686 3.19 0.024  The Theil coefficient shows that this model is gener-ally good for short-term forecasting. Statistical character-istics of the models and respective forecasts computed with KF application for data smoothing are given in ta-ble 3. Here optimal filter (with random walk model) played positive role what is supported by respective statis-tical quality parameters.  Again the best model turned out to be AR(1) + trend of 4th order. It provides a possibility for one step ahead forecasting with mean absolute percentage error of about 2.71%, and Theil coefficient is: =U 0.019. Thus, in this case the results achieved are better than in previous mod-eling and short-term forecasting without filter application. 

Table 3 – Models and forecasts quality with  application of Kalman filter Model quality   Forecast quality   Model type  2R  ∑ )(2 ke  DW MSE MAE MA PE Theil AR(1) 0.99 24376.32 2.11 45.21 39.73 7.58 0.037 AR(1.4) 0.99 24141.17 2.09 47.29 38.75 7.06 0.035 AR(1) + 1st  order trend  0.99 23964.73 2.08 31.15 22.11 3.27 0.029 AR(1) + 4th  order trend 0.99 22396.83 2.04 21.35 13.52 2.71 0.019  Experiment 2. Statistical analysis of the time series se-lected with application of Goldfeld-Quandt test proved that gold prices data create heteroscedastic process with time varying conditional variance. As far as the variance is one of the key parameters that is used in the rules for performing trading operations it is necessary to construct appropriate forecasting models. Table 4 contains statisti-cal characteristics of the models constructed as well as quality of short-term variance forecasting. To solve the problem we GARCH models together with description of the processes trend which is rather sophisticated (high order process). The models of this type GARCH demon-strated low quality of short-term forecasts, and quite ac-ceptable EGARCH one-step ahead forecasting properties.   Table 4 – Results of modeling and forecasting  conditional variance Model quality  Forecast quality   Model type 2R  ∑ )(2 ke  DW MSE MAE MAPE Theil GARCH (1,7) 0.99 153639 0.113 972.5 – 517.6 0.113 GARCH (1,10)  0.99 102139 0.174 458.7 – 211.3 0.081 GARCH (1,15) 0.99 80419 0.337 418.3 – 121.6 0.058 MLNSVM (3, 7) 0.99 61377 0.405 79.5 – 9.97 0.027 EGARCH (1, 7) 0.99 45184 0.429 67.8 – 8.74 0.023  Thus, the best model constructed was exponential GARCH(1,7). The achieved value of MAPE = 8.74% comprises very good result for forecasting conditional vari-ance. The second was the model proposed MLNMSV that has two order parameters: p  and q , with  MAPE = 9.97%. Further improvements of the forecasts were achieved with application of the adaption scheme [1, 7]. An average improvement of the forecasts was in the range be-tween 0.5–1.5%, what justifies advantages of the approach proposed. Combination of the forecasts generated with different forecasting techniques helped to further decrease mean absolute percentage forecasting error for about 0.5 – 0.8% in this particular case. It should be stressed that analysis of heteroscedastic processes is very popular today due to multiple engineering, economic and financial appli-cations of the models and forecasts based upon them. The methodology developed also supposes constructing of combined models including classical statistical regression and probabilistic models in the form of Bayesian networks.   
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Experiment 3. The following notations were used for the indicators: Pivot  is “turning point”; S1  is first level of support; S2  is second level of support; S3  is third level of support; R1 , R2  and R3  are first, second and third levels of resistance. All three indicators work in a similar way. If open price is higher than, Pivot , and the price starts mov-ing down, then from of view of technical analysis it is probable that after reaching Pivot  value, the price will go up. In the case when this did not happen and the price con-tinues moving down then, from the point of view of techni-cal analysis, it is probable that the price may perform a turn or stop moving down when it approaches the level of, S1 . The same situation takes place for S2  and, S3 . However, price reaches the level of S3  very seldom. Even when the price gets down lower than, S3 , then probability of its next moving down is very low. The same situation takes place in the case of a price moving up but here instead of indica-tors S1 , S2 , S3  should be used R1 , R2 , R3 .  To construct regression models first were used mini-mum daily exchange rate for the pair USD/CHF (257 val-ues for 2007). The first multiple regression model was constructed for minimum price with independent vari-ables, S1 , S2 , 3S :  ( ) 0.0164 0.1724 1( ) 5.3885 2( )4.2251 3( ),y k S k S k

S k
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 (12)  where  k  is discrete time as before. This model does not include autoregression part because this variant results in degeneration of measurement matrix. The model con-structed has the following statistical characteristics of adquacy: ;277.8;0038.0;9899.02 −=== AICSSRR  9542.1=DW  All statistics exhibit quite acceptable val-ues. Statistical characteristics that characterize quality of one-step-ahead prediction are as follows: RMSE = 0.0038; MAE  = 0.003; MAPE  = 0.2525%;   U = 0.0016. Number of correct forecasts for direction of price evolu-tion was 187 or 73.05%.  As far as evolution of stock prices very often takes place along arbitrary nonlinear trajectories, to describe correctly the processes it is necessary to use nonlinear models. In some cases rather simple approach to solving the problem is application of nonlinear logistic regression. It can be helpful for forecasting direction of a price mov-ing during the next step of its evolution. If at the moment of time 1+t  price will be higher than at the moment, t , denote this situation (price growth) as “1”, and price de-creasing denote as “0”. These values were used as inputs (for left-hand-side) of logistic regression and classifica-tion tree. The same notation was used for growth and de-creasing of the Pivot Point indicator with the following additional notations for respective variables: 1Ŝ , 2Ŝ , 3Ŝ , P̂ , 1R̂ , 2R̂ , 3R̂ . These variables were used as in-dependent ones in logistic regression and classification tree. The following model was constructed for the minimum price:   
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−⋅+⋅+−=  (16)  Results of forecasting direction for evolution of mini-mum price are presented in Table 5.   Table 5 – Results of forecasting direction for  evolution of minimum price Model type  Probability of correct direc-tion forecast Linear regression with indicators  73.05% Logistic regression with Pivot Point 68.36% Classification tree with Pivot Point 68.36% Logistic regression with Pivot Point + forecast by linear model   75.03% Classification tree with Pivot Point + forecast by linear model  73.83% Logistic regression with Woodie’s Pivot Point 68.75% Classification tree with Woodie’s Pivot Point 68.36% Logistic regression with Woodie’s Pivot Point + forecast by linear model 75.39% Classification tree with Woodie’s Pivot Point + forecast by linear model  73.83% Logistic regression with Fibonacci’s Pivot Point 65.23% Classification tree with Fibonacci’s Pivot Point 65.23% Logistic regression with Fibonacci’s Pivot Point + forecast by linear model  74.22% Classification tree with Fibonacci’s Pivot Point + forecast by linear model  73.83%  Thus, in both cases (logistic regression and classifica-tion tree) the best results were achieved with the use of additional forecast achieved by the linear model. The sta-tistical quality characteristics of the forecasts achieved show high quality of the forecasts and possibility of their use in trading rules.   
6 DISCUSSION Based on table 5 we got the following results: for the threshold value of probability 0.44 the first type error accepted the value of about 53, and second type error was 28. The number of correctly forecasted directions for price evolution was 175 or 68.36%. The use of the classi-fication tree (CHAID algorithm) with threshold value 0.35 practically led to the same result.  To improve quality of the forecasts the models of lo-gistic regression and classification tree were augmented with forecasts of price evolution generated by linear re-gression using the same notation for the growth and de-creasing, where linear regression output that accepts the value of “1” if forecast shows growth of the price, and “0” 
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if forecast shows decreasing of the price. For the thresh-old value of probability 0.39 the first type error accepted the value of about 39, and second type error was 25. The number of correctly forecasted directions for price evolu-tion was 192 or 75.0%. When classification tree was used for the threshold value of probability 0.32 the first type error accepted the value of about 54, and second type er-ror was 13. The number of correctly forecasted directions for price evolution was 189 or 73.83%.  

CONCLUSIONS In this article we proposed an approach for obtaining high-quality results of the adequacy of the final model was obtained to describe formally linear and nonlinear parts of a process under study using the software devel-oped on the purpose.  
The scientific novelty of obtained results is that the  original definition of model structure was given and a short review of mathematical models for nonlinear non-stationary processes was presented. Several application examples were provided that exhibit high quality of final results namely model adequacy and quality of the fore-casts. A methodology was proposed for mathematical modeling and forecasting nonlinear nonstationary in economy and finances using statistical data, though the methodology is applicable to constructing models in de-mography, ecology as well as in many other spheres of human activity where data is available in the time series form. The methodology is based on general system analy-sis principles that suppose hierarchical structure of data analysis procedure, identification and processing of pos-sible uncertainties. The systemic approach to modeling also supposes development and implementation of adap-tive schemes for model structure and parameter estima-tion, application of statistical, probabilistic and other cri-teria for model constructing procedure, and to selection of the best model for specific application. 
The practical significance of obtained results is that the performed tracking the computational procedures at all stages of data processing and model development with appropriate sets of quality statistics provides a possibility for achieving high quality of intermediate and final re-sults. As instrumentation for fighting possible uncertain-

ties the following techniques were used: optimal filtering procedures, missing data imputation techniques, multiple methods for model parameter estimation, and Bayesian programming approach, decision trees etc. 
Prospects for further research will be focused on re-finement of the methodology proposed namely model structure and parameter estimation procedures, develop-ment of new model structures for NNP and active use of ideologically different approaches to modeling and fore-casting in the frames of one modeling and forecasting system.  
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A О А І  

А а ь і ь. Н і і і а і а і и ь і і а ь я в і и  а я  і ь: і а, і а и, 
ія, а ія і . . Д  а  я и  і ів а а и  ів і і іа ь і і и. М -

і  ва я ви і в а в ва и иві ви а і,  ви и а ь и і а и , і і і і и а а -
ів. 

а и. Р и и и і ва  і  ви  і і и  ів, я а в яє я и ви  я -
і ів. Бі ьш  я і а и і и, я і в ь ши и  а  і і и  а і а и  

ів і я а ь я в а а ь  а я  і ь. . Д я я я и а а  і я ви и в ь я а і и: и и  і і   ви - і ва я, и і ва а ія ва я і і и  ів, и і и і а і  а в а ва я иви  
ви а . Д я а я и  ви а  ви и в ь я и: я я    ви и -
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а я  і и  а а ив  і   ва я і ав а и и  ш  « а а » и  ви и а я  а -
и  а и и и  и і в; а а ив а і а а  а и и вв я і и  і  а и    а а а и; и  вияв и  
і  а  а ь а ив и  а а і и и    а ьш  і  и а и  ів. 
Р з ь а и. За ва  и і ва  і  ва я і і и  а і а и  ів,  а а а і  я 
ви , а ва і ві ь і и. В ь а і ви а я и ва ь и  и ів  вияв ,  ва і і і і і а ь иві ь и ва и и ви  я і я і ва   а  и -

і . 
Ви в и. За ва я а ва  і  ва я ає иві ь  а а а и  а а а і  -, ва и  а а и и и и а и и. Р і і ь и я  а ва і ь і я і ь в  

ва я. 
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ія, і ва і і, ви а і ь в ва і а ва і.  
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ABSTRACT 
Context. The problem of increasing the efficiency of optimization methods by synthesizing metaheuristics is considered. The ob-ject of the research is the process of finding a solution to optimization problems. 
Objective. The goal of the work is to increase the efficiency of searching for a quasi-optimal solution at the expense of a meta-heuristic method based on the synthesis of clonal selection and annealing simulation algorithms. 
Method. The proposed optimization method improves the clonal selection algorithm by dynamically changing based on the an-nealing simulation algorithm of the mutation step, the mutation probability, the number of potential solutions to be replaced. This reduces the risk of hitting the local optimum through extensive exploration of the search space at the initial iterations and guarantees convergence due to the focus of the search at the final iterations. The proposed optimization method makes it possible to find a con-ditional minimum through a dynamic penalty function, the value of which increases with increasing iteration number. The proposed optimization method admits non-binary potential solutions in the mutation operator by using the standard normal distribution instead of the uniform distribution. 
Results. The proposed optimization method was programmatically implemented using the CUDA parallel processing technology and studied for the problem of finding the conditional minimum of a function, the optimal separation problem of a discrete set, the traveling salesman problem, the backpack problem on their corresponding problem-oriented databases. The results obtained allowed to investigate the dependence of the parameter values on the probability of mutation. 
Conclusions. The conducted experiments have confirmed the performance of the proposed method and allow us to recommend it for use in practice in solving optimization problems. Prospects for further research are to create intelligent parallel and distributed computer systems for general and special purposes, which use the proposed method for problems of numerical and combinatorial optimization, machine learning and pattern recognition, forecast. 
KEYWORDS: metaheuristics, clonal selection, annealing simulation, optimization, technology of information parallel processing. 

 

ABBREVIATIONS CLONALG is a clonal selection algorithm; SA is an algorithm for simulating annealing; MSE is a mean square error; CUDA is the compute unified device architecture.  NOMENCLATURE 
mtA  is the mutation operator; 
clA  is the cloning operator; 
rdA  is the reduction operator; 
rpA  is the replacement operator; 
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x  is a solution (antibody); *x  is a (quasi) optimal solution (antibody); )(⋅F  is the fitness function; )(⋅f  is the function for which the conditional mini-mum should be found; )(⋅wF  is the penalty function; )(⋅Φ  is an affinity; )(nX  is a population at iteration n ; 
μ  is population and intermediate population power; 
C  is a set of antibody clones; 
q  is a number of clones for each antibody; 
C  is a set of mutated antibodies clones; 
λ  is a power of the set mutated clones; 
M  is the intermediate population; 
α  is the cloning parameter; )(⋅p  is the mutation probability; ()round  is the function, rounding the number to the nearest integer; )1,0(U  is the function that returns a uniformly dis-tributed random number in the range ]1,0[ ; )1,0(N  is the function that returns a standard nor-mally distributed random number; 
d  is a number of replaced antibodies; maxd  is the maximum number of replaced antibodies; 
n  is an iteration number; maxn  is the maximum number of iterations; min

ix , max
ix  are the minimum and maximum values of the i th component of the antibody respectively; 

iΔ  is a mutation step for the i th component of the clone; 
δ  is the mutation parameter, 10 <δ< ; )(nT  is the annealing temperature at iteration n ; 0T  is an initial annealing temperature; 
β  is a cooling ratio; )(⋅zh  is the z th equality constraint; )(⋅zg  is the z th inequality constraint; 1Z  is a number of equality constraints; 2Z  is a number of inequality constraints; 

wX  is the subset of the current population containing antibodies that satisfy all constraints; 1I  is a number of arguments of the function for which the conditional minimum should be found; 
S  is the partitionable set; 
ks  is a vector, one-to-one corresponding to the k th el-ement of the partitionable set; 

J  is a number of features of the element parti-tionable set; 
K  is the power of the partitionable set; 2I  is a number of classes into the partitionable set; 

ji xxd ,  is the distance between points of the route 
ji xx , ; 3I  is a number of points of the route; 

W  is a load capacity; 
iw  is a weight of i th cargo; 
iv  is a value of the i th cargo; 4I  is a number of cargo.  

INTRODUCTION Today, the development of methods aimed at solving problems of numerical and combinatorial optimization, machine learning, etc., which are used in general and spe-cial-purpose intelligent computer systems, is an urgent task. Existing optimization methods that find the exact so-lution have high computational complexity. Optimization and machine learning methods that find an approximate solution through directional search have a high probabil-ity of falling into a local extremum. Random search methods do not guarantee convergence. In this connec-tion, the problem of insufficient efficiency of optimization methods, which needs to be solved, arises. 
The object of study is the process of finding solutions to optimization problems. 
The subject of study is the methods for finding a quasi-optimal solution based on metaheuristics. 
The purpose of the work is to increase the efficiency of searching for a quasi-optimal solution at the expense of a metaheuristic method based on the synthesis of clonal selection and annealing simulation algorithms. To achieve this goal, it is necessary to solve the fol-lowing tasks: 1) to create a quasi-optimal method based on the syn-thesis of clonal selection and annealing simulation algo-rithms; 2) to adapt the proposed method to the problem of finding the conditional minimum of functions; 3) to adapt the proposed method to the problem of op-timal partitioning of a discrete set; 4) to adapt the proposed method to the traveling salesman problem; 5) to adapt the proposed method to the knapsack prob-lem; 6) to conduct a numerical study of the proposed opti-mization method.  

1 PROBLEM STATEMENT The problem of increasing the efficiency of searching a solution to an optimization problem based on clonal selection is represented as the problem of finding such an ordered set of operators },,,{ rprdclmt AAAA , the itera-tive application of which provides finding such a solu-tion *x  in which min)( * →xF  and  min→T , more-over, the solution structure x , fitness function )(⋅F  and mutation operator mtA  depend on the problem to be 
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solved, and the structures of the cloning clA , reduc-tion rdA  and replacement rpA  operators are independ-ent.  

2 REVIEW OF THE LITERATURE To accelerate a quasi-optimal solution of optimization and machine learning problems and reduce the likelihood of falling into a local extremum, metaheuristics (or ad-vanced heuristics) are used [1–5]. Metaheuristics expands the capabilities of heuristics by combining heuristic methods based on a high-level strategy [6–10]. However, modern metaheuristics have one or more of the following disadvantages: – there is only an abstract description of the method or the description of the method is focused on solving only a specific task [1]; – the influence of the iteration number on the solution search process [2] is not taken into account; – the convergence of the method [11] is not guaran-teed; – there is no possibility of using non-binary potential solutions [12]; – the procedure for determining the values of parame-ters [13] is not automated; – there is no possibility to solve the problems of con-ditional optimization [14]; – insufficient accuracy of the method [15]. Therefore, the efficiency of the method for the search of quasi-optimal solution is of paramount importance. The clonal selection algorithm, proposed by Castro and von Zuben [16–17], developed in [18–21] and pro-grammatically implemented in [22], is one of the popular metaheuristics.  
3 MATERIALS AND METHODS The optimization method based on the synthesis of clonal selection and annealing simulation algorithms is developed. The sequence of procedures of the proposed optimiza-tion method based on the synthesis of clonal selection and annealing simulation algorithms is shown in Fig. 1. In block 1, an initial population }{)1( xX =  with pow-er μ  is created, and each antibody of this population cor-responds to a potential solution of the problem. In block 2, the current annealing temperature at itera-tion n  is calculated  0)( TnT nβ= , 00 >T , 10 <β< .  In block 3, the value of the fitness function )(xF  for each antibody x , which is determined by the specificity of the particular optimization problem, is calculated. In block 4, the affinity value for each antibody x  is calculated. Affinity is a function that determines the proximity of antibody x  to the best antibody in the current population 

and is calculated based on the utility function. The affinity value is calculated as  )(min)(max )()(max)( )()( )(
xFxF

xFxF
x

nn

n

XxXx

Xx

∈∈

∈

−

−
=Φ .  If 1)( =Φ x , then the antibody is the best. If 0)( =Φ x , then the antibody is the worst. In block 5, the mutation probability for each anti-body x  which depends on the affinity value )(xΦ  and the annealing temperature )(nT  is calculated  

( ) ( ))(/1exp)(exp)( nTxxp −Φ−= .  In block 6, the cloning operator for each antibody x  is executed. The cloning operator clA  plays a role similar to the operator of genetic algorithm reproduction. The number of clones q  for each antibody x  is de-termined as  
( )μ⋅α= roundq , ]1,0(∈α .  As a result of applying the cloning operator clA  to the current population }{)( xX n = , a set of antibody clones }{cC =  are formed. In block 7, the mutation operator for each clone c  is executed. The mutation operator mtA  allows to obtain new an-tibodies from antibody clones with sharply different prop-erties. The mutation based on the annealing simulation over each component of each clone c  is executed when )1,0()( Uxp < . The features of the proposed variant of the mutation operator are the following: 

− there is an inverse relationship between the muta-tion probability and the affinity value, i.e. the best (in terms of affinity) clones change less often than the worst (in terms of affinity) clones; 
− there is an inverse relationship between the muta-tion probability and the iteration number, i.e. at the initial iterations the entire search space is explored and at the final iterations the search becomes directional. As a result of applying the mutation operator mtA  to a set of antibody clones }{cC = , a set of mutated clones }{cC =  is formed. In block 8, the reduction operator is executed. As the reduction operator rdA , the scheme )( λ+μ  [9] is used, which provides the direction of  the  search (the  best  antibodies  are  preserved)   and  
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   Figure 1 – The sequence of procedures of the optimization method based on clonal selection and annealing simulation  consists in the following. The current popula-tion }{)( xX n =  of power μ  and the set of mutated clones }{cC =  of power μ⋅=λ q  are combined and or-dered by affinity value )(xΦ . The first μ  (best in affin-ity) individuals of the intermediate population are selected for the intermediate population }{mM = . In block 9, a dynamic replacement operator is exe-cuted. For a broader study of the search space an opera-tor rpA , which replaces the last (the worst by affinity) antibodies of the intermediate population with new anti-bodies, is used. The number of replaced antibodies d  is determined as  
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droundd , ),0[max μ∈d .  A peculiarity of the proposed dynamic replacement operator is the following – there is an inverse relationship between new antibodies number and the iteration number, i.e. at the initial iterations the entire search space is ex-plored and at the final iterations the search becomes direc-tional. As a result of the application of the replacement op-erator rpA  to the intermediate population }{mM = , a new population }{)1( xX n =+  is formed. In block 10, the best antibody by the value of the fit-ness function )(minarg )1(* xFx

nXx +∈
=  is determined. In block 11, the condition for completing the solution search is checked. If maxnn = , then a quasi-optimal solution *x  is obtained. The adaptation of the optimization method based on the synthesis of clonal selection and annealing simulation algorithms for the problem of finding the conditional min-imum of the function is given. The proposed method is used to minimize the func-tion, taking into account equality constraints and inequal-ity constraints. For this task, each antibody is a collection of function arguments, and blocks 1, 3, 7, 9 have the fol-lowing features. In block 1 and block 9, each component ix  of each antibody x  is initialized as  

{ }1minminmax ,,1,)1,0()( IixUxxx iiii …∈+−= .  
1. The creation of initial population ( )1X  2. The calculation of the current annealing temperature ( )nT  3. The calculation of the value of the fit-ness function )(xF  4. The calculation of the value of the af-finity function )(xΦ  5. The calculation of the mutation prob-ability based on annealing simula-tion )(xp  6. The execution of cloning operator clA  7. The execution of the mutation operator with annealing simulation mtA  8. The execution of the reduction opera-tor rdA  9. The execution of dynamic replacement operator rpA  10. The determination of the best anti-body *x  11. maxnn =  yes no Begin End A B A B
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In block 3, the value of the fitness function )(xF  for each antibody x  is calculated as  
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c .  For this task, the mutation operator, besides the fea-tures indicated in the description of the developed meth-od, has the following additional features: – the value of each component ic  is always in the al-lowable range ],[ maxmin
ii xx ; – there is an inverse relationship between the magni-tude of the mutation step and the affinity value, i.e. the best (in terms of affinity) clones change less than the worst (in terms of affinity) clones; – there is an inverse relationship between the magni-tude of the mutation step and the iteration number, i.e. at the initial iterations the entire search space is explored and at the final iterations the search becomes directional; – it does not require the use of binary potential solu-tions, i.e. there is no need to convert real potential solu-tions into binary ones before the mutation and to convert binary potential solutions into real ones after the muta-tion, which reduces the computational complexity of the mutation operator and speeds up the search for a solution. The adaptation of the optimization method based on the synthesis of clonal selection and annealing simulation algorithms to the problem of optimal discrete set parti-tioning is given. The proposed method is used to minimize the root-mean-square error of the partition of a finite discrete set into a given number of classes. For this task, each anti-body is a set of class centers, and blocks 1, 3, 7, 9 have the following features. In block 1 and block 9, each component ijx  of each antibody x  is initialized as  
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{ }2,,1 Ii …∈ , { }Jj ,,1 …∈ .  In block 3, the value of the fitness function )(xF  for each antibody x  is calculated as  2,1 2minarg ik
Ii

k xsj −=
∈

, 
Ssk ∈ , },...,1{ Kk∈ , 
∑
=

−=
K

k
jk k

xsxF 1 2)( .  In block 7, a mutation based on the annealing simula-tion algorithm over each component ijc  of each clone c  is executed as  )1,0(Urij = ,  
( )

⎪
⎩

⎪
⎨

⎧

>

≤Φ−⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ −
−δ

=Δ )(,0 )(),1,0()(exp)( maxmaxminmax
xpr

xprNx
n

nn
xx

ij

ijjj
j

,  
( )

( ) ( )
( )⎪

⎪
⎩

⎪⎪
⎨

⎧

≥Δ+

<Δ+<Δ+

≤Δ+

= maxmax maxmin minmin , ,,
jijijj

jijijjijij

jijijj

ij

xcx

xcxc

xcx

c .  For this task, the mutation operator, besides the fea-tures indicated in the description of the developed meth-od, has the following additional features: – the value of each component ijc  is always in the al-lowable range ],[ maxmin
jj xx ; – there is an inverse relationship between the magni-tude of the mutation step and the affinity value, i.e. the best (in terms of affinity) clones change less than the worst (in terms of affinity) clones; – there is an inverse relationship between the magni-tude of the mutation step and the iteration number, i.e. at the initial iterations the entire search space is explored and at the final iterations the search becomes directional; – it does not require the use of binary potential solu-tions, i.e. there is no need to convert real potential solu-tions into binary ones before the mutation and convert binary potential solutions into real ones after the muta-tion, which reduces the computational complexity of the mutation operator and speeds up the search for a solution. The adaptation of the optimization method based on the synthesis of clonal selection and annealing simulation algorithms for the traveling salesman problem is given. The proposed method is used to minimize the length of the route, passing only once through all points. For this 

94



e-ISSN 1607-3274   Ра і і а, і а и а, ав і я. 2019. № 2 p-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2019. № 2   

© Grygor O. O., Fedorov E. E., Utkina T. Yu., Lukashenko A. G., Rudakov K. S., Harder D. A., Lukashenko V. M., 2019 DOI 10.15588/1607-3274-2019-2-10 
task, each antibody is a collection of route points, and blocks 1, 3, 7, 9 have the following features. In block 1 and block 9, each component ix  of each antibody x  is initialized with a randomly selected route point number, and the point numbers should not be dupli-cated. In block 3, the value of the fitness function )(xF  for each antibody x  is calculated as  
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ddxF .  In block 7, the mutation based on an annealing simula-tion algorithm over each component ic  and a randomly selected component kc  of each clone is executed as  )1,0(Uri = , )1)1,0()1(( 3 +−= UIroundk , 
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k .  For this task, the mutation operator, besides the fea-tures indicated in the description of the developed meth-od, has the following additional features: – the value of each component always belongs to an admissible set },...,1{ 3I ; – it does not require the use of binary potential solu-tions, i.e. there is no need to convert integer potential so-lutions into binary ones before the mutation and to convert binary potential solutions into real ones after mutation, which reduces the computational complexity of the mutation operator and speeds up the search for a solution. The adaptation of the optimization method based on the synthesis of clonal selection and annealing simulation algorithms for the knapsack problem is given. The proposed method is used to select from a given set of objects with the properties “cost” and “weight” the subset with the maximum cost, while observing the limit on the total weight. For this task, each antibody is a col-lection of weights, and blocks 1, 3, 7, 9 have the follow-ing features. In block 1 and block 9, each component ix  of each antibody x  is initialized as  )),1,0((Uroundxi =  { }4,,1 Ii …∈ .  In block 3, the value of the fitness function )(xF  for each antibody x  is calculated as  
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41,0max||)( , )()()( xFxfxF w+= .  In block 7, the mutation based on an annealing simula-tion algorithm over each component ic  of each clone c  is executed as  ()randri = , 
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c .  For this problem, the mutation operator has the fea-tures indicated in the description of the developed method.  

4 EXPERIMENTS A numerical study of the proposed optimization meth-od was carried out using the CUDA technology of infor-mation parallel processing, the number of threads in the block corresponded to the population size, the population was sorted based on the paired-disparity sorting algo-rithm, the antibody with the lowest value of the fitness function was searched. Let the size of the population 100=μ , the maximum number of iterations 100max =n , the initial temperature 1060 =T , the cooling ratio 94.0=β , the cloning parameter α=0.1, the maximum number of antibodies replaced μ= 2.0maxd . For the task of: – finding the conditional minimum of the function, the search for a solution was carried out on Rosenbrock test function 222 )(100)1(),( xyxyxf −+−=  with con-straints 01)1( 3 ≤+−− yx  and 02 ≤−+ yx , and, moreover, 5.15.1 ≤≤− x , 5.25.0 ≤≤− x ; – optimal partitioning of a discrete set, the search for a solution was carried out on the standard BSDS500 data-base; – “the traveling salesman”, the search for a solution was conducted on the standard berlin52 database; – “the knapsack”, the search for a solution was carried out on the standard KNAPSACK_01 database. The study leads to the conclusion that the proposed method provides a high accuracy of finding a solution.  
5 RESULTS The function of the annealing temperature decrease is determined by the formula 0)( TnT nβ=  and is shown in Fig. 2. 
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 Figure 2 – The function of the annealing temperature decrease  The dependence (Fig. 2) of the annealing temperature on the iteration number shows that the annealing tempera-ture decreases with increasing of the iteration number. The mutation probability in the case for the worst an-tibody ( )0)( =Φ x  is determined by the formula 

( ))(/1exp)( nTxp −=  and is shown in Fig. 3. The dependence (Fig. 3) of the mutation probability on the annealing temperature shows that the mutation probability decreases with temperature decreasing. The results of the comparison of the proposed method with the method based on the theory of clonal selection and described in [16–22] are presented in Table 1.  
6 DISCUSSION The selected values of the parameters of the proposed optimization method provide a high probability of muta-tion at the initial iterations and a low probability of muta-tion at the final iterations. For example, for the worst an-tibody with the maximum probability of mutation, the mutation occurs with a probability of no less than 0.9 for the first 40% iterations and with a probability below 0.1 for the last 10% iterations (Fig. 3). Method based on clonal selection theory [16–22]: – does not take into account the iteration number in the operator of mutation and replacement, which reduces the accuracy of the search for a solution (Table 1); – does not allow real potential solutions in the muta-tion operator, which increases the computational com-plexity of the mutation operator and slows down the search for a solution. This is due to the need to convert non-binary potential solutions into binary before the mu-tation and binary potential solutions into non-binary after mutation (Table 1); – does not allow to find the conditional extremum. The proposed method allows to eliminate these draw-backs.  
CONCLUSIONS In this paper, the actual scientific and technical prob-lem of increasing the efficiency of optimization methods 

was solved by dint of creates the method of finding a qua-si-optimal solution by a metaheuristic. 
The scientific novelty of obtained results is that the optimization method based on the synthesis of clonal se-lection and annealing simulation algorithms is proposed. It allows to increase the search accuracy through the ap-plication of the principle of organizing the study of the entire search space at the initial iterations and focusing of the search on the final iterations. The adaptation of the proposed method both for the problem of finding the conditional minimum of functions and for the problem of optimal partitioning of a discrete set: – allows real potential solutions in the mutation opera-tor, which reduces the computational complexity of the mutation operator and speeds up the search for a solution; – uses a dynamic mutation step, which allows to in-vestigate the entire search space at the initial iterations and to make the search directional at the final iterations, that ensures high accuracy of the search. The solution of finding the problem of conditional minimum of functions and the knapsack problem by the proposed method uses a penalty function, which allows to find a conditional extremum. In addition, the application of the proposed method for solving the traveling salesman problem allows integer potential solutions in the mutation operator, which re-duces the computational complexity of the mutation op-erator and speeds up the search for a solution. 
The practical significance of the obtained results lies in the fact that the scope of application of metaheuristics is expanding on the basis of the theory of clonal selection by adapting the proposed method for the indicated opti-mization problems. This contributes to the effectiveness of intelligent computer systems for general and special purposes. 
Prospects for further research are the study of the proposed method for a wide class of artificial intelligence tasks.  
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 Figure 3 – The mutation probability  Table 1 – The comparison of the proposed optimization method with the existing one for solving optimization problems Root-mean-square error of the method Conversion time of antibody clones of the method No. Problem of proposed existing proposed existing 1 finding the conditional minimum of the function 0.02 0.07 – proportionally 1qIμ  2 optimal partitioning of a discrete set 0.02 0.06 – proportionally 2qIμ  3 “the traveling salesman” 0.03 0.08 – proportionally 3qIμ  4 “the knapsack” 0.04 0.1 – –  
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а а ь  и а ия  и а а и  и ь и - а а ав и и а а а и ь  и а ия . -  и и а ии в я  а и ь в  и и  а  и а и  ш а  ии, а и  - в а а   в и и  а и а ии.   и и а ии а  и а  иа ь  
ш ия в а  а ии а а я и ь ва и  а а  а ь  а ия в  ав  
а ия. 
Р з ь а .   и и а ии  а  а и ва  в  ии а а ь  
а и и а ии CUDA и и ва  я а а и а ия в  и и а ии, а а и и а ь  

а и ия и  ва, а а и ив я а, а а и  а  а в в и  и  -
и и ва  а а  а .  ь а  в и и и ва ь ави и ь а и  а а в а в -

я ь а ии. 
В в . в  и  в и и а ь  а и в я  -

ва ь  я и ь ва ия а а и  и ш ии а а  и и а ии. ив  а ь ши  и ва и  а -
а я в а ии и а ь  а а ь  и а  ь  и   и иа ь  а-
а ия,  и ь    я а а  и  и и а  и и а ии, аши  -
ия и а ава ия а в, а. 

ЮЧЕВЫЕ С ОВА: а в и и а, а ь  , и и а ия и а, и и а ия, ия а а ь  
а и и а ии.  
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РОГРЕС В І І ОР А І І  

Е О ОГІ  
 

РОГРЕСС В ЫЕ ОР А О ЫЕ  
Е О ОГ  

 
PROGRESSIVE INFORMATION  

TECHNOLOGIES  
УДК 004.932.2:004.93’1  
В ВЧЕ  С А С Ч  В АС ВОС Е  О Е І ОЧ ОГО 

О А   О  ЕС Р ОРІВ ЮЧОВ  ОЧО  
О РА Е Ь 

 

Г х ва ь и  В. О. – -  . а , ,  а и і а и и, Ха ів ь и  а і а ь-
и  ів и  а і і и, Ха ів, У а а. 
Га ць а С. В. – а . і .- а . а , , аві ва  а и і а і и  і , Ха ів ь и  

ав а ь - а ви  і и  ДВНЗ «У ів и  а ів ь  ави», Ха ів, У а а. 
С я и  . І. – а . . а ,  а и і а і и  і , Ха ів ь и  ав а ь -

а ви  і и  ДВНЗ «У ів и  а ів ь  ави», Ха ів, У а а.  
А О А І  

А а ь і ь. Ба а ви і а и а ва и  а и   а и  и а  ’   є ви  
і ів  ви ь а ив и  ів а ,  ь а ва я а а  а а ь я аяв  і -
а і . і и і ава я а ь ви и в ь и и ві а ь и  ’є ів  ви я і а ів и -
ів ви   я  и и и ви  в ів ви  і і. в и  і  и я і і  
ви ає ав я а и   ви я і и и  ів а а и и  і я а и   а и , я  в а і 

і ава я а  ві а а и а і в а ив і ’є а я  і  а ів. У в’я   и  ви и ає 
а вив я ив  и а  а ва я а а а и и  і  а я в а і  в ива -

я я ви а я ва і и ів а а и і а і  а и  в а  а и а и  а ь. 
а и. З і я а и и  і ва я а і и я я а и і а і и  іш ь а ві и -

я ва і и ів ’є ів я і  а я а и  и ів ви   а ь. 
. За ва  и і я и ів а ві і  а я а и  и ів ви   а ь і  ви и а я  и і в а а и  а и и и а і а і  і  і а і . 

Р з ь а и. в и  ь а  а і є і в я ,  в ива я а и и  а и и и  и і в я 
а а і  і и и  а и   ви я і и  и ів а ь ає иві ь ви а и и я і ь ва   
а , а  я і я ві а ь и  ’є ів и  і ава і  и а  ’  . В ва я 
і  а я а а и и  а а і  я а ь и ів ви  а  а ь ияє і ви  
ив і  і ава я ві а ь и  ’є ів,  і в є ь я а я  ів я і я и і ь-

ш і і  а   ва і  а ві  і и . 
Ви в и. За ва я і а і я а и и и  и і в а  і и и  ви в   а і ь ві і  
і и и  и ів ві а ь и  ’є ів  ва  і а ,  і є ’є ив і ь в  і-
я. В ва а ь  а я а и  і ає і ва ь і в а ив і  и    

єв  а я шви і  и я я а и і а і  іш я. 
На в  ви  і я а ає а я а а и и  ґ ва я  и я я іш я  
і ава я ві а ь и  ’є ів а ві и я ва і  и ів в  а ів і  в ва я  - а я и ів ви   а ь. 
а и а а і ь и я ає  і в і і ь і вв я  и я и  

и  ’є а я  ив  і  и ви іш і а а і і ава я а и а а  а ь а я в ва я  
и а  ’  . 

ЮЧОВІ С ОВА: ’ и  і ,  і ава я а ь, и а ви  , и и BRISK, ва і ь и ів,  а я, а и и и  і , и і  і- ва а , я Р ’ , и і  
а ів, а і ь ві і і и ів. 
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А РЕВІА Р  BRISK (Binary Robust Invariant Scalable Keypoints) –  вияв я, и  а ві ві і 

ви  ; Open CV – і і а а  а я 
я и  ’  ; 
КТ – ва а. 

О Е А РА 
Z – и   ви я і и и КТ; 

nB  – и а і а и  в ів; 
vz  – і а и  и ; 

n – і і ь  и ів; 
s – і ь і ь и ів  и і; 
m – і ь і ь а ів ( ів) и а; 
k – і ь і ь ів  і  и і; 
Q – и а і ів я ів и а; 

ijq  – и а и і і ів Q; 
ip  – ві а а а; 

W – і ь і ь а  і ; 
a – ів ь а і и а ва і а и и - и і . 

 

ВС   а і а і  ієви  а и і а і и  іш ь  
а и  и а  ’   є ви-

іш я я  , в’я а и  і  а а ви і  
и  ва и  а и . У и  -
а  і ава я а ь и и ві а ь и  ’є ів а ь я  ви я і а ів и ів КТ 
я  і  и и и ви  в ів а ь  
ви  і і [1–4]. Та , і а і а я, и-
а і  BRISK, і я ь  512 ів [5]. У а  ви а  і   ав я а и   ви я і и и  а ів ш  і і 
ияє єв    вив я а и а- а ва я [6]. в и  і  и 

ь  ви ає а и и  і я а и  и-
ів, я  в а і і ава я а  ві а а-
и а а ь і в а ив і ’є а  ви я і -
і а ів [6–8].  
Бі ва и а и ів КТ  і і а -

и  в ів ає иві ь в ва и и ав-
я а а а і  и а я  і в і -

ів і  ві и  іа а  а ь,  ає  і -
ва и я а а и и и  а а і  я -
ва и  и ви  а ів а и . Б а -
а а и  ає а ва я і ів і а-
ь  а а і , а ва и  а ві і и  і а  
аяв и  а ь,  и я я іш я  ві -
я ’є   и   ві ві  а .  
О ’є  і я є ь  а -

я я и и и ів ви   а-
я. 

 і я є а и и  і ва -
я а і и я я а и і а і и  іш ь а 
ві и я ва і и ів ’є ів я 
і  а я а и  и ів -

ви   а ь. 
1 ОС А ОВ А А АЧІ 

Ви а и  и и  и  і ва  
ві а ь  ’є   ви я і і  и и  

n
v

s
vv BzzZ ∈= = ,}{ 1 .  

Ви я и  ,  а а  n і  а а і -
ва и  ів – и ів я ає і ь  ь, 

и и  і і ь а и  ш я  и я -
и а КТ а і в і ь і  m а ів ( m n= ),  в і   ива ь. У а  а і 
и  BRISK і  512 і ів  и ав -, а и а , і в і  і  512 а ів   і  (0 а  1), а  і в і  і  256 а -
ів  2 и, я і ь а и   ві -

ви  ав ь 00, 01, 10, 11, а  і в і  і  128 а ів  4 и,   я и  ає ви   ві ви  ів ( і ь і ь а и  -
ав ь  ів є 16) .  
У ь а і а в  а я и  Z  

а и ви  а и і і  S я ів а m в ів,   
ів я  є а  і  mnk =  [4].  

У ь а і и я а а и і  -
і  ві  а а ви і  в   а   і в ів єв  ш  і і. 

Ви и ає и а я, а і ь и в в а и а 
а  а а  і я и ів ’є ів  ів-

я і  а а ви і и  ав я  а я і ві 
ив і  а і а и і а і  ві ива ь я і   

в ва я .   
За а а и і я є вив я і ь і а 
ь а ив і а ва я і  -

и ав я а и  и  и  ’є а  ви я і а в  и я  -
ив  і  я і я і ва и  ’є ів.  

2 ОГ  І ЕРА Р  
Ф а ь а а в а а а і і ава я -
а ь  ви и а я  и и КТ ь ва-
а  [1],  а  вив а ь я ив і а і и 

і и  я  и и а а ви і и  в ів. 
За а ає ь я,  ви  і  є ав и і ’є и и ва ь и  ви а . У а я  [2, 3] ви-
в а ь я і я ви и і а і  и и 

и  а  а я я я  и -
ь, а, я ає ь я а ва я ів 
а и а і  а и . Р и [4, 6, 7] і я ь а а і   а я а а и ва я а и и-
и  і ів,  а ь иві ь ва и 
а а ь  а я и ів  ви я і  и -
и а ів. У і я  [4, 7, 8] ви а  

ь а и а ва я а и и и  і  я и -
я ва і и ів,  і є і и  

в’я  и и  а а и и и  і ів. Р а [5] і и ь ив і ва я і а  -
и а BRISK,  ає иві ь а ва и 
ив  і а  я а и . Р и [9–14] 
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ви и а  я  а а и и  ів а и и- і ва я, а [15] і и ь и а я а ви -
и а  а  а я.  

3 А ЕРІА  І Е О  
Р я  ві а я QZ →  і  и и і-

а и  в ів – и ів КТ  и  Q  
и  і ів, я  ає иві ь в и и 

і и і а і  а і я ві а ь и  ’є ів а 
і аві а и  ш  і і [4]. Р і  ві -
ві   і ва  а  і   j, 

j=1,…,m, а   ви я і в а і и  и  
jwj qqq ),...,( 1= ,  wiqij ,...,1, =  – а а яви і-  

ви  а , аш ва  а j-  і і а -
а  і  и ів и , і ь і ь я и  
ів є ∑

=
=

w

i
iqs 1  я ь-я  а j. 

З а я wi
s
qp i

i ,...,1, == , є ві и и а -
а и ( і а и ві і). и ь  kw 2= , 11 =∑
=

w

i
ip . в і  и а Q и є ь я и  
і ів 

m
jjwj qqqQ 11 }),...,({ ===     (1)  

я  і  m а ів, ,  и -
ав а а и  і  m я ів а w в ів. Д я -
ва  ви а  ає  и  і ів  

m
jjwjnorm pppQ 11 }),...,({ === .  (2)  

На и а ,  ви а  ви и а я и а BRISK и и і а а и я n=512 ає  m=64, 
w=256, , а и я )( normQQ  і и ь ві і 
а и яви в і  и и  а ь а ів 
і   а  я аяв  и и Z. 

в а і я і я я ає  і і 
а а і  в а ив  ва і ’є ів ш я  
і ав я ва и  а ь ів а и ь 2,1,,...,1,,...,1},{ )( ==== lmjwiqQ l

ij
l  (l –  ’є ) ви я  (1), (2),  ві а а ь в іш  
а и и  и ів. З и  і я а а- ів я і ві ві и  я ів а и ь lQ . 

ш в  ви ає ь я ви іш я а а і ів-
я я в  і ів, я  а і и и ів ав-
я  і а   а ва я и і ва  

и і  і- ва а , и а  я ви а  і-
и и  і ів [9]. Р а  і и  а-
я и і  я а ів и ів   j 

і и  а   
∑
− +

−
=χ

w

i ijij

ijij
jemp

qq

qq1 )2()1( 2)2()1(2 , )( .   (3)  
К и и  а я и і  )',(2 , sajcrχ  а -

и ь я а в а в и  ів  а і a і - в и s’,   ви є s–1 (s я ає ь я 
я  і ь і ь ь) і а в є ь я иш  я 
и  и ів а , я і в я ь  ві ві  а -  и  а    ’є ів. а ь и я -
я ь в  і и  і і ь а а і ва и  
і а  ви а ає ь я ів і  )',(2 ,2 , sajcrjemp χ<χ , а а ь и я я а ь а и-
в  і и  а  ві і і і  и и а 
ів і а і a є ав ь  и и  
а ,  ви а ає ь я ів і  )',(2 ,2 , sajcrjemp χ>χ .  
На и   а ає і а  і а- ві і и  і ів, а і аві  и ь я 

ви в   ів ь ва і ’є ів. и -
і  ви ає ь я і ва я і ви я і і-
ава я и і ьш і в и и k а   а -

в  а і. 
І ши   і ав я і ів є а -

ва я в я і і и ва і α- я 
Р ’  [7, 10], я  а я а и я  і а і  
я  )1,0( ≠α>αα    ві і і. и -
я я Р ’  mjppD jjj ,...,1),||( )2()1( =α ,  ві і і ’є   і  )1(1)1( ),...,( jwj ppp = , ві  ’є   і  )2(1)2( ),...,( jwj ppp =  ( я  і ва  

mj ,...,1= ), і є , ви я и  я ів а и ь 2,1,,...,1,,...,1},{ )( ==== lmjwipQ l
ij

l
norm ,  а  і 
а ь ви я  ,),...,( )(1)( l

jw
l
j ppp =  2,1,,...,1 == lmj :  

∑
=

−α

α

α −α
=

w

i ij

ij
jjj

p

p
ppD 1 1)2( )1()2()1( )( )(ln11)||( .   (4) 

 
Мі а (4) є а  іє  а  α, и-
ає ві ’є і а я, а ь в  а я я а-

є ь я иш  и )2()1(
jj pp = . є ь я а -

ва я і и (4) и а і а а а α=0,5:  
∑
=

=⋅−=
w

i
ijijjjj mjppppD 1 )2()1()2()1(;5,0 ,...,1,ln2)||( .   (5)  

За ва и ,  і а (5) є и , а а  є и-
и  ви а  и и і я Р ’  ві - а ів. Д в  [11, 12],  α=0,5 є и-
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а ь и    і,  в и и а )0()1( jZD −⋅−α α  
и α=0,5 и ає а і ьш  а я, я  ві ві-
ає и і  а и і ві і и и і ава -
я. З іє  и  а я а а  α=0,5 а 
вва а и а а и  я і я и  
и ів. 
З  в і  і ва я і ь і вв -
я а в  и я и  ’є а і 

а а і   а и и  а я я  ив  
і  я і я ’є ів є  а  

і  ві   а я и  и ів  и   
ва я   а а і  а і  і  

а а и , я  ів є ь  ви  
а ь. На и а ,  ви а  2- і в  и я 
и а, а   BRISK, є  

и а и ві  1  4 і в і ь 00, 01, 10, 11,  
в ає иві а я а а. З і  і  а-
и и и  а я  ви  (2),  ає  в а   а а   j і  ви я  

jj ppppp ),,,( 4321= . Ві ві   ви  а ь 1, 2, 3, 4, а а и  іва я ( є а я) 
і  ів є:   256,...,1,41 ==∑

=
jipM

i
ijj .   (6) 

Т і а и и  а я (2),  а ає ь я  256- и я ів а 4-  в ів, в є ь я а -
і в і ь і  256- и ів, и   я и  є -

я  а а:  ),...,( 2561 MMM = .  (7)  
У а а ь  ви а  ви а и (6), (7) я ’є а   l=1,2, а ва ь ви я   

mjipM
w

i
ijj ,...,1,1 )1()1( ==∑

=
,   (8) )(1)( ),...,( l

m
l MMM = .    (9)  

ів я я в  и ів і є   ів а-
в я і и и а и в  ів ви  (9). 
На и а , ів я я і в  )1(M , )2(M  
я  в  в’я и  ви і  ві ь  і  -
ив  і  а ва я  а а и и  и і в 
ві і і, а и а , и і  а ів [13], я и  а 
в а в  ів і а і а є, а і ь и 

я ва и и а а  є і и і:  
wiMM ii ,...,1,)1()2( =− .  (10)  

З і   и іє  а ів а в є   
и а и  і ві ’є и  і и ь (10), і ьша  и  
и а ає ь я и ви  в , ша –  и ви . 

За а и я и [13] а я и в  в  і ав я-
є ь я ( а в  ів і а і)  и и и  а-

я ,  ви я я  в и и  и в  
в  ві и ь  а  ві і і ь ви і . 
І ши   і ав я і в  )1(M , )2(M   и а  ів я я а ь )1(

iM  а )2(
iM  і в  я і   

а а я  в  і  я ві ь  і -
и   а  z- и і ,  є -

и  иш   ви а  а ь  в и и  ви і  [14] і є ь я  ви  а ь  в и  
и а s. Р а  і и  а я и і  
і и  я  

mj
sDD

MM
z

jj

jj
jemp ,...,1,)( || )2()1( )2()1(, =

+

−
= , (11)   ∑

=
=−=

w

i

l
j

l
ij

l
j lMipD 1 2)()()( 2,1,)(  – и ія ви-

і и, а а  і  )(1)( ),...,( l
jw

l
j ppp = , l=1,2, 

і  ві ві и и ви и а я и i=1,…,w. 
К и и  а я и і  )(, az jcr  а и ь я 

а ів  а і a і  а и і а ь і  Ла-
а а )(xΦ : 2)21())(( , aaz jcr −=Φ . 

а ь и я я ь в  і и  ів і ь 
и  ви  а ь в а  j-  а а 

ви а ає ь я ів і  )()( ,, azaz jcrjemp < , а ь 
и я я а ь а ив  і и ви а ає ь я і-

в і  )()( ,, azaz jcrjemp > . На и   а-
ає і а  і а и  і ів а ів, ві -
ві і и я и  я  ’є ів а ь а  

ві і і і ві а я, а і аві  
и ь я ви в   ів ь ва і ’є ів. 
и і  ви ає ь я і ва я а ь  в и  
а я а  і я ’є ів,  і  є і и и, 

а а   і ви я и і ьш і а а. 
и а ь а а и а и в ає ь а-

и ва я а а ів а і и и и а и и. 
 

4 Е С ЕР Е  
За ва і і и ва  а и а і 
а ь і  і  400 540 і  ви и а я  

а ів і і и Open CV [6, 7, 15]. За ва  
и и BRISK і і  n=512 а и  700. и а  і  а ь и ів я а  і ів 

ав   а . 1.  а и  і  а . 1, і и а ів  а-
ви и а и я  ’є ів и ь єв  

ві і я ь я,  ає и і в  ві ві и-
и а а и. 

в  і я і і і ів 
а  і  а а и я 2- , 4-  а 8- и і в - и ів ві  а и и  і и   
і і ь а и іє  і- ва а  (3). У а . 2 

ав  ь а и а ва я и і . 
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Та и я 1 – и а  і ів я 2- і в  и я 

Ла и я і и 1 Ла и я і и 2 Ф а  00 01 10 11 00 01 10 11 1 468 21 22 189 459 47 25 169 2 213 101 236 150 175 102 263 160 … … … … … … … … … 256 357 90 58 195 351 62 64 223  
Та и я 2 – Чи  і и  і ів а и іє  

і- ва а  
Чи  і ів  и я  2 4 8 

Чи  а ів і  а - і і  -
і ів ( а ів і 0,05) 167 і  256 (64,45%) 109 і  128 (85,16%) 64 і  64 (100%)  

і ви я ів я і я ’є ів а а  
в я а ів  а ві  і -
є а  а  α- я Р ’  ( и 

α=0,5) і  і а и ві ві   ви а  (5). У 
а . 3 ав  іа а и а ь і и ва -

і, ві и а и  єв  а я а и а 
и і ьш і і ь і і ів  а і.  
Та и я 3 – З а я α- я Р ’  (α=0,5) в 

а і ві  и а і ів  а а  
Чи  і ів  и я З а я 

α- я Р ’   2 4  8 
Мі і а ь  0,00008 0,00397 0,05111 
Ма и а ь  0,02112 0,03248 0,18575  

в и  а и и и  а а і  ів я ві і - а ів, ви я и і  ва и  і ів, і -
и и  я  і  а а а а и- іва я, и и и  а и  і і ь 

и и . На и а ,  ви а  2- і в  
и я ає  а и и і і и я ш  
а а 1-  і 2-  ’є ів ві ві  (0,669; 0,030; 0,031; 0,270) і (0,656; 0,067; 0,036; 0,241) і  а-
а и и и іва я и 903,1)1(1 =M , 862,1)1(2 =M . и ь  а и и і а я (2) -
в ь я а і в і і  256- и ів: )130,2;...;461,2;903,1()1( =M ,  )227,2;...;583,2;862,1()2( =M   (12) 
Д і я а і і ь и а и   а и  
і  а а ь и  и ів ’є ів а ві и -

і  а ів ив и ь  ви в    а  ві-
і і ь ( а ів і 0,05) и і и  в и а  а -
ів. У а . 4 ав  ь а и а ва я 

и і . 
У а  а ь  і   ви и а я  -
і в  ви я  (9), а и  і  а а и и  
іва ь ів а ів, ви а  а  ів-

я я )1(
jM  і )2(

jM   і в  я j,  j=1,…,m,  і   ви-  
Та и я 4 – Р ь а и а ва я и і  а ів 

Кі ь і ь 
і ів  
а -
і Кі ь-

і ь 
и ви  
вів Кі ь і ь 

и -
ви  вів К и и  

а я ( ів ь 
а -
і 0,05) Ви в   

а -
і  2 197 59 87 З а а (59 < 87) 4 100 27 41 З а а (27 < 41) 8 48 16 17 З а а (16 < 17)  

и а я  z- и і . Р а  і и  
а я и і  я а а   j=1,…,m 
і вав я а  (11), и и  а я 
и і  а ів і а і 0,05 а ви ь 1,64 [14]. 

На и а , я і в  (12) а я 903,1)1(1 =M , 862,1)2(1 =M  а   ві і я ь я, 
а а я 461,2)1(2 =M , 583,2)2(2 =M  є а  ві -
і и и ( а ів і 0,05). У а . 5 в  в і -
ь а и а ва я и і .  

Та и я 5 – Кі ь і ь а и  ві і   
а z- и іє  

Чи  і ів  и я   2 4 8 
Чи  а ів і  
а и и ві і -
я и ( а ів і 0,05) 148 і  256 (57,81 %) 84 і  128 (65,63 %) 44 і  64 (68,75 %) 

 
5 РЕ Ь А  

К ви  а і  а і є і в я  
а ,  в ива я а и і и  а и и и  и-
і в і- ва а , и і  а ів, z- и і  я 

а а і  і и и  а и  а і ав я  і ів 
и  и ів а ь ає иві ь ви а-

и и і ь а и а  ив і ь -
ва   а  а я і я ві а ь и  ’є ів и  і ава і  и а  ’  . В ва я і  
а я а а и и  а а і  я а ь -
и ів ви   а ь ияє і ви- ив і  і ава я ’є ів,  і в є ь я а я  ів я і я 
и і ьш і і  а   ва і  а-

ві  і и .  
6 О ГОВОРЕ   а и  а ь а а и а а і  а . 2, -

і і ь і ів ає і ьш ви а  и -
а і і  а а. 
Да і а . 3 ь єв  і ви я 

я і і я в  і и  ’є ів. Та , а и-
а , а ш   иви  а ь і и і і 
и 8- і в  и і и я а а и (0,05111) 
ви є а і ьш   иви  а ь і и і-
і и 4- і в  и і и я (0,03248). 

104



e-ISSN 1607-3274   Ра і і а, і а и а, ав і я. 2019. № 2 p-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2019. № 2   

© ва ь и  В. ., а ь а . В., я и  Н. І., 2019 DOI 10.15588/1607-3274-2019-2-11 
А а і  а . 4 а є,  я і  і ь і і-

ів  а і і ає ь я аяв і ь а  
а и и  ві і і і  и а и в  ’є ів, 

ві а ь  и ь и  і  ,  в ви  
а  і в є і ь і ь і    -
а я а и  и ів ви    а-

я. За ва и , , я  ви  і  а . 4, аві ь -
ш я в и  і в  ви я  (9) и ві -
ві  і ьш і в и и а ів -
є а  ві і і ь и  і в , , в 

в  , є і в я  і і і-
ва и  ’є ів.  ви  і  а . 5, а и а z- и іє  є  
и  ві я   в а в я а и и  ві -

і  ’є ів, я і а ь  є і и и, а я і ь 
і я ає и і ьш і а а а і ь -

і і ів  а і.  
В С ОВ  

В ива я а и и  а и и и  и і в я 
а а і  і и и  а и   ви я і и  и-
ів а ь ає иві ь і  і и и а и - ви а и и і ь ва   
а  а я і я ві а ь и  ’є ів и  
і ава і  и а  ’  . В -

ва я і  а я а а и и  
а а і  я и ів ви  а  ияє і -
ви  ив і  і ава я ’є ів,  і в є ь я а я  ів я -
і я и а і і  а   а -
ві  і и . 
За ва я і а і я а и и и  и і в 

а  і и і ви в и  а і ь ві і  
и ів ві а ь и  ’є ів,  і є ’є ив і ь в  і я. 
На в  ви  і я а ає а-
я а а и и  ґ ва я  и -

я я а и і а і и  іш ь а ві и я 
ва і и ів ’є ів і  и  а я   
и ів ви   а ь. 
а и а а і ь и я ає  і в -
і і ь і а ва я  и 

я и  и  ’є а я  ив  
і  я ви іш я а а  і ава я а и-
а а  а ь  и а  ’  . 

иви і я в’я а і і  а ва -
я  і а ь и   а и і а і  а і а-
ві іш ь и и ів ва и  а и  -

и  и ів. І ши  а я   и в ва-
я а а а  і а ь  а а і  а я вияв-
я и ва и  а і  и а ь  аяв-

и  и а  ві а ь и  ’є ів.  
О  

Р а ви а а в а а   НДР 
Ха ів ь  а і а ь  ів и  а і -
і и «Р а і и и  и  і ів и -
ва ь  і  я и ів і  

і а і  в ва  а і а і а ви а -
і» (  . є а і  0116U002539). 
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УДК 004.932.2:004.93’1 

ЧЕ Е С А С ЧЕС  СВО С В О Е  ОЧ ОГО РЕ С АВ Е   О ЕС ВА 
ЕС Р ОРОВ ЮЧЕВЫ  ОЧЕ  О РА Е  

Г х ва и  В. А. – -  . а , ,  а  и а и и, Ха ь в и  а и а ь  и-
в и  а и и и, Ха ь в, У аи а. 

Га ц ая С. В. – а . и .- а . а , , ав и  а  и а и  и , Ха ь в и  а-
ва ь - а  и и  а в  в ш   ав ия «У ив и  а в  а», Ха ь в, 

У аи а. 
С я и  . . – а . . а ,  а  и а и  и , Ха ь в и  а ва ь - а  

и и  а в  в ш   ав ия «У ив и  а в  а», Ха ь в, У аи а.  
A О А  

А а ь ь. М ая и а а а ва  а  в в  и а  ь  ия  
в  в  и  ь а ив  а в и а в, а и  а  а  ия и -
я и а ии.   а ава ия и а и  и ь  и а ия ви а ь  в в ви  

а в и в в   а  ва и в  в в в  а и. в  и  
и ия а и в а  ав и  а  в ви  и  и  в и а и и  и ва и  а и   а ,  в а  а ава ия  а а ь  в ва а а  в и  
а в. В вя и  и  в и а  а и ия  и а  и ия и а а и и  и  ав ия в а   и ь ва ия я ия ва и и а и  и а и и а ии а  в 

а  а  а  и а и . 
ь а . в и  а и и  ива ия а и и и я ия а и и а и  ш и  а -

в  в и ия ва и и а и  в я и  ав ия а  и в в   и а и . 
.   а и ия и а и  а в  и  ав ия а  и в 

в   и а и   и ь ва и  и и в а а и  а и и и и и а ия ии и а-
ии. 
Р з ь а . ав  ь а  а ьи яв я я в и  ,  и  а и и  а и и и  
и и в я а а и а и и и  а  в ви   и а и  и а и  а  в ь и ь а-
в   а ва и а в, а  я а и ия ви а ь  в и и  а ава ии в 

и а  ь  ия. В и  и  ав ия и а и и  а а и а я а и  -
и в в  и а в и а и  в  в ш и  ив и а а ава ия ви а ь  

в,  в а я ш и  в я а и ия и в и ии а а а а в    и а ия. 
В в . и и  а ия а и и и  и и в а  и и  в в   а и и а и и  и и-
и  и а и  ви а ь  в в  а в  и а в,  ива  ив ь в - и ва ия. В ая ь  ав ия а  а я  а и а и  в ва  

и а ия   в  ш ия вия и я ия а и и а и  ш ия. 
На  ви  и ва ия ав я  в ш в ва и  и а и и  ва и   и я ия ш -

ия  а ава и  ви а ь  в а в  в и ия ва и и  и а и  и ь  а в  
и ь ва и   ав ия и в в   и а и . 

а и ая а и ь а  а а я в в ии а и вв ия   я -
и  и а ия а а  ив  а  ш и  а а и а ава ия а и а  и а и  я 

в ия в и а  ь  ия. 
ЮЧЕВЫЕ С ОВА: ь  и ,  а ава ия и а и , в  в  , 
и  BRISK, ва ь и а и ,  ав и , а и и  а и , и и  и- ва а , 

а и  Р ьи, и и  а в, а и ь а и ия и а и .  UDC 004.932.2:004.93’1 
THE STUDY OF STATISTICAL PROPERTIES OF THE MODEL BLOCK REPRESENTATION FOR SET OF 

DESCRIPTORS OF KEY POINTS OF IMAGES  
Gorokhovatsky V. A. – Dr. Sc., Professor, Professor of the Department of Computer Science, National University of Radio Electronics, Kharkіv, Ukraine. 
Gadetska S. V. – PhD, Associate Professor, Head of the Department of Information Technologies, Kharkiv Educational and Sci-entific Institute of SHEI “Banking University”, Kharkіv, Ukraine. 
Stiahlyk N. I. – PhD, Associate Professor of the Department of Information Technologies, Kharkiv Educational and Scientific Institute of SHEI “Banking University”, Kharkіv, Ukraine. 
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ABSTRACT 

Context. The multidimensional nature of the processed data in modern computer vision systems requires new approaches to the construction of effective feature spaces that simplify processing by summarizing the available information. Structural methods of image recognition use descriptions of visual objects in the form of sets of key point descriptors as sets of numerical vectors of high dimension. The main tool for reducing the dimension is the presentation of data in the form of a system of their blocks and a statisti-cal study of such data structures, which in terms of recognition should display the generalized properties of an object as a set of its fragments. In this connection, there is problem of studying the features of the applied application and the characteristics of the block representation model in the aspect of its use to determine the relevance of descriptions and classify data within the base of reference images. 
Objective. Perform statistical estimation of the importance of making classification decisions on the basis of the calculation of the relevance of object descriptions for the model of block representation of descriptors of key points of images. 
Method. Methods are proposed for distinguishing descriptions based on the application of the block representation model of the data descriptors of key points of images using the criteria of mathematical statistics and information theory tools. 
Results. The main result of the article is the confirmation that the use of classical statistical criteria for analyzing empirical data in the form of structural descriptions of images makes it possible to determine the quality factor of the constructed feature space for distinguishing visual objects when they are recognized in computer vision systems. The introduction of the block representation model and statistical analysis for the values of descriptors of key features of images contributes to the efficiency of the process of recognizing visual objects, which is confirmed by the improvement in the level of difference by increasing the fragment size in the constructed description chain structure. 
Conclusions. The use of a variety of statistical criteria gave an identical effect on the significance of the differences in the em-pirical descriptions of visual objects in the constructed feature space, which underlines the objectivity of the study. The implemented model of block representation of data retains the distinguishing properties of a structural description with the effect of a significant improvement in the speed of classification decision making. The scientific novelty of the study is the improvement and statistical substantiation of models for making decisions about the class of visual objects based on the calculation of the relevance of their descriptions with references using a block representation of descriptors of key points of images. The practical significance of the work is confirming the advisability of introducing a block structure for the block description of an object as an effective approach to solving the problem of recognition with examples of images for implementation in computer vision systems. 
KEYWORDS: computer vision, structural image recognition, multiple key points, BRISK descriptors, descriptive relevance, block representation, statistical distribution, chi-square test, Renyi divergence, sign criterion, significance of the difference of de-scriptions. 
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ABSTRACT 
Context. The subject of this paper is adversarial attacks, their types, reasons for the emergence.  A simplified fast and effective logistic regression attack algorithm has been presented. The work’s relevance is explained by the fact that neural network’s critical vulnerability the so-called adversarial examples is yet to be deeply explored. By exploiting such a mechanism, it is possible to get a deliberate result from it breaking defenses of neural-network-based safety systems. 
Objective. The purpose of the work is to develop algorithms for different kinds of attacks of a trained neural network with respect to preliminary the network’s weights analysis, to estimate attacked image quality loss, to perform a comparison of the developed algorithms and other adversarial attacks of a similar type. 
Method.  A fast and fairly efficient attack algorithm that can use either whole image or its certain regions is presented. Using the SSIM image structural similarity metric, an analysis of the algorithm and its modifications was carried out, as well as a comparison with previous methods using gradient for the attack. 
Results. Simplified targeted and non-targeted attack algorithms have been built for a single-layer neural network trained to perform handwritten digit classification on the MNIST dataset. A visual and semantic interpretation of weights as pixel “importance” for recognizing an image as one class or another is given. Based on structural image similarity index SSIM an image quality loss analysis has been performed for images attacked by the proposed algorithms on the whole test dataset. Such an analysis has revealed the classes the most vulnerable to an adversarial attack as well as images, whose class can be changed by adding noise imperceptible by a human being. Adversarial examples built with the developed algorithm has been transferred to a 5-layered network of an unknown architecture. In many cases images that were difficult to attack for the original network have seen a higher transfer rates, then the ones needed only minor image changes. 
Conclusions. Adversarial examples built upon the adversarial attack scoping idea and the methodic of the input data analysis can be easily generalized to other image recognition problems which makes it applicable to a wide range of practical tasks. This way, another way of analyzing neural network safety (logistic regression included) against input data attacks is presented. 
KEYWORDS: adversarial attacks, fast adversarial attack algorithm, logistic regression, neural network vulnerabilities.  

ABBREVIATIONS FGSM Fast Gradient Sign Method; L-BFGS Limited-memory BFGS (Broyden-Fletcher-Goldfarb-Shanno) algorithm; MAE Mean Absolute Error; MNIST Modified National Institute of Standards and Technology; PSNR Peak Signal-to-Noise Ratio; RP2 Robust Physical Perturbations; Softmax Softened (via exponent) max function. SSIM Structural Similarity Index; 
 

NOMENCLATURE 
b  – biases vector; 
I  – feature space dimensionality, neuron count in the network’s input layer; 
image – source image; 
K  – number of classes, neuron count in the output layer; 
M  – training batch size, used to define number of images used in a single optimization method step during training; max_steps – number of attack steps; min _ difference – minimal difference between classes’ weights allowed for a pixel attack; 
S  – source class; 
source_weights – trained network’s weight matrix for a class predicted by the neural network for the source image; step – value, which defines pixel brightness change on a given iteration; 

T  – target class (desired result); 
target_weights – trained network weight matrix for the target classification class; 
W  –  network’s weight matrix; 
x  – network’s input vector, image pixel brightness vector; 
y  – unit vector, which defines object attribution to one class or another; 
z  – network’s output vector; 
ẑ  – desired (target) neural network’s output; 
α  – algorithm parameter; ( )kσ ⋅  – output layer’s kth neuron softmax activation function, which computes layer output by its input. 

 

INTRODUCTION An increasing number of tasks is being solved with neural-network-based solutions. Neural networks have reached the dominant position in image recognition since 2012, when in ImageNet Large Scale Visual Recognition Challenge AlexNet has got first place with a large margin [1]. A growing need of analyzing neural networks and their vulnerabilities arises with a more prominent use in security, video surveillance systems, self-driving cars and robots.  Pretrained neural networks are being used by many companies to reach their goals. A set of security vulnerabilities is disclosed due to a wide spread of neural networks with similar architecture that are trained on 
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publicly available datasets. Given a slight modification of an input data small enough to be imperceptible by a human being it is possible to make the neural network misclassify the data or even output some specific class. These are known as non-targeted and targeted adversarial attacks respectively.  By exploring trained neural network attack algorithms, understanding attack preconditions and structural image changes caused by it, it will be possible to make neural networks more efficient and robust to the input data perturbations. In most cases the process of neural network inference can be treated as a black box even though its architecture and training dataset is known, giving a clear interpretation of underlying weights is a difficult problem. Lately a range of research papers with an attempt to track and formalize network inference model through its input data and with the use of optimization and statistics theories has been published (i.e. [2–4]). Despite that fact, development of the toolchain for understanding and diagnosing machine learning is still a prioritized research problem.  

The object of study is the neural network attack process. 
The subject of study is the types of adversarial attacks, consequences caused by them and possible reasons of their existence. 
The purpose of the work is to: 1) develop different attack algorithms on a single-layer trained neural network given the results of a preliminary analysis of the network’s weights; 2) estimation of image quality loss after the modification; 3) comparison of the attack results conducted by the developed algorithms with different adversarial attack types that were previously published in the research papers.  
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{ }( ) ( ) 1, Jj j

j
X x y

=
= : ( ) ;j Ix R∈  ( ) ,j Ky R∈  ( ) ( )10 1 , 1 .K

j j
k k

k

y j y j
=

= ∨ ∀ = ∀∑  1. Find a weight matrix :[ ]W I K×  and a vector 1 2( , ,..., )Kb b b b= , which minimize function 
( )( )

( ) ( )1 ( ) ( )1 11( , ) ( , ; , )1 log ,M
m m

m

M K
m m

kk
m k

G W b W b z y
M

y x W b
M

=

= =

= γ =

= − σ ⋅ +

∑

∑ ∑
 where 1( , ; , ) log( )K

k k
k

W b z y y z
=

γ = −∑ , ( )z x W b= σ ⋅ + , 
1 2( ) ( ( ), ( ),..., ( ))Kz z z zσ = σ σ σ , 1( ) jk

K zz
k

j

z e e
=

σ = ∑ . 2. Find such a perturbation Ix RΔ ∈ , which for a given value { }1,2,...,T K∈  and deliberately chosen x , such that  1,max ,S k
k K

z z S T
=

= ≠ ,  1,ˆ ˆmaxT k
k K

z z
=

= , where ˆ (( ) )z x x W b= σ +Δ ⋅ + . 3. Find such a perturbation Ix RΔ ∈ , which for a deliberately chosen x , such that 1,maxS k
k K

z z
=

= , {1,2,..., }l K∈  can be found that meets a condition of ˆ ˆl Sz z> . 
 

2 REVIEW OF THE LITERATURE The term “Adversarial attack” has been first introduced in the work [3], where it has been shown how with a minor change of an image’s pixels leads to a misclassification during neural network inference procedure. What makes the problem more severe is that in many cases these changes cannot be observed by a human. As it has been shown by the authors, such a perturbation is not a random network’s training issue. The very same modified image can be transferred with a success to a different network trained on a different but a similar dataset. To archive that goal a Box-constrained L-BFGS algorithm has been introduced. Another algorithm FGSM (Fast Gradient Step Method) has been developed as an enhancement, where a first-order approximation of the loss function is used to generate adversarial examples [6]. I-FGM is an iterative algorithm that builds on top of the ideas introduced previously and uses gradient of the loss function. These algorithms have a simpler interpretation and are faster to perform the attack. In 2017 an international neural network defense and attack competition has been held by the Google Brain team. The competition’s winners have developed an algorithm to attack neural networks with a known architecture. As it has been shown, the generated images have been able not only to mislead the target network, but also other networks trained on other datasets of a similar kind or networks with another architecture. In all the cases attacks were performed on a bitmap to retain the perturbations untouched. A lot of modern computer vision systems that are being used in security critical domains use deep neural networks behind the scenes. That’s why many of the research papers target a scenario of a real-world attack. As such, paper [9] offers a road sign attack algorithm RP2. By placing stickers and drawing graffiti on the real signs, it has been made possible to force the network to misclassify “Stop” sign as a “Speed limitation”. Moreover, the perturbations have been shown to be robust to the angle and distance change to a camera. 
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Other algorithms of generating reliable physical adversarial perturbations are shown in papers [10, 11 and others].  An efficient black box attack algorithm ZOO has been presented in the paper [12]. This type of an attack can be conducted without any knowledge of the neural network inner workings, the only requirement is to have access to its inference engine: one should be able to send input data and get back class probability distribution. A method of stochastic coordinate descent has been used to optimize the target function. The coordinate to be updated next is chosen by utilizing computed gradient and hessian. Gradient components are calculated with a finite difference method. To further optimize the speed, attack is performed in a hierarchical method, where small scaled images are attacked first and get enlarged over time. An algorithm to generate efficient targeted adversarial images using optimization methods has been proposed in [13] (C&W attack). Implementations of the described algorithms as well as some other can be found in an opensource library cleverhans[14].  Different contemporary methods of generating adversarial examples in the field of deep learning were explored and summarized in [15]. Where classification of attacks by characteristics, target goal and features has been presented. A vast review of a research held in the field of machine learning attacks, analysis of the adversarial example precursors and defense methods against them was done in [16]. An attempt to build simplified yet efficient adversarial attack methods on a logistic regression trained on the MNIST dataset has been made in this work. We are exploring two types of white box attacks (based on an assumption of full network weights and architecture knowledge): targeted and non-targeted. Such a choice has been motivated by the following factors: 1) a simplicity of a network’s configuration and interpretability of its weights as of an importance of image pixels towards recognizing a picture as a sample of this or that class;  2) an ability of adversarial examples to efficiently highjack neural networks different to the one for which they were generated (as noted in [17]). 

 

3 MATERIALS AND METHODS The MNIST dataset will be used for the neural network training. Among its advantages is a small size and ability to make accurate predictions even using simple neural networks. The dataset consists of handwritten digits 0–9 of size 28 28× . Each digit is a normalized grayscale image. The training subset consists of 60.000 examples, the testing subset 10.000. Both contain samples of digits handwritten by distinct people. Let’s unroll images into single-dimensional vector and assume each pixel to be a separate input feature. As a prepossessing step the pixel intensities are normalized into [0, 1] range, which is done by dividing its values by 255 (0 stands for black pixels, 1 for the white ones). 
A single-layer neural network is built with an input layer of 784I =  neurons (by the number of pixels in the unrolled image) and 10K=  in the output layer (by the number of classes). Should be noted that during mathematical neural network training problem statement softmax activation function was not chosen at random. As is known, softmax serves a goal of transforming an arbitrary real-valued vector into a probability distribution of the inferred classed. For example, a network can identify a picture as 8 with a probability 0.9 and as 6 with a likelihood of 0.1. Considering such a “probabilistic” classification during neural network training, cross-entropy loss ( , ; , )W b z yγ  has been selected as an error metric between computed outputs y and desired z . By performing gradient descent for minimizing ( , )G W b  function, in 12 epochs (roughly 40 seconds worth of training time) an accuracy score of 97.0% and 92.7% on training and test sets has been achieved. As it has been noted above, the logistic regression’s key advantage, which will be used further down to build an attack algorithm, is interpretability of a weight matrix 

ikW  as of an importance or a contribution of i th image pixel towards kth class classification. Precisely, if 0ikW > , it is expected that an increase of pixel brightness by a some 0δ>  will lead to a higher confidence towards classifying an image as an example of kth class, and if the weight 0ikW <  its decrease will lead to a decay of the probability.  Representation of all inferred classes in a form of a pixel importance map towards classifying each image as an instance of ith class is shown on Fig. 1.  The presented illustrations can be thought of as some generic neural network digit representation. As shown by the detailed weight matrix analysis: if its element ikW  has a large enough positive value (relatively to other matrix elements), then ith image pixel “whiteness” is important for classification of a digit as an instance of 
kth class; in the opposite case, when ikW is large enough by modulo, but is negative, then black regions are important for kth class. ikW that is close to zero means that color of that pixel has no importance for classification towards kth class. Following the above-described logic, we can use an element-wise multiplication to get pixels equally important for an image classification as of an instance of both classes and element-wise subtraction to get regions whose pixel brightness is more important for one class than the other. Fig. 2 has an example of an element-wise multiplication for digits 0 and 8, where light regions are equally important for both classes. The result of a subtraction 8 0 ,i iW W i− ∀  is shown on Fig. 3. It is easily seen that in this case light tones signify pixel importance for classifying 8, the dark ones for classifying 0.  

110



e-ISSN 1607-3274   Ра і і а, і а и а, ав і я. 2019. № 2 p-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2019. № 2   

© Khabarlak K. S., Koriashkina L. S., 2019 DOI 10.15588/1607-3274-2019-2-12 
 Figure 1 – Image pixel weights for each dataset digit   Figure 2 – Element-wise product 0 8i iW W⋅   Figure 3 – Pixel importance difference for classes 8 and 0  Similar products and subtractions can be obtained for all pairs of classified examples. Obviously, subtraction matrices are more significant for performing a targeted attack. By increasing pixel brightness in regions with a large difference (light regions on the figure), one can increase probability of classification of an image as of an instance of the subtrahend and decrease as of an example of the minuend. To estimate image quality loss L∞ -norm has been used in [8], that is the largest deviation of a pixel brightness over entire image. For images, whose pixel values are bound in the range [0, 255]  deviations up to 15 points were permitted. However, such a metric allows to generate nearly unrecognizable (when compared to the source) images, which is not something we are up to. So, 

a metric that is highly correlated with a human perception is needed. The best results can be obtained by using one of the following metrics: MAE (Mean Absolute Error), PSNR (Peak Signal to Noise Ratio), SSIM (Structural Similarity Index). The first two are easy to compute and are frequent to be used, but they do not take human vision features into account. SSIM metrics has been introduced as an improvement on top of MAE and PSNR and is tuned to match human visual perception system as it is shown in [18]. SSIM metric values lie in range [ 1,1]− . The maximum value signifies that images are identical. This is the metrics that is to be used for an algorithm’s quality estimation. Let’s denote neural network attack problem statement. The output is presented as a probability distribution of handwritten digit classes z . Consider that the network predicts image as an instance of class {0,1, 2,...,9}S∈  if 1,maxS k
k K

z z
=

= . By changing some pixels’ brightness, we want to change neural network prediction to {0,1, 2,...,9},T T S∈ ≠ , i.e. 1,ˆ ˆmaxT k
k K

z z
=

= , ˆ (( ) )z x x W b= σ + Δ ⋅ + . In so doing, we enforce image correctness by clamping brightness values into a range [0,1], 1, 784ix i∈ = .  
Single algorithm step pseudocode: attack_step (image, source_weights, target_weights, 

{ }0; 0.5;1α ∈ , _ 0min difference> , 0step> )  for each point i in the image  find corresponding weights SW  and TW in weight matrices for source S and target T classes  let (1 )T Sdelta W W= α − − α   if  _delta min difference> , then 

 x x step delta= + ⋅   if 0x< , then 0x=   if 0x> , then 1x= . Where image is an image obtained on the previous algorithm step or the source one if this is the first 
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algorithm step; source_weights is the trained network weight matrix for original image label; target_weights is the trained network weight matrix for a class, towards which we want to change the prediction; min_difference is the minimal difference between classes’ weight matrices for a pixel to be an attack target; step signifies pixel brightness change on the current iteration; { }0; 0.5;1α ∈  defines an algorithm modification.  Note, that together with α , step and min_difference, the number of algorithm steps max_steps could also be treated as algorithm parameter. Recommended values for the described parameter values are to follow. As it was remarked above, by the constraints on the target class j , adversarial attacks are divided into two subtypes: – if the goal is to assign to an image class j instead of class k, then such an attack is called targeted. This type of attack can be accomplished via the described algorithm with 0.5α = or 1α= . With that, it is said that the algorithm has succeeded to attack an image only if the algorithm has been able to change neural network’s predicted class into digit j  in a finite number of steps, and has failed in all other cases; – if the goal is to reassign classification of an image of a class k, to any different one j k≠ , then the attack is called non-targeted. The algorithm parameter 0α =  can be used to perform such an attack. The result is a success if an incorrect classification has been achieved in a finite number of steps.  

4 EXPERIMENTS By using the developed algorithm, an attack 0 → 8 is performed with a goal to force a neural network to misclassify 0 as 8. A generalized pixel importance matrix is used for that (Fig. 3). Adversarial attack results are shown on Fig. 4. Algorithm parameters: 0.5α = , 
min_difference = 0.0, step = 0.01, max_steps=10. As is seen, the attack has succeeded: the digit has been classified as 8 with a probability 44%, in the meantime 

the source and modified images are virtually the same, which is approved by the SSIM metrics value 0.934. It should be considered, that if all image pixels are being attacked by bearing in mind only the sign of the attack difference (as it is done in [6]), then the attack will still be successful. However, in such a case image noise can be viewed easily. Moreover, for an attacked image that is classified as 8 with a probability 0.396, SSIM metric value drops down to 0.892, which is significantly lower. Let’s visualize influence of min_difference attack parameter onto the attack result. The algorithm step has been increased for the effect to be more pronounced. In our case 99% of pixel weights lie in range [−1;1], so the difference by modulo is within [0;2], that’s the range for the min_difference parameter. Fig. 5 has the results of targeted attack 0 → 8 displayed with algorithm parameters: 0.5α = , min_difference = 1.2, step = 0.1, 
max_steps = 10. As it turns out, it has been enough to modify pixel brightness of only 4 source image points for the attack to succeed. SSIM value of 0.954 has been achieved on the 8th algorithm step. Experiments akin to the one presented above have been performed on a set of images and all with a success. However, it has been noted, that an algorithm has an interesting feature, where in some cases it leads the attack not directly to the target clas For example, for the targeted attack 6 into 1 during the first algorithm steps we have 6 misclassified as 2. In a case when such an intermediate class appears during the attack, perceptual image quality is degraded (for the example above we got SSIM = 0.635). The problem’s roots have been investigated by utilizing PCA (Principal Component Analysis). It has been noticed after having visualized scatted plot for points of classes 2, 6 and 1, that intercluster difference for digits 2 and 6 is a lot lower that the one for 6 and 1. And as is shown on fig. 6 (for α=0.5), the difference vector between the target and source classes passes through the field of twos.s, but through some intermediate instead.   Figure 4 – 0 → 8 attack. Algorithm parameters: min_difference = 0.0, step = 0.01, max_steps = 10 

112



e-ISSN 1607-3274   Ра і і а, і а и а, ав і я. 2019. № 2 p-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2019. № 2   

© Khabarlak K. S., Koriashkina L. S., 2019 DOI 10.15588/1607-3274-2019-2-12 
While performing targeted attack such issues can be avoided by using another algorithm modification with parameter 1α= . Thus, by applying such a modification on the one hand, for a targeted attack we will strive to maximize output of the target neuron when compared to others. On the other hand, we will minimize source neuron output in respect to other ones to accomplish non-targeted attack, which can be achieved with an additional algorithm modification with 0α = . Much better modified image quality can be obtained by the virtue of such algorithm modifications (for example, for the same 6 → 1 attack SSIM score has risen to 0.780). Fig. 6 has trajectories of the source image 6 while being a subject to modification by the original algorithm and both its variations (targeted and non-targeted). 

5 RESULTS Generalized attack analysis was performed next. By launching targeted attack for each pair of source and target classes, a success rate heatmap has been drawn (Fig. 7). Source classes are shown on the left, the target ones in the bottom. Heatmap elements are SSIM values averaged across all the attacks for a given source, target pair. Mean quality over the whole test dataset is 0.76 – such images after attack will still be correctly classified by a human. Top score has been achieved for an attack of similar digits i.e.: 8 → 9, 9 → 8, 0 → 8, 3 → 8. The worst quality degradation was for attack 1 → 0. This can be explained by the fact that the vital region for zero is a black hole in the middle, which gets usually overlapped by a white bar of a one digit. Should be noted, that 0 → 1 attack requires much fewer image modifications then the one into opposite direction, which is proved by comparing SSIM metric value (higher by 0.21). As attacks have been built on real test set samples opposed to the generic digit silhouettes which got learnt by the neural network, the heatmap SSIM values lack symmetry. Training set quality loss heatmap has a similar feature in it. 
  

 Figure 5 – 0 → 8 attack. Algorithm parameters: min_difference = 1.2, step = 0.1, max_steps = 10  Figure 6 – 6 → 1 attack trajectory as projected onto a surface using PCA: targeted attack with 0.5α=  (the longest trajectory), targeted with 1α=  (route of an average length), non-targeted with 0α =  (the shortest path)  
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  Figure 7 – SSIM metric values heatmap for each source, target attack pair  Lower average image quality loss can be attained by employing a stricter parameter selection algorithm. While fig. 7 has losses computed for a low empirically chosen 

min_difference=0.5 value, by selecting the best value from range [0.5, 1.2] an increase of SSIM to 0.87 score has been observed. A higher average SSIM score 0.93 has been reached for the non-targeted attack case, which means that source and target images are nearly impossible to distinguish with a naked eye. As previously, digits 0, 8, were the best ones to attack, 1 has proved to be the most problematic (see the boxplot on Fig. 8). By analyzing non-targeted attack results, one can come up to a conclusion that if image quality loss deviation is high for different images of a certain class (i.e. some images are easy to attack, while others not), then algorithm is inefficient (as it can only change digits that look similar to several classes); if, conversely, the deviation is small, then the algorithm is efficient. SSIM plots with respect to min_difference parameter value have allowed to make a conclusion about the fact that each class has a tendency of an image quality rise jointly with min_difference increase up to 0.9 point, such a trend is especially noticeable for the class of nines. Specifically, the human perceived image quality loss will be substantially lower in case of a strong change of several pixels, then when all image points are slightly modified. Taking this feature into account is the thing that makes our algorithm standout among all other known in literature methods. Among the fast gradient methods, the most efficient algorithm is I-FGM with L2 norm loss [7]. An attack for each source, target pair has been conducted by following the above described procedure for the case without 
min_difference selection. Algorithm has been successful on all test images but has achieved a lower SSIM score of 0.83.  

  Figure 8 – Low non-targeted attack SSIM score deviation. Algorithm is good at attacking diverse images of a single class     Figure 9 – Single-layer to 5 layer fully connected network transfer success probability heatmap  Lastly, the question of adversarial image transfer has been considered. This way, we want to perform the so-called black box attack, when we don’t have any knowledge about network’s weights or architecture, the only allowed operation is to query neural network prediction engine by submitting some images. The attack will be performed by using the above described logistic regression architecture, then an attempt to transfer each image to a 5-layered unknown neural network will be made. For the results reproducibility neural network architecture is to follow, yet this knowledge has not been used in any way during the attack phase. The neural network has a 5-layer fully-connected architecture with layer sizes of 200, 100, 60, 30, i.e. 4 hidden, one output with 10 neurons and one input with 784. As a mean of regularizing the network Batch Normalization has been applied after the first layer, Dropout after the second one. ReLU has been used as an activation function for all layers but the last one, where we have switched to a Softmax function instead. After 100 epochs of training 
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using Adam optimization algorithm, training set accuracy has reached 98.65%, the test one 98.51%. Figure 9 has a generalized heatmap representation of an attack transfer success probabilities. By the above-described procedure an average probability of 33% successfully transferred images has been achieved. Interesting to note, that in many cases images that were difficult to attack for the original network have seen a higher transfer rates than the ones needed only minor image changes. For instance, it has been possible to successfully transfer 87% of 1 → 0 attack images, which have been one of the most challenging ones, but only 14%  9 → 7 attack images. Let’s follow along the 4 → 9 attack procedure. Each step will have the predicted digit with its probability shown for the attacked single-layer classifier (SL) and 5-layer fully-connected network (FC5) (Fig. 10). It should be observed that after there were enough changes to cheat the original network, it has been necessary to make 4 more steps to deceive the 5-layer one. This means that while the two networks have a similar decision boundary yet each one has it biased with respect to another one. Considering the above-described thoughts, a generalized targeted attack with neural network transfer has been conducted once again. This way, after having performed a successful attack on the source network, 5 more algorithm steps were made (where number 5 was chosen empirically), which makes it possible to transfer 91% of adversarial images with a minimal image quality loss. 

6 DISCUSSION Hence, another way of analyzing neural network safety has been presented (logistic regression in particular) against input data attacks. Simplified targeted and non-targeted logistic regression attack algorithms for handwritten digit classification problem on the MNIST dataset has been built. A visual “importance” interpretation of each image pixel for its classification as of an instance of a class has been given. An analysis has 
been performed that has permitted to define classes the most vulnerable to the attack as well as images for which class predicted by the neural network can be changed unnoticeably for a human being. The proposed algorithm gives a possibility of conducting a successful adversarial attack by modifying only several image pixels which minimizes image data loss. The analysis of image quality loss performed based on Structural Image Similarity Index (SSIM) for targeted and non-targeted neural network attacks for the proposed algorithm shows that the developed algorithm provides a better image quality of the attack in comparison to other gradient methods. Adversarial examples, built with the developed algorithm, have been successfully transferred to a different neural network with 5 layers of an unknown architecture. High change of adversarial image transfer to a network with a vastly different network architecture makes the algorithm applicable for attacking restricted-access systems.  

CONCLUSIONS A logistic regression adversarial attack algorithm for the MNIST dataset handwritten digit classification task has been proposed. Targeted and non-targeted neural network attacks can be performed by utilizing one of the two algorithm modifications. The relevance is explained by the fact of an increasing growth of neural network use in the field of public safety and of a critical need of exploring neural network attack methods and of their precursors. 
The scientific novelty of obtained results is that for the first time adversarial attack algorithm has been built upon the attack scoping idea. The presented fast and efficient attack algorithm is able to attack both the whole image as well as separate image regions, which makes the attack algorithm more flexible. An image information loss can be minimized by modifying only a couple of pixels.   Figure 10 – 4 → 9 attack. Adversarial image transfer to a fully-connected 5-layer network. Algorithm parameters:  min_difference = 0.45, step = 0.2, max_steps = 10  
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The practical significance of obtained results is that an early neural network vulnerability diagnostic can be performed by utilizing the proposed algorithms and image quality loss analysis system, which is a pivotal point towards a safer practical neural network use. 
Prospects for further research are to study physical neural network adversarial attack transfer with the use of an ordinary pen, based on a pixel importance of the selected class.  
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ABSTRACT 
Context. The problem in substantiation for methods on constructing models of trainer and trainees, taking into account the peculiarities of their information activity, is considered. The object for the study were the models of trainer and trainees as participants in information interaction. 
Objective. The goal for the work is the solving of the tasks in conceptualization and formalization, aimed at modeling the trainer’s subsystem in the framework of information technology for instruction, as well as modeling information flows and information procedures in the model of the trainee’s subsystem. 
Method. The key components of learning systems and processes are the trainer and trainees. The essential features of information interaction between the instructor and trainees are highlighted. The basis is the concept of the information flow, the specific properties of information flows that are characteristic of learning processes and important for their successful progress are identified. Methods for modeling the key components of the training system as an information system are proposed, such as: the trainer`s subsystem, considered from the point of view of the application for learning information technologies; a subsystem of the trainee, represented from the perspective of the use for information flows and information procedures. 
Results. The proposed models were implemented programmatically and studied practically in the learning processes as a result of working out the modeling tasks for the trainer and trainees as participants in information interaction. 
Conclusions. The conducted experiment confirmed the effectiveness and validity of the concepts and formalisms, the appropriateness for their implementation in information systems, processes and technologies of teaching with the purpose of increasing the processes efficiency on obtaining and practical implementation of information activity models for the trainer and trainees. Further development of research implies the consideration for a wider range of the information activity aspects on the educator and trainees, as well as the corresponding experimental approbations. 
KEYWORDS: modeling, trainer, trainee, information, information systems, information processes, information technologies.  

NOMENCLATURE 
A is a memory operator; 
A–1 is an inverse memory conversion; 
A0 is an initial nondegenerate memory operator; 
A is a parameter vector with components m, s, θ; 
ai is an i-th implementation for the vector of parameters a; 
С is an assessment scale of learning error; 
Сik* are grades obtained for educational trajectories k* of the i-th learning stages; 
Сki is an estimate obtained for the кi-th segment on the 

i-th stage of the learning trajectory; dimX is a dimension for a subset of the set M at the input; dimY is a dimension for a subset of the set M at the output; 
f is a functor for the operator of signal transformations; 
f –1 is an inverse transformation functor for f; 
f() is a function for the signal conversion operator; 
f –1() is a reverse signal conversion; grad is a gradient function designation; 
HI() is an entropy associated with the information process I and the time parameter t; 
Ht=k() is an entropy of the t=k cross-section for a random process describing the information flow I; I is a designation of an information flow associated with the functional dependence I(t), a flow of information from the trainer; 

Ix is an input information flow; 
Iy. is an output information flow; 
Iu is an information flow describing the model of the student’s representations; 
I() is a functional dependence on the argument t, which determines the instantaneous value of the information flow amplitude; °I() is a random component of an information process, determined by the normalized flow; 
i – index variable; 
i is an index variable; 
k is some specific value of the time variable t in the formula for finding M{I} in the cross-section t=k; 
кi is a quantity of the i-th stage segment in the learning path; 
k*

l is the l-th partial learning path (l = 1, 2, ..., N); 
loga is a mathematical operation of calculating the logarithm for the base a; 
M is a set of elements mi; 
M{} is a function for determining the value of a mathematical expectation used to obtain the expected value of an information flow; 
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M{}t=k is an expectation for an information flow of the learning process as a random function of a time in the cross-section t=k; 
MI() is an expectation function associated with the information process I and the time parameter t; 
m is a number of options;   
mi is an i-th memory element; 
n is a number for topics of the studied course; 
N is a variable that stores the number of summable elements; 
P is a probabilistic characteristic of an information flow associated with the functional dependence P(t); 
P() is a generalized random process that describes an information flow in accordance with a given timeline as a function of the argument t; 
Pi() is an i-th discretization of a random process describing an information stream in accordance with a given timeline as a function of the argument t; 
r is a designation of the barrier function weight; 
S is a set of connections si; 
s is some connection of memory elements; sup is a mathematical operation of finding the exact upper bound; 
si is an i-th relationship between memory elements; 
t is a current time of the information flow passing; 
U* is a designation for the optimal control model, described through sequences of the partial trajectories; 
u is an information flow while minimizing the student error; 
x is an argument of the target function f(); 
x* is an x value corresponding to the solution of the optimization problem (the optimum point); 
x*Φ is some optimum point Φ(); 
x() is some event flow vector; 
Δa is some deviation of the vector a; 
ΔI is an information flow, evaluating the mutual deviation of information flows; 
Θ is a set of weights θi; 
θ is a weight (significance) of the memory component; 
θi is some weight characterizing the i-th memory component; 
φi() is an i-th constraint in the optimization problem; 
Φ() is some modified objective function f(); 
Ω is a set limiting a possible values of the x*. 

 

INTRODUCTION The increase in labor market requirements, objectively conditioned by the current realities of the course and the forecasted trends in the development of social and economic processes, requires an increase in the intensification of the specialists (professionals) training. The learning processes are characterized by high information saturation and dynamism of information spaces for studied subject areas, which determines the high level in relevance and practical value for researching information aspects of learning processes, including such aspects of their study as information, information objects, information processes, information systems and information technologies. 
Strengthen these features also such factors as increasing activity and the growing volume for information needs and information requests of participants in the learning process. It is important to consider the information components of the learning processes within a single integrated system, based on the methodology of the system-technical approach. No less important is also the allocation within this review of a separate, special, more thorough study of such key elements of information systems that provide the learning process, both trainer and trainees. 
The object of study is a set of models for trainer and trainees, considered as participants in information interaction. 
The subject of study is a set of concepts and ways for modeling the trainer and trainees, studied from the point of view of the basic components for an integrated system of information technologies in teaching. 
The purpose of the work is to solve the problems of conceptualization and formalization, aimed at creating methods in modeling the trainer’s subsystem in the framework of information technology for training, as well as modeling information flows and information procedures in the model of the trainee’s subsystem. 
 

1 PROBLEM STATEMENT The theoretical and applied research conducted in the sphere of modeling systems, processes and technologies for training examined from the point of view of their informational aspects is still not fully complete, detailed and systematically covers issues related to modeling methods for key subsystems of the information system of education, in particular, information  subsystems of the trainer, trainee and their dynamic components such as information flows and information procedures [1–16]. Proceeding from the above, the key task of research and development in the presented work was the creation of concepts and modeling methods for the following two basic subsystems of the information learning system: the subsystems of the instructor as a source of dynamic information flows in information technologies of instruction;  the subsystem of the trainee, viewed from the point of view of the dynamic information flows and procedures in which he participates as a component of the information learning system. When modeling the information subsystem of the trainer in the framework of the information technology for education, it was necessary to obtain: for the training information flow I as a time process I(t), having probabilistic elements and considered in time sections t= 
k – functional dependencies for the expected value 
M{I}t=k and the random component °I(); structural model of the information subsystem for the trainer, taking into account the consideration of the educational system as an information technology complex with optimization management;  the structural model on the dynamics of the information subsystem for the trainer as a generalized object with an inertial link of the first order;  formular and 
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structural view of the optimization model of learning process control as a movement along information trajectories with minimization of the training error, assessed by scale C. When modeling the student’s information subsystem, from the angle of information flows and information procedures functioning in it, it was necessary to obtain in the work: classification of information flows;  structural model of information flows, with the release of the types of information technologies on which it is based;  the formula model for transformations of the input information flow Ix into the output information flow Iy taking into account the peculiarities of the information signal space, memory and memory operator A; the formula model for describing information in memory using direct f and inverse f–1 transformations of signals carrying information;  the formula model of condition for the completion of training as an information process;  the structural model of information flows in memory;  formula models for estimating the gradient of the deviation for information flows in learning gradΔIai taking into account the information reproduction error 
ΔI(a), descriptions of the gradient training procedure, the optimization task of learning as an information process using the penalty and barrier function methods;  the structural model of the student subsystem as an information system for optimal control of information accumulation.  

2 REVIEW OF THE LITERATURE Improvement of the modern education is based on the use of advanced technologies related to the categories of computer, network, information, information and communication (including distance) technologies based on advanced hardware and software means of information broadcast, and also possessing a high degree of interactivity [1–12]. Wherein, because of the possibility, the widest range of advantages and achievements in the sphere of modern information systems, processes and technologies is used [1, 4–5, 17–23]. The basis of the learning processes is the use of information, and, consequently, an important role in ensuring their effectiveness is played by the expedient use of information systems, information processes and, accordingly, information technologies. In connection with the foregoing, high relevance and practical value have effective models and algorithms for information components of learning processes. In this regard, the key starting point is the information flows and the corresponding dynamic information procedures in the learning processes, their interactions and models, which was reviewed by the authors in their previous publications. In this paper, we consider the questions on modeling of the trainer (teacher) subsystem in the information technology of instruction, as well as information flows and information procedures in the model of the student’s subsystem. 
For definiteness of further consideration, we will adopt the most common definition of information technology [6, 17–22, 25–26], according to which, further information will be presented in Table 1. It should be noted that information technology is based on the following basic principles: interactive (dialog) mode of operation with a computer;  integration with other software products;  the flexibility of the process for changing data and setting tasks. All basic information technologies (Table 1) are used in educational processes, being their basis and the main tool. The notion of information flow is inextricably linked with the notion of information technology [25–26]. The well-known notion of information flow, which came from logistics [25–26], is evidently inherent in any information system and information technology. The desire to connect the notion of information flow with the information system and information technology [25–26] leads to the following definition: the information flow is considered the totality of messages circulating within the information system, as well as between this system and the environment external to it, necessary for management and control of information technology operations. It is advisable to use the classification [25–26] of information flows (Table 2).  Table 1 – Types of information technology Information technology classes Content of activities, related to the implementation information technologies Data processing Processing according to a known, specific algorithm Management Ensuring the adoption of management decisions Automated office Organization and support of information processes  Support for decision-making The development of a management decision that occurs as a result of an iterative process, in which a decision support system (a computational link and an object of management) and a person participate Using of expert assessments  Based on the use of artificial intelligence, expert systems provide an opportunity to receive expert advice on any problems about which these systems have accumulated knowledge  Table 2 – Classification of information flows Names of information flows Content of information flows Horizontal Coverage of messages between partners on production relations in one level of management Vertical Coming from above, from the leading instances to the subordinate instances or links of the system External Flow in an environment external to the system Internal Circulate within one system Input Messages entering (arriving) to the system or to one of its subsystems Output Messages that go beyond one system or one of its subsystems 
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The method of modeling information systems is based on the following “cornerstones”: the simplest property of the information flow is one-pointedness (from source to receiver); the narrowness of information interaction only the source and receiver processes; the general principle of modeling is optimality. On the one hand, the desire to achieve the optimality of the model is considered as a tool for obtaining a valid (which corresponds to the original with the greatest possible deviation or error if possible) representation of the object and its environment, which requires special procedures for finding the appropriate conditions and constraints, and also for the dynamic step-by-step approximation of the model to the object. On the other hand, the optimality of learning processes models involves the use of optimization procedures in order to obtain an effective representation of information processing processes. On the third hand, it is the optimization procedures, on which progressive information technologies are based, that make it possible to realize them highly efficiently [14, 16, 24]. In all the cases presented, we have the following features: the optimality of the modeling for the information components of the training systems is closely associated with the dynamic nature of the information training procedures; the key consequence of the optimization procedures dynamism, which increasingly leads to the need for their consideration as independent dynamic objects and most clearly manifested with a decrease in the step of their sampling, are the significant time costs for optimization, related to the high complexity of the corresponding tasks on system control [14, 16, 24]. An immediate consequence of the above is the need in effective modeling of the dynamics for optimization procedures and the relevance of improving the methods for constructing these models. It should be noted that there are certain scientific results concerning the speed of convergence for search procedures of the optimal, however, the subject area of methods for modeling optimization procedures that are considered as independent dynamic objects remains extremely inadequate [14, 16, 24]. It is important to note that the classification that was mentioned above in Table 2 is oriented to various structures that arise in the implementation of information systems, but in any case, there are unidirectional information flows, and for them the approach to structural modeling of information systems is valid. It should also be noted that the focus on higher efficiency (productivity, effectiveness, reactivity, accuracy, etc.) of information processing processes required improved concepts for determining the amount of information, as well as performing analytical and synthetic operations for research and development of information systems in the information space [13–16, 19–22, 24–26]. Let’s give a quantitative estimate for the information transmitted from the transmitter to the receiver. 

The instantaneous value of the information flow amplitude, which coincides with the definition of information [14–16, 24–26], is represented by the formula (1):  )(log)( tPtI a−= . (1) The expected value of the information flow is represented by the formula (2):  
{ } { }PMIM alog−= . (2) The aim of the research presented below is to solve the problems of conceptualization and formalization, aimed at creating methods for modeling the trainer’s subsystem within the information technology of instruction, as well as modeling information flows and information procedures in the model of the trainee’s subsystem.  

3. MATERIALS AND METHODS The information flow in learning is a random function of time. The mathematical expectation of the specified process in the section t=k  is determined by the average (on implementation) value of the information by the formula (3):  
{ } ).()(log)(1 IHtPtPIM kt

n

kt
i

iaikt =

=
=

= =−= ∑  (3) The entropy of the cross-section of the random process describing the information flow is not random, and determines the expected information for the transmitted information stream. In relation to learning, we have a planned flow of information created by the instructor. The random component of the information process is determined by the normalized flow by the formula (4):  ).()()()()( tHtItMtItI II
o

−=−=  (4) Thus, the centered information flow, as a random process, allows you to determine the deviation of information flows, as the trainee’s information flow, centered on the entropy of the trainer’s flow. In this case, it is possible to assess the deviation of the learning process from a given trajectory. Considering the educational system as an information complex, including the trainer’s subsystem and the trainee’s subsystem, we note that the main properties of this complex are: – the presence of memory, in which the transmitted information and algorithms for its transmission are stored; – the availability of an algorithm for comparing the flow of information transmitted to the trainee’s subsystem and information reproduced by the trainer; 
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– the availability of algorithms for managing the selection of information depending on the deviation of the training stream from the reproduced stream; – the presence of an objective function or functional and algorithms for optimizing the control of the learning information flow. In this case, the structural model takes the following form (Fig. 1).  For each block there is information technology. The memory block is supported by the information technology of the automated office, where storage, transformation and transmission of information is envisaged. The memory sampling control unit is based on information technology of expert assessments and decision support. In its turn, the objective function adopted in the task ensures the application of information control technology. An essential point is the presence in the structure of the trainer`s subsystem the optimization procedure, which ensures the achievement of the necessary level for the criterion of the instruction quality. The presence of an optimization procedure in the system causes the formation of dynamic properties for the entire subsystem. Thus, evaluating the optimization procedure as a gradient one, we obtain a model for the dynamics of the trainer`s subsystem as a generalized object with an inertial link of the first order (Fig. 2). The trainer, having found a deviation in the pupil’s presentation about the material presented, with some “dynamic” delay corrects the material presented, reducing the error of the trainee. Therefore, by dividing the training course into topics and selecting a certain number (let’s denote it by m) of variants for presentation or sequences of information blocks within each of the topics, we can represent the learning process as trajectory motion from initial state to completion of the trajectory, aiming to minimize learning error, estimated scale C.   Figure 1 – The structural model for the trainer’s subsystem   Figure 2 – Model of the trainer’s subsystem 

In this case, for N topics, where each i-th stage contains кi segments and each segment of the trajectory gives an estimate of Сki, we obtain the problem of determining the optimal control as a sequence of partial trajectories, by the formula (5):  
{ }NkkkU *,...,*,** 21= . (5) We have the task of dynamic programming, represented by the formula (6):  

∑→∗
n

i
ikCU *sup . (6) In this way, the learning path is selected (Fig. 3).   Figure 3 – Choosing the optimal trajectory of learning  The solution of this problem is determined by the Bellman principle, within the framework of the dynamic programming method ([13–16, 24] – the optimum is achieved by a search of variants with backward and forward movement). Important is the process of changing the state of the teacher in time. The environment changes – the knowledge amount of the learner changes, the traveled trajectory of learning is accumulated. Consequently, the trainer`s subsystem is not stationary. Compensation for degrading trends is achieved through additional training, attestation and retraining. Consider information procedures in the model of the trainee’s subsystem. The evaluation of learning is approved for the results: the repetition of the information received from the instructor; the construction of a model adequate to the description given by the instructor. The following information flows are distinguished in the trainee’s subsystem (Figure 4): – I – information flow of the trainer; – Iu – a flow of information describing the model constructed by the trainee, based on information stored in the trainee’s memory; – ΔI – the information flow estimating the deviation of the instructor’s information and the student’s presentation; – u – the information flow created when the trainee’s error is minimized. 
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The model shown in Fig. 4, relies on the information technology for decision making by the trainer and data processing when correcting the content of memory, as well as the technology for information systems control while minimizing the presentation error:  Figure 4 – Information flows in the trainee’s subsystem  This view is based on the process for identifying the model of the surrounding world through training, as a correction for the contents of memory. The gradualness of information perception observed during training is related to the dynamic properties of the algorithm for minimizing learning errors, which are individual and must be taken into account when forming the information flow of the instructor. Despite the convenience of describing the model using the notion of information flows, it is not possible to completely ignore the signal space. Describing the memory as a set of elements {mi}, the set of connections {si}, and the set of weights {θi}, we can represent the memory model as a triplet of sets M, S, Θ. The specified triple forms the memory operator A, as its subset, which ensures the transformation of the input information stream Ix into the output information stream 

Iy. In this case, the memory operator depends on the parameter vector a, with the components m, s, θ, and we can write, by the formula (7):  
yx IIA =∗)(a . (7) In this case, it is necessary to take into account that the incoming information flow Ix does not interact with the entire set M, but only with its subset having dimension dimX. The necessary condition for the absence of information loss during the conversion by memory is the condition of preserving the dimension dimX=dimY. Considering that the information flow is inextricably linked with the flow of events x(t), at the same time, that the external information flow and the information flow in memory do not need to have the same signal space, select the signal conversion operator f. In this case, the transformation operator does not influence the information flow, that is, f(I) = I, but it converts the signals carrying the information. In this case, the information inside the memory is described as follows, by the formula (8):  

yx IIfAIIf =∗→= )()()( a  (8) 
The adopted learning paradigm requires the learner to reproduce the information received from the instructor. Therefore, it is also need to execute the reverse transformation, by the formula (9):  

xy IIfA =∗ −− )()( 11 a . (9) However, the mapping (9) does not necessarily exist, since the operator A defines a one-to-one mapping only if the information Ix (or a part of it) is already mapped in the memory. The condition for completing the training we obtain in a simple form, by the formula (10):  
xx IIfAfA =∗∗ −− ))()(()( 11 aa . (10) Assuming the linearity of the operators f(I) and f–1(I), we can write by the formula (11):  )()())()(( 11

xx IffAIfAf ∗∗=∗ −− aa . (11) Therefore, taking into account (11), we obtain the condition for completing the training in the form of the formula (12):  
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YX
AAff dimdim 1)()(1 11 aa  (12) Condition (12) says that information is assimilated if convolution of associative and direct memory results in an identity operator. Condition (12) is only a formalization of the accepted learning paradigm, but it allows to obtain a structural model of information flows in memory, while learning (Fig. 5). The nondegeneracy condition of the transformation, taking into account the conservation of dimension, generates a learning procedure based on the sequential determination of the vectors a, which ensure the selection of a nondegenerate transformation with a sequential increase in dimension, up to a dimension that ensures the identity of the input information stream and the information flow generated by the model. Thus, the training procedure consists of a sequence of steps to minimize the information reproduction error 

ΔI(a), with a consecutive increase in the dimension of the memory operator, condition (12).   Figure 5 – Information flows in memory during training  
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Restricting ourselves to the gradient optimization procedure [13–16, 24], we obtain to estimate the gradient of the information flow deflections by the formula (13):  
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i
. (13) Using gradient estimation (13), we will write the learning procedure as a gradient procedure by the formula (14):  
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+=+1 . (14) Since for a gradient procedure the starting point of motion is essential, we define the initial non-degenerate operator A0, formed by a subset included in the set that generates the required operator. This is the mapping of the principle from simple to complex. As a consequence, we come to the methods of penalty and barrier functions, with the inherent dangers in the appearance of gully. In fact, the method of barrier functions, in this case, is used to solve a problem with restrictions of the inequalities type for the dimension of the memory operator. So, assuming the existence of an objective function 

f(x) and the limitations φi(x) < 0, i = 1, 2, …, n, an optimization problem is posed, represented by the formula (15):  )(min* xfx → , 
( ) mixx i ,...,2,1,0|* =<ϕΩ∈ . (15) Within the framework of the method, a change in the goal function is provided such that when approaching the boundary, there is a “repulsion” from the barrier formed by constraints (Fig. 6). To organize a "barrier", the restriction ϕi < 0; i = 1, 2,…, m is usually used, taking into account that the actual boundary is given by equations ϕi = 0; i = 1, 2,…, m.    Figure 6 – Method of barrier functions  

Thus, we form a new goal function by the formula (16):  
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xfx 1 2 )(1)()(Ф . (16) and, using the gradient procedure, we solve the problem in finding the minimum of a new objective function Ф(x), we find the point of its minimum xФ*, which, in general, does not coincide with the optimum point x* because of the barrier function influence. To eliminate the error in the x* definition, we eliminate the influence of the barrier function by organizing a stepping procedure with decreasing barrier function weight, by the formula (17):  0...21 =>>> krrr , 
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.  (17)The number of steps for the procedure k and the sequence r j are chosen in advance from the conditions of the problem. Thus, a sequence of connecting the elements to the model formed in the memory is formed. In a situation where there is no single-valued memory operator, its search can be provided using the method of penalty functions. When solving a problem with constraints of equations type, represented by the formula (18):  )(min* xfx → , 
( ) mixx i ,...,2,1,0|* ==ϕΩ∈ , (18) a similar method is used. The difference is in the formation of the penalty function, which is assigned in such a way as to ensure the approach to the border, by the formula (19):  0...21 ><<< krrr , 

kjxrxfx ijj ,...,1),()()(Ф 2 =ϕ+= .  (19)The disadvantage of this method is its “ravine type”, which requires the use of the steepest descent method at each of the steps. Thus, it is possible to construct a structural model of the trainee’s subsystem as an information system for optimal control of information accumulation (Fig. 7).   Figure 7 – Model of the trainee’s subsystem 
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We got a conception for the process of information accumulation by an information and control system with a goal functional, defined as the minimum deviation in the information flow of the trainer from the information stream being reproduced by the trainee. This model allows us to evaluate the dynamics of the process. Based on the evaluation for the dynamics of the gradient procedure, which determines the behavior of the entire subsystem, one can construct a simple model similar to the gradient procedure model. Assuming that the information flow of the trainer increases its intensity step by step, according to the degree in assimilation of the material, we get a simple model (Fig. 8, 9). For clarity, we use the tools of the SIMULINK system, which allow us to obtain convenient models of system dynamics. In Fig. 8 the information flow from the trainer I is modeled by a series of pulse parcels storing the input information Ic. The accumulation of information by trainee Iu is determined taking into account the dynamics of the optimization procedure. The transient processes in Fig. 9 illustrate the possibility of coordinating the information flow of the learner with the trainee’s capabilities. At optimum coordination, the moment of end for fragment preservation is combined with the beginning for the following fragment of a training trajectory.   Figure 8 – Modeling the dynamics of information accumulation (scheme of the model executed in the SIMULINK system)    Figure 9 – Modeling the dynamics of the information accumulation (in SIMULINK system) 

4 EXPERIMENTS The implementation of the experiment was based on a set of programs (both standard and expanding the range of their functional capabilities of author’s developments), which allowed to realize the generalized models of trainer and trainees as key subsystems of information learning systems, as well as to make their expert evaluation. The trainer and trainees models were tested in such a way that the initial data for testing models were combined into 150 tuples of data. Based on the experimental results, the validity estimates of the trainer and trainees models were obtained, from which it follows that the obtained and the reference values of these estimates coincide. 
 

5 RESULTS The following results were obtained. 1. The analysis on the development in the theory and practice of learning is carried out, the special relevance and practical value of the information approach to the modeling of learning systems is highlighted. 2. As the key objects of the study, the models for the information subsystems of trainer and trainees are considered. 3. The modeling for the trainer subsystem in the framework of the training information technology is performed. 4. The generalized methods for modeling the trainer and trainees subsystems are obtained. The models of trainer and trainees were implemented programmatically, studied in real learning processes, and the results of these studies (in the form of generalization of demonstrative samples of experimental data, with a sample length of 150) are summarized in Table 3 and Table 4. Table 3 shows four types of trainers, in accordance with their relative graduation in terms of professional qualifications: Type I – Doctors of Sciences, Professors;  type II – Candidates of Sciences (Ph.D.), Associate Professors;  type III – Seniors Lecturers; type IV – Assistants and Trainee Teachers. The resulting data in Table 3 shows the following positive increments of the indicators: increment 1 – according to the speed of training;  increment 2 – by coverage of training information; increment 3 – according to the quality of knowledge achieved by the trainees;  increment 4 – integral increment (generalized for all indicators). The demonstrative characteristics (Table 3) of the learning processes effectiveness are improved due to the introduction of the generated methods for modeling the information subsystem of the educator, including for those with a lower category of professional qualification.       
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Table 3 – The model of the trainer information subsystem Positive dynamics in the effectiveness of training activities based on the practical implementation results of the developed modeling methods: Type of trainers Percentage  ratio of the trainers  a certain type  (in the range from 0% to 100%) The overall effectiveness in implementation  of the trainer`s activity before applying the proposed modeling method increment 1 increment 2 increment 3 increment 4 Type I 10 90 6 10 8 8 Type II 30 80 4 6 5 5 Type III 30 70 3 5 4 4 Type IV 30 60 3 3 3 3 Average value 25 75 4 6 5 5  Table 4 shows six types of trainees that correlate in academic performance with the European grading scale for the EKTS grades as follows: type 1 – A; type 2 – B; type 3 – C;  type 4 – D;  type 5 – E;  type 6 – F, FX. The results shown in Table 4 are the following increments: 1 – to reduce the duration for the implementation of information activities by the trainees in the learning process; 2 – to increase the amount of information consumed by trainees; 3 – in increasing quality assimilation of information by trainees; 4 – on the integrated indicator for the effectiveness of learning activities within the information subsystem of the trainee. The results of the trainees activity improved for all types of research, and, especially, for the most problematic type, six where previously positive estimates were mainly obtained exclusively after a number of retakes. The conducted experiment confirmed the effectiveness of the generalized methods for modeling information subsystems of trainer and trainees, taking into account, as an actual factor, the dynamics of information procedures in the training system. 

 Table 4 – The model of the trainee information subsystem Positive dynamics of learning outcomes when using  the proposed modeling methods Type of trainees Share of the trainees (in %) The average initial  success of training increment 1 increment 2 increment 3 increment 4 Type 1 10 92 2 3 1 2 Type 2 20 86 3 5 4 4 Type 3 20 78 7 6 5 6 Type 4 20 69 9 9 6 8 Type 5 20 62 12 11 10 11 Type 6 10 40 15 14 22 17 Average value 16,6 83.5 8 8 8 8 
6 DISCUSSION The modeling methods expand and supplement the tools of modeling. As a result, it is important to note the following: – the currently existing theoretical and practical research and development on a number of authors’ collectives and individual authors mainly reflect separately taken, isolated subproblems in the methodology of modeling for dynamic information systems (objects, processes, procedures, technologies, etc.) related to teaching by trainers and assimilation by trainees, which does not allow, on the whole, to obtain a sufficiently satisfactory state of the general model; – the methods in modeling for the information subsystems of the trainer and trainees developed by the authors of this publication expand the capabilities of previously developed by other authors methodological developments, allowing to significantly increase the effectiveness of information learning processes (according to Tables 3 and Table 4, the integral indicators of effectiveness increase by 5% and 8% respectively). 

 
CONCLUSIONS In paper, the results of research on the methods formation in modeling of information subsystems for the trainer and trainees, complementing and developing existing approaches were presented. The carried out experiment substantiated the practical effectiveness of the proposed modeling methods and the expediency of using them to enhance the effectiveness of information subsystems of the trainer and trainees. 

The scientific novelty of the achieved results consists in the fact that for the first time methods have been proposed for modeling the trainer subsystem within the learning information technology, as well as information flows and information procedures in the trainee’s subsystem, which are based on the complex application of the information theory methodological apparatus and the conceptual basis of studying the activity processes for the trainer and trainees as integral, purposeful, dynamically proceeding information processes, which are a full-scale complex of interrelated information procedures to provide the required state for information base of trainees competencies. The proposed methods make it possible to ensure, with an allowable accuracy, the optimal modeling for information subsystems of the trainer and trainees taking into account the dynamics factor, which makes it possible: to reduce the time intervals for the flow of information learning processes; to increase the volumes of information presented, consumed and qualitatively assimilated at the theoretical and practical level. Accordingly, a higher level of knowledge, abilities and skills of the trainees is achieved, with reception them the best points. Within the created methods, key concepts and mathematical modeling apparatus of information subsystems for trainer and trainees are proposed. 
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The practical significance of the work results is to ensure that they increase the effectiveness of information subsystems for the trainer and trainees. 
Prospects for further development of the work involve the consideration in a more wide range of the characterization aspects for the information subsystems of the trainer and trainee, as well as the results of their activities. 
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УДК 510.6  

О Е ЮВА  ОГО,  АВЧАЄ, А ,  АВЧАЮ Ь, А АСА А  О Е С ОГО 
І ОР А І ОГО І О  О В ОС О А ЮВА  І ОР А І  Е О ОГІ  І С С Е  

АВЧА  
 

а в В. Є. – -  . а , , аві ва  а и і а і и  і  Х ь  а і а ь  
і  ів и , Х , У а а. 
С в А. Є. – а . . а , ,  а и і а і и  і  Х ь  а і а ь  
і  ів и , Х , У а а. 
В в ь а Г. В. – а . . а , ,  а и і а і и  і  Х ь  а і а ь  
і  ів и , Х , У а а. 

A О А І  
А а ь і ь. Р я  а а  ґ ва я ів ви  , я и  ав ає, а и , я и  ав а ь,  в а в ь ив і ь  і а і  ія ь і. ’є  і я и і , я и  ав ає, а и , 

я и  ав а ь, я  а и ів і а і  в ає і . М а и – в’я ва я а а  а і а і  а а і а і , 
іє ва и  а ва я і и и , я и  ав ає, в а а  і а і  і  ав а я, а а  а 

ва я і а і и  ів а і а і и   в і і и и , я  ав а ь. 
. К ви и а ви и и  і ів ав а я є , я и  ав ає, а і, я и  ав а ь. Ви і і і і 

ив і і а і  в ає і  , я и  ав ає, а и , я и  ав а ь. В в   а  я я і а і  , ви і і и і і в а ив і і а і и  ів, а а і я ів ав а я а ва иві я ь  
іш  і . За ва  и ва я ви  ів и и ав а я я  і а і  

и и, а и  я : і и а , я и  ав ає, я а  и  а ва я і а і и  і  ав а я; 
і и а , я  ав а ь,  а ає ь я і    а ія я і а і и  ів а і а і и  . 
Р з ь а и. За ва і і а і ва і а  а вив і а и  в а  ав а я в і  

ві а ва я ав а ь ва я , я и  ав ає, а и , я и  ав а ь, я  а и ів і а і  в ає і . 
Ви в и. в и  и  і в ив ієві ь і ва і і ь і  і а і ів, і ь і ь ь  

в ва я в і а і і и и, и а і  ав а я   і ви я ив і ів 
и а я а а и  в і я  і а і  ія ь і , я и  ав ає, а и , я и  ав а ь. а ьши  
ви  і ь а ає я  ши ш  а а ів і а і  ія ь і , я и  ав ає, а и , я и  

ав а ь, а а  ві ві и  и а ь и  а а і . 
ЮЧОВІ С ОВА: ва я, , я и  ав ає, , я  ав а ь, і а ія, і а і і и и, 

і а і і и, і а і і і .  
УДК 510.6 
 

О Е РОВА Е О ЧАЮЩЕГО  О ЧАЕ Ы  А ОС ОВЕ О Е С ОГО 
ОР А О ОГО О О А  СОВЕР Е С ВОВА Ю ОР А О Ы  Е О ОГ  

 С С Е  О ЧЕ  
 

а в В. Е. – -  . а , , ав и  а  и а и  и  Х  
а и а ь  и  ив и а, Х , У аи а. 
С в А. Е. – а . . а , ,  а  и а и  и  Х  а и а ь  
и  ив и а, Х , У аи а. 
В в ая Г. В. – а . . а , ,  а  и а и  и  Х  

а и а ь  и  ив и а, Х , У аи а. 
A О А  

А а ь ь. Ра а а а а ва ия в ия  а  и а , и ва и  
и и  и а и  я ь и.  и ва ия яв я и ь и а  и а  а  

а и в и а и  в аи вия. Ц ь а  – ш и  а а  а и а ии и а и а ии, 
и и ва  а и ва и  и  а  в а а  и а и  ии ия, а а  а 

и ва и  и а и  в и и а и   в и и  а . 
. К в и ав я и и и  и в ия яв я я а и  и а . В  

в  и и а и  в аи вия а  и а . В в   я и  
и а и  а, в  и и и  в ва и а и  в, а а  я в 

ия и ва  я и  ш  а ия.   и ва ия в  в и  
ия а  и а и  и , а и  а : и а а , а а ива ая  и ия и ия 

и а и  и  ия; и а а , ав я ая   ия а в ва ия 
и а и  в и и а и  . 

Р з ь а .  и а и ва  а  и и  а и и в а  ия в и  
а и а а и  и ва ия а  и а  а  а и в и а и   в аи вия. 
В в . в  и  в и   в ь и ва и ь и  и а и в, 

а ь и  в ия в и а и  и ,  и ии ия  ь  а 
ив и в ия и а и  в ия  и а и  я ь и а  и 
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а . Да ь ш  а ви и  и ва и  а а  а и   ши  а а в 

и а и  я ь и а  и а , а а  в в и  и а ь  а а и . 
ЮЧЕВЫЕ С ОВА: и ва и , а и , а , и а ия, и а и  и , 

и а и  , и а и  ии. 
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в в ши   ав и . – М. : «А а ия», 2005. – 468 . – . 55–66. 27. Khodakov V. Ye. Models of training procedures / V. Ye. Khodakov, A. Ye. Sokolov, G. V. Veselovskaya // Radio Electronics, Computer Science, Control. – 2018. – 
№ 4 (47). – P. 51–60. DOI: 10.15588/1607-3274-2018-4-5.  

130



e-ISSN 1607-3274   Ра і і а, і а и а, ав і я. 2019. № 2 p-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2019. № 2   

© Ма  В. ., в  А. ., 2019 DOI 10.15588/1607-3274-2019-2-14 
УДК 602.1:519.85:53.082.9:616-07  

О ’Ю ЕР Е О Е ЮВА  І ЕР- І Ч О  
І ОСЕ СОР О  С С Е  А ГЕ САГО А Ь І  РЕ І І  
В ОР С А  РЕ І ЧАС  ЕРЕ ІА Ь  РІВ Ь 

І  А І Е   
 

а ц ю  В. . – -  . а ,  а и і а и и а ав а и и У ів и  в Бє ь -
Бя і , . Бє ь -Бя а, ь а. 
Св ю  А. С. – а . . а ,  а и и  і а и и Т і ь  ав  -

и  ів и  і і І. . а в ь , У а а. 
 

А О А І  
А а ь і ь. Ва иви  а  ва я і - і и и  і и  и  є а а і я  а-
а и и  а ’ и  , ва я и  и а а я  а і і и  и я  я и а я ві ві и  

и  и іа ь и  ів я ь я і  и а і и. Ма а и  ва я в и   и а и а я 
а а ів, я і  а и и а і  і і ь і и  и .   

а. М  и є а а а и  а ’  і і - і и  і  и и  ви и-
а я  ші а и  и іа ь и  ів я ь і  а і я  а а а ь і  ші і а і я  і і.  

. В і  а а и  а ’  і і - і и  і  и и а 
а а ь і  ші і. Д я ва я в  и а і и ви и а  и  ші а и  и іа ь и  

ів я ь і  а і я . Д я ва я и и  і  ви и а  и а і  і  ш  я . и а  
і і а и і я  в’я и ві ві и  а а и  и . Ви в   і і ь и ь я а ві а а і  

ві ві и  а ви  іа а , ші а и  а ь а и а ів, и а и   ві ві    і.  
Р з ь а и. ав  а а і  ь а ів и ь  ва я і ва  і  ви я і а я а-
ви  и , ші а и  а ь ві і в’я ів а и ів  а и і а и а и  и а   в ва а, 

я и  а а и є і ь і ь і и  і ів. 
Ви в и. в  а а и  а ’  ва я і - і и  і  и и. В а в ,   я і а в і а єв  а и ь ві  а  і  ві ві і. Ви в   і і ь і ів  и - а ві ші а  а я і ів,  і ь. и и  и а ,  є ь я і ь і  

і і ів, я і і ь, є ва иви  и ва і і - і и и  і и  и  а і я   
і і. а и и  и  а  і и   ви а а ь ві ві и  ви я  і  и  и а . 
и а і и а ь і ь а и а и  ви а и в и  а а і  і і і і а  в а ва я  

а і я в а і. 
ЮЧОВІ С ОВА: ’  ва я; а а и  ва я; і - і и а и а; і а 

и а; і ; і ; и іа ь і ів я я і  а і я ; ші а і и іа ь і ів я я; і і ь 
і; а а ь а ші а. 

 
А РЕВІА Р  

КФ  – і - і и а и а; 
КФ  – і - і и а а и а; 
КФІ  – і - і и а і а и а;  – і и а а а.  

О Е А РА 
jBI  – ші а  а я ві і 

в’я ва я а и ів а и і а и в і і j ; 
D  – і іє  и і ; 2−ΔD  – шви і ь и і ; )(,, tF kji  – а ія а и і  в і і і; 

jFL  – ші а  а я і -
и  і ів в і і j ;  

ISB – а і  і ів; 
kji ,,  – и а и і і ів; 

flk  – і іє  і і і ив і і   і ь і а ів і  а и і а и 
а а и а и; 

n  – і іє  и і  и а а ; 
N  – і  а а ь  и , я  а а и є і ь-

і ь і і ів в а а ь і  ші і; 
jPP  – а ві и і і ів і а 

j ; 
jQA  – а і  ви і и  а ь а и а ів,  

а а и ь и а і і в а ив і і а; 
js  – а я ви і  и а  і а 

j ; 
lfs  – а  і ; 

lfnons  – и  а ; 
∧
S  – ви  а  и і  і  і і и 

і я и; )(,, tV kji  – а ія а и ів; 
γ  – ві і а шви і ь а і а і  а и -
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ів а и і а и; 
Δ  – ві а ь і  і я и; 

fδ  – шви і ь,  я  я ія а и і  а   я  і а и я; 
υδ  – шви і ь,  я  я ія а и ів а -  я  і а и я; 
i,j,k  – а  ів ва и; 0,0
i,j,k  – і и  а   а и ів а а и і ; *,0
i,j,k  – і и  а   а и і ; 
і  – і и и  і и  і и  а ; 
і – і и и  і и  і и  а ; 

ηγ  – ві і а шви і ь і  ві ві і а 
і ьш я і ь і а и ів; 

flΘ  – в  а я і ; 
fμ  – і а і а и і ; 
τ  – і а а і я в а і,  я  а ає і -
а ві ві ь; 

tΦ  – в і   я  ви я і 
и і и ш  я .  

ВС  
КФ  – і и а и а, я а а і є і а і  
и ь а і и и  ів. В и ві ва ь я 

а а іш   ви я і в ва и  и  а  я 
і и  а  і и и  ів в и -

а  і в и  в’я . У а и  и а  и а і а 
і и и  ів є  і а і  
і ва  яви а  иві   а 
а  и а ів ва я ’є  [1].  
КФ  ь я  яв  в  
и в  в і , я а ві ває ь я в а  

ві і [2], і я а в’я є ь я  ви  і  «Internet of Things (І  )»,  і  
ви и в ва и и а и ві  ава ів і ви і ва ь и  
и а ів. и і і я КФ  ь я а 

ви и а і а а и  а ’  -
ва я. У і [3] і  а ва я  а а и - ва я ав  я  КФ  в і и  

а я  і а ва я  – в  ва я, 
і и і и и, и я в а ь  а і, 

і а ь  а , ві і і і, 
и и а и  і и, ва і я и. З - а а и  а ’  ва я 
КФ  А. а  а вав і і  а ві « и а і  і и» [4], [5]. и ь  ви и в -
ь  а і  ві а ва я   -
а и ,  а і   в а и ь -
ь   а ь і и , я і ав я ь а ь і 

в и и и і ви а а ь  и а і . 
Бі и є а ь а ив  ві и  а  ви-

і ва я, я і ви и в ь в і  і і-
и  а іа ,  а є  ви  ив-
і ь а ає  шви  і  в и и ви і-
ва я [6–8]. Д і я КФ  а ві і -

ів а і ів а є ив  а а ь и и 
в в’я   і і  і ьш и  ів і-
и  а а а і  і и  а а ів и -

і і и  ів. Ва иви  а  ва я 
КФІ  є а а і я  а а и и  , я і  а ва  ві а а и и,  

а ь в ві  і ва я.   
1 ОГ  І ЕРА Р  

І и [9] є і  і ів, в я и  
ві ває ь я і і і а а ія в’я а а  -
в ва . и и  и і  і ів -
я ає в и і  я  і ава і 
а и ів а и і а и я в я а і ь  -. В і и  и я  ви и в -
ь я и и в і ви и ва я: 

і і и  ( і и и , а и -
и  а  и и  (є і и ), и и  і 

и и ). У i и и ів ь ви и-
в ва и я, я  я і ( а ва і) а  я  я і ( а ва і) і и. я і и а і вияв-

я и і и і і и і  а  в я і  -, в  а  я  я і, ви и в ь і і 
ів і ва  и а , я і а ь  і ьш 
ив  а ів а ь  в и и ва я  

ви і ва ь и  и а  [9]. 
К і и і і и ь а в ва и я я 

і ь і  і и і і ва я а і  а - в и  і і и  и и и  яви . В 
і [10] и а  і и и  і , я и  

ви и в є і і  і а  
і . Да и  і  и а и  я 

і а  ь и  і и  CD4+. а ь -
ва я ь  і а в ає в  і 
і і, і    я и  ів ва и   
і  і и  CD4+, я і а ь я і я и . К и и и вияв я ь я ш я  -
я а і а ив и и і а и а і і. а  «Вві » а  «Ви »  і я 

в а є а вияв я іє   і и и CD4+. Та и  и-,  і а ва и і ь і ь і и  CD4+, 
і в ь і і і в а і «Вві ». 
Ц  а а ь и  і і   і ь і  вияв я і и  
ви и а  я ва я і  и -
и, я а є ь я а яви і і , в а і  

і.  
Ви а я і  КФ , ав  в [11], 
а ає я  и и « і ьш ви и  

і ь є а я, і я и и, иві ь 
ви и в ва и в ва і и и в а і 
ав а и а і  а и а я і и  а а ів». Та  
а ва я ви и а  і я ви 

і а ь  и КФІ ,  а а и  а  ва я.  
КФ  ві я ь я  ви і а і ва и  

і а і и  и . В и ви и в ь -
и  а і  і ів, я і а ь  и ва и 
шви  а ві  і а і   а  а 
в іш і а і и и, я і ви і и і я 
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і ши  КФ . З і  [11] КФ , я  а а і а 
и а, є в і и  а ь  в а  
и а і   а і а  а а ь  
и и. Д я ь  ви а а ь и и и  
и в, в а в и  і а ь  а ва -
я. Д я и а , і и ь ви и в -
ва и я я і и и и и  а ів и в -
и и  а в ва я , в и и и і і  и 

ви і ва і в и и и и в ві, вияв я 
і ь і и  а и ів  я и  а а в и и  -
а  і і .  
Д я и а і я а а и  а ’  і КФІ   ви и а я  ші -

а и  и іа ь и  ів я ь і  а і я  а 
а а ь і  ші і і  ви іши и а і 

ав а я:  – а і а ь  и КФІ ; – а а а и  і в  и-
а і и КФІ  а ві в і и  а а ів і 
β , γ , fμ , η , υδ , fδ , τ ; – а а а и  і и  и а-
і  і и КФІ  а ві в і и  а а ів )(tk fl , flΘ ;  – ви а я і и  а ів я і я 
і і і КФІ  а а а ь і  ші і; – ва а  ’  -

ва я в а і R КФІ  а я а ви  и , 
ші а и  а ь ві  в’я ів 

а и ів  а и і а и, ші а и  а ь 
і и  і ів, и  и а   

в ва а, я и  а а и є і ь і ь 
і и  і ів. 

О ’є  і я є КФІ ,  ав -
а иви і и  а ив  і і ів. 

 і я є а а и а а ’ а і КФІ  а а а ь і  ші -
і  ви и а я  ші а и  и іа ь и  
ів я ь і  а і я . 

а и. Р и и а а и  а ’  і КФІ  а ві иви і  
а ив  і і ів  ви и а я  ші а и  
и іа ь и  ів я ь і  а і я  а а а-
ь і  ші і а і и и  і і ь.   

2 ОС А ОВ А АВ А  
Н а  и ає  а і  і ів }{ jsensorISB= , nj ,...,2,1= . К  і  - я а и я  і ь и ви  а а ів  }Θ),(,τ,,,,,,{ ,,,,, jfljfljjfjjjfjjj tksensor δδημγβ= υ . 
Т і а а а я і  а а і  а і  і і 

а я ає  ви а і а  ви і и  
а ь а и а ів },,,{ jjjjj sFLBIPPQA = ,  

а а и ь и а і і в а ив і і а 
jsensor  а ь я а ві ві ві  а а и- і.  

3 А ЕРІА  І Е О  
У і [11] а ва  а а ь   

КФ . и а ва і ь  і   ви а  
і ів а ви и и и ви и ав а ь: 
и а и а а ь  і а і   і ; 

ви і я и і і і а и и  в я  
и и ь а а і ва я ; в ає ія и  і ши и 

і а и.  
В ві і а ь  и КФІ  ( в іш і  
я и  а и . 1) а  і  КФ   

в а ва я  ив  і а ь и  
і ів. З а ви и ави а и ( и а 
і ія а и . 1) і  ши є ь я  КФІ .    

Ри  1 – Ф і а ь а а КФІ   
Д я і я в  и а і и КФІ  

ви и в є ь я а а и а ь а  
і і и  ші а и  и іа ь и  ів я ь і  

а і я .  
Р я ає ь я а а и а ь і а 

а ві а а ь  ші и. и ь  я 
а і  і і ів ),,( kji , NNkji ,,, −= , 0=++ kji  ви и в є ь я і а и а -

и а  [12]. 
Ма а и а ь і а а ві 
а а ь  ші и ає ви я  ші а  и -
и и іа ь и  ів я ь і  а і я    

133



e-ISSN 1607-3274   Ра і і а, і а и а, ав і я. 2019. № 2 p-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2019. № 2   

© Ма  В. ., в  А. ., 2019 DOI 10.15588/1607-3274-2019-2-14 
{ }).())()( )(()( ,)()( ))(()( ,,,,,, ,,,, ,,,,,, ,,,,
tFtFtF

tV
dt

tdF

VStVtV

tF
dt

tdV

kjikjikjif

kjif
kji

kjikjikji

kji
kji

δ−

−τ−ηγ+μ−=

+τ−δ−

−τ−γ−β=

∧
υ  (1)  

я а а а а а ви и ія и (2):  .0)0(),0( ),0,[,0)()( ,0)()( ,,,, 0 ,,,, 0 ,,,,
>

τ−∈≥=

≥=

kjikji

kjikji

kjikji

FV

ttFtF

tVtV   (2)  
а а  в і и  а а ів β , γ , fμ , η , υδ , fδ , 
τ . 
М ь ви и в є ви  а , я и  

а ва и  в [13] ( а ва і а ія . 10)  
{ }kjiVS ,,∧  ви я  ( ив. и . 2): 
{ }

⎪
⎪
⎪

⎩

⎪⎪
⎪

⎨

⎧

=++−+−∈

−++

+++

++Δ

=
−++−

+−+−

−+−+
−

∧ .0,1,1,, ],6[ ,,1,1,,1,1 1,,11,1, ,1,11,,12,,
kjiNNkji

nVVV

VV

VVD

VS
kjikjikji

kjikji

kjikji

kji  (3)  
Д я а а и  ва я и а і  
і и КФІ  ви и в є ь я и а и , я и  а-

ва и  А. а  я а а ь  КФ  [4]  
ви я і ви а ва я . У ви а  КФІ  
ши  ів ь  є и а і  а , я а 

ви а ає ь я а  а а и   
{ } .&)())()(()( ,ˆ)())( ),(()(:: ,,,,,,,, ,,,,,, ,,,,

tkjikjifkjif
kji

kjikjikji

kji
kji

tFtFtV
dt

tdF

VStVtV

tF
dt

tdV
a

Φδ−τ−ηγ+μ−=

+τ−δ−

τ−γ−β==

υ
(4) 

У і (4) tΦ  є в і и  и  -
я   ви я і и і и ш  я   .0 ,0,,,)( ,)( max,,min max,,mindef

=++

>∧−=∧≤≤∧

≤≤≡Φ

kji

tNNkjiFnFF

VnVV

kji

kjit  (5)  
В ь а і в’я ва я а и ів  а и і а и в 

і і і ві ває ь я яви  і . 
Ф і ва я і і я ),,( kji  ви а ає ь я 
в а а а и. А а , lfs  є а  і  а 

lfnons  є и  і  и  а ів.  
   

Ри  2 – а а ь а ші а, я а в’я є ші ь 
і і  і ів в і і і я  ви и а я  

і и  и а : а я: 1, 3, 5, 8, 9, 11 – ⎟
⎠
⎞

⎜
⎝
⎛
Δ

)(,,2 tV
D

kji ; 2 – ⎟
⎠
⎞

⎜
⎝
⎛
Δ

−+ )(1,,12 tV
D

kji ; 4 – ⎟
⎠
⎞

⎜
⎝
⎛
Δ

−+ )(,1,12 tV
D

kji ;  6 – ⎟
⎠
⎞

⎜
⎝
⎛
Δ

+− )(1,1,2 tV
D

kji ; 7 – ⎟
⎠
⎞

⎜
⎝
⎛
Δ

+− )(1,,12 tV
D

kji ; 10 – 
⎟
⎠
⎞

⎜
⎝
⎛
Δ

+− )(,1,12 tV
D

kji ; 12 – ⎟
⎠
⎞

⎜
⎝
⎛
Δ

−+ )(1,1,2 tV
D

kji   
І ив і ь і  і а і ь -

і а ів і  а и а и а а и і а и,  )()( ,,,, tFtVk kjikjifl . и ає ь я,  і ь ),,( kji  
а и ь я  а і і , я    

flkjikjifl tFtVk Θ≥)()( ,,,, ,   0>Θ fl  є я и  ви  а я  
в’я ва я, и я  ві ває ь я яви  -

і . 
Ви и авши в и а и і і и ш  -

я  івві ш я а в я Ls =  я -
и і и ш  я  L  а а  s , а ви-
а и и я и  і ів ),,( kji ; 

NNkji ,,, −= , 0=++ kji  а и lfs  і lfnons , я   .)()( ,)()( ,,,, ,,,,
flkjikjiflnonfl

flkjikjiflft

nFnVks

nFnVks

Θ<=

Θ≥=  (6)  
Ди і і и ві ва ь я в ’ и  
а а , и в и и а ь ві а я я 
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і и . Та а и а ія ві ває ь я  ви а  ви и -
я яви а і  в і і ),,( kji , 

NNkji ,,, −= , 0=++ kji . У а і і  
і і  kjilfs ,,,  и в є ь я а я 1. Ц  в   
и , и і  і и, і ь и а я 

kjilfs ,,,  і є ь я и єв . 
и і і і і а а и  і 

і а а а а ь і  ші і а в -
ь я і і а и: і и  а   а и і , і -
и  а   а и ів а а и і , і и и  а -
і и и  і і і і а и. 
У а а ь  ви а  а  ів ва и 

( ) 0,,,,,, ,,,,,, =++−=≡ε kjiNNkjiFV kjikjikji  я 
и и (1) а а и я  в’я  а а  
и и:  

{ }.0)( ,0)( * ,,* ,,* ,, * ,,* ,,* ,,* ,,
=δ−ηγ+μ−

=+δ−γ−β
∧

υ

kjikjifkjif

kjikjikjikji

FFV

VSVVF       (7)  
Р я а и ( ),, ,,,, kjikji FV  ,,,, NNkji −=  0=++ kji , ає  а і ви а и. 
і и  а   а и ів а а и і  )0,0(0,00,0 ,, =ε≡ε kji , ,,,, NNkji −= 0=++ kji . 
і и  а   а и і  ,0,

δ
0*,0*, ,, ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=≡

υ
kji  

NNkji ,,, −= , 0=++ kji . 
Д я і и  і  і  а  -

я  ви а , и 0і,, >≡VV kji , ,,,, NNkji −=  0=++ kji , { }( )0ˆ ,, ≡kjiVS . Т і 
и ає  і и  а , и я  

( )ііі,, , FVkji =ε≡ε ,   ,2і

f

ffV
δδ+ηγ

γμ+βδ
=

υ f

fF
δδ+ηγ

ηγβ+δμ−
=

υ

υ2і . 
Т , я  0>ηγβ+δμ− υf ,  іε  є 
і и  а . 

Д я и я і и  і  
а і а  а   а а ь  ви а  і  
в’я а и а а  и  (7) а а и 
і и  і и  а . а і  ви  і  

а  а ива и  і и и  і и  а  ),( і,,і,,і
kjikji FV=ε , ,,,, NNkji −=  0=++ kji . 

У ви а , я  в і 0),( і,,і,, >kjikji FV , і 
іε  є і и  а . З а я іV  а 
іF  ь и ви и а і я  а ві а и-
я я и ь и  ів в’я ва я 
і і  а а  и и (7). 

З  ’  ва я КФІ  ви-
и а  в  а ва я R а ви  -
и R Studio. Ц  в’я а   и , , ва а и 

а в и  і а і я в а ва я, я і ви -
и в ь я и і КФ  (Assembly, C, C++, D, Java, JavaScript, Python, Ada а і . [14]) ва R ши- ви и в є ь я в а и  а   а а ь  а -
я ,  а а ь я аши и  ав а я  і  и  -
ь в’я а і а ьші і я. Ві а і а ія 

а и  в ’  ва і і а а  а  ggplot.  
4 Е С ЕР Е  

Чи ь і и и а ві ’  
ва я в и и я і  в а ва я  і  а-

а ь  и а N , я  а а и є і ь і ь 
і ів в а а ь і  ші і. Р я  ь (1)–(3) и 4=N , 1в2 −=β , 

в
2

⋅
=γ , 1в1 −=μ f , 

γ
=η

8,0 , 
в

5,0
⋅

=δυ , 
в

5,0
⋅

=δ f , 9,0=n , 2,0=D , 3,0=Δ . 
К ’  ва я  а і ва  я 
і и  а ь τ .  

5 РЕ Ь А  
а а і ва  ива  в і  і (1)–(3)  

и 05,0=τ , 25,0=τ , 287,0=τ   а  а ь 
а а ів, я і ав і ви  ( и . 3–5). -
і ає  я і і і и в і и і і ів а -
і КФІ  в і .  

6 О ГОВОРЕ  
А а і и а ві іа а и я і  а и ів  а и і  ( и . 3а) а и и ви в ,  
и 05,0=τ  в’я  и и (1) а   і -
и  і  а , я и  в а  ви а  є 
і и  . Та і а і і а ь я 
я в і  і і ів і - і и  і і - и и а а а ь і  ші і  ви и -
а я  ші а и  и іа ь и  ів я ь і  а і-

я  и )25.0,0[τ∈  ( и . 3а). 
А а і и а ві іа а и я і  а и ів  а и і  ( и . 3 ) а и и ви в ,  
и 25,0τ =  ви и ає і а ія Х а і в і а ьші 
ає і  ві ві а ь і и  а и и  и а  
я в і  і ів ( и . 3в). Д я и  ґ -
ва я ви и я і а і  Х а і  -
и и и ві ві  а  и  яв и  в’я ів а-
а и и  ів я я і а и ва  и и (1). 
Р ь а и и ь  ва я і  -
и и и ь а а и а ві и  

і а і  Х а [15]. и ь  в’я  и и (1) а   і  а и  и   в а -
а ь и и а и ( и  а ь и  а и  і 
и  а ь и  і і ) в и і.  
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а    
в 

Ри  3 – Р ь а и и ь  ва я  и и (1) и и  
а – 05.0=τ ,  – 25.0=τ , в – 287.0=τ .  

З а я а ви  и  в и а а  ( )kjikji FV ,,,, ,  я 
і я )0,0,0(  і  ш и і і  і ів. а я:  – 
а ви  а , ○ – і и и  а и  а , ● – і и и  

а и  а  
  
а      
в 

Ри  4 – Р ші а і а я ві і в’я ів 
а и ів  а и і а и в і я  и и (1)  

и а – 05,0=τ ,  – 25,0=τ , в – 287,0=τ   
а  
в 

Ри  5 – З а я і и  і ів и и (1) и а – 05,0=τ ,  – 25,0=τ , в – 287,0=τ  
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а 
  
 

в 
Ри  6 – и и  и а   в ва а, я и  

а а и є і ь і ь і и  і ів  
и а – 05,0=τ ,  – 25,0=τ , в – 287,0=τ   

Да і я ’  ва я і -
і и  і і а  ви и а  
ші а і а і и. ш  ва  ві ві і 
а і и, а я и  я  і я ав  
ві і ь а  а и ів  а и і а и, я  

kjikji FV ,,,, ×  и 05,0=τ , 25,0=τ , 287,0=τ , 
ав і а и . 4а–в. 

На  а і ’  ва я 
КФІ  и а  ші а і а і и 

і и  і ів а ві ви а я ви (6), я і ав і а и . 5а–в. 
В я і и а  ав ша ь  а  ’  ва я КФІ  и а  ви-
я  и  и а  в ва а, я и  

а а и є и  і и  і ів в 
а і ві  і  а я а і я в а і τ  ( и . 6а–в). Д я и ь  ва я КФІ  - ви и а  в  а я я і  5,1=Θ fl . 
На и . 6а ав  ь а  и ь  -

ва я и и (1) и 05.0=τ , я и  ві ві ає 
і  . и 25.0=τ , 287.0=r  

і ає ь я і а ви я и і и  
і ів, я а ав а а и . 6 ,в.   а а и ь а и и ь  а а і , 

і і а и в і і я  і ь я 
ві ві   а ів и  и а і и. 
А а і и и а і ь а и,  ви в ,  и і і а я τ  я і  і є ь я в і а 
і ів а КФІ .  

В С ОВ  
В і  а а и  ь КФІ  

а а а ь і  ші і  ви и а я  
ші а и  и іа ь и  ів я ь і  а і я , 
і   і і ь. и ь  в а в ває ь я 

аяв і ь і  а и ів а а и і ,  
а і ва і  і я , а а  и і  і  

а и ів і  і я и. Ма а и и  и  КФІ  
і и ь в  я і  и а і , я  
є а   и а і  і ,  

ви и в є ь я я и и  і .  
К ’  ва я в яє и а и 

ві ві і ві а ь і ав я і и ,  а-
а и ь і ва я КФІ . Та , ви в   і і ь і ів  и  а 
ві ші а  а я і ів,  

і ь. и и  и а ,  
є ь я і ь і  і і ів, я і 
і ь, є ва иви  и ва і КФІ  

а і і  і і. і и   а  а-
и и  и  ви а а ь ві ві и  ви я  
і  и  и а . и а і 

и а ь і ь а и а ь  ви а и 
в и  а а і  і і і і а  в а-
ва я  а і я в а і. 
За иша ь я ві и и и и а я  ви и-
а я а и и  и іа ь и  ів я ь в 

я і а а и и   КФІ ,  а є ь я 
і и и в а и  аши  а .  

О  
В а і  а і ав і ь а и ви а я і і-

іа ив  і а а ь  а в - і  и «Кі - і и  ва я в и - і і и  
і я » ДВНЗ «Т і ь ь и  ав и  
и и  ів и  і . І. . а в ь » а 

ь  и а і  а а и и  
і а и и в а А ія а в а а : «К ’  ва я в і - і и и  і-

я  и - і і и  ів а ві -
а и  и а і и  и  ші а  и ». 
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У а в ,   а в  в и  в  ави и   в и и  в а. В в   ив и 
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COMPUTER MODELING OF CYBER-PHYSICAL IMMUNOSENSOR SYSTEM IN A HEXAGONAL LATTICE 
USING LATTICE DIFFERENTIAL EQUATIONS WITH DELAY 

Martsenyuk V. P. – Dr. Sc., Professor of Computer Science and Automation, University of Bielsko-Biala, m. Bielsko-Biala, Poland. 
Sverstiuk A. S. – PhD, Associate Professor of Medical Informatics Department, Ternopil State Medical University named after I. Ya. Gorbachevsky, Ukraine.  

ABSTRACT 
Context. An important stage in the design of cyber-physical immunosensory systems is the development and research of their mathematical and computer models, the construction of which would be based on biological assumptions to obtain appropriate systems of differential equations of population dynamics. Mathematical modeling would allow to obtain the value of parameters that would ensure the operational stability of immunosensory systems. 
Objective. The aim of the work is to develop a mathematical and computer model of the cyber-physical immunosensory system using lattice-delayed differential equations on a hexagonal lattice and study its stability. 
Method. The mathematical and computer models of the cyber-physical immunosensory system on the hexagonal lattice are de-veloped. For the simulation of continuous dynamics, the system of lattice differential equations with delay was used. Dynamic logic of the first order is used to simulate discrete events. The permanent states of the model as solutions of the corresponding algebraic systems are described. The conclusion on stability is based on the analysis of the corresponding phase diagrams, lattice images and signals obtained from the corresponding computer model. 
Results. The analysis of the results of numerical simulation of the investigated model in the form of an image of phase planes, lattice images of the probability of antibody bonds and an electron signal from the converter, which characterizes the number of fluo-rescing pixels, is presented. 
Conclusions. Mathematical and computer modeling of the cyber-physical immunosensory system was performed. It is estab-lished that its qualitative behavior significantly depends on the time of the immune response. The conclusion on the stability of im-munosensors can be made on the basis of the grid image of the pixels that are fluorescing. An electrical signal, modeled by the num-ber of fluorescent immunopips, is important in the design of cyber-physiological immunosensory systems and studies of their resil-ience. Limit cycle or steady focus determine the appropriate form of immunosensory electrical signal. The experimental results ob-tained have made it possible to perform a complete analysis of the stability of the immunosensor model, taking into account the delay in time. 
KEYWORDS: computer simulation; mathematical modeling; cyber-physical system; immunosensory system; biosensor; immunosensor; differential equations with delay; lattice differential equations; stability of the model; hexagonal lattice.  
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APPROACHES GOING TO DETERMINATION PERIODS OF THE 
HUMAN FACTOR OF NAVIGATORS DURING SUPERNUMERARY 
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ABSTRACT 
Context. The problem of identifying the manifestation of the human factor in the context of utility in maritime transport during emergency situations is considered. The aim of the study is to increase safety in maritime transport by identifying positive and negative human factors, as well as analyzing the behavioral reactions affecting the vessel’s passage parameters. 
Objective. The aim of the work is to determine the approaches and the construction of software tools to identify periods of manifestation of the human factor of the navigators during abnormal situations. 
Method. The study identified the types of manifestations of the human factor in the form of intuitive (illogical) behavior of the navigator. The dependence of intuitive behavior, as a reaction, on exceeding the detection threshold of perception of service information, is given. It was determined that the distribution of information load among members of the navigation watch will significantly reduce the detection threshold of the navigator at the time of making management decisions. It was established that the detection step is to determine the balance of information effects on the navigator and his individual polar reactions. The cycle of updating the navigator model is determined by analyzing his individual behavior model of previous intellectual activity. A formal description of the space of alternatives and reactions of the navigator in the form of polar groups at the moment of vessel management is proposed. Software has been developed that allows the analysis of the vessel’s passage trajectory for collision detection and the identification of periods of occurrence of the detection threshold of the navigator. Analysis of the trajectories made it possible to conclude that before the collision the navigator was in active/passive polar states of action, which directly proportional to the speed of the vessel, which confirms the main hypothesis of the study. As a mathematical tool for solving the problem of classifying individual reactions of the navigator, the factor analysis and a training sample are offered – more than nine typical situations, which make it possible to adequately determine polar reactions according to the principle of utility. 
Results. In order to confirm the adequacy of the proposed formal-logical approaches, an experiment was conducted using the Trainer Professional 5000 navigation simulator (NTPRO 5000). The results of the experiment, as well as the developed software, made it possible to identify the time periods of the negative human factor manifestation of the navigator caused by the information overload and to determine its individual stimulus factors. At the same time, the moment of occurrence of an extraordinary situation was determined by analyzing the passage trajectory of the vessel by means of processing log files by passing the Bosporus strait location. In addition, an algorithm was developed for the formation of the navigator’s model and its updating on the basis of individual periods of the negative manifestation of the human factor. The features of the occurrence of informational imbalance between members of the navigation watch in the event of an emergency situation and features of its identification during the passage of the vessel are considered. The obtained results will allow at a qualitatively new level to approach the analysis of the problem of the influence of human factor on the adequate managerial decisions of the navigator. 
Conclusions. The proposed formal approaches and the developed software will allow identifying the transition from the controlled adequate state of the navigator to the uncontrolled state with intuitive reactions.  The scientific novelty consists in the fact that the developed algorithm of forming a navigator model in a discrete time, which allows to identify its polar reactions during extraordinary situations. The practical significance lies in the fact that the results of the experiment allowed identifying the time periods of the manifestation of the negative human factor of the navigator, caused by the information overload and identifying its individual factors-incentives. Prospects for further research may be the development of software in the form of an expert system defining deviations from a given course during the sea passage, as well as inadequate reactions in the performance of classical maneuvers in case of divergence of ships in constrained areas. 
KEYWORDS: human factor, navigator model, detection threshold, emergency situations   

ABBREVIATIONS NTPRO 5000 navigation simulator “Navi-Trainer Professional 5000”; DSS decision support system; DT detection threshold; IS information system.  
NOMENCLATURE 

Xi is a some sets of alternatives for the interaction of DSS with a navigator; i is the individual index of the navigator; 
I  is the navigation watch; 
п is a members of watch; 

iΘ  is a binary relations, are interpreted, as the strengths and weaknesses of the i-th navigator; 
lR+  is the positive orthant of the Euclidean space;  

l is the number of factors; 
B  is the set of admissible distributions; 
Ω  is a fixed set of factors; 
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( )xti  is a bipolar utility function representing;  
iQ  is a preference of the i-th navigator;  
iu  is a utility function; 
iγ  is a a certain threshold DT; 
θ  is a not random parameter of the classification criterion; 
U  is a monotonic function in time for both classes; 
ρ  is the distances between the elements; IR1 is the linear normalized spaces of real numbers; 
Zp is the registration point of the response; 
P is a certain probability; 
G1, G2 is a two regions for dividing the entire space; 
С is a losses in the classification; 
N is the sample size; 
V is the residual component; 
M is a correction factor; 
Т* is a signal of the system; 
{ }F  is a space with a certain probability P. 

 
INTRODUCTION  Practice shows that the readiness status of navigator to make management decisions is described by two interdependent areas – some allowable distribution of influencing factors and warning signals of the DSS. It also takes into account the usefulness of the navigator when making decisions in certain situations. The warning signals of the information system of decision support are formed in such a way as to level the threats posed by relatively most influenced factors of navigators. This article investigate human factor, namely the moment of transition from the conscious condition of the navigator to the intuitive state, individual factors affecting this process, as well as the analysis of the human factor of the navigator for the usefulness of its actions.  The object of the study is the process of identifying manifestations of the human factor in marine transport. The subject of the study is a model and information system for reducing the time of identification of the negative impact of the human factor in the management of the vessel. The purpose of the study is to determine the approaches and construction of software tools, to identify the periods of manifestation of the human factor of navigators during extraordinary situations.  

1 PROBLEM STATEMENT It is known that the moment of transition to an intuitive state depends on the intensity of incoming information factors and their nature, after that an DT occurs. This DT leads to the navigator moving to intuitive, unconscious actions. The task of the DSS to not disturb the balance of distribution of the information between members of the navigation watch, using tools both for tracking incoming signals and forecasting possible emergency situations (Fig. 1).  
 Figure 1 – The balance of information effects on the navigator  The external environment maximizes the utility of members of the navigation watch. If, in a certain condition, the captain and/or members of the navigation watch are meet with DT, the usefulness of actions can be increased by IS due to the redistribution of information factors. The functions of DSS are summarized as there is no complete conviction about how the situation will develop in the near-threshold area of transition to the intuitive state, therefore this approach method requires a repeatedly experiment. This will make it possible to clarify the individual causal relationships which lead navigators into the danger zone.  Therefore, it is necessary to solve a number of the following tasks: 1. To determine the dependence of intuitive behavior, as a reaction, on exceeding the detection threshold of perception of official information. Develop an algorithm for the formation of the navigator model, which will allow determining the time of occurrence of reactions leading the navigators in the danger zone. 2. To determine in analytical form an individual set of parameters of the navigator ( ) Xxx i ∈=  and his critical information load ( )l

i xxx ,...,1=  in the form of factors l for the purpose of distribution among members of the navigation watch { }nI ,...,2,1=  when an emergency situation occurs. 3. Identify the moment of imbalance Bx∈  on the basis of comparing the preferences of the navigator iΘ  and the resulting bipolar utility function ( )xti , which will allow to determine the non-random distributions 
( ) Bxx i ∈=  that allow to classify the situation. 4. To determine the cycle of updating the navigator’s model Ii∈  by analyzing his individual behavior model in the form of thresholds { }iγ  and reactions l

i RX +⊂ . 
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5. Develop software that allows analyzing the vessel’s passage trajectory for collision detection and identifying the time range of occurrence of the navigator’s detection threshold. 6. To conduct an experiment, as well as processing of data from log files on the executive route planning and passage of the Bosporus strait location using the NTPRO 5000 navigation simulator, in order to classify different behaviors of the navigator. 7. Determine the formal approaches to classifying polar individual reactions of the navigator according to the principle of utility. Thus, the implementation of the proposed tasks will allow build an information system for identifying the detection threshold of the navigator, which will significantly reduce the negative effects of the human factor on maritime transport. 

 

2 LITERATURE REVIEW Many well-known sources cite various studies related to the negative manifestation of the human factor in maritime transport [1, 2, 15]. However, many approaches give recommendations that do not allow to accurately identify the moment of the navigator’s transition to a stressful state, from logically justified actions to difficult-to-control [9–11]. At the same time, the relationship between the large information flow and the navigator’s fatigue leading to catastrophic situations [4, 7] is clearly defined. In the course of investigations into many accidents, the authors note that there are a large number of causes of the negative manifestation of the human factor that are difficult to prevent [3, 5, 8, 12]. However, with the advent of navigation information systems, such as Transas ECDIS, it becomes possible to track the negative behavioral patterns of the navigator at an early stage. The use of formal approaches [6, 13], as well as object-oriented programming, will allow a scientific search to be brought closer in a given direction. 
 

3 MATERIALS AND METHODS To determine the algorithm for finding the most successful reactions, it is expediently to apply a modernized cycle of forming a user model in the process of dialogue interaction (Fig. 2). The peculiarity of the model formation is that initially it is necessary to set the basic information about the navigator in a formal-logical view, where the most preferable of the possible models for representing knowledge’s in terms of artificial intelligence [3]. This information allows forming the knowledge’s about complex, nature and intensity of factors affecting each separate navigator to DT. In addition, it is important to track the polarity of intuitive behavior in each of the individual cases in order to predict and prevent possible catastrophes due to the human factor. Imagine this situation in formal form. Let Xi be some sets of alternatives for the interaction of DSS with a navigator, i is the individual index of the navigator who is part of the navigation watch 
{ }nI ,...,2,1=  consisting of п members. On each set of Xi, DSS identified binary relations iΘ  are interpreted, as the strengths and weaknesses of the i-th navigator, according to which the DSS compares different alternatives from Xi. If, l

i RX +⊂  where lR+  is the positive orthant of the Euclidean space of dimension l, if l is the number of factors, then ii Xx ∈  is the vector consisting of the set 
( )l

i xxx ,...,1=  of information flows that the i-th navigator receives. The set of vectors ( ) Xxx i ∈= , where ∏
∈

=
Ii

iXX  is the product of the sets Xi is called the distribution in group 
I. In this case, the set of admissible distributions will be described with the help of some set XB ⊂ . Then, let  

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

Ω≤∈= ∑
=

l

i
ixXxB 1   (1)  the set of all redistributions, the total stock of which does not exceed a certain fixed set of factors lR+∈Ω   Suppose that when an imbalance Bx∈  is detected, the i-th navigator meet with some DT, which can be expressed by a real number ( )xti . It can be assumed that each i-th navigator has a preference iQ  on the set of admissible states B, which allows the DSS to compare different states х’, Bx∈  from the point of view of its individual information perception, and ( )xti  is a bipolar utility function representing iQ . Thus, there is a utility function ( )ii xu  for the preference iΘ  to determine on Xi. Consider situation when, based on the analysis of the model of an individual navigator Ii∈ , the DSS measure the differentiation of the utility of a certain distribution 

( ) Bxx i ∈=  using an individual measure of DT, such that:  
( ) ( ) ( )[ ].0,max∑

∈
−=

Ij
iijii xuxuxt   (2)  The task of the DSS to determine for each navigator 

Ii∈  a certain threshold DT 1γ0,γ ≤≤ ii . The set of thresholds DT, { } γγ =i  is interpreted as a set of priorities that are assigned to DSS [14]. Thus, the sequence of actions of the DSS is closed into a loop with each iteration of which the navigator’s model is updated and, as a consequence, the change in the threshold of its DT (Fig. 3). From the above it is clear that the intellectual analysis of the incoming information to the navigator, who makes management decisions at the time of keeping the navigation watch, is possible if to monitor data from all onboard instruments and sensors in real time. Under the conditions of training practice, it becomes possible to process such data according to a number of criteria that are generated on the server of the NTPRO 5000 (Fig. 4). 
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 Figure 2 – Algorithm of navigator model formation at discrete-time  Figure 3 – The cycle of updating the navigator model, taking into account the DT 

 The task of the DSS to find the threshold of the DT as a period of intellectual behavior of the navigator and the detection of dangerous actions (inactions) leading to disastrous consequences.  In order to convert the server data into a free, relational database management system MySQL, the software and the Microsoft Excel format were developed using the following algorithm (Fig. 5). This software also allows analysis of vessel collision detection in the process of simulator training. The data analysis after conversion is aimed at detecting both – collisions and the classification of polar reactions caused by the intuitive forms of the human factor demonstration in maritime transport. The task is complicated by the fact that the classification criterion is established and not available for direct measurement by the random parameter θ  of the influence function on the studied situation. In connection with the indicated complexity, an algorithm is proposed for solving this problem on the basis of a priori data on classes of features that are not available for direct measurement (indirect evidence). Considering that the solution of the classification problem involves the application of a mathematical model of the studied erratic system, it is required to evaluate the truth of the conclusion obtained on the basis of experimental data. One of the typical tasks of classification is to determine the affiliation of the intuitive behavior of the navigator in conditions to one of the polar groups. Thus, the group with the “+” sign is responsible for overactive, spontaneous reactions and the group with the “–” sign, for the absence of reactions due to the sharp inhibition of the nervous system. The polar groups of the navigator arise as reactions to the stressful situation caused by the information overload during the execution of complex maneuvers. 
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 Figure 4 – Data from the NTPRO 5000 server with sampling accuracy – 1 sec 
 Figure 5 – Algorithm for converting and analyzing server data  

4 EXPERIMENTS In the course of the experiment and automated data processing of log files for passage planning and passing the Bosporus Strait location on the NTPRO 5000 simulator, the following graphs were found indicating various behavioral patterns of the navigator (Fig. 6–8a–c). So using the approaches of automated expert assessment based on the analysis of the trajectory of the vessel’s speed, we can conclude that the situation most often manifests itself when the navigator noticed an obstacle, but did not cope with control (Fig. 6a) or did not notice an obstacle at all (Fig. 7a). The smooth passage of the location characterizes the graph presented in Fig. 8a. The developed software also records the collision in time, 
latitude and longitude, allowing collecting statistics of the most dangerous areas during the passage of the location (Fig. 6–8 b–c).  a   b   c  

 Figure 6 – The vessel’s collision with one objects (stable speed): a – navigator noticed an obstacle, but did not cope with control; b – graph of vessel speed when an obstacle is detected; c – vessel collision identification databasebut loss of control  
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 a  b  c Figure 7 – The vessel’s collision with two objects (non stable speed): a – navigator did not notice an obstacle at all; b – vessel speed chart at the time of loss attention; c – double collision identification database 

 a  b  c Figure 8 – No vessel’s collision: a – navigator smooths passage of the location; b – smooth vessel speed chart; c – non collision identification database  Let’s describe each case: At trial exercise Fig. 6 all looks that navigator feels uncertain but with not much influence of stress and situation almost always looks under control. Long time navigator proceeds with very slow speed around 1.5 knots (0–554 sec). After that rapidly and often change speed till 810 sec. 
145



e-ISSN 1607-3274   Ра і і а, і а и а, ав і я. 2019. № 2 p-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2019. № 2   

© Nosov P. S., Ben A. P., Safonova A. F., Palamarchuk I. V., 2019 DOI 10.15588/1607-3274-2019-2-15 
From 810 sec till 2345 sec and from 2524 sec till 2882 sec vessel passage mostly stable (except between 2345–2524 sec where vessel speed down twice – from 13.0 knots till 6.5 knots). From 2882 sec navigator met circumstances which brought to extremely speed reduction till 5.722 knots and finally to collision at 3179 sec. After vessel collision the trial passage has been continue but behavior and actions of navigator was very uncertain till the end of exercise. As we can see the navigator detect obstruct in time but did not react properly at this dangerous situation. At trial exercise Fig. 7 we can see that navigator show himself as certain and much bolded due to all time wish proceed with high vessel speed 17.0–18.0 knots (which is much over maximum acceptable at Bosporus passage) and very often speed and courses alteration. Such kind of high speed brought till often major speed reductions as final till vessel collisions at 589 sec (speed 13.56 knots) and at 727 sec (speed 14.531 knots). After collisions the trial passage continues again with same navigator behavior. In this particular case navigator even did not determine risk of collision due to vessel high speed and bolded behavior. When analyzing the trajectory presented in Fig. 7, it can be concluded that the navigator (bridge team) was unsure of their actions, and as a result, the speed and courses of the vessel changed, indicating an increased stress situation on the bridge. At trial exercise Fig. 8 navigator show himself as certain considering the average passage speed was around 16.0 knts which is over maximum acceptable at Bosporus Strait. However all the time trial passage was stable and looks stress free with some speed deviation due to vessel courses alteration. 

 
5 RESULTS Into comparing all trial exercises need to say that best results shown when certain behavior of navigator has background as good knowledge’s and experience which can be achieved by using of DSS also. The lowest speed did not guaranty safe passage but gives more time to determine obstruct and take final and right decision but not bring vessel into safe navigation due to it is group of different factors to avoid and prevent collision. When solving the problem of classification, temporary indicators of the activity of the navigator at the workplace, the direction of sight and movement along the bridge in situations requiring certain behavioral patterns can serve as an immeasurable classification feature θ . In the general case, it can be stated that the behavior of the navigator during a stressful situation is described by a random sequence ( )tθ , which makes it possible to apply the discriminant analysis method. Consequently, there is a one-dimensional probability distribution density ( )θf , where θ  the non-random function and does not depend on t. In order to solve the problem, it is necessary to determine the value of the classification sign and compare 

them with the values corresponding to the standards of the studied polar classes. This article defines the values of the information load on the navigator and, the result of which changes in response to information factors (arousal or inhibition). The construction of a mathematical model is based on the formal connection of the function θ  and the information load u. Next, it is necessary to solve the model classification problem using the data of a computational experiment. It should be noted that as an input function of the studied system will be considered a stationary random sequence ( )tθ , with the ( )TU ,θ  – corresponding function of the system response to the impact. To solve the model classification problem, we will consider θ  and U as elements of the metric spaces { }X  and { }F , accordingly, with the distances between the elements { }( )21 θ,θρ X , { }( )21,ρ UUF , 1θ , 
{ } { }FUUX ∈∈ 212 ,,θ . The spaces { }X  and { }F  are linear normalized spaces IR1 of real numbers i.e.  

{ }( ) =−= 1221,ρ UUUUF

{ }( ) .θθθ,θρ, 122112 −=− XUU  At the same time, the condition of the correctness of the task of distinguishing values θ  by the known values of U corresponding to them is identical to the condition of the correctness of the task of finding a “solution” θ  from the known “initial data” U: 
FU=θ                                    (3)  if the conditions are met that the range of values of the set { }θ  will always lie on one side of the registration point 

Zp of the response, and the time of registration of the signal T* is selected on the interval, where U is a monotonic function in time for both classes. Then the following conditions must be met: the mapping 
{ } { }U→θ , where { } { }X⊂θ , { } { }FU ⊂ ; { }θ  – domain of definition, a limited set on the numerical line IR1. At this stage, the problem of classification is solved in space { }F  with a certain probability P. The choice of a classification rule is reduced to choosing a method for dividing the entire space of possible values of U into two regions G1 and G2. But there are losses in the classification, and they are equal to C (1/2) and C (2/1). These losses can be large and not satisfy the researcher. To increase the likelihood of correct classification, apply the method factor analysis. A prerequisite for the application of this method is the fact that U1, U2,…, UN, where N is the sample size, are elements of the same population. The mathematical expectation as a numerical characteristic of this distribution, which does not vary with time, is a common factor for a sample of U1, U2,…, 
UN. Then any value of U can be represented as 

VUU += M , where V is the residual component, 
( )∫1 1ρ1

G
dUUUUM for class 1,  
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( ) ,1ρ2 1 =∫

G
dUU  

( )∫2 2ρ2
G

dUUUUM for class 2,  
( ) ,1ρ2 2 =∫

G
dUU

 where ( ) ( ) ( ) ( ) ( ) 2/11211 θ/,2ρ,ρ ddUGUGfUUGfU ===  is the Jacobian transformation for the probability density at the transition { }θ  to { }U . If 21 UU MM ≠ , then, having determined the values of common factors for both classes, it is possible with  
P = 100% to talk about which class the observed factors 
U1, U2,…, UN belong to. Thus, as a result of the application of factor analysis, we solve the problem of classification by a sign UM  in space { }F  with probability P = 100% for ∞→N . Thus, if in the space { }X  the classification problem is solved with probability P, then the problem of classification in space { }F  is solved with the same probability P. True and inverse statement. Based on this corollary, it can be argued that the classification problem can be solved on the basis of UM  and in the space{ }X with the same probability P = 100% for ∞→N . Turning to the mathematical expectation as a more informative classification feature, we minimize the losses in the classification: С (1/2) = С (2/1) = 0. But in practice we get an empirical average. The point estimate of the mathematics expectation value for large ( )10≥NN  will be calculated by the formula: ∑

=
=

N

i
U

N
U 1 11 . Thus, the proposed formal classification mechanism by the most significant classification parameter is adequate and supported by experimental data. An important step in the preliminary modeling is the accurate diagnosis of the stimulus factors “including” one of the two polar reactions of navigator’s at the time of a stressful situation.  

6 DISCUSSION Experimental data give reason to believe that there is a division into two polar classes of behavior of navigators. That confirms the feasibility of the study and the developed software application. Analysis of the execution of the route planning and the direct passage by many navigation watch crews among the cadet staff by means of the NTPRO 5000 training center at the KSMA showed that the behaviors model of the navigators differ depending on their individual perception of input information. Experience shows that the skills and behavioral patterns developed during training practice are inherited during real passages in unfamiliar locations. The developed approaches, classification mechanisms and 
software have been introduced into the work of the KSMA training center in order to develop optimal behavioral models of navigators during emergency situations, which will prevent the negative manifestations of the human factor in real conditions. The basic principles and research were discussed at the 10th International scientific and practical conference Modern Information and Innovation Technologies in Transport MINTT–2018 [16]. The introduction of software will allow quickly and efficiently process large amounts of data and highlight the classification signs of the negative manifestation of the human factor, both among cadets and experienced seafarers during traineeships and advanced training in accordance with the standards of IMO and STCW 78/85. In the future, further research is planned to develop software, in the form of an expert system that determines deviations from a given course during the passage, as well as inadequate reactions when performing classical maneuvers when vessels diverge in constrained areas.  

CONCLUSIONS The results of the experiment using the NTPRO 5000, as well as the developed software, allow identifying the time periods of manifestation of the negative human factor of the navigator. The identification is based on the definition of information overload and as a result of imbalance. For the unification of the identification process, an algorithm was developed for forming the navigator model and updating it.  
The solved task, which consists in the construction of a model and software for identifying periods of occurrence of the detection threshold of a navigator during extraordinary situations and allows to significantly increase safety in marine transport. 
The scientific novelty consists in the fact that the developed algorithm of forming a navigator model in a discrete time, which allows to identify its polar reactions during extraordinary situations. The algorithm takes into account the recursive updating of the model and differs from the existing by taking into account the detection threshold of the navigator. 
The practical significance lies in the fact that the results of the experiment, as well as the developed software, allowed identifying the time periods of the manifestation of the negative human factor of the navigator, caused by the information overload and identifying its individual factors-incentives. At the same time, the moment of the occur of a emergence situation was determined by analyzing the navigation trajectory of the vessel by means of processing log-files of the server on the passage of the location “Bosphorus”, “Dardanell” and others. 
Prospects for further research will be aimed at building the classification of sets of navigator reactions at the time of their performing maneuvers and operations which leading to negative manifestations of the human factor in conditions of information overload.  
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УДК 004.942:316.454.54 
І О  О В АЧЕ  ЕРІО ІВ РО В  Ю СЬ ОГО А ОРА С ОВО І В І  ЧАС 

О А А  С А І  
в . С. – а . . а , ,  а и в і я а и  аві а і и  и  Х ь а 

ав а ь а а а ія, У а а. 
ь А. . – а . . а , , а и  а  а в - а і  и, аві ва  а и 
в і я а и  аві а і и  и , Х ь а ав а ь а а а ія, У а а. 

Са ва А. . – а . . а , , Х ь и  і і и  , У а а. 
а а а ч  І. В. – а і а  а  ава я, а і а , Х ь а ав а ь а а а ія, У а а. 

 
A О А І  

А а ь і ь. Р я ає ь я а і и і а і  явів ь  а   і и і а ь  
а і і  а  аш а и  и а і . М  і я є і ви я и а ь  а і а а и 

і и і а і  и ив  і а ив  ь  а а, а а  а а і  в і ви  а і   в ива ь а 
а а и  а. 

а. М  и є ви а я і ів і ви а и  а ів, я і и і а і  і ів яв  ь  
а а в і в і  а  аш а и  и а і . 

. В а а  і я ви а і ви и яв  ь  а а  і і ив  ( і ) в і и 
в ія. Нав и ь я а і ь і ив  в і и, я  а і ,  а и ь ві  ви я і а і   
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и я я в  і а і . Ви а ,  і  і а і  ава а я і  а и ва в  и 

і  и и ь і а і и  і  в ія в  и я я ав і ь и  іш ь. В а в ,  а  
і и і а і  є ви а я а а  і а і и  в ивів а в ія і  і иві а ь и  я и  а і . 
Ви а  и  в я і в ія а  а а і   і иві а ь  і в і и ь  
і а ь  ія ь і. За ва  а ь и  и   а ь а ив і а і  в ія  ви я і я и   в  ав і я . Р  а  а я,  в яє ви ва и а а і  ає і  
ав і я  а  вияв я і ь і і и і ва и і и ви и я і а і   в ія. 

А а і  ає і , в ив и и ви в ,  в і   і я  а ив я в я и  а  
а ив і а а  а ив и  / а ив и ,  я - і  ві ива я а шви і  а,  і в є 

в  і  і я. У я і а а и  а а а  я в’я а я а а і а и і а і  і иві а ь и  а і  
в ія а ва  а и  а а і  і ав а ь а ви і а – і ьш і  в’я ь и ви  и а і ,  в яє 

а ва  ви а а и я і а і  а и и  и і. 
Р з ь а и. З  і в я а ва і а ва и  а ь - і и  і ів в в и  
и  і  а ва я  аві а і  а а Trainer Professional 5000 (NTPRO 5000). Р ь а и и , а 

а   а  а я в и и і и і ва и и а ві і и яв  а ив  ь  
а а в ія, ви и а і і а і и  ва а я  і ви а и и  і иві а ь і а и- и и. и 
ь ,  ви и я аш а  и а і  ви а ав я ш я  а а і  ає і  ав і я  а а и 

и log- а ів в    а і  «Б ». 
К і  , в и  а и  ва я і в ія і  в я а ві і иві а ь и  і ів 
а ив  яв  ь  а а. Р я  ив і ви и я і а і  и а а  і  а и 

ва в  и и ви и і аш а  и а і  і ив   і и і а і  і  а   а. Нав і 
ь а и в я ь а я і  в  ів і і і и  а а і  и в ив  ь  а а а а ва і 

ав і ь і іш я в ія. 
Ви в и. За ва і а ь і і и в я ь і и і ва и і  ві  ь ва  а ва  а  
в ія  ь ва  а   і ив и и а ія и. На ва ви а я ає в ,  в ш  и  

а и  ва я і в ія  и  а і,  в яє і и і ва и  я і а і  і  а  
аш а и  и а і . а и а і і ь я ає  ь а а  и ,  в и и і и і ва и а ві 
і и яв  а ив  ь  а а в ія. ива и а ьши  і ь  и а 
а  а я  ви я і  и и я ви а я ві и ь ві  а а   і  а  , а 

а  а ва и  а і  и і і а и и  а в ів и і і ів в и  а а . 
ЮЧОВІ С ОВА: ь и  а , ь в ія, і а і и  і , аш а і и а і . 
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О О Ы  О РЕ Е Е Ю ЕР О ОВ РО В Е  ЧЕ ОВЕЧЕС ОГО А ОРА С ОВО Е Е  

ВО ВРЕ  В Е А Ы  С А  
 

в . С. – а . . а , ,  а  в ия и  ави а и  и  
Х ая а в ая ая а а ия, У аи а. 

ь А. . – а . . а , , а и ь а  а - а и  а , ав и  а  
в ия и  ави а и  и , Х ая а в ая ая а а ия, У аи а. 
Са ва А. . – а . . а , , Х и  и и и  , У аи а. 
а а а ч  . В. – а и а  а ь  ава ия, а и а , Х ая а в ая ая а а ия, У аи а. 

 
A О А  

А а ь ь. Ра а ива я а и и и а ии яв ия в  а а в  и 
а  а  в  в я в ш а  и а и . Ц ь  и ва ия яв я я в ш и  а и а  
а  ва  и и и а ии и ив  и а ив  в  а а, а а  а а и а в и  
а и  в ия и  а а а  а а.  

ь. Ц ь  а  яв я я и  в и и  а  в, я и и и а ии и в 
яв ия в  а а в и  в  в я в ш а  и а и . 

. В а а  и ва ия  ви  яв ия в  а а в  и и ив  ( и ) в ия в и я. ив и я ави и ь и и ив  в ия, а  а ии,  в ш ия 
и а и  а в ия ия  и а ии. ,  а и  и а и  а и  а и ва   в  и и  и а и   в и я в  и я ия 
ав и  ш и . У а в ,  а  и и и а ии яв я я и  а а а и а и  

в ви  а в и я и  и иви а ь  я  а и .  и  в ия и в и я 
в  а а и а  и иви а ь  и в ия ш в  и а ь  я ь и.  а ь  и а и  а ва а ь а ив и а и  в и я в ви  я   в  

ав ия . Ра а а  а  и , в я  в я ь а а и  а ии ав ия  
а  а ия в и  и и и и и ва ь и  в и в ия и а и  а 
в и я. А а и  а и , в и  а ь в в ,  в и ь  в и  а и я в я  

а  а ив и я ия  а ив / а ив ,  я - и а ь  а а ь а и а а,  
в а  в  и  и ва ия. В а в  а а и  а а а а я ш ия а а и а и и а ии 

и иви а ь  а и  в и я  а  а а и  и а ая в а –   вя ь и в  
и а и , в я ая а ва  я ь я  а ии  и и  и.     
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Р з ь а .  ь  в ия а ва и  а ь - и и  в  в  
и   и и  ави а и  а а Trainer Professional 5000 (NTPRO 5000). Р ь а  и а, а 

а  а а а  а  и  в и и и и и и ва ь в  и  яв ия а ив  
в  а а в и я, в ва  и а и   и и ь  и иви а ь  а -

и . и ,  в и в ия в ш а  и а ии я я  а а и  а ии ав ия  
ва  а и log- а в  и  а ии «Б ». 

К    а а а  а и  и ва ия и в и я и  в ия а в  и иви а ь  
и в а ив  яв ия в  а а. Ра  и в и в ия и а и  

и а а а  а и ва   и в и в ии в ш а  и а ии и   и и и а ии 
в  в я а а. ив  ь а  в я  а а в  в  в  и  а а и   
в ия ия в  а а а а ва  ав и  ш ия в и я. 

В в .  а ь   в я  и и и и ва ь   и  а ва  
я ия в и я  и  я и   и и ив и а ия и. На ая ви а а а я в ,  в в  а а а  а и  и ва ия и в и я в и  в и,  в я  

и и и и ва ь  я  а ии в  в я в ш а  и а и . а и ая ь а а я в 
ь а а  и а,  в и и и и и и ва ь в  и  яв ия а ив  
в  а а в и я. ива и а ь ши  и ва и   ь а а а а  

ия в ви   и  я  ия  а а  а в  в я а, а а  
а ва  а и  и в ш ии а и и  а в в и а ии в в  а а .  

ЮЧЕВЫЕ С ОВА: в и  а , ь в и я, и а и  , в ш а  и а ии.  
І ЕРА РА / ЕРА РА 1. Б ь А. . Л ь и  а  в ав а и ва и  
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в ив  / А. . Б ь // На ви  ві и  Х ь  

ав  ь  а а і . – 2012. – № 2 (7). – . 26–30. 2. К  Ю. І. и а і и і а і  і а ь  
і  ’є а и и  і а и / 

Ю. І. К , . В. Р я ва, . . Н в // . 
а  в  а . МН К « в  
а ав ия и и  и и а  
и ва и ». – Т и и  а и. – а : 
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УДК 681.391, 621.372  

Е Е В Е О Ч С Е  І ОЧ СЕ Ь ОГО -ІІ  
 С С Е  О РА Е Ь 

 
ць  І. О. – а . . а ,  а и і а і и  и  і і  На і а ь  

ів и  «Львів ь а і і а», Львів, У а а. 
зь і ь и  Р. . – -  . а , , аві ва  а и а а і  а і  ві  аши  

Львів ь  а і а ь  а а  ів и , Д я и, У а а. 
ю  В. . – -  . а , , аві ва  а и і а і и  и  і і  На і а ь- ів и  «Львів ь а і і а», Львів, У а а.  

A О А І  
А а ь і ь. За я ь а ив і а а а і а ь і а и  а ів я ві а ь  і -
а і  ви а ає и і а і и  ів ив  ви а я и и  и и  в ь. Ві ві  

ви  а и  ві  а а ів, а я ви  і і и  ві а ь  і а і  я ає ь я а ві а а -
ив  - і и  в ь,  є ив и  и ва ь и   ви а я и и  и и  

в ь і и  я ів.  
а и – в я а а ь   и ив  и я і и ь  и  и - в я а ві и і и   я ів ів и  і і  і ві и,  а є и ь  и ва ь  

а і ь і иві ь а ва я в и а  и я ві а ь  і а і  а ві а а ив  - і и  
в ь. 

. За ва  ви и а я ві и  а ивів я ив  и  а и ів а и   и -
я і и ь  и  и  в я а ві и і и  .  
Р з ь а и. і  і я є я а а ь   и ви а я і и ь  и - и  в я я ів ів и  і і  і ві и я и  и я ві а ь  і а і  а ві 

а а ив  - і и  в ь.  
Ви в и. У в  і і а ва  і і  ив я а и  і и ь  и  и  
в я  а  и і и  іва і а и ь,  в яє и ва и в я а ві и і и  . 
в а і я а ва я а  а а и  а а а  я ає  ви и а і ві и  а ивів,  і я ь и и  

и  - и і  и а и  в я. На ві а  а  и і и  і а и ь я а в -
я  а а ь    ив  ви а я і и ь  и  и  -

в я и  я ів ів и  і і  і ві и. и я ві ві  а  и і и   а ’є а я  
ь а ів а   а є ви а я а а ив  - і и  в ь я и  и я 

ві а ь  і а і .   
ЮЧОВІ С ОВА: і и ь  и  и  в я, и і а а, ві и  а ив, и я -

а ь, а а ив  - і  в я.  
А РЕВІА Р  AVC − Advanced Video Coding; AVS − Audio Video Standard; HEVC − High Efficiency Video Coding; MPEG − Moving Picture Experts Group; VC − Video Coding; AБ  − а а ив  - і  в я; 

НВІ  − а в и а і а ь а а;  − и  ; 
ЛІ  − а ва а і а і а ь а а; 
ЦДК  − і и ь  и  и  -

в я. 
 

О Е А РА 
a − і ь і ь а і  ава я я и я 

и і и  ; 
dN −  а и я і іє ів ва я; 
Н(n) − ві и  а ив; 
Нi(ni) − ві и  і а ив; 
ICNxN  − а и я і и ь  я а и  
и  в я; m − і ь і ь а і  я я и я 

и і и  .  
N − я  и  и  в я;  
x(n) − в і а і в і ь и  и - в я; )(2 kX c

N  − ви і а і в і ь и  и- в я.  
ВС  

Ши  ви и а я а и и  а и а і и  
а и  ві а ь  і а і  є а и  ’є ів 
і а і  а а  я  і а я а а ва я. 
Та  в а а і  и в і в я ь я а ь і 

а ва я в и и  и і  і ь ь а -
ь и  і ь в і і і и а  я а а і   
і ь ь а ь и  і , а   а , 
в я а и а і ш  [1]. Ці а і ’є и  

ві а и  ь я, я ь я, а и а-
ь я,  є ві ві и  а ів я ’є и  

і ви  и  і ь ь а ь  і и. 
За ва я  ив и  а и ів 

и и я, ва я а ши ва я в і -
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и  ів а и  а є і ви я шви і  

ва я а ава я і а і -
і а і и и и а и а и , а и и  

а ів ві  і  і а і . Зав я и -
ив и  а и а , і а и  ш я  и -
ва ь и  а а , я ає ь я ш я і а-
і  ’є  ав я ві а ь  а и  [2]. 
М и и я а ь а ь я а и і а-
і   і і ь а ів и  в я. 
На а и  а  и я а ь и  а ь, 
и а и і і іє а я і   и и і, є 
и  и  в я. а а  ISO IEC а в  ві і  и ів ДК  I-VIII. Ви и а -
я ДК  в а и а  и я а ь і і і є 

і в я, а є і і і ь а и а 
і ш . В а и  ві а а а  H.264/MPEG-4 AVC, VC-1, AVS [3], H.265(HEVC) [4] ва  ві -
а ь а ва  шви и  а и ів ДК -IІ - и  [5]. 
О ’є  і я є  и а а ь-  и ив  и я і-
и ь  и  и  в я 

а ві и і и   я и  я ів ів-
и  і і  і ві и. 

 і я є и  а  
и і и  і а и ь і и ь  я а и - и  в я я ів ів и  і і  

і ві и. 
ю и є ив  ви и а я ів 

ви а я и і и   в і  і ви-
а я а а ив  - і и  в ь 
я и  и я а ь.  

1 ОС А ОВ А А АЧІ 
Н а  а а  и и  и  ICNxN а и і і и-
ь  я а ДК -ІІ  ви і ві  а ив  Н(n) я 
а я я  в я N  ви я і [6]  

Н(n) = Н1(n1) Н2(n2) … Нk(nk), (1)  k – и  ві и  і аcивів, n – я  а ив , 
я и  ів и  n=2N–1.  
За а а ви а а ь   и 

ви а я і и ь  и  и  
в я я ів ів и  і і  і ві и я 

и  ви а я а а ив  - і и  -
в ь ви я і  и я ві а ь  і -
а і  я ає  ви а і а а а і і а  ві и  
і а ивів Нi (ni). 
Д я а а ь я а и  ь а ів а  

ві и  і а ивів Нi (ni)  и ви и а а -
ва і и ь и  а и и   ЦДК -II 
и  я ів ів и  і і  і ві и,  в 
ь а і ви а и ь і  и і и  і а и ь 

в а и і  а и і ЦДК -II.  
2 ОГ  І ЕРА Р  

а  і  іє  а а ь  а-
а ів є ви и а я шви и  а и ів ЦДК  
в ь ві а ь  і а і  я  и я, 

а  в  ви а ає і и ь и  а і  [7]. Д я 
ив  и я ЦДК -II а в ь я 

і і и а и   и  а и  я  
а в  а и а іє  (partial butterfly) [8], -
в  а и а і  (full factorization form) [9] а і ші. 
В і [10] в  а а і  а я  а -

и і и ви шви и  ЦДК  я я ів 8, 16. Ш я  а в и я ів і и ь  я а 
в я а ві и  а и  -

а в , а а і ві ви и в ив и и а -
в а и і а в а и   я и я 
ЦДК  я я  16 ив и ь я  ви и а я 
шви и  а и ів 8- и і 4-  ви  ЦДК . Ці -
и ь а а и а ія ДК   шви и и а и а-
и и ь  и ва ь  а і я я ів 16, 32 и а а в і [11]. 

а , а і а ія а и  шви и  а и ів -
є а ьш  я ів и  а -

и ів а и  и   ви а я і-
и ь  и  и  в я 
і и  я ів ів и  і і  і ві и в и -
а  и я ві а ь  і а і  а ві а а -
ив  - і и  в ь.  

3 А ЕРІА  І Е О  
Д я ш я а иш в і а и  а ь 

а  ві а ів ши  ви и в ь и  
и  в я  и  ви  ДК -II    ,1,...,1,0],2 )12(cos[)()(2)( 102 −=

π+
α= ∑

−

=
Nk

N
nknxn

N
kX

N

n

c
N  (2)  x(n) – в і а і в і ь в я, 

n=0,1,…,N–1;  α(n)=1/√2 , я   n=0, і а ш  α(n)=1.  
ДК -II  ві а ає в и  и и   

и а  в и ь а і  а і,  в яє и 
и і  в а в ва и ви а і а ві.  В 
ь а і і ьша а и а і  а ва и  

а и  є ь я в а  и і і іє ів 
в я.  

Ці и ь  и  и  в я (ЦДК -II) в а и і  і и є ь я   ви і  
XN  = ICNxN  xN  dN , (3)

  ICNxN – а и я і и ь  я а, xN– в і а 
і в і ь в я, dN  – а и я і іє -

ів ва я.  
В а и  а а а  ві ва я MPEG-4, AVC/H.264, HEVC/H.265, VC-1 а AVS, а в ь 

ЦДК  я ів 4, 8, 16, 32.  Р а ЦДК  ви а 
ві ві а и а и  ви а :  – і и ь і а и і і  я ів ЦДК  -
ви і и а и а ь  а и і  і  а и-
и  і  ДК ; – а и і в и я а ЦДК  і я ь і ь и і і 
а я и яв я ь я ва и и, , і  ви-
а я в я, ви и ає і і ь в -

а  а ш а ва я. 
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На и а , ЦДК -ІІ я я  N = 4  и а-
а  а  і и ь и  і іє ів [a=2, b=1, 

c=1]  ви а  (2) а и  ви   ,5,0 5,01221 1111 2112 1111 3210 ⎥
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X  (4)  ві ві  ви а ь і а и и  в -
ів .6,1 2AB =  и я ві а и  а ві -
ів  ви и а я  ЦДК -II є і  -
іє  а а ь  а а ів, а  в  ви а ає і и-
ь и  а і .    
Р а і а ія шви и  а и ів в и а  и -
я ві а ь  і а і  є аяв і шви-

и  ЦДК  ши  я ів ів и  і і  і ва,  а ь і а и и в  ви а я.  
иви  і і  ив  и я ДК  –  ав я а и  а и і  ви і а  и -

і и  і а и ь [6]. ва и и а є ь я 
ви а і ві  а ив  Н(n) я а я я  

в я N. Тві и  а ив Н(n), а а и  ви и а я  і а в и а ши  а ві ві  
ви а и  а и  я  і и ь  а и і 
а ів а и  і  ДК -ІІ. 
Р я  а и  і і  я ЦДК -II і і 

N = 8 [12]. В а вавши ви а ь і і -
и ь и  і іє ів a,b,c,d,e,f [13],  ь 
і и ь  я  в я,  а и я IC8x8  
и а а  ви і  .11111111 1111111188
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IC  (5) 
На и і и ь и  ів в ь я в 

я а  а и і (5) а ві в а ив і и и -
і а и  в я,  и а ія и -
и а ві  а а π а а и и а ві  
а а π/2. и а ь і а и і и ь и  -
і іє и a, b, c, d, e, f,  а ь ви  я і ь 
и я а ь, і и а ь я ш я   
а ів і и  ва іа ів. На и а , я ЦДК -ІІ я 
я  N=8 я   и а а  а  і и -

ь и  і іє ів (89, 75, 50, 18, 83, 36, 64).  
4 Е С ЕР Е  

Ві ві   і  [6], я и-
я ЦДК -II і і N = 8 а є  ві и  

а ив ви  
H(2N–1) = (1, 3,  9,  5,  15, 13, 7, 11) (2, 6, 14, 10)(4, 12)(8). (6) 

В ь а і ва я а ві и  а ив  (6) 
и ає  ви  и я а,  і и ь а і  и -
і и  і а и ь  .11111111 1111111188
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IC (7) 
Т , ЦДК -II я  N = 8 в и ь я  и-

в  и я 8, 4, 2- ви  и і и  . 
ив  ви а я и і и   а  і -

в я и і и ь и  ів (a, b, –d, c, –a,–b, 
d, –c) а (e, f, –e, –f) а ві ві и и в і и и а -
я и в я x(n) ви а ає ви і і а я X [1], X [3], X [5], X [7], X [2], X [6] в я. Ви і -
і а я X [0], X [4] в я,  ві ві а-
ь в і  в  я а  і и ь  я а IC8x14  
в я (7) и ь я  ’є а я в і-

и  а ь x(n) і в і в я.  
Ві ві  (7), и і і і а и і і я ь і-
в і  в я и а  і и ь и  -
і іє ів a, b, –d, c  и и  а  я 8-

в  и, а в я и а  і и -
ь и  і іє ів e, f  и и  а  я 4-

в  и. ві  в я і в і 
і и ь и  і іє ів в и і и  а  а-
и  я ів ив и ь  ш я і ь і m-

ь а a- ава ь в шви и  а и а  и і-
и   Ві а а  і і а ь и  и  -
ів [14]. Ві ві , в а и і 1 а  я ів я -
я і ь і ь а і  m′, a′ я і в і и і - и  в я  и ів а і ь-
і ь а і  m, a я і в і  в ь, а 
а и  1 ві ві а іа а а і ь і а і   

я в шви и  а и а  и і и   
Ві а а  і і а ь и  и  ів.       
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Та и я 1 – Кі ь і ь а і  ЦЗ 

я  16 10 8 6 4 
m 33 30 12 8 5 
m' 12 8 5 4 2 
a 181 100 72 34 15 
a’ 80 67 19 14 6 
        

Ри  1 – Мі і а ь а і ь і ь а і  я m′, m 
я и я и і и    в я  и 

ів а  в ь  
ві  в я і в і і и ь и  

і іє ів іє   і в  и ив и ь  ви а я и і и   в ві і ш  я-. Р я  а и и ЦДК -ІІ я я  -
в ь N = 2n (n=2,3,…,k). З і ьш я в ві і я  2N і и ь  я а IC в я а і  

є ь я  і ьш я  в ві і і і и-
і и  і а и ь. На и а , в а и і 2 и -
я ЦДК -II я  N =16 в ає d = 8, 4, 2-
ві и і і и.   

Та и я 2 – Ци і і и в і а и  ЦДК -II я я ів N = 2n 
N 4 8 16 32 64 128 ... 2n 
d 2 1 4 2 1 8 4 2 1 16 8 4 2 1  32 16 8 ... 2          1 64 32 16 ...       2        1   ... 2n–1 2n–2 … 22 2 1 

В а а ь  ви а  я ДК -ІІ я  N = 2n 
и і і і а и і,  ви а а ь я ві ві и и 
ві и и і а ива и  ві  а иві Н(n) в а и-
і  а и і а ів, а а ь  ві ві - а и і 3. В ь а і в а . 3 ві а ,  

ві и  а ив Н(n)  а а и ь  і а ивів  
і ь і  ва іа ів а), ), в), … в і а и  (4). 
На и а ,  ві и  а ив Н(n) ва іа  а) я я  
N = 24 = 16 і и ь и и ва іа и  ві и  а ивів і 
ві ві и  і  и і и  і а и ь в а и -
і  а и і ЦДК , я  і а я я и  ви а а ь-
я ві и и і а ива и Нi(ni), В а а ь  ( и . 2) 
я ва іа  а), а и а а  ЦДК -II я 
я  N=2n а ає ь я  а  и і и  і а -

и ь,  и  и є ь я ві и  а ив  H(2N–1),  і и ь і а иви H1(2n), H2(2n–1),..., H(n–1)(21), 
Hn(20), я і і ви а а ь і и ь і а я -
ва и  и і и  і а и ь.   

           H1(2n)   

 H2(2n–1)              H2(2n–1)   

H3(2n–2) 
 

 H3(2n–2) 
            
... 

 H3(2n–2) H3(2n–2) 
 

H4(20) … …    …   …   …   …   … H4(20)  
Ри  2 – Ма и а а ЦДК -II ва іа  а) я 

я  N = 2n  
6 О ГОВОРЕ  

Та и  и , і и ь  я  ЦДК -II а 
ва и  ви і а  и і и  і а и ь, 
ив  и я я и  ив и ь  ш я 

и ва ь и  а а .  
На ві а и  и ( и . 2) а а ь -

а а а и ва а ЦДК -IІ в ає 
а і  в ьв ів,  ви ь и і і и 
я ів ві  2n–1,..., 23, 22 а  і в я и в і и  

а и  X[Hi(ni)] а і в я и і и ь и  
и и  і іє ів W[Hi(ni)]. Ви а я  в -   

Та и я 3 – Р і  і а и ь в а и і  а и і а ів ЦДК -II 
а) Н1(n1) – 2n - ви  ; ) Н1(n11), Н1(n12)  – ві 2n–1- ви  ; 
в) Н1(n111), Н1(n112), Н1(n121) Н1(n122) – и и 2n–2- ви  ;                                      … 
а) Н2(n2) – 2n–1- ви  ; ) Н2(n21), Н2(n22) – ві 2n–2– ві и; … а) Н2(n2) ) Н2(n21), Н2(n22) 
а) Н3(n3) – 2n–2  … Н3(n3) Н3(n3) Н3(n3) … … … … … … … … 
Н (n) Н (n) Н (n) Н (n) Н (n) Н (n) Н (n) Н (n) Н (n) Н (n) Н (n) Н (n) Н (n) Н (n) Н (n) Н (n) 
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 а  и і и   в в ьв а   а-
ьши  ’є а я  и а и  ь а ів   
ви а ає и  а а а і  а і а і  а и  а а . 
Р а і а ія в я а а а ь   ( и . 3) а а и є ь я ви и а я  и і - а ив  в ьв а а і ьш  і  я -
в ьв ів ши  і ів и і в -
а а ь  ’є а і ь а ів и і и  -  ви і  а і я ви а я ви і и  
а ь в я X[k]. Ма и  ’є  і  
а ’я і, иві ь а і а і  в а и и і  - і  в  и і и  а ивів ( и . 4) 
а ь и  а і а і   ви і НВІ  ив-
и  а и  а а и а  [15, 16].    W [H 1(n 1) ] W[H 2(n 2)] W[H 3(n 3)] W[H k( n k)]X[H 1( n 1)] X[H 2(n 2)] X[ H 3(n 3)] W[H k( n k)] ... В

их. 
а  

Ри  3 – У а а ь а а а и ва а 
ЦДК -ІІ я я  N=2n  

Ри  4 –  и а  и і  и  ші а я ь-
а   я и я 4-  в  и і  и  

y = x ∗ h  
Да а а а ь а а а ЦДК -ІІ  

а в ва и ь в и і АБ ,  яв яє ь я и-
в и  і  ва я а ь і ві -
і . В а а і ві ва я Н.265 и я  а-
ва я АБ   я а и в ь N = 4, 8, 16, 32. А , я а   а і ьш  я іє  (я і, 

я  ві , а а  и а ь я в я и) 
ви и в ь в я і і 32, я  ає 
а і ьш  и я, а я а   а ш  

я іє  – в я і і 4 а  8, я і 
а ь а ви  і ь. Д я а я і- і  ив і  и я і я і  а я в 
і AБ  ви и а ь я и і і (4  4), (4  8), (8  4), (8  8), (8  16), (16  8), (16  16), (16  32), (32  16), (32  32). Ви и а я а а ь  - и ЦДК -ІІ  я  в ь N=2n 

я ив  ви а я а а ив  в ви і -
 в я  ва   в -
и ь а и и ві ві і і и  а ь 
а  ві а ів а и  а а ів ва я.   

В С ОВ  
У і я  а а  і  и і и  

і а и ь в а и і  а и і ЦДК -II  я  
в ь N = 2n а, ві ві , ви а а ь   и и ва а я а а ив  -- і  в я а ь а ві 

и і и  . 
а ва виз а и я ає в ,  а-
ва  а а ь    и ва-

а,  ви є и я и і и   -
ши  я ів 2n–2, 2n–3,…21 а а і в ьв а а я- 2n–1.  

а ич  з ач я а ва я а а ь   и и ва а я а а ив  -- і  в я а ь а ві 
и і и   я ає в ив  ви и -
а і и  ів в и і и  а ива  
ви а я и і и  . и ва і 
НВІ  ві ів  ви и а я  а а ь  - и и ва а ЦДК -II я ає ь я ви -
и  ів ь а и а а/ а и а. 

а я  а ьших і ь я а и  в 
і и   и ва ів і и ь-

и  и и  и и  в ь и  I, II а 
ві и і и   я и  я ів і  
і  и а. 

 
О  

Р а ви а а в а а   а -
в - і  и ДБ/ ив і ь «І -
а ь і і а і і і  а а ів в  
ав і я ив і  і » (  . є а і  № ДР 0117U004450) (2017–18 .) а-

і а ь  ів и  «Львів ь а і і а» . 
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зь и ь и  Р. . – -  . а , , ав и  а  а а ии и и  ви а аши  

Льв в  а и а ь  а а  ив и а, Д я , У аи а. 
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A О А  

А а ь ь. и  ь а ив и и и а ь и в  в а и ви а ь  
и а ии  а а и а и  в ив  в ия и  и  а ва ия. 
В в вии  ва ия и в  ви а а в, и  в  и а  ви а ь  и -
а ии и а я а в  а а ив  - а  а ва и ,   ив  в и и ь   в ия и  и  а ва и   а . 

ь а  – а и     ив  в и ия и  и  и- а ва ия а в  и и и  в  а  ав   и в и,  ива  и - в и и ь  ь и в ь и ия в и а  а ия ви а ь  и а ии а в  а а ив- - а  а ва и . 
.  и ь ва и  а и  а ив в я ив  и а а и в и   

в и ия и  и  и  а ва ия а в  и и и  в . 
Р з ь а . И  и ва ия яв я я а а а    в и ия и  

и  и  а ва ия я а  ав   и в и в и а  а ия ви а ь  
и а ии а в  а а ив  - а  а ва и . 

В в . В в  и ва ии и   ив ия а и а и  и  и  
а ва ия  а  в и и и  а и ,  в я  в и я ь а ва ия а в  и и и  

в . в ая и я и ия а а  а а и  а а а а а а я в и ь ва ии а и  
а ив в, а и  а  и а и  - и и   а и а а ва ия. На ва ии - а а и и и  а и  я а а ва ия а а а а ая ая а ив  в -
ия и  и  и  а ва ия а  а  ав   и в и. В -

и ия в в  а а и и и  в  и и ия и  ь а в    ива  
в и  а а ив  - а  а ва и  я и  а ия ви а ь  и а ии. 

ЮЧЕВЫЕ С ОВА: и  и  и  а ва и , и и ая в а, а и  а -
ив, а и  и а и , а а ив  - а  а ва и .  UDC 681.391, 621.372 
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ABSTRACT 
Actuality. Ensuring the efficiency and versatility of modern media for processing visual information requires the development of various methods for the effective implementation of the discrete cosine transform. In accordance with the requirements of modern video standards, providing high-definition compressed visual information is achieved on the basis of adaptively block-dimensional transforms, which requires efficient computational schemes for the implementation of discrete cosine transform of variable dimen-sions. 
The purpose of the work is to create a generalized structural scheme for the efficient computation of an integer discrete cosine transform on the basis of cyclic convolutions of dimensions equal to the integer power of two, which provides low computational complexity and the possibility of using visual information compression systems on the basis of adaptively block-dimensional trans-forms. 
Method. The use of hashing arrays for efficient synthesis of algorithms and structure schemes for computing an integer discrete cosine transform on the basis of cyclic convolutions is proposed. 
Results. The result of the study is the development of a generalized structural scheme for the implementation of an integer dis-crete cosine transform of dimensions equal to the integer power of the two for the compression of visual information on the basis of adaptively block-dimensional transforms. 
Conclusions. In the study, we apply the approach of bringing the basis of an integral discrete cosine transform to a set of left cy-clic submatrices, which allows us to calculate transforms based on cyclic convolutions. The basic idea of using an appropriate mathematical apparatus is to use hashing arrays containing a brief description of the block-cyclic structure of the transform basis. On the basis of the received set of cyclic submatrices of the transform core, a generalized structural scheme for the effective implementa-tion of an integer discrete cosine transform of small dimensions equal to an integer power of the two is developed. The computation of the corresponding set of cyclic convolutions and the combining of their results by the structural scheme ensures the implementa-tion of adaptively block-dimensional transforms for compression of visual information. 
KEYWORDS: integer discrete cosine transformation, cyclic convolution, hashing array, image compression, adaptive block-dimensional transform.  
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A MULTIPLE NON-LINEAR REGRESSION MODEL TO ESTIMATE THE 
AGILE TESTING EFFORTS FOR SMALL WEB PROJECTS 
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ABSTRACT 
Context. Software testing effort estimation is one of the important problems in software development and software testing life cycle. The object of the study is the process of estimating the agile testing efforts for small Web projects. The subject of the study is the multiple regression models for estimating the agile testing efforts for small Web projects. 
Objective. The goal of the work is the creation of the multiple non-linear regression model for estimating the agile testing efforts for small Web projects on the basis of the Johnson multivariate normalizing transformation. 
Method. The model, confidence and prediction intervals of multiple non-linear regression for estimating the agile testing efforts for small Web projects are constructed on the basis of the Johnson multivariate normalizing transformation for non-Gaussian data with the help of appropriate techniques. The techniques based on the multiple non-linear regression analysis using the multivariate normalizing transformations to build the models, equations, confidence and prediction intervals of multiple non-linear regressions are used. The techniques allow to take into account the correlation between random variables in the case of normalization of multivariate non-Gaussian data. In general, this leads to a reduction of the mean magnitude of relative error, the widths of the confidence and prediction intervals in comparison with the linear models and nonlinear models constructed using univariate normalizing transformations. 
Results. Comparison of the constructed model with the linear model and non-linear regression models based on the decimal logarithm and the Johnson univariate transformation has been performed. 
Conclusions. The multiple non-linear regression model to estimate the agile testing efforts for small Web projects is firstly constructed on the basis of the Johnson multivariate transformation for BS  family. This model, in comparison with other regression models (both linear and non-linear), has a smaller value of the mean magnitude of relative error, smaller widths of the confidence and prediction intervals. The prospects for further research may include the application of other multivariate normalizing transformations and data sets to construct the multiple non-linear regression model for estimating the agile testing efforts for small Web projects. 
KEYWORDS: agile testing, estimation, testing effort, Web project, multiple non-linear regression model, multivariate normalizing transformation, non-Gaussian data. 

 
ABBREVIATIONS LB is lower bound; MD is Mahalanobis distance; MRE is a magnitude of relative error; MMRE is a mean magnitude of relative error; PRED is percentage of prediction; UB is upper bound. 

 
NOMENCLATURE 

b̂  is estimator for vector of linear regression equation parameters, { }Tkbbb ,,, 21 …=b ; 
ib̂  is estimator for the i-th parameter of linear regression equation; 

k is a number of independent variables (regressors); 
N is a number of data points; 
( )1,0N  is a Gaussian distribution with zero mathematical expectation and unit variance; 

P  is a non-Gaussian random vector, 
{ }TkXXXY ,,,, 21 …=P ; 2R  is a multiple coefficient of determination; 

NS  is a sample covariance matrix, [ ]ijN S=S ; T  is a Gaussian random vector, 
{ }TkY ZZZZ ,,,, 21 …=T ; 

να ,2t  is a quantile of student’s t-distribution with ν  degrees of freedom and 2α  significance level; 1X  is a number of test cases; 2X  is a number of design document pages; 3X  is a number of defects; 
Y is an actual testing effort in person hours; 

+
XZ  is a matrix of centered regressors that contains the values 11 ZZ

i
− , 22 ZZ

i
− , … , kk ZZ

i
− ; 

( )TX
+Z  is a transpose of +

XZ ; 
+
Xz  is a vector with components 11 ZZ

i
− , 22 ZZ

i
− , 

… , kk ZZ
i
−  for i-row; 

( )TX
+z  is a transpose of +

Xz ; 
YZ  is a sample mean of the values of the variable 

YZ ; 
YẐ  is a prediction linear regression equation result; 

α  is a significance level; 
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1β  is a multivariate skewness; 2β  is a multivariate kurtosis; 
γ  is a vector of parameters of the Johnson multivariate translation, ( )TkY γγγγ= ,,,, 21 …γ ; 
ε  is a Gaussian random variable which defines residuals, ε ∼ ( )1,0N ; 
η  is a vector of parameters of the Johnson multivariate translation, ( )kY ηηη= ,,,diag 1 …η ; 
λ  is a vector of parameters of the Johnson multivariate translation, ( )kY λλλ= ,,,diag 1 …λ ; 
ν  is a number of degrees of freedom; 
Σ  is a covariance matrix, [ ]ijΣ=Σ ; 
ϕ  is a vector of parameters of the Johnson multivariate translation, ( )TkY ϕϕϕϕ=ϕ ,,,, 21 … ; 
ψ  is a vector of multivariate normalizing transformation, { }TkY ψψψψ= ,,,, 21 …ψ . 

 
INTRODUCTION Software testing effort estimation is one of the important problems in software development and software testing life cycle. Agile testing is a software testing process that follows the principles of agile software development [1–5]. In comparison with waterfall testing, it is a new age software testing approach which leads to a reduction of testing efforts. Agile testing is well suited for small software projects including small Web projects. The agile testing lifecycle consists of the 5 phases [5], the second of which is agile testing planning, that includes testing effort estimation. A testing effort estimation is a difficult problem, for the solution of which various mathematical models are applied. Today one of the most well-known effort estimation model is the COCOMO II (COnstructive COst MOdel) [6]. The COCOMO II is a non-linear regression equation with parameters that are derived from historical data of software projects. This equation is built on the basis of univariate normalizing transformation in the decimal logarithm form. The paper [7] proposed the multiple linear and non-linear regression equations for estimating the testing efforts of software projects including large ones. However, a prediction regression equation result is a mean value of dependent random variable. There is no random error term in regression equation. A prediction regression model result is a value of dependent random variable, since there is the random error term in regression model. Therefore, to predict agile testing effort as a value of a dependent random variable there is the need to develop the appropriate non-linear regression models. 

The object of study is the process of estimating the agile testing efforts for small Web projects. 
The subject of study is the multiple non-linear regression models to estimate the agile testing efforts for small Web projects. 

The purpose of the work is to construct the multiple non-linear regression model for estimating the agile testing efforts for small Web projects. The agile testing effort prediction results by constructed model should be better in comparison with other regression models, both linear and nonlinear, primarily on such standard evaluations as mean magnitude of relative error, widths of confidence and prediction intervals. 
 

1 PROBLEM STATEMENT Suppose given the original sample as the four-dimensional non-Gaussian data set: actual testing effort in person hours Y, the total number of test cases 1X , the total number of design document pages 2X  and the number of defects 3X  from N small Web projects. Suppose that there are bijective multivariate normalizing transformation of non-Gaussian random vector 
{ }TkXXXY ,,,, 21 …=P  to Gaussian random vector 
{ }TkY ZZZZ ,,,, 21 …=T  is given by  

( )PψT =  (1) and the inverse transformation for (1)  
( )TψP 1−= . (2) It is required to build the multiple non-linear regression model in the form ( )ε= ,,, 321 XXXYY  on the basis of the transformations (1) and (2). 
 

2 REVIEW OF THE LITERATURE A normalizing transformation is often a good way to build the models, equations, confidence and prediction intervals of multiple non-linear regressions [8–13]. According to [9] transformations are made for essentially four purposes, two of which are: firstly, to obtain approximate normality for the distribution of the error term (residuals) or the dependent random variable, secondly, to transform the response and/or the predictor in such a way that the strength of the linear relationship between new variables (normalized variables) is better than the linear relationship between dependent and independent random variables. Well-known techniques for building the models, equations, confidence and prediction intervals of multiple non-linear regressions are based on the univariate normalizing transformations (such as, the decimal logarithm, the natural logarithm, the Box-Cox transformation), which do not take into account the correlation between random variables in the case of normalization of multivariate non-Gaussian data. Application of univariate normalizing transformations for building the multiple non-linear regression models does not always lead to good prediction results by such regression models, primarily on such standard evaluations as mean magnitude of relative error, widths of confidence and prediction intervals [13]. This leads to the need to use the multivariate normalizing transformations. 
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In [13] the techniques to build the models, confidence and prediction intervals of multiple non-linear regressions for multivariate non-Gaussian data on the basis of the bijective multivariate normalizing transformations were proposed. The techniques consist of three steps. In the first step, a set of multivariate non-Gaussian data is normalized using a bijective multivariate normalizing transformation. In the second step, the model, confidence and prediction intervals of linear regression for the normalized data are built. In the third step, the model, confidence and prediction intervals of multiple non-linear regression for multivariate non-Gaussian data are constructed on the basis of the model, confidence and prediction intervals of linear regression for the normalized data and the multivariate normalizing transformation. Non-linear regression prediction results by models, which constructed in the papers [13, 14] on the basis of the Johnson multivariate normalizing transformation, are better in comparison with other regression models, both linear and nonlinear, primarily on such standard evaluations as mean magnitude of relative error, widths of confidence and prediction intervals. This leads to the need to develop the multiple non-linear regression model for estimating the agile testing efforts for small Web projects on the basis of the multivariate normalizing transformations. 

 

3 MATERIALS AND METHODS After normalizing the non-Gaussian data by the transformation (1) the linear regression model is built for normalized data. The linear regression model for normalized data will have the form [13] 
( ) ε++=ε+= + bZ ˆˆ

XYYY ZZZ . (3)After that the multiple non-linear regression model is built on the basis of the linear regression model (3) for the normalized data and the transformations (1) and (2). The non-linear regression model will have the form [13] 
( )[ ]ε++ψ= +− bZ ˆ1

XYY ZY . (4)The technique to build a confidence interval of multiple non-linear regression is based on a confidence interval of linear regression for normalized data, and transformations (1) and (2) [13]:  
( ) ( ) ( )
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=1 , krq ,,2,1, …= . The technique to build a prediction interval of multiple non-linear regression is based on a prediction interval of linear regression for normalized data, and transformations (1) and (2) [13]:  
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zZZz .  For normalizing the multivariate non-Gaussian data, we use the Johnson translation system. In our case the Johnson normalizing translation is given by [14]  
( )[ ]ϕ−+= − PληhγT 1 ∼ ( )Σ0 ,mmN , (5) where ( )[ ] ( ) ( ) ( ){ }TkkYYkY yhyhyhyyy ,,,,,, 111 …… =h ; 

( )⋅ih  is one of the translation functions  
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h  (6) Here ( ) λϕ−= Xy ; ( ) ⎟
⎠
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⎜
⎝
⎛ ++= 1lnArsh 2yyy . In our case X equals Y, 1X , 2X  or 3X  respectively. The model, equation, confidence and prediction intervals of multiple non-linear regression to estimate agile testing efforts for small Web projects are constructed on the basis of the Johnson multivariate normalizing transformation for the four-dimensional non-Gaussian data set from Table 1 for 40 small Web projects (rows 1–40). Also Table 1 contains the values of squared Mahalanobis distance (MD) for 41 and 40 (after outlier cutoff) data rows. For detecting the outliers in the data from Table 1 we use the technique based on multivariate normalizing transformations and the squared MD [15]. There is one outlier in the data from Table 1 for 0.005 significance level and the Johnson multivariate transformation (5) for BS  family. Parameters of the multivariate transformation (5) for 

BS  family were estimated by the maximum likelihood method. Estimators for parameters of the transformation (6) for 41 data rows are: 4.09443ˆ =γY , 5.47043ˆ1 =γ , 1.09282ˆ 2 =γ , 1.37671ˆ3 =γ , 1.04794ˆ =ηY , 0.97350ˆ1 =η , 0.70189ˆ 2 =η , 0.64464ˆ 3 =η , 0.37266ˆ =ϕY , 1.95622ˆ1 =ϕ , 0.94564ˆ 2 =ϕ , 2.35215ˆ 3 =ϕ , 327.313ˆ =λY , 5438.99ˆ1 =λ , 130.495ˆ 2 =λ  and 110.210ˆ 3 =λ . The sample covariance 
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matrix NS  of the T  is used as the approximate moment-matching estimator of Σ   

⎟⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜

⎝

⎛

= 1.00000.20290.75190.8497 0.20291.00000.43260.4088 0.75190.43261.00000.9812 0.84970.40880.98121.0000
NS .  The data of system 41 is multivariate outlier, since for this data row the squared MD equals to 20.43 is greater than the value of the quantile of the Chi-Square distribution, which equals to 14.86 for 0.005 significance level. The same result was obtained for the univariate transformation in the decimal logarithm form. In this case the data of system 41 is multivariate outlier too, since for this data row the squared MD equals to 20.26. The squared MD values for 40 data rows indicate there are no outliers in this data from Table 1.  Table 1 – The data set and squared MDs Squared MD No Y 1X  2X  3X  

N=41 N=40 1 1.33 4 11 4 5.69 6.14 2 3.51 11 2 7 5.75 5.83 3 3.17 10 4 8 2.67 2.50 4 1.53 5 14 4 3.80 4.38 5 2.35 9 12 3 4.71 5.56 6 3.13 10 8 9 2.56 2.39 7 2.03 6 16 7 3.92 4.07 8 3.22 11 11 6 1.31 1.34 9 2.73 10 16 5 2.83 3.89 10 4.65 16 13 7 0.75 0.68 11 5.52 21 12 4 7.56 7.32 12 2.75 7 23 12 4.28 6.42 13 6.93 25 6 13 2.68 2.83 14 3.73 14 29 4 2.44 2.47 15 5.08 18 22 7 0.62 0.60 16 7.12 25 11 11 1.11 1.06 17 3.24 10 31 9 2.49 2.19 18 4.05 12 35 6 2.63 4.16 19 4.72 16 32 7 0.58 0.51 20 3.49 13 41 4 2.52 2.58 21 6.03 18 24 18 0.64 0.57 22 4.13 12 40 13 2.35 2.20 23 10.18 33 15 23 0.62 0.64 24 9.95 36 29 12 1.21 1.10 25 8.67 24 36 32 1.37 1.92 26 16.53 51 3 45 7.11 7.40 27 12.45 44 37 18 0.97 0.91 28 15.56 56 25 19 2.84 2.64 29 17.47 57 7 40 3.92 3.98 30 11.23 29 48 47 2.78 4.27 31 8.21 29 79 10 2.30 2.17 32 19.95 50 6 90 8.33 9.59 33 16.16 44 53 61 3.12 3.88 34 8.83 33 110 8 6.14 5.95 35 12.97 47 94 16 3.30 3.13 36 21.32 94 48 37 4.73 7.40 37 20.97 83 61 62 8.87 11.09 38 38.22 127 25 78 4.77 4.83 39 26.48 111 71 54 5.50 7.38 40 48.2 173 120 60 11.73 12.03 41 7.07 11 13 51 20.43 –  
Estimators for parameters of the transformation (5) for 

BS  family for 40 data rows are: 3.8484ˆ =γY , 5.4050ˆ1 =γ , 1.0397ˆ 2 =γ , 1.3214ˆ3 =γ , 0.9990ˆ =ηY , 0.96416ˆ1 =η , 0.68334ˆ 2 =η , 0.61537ˆ 3 =η , 0.52944ˆ =ϕY , 2.0172ˆ1 =ϕ , 1.0107ˆ 2 =ϕ , 2.5590ˆ 3 =ϕ , 298.41ˆ =λY , 5439.41ˆ1 =λ , 128.66ˆ 2 =λ  and 103.668ˆ 3 =λ . The sample covariance matrix NS   
⎟⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜

⎝

⎛

= 1.00000.22040.79090.8588 0.22041.00000.42800.4108 0.79090.42801.00000.9898 0.85880.41080.98981.0000
NS .  After normalizing the non-Gaussian data by the multivariate transformation (5) for BS  family the linear regression model is built for normalized data  

ε++++=ε+= 3322110 ˆˆˆˆˆ ZbZbZbbZZ YY . (7) Parameters of the linear regression model (7) were estimated by the least square method. Estimators for parameters of the model (7) are such: 00̂ =b , 81961.01̂ =b , 01428.0ˆ2 =b , 20730.03̂ =b . After that the multiple non-linear regression model (4) is built  
( ) 1ˆˆˆ1ˆˆ −

ηγ−ε+−
⎥⎦
⎤

⎢⎣
⎡ +λ+ϕ= YYYZ

YY eY , (8) where 
jjj

jj
jjj X

X
Z

−λ+ϕ

ϕ−
η+γ= ln , jjjj X λ+ϕ<<ϕ , 3,2,1=j . The model (8) is the multiple non-linear regression model to estimate the agile testing efforts for small Web projects.  

4 EXPERIMENTS For comparison of the model (8) with other multiple models one linear regression model and two non-linear regression models are built on the basis of 40 data rows from Table 1 and two univariate normalizing transformations: the decimal logarithm transformation and the Johnson transformation. The multiple linear regression model has the form  
ε++++= 3322110 ˆˆˆˆ XbXbXbbY , (9) where the estimators for parameters are: 0.26513ˆ0 =b , 0.231161̂ =b , 0.00082ˆ2 −=b , 0.08374ˆ3 =b . The multiple non-linear regression model is constructed on the basis of the linear regression model (7) 
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for the normalized data and the decimal logarithm transformation  3210 3̂2̂1̂ˆ10 bbbb XXXY +ε= , (10) where the estimators for parameters are: 0.4500ˆ0 −=b , 0.788871̂ =b , 0.00176ˆ2 =b , 0.18782ˆ3 =b . The multiple non-linear regression model is constructed on the basis of the linear regression model (7) for the normalized data and the Johnson univariate transformation for BS  family (6). In this case the estimators for parameters of the model (8) are: 1.72684ˆ =γY , 1.78876ˆ1 =γ , 1.2346ˆ 2 =γ , 1.1127ˆ3 =γ , 0.73211ˆ =ηY , 0,73090ˆ1 =η , 0.72269ˆ 2 =η , 0.53444ˆ 3 =η , 1.1292ˆ =ϕY , 3,3512ˆ1 =ϕ , 1.1717ˆ 2 =ϕ , 2.90ˆ 3 =ϕ , 64.039ˆ =λY , 237.48ˆ1 =λ , 142.95ˆ 2 =λ , 92.745ˆ 3 =λ , 00̂ =b , 86376.01̂ =b , 00240.0ˆ2 =b  and 16633.03̂ =b . The computer program implementing the constructed models (8), (9) and (10) was developed to conduct experiments. The program was written in the sci-language for the Scilab system. Scilab (http://www.scilab.org) is the free and open source software, the alternative to commercial packages for system modeling and simulation packages such as MATLAB and MATRIXx.  

5 RESULTS If the Gaussian random variable ε  equals zero the regression models (8), (9) and (10) are the multiple regression equations for which the prediction results for values of components of vector { }321 ,, XXX=X  from Table 1 and values of MRE are shown in the Table 2.  Table 2 – The prediction results and confidence intervals of multiple regressions Multiple non-linear regressions univariate normalizing transformation Multiple linear regression the decimal logarithm the Johnson transformation the Johnson multivariate normalizing transformation No 
Ŷ  MRE LB UB Ŷ  MRE LB UB Ŷ  MRE LB UB Ŷ  MRE LB UB 1 1.516 0,1396 0.934 2.097 1.380 0.0375 1.312 1.451 1.360 0.0225 1.334 1.389 1.298 0.0242 1.252 1.3462 3.392 0,0335 2.752 4.033 3.394 0.0329 3.192 3.609 3.383 0.0363 3.154 3.636 3.387 0.0352 3.223 3.5603 3.243 0,0231 2.635 3.851 3.233 0.0197 3.088 3.384 3.188 0.0055 3.042 3.344 3.234 0.0203 3.121 3.3524 1.744 0,1401 1.179 2.310 1.646 0.0760 1.574 1.722 1.645 0.0751 1.603 1.691 1.593 0.0411 1.541 1.6485 2.587 0,1008 2.000 3.174 2.479 0.0549 2.371 2.592 2.248 0.0436 2.114 2.399 2.312 0.0160 2.210 2.4216 3.324 0,0619 2.758 3.890 3.309 0.0571 3.192 3.430 3.239 0.0347 3.121 3.363 3.320 0.0607 3.222 3.4217 2.225 0,0961 1.685 2.765 2.112 0.0404 2.016 2.213 2.041 0.0056 1.969 2.120 2.079 0.0240 2.001 2.1618 3.301 0,0252 2.735 3.868 3.308 0.0272 3.204 3.415 3.320 0.0310 3.210 3.435 3.357 0.0425 3.270 3.4479 2.982 0,0924 2.438 3.527 2.967 0.0867 2.871 3.065 2.983 0.0928 2.888 3.085 3.005 0.1006 2.925 3.08710 4.539 0,0238 3.982 5.096 4.577 0.0157 4.439 4.720 4.624 0.0055 4.462 4.794 4.673 0.0049 4.551 4.79911 5.445 0,0137 4.797 6.092 5.105 0.0751 4.822 5.406 5.127 0.0712 4.790 5.493 5.075 0.0806 4.816 5.35012 2.869 0,0434 2.331 3.408 2.641 0.0397 2.495 2.795 2.461 0.1053 2.347 2.584 2.585 0.0598 2.470 2.70813 7.128 0,0285 6.509 7.746 7.301 0.0535 7.001 7.614 7.304 0.0540 6.923 7.708 7.315 0.0556 7.047 7.59514 3.812 0,0221 3.281 4.344 3.714 0.0044 3.560 3.873 3.712 0.0048 3.541 3.895 3.734 0.0010 3.598 3.87515 4.994 0,0169 4.484 5.504 5.027 0.0104 4.879 5.180 5.101 0.0042 4.929 5.281 5.158 0.0153 5.027 5.29216 6.956 0,0230 6.372 7.540 7.083 0.0052 6.855 7.319 7.150 0.0042 6.858 7.456 7.167 0.0066 6.952 7.38817 3.305 0,0200 2.773 3.837 3.317 0.0237 3.189 3.449 3.247 0.0020 3.121 3.380 3.365 0.0387 3.258 3.47718 3.513 0,1327 2.967 4.058 3.550 0.1235 3.429 3.675 3.572 0.1180 3.445 3.706 3.644 0.1001 3.544 3.74819 4.524 0,0416 4.016 5.031 4.584 0.0288 4.446 4.726 4.633 0.0184 4.476 4.797 4.718 0.0004 4.601 4.83920 3.571 0,0234 2.978 4.165 3.505 0.0042 3.355 3.661 3.503 0.0037 3.341 3.676 3.536 0.0132 3.408 3.67021 5.914 0,0193 5.441 6.386 6.004 0.0043 5.813 6.201 5.804 0.0375 5.598 6.019 6.027 0.0004 5.871 6.18922 4.095 0,0085 3.497 4.692 4.106 0.0059 3.928 4.292 3.960 0.0411 3.781 4.151 4.153 0.0055 4.006 4.30623 9.807 0,0366 9.306 10.308 10.133 0.0046 9.851 10.422 9.967 0.0210 9.599 10.348 10.055 0.0123 9.785 10.33224 9.568 0,0384 9.041 10.095 9.616 0.0336 9.304 9.938 9.847 0.0103 9.471 10.238 9.756 0.0195 9.464 10.05825 8.463 0,0239 7.795 9.131 8.399 0.0312 8.031 8.784 8.011 0.0760 7.640 8.401 8.369 0.0348 8.085 8.66326 15.820 0,0430 15.010 16.630 16.158 0.0225 15.120 17.268 15.769 0.0460 14.546 17.068 15.589 0.0569 14.693 16.53927 11.913 0,0431 11.427 12.399 12.162 0.0232 11.795 12.539 12.313 0.0110 11.858 12.783 12.194 0.0206 11.846 12.55228 14.780 0,0501 14.067 15.494 14.850 0.0456 14.303 15.418 15.196 0.0234 14.538 15.877 14.720 0.0540 14.191 15.26929 16.785 0,0392 16.019 17.551 17.280 0.0109 16.440 18.163 17.000 0.0269 16.031 18.012 16.734 0.0421 15.986 17.51730 10.865 0,0325 9.819 11.912 10.487 0.0662 9.922 11.083 10.015 0.1082 9.433 10.630 10.506 0.0645 10.054 10.97931 7.741 0,0571 6.788 8.695 7.849 0.0440 7.528 8.183 8.029 0.0221 7.605 8.477 8.127 0.0101 7.825 8.44232 19.355 0,0298 17.602 21.107 18.142 0.0906 16.983 19.379 19.878 0.0036 18.087 21.774 19.676 0.0137 18.356 21.08733 15.501 0,0408 14.285 16.716 15.305 0.0529 14.513 16.139 14.950 0.0749 14.080 15.861 15.494 0.0412 14.806 16.21334 8.473 0,0404 7.049 9.897 8.339 0.0556 7.907 8.794 8.674 0.0177 8.044 9.354 8.741 0.0100 8.262 9.24935 12.392 0,0445 11.315 13.469 12.551 0.0323 12.012 13.115 12.862 0.0083 12.121 13.641 12.803 0.0129 12.256 13.37436 25.053 0,1751 24.147 25.958 25.353 0.1892 24.289 26.464 25.685 0.2048 24.603 26.786 24.519 0.1501 23.577 25.49637 24.593 0,1728 23.696 25.490 25.333 0.2081 24.204 26.514 25.102 0.1971 23.980 26.247 25.158 0.1997 24.163 26.19138 36.133 0,0546 34.746 37.520 36.936 0.0336 35.110 38.858 37.161 0.0277 35.682 38.622 36.607 0.0422 34.926 38.35939 30.387 0,1476 29.413 31.361 31.054 0.1727 29.615 32.564 31.097 0.1744 29.813 32.388 30.135 0.1380 28.907 31.41040 45.181 0,0626 43.360 47.003 44.994 0.0665 42.372 47.778 46.127 0.0430 44.434 47.737 43.296 0.1018 40.695 46.035 
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The prediction results by model (8) and values of MRE are shown in the Table 2 for two cases: Johnson’s univariate and multivariate normalizing transformations. Table 2 also contains the prediction results by linear regression model (9) for values of components of vector 

X from Table 1 and MRE values. The MRE values for the multiple non-linear regression model (8) based on the Johnson multivariate transformation are smaller than for the linear regression model (9) for 25 rows of data: 1, 3–7, 10, 14–16, 18–24, 27, 31, 32, 34–36, 38, 39. Also the MRE values for the non-linear regression model (8) based on the Johnson multivariate transformation are smaller than for the multiple non-linear regression model (10) following the decimal logarithm univariate transformation for 22 rows of data: 1, 2, 4, 5, 7, 10, 14, 18, 19, 21, 22, 24, 27, 30–37, 39. And ones are smaller than for the non-linear regression model (8) following the Johnson univariate transformation for only 18 rows of data: 2, 4, 5, 10, 12, 14, 18, 19, 21–23, 25, 30, 31, 33, 34, 36 and 39. MMRE and PRED(0.25) are accepted as standard evaluations of prediction results by regression models and equations. The acceptable values of MMRE and PRED(0.25) are not more than 0.25 and not less than 0.75 respectively. The acceptable value of 2R is approximately the same as for PRED(0.25). The values of 2R , MMRE and PRED(0.25) equal respectively 0.9847, 0.0565 and 1.0 for linear regression model (9), and equal respectively 0.9810, 0.0503 and 1.0 for the model (10), and equal respectively 0.9828, 0.0478 and 1.0 for the model (8) for the Johnson univariate transformation, and equal respectively 0.9818, 0.0443 and 1.0 for the model (8) for the Johnson multivariate transformation. The value of MMRE is better for the model (8) for the Johnson multivariate transformation in comparison with all previous models. The confidence and prediction intervals of multiple non-linear regression are defined for the data from Table 1. Table 2 contains the lower (LB) and upper (UB) bounds of the confidence intervals of linear and multiple non-linear regressions on the basis of univariate and multivariate transformations respectively for 0.05 significance level. The widths of the confidence interval of multiple non-linear regression on the basis of the Johnson multivariate transformation are smaller than for linear regression (9) for 34 rows of data: 1–25, 27–35. Also the widths of the confidence interval of multiple non-linear regression on the basis of the Johnson multivariate transformation are less for more data rows than for multiple non-linear regressions following the univariate transformations, both decimal logarithm and the Johnson. The widths of the confidence interval of multiple non-linear regression on the basis of the Johnson multivariate transformation are smaller than following the decimal logarithm univariate transformation for 37 rows of data: 1–31, 33, 36–40. And ones are smaller than following the Johnson univariate transformation for 34 rows of data: 2, 3, 5, 6, 8–11, 13–37 and 39. 
Approximately the same results are obtained for the prediction intervals of regressions. Table 3 contains the lower (LB) and upper (UB) bounds of the prediction intervals of multiple linear and non-linear regressions on the basis of univariate and multivariate transformations respectively for 0.05 significance level. Note the lower bounds of the prediction interval of linear regression (9) are negative for the four rows of data: 1, 4, 5 and 7. All the lower bounds of the prediction interval of multiple non-linear regressions are positive. The widths of the prediction interval of multiple non-linear regression on the basis of the Johnson multivariate transformation are smaller than for linear regression (9) for 35 rows of data: 1–35.  Table 3 – The bounds of the prediction intervals Bounds for multiple non-linear regression Bounds for linear regression decimal logarithm transformation Johnson multivariate transformation No LB UB LB UB LB UB 1 –1.174 4.205 1.186 1.606 1.184 1.4312 0.689 6.096 2.906 3.966 2.968 3.8773 0.548 5.939 2.782 3.756 2.850 3.6824 –0.942 4.431 1.417 1.912 1.439 1.7735 –0.104 5.278 2.134 2.879 2.050 2.6206 0.637 6.010 2.855 3.834 2.928 3.7757 –0.456 4.906 1.817 2.454 1.854 2.3418 0.615 5.988 2.857 3.829 2.962 3.8159 0.300 5.664 2.562 3.435 2.658 3.40710 1.855 7.224 3.955 5.297 4.097 5.34011 2.740 8.149 4.377 5.955 4.412 5.85012 0.188 5.550 2.264 3.080 2.284 2.93813 4.430 9.826 6.291 8.473 6.366 8.41614 1.133 6.492 3.200 4.310 3.279 4.26315 2.319 7.669 4.344 5.818 4.517 5.90016 4.266 9.647 6.117 8.201 6.248 8.22917 0.625 5.984 2.860 3.847 2.965 3.83018 0.830 6.195 3.064 4.112 3.209 4.15019 1.849 7.198 3.961 5.306 4.137 5.39020 0.879 6.264 3.018 4.070 3.109 4.03421 3.245 8.582 5.186 6.951 5.268 6.90622 1.402 6.788 3.535 4.768 3.640 4.74823 7.133 12.481 8.759 11.722 8.754 11.55424 6.889 12.246 8.304 11.135 8.489 11.21725 5.753 11.173 7.231 9.756 7.281 9.62726 13.072 18.568 13.802 18.916 13.436 18.07927 9.242 14.584 10.508 14.075 10.607 14.01828 12.059 17.502 12.810 17.214 12.782 16.94829 14.049 19.520 14.853 20.103 14.496 19.30930 8.038 13.692 8.997 12.224 9.107 12.12431 4.947 10.535 6.763 9.108 7.066 9.35632 16.197 22.512 15.500 21.234 16.896 22.89233 12.607 18.394 13.141 17.825 13.420 17.88034 5.486 11.460 7.160 9.712 7.551 10.12735 9.554 15.231 10.809 14.575 11.095 14.77436 22.275 27.831 21.839 29.433 21.321 28.16037 21.818 27.368 21.804 29.432 21.874 28.89638 33.163 39.103 31.740 42.984 31.889 41.92539 27.586 33.188 26.713 36.101 26.235 34.55340 41.985 48.377 38.533 52.537 37.588 49.717 Also the widths of the prediction interval of multiple non-linear regression on the basis of the Johnson multivariate transformation are smaller for more data rows than for multiple non-linear regressions following the univariate transformations, both decimal logarithm and the Johnson. The widths of the prediction interval of 
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multiple non-linear regression on the basis of the Johnson multivariate transformation are smaller than following the decimal logarithm univariate transformation for 38 rows of data: 1–31, 33, 35–40. And ones are smaller than following the Johnson univariate transformation for 26 rows of data: 1, 2, 4–19, 21, 23–26, 28–30. The null hypothesis that the observed frequency distribution of residuals for linear regression models (7) and (9) is the same as the normal distribution was tested by Pearson’s chi-squared test. We can accept the null hypothesis that the distribution of residuals for linear regression model (7) is the same as the normal distribution for normalized data, which normalized by the Johnson multivariate transformation only, since the chi-squared test statistic value equals to 5.59 is smaller than the critical value of the chi-square, which equals to 7.81 for 3 degrees of freedom and 0.05 significance level. The chi-squared test statistic values equal to 60.61, 12.41 and 17.34 respectively for the model (9), the model (7) for normalized data, which normalized by the decimal logarithm univariate transformation and the Johnson univariate transformation for BS  family. Following [16] multivariate skewness 1β  and kurtosis 2β  are estimated for 40 data rows from Table I and the normalized data on the basis of the decimal logarithm transformation, the Johnson univariate and multivariate transformations for BS  family. The measures 1β  and 2β  allow one to test two hypotheses that are compatible with the assumption of multivariate normality. The estimator of multivariate skewness given by [16]  

( ) ( ){ }31 121 1ˆ ∑
−

− −−=β
N

i
iN

T
i

N
ZZSZZ . (11) The estimator of multivariate kurtosis given by [16]  

( ) ( ){ }21 12 1ˆ ∑
−

− −−=β
N

i
iN

T
iN

ZZSZZ . (12) In our case, in the formulas (11) and (12), the vectors 
Z and Z  should be replaced by the vectors P and P  or T and T , respectively, for the initial (non-Gaussian) or normalized data. It is known that ( )( ) Nmmm 211 ++=β  and ( )2mm2 +=β  hold under multivariate normality. The given equalities are necessary conditions for multivariate normality. In our case 31 =β  and 242 =β . The estimators of multivariate skewness and kurtosis equal 19.38, 4.18, 5.30, 4.65, and 47.37, 23.22, 26.32, 24.29 for the data from Table 1, the normalized data on the basis of the decimal logarithm transformation, the Johnson univariate and multivariate transformations respectively. The values of these estimators indicate that the necessary condition for multivariate normality is practically performed for the normalized data on the basis of the decimal logarithm transformation and the Johnson multivariate transformation, it does not hold for other data. 

6 DISCUSSION As it evident from the Table 3, the values of lower bounds of the prediction intervals of linear regression (9) for estimating the agile testing efforts for small Web projects are negative for some data rows. In our opinion, the presence of negative values may be explained by two reasons. Firstly, for the initial data from Table 1, four basic assumptions that justify the use of linear regression model, one of which is normality of the error distribution, are not valid. Moreover, the chi-squared test statistic value for residuals in linear regression model (9) is larger than for residuals in linear regression model (7) for normalized data, which normalized by the Johnson multivariate transformation, more than 10 times. Secondly, there is reason to reject the hypothesis that the sample of normalized data comes from a multivariate normal distribution. Note all the lower bounds of the prediction intervals of multiple non-linear regressions are positive. Also note that in our case for the data from Table 1, the poor normalization of multivariate non-Gaussian data using the Johnson univariate transformation leads to an increase in the widths of the confidence and prediction intervals of multiple non-linear regression for a larger number of data rows compared to the Johnson multivariate transformation. The widths of the confidence and prediction intervals of multiple non-linear regression on the basis of the Johnson multivariate transformation are smaller for more data rows than for linear regression and multiple non-linear regressions following the univariate transformations, both decimal logarithm and the Johnson. Also the MMRE value is smaller for the model (8) for the Johnson multivariate transformation in comparison with all other models, both linear and non-linear, based on univariate transformations. This may be explained best multivariate normalization and the fact that there is no reason to reject the null hypothesis that the distribution of residuals for linear regression model (7) is the same as the normal distribution for normalized data, which normalized by the Johnson multivariate transformation only.  
CONCLUSIONS The important problem of increase of confidence of agile testing effort estimation for small Web projects is solved. 

The scientific novelty of obtained results is that the multiple non-linear regression model to estimate the agile testing efforts for small Web projects is firstly constructed on the basis of the Johnson multivariate transformation for BS  family. This model, in comparison with other regression models (both linear and non-linear), has a smaller value of the mean magnitude of relative error, smaller widths of the confidence and prediction intervals of multiple non-linear regression. 
The practical significance of obtained results is that the software realizing the constructed model is developed in the sci-language for Scilab. The experimental results 
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allow to recommend the constructed model for use in practice. 

Prospects for further research may include the application of other multivariate normalizing transformations and data sets to construct the multiple non-linear regression model for estimating the agile testing efforts for small Web projects.  
ACKNOWLEDGEMENTS We are thankful to Tetiana Avdieieva for the data provided on the agile testing efforts for small Web projects.  
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А а ь ь. Ра а а и в  и я ь и а а ав а и и ва  и  
ав ия и и   и в ва а а. А а ь ь а   ав ива я -
и ь  а в  а а и а а  и  а  и а.  и ва ия – и  и 

и - и и  и  я ь и а а ав а и и ва  и  ав ия и -
и   а  и в ва.  и ва ия – и,  и ва в ш ия ив -
и я ь и а а а  и в ва. 

ь а  – а а а а, в я  в и и  и  я ь и а а ав -
а и и ва  и  ав ия и и   а в  и в  а а  а  я ь-
и,  в ь а  и и а и  и ва ия, а а  в и и а ия а а и  а а и а я ь-
и а а ав а и и ва  и  и ва ия а иа в я и в ия а а а ЗА  «М  и » ( . За ь , У аи а). 

Me .  ш и  а а ива   в ви  ия и и а и  и а и -
и ва ия ав а и и ва  и  и в ия а а и в аи вия а а  а а и и  ва иа - в - аши  и а. а я ь и а а в ва я а ав и ь  а а и  ь а в 

и а  вв  в ь а а  а ив  и ь  а а , а а и и  я ь ь -
а а. В и и а и  и в - аши ая и а « а -ав а и и ва ая и а» ав а в ви  
и  а в  ива ия. 
Р з ь а . Ра а а   и а  и , в я и  и в  и ь я ь ь а-
а ав а и и ва  и  ав ия и и   а  и в ва. 
В в . В а    и в  и я ь и а а а  и в ва -

ва  а а и  и и ва  и. Ра а а ая ь, яв я я а ь ши  а ви и  и и -
ва  и,  ав а и а . В и и   и и ва  и, в а и  и и ва  

и  а  в вия а и  « а -ав а и и ва ая и а» и а и ва  вия 
а а  а и  и  в ви . в  и  в и и а ь  

а а и  ия и в я  ва ь  я и ь ва ия а а и  и ш ии а а  и 
в ав ия и и  , а и  ва иа в и в в - аши  и а  

ь  и  и и а ии я и ия  ив и и а ва я ь и а а а  и -
в ва. 

ЮЧЕВЫЕ С ОВА: и и а и ая ь, а а и ая ь, а , а , в - аши  и -, а а я а а , и и  а и.   
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А РЕВ А РЫ 

А УТ  – ав а и и ва ая и а ав ия 
и и  ; 

АФ  – а и а и и ва ия а а; 
ИКВ – и в в - и  вя и ; 
ИМ – и и а и ая ь; 
М –   ; 
Э – ая ия и ; 
НЭ – ая ия и ; 
У – ь  ав ия; 
КМ – а и ая и и ва ая ь; 
Т  – и и  ; 
ТФ  – и вая и а ь ая и и а; 
ЧМИ – в - аши  и ; 
ЧМ  – в - аши ая и а; UI – и  ь ва я.  

О Е А РА 
AV(N)  – в  ь  и  а -

и  а а  а  я ь и; 
base5  –  в я (  150 ), и- я и и и а ии я и в  ва  log10 

а  1,0; 
e  – ва и  а а ь  а и а; 
freq  – а и  log10 а  в а и ва; 
H – и а и ая ия и ; 
Hi – и в  и а ии i-  ви а; 
Hа  – а и ая ия и ; 
H  – ия и ь  и а ии, и -
ь  а ; 
Hи  – ия и , а ая  и и а 

и ; 
H  – ия и а ии я  в -

ви  ; 
i  – в  я ия и ; 
I  – и в  и а ии, а  а -  и и а и ; 
I   – и в  и а ии, а а ва  
а ; 

|K| – и ь я и  а и ; 
Kmax – а и а ь ая и а и; 
K   –  и  и а в в и; 
length – и а ва; 
m  – а ь а ь  в а Х; 
М  – а а и  и а и ; 
n  – и  ша в и а ( и  и а и  в я а), 

а а  я а ия  а; 
N  – в  а ив  и в  -

а а  а  я ь и; 
ni  – i-  а ив  и в  а а ь 
а  я ь и; 

N'  – в  и в  а а  -
а  я ь и,  в ь а  
в ия и и а и  и а; 
n'i  – i-  и в  а а ь а  
я ь и,  в ь а  в ия 

и и а и  и а; 
No   –  и в  ивши  и а в; 

No   – и в  и а в, а а  в -
вия  и а ива и ; 

Pi – в я ь а ия и  в i -  -
я ии ( яв и  и а а i-  и а); 
SD – ва а и  и ; 
t – в я и а и  и а; 
T  –  в я а ия а а а а - ; 
tFi  – в я i-  и а ии в а; 
tRi  – в я и ва ия i-  ва ( и); 
tSi – в я i-  ия в а ( а а  а а); 
Тbus  – в я а я и а а; 
Т а   – а и а ь  и  а я и а а; 
t а   –  в я, в и   а   а я  а  и а ии; 
x  – ави и  а  и ; 
X  –  а ь  в ; 
z – и и  а и а а; 
vi – ь а и и а ии i-  ви а; 
α – а  и  а ии а а а и а  (  0,2 ); 
Δ – и ь и ва  я и  

а и ; 
λ – и ив ь и ; 
π  – а а 3,14; 
ρi  – и и  и; 
σ – и ия в и ; 
τ  – в я ш ия а а  а .  

ВВЕ Е Е 
Э ив ь и а в  а  а в 

А УТ  в   я я ь  а -
в  а а и ЧМИ. в  -
ии и ва ия ь  и а ив  

и  и а  в в в и  в ва  и 
а а а , а и  [1, 2].  и  а а , ая 
ша я а  а ии и ва ия 

ЧМИ, яв я я и  а  в 
я и ав ия Т  и ав я и  и  

и  ав ия в ви  « в - аши а»,  
а ь ши  и  а и   в -- а  и ав а и . Д я  ва-
ь  и я  ва а:  и а ь - а а и а и а ия и  и  а а и а 

а а . И  а  яв я я иш  , -
а и ва  и а и   а и. 

В ь а , и  а  в  а в   , а   и  и  а а а  ав ия [3],   ив и  ва  а -
и  и  и,  а ,  и а и  - а а А УТ . 
А а ь ь а а и в, в я и  

и ь а в  а и  а в ЧМИ а а -
и  а а  и ва ия, ав ива я ь-
ши и в и и а иа ь и а а а и и 

и ва ии  ва иа а ЧМИ  а и  
а ь  ь ва , а а  а и а и и 

я и  в ия. 
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Д я а ия в а а и а и  

и в в  А УТ , в и а-
ви ь и а ия и  и и и а -
ив  в аи вия а а  а а а ь  
а а  и  и ва ия, а в  ишь « а » и  и а,  ь и -
ь ва  и и а и  и ва и  я ь -
и а а,  и ь ва и   и -
и  Т  [4]. 
Ав а и а [5] и и ва ая (а а-

и и -и и а и ая) ь а ав а и и-
ва  ав ия Т  и в ия а а, 
в я ая а и ва ь а  я ь ь -

в а- а а А УТ , а  и  и в -
ия и а а. Да ая ь  ь и -
ь ва а в а в  я а Т  и в ия 

а а. Н а  и и ва  и 
яв я я ,  в , а и и, в   

а  в ви  а и  « а  – 
А УТ ». В  а ь  аи  а  в -
а ая я в  Т  и ав ь – ави а и  а -
иа а в  и .   и ва ия яв я я и  
и и - и и  и  я ь-

и а а А УТ  а  и в ва.  и ва ия яв я я и, - и ва в ш ия ив и я ь -
и а а А УТ  а  и в ва. 
Ц ь  а  а  яв я я а а а а, 
в я  в и и  и  
я ь и а а А УТ  а в  и -

в  а а  а  я ь и, - в ь а  и и а и  и ва ия, а 
а  в и и а ия а а и  а а и а я-
ь и а а А УТ  и ва ия а иа в 
я и в ия а а а ЗА  «М  и » ( . За ь , У аи а). 

 
1 ОС А ОВ А А АЧ  

А УТ  и ва ия а иа в я и в ия 
а а а ЗА  «М  и » а а а я 
в ия а и  и ва ия и шива ия 

в а  и. В а в  ия 
а а  А УТ  и ь  ЧМИ. 
Ав а и а а а а а и и ва ая -
ь [5], в  в  и а  а иа в 
и а и ь а и и и  и ва и ь и  

ви  в  и ав ,  в ш я-. Та и  а ,  в и ь  а а  
ИМ  «и а и и ва » а и -
и ва ия А УТ  и в ия а  и.  
Д я в ш ия а ва и и и ва  
и а   а ь ш  а ви и  а -

в  и и и  а   а а , а  в 
ь а  и в в  и а в 

А УТ  и ва ия а иа в я и в ия 
а а а ЗА  «М  и ». Б  а ва ь а- ь КМ. 

Ра а а ва   и я ь и -
а а а а я в ,  а в  а  и и-
а и  и в, в и  и и 
КМ  а и и ва иа а и ЧМИ,  -
и ва ь ив ь и а в  в ав-
ия Т  и в и ь и  и  
я ь и а а А УТ . Да   - и ь ва ь а  я в и а ь  ЧМИ, а  

и ЧМИ, в и  в ви  « а » и-
в а а и  а а  и ва ия А УТ .  
Д я и я ь и а а А УТ  в - и ь ва ь а   
а а  [6, 7]. Т а, а а  в и  -

и  я ь и а а А УТ  яв я я -
в а ,   ).(' NAVni ∈∀  
В и  а  вия яв я я а а ь-
в  ,  я ь ь а а в в  

и и  ва ия , а и ь  а- ЧМИ (и и  « а » и ) а-
я   и и и и и и в я и.  

2 ЕРА Р Ы  О ОР  и в   а и ва ия 
и  и и и  в Т  и в ия а -
а, и  а и и и а ь ши  и ва-

и   в  ав а и в [5]. 
А УТ  и ва ия а иа в я и в ия 

а а яв я я ЧМ . На  в  и -
ва ия и и ва ия я ь и в а в 
ЧМ  и  в а а  в  [8–15] и 
а   [16]. а я [11, 15],  -

в  ьш  и в   и а ия и 
и в  и в и и ва ия 

ЧМ , а а а  а и и а и ш а-
и: и  и, а в и  и а -
в и  , и ии а в  -
ива ия, и и  ав а , а ь  а а-
и и, и и, а -  и  а и в 
Ля ва, и - и ви и и  и, и GERT, PERT, и а ь  и и а ь -
а и и  и, в я -а и и и  
и а ь  и и -а и и и  
и. 
и  и  аи  и в  в а и  
и в и в ия а а  в   -

и  а в ви  ЧМИ, яв я я  GOMS [16] и GOMS – в : KLM-GOMS [17], CMN-GOMS [18], NGOMSL [19] и CPM-GOMS [20]. Ра ви и  и  
в вя   и и ва ь и  

а , а и  [21–23]. 
а ,  GOMS « и а ...  и-

и ши  а а ия в а в  и а 
и ва ия в UI в » [22]. и и   ав  и а  ьши  а а  а -

и  и в и в и и   . 
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ав и ь  а а и  и ия  и - в и и ва ия в а и  
и ва ия ЧМ  в  в [13–15, 24], -
и  в  ав в в ь  и а ь - ии и М А. И. и  [11], а  

аи  ив а ь . К а а  М - и: и и ь ь  я в  
вия и и вии ави и  а и  [5]; ви   и в и а ь  -

и ва ия ЧМ  в  а и а ь  
я , а а  ви  а и и и  , -
в а и ва ия и а и ь а в и а и  

ЧМ  [14]. 
ав и ь  а а и  ва  GOMS   М, а а  . 
и  и ва:  и я я а а -

и  а ия  и ва ия ЧМИ, а  -
в   ; а  и в   а а  в я в ия а а и 
ь ва ,  в я  в и ь ав и  

а ь а ив  ва иа в; и ь  и а и  .  
и  а и:  и ва  ва и и а и  и 
и а  ь  ь ва ;  

и ва   и ь ва ия (  яв-
я  и а ии,  ва ь и . .) 
Н а и ва GOMS: а и  а- а в и,   а и ь  и-

и ь ь а а ия; ави и ь и  
ив   иа и а; ь и а-

ия а а ь  в. GOMS а и я а и ив  а и , -
ая а  и  а и  я и , в -
ия ия и ви . Х я M  а и ва  а -
и ив  я ь и, в  а  GOMS,  
ь ав  и и ТФ . На и , а- GOMS K, P, H, M и и , и и  в  ,  ь а и ва  в ви  ТФ  «Ра -

ая а ия» М. ТФ  и  «A ь а ив ая 
а ия» яв я я и  а и а ии   а и ив  я ь и в а 

в М.  
3 А ЕР А Ы  Е О Ы 

На а и  и ав а и в -
и ь  ия ЗА  «М  и »  и-

в  ав а и в  а ь  [5]. 
я и а  я ь и яв я-

я ,  а  а и я а а ии  -
в я и ав ия и в я  в  

я ь ь ва  и и и а-
и  и. В а  а , в а в  и -
а и  и а а А УТ  и ва ия 
а иа в и  ЧМИ, я и  и  У,  а -

и а  ва и и и а ии, а а и 
ав ия и а а а  , а а  

а а  а и Р 177В. Э  ви ь в   ,  в а  я ь и а а  
  и а и  в аи вия  

ав я  и  [25]. 
Ра а а КМ ва а а а ия  [26]  
ш и  а и ав ия  ав -

ия Т  и и а ь и ш и  а а,  вв -
ия и и в Э и НЭ ( а в  я -

и и ). 
Ра а ивая и и а  а  и а-

и  а  в ь в и , ьша и   
ь в в  а и  в   ав и  Т , в а в   и 

и ь  я и  и а и  ии H [27]. 
В ии и а ии я ави и  а - и  x  в и я ия и 

i = 1, 2,…n и а и ая в и ая ия а -
и ва я   Ш а:  .log1 2∑

=
−=

n

i
ii PPH  (1) 

На и и  ии а ва  в ия и  в аи -
ая ави и ь в и . ь а  
ав я  и , я и   я я  а ь  в  Х. В  -

а , и а и ая ия я я  - [28]:  
[ ] .)π2(log 2/1

KeH m=  (2) 
Д я ая, а в   и  и  
и а в  и ии σ, а (2) и  ви :  

[ ] .Δσ)π2(log 2/12mmeH =  (3)  в и и  а и  и и в я-
ии  а и в и и а ии ь-
ша я Н → –∞. 
Ма и а ь ая ь ( ия) в и - и а я и вии в аи вя и  

а и:   
[ ] .σπ2log 2/2 m

eH =  (4) 
К и в  а  а  и а ии  и и а ия (и а и ая ь, 
а а ая ЧМИ) я я  :  

I = Hа  – Hи . (5) 
В  ш ия а а  ав ия, а   а  и ь ва ь и ь  и -

а и  ( а и , а  и  в  а я и). В - а  и и а ии в   а и  и и  а а а  А УТ  и и  а и  -
а  ( а и , в ви  в и  ши  и и 
а и и в  а а и а в в -

а). Т а,  и в  и а ии, а а-
ва  а , я я   [27]:  

I  = Hи  + H  – H . (6)
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К и в  а а ва  а  и -
а ии и  я ш ия и  -
и и  а а  [4]: и  и -

и ша  а а и; и  и а -
ва и и и  и а ии  - ь  а а (  и и и и-

и и в я и); и  в и а-
и и а ии. 
В я ш ия а а  а  и а ь- и в  а а ва  и  и а ии. 
а  а а ва  а и  ви  и а-

ии  а  ь  [7]:  
∑
=

+=
k

i i

i
v
H1ατ . (7) 

а и и, а  А УТ  а  
и в ва и и а  и а и , а и ва - а ави а и в  а ь  – и ь  и 
в . а , и и  ь  ии и -

а ии, и ш ии и  в ш  и-
и  а а ,  в я  ь и  -
и [7]. 1. В  а и а  а и-

ва  и а ии, а  и ь  в  
в и  а ави , а  ив  в я и 
и а в  и а ь я  ив . 2.  и ва ия ии и а ии 
яв я я а и а  , в  в я а  а-
а и и и а а и я я в  в и. 3. Т ия и а ии  и ва  а и  
и а ии, ая  а и ь  в ия ь а 

ь а  я ь и а а. 
У а а  а и ша я в  -
ия КМ, ая яв я я а а и и -

и и а и  ь .  в ,  ав и   а а и и и и я и [29],  ь: и -
и  я и  и  и а  в ви-

я ; и  а а и и и в и ; 
и  и в  а а  в и . 
Д я ш ия а а  ав ия и я а- в я  и а и  и  и- в и а и  и ( -, а  ЧМИ).  в я и а и  -

и а я я  : )(1 Si
n

i
Fi ttt +=∑

=
. (8)

На  ша а  в  а и а и -
и ва ия, а  в я  а ии и ва ия 

в  и а ии, а и  а ша а  1, 16 [5]. 
В  а  в  в и i-  и а ии в а tFi в  (8)  ави ь а и  в и 
и ва ия i-  ва ( и) tRi. Д я  а а 

в ь я ь а а и и ва ия и - и и и а ии  и ь ва и  а ии  в и а ия [30].  в я и  
и и и а ии ва ( ия), c а ь  и а-

и  в а и log10 а  в а и ва а -
и ва я  :  

tRi = base5 + 15(length – 5) + 40(1 – freq). (9) 
Ра  в и ия tRi в  (9)  -

и в  и я и  и  и . 1. а  а и я а а я ии 60–70   
а  а и и  а   и  

а и я в   ия. 2. Д и а а  и (  и и и а и- ия)   20 и в в,   -
в ша  а и в ия ия а ( и а ь  
я ия) в  в я и а ии. Ф и а ь   ия а и  3–4 ва и ва  и 

и а ии в я а и 14–15 ва и ава  и 
и а ии [31] и и  20 [30]. 3. В я  и и ва я а  ва. 4. В ь и а ии в я а  и ва-
а ь. 

а а  и  SD я в и ия tRi 
я я   [30]:  

RitSD ×= 1,0 . (10) 
Вв  в ь а а  а а  [7, 12], а-

а и и  ь  и   я-
ь и а а А УТ .  
И а и ая а а а а а а и -
я и и  а и  

T
t

z а1−= . (11) ь  а и    ь  0,75 [7, 12]. 
а и и  в  (  а ) а  -

а а, я я а а  а и а ь  -
и  а я и Т а ,    в ша ь 15 
и  [7]. 
И а и ая а а а а а а и -
я, а , а и  а а , а  и и  

и ρ, а ва и  и в  и а в, -
а а  а  в вия  и а -

ива и :  .ρ .o
N
N

=  (12)
Э и а ь   ,  в и-

и а ρ  а в ша ь 0,4 [7, 12]. Ма и а ь  
и ая и а и я я  

а ив  а я и в а и  а в ша ь 5–9 и а в. а  я [7, 12],   и  и а в в и К , в  
ива  в а я и а а,  в ша  3. 

В КМ, в и    и, вв - АФ   а и  и  ви в а- в Т  и и ши  а а: ви  а иа-
в в а  ии, и  а иа в (ИКВ и 

а); в ив а ш а; а а и  
в ш  и  а; а а и  а а  -

и  в. 
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ив  АФ  я ая вия а иа а (ИКВ) в  и  в и ,  а а и  ТФ , 
и и  а ь  а ии, в я  
а  и ии и в ия а  и 

ЗА  «М  и » и и У. В  а  а  а и а ь а «Ава ия». а в  -
а  и в и ав  а и . 1.   

Ри  1 – а в  а  и в и 
Д я а ия а  и ав и а  и 

ва и   в и ь и  а ии. 1) На а  а и а ( и и  « а -»). 2) в а и а ия и «Ава ия» ( -
ь ая а ия К1). В а  и а ия,  а .3, и а  . 33 «К ». 3) и ва и  ия  ши  №13 « ши а а а в а а а и !» в  ава-

и  и - ши  ( и . 1) ( а ая а-
ия Р1). 4) На а и  и F14 а а  а и, 
я в в а а в в   ( а ая а ия Р2). 5) За а а в я ия  « а -

в  а  и в и» ( а ия а а З1). 6) В  а а и  в  а а ия 
в в  c  и ( а ая а-

ия Р3). 7) За а а в я ия  «Д а  
и » ( а ия а а З2). 8) и ва и   и а и  в а я и/ а  -

а а и   в а в ( а ая а-
ия Р4). 9) На а и  и «Д БЛ КИР ВКА» а У ( а ая а ия Р5). 10) На а и  и « У К» а У я в а 
а а в ( а ая а ия Р6). 11) в а а  (ви а ь     «Д а  и ») в ав а и  и  
а  а в  а а и , ш в  и а-
я и и яв ия и  ши  в  ава и  

и  ( ь ая а ия К2). и а а 
а ь, ш  а а  и  и  ши ,   а .31. 12) в а ав ия а  в а ( -

ь ая а ия К3). и  в ,   
а .13. И а  в и ь в , а ь-
я а ав и   в и и я ( а ия а а 
З3),  а .9. 13) и ь  а в и и а 
ав ия а У в и  «РУЧН » ( а ая 
а ия Р7). 14) ь а  а в  в  

а а ия и F6 а а  а и ( а ая 
а ия Р8). 15) За а а в я ия а и ( -

а ия а и З4). 16) и а а а ь,   а .18, 
и а  а а ь  F8 а а  а и ( а-
ая а ия Р9) я а ия а и. 17) В в а и в я а/ а а-

и а ( а ия а и З5).  а ия -
и и а .14.  18) В и  ив а ш а в  а-

а ия и ива ия и F2 а а  а-
и ( а ая а ия Р10). 19) в а а  ш а (ви а ь   -  «Д а  и ») ( ь ая -

а ия К4). и ш  а а  и а .20, и а  
а а ь и F4 ( а ая а ия Р11) и F8 ( а -
ая а ия Р12) а а  а и, я а-
в и ш а и а ия а  в в , 

и  .17. 20) и ва и  а а и   в а -
в ( а ия а и З6). и в   а ,  . 21, и а  . 27. 21) В и  в ши  а а и   и « ш и » а а   «Д а  и » ( а ая а ия Р13). 22) и ва и  а а и   в а -
в ( а ия а и З7). и в   а ,  . 23, и а  . 27. 23) На а и   F4 ( а ая а ия Р14) и F8 ( а ая а ия Р15) а а  а и я 

а в и ш а и а ия а . 24) Зв  ива  а  я ви-
а ь  в и а и ия а иа а в . 
и а и  в а ( а ия а и З8). и а -

иа а ,  .26. 25) Ли ви а ия ива и  а  а-
ви а ия а иа а в  и  а и и   ( а ия а и З9),  а .14. 26) За и  ива и  а  

а а иа  ( а ия а и З10).  
в ия а и ия а иа а  а .14. 27) На а и   F4 ( а ая а ия Р16) и F8 ( а ая а ия Р17) а а  а и я 
а в и ш а и а ия а . 

 в в а 
ава и  

и   
и 
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28) и ь  а в и и а 
ав ия а У в и  «АВТ МАТ» ( а -

ая а ия Р18). 29) На а и  и «Д БЛ КИР ВКА» а У 
я а ава и  ия ( а ая а ия 

Р19). 30) На а и  и « У К» а У я в а 
а а в ( а ая а ия Р20). 31) в а и а и и и ия в а -
а в а   а а ия  в в в     «Д а  и » ( а ия 

а и З11). и в  и я я в в и ь- ,  . 33 «К ». 32) На а и  и « Р РЫВАНИ » а У ( а ая а ия Р21) и  а .12. 33) К  ( и и  «Фи иш »). 
ь М и и   и ия я а и-

а ии АФ  и ав  ав а и и а а-  и,  в а  а ь  
М  а а ива я. 
Та и  а , а КМ, а и ая  и ва ия и шива ия, а а  я-
ь ь а а А УТ  и в ия и 

а а   в я  и .  
4 С ЕР Е Ы 

И и а и  и ва и  я ь и -
а а и ии и в ия а  и ЗА  «М  и » в и ь  и ь ва и  ав - и а ия. Н и ая и а ия  
и а ии,  и ва ия и и ии 
и в ия а  и а ав -
а в [5]. И и а и я и ва ия -

и и и и и  а   ши а  и и -
ав я  в А УТ  и ва ия а иа в я 

и в ия а а а ЗА  «М  и » а 2018 ,  и  а ив в и в ава и  
и . 

В ИМ вв  и , в а и я в  
Т  и ав и: в ив а ш а ( а  в ь в в вии  а и  
а а   и ив ь  λ = 3,47×10–5 
и / ); а а и  в ш  и  а ( а -
и  а а, λ = 2,31×10–5 и / ); а-

а и  а а  и  в ( а -
и  а а, λ = 3,5×10–6 и / ); ия « ви  а иа а в » ии, ИКВ и 
и  а иа в и я   в я я и 0,03. 
В я а а  а а tSi = 0,15 . В и и , -

в в и  а а  З1, З2, З4 и а  в [5]. 
В я а  З3, З5, З10,  а   а ь- а   М и SD в в : 900  и 300 ; 4920  и 4020 ; 1200  и 60 . В я а  З6–З9, 
З11 а  ав   М и SD в в -: 10±2 c; 15±5 c; 240±60 c; 105±75 c и 15±5 c. 
В а , и вия а а и в  

ив а ш а и и а а ия в ш  и - а  а и и ь  ь а а (в я -
ь  ия 0,02),  я а  в ва ь и а 

я и  и ви а ии. В я в ва и а и и ви-
а ии а  а  ав  и ав я- 90±30 c, 540±60 c и 1200±600 c в в .  

5 РЕ Ь А Ы 
а и и и  а ,  в ь а  

и и а и  и ва ия Т  и в  
а  в и  30 а и   я а №6, 
ив  а и . 2. а и и и ия и и-
а а и а а и  и  -
и ( я ва иа а иа а в  а и а-
а и  150 ) в и  30 а и  , ив - а и . 3 и и . 4 в в . В а . 1 
ав  и в  а и и и  а , - и и ва ии Т  и ии и в -

ия а  и ЗА  «М  и » ( иа  
в  а и а а и  150 ) и -
и в   – и и ва  и,  и-
ва   и ав  в А УТ  [5] и 
КМ, ав  в а  а ь . и а ь  
и и ь  и  а ия, а а и -
и  я ь ь а а, ив  в а  ( а . 1).   
Ри  2 – Ф а  ь а в и ва ия  

6 О С Е Е 
Ав а и  а а  [5],  и и  

в  а и а а и  иа  150  
я и ии и в ия а  и ЗА  «М  и » яв я я и а ь . , -
и   КМ в и и ь я в а - и №1, №6 и №9 ь   а   

иа а. 
Ка   и  а  а . 1,  и ав - ив   и а  в и и  а а , 

а а и и  в и и  и а и  а -
и а а. Наи  в  а  а а ь, а  

и и  и и а в а а  а- ρ. В в ви   и . 2 и  -
и   а а и а 30 а и  : 
и и  а и а а z = 0,1; -

и и  и а а  а  ρ = 0,15; 
в я а я и а а Tbus = 2881,94 и ; а -
и а ь  и  а я и а а Т а  = 5,39 
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и ; а и а ь ая и а и Kmax = 4 и а а; 

яя и а и К  = 0,95 и а а;  
в я а ия и а в в и 1800,63 и -; и в  в в в ь и а в 456; - в я и а ия в и 3,95 и ;  
в я а и и а а а  0,03 и . 
Та и  а , ь  и  а а ь – а и-

а ь ая и а и Kmax, в и  -, и а ь  я а а, а и  в 3 и а-
а. а ,  а и   в ша  а и а ь  

и  а и  и и  5–9 и а в.   ,  а вивши я  а - в и  и  а и , а и ая  3–4-  , и я и  а  и . 3,  и ь,  а и а ь ая а ь а а ави а 
z = 0,15 в 29-  ь и ва ия (  № 6),   в ша  и . Ка   и  а  
и .4, и и   и  и и а в, 

и  а и а , в , и -
а ь  а и а а. 
Р ь а  в  в ш  и  ви -
ь в   вии и а и  - а а и а   а  ва иа  ЧМИ 

А УТ  а  и в ва ЗА  «М  
и ».    

Ри  3 – а и  и ия и и а а и а а   
Ри  4 – а и  и ия  и  и  
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Та и а 1 – а а и, а а и и  и и   и я ь ь а а А УТ  

Б  а и ав    и ав   а а ь 
Р  
№1 Р  

№6 Р  
№9 Р  

№1 Р  
№6 Р  

№9 и а ь  ( -
ь ) а и  

К и и  а и 0,08 0,08 0,08 0,1 0,1 0,1 (0,75) 
Ма и а ь  и  а я и, и  1,31 2,33 2,03 5,32 5,39 5,13 (15 ÷ 20) 

яя и а и 0,46 0,43 0,25 0,97 0,95 0,96 2 ÷ 3 
Ма и а ь ая и а и 2 2 2 4 4 4 (5 ÷ 9) 
К и и  и 0,01 0,01 0,01 0,15 0,14 0,14 0,4 

и  и а Т ,  656 780 752 751 924 829 Ди ив  
в я 1020  

К а а  КМ  и ь 
в а и а и а ,  ь  -

ия в я  а а и и  яв ия -
и  в А УТ , и ь ия а и 

и  а  и  а я  в  а-
а и  а а, а а  и в и  и  и-
ва  а а  а и   ава и  
и а ия  и  и  а ш ия а и ь  -
и  а а ии,   вв ия  а ви- а и в и  и а ии, а и а ии, а и 
а ия.  

ВЫВО Ы 
В а  ш а а а ь ая а а а  а а  
а и в  и я ь и а-

а А УТ  а  и в ва. М  -
ва  а а а а  в а  а  КМ, -
ая яв я я а ь ши  а ви и  и и ва - и а ав а и и ва  ав -
ия Т  и в ия а а [5]. У  в КМ 
а  в ви  а и  « а  – 

А УТ » в и  а ва ь и и а и  -
и и в ь  ь а в и-
ва ия. 
На  ви  а , яв я я ая 
КМ, ая в и и   и и ва  и 

а ав а и и ва  ав ия -
и и   и в ия а а, -
в я  а и ва ь я ь ь в а-

а а А УТ  в вия  а  в ви  
а и  « а  – А УТ »,  в ша  а -
ва ь и и а и  и и в ь - ь а в и ва ия. 

а и ая ь а  а а я в ,  а а а   и а  и   ь и ь ва  а а и  а а  и-
ва ия А УТ , я и в ав ия 

Т , а и  ва иа в и в ЧМИ  ь  
и  и и а ии я и ия  -
ив и и а ва я ь и а а. 

ив  а ь ши  и ва и  я  в 
а ви ии  а а и  -
ия,  ь  и ия в и а ь  а-
а  я в и а в а  -

и в ва и и и в в  и и и и и 
а и ( и - в  и в в ). 
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а ья и а в а и  06.02.2019.  а и 25.03.2019.  
УДК 004.514:658.5  

Е О  О І  І Ь ОС І О ЕРА ОРА АВ О А ОВА О  С С Е  РАВ І  
Е О ОГІЧ  РО ЕСО  ГА О Е О ОГО В РО ВА 

 
а і ь а . . – а и  а и а и  а ів, За і ь и  а і а ь и  і и  ів и , За і я, 

У а а. 
С ю  С. . – а . . а ,  а и а и  а ів, За і ь и  а і а ь и  і и  ів и , 

За і я, У а а. 
и ич Е. . – а . . а ,  а и ив  і ав а и а і  и ви  а в , За і ь и  

а і а ь и  і и  ів и , За і я, У а а. 
 

A О А І  
А а ь і ь. Р я   і ь і  і и ія ь і а а ав а и ва  и и ав і я -
і и   ви и ва а . А а ь і ь а  и в є ь я і і  в а ва я ь- а а и і и  а  и . ’є  і я – і  а і - и і  а я 

ія ь і а а ав а и ва  и и ав і я і и   а  ви и ва.  
і я – і, и і а и і ви я ив і ія ь і а а а  ви и ва. 
а и – а , я и  в яє в и і  и  ія ь і а а ав а и ва  

и и ав і я і и   а ві і ь і и  а и ів а  ія ь і, и а и  в ь а і і і-
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а і  ва я, а а  в и і а ія  а и а і а а і  ія ь і а а ав а и ва  и и 
ва я а іа ів я ви в я а  а ЗАТ «М  і » (За і я, У а а). 

Me . За ва  іш я я  и  ви я і ви і і а і  і  і ва я 
ав а и ва  и и и ва я а  і в ає і  а а  ва іа  и - аши  і ,  
а а і є ь я. і а ія ь і а а є ь я а ів я ь  а а і і ь а ів и   вв  в 

ь а а є  а ив и  а а и и  а и ів,  а а и ь ія ь і ь а а. В і і а і і  і -
и - аши а и а « а -ав а и ва а и а» ав а  ви я і и и а в  в ва я. 
Р з ь а и. Р   і а  а я,  в я ь і ь і  і и и ія ь і ь а а ав -

а и ва  и и ав і я і и   а  ви и ва. 
Ви в и. В і а ва   і ь і  і и ія ь і а а а  ви и ва а ва-

и  а а и і  і ва і  і. М ь,  я а я, є а ьши  ви  і ва  і, а -
ва  ав а и а іш . На ві і  ві  і ва  і, в а и і  і ва і  і в а ва і ви а ві 

в иви а и  « а -ав а и ва а и а» а а і ва і і  а а  я и  в ивів. в -
і и и і в и и а а і ь а ва  а а и  а я і в я ь ва и  я ви и а я а а и і и ви іш і ав а ь і и ів ав і я і и   а і и  

ва іа ів и ів и - аши  і     и і а і  я я я і и  ив і а 
я і ія ь і а а а  ви и ва. 

ЮЧОВІ С ОВА: і і а і а ь, а а и а ь, а , а , и - аши и  і , а а-
я а и ів, і іє  ава а і. 
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ABSTRACT 
Context. The problem of quantitative estimation of the Automated Control System operator’s activity for aerated concrete pro-duction is considered. The relevance of the problem is determined by the need to take into account the human factor in the develop-ment of systems of this type. The research object is the ergonomic and psychological-engineering support in the activity of Auto-mated Control System operator for aerated concrete production. Models, methods and means for increasing the efficiency of the op-erator’s activity are the research subject for a type of the manufacturing considered. 
Objective. The method of conducting an ergonomic examination of the Automated Control System operator’s activity based on quantitative indicators of this activity was proposed as a solution. The quantitative indicators were obtained as the results of a simula-tion. The method verification took place by the example of the analysis of Automated Control System operator’s activity in dosing materials for manufacturing aerated concrete at JSC “Motor Sich” (Zaporizhzhia, Ukraine). 
Method. The solution offered includes the imitation model of Automated Control System operating process for the aerated con-crete preparation and operator’s interaction with the analyzed human-machine interface version. The estimation of the operator’s activity is based on a comparative analysis of the results of an experiment with a battery of regulating and marginal indicators intro-duced into the model as for characterizing the operator’s activities. The “operator-Automated Control System” human-machine sys-tem incorporated into the imitation model is presented as a queuing system. 
Results. The research resulted in software to realize the offered method of quantitative estimation of the Automated Control Sys-tem operator’s activity for aerated concrete production. 
Conclusions. The research proposes the method of quantitative estimation of operator’s activity for aerated concrete production based on a stochastic combined model. Offered model is a further development of the combined model proposed by the authors ear-lier. Unlike the combined model, the stochastic combined model takes into account random effects in the “operator-Automated Con-trol System” system and the operator’s activity formalization to eliminate such impacts. The conducted experiments have proved the operability of the software offered; such software can be recommended to be used while justifying the control methods, different human-machine interface prototypes variants to keep them optimized on criteria of the required efficiency and quality concerning the operator’s activity for aerated concrete production. 
KEYWORDS: imitation model, mathematical model, operator, aerated concrete, human-machine interface, battery of indicators, load factor.  
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ABSTRACT 
Context. A sufficient number of ways to implement vector control algorithms are very complex and in most cases tend to mismatch the vector of the resulting parameters of the control object. Therefore, there is a need to simplify complex non-linear vector control systems and apply linear dynamic models of a non-linear object with vector control for them. Currently, for a complex vector control system, there are no sufficiently accurate equivalent simple models. Development of reliable simple dynamic models will allow to design a vector control system with maximum use of linear methods of synthesis and analysis. 
Objective. The goal of the paper is development of linear dynamic model of a non-linear object with vector control, which reproduces its dynamics accurately enough for practice. 
Method. The following methods were used to solve the problems posed: the state space method for describing the operation of control systems; filtering theory, in particular, observers for estimation state vectors, uncertainties, and parameter identification; modal control methods for the synthesis of observers and regulators; numerical simulation method to illustrate the performance of synthesized control systems; vector control of a nonlinear object. 
Results. For the investigated robust vector control system of the object with a substantial non-linearity of properties and characteristics, simple linear equivalent mathematical models were compiled, rather accurately reproducing the operation of the original system in all modes of operation. Simplification of mathematical models is achieved by considering the dynamics of the entire system in a synchronous basis, robust methods for controlling parameters, and by neglecting really small errors in the work of regulators and observers. The synthesized models, as well as the original nonlinear system, have the property of robustness due to the use of combined control. 
Conclusions. The simplicity and linearity of the equivalent system allows us to synthesize the control laws of the original nonlinear system by well-developed linear methods with significantly less time spent on modeling. Numerical simulation of the dynamics of the original nonlinear and equivalent linear systems showed a good agreement between transient and stationary processes. 
KEYWORDS: model, linearity, control, observer, robustness. 

 
ABBREVIATIONS IM is an Induction Motor; VCis a Vector Control; HACS is High-tech Automated Control System; EMD is an Electric Motor Device; CD is a Converting Device; ACS is an Automatic Control System; EM is an Executive Device; CO is a control object; TS is a Technological System; PSS is a Power Supply System; S is a Source;  ES is an Elastic System; FC is a Frequency Converter; PWM is a Pulse-Width Modulation; CTC is a Combined Torque Controller; CCC is a Combined Current Controller. 

 
NOMENCLATURE 

αβi  is a vector of parameters of currents reduced to basis ),( βα ; αβu  is a vector of parameters of volteges reduced to basis ),( βα ; 
pi  is a program value of the current parameter; «^» is a symbol for evaluating the corresponding variables, 0ω  is a parameter of the vector velocity flux linkage ψ  in the bases ),( βα ; 
ϑ  is a rotation angle of the working body of the control object; 
ω  is a speed parameter; 

pω  is a program speed parameter; 0m  is a desired parameter of the electromagnetic moment of the control object; 
m  is a parameter of the electromagnetic moment of the control object; 

p
m  is a program parameter of the electromagnetic moment of the control object; 
dqpi  is a vector of the program current parameters written in synchronous basis ( ),d q ; 
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dqpu  is a vectors of the program voltage parameters written in the synchronous basis ( ),d q ; 
pu  is a programmatic signal corresponding to the desired input parameters voltage of the control object; 

u  is a voltage parameter of the control object; 
ml is a load moment parameter of the control object; 
mf is a parameter of the friction point of the control object;  
I is a parameter of the rotor inertia moment of the control object; 

dψ  is a parameter of the vector flux module of the control object; 
n is a constructive parameter of the number pairs poles of the management object; 

sL  is a stator inductance parameters of the control object; 
rL  is a rotor inductance parameters of the control object; 
mL  is a parameters of the mutual inductance of the stator and the rotor of the control object; 
rT  is a rotor time constant parameter of the control object; 
sR  is a parameter of stator resistance of the control object; 
rR  is a parameter of rotor resistance of the control object; 0sR  is a parameter of the nominal value stator resistance of the control object; 0rR  is a parameter of the nominal value rotor resistance of the control object; 

ϑ  is a parameter of the rotor movement of the control object; 
р

ϑ  is a program parameter of the rotor movement of the control object; 
I0 is a deterministic part of the current parameter of the control object; 
m0 is a deterministic part of the electric moment parameter of the control object; 
Lm0 is a deterministic part of the mutual inductance parameter of the control object; 
Lr0 is a deterministic part of the rotor inductance parameter of the control object; 
Jδ is an unknown error of the moment inertia value of the control object; 
mδ is an unknown error of the electric moment value of the control object; 
Lmδ is an unknown error of the mutual inductance value of the control object; 
Lrδ is an unknown error of the rotor inductance value of the control object; 
σ  is a scattering coefficient;  
p  is a differentiation operator (subscript p indicates program value);  1k  is a transmission coefficient of FC wich taking into account changes in voltage parameters;  

Rsδ is a value error of the parameter stator resistance of the control object; 
k1δ is a transfer coefficient error; 

Lsδ is a value error of the stator inductance parameter of the control object; 
q  is a vector of constant coefficients; 
ψ̂  is an estimation of the rotor flux vector of the control object; *ψ̂  is an estimation of the program rotor flux vector of the control object; 
αβ

e  is a projection EMF of the control object; 0e  is a nominal value of the stator EMF vector of the control object; 
δ

ê  is an error estimation of the stator emf vector of the control object; 
l  is a vector of constant transmission coefficients of the observer, defining its characteristics; 
ωsl is a sliding of the control object; 
α  is a temperature coefficient of the control object.  

 
INTRODUCTION The problem of control uncertain objects is one of the most common tasks of the control theory . A special place in the class of controlled systems is occupied by objects, the dynamic processes in which are described by nonlinear differential equations. Due to the large variety of nonlinear functions, included in the mathematical models of such objects, individual approaches are used in the design of control systems. For the most part, approaches and methods based on the direct Lyapunov method [1], the differential-geometric theory of differential equations [2–4] and the theory of constructing equivalent mathematical models are used to solve this problem, which makes it possible to transform the output nonlinear equations into simpler and sometimes even in linear [5]. This makes it possible to simplify the processes of analysis and synthesis of control systems, as well as to apply previously developed design methods. It is advisable to develop such models on the most complex non-linear objects of control, for example, IM [6, 7]. IM is the most common type of electric motors. Its application is most widely used in the control systems of elevators, industrial machines, machine tools, cranes, escalators, locomotives, etc. IM differs from other types of engines with ease of maintenance, low cost, high reliability, the ability to work in aggressive environments [6, 7]. IM, due to their complex dynamics, was originally intended for unregulated control. The development of electric power transformer and computer technology has created the prerequisites for the development of IM control systems, which potentially will not be yield to DC motors in terms of quality control. The behavior of IM is by nature very nonlinear [8], therefore, in order to ensure a high ratio of productivity and cost, it is necessary to develop advanced control methods [9]. New principles of control of IM, as an executive body, consider electromagnetic processes not in the traditional coordinate system, but in that which is associated with any physical 
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vector. Therefore, the principle of control is called “vector control” [10]. This control method allows using IM to obtain the same quality indices as DC motors. Achieved accuracy and dynamic characteristics of modern IM are provided due to complex nonlinear control algorithms, which complicates the control of complex objects. Under complex objects, for example, are understood mechanical systems consisting of solids with unknown mass-inertial characteristics, interconnected by elastic bonds, prone to external unknown effects [11]. Such systems may include antenna control systems for radars, metalworking machines, sighting systems for small arms, mounted on moving objects, etc. The development of complex object control systems is complicated by the interaction of two complex dynamic processes occurring in an object with VC and in a technological object. This complexity, first of all, is due to numerous nonlinearities in the mathematical model of the control object on the basis of VC. Therefore, the issue of developing simplified models of nonlinear objects, in particular IM, is an actual issue. 

The object of study is the process of vector control of an object with complex nonlinear interconnections of parameters and characteristics. 
The subject of study is a model of a non-linear object with vector control. 
The purpose of the work is to develop a linear dynamic model of a non-linear object with vector control, which reproduces its dynamics with an accuracy sufficient for practice.  

1 PROBLEM STATEMENT Generalized HACS is a complex set of structural non-linear elements: EMD, CD, ACS, ED, CO. HACS is intended to bring the working body of TS into motion and control this movement according to the prescribed law. Improving the quality and production of technological equipment is associated with the prevailing development and improvement of HACS and its controlnsystem [12]. At the same time, the properties of HACS (Fig. 1) are determined by the interrelated characteristics of the elements that form its subsystems (mechanical, electrical and magnetic) [13]. PSS includes the following derivative elements: power source, regulating and matching devices, rechargeable batteries or other alternative sources. The choice of S is carried out depending on the purpose of HACS in general, solved tasks in the technological process of automated production, the feasibility study of the choice of the S type at the stage of the technical proposal during designig of HACS. CD serves for converting electric current and voltage: alternating current into a constant, direct current into alternating; alternating current of one frequency in alternating current of another frequency; low constant voltage to high constant voltage.  
 Figure 1 – Generalized functional scheme of HACS construction  EMD serves to convert electrical energy into mechanical to influence the CO. In other words, the EMD must develop a driving force: a driving moment or a mechanical effort transmitted to the S, that is, to perform the functions of the ED for the movement of the working body in accordance with the prescribed law of control. Under OC it is necessary to understand the unit of technological equipment, as a result of which the shape of the initial workpiece changes, its position or physical properties. In the automated production, complex technological complexes are used to provide processing of the workpiece, dimensional control, transportation and storage of the product. This can involve various machines, automatic tool changers and products, automatic drives and specialized manipulation systems (including industrial robots). Each OC, in its turn, is a constructive module that provides the possibility of a necessary coordinate movement (for example, a cutting tool) with respect to the product being manufactured in ES of OC. Under ES of OC means a set of all nodes and mechanisms that make up the casing of the fixed part (carrier system) and EM drives. Executive mechanisms directly provide relative movements of working bodies, and their dynamic properties significantly affect the output characteristics of the HACS. The generalized structure of HACS (Fig. 1) is the basis for developing a linear dynamic model of an object with vector control. In this case, it is necessary to take into account the limitations imposed by EM and OC parameters on the operation of HACS and energy and technology parameters of OC.  

2 REVIEW OF THE LITERATURE In [14, 15], the general theoretical solution of VC algorithm synthesis by the moment and the flux parameter of IM is presented with an indirect orientation along the vector of the stator flux parameter of the stator, which guarantees global asymptotic testing of the moment parameter and the flux parameter of the stator IM. The control obtained on the basis of the principle of passivity is open with respect to the coordinates of the magnetic subsystem of the object determines its high sensitivity to parametric perturbations. 
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In [16,17], a criterion was proposed for maximizing the ratio of control parameters of current and moment of IM based on a mathematical model of the control object, which takes into account the nonlinearity properties of IM. Using of this criterion in vector control algorithms made it possible to ensure asymptotic testing of specified trajectories of current parameter changes with maximization of the ratio of current and moment parameters, regardless of the location of the operating point of the function, which reflects the nonlinearity of IM parameters. The well-known algorithm of indirect vector control with orientation on the rotor flux linkage vector [18–19] is based on the standard mathematical model of IM. This algorithm provides an asymptotic orientation along the vector of the rotor flux linkage parameter, and also guarantees the asymptotic refinement of a given trajectory of the torque parameter of the control object. For the operation of the algorithm, the necessary condition is to measure the output variables of IM, namely the parameters of the stator currents and the angular velocity of the rotor. The well-known algorithm vector control of IM moment based on the concept of dynamic linearization of feedback on the measured output in the conditions of direct (based on observers) field orientation [20–24]. This algorithm provides asymptotic testing of specified trajectories of IM moment parameter while maximizing the relationship between the torque parameters and IM current, improves efficiency and reduces losses in the control object. There is an algorithm for frequency control of the torque parameter of the control object of IM [25–27]. The control quality indicators of this algorithm are somewhat worse than in the previous two [25–27]. A sufficient number of ways to implement vector control algorithms are very complex and in most cases tend to mismatch the vector of the resulting parameters of the control object. Therefore, there is a need to simplify complex non-linear vector control systems and apply linear dynamic models of a non-linear object with vector control for them. Currently, for a complex vector control system, there are no sufficiently accurate equivalent simple models. Development of reliable simple dynamic models will allow to design a vector control system with maximum use of linear methods of synthesis and analysis.  

3 MATERIALS AND METHODS The basis is a generalized functional scheme of vector control, which is shown in Fig. 2.  Simplification of the scheme occurs due to the following blocks: «Optimizer» is a shaper of optimal program parameters, minimizes the resulting parameter of the economy of the control object. The regulator is also built on the combined principle and consists of an observer of uncertainty and the laws of the formation of the transient characteristics of the parameters of the control object.  
 Figure 2 – Functional scheme of the object with vector control  “Observers, identifiers” is the most complex and computationally voluminous block of the control system. In this block variables are calculated, which largely determine the properties and quality indicators of the control system. The equations of motion of the rotor and the formation of the parameter of the electromagnetic moment m [11] are considered.    ,l fI m m mϑ = + +  (1)  ,m

d q
r

Lm n i
L

= ψ  (2)  .r d d m dT L iψ +ψ =  (3)  In equation (1), т, mf , ml and Iϑ  are non-linear (in the case when I is an unknown and variable reduced parameter of the inertia moment). From the expression (2) it can be seen that the same parameter of the electromagnetic moment can be created with a multitude of combinations dψ  and qi  that can cause the appearance of different values of the energy efficiency parameter. Among these combinations is the combination with the minimum value that should be used. In the well-known VC of IM schemes, automatic minimization of the energy efficiency parameter is not carried out, but constant adjustment is made to the most probable load parameter. As can be seen from expressions (2) and (3), the accuracy of the calculation m depends on the accuracy of knowledge of Lm, Lr and Tr. Since the inaccurately calculated value m is fed to the input of the torque parameter controller, the program parameter of the current 
iqp, and, consequently, the parameter of the electromagnetic moment are formed with an error. 

Note. PI-controller, that used in known systems, is able to compensate for only the constant components of the disturbances mf , ml included in equations (1). PI-controller is completely unable to compensate for errors in control, 
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which arise due to inaccuracies in the knowledge of the inertia moment parameter, and variable disturbances. Moreover, in case of positional control with PI-controller, the deviation of the inertia moment parameter from its calculated value can lead to instability of motion. It should be noted that, in the general case, all the parameters and effects on the rotor control object which entering into equations (1)–(3) are unknown. Below it is shown how, under the conditions of the specified uncertainty, it is possible to ensure high accuracy, preset indicators of the quality of transient processes and a minimum of the energy efficiency parameter. According to [11], to compensate for the influence of uncertainties, it is assumed that ml, mf, Tr are unknown, and the parameters of the system are not precisely known, and 0 00 0, ,, .m m m r r r

I I I m m m
L L L L L L

δ δ

δ δ

= + = +

= + = +
  (4)  For Lm0, Lr0, the values of the inductance parameter on the linear part of the nonlinear function are taken as nominal values. According to (2), (3) can be written   ( )1 .m r m d r d qm nL L L i T i−= − ψ  (5)  A serious problem standing in the way of system optimization in dynamic modes is the large unknown time constant Tr in (3) and (5). For the purpose of compensation, as well as compensation for the influence of uncertainties, the nominal electromagnetic moment is taken as a parameter   2 10 0 0 .m r d qm nL L i i−=  (6)  In this case, taking into account (4)–(6), equation (1) can be given the form   0 0 ,mI m fϑ = +  (7)  where the uncertainty is   ( )1 , , , , .m l f m r r d d qf m m m I f L L T i iδ δ δ δ= + + − ϑ+ ψ  (8)  Equation (7) is an equation of a fully deterministic object with nominal parameters, subject to the total uncertainty fm. The task of ensuring the robustness and accuracy of the equation is to estimate the uncertainty of 

fm and its compensation at the expense of a special addend in the control law. Uncertainty estimated by observer   0 0( )z k z m kI= − + + ϑ , 0ˆ
mf z kI= + ϑ . (9)  To compensate for the effect of uncertainty, a combined control law is specified in   0 00 ˆ .mm m f= −   (10) Substitution (10) in (7) gives   0 00 ˆ

m mI m f fϑ = + − .   (11) 
With a sufficiently accurate estimate f̂  of the uncertainty f, instead of equation (11), we can assume   0 00I mϑ = .         (12)  The law of positional control is given in the form   00 0 1 0( ) ( )p p pm k k I= − ϑ−ϑ − ϑ−ϑ + ϑ . (13)  When controlling only speed, the following control law is adopted:   00 0 1 0( ) ( )p p pm k k dt I= − ω−ω − ω−ω + ω∫ , (14)  where ω= ϑ  and p pω = ϑ . The integral part in the regulator (14) is intended only for the formation of a given type of transient characteristic. Astatism of the system is provided by the compensating part m̂f  in the control law (10) When working with the limiting parameter of the stator current of the control object, a simplified control law is recommended to avoid overshooting.   00 0 0( )p pm k I= − ω−ω + ω . (14′)  By determining the coefficients ko, k1, you can set the necessary indicators of the transients quality. From (6)–(8), (10), (12) it follows that the electromagnetic moment parameter is robust to all parameters included in (8), as well as to a change in the parameter of the rotor flux module. With an accurate assessment of variables and accurate formation of stator currents in accordance with their program values ( ,d dp q qpi i i i= = ) and in case of failure to achieve current and voltage parameters and their limitations, the system will behave as linear with given transient quality indicators regardless of disturbances and spread of electric drive parameters. By minimizing the energy efficiency parameter, the following expressions were found for the optimal (program) parameter values of the components of the stator current vector [9, 10]:  2 04 004 02 0 ,signs r mr

d p
s m

s
q p

ms r mr

mR R Li
R nL

mRi m
nLR R L

+
=

=
+

,          (15)  The parameters Rs i Rr, which are in (15), due to the temperature change can vary in wide limits. At the time when the time comes for changes in temperature and static resistance, proportions must be taken into account. Therefore, instead of the expression (15) you can imagine 
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 (16)  The optimality of the program values of the stator currents parameters is preserved with all the variations of other parameters. At the same time, the ratio between program currents is remarkable in simplicity:   2 0 001 sign ,d p r
mr

q p s

i RL m
i R

= +  (17)  from which it follows 1 constd p q pi i− = . The value of the program parameter of the magnetizing current d pi  is determined by the first expression in (24). Then the program parameter of the torque current iqp from the relation (6) is determined by the expression   0 02 0 .r
q p

m d p

m Li
nL i

=  (18)  Expressions (16), (18) are generally non-linear. For linearization, one has to optimize the energy efficiency parameter for one most typical case 0m  (this is done in all known vector control systems). In this case d pi  will be constant, and d pi  according to (18) it will have only one variable 0m , on which it will depend linearly. Fig. 3 shows a block diagram of an electromagnetic torque parameter controller and a shaper for program parameters of stator currents using a combined torque parameter controller.  Figure 3 – The block diagram of the parameter regulator of the electromagnetic moment and the program parameters shaper of the stator currents:  1 – block forming the type of transient response m00 (14), 2 – block forming the uncertainty observer m̂f  (9), 3 – block limiting the value of the parameter of the electromagnetic moment m0, 4-block extracting the square root, 5 – block forming the optimal program parameter of the magnetizing current (16 ), 6 – block forming of the numerator of expression (25), 7 – block forming of the program parameter of the torque current (18), 8 – block of switching according to the optimal parameter of magnetization to a predetermined program parameter of magnetization  
The upper key position is intended for operation in modes with fast and frequent changes in the rotor speed (with the key in the upper position, the program current is set constant). Blocks 1–2 serve to provide robustness, and blocks 3–7 are designed to minimize the energy efficiency parameter. Blok 8 switches the modes described above. Since the block 7 is non-linear when d pi  is changed, to eliminate non-linearity, we will consider the case when 

d pi = const. One of the main components of the described system and all known systems VC of IM is the chain of formation of program voltage parameters. The study of VC IM showed that in the dynamics of the system can distinguish slow and fast processes. Slow processes take place in control loops for speed, flow coupling, parameter identification, and engine speed estimation. Loops of control current parameters have fast dynamics . This gives grounds to investigate the contours of the currents, regardless of slow processes. A lot of works have been devoted to the design of current circuit regulators in IM. Currently, PI-regulators installed in parts of both contours of the current parameter vector (torque current and magnetization current) described by the equations in the synchronous basis related to the rotor flux coupling parameter are most widely used as current parameter regulators. In closed current circuits with PI-controllers, it is necessary to find a compromise between speed response, accuracy on the one hand, and overshoot on the other, with the result that the speed of current circuits is limited. Uncertainties of the control object significantly degrade the dynamic characteristics of current circuits with PI controllers. In addition, non-linear cross-links exist between the current circuits. In systems with PI-regulators, to eliminate the effect of cross-links, it is necessary to introduce compensating non-linear cross-links that impede the control algorithm. In [10], a new principle of current loop control was proposed and investigated, which is used by CCC, which provide independent optimization of speed and accuracy on the one hand, and overshoot on the other hand, in conditions of uncertainty parameters of control objects in the presence of uncertain crosslinks. The control objects in a synchronous basis with a sufficient degree of accuracy for this task can be described by an amplifying link with an unknown gain koeficient k1. The effect of unknown causes of changes in voltage parameters, the voltage drop across the transistors of FC, the delay in their opening and closing, as well as the effect of “dead” time can be taken into account by the deviation of k1 from its nominal value. As shown in [10], analog filters with compensators will well eliminate noise caused by PWM and do not distort the phases and amplitudes of the main harmonics. This means that when considering processes in a synchronous basis, the influence of filters will manifest itself only in the form of noise suppression. The operation of the control object in 
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the synchronous basis is described by the following nonlinear system of equations [11]:   ,r d d m dT p L iψ = −ψ +  (19) 0 ,s dq s dq s dq dqL p i R i L Ji e uσ = − − ω σ − +  (20)  0 ,m r m re L J L p= ω ψ + ψ  (21)  1 ,dq pu k u=  (22) 2, 1 , , ,, , ,0 0 1, .1 0m m sr

r mr s
r s r r s

d dd
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q q
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i u
i i u u

i u

e
e e J

e
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⎣ ⎦⎣ ⎦

(23)  Since r sT T ′>> , then in (20), (21) we can assume constψ = . Each matrix equation (19)–(22) corresponds to two scalar equations. Due to the skew-symmetric matrix J between these equations, there are cross-links that degrade the dynamics and complicate the synthesis of the control system. The resistances Rs and Rr, and, consequently, '
sT  and rT  as a result of a change in the temperature parameter of the control object can significantly change and assume unknown values, significantly influencing the dynamics of the contours. The components in equations (20), (21), proportional to J, make these equations nonlinear. System (19)–(22) does not take into account the influence of nonlinear blocks 2 and 8 for two reasons: 1) these blocks are described by algebraic equations, which do not give a delay for sufficiently small counting cycles, 2) possible inaccuracies of calculations in these blocks will be part of uncertainties and compensated with them.  

4 EXPERIMENTS In [11], a robust per-channel decomposed control system was synthesized, which has a large response rate compared to the system with PI-controllers in the absence of overshoot. Let be Rs0, k10, Ls0 – nominal values of the corresponding parameters, аnd   0 , 1 10 1 0, .s s s s s sR R R k k k L L Lδ δ δ− = − = − =   (24)  Following the works [8, 11], system (19)–(23) is represented as a nominal model, on which the uncertainty vector fi acts, namely,   001 ( ),= − + +
′ p i

s

pi i k u f
T

   (25)  10 10 0( ) ,sk k L −= σ  (26)  110 1 0( ).i p s s sf k k u e L Ji R i piL−
δ δ δ= − − ω σ − −  (27) All coefficients and variables in (25), (26) with the exception of pi and fi are considered known. 

The task is to clean the signal i from the ripples remaining after filtering due to PWM, estimate fi and compensate it in the controller. The scalar equations corresponding to the vector equation (25) are interconnected through fi. When compensating, the equations will be solved and the uncertainties will not affect the dynamics of the contours. An independent control is built for each current loop. Therefore, in the following, we will consider scalar equations for the parameters of the magnetization current and the moment current, which coincide in form with (25), namely,   10 0( ) ( )s p ipi T i k u f−′= − + +  (28)  with measurement  .y i=  (29)  The observer for evaluating i and fi is   10 0 1ˆˆ ˆ ˆ( ) ( ) ( ),s p ipi T i k u f l i i−′= − + + + −   (30)  2ˆ ˆ( ).ipf l i i= −  (31)  System (30), (31) is linear with constant coefficients, the speed of which can be set by any. The combined current loop controller will be presented in the form   1 1 10 0 0 1 2 ˆˆ( ) ( )( ) .p p s p p iu k pi k T i q q p i i f− − −′= + − + − −  (32)  
Note. The integral part in the regulator (32) is intended only for the formation of the desired type of transient response. The astatism of the system is provided by the compensating part fi. Substituting (32) into (28) with regard to the relations    ˆˆ , ,i i ii i i f f f= + = +  (33)  gives the dynamics equations of the controlled current loop 1 10 0 1 2( ) ( ) ( ) ( )( ) .p s p p ip i i T i i k q q p i i i f− −⎡ ⎤′− = − − − + − + −⎣ ⎦

 (34)  With the right choice of observer parameters, the variables , ii f  tend to zero over time. In this case, the equation of dynamics and current regulators take the form  1 10 0 1 2( ) ( ) ( ) ( ),p s pp i i T k q q p i i− −⎡ ⎤′− = − + + −⎣ ⎦  (35)      1 1 10 0 0 1 2( ) ( )( ).p p s p pu k pi k T i q q p i i− − −′= + − + −   (36)  Under the simplified control law and the exact work of the observer, analogous equations will have the form   10 0 1( ) ( ),s ppi T k q i i−⎡ ⎤′= − + −⎣ ⎦  (37)  10 0 1( ) ( ).p s p pu k T i q i i−′= − −  (38) 
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In the full system, taking into account the dynamics of the observer and the controller, equations (35), (37) are used to select controller parameters. In the developed linear system, these equations will describe the operation of the current loop. The transfer function of the complete system (35) is equal to one, the simplified system is   10 0 110 0 1( )( ) .( )s

p s

T k qiW p
i p T k q

−

−

′ +
= =

⎡ ⎤′+ +⎣ ⎦
 (39)  Attention should be paid to the fact that the operation of the current circuits does not depend on the imperfections included in the uncertainty vector (27), namely: 1) a sharp change in the voltage parameters of the supply network; 2) all errors of the frequency converter (resistances of keys, delays in their opening and closing, dead time); 3) cross-connections between the parameters of the torque and magnetizing current contours; 4) changes in parameters (including temperature) resistances of the circuits 5) changes in the parameters of the circuits inductances, due to the non-linearity of the control object. As shown by the numerical simulation of a complete non-linear model of current loop control systems as part of VC, taking into account the worst combination of uncertainties [8], models (35) and (37) reproduce the control process in both loops with high accuracy, ensuring the time of the transition process current parameters idp, 

iqp, which does not exceed 0.001–0.003 s. (Transition time can be set and guaranteed in advance). From the expression (6) follows: the nominal parameter of the electromagnetic moment m0 is proportional to the product idiq. To eliminate this non-linearity, it is customary to fix the values of the magnetizing current parameter by setting idp = const, as a result of which the torque program parameter of the current is determined by expression (18). Based on the above, id = idp = const will be relied upon. In a simplified system, which provides for the ideal work of observers of uncertainties and their compensation, equation (35), (37) describe the operation of a closed loop of current. With positional control, the displacement, by which the velocity can be calculated, is measured or calculated on a mandatory basis. In this case, the same method can be used to estimate the speed, both in the original nonlinear and in the equivalent linear system. The problem occurs when controlling speed in the absence of information about speed and movement. In the monograph [11], several methods for estimating velocities are considered. Unfortunately, among the known methods, no methods were found that could be used in the developed equivalent linear system. Therefore, in a linear system, the velocity will be considered known. In this regard, there is no need to estimate the parameters of the stator and rotor resistances. Therefore, the following are 
methods for estimating velocities and resistances used in the original nonlinear system. In a complete (non-linear) system, the synchronous speed parameter is estimated from the dependence [11]   o 2 2ˆ ˆˆ .ˆ ˆe eα β β α

α β

ψ −ψ
ω =

ψ +ψ
 (40)  The estimation of the flux linkage parameter is performed with the help of an observer recorded in a vector form in a winding basis [11]   ( )0 1ˆ ˆˆp e e l ∗

δψ = + + ψ − ψ , (41)  ( )2 ˆˆ .pe l ∗
δ = ψ −ψ  (42)  The rotor speed parameter is determined by the expression   0 s l
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ω −ω

ω= , (43)  q r q
s l

r d p r d p

i R i
T i L i

ω = = . (44)  The stator resistance parameter is estimated using an observer with a transfer coefficient sl [8]   2 2 2 00 012 T
s s dq p s s s dq p dq p dq s dq p

mz l i z l L i i u R i
n

⎡ ⎤⎛ ⎞= + σ − + +ω⎜ ⎟⎢ ⎥⎝ ⎠ ⎦⎣
,(45)  21ˆ 2s s s s dq pR z l L iδ = + σ , (46)  0 ˆs s sR R R δ= + . (47)  To estimate the rotor resistance parameter, we will use its connection with the stator resistance parameter, due to the interrelation of the rotor and stator temperature parameters, as indicated in [8].   ( )10 0ˆ ˆ .r r s sR R R R−=  (49)  In the proposed VC system, the present parameter of rotor resistance is included only in expression (45). Estimation of the temperature of the stator Tts and the rotor Ttr can be done by dependencies  ( )1 10 0ˆ ˆ ˆ ˆ1 ,ts s s tr tsT T R R T T− −= + − α = . (50)  Fig. 4 shows a block diagram of a linearized system of VC IM , which consists of the circuit of the torque current and the dynamics of the mechanical part of the system. Block 3 (Fig. 4) takes into account the limitations of the current parameter in the original system. The element in the feedback takes into account the possible time lag that occurs when estimating the speed in the original nonlinear system. The transfer function of the inertial link in a straight chain is equal to the function in (39). As can be seen in the figure 4, the block diagram of the linearized system VC IM is simpler than the block diagram of a DC motor of independent excitation (there is no EMF circuit).  
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 Figure 4 – Block diagram of the linearized system VC AD: 1 – block forming the type of transition characteristics m00 (14), 2 – block forming of uncertainty observer m̂f  (9), 3 – limiting block of electromagnetic moment parameter value m0,  The linearization of the original nonlinear indefinite system was carried out by applying robust control methods that compensate for uncertainties. Therefore, all the parameters of the scheme, except for the given moment of rotor inertia and the load, are reliably known and are set in advance. A simulation of a complete non-linear system of equations was carried out, which corresponds to Fig. 2, and the linear system of equations, corresponds to Fig. 4 using the graphic extension package MATLAB for system SimuLink. At achievement of steady speeds the load was put and removed. At positive speeds, IM worked in the motor mode, and at negative speeds – in the generator mode.  

5 RESULTS In Fig. 5–11, the processes obtained by simulating a complete non-linear system of equations (index n) and a linear system of equations (index l) are compared. As seen in Fig. 5 and Fig. 6, in all modes of operation: acceleration, stabilization of speed under load in the motor and generator modes and without load, reverse and stabilization of zero speed, the vector control system provides good tracking of a given trajectory. Fig. 7 shows the change in the parameters of the magnetizing and moment currents during the operation cyclogram corresponding to Fig. 5. Fig. 8 illustrates the zero-speed stabilization process with no load and under load from 0.25 s. to 3 seconds. At the time point of 1.25 s, the voltage dropped by 30%, and by 2 s. tension recovered. In Fig. 9 shows a fragment of the process shown in Fig. 8.  As follows from Fig. 5–9, overload, load shedding, failure and recovery of voltage only briefly violate the stabilization of a given speed. The system is astatic with respect to the specified actions. All of the above applies to the original nonlinear system. The linear model, operating independently, reproduces with high accuracy the change in both currents and speeds at all points in time, except for moments of voltage sudden change. The above confirms the ability to develop algorithms for vector management of IM with a nonlinear model, working with a linear model. Herewith you can use well-designed simple linear methods. Modeling processes using a linear model requires an order of magnitude less time than modeling a complete model. To predict the 
behavior of the nonlinear system when the reduced moment of rotor  inertia changes in Fig. 10 and 11, 3 simultaneously simulated processes are shown: with nominal moment of inertia (curves with index 1), 2 times larger (curves with index 2) and 2 times smaller (curves with index 3). The simulation results of the linear system indicate the robustness of the nonlinear system with respect to the change in the reduced moment of IM rotor inertia.  

 Figure 5 – Engine Speed  Figure 6 – Engine speed at acceleration up to 150 rad/s  
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Figure 7 – Magnetizing and torque currents  Figure 8 – Zero speed stabilization  Figure 9 – System reaction at the voltage drop at zero-velocity stabilization  

6 DISCUSSION For the system of VC AD with a non-linear mathematical model, a simple equivalent mathematical model is compiled that describes the operation of the initial system in all operating modes quite accurately. The equivalent system preserves the robustness of the original system with respect to the inaccuracy of knowing the parameters of the  reduced  
 Figure 10 – Motor speed at various moments of inertia  
 Figure 11 – Magnetizing motor currents at different moments of inertia 

 moment of rotor inertia, load, friction, resistance of the stator and rotor, inaccuracy formation of the electromagnetic moment, voltage spikes, all errors of the frequency converter (resistances of keys, delays of their opening and closing, dead time, nonlinearity of the equivalent characteristic), cross-links between the torque and magnetizing circuits of the current. The simplicity and linearity of the equivalent system allows us to synthesize the control laws of the original nonlinear system by well-developed linear methods with significantly less time spent on modeling. This is especially important when developing control systems for complex dynamic objects using induction motors. Numerical simulation of the dynamics of the original nonlinear and equivalent linear systems showed a good agreement between transient and stationary processes. Developed linear control methods with small modifications can be applied to control using DC motors and synchronous motors.  
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CONCLUSIONS 

1. The scientific novelty of obtained results: – for the robust system under study of vector control of an object with a substantial non-linearity of properties and characteristics, simple equivalent models were compiled that fairly accurately reproduce the operation of the original system in all modes of operation. Simplification of models is achieved by considering the dynamics of the entire system in a synchronous basis, robust methods of controlling the parameters of currents and by neglecting really small errors in the work of regulators and observers of current circuit; – synthesized models, as well as the original nonlinear system, have the property of robustness due to the use of combined control, as the whole drive, and current circuits. Due to this, equivalent systems, as well as the original, retain the robustness property in relation to – inaccuracies of parameters knowledge of the given moment of rotor inertia, load, friction; – inaccuracies in the formation of the electromagnetic moment; – to all errors of the frequency converter (resistances of keys, lateness of their opening and closing, dead time); – cross-connections between the torque and magnetizing circuits of currents; – changes (including temperature) resistance contours; – changes in the inductance of the circuits, due to the magnetization curve; – power surges. 
2. The practical significance of obtained results. The simplicity and linearity of the equivalent system allows us to synthesize the control laws of the original nonlinear system by well-developed linear methods with significantly less time spent on modeling. The obtained results confirm that the linearized vector-controlled object model can be used to control of IM.  
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а і а Є. В. – а . . а , а ши  ви а а  а и и и  аши  За і ь  а і а ь  

і  ів и , За і я, У а а. 
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ів и , За і я, У а а. 
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ів и , За і я, У а а. 
А О А І  

А а ь і ь. Д а я і ь і ь ів а і а і  а и ів в  ва я є  а и и а  і ьш і 
ви а ів а ь и ь і ь  і і в  ь и  а а ів ’є  ва я. Т  і є а  

і а и  і і и  и и в  ва я а а ва я я и  і і и  и а і и   
і і  ’є а  в и  ва я . В а и  а  я а  и и в  ва я ві і и ь і 
віва і і і. Р а а і и  и  и а і и   в и ь ва и в  и  
ва я  а и а ь и  ви и а я  і і и  ів и  а а а і . 
а а і – а і і  и а і  і і і  ’є а  в и  ва я , я а  а ь  я 

а и и і  ві в є  и і і . 
и і я. Д я ви іш я ав и  ав а ь ви и а  а і и:   а ів я и  

и и  ва я; ія і ь а і , а, і а ів, я і и в ів а , ви а  а 
і и і а і  а а ів; и а ь  ва я я и  і а ів і я ів;  и ь  

ва я я і а і  а а і и ва и  и  ва я; в  ва я і і и  є . 
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в а ив  а а а и и  а і і і і і віва і а а и і і,  и ь  ві в ь  ви і  и и  в і  и а  и. я а а и и   я ає ь я ш я  я  и а і и 
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и а и и я ів і і а ів. и ва і і, а  а , я  і ви і а і і а и а, а ь 
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А а ь ь. и а  и в  в а и а ии а и в в  ав ия, и яв я я 
ь и, и в ьши в  а в и  ь  и и в а ь и и  а а в а 
ав ия.  в  и ь в ии  и  и  в  ав ия и 
и и  я и  и  и а и и   и  а  в  ав и . В а я  в я 
я  и  в  ав ия в  а   вива   и. Ра а а 
а   и а и и   в и  и ва ь в  и  ав ия  а и а ь  
и ь ва и  и  в и а и а а и а. 
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ABSTRACT 
Context. Methods for the synthesis of precision electro-hydraulic control systems using the principle of multiplication are proposed. Use of the principle of multiplication allows to create compact control systems of technological objects, having high rates of precision and operation speed. The problem of creating the unified basic software and hardware complex for precision automatic control systems and control of an optional technological object is considered.  On the basis of effective methods of the modern theory of optimal control, control algorithms have been developed that provide maximum compensation for all types of statistical and dynamic control errors. 
Objective. The urgency of the work is due to the need to improve the precision of control systems of technological objects and the development of software and hardware complex for these systems. 
Method. We have used the methods of optimal control, methods of structural synthesis. To confirm the validity of the developed models and principles, the method of experimental studies based on the operating equipment of test benches was used. To debug an experimental model of a basic software and hardware complex for testing the plain bearings of internal combustion engines, mathematical simulation of an electro-hydraulic drive was used. For the synthesis of a precision controller, the multiplication method was used. 
Results. A number of standard sizes of high-speed precision EHSS based on part-turn hydraulic motors with a torque moment of up to 40 kNm were developed, providing reproduction in the tracking mode of specified input effects with a bandwidth of up to 20 Hz, positioning accuracy of up to one angular minute and a control range of up to 104. Based on developed EHSS automated simulation dynamic stands were created and brought to practical use for testing mobile object guidance systems (Customer-Central Research Institute of Chemistry and Mechanics, Moscow) and the semi-axes transmission (Customer-JSC “КАМАZ”, Naberezhnye Chelny). Based on the results of the research, a basic software and hardware complex for testing equipment of agricultural, automotive and other industries was created. The high-speed precision regulator for controlling the position of steam turbine actuator valves has been synthesized to compensate for all the main types of static and dynamic errors and more than double the performance compared to the base variant while maintaining acceptable stability margins (the results are used in promising projects of the State Energy Company “Centrenergo”, National Nuclear Energy Generating Company “Energoatom”, as well as in the Institute of Control Problems of the National Academy of Sciences of Ukraine. 
Conclusions. The practical engineering methods for the synthesis of effective control laws of precision electro-hydraulic systems are proposed, as well as a number of effective regulators providing high characteristics of precision and operation speed. The principle of multiplicative control is proposed which allows to synthesize effective control algorithms for individual, autonomous, fully controlled and observable electro-hydraulic servo drive circuits based on third-order mathematical models. For selected autonomous control loops, effective control laws are obtained based on modal control methods and solving inverse problems of dynamics.  The proposed synthesis techniques are considered using the harmonic linearization method, the real nonlinear characteristics of the control signal power limitation, which allows determining the real rational ratios of the regulator parameters and real limiting precision and speed indicators, as well as preventing unwanted auto-oscillatory modes in the systems. In order to reduce the number of measured parameters used in the formation of the proposed control laws, on the basis of the well-known general principles of the synthesis of observing identification devices, the universal structures and formulas for calculating the parameters of standard models of autonomous control circuits of the EHSS were obtained. The method of autonomous testing and debugging of the EHSS control system using the electronic simulator of electro-hydraulic actuator has been improved which makes it possible to significantly reduce the time and cost involved in creating and engineering development a complex system. 
KEYWORDS: unification, electro-hydraulic drives, automatic control systems, precision, operation speed, control algorithms. 

 

ABBREVIATIONS BSHC is a basic software and hardware complex; EHD is a electro-hydraulic drive; ECM is a electronic computing machine (a computer); EHSS is a electro-hydraulic servo system; RW is a research work; EHA is a electro-hydraulic actuator. 
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NOMENCLATURE 

X is a displacement (linear or angular) of the hydraulic motor working member;  
I is a coefficient of inertial load (mass or moment of inertia of moving parts reduced to the output link of the hydraulic motor);  
D is a coefficient of dissipative load (the coefficient of speed friction of translational or rotary motion);  
P is a factor of the positional load (linear or torsional rigidity);  
q is a characteristic parameter of the hydraulic motor (effective area of the hydraulic cylinder or specific volume of the hydraulic motor);  
Δp is a differential pressure on the hydraulic motor;  
Kc, Kf, Kl is a coefficient of compressibility of the working fluid, flow rate coefficient of the control valve and leakage coefficient;  
Xcv is a displacement of the control valve of the servo valve; 
Uv is a control voltage;  
Kux is a transmission ratio of the electromechanical servo valve converter;  
To, ξo, Ta is a parameters of typical dynamic links (oscillatory and aperiodic), the serial connection of which describes the dynamic characteristic of the electromechanical servo valve converter; 

cv cvV Х=  is a speed of the control valve; 
Fc is a effective area of the hydraulic cylinder; 
V is a volume of working cavities and connecting channels of the hydraulic motor; 
χ is a adiabatic module of the working fluid bulk elasticity; 
С is a position load factor; max 5vU B=  is a maximum control voltage in the input circuit of the servo valve; setX  is vector of setting effects; outX  is vector of output parameters; inX  is vector of internal parameters.  

INTRODUCTION Having emerged recently in various industries large demands in test equipment of various functional purposes led to the idea of a modular concept for constructing test complexes of precision automatic controllers, in particular, for automatic control systems [1] whose main goal is to minimize and unify technical solutions as well as the elemental base used to create the test equipment. One of such elements (modules) in the overall structure of this concept is the basic software and hardware complex (BSHC) designed to control the electro-hydraulic drives of imitation dynamic stands. The development of the BSHC was carried out with the cooperation of the authors with the scientific and production enterprise “Teploavtomat” under a contract with the Ministry of Machine-Building Industry of Ukraine within the 
framework of the state program “Instrument Engineering”. 

The object of study the automatic control system with an optional technological object of increased precision. 
The subject of study: the processes of providing the precision and operation speed of regulation systems. 
The purpose of the work creating the software and hardware complex for precision regulation and control systems, ensuring high precision and operation speed based on parametric synthesis and using multiplication methods.  

1 PROBLEM STATEMENT According to a vector of input (driving) effects setX  including the necessary set of kinematic ( set set set, ,X X X ) and power characteristics ( set set,F P ) it is necessary to determine the law of control actions ( )U t  that ensures the minimum (permissible) deviation of the corresponding components of the output parameters vector out setX Xδ = −  ( { }out out out out out out, , , ,X X X X F P ) taking into account the technological and operational constraints vectors for input and internal parameters min maxout out outX X X≤ ≤ , min maxin in inX X X≤ ≤ . The optimization criterion can be the minimum of the integral of the product of the absolute error and the time 
( )minI t tdt= ε∫  which provides the optimal compromise between static and dynamic accuracy. 

 
2 REVIEW OF THE LITERATURE A large number of works of a number of scientific schools and groups both in Ukraine and in the near and far abroad are devoted to the developments and research of the EHSS. The initial scientific basis for the creation and study of EHSS should be considered the fundamental, universal work plan in the field of hydraulic drives, the theory of automatic control, technical cybernetics. Such works may include the works by G.I. Kaniuk [1, 2] in which the principles of creating high-speed precision electro-hydraulic tracking systems in relation to test benches are considered. Special attention is paid to the improvement of electric and electro-hydraulic control systems [3, 4], their optimization [5, 6] and the improvement of the energy efficiency of their work [7]. About 90–95% of the regulators that are currently in operation use PID algorithms. In this regard, attention is paid to the use and improvement of PID controllers [8, 9]. The parameters of the regulators are optimized in order to improve the quality of regulation [10]. Various modifications of regulators are being studied [11, 12]. The principle of robust control is successfully used, which allows improving the quality of regulation [13]. Studies are being conducted to improve the efficiency of management 
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systems in various areas of economic activity, for example, in railway transport [14] and in energy [15]. Nevertheless, despite the large number of diverse, interesting and useful works in this area, currently there is not a sufficiently systematized and universal theoretical base for creating and researching precision high-speed EHSS, which complicates and slows down the processes of their development and implementation. Existing methods are either general metatheories that require filling with specific applied methods, mathematical models and technical solutions, or are aimed at solving particular problems: typical design engineering, verification calculations, and parametric optimization of already existing or designed systems. In this regard, applied theories and methodologies that would encompass all stages of creating high-speed precision EHSS are necessary. 

 
3 MATERIALS AND METHODS The aim of this work is the general presentation of the results of theoretical and experimental studies dedicated to the creation of the unified software and hardware complex for the precise control of electro-hydraulic servo systems of various functional purposes. The BSHC includes the following main elements: a digital programmable set-point device which provides the formation of the required loading modes and emergency protection of the stand; a high-speed analog controller implementing efficient electro-hydraulic drive (EHD) control algorithms to provide the required dynamic characteristics of the test equipment; a personal computer that performs the functions of a top-level management system (coordination of several digital set-points in accordance with a specified test program, visual control, processing and registration of test results). The general functional diagram of the BSHC is presented in Fig. 1. Structurally the BSHC is a stand in which the following blocks are located: a microcontroller based on a single-chip microcomputer with an inter-module communication interface; blocks of analogue regulators; power unit; power amplifiers; power supplies; a network unit; a channel power transformer. In the research plan the main problem in the creation of the BSHC was the development of an optimal structure of precision high-speed regulators since they play a major role in providing the required dynamic characteristics of the drives. Taking into consideration quite high requirements to static and dynamic characteristics of electro-hydraulic drives, it was decided to use the following control algorithms in analogue controllers of the BSHC: – the algorithm of proportional-differential-integral control by error (a proportional integral differential controller – PID-controller); – the algorithm for state parameters of the EHD (a state controller) using the results of their direct measurements or the results of calculations based on the standard model (a state observer); – the algorithm based on the method of solving the inverse problem of the dynamics of the EHD. Comparative performance characteristics of various control algorithms of a standard size of the EHD of the simulation dynamic bench are presented in Fig. 2. The structure of analog regulators provides the possibility of use, if necessary, other types of control algorithms.   Figure 1 – The general functional diagram of the basic software and hardware control complex of electro-hydraulic drive test stands: 1 – upper-level control computer (personal computer); 2 – inter-module communication interface; 3 – digital programmable set-point device; 4 – unit for setting the operating modes of the EHD; 5 – block of the control, diagnostics and indication of operating modes of the EHD; 6 – digital-to-analog converter; 7 – block of analog regulators; 8 – electro-hydraulic drives (EHD); 9 – analog generator of special signals; 10 – sensor of adjustable parameters and diagnostic systems  
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  Figure 2 – Influence of various control laws on the dynamic characteristics of an electro-hydraulic drive: 1 – proportional regulator; 2 – PID controller;  3 – modal controller for three state parameters;  4 – regulator built on the principles of inverse dynamic problems  The general linearized mathematical model of the EHD including the executive hydraulic motor and the control servo valve can be represented as a system of usual differential equations of the sixth order [2]:   c c 'c ux' 'a ,2 2 ,2 ,.f v l
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 (1)  In this case, in order to ensure a set quality control in the high-frequency region, the control algorithms used in analog regulators must also have a minimum of sixth order. At the same time the procedures of theoretical synthesis and practical adjustment of regulators are significantly complicated. However, when proportional servo valves with a high pass-band are used in the EHD (Fig. 3), the control valve position is equipped with sensors, it is possible to reduce the order of the regulators by using the principle of multiplicative control (separate control of the positions of the control valve and hydraulic motor [2]). In this case separate circuits can operate from two autonomously adjusted regulators of the third (or, depending on the type of load and range of reproduced frequencies, and lower) of the order of one type or another. 
 

 Figure 3 – Amplitude-frequency characteristics of the servo valve УЭ - В-100: –  without correction, experiment; 1 – without correction, calculation (approximation by the vibrational link Т=1.67·10 s, 
ξ=0,7); 2 – correction with the help of PID-controller (K=300, 

Тd=0.07 , Тe=0.3 s) 
 

4 EXPERIMENTS Development and debugging of the experimental the BSHC sample were carried out using the mathematical and electronic model (simulator) of the electro-hydraulic drive of the test stand for testing the plain bearings of internal combustion engines of trucks. The EHD of such a stand is a hydraulic cylinder with a control servo valve designed to reproduce dynamic loads acting on the crankshaft main bearings. The range of reproducible loads is 50 tons, the required drive bandwidth is 100 Hz. Estimated calculations have shown that the main load is due to the rigidity of the test objects (thus, the load is mainly positional). Calculations showed that using the principle of multiplicative control, it is possible to reduce the dynamic distortion of the output parameter of the servo valve (this task was solved by including the PID controller in the autonomous regulation circuit of the control valve). Figure 4 presents the amplitude-frequency characteristics of the servo valve with a contour of autonomous correction of the control valve position and without it. It follows from the graphs that the dynamical characteristic of the servo valve in the required frequency range (up to 100 Hz) corrected by the PID-controller can be satisfactorily described by the oscillating link with the values of the time constant Tc and the relative damping factor ξk, respectively 1·10–3 s and 0.7. In this case, taking into consideration the positional character of the main load, the general mathematical model of the EHD in matrix form and taking into account the control voltage limit in the input circuit of the servo valve takes the form:  ux221 0 00 0 1 0 0 0 ,10 2h
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 Figure 4 – Amplitude-frequency characteristic of the electro-hydraulic drive with the PID-controller: 1 – calculation, 2 – experiment  The load on the rod of the hydraulic cylinder: 

cH F P= Δ . The time constant and the static transmission ratio of the hydraulic motor: y2(0,5 ) /c
h c

c

FVT F K
F C

= +
χ

; y2 /h cK K F K= . Calculations showed that the use of a PID-controller with gain values, time constants of the differentiating and integrating link is 10 V/V respectively; 0.1 s and 5·10–3 s, it is possible to obtain the required bandwidth (about 100 Hz) for the adopted the EHP model (Fig. 4). After fabricating and debugging of the experimental BSHC sample, its functional and dynamic characteristics were verified by laboratory tests at the research-and-production enterprise “Teploavtomat” using an electronic model (simulator) of the EHD, the structure and parameters of which corresponded to the mathematical model. The test results confirmed the calculated bandwidth of the EHD.  
5 RESULTS Conducted studies have allowed us to obtain the following results: – a number of standard sizes of the high-speed precision EHSS based on incomplete rotating hydraulic motors with a torque range of up to 40 kNm was developed, ensuring the reproduction in the tracking mode of specified input effects with a bandwidth of up to 20 Hz, positioning precision of up to one corner minute and control range up to 104; – on the basis of the developed EHSS, automated simulated dynamic test stands for testing of guidance systems for mobile objects (the customer – Central Research Institute of Chemistry and Mechanics, Moscow) and for testing semi-axle transmissions (the customer – Publicly Traded Company “КАМАZ”, Naberezhnye Chelny) were created and brought to practical use. 

 

6 DISCUSSION As a result of a series of theoretical and experimental studies carried out within the framework of state budget 
research (the customer – Ministry of Education and Science of Ukraine) on the basis of solving the inverse problem of dynamics, the high-speed precision controller for the control loop of the position of the steam turbine actuator valves was synthesized, which compensates all major types of static and dynamic errors and more than a twofold increase in operation speed compared with the baseline while maintaining the permissible reserves of stability (the results of the work are used in long-term projects of the State energy company “Centrenergo” NNEGC “Energoatom” and “Institute of Control Problems of the National Academy of Sciences of Ukraine”. All developments and technical solutions have been tested experimentally (research tests and acceptance tests) and implemented at customer enterprises, which confirms the reliability and practical value of the scientific positions and results as well as determines the possibility of their further effective use when creating the high-speed precision EHSS for various fields of technology in order to increase the productivity and precision of technological equipment, increase energy – and resource indicators of production. Experimental studies and practical engineering confirmed that the developed scientific positions and the results of the work generally provide the effective practical results consisting in a significant reduction of the time and money spent on the creation and completion of new facilities due to the systematization and unification of the most responsible and knowledge-intensive stages of the design of the EHSS (a technical project and proposal). The results of the work were used in the implementation of a number of fundamental and applied research to create the high-speed precision EHSS of imitation dynamic stands for enterprises of the defense and engineering industries. 

 

CONCLUSIONS Based on the well-known general principles of the modern theory of optimal control, practical engineering techniques for synthesizing effective laws of controling the precision electro-hydraulic systems, as well as a number of effective regulators that provide high (approaching to the utmost in energy capabilities) characteristics of precision and operation speed are proposed. 
Scientific novelty: – the principle of multiplicative control is proposed, which makes it possible to synthesize effective control algorithms for the individual, autonomous, fully controllable and observable EHSS circuits based on third-order mathematical models; – for the selected autonomous control loops, effective control laws are obtained on the basis of modal control methods and solving inverse dynamic problems (including – calculation formulas for choosing optimal parameters of regulator parameters); – in contrast to the existing methods of the linear theory of optimal control, the proposed methods of synthesis take into account, with the help of the method of harmonic linearization, real nonlinear characteristics of the control 
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power limit, which allows to determine the real rational relations of the regulator parameters and the real limit values of precision and operation speed, and also to prevent the occurrence of undesirable self-oscillatory regimes in systems; – in order to reduce the number of measured parameters used in the formation of the proposed control laws, universal structures and formulas for calculating the parameters of reference models (state monitors) of autonomous EHSS control loops have been obtained on the basis of known general principles for the synthesis of observing identification devices. 

Practical value: The technique of autonomous testing and debugging of the EHSS control system using the electronic simulator EHA is improved, which allows to significantly reduce the time and money spent on the creation and completion of the complex system. 
Prospects for further research: The use of the proposed methods to create precision high-speed control systems of technological objects in various sectors of economic activity. 

 
ACKNOWLEDGEMENTS The work was supported by the State research project: “Development of the theoretical foundations and practical principles of the creation of precision high-speed electro-hydraulic tracking systems for energy and resource saving”, registration number 0109U008660. The authors are also grateful to the Zmiivska thermal power plant (TPP) on the bas  of which research was carried out that found their introduction when implementing business contracts on the following topics: “Development of the practical principles of energy-saving control systems integration in the automated control systems of technological processes of the Zmiivska TPP power units” № 14-10-15/87 and “Development of complex measures for improving the technical and economic characteristics of the Zmiivska TPP power units” № 16-28-15/751. 

REFERENCES 1. Kaniuk G. I. High-speed precision electrohydraulic servo systems (ECGS). Fundamentals of the theory. Development. Research. Monograph. Kharkov, Publishing house “Point”, 2008, 108 . 2. Kaniuk G. I., Osadchiy A. Kh., Katykhin K. N., A.N. Shuvanov and et al. Basic program-technical complex for control of 
electrohydraulic drives of test stands,  Bulletin of Science and 
Technology. Kharkov, 1997, Issue 2, P. 15–18. 3. Titarenko V. B. Increasing the energy efficiency of volume hydraulic drives, Young Scientist, 2017, No. 51, pp. 97–99. 4. Johnson J. Engineering Essentials: Electrohydraulic Motion Control. Hydraulics & Pneumatics. Jan 01, 2012 https://www.hydraulicspneumatics.com/200/FPE/SystemDesign/Article/False/6463/FPE-SystemDesign  5. Walters R. B. Hydraulic and Electric-Hydraulic Control Systems. Springer Science+Business Media B.V., 2000. ISBN 978-94-015-9429-5 6. Banyai, D. Vaida, L. Electro-hydraulic Control System For Variable Displacement Machines 12th International Conference “Automation in Production Planning and Manufacturing”, Zilina, 2011.  7. Watton J. Electrohydraulic Control System: Principles Of Operation, Circuit Analysis & Design. 2016. ISBN 978-87-403-1187-7 8. Eker İ. Robust governor design for hydro turbines using a multivariable-cascade control approach. The Arabian Journal for 
Science and Engineering, 2003, Vol. 28, N . 28. 9. Astrom K. J., Hagglund T. Advanced PID control. SA, The 
Instrumentation, Systems, and Automation Society, 2006, 460 p. URL: https://www.twirpx.com/file/162015/ (data zvernennya: 10.04.2016). 10. Severin V. P., Nikulina E. N. Vector target functions for optimizating the quality indicators of automatic regulation systems, 
The Bulletin of the National Technical University “Kharkiv 
Polytechnic Institute”. Kharkiv, Issue 55, 2005, pp. 139–144. 11. Guillermo J. Silva, Aniruddha, Datta, & S. P. Bhattacharyya New Results on the Synthesis of PID Controllers, IEEE transactions on 
automatic control, Vol. 47, N . 2, February 2002. URL: https://wenku.baidu.com/view/a4e2c3619b6648d7c1c74632.html (data zvernennya: 10.04.2016). 12. Leva A., Cox C., & Ruano A. Hands-on PID autotuning: a guide to better utilization. IFAC Professional Brief. URL: http://www.ifac-control.org (data zvernennya: 10.04.2016). 13. Eker İ. Robust governor design for hydro turbines using a multivariable-cascade control approach. The Arabian Journal for 
Science and Engineering, 2003, Vol. 28, N . 28. 14. Stasiuk A. I., Goncharova L. L. Mathematical models and methods of analyzing computer networks for controlling the power supply of railways, Cybernetics and Systems Analysis, 2018, Vol. 54, No. 1, pp. 184–192. 15. Artiukh S. F., Kaniuk G. I., Mezeria A. Yu., Popov M. A., Bliznichenko E. N. Efficient energy-saving control of electrohydraulic servo systems. Monograph. Kharkov, Izd. “Point”, 2012, 120 p. ISBN 978-617-669-019-1 Received 09.10.2018. Accepted 16.12.2018.  

УДК 658.5.011.56 
І І ОВА  А ОВ  РОГРА О- Е ІЧ  О Е С  РЕ І  

Е ЕРГО ЕРІГАЮЧ  С С Е  АВ О А Ч ОГО РЕГ ЮВА  А РАВ І  
а ю  Г. І. – -  . а , , аві ва  а и и и а і а и  і  У а ь  

і - а і  а а і , Ха ів, У а а. 
з я А. Ю. – а . . а , ,  а и и и а і а и  і  У а ь  

і - а і  а а і , Ха ів, У а а. 
язєва В. . – а і а  а и и и а і а и  і  У а ь  і - а і  

а а і , Ха ів, У а а. 
ш  . . – а і а  а и и и а і а и  і  У а ь  і - а і  

а а і , Ха ів, У а а. 
ва . . –  а и и и а і а и  і  У а ь  і - а і  

а а і , Ха ів, У а а. 
А О А І  

За ва  и и  и і и  і ав і и  и  ав і я  ви и а я  и и  ь и і а і . 
Ви и а я и и  ь и і а і  в яє в ва и а і и и ав і я і и и ’є а и, а ь 
ви і а и и і і шви і . 

Р я  а а  в я і і ва  а в  а - і   я и і и  и  ав а и  
ва я а ва я ві ь и  і и  ’є . 

На ві ив и  ів а  і  и а ь  ав і я і а и и ав і я,  а ь 
а и а ь  а і  в і  ви ів а и и и  і и а і и  и  ав і я. 
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О ’є  і я: и а ав а и  ва я ві ь и  і и  ’є  і ви  і. 

 і я: и а я і і шви і  и  ва я. 
а: в я а - і  , я и і и  и  ва я і ав і я,  а є ви і 

а и и і і шви і , а ві а а и  и  і ви и а я ів ь и і а і . 
А а ь і ь. А а ь і ь и в а і і  і ви я і и  ва я і и и ’є а и і и а - і   я и  и . 

. В і ви и в ва и я и и а ь  ав і я, и  и .  Д я і в я 
ві і и   і и и ів, ви и в вав я  и а ь и  і ь а а і і  

а а я ви ва ь и  ів. Д я а а я и а ь  а а а в  а - і   я 
ви ва ь і ши и ів в а я ви ів в іш ь  я я ви и в ва я а а и  і і а і  ва я 

і ав і  ив . Д я и  и і  я а ви и в вав я  ь и і а і . 
Р з ь а и. Р  я  и і ів шви і и  и і и   а а і в и  і ви ів  

іа а  и  ів  40 Н ,  а ь ві в я в и ь и і а а и  в і и  в ивів   
а і   20 , і  и і ва я  іє  в  ви и и і іа а  ва я  104. На а і и    в і і в і  а и  ви и а я ав а и ва і і і а і і и а і і и я ви ва я и  
ав я і ь и  ’є ів ( а в и  – ЦНІІХМ, . М ва) і я ви ва я івві ь а і і  ( а в и  – АТ «Ка АЗ», . 
На і Ч и). На ві ь а ів ви а и  і ь в  а ви  а - і и   я 
ви ва ь  а а я і иє в і ь ь а ь , ав і ь  а і ши  а  и в і. и ва и  
шви і и  и і и  я   ав і я а ви  и  а а ів а в  і и,  а є 

а і  в і  в и  ви ів а и и  і и а і и  и  і і ьш і  в а в  і ви я шви і  в ів я і  
а ви  ва іа  и і и и  а а ів і і ( ь а и і  ви и в ь я в ив и  а  
Д ав  и  а і  «Ц », НА К « а », а а  в М  «І и   ав і я НАН 
У а и». 

Ви в и. За ва  а и і і і и и и  ив и  а ів ав і я и і и и 
і ав і и и и а и, а а  я  ив и  я ів,  а ь ви і а а и и и і і 

шви і . За ва  и и  ь и і а ив  ав і я,  в яє и ва и ив і а и и ав і я 
и и, ав и и, в і  ва и и і ва и и а и  а ві а а и и   ь  

я . Д я ви і и  ав и  ів ав і я и а і ив і а и ав і я а ві ів а ь  
ав і я і в’я  и  а а  и а і и.У а ва и  и а  и  в а ва і, а   

а і  і а и а і , а ь і і і і а а и и и я і  и а ,  в яє ви а а и 
а ь і а і а ь і івві ш я а а ів я ів і а ь і а и і а и и і і шви і , а а  а і а и 

ви и  а а и  ав ива ь и  и ів  и а . З  ш я і ь і ви і ва и  а а ів, 
ви и в ва и  и ва і а ва и  а ів ав і я, а ві ві и  а а ь и  и и ів и  

і а ь и в і и і а і  и а і ів а ь і и і и я а  а а ів а и   
ав и  ів ав і я . У а  и  ав и  ви ва ь і а а я и и ав і я   ви и а я   і і а а ІМ,  в яє і  и и ви а и а  і ш ів а в я і 
в я  и и. 

ЮЧОВІ С ОВА: і і а ія, і ав і і ив и, и и ав а и  ав і я, і ь ва я, 
шви ія, а и и ав і я.  
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ЕРГОС ЕРЕГАЮЩ  С С Е  АВ О А ЧЕС ОГО РЕГ РОВА   РАВ Е  

а ю  Г. . – -  . а , , ав и  а  и и и а и  и  
У аи  и - а и  а а ии, Ха ь в, У аи а. 

з я А. Ю. – а . . а , ,  а  и и и а и  и  У аи  
и - а и  а а ии, Ха ь в, У аи а. 

яз ва В. . – а и а  а  и и и а и  и  У аи  и - а и  
а а ии, Ха ь в, У аи а. 

ш  . . – а и а  а  и и и а и  и  У аи  и -
а и  а а ии, Ха ь в, У аи а. 

ва . . –  а  и и и а и  и  У аи  и - а и  
а а ии, Ха ь в, У аи а. 

А О А    и а и и  и ав и и  и  ав ия  и ь ва и  и и а 
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. В а  и ь ва и ь  и а ь  ав ия,   и а. Д я в ия 

в и а а а   и и и в, и ь ва я  и а ь  и ва и  а а  в  
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и и а и  и а и и   я и а ия и  ав ия и ь  в ( а а и  – ЦНИИХМ, . М ва) и 
я и а ия  а и и  ( а а и  – А  «Ка АЗ», . На  Ч ). На в  ь а в в  

и ва и  а  а в  а - и и   я и а ь  ва ия ия и  
ь я в , ав и ь  и и  а  ш и. и и ва  в и  и и  
я  а ав ия и  и и  а а в а в  и , ива и  а и  в  
в  ви в а и и  и и а и и  ши  и   в а  в ш и  вия  ав и   а в  

ва иа  и а ии и  а а в ив и ( ь а  а  и ь я в ив  а  
а в  и  а ии «Ц », НАЭК «Э а », а а  в М  «И и   ав ия 

НАН У аи ». 
В в .  а и и  и  и и и а ив  а в ав ия и и и 

и ав и и и и а и, а а  я  ив  я в, ива и  в и  а а и и и и и 
вия.  и и  ь и и а ив  ав ия, в я и  и и ва ь ив  а и  

ав ия ь и, ав и, ь  ав я и и а а и а и Э  а в  а а и и   ь  я а. Д я в  ав  в ав ия  ив  а  ав ия а 
в  в а ь  ав ия и ш ия а  а а  и а и и. В  и а  и а , и 
и а а и  и а и а ии, а ь  и  а а и и и а и ия и ав я  

и а а,  в я  я ь а ь  а и а ь  ш ия а а в я в и а ь  ь  
а а и и и вия, а а  в а а ь в и в и  а ь  ав а ь  и в в 

и а .  ь  ьш ия и ва и я  а а в, и ь  и и ва ии  а в 
ав ия, а в  и в  и  и и в и а а а и  в и и и а ии  ив а ь   и  я а а а а в а   ав  в ав ия Э . У в ш в ва а 
и а ав  и а и  и а и и  ав ия Э   и ь ва и   и и а а Э ИМ, 

в я ая в  а и ь а а  в и и в а а и  и в   и . 
ЮЧЕВЫЕ С ОВА: и и а ия, и ав и и  ив , и  ав а и  ав ия, ь 

и ва ия, ви , а и  ав ия. 
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