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Îñíîâíîé çàäà÷åé â ìàøèíîñòðîåíèè ÿâëÿåòñÿ îáåñïå÷åíèå ðàáîòîñïîñîáíîñòè ìàøèíîòðàêòîðíîãî ïàðêà. 
Òåõíè÷åñêàÿ ýêñïëóàòàöèÿ ìàøèí òðåáóåò íîâûõ îðãàíèçàöèîííûõ è òåõíîëîãè÷åñêèõ ïîäõîäîâ ê ïîääåðæà-
íèþ èõ â ðàáîòîñïîñîáíîì ñîñòîÿíèè â çîíàëüíûõ óñëîâèÿõ èñïîëüçîâàíèÿ. Òàê êàê êàæäûé ÷àñ ïðîñòîÿ ýòîé 
äîðîãîñòîÿùåé òåõíèêè ïðèâîäèò ê áîëüøèì èçäåðæêàì, òî îäíîé èç âàæíûõ ðàññìàòðèâàåìûõ çàäà÷ ÿâëÿåòñÿ 
ñíèæåíèå âðåìåíè ïðîñòîÿ ìàøèí íà òåõíè÷åñêîì è ðåìîíòíîì îáñëóæèâàíèè. Ðàçðàáîòêà ïðîãðàìì èìïîð-
òîçàìåùåíèÿ è ïðîäîâîëüñòâåííîé áåçîïàñíîñòè ðåãèîíîâ è îáëàñòåé ñòðàíû ÿâëÿåòñÿ âàæíûì íàïðàâëåíèåì 
äëÿ íàó÷íûõ è îáùåñòâåííûõ îðãàíèçàöèé ïðè ðåøåíèè çàäà÷, ïîñòàâëåííûõ ïðàâèòåëüñòâîì ÐÔ. Â ñâÿçè 
ñ ýòèì ïðîâîäèòñÿ èçó÷åíèå çàðóáåæíûõ òåõíîëîãèé è âíåäðåíèå ñîáñòâåííûõ â ïðîèçâîäñòâî òåõíèêè è ïðî-
äóêöèè àãðîïðîìûøëåííîãî êîìïëåêñà. Öåëüþ èññëåäîâàíèÿ ÿâëÿåòñÿ ìàòåìàòè÷åñêîå îïèñàíèå è îáîñíîâà-
íèå îòêàçîóñòîé÷èâîñòè ìàøèí äëÿ îáåñïå÷åíèÿ ðàáîòîñïîñîáíîñòè íà çàäàííîì óðîâíå. Â ñòàòüå ðàññìîòðåíû 
âîïðîñû îáåñïå÷åíèÿ ðàáîòîñïîñîáíîñòè òåõíè÷åñêèõ ñèñòåì (ìàøèí è îáîðóäîâàíèÿ) è ïëàíèðîâàíèå ÷èñëà 
çàïàñíûõ ýëåìåíòîâ ïðè òåõíè÷åñêîì ñåðâèñå. Óñòàíîâèòü öèêëû âðåìåíè ðåìîíòà ìàøèí è òåõíîëîãèè äî-
ñòàòî÷íî ïðîñòî, åñëè îïðåäåëÿþùèå ðàáîòîñïîñîáíîñòü ìàøèí ïåðåìåííûå òåõíè÷åñêîãî ñîñòîÿíèÿ çà âðåìÿ 
ýêñïëóàòàöèè íîñÿò äåòåðìèíèðîâàííûé õàðàêòåð. Íà ïðàêòèêå â áîëüøèíñòâå ñëó÷àåâ ðàáîòîñïîñîáíîñòü 
îïðåäåëÿåòñÿ ñòîõàñòè÷åñêèì õàðàêòåðîì âîçäåéñòâóþùèõ ôàêòîðîâ, âûíóæäàþùèì ïðèíèìàòü âî âíèìàíèå 
òåõíè÷åñêèå è ìàòåìàòè÷åñêèå ìåòîäû èõ îïèñàíèÿ. Â ñèòóàöèè, êîãäà âðåìÿ âîññòàíîâëåíèÿ îòêàçàâøåãî 
ýëåìåíòà íà ïîðÿäîê ìåíüøå âðåìåíè áåçîòêàçíîé ðàáîòû, ëèáî âîññòàíîâëåíèå ñâîäèòñÿ ê çàìåíå ýëåìåíòà 
ðåçåðâíûì, çàêîíîì ïðèíÿòü ìîäåëü ìãíîâåííî âîññòàíàâëèâàåìîãî ýëåìåíòà.
Êëþ÷åâûå ñëîâà: âîññòàíîâëåíèå, ðàáîòîñïîñîáíîñòü, ñèñòåìà, íàðàáîòêà, îòêàç, çàìåíà, ðåçåðâèðîâàíèå. 

The main task in mechanical engineering is to ensure the efficiency of the machine-tractor fleet. Technical operation 
of machines requires new organizational and technological approaches to maintaining it in working condition in 
zonal conditions of use. Since every hour of downtime of this expensive equipment leads to high costs, one of the 
important tasks will be to reduce the downtime of machines for maintenance and repair. Development of import 
substitution programs and food security of regions and regions of the country is an important area for scientific and 
public organizations to solve the tasks set by the government of the Russian Federation. In this regard, the study 
of foreign technologies and the introduction of their own in the production of machinery and agricultural products. 
The aim of the study is a mathematical description and justification of fault tolerance of machines to ensure perfor-
mance at a given level.In the article deals with the issues of ensuring the efficiency of technical systems (machinery 
and equipment) and planning the number of spare elements during technical service. It is rather simple to establish 
the cycles of repair time of machines and technology, if the variables of the technical state deter-mining the operabil-
ity of the machines during operation are deterministic. In practice, in most cases, the performance is determined by 
the stochastic nature of the influencing factors, forcing to take into account the technical and mathematical methods 
for their description. In a situation where the recovery time of the failed element is an order of magnitude shorter 
than the uptime, or the restoration is reduced to replacing the element with a backup, it is natural to accept the model 
of an instantly restored element. 
Keywords: restoration, operability, system, operating time, failure, replacement, reservation.
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 Ââåäåíèå
Îáåñïå÷åíèå ðàáîòîñïîñîáíîñòè ìàøèí 

ÿâëÿåòñÿ ãëàâíîé çàäà÷åé. Àíàëèç ñóùåñòâóþ-
ùèõ èñòî÷íèêîâ ïîêàçàë, ÷òî òåõíèêà òðåáóåò 
íîâûõ îðãàíèçàöèîííûõ è òåõíîëîãè÷åñêèõ 
ïîäõîäîâ ê ïîääåðæàíèþ åå â ðàáîòîñïîñîá-
íîì ñîñòîÿíèè â çîíàëüíûõ óñëîâèÿõ èñïîëü-
çîâàíèÿ. Íàèáîëåå âàæíîé çàäà÷åé ïðè ýòîì 
ÿâëÿåòñÿ ñíèæåíèå âðåìåíè ïðîñòîÿ ìàøèí 
íà òåõíè÷åñêîì è ðåìîíòíîì îáñëóæèâàíèè, 
ïîñêîëüêó êàæäûé ÷àñ ïðîñòîÿ ýòîé äîðîãî-
ñòîÿùåé òåõíèêè ïðèâîäèò ê áîëüøèì èçäåðæ-
êàì [6].

Öåëü èññëåäîâàíèé
Ìàòåìàòè÷åñêîå îïèñàíèå è îáîñíîâàíèå 

îòêàçîóñòîé÷èâîñòè ìàøèí äëÿ îáåñïå÷åíèÿ 
ðàáîòîñïîñîáíîñòè íà çàäàííîì óðîâíå.

Ìàòåðèàëû, ìåòîäû 
è ðåçóëüòàòû èññëåäîâàíèÿ
Ôóíêöèîíèðîâàíèå ýëåìåíòîâ òåõíè÷å-

ñêèõ ñèñòåì îïèñûâàåòñÿ ïðîöåññîì âîññòà-
íîâëåíèÿ, ò.å. ïîñëåäîâàòåëüíîñòüþ íàðàáî-
òîê íà îòêàç è ñîîòâåòñòâóþùèõ èõ ìîìåíòîâ 

îòêàçà: 1 1 2 1 2
1

, , , ,
n

n i
i

t l t l l t l


      . Îáîçíà-

÷èì ÷åðåç F(t) ôóíêöèþ ðàñïðåäåëåíèÿ ïðîèç-
âîëüíîé íàðàáîòêè. Ôóíêöèÿ ðàñïðåäåëåíèÿ 
ìîìåíòà n-ãî îòêàçà t

n
 ÿâëÿåòñÿ n-êðàòíîé 

ñâåðòêîé ôóíêöèè F(t) [5]:

 
     1

0

t

n nF t F t dF t  . (1)

×èñëî îòêàçîâ V(t) äî ìîìåíòà n èìååò ðàñ-
ïðåäåëåíèå:

        1 1 , n n n nP V t n P t t t F t F t        (2)

îòêóäà:

     nP V t n F t  . (3)

Ôóíêöèÿ âîññòàíîâëåíèÿ âûðàæàåò ñðåäíåå 
÷èñëî îòêàçîâ äî âðåìåíè t:

 
     

1

, n
n

H t Mv t F t




    (4)

à åå ïðîèçâîäíàÿ (ïëîòíîñòü âîññòàíîâëåíèÿ):

     
1
h

n

h t H t f t




    

ïðåäñòàâëÿåò ñîáîé ñðåäíåå ÷èñëî îòêàçîâ 
çà ìàëóþ åäèíèöó âðåìåíè [3]. Ñ äðóãîé ñòî-
ðîíû, âåðîÿòíîñòíûé ýëåìåíò âûðàæàåò ïðè-
áëèçèòåëüíî âåðîÿòíîñòü îòêàçà (êàêîãî-ëèáî) 
â èíòåðâàëå [t

1
, t + dt].

Ïðàêòè÷åñêèé èíòåðåñ ïðåäñòàâëÿåò ñîáîé 
îñòàòî÷íàÿ íàðàáîòêà t

îñò 
îò íàáëþäàåìîãî ìî-

ìåíòà âðåìåíè t äî îòêàçà [2]. Åå ðàñïðåäåëå-
íèå âûðàæàåòñÿ ÷åðåç âåðîÿòíîñòü áåçîòêàç-
íîé ðàáîòû (ÂÁÐ):

 
     

0

t

P t x R t x R t x z hzdz     îñò .  (5)

Ñðåäè ïðîöåññîâ âîññòàíîâëåíèÿ îñîáóþ 
ðîëü èãðàåò ïóàññîíîâñêèé ïðîöåññ (ïðîñòåé-
øèé ïîòîê îòêàçîâ), âûðàæàþùèé ïðåäñòàâ-
ëåíèå î «÷èñòî ñëó÷àéíîì» õàðàêòåðå îòêàçà. 
Ñîãëàñíî öåíòðàëüíîé ïðåäåëüíîé òåîðåìå 
À.ß. Õèí÷èíà, ïðè øèðîêèõ äîïóùåíèÿõ 
ñóììà ïðîèçâîëüíûõ ïîèñêîâ ñîáûòèé ñõîäèò-
ñÿ ê ïðîñòåéøåìó ïîòîêó [1].

Ïóàññîíîâñêèé ïðîöåññ ïîëó÷àåòñÿ ïðè ïî-
êàçàòåëüíîì ðàñïðåäåëåíèè íàðàáîòêè R(t) = 
= exp(–t) è èìååò ñëåäóþùèå õàðàêòåðèñòèêè 
(òàáë. 1): 

Ñïðàâåäëèâî ñëåäóþùåå âàæíîå óòâåðæäå-
íèå: äëÿ ñòàðåþùèõ ýëåìåíòîâ ðàñïðåäåëåíèå 
Ïóàññîíà äàåò âåðõíþþ ãðàíèöó ÷èñëà îòêàçîâ:

 
      exp

i

i n

t
T tP V t n Ti





   ,  (6)

ãäå t íå ïðåâûøàåò ñðåäíåé íàðàáîòêè T.
Âàæíîé ïðîáëåìîé ÿâëÿåòñÿ ïëàíèðîâàíèå 

÷èñëà çàïàñíûõ ýëåìåíòîâ, ò.å. äëÿ êàêîãî n 
ñ âåðîÿòíîñòüþ íå ìåíüøåé  ñèñòåìà áóäåò 
ôóíêöèîíèðîâàòü çàäàííîå âðåìÿ t:

   1P v t   .  (7)

Äëÿ ãàðàíòèðîâàííîãî ðåøåíèÿ ýòîãî íåðà-
âåíñòâà äëÿ ñòàðåþùèõ ýëåìåíòîâ è âðåìåíè 

Òàáëèöà 1 
Õàðàêòåðèñòèêè ïóàññîíîâñêîãî ïðîöåññà ïðè ïîêàçàòåëüíîì ðàñïðåäåëåíèè

1 Ðàñïðåäåëåíèå ÷èñëà îòêàçîâ Ïóàññîíîâñêîå       
4

exp
t

P v t n t
nl


  

2 Ôóíêöèÿ âîññòàíîâëåíèÿ Ëèíåéíàÿ    H t t 
 

3 Èíòåíñèâíîñòü îòêàçîâ (ïëîòíîñòü âîññòàíîâëåíèÿ)  h t  
 

4 Îñòàòî÷íàÿ íàðàáîòêà t
îñò

   expP t x x  îñò  
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t, íå ïðåâûøàþùèì ñðåäíåé íàðàáîòêè, äîñòà-
òî÷íî ïîòðåáîâàòü:

 

   exp

i

i n

t
T t

Ti





   .  (8)

Èñïîëüçóÿ èçâåñòíîå ñîîòíîøåíèå ìåæäó 
ôóíêöèÿìè ðàñïðåäåëåíèÿ Ïóàññîíà è 2, íåðà-
âåíñòâî (8) ìîæíî ïðåîáðàçîâàòü ê âèäó:

 
 2 22 tn T    (9)

ãäå  2 k  – êâàíòèëü óðîâíÿ  ðàñïðåäåëåíèÿ χ 
– êâàäðàò ñ K ñòåïåíÿìè ñâîáîäû. Íåðàâåíñòâî 
(9) ëåãêî ðàçðåøàåòñÿ ñ ïîìîùüþ ñòàíäàðòíûõ 
òàáëèö ïðîöåíòíûõ òî÷åê ðàñïðåäåëåíèÿ 2. 
Ê ïðèìåðó, åñëè îòíîøåíèå 1/ 2t

T   è óðîâåíü 
çíà÷èìîñòè  = 0,05, òî ïîëó÷àåì

 
 2

0,05 4 0,711  , 
à  2

0,05 6 1,237  , îòêóäà ïîëó÷àåì n.
Ñëåäîâàòåëüíî, äëÿ îáåñïå÷åíèÿ òðåáóåìûõ 

ãàðàíòèé äîëæíî áûòü äâà ðåçåðâíûõ ýëåìåíòà.
×àñòî ïðèõîäèòñÿ ïëàíèðîâàòü è çàìåíû 

íèçêîíàäåæíûõ ýëåìåíòîâ, ò.å. ðàññìàòðèâàòü 
òàêîé èíòåðâàë âðåìåíè t, êîòîðûé ñóùåñòâåí-
íî ïðåâûøàåò ñðåäíþþ íàðàáîòêó T. Â ýòîì 
ñëó÷àå ìîæíî èñïîëüçîâàòü ôàêò àñèìïòîòè÷å-
ñêîé íîðìàëüíîñòè ÷èñëà îòêàçîâ (t), ò.å. ðàñ-
ïðåäåëåíèå V (t) ïðèáëèæàåòñÿ ê íîðìàëüíîìó 

 2,N m   ñî ñðåäíèì 
tMV
T

  è äèñïåðñèåé 

 
2

2
3

tv
T


  , ñâÿçàííîé ñ äèñïåðñèåé íàðàáîòêè 
2 [6].

Òîãäà ïðèáëèæåííîå ðåøåíèå íåðàâåíñòâà 
ïëàíèðîâàíèÿ ÇÈÏ (9) èìååò âèä: 

 
1

t tn u
T T T


  ,  (10)

ãäå u
1– – êâàíòèëü ñòàíäàðòíîãî íîðìàëüíîãî 

ðàñïðåäåëåíèÿ (0,1), ò.å. ðåøåíèå óðàâíåíèÿ:

 
   2

0

1 exp 1  22

u
tu dt d    

    (11)

Ïðè äîëãîñðî÷íîì ïëàíèðîâàíèè ïîëèòèêè 
çàìåí öåëåñîîáðàçíî îðèåíòèðîâàòüñÿ íå íà ãà-
ðàíòèðîâàííîå ÷èñëî îòêàçîâ, à íà ñðåäíåå, 
âûðàæàåìîå ôóíêöèåé âîññòàíîâëåíèÿ (ñì. 
òàáë. 1). Îòìåòèì, ÷òî ôóíêöèÿ âîññòàíîâëå-
íèÿ îäíîçíà÷íî îïðåäåëÿåò ïðîöåññ âîññòàíîâ-
ëåíèÿ: â òåðìèíàõ ïðåîáðàçîâàíèÿ Ëàïëàñà ñî-
îòíîøåíèå èìååò âèä:

 
   

 

*

*1
H k

k
H k




Ô ,  (12)

ãäå      
0

expk kt H t dt


 Ô ; k – àðãóìåíò 

ôóíêöèè Ëàïëàñà.

Ïðåäñòàâëåíèå î ïîâåäåíèè ôóíêöèè âîñ-
ñòàíîâëåíèÿ â ñòàöèîíàðíîì ðåæèìå äàåò òåî-
ðåìà Áëåêóýëëà, êîòîðàÿ óòâåðæäàåò, ÷òî 

 
   lim

t

hH t h H t
T

      ,  (13)

ò.å. ñðåäíåå ÷èñëî îòêàçîâ îáðàòíî ïðîïîðöèî-
íàëüíî ñðåäíåé íàðàáîòêå. 

Åñëè ñóùåñòâóåò äèñïåðñèÿ íàðàáîòêè, 
òî ñïðàâåäëèâî óòâåðæäåíèå: 

 
 

2 2

2lim
2t

t TH t
T T

     
. (14)

Ýòî îçíà÷àåò, ÷òî ïðè áîëüøîì çíà÷åíèè t 
ôóíêöèþ âîññòàíîâëåíèÿ è, ñëåäîâàòåëüíî, 
÷èñëî çàìåí ìîæíî ðàññ÷èòûâàòü ïî ïðèáëè-
æåííîé ôîðìóëå

 
 

2 2

22
t TH t
T T

 
  .  (15)

Íàïðèìåð, äâèãàòåëü – ýòî ñëîæíàÿ ñèñòåìà 
èç áîëüøîãî ÷èñëà ýëåìåíòîâ. ×èñëî îòêàçîâ 
äâèãàòåëÿ íà ïîðÿäîê ìåíüøå ÷èñëà ýëåìåíòîâ, 
ñëåäîâàòåëüíî «â ñðåäíåì» âåðîÿòíîñòü îòêàçà 
îòäåëüíîãî ýëåìåíòà ìàëà [4]. Ïîýòîìó öåëåñî-
îáðàçíî ðàññìàòðèâàòü ÷èñëî îòêàçîâ çà âðåìÿ 
t  T (íà÷àëüíûé ïåðèîä ðàáîòû). Îñíîâíûìè 
ñîîòíîøåíèÿìè çäåñü ÿâëÿþòñÿ:

     0 1P v t F t   , (16)

         1F t R t P v t F t    ,  (17)

 
     

 
F t

F t H t
R t

  .  (18)

Ïðàâûå ÷àñòè óêàçàííûõ íåðàâåíñòâ 
ìîæíî èñïîëüçîâàòü äëÿ îöåíêè îáëàñòè 
ïåðåêðûòèÿ îñòàòî÷íûõ ðåñóðñîâ (5) íàäåæ-
íîé  1  f t îñò  è íèçêîíàäåæíîé (îòêàçàâøåé) 
 2f t îñò  ñîñòàâíûõ ÷àñòåé. Çíà÷åíèå ýòîé 

îáëàñòè îïðåäåëÿåòñÿ ñëó÷àéíîé âåëè÷è-
íîé *

1 2 t t t îñò îñò  ñ ïëîòíîñòüþ ðàñïðåäå-

ëåíèÿ    * *
1 1( )   

t

F t f t t f t dt


  îñò îñò  è âåðî-
ÿòíîñòüþ îäíîâðåìåííîé çàìåíû (ïðè t* < 0): 

     
*

0 0
* * * * *

1 1
0

( ))
t

R t f t dt f t t f t dtdt




     îñò îñò . 

Äëÿ ñòàðåþùèõ ýëåìåíòîâ äâèãàòåëÿ ñïðà-
âåäëèâà ïðîñòàÿ îöåíêà ñòàöèîíàðíîãî ðàñ-
ïðåäåëåíèÿ âðåìåíè îñòàòî÷íîé íàðàáîòêè 
(òàáë. 1 ïóíêò 4) è (15):

 
 * 2 10
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ãäå 
t*
 – ñðåäíåêâàäðàòè÷åñêîå îòêëîíåíèå âå-

ëè÷èíû t*.
Â ýòîì ñëó÷àå ñòðàòåãèþ âîññòàíîâëåíèÿ 

ìîæíî îïðåäåëèòü ñ ó÷åòîì çàòðàò òðóäà, 
ñðåäñòâ è âðåìåíè íà ïðîâåäåíèå çàìåí ñ èñ-
ïîëüçîâàíèåì ïðåîáðàçîâàíèÿ Ëàïëàñà (12): 

 
   * 1 1 dP t k

d c
   


Ô ,  (21)

ãäå ñ, d – èçäåðæêè ïðè ïëàíèðîâàíèè çàìåí 
âî âðåìÿ ðåìîíòà äâèãàòåëÿ è íà ìåæðåìîíò-
íîì èíòåðâàëå.

Àðãóìåíò k ìîæåò ïðèíèìàòü ïîëîæèòåëü-
íûå çíà÷åíèÿ (k > 0) ïðè óñëîâèè, ÷òî d > c. 
Â ýòîì ñëó÷àå ñ âåðîÿòíîñòüþ P(t*) = 1 – Ô(k) 
ïðèíèìàåòñÿ ðåøåíèå î ñîâìåñòíîé çàìåíå 
äåòàëåé ïðè ðåìîíòå ìàøèíû. Ïðè k < 0, è 
d < c äåòàëü ìîæåò áûòü èñïîëüçîâàíà áåç ðå-
ìîíòíûõ âîçäåéñòâèé â ïðåäñòîÿùåì ìåæðå-
ìîíòíîì ïåðèîäå äî âûðàáîòêè îñòàòî÷íîãî 
ðåñóðñà. Â ñëó÷àå, êîãäà k = 0 è c = d, ñ îäèíàêî-
âîé âåðîÿòíîñòüþ ìîæåò ïðèíèìàòüñÿ ðåøåíèå 
î ñîâìåñòíîé çàìåíå èëè äàëüíåéøåì èñïîëü-
çîâàíèè äåòàëè äî âûðàáîòêè åå îñòàòî÷íîãî 
ðåñóðñà. Èç òàáë. 2 ñëåäóåò, ÷òî ïîýëåìåíòíàÿ 
çàìåíà êàæäîé èç îòêàçàâøåé äåòàëè â àãðåãà-
òå ýôôåêòèâíà òîãäà, êîãäà îñòàòî÷íûé ðåñóðñ 
ñìåæíûõ ýëåìåíòîâ äîñòàòî÷íî âåëèê.

Çàêëþ÷åíèå
Ìàòåìàòè÷åñêîå îïèñàíèå è îáîñíîâàíèå 

îòêàçîóñòîé÷èâîñòè ìàøèí ïîçâîëÿåò òî÷íåå 
îïðåäåëÿòü è êîððåêòèðîâàòü ðåçåðâû ñìåííûõ 
ýëåìåíòîâ ìàøèí è îáåñïå÷èâàòü ýòèì èõ ðà-
áîòîñïîñîáíîñòü íà çàäàííîì óðîâíå.
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Òàáëèöà 2 
Ðàñ÷åòíûå ïàðàìåòðû âåðîÿòíîñòè çàìåíû äåòàëåé äâèãàòåëÿ Ä-240

Íîìåð èíòåðâàëà ðàñïðåäåëåíèÿ t* Ñåðåäèíà èíòåðâàëà t*, ìîòî-÷ Q(t*) P(t*) Ô(k)
1 534 0,77 0,23 0,27
2 1114 0,55 0,45 0,15
3 1421 0,48 0,52 0,09
4 2351 0,47 0,53 0,03
5 3103 0,41 0,59 0,02




