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(quality of service, QoS). „«ï ®æ¥−ª¨ ��‘ ¢ â�ª¨å á¨áâ¥¬�å ¯à¥¤«�£�¥â-
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1 Введение

‚�¦−®© §�¤�ç¥© ¯à¨ à�§à�¡®âª¥ ¨ ¯®¤¤¥à¦ª¥ á®¢à¥¬¥−−ëå ¨−ä®ª®¬¬ã−¨ª�-
æ¨®−−ëå á¨áâ¥¬ ï¢«ï¥âáï ¢®§¬®¦−®áâì ¢ë¡®à� â�ª¨å à¥¦¨¬®¢ à�¡®âë, ª®â®àë¥
®¡¥á¯¥ç¨¢�îâ ®¯à¥¤¥«¥−−ë¥ âà¥¡®¢�−¨ï ª�ç¥áâ¢� ®¡á«ã¦¨¢�−¨ï (QoS).

�â¨ âà¥¡®¢�−¨ï, ®âà�¦�îé¨¥ ¨−â¥à¥áë ¯®«ì§®¢�â¥«ï, ¤®«¦−ë ¡ëâì á¡�-
«�−á¨à®¢�−ë á ¨−â¥à¥á�¬¨ à�§à�¡®âç¨ª®¢ ¨«¨ ¯à®¢�©¤¥à®¢ ãá«ã£, çâ® ¯à¨¢®¤¨â
ª −¥®¡å®¤¨¬®áâ¨ ¯®áâ�−®¢ª¨ ¨ à¥è¥−¨ï á®®â¢¥âáâ¢ãîé¨å ®¯â¨¬¨§�æ¨®−−ëå §�-
¤�ç. ��¯à¨¬¥à, ¯à¨ ¨á¯®«ì§®¢�−¨¨ ¢ëá®ª®¯à®¨§¢®¤¨â¥«ì−ëå á¨áâ¥¬ ¢�¦−® ã¬¥âì
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à¥è�âì ¯à®¡«¥¬ã ã¬¥−ìè¥−¨ï í−¥à£®¯®âà¥¡«¥−¨ï, á®åà�−ïï ¯à¨ íâ®¬ âà¥¡ã¥¬ë¥
£�à�−â¨¨ QoS. ‚ ç�áâ−®áâ¨, â�ª¨¬¨ âà¥¡®¢�−¨ï¬¨ ¬®£ãâ ¡ëâì ®£à�−¨ç¥−¨ï −�
áà¥¤−¥¥ ¢à¥¬ï ®¦¨¤�−¨ï ¢ë¯®«−¥−¨ï §�¤�−¨ï ¨«¨ −� ¢¥à®ïâ−®áâì â®£®, çâ® ¢à¥¬ï
®¦¨¤�−¨ï §�¤�−¨ï ¢ ®ç¥à¥¤¨ ¯à¥¢ëá¨â §�¤�−−ë© ¯®à®£ [1].

��à�¬¥âàë QoS ¢ë¡¨à�îâáï ¢ §�¢¨á¨¬®áâ¨ ®â ®á®¡¥−−®áâ¥© á¨áâ¥¬ë ¨ â¥å §�-
¤�ç, ª®â®àë¥ ®−� à¥è�¥â. ‚ â¥®à¨¨ áâ®å�áâ¨ç¥áª¨å á¨áâ¥¬ ®¡á«ã¦¨¢�−¨ï ®¤−¨¬
¨§ ¢�¦−ëå ¯�à�¬¥âà®¢ QoS ï¢«ï¥âáï ¢¥à®ïâ−®áâì ¯à¥¢ëè¥−¨ï áâ�æ¨®−�à−ë¬
¯à®æ¥áá®¬ −¥§�¢¥àè¥−−®© à�¡®âë W −¥ª®â®à®£® §�¤�−−®£® (¢ëá®ª®£®) ãà®¢−ï b.
�â®â ¯�à�¬¥âà QoS ï¢«ï¥âáï ®á−®¢®© à�áç¥â� ¨ ®æ¥−¨¢�−¨ï íää¥ªâ¨¢−®© ¯à®-
¯ãáª−®© á¯®á®¡−®áâ¨ ®¡á«ã¦¨¢�îé¥© á¨áâ¥¬ë (á¬. effective bandwidth ¢ [2{4]).
�®«¥¥ â®ç−®, ¯®¤ ��‘ ¯®−¨¬�¥âáï â�ª®¥ §−�ç¥−¨¥ ¬®é−®áâ¨ C ®¡á«ã¦¨¢�îé¥£®
¯à¨¡®à�, ¯à¨ ª®â®à®¬ ¢¥à®ïâ−®áâì ¯à¥¢ëè¥−¨ï áâ�æ¨®−�à−ë¬ ¯à®æ¥áá®¬ −�-
£àã§ª¨ W §�¤�−−®£® ãà®¢−ï b −¥ ¯à¥¢ëè�¥â âà¥¡ã¥¬®£® (¬�«®£®) §−�ç¥−¨ï •,
â. ¥.

Pb := P(W > b) ≤ • . (1)

ˆ−ä®ª®¬¬ã−¨ª�æ¨®−−ë¥ á¨áâ¥¬ë, ¤«ï ª®â®àëå −�àãè¥−¨¥ âà¥¡®¢�−¨ï (1) ï¢«ï-
¥âáï ªà�©−¥ −¥¦¥«�â¥«ì−ë¬ (¨«¨ −¥¯à¨¥¬«¥¬ë¬), ¡ã¤¥¬ −�§ë¢�âì ¢ëá®ª®®â¢¥â-
áâ¢¥−−ë¬¨ [5]. �à¥¤ë¤ãé¨¥ à¥§ã«ìâ�âë ®æ¥−¨¢�−¨ï ��‘ −� ®á−®¢¥ ¬¥â®¤�
£àã¯¯®¢®£® áà¥¤−¥£® ¨ à¥£¥−¥à�â¨¢−®£® ¬¥â®¤� ¯à¥¤áâ�¢«¥−ë ¢ à�¡®â�å [6{9].
�−¨ ¯®ª�§�«¨, çâ® à¥£¥−¥à�â¨¢−�ï ®æ¥−ª� (á¬. −¨¦¥) £�à�−â¨àã¥â ¢ë¯®«−¥−¨¥
âà¥¡®¢�−¨ï (1), ®¤−�ª® §�¢ëè�¥â âà¥¡ã¥¬ãî ��‘ −� −¥ª®â®àãî ¢¥«¨ç¨−ã –
¯® áà�¢−¥−¨î á ¬¨−¨¬�«ì−®© ��‘, ®¡¥á¯¥ç¨¢�îé¥© (1). ‘ ¤àã£®© áâ®à®−ë,
®æ¥−ª� ¯® ¬¥â®¤ã £àã¯¯®¢®£® áà¥¤−¥£® ¢á¥£¤� −�àãè�¥â âà¥¡®¢�−¨¥ (1). ˆ§ íâ®£®
á«¥¤ã¥â, çâ® ¢ ¢ëá®ª®®â¢¥âáâ¢¥−−ëå á¨áâ¥¬�å à¥£¥−¥à�â¨¢−�ï ®æ¥−ª� ��‘ ¯à¥¤-
¯®çâ¨â¥«ì−¥¥, ®¤−�ª® ¢�¦−® ¨áá«¥¤®¢�âì ¡®«¥¥ ¤¥â�«ì−® ¯à¨ç¨−ë ¨ ¢¥«¨ç¨−ã
¯¥à¥®æ¥−¨¢�−¨ï á æ¥«ìî ¥¥ ¬¨−¨¬¨§�æ¨¨ [6,9,10].

‚ ¤�−−®© áâ�âì¥ ®á−®¢−®¥ ¢−¨¬�−¨¥ ã¤¥«¥−® �−�«¨§ã ¢«¨ï−¨ï á«ãç�©−®£®
áã¬¬¨à®¢�−¨ï (¡®«¥¥ â®ç−®, á«ãç�©−®© ¤«¨−ë æ¨ª«� à¥£¥−¥à�æ¨¨ ¨«¨ ¤«¨−ë
¡«®ª�) ª�ª ®á−®¢−®© ¯à¨ç¨−ë ¯¥à¥®æ¥−¨¢�−¨ï.

Š�ª ¯®ª�§�«® ¨¬¨â�æ¨®−−®¥ ¬®¤¥«¨à®¢�−¨¥, ¢ �æ¨ª«¨ç¥áª®© á¥â¨ ¢¥«¨ç¨−�–
à�áâ¥â ¯à¨ ã¬¥−ìè¥−¨¨ ¢¥à®ïâ−®áâ¨ • [6, 7], � ¢ â�−¤¥¬−®© á¥â¨ | â�ª¦¥ ¯à¨
ã¢¥«¨ç¥−¨¨ ç¨á«� ã§«®¢ [10]. ‚ à�¡®â¥ [6] â�ª¦¥ ¯à¨¢¥¤¥−ë à¥§ã«ìâ�âë ç¨á«¥−-
−®© ®æ¥−ª¨ – ¯à¨ ¨á¯®«ì§®¢�−¨¨ à¥£¥−¥à�â¨¢−®£® ¬¥â®¤� ¨ ¬¥â®¤� £àã¯¯®¢®£®
áà¥¤−¥£®.

‚ ¤�−−®© áâ�âì¥ −� ¯à¨¬¥à¥ ¬®¤¥«¨à®¢�−¨ï â�−¤¥¬−®© á¨áâ¥¬ë á ¤¢ã¬ï ã§«�¬¨
¯®ª�§�− ¢¥¤ãé¨© ¢ª«�¤ à�−¤®¬¨§�æ¨¨ ¢ §−�ç¥−¨¥ ¢¥«¨ç¨−ë –. �â®â à¥§ã«ìâ�â
¯®§¢®«ï¥â ¯à¥¤«®¦¨âì ¤«ï ®æ¥−¨¢�−¨ï ��‘ ¢ ¢ëá®ª®®â¢¥âáâ¢¥−−ëå á¨áâ¥¬�å
¬®¤¨ä¨ª�æ¨î ¬¥â®¤� £àã¯¯®¢®£® áà¥¤−¥£® á §�¨¬áâ¢®¢�−−®© ¨§ à¥£¥−¥à�â¨¢−®£®
¬¥â®¤� ¨¤¥¥© à�−¤®¬¨§�æ¨¨ ¢¥«¨ç¨−ë ¡«®ª� £àã¯¯¨àã¥¬ëå ¤�−−ëå.

�®«ãç¥−−ë¥ à¥§ã«ìâ�âë ¬®£ãâ ¡ëâì ¯®«¥§−ë ¯à®¢�©¤¥à�¬ ¨ ¯®«ì§®¢�â¥«ï¬
¢ëá®ª®®â¢¥âáâ¢¥−−ëå á¥â¥© ¯à¨ ®æ¥−¨¢�−¨¨ ¢¥«¨ç¨−ë ��‘, ®¡¥á¯¥ç¨¢�îé¥©
âà¥¡®¢�−¨¥ (1).
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� à�−¤®¬¨§�æ¨¨ ¢ ¬¥â®¤¥ £àã¯¯®¢®£® áà¥¤−¥£® ¯à¨ ®æ¥−¨¢�−¨¨ ��‘ á¨áâ¥¬

�áâ�«ì−�ï ç�áâì áâ�âì¨ ®à£�−¨§®¢�−� á«¥¤ãîé¨¬ ®¡à�§®¬. ‚ à�§¤. 2 ¯à¥¤-
áâ�¢«¥−ë ®á−®¢−ë¥ ¬¥â®¤ë ®æ¥−¨¢�−¨ï ��‘ ¨ ¨å ªà�âª¨© áà�¢−¨â¥«ì−ë© �−�«¨§.
‚ ç�áâ−®áâ¨, ¢ ¯®¤à�§¤. 2.2 à�áá¬�âà¨¢�¥âáï â�ª −�§ë¢�¥¬ë© ¤¥«ìâ�-¬¥â®¤ ¤®-
¢¥à¨â¥«ì−®£® ®æ¥−¨¢�−¨ï −¥«¨−¥©−®© äã−ªæ¨¨ ¬�â¥¬�â¨ç¥áª¨å ®¦¨¤�−¨© ¯�àë
á«ãç�©−ëå ¢¥«¨ç¨− (á.¢.), ¢®§−¨ª�îé¥© ¯à¨ à¥£¥−¥à�â¨¢−®¬ ®æ¥−¨¢�−¨¨. ÷�§-
¤¥« 3 ¯®á¢ïé¥− ç¨á«¥−−®¬ã ¨áá«¥¤®¢�−¨î ¢¥«¨ç¨−ë–. ‚ ç�áâ−®áâ¨, ¨áá«¥¤ãîâáï
−¥§�¢¨á¨¬ë¥ ¨ §�¢¨á¨¬ë¥ ¤�−−ë¥ −� æ¨ª«¥ à¥£¥−¥à�æ¨¨ (¯®¤à�§¤. 3.1). ‚ ¯®¤-
à�§¤. 3.2 ¨§ãç�¥âáï ¢¥«¨ç¨−� ¯¥à¥®æ¥−¨¢�−¨ï ��‘ ¢â®à®£® ã§«� á¥â¨ á ¯®¬®éìî
£àã¯¯ á«ãç�©−®£® à�§¬¥à�, −¥ á¢ï§�−−®£® á à¥£¥−¥à�â¨¢−®© áâàãªâãà®© ¯à®æ¥á-
á� ¢ á¥â¨. ��ª®−¥æ, ¢ ¯®¤à�§¤. 3.3 ¯à¥¤«®¦¥− ¬¥â®¤ £àã¯¯¨à®¢ª¨ ¤�−−ëå,
®¡ê¥¤¨−ïîé¨© ®¡� à�áá¬®âà¥−−ëå ¬¥â®¤�.

2 Методы оценивания эффективной пропускной способности

ˆ§ â¥®à¨¨ ¡®«ìè¨å ãª«®−¥−¨© á«¥¤ã¥â, çâ® (¢ è¨à®ª¨å ãá«®¢¨ïå) âà¥¡ã¥¬�ï
¢¥«¨ç¨−� ��‘ ã¤®¢«¥â¢®àï¥â á®®â−®è¥−¨î:

C :=
˜(θ∗)

θ∗
, (2)

£¤¥ ¯à¥¤¥«ì−�ï «®£�à¨ä¬¨ç¥áª�ï ¯à®¨§¢®¤ïé�ï äã−ªæ¨ï ¬®¬¥−â®¢ ˜ ®¯à¥¤¥«ï-
¥âáï ª�ª

˜(θ∗) = lim
n→∞

1

n
lnE eθ

∗
∑n−1

i=0 vi (3)

(¢ ¯à¥¤¯®«®¦¥−¨¨, çâ® ¯à¥¤¥« áãé¥áâ¢ã¥â), � {vi} ¥áâì ¢å®¤−�ï (á«ãç�©−�ï)
¯®á«¥¤®¢�â¥«ì−®áâì ®¡ê¥¬®¢ à�¡®âë, ¯®áâã¯�îé¥© ¢ á¨áâ¥¬ã −� ¥¤¨−¨ç−ëå ¨−-
â¥à¢�«�å ¢à¥¬¥−¨ [i, i + 1), i ≥ 0 [2, 11, 12]. ��à�¬¥âà θ∗ −�å®¤¨âáï −� ®á−®¢¥
íªá¯®−¥−æ¨�«ì−®© �á¨¬¯â®â¨ª¨ ¢¥à®ïâ−®áâ¨ (1):

Pb = • ∼ e−bθ∗ , b→ ∞

(x ∼ y ®§−�ç�¥â x/y → 1) ¨ ®¯à¥¤¥«ï¥âáï á®®â−®è¥−¨¥¬

θ∗ = − ln •
b

> 0 .

(�®¤à®¡−®¥ ¢¢¥¤¥−¨¥ ¢ â¥®à¨î ��‘ ¬®¦−® −�©â¨ ¢ [3].) �á−®¢−�ï á«®¦−®áâì
¯à¨¬¥−¥−¨ï ä®à¬ã«ë (2) §�ª«îç�¥âáï ¢ ¢ëç¨á«¥−¨¨ ¯à¥¤¥«ì−®© äã−ªæ¨¨ ˜.
Š®£¤� á.¢. {vi} | −¥§�¢¨á¨¬ë¥, ®¤¨−�ª®¢® à�á¯à¥¤¥«¥−−ë¥ (−.®.à.), äã−ªæ¨ï ˜
¯à¨−¨¬�¥â ¢¨¤:

˜(θ∗) = lnE eθ
∗v ,
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£¤¥ á.¢. v ï¢«ï¥âáï áâ®å�áâ¨ç¥áª®© ª®¯¨¥© á.¢. vi. ‚ íâ®¬ á«ãç�¥ �−�«¨â¨ç¥áª®¥
¢ëà�¦¥−¨¥ ¤«ï äã−ªæ¨¨ ˜ ¬®¦−® −�©â¨ ¤«ï −¥ª®â®àëå à�á¯à¥¤¥«¥−¨© [10].
Š®£¤� á.¢. {vi} §�¢¨á¨¬ë, −¥¨§¢¥áâ−®¥ §−�ç¥−¨¥ ˜ §�¬¥−ï¥âáï ¢ ®¡é¥¬ á«ãç�¥
¢ë¡®à®ç−®© ®æ¥−ª®©

˜k(θ) := ln
1

k

k−1
∑

i=0

eθvi (4)

¨, ªà®¬¥ â®£®, ¨á¯®«ì§ãîâáï á¯¥æ¨�«ì−ë¥ ¬¥â®¤ë £àã¯¯¨à®¢ª¨ ¤�−−ëå, ¤«ï
â®£® çâ®¡ë ®¡®©â¨ âàã¤−®áâ¨, á¢ï§�−−ë¥ á §�¢¨á¨¬®áâìî. Šà�âª® ®¯¨è¥¬ ¤¢�
®á−®¢−ëå ¬¥â®¤�, ¨á¯®«ì§®¢�−−ëå ¢ ¯à¥¤ë¤ãé¨å à�¡®â�å (¯®¤à®¡−ë© �−�«¨§
¬®¦−® −�©â¨ ¢ [7{10]).

2.1 Точечные оценки эффективной пропускной способности

„«ï ¢ëç¨á«¥−¨ï äã−ªæ¨¨ (3) ¤«ï §�¢¨á¨¬ëå {vi} ¨á¯®«ì§ã¥¬ ¤¢� ®á−®¢−ëå
¬¥â®¤�.

Œ¥â®¤ £àã¯¯®¢®£® áà¥¤−¥£® (batch-mean method) [6, 7, 10] ï¢«ï¥âáï −�¨¡®-
«¥¥ à�á¯à®áâà�−¥−−ë¬ ¯à¨ ¯®áâà®¥−¨¨ ®æ¥−ª¨ (4), ¯à¨ ª®â®à®¬ ¯®á«¥¤®¢�â¥«ì-
−®áâì {vi} à�§¡¨¢�¥âáï −� ¡«®ª¨ ä¨ªá¨à®¢�−−®© ¤«¨−ë B á«¥¤ãîé¨¬ ®¡à�§®¬:

�Xi :=
iB
∑

j=(i−1)B+1

vj , i > 1 . (5)

�á−®¢−�ï ¨¤¥ï á®áâ®¨â ¢ â®¬, çâ® ¯à¨ ¡®«ìè¨å B ¡«®ª¨ (5) ¬®¦−® áç¨â�âì
(¯à¨¡«¨¦¥−−®) −.®.à. ’®£¤� á®®â¢¥âáâ¢ãîé�ï ¢ë¡®à®ç−�ï ®æ¥−ª� äã−ªæ¨¨ ˜,
¯®áâà®¥−−�ï ¯® k ¡«®ª�¬, ¨¬¥¥â ¢¨¤:

�̃
k(θ,B) =

1

B
ln
1

k

k
∑

i=1

eθ
�Xi ,

� ®æ¥−ª� ��‘ ®¯à¥¤¥«ï¥âáï á«¥¤ãîé¨¬ ®¡à�§®¬:

�Cbm(θ
∗, B) =

�̃
k(θ

∗, B)

θ∗
. (6)

‚ à¥£¥−¥à�â¨¢−®¬ ¬¥â®¤¥ ¯®á«¥¤®¢�â¥«ì−®áâì á.¢. {vi} ¯à¥¤¯®«�£�¥âáï à¥-
£¥−¥à�â¨¢−®© á ¬®¬¥−â�¬¨ à¥£¥−¥à�æ¨¨ {βi}, à�§¡¨¢�îé¨¬¨ ¥¥ −� −.®.à. æ¨ª«ë
à¥£¥−¥à�æ¨¨ á áã¬¬�à−®© −�£àã§ª®©, ¯®áâã¯�îé¥© −� i-¬ æ¨ª«¥, à�¢−®©

Xi :=

βi+1−1
∑

j=βi

vj , i ≥ 0 , β0 := 0 .
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� à�−¤®¬¨§�æ¨¨ ¢ ¬¥â®¤¥ £àã¯¯®¢®£® áà¥¤−¥£® ¯à¨ ®æ¥−¨¢�−¨¨ ��‘ á¨áâ¥¬

�� ®á−®¢¥ ¬¥â®¤®¢ â¥®à¨¨ ¢®ááâ�−®¢«¥−¨ï ¨ â¥®à¨¨ à¥£¥−¥à¨àãîé¨å ¯à®æ¥áá®¢
¬®¦−® ®¦¨¤�âì, çâ® äã−ªæ¨ï ˜ ¢ ¤�−−®¬ á«ãç�¥ ¯à¨¬¥â á«¥¤ãîé¨© ¢¨¤ [6,7,10]:

˜(θ∗) =
lnE eθ

∗X

Eβ
, (7)

çâ®, ¢ á¢®î ®ç¥à¥¤ì, ¢«¥ç¥â â�ª®© ¢¨¤ ¨áª®¬®© ��‘:

lnE eθ
∗X

θ∗ Eβ
. (8)

‚ íâ®¬ á«ãç�¥ ¢ë¡®à®ç−�ï ®æ¥−ª� äã−ªæ¨¨ ˜(θ∗) ¨¬¥¥â ¢¨¤:

�̃ (θ∗, R) :=
k

βk
ln
1

k

k
∑

i=1

eθ
∗Xi , k ≥ 1 ,

� ®æ¥−ª� ��‘ ®¯à¥¤¥«ï¥âáï ª�ª

�CR(θ
∗) :=

�̃(θ∗, R)

θ∗
. (9)

�¤−�ª® à¥§ã«ìâ�âë ¨¬¨â�æ¨®−−®£® ¬®¤¥«¨à®¢�−¨ï ¢® ¢á¥å á«ãç�ïå ¯®ª�§�«¨, çâ®
¢ëà�¦¥−¨¥ (7) ¤�¥â ¢¥àå−îî £à�−¨æã ��‘ [9,10]. •®âï íâ®â à¥§ã«ìâ�â −¥ ã¤�«®áì
¢ ®¡é¥¬ á«ãç�¥ áâà®£® ¤®ª�§�âì, ¢®á¯à®¨§¢¥¤¥¬ ¥£® ®¡®á−®¢�−¨¥ ¢ [10] ¤«ï á«ãç�ï
−.®.à. {vi}, −¥ §�¢¨áïé¨å ®â ¨−¤¥ªá� áã¬¬¨à®¢�−¨ï β. „¥©áâ¢¨â¥«ì−®, ãç¨âë¢�ï
á¢®©áâ¢® ãá«®¢−®£® ¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï, ¨¬¥¥¬:

lnE eθ
∗X = lnE

(

E

(

eθ
∗
∑β

i=1 vi |β
))

= lnE

[

E eθ
∗v
]β

,

� §�â¥¬, ¯à¨¬¥−ïï −¥à�¢¥−áâ¢® ˆ¥−á¥−�, ¯®«ãç�¥¬ ¨§ (8 ) âà¥¡ã¥¬®¥ −¥à�¢¥−áâ¢®:

lnE eθ
∗X

θ∗ Eβ
=
lnE

[

E eθ
∗v
]β

θ∗ Eβ
≥

E ln
[

E eθ
∗v
]β

θ∗ Eβ
=
lnE eθ

∗v

θ∗
= C . (10)

„«ï ¤�«ì−¥©è¥£® �−�«¨§� ¢�¦−® ®¡áã¤¨âì ®â«¨ç¨¥ à�áá¬®âà¥−−ëå ®æ¥−®ª. Œ¥â®¤
£àã¯¯®¢®£® áà¥¤−¥£® ¯à®áâ ¢ à¥�«¨§�æ¨¨, −® ¨£−®à¨àã¥â ¢®§¬®¦−ãî §�¢¨á¨¬®áâì
¤�−−ëå, ¯à¨−�¤«¥¦�é¨å à�§−ë¬ ¡«®ª�¬, ¨, ªà®¬¥ â®£®, à�§¬¥à ¡«®ª� B ¢ë-
¡¨à�¥âáï ¯à®¨§¢®«ì−®. �®áâà®¥−−�ï −� ¥£® ®á−®¢¥ ®æ¥−ª� ��‘ (6) ¢® ¢á¥å
¨áá«¥¤®¢�−−ëå á«ãç�ïå −¥¤®®æ¥−¨¢�¥â âà¥¡ã¥¬ãî ¢¥«¨ç¨−ã ��‘ [6,10]. ˆ−ë¬¨
á«®¢�¬¨, ¨á¯®«ì§®¢�−¨¥ ¤�−−®© ®æ¥−ª¨ ¯à¨¢®¤¨â ª −�àãè¥−¨î ª«îç¥¢®£® âà¥-
¡®¢�−¨ï (1), çâ® −¥¯à¨¥¬«¥¬® ¢ ¢ëá®ª®®â¢¥âáâ¢¥−−ëå á¨áâ¥¬�å. ÷¥£¥−¥à�â¨¢−�ï
¦¥ ®æ¥−ª� ��‘ áâà®¨âáï −� ®á−®¢¥ ¤¥©áâ¢¨â¥«ì−® −¥§�¢¨á¨¬ëå ¡«®ª®¢ (æ¨ª«®¢
à¥£¥−¥à�æ¨¨), −® §�¢ëè�¥â (¯¥à¥®æ¥−¨¢�¥â) §−�ç¥−¨¥ ��‘ −� ¢¥«¨ç¨−ã–. ‚ ¢ë-
á®ª®®â¢¥âáâ¢¥−−ëå á¨áâ¥¬�å ¯®á«¥¤−¥¥ ¯à¥¤¯®çâ¨â¥«ì−¥¥, ®¤−�ª® ¨§¡ëâ®ç−�ï
¬®é−®áâì – á−¨¦�¥â ¤àã£¨¥ ¯®ª�§�â¥«¨ íää¥ªâ¨¢−®áâ¨ á¨áâ¥¬ë.
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2.2 Интервальная оценка функции ˜

„«ï ¯®áâà®¥−¨ï ¨−â¥à¢�«ì−®© ®æ¥−ª¨ äã−ªæ¨¨ ˜ ¢ (7) ¡ã¤¥¬ ¨á¯®«ì§®¢�âì
â�ª −�§ë¢�¥¬ë© ¤¥«ìâ�-¬¥â®¤ [13]. ��¯®¬−¨¬, çâ® V ¥áâì (â¨¯¨ç−�ï) áã¬¬�à−�ï
−�£àã§ª� −� æ¨ª«¥ à¥£¥−¥à�æ¨¨, � β | â¨¯¨ç−�ï ¤«¨−� æ¨ª«�. „¥«ìâ�-¬¥â®¤
¯®§¢®«ï¥â ¯®«ãç¨âì ¨−â¥à¢�«ì−ãî ®æ¥−ªã −¥ª®â®à®© (−¥«¨−¥©−®©) äã−ªæ¨¨ f
¬�â¥¬�â¨ç¥áª¨å ®¦¨¤�−¨© ¯�àë §�¤�−−ëå á.¢. (X,Y ). ˆ¤¥ï ¬¥â®¤� á®áâ®¨â
¢ à�§«®¦¥−¨¨ äã−ªæ¨¨ f ¢ àï¤ ’¥©«®à� ¤® «¨−¥©−ëå á«�£�¥¬ëå, � §�â¥¬
¢ ¨á¯®«ì§®¢�−¨¨ æ¥−âà�«ì−®© ¯à¥¤¥«ì−®© â¥®à¥¬ë. ‚ à�áá¬�âà¨¢�¥¬®¬ á«ãç�¥
¯®«®¦¨¬ X = eθ

∗V , Y = β. ’�ª¦¥ ®¡®§−�ç¨¬ ¢¥ªâ®à ¬�â¥¬�â¨ç¥áª¨å ®¦¨¤�−¨©
M = (EX, EY )T, £¤¥ ¨−¤¥ªá T ®§−�ç�¥â âà�−á¯®−¨à®¢�−¨¥. ‚ ¤�−−®¬ á«ãç�¥,
¢¢¨¤ã (7), âà¥¡ã¥âáï ®æ¥−¨âì äã−ªæ¨î

f(M) :=
lnEX

EY
.

�¡®§−�ç¨¬ ç¥à¥§ (xi, yi) à¥�«¨§�æ¨¨ ¤¢ã¬¥à−®© á.¢. (X, Y ), i = 1, . . . , n,
¨ §�¯¨è¥¬ á®®â¢¥âáâ¢ãîé¨¥ ¢ë¡®à®ç−ë¥ ®æ¥−ª¨:

�X =
1

n

n
∑

i=1

xi ; �Y =
1

n

n
∑

i=1

yi ; �M = ( �X, �Y ) ; f
(

�M
)

=
ln �X

�Y
.

÷�áá¬®âà¨¬ ¤¢ã¬¥à−ãî á.¢. Z = (X, Y )T ¨ á.¢. S = ∇f(M)(Z − M), £¤¥
∇f(M) ®¡®§−�ç�¥â £à�¤¨¥−â, ª®â®àë© ¢ ¤�−−®¬ á«ãç�¥ à�¢¥−

∇f(M) =
(

1

EXEY
, − lnEX

(EY )2

)

.

’®£¤� á.¢. S ¯à¨−¨¬�¥â ¢¨¤:

S = ∇f(M)(Z −M) =

(

1

EXEY
, − lnEX

(EY )2

)

(X − EX, Y − EY )T =

=
X

EXEY
− Y lnEX

(EY )2
− 1− lnEX

EY
.

Š�ª á«¥¤ã¥â ¨§ [13], ¨¬¥¥â ¬¥áâ® áå®¤¨¬®áâì ¯® à�á¯à¥¤¥«¥−¨î ª −®à¬�«ì−®© á.¢.

√
n
(

f
(

�M
)

− f(M)
)

d→ N(0;σ2) , n→ ∞ ,

£¤¥ σ2 ¥áâì ¤¨á¯¥àá¨ï á.¢. S, áâ�−¤�àâ−�ï ¢ë¡®à®ç−�ï ®æ¥−ª� ª®â®à®© à�¢−�

�σ2 =
1

n− 1

n
∑

i=1

(

si − �S
)2

,
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¢ë¡®à®ç−®¥ áà¥¤−¥¥

�S =
1

n

n
∑

i=1

si ,

� à¥�«¨§�æ¨¨ si á.¢. S ®¯à¥¤¥«ïîâáï ª�ª

si =
xi

�X �Y
− yi ln �X

( �Y )2
− 1− ln

�X

�Y
.

‚ à¥§ã«ìâ�â¥ (1 − γ)100%-−ë© ¤®¢¥à¨â¥«ì−ë© ¨−â¥à¢�« ¤«ï ¢¥«¨ç¨−ë ˜(θ∗) =

= f(M) ¯à¨−¨¬�¥â ¢¨¤:
[

f
(

�M
)

± zγ �σ/
√
n
]

, £¤¥ ª¢�−â¨«ì zγ = �
−1(γ/2)

(§¤¥áì �| äã−ªæ¨ï ‹�¯«�á�, � γ | §�¤�−−�ï ¤®¢¥à¨â¥«ì−�ï ¢¥à®ïâ−®áâì).

2.3 Оценивание эффективной пропускной способности
на примере тандемной сети

‚ íâ®¬ ¯®¤à�§¤¥«¥ ¯à¨¢¥¤¥−ë à¥§ã«ìâ�âë ¤®¢¥à¨â¥«ì−®£® ®æ¥−¨¢�−¨ï ��‘
¢â®à®£® ã§«� ¤¢ãåã§«®¢®© â�−¤¥¬−®© á¥â¨ −� ®á−®¢¥ ¤¥«ìâ�-¬¥â®¤�, � â�ª¦¥
§−�ç¥−¨ï â®ç¥ç−ëå ®æ¥−®ª (6) ¨ (9).

Эксперимент 1. �� ¯¥à¢ë© ã§¥« ¯®áâã¯�¥â ¯ã�áá®−®¢áª¨© ¯®â®ª §�ï¢®ª
á ¯�à�¬¥âà®¬ λ = 0,4, � ¢à¥¬ï ®¡á«ã¦¨¢�−¨ï à�á¯à¥¤¥«¥−® íªá¯®−¥−æ¨�«ì−®
á ¯�à�¬¥âà®¬ µ = 1. ’à¥¡ã¥âáï −�©â¨ ��‘ ¢â®à®£® ã§«�, ®¡¥á¯¥ç¨¢�îéãî
âà¥¡®¢�−¨¥ (1) ¯à¨ b = 20 ¨ §−�ç¥−¨ïå •, §�¤�−−ëå ¢ â�¡«. 1. Œ®¬¥−â�¬¨
à¥£¥−¥à�æ¨¨ á¥â¨ áç¨â�îâáï ¬®¬¥−âë ¯à¨å®¤� §�ï¢®ª, −¥ ®¦¨¤�îé¨å ¢® ¢â®-
à®¬ ã§«¥. (�®¤à®¡−¥¥ ® ¢®§¬®¦−ëå â¨¯�å à¥£¥−¥à�æ¨¨ á¬. [7, 10].) ‚å®¤−ë¥
¤�−−ë¥ {vi} −� ¢â®à®¬ ã§«¥ á¢ï§�−ë á«¥¤ãîé¥© §�¢¨á¨¬®áâìî (¯à®áâ¥©è¨© ¢¨¤
�¢â®ª®àà¥«ïæ¨¨):

vi = vi−1 + ηi , 1 ≤ i ≤ β , (11)

£¤¥ á.¢. {ηi} −.®.à., á.¢. ηi à�¢−®¬¥à−® à�á¯à¥¤¥«¥−� −� ¨−â¥à¢�«¥
[−vi−1/2; vi−1/2], á.¢. β | ¤«¨−� æ¨ª«� à¥£¥−¥à�æ¨¨, � á.¢. v0 ¨¬¥¥â à�á-
¯à¥¤¥«¥−¨¥ ‚¥©¡ã««� á äã−ªæ¨¥© à�á¯à¥¤¥«¥−¨ï F (x) = 1 − e−x0,4, x ≥ 0.
„«ï ¨áª®¬®© ¢¥«¨ç¨−ë C ¯®áâà®¥−ë à¥£¥−¥à�â¨¢−�ï ®æ¥−ª� �CR, ®æ¥−ª� ¬¥â®¤®¬

’�¡«¨æ� 1 ’®ç¥ç−ë¥ ¨ ¨−â¥à¢�«ì−ë¥ ®æ¥−ª¨ ��‘ ¢â®à®£® ã§«� á¥â¨

• �CBM
�CR

�•BM
�•R ConfInt

10−4 2,528 2,967 9,33 · 10−4 1,53 · 10−5 (2,503; 3,057)
10−5 3,064 3,693 4,51 · 10−4 3,52 · 10−6 (2,856; 3,751)
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£àã¯¯®¢®£® áà¥¤−¥£® �CBM (á à�§¬¥à®¬ ¡«®ª� B = 10) ¨ ¤®¢¥à¨â¥«ì−ë© ¨−â¥à-
¢�« á ãà®¢−¥¬ −�¤¥¦−®áâ¨ γ = 0,90 −� ®á−®¢¥ k = 1000 ¡«®ª®¢/æ¨ª«®¢ (á¬.
â�¡«. 1). ’�¬ ¦¥ ¯à¨¢¥¤¥−ë ®æ¥−ª¨ �•R ¨ �•BM ¢¥à®ïâ−®áâ¨ ¯à¥¢ëè¥−¨ï ãà®¢−ï
b = 20 ¢ á«ãç�¥, ª®£¤� ¢â®à®© ã§¥« à�¡®â�¥â á® áª®à®áâìî C = �CR ¨ �CBM

á®®â¢¥âáâ¢¥−−®. �à¨ ¨á¯®«ì§®¢�−¨¨ �CBM ®æ¥−ª� �•BM > •, â. ¥. −�àãè�¥âáï
âà¥¡®¢�−¨¥ (1), ®æ¥−ª� ¦¥ �CR ¢á¥£¤� ¤�¥â �•R < •, ®¡¥á¯¥ç¨¢�ï âà¥¡®¢�−¨¥ (1).
‚ â�¡«. 1 ¯à¨¢¥¤¥−ë â�ª¦¥ ¤®¢¥à¨â¥«ì−ë¥ ¨−â¥à¢�«ë (ConfInt).

3 Численное исследование величины–

�æ¥−ª� (9) ¨¬¥¥â ®£à�−¨ç¥−¨ï, á¢ï§�−−ë¥ á® á«®¦−®áâìî (� ¨−®£¤� ¨ −¥-
¢®§¬®¦−®áâìî) ¨¤¥−â¨ä¨ª�æ¨¨ à¥£¥−¥à�æ¨¨ ¢ à¥�«ì−ëå á¥âïå. Šà®¬¥ â®£®,
¯®«ãç�¥¬�ï á ¥¥ ¯®¬®éìî ¨§¡ëâ®ç−�ï ¬®é−®áâì – ¢«¥ç¥â ¤®¯®«−¨â¥«ì−ë¥ §�-
âà�âë. �¨¦¥ à�áá¬�âà¨¢�îâáï à�§«¨ç−ë¥ áæ¥−�à¨¨ ¯®áâà®¥−¨ï ®æ¥−ª¨ ��‘
á æ¥«ìî ã¬¥−ìè¥−¨ï –.

3.1 Анализ на основе регенерации

Эксперимент 2. Независимые данные на цикле регенерации. Š�ª á«¥¤ã¥â
¨§ (10), ¤«ï −.®.à. {vi}, −¥ §�¢¨áïé¨å ®â β, à¥£¥−¥à�â¨¢−�ï ®æ¥−ª� ï¢«ï¥âáï ¢¥àå-
−¥© £à�−¨æ¥© ��‘. �®ª�¦¥¬ íâ® −� ¯à¨¬¥à¥ â�−¤¥¬−®© á¥â¨ ¨ ¯®ª�§�â¥«ì−ëå
−.®.à. {vi} á ¯�à�¬¥âà®¬ λ = 2 ¤«ï §−�ç¥−¨© •, ãª�§�−−ëå ¢ â�¡«. 2. „«¨−� æ¨ª«�
à¥£¥−¥à�æ¨¨ β à�¢−� ç¨á«ã ¯à¨å®¤®¢ ¢ ã§¥« 2 §�ï¢®ª, §�áâ�îé¨å ¥£® ¯ãáâë¬.
‘â®£® £®¢®àï, β ¨ {vi} §�¢¨á¨¬ë ¨ β ï¢«ï¥âáï à�−¤®¬¨§¨à®¢�−−ë¬ ¬®¬¥−â®¬
®áâ�−®¢ª¨ ®â−®á¨â¥«ì−® {vi} [14]. (‚ íâ®© á¢ï§¨ á¬. ¯®−ïâ¨¥ ª¢�§¨à¥£¥−¥à�-
æ¨¨ [15].) �¤−�ª® ¡ã¤¥¬ ¨£−®à¨à®¢�âì íâ® ®¡áâ®ïâ¥«ìáâ¢®. ˆá¯®«ì§ãï ®æ¥−ªã (9)
¢ ª�ç¥áâ¢¥ ��‘, â. ¥. ¯®«�£�ï C = �CR, ¯®«ãç¨¬ ®æ¥−ªã �•R ¢¥à®ïâ−®áâ¨ •
¯à¥¢ëè¥−¨ï ãà®¢−ï b = 10. ‡�â¥¬ −�å®¤¨¬ – ¨ ®æ¥−ªã �•–, á®®â¢¥âáâ¢ãîéãî
§−�ç¥−¨î ��‘ C = (1−–) �CR. ’�ª¨¬ ®¡à�§®¬,– := ( �CR−C)/ �CR ¥áâì ú¨§¡ë-
â®ç−�ïû ¤®«ï ¯à®¯ãáª−®© á¯®á®¡−®áâ¨ (ª�ª ¥¥ ¨ ®¯à¥¤¥«ï«¨ à�−¥¥). ‡�¬¥â¨¬, çâ®
ãá«®¢¨¥ (1) −�àãè�¥âáï ¯à¨ C 6 (1−–) �CR ¨ ¢ë¯®«−ï¥âáï ¯à¨ C > (1−–) �CR.
÷¥§ã«ìâ�âë â�¡«. 2 å®à®è® á®£«�áãîâáï á (10): �CR ï¢«ï¥âáï ¢¥àå−¥© £à�−¨æ¥©
��‘.

’�¡«¨æ� 2 �¥§�¢¨á¨¬ë¥ ¤�−−ë¥

• �CR
�•R – �•–

10−4 2,735 8,49 · 10−5 0,06 2,54 · 10−4
10−5 3,429 5,03 · 10−6 0,07 1,63 · 10−5
10−6 3,960 9,66 · 10−7 0,04 1,96 · 10−6
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Эксперимент 3. Зависимые данные на цикле регенерации. „«ï â®© ¦¥
â�−¤¥¬−®© á¨áâ¥¬ë à�áá¬®âà¨¬ §�¢¨á¨¬®áâì ®æ¥−ª¨ ¢¥à®ïâ−®áâ¨ �• ®â ¢¥«¨ç¨-
−ë–, ª®£¤� ¤�−−ë¥ −� æ¨ª«¥ á¢ï§�−ë §�¢¨á¨¬®áâìî (11). „«ï íâ®£® ¢ëç¨á«ï¥âáï
®æ¥−ª� �CR (9), � §�â¥¬ ®æ¥−ª� �• ¯à¨ C = �CR. „«ï ¡®«¥¥ ¤¥â�«ì−®£® �−�«¨§�
¯®áâà®¥− àï¤ §−�ç¥−¨© ��‘:

C1 = �CR ; C2 = 0,97 �CR ; C3 = 0,94 �CR ; . . . ; C6 = 0,85 �CR

¨ ¤«ï i-£® §−�ç¥−¨ï Ci −�©¤¥−�

÷¨á. 1 ’�−¤¥¬−�ï á¥âì, �CR = 2,97: §�¢¨á¨-
¬®áâì �• ®â–

®æ¥−ª� �•i ¯ãâ¥¬ ¬®¤¥«¨à®¢�−¨ï.
(„�−−ë© ¤¨�¯�§®− ¨§¬¥−¥−¨ï C
¢ë¡à�− á ãç¥â®¬ ¯®«ãç¥−−®© à�−¥¥
¢¥«¨ç¨−ë ¯¥à¥®æ¥−¨¢�−¨ï.) ÷¥-
§ã«ìâ�âë íªá¯¥à¨¬¥−â®¢ ¯à¥¤áâ�¢-
«¥−ë −� à¨á. 1. ‚¨¤−®, çâ® ãá«®-
¢¨¥ (1) ¢¯¥à¢ë¥ −�àãè�¥âáï ¯à¨
ã¬¥−ìè¥−¨¨ C ¯à¨¬¥à−® ¤® ¢¥«¨-
ç¨−ë 0,90 �CR, ¯à¨ç¥¬ ¤® íâ®£® ¬®-
¬¥−â� �• à�áâ¥â ¤®áâ�â®ç−® ¬¥¤«¥−-
−®, � ¤�«¥¥ | ®ç¥−ì ¡ëáâà®.

3.2 Зависимость– от рандомизации размера группы

‚ëè¥ ¡ë«� ¨áá«¥¤®¢�−� ¢¥«¨ç¨−�– −� ®á−®¢¥ æ¨ª«®¢ à¥£¥−¥à�æ¨¨ â�−¤¥¬−®©
á¨áâ¥¬ë. „«ï ¯à®¢¥àª¨ ¢ª«�¤� á«ãç�©−®£® áã¬¬¨à®¢�−¨ï ¢ ¢¥«¨ç¨−ã – ®âª�-
¦¥¬áï ®â �−�«¨§� á¨áâ¥¬ë −� æ¨ª«�å à¥£¥−¥à�æ¨¨ ¨ à�áá¬®âà¨¬ ú¨áªãááâ¢¥−−ë¥û
æ¨ª«ë, −¥ á¢ï§�−−ë¥ á á®áâ®ï−¨¥¬ á¨áâ¥¬ë. ˆ−ë¬¨ á«®¢�¬¨, ¡ã¤¥¬ à�áá¬�â-
à¨¢�âì £àã¯¯ë ¤�−−ëå {vi} á«ãç�©−®© ¤«¨−ë β (á §�¤�−−ë¬ à�á¯à¥¤¥«¥−¨¥¬),
−¥ §�¢¨áïé¥© ®â {vi}. ’�ª¨¥ ¨áªãááâ¢¥−−ë¥ æ¨ª«ë −�§®¢¥¬ à�−¤®¬¨§¨à®¢�−−ë-
¬¨ £àã¯¯�¬¨, ¯®áª®«ìªã ®−¨, ¢®®¡é¥ £®¢®àï, ã¦¥ −¥ á¢ï§�−ë á à¥£¥−¥à�â¨¢−®©
áâàãªâãà®© ¯à®æ¥áá®¢ ¢ á¨áâ¥¬¥.

Эксперимент 4. Независимые данные в рандомизированной группе. ÷�á-
á¬®âà¨¬ â�−¤¥¬−ãî á¥âì, ®¯¨á�−−ãî ¢ëè¥, á −¥§�¢¨á¨¬ë¬¨ ¯®ª�§�â¥«ì−ë¬¨ {vi}
á ¯�à�¬¥âà®¬ λ = 2 ¨ ¢¥à®ïâ−®áâìî • = 10−5. �æ¥−ª� ��‘ áâà®¨âáï ¯® �−�«®-
£¨¨ á à¥£¥−¥à�â¨¢−®© ®æ¥−ª®© (9), ®¤−�ª® ¤«¨−� £àã¯¯ë β à�á¯à¥¤¥«¥−� «¨¡® ¯®
§�ª®−ã �ã�áá®−� á ¯�à�¬¥âà®¬ λ (â�¡«. 3), «¨¡® ¯® §�ª®−ã –¨¯ä� (¤¨áªà¥â−ë©
�−�«®£ à�á¯à¥¤¥«¥−¨ï ��à¥â®, â�¡«. 4):

pi =
p0
i
, i = 1, . . . , α , (12)

£¤¥ p0 = (p1 + · · ·+ pα)
−1.
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’�¡«¨æ� 3 �¥§�¢¨á¨¬ë¥ ¤�−−ë¥, £àã¯¯� á«ã-
ç�©−®© ¤«¨−ë, §�ª®− �ã�áá®−�

λ Var �β �•a –a
�•–a

5 5,057 2,24 · 10−6 0,10 1,20 · 10−5
7 7,291 1,65 · 10−6 0,11 2,33 · 10−5

10 9,756 1,07 · 10−7 0,13 1,15 · 10−5

’�¡«¨æ� 4 �¥§�¢¨á¨¬ë¥ ¤�−−ë¥, £àã¯¯� á«ã-
ç�©−®© ¤«¨−ë, §�ª®− –¨¯ä�

α Var �β �•a –a
�•–a

8 4,435 2,31 · 10−6 0,12 1,03 · 10−5
10 7,290 5,07 · 10−6 0,12 2,54 · 10−5
12 9,491 6,22 · 10−7 0,13 2,19 · 10−5

„�«¥¥ −�©¤¥−� ®æ¥−ª� �•a ¢¥à®ïâ−®áâ¨ ¯à¥¢ëè¥−¨ï ãà®¢−ï b = 10, ª®£¤�
C = �Ca. ‡�â¥¬ −� ®á−®¢¥ ¢¥«¨ç¨−ë ¯¥à¥®æ¥−¨¢�−¨ï –a ¢ëç¨á«¥−� ®æ¥−ª�
¢¥à®ïâ−®áâ¨ ¯¥à¥¯®«−¥−¨ï �•–a ¯à¨ C = (1 − –a) �Ca. Š�ª ¯®ª�§ë¢�îâ â�¡«. 3
¨ 4, ¢ íâ®¬ á«ãç�¥ ãá«®¢¨¥ (1) ã¦¥ −�àãè�¥âáï, ¨ ¯®íâ®¬ã ¨áª®¬®¥ §−�ç¥−¨¥ ��‘
ã¤®¢«¥â¢®àï¥â ãá«®¢¨î C > (1−–a) �Ca.

’�¡«¨æë 3 ¨ 4 ¯®ª�§ë¢�îâ, çâ® ®æ¥−ª�, ¯®áâà®¥−−�ï ¯® £àã¯¯�¬ −¥§�¢¨á¨¬ëå
¤�−−ëå á«ãç�©−®© ¤«¨−ë, ¤�¥â ¢¥«¨ç¨−ã –a, áà�¢−¨¬ãî á â®©, çâ® ¢®§−¨ª�¥â
¯à¨ à¥£¥−¥à�â¨¢−®¬ ®æ¥−¨¢�−¨¨. �â® ¯®¤ªà¥¯«ï¥â ¯à¥¤¯®«®¦¥−¨¥ ® â®¬, çâ®
¯¥à¥®æ¥−¨¢�−¨¥ ¢ ®á−®¢−®¬ §�¢¨á¨â ®â á«ãç�©−®£® áã¬¬¨à®¢�−¨ï (à�−¤®¬¨§�æ¨¨)
−�£àã§ª¨.

�® �−�«®£¨¨ á ¨§ãç¥−¨¥¬ æ¨ª«®¢ à¥£¥−¥à�æ¨¨ à�áá¬®âà¨¬ §�¢¨á¨¬ë¥ ¤�−−ë¥
â®«ìª® ¢−ãâà¨ (à�−¤®¬¨§¨à®¢�−−ëå) £àã¯¯, � §�â¥¬ ¨ §�¢¨á¨¬ë¥ £àã¯¯ë.

Эксперимент 5. Независимые группы зависимых данных. ˆ§ãç¨¬ §�¢¨á¨-
¬®áâì ¬¥¦¤ã ¤¨á¯¥àá¨¥© à�§¬¥à� £àã¯¯ë Varβ ¨ ¢¥«¨ç¨−®© ¯¥à¥®æ¥−¨¢�−¨ï –a.
�â®â ¢®¯à®á ¢�¦¥− ¤«ï ¢ë¡®à� à�á¯à¥¤¥«¥−¨ï à�§¬¥à� £àã¯¯ë ¯à¨ ®âª�§¥ ®â
�−�«¨§� à¥�«ì−ëå æ¨ª«®¢ à¥£¥−¥à�æ¨¨. „«ï â®© ¦¥ á¨áâ¥¬ë ¯®áâà®¨¬ ®æ¥−ªã
��‘ �Ca �−�«®£¨ç−® ®æ¥−ª¥ (9), £¤¥ ¤«¨−� æ¨ª«� ¨¬¥¥â à�á¯à¥¤¥«¥−¨¥ �ã�áá®−�
á ¯�à�¬¥âà®¬ λ (â�¡«. 5) «¨¡® à�á¯à¥¤¥«¥−¨¥ –¨¯ä� (12) (§−�ç¥−¨ï ¯�à�¬¥âà� α
¯à¨¢¥¤¥−ë ¢ â�¡«. 6). ‚ëç¨á«¥−� â�ª¦¥ ®æ¥−ª� �•a ¢¥à®ïâ−®áâ¨ ¯à¥¢ëè¥−¨ï
¨ ¢¥«¨ç¨−� ¯¥à¥®æ¥−¨¢�−¨ï –a ¯à¨ C = �Ca, � â�ª¦¥ ®æ¥−ª� �•–a ¯à¨ C = (1 −
−–a) �Ca.

’�¡«¨æë 5 ¨ 6 ¯®ª�§ë¢�îâ, çâ® à®áâ ¤¨á¯¥àá¨¨ à�§¬¥à� £àã¯¯ë Var β
¢ë§ë¢�¥â à®áâ ¨ ¢¥«¨ç¨−ë ¯¥à¥®æ¥−¨¢�−¨ï –a. (‚¥«¨ç¨−� –a §�¢¨á¨â ¨ ®â

46 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 27 −®¬¥à 4 2017



� à�−¤®¬¨§�æ¨¨ ¢ ¬¥â®¤¥ £àã¯¯®¢®£® áà¥¤−¥£® ¯à¨ ®æ¥−¨¢�−¨¨ ��‘ á¨áâ¥¬

’�¡«¨æ� 5 ‡�¢¨á¨¬ë¥ £àã¯¯ë á«ãç�©−®© ¤«¨−ë,
§�ª®− �ã�áá®−�

λ Var �β �•a –a
�•–a

5 5,132 1,54 · 10−6 0,11 2,43 · 10−5
7 7,098 2,33 · 10−6 0,12 1,08 · 10−5

10 9,316 1,68 · 10−7 0,13 1,18 · 10−5

’�¡«¨æ� 6 ‡�¢¨á¨¬ë¥ £àã¯¯ë á«ãç�©−®© ¤«¨-
−ë, §�ª®− –¨¯ä�

α Var �β �•a –a
�•–a

8 4,312 2,44 · 10−6 0,12 1,56 · 10−5
10 7,552 6,91 · 10−6 0,13 1,09 · 10−5
12 9,716 3,15 · 10−7 0,13 1,13 · 10−5

à�á¯à¥¤¥«¥−¨ï β, á¬. â�ª¦¥ [9].) �à¨¢¥¤¥−−ë¥ à¥§ã«ìâ�âë ¯®¤ªà¥¯«ïîâ ¯à¥¤-
¯®«®¦¥−¨¥ ® â®¬, çâ® ®á−®¢−®¥ ¢«¨ï−¨¥ −� ¢¥«¨ç¨−ã – ®ª�§ë¢�¥â à�−¤®¬¨§�æ¨ï
¢¥«¨ç¨−ë £àã¯¯ë.

Эксперимент 6. Зависимые группы. ’�ª¨¬ ®¡à�§®¬, á«ãç�©−®¥ áã¬¬¨à®¢�-
−¨¥ ª�ª ¯® æ¨ª«�¬ à¥£¥−¥à�æ¨¨, â�ª ¨ −¥§�¢¨á¨¬® ®â −¨å ®¡¥á¯¥ç¨¢�¥â âà¥¡ã¥¬®¥
ãá«®¢¨¥ (1) ¢ á«ãç�¥ ª�ª −¥§�¢¨á¨¬ëå, â�ª ¨ §�¢¨á¨¬ëå ¤�−−ëå (¢−ãâà¨ æ¨ª«�
¨«¨ £àã¯¯ë).

�áâ�¥âáï ¨§ãç¨âì ¢«¨ï−¨¥ −� ¢¥«¨ç¨−ã – §�¢¨á¨¬®áâ¨ ¬¥¦¤ã £àã¯¯�¬¨
¤�−−ëå. �ãáâì ¢á¥ á.¢. {vi} á¢ï§�−ë §�¢¨á¨¬®áâìî (11), −¥ ®£à�−¨ç¥−−®©
¯à¥¤¥«�¬¨ ¤�−−®© £àã¯¯ë. �®áâà®¨¬ ®æ¥−ªã �Ca �−�«®£¨ç−® ®æ¥−ª¥ (9), £¤¥
à�§¬¥à £àã¯¯ë à�á¯à¥¤¥«¥− «¨¡® ¯® §�ª®−ã �ã�áá®−� á ¯�à�¬¥âà®¬ λ (â�¡«. 7),
«¨¡® ¯® §�ª®−ã –¨¯ä� (12) (§−�ç¥−¨ï ¯�à�¬¥âà� α ¤�−ë ¢ â�¡«. 8). „«ï C = �Ca

¯à¨¢¥¤¥−ë ®æ¥−ª� �•a, ¢¥«¨ç¨−� –a ¨ ®æ¥−ª� ¢¥à®ïâ−®áâ¨ ¯¥à¥¯®«−¥−¨ï �•–a ¯à¨
C = (1−–a) �Ca.

’�¡«¨æ� 7 ‡�¢¨á¨¬ë¥ £àã¯¯ë á«ãç�©−®© ¤«¨−ë,
§�ª®− �ã�áá®−�

λ Var �β �•a –a
�•–a

5 5,313 1,44 · 10−6 0,12 1,03 · 10−5
7 7,572 2,53 · 10−6 0,12 1,98 · 10−5

10 10,066 5,07 · 10−7 0,13 1,10 · 10−5
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’�¡«¨æ� 8 ‡�¢¨á¨¬ë¥ £àã¯¯ë á«ãç�©−®© ¤«¨−ë,
§�ª®− –¨¯ä�

α Var �β �•a –a
�•–a

8 4,803 5,14 · 10−6 0,11 1,84 · 10−5
10 6,599 2,97 · 10−6 0,13 1,42 · 10−5
12 10,075 4,37 · 10−7 0,14 1,05 · 10−5

’�«¨æë 7 ¨ 8 ¯®ª�§ë¢�îâ, çâ® á à®áâ®¬ ¤¨á¯¥àá¨¨ Var β à�áâ¥â ¨ ¯¥à¥®æ¥−¨-
¢�−¨¥ –a, ®¤−�ª® ®−® ¬¥−ìè¥, ç¥¬ ¢ ¯à¥¤ë¤ãé¨å íªá¯¥à¨¬¥−â�å.

3.3 Рандомизация в методе группового среднего

�à®¢¥¤¥−−ë© �−�«¨§ ¯®§¢®«ï¥â ¯à¥¤«®¦¨âì á«¥¤ãîé¨© ¯®¤å®¤ ª ¯®áâà®¥−¨î
®æ¥−ª¨ ��‘ ¢ ¢ëá®ª®®â¢¥âáâ¢¥−−ëå á¨áâ¥¬�å. �®áª®«ìªã ®æ¥−ª� £àã¯¯®¢®£®
áà¥¤−¥£® −¥¤®®æ¥−¨¢�¥â ��‘, � à�−¤®¬¨§�æ¨ï à�§¬¥à� £àã¯¯ë ¯¥à¥®æ¥−¨¢�¥â ¥¥
(¢−¥ §�¢¨á¨¬®áâ¨ ®â −�«¨ç¨ï à¥£¥−¥à�â¨¢−®© áâàãªâãàë), â® ¥áâ¥áâ¢¥−−® ¬®¤¨ä¨-
æ¨à®¢�âì áâ�−¤�àâ−ë© ¬¥â®¤ £àã¯¯®¢®£® áà¥¤−¥£® ¯ãâ¥¬ à�−¤®¬¨§�æ¨¨ ¢¥«¨ç¨−ë
£àã¯¯ë. —â®¡ë ®¡ê¥¤¨−¨âì ¯à¥¨¬ãé¥áâ¢� ®¡®¨å ¬¥â®¤®¢, ¡ã¤¥¬ ¬®¤¥«¨à®¢�âì
¨áå®¤−ãî â�−¤¥¬−ãî á¥âì, áâà®¨âì ®æ¥−ªã ��‘ ¤«ï ä¨ªá¨à®¢�−−®£® à�§¬¥-
à� £àã¯¯ë, � §�â¥¬ ®æ¥−ªã ¤«ï á®®â¢¥âáâ¢ãîé¨¬ ®¡à�§®¬ à�−¤®¬¨§¨à®¢�−−®©
£àã¯¯ë.

Эксперимент 7. Зависимые данные внутри независимых рандомизирован-
ных групп. ‚ë¡¨à�¥¬ ¯à®¨§¢®«ì−® à�§¬¥à £àã¯¯ë (¢ íªá¯¥à¨¬¥−â¥ B = 10).
‡�â¥¬ à�−¤®¬¨§¨àã¥¬ ¥£®, ¢§ï¢ ¢ ª�ç¥áâ¢¥ β á.¢., à�¢−®¬¥à−® à�á¯à¥¤¥«¥−−ãî
¢ ¨−â¥à¢�«¥ [(1− p)B; (1+ p)B], £¤¥ ¢¥«¨ç¨−� p ¨§¬¥−ï¥âáï ¢ ¤¨�¯�§®−¥ [0; 0,15].
(„�−−ë© ¤¨�¯�§®− á®®â¢¥âáâ¢ã¥â â®¬ã, çâ® ¢¥«¨ç¨−� ¯¥à¥®æ¥−¨¢�−¨ï −¥ ¯à¥-
¢ëè�¥â 15% ¢¥«¨ç¨−ë ��‘.) ‚ â�¡«. 9 ¯à¨¢¥¤¥−� §�¢¨á¨¬®áâì – ®â ®æ¥−ª¨

’�¡«¨æ� 9 ÷�−¤®¬¨§�æ¨ï ¤«¨−ë æ¨ª«®¢ β, • = 10−5

p Varβ Var �β �C �• – �•–

0 0 0 2,7155 9,84 · 10−3 −0,10 3,65 · 10−5
0,03 0,0300 0,0289 2,8612 2,75 · 10−4 −0,08 1,04 · 10−5
0,05 0,0833 0,0804 2,9777 6,03 · 10−4 −0,06 2,73 · 10−5
0,07 0,1633 0,1711 3,0682 5,28 · 10−4 −0,05 4,38 · 10−5
0,10 0,3333 0,3195 3,2431 9,36 · 10−5 0,03 3,66 · 10−5
0,12 0,4800 0,4682 3,4509 3,89 · 10−5 0 1,05 · 10−5
0,15 0,7500 0,7743 3,5461 8,02 · 10−6 0,06 2,90 · 10−5
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� à�−¤®¬¨§�æ¨¨ ¢ ¬¥â®¤¥ £àã¯¯®¢®£® áà¥¤−¥£® ¯à¨ ®æ¥−¨¢�−¨¨ ��‘ á¨áâ¥¬

¤¨á¯¥àá¨¨ Var �β. �à¨ §−�ç¥−¨¨ p = 0,12 ¯¥à¥®æ¥−¨¢�−¨¥ ¯à�ªâ¨ç¥áª¨ à�¢−®
−ã«î, ãª�§ë¢�ï úâ®ç−®¥û §−�ç¥−¨¥ ��‘, à�¢−®¥ 3,451.

’�ª¨¬ ®¡à�§®¬, à�−¤®¬¨§�æ¨ï ¯®§¢®«ï¥â ¯¥à¥©â¨ ®â −¥¤®®®æ¥−¨¢�−¨ï ��‘
ª ¯¥à¥®æ¥−¨¢�−¨î, á ®¡−�àã¦¥−¨¥¬ £à�−¨æë ¬¥¦¤ã íâ¨¬¨ ¤¢ã¬ï áæ¥−�à¨ï¬¨.

Эксперимент 8. Зависимые рандомизированные группы. ÷�cá¬®âà¨¬ ®æ¥−-
ªã ¤«ï â�−¤¥¬−®© á¨áâ¥¬ë ¢ á«ãç�¥, ª®£¤� §�¢¨á¨¬®áâì (11) −¥ ®£à�−¨ç¥−� ®¤−®©
£àã¯¯®©, â. ¥. £àã¯¯ë ®ª�§ë¢�îâáï §�¢¨á¨¬ë¬¨. ÷�−¤®¬¨§¨àã¥¬ à�§¬¥à £àã¯¯ë
á ¯®¬®éìî à�¢−®¬¥à−®£® à�á¯à¥¤¥«¥−¨ï −� [(1− p)B; (1 + p)B], p ∈ [0,07; 0,17].
’�ª®© ¢ë¡®à p ®¯¨à�¥âáï −� à¥§ã«ìâ�âë íªá¯¥à¨¬¥−â� 7. �®«ãç¥−−�ï ®æ¥−ª�
��‘ ®¡®§−�ç¥−� �Cd, � á®®â¢¥âáâ¢ãîé�ï ¥© ®æ¥−ª� ¢¥à®ïâ−®áâ¨ ¯à¥¢ëè¥−¨ï |
ç¥à¥§ �•d. ÷¥§ã«ìâ�âë ¯à¥¤áâ�¢«¥−ë ¢ â�¡«. 10. „«ï áà�¢−¥−¨ï â�ª¦¥ ¯à¨¢¥¤¥−�
®æ¥−ª� �C ¨ á®®â¢¥âáâ¢ãîé�ï ¥© ®æ¥−ª� ¢¥à®ïâ−®áâ¨ ¯à¥¢ëè¥−¨ï �• ¨§ íªá¯¥à¨-
¬¥−â� 7. ‚¨¤−®, çâ® ¯¥à¥®æ¥−¨¢�−¨¥ ¢ á«ãç�¥ §�¢¨á¨¬ëå £àã¯¯ −�ç¨−�¥âáï ¯à¨
¬¥−ìè¨å §−�ç¥−¨ïå p, ç¥¬ ¢ íªá¯¥à¨¬¥−â¥ 7.

’�¡«¨æ� 10 ‡�¢¨á¨¬®áâì ¢−ãâà¨ £àã¯¯ë ¨ ¬¥¦¤ã £àã¯¯�¬¨, • = 10−5

p �C �Cd
�• �•d – –d

0,07 3,132 3,179 6,72 · 10−4 3,01 · 10−4 −0,05 −0,01
0,10 3,210 3,266 3,97 · 10−4 1,13 · 10−5 −0,03 0,02
0,12 3,472 3,501 1,06 · 10−5 8,91 · 10−6 0 0,05
0,15 3,547 3,862 9,03 · 10−5 4,73 · 10−6 0,06 0,10
0,17 3,628 3,945 2,72 · 10−6 1,33 · 10−6 0,07 0,13

Эксперимент 9. Cà�¢−¨¬ ¢«¨ï−¨¥ −� ¢¥«¨ç¨−ã – á«ãç�©−®£® à�§¬¥à�
£àã¯¯ë á ¢«¨ï−¨¥¬ §�¢¨á¨¬®áâ¨ ¬¥¦¤ã £àã¯¯�¬¨. „«ï íâ®£® áâà®¨âáï ®æ¥−ª� �CR

¯® æ¨ª«�¬ à¥£¥−¥à�æ¨¨ ¨áå®¤−®© â�−¤¥¬−®© á¨áâ¥¬ë (¤�−−ë¥ ¢−ãâà¨ æ¨ª«� §�¢¨-
á¨¬ë, ª�ª ¢ (11)) ¨ ¯�à�««¥«ì−®

÷¨á. 2 ‡�¢¨á¨¬®áâì �• ®â–: 1 | −¥§�¢¨á¨¬ë¥
æ¨ª«ë; 2 | §�¢¨á¨¬ë¥ £àã¯¯ë

áâà®¨âáï ®æ¥−ª� �Ca ¬¥â®¤®¬ £àã¯-
¯®¢®£® áà¥¤−¥£® (¤«ï â®© ¦¥ ¯®-
á«¥¤®¢�â¥«ì−®áâ¨ (11)), ¯à¨ç¥¬
à�§¬¥à £àã¯¯ë á®¢¯�¤�¥â á ¤«¨-
−®© æ¨ª«� à¥£¥−¥à�æ¨¨ á¨áâ¥¬ë.
’�ª¨¬ ®¡à�§®¬, à¥�«ì−�ï à¥£¥−¥-
à�â¨¢−�ï áâàãªâãà� ú−�ª«�¤ë¢�-
¥âáïû −� ¯®á«¥¤®¢�â¥«ì−®áâì §�-
¢¨á¨¬ëå ¤�−−ëå. „«ï §�¤�−−®©
• = 10−4 −� à¨á. 2 ¯à¥¤áâ�¢«¥−�
§�¢¨á¨¬®áâì ¬¥¦¤ã ¢¥«¨ç¨−®© ¯¥-
à¥®æ¥−¨¢�−¨ï – ¨ á®®â¢¥âáâ¢ã-
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îé¨¬¨ ®æ¥−ª�¬¨ ¢¥à®ïâ−®áâ¨ ¯à¥¢ëè¥−¨ï, ª®£¤� ¢ ª�ç¥áâ¢¥ ��‘ ¨á¯®«ì§ã-
îâáï á®®â¢¥âáâ¢¥−−® ®æ¥−ª¨ �CR = 2,97 ¨ �Ca = 2,78. ‚¨¤−®, çâ® §�¢¨á¨¬®áâì
¬¥¦¤ã £àã¯¯�¬¨ á£«�¤¨«� à®áâ – ¨ ®æ¥−ª� �•a (¯®áâà®¥−−�ï ¯à¨ ¨á¯®«ì§®¢�-
−¨¨ �Ca) ®ª�§ë¢�¥âáï ¡«¨§ª®© ª â®ç−®¬ã §−�ç¥−¨î • ã¦¥ ¯à¨ ã¬¥−ìè¥−¨¨ �Ca ¤®
¢¥«¨ç¨−ë 0,95 �Ca.

�à®¢¥¤¥−−ë¥ íªá¯¥à¨¬¥−âë ¯®ª�§ë¢�îâ, çâ® à�−¤®¬¨§�æ¨ï à�§¬¥à� £àã¯¯ë
(¡«®ª�) ¢ ¬¥â®¤¥ £àã¯¯®¢®£® áà¥¤−¥£® ¬®¦¥â ¡ëâì íää¥ªâ¨¢−ë¬ á¯®á®¡®¬ ®æ¥−ª¨
��‘ ¢ ¢ëá®ª®®â¢¥âáâ¢¥−−ëå ¨−ä®ª®¬¬ã−¨ª�æ¨®−−ëå á¨áâ¥¬�å.

Заключение

‚ áâ�âì¥ à�áá¬�âà¨¢�¥âáï ®æ¥−¨¢�−¨¥ ��‘ ¢ëá®ª®®â¢¥âáâ¢¥−−®© á¨áâ¥¬ë
á ¯®¬®éìî à¥£¥−¥à�â¨¢−®£® ¬¥â®¤� ¨ ¬¥â®¤� £àã¯¯®¢®£® áà¥¤−¥£®. �á®¡®¥ ¢−¨-
¬�−¨¥ ã¤¥«ï¥âáï à®«¨ á«ãç�©−®£® áã¬¬¨à®¢�−¨ï ¢ ®¡¥á¯¥ç¥−¨¨ âà¥¡ã¥¬®£® QoS.
�à¥¤«®¦¥− ¬¥â®¤ à�−¤®¬¨§�æ¨¨ à�§¬¥à� £àã¯¯ë ¤�−−ëå ¢ ¬¥â®¤¥ £àã¯¯®¢®£®
áà¥¤−¥£®. �â®â ¬¥â®¤ ï¢«ï¥âáï ¥áâ¥áâ¢¥−−®© ª®¬¡¨−�æ¨¥© ¤¢ãå ®¯¨á�−−ëå ¢ëè¥
¬¥â®¤®¢, £¤¥ ¨¤¥ï à�−¤®¬¨§�æ¨¨ ¯®¤áª�§�−� à¥£¥−¥à�â¨¢−ë¬ ¬¥â®¤®¬. ÷¥§ã«ì-
â�âë ¬®¤¥«¨à®¢�−¨ï ¯®ª�§ë¢�îâ, çâ® ¯®áâà®¥−−�ï −� ®á−®¢¥ ¤�−−®£® ¯®¤å®¤�
®æ¥−ª� ��‘ ®¡¥á¯¥ç¨¢�¥â £�à�−â¨î QoS. �ªá¯¥à¨¬¥−âë â�ª¦¥ ¯®§¢®«ïîâ á¤¥-
«�âì −¥ª®â®àë¥ ¢ë¢®¤ë ®â−®á¨â¥«ì−® ª®àà¥ªâ¨à®¢ª¨ ¯®«ãç¥−−®© ®æ¥−ª¨ ��‘
á æ¥«ìî ¯®¢ëè¥−¨ï íää¥ªâ¨¢−®áâ¨ à�¡®âë á¨áâ¥¬ë.

Литература

1. Morozov E., Rumyantsev A. A state-dependent control for green computing //
Information sciences and systems / Eds. O. H. Abdelrahman, E. Gelenbe, G. Gorbil,
R. Lent. | Lecture notes in electrical engineering ser. | Springer International
Publishing, 2015. Vol. 363. P. 57{67.

2. Glynn P. W., Whitt W. Logarithmic asymptotics for steady-state tail probabilities in
a single-server queue // J. Appl. Probab., 1994. Vol. 31. P. 131{156.

3. Kelly F. Notes on effective bandwidths // Stochastic Networks: Theory and applica-
tions / Eds. F. P. Kelly, S. Zachary, I. Ziedins. | Royal Statistical Society lecture
notes ser. 4. | Oxford University Press, 1996. P. 141{168.

4. Lewis J. T., Russell R. An introduction to large deviation for teletraffic engineers.
DIAS Technical Report DIAS-STP 97-16, 1997.

5. Š®¢�«¥−ª® ˆ. �. �−�«¨§ à¥¤ª¨å á®¡ëâ¨© ¯à¨ ®æ¥−ª¥ íää¥ªâ¨¢−®áâ¨ ¨ −�¤¥¦−®áâ¨
á¨áâ¥¬. | Œ: ‘®¢¥âáª®¥ à�¤¨®, 1980. 239 c.

6. Borodina A., Kalinina K., Morozov E. On the accuracy of the effective bandwidth
regenerative estimation // Congress (International) on Ultra Modern Telecommunica-
tions and Control Systems. | St.-Petersburg: IEEE, 2014. P. 652{656.

7. Morozov E., Kalinina K. On the effective bandwidth estimation in communication
network // 29th European Conference on Modelling and Simulation Proceedings,
2015. P. 423{429.

50 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 27 −®¬¥à 4 2017



Effective bandwidth estimation of highly responsible systems by the randomized method

8. Š�«¨−¨−� Š. �¡ íää¥ªâ¨¢−®© ¯à®¯ãáª−®© á¯®á®¡−®áâ¨ ã§«®¢ ª®¬¬ã−¨ª�æ¨®−-
−®© á¥â¨ // ˆ−ä®à¬�æ¨®−−®-â¥«¥ª®¬¬ã−¨ª�æ¨®−−ë¥ â¥å−®«®£¨¨ ¨ ¬�â¥¬�â¨ç¥áª®¥
¬®¤¥«¨à®¢�−¨¥ ¢ëá®ª®â¥å−®«®£¨ç−ëå á¨áâ¥¬: Œ�â-«ë ‚á¥à®áá. ª®−ä. á ¬¥¦¤ã−�-
à®¤−ë¬ ãç�áâ¨¥¬. | Œ.: ÷“„�, 2015. ‘. 24{26.

9. Kalinina K., Morozov E., Rykov V. Effective bandwidth estimation in highly reliable
regenerative networks // 2nd Symposium (International) on Stochastic Models in
Reliability Engineering, Life Science and Operations Management Proceedings. |
Israel, 2016. P. 323{327.

10. �®à®¤¨−� �. ‚., Œ®à®§®¢ …. ‚. �æ¥−¨¢�−¨¥ íää¥ªâ¨¢−®© ¯à®¯ãáª−®© á¯®á®¡−®áâ¨
ã§«� ¢ ¨−ä®ª®¬¬ã−¨ª�æ¨®−−®© â�−¤¥¬−®© á¥â¨ // ‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨-
ª¨, 2014. ’. 24. ü 2. C. 37{54.

11. Chang C.-S. Performance guarantees in communication networks. | London: Springer-
Verlag, 2000. 405 à.

12. Ganesh A., O'Connell N., Wischik D. Big queues. | Lecture notes in mathematics
ser. | Springer, 2004. 260 p.

13. Asmussen S., Glynn P. Stochastic simulation: Algorithms and analysis. | Springer,
2007. 476 p.

14. Asmussen S. Applied probability and queues. | 2nd ed. | Springer, 2003. 451 p.
15. Belyy A., Morozov E. Quasi-regenerative and A-cycle queueing simulation // Ad-

vances in Methods of Modern Information Technology: Finnish Data Processing Week
at the Petrozavodsk State University Proceedings. | Petrozavodsk, 2005. P. 157{170.

�®áâã¯¨«� ¢ à¥¤�ªæ¨î 11.05.17

EFFECTIVE BANDWIDTH ESTIMATION
OF HIGHLY RESPONSIBLE SYSTEMS

BY THE RANDOMIZED BATCH MEAN METHOD
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Russian Academy of Sciences, 11 Pushkinskaya Str., Petrozavodsk 185910, Russian
Federation
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Federation

Abstract: The effective bandwidth (EB) estimation of highly responsible systems
is considered. A special attention is paid to the reasons causing overestimation
of the EB obtained by the regenerative method. Simulations show that the
basic reason of the overestimation is the random summation of the input data
over regeneration cycles. Numerical results demonstrate an advantage of the
randomizing for the EB estimation of highly responsible systems. If in such
a system the workload excesses the predetermined threshold (or overloads the
finite buffer), then an unacceptable violation of the QoS (quality of service)
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requirement happens. To estimate the EB in such systems, the modified batch
means method with randomized blocks is proposed.

Keywords: effective bandwidth; regenerative estimation; randomizing; QoS;
highly responsible system; batch means method
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