
Ìîíîòîííûå êëàññèôèêàòîðû äëÿ çàäà÷
ìåäèöèíñêîé äèàãíîñòèêè

Ì.Þ.Øâåö, À. Â. Çóõáà, Ê. Â. Âîðîíöîâ

Ìîñêîâñêèé ôèçèêî-òåõíè÷åñêèé èíñòèòóò

Êîíôåðåíöèÿ ÌÌÐÎ-17

19-25 ñåíòÿáðÿ 2015

Øâåö Ìèõàèë Ìîíîòîííûå êëàññèôèêàòîðû 1 / 16



Çàäà÷à ïîñòðîåíèÿ ìîíîòîííîãî êëàññèôèêàòîðà

Äàíî

X = (xi , yi )
`
i=1 � îáó÷àþùàÿ âûáîðêà

xi = (f1(xi ), . . . , ft(xi )) � ïðèçíàêîâîå îïèñàíèå îáúåêòà xi
yi = {−1,+1}.

Ïîñòðîèòü

Ìîíîòîííûé êëàññèôèêàòîð

a : X → Y x < x ′ → a(x) ≤ a(x ′)

Êðèòåðèè

Ìèíèìèçàöèÿ ÷èñëà äåôåêòíûõ ïàð ïóòåì óäàëåíèÿ

ìèíèìàëüíîãî ÷èñëà îáúåêòîâ |D| = 0, |X | → max

Ìèíèìèçàöèÿ ÷èñëà èñïîëüçóåìûõ ïðèçíàêîâ ïðè

ñîõðàíåíèè êà÷åñòâà êëàññèôèêàöèè F ⊆ F = {f1, . . . ft}
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Îòáîð ïðèçíàêîâ

Ñîðòèðóþùèé êðèòåðèé g : F→ R
Âûáîð k ëó÷øèõ ïðèçíàêîâ ïî g(fj)

Ñðåäíÿÿ ÷àñòîòà è âñòðå÷àåìîñòü ïðèçíàêà j â êëàññå y

Pjy = 1
`y

∑
i
fj(xi ) [yi = y ]; Bjy = 1

`y

∑
i
[fj(xi ) ≥ θ] [yi = y ]

Èñïîëüçóåìûå êðèòåðèè

Bayes g(fj) = lnPj+ − lnPj−
Freq g(fj) = Pj+

FreqDi� g(fj) = Pj+ − Pj−
FreqDi�Abs g(fj) = |Pj+ − Pj−|
Occur g(fj) = Bj+

OccurDi� g(fj) = Bj+ − Bj−
OccurDi�Abs g(fj) = |Bj+ − Bj−|
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Âàðèàíòû ìîíîòîííîé êëàññèôèêàöèè

1 Ìîíîòîííàÿ êëàññèôèêàöèÿ áëèæàéøåãî ñîñåäà ñ

ïðåäâàðèòåëüíîé ìîíîòîíèçàöèåé âûáîðêè

(Âîðîíöîâ, 2000)

2 Êëàññèôèêàòîð áëèæàéøåãî ñîñåäà ñ Ì-ôóíêöèåé

ðàññòîÿíèÿ, íå òðåáóþùèé ïðåäâàðèòåëüíîé

ìîíîòîíèçàöèè (Ìàõèíà, 2012)

1. Âîðîíöîâ Ê. Â. Îïòèìèçàöèîííûå ìåòîäû ëèíåéíîé è ìîíîòîííîé êîððåêöèè
â àëãåáðàè÷åñêîì ïîäõîäå ê ïðîáëåìå ðàñïîçíàâàíèÿ // ÆÂÌ è ÌÔ. � 2000. �
Ò. 40, N◦ 1. � Ñ. 166�176.

2. Ìàõèíà Ã.À. Î âîññòàíîâëåíèè ìîíîòîííûõ áóëåâûõ ôóíêöèé ìåòîäîì
áëèæàéøåãî ñîñåäà // Ìåæäóíàðîäíàÿ êîíôåðåíöèÿ ¾Èíòåëëåêòóàëèçàöèÿ
îáðàáîòêè èíôîðìàöèè¿ (ÈÎÈ-9), ×åðíîãîðèÿ, ã.Áóäâà, 16�22 ñåíòÿáðÿ 2012 ã.
Ñ.78-81.
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Îòáîð îáúåêòîâ (ìîíîòîíèçàöèÿ âûáîðêè)

Êîëè÷åñòâî äåôåêòíûõ ïàð, â êîòîðûõ ó÷àñòâóåò îáúåêò

Li = {xk ∈ X : yi 6= yk , (xi , xk) � äåôåêòíàÿ ïàðà}.

Óäàëåíèå ìèíèìàëüíîãî ÷èñëà îáúåêòîâ

Çàäà÷à ïîëó÷åíèÿ ïîäâûáîðêè ìàêñèìàëüíîé ìîùíîñòè, â

êîòîðîé îòñóòñòâóþò äåôåêòíûå ïàðû, ÿâëÿåòñÿ

ïîëèíîìèàëüíîé ïî êîëè÷åñòâó îáúåêòîâ.

α-ìîíîòîíèçàöèÿ

1 Óïîðÿäî÷èì îáúåêòû êëàññà y = −1: xi1 , xi2 . . . xis . . . ,
ïî óáûâàíèþ |Li |: |Li1 | > · · · > |Lis | > 0 = |Lis+1 | = . . . ;

2 óäàëèì èç âûáîðêè ïåðâûå s ′ îáúåêòîâ {xi1 . . . xis′},
ãäå s ′ âûáðàíî èç óñëîâèÿ s ′ = bαsc;

3 óäàëèì ýòè îáúåêòû òàêæå èç âñåõ ìíîæåñòâ Li ;

4 óäàëèì èç âûáîðêè âñå îáúåêòû xi êëàññà y = +1, ó
êîòîðûõ |Li | > 0.
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Ìîíîòîííûé êëàññèôèêàòîð áëèæàéøåãî ñîñåäà

Âåðõíÿÿ è íèæíÿÿ òåíü îáúåêòà xi ∈ X

M+
i = {u ∈ X : xi � u} M−i = {u ∈ X : u � xi}

Ðàññòîÿíèå äî òåíè

ρ(u,Mi ) = min
v∈Mi

ρ(u, v), ãäå ρ(u, v) � ìàíõýòòåíñêîå ðàññòîÿíèå

Âû÷èñëåíèå ðàññòîÿíèÿ äî òåíè

Ðàññòîÿíèÿ îò îáúåêòà u ∈ X äî âåðõíåé è íèæíåé òåíåé

îáúåêòà xi ∈ X âû÷èñëÿþòñÿ ïî ñëåäóþùèì ôîðìóëàì:

ρ(u,M−i ) =
∑
fj∈F

[fj(u)− fj(xi )]+,

ρ(u,M+
i ) =

∑
fj∈F

[fj(xi )− fj(u)]+.
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Äèñêðèìèíàíòíàÿ ôóíêöèÿ

Ìîíîòîííûé êëàññèôèêàòîð áëèæàéøåãî ñîñåäà

xk = argmin
xi∈X

ρ(u,Mi ) � áëèæàéøèé ê îáúåêòó u ∈ X

a(u) = yk

Íåïðåðûâíàÿ äèñêðèìèíàíòíàÿ ôóíêöèÿ

ã(u) =

{
a(u), ρ− = 0 èëè ρ+ = 0
ρ−−ρ+
ρ−+ρ+

, èíà÷å.

Çäåñü ρy = min
yi=y

ρ(u,Mi ). Òàêàÿ äèñêðèìèíàíòíàÿ ôóíêöèÿ

íóæíà äëÿ âû÷èñëåíèÿ çíà÷åíèÿ AUC.

Óòâåðæäåíèå

Ôóíêöèÿ ã ÿâëÿåòñÿ ìîíîòîííîé.
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Ìîíîòîííûé êëàññèôèêàòîð áëèæàéøåãî ñîñåäà
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Íåïðåðûâíàÿ äèñêðèìèíàíòíàÿ ôóíêöèÿ
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Êëàññèôèêàòîð áëèæàéøåãî ñîñåäà ñ Ì-ôóíêöèåé
ðàññòîÿíèÿ, íå òðåáóþùèé ìîíîòîíèçàöèè

Ì-ðàññòîÿíèå

r : X× X → EN , ãäå N = (nt)2 + nt + 1, çàäàâàåìàÿ ïðàâèëîì

r(u, xi ) = ntρ(u,Mi ) + (nt − ρ(u, x)).

Óòâåðæäåíèå (î ñîõðàíåíèè ìîíîòîííîñòè Ì-ôóíêöèè)

Äëÿ ëþáûõ u, v ∈ X, òàêèõ ÷òî u � v , âûïîëíåíî
∀xi ∈ X (yi = +1) : r(u, xi ) ≥ r(v , xi )
∀xi ∈ X (yi = −1) : r(u, xi ) ≤ r(v , xi )

Òåîðåìà

Ïðè èñïîëüçîâàíèè ìåòîäà áëèæàéøåãî ñîñåäà ñ Ì-ôóíêöèåé

ðàññòîÿíèÿ ïîëó÷àåìàÿ ôóíêöèÿ ÿâëÿåòñÿ ìîíîòîííîé.
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Ýêñïåðèìåíò

Èíôîðìàöèîííûé àíàëèç ÝÊÃ ñèãíàëîâ (Óñïåíñêèé, 2008)

Îáúåì âûáîðêè � 10921

×èñëî áîëåçíåé � 14

×èñëî çäîðîâûõ � 198

Ïðèçíàêè � ÷àñòîòû 216 òðèãðàìì ïî êîäîãðàììå â

6-áóêâåííîì àëôàâèòå

Ñðàâíåíèå ìîäåëåé

Ôóíêöèîíàë êà÷åñòâà � AUC.

Ñêîëüçÿùèé êîíòðîëü ïî 10 áëîêàì, 40 çàïóñêîâ.

Óñïåíñêèé Â.Ì. Èíôîðìàöèîííàÿ ôóíêöèÿ ñåðäöà // Êëèíè÷åñêàÿ ìåäèöèíà, -
2008. � Ò. 86. - �5. � Ñ. 4-13
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Ìîíîòîííûå ïàðû

Ïðåäïîëîæåíèå î õîðîøåé ìîíîòîííîñòè âûáîðêè âûïîëíÿåòñÿ.

Ñ ðîñòîì ðàçìåðíîñòè êîëè÷åñòâî ïàð áûñòðî óáûâàåò.
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Äåôåêòíûå ïàðû

Äåôåêòíûõ ïàð ñóùåñòâåííî ìåíüøå, ÷åì ìîíîòîííûõ.
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Ñðàâíåíèå ñîðòèðóþùèõ êðèòåðèåâ

(a) ÂÄÝ (b) ÃÁÝ

(c) ÆÊÝ (d) ÝÀÏ

Âûñîêîå êà÷åñòâî êëàññèôèêàöèè íà íåáîëüøèõ ðàçìåðíîñòÿõ.
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Ñðàâíåíèå ðåçóëüòàòîâ

ÂÄÝ ÃÁÝ ÆÊÝ ÈÁÝ ÌÊÝ ÌÌÝ ÑÄÝ
Monotonic 87,26 97,29 98,67 97,99 95,47 93,67 96,68
M_func 86,55 96,87 98,03 97,91 94,86 91,51 96,01
logReg 87,62 96,91 99,00 98,21 95,11 93,52 97,08

Syndr 86,35 96,60 98,90 97,84 95,17 93,37 96,66

ÓÙÝ ÕÃÝ ÕÕÝ ÝÀ ÝÀÏ ÝÀÕ ßÁÝ
Monotonic 95,67 95,65 95,56 90,75 95,78 91,82 94,63
M_func 94,84 93,38 94,59 88,87 95,59 91,59 94,22
logReg 95,75 95,22 95,07 90,04 96,62 92,42 94,69

Syndr 95,17 94,77 95,51 89,27 96,59 91,90 94,67

Monotonic � ìîíîòîííûé êëàññèôèêàòîð áëèæàéøåãî

ñîñåäà ñ îòáîðîì îáúåêòîâ è ïðèçíàêîâ

M_func � ìîíîòîííûé êëàññèôèêàòîð ñ Ì-ôóíêöèåé

ðàññòîÿíèÿ

logReg � ëîãèñòè÷åñêàÿ ðåãðåññèÿ íà ãëàâíûõ êîìïîíåíòàõ

Syndr � ñèíäðîìíûé àëãîðèòì
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Çàêëþ÷åíèå

Ïðåäëîæåíû íåñêîëüêî ñïîñîáîâ îäíîâðåìåííîãî îòáîðà

îáúåêòîâ è ïðèçíàêîâ äëÿ ìîíîòîííîãî êëàññèôèêàòîðà

áëèæàéøåãî ñîñåäà.

Ïîêàçàíî, ÷òî ïðè äèàãíîñòèêå çàáîëåâàíèé ïî ÝÊÃ

êà÷åñòâî êëàññèôèêàöèè ïðåâîñõîäèò ëèíåéíûå ìîäåëè

äëÿ ðÿäà çàáîëåâàíèé.
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