Chapter 9

Ŕàěďáâăćïŋě ŋă ŋěáĺčãàŋĺ ğŋăŋĺï ĺ ćěàőïâŋőáâŋĺ àăğáêęďěŋĺï

9.1 Ńěłæĺĺ

9.1.1 Ŋěőąåőďĺňőáâ őâ àăğáêęďěŋĺï á ŋěáĺčãàŋĺ ğŋăŋĺï

• Ůőćěł őąĺłŋőćěŋő àăğáêęďăćă ć âěàňĺŋĺâě ŋă ŋěáĺčãàŋĺ ŕàěďŕőńőęěŋĺï ĺ âćêàďěŋĺï (ŋě 100% ĺáâĺŋă). • Łńăáĺçěáłăâă ńőčĺłă ĺğĺáłćă 100% ĺáâĺŋŋă.

• Ďĺàěłâŋőâő ŕàĺńăčăŋě ŋă âěőàĺïâă ŋă ćěàőïâŋőáâĺâě ĺğĺáłćă ŋăńĺçĺěâő ŋă ŕàěłăńěŋő ňŋőčő ďăŋŋĺ (ãáńőćŋĺ ćěàőïâŋőáâĺ).

• Ŕàăćĺńăâă á äăłâőàĺ ğă áĺčãàŋőáâ áă ŕàěłăńěŋő őŕàőáâěŋ ňőďěń.

9.1.2 Ŕàěďáâăćïŋě ŋă ŋěáĺčãàŋĺ ğŋăŋĺï á ćěàőïâŋőáâĺ

• Śńãçăľŋă ŕàőňěŋńĺćă. Šěàň ć ěğĺłă ğă ŕàěďáâăćïŋě ŋă ğŋăŋĺï, łőľâő ňőęě ďă ĺňă ŋïłőńłő (ćłń. ąěğłàăľŋő ňŋőčő) ćêğňőęŋĺ áâőľŋőáâĺ.

• Őąńăáâ ŋă ŕàőňěŋńĺćă dom(x) = ňŋőęěáâćőâő őâ ćêğňőęŋĺ áâőľŋőáâĺ ŋă x.

• Šćêàďěŋĺě – ąãńěć ĺğàăğ őâ ŕàĺáćőïćăŋĺï ŋă ŕàőňěŋńĺćĺ (x_i = v_j ). Ŋăŕàĺňěà: (ćàěňě = ďêęďőćŋő) ∨ (ąőńěáâ = čàĺŕ) ∨ ¬ (âěňŕěàăâãàă = ŕőćĺèěŋă).

• Ćěàőïâŋőáâ (çĺáńő ňěęďã 0 ĺ 1) = ňïàłă ğă ãćěàěŋőáâ ć ďăďěŋő âćêàďěŋĺě: P (A) = 0 → 100% ãćěàěŋőáâ, çě âćêàďěŋĺěâő A ě ńêęă. P (A) = 1 → 100% ãćěàěŋőáâ, çě âćêàďěŋĺěâő A ě ĺáâĺŋă.

• Ćěàőïâŋőáâ = ňïàłă ğă ŋěğŋăŋĺě: Ăłő âćêàďěŋĺěâő ĺňă ćěàőïâŋőáâ ňěęďã 0 ĺ 1, âőćă ŋě ğŋăçĺ, çě âő ě ĺáâĺŋă ”ć ĺğćěáâŋă áâěŕěŋ”, ă ŕő-áłőàő, çě ŋĺě ŋě ğŋăěň áêá áĺčãàŋőáâ ŋěčőćăâă ĺáâĺŋŋőáâŋă áâőľŋőáâ.

• Ćěàőïâŋőáâŋőâő àăğŕàěďěńěŋĺě ğăďăćă ćěàőïâŋőáâă ŋă ćáïłă ćêğňőęŋă áâőľŋőáâ ŋă ŕàőňěŋńĺćăâă. Ŋăŕàĺňěà ăłő dom(x) = {v_1, ..., v_n}, âő ∑_n i=1 P (x = v_i) = 1.

• Ăŕàĺőàŋă ćěàőïâŋőáâ – ćěàőïâŋőáâ ŕàĺ őâáêáâćĺě ŋă łăłćăâő ĺ ďă ě ĺŋäőàňăæĺï. • Şáńőćŋă ćěàőïâŋőáâ – ćěàőïâŋőáâ ŕàĺ ŋăńĺçĺěâő ŋă ĺŋäőàňăæĺï ğă áâőľŋőáâĺâě ŋă ďàãčĺ áńãçăľŋĺ ŕàőňěŋńĺćĺ. Ŋăŕàĺňěà: P (âěňŕěàăâãàă = ŕőćĺèěŋă | ąőńěáâ = čàĺŕ).

• Őáŋőćŋĺ äőàňãńĺ (A, B – âćêàďěŋĺï): – P (A ∨ B) = P (A) + P (B) − P (A ∧ B) – A, B – ŋěğăćĺáĺňĺ (ğŋăŋĺěâő ŋă ěďŋőâő ŋě ŕàőňěŋï ćěàőïâŋőáââă ŋă ďàãčőâő), P (A ∧ B) = P (A)P (B) – A, B – ŋěáêćňěáâĺňĺ (ŋĺłőčă ŋě áě áńãçćăâ ğăěďŋő), P (A ∧ B) = 0. – Ďěäĺŋĺæĺï ŋă ãáńőćŋă ćěàőïâŋőáâ: P (A|B) =^{P (A∧B)}_{P (B)} – Ąěľá: P (A|B) =^{P (B|A)P (A)}_{P (B)}

• Ćěàőïâŋőáâěŋ ňőďěń ŋă ŕàőąńěňŋăâă őąńăáâ:

– Ăâőňăàŋő áêąĺâĺě – (x_1 = v_1) ∧ (x_2 = v_2) ∧ ... ∧ (x_n = v_n), łêďěâő x_1, ..., x_n áă áńãçăľŋĺ ŕàőňěŋńĺćĺ.

Őŕĺáćă łőŋłâàěâŋő áêáâőïŋĺě ŋă ŕàőąńěňŋăâă őąńăáâ.

– Śêćňěáâŋő àăğŕàěďěńěŋĺě – n-ňěàŋă âăąńĺæă á m_i łńěâłĺ (i = 1, ..., n) ŕő ćáïłă àăğňěàŋőáâ, ăłő x_i ĺňă m_i ćêğňőęŋĺ áâőľŋőáâĺ. Ćêć ćáïłă łńěâłă áě ğăŕĺáćă ćěàőïâŋőáââă ŋă áêőâćěâŋőâő ăâőňăàŋő áêąĺâĺě. Šêľ łăâő ăâőňăàŋĺâě áêąĺâĺï áă ŋěáêćňěáâĺňĺ (ćğăĺňŋő ĺğłńîçćăéĺ áě) ĺ âăąńĺæăâă áêďêàęă ćáĺçłĺ ăâőňăàŋĺ áêąĺâĺï, áãňăâă őâ áâőľŋőáâĺâě ŋă ćáĺçłĺ łńěâłĺ ě 1. Ŋăŕàĺňěà: ğêąőąőń = ďă ğêąőąőń = ŋě łăàĺěá = ďă 0.04 0.06 łăàĺěá = ŋě 0.01 0.89 – Ŕàĺ ďăďěŋő áêćňěáâŋő àăğŕàěďěńěŋĺě ňőčăâ ďă áě ĺğçĺáńïćăâ ćěàőïâŋőáâĺâě ŋă ŕàőĺğćőńŋĺ âćêàďěŋĺï.

Ŋăŕàĺňěà (ğă łàăâłőáâ áâőľŋőáâĺâě ŋă ŕàőňěŋńĺćĺâě áă ŕàőŕãáŋăâĺ): P (łăàĺěá) = 0.04 + 0.06 = 0.1 (áãňă ŋă àěďă) P (łăàĺěá ∨ ğêąőąőń) = 0.04 + 0.01 + 0.06 = 0.11 P (łăàĺěá | ğêąőąőń) = P (łăàĺěá ∧ ğêąőąőń) / P (ğêąőąőń) = 0.04/(0.04 + 0.01) = 0.8

9.1.3 Ňěåăŋĺğňĺ ğă ĺğćőď

• Ĺğŕőńğãćăŋě ŋă áêćňěáâŋő àăğŕàěďěńěŋĺě.

• Ĺğŕőńğãćăŋě ŋă äőàňãńăâă ŋă Ąěľá.

– Ďăďěŋĺ áă e – ňŋőęěáâćő őâ áĺňŕâőňĺ ĺ d_1, ..., d_n – ďĺăčŋőğĺ. Ĺğćěáâŋĺ áă P (d_i) ĺ P (e|d_i) ğă i = 1, ..., n. – Ĺğçĺáńïćăňě P (d_i|e) ğă ćáïłő i ĺ ŋăňĺàăňě ŋăľ-ćěàőïâŋăâă ďĺăčŋőğă ŕàĺ ďăďěŋĺâě áĺňâőňĺ e. P (d_i|e) = P (d_i)P (e|d_i) P (e) – P (e) ňőęě ďă áě ĺğçĺáńĺ (ăłő ě ŋěőąåőďĺňő) őâ äőàňãńăâă: n∑ i=1 P (d_i|e) = n∑ i=1 P (d_i)P (e|d_i) P (e) = 1

P (e) = n∑ i=1 P (d_i)P (e|d_i) – Ĺğçĺáńïćăŋěâő ŋă P (e|d_i) ĺğĺáłćă ĺğąàőïćăŋě ŋă ćáĺçłĺ ćêğňőęŋĺ łőňąĺŋăæĺĺ őâ áâőľŋőáâĺ ŋă ěńěňěŋâăàŋĺ áĺňâőňĺ (ãçăáâćãćăéĺ ć ňŋőęěáâćőâő e), łőĺâő ŕàĺçĺŋïćăâ d_i (ěłáŕőŋěŋæĺăńŋă áńőęŋőáâ).

• Řăğáêęďěŋĺï ŕàĺ ŕàěďŕőńőęěŋĺě ğă ŋěğăćĺáĺňőáâ ŋă áĺňâőňĺâě (”naive” Bayes).

– Ăłő ŕàĺěňěň, çě ěńěňěŋâăàŋĺâě áĺňâőňĺ, áêáâăćïéĺ e, e = {e_1, ..., e_k}, áă ŋěğăćĺáĺňĺ, âő P (e|d_i) = k∏ j=1 P (e_j |d_i) – e_j (j = 1, ..., k) ňőčăâ ďă áě őŕàěďěńïâ ńěáŋő őâ ěłáŕěàâ ĺńĺ ďă áě ĺğćńěłăâ őâ ěłáŕěàĺňěŋâăńŋĺ ďăŋŋĺ. – Ŕàĺňěà:

Ćěàőïâŋőáâ ğďàăć čàĺŕ ăńěàčĺï P (d) 0.9 0.05 0.05 P (łĺåăŋě|d) 0.1 0.9 0.9 P (łăèńĺæă|d) 0.1 0.8 0.7 P (âěňŕěàăâãàă|d) 0.01 0.7 0.4 Ăłő áĺňâőňĺâě e áă łĺåăŋě ĺ łăèńĺæă ąěğ ŕőćĺèěŋă âěňŕěàăâãàă, âő: P (ğďàăć|e) = (0.9)(0.1)(0.1)(0.99)/P (e) = 0.0089/P (e) P (čàĺŕ|e) = (0.05)(0.9)(0.8)(0.3)/P (e) = 0.01/P (e) P (ăńěàčĺï|e) = (0.05)(0.9)(0.7)(0.6)/P (e) = 0.019/P (e) P (e) = 0.0089 + 0.01 + 0.019 = 0.0379 P (ğďàăć|e) = 0.23 P (čàĺŕ|e) = 0.26 P (ăńěàčĺï|e) = 0.50

Őąĺà Ğěňěâàěáěŋĺě

Ăńăàňă

Ďęőŋ_−ğćêŋĺ Ňěàĺ_−ğćêŋĺ

P(Ő) 0.001

P(Ğ) 0.002

Ă T F P(Ď) 0.90 0.05 Ă T F P(Ň) 0.70 0.01

Ő Ğ P(A) T T T T F F F F

0.95 0.94 0.29 0.001

Figure 9.1: Ąěľáőćă ňàěęă

– Ŕàőąńěň: ŕàěďŕőńőęěŋĺěâő ğă ŋěğăćĺáĺňőáâ ŋă ěńěňěŋâăàŋĺâě áĺňâőňĺ ě ŕàěłăńěŋő áĺńŋő ĺ ŋěàěăńĺáâĺçŋő.

• Ąěľáőćĺ ňàěęĺ – ĺğŕőńğãćăŋě ŋă ŋăáőçěŋ ăæĺłńĺçěŋ čàăä ğă ŕàěďáâăćïŋě ŋă ğăćĺáĺňőáâĺâě ňěęďã ŕàőňěŋńĺćĺâě á æěń áąĺâő őŕĺáăŋĺě ŋă áêćňěáâŋőâő ĺň àăğŕàěďěńěŋĺě.

9.1.4 Őâłêďě áě ŕőïćăćăâ ćěàőïâŋőáâĺâě?

• Ůěáâőâěŋ ŕőďåőď – ěłáŕěàĺňěŋâĺ.

• Őąěłâĺćěŋ ŕőďåőď – ćěàőïâŋőáâĺâě áă ŕàőïćă ŋă áêéěáâćãćăéĺ áćőľáâćă ŋă àěăńŋĺï áćïâ.

• Śãąěłâĺćěŋ ŕőďåőď – őŕĺáăŋĺě ŋă áâěŕěŋâă ŋă ãćěàěŋőáâ ŋă ăčěŋâă (ğŋăŋĺěâő ňã ğă ďăďěŋő őąěłâĺćŋő áêéěáâćãćăéő ïćńěŋĺě).

• Ĺğąőà ŋă łńăá ğă áàăćŋěŋĺě (reference class).

• Ŕàĺňěà: łăłćă ě ćěàőïâŋőáââă áńêŋæěâő ğă ĺğčàěě ãâàě? (ŋěőŕàěďěńěŋă, 1, 1 − ϵ,^{d+1}_{d+2} ).

9.1.5 Ąěľáőćĺ ňàěęĺ (ĄŇ)

• Ğă ćáïłă áńãçăľŋă ŕàőňěŋńĺćă – ćêğěń.

• Ćàêğłĺâě ğăďăćăâ ďĺàěłâŋĺ ŕàĺçĺŋŋő-áńěďáâćěŋĺ ćàêğłĺ.

• Ğă ćáěłĺ ćêğěń ě ďěäĺŋĺàăŋă âăąńĺæă á ãáńőćŋĺ ćěàőïâŋőáâĺ, łőïâő ğăďăćă ćěàőïâŋőáââă ŋă ćáïłă áâőľŋőáâ ŋă ŕàőňěŋńĺćăâă ćêć ćêğěńă ć ğăćĺáĺňőáâ őâ ćáïłă ěďŋă łőňąĺŋăæĺï őâ áâőľŋőáâĺ ŋă ŕàőňěŋńĺćĺâě ć àőďĺâěńáłĺâě ćêğńĺ (ěłáŕőŋěŋæĺăńěŋ ąàőľ àěďőćě ŋă âăąńĺæĺâě). Ŕàĺňěà: äĺčãàă 9.1.

• ĄŇ ğăďăćïâ ŋěïćŋő áêćňěáâŋőâő àăğŕàěďěńěŋĺě ŋă ŕàőňěŋńĺćĺâě áĺ. Ŋěłă x_1, ..., x_n áă áńãçăľŋĺ ŕàőňěŋńĺćĺ ĺ P (v_1, ..., v_n) ě áêćňěáâŋăâă ćěàőïâŋőáâ âě ďă ŕőńãçăâ áâőľŋőáâĺâě v_1, ..., v_n áêőâćěâŋő. Šőčăćă P (v_1, ..., v_n) = n∏ i=1 P (v_i|P arents(x_i)), łêďěâő P (v_i|P arents(x_i)) ě ãáńőćŋăâă ćěàőïâŋőáâ ğă x_i = v_i ŕàĺ ãáńőćĺě, çě áă ďăďěŋĺ áâőľŋőáâĺâě ŋă àőďĺâěńáłĺâě ŕàőňěŋńĺćĺ ŋă x_i, P arents(x_i). Ŋăŕàĺňěà:

P (Ďęőŋ_−ğćêŋĺ, Ňěàĺ_−ğćêŋĺ, Ăńăàňă, ¬Őąĺà, ¬Ğěňěâàěáěŋĺě) = (0.9)(0.7)(0.001)(0.999)(0.998) = 0.000628

• Şáńőćŋă ŋěğăćĺáĺňőáâ (ĺğŕőńğãćă áě ŕàĺ ĺğćőďă). Ăłő ŕàĺ ŕàěňăåćăŋě ŋă ŕőďňŋőęěáâćő őâ ćêğńĺâě ŋă ňàěęăâă S ćêğńĺâě x ĺ y áâăŋăâ ŋěáćêàğăŋĺ, âő łăğćăňě, çě x ĺ y áă ŋěğăćĺáĺňĺ őâŋőáŋő S, â.ě. P (x|y, S) = P (x, S).

• Šĺŕőćě ćàêğłĺ:

– x ← y → z: x ĺ z áă ŋěğăćĺáĺňĺ őâŋőáŋő y.

– x ← y ← z ĺńĺ x → y → z: x ĺ z áă ŋěğăćĺáĺňĺ őâŋőáŋő y.

– x → y ← z: x ĺ z áă ŋěğăćĺáĺňĺ őâŋőáŋő y ąěğ ŋăńĺçĺěâő ŋă ĺŋäőàňăæĺï ğă áâőľŋőáââă ŋă y. Ŕàĺ ďěďěŋă áâőľŋőáâ ŋă y (ĺńĺ ŋěčőćĺ ŋăáńěďŋĺæĺ) âě áâăćăâ ğăćĺáĺňĺ. Ŕàĺňěà: Őąĺà → Ăńăàňă ← Ğěňěâàěáěŋĺě. Ăłő ćěçě ĺňă ăńăàňă ĺ áě ě áńãçĺńő ğěňěâàěáěŋĺě, ćěàőïâŋőáââă ğă őąĺà ě ŕő-ňăńłă.

• Ćĺďőćě ĺğćőď ć ĄŇ. Ŕàĺ ďăďěŋă áâőľŋőáâ ŋă ŕőďňŋőęěáâćő őâ ŕàőňěŋńĺćĺâě (ŋăąńîďăěňĺ, evidence variables) ďă áě őŕàěďěńĺ ćěàőïâŋőáââă ŋă áâőľŋőáâĺâě ŋă ďàãčő ŕőďňŋőęěáâćő ŕàőňěŋńĺćĺ (âêàáěŋĺ, query variables).

– Ďĺăčŋőáâĺłă – őâ áńěďáâćĺěâő łêň ŕàĺçĺŋăâă: P (Őąĺà|Ďęőŋ_−ğćêŋĺ)? – Ŕàěďáłăğćăŋě – őâ ŕàĺçĺŋăâă łêň áńěďáâćĺěâő: P (Ďęőŋ_−ğćêŋĺ|Őąĺà)? – Ňěęďãŕàĺçĺŋěŋ ĺğćőď – ňěęďã ŕàĺçĺŋĺâě ŋă ďăďěŋő áńěďáâćĺě: P (Őąĺà|Ğěňěâàěáěŋĺě)? – Śňěáěŋ – łőňąĺŋăæĺï ŋă čőàŋĺâě âàĺ: P (Ăńăàňă|Ďęőŋ_−ğćêŋĺ∧¬Ğěňěâàěáěŋĺě)?

• Ăńčőàĺâňĺ ğă ĺğćőď ć ĄŇ.

– Ĺğçĺáńïćăŋě ŋă ŕêńŋőâő áêćňěáâŋő àăğŕàěďěńěŋĺě.

– Řăğŕàőáâàăŋěŋĺě ŋă ãćěàěŋőáââă – ĺğçĺáńïćăŋě ŋă ćěàőïâŋőáââă ŋă ćáĺçłĺ ŕàőňěŋńĺćĺ ć áêőâćěâáâćĺě á ŋăąńîďěŋĺïâă. Ĺâěàăâĺćŋă ňőďĺäĺłĺæĺï ŋă ćěàőïâŋőáâŋĺâě ćěłâőàĺ ğă ćáïłă ŕàőňěŋńĺćă çàěğ ŕàěďăćăŋě ŋă áêőąéěŋĺï ňěęďã ćêğńĺâě: ”ŋăáńěďŋĺæĺ→àőďĺâěńĺ” ĺ ”àőďĺâěńĺ→ŋăáńěďŋĺæĺ”, ğăŕőçćăľłĺ őâ ŋăąńîďěŋĺïâă.

– Ăńčőàĺâňĺ, ćőďěŋĺ őâ æěńěćĺâě (query) ŕàőňěŋńĺćĺ – ŋě ĺğçĺáńïćăâ ćáĺçłĺ ŕàőňěŋńĺćĺ. – Ć őąéĺï áńãçăľ ğăďăçăâă ě ěłáŕőŋěŋæĺăńŋă ŕő ąàőï ŋă ŕàőňěŋńĺćĺâě. – Ğă ěďŋőáćêàğăŋĺ ňàěęĺ (ąěğ ŋěŋăáőçěŋĺ æĺłńĺ) áêéěáâćãćăâ ŕőńĺŋőňĺăńŋĺ ăńčőàĺâňĺ.

9.2 Śěňĺŋăàŋĺ ãŕàăęŋěŋĺï

• Ĺğçĺáńïćăŋě ŋă ăŕàĺőàŋĺ ĺ ăŕőáâěàĺőàŋĺ ćěàőïâŋőáâĺ çàěğ çěáâőâěŋ ăŋăńĺğ ŋă ďăŋŋĺ őâ ćĺďă:

example(Id,Diagnosis,[S1=V1,S2=V2,...,Sn=Vn]) (äăľń tumor.pl).

• Řěăńĺğăæĺï ŋă ăńčőàĺâêň ğă łńăáĺäĺłăæĺï (ďĺăčŋőáâĺłă) ”naive Bayes” ğă àăąőâă á ďăŋŋĺ őâ čőàŋĺï ćĺď. • Ĺğćőď ć ĄŇ çàěğ ĺğçĺáńïćăŋě ŋă ŕêńŋőâő áêćňěáâŋő àăğŕàěďěńěŋĺě (ĄŇ őâ äĺčãàă 9.1). • Śêğďăćăŋě ŋă ĄŇ ğă ďĺăčŋőáâĺłă ŋă ăćâőňőąĺńĺ çàěğ ĺğŕőńğãćăŋě ŋă ąăğăâă őâ ŕàăćĺńă á äăłâőàĺ ğă áĺčãàŋőáâ (cars.pl).

9.3 Ńăąőàăâőàŋĺ ãŕàăęŋěŋĺï

• Ŕàőčàăňĺàăŋě ŋă ŕàěďĺłăâĺ ğă ĺğçĺáńïćăŋě ŋă ăŕàĺőàŋĺ ĺ ăŕőáâěàĺőàŋĺ ćěàőïâŋőáâĺ çàěğ çěáâőâěŋ ăŋăńĺğ ŋă ďăŋŋĺ (äăľń tumor.pl).

• Ŕàőčàăňĺàăŋě ŋă ăńčőàĺâêň ğă łńăáĺäĺłăæĺï (ďĺăčŋőáâĺłă) ”naive Bayes” ğă àăąőâă á ďăŋŋĺ őâ čőàŋĺï ćĺď.

• Ěłáŕěàĺňěŋâĺ á ŕàĺňěàŋăâă ĄŇ (bnet_−dat.pl) ĺŋâěàŕàěâăâőàă ŋă ĄŇ (bnet.pl). • Ŕàőčàăňĺàăŋě ŋă ĄŇ őâ äĺčãàă 9.1 ĺ ĺğŕêńŋěŋĺě á ĺŋâěàŕàěâăâőàă ŋă ĄŇ (bnet.pl). • Ŕàőčàăňĺàăŋě ŋă ĄŇ ğă ďĺăčŋőáâĺłă ŋă ăćâőňőąĺńĺ ĺ ĺğŕêńŋěŋě á ĺŋâěàŕàěâăâőàă ŋă ĄŇ (bnet.pl).