Ranking Methods in Machine Learning
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Example 2: Information Retrieval
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Example 2: Information Retrieval
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Example 3: Drug Discovery

Problem: Millions of structures in a chemical library.
How do we identify the most promising ones?



Searching for genetic determinants
In the new millennium

N.J. Risch

Human genetics is now at a critical juncture.

The molecular methods used successfully to
identify the genes underlying rare mendelian
syndromes are failing to find the numerous
genes causing more common, familial, non-
mendelian diseases . ..




Searching for genetic determinants
In the new millennium

N.J. Risch

With the human genome sequence nearing

completion, new opportunities are being
presented for unravelling the complex genetic
basis of nonmendelian disorders based on
large-scale genomewide studies . ..




Types of Ranking Problems

Instance Ranking

Label Ranking

Subset Ranking

Rank Aggregation
?



Instance Ranking




Label Ranking

sports > politics
health > money

science > sports
money > politics




Subset Ranking
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Rank Aggregation

results results desired
of search of search vee ranking
engine 1 \ engine 2 \

results results desired
of search of search ves ranking
engine 1 j engine 2 j




Types of Ranking Problems

Instance Ranking
—

Label Ranking

@set Rankin

Rank Aggregation

? This tutorial



Part |
Theory & Algorithms

[for Instance Ranking]



Bipartite Ranking

Relevant (+)

Irrelevant (-)




Bipartite Ranking

» Instance space X
» Input: Training sample S = (S, 5_):

(positive examples)
(negative examples)




Bipartite Ranking

» Instance space X
» Input: Training sample S = (S, 5_):

rm) c X™ (positive examples)
c X" (negative examples)

» Output: Ranking function f : X —R

» Expected error: El(]()—P(III)MD_}_XD {f() f(x )}

» Empirical error: eu,(]‘)___ii Z 1(f(:+) j(; ))

V=1 =1




Is Bipartite Ranking Different from
Binary Classification?

Example 1
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Is Bipartite Ranking Different from
Binary Classification?

Example 1

——f——<+>+w(+v(+v—» f1

Classification error = ﬁ

_—*:~-(:--._§_+-q_)_@_@. [ Classification error = -




Is Bipartite Ranking Different from
Binary Classification?

Example 1

Classification error =

@ @-@—> f1  Ranking error =

Classification error = %

' -1
Ranking error = 5




Is Bipartite Ranking Different from
Binary Classification?

Example 2




Is Bipartite Ranking Different from
Binary Classification?

Example 2

Classification error = 100




Is Bipartite Ranking Different from
Binary Classification?

Example 2

Classification error = =+

_ 100
Ranking error =




Bipartite Ranking:
Basic Algorithmic Framework

Minimize a convex upper bound on the empirical ranking error, possibly with
some regularization, over some class of ranking functions:

Z S ((foataT) + M(f)}
0

convex upper bound on 1(]((! ) < ]((! ))
regularizer

regularization parameter

class of ranking functions




Bipartite RankSVM Algorithm

1 m n I A >
- Z Z 'élnnge(f ;!-’i --'f-'j_) _I_ §||f||f‘;

=1 =1

min
feF |mn

bhinge(fr2707) = (1= (fG) = f@)))) . ug = max(u,0)]
..J/IEI'

A"

— reproducing kernel Hilbert space (RKHS)
with kernel function K

NP = S

[Herbrich et al, 2000; Joachims, 2002; Rakotomamonjy, 2004]




Bipartite RankSVM Algorithm

Introducing slack variables and taking the Lagrangian dual results in the following
convex quadratic program (QP) over mn variables {a;; : 1 <i <m,1 < j < n}:

1 ey T (ar Y

|11iﬂ j;ﬂ > Y j;j rl?}ttgg()(J : ) — > ZE: ;i

3-—-1 j=1k=1l= =1 j5=1

subjectto 0 < a;; < C' Vi,

+ rﬁd——f¥0ﬁ+‘mf)——If@ﬁfﬁri)-+f¥(g;‘mf))

.. 1
C =
Amn
Can be solved using a standard QP solver, or more efficient methods (e.g. Chapelle

& Keerthi, 2010).




Bipartite RankBoost Algorithm

1 m I

33 fesnl +>}

min [
|

f'E’{:(-‘.‘EI;mHe)

lexp(foa 7)) = exp (= (F(@) = F@])))
L(Frase) linear combinations of functions in some
base class Fi, 0

[Freund et al, 2003]




Bipartite RankBoost Algorithm

Input: (S4..5_) € X™ x X™.
1

Initialize: Dl(.-;:j'.-,;:-.j_) = — forall 7 € {1
' TrLT. '

e [rain weak learner using distribution D;; get weak ranker f; € Fy e
e Choose a; € R.

1
e Update: Dy yq(z] .2 ) = Z—_th(.-;:;". v7)exp (—a (fi(e) - ff(.-;:j—)))

Tt

where Zt = Z Z I)f (;!Tl-_l_. ;!.'j_) exp (—{"Et (ff(}{i_l_) — ff (!_}_))) .
i=1;=1
T
Output final ranking: f(z) = Y a¢fi(x).
t=1




k-partite Ranking

Rating 2

Rating 1




k-partite Ranking

» Instance space X

» Input: Training sample S = (51.55.....5.):

llt

v ) € X" (examples of rating k)

(examples of rating 2)
(examples of rating 1)

» Output: Ranking function f : X —R

» Empirical error:

Na

1

> nam | 1<ahek i=1j=1

1<a<b<k

erg(f) =

np
Z Z Z (b—a) l(f(-.zt?) < f(fj:*))



k-partite Ranking:
Basic Algorithmic Framework

Minimize a convex upper bound on the empirical ranking error, possibly with
some regularization, over some class of ranking functions:

1

AN <a<b<k
where

/(f. ;? 1‘j (b—a))
N(f)

A>0

F

E - TMgny,

”EJ Tt

> XS e al 2g (b—a)) + AN(S)

l<a<b<k i=1j=1

convex upper bound on (b — a) 1(,;“(.--;*_:15) < f(25))
regularizer

regularization parameter

class of ranking functions




Ranking with Real-Valued Labels




Ranking with Real-Valued Labels

» Instance space X
» Real-valued labels Y = R
» |nput: Training sample S = ((x1,y1),.... (zm.ym)) € (X x R)™

» Output: Ranking function f : X —R

» Empirical error:

erg(f) = (:,) > yi—yl1 ( (yi —yi)(f(x;) — f(z5)) < 0)

2) 1=i<j=m




Ranking with Real-Valued Labels:
Basic Algorithmic Framework

Minimize a convex upper bound on the empirical ranking error, possibly with
some regularization, over some class of ranking functions:

min |~ S & o). () 4+ AN

= (IS ) 1<i<<j<m
where
OCf, (o y;), (4,5)) - convex upper bound on
i — il 1 ((wi — y)(F () — f(x;)) < O)
N(f) : regularizer
A > 0 : regularization parameter
F . class of ranking functions




General Instance Ranking




General Instance Ranking

» Instance space X
» Input: Training sample S = ((a1,29,71), ..., (@m, 2}y, 7m)) € (X2 x Ry)™

» Output: Ranking function f : X —R




General Instance Ranking

» Instance space X
» Input: Training sample S = ((a1,29,71), ..., (@m, 2}y, 7m)) € (X2 x Ry)™

» Output: Ranking function f : X —R

m

» Empirical error: érg(f) = El 7oy 1(f () < f(a3))
m =




General Instance Ranking:
Basic Algorithmic Framework

Minimize a convex upper bound on the empirical ranking error, possibly with
some regularization, over some class of ranking functions:

min {1 f: O(f.ziziri) + }L\T(f)}

feF |m =1

((f i h.r;) © convex upper boundon r»; 1(f(x;) < f(xh))
N(f) : regularizer
A > 0 : regularization parameter
JF . class of ranking functions




General RankSVM Algorithm

I

. 1 1 A
Min [ — > lhinge(f, 24, 23, 73) + §||f||§;

feFg |m =

bhinge (. i, wfr) = (ri = (F(a) = f(=D)), [ug = max(u,0)]
Fr =

Y

reproducing kernel Hilbert space (RKHS)
with kernel function K

N = 15

[Herbrich et al, 2000; Joachims, 2002]




General RankBoost Algorithm

min I- i%xp(f Tj, T; ?3)}

FeL(Fpase) [m

lexp(frwisafyr)) = riexp (= (f(@) = f()))
L(Fpase) linear combinations of functions in some
base class Fy,

[Freund et al, 2003]




Application to Information Retrieval (IR
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Learning to Rank in IR
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General Subset Ranking
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General Subset Ranking

» Query space Q)

» Document space D

» Query-document feature mapping ¢ : Q x D—R?
» Input: Training sample S = (S1 S1Y:

(?: — (((U‘?l (__-'r:)!:lf) (‘fﬁ}il.j' {:-'%}.;il.jf)) = (R{E X Rd)”i
where

/

”l; = o(q", ff-{-,-), f;"fi"{.,- = r_..-"}(qi.n’i-")

» Output: Ranking function f : R‘—R




Subset Ranking with Real-Valued
Relevance Labels

- doc1| vl , doc2| y2 , doc?j y3

doc1| vyl , doc2| y2 , doc3| y3




Subset Ranking with Real-Valued
Relevance Labels

» Query space Q
» Document space D
» Query-document feature mapping ¢ : Q x D—R?

» Input: Training sample S = (S1 SmMY:

(f;%;?;?__g,. ng..;)) - ([Egd x R)™i

where

ot = o(q'.d%), y' = relevance of rf} to ¢

» Output: Ranking function f : R—R




RankSVM Applied to IR/Subset Ranking

Standard RankSVM

1

L ] i1 1 A y
> X hinge (£ (954D Dk w) + SIAIE

i=11<j<k<n;

bhinge (£, (5 9): (D wi)) = (1 = (sien(y) — wi) - (F(@5) = () , -
convex upper bound on

1( (Wl — ) (F(65) — £(})) < O)

[Joachims, 2002]




RankSVM Applied to IR/Subset Ranking

RankSVM with Query Normalization
& Relevance Weighting

A
> Liinge (£ (9500 (B vp)) + Qf'%:”

2 ) 1<j<k<n;

finge (1 (9559 (D)) = (19 — vkl = (sien(yj — wi) - (F (&) = F(@}))) .
convex upper bound on

i — vkl 1 (W — up) (F(85) — F(6})) < O)

[Agarwal & Collins, 2010; also Cao et al, 2006]




Ranking Performance Measures in IR

Mean Average Precision (MAP)

Binary Labels:

;€ {0.1}

1

S precii (f)

el — ,
Uy =10

rank of document r!.é- for query ¢

fraction of positives in top » documents for query ¢*




Ranking Performance Measures in IR

Normalized Discounted Cumulative Gain (NDCG)

General Real-Valued Labels: y; € R

(s

NDCGs(f) = Z

m ‘=
1=

index of document ranked at position » for query ¢

normalization constant
i Hi.j
1 Z 2T — 1
Z; = 100o(r + 1)




Ranking Algorithms for Optimizing
MAP/NDCG

SVMMAP [Yue et al. 2007]

SVMNDCG [Chapelle et al. 2007]

LambdaRank [Burges et al. 2007]

AdaRank [Xu & Li 2007]

Regression-based algorithm [Cossock & Zhang 2008]
SoftRank [Taylor et al. 2008]

SmoothRank [Chapelle & Wu 2010]
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