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ABSTRACT

Content B sed¥ ge Retriev. CBIR_h sbec3 e one of thé ost

ctive rese rch re s in ¢d pu!er science Re ev nce feedd ck is
often used in CBIR sysid s to bridge the s3
users re sked toV ke re ev nce judgd ents on s3 e query re
suts -nd the feede ck infod tion is then used to re r nk the'd

gesinthe d t b se An effective re ev nce feed® ck _ gorifP

"% ust provide the users “ith thé% ost infod tived ges “ith re

spect to the r nking function In this p per »>ve propose nove

ctive e rning _gorith ¢ . ed Conve(L p ci n Regu rized I
opi? . Design CL pRID _forre ev nce feede ck3 geretriev .
Our . goritf¥ i!b sed on regressiont ode Which% ifi izes the
.e st squ re error on the . beedd ges nd s} ut neousy pre
serves the intrinsic ged etric . structure of thed ge sp ce It
se ects the¥ ost infod tive¥d  ges YhichY i} ize the ver ge
predictive v ri nce The opfd iz tion pro®d of CL pRID c n be
cst s s3 idg nite progr¥V¥ ing SDP_pro®d -ndso ved vi
interior point¥ ethods E (peid ent. resuts on COREL d t b se
h ve d3 onstr te the effectiveness of the proposed . goriff# for
re ev nce feedo ck¥  ge retriev .

Categories and Subject Descriptors

H373 |Information storage and rgtrieval]- Inf68 tion se rch
nd retriev . Relevynce feedbyc#, G |Mathematics of Com-
puting]- Prob bi ity nd St tistics E peri “mntyIdesign
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1. INTRODUCTION

ith the r pid incre se in the vo ¥ e of e ectronic ..y rchived
nd vided¥ teri .s Content B sed¥ ge Retriev . CBIl%A
h s becd e one of thé¥ ost ctive rese rch re s for the " st fe'v
dec des | -] Query by eV pe QBE_ls the tr dition . type
of query fn CBIR In this enviro® enf wsers fob u te query oy

"V ensofgiving ned ped  gel 2] CBIR sysid suse the. o'

45

3 geis the essrei Beitsc ssy ¢ tionis One of thed

.eve visu , fe tures™¥ osty coor te (ture nd sh pe _.to represent
n} ge scontent ,‘nd reev nfd ges re retrieved ® sed on the

S} 1 rity of their visu . fe tures A though\CBIR h s been e cten

sive y studied the s3 ntic g p bet\ﬁeen, ov_eve ¥ ge fe tures
nd high _eve s3 ntic concepts_} itsits perfod nce. rgey

Ton rro% do'n the §3 ntic g p ¥e ev nce feed® ck is intro
duced into CBIR l‘ o] Typic ..y users re skedtod kereev nce
judgd ents on the top ¥ ges returned By the systd »nd their
preference isusedtotr in ¢ ssiy ertosep r te¥ gesth T tch
the query concept frfd those th t do not Ho vever in gener . the
top returnedd gesV y not be théV ost infod  tive ones In the
Yorst ¢ se ». the topd ges. beed by the userV y be positive

nd thus the st nd rd ¢ ssi c tion techniques ¢ n not be pp ied
due to the . ck of neg tive eV pes The key prowd then be
c3 esho' to se ect they ostinfod tive SV pes fid thed ge
dt e se Int¥ chine e rning this prodd isc _ed ctive e
S . v - .
ing »vhich studies the phend enon of e rner se ecting ctions
ofV  king queries th tifs uence vh td t re dded toits tr ining
set |9] )

Active _e rning _goritB is highy corre ted Yith the under
_ying r nking¥ ech ni$ TheéV ost popu r ctive e rning tech
niques inc ude Support ector M chine ctive. e rning S Mactive a
l‘ 9 2] ndregressiond sed ctive_t\‘: rning | ?“f 2 4»5] é Mactive

sks the user to. be those¥ ges hich re c osestto the S M
bound ry Ther tion .eisth tthe c osertothe S M bound ry n
jor dis

dv nt ges of S VM“C”’”S is th ¢ the est? ted bound ryV y not
be ccur te enough especi ..y ‘vhen the nid ber of . be edd ge
sy Moreo\ver S Mactive ¢ nnotbe ppied tthey rstround
of the retriev . ‘vhen there is no feed® ck¥ ges

In st tistics the prodd of se ecting s¥ pes to. be is usu
..y referred to s e(pefd ent. design The §tudy of Opid o
E peid ent. Design OED_.| P is concerned vith the design of
eperd ents th t re espec_th toV ind ize vrinceof prV e
terized¥ ode There re tvo types of se ection criteri of OED
One type is to choose points to% 11? ize the comy dence region
for the estd ted¥ ode p rV eters -vhichresutsinD A -nd
E opf? . Design The other is to% i} ize the v ri nce of the pre



diction v _ue hich resutsinl nd G opfd . Design Recenty -
Yuet . propose n ctive e rning fod u tion e .. ed Tr nsduc
tive E &peﬂ ent . Design TED_| 2] TED seectsd t points to
¥ in} ize the ver ge pre(!ictive v ri nce of the e rned function
ons3 epre givend t set Itis .sofod u tedinto conve opti



TED is then fo8 u ted s the fo. o\"/ing opt} iz tion prob3d -
min Try(XT(Z2Z7 +~41)7'X)

9A

st {z1,--,zk} C X (
Yith v ri be”Z =(z1, - ,2;] Aftersd & th3 tic . deriv
tion the bove prowd c nbe fod u ted s n equiv.ent opti

¥ iz tion pro®d sfo.o'vs

Noin X7 [lxi = Zal® + vlle])?

st {z1,---,zk} CX ¢ =
here the vri bes re Z = [z1, - ,2;] nd a; € Rk =
1,---,m

The boveprowd isNP h rd Yuet . h veproposed sequen
ti . greedy .gorifh | 2] nd convere ¢ tion \142] to so ve it
The conve(re  tion ‘CovTED asshon sfg o'vs:

m mo 2
SVin Y | xi - XeulP+ 2 32 ) +918Ih
i=1 j=1 "7 =
st 3;>20,j=1,---,m
\‘Vherethevrib,es re3 €R” nda; € R"i=1,---,m

Here {|3|1 is the ¢1 nG® of 3 >vhich is used to enforce $3 e
ed ents of 3 to be zero An iter tive _gorif is proposed to
SO, ve it l42]

3. CONVEX LAPLACIAN REGULARIZED
I-OPTIMAL DESIGN

Tr dition . ctive.e rning _gorifB s such s S Magctive nd
OED -re b sed on supervised . e rning _gorit s S" Mor._ ine r
regression . These ppro ches on y consider the. bs, e& d t points
Whie neg ecting the. rge™¥ ountofun be d t points vhiché y
p yessenti . rues in se ecting info8 tive SV pes e introduce
in this section nove ctive_e rning . gorif# ‘vhich i sed on
one s3 i supervised .e rning _ gorith e \‘Vi,, 4 rst introduce
the ine r _gorif# nd then gener _ize it to e non ine r c se by
pp ying kerne tricks Our _goriff is fund¥ ent .y b sed on
L p ci nRegu rized Le st Squ res L pRLS 3] -nd¥ otiv ted
by recent progress in e (perd ent . degign | 7} 2 4]

3.1 Laplacian Regularized Least Squares

L p ci n Regu rized Le st Squ res L pRLS _[3TV kes use
of both. beed ndun be ed points to dscover the intrinsic geo
. . . - . X .
™ etric . structure inthed t It ssB esth tif tvo points x; nd
x; rec ose then theild e suid ents\f(xi) nd f(x;) recose s
ve. Specy ¢c..y L pRLS dds ne'._oc ity preserving regu r
izer into the . oss function of ridge regression Eq4 aLet e
S¥ i orityd  tri < the ne ' . oss function is dg ﬂed sfo. o's

k m
2, @ 2 2
Je(w)=Y _(f(z:)-yi) +§Z (f(xi) = f(x5))"Wij + 8wl
i ij=1
R
: ¢
Yhere o >0 nd 8 > 0 retheregu riz tion p r¥ eters The
second té# of the right h nd side in the cost function is the, oc . ity
preserving regu rizer hichincurs he vy pen _ty if neighboring
points x; ndx; ré¥ ppedfr prt
There et ny choices of §¥ 1 rityd tri, W A peda
nitionis sfo.o's

1, ifx;is™V ong the p ne rest neighbors of x; -
or x; is™V ong the p ne rest neighwors of x;, 73

Wij = ¢
0, other vise

¥ in} ize equ tion

Let D be di gon ™% trig Yith Dy; = > Wij ond L =
D —W Thev trig Lisc . edGryph Lypjycign in spectr . gr ph
theory |8] The so ution to% i} ize equ tion ¢ 2is given s fo

L0vs’

wi = (Z2Z" + aXLX" +pI)" ' Zy
Let H=ZZ7 + aXLXT + 31 the cov ri nc&
Cov(wr) =H 'ZCov(y)Z"H™'
=0’H 'ZZ"H!
=0’H Y(H — oXLX" + B0)H* ¢
=0’H ' —’H "(aXLX" +BI)H™"

¢ =

tri g of Wy, is

Since the regu riz tion p ¥ eters « nd S reusu  y setto be
very 3 we h ve (

Cov(wr) ~ o’H ' =0*(Z2Z" + aXLX" +8I)"* ¢ -

3.2 Convex Laplacian Regularized I-optimal
Design

Throught kinguse of both. beed ndun beedd t L pRLS
est tes _ine ry tting function f(x) = WIx th t respects the
i\ntrinsic ged etric . structure in\the dt spce Anide. design
voud choose subset Z C X “hich S} ut neous yV in} izes
the comy dence region for W7 nd the predictive v ri nce of f(x)
Ho'vever usu ..y choiceh sto &V de betveen these desider t
| 2 In} ge retriev . N rning regression function
“hich ¢ n distinguish the re ev nf¥ ges frd irre ev nt ones It
is n tur . to require th t the predictions of the e rne&i function on
thel gedtbse re sstbe s possise ;Thus sve use the I
optd . design criterion to se ect thosed ges vhichc iV ind ize
the ver ge predictive v ri nce of e rned regression function

Here e consider setV = {vi,---,v;} of testd t points
besides ¢ ndid tesin X' = {x1, - ,Xm} Inspeci. ¢ ses V nd
X c nbe the s eset Given test point v its prediction v . ue
is f(v) = wlv %ith v ri nce Var(f(v)) = v7 Cov(w)v Let
V =[vi, -+ ,v;] the ver ge predictive v ri nce on V is

l

1 o~

7 E vi Cov(Wr)v;
i=1

2 1
zUT S vIzZ" +oaxLX” + 1) v

i=1

¢

2
:UT (VT (22" + aXLXT + B1)7'V)

Then our pro®d istoy nd subset Z C )\( to¥ ind izeequ tion
_aAS} pesequenti  greedy ppro ch v s suggested to se ect
giys’ one fter notherin |4 ] )
By introducing m indic tor v ri B es {\;}72; € {0,1} “here
A; indic tes Yhether or not point x; is chosen Apn_\ding subset Z to
v S equiv _ent to the fo_ o 'ving opfd iz tion

proe3d - ¢
N in Te(VI(XZM, Aixixy +aXLXT +BI)7'V)
st {Aitit € {0,1}, Z:ll Ai =k =

Yhere the v ri Bes re {\;}I; nd k is the ni} erof d t points
to be chosen To §¥ pify our present tion -ve use vector A =
[A1,-+ ,Am] todenote . the mv ri Bes Thev ri e vector A
issp rse nd h sony k non zero entries



nonneg tive v _ues Then the v _ue of A; indic tes ho\‘v signif
ic nty x; contributes to the¥ in# iz tion in prole d o The
sp rseness of A ¢ n be contro ed throughY ind izing th13 £1 no#
of A whlch is very popu r technique in regression4 u]

Fo.o' wing the convention in the4 e d of opi} iz tion sve use
A > Otodenote th t .. theed entsin A shou d be nonneg tive
And bec use .. the €@ ents of A re nonneg tive HA|1 isequ.
to 17X \"Vhere 1lis co® n vector cont ining .. ones Fin .y -
our opt} iz tion probd becd es

Dg. nition I Conve, L p ci n Regu rized I opd . Design
‘CL pRID
™ in Tr(VT(Z Xixix¥ +aXLXT+80) 7 'V)+~417 X
=1 -
‘4

st A>0

\‘Vhere thev ri BeisA € R™ .nd~y > Oisthetr de off p iV eter
for sp rsity

THEOREM  Proble Y19 is , conve, opti Yigytion probie “m,
with vyrigbie XeR™

PROOF Let g(X) = Tr(VIX'V) = 3! vIX 'v; nd
h(A) = 37 Aixix] + aXLXT + BI  ekno® th ¥
fr ction . function f1(X) = v7' X 'vis conYe function of X

4] Slnce nonneg tive \velghted s preserves conve ity g(X) is
SO conve function of X e dg ne

tri Iy

Tr(VT (O Nixexi +aXLXT +8I)7'V)

=1

goh(X) =

Bec use A(A) is n % ne function of A nd ¢3 position Yith n
& ne function preserves conveity gohis conve function of A
Since f2(A) = ’le)\ is conve functlon of A the objective
function of pros3 goh(A) fg( ) s . so conve ¢
Bec use the ob]e(!tlv“function is conve ¢ the inequ ﬁty con
str int function ,.—A _Js conve pro 3 9.s conve opl iz
tion pro 3 \411hv rneel e R™4 ] ‘

3.3 Optimization Scheme

The success of S3 ida nite progr¥ ¥ ing SDP _in v rious p
pic tionsV otiv tesusto fod u te ndso ve bL pRID s n SDP
probd S8 idg nite progr¥¥ ing h s been the¥ ost e (citing

3 th3 tic. deveop ent in¥ thd3 tic. progr¥vV ing It hs
pp ic tions in tr dition . conve  constr ined optd iz tion -s Y.
sinsuch diverse d@ ins s contro theory nd c3 bin tori . op

T iz tion l, P Moreover the po Yerfu interior pointt ethods for
_ine r progr’T'i ing h ve been e (tended to SDP y ]

By introducing ne' v r1 be P e R @pﬁ iz tion proe 3
¢ 9.c nbeequiv _entyre Yrote s

< in Tr(P)+~17A

st P tsf VT(zgil
A=0

Nixix? +aXLXT 4+ 317V ‘ 2

Yith v i bes P € R nd X € R™ Here S; denotes the set
of sW™V etric positive s& idg nite [ X TV trices Shichis ¢ _ed
positive s8 idg nite cone in theq e d of opfd iz tion The sso
ci ted gener _ized inequ . ity EST is the usu 7V tri ¢ inequ _ ity
A EST BV e ns A— Bis positive s8 idg nite ] X TV tri (“[ ]

THEOREM 2 Proble Y1 9 is equivy lent to probie Y )

. so ution of prosd 9_-nd

PROOF Let A be the opfd
. so utions of pros 3 ( 2 _Then 1 = Ay is

‘P* A} e the opd

48

suf cient condition for Theord =TT, Nixix] +
aXLXT 40T

AssB e A # A; Since AV iiid izes prow 3 WEY ust
hve Tr f(AD) 4+ v17AT < Tr f(AD) + V17N 13ec use P* s
Aj oS tis es the constr ints in prob ( 2 beh ve (

P fAD) & P = FA)

Tr(P* — f(A

P >
P)
P")
AL

2Let f(A)

es;

D) >0

Tr f(Ap)
+91TA > T f(A;) +917 A5
+91TA; > T f(AL) + 917 AL

Tr(
= Tr(

Tr(
= Tr(

It isce rth t(f(A;),A;) s tig es the constr ints in proed
 Then for prowd  2_ (f(A),A;) iSY ore opf? . th n
P* A - ihich contr dléts our ssib ptions So &% ush h ve

h:=x O
Proed  2_c nbec st s nSDPusing the Schurcd p3 ent
theoid 4 ' Given SW¥V etricy tri¢ X p rtitioned s
A B
oo

If Aisinvertibe the¥ tri S =C—B" A" 'Bisc . ed the Schur
c3 p3d entof Ain X Schur¢c3 p3d enttheord st testh t if
A is positive dg nite then X is positive $3 idg nite if nd ony if
S is positive s3 idg nite
Accordlng to this theord prob 3

2 s equiv _ent to the fo
.oving s8 ide nite progr¥ ¥ ing ‘SDf’

™ in Tr(P)+ fle)\

JAixix] +aXLXT + 81 V
vT P

Y

A>=0

O 2

(=

st Zot

Yithvri mes P € R nd A € R™ As ep ined previousy -
A>S+ 0‘ e ns Ais positive s3 ide nite (n+1)x (n+IP¥  tri

e C n so ve this prodd3 e cty vi interior poinft ethods‘[ ]
Alwr ot ining the opi® . so  ution A* e se ect k points bith the
. rgest signy c nt indic tors ‘)\f s for user to. be

4. CONVEX KERNEL LAPLACIAN REGU-
LARIZED I-OPTIMAL DESIGN

Tr dition . e &peﬁ ent . design on y considers  ine r functions
hen the d t is high y non ine r distributed the _ine r function
t not be Be tog tthe dt 've. In this Section »ve e
tend CL pRIDtoh nd enon 1ns' rc ses by perfod ing gpeid en
demgn\m the Reproducing r;ﬁ Hi bert Sp ce HS 3]
¢ begin vith brief description of “erne L p ci n'Regu rized
LWt Squ res 3]
4.1 Kernel Laplacian Regularized Least Squares
R"xR" >R >
‘Hx #e the corresponding Reproducing”” erne Hg bert Sp ce

SH . Consider the opf} iz tion prole 3 . 2in R”HS Then »
‘ve seek function f € Hx such th tthe fo. (!Wing objective func

Let K be positive dg nité¥ ercer kerne

tion is¥ ind ized
k m
i) =Y (= F (@) 5 Y (J66)=F(2))* Wig + 811 e
i=1 i,5=1

(=



The Representer Theord (3] ¢ n be used to sho\‘v th tthe sou
tion is n ep nsion of kerne functions over both the. be ed nd
theun beedd t -

flx) = Z ai K (x,
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Table 1: Precision at top 20 returns of the five algorithms after the second feedback iteration. The highest precision is in bold for
each category.

C tegory | S M| L pRLS | S Mactive | CovTED | CL pRID C tegory S M|L pRLS | S Mactive | CovTED | CL pRID
Ante ope " 2 3 ) ) i 0.21 Horse . 8 ) P 0.92 9
Antique | 73 43 3 47 0.62 Indoor decor te | "9 "2 39 0.57
Aqurec| # 3 K B 0.18 deery 5 o B 0.10 )
B __oon 4 p) 2 4" 0.41 " ungfu 88 7’9 89 89 0.89
Be ch 3 3 3 4 0.15 Leop rd 2 22 2 4 0.32
Be d . 2 x 0.23 2 Lighthouse ) . ) 0.11 )
Bird . 0.07 . Lion 8 8 3 9 0.31
Bossed | 72| 2 2 T 0.34 Liz rd 3 . 7 2 | 029
Bons i 22 38 2 38 0.46 M rbe 9 8 8 0.35 9
Bui ding 8 3 8 2 0.13 M sk 3o 44 32 47 0.57
Bus 3 4 s 3 0.44 Men 2 ) 0.12 ) )
Butehy | 3 | ¥ 5 T 0.45 Mode T3 > ‘ 0.16
C ctus 2 ) 4 0.15 0.15 Mos ic 5 V2 _ 0.72 9
Cnvs 3 2 2 0.39 3 Mount in 9 8 2 3 0.40
Crds | S8 094 85 5 5 0dcr | % | 39 13 T 0.45
C ste 0.17 _




—p— CLapRID —p— CLapRID
0.45 —8— LapRLS || 0.5} —8— LapRLS ||
CovTED CovTED
—— SVM —0—SVM

0.45¢ : s g

active

Precision
Precision

i i i i 0.15 i i i i
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80

Scope Scope

( JFirst Iter tion ‘bASecond Iter tion




r te even decre ses fter the second feed® ck iter tion This
phend enon v _id tes th t the top ¥ ges¥ y not be the
"8 ostinfoB tive ones

6. CONCLUSIONS

Inthisp per Ve propose nove ctive e rning . gorifB o .. ed
Conve L p ci n Regu rized [ opi3 . Design CL pRID . for
re ev nce feed® ckd ge retriev . Our _gorif®' is fund¥ en

.y®sedonL p ci nRegu rlzed Le stSqu res L pRLS _ -nd

'“\ otlv ted byY ny recent dv nces in e per¥ ent . design | 74:
% 42] CL pRIDV kes use of both. beed ndun e ed pomts
to discover the intrinsic ged etric . structure in the d t It se
.ects¥  gestoV ind ize ver ge v ri nce of prediction v _ue -nd
cnbesovedvi s3 1dq nite progr V¥ ing E pei} ent. resu ts
on CORELd t b se sho" th t the proposed ppro ch outperfo‘ﬂ S
Support ector M chines | ] . p ci nRegu rized Le stSqu res
(3] Support ectorM chine Active Le rmngl 9 2] ConveTr ns
ductive Espe% ent . Design l47]

In this p per e use I opi? . design criterion Ho“ever other
¢ ssicopfd . criteri such s D A E_-ndGopid . designs -
cn _soberefod u ted under this fi'V e%ork to ré ect the under
.ing ged etric . structure
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