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A65trac t  
New retr1eva1 app11cat10n5 5upp0rt f1ex161e c0mpar150n f0r a11- 
pa1r5 6e5t match 0perat10n5 6a5ed 0n a n0t10n 0f 51m11ar1ty 
0r d15tance. 7he  d15tance 6etween 1tem5 15 determ1ned 6y 
50me ar61trary d15tance funct10n. U5er5 that  p05e 4uer1e5 may 
chan9e the1r def1n1t10n 0f the d15tance metr1c a5 they Pr09re55. 
7he  d15tance metr1c chan9e may 6e exp11c1t 0r 1mp11c1t 1n 
an app11cat10n (e.9., u51n9 re1evance feed6ack). Rec0mput- 
1n9 fr0m 5cratch the re5u1t5 w1th the new d15tance metr1c 15 
wa5tefu1. 1n th15 paper, we pre5ent an eff1c1ent appr0ach t0 re- 
c0mput1n9 the a11-pa1r5 6e5t match (j01n) 0perat10n u51n9 the 
new d15tance metr1c 6y re-u51n9 the w0rk a1ready carr1ed 0ut 
f0r the 01d d15tance metr1c. 0u r  appr0ach reduce5 519n1f1cant1y 
the w0rk re4u1red t0 c0mpute the new re5u1t, a5 c0mpared t0 
a na1ve re-eva1uat10n. 

1 1nt r0duc t10n  
7rad1t10na1 5earch en91ne5 and 1nf0rmat10n Retr1eva1 5y5tem5 
have ne91ected an 1mp0rtant c1a55 0f 5earche5: 6e5t a11-pa1r5 
matche5. 7he  trad1t10na1 retr1eva1 parad•9m c0n515t5 0f a u5er 
pr0v1d1n9 a 5u1ta61e expre5510n 0f a de51red tar9et 06ject and 
1et the 5y5tem f1nd th05e 1tem5 (d0cument5 [19], we6 pa9e5, 
1ma9e5 [18], etc.) that  6e5t match what the u5er 5pec1f1ed, and 
return them arran9ed 1n a ranked 115t. 1n e55ence, the 5y5tem 
15 100k1n9 f0r the ••neare5t ne19h60r5•• 0f the 5pec1f1ed 5earch 
1tem. 

A d1fferent c1a55 0f 5earch ar15e5 when tw0 data5et5 are c0m- 
pared t0 each 0ther 1n an a11-pa1r5 6e5t match manner. 7h15 
k1nd 0f 5earch ar15e5 1n app11cat10n5 5uch a5 j06 5earch1n9: 
••f1nd the 6e5t match1n9 (re5ume-j06 de5cr1pt10n) pa1r5••, 0r 
1n a rea1 e5tate app11cat10n: ••f1nd the c105e5t (h0me - 5ch001) 
pa1r5.•• 7h15 type 0f 5earch au9ment5 the fam111ar j01n 0p- 
erat10n 1n re1at10na1 data6a5e5 w1th the n0t10n 0f 51m11ar1ty, 
t0p-k and rank1n9 50 fam111ar 1n 1nf0rmat10n Retr1eva1 [19]. 
A5 the f0110w1n9 examp1~ 111u5trate5, th15 c1a55 0f 5earch ar15e5 
natura11y 1n a var1ety 0f t0day•5 app11cat10n5: 

Perm15510n t0 make d191ta1 0r hard c0p1e5 0f a11 0r part th15 w0rk 
f0r per50na1 0r c1a55r00m u5e 15 9ranted w1th0ut fee pr0v1ded that 
c0p1e5 are n0t made 0r d15tr16uted f0r pr0f1t 0r c0mmerc1a1 advan- 
ta9e, and that c0p1e5 6ear th15 n0t1ce and the fu11 c1tat10n 0n the 
f1r5t pa9e. 70 c0py 0therw15e, t0 repu6115h, t0 p05t 0n 5erver5 0r t0 
red15tr16ute t0 115t5, re4u1re5 pr10r 5pec1f1c perm15510n and/0r a fee. 
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E x a m p 1 e  1.1 ( E - c 0 m m e r c e )  C0n51der a rea1-e5tate 
data6a5e that  ma1nta1n5 1nf0rmat10n 11ke the 10cat10n 0f each 
h0u5e, the pr1ce, the num6er 0f 6edr00m5 etc. [4] (e.9., M5N 
H0meAdv150r). 1t a150 c0nta1n5 1nf0rmat10n 11ke 10cat10n5 
0f 5ch0015, h05p1ta15, 5h0pp1n9 ma115 and 0ther amen1t1e5. 
5upp05e that  a p0tent1a1 cu5t0mer 15 1ntere5ted 1n h0u5e5 that  
are c105e t0 5ch0015 and pr1ced ar0und $300,000 a5 expre55ed 
6y the f0110w1n9 5QL 4uery: 

5e1ect 51m11ar1ty,* f r 0 m  H0u5e5 H, 5ch0015 5 where 
pr1ce~1m11ar(H.pr1ce, 300,000) and 
c105e•t0(H.10cat10n, 5.10cat10n) 

0rder 6y  51m11ar1ty de5c 
7he 4uery ha5 tw0 51m11ar1ty pred1cate5 pr1ce•51m11ar, and 

c105e•t0. 7he f1r5t pred1cate 15 a 5e1ect10n pred1cate 1n wh1ch 
we want data  1tem5 that  are c105e5t t0 a 91ven tar9et va1ue 
($300,000 d011ar5). 7he  5ec0nd pred1cate c0rre5p0nd5 t0 a 
5pat1a1 j01n that  retr1eve5 the c105e5t pa1r5 1n the data6a5e. 
7he  de9ree 0f match 0f 60th pred1cate5 15 c0m61ned t0 06ta1n 
the 0vera11 51m11ar1ty 0f a h0u5e t0 the u5er 4uery. 7he  retr1eva1 
5y5tem rank5 the h0u5e5 6a5ed 0n the 0vera11 51m11ar1ty and 
return5 the t0p h0u5e5 f0r the u5er t0 1n5pect. • 

An 1mp0rtant a5pect 0f t0p-k 4uer1e5 15 u5er 5u6ject1v- 
1ty [18, 5]. Let u5 c0n51der tw0 h0u5e5 1n the data6a5e: a 
h0u5e A that  15 pr1ced at $400,000 a60ut 1 m11e fr0m a 5ch001 
and a h0u5e 8 that  15 pr1ced at $325,000 a60ut 10 m11e5 fr0m 
a 5ch001. Wh1ch 0ne 15 a 6etter match• 1t depend5 0n the 
u5er. 1f 5he 15 very part1cu1ar a60ut the pr0x1m1ty t0 5ch001 
and f1ex161e a60ut the pr1ce, A 15 a 6etter match. C0nver5e1y, 
1f 5he ha5 a 11m1ted 6ud9et and d0e5 n0t m1nd the 10 m11e5 
d15tance, 8 15 6etter. 70 return ••900d 4ua11ty•• an5wer5, the 
5y5tem mu5t under5tand the u5er•5 percept10n 0f 51m11ar1ty, 
1.e., the re1at1ve 1mp0rtance 0f the attr16ute5/feature51 t0 the 
u5er. 7he  5y5tem m0de15 u5er percept10n v1a the d15tance 
funct10n5 (e.9., Euc11dean 1n examp1e 1.1) and the we19ht5 a5- 
50c1ated w1th the feature5 [6, 3, 15, 4]. At 4uery t1me, the 
5y5tem ac4u1re5 1nf0rmat10n fr0m the u5er 6a5ed 0n wh1ch 1t 
determ1ne5 the we19ht5 and d15tance funct10n5 that  6e5t cap- 
ture the percept10n 0f th15 part1cu1ar u5er and 1n5tant1ate5 the 
m0de1 w1th the5e va1ue5. 7h15 1n5tant1at10n 15 d0ne at 4uery 
t1me 51nce the u5er5 percept10n d1ffer5 fr0m u5er t0 u5er and 
4uery t0 4uery. 0nce  the m0de1 15 1n5tant1ated, we retr1eve 
the t0p re5u1t5 f0r each pred1cate 2 and then mer9e them t0 
9et the 0vera11 an5wer5 [14, 13, 6, 5]. 

1We u5e •attr16ute• and •feature• 1nterchan9ea61y 1n th15 paper. 
21n th15 paper, we a55ume that a11 the feature 5pace5 are metr1c 

and an 1ndex (ca11ed the Feature-1ndex 0r F-1ndex) ex15t5 0n each 
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Due t0 the  5u6ject1ve na ture  0f t0p-k  4uer1e5, the  an5wer5 
re turned  6y the  5y5tem t0 a u5er 4uery u5ua11y d0 n0t 5at- 
15fy the  u5er•5 need r19ht away [15, 3, 9]. 7h15 can happen  
due t0 5evera1 rea50n5: the  5tart1n9 examp1e5 may n0t 6e the  
6e5t 0ne5 t0 cap ture  the  1nf0rmat10n need (1N) 0f the  u5er 
0r the  5tart1n9 we19ht5 may  n0t accurate1y capture  the  u5er5 
percept10n 0r 60th.  1n th15 ca5e, the  u5er w0u1d 11ke t0 re- 
f1ne the  4uery and re5u6m1t 1t 1n 0rder t0 9et 6ack a 6e t t e r  
5et 0f an5wer5. We refer t0 th15 pr0ce55 a5 re1evance feed6ack 
and the  new 4uery 15 ca11ed the  "ref1ned~ 4uery. 1n a 4uery- 
6y-examp1e ( Q 8 E )  env1r0nment (e.9., mu1t1med1a data6a5e5), 
the  u5er typ1ca11y ref1ne5 the  4uery 6y f1nd1n9, am0n9 the  an- 
5wer5 re tu rned  t0 the  ••5tart1n9•• 4uery, 0ne 0r m0re re5u1t5 
tha t  6e5t ref1ect wha t  5he want5, and re4ue5t1n9 f0r m0re 06- 
ject5 11ke th05e [15, 21, 9]. 8a5ed 0n the  u5er feed6ack, the  
5y5tem c0mpute5 new 4uery parameter5  and execute5 the  re- 
f1ned 4uery. An0 the r  way t0 ref1ne the  4uery 15 f0r the  u5er 
t0 exp11c1t1y m0d1fy the  percept10n m0de1, 1.e., t0 exp11c1t1y 
chan9e we19ht5 t0 6e t t e r  cap ture  her percept10n 0f 51m11ar1ty 
[12, 5]. 1n e1ther ca5e, the  u5er may  c0nt1nue ref1nement 1t- 
erat10n5 unt11 5he 15 5at15f1ed w1th the  re5u1t5. Recent  w0rk 
5h0w5 tha t  4uery ref1nement techn14ue5 519n1f1cant1y 1mpr0ve 
the  4ua11ty 0f an5wer5 0ver a few 1terat10n5 [15, 9, 18, 21]. 

Wh11e there  ha5 6een a 10t 0f re5earch 0n 1mpr0v1n9 the  ef- 
fect1vene55 0f 4uery ref1nement a5 we11 a5 0n eva1uat1n9 t0p-k 
4uer1e5 eff1c1ent1y, there  ex15t5 n0 w0rk tha t  we are aware 0f 
0n h0w t0 eff1c1ent1y 5upp0rt ref1nement 0f t0p-k 4uer1e5 1n51de 
a retr1eva1 5y5tem. 1n th15 paper ,  we exp10re 0ne appr0ach t0 
501ve the  a11-pa1r5 (j01n) pr061em f0r mu1t1d1men510na1 d a t a  
(e.9., 9e09raph1c 10cat10n5, v15ua1 1ma9e feature5, d0cument  
vect0r5). A na1ve appr0ach t0 5upp0rt1n9 4uery ref1nement 15 
t0 t rea t  a ref1ned 4uery  ju5t 11ke a 5tart1n9 4uery and execute  
1t fr0m 5cratch. We 065erve tha t  the  ref1ned 4uer1e5 are n0t 
m0d1f1ed dra5t1ca11y fr0m 0ne 1terat10n t0 an0ther;  hence exe- 
cut1n9 t h e m  fr0m 5cratch every t1me 15 wa5tefu1. M05t 0f the  
execut10n c05t 0f a ref1ned 4uery can 6e 5aved 6y appr0pr1ate1y 
exp101t1n9 the 1nf0rmat10n 9enerated dur1n9 the prev10u5 1ter- 
at10n5 0f the 4uery. 5pec1f1ca11y, we cache the  pr10r1ty 4ueue5 
9enera ted  6y the  retr1eva1 a190r1thm dur1n9 the  execut10n 0f 
the  4uery. We 5h0w h0w t0 execute  5u65e4uent 1terat10n5 0f a 
j01n 4uery eff1c1ent1y 6y ut11121n9 the  cached 1nf0rmat10n. N0te 
tha t  51nce the  4uery chan9e5, a16e1t 5119ht1y, fr0m 1terat10n t0 
1terat10n (1.e., the  4uery p01nt5 a n d / 0 r  .the we19ht5/d15tance 
funct10n5 are m0d1f1ed), we, 1n 9enera1, cann0t  an5wer a re- 
f1ned 4uery ent1re1y fr0m the  cache 1.e., we 5t111 need t0 ac- 
ce55 50me da ta  fr0m the  d15k. 0 u r  techn14ue m1n1m12e5 the  
am0unt  0f d a t a  t ha t  15 acce55ed fr0m d15k t0 an5wer a re- 
f1ned 4uery. 0 u r  techn14ue5 are 1ndependent 0f the  way the  
u5er pr0v1de5 feed6ack t0 the  5y5tem, 1.e., 1t d0e5 n0t mat-  
ter  whe ther  5he u5e5 a Q 8 E  (1.e., ••91ve me m0re 11ke th15••) 
1nterface 0r an exp11c1t we19ht m0d1f1cat10n 1nterface. 0 u r  
exper1ment5 0n rea1-11fe data5et5 5h0w tha t  0ur techn14ue 519- 
n1f1cant1y 1mpr0ve5 the  execut10n c05t 0f ref1ned 4uer1e5 0ver 
the  na1ve appr0ach.  

7 h e  re5t 0f th15 paper  15 deve10ped a5 f0110w5. 5ect10n 2 
pre5ent5 50me 6ack9r0und.  5ect10n 3 pre5ent5 0ur a190r1thm 
f0r eff1c1ent eva1uat10n 0f ref1ned j01n 4uer1e5. 5ect10n 4 
pre5ent5 exper1ment5 t0 va11date 0ur appr0ach.  5ect10n 5 
pre5ent5 50me re1ated w0rk, and 5ect10n 6 0ffer5 50me c0n- 
c1u510n5. 

feature 5pace. A F-1ndex 15 e1ther 51n91e d1men510na1 (e.9., 8-tree) 
0r mu1t1d1men510na1 (e.9., R-tree) depend1n9 0n the feature 5pace 
d1men510na11ty. 

5pat1a1 j01n, L2 d15tance • 4uery p01nt5/data5et 
funct10n 0ver1apped 0ver 

0ne data5et • 5earch data5et 

F19ure  1: N N  5e1eCt10n a n d  J01n D15tanCe FUnCt10n 

2 8ack9r0und 
8ef0re  we em6ark  0n an exp1anat10n 0f 0ur a190r1thm, we f1r5t 
rev1ew the  c0ncept5 and prev10u5 w0rk tha t  under11e 0ur ap- 
pr0ach. We de5cr16e 0ur 1nterpretat10n 0f d15tance, f0110wed 
6y the  1ncrementa1 neare5t ne19h60r 0n wh1ch 0ur j01n a190- 
r1thm 6u11d5. F1na11y, we d15cu55 h0w the  d15tance metr1c can 
chan9e 1n re5p0n5e t0 a u5er5 feed6ack, and h0w th15 re1ate5 
t0 the  eff1c1ency 0f re-execut1n9 a 4uery w1th a m0d1f1ed d15- 
tance  metr1c. We 6a5e 0ur w0rk 0n a var1ant 0f the  we11 kn0wn 
R-tree,  the  R*- t ree  [1], 6u t  any d a t a  5tructure tha t  5upp0rt5 
M1ND157 (def1ned 6e10w) 15 a150 p055161e. 

2.1 Query repre5entat10n 
We 6r1ef1y rev1ew the  1nterpretat10n 0f d15tance tha t  we u5e 
1n the  fa t ter  part5 0f the  paper .  Wh11e the  5tandard d15tance 
metr1c u5ed t0 6u11d and 4uery R-tree5 15 the  Euc11dean d15- 
tance  (a150 ca11ed an L2 metr1c), any we19hed L v metr1c can 6e  
u5ed. 7 h e  d15tance5 f0r the  4uery  re5u1t5 depend 0n the  5hape 
0f the  d15tance metr1c. 7 h e  5hape 0f the  d15tance funct10n 15 
6a5ed 0n any we19hted L v metr1c, each d1men510n / carr1e5 a 
we19ht w1: 

Def1n1t10n 2.1 ( D 1 5 7 )  7 h e  D157  d15tance funct10n c0m- 
pare5 tw0 p01nt5 fr0m d1fferent data5et5 w1th the  5ame d1- 
men510na11ty. Let  the  d1men510na1 we19ht5 6e w1, 1 < / < d 
where d 15 the  d1men510na11ty 0f the  5pace, and a11 we19ht5 are  
0n avera9e 1 (d -- )--]~(w1)). 

D 1 5 7 ( P 1 ,  P2)  = ~ ~ W111=1 d P1[1] -- P2[1] 1 p • 

1n a mU1t1d1men510na1 j01n, a pa1r W1th 0ne p01nt fr0m each 
da ta  50UrCe 15 C0mpared U51n9 D157.  F19Ure 1 5h0W5 h0W D157 
100k5 11ke 1n a 2 d1men510na1 5paCe f0r tW0 data5et5 6e1n9 
j01ned t09ether.  

2.2 Neare5t Ne19h60r 5e1ect10n 
We f1r5t d15cu55 the  m0re fam111ar neare5t ne19h60r 5e1ect10n 
51nce 1t 15 m0re fam111ar 1n the  c0ntext  0f 1nf0rmat10n Retr1eva1 
and 6ecau5e 1t f0rm5 the  f0undat10n f0r the  j01n a190r1thm. 

7 h e r e  are 5evera1 appr0ache5 t0 c0mpute  the  neare5t ne19h- 
60r5 0f a 5pat1a1 06ject  0r p01nt [17, 7]. 61ven the  c0n5tra1nt5 
0f the  app11cat10n area  we env1510n, the  f0110w1n9 pr0pert1e5 
are de51ra61e 1n an a190r1thm: 
• 1t w0rk5 w1th R*-tree5 and 0ther  d a t a  part1t10n1n9 1ndex1n9 

5tructure5 tha t  5upp0rt  the  M1ND157 0pera t0r  
• the  0u tpu t  15 50rted: 1t return5 the  neare5t ne19h60r5 0r- 

dered 6y the1r d15tance t0 the  4uery 
• the  a190r1thm 15 ea511y 1mp1emented 1n a p1pe11ne fa5h10n 

and ha5 n0 a pr10r1 re5tr1ct10n 0n the  1ar9e5t d15tance 0r 
num6er  0f ne19h60r5 t0 6e re tu rned  
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• av01d5 the p0tent1a1 0f 4uery re5tart5 1nherent 1n the ar61- 
trary 5e1ect10n 0f an ep5110n f0r a ran9e 4uery 
An a190r1thm that  fu1f1115 the5e re4u1rement5 15 an 1ncre- 

menta1 neare5t ne19h60r a190r1thm 6a5ed 0n the w0rk 0f R0u5- 
50p0u105 [17] and Hja1t50n [7]. 7he a190r1thm u5e5 a pr10r1ty 
4ueue t0 keep the m1n1mum d15tance (M1ND157) fr0m the 
4uery Q f0r tree n0de5, 0r the true d15tance f0r data p01nt5 
(D157, def1ned a60ve). M1ND157 ha5 the 5ame 1nterpreta- 
t10n a5 D157, 6ut 15 adju5ted t0 return the m1n1mum d15tance 
fr0m a 4uery Q t0 the m1n1mum 60und1n9 rectan91e (M8R) 
0f a n0de. We next def1ne M1ND157: 

Def1n1t10n 2.2 ( M 1 N D 1 8 7 ( Q , N ) ) 6 1 v e n  the d d1men- 
510na1 60und1n9 rectan91e RN = (L, H) 0f a n0de N, where 
L = (11,12,...,1d) and H = (h1,h2,...,hd) are the tw0 end- 
p01nt5 0f the maj0r d1a90na1 0f RN, 11 <• h1 f0r 1 < 1 < d. 
7he neare5t p01nt NP(P1,N) 1n RN t0 each p01nt p1 1n the 
mu1t1-p01nt 4uery Q 15 def1ned a5 f0110w5: 

NP(P 1, N) [j] = { P~ 1fP 1[j]0therw15e 1fP1 [j] >< hj 1j 

where NP[j] den0te5 the p051t10n 0f NP a10n9 the j t h  d1men- 
510n. M1ND157(Q, N) 15 def1ned a5: 

M1ND157(Q, N) = f 1  D157(P ~, NP(P ~, N)) 
1=1 

7he 1ncrementa1 NN a190r1thm can hand1e ar61trary d15- 
tance funct10n5 D157 (1.e., Lp metr1c5 w1th ar61trary 
we19ht5). 7he a190r1thm 15 c0rrect 1f M1ND157(Q,N) a1- 
way5 10wer 60und5 D157(Q, 7) where 7 15 any p01nt 5t0red 
under N (f0r a pr00f, 5ee [3]). • 

2.3 Mu1t1d1men510na1 J01n 
Am0n9 the many ava11a61e a190r1thm5, the 1ncrementa1 j01n 
a190r1thm 6y Hja1t50n and 5amet [8] 5tand5 0ut f0r 5at15fy1n9 
5evera1 de51ra61e pr0pert1e5: 
* 1t 15 51m11ar 1n 5p1r1t t0 the 1ncrementa1 Neare5t Ne19h60r 

a190r1thm we u5e 
* 1t w0rk5 w1th R*-tree5 and 0ther data part1t10n1n9 1ndex1n9 

5tructure5 that 5upp0rt the M1ND157 0perat0r 
• the 0utput 15 50rted: 1t return5 the c105e5t pa1r5 f1r5t, f01- 

10wed 6y m0re d15tant pa1r5 
• the a190r1thm 15 ea511y 1mp1emented 1n a p1pe11ne fa5h10n 

and ha5 n0 a pr10r1 re5tr1ct10n 0n the 1ar9e5t d15tance 0r 
num6er 0f pa1r5 t0 6e returned 

e 1t 15 0pt1m12ed f0r the ca5e where the num6er 0f pa1r5 5h0wn 
t0 the u5er 15 5ma11 a5 c0mpared t0 0ther a190r1thm5 that 
mu5t f1r5t c0mpute the fu11 re5u1t, then 50rt 1t 6ef0re 6e1n9 
pre5ented t0 the u5er 
F0r the5e rea50n5, we u5ed th15 a190r1thm a5 a 6a51c 6u11d- 

1n9 610ck t0 deve10p an a190r1thm f0r eff1c1ent re-eva1uat10n 0f 
ref1ned 4uer1e5. 

Hja1t50n pre5ented 5evera1 var1at10n5 0f the j01n a190r1thm 
wh1ch d1ffer 1n the p011cy f0r nav19at1n9 the tree5 [8]. 50me 
p011c1e5 91ve preference t0 a depth-f1r5t appr0ach, wh11e a 5ym- 
metr1c appr0ach 15 m0re 6reath-f1r5t 1n nature. Re9ard1e55 0f 
the traver5a1 p011cy, the a190r1thm u5e5 a pr10r1ty 4ueue t0 
pr0ce55 a pa1r 0f n0de5 0r data 1tem5 at a t1me. 7he pr10r1ty 
4ueue return5 the c105e5t pa1r 0f (n0de, n0de), {n0de, p01nt), 
(p01nt, n0de), (p01nt, p01nt) 5een 50 far. 1f the pa1r c0n515t5 
0f data 1tem5 0n1y, 1t 15 returned w1th the c0rre5p0nd1n9 d15- 
tance. E15e, the pa1r 15 exp10red (ref1ned) 1nt0 1t5 c0mp0nent5 

nd[j] = { 0R2.L[j] R1•L[j] -- R2"H[J]R1.H[j] 0therw15e1f1f R1•L[J]R1.H[j] ><R2"H[J]R2.L[j] 

where nd[j] den0te5 the neare5t d15tance 6etween R1 and R2 
a10n9 the j t h  d1men510n. 

M1ND157•REC7(N1, N2) 1f def1ned a5: 

M1N0157•REC7(N1, N2) = ~ f 1  1 x 1nd[1]1P 

7he j01n a190r1thm can hand1e ar61trary Lp d15tance met- 
r1c5 w1th ar61trary we19ht5 f0r each d1men510n. 7he a190- 
r1thm 15 c0rrect 1f M1ND157(N1, N2) a1way5 10wer 60und5 
D157(71,72) where 71 and 72 are any p01nt5 5t0red under 
N1 and N2 re5pect1ve1y. • 

2.4 R e 1 e v a n c e  f e e d 6 a c k  
We turn 0ur attent10n t0 h0w the d15tance funct10n5 can 
chan9e 1n re5p0n5e t0 u5er feed6ack. Any chan9e 15 ref1ected 1n 
the D157, M1ND157, and M1ND157•REC7 funct10n5, 5pec1f- 
1ca11y, 1n the funct10n5• we19ht5. 

We pre5ent 5evera1 5pec1f1c 5trate91e5 f0r m0d1fy1n9 the d15- 
tance funct10n u5ed 1n a 4uery. A1th0u9h many d1fferent re1- 
evance feed6ack a190r1thm5 are p055161e, we pre5ent 5evera1 
techn14ue5 that  we have 1mp1emented. F19ure 2 5h0w5 an 
0verv1ew 0f ref1nement techn14ue5 that  are de5cr16ed next. 

• D15tance Metr1c 5e1ect10n determ1ne5 wh1ch 0f a 5et 
0f d15tance metr1c5 15 m05t c0n515tent w1th the 5upp11ed 
feed6ack. F0r examp1e, any Lp metr1c can 6e u5ed, n0t 
ju5t Euc11dean d15tance. 7h15 c0rre5p0nd5 t0 chan91n9 the 
parameter p 1n the d15tance funct10n5. We c0mpute the 
L1 and L2 6a5ed d15tance5 6etween a11 va1ue5 marked a5 
re1evant 6y the u5er and avera9e them. 7he metr1c that  
91ve5 the 1ea5t avera9e d15tance 15 the new d15tance metr1e. 3 

3A1th0u9h th15 a190r1thm 15 0(n2), 1n pract1ce there are very few 

0r191na1 D15tance D1men510na1 1p r0tat10n 
D157 funct10n Metr1c Lp We19ht5 

F19ure 2: Feed6ack Paramete r5  t0 Adju5t  

f0r wh1ch new d15tance5 are c0mputed and are added t0 the 
pr10r1ty 4ueue. 7he a190r1thm a150 1nc0rp0rate5 a prun1n9 0p- 
t10n t0 11m1t the max1mum d15tance 6etween pa1r5 wh1ch 1n 
turn  1nf1uence5 the 512e 0f the pr10r1ty 4ueue. 

1n add1t10n t0 the D157 and M1ND157 funct10n5 fr0m def- 
1n1t10n5 2.1 and 2.2, the a190r1thm a150 u5e5 an aux111ary func- 
t10n M1ND157•REC7 t0 c0mpare pa1r5 0f n0de M8R5. We 
def1ne M1ND157•REC7 next: 

Def1n1t10n 2.3 ( M 1 N D 1 8 7 • R E C 7 ( N , N ) ) 6 1 v e n  tw0 d 
d1men510na1 60und1n9 rectan91e5 R1N = (L1, H1) and R2N = 
(L2, H2) 0f the n0de5 N1 and N2, where L = (11,12, ..., 1d) and 
H = {h1, h2, ..., ha) are the tw0 endp01nt5 0f the maj0r d1a90- 
na1 0fRN,  11<•h1 f0r 1 < 1 < d .  

7he neare5t d15tance nd 6etween the rectan91e5 R1 and R2 
15 def1ned a5 f0110w5: 
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..... °r191na1 4uerYref1ned 4 u e r y •  4uery data5e t 44• 

F19Ure 3 : 1 / 0  0ver1ap 0f 0r191na1 and new 4Uery 

• Q u e r y  We19ht  Re-6a1anc1n9 adju5t5 the we19ht5 f0r 1n- 
d1v1dua1 d1men510n5 t0 6etter f1t the feed6ack. 7he  new 
we19ht f0r each d1men510n 15 c0mputed a5 the 1nver5e 0f the 
var1ance f0r that  d1men510n am0n9 re1evant va1ue5. 7he5e 
we19ht5 are pr0p0rt10na1 t0 the 1mp0rtance 0f the d1men- 
510n, 1.e., 10w var1ance am0n9 re1evant va1ue5 1nd1cate5 the 
d1men510n 15 1mp0rtant [9, 18]. M1ndreader [9] extend5 
rewe19ht1n9 (5tretch1n9) w1th a r0tatated Lp metr1c. 

7he  4uery pr0ce551n9 0pt1m12at10n f0r feed6ack we deve10p 
1n th15 paper 15 1ndependent 0f the feed6ack techn14ue5 u5ed, 
thu5 0ne can ea511y deve10p m0re p0werfu1 feed6ack 5trate91e5 
and 5eam1e551y 1nc0rp0rate them w1th 0ur w0rk. 

3 Eff1c1ent eva1uat10n 0 f  ref1ned 4uer1e5 
A na1ve way t0 eva1uate a ref1ned 4uery 15 t0 treat 1t ju5t 11ke 
a 5tart1n9 4uery and execute 1t fr0m 5cratch. 7h15 appr0ach 
15 wa5tefu1 a5 we can 5ave m05t 0f the execut10n c05t 0f the 
ref1ned 4uery, 60th 1n term5 0f d15k acce55e5 (1/0  c05t) and 
d15tance ca1cu1at10n5 (CPU c05t), 6y exp101t1n9 1nf0rmat10n 
9enerated dur1n9 the prev10u5 1terat10n5 0f the 4uery. 

We n0w d15cu55 h0w t0 0pt1m12e j01n 4uer1e5 after feed6ack 
ha5 6een 5u6m1tted and pr0ce55ed acc0rd1n9 t0 5ect10n 2.4. 
Due t0 the h19h c05t 0f execut1n9 j01n5, 1t 15 1neff1c1ent t0 
na1ve1y re-execute them fr0m 5cratch after an 1terat10n 0f re1- 
evance feed6ack. A na1ve re-execut10n w111 cau5e 5u65tan- 
t1a1 unnece55ary d15k acce55e5, even when a trad1t10na1 LRU 
data6a5e 6uffer cache 15 u5ed due t0 the p00r 10ca11ty 0f the 
d15tance j01n a190r1thm. 

A5 de5cr16ed 1n 5ect10n 2.3, we u5e a d15tance 6a5ed j01n a1- 
90r1thm w1th tw0 1ndex tree5 and a pr10r1ty 4ueue Q t0 ma1n- 
ta1n en0u9h 5tate t0 c0mpute the next re5u1t pa1r. 1n add1t10n 
t0 th15 pr10r1ty 4ueue, we cache the pa1r5 a1ready returned t0 
the u5er 1n an un50rted 115t f0r 1ater pr0ce551n9 (Q014). 

F0r j01n5, the d15tance funct10n can chan9e 1n 1t5 eccen- 
tr1c1ty and 0r1entat10n 1n 5pace. F19ure 3 5h0w5 150-d15tance 
c0nt0ur5 0f the 5ame d15tance f0r an 0r191na1 and ref1ned d15- 
tance funct10n. 4 A11 data p01nt and n0de pa1r5 1n the re910n 0f 
the 0r191na1 4uery have 6een exp10red and are 1nc1uded 1n Q 
0r Q0td. A11 p055161e p01nt 0r n0de pa1r5 1n the 5haded re910n 
can 6e re-ut1112ed f0r c0mput1n9 the re5u1t 0f the ref1ned 4uery. 
1n the f19ure, p01nt P2 wa5 returned f0r th15 4uery p01nt 1n 
the prev10u5 1terat10n and 15 a150 1nc1uded 1n the new 1tera- 
t10n. P3 h0wever 15 1n a re910n that  ha5 n0t 6een exp10red 
1n c0nnect10n w1th the pre5ent 4uery p01nt, and 50 may 1ncur 
add1t10na1 d15k acce55e5. 

A190r1thm 3.1 1mpr0ve5 the eff1c1ency f0r 5u65e4uent 4uery 
1terat10n5 6y cach1n9 the pr10r1ty 4ueue and re5u1t5 fr0m ear- 

(<20) feed6ack va1ue5 51mp11fy1n9 th15 pr061em. 
47h15 f19ure 5h0w5 d15tance funct10n5 0ver1apped w1th a 51n91e 

data p01nt fr0m the 4uery data5et, the5e funct10n5 are c0nceptua11y 
0ver1apped w1th a11 data p01nt5 1n the 4uery data5et and c0mpared 
t0 the 0ther data5et t0 f1nd the neare5t pa1r5 0f p01nt5, a5 dep1cted 
1n f19ure 1. 

11er 1terat10n5. 5 After a u5er 15 d0ne v1ew1n9 the re5u1t5 0f a 
4uery 1terat10n, 5u6m1t5 feed6ack and the 5y5tem c0mpute5 a 
new d15tance funct10n, we 1n1t1a112e a new 1terat10n 6y c0n- 
5truct1n9 a new pr10r1ty 4ueue Q1. We c0n5truct the new pr1- 
0r1ty 4ueue Q• 6y rec0mput1n9 the d15tance f0r each pa1r fr0m 
the 0r191na1 pr10r1ty 4ueue Q and the data a1ready returned 
t0 the u5er Q0td. 7h15 en5ure5 that  we have updated the a1- 
90r1thm5 5tate f0r the new d15tance funct10n and pre5erve the 
c0rrectne55 pr0perty 50 we can c0nt1nue exp10r1n9 at w111. N0te 
that  1f the 115t Q0~d 6ec0me5 t00 1ar9e t0 rema1n 1n mem0ry, 1t 
can 6e 5e4uent1a11y wr1tten t0 d15k and 1ater 5e4uent1a11y read 
t0 6e 1nc1uded 1n Q•. After a11 1tem5 are tran5ferred, Q0td, and 
Q are d15carded and Q• 6ec0me5 Q (Q ~-- Q•). 7h15 pr0ce55 
repeat5 f0r 5u65e4uent 1terat10n5. 

4 Exper1ment5 
51m11ar1ty retr1eva1 and re1evance feed6ack repre5ent a 519n1f- 
1cant departure fr0m the ex15t1n9 prec15e match1n9 5emant1c5 
5upp0rted 6y current data6a5e5. 0 u r  purp05e 1n th15 5ect10n 
15 n0t t0 5h0w the mer1t5 0f re1evance feed6ack, 6ut 0f the ef- 
f1c1ency 0f 0ur a190r1thm5 t0 re-eva1uate ref1ned 4uer1e5. 7he  
mer1t5 0f 4uery ref1nement have 6een d15cu55ed exten51ve1y 
e15ewhere, e.9., [16, 14, 18, 9, 21]. 
E xpe r1m en ta1  5e tup .  We 1mp1emented and te5ted a190- 
r1thm 3.1. A11 exper1ment5 were c0nducted 0n a 5un U1tra 
Enterpr15e 450 w1th 3 6 8  0f phy51ca1 mem0ry and 5evera1 6 8  
0f 5ec0ndary 5t0ra9e, runn1n9 501ar15 2.7. 

1n 9enera1, the pr10r1ty 4ueue5 f0r the NN and j01n a190- 
r1thm5 may 9r0w t00 1ar9e t0 rema1n 1n ma1n mem0ry. Many 
w0rk5 0n neare5t ne19h60r retr1eva1 a55ume that  the ent1re pr1- 
0r1ty 4ueue f1t5 1n mem0ry [20]. 6 7he  512e needed depend5 0n 
the d1men510na11ty 0f the data, and 0n the num6er 0f entr1e5 
wh1ch 1t5e1f depend5 0n the de9ree 0f 0ver1ap 6etween 1ndex 
n0de5. 5evera1 appr0ache5 ex15t t0 5t0re a pr10r1ty 4ueue 0n 
d15k, e.9., the 510tted appr0ach pre5ented 1n [8]. 1n 0ur j01n 
exper1ment5, even when fetch1n9 the t0p 10,000 pa1r5 0ut 0f 
a p055161e 1.5 611110n, the max1mum 512e 0f the pr10r1ty 4ueue 
wa5 a60ut 1.6M8, we11 w1th1n 11m1t5 0f ma1n mem0ry. 7here- 
f0re, f0r 0ur exper1ment5, we 1501ated 0ur a190r1thm fr0m the 
155ue 0f an externa1 pr10r1ty 4ueue 1mp1ementat10n and a55ume 
the pr10r1ty 4ueue 15 5ma11 en0u9h t0 f1t 1n mem0ry. 

F0r th15 exper1ment, we ch05e a tw0 d1men510na1 j01n 6a5ed 
0n 9e09raph1c data t0 51mu1ate the 9e09raph1c d15tance j01n 
0f examp1e 1.1. We u5ed the f0110w1n9 tw0 data5et5: (1) the 
f1xed 50urce a1r p011ut10n data5et fr0m the A1R57 5y5tem 0f 
the EPA wh1ch c0nta1n5 51,801 tup1e5 w1th 9e09raph1c 10cat10n 
and em15510n5 0f 7 p011utant5 , (2) the U5 cen5u5 data wh1ch 
c0nta1n5 29470 tup1e5 that  1nc1ude the 9e09raph1c 10cat10n and 
50me dem09raph1c data  at the 9ranu1ar1ty 0f 0ne 21p c0de. We 
c0n5tructed an R*-tree f0r each 0f the5e data5et5 w1th a 2K8 
pa9e 512e, f0r a max1mum fan0ut 0f 85. 7he  p011ut10n data5et 
1ndex had 923 n0de5 and the cen5u5 1ndex had 548 n0de5. 

We f0cu5ed 0n1y 0n the 9e09raph1c 10cat10n attr16ute and 
c0n5tructed 4uer1e5 w1th d1fferent eccentr1c1t1e5 and 0r1enta- 
t10n5. 7hen,  we u5ed the5e 4uer1e5 a5 5tart1n9 and 90a1 4uer1e5 
and 1et the 4uery ref1nement 9enerate the 1ntermed1ate 4uer1e5. 
We te5ted 5tart1n9 t0 90a1 4uery d1fference 1n eccentr1c1ty 0f 

5We 1mp1emented the prun1n9 0pt10n fr0m [8] (cf. 5ec. 2.3), we 
d0 5h0wn 1t here f0r c1ar1ty rea50n5. 

67h15 a55umpt10n 15 rea50na61e when the num6er k 0f t0p 
matche5 re4ue5ted 15 re1at1ve1y 5ma11 c0mpared t0 the 512e 0f the 
data6a5e wh1ch 15 u5ua11y the ca5e [2]. 

7http://www.epa.90v/a1r5 
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A 1 9 0 r 1 t h m  3.1 ( 1 n c r e m e n t a 1  J 0 1 n  A 1 9 0 r 1 t h m )  

type { (n0de 1p01nt) :A, (n0de 1p01nt) :8} : pa1r 
var1a61e Q: M1nPr10r1tyQueue(d15tance, pa1r); 
var1a61e Q01d: Queue(d15tance, pa1r); 

funct10n New1terat10n 0 
/* D157, M1ND157, and M1ND157•REC7 were */ 
/* m0d1f1ed 6y the feed6ack pr0ce55 0f 5ect10n 2.4 */ 
var1a61e Q•: M1nPr10r1tyQueue(d15tance, pa1r); 
wh11e n0t Q01d.empty 0 d 0  /* pr0ce55 ear11er return5 */ 

t0p = Q01d.p0p 0 
/* t0p.A and t0p.8 mu5t 6e p01nt5 */ 
Q•.1n5ert ( D157( t0p.A, t0p.8), (t0p.A, t0p.8)) 

endd0 
wh11e n0t Q.empty 0 d0 

t0p = Q.p0p0 
1f t0p.A and t0p.8 are p01nt5 

Q•.1n5ert ( D157( t0p:A, t0p.8), (t0p.A, t0p.8)) 
e15e 1f t0p.A and t0p.8 are n0de5 

Q•.1n5ert( M1N D157•REC7( t0p.A, t0p.8), 
(t0p.A, t0p.8)) 

e15e 1f t0p.A 15 a n0de and t0p.8 15 a p01nt 
Q•.1n5ert(M1ND157(t0p.8, t0p.A), (t0p.A, t0p.8)) 

e15e 1f t0p.A 15 a p01nt and t0p.8 15 a n0de 
Q•.1n5ert(M1ND157(t0p.A, t0p.8), (t0p.A, t0p.8)) 

end1f 
endd0 
Q ---- Q1 / .  the re-pr0ce55ed 4ueue 6ec0me5 Q */ 

end funct10n 

funct10n 6 e t N e x t P a 1 r  0 
wh11e n0t Q.15Empty 0 d0 

t0p= Q.p0p0; 
1f t0p.A and t0p.8 are 06ject5 /*1.e., p01nt5*/ 

Q01d.append(t0p); / /  keep 1t 1n h15t0ry 
r e tu rn  t0p; 

e15e 1f t0p.A and t0p.8 are n0de5 
f0r each ch11d 01 1n t0p.A 

f0r each ch11d 02 1n t0p.8 
1f 01 and 02 are n0de5 

Q.1n5ert(M1ND157•REC7(01,02), (01,02)); 
1f 01 15 a n0de and 02 15 a p01nt 

Q.1n5ert(M1ND157(02,01 ), (01,02)); 
1f 01 15 a p01nt and 02 15 a n0de 

Q.1n5ert(M1ND157(01,02), (01,02)); 
1f 01 15 a n0de and 02 15 a p01nt 

Q.1n5ert(D157(01,02), (01,02)); 
e15e 1f t0p.A 15 a n0de and t0p.8 15 a p01nt 

f0r each ch11d 01 1n t0p.A 
1f 01 15 a n0de 

Q.1n5ert(M1ND157(t0p.8, 01), (01, t0p.8)); 
1f 01 15 a p01nt 

Q.1n5ert( D157(01, t0p.8), (01, t0p.8)); 
e15e 1f t0p.A 15 a p01nt and t0p.8 15 a n0de 

/* m1rr0r 0f a60ve w1th t0p.A and t0p.8 rever5ed*/ 
e15e 1f t0p.A 15 a p01nt and t0p.8 15 a p01nt 

Q.1n5ert ( D157( t0p.A, t0p.8), (t0p.A, t0p.8)); 
end 1f 

endd0 

up t0 2 0rder5 0f ma9n1tude, wh1ch repre5ent5 a 5u65tant1a1 
chan9e 1n the d15tance funct10n, far m0re than can 6e expected 
under n0rma1 4uery c1rcum5tance5. Even 50, 0ur a190r1thm 
perf0rmed 4u1te we11. 

F0r the 5ame 5et5 0f 5tart1n9 and tar9et 4uer1e5, we ran 
te5t5 t0 06ta1n the t0p-1, 10, 100, 1000, and 10,000 pa1r55 that  
match the 4uery and•perf0rmed feed6ack 0n them. 9 F0r each 
0f the5e, we mea5ured the num6er 0f d15k 1/05 perf0rmed, the 
cpu re5p0n5e t1me (19n0r1n9 4ueue 0verhead), and the wa11 
c10ck re5p0n5e t1me (5u6tract1n9 4ueue 0verhead). 
Re5u1t5. F19ure 4 5h0w5 the num6er 0f n0de acce55e5 per- 
f0rmed (a55um1n9 n0 6uffer1n9) 6y the na1ve appr0ach (re- 
execut1n9 the 4uery fr0m 5cratch every t1me) and 0ur rec0n- 
5truct10n appr0ach. After the 1n1t1a1 4uery, 5u65e4uent 1ter- 
at10n5 perf0rm m1n1ma1 n0de acce55e5 f0r the rec0n5truct10n 
appr0ach wh11e the na1ve appr0ach r0u9h1y perf0rm5 the 5ame 
w0rk at each 1terat10n. We a150 c0mpare t0 the ne5ted 100p 
j01n a190r1thm. 51nce we a55ume the pr10r1ty 4ueue f0r 0ur 
a190r1thm ha5 un11m1ted 6uffer 5pace 1n mem0ry, t0 6e fa1r t0 
ne5ted 100p j01n, we a55ume un11m1ted mem0ry and f1t 60th 
c0mp1ete data5et5 1n mem0ry (thu5 0n1y 1 acce55 per pa9e). 
We 1nc1uded the d15k acce55e5 needed 6y the ne5ted 100p j01n 
a190r1thm and d1v1ded th15 va1ue 6y 10 t0 ref1ect the re1at1ve 
advanta9e 0f 5e4uent1a1 read5 0ver rand0m read5 [3]. 7hu5, 
the r0u9h1y 150 acce55e5 a1ready take 1nt0 acc0unt the advan- 
ta9e5 9a1ned fr0m 5e4uent1a1 acce55. Wh11e 5119ht1y 10wer than 
the na1ve re-execut10n, ne5ted 100p 5uffer5 fr0m a very h19h 
cpu 0verhead and ea511y 105e5 0ut t0 the na1ve a190r1thm when 
0vera11 t1me 15 c0n51dered (2-3 0rder5 0f ma9n1tude). F19ure 5 

8We ran the5e te5t5 1ndependent1y, 1.e., 1nf0rmat10n 1n the pr1- 
0r1ty 4ueue wa5 n0t 5hared am0n9 them. 

9F0r the exper1ment that re4ue5t5 0n1y the t0p pa1r we d1d n0t 
u5e feed6ack, 51nce there 15 n0t en0u9h 1nf0rmat10n t0 mean1n9fu11y 
c0mpute a new d15tance funct10n. 1n5tead we u5ed the per-1terat10n 
d15tance funct10n5 0f the t0p 100 4uery. 

5h0w5 the CPU t1me needed 6y the a190r1thm exc1ud1n9 the 
pr10r1ty 4ueue 0verhead. 7he  t1me re4u1red f0r the ne5ted 
100p j01n c0mputat10n5 (19n0r1n9 the 50rt t1me 51nce we 19- 
n0red the pr10r1ty 4ueue 0verhead a60ve) 15 r0u9h1y 21 m1n- 
ute5 f0r the appr0x1mate1y 1.5 611110n p055161e pa1r5. 7he  cpu 
t1me 1nc1ude5 the c05t 0f rec0n5truct1n9 the pr10r1ty 4ueue f0r 
each new 1terat10n. F19ure 6 5h0w5 the t0ta1 wa11 c10ck t1me 
(exc1ud1n9 pr10r1ty 4ueue 0verhead) f0r the 4uer1e5. Ne5ted 
100p j01n (19n0r1n9 50rt t1me) take5 r0u9h1y 22 m1nute5 t0 
c0mp1ete th15 4uery even when 60th data5et5 f1t ent1re1y 1n 
mem0ry. 7h15 15 due t0 the very h19h num6er 0f d15tance 
c0mputat10n5 re4u1red. 7he  t0ta1 re5p0n5e t1me u51n9 the re- 
c0n5truct10n appr0ach 15 typ1ca11y 3-4 t1me5 fa5ter than u51n9 
the na1ve appr0ach. 0vera11, the rec0n5truct10n techn14ue 519- 
n1f1cant1y 0utperf0rm5 the na1ve appr0ach 0r the ne5ted 100p 
j01n techn14ue. 

5 Re1ated W 0 r k  
7rad1t10na11y, 51m11ar1ty retr1eva1 and re1evance feed6ack have 
6een 5tud1ed f0r textua1 data 1n the 1R c0mmun1ty and have 
recent1y 6een 9enera112ed t0 0ther d0ma1n5. 1R ha5 deve1- 
0ped numer0u5 m0de15 f0r the 1nterpretat10n 0f 51m11ar1ty [19], 
e.9., 8001ean, vect0r, pr06a61115t1c, etc. m0de15. 1R m0de15 
have 6een 9enera112ed t0 mu1t1med1a d0cument5, e.9., 1ma9e 
retr1eva1 [18] u5e5 1ma9e feature5 t0 capture a5pect5 0f the 
1ma9e c0ntent, and adapt5 1R techn14ue5 t0 w0rk 0n them. 

7echn14ue5 t0 1nc0rp0rate 51m11ar1ty retr1eva1 1n data6a5e5 
have a150 6een c0n51dered 60th f0r text and mu1t1med1a [12]. 
7here are 5evera1 a190r1thm5 t0 5upp0rt t0p-k 51m11ar1ty 
4uer1e5, 5uch a5 Fa91n5 [6] a190r1thm. 7here are a p1eth0ra 
0f 5pat1a1 j01n a190r1thm5 that  perf0rm 6etter than the re11- 
a61e ne5ted 100p j01n, [11] pre5ent5 a 900d 0verv1ew 0f the 
a190r1thm5 ava11a61e t0 501ve th15 pr061em. K0uda5 [11] 91ve5 
an a190r1thm 6a5ed 0n 5pace f1111n9 curve5 that  d0e5 n0t need 
pre-6u11t 1nd1ce5. Query ref1nement thr0u9h re1evance feed- 
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F19ure 4: 
t10n, and ne5ted 100p appr0ache5 5truct10n appr0ache5 

6ack ha5 6een 5tud1ed exten51ve1y 1n the 1R 11terature [19, 16] 
and 1n mu1t1med1a d0ma1n5, e.9., f0r 1ma9e retr1eva1 6y M1n- 
dreader [9], FALC0N [21], and MAR5 [18] am0n9 0ther5. Any 
0f the5e re1evance feed6ack appr0ache5 can 6e u5ed 1n c0njunc- 
t10n w1th 0ut appr0ach. [10] c0n51der5 a 5ucce5510n 0f manua11y 
m0d1f1ed prec15e 4uer1e5 a5 a 6r0w51n9 5e5510n and 0pt1m12e5 
the c0mputat10n 0f re5u1t5 6y c0mput1n9 the d1fference5 6e- 
tween 01d cached 4uery re5u1t5 and the new 4uery. 

1 /0  c05t 0f na1ve, rec0n5truc- F19ure 5: CPU t1me 0f na1ve and rec0n-F19ure 6: 70ta1 re5p0n5e t1me 0f na1ve 

6 C0nc1u510n5 
0u r  90a115 t0 enhance retr1eva1 5y5tem5 w1th 51m11ar1ty 5earch 
and u5er 9u1ded 4uery ref1nement thr0u9h feed6ack. 1n th15 
paper we c0ncentrated 0n the a11-pa1r5 pr061em f0r mu1t1d1- 
men510na1 data and h0w t0 execute ref1ned 5earche5 eff1c1ent1y. 
0 u r  exper1ment5 5h0w that  519n1f1cant 9a1n5 are p055161e w1th 
5mart app11cat10n 0r1ented cach1n9 0f the re5u1t5 0f ear11er 1t- 
erat10n5. 
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