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Algorithm 1: ReservoIr (D, k, 6)

Input : An input stream D of items, an integer k > 0, and a predicate 6 ;
Output: A set S maintaining k random samples without replacement of items on which 6
evaluates to true;
S—J;
while |S| < k do
x < D.next() ;
if x = null then break ;
if O(x) then S «— Su {x};
w « rand()V* ;
g < [(n(rand()/In(1 — w))] ;
while true do
x < D.skip(q) ;
if x = null then break ;
if 0(x) then
y < arandomly chosen item from S ;

S<—S—{y}+{x};
Uk .

[ O TOR C R

[
P = S v ® N

-
W

w «— w-rand()
| g < |(In(rand()/In(1 — w))] ; (note that g ~ Geo(w) )

-
o

RN GA RS (2 ] IR FIYE 22 . Efidk b, oA I R 5

B R —T0fE2E , RN next() , 70l null ; skip( i) BRHE FIRHY § 50, FE3RI5 (i + 1)

W (WURATAE), A MR null 35,

5 (2 VAIH, FRABCT WIS (4 2-5 F7) Mok e sing , 1R Rms: (4 11 -
14 47) FolTFUZE RS (e LS00 I S K R RIS B w . R TEIZ thf1) Algorithm 22 (1) TE B 4
SER RS AERY o T 2 5ETE I BB — S B3 . XT3t x 46T H , Algorithm 72
K Uni(0, 1) AE R ANBEHLAS T, FoH a , HEARFTES 11-14 65 for x ifuy < w , AL Uni(0,1)
T AR N T w 20 w SRS, Tl RAE—5 S epiA if 4
(w < u il x RSHC) . BRKPIATPHR M. S5, 7OAEN Algorithm 22 254 (L4
RO [2] R A A

THEOREM 3.1. Algorithms ?? correctly maintains a uniform sample of k real items.

Proor. Algorithm ?? 5 Algorithm ?? iz 73 FREAME, EAM/NTF w i Uni(o,1) H
I T — A REPLEE w S5 L5315 . Bbh, 7€ Algorithm 22 rfr, X556 11 471
if 250055 12 77y if 20T i@ 2, BRI PA S5A@ A E A . 2R
e, WAVSFEEE 22 0 R, B2 HEMNELTRBTERIEZRA, HiEmb:
12 PEENER. B2, B 7 IR R 22 SRR AR IR PTIERT O

Algorithm ?? IR [A] 52 7% BT LSRR RE AU AR L P ) A 2, SR,y DA
I PERAE :
k

THEOREM 3.2. Algorithm ?? runsin O(a- (p— 1) +y - Zfii, 1) expected time over a stream
of N items, where r; is the number of real items in the first i — 1 items, p is the smallest i such that
ri =k (setp = N+ 1 if no such p exists), and & andy are the time complexities of next(-) and skip(-)
, respectively.




Algorithm 2: NAIvERESERVOIR-I (D, k)

Input : An input stream D of elements, an integer k > 0 and a predicate 0 ;
Output: A set S maintaining k uniform samples without replacement of items that pass
the predicate 9 ;
15—
2 while |S| < k do
3 x < D.next() ;
4 if x = null then break ;
5 if O(x) then S «— Su {x};
6 w «— rand()Vk;
7 while true do

8 x < D.next() ;

9 if x = null then break ;

10 Uy < rand() ;

11 if u, < w then

12 if 6(x) then

13 y < arandomly chosen element from S ;
14 S<—S—{y}+{x};

15 w « w - rand()V/¥;

Algorithm 3: NarveReservorr-1I (D, k)

Input : An input stream D of elements, an integer k > 0 and a predicate 0 ;
Output: A set S maintaining k uniform samples without replacement of items that pass
the predicate 9 ;
1S
2 while |S| < k do
3 x < D.next() ;
4 if x = null then break ;
5 | if O(x)then S — Su {x};
6 w < rand()Vk;
7 while true do

8 x < D.next() ;

9 if x = null then break ;

10 Uy < rand() ;

11 if 0(x) then

12 if u, < w then

13 y < a randomly chosen element from S ;
14 S—S—{y}+{x};

15 w « w - rand()V/¥ ;




Proor. For the ease of analysis, we add one additional real item as a sentinel object to the end
of the stream. We will ignore the cost for this real item later. il- ’ F/~ZZ5| 4 larger than or equal
top W—AHIH . FATELEIEHT skip(-) BUTEHIREL 72 . A1k Algorithm ?? # f skip(-)
FER [B]—2L jtem x B}, AT EIETE x Ab. Note that Algorithm ?? only stops at items that are
from §" . Sy TAET 400, FATFIET —DSFHA: X TEATHE, AT Uni(o,1)
— ARV R, e, HOHERIIAE (B <w ) SAT75 11 - 1447, 42 1RRECS IR
DB AR . WUR wi ZALBRIE x; B w B{H, W Algorithm ?? 7 x; 4045 IR YA ER IE
Ui izp Wwio W w={w,wy -, wnyr) FEFPRE 22 o XTAER w, FROTIEEE
(1) wiefo,1]if ie[1...N+1]; (2) WRi<j, Ww;=>w;; 3) wi=10H i<p;
(4) w; = wj if the j -th item is real and the i -th item to the (j — 1) -th item are all dummy. For
(4), we use function 7(i) to denote the smallest index j where j > i such that x; is real. Note that

wi = wy) fori€ [p.. N +1]. & W BIEM A FTREIREME S 22 8 US40
E[#stops in §'] = Z Pr(w) - E[#stops in S’ |w]

wew
N N Nk
= Z Pr(w) - an(i) = Z 2 Pr(w) - wa(i) = Z )
wew i=p i=p weW =i

B e — N ERAT SRR AT, D ew Prw) - wag IEA2 xr) SEAOKERIRER . K,
FATELE next() JiiF. 1E3 2 17119 while JEER A, FATAWPRF B B EDK A, H 3
AR, I, next() AIMIREOELZ p—1 o RPTAARPHE—E, A2 ik
e ]

W, AT HHC SISO, BAOTE n=i—1 , 535?72 sty e s
H O(klog {) (4%F ay fEH O(1) B, DUECEAEREZRFEZATHIE [22] o 725 —FiRIE
THOUR, Fra T HEGE MR, Ft p=N+1 flr, =0, FHizfTifEZEH O(N) , Af
PR P . S99 b, FERXAME LT, BAL TS i@ A gang; B0, b Bes
—ANESIH , FEW R — LI, O TR R, AT E
WAL, HALWSE 22 AN OUEX PR RO 2 U, i HAE A oL R A
1, BIEREBImALT

THEOREM 3.3. For any input stream S of N elements, any algorithm that can maintain a uniform

sample of size k over all real elements must run in Q (Zfil min{1, # ) expected time.

Proor. F BALEHI AL S FMER i € [N] o AEATFER (R i A PRAFELSE ORI SIREAR Y
IEFEERRL AU x; IR at least min{1, JAg} f521k. I, (EAIREH LK P05
REEI 2R, BRI M) BB x RESY . WRARS/NT min{l, A

;W0 PEAGERZEOHRRLAUN T min{1, 255}, Bk SRR AT DATER )R 1 3 45 ) A
WSS o TERH BT S0 RN k G —HEAR I IERSATE 1 < i < N Y
[V AL ATIER o PR, ARTIE S ST T SN, min{1, SA ) WIEE. o

EIRFIVE 72 W4T RITE O(klog ) 5] O(N) Z 1A P AF AR A2, (H R L %4,
ERLEIT T -

Definition 3.4 (Dense stream). Given a stream S = {x1, X2, - ,Xpy, S is ¢ -dense for 0 < ¢ < 1
Jf iz ¢-(i—1) foralli.

S 7 A L2 JATieE]:

COROLLARY 3.5. For any ¢ -dense stream where ¢ is a constant, Algorithm ?? runsinO(a -k +y -
klog &) expected time.




FNTBRE TR A E S, MR T3 Lemma ?? implies that straight-
forwardly concatenating two streams still preserves their minimum density of real items. If one
stream only consists of dummy items, it is possible to get a better bound on the density of real items
in the whole stream, which is essentially captured by Lemma ??. The more dummy items padded,
the sparser the stream becomes. Lemma ?? implies that mixing two streams as their Cartesian
product preserves a density that is at least half of their density product. For the ease of notation,
we denote q; = r;41 (i-e., the number of real items in the first i items) in the following proofs of
Lemma ??, Lemma ??, and Lemma ??. It is easy to see that a stream S is ¢ -dense if ¢; > ¢ - i for all
i.

LEmMA 3.6. Given two streams S; = {x1,X2, -+ Xmy and So = {y1,Ya, "+ ,Yny , if S1 is ¢y -dense
and S, is ¢, -dense, their concatenation S10Sy := (X1, %2, ** , Xm, Y1, Y2, * * * » Yny ismin{¢y, §» } -dense.

PrROOF. H [ S10S8, o« T S1 ¢ 4, WHIAT A ie[1..m &G ¢ =>¢1-i . UL
Ny Gm = ¢r-m T So o B, WHERATHB I m<j<m+n#EH ¢j—qm = ¢2-(j—m)
o W, T m<j<m+n#RG

q;=¢2-(j—m)+qm=¢2- (j—m)+ ¢1-m=min{¢y, ¢z} - j
o T g = ¢1-j = min{¢y, ¢o} - j XA j e [1...m] WFEL, RIAICEUEH THA
je[l...m+n] q; = min{d1, ¢} - j - |

LEmMA 3.7. Given two streams Sy = {X1,X2,...,Xmy and Sy = {y1,Ya, ..., Yn) , if S1 is #; -dense
and S; is ¢, -dense, their Cartesian product S; X Sy = {(x1,y1), -, (X1, Yn) > (x2,41)s -+ 5 (x2,Yn) »

(Xmsy1)s -+ (XmsYn) ) is (¢12¢2> -dense, where (x;,x;) is real if and only if both x; and x; are real.

Proor. Consider the stream S; x S; = (21,23, ...2Zmny and an arbitrary 1 < i < mn . Assume
thatm > 0andn > 0.Leti; = [ﬁj and iy = i — iy - n.Let {Zju+1,Zjnt2, - - - Zjn+ny be the row; ,
where j = 0,1,...i; —1.Then row; contains at least ¢, - n real items if x; 1 in S; is real. Otherwise,
all the n items in row; are dummy. Let g; be the number of items that are real in the first i items
of the resulted stream. We distinguish the following 2 cases:

iy =0: T S22 ¢ -PER, B S B —IUZIEIER 0 . IBATEXFHFIT,
qi = ¢z -1 S 52 o BN

o iy >0 AENTRAIET i BRI AR iy 4T, JEER i . FE i AT, B 6 - i 4T, B
TTRERD ¢ - n NH, BN S ¢ HE. BRI, BO0F ¢ ¢ -n- iy HZELN.
ERI<(ii+1)-n, ATE

. .n.l' . 'n'i l )
q;—?%ﬁ;%.i?qgl.@,. 1 ‘i>¢1 ¢2-i
! (i+1)-n i1+ 1 2
AsO< 1 <1,qi=¢p-i > @-ifor the case i; = 0. Putting all together, we have q; > ¢1;}52 y
O

LEMMA 3.8. Given a ¢ -dense stream of size m , padding n dummy items at the end yields a
( 1 qS) -dense stream.

m+n

Proor. il 8, 8" 73l BRI AN A R ik (S| =m A1 |S'| =m+n, BITE S HOREHIE n
EWIH . BRMEMEM m+1<i<m+ng>¢- 0. fiT 2 ¢ HWEN, RINE
Bl gm = ¢-m LA

g =qm=¢ - m=¢-

m .
-1l [m]

. +n)>¢-
m+n (m n) ¢ m+n
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Algorithm 4: BATCHRESERVOIR (D, k, 6)

Input : An input stream D of item-disjoint batches, an integer k > 0, and a predicate 0 ;
Output: A set S maintaining k random samples without replacement of items on which 6
evaluates to true;
1S, we +0,q<0;
2 foreach batch B € D do
3 L (S,w, q) < BarcuUprDATE(S, k, B, q, w, 0) ;

Algorithm 5: BATcHUPDATE (S, k, B, ¢, w, 0)

Input : A set S of random samples, an integer k > 0, a new batch B with the first g items
to be skipped, parameter w and a predicate 6 ;
Output: Updated S, w and q ;
1 while |S| < k and B.remain() > 0 do

2 x < B.next() ;

3 | if 6(x)then S — Su {x};

4 if |S| < k then return S, w, q ;

5 if w > 1then

6 | w<—rand()Vk;

7 q < |(In(rand())/In(1 — w))] ; (note that g ~ Geo(w) )

8 while B.remain() > g do

9 x < B.skip(q) ;

10 if 9(x) then

11 y < arandomly chosen item from S ;
12 S<—S—{y}+{x};

13 w «— w - rand()V/¥;

14 | q < |(In(rand()/In(1 — w))] ; (note that g ~ Geo(w) )

15 return S, w,q — B.remain() ;

3.3  (ERAFEARIEERERE
e 2?2 WENA, BB ITA ¢ LA RO AR AQ(R, ) o S TR FRAT ik
R SRR T, o1 E Jek Algorithm 22 g it ab TR A . AWIBR Eik, 4E—
ANIE AAHAZHEA A (Bi, Bz, -+, By FI—ANE1 0, HARRORER k B 2JROFEAS, T
ARG i B OB U oo B!, Hoh BY < B, 2K B HELSEIH MRS

FEMT B A2 RAFHESEAE Algorithm 72 Hifiiid, B ohaE ML A BatcuUppate  (Al-
gorithm ?? ), BarcHUPDATE JEA 7L EAALTE B FIBAT8 W 72, (HE A il skip (g
) FIREBEH AT I . ik, BRI —N R
e remain() i [l 3t AL B R R T B
TEHERfMIYE, 24 B. remain () < q B, FAIBkE YETHR P T RIARWIE , R q - B.
remain () fE473 —SHLBE4 T, DAEBKE T —H# P aYHET ¢ — B. remain () . 3
11 W, Algorithm ?? , Moreover, we note that parameters w, q are only initialized once (as line
6-7 in Algorithm ??), i.e., the first time when the reservoir S is filled with k items. To ensure this in
the batched version, we set w with +0o0 at the beginning (line 1 of Algorithm ??), so that w, g will

9



Algorithm 6: ReservoirJoin (Q, D, k)
Input : A join query Q , an input stream D of tuples, and the target number of samples k ;
Output: A set S maintaining k random samples without replacement for the join results of

Q over tuples seen as far;

1 Initialize index £ ,S — J, w «— +00,q <« 0, 0 < isReal (-);

2 while true do

3 t < D.next() ;

if t = null then break ;

L «— INDEXUPDATE(L, ) ;

B «— BATCHGENERATE(Q, L, 1) ;

(S,w, q) < BarcuUprDATE(S, k, w,q, B, 6) ;

N G e

Input stream
t1 2 t3 ty 5 input tuple
real join result

reservoir sampling .
[J dummy join result

Zhao’s work I I I I I
AQ(RY,t1) AQ(RYty) AQ(R?t3) AQ(R? ty) AQ(R*,t5)

reservoir sampling with predicate

Our work 0o 000 0|= = O ooo
AJl AJ) AJ; AJ4 AJ5

Fig. 1. &3 Rt EEEER.

be initialized the first time when the reservoir S is filled with k items, and will never be initialized
again no matter how many times Algorithm ?? is invoked, since the value of w is always no larger
than 1 after initialization.

Algorithm ?? 4E{P I FEAR S Algorithm 22 AESPAAEASE 2R, PRIE RS IR 17K o
TNHEFATTE R TIRE .

THEOREM 3.9. Given an input stream of batches each of which is ¢ -dense for some constant ¢ ,
Algorithm ?? runs in O((a + B) - k + (B +y) - klog & + m) expected time over a stream of m item-
disjoint batches, where N is the total size of items in all batches, and a, B, y are the time complexities
of next(+) , remain(-) , skip(-) respectively.

ProoF. 7EALH ¢ -dense Ji AL HE _LizfT Algorithm ?? 57 ¢ -dense JiiBYHEIE_LiaqT
Algorithm ?? FANAH[A] . Algorithm ?? FA%} next(-) il skip(-) HIE RS Algorithm 22 Hif
WHREAE . HHEE, BIRIFI remain(-) JFER 7 RIFFAY next(-) B skip() , 25 15 17
Hho FEES 1547H, remain(-) (IR EHEMAT S5 8 179X} remain(-) B i 5 — R IR FHARTH] o
I, AT DA AR AE— D 2, HEERRES 15 AT A . fJ5—A> O(m) Tk B XA
—AFsz, ) Algorithm ?? 34 %t BarcuUppate #6477 m M. A5, BEEfEE 2?2 . O

34 EEINEEERE

Algorithm ?? Hiid 1 38 ol B T8 2 RFEHELS . ST AR P ocd ¢, FRAT
Fi 12 F2 BarcHGENERATE MR A AR AL AL FE AQ(R, £) F-H5 FHodiy A B HIE Ak P i )2 RAE T
B, (R, FRATREIIEAR, HEINITRES O(NP™) —REk, o p* SRy 4
BENTEEC (BRI Section 72 ). M, FAVKFLED—ADNLMEFR/INIRT] L, BFr A& B1E,
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ZEERIATATZG E 2 76 AQ(R, t) A E z (WIH . REIENIZAEW R A Np , HIHEALERR)

e FATHE— LY — A8 5 pos , PARE/RECR BN WM FI0 H W ALE . A5, ATRASEELH

I EREEE TR =0T, PR

o remain() iZ[i] Ny — pos , i Np 2 HUALFI K/

o skip(i) 34/l pos i+ 1, FFAE pos (i.e., skips the next i items and jumps directly to the (i + 1)
-th item) IR B H ;

e next() H 2k skip (0) ;

R, BERME AT Q B AL PRAR 2 RAE, R BRI AT 4Er RN RG] L
| RS AR AQ(R 1) HURZRAE, DA AQ(R 1)| . BCUBSARRAE. To get
around this difficulty, in Section ?? we devise an approximate solution. Our index £ will implicitly
define a AJ that contains all the join results in AQ(R, t) , plus some dummy results. However, we
should not sample from these dummy join results, and this is exactly the reason why we must use
a reservoir sampling algorithm that supports predicate. We set the predicate 6 to isReal( - ), which
filters out the dummy results. We conceptually add some dummy tuples to base relations as well
as some dummy partial join results. In this way, a join result is real if and only if all participated
tuples are real, and dummy otherwise (i.e., at least one participated tuple or partial join result is
dummy). The details of these dummy join results will be clear in Section ?? and Section ??. #J5,

FATERF PR AT HRR AR, DATEY TR 22

S5 [?]. 7] PRRRSEER EREOEA IR A HEZE (A AT R (] 7 A TR Y e i 2 R
FERR. UL, ENRITEEAE AQ(R, ) EMH TR R BN ME BRG] L8R
Pl 22 &, SXARRYER G| B O(N) IR SR, VBT 17— 288 A X0y vk d i H sk
PRtERE. 55— J7 M, FATE I 04 2 RAR SR AV RN TR — A S i PSR 4 2R
L, ZHARAAE O(log N) IR EEHT, 1R —4FiR.

4 MAEFEIREREH TR
FATE S g T TCRR R E X

Definition 4.1 (Acyclic Join [? ]). A (natural) join Q = (V, &) is « -acyclic if there exists a tree
7 (called the join tree) such that (1) there is a one-to-one correspondence between the relations
in & and nodes in 7 ; and (2) for every attribute X € V', the set of nodes in 7 containing X are
connected in 7~ .

TEATH, BABEE T—Eh BRI, ATASLBA N RIIE:

THEOREM 4.2. Given any acyclic join Q , an initially empty database R , and a stream of N tuples,
we can maintain an index L on R using O(N) space while supporting the following operations:

(1) st HmE| R G, TVALERES O(logN) B I7) )9 £.37 L .

2) &3 BEXEL—AHE ] 2Q(R) ¥+ Q(R) PoyutaR A Eag T, HibTL% & L
T, FIITAL OQ) BRI NAW |]| o 3 FAEFL 28y je[|J]], €TvAL O(logN)
BFIE A J[j] . o, A TREER <P <1, JHRIEP FE.

(3) 14T t ¢ R 49388 514 AQ(R,t) AL L 3 LK &,

BR5] (B _EmegEeE (1) 1 (2)) SERISRAE T HOENE]Y O(log N) HRAER ]
O(log N) IS RAEESL UM hTis% (3) MEERIE, EX@EdHARA o =y =
O(logn) I p = O(1) HERE 72 MM 2 RAESIERL S B m = N, TERL 72
N, T BER TR A, 8 NPT o SR, o DU T A, MR T H A
KN, R A



COROLLARY 4.3. Given any acyclic join Q , an initially empty database R , a sample size k , and a
stream of N tuples, Algorithm ?? maintains k uniform samples without replacement for each Q(R")
, and runs in O(N'log N + klog N log ) expected time.

H b, #ME (2) TR R (3): Q(R) i T MU RAII P AT IR, J
WR/NEFTA [AT| BEA, FTRALE O(1) I ERFA e . B4 AT HRZ AR, IR
JUBRREER, XTI 22 . WASVUE, JATREHERME (1) A (3).

4.1 WFRERE

AT e B XGRS Ri(X,Y) M Ry (Y, Z) o XFTIbAif), RO R x b
F1 Ry x b 1A%, PAREEA b € dom(Y) K/, The size of two arrays Ry x b and Ry x b is |R; x b
and |R, x b| respectively. Summing over all b € dom(Y) , the whole index uses O(N) space. 7% Ji5
AR G SRR EAE (1) O(1) W) FRATAFERCH ¢ BImE| Ry x ¢.Y ot (WK t € Ry
), BHFH Ry tY (WRteR ). XTHAE (3), RikkteR . BATRET AJ=Rxt. i
W, T2 VEEN, FOMEAERoTA, It BEARM J[)] #RTPALE O(1) WImHE AR .

42 3BZA
BIANIRBNF] 3 S Ri(XY) X Ry (Y, Z) X Rs(Z, W) I, fHOLAERFE A 2. H2, H
FEAE— AU T A RIS B A R PR G AR WRAT UMK TR T S A i A
RN T, XA — R AR, XFHE ON) M. Xt IFHEL
UNGEPSEE e b
#Fulgik. X TEAN b e ayR, FATEL SIS BIELT ent(b) 2 B RRREE Ry
cnt(b) = |Ry x b| (19 b B, BRI cnt(b) = 2Moe @I g, [@ e, JAT4EP A ¢ € m2Rs
) cnt(c) = |Rs x c| il cnt(c) = 2lleg O] | Eyes  cnt(-) f2 O(log N) Ik .

MTFHAME Db € nyRy , AR ¢ BIITLEECRF Ry x b HIICHHA AT R Z log N M,
Hor i A2

®;(b) = {(b,c) € Ry : cnt(c) = 2'}.

ik Ly BONAEZAF RS R L gi(b) = 27+ |@4(b)] o FRATIELEGRENME b € myRy 1Y
N = Sicqogny #i(b) » MFLH—EEA (0 b) TINE] R o1, W (BT R AR I
B XPR, XEFAE e € mzRy , BOITHEICRE O Lo I Ne = Yepopn 01(0) o 78
BliEZ L 72

230 5 3L As there are O(N) values in 7y R, , we need to maintain O(N) degrees and their
approximations in total. For each b € nyR; , it needs to organize the tuples R, x b into buckets
and maintain a value N}, . The size of non-empty buckets maintained for b is essentially [R, x b| .
Summing over all values b € nyR; , the total size is O(N) . Similar argument applies to 7zR; .

FRBCEB. T ¢ Bk )E, ROTEH RS T . WA te Ry, WAIULt = (byc) , FAT]
i = log, cnt(c) ) @;(b) HHIRM (b, c) « XTHFE O(1) A,

MRt = (a,b) € R (te Ry FEOLIEM) , FATEHE ent(b) B 1, IFAETFEI TR ent(b)
o WIR ent(b) KA T AL, WIRTHEA c € mz (R x b) . AT imi(c) HMER (b.c) , FH4F
(byc) TME] @;(c) v, Hrr i =log,cnt(b) o XWREFRE O(N) W], (HICHEH LA cnt(b)
B A, e O(log N) K. [HIL, RHHTMAS N

Z[Iogcnt(b)] |mz (Ry x b)| <logN - Z |7z (R x b) | < NlogN,
b b

. HIFEE A ROR AN O(log N) o e, H5240E4E @;(b) 5 @;(c) KR, FATHRAA
[ U BHT Np Al Ne o BEHEETAGIRE]S @;(b) A1 @;(c) R RIAH ] o
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1
9 Ly »;i(b)| Ny c L. Yi(c)| Ne
3 e i=0 (1,1) L 1] i=0 (1,1) 1|1
4 i=1 (1,2)(1,4) | 4 2] i=0 (1,2 1|1
5
6 =2 (2,3) 4 4 4] i=0 (1,4 1 1
7 pos item
° * sl go - |y
X Y z W 5li=2 (65 | 4 |4 0 |@n1
Database of line-3 join (i) Initialization of data structures built for relation Ry 1 1(2,1,4,4)
b Ly i () b Ly i®)| N, b c ) 2 1(2,1,4,5)
L i=0 @y i=0 (1,1) 1 i=0 (1,1) | 1 32123
i=1 (1,2)(1,4) 1]i=1 (1,4 2 | 7 1li=1 (1,4 | 2 L1(2,1,2,4)
-1 (22 i=2 (1,2) 1 i=2 (1,2) | 4 5 |(21,2,5)
o 4
? ; —0(=1—3 6 L
i=2 (2,3) 2 i=2 (2,2)(2,3) 8 | 8| /

(iv) Retrieve at position 4 (v) (Conceptual) batch

(ii) After inserting (2,2) into Ry (iii) After inserting (2,5) into Rg from the batch of (2,1) € R; generated for (2,1) € Ry

Fig. 2. 958 3 1738 Ri(X,Y) M Ry (Y, Z) X Rs(Z, W) MBI RSIEHE .

kK. 56 3 ATIcE: FRYIE R AQ(R. 1) BT PATT 3 Fi L
{t} x (Rs x (Ry x b)) ift =(ab)eR
AQ(R,t) = {

(Rixb)x {t} x (Rgxc) ift=(bc)eR,
(R X (Ry X ¢)) x {t} ift = (c,d) €Rs
fEAT t At AT 2 AQ(R, t) E XANF WS t € Ry , Wit = (b,c) , W AT =
o XALIE 1 BEEA |AT] = cent(b) - ent(c) .
TR, HIEt = (a.b) € Ry WIEIL B A8 (i @:(0)) € Ly ST (b c) € i(b)
, ESL—ANH Ry x ¢ HEY A ST AR/ MILAREE, IR ent(c) — ent(c) BT . FAT
4%“53%4\?&%1@%?@% ﬁﬁiﬁﬁ%‘ﬁﬁ’]ﬁt&fﬂ IR A IRk, B AT o X
A~ AJ i § -dense [1, I?@t’l‘/]\i‘kha%[ﬁm 3 -dense [¥], SRJGFATIA Lemma ?? . J4h,
|AJ| = Nb , AIRAKET O(1) iR%E. t € Ry 1Y’ F*(R 5,

I %Tﬂé &ﬂ”ﬂ%ﬂ‘ﬁﬂfﬂ‘)\iﬁﬁ)ﬁﬂ’] AT WETRFFEICR . AT HIFHE t € Ry Al
t € Ry BifpIEoL (¢t € Rs ML) .

Wt = (byc) €Ry, AJ j& Ry x b Fl Ry x ¢ (T RI/RFA. ghiE—MiE ze [|AT]] .
T SEIRBIME—XT (21,22) € [|[Ry x b|] X [|Rs w c|] ffifF z = 2 - [Rs x ¢| + 22 « 2R, ﬁiﬂ]/\
IR 8] Ry x b HNLE 21 AR TR R x ¢ PALE 2o AT S . TERXFMFH T, MR
VERE O(1) If[a].

W t = (a,b) e Ry, TAVERENE z LeBJocdH, WHRPIR:

o ¥ie[0logN| &ME—HAHL, 5

i’éi*ll@ﬂ(b)#@ i'Si:qu/(b);é@

(Rixb)x (Rsxc)

pr(b) <z+1< oi (b).

e WEj=|(z— D en(0))2
i <i—1:0, (b) £ F
o RHEl=2z— Z or(b) —2-j,

I <i—1:D (b) £ P



Bt 0i(b) PAE jRTTH . RE, WA € < [Rs x |, WEREIAE € oo, ENERE]
Ry x t' HRERICHL. BT ®:(b) # & &£ HA O(log N) A i, B i, j, ¢ HIE AT ATE
O(log N) FmFIa] T3Sk . I, FEXFMER T, KRBEIETFEE O(log N) ).

43 JEERRERE
eJE, FATRF line-3 HYAME MAERIEMERIERE Q = (V. 8) « ik T B ET Q By .
MIAR—"R, 7 WA s & PR R ZEAFAE— X — IR . R &R 1A, X TR E
X eV, A X WA SR T #i. WRiEE X, 7 & BICHRa, BT RS
FHARATY S48 I r R E . RATRFZE r {E@Eﬁﬁﬁﬁhﬂ@ﬁﬁﬁ*ﬁm, HEWRr 1)
fﬂfﬁ)\;\jﬂﬁﬁ teR, éﬁiﬂt&fﬁ A 2AQ(R.t) . BllN, 55 3471 BA — o R
Ry — Ry — Rs {HA 3 MEARM . 17 3 BEAEMEE LT AR 3 Mk, AR REA e —
%IEE BATH I — S S *ﬁTMA%, B TS B s, TR H e —
(iEZ

ZR—NHERT r 19T o ATH pe KRFTR e 9K T r, & p = . ik
key(e) = e pe ﬁi?ﬁl e ‘?E}L pe Z LRI JEYE. % Co BT AL e WFT 5. XAy
He, Co=C . WTe e FHMTH. BTGNS, RAGEMA 7o KFmHXF R
AR To P KR
#5185, RATRM A THAMERRRT, MEXTE e &, JEME x S e TR —
e t € dom(x) , FRATATAMSE] O(1) BB Re x ¢t JLHMIFNFR . X TR ee T FC
H t € Mey(e)Re a"ﬁﬂ‘ﬂ% Te 1t 1) B AR B ent[T e, t] , B 7o X R By EESS
RIHCE, XX R R JEYE key(e) PR ¢

R x t if e is a leaf

cnt[T e t] = 2 H cnt [T, €/, mey(ent’]  otherwise
t'eR. Xt e'eC,

HTER, I RPET ent(-) , JBRERF ent[ T e, ] DU AR AR 2 R, 330 % h

cnt[T e, tj = 2llogzentlTetll - Fofr 1481 753 22 o ent(-) I— DN EEPET, 2 cnt[T, e, t]
& Te Wt FER RGN .

LEMMA 4.4. Forajointree7 ,nodee andtuplet € myey(e\Re , cnt[T e, t] < 2lTel . [(Mereq; Rer) X £

_Proor. FATHLIHANEAUEI X — 5o R e B, W ent[T e, t] = |[Re x t] AR
cnt[T e t] < 2cnt[T, e t] , HATH cnt[T,e,¢] <2 |R. x t| o WIHR e B2— WA, FK
1@&%I}Eiﬁﬂq?%4\¥ﬂﬁ;ﬁ e e Ce %ﬂﬁ?ﬂ t'e ”key(e’)R Xj‘{l:’ff Eéﬂ te ”key(e)Re ) ?‘2
ITATPA ent[T e, t] 832N

ent[T e t] < 2-cnt[T e, t] =2- Z n cnt [T, €', ey (e ']

t'eR. x t e’€C,

Z 1_[ 2|7;’| . ‘(Ne”e'];/ Re”) X (ﬂ'key(e/)t/)|

t'eR.xt e'eCe

=2 217171 | (Wyeq Ry x ]
Hrfa— A5 G806 7 sk o

FEIE |(Merer; Rer) % t] < [Moer; Ro| < NI%U | FRAT#35] cnt[ T, e,1] < (2N)1 % | ixignk
H cent[T e, t] e HAEBIGS O(log N) 5.



Algorithm 7: INDEXUPDATE(T , e, t, 0ld)

Input : A join tree 7 for Q , a node e and tuple t € R, , an approximate degree old of ¢ in
7. before update;

Output: Updated cnt(-) and cnt(-) ;
1 te < Tiey(e)l s
2 new «— H cnt[T, €', Meey(ent] 5

e'eCe

3 i’ < log,old and i < log, new ;
4 if i/ > 0 then @y .(t,) « Dy.(t.) — {t};
5 Dje(te) — Die(te) U {t};
j— ollogent[T e.te]] .

6

7 cnt [T, e te] « cnt [T, e t.] + new —old ;

s if cnt[7 e, .| changes and p, is not the root then

9 foreach t' € R, x t, do

10 old « j- H cnt[ 7, €/, Tiey(ent'] s
e’'eCp, —{e}

11 INDEXUPDATE(T, pe, ', old’) ;

B BALATAMR i e o XFTFENICULt € Meey(e) Re , TN Te AL ¢ EFF ' € Re
TCHALNERZ |Te| - log 2N AN, Her i ke

D;0(t) = {t’ ER, X t: H cnt [T, €, Myey(ent'] = 2‘} )
e'eCe

ik Loy ORARZSARINSZR . R RTERIL, FATFREG A 1 € [| 7] log 2N 1 gie (1) = 27+ [@;e(2)]
° %Tﬂi{‘?’ﬁ)j/l\ te ”key(e)Re E/‘J Nt = Zigﬂfm.]ogzN] (Pi,e(t) o
Space Usage . We consider an arbitrary e € & in an arbitrary join tree maintained. Let C, be
the children of R, . We build an index on R, with key(e;) as the key for each e; € C, in order to
perform the look up in line 9 of Algorithm ??. There are |C,| such indices of size O(N) in total.
Moreover, for any non-root node e and each tuple ¢ € ey (o) Re , We organize tuples R, x t into
buckets and maintain N; . All these buckets are disjoint and the total size is O(N) . As there are
O(1) join trees and each join tree contains O(1) nodes, the whole index uses O(N) space.
FRBCEW. F0TE LT —DEHRRTIREMNRRF. W Algorithm 22 WA, % 2 INDEX-
UppATE FF M T . Y5 e . Judl t € R FIBEAL old > 0 fE M4 A (FORTEHIHT T ¢ (193
ARESE) o SR LA Iy b AT BATESEV SRS T il ¢ B, 7570 new . Hfif
FUEIL, IR te = Mey(e) o KT, WRAFLEINAG, FAVRE ¢ NIRRT PMER (55 447), F
B WA (5 517) o AT ent[T e 1] 3800 new — old (55 747) , FFAERR ZN BB
cnt[T e te] o MR ent[T e te] KAz TAEAL, FATATRERR 2 EAGHE SR (56 8-1147) . 1t
b, W2 pe ARAR, WX TAREATTH ' € Ry, w te , FATEEFZ HIHHE 75, (5 1047)
TR B2, FRR old IR BAE R (565 11 47).

Lol t A R Ay, FATATF ARG P R T i INDEXUPDATE
(T e t,0) o SXFTREFFE O(N) HIR], (EVLEERZ, BEHIAE ent[T e to] LA, X
% K O(logN) . HIL, B HH AN :

DI D) logN-|R, xt[<logN- > Y[Ry, xtf

eGTtEery(e)Re ee’]’tenkey<e>Re
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Algorithm 8: BATCHGENERATE(T , e, 1)

Input : A join tree 7 for Q , anode e and a tuple t € R, or t € Tyey(e)Re ;
Output: A O(1) -dense batch A] 2 AQ(R, ¢) ;

1 x < supp(¢);

2 if e is a leaf node and x = e then return ¢ ;

3 if e is an internal node and x = e then
4 foreach ¢; € C, do
L B; < BatchGenerate(7, e;, Tiey(e,)t) ;
6 return {t} X (Xec,Bi);
7 for t' € R, x t do By < BatchGenerate(7,e,t') ;
8 L < cnt[T,e t] — cnt[T, e, t] dummy elements;
9 return concatenation of By for t’ € R, x t, followed by L ;

<logN - Z |Re| - |Cer| = O(NlogN).

e’eT:e’ is an internal node

FFYAHELE @, (¢) KAEASBIET, FRATHSAR NS N, o BEHCHT AR -5 55 @0 () AT TE]
A e, R IR, RSB A AR R AN AR, BRI
244 O(Nlog N) , Rl 8 #i a4 O(log N) &

ﬂl:,%ﬁiﬁ‘i &fl‘]ﬁ—f)‘(T*ﬁ‘ﬁﬂﬂﬁﬁ, H%ﬂ:%j'fi'fﬂﬁgﬂ I €Re @z te ”key(e)Re /_:'_:.& Q(l)

%%?ﬁ“ﬂ:ﬁ AJ 2 AQ(R,t) , Il Algorithm ?? i fifiR. % BERFH T A K/ (FifyR

INBERR ) (BRI TR RN WR KT ¢ AR R B, WSS — AR A 2

BATCHGENERATE(‘T e, t) , Horp 7 BARIE T TN e WIERA . FER VG IHEH A, Algorithm ??

X =i -

o Case Lie j2— /i, teR, . HATHE t &I AT o XHE 1 HEM (AT =1,

o Case 2: e & PN, teR FEXFMENT, AQ(R,t) Al AR NN T e € Ce 1)
W RIK AQ(R, Tiey(ept) Flo HLALIR AT WIETEA IR 2. FATIBHH AT e €. £
— M, AT 7, ”key(el)t HaR I EATH XFRER AT

o Case 3: { € Myey(e)Re . AT To PIIFEATCLAL ' € Re w t ZE—AMILALEE, IFHFX
segtt ab P ?X%B’J cent[T e, t] — ent[T e, t] FEAITCEIERG A, WAT .

SV AN AT AR A 5 1
[T cntl7 ei meyent] ifteRe
ATl =

eifce
cnt[T, e, t] if t € Tiey(e)Re

S AP DLELOR ent() . RIBE, |AT| RTDAFE O(1) IFTRIIAE . Rk, FRATE S I 4A7 R

D2 7el-1 jft e They(e) Re

AJ is ¢ -dense, where ¢ = { E D22 ifge R,

X BB 1 RN BIE X T Bl 2, AR R ICH ey (et BRI AL AL HEE
(%) |7ei1=1 _dense [, H Lemma ?? 755, SC/\ AJ i (3)* |7e1=2 _dense {1, N

e [ R O S i

2 2 2
€i€e



Algorithm 9: RETRIEVE(T ¢, 1,2)

Input : A jointree 7 for Q ,anodeeandatuplet € R, ort e Tkey(e)Re » an integer z = 0 ;
Output: The element at position z in the batch generated for ¢t by BATCHGENERATE
(T,et);
1 x < supp(t);
2 if e is a leaf node then
3 if z > cnt[T, e, t] then return | ;

4 else return the element at position zin R, X ¢ ;

5 if e = x then

6 | Co<{enen - ,em};

7 foreach ie [1...m]do t; < ey(et ;

8 Find (21,2, -+ ,zm) € X cnt[T, e;, 1;] such that z = Z (zi . Hcﬁt[?', ej, tj]> ;
i€[1...m] Jj>i

9 foreach i€ [1...m]do

10 L t RETRIEVE(‘T, eiti, i) ;

1 if t/ =1 thenreturn | ;

12 return (¢, 15, ,1,);
13 else
14 if z > cnt[T, e, t] then return L ;

15 Find i such that Z Pre(t) <z+1< Z(pze )

i'<i—1 i'<i

6 | j KZ_.Z tpice(t)) /2i|;

17 | Le—z— Z pie(t) — 2" j;

i'<i—1
18 t' « the element at position j in ®;.(2) ;
19 return RETRIEVE(T , e, ¢/, ) ;

X REI3 , RAVBBE NG TCH ¢ e Rex t iﬁkﬁﬁﬂt& i 2 (%)Z‘T' 2 -dense 1.
bfllﬂﬁ%ﬂﬁﬁim (3)2I7el=2 5 %EI/J 1 Lemma 22 5 /R. AJ J2 (3)21%71 -0y, HH
cnt[T e t] = % ent[ T, e, t] SRIGFATR 513 22

Retrieve. fiyJ5, AR T WA K32 BATcHGENERATE A& J A ik AL 3 (67 B 2 Ab i) i 1 25

. 101 Algorithm ?? F iR, RETRIEVE E4F-5 BATCHGENERATE A [F] BB I 454 . USRI

H et fHAR| R H1, MEE—NHE RETRIEVE(T e, t,2) , H T MU T AT AL e BIERR

TER AR, FRATERK A T =Fhi i -

e Case 1: e 2—ANHAT A, FoATFA N MR B AL B 7 B 2 AbC K. XFE O(1) i
&)

e Case2:e zlz*/\lj‘]ilﬁj“ (. t€R TEXFMEIT, FATRRT] z A5 8 41 iy m
:l:]FT (zl, 22, - ,Zm) y ﬁk}:[//( Jﬂﬁ—t (% 9 ﬁ?) ﬁ%y‘jt/[\ e € Ce H@ﬁéﬂ ”key(ei)t i}ﬂi
E"Jﬁtﬁi‘ﬁ!ﬁqﬂﬁﬁ zi TTE, FFREIEAIMAGIEMRALER (565 1217). 2120, Zm
FIEFTPATE O(1) MBI T3 ok

e Case 3: e .2 NPT AL, t € Miey(e)Re - FERXFIIEIL T, FATE GBS z ITRIEA
BOAE, i . SR, RATIREIHAHEAEE 2 FITETdHm RG], i, 3k



Algorithm 10: INDEXUPDATEGROUPING(T , €, ¢, old)

Input : A join tree 7 for Q , a node e and tuple t € R, , an approximate degree old of ¢ in
7. before update;

Output: Updated cnt(-) and cnt(-) ;

te < Tiey(e)t s

f<1

if e is created by grouping then f «— feq[T e, t];

4 new « f - 1_[ cnt[T, €', Mey(ent] 5

e’'eCe

N =

w

5 i’ « log, old and i < log, new ;

6 if i’ > 0 then @y (t,) « Dy.(t.) — {t};

7 (I)i,e(te) <~ (Di,e(te) Y {t} 5

8 j«— cnt[T,ete];

9 cnt [T, e k] < cnt [T, e, t.] + new —old ;

10 if cnt[T e, t.| changes and p, is not the root then

11 foreach t' € R, x t, do

12 fle—1;

13 if p, is created by grouping then ' — feq[T", pe.t'] ;

14 old «j-f - H cnt[7, ¢, ﬂ'key(e/)t/] ;
e’'eCp, —{e}

15 INDEXUPDATE(T, pe, ', old’) ;

FEEm T ¢ . ATEFEIE N ¢ AR BAR T EM RS, tine . &5,
A PAIE AT RETRIEVE(T e, ', €) FREIH ¢ ALt B A7 2 AT i Jj, ¢ BIE AT PATE
O(log N) B TR 115 H K o

A 3 X U A U VR ) A S TR) BAS SR AT, A HER A R BRETRE O(log N) B[R] .

4.4 Mt
TR, BAVFHTISEEN LB AR . BRENIARENGER LELER, HEMEER
KT HEEBHET, W52 R
S AR T, AT EAER N R Re HT AT {e e - Lem) , 1k € = key(e) U
key(er) U --- U key(en) FoniEREM . RATTAEEM: e R 22 JCdH, Wike—e# . ik
Re = meRe . FAET il e Bl e o XFTAIC4t € R, AVRE feq[ T 2.1] = [Re x 1]
I feq[7T e, t] = 2llefealTatll sk )= - ent[T 6, t] 5 LA
cnt[T, 8, t] = Z féq[‘i', et']- 1_[ cnt [7', ei, ﬂkey(ei)t/]
t'eERz X t €i€e

o R 2 R4 AUUACHE Algorithm 22 I Algorithm 22 HiEFT T Hiik . W THEAZ R,

hRgTed te , MR e—e# O, RATELIH te = met , RIGHE
old = féq[’i', ez - H ent[ T, W, ey (w)le]
weCe

BATHF feq[ T &, to] a1 1 FHAUSZHUTE T feq[T 2. te] » fifii, WIS feq[T e, te] ik, FATHE
74 il INDEXUPDATEGROUPING (7, &, tz, old) DA A7 AL FRAL R AT B 4] DAYER G|
kR 2 Al . W EAAHLYE, FF Algorithm 22 F45 9-11 17, FRATILAE 2 M4 TcdH
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Algorithm 11: RETRIEVEWITHGROUPING(T , €, , 2)

Input : A join tree 7, a node e and some tuple ¢ € R, or t € ey (o) Re , an integer z > 0 ;
Output: The element at position z in the batch generated for t by BATCHGENERATE

(T.et);

1 x < supp(¢);

2 if e is a leaf node then

3
4

5
6

10
11

12

13
14

15

16

17

18

19

20
21
22

23

24
25

26

27

28

29

30

[

if z > cnt[T, e, t] then return | ;
else return the element at position zin R, X ¢ ;

if e = x then

Ce «— {31,32,"' ,em} N
foreach ie [1...m]do t; < Tey(et;

foreach i€ [1...m]do
t < RETRIEVEWITHGROUPING(T , €;, t;, 2;) ;
if t{ =1 thenreturn | ;

return (], t,--- 1) ;
Ise if e is created from ¢’ by grouping then
if z > cnt[T, e, t] then return | ;
Find i such that Z Pire(t) <z4+1< Z @i e(t) s

i'<i—1 i'<i

|5 )|

L—z— Y gre(t)—2'-j;
ir<i—1

t' «— the element at position j in ®; .(t) ;
h < H Cﬁt[T, e, ”key(e,-)tl] ;

e;€Ce
if |¢/h] = feq[T e, t'] then return | ;
f—t—|¢/h]-h;
t" « the element at position |£/h| in Ry x ¢’ ;
return RETRIEVEWITHGROUPING(T , e, t”, f) ;

Ise
if z > cnt[T, e, t] then return | ;
Find i such that Z Pire(t) <z4+1< Z @i e(t) s

i'<i—1 i'<i

|- g o)

Lez— > pre(t)—2"j;

ir<i—1
t' « the element at position j in ®;.(2) ;
return RETRIEVEWITHGROUPING(T , e, ¢/, £) ;

Find (21,22, ,2m) € xl'.'lzlcﬁt[‘i', e;, t;] such that z = Z

i€[1..m

]

. H CFI’[[T, €j, tj]

j>i

)

s
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=
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o

(1,1) (1,1,2)
(1,2)| [(Lz2)] (L2) | 3 | 4
21| [(132)
g ; 3 22) | 2| 2
(2,1,3) | (2,3) 1 1

Fig. 3. An illustration of grouping optimization

t € Ry, x to {645 update, T NEENTCH ' € Ry, X to 1545 update, H Ry, ZXFR Ry, F
pe FIEREBMAIE . Hence, we can see a significant reduction in the number of propagated
updates.

Example 4.5. Consider the query Q = R,(X,Y) X R,(Y,Z, W) X R.(W,U) . Let T be the join
tree rooted at R, . We group tuples in Ry, by attributes {Y, W}, creating R; (Y, W) as in Figure ??. The
columns feq and feq represent the values of feq[7", b, t] and feq[ 7", b, t] respectively. By definition,
cnt[7,b, (W : 2)] equals to 10 . Suppose tuple (3,1) is inserted into R, . Then cnt[7,a, (Y : 1)]
increases from 2 to 4 . Next, cnt[7, b, (W : 2)] increases to 18 , and cnt[7, b, (W : 2)] increases
to 32 . Note that with grouping, the change propagates through only one group (1, 2) instead of 3
tuples(ie., (1,1,2), (1,2,2) ,and (1,3,2) ).

Ak, MAFTESMEIERRY, ROIT (2], FATHFRAEN A FEEA G — DR KR T
BRHUL, YT R Xx R, /\q:'XZER F 5, FRATRE R, Ry HETE—RAE B K&
Rij = R M R; o iXFhLHA W DABRIAMSE A, ELH| Tﬁﬁfﬁ]‘%ﬁﬂé% YIed 4 WAE R
W, FRATR A R G AAAEE R nxt W VCHL T tieRj . WnRAFHE tj, AT tij = t; M t; I
AE R;j o fHE, ¥ oo tj AZ R; W, RATFRER S R R AT A tj T
H, IRty =t Xt AR R

Example 4.6. Considering an example of foreign-key joins, where attributes with underscores
are the primary keys of relations):

Q := R(X,Y) X Ry(Y,Z) X Ry(Z, W, U) X Ry(U, A) X Rs(A,C) X Re(C,E)

After applying the combination technique, we can rewrite Q as R;(X,Y) X S(Y,Z,W,U,A) X
T(A,C,E), where S = Ry(Y, Z) M Rs(Z, W, U) X Ry(U, A) and T = Rs(A, C) M Rs(C, E) .

5 EIREENT R

ok, ﬁﬁﬂ%ﬁﬁ%ﬂ%é’éﬁﬂ ) GHD /- fRHESR [? ] , HE Section ?? Ht 7R anfaf {ifi A FRAT T
BYRACHIERER:. B4 (7] £, MTFEEERN Q = (V, &) AT i AK/INA N 5L
B, FIEBEA/ N O(NPH Q) | Hi p*(Q) BB Q /NEI%L. Please see an example

in Figure ??.

Definition 5.1 (Fractional Edge Covering Number). Given a join query Q = (V, &) , a fractional
edge covering is a function W : & — [0, 1] such that }}, ¢, W(e) > 1 for every attribute x € V
. The fractional edge covering number p(Q) is defined as minimum value of > ,_5 W (e) over all
possible fractional edge coverings W .

Definition 5.2 (Generalized Hypertree Decomposition). Given a join query Q = (V, &), a GHD
of Q is a pair (7, 1) , where 7 is a tree as an ordered set of nodes and A : 7 — 27 is a labeling
function, which associates to each vertex u € 7~ a subset of attributes in V', such that the following
conditions are satisfied:
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Fig. 4. 5 GHD Q = Rl(xl,xg) X Rz(xl,X3) X Rg(xZ,X3) X R4(x5,x(,) X Rs(X4,X5) X R6(x4,x6) X
Ry(x3,xs) EHE, MABEEMRT. EEASBEMNEE w@Q) = 1.5, BAZAFER Ri(x,x) X
Ra(x1,%3) X R3(x2,x3) FE Rs (x4, x5) X Re(xa,%6) M Ry (x3, x4) BESEHBZR p* = 1.5,

RSJoin RSJoin_opt
104 4 Sjoin X Sjoin_opt

IBPEl

T T
Line-3 Line-4 Line-5 Star-4 Star-5 Star-6 Dumbbell

Running time (sec)

AN,

o
(=1
o

Qz

o« AT ecs , Hf A ue T it ec Aw);
o MTHAx eV, W ue T :xe Aw)} B MEENTH T .

HE-NEEENQ=(V,8) . — I GHD (T.1) M—APriue T , T WREPE LN
;H\:Y\}[%/;‘E?:ﬁ:fﬁj G2u = (Au: Su) B‘Jﬁ%’fjcéjkﬁiﬂ%ﬂ%ﬁa ;H\:EP Su = {e N Au re€ 8} ° g{ﬁ\/ﬁf—‘/l\ﬂ%
AWM —A GHD (7,4) , (7.24) WSEEERE SN T I T BcRSEE . A5, BRI
AR )/ NG SERE AN T -

Definition 5.3 (Fractional Hypertree Width [? ]). . The fractional hypertree width of a join query
Q , denoted as w(Q) , is w(Q) = (I’{I]l_l/{l) max p*(Qu) , i.e., the minimum width over all GHDs.

AT SRS A i ATERE AL Q 19 GHD (7.,4) 2 b, FFl i ff 7 MRALE] A
M5 RORE REEA AN T o A — DB R, FATFEDI R v e T 11980 E LHh
Ry = {”em)LuRe ce€ebeniy # @} ° ﬁiﬁ)ﬁ‘ﬁéﬂ t AR KR R EPO X{l‘ﬂ:/l\ ueT
en Ay # TR BATHEH] Ry FAHRFTCH 7emn, t BB KR menr, Re , FFHHT Qu HIES
Ho BATEFEMEET R ueT , e Sy WA= Qu(Ru) x t 52 t 1] delta JELLTR . For
every tuple t’ € A, , we just execute line 5-7 in Algorithm ??.

IEFPERELA T I Q(R) x t = Wyea, QR) x ¢, Hift W BAMIZH IR AT
IFRISLARE. 2Rk, KAV IR . X THRAF R HAEEATeal ¢, B A v
1 Qu TEHLT R AT LA KN R AGM(Qu, Ru x 1) o 15 T H A B AR ICALMIY SAR I, 1]
IAREH

ueT ec& teR,
BEAh, FATE AT ATE AL AGM(Qu, Ry x 1) SRR Ay(t) FR/N. IR, GHD (7, 4) LA b4
AMHIFAE Y Y AGM(@Qu R 1) = O (N*(@) .
ec& teR,
22 [AfdE 5 3. Our index for cyclic joins builds upon a GHD (77, A) for Q . Note that the total
number of input tuples inserted into each node of 7 is O(N¥) , where w is the fractional hypertree
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width of Q . Following the same analysis of acyclic joins in Section ??, the space used by our index
is proportional to the total number of tuples in each node of 7, i.e., O(NY) for cyclic joins.

I AR PR, N2

THEOREM 5.4. Given any join Q , an initially empty database R , a sample size k , and a stream
of N tuples, Algorithm ?? maintains k uniform samples without replacement for each Q(R") , uses
O(N™) space and runs in O(N" - log N + k - log N - log &) expected time, where w is the fractional
hypertree width of Q .

6 i
6.1 XE

Implementation. FARFFATAYIEIE (75K RSJoin) DA KAFTE 1 % 12 I 1) 410 AL I AR
(F7RH RSJoin_opt) HEEIA in [?] (FIRH SJoin) M HAFTEAMEER I ) ILALIRAS (%
/NH Soin_opt) BEAT T LUEE, IXHLIE SCRPTE SR T N R R HEAT BEHLRAR Y R T k. We
mentioned that the symmetric hash join algorithm [? ] was proposed for computing the (delta)
join results for the basic two-table join over data streams. In [? ], symmetric join was combined
with reservoir sampling for supporting maintaining uniform samples over joins and also tested as
a baseline solution, but its performance is overall dominated by [? ], hence we do not include it in
our experiments. I TFE C++ FRFSEIIRTHIE Y, HAE— S B4 P Intel Xeon 2.1GHz 43
#r. 24 DRI 251 GB WA, 1247 CentOS 7 HLAS EREATSEHR . FATEZ AL 10 Ik
GERRT A 12 /) R FEist s ia) . B ARSI mIAE [? ] 3R 4.

Bl e ify. FRATIEAL BRI 3¢ R B /A 535 . SQL H i) B A h)ER T DATE Pt
S 7 REE] FRAVEE A K B SNAP (AR M 4545 H ) [? ] 1 508,837 Z5i1 11 Epinions
BAREME N ETERE . B XREE T ITA L BTV X R Ira, PA
WA A L. #E Epinions |, FRATIPANLL k 8 (FERKE K KRB %KE) . B k&8
(AEFRICEA LTS k AT A ) RIS ER: (R hhESRN g =AExt). EiE
EE) A SN .

TAVEAPA X ZEIE. —4-2 TPC-DS HE4E 7], BX KRR RE LA
I35 R 7 T AT T . FeATHE TPC-DS _EREAE S [? ] AHEIAY QX QY il QZ #Eif],
Hrp iGN ER:, IS 2] HFEMRE, PAETUMER/NERE R (40 date_dim Al
household_demographics , I H: 4 F AT T 2 # . 5 —1~4& LDBC Social Network Benchmark
(LDBC-SNB) [? ], BELHETWAEHNEZEENE 2. BATMR Tk A& s
(BI) TfEfzk 10 Q10 Zif). SPAFIZML, #SE (W0 tag Ml city ) @TmEn, g
PATR AL B = 2y

6.2 SCIS4ER

Running time. [ ?? /R T A B NRE I LAgsfrmE . s FrRER (kk . &
T k FINESS ), FEACE: Y 100,000, XT3 245 (B QX. QY. QZ i1 Q10), FEAK/NA
1,000,000, X TPC-DS #¥aE, FA1EH LLBIE T 10, 1MiXfT LDBC-SNB £, FAIME
PG 1. H2E, RSJoin Al RSJoin_opt [ DATE 12 /[N Bisf 1] R il Py 5 BT A 253 SJoin
I ABEFESE 5 FTHCIE A QZ B3 b5l ST ME4R %, Sloin /D2, OB AR LH
TEH A . HK, RSJoin iAZ R FTA B A P b . IRIEEIA 4528, RSJoin ££ SJoin I
SEEL T 4.6 F5R) 147.6 RERINEE, BN FH UL JCIE M SERL SJoin L T . SAFHE SN
(EPQx. QY. QZ 1 Q10) Hf, RSJoin_opt SZHL T L SJoin_opt Ay 2.2 £53] 4.7 50, 1t
Ah, X QX. QY. QZ fl Q10, RSJoin I EMAAMENALIE A SJoin, FUERHE L 4h
SEZH, RSJoin e 7E A LRI Y52 AT, {H SJoin FIEANIE.
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Update time. >4 7 LR TR, FRA1EEH T WIRIEVER REERR 4>, I E TR AT
WP E R . & 22 2R T8 A IR AR . FIrER G R 220 10 1,
Yk 13w Bb. BRSSOl n] RS AR ORI S R IR) (FEARGI A 51 2 F) , (ELE A B
[ESRARAN X S FRATRHHEES BRI ] O(log N) BB HT—3. M T, SJoin fyFEHTHT
[B) ToyE AR, FERE T RFE RS 0.5 u #b A 165 22Fb, Ik 1.4 ZFD.

A /IVHBERE KA. 32k, AT AR/ N DUSGER RN (RIEREZ A E )
QAT SE A T AR S AT TR . FRATTIET A T8 10,000 FREAS R Kk, FFC%k T4 10 4% i
ABAEAL L 3 AT IR G BT R . 1 72 SR T A A I 45 SR BRI PR IS ] £ 0
B BATTLAESR], BeEah a0 S8R M A K/ 236506 K, 177 RSJoin f B IAAT
HHED LS5 AKR/NSIE L, AR SBE K/ NEIER . X222 i, A RSJoin fy
A 4L O(N - log N + k - log N -log &) , ZEXMEBLT, ARif Nlog N JLT- 54 T8
PATHHEN ) S0, AHELZ R, SJoin (R EAA T B S PERH A Bk %, [l s i3 KD
(R BE AT A KN

FEAC . B0k, RATRBFFCREA & k Q] sEma i Fp AL VA (R B AT ). T 22 R T38 3
FrIEREIBATINE] , 24 k M 10,000 2] 5,000,000 AZ5EF, FELFRE A KN N = 508,837 , Bt
B BN 3,721,042,797 . MFEARI/INVINTFEIA KN (Bl k < N ) B, RSJoin [ B AT
B AR . B ELRHBIE, 24 k A1 BEhNE) 50 BF, RSJoin By PRATI A AL EE N 2 5. {H
&, MORFERRIE S AR/ (B0 k> N ) B, RSjoin [ BT 1) FF Al . 3t
FRRBEHRIE], [k RSJoin HUFRIRE 441E O(N -log N + k -logN -log ¥) . 4 k < N B}, &
& O(N -log N) {E B FRATHS 18] (5 = S5, PRI Lk 1 38 Ph e A R £ (i 25 02 Bk
FrifaE] . 24 k > N BF, ARif Ok -log N -log &) Kuifii 325 7 MAAATHIE], K s hnie4s 4
FEPATH A PGE G N . SJoin WREIHEAAREE T BLAL, MFEAELE] k = 10,000 H,
SJoin FIrfs iz £ 7] 2 b RSJoin ZEAEARHEK T k = 5,000,000 FA 15 &L BT 75 B2 1 715 1)
WEK.

WLy JEYE. A TR X RO R R g, FRATHE LB TR 1. 3. 10 A1 30 1) TPC-DS %4
PEsE BIPAN T QZ Aif). 45N 2? R, SRR F8 1 I, QZ By A KNSR 226MB,
3 24 Fe B R 3k 2 30 B, 5 AR/ 6.6GB. FRATTEMAL A A% Sjoin HYLEIE, BN EIfE
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6.3 Reservoir Sampling with Predicate

At last, we compare our new reservoir sampling algorithm with predicate (denoted as RSWP)
with the classic reservoir sampling algorithm (denoted as RS) on data streams. We generate a data
stream as follows. We fix a random string of 1024 characters, referred as the query string. Each
item in the input stream is a random string, within edit distance ranging from 0 to 64 from the
base string. The predicate selects all strings in the data stream whose edit distance from the query
string is less than or equal to 16.

In Figure ??, we take a % -dense stream of 100, 000 strings with sample size k = 1,000 . We
record the execution time after processing every 10% of the input stream. As RS needs to process
every item (i.e., compute the edit distance from the query string), the running time of RS is linear
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to the number of items in the stream processed so far. The time required by RSWP for processing
the first 10% of the input stream is the same as RS, since both of them need to process every one
in the first 10,000 items (approximately) until it fills the reservoir. After that, the running time
of RSWP grows slower and slower, which is consistent with our theoretical result that it takes
O(nil)expedfdthnetoproamsthei—ﬂ1ﬂenL

In figure ??, we measure the running time of both RSWP and RS over 11 streams of same input
size but different densities. As RS needs to process every item in the stream, its running time only
depends on the input size, instead of the density of input stream. In contrast, the running time of
RSWP depends on the density of stream. In an extreme case, when no item passes the predicate (i.e.,
the density is 0 ), RSWP cannot skip any item and hence requires the same time as RS. However,
as density increases, the running time of RSWP decreases significantly. In another extreme case,
when every item passes the predicate (i.e., the density is 1.0 ), RSWP exhibits a speed advantage
of 17.7x over RS.
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3 2 MA.

SELECT G1.src AS A, G2.src AS B, G3.src AS C, G3.dst AS D
FROM G AS G1, G AS G2, G AS G3
WHERE G1.dst = G2.src AND G2.dst = G3.src

4 SEIMA.

SELECT G1.src AS A, G2.src AS B, G3.src AS C, G4.src AS D, G4.dst AS E
FROM G AS G1, G AS G2, G AS G3, G AS G4
WHERE G1.dst = G2.src AND G2.dst = G3.src AND G3.dst = G4.src

552 MA.
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SELECT Gl.src AS A, G2.src AS B, G3.src AS C,

FROM G AS G1, G AS G2, G AS G3, G AS G4, G AS
WHERE G1.dst = G2.src AND G2.dst = G3.src AND
Star-4 JIA.

SELECT %

FROM G AS G1, G AS G2, G AS G3, G AS G4
WHERE G1.src = G2.src AND G1.src = G3.src AND

Star-5 JilA.

SELECT =
FROM G AS G1, G AS G2, G AS G3, G AS G4, G AS
WHERE G1.src = G2.src AND Gl.src = G3.src AND

Star-6 JilA.

SELECT *

FROM G AS G1, G AS G2, G AS G3, G AS G4, G AS

WHERE G1.src = G2.src AND G1.src = G3.src AND
.src = G6.src

WEF A -

SELECT =

G4.src AS D, G5
G5

G3.dst = G4.src
Gl.src = G4.src
G5

Gl.src = G4.src
G5, G AS G6

Gl.src = G4.src

.src AS E, G5.dst AS F

AND G4.dst = G5.src

AND G1.src

AND G1.src

FROM G AS G1, G AS G2, G AS G3, G AS G4, G AS G5, G AS G6, G AS G7

WHERE G1.dst = G2.src AND G2.dst

G3.src AND G3.dst = G1.src

AND G4.dst = G5.src AND G5.dst = G6.src AND G6.dst = G4.src
G

AND G1.src = G7.src AND G4.src =

QX Itk

SELECT %
FROM store_sales, store_returns, catalog_sales

7.dst

’

date_dim d1, date_dim d2 WHERE ss_item_sk = sr_item_sk
AND ss_ticket_number = sr_ticket_number AND sr_customer_sk = cs_bill_customer_sk AND d1.

d_date_sk = ss_sold_date_sk
AND d2.d_date_sk = cs_sold_date_sk;

QY Bit%.

SELECT *

FROM store_sales, customer c1, household_demographics d1,
customer c2, household_demographics d2 WHERE ss_customer_sk = c1.c_customer_sk

AND c1.c_current_hdemo_sk = d1.hd_demo_sk

AND d1.hd_income_band_sk = d2.hd_income_band_sk AND d2.hd_demo_sk = c2.

c_current_hdemo_sk;

QZ Kkt%.

SELECT =

FROM store_sales, customer c1, household_demographics d1,
item i1, customer c2, household_demographics d2, item i2 WHERE ss_customer_sk = c1.

c_customer_sk
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AND c1.c_current_hdemo_sk = d1.hd_demo_sk

AND d1.hd_income_band_sk = d2.hd_income_band_sk AND d2.hd_demo_sk = c2.
c_current_hdemo_sk

AND ss_item_sk = il1.i_item_sk

AND i1.i_category_id = i2.i_category_id;

Q10 JA.

SELECT =%

FROM Message, Tag AS Tagl, Tag AS Tag2, City, Country,
HasTag AS HasTagl, HasTag AS HasTag2,

TagClass, Person AS Personl, Person AS Person2, Knows
WHERE Message.id = HasTagl.message_id

AND HasTagl.tag_id = Tagl.id

AND Message.id = HasTag2.message_id

AND HasTag2.tag_id = Tag2.id

AND Tag2.type_tag_class_id = TagClass.id

AND Message.creator_person_id = Personl.id

AND Personl.location_city_id = City.id

AND City.part_of_place_id = Country.id

AND Personl.id = Knows.personi_id

AND Knows.person2_id = Person2.id
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