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Research on reconfigurable SPJ query processor for data streams
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(School of Information Science & Engineering, Ningbo University, Ningbo Zhejiang 315211, China)

Abstract: Real-time processing for data streams requires a high performance system. One of the candidate solutions was using
a co-processor. However, normal circuit co-processor generally maintains the same circuit, which makes the performance of
the co-processor is not always optimal. In order to improve resource utilization and promote processing speed, this paper pro-
posed a novel reconfigurable SPJ ('select, projection and join) query processor, which was based on the above three query
modules and corresponding instruction set. It called the corresponding module according to the query tree translated from input
queries, and then self-adaptively programed with the FPGA. By changing hard wired circuit, the processor achieves the opti-
mal processing performance. A large number of experiments verify that the processor is not only correct, but also with high-

speed and flexibility.
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P | wple [maxT{minT[total [riag o' | S, | S [S | S [ S | S ]

of
one 636059 5251 4847 87 6 43 21 0
attribute stag |time ]iota.l ] reserved |att4 |att3 |au2 laltl ‘
RAM(64 bit)
E2 JTAMTY R B3 bz R
i

3.1 BB

PO AMIEATE 2R« select 514 from £4 . Hp, 5114
T T ER RSN A AR, FoRIE T, AT LUE— 51 8 Z 51 ; from
ERGIECT N NG L s E V68

PO BTN 4 R

conbus[2]
jmpadd[7..0]

reset conbus[4..0]
—> "

Ins[15..0] control

umit
pe(7..0]
pe instruction
oIk [oEster RAM
- width=16 bit
ey
dpcM’ projout[63..0]
datain[63..0]
— data projection
we RAM wel
olk | width=64 bit clk | width=64 bit

E4 BPEHBRRIE

K 4 dr BB £ 7E data RAM H7, 38 2 A AF instruction
RAM Gl i pe B 3 5% 46 4, 30 2 25 ) A o #2 H 7E data
RAM rRIRCHE AR ) Ja P, G rh Dpe T LA 1] 7 28 1) 8, 45
k5 A3 projection RAM H

PO B B35 A% AL S fron e SO BLIALE Init,
Next,Sel Jmp Il Nop TL2516 4. #4482 Ky 16 bit,
Init ZHIIGEALAR 2, T F5 T W T2 3k &8 0 B8 23 5 AR A7, AR
JTHT A 4 4 15 11 5 Next 15 4 X 3t A7 4 7, 40 2 2 240 2R Y
Ui, TARSE , 5 kL B T — 4> TCAH 19 3k 78 5 Sel 15 42 58 WUk
select 15/0) FORH N JE P Y L8 4% s Jmp JEBEFE TR 4, AISE I — 1 TT
LA AL PSR 2] Init $5-2 TFAR XN —DITZH #4743 s Nop
JEIEITAE A, T fift s (0 i 1 A58 , 75 2 ] Nop 45 4 R fRIE
i 1 A ) IR
3.2 EFFER

HepR At 1 8 A A, HON RS I il /sl JE 2
A . FEATE UL select 514 from K44 where £ 55 1F,
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operation code reserved

Wit [0J0[0[1 [x[xlx [x[x[x]x[x[x]x[x]x]

operation code

QNext[x [1[0]0 [x[x[x [x[x[x[x[x[x[x[x][x]
operation code reserved attribute

reserved instruction address stream tag
A

B)Sel [0JO0J1JO0 x]x]x]xx[x][x]x]x]x]x][x]

operation code reserved instruction address

@hmp [T O I[T [x[=[x[x[*[x[x[x[x[x[x]x]

operation code
ONop [0[O[OTO[x[x[x[x[x[x[x[x[x[x[x][x]
El5 HAEHAIESHER

conbus[2] |
jmpadd[7..0]
1

reserved
5

Tegnt conbus[5..0]
where

control

i
Ins[15..0] St
pe[7..0 i = ﬂlg
PC instruction
clk | geglster RAM

clk [ width=16 bit
e
attribute £
=
Hataout[31..0 B
dpe[15..0] out[31..0] £
datain[63..0]
atain] J > data selpe[15..0] selout]63..0]
—Weyl  RAM selin[63..0
olk |width=64 bit ot Y
—_— weZ
clk | width=64 bit
—
numbe!
cmppe[15..0] kmpout[63..0]
empin[63..0] o result [result
RAM register
ol |width=64 bit B
well
—

K6 BEEEBIREEEITHE

K 6 b, B iR £ g 7E data RAM 1, 38 2 fE % AE instruction
RAM il pe JCH 5 2% 46 4, 8 5 58 ] B C £ H 7E data
RAM il cmp RAM £ SIERH AV I8 FE 55500 98 317 e
B A S AT AR 2 A7 T, where 10 v 408 14 LA 52
UG S AR A RO TR S L where 2501, J4
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PR S & 7 s .

operation code reserved

Mmit [OJOJTOT TTx[x[x[xx[x[x[x[x[x[x[x]
instruction
operation code address

@Next [OJTT1TO x]x[x [x[x[x[x[x[x[x[x[x]
operation code reserved attribute

B)Sel [OJOTITO]x]xTx]x]xTx]x]xx]x]x[x]

instruction address

reserved stream tag
A X

opetration code reserved
A

@Wmp [O]O0 T[T [x[x[x[x[x[x[x[x]x][x[x]x]
operation code
GWNop [OTTTITTI[ITITITIJITITITITITITI]T]

operation
code attribute

compare code data address

—
6Cmp [I[x[x[x[x[x[x[x[x[x[x[x[x[x[x[x]
operation code

reserved

(MSave [OTTTOTT[x[x[x[x[x[x]xxxxTxTx]
operation code
@RTW [0OJT1JOJO[x[x[x[x[x[x[x[x[x[x[x[x]

B7 PR SR

reserved condition
A

AR B S Init, Next , Sel . Jmp , Nop . Cmp , Save £lI RTW
NGRS o BATR LK 16 bit, Hh, fi LAk H54 5%
AR 14 4 A AR, FOAE R 1Y DR, TR A TR
Cmp $54H¢ dpe I emppe i ] B AT 0 BT 4 Ja8 4 3tb duk 0 £ 30
Hhl, BAHAT AL, B 45T Nop #84 M FEIR , 1 T — 4164
Save e LA ; Save 54 HEAT LUABLHRAE , IFOR A7 25 AL ) 27 47 2
o RTW 454 22K where Z5 002 750 A2 , BIX 25 77 45 o 19 285
RALHAT HHAE
3.3 EREEHR
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B

AR LU T P R A A, DRI el — ] ok
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h) \D(h,i,j,k) E(Ce,i,k,m) F(j,n,o0,p) 7S ZK 50, A0 E
WG 2RI KR K

Ql :select # from A,B where A. a = B. d;

Q2:select * from D,E,F where D. k=E.e and E.e =F. n;

Q3:select # from B,C where B. d = C. ¢

Q4 :select * from A, F where A. a = F. n;

Q5:select * from C,E where C. e = E. e

Q6:select * from A,B,C,D,E,F where

A.a=B.dand B.d=C.eand C.e=D.kand D.k=FE.e and E.e =F. n;
Q7:select # from C,D where C. e =D. i;
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probe = A K, queries =0, H LB ZHH AR F HE H X (Hik
2) A FLE MIERIN DX (Hi sk 3 1 4) , I AN X R AT fof #2983
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HRNTF AT G B A, IR A B 56 DU A 360 1 45 1 o
(Hisk 7)o AR 46 AR JE B X P odl (Fik 4) ,#F
T3 4)5 R4k condition 1 Next, 15 i T — > d1 R ic /2 21,
Iharih (fik 8) o A HREE R (7K 9) J5 , L BE T 246 A F)
D ERINIX (73 10) , AT R H T4 s (#53% 11) , i
B HTARIC AR 22 (i3 12) , A $R s th 32, A B R AT 1 4
PR FEH AR AR (Fk 13) .

routetag
stream
|[TLLlTe] o

9 I next B next

condition | | pre jcomb | join condition P b | join)
el i::: ‘abEl:obe queries Ui twlefly [fmesd |[o]w]s
(A [ BF[ 0 At | 5| | ul= =2 [[2] o =
0
Z e window area probe area windowares  probo area
I ofofo] (7] 1111
1 E | GF 2
— F 4, 3
: T
. I St D next
F prefcomb | join b join
) o conditon_ || 1] @ [ 13 I ED
3 1)D.k=C.e| 3l |23 condition 71@]| 8
L : - g (2)B.d=C.¢| AR 1Bl@|® i
s o 0 T BE=Ce| | [ @ | 7 2| @ | 2=
1: 2 : 02 “eindowaren  probe area window area probe area
80 | [o2[2] [I] EIEIE
9 0 2
o|[20 0 5 “lo
e 0 D
=% 0 0 2 E P
1] next next
= o Q; ‘pre]comb | join pre| comb | join
_ 2 @20 ol
ul s condition | [3[ (9 | 16 condition | [ 4] @) [ 18
: o T 5w |®
Join Result ARIE 16l 1 | 17
window area robe area “eindow area be area
mopojan) il socEun
&4 2
B8 FEERE
N o Jobis N =0y 5 W —
BB BB 9 PR
in
pb[5..0] whilchl2~~0] Pin[39..32] query(6.0]
we.
- wb[55--(())] contrel E‘& read oute probe[5..0]
]l.)lfleply[ -.0] unit all[3..0] clk |width=19 bit |insert[ 5..0]
joinfull[5..0] wb’u[S..O]
ek, =
E
B
=y Win|[63..0]
o
= [resin[63..0]
%l'esm[ which[2..0]
DPC[15<~O] dataout Wel resout [63..0)]
datain63.01f | [63.0] pe[2.0)  register Join0[63..0]
we,l RAM [ size[3..0]|width=64 bit Jon1[63
clk |width=64 bit | in ¢k ]0?]_2[6:3,;01 5 Pin[63.0]
om o e
_[_Ol —

Join3[63.0] | =
Join4[63..gf

Join5[63.0]
Pin[63..0 Joini[63..0]
W63 0} gojpy  pwblil Rin[63.0]
insert[i] | ~RAM M’ result altout]63..0]
probe[i] width=64 bit | joinfull [1] query[6..0]| i tEAgY{b |Fesultoulib.-
e omenty [7 width=64 bit
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EO  EEE BRI
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B 58 T — S0 il AR S AL AT R o TS I
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BOT AN 10 Fr7R o HEAp R IX o2 245 7 11 X a9 ond #hA 7
UL, LEBUR ES RAF A B LU R A A A b, S5 BT where
FAFIETWEL o 5 2 W HEAT 4% 45 R A F] join RAM H

BRI 4 L M 11 PR

R AL Tnit,Cmp , Jnext , Jeond | Join , Head , Hdin , Nop
HOut JUsk 464 B ARIEAS K 16 bit, Hdr, Init, Cmp
£ Nop 454 HHBE-5 B 1 IR, Cmp 5 4TS R4 1] 2
FERE AR DRI P IXCAH R (Y B 1 o Tnext 48 4 HEAT LU EHRAE
FEFIWTE AW R AR, AW 2, BRI T — 4% T Xt
HEAT LOA; W 2 AR S B — 55484 Jeond 524 T &2 5% 1
I , B A H g d brid, R4 I T — Dl ARid, Join 754
2 RS M thbrid. Head #8424 A% £z )5 8 1 Sk 31
Hdin 154 J2 4557 35 306 11 B 25 R X, Out 5 2 J2 44 P04 T 3% 42
PR B 11 DX TTEH FNERI DX TCEH 73 )i L S 45 SR IXC, B2 AE Sk 0
14 )5 ThI e e

conbus[3] |
jmpliadd [7..0]
1

reset conbus[11..0]
= —>
Ins[15..0 control

where unit

—
il

Pc[7..0]

PC instruction

clk | register RAM |
-r ol yidth=16 bit
—»

attw

Wpe[15..0]
. oo o
Win[63..0] ywindow buffer

we
clk ;«ridlh=64 bit

Wq[31.0]

result result
register

Ppc[15..0] Pq[63..0]

Pini63.01 |
1n[63%. probe Ru]\'ger
we R
clk ;vidlh=64 bit
Joinout[63..0]
—
Join
= RAM
- width=64 bit
°
headdata[63..0] =
head )
clk |register "E
S
E10 R XpZEisatE
operation code reserved stream tag
(DInit [0JOJOTO x] xTx[x[x[xTxlx[xTx[xTx]
attribute  attribute
of Window of probe  compare  register
operation code  tuple tuple code address
(2)Cmp [ITTJOJOJOx]xTx[x[x[xTx]x[x]x[x]

operation code reserved instruction address
A

(3)Jnet [OJIJOTO x| x[x[x[x[x[x[x[x[x[x][x]

operation code route tag instruction address

(4)Jeond i1|0ix|x|x|x|x|x|x|x|x|x|x|x|x|x|

operation code register address
[OTOTTITOTxTx[xT=x]x[x[x[x[x[x[x[x]

route tag

(5) Join
operation code reserved
(6)Head [OJI[1J1JO[x[x[x[x[x[x[x[x[x[x][x]
operation code reserved
()Hdin [TJI]1J0 x [ x[x[x]x[x[x [x[x[x]x][x]
operation code
@®)Nop [OJOJOJI][0]0J0JO[O[O[0]0]0[0]0]0]
operation code reserved tuple option
iy
@O0uw [OJITITI[T]x=x]x[x]x[x[x[x[x]x[x]

B BRI SR

4 ZHREHH
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I TRFTLEE A T 0 0% 280 DE2 JF 4 1530
WAL T 4.
4.1 SPIEBMPBHER

0 IS R B UE = /B LT

DB HR select FATATT 6o B BCti
HE Ble,dyef)

select B. ¢,B. d,B. e from B

P12 SR T A T Sk AR P SO
LLCK R TR 1R 2, P 3 B HE 4) R

0 | dk

1 e o 1 2 3 q S 8 7 [ g 0
D8 | B ins (0000 Y1000 k4001 {2001 }2002 X72003 ¥ 0000 ¥ 3000 X0000
D3 | @ dpe | 00 Y or Yoz X 03 )
P2 | Ha {00000 1014000000000ES {00000} 7000000C) 0000000000000003
D97 | @ prejpe o0 o0 (o )08 joe (05 Y 06 X

m [® projout 0000000000000000 0000007§30000000(000000
w17l el

D12 | B cout 0000000000000001 0000000000000 0000000000000003
DI | [ conbus I —— - " ————
@T [ start 00

D191 [ @ strean 0 X 1

1% | M ehich oo ¥ 0

E12 BEHGERFE

M 12 0] F H Hrh b 3 S 2 B SRR — o4l ,
oot d W+ oS i Hl % R A (10140000000000F4,
0000000000000001, 0000000000000002,  0000000000000003 ,
0000000000000004 ) , I 4 select FEATHAT IS , 15 3] (1) X%5F )7 7T 26
>4 (0000000000000001 , 0000000000000002 , 0000000000000003 ) ,
R 12 rp BAE R i 5t . S8R, XS A 3 1Y) S 4 2 H A Ut 1)
pved: L TR 47 SUB N 2 T

MBS BRI 1 R,
1 BERENIRS
Seq Ins Code (hex) Seq Ins Code (hex)
0 Tnit 1000 3 Sel att2 2002
1 Next 4000 4 Sel att3 2003
2 Sel attl 2001 5 Jmp to Init 3000

2) e Y select IEAJANT , Ho b b A OB I

1k B(ce,d,ef) o

select * from B

where B.c =x and B.d< =y
He x=0x1,y=0x2,

K13 14 R TR [RE PR T S
THAEF . & 13 ER A& where iﬁ/ﬂﬁ'ﬂtlﬁﬁ Bl 14 SR 02
WIC A, select if A AT 5, 13 2 09 XF N JT A B % A&
(10140000000000e4 ,0000000000000001 ,00000000000000
02 ,0000000000000003 ,0000000000000004 ) , B [&] 14 H BAHE i
RIEAE . AR, AL ST A e AL IR Y T AL, T & pk
B I ARG 5 W R AL B B B AL Y O AN T AR

Ayt
PP EAR AR S 2 R .
2 OEERAERIES
Seq Ins Code (hex) Seq Ins Code (hex)
0 Init 1000 5 Save 5000
1 Next 6001 6 RTW 4006
2 Cmp x 8B01 8 Sel all 2009
3 Save 5000 9 Jmp 3000
4 Cmp y 9502
3) HEEA XA MR JA T H XN 24

SHAE, (1 select
(a,b,c,d) ,B(c,d,e.f),

select * from A B

AR, K R BRSO A

where A.a = B.d

B0 ok
Bt | @ e o Yo Yo @ ®_Y® Y my Y@ Y0 (&
D | @i [E_ 100 T ) S 5 D SE O3 G
D2 | @ dpe Il 00 g [} h ¢ 02
D® | B oK TOT40000000000E4 "\ 000000000000001 Y 0000000000000
DL | @ spmbel 7 Yy 3 Y 5
DG | @ enpout 0000000000000000 (" D00DDO0000000001___ Y 0000000000000002_
D0 | @ result W ¥ [ Y %
DI | Bens Y O ¥ ®m f 0 Y WY 0 Y 10 f®yw
Pwm|Ea [0 X 1 '
W [ cnppe 00 X 01 ) { 02
E condition r_]_
=1 ~ =

E13 #ERERHIEL
B0 dk 1 Ty Iy g g O Iy gy T
B | @ (m & Yoy W ) CEECIR ()
D | @ ins 2008 CTRRE ) 2009 B K
D7 | @i ® Y ] I B SR (D (L (5
% | B OOTRONTIE0NE__ 0000000 o000 OO0
B @ st OCONCOEAAREEnD e oC00E R0 0t O 0000
P Bebs B YWY ® % Y o

)

Pm| @l .
@T =) gl 0000000 J Coummmt i (00003 bﬁ)mmmmm
! e ————————————————
[

D3 | [ ope

D% | cmditim [ ]

W [ coumt 4
D | @ redt B
@T [ smbol 5

B4 EEOERFIE2
K15 s 1R B

dk
@ pe 0B
@ ins 600 X E]
D | @we [0 Y I X 0
D% e
DS | Bw
D0 | Brn
DI | @ joinpe
184 | @ jeinin
Pous | @ al
7258 | [ conbus
o711 | @ joinstart
D280 | [ jeinhesd
DM joinout
D410 m
Dt resadd
DU | @ inste

il

) &

@

[N RN R S5 O 8 (TN i
0T A

CEIS ERHERAE
B 15 B, % 0 X F g —4 A J641 4 (10150000000000E4
0000000000000001 , 00000000000000 02, 0000000000000003 ,
0000000000000004 ) ; ££ M X B o4l (2 m i 42 8 k) A
(0404060100000020 , 20450000000000E4 , 00000000000000 02,
0000000000000001 ,0000000000000003 , 0000000000000004 ) , #}
2, select THAJEAT G , 45 2 A% R T5 41 247 (04010B0O600000026
20450000000000E4, 00000000000000 02, 0000000000000001 ,
0000000000000003,  0000000000000004,  10150000000000¢4 ,
0000000000000001,  0000000000000002,  0000000000000003 ,
0000000000000004 ) BT [&] 15 v BRAE TR ISR . AR, M e 1
X T E S AT R T, BB A S T

MR IR 2 3R 3 TR .
3 OEHARENIRS
Seq Ins Code ( hex) Seq Ins Code (hex)
0 Init 0002 5 Head 7000
1 Cmp COB1 6 Hdin E000
2 Jnext 4009 8 Out B 7800
3 Jeond 8049 9 Out A 7801
4 Join 2106
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it E R AR

529 %

4.2 BEFEMEREST

A5 B =R BB FPGA &5 Cyclone T
EP2C35F672C6L., 1 C+ + i 5 SCIUA WY A 4% 45t , M40 BT 74
AR AR IR AR R BRI B 28T 302 DE2 JF K b, PASE A
MR EH

SEBUE G TR OB NTT

system( " quartus_sh ~flow compile xx" ) ;

//compile module xx

system( " quartus_pgm. exe -m jtag - ¢

USB-Blaster[ USB-0] -0 \"p; xx.sof\"");

//download module xx to FPGA using JTAG mode

16 05k T ) EE A E0HE i SPY 75 9 Ak #1285 AR 4 AN [
T G S 0 FPGA Fir it B 14 I ], 3% B 728 46 FPGA ) I [7]
FRAL S RN AL, AR ARSI 1 YA AL a) BUR AT I
b) PEHFEAT ) o) EEFE AT I d) B B R SIS A W, LA
B, X TR AR e ), B Z4H R L ERIE . BB T
5 =2 A 4RI AR E A

T TR LU AT E A 1Y I Ak 3L 2 5 AR U R AL P R
SLEGSF-A J2 Intel Core2 Quad CPU,2. 66 GHz,3 GB N fF, Win
XP #AERGE . WA VC ++ 6.0 Fl Quartus I 8. 1 (Hr
FPGA 75 FJ& Cyclone 1T EP2C35F672C6L) , #k{4-fdi F§ VC + +
6.0 5 Oracle 9i ¥4l % o i FHFr) bG8 40 2 AL A= ) 52 56
B, 24— A SR AR A TR e, B Sk T — B 202 [ E 1Y
HABZBEHLAE LN o A SO B S R 2 1024 bit 2048 bit
14096 bit 1 = ZHECHE A A0 BRI (5] 64T T AR, LA SR sl 17

J7R

—

451 Hee 90000
«40 e w 80000 | —+ software
$3s5) ® 270000 | 8- 5P processor
£30 2 60000
v2 £ 50000
£20 2 40000
815 & 30000
510 & 20000

g 210000
projection select join spj 1024 2048 4096
query type data size/bit
El16 SPIALHRARGRIER
5 b
ASHAFPGAT ] H 45 El17 SPIALERAR SHRAFALTRE BE A

AT T /NG AT, L6 P AR B A i) P AR
WFIPY S A . AR r il ad C ++ R R Y A
RS AT AR SR AR A R AT A R BEA T AR B, Ak
PF757 5 A F) Oracle B4 |, FLAE ] select 1 4] A0 HHL: A
MR o R A BEER AR S 2 118. 39 MHz (B2 Rtk ) |
101. 46 MHz( ZEFERLHL) A1 65. 85 MHz (LR o X MIFH 7
TR A B = RO A PRI (R AR 22 B FERE AR B R AT AR H R
(s Z%) AT I TRIAE ms 2

5 HXRiE

ARSCHTFE T Al FAL AR SPY AT AL BRAS O SL B, B fE
SRR i A B AR BEAT A 18 1 2 752, T ) B A B Ak 3
FPEREALHE o I M AR £ T ) RS A T B4 D R L Y
AR, BT RS T Verilog i 5 BEHICBE T
SRR (SO AR RN R S AR
8o MRAEG A A IR IR FAH DL B G 1 R 2R BT R
b B ATZAT A AE R, NI SE B FPGA [y ] EA 2 A2
R AR SRR IR UE T AL B gAY IR A PR R R A
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