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Abstract ZNS SSD is a newly emerging solid state drive (SSD). It supports zone-based storage and access of data in
SSD. Compared with traditional SSDs, ZNS SSD can effectively improve the read-write throughput of SSD, reduce
write amplification and over-provisioning in SSD. However, ZNS SSD requires that data must be written to zones
sequentially, and tasks such as space allocation and garbage collection need to be controlled by users. These
characteristics of ZNS SSD pose new challenges to many components in traditional database systems, such as storage
management, indexing, and buffer management. This paper mainly studies how to adapt the traditional B'-tree index
structure to ZNS SSD. We propose a new ZNS SSD-aware index structure called ZB'-tree (ZNS-aware B'-tree),
which is the first ZNS SSD-aware index so far. ZB'-tree takes B -tree as the base structure, and utilizes the two kinds
of zones inside ZNS SSD, namely conventional zones supporting a few random writes and sequential zones only
supporting sequential writes. In particular, it uses conventional zones to absorb random writes to ZNS SSD and stores
the index nodes in conventional and sequential zones separately. We design different node structures for the nodes in
the two zones. By using different types of nodes on the two zones, ZB'-tree can absorb random writes on the index
and ensure the sequential write requirements on sequential zones. We conduct experiments by simulating ZNS SSD
using null_blk and libzbd. Also, we modify the existing copy-on-write (CoW) B'-tree as the competitor. The results
show that ZB -tree outperforms CoW B-tree in various metrics including running time and space efficiency.
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Fig. 1 Comparison of ZNS SSD and conventional SSD data placement
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Fig. 3 An example of CoW B'-tree update
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7 leaf FIXIN; Y leaf-log 7sf5i]

A ptr 5 ¥, WK 8 BT . ptr 45 4 AL 45 3 A4~ H

1) state. 7 719 RITAL BPIRZE .

2) addr. o F 5 s TERI AL

3)log_addr. 37 75 s R 1Y H 3R 8 Ak 1
(A

leaf-head 15 & W55 1 4> key {6 — *E J& First(key Jo
PR e/ MA)D

interior 17 /5 B &5 44 A n+1 4> key Fl n+1 4> addr(
F 7 A A HbE ) | interior-log 1 interior 454 5¢ 42 A [ (
W] B J2& KA Syne #:4F 19 223K ), interior-head 119 45 #4
F1 leaf-head A% 4% #4 #H [5] . 7F interior #1 interior-head 7
R 2 1A key {H [RIAE & R First. Z F LLFE interior
9 RS First B2 KA 7E ZB -tree H1 1Y Sync #: 4
T 221k H 31 SUF interior 9 8 OR 457 AH [F] 45 44 LUE T
log 19 a5 5 1E 8 B AR s =z [R) R #EAT eAk, T H
AT S T I 5 T R T AR AT R R, B DA
TEGE NN E D key H, [URXEHE 1T
. Z T LATE leaf-head A1l interior-head ¥ 5] A First {H,
J2 R X T B — leaf 15 45, 5 # J2 interior T 5, AR
T B AH Y ptr 45 74 R 48 78 HORAS L A7 & A H S
B, BREEA o A — 4 leaf 77 45 8 LA — 4> interior
A A X LY ptr 54, L, FFEE O 1A pr
25 A X key fH M First, /8 X & TR P 14
interior 17 JL B 56 14 leaf 19 45, 1 ELAL K key {EL )
5IEH B'-tree H I key 1B SCAH ], AR X 1 44
1 e /)N key {H.

leaf-head

First | key2 | key3 | key4 |, ptréii
ptrl ptr2 ptr3 ptrd state

N addr
| [log_addr
I:I Seq-Zone
leaf I:I Cov-Zone

Fig. 8 The structure of leaf-head
8 leaf-head 454
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3 ZB'-tree &5|1R1E

AT FHA 4 ZB -tree 1Y Sync, Search, Insert, Delete
AR, g Y T I AP e AN S R 2
3.1 Sync

1E ZB'-tree " JG 1 & interior-log 77 &5 A 2 leaf-
log 5 & A L1 57 T BT RN B 52 4, G 5 440 R X iz 11
interior 15 53 5 leaf 15 s AH [A], 44 A2 7E BY H 2519 43
it Z2 W} 23 % Cov-Zone A 8K 1) i HI T H. 23 5 i e K
A R AR, PO — T S JE IR T R — IR
H A1 o 1 A Ao 95 . PR R B HAE T R
FURE B 15 8 HEAT A5 0T, R S50 10 1 A50F A
HAT W], ATFRZ R Syne B A4E. 76 H &7 S5

steady_state

B[R A 5 28 B AR S Y s AT B O 1E ZB -tree 1,
AT T 28 KA, 24 H &Y SR Y
& I FR 2 A Normal_apply, 24 H 335 250355 1 0 a9 & JF
FRZ A Switch_apply.

1)Normal_apply. ¥ 9 45 1} T Normal_apply 9 i
P2 RO N Y log 19 A3 ARl I, A0 R T AL T
steady_state, 37 1 1A AR AT 1 M BR 484, log 75 4K
o G BRE SR, PR AR 4R Tog 1 S HEAT BB I AT
SR ALF steady state, WK 197 555 [7] Seq-Zone
JF R Cov-Zone | log v i 1Y 25 [H] . 40 2R 4y A4k T
after_state, W &7 7 55 2835 7 M BR 4, log 15 i rh
— i A M BRI S, AR log 7 fUHE AT T BT S AT AR
¥ 1Y, change state 35 % Cov-Zone H it log 5 45, A7
OB 14T Normal apply #7F Fi L.

steady_state

keyl | key2 | key3 | key4 keyl | key2’ | key3 | key4’
Seq-Zone valuel | value2 [ value3 | value4 valuel |value2’ | value3 |valued’
________________________________________________________ (Normal VL i L —— L L 1
apply
key2’ key4’
Cov-Zone value2’ value4’
log
after_state
keyl | key2 | key3 | key4
Seq-Zone | yaluel | value2 | value3 | valued
_________________________________________________________ Normal ...
l§
Cov-Zone key2' , delete apply keyl | key2’ | key3
value2 key valuel | value2’| value3
log change_state

Fig. 9 Normal apply schematic
19 Normal apply 753 &l

& & 1. Normal_apply leaf ( &leaf, &leaf log, &leaf
ptr).

A M A leaf, XN H & A leaf log, M
5 %R B9 ptr 2544 leaf ptr;

e .
@ if leaf ptr. state == after state then
@  for each {key, value) in leaf log

if key # delete key then
update { key, value) in leaf;
else delete { key, value) in leaf';
end if
end for
write_leaf (leaf ptr.log addr, leaf);
leaf ptr. state = change_state;
leaf ptr. addr = leaf ptr. log_addr;

CESECRCNCSNONGNON

leaf ptr. log _addr = Null;

@@ end if
@ if leaf ptr. state == steady _state_hot then
for each { key, value) in leaf log
update  key, value) in leaf ;

end for
reclaim leaf-log ;
addr = select the Zone with minimum capacity;
write_leaf (addr, leaf) ;
leaf ptr. addr = addr;
leaf ptr. log_addr = Null;

@ end if

2)Switch_apply. [l 10 %5 1 T Switch_apply A9 i
TR SO N Y log 9 M B & E I, K4 A& 2E Switch_
apply, 5 Normal_apply A~ [A] i) J& , Switch_apply 4~ 75
TP A, T T log T, A H AR E
WE I 1T 5 BT A B X A R i 1 SR B

®©@B0 6666 6@
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steady_state

Flog T M4 Cov-Zone L
change_statelf] 57 1 keyl’ | key2' | key4'

steady_state

keyl’ | key2' | key3’ | key4’
valuel’ | value2’ | value3’ | value4’

@ ¥slog™i w4 NSeq-Zone _Fsteady statelf) 3 1

@ [ElYtlog i &

keyl | key2 | key3 | key4

Seq-Zone valuel | value2 | value3 | value4
keyl’ | key2' | key3’ | key4’

Cov-Zone valuel’ | value2’ | value3’ | value4’

log
after_state

keyl | key2 key3 | key4

Seq-Zone valuel | value2 | value3 | value4
! ! !

Cov-Zone keyl , key2 ) delete_ | key4 /
valuel’| value2 key |value4

!

valuel’ | value2’ | value4

change_state

Fig. 10 Switch_apply schematic
E 10 Switch_apply 7/~ [l

55, 40 S DT A AL T steady state, Ui W X5 S A T A
AR AR FEAT 2o SR R A, DRI BN log T AR R
BRI 5 A Seq-Zone 1, I BELAE Cov-Zone T log
T S )L AR AL T after_state, B HER T
PEAT i SR R Z SN B AT M BR 4R AR, DY B AE log 9 A1
A M BR B i (delete_key) FYHEME X 2B J5 , 4kl
change_state 1) 715 1%, H %5 9] Cov-Zone 1 i log ¥
ML YL 2 45 T Switch_apply.
&k 2. Switch_apply leaf( &leaf log, &leaf ptr).
BN TS ST R A H T 5 leaf log, M7 45,
Kt ;) ptr 2544 leaf ptr
By : ALY leaf .
@ if leaf ptr. state == steady_state_hot then
addr = select the Zone with minimum capacity;
write_leaf (addr, leaf log);
reclaim leaf-log;
leaf ptr. addr = addr;
leaf ptr. log_addr = Null;
return leaf-log;
@ end if
O if leaf ptr. state == after state then

NS NONSNCRORC

for each {key, value) in leaf log

if key == delete_key then

delete { key, value) in leaf-log;

end if
end for
write_leaf (leaf ptr. log_addr, leaf log);
leaf ptr. state = change_state;
leaf ptr. addr = leaf ptr. log addr;

®6 6866666 6

leaf ptr. log_addr = Null;

return leaf-log;

end if

Sync £ 4E (L5 3% 3) X% F interior 15 55 1 leaf 17
MLEBZEAL, ME— X I #E T interior 17 5 H N n+1 A4
(X 1T leaf 5 £t g n ASBEAEAS . X leaf 5 21 (1 #24E
A1 Sync, X F* interior 15 55 A7 AH A ¥ in_Sync #4E.

&% 3. Sync( &leaf, &leaf log, &leaf ptr).

B BT A5 leaf, XA H 2 A leaf log, M
S XN Y ptr 454 leaf ptr;

i HAN leaf.

@ if leaf log is full then

@ return Switch_apply leaf (leaf log, leaf ptr);

@ else

@  Normal apply leaf (leaf, leaf log, leaf ptr);

(®  return leaf;

© end if
3.2 Search

TE ZB -tree I 1) Search i B 45512 4 fr 7, 4R
ZB'-tree TR AT TH 2, W 2B ERM N4 2 2 (LH
JEH Leaf 22 ) If, H A7 —> leaf-head 5 5., I I H 2
M leaf-head JT 45 AT R . A R A7 7E TH 2, AR
Pi LAY R key {H, 55 M TH F145 3 interior 17 85 X 1
) ptr 544, 402 interior 17 55 A log 17 m, W H2 1R
H interior 17 45, ; AN2R interior 7 &S A log 17 &, MU 2 ik
K apply_innner_log(O)#EAE, X AHAE HEENfE T E
A E Y interior 1 A, IR 2 %F ZNS SSD I ¥ interior
T RUMH AT AT B B X ARy B Y 2 R e TR
Search i 2 1 fil &k 5 #RAE . 44 B T BB Y interior 75
W25, EH ARG key (A1 R 15 2] leaf-head 7 &1 Y
Huhk, I3 leaf-head 5 £, T M leaf-head JF 1R 48 &,
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B) fih % Search leaf head( ) AF, HAK WA % 5. Hiad
2 5 M\ IH 48 & interior 15 55 B B2 BL, Horh apply
leaf log( ) H 2 7E N A7 H 2 57 Fe B 19 leaf 15 44, JF
A& ZNS SSD [ 1) leaf 17 & Al log 717 .. 15 2 & 87
B leaf 15 35 2 J5 , FEARHE key (H AT R, 4 2]
W3 [1] value {EL, 75 WU 3% [7] Null, 387 3547 48 3.
&% 4. Search (key).
A TR key {H;

B H . 18 320 ER 8] N B value {8, 75 3R (8] Null.
(D if IH is empty then

@  return Search_leaf head(leaf head last, key);
@ else

@  inter ptr=search IH to get the interior ptr;
® ifinter ptr. log_addr ==Null then

©® inter = read_interior(inter_ptr. addr);

@ else

get the log and old_inter;

©) inter = apply inner log(old inter,log);

@ endif

@  leaf head addr = search the inter to get the

address of leaf head node;
@  leaf head = read LH(leaf head addr);
@  return Search leaf head(leaf head, key);
end if
&% 5. Search_leaf head (leaf head, key ).
Wi BRI leaf head 75 5.,
b A8 0K BN Y value fH, 75 W3R [B] Null.
D leaf ptr = get the ptr struct of leaf node from
leaf head;
@ if leaf ptr. log_addr == Null then
®  leaf=read leaf(leaf ptr. addr);
@ else
® log=read leaf log(leaf ptr.log addr);
© old leaf=read leaf (leaf ptr. addr);
@  leaf=apply leaf log(old leaf, log);
end if
© for each (KEY, VALUE) in leaf do
10 if key == KEY then
(D) return VALUE;
@ endif
@) end for
return Null.
3.3 Insert
£ ZB'-tree |- 1Y Insert # 1 23 %6 M 45 224 A 1Y

B R key {H;

key B AR T o5 — % 38 2 2 0 55 X6 B 1) leaf-head
8, MRS Search MI[F], M leaf-head 5 41 P 75
B X N AY pte 4548, AR I fLAE T change_state, WU
BEAEAT Y A i AR X, QSR T S B0 2] Seq-
Zone . T XF T steady state W5 45, WHR R HF log
A, W E AT Spllt BAE, 70248 2 4~ Cov-Zone I+
[ change_state B 15 s, WAL AT log 9 A, W) S i 47
Sync #:4%, & FF leaf 5 25 F log 7 A5 2 J5 FH-4f A #E(E
X}, Insert EL AR 45 UL 575 6, ZB -tree I (1) Split 52 1F
HIEH B -tree 45 8L, ME— 75 23 58 A9 J2& X 3
1 First {B ) 4E 3.
&% 6. Insert(key, value) .
B key, value J2& B A AU EE(E X
it Jo.
D leaf head = find the leaf head node of the corres-
ponding leaf node;
@ leaf ptr = get the ptr struct of the leaf node;
(3 leaf = get the leaf node;
@ if leaf ptr. state == change_state then
insert { key, value) in leaf;
if leaf is full then
move leaf'to Seq-Zone;
leaf ptr. state = steady state_hot;
leaf ptr. addr = new_addr;
end if
else
if leaf ptr. log_addr == Null then
Split(leaf, key, value) ;
else
log = get the leaf log node of the leaf;
leaf = Sync(leaf, log, leaf ptr);
if leaf ptr. state == change_state then
insert { key, value) to leaf:
if leafis full then
move leaf'to Seq-Zone;
leaf ptr. state = steady state_hot;
leaf ptr. addr = new_addr;
end if
end if
if leaf ptr. state ==
Split(leaf, key, value) ;
end if
end if
end if

steady_state_hot then

@08 OEEBEBELOLRY®®
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3.4 Delete if leaf ptr. state == after state then

ZB'-tree " B M B3 #24F 5 28 M B -tree 5905 A 1T
ZARFZAL, BT A JZ 5 555 b B Zone M 5T 2
AR, X T AN [R] 2 0975 TR 4T Delete 2RI, 1
W R A ] 4 428 1) 5 01 1 SR

XFIHZ, T A 1Y leaf-head 17 55 # 4L F
Cov-Zone H1, A L& A= Ji U 58, BRI 7 ) 53 B 244
E AR A ST BR (lower bound), 3 1178 B ™ 4% 44 il
4 IF By SR B, B leaf-head 717 #0925 & ™ % 5 i 78
lower bound # full 2 [8] (AR R — 4> leaf-head 7
KU A ) X T Leaf J2, 78 3847 MW B 1 38417 R B
e pl 2 3 SORBE 6 G 01, Bl B SR Js 5 50, BE &
A I (CHERZAVNT n), NREG I ATEL
P, fe 5 ISR R — 38 SRR AL T change_
state, B #R7E Cov-Zone H'. 2 It LI R BUA [] 3R W, 2
A Leaf JZ 0917 55 43 B 7E Seq-Zone 1 Cov-Zone H,
H A5 A A BB log 19 w0 AT RN log 17 4. AR AR
BER A G I, M steady state W51 JE G — I HEAEXT, IF
AN b 23 [ b T, SORE 5 & O e e, 10 %2
AEFE log 9 1. TEHLS: F SCRBEFERI T, leaf 19 52
HILE N 1~n.

XF T Interior J22 1Y 75 s FATTIRIRE SR BUOPL 23 32 A%
il 45 - 09 S, BR Al Leaf J2 A [F], interior Y 5 i 25
WA FECH I~n+1, 25 08 R — A key {H B 2658 2
First, 2.3 7 J& 7~ T Xt Leaf )2 [ Delete #1E.

&% 7. Delete(key ).

A key 2 M I AOEEAE X Y key 18

Bt MR B TR (8] true, MH 5% 2 WCR (] false.

@ leaf head = find the leaf head node of the corresp-

onding leaf node;

@) leaf ptr = get the ptr struct of the leaf node;

(3 leaf = get the leaf node;

@ if find_in_leaf key, leaf ptr) == false then

(®  return false;

© else
if leaf ptr. state == change_state then

delete_in_leaf (leaf, key);
if leaf'is empty then

LH_delete(LH, key);

reclaim leaf in Cov-Zone;

return true;

else do opportunism merge;
end if
end if

GNENCNCNSNCNCNCNS)

log = get the log of leaf;
Insert delete_key to log;
return true;
else
if leaf ptr. log_addr == Null then
Allocate a new log for leaf;
Insert delete_key to log;
leaf ptr. state = after_state;
leaf ptr. log_addr = log_addr;
return true;
else
log = get the log of leaf;
Insert delete_key to log;
leaf ptr. state = after_state;
return true;
end if
end if
@D end if
35 EigKRMaom
3.5.1  WpEERE
4 JZ ) ZB -tree TE A 1 I B NG 00 T 77 22332 6 1K,
A% interior-head 19 A5 | 3¢ interior 77 /5 1 interior-log
745 | 52 leaf-head 7 A5 . FF 32 leaf 79 45 1 leaf-log 17
B, WndR Interior /2 Ml Leaf J2 ¥ A log 17 4, M 5 4 2
[ CoW B'-tree —Ff, 5 E 1L 4 UK. (EHEATH0 ASRAERT,
CoW B'-tree 7 2515 4 YR 32 Hi AR 2] it 43 1 19 A2, 4
RABA BT EE 4 W GHRAE, TERIRE DL T BR T
MR AR R Ym0 R, W5 7 R A T
ZB'-tree 1 A [F) 4% 5 AL HEAT 4~6 Ui, MR &
A4y 340 RS 1 R 4R (R B #:11 Cov-Zone
B AE A, AR KR L, RIS TR 7T IRE
A, (AR Z UG LT AN 23 IR — J2 A 4 o 22,
PR AR HAT 2 1~2 RS BRI AT, B 9056 A B
B 7 7E Cov-Zone 1. Xt CoW B'-tree Y MM Bk #: 1, [
R SIS EAT 4 e, B S W RBR A O, Bl
LR T2 A WS BAE, R kA A IR 1) 48
SHE O DU A5 ST 22 (3525 1) ZB -tree 7E #E4T 4~6 1K
AR Z G, MR B A G 0T, M R 1 RS #4E
(change state W) 15 S M Br F R E 1R E;
steady_state )7 15 A log 777 5 4R A M BR 12 5%,
HWE 1IRE), R K ESIF, WAENL2 32 SR
e G IR0 2 JZ AT G IR RE S D, JF HAEIX 2
JE AN 22 A 1] 4B T A B R0 B 48 A, AR LHJZ #

@O ®AH G
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IH JZ 5 CoW B'-tree — F£#B 2R JH T /™ # 42 1l & I 1
Femg, P SR B S BB £ > T CoW B-tree.
G iR, AT ZB tree 7E A ) PEHE 11 5 CoW
B'-tree $51T, 74/ AW 23 980 /0 5 #4100 76 I BR i 25
[F] B 9 /1 152 5 4 A
352 =EAUH

CoW B'-tree ¥ 1 K 5 47 #f 28 /b 75 2244 AR 21| i
T A5 Y B 4% BB 5 (91 31 ZNS SSD i i ZB -tree W
BT W RCFE Cov-Zone HY, A H 75 B AE Cov-Zone
PEAT — U BT A, AH LT CoW B'-tree, ZB'-
tree 23 K KIF /D X} Seq-Zone 1) 5 F.

R —A 1 KK m, —A 4 )28 ZB -tree, [y
BOR n, SR OLF, B leaf 19 55 #07K A leaf-log 17

»., HAEA interior 77 &R A interior-log 7 /&, LA
AR BRIl TR
Rr+1)°*+n+ 1) +2n+ 1)+ 1] xm. (D

1B 4 21 CoW B'-tree A 8417 & UF (i 25 [H] K/
BV IE# B -tree BT o 25 A1 K/, 028 [0 K/INAT Al 324
[+ 1)’ +n+ D> +(m+ D+ 1]xm. (2)
Bl 5 %R 51 A9 1E Bk, CoW B -tree £ AN B i 16 ik
1 71 R DL R BRSO R AR BT 55 A SSD .
IR AT AU X A BT AR A3, SEPRIZ AT CoW
B'-tree i 43 77 Ax KB T ALY A5, HE— 25 1S 0 A3 ]
FH2. M) ZB -tree ¥ J5t b 55587 W AE Cov-Zone HT, 52
R 38 17 B R R 25 7F Seq-Zone W 7= A2 oA A5, {H
B 425 3m 8 /0 T CoW B-tree, H A B0 340 78
I LT A1 CoW B'-tree b T [/l — 12 2% [ I,
SE I, ZB -tree 1925 [ AR I T CoW B'-tree.
ZB'-tree #H Ht. T CoW B'-tree 7£ LH JZF1 TH 2510
TR TEET BN, BT IHE
HLH JZ #8201 s, A /b DR e A A 2 ]
A AR L 0 B . ZB -tree %t Cov-Zone 1) (5 155 1
I = R0 AR B 4800 G, A 3 A S0 ok BEAT B IE.

4 ZXWE5DH

41 IWIFE

JIK %5 % #:4F & 40 Ubuntu20. 04. 1LTS, N & i
A 5.4.0, gec lRAH 9. 4.0 . 1 T HAj b %A 7
ZNS SSD, A tt AT A T null_blk SR A1 ZNS SSD
VA%, I8 VG 350 54 (1% ZBD #E4F J# libzbd 47 52
9. ELR R SE G T B AR 1 TR

M T B AT A %A $#2 1 ZNS SSD IR AT R 5],
UL IR ATTHE CoW B'-tree #E4T T & ekt fifi B 48 5 17 7F

519
Table 1 Experimental Configuration
F1 IREE

55 s 2L i

oS Ubuntu 20.04.1 LTS

CPU AMD EPYC 7 742 64-Core@2.60GHz
DRAM 256GB DDR4 (2 666 MHz )

GCC version 9.4.0
libzbd version 2.03

ZNS SSD | HAKT 5, EJEH CoW B'-tree 17 5 A
Tl 4y 25 (8] F 2 B9 Zone, FFH 38 24 17 Zone 14 17 Il
SIS BEPEEE A Zone, LIS I8 /b Zone-Reset 54,
[ f 5843 ) F ZNS SSD F4 23 (]

S 86 48 YCSB™ 1 S il 7 4. YCSB J2& H i
TEA7fifs FECHE 2 400 17 A iR 2k, B e
VFR P B AT RGBS LA AU R 04} 7E 5256
AT YCSB AR T 5 Ak Gk, B an T .

1) Workload1 &5 %5 48 1) £ 4%, 0 & 8 A M BR
AR, OF B 3 283RAER 5 o B AR A 40% .
& 30%. £ 4k 30%.

2) Workload2 J& 52 %% 45 (1) 2%, 0 & 36 AL T BR
A IRBRAE, IF H 3 ZEBRAEM 5 LA BN IS A 10% .
Bk 10%., £ 4k 80%.

3) Workload3 J& 132 5 34 i (1 £ 4%, £ & 4di AL N
Bk AR AR, OF B 3 B484E 8 & H A A 25% .
MHBE 25% . 248 50%.

4) Workload4 J& 465 1 3%, &1 A . M BR#ELAE,
JFH 2 EBAEM o5 EL 43 50 R 46 A 50% . I BR 50%.

5) Workload5 & 21132 11 48, H AL 7 A $R 1.

FRATTHE 5 Pl o 2 43 5500 AN () 2540 R )
Bl ox A T R MERE. B R4 S R 50 7L 150 7.
250 J7 SHAE TC s 0, BdE o3 A R T SCHR [29] TR 3
K534, £34% Zipfian 53 A7 | uniform 73 4 | latest 73 47 .
1E YCSB g AT M A 23 2 408580, AT /0 52 304
T B 2 8 7E B 0 2 58 K =2 S5 PR AT A4 Fh R VR I
T . CoW B'-tree S5 HH AR 4011 ZBD W45 4 40
/™ Seq-Zone VL K 1~ Cov-Zone( Sk {7 {IF 52 56 X Hb 2
-, FeATHE Cov-Zone 2 H Seq-Zone Y I 7 5 & ok
i ), B4~ Zone K/INHK 2 GB; ZB -tree 5% 5 1 A5 41
#J ZBD 1% 7% M 40 1~ Seq-Zone LA K 1 4~ Cov-Zone, K
/NER A 2GB. FERLLAS T e KN GE— % o 4 KB.

42 EWERHW
42.1 BT IE R

& 11~13 45 i T ZB'-tree Fl CoW B'-tree iz 17

BF DX L. AT LA 3, 8 A [ B FASE R W] T A £
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# T, ZB -tree iz 17 B [A] £B /N T CoW B'-tree. H: 9K FIH #A2 T Cov-Zone H1, Fui/F AT Jit b B 37, X It
ZB'-tree fl X} T- CoW B'-tree 7E £r i I 7] B8 %2 22 3% 5 AU BIUS A M bk AR 2 28 2, BT DL K 1) B0
1~2 YK log 5 5, {5 By F 76 3 A RN B B4 p sk 20 T BHWi7E T Cov-Zone H1. # kb F CoW B'-tree % ¥R T Hr
BEE B, H SSD EHEAE G B /E B AR, itk ZB- BT E 4 R G AR, ZB -tree R B 12 K5 #:A4E

tree AT RE B 4T CoW B'-tree, 5 HHIE /3 Hr AHAT. I
E ZB*-tree@50/i B CoW B'-tree@50 /1 @ ZB'-tree@50/7 B CoW B'-tree@50/]
O ZB*-tree@150/7 @ CoW B*-tree@150 /7 O ZB*-tree@150/7 & CoW B'-tree@150/7
B ZB*-tree@250/7 K CoW B*-tree@250 /7 B ZB'-tree@250/7 & CoW B'-tree@250/7
= .
: '
:
Workload1l Workload2 Workload3 Workload4 Workload5
TAEFE, TAEE
Fig. 11 Running time comparison under the Zipfian distribution Fig. 14 Read counts comparison under the Zipfian distribution
& 11 Zipfian 4345 iz 7R )% e 14 Zipfian 5345 T S2REOH L
O ZB'-tree@50/i B CoW B-tree@50/7 @ ZB*-tree@50/i B CoW B'-tree@5077
O ZB'-tree@150/5 B CoW B'-tree@150/ O ZB'-tree@150/7 £ CoW B'-tree@150 /3
B ZB'-tree@250/7 & CoW B'-tree@250/1 M ZB'-tree@250/7 K CoW B-tree@250/5
350 120
, 300 & 100
= 250 X %0
= 200 <
& 150 =60
s X
1§ 100 = 40
50 L 20
— 0 4 L S A 4
Workloadl Workload2 Workload3 Workload4 Workload5
TAEGE TAEHER
Fig. 12 Running time comparison under the uniform distribution Fig. 15 Read counts comparison under the uniform distribution
&1 12 uniform 534 TS84T TR 1 B 15  uniform 4345 T EEUCEOW 1L
E égi_:me@ig?ﬁ % gog g:_gee@igfﬁ @ ZB*-tree@50/7 B CoW B'-tree@50/7
= ZB;tree@z W7 © Cow Bjt:’e@z 05 O ZB™-tree@150/i B CoW B'-tree@15073
550 “tree@ oW B'-tree@ B ZB"-tree@250/i [ CoW B'-tree@25073
120
= 200 £ 100
= X
'lé 150 § 80
= 100 5 E 60
Do X
K5 : 240
| shd (LY (IELY 2
Workloadl Workload2 Workload3 Workload4 Workload5
LG Tk

Fig. 13 Running time comparison under the latest distribution Fig. 16 Read counts comparison under the latest distribution
4 A TH [E] % N ¥
K13 latest 4340 Bz A THS TR L K16 latest 40 T EEUEOW 1
422 BEHRHILE
. E ZB'*-tree@50/; B CoW B'-tree@50 /7
& 14~16 MK 17~19 23 B8R T ZB -tree 1 CoW O ZB"-tree@150/i E1 CoW B'-tree@15077
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