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1. INTRODUCTION1)

Cloud endor  are generat ng enor ou  data and 
ac ng cata tro h c challenge  due to huge a ount o  

data that need  to handle y e eral a l cat on  
1 . The e ergence o  anycore ach ne and Intel 

DC Per tent Me ory (DCPM) 4  a ed to ncrea e 
the concurrency o  a l cat on  and ro de h gher 
er or ance. For anycore ach ne , ado t ng DCPM 

re ult  n er tency at the e ory le el ut degrade  
the a l cat on er or ance. A l cat on  anag ng 
u er generated data y cloud er ce  nclude data a e  
and le y te  5 . The e a l cat on  hea ly rely on 
nde ed data tructure  or h gh er or ance to acce  

the data.
Se eral nde  data tructure  ha e een ro o ed or 

e erg ng e ory technolog e  uch a  tree, R tree 
etc. 9 . The e data tructure  are tree a ed and 
ha e een co only u ed n data a e  and le 
y te . The tree and R tree are a ong o ular 
nde  data tructure . Few recent tud e  e lored 

tree  and R tree  or DCPM , 10 . Fa t Fa r 
(F F)   a tree ar ant and F R tree 10   a 
tate o the art ar ant o  R tree on DCPM. owe er, 

ado t on o  DCPM a ed data tructure  on anycore 
ach ne  lead to cala l ty l tat on . The wr te 

o erat on  n F F and F R tree ac u re lock  to 
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en ure utual e clu on, that eco e  a o nt o  
content on where ult le thread  atte t to acce  
tree a ed data tructure  uch a  tree and R tree. 

ode l tt ng and erg ng  co on o erat on  n 
tree a ed data tructure  to a nta n the alance o  the 
tree, co only known a  Structural od cat on 
o erat on  (SM ). hen the cha n o  SM  are 
tr ggered ro  lea  to root node they add t onally cau e 
ncrea e n thread content on . The e cha n  o  SM  

are re u red to hold er node lock ro  the lea  to the 
root node where ult le thread  try to hold lock or 
the node on tree a ed data tructure .

MCS 11 , FC MCS 12 , and MCS 1  ha e 
een u ed to o t e lock techn ue  or uch data 
tructure. ut the e techn ue  are una le to ca ture 

and ol e the nher ted concurrent l tat on o  
tree a ed data tructure  uch a  tree and R tree. 
Future ect  (F ) 14  are concurrent and u t tute 
or uch lock o t at on techn ue . F  ha e een 
ro o ed to ro e the er or ance o  hared data 
tructure . F  data o ect  ro e to del er the 

re ult  o  an o erat on once the re ult  eco e 
a a la le. Future  are a l ed on each thread le el 
where each thread a gn  t  own uture o ect . Each 
o erat on that  re re ented y F  are than a l ed to 
the hared data tructure when the r e aluate ethod  
called.

Ado t ng uture  or nde ng data tructure  uch a  
tree  and R tree can ro e the o erat on 

er or ance, ut t co e  w th t  own challenge . For 
n tance, to ntegrate the uture o ect  w th tree a ed 
nde  data tructure can cau e con tency ue . 

here y, e aluate ethod, that  re on le to 
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check o nt the data ro  uture o ect  to hared data 
tructure , u t ncor orate n a cra h re l ent anner  

otherw e, data ght e lo t e entually w ll lea e the 
nde  data tructure n an ncon tent tate. F  that 

are thread local w ll al o e erely degrade the looku  
o erat on er or ance o  hared nde  data tructure. 
The read o erat on  ha e to tra er e the add t onal 
layer o erhead o  uture o ect  to look or key. 
Further ore, o t ng uture o ect  n DCPM al o 
re u re  dura l ty guarantee to hel  reco ery o  the 
nde  data tructure a ter a cra h. thout dura l ty 

guarantee, uture o ect  ght lay n an ncon tent 
tate, uch a  ng data or o nter  etween uture 

o ect .
To addre  a ore ent oned ro le , we a l ed 

uture  on two d erent tate o the art nde  data 
tructure  .e., ngle d en on tree and ult  

d en onal R tree. ur de gn ocu ed to ro e the 
concurrency a ong the thread  and co o ed o  three 

a n co onent  ) Thread ocal Future ect  
(T F ), ) a hared glo al nde  data tructure and 

) In e ory ha h ta le.
e a l ed well known roducer con u er a roach 

n our de gn where thread  are e ng d ded nto two 
grou . Each thread grou   re on le to handle the 
de gnated ta k. A l cat on thread , act a  roducer, 
are allowed to u h the data to the T F . Meanwh le, 
de gnated a ynchronou  thread, act a  con u er , are 
re on le to er or  o erat on where each con u er 
thread w ll u date the T F  to the hared glo al 
nde  data tructure. To ado t the uture  on DCPM, 

we con erted DRAM a ed F  to DCPM a ed uture 
o ect  and dura le l near a l ty  u ed to guarantee 
the correctne  cond t on  a ter a cra h. e co en ate 
the look o erat on er or ance y e loy ng an 
n e ory ha h ta le to a o d key earch n T F . 

e e aluated the ro o ed de gn aga n t a el ne F F 
and F R tree w th d erent workload . The 
e er ental re ult  con r  that uture  can e u ed to 

ro e the concurrency o  the nde  data tructure.

2. BACKGROUND AND MOTIVATION

There ha e recent tud e  that ro o ed DCPM a ed 
nde  data tructure  that ro de  lock ree read  and 

tolerate the ncon tenc e . Fa t and Fa r (F F)  
tree a ed DCPM nde  data tructure tran or  the 
tree nto con tent tate y co letely a o d ng the 

logg ng o erhead. ooku  o erat on  a  well detect and 
ndulge the ncon tent tate  uch a  du l cated 

ele ent  n orted l t. owe er, the wr te o erat on 
ac u re lock to a o d the utual e clu on a ong 
thread . F F o ered two algor th , Fa lure Ato c 
Sh t (Fa t) and Fa lure Ato c In lace Re alance 
(Fa r). Fa t  re on le to n ert the new key nto a 
node o  the tree that  al o anaged to er or  
ato c h t o erat on  to kee  the order o  the key  n 
orted anner. The Fa r algor th  u e  l ng o nter 

and doe  not re u re to u e o  logg ng n the tree 
node .

S larly, R tree  one o  the o ular at al nde  
data tructure u ed to tore ult d en onal data. 
R tree  ult d en onal data tructure and  
d erent ro  ngle d en onal data tructure  uch 
a  tree. Th   ecau e R tree doe  not tore the 
orted array o  key and alue  n tree node , n tead t 
tore  a et o  n u  ound ng rectangle  (M R). 

Each M R nclude  all the M R  o  the re ect e 
u tree and lea  node  o  R tree tore  the M R 
o nt ng to actual at al data. F R tree  a DCPM  
a ed R tree. F R tree ntroduce  a ar a le ed 
t a  etadata u date o erat on. F R tree al o 

ro de  lock ree read o erat on  n arallel to n ert 
o erat on .

Add t onally, a nta n ng con tent ew o  the 
tree a ed nde ng data tructure dur ng the SM  are 
challeng ng ta k  th   ecau e tree a ed nde  data 
tructure re u re  add t onal logg ng. ogg ng cau e 

add t onal o erhead ecau e t re u re  to a nta n and 
du l cate  the e ory age  wh ch ncrea e the wr te 
tra c. Th  al o lock the concurrent acce  to hared 
data tructure . Such tree a ed data tructure  n 
h ghly concurrent wr te cenar o  ace cala l ty 
l tat on  that  when concurrent wr te  acce  the 
hared data tructure on anycore ach ne  where ten  
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and hundred  o  a l cat on thread  are er or ng 
wr te o erat on.

In th  ect on, we e la n the wr te o erat on  n 
tree a ed nde  data tructure. F gure 1 how  the 
concurrent wr te o erat on n F F, where two thread , 
T1 and T2 are er or ng n ert o erat on. Thread T1 
and Thread T2 r t look u  the ec c node where a 
key n ert on  needed to er or , a  hown n F gure 
1, te 1 . ote that oth thread  T1 and T2 elected 
the a e node o  the tree to er or  n ert o erat on. 

owe er, a  F F u e  MUTE  lock  to a o d the 
utual e clu on only one thread w ll e a le to 

ac u re  the lock on the node and tart the n ert 
o erat on. A  hown n F gure 1, thread T1 r t 
ac u re the lock and tarted the n ert o erat on, te  
2 . ow, thread T1 check  the ca ac ty o  the node 

where new data  needed to n ert. It wa  o er ed 
that the node ( 1 n th  ca e) doe  not ha e ca ac ty 
to acco odate new data, t tr gger  the SM . Dur ng 
SM , Thread T1 allocate  a new node, h t hal  o  
the e t ng node entr e  ro  1 to the newly created 
node 5 and then nally n ert the data nto the 
corre ond ng node, te   and 4 . At nal tage 
te  5 , thread T1 ac u re  the lock at arent node P  

and u date  the l nk . Meanwh le, now thread T2 can 
ac u re the lock at node 1 and not ce  that the 1 
ha  een l t. ow the new data that thread T2 
wanted to n ert  re u red to n ert n the new 
cand date node 5. So, at te  , thread T2 relea e  

the lock at node 1 and ac u re  the lock at new node 
5 and roceed  w th re t o  the n ert o erat on.
Th  e a le how  that tree a ed nde  data 

tructure  get locked w th ynchron at on along w th 
cha n o  SM  dra at cally l t  t  cala l ty on 

anycore ach ne . It e ect  the concurrency o  the 
a l cat on where hundred  and thou and  o  
a l cat on thread  are er or ng n ert o erat on. To 
addre  th  ro le  o  tree a ed nde  data tructure  
we ro o ed uture a ed nde  data tructure . here 
our goal  to ocu  on de gn ng a concurrent cala le 
nde  data tructure or DCPM a ed anycore 
ach ne .

3. DESIGN AND IMPLEMENTATION

 

F gure 2 how  the o erall de gn o  our ro o ed 
uture a ed y te  or nde  data tructure . ur 

a roach  n red y well known a ynchronou  
co utat on de gn r nc le, roducer and con u er 

odel. In our de gn we ha e three a n co onent , 
Thread ocal Future ect  (T F ), Shared Inde  
data tructure, and n e ory ha h ta le. T F  n 
our y te  eha e  a  u er or each thread.

A l cat on thread , act a  roducer, are only 
re on le to er or  the wr te o erat on on th  
u er .e. T F . For T F , we u ed the dou ly 

l nked l t. In the eant e, a ded cated a ynchronou  
thread ool, act a  con u er, are re on le to 
check o nt the data o ect  n T F  to glo al nde  

그림 1  A m lti t ea  in e tion e a e to emon t ate t e ala ilit  limitation in t ee a e  in e  ata t t e [15].
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data tructure through the e aluate unct on. To 
n e the looku  er or ance o erhead due to 

add t onal layer o  T F , or data o ect  re d ng n 
T F , we u ed an n e ory ha h ta le ( T). A data 
o ect  n erted nto the ha h ta le a ter t  dura ly 
wr tten to the T F .

The dou ly l nked l t o  T F   hown n F gure 
2 where each node o  the dou ly l nked l t  
co r ed o  Future ect  (F ), ne t and re ou  
o nter to the node, and a du y node wh ch tore  

the head and ta l o nter . e ado ted the de gn o  
dou ly l nked l t due to two old: F r t, w th dou ly 
l nked l t the content on etween a l cat on thread  
and a ynchronou  e aluate thread  a o ded y only 
allow ng the a l cat on thread  to er or  u date 

o erat on through the head o nter. Meanwh le, the 
a ynchronou  e aluate thread  only check o nt the F  
through ta l o nter. To ro de cra h con tency, we 
rely on dura le l near a l ty 1 .

  

F gure 2 how  the n ert, earch, and delete o erat on 
low o  our ro o ed y te  de gn. The green arrow  
n F gure 2 along w th ded cated a ynchronou  e aluate 

thread  how the n ert o erat on low. Dur ng the 
n ert o erat on, the a l cat on thread w ll r t n ert 

the data o ect to the thread local l nked l t a  hown 
n te 1 . nce the o ect  wr tten to the T F , an 

entry w ll e ade n the n e ory ha h ta le or 
looku  a  hown n te 2 . n the other hand, the 

그림 2 e i n o e ie  o  t e a e  in e  ata t t e.
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ded cated a ynchronou  e aluate thread  are re on le 
to check o nt the data o ect  ro  T F  to glo al 
nde  data tructure, te   o  F gure 2. Each 

e aluate thread  re on le or ec c T F  and 
only check o nt the data ro  a gned dou ly l nked 
l t . The e aluat on o  T F  can e done a ed on 
two o t on  data n T F  can e wr tten to glo al 
nde  data tructure a ed on the a ount o  t e or 

e o  the T F .
ur de gn ro de  h erarch cal data o ect tra er al 

or earch and delete o erat on . Delete o erat on  
co r ed o  looku  and u date o erat on o delete 
and earch o erat on ollow  the a e ath. To look 
or a data o ect n T F , an a l cat on thread w ll 
r t tart w th tra er ng the n e ory ha h ta le a  
hown y te  1  n F gure 2. I  a data o ect  ound 
n n e ory ha h ta le, then the corre ond ng T F  

w ll e tra er ed d rectly. I  ha h ta le  not ado ted, 
then each a l cat on looku  o erat on u t l nearly 
tra er e each T F  a ed dou ly l nked l t wh ch 
re ult  n h gh er or ance degradat on a  hown n 
the ect on I . nce the data o ect  ound, the 
a l cat on thread return  the data o ect to the cl ent 
a  re ented y te  2  . I  a data o ect  not ound 
at n e ory ha h ta le, then a l cat on thread o e  
to tra er e the glo al nde  data tructure and ollow  
the de ault nde  data tructure  read ath.

An ortant actor that ha  e ect  on the 
er or ance on Future a ed y te   the e o  

T F . I  there  no l tat on to the e o  T F , 
then a l cat on thread  do not go nto lock tate due 

to reach ng the e thre hold o  T F . owe er, w th 
l ted T F  e, the er or ance  l ted y the 
glo al nde  tructure  nternal o erat on  and lock 
content on. Add t onally, the nu er o  a ynchronou  
e aluate thread  lay a tal role n the er or ance o  
uture a ed data tructure. I  the nu er o  

a ynchronou  e aluate thread   large than t w ll 
re ult n nternal lock content on o  the glo al data 
tructure wh le all nu er o  e aluate thread  w ll 

cau e the a l cat on thread  to get locked. So, t  
ortant to dent y the u ta le nu er o  

a ynchronou  e aluate thread  and the e o  T F .
To u ort the cra h con tency and reco ery 
echan , our ro o ed de gn rel e  on dura le 

l near a l ty where each o erat on take a ect dura ly 
n etween t  n ocat on and re on e. near a l ty  

a co on correctne  cond t on e loyed n lock ree 
data tructure . A  n our de gn T F  do not ac u re 
any lock and work nde endently, we ado ted 
l near a l ty or correctne  cond t on. I  a y te  
cra h ha en  than n our de gn the a ynchronou  
e aluate thread  w ll e a le to acce  the T F  that 
la t dura ly wr tten and tart check o nt ng the  to the 
glo al nde  tructure. owe er, or a l cat on 
thread , new T F  and n e ory ha h ta le w ll e 
allocated, and a l cat on thread  can tart the r 
o erat on r ght away.

  

A concurrent data tructure  l near a le  each 
o erat on that  er or ed take e ect etween t  

그림 3 a le inea i a ilit  e ample . P ep e ent  t e  point.
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n ocat on and re on e 17 . th DCPM, 
guarantee ng dura l ty  an add t onal re u re ent that 
a data tructure need to ro de to en ure the 
er tency and cra h re l ency. A dura ly l near a le 

concurrent data tructure at e  the ro ert e  o  
l near at on. Further ore, a dura le l near a le data 
tructure hould e a le to reta n a con tent tate n 

ca e o  the ull y te  cra h or art al y te  a lure. 
The tate o  the concurrent data tructure u t re lect a 
con tent u h tory, a e uence o  ethod n ocat on 
and the r re on e .

e call the o nt where a concurrent data tructure 
eco e  dura le a  a dura l ty o nt n the e ecut on 

h tory E, .e., t  e ect  are le to all the 
corre ond ng a l cat on thread  and the data  
er tent. A ter a dura l ty o nt  ac u red,  we 

e ecute a reco ery echan , t w ll re ult n a 
con tent ate o  the data tructure. For our ro o ed 
de gn, we ach e e dura l ty o nt or T F  a  
hown n F gure . e do not con der the a e o  the 

glo al data tructure a  the glo al data tructure can 
ollow any con tency guarantee ng echan  
nclud ng lock a ed ynchron at on.

F gure (a) how  an e a le where we ach e e the 
dura l ty o nt w th n a ngle uture o ect o  T F  
y ato cally u dat ng the data o ect . Ste  1  to 
4  n F gure (a) how the wr te o erat on w th n an 

F . The l ne  la eled D P re re ent the dura le 
l near a l ty o nt  ach e ed y the n ert o erat on 
y call ng F US FE CE n truct on . In F gure (a), 

there are two dura ly l near a l ty o nt  ach e ed, 
D P 1 and D P 2. I  a cra h ha en  n etween 
D P 1 and D P 2 ( te  2  and te  ) the reco ery 

echan  w ll e a le to ach e e a con tent ew o  
the thread local l nked l t y D P 1. F gure ( ) 
how  an e a le o  the econd cenar o where a new 

F   u dated w th n the thread local dou ly l nked 
l t. Ste  2  to 4  how the allocat on o  a new uture 
o ect n the thread local dou ly l nked l t. In th  
cenar o, the D P  ach e ed once the ne t o nter o  

the newly allocated uture o ect  u dated ato cally, 
ollowed y the F US FE CE n truct on . e call 

the F US FE CE n truct on a r r ght a ter 
u dat ng the ne t o nter o  the new uture o ect o 

that  a cra h ha en  a ter the D P, we can acce  
the new F  y ackward tra er ng. I  a cra h ha en  
e ore the D P 2, our reco ery echan  w ll e 

a le to ach e e the con tent tate o  the thread local 
l nked l t to the D P 1. There  a otent al e ory 
leak that need  to e addre ed  a cra h ha en  n 
etween te  2  and . There are e eral 
echan  that can e ado ted or e ory leak  

uch a  ha ard era  1  and the o t t c acce  
che e 19 .

   

The ace o erhead o  our ro o ed de gn  
lar to the trad t onal tree, .e.,  ( ), ecau e a 

key  e ther n the T F  or n the glo al tree. 
Al o, the n e ory ha h ta le  laced n DRAM 
and not DCPM, o we do not con der t  ace 
o erhead or DCPM. Though, or DRAM the ha h 
ta le ace o erhead   (M), where M  the nu er 
o  key  tored n the T F  entr e  at a art cular t e 
n tance. The t e co le ty or the looku  o erat on 
 co o ed o  two ca e , one where a thread  

re u red to tra er e the T F  and econd where a 
thread only look  or the key n the glo al tree. In 
add t on, the read o erat on u t go through the 
n e ory ha h ta le. ow,  a thread  look ng or 

a key t u t r t earch the ha h o  the key n the 
ha h ta le, wh ch ha  con tant t e co le ty  (1). 
I  the key  ound n the ha h ta le, then the thread 
w ll tra er e the T F  l nearly and return once the key 

 ound. The t e co le ty (T) or th  ca e   
(1)   (M). For the econd cenar o,  the key  not 
ound n the ha h ta le, then the thread w ll d rectly 

look or the key n the glo al F F tree. F F o er  
lock ree read o erat on  that are al o a ed on l near 
earch.

4. EVALUATION

e er or ed our e er ent  on a nu  ach ne 
(kernel 5.4.0) e u ed w th 4 Intel eon(R) E5 4 40 
2 CPU  @ 2.20 G  w th 10 hy cal core  er 

node, 0 M  la t le el cache, and 25  G  DDR  
DRAM. e e ulate the latency o  Intel DCPM a  
re ented n 20 . e le ented the ro o ed 
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olut on or two tate o the art nde  data tructure 
olut on  .e., tree and R tree. 

ur olut on or tree, we call t F tree,  
le ented on to  o  F F . e u ed a ynthet c 

ench ark w th one ll on yte key alue a r  
w th e uent al key d tr ut on. e nd the thread  to 
the r t CPU node u ng the nu actl co and and 
then o e to other node . e co ared the ro o ed 
a roach, F tree, to two d erent ar ant , .e., 
key a ed (F ) and node a ed (F ). In key a ed 
a roache  a ynchronou  e aluate thread  er or  check  
o nt ng a ed on each key alue a r tored at uture 

o ect n T F . Meanwh le, n the node a ed a roach 
a ynchronou  e aluate thread  check o nt whole uture 
o ect to glo al nde  data tructure.

For R tree olut on, we call t MPR tree,  le ented 
on to  o  F R tree 10 . e le ented our ro o ed 
MPR tree u ng a Per tent Me ory De elo ent t 
(PMD ) 21 . To e aluate MPR tree, we allocated a 

ngle e ory ool or nde  and call e o alloc() 
or each tree node n de the ool. For e aluat on, we 

u ed a t e er e  ult d en onal ta  er ce 
tra ectory workload that ha  ll on  o  olyl ne  w th 
a total o  n ne attr ute 1). A olyl ne conta n  a l t o  
GPS coord nate  ( .e., GS 4 or at). To check the 
concurrency er or ance, we er or ed e er ent  y 
ncrea ng the nu er o  concurrent thread  or n ert 

o erat on  w th a 500  uer e  D workload nto 
MPR tree.

 

 

F gure 4(a) how  the er or ance or F tree n 
co ar on to tate o the art F F. e can clearly 
o er e that, on a erage, F  out er or  F  w th 
1.  and .  co ared to F F. The rea on  are 

an old. F r t, F  ene t  ro  the e uent al order 
o  key  w th n the workload and doe  not e l c tly 
er or  ort ng. Second, F  check o nt  the whole 

T F  to the glo al F F tree, wh ch lead  to ewer 
h t o erat on  and SM  on the glo al tree. Th rd, 

F  ncur  le  thread ynchron at on and 
co un cat on o erhead w th oreground thread . 

1) The data et can e ound here: htt : arch e. c .uc .edu l nde . h

S larly, F  al o out er or  the F F on a erage 
2.4  due to t  T F  de gn. e al o o er ed a 
cala le trend n F F er or ance w th ary ng 

thread  or e uent al workload  ecau e F F doe  not 
er or  re uent h t o erat on  due to e uent al key 

order. Moreo er, the workload  e ually d tr uted 
a ong thread , lead ng to le  content on on a ngle 

tree node. ota ly, we o er ed a cala le trend y 
all a roache  or thread  w th n a ngle CPU node. 

owe er, er or ance aturate  w th thread  cro ng 
the ngle CPU node oundary due to h gh re ote 

e ory acce e . Although the F tree wr te  to T F  
t ll the a ynchronou  thread  read the T F  and 

check o nt the  to the glo al tree and thu  u er ro  
re ote e ory acce e  and er or ance aturat on. 

e lan to addre  the UMA ue (re ote e ory 
acce e  ro le ) n our uture work.

 

e er or  read e er ent  to how the o erhead 
o  T F  n F gure 5(a). e co are F F w th our 
ro o ed F tree, wh ch nclude  n e ory T. For 

th  e er ent, we lace 20  key alue a r  at the 
T F  wh le 0  key alue a r  are laced at the 
glo al F F tree. It can e o er ed that F tree how  
e u alent er or ance to F F w th negl g le 
o erhead to check the T r t and then look ng or 
the key n the corre ond ng T F .

  

 

F gure 4( ) de ct  the re ult  o  our concurrency 
analy  o  MPR tree n co ar on to tate o the art 
F R tree. e ar ed the a ynchronou  e aluate thread  
n th  e er ent to how the act on er or ance. 

The e2 and e4 re ent the nu er o  a ynchronou  
e aluate thread  n F gure 4( ). e can clearly o er e 
that MPR tree out er or  F R tree rang ng ro  1.7  
to 2.1  y ary ng the nu er o  thread  ro  1 to 0 
on og10 cale. It can al o e een that MPR tree  
er or ance aturate  a  the nu er o  thread  
ncrea e , .e., a ter 10 thread . The rea on  two old. 

F r t, nce our e er ent  were run on a UMA 
ach ne, thread  tend to er or  e ory allocat on  to 

the r local CPU node , wh ch lead  to re ote e ory 
acce e . Second, w th an ncrea ng nu er o  
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thread , the re ure on e aluate thread  create  a 
content on and thu  lead  to l ted er or ance. 

ota ly, all d erent nu er  o  e aluate thread  
howed a cala le trend or thread  w th n a ngle 

CPU node. Due to the o erhead o  re ote e ory 
acce e , er or ance u er  when thread  cro  the 
CPU node arr er. The do nant actor n er or ance 
degradat on  re ote e ory acce e  w th the 
a ynchronou  e aluate thread  ecau e e aluate thread  
re uently read the uture o ect  ro  re ote e ory 

and wr te the  to glo al F R tree FG.

 

e er or ed e er ent  or earch uer e  where 
1M o ect  were n erted nto the glo al F R tree and 
then 500  o ect  were earched to deter ne the 
o erhead o  T F , a  de cted n F gure 5( ). e 
co ared F R tree w th our ro o ed MPR tree, 
wh ch nclude  the n e ory ha h ta le. For th  
e er ent, we laced 20  o ect  n T F  wh le 
0  o ect  were laced n the glo al tree. MPR tree 

w th t  n e ory ha h ta le howed ery negl g le 
er or ance o erhead a  co ared to F R tree. Th  
 ecau e MPR tree w th ha h r t u t check the 

ha h ta le and then look or the o ect n the 
corre ond ng T F .

5. CONCLUSION

In th  art cle, we ntroduce uture or nde  data 
tructure, where a h ghly concurrent er tent tree 

and R tree wa  le ented or DCPM a ed 
anycore ach ne . ur uture a ed olut on  ach e e 

cala l ty and h gh wr te concurrency y ado t ng 
Thread ocal Future ect  (T F ). The er thread 
uture o ect  are later check o nted to the glo al 

tree a ed nde  data tructure  n an a ynchronou  
anner. The earch uer e  are o t ed y 

e loy ng a olat le n e ory ha h ta le. e 
e aluate our ro o ed de gn F tree a ed on tree 
and F R tree a ed on R tree on a anycore nu  

ach ne w th e ulated DCPM. The re ult  how that 
uture a ed olut on  ach e e h gh cala l ty 

co ared to a el ne F F and F R tree.
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