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Improving Locality by Copying Garbage Collection
Based on Hierarchical Clustering

MASAHIRO YASUGI,* TOMOKAZU ITO,t TSUNEYASU KOMIYA* D
and TAIICHI YUASA?

The increasing processor-memory performance gap makes improving cache locality as im-
portant as virtual memory locality. Copying garbage collection moves all live objects from
one semi-space to another semi-space. Cheney’s nonrecursive copying algorithm employs a
section of the destination semi-space as a queue of unscanned objects and requires only a
negligible working space, but objects are copied in breadth-first order. However, in many
applications, the breadth-first copying makes the spatial memory access locality worse and
increases cache misses, page faults and TLB misses. In this paper, we propose a mostly
depth-first copying algorithm. Since depth-first copying only achieves limited locality im-
provement, we also propose a new “hierarchical clustering” copying algorithm. Since these
recursive copying algorithms require a working space (e.g., a stack) for recording unscanned
objects whose worst-case size is proportional to the number of live objects, we also propose
an efficient technique which achieves depth-first copying or hierarchical clustering as approxi-
mately as possible using bounded workspace. This paper also shows the effect of our approach
on miss-rate reduction.
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Fig.1 Breadth-first copying collection.
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Fig.3 Depth-first copying result.
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Fig. 7 Hierarchical clustering copying result.
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Fig.8 Hierarchical clustering copying algorithm.

2"0000oo0o00ooooOoooooooo
boboobooooooboobooooooboooooo
goooooobooooboooboobooboobOo 10000
000 16KBO 20000000 256KBOOOOO
gbooooboooooooooooobooboobobobboo
gooobooooooobooooooobooooooon
gooooooooooobooboobobooooooon

6. O O

00oodooO0ooooooooooooooo
ooo
e Sun Blade 100
— 500 MHz UltraSPARC-IIe,
64-entry iTLB,
64-entry dTLB,
— 8KB VM pages,

goooooooooboOoooOoooobooOoOooOoooooo 47

— 16 KB L1 2way set-associative 32 B-block
I-Cache,

— 16 KB L1 direct-mapped two 32B-line
(two 16-byte subblocks) D-Cache,

— 256 KB L2 4way set-associative 64 B-line
Cache,

— 256 MB Memory,

— Solaris 9,

— gcc 3.2 -02 -mcpu=ultrasparc
e PC

— 1.7 GHz Pentium 4,

— 64-entry DTLB,

— 4KB VM pages,

— 12KB L1 8way set-associative T-Cache,

— 8KB L1 4way set-associative 64 B-line D-

Cache,
— 256 KB L2 8way set-associative 128 B-line
(two 64 B sectors) Cache,

— 512MB Memory,

— Linux 2.4.20,

— gce 3.2 -02
oooooOooooooooGgCcooooooooo
Ooo0ooOoooOoOoOooOoUooOooOoOoooooo
0010000000 26KOO0000000

6.1 20000000

000000000 20000000000000
ooooo0oooooooOooo9nno1000ODn
00000 keyOOOOOOOOOOODO 20000
oooOoooooooo Gcooooobooooo
O0 keyOOOOOOOOOOODOOOO 100002
0000000o0o0oooooooooooooo 1
O0o0o0oo0ooo0oooooooooooog
000000 keyOOOOOOOOOOOOODOOO
log00OOOOOOOODO200000000000
00000000 0O0O000O0oOooooooooo
00O00oo0oooooooooooGeonn no-
GCM Cheney 00 OO0 BFMMoon OO OODOO
04KBOOOOOOODOOOCLpMmOBDOoOoOoooOO
O0000DFMOOODDOO0OODODOHCODIOO
01000000000 ooooooooooooo
0000 CLI-DFOOOO0OOCLI-DFOOHCOO
000000ooo0o0oooOooooooooooo
000000000 HCOOOODOoOOoooOoo200O
O0o0oOooOoOoo0o0ooOooOoooooooooo
20BO00008BOOUOOOOUOUDOOOOOOOO
00 24BO00000O0O000O32x10°000000



48 goooooooooboooooooo

search time (microseconds)

1 2 4 8 16 32
# of binary search tree nodes (x10/5)
09 Pentium 40000 2000000000
Fig.9 Search time for binary search tree on Pentium 4.

- no-GC

BF —--x-—- -]
r Clp --—-%---
i DF g o

HC --m- e

[ CL1-DF --o -

1 1 1 1
4 8 16 32
# of binary search tree nodes (x1015)
0 10 UltraSPARC-IIle 0000 2000000000
Fig.10 Search time for binary search tree on
UltraSPARC-IIe.

search time (microseconds)
o == N W O O N © © o

-
N

gooog 732MBOO0O00O0OO0OOOOOOODOOO
0000o0oo0o0o0o0o0oO0oo00O0goBEFO no-GC
00000 Pentium 40000000000 7.5%0
UltraSPARC-Ile D 000000000 9.0%000
O00000O0CLpO BFOOOO O 34%0 Pentium
40000 36%0 UltraSPARC-Ile00 0000000
OODFO BFOOOOO 71%0 Pentium 400 0O
5290 UltraSPARC-1Ile00 00 000000 OHCO
BFOOOOO 82%] Pentium 40000 66%] Ultra-
SPARC-Ile00 00 00000O000DOOOOOOO
00000000 Pentium 40000 1.82000
00000000000 1000 Pentium 40 20
JddbDoooooOOooooOoobbObOODODbOOd 128B
Joodooooooooboooobooooooooo

O0O00OCL1-DF O Pentium 400000 HCOOO
000000000 9000000ognomUltra-
SPARC-Ile0 0000 10000 HCOOOOODOO

May 2004

20 T T T T

# of D-TLB misses/search

1 2 4 8 16 32
# of binary search tree nodes (x1015)
0 11 UltraSPARC-Ile 0000 2000000000 TLB
oooo

Fig.11 TLB-misses for binary tree search on
UltraSPARC-ITe.

1]
[0]
S
E
[0]
<
8
Q 04 [ no-GC
a BF ---x---
@ Clp ------
a DF &

02F 36 el

CL1-DF - -
0 1 1 1 1
1 2 4 8 16 32

# of binary search tree nodes (x1015)

0 12 UltraSPARC-Ile D000 2000000000 10
000000000 read00000O

Fig.12 D-cache (read) hit rates for binary tree search on
UltraSPARC-IIe.

googno

UltraSPARC-Ile 000000000000 OOO
O0Solaris 900000000000 O0O0ODODODO
0000100000000 TLBOOOOO O 110
10o0oooobooooooobooOobOoon0 120
2000000000000000000 130000
000000 TLBOOOOOOOOGCOOOOO
0000000000oo0o0o0oo0oooHCOoOoO
oboooooooooirob200ooooooon
00000 HCOOOOOooo2000000000
ooooo1l1oboooooobooooobboooo
O00OCLpO TLBOOOOOOO DFOOOO
OO020000000000000 DFOOOODOO
oooO0O brODOOOOODOOD

ooooobbob0400o0ooooooooobo
oboooooobobooo-0b00ooooboooooo



Vol. 45 No. SIG 5(PRO 21)

1r . , : :
0.8 |
2 !:zh:’:i‘
Q e
I e
£ 08 e B SRR TS
< F- e
o [T R %
S [ P S "
8 04 no-GC —— iR S
o [ BF ———x-—--
& Clp ---%---
[ DF —a
021 HC --m-
t CL1-DF --o -
ol 1 1 1 |
! 2 4 8 16 32

# of binary search tree nodes (x10°5)
0 13 UltraSPARC-Ile 0000 2000000000 20
000000 readd00 000
Fig. 13 2nd-cache (read) hit rates for binary tree search
on UltraSPARC-IIe.

0.8 <X R B
. P ,,3‘77 é/ Sl e
- 2. .
_ o O —o;@ - 5B -8 /
8 o6 M B ]
Vs . ]
ol By %
17} /i * _x7
Voal @ e
a T roF > no-GC ——1
i X/X/ BF ——x—
- Clp %1
0.2 1 P 8 X DIF:) =R
,‘7 / X7 HC - =~
e CL1-DF - o -
O G| 1 1 1 1 1 1 1 1 1 1 1 1 1
4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

x: distance = 2/x (bytes)

014 32x10° 0000 20000000000-000000
goooo
Fig. 14 Cumulative distribution of referrer-referee
distances in binary search on 32 x 10° elements.

gboooooooobooooo

6.2 ODOOODOOOOO
gboooobooobooboooooobooobooooon
gbooooooboooooooooboooobooo
01500 16000000 1600000000 40
gob0ed36000000000O0DO0O0O0OO car0O
cdr 00000000 16BOOO0O0OCO0O0OOcarO
OkeyO valueOOOO16BOOOOOOO0O0OOO
cdr0000000000OCOOC0OOOOOODODOO
000 keyOOOODOODOOOOOOOOOOODO
oooodouooooboooooo

1x10° 0000000000000 00000
O0Oo000000oo0oo0o0000b000o00 HCOoO
00000000 O0D0O00BF O no-GC OO Pen-
tium 40000000000 6.9%0 UltraSPARC-
Ile0000DO0DOO0O0O 5.7%0000000CLp

goooooooooboOoooOoooobooOoOooOoooooo 49

8 T T T T

search time (microseconds)

0.25 1 1 1 1
1 2 4 8 16 32

# of search items (x1015)

0 15 Pentium 4000004+0000000000
Fig.15 Search time for table+associative list on Pentium

search time (microseconds)

1 2 4 8 16 32
# of search items (x10/5)

0 16 UltraSPARC-Ile000004+0000000000O
Fig.16 Search time for table+associative list on
UltraSPARC-ITe.

OO00O0U0OBFOOOOO 12%0 Pentium 400 O
O 7.6%0 UltraSPARC-IleD0 OO0 O OO UODF O
OU0O0OO0OBFOOOOO 31%0 Pentium 40000
15%0 UltraSPARC-Ile00 00 0 O0O0OHCOOODO
BFOOOOO 38%] Pentium 40000 21%7J Ultra-
SPARC-Ile0 000 O0OO0OOCLI-DFOOOO BF
00000 37%0 Pentium 40000 17%0 Ultra-
SPARC-Ile0 0000000

32x10° 00000000000000000O0
goobboooooobobobobooboobooooo
00000 100000000 CLI-DFOO0OOO
goooobobobooboDboooooooboooooo
BFO no-GCOOUOOODOODOODOOOCLpOO
O0O0OBFOOOODO 4.24 00O Pentium 40000
2.47 00 UltraSPARC-Ile0D0 000 OCOO0OODF OO
O00OBFOOOOO 4.52 00 Pentium 40000
2.50 00 UltraSPARC-Ile0 0000000 HCOO



50 0000000000000 00o00 May 2004
32 T T T T 1 T T T T
no-GC —+— -
[ BF ---x——-
5 16F  Gopan 0.8
3 r DF & 2
e | HC --m-— ® e
® 8 -CL1-DF --&- = 0.6 dro -
é 4 8 04
A =4 2
.,6 i N
w 2 memis 0.2
1 0 1 1 1 1
1 2 4 8 16 32 1 2 4 8 16 32

# of search items (x1015)
0 17 UltraSPARC-Ile D00 D004+000000000O0
TLBOOOO
Fig. 17 TLB-misses for tabletassociative list search on
UltraSPARC-ITe.

0.8 &

1
[0
© [
= o06f
[0
< L
S [
© 0.4
A [
E
0.2 - HC —-m—
[ CL1-DF ---o--
0 L 1 1 1 1
1 2 4 8 16 32

# of search items (x1015)

0 18 UltraSPARC-Ile 00000400000 00000 1
0000000000 read00 00O

Fig. 18 D-cache (read) hit rates for tabletassociative list
search on UltraSPARC-IIe.

OO0 BFOOOOO 3.0300 Pentium 40000 2.31
00 UltraSPARC-Ile0 000 O00O00OCLI-DF OO
OO0 BFOOOOO 4.60 00 Pentium 40000 2.58
00 UltraSPARC-1le0 0000000
UltraSPARC-Ile 000000000000 COO
gbooo10000o0b000 TLBOOOOOO 170
10000000000 0000000000 0 181
2000000000000000000 190000
000000 TLBOOOOOOODOGCOOOOOO
gobooooobooooooboooooooooonon
O0O0HCmMOOO 100000000 CL1-DFOO
TLBOOOOOOOOOOOOOOOOOOBFOO
OO0 TLBOOOOOOHCODF O OCLpd CL1-DF
Oo0ODOO TLBOOOOOOOHCO TLBOOOO
ooooooooboooboooboooooboooon
gooooooooooooobobOooooooDo

# of search items (x1015)
0 19 UltraSPARC-Ile 00D 0040000000000 2
00o0dooodread00OO0DO
Fig.19 2nd-cache (read) hit rates for table4-associative
list search on UltraSPARC-ITe.

ho é‘C T T T T T T T T
BF -
Clp -~
081 DF -m
[ HC =
- [ CL1-DF - o -
S osf
8
R L
© L
Y 04
¥ .
02|
X X
0 - N N3 /l/'“>l</ 1 1 1 1 1 1 1 1 1 1
5

4 6 7 8 9 10 11 12 13 14 15 16 17 18 19

x: distance = 2/x (bytes)

020 10°00000+400000000000000-0000

ooooood
Fig.20 Cumulative distribution of referrer-referee dis-
tances in tabletassociative list search on 10° el-

ements.

bboobooooooooboooooooobooo
gooooooooooooiobooooooooon
00000000000 0000000000 no-GC
OBrOOOOO0OOODOODOOOO2000000
goooo TLBOO0ODOOODOOObOObObOOooD

oooooobob 2000 210000000000
gobobooooooobooo-0o0oooboooo
ooboboooobooooooooooo

6.3 OOOO0OO0OO

uboooboooooobooobb 100000000
goooocoobooooooobooobooobooo
gbobobooooooooooooooooooooon
gboboooooooooooooboooooboon
ooo0oooooon

O000oo0oooODo gecooooooooooo



Vol. 45 No. SIG 5(PRO 21)

1 L Y v S S o o . 7@ »Q/
greeRoeE f%:%;%% .
R
0.8 i
/f"j’
il
) il
S o6 -
i i .
v B
x % no-GC —+—
* BF ---x-—-]
Clp --—-%--{
DF & ]
> HC --m-]
CL1-DF - o~ |
4 56 7 8 9 1011 12 13 14 15 16 17 18 19

x: distance = 2/x (bytes)
021 32x10°000004+00000000000000-0
oooooooooo
Fig.21 Cumulative distribution of referrer-referee dis-
tances in table4associative list search on 32 x 10°

elements.

0000000000 000000000000 10
000000 256K 0000 1MBO =2BoI0O0
000000 32x10°000 2000000000
00000000D00D000GCOO0 1000000
000000000000000000000000
000000 73.2MBOODOOO0O GCOO From-
spacel] To-space 0 00O 146.5MBOO0OODOO
00000D000001MBOOOOO 1%0000
00000000000000D0000000000
0000000000 1KOO0OO00OOOoo0o0oo0o

00000000000 D000000 10 GCO
0D0000000032000000000000
000 32000 GCOOODOO0O0O0ODO0000000
00000000000000000 5000 3200
0000000000000 000000000On
000000000000 000000DO000O00
000000000000 0000000 GCOOO
000000000000000000000000

7. 0000

oooooooooooboOoboooobooo
oboboboboooodoboobobooooooooon
gooobooooooboooboooboooon
gbobboool2sgoboobooobooboooooogo
oooboooooooboooooooooooboooo

goboboooooobobooboboobooooboooobo

gooboooooboooobooboooobooooboobooo
goboooooooooooooooobooooooon
gooobbooooooobooboooboooon

0000000000000000023% 0000

goooooooooboOoooOoooobooOoOooOoooooo 51

gboboobooooooooooooobocoooon
gobooooboooooooooo

O0o0O0oboobO GCcoooooo Gcooooono
oobooobooobooobooooboooboboooboooooaon
oooooooooooooooboobooooboo

ogooboobooooooooooobooboobooon
oooooooboooboboooboooboobooobooo
gooooobooboboooooooobooooo
ooooboooooooobooooooooooon
goboooooooooobobooobooobood
gboboocobooooboboooooobooooooo
oooooobooobooboooo

00 Ooooooooboooobooooooooo
020133240500 000000000

g o o o

1) Cheney, C.J.: A Nonrecursive List Compact-
ing Algorithm, Comm. ACM, Vol.13, No.11,
pp.677-678 (1970).

2) Chilimbi, T.M., Hill, M.D. and Larus, J.R.:
Cache-Conscious  Structure Layout, Proc.
PLDI’99, pp.1-12 (1999).

3) Moon, D.A.: Garbage Collection in a Large
Lisp System, Proc. Conference on Lisp and
Functional Programming, pp.235-246 (1984).

4) Thomas, S.P.: Garbage collection in shared-
environment closure reducers: Space-efficient
depth first copying using a tailored approach,
Information Processing Letters, Vol.56, No.1,
pp.1-7 (1995).

5) Wilson, P.R., Lam, M.S. and Moher, T.G.:
Effective “Static-graph” Reorganization to Im-
prove Locality in Garbage-Collected Systems,
ACM SIGPLAN Notices, Vol.26, No.6 (Proc.
PLDI'91), pp.177-191 (1991).

6) 00 0000 OOUOOOUODOODOOUOOO
dopoDoooOoooooooooooobooo
0 0 0 Vol.36, No.3, pp.697-713 (1995).

7) DoUoooUooOoOoooOooooooouooo
0o0o00o00oooobooooooboboooo
00000bOo0o 30booooooooooo
00000o0ooOooooogooong SPA20000

(2000).

8) OUU0L0ODUUODUUDOUOLDUUODLUOO
doo0oDo0oooDoo Gecooooooooono
00000 190000000No.5A-3 (2002).

(00150 9 022000)
(00150110 14000)



52 goooooooooboooooooo May 2004

o0 Oo0Oo0oooo

19670001989 0000000
oooooooooooog
gbooooooobobooooo
1994 0000000000000
gbooooocooooo1993 0O
199 00000000000000000O0000
oobooooomi199s00oooooonononiggs
goooobooooooooooooooooooo
gooz200300000000000000D0 011998
goz200100000000000000O00 2100
gooooooooobooooooboooooooo
ooooooooACMOOO

oo 00

19770002001 0000000
goooooodoooooooo
goooobooooooooooooo
goooooboooooo ooo
goooooooo

o0 Oo0Oooooo
19690001991 0000000
oooooooooooobooo1993

gooooooooooooooon
‘% gbooooooooeanoon
gooooooooooooooo

gbobooooooooooobooooooooboooo
gogoooomsooooooooooooooo
gooooooob2e03 000000000000
goooooobooooomooboooobooboooo
obobooooooooooboobooobD 8sbobobOoO
gooooood

o0 O00Oo00oOobooo
1952000001977 00000O
ooooooee200000000
gooooooooooooooon
gbooooooooooboi9gr oo
a gbooooooooolesgnoon
goooglgsoooooogvenoooonooa
gboooooboooooboooesuoooooa
gobooooooooboooobooooooobooo

gobooooooooooobooooooooooo
0000000000000 0000 Common Lisp
gooooomcecoooooooooooooom
gooooboooooooboodooooooooon
O0D00OO0OO0OOIEEEDACMOOOO




