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Field Array Compression in Data Caches for
Recursive Data Structures

MasaMICHI TAKAGIT and KEI HIRAKIt

We introduce a software and hardware scheme called the Filed Array Compression Techique
(FACT) which reduces cache misses caused by recursive data structures. Using a data lay-
out transformation, FACT gathers data with temporal affinity in congtiguous memory, and
then it compresses recursive pointer and integer fields there. As a result, FACT improves the
prefetching effect of a cache-block. In addition, the compression enlarges effective cache ca-
pacity. On a suite of pointer-intensive programs, FACT achieves a 41.6% reduction in memory
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stall time, a 37.4% speedup, and a 13.4% reduction in off-chip bus traffic on average.
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struct tree_t {
tree_t *L;
tree_t *R;

h
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Fig.1 Pointer compression: we replace absolute addresses
with relative sequence numbers in the instance pool.
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compress_ptr(stdata, base) {
if(stdata == 0) { return nullcode }
diff = (stdata — base)/8
n = 64/R
if(diff != nullcode && diff I= incmp &&
-27(n-1) <= diff && diff <= 2"(n-1)-1) {
return diff
} else {
return incmp
}

}
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Fig.2 Compression algorithm of pointer fields.
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compress_int_dict(stdata) {
if(stdata in &) {
return BENDIVMIES
} else {
return incmp

}

incmp

}
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compress_int_narrow(stdata) {
n=32/R
if(stdata != incmp &&
-2"(n-1) <= stdata && stdata <= 2" (n-1)-1) {
return stdata
} else {
return incmp
}
}

03 0000000 OO0OODODO0OO0O0estO0OOoOoOoooOoO
0000000000000 0o00o00oooooDoonDg
0jo0Doo0boo0ooD0o0O0DDOO00O0bODOo0O0O0DoD
oooooooo
Fig.3 Compression algorithm for integer fields.
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Fig.4 Fields Array Transformation (FAT) isolates and
groups the compressible fields.
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Fig.5 FAT groups fields with temporal affinty; FACT al-

lows one cache-block to contain more fields by com-

pression.
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Fig.6 Declaration of tree_t in treeadd, original (1) and
after FAT (2).
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Fig.7 FAT using a custom allocator. By inserting pads

between fields, it reserves the contiguous area, and
places identical fields from other instances there.
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Fig.8 Address translation in FACT.
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stdata | ##HT—%
base | RA—XF7KL X
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incmp | EMETREE R T B
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cst(stdata, offset, base) {
pa = (base + offset) =B 7FL RIZEHLI-ED
ca=pa/R
cdata = cstDFEFEICIGL T
compress_ptr(stdata, base)Z %I .5
cache_write(ca, cdata, C)
if(cdata == incmp) { /* stdataM\EHEETEE */
cache_write(pa, stdata, N)

}

}
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Fig.9 Operation of cst instruction.
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Fig.10 Operation of cst instruction in the cache.
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Fig.12 Operation of cld instruction in the cache.
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Table 1 Simulation parameters: parameters of processor and memory hierarchy
for baseline configuration.
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goooooo 7 stages, 6-cycle misprediction penalty
gooo fetch upto 8 insts, regardless of cache-block boundary, one request per cache-block,
second taken branch terminates fetch, 24-entry request queue, 32-entry inst. queue
oooo 16 K-entry GSHARE, 256-entry 4-way BTB, 16-entry RAS
Decode/Issue | decode upto 8 insts, 128-entry inst. window, issue upto 8 insts
oooooo 4 INT, 4 LD/ST, 2 other INT, 2 FADD, 2 FMUL, 2 other FLOAT, 64-entry load/store queue,
16-entry write buffer, 8 MSHRs, oracle resolution of load—store addr. dependency
oooo retire upto 8 insts, 256-entry reorder buffer
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L1 cache inst.: 32 KB, 2-way, 64 B block size data: 32 KB, 2-way, 64 B block size, 3-cycle load-to-use latency
L2 cache 256 KB, 4-way, 64 B block size, 13-cycle load-to-use latency, on-die
Main 200-cycle load-to-use latency, off-chip memory controler, 128-bit address/data muxed bus to L2,
memory which is clocked at 1/4 frequency of processor chip
TLB 256-entry, 4-way inst. TLB, 256-entry, 4-way data TLB, pipelined, 50-cycle latency h/w miss handler
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Table 2 Program used in the evaluation: input parameters for profile-run, input

parameters for evaluation, max. memory dynamically allocated, instruc-
tion count, ratio of stall cycles waiting for memory data due to cache-miss
against the total execution cycles, data structures, compression ratio used,
numbers and kinds of compression target fields in data structures (inte-
ger, pointer). The 4th to 6th column show the numbers in the baseline
configuration.
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Table 3 Dynamic memory accesses of compression target

flelds (Agarget) normalized to the total dynamic
memory accesses, and dynamic accesses of com-
pressible data normalized to Atarget~ Upper:
compression of recursive pointer fields. Middle:
compression of integer fields using narrow bit-
width. Bottom: compression of integer fields us-

ing dictionary.
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Fig. 13 Execution time of the programs. In each group,

each bar shows from the left, execution time of
the baseline configuration, with FAT, with inte-
ger compression using narrow bit-width, with inte-
ger compression using the dictionary, with pointer
compression, and with FACT, respectively.
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Fig. 14 Execution time of the programs. In each group,

each bar shows from the left, execution time of the
baseline configuration, with FAT, with integer field
compression using narrow bit-width and pointer
field compression, with integer field compression
using the dictionary and pointer field compression,
with FACT, respectively.

oooooooooOoOoObOooOoOoOoboOoOoooo
000000000 1300 140000000FATO
00000 vhOmstObisort 000O0O0O0OO0OO
00000000000 000000000000O0
000000000000 0000FACTOOOO
oooooooooooooooooonooooon
ooboooo0 200000000000000A0
0000000000000000000 FACTO
O00oo0000o00oooO0ooO00oo0O0ooo0oooon
OOFATOOOOOO bhOmstObisort D0 00O
FACTOODOODOOOOOOOOOOOOOoOOO
0o0oo00ooo

5.3 FATOFACTOOOOOOOOOOOOO

0150 FATOFACTOOODOOOODOODOO
00000000000000000000 Obaseline
O00OO0OFATOOOOOOOOFACTOOOOOO
ooooooooon

000000000 000oFACTOOOOOOOO
00000000 41.6%00000FATOOO0ODO
0 23.0%00000FACTOOO0O0O0OOOOOOO
O FATOOODOOODOO0O0O0000000000
ooo

000oo0oo0oooo0oo0oooO0ooooon
00 0 Ohealthl treeaddl perimeter em3d O O

015 J00000O0O0ODOO0O00O00oDOoOoooobOooDOooD
0000000 0Obaseline 00OODFATOOOOOOOO
FACTOOOOOOOOOOODO

Fig.15 Execution time of the programs with FAT and

FACT. In each group, each bar shows from the
left, execution time of the baseline configuration,
with FAT, and with FACT, respectively.
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Fig.16 Breakdown of accesses to the primary data cache,

which refers to heap data. In each group, each
bar shows from the left, the breakdown of accesses
of the baseline configuration, with FAT, and with
FACT, respectively.
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Fig. 17 Breakdown of accesses to the secondary cache,

which refers to heap data. In each group, each
bar shows from the left, the breakdown of accesses
of the baseline configuration, with FAT, and with
FACT, respectively.

00000000 0em3d0 0000010020000
000000 spatial-hit 0 00000020000
0000000 temporal-hit 0 00 000 OhealthO
bisort 0 0000020000000 000 spatial-
hitOtemporal-hit 00000000 Obh 00000
0000000000000 0O0FACTOOOOOO
000oooDoDOoooOoooOooooooooooag
oooooobooooooooooooDo

000100000000 00000 baseline0 O
gooooooooOoOoobooooobooboooo
goocoooooooOoooooooboboobooooo
goo0oooooboOoOoooOoO0obDobooooooo
ooo

5.5 off-chip bus traffic 00

doooooooOoDoDoOOoOoOooOoDoooOooo
off-chip bus 0 trafic0 000000000 O0CDOO
018000000 0FACTO bhmstObisort OO
0000000 trafic0 000000000 13.4%0
O000O0O00oOD0o0oC00OO000on traficO0OO0
000000000 OwaficOOOOOOOOOOO
O000ooooO FACTOOOOOOoOoUoooooo
000 off-chip bus 000 O0OOOOOOODOOO
000000000000 00 treeaddl perimeter
0000 write-allocate trafic0 000 O00OO0O0O
bhmstObisort 000000000 ODOOO0OO
000000000 0ooo0ooooooooooog

mAread @write-alloc CJwrite-back

250

200 H

Normalized Off-chip Bus Traffic (%)

< Program

0 18 off-chip bus traffic 000000000000 O0O0O0OO
0000000 Obaseline JOOOFATOODOOOOODO
FACTOOUOOOOOO off-chip bus traffic
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each bar shows, from the left, the off-chip bus traf-
fic of the baseline configuration, with FAT, and
with FACT, respectively.
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