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Abstract ' : = 1. INTRODUCTION
il nereasing chip densmes,_nex!-geuerat
os50T designs have the opportunity to integra
Fm{u’ﬂ sitional system-lcvel modules onto the sg
e or. This integration changes some of

100 micrg. Advances in semiconductor technology enable next-genera-
te many of Gon microprocessor designs with well ‘over a hundred
me chip g5 million transistors on a single die. At the same time, the

{he proce ; 2 f the desi increasing density and speed of transistors make off-chi

trade<0 fmi h::;riggvth:;;: ?;0::' :’m““"l’jnfurmatif,: ;;r{l)mmuni%:ation rzlaﬁvc]y more expensive. These l,f:ciu:u':.‘l[T
meex_m“‘e:" e "'EP““ directory dagy ogy trends provide an incentive to integrate functional
oth virtually ™ P verhead by computing modules that traditionally appear at the system-level onto
5 .ECC at a CDE:SF&I" granul?nty and utilizing the the same die as the processor [4]. For example, the next-
gnused bits for storing the irectory information. Compareqd generation Alpha 21364 plans to aggressively exploit such
o providing a dedicated memory and datapath for directory integration by including a 1GHz 21264 core, two levels of
orage, 1his alz_up_rOHCh leads to lower cost and a simpler caches, memory controllers, coherence hardware, and
design by requiring fewer components and pins. Further- network router all on a single die [2]. The tight coupling of
more, this approach leverages the low latency, high these modules enables a more efficient and lower latency
pandwidth path to memory provided by the integration of memory hierarchy which can substantially improve applica-
memory controllers onto the processor chip. However, tion performance {4]. Furthermore, integrated designs such
wihout careful design, maintaining data and directory bits as the Alpha 21364 provide glueless scalable multiprocess-

together can lead to potential inefficiencies in the form of ing, whereby a large server can be buill in a modular
atra memory bandwidth usage and memory controller fashion using '3“[_3’ processor and memory chips.
The integration of the coherence hardware and memory

sccupancy, and extra memory latency. ! _ an :
This paper describes the techniques used in the context controllers on the same chip leads to Interesting design

of the Piranha design [3] to provide an efficient ECC-based choices for how and where to store directory information.

finctory implementation which addresses the occupancy/ One ex}rcmeiy attractiye option is to support directory data
with virtually no memory space overhead by computing

bandwidth and latency issues. Our approach for dealing with . i

o s _ b . 3 liminatin memory ECC at a coarser granularity and utilizing the

s Exﬁﬁarzzﬁmaindd‘\‘:ﬁtth Issuesrm:;l::s if?ni’rm?ng partiﬂgi unused bits for storing the directory information [B1(9].
ite operailo P Given the trend towards larger main memories, dedicated

memory accesses (instead of accessing the whole block). Thi.s

e rm : directory stora an a significant cost factor.
s achieved by a combination of techniques which include (i) ry ge can become a signiiicani €O

Similarly, providing a dedicated datapath for a separate

f:lg:'tfenting the L2 caching state to keep track o: sor;:u:;ici; el dbetory nemory reduces the number Of pins
irectory state, (i) making up dummy data or b e available for supporting memory and interconnect
::ﬁ;gai%négith a lstalg memory copys and (Ej;i::t;n&;%":’% h;?dwiul:lth. Thg'rcf;re, tumpl?reg_ ta hs}ving&l a Eg%dié::;:g
the daty gng thatfpased focompnl 20 < out needing the e e lda?pathl o rirea't':rll:-%r”’ iring fewer
el g the modified directory bits witho “eplicate y approach leads to lower cos IY eq g,
tuldatabis To address the latency 58065 BE Vlory e diree snd pins, and provides SO Sl ory sine
i wmd‘m'ltﬂry state in different segments of 0 o Furt; Iectory. enires ““l';“{m Y ol oW latency ik
ch allows us to efficiently su pport the critica ermore, this approach leverages e LU 82841
1St optimization e pipi:!?:il:lgy data from memory to 1{’;2 bandwidth path provided by the integration gf _drpemury
Pequ ' g ory: controllers on the chip for both memory an irectory
camh;::r before all the data is read from mem access. :

: : - s minafes : " )
'“Eﬁ'lciant.l;?; ::;:m aboye ée_chnlquii:izliillg ih::mhineﬂ ECC Figure 1 shows various granularities at which BCC can
" directory ang se Qg o man; we be be computed for a 64-byte line, and the number of unused
U ffcie data bits. Therefore; o . bits that can be used for storing directory, ‘“f‘*’ﬁaﬁfg, I
Vil e nt use of bits provided bY ty comp” each case, The figure assumes a MEMOLY width of L] élé
Mg ally no performance Per 4 and directory’ with 128 bits for data and 16 bits available for T
Pig : Ng separate ECC bits for data : genefﬂ’ and Computing ECC across 64-bit scel ents (as E-CICY-P“:&;‘ y
apP}ita‘ble‘: OPlimizations used in Piéﬂéﬂl;aas:; girectories done) uses up all 16 bits. However, computing AEEDS
0 other designs that use EC&~
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Physical Layoutafi cache fine in DRAM

ECC granularity = 1280

e
ECC granularity b el 5

Dir = Oy ECC=54

FOC granuiarily = 512

°C granul t=- 6 {
e o~ Dir = 53; ECC=11

Dir = 44; ECC=20
Figure 1. Data, directory, and ECC layout in standard

144-bit wide SDRAMSs (64B block).

956-bit segments renders 44 extra bits for encoding direc-
tory information for a 64-byte line. The ECC is encoded to

cover both the data and directory bits in a combine
fashion. Maintaining separate ECC for data and directory is
less efficient and leads to fewer unused bits (32 bits vs. 44
bits in the example above). Finally, as shown in the figure,
the ECC and directory bits are spread across various
segments of the line; this allows for standard width memory
modules (e.g, 72 or 144-bit) while maintaining regular

alignment for the data bits.

Maintaining data and directory bits together works well
for many coherence transactions where both the data and
directory need to be read or written, In such cases, the read
or write to the directory effectively comes for free as part of
the data operation. However, there are some important
coherence transactions where only the directory needs to be
accessed (e.g., when data is held exclusive at a remote
node). These latter cases can lead to extra occupancy and
bandwidth usage at the memory controllers compared 10 a
system with separate data and direclory storage. Further-
more, even though on-chip memory controllers provide fast
aceess (0 memory (e.g., 40-60ns), the fact that the whole
memory line must be read to construet the complete direc-
[ﬁg state écz?_sm;népnt%m_i_al latency concerns, especially
yhen a read of the data bits is not necessary for servi
transaction. T SRR
it pepEn descaibes 2 tedIES thed in e oontR st
f the Piranba design to provide an efficient ECC-based

ency issues described above. Piranha [3]

enieoler secupancy widbindi it i
either (1) eliminate extra fefﬁgi_'{aﬂﬂ"'wn fe

&fﬁtﬁ#"“s‘“ﬂ of full read or write operations.

e

y implementation which addresses the occupancy/

prototype being developed at Compaq that
loits chip multiprocessing by integrating.

ii)do
respect

101
..... SR _ o
—a—_ g b

~Celr

Dulr approach for eliminating some
and write memory operations involves ol EX
caching state to keep track of whcihe?dflu;:_rrzunr”.,“" [
at the home node or is also being cach ‘21“1 15 bu]aﬁ the |'<
For local transactions at the home “nd[:L by oM, -y
solely cached at the home node can b the fagy a e
reading, and sometimes writing, the d;‘:u"}s‘ 16 ayi
in rnmnnry._Slml]nrly, writes to the i.liruquml"' Mfr iy
given the directory only maintains cachimf"_ are o -:“’_‘-i 1
remote nodes. Furthermore, remote tra; 18 Inform,; e
at the home node first check the baf it
memory. In cases where the L2 at the | Defore em.;.'f‘f'-'-:
sole copy, we eliminate the memory m.dd‘“??“ Node p, "
pfovidc the data and the directory can be }lncc the |7,
Finally, the fact that the L2 at the hnmcl:‘ erred 1 hthn:'".“
g Il}fcn data (whether a sole copy or not) U,—:;“i‘is”’;i'-c'nini'l
elimin: i . S0 be ygeq'y

ate memory reads in a few protocol rage ua.scp,“s,d i

For transactions where the L2 cannot ey .
memory accesses, wWe attempt to use partial teu‘jn ,' © iy
obtain sufficient directory information and i ACCesseq
modifications to directory whenever pi:ass,ihtu1 %" P
where partial accesses suffice depend on both e cage,
characteristics and the directory representation }FT‘"""“"-I
there are a couple of issues that complicate u%m-ﬂ“'v"-'g.r
accesses. The first issue arises from the fact thy E Partiy
bits cover both data and directory information Thh'f'{’f"
transactions that do full modifications of direéu-r:,-m".f"'m
tially require a full data read for computing the e
ECC even though a partial read of the line Would )
provided sufficient directory state for servicing the n-u:d:--c
tion. The second issue arises because the read of the ¢
and/or directory at the memory controller is ﬁep;lr;llltad:i
time from the write to the directory. This fact, along wif
the need to compute a combined ECC for the directony
write, leads to the potential need for either (1) reading the
data again at the time of the directory write, or (ii) buffering
the data that i_s read at the memory controller until the direc-
tory wrile arrives.

For many of the transactions that are affected by the
above two issues, it turns out that the data in memory i
rendered stale as part of servicing the transaction (¢.£.
exclusive copy is given to a remote node). In such cases, W
can avoid the inefficiencies by simply making up dumn}
data (c.g., all zeros) to compute the combined ECC © b
used with the directory write (DDW, for dummy data write}
However, the DDW optimization cannot be used whef te
data in memory is not stale. For such transactions, ¥¢ elimi
nate the inefficiencies arising from the second issue u.b‘:':f
(separation in time of read and write 0 directory) %
maintaining a partial ECC (PECC) for the data bits Wh;_rf
they are initially read. At the directory write fime, 1;’
partial ECC is used to compute the combined ECC of llr
data and the modified directory bits without needile, o
actual data bits. The DDW and PECC optimizA*y
together eliminate all the inefficiencies that arse d“%'sts.
maintaining a combined ECC for directory and dulﬂ[ i
Therefore, we benefit from the more efficien! e rfor
provided by the combined ECC with virtually nv CC hit
mance penalty compared to maintaining separa® E
for data and directory. o

Finally, our approach for latency issues 1s 10 ‘}”O:{ ;{u'-]
cal directory state to be constructed without reqUi"™™

read of the memory line. To achieve this, We replicaté

the

Eie
LI

il
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bits in each segment of the memory |
esign has 1wo 256-bit segment, with 2 15
dircctory state Per scfgmcm}h.l'l_'hm technique is o hlf." of
jmportant 11 light of the critical-word-first gpti}gf“"‘_”
which leads @ 2 different starting segment for men Zation
: depending on the address specifieg OrY read
essor request. The replication of directory state l]"
to any segment to provide sufficient "T'll'uur iuw_,—, a
for quickly determining whether the data in '“cmory“?:?m”
(o-date, allowing s to pipeline the data transfer 4 up-
requester before the whole line is read from memoy the
stential shortcoming of directory state replication i -ha‘\
all mplica[cd state bits must be modified when the dirr;c:
state changes. possibly incurring more read or wﬂ_ry
handwidth. As it turns out, -::-urlpmmml incurs virtual| rite
extra read bandwn_dth due to this replication, And ﬁvcg Enn
designs that may incur some extra bandwidth, the hcnefpr.
of latency reduction from this technique can ea _illls
outweigh the increased memory controller occupaney, sily
The optimizations used in Piranha are general and
applicablc to ather d;mgns_lhal use ECC-based directories
(with a few of the optimizations applicable to any directory-
hased scheme). The next section provides an GVET\’iewr}IDf
the Piranha architecture and the basic issues relevant to
ECC-based directories. Section 3 describes the techniques
we use to make ECC-based directories more efficient.

jory state
piranha d

al

[I. PIRANHA SYSTEM OVERVIEW

Piranha [3] isa research prototype being built at Compag (a
collaboration between Corporate Research and the NonStop
Hardware Development group) to explore the design space
of scalable systems based on chip-multiprocessors (or
C'MPs). This section presents a brief overview of Piranha.
For a more detailed description of the Piranha architecture,
please refer to Barroso et al. [3].

Similar to the next-generation Alpha 21364 [2],
Piranha integrates on-chip functionality to allow for
scalable shared-memory multiprocessor configurations 0
be built in a glueless and modular fashion. The centerpiecc
of the Piranha architecture is a highly-integrated processing
node (referred to as CMP chip in Figure 2) with eight
simple Alpha processor cores, separate instruction and data
caches for each core, a shared second-level cache, eight
memory controllers, two coherence protocol engines, and a
network router all on a single die. The Piranha design also
includes an }/O node which reuses all the modules from the
processing node, but has only one Alpha CPU and UIIIE-EIgh{
of the L2 and memory capacity. The 1/O node also includes
a PClinterface for connecting to I/O devices.

_ Figure 2 shows the block diagram of a piranha CMP
chip. Each Alpha CPU core ( CPU) is directly connected 10
dedicated instruction (iL/) and data cache dLl) modutes!_.l
These first-level caches interface to other modules throug
the Intra-Chip Switch (ICS). On the other side of the ICS 18
a logically shared second level cache (L2) that is mwrltca\'(:

::11{;‘ eight separate modules, each with its ;dwn m“cl-:jncr
on-chi ; tached 1o €7
p tag and data storage. Al aterfaces

module is a memory controller (MC) that directly inter

0 one bank of DREM chips. Eaich nr)lemﬂf}’ bank medfsgl;

bandwidth of 1.6GB/sec, leading to an ag gregate handWIm

of 12,8 GBsec. Also connected to the ICS are WO o

engines, the Home Engine (HE) and the ReWO) piranha
), which support shared memory ACrOSS multiple £

interconnect Links

= = = CPU;
: A = fruir aes e A &l
J |0a5“':id—i la—| wpome | L i 4 ] LY
| |Quemel™] \-'—'Hl Engne | (i1 4Ll R 11:1-
e — 5y Ay Ay Ay
&7 | |5 g system | Intra-Chip Switch
4 P auter | | & Cplcantest Pe——RZ — Ay
4-"‘1““ | g &y 1Y
"I' "I | |E | _m 1] Ee LIy
= . Hei e —— i
| - A Ay
[ [n:ul |P: [ Enginc b h:'[_gq; LR e
Quoeve ! E—— _'_l |
. 5 = e RORAM | O [RDRAM 0
[RDRAM] 1 [rDRAM | 1
DRAM Array [-
(RORAM| 31 EDRAM | 31
ranha’s CMP chip

Figure 2. Block diagram of Pi
5 links multiple

ips . terconnect subsystem that

chips- TE;i ;n{-::;sists of a Router (RT), an Inpul Queue

i } d a Packet switch (PS). The

¢ Quene (0Q) an .
L‘;gi’]i‘ ﬁzlf;;g]:‘nc%t bandwidth (infout) for each Piranha

i i B/sec.
rocessing chip 15 2G . . ;
: A Piranha system consists of a mix of CMP, /O, and

-hips, connected in any arbitrary topology (Figure
%Riﬂﬁttt: rﬂemory in the system 15 logically shared (despite
being physically distributed), and all caches are kept coher-
ent by hardware. In he following sections We briefly
overview Piranha’s coherence scheme and DRAM organi-
zation in order to provide the necessary background for the

techniques proposed in this paper.
A. Coherence Protocol

Piranha enforces coherence both among the many L1 caches
within a CMP chip as well as across chips. Responsibility
for enforcing coherence is split between the L2 cache
controller and the protocol engines (HE and RE), with the
L2 cache maintaining intra-chip coherence and interfacing
with the memory controller, and the protocol engines being
responsible for inter-chip coherence and interfacing with
the interconnect subsystem. The home engine (HE) is
responsible for exporting memory whose home is at the
local node, while the remote engine (RE) imports memory
whose home is remote.

e s [

) chip)

F

Figure 3. Bxam ' i :

Bute 3. Example configuration for a Piranha syst

W.II;_ I:lx CMP (8 CPUs each) and two /O {:hip_s_fMJFS =

curmﬁuey[f ?ﬁp&_;t&tn and tags for all blocks that are

inf_ut?u':i&ti‘{jﬁagﬁgd locally, providing complete and exact

! out sharing within one chip. All L1 accesses
% accesses from remote nodes are first sent to tﬁe‘.._'Lﬁ,
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; memorys or
directly, access the l'i?ﬂ:il:c 2 pmioc'i:’l

K, d
which may respon her L1 or to one O

forward the request Lo anot

engines: ;
The inter-node coherence protocol.

HE and RE, uses an invalidaﬁun-bascdddueclory
with support for four request Lypes: reas : Sting
sive (RE)F.;SX; i.c.. a wrilc miss), dexc!us;t;e (EX; requestos
Processor alrecady has a shared copy)s b -
without-data) (ITOD). We use W different it

: : ber of sharers: I
sentations depending on ﬂlicf;f?cvf) [5]. Two bits 0{;];3

inter (LP) [1] and coarsc v 4 s
E?rc.:mr; arl)rs [ulcd to encode four possible stf;est sn:ha;rzd-
(UNC: no remote node has a €0 ), shared- a?’on'ﬁf en
CV (SHR), and exclusive (EXCL). The miprprc::d iu o
remaining directory bits (the sharer bits) is bast i 11: b
directory state. The directory 15 not used to maintat e
imation about sharers at the home node. Furthermore, =

Prdrdnssrys R T
tory information is maintained at the granularity _.0_{ !:i; pr&
(not individual processors). Given a 1K node system, W&
switch to coarse vector repre

sentation past 4 remote shan ng
nodes. =

B. DRAM and Directory Organization - B -
The implementation of the memory directory lsa ci‘iﬁqﬁlﬁ;ﬂ_
design gecision in NUMA systems. The SGI OttngMG[ﬂ =
uses a separate off-chip SRAM bank for directory Sk

This solution is un y
increases system cost and parts count, and 1t makes up

ing complex since directory SRAM chips have to be adde
when more DRAM or processors are added to the system
addition, in a system-on-a-chip design, such as Piranha an
the Alpha 21364, a separate SRAM channel would consume

|I[ '|I;'l- 5

extra pins (which are at a premium in such systems) and

chip area for the SRAM controller logic. i
An intercsting alternative, initially proposed th

S3.mp prototype [8] and also used by the Su '
111 [6], is to store the memory directory in the sam
bank in which the data is kept by changing the granulant
in which ECC is calculated, as previously in Fig
I. Typical industry standard DRAM banks include !
ECC for each 64 bits of data. If we calculate ECC o
bits, the ECC requires only 9 bits, leaving 7 bi
other uses. With a 64B block, this yields a tota ‘
bits that can be used to store the directory
scheme used by UltraSPARC-TII), In Piranha, w
E%C over 256 bits, freeing up 44 bits for the memon
" Note that in both UltraSPARC-III and Pitanha the s

BCC it in SPARC-III an

hitecture and High Performarnce Comp,,y:,

iP=T

i

desirable for mainly two reasoms: it

LIy P
&,

number of SECDED bits increases.
TABLE |

No. of SECDED bils 5

Max no. of data bits covered 11

Combining data and directory in the

through coarser granularity ECC eff ectivel DHAM '_

storage overhead for memory directory, angf“-‘*“ g
need for a separate set of pins and controjy nh{_ Ao
the memory directory. The main drawg‘al}‘mc too

e

transient bit-error coverage, which is offse; s L
b ‘}I L]L‘ L|||" "]

ing soft-error rates in newer DRAM chips and 1 oty
simple techniques such as periodic DRAM 5 ;:1'.]'3‘,1 by u;:r;.
“bbigg:

[II. TECHNIQUES FOR EFFICIENT DirRECTORY

Despite the many advantages of using a copy,
encoding for data and directory, a straightforwar, . ¢
mentation of this approach can lead to higher yaﬁ.r‘t__lﬁ.p'-._
inefficient use of the DRAM channel. In ths -: f‘:-t.le
describe the inefficiencies of the strai ghtt‘urwmd-;; i
tation, and present a set of techniques that either Pﬂlrr:
fully eliminates them. -

Maintaining data and directory bits together (y;

combined ECC) works well for many coherence ;rhu:.x 3
tions where both the data and directory need 1o be rff‘_'
written. In such cases, the recad or write to the <.'1ir:;1_:f_
effectively comes for free as part of the data ﬂpcr;;i:wl:
However, there are some important coherence Ir&nsau'l;l
where only the directory needs to be accessed (eg., ;u"r.:p
data is held exclusive at a remote node). These latcr 2
can lead to extra occupancy and bandwidth usage a e
memory controllers compared to a system with separae
data and directory storage. Furthermore, even though o
chip memory controllers provide fast access to memoy
(e.g., 40-60ns), the fact that the whole memory line mustbe
read to construct the complete directory state leads 1o poted-
tial latency concerns.

We provide three types of techniques to deal with ¢
above inefficiencies. First, as described in Section 3A, ¥t
climinate some extra memory operations by augmentng (¢
L2 cache state to keep track of whether data is exclusivels
cached at the home node. Second, we atiempt L0 redu
memory bandwidth usage by issuing partial read and wrie
accesses whenever possible. However, there are number
of issues that complicate the use of partial accesses. Sectd!
3B describes the techniques to allow the use of purt
accesses despite these complications. Finally, Sectior -
describes our solution to the latency issues which 47
critical directory state to be constructed withoul requiring?
full read of the memory block.

For simplicity, we assume the Piranha memory $15¢
parameters for the discussion in this section. AS mﬂﬂ“‘ﬂ‘-
before, Piranha uses 64B cache lines (or blocks), & J4at

wide DRAM channel, and an ECC granularity ©
cache line (256b data + 22b directory). Furthermore: ©

ACCEgy

ST

-
afl
Aty gy

2 Scrubbing is a common feature in modern DRAM controllers zmﬂ:;“
sists of issuing periodic memory reads to check the ECC and cloffrfﬂl‘-‘
single-bil errors in order to decrease the likelihood of dowtie-t e

E:.::tlil;:? are uncorrectable with the above mentioned SECDED
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assume that accesses frnm rem

piranha, W& o
check the L2 at the home node before Chcﬂki:;gn&dts firct
tory- ¢ direc-

 Eliminating Memory Accesses by Augmentin
Cache States o )

simple optimization that saves reads an :
?ir:::toq-y is to augment the state in the 1.2 l'cj) ]‘:; r;tcs o the
CaSES where the hD!‘ne‘ node is the OI‘IEy e P track of
caching 2 block. This is accomplished by main::qn-cmib‘
notion of *pode ¢xc_]uswcncss" as part of the L2 qlm“{ng a
by not using the directory to maintain jnfurmaiiﬂlt"__ and
charers at the home node. The fact that the direc on about
sot keep track of caching at home does not af fc‘l:ﬁry does
op'efﬂ‘i‘m since accesses from remote nodes alwa : Eom-,;;._
check the L2 state. Furthermore, data that is onl ¥s have (g
at home does not incur the cost of writing the dirg'c:‘;ﬂessc:d

The basic idea is to mark the state in the L2 ry.

exclusive every time a read is issued by a home ] as node
directory state is UNC, or whenever a home 1.1 and the
write. Table 11 lists all the cases in which just b l;:sua_s a
the 1.2 state, directory accesses are avoided for Ll"" IC ecking
at the home node. The first column of the tabl T.‘Equcsts
protocol request types described in Section 2A ii lcsits_ the
1o the write-back (WB) and replacement (REPLJ, re 2 dion
WB is issued when a dirty exclusive copy is Tﬂpl:ﬂ:u{ésm' A
therefore needs to write the block to memory). A REEp(an-d
issued when a clean exclusive copy is r*:placeci The Ré‘PE
transaction does not carry a copy of the block Sifide itonl
needs to update the memory directory. Y

TABLE I

DIRECTORY ACCESSES AVOIDED FOR LOCAL H
25 AN OME REQUESTS W
THE L2 AT HOME HAS A COPY OF THE BLOCK iz

Dir Read Dir Write
Local request Home L2 state Avoided? | Avoided?
RD valid yes yes
node excl, yes yes
RDEX valid ne yes!
node excl. yes YES
EX valid no yes!
node excl. yes yes
ITOD valid no yes!
node exel. yes i
WB valid e —
node excl. yes | no’
REPL valid — =
node excl. yes yie

T i
-.aivr:rﬁv;me- o “ngf.’.d'Siﬂf-"ﬂ the next 1.2 state will be node exclu-
2 Dis - The dir. write Is avoided even if the L2 state wa> invalid.
i write is needed, but it incurs no overhead since the full data has
1obewrtten as well:

avoi?fd the table shows, directory reads and writes ca% be
reads in most cases. The exceptions are the directory
Cs for RDEX, EX, and ITOD requests when the node

afion of state
which includes
duplicate

JF-. T

mmf pointon we refer to L2 state as the combin

Statefiags fo that is kept in the Piranha L2 controtler,

St L e the L2 itself as weil s
ormiation for all the L1 caches in the chip.

i1 these cases it may

does not B invalidate remo Arers. Thq directory
2 s node-exclusive IS not

vt f"{, lhggp&l:i?aiﬂs, but it incurs 0o overhead since

ck write js also
TABLE Il

AVOIDED FOR REMOTE

y, since

exclusive cop
yean aan

needed.

REQUESTS WHEN THE

DIRECTORY Afzc ﬁgﬁgm HAS A COPY OF THE BLOCK.
e Dir Read | Dir Write
Remote request Home L2 state Avoided? Avoided?
RD valid Rt no. |
excl. yes no
L —pEX | — valid | no no
excl, yes no
--—""""ﬁ?(—_'*- valid no no
excl. yes -
'-"""_'1_'1‘"(_)5_—__- valid no no
excl. yes no
=== WB | valid yes =
excl. yes =
REPL valid yes ==
excl. fagE yes =

The node-exclusivity optimization is only beneficial
when the L2 is caching the data due to some local processor
having accessed it. However, once the L2 caches this data,
accesses from remote nodes can also benefit from this
technigue. Essentially, whenever the home L2 is node-
exclusive, all directory reads are avoided since the L2 can
infer that the directory indicates no remote sharers and an
UNC state. Table TIT lists all cases in which a directo

access (read or write) is avoided for remote requests br)f
:iﬁiﬁ;&z cst;ched tijnfti;rmation. Essentially a directory read '131:.

when the home 1.2 ha = i
However, directory writes are al;a;snggsdgsc%i]: ; lfopy.
all cases in which a directory read is avoided b{}theI;Ri:\ll\];
occupancy and request latency are reduced, since b '
data and the (inferred) directo i s
without having to wait f .Dr}' oo e sppucd iy e o2
it e or a DRAM read cycle.

tory caching [5] ;Edi3 SPILe 8 resiciet tov) Of e
further impmvé éfﬁcicx?cgy ?}1} Egrtll::a'l dlret:lqry cache could
cost of additional hardware and mff;ff:xﬁ;mme“a““ BEte

B‘. A in ! %
ddressing Memory Occupancy Penalties

Ta b -
peuélties,m::?;; ;ilgderstand the DRAM channel occupanc
Nibtan s follciw?r]; &_i_ spalghtforward implementation ii
requests .. £ actions take place for every protocol
1. Memory direetos s - . =
'emory directory is read f vi it ,
10 the Home Engine (HE), el
2. HESends appropriate smcs |
sends appropriate messages, waits for possible ack
el FUEoRIAl TESSARES, Walls for acknowl-
. H:m:“tﬁvﬂnd updates the directory. P
o the upiated vrson of the diretory 1 the L2 which
Tt the - gent I operation to the DRAM controller ;
performeg gicllience above, a full data block read s
where data is not coherence transactions, even | s
ditectory somparol 1eCded. or in which ohly. parts of the
: ‘have been relevant to the particular trans:
ar transac-
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whe .
m:lltlr;q:h-i directory state is UNC o g;
; EXC[; h-‘a-mcc it changes the director, 1R e
g ut (unlike WB) does not garrfd_“ru_- o L2 R

for i > DPW technique also enahe d.d ¥ith
; ansactions that would need a fu||,5 A Partjy)
e it

: . memRD:
tion, We refer to this initial full block read as ,-:gmgﬂ
step 3, a full data block write IS P& Ufl:hﬂ cases

- h in the vast majority O 565
e u;dated. M{:re seriouslys if i

the directory needs to be _ data Va

3 only the directory is bein updated, the & ' “because of s

ne::sgary to Iéalcugte- the cgrrci:t Eclzlc hmﬁeh:e :d" . of the need to update the whole dirr,r.]kj“ .P'J
] 5 ‘th ¥ [he &a[a as 1o L . 2 - B_],' C i . ~-.-,-'”:_. i

?gxﬁgﬂ;cigfxﬁzh:i}ﬂrgiéﬂ this write into 2 read-m s To de:!d:"lioipﬂmm ECC(PECC)

write operation, or (ii) the data blges ans b}f ¥  design s alsecs'“lcsiig here. DDW cangy

1> controller between step 1 and step 3 G P0 , K(PECC) compuied on th C code in which , - U
prohibitively wasteful of DRAM channei © 4 - Bthe dircctory s n the data only can b 2"l pp,

the cost associated with Iheaengﬂgfﬂﬂ_g::fhﬂ_ | " SECDED E‘C Cﬂ Eggz;altg Lihu C“mlﬂincd ECC Hﬁi alomg .
p ion i it esirable g1Ve A . ) at meet thi e Are o 1

The second option 15 also undesirabl (ransactio - this, we can avoid the mcmRD;_:Srf;‘;:ﬁ::;mm]_ By ay

: B 3

support a large number of outstanding

would consume area-expensive block-sized buff . PECC on the data at the time of memRD] sy 1200 1.

. i : 3B) and caching it wi i Pl '

Suration of all such transactions (this duration & ; nd caching it with the pending transactiop b, >
O X replies are nceded before the direcioRy I L2l 1 kecpitie G kol Outstanding e 1
e PECC is much less costly than buffcring‘iﬁu“-taah:;

updated) % S TE ince th PR ee §
remainder of this section we pres g ince he PECC is fairly small (20 bits in p; CUTE gy
In the rema time of the directory update, a masked";:zit::&tha" AL the

pletely eliminate memAL=
eliminate or reduce the size of memRD1 and
many common protocol operations. The resulting S
‘has comparable directory man}pulam;-n.:
that uses separate ECC encoding. for
while allowing much better scal:
number of bits available for direc
use a combined ECC encoding,

performed in which o i Peration |
stored. nly the directory and ECC hus.le.?-:

_ The PECC technique eliminat
- memRD2 cases not handled by DDW. a:Ss w? i_]”ftma].-..i;i.é

there are some protocol transactions where either [;[t}r:.ulk

- PECC can be used to avoid memRD2. i

techniques that com

" ~ C. Addressing Memory Latency Penalties

B.I Exploiting Partial Directory Reads, ites
One way to save DRAM chanr
reading or writing the full ls
ble. The minimum amount oOf 1
written is an ECC segment, whic
64B line (given that we compute

. Using a combined ECC encoding for directory and 4y,
- can hurt latency in several cases. One issue is EhauEJL']
= ECC segment (half a block in our case) must be read, and L
= ECC must be checked for correctness, before any part of
- that segment can be reliably used. Because of this, transfe-
. ring data from memory (o a requester incurs al leas! ihe

‘We identify the cases where parti - store-and-forward dela i

el el Sesir k -and- y of buffering one ECC segment

%9:55*51‘7 l’:hgﬂt?&g:]fﬁilj However, there " However, such buffering may already be required to ag:!drem
ot ot ~ a bandwidth mismatch between the on-chip interconnel

i * and the DRAM channel (this is the case in the Piranha

diectory iformation. T
_ rru:_;;hﬁgmtiuns of the

read for computi

.~ design). Therefore, this store-and-forward delay is nal
 solely caused by the granularity of the ECC encoding.

A more serious latency problem results from the need
~ (o implement critical-word-first ordering (CWF) of mis
. replies. CWF ordering is used in most high-performanc
" CPUs, and consists of presenting the miss reply in an ordet
'~ such that the missed word is delivered first allowing the
~ CPU to resume execution earlier, and therefore reducing !1;
= cxposed miss latency. However, the L2 -::m}unllﬁrln;sl::e :
inspect the (2-bit) directory state before 1t €8 '.m;licalﬁ
~ esponse. For instance, if the directory stal I o
~ EXCL, the data in memory is stale and therefore ShOL
'~ be returned to the requester. If the CWE ordering © -ﬁthh
" ular request happens to first fetch the half-block ! aent]
" the directory state resides, there is NoO '-_lﬂh‘.” random
- penalty. Unfortunately, given that CWF ordering ﬁ;ﬂf plock
~ one can expect that 50% of the time the (o bis 1
~ will not be the one that contains the

{ie

airectory st
this case, a full block store-and-forward penalty (@
~ 30ns in high-end DRAM systems) will be jncurred:

B — — hing
4 The DDW optimization can also be applied (o directory fui i

schemes. For schemes that actually write back d”e’r':ead,modlﬁ

tion on a replacement, DDW can be used o replace &

write with just a write operation in some cases.
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TTH RESPECT TO THE IDEAL CASE FOR

CasES IN WHICH JOINT ECC ENCODING OF DIRECTORY AND g4 |NCUR EXTR
REMOTE REQUESTS: T ernWR memWR overhead memRD2
: e 1 -
Remote Directory staf memRD1 memF-D] overhead (state replication) e
Request L overk opt: 1
=RD LUNC €rhead 112 |
| r G 2
STIR (sharers fit in 1/2 dir) *h—m'.;_u_.ff“‘“ 111'2 ”1
SHR (otherwise) i shoa Bess 4
0 | e
EXCL (critical word in 15t sub-block) -—_._l.a_________,,._._—-——-' 0 g
EXCL (critical word in 2nd sub-block) 0 | ——— T PEcoDW
1 H——r] 1
'_'_-5]_35(_' UNC ,_______"______'________..-—-"" 12 L || FECC/DDW
R L - : 0 e 7 1
SHR {shlha.rtts_ﬁl}m 1/2 dir) T |] i PECC/IDDW
SHR (otherwise e
- 0 L PECC/DDW
EXCL (critical word in st sub-block) =T e 1/2 12 :
2t : I2 1/2 PECC/DDW
EXCL (critical word in 2nd sub-block) 1 12 |
——TloNe =1 e ) 0
: : ; P B o e Oy TR DDW
SHR (sharers fit in 1/2 dir) DOW 172
5 1/2 1 PECC/DDW
SHR (otherwise) { ._____}__'_ .
Etaa=dl
EXCL 172 B L e 1 DDW
TTOD ||UNC ) pow || 12 1 DOW
SHR (sharers fit in 1/2 dir) 5 —ppwW | 172 ! ey ]
SHR (otherwise) | 1 1 ziimnw
EXCL TR | 172
WB ||UNC 172 0 0
SHR 12 | 0 0
EXCL 12 0 0
REPL ||UNC 172 0 0 =
SHR 17 0 0 —|
EXCL 122 172 | PECC

I The first RD request that changes the directory mode from limited pointers (0 COArse vectors requires a full block write with state rep-
lication since the directory state actually changes from SHR-LP to SHR-CVY.
2. 'With state replication, a full block read is needed because the directory write cannot use DDW for the second half of the block.

We address the above issue by guaranteeing that the 2-
bit directory state will be available early. regardless of CWF
ordering. To achieve this we replicate the directory state
bits in all ECC segments (e.g., Piranha replicates the 2-bit
state in the two ECC segments).

The state replication optimization improves miss laten-
cies in many cases, but it reduces the number of cases where
a partial memWR would be sufficient for modifying the
directory. This is because both copies of the state bits need
to be updated for any directory state changes, leading 10 @
full memWR. Nonetheless, the benefits of the lower miss
latency made possible by state replication can easily

outweigh any negative effects of the increased mem
bandwidth,

D. Putting It All Together

; Ta-bl‘?' IV enumerates all the cases in which our optim:=
Ea““'_ls eliminate all or part of memRD]1 or memWR operd-
mﬁns' m‘n‘mRDZ'aWﬂSSE_S are not shown in the table since

¢ combination of DDW and PECC eliminate them
Ernqlplmly; the right most column of the table identifies
ich optimization(s) enable the climination of memRD2:
the c?hg tablg enumerates all possible remote req =
¢ e ence protocol, and all possible directory states.
®mRD] and memWR overhead columns, W indic:

uests in
In

ate

extra DRAM occupancy caused by accessing the directory
relative to a design that uses a dedicated directory storage.
The memWR case is split into two columns in order to
identify the cases where the state replication optimization
can cause extra memWR overhead. These overheads are
measured as the fraction of a full block access that is
required for the ECC-based scheme. Since we are using an
ECC granularity of half a block, the smallest fraction of a
block that can be accessed is one half. A zero (0) indicates
no penalty for_ directory access (read or write), either
because our optimizations make it unnecessary or because a
data access is also needed (in which case the directory
comes f_@r free). A one-half (1/2) in the table indicates cases
'E‘fhﬁfﬂ‘. half a block access (read or write) is needed in order
0 maintain the directory while the data access is not neces-
El:;}'dA une_{.-l} in the table indicates that a full block access
e .a:_ P;_ write) is necessary in order to maintain the direc-
tal];{ewl ile the data itself is not needed. For each row, the
tione o0 indicates which of the DDW and PECC optimiza-
o Ra”II;'l enabling the partial block accesses in the case of
AR, and eliminating the block read in the case of
;?f&srimwn in the table, many cases incur no overhead,
or SHR \DEX requests in which the directory state is UNC
R are such that the data is always required, therefore



Apghitectire and High Performance Compuy

E!‘g‘—_—l—(lf_l o p

2
wR  Optimizations allows us to maintaj
the directory read is free. Similarly, thclt-"c :is tlr'lng directory. ,'..J-_..g?“"‘“f}’. and data bits (leading to a mtfriﬂ oned C
overhead for RD and WB requests gla;t :SritcbaCk - aliD ﬂ:l:r? while Iehminaling virtually all (he pziﬁcicm HSJ”’
5 e ; . a data . mance penalti : intaini SaL
state EXCL? since in these cases e Sidediin avﬂﬂ;:y : penalties compared to maintaining g Mig| o= 0f

required. Finally memWR accesses arc aur e . i f—f{:-r data and directory. The techniques we

o?‘qpmtocui racg conditions in which the _m@ﬁ“:ﬁlfg: pre ques we

given the current directory state, 15 c{lns‘dﬁ- st G

consequently dropped. For cﬁfampﬁﬁ. an GRS 5

finds the memory state EXCL is dropped bY o it S

it can be concluded that another node has “racet fa =

request and has already obtained exclusive ownership.
Overall the table shows that i the Igli]%ﬂil'- 2o i

1 B¢ emRD1
cases, our techniques can reduce the mems =
v ) reductions Woul

only a half bock access. Similar ré
: emWR overhead if not for the de
apply to the memW!] D i

replicate the directory state bits 1 ves
Despite its extra memWR overhead, state replic
desirable since it often reduces miss latencies.
the Piranha system is designed to haye spare
bandwidth 10 accommodate such overheads. = :
It is also interesting to note that the combination

optimizations eliminate virtually _a!I__:pggﬁnual :
penalties compared (0 maintaining separ
data and directory (primarily by eliminal
memRD2). Furthermore, the combined ECC pproac
{0 a larger number of bits available for directory.

IV. CONCLUDING REMARKS
The idea of computing memory ECC '
L ing th ed

ity and utilizin
information is

162 SBAC-PAD'2000 12" Symposi

CParate Perfy,

S

10 any ECC-based directory design, wi e are App] bi
pc?mg applicable to any dircc[o%y, d;_:,?g;n"c“ ccmﬁgﬁk
3 fmrpcwmk that is presented in this paper, Ve fe lﬁi
various optimizations described, leads m'E&l““ With lhq
nto ECC-based directory designs and uith rcsn:arcﬁl

1 of

various design trade-offs.
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