An Analysis of Degenerate Sharing and False Coherenc

There are two component costs of a data coherence operatit
An Analysis of Degenerate Sharing and False Cohetence  a fixed amount of overhead and a-pgte transmission costhe
overhead is substantial, so the system usually processes a bl
of cached data (i.e., cache line or page) to amortize the overhe
over many words of the dat#/hile this amortization suggests
False sharing reduces system performance in distribytf lager blocks are bettethe petbyte transmission costfet-
shared memory systemA. major impediment to solving theively limits the maximum block sizés the block grows laer,
problem of false sharing has been that no satisfactoryititefi it becomes more likely that the system will transmit extra dat
for this problem exists. In this paper we provide migéins for that the receiving site will never read. Sirarey modification of
several types of degenerate sharing, including false shaMgthe block forces a transmission of the entire block, selecting tt
also provide an algorithm that computes the cost of unnecessiaey of the block requires care. Given expected data access f
coherence (false coherence) in a shared memory system. Fifglhs (i.e., locality of reference), there exists an optimal balanc

we provide a counter intuitive example demonstrating that ge@ween block size and plyte transmission cost.
elimination of degenerate sharing can reduce performance.

Abstract

As the block size increases, so does the likelihood tHat-dif
Keywords: False sharing. Cache Coherence. Distribugefl objects will be colocated in the block. Unfortunately-
shared memory locating data structures produces undesirable sfeetsf Sup-
pose two difierent data structures share a coherence block wit
. one site exclusively accessing one of these objects and a sect
1 Introduction site exclusively accessing the othifodifications to the fit
object forces an unnecessary coherence transmission when
Past research has attempted tongeéind quantify a degerersecond site accesses its objesten though the second site will
ate form of sharing in shared memory systems knowfalas never use the data written by thesfisite. This has been called
sharing Since false sharing can have a sigaift impact on the false sharing psblem.We refer to this problem as tlfalse
shared memory performance, we studied the existing literatureoteeenceproblem since theost of the unnecessary coherence
determine the cause of false sharing and how we could elimitraigsmission is the principle concern.
it from our distributed shared memory system. Unfortunatieéy
existing research relies mainly on ad hoc methodoloiiés.
could not even fid an acceptable defiion for false sharing.
This led us to develop an architecture independd+inef algo-
rithm that, given a memory reference string with additio
semantic information, computes the cost of sharing. Finaky
have discovered that, contrary to intuition, the elimination
degenerate sharing using published techniquesradyceper
formance in certain special cases.

Several recent papers discuss the sicanifte and seriousness
of the false coherence problem. Referentgs[2], [3], [4], and
[5] explore the décts of false sharing in NUMArchitectures.
n%?ferences[12], [13], and [15] explore the décts of false shar
ing in tightly coupled multiprocessor systems employing hard
v&?re caches. Finallyeferenceq6], [8], [12], and [15] attempt
to quantify false sharing and describe how to eliminate false she
ing within a set of programdhe evidence in past work clearly
suggests that false sharing is a problem and eliminating fal
sharing can improve performance. Howeeerrrently there is no
11 Background definition for false sharing that captures intuition, is easy to statt
Many systems usshared memoy for communication andand can be easily computedithout such a defition, any
data exchangdo reduce shared memory access cost, multipattempt to “solve” the false sharing problem will rely on ad hoc
cessor systems often replicate shared data in local caches. Geuonistics.To optimize system performance a thorough under
municating processes generally expect these caches tatdr@ling of the problem is necessary
coheent that is, when one site reads a shared value, the last
value written should be returnéfb maintain coherence, the syst.2 ~ Overview of Paper

tem must implement some mechanism that transmits memor . . . .
L : . n this paper we furnish three important results. First, we prc
updates between writing and reading sit€kese coheence . : : .
. : : vide defnitions forrefelence stringstrue sharing, false sharing,
transmissionglirectly impact the performance of shared memaor . : : .
eudo sharingpvemrite sharing, eplacement sharingand

systems. Many shared memory systems rely on underlying EIS coheence. Second. we supply anfdine algorithm that
ory management hardware to decide when a coherence transmis- : ' ’

2 ivén a reference string with some additional semantic informe
sion is necessaryUnfortunately most memory manageme

. _— L ion, computes the cost of true and degenerate sharing. Final

units (MMUSs) only indicate that a transmissioray be neces- P . ded g. F .
; we show that simple attempts to eliminate degenerate sharil
sary If the system uses the MMU to determine when a coherence
A may actually reduce performance.

transmission is necessathiere may be some unnecessary trans- _ _ _ _ _
missions. Such excess communication will reduce system perforThe remainder of this paper isganized as follows. Section
mance. two describes past attempts to defand measure false sharing.
Section three provides basic adtfions. Section four discusses
architectural semantics and how this work applies tterifit

shared memory architectures. Sectiae filescribes our experi-

1. This research was sponsered, in part, by NSF CCR-9209405.
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mental apparatus and how we analyzed resulting referahoee desirable attributes any défon of “false sharing” should
strings to confim the validity of our defiitions. Section six pre-possess are

sents an algorithm for measuring false coherence. Section seven
discusses system optimizations and the problems with attempting
to improve performance by reducing thdeefs of degenerate
sharing.The final section presents our conclusions.

It must adequately capture the intuitive notion of
false sharing,

e It must be mathematically precise, and

e It must be practically applicable.

To capture the intuitive notion of “false sharing” the authors
2 Past Work state that the metric should be monotonically increasing as adt
tional unrelated objects are co-located within a block. Fyrthe

Attempts to accurately deg false sharing in the past havilse sharing should be zero when the block size is one?yifard
met with mixed success. Eggers and Jeremiassen wrote o€ d¢nathematically precise, the défon should be capable of
the earliest papers providing a aéfon for false sharing; theybeing stated as a theorem and proven. In partictiler proof
also provided several suggestions on eliminating false sharfifpuld take the form of an equation or algorithm that describe
[8]. Bolosky and Scott have published several papers onh@ to compute the cost of false sharing. It must be practicall
topic; they state that “a precise aetfon and quantiﬁation of applicable in the sense that the algorithm described above mu
the prob|em have proven extreme|y elusive.” Khera, LaRo\b@,traCtable. It would be of little value to attempt to use a prc
and Ellis provide a relatively simple mathematical equation &@am that is NP-complete, or worse.

false sharing that works for many sigoéht cases, but is impre-  Bolosky and Scots paper discuss some problems withreefi

cise.The following sections describe their work. ing false sharingThey provide a survey of several dtions
) and describe the problems (based on the criteria above) wi
2.1 Eggers and Jeremiassen those defiitions. These defiitions includeOne Vérd Block Defi

Eggers and Jeremiassen were among te th attempt to nition, Full Duration False Sharing, Inteal Defnition, Heuris-
reduce the ééct of false sharing in shared memory prograni¥ Interval Selection, The Handuiing Method,and theCost
[8]. They defied false sharing to be any coherence transmissi@nponent Method.

caused by site access to a word that had not been edbsiifice  The Oneword Block Defhition compares the cost of execut-
the last time that site possessed a valid copy of the Aq@b- jng a program against the cost of the same program executing
lem with this defiition (as they acknowledge) is that it does ngtmachine with one word coherence blodien using single
consider successive accesses to the same block. For exa{@if: coherence blocks the system will, in thedrgnsfer the
suppose site 1 has a valid copy of a block containing the variafdg@st number of words. Howeyéne high overhead of network
aandb, then site 2 writes to variabéeand site 1 reads varialile transmissions actually increases the-ipgie transmission costs
By Eggers and Jeremiasserdefnition, this would constitute a5 plocks get smalleFor one-word blocks, this overhead compo-
false sharing, the coherence transmission was unnecessary géifnay be much greater than the time to transmit a single woi
site 1 still contains a valid copy bf Suppose, howevgthat site A system with an eight word block size mightfeufrom false
1 reads locatioa immediately after reading locatidn Here the sharing and still run faster than a single word block syster
coherence transmission is necessary to communicate the valygfuse there is far less overhead cost associated with each tr:
a from the second site to thesfi. Unfortunatelytheir defnition mijtted word.According to Bolosky and Scott, intuition suggests
still chages the cost of the transmission to false sharing.  that whenever one reduces false sharing system performar
Given this problem, Eggers and Jeremiassemeigffalse should improveTherefore, they dismiss this model because i
sharing as the d#rence in cost between an application and@s to capture the intuitive notion of false sharige shall
“hand-tuned” version of that same applicatigvhile they dem- show that, despite intuition, is possible for performance to
onstrated some impressive performance improvements, thifléggease as one eliminates false shaiihgrefore, their rejec-
hoc defiition is unsatisfactory because it is not possible to adtgn of this model may be unwarranted.
mate the computation of the cost of false sharing. Furthermore, ify|| Duration False Sharing assumes that variables within
is difficult to determine if performance improvements occur &herence block are either shared or not shared throughou
eliminating false sharing or by other changes made to the gigen memory trace. Unfortunatelyis unlikely that a coherence

gram. block is falsely shared throughout execution; rattrae sharing
may occur in a block during one phase of execution and fals
2.2 Bolosky and Scott sharing may occur during a fiifent phaseAs such, Full Dura-

Bolosky and Scott provide a survey of several possiblaidefion False Sharing fails the intuition criterion because it is toc
tions for false sharing[6]. Although the requirements of theskestrictive.
definitions are dificult to meet in practice, Bolosky and Scott’
work provides the basis for other ddfions that follow An
important contribution they’'ve made is to suggest a set of

attributes which false sharing dsfions should possesgheir 2. We shall see that this definition of “intuitive” is unsatisfactory for any reason-
able definition for false sharing.
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The Interval Defiition assumes that each site can write to a accessing the line and the level of false sharing is deter-
partially inconsistent block and the system can, when necessary mined by that difference.
meige inconsistent blocks togeth®y ensuring that each read . . .
operation has the most recently written data, it is possible to rel?g—h's sy;tem compares the number of sites 'referencmg_ ast
consistency at certain points and reduce the number of unn&é‘é-wgrd n a ca(;he line with the number'qf. s'tgs accessing u
sary coherence transmissions. Unfortunatelgmputing the entire line, much like the On&ord Block Defhition®. While this

maximal interval in which consistency is unnecessary is [fgte does provide an intuitive deiion of false sharing, and can

(known to be) tractabl&herefore, this method is not practical. _pr.o.wde a metric for measuring thevelof false sharln.g, this def-
inition may not accurately reftt thecostof false sharingThere-

The Heuristic Interval Selection relaxes the optimalifyre, Khera, et. al., emphasize writes over reads since writ
requirement in the Interval Deftion to produce an algorithmgenerate more coherence fimfThis write weighting improves

that is tractable. Systems such as Mufifhuse this technique tothe correlation between computed and empirical results.
reduce false sharing. Unfortunatetiye Heuristic Interval Selec-

tion method underestimates the amount of false sharing by a corﬁ‘ basic premise of their system is that the relative ordering

siderable amount since this method provides only a loose lowemory refe_rences should not sigrahtly afect the overall
bound on the amount of false sharifé. metric. That is, two separate runs of the same program on tt

same hardware should produce the same measure of false si
Another problem with the Interval Daftion and the Heuris-ing. Further Khera, LaRowe, and Ellis wanted architectue

tic Interval Selection techniques is that they require the abilityf@ependenmetric, one that would produce the same approxi

mege inconsistent blocksThis mege operation also reducegate results for diérent architectures (e.g., write update vs.

system performance. Munin, for example, saves a copy of anglek invalidate) As such, their algorithm produces an averagec

page, computes the flifences between the old and updatgskylt rather than an exact result.

page, and then transmits thefeliénces that the receiving site . . . . .

meges into its copy of the pagalthough this works well with One admitted drawback to their approach is that their me:

Munin because of its write update polide cost of mejing surements defe windows of observation within traces and lose
ise ordering information within each windd@hoosing the

could be prohibitive in other systems (e.g., those systems usiﬂrgfé . .
write inva?idate protocol) 4 (e.g 4 wrihdow size and boundariededts the result. In many respects,

_ _ _ this method is similar to Bolosky and ScetHeuristic Interval
The HandTuning Method is the technique proposed by Eggelection method. Khera, et. al., rely on the user to supply t

ers and Jeremiasse8] (see the previous section) whereby th@jindow size and boundaries for the system (i.e., the heuristics)
take a program, improve it, and compare the cost of theTtws.

technique relies upon the skill of the programmer and, as such, iélthou_gh Khera, LaRowe, and EIIisUr_rentI_y provide an 6f
mathematically imprecise. ine algorithm, they suggest that they will ultimately produce ar

on-line algorithm. Such an algorithm, even if imprecise, woulc

The Cost Component Method, developed by Bolosky asdinvaluable since it would allow the system to migrate pro
Scott, attempts to analyze each of the component costs that&es to reduce false sharing.

tribute to false sharing based on the size of a coherence block,

how much of the block needs to be transmitted, the overhead of

transmitting the block, etc. Unfortunatelyhile this approachd Definitions

looks promising, it is incomplete; there are some (yet to be dis-

covered) terms missing from their set of equations. Until some-gyisting work attempts to def false sharing as a function of

one can discover the missing terms, this method is too impregisgyiting coherence transmissioh¥e have found such dafi
Bolosky and Scott conclude by stating thdidifities of pro- tions to be ambiguous and often self-contradictdfyrthermore,

ducing a reasonable measurement for false sharing that posséiésent definitions produce dférent results on the same refer

the three important attributeShey also point out the di€ulty €nce string; clearly they are measuringfetént symptoms of

they had separating the cost of false sharing from other sourcég@gnerate sharing. For our purposes, the current metrics are

performance loss in the system. imprecise, too costly to compute, or are too compléxwanted
definitions that matched our analysis and observations.
2.3 Khera, LaRowe, and Ellis To develop our defitions we generated and analyzed hun-
Khera, LaRowe, and Ellis[12] present a metric for falsedreds of random memory reference stringg. discovered sev-
sharing operating under the following ahtiion: eral subtly diferent sharing patterns that produce unnecessal

o o coherence transmissions. Since the cause and, perhaps, the
The essence of false sharing is that the contribution made by were diferent, we chose to provide separaterdtdins for each
the individual words of a line toward the observed sharing phenomenon rather than trying to provide a complex, all inclu
pattern of the entire line is strictly less than full participa-
tion. Alternatively, the sets of processors accessing the indi-
vidual words are proper subsets of the set of processors

3. Unlike the One Word Block Definition, Khera et. al. do not consider the cost
of network overhead.
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sive, defiition. This decomposition let us easily articulate the this example the g and W;, operations access the same

definitions and simpligd the analysis of the problem. address. Since there is no requirementxt¥t the sites may be
the same or they may be feifent. The two R i | , entries
3.1 Simplified Memory Model and Refer- mustaccess a location other thaiithey need not be the same
ence Strings address) and must read data atzite

The following simplifed memory model provides the basis We will use the symbolsa” and “c” to denote an arbitrary
for our defhitions*: address or site, respectivelfythese symbols appear as subscripts
within different terms in the same expression, then each -occt
Cach rence may represent afeifent value. For example, in the string
/ d “Wq 4Ry 5 the write operation could access one address and tt
read could access anoth&imilarly, the write and read opera-
tions in the reference string Yy R, " could occur at dferent
sites.

A B C

The symbol %” will denote any arbitraradrs, sitetuple; for
example, “A,” denotes a single arbitrary read/write operation ai
any address and site. If multiple™ subscripts appear within a
reference string, the accesses need not be at the same site
addressThe symbol “R" denotes a single read of the coherence
block at all sitesThis will force a coherence transmission if the
block at a given site is invalid. Note that the address read is n

A, B, and C represent sets of one or more addresses witlfIR€a0fa, b,or ¢, so this operation will not &ct the type of shar
single coherence bloclAddresses in the set C are positionalljd that occurs.
and structurally independent frofnand B, thereford n CisO We will make liberal use of the metasymbols “(, “)", “*”

(the empty set) and B Cis. A n Bis alsoll, but the objects and “|” (or/alternation) from automata theory to defets of ref-
in these sets are members of the same data structure, for exagpgltse strings by regular expressions. For example,)*fA
different rows in a matrix or dérent felds within a record. denotes a string of zero or more read/write accesses at arbitr:

0 A refeence stringis a sequence of memory opera- addresses and sites.
tions X3X,X3...X, with each X taking the formA s
site Radrs,site OF Wadrs, siteWith “R” denoting a memory Examples:
r_ead operation, W den_otmg a memory write opera- W1 Ra1Wo1R2 W 3
tion, and “A” denoting either type of memory access.
Adrs is either lowercase, b, or c and corresponds to
one of the addresses in the simptifimemory model
above Siteis a numeric value denoting the site at which
the memory access takes place. W2 (Re | Wigza),0)* Ra[x # 2

In the reference string above, site 1 writes to locatioreads
from address, and then writes to locatiom Then site 2 reads
from locationb. Finally, site 3 writes to address

We assume all blocks are invalid at the beginning of a-refeis expression generates all reference strings that write to loc
ence string and that some anonymous site has written to @éanha at site2, then have zero or more memory reads at ar
location in the blockThis corresponds, for example, to a loadeddress or writes tb or c, followed by a read of locatioa at
or memory allocator setting up the block before it fise. some site other than site 2.

Within reference strings we will use variables to denote The use ofa, b, and ¢ within our notation should not be
addresses and sites. Lowercese y, andz are variables denot-underemphasizedhese names provide certain semantic infor
ing a single site. Lowercasg, k, m,andn are variables denotingmation that is not present in a typical memory trace (i.e., th
a single address. If some restrictions apply to a variable, thempkyesical relationship of these variableBhe defiitions that fol-
will enclose the restrictions within square brackets; e.g.Z'ffh low depend upon this additional semantic information. Fortu
denotes any address which is diferent from addressin the nately compilers for many languages can easily generate th
current reference string. Likewise, “[m i,j]” denotes any information.
addressn that is diferent fromi andj. All occurrences of a vari-
able within a reference string denote the same value. For ex3u2- rue Sharing

ple, consider the reference string: True sharing occurs when one site reads a value written |

Rox Rmig,z W,y R, 2 another siteThis implies that anecessay coherence transmis-
sion takes place that copies the data between sites.

o True sharingoccurs when a site reads an address it

4, Our definitions do not rely on this simplified model, but they are easier to has never before accessed or when one site writes to an
explain in the context of this model.
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address and another site reads that value before writingto copy the value written from the writing site to the readinc
over it. Formally true sharing occurs when a reference  site®. The cost of this transmission is necessary and acceptable
string takes the form:

3.3 alse Sharin
[S1] (Aa)* Wi x Ra, ozl Wiazi, (o#v])* (Afaziv | 9 . N .
Ra,[oxv)* We have chosen to restrict our défon of false sharing.
Ri v#x (Ax)* Existing defiitions generally defie false sharing as any memory
access that results in an unnecessary coherence transnWgsion.
" . . . . . r}ave chosen to limit our deftion of false sharing to a specifi
A decomposition of this expression will make it easier 10 . " o
memory access pattern and provide additionalniiefns for
understand. .
other patterns that also produce unnecessary coheretiice Bgf

(Ag)*: our defnition, false sharing occurs when two sites access stru

This term, at the beginning and end of the reference striHER!ly unrelated objects within a coherence block.
simply allows true sharing to occur anywhere within a reference False sharingoccurs when one site contains a valid
string. This term appears without further comment in the regular copy of a coherence block, a second site writes to an
expressions for all forms of sharing. object in that block, then therdt site accesses afdif

Wi - ent, structurally independent object within that same

’ ] ) . . . coherence block, and there are no other writes between

True sharing always begins with a write to some Iocapon _ the two operations. Formallyfalse sharing occurs
Rememberour model assumes all coherence blocks are invalid \yhenever a reference string takes one of the forms:
when a programift loads into memoryherefore, the loader or
shared memory allocator could be the process responsible foltik (Aw)* Ak x(Ra, o | Wazc) jo2x))* W a, [z2x] (Ra, [o2 )" A

write. ¢, x (Ax)*
(Ro, e vl Wiaz i, o2 v])*: [F2] (AEZ)*)A k x (Ra, o | Wazcl [omx))* Wb, [z2x) R, [o2x))"A
, lo o , o . C, X o *

After site x writes to locationi, any site except can read [F3] (Aw)* A x(Ra, o | Wiazc],[oxx))* W, [z6) (R, [o2x)* A
variables in the coherence blodey may also write any loca- 5 x (Aw)*
tion excepti. Such accesses (especially writes) may cause[t (Ax)* Ak x (Ry, o | Waze] [o2x))* W e, [22x] (R, [0 x)* A
system to transfer data from sieo another sitg/ that fnally b, x (Ac)*
transmits the data towhenv accesses This will not, however

affect the cost of true sharing.single coherence transmission t0 thase four expressions are essentially identical; they hand

sitev is necessary whatever_ the sourc_e of thz_it transmiss@onaﬂhe possible permutations af b,andc that can produce false
course, no other site may write to locatiafter sitex. Were this sharingA single explanation for [F1], therefore, will §igk.

to occur the true sharing would be between that other sitevand
notx andv. k, x*

Ar: R, * The Ay x term ensures that sitehas a valid copy of the
( [V | ,[o¢v]) block. If sitex did not have a valid copy of the coherence block
lﬁprf’i’nr to this access, thA 5 term will force a coherence trans-

; . oee k IS | $8sion and site will now have a valid copy of the block.
ultimately, provides the value afto sitev, true sharing is respon-

sible for this transmissiofThe term above allows siteto access (Ra, ol W[a,tc],[o;tx])* :
any location other thainwith other sites reading any values in the This expression allows all read operations and it allows site

coherence block. No other site may write to a variable in H‘ﬂﬁer thanx to write anywhere except Writes toc may not
coherence block since that would invalidate the data at aitél occur since such a write would produce true sharing rather th

force a new transmissioifthis could change the type of sharingse sharing.
that occurs. Note how this term handles the problem present in )
Eggers and Jeremiassedefhition. Wia, [2¢x]°
The Wy [z2x] term is theast write to the coherence block
by a site other thax This invalidates the block at site

Once sitev accesses a location in the coherence bloc

Ri v#x

Ultimately, sitev must read the data at locatiomritten at R )*
site x. More importantly there can be only one coherence trans- a,[c#xX]) -
mission to siter between the time sitewrote toi and sitev reads Once some site has written to locatianinvalidating the
i. The subexpressions between Wv; y andR j [v # x] terms block at sitex, other sites may read data in the coherence block.
ensure this.

Intuitively, two sites truly share a variable when one site
passes information to the other via that variable. Cleartpher 5. Technically, a coherence transmission is ~ necessary if the write operation

ence transmission is necessary when true sharing occurs in ordefoes not change any values in the coherence block i.e., it writes the same val-
ues already present at the target addresses . We will not consider this case here.
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Ac % 3.  Overwrite Sharing

When sitex accesses location a coherence transmission Qverwrite sharing occurs when one site writes to a variabl

occurs because the block at sifs invalid. SincéA ¢ yaccessesand that value is never read before another site overwrites it.

¢, nota, the transmission from sitEs unnecessary , , , ,
0 Ovemrite sharingoccurs when two sites write to

Note that there is some ambiguity between thentieins for an address without some site reading that address
true sharing and false sharifihat is, the intersection of the lan-  petween the two writes. Formallpverwrite sharing

guages described by the true and false sharing regular expresoccurs whenever a reference string has the following
sions is not emptyWe shall explore this ambiguity later and  form:

discuss how to eliminate it. V1] (A* W« (Ri 4| A )»* W (AL)*
One important dference between our deiion and most ” T ez o Rt

other defhitions is that the sites must access structurally indepen-

dent objects within the coherence block. If two objects are struc-W i,X-

turally independent one can move either object around inThis is the initial write whose value will be overwritten.
memory without gecting the position of the otheConverselyif (R: | A o)

two objects are not structurally independent, moving one object* * 1» X1 " [a #1], o/ -

requires that they both move as a single block. For example, yods long as no site other tharaccesses locatianno sharing
can place two integer variables, | and J, at any two arbitrary l@ggurs. This expression matches all strings that do not acce:
tions in memoryHowever A[1][4] and A[5][8], elements of the locationi except at site.

same arrayare not structurally independent. Moving either one \p; . .
implies that you must move the entire array which includes the [z#xX] -

other object. Likewise, twodlds of a record (structure) are struc- This is the write operation which overwrites the value writter

turally dependent since moving oneld around in memory®arliet Since no site (except, possibly has read locationsince
implies that you are moving the entire structure. the initial write, a coherence transmission from sit® sitez

may be unnecessary

3. Pseudo Sharing Overwrite sharing is signifant because two processors

We defe a new termpseudo sharingto describe “false accessing the same location can produce unnecessary cohere
sharing” of structurally related objects. For example, two sitéffic. Some previous deitions for false sharing assume opti-
accessing diérent rows of the same matrix or fdifent felds mal coherence trA€ in a one word coherence block system.

within a record (or structure) gaf from pseudo sharing. Clgarly thi's may not be the cagdthough we believe that over
write sharing is not very common, any défon whose optimal

The signifcant distinction between pseudo and false sharig ion includes unnecessary coherence transmissions will n

concerns the technigues one uses to eliminate them. False Skl?éigﬂtisfactory

is generally easier to eliminate than pseudo sharing by simply

rearranging object; in _memorSFo eliminate p_seut_jo sharinga_ Replacement Sharing
often requires algorithmic changes, process migration, or the use . ) ) o
of indirection [8] [12]. Replacement sharing occurs if a site has an invalid copy of

) ) . coherence block and it writes to a location withorsgt fieading
° Pseudo sharingccurs when one site has a valid he gata at that locatiomhis will force a coherence transmission
copy of the coherence block, another site writes 0 a (gince the block was invalid) but the transmission will be unnec
location within the block, and then thesfisite accesses  ggqary since the write operation does not use the data provided
a structurally related locatioihese accesses force @ o coherence transmissioflypically, replacement sharing

coherence transmission from the second site toste fi .., when one site reads a variable and then another site wri
even though therBt sites variable was not fifcted by to that same variable.

the write at the second site. Formalbseudo sharing

occurs whenever a reference string takes one of the fol- © Replacement occurs when one site writes to an
lowing forms: address in an invalid coherence block after another site

. . has read that address. Formallgplacement occurs

[P1] (Aw)* A x (Rojozx) | Wiazb)joxx)* W a, 22 x] (Ra, [0 2 whenever a reference string takes the following form:

W) A b, x (Aw)* .
[P2] (Au)* A x (Ra [0 | Wiazb)omx))* Wb, 225 (R, oz IRE (Ae)™ Wiy .
WA 4 (AL (Ra, o2 x1 | Wil [jorx))* Ri,[o2x] (Ra,[o2x |

Wiqzi )*
The description of these expressions is identical to that for \5\(}?1(’[?;)2)*

false sharing except sitesandz access structurally related vari-
ables (a and b).
Wilyzx:
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This expression ensures that the coherence block at site3, Summary
invalid. In particulay another site has written a value to some
location i. Remembethe coherence block is invalid at the begin-
ning of the reference string, this write could be by the IoadeHS
shared memory allocator

R, o#x | Waziljorx))* Ri,jc2x (Ra [02x | Table 1. Summary of the Different Types of
Wi [orx)" Sharing

This term guarantees that some site other #heeads loca-
tioni. Note that there are no writes to locatiomithin any string
this expression matches.

W i

This term overwrites the value written WY ;. [y # x] earlier
Since there was at least one read operation between the |two
writes, overwrite sharing does not occHiowever since sitex

has not read locatidrprior to this write, the coherence transmis
sion to sitex may be unnecessary

The following table summarizes, in order of precedence, th
Tjnitions of the forms of sharing appearing in the previous sec
tions and describes their important features:

3. alse oherence

The extra cost associated with degenerate sharing is of gon-
cern to system designers. One problem with existingitiefis
has been a confusion between the cause of false sharing and the
cost of false sharing. Our analysis indicates that although degen-
erate sharing often increases the amount of unnecessary cqher
ence trdfic, often there is no cost to such sharing and sometimes
the presence of degenerate sharingreanicecoherence trét.
This is one reason past attempts to provide a uniformitiefi
for false sharing have been unsatisfactory

o False coheznceis an unnecessary coherence trans-
mission from one site to anoth&he coherence trans- rc itectura e antics
mission is unnecessary because the receiving site
already has the data it needs or coherence is unneces-
sary e.g., when overwrite sharing occufi$e coher
ence operation occurs because the transmitting site
modified some address in the coherence block, even
though the receiving site does not use the nedlifi
value.

Definitions for degenerate sharing and false coherence shot
be relatively independent of the underlying machine architectur
Ideally we would like to use a false coherence metric to compal
architectures. If the metric is sensitive to architecturdiedif
ences, it will not serve well in this taskhere are two key archi-
tectural issues that may have afeef on the measurement of a
An algorithm that computes the amount of false coheresgstem: the coherence protocol and the coherence semantics.
resulting from an arbitrary reference pattern is compéxcan- The coherence protocol determines how the system prop
not simply union the regular expressions for false, pseudo; Oy&fas writesWhen a system uses thgite invalidateprotocol,
write, and replacement sharing to obtain a single regulag e writing data to a shared block invalidates that block o
expression that generates gll refergnce strings involving ,f%%eother sites. Upon accessing the block, these otherpsies
coherence.That language is ambiguous because a Singlg ey data from the invalidating site. Inveite updateproto-

sequence in the reference string may exhibit several typegqpfgjieg that write to the block immediately transmit the updat
sharing simultaneoushyfFor example, if one site writes to Ioca[-0 other sites sharing the block

tion a and a second site reads locatienthena, false sharing

occurs as dafied by regular expression [F1]. It takes exactly one Coherence semantics may also impact the metric. Does a r
coherence transmission to move the data from tsiesite to the €rence string have the same cost if it is issued on a system t
second. Since site 2 accesses both locations, we could attrfBlRBOrts strict, sequential, weak, processelease, or another
the cost to true or false sharifigie transmission is necessary (f@m of coherence? (Sefd0] for a survey of memory coherence
communicate the change &), so this is true sharinghere are Models.) Consider the reference string:

many examples of ambiguity which occur in reference strings.\/\/asRa 1W, 1R, 2

Section Five describes how we handle this ambiguity andjehar o

the cost of a coherence transmission to an appropriate form of

sharing.
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If the R, , operation reads the data written W 5 rather than «
W, 1 the results would be dérent from those systems that mai

¢ . Kn application of theorem 1 and theorem 2 to any referenc
tain sequential coherence.

string can transform that string to one that produces the sar
To simplify our definition, we have chosen to base it onrasult on a write-invalidate, sequential coherence architectur

write invalidate sequential coherence architectlioeshow that Therefore, we will assume, without loss of generatitg use of a

the defhition is architecture independent, we will show how toachine supporting write invalidate and sequential coherence.

convert a reference string on one architecture to an equivalent

reference string on a write invalidate sequential coherence . .

machine. eerence trin na sis

Theorem 1. Write Invalidate Transformation Any reference ] ) ‘
string produced on a machine using the write update protocol carl® develop an algorithm which would compute the cost o
be transformed to an equivalent reference string on a write inlf4#€ coherence for a given reference string we began by analy

idate machine. ing the data in the reference strinhrough this analysis we
o ) determine when coherence transmissions occur and whether tt
We offer the following informal proof by construction: were necessary

The write update (WU) protocol transmits a copy of the .
coherence block to all interested sites at the end of the nadifi -1 E perimental Setup

tion_. The write invalidate _(\_N_I) protocol pnly transmits an _invali— We developed our deiitions for degenerate and true sharing
dation request after mochhtlon and waits for th(_a ot_her S|t_es tgy studying sample reference strings and exploring the patter
request a copy of the pagewrite on aWU machine is equiva-present in those stringét first we considered instrumenting
lent to a write on &Vl machine followed by a read at all othefyme existing applications to capture shared memory referenc
interested siteS'herefore, we can transform a string of the forms\vever we were concerned that such applications would ger
e Wiy e erate a very limited set of reference strings that mighienfte
Y .
our analysis. So we wrote a short Icon prodté&mmgenerate a set
on a write update machine to a string that produces the sefri@ndom reference strings for our analydike hundreds of
result on aVI machine: random strings we worked with included far more patterns tha
one would expect from a few standard applications.
o Wy y Ry

The first version of the Icon program simply generated ran

The R; operand forces all sites to read the cache Tihés dom reference stringafter manually analyzing these strings, we
forces a coherence transmission to each siteWhaachitecture, began modifying the program to perform the analysis automat
forcing the same result as\dJ machine. cally. This stepwise refiement ultimately led to a program which
not only generated the reference strings, but computed the coh
ence costs as well. For interested individuals, this Icon progra
Theorem 2: Coherence SemantigsansformationAny reference is available via anonymous ftp.
string produced on an architecture with less than sequential
coherence can be rewritten as a reference string that, on2a nalysis
machine with sequential coherence, would produce the sam
result.

Since the number of possible reference strings isitafiwe
could not enumerate and analyze thélm.overcome this, we
We provide the following informal proof by construction: organized the reference strings ieiguivalence classeswo ref-

In the sequential coherence model, any read of an addres&tRAF€ r?tnngs berl]on_g to the sam((—:'j r(]aquwilence clﬁss if th
occurs after a write to that same address returns the valueSjdupit the same sharing patterns and have the sam&hestet
written. In a reference string of the foi, 5 ... Wy 1 Ry » the of equivalence classes is small and easy to enumerate. Upon i

read operation reads the data written at site 1, not site 3 (the féll}g these equivalence classes, we could compute the co
is globally performedSee [10]). As long as the coherence modr%:trlputable to coherence and assign the costs to various types
in use obeys this rule, no transformation of the reference stri g'ng.

necessanyf it is possible to read stale data, that is, jf,;Rbove A reference string provides a globally sequential descriptio
reads the data written by tNe, 5 operation, then we can transsf memory activity To compute coherence costs we detected th
form the reference string to a comparable one by moving the gsidts at which a coherence transmission occurs within a refe
operation to just before the last write following the write whosece string. Since coherence transmissions are only necess
value the read operation fetches. In the example above, assuwtieg one site writes and another site accesses a blockisthe f
there were no other writes to addressetweenW, ; andW, ;,
you could transform the string Wa,3."' Ra,2 Wa,;L that would .. We chose the con programming language because it was applicable to our
produce the same result on a machine employing the sequential;ok pattern matching and the resulting code ports with no changes to Unix,

coherence model. C $DOS, acintosh, and many other machines. con is freely available from
the University of i ona.
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An Analysis of Degenerate Sharing and False Coherenc

step is to insert boundaries into the reference string across waétieling and pseudo sharing that coexist with true sharing requi
a coherence transmission occureese boundaries separate tm® additional coherence tfaf. Note how this precedence solu-
reference string intgroups A group is a sequence of memorgon handles the problem encountered by Eggers and Jeremias
accesses at the same site. Consider the following reference stf8jg:

W1 RyoWoR 1R, 3sWasWi1R 2R 2Ry In the absence of true sharing, degenerate forms of sharil
Ri2 Ryt W1 generally produce false coherence. Since the total cost of fal
. . .coherence is of primary concern, attributing such costs to the ve
Grouping the memory references by site produces the followmoqj . .
Iolis forms of degenerate sharing may seem like extra wor

(W, 1) (Ra 2 W, 2) (Ry, 1) (Re,3 Wi 3) (Ry 1) (Ry, 2 However knowing the source of the false coherence may hel
Re.2 Ra,2 Ra2)(Ra 1 Wi, 1) you eliminate itTherefore, this classifation is useful.
. - Ambiguity also exists between the various forms of degene!
There will be no more coherence transmissions than there_are | , . .

. - o e sharing. In the following reference string, overwrite, pseudc
groups since there are no transmissions within a group and t‘Ir’lneref . e
; R . and false sharing all coexist:
is, at most, one transmission into any single gfolipere may
of course, be fewer transmissions than there are groups. For (W 1)(Rc. 2 Ry 2 Wi 2)

example, the(‘Ry 1 W, 1) " term at the end of the string abovg\

. . ) . in we use precedence to attribute the cost of the coherer
does not require a coherence transmission since site 1 alrﬁgﬁgmission to a single form of sharing. In the example abo\
contains a valid copy of the block. '

overwrite sharing occurs because it has the highest precedence

Note that it is possible for several types of sharing to occur
simultaneously between two groups. For example, considero%%
following reference string:

Ithough the precedence ordering is somewhat arbijttiaisy
ring was chosen based on our experiences analyzing ref
ence stringsThis precedence ordering produced a good mix o
(W, 1) (R 2 Ry 2 Ry 2) sharing types within the random reference strings generated

False sharing occurs because site 1 writesand site 2 reads our I(?on prpgramThg algorithm, which follows in the next sec-
ion, is easily modifid to change the precedence levels or eve

Similarly, pseudo sharing occurs because site 2 also reads foga- 4
) g . . Ist all concurrent forms of sharing.
tion b. Finally, true sharing occurs because site 2 also reads loca-
tion a. Although several forms of sharing occur simultanequsly
there is only one coheren<_:e transmission between the '.[WC.) sites. ase O erence orit
Therefore, we cannot attribute the cost of one transmission to

each form of sharingAlthough we could evenly split the cost

betw h form, h h t dh tt I S .
etween each form, we have chosen toghahe cost to on yt%\éstep toward optimizing programsfsuing from false coher

one. By assigning a precedence to each form of sharing The following i loorithm . th h .
resolve the ambiguity by attributing the cost to the form with tfﬁ'%ce' e following is an algorithm that computes the cost in

highest precedence. Our precedences are the following: coherence transmissions” for an input reference string.

Producing a tool which measures false coherence is an-impc

[1] Assume that just before the reference string, some site, not
¢ ¢ appearing in the reference string, writes to all locations in the
h block. This invalidates the data at all sites and provides an
initial write to each location.
[2] Break the reference string up into groups (by site) and appl'
the following steps to each group:
[3] For each group, s&urrent Groupto the next available
group and repeat steps 3..9.
Current Site— Current Groups site.

[4] If the current site contains a valid copy of the data, then
The cost is zero.
If a write occurs in the group, invalidate all other

True sharing has the highest precedence. If true sharing sites.
occurs between two sites a coherence transmission will be neces- Go to step 3.
sary In the previous example, true sharing coexists with false and Comment: If we get beyond step four, the current
pseudo sharing. Howevaliminating the pseudo and false shar block must be invalid.

ing would not improve performancA. single coherence trans:

issi i t tt haringtdetefal [5] Check for true sharing.
mission remains necessary to support true sharingt se K S oupor a olowing group at he

same site with no writes between the two groups,

there existan ireWith no precedin
. ssuming perfect transmissions. We will not consider the cost of retransmis- W _ a'j},gurrentsne P 9
sion due to error in this paper. i,CurrentSite
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within some previous group there exists a
Wi,[x#CurrentSit@, and
there is N0 A cyrrentsitd€tween the two groups
above, then
True sharing occurs.
If there are any writes in the current group,
invalidate all other sites
go to step 3.

Comment: If we get beyond step five, we must have

some form of degenerate sharing.

[6] Check for overwrite sharing.
If within CurrentGroupthere exists a Weyrentsite
with no preceding Reyrentsite@nd

the last access to locatioim a previous group was

of the form W, then,
Overwrite sharing occurs.
Invalidate all other sites.
goto step 3.

[7] Check for pseudo sharing.
If within CurrentGroupthere exists an Acyrentsite,
and
between the last write to locatidthere exists a
W xzcurrentsitg Such that ia and j=b or i=b and
j=a, then
Pseudo sharing occurs.
If there were any writes in the currrent group,
invalidate all other sites.
goto step 3.

[8] Check for false sharing.
If within CurrentGroupthere exists an Acyrentsite,
and
between the last write to locatidthere exists a
Wi xzcurrentsitg Such that im orb and j=, or i=c
and j=a orb, then
False sharing occurs.

An Analysis of Degenerate Sharing and False Coherenc

easily achieved by replacing steps six through nine above wii
the following step:

[6] If this is not true sharing, it must be some form of degenerat
sharing.
False coherence occurs.
If there are any writes in the current group,
invalidate all other sites.
goto step 3.

With this modifcation, the algorithm given corresponds to
traditional defiitions for false sharing.

educin ase O erence

Since false coherence generates unnecessary netwdid traf
intuition suggests that eliminating the source of false coherent
will eliminate unnecessary network fiiaf and, therefore,
improve system performance. Eggers and Jeremiaf&ehave
suggested several ways to eliminate false sharing for exactly tt
reason. Unfortunatelyshared memory systems do not always

behave intuitively In certain cases, eliminating one form of
degenerate sharing miagcreasethe coherence triaf.

Consider the following diagram:
o> o< ]
o<+ ]

o>

At time T=1 site 1 writes to some variabde If we assume

If there are any writes in this group, invalidate athat the block at site 1 was invalid before the write, then a fals

other sites
goto step 3.

coherence transmission will occur since a write operation alway
produces some form of degenerate sharlings write operation

Comment: If you get past point eight, then the || also invalidate the coherence block at all other sites.

current group contains only write operations.

At time T=2, site 2 writes to some varialde Once again, a

[9] If none of the above hold, the result must be replacementfsgge coherence transmission takes place because of either fe

Replacement sharing occurs.
Invalidate all other sites
goto step 3.

This algorithm operates in O(n) time, wherés the number
of memory accesses in the reference stilingerefore, this algo-
rithm obeys Bolosky and Scatt“practically applicable” crite-

rion.

As noted earlierthis algorithm depends upon the additional
semantic information associated with variatdes,andc. How-
ever the defiition of true sharing does not require this semar?
information.Therefore, one can still compute the cost of true
degenerate sharing without this semantic informatidris is

sharing (site 1 wrote to a structurally unrelated variable) or ove
write sharing (if some other site wrote edeforeT=1). Once
again, this write operation invalidates the coherence block at ¢
other sites.

A time T=3, site 3 reads variablesandc. This requires a
coherence transmission from site 2. Since site 3 is reading tl
variables written by site 1 and site 2, true sharing occurs and tl
coherence transmission is necessary

There are a total of three coherence transmissions in th
Ixample (denoted by the gray arrowR)e frst and second are

a((l:jse coherence transmissions, the third results from true sharir
uppose we attempt to reduce the unnecessary coherefice tre
by eliminating the possible false sharing which occurs at site !
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We can easily do this by movinginto a diferent coherenceconsideration; simply “eliminating the false sharing” may not
block. This produces the following memory activity: provide an optimal solution.

Past attempts to quantify thefesfts of false coherence have
:> . > relied on ad hoc methods. Our work provides a solid foundatio

’7 ’—‘ ,7 upon which future research may relhere are still some major
. problems to solveAs noted in the previous section, af-lofe

] algorithm such as ours may not provide consistent results for di
o> @ < ferent executions of the same program with the same input da
[ > :> Furthermore, an &fine algorithm which computes the cost of

false sharing can only suggest maddifions to a prograrmn on-
line algorithm would allow a program or operating system tc
modify its behaviar during execution, to reduce unnecessary
coherenceWe believe that our analysis of this problem is tre fi
step in the development of such an on-line solution.

As before, the write to locatioa results in degenerate sharinlRefer ences:
and, therefore, a false coherence transmis3ioa.write to loca-
tion c at site 2 still produces a false coherence operation. I\me
that movingc to a separate coherence block hasreduced the
number of false coherence transmissidmge, false sharing may
not exist; howeverit has been replaced by overwrite or repladél W. J. Bolosky R. P Fitzgerald, M. L. ScottSimple But
ment sharing. Finallysite 3 reads tha andc variables. Since Effective €chniques for NUMA/emoy Management
they are in separate blocks the system uses two coherence tran£roceedings of théwelfth ACM Symposium on Oper
missions ¢ from site 2 a from sitel ) to update these variables. ating System Prmmp_les, pages 19-31, De(? 1989 In
‘ Lo ACM SIGOPS Operating Systems Review 23:5.
The total is four transmissions: two due to false coherence and
two resulting from true sharindhis fails Bolosky and Sco#t’ [3] W. J. Bolosky M. L. Scott, R. P Fitzgerald, R. J.
intuition constraint. By colocating objects we reduce the eoher Fowler andA. L. Cox. NUMA Polices and Their Rela-
ence trdfic. This is a problem with Bolosky and Scettlefhition tion to Memoy Architectue. Proceedings of the Fourth

of “intuitive,” not with the defiition of false coherencaive, gwtgrn:rt]iqwanl (f_(;r:]ferznze oh(rjcgteectutr_ﬁl SéUpE’eor: fora o
however are unwilling to dismiss this daftion because real ref- 252%21 AI rgl9919,l’f\l sgo SA%nM SFG,TRIC% é’g m L?t'eFr) ges
erence strings produce non-intuitive resihen discussing the Architect’urpe News.19'2A'CM SIGOPS Operating Sys-

Heuristic Interval Selection Bolosky and Scott allude to this {oms Review 25 (special issue), ah@M SIGPLAN
problem when they discuss the possibility that a maximal interval Notices 26:4.

could have a negative valug]. If we consider the extra coher
ence transmission the “cost of mmy” modified values, this
problem fts in well with Bolosky and Scoft'experiences.
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