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tWith the help of the memory dependen
e predi
-tor the instru
tion s
heduler 
an spe
ulatively issueload instru
tions at the earliest possible time without
ausing signi�
ant amounts of memory order viola-tions. For maximum performan
e, the s
heduler mustalso allow full out-of-order issuing of store instru
-tions sin
e any super
uous ordering of stores resultsin false memory dependen
ies whi
h adversely af-fe
t the timely issuing of dependent loads. Unfortu-nately, simple te
hniques of dete
ting memory orderviolations do not work well when store instru
tions is-sue out-of-order sin
e they yield many false memoryorder violations. By using a novel memory order vi-olation dete
tion me
hanism that is employed in the re-tire logi
 of the pro
essor and delaying the 
he
king formemory order violations, we are able to allow full out-of-order issuing of store instru
tions without 
ausingfalse memory order violations. In addition, our me
h-anism 
an take advantage of data value redundan
y.We present an implementation of our te
hnique usingthe store set memory dependen
e predi
tor. An out-of-order supers
alar pro
essor that uses our te
hniquedelivers an IPC whi
h is within 100, 96 and 85 % of apro
essor equipped with an ideal memory disambiguatorat issue widths of 8, 16 and 32 instru
tions respe
tively.1 Introdu
tionTo a
hieve high performan
e, supers
alar pro
essorsmust issue load instru
tions as early as possible while
ausing few memory order violations. One way to a
-
omplish this task is to use a memory dependen
e pre-di
tor to guide instru
tion s
heduling. Based upon pre-�This work is supported by NSF grants CCR-9704350, CCR-9808590, EIA-9806525, and a grant from Intel Corporation.

viously observed load/store dependen
ies, a dynami
memory dependen
e predi
tor guides the instru
tions
heduler to sele
tively issue load instru
tions earlierthan prior unissued store instru
tions in the instru
tionwindow. Work in this area has produ
ed in
reasinglybetter results [2, 3, 8, 7, 11℄. Memory disambiguationand 
ommuni
ation through memory has been studiedextensively by Moshovos and Sohi [7℄. Dynami
 mem-ory disambiguators proposed mainly used asso
iativestru
tures aiming to pre
isely identify the load/storepairs involved in the 
ommuni
ation. Chrysos andEmer [2℄ introdu
ed the store set 
on
ept whi
h al-lowed using dire
t mapped stru
tures without expli
-itly aiming to identify the load/store pairs pre
isely,yielding mu
h more eÆ
ient utilization of the predi
-tor spa
e. Although these te
hniques aim to eÆ
ientlypredi
t memory dependen
ies, redu
ing the false mem-ory dependen
ies remains a signi�
ant problem.False memory dependen
ies may be imposed bymemory dependen
e predi
tors when 
hanges o

ur inthe dependen
y behavior of the program as it exe
utes,aliasing in the predi
tor tables, or be
ause store in-stru
tions are not allowed to issue fully out-of-order.We refer to the latter as store-store indu
ed depen-den
ies and fo
us on avoiding them. Introdu
tion ofsu
h false memory dependen
ies by memory depen-den
e predi
tors is not without a reason. Simple mem-ory violation dete
tion s
hemes yield false memory or-der violations when store instru
tions are allowed toissue fully out-of-order sin
e they 
annot 
orre
tly de-te
t the memory order violations in su
h a setting [2℄.In this paper, we experimentally demonstrate thatordering store instru
tions in the issue window yieldslow performan
e at high issue widths. We present asimple and e�e
tive s
heme for the dete
tion of memoryorder violations that allows full out-of-order issuing ofstore instru
tions in the instru
tion window. Our te
h-nique works by delaying the 
he
king for memory or-der violations and identifying the dependen
ies in order



during retire time. Sin
e no ordering of store instru
-tions in the instru
tion window is imposed, no super-
uous ordering of dependent loads o

ur even when weuse a predi
tor that relies only on the program 
ountervalues of the load and store instru
tions. As a result,our approa
h signi�
antly redu
es the false memory de-penden
ies. We apply our solution to the highly su
-
essful store set memory disambiguator [2℄ and demon-strate that with a simple modi�
ation to the predi
toralgorithm and using our pro
essor ba
k-end, we 
angreatly enhan
e the performan
e of the algorithm athigh issue widths. Furthermore, our approa
h 
an takeadvantage of the value redundan
y of store instru
tionsto the same memory lo
ations, a
hieving even greaterdegrees of instru
tion level parallelism.In the remainder of the paper we �rst demonstratethat the e�e
t of false memory dependen
ies in
reasessigni�
antly as the issue width of the ma
hine is in-
reased. Next we present and evaluate our novel mem-ory order violation dete
tion algorithm that eliminatesfalse memory order violations 
ompletely, and redu
esfalse dependen
ies signi�
antly. Finally we 
on
ludewith a brief dis
ussion of related work.2 Store Set Algorithm: Performan
eEvaluation and AnalysisThe store-set algorithm [2℄ relies on the fa
t thatthe future memory dependen
ies 
an often be 
orre
tlyidenti�ed from the history of memory order violations.In this respe
t, a store set is de�ned to be the set ofstore instru
tions a load has ever be
ome dependent.The algorithm starts with empty sets, and spe
ulatesload instru
tions around stores blindly. When mem-ory order violations are dete
ted, o�ending store andthe load instru
tions are allo
ated store sets and pla
edin them. In general a load may depend upon multiplestores and multiple loads may depend on a single store.In order to obtain a simple implementation, Chrysosand Emer limit a store to be in at most one store setat a time as well as the total number of loads that 
anhave their own store set. Furthermore, stores withina store set are 
onstrained to exe
ute in order. Withthese simpli�
ations, only two dire
tly mapped stru
-tures shown in Figure 1 are needed to implement thedesired fun
tionality.When new load and store instru
tions are fet
hed,they a

ess the store set id table (SSIT) to fet
h theirstore set identi�ers (SSIDs). If the load/store has avalid SSID, it belongs to a store set. Store instru
tionsa

ess the last fet
hed store table (LFST) to obtain ahardware pointer to the last store instru
tion that is amember of the same store set whi
h was fet
hed before
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Index

Figure 1. Store Set Implementationthe 
urrent store instru
tion. Current store instru
tionis made dependent on this store. Next, re
ently fet
hedstore instru
tion puts its own id, that is, a hardwarepointer to itself, into the table. Similarly, load instru
-tions are made dependent upon the store instru
tionwhose id is found in the LFST table. The algorithmorders stores within a store set in program order, butallows multiple loads to be dependent on a single store.The Evaluation. We have implemented the store setalgorithm as well as a base pro
essor that implementsan \ideal" memory disambiguator using the ADL lan-guage [9℄ and simulated the SPEC95 ben
hmarks atvarious issue widths. The ideal memory disambiguatorrelies on program tra
es to identify the provider storeinstru
tion instan
e for ea
h of the load instru
tion in-stan
es. Hen
e, for a given load, the ideal disambigua-tor indi
ates whether or not the store instru
tion onwhi
h the load is truly dependent has been issued.
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Figure 2. Machine Configurations.In order to evaluate the performan
e of the memorydisambiguator, we kept the ma
hines with ideal andstore set disambiguators identi
al in all other aspe
tsex
ept the memory disambiguator. Both supers
alarpro
essors employ an ideal instru
tion fet
her that de-livers issue width instru
tions every 
y
le. Similarly,the issue window is a large 
entral window implemen-tation whi
h 
an s
hedule instru
tions as soon as thedata dependen
ies for an instru
tion are satis�ed. Inorder to show the e�e
ts of the predi
tor table size on



the performan
e, we 
onsider 4K as well as 64K entrytables. Other ma
hine parameters used in the simula-tions are shown in Figure 2.Our results for an 8 issue ma
hine 
on�rm the pub-lished performan
e of the store set algorithm. We ob-served that all ben
hmarks show performan
e losses
ompared to the ideal disambiguator with the ex-
eption of 107.mgrid and 145.fpppp. With 4K ta-bles, ben
hmarks 110.applu, 141.apsi, 145.fppppand 146.wave5 demonstrate signi�
ant performan
elosses. However, with 64K tables the algorithm 
loselymat
hes the performan
e of the ideal disambiguator.On the average, the store set algorithm a
hieves over97% of the performan
e of the ideal disambiguator for
oating point ben
hmarks and over 98% for the inte-ger ben
hmarks with 64K tables. With 4K tables, the
orresponding values drop to 80% for 
oating pointben
hmarks and 96% for integer ben
hmarks.When we simulated the same ma
hine 
on�gura-tions for the issue widths of 16 and 32, we observedthat performan
e loss as a result of non-ideal memorydisambiguation be
omes quite signi�
ant. Among theinteger ben
hmarks, both 126.g

 and 147.vortexshow signi�
ant performan
e losses at an issue widthof 16 and above and only 130.li 
ontinues to performwell as the issue width is in
reased. A similar behav-ior is observed among the 
oating point ben
hmarks.With the ex
eption of 107.mgrid and 125.turb3d,all ben
hmarks indi
ate signi�
ant performan
e losses
ompared to an ideal disambiguator. At an issue widthof 16 and 64K tables, store set 
an a
hieve about 85%and 82% of the performan
e of the ideal disambiguatorfor integer and 
oating point ben
hmarks respe
tively.With 4K tables, the algorithm 
an a
hieve about 69%of the ideal performan
e for integer ben
hmarks and61% for 
oating point ben
hmarks. At an issue widthof 32 and 64K tables, performan
e drops further to 67%and 64%. These results indi
ate that there is a signi�-
ant room for improvement, espe
ially at issue widthsof 16 and above.The Analysis. At high issue widths, the algorithmexperien
es performan
e losses be
ause it for
es the is-suing of store instru
tions within a store set to be in-order. In-order issuing of the stores within a store set inturn 
auses dependent loads to issue in-order. Whilethis restri
tion is not signi�
ant for a wide range of
ases, it 
reates signi�
ant degrees of false memory de-penden
ies with two types of loops.One of them is the 
ase where 
ertain iterations ofa loop o

asionally be
ome dependent on another iter-ation as in the 
ase of 110.applu. The other involvesloops with register spill 
ode. In both 
ases, the algo-

rithm serializes loop iterations on
e appropriate storeset entries are 
reated sin
e the algorithm 
annot dis-tinguish between multiple instan
es of the same loadand store instru
tions. In this 
ase, all the instan
esof the same store instru
tion be
ome members of thesame set and are for
ed to issue in-order. Limitationsof the algorithm be
ome more pronoun
ed at high issuewidths be
ause at small issue widths there is still ampleamount of unexploited parallelism to hide the e�e
ts ofserialization. However, the e�e
ts of the serialization
annot be hidden by other available instru
tions at highissue widths.
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Figure 3. Example spill code and its scheduleLet us now examine in detail how the algorithm exe-
utes su
h loops. In Figure 3(a), an example loop that
ontains spill 
ode is illustrated. When su
h a 
odesequen
e is exe
uted using suÆ
ient resour
es to issuemore than one load operation per 
y
le, it takes onlya few iterations to be unrolled before a memory orderviolation o

urs. This is be
ause, when there is no de-penden
y information stored in the tables, any of theloads 
an issue on
e they 
ompute their addresses. Asa result, any load whi
h is truly dependent on the storeat the same iteration may issue before that store. On
ethis happens, a memory order violation is dete
ted andthe store set entries are allo
ated. From this point on,following instan
es of these loads and stores share theinformation stored in SSIT and LFST whi
h yields thedependen
e graph shown in Figure 3(b). The algo-rithm 
orre
tly makes a load dependent on the properstore by means of the LFST table. However, sin
e thealgorithm for
es stores within the same store set to is-sue in order, for the given set of loads and stores thegenerated s
hedule allows at most one load instru
tion



to exe
ute per 
y
le (see Figure 3(d)). In 
ontrast, anideal disambiguator would allow fully parallel opera-tion of the multiple instan
es of the loop body, givensuÆ
ient resour
es (see Figure 3(e)).3 Out-of-order Store Issue AlgorithmWe have shown that for high performan
e we needto allow full out-of-order issuing of store instru
tionsso that dependent load instru
tions 
an also issue fullyout-of-order. Unfortunately, without at least a partialordering of store instru
tions in the instru
tion windowthe algorithm would have su�ered mu
h more signi�-
ant levels of performan
e losses be
ause of false mem-ory order violations.False memory order violations. A simple me
h-anism for memory violation dete
tion 
he
ks load ad-dresses of the spe
ulatively issued loads when a storeinstru
tion is issued and upon an address mat
h raisesa memory order violation 
ondition. In this approa
hfalse memory order violations o

ur be
ause this me
h-anism 
annot de
isively �gure out the set of store in-stru
tions whi
h should parti
ipate in the memory or-der violation dete
tion pro
ess for a given load.To illustrate why this is the 
ase, let us re
onsiderthe example shown in Figure 3 and suppose that we re-move the dependen
e edges between the store instru
-tions when we are using the store set disambiguator,allowing store instru
tions to issue fully out-of-order.In this 
ase, a store belonging to an earlier iterationmay be blo
ked whereas a store belonging to a lateriteration may have a 
han
e to pro
eed. For example,in Figure 3(
) the store from the se
ond iteration, ST-2, may pro
eed before ST-1 whi
h belongs to the �rstiteration. When ST-2 issues it makes its dependentload LD-2 eligible to issue in the next 
y
le. WhenLD-2 issues, it gets the 
orre
t value from the forward-ing bu�er. The pro
essor however remembers that theload has been issued spe
ulatively and makes an en-try regarding this load in the spe
ulative loads table.When the store ST-1 issues, it �nds that a load with asequen
e number greater than its own that 
omputedthe same address has issued before the store. In this
ase, an ex
eption is 
agged whi
h is in fa
t a falsememory order violation. In other words, removing thestore ordering in the instru
tion window would 
onvertall store ordering indu
ed false memory dependen
iesto false memory order violations.Pre
isely dete
ting memory order violations.In order to dete
t memory order violations 
orre
tlywhen store instru
tions are allowed to issue freely, we

need to identify pre
isely the set of store instru
tionswhi
h should parti
ipate in the memory order viola-tion dete
tion pro
ess. If an issuing store instru
tionis not the member of this set with respe
t to a givenspe
ulatively issued load instru
tion, we should not letthis parti
ular store instru
tion raise a memory orderviolation for the load instru
tion in question.
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Figure 4. Speculative issuing of loadsIn order to see how we 
an identify the set of storeinstru
tions whi
h must parti
ipate in the de
ision pro-
ess, let us 
onsider the sequen
e of store instru
tionsand the load instru
tion shown in Figure 4(a). Giventhis dynami
 sequen
e of instru
tions, assume that theload LD-s is predi
ted to be dependent on the store ST-p whi
h is indi
ated through the dependen
e edge. Inthis 
on�guration, store instru
tions whi
h are abovethe provider store instru
tion ST-p should not parti
-ipate in the memory order violation dete
tion pro
essfor the spe
ulatively issued load instru
tion LD-s as-suming that the addresses of ST-p and LD-s mat
h.Only store instru
tions whi
h follow the provider storeinstru
tion, namely, ST-p+1 and ST-p+2 should raisean ex
eption if they 
ompute an e�e
tive address thatis the same as the load LD-s. Thus, the provider storeinstru
tion splits the set of un
ompleted stores into twosets, and only the ones that follow the provider storeinstru
tion should parti
ipate in the de
ision pro
ess.In the 
ase that the load instru
tion obtains its valuefrom the memory, all the prior stores should be involvedfor 
he
king the memory order violations with respe
tto the spe
ulatively issued load LD-s.One possible solution in this 
ase is to in
lude thesequen
e number of the provider store (or a spe
ialidenti�er if it is memory) in the spe
ulative loads table.In this 
ase, issuing store instru
tions may 
he
k theirsequen
e numbers against the sequen
e number of theprovider as well as the sequen
e number of the loadinstru
tion to de
ide that if they fall into the shadedregion in Figure 4(a). If that is the 
ase and the address



generated by the store instru
tion mat
hes to that ofthe load, an ex
eption may be raised.A straightforward implementation of the aboveme
hanism leads to a 
omplex pie
e of hardware dueto the following reasons. First of all, maintaining ex-pli
it temporal information through sequen
e 
ountersis not a trivial task be
ause 
ounters must be of �-nite size and when they over
ow, the boundary 
ondi-tions must be properly handled. Se
ond, for any givenstore instru
tion the pro
essor must exe
ute the abovealgorithm in parallel against all the spe
ulatively is-sued load instru
tions, whi
h means that the requiredhardware must be repli
ated. Finally, exe
uting theabove algorithm on the 
riti
al path of the pro
essor isvery likely to slow down the pro
essor 
lo
k. Next, wepresent a simple and e�e
tive solution.Delayed ex
eption handling and value mat
h-ing. Our solution to the dete
tion problem buildson two observations. First, the temporal informationneeded is impli
itly available during the retire phase ofthe instru
tion exe
ution. In other words, if we 
an de-lay the dete
tion of the memory order violations to theretire phase, we do not need to maintain the tempo-ral information expli
itly. On
e we move the dete
tionlogi
 to the retire phase, memory violation dete
tionentails de
iding whether or not the provider store hasretired. If that is the 
ase, following store instru
tionsare from the shaded region and they should 
he
k formemory ex
eptions. Of 
ourse, if the provider is thememory, the provider store has already retired, and inthis 
ase all retiring store instru
tions will be involvedin the 
he
king. Se
ond, for 
orre
tness, we do notneed to identify the exa
t store instru
tion that pro-vided the value. We only need to verify that given aset of store instru
tions, the load has obtained the samevalue as the value stored by the last store instru
tion tothe same memory address. This te
hnique eliminatesthe need for spe
ial handling of the 
ase where mem-ory is the provider. Furthermore, this method 
an takeadvantage of the data redundan
y available in the pro-grams. Given these observations, we 
an now devisethe following s
heme that works quite well:1. We delay the 
he
king for ex
eptions in 
ase ofmemory referen
es until the store retires.2. We expand the spe
ulative loads table to 
ontaina value �eld where the value the load instru
tionhas obtained is stored.3. We allow an ex
eption bit asso
iated with the loadinstru
tions stored in the reorder bu�er or in spe
-ulative loads table be set or reset by store instru
-tions as they retire. In other words, ea
h retiring

store instru
tion 
ompares the value it has stored,as well as the address into whi
h the data has beenstored, to with that of the spe
ulative loads:If the addresses mat
h and values di�er, it setsthe ex
eption bit asso
iated with the load.If the addresses mat
h and values mat
h, it resetsthe ex
eption bit asso
iated with the load.If the addresses do not mat
h, no a
tion is taken.4. On
e the load is ready to retire, it 
he
ks its ex-
eption bit. If the bit is set, a roll-ba
k is initiatedand the fet
h starts with the ex
epting load in-stru
tion. Otherwise, the load instru
tion's entryis deallo
ated from the spe
ulative loads table.Note that setting and 
an
eling of ex
eption bitsas store instru
tions retire in this manner handles theproblem of identifying the provider store instru
tionautomati
ally. When the a
tual provider store instru
-tion retires, both the address and the values will mat
h,and the ex
eption bit is reset. In other words, this in-stru
tion will serve as a sentinel signaling the beginningof the group of store instru
tions whi
h should parti
-ipate, nullifying the e�e
ts of all unrelated prior storeinstru
tions.Now let us re
onsider the example shown in Figure 4.Suppose that load LD-s has already been spe
ulativelyissued and obtained its value from the store ST-p. Fur-ther, assume that the store ST-1 has now been issuedand has 
omputed the same address as LD-s. Sin
eST-1 retires �rst in program order, it will raise the ex-
eption bit asso
iated with the load LD-s. Any of thestores between store ST-1 and store ST-p may take thesame a
tion upon an address mat
h and a value mis-mat
h. However, when �nally store ST-p retires, it willhave both an address and a value mat
h and will re-set the ex
eption. When the store ST-p+1 retires, if it
omputes the same address but the value is di�erent,this is a true ex
eption. The ex
eption will be takenwhen the load instru
tion retires. Note that if any ofthe store instru
tions ST-p+1 or ST-p+2 in the shadedregion have the same address as well as the same value,no ex
eption will be raised and the ma
hine will takeadvantage of the available data redundan
y. The sameobservation holds for the values 
oming through mem-ory.Sin
e we now have an e�e
tive solution to the prob-lem of false memory order violations, we 
an 
om-pletely eliminate false memory dependen
ies arisingfrom store-store indu
ed dependen
ies. To a
hieve this,we only need to introdu
e a small 
hange to the orig-inal store set algorithm. We let load instru
tions be-
ome dependent on the store instru
tion they �nd in



the LFST table entry, but we do not 
hain the storeinstru
tions whi
h are members of the same store set,allowing all the store instru
tions to issue fully out-of-order 
onstrained only by their own register depen-den
ies. Load instru
tions however wait for the storeinstru
tion that they have been predi
ted to be de-pendent on. Thus no load instru
tions are serializedunne
essarily.We have presented a simple te
hnique that 
orre
tlyindi
ates if a memory order violation has o

urredby mat
hing the value ea
h retiring store instru
tionstores with that of the spe
ulatively issued loads. Al-though there is nothing novel about the 
ommon-sensete
hnique of determining 
orre
tness of spe
ulated in-stru
tions by mat
hing a
tual data values, the use ofthis approa
h in the 
ontext of the store set disam-biguator is unique and yields high performan
e beyondwhat is a
hievable by an ideal disambiguator that faith-fully observes the true memory dependen
ies.4 Performan
e EvaluationWe have fully implemented the algorithm and ex-e
uted the SPEC95 ben
hmarks with their training ortest inputs. The pro
essor parameters have been keptas before (see Figure 2).Instru
tions per 
y
le. For the measurement of theinstru
tions per 
y
le �gures we 
ompare the harmoni
means of the IPC values observed for the 
oating pointand integer ben
hmarks with 64K tables. At an is-sue width of 8, the out-of-order algorithm slightly out-performs the ideal memory disambiguator. With 
oat-ing point ben
hmarks, out-of-order disambiguator isbetter than the ideal memory disambiguator by 0.01%and with integer ben
hmarks it is better than the idealdisambiguator by about 1.8%. The out-of-order al-gorithm shows better performan
e than the originalstore set algorithm by 4% with both the 
oating pointand integer ben
hmarks. In 
ase of 124.m88ksim, out-of-order algorithm is better than both te
hniques byabout 18%When we in
rease the issue width to 16, the out-of-order algorithm out-performs the original store setalgorithm by as mu
h as 18% with integer ben
hmarks,and 22% with 
oating point ben
hmarks The perfor-man
e di�eren
e further widens to 42% and 52% with
oating point and integer ben
hmarks when the issuewidth is in
reased to 32 instru
tions. In both 
ases,highly data redundant 124.m88ksim 
ontinues to out-perform the ideal disambiguator and the out-of-orderdisambiguator 
losely follows the ideal disambiguatorfor other ben
hmarks, even at very high issue widths.

S
alability for di�erent table sizes. In order tofurther 
ompare the performan
e of our approa
h tothat of the original algorithm, we exe
uted both algo-rithms at predi
tor table sizes of 4K, 8K, 16K, 32K and64K entries. We observed experimentally that the sizeof the LFST table is not 
riti
al and in these runs itwas left to be suÆ
iently large.As it 
an be seen from the graphs in Figure 5(a) andFigure 5(b), the original store set algorithm 
an out-perform our algorithm only when the original store setalgorithm has a 32K entry table and the out-of-orderdisambiguator has a 4K entry table. For both integerand 
oating point ben
hmarks, with 8K entries ouralgorithm always out-performs the original algorithmeven when the latter has 64K entry tables. When ouralgorithm is given a large predi
tor spa
e, it mat
hesthe performan
e of the ideal disambiguator up to theissue width of 16, and very 
losely follows the ideal
urve with slight performan
e loss. This small perfor-man
e loss (about 10 % at an issue width of 32) orig-inates from the 
ost of restarts. The 
ost of restartsare largely paid for by the gains we obtain through theexploitation of the data redundan
y. Unfortunately, atthese high issue widths the exploited value redundan
yis not suÆ
ient to 
ompensate for all the restart 
osts.Nevertheless, it is natural to expe
t that our algorithmwill out-perform the ideal disambiguator at all issuewidths if the 
ost of restarts 
an be redu
ed by em-ploying a me
hanism whi
h sele
tively reissues e�e
tedinstru
tions instead of squashing a window-full of in-stru
tions. Su
h re-exe
ution re
overy is quite feasiblewith memory order violations. In 
ase of memory orderviolations, the validity of the instru
tions are not ques-tioned. Therefore, only a few instru
tions whi
h usesthe wrong value 
an be reissued instead of throwingaway a window-full of instru
tions.We observed that when we employ smaller predi
-tor tables, the performan
e gap between the out-of-order disambiguator and the original store set algo-rithm widens further, indi
ating our su

ess in redu
-ing the false memory dependen
ies. The false memorydependen
ies were also measured dire
tly to verify thisobservation. The false memory dependen
ies are re-du
ed be
ause of two reasons. The �rst reason is thepre
iseness of our approa
h in 
reating the store sets.When a 
onventional approa
h is used to dete
t thememory order violations, it may take some number ofiterations and a number of false memory order viola-tions before the true store instru
tion that a load is de-pendent on is dis
overed. In our 
ase, this happens the�rst time a violation is en
ountered. Se
ond, be
auseour approa
h also takes advantage of value redundan
y,it 
reates fewer number of table entries.
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Figure 5. Scalability of Out-of-order Algorithm5 Con
lusionWe have presented an e�e
tive me
hanism for redu
-ing false memory dependen
ies that also exploits valueredundan
y without performing expli
it value predi
-tion. Our solution is an orthogonal solution that 
an beutilized with other types of memory dependen
e predi
-tors. For example, the s
heme proposed by Moshovosand Sohi based onMDPT/MDST asso
iative stru
tures[7℄ either for
es a load to wait for all dependen
es pre-di
ted, or, MDPT entries are augmented to 
ontain
ontrol 
ow information for ea
h load/store pair. Usingour s
heme, there would not be any need to for
e a loadto wait for all dependen
es predi
ted or any need foraugmenting predi
tor entries with 
ontrol 
ow informa-tion. Similarly, our approa
h 
an be used together withvalue predi
tion te
hniques [5, 6, 4, 1℄. Spe
i�
ally,a ma
hine may employ sele
tive value predi
tion to asubset of loads, whereas the remaining ones would syn-


hronize through the dependen
e predi
tor employingour s
heme. The veri�
ation me
hanism our s
hemeuses would work properly with value predi
tion me
h-anisms without modi�
ations.Reinman and Calder studied performan
e gains that
an be obtained using various predi
tive te
hniques forload value spe
ulation in
luding the store set as wellas value predi
tors [10℄. Given that in their store-setstudy store instru
tions are not allowed to issue out-of-order and our out-of-order disambiguator substantiallyout performs the original store set algorithm, furtherstudies are needed to verify their 
on
lusion that thevalue predi
tion out performs all other te
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