
Towards a Formal Model of Shared Memory Consisten
y for Intel ItaniumTMProsenjit Chatterjee and Ganesh Gopalakrishnan �S
hool of Computing, University of UtahTe
hni
al Report UUCS-01-003http://www.
s.utah.edu/formal verifi
ation/Abstra
tWe provide a simple formal model for ItaniumTMshared memory 
onsisten
y [1, 2℄ 
overing a 
ore setof instru
tions. Existing des
riptions of Itanium sharedmemory 
onsisten
y are based on an informal 
olle
tionof ordering rules as well as several examples. Our op-erational model employs widely understood data stru
-tures su
h as bu�ers and memories, and expresses or-dering 
onstraints pre
isely using a 
olle
tion of non-deterministi
 rules. This 
an enable the 
onstru
tion ofreliable prototype implementations, formal veri�
ationagainst implementations, formal veri�
ation againstother formal models, as well as veri�
ation of syn
hro-nization routines. Our model 
overs all published or-dering 
onstraints, and also sheds light on tri
ky 
on-
epts su
h as 
ausality.1 Introdu
tionThe ItaniumTM shared memory 
onsisten
y model[1, 2℄ is des
ribed in terms of a 
olle
tion of orderingrules, 
onstraints stated in English, and examples oflegal and illegal exe
utions. While good for initial un-derstanding, su
h des
riptions often leave many detailsunanswered. This 
an make it diÆ
ult for program-mers to write reliable MP libraries. As far as we know,a formal spe
i�
ation (operational or otherwise) hasnot yet been published for Itanium.In this paper, we provide a simple exe
ution oriented(operational) model for the Itanium shared memory
onsisten
y reverse-engineered from [1, 2℄. We believethat it a

urately (and more 
ompletely) des
ribes al-ternative des
riptions publi
ly available. The availabil-ity of an operational model 
an help designers build ex-e
utable prototypes to gain deeper understanding. Inaddition, they 
an use model-
he
kers to gain a deeper�This work was supported by National S
ien
e FoundationGrants CCR-9987516 and CCR-0081406

understanding with respe
t to syn
hronization routinesas well as spe
i�
 ordering issues [3, 4℄. Like any for-mal spe
i�
ation, an operational model runs the risk ofbeing over- or under-spe
i�ed. In this paper we pointout, as spa
e permits1how we have strived to avoidthese risks.Our model deals with 
a
heable memory instru
-tions 
onsisting of a
quire loads (written ld:a
q), or-dinary loads (ld), release stores (st:rel), and ordi-nary stores (st), as well as memory fen
es. It doesnot 
urrently handle atomi
 read-modify-writes, non-
a
heable memory, or spe
ial rules pertaining to datadependen
ies involving registers [1, Se
tion 13.2℄. De-spite its simpli
ity, our model 
aptures all publishedordering properties of the instru
tions we 
onsider, andalso sheds more light on 
orner 
ases pertaining to
ausality. While operational models have been pro-posed for 
ommer
ial shared memory systems (notablyfor Spar
 V9 [5℄), a notable feature of our operationalmodel is its use of a few expli
it devi
es su
h as ve
tortimestamps [6℄ to 
learly des
ribe the tri
ky notion of
ausality.2 Overview of the Itanium MemoryModelThe Itanium memory model 
an be understood interms of program and global visibility (\visibility") or-ders. For memory operations of type `store', visibilityrefers to when the e�e
ts of the store be
ome appar-ent to all pro
essors. For memory operations of type`load,' visibility refers to when the exe
ution of loadappears to have been 
arried out for the pro
essor 
ar-rying out the load. (All other pro
essors do not dire
tlyobserve the load happening.) As in [1℄, for two di�er-ent memory operations X and Y , XiiY spe
i�es thatX is before Y in program order, X ! Y indi
ates thatY must be visible only after X is visible. Further, if1Details appear in our webpage.



X ! Y and Y ! Z, then X ! Z. Now, if X and Yare two memory operations in the same program, andXiiY , Itanium requires the following:1. If X is a load (store) and Y is a store (load) tothe same lo
ation, WAR (RAW) hazards must beavoided.2. If X and Y are stores to the same lo
ation, WAWhazards must be avoided. In addition, X ! Y .3. IfX and Y are memory operations to any lo
ation,and have a fen
e between them, then X ! Y .4. If X is an A
quire load and Y is any other memoryoperation to any lo
ation, then X ! Y .5. If X is any memory operation to any lo
ation andY is a Release store, then X ! Y .Under all other 
ir
umstan
es, X and Y 
an get exe-
uted in any order. [1℄ also asserts the following 
on-straints on exe
utions:Coheren
e: There is a single visibility order (whi
his also a total order) of all stores per memory lo
ationobserved by all the pro
essors. Further, this total or-der is 
onsistent with the program order for memoryoperations on that lo
ation in ea
h pro
essor,RC tso: Intuitively, ld:a
q and st:rel are used to\bra
ket" instru
tion sequen
es, to permit more lib-eral exe
ution orders for instru
tions in-between. To a
rude approximation, ld:a
q and st:rel are strongly or-dered as in sequential 
onsisten
y [7℄. However, morepre
isely viewed, RC tso [2℄ 
aptures the orderings in-volving ld:a
q and st:rel as per Release Consisten
y [7℄,with ld:a
q and st:rel obeying TSO [5℄. Under RC tso,there is a single global visibility order of all ReleaseStores, with the ex
eption that ea
h pro
essor may see(via ordinary or a
quire loads) its own updates earlierthan when other pro
essors see it. Further, this globalvisibility order is a total order 
onsistent with programorder of all release stores in ea
h pro
essor.Causality: When a st:rel instru
tion X in some pro-
essor P1 is read by an ld:a
q instru
tion Y in anotherpro
essor P2, then no store instru
tion following Y inprogram order must be visible to any pro
essor beforeX is visible.2.1 ExamplesThe following examples (some from [1℄) illustratethe Itanium ordering rules (assume that ea
h memorylo
ation has value 0 in the beginning).� The following exe
ution is invalid due to Rule 2 per-taining to WAW, Rule 4 pertaining to A
quire, and therequirement of Coheren
e,

P Qst(A,1) ld.a
q(A,2)st(A,2) ld(A,1)� Fen
e (Rule 3) is illustrated by the following invalidexe
ution. Here, ld(B,0) and ld(A,0) are seen aftera fen
e, while the stores that supply new values into Aand B are not getting 
ushed as is required by fen
es:P Qst(A,1) st(B,1)Fen
e Fen
eld(B,0) ld(A,0)� A
quire and Release (Rules 4 and 5) are illus-trated by the following invalid exe
ution. Here,st(A,1) pre
edes st.rel(B,1), while ld.a
q(B) pre-
edes ld(A). However, we see ld(A,0) happening in-stead of ld(A,1).P Qst(A,1) ld.a
q(B,1)st.rel(B,1) ld(A,0)� Coheren
e is illustrated by the following invalid ex-e
ution. This is be
ause the A
quire semanti
s for
esthe ld instru
tions to o

ur after the ld.a
q instru
-tions. However, pro
essors R and S are observing theupdates to A in di�erent orders:P Q R Sst(A,1) st(A,2) ld.a
q(A,1) ld.a
q(A,2)ld(A,2) ld(A,1)� RC tso is illustrated by the following valid exe
ution.The store of P into A is lo
ally visible to P (say, viaa 
a
he or store bu�er) before it be
omes visible to allother pro
essors (and similarly for Q and variable B):thatP Qst.rel(A,1) st.rel(B,1)ld.a
q(A,1) ld.a
q(B,1)ld(B,0) ld(A,0)� Another aspe
t of release stores is that all the st.relof all the pro
essors taken together forms a single globalvisibility order that is also a total order. Consideringthis, the following out
ome is not valid, be
ause Q andR are observing st.rel(A,1) and st.rel(B,1) in dif-ferent orders.P Q R Sst.rel(A,1) ld.a
q(A,1) ld.a
q(B,1) st.rel(B,1)ld(B,0) ld(A,0)� The following example violates the 
ausality rule.The st.rel(A,1) of P is observed by Q via a ld.a
q.Further, st(B,1) of Q is observed by ld.a
q of R.Causality now requires that st(B,1) must be visibleto R only after st.rel(A,1). However, in this exam-ple, R sees a di�erent order.P Q Rst.rel(A,1) ld.a
q(A,1) ld.a
q(B,1)st(B,1) ld(A,0)
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Figure 1. An Operational Model of Itanium2.2 The Operational ModelEa
h instru
tion issued by a pro
essor is modeledby a tuple t = (p; l; o; a; d; v). The �eld p of tuple t issele
ted by p(t), and so on. Here,� p(t) is the pro
essor issuing the instru
tion.� l(t) is the ordinal position (\label") of the instru
-tion in the sequential program running on p(t).� o(t) is the operation type whi
h 
an be ld, ld:a
q,st, st:rel, or Fen
e.� a(t) is the memory lo
ation to be written into (ifo(t) 2 fst; st:relg), or to be loaded from (if o(t) 2fld; ld:a
qg).� d(t) is the data value to be written into a (forstores), or to be loaded from a (for loads).� v(t) is a ve
tor of labels, whose purpose is to model
ausality, as will be explained shortly.Some of the �elds of a tuple t may be unde�ned for
ertain instru
tions, as will be apparent from the tran-sition system. The operational semanti
s is now de-s
ribed in terms of �ve data stru
tures held by ea
hpro
essor pi (see Figure 1), and how ea
h instru
tiontuple t that is issued updates these data stru
tures

and/or returns the read value, as per Table 1. By`bu�er' we mean an unbounded stru
ture in whi
h theentries maintain their arrival order as in a FIFO, butentries may be removed from anywhere provided a re-moval 
ondition is satis�ed. The oldest entry is alwaysat the head and the youngest at the tail. Initially, allbu�ers are empty. The data stru
ture elements are:Event Guard A
tionsld:a
q(t) 9t0 2WOBp(t) :a(t0 ) = a(t) ^ d(t0 ) = d(t)^ t0 youngestfor address a(t)elseMp(t)[a(t)℄ = d(t):̂9t0 2WIBp(t) :a(t0 ) = a(t) ^ p(t0 ) = p(t) noneld(t) 9t0 2WOBp(t) :a(t0 ) = a(t) ^ d(t0 ) = d(t)^ t0 youngestfor address a(t)elseTrue Issue(RBp(t) , t)st.rel(t) True Issue(WOBp(t); t)st(t) True t t[ Lp(t)=v ℄;Issue(WOBp(t); t)Fen
e(t) True Flush(t)MW (t) t 2WIBp(t)Âllowed(WIBp(t) ; t) Mp(t)[a(t)℄ d(t);Delete(WIBp(t) ; t);if(o(t) = st:rel)then L[p(t)℄ = l(t)MR(t) t2 RBp(t)Mp(t)[a(t)℄ = d(t)^ :9t0 2WIBp(t) :a(t0 ) = a(t) ^ p(t0 ) = p(t) Delete(RBp(t) ; t)Del(t) true Pro
WOB(WOBp(t); t)
Table 1. Transition System1. a memory Mi that spans the entire address-spa
eof Itanium and holds word-sized data in ea
h lo-
ation. Mi is updated when the MW (t) event ofTable 1 �res, whi
h removes an entry from WIBiwrites into Mi. Initially, ea
h lo
ation of Mi 
ar-ries data 0.2. a write-out bu�er WOBi into whi
h st and st:relare enqueued. When the Del(t) event of Table 1�res, an entry is removed from WOBi and atomi-
ally 
opied into all WIBj .3. a load bu�er RBi into whi
h ld instru
tions (butnot ld:a
q) are enqueued when event ld(t) of Ta-ble 1 �res. Later, when an MR(t) event �res, a



tuple t is removed from RBi, and data d(t) 
orre-sponding to this tuple gets returned.4. a write-in bu�er WIBi, and5. a label-ve
tor Li held by ea
h pro
essor pi. Thisis a ve
tor of natural numbers, with ea
h entryinitialized to 0. Spe
i�
ally, Li[j℄ holds the labelof the last st:rel instru
tion of pj that has alreadybeen written into Mi. In other words, Li[j℄ in-di
ates the (release-store) instru
tion of pj uptowhi
h Mi has \
aught up." To maintain this in-variant, whenever any memory lo
ation inMi getsupdated by a release store operation representedby the tuple t, Lp(t)[p(t)℄ gets set to the value l(t),whi
h is the label of the release instru
tion repre-sented by t. Before an st instru
tion is enqueuedinto WOBi, the v(t) �eld of this instru
tion is setto the 
urrent Li value.2.3 State Transition RulesTable 1 de�nes the operational semanti
s of the Ita-nium shared memory model. The �rst 
olumn showsEvents that happen if the guard 
ondition in the se
-ond 
olumn is true, performing the a
tions shown inthe third 
olumn. At any time, any one of the eligibleevents may be pi
ked in a fair manner. Ea
h eventhappens when the next instru
tion t is issued by pro-
essor p(t) (for events ld:a
q(t) through Fen
e(t)), orwhen an instru
tion is removed from one of the internalbu�ers and is 
arried out (for events MW (t), MR(t),and Del(t)). Noti
e that in 
ase of events ld:a
q(t),ld(t), as well as MR(t), tuple t 
arries the data d(t)being returned (following the 
onvention used in [8℄).When these events �re, a 
onstraint expressed in theGuard �eld shows what this data is. We use = forequality testing, and  for assignment.ld:a
q(t): If the next instru
tion tuple t of pro
essorp(t) is a ld:a
q, we perform the ld:a
q(t) event. We seekan entry t0 inWOBp(t) su
h that a(t0) = a(t), and t0 isthe youngest su
h entry, if multiple entries exist. If t0exists, the returned data d(t) is the same as d(t0). If nosu
h entry exists (\else"), ld:a
q must get servi
ed fromthe memoryMp(t), and that too, only when there is notuple t0 in the WIBp(t) bu�er su
h that p(t0) = p(t)and a(t0) = a(t). The 
ondition p(t0) = p(t) prevents ald:a
q from bypassing an earlier issued st or st:rel onthe same address.ld(t): As with ld:a
q(t), the ld(t) event is servi
ed di-re
tly by WOBp(t) upon a `hit'; otherwise, t is en-queued into RBp(t) via Issue(RBp(t); t).st:rel(t): results in t being enqueued intoWOBp(t) viapro
edure Issue.

st(t) �rst updates the v �eld of tuple t with the la-bel ve
tor Lp(t) (shown by t  t[ Lp(t)=v ℄), and thenenqueues the resulting tuple t intoWOBp(t) via pro
e-dure Issue.Fen
e(t) is 
arried out by pro
edure Flush, whi
h
ushes every pending RBp(t) entry, everyWOBp(t) en-try, and every WIBj entry for all j, where the entry
omes from p(t) and o

urs earlier than t in programorder.MW (t) updates the memory array Mp(t) fromWIBp(t). Its guard `Allowed' 
aptures when tuple t,whi
h is present in WIBp(t), 
an be pro
essed aheadof all the other tuples withinWIBp(t). This is pre
iselywhen there isn't an older WIBp(t) entry t0 and one ofthe following four 
onditions hold: (i) a(t) = a(t0),(ii) both t and t0 are st:rel, (iii) both 
ome fromp(t) with o(t) = st:rel, (iv) the label of t0 mat
hesv(t)[p(t0)℄, whi
h is the label of the last st:rel fromp(t0) seen by p(t), o(t0) = st:rel, and o(t) = st. Condi-tion (iv) blo
ks the st from happening until afterMp(t)also has assimilated t0 , ensuring 
ausality. When eventMW (t) �res, Mp(t) is �rst updated, and tuple t is thendeleted fromWIBp(t) by pro
edure Delete. Also, if theoperation of tuple t is st:rel, the label-ve
tor Lp(t) isupdated to the label v(t) 
arried by tuple t to re
ordthe release-store upto whi
h Mp(t) has 
aught up.MR(t) represents when a tuple t bu�ered in RBp(t)(
orresponding to an ld instru
tion) gets servi
ed. Thisevent is allowed when memory array Mp(t) holds d(t)at address a(t), and there is no t0 in WIBp(t) with amat
hing address from the same pro
essor.Del(t) 
alls pro
edure Pro
WOB whi
h �rst 
he
ks ifo(t)=st and there is an entry t0 in RBp(t) with addressa(t), or if o(t) = st:rel and there is an entry t0 ineitherRBp(t) orWOBp(t) with a lower label. If neither,Pro
WOB deletes t from WOB, 
opying it atomi
allyinto every WIB. The fun
tions used in the transitionsystem are now des
ribed.Flush(t):WHILE _ (len(WOB p(t)) > 0)_ (len(RB p(t)) > 0)_ (9 i; t02WIB i : p(t)=p(t0) ^ l(t0)<l(t))DO FOR t00 2 RB p(t) DO an MR(t00) eventFOR t00 2 WOB p(t) DO Pro
WOB(WOB p(t); t)FOR t00 2some WIB i where p(t)=p(t00) ^ l(t00)<l(t)DO MW (t00)END WHILEPro
WOB(WOB p(t); t):IF _(o(t) = st ^ :9 t02fRB p(t);WOB p(t)g:a(t) = a(t0) ^ l(t0) < l(t))_(o(t) = st:rel ^ :9 t02fRB p(t);WOB p(t)g:



l(t0)<l(t))THENDelete t from WOB p(t);FOR all i DO Issue(WIB i; t)END IFAllowed(WIB p(t),t)::9 t0 2 WIB p(t) :t0 older than t(̂_(a(t) = a(t0))_(o(t) = o(t0) = st:rel)_(p(t) = p(t0) ^ o(t) = st:rel)_(l(t0) = v(t)[p(t0)℄)^(o(t0) = st:rel ^ o(t) = st))Issue(Buffer; t): Add t to the tail of Bu�er as in aFIFO queue.Delete(Buffer; t): Here, Bu�er is eitherRB orWIB:This pro
edure deletes t wherever it may be in Bu�er.3 Analysis of our Operational ModelWe now show how our operational model meets therequirements laid out in Se
tion 2.1. RAW for load operation r and store operation wearlier in program order: (i) If r is satis�ed whenit hits a w in WOB (Table 1, event ld:a
q(t) orld(t)), RAW is satis�ed. (ii) If r is satis�ed frommemory, in 
ase w has already been written intomemory, the RAW hazard is avoided. If howeverw is inWIB hen
e blo
ks r (whi
h is in RB) fromissuing, we freeze r till w is written into the mem-ory (Table 1, event MR(t)). Thus, here also theRAW hazard is avoided.2. WAR for load r and store w from the same pro-
essor: Note that w 
annot move from WOB toWIB until the load is drained from WIB (seePro
WOB). Hen
e, WAR hazards are avoided.3. WAW, as well as visibility order for stores to thesame lo
ation are guaranteed as follows. If thereare two stores to the same address inWOB, eventDel(t) removes them in the oldest-�rst order. Ifthe se
ond store 
omes while the �rst has goneinto WIB, then the \t0 issued before t" 
he
k infun
tion Allowed prevents a younger write fromovertaking an older one.4. Fen
e: Pro
edure Flush 
arries out all \pre
eding"instru
tions before allowing instru
tion issuing toresume. Hen
e Rule 3 is obeyed.

5. A
q: Hazard aspe
ts of A
q have already been
overed. Sin
e A
q blo
ks further instru
tion is-suing till it gets 
arried out (see event ld:a
q(t)),Rule 4 pertaining to visibility is satis�ed.6. Rel: Loads that 
ome before st:rel are handled byPro
WOB that 
he
ks for loads with lower labels.Stores before st:rel are also 
he
ked in a similarmanner. A st:rel that enters WIB when thereis another store in WIB from the same pro
essoris prevented from reordering by fun
tion Allowed.This meets Rule 5.7. Coheren
e: The rules for handling WOB andWIB ensure Coheren
e.8. RC tso: Handling of WOB and WIB ensure atotal global visibility order of release stores. The\TSO" aspe
t of RC tso 
omes naturally be
auseea
h pro
essor may see its own update early viathe WOB, exa
tly as in 
lassi
al TSO [5℄.All rules ex
ept for 
ausality have been dis
ussed.We now dis
uss 
ausality in some detail. Causality
an be summarized at a high level as follows: \Beforeany st operation o is posted into any Mi, ensure thatevery st:rel operation r that o is \
ausally dependentupon" has already been updated into Mi. \Causallydependent on" means o was issued by some pj after ithad updated its own store Mj with the value providedby r.Causality is obeyed to a 
ertain extent. Spe
i�
ally,if a st:rel satis�es a ld:a
q instru
tion then all subse-quent store operations following that ld:a
q instru
tionin program order will be visible to all pro
essors afterthat st:rel operation. It suÆ
es to prove this 
ondi-tion by proving that if X is a st:rel from any pro
essorp(X) satisfying Y whi
h is a ld:a
q in pro
essor p(Y ),Z is a st to any memory address in p(Z) where Y iiZ(hen
e p(Y ) = p(Z)), and X ! Y in p(Y ), then X !Z for any pro
essor pk. Sin
e X ! Y ,� X must have been updated in MY by the time Yis 
arried out,� the label ve
tor v(Z) must re
e
t the update ofX , i.e., v(Z)[p(X)℄ � l(X), and� for any other pro
essor pk, either X is updated inMk or else it resides inWIBk. When Z gets issuedto all WIB bu�ers, and in parti
ular WIBk, it
annot parti
ipate in the MW (t) event before X
an do so, due to the behavior of fun
tion Allowed.As an example, 
onsider the earlier dis
ussed example,now with labels:



P Q R1:st.rel(A,1) 1:ld.a
q(A,1) 1:ld.a
q(B,1)2:st(B,1) 2:ld(A,0)The label ve
tor 
arried by instru
tion st(B,1)would be [1,0,0℄ be
ause Q would have seen thest.rel(A,1) instru
tion of P situated at label 1 whenit issues st(B,1). If st.rel(A,1) still resides in theWIBR bu�er when st(B,1) also enters WIBR, fun
-tion Allowed ensures that the former is posted intoMRbefore the latter. Thus, ld(A,0) is impossible in R.3.1 Ordering RelaxationsWe now dis
uss a few examples of ordering relax-ations 
orre
tly supported by our model.Releases 
an be bypassed by subsequent operations.Moreover, these operations may bypass operations pre-
eding release. In the following program,st(a,1)st.rel(b,1)st(
,1)st(
,1) 
an bypass both st.rel(b,1) and st(a,1).This is supported by our operational model as fol-lows. Suppose these instru
tions are in WOB. Pro
-WOB will 
onsider st(
,1) as well as st(a,1) eligiblefor movement into WIB, be
ause, for st instru
tions,the label 
omparisons are done address-wise. How-ever, Pro
WOB will not be able to move st.rel(b,1)intoWIB before it moves st(a,1), be
ause for releasestores, label 
omparisons are a
ross all addresses.Itanium is not required to provide any global totalorder for st instru
tions. In this example,P1 P2 P3 P4st(a,1) st(b,2) ld.a
q(a,1) ld.a
q(b,2)ld(b,0) ld(a,0)it allows P3 to see st(a,1) before st(b,2) and vi
eversa in P4. This relaxation is supported by fun
tionAllowed. Suppose st(a,1) and st(b,2) are both inWIBP3 and WIBP4 in some order. Fun
tion Allowed
an pi
k st(a,1) to post �rst inMP3, while it 
an pi
kst(b,2) to post �rst in MP4.3.2 How RiiR may impa
t 
ausalityIt is un
lear by reading [1℄ whether the followingexe
ution is legal or not:P1 P2 P3 P4ld(A,1) st.rel(A,1) st(A,2) ld.a
q(B,1)ld.a
q(A,2) ld(A,0)st(B,1)If the instru
tions ld(A,1) and ld.a
q(A,2) areordered be
ause they are loads on the same lo
a-tion, then the following 
onsequen
es of 
ausality

emerge. We have st.rel(A,1) being ordered be-fore ld.a
q(A,2) in the visibility order of P1. Dueto the a
quire semanti
s, st(B,1) is performed af-ter ld.a
q(A,2). The situation is quite analogous tothe Causality example on Page 2, ex
ept the 
ausal
hain forms through a load-to-load order. Now, sin
est(B,1) is observed by ld.a
q(B,1), we 
annot haveld(A,0) in P4 due to 
ausality. It is unknown tous whether load-to-load orderings su
h as betweenld(A,1) and ld.a
q(A,2) are to be obeyed, and ifso must 
ause 
ausal 
hains in this fashion.4 Con
luding RemarksIn this paper, we provided a simple operationalmodel for ItaniumTM shared memory 
onsisten
y. Ouroperational model is based on three bu�ers, a mem-ory array, a label-array, and a 
olle
tion of non-deterministi
 rules to pro
ess loads, stores, and fen
eswith respe
t to these data stru
tures. We point out as-pe
ts of this memory model, in
luding 
ausality rules.We believe that our model 
an form a 
on
rete pointof dis
ussion for understanding the ItaniumTM pro
es-sor. We also anti
ipate usage in formal veri�
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