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“understanding on the semantics of the memory  SYen With formal definitions, it is still difficult to say if
' S posed formalisms ¢, surncultd:sil?blc Operations interleavings can be produced.
fons, it is still difficult 1o In this aricle, we describe a tool that assists DSM
an be dg_srgm_r_s, and programmers in' the task of analyzing a
memoary consistency model. This new tool analyses a
particular execution history on a formally defined MEmory
consistency model and generates the possible operation
interleavings that could have led to the execution history. In
our prolotype, Release Consistency (RC) and Scope
Consistency (ScC) Memory Models were implemented.
As expected, the results produced by our tool showed that
= both RC and ScC are very effective to augment
I T—— performance by allowing a great overlapping of basic
_ INTRODUCTION. s meimory operations. On the other hand, some results were:
Ry L I e 4 quite surprising. The most interesting one shows that the
e e same execution history can be valid in RC but not in SeC.
Formally speaking, this result shows that, contrary to our
intitive notion, SC is not more relaxed than RC since
there are results produced in RC which cannot be
“The rest of this paper is organized as follows, Section 1T
shortly introduces the memory consistency models, Section
II describes the formalism used to define memory

consistency models. Section IV presents the approach used.
to decide the validity of an execution history on a chosen
nq  memory model. The implementation of a prototype of our
~ tool and some preliminary results are presented in section
V. Related work is discussed in section VI Finally,
~ conclusions are presenied in section VIL. ;
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d non-synchronization operations. There are
s of synchronization operations: acquire

id release accesses. Read and wrile memory
operations are called ordinary accesses. ; :
Informally, in Release Consistent systems, it must be
guaranteed that: before an ordinary access performs, all
previous acquire accesses must be performed; and before a
release performs with respect to any other processor, all
previous ordinary accesses must be performed [GHAS0].
There is also a third condition that requires special accesses
to be processor consistent (RCp.) or sequentially consistent
(RCy.). :
~ The goal of Scope Consistency (ScC) is to take
advantage of the association between synchronization
variables and ordinary shared variables they protect. It was
proposed by [IFT96]. In Scope Consisiency, executions are
divided into consistency scopes that are defined in a per
lock basis. Scope Consistency orders only synchronization
and data accesses that are related to the same

g the synchronization variable tha
BT lepends on program orde ¢

_ implicit and dep i ? }g b g nformyy, :
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previously entered by P (in program ordey) j, ™"
successfully opened [IFT96].
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[1I. FORMALIZATION OF MEMORY Mopg, ¢

To describe memory models formally, we use 5 4,
based system model  that was already descringg
[MEL99a]. In table 1, we only review some definiion,

‘At the beginning of the execution, it is assumed 1hy
memory positions are initialized to 0.

In our definitions, we use the notion of [y
Sequences. If Q is a history, a linear sequence of 0
contains all uperations in Q exactly once. A linear sequence
is legal if all read operations r{x)v return the value wiiie
by the most recent write operation on the same address in
the sequence.

In execution histories, there are some _
orderings that are allowed and some orderings that
forbidden. The decision of which orderings arc »
made by the memory consistency model. One cxeculio
history is valid on a memory consistency model Il
respects the order relation defined by the mode!

All formal definitions of memory consisien
models presented in this paper will use the template 0w
in figure 1.

Y-

I

g stem A finite set of processors
Py Executes operations on the Shared Global Memory M |
Shared Global Memory M Contains all memory addresses. Yy =]
D_.{x}:'lﬁmr}' & Caches all memory addresses of M. |
_'ﬁpes of aperations on M Opﬂmtion"executad by processor p; on address x with value v I
Subtypes of syne 7 ‘H'd@ write (w) and synchronization (sync) e ]
o e o ::'Imnpcmh{ms on M acquire(A);release® or user-defined operations |
| i (x)V i performed imwfmr piexecutes the instruction o(x)v. e
Wt (X)V Write operation on x cannot modify the value returned top,

n-1

Ca aED Wpa(X)v, where n is the number of Processors

Wy (X)v perfomed with respect to py

e

Wi (X)V performed

alue v is written (o the address x on the local memory m, ofp;

Local execution hist Wo (XV is performed with respect to all processors.
Execution hi v Ha A\ sequence of memory operations issued b
on history H UR perations issued by p,
Memory Consistenc B
¥ Maodel .
Defines an order relation_on a set of shared memory accesses

Table 1. System Model
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acquire, (11 Wiy (x)1 wp (vj2 release,, (12w, (zil

P2 T2l 1s(X)0  acquirey(u)d 1y(0) 1512 release . (uld

Figure 2. A Release Consistent Execution History

Some ppssthle valid orderings in RC for the Mstory
presented in figure 2 are:

Mot s merdense® acquire (1)1 ‘,lf Wpi(x)1 “_f w1 (y)2 'f'f

release (12 % wyi(2)1 % release,s(u)d

Hoziwsceiease: Wpi(2)1 R ra@ % 100 Swan 5
w2 S roleasey(2 %5 acquire (w3 % ra001 X
()2 5 release (a4

In a Release Consistent sysiem, a release access cannot
be issued until all previous ordinary accesses are
performed. However, once the release is issued, accesses
that succeed this operation do not need to wait until it is
performed. That's why it is valid for operation wy(z)! to
appear before release;,(1)2 in Hiziwsrelease-

For the formal definition of Scope Consistency, we must
define two new orders: synchronization-orderl {sol) and
s;aps-came.c—befnre (scop) [MEL99a). Sol only orders
synchronization operations thal access the same memory
address whereas scop relates only synchronization
operations to shared data operations that belong (o the same

consistency scope, ie., operations that occur after the
acquire operation on variable x and before the release

¥

operation on the same variable in the program code.
Definition 2. Scope Consistency [MEL99a): A history
H is scope consistent if there is a legal linear sequence

of Hpiswsreleae that respects the order SCOF which is
defined for each processor p; as follows:

i) V0,008 ifo, " 02 **F* oy inHand subtype(0))
= release and subtype(oy) = acquire and typelo;) €

{r,w) then 0 SEOF oy and
i) V oy, 02 if 0, % 0; 0n Hpwwsreieae 304 type(0y) €
{r,w} and subtype(02) = release then oy SCOF &, and
iil) ¥ 0y, 02 03! if 0,%% o, and 0,°% oythen oy i
oy and

iv) ¥ o5, 02t if pmmol)wﬂoﬂzpl and 0, %

sCoP
osthenoy o 02



The definition of 20" states that (i) a release
s;!nc:hfbmiﬁhun access on lock x must be ordered before all
shared data accesses guarded by x that occur after the next
acquire to x. It is also necessary (ii) to order accesses (o
shared data guarded by a lock x before the release on lock x.
This relation and transitivity of SCOP (iii) guarantee that all
previous accesses to shared data guarded by x will be
performed before the next acquire on x is performed. Also,

local program order must be preserved (iv).

pp. i OF Waldl wol - release (02

Py i)l alx)0 release(v)2 aoquire, M3 rolx)l  release (i
Figure 3. A Scope Consistent Execution History

Figure 3 presents a Scope Consistent Execution History.

Some possible orderings that respect Scope Consistency for

the history in figure 3 are:

Hy s ene: 20uire 155 w1 58° w91

SD_?P release ()2 208 release»(v)2 Sc_?’

release(1)4

Higiwerclensss acquirc AL e g2 (ﬂﬁ e
releamp;{v}! P 1(:}1 e w,,,(y)i 0% release
91{1)2 = acqu:re,z(lﬂ i r,ﬂ{xji = mtaa:-:e,,;(m

Note that, in Scope Consistency, it is no longer
necessary for processors to agree on the order of all
synchronization accesses. That's why it is possible for P1
and P2 to observe the operations release ,/(1)2 and release
p2(v)] on different orders.

V. VALIDATING EXECUTION HISTORIES ON HYBRID
MODELS

The goal of our tool is to automatically generate the
possible execution orderings for a given execution history
on a particular Memory Consistency Model. Computing
orderings for execution histories is a problem that has been
extensively studied in [NET90] and this problem is shown
to be co-NP-hard.

To illustrate this problem, consider the very simple
execution history presented in figure 4. Note that, in this
case, no memory consistency model is considered,

itecture and High Performance Computing . Séo p,

r'll _p H’J
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P2 il wiyz

wpl(x)] -> ip2(x)] > wp2(y)2
wplix)1 > wp2(y)2 -> p2(x)|
tp2ix)1 == wpl{x)l = wp2(y)2
rp2(x) 1 -> wp2(y)2 -> wpi(x)]
wp2(y)2 == rp2(x)1 > wpl(x)]
WPAYIZ -> wpl(x)1 -> rp2(x)1

Figure 4. An execution history and its exccution o,

In figure 4, there are six possible exceurion ot
Each path is an ordered sequence of operations. A< .. +
easﬂ}' seen, there are p! linear execution paths tha
derived, where p is the number of memory operaiion
considered. In general, the memory consistency mog
reduce the number of possible execution pat
imposes ordering restrictions that musl
guaranteed.

The strategy chosen to generate (he
execution paths of a particular execution histos
having to exploit an exponential search space 1«
the constraints imposed by the memory model i
ordered sets (posets). A pair (D, <) is ;'1]I1:J a
a set and < is an irreflexive transitive relation
Posets are often used to model some semantic
of parallel programs [BES96].

Figure 5 shows the main modules
visualization tool. The task of validating a giver
history is decomposed in three main steps. i
model is chosen and some of its constraints
The constraints are then converted mto parti
sets (posets). Second, all possible synchroniza
are produced. Third, for each possible <y
ordering, possible linear sequences that respect
are generated.

E-‘igun: 5 Limh{;;ﬂt!é;.n“hc Visualizal




i Exmmg Constraints from the Memory Model.

This first step is based on the formal iti

Memory Consistency Model (section Tﬂ).d;tl;ir“ll:nl:: ;t;]each
Consistency and Scope Consistency, there are T‘:m
orderings 1o be first considered: program-order, acqui 7
order, rﬁlt&&ﬁ-ﬂ!ﬂﬁl‘ and ltgal sequence. ey bt
ngt'amﬂmr simply states that each processor must
respect its _lmal program order. There is a program order for
each processor in the history (poy, po,,..., po,). Acquire-
order (acqo) is defined for RC and states that all read and
write operations that follow the acquire must be ordered
after the acquire. For ScC, a slightly different order is
considered (acqol) where all read and write operations that
synchronization variable must be ordered after the acquire
Release-order (relo) is defined for RC and states that ali
read and write operations that precede the release must be
ordered before the release. For ScC, we use a new order
called release-order-1. Release-order-1 (relol) states that all
read and write operations that succeed the acquire on lock |
must be ordered before the release on lock 1. As stated
before, the legal sequence (1s) imposes that a read operation
must read the value written by the most recent write

operation on the same address.

relo
l e |

. 1

pl po
f,,001 — noguire, M1 T w2 releass, 02

F‘I:T
Bego rele
=
by CUIrEM3 bt Podrolease (4 Wiz}l
al
() Oders for BOC
relol
acqgol =1

. 1 pol
P1: '"N‘ ﬁ m"ﬂmll fl*p'lw -+ mm—

acqol relol
- =4
ps. HCqUIrE;()3 "_;.Ernfﬂf Phoieasealid Wil

{b) Orders for S6C

Figure 6 — Extracting orders on RC and ScC

Figure 6 shows the orders extracted from the same

execution history for RC (6.a) and ScC (6.b)-

B. Generating all Possible Synchronization Orders.
. -, it can
Analyzing the formal delinitions a.f RC and Sf.{flh ; C;:II
be seen that the only restriction impossd 1# ization
processors must agree on the order of all 5ynC]‘r:|]{‘r :ﬂ‘ all
accesses (RC) or processors must agree ofy the OIS

et :
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i};:f;tl;liﬂmzation accesses to the same synchronization
S}rnchrE (5¢C). Thus, in two different executions,
e Onization orders may not be the same, due to race
ﬂa: 1ons (o access synchmni%atinn variables, i. e., there

exist many valid synchronization orderings. The only
restriction imposed is that program order must be respected
for ¢ach_ s:,tnchn::-ni?.a!inn operation (RC) or I'n-r cach
i);:;*;‘izril;:gin operation on the same synchronization

In ScC, we consider that the same consistency scope
must not be opened simultaneously by more than one
process, as suggesis [[FT96].

For instance, in figure 2, the restrictions are acquire
ol 5 release ()2 and acquire ,o(u)3 . release {u)d
Respecting these restrictions, there are 6 possible
synchronization orders. To generate the possible
synchronization orders, these restrictions are also modeled
as poscts,

C. Generating all Possible Linear Sequences.

The last condition imposed by hoth memory models is
that all operations involved in each view must appear
exactly once. Thus, we must generate possible permutations
of operations that respect the synchronization order being
considered and also respects the 5 orders described in
section ITLA.

In this part (and also in step 2), we used the algonthm
developed by [PRU94] that generates linear sequences of a
poset P in constant amortized time, ie, in time O(e(P))
where e(P) is the number of lincar sequences of P [PRUS%4]
For our problem, there can always exist a casc where the
total number of valid linear sequences is exponential with
respect o the number of operations. As there is no practcal
sense to obtain so many vahd operations’ orderings, we
limited of valid linear sequences to be produced 1o 20 for
cach possible synchronization order.

Although the algorithm [PRU94] is well-suited © solve
our problem, il imposes & Severe restriction. To construct a
poset, all operations must be numbered from | to n, where n
is the total number of operations. The algonthm imposes
that the lexicographical order must be respecied, ic., the
restriction 3 -> 1 15 not possible. For this reason, we
divided the generalion process into 2 parts. In the first part,
all lincar sequences that respect the posels In
lexicographical order are generaied. lr_t the second part, the
lincar sequences generated arc examined one by one and
are only accepted if the remaining posets are respected.

Y. PROTOTYPE IMPLEMENTATION AND
EXPERIMENTAL RESULTS

tool was implemented using C++. AS
xecution hstory

A prolotype of our !
input the visualization tool receives an €
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(x)1, that belongs only (o .!1*;;51
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Figure 7 shows the output produced by our visualization

| ORDERS:
ey | Program order for P1:
Frapseeor L Apl()l-swpl(x)1->Rpl ()2
ADL w1 RO2 I et
A ! Ap2(1)3->mp2(x)0->1p2{x)1->Rp2(iM
IS B 1 Acquire order ;
it A P Apllswpl ()
e A i Ap2()3->rp2(x)0
AM3 TR0 X1 ROM s SRR o
i Releaseorder
5 6 7 ] E wipl(x)1->Rpi()2
e A i m20x)0->RpH{lH
Release ngmm g: I 21 SRp2(M
. o 4 ': Legal Sequence:

mp2{x->wpl{x)l->rpl(x}i

Case: Ap1(D1->Ap2()3->Rpl10N2->Rp2()}4
Possible orderings for P1:
Apl()1->wpl(x)1->Ap2(1)3->Rp1(h2->Rp2(1}4: Apl()1->Ap2(1)3->wpl (x)1->Rp1 1)2->Rp2(1)4:
Possible orderings  for P2:
Apl(D1->Ap2(13->rp2(x )0->wp1(x)1->Rp1 (12:>rp2(x) 1 ->Rp2(IH: Al 1->Ap20)3->rp2(x)0-»wpl (x)1->m2(x)1->Rp1 (12 >Rp2(1H
Case: AplN1->Ap2(1)3->Rp2(I4->Rpl (112
Possible orderings for P1:
Apl i >wpl(x)1->Ap2(1)3->Rp214->Rpl (112: ApLy1->Ap2()3->wpl(x)1->Rp2(I4->Rp1(1)2;
Apl->Ap2(1)3->Rp2(IH->wpl(x)1->Rp (2
Puossible orderings: for P2:
ApI()1>Ap2(13->rp2(x)0->wp1 (x)1->1p2(x)1->Rp2(1M->Rpl (1]
Case: Apﬂgl)}:ﬂ'p‘lﬁ)l >Rpl(H2->Rp2(I4
Possible orderings for P1:
_hp_z;_l'}}w.p{mi-wpi (x)1->Rpl{1j2->Rp2(14:
hpiﬂ}&}ﬁﬁl{l&l'—mymm-:wpimi-}kpl(l}l-:rp?[ull-:ﬂpitm: Ap2iia->Apl(hi->mp2(x)->wpl{x}l->mpix)l =Rpl{li2->Rp2AId
p.;;zunxp'zi:)qi:mm:-mnmta:»nmu)z-:rpzml-mpz{m: Ap2(13->p2x)0->Apl (N1->wpl (x)1->p2(x )1 ->Rplh2->Rp2 (i
Case: Ap2(13->Ap1(N1->Rp2(M->Rpl (112
Possible orderings for P1:
Ap2Ul3->Apl (y]->wpl(x)1->Rp2()4->Rpl2: Ap23->ARI11->Rp2(->wpl(x)1->Rpl (112
Possible orderings for P2:

h'pE(Hj-Mpl{l}l-:-rp‘.i{x}i}-)wpIl::}l—:-rpZ{x)l~:-Rp’2{l‘.l4v‘J-Rp1ll]1: Ap2(D3->m2(x)->Ap! (i ->wpla)l->mp2ixp->Rp2IH->Rpl ()2,
OUTPUT {ScC) This history is not valid on Secope Consistency

Figure 7. Possible Orderings on RC and S¢C

synchronization orderings can produce valid results, as

tool when the example history i analyzed in Rl‘; and ScC. shown in figure 7.
For this particular history, RC and 8cC orders imposed in

acquire and release operations are the same
only one synchronization variable (lock ) afad there are no
ordinary operations outside the critical sections. However,
as the formal definition of ScC used to extract the ordering
restrictions does not allow the same consistency scope to be

because there is V1. RELATED WORK

[GHI95] presents a visualization tool called
StormWatch that analyses the same application on different
memory coherence protocols. StormWatch provides a trace
view that is based on execution histories. Maya 15 a

; : ¢ are S :

?Een s:mul!ar]leuuslyhon l?'uifuri}nrd?r?ng:ﬂ?? ;t:;::lj llﬁr fact, cimulation plataform described in {ﬁ:’jﬂmﬂl} wh“i‘hn?:::}fli
W i i . ; cols imple

Gﬂl:’-ihpt:):s::::r;?:al;g:jz?ﬂers An(D1s Ru(125 AP Al)3 > th hehayiol % mh{;ﬂf 'iﬂ“:.l[:t:::at; C(:lnsistcic}r. Causal

RoaAl A3 R4 5 A ?”3 Ry(1)2 are valid on JollgM IRk e R A o d Entry Consistency
af1)4 and Ayo(1)3-> Rypf 1) > Apil 11 > i roduce any Consistency, PRAM Consistency and Aty y.

ScC. Using these orders, it is not possible to p : Rasically, these Iwo systems provide visualization of the

valid interleaving of memaory operations. Althou

gh there

are six possible synchronization orderings for RC, only four
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behavior of parallel applications on  SOme speciic
implementations of memory madels. o

Recently, [PAR99] proposed Murg, & desc}ﬂsﬂwg
fanguage and verifier system that can be used to sp!m:f}’ ;:
analyse a family of hardware-centric memory mode de 2
memory models considered are TSO (Total Store Or er),
PSO (Partial Store Order) and RMO (Relaxed Memory
Order) [PAR99).This tool is able to provide the possible
execution paths for small histories. :

Analysing feasible event orderings has been prelvlnus!y
done in the domain of distributed debugging, specially 10
detect race conditions [ADV91]. [NET90] analyzed
formally the possible event orderings that can be generated
by a parallel program and demonstrated the NP-hardness of
this problem.

In an earlier work [MEL99b], we designed a
visualization tool that shows the possible execution paths
on very simple memory models. To avoid exponential state
explosion, this visualization tool restricts the number of
memory operations and the number of processors.

As far as we know, this is the first work that presents a
visualization tool that can be used to analyze the effects and
the potentialities of hybrid memory consistency models, in
a way that is totally independent from coherence protocols
that could implement it. We claim that this separation is
necessary and the design of a consistency mechanism
should be done in two steps. First, one or more memory
consistency models must be chosen. Second, for each
chosen memory consistency model, a coherence protocol
must be specified. Our visualization tool will be helpful on
the first step of this process.

VII. CONCLUSIONS AND FUTURE WORK

In this article, we presented a tool that analyses
execution histories and shows valid execution paths that
could have led to their production. The analysis of
execution histories can be done on two hybrid memory
consistency models, We claim that obtaining the possible
interleavings of shared memory accesses is helpful for
DSM—_sysLem designers and programmers in the task of
choosing the most appropriate memory model. This can
reduce considerably the number of unexpected results that
are produced when using or designing a DSM system.

As future work, we intend to incorporate other memory
|:|10dels to our visualization tool and add a graphical
mter!‘ac:e to it. Also, we intend to define a language for
specifying memory consistency models based on formal
definitions, Using this language, the user can define its own
memory models and interactively  visualize the
Inwrlga\rmgs of memory operations thal can produced on
1h!: newly defined memory consistency model, This facilit
will be helpful in memory model definition as‘wcll as i Ih:'r
comparison of distinct memory consistency models e
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