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Abstract

We present a compiler technique, which is based on
Shasha and Snir’s delay set analysis, to hide the un-
derlying relazed memory consistency model for an op-
timizing compiler for explicitly parallel programs. The
compiler presents programmers with a sequentially con-
sistent view of the underlying machine irrespective of
whether it follows a sequentially consistent model or a
relazed model. To hide the underlying relazed memory
consistency model and to guarantee sequential consis-
tency, our algorithm inserts fence instructions by iden-
tifying memory-barrier nodes. We reduce the number
of fence instructions by exploiting the ordering con-
straints of the underlying memory consistency model
and the property of fence and synchronization oper-
ations. We introduce dominators with respect to a
node in a control flow graph to identify memory-barrier
nodes. We also show that minimizing the number of
memory-barrier nodes by using dominators with respect
to a node is NP-hard.

1. Introduction

When users program a shared memory multiproces-
sor, they expect the behavior of the memory to be simi-
lar to that of a uniprocessor undertaking concurrent ex-
ecution of several tasks. For example, consider a code
that does busy-wait synchronization in Figure 1(A) in
which threads are created at cobegin and threads are
merged at coend. Most programmers would expect the
output of the code in Figure 1(A) to be flag=1, g=1,
h=1. However, under a memory architecture that ag-
gressively relaxes orders between read and write ac-
cesses, after executing the code in Figure 1(A), we
could get the result flag=1, g=1, h=0. The same re-
sult would be obtained by restructuring the code in
Figure 1(A) to the code in Figure 1(B), where state-
ments g=1 and flag=1 are reordered. The hardware
reordering in the above example can be avoided by in-
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serting fence instructions, as shown in Figure 1(C).

flag = 0 flag = 0

g=20 g=20

cobegin cobegin
g=1 flag = 1
flag = 1 g=1

do while (flag==0) do while (flag==0)

end do end do
h=g h=g
coend coend
print flag, g, h print flag, g, h
(A) (B)

flag = 0

g=20

cobegin
g=1
fence
flag = 1

Il
do while (flag==0)
end do
fence
h=g

coend

print flag, g, h

(€)
Figure 1. The effect of reordering instructions by

the hardware.

Lamport formalized an extension of the uniproces-
sor memory model for multiprocessors called sequential
consistency [21]. Sequential consistency is arguably the
most intuitive and natural memory consistency model
for programmers [17]. Sequential consistency is what
programmers assume when they program shared mem-
ory multiprocessors, even if they do not know exactly



what sequential consistency is.

Many shared memory multiprocessors follow a re-
laxed memory consistency model and provide a wide
variety of hardware level optimizations, such as dy-
namic instruction reordering, speculative execution,
and prefetching that take advantage of the memory
model. There are many relaxed memory consistency
models depending on the degree in which the order
between read and write accesses is relaxed. Popular
examples include processor consistency [15], weak or-
dering [3, 11], and release consistency [13]. There also
are relaxed consistency models specific to processor ar-
chitectures, such as DEC Alpha [40], IBM PowerPC
[8], SUN SPARC [42], and Intel IA-64 [10]. The re-
laxed memory consistency model complicates program-
ming and porting because the programmer is exposed
to the various instruction reordering optimizations and
the atomicity constraints of memory operations. In ad-
dition, variations in memory semantics must be consid-
ered when porting programs to guarantee correctness
of execution. For example, the SUN SPARC V9 ar-
chitecture supports two relaxed memory models (Par-
tial Store Order (PSO) and Relaxed Memory Order
(RMO)) as well as Total Store Order (TSO) model [42].
Switching the default memory model (TSO) into the
conceptually more efficient PSO or RMO models would
require redesigning the whole operating system running
on SPARC multiprocessors [41]. The magnitude of the
difficulties introduced by relaxed memory models have
led some to argue that future systems should imple-
ment sequential consistency as their hardware memory
consistency model because the performance boost of re-
laxed memory consistency models does not compensate
for the burden placed on system software programmers

17, 14].
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Figure 2. The compiler.

However, we do not believe it is necessary to go that
far. If a compiler can control the underlying relaxed
memory system by inserting fence instructions through
sophisticated analysis, the programmer could treat the

compiler and architecture as a sequentially consistent
system and still profit from the performance advantage
of the relaxed memory model.

In this paper, we describe techniques for an opti-
mizing compiler for explicitly parallel programs. The
characteristics of the compiler are [Figure 2]:

e the compiler provides programmers with a sequen-
tially consistent view of the underlying architec-
ture irrespective of the fact that it follows a se-
quentially consistent memory model or a relaxed
memory model.

e the compiler makes it possible to apply compiler
optimization techniques correctly to parallel pro-
grams that are not handled by conventional com-
pilers.

We describe an algorithm based on Shasha and Snir’s
delay set analysis [38] to hide the underlying relaxed
memory consistency model and to guarantee sequential
consistency. Our algorithm inserts fence instructions
by identifying memory-barrier nodes and reduces the
number of memory-barrier nodes. We introduce the
notion of dominators with respect to a node in a control
flow graph to identify memory-barrier nodes. We also
show that minimizing the number of memory-barrier
nodes by using dominators with respect to a node is
NP-hard. The analysis and optimization techniques for
explicitly parallel programs are discussed in [20, 18, 35,
23, 24, 25, 26, 32, 33] and are beyond the scope of this
paper.

The remainder of this paper is organized as follows.
In the next section, we describe sequential consistency
and delay set analysis. In section 3, we briefly describe
the shared memory access ordering constraints of re-
laxed memory consistency models. In section 4, we
describe the technique to hide the underlying relaxed
memory model. We present the algorithm to guarantee
sequential consistency under the weak ordering model
and other relaxed memory consistency models. Sec-
tion 5 presents related work and section 6 concludes
our discussion.

2. Sequential Consistency and Delay
Set Analysis

Simple uniprocessor memory semantics, in which a
read to a variable returns the value most recently writ-
ten to the variable, is what most programmers intu-
itively expect. Programmers assume that all memory
operations in a program are executed in program or-
der, where program order is the execution ordering of
the operations executed by the source program. The



memory behavior of a uniprocessor undertaking the
concurrent execution of several threads can be mod-
eled by a total ordering that is constructed by merg-
ing the program ordering of all threads in such a way
that the order within each thread is preserved in the
total ordering. Sequential consistency [21] is a natu-
ral and intuitive multiprocessor extension of memory
behavior of a uniprocessor undertaking the concurrent
execution:

Definition 2.1 Sequential Consistency

A multiprocessor system is sequentially consistent if the
result of the execution of any program is the same as
if all operations were executed in some global sequen-
tial order, and the operations of each parallel component
appear in this sequence in the order specified by its pro-
gram.

In this paper, a framework called delay set analy-
sis is used to enforce sequential consistency. Delay set
analysis was originally proposed by Shasha and Snir
[38]. The analysis finds a minimal set of execution or-
derings that guarantees sequential consistency. Delay
set analysis can be thought of as an extension of de-
pendence analysis for explicitly parallel programs.

Let P be the order enforced by the source program
(i.e., program ordering) between operations. Through-
out this discussion, operations are assumed to be
atomic. P is the transitive closure of the graph which
contains the control flow edges of all the control flow
graphs of each thread in the parallel program. A node
in the control flow graph represents an operation. Two
nodes m and n will be mPn if there is a path between
m and n. Let C be a conflict relation on variable ac-
cesses. The conflict relation consists of the set of all
pairs (v;, v;), where v; and v; are operations containing
conflicting accesses. Two memory references conflict
if they access the same memory location in different
threads that might execute concurrently, and at least
one of them is a write. This is a conservative definition
of conflict relation compared to [38]'.

A delay relation D between two operations u and v
forces v to wait until v completes execution. A critical
cycle is a cycle of P U C that has no chords 2 in P.

The delay relation D enforces sequential consistency
if all P edges in the critical cycles appear in D. If D
consists of all the P edges in the critical cycles, then
D is a minimal delay relation that enforces sequential
consistency in any execution of the program.

IShasha and Snir in [38] state that “Two accesses conflict if
the final value of the variable accessed, or the values computed by
the accessing instructions may change when the order of accesses
is reversed; two update accesses that commute, such as increment
counter, do not conflict, even though both are writes.”

2For two nonadjacent nodes u and v in a cycle, a chord is an
edge (u,v).

x =0
y=0
X=0
Y=0
cobegin | al:x=1|| a2: Y=y |
al: x = ~ —
bl: y=1 U e “
[ T
a2: Y=y ‘ bl;y:]_H b2:X:X‘
b2: X = )
coend * — Program ordering
print X, Y ---= Conflict relation

— Delay
(A) (B)

Figure 3. An example of critical cycles and delays.

For example, the code (presented in [38] and taken
from Collier[7]) shown in Figure 3(A) gives an incon-
sistent outcome X=0 and Y=1 after the execution for the
execution ordering bl a2 b2 al. There is a critical cy-
cle (b1, a2, b2, al) in Figure 3(B), and as a result,
the P edges (a1, bl) € P and (a2, b2) € P (i.e.,, D =
{(a1, b1), (a2, b2)}) should be enforced as delays to
guarantee sequential consistency. In this example, we
assume statements in the program are executed atom-
ically.

[al: X=x |- a2:x=1]

[
N
]
n
e

'
\ bl: Y=y k’f b2:y=1 \

b2: y=1
coend
print x, y, X, Y

—— Program ordering
«--~ Conflict relation
— Delay

(A) (B)

Figure 4. An example of critical cycles and delays
with a loop.

One outcome of the code shown in Figure 4(A) is
x=1, y=1, X=0, and Y=1. This is not sequentially con-
sistent and is produced by the execution ordering al
al a2 b2 bl bl (there are many execution orderings
that produce the outcome). There is a critical cycle
(a1, a2, b2, bl) in Figure 4(B), and the P edges in



the cycle are (b1, al) and (a2, b2). Thus, the minimal
ordering D = {(b1, al), (a2, b2)} must be enforced as
delays. In other words, bl in iteration ¢ must precede
al in iteration ¢+1, and a2 and b2 cannot be reordered.

3. Relaxed Memory Consistency Mod-
els

Relaxed memory consistency models reduce the re-
strictions on overlapping and reordering of memory op-
erations, which are imposed by sequential consistency,
in order to improve performance. Memory access oper-
ations to different memory locations can be reordered
if reordering them does not violate explicit ordering
constraints in relaxed memory consistency models. In
this paper, we restrict our attention to three major
relaxed memory consistency models: processor consis-
tency [15, 13], weak ordering [11, 3], and release con-
sistency [13].

shared
competing non-competing
unordered conflicting accesses
Rne, Whe
synchronization non-synchronization
acquire | release Rns, WNs
Sa Sr

Figure 5. Categorization of shared memory accesses
in release consistency model.

Processor consistency is a weaker notion of sequen-
tial consistency but stronger than weak ordering. The
ordering, a write followed by a read, that is required
under sequential consistency is relaxed under the pro-
cessor consistency model. The weak ordering model
maintains program ordering only at the synchroniza-
tion operations in the program. Release consistency
is a combination of weak ordering and processor con-
sistency (or sequential consistency). It further divides
the synchronization operations into acquire and release
accesses. As shown in Figure 5, release consistency di-
vides shared memory operations into several categories.
In weak ordering and release consistency, each memory
access in a program is labeled according to this cate-
gory. This information is exploited by the machine to
enforce the ordering required by the consistency model.

It is easy to understand a memory model if we repre-
sent the model with orderings between reads and writes
performed by a single processor [36]. Let ¢/ and V be
two memory operations. U4 — V means that V ex-
ecutes after &/ has completed execution. We assume
that a write is made visible to all other processors at
the same time by a hardware cache coherence proto-
col if the multiprocessor system caches shared variables

(i.e., the system satisfies write atomicity [2]).

The ordering constraints of each memory consis-
tency model in a single processor are summarized in
Figure 6. If there is a dependence between two mem-
ory operations, the program ordering between the two
memory operations must be kept irrespective of the
ordering constraints.

Processor R—>R,R—=>W W->W,
consistency S>R, S>> W R->SW—>S5,8§—>S
‘Weak ordering S>R, S>> W R->SW—->S5,5§—>S
Release SA—>R, S4A—>W, R—Sr, W — Sr,
consistency Rns = Rns, Rvs = Was, Was = Wis,
(RCpe) Sa— Sa, Sa— Sr, SR = Sr,
Rns = Sa, SR = Wn's
R : read operation
W : write operation
S :  synchronization operation
Sp acquire operation
Sr ¢ release operation
RNsS : non-synchronization read operation
Wns : non-synchronization write operation
Ranc : non-competing read operation
Wi non-competing write operation

R =RnsURnxc and W = Wxrs UWpre

Figure 6. Ordering constraints given by each memory
consistency model.

4. Hiding Relaxed Memory Consis-
tency with Compilers

In this section, we will explain how to exploit the or-
dering constraints of each relaxed memory consistency
model to implement delays and how to reduce the num-
ber of delays and fence instructions.

4.1. Preserving Sequential Consistency

with Delays

Suppose that uDv, vDw, and uDw. It is not nec-
essary to enforce uDw because it is implied by uDv
and vDw. In general, for a given D, it is sufficient to
enforce the transitive reduction of D [38]. A transitive
reduction of D, denoted by D*!*, is the minimum re-
lation such that (D¥)™ = D*, where * denotes the
transitive closure relation [4].

Since each memory consistency model has its own
ordering constraints, we do not need to enforce the de-
lays that can be enforced by the ordering constraints.
Let D be the delays found by the delay set analysis and
D, be the delays enforced by the ordering constraints
(i.e., if uDov, then u — v match an ordering constraint
pattern in Figure 6). We want to find a minimal de-
lay relation that enforces correctness together with Dy.
Then,

Dy = (DUDo) ) — D,



is the minimal delay relation [38]. Thus, only the delays
in Dy, need to be implemented with special instruc-
tions, such as fences [13, 27, 36, 38] and synchroniza-
tion operations depending on the consistency model.
The fence instructions of commercial architectures
have various names and semantics: store barrier in
the SPARC V8 architecture; read-read, read-write,
write-read, and write-write fences (MEMBAR) in the
SPARC V9 architecture; memory barrier and write
memory barrier (MB) in Alpha; SYNC in MIPS and
the PowerPC architecture; and, memory fence (mf) in
the Intel IA-64 architecture. Because the semantics
of a fence differ from architecture to architecture, we
assume that a fence has the following semantics:

Definition 4.1 Fence

A fence instruction imposes ordering between memory
operations in such a way that when a fence instruction
is executed by a processor, all previous memory opera-
tions of the processor are guaranteed to have completed.
Furthermore, no memory operation of the processor that
follow the fence instruction in the program is issued until
the fence completes execution.

4.2. Exploiting the Property of Fence and
Synchronization Instructions

Fences are inserted at a node of the control flow
graph to enforce one or more delays. Fences can be
added as separate instructions or, if the node is a
shared memory operation, the operation can be re-
placed by a special load or store instruction that con-
tains fine-grain fences, such as PreFenceW and Post-
FenceR in the CRF model [39].

= Fence —— Control flow
@ Shared memory access  ----~ Delay
f
) L2
! ! Sync

(A) (B) ©
Figure 7. Inserting fence instructions.

A naive algorithm may insert more fences than

needed to enforce sequential consistency. For example,
consider the delays uDmv and wDmz in Figure 7(A).
These delays are in the same thread. Two fences, f1
and f2, are inserted at nodes z and y to enforce the
delays. If y executes whenever u and v executes, then
we do not need fence fI at z [Figure 7(B)]. If we find
such y, the fence used to enforce the delay wDyx can
be used to enforce the delay uDy,v.

=mm Fence
. Shared memory access
— Control flow

----= Delay

Figure 8. The fence F' is enough to enforce both of
the delays nDw and uDu.

In the case of weak ordering, we can further reduce
the number of fences by exploiting the property of syn-
chronization operations. Consider the delays uDo,v and
wDmz in Figure 7(C). All the ordering constraints in
the weak ordering model are given with respect to syn-
chronization operations S [Figure 6]:

S>R,S>W,R->SW—-S5,85§—>S

The delays that match the patterns of the ordering
constraints belong to D,. These delays contain explicit
synchronization operations in the source program. Op-
eration v is identified as an explicit synchronization
variable access and is labeled Sync in Figure 7(C). If
v executes whenever w and x executes, then the de-
lay wDmz (note that this delay does not belong to Dy
because w — x does not match any pattern of the con-
straints) is enforced by the ordering constraints u — v
and v — x which are enforced by the weak ordering
model because v is a synchronization operation. Thus,
we do not need to insert any fences or (artificially) mark
the nodes w and = as a synchronization operation to
enforce the delay wDma in Figure 7(C).

4.3. Identifying Memory-Barrier Nodes

In this section, we explain how to identify synchro-
nization operations in weak ordering. We will use
the solution for weak ordering to deal with other re-
laxed memory consistency models. In weak ordering,



we identify a node y as a synchronization instruction
to enforce a delay uDp,v if y always executes after u
and before v whenever v and v execute. We assume
that a special bit inserted in each instruction is used
to mark the instruction as a synchronization opera-
tion. If the bit is set, the machine treats the instruc-
tion as a synchronization operation. If a node contains
an instruction with the special bit set, we call the node
a memory-barrier node from now on. A conservative
condition for finding a memory-barrier node y that en-
forces a delay uDmyv is: If every path from u to v in
the control flow graph of a thread goes through y, then
y executes whenever u and v erecute. We want to find
a memory-barrier node that enforces as many delays
as possible. The example shown in Figure 8 describes
this situation. Fence F' is enough to enforce both de-
lays nDpw and uDpyu. To detect this case, we need
to examine all the paths from v to v and n to w, and
check whether y is common in these paths.

To find memory-barrier nodes, we introduce the no-
tion of dominators with respect to a node. A node n
dominates a node m (n dom m) if every control flow
path from the program entry node to m goes through
n. A node n postdominates a node m (n pdom m)
if every control flow path from m to the program exit
node goes through n. The (classical) dominators of a
node m are the dominators with respect to the program
entry node of the control flow graph.

Definition 4.2 Dominators w.r.t. a Node

A node s dominates a node v with respect to a node u if
every control flow path from u to v goes through s. This
relation is denoted by s domy v.

If a node v is unreachable from w, then v has an
empty set of dominators with respect to u. The un-
reachable nodes from w can be found by depth-first
traversal of the control flow graph with the node u as
a root node. If a node d dominates each predecessor of
a node n # d with respect to a node u, then d must
dominate n with respect to u. We use an iterative data
flow framework to compute dominators with respect to
a node. The algorithm traverses the graph in depth-
first manner. Let dom,[n] be the set of nodes that
dominate n with respect to u, and let pred[n| be the
set of predecessors of n in the control flow graph. Let U
be the set of nodes that are unreachable from u. Then,
the data flow equation is:

dOIIlu[TL] - {n} U (ﬂpEpred[n] domu[p]),
where n Zu and n ¢ U.

We use the iterative algorithm for classical domina-
tors [6, 5] to find dominators with respect to a node u

{a,b,c,d,ef,g}

(@) {ab.cdefa}

Figure 9. An example of finding dominators with
respect to a node c.

by treating u as the program entry node. At the begin-
ning, each set domy[n] for a node n # w is initialized
with N, the set of all nodes, and the set domyu] is
initialized with {u}.

After we have reached the fixed point of
the algorithm, we update domyfu] with {u} U
(Npepredujrpgr domulp]) and domy[n] of n € U with

For example, consider the flow graph in Figure 9(A).
We want to find dominators with respect to the node c.
The set of dominators with respect to ¢, dom¢[n], for
each node n is initialized with {a,b,c,d,e,f,g}, except
for the node ¢ whose set is initialized with {c}. The
number next to a node is the depth-first search (dfs)
number for the node from the root node c¢. The con-
tents of domc[n] after the first iteration for each node
n is in Figure 9(B). The node a is unreachable from
c. Note that we do not change the dominator sets of
¢ nor the unreachable nodes during the iteration. In
Figure 9(C), after we reach the fixed point of the it-
eration, we update domc[c] with dom.[b] N dom,]e].
Then, we update dom[a] of the unreachable node a
with (). All the dominators with respect to each node
in the flow graph is shown in Figure 10.

For an iterative data flow algorithm that uses depth-
first ordering, the upper bound on the number of passes



| nodes\with respect to | a | b ] c |

a a
b a,b b,e,f b,c,e,f
[¢ a,b,c b,c c,e
d a,b,d b,d b,c,d,e,f
e a,b,e b,e c,e
f a,b,e,f b,e,f c,e,f
g abefg | befg | cefg

| nodes\withrespectto | d | e [ f [g]
a
b b,d,e,f | b,e,f b,f
c c,d,e c,e b,c,f
d b,d,e,f | b,d,e,f | b,d,f
e d,e e b,e,f
f d,e,f e,f b,e,f
g defg | efg | fg | g

Figure 10. The dominators with respect to a node
in the graph in Figure 9.

taken by the algorithm is two plus the depth of the
flow graph [5, 34]. Because there are O(|E|) bit vector
operations in each pass and each pass traverses O(|N|)
nodes, the time complexity of the algorithm is O((d +
2) x (IN] + |E])), where d is the depth of the control
flow graph.

4.4. Minimizing the Number of Memory-
Barrier Nodes by Using Dominators
with Respect to a Node is NP-hard

In this section, we show that minimizing the num-
ber of memory-barrier nodes is an NP-hard problem
by proving that its decision version is an NP-complete
problem. We call the decision problem MIN NODES.
An instance (G,Dm, k) of MIN NODES consists of
a directed graph G, a finite set Dy, of delays, and a
positive integer k. The problem is to find a set S C
Uu,)ep,, domu[v] of size k whose members enforce
all the delays in Dy,. A node n enforces a delay uDy,v
if n € domy|[v].

Lemma 4.1 MIN NODES belongs to the class NP.

Proof: To show that MIN NODES < NP,
we check whether the members of the set S C
U(u,0)eD,, domu[v] enforce all the delays in Dy, and
whether S has size k. Checking whether S has size k
can be done in linear time by counting its members. In
order to check whether a node n € S enforces a delay
uDmv, we first check if there is a path from u to v
that goes through n. Then, we construct a subgraph
G’ of G where the node n and its incoming and outgo-

ing edges are removed. If there is a path from u to v
that goes through n in G and if there is no path from
u to v in G', then the node n belongs to dom,,[v] and
enforces the delay uDp,v. This check can be done in
polynomial time. O

Lemma 4.2 MIN NODES is NP-hard.

Proof: To show that the MIN NODES prob-
lem is NP-hard, we define a polynomial time reduc-
tion function that maps every instance of the VER-
TEX COVER [12] problem to an instance of the
MIN NODES problem. An instance (Gy¢, k) of the
VERTEX COVER problem consists of an undirected
graph Gye = (W, Eve) and a positive integer k.
The problem is finding a subset V' C Vi¢ of size k
such that for each edge (u,v) € Eyc at least one of
u and v belongs to V’. A vertex cover of a undirected
graph G = (V,E) is a subset S C V such that each
edge of (G is incident upon some vertex in S.

We identify each element n € Vy ¢ by a unique
positive integer in {1,...,|Vy¢|}. The VERTEX
COVER problem can be reduced into the MIN
NODES problem by defining the graph G and the
delays Dp,:

e G = (V,E), where

V = Vy ¢ U {entry, exit}
E = {(u,v)[{u,v} € Eyc Au < wv}
U {(entry, 1)7 (|VVC’|a 6(E’Lt)}

e D, = {(u,v)|{u,v} € Evec Au < v} (ie., each
edge in Fy ¢ corresponds to a delay in Dyy,).

Obviously, this can be done in polynomial time.

For example, we have an instance (Gyc,k) of the
VERTEX COVER problem [Figure 11(A)], where
Gve = (We, BEve):

Wwe = {1, 2,3,4,5, 6}
Eyce = {{17 2}7 {27 3}7 {27 4}7 {37 5}7 {47 5}{5’ 6}}

Then, we have an instance (G, Dy, k) of the MIN
NODES problem [Figure 11(B)], where G = (V, E):

V ={1,2,3,4,5,6, entry, exit}

E= {(1’2)7 (273)’ (2’4)v (375)7 (475)5 (5a 6)7
(entry, 1), (6, exit)}

Dm = {(17 2)7 (27 3)7 (274)7 (37 5)7 (47 5)7 (57 6)}

Now, we show that this transformation is indeed a
reduction. First, we show that given a vertex cover
S of size k, the set S enforces all the delays in Dy,.
For each vertex n € S, there exists at least one edge



(u,v) € Eye (without loss of generality, we assume
u < v) such that u = n or v = n. In addition, the edge
(u,v) corresponds to a delay uDmv. Because there is
an edge (u,v) in G for each delay uDmv, domy[v] =
{u,v}. Therefore, n € domy[v]. The set S enforces all
the delays in Dy,.

i

A

.

&%
(B)
Figure 11. An instance of the VERTEX COVER

problem and the corresponding MIN NODES prob-
lem.

@

—
~—

Conversely, suppose that a set S of size k enforces
all the delays in Dy,. Assume a node n € S enforces
a delay uDyv (i.e., n € domy[v]). Because there is
an edge (u,v) in G for each delay uDmv, domy[v] =
{u,v} (i.e., n = u or n = v). Also, the delay uDmv
corresponds to the edge (u,v) in Gy¢. Therefore, S is
the vertex cover of size k. O

Theorem 4.1 MIN NODES is NP-complete.

Proof: By Lemma 4.1 and Lemma 4.2. O

A naive algorithm for minimizing the number of
memory-barrier nodes will check each subset of the
nodes in {J,p_, domy[v] to determine whether the
nodes in the subset enforces all the delays Dy,.

This takes time O(2| Uu and v such that uDmv domy,[v]| X t)7
where ¢t = the time taken to check whether a sub-
set enforces all the delays in Dy,. Instead, we use
an approximation algorithm to minimize the number
of memory-barrier nodes. This is a slight modifica-
tion of the greedy approximation algorithm developed
to solve the optimization version of the MINIMUM
COVER problem [9]. An instance (X,C) of MINI-
MUM COVER consists of a finite set X and a col-
lection C' of subsets of X such that every element of
X belongs to at least one subset in C'. The problem is
finding a minimum subset S C C' whose members cover
all elements in X. A subset S’ € C covers its elements.

The minimization algorithm is shown in Fig-
ure 12. Tt converts MIN NODES into MINIMUM
COVER. Let Dy, be the delays in MIN NODES.
Then,

X =Dm

C={Cn|Crn={(u,v) | (u,v) € Dm An € domy[v]}}

The set C), in the for loop contains the delays that
are enforced by a node n € U, ,)ep,, domu[v]. At
each iteration of the while loop, X contains the re-
maining delays that have not been enforced. A set C,
containing as many unenforced delays in X as possible
is chosen in each iteration of the while loop. If there
is a tie between C),, sets, we choose a set that corre-
sponds to the node that is located in a less frequently
executed path in the control flow graph. Finally, the
set M contains memory-barrier nodes that enforces all
the delays in Dy,.

The outer for loop in Figure 12 takes O(|U||Dm|),
where U = U, 4)ep,, domu[v]. The while loop
is executed at most min(|X|,|C|) = min(|Dml, |U])
times, and the loop body is calculated in O(|X||C]) =
O(|Dm||U]). Since |Dpy| < |U], the time complexity of
the algorithm is:

O(|U||D|) + O(|Dm||U[min(|Dul, |U])) = O(|Dml*|U])

The solution found by the greedy algorithm for MINTI-

MUM COVER is not more than H(maz|S|: S € C)
times as large as an optimal solution [9], where H(n)
is the n** harmonic number. Thus, the set M found
by the algorithm in Figure 12 is not more than
H(mazx|S|: S € C) times as large as an optimal set of
memory-barrier nodes, where C' = {C), | Cp, = {(u,v) |
(u,v) € Dm An € domy[v]}} .

1 U+ U(u,w)eDm dom,[v]
2 C+0

8 foreachneU

4 Cn+0

5 for each uDpv

6 if n € domy[v] then
7 Cn + Cr U{(u,v)}
8 end if

9 end for

10 C+ CU{C,}

11 end for

12 X < Dmn

13 M+ 0

14 while X #0

15 Select a Cy, € C that maximize | C,, N X |.
16 X+ X-0C,

17 M <+ MU{n}

18 end while

Figure 12. Minimizing the number of memory-barrier
nodes.



4.5. Profitability

We also need to consider profitability when we iden-
tify memory-barrier nodes and when we insert a fence.
Since the goal of relaxed memory consistency model is
to make memory operations to different locations over-
lapped (pipelined) or reordered in order to hide the
memory latency, we want to insert a fence as close to
node v as possible in order to maximize the reordering
and overlapping by processors if (u,v) is a delay. Also,
it is more desirable to insert a fence at the memory-
barrier node n € domy[v] that is located in a less fre-
quently executed path.

For example, consider Casel of Figure 13. Node
v is more desirable than any other nodes in domy[v]
(say that w is a write and v is a read) to max-
imize overlapping and reordering of memory oper-
ations. If there are multiple delays u;Dpvi, ...,
UnDmvy and if (; ¢;«,, domy, [v;] # 0 and the nodes in
<;<n domy, [v;] are ordered by the dominators with
respect to a node relation, we choose the latest node in
Ni<i<n domy,[v;] as the memory-barrier node to en-
force the delays. In Case2, inserting a fence at the node
u, m, or n € domy[v] is more desirable. In Case3, o,
p, or v are more desirable. For Case4, o, p or v are
the best choices because other nodes are in the loop.
These schemes can be combined with the line 15 of the
minimization algorithm in Figure 12 when there is a
tie between nodes.

For Caseb, the memory-barrier node will be a node
in domy[v] N dompy,[s] = {m,n,q}. However, if we
identify both s and v as memory-barrier nodes, it max-
imizes overlapping and reordering of memory opera-
tions. Even though the static number of memory-
barrier nodes are increased in this case, the number
of memory-barrier nodes executed is the same. If there
is such a case, we can move the memory-barrier to s
and v.

4.6. Limitations of the Algorithm Based
on Dominators with Respect to a
Node

There are some limitations of the algorithm based on
dominators with respect to a node. Consider Figure 14
Casel. We have domy[v] = {u,q,z,v}, domg[w] =
{s,t,w}, and domy[n] = {o,p,n}. Suppose that the
identified memory-barrier nodes are n, w, and v after
applying the algorithm. However, the memory-barrier
node v is redundant.

As another example, consider Figure 14 Case2. We
have domy[v] = {u,q,z,v} and domg[w] = {s,t,w}.
Suppose that the identified memory-barrier nodes are

/ u
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G . - Delay
S |
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©
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S ;
Cased Caseb
Figure 13. Profitability of inserting a fence instruc-

tion for a delay.

w and v after applying the algorithm. It is more desir-
able to make one of the nodes o, p, n, and m a memory-
barrier node because every time this code is executed,
only one synchronization operation will be executed to
enforce both of the delays. However, to detect these
cases in general, we must examine all the possible ex-
ecutable paths from u to v and check whether there is
a memory-barrier node in each path.

4.7. Other Models

We can use the solution for weak ordering to deal
with other memory consistency models. We insert a
(coarse grain) fence instructions immediately before or
immediately after each memory-barrier node found by
the minimization algorithm in Figure 12.

When we apply the minimization algorithm in Fig-
ure 12 to other memory models, the memory-barrier
node n in Figure 15 gets only one fence because the
algorithm aimed at minimizing the number of nodes.
The node n needs two fences to enforce the two delays
[Figure 15 Casel and Case2]. To prevent this, we split
a node into two nodes before applying the minimiza-
tion algorithm if the node is both source and sink of
more than one delays and if the operation in the node
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Figure 14.  Limitations of the algorithm based on
dominators with respect to a node.

N Fonce —— Control flow
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Figure 15. Inserting fence instructions at a node n
that is both source and sink of more than one delays.

cannot be replaced with a special load or store instruc-
tion that contain fine grain fences [Figure 15 Casel’ and
Case2']. Enforcing delays in the weak ordering model
is summarized in Figure 16. Enforcing delays in the
processor consistency model and in the release consis-
tency model are similar to enforcing delays in the weak
ordering model.

5. Related Work

Despite the importance of the topic, there is no pre-
vious work that deals with compiler techniques to hide
relaxed memory consistency models.

To overcome the difficulties of programming systems
with the relaxed memory consistency model, Adve and
Gharachorloo proposed a programmer-centric specifi-
cation approach [13, 3, 1, 2]. It requires the program-
mer to provide certain correctness information about
the program to the system. This information is used by

Let D be the delays found by the de-
lay set analysis and D, be the delays
enforced by the ordering constraints.

D <+ (DUD,)™) — D,
for each uDv
Compute domy[v].
end for
Compute the set M of nodes using
the algorithm in Figure 12.
Label each node in M with Sync.

Figure 16.  Enforcing delays in the weak ordering

model.

the system to avoid applying optimizations that violate
the correctness (i.e., sequential consistency) of the pro-
gram execution. However, it is hard for programmers
to infer correctness of the program under the relaxed
memory models.

Shen, Arvind, and Rudolph proposed Commit-
Reconcile & Fences (CRF) memory consistency model
[39]. The memory model is defined by using term
rewriting system and gives clear algebraic semantics
that is not provided by other memory consistency mod-
els. The major role of the CRF model is to serve as an
interface between programmer-centric memory models
and the real implementations of memory models. It
provides compiler writers with a well defined interface
to the underlying memory consistency model.

Java [16, 22] supports concurrent programming and
its memory model is a relaxed memory model. It is not
sequentially consistent and is very hard to understand.
A study by Pugh [37] described some of the problems
with the current Java memory model in the sense of
compiler optimizations and coherence.

Krishnamurthy and Yelick [19, 20] developed a back
path finding algorithm to find delays in SPMD pro-
grams. The time complexity of the back path finding
algorithm is O(n®) for SPMD programs, where n is
the number of remote memory access operations in the
program. Midkiff, Padua, and Cytron [33] proposed a
delay set analysis technique to deal with programs with
loops and arrays. In their work, the conflict relations
between statements are represented by a static conflict
relation and a dynamic conflict relation, and a collec-
tion of Diophantine equations and inequalities are used
to find critical cycles.

Li and Abu-sufah [28, 29], also Midkiff and Padua
[30, 31], developed an algorithm to reduce the num-
ber of synchronized memory references to shared data
in doacross loops. They identify the array references



whose synchronized accesses will eliminate the syn-
chronized accesses of other array references. Their
technique reduces the number of references that have
to be synchronized due to true-dependence or anti-
dependence in doacross loops.

6. Conclusions

We described a compiler technique that hides an
underlying relaxed memory consistency model by us-
ing Shasha and Snir’s delay set analysis so that the
compiler presents to the programmer an intuitive and
natural programming model based on sequential con-
sistency. It shifts the programmer’s burden of consid-
ering the underlying machine architecture to the com-
piler. This facilitates programming and debugging.

To guarantee sequential consistency by hiding the
underlying relaxed memory consistency model, we
identify a memory-barrier node for each delay found by
the delay set analysis. We introduced dominance with
respect to a node relation in order to locate memory-
barrier nodes in the control flow graph. In addition, we
showed that minimizing the number of memory-barrier
nodes by using the dominance with respect to a node
is NP-hard. An important implication of identifying
memory-barrier nodes is that the compiler can freely
apply instruction reordering techniques to the code sec-
tion in between two consecutive memory-barrier nodes.

Studies of compilers and programming languages
have not given much attention to the relationship be-
tween correctness and ease of programming issues with
multiprocessor memory consistency models. We have
shown in this paper one method to guarantee correct-
ness (i.e., sequential consistency) and to facilitate pro-
gramming, but there is still much to be done. For ex-
ample, our algorithms do not deal with the case where
it is not necessary to enforce a delay to guarantee se-
quential consistency. Indeed, enforcing delays is just a
sufficient condition to guarantee sequential consistency.
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