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SUMMARY

Inter-iteration dependences in loops can hinder loop-level parallelism. For some loops,
existing thread-level speculation (TLS) techniques fail to expose their inherent loop-level
parallelism, because some inter-iteration dependences are too costly to synchronize, predict,
pre-compute and isolate. This paper presents a compiler technique called loop recreation to
change the nature of some dependences (by turning some inter-iteration dependences into
intra-iteration ones and vice versa) in a loop so that the inter-iteration dependences in the
transformed loop are less costly to enforce at run time than those in the original loop. We
present an algorithm for finding an optimal loop recreation transformation with respect
to a simple misspeculation cost model and demonstrate performance advantages of loop
recreation over two recent techniques for multicore systems running nine representative
irregular applications.

1. Introduction

As multicore architectures become commonplace, automatic parallelization of sequential programs
is required to maximize utilization of the computing resources provided by multicore processors.
However, it is di Ccult for the compiler to create parallel threads for irregular programs on
traditional multiprocessor architectures. One promising technique for overcoming this problem
is Thread-Level Speculation (TLS) or Speculative MultiThreading (SpMT), which allows the
compiler to optimistically create speculatively parallel threads for sequential programs without
having to prove they are independent. This can be particularly e [edtive for applications that are
di Ccult to parallelize traditionally due to, for example, their use of irregular data structures (via
pointers or subscripted subscripts). Many compiler techniques [34, 27, [13} 9}, 16} [2, 30, [22, [7, 31,
12, 3, B, 24, 25, 29, 20] have been proposed to capitalize such thread-level parallelism (TLP) for
either individual program structures (such as loops and procedures) or whole programs. Most of
these compiler techniques target loops since substantial amounts of parallelism reside in loops.
Despite these research elordts, it remains challenging to develop eledtive compiler techniques
to parallelize individual loops, let alone whole programs. Excessive overhead incurred due to
enforcing synchronized and speculated inter-thread flow or true (aka RAW) dependences can lead
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Figure 1: Loop recreation as a loop transformation for a loop. {Viop, Voot} is a partition of the set
V of all instructions in the loop. The notation SJi] denotes the set of instructions in S instantiated
at iteration i. The instructions in the kernel created can be further scheduled, as illustrated in
Figure [ so that some instructions in Vpee[i] may not appear before those in Vigp[i + 1].

to significant performance penalties. Therefore, e [edtive management of inter-thread dependences
is crucial for achieving good performance on SpMT architectures.

Prior work on TLS for loops in sequential programs with irregular data structures achieves only
modest performance improvements. Some inter-iteration dependences in loops are the obstacle
to achieving good loop-level parallelism. Techniques such as synchronization, pre-computation,
prediction and code isolation have been used to expose the loop-level parallelism inherent in
loops. For some recent progress in this research area, POSH [I6] yielded approximately 1.2x
for a 4-way CMP on SPECint2000 benchmarks when its loop-oriented TLS is applied. Like
many other existing TLS compiler techniques [30, BT, 32, 24, 25, [21], the POSH technique
turns loop iterations directly into speculative threads. Such an iteration-boundary-preserving loop
parallelization technique is referred to as Par in this work. By using Par, all inter-iteration flow
dependences in a loop become inter-thread dependences at run time. Intel’s e [andt on developing
the SPT compiler for loops [7] achieved 1.08x for a 2-way CMP on SPECint2000. Like Par, SPT
also uses loop boundaries as thread boundaries but pre-computes part of loop body to avoid
speculating dependences that are likely to happen. One major limitation of prior work is that
parallelization is always restricted to loop boundaries so that the nature of dependences (intra-
or inter-iteration) remains unchanged. In practice, some inter-iteration dependences in a loop can
be too costly to speculate, synchronize, pre-compute and isolate. Furthermore, value prediction
may not be e [edtive for irregular loops accessing arrays with pointers or subscripted subscripts.
Therefore, loop boundaries are not desirable to serve as thread boundaries for some loops.

In this paper, we present a compiler technique, called loop recreation transformation (LRT) and
illustrated in Figure [ to speculatively parallelize sequential loops. Loop recreation amounts to
finding a partition Veur = {Viop, Vbot} Of the set of instructions in a loop (with V denoting the
set of nodes in its data dependence graph) and then transforming the loop into a prologue, a
kernel loop and an epilogue. This is where similarity with modulo scheduling ends and di [erknces
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begin. When modulo scheduling a loop, the objective is to form a kernel loop by overlapping
instructions from multiple iterations in the original loop so that the instruction-level parallelism
(ILP) in the kernel is improved. Due to overlapping register lifetimes, register renaming (via, say,
rotating registers) is required. Furthermore, the overlapped register lifetimes are likely to span
more than one iteration, which indicates more inter-iteration dependences in a modulo-scheduled
loop than in the original loop. Therefore, when running iterations of a modulo-scheduled loop in
parallel speculatively, its inter-iteration dependences are likely to be more costly to enforce at
run time than those in the original loop. In LRT, however, our objective is to form a kernel loop
with a dilerent set of inter-iteration dependences from that in the original loop by overlapping
instructions from two adjacent iterations in the original loop. LRT changes the nature of some
dependences so that some inter-iteration dependences in the original loop are turned into intra-
iteration dependences in the kernel and vice versa. When the loop iterations of the resulting kernel
is speculatively executed in parallel, its inter-iteration dependences are less costly to enforce at
run time than those in the original loop. As a result, the parallelism inherent in the original loop
is improved due to the increased speculative thread-level parallelism (TLP) in the kernel. No
register renaming is needed. Note that loop recreation di [ers fundamentally from (partial or full)
loop peeling since the instructions in Viep Or Vet are usually not consecutive in the original loop.

For the loop given in Figures (a) and (b), the parallelized loops by three methods (Par, SPT
and LRT) are listed in Figures X(c), (d) and (e), respectively. This example explains how LRT
works and why it can expose more parallelism than Par and SPT. It also highlights how speculative
threads are spawned by means of a fork instruction. In particular, the fork instruction inserted
in a parallelized loop divides each iteration into a pre-fork region and a post-fork region. The
instructions in the pre-fork region pre-compute values for the next thread, and thus are executed
sequentially. The key di [erences among the three methods are as follows. Par aims at maximizing
the amount of speculative parallelism achievable in a loop by making the post-fork the largest
possible. SPT attempts to reduce the misspeculation overhead of Par by moving the producer
instructions of some frequently misspeculated inter-iteration dependences into the pre-fork region
to pre-compute the producers for next thread. As a result, the misspeculation penalties that
would otherwise be incurred by these dependences in Par are eliminated. To ensure correctness,
any instruction on which such a producer depends must also be moved into the pre-fork region. So
SPT reduces misspeculation penalties at the expense of parallelism attainable. In comparison with
Par and SPT, LRT aims at simultaneously maximizing the parallelism (by keeping the post-fork
region the largest possible) and minimizing the misspeculation frequency (by turning frequently
occurring inter-iteration dependences into intra-iteration dependences).

For loops whose inter-iteration dependences can be e[edtively speculated, pre-computed or
value-predicted, these properties remain unchanged after LRT has been applied. Therefore, the
TLS techniques that use loop boundaries as thread boundaries can be considered as special cases
of LRT. Furthermore, LRT is developed to parallelize the loops whose boundaries are not desirable
to serve as thread boundaries. Being orthogonal to many existing TLS techniques, LRT can be
used as a prepass or postpass to enhance these techniques to extract more TLP from such loops.

In summary, the main contributions of this paper are as follows:

« We introduce a new compiler technique, called loop recreation and denoted LRT, to improve
the speculative parallelism inherent in sequential loops with a particular emphasis on
reducing the overhead of managing their inter-thread dependences.
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Figure 2: Loop recreation for a loop. In (a), the loop is abstracted from loop 120 in subroutine
parmvr of wave5 in SPECfp95. In (b), its pseudo-assembly code is given. In (c), the loop
parallelized by Par with iterations being mapped directly into threads is given. In (d), the
best solution from SPT is experimentally found according to their cost model. The producer
CX[r4] of (8) — (2) is moved into the pre-fork region, together with the four other (indirect
producer) instructions. In (e), the loop parallelized by LRT is given, where Viop = {1, 2, 3,4} and
Vot = {5,6,7,8}. In each loop given, all inter-iteration dependences are depicted, together
with their dependence probabilities. (1) — (5) in (e) is a register dependence on r1 and all the
others shown in (b) — (e) are memory dependences on CX. Par and SPT do not change the
dependences in the original loop. But LRT has changed the nature of two dependences: (1) - (5)
depicted in (e) is an intra-iteration dependence in (b) (and thus not shown in (b)), and (8) - (2) is
an inter-iteration dependence in (b) but has been turned into an intra-iteration dependence in (e)
(and thus not shown in (e)). Section B33 discusses how to represent the communication delays of
synchronized dependences such as (1) - (5) also by “probabilities”. By “swapping” the roles that
(1) - (5) and (8) - (2) play in terms of whether they are intra- or inter-iteration dependences,
LRT has selected the less costly (1) — (5) to enforce in the kernel loop. Thus, the misspeculation
probability of a thread has been greatly reduced from 1—(1—0.05)(1—0.6)(1—0.01)(1—0.10) = 0.66
in (c) to1—(1—0.25)(1—0.10)(1 —0.01)(1 — 0.05) = 0.37 in (e).
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< We present an algorithm for finding an optimal loop recreation for a loop with respect to a
simple yet e [edtive misspeculation cost model. This algorithm is e [ciehtly implementable
once simple pruning heuristics are used to reduce the search space for an optimal solution.

e We have implemented LRT in SUIF/MachSUIF and demonstrated the performance
advantages of LRT over Par and SPT for multicore systems running nine representative
irregular applications. Significant performance improvements over Par and SPT are observed
under two squash mechanisms.

The rest of this paper is organized as follows. Section [2 describes the loop and execution models
used. Section [ presents our loop recreation transformation, introduces a simple misspeculation
cost model and discusses its legality and optimality. Section Hl gives an algorithm for finding an
optimal loop recreation transformation with respect to our cost model. Section B discusses the
evaluation methodology used. Section [ presents and analyzes our experimental results. Section [1
reviews the related work. Finally, Section @ concludes the paper.

2. Loop and Execution Models

Like SPT [[7], LRT considers only the data dependences when speculatively parallelizing loops. Par
is similarly applied to speculate on data dependences. If a loop contains other loops or if branches,
each branching structure is either reduced to one single instruction or translated into predicated
instructions by if-conversion. Except the back edge of a loop, only data dependences in the loop
will be speculated. Therefore, LRT operates on the data dependence graph (DDG) of a loop.

As illustrated in Figure (e), a thread consists of the sequence of instructions delineated by L1
and L2. A thread is divided by a fork instruction into a pre-fork region (marked by L1 and fork)
and a post-fork region (marked by fork and L2). A fork instruction, when executed on a core,
spawns a new thread (known as the successor thread) on the successor core. The iterations of a
parallelized loop are distributed to cores in the SpMT system as described in Section in a
round-robin fashion. The oldest thread in sequential order is called the head thread, which is the
only non-speculative thread and thus allowed to commit its results. All others are speculative.

Inter-iteration anti- and output dependences are implicitly enforced by the hardware. An inter-
iteration RAW dependence can be either synchronized or speculated. Deciding which option to
take, which was investigated previously [32, 31, is orthogonal to this work. In this work, all
register dependences, i.e., the dependences involving register variables, are synchronized as in [32]
and all memory dependences, i.e., the dependences through memory variables, are speculated.

e Synchronization of Register Dependences
For each dependence involving a register value, the dependence is synchronized by
communicating the register value between two adjacent threads. To communicate the
register value associated with a scalar, whether or not the instruction corresponded to the
source of the dependence edge is in the pre-fork region is distinguished. If the corresponding
instruction is in the pre-fork region, the register value is already available to the successor
thread since all instructions in the pre-fork region of a thread are executed before the
successor thread is spawned. Therefore, the fork instruction in a thread not only spawns
the successor thread, but also forwards all register values defined in the pre-fork region of
the thread to the successor thread. Otherwise, the corresponding instruction is in the post-
fork region. The compiler inserts a post instruction after the last definition of the scalar
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in a thread and a wait instruction before any use of the scalar in the successor thread.
The wait instruction stalls execution until the value is produced by the predecessor thread,
which communicates the value by the post instruction. The insertion of wait and post
instructions, as a step of LRT, operates on the DDG of a loop.
* Speculation of Memory Dependences

We adopt the standard execution model supported by multicore SpMT architectures to
handle speculated dependences. Whether a memory dependence is misspeculated or not is
detected by the hardware.

Misspeculated threads are squashed and new threads are spawned to re-execute their previously
alloted iterations. We will evaluate this work using the following two squash mechanisms:

Eager Squash. Let Ty,...,Ty be all N concurrently running threads ordered from the least
speculative to the most speculative. For every write access made in a thread T, the hardware
checks immediately to see if there exists a dependence violation with respect to an earlier
read access made in all more speculative threads T;+1, ..., Tx. Let T; be the least speculative
thread where a dependence violation is detected. The hardware will squash immediately
T;,..., Tn and spawn a new thread on the same core where T; was executed to re-execute
the same iteration that was previously alloted to T;.

Lazy Squash. Only after a thread has finished will the hardware squash all more speculative
ones that have been misspeculated. Dependence violations can still be detected on the fly.

When a thread reaches the end of the loop marked by kill, the thread waits until it becomes
the head thread to execute the kill instruction, which will cause all speculative threads to be
squashed. These threads have been control-misspeculated (on the back edge of the loop).

3. Loop Recreation Transformation

We present an algorithm for finding an optimal loop recreation for a loop with respect to a
simple misspeculation cost model. Our algorithm consists of solving a min-cut problem on a set
of flow networks derived from the data dependence graph (DDG) of a loop. While the number
of flow networks may be large for some loops, our algorithm is practically e [cieht due to some
heuristics that can be readily deployed. Section I gives a necessary and su [cieht condition
for the legality of a loop recreation transformation. Section B2 describes the cost model used
for approximating uniformly the costs incurred in enforcing both synchronized and speculated
dependences. Section builds the DDG for a loop. Section 4l is concerned with the optimality
of a loop recreation transformation.

3.1. Legality

As shown in Figure [ a loop recreation for a loop is uniquely specified by a partition of the set
V of its instructions into Veut = {Viop, Voot}. The transformed loop by Veye is referred to as the
recreated loop. The key idea behind a loop recreation Veyt = {Viop, Vbot} is to transform some
intra-iteration dependences into inter-iteration dependences and vice versa. As can be observed
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in Figure [0 the distance of a dependence from Viop 10 Vit is increased by 1 while the distance
of a dependence from Vpor to Vyop is decreased by 1. The distances of other dependences remain
unchanged. The standard notion of dependence distance in optimizing compilers [19] is used here
(as in modulo scheduling). Therefore, inter-iteration dependences with distances being larger than
1 in the original loop remain to be inter-iteration dependences after loop recreation. However, the
nature of a dependence pointing from Viop (Vbot) t0 Vbor (Viop) With distance 0 (1) changes.
According to this observation, the legality of a loop recreation transformation is stated below.

Definition 1 (Legality) A loop recreation transformation Veut = {Viop, Vbot} for a loop is legal
if and only if there are no intra-iteration dependences pointing from Viot t0 Viop.

The results stated below are immediate from Figure [1

Lemma 1. A loop recreation Veye = {Viop, Vbot} for a loop alecks its dependence u — v spanning
Viop @and Vpor as follows. If u — v is an intra-iteration dependence pointing from Vigp t0 Vot in
the loop, then u — v becomes an inter-iteration dependence with distance 1 in the recreated loop. If
u - Vv is an inter-iteration dependence with distance 1 pointing from Vit t0 Viop in the loop, then
U — Vv becomes an intra-iteration dependence in the recreated loop. Otherwise, an intra-iteration
(inter-iteration) dependence in the loop remains unchanged in the recreated loop.

3.2. Cost Model

There are many legal loop recreation transformations for a given loop. We will rely on a cost
model to rank the relative overheads incurred by di[erknt transformations so that the best can
be selected. We do not require the cost model to tell us exactly the cost incurred in speculatively
executing a loop. In practice, such cost depends on many factors such as the loop trip count, the
number of cores available, the architectural parameters of the underlying TLS system and the
inter-iteration dependences that are dynamically encountered during program execution. As in
prior work [[7, [22]], we build a simple cost model for a loop by making two common assumptions.
First, di Cerent dependences in the loop are independent. Second, all incurred memory dependences
in the loop are always misspeculated. Both are not always true in practice. However, it is di Ccull,
if not impossible, to know statically the interactions among dependences and determine accurately
the relative timings of dependent instructions in di [erknt threads.

As mentioned in Section [ inter-iteration anti- and output register and memory dependences
are all automatically enforced in our execution model and incur no runtime overhead. So only inter-
iteration RAW (i.e., flow) dependences need to be considered. Each RAW dependence is associated
with a probability regardless whether it is a register or memory dependence. The probability
ranges over [0,1]. The intent is that the probability of an inter-iteration RAW dependence u — v
represents the fraction of a loop iteration (in cycles) that would be wasted on average due to
synchronization (misspeculation) when u - v is synchronized (speculated) individually.

The probability p of a RAW memory dependence u - v indicates how often the dependence
actually takes place at run time. That is, for every N writes issued by the producer instruction
u, p < N reads from the consumer instruction v are made to the same memory location. So p
represents the fraction of one iteration that is wasted (in cycles) if the dependence is misspeculated.
The probabilities of memory dependences can be estimated by instrumentation or static analysis.
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The probability of a RAW register dependence u — v represents the incurred communication
delay as a fraction of the total execution time for one loop iteration. By convention, we assume
that u - v may incur some communication delay only when the write access instruction u appears
lexically after the read access v. The incurred communication delay is the number of cycles spent
on executing instructions that are scheduled between v and u (inclusive).

To compare the costs of dilerent loop recreation transformations for a given loop, we use the
misspeculation probability of the loop. Let D be the set of all inter-iteration RAW dependences of a
loop: D = Dmem [Dleg, Where Dmem and D, are the sets of all memory and register dependences
contained in D, respectively. As a starting point, we consider the case when D = Dpem, i.€.,
Dz = [In this case, the misspeculation probability of a loop can be approximated by:

P(D) = P(Dmem) =1- neeD(l —-P rObe) (1)

where P rob, is the probability of e (under the assumption that all dependences are independent).
When D contains one or more register dependences, the misspeculation probability of a loop is
refined by distinguishing register dependences from memory dependences as follows:

P(D) = 1 - I-Iee’Dmem(l - P rObe) + P rob’D:élgax x I-Iee’D (1 - P rObe) (2)

mem

where Dg2 is the dependence with the largest probability value among all dependences contained
in Dreg. In @), the first addend represents the fraction of a loop iteration lost in cycles due to
misspeculation and the second addend represents the fraction of a loop iteration lost (in cycles)
due to synchronization. As a result, the communication delay incurred by all dependences in D,eg
is estimated to be the same as the largest communication delay incurred by D&%,

reg
By rearranging (@), we obtain our cost model given below:
P(D) =1- nee(pmemu{pglgax})(l —-P robe) (3)

From this formula, we can see clearly why we also talk about probabilities for register dependences
like D2 just like we do for memory dependences.

reg

3.3. Building the DDG

The DDG of a loop is a weighted directed multigraph, denoted G = (V,E, Q, K, W), where V
is the set of instructions in the loop and E is the set of directed edges representing the data
dependences between instructions. Let u - v [CH such that u - v is a dependence from u to v.
Q(u,v) IR, M} represents whether u — v is a Register or Memory dependence.

K (u, V) represents the (minimum) dependence distance of u - v, meaning that instruction v
at iteration i + K(u,v) may depend on instruction u at iteration i. By convention, u - v is an
intra-iteration dependence if K(u,v) = 0 and inter-iteration dependence otherwise. For a pair of
instructions u and v, there can be many dependences u — v with varying distances. In order to
find an optimal loop recreation for a loop according to Lemma [ it su [ced to distinguish three
kinds of distances: (a) K(u,v) =0, (b) K(u,v) =1 and (c) K(u,v) [Z]

Given a path fromu tovin G: P,, =2y - Z3 - ... - Z, such that u = zo and v = z,,,
where n %write K(P.,) to represent the sum of dependence distances in the path P, ,:
KPuw) = oz K(Zi-1,2:). So K(P,,,,) indicates that instruction v at iteration i + K(Py ,)
depends on instruction u at iteration i. By definition, P, , consists of only intra-iteration
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dependences if K(P,,,) = 0. Let V (P,,) be the set of instructions in the path P, ,. V (Py.)
and K(P,,,,) are used below to compute an estimate for the weight of a register dependence.

For a dependence u - v, its weight W (u, v) is determined depending on whether it is a memory
or register dependence. If u - v is a memory dependence, W (u, V) is set to be its dependence
probability if it is a RAW dependence and 0 otherwise. Note that anti- and output dependences
are included in the DDG only if the IR (Intermediate Representation) representing a loop is not
in SSA form. If u - v is a register dependence, then we have W (u,v) = 0 if u - v is anti- or
output dependence. Otherwise, we note that when building the DDG for a loop, the loop has not
bqﬁansformed yet. The weight W (u, v) of a RAW register dependence is then estimated to be
( ope@U{uv}) Cop)/Cr, where C,, is the number of cycles spent on executing instruction op, Cr
is the total number of cycles spent on executing the entire loop and 1 [\1is defined as follows:

—1
{z B, |uv CMP,, is apath in G s.t. K(P,,,) =0} if K(u,v) 11
{z B, |uv MP,, is apath in G s.t. K(P,,) =1} if K(u,v) =0

If K(u,v) [Lli.e., u - vis an inter-iteration dependence in a loop L, all instructions in any path
P, . such that K(P, ,) = 0 must appear between v and u in L. This is also true in any recreated
loop of L in which the dependence distance of u - v remains unchanged (Lemmal[ll). On the other
hand, if u - v becomes an intra-iteration dependence in a recreated loop of L, then its weight
assignment is immaterial. Hence, the incurred communication delay of u - v is estimated that
way. If K(u,v) =0, i.e., u - Vv is an intra-iteration dependence in L, then u — v must point from
Viop t0 Vpor in any recreated loop of L in order for it to turn into an inter-iteration dependence
(Lemma D). To this end, for every path P, ,, at least one edge in the path must point from Vit
t0 Viop. If K(P,,) = 1 holds, then the edge pointing from Vpot t0 Viop must be the only inter-
iteration dependence in P, ,, and all the other edges in the path are intra-iteration dependences in
the resulting recreated loop. This means that all instructions in P, ,, must be scheduled between
v and u in the recreated loop. Therefore, the weight assigned to u — v is the potentially incurred
communication delay when u - v represents an inter-iteration dependence in the recreated loop.
Otherwise, the weight assignment is immaterial. Our experimental results show that this simple
technique for estimating the weights of register dependences su [ced in real code.

Recall that D = Dmem [, denotes the set of inter-iteration dependences in G introduced
in Section Obviously, Dmem and D, are related with G as follows: Dyem = {(u,v) [CH |
Q(u,v) =M, K(u,v) I} and Dyeg = {(u,v) [LH| Q(u,v) = R, K(u,v) I}

Figure B depicts the DDG for the loop given in Figure X(b). The DDG has 8 nodes and 13
edges (representing four memory and nine register dependences). The probabilities and distances
of the four memory dependences (in dashed lines) are obtained based on profiling information.
The weights of the nine register dependences (in solid lines) are estimated as discussed above
by assuming that all instructions have unit latency. For register dependence 1 - 2, there is no
dependence path in the DDG from instruction 2 to instruction 1. So only the cycles spent on
executing instructions 1 and 2 are counted when estimating the weight of 1 - 2. The cases for
1-54,1-55-5 6and5 - 8are handled identically. For register dependence 2 - 3, K(2,3) =0
and the path P3 , =3 - 4 - 2 s the only path from instruction 3 to 2 in the DDG that satisfies
K(P3,2) = 1. Therefore, its weight has been set to be % = 0.38. The cases for 3 - 4,6 - 7 and
7 - 8 are handled identically. So their weights are also 0.38 each.
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0.25R0 5

0.25R0

0.25R0 ,7 0.38R0 0.25R0

Figure 3: The DDG for the loop in Figure [Ab). Solid (dashed) arrows represent intra-
iteration (inter-iteration) dependences with annotations for their dependence nature (e.g., 0.25R0
associated with 1 - 2 means that Q(1,2) = R, K(1,2) =0 and W (1, 2) = 0.25).

3.4. Optimality

Recall that G = (V, E, Q, K, W) denotes the DDG of a loop. Let &= (V-H£-b W bd the DDG
of the loop recreated by a loop recreation transformation (which will be clear from the context).
Clearly, & v, B+ E, &%+ Q and W—=IW. By Lemma [l the distances of transformed
dependences in K—dan be derivedlﬁﬂm those in K as follows:
CKI(u, V) if u,v Mop Or u,v Vbt
Kd,v) = I:é(u,v)+l if U [Vop and v [Whot 4)
(u,v)—1 if u Vo and v [Vgp

Accordingly, we have B-Z Brly, [Ce), where Bl = {(u,v) CEHOME, v) = M, K@, v) 13
and Dl = {(u,v) CHHOM, v) = R, K@, v) [I3. In the recreated loop, DI s the register

dependence with the largest probability value among all the register dependences in Iﬂelg.

Definition 2 (Optimality) A loop recreation transformation Veut = {Viop: Voot } is optimal if
PO = 1- M (Bpomu{ By (L = PTODC)

is the smallest possible with respect to the cost model @).

Minimizing P (D)-biven in @) is equivalent to minimizing:
L1 | 1
n(—————— 5
(1= W v)) (5)
u—0€(BmemU{Dmax})

reg

If W (u,v) =1 for a dependence u - v, then Wl(w) = oo. In our implementation, this problem

is fixed easily by using W (u, v) = 0.99 as an accurate approximation instead.
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1 LRTmem(G) // G =(V,E,Q,K,W)

2 Let Gjp = (V,E, Q, K, W),) such that W (u,v) = In(m)
3 F = Cons_FNmem(Gin)

4 Veur = {Viop, Vbot} = Process_FN(F)

5 return Veue

Figure 4: An optimal algorithm LRT e for loop recreation when D = Dmem.

4. Finding an Optimal Transformation

Based on the objective function @), we find an optimal loop recreation for a loop by solving a
min-cut problem on some s-t flow networks derived from the DDG of the loop. The goal is to find
a minimum cut on one of these flow networks so that the minimum cut induces an optimal loop
recreation for the loop. However, we cannot find a loop recreation Veyt = {Viop, Vbot} for a loop
by directly solving a min-cut problem on the DDG of the loop. There are two reasons why this is
not possible. First, some dependences in D-fhay not manifest themselves as cut edges. According
to @), Dihcludes not only the dependences pointing from Viop to Vot but also those that are
confined in either Viop Or Vot and those pointing from Viet to Viop. However, in a direct min-cut
formulation, P(B)s computed by setting D-ds the set of cut edges in a minimum cut. All these
cut edges are inter-iteration dependence edges that point from Viop to Vpor Only, but all those
inter-iteration dependences that are confined in either Viop Or Vpor and those pointing from Viet
to Viop are not taken into account. Second, according to Definition [ only one special register

dependence BT in -should be included in P (B)-'However, in a direct min-cut formulation, all

register dependences that point from Viop to Vot are considered when P(Iﬂis computed.

Following our two-step process used in developing our cost model, we will also present our
algorithm in finding optimal loop recreation transformations in two steps. In Section BT we
assume that all dependences in the DDG of a loop are memory dependences, i.e., D = Dmem.
Therefore, the cost model given in (@) is used. In Section 2, all register dependences in a loop
are also considered, i.e., D = Dmem [Dleg. So the cost model given in @) is used.

4.1. An Algorithm for the Special Case When D = Dyem

Given a loop such that its DDG G = (V,E, Q,K, W) consists of memory dependences only,
LRTmem given in Figure @ will find an optimal loop recreation from G. LRTmem Operates on
Gin = (V,E, Q, K, W), which is the same as G except that the dependence weights are redefined
so that we can formulate the problem of finding an optimal loop recreation for a loop as a min-
cut problem (line 2). In Cons_FNem, We create a set, F, of flow networks from Gy, (line 3). In
Process_FN, we obtain an optimal loop recreation from a minimum cut with the smallest capacity
found from one of the flow networks in F (line 4).
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Section BT describes the basic idea behind the development of our min-cut-based algorithm
LRTmem. Section EETZ explains this algorithm in detail. Section illustrates LRTnem by our
motivating example. Section B4 discusses the e [ciehcy of our min-cut-based algorithm.

4.1.1. A Min-Cut-Based Formulation

A set of flow networks F is constructed from G, = (V,E, Q, K, W,). Let Gy = (V4,E¢,Cs) be a

flow network in F. Then V; =V {4, t}, i.e., a flow network will consist of all the nodes in V, the

source s and the sink t. Therefore, the key to constructing Gy lies in building the edge set E; and

a capacity function C; that assigns a non-negative real value C;(u,Vv) to each edge u — v [Hy.

Every flow edge u — v [Hy is always created as a copy of some dependence edge X — y in Gip.
Let (S, T) be an s-t cut in G that partitions V¢ into S and T such that s [Sland t CTI

6. T) = {u-vLH|ulSv I} (6)

In other words, (S, T) consists of only the edges in E; pointing from S to T. The sum of the
capacities of all edges, i.e., cut edges in (S, T) is known as the capacity, CAP(S, T), of the cut:
L1
CAP(S,T) = Cs(u,v) @)
U - Ve(s,1)

For convenience, (S,S), (T,T) and (T, S) are defined similarly in this paper: (S,S) ={u - v [
Ef|uv CSh (T, T)={u - v CHy |u,v I}, (T,S) ={u - v [Hy |u v ST

The basic idea behind building F is as follows. If {Viop, Voot} is @ legal loop recreation for G
(or equivalently for G), then (Viop L339}, Voot L}) is an s-t cut in every flow network in G; [H.
If (S, T) is a minimum cut in a flow network Gy, then {S\ {s}, T \ {t}} is a legal loop recreation
for Gjh. The problem is that the quality, i.e., cost of a minimum cut (S, T) is measured by its
capacity CAP(S, T), which is defined only by the cut edges pointing from S to T. This implies
that when constructing G¢, we must make sure that all and only inter-iteration dependences in
the loop recreated by {S \ {s}, T \ {t}} are the cut edges in (S, T). Therefore, we define:

P(S, T) = 1- I'Iee(sj)(l —-P rObe) (8)

Unless indicated otherwise, D—$ associated with the loop recreated by {S \ {s}, T \ {t}}. Given
the assumption that D = Dpem, the misspeculation probability for the loop recreated by
{S \ {s}, T \ {t}} can be simplified from Definition [ to:

P@Y = 1-M,_p (1—Prob,)

For the reasons explained at the beginning of this section, we cannot find an optimal loop
recreation for a loop by directly solving a min-cut problem on the DDG of the loop. Instead, we
will create a set of flow networks F to ensure that every inter-iteration dependence in the loop
recreated by a cut {S\ {s}, T \ {t}} is captured by at least one cut edge in the s-t cut (S, T). To
achieve this, some dependence edges are duplicated and may be counted more than once so that
P (DM CPXKS, T) holds. Hence, P(D) P (S, T) may hold for a particular minimum cut (S, T).
However, our construction ensures that {S \ {s}, T \ {t}} is optimal such that P(B}*£ P (S, T) if
CAP(S, T) is the smallest among all minimum cuts in all flow networks in F.
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4.1.2. Finding Minimum Cuts

To ensure that every inter-iteration dependence edge in D-fr a recreated loop can be identified as
a cut edge, some dependences in G may be mapped into several edges in G;. Three sets of edges,
A-, B- and AB-duplicated edges, that require di [erent ways of duplication are defined below.

Let X,y [V be two instructions in the DDG G of a loop. We write K(X,y)* = 0 if there exists
a path, P, ,, of intra-iteration dependences from x to y in G, i.e., K(P;,) = 0. If no such path
can be found, we write K(x,y)* & 0.

The following result that is immediate from Definition [ is used to reduce the number of flow
networks that will otherwise need to be built in line 3 of the LRT nem algorithm.

Lemma 2. Let x,y [V such that K(X,y)* = 0. If Vcut = {Vtop, Vbot} IS @ legal loop recreation
transformation, then either x [V} or y [TV}, holds.

Proof. if both x [CWpe and y [V hold at the same time, then at least one intra-

iteration dependence on a dependence path from X to y must be pointing from Vi, to V.

S0 Veur = {Viop, Vbot} cannot be legal by Definition [l —1
The notions of A-, B- and AB-duplicated edges are formally defined below.

Definition 3 (A-, B- and AB-Duplicated Edges) The sets of A-duplicated edges, B-
duplicated edges and AB-duplicated edges for dependence edges with distance 1 are defined by:

Ca(G) ={(u,v) H|uEv,K(u,v)=1W(u,v) 80,K(u,v)*&0,K(v,u) =0}
Ce(G) = {(u,v) (H|uEv,K(u,v)=1W(u,v) 80, K(u,v)* =0,K(v,u)* 80}
Cas(G) = {(u,v) (H|uEv,K(u,v)=1W(u,v) 80,K(u,v)* 80,K(v,u) 80}

K(u,v)* =0 CKl(v,u)* = 0 is impossible since u and v would then depend on each other.

4.1.2.1. Cons_FNmem Its four steps are explained below. The notation u —%, v indicates that
U — Vv is an edge with the edge capacity c. In Step 1, we introduce two new nodes as the source
s and sink t, respectively. That is, every flow network consists of all nodes in V as well as s and
t. The construction of weighted edges for each flow network is carried out in Steps 2 — 4.

In Step 2, we note that every dependence u - v in a loop remains to be an inter-iteration
dependence after a loop recreation transformation if either K(u,v) [Zor u - v is a self edge.
Therefore, u - v must be included in an s-t cut. As a result, an edge pointing from s to t for
u — Vv is added. After Step 2, every dependence considered in Steps 3 and 4 is neither a self-edge

nor a dependence with a distance larger than 1 unless indicated otherwise.

In Step 3, for every dependence u — v in Gy, we add two edges to G;: u ) and

Ce(v,u . .
% SR u, where the former edge represents the situation when u —» v [($,T) and the latter

edge represents the situation when u - v (I, S). Therefore, C¢(u,v) and Cy(v,u) are set as
implied by Lemma [I In line 8, we set Cy(v,u) = oo if K(u,v) = 0 to prevent v — u from
becoming a cut edge. In particular, we set C¢(v,u) = oo if K(u,v) = 0 because u - v IIL(T,S)
holds for all legal loop recreation transformations by Lemma [0

After Step 3, every dependence has been mapped to two copies in a flow network. This is
su [cieht for intra-iteration but not for inter-iteration dependences. An intra-iteration dependence
u - vinaloop remains so in a recreated loop if u - v [(3,S) (1, T) by Lemmall In this case,
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1 Cons_FNmem(Gin) 7/ Gin = (V,E,Q, K, W),)

// Build the part of G; = (V, Ef, Cy) that is common in all networks (lines 2 — 14)
‘// Step 1: create the source s and the sink t ‘
2 SetVy=V 38t}

‘// Step 2: handle dependences that cross iterations before and after transformation‘

for u - v [H such that K(u,v) Zbr u=v do

4 Add an edge to E;: s D ¢ and set Cs(s,t) = Win(u,v)

‘// Step 3: handle dependences spanning an s-t cut‘

5 for u - v [Hsuch that K(u,v) [CTlwhere u Bv do
6 Add two edges to E;: u “=%” v and v X%y
7 if K(u,v) =0 then
8 Set C¢(u,Vv) = Wih(u,v) and Cy(v,u) = oo
9 else // K(u,v) =1
10 Set C;(u,Vv) = Win(u,v) and Cs(v,u) =0

// Step 4: duplicate inter-iteration dependences of distance 1 not spanning an s-t cut
|77 A-duplication |
11 for u - v [LCh(G,) do
Ce(s,v) Cg(u,t) _ _
12 Adds =S "vandu —="tto Efand set Cs(s,v) = Cs(u,t) = Win(u, V)
\// B-duplication‘
13 for u —» v [Ck(Gjn) do

14 Adds =5

duand v =% t o E; and set Cs(s,u) = C;(V,t) = Win(u, V)

// Build distinct parts for all flow networks in F (lines 15 — 18)

15 Letu; - vq,..., Uicas(Gm)| — VICaB(Gw) be all edges in Cag(Gin)
‘// AB—dupIications‘

16 for (X1,..., X|cap(cuy) XA, B}CA2(E0l do

17 Let Gule”l

be initialized with G, and then

""" UICAB (G VICAB (Gl
XcaAB (Gl

augmented with every u; - v; being X;-duplicated
18 F =Gy, —,
X1

1 UICAB (G vlCAB(Gm)l}
XjcaAp (Gl

19 return F

Figure 5: Constructing F from G, when D = Dmem.

Copyright €2009 John Wiley & Sons, Ltd. Softw. Pract. Exper. 2009; 40:45-72
Prepared using speauth.cls



LOOP RECREATION FOR THREAD-LEVEL SPECULATION 59

SRE

B =, * et
g o’ g Y
M ) Loy )
\ / \ / o\ \VA
@\ G,D}' @\ *”
w - w w - w
®’ ®’ @’ ®’
(a.l) {s} =1 (@a.2) {s,u,v} sl |(@3) {s,v} [sS1|(a4d) {s,u} Sl
{u,v,t} 11 {t} T {u,t} T {v,t} 11

(a) A-duplicated (w stands for Wi, (u, v))

©
>
v
®

(b.1) {s} =1
{u,v,t} 11

®
A\
g

®

(b.2) {s,u,v} [S]
{t} 11

®
A\

Lig)/

7

\

(b.3) {s,u} =1

{v,t} CT1

©)
)
\@;}

®

(b.4) {s,v} CsS1

{u,t} C1T1
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Figure 6: Four di[erent minimum cuts for u - v duplicated in two duplication schemes.

the edge should not be a cut edge (since it is absent in ) However, the situation is di[erent if
U — Vis an inter-iteration dependence. In this case, ifu - v [{3$,S) (W, T), thenu - v remains
to be an inter-iteration dependence in —However, in this case, u — v may not be a cut edge in
a cut although it should be.

In Step 4, two more copies are introduced for every inter-iteration dependence u — v in a
flow network. We do so by duplicating u - v so that if u - v [(§,S) (I, T), then every s-
t cut is guaranteed to include at least one copy of u — v. As illustrated in Figure[d u - v is
either A-duplicated (lines 11 and 12) or B-duplicated (lines 13 and 14). When both are needed
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1 Process_FN(F)

2 for every Gf = (Vf, Ef,Cf) in F do
3 Let G} be the simple graph converted from the multigraph G; by merging all parallel
edges into one single edge whose weight is the sum of those of the parallel edges)

4 S Ty) = Find_Min_Cut(G})
5 Let (Sopt, Copt) be one of the |[F| minimum cuts found in line 4 with the smallest capacity
6 return (Sept \ {s} Topt \ {t})

Figure 7: Finding a minimum cut in F.

(lines 15 — 18), there are 2/€2s(Gw)l djerknt ways for duplicating all edges in Cag(Gin). Hence,
|F| = 2/€as(G)l | | et us explain why an edge u — v [CCA(Gjn) needs not also to be B-duplicated
in lines 11 and 12. By the definition of Ca(Gjn), we know that K(v,u)* = 0. Thus, u - v II(3$,T)
(Lemma B). Due to line 8, the cut shown in Figure B(a.4) must also include an oo-weighted
edge. This cut, which corresponds to an illegal loop recreation, is not a minimum cut. Similarly,
U - v LCg(Gyy) is not also A-duplicated in lines 13 and 14.

By duplicating every inter-iteration dependence u - v, a flow network in F contains four copies
of that edge, three of which have the same weight, W;,(u,Vv). As shown in Figure B, an s-t cut
is guaranteed to include at least one copy of u - v. However, in Figure B(a.4) (Figure Bi(b.4)),
the weight W,(u, V) of u - v is counted twice (one time) too many. Due to such over-counting,
the underlying minimum cut may or may not induce an optimal loop recreation. By creating
21€an(Gm)l flow networks, however, we are guaranteed that such over-counting will not occur in at
least one minimum cut found in one of these flow networks.

4.1.2.2. Process_.FN This procedure, which is given in Figure [l returns an optimal loop
recreation derived from the minimum cut found in one of the flow networks in F.
A proof for the optimality of LRT nem is given in Appendix A.

4.1.3. Example

The DDG for our example is depicted in Figure There are 13 dependence edges. For
illustration purposes, let us assume that these are all memory dependences. There are four inter-
iteration dependences. We find that CaA(Gin) = {4 - 2,8 - 6},Cg(Gin) = [And Cag(Gin) =
{8 - 2,4 - 6} since K(2,4)* = 0 CK(4,2)* 8 0, K(6,8)* = 0 CK(8,6)* B 0, K(2,8)* &
0 CKI(8,2)* £ 0 and K(4,6)* E 0 [KI(6,4)* £ 0. Hence, F has 2/€48(Gi)l = 4 flow networks.
Let us trace the execution of our algorithm LRTnem With respect to the loop briefly. G, for
the loop is shown in Figure B(a). Of the four flow networks in F, 687274?6, in which 8 - 2 is

A-duplicated and 4 - 6 is B-duplicated, is shown in Figure B(b). This network is constructed by
applying Cons_FNmem to G, as follows. For each of the nine intra-iteration dependences, its two
copies in the network are created in lines 7 and 8. For each of the four inter-iteration dependences,
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0.29R0

(a) Gln (b) G8—>2,4—>6
A B

Figure 8: An illustration of LRTmem for the DDG shown in Figure B by assuming that all edges
are memory dependences.

its two copies are created in lines 9 and 10 and the other two created in lines 11 — 18 (with 4 - 2,
8 —» 6 and 8 - 2 being A-duplicated and 4 - 6 B-duplicated).

FigureB(b) also depicts the minimum cut from which the optimal loop recreation {Viop, Voot} =
{{1,2,3,4},{5,6,7,8}} with respect to the objective function @) is found (on the simple graph
reduced from the multigraph shown in Figure B(b)).

4.1.4. Time Complexity and Practical E [ciehcy

We have used Goldberg’s implementation of his push-relabel HIPR algorithm [10] to find pitum
cuts. Its worst-case time complexity when applied to G = (V,E,Q,K,W) is O([V|?> x |E|). In
line 2 of Process_FN, there can be |F| = 2/“+2{! di [erknt flow networks. So the worst-case time
complexity of our algorithm is O(JV |> x  |E]| x 2/€as(@]),

In practice, LRT nem is e [cieht if we adopt the following simple strategy in our implementation.
Let Gy [H. Letuy - vi,...,u,, - V,, be all the B-duplicated edges in G;. For any minimum
cut in Gy, a B-duplicated edge will be cut in one of the four possible ways as depicted in
Ri Bl(b). Hence, the capacity of awmum cut (S, T) in Gy must be larger than or equal to

i—1 Win(u;, vy), i.e., CAP(S, T) L1, Win(u, v;). We will first find the minimum cut for the
unique flow network in F in which all edges in CAg(Gjn) are A-duplicated and then examine the
remaining flow networks in the order in which more and more edges in Cag(G)n) are B-duplicated.
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1 LRT(G) // G = (V,E,Q, K, W)

2 Let Gn = (V,E, Q, K, L) such that W),(u,v) = In(Wl(w))
3 F = Cons_FN(Gin)

4 Veut = {Viop, Vbot} = Process_FN(F)

5 return Veut

Figure 9: An optimal algorithm LRT for loop recreation when D = Dmem [Dleg.

We ignore a flow network if Z.:; 1 Win(u;, v;) for all its B-duplicated edges us — Vi,..., Uy, — Vi
is larger than or equal to the capacity of the best minimum cut found so far. This pruning strategy
is e [cieht as validated in our experiments discussed in Section

4.2. A General Algorithm When D = Dpyem [Dleg

In the general case, memory dependences and register dependences must be distinguished
according to our cost model given in Definition 1 We generalize LRTpem to LRT so that LRT
is optimal with respect to the objective function @), where only the register dependences X
is relevant. LRT is the same as LRTyem except a di [erent module, Cons_FN, for constructing F
is used. In fact, Cons_FN given in Figure [[d is a simple extension of Cons_FNmem to deal with
register dependences. The new lines added to Cons_FNmem are highlighted by boxed lines. A proof
for the optimality of LRT can be found in Appendix B.

Unlike Cons_FNmem, Cons_FN may construct a maximum of 2/€as(®lx (N, + 1) flow networks,
where N is the number of distinct non-zero weights of register dependences in Gj,. Let I =0
and Iy, ..., ly,, be N, distinct non-zero weights of register dependences in Gj, (line 2). All flow
networks in F are divided into N, + 1 subsets F, ..., FlNreg (lines 3, 23 and 24) so that for
the flow networks in F;,, only register dependences whose weights are no larger than I; can be
cut edges (lines 4 and 5). E [edtively, I; is the weight of X referred to in our cost model given
in Definition 2 In the case of F;,, only memory dependences can be cut edges. In fact, F,, is
exactly the set of flow networks constructed for all memory dependences in G (Section ETJ).

By Lemma [0 every dependence u - v with a distance K(u,v) [ZImust be included in a
minimum cut. Therefore, we avoid building F;, if there is a register dependence u - v with a
distance larger than or equal to 2 such that Wi,(u,v) > I, (line 4). In this case, achieving a
minimum synchronization delay |; for X is not possible. Since Fy_ . ..., F, are built in that
order (line 3), the construction of F terminates immediately at the i-th iteration when there exists
a register dependence u — v such that K(u,v) C2Zhnd W), (u,v) > |; (line 4).

In line 5, Gi, is derived from Gy, with di [erknt register dependence weights so that only register
dependences with weights no larger than I; can be cut edges. For a register dependence u - v,
we set W/ (u,v) = oo if Win(u,v) > |; to prevent it from becoming a cut edge. In lines 6 —
23, 2/€as(Gi)l flow networks in F;, are constructed from G, in the same way as explained in

Section LT except that an additional edge is added in line 7 to represent the weight of X.
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1 Cons_.FN(Gin) 7/ Gin = (V,E, Q, K, W)

dependences u - v in Gy, in increasing order of their values

for i = Nyeg t0 0

// Build s-t flow networks in F;

Let Gi, = (V, E, Q, K, W) where W, (u, V) is defined as follows:
Wi (u,v) = Win(u,v)  if Qu,v) =M

W, (u,v) = oo if Q(u,v) =R and Win(u,v) > 1I;
W (u,v) =0 if Q(u,v) =R and W, (u,V)

[op}

SetVy =V [{3,t}
f( t)

ifl; B0 thenadds —-"ttoE;andset Cs(s,t) =
for u - v [H such that K(u,v) Zbr u=v do

Add an edge to E;: s ¢ )t and set C¢(s, t) = W}, (u,Vv)

10 for u - v [H such that K(u,v) CLlwhere u 8 v do

© ol

augmented with every u; — v; being X;-duplicated
23 F;, [(={G!

ul*"Ul »»»»» U Gi — c G'
x4 ICaB( ln)lxchB(Gln Ylcan( DI
24 F = 0 NV, Fi

25 return F

Letlp =0and ly,...,lx,, be Ny distinct non-zero weights Win(u, v) of all register

if [0 - v [H such that Q(u,v) = R, Win(u,Vv) > I; and K(u,v) [Zkhen break

11 Add two edges to E;: u =% v and v X5 y
12 if K(u,v) = 0 then
13 Set Cs(u,v) =W, (u,v) and C(v,u) =
14 else // K(u,v) =1
15 Set C¢(u,v) =W, (u,v) and C¢(v,u) =0
16 for u —» v CCK(G;,) do
17 Add s Crém) v and u t to E; and set C¢(s,v) = Cy(u,t) = WS (u,V)
18 for u -~ v [CE(Gj,) do
19 Add's 5 uand v Y t o E; and set C(s,u) = C(v,t) = W}, (u, V)
20 Let U]_ — V]_, B ‘CAB(Gln | — V‘CAB(an)l be a" edges in CAB(G?n)
21 for (Xq,... X|cAB<Gm>\) LA, B}Cas(Gi)l do
22 Let G;“Hvl o : . be initialized with G and then
wothieap(Gh)Ix Yicap (Gl
ICaB(GI)I

Figure 10: Constructing F from Gj, when D = Dmem [Dheg.
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(d) G246
A B

(c) G2, I, =0.47

Figure 11: An illustration of LRT. In (a) - (c) G, G, and GZ, derived from G in Figure @ are

shown. In (d), a flow network in F;, with 8 — 2 A-duplicated and 4 - 6 B-duplicated is given.
The minimum cut shown by a dashed line represents the optimal solution found by LRT.

In terms of its worst-case time complexity, LRT is seemingly more expensive than LRTmem.
The worst-case-tifje complexity of finding a minimum cut on G = (V,E, Q, K, W) remains to
be O(|V|? x |E[). Since there can be at most [F}= 2148l x (N, + 1) flow networks, the
worst-case time complexity of LRT is O(|V |? x  |E[ x 2/4(®] x (N, + 1)). As discussed in
Section B2, the weights of register dependences in a loop are often small. N, can be made smaller
if the register dependences with small weights are ignored in line 2 of Cons_FN. In addition, there
are typically only a few di [erknt weight values for the remaining register dependences. Therefore,
N, is often very small in practice. When N, is relatively large in some pathological cases, we
can always bound it from above to a certain value by rounding o Crégister dependence weights.
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In our motivating example with its G, shown in FigureB(a), there are nine register dependences
with two distinct weights. Therefore, I = 0, I; = 0.29 and |, = 0.47. Figure [0 shows the
three graphs, GO, G, and G2, built in line 5 of Cons.FN from Gj,. Let us consider G},
constructed for 1;. The weights of 2 - 3, 3 -4, 6 -7 and 7 - 8 in G{, are all co since
Win(2,3) = Win(3,4) = Wir(6,7) = Wn(7,8) = 0.47 > 0.29 = l;. As a result, these four
edges cannot be cut edges for all flow networks in F;, by construction. The weights of the other
five register dependences are 0 in Gl,. By applying lines 6 — 23 of Cons_FN to G},, we have
obtained a flow network G§__,, . with 8 — 2 A-duplicated and 4 — 6 B-duplicated, shown in

A B

Figure [LI(d). The flow edge S %2 T added in line 7 ensures that weight of D12 is also included
in the capacity of any cut. The optimal solution returned by LRT is found on Gé_,274é6. The
A B

optimal loop recreation {Viop, Voot } ={{1, 2, 3,4}, {5, 6, 7, 8}} happens to be same as the one found
in Figure B(b). This transformation is illustrated earlier in Figure (e).

5. Evaluation Methodology

We first discuss our implementation of loop recreation in the SUIF/MachSUIF compilation
framework. We then describe the benchmarks and simulator used for evaluating our work. Finally,
we discuss the two TLS-based loop parallelization methods against which LRT is compared.

5.1. Loop Recreation Implementation

Loop recreation is implemented in the SUIF/MachSUIF compilation framework as illustrated in
Figure 2 A program is first converted into the SUIF IR by the SUIF frontend. The SUIF IR
is then converted into the MachSUIF IR. Several MachSUIF passes such as register allocation
can be applied on the MachSUIF IR. Finally, the MachSUIF backend is used to generate the
threaded alpha assembly code, which is fed to a cycle-accurate simulator. Our loop recreation is
implemented in the three new modules that are highlighted in gray.

Our three new modules all operate on the MachSUIF IR. The dependence analysis module
builds the DDG for a loop. The MachSUIF IR is not in SSA form. So both anti and output
intra-iteration dependences are included in the DDG. The data dependences for scalars are found
using the standard def-use information. The dependences for memory variables such as arrays
and pointers are analyzed in the SUIF IR and passed to the MachSUIF IR. The “probability” of
a synchronized register dependence is calculated as described in Section The “probability” of
a memory dependence is obtained by the profiling module. Our loop recreation module reads the
MachSUIF IR of a loop and produces the parallelized code in the form of MachSUIF IR.

In our implementation, the loop recreation pass is invoked just before MachSUIF’s register
allocation pass. All virtual registers in the MachSUIF IR are candidates for synchronization. All
spilled scalars may be synchronized as described in [I8] or speculated as memory variables. For
all the applications used in our experiments, no spilling has occurred. Loop recreation can also be
invoked after MachSUIF’s register allocation pass. But some anti- and output intra-dependences
artificially introduced on physical registers may reduce some loop recreation opportunities.
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Figure 12: A compilation framework for loop recreation.

5.2. Benchmarks

We examine nine irregular applications to evaluate our work, two benchmarks from [28], two
kernel loops from SPEC benchmarks, and five benchmarks from the SparseBench suite.

Irreg and Nbf are from [26]. Irreg is a representative of iterative PDE solvers found in
computational fluid dynamics (CFD) applications. In such applications, unstructured meshes are
used to model physical structures. The computation kernel is a two-deep nest, where the outer
loop is a time loop and the inner loop is parallelized. Nbf is a widely used kernel abstracted
from the GROMOS molecular dynamics code. It computes a force between two modules and
applied to their velocities. The computation kernel is a three-deep nest, where the outermost
loop is a time loop and the middle loop enumerates all the atoms available. Its innermost loop is
parallelized. For these two benchmarks, the input graphs used to collect profiling information (i.e.,
the probabilities of memory dependences) are di [erent from the input graphs used in simulation.
For Irreg, an input graph with 131072 nodes and 3538944 edges is used in simulation. About 1
billion instructions are simulated after about 5 billion instructions have been fast-forwarded. For
Nbf, an input graph with 87808 nodes and 2370816 edges is used in simulations. About 1 billion
instructions are simulated after about 3 billion instructions have been skipped.

Wave5 and Fma3d are two kernel loops from SPEC95 and SPEC2000 benchmarks, respectively.
Wave5 solves Maxwell’s equations and particle equations of motion on a Cartesian mesh with
a variety of field and particle boundary conditions. We have selected loop 120 in subroutine
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parmvr and will refer to it as Wave5-120 from now on. To model the fact that there are tens
of thousands of calls to parmvr, an outer loop with an iteration count of 4000 is added for this
kernel loop. Fma3d is a 3D inelastic, transient dynamic response simulation code based on finite
element analysis. The loop selected, named Fma3d-NUMP4, is the one with the upper bound NUMP4
in subroutine SCATTER_ELEMENT_NODAL_FORCE_PLATD, which has 721 invocations. The inner loop,
which has eight iterations, are fully unrolled. To simulate these many subroutine invocations, an
outer loop with an iteration count of 20 has been added. For these two SPEC benchmark loops,
the train inputs are used to collect profiling information while the reference inputs are used in
simulations. Wave5a-120 and Fma3d-NUMP4 are simulated for about 0.5 billion instructions each
after 12 and 15 million instructions have been skipped, respectively.

Bulkgmres, Classical-gs, Reference, Naive-ilu and Long-vector are taken from
SparseBench [1J]. SparseBench is a benchmark suite of iterative solvers for sparse linear systems
used in numerical analysis. SparseBench comes with several dilerent matrix storage formats,
preconditioners and iterative methods. All our Sparsebench benchmarks use the Diagonal storage
format, the ILU preconditioner, and two iterative methods for sparse systems of linear equations:
the GMRES (Generalized Minimum Residual) method and the CG (Conjugate Gradients)
method. Reference is the reference code. Naive-1ilu is similar to Reference except that a naive
coding for a regular ILU solver is used. Long-vector provides a contiguous storage of diagonals
in regular storage (a generalization of diagonal storage). In these three benchmarks, the CG
method is employed. On the other hand, Bulkgmres and Classical-gs use the GMRES method
with dilerknt GMRES orthogonalization algorithms: the former uses QR factorization after
building a Krylov subspace while the latter uses the classical Gram-Schmidt orthogonalization.
The parallelized loops reside in the preconditioners of these benchmarks. For all five benchmarks,
a 40° x 40° matrix is used in simulations and a 38 x 383 matrix is used to collect profiling
information. All SparseBench benchmarks are simulated for about 100 million instructions after
about 2.2 billion instructions have been skipped initially.

Note that all the loops being parallelized except those in Naive-ilu have one single basic
block each. Therefore, existing whole-program techniques such as [I1}, [ZZ] will parallelize them
by mapping their loop iterations directly into threads as Par does. Naive-ilu consists of four
control-intensive loops. Existing whole-program techniques may parallelize it as Par does due to
the high dependence probability between adjacent loop iterations or in the same way as LRT
does if they use the cost model introduced in this work for LRT. Once again, value prediction
is ine [edtive for all these applications since memory accesses are made mostly via subscripted
subscripts and there are no obvious patterns among the values accessed. Furthermore, in each
loop nest being parallelized, no DOALL loops are found.

Note that for all simulations in this work, each program is run for the same set of (consecutive)
iterations of the threaded loops generated by three dilerent methods, LRT, Par and SPT, as
discussed in Section As a result, a fair comparison for their performance results can be made.

5.3. Methods Compared

We evaluate the performance improvements of LRT over two methods, Par and SPT as described
in Section @ We will also give the speedups of LRT over sequential programs (denoted by Non).
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Table 1. Configuration of SpMT architecture.

| Parameter | Value
Fetch, Issue, Commit | bandwidth 4, out-of-order issue
LD/ST queue 32/32
Function Units 4 int, 2 fp, 1 branch
Branch Prediction 2K BTB, mispred. penalty 11 cycles
L1 I-Cache 16KB, 4-way, 1 cycle (hit)
L1 D-Cache 16KB, 4-way, 3 cycles (hit)
MDT [14] 16KB, 4-way, 2 cycles (L1 to MDT)
L2 Cache (shared) 1MB, 4-way, 12 cycles (hit), 80 cycles (miss)
Local Register File 1 cycle
Interconnect Latency | 3 cycles
Spawn Overhead 5 cycles
Squash Overhead 15 cycles

For Par and LRT, the pre-fork region of a parallelized loop serves only to compute the value of
the loop variable for the successor thread. On the other hand, SPT may keep more instructions
in the pre-fork region to further reduce misspeculation penalties as described in [].

In our simulation of SPT, full rather than partial re-execution is used. in [Z], SPT is guided by
a misspeculation cost model to parallelize a given loop. In particular, the ratio of pre-fork/post-
fork is a user-controlled rather than compiler-determined parameter. In our experiments, the best
solutions it could ideally generate for all nine programs are experimentally found and used. For
Irreg, Nbf, Bulkgmres, Classical-gs, Reference, Naive-ilu and Long-vector, SPT generates
the same parallelized loops as Par. In each case, the pre-fork region serves only to compute
the value of loop variable for the successor thread. Therefore, the results for SPT and Par as
depicted in Figures[[3 and 5(c) - (i) are identical. For Wave5-120, there are six sections of code
exhibiting the same dependence patterns as those in our motivating example (given in Figure ().
SPT achieves the best result when the ratio of pre-fork/post-fork is 1/5, in which case about half
of a code section in two of the six sections are moved into the pre-fork region. For Fma3d-NUMP4,
the number of code sections with similar dependence patterns as those in the motivating example
is 12. The four of these code sections end up each being split evenly in the pre-fork and post-fork
regions. So the ratio of pre-fork/post-fork also happens to be 1/5.

5.4. SpMT Architecture Simulated

We consider a multicore SpMT system where all cores are connected through a unidirectional
ring-type network. Each core has its private function units, register file, L1 instruction data and
L1 data cache. All the cores share a common L2 unified cache. Each core is capable of executing
the Alpha ISA with the main parameters of the architecture listed in Table [l

The register dependences are synchronized by asynchronous communication through the ring
bus between two cores as in Voltron’s queue model [33]. As in Section 2 a pair of post and
wait instructions is inserted by the compiler to communicate a register value defined in the
post-fork region between adjacent cores. The interconnect latency is 3 cycles: 1 for post, 1 per
hop to transmit the value and 1 for wait. The fork instruction uses the same queue model for
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forwarding inter-iteration register values. A latency of 5 cycles for “Spawn Overhead” is assumed
for the spawning of a thread. This su [ced for LRT and Par since fork forwards only the value of
the loop variable to the successor core but may be an underestimate for SPT for some loops.

In our simulator (developed based on SimpleScalar), we detect misspeculated dependences using
the memory disambiguation table (MDT) [14], which sits between the L1 data cache and L2
cache. When there is a memory-based data dependence violation, MDT will detect the violation
and notify the misspeculated thread to be squashed. The latency for accomplishing this is 15
cycles as given in Table [, including the time on sending a squash signal to the misspeculated
thread, the time on flushing its speculative writes and related entries in the MDT, the time on
squashing all more speculative threads, and the time on restoring the machine state for thread
re-execution (with some of these being done in parallel). When a thread commits, any dirty line
that has not been displaced from the corresponding private L1 cache is flushed. So the commit
overhead includes the overhead for updating the system state and writing such lines to the L2
cache.

Before a loop is executed, the registers holding all live-in values for the loop are copied to all
cores. This happens only once for a loop since the inter-iteration register dependences in a loop
are synchronized. The time spent on this single copy operation associated with a loop is negligible
compared to the total execution time of the loop.

6. Experimental Results

We first compare all methods by presenting some static and dynamic statistics about our
benchmarks. We then demonstrate and analyze the performance advantages of LRT over Par and
SPT under two squash mechanisms described in Section I The performance results are obtained
and compared on two-, four-, six- and eight-core systems. In the figures presented below, L stands
for LRT, P for Par, S for SPT, N for Non, EA for “Eager Squash”, and LA for “Lazy Squash”.

6.1. Benchmark Statistics
6.1.1. Compiler-Time Statistics

Table [ presents some compile-time statistics about the nine benchmarks used in our experiments.
Columns 2 — 5 are concerned with the time complexity of LRT while Columns 6 — 9 compare
all the methods in terms of their misspeculation probabilities. As expected, N, is small for
all nine benchmarks. For Irreg, Nbf, Bulkgmres, Classical-gs, Reference, Naive-ilu, and
Long-vector, Cag(G) is empty. So the numbers of flow networks built for each of these seven
benchmarks is no larger than N,z + 1 = 4. For Wave5-120 and Fma3d-NUMP4, the number of flow
networks built by LRT is 12288 each. However, by applying the pruning strategy discussed in
Sections T4 and 2, LRT is e [cieht in finding the optimal solution in each case. The compile
times by LRT for Wave5-120, Fma3d-NUMP4, Irreg, Nbf, Bulkgmres, Classical-gs, Reference,
Naive-ilu, and Long-vector are 54.93, 33.25, 1.71, 1.83, 7.04, 7.02, 7.03, 3.26 and 7.02 msecs,
respectively. So our algorithm is e [cieht for handling loops in real applications.

According to Columns 6 — 9, the misspeculation probabilities P (D) of the original loops in the
nine benchmarks are high. While Par never changes P(D), SPT is e [edtive only for Wave5-120.
On the other hand, LRT has significantly reduced P (D) for each benchmark. To get a feel about
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Table I1. Compile-time statistics for benchmarks.

Benchmark || #Nodes | #Edges | [Cag(G)| | Nieg P(D) P(@
Non | LRT | SPT | Par
Wave5-120 796 1572 12 2 0.82 | 0.05|0.76 | 0.82
Fmda3d 868 1864 12 2 0.99 | 0.00 | 0.99 | 0.99
Irreg 85 173 0 2 0.85 | 0.19 | 0.85 | 0.85
Nbf 80 189 0 2 0.87 | 0.04 | 0.87 | 0.87
Bulkgmres 178 610 0 3 1 028 1 1
Classical-gs 178 610 0 3 1 028 1 1
Reference 178 610 0 3 1 0.28 1 1
Naive-ilu 89 223 0 3 0.97 | 0.33|0.97 | 0.97
Long-vector 175 605 0 3 1 027] 1 1

the optimal loop partitions found for the nine benchmarks, the size of Gyop (relative to that of a
single iteration) is 47% for Wave5-120, 67% for Fma3d-NUMP4, 28% for Irreg, 11% for Nbf, 76%
for Bulkgmres, 76% for Classical-gs, 76% for Reference, 81% for Naive-ilu, and 76% for
Long-vector.

6.1.2. Runtime Statistics

Figure L3 compares the thread squash ratios of a program parallelized by LRT, Par and SPT under
the LA and EA squash mechanisms. The squash ratio of a program is referred to as the percentage
of the number of squashed threads over the total number of spawned threads. In each benchmark,
a thread is squashed mainly due to data dependence violations. However, some threads are also
squashed when the back edge of a parallelized loop is violated, which is the only form of control
dependence violations in this work.

6.1.2.1. Misspeculation As mentioned in Section the pre-fork region of a loop parallelized
by LRT and Par serves only to compute the value of its loop variable for the successor thread. So
the squash ratio di [erence between LRT and Par represents a rough estimate of the misspeculation
possibility dynamically reduced by LRT for the loop. This degree of runtime reduction is consistent
with the misspeculation possibility statically reduced by LRT for the loop given in Table [l

The parallelized loops for Fma3d-NUMP4, Irreg, Nbf, Bulkgmres, Classical-gs, Reference,
Naive-ilu, and Long-vector by LRT are free of inter-thread memory dependences. Thus, LRT has
the smallest squash ratio among all methods compared under either squash scheme. In addition,
its squash ratios (due to mainly control misspeculations) are relatively small in all programs. The
largest LRT squash ratio are in Nbf, which attracts a squash ratio of 4% with two cores and
of 20% when eight cores are used. These squashes are caused by control misspeculations since
the iteration count of the parallelized loop, which is nested inside two other loops, is small. In
general, Par su [erk the highest squash ratios for all programs in all configurations. Note that Par
and SPT have parallelized Nbf, Irreg, Bulkgmres, Classical-gs, Reference, Naive-ilu, and
Long-vector in exactly the same way, as explained earlier.
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Figure 13: Misspeculation penalties of LRT, Par and SPT.

6.1.2.2. Synchronization Initially, all sequential loops in our benchmarks are free of inter-
iteration register dependences. Therefore, there are no synchronized register dependences in the
parallelized loops generated by Par and SPT. So these two algorithms need not to be analyzed.

In all the nine benchmarks except Fma3d-NUMP4, LRT has transformed some intra-iteration
register dependences into inter-iteration register dependences. Figure[[dshows the synchronization
costs incurred by LRT. Fma3d-NUMP4 is synchronization-free. The synchronization costs in
Wave5-120, Irreg and Nbf are small, representing less than 4.3% of their total execution
times. In the remaining five benchmarks, Bulkgmres, Classical-gs, Reference, Naive-ilu
and Long-vector, relatively larger synchronization costs are observed. In each of these five
benchmarks, LRT has introduced an inter-iteration register dependence with a relatively large
weight (indicating the desired synchronization delay) in order to avoid speculating some inter-
iteration memory dependences in the original loop that always or nearly always happen. Despite
the large synchronization costs incurred in these five benchmarks, LRT outperforms Par and SPT
as discussed shortly below due to the excessive misspeculation overhead successfully eliminated
by LRT (Figure [(3). These results show that the optimal solution found by LRT for a program
tends to minimize the total synchronization and speculation overhead for the program.

The results under both squash schemes are similar for LRT due to similar misspeculation
statistics observed.
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Figure 14: Per-thread synchronization penalties for LRT.

6.2. Speedups and Analysis
6.2.1. Speedups

Figure [[8 compares all the methods in terms of their performance results. All the execution times
are normalized with respect to LRT. So the execution time for a particular method represents
the speedup of LRT over that method. As a result, when comparing the execution time bars of a
pair of methods in a configuration, the method with a lower bar generates faster code and is thus
better than the other method.

First of all, we observe that LRT improves scalably the execution time of every sequential
program. Note that the performance improvements (of LRT over Non) under both squash
mechanisms are nearly the same. Thus, the normalized execution times presented in Figure [§
happen to also allow us to find out how well a particular method works for a program under the
two diCerknt squash mechanisms.

Next, let us take a look at the performance improvements of LRT over Par. For every benchmark,
the speedup of LRT over Par under each squash scheme generally increases as the number of cores
increases. In general, Par performs better under EA than under LA. In the case of Wave5-120 and
Fma3d-NUMP4, Par has almost degenerated into Non. In the case of Bulkgmres, Classical-gs,
Reference, Naive-ilu and Long-vector, the dependences that cause most misspeculations are
located at the end of each parallelized loop. Therefore, the Par results under EA and LA are nearly
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the same for these five benchmarks. However even when EA is assumed, LRT outperforms Par in
nearly all configurations. The speedups of LRT over Par on an eight-core system for Wave5-120,
Fma3d-NUMP4. Irreg, Nbf, Bulkgmres, Classical-gs, Reference, Naive-ilu and Long-vector
are 1.68, 1.59, 3.69, 3.55, 1.21, 1.18, 1.17, 1.06 and 1.32, respectively. Due to cache e[edts (as
explained in Section BEZ2), some slight performance slowdowns are observed when Fma3d-NUMP4
is run on two- and four-core systems.
Finally, let us examine the performance improvements of LRT over SPT. SPT achieves nearly
the same results for all the nine programs except Nbf under both squash mechanisms. When LA
is used, the speedups of LRT over SPT on an eight-core system for Wave5-120, Fma3d-NUMP4,
Irreg, Nbf, Bulkgmres, Classical-gs, Reference, Naive-ilu and Long-vector are 1.70, 1.59,
3.74, 3.88, 1.21, 1.18, 1.17, 1.06 and 1.32 respectively. If EA is used instead, these numbers
become 1.54, 1.59, 3.69, 3.55, 1.21, 1.18, 1.17, 1.06 and 1.32, respectively. Again, due to cache
e [edts, some slight performance slowdowns are observed when Fma3d-NUMP4 is run on two- and
four-core systems.
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Figure 16: L1 data cache misses of Fma3d-NUMPA4.

6.2.2. Cache E[ecks

When Fma3d-MUMP4 is run on two- and four-core systems, LRT performs equally as or slightly
worse than Par under EA and than SPT under both LA and EA. As mentioned in Section B2, the
Fma3d-MUMP4 loop is parallelized only after its eight-iteration inner loop has been fully unrolled.
This creates possibly accesses to all fields of eight di [erknt structure elements of an array, named
FORCE. In contrast with Par and SPT, LRT forms a new loop iteration from the instructions in
two adjacent iterations in the Fma3d-MUMP4 loop. As a result, LRT has happened to decrease the
amount of spatial reuse among these accesses in the L1 data cache private to each core. The
performance slowdowns of LRT in two- and four-core cases are due to increased L1 data cache
misses shown in Figure [[8 As the number of cores increases, LRT outperforms Par and SPT
since the more parallelism exposed by LRT has significantly more than o [Sekt the cache e [edts.
The lack of su [cieht cores makes it di Ccullt to harness the amount of parallelism exposed by
our loop recreation technique, as indicated in Figure 4l We have verified that LRT will slightly
outperform Par and SPT if the extra L1 cache misses had not occurred in the two- and four-core
configurations.

6.2.3. Eager Squashes vs Lazy Squashes

Now, let us examine the impact of two squash mechanisms on the performance of all nine
benchmarks in Figure[[d Let us consider Wave5-120 first. Recall that its loop body can be divided
into six sections with each sharing the same dependence characteristics as the motivating loop
given in Figure X(b). LRT has parallelized each section as shown in Figure P(e). As a result, LRT
performs similarly under both squash mechanisms since misspeculations are infrequent (as shown
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in Figure[L3). This fact can be deduced in Figure I8 where the two N bars in each configuration
have the same height (up to two decimal points). In the case of Par, the loop body of its parallelized
loop consists of a frequently occurring memory dependence in each of its six above-mentioned code
sections (as illustrated in Figure PI(c)). Therefore, Par su [erk frequent misspeculations under LA
(as shown in Figure [[3) to the extent that the threads are nearly sequentialized (as shown in
Figure [[A). From Figure we can see that by squashing misspeculated threads earlier for
Wave5-120 under EA, the squash ratio has been reduced in the two-core case but sulers a
slight increase when eight cores are used. In either case, by squashing misspeculated threads
and restarting them earlier, more parallelism can be attained. The parallelized Wave5-120 from
Par runs 1.97 (3.95) faster under EA than under LA in the two-core (eight-core) configuration.
In the case of SPT, the ratio of pre-fork/post-fork is 1/5. Due to this delay in spawning threads,
speculated memory dependences behave similarly in both squash schemes. So the performance
variations in both cases are small.

The situation for Fma3d-NUMP4 is similar to that for Wave5-120.

For Irreg and Nbf, LRT behaves identically under both squash schemes since its parallelized
loops for both programs are free of inter-thread memory dependences. Both Par and SPT generate
the same parallelized code. So their performance results for each program are identical. Let us
examine Par. The dependence violations for 1rreg usually happen at the end of a loop iteration. So
small performance variations are observed under both squash schemes. The dependence violations
for Nbf happen slightly earlier in a loop iteration. As a result, Par performs better under EA than
under LA for Nbf. The performance results for Bulkgmres, Classical-gs, Reference, Naive-ilu
and Long-vector are similar to that for Irreg.

7. Related Work

Loop recreation works on any architecture that provides hardware support for speculative
multithreading (SpMT). Therefore, we will review only some compiler techniques related to
this work. The seminal work known as Multiscalar on SpMT started more than one decade [8].
Since then, a large amount of research work has been done to exploit parallelism from sequential
programs. We first review loop-oriented speculative parallelization techniques and then general-
purpose ones. To the best of our knowledge, most existing loop-oriented techniques such as
@, 24, 25, 30, B2, 31, [34] turn loop iterations into dilerent speculative threads. For SpMT
systems that support value synchronization, frequently occurring dependences are synchronized
24, 32, B1]. The post and wait instructions associated with a synchronized dependence are
moved as close as possible. As a result, the time for communicating the required values can be
reduced. In this work, we have adopted the technique described in [32] to insert the post and
wait instructions required for synchronized register dependences.

Loop transformations and optimizations may be applied to uncover the loop-level parallelism
hindered by some inter-iteration dependences. The SPT compiler [[7] attempts to pre-compute
some inter-iteration dependences by moving the producer instructions of the dependences into
the pre-fork region (subject to their cost model), thereby reducing squashes caused by frequently
occurring inter-thread dependences. In [34], some loop transformations such as loop fission are
employed to remove, isolate or pre-compute the inter-iteration dependences that are likely to be
misspeculated. In [24, [31], the researchers optimize speculative threads by move the instructions
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associated with a frequently occurring inter-iteration dependence as close as possible. However,
all these transformations and optimizations do not attempt to alter the nature of a dependence.
This means that whether a dependence is an intra- or inter-iteration dependence is not changed.

The work of [Z8] (Speculative DSWP) represents a di [erent way to extract threads from loops.
It pipelines one single loop iteration across multiple cores so that same code slice of all loop
iterations (a pipeline stage) forms a long-running thread. Misspeculated long-running threads are
rolled back by means of checkpointing and versioned memory. Hence, load balance is crucial for
their technique. By allowing a pipeline stage itself to be parallelized, their later work [23] alleviates
part of the load balancing problem for non-speculative parallelization. In [4], an extension of
their parallel-stage DSWP to SpMT is briefly mentioned, but the required hardware support
on misspeculation detection and recovery is much more complicated than that introduced in
[28]. Sequential and parallel stages have to be handled di Lerkntly due to the acyclic dependences
assumed among the sequential stages and the round-robin distribution of the instances of a parallel
stage. Furthermore, parallel stages may need to be grouped together if more than one stage is
parallelized. Note that LRT can also be used to improve the speculative parallelism inherent in
their parallel stages if they are allowed to be speculatively parallelized. In general, as mentioned
earlier, LRT is typically used as a prepass or postpast to further improve such existing TLS
techniques.

Some general-purpose compiler techniques [3} [LT, 22, [29, [16, [L3] can walk through the CFG of
a program and form threads at the boundaries of control flow edges. Let us examine how loops
are handled. The earlier algorithm used in the Multiscalar project [29] forms threads only at
loop boundaries. The follow-up work [3, 16, [13] may allow large loop iterations to be sliced into
multiple threads but loop boundaries remain to be thread boundaries. The Mitosis compiler [22]
and the work [TI] may turn some basic blocks in a loop into a thread. But they are not designed
to specifically maximize the speculative parallelism in loops. For instance, when a loop has one
single basic block, they will still restrict threads to loop boundaries.

Both loop-oriented or general-purposed speculative parallelization techniques may be
augmented by some TLS enhancement techniques. Value prediction techniques [[7, 22, [16, [13] are
used to predicate some live-in values for a thread to reduce misspeculation penalties. For example,
once a thread is created, the Mitosis compiler [22] will generate a piece of code (called P-slice)
to predict the live-in values for each speculative thread. P-slices are not necessarily part of the
original program and the values they produce do not have to be correct. However, these techniques
may not be e [edtive for irregular applications accessing arrays via pointers and indirection arrays.

Helper threads [6, 15, 17, 35] are used to speculatively execute of a code region to prefetch
some expensive instructions (i.e. instructions with large latency value) in the region. A helper
thread for a loop may be formed from any of its instructions in any order since the helper thread
does not have to be concerned with program correctness. However, as a loop transformation, loop
recreation is correctness-preserving.

8. Conclusion

The development of speculative parallelization techniques for improving the performance of
sequential programs is very challenging. In this paper, we present a new compiler technique,
called loop recreation, for restructuring a loop into a prologue, a kernel loop, an epilogue so that
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the kernel can yield higher speculative loop-level parallelism than the original loop on SpMT
architectures. We present an algorithm for finding an optimal loop recreation transformation
with respect to a simple cost model. We demonstrate significant performance advantages of loop
recreation over some recent techniques using nine representative irregular applications. Our work
is orthogonal to many existing TLS techniques and can thus be implemented as a prepass or
postpass to enhance these existing techniques.
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APPENDIX A. Optimality of LRTmem

Lemma 3. Let Gy = (V¢,Ef,Cy) [CH. If {Viop, Vbot} is @ legal loop recreation for G, then
(Viop L8}, Vot [M}) is a s-t cut that is free of co-weighted cut edges in G, and conversely.

Proof. By Lemmalll G; is constructed so that if u — v is an intra-iteration dependence in G (or
equivalently in Gin), C;(v,u) = oo (line 8). Hence, “=[""hblds. To prove *“ [="]lwe note further
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that no s-t cut (S, T) in Gy that is free of co-weighted cut edges can include v - u as a cut edge.
In other words, u — v (T, S) holds. Hence, {S\ {s}, T \ {t}} is legal for G. 1

Theorem 1. In LRTmem, {Sopt \ {8}, Topt \ {t}} returned by Process_FN is optimal.

Proof. LRTmnem is developed under the assumption that D = Dyem. Due to (@) and Lemma B,
finding an optimal loop recreation in G amounts to solving min-cut problems for the flow networks
in F. Let Gy [H a flow network. Let G, be defined in line 3 of Process_FN. It su [ced to show
that no inter-iteration dependence has had its weight counted more than once in (Sopt, Topt),
which is the minimum cut found, say, in Gopt [H. Assume to the contrary that there exists a
dependence, u — v, that is multiply counted, which must happen as shown in Figure B(a.4) or
(b.4). For reasons of symmetry, let us assume the former is the case. Then (Sept, Topt) Must
include both s — v and u - t. Let G;,, [—H be another flow network that is the same as
Gopt €xcept that u — v is duplicated as shown in Figure Bi(b.4). Then (S;,, T,,), which is
derived from (Sopt, Topt) With its s — v and u — t removed and u — v added, must be an s-
t cut as illustrated in Figure B(b.3). This implies that (Sg, T,,.) has a smaller capacity than

(Sopts Topt), 1-6., CAP(Sg, Top) < CAP(Sopt, Topt) since the weight of every duplicated edge

is positive by Definition Bl A contradiction has been reached. Therefore, The loop recreation
{Sopt \ {s}, Topt \ {t}} returned by Process_FN is optimal. —1

APPENDIX B. Optimality of LRT

Theorem 2. In LRT, {Sopt \ {S}, Topt \ {t}} returned by Process_FN is optimal.

Proof. Applying Lemma[land proceeding exactly as in the proof of Theorem[ we find that every
memory dependence in D has exactly one copy in (Sopt, Topt). L&t (Sept, Topt) DE @ minimum cut
found in a flow network contained in F;,. It su [ced to show that I, is the smallest synchronization

delay incurred. Assume to contrary that there exists another minimum cut (S, T,,;) in some

F; satisfying CAP(S] T;pt) < CAP(Sopt, Topt) such that I; < I,. If this were the case, then

opt?
(Sopts Tapt) Would have been returned as the optimal solution by Process_FN. —1
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