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ABSTRACT

When vectorizing programs for modern processors with SIMD
extensions, IF-statements pose a challenge: existing vectorization
approaches often introduce redundant computations or they resort
to inefficient masked instructions.

In this paper, we introduce a new notion of warp-coherence for
conditions that exhibit coherent run-time behavior on different
lanes of a vector register. We demonstrate that warp-coherent con-
ditions appear frequently in practice. We present Warp-Coherent
Condition Vectorization (WCCV) - an approach to detecting and
optimizing IF-statements with warp-coherent conditions - to effi-
ciently vectorize programs with IF-statements while avoiding the
overhead of existing methods. WCCV detects warp-coherent condi-
tions via the affine analysis of conditional boolean expressions and
branch predication of IF-statements; the runtime code generated by
WCCV avoids redundant computations and masked instructions.
We employ auto-tuning to find the optimal benefit-overhead ratio
for WCCV. We implement WCCV on top of Region Vectorizer (RV) -
an LLVM-based vectorizing compiler, and we conduct experiments
on the Rodinia benchmark suite, achieving a mean speedup of
1.14X over the original vectorized and optimized code, and speedup
between 0.98x and 7.02x over the scalar code on Skylake with
AVX512.

CCS CONCEPTS

« Computer systems organization — Single instruction, mul-
tiple data; . Software and its engineering — Compilers; -
Computing methodologies — Parallel programming languages.

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than the
author(s) must be honored. Abstracting with credit is permitted. To copy otherwise, or
republish, to post on servers or to redistribute to lists, requires prior specific permission
and/or a fee. Request permissions from permissions@acm.org.

ICS ’19, June 26-28, 2019, Phoenix, AZ, USA

© 2019 Copyright held by the owner/author(s). Publication rights licensed to ACM.
ACM ISBN 978-1-4503-6079-1/19/06...$15.00
https://doi.org/10.1145/3330345.3331059

319

Florian Fey
University of Miinster
Minster, Germany
feyf@uni-muenster.de

Sergei Gorlatch
University of Miinster
Miinster, Germany
gorlatch@uni-muenster.de

KEYWORDS

Vectorization, IF-statements, SPMD-on-SIMD, Compiler Optimiza-
tion, Warp-Coherence

ACM Reference Format:

Huihui Sun, Florian Fey, Jie Zhao, and Sergei Gorlatch. 2019. WCCV: Im-
proving the Vectorization of IF-statements with Warp-Coherent Condi-
tions. In 2019 International Conference on Supercomputing (ICS ’19), June
26-28, 2019, Phoenix, AZ, USA. ACM, New York, NY, USA, 11 pages. https:
//doi.org/10.1145/3330345.3331059

1 INTRODUCTION

Most modern processors employ SIMD extensions (Single Instruc-
tion Multiple Data) that achieve high performance by simultane-
ously operating on the elements of vector registers. Historically,
auto-vectorization approaches rely on two main techniques - loop
vectorization [27] and SLP (Superword Level Parallelism) vectoriza-
tion [13] - which are implemented in widely used compilers, like
GCC, LLVM, Intel ICC. Unfortunately, the performance of auto-
vectorization is sometimes much worse than expected in real-world
applications when compiled using typical optimization flags [31].
On the other hand, using intrinsics, i.e., low-level interfaces for
SIMD instructions, requires from the application developer a very
deep knowledge of the target hardware architecture. The SPMD-
on-SIMD programming model - originated by Intel in their ISPC
compiler [19] and increasingly popular recently [8, 11] — allows
the programmer to specify parallelism explicitly in the SPMD (Sin-
gle Program Multiple Data) style, while the compiler takes care of
SIMD code generation.

We aim to improve the state of the art in vectorizing programs
for efficient execution on CPUs with SIMD extensions within the
SPMD-on-SIMD model. In this model, an SPMD program describes
parallelism in terms of kernels: multiple kernel instances (threads)
operating on different data can be executed simultaneously. We
focus on the challenge of utilizing SIMD extensions by mapping
threads onto vector registers, with each SIMD lane computing one
thread, while the well-understood aspect of using available cores
through multi-threading is out of scope of the paper.

Inspired by the GPU terminology, we denote threads that are
simultaneously executed in lock-step on different lanes of a vec-
tor register as a warp. The number of threads in a CPU warp is
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determined by both the target vector instruction set and the data
type. For example, on Intel CPUs with AVX512 extensions, each
extension has 32 vector registers, each of which can process 16
floating-point values with a single SIMD instruction; therefore, in
this case, a warp consists of 16 threads. Whenever the execution of
a warp encounters a conditional statement, there is a possibility of
thread divergence that hampers performance. A typical solution
to address this divergence in vectorization is that the control flow
is converted into data flow using software predication techniques,
such as masked instructions: both branches of an IF-statement are
executed one after the other, masking out the inactive threads. Such
methods are referred to as IF-conversion or linearization [1, 10, 25].
They introduce redundant computations and resort to masked in-
structions that are comparatively slow. Loop unswitching [29] and
partial linearization [17] alleviate this problem to some extent by
analyzing and retaining the IF-statements when all threads execute
the same branch.

Our approach is based on the new notion of warp-coherent con-
ditions that exhibit similar runtime behavior on different lanes
of a vector register. We present Warp-Coherent Condition Vector-
ization (WCCV) that exploits warp-coherence in conditions and
achieves optimization opportunities for programs with such IF-
statements that are usually missed by existing vectorization ap-
proaches. WCCV detects warp-coherence via the affine analysis
of conditional boolean expressions and branch predication of IF-
statements. For warp-coherent conditions, the generated runtime
code avoids the overhead of existing methods. We employ auto-
tuning to find the optimal benefit-overhead ratio when applying
WCCV.

Warp-coherent conditions are widely used in real-world appli-
cations. For example, Partial Differential Equation (PDE) solvers
process elements guarded with boundary check conditions: binary
search algorithms repeatedly evaluate a condition until the first
matching element is found. The boolean expression values of these
conditions change only once across the range of thread identifiers.
We call such conditions boolean-step conditions. Computational
Fluid Dynamics (CFD) simulations process elements depending on
their specific types, which only differ for a few boundary elements.
The boolean expression values of these conditions have higher prob-
abilities for one branch; we call them high-probability conditions. In
these cases, a change in branching behavior occurs rarely, resulting
in taking the same branch for a large fraction of adjacent elements
in such applications. As a result, both boolean-step conditions and
high-probability conditions are warp-coherent conditions that pro-
vide a potential for optimization, as long as it is possible to reliably
detect them.

Fig. 1 shows how these different kinds of conditions are related
to each other.

WCCV uses two different methods to detect warp-coherent con-
ditions. The first method detects boolean-step conditions based on
static affine analysis. Affine analysis is usually used for analyzing
memory access patterns [15, 23], while we use affine analysis to
analyze the variables and expressions used in conditions in order to
detect a boolean-step condition. If the static affine analysis fails, we
use the second method based on the branch probability estimation
to identify high-probability conditions. We develop a cost model
based on the estimated branch probability and branch cost: if a
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Figure 1: Relation between different kinds of conditions

certain branch is more likely to be executed and the corresponding
branch cost is greater than a threshold, we treat the corresponding
condition as warp-coherent. We use auto-tuning to determine the
optimal thresholds for various target platforms and applications.

For each detected warp-coherent condition, WCCV inserts a
runtime check of whether all threads within a particular warp
execute the same branch. If the runtime check succeeds, we sub-
stitute our implementation variant for the original code, leaving
out any masked instructions. If the runtime check disproves the
warp-coherent condition, its threads are prone to diverging control
flow, in which case we retain the standard linearization process.
The main idea of WCCV is to reduce redundant computations, in-
cluding masked instructions, introduced by the control flow to data
flow conversion, as used in modern compilers.

Specifically, this paper makes the following contributions.

o We demonstrate that warp-coherent conditions are quite
common in real-world applications, and we show that cur-
rent compilers fail to vectorize such programs efficiently
(Section 2).

e We propose two methods to detect warp-coherent conditions:
one method detects boolean-step conditions based on static
affine analysis, and the other method detects high-probability
conditions based on both static branch probability estimation
and auto-tuning (Section 3).

e We develop a transformation pass for detected warp-coherent
conditions, including the insertion of a runtime check and the
generation of the corresponding code variant before the par-
tial linearization pass. This transformation avoids redundant
computations by reducing the number of masked instruc-
tions, thereby improving the performance of the original
vectorized code (Section 4).

e We implement WCCV (Section 5) at the LLVM-IR optimiza-
tion level on top of Region Vectorizer (RV) [16] which im-
plements partial linearization [17]. Our experiments on a
variety of benchmarks show a mean speedup factor of 1.14
as compared to RV, and factors between 0.98 and 7.02 as com-
pared to scalar code on Skylake with AVX512 (Section 6).

2 BASIC IDEA

In this section, we first introduce some typical example programs
with warp-coherent conditions. Then, we present a motivating
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code example with divergent control flow, and examine how the
approaches used in modern compilers vectorize this specific exam-
ple. We conclude this section by explaining how we can exploit
warp-coherent conditions to vectorize this example efficiently and
decrease the number of masked instructions.

2.1 Programs with Warp-coherent Conditions

Table 1 lists six programs, of which five are taken from the Rodinia
benchmark suite [6] and one from AOBench [3]. The table also
shows the domain of the programs as well as the so-called Berkeley
Dwarf taxonomy [4]. Using WCCV, we can verify that they all
have warp-coherent conditions: (1) kmeans and particlefilter have
boolean-step conditions; (2) aobench and cfd have high-probability
conditions; and (3) b+tree and nw have both kinds of conditions.
Here we show these programs only for concept presentation, more
programs with warp-coherent conditions can be found in Section 6.

Table 1: Typical programs with warp-coherent conditions

Program Berkeley dwarf Domain
aobench spectral method ray tracer
b+tree graph traversal graph algorithm
cfd unstructured grid fluid dynamics
kmeans dense linear algebra data mining
nw dynamic programming  bioinformatics
particlefilter structured grid medical imaging

2.2 Motivating Example

Listing 1 shows a simplified kernel with an IF-statement, extracted
from the cfd program in Table 1. Note that its control flow stays
unchanged in different variants of the Rodinia benchmark suite
including CUDA, OpenCL and PACXX implementations.

void compute_flux(int* elements)

{
const int tid = get_global_id(9@);
nb = elements[tid]
if (nb >= 0) C1
{

Branch 1(B1);

} else if (nb ==
{

-1) C2

Branch 2 (B2);
} else if (nb == -2) « C3
{
Branch 3 (B3);
}
}

Listing 1: Simplified code segment from compute_flux in cfd

The Control Flow Graph (CFG) of this kernel is shown in Fig. 2a.
To evaluate for each branch the probability that the runtime control
flow falls in this branch, we conduct experiments by measuring the
trigger ratio of each branch. As a result, branch B1 was triggered
with the highest probability of 97.9%, followed by the branch B2
with 2% probability and branch B3 with the probability of only 0.1%.

GCC and LLVM. The usual approach to vectorizing this code in
modern compilers such as LLVM [14] and GCC [7], is by means of
linearization (IF-conversion) that executes all branches with masked
instructions. Masked instructions prevent inactive threads (where
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Figure 2: (a) Control flow graph of code in Listing 1, (b) With
BOSCC gadget to skip B3, (c) With our runtime check and code vari-
ants of B1, (d) (e) (f) show the CFG after (partial) linearization of (a)
(b) (c) respectively. M1, M2 and M3 are masks generated correspond-
ing to C1, C2 and C3 respectively.

the condition is evaluated to false) from accessing memory and
executing the corresponding branch. The control flow graph after
linearization of Fig. 2a is depicted in Fig. 2d, where all branches
are executed one after another with corresponding masked instruc-
tions. However, this solution is inefficient due to the significant
performance penalty caused by the masked instructions. We aim
to reduce the frequency of executing masked instructions using
branch probability as we illustrate later in this section.

WEFYV and RV. The Whole Function Vectorizer [10] and Region
Vectorizer [16] integrate partial linearization which only linearizes
varying branches (different values for different threads) while pre-
serving uniform branches (same value for different threads). In
addition, RV adds a so-called BOSCC gadget that can skip the ex-
ecution of a masked branch if its mask is all-false before partial
linearization.

All branches of our motivating example in Listing 1 are varying.
RV adds a BOSCC gadget to skip B3 since the code falls in C3 with
a low probability of 0.1%. The generated CFG with BOSCC gadget
is shown in Fig. 2b: the ellipse with bold any(M3) is the inserted
BOSCC gadget that is used to check whether M3 has at least one
true bit. It retains the masked B3 branch if its predicate is true, or it
skips B3 when M3 is evaluated to all false bits. This BOSCC gadget
branch is uniform, so it is preserved in the partial linearization
process. The CFG after partial linearization is shown in Fig. 2e,
with B1 and B2 executed one after the other with corresponding
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masked instructions. If M3 is all-false, B3 is skipped; otherwise B3
is executed with the corresponding masked instructions.

2.3 Optimization Opportunity

Masked instructions are used in the linearization phase of modern
compilers such as LLVM and GCC. However, according to the Intel
AVX512 manual [9], the masked instructions are 4 times slower
than the ordinary instructions and their usage requires the redun-
dant execution of branches. Therefore, vectorization using masked
instructions sometimes causes performance degradation. Previous
approaches incur masking overhead, which is unnecessary when
the control flow is actually uniform or warp-coherent, implying
that all register lanes that are used as a mask hold the same value.
Our WCCYV approach executes as few masked instructions as pos-
sible in order to boost the vectorization performance. We detect
warp-coherent conditions and transform them to avoid masked
instructions for warps whose mask is all-true (i.e., true for every
thread within the warp).

For the example in Listing 1, the CFG created using WCCV is
depicted in Fig. 2c, with the runtime check all(M1) and Bivar in
bold font. WCCYV identifies C1 as a warp-coherent condition and
it inserts a runtime check before C1. This runtime check all(M1)
verifies whether M1 is all-true (true for every thread within the
warp). If so then it branches to Blvar; otherwise, it branches to the
original condition check C1. Blvar is a variant of B1 with uniform
condition, which will not be linearized with masked instructions
afterwards. The CFG after partial linearization is shown in Fig. 2f. If
M1 is all true, then Blvar without masked instructions is executed;
otherwise all three branches are executed one after another with
corresponding masked instructions. WCCV differs from the BOSCC
approach: the latter tries to skip the least often executed branch
with masked instructions, while the former attempts to execute
only the most often executed branch without masked instructions.
We elaborate WCCV in the following sections.

3 DETECTING WARP-COHERENT
CONDITIONS

We present two methods to help the compiler automatically detect
warp-coherent conditions: 1) detection of boolean-step conditions
based on affine analysis, and 2) detection of high-probability condi-
tion based on the auto-tuned branch probability estimation. The
first method analyzes the variables used in the conditions using
affine analysis that decides whether the condition is a boolean-step
condition. If it fails, we leverage the existing branch probability
pass of the LLVM compiler and use the Auto-Tuning Framework
(ATF) [21] to find the optimal threshold for branch probability.

3.1 Boolean-step Conditions: Affine Analysis

We call a condition a boolean-step condition iff the value of the
condition only changes once across the range of thread identifiers.
Note that the value of the condition is considered uniform and
would thus not be linearized as described in Section 2.2 if it stays
unchanged in the whole range. We detect boolean-step conditions
by checking that the condition’s expression is affine, and if so, ana-
lyzing it to identify stepping transitions. Boolean-step conditions
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consist of affine expressions and relational operators. An expres-
sion E(i) of the variable i € Z is affine iff it can be expressed in the
form E(i) = ai + b with coefficients a, b € R. Note that E(i) is also
uniform when a is equal to 0.

We extend the traditional affine analysis applied for memory
access patterns [15, 23] to checking boolean-step conditions by
allowing the coefficients and offsets of an affine expression to be
real numbers. In our approach, we allow arbitrary expressions in a
condition, including the presence of real numbers by taking into
consideration various data types including float, double, integer,
etc., except the integer restriction on the loop variable i. Thread
identifiers are obviously affine expressions, as well as constants.
The affinity of complex expressions is recursively determined by
the properties of operators and their respective operands.

Fig. 3 shows how our analysis of affine expressions is used to
detect boolean-step conditions. By recursively propagating the
information about operands, we identify affine expressions and
analyze them to detect boolean-step conditions. We denote affine
expressions with subscript a, uniform expressions with subscript
u, and boolean-step conditions with subscript s. Variable names
are denoted with v and w. Applying unary operators like + and —
to affine operands always yields affine expressions. In particular,
one may interpret such operators as the sign bit of floating-point
arithmetic, and the + operator would be useful when differentiat-
ing positive zero (+0) and negative zero (-0). Unary operators like
(bool) and ! can be interpreted as logical conversion of boolean
expressions, yielding step functions as results. Although boolean
conversion (bool) is not an explicit operator, the underlying op-
eration is important for our analysis. Additive operators applied
to affine operands (including uniform operands) are affine expres-
sions. Multiplicative operators applied to an affine operand and a
constant operand (but not two general affine operands) are affine
expressions. Relational operators with two affine operands yield
boolean-step conditions. It may be impractical to propagate the
affine state for some operators and we, therefore, view the expres-
sion as non-affine. Additionally, we also exclude conditions with
variables and/or non-affine subexpressions.

Unary operators:
+vg > a
(bool)yvg — s
Additive operators:
Va+wg —a
Vg t+wy > a
Multiplicative operators:
Vg *wy — a
Va%WwWy — a
Relational operators:
Vg ==Wg = $

Vg > a
g — s

Vg —Wq —a
Vg —Wy —a

Va/wWy — a

Vg FWqg > S
Vg Swg S Vg =ZWqg S
Vg < Wq > S Vg > Wgq — S

Figure 3: Detecting boolean-step conditions by affine analy-
sis

We also make use of short-circuit evaluation of logical operators
&& and ||. For example, we regard the IF-condition if(a&&bD)...
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as if(a){if(b)...}. We analyze and transform these two conditions
separately.

3.2 High-probability Conditions:
Auto-tuned Branch Probability Estimation

In this section, we discuss detecting high-probability conditions
using the statically computed probability estimation of each branch.
We set an empirical threshold for which we consider high proba-
bilities, and we auto-tune the threshold value to achieve the best
performance for a particular target architecture.

We leverage the existing LLVM branch probability pass - a mid-
level IR pass that statically predicts the relative probabilities of
each branch in the control flow of a kernel. Besides the branch
probability, the cost of the branch is also important as the overhead
of the inserted checks should be amortized by the reduced masked
instructions in the branch. We estimate the cost of each branch by
accumulating weighted cost of instructions in the target branch. We
use the auto-tuning framework ATF [21] to obtain good threshold
values for the two JIT-compilation parameters — branch probability
and branch cost - for different applications and target architectures.

Listing 2 demonstrates the usage of ATF for auto-tuning these
two parameters for the example application cfd from Listing 1.
When using ATF, the user annotates the source code (in this exam-
ple, ¢fd’s run script - line 13 of Listing 2) as follows. First, we specify
the application-specific search space by declaring in ATF the param-
eters b_prob and b_cost (line 1-5). We then automatically explore
the search space for 10 minutes (line 9), to find well-performing
parameter values using an automatic search technique. Command
run_cfd.sh in line 7 executes the cfd’s run script.

#atf::tp name "b_prob”

range interval<double>( 0.0, 1.0 )
#atf::tp name "b_cost”

range interval<int>( 1, 500 )

#atf::run_script "./run_cfd.sh"

#atf::abort_condition duration<minutes>(10)

cfd's run script

ProbMin=b_prob CostMin=b_cost ./euler3d data/fvcorr.domn.097K

Listing 2: The use of ATF for auto-tuning cfd’s parameters

4 TRANSFORMATION OF A
WARP-COHERENT CONDITION

Our vectorization approach makes use of the previously explained
warp-coherent conditions that ensure a high probability of converg-
ing control flow in each single warp. To fully exploit the converging
control flow of warp-coherent conditions, it is necessary to intro-
duce an additional check at runtime: we check whether the condi-
tion’s corresponding mask is all-true for elements in the current
vector register. If so, all threads within this warp will follow the
same control flow. The runtime check is performed once per warp:
due to the high probability of converging control flow, it is likely
to succeed for a majority of warps. Whenever the runtime check
succeeds, it is possible to use an optimized code variant without
masked instructions. However, if the runtime check fails to verify
converging control flow, it is necessary to use the standard code
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with linearized control flow. Fortunately, the latter case rarely hap-
pens in practice because of the warp-coherence of the underlying
condition.

In this section, we describe the transformation of warp-coherent
conditions, including the insertion of the runtime check and the
generation of the corresponding code variant. Our transformation
of the example shown in Listing 1 would yield the CFG shown in
Fig. 2c that differs from the original one in Fig. 2a by introducing
runtime checks and code variants. The detailed explanation of the
figures is presented in Section 2.

Algorithm 1: Transform Warp-Coherent Condition

Input: Conditional : Branchlnst , TreatedBranchld : int
Output: transformed conditional statement
1 FirstBB := Conditional.getSuccessor(TreatedBranchld);
2 ParentBB := Conditional.getParent();
3 if ParentBB dominates FirstBB then

/* Clone the treated branch: =*/
4 DescendantBBs := FirstBB.getDescendants();
5 CopiedFirstBB := copy(FirstBB);
6 CopiedBBPairs := {(FirstBB, CopiedFirstBB)};
7 cloneBranch(CopiedFirstBB, DescendantBBs,
CopiedBBPairs);
8 NewConditionalBlock := ParentBB.splitat(Conditional);
/* Generate the runtime check */
9 GadgetBB := createBasicBlock();
10 GadgetBB.createConditional(all, CopiedFirstBB,
NewConditionalBlock);
/* Insert the runtime check */
11 ParentBB.setSuccessor(GadgetBB);
12 UpdateSSA(CopiedBBPairs);
13 end

Algorithm 1 presents the transformation for inserting the run-
time check and the code variant via a modification of LLVM-IR
in the Static Single Assignment (SSA) [2] form. The pseudo-code
shown is a simplified excerpt, omitting some details like the mainte-
nance of metadata such as loop information, branch probability and
vector shapes. The algorithm is applied to the branches of every IF-
statement with a warp-coherent condition detected by the method
described in Section 3. The input is the branch instruction Condi-
tional that contains the condition and the labels of two branches
of the condition, and treatedBranchID indicating which branch is
treated in this transformation. Depending on the analysis phase,
this treated branch could be either the THEN or the ELSE branch.
For simplicity, we assume the THEN branch to be used without loss
of generality.

At the beginning of Algorithm 1, FirstBB of THEN branch is
located (line 1). Because of the modifying nature of our algorithm,
it must not be applied to branches that can be accessed without ac-
cessing the condition first. For that reason, it has to be ensured that
ParentBB, which contains Conditional, always dominates FirstBB of
the THEN branch (line 2-3). Block B is dominated by block A iff
no path to B bypassing A exists in the control flow. This prevents
any interference with unrelated code that might contain calls to
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modified blocks. Next, the algorithm collects all DescendantBBs of
FirstBB (line 4). DescendantBBs consequently constitute the subtree
that represents the THEN branch. For the code variant, it is now
necessary to clone the THEN branch by copying each of its De-
scendantBBs (line 5-7). This is achieved by invoking Algorithm 2
described below. Afterwards, the generation and insertion of the
runtime check takes place. The runtime check ought to be inserted
before Conditional, and it is thus necessary to split ParentBB (line 8)
at Conditional, resulting in two parts: ParentBB and NewCondition-
alBlock. We then create a new GadgetBB (line 9-10) that contains
the all mask checks for selecting the optimized code variant if
the corresponding mask is all-true for the elements in the current
vector register (line 10). We insert GadgetBB between the split Par-
entBB and NewConditionalBlock (line 10-11). Finally, we update the
structure of the control flow graph using the SSA form (line 12).

Note that partial linearization will regard GadgetBB that con-
tains the all mask as a uniform branch, so it will retain it without
linearization. The all mask checks if the mask is all-true, i.e., each
element of a mask vector is true. It is implemented as an all-true
mask intrinsic in WCCV. On an x86 processor with 256-bit AVX
vector instructions, the IR shown in Listing 3 is generated for the
all mask intrinsic in the LLVM-IR level and the resulting assembly
is an efficient ptest instruction.

%cond_not = xor <8 x i1> %cond, <il true, i1 true, i1 true, i1
< true, i1 true, i1 true, i1 true, il true>

%ptest_zext = sext <8 x i1> %cond_not to <8 x i32>

%ptest_bc = bitcast <8 x 132> %ptest_zext to i256

%ptest_comp = icmp ne i256 %ptest_bc, @

Listing 3: LLVM-IR generated for all-true mask intrinsic

Algorithm 2: cloneBranch
Input: CopiedFirstBB, DescendantBBs, CopiedBBPairs
Output: CopiedBBPairs

1 for each BB € CopiedFirstBB.getSuccessor() do
/* Check if BB has already been copied */

2 if BB € (DescendantBBs U CopiedBBPairs.Seconds) then

3 if BB € CopiedBBPairs.Seconds then
/* BB is already copied: use the copy */
4 CopiedBB := BB;
5 else
/* BB still has to be copied */
6 CopiedBB := copy(BB);
7 CopiedBBPairs.add((BB,CopiedBB));
8 cloneBranch(CopiedBB, DescendantBBs,
CopiedBBPairs);
9 end
10 CopiedFirstBB.setSuccessor(CopiedBB);
11 Remaplnstruction();
12 end
13 end

Algorithm 2 is responsible for cloning the THEN branch by re-
cursively traversing all DescendantBBs that are individually copied
and chained in the correct order. To achieve this, Algorithm 2 re-
quires three input arguments: CopiedFirstBB representing the basic
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block that is currently copied, DescendantBBs to be copied, and the
already copied list of pairs CopiedBBPairs.

At the beginning, the list of CopiedBBPairs is initialized with
FirstBB and its corresponding CopiedFirstBB. The algorithm then
locates each succeeding Block of CopiedFirstBB (line 1). For each
succeeding BB of a branch, the algorithm has to determine whether
the BB is already copied or to copy it (line 2), followed by using
the existing copy (line 4) in case of an already copied BB (line 3) or
cloning the respective branch by recursively copying BB together
with all its successors (line 7 -9). The maintenance of the CopiedBB-
Pairs list ensures that the algorithm can handle cyclic control flow
graphs without creating multiple redundant copies of BB. The al-
gorithm then replaces BB with the newly created CopiedBB as a
successor of CopiedFirstBB (line 10).

5 IMPLEMENTATION AND EXPERIMENTS

We have implemented WCCV ! on top of Region Vectorizer (RV)
[16], which is a unified vectorizer with the capability of vectorizing
both loops and functions on the level of LLVM-IR. We use it to
vectorize programs as an extension of the PACXX framework [8],
which offers an LLVM-based, single-source, single-compiler SPMD
programming model for explicit data parallelism in C++.
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Figure 4: Implementation of WCCYV on top of Region Vector-
izer (RV) in the PACXX framework

Fig. 4 illustrates the PACXX compilation toolchain that is struc-
tured in two phases as follows.

!https://github.com/HuihuiSun/WCCV
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a) Offline compilation employs a modified Clang Front-End to
transform C++ code to scalar LLVM-IR.

b) Online compilation employs RV (within the dashed box in
the figure) to transform the scalar LLVM-IR to vectorized
LLVM-IR, which is then compiled and executed using the
JIT capabilities of the LLVM framework. The original vector-
ization process of RV within the online compilation phase is
subdivided into the following three passes.

b.1) Divergence analysis assigns a vector shape to each variable
and condition: this vector shape can be either uniform
(the same value for different threads) or varying (different
values for different threads).

b.2) Partial linearization [17] uses the assigned vector shapes
to partially convert control flow into data flow, while
branches with conditions of uniform vector shape are
preserved.

b.3) Vector code generation emits the final vectorized LLVM-IR
that is used for JIT compilation afterwards.

WCCYV is implemented by extending the compilation toolchain
of RV used in PACXX with two additional passes (high-
lighted) between the divergence analysis and partial lin-
earization phases, i.e., between b.1 and b.2.

b.4) Detection of warp-coherent conditions determines the warp-
coherence of each varying condition. In this pass, we im-
plement the affine analysis, followed by the heuristic based
on branch probability. We also use ATF to obtain good
threshold values for the parameters in our heuristic as
described in Section 3.

b.5) Transformation of warp-coherent conditions augments each
detected warp-coherent condition with a runtime check
(this check condition is uniform) and a corresponding
code variant. We implement Algorithm 1 as described in
Section 4 in this pass.

The input to the newly introduced passes is the annotated LLVM-
IR in the SSA form, with each condition equipped with a vector
shape that may be either uniform or varying. The output is the
LLVM-IR in SSA, with possibly more uniform conditions that will
be preserved by the partial linearization pass, thus reducing the
number of masked instructions and redundant computations.
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6 EXPERIMENTAL EVALUATION

We conduct a set of experiments to evaluate our WCCV approach,
using the Rodinia benchmark suite and a kernel from AOBench. The
benchmarks are slightly preprocessed to fit the PACXX framework,
leaving the semantics unchanged.

6.1 Experiment Setup

Our evaluation platforms are listed in Table 2. We use two Intel
processors—Sandy Bridge and Skylake, covering two mainstream
vector instruction sets on modern computers. Each core of the
processor comes with one SIMD extension. We show experimental
results on one core of each processor. Each of the AVX extensions
used on Sandy Bridge has 16 256-bit vector registers in x86-64 mode,
while each of the AVX512 extensions on Skylake has 32 512-bit
vector registers in x86-64 mode. We choose these two processors
to evaluate the impact of SIMD vector width on the efficacy of our
WCCYV approach. The operating system is Ubuntu 16.04.5 LTS for
both platforms.

Table 2: Evaluation platforms

Platform CPU SIMD
Sandy Bridge Xeon E5-1620 v2 ( 3.70GHz) AVX (256-bit)
Skylake Xeon Gold 6148( 2.40GHz)  AVX512 (512-bit)

In the next sections, we report runtime performance for all bench-
marks in different configurations as follows:
e RV: performs partial control flow linearization with BOSCC
gadget as in [17].
o WCCV:augments RV with our detection and transformation
of warp-coherent conditions.
For each configuration of each benchmark, we report the mean
(of 30 individual runs) speedup over the scalar version, i.e., the
version without vectorization.

6.2 Performance on Sandy Bridge

Fig. 5 shows speedups achieved by WCCV and RV on Sandy Bridge.
By reducing the number of masked instructions, WCCV yields more
than 5% improvement over RV for 11 benchmarks, with eight of
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Figure 5: Runtime speedups of RV and WCCYV over scalar code on Sandy Bridge
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them benefiting from our technique by over 10%. Our technique
leads to a mean speedup of 1.17X over RV and 1.47X over scalar
code.

WCCV shows significant performance improvement over RV for
11 benchmarks, including hotspot3D, streamcluster, backprop, nn,
aobench, kmeans_swap, kmeans_kernel_c, particlefilter, srad, BFS_2
and compute_flux. These benchmarks all have a reasonable fraction
of warp-coherent conditions in the code. The execution of these
benchmarks is likely to branch into the optimized code variant with
a high probability, reducing the number of masked instructions to
a great extent and therefore improving the performance.

For comparison, RV introduces the BOSCC gadget to 7 of the 11
benchmarks, including hotspot, streamcluster, nw, lud, srad, aobench

and compute_flux. Unlike our technique, which adds a high-performance

code variant, the BOSCC gadget tries to bypass those branches that
may be rarely executed during runtime.

For example, RV can speed up compute_flux by 1.77x over the
scalar version, but WCCV obtains a speedup of 2.40%. In addition,
our technique also brings performance improvement over the scalar
code for benchmarks that suffer from performance degradation
when vectorized with RV: nn, kmeans_swap, and BFS_2 .

There are 7 benchmarks achieving more than 10% improvement
over scalar code, with 4 of them at least twice as fast. These 7
benchmarks are suited to vectorization with continuous memory
accesses. There is also one benchmark, particlefilter, suffering from
performance degradation by 5% over the scalar version due to its
random memory access pattern.

The remaining 6 benchmarks experience slight changes in per-
formance after applying our transformations, partially offset by
the overhead of barrier synchronizations. A closer investigation of
the generated IR and assembly code of these benchmarks reveals
that our transformation has indeed been applied, because the all
mask intrinsics as shown in Listing 3 are found in the LLVM-IR,
and ptest instructions are present in the resulting assembly code of
WCCYV, while this is not the case for RV. However, the performance
improvement of WCCV only affects a minor fraction of the overall
execution time, leading to invisible performance improvements
in these cases. We anticipate performance improvements after we
improve our technique with barrier synchronizations, which is
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planned as future work. Myocyte is an exceptional case: data de-
pendencies between values at different time steps forces only one
active thread, and it may not benefit from WCCV.

No warp-coherent conditions were found in nw and b+tree, mak-
ing these two benchmarks outside the scope of our technique. In
addition, nw is dominated by barrier synchronizations.

6.3 Performance on Skylake

Fig. 6 shows speedups achieved by using RV and WCCV on Skylake.
Eight benchmarks obtain a speedup of over 5%, with 6 exceeding
10%. The mean speedup achieved by WCCV is 1.14X over RV and
2.11X over the scalar version. While the overall speedup over scalar
code on Skylake is better than that on Sandy Bridge, the perfor-
mance improvement over RV on Skylake falls behind that on the
latter. We attribute this difference mainly to the width of the SIMD
vector registers used on these two platforms, as we discuss later in
detail in Section 6.4.

The intriguing point is that 3 benchmarks — hotspot3D, BFS_2,
and srad — achieve a remarkable performance improvement due
to WCCV on Sandy Bridge but not on Skylake. While hotspot3D
and srad still outperform RV on Skylake slightly, WCCV performs
identically with RV on BFS_2 by speeding up the benchmark by
2.47 x over scalar code. The reason is that our WCCV does not
apply the transformations proposed in the paper to BFS_2 due to
the ATF-assisted heuristic, so the performance does not fall behind
that of RV. In fact, applying our transformation to BFS_2 if ATF
does not suppress it would cause a 34% performance degradation,
since the overhead of runtime checks is greater than the benefit of
fewer masked instructions. Due to a longer SIMD vector register
width than that on Sandy Bridge, the Skylake implementation has
a higher coherence threshold for transformation, resulting in more
masked instructions on Skylake. No benchmarks with a perfor-
mance degradation of more than 5% over the scalar version are
measured on Skylake.

As on the Sandy Bridge platform, 5 benchmarks including hotspot,
lavaMD, pathfinder, heartwall and lud do not experience signifi-
cant performance improvements due to WCCV because of barrier
synchronization bottlenecks. For nw and b+tree, no warp-coherent
conditions were found, such that the proposed transformations
were not applied. The myocyte benchmark is indeed vectorized,
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Table 3: Impact of SIMD Vector Width (Sandy Bridge/Skylake)

Kernel Speedup over RV Speedup over scalar ~ Condition type =~ Masked branch of RV Masked branch of WCCV
nn 1.19/1.22 1.03/1.42 affine 42,764 4/12
kmeans_swap 1.22/1.08 1.00/1.11 affine 494,020 4/4
particlefilter 1.29/1.70 0.85/2.09 affine 40,000 0/0
srad 1.31/1.02 2.29/2.82 affine 229,916 0/0
kmeans_kernel c 1.28/1.07 3.28/7.02 affine 494,020 4/4
aobench 1.36/1.74 2.20/4.03 high-probability 4,179,522 10,342/23,762
compute_flux 1.36/1.23 2.40/4.62 high-probability 2,147,483,600 117,767,998/176,711,998

although there is no speedup because of the small amount of paral-
lelism.

6.4 Impact of SIMD Vector Width

The width of SIMD vector registers has significantly increased re-
cently, resulting in more threads executing lock-step within the
same vector register. As for our target platforms, Skylake has longer
vector registers than Sandy Bridge. This may result in the runtime
checks for WCCYV passing less frequently. In this section, we exam-
ine experimentally the impact of SIMD vector width on WCCV.

Table 3 summarizes the speedup achieved by WCCV for the
7 benchmarks with performance improvement on Sandy Bridge
greater than 10% over RV (except BFS_2, where no warp-coherent
conditions are detected on Skylake). We inspect the runtime fre-
quency of the masked branches by means of instrumented instruc-
tions, with the results also shown in Table 3.

We observe that WCCV achieves higher speedup over scalar
code on Skylake, as Skylake’s wider SIMD vector registers provide
greater potential for vectorization improvements (also available
to RV) than on Sandy Bridge. The last two columns of Table 3
show that the number of masked branches removed on Skylake is
smaller. This is because our transformation is applicable less often,
suppressed either during compilation by the ATF-assisted heuris-
tic (including BFS_2) or during execution by the runtime check
(including compute_flux). Accordingly, WCCV usually achieves a
smaller fraction of the potential improvement on Skylake relative
to RV than it does on Sandy Bridge. Our results are consistent with
the experimental conclusions in [24] that increasing SIMD widths

reduces the profitability for runtime code variants, such that fewer
instructions can benefit from dynamic execution paths.

6.5 Comparison with OpenCL on Sandy Bridge

In this paper, we use the PACXX framework to program in the
SPMD style with C++. OpenCL is another popular SPMD program-
ming model widely used in the parallel programming community.
Fig. 7 shows experiments to compare the performance of the PACXX
implementation of WCCV to Intel’s OpenCL implementation on
Sandy Bridge, with the speedup normalized to the fastest one in
each case. PACXX uses TBB for multi-threading and RV for vector-
ization, shown as RV in the figure, followed by the version which
integrates WCCV shown as WCCV. OpenCL refers to Intel’s OpenCL
implementation. The OpenCL result for b+tree is missing due to a
runtime error in the Intel implementation.

Fig. 7 confirms that WCCV outperforms the Intel OpenCL imple-
mentation on 9 out of the 19 benchmarks, including hotspot3D, parti-
clefilter, lud, myocyte, BFS_2, aobench, kmeans_swap, kmeans_kernel_c
and compute_flux. The baseline PACXX framework, i.e., the RV
version, is already better than the Intel OpenCL implementation
for benchmarks particlefilter, lud, myocyte and kmeans_kernel_c,
and it is further improved by our technique. For hotspot3D, BFS_2,
aobench, kmeans_swap and compue_flux, the RV version of PACXX
falls behind the Intel OpenCL implementation but surpasses the
latter when used together with WCCV. For the remaining bench-
marks, WCCV meets or exceeds RV performance, although both fall
short of OpenCL, suggesting a potential for future improvement in
PACXX/RV.
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For the cases where PACXX falls behind Intel OpenCL, there are
mainly two reasons. First, the barrier synchronization pass of the
PACXX framework splits one kernel into multiple phases at the
barrier points, resulting in poor data locality for benchmarks nw,
hotspot, lavaMD, backprop, srad and pathfinder. Second, the PACXX
framework tries to copy data for SIMD extensions, leading to more
memory accesses for benchmarks like Streamcluster.

7 RELATED WORK

Two approaches to vectorization are widely used in modern com-
pilers: 1) loop vectorization [27] combines multiple occurrences of
a scalar operation across consecutive loop iterations into one SIMD
instruction, 2) basic block or SLP (Superword Level Parallelism)
vectorization [13] replaces a group of isomorphic operations by
a SIMD instruction. With the increasing popularity of SPMD pro-
gramming for GPUs (Graphics Processing Units), efforts have been
made to support the data-parallel programming model for CPUs by
transforming multiple program instances (kernels) into one SIMD
instruction to fully exploit the SIMD parallelism [5, 8, 19]. Recently,
an interesting trend in parallel programming is to embed SPMD
programming into C++, like in SYCL [22] and PACXX [8]. In this
paper, we focus on SPMD programming with explicit vectorization
capability. Our WCCV can be easily combined with the traditional
implicit vectorization methods.

The idea of IF-conversion is well established in vectorizing code
with IF-statements. Allen et al. [1] pioneer the work of conversing
control flow to data flow by targeting vector computers with ex-
plicit hardware support for predicated execution. Shin et al. [25]
extend the conventional SLP method to work in the presence of IF-
statements. Sun et al. [28] present an approach to vectorizing loops
with nested IF-statements for SIMD extensions without masked
instructions. Pohl et al. [20] propose a set of solutions to generate
efficient vector instructions in the presence of control flow for ARM
NEON. Karrenberg et al. [10] present an IF-conversion approach,
which is further improved by Moll et al. [17] for partial control
flow linearization. Our WCCV approach uses partial control flow
linearization for uniform conditions and it exploits runtime con-
dition coherence in varying conditions to alleviate the overhead
introduced by the redundant computations in the existing methods.

Divergence analysis [23] focuses on the memory divergence,
improving the memory access via uniform and affine vectors. Our
work follows the affine analysis used in divergence analysis, and
we extend its applicability to detect boolean-step conditions. The
classic loop unswitching [29] approach checks whether the condi-
tion is uniform across the loop iterations. Vectorization analysis
in [10] assumes that branches with uniform conditions are never
converted from control flow to data flow, and introduces branches
after linearization (control flow to data flow transformation) to
skip a basic block or an entire control flow path if the condition is
always true or false for a single vector [17]. Such techniques make
progress by resorting to static analysis, but they do not analyze the
condition coherence in varying conditions.

The Branch-On-Superword-Condition-Codes (BOSCC) technique
[25, 26] works by checking the emptiness of the generated masked
instructions. Such vector instructions are considered redundant and
are eliminated if the emptiness of their conditions is proved. The RV
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technique [17] introduces a BOSCC gadget to the control flow graph
after partial linearization. Our WCCV is inspired by these meth-
ods but follows a different way. In particular, the existing methods
always try to pass over least frequent branches, while WCCV sub-
stitutes most frequent branches with code variants without masked
instructions. Timnat et al. [30] propose duplicating code regions
and employing runtime tests that check if control must pass to the
linearized version or can continue to execute the uniform version.
Kim et al. [12] address divergence through a multi-tier vectorization
approach based on runtime convergence check. However, these
methods may lead to performance degradation as they are applied
to every condition. Our method provides an ATF-assisted heuristic
to prevent performance degradation.

The nvee compiler [18] inserts code to check if all threads within
a warp fall in the same branch and then branch accordingly on
a GPU, while we target CPUs with SIMD extensions. The ISPC
compiler [19] requires programmers to express coherent control
flow statements in an explicit manner to indicate performing addi-
tional tests. WCCV uses automatic compiler techniques instead for
identifying coherent conditions.

8 CONCLUSIONS

In the paper, we introduce a new notion of warp-coherence of IF-
conditions that have coherent behavior within the lanes of each
single vector register. We present WCCV, an approach to detect
and effectively exploit warp-coherence to reduce the number of
redundant computations and masked instructions introduced by
existing vectorization methods. WCCYV is based on applying two
analyses: 1) checking that the condition is an affine function, and
2) predicting the branch probability for the IF-statement. We use
auto-tuning to find the optimal correspondence of benefit vs. over-
head of our program transformation. We implement WCCV in an
LLVM-based vectorizing compiler, and we evaluate it with the Ro-
dinia benchmark suite on two modern processors with different
SIMD extensions. Our evaluation shows significant performance
improvements over existing techniques implemented in modern
compilers.
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