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Abstract

Parallelism, Data Movement, and Synchronization in

Threading Models on Massively Parallel Systems

by

Abdelhalim Amer

Tokyo Institute of Technology

The trend in high-end and supercomputing system node designs is towards higher core

densities and deeper memory hierarchies. Furthermore, several node resources are not

scaling at the same rate as the core density such as memory capacity, memory bandwidth,

and the number of network endpoints. Consequently, the memory per core available for

applications is becoming scarce and data movements are considered the major source of

performance bottlenecks and energy consumption. As a result, application developers are

increasingly adopting programming models and runtime systems that allow applications

to share node resources and reduce data movements. In this regard, threading models

offer opportunities to efficiently exploit the memory hierarchy thanks to their resource-

sharing ability. Threads of execution are at the heart of many programming models and

frameworks to expose data and task-level parallelism. In addition, hybrid MPI+threads

models are gaining importance and popularity, where application threads share resources

within the same address space and interprocess communication is ensured by the MPI

library.

Multithreaded applications running on highly parallel systems, however, may expe-

rience several inefficiencies. Withing the same address space, these shortcomings can

be attributed to various factors from the underutilisation of resources because of com-

putational units idleness and load-imbalance, to expensive intranode data movements

due to NUMA and contention for the memory subsystem, and synchronization overheads

that result from protecting global states from corruption by means of locking, atomic

operations, and memory barriers.

In this work, we tackle these inefficiencies at the application level as well as at runtime

system level. From an application perspective, we address the challenge of reducing idle-



ness and data movement to efficiently exploit thread-level parallelism. First, we perform a

cost-effectiveness analysis of the commonly used naive bulk-synchronous and data-driven

models and show that both are not scalable on modern multicore systems. Given that

optimal task assignment to compute resources is a scheduling problem known to be NP-

complete, we propose a combination of tiling computational patterns to improve data

locality while relying on dynamic scheduling, including a data-driven approach, to maxi-

mize resource utilization. This strategy proved to be a practical solution to the problem

and showed substantial improvements over the naive methods. From a runtime system

perspective, we address thread synchronization overheads that occur in applications at

the level of the MPI communication layer. We first show that contention in the MPI

runtime is a serious scalability bottleneck. We follow by analyzing the effectiveness of a

popular MPI implementation in a multithreaded environment and found that the com-

mon use of Pthread mutexes to ensure thread-safety incurs resource monopolization and

impedes communication progress. We propose a solution to the problem by first ensuring

fairness in critical section arbitration. We then refine the arbitration so that it adapts

to the MPI runtime workload by favoring threads making progress. We show by exten-

sive analysis and evaluation that our solutions improve performance substantially while

incurring minimal implementation costs.
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Chapter I

Introduction

1 Motivation

Power has become a major obstacle for computer architects to improve performance

of new chip designs. This led to the emergence of processor packages incorporating

several computational cores such as multi and manycore architectures. Consequently,

this maintains Moore’s law of scaling the number of transistors but puts a barrier on

single-core performance because of the breakdown in frequency scaling. In particular,

massively parallel systems targeted to high-end and supercomputing are equipped with

multiple processing cores within node packages that are often arranged in a cluster and

interconnected by a fast network fabric such as InfiniBand. Future systems are likely

to follow the trend of fitting more cores inside processor packages with deeper memory

hierarchies with each new generation.

To run efficiently within a single node, in the sens of time to solution, applications have

to expose multiple levels of concurrency such as data and thread-level parallelism [44].

However, time to solution is no longer considered the primary metric for efficiency and

new metrics have emerged such as energy efficiency and memory consumption rates. That

is, time to solution matters less if the system exceeds its power budget or if the problem

size of the workload the system was designed for cannot fit in the available memory.

In addition, data movement is one of the largest contributors to application execution

time and its energy consumption. As a result, researchers are increasingly looking for

programming models and runtime systems that allow exposing parallelism to utilize the

computational resources while avoiding expensive data movements and reducing memory

requirements.

Interprocess data movement and synchronization is often implemented using the Mes-

sage Passing Interface (MPI) [6]. MPI is the most widely used library by applications
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running on high performance computing (HPC) systems. Running exclusively with MPI

on shared-memory can effectively utilize the computational resources, but does not of-

ten efficiently exploit shared resources such as the memory subsystem. Consequently,

application developers are increasingly adopting hybrid MPI+X programming, where X

designates a shared-memory programming model. One derivative of such hybrid model

is the combination of threading models with MPI, such as MPI+OpenMP[25], which is

becoming a popular way to run on clusters of multicore systems.

2 Problem Statement

An application that relies on a threading model for shared-memory parallelism may ex-

perience inefficiencies that are related to one or a combination of several factors among

which we address the following: (1) underutilisation of resources because of computa-

tional units idleness and load-imbalance; (2) expensive intranode data movements due to

NUMA and contention for the memory subsystem (3) synchronization overheads that re-

sult from protecting global states from corruption by means of locking, atomic operations,

and memory barriers. We give a brief description of these issues below.

To exploit thread-level parallelism, an application has to divide the execution into

smaller streams that we refer as tasks. Optimal task assignment to computational units

aims at minimizing idleness and communication costs that constitute the makespan of an

application task graph. This is a scheduling problem known to be NP-complete even in

simple scenarios such as with static scheduling, two processors, and one or two time units

for task weights [82]. Thus, taking into account additional constraints, such as dynamic

scheduling and irregularities in task execution times and communication costs that char-

acterize modern parallel applications makes it even harder to find an optimal schedule.

Due to this complexity, programming models and their underlying runtime schedulers

rely on heuristics for task assignment (e.g. work-first and random work-stealing).

Bulk-synchronous approaches that expose parallelism by embarrassingly parallel large

stages (e.g. OpenMP work-sharing constructs) serialized through global synchronizations

are among the simplest and most popular models for parallel execution. In case each stage

performs a static partitioning of the tasks, big chunks of work are issued to the processing

cores and load-imbalance may occur due to irregularities in the workload and the data

access latencies. In case tasks within stages are scheduled dynamically, idleness can be

reduced but often not completely eliminated because the work within the same stage may

not be enough to saturate the computational cores. In addition, the non-determinism of

the dynamic execution may introduce more irregularity in the data access patten and

generally hinders data locality. This observation also applies to when breaking the global

2
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synchronizations and expose fine-grained concurrency, such as in a data-driven execution

model. Although this latter model exhibits some degree of producer-consumer data reuse,

other forms of data locality are often not well exploited. Consequently, reducing data

movement in thread-level parallelism often goes against exposing parallelism, thus, leading

to difficult trade-offs. An execution model that approaches the optimal balance is still an

open question and affects directly the progress towards designing efficient programming

models and runtime systems.

The increasing popularity of MPI+X programming is not due to productivity im-

provements but rather because of hardware constrains. There is still a large body of

applications that rely exclusively on MPI for parallel execution. For applications to move

to a hybrid implementation, there requires enough cost-effectiveness evidence that justi-

fied the move. Unfortunately, such evidence is scarce especially at very large scale. Thus,

large scale characterisations of this hybrid model is of utmost importance for applica-

tion developers and also will serve as feedback to the programming models and system

software communities for further refinement and improvement.

One of the most serious drawbacks of threading models is their synchronization costs

that are necessary to guarantee a consistent execution when threads access global states.

Because of the relaxed memory consistency model of modern hardware, software de-

velopers have to rely on locks, atomic operations and memory fences to ensure thread-

safety. These mechanisms are often expensive and hinder parallel efficiency. In particular,

MPI+threads models require careful interaction between MPI and application threads.

Therefore, this interaction may be a source of overhead because of the added thread-

safety support. Thread safety overheads can be inevitable but their magnitude can vary

depending on many parameters such as the critical sections granularity and the synchro-

nization mechanism used to implement them. In particular, when contention occurs at

the critical section level, the common practice is to use scalable locks and to reduce the

critical section granularity to bring down the chances of serialization. The way a critical

section is arbitrated and how it affects MPI runtimes, however, is not well understood

because it received little attention from the community and requires careful investigation.

3 Contributions

To address the previously mentioned challenges, we claim the following contributions:

1. We perform an in-depth cost-effectiveness analysis of two major execution models for

thread-level parallelism: bulk-synchronous, as illustrated by OpenMP work-sharing

constructs, and data-driven . We choose these models as they offer very different

3
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trade-offs in terms of parallelism and data-locality. We find that, while the load-

balancing issues of a bulk-synchronous approach are obvious, eliminating this issue

through fine-grained concurrency without careful data-locality optimizations is not a

scalable approach. Although the data-driven approach exhibits producer-consumer

temporal data reuse, it loses other forms of temporal reuse and spatial locality. In

particular, in the presence of memory intensive kernels, data-movement become the

major bottleneck and a fine-grained data-driven execution loses against the simple

bulk-synchronous model.

2. The problem of choosing the optimal trade-off between parallelism and data local-

ity is hard and depends on my parameters. However, this problem is not fatal and

we demonstrate that auto-tuning tiled and dynamically scheduled implementations

can overcome the issue. We argue that tiling or blocking computation patters is an

important abstraction that allows optimizing for data locality on deep memory hier-

archies. For portable performance, however, auto-tuning can be necessary to obtain

optimal task and block sizes. We demonstrate this principle with the OpenMP pro-

gramming model by tiling the computational patterns of dynamic bulk-synchronous

and data-driven implementations. We use the Fast Multipole Method (FMM) as a

case study and expose the task granularity as well as a blocking factor for a com-

munication intensive kernel. Our approach emphasizes on the importance of tiling

tasks and kernels in both the temporal and spatial dimensions. The evaluation

of our auto-tuned implementations showed close to linear scalability with the new

data-driven implementation outperforming all the other approaches.

3. We perform a characterization study of MPI-only and MPI+threads at very large

scale (512K cores) by using the communication intensive Breath First Search algo-

rithm on a BG/Q system. We show that the coarse-grained nature of interprocess

communication of hybrid MPI+threads approach can alleviate some scalability is-

sues of an MPI-only, but does not fix the root problems. We show practical ways

to solve the bottleneck issues including using the recent MPI-3 nonblocking barrier

synchronization. We also show that, thread contention in the MPI runtime is a

serious issue that needs to be addressed.

4. We address the contention problem in a multithreaded MPI runtime by analyz-

ing the effect of the critical section arbitration on communication performance. We

show that relying on Pthread mutexes to ensure thread-safety, an approach adopted

by most MPI libraries, incurs resource monopolization and constitutes a major bot-

tleneck. We show that establishing fairness in critical section arbitration improves

4
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the overall progress. In addition, we further improve the design by adapting the ar-

bitration to the MPI workload. This is achieved by establishing a two level priority

arbitration policy, where threads likely to yield more useful work are favored. We

then perform an extensive evaluation of all methods using micro-benchmarks, im-

portant kernels, and genome-assembly application and show up to 8x improvements

of our solutions over the baseline Pthread mutex design.

4 Document Organization

The document is organized as follows. We discuss the context of this work by giving some

background knowledge in Chapter II. We then enumerate related works in Chapter III

and discuss how we complement previous research on the topic or how our approaches to

solve the problems differ. We follow by the body of the work in the next three chapters.

Chapter IV relates our analysis and solution to the inefficiency of parallel execution

models on multicore systems. Chapter V analysis MPI+Threads applications at large

scale using the BFS algorithm as a case study. This Chapter also introduces the issue

of runtime contention when threads access the MPI runtime. The mutithreaded MPI

runtime contention is investigated in more detail in Chapter VI where we propose solutions

to the problem and their evaluation with several benchmarks and applications. Finally,

we make concluding remarks in Chapter VII along with future directions.
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Chapter II

Background

This dissertation focuses on the challenges related to using threads for application par-

allel execution in the context of modern multi-core based systems. Here we provide the

requisite background necessary to grasp the context of this work and its pertinence.

1 Technology Trends

Recent hardware design noticed a fundamental switch from improving performance of

single execution streams to providing more processors in a single package or even a single

die. Here we discuss the reasons for this shift and the new technological trends.

1.1 Fundamental Hardware Limits

Moore’s law of scaling the number of transistors is still holding. This is due to the

combined effect of decreasing transistor feature sizes and increasing the chip area. This

scalability was correlated with the steady increase in CPU frequency and thus yielding

better performance with each new hardware generations without extra software develop-

ment costs [44].

The trend, however, had radically changed after hitting the power wall. That is, the

technology allows to fit more transistors than can be powered and building single core

processors with higher clock frequencies becomes impractical [12] [13]. As a result, the

industry moved away from single-core design in favor of multicore architectures.

1.2 Increasing Core Densities

Before the shift to multicore architectures, the increase in the number of transistors

served to improve single-thread performance through instruction-level parallelism (ILP),

speculative execution, and deep pipelining. Current designs, however, are using the excess
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Figure II.1: Evolution of the memory capacity per core for the machines on the Top500 list, by
Kogge et al. [49]

.

in transistors to integrate more parallel processing units or cores. Consequently, it follows

that Moore’s law will translate into increasing the number of cores per die. As of this

writing, more than 50 cores can be found on Intel Xeon Phi accelerators and larger core

counts are to be expected on future hardware generations.

1.3 Scalability of Other Resources

When CPU clock frequency was still scaling, the speed to access memory was a major

bottleneck [44]. After the improvement in clock frequencies flattened, the shift to multi-

core architectures affected other resources differently. Many resources of the memory

subsystem are not scaling at the same rate as the core density (ex. memory capacity

and bandwidth). For instance, researchers had identified scaling memory capacity and

bandwidth as major challenges toward exascale systems. In fact, as demonstrated by

Kogge et al. in Figure II.1, the memory capacity per core is reducing and is affecting

directly problem sizes that applications can fit in the main memory [49]. In addition, we

can observe that the projections for exascale systems is much worse than current systems.

This hardware trend suggests that applications have to rely on sharing those resources

to alleviate their overheads. Multithreading is a common method that allows sharing,

thus several programming models rely on multithreading whether by directly using kernel-

threads such as POSIX threads, or building on top of them an abstraction layer to improve

users productivity and ease performance portability. In the next section we introduce

shared-memory programming using threading models.

7
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Figure II.2: Energy of moving data with respect to the distance and projections to 2018 systems,
by Shalf et al. [71]

.

1.4 Data Movement and Energy

Data movement is a serious obstacle for both performance and energy efficiency. For

instance, Shalf et al. showed that one to three orders of magnitude more energy is

required to move data to/from off-chip DRAM compared to accessing on-chip memory

(see Figure II.2). This implies that applications have to be implemented with careful

data-locality considerations and programming models and runtime systems need to offer

the possibility to handle data locality transparently to the programmer. We also point

out that there should be a priority when optimizing applications for data locality. That

is, application developers have to optimize for on-chip memory before moving higher in

the memory hierarchy and optimize for socket-level data locality for instance. According

to Figure II.2, if an application fails to exploit on-chip data locality, a factor of 10-1000x

more energy is paid while penalties below 10x are usually incurred for intersocket (local

interconnect) data movements.

In this work, we do not optimize directly for energy efficiency. However, our thread-

level parallelism optimizations aim at reducing data movements and in general time to

solution which affects directly energy consumption.

8
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2 Parallel Execution Models

We define a Parallel Execution Model (PEM) as a model that captures the execution

pattern of a parallel algorithm. We differentiate it from programming models and ab-

stract models in the following sens: a programming model can express different execution

models, while an abstract model captures not only an execution model but abstracts ar-

chitectural parameters such as latency and bandwidth. For instance, a Bulk-Synchronous

Parallel model (BSP) [39] is an abstract model that captures the bulk-synchronous execu-

tion model while abstracting the number of processors, the latency, and periodicity of an

architecture. A programming model, such as OpenMP, can express a bulk-synchronous

execution model through the usage of parallel work-sharing constructs and global barriers.

We regard the fork-join PEM as equivalent to a bulk-synchronous in the absence of

nesting, since the join operation if equivalent to a global barrier. Thus, from hereon, bulk-

sychronous and fork-join are interchangeable. In this chapter, we consider two execution

models: bulk-synchronous and fine-grained data-driven. We differentiate the granularity

of a data-driven execution with the rate at which tasks are executed. A fine-grained

data-driven will typically execute more than a million tasks per second such as in our

experiments.

3 Multithreaded Shared-Memory Parallelism

The reducing memory capacity per core is constraining software designers to explore new

models, such as avoiding memory-hungry process-only parallel models, and exploiting

other levels of the memory hierarchy such as flash memory. In this section we present

important concepts related to shared-memory parallelism. We first describe the different

forms of parallelism from application and hardware perspectives following the description

by Hennessy et al [44].

3.1 Application Perspective

We distinguish two forms of parallelism found in algorithms: data-level parallelism and

task-level parallelism. On the one hand, data-level parallelism occurs when many data

elements can be operated on in parallel. On the other hand, task-level parallelism occurs

when many tasks of work are created and can largely operate in parallel

3.2 Hardware Perspective

The hardware can execute concurrently the available parallelism from an application. We

distinguish the levels of parallelism described in Table II.1.

9
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Table II.1: Hardware levels of parallelism

Level of Parallelism Description

Instruction-Level Parallelism exploits data-level parallelism through mechanism
such as pipelining and speculative execution

Vectorization exploits data-level parallelism by executing one in-
struction on multiple data elements at the same time
(SIMD)

Thread-Level Parallelism exploits data-level parallelism and task-level paral-
lelism using multiple threads

In this work, we focus on thread-level parallelism. In this case, data-level parallelism

can be expressed though OpenMP work-sharing constructs or by explicitly partitioning

the work by spawning and then joining a team of kernel threads. Thus, several tasks that

are executed sequentially with each task exploiting data-level parallelism are executing in

bulk-synchronous fashion. Task-parallelism, on the other hand, can be expressed though

OpenMP tasks and lightweight or use-level threads. With OpenMP 4, it is possible to

express arbitrary task graphs using the depend clause of the task construct. It also

possible to implement manually tasks dependencies where tasks are expressed as user-

level threads, as will be shown later. In these cases, the resulting parallel execution model

is data-driven.

4 Threading Models

In this section, we introduce a taxonomy of threading models and explain which models

our work targets and how future works can extend ours to other models. We also describe

how multithreaded applications can be characterized to expose their parallel inefficiencies,

which is used as a base for our analysis in Chapter IV.

4.1 Classes of Models

We present here the classes of threading models according to how they map to kernel

threads.

1:1 Mapping In this model, an independent piece of work is mapped to a kernel

thread. This is typically the case when using directly kernel threads to express parallelism

such as when using POSIX threads.

10
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M:1 Mapping In this model, multiple pieces of work are mapped to the same kernel

thread. This is often targeted to single-processor systems.

M:N Mapping This is the most general model. Multiple pieces of work, called

tasks, chunks, user-level threads, or lightweight-threads are mapped to a set or a team of

N threads. This model is used by many programming models such as OpenMP[25], Cilk

[17], Intel Threading Building Blocks (TBB) [67], etc.

In this work, we study the M:N model from an application perspective and the 1:1

model from a runtime system perspective when combined with MPI. Because the most

widely used MPI implementations view only kernel threads and they are not aware of

higher abstraction levels such as the M:N thread mapping.

4.2 Characterizing Multithreaded Application Performance

Given the different factors that influence multithreaded parallel executions, researchers

have tried to characterize and mitigate these factors. Previous works have identified

the factors that contribute to the execution time of task parallel applications [65][75] as

summarized in Table II.2

Table II.2: Parallel execution characterization

idle time occurs when a thread has no work because of load-unbalance
or task-dependencies

runtime overhead is the time spent by the runtime in task creation and schedul-
ing

work time is the time spend doing actual work.

work time inflation The work time in a parallel execution often surpasses the
work time of a sequential execution due to different mem-
ory performance. This difference is referred to as work time
inflation.

Thus, to achieve efficient parallel execution, one needs to minimize idle time, runtime

overhead, and reduce the inflation of the work time. Unfortunately, these properties

are often orthogonal, where, for instance, reducing idleness through fine-grained tasks

increases scheduling overhead and makes difficult to preserve data locality.

5 Hybrid MPI+Threads Programming

MPI+X programming, where “X” denotes a shared-memory programming model, is a

two-level hybrid model that employs MPI for a coarse-grained process-level parallel ex-

11
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ecution, and a fine-grained parallel execution within the same address space (process)

using a shared-memory programming model. This hybrid model has recently emerged

as a viable model for many-core architectures. A common variant is to use OpenMP or

Pthreads for “X,” where multiple threads are used for intranode parallelism while intern-

ode communication is done with one or more communication threads. Such a model,

however, has its own pros and cons compared with those of an MPI-only model. In the

following, we give a conceptual comparison between the two models followed by short

description on how MPI handles thread-safey.

5.1 MPI-only vs. MPI+Threads Paradigms

Although MPI is the predominant programming system on high-end and HPC platforms,

MPI alone is often insufficient to take full advantage of a system resources. An MPI-only

model uses one MPI process per system core and is capable of effectively utilizing the

available processing units but fails to fully utilize the memory hierarchy. Specifically, each

process’s memory is private, thus requiring message passing to move data between cores,

and often duplication of data between processes to improve local access. In Figure II.3

we present a conceptual comparison between the MPI-only and the hybrid model. We

observe that the MPI process model has a finer-grained internode communication model,

and enforces explicit interprocess communication even within the same physical node.

In addition, data sharing is not possible between address spaces, a feature that reduces

further the ability of the model to exploit the memory hierarchy. Moreover, the available

memory for the application is reduced compared with that of a hybrid model because of

often-duplicated boundary data and the memory requirements of the MPI runtime.

Due to the previously stated shortcomings of the MPI-only model, application de-

velopers are increasingly looking at using hybrid MPI+X programming to utilize the

computational units while sharing memory. A hybrid model can handle intranode paral-

lelism more effectively and, perhaps more important, hybrid MPI+threads models alle-

viate some of the interprocess data movement constraints associated with the MPI-only

model by allowing a more coarse-grained “node-to-node” data movement (e.g., if threads

share all memory on a node), rather than having to send a separate message to every core.

Arguably, however, the threads’ shared-memory view may incur overheads to maintain

consistent execution through locking, synchronization, and memory barriers.

The superiority of either model highly depends on the target machine specification,

such as performance and density of the cores, the latencies and bandwidths of the memory

and network, and the topology of the components, as well as the characteristics of the

application, such as its computation and communication requirements, the amount of

12
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Figure II.3: Conceptual comparison between the MPI-only model and the hybrid MPI+threads
model

parallelism, and the application’s ability to map to the machine topology. However, the

technology trend suggests that hybrid models are likely to be better at handling large-

scale machines. The reason is primarily due to the increasing core density in cluster nodes

that requires efficient shared-memory programming and, combined with the growth in the

number of nodes, makes fine-grained core-to-core MPI programming difficult to scale in

terms of performance and memory consumption.

The implications of using either model are still not well understood, however, and re-

quire further investigation with various architectures, algorithms, and applications. Thus,

in Chapter V, we study the two models using the breadth-first search algorithm on graph

structures in order to expose the limits of the models in the hope to guide future pro-

gramming models and runtime systems design.

5.2 Interoperation between MPI and Threads

Since in a hybrid MPI+threads model the MPI library is a shared resource, thread

safety can be necessary in order to maintain a consistent execution. To allevi-

ate applications from unnecessary thread-safety overheads, the MPI standard de-

fines four levels of threading support—MPI_THREAD_SINGLE, MPI_THREAD_FUNNELED,

MPI_THREAD_SERIALIZED, and MPI_THREAD_MULTIPLE—to be specified when initializing

MPI [6]. These levels are listed in increasing order of threading support, where the

user can choose the desirable level of thread safety depending on the needs of the target

application.
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Chapter III

Related Work

In this chapter, we discuss some related work that tried to address similar challenges. We

describe the related works in question, how they differ from our methods, and in some

cases how the related work and ours complement each other.

1 Task-Level Parallelism on Multicores

A large body of work has been dedicated to task-level parallelism. Parallelism and data

locality is well known trade-off that makes writing parallel algorithms harder and efficient

task scheduling, an already NP-hard problem, difficult to achieve.

Yan et al. abstracted the memory hierarchy using the Hierarchical Place Trees (HPT)

model [89]. In the HPT model, the user specifies the desired view of the memory with

a configuration specification, where the memory is abstracted as a tree of places. Here,

both tasks and the data are mapped to places and data movements between places obey

well established mechanisms. The authors pointed out that the optimal configuration

depend on the application, the hardware architecture, and the desired trade-off between

locality and load-balancing where auto-tuning techniques can be used to search the best

configuration parameters.

However, a programming model that uses HPT is not flexible enough to express

arbitrary dependencies between tasks. In addition, while some temporal data reuse can

be exploited by running tasks operating of common data on the same place, arguably,

it is more difficult to control data locality since this likely depend on the order of task

creations and their execution. For instance, the data that a task is operating on that

had been previously loaded by another task running on the same place may be evicted

from the cache memory because of compulsory misses. Thus, we argue that the notion of

“places” is not enough to take advantage of the memory hierarchy and a more powerful
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abstraction is needed.

Olivier et al. explored the concept of locality domains similar to places by extending

OpenMP with runtime routines to allow users to implement locality-aware divide-and-

conquer algorithms. Previous works focused on loop parallelism or divide-and-conquer

task parallel algorithms while ignoring arbitrary-dependencies-type of tasking models. In

addition there is a lack of rationalization regarding spacial locality. That is, two tasks

running in the same place or locality-domain may exhibit reuse, but does not necessary

mean that the order in which tasks are scheduled on the same core will exhibit high spacial

locality. More specifically, in order to preserve a high software and hardware prefetching

success rate, tasks operating on contiguous data to each other must be scheduled suc-

cessively and in the right order. This issue is especially important when going towards

fine-grained task execution.

Bauer et al. introduced Legion [16], a programming model that targets heterogeneous

architectures with deep and complex memory hierarchies. Legion and its runtime system

are articulated around logical regions that allow expressing locality and independence

of data, and tasks that operate on those regions. The main difference compared to

our work is that we target threading models on homogeneous multicore systems while

using production programming models (OpenMP) as well as experiment with user-level

threads-based data-driven implementations.

Tasilar et al. introduced the implementation of Data Driven Tasks (DDT) as an

extension to the async-finish model to allow arbitrary runtime task graphs execution

[78]. However, this previous work focused mostly on the syntax and semantic of the

model. Although a comparison study of multiple runtime schedulers was performed, no

particular attention was payed to data locality.

Towards understanding the performance of multi-core machines, some authors used

stencil-computation and sparse matrix-vector multiplication kernels and optimized them

for state-of-the-art multi-core architectures[26] [85]. These works use small kernels as

benchmarks while going deeper in architectural details in order to get insight into perfor-

mance trade-offs, although no particular attention was payed to the efficiency of different

execution models. In our work (Chapter IV), we use FMM, a sizable algorithm which

uses multiple kernels, as a benchmark to get insight into the performance of different

execution models.

2 Auto-tuning

Auto-tuning, short for automatic performance tuning, is a well know practice that tries

to automate the process of finding the optimal set of parameters for an algorithm when
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running on a target machine. The tuning parameters are various and can range from

compiler options, such as levels of loop unrolling, to cache blocking factors, and other

application specific parameters. It is often associated with tuning numerical libraries

such as the mathematical library ATLAS [84] or Fast Fourier Transform libraries [38, 64].

Given the increasing complexity of parallel architectures, auto-tuning has gained more

interest toward optimizing parallel algorithms. For instance, an extensive work has been

conducted on auto-tuning stencil algorithms on multi and many-core architectures [87,

47]. However, to the best of our knowledge, none has reported work related to auto-

tuning more complex algorithms such as the Fast Multipole Method (FMM) or data-

driven implementations. Our auto-tuning approach in Chapter IV generates a single

binary for each target execution model and application. During the auto-tuning step,

each binary is run with different application specific as well as execution model specific

parameters. The goal is to choose the parameters of the fastest run for production usage.

3 Hybrid MPI+Threads

3.1 Characterization of MPI+Threads Applications

Considerable work has been conducted on studying the pros and cons of using MPI-only

and shared-memory methods and their hybrid derivatives. Early experiments with the

hybrid approach revealed that depending on the target application an MPI-only model

can be more suitable for performance, while others may benefit from a hybrid approach

[19, 46, 52, 24, 88]. Some authors shed light on the practical implications of these models

and showed cases where a hybrid model can be superior [68]. We summarise relevant

previous studies in Table III.1. Here we only provide information about the maximum

scale in core count, the used benchmark or application, and the main conclusion of the

work. For more details, the reader can refer to the related work in the first column of

the table. The main conclusion we draw from the outlined history is that the number of

cases in favor of the hybrid model are increasing over time and are proportional to the

scale of the testbed and the abundance of intranode parallelism.

Our characterization efforts in Chapter V aims at exposing the coarse-grained vs. fine-

grained communication of the MPI-only and MPI-threads, respectively. In addition, we

push further the scalability of the study by running on up to 512K cores. Furthermore, we

enrich our study by adding a new variable to the equation and allowing thread concurrent

access to MPI in the hybrid model. This exposes some overheads of the hybrid model

where the MPI implementation has to guarantee thread-safety. Previous case studies

where threads participate in communication are scarce. This ability gained importance
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Table III.1: History of MPI-only and Hybrid MPI+X comparison studies

Work Max
core
count

Benchmark Overall conclusion

[46] 81 NAS BT
bench-
mark

MPI-only often better especially on fast networks.

[19] 128 NAS
bench-
marks

MPI-only often better. Hybrid is better with a slow network
and enough intranode parallelism

[24] 512 DL POLY
(molec-
ular
dynamic)

MPI-only better at small scale, hybrid better at large scale

[68] 8K NAS BT-
MZ and
ST-MZ
bench-
marks

Hybrid better at large scale.

[88] 10K NAS BT
and ST
bench-
marks

Hybrid better at large scale

Our
study

512K Graph500
bench-
mark

Hybrid better at large scale

given the benefit of driving the network through multiple endpoints. Among these few

studies, Cappello et al. investigated the benefit of having threads help with the internal

MPI computation part [19]. Others have also proposed a solution to the idleness of threads

when only a single core is driving the communication in a hybrid MPI-OpenMP model

[72]. The authors addressed the challenge by exposing and exploiting computation-idle

OpenMP threads to improve communication.

In Chapter V, we complement previous characterization studies by provideding insight

into multithreaded communication performance issues in a hybrid model. In addition, we

stressed on the core-to-core communication model and MPI-only and showed its overhead

analytically and experimentally.
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3.2 Thread-Safety in MPI

Several researchers have addressed the issue of thread safety challenges in MPI imple-

mentations. Gropp et al. [43] presented an exhaustive thread-safety requirement analysis

of MPI functions and their implementation issues. Performance implications of thread

safety were exemplified with an efficient algorithm for generating context ids. Thakur et

al. also proposed a method to obtain insight into performance of multithreaded MPI im-

plementations [80]. The solution consists of a test suite composed of multiple benchmarks

that simulate typical application scenarios. This method is useful for comparing different

multithreaded MPI implementations or measuring the impact of certain optimizations,

such as using a dedicated progress thread. However, it gives only a general performance

feedback and does not pinpoint the exact performance bottleneck.

Efficiency and thread safety can be orthogonal objectives that are difficult to achieve

at the same time when designing a software library. Goodell et al. showed that con-

current accesses from multiple threads to MPI objects can be a bottleneck when using

reference counts [40] and proposed more scalable solutions. Hoefler et al. identified that

multithreaded MPI messaging involving MPI_Prob is thread unsafe and that a conven-

tional lock-based implementation is not scalable [45]. They proposed an efficient solution

that goes beyond the implementation level and requires changing the MPI standard.

3.3 Critical-Section Granularity in MPI

The granularity of a critical section is an important parameter, since it influences the

degree of parallelism allowed to concurrent thread executions. That is, the longer a crit-

ical section is, the more it incurs serialization and thus hinders parallel performance. In

the context of MPI, researchers have proposed different thread-safe MPI implementations

with different levels of critical-section granularity and their performance and implemen-

tation complexity implications [14, 33]. The conclusion was that moving to fine-grained

critical sections is a complex task, but communication could substantially be improved.

However, performance results were still suboptimal compared with those from a process-

driven communication. These results indicate that contention and thread-safety over-

heads are still not totally eliminated.

In Chapter VI, we demonstrate how a complementary approach to reducing criti-

cal section granularities can improve tremendously communication performance. Our

approach exploits the fact that the way critical sections are arbitrated affects communi-

cation progress, and thus explores better arbitration policies than how common Pthread

mutex implementations are ordering access to critical sections.
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3.4 Extensions to the MPI Standard

The trade-off between using threads for efficient intranode computation and relying on

multiple processes to drive the network make tuning a hybrid implementation a difficult

task. For instance, application developers try to tune the number of number of processes

per node and the number of threads per processes in order to improve performance. This

challenge, and a number of programmability considerations, pushed the community to

consider extending the MPI standard to better support multithreaded communication.

To overcome the thread-safety issues, many solutions were proposed to redesign MPI to

allow more flexibility and concurrency but are not standard-compliant. For instance,

some researcher proposed to promote threads as MPI ranks instead of limiting the rank

assignment to processes [28, 77, 70]. Other concepts such as MPI Endpoints emerged

as an attractive solution, which ensures contention-free multithreaded communication

through independent endpoints [31, 32]. However, MPI Endpoints are not yet part of the

MPI standard, and no MPI implementation supports it at the moment of this writing.

These exists, however, a library-based implementation of MPI endpoints that can be used

on top of existing MPI implementations [73].
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Chapter IV

Efficient Parallel Execution on

Multi-Cores

We postulate in a broad sens that the parallelism/data-locality trade-off follows the de-

scription in Figure IV.1. That is, bulk-synchronous PEM often optimizes for locality,

except when dynamic scheduling is performed, while the more an execution is dynamic

the more the model aims at eliminating idleness to the detriment of data-locality. We em-

phasize that, this is just a broad postulate, and contradicting examples can be found when

a bulk-synchronous execution can observe very little idleness while a dynamic data-driven

execution can exhibit idleness and superior data-locality.

This chapter summarizes and extends the work published in the paper “Fork-join

and data-driven execution models on multi-core architectures: Case study of the FMM”

[11]. Here, we aim at providing empirical cost-effectiveness analysis of several execution

models, which we believe will help application developers and system software experts

reason about them and build more scalable software. In the following we use a highly

optimized Fast Multipole Method (FMM) as a case study. In addition, we proceed in

two large steps in our study; first, we characterize naive implementations of the bulk-

synchronous and data-driven models; and second, we propose optimized and more scalable

implementations of the same models.

1 About the FMM Case Study

Nbody problems can be encountered in many disciplines such as mathematical physics,

machine learning, approximation theory, etc. The problem is how to efficiently evaluate
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Figure IV.1: Trade-off between idleness (or its dual: parallelism) and data locality in parallel
execution models

pairwise interactions between N bodies. It can be formally described as follows:

f(xi) =
N

∑

j=1

K(xi, yj)s(yj), i = [1..N ] (IV.1)

where f(xi) is the potential at the target xi resulting from the sources yj , s the source

density, and K the interaction kernel. A direct computation results in a O(N2) complexity

which makes it very expensive for large problem sizes. First attempts towards a faster

method brings the complexity to O(NLogN) like the Barnes-Hut method[15]. The FMM

was proposed as an even faster solution that uses a rapidly convergent method achieving

a O(N) complexity [42].

Most of FMMs rely on analytic expansions to evaluate pairwise interactions. Analyti-

cal expansions are problem dependent, not always available, and difficult to build. In this

work we use the Kernel-Independent FMM (KIFMM) developed by Ying et al. which

relies only on kernel evaluations, thus enabling FMMs to a wider range of engineering and

scientific problems [90, 91]. In KIFMM, the domain is represented by an octree of cells

or boxes, where interaction lists are built for each cell following Greengard notation [41],

namely: U-list, V-list, W-list, and X-list. The KIFMM implements the force evaluation

through the following large stages: U-list, Upward, V-list, X-list, W-list, and Downward.

These stages are synchronized by global barriers, are embarrassingly parallel, and tra-

verse the tree cells independently (for the list computations) or level-by-level (Upward

and Downward). We distinguish two independent flows of computation: the near field

direct evaluation represented by the U-list computation, and the far-field approximation

starting from the Upward stage, computing V-list, W-list, and X-list stages and finishing

by the Downward stage. We note that the W-list and X-list computations are negligible

for a uniform distribution of bodies.
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2 Naive PEM Implementations

In this section, we discuss and characterize the KIFMM that is implemented using the

naive bulk-synchronous and data-driven parallel execution models for modern multicore

machines.

2.1 Bulk-Synchronous Implementation

The bulk-synchronous KIFMM is the baseline implementation and highly optimized for

multicore architectures [21, 22]. All the previously mentioned stages are executed in

a bulk-synchronous way. In particular, the upward and downward steps ensure level-

to-level dependencies through global barriers. We illustrate how the simplified far-field

computation is carried out in Figure IV.2a.

2.2 Data-Driven Implementation

In this section we discuss the implementation of our data-driven solution. That is, the

flow of execution goes from the sources to the targets where the far-field and direct

evaluation computations are merged into a single flow by starting the Upward and the

direct evaluation at the same time.

From target centric to source centric

In KIFMM, the data structures are built from a target centric point of view, thus these

data structures need to be rebuilt from a source centric view to enable a data-driven

execution. Although in theory if a cell A interacts with cell B, B will interact with A

whether symmetrically (U and V lists) or dually (W and X lists), in practice it depends

on how a cell’s neighbors are determined. Indeed, a cell’s interaction lists are only built

around a neighborhood, and in KIFMM this neighborhood does not ensure bidirectional

interactions between two cells. In order to maintain a correct behavior of the algorithm

in a data-driven execution, we compute these lists from a source point of view.

Thread-based data-driven implementation

The dependencies in the data-driven execution can be seen as a producer-consumer syn-

chronization problem as shown in the simplified FMM far-field computation task depen-

dency graph in Figure IV.2b. In our implementation, each task is aware of the tasks

that depend on it and may trigger their creations upon termination. Moreover, the task

dependencies are satisfied using a combination of recursive calls and atomic counters. For

instance, an atomic counter is used at the Down task dependency in Figure IV.2b which
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is updated by other Down tasks or V tasks. In the following we give an example on how a

V-list task is executed for a source cell (src) after it was called by an Up task:

void* V (src ){

for(trg in Vlist(src )) // Compute the contribution of src

{ //to all the target cells that

compute_V (trg ,src ); // depend on it

trg. down_counter ++; // Atomic incrementation of

// the synchronization counter

/* Test if all dependencies are satisfied */

if(trg. down_counter = nb_input_depend (trg ))

create_task (Down , trg ); // Create Down computation task

}

}

}

This pseudo-code shows the V-list and Downward computation tasks (V and Down

resp.) and the target’s synchronization counter (trg.down_counter) between them. In

the Massivethreads library [61], tasks are embedded in lightweight threads scheduled to

be executed by workers. Task scheduling in Massivethreads follows by default Cilk-like

policies. That is, each worker is an OS-thread and has a private queue of ready tasks

which is managed by a LIFO (Last In First Out) scheduler and a FIFO (First In First

Out) work stealing policy between workers is adopted. As a result, the Down task will be

executed first and the V task goes at the front of the worker’s ready queue. We note that

the creation of tasks is incremental and done at the worker level, while the first created

tasks, which are situated at the back of the ready queue, may be stolen by other workers.

Thus, this work-stealing mechanism ensures good load-balancing. Since each worker is

scheduling the tasks to be executed independently from the others and uses a private task

queue, this method results in a distributed scheduling scheme that avoids the drawbacks

of a centralized scheduler, which may constitute a scalability bottleneck. We note that,

being oblivious of which stage in KIFMM, contributions from many cells may be reduced

at a target cell. While this is naturally serialized in the original target approach, in our

source approach, we serialize these updates by using the locks provided by the lightweight

thread library. Our experiments showed that contention for the locks occur rarely, which

discards these critical sections from being scalability bottlenecks.

2.3 Data-Locality Analysis

The dependency between a V and a Down task, as described in Section 2.2, corresponds

to a read after write hazard and results in temporal data reuse. Such data reuse can be

observed along the paths going from sources to targets. However assessing the spatial
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Figure IV.2: (a,b) Simplified FMM far-field computation with the bulk-synchronous and data-
driven methods. Up,V, and Down stand for the fine-grained tasks that operate at the octree cell level
and the upward, v-list, and downward stages, respectively. (c) Simple example of the Upward
tasks executed by two workers: white for the first worker and gray for a second worker. The
numbering shows a possible task execution order.

data reuse is more subtle since it depends on how the tasks are scheduled. First, one

may implement the task graph of Figure IV.2b by traversing the leaf boxes and spawning

the Upward and V-list tasks. This method requires synchronization counters where each

Upward task atomically increments its parent’s counter upon termination, and triggers

the Upward task of its parent if it is the last child. In addition, workers will likely access

non-contiguous cells in the tree. Indeed, the serial code to create all the leaf tasks is also

considered as a task which will be preempted and put in the worker ’s ready queue. A

second worker will steal that task and create the second leaf task and so on. As a result,

the workers will access randomly the data as shown by the upper part of Figure IV.2c.

To overcome this issue, we use a top-down recursive algorithm to spawn the tasks as

shown in the lower part of Figure IV.2c. In this approach, the work stealing happens

in the upper levels of the tree and results in a sub-tree working-set per worker, thus,

ensuring a better spatial and temporal locality and avoiding additional synchronization

variables.
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approach as described in [21] and [22]. However we do not consider the intermediate and

advanced tuning techniques introduced in [22], as these techniques can also be adapted for

a data-driven execution. Our methodology is guided by the high-level knowledge of the

application and also relying on hardware performance monitoring tools. For the latter

purpose, we use the Vampir tool-set [48, 18] combined with native hardware counters

accessible through the PAPI library [60, 3]. In addition, we use the VTune tool to report

memory-bandwidth measurements on the Sandy-Bridge-EP machine [4].

KIFMM stages at large scale

It is well known in the FMM literature that the U-list and V-list computations dominate

the serial execution time. However, after parallelization, not all of the stages scale at the

same rate, and the dominant stages at larger scale may differ. To verify our assumptions,

we run strong scaling simulations using the original implementation on the Magny-Cours

machine and we report the percentage of execution time taken by each stage as shown

in Figure IV.4. These results were reported using high resolution timers without tracing

the execution in order to avoid unnecessary overheads. We observe that although the

U-list stage takes the longest time when running sequentially, at full concurrency it takes

the smallest amount of time while the opposite is observed for the other stages. In the

following section, we shed light on the reasons behind this disparity in parallel efficiency of

the stages while performing a deep comparative analysis of both KIFMM implementations

on the target machines.

Comparative analysis

To decrease the negative effects of NUMA in the data-driven execution, we use the

numactl command to interleave the memory allocation on the NUMA-nodes where there

exists a MassiveThreads worker. For both implementations, the OS-threads are scattered

across the sockets and bound to the cores to optimize the memory bandwidth utilization.

Figure IV.5 shows the strong scaling of both implementations on each machine using both

distributions and indicates an overall better scaling of the data-driven execution. We ob-

serve that both implementations exhibit very limited speed-ups after using more than

half the cores. In particular, both methods have the worst scaling on the Magny-Cours

machine likely due to a smaller last level cache and the deepest memory hierarchy among

all machines. Also, for the elliptical distribution, there is a 22%, 18%, and 10% speed-up

of the data-driven execution over the bulk-synchronous PEM when using half of the cores

on the Sandy-Bridge-EP, Nehalem-EX, and Magny-Cours machine, respectively. To bet-
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Figure IV.4: Percentage of execution time for each stage on a the Magny-Cours machine for
uniform and elliptical distributions.

ter understand this scaling disparity, a deeper analysis of the latter case is performed as

it showed the greatest gap between the two methods.

We record statistics for each stage and also for the total force evaluation as shown

in Table IV.2. The computation times do not include scheduling and synchronization

overheads thus, the differences between the methods are only due to data movements.

We used native counters rather than PAPI preset counters which were not enough to

gather the information of interest. Native counters are machine dependent, thus we

follow the guidelines of the hardware manufacturers to derive our metrics for the Magny-

Cours [35] and the Sandy-Bridge-EP [7] machines. However, to the best of our knowledge,

similar guidelines are not available for the Nehalem-EX machine, thus we do not report

its memory-bandwidth measurements.

We can observe that the data-driven computation time is close to that of the original

implementation, indicating that the synchronization overheads eliminated by the data-

driven method did not detrimentally affect the data locality. In this experiment we

observed improvements of 14%, 17.3%, and 14% resp. for the data-driven which deviate

slightly from the above mentioned speed-ups due likely to tracing overheads and operating

system noise.

We notice that the data-driven method ensures a better locality for the Upward com-

putations, which hides the slower V-list execution time. In order to verify the locality

benefit of using sub-tree based working-sets, a similar approach was implemented for
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Figure IV.5: Strong scaling of the OpenMP bulk-synchronous (OMP) and the data-driven (DD)
implementations for uniform (a,b,c) and elliptical (d,e,f) distributions. To better appreciate the
scaling results we added a linear scaling plot.

the Upward stage using the bulk-synchronous model by manually partitioning the tree

among the threads. The results, as reported in the last row of Table IV.2, show that

the computation runs faster at the cost of a very large synchronization overhead. We

also observe that most of the synchronization overheads stem from the X-list and W-list

computations. This is not surprising since these computations exhibit the highest varia-

tion in terms of work per cell and results in high load-imbalance. An attempt to fix this

by means of a dynamic or a guided OpenMP scheduler resulted in worsening the data

locality and increasing the OpenMP scheduling overhead leading to a longer execution

time. In this case, the data-driven approach achieves a better trade-off between locality

and synchronization overhead. Later, we will perform a more thorough analysis for static
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Table IV.2: Computation time (without scheduling and synchronization overheads), OpenMP
synchronization overhead, average bandwidth consumption, and relative computation time of the
data-driven execution per machine for the elliptical distribution running on half the cores. Note
that important information is highlighted. Abbreviations: DD (Data-Driven), SB (Sandy-Bridge-
EP), NH (Nehalem-EX), MC (Magny-Cours), and N/A (Not Available). The DD relative time is
computed as: T imeOMP −T imeDD

T imeOMP
, where positive values mean speed-up in favor of the DD-PEM

and negative values mean slow downs.

Comput. Time(s) Sync. Overhead(%) Bandwidth(GB/s) DD Relative Time(%)

SB NH MC SB NH MC SB NH MC SB NH MC

U-list 27 30.5 38.5 7 14.8 14 0.1 N/A 0.4 -2.96 -2.30 -11.69
Upward 9.56 15.7 43.2 1.2 0.2 7.36 1.2 N/A 0.68 -4.60 17.20 44.44

V-list 13.42 24.7 36.7 1.8 8 1.34 6 N/A 6.8 -8.05 -10.12 -32.15

W-list 7.3 8.05 10.67 56.7 62 61 0.1 N/A 0.2 0.00 -4.60 -7.78
X-list 7 7.96 15 29.4 25.5 24 0.1 N/A 0.38 -2.86 -3.27 23.00
Downward 5.9 14.9 51.9 2.1 0.2 1.9 1.8 N/A 0.4 0.00 -0.54 1.54

Total OpenMP 70.18 101.8 195.9 15.6 18.8 15 1.3 N/A 1.8 -3.59 -1.19 3.22

Data-Driven 72.7 103 190 0 0 0 2.7 N/A 4.4

Upward static 9.32 13.4 18.58 55 24.5 45.3

and dynamic bulk-synchronous implementations as well as we report results with the

data-driven approach.

For a uniform distribution, we observed less synchronization overheads, a worse data

locality, and more bandwidth consumption, due to a larger V-list computation, which

reduces the effectiveness of the data-driven execution.

Analysis of the memory bandwidth consumption

According to the memory bandwidth measurements of Table IV.2, most of the memory

traffic comes from the V-list stage which is known to be memory bound. The memory

behavior of this computation can be explained as follows: V-list target-source interactions

can be seen as a sparse matrix pattern with high spatial locality and temporal reuse

regions at the diagonal of the target particle distributions [22]. These regions are limited

(roughly half of the total sources for a uniform distribution) while the rest of the sources

are streamed in a non-unit-stride fashion. In addition to the source cells, V-list uses

translation vectors, which are also accessed in a non-unit-stride pattern, and further

increases the working-set size. We conclude that the V-list bandwidth is consumed by

streaming a large working-set following mostly a non unit-stride memory access pattern.

Furthermore, reading the sources and translation vectors in a NUMA-aware fashion is

not guaranteed.

The data-driven execution of FMM resulted in a homogeneous memory bandwidth

consumption rather than concentrated only in the V-list computation. Thus, on a machine

with a low memory bandwidth, this execution model will help reduce localized high

memory traffic and the performance may improve as long as the overall data locality
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void* V-list -phase (){

# pragma omp parallel for schedule ( OMP_SCHED )

for(trg =0; trg < trgNodeMax ; trg ++) // Traverse all target nodes

{

for(src in Vlist(trg )) // Accumulate the contribution of all

compute_V (trg ,src ); // source nodes into the target

}

}

Figure IV.7: Example of how the V-list computation is implemented with OpenMP for loop.
OMP_SCHED is a macro that controls the scheduling policy and takes the values static or dynamic

and data-driven solutions.

3.1 Static vs. Dynamic Scheduling in the Bulk-Synchronous PEM

The baseline bulk-synchronous KIFMM implemented the phases with different scheduling

policies. Upward and downward used a guided scheduling. U-list and V-list were using a

static scheduling where the target tree nodes were partitioned among the threads with the

goal of having the same workload per thread. Finally, X-list and W-list implement static

scheduling. This variety in scheduling methods renders difficult the task of analysing a

bulk-synchronous implementation. In order to expose the trade-off between parallelism

and data locality, we used two opposite scheduling methods to implement all phases: (1)

a static approach that divides the node list equally among the threads without taking into

account the workload variation and (2) a dynamic approach that distributes dynamically

the workload. Figure IV.7 shows an example implementation of V-list stage. We also

note that we generate different binaries depending on the value of OMP_SCHED passed to

the compiler.

We run the rest of the experiments of this section on a dual-socket Sandy-Bridge

machine equipped with 8 cores per socket with Simultaneous Multi-Threading (SMT) is

disabled. The 8 cores share a 20 MB of L3 cache memory. We run our new implementa-

tions with 223 particles and 128 particles per box and show the trace of their respective

executions in Figures IV.10a and IV.10b. Here we clearly notice the idleness of threads

in all the phases when using static scheduling. Although the dynamic approach fixes the

idleness, we notice that to execution time of the computational parts stretched, especially

with the V-list phase, indicating data locality issues. This suggest a different method that

offers a better balance between idleness and data-locality is necessary for scalability.
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3.2 Tasking Through Temporal and Spatial Blocking

The naive dynamic approach uses fine-grained computations (computation = loop iter-

ation corresponding to work on a single octree box) as schedule able units. Instead, we

argue that, with a large enough problem size, it is possible to expose enough parallelism

with bigger chunks. We emphasize here that, however, an implementation has to take into

account both temporal and spacial locality in scheduling the computations to optimize

for cache performance. For an application that does not have memory intensive kernels,

exposing the task granularity might be enough, since it will mostly impact on idleness.

Otherwise, if a subset of the kernels experience bottlenecks in the memory subsystem, it

might be necessary for the user to expose those kernel key parameters to the auto-tuner.

We give a real example of the V-list computation pattern when using an elliptical

distribution in Figure IV.8c. This pattern is highly dependent on the input parameters:

type of distribution, number of particles, and number of particles per box. Thus, one

needs to tune the execution for each set of parameters. Our partitioning scheme suggests

to perform a one-dimensional tiling of the source data and another one-dimensional tiling

of the target data. The resulting partitioning is a two-dimensional tiling that clusters

computational patterns that operate on contiguous data and exhibit high temporal and

spatial locality. We illustrate how the data is portioned in KIFMM in Figures IV.8a

and IV.8b. Hereon, we use only one tiling factor parameter for the tasks and for all

stages. Thus, because of the parent-children dependencies in the octree, the data is not

partitioned uniformly and rather done in a way to respect those dependencies.

3.3 Tiled Bulk-Synchronous Approach

In order to implement the previous idea of larger chunks with high data-locality potential,

we implement a bulk-synchronous approach that uses tiles that form one dimensional

blocks with the target data and another one dimensional block for the source data in case

of the list computations (all phases except Upward and Downward). We illustrate this

approach with the V-list computation phase in Figure IV.9.

This approach, however, requires some tuning since the optimal tile size is unknown.

We show the results of tuning this parameter with a uniform and an elliptical distribu-

tions in Figure IV.11. We used the optimal tuning parameter and traced the execution of

this approach in Figure IV.10c. We notice that the execution time of the computational

part is at least as fast as with the static scheduling approach while most of the idleness

was eliminated. Some idleness subsists in the Upward and Downward phases because the

upper levels of the tree inherently lack computational work and exhibit many synchro-

nizations. We present in the next section a tiled data-driven implementation that solves
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Figure IV.12: Performance comparison of the tiled bulk-synchronous implementation with the
naive static and dynamic implementations
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Tiled Data-Driven implementation

In addition to tiling chunks of computation as we did with the tiled bulk-synchronous

method, we expose another blocking factor for V-list since it is the main bottleneck of the

computations. The justification is that, communication intensive kernels such as V-list

often perform worse in a data-driven execution because of sharing the cache with other

computations that incurs more compulsory cache misses. This is for instance observed

in the previous characterization section. Although not observed in our experiments, a

different setting (application and hardware) would exhibit high producer-consumer data

reuse and thus would alleviate the compulsory misses issue. We illustrate how the data is

portioned in KIFMM in Figure IV.8b with a particular attention to the V-list blocks. The

unit of the block granularity is expressed in terms of number of tree nodes. Depending

on the type of computation carried out, the real size of the data accessed by the task

will depend on the stride of the array accessed by that task. Our implementation relies

on the OpenMP 4 tasks with the depend construct that allows explicit data-dependency

specification in the task clause. These directives are similar to what can be found in the

research prototype of the OMPSs programming model [36]. More specifically, we decorate

the key kernels with IN/OUT dependencies on array regions. The listing in Figure IV.13

shows how we implemented the V-list computation. Those tasks are integrated into a

global task graph to allow a full data-driven execution.

# define DATA_OUT eff_val [ beg_eval : trg_stride ]

# define DATA_IN eff_den [ beg_eden : src_stride ]

void* V-list -phase (){

for(i=0; i < trgNodeMax ; i+= BS) { // Traverse all target blocks

int trg_stride = eff_trg_size *BS;

int beg_eval = trg_stride *i;

for(j=0; j < srcNodeMax ; j+= BS) { // Traverse all source blocks

int src_stride = eff_src_size *BS;

int beg_eden = src_stride *j;

# pragma omp parallel task depend (out: DATA_OUT ) depend (in: DATA_IN )

for(trg=i; trg < BS; trg ++) { // Traverse the targets in the block

for(src=j; src < BS; src ++) { // Traverse the sources in the block

if(src in Vlist (trg )) // Accumulate the contribution of all

compute_V (trg ,src ); // source nodes into the target

}

}

}

}

}

Figure IV.13: Example of a tiled V-list computation in the data-driven implementation using
OpenMP tasks. eff_val and eff_den are the input and output vectors, respectively.
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Auto-tuning Approach

One of the limits of auto-tuning methods is the rapid growth of the design space with

the number of parameters and the ranges of discrete values they can take. To reduce

this complexity, the auto-tuner can operate in several steps starting from tuning single-

threaded performance then moving to tuning the parallel data-driven implementation.

In the case of KIFMM, single-threaded performance was manually tuned in previous

works [21, 22]. The only single-threaded tuning operation we perform is regarding the

number of particles per box since it can vary highly between input problems and hardware

specifications. The most important step here it to explore the design space of the task

granularity and the V-list block size. We show the results of tuning two input problems

on the Sandy-Bridge machine in Figures IV.14a and IV.14b respectively. We observe

that performance is highly variable depending on the task granularity and the V-list

block size. In addition, we notice that the optimal parameters are different for the input

distributions.

Performance Results

After the previous tuning step, we perform a strong scaling experiment and show the

results in Figure IV.15. We notice that we achieve an average of 15% improvement over

the tiled bulk-synchronous approach with 16 threads across the input problems.

PEM Comparative Analysis

The performance results showed that the data-driven implementation outperformed the

bulk-synchronous one, and we speculate that it is likely because of the reduction in thread

idleness. Here, we provide some empirical evidence.

The bulk-synchronous execution traces obtained with the Vampir tool-chain offers the

reader an intuitive way to attribute performance losses to one of the factors mentioned in

Chapter II: idleness shown as OMP_SYNC, work time inflation can be obtained by comparing

the parallel execution time of the computational kernels and their sequential execution,

but scheduling overhead is less intuitive but often negligible for bulk-synchronous type

of execution. However, as of this writing and to the best of our knowledge, no tool can

profile or trace OpenMP codes that use the task construct with the depend clause. Thus,

we rely on manual profiling to shed light on the performance results previously obtained.

We first show that both tiled bulk-synchronous and data-driven methods have com-

parable cache performance by measuring work time inflation (WTI). This is straight

forward, since it only requires measuring application kernel execution times and com-

pare them with their corresponding sequential runs. Figure IV.16 shows the WTI of the
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Figure IV.15: Strong scaling performance results after the auto-tuning step
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Figure IV.16: Work time inflation comparison between the different implementations

the data-driven approach exhibits the least idle threads among all approaches and that

it is the major advantage of the bulk-synchronous approach even after tuning the block

sizes. Note that we do not count the sequential code and the task creation operations

performed by one of the threads (most likely the master thread) as tasks. As a result,

we observe that the tiled-data-driven implementation has one or two less parallel tasks,

which map to those operations.

4 Parallel FMM Related Work

Data-driven execution of FMM is not novel. Yokota et al. [51] proposed a data-driven

execution of FMM in order to overcome load-balancing issues. Agullo et al. proposed
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Figure IV.17: Profiling idleness with an elliptical distribution and 222 bodies

to pipeline the FMM computations on heterogeneous architectures over a runtime [9].

Pericàs et al. implemented a data-driven execution of ExaFMM, a fast open-source

FMM [66]. Although these works used a data-driven approach to implement the FMM,

their objectives were to load-balance the work among the computational units. Our

work also achieves this goal, proposes a novel distributed scheduling scheme, and further

presents an in-depth comparison with a bulk-synchronous execution model. Using also

the MassiveThreads library, Taura et al. described parallel recursions as an alternative
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to parallel loops for implementing ExaFMM [79]. Our methodology can be applied to

this work in order to evaluate the implications of using recursions to implement task

parallelism.

5 Conclusion

In this chapter, we characterized bulk-synchronous and a data-driven parallel execution

models on multicore systems using the KIFMM as a case study. Our initial character-

ization of naive approaches that optimize only in one of the data-locality/parallelism

dimensions proved that such methods are not scalable. Although a fine-grained data-

driven implementation showed some degree of temporal data reuse, it loses other forms

of data locality and performs similar or worse than a bulk-synchronous. Since both ap-

proaches are optimizing in one dimension, we proposed a method that explores the sweet

spot in both parallelism and data locality dimensions. We show that by exposing key

parameters of dynamic implementations, performance could substantially improved.

In the next section we address another important aspect of using threading models on

modern parallel systems: that is, the hybrid MPI+threads model. We study this model

from an application perspective, by showing the pros an cons of the model compared to

a process-only, and also emphasize on the consequences of runtime contention.
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Chapter V

Characterizing MPI+ Threads

Applications at Scale

This chapter serves at exposing the pros and cons of a hybrid MPI+threads model by

comparing it to the well established MPI-only process model to implement parallel al-

gorithms on clusters of multicores. This serves at identifying the scalability issues that

MPI+threads can alleviate, but also shows the limits of this model, e.g. it cannot fix

fundamental algorithmic scalability issues that require addressing the root causes. We

also demonstrate some bottlenecks that arise because of the data sharing nature of us-

ing threads which will serve as an introduction to the more detailed runtime analysis of

Chapter VI.

We use along this chapter the breath-first search algorithm as a case study because

of its importance and its communication intensive nature.

1 The Case with Parallel BFS

Here we describe the breadth-first search algorithm and its baseline MPI-only distributed

implementation that will be used to derive the hybrid MPI+threads implementation.

1.1 The Breadth-First Search Algorithm

Given a graph G(V, E) composed of a set of vertices V and a set of edges E and a root

vertex r ∈ V , the BFS algorithm explores the edges of G, in order to traverse all the

vertices reachable from r, and produces a breadth-first tree rooted at r. Most parallel

graph traversal algorithms are performed level by level, where the vertices of a level

are situated at the same distance from the root. Because synchronization is required

between levels this approach is referred to as level synchronized. We choose the baseline
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BFS algorithm from the Graph500 benchmark [5, 1] because it is widely accepted as the

reference benchmark to evaluate graph processing capabilities of parallel systems and is

well studied [81, 74].

1.2 Baseline MPI-Only Implementation

The baseline implementation is described in Algorithm 1 along with the details of the

functions provided in Algorithms 2 and 3.1

Algorithm 1: Pseudo algorithm executed by each process for the Graph500 BFS
reference simple implementation

1 Enqueue(CQ, root);
2 while True do

3 Irecv(AnySource);
4 for u ∈ CQ do

5 CheckIncomMsgs;
6 for v ∈ Neighbors(u) do

7 O ← Owner(v);
8 if (R = O) then Update(u,v) ;
9 else

10 if (Pending Send to O) then

11 WaitPendSend(O)

12 Buffer(v, u, O) ⊲ Put (v,u) in O’s buffer;
13 if (O’s buffer full or last message) then

14 Isend(O) ⊲ Send buffer content to O

15 Synchronize;
16 count = |NQ|;
17 Allreduce(count);
18 if (count = 0) then

19 break ⊲ NQ of all processes is empty;

20 Swap(CQ, NQ);

Algorithm 1 assumes that the graph is already partitioned between the processes.

CQ and NQ are queues that store the vertices at the current level and the ones that will

be visited at the next level, respectively. When a vertex is visited, it is marked in the

visited vector, and its parent is recorded in the pred vector. Each process traverses the

graph level by level starting from the root vertex at level 0. First, the root of the graph

is enqueued in CQ (line 1). The graph traversal is done by the main loop at line 2 with

each loop iteration corresponding to one level. Given a vertex in CQ, its neighbors are

1We use a naming convention for the communication routines similar to the MPI standard. The
function names, however, are truncated in order to keep the pseudo algorithm simple.
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Algorithm 2: Routine details of Algorithm 1

1 Update:
2 if (visited[v] = 0) then

3 visited[v]← 1;
4 pred[v]← u;
5 Enqueue(NQ, v);

6 CheckIncomMsgs:
7 CheckRequests;

8 WaitPendSend:
9 while (Pending Send to p) do

10 CheckRequests;

11 Synchronize:
12 for (p ∈ P ) do

13 Isend(EmptyMessage, p) ⊲ Signal I am done

14 repeat CheckRequests until All processes done;

Algorithm 3: Communication Progress Routine

1 CheckRequests:
2 if TestRecv() then

3 for ((v, u) ∈ RecvBuff) do Update(u,v) ;
4 Irecv(AnySource)

5 for p ∈ P do

6 if TestSend(p) then ⊲ Test Send requests ;
7 FreeBuff(p) ;

processed in the loop at line 6. The newly visited vertices will be enqueued in NQ (line 8

in Update). At the end of each level, CQ and NQ are swapped so that CQ contains the new

vertices to be processed while NQ reuses the CQ memory storage to contain the next-level

vertices. The algorithm stops by breaking out of the main loop after NQ of all processes

are empty.

Computation is carried out by the Update routine, and the bulk of interpro-

cess communication is ensured by nonblocking point-to-point communication. The al-

gorithm simulates an event-driven execution by polling for incoming communication

(CheckIncomMsgs) and for pending send operations (WaitPendSend). After all the ver-

tices of CQ are processed, the processes synchronize globally by exchanging empty mes-

sages (Synchronize). All these functionalities use the CheckRequests communication

progress routine that polls for both incoming and outgoing communication.

It is worth noting that this algorithm puts a lot of stress on the core-to-core commu-
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nication model of the MPI-only model because each process has to communicate with all

other processes. This is valid for both point-to-point vertex exchanges and the collective

Allreduce operation (line 17). In the rest of the document, we refer to the problem size

by the graph scale, where scale = log2 |V |. In addition, we use Kronecker graphs as input

data sets during our experiments [50].

1.3 Hybrid BFS Design and Implementation

Our solution builds on top of the baseline algorithm described in the previous section.

The main difference is that both computation and communication are driven by OpenMP

threads. A thread is considered here as an independent unit with an execution flow

similar to the process execution flow of the baseline method. Algorithm 4 shows where

the team of threads is spawned (line 3) and later joined. That is, threads do all the work

in parallel except the Allreduce operation. We describe below how computation and

communication are implemented.

Algorithm 4: Threading extension to Algorithm 1

1 Enqueue(CQ, root);
2 while True do

3 foreach thread parallel do

4 Irecv(AnySource);
5 for u ∈ CQ do

6 ⊲ Do local computation, send operations, and process incoming
messages

7 Synchronize;

8 count = |NQ|;
9 Allreduce(count);

10 if (count = 0) then

11 break ⊲ NQ of all processes is empty;

12 Swap(CQ, NQ);

Computation

Various optimizations were explored during the past decade to improve the scalability of

the BFS algorithm on shared-memory architectures. Since the goal of our work focuses

mostly on the communication part, we implement only a subset of existing optimizations

that have the highest benefit.

First, we inherit the visited vector bitmap representation to reduce the memory

footprint of the graph and reduce the amount of data movement [8]. Second, we update
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the shared visited and pred vectors and the CQ and NQ queues in a lock-free and atomic-

free manner. More precisely, the CQ is read-only so it does not cause any issue. Writing

to NQ, however, needs to be protected. Instead of using locks or a lock-free queue that

are not scalable, we use private queues per thread and then merge them at the end of

each level. This strategy also improves data locality because vertices visited by the same

thread will be gathered contiguously in NQ, and it increases the opportunities for data

reuse when reading the vertices from CQ.

Our method shares many similarities to the shared-memory BFS implementation of

Chhugani et al. [23]. One major difference is that we do not maintain an array for the

depth of the vertices that was exploited by their algorithm to confirm whether a vertex

is visited. Instead, we initialize the parent of each vertex with a negative value and test

against it to achieve the same atomic-free algorithm as shown in Algorithm 5. Although

the algorithm exhibits possible data races, it guarantees the generation of a correct BFS

tree on architectures that ensure atomic loads/stores (see [23] for a detailed explanation).

Figure V.1a shows a single-node performance comparison between the baseline MPI-

only design and our multithreaded implementation on a Blue Gene/Q node. While both

methods scale with the number of cores, the multithreaded method achieves close to 2x

better performance. This gives an empirical estimation of the drawbacks of using message-

passing for shared-memory parallelism. Although the shared-memory performance of

both methods can be improved, we do not optimize the computation part any further since

our primary goal is a large-scale study. In fact, we show later that the primary bottlenecks

are related to the communication model rather than the computation performance.

Algorithm 5: Pseudo algorithm for the multithreaded Update method

1 Update:
2 if visited[v] = 0 then

3 visited[v]← 1;
4 if pred[v] = −1 then

5 pred[v]← u;
6 Enqueue(NQi, v);

Communication

First, we note that threads in our BFS implementation concurrently perform computation

and communication in order to maximize throughput and minimize idleness. Thus, we

require the MPI_THREAD_MULTIPLE threading support from the MPI library.
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To avoid thread contention at the application level, we manage the communication

following the same methodology as with the computation part. Since accessing the com-

munication buffers is critical, we use thread-private buffers mapped to remote processes.

This approach ensures asynchronous progress and thread independence where the only

synchronization point is the implicit barrier at the end of the parallel region. In partic-

ular, synchronization inside the parallel region is avoided through the use of OpenMP

nowait clauses. The Synchronize step in Algorithm 2 is also performed by all threads.

Each thread sends to all processes a termination message and expects the same type of

message from each remote process. In the following, we model the communication ana-

lytically in order to compare the communication costs of running with only processes or

with one process and multiple threads per node.

Communication Characterization Assuming P processes, |V | vertices in the graph,

and e the edge factor, we estimate C, the total number of vertices communicated, as

C(P, V ) = 4e|V |
P − 1

P
(V.1)

The derivative
δC

δP
= 4e|V |

1

P 2
(V.2)

is always positive and proves that C grows proportionally with the number of processes.

If we assume that P in an MPI-only model is larger than that of a hybrid model by a

factor α, then the growth in communication can be estimated by

C(αP, V )

C(P, V )
=

αP − 1

α(P − 1)
(V.3)

We note that for systems where the number of nodes is significantly larger than the

core density (P ≫ α), the increase in communication of the MPI-only over a hybrid

method is negligible. For a small-diameter cluster with high core-density nodes, however,

the reduced internode communication of the hybrid model can be significant. For instance,

with 128 processes and 16 threads per process, we estimate and confirm experimentally

the total amount of communication and show the message count in Figures V.1b and V.1c,

respectively. Although the gain by the hybrid method in terms of reduced communication

is not large in this case, the MPI-only method incurs a larger communication overhead

by sending more messages. This message count increase stems from finer-grained graph

partitioning between the processes and the global synchronizations.

Scalability of the Global Synchronization In our design, a thread sends an empty

message to each process, to signal that it is done sending and expects to receive an empty
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Figure V.1: (a) Performance comparison between the MPI-only model and the hybrid mode
on a single BG/Q node. (b) Total amount of communication aggregated across all processes.
(c) Corresponding total message count with a problem size 26, one process/thread per core for
the MPI-only/hybrid method, respectively. MPI-Only_est and Hybrid_est are the estimation of
communication for the MPI-only and the hybrid methods, respectively.

message from each process. Although we could join the threads beforehand and perform

the global synchronization by a single thread, we choose to involve all the threads in this

step to process incoming messages in parallel. Despite the fact that all threads participate

in the synchronization, this method is more scalable than in the MPI-only case. Let us

assume M cores per node, N nodes, one process per core for the MPI-only method, and

one process per node and one thread per core for the hybrid method. Then, the number

of empty messages scales as O(M2N2) for the MPI-only method and as O(MN2) for the

hybrid method. As a result, the hybrid method reduces by M -fold the overhead of the

global synchronization.

2 Evaluation and Analysis

In this section we present our initial evaluation of both approaches followed by a series

of analyses of the bottlenecks and their corresponding optimizations. The evaluation was

conducted on a Blue Gene/Q system (Table V.1) while interprocess communication was

ensured by using MPICH 3.1.1. Because of the larger memory footprint and the subop-

timal performance when using more that one process per core, we use only one hardware

thread per core. For fairness reasons, the MPI-only method dictates the problem sizes

and thread count per node for the hybrid method. The maximum achievable performance

48



CHAPTER V. HYBRID MPI+THREADS 2. EVALUATION AND ANALYSIS

Table V.1: Target platform specification

Architecture Blue Gene/Q
Processor PowerPC A2
Clock frequency 1.6 GHz
Cores per node 16
HW threads/Core 4
Number of nodes 49152
Interconnect Proprietary
Topology 5D Torus
Compiler GCC 4.4.7
Network driver BG/Q V1R2M1

by the latter method is higher than what is shown because bigger problems can be run

and better results were observed with 32 threads instead of 16. Thread-safety in MPICH

is guaranteed through a global critical section. Although MPICH supports fine-grained

critical sections on Blue Gene systems, it has a higher overhead on the fast path, that

is, the execution path free of lock contention. Hence, without proof of contention in the

runtime, the application developer is advised to configure MPICH with the global critical

section support.

2.1 Preliminary Evaluation

We performed a comparative analysis between the baseline process implementation and

our hybrid method. We show in Figure V.2a weak-scaling performance results. We

make the following observations: (1) at small scale, the hybrid method performs worse

than MPI-only; and (2) at larger scale (≥4K cores), the MPI-only implementation stops

scaling, whereas the hybrid method performs better and stops scaling only after 64K

cores. We do not show data points after 32K cores with the reference implementation

because it runs out of memory. This issue arises during the graph construction when

using a flat-MPI model and has been reported by previous authors [81]. The trend is

obviously toward worse performance. Most of the inefficiency of the hybrid method at

small scale stems from runtime contention and will be discussed in Section 2.4.

To understand the source of the performance breakdown, we profiled the execution

of the previous experiment. We show the results in Figures V.2b and V.2c. Thread

load imbalance is estimated by the average time spent between the end of the global

synchronization step and the end of the parallel region and is shown as OMP_Sync in

the hybrid model profiling figures. The non-overlapped communication cost is estimated

by summing the time spent in the MPI runtime (MPI_Test, and MPI_Others2) and the

2MPI_Isend, MPI_Irecv, MPI_Allreduce, and other routines involved in the global synchronization
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Figure V.2: (a) Preliminary weak-scaling performance results with problem sizes from 25 to 35,
with 16 processes per node (PPN) for MPI-only and 1 PPN and 16 TPN (threads per node) for
the hybrid version. (b) Execution breakdown of the weak-scaling experiment for the MPI-only
model. (c) Execution breakdown of the weak-scaling experiment for the hybrid model.

time spent polling at the user level. Figure V.2b shows that the main bottleneck in the

reference implementation is polling for communication progress outside the MPI runtime.

The analysis in Section 1.3 showed that the difference in communication volume between

the two methods is small and does not justify such a gap in the communication cost.

We notice that the loop for checking outgoing requests in the communication progress

routine (Algorithm 3) scales as O(P ). Although the same routine is used by the hybrid

solution, it is more scalable because P is smaller by a factor equal to the number of cores

per node. Nevertheless, since the hybrid method scales with the number of nodes, this

issue is only delayed; and the model breaks down at 64K cores. Hence, fixing the root

issue is necessary.

2.2 Reducing Synchronization between Endpoints

Polling for outgoing requests completion with CheckRequests is performed at several

execution points. In short, the algorithm eagerly checks the requests in order to mark

buffers as free as soon as possible. We point out that doing so is not necessary, however,

because a buffer may effectively be needed only at a later time. Although regularity in

checking for incoming messages is essential, for outgoing messages we propose a heuristic

that delays polling until the buffer is needed. That is, we avoid checking outgoing requests

implementation of Section 2.3
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Figure V.3: Weak-scaling results and profiling after using the lazy polling method.

at each iteration of the main loop and at the global synchronization step. In addition,

waiting for a buffer to be freed involves only the corresponding outgoing request and

avoids polling for O(P ) requests. We refer to this method as lazy polling (LP) and

illustrate the changes to the routines in Algorithm 6. The performance gain of this

optimization is shown in Figure V.3a. We notice that with LP, both the MPI-only and

MPI+threads methods are more scalable. The profiling results in Figures V.3b and V.3c

confirm that the lazy polling policy substantially reduces the polling overhead. We also

notice, however, that significant time is spent in communication with both methods.

Algorithm 6: Lazy polling implementation

1 CheckIncomMsgs:
2 if (TestRecv()) then ⊲ Test Recv requests
3 for ((v, u) ∈ RecvBuff) do Update(u,v) ;
4 Irecv(AnySource) ;

5 WaitPendSend:
6 while (Pending Send to p) do

7 CheckIncomMsgs ⊲ Make progress on Recv;
8 if (TestSend(p)) then ⊲ Test Send request
9 FreeBuff(p)
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2.3 Efficient Global Synchronization

As mentioned in Section 1.3, the original design incurs an overhead due to empty mes-

sages that scales as O(M2N2). Although the hybrid method reduces this overhead by

a factor M , it is still not scalable because the overhead grows quadratically with the

number of nodes. In Figure V.4, we depict the distribution of the messages in a BFS

run according to their type—full, incomplete, and empty—in a weak-scaling experiment.

Ideally only full messages would be exchanged. We observe, however, that the ratio of

full messages decreases at scale, even though we performed a weak-scaling experiment.

We also confirm experimentally that the multithreaded implementation inherits the same

issue but incurs fewer empty messages than does the MPI-only method. These results

encourage implementing a better global synchronization algorithm.

The difficulty here is to ensure a global barrier-like synchronization while processing

incoming messages to avoid deadlocks. We propose the new Synchronize routine imple-

mentation in Algorithm 7. Our solution assumes the availability of an implementation of

the recently released MPI-3 standard, which supports nonblocking barriers. Most super-

computers, including Blue Gene/Q, Cray, and InfiniBand platforms, support MPI-3 at

this point. In addition, since handling incoming messages involves computation (Update

operation) and internal MPI processing, the hybrid method uses multiple threads during

this step. Here, a single thread is responsible for calling the nonblocking barrier. When

one of the threads detects the barrier completion, it sets the done flag that signals the

end of the synchronization step for the other threads. Assuming that a barrier implemen-

tation incurs O(PLogP ) message exchanges, where P equals the number of processes, we

estimated the cost of the global synchronization as NLogN instead of the original MN2

for the hybrid implementation.

We measured performance and profiling data after using the optimized global syn-

chronization 3, as shown in Figure V.5. We observe in Figure V.5a that the scalability of

both methods has improved.

Algorithm 7: New global synchronization implementation

1 Synchronize:
2 done← False;
3 OmpBarrier() ⊲ Threads must complete sending;
4 Ibarrier() ⊲ Executed by a single thread;
5 while (done = False) do

6 CheckIncomMsgs() ⊲ Make progress on Recv;
7 ⊲ Test barrier Completion by a single thread done← TestIbarrier();

3Referred to as IB as in Ibarrier
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Figure V.4: Distribution of the messages according to their content in a weak-scaling experiment
with problem sizes from 24 to 30 and with 256 edges per message. Empty messages stem from
Synchronize, and incomplete messages result from flushing the last vertices inside the buffers at
the end of each level.
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Figure V.5: Weak-scaling performance and profiling results after using a nonblocking barrier to
implement the global synchronization step.

2.4 Reducing MPI Runtime Contention

Although the multithreading version is more scalable, it performs worse than the MPI-

only method at a smaller scale. Despite the reduction in execution time, however, the

execution breakdown in Figures V.5b and V.5c shows that significant time is still spent in

communication. In particular, the communication costs for both methods are comparable,

which contradicts our analysis, in which we concluded that the communication costs
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should be higher for the MPI-only method.

We therefore hypothesized that either the multitheaded communication is serialized

at the network level or the threads suffer contention at the software stack. To test the

first hypothesis, we measured the concurrent bandwidth when varying the number of

cores (one process per core). The results are shown in Figure V.6a. We observe that by

driving the communication using multiple cores, throughput can be improved by more

than an order of magnitude as compared with a single core. This result disproves the

first hypothesis.

To test the second hypothesis, we measured the average time per MPI_Test call during

a BFS run and plotted the graph in Figure V.6b. We notice that the time per MPI_Test

scales with the number of threads, suggesting contention occurs in the MPI runtime. We

remind that MPICH was built by using a global critical section (CS) internally to opti-

mize the fast path. However, the proof of contention encourages the use of fine-grained

critical sections. Previous works already targeted reducing runtime contention through

fine-grained concurrency in the MPICH runtime and obtained significant improvement

in both multithreaded communication throughput and latency [14, 33]. Because of the

cost of implementing fine-grained critical sections, however, most production MPI imple-

mentations rely on coarse-grained locking; to the best of our knowledge, only MPICH

on Blue Gene systems supports fine-grained locking in production environments. To en-

able a more efficient multithreaded runtime on a wider range of architectures including

commodity HPC clusters, we investigated a different, but complementary, approach that

reduces contention regardless of the CS granularity in the next chapter. We showed that

by using locks with CS arbitration policies different from that of Pthread mutex, con-

tention can be reduced substantially. Indeed, several fold improvements were observed

with several benchmarks and applications.

Hence, since our platform is a Blue Gene/Q system, we rebuilt MPICH to support fine-

grained (FG), or per-object, critical sections. We profiled the performance of MPI_Test

with our hybrid method and show comparative results in Figure V.7a. We notice that

the performance improves considerably, with the cost of polling with MPI_Test being

almost constant. The overall performance is improved and outperforms the MPI-only

approach (Figure V.7b), providing a total performance improvement of 35-fold on 16K

cores over the original MPI-only approach. The final profiling data in Figure V.7c shows

that the communication cost is reduced considerably, while the time spent outside the

MPI runtime dominates the overall execution time. We observe, however, that for fewer

than 4K cores the hybrid approach is slightly worse than MPI-only, indicating that the

hybrid method may still suffer from contention and incurs overheads, such as thread

load-imbalance, shown in Figure V.7c.
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Figure V.7: (a) MPI_Test performance when scaling the number of TPN with 512 cores. (b)
Weak-scaling performance comparison after using fine-grained critical sections (FG). (c) Execution
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3 Hybrid BFS Related Work

Many parallel BFS implementations have emerged during the past few decades, most of

which use a hybrid MPI-threads model. Koji et al. [81] proposed an MPI+OpenMP

parallelization with advanced 2D partitioning, cache-friendly optimizations, and com-

pression techniques to reduce remote communication time. Satish et al. [69] used their

highly optimized shared-memory BFS as a basis for a distributed solution that also uses

some compression techniques and handles manually the progress on communication by

means of a communication thread. Lv et al. [53] used a design in which the master thread

handles communication and traversal threads perform the computation. From the per-

spective of programmability, these latter solutions add a layer of complexity because of

the heterogeneity created by classes of communication and computation threads and the

producers-consumer relationship between them. Moreover, we point out some drawbacks

such as losing some threads for computation, and possibly underutilizing the network

resources since not all cores are involved in the communication. Our implementation can

be combined with previous approaches for more scalability and greater performance.

The goal of these previous works was to traverse graphs at the highest possible rate.

Our goal is the comparison of two programming models instead, and performance mea-

surement were just used for comparison purposes.

4 Concluding Remarks

We studied in this chapter the MPI-only and hybrid MPI+threads models using the BFS

algorithm at very large scale. In our hybrid BFS implementation, threads are the main

units that handle both computation and communication concurrently. The motivation

behind this design is to offer a better trade-off between memory usage, intranode par-

allelism, and communication performance than what the MPI-only model offers. As a

result, we exposed many important parameters that users need to take into account when

choosing the best model that fits the application and target platform. Such parameters

are the scale of the target machine, where larger scale favors the hybrid model because

of the superior node-to-node communication model, and the importance of runtime con-

tention when threads participate in communication. However, the hybrid model is not a

silver bullet that fixes all scalability issues. Although it reduces some of the overheads

associated with interprocess communication, thus delaying some of the scalability bottle-

necks, it does not completely avoid them. We therefore proposed various enhancements

and, through a detailed experimentation and analysis, demonstrated that our techniques

can reduce the overheads at very large scale and improve the performance of BFS by
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35-fold cores on 16K cores while scaling to 512K cores of a Blue Gene/Q system.

This study revealed contention in the MPI runtime as an important bottleneck that

may occur when multiple threads access the MPI layer. Fine-grained thread-safety proved

to be effective on the BG/Q system, however, other platforms do not support this level

of granularity. We address this challenge in the next chapter and propose solutions to

the runtime contention that are accessible on many platforms.
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Chapter VI

Mitigating Contention in

Multithreaded MPI Runtimes

The MPI standard defines how hybrid applications interoperate with an MPI library. In

particular, MPI implementations that offer multithreading support must guarantee thread

safety. Such thread-safety is guaranteed through a combination of processor atomic op-

erations and critical sections in virtually every MPI implementation today. In order to

maintain performance, however, two orthogonal dimensions of optimizations need to be

investigated—(1) granularity of the critical sections and (2) the synchronization mech-

anism used by those critical sections. The synchronization mechanism itself has two

important properties. First, the latency of handing-off the critical section to the next

thread, which was investigated for many decades by various researchers and led to several

scalable locks and other synchronization mechanisms. Second, the resulting arbitration

of a critical section, i.e. the access order of the threads to the critical section. Most

MPI implementations use Pthread mutex-based coarse-grained critical sections due to its

portability and relative simplicity, though some implementations have investigated fine-

grained critical sections as well [43, 14, 33]. However, all existing implementations ignore

the orthogonal dimension of critical section arbitration.

This chapter summarizes and extends on the work titled “MPI+threads: runtime

contention and remedies” [10]. Here, we investigate how critical section arbitration can

affect communication performance.

1 Thread Safety in MPI

In this section we provide background information about thread safety and its relation

to MPI, and we discuss thready-safety efforts in MPICH.
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1.1 MPI Requirements for Thread Safety

The MPI standard defines four levels of thread safety: MPI_THREAD_SINGLE,

MPI_THREAD_FUNNELED, MPI_THREAD_SERIALIZED, and MPI_THREAD_MULTIPLE. These

levels are listed in increasing order of thread safety. Given the performance costs of

thread safety, these levels allow adjusting the MPI implementation to the needs of the

target application without incurring unnecessary overheads. In this work, we target the

least restrictive level, MPI_THREAD_MULTIPLE, which allows multiple threads to call MPI

routines concurrently.

Many aspects are considered when designing a thread-safe MPI library. Critical-

section granularity is an important parameter that influences the degree of parallelism

allowed for concurrent thread executions. That is, the longer a critical section is, the

more it incurs serialization and thus hinders parallel performance. In previous works, the

authors investigated different levels of critical-section granularity and their implications

in terms of performance and implementation complexity [14]. Figure VI.1 summarises the

different levels of granularity explored by Balaji et al. We observe that the granularity

becomes increasingly fine-grained from left (“Global”) to right (“Lock-free”). In practice,

most MPI implementations use a combination of “Global” and “Lock-free”, with the

latter applying to atomic updates of reference counters that are required for managing

internal MPI objects. A combination of fine-grained locking and lock-free granularity was

implemented in MPICH for Blue Gene/Q systems [33], which was used in Chapter V of

this document.

Regardless of the granularity, however, contention to enter a critical section can still

occur, and serialization is inevitable. Several mechanisms, such as mutexes and spin-

locks, have been developed to implement mutual exclusion in order to protect a shared

resource. Such mechanisms usually differ in the way they handle contention, the unneces-

sary lock/unlock overhead they incur in scenarios where there is no contention, reducing

synchronization granularities, and time to transfer ownership of the lock. However, the

serialization order of threads accessing a critical section and its effect on an MPI runtime

performance are less understood. To the best of our knowledge, no existing work has

studied thread synchronization in communication runtimes from this perspective.

1.2 Thread Safety in MPICH

In this section, we analyze thread-safety in MPI implementations in the context of

MPICH, though the analysis is largely true for most other MPI implementations as well.

On our platform, MPICH thread safety is ensured by using a Native POSIX Threading

Library (NPTL) [59] global pthread mutex. Locking a default mutex in NPTL is im-
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Figure VI.1: Critical-section granularity. CS_ENTER and CS_EXIT denote the protocol operations
executed at the entry and exit of a critical section, respectively. Atomic_OP refers to a lock-free
implementation of the operation OP.

plemented as follows. First, a thread tries to acquire the lock in the user space with an

atomic compare-and-swap operation. If not successful, the thread goes to sleep in the

kernel space using the FUTEX_WAIT operation of the futex (fast user-space mutex) system

call [37, 34]. The mutex holder wakes up at most one thread in the futex queue, with the

FUTEX_WAKE operation, when leaving the critical section. The thread that wakes up again

competes to acquire the lock and the same process repeats if the lock acquisition fails.

From an arbitration perspective two distinct arbitration policies can be identified. In

the kernel space the futex wake-up operations are performed according to the kernel-

scheduling policy. On most, if not all, HPC systems, users do not have privileges to alter

the priorities of their processes and threads. Thus on these systems, to the best of our

knowledge, the scheduling policy is first-in first-out. In the user space, however, the policy

obeys the fastest-thread-first rule because it is based on compare-and-swap operation that

does not offer any means to order the threads. We note two major implications. First,

the overall arbitration is dominated by the user-space policy since threads must try to

acquire the lock every time they leave the kernel space. Second, the current user space

arbitration model is unfair since no mechanism to maintain fairness is used. In Section 3,

we characterize fairness in the MPICH runtime and analyze the effects of the Pthread

mutex arbitration on communication performance.
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Table VI.1: Target machine specifications

Fusion Tsubame Thin Nodes Tsubame Fat Nodes

Architecture Nehalem Nehalem Nehalem-EX
Processor Xeon E5540 Xeon 5670 Xeon 7550
Clock frequency 2.6 GHz 2.93 GHz 2.0 GHz
Number of sockets 2 2 4
Cores per socket 4 6 8
L3 Size 8 MB 12 MB 18 MB
L2 Size 256 KB 256 KB 256 KB
Number of nodes 310 1408 10
Interconnect InfiniBand QDR InfiniBand QDR InfiniBand QDR

2 Testing Platforms

We perform most of our experiments on an Intel processor-based cluster named Fusion at

Argonne National Laboratory, where each node is equipped with 2 Nehalem processors

each with 4 cores and the nodes are interconnected with a Mellanox InfiniBand QDR

fabric. We also report several results on the Tsubame 2.5 supercomputer at Tokyo insti-

tute of Technology. This latter machine has a higher core density, with 12 cores and 32

cores/node for the thin and fat nodes, respectively. The detailed specifications of these

machines are summarized in Table VI.1. We used MPICH 3.2a1, which is configured to

run with the Mellanox Messaging Accelerator (MXM) interface.

3 MPI Runtime Analysis

In this section we first consider MPICH as a black box and perform a simple performance

evaluation and analysis in a multithreaded scenario on the Fusion cluster. We then present

a detailed profiling in order to shed light on the runtime inefficiencies. Unless specified

otherwise, we bind the first four threads to cores on the first socket and the rest to cores

on the second.

3.1 Initial Performance Evaluation

Here we present a simple evaluation that reflects the runtime contention experienced

with MPICH. We measure the point-to-point throughput using a benchmark derived

from osu_bw of the OSU microbenchmarks suite [2]. We modified the benchmark to fork

a team of threads to perform the communication in parallel. Since threads are not doing

computation and MPICH uses a global critical section, we expect to see serializaction in

communication which would result in no speedup. Figure VI.2a shows the message rate as

a function of message sizes and the number of threads per node. We observe performance
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Figure VI.2: Preliminary evaluation of multithreaded communication performance

degradation proportional to the number of threads reaching up to a four-fold reduction in

throughput. This experiment shows that there is contention in the MPI runtime although

it does not expose the primary source of that contention. For large messages, network

communication delay dominates and renders runtime inefficiencies negligible.

3.2 Impact of NUMA on Critical Sections

Here we present the results of our experiments on throughput performance when threads

are bound to cores on the same socket (Compact) vs. when they are bound to cores on

different sockets (Scatter). The goal was to determine the effect of nonuniform memory

access (NUMA) on the runtime contention. The results are shown in Figure VI.2b. We

observe that throughput is 1.5 to 2-fold worse with a scatter binding. This suggests that

the runtime contention is sensitive to NUMA. Given that mutex uses a compare-and-swap

operation in user space, we point out two major drawbacks that are amplified by NUMA.

First, the hand-off time1 between threads is amplified by the intersocket latency. Second,

since mutex does not guarantee fairness, ownership of the lock may not be passed fairly

between threads. We speculate that NUMA biases the arbitration in favor of the threads

on the same socket—more analysis on this speculation is presented in the next Section.

1The elapsed time between when a lock holder marks the lock as free and when the next owner detects
it
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3.3 Arbitration Fairness Analysis

The speculation of critical section arbitration being biased by NUMA architectures, as

mentioned in Section 3.2, stems from the nonuniform proximity of threads to the memory

hierarchy (caches and memory). Specifically, the thread that releases the lock dirties the

cache line holding the lock, which makes it most favorable for other threads closest to

this cache to acquire the lock.

To assess the degree of unfair arbitration, we manually instrumented MPICH to trace

the lock acquisition, processed the collected data, and compared mutex to an oracle fair

arbitration to analyse to which extent mutex biases the arbitration. We further considered

the role of the memory hierarchy by analysing two levels at which the arbitration may

be biased. At the core level, given T threads waiting to enter the critical section, we

estimate the probability Pc that the same thread reacquires the lock successively. At the

socket level, given N sockets, Ti the number of threads on socket i waiting to enter the

critical section, we estimate the probability Ps that the new owner of the lock runs on

the same socket j as the previous owner. We statistically estimate these quantities for

both mutex and a fair arbitration as follows:

Pc = (
L
∑

l=1

Xl)/L

Ps = (
L
∑

l=1

Yl)/L

Where, for a mutex arbitration:

Xl =











1 if same owner as l − 1

0 else

Yl =











1 if same socket as l − 1

0 else

and for a fair arbitration:
Xl = 1/Tl

Yl = Tj,l/(
N−1
∑

i=0

Ti,l)

We discretized the execution at the lock acquisition level using the subscript “l” in

our equations. That is, at each lock acquisition, we take a snapshot of the critical section

in terms of the number of threads blocked at the entrance. L denotes the total number

of lock acquisitions and Xl and Yl are the probability of electing a thread running on

respectively the same core and the same socket during lock acquisition l. Tl and Ti,l

represent respectively the total number of waiting threads and the number of waiting

threads on socket i during lock acquisition l. We then analyzed the arbitration with the
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point-to-point throughput benchmark on our dual-socket system for each message size.

We compute Pc and Ps using the previous equations and derive the ratio of the mutex

probabilities over the fair arbitration probabilities that we refer as Bias Factors. Theses

factors indicate to which degree mutex biases the arbitration where a fair arbitration

would have a bias factor of 1. The results of our analysis are shown in Figure VI.3. We

notice that mutex biases the arbitration by 2x at the core level and 1.25x at the socket

level on average across message sizes. These results confirm our assumption regarding

the unfair arbitration and our belief that NUMA amplifies the problem.

In the next section we relate the unfair arbitration to the MPI implementation inter-

nals and thus explain the performance consequences.

3.4 Message Requests Analysis

Before we discuss our profiling method, we first describe how requests are handled inside

the runtime. For simplification, we consider only nonblocking receive requests. Figure

VI.4a shows the state diagram of a receive request. When a user calls MPI_Irecv, a

request is issued internally. If the corresponding message was already received in the

unexpected queue,2 then the request is marked as completed. Otherwise, the request is

posted in the posted queue. Later, if a message arrives and matches the request, it will

be marked as completed. MPI_Wait or MPI_Test or their derivatives will be called and

block the caller until the request is found completed and then gets freed.

The point-to-point throughput benchmark performs two-sided nonblocking communi-

cation (MPI_Isend and MPI_Irecv) on a window of 64 requests, and MPI_Waitall is used

to wait for all the requests in batches (see Figure VI.4b). In our multithreaded version

each thread manages its own window. In order to make progress on communication, all

requests need to be detected as completed and then freed before moving to a new window.

In a multithreaded scenario, threads can mark other threads’ requests as completed inside

the runtime, but only the thread that waits for the completion of a request can free it. In

addition, we do not tag messages so that threads can match any message from the same

process and communicator.

Our profiling method relies on the notion of dangling requests, that is, requests that are

completed but not yet freed. We track the number of these requests at the lock acquisition

granularity. We then define our metric as the average number of dangling requests during

the program execution. To make rapid progress on communication, threads should detect

completed requests early, free them, and generate new requests to feed the runtime and

the network. Thus, this metric should be kept low. In fact, with a fair arbitration, one

2A queue for incoming message handlers without matching receive requests
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Figure VI.4: MPI internal details in a throughput oriented scenario

would expect this metric to be low since requests will be issued in batches, communicated

through the network, and detected by the threads evenly. The profiling results with the

throughput benchmark are plotted in Figure VI.5. We notice that the number of dangling

requests is high (approx. 40% of the maximum number of requests that can exit inside

the runtime). The reason is that the window of a starving thread will likely take longer

to be filled with completed requests and that the requests inside incomplete windows are

counted as dangling. A chain reaction will result by delaying the next requests to be

issued and thus their network communication and the matching process. Consequently,

the overall communication progress will be slowed.

4 Reducing Contention

The analysis in the previous section confirmed that threads have unfair access to the

critical section. Here we explore two alternative locking methods that take into account
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Figure VI.5: Dangling requests analysis with the point-to-point throughput benchmark

fairness and communication progress in the arbitration policy.

4.1 First-In First-Out Arbitration

The first alternative ensures fairness through a first-in first-out critical section arbitration.

In Section 1 we pointed out that changing the scheduling policy in the kernel space does

not affect the arbitration in the user space. To alter the lock arbitration, we rely on

a locking method that is entirely implemented in the user-space through busy waiting.

Several locking methods, for example, MCS [56] and ticket [55], establish a first-in first-

out threads ordering in the user space. A recent study by David et al. showed that

the ticket lock performs well on most modern many-core architectures and in various

contention scenarios [27]. The principle behind the ticket lock is simple. Each thread

gets a ticket at the entry of a critical section and waits for its turn. Figure VI.6 shows a

basic implementation. We note that only one atomic operation (fetch_and_increment)

is needed. In addition, the busy-wait condition does not involve extensive cache traffic,

unlike a compare_and_swap–based spinlock. Thus, our first step is to use a ticket lock to

implement the MPICH global critical section.

After integration in the MPICH runtime, we compare the new design to the mutex-

based runtime by analyzing dangling requests. The results are shown in Figure VI.7a. We

observe that using ticket keeps the number of dangling requests very low and, according

to our analysis, should have a positive effect on performance. We investigated the effect

of the degree of concurrency and the NUMA effect by scaling the number of threads

per core. The results are shown for compact and scatter bindings in Figure VI.8. In

a compact binding, the ticket method reduces contention compared with mutex and

improves the performance by 68% with four threads. With scatter binding and two
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int next_ticket ;

int now_serving ;

ticket_acquire_lock ()

{

my_ticket = fetch_and_incr ( next_ticket );

/* Wait for my turn */

while( my_ticket != now_serving ) ;

}

ticket_release_lock ()

{

now_serving ++;

}

Figure VI.6: Pseudo-algorithm for a ticket lock

threads per node, the ticket method loses slightly to mutex, suggesting that the ticket

method incurs more intersocket synchronization. Indeed, the mutex socket-level lock

monopolization exhibits more locality of reference and reduces consequently the amount

of intersocket synchronization compared with that of the ticket method. However, the

benefit of fair arbitration grows with the degree of concurrency. We conclude that for

a scatter binding and a low degree of concurrency, the overhead of intersocket thread

synchronization may outweigh the benefit of fair arbitration. A common method for

solving this issue is to spawn one process per socket and to use threads within a socket to

avoid intersocket synchronization and data movements. In such cases, the ticket method

will be more effective than mutex. Another possibility is for the MPI implementation to

use a NUMA-aware lock such as hierarchical queue locks that offer fairness and scalability

[29, 20]. Figure VI.7b shows throughput comparison between the two methods with

respect to the message size. We notice that the ticket method outperforms mutex by

30% on average for messages below 4 KB. The gap between the methods decreases until

reaching 32 KB, from which point performance differences become negligible.

4.2 Priority Locking Scheme

In this section, we describe our custom lock implementation, which takes into account

MPICH internal details to prioritize threads with higher chances of making progress. We

follow with an example benchmark where this method is superior to a flat fair arbitration.

The main consequence of unfair arbitration is the possibility that threads monopoliz-

ing the lock may not yield useful work while penalizing a starving thread that can make

progress. It is not trivial to know a priori which thread is going make progress after getting

the lock, since this situation depends in many cases on external events such as message
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Figure VI.8: Effect of NUMA on thrpughput performance of MPICH with different lock imple-
mentations (mutex or ticket)

reception. Nevertheless, we can identify unbalanced execution paths within the runtime

that yield different amounts of work within the critical section. Our examination of the

MPICH runtime exposed two coarse-grained execution paths as shown in the simplified

flowchart of Figure VI.9a: (1) a main path that each thread-safe routine implements dif-

ferently and (2) a progress loop that some MPI routines enter to poll for communication

progress. For instance, MPI_Irecv may allocate resources and enqueue the request in a

queue in the main path, while not going through the progress loop. On the other hand,
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a blocking call such as a MPI_Wait will enter the communication progress engine until

the corresponding request completes. An important observation is that threads in the

main path have more chances to yield useful work and thus are unlikely to waste a lock

acquisition. There is an exception, however, for some MPI operations that may not make

progress even in the main path such as MPI_Test. The ticket lock gives threads equal

chances to acquire the lock independently from the path they take, for example, in cases

where threads are blocked at the entry of the main path while waiting for threads in the

progress loop to release the lock. Such cases may also yield to wasted lock acquisitions.

Given these observations, we propose a custom locking scheme that favors threads in

the main path. This can be achieved by assigning a high priority to threads at the entry

of MPI routines, then lowering their priorities if they enter the progress loop. To avoid

lock monopolization, we ensure fair arbitration between threads of the same priority.

To achieve this goal without using a heavyweight locking mechanism, we implement

the lock acquisition and relinquish operations with ticket locks (Figure VI.10). More

specifically, we use three ticket locks: ticket_H for the high-priority threads in the main

path; ticket_L for the low-priority threads in the progress loop; and ticket_B for the

high-priority threads to block low-priority ones. We emphasize that using a ticket lock

for the high-priority threads to block the low-priority ones is necessary. Failing to do so

may generate lock monopolization in favor of low-priority threads.

A consequence of prioritizing the main path is feeding the runtime with requests at a

higher rate than with the ticket lock. Our design also maintains a low overhead in case

the prioritization does not improve the communication progress by incurring at most

one more atomic operation in the critical path. Thus, we expect to have some cases

with performance improvements and others with performance similar to that of the flat

ticket or with a slight overhead. In the following experiment we performed an all-to-all

communication pattern named N2N. The benchmark is derived from the multithreaded

throughput benchmark with the exception that each process sends/receives a continues

stream of messages to and from all the other processes. The results in Figure VI.9b show

that the priority lock improves the throughput of the N2N benchmark by 33% on average

for messages below 32 KB. Here, executing the main path is more critical than with

the point-to-point communication pattern. In the point-to-point throughput benchmark,

threads can match any message since they all come from the same source, the same

communicator, and all have the same tags. In the N2N benchmark, however, threads

cannot match certain messages. For instance, if a thread is blocked at the entrance of the

main path while attempting to post a receive for a certain process, another thread inside

the runtime may process the incoming message and put it in the unexpected queue. As

a result, the request matching is delayed, slowing the issue and matching of requests and
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Figure VI.9: (a) Simplified flow diagram of a generic thread-safe MPI implementation with a
global critical section. We distinguish two main paths: (1) a main path and (2) a progress loop.
(b) Performance comparison of the ticket and priority locks with the N2N throughput benchmark.

thus the overall communication progress. Prioritizing the main path solves this issue by

promoting request generation.

5 Evaluation

In this section we compare the performance of the original design with that of our methods

using microbenchmarks, application kernels, and a genome assembly application.

5.1 Microbenchmarks

We begin by presenting results with multithreaded two-sided point-to-point throughput

and latency benchmarks. We also evaluate MPI one-sided operations with asynchronous

progress.

Two-Sided Communication

Figure VI.11 summarizes the results with throughput and latency benchmarks of all

methods using 8 threads per node. In addition, we provide a comparison with single-

threaded performance (i.e. MPI_THREAD_SINGLE). The latency benchmark was derived

from osu_latency of the OSU microbenchmarks suite. We observe that the throughput
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/* High/Low priority ticket locks */

ticket_lock_t ticket_H ;

ticket_lock_t ticket_L ;

/* Lock to block lower priority */

ticket_lock_t ticket_B ;

/* Let high priority go through */

int already_blocked ;

high_priority_acquire_lock ()

{

ticket_acquire_lock ( ticket_H );

if (! already_blocked )

{

ticket_acquire_lock ( ticket_B );

already_blocked = true;

}

}

low_priority_acquire_lock ()

{

ticket_acquire_lock ( ticket_L );

ticket_acquire_lock ( ticket_B );

}

high_priority_release_lock ()

{

if(last high priority thread )

{

/* Let low priority pass */

ticket_release_lock ( ticket_B );

already_blocked = false ;

}

ticket_release_lock ( ticket_H );

}

low_priority_release_lock ()

{

ticket_release_lock ( ticket_B );

ticket_release_lock ( ticket_L );

}

Figure VI.10: Priority locking pseudo-algorithm with two levels of priority
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Figure VI.11: Performance comparison between mutex, ticket, priority, and single-threaded
execution with the two-sided point-to-point throughput and latency benchmarks

achieved with the ticket and priority methods are similar (Figure VI.11a) and outperform

mutex but are only 36% that of single-threaded performance. Figure VI.11b shows that

the ticket method reduces latency by up to 3.5x over mutex. The priority method adds

around 11% overhead over the ticket method for small messages but performs similarly

with large messages. The latency with the ticket method is 1.66x that of the single-

threaded approach with messages below 128 bytes. Surprisingly, however, multithreaded

latency with the ticket and priority methods is up to 3.6x better than with a single thread

for messages larger than 128 bytes. The reason is that the multithreaded communication

issues several communication operations to the runtime instead of an individual operation,

as in the single-threaded case, and helps feed the network resources. For small messages,

thread synchronization and serialization hide this benefit. When moving to a higher core

density on the Tsubame 2.5 fat nodes (32 cores/node), we notice in Figures VI.12a and

VI.12b that the benefit or our methods is even higher (up to 8x improvement in latency).

We notice also, however, that the gap between our methods and the single-threaded case

is even larger in terms of throughput and the latency for larger messages does not improve

with higher core densities.

Remote Memory Access with Asynchronous Progress

Remote memory access (RMA) provides a powerful model where processes can access

memory outside their address space and even outside the physical node they are running

on. This concept is at the heart of many programming models, such as Global Arrays
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Figure VI.12: Performance comparison between mutex, ticket, priority, and single-threaded ex-
ecution with the two-sided point-to-point throughput and latency benchmarks with 32 cores/node
of the Tsubame 2.5 supercomputer fat nodes

(GA) [63], that offer a shared-memory view on top of distributed-memory systems. Here

we evaluate the performance of ARMCI-MPI [30], an implementation of the Aggregate

Remote Memory Copy Interface (ARMCI) [62], which uses MPI one-sided operations.

ARMCI-MPI is an important interface that is used, for instance, by the chemistry package

NWChem [83].

We conducted an experiment in which one process does RMA operations (put, get,

and accumulate) to or from other processes on contiguous data. This benchmark is single

threaded; however, we enabled MPICH asynchronous progress that triggers progress on

communication in the background by forking an additional thread. Thus, when asyn-

chronous progress is enabled, MPICH uses internally MPI_THREAD_MULTIPLE since two

threads are running concurrently inside the runtime. The results of this experiment are

shown in Figure VI.13 when running with 8 processes. Although only two threads are

running concurrently, we notice a substantial performance difference between mutex and

our methods. The reason is that the progress thread, which is most of the time in the

progress loop, heavily monopolizes the lock since it does not do useful work most of the

time. Thus, enforcing fairness produces a tremendous speedup. We also note that our

methods improve performance up to 5x over mutex. Similar to the two-sided communi-

cation results, the difference between ticket and priority is not perceptible.
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Figure VI.13: Performance comparison of all methods when doing RMA contiguous data transfer
using ARMCI-MPI with asynchronous progress

5.2 Kernels

In this section we evaluate some computational kernels often encountered in real appli-

cations.

The Graph500 Benchmark BFS

The Graph500 benchmark is a communication-intensive code used for ranking large-scale

systems in terms of graph processing capabilities [5]. It is composed of multiple ker-

nels, but we consider only breadth-first search (BFS) in this work. More specifically,

the baseline algorithm is an MPI-only level-synchronized BFS that relies on nonblock-

ing point-to-point MPI communication for data exchanges. Our hybrid MPI+OpenMP

implementation extends the MPI-only design by allowing multiple threads to cooperate

for computation and independently communicate with remote processes. Moreover, both

computation and communication are lock-free and atomic-free, inspired by the single-

node implementation of Chhugani et al. [23]. Each thread maintains outgoing buffers

corresponding to each remote process and one buffer for incoming messages. Threads

repeatedly check for completed requests using MPI_Test and eventually do computation

and generate new outgoing requests. For more details, the reader can refer to Chapter V.

First, we evaluated the performance of our implementation on a single node (Figure

VI.14a). The problem size is expressed by the scale of the graph in terms of number

of vertices.3 We notice that our implementation scales linearly up to 4 cores and loses

3We use a logarithmic scale: scale = log
2

(#vertices)
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Figure VI.14: Performance comparison of all methods with the Graph500 BFS kernel. In (a)
the single-node results do not involve MPI processes.

10% efficiency with 8 cores. The loss in efficiency is likely due to intersocket data move-

ments since our implementation is not socket-aware. We conducted simple thread-scaling

experiments similar to those of Section 4.1. Here, the difference with the throughput

benchmark is that threads are doing computation in addition to MPI communication.

Consequently, the time spent by one thread inside the MPI runtime may overlap with

the computation of another thread. Combined with a parallelized computation, speedups

over a single-threaded execution may occur. Indeed, the results in Figures VI.14b show

that speedups do occur when threads are located on the same socket and a fair lock is

used with up to 4 threads. With mutex no speedup is apparent, suggesting that the un-

fair arbitration generates contention and consequently wastes the speedup of the parallel

computation. When both sockets are involved, thread synchronization across sockets is

an obvious bottleneck; but unlike mutex, our methods avoid slowdowns compared with

using a single-threaded method. Figures VI.15a and VI.15b show the results of weak-

scaling performance comparisons of all methods. We notice performance improvements

close to 2x for our methods. As expected, the benefit of our locks are higher on Tsub-

ame 2.5 because of the higher core density. The priority method does not show signs of

superiority in this case. We explain this by the fact that threads do not busy wait in

the progress loop since they use only immediate MPI_Test calls. That is, all threads are

always in the main path and have the same high priority inside the runtime.
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Figure VI.15: Weak-scaling performance with one process per node and problem sizes from 25
to 32

3D 7-Point Stencil Kernel

Stencil codes are a class of iterative methods found in many scientific and engineering

applications. Here, the problem domain is iteratively updated by using the same compu-

tational pattern, called a stencil. We implemented a hybrid MPI+OpenMP 3D 7-point

stencil code that simulates a heat equation. Our decomposition methodology tries to

reduce the internode communication by dividing the domain along all dimensions, while

we avoid splitting the process subdomain along the most strided dimensions for better

cache performance. The basic communication method is to perform nonblocking send/re-

ceive operations at each iteration followed by MPI_Waitall to wait for all the requests.

Common hybrid stencil codes typically require the MPI_THREAD_FUNNELED threading sup-

port, where the computation is done in parallel by a team of threads but only the main

thread is driving the communication. In our implementation, all threads independently

do computation and communication and synchronize only at the end of an iteration.

We conducted a strong-scaling experiment on 64 nodes, using all 8 threads per node,

while increasing the problem size. The results in Figures VI.16a and VI.16b show that

our methods improve performance for relatively small problems (<= 1 MB/core on the

Nehalem machine and <= 128 KB on Tsubame 2.5 thin nodes). The reason is that,

as demonstrated by our microbenchmarks, the runtime contention is more critical for

relatively small messages; in addition, the computation takes more time than does the

communication, as shown in Figure VI.16c. Arguably, the benefit of our methods is

less pertinent for stencil applications on this typical platform, since bigger problems are

often run in production. Nevertheless, given the increase in core counts and the trend
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Figure VI.16: Strong-scaling comparison of all methods with the 3D 7-point stencil kernel

of reduced memory per core, we expect that our solutions will play a more important

role when running stencil applications on platforms with less memory per core, such as

current systems equipped with many-core accelerators and future systems. We note that

the priority locking does not improve performance over the ticket lock method. The

reason is that since threads have few requests (8 receive and send operations), the rate

at which the critical section is entered from the main path is negligible compared with

polling for communication in the progress loop. That is, most threads will fall back to

low priority, which is equivalent to the ticket method. As a result, giving priority to the

main path has negligible effect.

5.3 Genome Assembly Application

Genome assembly is an important process for many fields, such as biological research and

virology. It refers to the process of reconstructing a long DNA sequence, such as the

chromosome of an organism, from a set of reads (short DNA sequences) by aligning and

merging them together. The reads originate from automated sequencing machines, which

can generate billions of reads to be processed by assembly applications. As a result, these

applications exploit high-performance computing systems and explore efficient parallel

solutions in order to cope with the ever-increasing generated sequencing data.

We evaluated our methods using the SWAP-Assembler [57], an application that targets

processing massive sequencing data on large-scale parallel architectures. It abstracts the

genome assembly problem with a multistep bidirected graph and relies on a scalable

framework, SWAP (Small World Asynchronous Parallel) [58], to perform computational
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it can also affect the computation part of an application. Assuming that the aggregated

threads working sets cannot all fit in the last level of cache, critical section arbitration

might impact the amount of data reuse and cache line evictions. These intricacies require

further analysis and experimentation.

The idea of using a socket-aware high-priority method that prioritizes threads on the

main path and the same socket before moving to another socket seems attractive for

reducing intersocket synchronization. However, this approach may lead to starvation.

For instance, if the user issues nonblocking operations and waits for them by polling with

MPI_Test, threads on the same socket will monopolize the lock. We also did not consider

a mutex-based priority arbitration. Changing the kernel scheduling is not effective, as

discussed in Section 1. Using three mutex locks to establish a two-level hierarchy, similar

to our priority lock, is also not effective because mutexes do not guarantee fairness within

the same priority class and, worse, low-priority threads can monopolize the lock over the

high-priority threads.

7 Related Work

In a different context, many works have addressed similar issues, such as starvation,

preemption, and deadlocks, in the context of multitasking systems [76]. In addition,

establishing a priority between classes of tasks can be critical in some real-time systems.

In our work the shared resources belong to the communication runtime, and the goal

is to maintain fast progress on communication. Although the context is different, we

demonstrated that some existing heuristics in this field (FCFS and priority with aging)

can be beneficial to multithreaded communication.

8 Conclusion

We addressed in this chapter the MPI runtime inefficiency with multithreaded commu-

nication. Our analysis demonstrated that one of the major drawbacks is unfair thread

arbitration inside the MPI runtime caused by using a mutex-based critical section. We

then addressed this unfair arbitration by ensuring FCFS access to the critical section.

In addition, we proposed another method that biases the scheduling to favor threads

with higher probability of making progress. Our results with various benchmarks and

applications showed large improvements.

Despite those benefits, the performance difference between our methods and a pure-

MPI setting with a simple throughput benchmark suggests that room for improvement

remains. We are currently investigating even more flexible methods that target reducing
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wasted time by the threads inside the MPI runtime. Examples include selective thread

wake-up triggered by events such as message arrival. We also are considering combining

fine-grained critical sections with custom lock arbitrations, which should be beneficial if

contention occurs within some of the critical sections. As mentioned before, more scalable

locks, such as NUMA aware locks, can be combined with a better arbitration to achieve

better results on heavy NUMA systems.
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Chapter VII

Conclusion and Future Directions

1 Summary

In this thesis, we addressed important challenges that high performance and high-end

computing are facing from a threading model perspective. We first presented from an

application perspective the two-dimensional trade-off between exposing parallelism and

maintaining high degree of data locality to exploit thread-level parallelism. We showed

that models that optimize only in one direction, using bulk-synchronous and fine-grained

data-driven models, are not scalable approaches. We demonstrated that auto-tuning

dynamically scheduled bulk-synchronous and data-driven implementations that exploits

tiled computation patterns can be more effective. Second, we tackled the challenge of

efficient interoperation between application threads and MPI runtimes. We first charac-

terized the MPI+threads model at large scale and showed how it can alleviate certain

scalability issues of an MPI-only model. We also exhibited, however, the contention that

can take place when multiple threads access concurrently the MPI runtime. We followed

with an analysis of this contention on commodity systems and showed that a mutex-based

arbitration of the critical section incurs critical section mono plication and hinders the

progress of the system. We showed how an FCFS arbitration establishes fairness and

improves threads progress and the performance of many benchmarks and applications.

In addition, by prioritizing threads in the main path of the runtime, we demonstrated

further improvement.

2 Insights and Future Directions

In the following, we provide some directions that we judged worth considering in the

context of threading models on highly parallel systems.



CHAPTER VII. CONCLUSION 2. INSIGHTS AND FUTURE DIRECTIONS

2.1 Improving Support for Task and Data-Parallelism

We showed numerous ways of implementing a given application in parallel with the cur-

rent state-of-the-art of programming models and their runtime systems. Here we use

the lessons learned previously in order to provide insight into extensions and improve-

ments that would be important for future programming models to program share-memory

machines.

At the Programming Model Level

The programming model constrains the application developer with a set of constructs that

sometimes are not flexible enough to express efficient communication reducing algorithms

while exposing abundant parallelism. An example that is recurrent is the high-level ab-

straction of the memory hierarchy, where many researchers claim that the memory hierar-

chy needs to be exposed to the programmer. However, the optimal way that the memory

hierarchy should be exposed is still an open question. For instance, many programming

models implement the notion of locale. That is, an abstract region that combines data

and the processor that will operate on it. However, this approach is not ideal in many

cases. A strict mapping of tasks to locals may show signs of load unbalance while a

dynamic load-balancing will hinder the locality that the user wanted from the first place.

Many works targeted NUMA-node-aware type of locality optimizations. We argue

that, since keeping data within the on-chip memory is more critical than avoiding inter-

NUMA-node data movements, better abstractions that aim at this direction are required.

For instance, the concept of tilling proved to be powerful to exploit both spacial and tem-

poral locality. Thus, future programming models should incorporate tilling abstractions

that allow easy-to-implement and elegant constructs combined with smart optimizations

from the underlying runtime.

At the Runtime Level

Programming models that allow arbitrary task dependency expressions are equipped with

runtime systems to track task dependencies and schedule ready tasks. Expressing data

dependencies is ensured by the programmer by giving input and output data accessed

by a given task. This same information, however, can be used for more than just de-

pendency tracking. It can also serve at giving hints to the runtime to perform some

locality aware task scheduling. One would imagine a runtime system that would cluster

fine-grained tasks together into coarse-grained ones to optimize for temporal and spa-

cial locality. However, the overhead of such runtime scheduler would likely be higher
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than a simple random work-stealing algorithm, and thus would require careful design and

implementation to minimize this overhead.

2.2 MPI+Threads

Given the importance of the hybrid MPI+Threads model and the persistent thread-safety

overheads, more work is required to characterize and optimize the interoperation between

threads and MPI. Here we list some directions that we consider worth investigating in

the future.

Advanced Critical Section Arbitration

In our work we presented simple heuristics that proved to be more efficient than when

using mutex. As our understanding of the influence of critical section arbitration on

MPI runtimes is improving, better heuristics are feasible. A heuristic that we believe

is promising is a message-driven arbitration. That is, message handlers would carry a

thread identifier that would serve at selectively waking up that specific thread so that it

can carry the work on that message such as free the corresponding request. I case the

thread corresponding to the message handler is not inside the MPI runtime, or in case

no communication progress is made, one would fall into a fair and scalable arbitration.

Such scheme is more complex and a careful design and implementation is required.

Combining Fine-Grained Concurrency with Custom Arbitration

In our introduction to thread-safety in Section 1, we considered a critical-section gran-

ularity as orthogonal to how it is arbitrated. That is, regardless of the granularity,

resource acquisition–related issues such as starvation may occur, and appropriate arbi-

tration methods will be required. Thus, we believe that combining those approaches will

have a synergistic effect on reducing the runtime contention. However, a cost-effectiveness

study of both methods on the same testbed is still warranted. Such a study can guide the

development process of a thread-safe library. A possible model would be to start with

a global critical section, explore effective arbitration methods, reduce granularity if high

contention persists, and repeat the process.

MPI+Threads with an M-to-N Model

We addressed the challenge of MPI critical sections arbitration from a kernel thread

perspective. In other words, the MPI library views the threading model as a one-to-

one mapping between application threads and kernel threads (Pthreads). It is possible,
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however, for an MPI library to support other threading models such as the more generic

M:N mapping. Such model can offer new opportunities to reduce runtime contention. For

instance, application threads mapped to the same kernel thread can hand-off the critical

section by a simple context switch without releasing the lock. This avoids the overhead

of atomic operations and memory barriers that a traditional hand-off mechanism incurs.

However, such model introduces new challenges, such as avoiding lock monopolization by

the application threads running on the same kernel thread, and will likely require different

arbitration policies than the one-to-one model.
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