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Summary

Today’s high-performance computing (HPC) systems are mostly built based on cluster

architecture where multiple computing nodes perform large-scale computation in parallel.

An HPC cluster system is composed of computing nodes connected on an interconnect and

a parallel file system (PFS) that provides users with higher I/O performance. Importantly,

on a recent HPC cluster system composed of more than thousands of computing nodes,

communication performance and I/O performance took on a role of more importance as

well as the computing performance itself of the HPC cluster system.

The modern HPC cluster systems often adopt a two-layered file system composed of a

PFS (global file system) and a file system constructed on each computing node (local file

system). On the HPC cluster systems with a two-layered file system, a staging operation

moves input and output data between a local file system and a global file system before

and after the computation of a scientific application. The rapid increase in the size of

data treated in today’s scientific research strongly requires the acceleration of the staging

operation for job throughput improvement. From this perspective then, this dissertation

tackles the acceleration of the staging operation focused on staging communication, by

targeting HPC cluster systems with an oversubscribed fat-tree interconnect shared by

computing nodes and storages.

To achieve the acceleration of this staging operation, this dissertation addresses the

following three issues:

1. Revealing how the staging operation is slowed down on interconnect,

2. Exploring an approach for accelerating the staging operation, and

3. Verifying the practicality of the explored approach.

To address the first issue, Chapter 2 investigates how the staging operation is slowed

down on the interconnect and how slowed staging operation degrades job throughput.

For this investigation, this dissertation speculates that tra�c collision between inter-

node communication tra�c and staging tra�c prolongs the staging operation time on

vii



viii Summary

the target class of HPC cluster systems. Verifying the correctness of this speculation

requires a packet-monitoring that observes how the bandwidth consumed by each type of

tra�c changes in association with the staging operation. However, each job submission

experiment and consumed bandwidth calculation included in the packet-monitoring takes

a much longer time. Therefore, this dissertation develops a packet-monitoring tool that

automatically performs the packet-monitoring for greater e�ciency. This investigation

using this packet-monitoring tool showed that the tra�c collision increased the staging

operation time by 45.2% and degraded the job throughput by 6.4%.

To address the second issue, Chapter 3 presents a dynamic tra�c control method in

conjunction with the staging operation as an approach to avoid tra�c collision between

inter-node communication tra�c and staging tra�c. This chapter first speculates that

the static tra�c control method, which is usually adopted in traditional interconnects,

has di�culty in accelerating the staging operation without performance degradation in

inter-node communication. Based on this speculation, as an approach, this dissertation

adopts a dynamic tra�c control method in conjunction with the staging operation, which

switches di�erent types of tra�c controls depending on whether a staging operation

occurs or not. This approach shows how to accelerate the staging operation with little

performance degradation in inter-node communication. To verify the possibility that this

approach can be realized, this dissertation proposes a dynamic link-separation collision

avoidance method (DLSCA) that separates the links into two groups for each tra�c type

only while a staging operation occurs. The evaluation result showed that the DLSCA is

feasible through an experiment performed in a virtual environment. Also, the evaluation

showed that the DLSCA succeeded in shortening the staging operation time by 7.50%

and the job execution time by 3.40%.

To address the third issue, Chapter 4 verifies whether the dynamic tra�c control method

in conjunction with the staging operation contributes to the acceleration of the staging

operation and the job throughput improvement or not, by performing a job submission

experiment on an actual HPC cluster system. Also, this chapter attempts to reinforce the

DLSCA by considering that communication latency and delay in an actual environment

are not ideal. As a result, this chapter proposes a progressive switching-based DLSCA

(reinforced method), which is reinforced from the DLSCA in terms of the following two

points. First, the reinforced method performs the path switching in a progressive way

without blocking any tra�c to reduce the negative influence of the longer path switching.

Second, the reinforced method configures link-separation-based paths on the interconnect

with fewer flow entries than the original so that the OpenFlow controller takes less time to



ix

configure link-separation-based paths. The evaluation result showed that the progressive

switching-based DLSCA can accelerate the staging operation by 22.0% with negligible

overhead of the application and can improve 7.6% of the job throughput. Based on

this result, the dynamic tra�c control method in conjunction with the staging operation

is considered practical for accelerating the staging operation with little performance

degradation in inter-node communication and improving the job throughput.

Chapter 5 concludes this dissertation and discusses directions for future study.
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1 Introduction

1.1 Background

1.1.1 High-Performance Computing

High-performance computing (HPC) has occupied an important position in scientific

research. Today, in every research field, various scientific phenomena are simulated and

analyzed on HPC systems. Recently, researchers have become enthusiastic about applying

computationally intensive machine learning techniques to their own large amount of

scientific data using HPC systems. In fact, scientific applications like the following

examples are performed on HPC systems. First, climate simulations to forecast climate

changes such as global warming future are conducted on HPC systems around the world [1,

2]. Second, a variety of molecular dynamics simulations for drug discovery are performed

on HPC systems to reveal how chemical compound candidates for drug interact with

target proteins causing diseases [3–5]. Third, researchers who work on natural language

processing needs HPC systems to analyze a large amount of text data [6, 7]. Finally,

researchers who work on materials science now leverage HPC systems to apply machine

learning techniques to predict material property [8, 9].

The necessity of HPC can be partly explained from the proliferation and increase of

measurement data due to advancements in measurement technology. The advancement of

measurement techniques has improved the spatial and temporal resolution of measurement,

which leads to a growth in the size of data obtained through such measurement devices.

High-resolution measurement data in both time and space enables researchers to perform

simulations and analysis in a more accurate and fine-grained manner. However, perform-

ing simulations and analysis using high-resolution measurement data simultaneously

necessitates a huge amount of computation. For example, radio telescopes coordinated

in the Event Horizon Telescope as a virtual telescope generated 2 PB of measurement

data every night and the generation of black hole pictures in high resolution from such

measurement data necessitated more than 2,000 cores on HPC systems [10, 11].

1



2 � Introduction

Figure 1.1: Performance development generated by Top500 [12].

The strong demand for higher computing performance from researchers has brought

HPC systems into continuous performance improvement. As a result, the computing

performance of HPC systems has grown over the past three decades. Figure 1.1 is a graph

that illustrates the continuous performance improvement in HPC systems. This graph is

generated by Top500 [12], which is a project to list the 500 most powerful HPC systems

based on computing performance. This graph shows that the computing performance

provided by the HPC systems has grown steadily. However, the graph also shows that

improvement in computing performance has gradually slowed down since around 2013.

The importance of HPC in scientific research and the rising expectations regarding high

performance data analysis such as machine learning and deep learning are essential for

the future advancement of science and technology. Therefore, continuous improvement

in computing performance provided by HPC systems is crucial.
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1.1.2 Cluster Architecture

Today’s HPC systems are mostly built based on cluster architecture to provide massive

computing performance for researchers by aggregating many computers into a single

system. According to recent statistics by Top500, 93% of today’s HPC systems listed

in the Top500 has adopted this cluster architecture. Note that most of the top 35 (top

7%) of the Top500 list has adopted this cluster architecture. In the cluster architecture,

multiple computers, referred to as computing nodes, are connected on low-latency and

high-bandwidth networks. They are configured and coordinated so that large-scale

computation is performed in parallel. Specifically, on a HPC cluster system, large-scale

computation is divided to multiple computing nodes and each computing node performs

the assigned computation. In most cases, computing nodes exchange data with each other

to complete large-scale computation.

Figure 1.2 shows an overview of a typical HPC cluster system. The typical HPC cluster

system is characterized by the following three points. First, this HPC cluster system is

mainly composed of computing nodes, each of which is connected on a low latency and

high-performance computer network referred to as an interconnect. Ethernet [13] and

InfiniBand [14] are representative examples of interconnects for the modern HPC cluster

systems. Figure 1.3 shows what type of interconnect is used in HPC cluster systems

listed in the Top500. Each of the applications (also referred to as jobs) is composed

of multiple parallel processes. The processes are distributed to multiple computing

nodes and inter-node communication, which is communication for exchanging data and

messages among the processes on each computing node, happens on the interconnect.

In applications composed of multiple parallel processes, each process communicates

with each other according to a Message-Passing Interface (MPI) [15], which is a de

facto standard communication protocol for exchanging data and messages among the

processes. The implementation of MPI has been developed as program libraries such as

OpenMPI [16] and MPICH [17] and is used in the development of applications run on

HPC cluster systems.

Second, the typical HPC cluster system owns a management node and a job scheduler

such as Slurm [18], Portable Batch System (PBS) [19] and Torque [20] is deployed on the

management node for the purpose of load-balancing and distribution of computational

workload. By applying such job schedulers, the HPC cluster system provides the computing

nodes as computing resources to multiple users in a sharing manner. Specifically, although

there is a time-sharing manner that allows multiple jobs to share a single computing

node at the same time, today’s HPC cluster systems commonly often use a space-sharing
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Management node

Interconnect

Parallel file system (PFS)

Job scheduler

Computing node

Process

Job 1 Job 2

Inter-node communication

Figure 1.2: An overview of a typical HPC cluster system.

Figure 1.3: The share of interconnect adopted by HPC cluster systems generated by

Top500 [12].
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manner, where a computing node is used by a single job at the same time [21, 22]. The

job scheduler works as follows on the HPC cluster system. When a user wants to run

an application on the HPC cluster system, the user first needs to submit a job request to

the job scheduler. The job request is written as a shell script, called a job script, which

specifies how many computing nodes the user wants to use for computation and what

application the user wants to perform in general. On receiving the job request, the job

scheduler decides which computing nodes composing the HPC cluster system are selected

for the job request, and actually allocates the selected computing nodes to the job request,

finally launching multiple processes for the job request on the selected computing nodes.

Third, a parallel file system (PFS) is, in general, deployed for providing users with higher

I/O performance, which is read and write performance to files and IOPS (Input/Output

Per Second). Examples of PFS widely prevailing today include Lustre [23], Gluster [24],

General Parallel File System (GPFS) [25] and BeeGFS [26]. A remarkable feature of

PFS is that files are stored to di�erent storages so that multiple processes running on the

HPC cluster system can access PFS in parallel. PFS is configured to be accessed from

all of computing nodes so that the user’s application can write and read data from any

computing node.

To measure the performance delivered by HPC cluster systems, job throughput is often

used. Job throughput is a criterion to measure how many jobs can be processed in a time

period by an HPC cluster system and to guarantee and deliver the highest job throughput.

Although making the computing performance of a single processor higher contributes

to the job throughput, the performance improvement of a single processor is predicted

to be gradually slowed and almost stopped as indicated by the end of Moore’s law [27].

Therefore, today’s HPC cluster system cannot help increase the number of computing

nodes (scale-out) to achieve job throughput improvement. Fugaku, which is the most

powerful HPC cluster system in Japan, is a cluster system of 158,976 computing nodes,

each of which has a Fujitsu A64 processor whose peak performance is 3.4 TFlop/s, for

gaining 514 PFlop/s as the theoretical peak performance of Fugaku [28].

Importantly, on the recent HPC cluster systems, especially HPC cluster systems

composed of more than thousands of computing nodes, communication performance and

I/O performance took on a role of more importance as well as the computing performance

itself of the HPC cluster system. For example, the poor performance of the inter-node

communication caused a longer data exchange time among processes over the interconnect.

As a result, the total computation time of an application is increased because multiple

processes composing the application must be blocked until the data exchange is finished.
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Also, the degradation of the I/O performance results in the longer application’s I/O

operation to PFS. In many cases, an application reads data needed for its computation,

or input data from PFS to memory, and writes a computation result, or output data

from memory to PFS. Because the read and write operations are performed during the

computation, the application is forced to wait until the completion of the I/O operation,

which increases the total computation time. Therefore, the communication and I/O

performance have become more important in determining the job throughput performance

on today’s HPC systems.

1.1.3 Two-Layered File System and Staging Operation

Two-Layered File System

The typical HPC cluster system with PFS does not always satisfy both storage capacity and

I/O performance requirements as needed by researchers. As described in Section 1.1.2,

today’s PFS can provide a petabyte-scale storage capacity and also deliver higher

I/O performance, by structuring a lot of hard disk drives (HDD) in redundant arrays

of inexpensive disks (RAID). However, specific classes of applications, for example,

applications that create or access a large number of small-sized files rather than a small

number of large-sized data, require higher I/O performance than the I/O performance

delivered by the HPC cluster system with PFS. To meet such requirements to higher I/O

performance, it has been appeared in the market to use faster storage media, or solid-state

drive (SSD), for PFS than HDD. However, in reality, SSD-based PFS is much more

expensive than HDD-based PFS and so it is di�cult for SSD-based PFS to satisfy the

large storage capacity requirement. For this reason, HPC cluster systems often adopt a

two-layered file system composed of HDD-based PFS and a file system constructed on

SSD attached to each computing node. For example, TSUBAME 3.0 at the Tokyo Institute

of Technology [29] and Summit at the Oak Ridge National Laboratory (ORNL) [30]

adopt a two-layered file system.

Figure 1.4 shows an example of the HPC cluster system with a two-layered file system.

This HPC cluster system deploys PFS as a global file system to provide large storage

capacity like the typical HPC cluster system described in Section 1.1.2. Also, in this HPC

cluster system, an SSD is deployed on each computing node and a file system constructed

on the SSD, called a local file system, delivers high I/O performance for applications.

Where the input and output data of an application are located is coordinated on this HPC

cluster system so that the application can take advantage of these two types of file systems.
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Computing node
Global file system

Local file system
Interconnect

Output data'

Input data
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Figure 1.4: An example of the HPC cluster system with a two-layered file system.

To provide a large storage capacity in the global file system, this HPC cluster system

places the input and output data on the global file system before and after computation of

the application. To deliver high I/O performance, this HPC cluster system places the input

and output data on a local file system during computation. As a result, the application can

access the input data and create the output data on the local file system at high speed.

Staging Operation

As described above, in the HPC cluster system with a two-layered file system, the input

and output data of the application is located on a local file system during the computation

of the application. Also, the input data is located on a global file system before the

computation and the output data is located on the global file system after the computation.

To realize this data placement, the data needs to be moved between local file systems and

global file system (staging operation). In detail, as shown in Fig. 1.4, the input data is

staged from the global file system to a local file system before the computation (stage-in)

and the output data is staged from a local file system to the global file system after the

computation (stage-out). A staging operation is generally performed by the job scheduler

such as Slurm and PBS [31, 32].

Figure 1.5 diagrams the breakdown of a job execution, which starts when computing

nodes are actually allocated to the job, on the HPC cluster system with a two-layered

file system. As shown in this figure, job execution is composed of a stage-in operation,

stage-out operation, and computation of an application. As explained in the last paragraph,

the stage-in operation performs an I/O operation before the computation, and the stage-out
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Computation

Job execution

Stage-in Stage-out

Data transfer

Read WriteRead Write

Data transfer

Figure 1.5: The breakdown of job execution in the HPC cluster system with a two-layered

file system.

operation performs an I/O operation after the computation. In detail, the stage-in operation

in a job execution is performed after computing nodes are actually allocated to the job and

before the computation. In the former stage-in operation, input data is read on the global

file system, and the input data is transferred to the memory on a computing node and then

written to the local file system on the computing node. Likewise, in the latter stage-out

operation, output data on a local file system is read to the memory, and the output data is

transferred from the memory to the global file system and then written to the global file

system.

Two factors decide the execution time of the staging operation described above. The

first factor is the performance of read and write operations on the local file system and

global file system. The second factor is the performance of the communication generated

by the staging operation, called staging communication. The staging communication

generates tra�c called staging tra�c to transfer data between a local file system and

the global file system. When the staging tra�c cannot use the bandwidth available on

interconnect fully, the time required for the data transfer increases, which results in a

longer staging operation.

1.1.4 Acceleration of Staging Operation

To achieve improvement in job throughput on the HPC cluster system with a two-layered

file system, the staging operation takes on a role of great importance. As mentioned in

Section 1.1.3, a staging operation is executed before and after the computation of the

application requested in a job. This fact means that the long stage-in operation results

in the application waiting for the completion of the stage-in operation and that the long
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stage-out operation results in the job waiting for the completion of the stage-out operation.

Although the staging operation has a relatively small impact on job throughput at first

glance because the staging operation time is generally shorter than the computation time,

the impact of the staging operation on the job throughput becomes larger due to the rapid

increase in size of data treated in today’s scientific research. This circumstance strongly

requires the acceleration of the staging operation for faster job execution.

Also, as described in Section 1.1.3, the acceleration of staging operations needs the

performance improvement of I/O operation and communication generated by the staging

operation. Although the acceleration of the staging operation is important for the above

reason, to the author’s knowledge, there are few representative studies that discuss the

acceleration of the staging operation on the HPC cluster system with a two-layered file

system. Moreover, the few representative studies, such as Burst Bu�er [33], GekkoFS [34]

and CatWalk-ROMIO [35] focus on the improvement in the I/O performance, and studies to

improve the communication performance have not been found. Therefore, this dissertation

tackles the acceleration of staging operations by focusing on the staging communication.

1.2 Target Class of HPC Cluster Systems

This dissertation targets the HPC cluster systems with the oversubscribed fat-tree intercon-

nect shared by computing nodes and storages for the acceleration of staging operations.

An example of such a cluster system is shown in Fig. 1.6. In the target class of HPC

cluster systems, it is assumed that a two-layered file system is adopted. The two-layered

file system is composed of a local file system accessible on a computing node and a PFS

accessible from every computing node. It is also assumed that a PFS is constructed on

storages and a file system is constructed on a high-performance storage such as SSD on

a computing node as a local file system. As to the interconnect, this study assumes an

oversubscribed fat-tree where the bisection bandwidth is smaller than half of injection

bandwidth. This reason is explained from the fact that the oversubscribed fat-tree is

often adopted by today’s HPC cluster systems. Note that this study assumes that the job

scheduler of the target class of HPC cluster systems adopts a space-sharing manner which

is commonly used.

A fat-tree [36] is a major topology adopted for the interconnect of HPC cluster systems.

In a fat-tree interconnect, a top-level switch is called a core switch. On the other hand, a

lowermost switch is called an edge switch, and the remains are called aggregation switches.

In general, as shown in Fig. 1.7, the fat-tree interconnect is classified into two types in terms
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Figure 1.6: The HPC cluster system targeted in this study.

of available bandwidth: full-bisection and oversubscription. In a full-bisection fat-tree

interconnect, the bisection bandwidth is half of the injection bandwidth in the cluster

system, meaning that half of the processes running on computing nodes can communicate

with the other half without network contention. Figure 1.7 (a) shows an example of full-

bisection fat-tree interconnects where each switch has 8 ports. In this figure, the number

of upper ports, which are ports used for connecting from an edge switch to core switches,

is equal to the number of lower ports, which are ports used for connecting from an edge

switch to computing nodes. Therefore, even if half of the computing nodes communicate

with the other computing nodes, the tra�c generated by each communication can use

su�cient bandwidth. On the other hand, in the oversubscribed fat-tree interconnect, the

bisection bandwidth is smaller than half of the injection bandwidth. Figure 1.7 (b) shows

an example of oversubscribed fat-tree interconnects where each switch has 8 ports. In this

figure, the ratio of the number of upper ports and the number of lower ports is 1:3. This

ratio causes not enough bandwidth to exist for tra�c to consume if half of the computing

nodes communicate with the other computing nodes. However, this interconnect can

hold more computing nodes than full-bisection fat-tree interconnects when both types

of fat-tree interconnect are constructed at almost the same cost. In today’s HPC cluster

systems, the latter fat-tree interconnect is used more frequently than the former although

the former can provide higher communication performance on the interconnect. For

example, AI Bridging Cloud Infrastructure (ABCI) at the National Institute of Advanced

Industrial Science and Technology (AIST) adopts an oversubscribed fat-tree [37]. A

reason for this can be explained from the fact that the former costs more than the latter,
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Figure 1.7: Examples of the two types of fat-tree interconnect.
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Figure 1.8: Two approaches to placing storages composing the PFS.

especially in the case of the larger HPC cluster systems.

There are two approaches to place storages composing the PFS on an HPC cluster

system: shared manner and non-shared manner. Figure 1.8 shows HPC cluster systems

adopting each approach to placing the storages. In a shared manner, the storages are

placed on the same interconnect which connects the computing nodes together and the

interconnect is shared by both of the computing nodes and the storages. On the other

hand, in the non-shared manner, the storages are placed on a storage network, which is

additionally built for the storages and connects between the computing nodes and the

storages, and the interconnect is used only by the computing nodes. In today’s HPC

cluster systems, the former manner is often adopted for storage placement even though

the latter manner provides higher I/O performance than the former manner. The reason

for this is the same as the reason for the adoption of the oversubscribed fat-tree. The latter

costs more than the former.
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1.3 Research Objective

As described in Section 1.1.4, this dissertation tackles the acceleration of staging operations

by focusing on staging communication to improve the job throughput. For this objective,

the following three issues must be achieved:

1. Revealing how the staging operation is slowed down: Problems that degrade the

performance in staging communication are not clear because there are few studies

that investigate the staging communication in fine-grained situations. Therefore,

to consider how to accelerate the staging operation, this study reveals how the

staging operation is slowed down by observing the staging communication at the

packet-level.

2. Exploring an approach for accelerating the staging operation: Since few existing

methods tackle the acceleration of the staging operation as described in Section 1.1.4,

this dissertation inevitably needs to explore a new approach for accelerating the

staging operation. Also, for the same reason, it is not clear whether there is

any approach that can accelerate the staging operation by focusing on staging

communication or not. Therefore, with considerations of the cost to use or build

an HPC cluster system, in a simulation environment, this dissertation verifies

the possibility that the new approach can be realized first. For this purpose, this

dissertation takes the strategy of proposing a prototype method, which resolves the

problem revealed in the first issue following the new approach.

3. Verifying the practicality of the new approach explored in the second issue: The

possibility that this new approach can be realized in a simulation environment is

only theoretically verified. To show the practicality of this new approach, verifying

whether this new approach can accelerate the staging operation on real HPC cluster

systems is still needed.

1.4 Organization of the Dissertation

The organization of this dissertation is as follows. Chapter 2 quantitatively investigates

how the staging operation is slowed down to address the first issue listed in Section 1.3.

This dissertation speculates that the tra�c collision between the inter-node communication

tra�c and the staging tra�c slows the staging operation in an HPC cluster system with

an oversubscribed fat-tree interconnect shared by computing nodes and the storages.
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To verify the correctness of this speculation, a packet-monitoring is needed to observe

how packets flow on the interconnect in a job submission. However, it is di�cult

to manually perform this verification because the measurement and analysis needed

in packet-monitoring on an HPC cluster system take a much longer time. Therefore,

this dissertation develops a packet-monitoring tool which automatically measures how

each type of tra�c consumes bandwidth on the interconnect through a job submission

experiment. Using this packet-monitoring tool, this dissertation revealed that the tra�c

collision between each type of tra�c slows the staging operation and slowed staging

operation degrades the job throughput through a job submission experiment. Specifically,

this investigation showed that the tra�c collision increased the staging operation time by

45.2% and degraded the job throughput by 6.4%.

Chapter 3 addresses the second issue. This chapter explores an approach for avoiding

tra�c collision between inter-node communication tra�c and staging tra�c. This chapter

first discusses whether the static tra�c control method that traditional interconnects

use can accelerate the staging operation. As a result, this dissertation takes a dynamic

tra�c control method in conjunction with the staging operation as an approach, which

switches tra�c control methods depending on whether any staging operation occurs.

To verify the possibility that this approach can be realized, this dissertation proposes a

prototype method, where the set of dedicated paths for each type of tra�c are configured

on the interconnect only while the staging operation occurs. The evaluation conducted

in this dissertation showed that the proposed method is feasible through an experiment

performed in a virtual simulation environment. Also, the evaluation showed that the

proposed method succeeded in shortening the staging operation time by 7.50% and the

job execution time by 3.40% as compared to a static tra�c control method.

Chapter 4 addresses the third issue. This chapter investigates whether the dynamic

tra�c control method in conjunction with the staging operation can accelerate the staging

operation and improve the job throughput on a real HPC cluster system. Because

Chapter 3 implements the prototype method based on the dynamic tra�c control method

in conjunction with the staging operation assuming the simulation environment, this

dissertation needs to transplant the prototype method onto a real HPC cluster system. In a

real environment, communication delay and latency are not ideal, and may negatively

a�ect the prototype method. Therefore, this dissertation reinforces the prototype method

by considering the communication latency and delay. The reinforced prototype method is

evaluated on a real HPC cluster system and the evaluation result shows that the reinforced

prototype method is capable of avoiding the tra�c collision between each type of tra�c
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and can accelerate the staging operation by 22.0%. Also, the evaluation indicates the

overhead of the application incurred by the reinforced method is negligible. Furthermore,

it is shown that 7.6% of the job throughput is improved by the reinforced method. Based

on this result, the dynamic tra�c control method in conjunction with the staging operation

is considered practical for accelerating the staging operation with little performance

degradation in inter-node communication and improving the job throughput.

Chapter 5 concludes this dissertation and discusses future directions.



2 Investigation on Tra�c Collision
using a Packet-Monitoring Tool

2.1 Introduction

As described in Chapter 1, this dissertation discusses the acceleration of the staging

operation for the job throughput improvement. This chapter investigates how the staging

operation is slowed down and how slowed staging operation degrades the job throughput

and then clarifies the technical problems and issues to be achieved in this dissertation.

For the investigation, this chapter follows the two procedures below:

1. Speculation: How the staging operation is slowed down is speculated through the

observation and review of the staging operation on an HPC cluster system.

2. Verification: The correctness of the speculation is quantitatively verified through

an actual measurement experiment.

To investigate and understand how the staging operation is slowed down on an

oversubscribed fat-tree interconnect shared by computing nodes and storages, it is essential

to observe and analyze how packets flow on the interconnect, or packet-monitoring.

However, there is no existing packet-monitoring tool that automates packet-monitoring

for this study. Therefore, this study first develops a packet-monitoring tool suitable for

investigating the staging tra�c on the interconnect for this purpose. Next, the author

investigates how the staging operation is slowed down on an HPC cluster system by

performing a job submission experiment using the developed tool. In a job submission

experiment, multiple job requests are submitted to an HPC cluster system to reproduce

the situation where the HPC cluster system provides computing nodes for multiple users

in a sharing manner.

The structure of this chapter is as follows: Section 2.2 speculates how the staging

operation is slowed down on the interconnect. Section 2.3 describes the functionalities

required for a packet-monitoring tool after clarifying the requirements to satisfy the

15
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tool suitable for observing and analyzing how packets flow on the interconnect on an

HPC cluster system. Section 2.4 explains the packet-monitoring tool developed in this

study. Section 2.5 quantitatively verifies the speculation using the packet-monitoring tool.

Section 2.6 clarifies the technical problem and issues to be achieved in this dissertation,

and discusses future works. Section 2.7 concludes this chapter.

2.2 Speculation

This section speculates how the staging operation is slowed down on the interconnect. As

described in Section 1.1.4, this dissertation focuses on staging communication to improve

the job throughput on the target class of HPC cluster systems. Therefore, for this purpose,

and by taking how tra�c flows on the interconnect into consideration, this section reviews

and observes how the staging operation works on the HPC cluster system targeted in this

study.

To understand how the staging operation is slowed down, the following two facts

a�ecting how tra�c flows on the interconnect have to be considered in addition to the

premise that this dissertation targets HPC cluster systems with an oversubscribed fat-tree

interconnect shared by computing nodes and storages as described in Section 1.2. First,

the job scheduler provides computing resources to multiple users in a sharing manner

as described in Section 1.2, which results in sharing the interconnect among multiple

processes. In short, multiple jobs work simultaneously on an HPC cluster system, meaning

that the inter-node communication tra�c is supposed to exist almost all the time on

the interconnect. Second, job execution proceeds in the order of the stage-in operation,

computation and the stage-out operation as described in Section 1.1.3. Considering the

execution of multiple jobs on an HPC cluster system, some jobs proceed with computation

and other jobs wait for the completion of the staging operation. Under these considerations,

inter-node communication tra�c and staging tra�c co-exist on the interconnect because

computing nodes and storages share the same interconnect. Moreover, both types of tra�c

may interfere with each other, called tra�c collision, in the target class of HPC cluster

systems described in Section 1.2. As a result, the staging communication takes a long

time because of insu�cient bandwidth on the oversubscribed fat-tree interconnect. This

result causes longer job execution which includes the execution of the staging operation

and then degrades the job throughput.

Figure 2.1 illustrates an example of these situations where a tra�c collision can

possibly happen on an HPC cluster system. The interconnect of the HPC cluster system is
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Figure 2.1: An example of a tra�c collision between inter-node communication tra�c

and staging tra�c on the target HPC cluster system.

composed of sw1-sw6. It is assumed that the job scheduler distributes the three processes

(blue processes) for a job to the computing nodes connected to sw4 and sw5 and distributes

the three processes (green processes) for the other to the computing nodes connected to

sw5 and sw6. Under the assumption of these process distributions, now suppose that

the former processes perform inter-node communication, and the latter ones wait for the

completion of a staging operation. Then, the inter-node communication tra�c among

the former ones follows the path through sw4, sw1 and sw5, and one through sw4, sw2

and sw5. On the other hand, the staging tra�c generated by the latter processes passes

through sw3, sw1 and sw5. In this situation, both types of tra�c share the link between

sw1 and sw5. As a result, both types of tra�c may block each other on the link between

sw1 and sw5.

2.3 Functionalities Required for the Packet-Monitoring

Tool

To investigate and understand how the staging operation is slowed down on the interconnect,

the author conducts a job submission experiment, which requires a packet-monitoring tool
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that allows us to observe the tra�c on the interconnect on a per-packet-flow basis. For

this purpose, this section summarizes what suitable functionalities need to be equipped

on the packet-monitoring tool for this investigation.

2.3.1 Requirements for the Packet-Monitoring Tool

The packet-monitoring tool required in this investigation has to provide us with a way to

observe how the tra�c collision between each type of tra�c happens. An essential piece

of information for the observation is the bandwidth consumed by each type of tra�c while

a staging operation is running. To allow us to precisely measure and learn how much

bandwidth each type of tra�c consumes as a network resource, the packet-monitoring

tool must facilitate three procedures: packet-capture, consumed bandwidth calculation

and visualization.

1. Packet-capture procedure: Packet flowing on links connected to core switches, and

not packet flowing on network interfaces of the computing nodes, have to be captured

during a job submission experiment. This is because the tra�c collision can happen

on the links connecting to a core switch on the HPC cluster system targeted in

this dissertation. Also, this packet-capture procedure must be performed to all

links connected to core switches in parallel since in this investigation bandwidth is

consumed on all links where the tra�c collision can occur.

2. Consumed bandwidth calculation procedure: The tool must categorize a series

of packets captured by the packet-capture procedure into two tra�c types, inter-

node communication tra�c and staging tra�c, and then calculate the consumed

bandwidth for each tra�c type. In this study, a series of packets captured by the

packet-capture procedure is called packet data.

3. Visualization procedure: To understand and learn how the tra�c changes in terms

of bandwidth over time, some intuitive visualization of the consumed bandwidth is

required. In this visualization, the execution time of a staging operation has to be

associated with the information on how the staging tra�c generated by the staging

operation flows on the interconnect. For this purpose, it is needed to distinguish

which staging tra�c is generated by a staging operation because multiple staging

operations generate staging tra�c during a job submission experiment. However,

this distinction is di�cult because multiple jobs use the same computing nodes at

di�erent times and consequently, packets with almost the same packet header are
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Figure 2.2: An example of a simple visualization that is a line chart of the consumed

bandwidth given by the consumed bandwidth calculation procedure.

generated by di�erent staging operations. For this reason, a simple visualization

where the consumed bandwidth given by the consumed bandwidth calculation

procedure is simply plotted is less useful for us. For example, Fig. 2.2 is an example

of such a simple visualization. In this graph, it is di�cult to observe which staging

tra�c is generated by a staging operation. Therefore, this visualization procedure

has to provide a way to allow us to easily observe staging tra�c generated by a

staging operation.

Furthermore, automation of these three procedures becomes essential in making this

investigation e�cient. It is almost impossible for a researcher to manually perform these

three procedures because of the enormous amount of data captured by the tool. To capture

a set of packets generated by staging communication and other types of communication,

the packet-capture procedure must be performed during a job submission experiment.

A job submission experiment takes a long time, for example, for at least 20 minutes in

this study. Such a job submission experiment has to be conducted repeatedly to ensure

its validity. Furthermore, the consumed bandwidth calculation procedure is error-prone

and time-consuming because researchers themselves have to find the packet data related

to their focused tra�c from an enormous amount of packet-capture data. For example,

the amount of packet data captured reaches 150 GB even when performing a 20-minute
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packet-capture on a 1 Gbps link.

2.3.2 Functionality

The functionalities required for the packet-monitoring tool to automate the three procedures

are summarized as follows.

1. Job experiment management functionality: As described above, to ensure the

validity of a job submission experiment, the tool has to repeatedly conduct the

job submission experiment, which starts after job requests are submitted to the

job scheduler and finishes when all the job requests complete. Therefore, the

packet-monitoring tool should have the functionality of automatically repeating a

set of job submission experiments. To automate the repeat of the job submission

experiments, this functionality needs to cooperate with the job scheduler so that the

packet-monitoring tool can submit job requests and wait for all the job requests to

complete.

2. Parallel packet-capture management functionality: In the packet-capture procedure,

the tool needs to perform packet-captures to multiple links on core switches in

parallel. The tool needs multiple computers to simultaneously perform each

packet-capture on a single computer because a packet-capture performed to a link

connected to core switches requires enough I/O performance to record a large

amount of captured packets into files. Therefore, to automate the packet-captures,

keeping the packet-captures working on multiple computers in parallel is needed.

For this reason, the tool needs the functionality to manage the multiple computers

so that the tool can launch and stop a process for a packet-capture on the respective

computers. Also, this functionality is required to allow a packet-capture to avoid

packet drops due to insu�cient I/O performance when writing packet data to the

HDD of each computer.

3. High-throughput bandwidth calculation functionality: In the packet-monitoring

tool, the consumed bandwidth calculation procedure has to calculate consumed

bandwidth from packet data. This consumed bandwidth calculation necessitates a

high-throughput calculation method because the tool has to treat more than 150 GB

just for the input of this calculation and thus, the consumed bandwidth calculation

procedure becomes time-consuming. Researchers want the consumed bandwidth

calculation to finish quickly to shorten experiment time. For this reason, the tool
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needs a functionality which provides a high-throughput calculation method to

automate the consumed bandwidth calculation procedure in an e�cient way. Note

that this calculation requires a large memory capacity because the tool has to treat a

large amount of packet data. Because the size of the packet data becomes larger in

the case of a long-lasting job submission experiment, it is needed to consider if the

size of the packet data is larger than the memory capacity.

4. Staging event collection functionality: The visualization procedure is responsible

for visualizing the consumed bandwidth associated with a staging operation. To

perform this procedure, the packet-monitoring tool must know the timing when a

staging operation starts and finishes, called a staging event, for respective staging

operations. Therefore, for the purpose of automating this procedure, the tool has to

automatically collect staging events.

The technical issues in developing a packet-monitoring tool with these functionalities

are summarized briefly as follows:

1. The smooth interaction of the job experiment management functionality and the

job scheduler.

2. The avoidance of packet drops in packet-captures managed by the parallel packet-

capture management functionality.

3. The acceleration of the consumed bandwidth calculation in the high-throughput

bandwidth calculation functionality.

4. The collection of staging events in the staging event collection functionality.

There are several packet-monitoring tools potentially available for the investigation

in this study. Wireshark [38] is a graphical user interface (GUI) application, which

has a suite of functions for capturing a set of packets and visualizing the consumed

bandwidth. However, Wireshark is unsuitable for automating the packet-monitoring

required in this investigation because Wireshark needs GUI-based interactive operations

with itself for users. For example, Wireshark requires GUI-based click operations for users

to use the functions and this fact prevents the packet-monitoring from being automated.

Tshark [39] is a command-line interface (CLI) based utility of Wireshark, which has the

function for capturing a set of packets and analyzing packet data. Although Tshark cannot

visualize the consumed bandwidth, Tshark is useful for parsing packet data to develop

the packet-monitoring tool. Tcpdump [40] is a CLI-based packet-capture tool, which
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provides rich features for the packet-capture. Therefore, tcpdump is useful for developing

a packet-monitoring tool. Netflow [41] is a function implemented on a network device,

which analyzes a set of packets flowing on the network device. Although Netflow can

calculate the consumed bandwidth for each tra�c type from a set of packets flowing

on the network device, Netflow cannot always be implemented on any network device.

Actually, some of the network devices used in this study do not support Netflow. For a

function similar to Netflow, there is sFlow [42], which is available on almost any network

device. However, sFlow is unsuitable for observing how tra�c changes over time in a

short cycle, such as 1 second.

2.4 Design and Implementation of the Packet-Monitoring

Tool

2.4.1 Design

Figure 2.3 shows the configuration of the packet-monitoring tool on an HPC cluster

system. This tool is composed of two types of processes: master process and monitoring

process. The master process is deployed on the management node and the monitoring

processes are deployed on multiple computers, called monitoring nodes, on an HPC

cluster system. These monitoring nodes are connected to core switches for the purpose

of allowing the tool to capture packets. This placement of the master and monitoring

processes allows the tool to perform packet-captures to all links on core switches. Under

this configuration, the port-mirroring function is configured on core switches so that the

packets passing through the ports of core switches are copied and are transferred to the

monitoring nodes.

Figure 2.4 shows the interaction among the four functionalities listed in Section 2.3.2

to automate the packet-monitoring tool. First, the interaction between the master process

and the job scheduler is the operation of the job experiment management functionality

that allows the tool to start a job submission experiment and to wait until the completion

of the job submission experiment. Second, as a parallel packet-capture management

functionality, the master process has a function to allow the monitoring processes on the

monitoring nodes to capture packets during a job submission experiment. Third, the high-

throughput bandwidth calculation functionality is designed to achieve high-throughput

computation so that monitoring processes calculate consumed bandwidth individually.

Fourth, as the staging event collection functionality, the master process collects output
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Figure 2.3: An example of deploying the packet-monitoring tool on an HPC cluster

system.

logs of jobs to obtain the staging events required in the visualization procedure from the

output logs. For this functionality, the staging operation is configured so that each staging

operation records its staging event on the output log of a job.

Figure 2.5 shows how the packet-monitoring tool with these functionalities works. This

work is described as the following five steps:

1. The master process launches the monitoring processes on the monitoring nodes and

then submits job requests to the job scheduler to conduct a single job submission

experiment. At this time, the monitoring processes start the packet-capture

procedure in parallel.

2. The master process stops the packet-capture procedure performed by the monitoring

processes when the master process finds that the job submission experiment

finishes. After that, each monitoring process starts the consumed bandwidth

calculation procedure for the packet data captured by itself. Also, the master process

simultaneously collects output logs of jobs in the job submission experiment.
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Figure 2.4: The workflow of the packet-monitoring tool.

3. When the consumed bandwidth calculation procedure finishes, the monitoring

processes send the consumed bandwidth to the master process.

4. The master process returns to the first step unless all job submission experiments

finish.

5. When all job submission experiments finish, the master process performs the

visualization procedure.

Next, detail of the design of functionalities is explained.

Job Experiment Management Functionality

This functionality works on the master process to automatically repeat job submission

experiments. To start a single job submission, the master process is designed to submit

job requests. Also, to find that a single job submission experiment finishes, the master

process is designed to periodically obtain the information on job progress from the job

scheduler (Fig. 2.4). The reason why this design is adopted is explained from the fact that
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Figure 2.5: A sequential diagram of the packet-monitoring tool.

the job scheduler cannot recognize whether a set of submitted job requests is processed

(a single job submission experiment finishes) or not and thus this functionality has to

monitor the progress of job executions. When the master process obtains the information,

the master process does nothing if this information indicates that one or more jobs are

running. On the contrary, if this information indicates that no job is running, the master

process stops the packet-capture procedure performed on the monitoring processes, which

results in the monitoring processes proceeding to the consumed bandwidth calculation

procedure. After the consumed bandwidth calculation procedure finishes, the master

process submits new job requests if one or more job submission experiments remain.

Parallel Packet-Capture Management Functionality

This functionality works on the master process to manage the multiple monitoring

processes. The monitoring processes have to start the packet-capture procedure before

a job submission experiment starts. Also, they have to finish after the job submission

experiment finishes. For this reason, the master process is designed to instruct the
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monitoring processes to start and finish the packet-capture procedure, as shown in Fig. 2.4.

These instructions control the monitoring processes so that they keep their packet-captures

running during a job submission experiment.

High-Throughput Bandwidth Calculation Functionality

This functionality is designed to allow the consumed bandwidth calculation procedure to

be performed in a high-throughput way. The consumed bandwidth calculation procedure is

time-consuming due to the large size of packet data. The consumed bandwidth calculation

is designed to be performed on either the master process or monitoring process. In the

case of the master process, the consumed bandwidth calculation procedure can use only

the management node as a computing resource. On the other hand, in the case of the

monitoring processes, this procedure can use multiple monitoring nodes as computing

resources. Therefore, to process the packet data in a high-throughput way, each monitoring

process is designed to perform this procedure for packet data captured by itself on its

monitoring node in parallel, as shown in Fig. 2.4.

Staging Event Collection Functionality

This functionality is designed to o�er staging events to the visualization procedure on

the master process. Although it is typical to obtain staging events from the job scheduler

directly, this functionality utilized output logs of the staging operation for simplicity in

the implementation of the packet-monitoring tool. For this purpose, the staging operation

needs to be configured so that each staging operation writes its staging event on the output

log of a job in this study. In this configuration, every time a job submission experiment

finishes, the master process collects the output logs of jobs from the management node

(Fig. 2.4) and then reads staging events from the output logs. After all job submission

experiments finish, the master process performs the visualization procedure using these

staging events.

2.4.2 Implementation

Figure 2.6 shows the implementation detail of the packet-monitoring tool. It was

implemented based on the design described in Section 2.4.1 as a python program. The

master process in this implementation is composed of a management module and a

visualization module. The monitoring process in this implementation is composed of

a packet-capture module and a consumed bandwidth calculation module. The tool
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Figure 2.6: The architecture of the implemented packet-monitoring tool.

Table 2.1: Software used for implementing the packet-monitoring tool.

Software Version

Python 3.7

Tcpdump 4.9.1

Tshark 2.6.2

Dask 2.30.0

Matplotlib 3.3.2

automatically performs the three procedures, the packet-capture, consumed bandwidth

calculation and visualization procedures through the interaction of these modules. The

management module provides the job experiment management, parallel packet-capture

management and staging event collection functionalities. On the other hand, the consumed

bandwidth calculation module provides the high-throughput bandwidth calculation

functionality.

Table 2.1 summarizes software used for implementing the packet-monitoring tool.

Management Module

As described, this module is responsible for the three functionalities (the job experiment

management, parallel packet-capture management and the staging event collection

functionalities). For the job experiment management functionality, this module submits
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job requests specified in advance on behalf of the users when the master process is

launched to start a single job submission experiment. Also, this module periodically

executes squeue [43], which is a command provided by Slurm adopted as a job scheduler

in this investigation, to obtain the information on job progress. For the parallel packet-

capture management functionality, this module launches monitoring processes to start

the packet-capture procedure. Moreover, this module stops the packet-capture procedure

performed on these monitoring processes when a job submission experiment finishes. For

the staging event collection, this module obtains staging events from output logs of jobs

and gives them to the visualization module as input.

Packet-Capture Module

This module captures a set of packets from the start of the monitoring processes until the

management module stops this module, as shown in Fig. 2.5. To capture a set of packets,

this module uses tcpdump. While tcpdump captures packets, tcpdump records them into

files as packet data. After the job submission experiment finishes, this module passes the

packet data to the consumed bandwidth calculation module as shown in Fig. 2.6.

To reduce the workloads of the monitoring processes, the following three setting items

were configured on tcpdump. The first setting item is the file-rotation function, which

divides a pcap file (packet data) into multiple pcap files by fixed size. The reason why the

file-rotation function was configured is that it is a prerequisite for activating the second

setting item. The second setting item is the post-rotation command function, which

performs a command specified by a user, typically a gzip command, after the file-rotation

function is performed. The author configured the post-rotation command function so that

packet data outputted by tcpdump is compressed with gzip. These two setting items were

configured to reduce the size of packet data stored on the monitoring nodes. The third

setting item is snapshot length, which decides how many bytes tcpdump extracts data

from each packet. To reduce loads of I/O operation derived from tcpdump, tcpdump was

configured so that tcpdump discards all but the header of a packet when tcpdump captures

the packet. Otherwise, tcpdump fails to capture packets (packet drops) because the I/O

operation is not in time.

Consumed Bandwidth Calculation Module

This module calculates the bandwidth consumed by each type of tra�c from the packet

data given by the packet-capture module. For this calculation, this module follows the

three steps below. In the following steps, the packet-monitoring tool uses Tshark for
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parsing the packet data and Dask [44], which is a python-based analysis library, for the

packet categorization and the consumed bandwidth calculation. After this calculation,

this module sends the consumed bandwidth to the management module, as shown in

Fig. 2.6.

1. Packet data parsing: The packet data outputted by tcpdump is not readable for Dask.

Therefore, this module has to convert the packet data to a readable file for packet

categorization and consumed bandwidth calculation with Dask. For this purpose,

this module uses Tshark to convert packet data to a CSV file readable for Dask.

2. Packet categorization: This module needs to categorize the series of packets

recorded in the CSV file into tra�c types. This study adopted the MAC address

recorded on their packet headers to categorize the packets. When the source and

destination MAC addresses recorded on a packet indicates computing nodes, this

module classifies the packet into inter-node communication tra�c. On the other

hand, when the source and destination MAC address are a pair of MAC addresses

indicating a computing node and storage, this module classifies the packet into

staging tra�c.

3. Consumed bandwidth calculation: This module needs to calculate the consumed

bandwidth for each tra�c type from the categorized packet data. For this calculation,

this study uses the packet length written in the header of each packet. For each

classified group of packets, this module calculates the bandwidth consumed at

time C on a port of the core switches by summing the packet lengths of the packets

captured between time C and time C + 1. The consumed bandwidth calculated in this

step is written to a CSV file as a result.

This module has been implemented so that memory is not exhausted because of the

huge size of packet data. For this purpose, Dask has been adopted rather than pandas [45],

which is a representative python-based analysis library. The reason why Dask can avoid

the memory exhaustion is that Dask allows incremental access to data, while pandas tries

to read it into memory all at once.

Visualization Module

This module performs the visualization procedure using the consumed bandwidth and the

staging events as input given by the management module as shown in Fig. 2.6. For input

data, this module outputs a set of line charts each of which plots consumed bandwidth
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for each tra�c type focusing on a single staging operation. In detail, this module draws

the line chart of consumed bandwidth in the range from the start to the end of each

staging operation. To obtain the timing when a staging operation starts and finishes, this

module uses the staging events which record the timing. This module uses matplotlib [46],

which is a representative python library for drawing graphs, for drawing line charts of the

consumed bandwidth.

2.5 Investigation

This section verifies the speculation described in Section 2.2 by using the packet-

monitoring tool developed in Section 2.4. In detail, this section quantitatively investigates

how tra�c collision between inter-node communication tra�c and staging tra�c slows

the staging operation and degrades the job throughput. In the investigation, the author

observed how the two types of tra�c flow on the interconnect and how the tra�c collision

increases staging operation time by focusing on the case when the tra�c collision happens

on the target class of HPC cluster systems. From these observations, an HPC cluster

system with the oversubscribed fat-tree interconnect was built, and then a job submission

experiment was conducted on the cluster system so that the tra�c collision can happen on

the interconnect. In detail, the job submission experiment reproduced the situation where

the two types of the tra�c co-exist on the interconnect where the representative tra�c

load-balancing method often used in the fat-tree interconnect is applied. Also, in the job

submission experiment, the author measured the bandwidth consumed by each type of

tra�c and staging operation time using the developed packet-monitoring tool for these

observations.

2.5.1 Experimental Environment

Figure 2.7 shows the HPC cluster system built for this investigation. The HPC cluster

system is composed of six computing nodes, one storage node, four switches, one

management node and four monitoring nodes (mnt1 to mnt4). The specification of the

Table 2.2: The spec of each node.

OS Fedora release 27

CPU Intel® Xeon® E5520 (2.27 GHz)
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Table 2.3: The spec of each OpenFlow switch.

Switch name Product name

ofs1, ofs2 Nexus9372PX

ofs3 UNIVERGE PF5240

ofs4 Arista 7050T-36

ofs1 ofs2

ofs3 ofs4

Storage node Computing nodesManagement node

port3 port4

mnt3 mnt4mnt1 mnt2

Interconnect (1Gbps) Monitoring network (10Gbps)
Management network (1Gbps)

port3 port4

port1
port2port1

port2

Figure 2.7: The experimental environment.

nodes used for this investigation is shown in Table 2.2. The information on switches

used for this investigation is summarized in Table 2.3. The storage node stores data to be

moved in staging operations as the global file system of this HPC cluster system. The

management node manages the computing nodes with Slurm, which is a job scheduler

widely used in modern HPC cluster systems.

Two core switches (ofs1, ofs2) and two edge switches (ofs3, ofs4) form a two-level

oversubscribed fat-tree (2:3 blocking on ofs3 and ofs4) interconnect, on which the

computing nodes and the storage node are connected. Equal-cost multipath (ECMP) [47],

which is a tra�c load-balancing method widely used for fat-tree interconnects, was
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Table 2.4: Software used for this investigation.

Software Version

Ryu 4.15

Slurm 17.02.10

GNU C Compiler 7.3.1

OpenMPI 3.0.0rc5

Table 2.5: The port mirroring configuration.

The target port The destination port

port1 on ofs1 port3 on ofs1

port2 on ofs1 port4 on ofs1

port1 on ofs2 port3 on ofs2

port2 on ofs2 port4 on ofs2

adopted. For a pair of the nodes, it selects one of the candidate shortest paths searched by

a routing protocol such as Open Shortest Path First (OSPF) [48]. In this investigation,

ECMP-based tra�c control method was implemented with the Ryu [49] framework,

which is a software framework to develop an OpenFlow controller. In addition, all of

the switches, the computing nodes, the storage node, and the monitoring nodes were

connected on a management network.

OpenFlow [50] is the de facto standard implementation of Software-Defined Network-

ing (SDN), which is a network architecture to realize network programmability and a

centralized control of switches. It allows us to apply di�erent routing algorithms and

methods on the interconnect in a software programming manner. In this investigation, an

OpenFlow controller was deployed on the management node to control the OpenFlow

switches via the management network. Table 2.4 summarizes the software used for this

investigation.

Also, the four monitoring nodes were configured so that the master process of the

packet-monitoring tool can launch the monitoring processes on these monitoring nodes.

On these monitoring nodes, the monitoring processes captures all outgoing packets

passing through on the core switches ofs1 and ofs2. For this configuration, the port

mirroring function on the core switches was used. Table 2.5 shows the port mirroring

configuration.
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Figure 2.8: An example of MPI_Alltoall.

2.5.2 Job Submission Experiment

In this investigation, the author submitted a set of six job requests, each of which requests

MPI_Alltoall collective communication [51] to be executed repeatedly, fifty times. Each

job performs the stage-in and the stage-out operation before and after computation.

For the staging operation, the author set up a simple function that uses SCP to move

2 GB data generated by the dd command between tmpfs [52], which is a memory-based

file system, on the storage node and tmpfs on a computing node that executes a job.

Each job request is set to request three computing nodes so that two jobs are executed

simultaneously on six computing nodes and then the tra�c collision between the two

types of the tra�c is observed. Also, this configuration is applied to exclude the situation

leading the performance degradation of the staging operation, where multiple processes

share such resources in a computing node as ALU, cache, and NIC. For the purpose

of reproducing the tra�c collision on the interconnect, this study adopts MPI_Alltoall

collective communication, which is one of the most important MPI communication

primitives widely used by scientific applications [53]. Note that data is exchanged among

all processes composing a single job with MPI_Alltoall collective communication as

shown in Fig. 2.8 (a) and thus the inter-node communication tra�c uses the whole of the

interconnect as shown in Fig. 2.8 (b). Furthermore, to investigate how the tra�c collision

causes a longer staging operation, the author adjusted the job scheduler configuration so

that the processes of a job were not allocated to a set of computing nodes linked to the

same edge switch.

To observe how the two types of the tra�c flow on the interconnect, the bandwidth

consumed by the two types of the tra�c on the links from the core switches to the edge

switches have to be measured. For this purpose, the author launched the master process
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of the packet-monitoring tool on the management node. After that, the packet-monitoring

tool measured the consumed bandwidth automatically as described in Section 2.4.

To observe how the staging operation time and the job throughput is changed with

and without the tra�c collision on the interconnect, the staging operation times and the

job throughput with and without tra�c collision in the job submission experiments were

measured. To measure the staging operation time without the tra�c collision, the author

configured staging tra�c to use not the interconnect, but the management network. To

measure the staging operation time both when staging tra�c uses the interconnect and

when it uses the management network, the author configured jobs to write output logs

including staging events as described in Section 2.4.1.

2.5.3 Experimental Result

Figure 2.9 shows how each type of the tra�c consumed the bandwidth on port2 on ofs1

when a stage-in operation occurred under the situation where two jobs out of six jobs

are executed as shown in Fig. 2.10. In Fig. 2.9, the Y axis indicates the bandwidth

consumed by each type of the tra�c, and the X axis indicates time. From this graph,

it is supposed that the following situation happened. From 02:24:45 to 02:25:31, only

the inter-node communication tra�c flowed on port2 on ofs1. The stage-in operation

started at 02:25:31 and finished at 02:26:07. During this stage-in operation, the staging

tra�c and the inter-node communication tra�c co-existed on the link between ofs1 and

ofs4 and the link between ofs3 and ofs1. Also, it was observed that the bandwidth

used by the inter-node communication tra�c was lowered to 424 Mbps from 894 Mbps.

In addition, the bandwidth used by the staging tra�c was 484 Mbps. After that, only

inter-node communication tra�c flowed on port2 on ofs1 again. Although this result can

be predicted in advance, this result is important from the point of view to verify that the

tra�c collision actually happens on the interconnect. Note that a similar tra�c pattern

was observed on the other ports (port1 on ofs1, port1 on ofs2 and port2 on ofs2) and

during di�erent time periods.

Figure 2.11 shows the result of job submission experiments. The rightmost bar shows

the average execution time of staging operations performed in 300 jobs (six jobs are

submitted in each of fifty job submission experiments). Also, the average job execution

time and the average computation time are plotted in this graph. The result indicates

that the average execution times under the situation where the tra�c collision occurs

were larger than the average execution time without the tra�c collision. In detail, the

staging operation time was increased by 45.2%, the job execution time was increased by
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Figure 2.9: The bandwidth consumed by each tra�c on port2 on ofs1.

ofs1 ofs2

ofs3 ofs4

Computing nodesStorage node

Process in staging operation Process in computation

Inter-node communication trafficStaging traffic

Figure 2.10: The process allocation during the stage-in operation.
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Figure 2.11: The average execution time with and without tra�c collision.

Table 2.6: The average of the job throughput with and without tra�c collision.

w/ tra�c collision w/o tra�c collision

Job throughput (jobs per hour) 19.50 20.83

7.7%, and the computation time was increased by 1.7%. Note that the 45.2% increase in

the staging operation time means that there is room to reduce the staging operation time

under the ECMP-based tra�c control method by 31.1%.

Moreover, the average of the job throughput with and without tra�c collision is

shown in Table 2.6. The average of the job throughput was calculated from the job

throughput measured in each of the fifty job submission experiments. The job throughput

( 9>1_C⌘A>D6⌘?DC) measured in each job submission experiment was calculated from

the time taken for the job submission experiment (4G?4A8<4=C_C8<4) and the number of

submitted jobs ( 9>1B) according to Equation (2.1).

9>1_C⌘A>D6⌘?DC =
9>1B

4G?4A8<4=C_C8<4

. (2.1)

The right side of this equation shows the number of jobs processed in a time period and is

designed based on the definition of job throughput as described in Section 1.1.2. This

result indicates that the job throughput under the situation where the tra�c collision
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occurs was lower than the job throughput without tra�c collision. Specifically, the job

throughput was degraded by 6.4%.

2.6 Insight and Future Work

From the result of this investigation described in Section 2.5, it is obvious that the

tra�c collision between inter-node communication tra�c and staging tra�c causes longer

staging operations and consequently, degrades the job throughput. In detail, the bandwidth

consumed by staging tra�c (e.g., 484 Mbps) did not reach the bandwidth provided by

1 Gbps links due to the tra�c collision and therefore, the staging operation time became

longer by 45.2%. Note that the possibility that I/O performance might causes such

bandwidth consumption of staging tra�c can be denied because tmpfs provided su�cient

I/O performance for staging operations. Although this result can be predicted in advance,

this result is important from the standpoint to quantitatively reveal what problem has to

be resolved for the acceleration of the staging operation under the situation where there

are few studies for the acceleration of the staging operation.

Based on the above insight, this dissertation discusses the tra�c collision between

inter-node communication tra�c and staging tra�c as a problem to be solved for the

acceleration of the staging operation. Specifically, this dissertation aims to increase the

bandwidth available to staging tra�c by avoiding the tra�c collision, and consequently to

reduce the increase in the staging operation time by the tra�c collision. For this purpose,

the following two issues have to be tackled:

1. This study has to explore an approach for avoiding the tra�c collision between each

type of tra�c and has to verify the possibility that this approach can be realized in

a simulation environment.

2. Whether the above approach can actually accelerate the staging operation on a

real HPC cluster system or not has to be investigated to verify the practicality and

usefulness of the potential research achievement.

Future work is necessary to expand the developed packet-monitoring tool so that this

tool can calculate the consumed bandwidth faster on larger-scale HPC cluster systems.

Moreover, how a tra�c collision between each type of tra�c happens on the interconnect

should be investigated through a job submission experiment using more realistic HPC

applications as jobs. Although it became clear that the tra�c collision causes a longer
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staging operation in this study, how the tra�c collision happens under the situations that

various applications perform communication is not clear yet.

2.7 Conclusion

This chapter developed a packet-monitoring tool suitable for investigating how the staging

operation is slowed down on the interconnect. The packet-monitoring tool is composed

of a packet-capture, consumed bandwidth calculation, and visualization procedure to

produce the essential information on the consumed bandwidth for each tra�c type while

a staging operation is running. Also, these three procedures were automated to make this

investigation e�cient. Using this packet-monitoring tool, this chapter investigated how

the tra�c collision between inter-node communication tra�c and staging tra�c slows

the staging operation on a target class of HPC cluster systems. In this investigation, the

author observed and confirmed that the tra�c collision happened on the interconnect on

an actual HPC cluster system built for the purpose of this investigation. Furthermore,

this investigation clearly showed that the tra�c collision increased the staging operation

time by 45.2%. From these results, it is obvious that the tra�c collision causes a longer

staging operation on the target HPC cluster system, which results in the 6.4% degradation

of job throughput.

This dissertation therefore targets the tra�c collision between each type of tra�c for a

problem to be solved in achieving the acceleration of the staging operation. To resolve

this problem, the author explores an approach to avoid tra�c collision between each type

of tra�c and to verify the practicality and usefulness of the approach.



3 Acceleration of the Staging Operation
Using Software-Defined Networking

3.1 Introduction

As discussed in Section 2.7, the tra�c collision between inter-node communication tra�c

and staging tra�c causes a longer staging operation and the degradation in job throughput.

For this reason, this study explores an e�ective approach to avoid tra�c collision for

accelerating staging operations. To this end, the following issues have to be achieved in

this study. The first issue is to find an e�ective approach to avoid tra�c collision between

each type of tra�c and then investigate the possibility the approach can be realized.

The second issue is to verify the practicality of the approach. In other words, from an

implementation standpoint, this dissertation must investigate whether this approach can

be used to accelerate the staging operation and improve the job throughput on the HPC

cluster systems targeted in this study or not. This chapter tackles the first issue and the

next chapter tackles the second issue.

The rest of this chapter is organized as follows: Section 3.2 explores an approach to

avoid tra�c collision between each type of tra�c. Section 3.3 proposes a prototype method

following the approach and the implementation of the prototype method. Section 3.4

verifies that the prototype method works properly and accelerates the staging operation in

a simulation environment. Section 3.5 reviews the related work. Section 3.6 concludes

this chapter with future work.

3.2 Approach Exploration

This section explores tra�c control methods, with which packet flows on the interconnect

are controlled, in terms of what type of tra�c control method can avoid tra�c collision

between inter-node communication tra�c and staging tra�c. For this exploration, the

author investigates whether static tra�c control methods, which control packets on the

39
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interconnect based on rules configured in advance are e�ective for the avoidance of the

tra�c collision between each type of tra�c, called tra�c collision avoidance, or not.

3.2.1 Applicability of Static Tra�c Control for Tra�c Collision
Avoidance

Today’s HPC cluster systems have adopted static tra�c control methods, in which how to

handle incoming packets on a switch is defined in advance by the administrator. There

could be two possible strategies to avoid tra�c collision between each type of tra�c

on the interconnect using static tra�c control methods. The first possible strategy is to

take advantage of tra�c load-balancing functionality as provided by ECMP, which is a

static tra�c control method widely used in HPC cluster systems. Tra�c load-balancing

functionalities provided by static tra�c control methods fairly distribute tra�c loads onto

redundant routes on the interconnect. Through an advanced use of this method, it may be

possible for each type of tra�c to use su�cient bandwidth. The second possible strategy

is to reinforce static tra�c control methods with some bandwidth assurance functionality

for staging tra�c. This strategy is useful for eliminating the mutual influence between

each type of tra�c and thus, tra�c collision can be avoided.

The first strategy of benefiting from a tra�c load-balancing functionality enables

the e�cient distribution of tra�c loads on the interconnect. Importantly, however, a

tra�c collision between each type of tra�c can take place on the oversubscribed fat-tree

interconnect even if a tra�c load-balancing functionality available today with static tra�c

control methods is applied. The reason for this is explained as follows. Inherently, the

tra�c load-balancing functionality distributes tra�c loads without distinguishing the

tra�c type of packets. In short, inter-node communication tra�c and staging tra�c still

have a chance to share the same interconnect links. Furthermore, the oversubscribed

fat-tree interconnect targeted in this study cannot always provide su�cient bandwidth for

each tra�c, even when tra�c loads are distributed perfectly. Therefore, this strategy has

di�culty in contributing to the acceleration of the staging operation.

The second strategy for utilizing a bandwidth assurance functionality with static

tra�c control methods is also considered e�ective for tra�c collision avoidance. In

reality, however, it is di�cult and almost impossible to predict how much bandwidth

can be assured for each type of tra�c in advance when the administrator configures

bandwidth assurance on the switches composing the interconnect. Thus, in the case

that the administrator overestimates the bandwidth assured for a type of tra�c, there are
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Figure 3.1: An example of the performance degradation in inter-node communication due

to the bandwidth assurance for staging tra�c on the interconnect.

situations which happens where the other tra�c is slowed down because it cannot fully

use the bandwidth on the interconnect.

Figure 3.1 illustrates in detail the problem that occurred happened in the second

strategy. The interconnect of the HPC cluster system is composed of sw1-sw6. The

administrator needs to manually configure the bandwidth assurance for staging tra�c

when the administrator implements the interconnect. Now assume that the administrator

has configured the interconnect links between core switches and edge switches so that

su�cient bandwidth is assured for staging tra�c. Under this assumption, when a staging

operation occurs on job2, staging tra�c occupies the link between sw1 and sw5 due to

the bandwidth assurance, and thus a tra�c collision can be avoided. On the other hand,

however, inter-node communication tra�c passing through the link between sw1 and sw5

can use little bandwidth while staging tra�c passes through the link. At this time, the

bandwidth consumption of inter-node communication passing through the link between

sw1 and sw5 generated by job1 is much less than that of the inter-node communication

passing through the link between sw2 and sw5 generated by job1. The computation of

job1 has to wait for the slow inter-node communication passing through the link between

sw1 and sw5 even if the other inter-node communication passing through the link between

sw2 and sw5 is completed. Therefore, the second strategy of using bandwidth assurance

methods with static tra�c control methods is not practical and almost impossible to

achieve for acceleration of the staging operation without performance degradation in

inter-node communication.
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From these considerations, the author has come up with the conclusion that the

static tra�c control methods widely used on the modern HPC cluster systems have

di�culty in avoiding tra�c collisions without the performance degradation in inter-node

communication.

3.2.2 Approach

To achieve tra�c collision avoidance, this study adopts a dynamic tra�c control method,

which allows us to dynamically control the packet flows on the interconnect in a

programming manner, depending on the tra�c situation on the interconnect. This reason

is explained from the above conclusion and the fact that dynamic tra�c control can change

tra�c controls according to an o�-network event, occurring outside the interconnect,

such as the commencement of a staging operation. Specifically, this study adopts a

dynamic tra�c control method in conjunction with the staging operation as an approach.

A challenging feature of this approach is that it switches di�erent types of tra�c controls

depending on whether any staging operation occurs or not. In more detail, when any

staging operation occurs, this approach applies a tra�c control specialized for tra�c

collision avoidance onto the interconnect. On the other hand, when no staging operation

occurs, a tra�c control based on load-balancing for the inter-node communication tra�c is

applied to the interconnect. To realize this versatile switching of multiple tra�c controls,

this approach requires the dynamic tra�c control method to interact with the job scheduler

to obtain staging event information about the commencement and completion of staging

operations.

This approach is in line with the concept of software-defined networking (SDN), which

is a concept of network architecture to realize network programmability and centralized

control of switches. Therefore, to realize this approach on HPC cluster systems, this study

adopts an OpenFlow network, an implementation of SDN for the interconnect. Note that

several studies have discussed using SDN for the interconnects on HPC cluster systems

as will be mentioned later in Section 3.5, although the OpenFlow network has not been

generally adopted in HPC cluster systems.

Software-Defined Networking

SDN is a concept of networking architecture where the ordinary functionalities of tra�c

control and data forwarding are separated into a control plane and a data plane [54]. In

a conventional network architecture, a switch composing the network usually has two
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functionalities. Under this conventional network architecture, network administrators have

di�culty changing the configuration pertaining to how packets flow on the interconnect

because the administrators have to configure multiple switches composing the network,

each of which may have its cooperating vendor-oriented interfaces. On the other hand,

SDN can wipe out this administrative di�culty because it provides administrators with

a way to dynamically configure switches in a software programming manner using a

common set of interfaces. As a de facto standard implementation of SDN, OpenFlow has

prevailed.

OpenFlow Network

An OpenFlow network is composed of OpenFlow switches as a data plane and an

OpenFlow controller as a control plane. In the OpenFlow network, the OpenFlow

controller centrally controls how the OpenFlow switches forward packets. The OpenFlow

switches only forward packets, while the control and the forwarding are performed on each

switch independently in a conventional network. Additionally, the OpenFlow controller is

developed by an administrator with a development framework such as Ryu, Floodlight [55],

Open Daylight [56] and Trema [57]. Therefore, OpenFlow provides programmable tra�c

control and the OpenFlow controller can control the tra�c according to an o�-network

event.

Each OpenFlow switch has a logical structure called a flow table which has a set of

flow entries. A flow entry is a rule to decide how to forward packets and it is comprised

of the following items:

• Match field: The match field of a flow entry defines what kind of packets this

flow entry is applied to. This flow entry is applied to the packets whose packet

header has the same information (MAC address, IP address, port number, and so

on) described on the match field.

• Action: The action defines how to handle a packet and it generally decides which

port to forward the packet from. Output and Modify are examples of actions used in

general. When Output is defined as action on the flow entry matched to the packet,

a matched packet is transferred to a port specified by this action. The header of

the matched packet is modified when Modify is defined as action. If the action is

undefined, the matched packet is discarded.

• Priority: Priority is set for when multiple flow entries are matched to a packet. The
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flow entry with the higher priority is applied to the packet even if there are other

flow entries matched to the packet.

• Counter: The counter of a flow entry records how many bytes of packets this flow

entry is matched to.

Based on this constitution of OpenFlow switches, each OpenFlow switch works as

follows. When an OpenFlow switch receives a packet, it searches a flow entry whose

match field is matched to the packet header. The OpenFlow switch forwards the matched

packets according to the action set in advance on the matched flow entry.

How the OpenFlow controller controls the OpenFlow switches is explained as follows.

The OpenFlow controller communicates with the OpenFlow switches through the protocol

defined by the OpenFlow implementation [58]. Through this communication, the

OpenFlow controller installs flow entries to OpenFlow switches and the OpenFlow

switches inform network events, which occur in network, to the OpenFlow controller. As

an example, a Flow-Mod message to create, delete, and update a flow entry is sent to the

OpenFlow switch by the OpenFlow controller. As another example, when an OpenFlow

switch receives a packet matched to no flow entry in its flow table, the Packet-In message

is sent to the OpenFlow controller as a network event.

3.3 Dynamic Link-Separation Collision Avoidance

In this chapter, whether the dynamic tra�c control method in conjunction with staging

operation can be realized or not is investigated. For this investigation, this section proposes

a dynamic link-separation collision avoidance method (DLSCA) as a dynamic tra�c

control method that interacts with the staging operation. Specifically, this section first

presents the design of the proposed method. Next, the implementation of the proposed

method is described in detail.

3.3.1 Design

Figure 3.2 shows an overview of DLSCA. The DLSCA is designed so that staging tra�c

benefits from bandwidth assurance for itself, and the bandwidth assurance barely degrades

inter-node communication performance. In detail, the DLSCA switches two types of

tra�c controls depending on whether a staging operation occurs or not. This type of

switching is called path switching, and leverages the network programmability brought

by SDN. When no staging operation occurs, the DLSCA applies the tra�c control
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Figure 3.2: An overview of DLSCA.

using a load-balancing functionality to the interconnect. For the tra�c control using the

load-balancing functionality, the DLSCA uses ECMP-based tra�c control as a simple

tra�c control in this stage of the research. On the other hand, when any staging operation

occurs, the DLSCA attempts to separate the interconnect links into the links used by

staging tra�c and the ones used by inter-node communication tra�c, or link-separation,

for tra�c collision avoidance. This link-separation function excludes any mutual impact

between each type of tra�c and thus each type of tra�c occupies bandwidth on paths used

by itself. The path switching function of the DLSCA is performed in conjunction with

staging events. In detail, when a staging operation starts, the DLSCA switches the paths

determined by ECMP-based tra�c control to the paths determined by the link-separation

function. When all staging operations finish, the DLSCA switches the paths determined

by the link-separation function back to the paths determined by ECMP-based tra�c

control.
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Path Switching Function

The path switching function is designed to interact with the job scheduler so that this

function monitors whether any staging operation is running or not. It is assumed that

ECMP-based tra�c control works when no staging operation occurs, while on the other

hand, the link-separation function works when any staging operation occurs. The path

switching function starts when this function is notified by the job scheduler that the

staging operation occurs. In more detail, this function switches the paths determined by

ECMP-based tra�c control to the paths determined by the link-separation function for

each type of tra�c, immediately after being notified of the commencement of the staging

operation. Then it switches the paths by the link-separation function back to the paths by

ECMP-based tra�c control right after being notified of the end of the staging operation.

After each path switching is finished, this function notifies the job scheduler that the path

switching has finished, and then the job scheduler starts to perform the staging operation.

Link-Separation Function

In the link-separation function, multiple sub-trees are formed on a fat-tree interconnect

and then divided into two sub-tree groups. This function allocates the two sub-tree groups

to staging tra�c and inter-node communication tra�c, respectively, before a staging

operation starts. Each type of tra�c dedicatedly uses all the links in the allocated sub-tree

group. Therefore, a di�erent set of links between core switches and aggregation switches

are used by either the staging communication or the inter-node communication, which

results in exclusion of mutual impact between the two types of tra�c. Figure 3.3 is an

example of sub-trees forming on a fat-tree interconnect. This interconnect is composed of

core switches (core1 and core2), aggregation switches (aggr1-aggr4) and edge switches

(edge1-edge4). In this example, sub-tree A is composed of all links connecting core1

and aggregation switches, and sub-tree B is composed of all links connecting core2

and aggregation switches. If sub-tree A is allocated to staging tra�c and sub-tree B is

allocated to inter-node communication tra�c, each type of tra�c can pass between core

switches and aggregation switches without sharing paths between each type of tra�c.

Based on this idea, the link-separation function determines paths on the interconnect

for each type of tra�c using the following four steps. This path determination is designed

so that inter-node communication is less a�ected by the path switching.

1. Sub-tree formation

2. Determination of the number of sub-trees allocated to each sub-tree group
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Figure 3.3: An example of sub-trees forming on a fat-tree interconnect.

3. Sub-tree allocation

4. Path search

In the first step, the link-separation function forms sub-trees between core switches

and aggregation switches, so that links in a sub-tree are not shared by the other sub-trees

(Fig. 3.3). As a result, the sub-tree is composed of only links connected to a core switch.

It is noted that this formation is performed on each core switch.

In the second step, the link-separation function determines the number of sub-trees

allocated to the sub-tree group for staging tra�c (BC068=6_CA44B) and one allocated

to the sub-tree for inter-node communication tra�c (8=C4A=>34_CA44B) based on the

amount of inter-node communication tra�c. This step is responsible for deciding how

much bandwidth the link-separation function can assure each type of tra�c. Table 3.1

summarizes the variables used in the following explanation. For the acceleration of
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Table 3.1: The definition of the variables.

Variable Definition

BC068=6_6A>D? The sub-tree group for staging tra�c

BC068=6_CA44B The number of sub-trees allocated to BC068=6_6A>D?

8=C4A=>34_6A>D? The sub-tree group for inter-node communication tra�c

8=C4A=>34_CA44B The number of sub-trees allocated to 8=C4A=>34_6A>D?

<0G8<D<_BC_CA44B The maximum value of BC068=6_CA44B

2>A4B The number of core switches on the interconnect

10=3F83C⌘_DB064 The average bandwidth consumed by inter-node communica-

tion tra�c on all links connecting to core switches

;8=:_20?028CH The capacity of each link connecting core and aggregation

switches

10=3F83C⌘_A0C4 The rate of 10=3F83C⌘_DB064 to ;8=:_20?028CH

=4CF>A: The network graph of the interconnect

BC068=6_=4CF>A: The partial network of =4CF>A: containing sub-trees in

BC068=6_6A>D?

8=C4A=>34_=4CF>A: The partial network of =4CF>A: containing sub-trees in

8=C4A=>3_6A>D?

?0C⌘ The path for a pair of nodes

staging operation, staging tra�c should be able to use a single sub-tree at least. In

addition, in this study, there needs to be a restriction that the inter-node communication

tra�c should leverage more than half of the sub-trees, based on the idea that it occurs

more frequently than staging communications. Based on this restriction, the maximum

number of sub-trees allocated to the sub-tree group for staging tra�c is determined

by Equation (3.1).

<0G8<D<_BC_CA44B = b 2>A4B
2

c . (3.1)

Under these conditions, this function determines BC068=6_CA44B and 8=C4A=>34_CA44B as

indicated by Algorithm 1. In Algorithm 1, when 10=3F83C⌘_A0C4 is large, BC068=6_CA44B

is reduced to secure sub-trees for the inter-node communication tra�c because a large

10=3F83C⌘_A0C4 means that inter-node communication tra�c consumes a large amount

of bandwidth on links connecting core and aggregation switches.

In the third step, the link-separation function divides the sub-trees formed in the first
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Algorithm 1 The determination of the number of sub-trees allocated to each sub-tree

group.

1: if <0G8<D<_BC_CA44B == 1 then
2: BC068=6_CA44B = 1

3: 8=C4A=>34_CA44B = 1

4: else
5: 10=3F83C⌘_A0C4 = 10=3F83C⌘_DB064/;8=:_20?028CH

6: for CA44 = 1 to <0G8<D<_BC_CA44B do
7: if CA44/<0G8<D<_BC_CA44B � 10=3F83C⌘_A0C4 then
8: BC068=6_CA44B = CA44

9: end if
10: end for
11: 8=C4A=>34_CA44B = 2>A4B � BC068=6_CA44B

12: end if

step into two sub-tree groups for staging tra�c and inter-node communication tra�c.

This function allocates 8=C4A=>34_CA44B sub-trees to the sub-tree group for inter-node

communication tra�c and the remained sub-trees to the sub-tree group for staging tra�c

so that the number of rerouting inter-node communication tra�c is reduced. For this

purpose, this function learns how many inter-node communications pass through each

core switch by counting the flow entries associated with inter-node communication on

each core switch. In detail, a sub-tree whose core switch has the most flow entries

associated with inter-node communication in unallocated sub-trees is allocated to the

sub-tree group for inter-node communication (8=C4A=>34_6A>D?), and this process is

repeated 8=C4A=>34_CA44B times. After that, the remained unallocated sub-trees are

allocated to the sub-tree group for staging tra�c (BC068=6_6A>D?).

As the fourth step, a set of paths to be used by the staging tra�c and by the inter-node

communication tra�c are determined respectively. The determination algorithm is

shown in Algorithm 2. In this algorithm, the link-separation function searches paths

so that each type of tra�c can pass through the sub-trees composing allocated sub-tree

group. In detail, this function first logically divides =4CF>A: into BC068=6_=4CF>A:

and 8=C4A=>34_=4CF>A: as partial network graph. For this purpose, BC068=6_=4CF>A:

is formed by eliminating links composed of sub-trees contained in 8=C4A=>34_6A>D?

from =4CF>A: , and 8=C4A=>34_=4CF>A: is formed by eliminating links composed of

sub-trees contained in BC068=6_6A>D? from =4CF>A: . Second, this function searches
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Algorithm 2 The determination of paths to be used by each type of tra�c.

1: ù The partial network graph formation for each type of tra�c

2: BC068=6_=4CF>A: = =4CF>A: .copy()

3: 8=C4A=>34_=4CF>A: = =4CF>A: .copy()

4: BC068=6_=4CF>A: .remove(8=C4A=>34_6A>D?)

5: 8=C4A=>34_=4CF>A: .remove(BC068=6_6A>D?)

6: ù The path search for each type of tra�c on its partial network graph

7: for (BA2, 3BC) in 8=C4A=>34_=4CF>A: do
8: ?0C⌘ = Dijkstra(8=C4A=>34_=4CF>A: , BA2, 3BC)

9: push ?0C⌘ to all switches

10: end for
11: for (BA2, 3BC) in BC068=6_=4CF>A: do
12: ?0C⌘ = Dijkstra(BC068=6_=4CF>A: , BA2, 3BC)

13: push ?0C⌘ to all switches

14: end for

?0C⌘ on BC068=6_=4CF>A: for staging tra�c and searches ?0C⌘ on 8=C4A=>34_=4CF>A:

for inter-node communication tra�c, using the Dijkstra algorithm. Finally, after searching

each ?0C⌘, this function instructs the OpenFlow controller to configure ?0C⌘ on the

interconnect.

3.3.2 Implementation

Figure 3.4 illustrates the architecture of the implemented OpenFlow controller. The

implementation was based on the design described in Section 3.3.1. This OpenFlow

controller is composed of a topology detection module, a tra�c monitoring module, a

staging detection module, a path search module, and a flow entry installer module. The

staging detection module o�ers the path switching function and the other modules realize

the link-separation function. This OpenFlow controller was implemented with Ryu, an

OpenFlow development framework.

The sequence diagram used in the implemented OpenFlow controller is shown in

Fig. 3.5. When the OpenFlow controller is launched, the OpenFlow controller installs the

flow entries for ECMP-based tra�c control to all OpenFlow switches. Next, the OpenFlow

controller performs the path switching every time the job scheduler notifies the OpenFlow

controller of a staging event. Before a staging operation starts, the job scheduler notifies

the staging detection module that the staging operation starts as a staging event. After the
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Figure 3.4: The architecture of the implemented OpenFlow controller.

path search module calculates paths on the interconnect for inter-node communication

tra�c and staging tra�c, the flow entry installer module installs the calculated paths

to all OpenFlow switches and the job scheduler starts the staging operation. When the

staging operation finishes, the job scheduler notifies the flow entry installer module that

the staging operation has finished and the flow entry installer module eliminates the paths

from all OpenFlow switches. Next, the implementation detail of each module is explained.

Topology Detection Module

The topology detection module obtains a network graph of the interconnect to determine

paths. To build the network graph, this module uses the Link Layer Discovery Protocol

(LLDP) [59] provided by Ryu. This module instructs each OpenFlow switch to send LLDP

packets from all its ports. The OpenFlow switches receiving an LLDP packet send Packet-

In messages to the implemented OpenFlow controller. The implemented OpenFlow

controller analyzes the received Packet-In messages to obtain the port information

pertaining to the source and destination switches of the LLDP packets. The list of
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Figure 3.5: The sequence diagram of the implemented OpenFlow controller.

adjacency OpenFlow switches, or topology information, is generated based on the port

information. This topology information is sent to the path search module, as illustrated in

Fig. 3.4.

Tra�c Monitoring Module

The tra�c monitoring module obtains the bandwidth usage of each link periodically. To

obtain the bandwidth usage, this module uses port statistics, which records receiving and

sending bytes of each port, held on the OpenFlow switches. The implemented OpenFlow

controller collects the port statistics from all OpenFlow switches periodically and then

calculates each bandwidth usage of links by Equations 3.2 and 3.3. The calculated

bandwidth usage is used by the path search module (Fig. 3.4).

Equation (3.2) shows the amount of transmitted data on a link, or, )A0=B_30C0. In this

equation, rx_bytes(C) and tx_bytes(C) are receiving and sending bytes recorded at time

C, respectively. The time interval of information acquisition, �C, was set at 5 seconds in

this study. Equation (3.3) shows the bandwidth usage of a link, or ⌫0=3F83C⌘_DB064. A
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link bandwidth is presented to ;8=:_1F in this equation.

)A0=B_30C0 = {rx_bytes(C) + tx_bytes(C)} � {rx_bytes(C � �C) + tx_bytes(C � �C)}.

(3.2)

⌫0=3F83C⌘_DB064 = )A0=B_30C0
8
�C

1
;8=:_1F

.

(3.3)

Staging Detection Module

The staging detection module receives a staging event sent by the job scheduler and

then instructs the path search module to perform the path switching. The staging

event has the information on whether a staging operation starts or finishes and the

information on computing nodes which runs the staging operation, or computing node

information (Fig. 3.4). The path search module uses the computing node information

as the identifier of the staging operation. In this study, MAC addresses are used as

the identifier of the computing nodes. In detail, when this module receives a staging

event which informs the commencement of a staging operation, this module instructs

the path search module to calculate link-separation-based paths, which is determined

by the link-separation function. On the other hand, when this module receives a staging

event which informs the end of a staging operation, this module instructs the path search

module to eliminate link-separation-based paths.

Path Search Module

The path search module is the core module of the link-separation function to determine

paths. This module uses topology information, computing node information, and

bandwidth usage. When this module is instructed to search link-separation-based paths,

this module calculates paths using the topology information and the bandwidth usage.

In this path calculation, this module uses NetworkX, which is a representative python

library for exploration and analysis of network [60]. This module sends path information,

which has the calculated paths and the computing node information, to the flow entry

installer module. The flow entries for link-separation-based paths are associated with

the computing node information in the flow entry installer module. When this module

is instructed to eliminate link-separation-based paths, this module instructs the flow

entry installer to eliminate the flow entries for the link-separation-based paths using the

computing node information.
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Flow Entry Installer Module

The flow entry installer module provides an HTTP server to communicate with this

module and the path searcher module. The path searcher module instructs this module

through the use of an HTTP request that contains the path information.

When the flow entry installer module receives path information, the flow entry installer

module calculates the flow entries required for the paths specified by the path information

sent from the path search module. Next, this module installs the flow entries to OpenFlow

switches. This module records the flow entries in association with the computing node

information contained in the path information.

On the other hand, when the flow entry installer module is instructed to eliminate flow

entries for link-separation-based paths, this module eliminates flow entries associated with

the computing node information given by the path searcher module from the OpenFlow

switches.

3.4 Evaluation

This section evaluates the possibility that the dynamic tra�c control method in conjunction

with staging operation can accelerate the staging operation, by performing a simulation. For

this purpose, how the proposed DLSCA behaves when inter-node communication tra�c

and staging tra�c take place on the interconnect is investigated. For this investigation, an

experimental simulation is conducted on a virtual cluster environment.

3.4.1 Evaluation Environment

The virtual cluster system shown in Fig. 3.6 was built for this evaluation. This virtual cluster

system contains twelve computing nodes, a shared storage and ten OpenFlow switches.

The computing nodes and storages composing a shared storage were constructed as Kernel-

based Virtual Machine (KVM) machines [61] on a host machine. The specification of

the host machine and KVM machines are shown in Tables 3.2 and 3.3. Each OpenFlow

Table 3.2: The spec of the host machine used for the evaluation.

OS CentOS 6.5

CPU Intel® Xeon® E52430 (2.50 GHz)

Memory 24 GB
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Table 3.3: The spec of a KVM machine used for the evaluation.

OS CentOS 6.8

Memory 1 GB

Table 3.4: Software used for the evaluation.

Software Version

Ryu 4.7

OpenFlow 1.3

Torque 6.0.1

KVM 0.10.2

Open vSwitch 2.5.0

Gluster 3.8.3

GCC 4.4.7

OpenMPI 1.10.2

Shared storage Computing nodes

OpenFlow network

Figure 3.6: The virtual cluster system.

switch was constructed with Open vSwitch [62]. Ryu was used for the implementation of

the OpenFlow controller. The shared storages were set up as Gluster, a parallel file system.

Torque was used as the job scheduler in the system. Table 3.4 summarizes software used

for this evaluation.
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Algorithm 3 The benchmark program.

1: MPI.Init()

2: (C0AC = getTime()
3: for 8 = 1 to REPEATS do
4: MPI.Alltoall(B4=3_1D 5 , A42E_1D 5 )
5: end for
6: )8<4 = getTime() � (C0AC

7: MPI.Finalize()

3.4.2 Evaluation Method

This evaluation investigates whether inter-node communication generated by computation

and staging communication before and after the computation can be controlled for the

acceleration of the staging operation. For this purpose, a set of job requests was submitted

to the job scheduler on the virtual cluster system. During this job submission experiment,

the staging operation time from the start until the end of each staging execution, the

computation time from the start until the end of each benchmark program, and the job

execution time, that is, the sum of the staging operation time and the computation time

in a job execution were measured per job. This measurement was performed under the

deployment of the DLSCA and the ECMP-based tra�c control method as an existing

static tra�c control method. The reason why ECMP was used in this evaluation is

that ECMP is a static tra�c control widely used as a method that can control multiple

paths without the functions of SDN on an OpenFlow Switch. The benchmark program

shown in Algorithm 3 was used as a job. In the benchmark program, the MPI program

was used as an example of the representative parallel distributed processing program

run on an HPC cluster system. This benchmark program performs the MPI_Alltoall

collective communication, where each process sends its data given in B4=3_1D 5 to the

other processes. This benchmark program runs this MPI_Alltoall at REPEATS times to

produce inter-node communication tra�c. In this study, REPEATS was set 10,000. This

configuration of this benchmark program is aimed at producing amount of inter-node

communication tra�c so that the situation is reproduced where the tra�c collision

happens every time a staging operation occurs. Although the tra�c collision does not

always happen every time a staging operation occurs in actual HPC cluster systems, this

configuration is reasonable for the purpose of this evaluation because the tra�c collision

reproduced in this experiment can happen in the actual HPC cluster systems.

Two kinds of job requests shown in Table 3.5 were used in the experimental simulation.
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Table 3.5: Job request information.

Name Staging Data size Application Parallel

Job A Yes 1 GB "%�_�;;C>0;; 3

Job B No 0 GB "%�_�;;C>0;; 3

Job A is distributed to three computing nodes and the staging operation of Job A transmits

data whose size is 1 GB to the nodes. Job B is distributed to three computing nodes and

there is no data transmitted by the staging operation of Job B. In this experiment, both

job requests were submitted to the job scheduler four times alternately to reproduce the

situation where two types of tra�c co-exist on the interconnect.

Furthermore, the experiment with the above configuration was conducted under the

following two conditions. In these conditions, the ratio of the staging operation time in

the job execution time was changed. The first condition was that the staging operation

time was longer than the computation time (staging operation time > computation time).

The purpose of this condition is to investigate whether the link-separation function of

the DLSCA works properly for the acceleration of the staging operation. The e�ect of

the link-separation function clearly appears when the staging operation time is longer.

The second condition was that the computation time must be longer than the staging

operation time (staging operation time < computation time). This condition is intended

for investigating whether the path switching function of the DLSCA suppresses the

performance degradation in inter-node communication.

3.4.3 Results and Insights

Figure 3.7 shows the measurement results. Figures 3.7 (a) and 3.7 (b) indicate that

the DLSCA succeeded in shortening the staging operation time and job execution time.

Specifically, Fig. 3.7 (a) shows that the staging operation time was reduced by 7.50% and

the job execution time was reduced by 3.40% in comparison with ECMP-based tra�c

control. Also, both figures indicate that the DLSCA kept the computation time almost the

same as the ECMP-based tra�c control.

Based on the above evaluation result, the author believes that the DLSCA worked

properly in the job submission experiment and thus, the dynamic tra�c control method in

conjunction with the staging operation is feasible and promising. This reason is explained

from the following two insights. First, Fig. 3.7 (a) clearly indicates that the link-separation
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Figure 3.7: The execution time measured under two conditions.

function of the DLSCA has succeeded in accelerating the staging operation. The author

speculates that the acceleration of the staging operation occurs because the staging tra�c

was able to use su�cient bandwidth on the paths determined by the link-separation

function. Second, Fig. 3.7 (b) shows that the path switching function has succeeded in

avoiding the performance degradation in inter-node communication. If the path switching

function had not worked e�ciently, the paths determined by the link-separation function

had remained longer when no staging operation occurred. At this time, the performance

in inter-node communication would have been degraded compared to the existing method,
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especially when the computation time became longer (from Fig. 3.7 (a) to Fig. 3.7 (b)).

However, the DLSCA kept the computation time almost the same when compared to the

ECMP-based tra�c control.

3.5 Related Work

Improved communication performance on the interconnect constructed with InfiniBand

has been shown in several research studies [63, 64]. In vFtree [63], each tra�c identified

by a pair of source and destination nodes is allocated to a di�erent virtual lane to

alleviate the performance degradation caused by Head-of-Line blocking. However, this

method does not solve the problem where each type of tra�c blocks each other due

to insu�cient bandwidth on the oversubscribed fat-tree interconnect. A QoS-aware

data-staging framework [64] targets the interference between inter-node communication

tra�c and I/O tra�c, which is caused by processes to access the data on a global file system

during computation. This framework allocates I/O tra�c to di�erent virtual lanes from the

lanes used by inter-node communication to transfer the inter-node communication tra�c

with priority over I/O tra�c so that I/O tra�c does not a�ect the performance in inter-node

communication. Although this framework controls multiple types of tra�c to improve

the performance in inter-node communication, this way to sacrifice the performance

of I/O is contrary to the issue in this study of wanting to improve both the inter-node

communication performance and the staging operation performance.

Tra�c load-balancing methods using SDN have been presented in [65–67]. Hedera [65]

estimates the bandwidth required by tra�c and allocates paths to the tra�c based on the

estimated bandwidth so that the tra�c is distributed on the interconnect without tra�c

collision. Dynamic load-balancing (DLB) [66] and SDN-based ECMP [67] monitor the

bandwidth consumed by tra�c, and allocate the path with the most available bandwidth

to new tra�c when the new tra�c starts to flow on the interconnect. These tra�c load-

balancing methods fairly distribute tra�c loads on the interconnect without looking into

the characteristics of each type of tra�c for optimal bandwidth allocation in preventing

tra�c collisions. However, based on the characteristic that inter-node communication

tra�c always flows on the interconnect while the staging tra�c does not always flow on

the interconnect, the DLSCA switches di�erent types of tra�c controls applied to the

interconnect between the ECMP-based tra�c control and the link-separation when the

staging operation starts or finishes.

The idea of using a dynamic tra�c control method on the interconnect of HPC cluster
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systems is shared in [68–72]. In [68], an SDN-accelerated HPC cluster system has

been proposed as a concept to integrate SDN into HPC cluster systems. Based on this

concept, an SDN-enhanced job management system (JMS) [69, 70], which is a job

scheduler to manage not only the computing nodes, but also the interconnect to improve

the job throughput, and SDN-enhanced MPI [71, 72], which enhances MPI protocol using

SDN to improve the performance of inter-node communication, have been proposed. In

SDN-enhanced JMS [69, 70], the job scheduler allocates computing nodes to a job based

on the topology of the interconnect so that as many of the computing nodes as possible are

connected in one hop, and then allocates the path with the most available bandwidth to a

pair of computing nodes allocated to the job for improving the inter-node communication

performance. In the SDN-enhanced MPI_Bcast [71], MPI_Bcast, which is one of the

MPI functions, has been enhanced using SDN so that the amount of the tra�c caused by

MPI_Bcast is reduced. In [72], the coordination mechanism, which applies the tra�c

control based on the SDN-enhanced MPI in synchronization with the execution of the

MPI functions, has been proposed to apply the SDN-enhanced MPI to real-world MPI

applications. Although these research studies improve the performance in inter-node

communication, they do not assume that other types of tra�c such as staging tra�c flow

on the interconnect.

3.6 Conclusion

This chapter first investigated whether the static tra�c control method, which is usually

adopted in traditional interconnects, can accelerate the staging operation or not. As a

result, it was found that the static tra�c control method made it di�cult to accelerate

the staging operation without the performance degradation in inter-node communication.

Based on this consideration, this dissertation has adopted a dynamic tra�c control method

in conjunction with the staging operation, which switches tra�c controls depending on

whether any staging operation occurs, as an approach. This approach aimed to accelerate

the staging operation with little performance degradation in inter-node communication.

This dissertation proposed and prototyped a DLSCA that separates the interconnect links

to the interconnect links used by inter-node communication tra�c and the interconnect

links used by staging tra�c only while any staging operation is running. In the DLSCA,

the OpenFlow controller, which is in charge of controlling the packet flows on the

interconnect, was designed and implemented to interact with the job scheduler to switch

di�erent types of tra�c controls. In detail, the controller switches the paths determined
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by ECMP-based tra�c control to the paths determined by the link-separation function

right after being notified of the commencement of a staging operation by the job scheduler.

After that, the controller notifies the job scheduler of the completion to path switching.

On receiving the notification, the job scheduler starts to perform the staging operation.

On the other hand, the controller switches the paths determined by the link-separation

function back to the paths determined by the ECMP-based tra�c control right after being

notified of the completion of a staging operation by the job scheduler.

Evaluation conducted on a virtual cluster system built on a single host machine showed

that the DLSCA succeeded in shortening the staging operation time by 7.50% and the job

execution time by 3.40% in comparison with ECMP-based tra�c control, a representative

static tra�c control. The insight gained from this evaluation result indicates that the path

switching function contributed to suppressing the degradation performance in inter-node

communication and the link-separation functions succeeded in accelerating the staging

operations. Also, based on the result of an experimental simulation performed on a

virtual cluster system, the dynamic tra�c control method in conjunction with the staging

operation is considered feasible and promising.

For future work, the dynamic tra�c control method in conjunction with the staging

operation has to be evaluated on an actual HPC cluster system to investigate the practicality

of the dynamic tra�c control method for the acceleration of the staging operation. Again,

the evaluation performed in this chapter used a virtual cluster system built on a single

host machine. Therefore, several behaviors in the DLSCA, such as packet behavior on the

interconnect, and interaction between the flow entry installer module and the OpenFlow

switches, may be slightly di�erent from the real environment. For example, the DLSCA

should be reinforced to consider communication delay because it is neither ideal nor

stable as expected in the simulation environment. In particular, the communication delay

in the flow entry installer module’s installing flow entries to the OpenFlow switches is

considered to severely a�ect the path switching function between the two types of tra�c

controls. This problem is tackled in Chapter 4 next.





4 Progressive Switching-based DLSCA

4.1 Introduction

In Chapter 3, the dynamic tra�c control method in conjunction with the staging operation

was proposed to avoid tra�c collision between inter-node communication tra�c and

staging tra�c. Next, the possibility that this dynamic tra�c control method can be

realized was verified on a virtual cluster system built on a single host machine. In this

chapter, as described in Section 3.1, the practicality of this dynamic tra�c control is

verified through the evaluation experiment using an actual HPC cluster system. In other

words, whether the prototyped DLSCA can accelerate the staging operation and improve

the job throughput on an actual HPC cluster system is investigated.

In advance of this investigation, the author attempted to reinforce the prototyped

DLSCA so that it works robustly and e�ciently to realistic system and network behaviors

on an actual HPC cluster system. As described in Section 3.6, the system and network

behaviors di�er from those of virtual cluster systems. Examples of such di�erences

include packet flows on the interconnect, and interaction between the flow entry installer

module and the OpenFlow switches. In particular, communication latency and delay

in actual environments might severely a�ect the behavior of the DLSCA because the

communication latency and delay in real environments is not ideal, as described later

in Section 4.2. For example, communication latency and delay which change over time

could make the installation and elimination time of flow entries fluctuate and even become

unstable. As a result, it causes the unexpected behavior of the DLSCA, such as longer

switching time of tra�c controls, than this study expected in the previous chapter. In this

chapter, the problems caused by the instability and fluctuation of communication latency

and delay are tackled.

The structure of this chapter is as follows: Section 4.2 explains a severe problem

caused by the communication latency and delay and summarizes the technical issues to be

achieved for resolving this problem. Section 4.3 describes the design and implementation

of the DLSCA reinforced with the communication latency and delay. Section 4.4

63
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verifies that the reinforced prototype method accelerates the staging operation in a real

environment. Section 4.5 concludes this chapter with future research directions.

4.2 Problem and Technical Issues

When the DLSCA is deployed on a real environment instead of a virtual environment,

the communication latency and delay give rise to a serious problem because the DLSCA

is neither ideal nor stable as expected in simulation environments. In the simulation

environment, the components composing an HPC cluster system, such as computing

nodes and switches, are deployed on the inside of the host machine, meaning that such

components share the host machine’s resources including the processor and memory. On

the other hand, in the real environment, the components composing an HPC cluster system

are deployed with physical machines and network switches. Although the communication

latency and delay between components on a virtual cluster system can be configured by the

administrator to some degree, unstable and unpredictable characteristics and fluctuation

of network parameters, such as jitter and packet loss, cannot be faithfully replayed in the

virtual environment.

For this reason, in the real environment, communication latency and delay may a�ect

the DLSCA more severely than we expected. In particular, in the case where the OpenFlow

controller, which takes a central role of the implementation of the DLSCA, incurs long

latency and jitter, the DLSCA might not be able to smoothly switch di�erent types of

tra�c controls, which will result in performance degradation in the staging operation and

job execution. In more detail, as explained in Section 3.3, the link-separation function

of the DLSCA separates the interconnect links into the links used by staging tra�c and

the links used by inter-node communication tra�c for tra�c collision avoidance. To

configure these paths, the link-separation function has to install and eliminate flow entries

to and from the OpenFlow switches. At this time, the communication latency and delay

between the OpenFlow controller and the OpenFlow switches might make the controller’s

installation and elimination of flow entries fluctuate and even unstable.

This situation is explained by the following two factors:

1. The staging operation synchronized with path switching: In the DLSCA, the staging

operation is performed in synchronization with the completion of the path switching.

In other words, the job scheduler waits for the completion of the path switching

to perform a staging operation. Therefore, the time to install and eliminate flow

entries for the path switching is added to the operation time of the stage-in and
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Figure 4.1: The breakdown of job execution in the DLSCA.

stage-out, as depicted in Fig. 4.1. Thus, when the path switching takes a long time

due to the communication latency and delay, the staging operation time is increased.

Moreover, the longer staging operation causes the degradation in job throughput as

described in Section 1.1.4.

2. Large number of path configurations: The link-separation collision avoidance

method configures a lot of paths on the interconnect for inter-node communication

tra�c and staging tra�c. This is because the DLSCA configures the paths for

all pairs of computing nodes and the paths for all pairs of computing nodes and

storages on the interconnect when a staging operation starts. Therefore, the number

of flow entries to be installed to OpenFlow switches becomes large. It takes

a longer time to install a large number of flow entries to OpenFlow switches

especially in a real environment due to the communication latency and delay.

For example, when the paths for all pairs of sixteen computing nodes need to

be configured with five flow entries individually and the install of a single flow

entry takes 10 milliseconds, the total time to install all flow entries is 12 seconds

(16%2 paths ⇥ 5 flow entries ⇥ 0.01 seconds).

To avoid the undesirable problem caused by the communication latency and delay, the

following two technical issues have to be achieved. This study proposes to reinforce the

DLSCA to achieve these technical issues.

1. Progressive switching: To reduce the negative influence of the longer path switching

for the staging operation, the job scheduler is required to asynchronously perform

staging operations without waiting for the completion of the path switching.

Simultaneously, staging operations must continue functioning during the path

switching because the staging operations start before the path switching starts.
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2. Reduction of paths to be configured by the link-separation function on the intercon-

nect: The link-separation function of the DLSCA separates the interconnect links

into the links used by staging tra�c and the links used by inter-node communication

tra�c for tra�c collision avoidance. For the tra�c control, this link-separation

function configures paths for all pairs of computing nodes and all pairs of comput-

ing nodes and storages on the interconnect. This path configuration is ine�cient

because the set of pairs contains pairs of computing nodes where no communication

happens. Therefore, for the reduction of flow entries, the link-separation function

has to configure paths only for pairs of nodes that may communicate with each

other on the interconnect.

4.3 Progressive Switching-based DLSCA

4.3.1 Design

A progressive switching-based DLSCA is proposed as a reinforced method of the DLSCA

to achieve the two issues listed in Section 4.2. An overview of the reinforced method

is illustrated in Fig. 4.2. The reinforced method consists of two functions: progressive

path switching and link-separation. With the progressive path switching function, the

reinforced method switches the paths determined by the ECMP-based tra�c control

(ECMP-based paths) and the paths determined by the link-separation function (link-

separation-based paths) in conjunction with the job scheduler. To achieve the first issue,

the reinforced method performs this path switching in a progressive way without blocking

any tra�c. Note that ECMP-based tra�c control as a simple tra�c load-balancing method

was adopted for the situation when no staging operation occurs. On the other hand, with

the link-separation function, the reinforced method performs a link-separation tra�c

control, which separates the interconnect links connected to core switches into the links

used by staging tra�c and the links used by inter-node communication tra�c for tra�c

collision avoidance. Under the link-separation tra�c control, the two types of tra�c pass

through the corresponding links to exclude interference with each other. Also, to achieve

the second issue, the link-separation function is designed so that path configurations are

reduced in comparison with the original DLSCA proposed in Chapter 3.
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Figure 4.2: An overview of the reinforced method.

Progressive Path Switching Function

The progressive path switching function is designed to interact with the job scheduler. It

is assumed that ECMP-based tra�c control works when no staging operation occurs (OFF

status), while, on the other hand, the link-separation tra�c control works when any

staging operation occurs (ON status). The progressive path switching function switches

the paths for each type of tra�c between ECMP-based paths and link-separation-based

paths depending on whether the current status is ON or OFF. This path switching is

performed after this function is notified by the job scheduler that a staging operation starts

and finishes.

Figure 4.3 shows the interaction sequence diagram of the progressive path switching

function with the job scheduler. As an initialization step, the reinforced method configures

the ECMP-based paths on the interconnect. The progressive path switching function
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Figure 4.3: The interaction sequence diagram of progressive path switching with the job

scheduler.

switches the ECMP-based paths to the link-separation-based paths, immediately after

being notified of the commencement of the staging operation, or after this function

recognizes the situation is under ON status. Likewise, it switches the link-separation-

based paths back to the ECMP-based paths right after being notified of the completion of

the staging operation, or after this function recognizes the situation is under OFF status.

In this way, the reinforced method does not make the job scheduler wait for the completion

of this path switching to start the staging operation, unlike in the original DLSCA.

To realize the above path switching performed asynchronously with staging operations,

staging operations have to be able to continue working properly even before the completion

of the path switching. In short, even while there is no link-separation-based paths

configured for staging tra�c during the progressive path switching function’s switching

motion of tra�c controls, the staging operation should not be blocked. Therefore, the

implementation of the reinforced method has the challenge of enabling the staging

operation to continue their data movement until the path switching finishes.

Link-Separation Function

The link-separation function searches a set of link-separation-based paths for each type of

tra�c through the following three steps: core switch allocation, subnetwork formation
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and path search. Specifically, the path search step is an important step for achieving the

second issue listed in Section 4.2. The path search step attempts to reduce the number

of link-separation-based paths for each type of tra�c using the information on which

computing nodes are allocated and to which jobs are allocated to such computing nodes,

in comparison with the original DLSCA. To realize the link-separation function, it is

assumed that the job scheduler sends the information on which computing nodes are

allocated to which jobs to the OpenFlow controller implemented and described later in

Section 4.3.2.

First, the core switch allocation step divides the core switches composing the fat-

tree interconnect into the staging tra�c group (BC068=6_6A>D?) and the inter-node

communication tra�c group (8=C4A=>34_6A>D?) based on the amount of the inter-node

communication tra�c passing through each core switch. Although there is room for a

better division algorithm of core switches, a simple way to equally divide core switches

into the two groups has been adopted in this stage of the research. The division of the

core switches is designed so that the path switching does not a�ect any existent inter-node

communication tra�c. In detail, this division is conducted based on the number of flow

entries to force more paths of the inter-node communication tra�c to pass through the

same core switches before and after the link-separation-based paths are configured on

the interconnect. The link-separation function allocates half of the core switches with

more flow entries than those of the other core switches to 8=C4A=>34_6A>D? because the

more paths that pass through a core switch, the more flow entries are installed to the core

switch. On the other hand, it allocates the other core switches to BC068=6_6A>D?.

Second, in the subnetwork formation step, the link-separation function forms a

subnetwork for each type of tra�c so that the corresponding subnetwork does not

contain any core switches allocated to the other type of tra�c. For this formation, this

study designs the subnetwork formation algorithm shown in Algorithm 4. This algorithm

logically divides the network graph of the interconnect (=4CF>A:) into the subnetwork

for staging tra�c (BC068=6_=4CF>A:) and the subnetwork for inter-node communication

tra�c (8=C4A=>34_=4CF>A:). In detail, BC068=6_=4CF>A: is formed by removing core

switches composing 8=C4A=>34_6A>D?, and 8=C4A=>34_=4CF>A: is formed by removing

core switches composing BC068=6_6A>D?.

Third, in the path search step, the link-separation function searches the shortest paths

for each type of tra�c in the corresponding subnetwork so that the pairs of the nodes

are reduced using the information on which computing nodes are allocated to which

job. The path search step is designed based on the path search algorithm shown in
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Algorithm 4 The subnetwork formation for each type of tra�c.

1: BC068=6_=4CF>A: = =4CF>A: .copy()

2: 8=C4A=>34_=4CF>A: = =4CF>A: .copy()

3: BC068=6_=4CF>A: .remove(8=C4A=>34_6A>D?)

4: 8=C4A=>34_=4CF>A: .remove(BC068=6_6A>D?)

Table 4.1: The definition of the variables.

Variable Definition

9>1_83B A set of job IDs of running jobs

2><?DC8=6_=>34B The computing nodes allocated to the job specified by a job ID

Algorithm 5. Table 4.1 shows the definition of variables to explain this algorithm.

Also, this algorithm is composed of the staging tra�c path search (line 2–10), the

inter-node communication tra�c path search (line 11–20) and the path configuration

step (line 21–24). In the staging tra�c path search step, this function searches a path on

BC068=6_BD1=4CF>A: for any pair of the storages and the computing nodes allocated to a

job. In the inter-node communication tra�c path search step, this function searches a path

on 8=C4A=>34_BD1=4CF>A: for any pair of the computing nodes allocated to a job. In the

path configuration step, this function configures the paths searched in the two above steps

on the interconnect. In this way, the number of link-separation-based paths for each type

of tra�c is reduced so that the OpenFlow controller implemented later in Section 4.3.2

can take less time for the configuration of the link-separation-based paths. Note that this

algorithm uses the Dijkstra algorithm as an algorithm for searching the shortest paths in

the staging tra�c and inter-node communication tra�c path search steps.

The link-separation function works as follows for the example in Fig. 4.2. Core switch A

and Core switch B are allocated to two groups individually. Core switch A is allocated to

the staging tra�c group and Core switch B is allocated to the inter-node communication

tra�c group because more tra�c flows on Core switch B than Core switch A. Next, the

subnetwork for the staging tra�c is formed so that it contains the Core switch A, which

belongs to the staging tra�c group. The subnetwork for the inter-node communication

tra�c is formed so that it contains the Core switch B, which belongs to the inter-node

communication group. On the subnetwork for the staging tra�c, the link-separation

function searches the shortest path for staging tra�c A, which newly appeared between the

computing node and the storage. On the other hand, on the subnetwork for the inter-node
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Algorithm 5 The path search step of the link-separation function.

1: for 9>1_83 in 9>1_83B do
2: ù The staging tra�c path search step

3: for BA2 in BC>A064B do
4: for 3BC in 2><?DC8=6_=>34B[ 9>1_83] do
5: ?0C⌘ = Dijkstra(BA2, 3BC, BC068=6_BD1=4CF>A:)
6: ?0C⌘_;8BC.add(?0C⌘)
7: ?0C⌘ = Dijkstra(3BC, BA2, BC068=6_BD1=4CF>A:)
8: ?0C⌘_;8BC.add(?0C⌘)
9: end for

10: end for
11: ù The inter-node communication tra�c path search step

12: for BA2 in 2><?DC8=6_=>34B[ 9>1_83] do
13: for 3BC in 2><?DC8=6_=>34B[ 9>1_83] do
14: if BA2 == 3BC then
15: continue
16: end if
17: ?0C⌘ = Dijkstra(BA2, 3BC, 8=C4A=>34_BD1=4CF>A:)
18: ?0C⌘_;8BC.add(?0C⌘)
19: end for
20: end for
21: ù The path configuration step

22: for ?0C⌘ in ?0C⌘_;8BC do
23: configure_path(?0C⌘)
24: end for
25: end for

communication tra�c, the function searches the shortest path for each tra�c A, tra�c

B and tra�c C. The reinforced method forces each type of tra�c to flow on its shortest

paths and consequently each type of tra�c passes through a di�erent core switch.

4.3.2 Implementation

Figure 4.4 shows the implementation detail of the reinforced method. The reinforced

method was implemented using the OpenFlow framework described in Section 3.2.2.

The implementation is composed of a notificator module and dynamic path switching
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Figure 4.4: Architecture of the reinforced method.

controller comprised of a notification processor, job information database, path searcher

and flow entry manager modules. The dynamic path switching controller receives event

notifications regarding job and staging operation sent from the notificator module and then

configures a set of link-separation-based paths for each type of tra�c on the interconnect

based on the event notifications. The job information database module and path searcher

module provide the link-separation function. Specifically, the job information database

module provides the information on which computing nodes are allocated to which job

required to achieve the second issue. The notificator module, notification processor

module and flow entry manager module provide the progressive path switching function.

In detail, the progressive path switching function achieves the first issue by using the flow

entry manager module. The job information database module is used by the notification

processor module and the path searcher module.

Notificator Module

The notificator module notifies events regarding jobs and staging operations to the

notification processor. For example, when a job starts, the notificator module delivers a
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job event notification that contains the job ID and the flag information identifying the job

being started as well as the information on the computing nodes on which the jobs are

allocated. Also, when a job ends, it delivers a job event notification that contains the job

ID and the flag information identifying the job being finished. On the other hand, when a

staging operation starts or ends, the notificator module sends a staging event notification

that contains the job ID and the flag information identifying the staging operation being

started or finished.

Job Information Database Module

The job information database module holds job information. It is composed of the ID

of a running job, the ID of the computing nodes on which the job is allocated and the

flag information on whether the staging operation of the job occurs. This job information

is used by the notification processor module when the notification processor module

performs the switching of the tra�c controls. Furthermore, the path searcher module

searches a set of link-separation-based paths for each type of tra�c based on the job

information.

Notification Processor Module

The notification processor module controls the path switching by instructing the path

searcher module and the flow entry manager module to configure and delete the link-

separation-based paths on the interconnect. When the notification processor module

receives an event notification, it parses the event notification and then updates the job

information held by the job information database module using the parsed information.

After the job information is updated, the notification processor module instructs the path

searcher module to configure a set of link-separation-based paths or instructs the flow

entry manager module to delete a set of link-separation-based paths. For the instruction,

the notification processor module sends a request regarding the switching of the routing

algorithm or the control of the path search under the link-separation tra�c control

according to the flowchart shown in Fig. 4.5. The control of the path search under the

link-separation is mentioned in Section 4.3.2 in detail.

Four kinds of requests sent by the notification processor module to the path searcher

module or the flow entry manager module exist: ON status request, OFF status request,

path search request and path deletion request. ON status request and OFF status request

are used for the switching of the routing algorithm, and path search request and path
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Figure 4.5: Flowchart of path switching on the notification processor module.

deletion request are used for control of the path search under the link-separation tra�c

control. The notification processor module sends each type of the request as follows:

• ON status request: When a staging operation occurs under OFF status, the

notification processor module sends an ON status request to the path searcher
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module.

• OFF status request: When all the staging operations are finished, the notification

processor module sends an OFF status request to the flow entry manager module.

• Path search request: When a new job starts under ON status, the notification

processor module sends the path search request to the path searcher module for

configuration of paths for the tra�c caused by the started job.

• Path deletion request: When a job is finished under ON status, the notification

processor module sends the path deletion request to the flow entry manager module.

Path Searcher Module

The path searcher module has the following two functionalities: default path search

and link-separation path search. The default path search functionality is for searching

the ECMP-based paths under OFF status. On the other hand, the link-separation path

search functionality is for searching the set of link-separation-based paths under ON

status. The path configuration request, which instructs the flow entry manager module to

configure the switches composing the interconnect so that searched paths are configured

on the interconnect, is sent to the flow entry manager module. For this instruction, the

path configuration request holds the searched path information, which is expressed as

the array of node and switch IDs such as [2><?_=>341, 4364_BF8C2⌘1, 2>A4_BF8C2⌘1,

4364_BF8C2⌘2, 2><?_=>342],

In the case of ECMP (OFF status), the default path search functionality is performed only

when the dynamic path switching controller is initialized and launched. The information

on the searched path is sent to the flow entry manager module. On the other hand, the

link-separation path search functionality is performed whenever the path searcher module

receives any ON status request or path search request from the notification processor

module. After that, the information on the searched path is sent to the flow entry manager

module.

The link-separation path search functionality, which is an implementation of the

link-separation function, is as follows. This functionality is composed of three steps as

mentioned in Section 4.3.1: the core switch allocation step, the subnetwork formation step

and the path search step. The path searcher module performs these three steps in the order

as designed when receiving an ON status request. On the other hand, it performs only

the path search step when receiving a path search request. The ON status request case
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is for searching a set of link-separation-based paths for the tra�c caused by the running

jobs and the path search request case is for searching a set of link-separation-based paths

for the tra�c caused by a started job. Moreover, the information on which computing

nodes are allocated to which job is obtained from the job information recorded by the

notification processor module, and then this information is used in the path search step.

Again, for the example in Fig. 4.6, the path search based on this path searcher module

works as follows. First, the path between the computing nodes c1 and c3 allocated to the

job J1 is configured according to ECMP-based tra�c control under OFF status. When

the job J2 starts a stage-in operation after J2 starts on the computing nodes c5 and c6, the

notification processor module sends an ON status request to the path searcher module. On

receiving the ON status request, the path searcher module searches a set of link-separation-

based paths for the tra�c caused by J1 and J2, and then it sends the path configuration

requests to configure the link-separation-based path for the inter-node communication

tra�c caused by J1 and the requests for the staging tra�c caused by J2 on the interconnect.

The path configuration request to configure the former link-separation-based path contain

the searched path information [21, BF3, BF1, BF4, 23] and the requests to configure

the latter link-separation-based path contains the searched path information [BC>A064,

BF3, BF2, BF4, 25]. When job J3 starts its computation under this situation after J3

starts on the computing nodes c2 and c4, the notification processor module sends a path

search request to the path searcher module. On receiving the path search request, the

path searcher module searches a set of link-separation-based paths for the tra�c caused

by the started job J3, and then it sends the path configuration request to configure the

link-separation-based paths for the inter-node communication tra�c caused by J3 using

the same core switch sw1 used by the request for the inter-node communication tra�c

caused by J1. The path configuration request to configure this link-separation-based path

contains the searched path information [22, BF3, BF1, BF4, 24].

Flow Entry Manager Module

The flow entry manager module configures paths when receiving the path configuration

request sent from the path searcher module and removes paths when receiving an OFF

status request or a path deletion request sent from the notification processor module.

When the flow entry manager module receives a path configuration request, it makes flow

entries to configure the requested path and then installs them to the switches composing

the interconnect. When the flow entry manager module receives an OFF status request, it

removes all of flow entries for link-separation-based paths from the switches. When the
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Figure 4.6: A path search example based on the path searcher module.

flow entry manager module receives a path deletion request, it removes the flow entries

for the link-separation-based paths for the tra�c caused by a finished job.

To perform the switching of ON and OFF status seamlessly without blocking both the

two types of tra�c, the flow entry manager module manages the flow entries configuring

the ECMP-based paths and link-separation-based paths so that the ECMP-based paths

can be available to any tra�c until the flow entries configuring the link-separation-based

paths are installed on each switch. Figure 4.7 shows the switching mechanism based on

this idea. In this switching mechanism, the flow entries for path configuration under OFF

status are always on switches, while the flow entries for path configuration under ON
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Figure 4.7: The switching mechanism of ON and OFF status.

status are always regenerated and installed with higher priority than the ones under OFF

status.

4.4 Evaluation

4.4.1 Evaluation Environment

Figure 4.8 shows the HPC cluster system built for this evaluation. The HPC cluster system

is composed of six computing nodes, one storage node, four switches, one management

node and four monitoring nodes (mnt1 to mnt4). The specification of the nodes used

for this evaluation is shown in Table 4.2. The storage node stores data to be moved in

staging operations as the global file system of this HPC cluster system. The management
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Table 4.2: The spec of each node.

OS Fedora release 27

CPU Intel® Xeon® E5520 (2.27 GHz)

Table 4.3: The spec of each OpenFlow switch.

Switch name Product name

ofs1, ofs2 Nexus9372PX

ofs3 UNIVERGE PF5240

ofs4 Arista 7050T-36

ofs1 ofs2

ofs3 ofs4

Storage node Computing nodesManagement node

port3 port4

mnt3 mnt4mnt1 mnt2

Interconnect (1Gbps) Monitoring network (10Gbps)
Management network (1Gbps)

port3 port4

port1
port2port1

port2

Figure 4.8: The experimental environment.

node manages the computing nodes with Slurm, which is a job scheduler widely used in

modern HPC cluster systems.

An OpenFlow network composed of OpenFlow switches connects the computing nodes

and the storage node as the interconnect. The information on OpenFlow switches used
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Table 4.4: The port mirroring configuration.

The target port The destination port

port1 on ofs1 port3 on ofs1

port2 on ofs1 port4 on ofs1

port1 on ofs2 port3 on ofs2

port2 on ofs2 port4 on ofs2

Table 4.5: Software used for this evaluation.

Software Version

Ryu 4.15

Slurm 17.02.10

GNU C Compiler 7.3.1

OpenMPI 3.0.0rc5

for this evaluation is summarized in Table 4.3. On the OpenFlow network, two core

switches (ofs1, ofs2) and two edge switches (ofs3, ofs4) form a two-level oversubscribed

fat-tree (2:3 blocking on ofs3 and ofs4). The implemented dynamic path switching

controller was deployed on the management node to control OpenFlow switches via the

management network and then the reinforced method was adopted for the tra�c control

on the interconnect. In addition, all of switches, the computing nodes, the storage node

and the monitoring nodes were connected on a management network.

The management node and the four monitoring nodes were configured so that the

packet-monitoring tool developed in Section 2.4 can be used. On these monitoring nodes,

the monitoring processes of the packet-monitoring tool captures all outgoing packets

passing through on the core switches ofs1 and ofs2. Also, on the management node, the

master process of the packet-monitoring tool visualizes the bandwidth consumed by each

type of tra�c. For this configuration, a port mirroring function on the core switches was

used. Table 4.4 shows the port mirroring configuration. Table 4.5 summarizes software

used for this evaluation.

Importantly, the evaluation environment described above is the same environment

used in Chapter 2 except that the dynamic path switching controller that switches the

ECMP-based paths and the link-separation-based paths was deployed. This configuration

environment was rebuilt for comparison purposes with the evaluation result of Chapter 2.
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4.4.2 Evaluation Method

In this evaluation, a set of six job requests, each of which requests MPI_Alltoall collective

communication to be executed repeatedly, was submitted fifty times as job submission

experiments. Each job performs the stage-in and the stage-out operation before and after

computation. In the staging operation, 2 GB data is moved between tmpfs on the storage

node and tmpfs on a computing node that executes a job. Each job request is set to request

three computing nodes so that two jobs are executed simultaneously on six computing

nodes to reproduce the situation where the tra�c collision between each type of tra�c

can happen when the reinforced method is not applied to the interconnect. Furthermore,

the author adjusted the job scheduler configuration so that the processes of a job were not

allocated to a set of computing nodes linked to the same edge switch for the same reason

as above. This job submission experiment is designed to be the same as in Section 2.5.

To investigate whether the reinforced method can improve performance in the staging

operation and job throughput or not, the job execution time composed of the staging

operation time and computation time was measured per job and the job throughput was

measured per job submission experiment. Moreover, how the bandwidth consumed by

each type of tra�c is changed over time was observed using the packet-monitoring tool.

Furthermore, how long it takes to perform the progressive path switching between ON

and OFF status was measured in the job submission experiment.

4.4.3 Evaluation Result

This evaluation shows three types of evaluation results: performance improvement

verification, verification of tra�c collision avoidance, and operational verification of

progressive path switching. In the performance improvement verification, whether the

reinforced method can accelerate the staging operation with little performance degradation

in inter-node communication and can improve the job throughput in the job submission

experiment or not is investigated. In the verification of tra�c collision avoidance, whether

the reinforced method can avoid the tra�c collision between each type of tra�c or not

is investigated. In the operational verification of progressive path switching, how the

progressive path switching function of the reinforced method contributes to improvement

in the job throughput or not is investigated.
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Figure 4.9: The average execution time of the jobs in the job sets.

Performance Improvement Verification

Figure 4.9 shows the result of the job submission experiment. This result is the average

execution time of the jobs in the fifty job sets. In this result, three component times are

plotted: the job execution time, the computation time and the staging operation time. To

investigate how the progressive switching-based DLSCA changes these times as compared

to ECMP, the times between the reinforced method and ECMP were compared. From

this result, it is shown that the job execution time of the reinforced method is shorter than

ECMP and its reduction rate is 8.7%. The computation time and the staging operation

time of the reinforced method were also shorter than ECMP. The reduction rate of the

computation time was 5.6%, which means the overhead of the computation incurred by

the reinforced method was negligible, and the rate of the staging operation time was

22.0%, which means the acceleration of the staging operation was achieved. In short, the

reinforced method achieved the acceleration of the staging operation without performance

degradation in inter-node communication. Specifically, there was room to reduce the

staging operation time under the ECMP method by 31.1% as described in Section 2.5.3,

while the reinforced method reduced the staging operation time by 22.0%.

Table 4.6 shows the average of the job throughput calculated from the time taken

for each of fifty job submission experiments and the number of submitted jobs. The
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Table 4.6: The average of the job throughput in the job submission experiments.

ECMP Reinforced method

Job throughput (jobs per hour) 19.06 20.63

Figure 4.10: The average job execution time for each job set.

calculation way is the same as Equation (2.1) described in Section 2.5.3. This result

shows that the job throughput under the reinforced method is higher than that under the

ECMP method. In detail, the reinforced method improved the job throughput by 7.6% in

comparison with the ECMP method. This fact means that the acceleration of the staging

operation without performance degradation in inter-node communication resulted in the

improvement in job throughput.

Figure 4.10 shows the result for each job set submitted in the job submission experiment.

Each bar in this result is the average job execution time of the six jobs in a job set. The

graph in this result indicates that the job execution time under the reinforced method is

shorter than that under the ECMP method in 45 job sets. This fact indicates that the

reinforced method stably improves the job throughput.
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Verification of Tra�c Collision Avoidance

Figure 4.11 shows the bandwidth consumed on each port of the switches during the

stage-out operation of a job in a job set when the reinforced method was adopted for the

tra�c control method on the interconnect. In Fig. 4.11, the Y-axis indicates the bandwidth

consumed by each type of tra�c, and the X-axis indicates time. These graphs indicate

that the dynamic path switching controller configures a set of link-separation-based paths

for each type of tra�c properly while the stage-out operation occurs as follows. Until

06:35:26, only the inter-node communication tra�c flowed on all the ports. Under this

situation, the stage-out operation started at 06:35:26 and finished at 06:35:48. The change

in the bandwidth from before the start of this stage-out operation to during this stage-out

operation is illustrated as follows. First, Fig. 4.11 (a) shows that the bandwidth used

by the inter-node communication tra�c was raised from 519 Mbps to 845 Mbps on

port1 on ofs1. Second, Fig. 4.11 (b) shows that the bandwidth used by the inter-node

communication tra�c was raised from 784 Mbps to 849 Mbps on port2 on ofs1 during this

stage-out operation. Third, Fig. 4.11 (c) shows that the bandwidth used by the inter-node

communication tra�c on port1 on ofs2 was lowered to 42 Mbps from 522 Mbps, and

the bandwidth used by the staging tra�c on port1 on ofs2 was raised from 0 Mbps

to 721 Mbps. Finally, Fig. 4.11 (d) shows that the bandwidth used by the inter-node

communication tra�c on port2 on ofs2 was lowered to 30 Mbps from 260 Mbps. These

observation results indicate that ofs2 was used for the link-separation-based paths of the

staging tra�c and ofs1 was used for the link-separation-based paths of the inter-node

communication tra�c during this stage-out operation. The reason why the bandwidth

used by the inter-node communication tra�c on port1 and port2 on ofs2 was not 0 Mbps

even though ofs2 was used for the link-separation-based paths of the staging tra�c is that

the inter-node communication tra�c flowed there for approximately 2 seconds before

the dynamic path switching controller allocated the link-separation-based paths for each

type of tra�c. After the stage-out operation finished, only the inter-node communication

tra�c flowed on all the ports again. In this way, the reinforced method avoids the tra�c

collision between each type of tra�c dynamically. This path switching was observed in

the staging operations of the other jobs in the job set.

Operational Verification of Progressive Path Switching

Figure 4.12 shows the average times of the progressive path switching between ON and

OFF status. The path switching time from OFF status to ON status is from when the
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(a) The bandwidth consumed by each tra�c on port1 on ofs1.

(b) The bandwidth consumed by each tra�c on port2 on ofs1.
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(c) The bandwidth consumed by each tra�c on port1 on ofs2.

(d) The bandwidth consumed by each tra�c on port2 on ofs2.

Figure 4.11: The bandwidth consumed on each port of the switches during a stage-out

operation under ON status.
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Figure 4.12: The average execution time of the progressive path switching between ON

and OFF status.

notificator module informs the dynamic path switching controller that a staging operation

starts until when the controller completes the flow entry installs, and the path switching

time from ON status to OFF status is from when the notificator module informs the

controller that a staging operation finishes until when the controller completes the flow

entry deletions. In this graph, the path switching time from OFF status to ON status

is plotted in the stacked bar graph composed of the processing times in the notification

processor module, the path searcher module and the flow entry manager module. From

this graph, it is shown that there was a 2.20 seconds delay to complete the path switching

from the ECMP-based paths to the link-separation-based paths, while there was a 0.31

seconds delay to complete the path switching from the link-separation-based paths to

the ECMP-based paths. Moreover, the overhead time to complete the path switching

from OFF status to ON status was 0.0085 seconds for the notification processor module,

0.17 seconds for the path searcher module and 2.01 seconds for the flow entry manager

module. The breakdown of the overhead time shows that the flow entry installs on the

flow entry manager module incurs the longest delay in the path switching from OFF status

to ON status. On the other hand, the path switching time from ON status to OFF status is

predominantly occupied by the flow entry deletions on the flow entry manager module.

The reason for this is because the path searcher module is not performed in this path

switching and the notification processor module takes a few milliseconds as shown above.
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However, each type of tra�c can continue to flow on the interconnect until the path

switching completes because the progressive path switching works as shown in Fig. 4.13.

The stage-in operation observed in these graphs started at 06:25:46 and finished at

06:26:09. Figure 4.13 (a) shows the staging tra�c flows on port2 of ofs1 at 202 Mbps

from 06:25:47 to 06:25:48. After that, the staging tra�c flows on port2 of ofs2 at 735 Mbps

from 06:25:49 to 06:26:09 as shown in Fig. 4.13 (b), and the inter-node communication

tra�c flows on port2 of ofs1 as shown in Fig. 4.13 (a). In this way, the progressive path

switching function enables each type of tra�c to pass through the ECMP-based paths in

2.20 seconds on average until the path switching completes and suppresses the e�ect of

the delay in the path switching from OFF status to ON status to the job throughput.
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(a) The bandwidth consumed by each tra�c on port2 on ofs1.

(b) The bandwidth consumed by each tra�c on port2 on ofs2.

Figure 4.13: The bandwidth consumed on port2 of each switch during a stage-in operation

under ON status.
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4.5 Conclusion

Taking the instability and fluctuation of communication latency and delay in an actual

environment into consideration, this chapter reinforced the DLSCA proposed in Chapter 3.

The reinforced method dynamically switches di�erent types of tra�c control depending

on whether the staging operation occurs in a progressive way. Even while the path

switching is being performed, the staging operation and inter-node communication

seamlessly continue without being blocked. Also, the reinforced method configures

link-separation-based paths with fewer flow entries than the original DLSCA while a

staging operation occurs (ON status). On the other hand, it configures ECMP-based paths

for the inter-node communication tra�c while no staging operation happens (OFF status).

Next, the reinforced method was evaluated using an actual HPC cluster system in this

chapter. The evaluation result indicates the reinforced method succeeded in avoiding

tra�c collision between each type of tra�c and could accelerate the staging operation by

22.0% on the actual HPC cluster system. Also, the evaluation indicates the overhead of

the computation incurred by the reinforced method is negligible. Furthermore, it is shown

that 7.6% of the job throughput was improved by the reinforced method. Based on the

result of this experiment performed on an actual HPC cluster system, the dynamic tra�c

control method in conjunction with the staging operation is practical. In other words, the

dynamic tra�c control method in conjunction with the staging operation can achieve a

staging operation with little performance degradation in inter-node communication and

can improve the job throughput.

In future research, the progressive switching-based DLSCA should provide a new

direction for improving the performance in inter-node communication. In detail, adopting

SDN-based tra�c control method, such as DLB and SDN-enhanced MPI described in

Section 3.5, for the tra�c control of the reinforced method in OFF status instead of ECMP

may lead to the performance improvement in inter-node communication.

Furthermore, the reinforced method can be enhanced considering the case where a

computing node is shared by multiple jobs in a time-sharing manner, which this study

did not assume. Note that this study assumed a space-sharing manner as described in

Section 1.2. In this case, the two types of tra�c can simultaneously flow on the same

interconnect links between computing nodes and edge switches. This is because some

processes proceeding computation and other processes proceeding the staging operation

can be deployed on one and the same computing nodes at the same time. Therefore, the

situation where each type of tra�c may block each other on the network interface of a
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computing node may need to be considered for the acceleration of the staging operation.

Moreover, the core switch allocation algorithm of the reinforced method must be

enhanced towards the large-scale HPC cluster systems which have more than three core

switches. The reinforced method has adopted a simple way to equally divide core switches

into the two groups. However, there is room for improving this division method as

mentioned in Section 4.3.1. Note that the original DLSCA has an example of an improved

algorithm for this division method as described in Section 3.3.1, although how e�ciently

the improved algorithm works has not been investigated yet.





5 Conclusion

5.1 Concluding Remarks

On the modern HPC cluster systems with a two-layered file system, the staging operation is

essential to satisfy the researchers’ requirements for storage capacity and I/O performance.

This staging operation moves input and output data between a local file system and a

global file system before and after the computation of a scientific application. Therefore,

the rapid increase in the size of data treated in today’s scientific research strongly requires

the acceleration of the staging operation for job throughput improvement. However,

few studies approach improving the performance of staging communication. Therefore,

this dissertation tackled the acceleration of the staging operation by focusing on staging

communication, targeting HPC cluster systems with an oversubscribed fat-tree interconnect

shared by computing nodes and storages.

To achieve acceleration of the staging operation, this dissertation has tackled the

following three issues: (1) revealing how the staging operation is slowed down on inter-

connect, (2) exploring an approach to accelerate the staging operation, and (3) verifying

the practicality of the explored approach.

To address the first issue, Chapter 2 investigated how the staging operation is slowed

down on interconnect and how slowed staging operation degrades the job throughput. For

this investigation, this dissertation speculated that the tra�c collision between inter-node

communication tra�c and staging tra�c prolongs the staging operation time on the target

class of HPC cluster systems. Verifying the correctness of this speculation requires a

packet-monitoring that observes how the bandwidth consumed by each type of tra�c

changes in association with a staging operation. For the purpose of this verification,

in this packet-monitoring, the researchers had to capture a series of packets during

a job submission experiment, calculate consumed bandwidth from a large amount of

captured packets, and visualize it in association with a staging operation. However, each

of the job submission experiments and consumed bandwidth calculations took a much

longer time, and there is no existing packet-monitoring tool available for automating this
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packet-monitoring. As a result, the researchers had di�culty in manually performing

this packet-monitoring. Therefore, this dissertation has developed a packet-monitoring

tool that automatically performs this packet-monitoring. The tool is composed of

packet-capture, consumed bandwidth calculation, and visualization to this investigation

e�cient. With this packet-monitoring tool, this dissertation revealed that the tra�c

collision between each type of tra�c slows the staging operation through a job submission

experiment. Specifically, this investigation showed that the tra�c collision increased the

staging operation time by 45.2% and degraded the job throughput by 6.4%.

To address the second issue, Chapter 3 presented a dynamic tra�c control method in

conjunction with the staging operation as an approach to avoid the tra�c collision between

inter-node communication tra�c and staging tra�c. This chapter first investigated whether

the static tra�c control method, which is usually adopted in traditional interconnects, can

accelerate the staging operation or not. As a result, it was speculated that the static tra�c

control method might be di�cult to use in accelerating the staging operation without

performance degradation in inter-node communication. Based on this speculation, as an

approach, this dissertation has adopted a dynamic tra�c control method in conjunction

with the staging operation, which switches di�erent types of tra�c controls depending

on whether any staging operation occurs. This approach aimed to accelerate staging

operation with little performance degradation in inter-node communication. To verify the

possibility that this approach can be realized, this dissertation proposed and prototyped a

dynamic tra�c control method that separates the interconnect links to the links used by

the inter-node communication tra�c and the links used by the staging tra�c when any

staging operation is running. The evaluation conducted in this dissertation showed that

the proposed method is feasible through an experiment performed in a virtual simulation

environment. Also, the evaluation showed that the DLSCA succeeded in shortening the

staging operation time by 7.50% and the job execution time by 3.40% as compared to

ECMP.

To address the third issue, Chapter 4 verified that the dynamic tra�c control method

in conjunction with the staging operation contributes to the acceleration of the staging

operation and the job throughput improvement, by performing a job submission experiment

on an actual HPC cluster system. Also, this chapter attempted to reinforce the DLSCA

by considering that communication latency and delay in an actual environment are not

ideal as expected in Chapter 3. Specifically, this dissertation had to tackle the undesirable

problem that the communication latency and delay might make the OpenFlow controller’s

installation and elimination of flow entries fluctuate and become unstable. To address
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this problem, this chapter proposed the progressive switching-based DLSCA (reinforced

method), which was reinforced from the DLSCA in terms of the following two points.

First, the reinforced method performs the path switching in a progressive way without

blocking any tra�c to reduce the negative influence of the longer path switching. Second,

the reinforced method configures link-separation-based paths on the interconnect with

fewer flow entries than the original so that the OpenFlow controller takes less time to

configure link-separation-based paths. The evaluation result showed that the progressive

switching-based DLSCA is capable of avoiding a tra�c collision between each type of

tra�c and can accelerate the staging operation by 22.0%. Also, the evaluation indicates

that the overhead of the application incurred by the reinforced method is negligible.

Furthermore, 7.6% of the job throughput was improved by the reinforced method. Based

on this result, the dynamic tra�c control method in conjunction with the staging operation

is considered practical for accelerating the staging operation with little performance

degradation in inter-node communication and improving the job throughput.

5.2 Future Direction

There are two directions for the future of this study.

The progressive switching-based DLSCA was evaluated using small-scale HPC cluster

systems because large-scale HPC cluster systems were not available for the evaluation.

Although the progressive switching-based DLSCA was designed and implemented so

that it can work on large-scale HPC cluster systems, it is not clear how the progressive

switching-based DLSCA actually works on the large-scale HPC cluster systems. Therefore,

the progressive switching-based DLSCA needs to be investigated on the larger-scale HPC

cluster systems for further improvement in practicality and usefulness of the research

achievement in this dissertation. Conducting this investigation requires the technical

challenge of reducing a large number of flow entries because the volume of flow entries

installed to a switch must be less than the memory capacity of the switch. When the

volume of flow entries exceeds the memory capacity of the switch, the progressive

switching-based DLSCA cannot install new flow entries to the switch and therefore,

cannot control tra�c properly. Although reducing the number of flow entries was tackled

in Chapter 4, further e�orts and elaboration on the management of flow entries are

required for progressive switching-based DLSCA on large-scale HPC cluster systems.

Enhancing the progressive switching-based DLSCA to merge redundant flow entries and

then using fewer flow entries to switch tra�c controls might be a possible solution to the



96 � Conclusion

management of flow entries.

In this dissertation, the progressive switching-based DLSCA was evaluated when tra�c

collision between each type of tra�c frequently happens. The evaluation aimed to verify

that the dynamic tra�c control method in conjunction with the staging operation can

accelerate the staging operation by avoiding tra�c collision. Although it was revealed

that this dynamic tra�c control contributes to the acceleration of the staging operation,

how this dynamic tra�c control method works where practical HPC applications run still

needs to be investigated. Towards further verification in this investigation, the progressive

switching-based DLSCA has to be enhanced to switch tra�c controls by considering how

much each type of tra�c flows on interconnect because the progressive switching-based

DLSCA switches from ECMP-based paths to link-separation-based paths even when a

small amount of staging tra�c flows on interconnect, assuming the tra�c collision occurs

whenever the staging operation happens.
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