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Computational grids are appealing platforms for the execidn of large scale applications
among the scienti ¢ and engineering communities. Howevedesigning new applications
and deploying existing ones with the capability of exploitig this potential still remains
a challenge. Computational grids are characterized by theilynamic, non-dedicated, and
heterogeneous nature. Novel application-level and midaVare-level techniques are needed
to allow applications to recon gure themselves and adapt damatically to their underly-
ing execution environments. In this paper, we introduce a mesoftware framework that
enhances the performance of Message Passing Interface (M&bplications through an
adaptive middleware for load balancing that includes pross checkpointing and migra-
tion. Fields as diverse as uid dynamics, materials sciencdiomechanics, and ecology
make use of parallel adaptive computation. Target architéares have traditionally been
supercomputers and tightly coupled clusters. This framewk is a rst step in allowing
these computations to use computational grids e ciently.

1. Introduction

Computational grids [1] have become very attractive plations for high performance
distributed applications due to their high availability, scalability, and computational
power. However, nodes in grid environments (e.g., unipras®rs, symmetric multiproces-
sors (SMPs), or clusters) are not necessarily dedicated tosangle parallel or distributed
application. They experience constantly changing procesg loads and communication
demands. Achieving the desired high performance requireggmenting applications with
appropriate support for recon guration and adaptability to the dynamic nature of compu-
tational grids. Since they span a wider range of geographidacations and involve large
numbers of computational nodes, the potential for failureand load uctuations increases
signi cantly.

Computationally-demanding scienti ¢ and engineering aplpcations that arise in diverse
disciplines such as uid dynamics, materials science, andoimechanics often involve solv-
ing or simulating multi-scale problems with dynamic behawar. Solution procedures use
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sophisticated adaptive methods underlying data structure (e.g., meshes) and numeri-
cal methods to achieve specied levels of solution accura¢®]. This adaptivity, when
used for parallel solution procedures, introduces load iralance which can be corrected
using application-level dynamic load balancing techniqse[3]. These applications gener-
ally deal with huge amounts of data and require extensive cgmtational resources, but
they usually assume a xed number of cooperating processesning in a dedicated and
mostly homogeneous computing environment. Running such @jcations on computa-
tional grids, with their dynamic, heterogeneous, and nonetlicated resources, makes it
di cult for application-level load balancing alone to take full advantage of available re-
sources and to maintain high performance. Application-l& load-balancing approaches
have a limited view of the external world where the applicatin is competing for resources
with several other applications. Middleware is a more apppoiate location where to place
resource management and load balancing capabilities sinicdas a more global view of
the execution environment, and can bene t a large number ofpplications.

MPI [4] has been widely adopted as the de-facto standard to ptement single-program
multiple-data (SPMD) parallel applications. Extensive deelopment e ort has produced
many large software systems that use MPI for parallelizatio It's wide availability has
enabled portability of applications among a variety of parilel computing environments.
However, the issues of scalability, adaptability and loadddancing still remain a challenge.
Most existing MPI implementations assume a static networkrevironment. MPI imple-
mentations that support the MPI-2 standard [5,6] provide patial support for dynamic
process management, but still require complex applicatiodevelopment from end-users:
process management needs to be handled explicitly at the dipption level, which requires
the developer to deal with issues such as resource discovand allocation, scheduling,
load balancing, etc. Additional middleware-support for aplication recon guration is
therefore needed to relieve application developers fromcbuconcerns. Augmenting MPI
applications with automated process migration capabiliéis is a necessary step to enable
dynamic recon guration through load balancing of MPI proceses among geographically
distributed nodes. We initially address dynamic recon guation through process migra-
tion for the class of iterative applications since a large maber of legacy MPI applications
have this property.

The purpose of this paper is two-fold: rst we demonstrate he we achieve process
migration in applications that follow the MPI programming model. The adopted strategy
does not require modifying existing MPI implementations. &ond we introduce the design
of a middleware infrastructure that enhances existing MPI gplications with automatic
recon guration in a dynamic setting. The Internet Operating System (I0S) [7,8] is a
distributed middleware framework that provides opporturstic load balancing capabilities
through resource-level pro ling and application-level po ling. MPI/IOS is a system that
integrates I0S middleware strategies with existing MPI apations. MPI/IOS adopts a
semi-transparent checkpointing mechanism, where the usegeds only to specify the data
structures that must be saved and restored to allow processigmation. This approach
does not require extensive code modi cations. Legacy MPI plications can bene t from
load balancing features by inserting just a small number ofalls to a simple application
programming interface. In shared environments where manypplications are running,
having application-level resource management is not endugo balance the load of the
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entire system e ciently. A middleware layer is the natural place to manage the resources
of several distributed applications running simultaneoug

Providing simple application programmer interfaces (APlsand delegating most of the
load distribution and balancing to middleware will allow snooth and easy migration of
MPI applications from static and dedicated clusters to higly dynamic computational
grids. This framework is more bene cial for long running aplcations involving large
numbers of machines, where the probability of load uctuabtns is high. In such situations,
it will be helpful for the running application to have means i which to evaluate its
performance continuously, discover new resources, and bdeato migrate some or all
of the application's cooperating processes to better nodesNe target initially highly
synchronized iterative applications that have the unfortnate property of running as slow
as the slowest process. Eliminating the slowest processamh the computation results or
migrating its work to a faster processor can, in many case®ald to a signi cant overall
performance improvement.

The remainder of the paper is organized as follows. Sectiorp&sents motivating ap-
plication scenarios for recon gurable execution. Sectiod discusses the requirements and
bene ts of dynamically recon gurable parallel and distributed applications. In Section 4,
we describe our methodology for enabling recon guration dafistributed and parallel ap-
plications using the MPI programming model. We then preserniOS resource model and
load balancing strategies in Section 5. Section 6 detailsetarchitecture of the MPI/IOS
framework and presents experimental results. Section 7 gents related work. We con-
clude with discussion and future work in Section 8.

2. Dynamically Changing Computations

In a grid environment, one of the following scenarios can hppn:

1. The application can predict initially its resource requiements and the allocated
resources' utilization and availability do not change drascally over time.

2. The application has a dynamic nature. The initial resoure requirements of the
application are hard to predict or the application's problen size can grow or shrink
over time.

3. The execution environment is dynamic. This is usually thease of dynamic grid
environments where resources are shared and they experemnarying loads and
availability.

In the rst case, a good initial resource allocation might swee to provide the desired
performance throughout the lifetime of the application. Haever in the second and third
cases, adaptive execution is needed to either cope with thgndmic nature of the appli-
cation and/or adapt to the dynamic nature of the execution evironment. The last two
scenarios are expected to be the rule and not the exception dynamic grids. There-
fore, providing the necessary support for recon gurationsi indispensable. The rest of
this section describes the characteristics of mesh-baseathptive scienti c computation, a
motivating application scenario for recon gurable appliations.
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Adaptive scienti c computation is dynamic by nature. A typical simulation begins
with a small initial mesh, and adaptive re nement produces ner meshes (i.e., meshes
with larger number of elements) in regions where interestinsolution features are present,
and does this as part of the simulation process. As these sibnm features arise and
dissipate or move through the domain, some of the re ned meshay be coarsened. Thus,
the locations in the domain where the ner mesh is needed as vas the total mesh size
change throughout the computation.

When using the traditional MPI model, the computing resoures are allocated initially
and simulations begin with a partitioning of the (small) intial mesh. Dynamic load
balancing procedures are then applied periodically to restribute the mesh among the
cooperating processes on the allocated processors. The gotimg resources assigned to
the problem remain the same throughout, but the workload isedistributed among them.
Even when the problem size is small and the solution would beome e cient on fewer
processors (because of reduced communication volume),dcdithe allocated processors are
used, in part because it is di cult to add or remove processessing the MPI model.

In the more dynamic environments we target and that the middiware described herein
is intended to support, resources may be added to or removedrmh the computation as
the simulation proceeds. This sort of recon guration may bén response to the changing
computational needs of the simulations or to the changing ailability of resources. Parts
of the computation that can be executed more e ciently on fewr processors may do so,
leaving other resources available for other purposes. Atidnal resources can be requested
and the computation can be recon gured to take advantage ohbse resources when the
computation grows su ciently large.

3. Recon gurable Distributed and Parallel Applications

Grid computing thrives to provide mechanisms and tools to kdw decentralized collabo-
ration of geographically distributed resources across vaus organizations in the Internet.
One of its main goals is to maximize the use of underutilizedesources and hence o er
e cient and low cost paradigms for e ciently executing distributed applications. Grid
environments are highly dynamic, shared, and heterogenesou Running distributed or
parallel applications on such platforms is not a trivial tak. Applications need to be
able to adapt to the various dynamics of the underlying resoces through dynamic re-
con guration mechanisms. Dynamic recon guration impliesthe ability to modify the
application's structure and/or modify the mapping betweerphysical resources and appli-
cation's components while the application continues to opate without any disruption of
service.

Grid applications have several needs:

Availability:  The ability of the application to be resilient to failures.

Scalability: The ability of the application to use new resources while theompu-
tation is taking place.

High Performance: The ability to adapt to load uctuations, which results in
high performing applications.
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Several resource management requirements need to be adskdgo satisfy applications'
demands in grid environments such as: 1) resource allocatj®) reallocation or recon g-
uration of these resources, and 3) resource pro ling for arpimal recon guration. All
of these resource management issues are beyond the scopeppfiations and should
be embodied in smart middleware that is capable of harnesgiravailable resources and
allocating them properly to running applications.

3.1. Resource Allocation and Reallocation

Resource discovery and allocation have been some of the paocant issues in the grid
community. Several applications may be competing for resaes. Some sort of admission
control needs to be established to ensure su cient resourseexist before admitting any
new resource requests. The initial allocation of resourcesay not be the nal con gu-
ration to achieve the desired performance. The dynamic natel of grids necessitates a
constant evaluation of the application's needs, of resowgs' availability, and an e cient
reallocation strategy.

Being able to change the mapping of applications' componento physical resources
requires having the ability to migrate whole or parts of the pplication's processes or
data at runtime. Process migration requires being able to ga the current state of the
running application, ensuring no loss of messages while matjon is in progress, and then
restoring the state. Data migration, on the other hand, reqgues programming support
from developers. Migration is an expensive procedure andaosid be performed only if
it will yield gains in the overall performance of the runningapplication. Process or data
migration capabilities allow also load balancing.

3.2. Resource Pro ling

Understanding the behavior of the application's topology élps to provide a good par-
titioning and an optimal placement of its components over dentralized heterogeneous
resources. One of the important characteristics of distriied/parallel applications are
the communication patterns between their several compontsn Applications can range
from highly synchronized where components communicate duently to massively par-
allel. An optimal mapping of application's components to pisical resources must try
to maximize the utilization of resources (CPU, memory, st@ge, etc.) while minimizing
communication delays across links.

Changing e ectively the con guration of running applications entails understanding
the computational and communication requirements of theivarious components. One
approach is to infer this information statically from perfemance models supplied by the
users. The problem with this approach is that it may not be ver accurate. Additionally
several applications do not render themselves nicely to nfematical models due to their
complexity. One way to address this issue is by learning th@pology of the application
at runtime through application-level pro ling. This approach requires modifying existing
applications to include pro ling and might incur some overlead.

4. Dynamically Recon gurable MPI Applications

Traditional MPI programs are designed with dedicated resoaes in mind. Develop-
ers need to know initially what resources are available andotv to assign them to MPI
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processes. To permit a smooth migration of existing MPI apjglations to dynamic grid
environments, MPI runtime environments should be augmentewith middleware tools
that free application developers from concerns about whaesources are available and
when to use them. Simply acquiring the resources is not endutp achieve peak MPI
performance. E ective scheduling and load balancing deass need to be performed
continuously during the lifetime of a parallel application This requires the ability to
pro le application behavior, monitor the underlying resouices, and perform appropriate
load balancing of MPI processes through process migration.

Process migration is a key requirement to enable malleablp@ications. We describe in
what follows how we achieve MPI process migration. We thentnoduce our middleware-
triggered recon guration.

4.1. Application Support: MPI Process Migration

MPI processes periodically get noti ed by the middleware afigration or recon gura-
tion requests. When a process receives a migration noti dan, it initiates checkpointing
of its local data in the next synchronization point. Checkpmting is achieved through
library calls that are inserted by the programmer in specicplaces in the application
code. Iterative applications exhibit natural locations (& the beginning of each iteration)
to place polling, checkpointing and resumption calls. Whethe process is rst started,
it checks whether it is a fresh process or it has been migratedn the second case, it
proceeds to data and process interconnectivity restoratio

In MPI, any communication between processes needs to be dame part of a com-
municator. An MPI communicator is an opaque object with a number of atibutes,
together with simple functions that govern its creation, us and destruction. Anintra-
communicator delineates a communication domain which can be used for pito-point
communications as well as collective communication amonge members of the domain,
while anintercommunicator allows communication between processes belonging to disjo
intracommunicators. MPI process migration requires caref update of any communicator
that involves the migrating process. A migration request fees all running MPI processes
to enter a recon guration phase where they all cooperate tguaate their shared communi-
cators. The migrating process spawns a new process in theger location and sends it its
local checkpointed data. Figure 1 describes the steps invet in managing the MPI com-
municators for a sample process migration. In the originabenmunicator, communicator
1, P7 has received a migration request. P7 cooperates withetbrocesses of communicator
1 to spawn the new process PO in communicator 2, which will extteally replace it. The
intercommunicator that results from this spawning is merge into one global communi-
cator. Later, the migrating process is removed from the oldoenmunicator and the new
process is assigned rank 7. The new process restores thekgaoted data from its local
daemon and regains the same state of the migrating processll processes then get a
handle to the new communicator and the application resumetsinormal execution.

4.2. Middleware-triggered Recon guration

Although MPI processes are augmented with the ability to migate, middleware support
is still needed to guide the application as to when it is apppriate to migrate processes
and where to migrate them. 10S middleware analyzes both thenderlying physical net-
work resources and the application communication pattern® decide how applications
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@ @ @ @ Communicator 2
1) Intercommunicator between the spaw
@ @ @ @ > @ | application and the spawned process.

Spawning a new
process

Merging the intercommunicator

@ @ @ @ 2) Merging the intercommunicator into
one communicator

3) Reconfiguring the created communice

by removing the spawning process an
@ @ @ @ assigning its rank to the newly createc

process.

Figure 1. Steps involved in communicator handling to achieve MPI pro@ss migration.

should be recon gured to accomplish load balancing througbrocess migration and other
non-functional concerns such as fault tolerance through g@cess replication. Resource pro-
ling and recon guration decisions are embodied into midddware agents whose behavior
can be modularly modi ed to implement di erent resource maagement models. Figure 2
shows the architecture of an I0S agent and how it interacts wi applications. Every
agent has a pro ling component that gathers both applicatia and resource pro led infor-
mation, a decision component that predicts based on the prted information when and
where to migrate application entities, and a protocol compwent that allows inter-agent
communication. Application entities refer to applicationcomponents. In the case of MPI
applications, they refer to MPI processes.

The middleware agents form a virtual network. When new nodgsin the network or
existing nodes become idle, their corresponding agents tamt peers to steal work [9].
We have shown that considering the application topology inhie load balancing decision
procedures dramatically improves throughput over purelyandom work stealing [7]. 10S
supports two load-balancing protocols: 1) application toplogy sensitive load balancing
and 2) network topology sensitive load balancing [7,8]. Merdetails about 10S virtual
network topologies and its load balancing strategies are ggented in Section 5.

Applications communicate with the 10S middleware through kearly de ned interfaces
that permit the exchange of pro led information and recon guration requests. Applica-
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10S-aware Node
Reconfiguration Requests
Appllcatlon Entities
Q Middleware Agent
. Decision
Profiling Agent Local Proﬁled Component
Information
[ Application Profiling API | Entity Monitor |
Hardware Replication
cPU Resource Profiling Lifelliizy I I
Information
Memory Monfior Protocol Remote Profiled
Information and
istaork Component Leave Requests

Inter-Agent
Communication

Figure 2. Architecture of a node in the Internet Operating System middleware (I0S). An agent
collects pro ling information and makes decisions on how torecon gure the application based
on its decisions, protocol, and pro ling components.

tions need to support migration to react to IOS recon guraton requests.

5. Middleware-level Load Balancing Policies

The I0S architecture has a decentralized architecture to enre robustness, scalability
and e ciency. Each I0S-ready node is equipped with aniddleware agent Agents or-
ganize themselves in various virtual network topologies teense the underlying physical
environment and trigger accordingly applications' recorguration. Decision components
are embodied in each agent to evaluate the surrounding ermimtment and decide based
on a resource sensitive model (RSM) how to balance the resoceirconsumption of the
application's entities in the physical layer. In what follavs we describe RSM, the di erent
virtual topologies of the I0S agents, and the various load bencing policies implemented
as part of the the 10S framework.

5.1. Resource Sensitive Model

A resource sensitive model has been used to recon gure apgtion's entities. A weight
is assigned to each resource type (i.e, memory, processitogver, storage, or bandwidth.)
depending on its importance to the application. For instane, if the application is com-
putation intensive, the CPU processing power's weight willlominate the other resources'
weights. Similarly if the application is more communicatia intensive, more weight will
be given to the communication resources such as bandwidth.

The purpose of this model is to balance the resource consumnapt among executing
entities. The model has a decentralized approach wherebycom guration decisions are
done at the level of each grid node. Each entity is pro led to @&ther its message sending
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| Notation | Explanation |

A A group of application entities.

A The amount of available resource at nodef .

Uria The amount of resource used byA at nodel.

R The set of all resources to be considered
by the resource sensitive model.

W, A weight for a given resource,
The weight is associated with a resource type,
where w, =1 over all the used resource types.

Gta The cost of migrating the set of application entitiesA
from | to f in seconds

Ea The average life expectancy of the set of application ent#s A in seconds.
We assume thateE, 1s

FlFA The overall improvement in performance the application

would receive in terms of resource by
migrating the set of entitiesA from nodel to nodef ,

where .+a IS normalized between -1 and 1.

Arg Uy

gain(l;f; A') | A normalized measure of the overall improvement gained
by migrating a set of entitiesA from local

nodel to foreign nodef .

. P "
gain(iA)= (W nina)  (moresy)

Figure 3. The resource sensitive model (RSM) used by the IOS decisionomponent to
determine which entities to migrate between nodes.

history with peer entities. This information is used to gui@ the recon guration decision to
keep highly communicating entities as closely collocated possible. The model provides
a normalized measure of the improvement in the resource atedility an entity or a group
or entities would receive by migrating between nodes (seegkre 3 for details). The
life expectancy of an entity is taken into consideration wike trying to decide whether to
migrate or not. The intuition behind this is that entities who are expected to have a short
remaining life should not be migrated if the migration cost vil exceed the remaining life
expectancy. This is re ected in the used gain formula throug amortizing the cost of
migration over the life expectancy.

5.2. Virtual Network Topologies

We are consideringnetwork sensitive virtual network topologies which adjust them-
selves according to the underlying network topologies andmditions. We present two
types of representative topologies: peer-to-peer(p2p) topology and acluster-to-cluster
(c2c) topology. The p2p topology consists of several hetg@neous nodes inter-connected
in a peer-to-peer fashion while the c2c topology imposes maostructure on the virtual
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Mobile Resources
(Laptops, PDAs, etc)

Workstations

[@

Figure 4. The peer-to-peer virtual network topology. Middleware agents represent heteroge-
neous nodes, and communicates with groups or peer agents. fommation is propagated through
the virtual network via these communication links.

network by grouping homogeneous nodes with low inter-netwolatencies into clusters.

A Network Sensitive Peer-to-Peer Topology (NSp2p)

Agents initially connect to the 10S virtual network either through other known agents or
through a peer server Peer servers act as registries for agent discovery. Upomtacting
a peer server, an agent registers itself and receives a listother agents (peers) in the
virtual network. Peer servers simply aid in discovering peg in a virtual network and are
not a single point of failure. They operate similarly to gnuglla-hosts in Gnutella peer-to-
peer networks [10]. After an agent has connected to the virdili network, it can discover
new peers as information gets passed across peers. Agentsatao dynamically leave the
virtual network. Previous work discusses dynamic additiomnd removal of nodes in the
IOS middleware [7].

A Network Sensitive Cluster-to-Cluster Topology (NSc2c)

In NSc2c, agents are organized into groups of virtual clusge(VCs), as shown in Fig-
ure 5. Each VC elects one agent to act as the cluster manager.C¥ may recon gure
themselves as necessary by splitting or merging depending the overall performance
of the running applications. Cluster managers view each ath as peers and organize
themselves as a NSp2p virtual network topology.

5.3. Autonomous Load Balancing Strategies
IOS adopts two load balancing strategies depending on thenki of virtual topology
used by the middleware agents.
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Cluster
Manager

Figure 5. The cluster-to-cluster virtual network topology. Homogeneous agents elect a cluster
manager to perform intra and inter cluster load balancing. Qusters are dynamically created
and readjusted as agents join and leave the virtual network.

Peer-to-peer Load Balancing

Peer-to-peer load balancing is based on a simple but e eatiwork stealing algorithm
described by [9]. Agents con guring themselves in the NSp2ppology keep a list of peers
and arrange these peers into four groups based on communicatlatency [11]: 1) local
(0 to 10 ms), 2) regional (11 to 100 ms), 3) national (101 to 25@s), and 4) global (251
ms and higher).

Agents on nodes which ardightly loaded(have more resources available than are cur-
rently being utilized) will periodically send recon guration request packets (RRPs) con-
taining locally pro led information to a random peer in the local group. The decision
component will then decide if it is bene cial to migrate entiies to the source of the RRP
according to the RSM. If it decides not to migrate any entitig, the RRP is propagated
to a local peer of the current agent. This progresses until hRRP's time to live has
elapsed, or the desired entities have been migrated. If nogration happens, the source
of the RRP will send another RRP to a regional peer, and if no mration occurs again,
an RRP is sent nationally, then globally. As recon gurationis only triggered by lightly
loaded nodes, no overhead is incurred when the network islyuloaded, and thus this
approach is stable [12].

Cluster-to-cluster Load Balancing

The cluster-to-cluster strategy attempts to utilize cental coordination within VCs in
order to obtain an overall picture of the applications' commnication patterns and resource
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consumption as well as the physical network of the VC. A clust manager acts as the
central coordinator for a VC and utilizes this relatively gbbal information to provide both
intra- and inter-VC recon guration.

Every cluster manager sends periodic pro ling requests tdé agents in its respective
VC. Every agent responds with information from its pro ling component about the local
entities and their resource consumption. The cluster manag uses this information to
determine which entities should be migrated from the node th the least available re-
sources to the node with the most available resources. Let and n, be the number of
entities running on two nodes, and;; be the availability of resourcei on nodej with
a resource weightw;. The intra-cluster load balancing continuously attempts ¢ achieve
the relative equalify of application's entities on nodes awrding to their relative resource

availability: 7t = l%

For inter-cluster load balancing, NSc2c uses the same stegly as peer-to-peer load
balancing, except that each cluster manager is seen as a pieethe network. The cluster
managers decision component compares the heaviest loadediento the lightest loaded

node at the source of the RRP to determine which entities to myrate.

Migration Granularity

Our resource model supports both single migration and groupigration of application
entities. In single migration, the model is applied to detenine an estimation of the
gain that would be achieved from migrating an entity from onenode to another. If
the gain will be achieved by migrating a group of entities, sgle migration attempts
to migration one entity at a time while group migration strategy will migrate a group
of entities simultaneously. One advantage of group migratn is that it helps to speed
up load balancing. However it might cause trashing behaviaf the load of the nodes
uctuates very frequently.

5.4. Experimental Evaluation

We have evaluated I0OS di erent load balancing strategies usy benchmarks that rep-
resent various degrees of computation to communication ias. The benchmarks have
been developed using Java and SALSA [13], a dialect of Javaiwhigh level program-
ming abstractions for universal naming, asynchronous megge passing, and coordination
strategies. Both hypercube and tree application topologgerepresent applications that
have a high communication to computation ratio. While the sprse and tree application
topologies represent applications with a low communicatioto computation ratio.

The experiments were evaluated using two di erent physicaénvironments to model
Internet-like networks and Grid-like networks. The rst physical network consists of 20
machines running Solaris and Windows operating systems Wwitli erent processing power
and di erent latencies to model the heterogeneity of Interat computing environments.
The second physical network consists of 5 clusters with dirent inter-cluster network
latencies. Each cluster consists of 5 homogeneous SUN Sslanachines. Machines in
di erent clusters have di erent processing power.

Figures 6 and 7 show that the p2p topology performs better imternet-like environ-
ments that lack structure for highly synchronized paralleland distributed applications,
while the c2c topology is more suitable for grid-like enviroments that have a rather
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Figure 6. Message throughput for the hypercube application topologyon Internet- and Grid-like
environments.

hierarchical structure.
For a more thorough evaluation of 10S load balancing stratégs, readers are referred
to [8].

6. MPI Process Migration and Integration with [0S Middlewar e

MPI/IOS is implemented as a set of middleware services thahteract with running
applications through an MPI wrapper. The MPI wrapper uses a cess Checkpointing
and Migration (PCM) library [14]. The MPI/IOS runtime archi tecture consists of the fol-
lowing components (see Figure 8): 1) the PCM-enabled MPI afipations, 2) the wrapped
MPI that includes the PCM API, the PCM library, and wrappers for all MPI native calls,
3) the MPI library, and 4) the IOS runtime components.

6.1. Process Checkpointing and Migration API

PCM is a user-level process checkpointing and migration fidry that acts on top of
native MPI implementations and hides several of the issueavolved in handling MPI
communicators and updating them when new nodes join or leatlee computation. This
work does not alter existing MPI implementations and hencellows MPI applications to
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Figure 7. Message throughput for the tree application topology on Inernet- and Grid-like
environments.

continue to bene t from the various implementations and opimizations while being able
to adapt to changing loads when triggered by 10S middlewar®@ad balancing agents.

MPI/10S improves performance by allowing running processeto migrate to the pro-
cessors with the best performance and collocating frequgntcommunicating processes
within small network latencies. The MPI-1 standard does notllow dynamic addition
and removal of processes from MPI communicators. MPI-2 supgis this feature; how-
ever existing applications need extensive modi cation to dne t from dynamic process
management. In addition, application developers need to picitly handle load balanc-
ing issues or interact with existing schedulers. The PCM rdme system utilizes MPI-2
dynamic features, however it hides how and when recon guran is done. We provide
a semi-transparent solution to MPI applications in the seresthat developers need to in-
clude only a few calls to the PCM API to guide the underlying nddleware in performing
process migration. Figures 10 and 11 show a skeleton of an Mifbgram and its modi ed
version with the PCM calls to interface with I0S middleware.

Existing MPI applications interact with the PCM library and the native MPI imple-
mentation through a wrapper as shown in Figure 8. The wrappeMPI functions are
provided to perform MPI-level pro ling of process communiation patterns. This pro led
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Figure 8. The layered design of MPI/IOS which includes the MPI wrapper, the PCM runtime
layer, and the 10S runtime layer.

information is sent periodically to the IOS middleware agdrthrough the PCM runtime
daemon.

6.2. The PCM Library

Figure 9 shows an MPI/IOS computational node running MPI praesses. A PCM
daemon (PCMD) interacts with the I0OS middleware and MPI appkations. A PCMD is
started in every node that actively participates in an appkation. A PCM dispatcher is
used to start PCMDs in various nodes and used to discover etkig) ones. The application
initially registers all MPI processes with their local daemns. The port number of a
daemon is passed as an argument tpiexec or read from a con guration le that resides
in the same host.

Every PCMD has a corresponding 10S agent. There can be moreatihone MPI process
in each node. The daemon consists of various services use@dhieve process communi-
cation pro ling, checkpointing and migration. The MPI wrapper calls record information
pertaining to how many messages have been sent and received their source and tar-
get process ranks. The pro led communication informationsi passed to the I0S pro ling
component. 10S agents keep monitoring their underlying resrces and exchanging infor-
mation about their respective loads.

When a node's available resources fall below a prede ned #shold or a new idle node
joins the computation, awork steal packet is propagated among the actively running



16 K. El Maghraoui et al.
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Figure 9. Architecture of a node running MPI/IOS enabled application s.

nodes. The IOS agent of a node responds to work stealing respisdf it becomes overloaded
and its decision component decides according to the resoceinmanagement model which
process(es) need(s) to be migrated. Otherwise, it forwardise request to an I0S agent
in its set of peers. The decision component then noti es theecon guration service in
the PCMD, which then sends a migration request to the desiredrocess(es). At this
point, all active PCMDs in the system are noti ed about the eent of a recon guration.
This causes all processes to cooperate in the next iterationtil migration is completed
and application communicators have been properly updatedAlthough this mechanism
imposes some synchronization delay, it ensures that no magss are being exchanged while
process migration is taking place and avoids incorrect beliars of MPI communicators.
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#include <mpi.h>

int main(int argc, char **argv) {
/IDeclarations

MPI_Init( &argc, &argv );
MPI_Comm_rank( MPI_COMM_WORLD, &rank );
MPI_Comm_size( MPI_COMM_WORLD, &totalProcessors );

current_iteration = 0;

/IDetermine the number of columns for each processor.
dataWidth = (WIDTH-2) / totalProcessors;

/lnitialize and Distribute data among processors

for(iterations=current_iteration; iterations<TOTAL_| TERATIONS; iterations++){
/I Data Computation.
/[Exchange of computed data with neighboring processes.
/I MP1_Send() || MPI_Recv()

)

/I Data Collection

MPI_Barrier( MPI_COMM_WORLD );

MPI_Finalize();
return 0O;

Figure 10. Skeleton of the original MPI code of a heat di usio problem.

6.3. Experimental Results

We have used an MPI program that computes a two-dimensionakht distribution ma-
trix to evaluate the performance of process migration. Thigapplication models iterative
parallel applications that are highly synchronized and theefore require frequent com-
munication between the boundaries of the MPI processes. Timgiginal MPI code was
manually instrumented by inserting PCM API calls to enable EM checkpointing. It took
10 lines of PCM library calls to instrument this application which consists originally of
350 lines of code.

The experimental test-bed consists of a multi-user clusteéhat consists of a heteroge-
neous collection of Sun computers running Solaris. We usecclaster of 20 nodes that
consist of 4 dual-processor SUN Blade 1000 machines with M@Biz per processor and
2 GB of memory, and 16 single-processor SUN Ultra 10 machinegh 400MHz and 256
MB of memory. We used MPICH2 [15], a freely available implem&ation of the MPI-2
standard. Most of the experiments conducted try to demonstite the usefulness of pro-
cess migration when the allocated resources' load variesrithg the lifetime of the running
application.

The goal of the rst experiment was to determine the overheathcurred by the PCM

%
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#include "pcm.h"

MPI_Comm PCM_COMM_WORLD;

int main(int argc, char **argv) {
//Declarations

int spawnrank=-1, current_iteration;
PCM_Status pcm_status;

MPI_Init( &argc, &argv );
PCM_COMM_WORLD = MPI_COMM_WORLD;
PCM_Init(PCM_COMM_WORLD);

MPI_Comm_rank( PCM_COMM_WORLD, &rank );
MPI_Comm_size( PCM_COMM_WORLD, &totalProcessors );

spawnrank = PCM_Process_Status();

if(spawnrank <= 0){
current_iteration = 0;

//IDetermine the number of columns for each processor.
dataWidth = (WIDTH-2) / totalProcessors;

/lInitialize and Distribute data among processors

else{
PCM_Load(spawnrank, “iterator",&current_iteration);
PCM_Load(spawnrank, "datawidth", &dataWidth);
prevData = (double *)calloc( (dataWidth+2)*WIDTH,sizeof (double) );
PCM_Load(spawnrank, "myArray",prevData);

for(iterations=current_iteration; iterations<TOTAL_|I TERATIONS; iterations++){
pcm_status = PCM_Status(PCM_COMM_WORLD);
if(pcm_status == PCM_MIGRATE)
PCM_Store(rank, “iterator”, &iterations, PCM_INT, 1);
PCM_Store(rank, "datawidth", &dataWidth, PCM_INT, 1);
PCM_Store(rank,"myArray", prevData, PCM_DOUBLE, (dataWidth+2)*WIDTH);

PCM_COMM_WORLD = PCM_Reconfigure(PCM_COMM_W@RBt'D,"mpih

}
else if(pcm_status == PCM_RECONFIGURE)

PCM_COMM_WORLD = PCM_Reconfigure(PCM_COMM_W@RLR,"'mpih
MPI_Comm_rank(PCM_COMM_WORLD, &rank);

}

/I Data Computation.

/[Exchange of computed data with neighboring processes.
/I MPI_Send() || MPI_Recv()

}

/I Data Collection

MPI_Barrier( PCM_COMM_WORLD ):
PCM_Finalize(PCM_COMM_WORLD);

MPI1_Finalize();
return 0O;

Figure 11. Skeleton of the instrumented MPI code of a heat diision problem with PCM
calls.

%
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Figure 12. Overhead of the PCM library: Execution time of the heat application using di erent
numbers of nodes with and without the PCM layer. The top gure shows the overall execution
time while the bottom gure shows the percentage of the overtead of the PCM library

API. The heat distribution program was executed using both MICH2 and MPI/IOS
with several numbers of nodes. We run both tests under a contled load environment to
make sure that the machine load is somehow balanced and no maiipn will be triggered
by the middleware. Both implementations demonstrated sirtar performance. Figure 12
shows that the overhead of the PCM library is less than 5% foeseral sizes of the cluster.
The second experiment aims at evaluating the impact of proge migration. The cluster
of 4 dual-processor nodes was used. Figures 13 and 14 showbtieakdown of the itera-
tions' execution time of the heat application using MPICH2 ad MPI/IOS respectively.



20 K. El Maghraoui et al.

=3
=3

f=
by

o
o

o
o
=

it

f=
w
=

Iteration execution time (s)
=
N
[
—
e
=2
=
B

e
¥}

=

RNV 8 SN

o

100 200 300 400 500 600
Iteration number

[=}

Figure 13. Breakdown of execution time of two-dimensional heat appliation iterations on a
4-node cluster using MPICH2.

The load of the participating nodes was controlled to provie the same execution envi-
ronment for both runs. The application was allowed to run foa few minutes, after which
the load of one of the nodes was arti cially increased substgally. In Figure 13, the
overall execution time of the application's iterations inbeased. The highly synchronized
nature of this application forces all the processes to becenas slow as the one assigned
to the slowest processor. The application took 203.97 sedsrnto nish. Figure 14 shows
the behavior of the same application under the same load cdtidns using MPI/IOS.
At iteration 260, a new node joined the computation. This radted in migration of an
MPI process from the overloaded node to the available new nedFigure 14 shows how
migration corrected the load imbalance. The application tok 115.27 seconds to nish in
this case, which is almost a 43% improvement over the non-gdave MPICH2 run.

In a third experiment, we evaluated the adaptation of the heaapplication to changing
loads. Figure 15 shows the behavior of the application's thughput during its lifetime.The
total number of iterations per second gives a good estimaté loow good the application
is performing for the class of highly synchronized applicains. We run the heat program
using the 4 dual-processor cluster and increased the loadoine of the participating nodes.
MPI/10S helped the application to adapt by migrating the process from the slow node
to one of the cooperating nodes. The application was usinglgr8 nodes after migration;
however, its overall throughput improved substantially. Te application execution time
improved with 33% compared to MPICH2 under the same load coitithns. In Figure 16,
we evaluated the impact of migration when a new node joins theomputation. In this
experiment, we used 3 fast machines and a slow machine. Weré@ased the load of
the slow machine while the application was running. The thnaghput of the application
increased dramatically when the slow process migrated to ast machine that joined
the I0S network. The performance of the program improved wit 79% compared with
MPICH2.
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Figure 14. Breakdown of execution time of two-dimensional heat appliation iterations on a
4-node cluster using MPI/IOS prototype.
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Figure 15. Measured throughput of the two-dimensional heat applicaton using MPICH2 and
MPI/IOS. The applications adapted to the load change by migrating the a ected process to one
of the patrticipating nodes in the case of MPI/IOS.

To evaluate the cost of recon guration, we varied the probia data size and measured
the overhead of recon guration in each case. In the condud@&xperiments, we started the
application on a local cluster. We then introduced arti cid load in one of the participating
machines. One execution was allowed to recon gure by migiagy the su ering process
to an available node that belongs to a di erent cluster, wh the second execution was
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Figure 16. Measured throughput of the two-dimensional heat applicaton using MPICH2 and
MPI/10S. The applications adapted to the load change by migrating the a ected process to a
fast machine that joined the computation in the case of MPI/I OS.

not allowed to recon gure itself. The experiments in Figurel7 show that in the studied
cases, recon guration overhead was negligible. In all caset accounted for less than 1%
of the total execution time. The application studied is not @ta-intensive. We also used
an experimental testbed that consisted of 2 clusters that beng to the same institution.
So the network latencies were not signi cant. The recon guation overhead is expected
to increase with larger latencies and larger data sizes. Hewver, recon guration will still
be bene cial in the case of large-scale long-running apmitons. Figure 18 shows the
breakdown of the recon guration cost. It consists of checlgnting, loading checkpoints,
and the synchronization involved in re-arranging the commicators in the case of MPI-
based applications.

7. Related Work

There are a number of conditions that can introduce computainal load imbalances
during the lifetime of an application: 1) the application mg have irregular or unpre-
dictable workloads from, e.g., adaptive re nement, 2) thexecution environment may be
shared among multiple users and applications, and/or 3) thexecution environment may
be heterogeneous, providing a wide range of processor sgeetktwork bandwidth and
latencies, and memory capacity. Dynamic load balancing (IB) is necessary to achieve a
good parallel performance when such imbalances occur. M@diB research has targeted
the application level (e.g., [3,16,17]), where the applitan itself continuously measures
and detects load imbalances and tries to correct them by resdiibuting the data, or
changing the granularity of the problem through domain repaitioning. Although such
approaches have proved bene cial, they su er from severahiitations. First they are not



Middleware for Recon gurable Scienti c Computing 23

1400.00

123221

120000

1000.00

800.00

5373

O Non-reconfigurable execution time
B Reconfigurable execution time

Timel(s)

@ Reconfiguration overhead

600.00

536,72

441.08
400.00

354,16
257.95

210,83
200.00

134.12
n0a2 0.0 113 152
000 T T

085 1.37 2.44 3e
Data Size (Megahytes)

Figure 17. Execution time for a recon gurable and non-recon gurable execution scenarios
for di erent problem data sizes. The graph shows also the reon guration overhead for each
problem size.

100%
90%
60%
B 102
60%
Overhead is) 50% O Synchronization
& Loading
B Checkpointin
40% painting
30%
32
20%
10% =
0% T .
[NR=) 137 2.44 3.81

Data Size (Megabytes)

Figure 18. Breakdown of the recon guration overhead for the experimen of Figure 17.



24 K. El Maghraoui et al.

transparent to application programmers. They require conpx programming and are
domain specic. Second, they require applications to be amable to data partitioning,
and therefore will not be applicable in areas that require gid data partitioning. Lastly,
when these applications are run on the more dynamic grid, aligation-level techniques
which have been applied successfully to heterogeneous s [16,18] may fall short in
coping with the high uctuations in resource availability and usage. Our research tar-
gets middleware-level DLB which allows a separation of cosrms: load balancing and
resource management are transparently dealt with by the mitfleware, while application
programmers deal with higher level domain speci c issues.

Several recent e orts have focused on middleware-level tewlogies for the emerg-
ing computational grids. Adaptive MPI (AMPI) [19,20] is an implementation of MPI
on top of light-weight threads that balances the load transpgrently based on a parallel
object-oriented language with object migration support. bad balancing in AMPI is done
through migrating user-level threads that MPI processes arexecuted on. This approach
limits the portability of process migration across di eren architectures since it relies
on thread migration. Process swapping [21] is an enhancerhém MPI that uses over-
allocation of resources and improves performance of MPI dmations by allowing them
to execute on the best performing nodes. Our approach is drent in that we do not need
to over-allocate resources initially. Such a strategy, thgh potentially very useful, may
be impractical in grid environments where resources join drieave and where an initial
over-allocation may not be possible. We allow new nodes thhecome available to join
the computational grid to improve the performance of runnig applications during their
execution.

Other e orts have focused on process checkpointing and rast as a mechanism to
allow applications to adapt to changing environments. Exapies include CoCheck [22],
starFish [23], and the SRS library [24]. Both CoCheck and steish support checkpoint-
ing for fault-tolerance, while we provide this feature to &w process migration and hence
load balancing. SRS supports this feature to allow applicen stop and restart. Our
work di ers in the sense that we support migration at a ner ganularity. Process check-
pointing is a non-functional concern that is needed to allowynamic recon guration. To
be able to migrate MPI processes to better performing nodeprocesses need to save
their state, migrate, and restart from where they left o . Application-transparent process
checkpointing is not a trivial task and can be very expensiyes it requires saving the
entire process state. Semi-transparent checkpointing prides a simple solution that has
been proved useful for iterative applications [21,24]. APRtalls are inserted in the MPI
program that informs the middleware of the important data stuctures to save. This is
an attractive solution that can benet a wide range of appliations and does not incur
signi cant overhead since only relevant state is saved.

8. Discussion and Future Work

This paper introduced several enhancements to MPI to allovof application recon g-
uration through middleware-triggered dynamic load balannog. MPI/IOS improves MPI
runtime systems with a library that allows process-level @tkpointing and migration.
This library is integrated with an adaptive middleware that triggers dynamic recon g-
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uration based on pro led resource usage and availability. fe PCM library has been
initially introduced in previous work [14]. We have made majr redesign and improve-
ments over the previous work, where the PCM architecture waentralized and supported
only application-level migration. The new results show may improvements in exibility,
scalability, and performance. Our approach is portable ansuitable for grid environments
with no need to modify existing MPI implementations. Appliation developers need only
insert a small number of API calls in MPI applications.

Our preliminary version of MPI/IOS has shown that process ngration and middle-
ware support are necessary to improve application performee over dynamic networks.
MPI/IOS is a rst step in improving MPI runtime environments with the support of
dynamic recon guration. Our implementation of MPI processmigration can be used on
top of any implementation that supports the MPI-2 standard. It could also be easily
integrated with grid-enabled implementations such as MPIB-G2 [25] once they become
MPI-2 compliant. Our load balancing middleware could be cobined with several ad-
vanced checkpointing techniques (e.g., [22,26{28]) to pide a better integrated software
support for MPI application recon guration.

Future work includes: 1) using the MPI pro ling interface to discover communica-
tion patterns in order to provide a better mapping between gplication topologies and
environment topologies, 2) evaluating di erent resource anagement models and load
balancing decision procedures, 3) extending MPI/IOS to sygwrt non-iterative applica-
tions, 4) changing the granularity of recon guration unitsthrough middleware-triggered
splitting and merging of executing processes, and 5) targeg more complex applications.

Providing the necessary tools to allow recon gurability oEomplex scienti ¢ applications
in highly dynamic environments such as grids has become amuordial research direction.
Recon gurable grid computing will open up new frontiers andpossibilities for scientists
by providing the ability to simulate and solve larger and moe interesting problems and
to get involved in scienti ¢ collaborations at the national and international scale. This
work, among others, is an important step in achieving this gu.
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