
c
 Copyright by EstebanTristan Pauli, 2006



DESIGN AND IMPLEMENT ATION OF A FLEXIBLE CLUSTER-SCHEDULING
FRAMEW ORK

BY

ESTEBAN TRISTAN PAULI

B.S., University of California, Davis, 2004

THESIS

Submitted in partial ful�llmen t of the requirements
for the degreeof Master of Sciencein Computer Science

in the Graduate Collegeof the
University of Illinois at Urbana-Champaign,2006

Urbana, Illinois



Abstract

In the past, centralized supercomputerswere the main sourceof computing power for those

needinghundreds to thousandsof processorhours. The schedulersfor thesesystemswere

usually �rst-in-�rst-out (FIF O) queues,with reservations for specialallocationshaving to be

doneby contacting the administrators. As powerful workstations becamemorecommonand

peoplerealizedhow many cyclesweregoing unused,systemssuch asCondor [?] cameabout

to take advantage of this by harvesting idle cycles. Now, however, small clustersof twenty

to a hundred or more dedicatedcomputenodesare becomingmore common. Theseclusters

are owned by diverseorganizationswith varied scheduling needs. Trying to use the FIFO

schedulersof supercomputersor the cycle-harvesting schedulersused for idle workstations

often leadsto scheduling policiesthat are lessthan optimal for the ownersof the cluster. For

this reason,we have designedand implemented a 
exible cluster-scheduling framework. This

framework allows for easyimplementation of di�erent scheduling strategies. It provides a

robust systemfor changing the information stored about jobs, changinghow jobs are sched-

uled, and changinghow jobs aremonitored. Furthermore, it allows for the implementation of

scheduling strategieswhich understandthe run-time systemsof the applications running on

the cluster to allow for advancedfeaturessuch ascheckpointing and shrinking and expanding

of jobs to make the best scheduling decisionspossible.
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Chapter 1

In tro duction

1.1 Motiv ation

Since early in the history of computers, scientists and engineershave wanted to dedicate

thousandsof processorhours to solving di�cult problems. Initially , they turned to super-

computers as their main sourceof computing power. Thesemachines had simple �rst-in-

�rst-out (FIF O) schedulers. Sincemost usersfound this policy to be su�cien tly fair and

e�cien t on supercomputers,this practice stuck and is still commonpractice today. Despite

the popularity of the system,it doeshave somedrawbacks. If, for example,a cluster hasten

nodesavailable and the next job in the queuerequirestwenty, no small jobs can be sched-

uled while waiting for morenodesto becomeavailable. Although the schedulingpolicieshave

becomea bit more advanced(the problem described above has beensolved by back�lling

[?], for example) and utilization has improved, there are many caseswhere maximizing a

machine's utilization doesnot maximize the owner's utilit y.

As workstations started to becomemore powerful and more common,peoplestarted to

realizethat much of the time thesemachineswereidle and the lost cyclescould beharvested.

Systemssuch as Condor [?] cameabout to make this possible. However, this system had

someshortcomings. The main one was that jobs could only use one processorat a time:

there was no support for parallel jobs. Furthermore, as soon as a user directly started

using a machine on which a Condor job was running, the job would be checkpointed and
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not restarted until later. While this is a good policy for cycle-harvesting, it makes it very

di�cult for the owner of the job to know when their results will be ready.

In addition to harvesting idle cyclesand using supercomputers,usersin the last decade

have found a new option. With the rapidly increasingpower of commodity processorand

interconnects,coupledwith the rapidly decreasingcost of thesecomponents, it has become

commonfor small organizationsto have clustersof tens or even hundredsof dedicatedcom-

pute nodes. Unfortunately, the above scheduling models are not always a good �t for the

organizationswhich own theseclusters. For example,certain organizationsmight want to

give userspriorities basedon rank, needto accessthe cluster, or any other variety of rea-

sons.Furthermore, if the cluster is collectively ownedand �nancially maintained by distinct

entities (such as di�erent departments inside a university), a policy in which usersfrom no

department can monopolize the useof the resourcemight be desired. Similarly, an organi-

zation might want to make sureno singleusercan monopolize the cluster for too long.

No singlescheduleror policy canmeetsuch diversescheduling needs.Writing a scheduler

from scratch can be prohibitiv ely expensive, time consuming,and di�cult for most of the

ownersof small clusters. For this reason,we have designedand implemented FCS, a Flexible

Cluster-Scheduling framework. FCSallows a wide variety of scheduling policies to be easily

implemented. The implementer of a policy can easily change what information is stored

about jobs, how jobs are scheduled,how jobs are monitored, and how usersinteract with the

system. This allows organizationsto more easily implement customizedscheduling policies

with minimal attention having to be paid to stabilit y, security, and maintenance.

The rest of this chapter describesFaucets, the predecessorto FCS. Chapter 2 describesthe

designand implementation of the system. Chapter 3 describesseveral scheduling strategies

implemented in FCS and how users can implement their own. Chapter 4 describes the

featuresof other cluster schedulersand how those featurescould be implemented in FCS.

Finally, chapter 5 draws conclusionsand suggestsdirections for future work.
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1.2 Faucets

Faucetsis the predecessorto FCS. Its cluster scheduler was originally described in Sameer

Kumar's Master's Thesis ([?]) as a scheduler capableof taking advantage of applications

written using the Charm++ languageand run-time system([?]). Jobsspeci�ed a minimum

and maximum number of processorsthey could use, and the scheduler would dynamically

changethe number of processorsusedby jobs in order to make better scheduling decisions.

A later paper by Kal�e et al ([?]) described how additional components could be added

to the systemin order to createa meta-scheduling framework capableof allowing ownersof

di�erent clustersto join a federation and sharetheir resourceswith each other. In order to

accommodate this, the scheduling strategy in the cluster scheduler had to be tweaked to be

able to ensureusers'Quality of Service(QoS) contracts were met.

As Faucetsbecamea more mature software package,it was deemedready to be usedby

a real group of users. It was installed on a cluster of over one hundred nodesowned by a

group of professorsin the Department of Computer Scienceat the University of Illinois. This

group of usersran mostly singleprocessorjobs which sometimescamein bursts of hundreds

of jobs from singleusers.Thesejobs would oftentimes requestseveral days of run time. This

allowedsingleusersto monopolizethe cluster, evenat times of high demand. For this reason,

a new scheduling strategy was implemented which limited the number of long-running jobs

any singleusercould have on the cluster at a given time.

All of the above situations made the Faucetssoftware large and unmanageable.It was

unclear which variables were valid for jobs depending on which strategy was being used.

This causedmany bugsand madedebugginge�orts di�cult. Combined, the changesmade

to the schedulermadeclear the needfor a 
exible scheduling framework. It wasdetermined

that this framework should keepscheduling strategiesdistinct, make changesto the infor-

mation stored about jobs separatefor each scheduling strategy, and shouldallow scheduling

strategiesto changeaslittle or asmuch asneeded.Thesemain goalsdrove the redesignand
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reimplementation of the system. The resulting FCSframework is described in detail in the

following chapters.
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Chapter 2

Design and Implemen tation

2.1 Arc hitecture

The original Faucetssystemconsistedof a database,a client, and a multithreaded program

which actedasa host, scheduler, job monitor, and cluster monitor. This madeprogramming

error-proneand debuggingdi�cult. The threads in this program protected accessto shared

variableswith a single lock. This negatively impacted performanceasmuch time was spent

trying to acquire this lock. For example,if a user submitted many jobs automatically with

a script, the schedulerwould start trying to schedulethe �rst jobs while the rest werebeing

submitted. Since there was only one lock for the entire system, while the scheduler was

launching jobs from the front of the queue,the host could not add jobs to the end of the

queue. It wasnot uncommonfor usersto have to wait more than a minute for all their jobs

to be enqueued.While somemight not �nd this to be an inconvenience,many usersfound

it to be lessthan desirable.

Another problem was that all strategiesusedthe sameJob class. Whenever a new �eld

was needed, it was added to this class. As people tried to implement more scheduling

strategies, it becamemore di�cult to tell which �elds were and were not valid when the

scheduling strategy was switched. This made it di�cult to implement new strategiesand

maintain existing ones,especially for peoplenot familiar with the code. A large percentage

of bugswas attributed to this. For thesereasons,the entire architecture of the systemwas
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Figure 2.1: FCSArchitecture

redesignedwith the experiencefrom Faucetsin mind.

The FCSframework consistsof several di�erent programs. Theseare depicted in Figure

2.1. The outer boxesrepresent di�erent physical machines. The inner boxesrepresent di�er-

ent processes.Arrows represent communication channelsbetweenprocessesand machines.

The system can be con�gured so that the database,cluster monitor, scheduler, host, and

clients are all on the samephysical machine: the �gure simply shows which components

must be on the samemachine.

2.1.1 Database

The central component of FCSis the database,which storesall information about the system.

The main tables in the databaseare the job tables. Thesestore all the information about

every job in the system(such as if the job is queued,when the job was submitted, and the

resourcesrequestedfor the job). Even after jobs are �nished, their information is stored
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so that system administrators can track what happened to jobs in the caseof errors. In

addition to the job tables, the databasestores tables about the state of the cluster. This

includesthe current state of compute nodesand a history of their status. In another set of

tables, the databasestoresinformation about the maximum resourcesuserscan requestfor

their jobs. For example,this can include the maximum number of nodesand time which can

be requested.Finally, the databasehas a set of log tables. Rather than using a simple �le

for logging systemevents, databasetables are usedto allow easiersearching of events.

One advantage of storing all the information described above in the databaseis that

it gives usersand system administrators great 
exibilit y in changing the behavior of the

system and the status of the job queuewithout shutting down the system. For example,

if a user realizesthey did not requestenoughtime for their job and it is still queued,they

can issuea command to increaseit. Another use might be for the system administrator

to dynamically changethe maximum amount of resourcesuserscan request for their jobs

without interrupting the availabilit y of the systemor a�ecting jobs already in the queue.

A perhapseven greater advantage of storing everything in a databaseis that if any of

the other components crash, the critical state of the system is not lost. If the scheduler

crashes,for example,all submitted jobs are still stored in the databaseand userscan keep

submitting and monitoring jobs. If the host crashes,the scheduler can keeplaunching jobs.

After any component hascrashed,it can read the databaseand �gure out what it wasdoing

and resumewhereit left o�.

In addition to storing all information about the system, the databasealso serves as a

communication point. The other components in the system cannot directly communicate

with each other. Rather, they write and read the database. For example, the host writes

submitted jobs to the database.The schedulerthen readsthe list of jobs, makesa scheduling

decision, and updates the databaseto re
ect what it did. If the user wants to seethe

state of their jobs, they issuethe appropriate commandto the host, which then fetchesthe

information from the database(reading any changesmade by the scheduler). This helps
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isolate the components from each other, making it lesslikely that a bug in one component

will adverselya�ect another. Furthermore, it makesit di�cult for a malicioususer to crash

the scheduler or cluster monitor sincethey can only directly communicate with the host.

The databaseused in the current implementation is a MySQL [?] database. This was

chosenfor several reasons.First, we wanted a well-tested, robust permanent storagesystem

which could be quickly read and written. We also wanted to allow multiple concurrent

readersand writers. For these reasons,we decidedto use an existing system rather than

designour own. A relational databasewas chosenover persistent object databasessuch as

SHORE [?] or ORION [?] becausealthough we do write mostly objects into the database,

we want usersof FCSto be able to easilywrite their own scheduling strategies.More people

are familiar with SQL and relational databasesthan with object databases. Also, we did

not want to limit how thesestrategiescan interact with the databaseand felt the relational

databasemodel would allow for more unforeseenpossibilities. Of the available relational

databases,we choseMySQL becauseof its good performanceand stabilit y [?]. Furthermore,

it is free, sousersof FCSare not required to purchaseany software to useFCS.

Since the databasedoes not need any special system privileges, it can run as a non-

privileged processon the system. In general, the same methods used for securing any

databaseshould be used to securethe FCS database. It should be ensured(as best as

possible,anyway) that only other FCScomponents can read and write the databasetables.

If regular usersare allowed to accessesthem directly, they could put the databasein an in-

consistent state or put it in a state which would allow them to run their jobs asother users,

gaining privilegesthey would not normally have. The stabilit y, performance,and security of

the databaseare critical. If the databasefails, the systemcannot function. If it is compro-

mised,userscangain elevated privilegeson the system. If it doesnot perform e�cien tly, not

only will responsetime to the usersbe degraded,but more transactions might collide and

fail, keeping the scheduler from making progress. For these reasons,proper con�guration

and maintenanceof the databaseis crucial.
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2.1.2 Host and Clien t

The host and client are the only way for usersto interact with the system. The host acts as

a server daemon,waiting for user requests. When a user wants to perform an action, they

start a client process. This client connectsto the host, sendsthe request, and waits for a

reply. When the reply comes,the client reports it to the user and terminates. Depending

on the parametersgiven to the client, it can be used to submit jobs, monitor queuedand

running jobs, and �nd information about �nished jobs. Furthermore, the administrator can

alsouseit to perform administrative duties on the database.

From the point of view of regular usersof the system, the most important function of

the host and client is to submit jobs. The standard way to submit a job to the systemis to

submit a job script. This script is a standard shell script with additional tags to describe

the resourcerequirements of the job. This script is parsedby the client for any of the special

tags. Theseare passedalongwith any commandline parametersto the host. The host then

checks this information against the maximum limits allowed for jobs (as currently stored in

the database). If the job doesnot exceedthe limits, it is addedto the queueand a unique

job ID is returned to the user. Otherwise,the reasonfor the job beingdeniedis given to the

userand nothing is stored in the database.When jobs are accepted,the script is copiedfor

the scheduler to later read and execute. This is commonpractice in other schedulers,such

as PBS [?].

In addition to submitting jobs, usersalsousethe host and client to monitor the progress

of their jobs. Userscan ask for a list of all running and queuedjobs, a completed job, or

just speci�c jobs. The host fetches the current state of these jobs from the databaseand

returns it to the client. The client then formats and outputs the information to the user.

As described in Section2.2, the information communicated about the jobs dependson the

scheduling strategy. For example,in a priorit y-basedscheme,the priorit y of each job can be

communicated and displayed. This allows for someof the 
exibilit y which wasa key goal of
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the FCSsystem.

One �nal useof the host and client from the users'perspective is to managetheir queued

and running jobs. Regardlessof the strategy, the client can be usedto remove queuedjobs

from the system or to kill running ones. Depending on the scheduling strategy used, the

user might also be able to changethe resourcesrequestedfor their queuedor even running

jobs (seeChapter 3). Additionally , the client and host could be usedto allow the usersto

sendsignalsto their running jobs. This is somethingthat is not typically allowed by other

cluster schedulersbut could be usedto do things such as forcing a job to checkpoint itself.

From the administrator's point of view, the host and client can be usedto help maintain

the state of the system. For example,the client can be usedto issueshutdown commands

to any of the components of the system. It can also be used to change the maximum

resourcelimits allowed for jobs. Furthermore, administrative tasks such as removing old

jobs from the databaseor removing old log entries can be donethrough the client. Finally,

the administrator can requestthat the log tables be dumped into a �le if desired.

To minimize the risk of security issues,the host processcan be run without any special

systemprivileges. The only privilege it needsis accessto the database,which is controlled by

the databasesoftware rather than the operating system. Clients are run with the privileges

of the user starting them. To ensureusersdo not issuecommandsthey are not allowed to

issue,the client authenticates itself to the host. In the current implementation, the client

and host communicate through UNIX domain sockets. The host asksthe operating system

for the identit y of the user running the processeson the other end of the socket, making

sure the client cannot fool the host unless it can fool the operating system. In a future

implementation, the authentication could be changedto someother mechanism so that the

implementation does not need to rely on UNIX domain sockets. So long as the host can

verify who is running the client, any authentication mechanism can be used.
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2.1.3 Scheduler

The scheduler is the component which does the most work and is at the heart of the sys-

tem. Its main responsibility is to read the database,make a scheduling decision, update

the database,and perform whatever actions are required by the scheduling decisionmade

(launching or killing jobs, for example). The scheduler is alsoresponsiblefor monitoring the

jobs it launches. Becauseof its responsibilities, the scheduler is the component which is most

heavily a�ected by the scheduling strategy used. This section described the genericsteps;

how di�erent scheduling strategiescomeinto play is described in more detail in Section2.2.

The main loop of the scheduler consistsof four main steps:

1. The �rst step is to read the database.Here, the scheduler readsthe information about

the current state of the cluster and the list of running and queuedjobs. Sincenodes

might fail or be repairedwhile the scheduler is running, it is vital that the state of the

cluster is readalongwith the list of jobs sothat it knows which resourcesare currently

available when making scheduling decisions.

2. The secondstepis to make a schedulingdecision.Here,the schedulingstrategy decides

whether jobs should be launched, killed, checkpointed, or whatever elsethe strategy

can do with jobs.

3. In the third step the new state of the systemis written back into the database.

4. During the fourth step the scheduler to takeswhatever actions it decidedupon in the

secondstep.

The �rst three stepsall happen within a databasetransaction. If this transaction fails

(if, for example,the cluster monitor simultaneouslydiscoversa node failed and notesthis in

the database),the fourth step is skipped. This is to ensurejobs are not launched on faulty

nodes,jobs are not killed unnecessarily, and other similar problemsdo not occur.
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To launch a job during the fourth step, the scheduler �rst forks a child processwhich

detaches itself from the processtree of the scheduler. This child will be responsible for

launching and monitoring the job. The reasonwe detach the job monitor from the scheduler

is that we want the job monitor to be able to keep running in casethe scheduler is shut

down or if it crashes(of course,the monitors can be shut down along with the scheduler if

desired,with the understandingthat this will kill the running jobs). Oncedetached from the

processtree of the scheduler, the job monitor switchesits user ID to match that of the user

that submitted the job. It logs into the headnode for the job (as decidedby the scheduler),

executesthe job, and waits for it to �nish. After the job �nishes, the monitor switches its

user ID back to its original ID and recordsin the databasethat the job �nished. The job

monitor then terminates.

To kill a job, the scheduler sendsthe SIGINTsignal the job monitor. When the monitor

terminates, the connection to the job's node is broken, killing the processtree of the job.

Under normal conditions, this is su�cien t to clear the node of any processesassociated with

the job. However, if any processfrom the job detachesitself from the main processtree, it

will not die. For this reason,the scheduler must log into to every node assignedto the job

and kill any processowned by the owner of the job. Unfortunately, further complications

can arise. Many administrators allow the scheduler to assignmore than onejob to a node if

the node hasmultiple processors.If two jobs belongingto the sameuserare assignedto the

samenode, we cannot log into the node and kill every processowned by the user sincewe

only want to kill the onesassociated with a particular job. In this case,we simply let the

processeskeeprunning until the other job �nishes, at which point we kill all processesowned

by the user on the node. Although not optimal, this provides a solution. Ideally, we would

run all users' jobs inside virtual machines and simply kill the virtual machine to terminate

the job (seeSection3.4).

Due to the wide variety of tasks and systemcalls the scheduler must perform, it needs

to run with more privilegesthat the other components. Speci�cally, the job monitors must
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be able to log in to the computenodesas any user. In the current implementation running

under a UNIX system, this meansbeing able to do a setuid(2) call to set its user ID to

any other user on the system, typically requiring the scheduler to be run as the root user.

Additionally , oncethe processhas switched its user ID, it must be able to connect to the

compute nodeswithout prompting the user for a password. This can be accomplishedby

using rsh , or the preferredmethod of usingssh and requiring all usersto properly con�gure

their authorizedkeys�le. Other than the above, no specialprivilegesare required. However,

future scheduling strategies might require more privileges, so the implementation of the

framework should not limit this possibility.

2.1.4 Cluster Monitor

The clustermonitor is a simple,yet crucial component. As its namesuggests,it is responsible

for monitoring the state of the cluster. It periodically tries to connectto every node and see

if it is running correctly. By default, this meansbeingable to ssh into the node and execute

the date command. However, this can be overridden. For example,trying to executethe ls

commandin a random user'shomedirectory would let the schedulerknow if NFS directories

are being mounted correctly. If the monitor �nds any node to not be behaving as required,

it marks this in the database.The next time the schedulerperformsits main loop (described

above in Section2.1.3), the scheduler will seethat a node has failed and will not schedule

jobs on it.

If the writer of a strategy wishes(seeSection2.2), the cluster monitor could theoretically

be madeto perform more complicated tasks. For example,if the cluster is commonly used

to run large parallel jobs and has a high-performanceinterconnect connectingthe nodesin

addition to a standard Ethernet (as is commonly the case),the cluster monitor could test

the links in this network. If a certain link is found to be faulty, the scheduler could usethis

information to not launch a parallel job that requiresmultiple nodes on the nodes at the

end of the link. However, it would know that it could launch single-processorjobs on these
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nodesas thesejobs would not needthe high-speedinterconnect.

Like the host, the cluster monitor needsno special privileges as far as the operating

systemis concerned.It only needsto log into the nodesof the cluster asa normal user. The

cluster monitor also needspermissionto accessthe database,but that is controlled by the

databasesoftware and requiresno extra privilegesat the operating systemlevel.

2.1.5 Adding Comp onents

Although we have taken care to carefully designthe FCSframework so that the behavior of

the above components can be easily changed(as we will seein Chapter 3), it is certainly

possiblethat someuserswill want behavior which cannot be easily integrated into any of

the above components. Sinceall components communicate through the database,adding

a new component can be quite straightforward. The new component can be a standalone

application which communicateswith the other components through the database.It canuse

the sameJob and Strategy classes(described below) to make the implementation simpler.

To communicate with other components, it can accessthe samedatabase.Taking this into

account, writing a new component should not be di�cult.

2.2 Strategies and Jobs

In order to makeFCSa 
exible clusterschedulingframework, all of the components described

in Section2.1 had to be implemented in a 
exible way. To achieve this, we usedan object-

oriented representation of jobsand schedulingstrategies.All jobs in the system(exceptwhen

storedin the database),arerepresented by instancesof the Job class(or oneof its subclasses).

Similarly, each component of the systemhasan instanceof a Strategy (sub)class.By writing

subclassesof thesetwo classes,we caneasilychangethe behavior of the di�erent components

to create a wide variety of scheduling strategies. Below we describe how thesetwo classes

interact to achieve this.
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2.2.1 Database In teraction

Sinceall the important state of the system is kept in the database,one of the most vital

ways in which the Job and Strategy classesinteract is the manner in which they access

the database. The three operations which a strategy can perform are adding jobs to the

database,updating a job already in the database,and reading a job from the database.

Each of theseoperation is described in turn below.

When a scheduling strategy has created a new job (for example, when the host has

received a request to add a job to the queue), it must add it to the databaseif it wants

any other component to be able to seeit. The �rst thing the strategy must do is read in

the Limits tables from the database.Thesetables describe the maximum resourcesany job

may request(for example,number of processorsand time). A strategy may have additional

limit tables from which it can read additional data (such asmaximum jobs allowed per user

at any one time). With the Limits object, the strategy checks the job against the resource

limits. If the job passesthe check, the strategy passesa bu�er to the job into which the

job object writes SQL code to insert itself into the database. If the strategy is using a job

classdi�erent from the default, the implementer must make sure the bu�er is passedto all

necessarylevels of the classhierarchy so that the entire state of the job is recorded. The

strategy then passesthe bu�er to a databaseinteraction routine which executesthe query,

adding the job to the database.

Updating a job is similar to inserting it. When a scheduling strategy hasmodi�ed a job

(by launching it, killing it, or observingits successfulcompletion, for example),it must write

the new information about the job back into the database.As when the job was inserted,a

bu�er is passedto the job object, into which the job object writes SQL code for updating its

information in the database.Like before,this bu�er must be passedto all necessarylevelsof

the job object's classhierarchy if it is not an instanceof the default Job class.The strategy

object then takesthe query bu�er and passesit to the databaseAPI so that the job's new
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state will be recordedin the database.

Reading jobs from the databaseis essentially the reverseof updating them. When it

needsa particular list of jobs (like all queuedand running jobs when the scheduler tries

to launch more jobs), the strategy classcreatesa query for reading these jobs from the

database. Here, the strategy object has to make sure it readsevery table associated with

all necessarylevels of the classhierarchy for the strategy object if it is using any additional

data not included by the default Strategy class.The strategy object then passesthe query

to the databaseaswhen writing. Now, however, it receivesa number of resulting rows from

the database(one per job). The strategy calls a virtual function which takes this row and

createsa new job object out of it. This job is now ready to be manipulated and stored back

in the databaseas necessary.

2.2.2 Scheduling

The most important interaction betweenjobs and strategiesoccur whenthe FCSsystemtries

to make a scheduling decision. In fact, many strategiescan potentially be written by just

changing the behavior described here. This is where the scheduling strategy must decide

what to do with every running and queuedjob.

As described in Section2.1.3, in its main loop, the scheduler �rst readsin the list of all

running and queuedjobs from the database. Using the methods described in the previous

section,we usethe results of the databasequery to createjob objects of a given class.Since

the scheduling strategy knows the classof theseobjects, it can usethis information to make

more advanced scheduling decisions. For example, the job objects might have a priorit y

�eld. Using this �eld, the strategy can make a scheduling decisionwhich will most bene�t

the organization owning the cluster by running the more important job �rst. Similarly, if

the strategy knows the jobs usea particular runtime system,it might be able to usethis to

shrink and expandjobs to make better scheduling decisions(seeSection3.3).

Without getting into more detail about speci�c scheduling strategies,it is di�cult to de-
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scribe morepreciselyhow the job and strategy objects interact to make scheduling decisions.

The entiret y of Chapter 3 is dedicatedto this, so it will not be covered further here.

2.2.3 Job Monitoring

As describedin Section2.1.3above, whenever a job is launched,a monitor processis spawned

and detached from the main scheduler. This monitor processis responsible for launching

the job, waiting for it to complete,and recordingexit data about the job when it completes.

With the baseJob class, this is all the monitor can do. However, somestrategiesmight

�nd it useful for the monitor to have additional functionality. For example,if we know the

job's underlying run-time system is capableof checkpointing the job and resuming it at a

later time, a scheduling strategy might be able to take advantage of this to checkpoint low

priorit y jobs and allow high priorit y onesto run. For this to happen, the implementer of

the strategy would add someway for the scheduler to signal the monitor that it should

checkpoint the job (such as through a systemsignal or a socket). The monitor functionality

would be overridden to allow it to receive this signal and take the appropriate action. With

such capabilities, many more complicatedscheduling decisionscould be made.

2.2.4 Other Functionalit y

Aside from the previouslydiscussedfunctionality, the Job and Strategy classesalsointeract

to achieve a few other miscellaneousfeatures. For example,the Job classcontrols how jobs

areprinted whena userrequeststo seethe current statusof the queue.If a particular job class

hasextra �elds it shouldprint, it canoverride this functionality to display this data. Another

way in which job classescan be extendedis in readingcommandline parameterswhen jobs

are added. All commandline arguments not understood by one level in the classhierarchy

are passedon to the next. In this way, a new classwhich needsto understandan argument

such as \-priorit y n" can override the argument-checking function to just understand this
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argument and then passthe rest to the basejob classto parse. This makesspecifying job

parameterssimple for the usersand the strategy writers. There are other small things like

this throughout the implementation of the code to support all the featuresdescribed in this

chapter in a 
exible and extensibleway. In this manner, the work required for writing new

scheduling strategiescan be minimized.
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Chapter 3

Scheduling Strategies

In order to demonstratethe 
exibilit y of the FCSsystem,this chapter is dedicatedto describ-

ing several di�erent scheduling strategiesand how they would be implemented in the FCS

framework. We begin with a simple �rst-in-�rst-out strategy (FIF O) and work our way up

to a priorit y-driven strategy which shrinks and expandsor checkpoints and restarts jobs to

run the most important jobs �rst. Where the implementation of the strategy is particularly

simple or instructive, we show the sourcecode for it.

3.1 Simple FIF O Strategy

In order to implement a simple FIFO strategy for the FCS scheduler, one has to do a very

minimal amount of work. All the strategy needsto do is run jobs in the order in which they

arrive. The only thing a user can request is a speci�c number of nodesand the maximum

time for which it will use thesenodes. Since the default Job classrecordsthe time every

job was submitted and the number of nodes it requested,the FIFO strategy can use this

classwithout any additions. For this strategy, the default behavior for interacting with the

databaseand for monitoring jobs will su�ce, so this doesnot have to be overridden. The

only thing that has to be written is the function which given a list of queuedand running

jobs, decideswhich to launch and which to kill.

For our simple FIFO strategy, deciding which job to launch next is rather simple. We
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simply look at the next job in the queue,and if there are enoughnodesavailable to launch

it, we do so. If not, we look at the list of running jobs. If any of thesehas goneover the

amount of time it requested,we can safelykill it without breaking any promiseto the user.

Therefore,as long as there are any such jobs and we still do not have any nodesavailable,

we will pick oneof theseand kill it. If after killing all such jobs we still do not have enough

nodesto run the next job, we must wait until other jobs �nish or another job goesover its

time limit. If we rede�ne what we meanby the \next job in the queue,"we notice that this

functionality will be common to many strategies. For this reason,this code is pulled into

the main Strategy classas an auxiliary function.

Putting the abovefunctionality in the main Strategy classmakesimplementing the FIFO

strategy extremely simple. All we have to do is sort the jobs by submit time. The code for

this strategy is given in Figure 3.1. The actual FIFOStrategy classonly has one function,

which usesthe C++Standard Template Library's sort function to sort the jobs by submit

time. The comparisonis doneby the JobSortDec class,which is only usedasa functor class

by passingit as a parameter to the sort function. From this implementation of a FIFO

strategy, we can seehow trivial it would be to implement a strategy that schedulesjobs by

another simple criteria. For example,by changing the JobSortDec class'soperator() , we

can easily schedule shortest jobs �rst, longest jobs �rst, largest (by number of processors)

jobs �rst, and soon.

We could make the FIFO strategy smarter by only killing jobs which have goneover their

time limit if doing so will allow us to launch another job. Also, if a large job (say one that

requiresthe whole cluster) is at the front of the queue,but basedon the time requestedfor

the running jobsweknow wewill havehalf the cluster idle for at leastanotherhour beforethe

rest becomesavailable, we might be able to squeezein a few small jobs (say onerequesting

only two processorsfor �v e minutes) without really a�ecting the time at which the large

job will run. This technique is known as back�lling [?]. We would no longer have a FIFO

strategy, but this behavior couldbecompletelycontrolled in the schedule jobs function that

20



class FIFOStrategy : public Strategy{
public:

FIFOStrategy(){}
virtual ~FIFOStrategy(){}
/* 'cluster' is the current state of the cluster.
* 'jobs' is a list of all running and queued jobs.
*/

virtual void schedule_jobs(Cluster &cluster, std::vector<Job *> &jobs){
/* figure out order for jobs using STL sort */
sort(jobs.begin(), jobs.end(), JobSortDec());

/* Call Strategy's schedule_in_order function */
schedule_in_order(cluster, jobs);

}
};

class JobSortDec{
public:

inline bool operator()(Job *a, Job *b){
if(a->submit_time == b->submit_time)

return a->dbid < b->dbid; // break ties with ID
return a->submit_time < b->submit_time;

}
};

Figure 3.1: Code for the simple FIFO strategy.

we changedfor our FIFO strategy (although we could no longer usethe commonauxiliary

schedule in order function). The point is to illustrate that such featurescan be addedby

only changing the code in a small, isolated location. This allows researchersand production

usersto easily write di�erent strategiesto suit their needs.

3.2 Fair Scheduling: LimitFIFO

In the Department of Computer Scienceat the University of Illinois, there is a cluster known

as the \Arc hitecture Cluster." This cluster is owned and used by a group of professors'
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research groups (most of whom study computer architecture). Most of the jobs submitted

to the cluster useinput-level parallelism. They requesta singleprocessorper job, give each

job a di�erent input to the sameexecutable,and run the job for a long amount of time (24

hours). Becauseof this, many userswrite scripts to submit their jobs automatically, and

many long jobs arrive at once. If scheduledwith a simple FIFO strategy, singleuserswould

monopolize the cluster for long amounts of time. Sincetheseusersoftentimes want to use

the cluster at the sametime and cannot wait (due to journal and conferencedeadlines),this

createsa problem as there is high contention for the resourceat a critical time.

Coming up with a solution to this was one of the �rsts tasks of the original Faucets

scheduler. The usersof the cluster decideduserswith the least number of nodescurrently

dedicatedto them shouldget the highestpriorit y. Furthermore, it wasdecidedthat not more

than one third of the cluster at any one time should be usedfor jobs that request24 hours

or more of run time. The Faucetsscheduler was rewritten to enforcethis new requirement.

FCSwill eventually replaceFaucetson the architecture cluster, sobelow we describe how we

would implement this strategy, which we call the LimitFIFO strategy.

If we think about what �elds are neededfor a job, we realizethat nothing di�erent from

the FIFO strategy is needed,sowe can again usethe baseJob class. In order to implement

the scheduling policy, all we needto changeis the function which determineswhich job to

schedulenext. We could hard-code the values\1 =3" and \24," but this would not be elegant

or highlight any new featuresof FCS. Instead, we will add a new databasetable which will

be readalongwith the state of the cluster during every iteration of the scheduling loop. The

cluster state classhas virtual members which are usedfor reading and writing the state of

the cluster. Wesimply have to changetheseto readthe additional table which hasthe values

of the maximum percentage of nodeswhich can be usedfor long jobs, and what amount of

requestedtime constitutesa long job. With this information, decidingwhich job to schedule

next can now be easily done in the schedule jobs function as it was for the simple FIFO

strategy. The function now just has to be a bit more complicated to ensurethe fairness
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policy, but all of this can be donein a few simple lines of C++code.

Aside from allowing us to highlight another 
exible component of the FCS framework,

the above implementation has a distinct advantage over hard-coding the valuesor reading

them in when the scheduler is launched. Since thesevaluesare read at every iteration of

the scheduling loop, they can be changeddynamically by the administrator during run time

without having to interfere with the scheduler. If the cluster is not busy and a single user

hasmany long jobs in the queuewhich could potentially run sincenobody elseis running the

cluster, the administrator can changethe valuesin the database,allowing the user'sjobs to

run. At a later time, the administrator canchangethesevaluesback whenmoreusersrequire

the system. With minimal changesto the system,we areable to createa scheduling strategy

which meetsthe user'srequirements yet is 
exible enoughto ignoretheserequirements when

it is safeto do so.

3.3 Priorit y-Based Scheduling

In most organizations,di�erent tasks have di�erent priorities. Yet many cluster schedulers

do not have any notion of priorit y. In organizations where this is critical, this can be a

major problem. Imagine a scenariowhere a distributed sensornetwork on a battle�eld

sendsa large amount of data back to a centralized computer center. This data needsto be

analyzedimmediately sothat a commanderon a battle�eld can useit to make a decision. If

the cluster that will processthis data is dedicatedsolely to this task and no other work is

doneon it, it is potentially a huge waste of resources.However, if the data arrivesand the

job hasto sit in a FIFO queuewaiting for its turn, the commanderwill not have data which

could be crucial to analyzing the situation on the battle�eld. To help solve this problem,

we could take the simple approach of simply killing all non-critical jobs on the cluster when

the critical job arrives. Theseother jobs could be restarted from scratch later. However,

any progressis lost and we must restart from the beginning. One way in which FCScould
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addressthis is by implementing a priorit y-basedstrategy which understandsthe run-time

systemof applications and can checkpoint and restart or shrink and expandthem.

For the priorit y-basedpart of the scheduling,wewould needto makea fewsimplechanges.

First, we would needto know the highest priorit y each user can request for a job. To do

this, we would changethe Limits classusedby the strategy. We would add a databasetable

which is read by the Limits classduring the scheduling loop which contains the highest

priorit y each usercan request. Having thesevaluesin the databasewould allow us to change

them dynamically. This would be useful, for example, if people had di�erent maximum

priorities basedon military rank, but the priorities were increasedfor commanderswhile on

the battle�eld. Next, we would create a new subclassof the Job class. This classwould

simply add a priorit y �eld and the mechanism for reading and writing this �eld from the

database(it would be stored in a new table in the database). The new Job classwould

also override the function which readscommand-linearguments to understand the new \-

priorit y" argument. The newLimits classwould make surethat the priorit y speci�ed by the

user doesnot exceedthe maximum. Now, the scheduling function could be easily changed

to schedulethe jobs with the highest priorit y �rst.

However, we would like to go a step further and be able to make room for high priorit y

jobs as soon as they arrive. We would like to be able to checkpoint jobs currently on the

cluster with the lowest priorit y and run the high priorit y job. To do this, the scheduler

would have to understandthe run-time systemof the applications,and the run-time systems

would have to have a mechanism for checkpointing and restarting applications. There are

currently several run-time systemswhich can do this, such asCondor [?] and Charm++ [?].

Usually, thesemechanismswork by sendinga signal to the application. To do this in our

scheduler, we would changethe job monitoring function of the Job class.Depending on the

type of application (which could be speci�ed by the useras \-jobt ype charm," for example),

the job monitor would register a signal handler which when invoked would signal the job to

checkpoint itself. When the schedulerneedsto checkpoint a job, it would signal the monitor,
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which would then signal the run-time system of the application to checkpoint itself. The

scheduler would then be free to reusethe nodeswhich were being occupiedby the job. At

a later point, when the job is restarted, the launching function of the Job classwould call

an overridden function which speci�es to the application that it should restart from its last

checkpoint. Similarly, using the Charm++ runtime systemjobs could be shrunk if the high

priorit y job did not needthe entire cluster. Afterwards, the jobs would be expandedto use

their original set of processors.

As we can see,this priorit y basedschedulerwould not be too di�cult to implement. It is

a bit moreinvolved than the previousexamples,but highlights someimportant features. The

most important is the abilit y to override the job monitoring and job launching functionality.

We can leveragethis to implement advancedfeatureslike checkpointing and restarting. We

could also potentially changethe job monitors to allow the application to give feedback to

the scheduler. This could be useful if, for example,the application knew it would not �nish

in time and wanted to requestsomeadditional time beforeit is killed. With small changes,

we could add this and other advancedfeatures.

We have implemented a simplepriorit y FIFO, and key parts of the implementation which

highlight featuresof the FCSframework arediscussedbelow. Figure 3.2showsthe constructor

for the new job classwe need, the PriorityJob class. This shows how simple it is to add

new arguments which the scheduler usesto determine a job's features. The constructor of

the job classis passeda list of all arguments which have not yet beenconsumedby somebody

else. In the given example,the constructor for the PriorityJob class�rst lets the baseJob

classconsumeall the arguments it understands.It then scansthe remainingarguments for a

\ -priority " 
ag. If the 
ag is present, the code readsthe priorit y from the next argument,

reporting an error if no such argument exists.

Another key feature of the job classesis their abilit y to read and write the database.

Figure 3.3shows how this functionality is overridden. First, the update DBfunction is called

on the PriorityFIFO class.This function calls the overridden function in the baseStrategy
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PriorityJob::PriorityJob( list <st ring > &args, uid_t uid):Job(args, uid){
priority = DEFAULT_PRIORITY;
for(list<string>::iterator it = args.begin(); it != args.end();){

if(*it == "-priority"){
it = args.erase(it); // 'it' now points to next argument
if(it == args.end()){

err = "-priority option not given a priority.";
status = JOB_STATUS_CREATE_FAILED;
return;

}
priority = atoi(it->c_str());;
it = args.erase(it);

}
else

it++;
}

}

Figure 3.2: Constructor for the PriorityJob class which reads arguments given to the
scheduler by a user.

26



void PriorityFIFO::update_DB( Job *job, ostream &o, const Cluster &cluster){
Strategy::update_DB(job, o, cluster);
((PriorityJob *) job)->PriorityJob::update _DB(pri orit y_ta ble_ name, o);

}

void Strategy::update_DB(Job *job, ostream &o, const Cluster &cluster){
job->Job::update_DB(job_tab le_ name, job_node_table_name, o, cluster);

}

void PriorityJob::update_DB(c onst string &table_name, ostream &o){
o << "UPDATE" << table_name << " SETpriority = '" << priority

<< "' WHEREjobID = " << dbid << ";" << endl;
}

Figure 3.3: Functions usedfor updating a Job's �elds in the database.

class. This function calls the update DBfunction of the baseJob class(not shown), which

writes the SQL code into the stream\ o" for updating the job's information in the database.

When this is complete, this samestream is handed o� to the update DBfunction of the

PriorityJob class.Here, the code for updating the job's priorit y in the databaseis written

into \ o." The code in this streamwill be usedby whoever called the function to update the

job's �elds in the database. The processfor reading a job from the databaseis analogous,

except instead of passingaround a stream into which SQL code is written, a row from a

databasetable is passedaround from which each classin the hierarchy readsits �elds.

3.4 Virtual Mac hine Scheduling

When describingthe checkpoint mechanism for the priorit y-basedscheduling in Section3.3,

we said the scheduler would have to understand the run-time systemsof the applications,

and that they would needto have a way of checkpointing themselves. This can be a serious

problem for userswho want to useother run-time systemsor programming languages.Fur-

thermore, the schedulerneedsto understandeach and every oneof thesesystems.Oneway to
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get around this would be to usevirtual machines,such asthe Xen virtual machine [?]. If we

run all jobs insidea virtual environment, we caneasilycheckpoint this environment and then

run it from its previouspoint without the application even knowing. Aside from simplifying

the checkpointing and restarting for the priorit y-basedmechanism, we could also leverage

the virtual machine's capabilities to implement other advancedscheduling strategies.

One such strategy is one in which we allow anonymoususersto accessthe cluster. Typ-

ically, every usermust have an account to accessthe cluster. Theseaccounts are only given

to userswho can either be trusted or be held accountable for their actions. This is usually

not a problem asmost usersjust want to run their jobs and get their results. However, if an

organizationwishesto shareits cluster with another organization(to trade for time on their

cluster, for example), the level of in
uence an administrator has over the usersis greatly

reduced. In order to increasesecurity, all jobs could be run inside virtual machines. This

would allow usersto log into a sharedguest account and launch their jobs like any other

user. To implement this with FCS, we would only have to changethe way jobs are launched.

Rather than just running the user'sapplication, we would launch a virtual machine and run

the user'sjob in it. The useof a secureguestaccount could alsobe usedto implement more

advancedstrategiesas described below.

One of the original ideasof the Faucetssystem was that usersshould be able to view

compute power as a utilit y. In fact, the name camefrom the idea that computing power

should 
o w from the computational grid like water 
o ws from a faucet. Serviceproviders

would make their resourcesavailable on the grid, and userswould log in, run their job, and

pay a fee. Although virtual machinesmight provide a su�cien t level of security to try this,

we would still needa schedulerwhich would be able to determinewhich jobs to run when to

maximizepro�ts. Undoubtedly, di�erent pro�t centers would want to try di�erent strategies

to maximize their pro�ts. Using all the techniques described so far, di�erent companies

could easily implement di�erent strategiesusing the FCSframework. Thesestrategiescould

be written to attract the highest number of jobs possible,or try to attract jobs with just
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speci�c characteristicsto allow the cluster to �nd its own niche in the market.

3.5 Deadline-Driv en Scheduling

In real life, deadlinesplay a huge role in the day-to-day workings of organizations. Cluster

schedulers,however, tend to completely ignore this fact. The e�ects of this can have serious

consequences.Consider, for example,a cluster sharedby several research groups in a uni-

versity. Theseresearch groups are from di�erent departments and do not submit research

papers to the sameconferencesand journals, so they rarely have the samedeadlines. Be-

causeof this, most usersare not bothered by waiting a day or two for their results most of

the time. However, at times they would like to specify that they needtheir jobs completed

in just a few hours. In order to accommodate this, the cluster scheduler must have some

conceptof deadlinesfor jobs which it can useto make scheduling decisions.

Like most of the other strategies we have discussed,to implement a deadline-driven

strategy in FCS, we would have to add a new databasetable which recordsthe deadlinefor

each job. This has already beendiscussed,so we will not go into further details here. We

have also discussedhow to change the scheduling algorithm, so we will not describe that

either. What we will discussis the acceptanceand rejection of jobs. We saw in Section3.3

that the FCSframework allows the host component to read tables from the databasewhich

contain the limits of resourcesuserscan request. The priorit y strategy had overridden this

functionality in order to readthe maximum priorities allowedfor each user. An administrator

could change these values to allow di�erent priorities to di�erent usersat di�erent times.

Each time a job was submitted, the host could check this value to either accepta new job

or reject it basedon the requestedpriorit y. Although useful for properties of the job (like

priorities) which do not depend on the current status of the job queue,this mechanism is

not su�cien t for deadline-driven scheduling strategies.

In order to determinewhether or not a new job can be run by the requesteddeadline,a
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scheduling strategy needsto considerthe current state of the cluster (all running and queued

jobs). In order to allow this kind of functionality, the FCSframework allows the host to read

the current state of the job queuewhenacceptinga job. Using this information, the strategy

could determinewhether or not the new job could be �t into the systemwith all the current

jobs and be scheduled by its deadline (in general, this problem is NP-complete [?], so a

reasonablestrategy would probably decideto reject somecombinations of jobs which could

be scheduled together). Sincein order to accept the job the host would have just found a

plausibleschedule,it couldstorethis schedulein the database.The schedulercould then read

it and useit asa starting point from which to decidewhich jobs to launch next (we wouldn't

necessarilywant to usethe exact schedulesuggestedsincesomejobs may have �nished early

or may have beenkilled by whoever submitted them). Similarly, the scheduler could store

its plannedschedulein the databaseso that the host could useit to help �gure out whether

or not a job canbe run by its deadline. Using thesefeaturesof the FCSframework, the work

of writing a deadline-basedscheduler can be easily accomplished.
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Chapter 4

Related Work

In the previous chapter, we saw how the FCS framework can be usedto implement a wide

variety of scheduling strategies. In this chapter, we will compareit to other schedulersand

show how onemight go about implementing their key featuresusing FCS.

4.1 PBS

Like FCS, the PBS family of resourcemanagers(PBS [?], OpenPBS[?], and Torque[?]) try

to provide a way for ownersof clustersto implement their own schedulers.The PBS resource

manageracts as in interface for usersto accessthe cluster. It can accept jobs into a queue

and let usersview the status of the queue. It also provides a default FIFO scheduler. This

scheduler communicates with the resourcemanagerthrough sockets using a well-speci�ed

protocol. The administrators of the cluster can write their own scheduler which usesthis

protocol to communicate with the resourcemanager. The scheduler readsthe state of the

queue,makesa scheduling decision,and informs the resourcemanagerof its decision.

This behavior is similar to that of the FCS framework. However, FCS has somekey

advantages over PBS. For one, PBS provides no easymechanism for allowing system ad-

ministrators to write a strategy which can understandmore resourcerequeststhan thosein

the default set. For example,there is no way for the writer of a scheduler to allow usersto

specify \-jobt ype charm" or \-deadline 3:00" options. As we saw in Chapter 3, using this
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feature of FCS we were able to implement more advanced strategieswhere the scheduler

understood to run-time system of the applications and used this to make more advanced

scheduling decisions.

In addition to the above advantage of being able to specify extra job options, the object-

oriented designof FCSmakesit easierto implement di�erent strategies.To write a di�erent

scheduler for PBS, all messagetypes must be handled by the scheduler. While it is true

that the code for parts which do not need to be changed from one scheduler to the next

can be reused,the FCSframework makesthis code reusemore explicit through the Job and

Strategy classes.As we saw in Chapter 3, a wide variety of scheduling strategiescould be

easilyimplemented with just a few minor changesin isolatedlocations. This certainly makes

the processof implementing strategiessimpler and is a key advantage of FCSover PBS.

4.2 Maui and Moab

The Maui Cluster Scheduler [?] is intended to work with the Torque [?] resourcemanager

(as mentioned above, Torquebelongsto the PBS family and sharesits API). It comeswith a

wide variety of scheduling policiesto try to accommodate di�erent scheduling needs.Using

the techniquesdescribed in Chapter 3, thesescheduling policiescould be implemented using

the FCS framework by creating the appropriate strategy classes. If a policy found in the

Maui scheduler meetsthe needsof a particular organization, then there is no good reason

not to useit. However, using FCS, oncewe have the strategiesimplemented, we can easily

tweak them to have policieswhich are customizedto a higher degree.

The Moab Cluster Suite [?] is the successorto Maui. Among other improvements, it

provides a large set of graphical tools which help administrators monitor the state of the

cluster and the queue. Currently, FCS does not provide this. However, due to the design

of FCS, comparablestandaloneapplications could easily be written. In Section 2.1.5, we

mentioned how extra components could be added to the framework. By requiring that
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all information about jobs and the state of the cluster be stored in the database,we left

the possibility for such components to have easy accessto all the information the other

components have. By simply reading and writing the database,we can make graphical

tools similar to those in provided by Moab. Thesetools could even be strategy-dependent,

allowing administrators to monitor and changeinformation contained in strategy-dependent

�elds of the Job classes.

4.3 LSF

The LSF LicenseScheduler[?] providesa very interesting feature: it takesinto consideration

which jobs requirelicensesfor particular applicationswhenmaking schedulingdecisions.It is

often the casethat organizationswill usesoftware which is too expensive to buy for all their

employees,but not all their employeeswill needat once. Software vendorsaccommodate

this by allowing these organizations to install their software everywhere, but control how

many instancesof it can be run at onceby having the application contact a server and ask

for a licensebeforerunning. If such an application is usedby batch jobs and the scheduler is

unaware of it, it might schedulemore jobs that require the application than the organization

haslicenses.If the application is con�gured to wait until a licensebecomesavailable, cluster

resourceswould be wasted by blocked jobs. If the application exits when no license is

available, usersmight quickly becomefrustrated as their batch jobs keep failing due to a

lack of licenses.The LSF LicenseScheduler allows jobs to specify which licensesthey need

and only schedulesjobs which can get the licensesthey require. It even takes into account

job priorities so that more important jobs get the licensesthey require sooner.

The behavior couldbe implemented usingthe FCSframework without too much di�cult y.

We already saw how to make the scheduling strategy understand additional parametersin

Section 3.3. We could use the sametechnique to add a \-license" 
ag so that jobs can

specify they require certain licenses. Using the same technique we used for storing the
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information about long jobs in the LimitFIFO strategy in Section3.2, we could add cluster

state tables to the databaseshowing how many licensesare available for each application.

Combined with the techniquesfor specifying maximum priorities for jobs from Section3.3,

we could specify the maximum priorit y each user can request for jobs using each type of

license. Although a bit more involved than someof the simpler strategies,we can seethat

the FCSframework provides all the necessarymachinery for duplicating this feature of the

LSF LicenseScheduler.

34



Chapter 5

Conclusions and Future Work

5.1 Summary

This thesisgave an overview of the designand implementation of the FCSframework. This

framework provides a 
exible platform with which researchers and cluster-owners can eas-

ily implement di�erent scheduling strategies. In Chapter 2, we discussedthe designof the

system. We saw that the systemis composedof several stand-aloneapplications that com-

municate through a shareddatabase.Thesecomponents are implemented usingthe Job and

Strategy classes.In Section2.2 we saw how theseclassesinteract to accessthe database,

schedule jobs, monitor their progress,and perform a variety of other tasks. In Chapter 3,

we saw how to override the behavior of these classesto implement a variety of di�erent

strategies. We saw how to implement strategiesbasedon submissiontime, priorities, and

deadlines.We alsosaw how to take advantage of virtual machinesand run-time systemsto

checkpoint and restart, as well as shrink and expand jobs to make better scheduling deci-

sions. Chapter 4 highlighted someof the feature of other cluster schedulersand how one

might implement those using the FCS framework. Through this process,we saw how the

FCSframework providessimple, yet powerful ways to changethe the behavior of the sched-

uler. We saw how to changethe interactions with the database,the scheduling policy, the

commandsunderstood by the scheduler, and various other capabilities.
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5.2 Future Work

With the framework developed, the next orderof businessis to implement di�erent scheduling

strategies.SimpleFIFO and simple priorit y-basedstrategieshave already beenimplements.

The LimitFIFO strategy described in Section3.2 should take very little work and help test

di�erent capabilities of the framework. Implementing the more advanced deadline-driven

strategiesand strategiesrelying on checkpoint and restart or shrink and expandwill further

test the robustnessof the design. During this process,it might becomeapparent that some

parts of the systemare not as 
exible asothers and needto be redesigned.However, due to

the overall designof the systemand its separationinto di�erent applications, thesechanges

should have a minimal and con�ned impact on the system.

With di�erent strategies implemented, a whole new realm of possibilities for research

becomesavailable. By testing di�erent strategies under real workloads, we could study

which provide the highest throughput of jobs, the shortestwaiting times, and a wide variety

of other variables. To make the research processfaster, a simulator which usesthe same

Strategy and Job classescould be provided. Using this simulator, systemadministrators

could write a few di�erent strategies,seehow they perform under simulated workloads,and

install them on their clusterswith minimal e�orts.

As mentioned in the �rst chapter, one of the original goalsof the Faucetssystem was

to provide a way for di�erent organizationsto sharetheir clusters with each other. These

clusterswould form a federation to which userscould submit their jobs. The cluster which

couldbestmeetthe requirements of the job would then run it. With the newFCSframework,

implementing di�erent strategies for di�erent clusters should becomemuch easier. Also,

adding components to the system is simple since they can communicate with the other

components through the database.We would like to revive the original goalsof the Faucets

systemand meet them using the FCSframework asa foundation.

One very important piece of work which still needsto be done is deployment of the
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system. The current plan is to implement the LimitFIFO strategy and deploy the systemon

the Architecture Cluster mentioned in Section3.2. This will help test the corefunctionality

of the system and will undoubtedly help make it more robust. Once this is complete, we

hope to spread the use of the system, and lay the foundation for the development of a

cluster-sharingfederation as we intended with Faucets.

5.3 Concluding Remarks

As small, dedicatedclusterskeepbeingbuilt, morevariedschedulingsolutionswill beneeded.

The FCSframework providesa platform for the administrators of theseclustersto implement

schedulingsolutionsto meettheir organization'sneeds.It is a 
exible, robust systemcapable

of being changed in subtle or complex ways. It provides the capability for overriding all

the functionality of the system, as well as for adding future components. With proper

maintenanceand publicity, the FCSframework could becomethe standard choicefor cluster

scheduling.
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