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Abstract.  Grid presents a contin uously changing environment. It also intro duces a new set of failures. The data
grid initiativ e has made it possible to run data-intensive applications on the grid. Data-in tensive grid applications
consist of two parts: a data placement part and a computation part. The data placement part is responsible for
transferring the input data to the compute node and the result of the computation to the appropriate storage system.
While work has beendone on making computation adapt to changing conditions, little work has been done on making
the data placement adapt to changing conditions. In this work, we have developed an infrastructure which observes
the environment and enablesrun-time adaptation of data placement jobs. We have enabled Stork, a scheduler for data
placement jobs in heterogeneous environments lik e the grid, to use this infrastructure and adapt the data placement
job to the environment just before execution. We have also added dynamic proto col selection and alternate proto col
fall-back capability to Stork to provide superior performance and fault tolerance.
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1. Intro duction. The grid [10] [11] [19] preserns a cortinuously changing ervironment. The
data grid initiativ e has increasedthe underlying network capacity and enabled running of data-
intensive applications on the grid. Data-intensive applications consistof two parts: a data placemert
part and a computation part. The data placemen part is responsiblefor transferring the input data
to the compute node and the result of the computation to the appropriate storage system. Data
placemen encompassesll data movemert related activities such as transfer, staging, replication,
data positioning, spaceallocation and deallocation. While work has beendone on making compu-
tation adapt to changing conditions, little work has beendone on making the data placemen adapt
to changing conditions.

Sophisticated proto cols developed for grid data transfers like GridFTP [1] allow tuning depend-
ing on the environment to achieve the best performance. While tuning by itself is dicult, it is
further complicated by the changing environment. The parameters which are optimal at the time
of job submission, may no longer be optimal at the time of execution. The best time to tune the
parametersis just before execution of the data placemen job. Determining the environment char-
acteristics and performing tuning for ead job may imposea signi cant overhead. Ideally, we need
an infrastructure that detects ervironmental changesand performs appropriate tuning and usesthe
tuned parametersfor subsequeh data placemer jobs.

Many times, we have the ability to usedi erent protocolsfor data transfers, with ead having
di erent network, CPU and disk characteristics. The new fast protocols do not work all the time.
The main reasonis the presenceof bugs in the implementation of the new protocols. The more
robust protocols work for most of the time but do not perform as well. This presens a dilemma
to the userswho submit data placemen jobs to data placemen scedulers. If they choosethe fast
protocol, someof their transfers may never complete and if they choosethe slower protocol, their
transfer would take a very long time. Ideally userswould want to usethe faster protocol when it
works and switch to the slower more reliable protocol when the fast one fails. Unfortunately, when
the fast protocol would fail is not known apriori. The decisionon which protocol to useis best done
just before starting the transfer.

Someuserssimply want data transferred and do not care about the protocol being used. Others
have somepreferencesucd as: asfast aspossible,aslow a CPU load as possible,as minimal memory
usageas possible. The machines where the jobs are being executedmay have some characteristics
which might favor some protocol. Further the machine characteristics may change over time due
to hardware and software upgrades. Most usersdo not understand the performance characteristics
of the dierent protocols and inevitably end up using a protocol that is known to work. In caseof
failures, they just wait for the failure to be xed, eventhough other protocols may be working.

An ideal system is one that allows normal usersto specify their preferenceand choosesthe
appropriate protocol basedon their preferenceand machine characteristics. It should also switch
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to the next most appropriate protocol in casethe current one stops working. It should also allow
sophisticated usersto specify the protocol to useand the alternate protocolsin caseof failure. Suc
a systemwould not only reducethe complexity of programming the data transfer but also provide
superior failure recovery strategy. The systemmay also be able to improve performancebecauseit
can perform on-the-y optimization.

In this work, we have developed a monitoring infrastructure which determinesthe environment
characteristics and detects any subsequeh change. The environment characteristics are used by
the tuning infrastructure to generate tuned parameters for the various protocols. These tuned
parameters are fed to a a data placemen scheduler. The data placemer scheduler usesthe tuned
parameterswhile executingthe data placemeri jobs submitted to it, essetially performing run-time
adaptation of data placemen jobs. We have also added dynamic protocol selection and alternate
protocol fall-back capability to our prototype data placemen scheduler. Dynamic protocol selection
determines the protocols that are available on a particular host and usesan appropriate protocol
for data transfer between any two hosts. Alternate protocol fall-back allows the data placemen
scheduler to switch to a di erent protocol if the protocol being usedfor a transfer stops working.

2. Related Work. Network Weather Service (NWS) [25] is a distributed system which peri-
odically gathersreadingsfrom network and CPU resources,and usesnumerical modelsto generate
forecastsfor a given time frame. Vazhkudai [24] found that the network throughput predicted by
NWS was much lessthan the actual throughput achieved by GridFTP . He attributed the reason
for it being that NWS by default was using 64KB data transfer probeswith normal TCP window
sizeto measurethroughput. We wanted our network monitoring infrastructure to be asaccurate as
possibleand wanted to useit to tune protocolslike GridFTP .

Semle [2(] intro ducesautomatic TCP bu er tuning. Here the receiver is expectedto advertise
large enough windows. Fisk [9] points out the problems assa@iated with [20] and intro ducesdy-
namic right sizing which changesthe receiver window advertisement accordingto estimated sender
congestionwindow. 16-bit TCP window size eld and 14-bit window scale option which needsto
be speci ed during connection setup, introduce more complications. While a higher value of the
window-scaleoption allows a larger window, it increasesthe granularity of window incremerts and
decremens. While large data transfers benet from large window size, web and other trac are
adversely a ected by the larger granularity of window-size changes.

Linux 2.4 kernelusedin our machinesimplements dynamic right-sizing, but the receiver window
sizeneedsto be set explicitly if a window sizelarge than 64 KB is to be used. Autobuf [15] attempts
to tune TCP window size automatically by performing bandwidth estimation before the transfer.
Unfortunately there is no negotiation of TCP window sizebetweenserver and client which is needed
for optimal performance. Also performing a bandwidth estimation before every transfer intro duces
too much of an overhead.

Fearman et. al [8] introduce the Adaptive RegressionModeling (ARM) technique to forecast
data transfer times for network-bound distributed data-intensive applications. Ogura et. al [17] try
to achieve optimal bandwidth even when the network is under heavy contention, by dynamically
adjusting transfer parameters between two clusters, such as the number of socket stripes and the
number of network nodesinvolved in transfer.

In [5], Carter et. al. introducetoolsto estimate the maximum possiblebandwidth along a given
path, and to calculate the current congestionalong a path. Using thesetools, they demonstrate how
dynamic serwer selectioncan be performed to achieve application-level congestionavoidance.

Thain et. al. proposethe Ethernet approac [21] to Grid Computing, in which they introduce
a simple scripting language which can handle failures in a manner similar to exceptionsin some
languages. The Ethernet approad is not aware of the semartics of the jobs it is running, its duty
is retrying any given job for a number of times in a fault tolerant manner. Kangaroo [22] tries to
achieve high throughput by making opportunistic use of disk and network resources.

Application Level Schedulers (AppLeS) [4] have beendeveloped to achieve e cien t scheduling
by taking into accourt both application-speci ¢ and dynamic systeminformation. ApplLeS agerts
usedynamic systeminformation provided by the NWS.

Bed et. al. introduceLogistical Networking [2] which performs global scheduling and optimiza-
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tion of data movemert, storage and computation basedon a model that takesinto accourt all the
network's underlying physical resources.

3. Metho dology . The environment in which data placemer jobs execute keepschanging all
the time. The network bandwidth keepsuctuating. The network route changesoncein awhile. The
optic b er may get upgraded increasing the bandwidth. New disks and raid-arrays may be added
to the system. The monitoring and tuning infrastructure monitors the environment and tunes the
di erent parametersaccordingly. The data placemern schedulerthen usesthesetuned parametersto
intelligently schedule and executethe transfers. Figure 3.1 shavs the componerts of the monitoring
and tuning infrastructure and the interaction with the data placemen scheduler.

3.1. Monitoring Infrastructure.  The monitoring infrastructure monitors the disk, memory
and network characteristics. The infrastructure takesinto accourt that the disk and memory char-
acteristics changelessfrequertly and the network characteristics change more frequertly. The disk
and memory characteristics are measuredonceafter the machine is started. If a newdisk is addedon
the y (hot-plugin), there is an option to inform the infrastructure to determine the characteristics
of that disk. The network characteristics are measuredperiodically. The period is tunable. If the
infrastructure nds that the network characteristics are constart for a certain number of measure-
mernts, it reducesthe frequency of measuremet till a speci ed minimum is reached. The objective
of this is to keepthe overhead of measuremen as low as possible.

Fig. 3.1. Monitoring and Tuning Infr astructur e. This gure shows an overview of the monitoring and tuning
infrastructure. The dierent prolers determine the various environment conditions and the tuning infrastructure
usesthat information to generate optimal parameter values.

The disk and memory characteristics are determined by intrusiv e techniques, and the network
characteristics are determined by a combination of intrusive and non-intrusive techniques. The
memory characteristic of interest to us is the optimal memory block sizeto be usedfor memory-to-
memory copy. The disk characteristics measuredinclude the optimal read and write block sizesand
the increment block sizethat can be addedto the optimal value to get the sameperformance.

The network characteristics measuredare the following: end-to-end bandwidth, end-to-end la-
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tency, number of hops, the latency of eat hop and kernel TCP parameters. Since end-to-end
measuremenm requires two hosts, this measuremen is done between every pair of hosts that may
transfer data betweenead other. The end-to-end bandwidth measuremei usesboth intrusive and
non-intrusiv e techniques. The non-intrusiv e technique usespadket dispersion technique to measure
the bandwidth. The intrusiv e technique performs actual transfers. First the non-intrusiv e technique
is usedand the bandwidth is determined. Then actual transfer is performedto measurethe end-to-
end bandwidth. If the numberswidely di er, the infrastructure performs a certain number of both
of the network measuremets and nds the correlation betweenthe two. After this initial setup, a
light-weight network pro ler is run which usesonly non-intrusive measuring technique. While we
perform a longer initial measuremen for higher accuracy, the subsequeh periodic measuremets are
very light-weight and do not perturb the system.

3.2. Tuning Infrastructure. The tuning infrastructure usesthe information collected by
monitoring infrastructure and tries to determine the optimal 1/0 block size, TCP buer sizeand
the number of TCP streamsfor the data transfer from a givennode X to a givennode Y. The tuning
infrastructure hasthe knowledgeto perform protocol-speci ¢ tuning. For instance GridFTP takes
asinput only a single I/O block size, but the sourceand destination machines may have di erent
optimal 1/0O block sizes. For such cases,the tuning nds the I/0O block size which is optimal for
both of them. The incremertal block size measuredby the disk pro ler is usedfor this. The tuning
infrastructure feedsthe data transfer parametersto the data placemen scheduler.

3.3. Scheduling Data Transfers. The data placemen sceduler usesthe information pro-
vided by the tuning infrastructure to make intelligent decisionsfor scheduling and executing the
data placemert jobs.

In our study, we usedthe Stork [13] data placemern schedulerto monitor, manage,and schedule
the data transfers over the wide area network. Stork is a specialized scheduler for data placemen
activities in heterogeneouservironments. Stork can queue, schedule, monitor and manage data
placemer jobs, and it ensuresthat the jobs complete.

Stork is aware of the semartics of the data placemen requestssubmitted to it, soit can make
intelligent scheduling decisionswith regard to ead individual request. For example, if a transfer
of a large le fails, Stork can transfer only parts of the le not already transferred. We have made
someenhancemets to Stork that enableit to adaptively schedule data transfers at run-time using
the information provided by monitoring and tuning infrastructure. These enhancemets include
dynamic protocol selectionand run-time protocol auto-tuning. The details of these enhancemets
are discussedin section 5.

4. Implemen tation. We have developed a setof toolsto determine disk, memory and network
characteristics and using those values determine the optimal parameter valuesto be usedfor data
transfers. We executedthesetools in a certain order and fed the results to Stork data placemen
schedulerwhich then performed run-time adaptation of the wide-areadata placemert jobs submitted
to it.

4.1. Disk and Memory Prolers. The disk proler determinesthe optimal read and write
block sizesand the incremert that can be addedto the optimal block sizeto get the sameperfor-
mance. A list of pathnamesand the average le sizeis fed to the disk proler. So, in a multi-disk
system, the mount point of the di erent disks are passedto the disk pro ler. In the caseof a raid-
array, the mount point of the raid array is speci ed. For eac of the speci ed paths, the disk pro ler
nds the optimal read and write block sizeand the optimal incremert that can be applied to these
block sizesto get the sameperformance. It also lists the read and write disk bandwidths achieved
by the optimal block sizes.

For determining the optimal write block size,the pro ler createsa le in the speci ed path and
writes the average le sizeof data in block-size chunks and ushes the data to disk at the end. It
repeats the experiment for di erent block sizesand nds the optimal. For determining the read
block size,it usesthe sametechnique exceptthat it ushes the kernelbu er cadceto prevent cache
e ects beforerepeating the measuremei for a di erent block size. Sincenormal kernelsdo not allow
easy ushing of the kernel bu er cace, the micro-benchmark readsin a large dummy le of size
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greater than the bu er cade size essetially ushing it. The memory proler nds the maximum
memory-to-memory copy bandwidth and the block sizeto be usedto achieve it.

4.2. Network Proler. The network pro ler getsthe kernel TCP parametersfrom /proc. It
runs Pathrate [7] betweengiven pair of nodesand getsthe estimated bottleneck bandwidth and the
averageround-trip time. It then runs traceroutebetweenthe nodesto determine the number of hops
betweenthe nodesand the hop-to-hop latency. The bandwidth estimated by Pathrate is veri ed by
performing actual transfers by a data transfer tool developed as part of the DiskRouter project [12].
If the two numbersdi er widely, then a speci ed number of actual transfers and Pathrate bandwidth
estimations are doneto nd the correlation betweenthe two. Tools like Iperf [16] can also be used
instead of the DiskRouter data transfer tool to perform the actual transfer. From experience, we
found Pathrate to the most reliable of all the network bandwidth estimation tools that use padet
dispersiontechnique and we always found a correlation betweenthe value returned by Pathrate and
that obsenedby performing actual transfer. After the initial network pro ling, werun alight-weight
network pro ler periodically. The light-weight pro ler runs only Pathrate and traceroute

4.3. Parameter Tuner. The parametertuner getsthe information generatedby the di erent
tools and nds the optimal value of the parametersto be usedfor data transfer from a node X to a
nodeY.

To determine the optimal number of streamsto use,the parametertuner usesa simple heuristic.
It nds the number of hops betweenthe two nodesthat have a latency greater than 10 ms. For
ead such hop, it adds an extra stream. Finally, if there are multiple streams and the number of
streamsis odd, the parameter tuner rounds it to an even number by adding one. The reasonfor
doing this is that some protocols do not work well with odd number of streams. The parameter
tuner calculatesthe bandwidth-delay product and usesthat asthe TCP bu er size.If it nds that
it hasto usemore than one stream, it divides the TCP bu er sizeby the number of streams. The
reasonfor adding a stream for every 10 ms hop is as follows: In a high-latency multi-hop network
path, eat of the hops may experience congestionindependertly. If a bulk data transfer using a
single TCP stream occurs over such a high-latency multi-hop path, ead congestionevent would
shrink the TCP window sizeby half. Sincethis is a high-latency path, it would take a long time for
the window to grow, with the net result being that a single TCP stream would be unable to utilize
the full available bandwidth. Having multiple streamsreducesthe bandwidth reduction of a single
congestionevent. Most probably only a single stream would be a ected by the congestionevent
and halving the window size of that stream alone would be su cien t to eliminate congestion. The
probability of independert congestioneverts occurring increaseswith the number of hops. Sinceonly
the high-latency hops have a signi cant impact becauseof the time taken to increasethe window
size, we added a stream for all high-latency hops and empirically found that hops with latency
greaterthan 10 msfell into the high-latency category. Note that we setthe total TCP bu er sizeto
be equal to the bandwidth delay product, soin steady state casewith multiple streams, we would
not be causingcongestion.

The Parameter Tuner understands kernel TCP limitations. Some machines may have a max-
imum TCP buer sizelimit lessthan the optimal neededfor the transfer. In such a case,the
parameter tuner usesmore streamssothat their aggregatebu er sizeis equalto that of the optimal
TCP buer size.

The Parameter Tuner getsthe di erent optimal valuesand generatesoverall optimal values. It
makes sure that the disk 1/O block sizeis at least equal to the TCP bu er size. For instance, the
optimal disk block size may be 1024KB and the increment value may be 512 KB (performance of
optimal + incremert is sameas optimal) and the optimal TCP bu er sizemay be 1536KB. In this
case,the parameter tuner will make the protocol usea disk block sizeof 1536 KB and a TCP bu er
sizeof 1536 KB. This is a place where the increment value generatedby the disk pro ler is useful.

The Parameter Tuner understandsdi erent protocolsand performs protocol speci ¢ tuning. For
example, globus-url-copy, a tool usedto move data betweenGridFTP servers, allows usersto specify
only a single disk block size. The read disk block size of the sourcemachine may be dierent from
the write disk block size of the destination machine. In this case,the parameter tuner understands
this and choosesan optimal value that is optimal for both the machines.
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Fig. 4.1. The DAG Coordinating the Monitoring and Tuning infr astructur e. This DAG shows the order in
which the monitors(pro lers) and tuner are run. Initially all the prolers are run and the information is logged to
persistent storage and also passedto the parameter tuner which generates the optimal parameter values. After that,
the light-w eight network proler and parameter tuner are run periodically. The parameter tuner usesthe values of
the earlier proler runs and the current light-weight network proler run to generate the optimal parameter values.

4.4. Coordinating the Monitoring and Tuning Infrastructure.  The disk, memory and
network pro lers needto be run once at startup and the light-weight network pro ler needsto
be run periodically. We may also want to re-run the other prolers in casea new disk is added
or any other hardware or operating system kernel upgrade. We have used the Directed Acyclic
Graph Manager (DAGMan) [6] [23] to coordinate the monitoring and tuning process.DAGMan is
service for executing multiple jobs with dependenciesbetweenthem. The monitoring tools are run
as Condor [14] jobs on respective machines. Condor providesa job queuing mechanism and resource
monitoring capabilities for computational jobs. It alsoallows the usersto specify scheduling policies
and enforcepriorities.

We executedthe Parameter Tuner on the managemen site. Since the Parameter Tuner is a
Condor job, we can executeit anywherewe have a computation resource. It picks up the information
generatedby the monitoring tools using Condor and producesthe di erent tuned parameter values
for data transfer between ead pair of nodes. For example if there are two nodes X and Y, then
the parameter tuner generatestwo setsof parameters- one for transfer from node X to node Y and
another for data transfer from node Y to node X. This information is fed to Stork which usesit to
tune the parametersof data placemer jobs submitted to it. The DAG coordinating the monitoring
and tuning infrastructure is shown in Figure 4.1.

We canrun an instance of parameter tuner for every pair of nodesor a certain number of pairs
of nodes. For every pair of nodes, the data fed to the parameter tuner is in the order of hundreds
of bytes. Sinceall tools are run as Condor jobs, depending on the number of nodesinvolved in the
transfers, we can have a certain number of parameter tuners, and they can be executed wherever
there is available cyclesand this architecture is not certralized with respect to the parameter tuner.
In our infrastructure, we can also have multiple data placemen schedulersand have the parameters
for data transfers handled by a particular schedulerfedto it. In a very large system, we would have
multiple data placemen schedulerswith eat handling data movemert betweena certain subsetof
nodes.
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4.5. Dynamic Proto col Selection. We have enhancedthe Stork scheduler so that it can
decide which data transfer protocol to use for eat corresponding transfer dynamically and auto-
matically at the run-time. Before performing ead transfer, Stork makesa quick ched to identify
which protocolsare available for both the sourceand destination hostsinvolvedin the transfer. Stork
rst cheds its own host-protocol library to seewhether all of the hosts involved the transfer are
already in the library or not. If not, Stork tries to connectto those particular hosts using di erent
data transfer protocols,to determine the availabilit y of eat speci ¢ protocol on that particular host.
Then Stork createsthe list of protocols available on ead host, and storestheselists as a library in
ClassAd[18] format which is a very exible and extensibledata model that can be usedto represert
arbitrary servicesand constraints.

[

host_name = "quest2.ncsa.uiuc .edu”;
supported_protoco Is = "diskrouter, gridftp,  ftp";

]
[

host_name = "nostos.cs.wisc.e du";
supported_protoco Is = "gridftp, ftp, http";
]

If the protocols speci ed in the sourceand destination URLs of the requestfail to perform the
transfer, Stork will start trying the protocolsin its host-protocol library to carry out the transfer.
Stork detects a variety of protocol failures. In the simple case,connection establishmert would fail
and the tool would report an appropriate error code and Stork usesthe error code to detect failure.
In other casewhere there is a bug in protocol implemertation, the tool may report successof a
transfer, but stork would nd that source and destination les have dierent sizes. If the same
problem repeats, Stork switchesto another protocol. The usersalso have the option to not specify
any particular protocol in the request, letting Stork to decidewhich protocol to useat run-time.

[

dap_type = "transfer";
src_url = "any://slicO4.s  dsc.e du/tmp/foo.d at" ;
dest url = "any://quest2.n csa.uiuc .e dutmp/foo.dat";

]

In the above example, Stork will selectany of the available protocols on both sourceand desti-
nation hoststo perform the transfer. So, the usersdo not needto care about which hosts support
which protocols. They just senda requestto Stork to transfer a le from one host to another, and
Stork will take care of deciding which protocol to use.

The userscan also provide their preferred list of alternativ e protocols for any transfer. In this
case,the protocolsin this list will be usedinstead of the protocolsin the host-protocol library of
Stork.

[

dap_type = "transfer";

src_url = "drouter://slic 04. sdsc. edu/ tmp/f o0o. dat" ;

dest url = "drouter://ques t2. ncsa. ui uc.ed u/ tmp/f oo.dat" ;
alt_protocols = "nest-nest,  gsiftp-gsiftp";

In this example,the userasksStork to perform atransfer from slicO4.sdsc.eduo quest2.ncsa.uiuc.edu

using the DiskRouter protocol primarily. The user also instructs Stork to useany of the NeST [3]
or GridFTP protocolsin casethe DiskRouter protocol doesnot work. Stork will try to perform the
transfer using the DiskRouter protocol rst. In caseof a failure, it will drop to the alternativ e pro-
tocolsand will try to complete the transfer successfully If the primary protocol becomesavailable
again, Stork will switch to it again. So, whichever protocol available will be usedto successfully
complete the user's request. In caseall the protocols fail, Stork will keeptrying till one of them
becomesavailable.
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4.6. Run-time Proto col Auto-tuning.  Statistics for eadh link involved in the transfers are
collected regularly and written into a le, creating a library of network links, protocols and auto-
tuning parameters.

[
link = "slicO4.sdsc.edu - quest2.ncsa.uiuc. edu’
protocol = "gsiftp";
bs = 1024KB,; /Iblock size
tcp_bs = 1024KB; /ITCP buffer size
p = 4, /Iparallelism

]

Before performing every transfer, Stork cheds its auto-tuning library to seeif there are any
entries for the particular hostsinvolved in this transfer. If there is an entry for the link to be used
in this transfer, Stork usestheseoptimized parametersfor the transfer. Stork canalsobe con gured
to collect performancedata before every transfer, but this is not recommendeddue to the overhead
it will bring to the system.

5. Exp erimen ts and Results. We have performed two di erent experiments to evaluate the
e ectiv enessof our dynamic protocol selectionand run-time protocol tuning mecanisms. We also
collectedperformancedata to show the contribution of thesemedanismsto wide areadata transfers.

5.1. Experiment 1. Testing the Dynamic Proto col Selection. We submitted 500 data
transfer requeststo the Stork server running at University of Wisconsin (skywalker.cs.wisc.edu).
Each requestconsistedof transfer of a 1.1GB image le (total 550GB) from SDSC (slic04.sdsc.edu)
to NCSA (quest2.ncsa.uiuc.edu)using the DiskRouter protocol. There was a DiskRouter server
installed at Starlight (ncdm13.sl.startap.net) which wasresponsiblefor routing DiskRouter transfers.
There were also GridFTP serwersrunning on both SDSC and NCSA sites, which enabledus to use
third-part y GridFTP transfers whenewer necessary The experiment setup is showvn in Figure 5.1.

Fig. 5.1. Experiment Setup. DiskRouter and GridFTP proto cols are used to transfer data from SDSC to NCSA.
Stork was running at the Management site,a nd making scheduling decisions for the transfers.

At the beginning of the experiment, both DiskRouter and GridFTP serviceswere available.
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Stork started transferring les from SDSCto NCSA using the DiskRouter protocol as directed by
the user. After a while, we killed the DiskRouter server running at Starlight intentionally. This was
doneto simulate a DiskRouter serer crash. Stork immediately switched the protocolsand continued
the transfers using GridFTP without any interruption. Switching to GridFTP causeda decreasen
the performanceof the transfers, asshawn in Figure 5.2. The reasonsof this decreasén performance
is becauseof the fact that GridFTP does not perform auto-tuning whereasDiskRouter does. In
this experiment, we set the number of parallel streamsfor GridFTP transfersto 10, but we did not
perform any tuning of disk 1/0O block sizeor TCP bu er size. DiskRouter performs auto-tuning for
the network parametersincluding the number of TCP-streams in order to fully utilize the available
bandwidth. DiskRouter can also use sophisticated routing to achieve better performance.

After letting Stork usethe alternativ e protocol (in this caseGridFTP) to perform the transfers
for a while, we restarted the DiskRouter server at the SDSC site. This time, Stork immediately
switched back to using DiskRouter for the transfers, sinceit wasthe preferred protocol of the user.
Switching badk to the faster protocol resulted in an increasein the performance. We repeated this
a couple of more times, and obsened that the systembehaved in the sameway every time.

This experiment showsthat with alternate protocol fall-over capability, grid data placemert jobs
can make use of the new high performance protocols while they work and switch to more robust
lower performance protocol when the high performance one fails.

Fig. 5.2. Dynamic Protocol Selection. The DiskRouter server running on the SDSC machine gets killed twice at
points (1) and (3), and it gets restarted at points (2) and (4). In both cases,Stork employed next available proto col
(GridFTP in this case)to complete the transfers.

5.2. Experiment 2: Testing the Run-time Proto col Auto-tuning. In the secondex-
periment, we submitted another 500 data transfer requeststo the Stork server. Each requestwas
to transfer a 1.1GB image le (total 550 GB) using GridFTP as the primary protocol. We used
third-part y globus-url-copy transfers without any tuning and without changing any of the default
parameters.

| Parameter | Before auto-tuning | After auto-tuning |
parallelism 1 TCP stream 4 TCP streams
block size 1 MB 1MB
tcp bu er size | 64 KB 256 KB
Table 5.1

Network parameters for gridFTP before and after auto-tuning feature of Stork being turned on.



10 G. KOLA, T. KOSAR AND M. LIVNY

Weturned o the auto-tuning feature of Stork at the beginning of the experiment intentionally .
The average data transfer rate that globus-url-copy could get without any tuning was only 0.5
MB/s. The default network parameters used by globus-url-copy are shown in Table 1. After a
while, we turned on the auto-tuning feature of Stork. Stork rst obtained the optimal values for
I/0 block size, TCP bu er sizeand the number of parallel TCP streamsfrom the monitoring and
tuning infrastructure. Then it applied these valuesto the subsequen transfers. Figure 5.3 shows
the increasein the performance after the auto-tuning feature is turned on. We got a speedup of
closeto 20 times comparedto transfers without tuning.

Fig. 5.3. Run-time Protocol Auto-tuning. Stork starts the transfers using the GridFTP proto col with auto-tuning
turned o intentionally . Then we turn the auto-tuning on, and the performance increasesdrastically .

6. Future Work. We are planning to enhancethe dynamic protocol selectionfeature of Stork,
sothat it will not only selectany available protocol to perform the transfer, but it will selectthe
best one. The requiremerts of “"being the best protocol' may vary from user to user. Someusers
may be interestedin better performance,and othersin better security or better reliabilit y. Eventhe
de nition of “better performance' may vary from userto user. We are looking into the semartics of
how to to de ne "the best' accordingto ead user'srequiremerts.

We are also planning to add a feature to Stork to dynamically selectwhich route to usein the
transfers and then dynamically deploy DiskRouters at the nodes on that route. This will enable
us to use the optimal routes in the transfers, as well as optimal use of the available bandwidth
throughout that route.

7. Conclusion. In this paper, we have shovn a method to dynamically adapt data placemert
jobs to the environment at the execution time. We have developed a set of disk and memory and
network pro ling, monitoring and tuning tools which can provide optimal valuesfor I/O block size,
TCP bu er size,and the number of TCP streamsfor data transfers. Thesevaluesare generateddy-
namically and provided to the higher level data placemert scheduler, which can usethem in adapting
the data transfers at run-time to existing environmental conditions. We also have provided dynamic
protocol selectionand alternate protocol fall-back capabilities to provide superior performanceand
fault tolerance. With two experimernts, we have showvn that our method can be easily applied and
it generatesbetter performanceresults by dynamically switching to alternativ e protocolsin caseof
a failure, and by dynamically auto-tuning protocol parametersat run-time.
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