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Abstract. Grid presen ts a con tin uously c hanging en vironmen t. It also in tro duces a new set of failures. The data grid initiativ e

has made it p ossible to run data-in tensiv e applications on the grid. Data-in tensiv e grid applications consist of t w o parts: a data

placemen t part and a computation part. The data placemen t part is resp onsible for transferring the input data to the compute

no de and the result of the computation to the appropriate storage system. While w ork has b een done on making computation

adapt to c hanging conditions, little w ork has b een done on making the data placemen t adapt to c hanging conditions. In this w ork,

w e ha v e dev elop ed an infrastructure whic h observ es the en vironmen t and enables run-time adaptation of data placemen t jobs. W e

ha v e enabled Stork, a sc heduler for data placemen t jobs in heterogeneous en vironmen ts lik e the grid, to use this infrastructure

and adapt the data placemen t job to the en vironmen t just b efore execution. W e ha v e also added dynamic proto col selection and

alternate proto col fall-bac k capabilit y to Stork to pro vide sup erior p erformance and fault tolerance.

Key w ords. Grid, data placemen t, run-time adaptation, sc heduling, data in tensiv e applications, dynamic proto col selection,

stork, condor.

1. In tro duction. The grid [10 ] [11 ] [19 ] presen ts a con tin uously c hanging en vironmen t. The data grid

initiativ e has increased the underlying net w ork capacit y and enabled running of data-in tensiv e applications on

the grid. Data-in tensiv e applications consist of t w o parts: a data placemen t part and a computation part.

The data placemen t part is resp onsible for transferring the input data to the compute no de and the result of

the computation to the appropriate storage system. Data placemen t encompasses all data mo v emen t related

activities suc h as transfer, staging, replication, data p ositioning, space allo cation and deallo cation. While w ork

has b een done on making computation adapt to c hanging conditions, little w ork has b een done on making the

data placemen t adapt to c hanging conditions.

Sophisticated proto cols dev elop ed for grid data transfers lik e GridFTP [1] allo w tuning dep ending on the

en vironmen t to ac hiev e the b est p erformance. While tuning b y itself is di�cult, it is further complicated b y

the c hanging en vironmen t. The parameters whic h are optimal at the time of job submission, ma y no longer b e

optimal at the time of execution. The b est time to tune the parameters is just b efore execution of the data

placemen t job. Determining the en vironmen t c haracteristics and p erforming tuning for eac h job ma y imp ose

a signi�can t o v erhead. Ideally , w e need an infrastructure that detects en vironmen tal c hanges and p erforms

appropriate tuning and uses the tuned parameters for subsequen t data placemen t jobs.

Man y times, w e ha v e the abilit y to use di�eren t proto cols for data transfers, with eac h ha ving di�eren t

net w ork, CPU and disk c haracteristics. The new fast proto cols do not w ork all the time. The main reason is the

presence of bugs in the implemen tation of the new proto cols. The more robust proto cols w ork for most of the

time but do not p erform as w ell. This presen ts a dilemma to the users who submit data placemen t jobs to data

placemen t sc hedulers. If they c ho ose the fast proto col, some of their transfers ma y nev er complete and if they

c ho ose the slo w er proto col, their transfer w ould tak e a v ery long time. Ideally users w ould w an t to use the faster

proto col when it w orks and switc h to the slo w er more reliable proto col when the fast one fails. Unfortunately ,

when the fast proto col w ould fail is not kno wn apriori. The decision on whic h proto col to use is b est done just

b efore starting the transfer.

Some users simply w an t data transferred and do not care ab out the proto col b eing used. Others ha v e some

preference suc h as: as fast as p ossible, as lo w a CPU load as p ossible, as minimal memory usage as p ossible. The

mac hines where the jobs are b eing executed ma y ha v e some c haracteristics whic h migh t fa v or some proto col.

F urther the mac hine c haracteristics ma y c hange o v er time due to hardw are and soft w are upgrades. Most users

do not understand the p erformance c haracteristics of the di�eren t proto cols and inevitably end up using a

proto col that is kno wn to w ork. In case of failures, they just w ait for the failure to b e �xed, ev en though other

proto cols ma y b e w orking.

An ideal system is one that allo ws normal users to sp ecify their preference and c ho oses the appropriate pro-

to col based on their preference and mac hine c haracteristics. It should also switc h to the next most appropriate

proto col in case the curren t one stops w orking. It should also allo w sophisticated users to sp ecify the proto col

to use and the alternate proto cols in case of failure. Suc h a system w ould not only reduce the complexit y of
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programming the data transfer but also pro vide sup erior failure reco v ery strategy . The system ma y also b e able

to impro v e p erformance b ecause it can p erform on-the-�y optimization.

In this w ork, w e ha v e dev elop ed a monitoring infrastructure whic h determines the en vironmen t c haracteris-

tics and detects an y subsequen t c hange. The en vironmen t c haracteristics are used b y the tuning infrastructure

to generate tuned parameters for the v arious proto cols. These tuned parameters are fed to a data placemen t

sc heduler. The data placemen t sc heduler uses the tuned parameters while executing the data placemen t jobs

submitted to it, essen tially p erforming run-time adaptation of data placemen t jobs. W e ha v e also added dy-

namic proto col selection and alternate proto col fall-bac k capabilit y to our protot yp e data placemen t sc heduler.

Dynamic proto col selection determines the proto cols that are a v ailable on a particular host and uses an appro-

priate proto col for data transfer b et w een an y t w o hosts. Alternate proto col fall-bac k allo ws the data placemen t

sc heduler to switc h to a di�eren t proto col if the proto col b eing used for a transfer stops w orking.

2. Related W ork. Net w ork W eather Service (NWS) [25] is a distributed system whic h p erio dically gathers

readings from net w ork and CPU resources, and uses n umerical mo dels to generate forecasts for a giv en time

frame. V azhkudai [24 ] found that the net w ork throughput predicted b y NWS w as m uc h less than the actual

throughput ac hiev ed b y GridFTP . He attributed the reason for it b eing that NWS b y default w as using 64KB

data transfer prob es with normal TCP windo w size to measure throughput. W e w an ted our net w ork monitoring

infrastructure to b e as accurate as p ossible and w an ted to use it to tune proto cols lik e GridFTP .

Semk e [20 ] in tro duces automatic TCP bu�er tuning. Here the receiv er is exp ected to adv ertise large

enough windo ws. Fisk [9] p oin ts out the problems asso ciated with [20] and in tro duces dynamic righ t sizing

whic h c hanges the receiv er windo w adv ertisemen t according to estimated sender congestion windo w. 16-bit TCP

windo w size �eld and 14-bit windo w scale option whic h needs to b e sp eci�ed during connection setup, in tro duce

more complications. While a higher v alue of the windo w-scale option allo ws a larger windo w, it increases the

gran ularit y of windo w incremen ts and decremen ts. While large data transfers b ene�t from large windo w size,

w eb and other tra�c are adv ersely a�ected b y the larger gran ularit y of windo w-size c hanges.

Lin ux 2.4 k ernel used in our mac hines implemen ts dynamic righ t-sizing, but the receiv er windo w size needs

to b e set explicitly if a windo w size large than 64 KB is to b e used. Autobuf [15 ] attempts to tune TCP

windo w size automatically b y p erforming bandwidth estimation b efore the transfer. Unfortunately there is

no negotiation of TCP windo w size b et w een serv er and clien t whic h is needed for optimal p erformance. Also

p erforming a bandwidth estimation b efore ev ery transfer in tro duces to o m uc h of an o v erhead.

F earman et. al [8 ] in tro duce the A daptiv e Regression Mo deling (ARM) tec hnique to forecast data transfer

times for net w ork-b ound distributed data-in tensiv e applications. Ogura et. al [17 ] try to ac hiev e optimal

bandwidth ev en when the net w ork is under hea vy con ten tion, b y dynamically adjusting transfer parameters

b et w een t w o clusters, suc h as the n um b er of so c k et strip es and the n um b er of net w ork no des in v olv ed in

transfer.

In [5 ], Carter et. al. in tro duce to ols to estimate the maxim um p ossible bandwidth along a giv en path,

and to calculate the curren t congestion along a path. Using these to ols, they demonstrate ho w dynamic serv er

selection can b e p erformed to ac hiev e application-lev el congestion a v oidance.

Thain et. al. prop ose the Ethernet approac h [21 ] to Grid Computing, in whic h they in tro duce a simple

scripting language whic h can handle failures in a manner similar to exceptions in some languages. The Ethernet

approac h is not a w are of the seman tics of the jobs it is running, its dut y is retrying an y giv en job for a n um b er

of times in a fault toleran t manner. Kangaro o [22 ] tries to ac hiev e high throughput b y making opp ortunistic

use of disk and net w ork resources.

Application Lev el Sc hedulers (AppLeS) [4] ha v e b een dev elop ed to ac hiev e e�cien t sc heduling b y taking

in to accoun t b oth application-sp eci�c and dynamic system information. AppLeS agen ts use dynamic system

information pro vided b y the NWS.

Bec k et. al. in tro duce Logistical Net w orking [2 ] whic h p erforms global sc heduling and optimization of data

mo v emen t, storage and computation based on a mo del that tak es in to accoun t all the net w ork's underlying

ph ysical resources.

3. Metho dology . The en vironmen t in whic h data placemen t jobs execute k eeps c hanging all the time.

The net w ork bandwidth k eeps �uctuating. The net w ork route c hanges once in a while. The optic �b er ma y

get upgraded increasing the bandwidth. New disks and raid-arra ys ma y b e added to the system. The monitor-

ing and tuning infrastructure monitors the en vironmen t and tunes the di�eren t parameters accordingly . The

data placemen t sc heduler then uses these tuned parameters to in telligen tly sc hedule and execute the transfers.



Run-time A daptation of Grid Data Placemen t Jobs 35

Figure 3.1 sho ws the comp onen ts of the monitoring and tuning infrastructure and the in teraction with the data

placemen t sc heduler.

3.1. Monitoring Infrastructure. The monitoring infrastructure monitors the disk, memory and net w ork

c haracteristics. The infrastructure tak es in to accoun t that the disk and memory c haracteristics c hange less

frequen tly and the net w ork c haracteristics c hange more frequen tly . The disk and memory c haracteristics are

measured once after the mac hine is started. If a new disk is added on the �y (hot-plugin), there is an option to

inform the infrastructure to determine the c haracteristics of that disk. The net w ork c haracteristics are measured

p erio dically . The p erio d is tunable. If the infrastructure �nds that the net w ork c haracteristics are constan t for

a certain n um b er of measuremen ts, it reduces the frequency of measuremen t till a sp eci�ed minim um is reac hed.

The ob jectiv e of this is to k eep the o v erhead of measuremen t as lo w as p ossible.

Fig. 3.1 . Monitoring and T uning Infr astructur e. This �gure sho ws an o v erview of the monitoring and tuning infrastructure.

The di�eren t pro�lers determine the v arious en vironmen t conditions and the tuning infrastructure uses that information to generate

optimal parameter v alues.

The disk and memory c haracteristics are determined b y in trusiv e tec hniques, and the net w ork c haracteristics

are determined b y a com bination of in trusiv e and non-in trusiv e tec hniques. The memory c haracteristic of

in terest to us is the optimal memory blo c k size to b e used for memory-to-memory cop y . The disk c haracteristics

measured include the optimal read and write blo c k sizes and the incremen tal blo c k size that can b e added to

the optimal v alue to get the same p erformance.

The net w ork c haracteristics measured are the follo wing: end-to-end bandwidth, end-to-end latency , n um b er

of hops, the latency of eac h hop and k ernel TCP parameters. Since end-to-end measuremen t requires t w o hosts,

this measuremen t is done b et w een ev ery pair of hosts that ma y transfer data b et w een eac h other. The end-

to-end bandwidth measuremen t uses b oth in trusiv e and non-in trusiv e tec hniques. The non-in trusiv e tec hnique

uses pac k et disp ersion tec hnique to measure the bandwidth. The in trusiv e tec hnique p erforms actual transfers.

First, the non-in trusiv e tec hnique is used and the bandwidth is determined. Then actual transfer is p erformed to

measure the end-to-end bandwidth. If the n um b ers widely di�er, the infrastructure p erforms a certain n um b er



36 G. K ola, T. K osar and M. Livn y

of b oth of the net w ork measuremen ts and �nds the correlation b et w een the t w o. After this initial setup, a

ligh t-w eigh t net w ork pro�ler is run whic h uses only non-in trusiv e measuring tec hnique. While w e p erform a

longer initial measuremen t for higher accuracy , the subsequen t p erio dic measuremen ts are v ery ligh t-w eigh t and

do not p erturb the system.

3.2. T uning Infrastructure. The tuning infrastructure uses the information collected b y monitoring

infrastructure and tries to determine the optimal I/O blo c k size, TCP bu�er size and the n um b er of TCP

streams for the data transfer from a giv en no de X to a giv en no de Y. The tuning infrastructure has the

kno wledge to p erform proto col-sp eci�c tuning. F or instance, GridFTP tak es as input only a single I/O blo c k

size, but the source and destination mac hines ma y ha v e di�eren t optimal I/O blo c k sizes. F or suc h cases, the

tuning �nds the I/O blo c k size whic h is optimal for b oth of them. The incremen tal blo c k size measured b y the

disk pro�ler is used for this. The tuning infrastructure feeds the data transfer parameters to the data placemen t

sc heduler.

3.3. Sc heduling Data T ransfers. The data placemen t sc heduler uses the information pro vided b y the

tuning infrastructure to mak e in telligen t decisions for sc heduling and executing the data placemen t jobs.

In our study , w e used the Stork [13 ] data placemen t sc heduler to monitor, manage, and sc hedule the

data transfers o v er the wide area net w ork. Stork is a sp ecialized sc heduler for data placemen t activities in

heterogeneous en vironmen ts. Stork can queue, sc hedule, monitor and manage data placemen t jobs, and it

ensures that the jobs complete.

Stork is a w are of the seman tics of the data placemen t requests submitted to it, so it can mak e in telligen t

sc heduling decisions with regard to eac h individual request. F or example, if a transfer of a large �le fails, Stork

can transfer only parts of the �le not already transferred. W e ha v e made some enhancemen ts to Stork that enable

it to adaptiv ely sc hedule data transfers at run-time using the information pro vided b y monitoring and tuning

infrastructure. These enhancemen ts include dynamic proto col selection and run-time proto col auto-tuning. The

details of these enhancemen ts are discussed in section 5.

4. Implemen tation. W e ha v e dev elop ed a set of to ols to determine disk, memory and net w ork c haracter-

istics and using those v alues determine the optimal parameter v alues to b e used for data transfers. W e executed

these to ols in a certain order and fed the results to Stork data placemen t sc heduler whic h then p erformed

run-time adaptation of the wide-area data placemen t jobs submitted to it.

4.1. Disk and Memory Pro�lers. The disk pro�ler determines the optimal read and write blo c k sizes

and the incremen t that can b e added to the optimal blo c k size to get the same p erformance. A list of pathnames

and the a v erage �le size is fed to the disk pro�ler. So, in a m ulti-disk system, the moun t p oin t of the di�eren t

disks are passed to the disk pro�ler. In the case of a raid-arra y , the moun t p oin t of the raid arra y is sp eci�ed.

F or eac h of the sp eci�ed paths, the disk pro�ler �nds the optimal read and write blo c k size and the optimal

incremen t that can b e applied to these blo c k sizes to get the same p erformance. It also lists the read and write

disk bandwidths ac hiev ed b y the optimal blo c k sizes.

F or determining the optimal write blo c k size, the pro�ler creates a �le in the sp eci�ed path and writes the

a v erage �le size of data in blo c k-size c h unks and �ushes the data to disk at the end. It rep eats the exp erimen t for

di�eren t blo c k sizes and �nds the optimal. F or determining the read blo c k size, it uses the same tec hnique except

that it �ushes the k ernel bu�er cac he to prev en t cac he e�ects b efore rep eating the measuremen t for a di�eren t

blo c k size. Since normal k ernels do not allo w easy �ushing of the k ernel bu�er cac he, the micro-b enc hmark

reads in a large dumm y �le of size greater than the bu�er cac he size essen tially �ushing it. The memory pro�ler

�nds the maxim um memory-to-memory cop y bandwidth and the blo c k size to b e used to ac hiev e it.

4.2. Net w ork Pro�ler. The net w ork pro�ler gets the k ernel TCP parameters from /p ro c . It runs

P athrate [7] b et w een giv en pair of no des and gets the estimated b ottlenec k bandwidth and the a v erage round-

trip time. It then runs traceroute b et w een the no des to determine the n um b er of hops b et w een the no des and the

hop-to-hop latency . The bandwidth estimated b y P athrate is v eri�ed b y p erforming actual transfers b y a data

transfer to ol dev elop ed as part of the DiskRouter pro ject [12 ]. If the t w o n um b ers di�er widely , then a sp eci�ed

n um b er of actual transfers and P athrate bandwidth estimations are done to �nd the correlation b et w een the

t w o. T o ols lik e Ip erf [16 ] can also b e used instead of the DiskRouter data transfer to ol to p erform the actual

transfer. F rom exp erience, w e found P athrate to the most reliable of all the net w ork bandwidth estimation to ols

that use pac k et disp ersion tec hnique and w e alw a ys found a correlation b et w een the v alue returned b y P athrate
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and that observ ed b y p erforming actual transfer. After the initial net w ork pro�ling, w e run a ligh t-w eigh t

net w ork pro�ler p erio dically . The ligh t-w eigh t pro�ler runs only P athrate and traceroute .

4.3. P arameter T uner. The parameter tuner gets the information generated b y the di�eren t to ols and

�nds the optimal v alue of the parameters to b e used for data transfer from a no de X to a no de Y.

T o determine the optimal n um b er of streams to use, the parameter tuner uses a simple heuristic. It �nds

the n um b er of hops b et w een the t w o no des that ha v e a latency greater than 10 ms. F or eac h suc h hop, it adds

an extra stream. Finally , if there are m ultiple streams and the n um b er of streams is o dd, the parameter tuner

rounds it to an ev en n um b er b y adding one. The reason for doing this is that some proto cols do not w ork w ell

with o dd n um b er of streams. The parameter tuner calculates the bandwidth-dela y pro duct and uses that as

the TCP bu�er size. If it �nds that it has to use more than one stream, it divides the TCP bu�er size b y

the n um b er of streams. The reason for adding a stream for ev ery 10 ms hop is as follo ws: In a high-latency

m ulti-hop net w ork path, eac h of the hops ma y exp erience congestion indep enden tly . If a bulk data transfer

using a single TCP stream o ccurs o v er suc h a high-latency m ulti-hop path, eac h congestion ev en t w ould shrink

the TCP windo w size b y half. Since this is a high-latency path, it w ould tak e a long time for the windo w to

gro w, with the net result b eing that a single TCP stream w ould b e unable to utilize the full a v ailable bandwidth.

Ha ving m ultiple streams reduces the bandwidth reduction of a single congestion ev en t. Most probably only a

single stream w ould b e a�ected b y the congestion ev en t and halving the windo w size of that stream alone w ould

b e su�cien t to eliminate congestion. The probabilit y of indep enden t congestion ev en ts o ccurring increases with

the n um b er of hops. Since only the high-latency hops ha v e a signi�can t impact b ecause of the time tak en to

increase the windo w size, w e added a stream for all high-latency hops and empirically found that hops with

latency greater than 10 ms fell in to the high-latency category . Note that w e set the total TCP bu�er size to b e

equal to the bandwidth dela y pro duct, so in steady state case with m ultiple streams, w e w ould not b e causing

congestion.

The P arameter T uner understands k ernel TCP limitations. Some mac hines ma y ha v e a maxim um TCP

bu�er size limit less than the optimal needed for the transfer. In suc h a case, the parameter tuner uses more

streams so that their aggregate bu�er size is equal to that of the optimal TCP bu�er size.

The P arameter T uner gets the di�eren t optimal v alues and generates o v erall optimal v alues. It mak es sure

that the disk I/O blo c k size is at least equal to the TCP bu�er size. F or instance, the optimal disk blo c k size

ma y b e 1024 KB and the incremen t v alue ma y b e 512 KB (p erformance of optimal + incremen t is same as

optimal) and the optimal TCP bu�er size ma y b e 1536KB. In this case, the parameter tuner will mak e the

proto col use a disk blo c k size of 1536 KB and a TCP bu�er size of 1536 KB. This is a place where the incremen t

v alue generated b y the disk pro�ler is useful.

The P arameter T uner understands di�eren t proto cols and p erforms proto col sp eci�c tuning. F or example,

globus-url-cop y , a to ol used to mo v e data b et w een GridFTP serv ers, allo ws users to sp ecify only a single disk

blo c k size. The read disk blo c k size of the source mac hine ma y b e di�eren t from the write disk blo c k size of the

destination mac hine. In this case, the parameter tuner understands this and c ho oses an optimal v alue that is

optimal for b oth the mac hines.

4.4. Co ordinating the Monitoring and T uning Infrastructure. The disk, memory and net w ork

pro�lers need to b e run once at startup and the ligh t-w eigh t net w ork pro�ler needs to b e run p erio dically . W e

ma y also w an t to re-run the other pro�lers in case a new disk is added or an y other hardw are or op erating

system k ernel upgrade. W e ha v e used the Directed A cyclic Graph Manager (D A GMan) [6] [23 ] to co ordinate

the monitoring and tuning pro cess. D A GMan is service for executing m ultiple jobs with dep endencies b et w een

them. The monitoring to ols are run as Condor [14 ] jobs on resp ectiv e mac hines. Condor pro vides a job queuing

mec hanism and resource monitoring capabilities for computational jobs. It also allo ws the users to sp ecify

sc heduling p olicies and enforce priorities.

W e executed the P arameter T uner on the managemen t site. Since the P arameter T uner is a Condor job,

w e can execute it an ywhere w e ha v e a computation resource. It pic ks up the information generated b y the

monitoring to ols using Condor and pro duces the di�eren t tuned parameter v alues for data transfer b et w een

eac h pair of no des. F or example, if there are t w o no des X and Y, then the parameter tuner generates t w o sets

of parameters - one for transfer from no de X to no de Y and another for data transfer from no de Y to no de X.

This information is fed to Stork whic h uses it to tune the parameters of data placemen t jobs submitted to it.

The D A G co ordinating the monitoring and tuning infrastructure is sho wn in Figure 4.1.

W e can run an instance of parameter tuner for ev ery pair of no des or a certain n um b er of pairs of no des.
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Fig. 4.1 . The D A G Co or dinating the Monitoring and T uning infr astructur e. This D A G sho ws the order in whic h the

monitors(pro�lers) and tuner are run. Initially all the pro�lers are run and the information is logged to p ersisten t storage and also

passed to the parameter tuner whic h generates the optimal parameter v alues. After that, the ligh t-w eigh t net w ork pro�ler and

parameter tuner are run p erio dically . The parameter tuner uses the v alues of the earlier pro�ler runs and the curren t ligh t-w eigh t

net w ork pro�ler run to generate the optimal parameter v alues.

F or ev ery pair of no des, the data fed to the parameter tuner is in the order of h undreds of b ytes. Since all to ols

are run as Condor jobs, dep ending on the n um b er of no des in v olv ed in the transfers, w e can ha v e a certain

n um b er of parameter tuners, and they can b e executed wherev er there is a v ailable cycles and this arc hitecture

is not cen tralized with resp ect to the parameter tuner. In our infrastructure, w e can also ha v e m ultiple data

placemen t sc hedulers and ha v e the parameters for data transfers handled b y a particular sc heduler fed to it.

In a v ery large system, w e w ould ha v e m ultiple data placemen t sc hedulers with eac h handling data mo v emen t

b et w een a certain subset of no des.

4.5. Dynamic Proto col Selection. W e ha v e enhanced the Stork sc heduler so that it can decide whic h

data transfer proto col to use for eac h corresp onding transfer dynamically and automatically at the run-time.

Before p erforming eac h transfer, Stork mak es a quic k c hec k to iden tify whic h proto cols are a v ailable for b oth

the source and destination hosts in v olv ed in the transfer. Stork �rst c hec ks its o wn host-proto col library to see

whether all of the hosts in v olv ed the transfer are already in the library or not. If not, Stork tries to connect

to those particular hosts using di�eren t data transfer proto cols, to determine the a v ailabilit y of eac h sp eci�c

proto col on that particular host. Then Stork creates the list of proto cols a v ailable on eac h host, and stores

these lists as a library in ClassA d [18 ] format whic h is a v ery �exible and extensible data mo del that can b e

used to represen t arbitrary services and constrain ts.

[

host_name = "quest2.ncsa.uiu c. edu ";

supported_protoc ols = "diskrouter, gridftp, ftp";

]

[

host_name = "nostos.cs.wisc. ed u";

supported_protoc ols = "gridftp, ftp, http";

]
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If the proto cols sp eci�ed in the source and destination URLs of the request fail to p erform the transfer,

Stork will start trying the proto cols in its host-proto col library to carry out the transfer. Stork detects a

v ariet y of proto col failures. In the simple case, connection establishmen t w ould fail and the to ol w ould rep ort

an appropriate error co de and Stork uses the error co de to detect failure. In other case where there is a bug

in proto col implemen tation, the to ol ma y rep ort success of a transfer, but stork w ould �nd that source and

destination �les ha v e di�eren t sizes. If the same problem rep eats, Stork switc hes to another proto col. The users

also ha v e the option to not sp ecify an y particular proto col in the request, letting Stork to decide whic h proto col

to use at run-time.

[

dap_type = "transfer";

src_url = "any://slic04.s dsc .e du /tm p/ foo .d at ";

dest_url = "any://quest2.n csa .u iu c.e du /tm p/ fo o.d at ";

]

In the ab o v e example, Stork will select an y of the a v ailable proto cols on b oth source and destination hosts

to p erform the transfer. So, the users do not need to care ab out whic h hosts supp ort whic h proto cols. They

just send a request to Stork to transfer a �le from one host to another, and Stork will tak e care of deciding

whic h proto col to use.

The users can also pro vide their preferred list of alternativ e proto cols for an y transfer. In this case, the

proto cols in this list will b e used instead of the proto cols in the host-proto col library of Stork.

[

dap_type = "transfer";

src_url = "drouter://slic 04. sd sc .ed u/ tmp /f oo .da t" ;

dest_url = "drouter://ques t2. nc sa .ui uc .ed u/ tm p/f oo .d at" ;

alt_protocols = "nest-nest, gsiftp-gsiftp";

]

In this example, the user asks Stork to p erform a transfer from slic04.sdsc.edu to quest2.ncsa.uiuc.edu

using the DiskRouter proto col primarily . The user also instructs Stork to use an y of the NeST [3] or GridFTP

proto cols in case the DiskRouter proto col do es not w ork. Stork will try to p erform the transfer using the

DiskRouter proto col �rst. In case of a failure, it will drop to the alternativ e proto cols and will try to complete

the transfer successfully . If the primary proto col b ecomes a v ailable again, Stork will switc h to it again. So,

whic hev er proto col a v ailable will b e used to successfully complete the user's request. In case all the proto cols

fail, Stork will k eep trying till one of them b ecomes a v ailable.

4.6. Run-time Proto col Auto-tuning. Statistics for eac h link in v olv ed in the transfers are collected

regularly and written in to a �le, creating a library of net w ork links, proto cols and auto-tuning parameters.

[

link = "slic04.sdsc.ed u - quest2.ncsa.uiuc. ed u";

protocol = "gsiftp";

bs = 1024KB; //block size

tcp_bs = 1024KB; //TCP buffer size

p = 4; //parallelism

]

Before p erforming ev ery transfer, Stork c hec ks its auto-tuning library to see if there are an y en tries for the

particular hosts in v olv ed in this transfer. If there is an en try for the link to b e used in this transfer, Stork uses

these optimized parameters for the transfer. Stork can also b e con�gured to collect p erformance data b efore

ev ery transfer, but this is not recommended due to the o v erhead it will bring to the system.

5. Exp erimen ts and Results. W e ha v e p erformed t w o di�eren t exp erimen ts to ev aluate the e�ectiv eness

of our dynamic proto col selection and run-time proto col tuning mec hanisms. W e also collected p erformance

data to sho w the con tribution of these mec hanisms to wide area data transfers.

5.1. Exp erimen t 1: T esting the Dynamic Proto col Selection. W e submitted 500 data trans-

fer requests to the Stork serv er running at Univ ersit y of Wisconsin ( skywalker.cs.wisc. ed u ). Eac h re-

quest consisted of transfer of a 1.1GB image �le (total 550GB) from SDSC ( slic04.sdsc.edu ) to NCSA

( quest2.ncsa.uiuc. edu ) using the DiskRouter proto col. There w as a DiskRouter serv er installed at Starligh t
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( ncdm13.sl.starta p.n et ) whic h w as resp onsible for routing DiskRouter transfers. There w ere also GridFTP

serv ers running on b oth SDSC and NCSA sites, whic h enabled us to use third-part y GridFTP transfers whenev er

necessary . The exp erimen t setup is sho wn in Figure 5.1.

Fig. 5.1 . Exp eriment Setup. DiskRouter and GridFTP proto cols are used to transfer data from SDSC to NCSA. Stork w as

running at the Managemen t site,a nd making sc heduling decisions for the transfers.

A t the b eginning of the exp erimen t, b oth DiskRouter and GridFTP services w ere a v ailable. Stork started

transferring �les from SDSC to NCSA using the DiskRouter proto col as directed b y the user. After a while,

w e killed the DiskRouter serv er running at Starligh t in ten tionally . This w as done to sim ulate a DiskRouter

serv er crash. Stork immediately switc hed the proto cols and con tin ued the transfers using GridFTP without

an y in terruption. Switc hing to GridFTP caused a decrease in the p erformance of the transfers, as sho wn in

Figure 5.2. The reasons of this decrease in p erformance is b ecause of the fact that GridFTP do es not p erform

auto-tuning whereas DiskRouter do es. In this exp erimen t, w e set the n um b er of parallel streams for GridFTP

transfers to 10, but w e did not p erform an y tuning of disk I/O blo c k size or TCP bu�er size. DiskRouter

p erforms auto-tuning for the net w ork parameters including the n um b er of TCP-streams in order to fully utilize

the a v ailable bandwidth. DiskRouter can also use sophisticated routing to ac hiev e b etter p erformance.

After letting Stork use the alternativ e proto col (in this case GridFTP) to p erform the transfers for a while,

w e restarted the DiskRouter serv er at the SDSC site. This time, Stork immediately switc hed bac k to using

DiskRouter for the transfers, since it w as the preferred proto col of the user. Switc hing bac k to the faster proto col

resulted in an increase in the p erformance. W e rep eated this a couple of more times, and observ ed that the

system b eha v ed in the same w a y ev ery time.

This exp erimen t sho ws that with alternate proto col fall-o v er capabilit y , grid data placemen t jobs can mak e

use of the new high p erformance proto cols while they w ork and switc h to more robust lo w er p erformance

proto col when the high p erformance one fails.

5.2. Exp erimen t 2: T esting the Run-time Proto col Auto-tuning. In the second exp erimen t, w e

submitted another 500 data transfer requests to the Stork serv er. Eac h request w as to transfer a 1.1GB image

�le (total 550 GB) using GridFTP as the primary proto col. W e used third-part y globus-url-cop y transfers

without an y tuning and without c hanging an y of the default parameters.
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Fig. 5.2 . Dynamic Pr oto c ol Sele ction. The DiskRouter serv er running on the SDSC mac hine gets killed t wice at p oin ts (1)

and (3), and it gets restarted at p oin ts (2) and (4). In b oth cases, Stork emplo y ed next a v ailable proto col (GridFTP in this case)

to complete the transfers.

T able 5.1

Network p ar ameters for gridFTP b efor e and after auto-tuning fe atur e of Stork b eing turne d on.

P arameter Before auto-tuning After auto-tuning

parallelism 1 TCP stream 4 TCP streams

blo c k size 1 MB 1 MB

tcp bu�er size 64 KB 256 KB

W e turned o� the auto-tuning feature of Stork at the b eginning of the exp erimen t in ten tionally . The a v erage

data transfer rate that globus-url-cop y could get without an y tuning w as only 0.5 MB/s. The default net w ork

parameters used b y globus-url-cop y are sho wn in T able 1. After a while, w e turned on the auto-tuning feature

of Stork. Stork �rst obtained the optimal v alues for I/O blo c k size, TCP bu�er size and the n um b er of parallel

TCP streams from the monitoring and tuning infrastructure. Then it applied these v alues to the subsequen t

transfers. Figure 5.3 sho ws the increase in the p erformance after the auto-tuning feature is turned on. W e got

a sp eedup of close to 20 times compared to transfers without tuning.

6. F uture W ork. W e are planning to enhance the dynamic proto col selection feature of Stork, so that

it will not only select an y a v ailable proto col to p erform the transfer, but it will select the b est one. The

requiremen ts of `b eing the b est proto col' ma y v ary from user to user. Some users ma y b e in terested in b etter

p erformance, and others in b etter securit y or b etter reliabilit y . Ev en the de�nition of `b etter p erformance' ma y

v ary from user to user. W e are lo oking in to the seman tics of ho w to to de�ne `the b est' according to eac h user's

requiremen ts.

W e are also planning to add a feature to Stork to dynamically select whic h route to use in the transfers and

then dynamically deplo y DiskRouters at the no des on that route. This will enable us to use the optimal routes

in the transfers, as w ell as optimal use of the a v ailable bandwidth throughout that route.

7. Conclusion. In this pap er, w e ha v e sho wn a metho d to dynamically adapt data placemen t jobs to

the en vironmen t at the execution time. W e ha v e dev elop ed a set of disk and memory and net w ork pro�ling,

monitoring and tuning to ols whic h can pro vide optimal v alues for I/O blo c k size, TCP bu�er size, and the

n um b er of TCP streams for data transfers. These v alues are generated dynamically and pro vided to the higher

lev el data placemen t sc heduler, whic h can use them in adapting the data transfers at run-time to existing
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Fig. 5.3 . R un-time Pr oto c ol A uto-tuning. Stork starts the transfers using the GridFTP proto col with auto-tuning turned o�

in ten tionally . Then w e turn the auto-tuning on, and the p erformance increases drastically .

en vironmen tal conditions. W e also ha v e pro vided dynamic proto col selection and alternate proto col fall-bac k

capabilities to pro vide sup erior p erformance and fault tolerance. With t w o exp erimen ts, w e ha v e sho wn that

our metho d can b e easily applied and it generates b etter p erformance results b y dynamically switc hing to

alternativ e proto cols in case of a failure, and b y dynamically auto-tuning proto col parameters at run-time.
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