
Scalable Computing: Pra ctice and Experience

V olume 6, Num b er 3, pp. 57�66. http://www.scpe. or g

ISSN 1895-1767

c
 2005 SWPS

PR OGRESSIVE RETRIEV AL AND HIERAR CHICAL VISUALIZA TION OF LAR GE

REMOTE D A T A

HANS-CHRISTIAN HEGE

�
, ANDREI HUT ANU

�
, RALF KÄHLER

�
, ANDRÉ MERZKY

�
, THOMAS RADKE

y
,

ED W ARD SEIDEL

y
, AND BR YGG ULLMER

y

Abstract.

The size of data sets pro duced on remote sup ercomputer facilities frequen tly exceeds the pro cessing capabilities of lo cal visualization

w orkstations. This phenomenon increasingly limits scien tists when analyzing results of large-scale scien ti�c sim ulations. That

problem gets ev en more prominen t in scien ti�c collab orations, spanning large virtual organizations, w orking on common shared sets

of data distributed in Grid en vironmen ts. In the visualization comm unit y , this problem is addressed b y distributing the visualization

pip eline. In particular, early stages of the pip eline are executed on resources closer to the initial (remote) lo cations of the data sets.

This pap er presen ts an e�cien t tec hnique for placing the �rst t w o stages of the visualization pip eline (data access and data

�lter) on to remote resources. This is realized b y exploiting the �extended retriev e� feature of GridFTP for �exible, high p erformance

access to v ery large HDF5 �les. W e reduce the n um b er of net w ork transactions for �ltering op erations b y utilizing a serv er side

data pro cessing plugin, and hence reduce latency o v erhead compared to GridFTP partial �le access. The pap er further describ es

the application of hierarc hical rendering tec hniques on remote uniform data sets, whic h mak e use of the remote data �ltering stage.

1. In tro duction. The amoun t of data pro duced b y n umerical sim ulations on sup ercomputing facilities

con tin ues to increase rapidly in parallel with the increasing compute p o w er, main memory , storage space, and

I/O transfer rates a v ailable to researc hers. These dev elopmen ts in sup ercomputing ha v e b een observ ed to exceed

the gro wth of commo dit y net w ork bandwith and visualization w orkstation memory/p erformance b y a factor of

4 [11 ]. Hence, it is increasingly critical to use remote data access tec hniques for analyzing this data. Among

other factors, this tendency is strengthened b y the increasing prominence of large, spatially distributed scien ti�c

collab orations w orking on common, shared sets of data. Under these conditions, the simple approac h of (partial)

data replication for lo cal data analysis do es not scale.

The sheer size of existing data sets creates a demand for �exible and adaptiv e visualization tec hniques, suc h

as hierarc hical rendering or viewp oin t dep enden t resolution. Suc h tec hniques can reduce the initial amoun t of

data to b e visualized b y main taining the o v erall visual impression of the full data set. This can b e ac hiev ed

(e.g.) b y retrieving the p ortions of the data set whic h are imp ortan t to the user; or b y retrieving lo w resolution

v ersions of the full data set �rst, and re�ning this data later. Remote access to partial inter esting p ortions of

large data �les can signi�can tly supp ort these tec hniques.

One ma jor problem of naiv e remote data access tec hniques is the inheren t di�cult y in handling meta data

for large data sets. Meta data is the highly structured set of information describing the data set, con taining

(e.g.) the n um b er of samples p er co ordinate axis and the data v olume b ounds within ph ysical space. While

the metadata itself is relativ ely small, meta data access is often connected with man y small read op erations

and man y seek op erations. Ho w ev er, individually requesting man y seeks o v er a remote, p oten tially high-latency

connection is quite ine�cien t for proto cols that do not supp ort transactions o v er higher lev el op erations [13 , 19 ].

In general, these dev elopmen ts ultimately require distributing the pip eline used for data visualization. The

presen t pap er describ es tec hniques useable for distributing early stages of this visualization pip eline. Sp eci�cally ,

w e enable the application to e�cien tly access p ortions of remote large data sets presen t in the HDF5 �le

format [2]. This general approac h can b e adapted b oth to other �le formats and other access patterns. The

pap er further presen ts higher lev el visualization tec hniques whic h utilize these data access mec hanisms to pro vide

adaptiv e and progressiv e rendering capabilities.

The pap er is structured as follo ws. First, w e describ e the problem space our approac h is targeting in more

detail in sect. 2. Next, w e relate our researc h to other relev an t researc h activities (see sect. 3). In sect. 4 follo ws

an o v erall description of the tec hniques w e dev elop ed. Sect. 5 and 6 describ e the main comp onen ts in more

tec hnical detail. The pap er concludes with t w o sections ab out our results and an outlo ok for future w ork.

2. Scenario. The increasing gap b et w een resources a v ailable at remote sup ercomputing cen ters and on the

lo cal w orkstations of individual researc hers is one of the ma jor motiv ations for our researc h. In particular, w e aim

to impro v e the access to Grand Challenge sim ulation results as pro duced b y n umerous researc h collab orations

�
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around the w orld [12 , 25 , 26 ]. These sim ulations tend to driv e the resource utilization of sup ercomputer resources

to the a v ailable maxim um, and often pro duce immense amoun ts of data during single sim ulations runs.

As an exemplary application w e consider n umerical relativit y sim ulations p erformed in the Cactus sim ula-

tion framew ork [10 ]. Among other things, this framew ork pro vides the sim ulation co de with an e�cien t I/O

infrastructure to write data to HDF5 �les. The astroph ysical sim ulations in question write data for scalar,

v ector and tensor �elds (as comp onen ts stored in separate data sets or �les), and parameters for sim ulation

runs. A t ypical size for a data �le is on the order of tens of gigab ytes

1

.

Visualization of this data during p ost sim ulation analysis usually do es not require access to the complete

data set. F or t ypical pro duction runs, where man y di�eren t ph ysical �elds are written to disk, only a couple

of these �elds are visualized later. The data sets and subsets that are to b e visualized are not initially kno wn,

but dep end on in teractiv e selections b y the user (timestep, �eld, resolution, spatial area, etc.). F or our target

users, this �exibilit y needs to b e main tained as far as p ossible.

Within these constrain ts, our target scenario is the follo wing:

A scientist p erforms a lar ge sc ale simulation run, utilizing one or mor e sup er c omputing r e-

sour c es at di�er ent lo c ations. The simulation run pr o duc es up to TBytes of data, by storing

various sc alar and ve ctor �elds to HDF5 �les. These HDF5 �les ar e cr e ate d ac c or ding to a

custom pr e de�ne d structur e.

After the simulation �nishes, memb ers of the scientists' c ol lab or ation wish to visualize the data,

or p ortions her e of, fr om r emote workstations. They would like to use standar d visualization

te chniques fr om their visualization envir onment. They also wish to inter actively cho ose the

data �elds to b e visualize d, and to inter actively change the sp atial sele ction and r esolution for

the data.

Ide al ly, the data tr ansfer and visualization ar e adaptive to the available network c onne ctivity,

and hides data distribution details fr om the user.

This scenario de�nes the problem space w e are targeting. W e explicitely do not exp ect to �nd data on the

remote systems whic h are, b y pre- or p ostpro cessing, sp eci�cally prepared for later visualization. W e also w an t

to pro vide a solution for en vironmen ts with notorious short supply of I/O bandwith and compute resources. And

w e w an t to enable remote visualization for a broad width of end users, connected to the Grid b y a wide range

of net w ork t yp es and with v arying, p oten tially lo w end commo dit y systems. The abilit y of the visualization

pip eline to b e adaptive to that range of b oundary conditions is a cen tral p oin t of our e�orts�the fo cus of the

pap er on progressiv e data retriev al patterns and on hierarc hical rendering tec hniques emphasizes this.

3. Related W ork. T o supp ort the scenario w e presen ted, it is ultimately necessary to distribute the

pip eline used for data visualization. In principle, there are man y p ossible w a ys to distribute this pip eline (�g. 3.1)

o v er remote resources. The distribution sc hemes used in real w orld systems are limited b y the comm unication

requiremen ts for transferring data b et w een the stages of the pip eline, and b y the complexit y of the resulting

distributed soft w are systems.

Data
Source Data Set Image

filter map render displayaccess view

Geometry 

user control

Fig. 3.1 . Most visualization systems shar e the same underlying visualization pip eline [27 ].

The c omp onents of the pip eline c an b e fr e ely distribute d, in principle, as the c ommunic ation

elements b etwe en these c omp onents have di�er ent demands on latency and b andwith r e quir e d.

A l l elements of the pip eline should b e c ontr ol le d by the end user or by the applic ation.

Early stages of the pip eline�remote access and remote �ltering�p oten tially need to transfer and pro cess

large amoun ts of data, but sho w considerable �exibilit y with resp ect to latency . Also, b y distributing these early

1
With a spatial resolution of 256 cub ed, this corresp onds to only a few scalar �elds and one v ector �eld in 64 bit, for 1000 time

steps of ev olution, with ev ery 10th step sa v ed to disk.
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stages, it is p ossible to completely hide the data lo calit y from application and end user. Remote access solutions

as NFS [4] and AFS [3 ] allo w transparen t utilization of standard (lo cal) �le I/O tec hniques. Ho w ev er, systems

lik e NFS and AFS are problematic in the administrativ e main tenance. F or widely distributed en vironmen ts

spanning m ultiple administrativ e domains these solutions are not applicable.

Common remote data access tec hniques crossing administrativ e b oundaries are mark ed b y sev eral limita-

tions. Some, lik e SCP and FTP , do not supp ort access to partial �les, whic h is not acceptable for our purp ose of

adaptiv e visualizing. Other tec hniques fail to deliv er the p erformance required for in teractiv e data visualization.

F or example, the GridFTP supp ort for access to remote �les with the partial �le access feature [9] is ine�cien t

for meta data access. Due to the �le format c hosen b y HDF5, meta data is not necessarily stored in a con tin uous

�le space, but instead scattered in a hierarc hical binary tree. Also, a single read on the HDF5 API lev el ma y

b e translated b y the library in to man y individual lo w-lev el seek/read op erations on the virtual �le driv er lev el.

Other proto cols are similarly lac king in supp ort for transactions of higher lev el op erations [13 , 19 ].

Remote �ltering tec hniques often in tegrate mo dels of meta data and data structures, and can p erform the

data access e�cien tly

2

. Also, putting the remote �lter on the remote site can signi�can tly reduce the amoun t of

data to b e transferred o v er the net, and ensures that only the data actually needed for the visualization pro cess

is retriev ed and transferred. A standard problem for remote �ltering is that this pro cess needs to in tegrate a

mo del of the data structures it is op erating up on. It is di�cult or imp ossible to implemen t �ltering without

explicit information ab out what is to b e �ltered, and this information is di�cult to express in a general w a y

that is applicable o v er a broad range of data formats and mo dels. Hence, remote �ltering tec hniques are often

limited to sp eci�c �le and data t yp es, and to sp eci�c �ltering op erations.

The Data Cutter pro ject [14 ] is another w ell kno wn represen tativ e of the remote �ltering approac h. It

pro vides the application programmer with a �exible and extensible �lter pip eline to access p ortions of the

original data set. Compared to our approac h, there are sev eral main di�erences. First, the data cutter r e quir es

the data to b e stored in c h unk ed data �les in order to b ene�t from its b oundary b o x indexing sc heme, since

all c h unks with a b ounding b o x at least partly o v erlapping with the area of in terest are completely read in to

memory , and passed to the �lter pip eline. Also, since all �lters pass data using net w ork comm unication, the

total net w ork load is m uc h higher than for our approac h, where the �lter resides at the data source, and is

tigh tly coupled to the data access stage. F urther, our utilization of standard Grid to ols (GridFTP and GSI)

seems more appropriate for the targeted Grid en vironmen t. On the other hand, Data Cutters user de�nable

�lter pip eline is more �exible than our approac h.

One widely used compromise for remote �ltering is the usage of prepro cessed data sets: during the sim u-

lations I/O stage or during a p ost pro cessing step, �lter op erations are applied to create new data sets on the

remote resources. These data sets are stored in optimized form making later remote access and visualization

v ery e�cien t. In the future, more and more sim ulation framew orks will supp ort suc h features, not at least

in order to impro v e their o wn I/O c haracteristics, i.e. due to compression on the �y , but also to enable the

e�cien t handling of the v ery large data sets, after completion of the source sim ulation. W a v elet transformed

data storage is an excellen t example of that tec hnique [22 ], whic h allo ws lossless compression, and adaptiv e,

e�cien t o�ine acces to optimally resolv ed data samples. Other example �lters create o ctrees [18 ] or similar

structured represen tations [21 ], or pro vide progressiv e mesh generation.

F or the problem space w e describ ed with our scenario, pre applied �lters are no v alid option, since they

either need to b e in tegrated in to the sim ulation I/O co de, what they aren't in our case; or they need to b e

executed via external jobs on the remote resource. This duplicates the storage needed and p oten tially p erforms

excess w ork, thereb y w asting costly sup ercomputing resources.

After �ltering, visualization algorithms w ork on the data and map essen tial features in to geometries (includ-

ing color and texture information, etc.). The next stage renders images from these geometrical represen tation.

In the future, these stages ma y also b e executed close to the data source, on the sup ercomputer itself. This

w ould b e the most e�cien t w a y to handle large sim ulation data, since the amoun t of data to b e transfered

during the later stages of the visualization pip eline t ypically decreases signi�can tly . Completely c hanged access

patterns to remote data can signi�can tly reduce the amoun t of data transfered. Visualization algorithms using

suc h patterns [23 ], in particular for large data, are seen as use cases for the presen ted w ork.

The b est prosp ects of deplo ying suc h scenarios ha v e those en vironmen ts con taining PC-cluster based sup er-

computers. Here, adding commo dit y graphics b oards to all no des do es not increase the total costs signi�can tly ,

2
If the �lter stage is lo cated on the remote site, the data access is often p erformed lo cal to the �lter.
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but allo ws high p erformance image rendering. These t yp es of clusters are b ecoming increasingly common, but

are still rare in the top500 [6 ]. F or the collab orativ e and highly in teractiv e visualization scenario w e en vision,

the feedbac k to the remote and distributed rendering system gets imp ortan t, and complex. Also, in p erhaps

the most imp ortan t p oin t, the �eld is curren tly missing su�cien tly �exible soft w are solutions whic h are able

to realize suc h scenarios. Promising approac hes do exist through w ork suc h as [8, 7, 24 ], and w e exp ect ma jor

progress in that �eld o v er the next decade.

4. Arc hitecture. Our prop osed remote data access sc heme builds up on the GridFTP proto col [9].

GridFTP is a Grid-a w are extension to the standard FTP proto col. Amongst others, it pro vides a �exible serv er

side pro cessing feature, and allo ws sp eci�cation of custom op erations on remote data. These op erations are

p erformed b y corresp onding custom extensions (�plugins�) to the GridFTP serv er. This tec hnique is describ ed

in more detail in sect. 5. W e utilize these serv er side data pro cessing capabilities to p erform data �ltering op er-

ations on the scien ti�c data sets. As describ ed, the data sets are stored remotely in HDF5 format. Our plugin

to the GridFTP serv er accesses this data lo cally via the HDF5 library , and p erforms data �ltering on the �y .

HDF5
File

Visualization System
(Amira)

GridFTP Client

N
etw

ork 

HDF5 Plugin
- MetaData
- Data Blocks

MetaData
Cache

Native 
HDF5 Calls

GridFTP Protocol  (ERET/ESTO)

GridFTP Server

Fig. 4.1 . The GridFTP pr oto c ol tr ansp orts ERET c ommands fr om the visualization system

to the GridFTP server, which forwar ds them to the HDF5 plugin. This way, the plugin c an

p erform I/O op er ations plus �ltering and data typ e c onversion on the HDF5 �le with ful l lo c al

p erformanc e. Data is tr ansferr e d b ack via ESTO c ommands, and is written into the memory

bu�er of the visualization pr o c ess.

An imp ortan t elemen t for the arc hitectural decisions is the usage of the HDF5 �le format [1 ]. Giv en the

complexit y of this format and the ongoing impro v emen t e�orts concerning the asso ciated API, the decision w as

to use the existing API and to ha v e the remote access pro cedures either on top of the API or as also describ ed

in sect. 3 underneath of it. The arc hitecture describ ed in this w ork has the remote op erations on top of the

HDF5 API, a limited set of high-lev el op erations w as c hosen to b e implemen ted b y making use of the existing

API, and these op erations w ere in tegrated in the GridFTP serv er to b e executed at the remote site.

A complete visualization session is p erformed as follo ws. The user selects a data �le to b e visualized b y

bro wsing the remote �le space. Next, a connection to the remote GridFTP serv er is established, using the

users GSI creden tial. The serv er plugin is utilized to p erform an extraction of the �les meta data (see sect. 5),

whic h is then transfered to the visualization host and cac hed on the lo cal �le system. The visualization system

accesses this lo cal HDF5 �le, extracts all needed information (n um b er of time steps, b ounding b o x, resolution,

. . . ), and creates an o ctree hierarc h y �tting the data set. The user can in teractiv ely sp ecify the depth of the

hierarc h y . As the user then triggers v arious visualization op erations on the data (to pro duce orthoslices, high t

�elds, v olumetric renderings), the o ctree blo c ks are sc heduled in a separate thread for data reading. The read

requests are serv ed according to a priorit y tag de�ned for the visualization, and eac h trigger a GridFTP data

access. This GridFTP data access utilizes our remote GridFTP serv er side data pro cessing plugin. It extracts

the data in the blo c k sp eci�c resolution and returns this data. On arriv al, the data is stored within the o ctree

hierarc h y , and the visualization is triggered to up date the rendering b y including the newly arriv ed data.

On user request (e.g., next timestep) or timeout, all p ending blo c k reads can b e canceled. Our visualization

tec hniques (see sect. 6) use these features for dynamic data access to optimize visualization p erformance b y

requesting data blo c ks close to the viewp oin t �rst, and b y progressiv ely impro ving data (and image) resolution.

5. GridFTP . As describ ed in sect. 4, the GridFTP proto col pla ys a cen tral role in our data access sc hema.

GridFTP is mostly used for net w ork �le transfer, whereb y this pap er explores its usage for memory to memory
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transfer. This approac h giv es us a n um b er of adv an tages if compared to approac hes implemen ted on top of

custom or proprietary proto cols.

1. GridFTP allo ws for serv er side data pro cessing, whic h w e utilize for data �ltering.

2. The GridFTP proto col, as an extension to the standard FTP proto col, is w ell kno wn and reliable.

3. It allo ws the incorp oration of standard serv ers for solutions with limited functionalit y .

3

4. The GridFTP infrastructure tak es care of:

� establishing the data connection;

� ensuring authen tication and authorization;

� in v oking the data �lter plugin; and

� p erforming the data transfer;

In this w a y , the data transfer task is reduced to �lling a bu�er on the writing and reading it on the

receiving end.

The follo wing subsections describ e the serv er side pro cessing in more detail, and sp ecify the lo w lev el op erations

w e use.

5.1. Serv er-Side Pro cessing. As describ ed b efore, the GridFTP proto col enables supp ort for adding

custom commands for serv er side data pro cessing [9 ]. Sp eci�cally , the plugins o�ered b y a serv er de�ne sets

of ERET and ESTO parameters that corresp ond to the data �lter mo dule implemen ted b y the plugin

4

. The

extended store (ESTO) and extended retriev e (ERET) commands of the GridFTP proto col are de�ned as

follo wing:

ESTO <module_name>="< mo du les _p ar ms> " <filename>

ERET <module_name>="< mo du les _p ar ms> " <filename>

module_name is a serv er-sp eci�c string represen ting the name of the mo dule to b e used. The second string

( module_parms ) is mo dule sp eci�c and de�nes the op eration to b e p erformed b y the mo dule. The last parameter

( filename ) sp eci�es the �le to b e pro cessed, whic h can b e an y �le that can b e pro cessed b y the giv en mo dule.

In our case, an y HDF5 �le.

5.2. Op erations. W e use this ERET/ESTO mec hanism to de�ne t w o op erations that can b e applied to

HDF5 �les: one for meta data �ltering, and a second one for data access.

Meta Data Filtering. The �rst op eration is the �ltering of meta data from the HDF5 �le. This is ac hiev ed

b y creating a �ltered cop y of the original �le. T o w ard this end, the mo dule reads and parses the original �le,

and writes the meta data information to a cop y of the �le. Ho w ev er, when cop ying (writing) a data set, w e use

the HDF5 �lter in terface and apply a �lter to the original �les data set. This �lter reduces all data sets to zero

length

5

. Th us, the only resulting di�erences b et w een the generated �le and the original one are in the data

arra y and storage la y out of the data sets. All other information�e.g., the hierarc h y (groups), attributes, and

data set information (name, data t yp e and data space)�is preserv ed. While this approac h migh t seem lik e a

signi�can t o v erhead, it is in fact v ery fast, due to the go o d p erformance of HDF5.

The generated �le is transferred to the requesting clien t using GridFTP . The ERET command for requesting

the meta data �le is:

ERET Hdf5="METADATA" <filename>

filename is the �le from whic h the meta data will b e extracted. Giv en the no w dramatically reduced size of

the �le, the transfer time is v ery small relativ e to the transfer time of the original data

6

. After the high-lev el

�ltering call is executed remotely and the transfer is �nished, the clien t can access the lo cal meta data �le

using the standard HDF5 API. In this w a y , w e a v oid to execute eac h HDF5 API call remote, and still o�er

the user the �exibilit y of the original API for meta data access. Because the data set structures within this

temp orary lo cal �le do not con tain actual data, the standard API cannot b e used for data access. F or this

task, w e pro vide a second API call.

3
bakw ards compatible with FTP , b y using normal FTP w e could transfer the �le to a lo cal disk cac he; for standard GridFTP

serv er(without plugins) w e use direct partial �le access ( ERET PART , for �ltering ine�cien t).

4
Not all serv ers implemen t the same set of mo dules. In the curren t implemen tation, the plugins are compiled together with the

serv er, and are statically link ed.

5
A ctually , for tec hnical reasons in ternal to HDF5 the length is 1.

6
See sect. 7 for the times for meta data loading
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Data Set Reading and Subsampling. The second op eration p erforms data selection and �ltering. By

kno wing the data set co ordinates (dimensions, data t yp e) from the no w lo cally a v ailable meta data, the clien t

can c ho ose to read an en tire data set, or a p ortion of the data set. The HDF5 data sets logically group the

actual data within m ultidimensional arra ys named �data spaces.� The mo del w e use to sp ecify a p ortion from

a data set is based on the HDF5 �h yp erslab� mo del. A h yp erslab describ es either a con tiguous collection of

p oin ts, or a regular pattern of p oin ts or blo c ks in the data spaces. A h yp erslab is sp eci�ed b y four parameters:

� origin: the starting lo cation;

� size: the n um b er of elemen ts (or blo c ks) to select along eac h dimension;

� stride: the n um b er of elemen ts to separate eac h elemen t (or blo c k) to b e selected; and

� blo c k: the size of eac h blo c k selected from the data set.

All of these parameters are one-dimensional lists, with lengths equal to the n um b er of dimensions of the data

set. The elemen ts of these lists sp ecify data arra y lengths or o�sets for corresp onding dimensions of the data

arra ys. Curren tly the size of elemen t blo c ks is prede�ned to one, whic h is adequate for the targeted visualization

scenario. In future w ork, w e will extend the proto col to accept v ariable blo c k sizes.

Our curren t mec hanism for sp ecifying the h yp erslab co ordinates tak es the follo wing form:

ERET Hdf5="BLOCK:NAME =<d at as etn am e> ;\

DIMENSIONS=<dims >; \

ORIGIN=<orig0>,< or ig1 >, .. .,< or ign >; \

SIZE=<size0>,<si ze 1>, .. ., <si ze n>; \

SAMPLING=<sampli ng 0>, <s am pli ng 1>, .. ., <sa mp li ngn >"

<filename>

datasetname is the fully quali�ed name (including the path to the data set) of the data set from whic h data

should b e read; orig0 to orig n are the co ordinates of the �rst elemen t to b e selected from the data set; size0

to size n are the n um b er of elemen ts to b e selected in eac h dimension; and sampling0 to sampling n represen t

the distance b et w een t w o selected elemen ts for eac h dimension.

This request is sen t to the serv er. The serv er op ens the �le �lename , op ens the giv en data set, and reads

the p ortion of the �le sp eci�ed b y the giv en parameters. This pro cedure is p erformed via nativ e HDF5 library

calls. Next, the retriev ed data is sen t via the GridFTP connection to the clien t, whic h will con v ert the data

to the lo cal b yte order if needed. T o determine if con v ersion is necessary , the �rst 32 bits sen t b y the serv er

represen t an in teger with the v alue of 1 , enco ded using the serv ers b yte ordering.

The approac h w e ha v e tak en in creating this limited HDF5 API wrapp er do es reduce the �exibilit y pro vided

b y the original API. Nonetheless, for our visualization scenario this API is appropriate, and mak es signi�can t

steps to w ard maximizing o v erall p erformance. T o retain the �exibilit y of the original API, one approac h w ould

b e to execute eac h nativ e API call remotely . In this case, the cost p er call is at least that of the net w ork latency .

This, com bined with the relativ ely large n um b er of calls needed for example to gather the meta data from the

�le, signi�can tly reduces the p erformance. This motiv ates the usage of higher lev el API wrapp ers, as the one

w e ha v e implemen ted. Ho w ev er, suc h wrapp ers need not to b e as limited as our curren t v ersion of course.

5.3. Securit y . The securit y mo del used used b y the GridFTP serv er is GSI (Grid Securit y Infrastruc-

ture) [17 ]. The clien t needs to hold a v alid GSI pro xy con taining a securit y creden tial with limited v alidit y .

The pro xy represen ts a Distinguished Name (DN) that m ust b e presen t in the grid-mapfile of the serv er

mac hine in order for the serv er to accept the connection. This pro xy is used to authen ticate the clien t without

using passw ords. After the connection is established, the serv er fron t end starts the MPI-based bac k end.

This bac k end runs under the lo cal iden tit y to whic h the DN is mapp ed. The bac k end is resp onsible for all

subsequen t op erations, including the �ltering op erations. This ensures that only authorized clien ts can access

the information from the original �le.

6. A daptiv e Visualization. W e utilize the previously describ ed tec hniques for data access and �ltering

to generate a lev el-of-detail represen tation of the remote data set in the visualization phase.

First, the meta data�i. e. information ab out the n um b er of data samples p er co ordinate axis and the data

v olume extension in ph ysical space�is retriev ed (see sect. 5.2). With help of this information, and a selectable

minimal resolution of the data, an o ctree structure is generated, whic h initially con tains no data other than the

paren t-c hild relations and p osition and extensions of the tree no des. The ro ot no de of the structure will store

a coarse represen tation of the whole data v olume. This is recursiv ely re�ned b y subno des with higher spatial

resolution un til the resolution of the original data is reac hed.
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Next, the data for the o ctree no des is requested from the reader mo dule, starting at the ro ot no de. The

order in whic h no des are re�ned is determined b y the distance from a user-de�ned p oin t-of-in terest, whic h

migh t b e the camera p osition or an arbitrary p oin t within the data v olume. Subregions of the data sets closer

to this p oin t are requested with higher priorit y than those whic h are further a w a y . The p osition and resolution

parameters for eac h request are sp eci�ed and sen t to the remote mac hine as describ ed in sect. 5.2.

The reader runs in a separate thread, so the visualization routines are not blo c k ed during the loading phase.

Eac h time a data blo c k has arriv ed, the visualization mo dule is noti�ed, and this new data is re�ected in the

next rendered frame of the visualization.

Fig. 6.1 . The se quenc e depicts the volume r endering of a r emote data set. First, a c o arse

r esolution r epr esentation of the data is gener ate d on-the-�y and tr ansferr e d to the lo c al visual-

ization client. Next, subr e gions closer to the p oint-of-inter est (in this c ase, the c amer a p osition)

ar e r e queste d and inte gr ate d at pr o gr essively higher r esolutions.

Besides hierarc hical visualization mo dules for orthoslicing and the displa y of heigh t �elds, w e implemen ted

a 3D texture-based v olume rendering mo dule for o ctrees. The o ctree is tra v ersed in a view-consisten t (bac k-to-

fron t) order, starting at the ro ot no de. A no de is rendered, if t w o criteria are ful�lled:

� The data for this no de is already loaded (otherwise, the tra v ersal of the asso ciated subtree is stopp ed).

� The data for the subno des is not loaded y et (otherwise, the no de is skipp ed and the subno des are

visited).

Once a no de is selected, it is rendered utilizing the standard approac h for v olume rendering with 3D textures,

as prop osed in (e.g.) [16 , 15 ]. The 3D texture is sampled on slices p erp endicular to the viewing direction and

blended in the frame bu�er.

In order to tak e adv an tage of the m ulti-resolution structure of the data for fast rendering, the sample

distance of the slices is set with resp ect to the resolution lev el of the actual no de, as prop osed in [29 ].

7. Results.

7.1. Implemen tation. The implemen tation of the remote data access infrastructure w e ha v e describ ed

is based on an exp erimen tal v ersion of the GridFTP serv er pro vided b y the Globus Group. This serv er is not
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part of the Globus soft w are distribution as of y et. It supp orts the addition of compile-time plugins (written

in C) for handling sp eci�c incarnations of the ERET/ESTO proto col commands. Although ERET and ESTO

are sp eci�ed in the GridFTP proto col v ersion 1.0, there is curren tly no other implemen tation of this feature

a v ailable other than the basic supp ort for partial �le access and strip ed data access. There are go o d prosp ects

for this feature to b e presen t in v arious future implemen tations of GridFTP serv ers. The plugin co de will b e

a v ailable via the GridLab pro ject soft w are distribution, and will b e published at http://www.gridl ab .or g/ .

F or b enc hmarking the soft w are w e used a dual Xeon 1.7GHz Serv er running RedHat Lin ux 8.0 as a data

serv er. The mac hine w as equipp ed with 1GB of RAM and a logical v olume storage of 320 GByte (36.5 MByte/sec

transfer rate). The measuremen ts ha v e a gran ularit y of 1 second.

The visualization mo dules w e describ ed ha v e b een implemen ted in the Amira visualization en vironmen t [28 ,

5], whic h is based on Op enGL and Op enIn v en tor. The renderings ha v e b een p erformed on a dual P en tium IV

system with 2.6 GHz, 1 GByte main memory and NVidia Quadro4 graphics. The system ran under RedHat

Lin ux 8.0 with the standard NVidia video driv er.

7.2. Benc hmark Results. In order to ev aluate our approac h, w e p erformed a n um b er of p erformance

measuremen ts for accessing, loading and displa ying large remote HDF5 data sets. W e compare the p erformance

obtained using the GridFTP plugin ( GridFTP HDF5 ) with a comparable remote access tec hnique, that is

HDF5 o v er GridFTP partial �le access ( GridFTP PF A ). W e also include measuremen ts of lo cal ( lo c al ac c ess )

and Net w ork File System ( NFS ac c ess ) times to see if w e ac hiev ed our goal of ha ving acceptable w aiting times

b efore the �rst visualization is created, considering the lo cal and NFS times as acceptable.

The results of these tests are listed in table 7.2. The time needed to create the �rst image ( t3 ) is comp osed

of the time needed to gather and transfer the meta data ( t1 ) and the time needed to �lter and transfer the

subsampled �rst timestep ( t2 ). t4 giv es the access time for a full resolution time step.

The tests ha v e b een p erformed on a Lo cal Area Net w ork ( LAN ) with normal net w ork load (latency 1ms,

measured 32.0 MBit/sec), and on a Wide Area Net w ork connection ( W AN ) b et w een Amsterdam and Berlin

(latency 20ms, measured bandwith: 24.0 MBit/sec).

The W AN measuremen ts ha v e b een p erformed with v arious level settings, that is with di�eren t depth of

the o ctree hierarc h y created.

T able 7.1

The table lists p erformanc e me asur ements for the various ac c ess te chniques we explor e d.

The r esults have b e en obtaine d by timing the visualization pr o c ess for a 32 GB HDF5 �le, c on-

taining 500 timesteps, e ach timestep with the r esolution of 2563
data p oints (double pr e cision).

A ccess T yp e Net Lev el Meta Data Ro ot Blo c k Startup Complete

t1 t2 t3 = t1 + t2 t4

lo cal access - 2 7 sec 1 sec 8 sec 3 sec

NFS access LAN 2 8 sec 5 sec 13 sec 8 sec

GridFTP HDF5 LAN 2 11 sec 2 sec 13 sec 11 sec

GridFTP PF A LAN 2 165 sec 10 sec 175 sec 200 sec

GridFTP HDF5 W AN 3 14 sec 2 sec 16 sec 126 sec

GridFTP HDF5 W AN 2 14 sec 3 sec 17 sec 68 sec

GridFTP HDF5 W AN 1 14 sec 7 sec 21 sec 45 sec

GridFTP HDF5 W AN 0 14 sec 41 sec 55 sec 41 sec

GridFTP PF A W AN 3 430 sec 28 sec 458 sec 3760 sec

GridFTP PF A W AN 2 430 sec 53 sec 483 sec 960 sec

GridFTP PF A W AN 1 430 sec 110 sec 560 sec 477 sec

GridFTP PF A W AN 0 430 sec 220 sec 670 sec 220 sec

These measuremen ts sho w that the goal of a fast initial visual represen tation of the data set w as ac hiev ed:

a small startup time t3 can b e ac hiev ed b y using the GridFTP HDF5 tec hnique com bined with hierarc hical

access ( level � 2). This time is of the same order of magnitude as for lo cal visualization.

Sp ecifying the hierarc h y lev el pro vides the user with an in teractiv e mec hanism for tuning resp onse times.

The data access sc heme could pro v e its adaptivit y for di�eren t net w ork connectivit y . In principle, the user can

reduce the time to obtain a �rst visual represen tation b y c ho osing a larger hierarc h y lev el. The tradeo� for
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shorter startup times is the total transfer time for a fully resolv ed data set (all o ctree lev els)

7

. The results sho w

that relation ( t3 / t4 ) clearly for the W AN measuremen ts with di�eren t lev el settings.

Also, the large o v erhead for the complicated meta data access w as dramatically reduced in comparison to

GridFTP partial �le access. The remaining time di�erence relativ e to the NFS meta data access results from

the application of the zero �lter to all data sets, the time needed to write the meta data �le, and the time to

transfer it.

8. Conclusions. With the presen ted sc heme for progressiv e remote data access and its use for hierarc hical

rendering, w e ha v e successfully realized the functionalit y targeted in our motiv ating scenario (sect. 2). In

particular, the tec hniques w e ha v e dev elop ed supp ort the adaptation of remote data access to a wide range of

I/O connections, and react �exibly to user and application demands. F or example, our mec hanisms supp ort

adjustmen t of the systems reaction time�the time un til the �rst visual impression for the data set app ears�b y

adapting data �lter parameters, suc h as the c hosen o ctree depth.

Our presen ted solution do es not dep end on serv er-side o�ine prepro cessing of the complete data set. The

access to the data sets meta data, when compared to naiv e remote access tec hniques, o�ers v ery high p erfor-

mance, as supp orted b y the results of T able 1. Only a small lo cal disk storage space is required for cac hing the

asso ciated metadata.

The extensibilit y of this approac h is also notable. This approac h supp orts b oth additional data formats

other than HDF5, and access patterns other than h yp erslab, through the pro vision of additional plugins. Si-

m ultaneously , it is imp ortan t to ac kno wledge that this approac h ma y mak e it increasingly di�cult to main tain

compatible con�gurations on all hosts of a Grid. The situation ma y impro v e with future GridFTP serv er im-

plemen tations allo wing dynamic linking and in v o cation of plugins. Th us implemen tation is one of the �rst few

existing utilizations of the ERET capabilities pro vided b y GridFTP . It is exp ected to see man y more in the future.

Our w ork further demonstrates the usabilit y of the data access sc heme for hierarc hical rendering tec hniques.

The implemen ted algorithms (orthoslice, heigh t �eld, v olumetric rendering) sho w v ery go o d p erformance, and

are also adaptiv e to user sp eci�cation and connectivit y c haracteristics.

The presen ted arc hitecture enables us to realize visualization scenarios whic h w ould b e imp ossible earlier, b y

reducing the total amoun t needed for obtaining a visual data impression b y orders of magnitudes, if compared

to naiv e approac hes.

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.
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