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The GIOD Project: Globally Interconnected Object Databases for HEP
Introduction
In late 1996, Caltech HEP (H. Newman), Caltech's Center for Advanced Computing Research (P. Messina),
CERN IT Division (J.Bunn, J.May, L.Robertson), and Hewlett Packard Corp. (P.Bemis, then HP Chief
Scientist) initiated a joint project on "Globally Interconnected Object Databases", to address the key issues of
wide area network-distributed data access and analysis for the next generation of high energy physics
experiments.
This Summary Report is a condensed version of the full GIOD Status Report, which may be accessed at
http://pcbunn.cacr.caltech.edu/Report_1999.pdf
Progress
Rapid and sustained progress has been achieved over the last two years: we have built prototype database,
reconstruction, analysis and (Java3D) visualization systems. This has allowed us to test, validate and begin to
develop the strategies and mechanisms that will make the implementation of massive distributed systems for
data access and analysis in support of the LHC physics program possible. These systems will be dimensioned to
accommodate the volume (measured in PetaBytes) and complexity of the data, the geographical spread of the
institutes and the large numbers of physicists participating in each experiment. At the time of this writing the
planned investigations of data storage and access methods, performance and scalability of the database, and the
software development process, are all completed, or currently underway.
Current work includes the deployment and tests of the Terabyte-scale database at a few US universities and
laboratories participating in the LHC program. In addition to providing a source of simulated events for
evaluation of the design and discovery potential of the CMS experiment, the distributed database system will be
used to explore and develop effective strategies for distributed data access and analysis at the LHC. These tests
are foreseen to use local, regional (CalREN-2) and the Internet-2 backbones nationally, to explore how the
distributed system will work, and which strategies are most effective.
The GIOD Project is due to complete at the end of 1999.
Computing Infrastructure
We have adopted several key technologies that will probably play significant roles in the LHC computing
systems: OO software (C++ and Java), commercial OO database management systems (ODBMS; specifically
Objectivity/DB), hierarchical storage management systems (HPSS) and fast networks (ATM LAN and OC12
regional links). The kernel of our prototype is a large (~1 Terabyte) Object database containing ~1,000,000 fully
simulated LHC events. Using this database, we have investigated scalability and clustering issues in order to
understand the performance of the database for physics analysis. Tests included making replicas of portions of
the database, by moving objects in the WAN, executing analysis and reconstruction tasks on servers that are
remote from the database, and exploring schemes for speeding up the selection of small sub-samples of events.
Another series of tests involves hundreds of "client" processes simultaneously reading and/or writing to the
database, in a manner similar to simultaneous use by hundreds of physicists, or in a data acquisition farm.
The GIOD project uses several of the latest hardware and software systems:
1. The Caltech HP Exemplar, a 256-PA8000 CPU SMP machine of ~3,000 SPECInt95
2. The High Performance Storage System (HPSS) from IBM
3. The Objectivity/DB Object Database Management System
4. An HP-C200 Workstation equipped with a dedicated 155 MBits/sec optical fiber link to the Exemplar (via a
FORE ATM switch)

5. Several Pentium II-class PCs running Windows/NT, including an HP "Kayak" with a special "fx4" graphics
card, and 256 MBytes RAM
6. Various high speed LAN and WAN links (ATM/Ethernet)
7. C++ and Java/Java3D
Database scalability and access tests
Scalability with a simple application
We developed a simple scaling test application, and looked at the usability, efficiency and scalability of the
Object Database while varying the number of objects, their location, the object selection mechanism and the
database host platform.
Using the application, we measured matching speed as a function of the number of objects in each database.
The results showed that the fastest matching times are obtained by using an index on the positions of the star
objects, and the slowest times with a text -based predicate" selection.
We then measured matching speeds on different hardware and operating systems, comparing the performance
of the matching using indices on the Exemplar, a Pentium II (266 MHz), a Pentium Pro (200 MHz) and an HP
755 workstation. For all these tests, we ensured that both stars databases were completely contained in the
system cache, so that we could disregard effects due to disk access speeds on the various machines. The results
demonstrated the platform independence of the ODBMS and application software, and illustrates the
performance differences due to the speeds of the CPUs, the code generated by the C++ compilers, and so on.
Another test showed how the application and database could reside on different systems, and what impact on
performance there was if they did: we measured the matching speed on a 266 MHz Pentium II PC with local
databases, and with databases stored on a remote HP 755 workstation. For the problem sizes we were using,
there was no significant performance degradation when the data were held remotely from the client application.
We measured the speed at which large numbers of databases could be created within a single Objectivity
federation. The results are shown below:

Figure 1: Showing the tim taken to add new databases to an existing Objectivity federation. We were able
to create a federation of 32,000 databases before boredom set in.
Summary of the simple Scalability Tests
Our results demonstrated the platform independence of both the database and the application, and the locality
independence of the application. We found, as expected, significance query performance gains when objects in
the database were indexed appropriately.

Scalability tests on the Caltech Exemplar
The scalability tests were performed on the HP Exemplar machine at Caltech. As described already, this is a
256 CPU SMP machine of some 0.1 TIPS. There are 16 nodes, which are connected by a special-purpose fast
network called a CTI. Each node contains 16 PA8000 processors and one node file system. A node file system
consists of 4 disks with 4-way striping, with a file system block size of 64 KB and a maximum raw I/O rate of
22 MBytes/second. We used up to 240 processors and up to 15 node file systems in our tests. We ensured that
data was always read from disk, and never from the file system cache.

Figure 2: Configuration of the Hp Exemplar at Caltech
Our first round of tests used synthetic event data represented as sets of 10 KByte objects. A 1 MByte event thus
became a set of 100 objects of 10 KB. Though not realistic in terms of physics, this approach does have the
advantage of giving cleaner results by eliminating some potential sources of complexity.
Reconstruction test
We have tested the database under an event reconstruction workload with up to 240 clients. In this workload,
each
client
runs
a
simulated
reconstruction
job
on
its
own
set
of
events.

Figure 3: Scalability of Reconstruction workloads
The results from our tests are shown in the above Figure. The solid curve shows the aggregate throughput for
the CMS reconstruction workload described above. The aggregate throughput (and thus the number of events
reconstructed per second) scales almost linearly with the number of clients. In the left part of the curve, 91% of
the allocated CPU resources are spent running actual reconstruction code. With 240 clients, 83% of the
allocated CPU power (240 CPUs) is used for physics code, yielding an aggregate throughput of 47
MBytes/second (42 events/s), using about 0.1 TIPS.
The dashed curve shows a workload with the same I/O profile as described above, but half as much
computation. This curve shows a clear shift a from CPU-bound to a disk-bound workload at 160 clients. The
maximum throughput is 55 MBytes/second, which is 63% of the maximum raw throughput of the four allocated
node file systems (88 MBytes/second). Overall, the disk efficiency is less good than the CPU efficiency. The
mismatch between database and file system page sizes discussed above is one obvious contributing factor to
this. In tests with fewer clients on a platform with a 16 KByte file system page size, we have seen higher disk
efficiencies for similar workloads.
DAQ (Data Acquisition) test
In this test, each client is writing a stream of 10 KByte objects to its own container. For every event (1 MByte
raw data) written, about 180 MIPSs (0.45 CPU seconds on the Exemplar) are spent in simulated data
formatting. For comparison, 0.20 CPU seconds are spent by Objectivity in object creation and writing, and the
operating system spends 0.01 CPU seconds per event. No read operations on flat files or network reads are done
by the clients. The database files are divided over eight node file systems, with the federation catalog and the
journal files on a ninth file system.

Figure 4: Scalability of a DAQ workload
The test results are shown in the above Figure. Again we see a transition from a CPU-bound to a disk-bound
workload. The highest throughput is 145 MBytes/second at 144 clients, which is 82% of the maximum raw
throughput of the eight allocated node file systems (176 MBytes/second).

Tests with real physics data
Our second round of tests wrote realistic physics event data into the database. These data were generated from a
pool of around one million fully simulated LHC multi-jet QCD events. The simulated events were used to
populate the Objectivity database according to an object scheme that fully implemented the complex
relationships between the components of the events. These events, and how they were generated and
reconstructed, is more fully described below.

Figure 5: The mapping of the event objects to the Object Database components.
In these tests we used Objectivity/DB v5.0. Only the database clients and the payload databases were located on
the Exemplar system. The lockserver was run on an HP workstation connected to the Exemplar via a LAN. The
database clients contacted the lockserver over TCP/IP connections. The federation catalog was placed on a
C200 HP workstation, connected to the Exemplar over a dedicated ATM link (155 Mbits/second). The clients
accessed the catalog over TCP/IP connections to the Objectivity/DB AMS server, which ran on the C200
workstation.
Results from tests with real physics data
We present the results from two measurements. In the first measurement, event data was written into a single
container in the client database file. In the second measurement, the six objects making up each event were
written to separate containers in the same database file. Associations between the objects in the event were
created.
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Figure 5: DAQ tests with real physics data
Figure 5 shows the test results. The first measurement shows a best rate of 172 MBytes/second, reached with 45
running clients. In the second measurement a rate of 154 MBytes/second was achieved when running with 30
clients. We note that the overhead associated with writing into six separate containers is not significant.
Conclusions from the Exemplar scalability tests
In the first series of tests, with all components of the Objectivity/DB system located on the Exemplar, we
observed almost ideal scalability, up to 240 clients, under synthetic physics reconstruction and DAQ workloads.
The utilisation of allocated CPU resources on the Exemplar is excellent, with reasonable to good utilisation of
allocated disk resources. It should be noted that the Exemplar has a very fast internal network.
In the second series of tests the database clients were located on the Exemplar, and the Objectivity lockserver,
AMS and catalog were located remotely. In this configuration, the system achieved aggregate write rates into
the database of more than 170 MBytes/second. This exceeds the 100 MBytes/second required by the DAQ
systems of the two main LHC experiments.
The Versant ODBMS
We evaluated the usability and performance of Versant ODBMS, Objectivity's main competitor. Based on these
tests we concluded that Versant would offer an acceptable alternative solution to Objectivity, if required.
Object Database Replication from CERN to Caltech
We tested one aspect of the feasibility of wide area network (WAN)-based physics analysis by measuring
replication performance between a database at CERN and one at Caltech. For these tests, an Objectivity/DB
"Autonomous Partition" was created on a 2 GByte NTFS disk on one of the Pentium PCs at Caltech. This AP
contained a replica of a database at CERN. At the same time, an AP was created at CERN with a replica of the
same database. Then, an update of 2 kBytes was made every ten minutes to the database at CERN, so causing
the replicas to be updated. The transaction times for the local and remote replications were measured over the
course of one day.

Figure 6: The DataReplicationOption wide area network test setup
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Figure 7: Time to achieve an update and commit it, as a function of time of day
The results show that during "saturated hours", when the WAN is busy, the time to commit the remote
transaction is predictably longer than the time to commit the local transaction. On the other hand, when the
WAN is quieter, the remote transaction takes no longer than the local transaction. This result demonstrates that,
given enough bandwidth, databases may be transparently (and seamlessly) replicated from CERN to remote
institutions.
The HPSS NFS Interface
We tested the operation of Objectivity/DB with a federated database located on an HPSS-managed NFS
mounted file system. The HPSS machine at CACR exported a filesystem to an HP 755 workstation, where an
Objectivity/DB installation was used to create a federation consisting of two 0.5 MBytes "stars" databases (see
the description of the "stars" application above) located on the mounted filesystem. The matching application
was run successfully. Then the database bitfiles were forced off HPSS disk and into tape, and the application
again run. This caused an RPC timeout in the Objectivity application during the restore of the databases from
tape to disk. We then inserted a call to "ooRpcTimeout" in the application, specifying a longer wait time, and
re-ran the application successfully.
The CMS H2 Test Beam OO Prototype
We ported the data reconstruction and analysis software for the H2 detector test beam at CERN to
Windows/NT. This task involved acquiring Rogue Wave Tools.h++ and installing an Objectivity/DB database
of approximately 500 MBytes of raw data from CERN, previously copied across the WAN to Caltech. After

initial tests with the software, it was decided to redirect all activities towards the CMSOO prototype described
later.
CMSOO - Tracker, ECAL and HCAL software prototype
In 1998, CMS Physicists had produced several sub-detector orientated OO prototypes (e.g. for the Tracker,
ECAL and HCAL detectors). These codes were mainly written in C++, occasionally with some Fortran, but
without persistent objects. We took these codes and integrated them into an overall structure, redesigning and
restructuring them where necessary. We then added persistency to the relevant classes, using the Objectivity/DB
API. We then reviewed the code and its structure for speed, performance and effectiveness of the algorithms,
and added global reconstruction aspects. These included track/ECAL cluster matching, jet finding and event
tagging.
Concurrently, Caltech/HEP submitted a successful proposal to NPACI (The National Partnership for Advanced
Computing Infrastructure) that asked for an Exemplar allocation to generate ~1,000,000 fully-simulated multijet QCD events. Event simulation has progressed since then, to an accumulated total of ~1 TBytes of data
(~1,000,000 events), stored in HPSS. The events were used as a copious source of "raw" LHC data for
processing by the "CMSOO" application and population of the GIOD database.

Figure 8: The class schema diagram for the track and calorimeter CMSOO prototype
Accessing ODBMS data from Java
The Java API supplied with Objectivity/DB has proven to be an extremely convenient and powerful means of
accessing event object data (created using the C++ CMSOO application) in the CMSOO database.

Figure 9: The prototype 2D event viewer, with tracker and ECAL information, and fitted tracks
We developed a 3D event viewer, which directly fetches the CMS detector geometry, raw data, reconstructed
data, and analysis data, all as objects from the database. A screen capture from the event viewer is shown in the
Figure below.

Figure 10: The JFC/Java3D-based GIOD Event viewer
In addition, we have used SLAC's Java Analysis Studio (JAS) software, which offers a set of histogramming
and fitting widgets, as well as various foreign data interface modules (DIMs). Using JAS, we constructed a DIM
for Objectivity, and a simple di-Jet analysis routine. With the analysis routine, we were able to iterate over all
events in the CMSOO database, apply cuts, and plot the di-jet mass spectrum for the surviving events. The
following Figure shows the JAS di-jet mass histogram.

Figure 11: : Showing SLAC's Java Analysis Studio with the GIOD Objectivity DIM, used to analyse a set
of di-jet events from the CMSOO database, and plot the di -jet mass spectrum.
Pure Java Track Fitter
We have developed a demonstration track fitting code in Java, that efficiently finds and fits tracks with Pt > 1
GeV in the CMS tracker. The code identifies good tracks at a rate of ~ 1 per second, for a total set of ~3000
digitisings in the tracker. This compares favourably with the C++/Fortran Kalman Filter code we use in our
production reconstruction code.
ATM traffic from database clients
Recent work in GIOD has been focussing on the network-related aspects of using the CMSOO database.
Tests have begun which involve distributing a number of database client processes on the Exemplar, and
having them communicate with a database hosted remotely across a dedicated ATM fiber link on an HP
C200 workstation. We have measured the I/O throughput to the disk containing the database files, the I/O
traffic on the ATM network, and the load on the database host processor during the tests. At the time of
writing, the test results are still being interpreted, but an initial clear conclusion is that the Objectivity
database lock and page servers play important roles in governing the maximum throughput of the system.
Multiple client tests
Test 1 : Transfer of ~40 large files using FTP

Figure 12: FTP of a large number of large files from the Exemplar to the C200 Disk.

Test 2: CMS Event Reconstruction in one processor.

Figure 13: Network traffic for a single Reconstruction client

Test 3: CMS Event Reconstruction in 16 processors.

Figure 14: Network traffic caused by 16 simultaneous Reconstruction clients
ATM and TCP/IP Characteristics of the Database Client traffic
By drawing throughput distribution graphs, we can observe and analyze network traffic using statistical
methods. If packets (often from more than one segment) or in this case an ATM cell is b bytes long and the
time it takes the packets to traverse from one end to the other is T seconds, then

For the dedicated ATM line from the C200 to the Exemplar, the value b is about 47.625±0.002 bytes per cell
(obtained with repeated FTP transfers of about 500 Megabytes of data). This measure is the direct result from
the fact that one ACK can acknowledge more than one segment. All measurements on the C200 are conducted
with a c-shell script which polls the network periodically with the tool 'atmmgr'. The command 'atmmgr' gives
a direct packet count on the ATM line at any given moment. Disk measurements are currently conducted with
the 'du' command. Since 'du' takes about 3 milliseconds on the C200, the measured disk rate and the ATM rates

are offset from each other by that amount. This is insignificant, however, compared to the polling period (1 to 2
seconds).
Reconstruction with N clients

Figure 15: With 32 simultaneous Reconstruction clients
FTP Tests with the San DiegoSuper Computer Centre (SDSC)
The San Diego SP2 is connected to the Exemplar via a combination of ATM, FDDI, and wide area Ethernet.

Figure 16: FTP test with SDSC
This graph shows extremely even and ordered behavior. Unlike the ATM, The FDDI line from San Diego is
symmetrical and has more even packet arrival times.

More FTP Tests

CMSOO Reconstruction to a database at SDSC

Figure 17: Showing the ATM traffic for CMSOO running on the Exemplar, writing to a database on the
SP2 at SDSC.
MONARC related work
Modelling the “Average Physicist” using ModNet
In an attempt to understand what the network demands might be to support end user physicists working with the
distributed system in 2005, a model was proposed (by Stu Loken) of what a typical physicist might do during
the course of a day to impact the network. These tasks are summarized in the following table:
Table 1: Network-related tasks of an average physicist in 2005

Task

Hours Per Day KBits/sec

Total

Mbits
Conferencing

2

512

4,000

"Coffee Room"

0.5

2,000

4,000

Seminar

0.4

1,000

1,600

Remote Sessions

2

256

4,000

Analysis, Including Transfer in background

4

700

10,000

Electronic Notebooks

2

100

800

Papers: 20 Papers and Documents, Including Links

2

100

800

E-Mail: 500 Multimedia Messages

2

50

400

Interactive Virtual Reality

0.5

2,000

4,000

TOTAL MBits Transferred Per Day

30,000

Average Mbps During a Ten Hour Day

0.75

The simple sum of traffic rates gives rise to an average of 0.75 Mbitse/second throughout the working day. The
modelling aim is to verify whether the tasks above do indeed give rise to network traffic averaging 0.75 Mbps,
and to show the traffic fluctuations over the course of the day. We would also like to model a group of
physicists using the above data, and see what the network implications are.
Modelling results
A graph of the network traffic between the physicist's workstation and the "Regional Centre" shows the
expected average rate of ~0.72 Mbps. (Note the spikiness of the traffic, peaking at 2.05 Mbps and with a low of
0.09 Mbps).

Figure 18: Traffic profile measured in the simulation
SoDA
The modelling and simulation of distributed computing systems has been investigated in CERN's Physics Data
Processing group previously and a framework for the Simulation of Distributed Architectures (SoDA) has been
developed. SoDA has been predominantly used for the simulation of local-scale distributed systems with a
deterministic workload profile. The present studies should investigate if SoDA is also suited to address
particular characteristics of wide area networks such as:
•

Hierarchical composition of network constituents: logical and physical topology

•

Indirect characterisation of the network load: Tasks - Users - Workgroups – Institutes

•

Stochastic modelling of the network load over certain periods of time (working day)

The problem naturally suggests to separate the specification of users (who issue the workload) and network
resources (which handle the workload).

Simulation and Analysis
The behaviour of a SoDA model can be observed either during its evaluation or after a simulation run. The
following examples of visualised result data illustrate either way.

Figure 19: The utilisation of a particular network link over 24 hours.
Summary
The GIOD work has resulted in the construction of a large set of fully simulated events, and these have been
used to create a large OO database. The Project has demonstrated the creation of large database federations, an
activity that has included practical experience with a variety of associated problems. We have developed
prototype reconstruction and analysis codes that work with persistent objects in the database. We have deployed
facilities and database federations as useful testbeds for Computing Model studies in the MONARC Project.
The project has proved to be an excellent vehicle for raising awareness of the computing challenges of the next
generation of particle physics experiments, both within the HEP community, and outside in other scientific
communities.
The JavaCMS event viewer was a featured demonstration at the Internet-2 Fall Meeting 1998 in San Francisco.
At this event we used an HP Kayak PC with FX4 graphics card as the demonstration platform, a machine
loaned to us by Hewlett Packard. At the SuperComputing '98 conference, the event viewer was demonstrated at
the HP, iGrid, NCSA and CACR stands, on two HP Kayak machines dedicated by Hewlett Packard. At the
Internet2 Distributed Storage Infrastructure workshop at Chapel Hill, NC in March 1999, the GIOD Project was
a featured potential application. GIOD will be present at the EDUCAUSE conference in October 1999.
This has strengthened our relationship with Internet-2, and (together with the VRVS work) is paving the way
for CERN to become a fully-fledged Internet-2 member later in 1999.
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