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MySQL is a standards-compliant, high-performance, relational database with a pluggable 
storage engine architecture that enables third parties to create low-level interfaces to data stored 
in different formats, permitting more optimal operation in various use scenarios. The Petaminer 
is a joint project with a private company whose purpose is to exploit a feature of MySQL to 
provide a direct "MySQL interface" to ROOT files. We report on the development of a custom 
MySQL storage engine to directly access the LHC experiment’s event TAG metadata stored in 
ROOT files. ROOT is a structured, extensible analysis framework and data architecture for 
storage and retrieval of arbitrarily scaled, distributed data. ROOT supports high-rate streaming 
of data as well as storage distributed across multiple file systems and domains. It was designed 
to contain physics event data among other uses, and so has numerous features that make it ideal 
for this purpose, including hierarchical, column-oriented data structures, dynamic schema 
evolution, and support for binary float numbers. The ability to access column-oriented event 
data stored in distributed ROOT files using standard MySQL tools offers the potential to 
improve the efficiency and accessibility of metadata-keyed queries for LHC data analysis. The 
Petaminer project demonstrated feasibility of using ROOT TTree files as a pluggable storage 
engine for MySQL. We present first results of our feasibility studies of creating a column-
oriented MySQL storage engine that uses the ROOT API to access TAG metadata directly from 
ROOT files, and uses ROOT-FastBit to map MySQL indexing operations to FastBit indices. 
The prototype storage engine demonstrates both query functionality and improved performance. 
As a result, Petaminer enhances MySQL with column-oriented storage capable to support binary 
float numbers with bitmap indexing. Work is in progress to extend the functionalities of the 
Petaminer software.  
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1. Introduction 

HEP experiments at the LHC store Petabytes of data in ROOT files described with TAG 
metadata. The LHC experiments have challenging goals for efficient access to this data. 
Physicists need to be able to compose a metadata query and rapidly retrieve the set of matching 
events. Such skimming operations will be the first step in the analysis of LHC data, and 
improved efficiency will facilitate the discovery process by permitting rapid iterations of data 
evaluation and retrieval. 

To address this problem, the Petaminer project [1] have prototyped a custom MySQL 
storage engine to enable the MySQL query processor to directly access TAG data stored in 
ROOT TTrees [2]. In addition to providing an efficient SQL query interface to the data stored in 
ROOT TTrees, the Petaminer engine links MySQL index-building capabilities to FastBit [3] 
bitmap indexing of the data in ROOT TTrees, further optimizing to TAG query performance. 

Column-oriented databases are an emerging technique for achieving higher performance 
than traditional row-oriented databases, especially in large scale data-mining scenarios. As 
ROOT TTrees are inherently column-oriented, reading them directly will provide improved 
performance over traditional row-oriented TAG databases.  

1.1. TAG databases 

TAG databases are a strategy enabling raw event data to be tagged with descriptive 
metadata. Although capitalized by convention, TAG is not an acronym; in the context of this 
work, TAGs are defined as name-value pairs representing mutable event metadata such as 
geometry, energy, source, quality, or arbitrary descriptive designations. Such in-situ metadata 
allows massive amounts of data to be flexibly categorized and processed. A particularly 
important goal of TAG is enabling the storage of massive amounts of raw data in central 
locations that have sufficient storage, processing, and network infrastructure to handle it, while 
also permitting remote scientists to work with the data by using TAG metadata to select smaller-
scale, higher-quality data that can be downloaded and processed at locations with more modest 
resources, a process known as event skimming. The TAG schema will evolve over time as 
additional metadata is identified. At 1 kB per event, ATLAS TAGS data are expected to grow 
by approximately 10 TB per year [4]. Other HEP experiments are expected to use metadata 
tagging schemes similar to ATLAS TAGs to support event skimming. 

When a reconstructed event is written to the ATLAS Event Store comprised of 
POOL/ROOT files, the metadata about the event (a “tag”) is exported along with references to 
the event data to a ROOT TTree file. In an Oracle database it can be captured as tables, e.g.: 

• Five data tables with different physics streams: Muon, Egamma, Minbias, Jet and Bphys 
• Six runs/partitions per table: 52280, 52283, 52290, 52293, 52301, and 52304 

A row's columns consist of references to AOD and ESD files, physics quantities, and trigger 
bitmasks for Event Filter, L1 and L2 triggers. Indexing makes selection of rare events highly 
efficient, even at Terabyte scales. However, the need to copy data from ROOT into database 
tables hampers scalability of operations, due to the need to periodically reload very large tables, 
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TAG metadata schema evolution requiring corresponding changes to table schemas, and dealing 
with database tables' physical size limitations. In contrast, Petaminer avoids such problems by 
reading data directly from the source ROOT files. 

1.2. Row versus column-oriented data formats 

Row-oriented data storage is optimized for fast writes and permits row-level locking for 
updates. In contrast, a column-oriented format is optimal for fast reads and data mining. 
Column-oriented databases are an emerging technique for achieving higher performance than 
traditional row-oriented databases, especially in large scale data-mining scenarios. 

Figure 1. Row vs. column data layout. 

Figure 1 compares row-oriented data layout, conventionally used by SQL databases, to 
column-oriented layout, used by ROOT. In a column-oriented layout, all values of each attribute 
are stored contiguously, so that during SELECT operations, attributes matching the WHERE 
clause parameters can rapidly be scanned without having to traverse the entire dataset. Also, 
column-orientation permits compression of columns via lossless run-length encoding, so that 
large attribute value sets need much less space, further reducing query times. 

2. Approach 

To address these problems of efficient data access and data migration, we are developing a 
custom MySQL storage engine permitting the MySQL query processor to directly access TAG 
data stored in ROOT TTrees without intermediate duplication in conventional database tables. 
This approach permits using FastBit indexing to further tune and improve performance. 

FastBit is a LBNL-developed generic bitmap indexing tool that permits optimal searches 
through large datasets containing heterogeneous data types. ROOT-FastBit [5] is middleware 
that enables FastBit to index and query ROOT file contents. The Petaminer project has updated 
ROOT-FastBit v0.8 to interoperate with the current release of FastBit (v1.0.2) for purposes of 
integrating ROOT-FastBit into the storage engine, so that it can directly create and use FastBit 
indices of ROOT TAG metadata. 

The prototype architecture forwards MySQL database operations to the Petaminer storage 
engine, which makes ROOT API calls to access data directly from ROOT files, without 
intermediate storage of data in MySQL tables. Figure 2 shows the system architecture. 
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Figure 2. High level software architecture of Petaminer. 

The custom storage engine is implemented as a handlerton which maps API operations to 
custom storage engine methods. Development of the Petaminer engine initially focused on 
functionality to open and read ROOT file contents, specifically targeted at the n-tuples 
containing TAG metadata. The Petaminer engine internally maps ROOT data structures to 
analogous database constructs such as tables and columns (Table 1). Using this logical mapping, 
SQL queries handled by the storage engine are translated into ROOT file access operations. 

Table 1. An example of logical data mapping between ROOT and MySQL 

ROOT Data MySQL Data 
TFile MyData.root { 
 TTree tree { 
  TBranch<Int_t> a1 
  TBranch<Float_t> a2 
 } 
} 

 
TABLE   MyData  { 
 a1 INT, 
 a2 DOUBLE 
} 

 

In addition to processing data reads, the Petaminer software maps standard MySQL 
database indexes to FastBit bitmap indexing. This is done by making the Petaminer storage 
engine capture index parameters, and using ROOT-FastBit to create a FastBit index on the same 
ROOT attributes. Consider this SQL command to create a simple two-column table, each of 
which has an index: 

CREATE TABLE  MyData (a1 INT,  a2 DOUBLE, INDEX idx1(a1), INDEX idx2(a2)); 

In this case, Petaminer issues these ROOT-Fastbit calls to create the bitmap indices: 

TFile* file = new TFile(“MyData.root”); 
TTree *tree = (TTree*)file->FindObject("tree"); 
TBitmapIndex index; 
index.Init(); 
char indexLocation[16] = "data/test"; 
index.ReadRootWriteIndexFile(tree, indexLocation); 
index.BuildIndex(tree, "a1", indexLocation); 
index.BuildIndex(tree, "a2", indexLocation); 
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3. Status and Plans 

Our main goal in the first phase of the Petaminer project has been achieved: queries 
submitted to MySQL via a standard user interface are passed to the Petaminer storage engine 
and retrieve TAG metadata from a ROOT file. This basic functionality permits any MySQL-
compatible client to issue standard SQL queries to a MySQL server with the Petaminer storage 
engine and read results directly from ROOT files. The regular MySQL query processor is used, 
so many standard SQL selection, ordering, and processing functions are available, although all 
operations are read-only. The integration of ROOT-FastBit has demonstrated the feasibility of 
making MySQL index operations map to FastBit indexing. In preliminary tests, FastBit indexed 
queries across randomly distributed numeric ROOT attributes have demonstrated an order of 
magnitude improvement over unindexed queries, on average, a result consistent with [5]. 

The Petaminer work completed thus far has identified numerous areas for future work on 
improving the prototyped functionality and adding new features. Additional work on index 
optimization is expected to produce greater query speed improvements. The project also has 
demonstrated the feasibility of making ROOT TFormulas map to MySQL User-Defined 
Functions (UDFs.) This functionality would permit TFormulas to be included in user's SQL 
statements to perform advanced ROOT operations on query results. In addition, a lightweight 
Web-based interface will be created for querying TAG databases, in order to provide improved 
usability and global accessibility. To assure security we will use the grid-enabled MySQL 
software developed by the SHIELDS project [6]. 

4. Acknowledgements 

We gratefully acknowledge the invaluable advice and participation of ROOT team 
members Rene Brun and Philippe Canal. We also thank Jérôme Lauret and Valery Fine for their 
interest and discussions of software applications in Nuclear Physics. This work is supported in 
part by the U.S. Department of Energy, Division of High Energy Physics, under Contract DE-
AC02-06CH11357 and Grant No. DE-FG 02 08ER85058. 

References 

[1] https://ice.txcorp.com/trac/petaminer 

[2] R. Brun, F. Rademakers, ROOT - An Object Oriented Data Analysis Framework, Nucl. Inst. & 
Meth. in Phys. Res. A 389 (1997) 81-86. See also http://root.cern.ch. 

[3] Kesheng Wu. FastBit: an efficient indexing technology for accelerating data-intensive science, 
J. Phys.: Conf. Ser. 16, pp 556-560. 

[4] J. Cranshaw, A.T. Doyle, M. J. Kenyon, D. Malon, H. McGlone, C. Nicholson, Integration of the 
ATLAS tag database with data management and analysis components, 2008 J. Phys.: Conf. Ser. 119 
042008. 

[5] K. Stockinger, K. Wu, R. Brun, P. Canal, Bitmap Indices for Fast End-User Physics Analysis in 
ROOT, Lawrence Berkeley National Laboratory Paper LBNL-58426, July 26 2005. 

[6] A. Vaniachine, S. Eckmann and W. Deng, Securing distributed data management with SHIELDS, in 
proceedings of XXI International Symposium on Nuclear Electronics & Computing (NEC’2007), 
JINR Publishing, Dubna, 2008, pp 446-449. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


