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SnowMed Medical clinic notes

Keyword tags

Figure 1. Selected ad hoc data sources.
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potentially interesting information and a list of pressipgestions
about that data. Could she please provide the answers tadse q
tions as quickly as possible, preferably last week? Therapeoy-

ing documentation is outdated and missing important inédiom,

so she first has to experiment with the data to discover itsttre.
Eventually, she understands the data well enough to hael-ao
parser, usually in C or ERL. Pressed for time, she interleaves code
to compute the answers to the supplied questions with theepar
As soon as the answers are computed, she gets a new data source
and a new set of questions to answer.

Through her heroic efforts, the data analyst answered ttesne
sary questions, but the approach is deficient in many respElce
analyst’s hard-won understanding of the data ended up esebed
in a hand-written parser, where it is difficult for others tnkfit
from her understanding. The parser is likely to be brittléhwe-
spect to changes in the input sources. Consider, for examgle
tricky it is to figure out which $3's should be $4’s in &RL parser
when a new column appears in the data. Errors in the dataadso p
a significant challenge in hand-coded parsers. If the datlysin
thoroughly checks for errors, then the error checking coolea-d
inates the parser, making it even more difficult to undecstidne
semantics of the data format. If she is not thorough, thesnewus
data can escape undetected, potentially (silently!) @oimg down-

PADX, a System for querying large-scale ad hoc data sources with stream processing. Finally, during the initial data explion and in
XQuery. PADX is the synthesis and extension of two existing sys- answering the specified questions, the analyst had to leoaléo

tems:PADS and Galax. WithPADX, an analyst writes a declarative

data description of the physical layout of her ad hoc datd,tha
PADScompiler produces customizable libraries for parsing tita d
and for viewing it as XML. The resulting library is linked vhitan

XQuery engine, permitting the analyst to view and query her a

hoc data sources using XQuery.

1. Introduction

Although enormous amounts of data exist in “well-behavemt*

mats such as XML and relational databases, massive amdsats a
exist in non-standard ad hoc data formats. Figure 1 gives some

compute the questions rather than being able to express the queries
in a declarative fashion. Of course, many of these pitfadis be
avoided with careful design and sufficient time, but suchuties
are not available to the analyst. However, with the appaderiool
support, many aspects of this process can be greatly sietplifi

We have two toolspADS[2, 6] and Galax [1, 5], each of which
addresses aspects of the analyst’s problem in isolatioe PAbS
system allows analysts to describe ad hoc data sourcesralecla
tively and then generates error-aware parsers and toolséer
nipulating the sources, including statistical profilingle Such
support allows the analyst to produce a robust, error-aparser
quickly. The Galax system supports declarative queryin¥ i

sense of the range and pervasiveness of such data. Ad hoc dat&ia XQuery. If Galax could be applied to ad hoc data, it would a

comes in many forms: ASCII, binary, EBCDIC, and mixed for-
mats. It can be fixed-width, fixed-column, variable-width.ewen
tree-structured. It is often quite large, including som&adaurces
that generate over a gigabit per second [4]. It frequentige®with
incomplete and/or out-of-date documentation, and theralanost
always errors in the data. Sometimes these errors are thieimos
teresting aspect of the datg., in log files where errors indicate
that something is going wrong in the associated system.

The lack of standard tools for processing ad hoc data fontes a
alysts to roll their own tools, leading to scenarios suchhasfol-
lowing. An analyst receives a new ad hoc data source contgini

*Work carried out while at AT&T Labs Research.

low the analyst first to explore the data and then to produseers
to her questions.

In this work, we strive to integrateADs and Galax to solve
the analyst's data-management problems for the large adidtac
sources that we have seen in practice. One approach would be
to havePADS produce a tool for converting ad hoc data to XML
and then apply Galax to the resulting document. (In fastps
provides this ability.) However, the typical factor of eigtpace
blow up in this conversion yields an unacceptable slowdomwn i
performance. Consequently, we chose to design and imptemen
paDx}, a synthesis and extension BADS and Galax. Figure 2

1Pronounced “paddocks”, an enclosed area for exercisirggharses.
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Figure 2. Data analyst's view oPADX

depictspADX from the analyst's perspective. The analyst provides
a PADS description of her ad hoc source, which is compiled into
a library of components for parsing her data and for viewind a
querying it as XML. The resulting libraries are linked tdget
with the PADS and Galax runtime systems into oraDXx query
executable, called a “query corfdl.At query time, the analyst
provides her ad hoc data sources and her query written in KQue
andpPADX produces the query’s results.

Building PADX presented several problems. The first was se-
mantic: We had to decide how to view ad hoc data as XML and
how to express this view as a mapping from #es type sys-
tem to XML Schema, the basis of XQuery's type system. A second
problem involved systems design and engineering. Buileixmx
required evolvingPabsand Galax in parallel, modifying the imple-
mentation of Galax to support an abstract data model so thiaixG
could view non-XML sources as XML, and augmentipgpswith
the ability to generate concrete instances of this data mOde so-
lutions to these problems, which were necessary to buildraing
system, are described in Sections 3 and 4. A third probleoivag
the scale of data and efficiency of queries, in particulaw twef-
ficiently evaluate complex queries over large sources.i@ebtde-
scribes howpADX currently handles large sources and the problems
that we face with respect to data scale and query performance

We begin with a more detailed account of a scenario thatillus
trates the data management tasks faced by AT&T data analydts
how PADX simplifies these tasks. We then crack openrhex ar-
chitecture, first describingaps and Galax in isolation, and then
describing our solutions to the problems described aboeecaM-
clude with related work and a discussion of open problems.

1.1 Data-management scenario

In the telecommunications industry, the tepnovisioning refers to
the process of converting an order for phone service intatheal
service. This process is complex, involving many interadiwith
other companies. To discover potential problems prodgtitee
Sirius project tracks AT&T’s provisioning process by cotirg
weekly summaries of the state of certain types of phone c®rvi
orders. These summaries, which are stored in flat ASCII tked, fi
can contain more than 2.2GB of data per week.

be available at the time of processing, in which case theesyst
generates a unique identifier, and prefixes this value wilsthing
“no_ii” to indicate the number was generated. The event sequence
represents the various states a service order goes thrduigh;
represented as a new-line terminated, pipe separated lisate,
timestamp pairs. There are over 400 distinct states thatrder o
may go through during provisioning. It may be apparent frbim t
description that English is a poor language for describiatad
formats!

The analyst’s first task is to write a parser for the Siriusadat
format. Like many ad hoc data sources, Sirius data can c¢ontai
unexpected or corrupted values, so the parser must handles er
robustly to avoid corrupting the results of analyses. VDS,
the analyst writes a declarative data description of thesichy
layout of her data. The language also permits the analysttoribe
expected semantic properties of her data so that deviatimmbe
flagged as errors. The intent is to allow an analyst to captuee
pADS description all that she knows about a given data source.

Figure 4 gives theeADs description for the Sirius data format.
In PADS descriptions, types are declared before they are used, so
the type that describes the entire data souscemary_t, ap-
pears at the bottom of the description (Line 42). In the negtien,
we use this example to give an overview of theDs language.
Here, we simply note that the data analyst writes this detori,
and thePADS compiler produces customizable C libraries and tools
for parsing, manipulating, and summarizing the data. Thetfeat
useful software artifacts are generated freaps descriptions pro-
vides strong incentive for keeping the descriptions curraifow-
ing them to serve as living documentation.

Analysts working with ad hoc data often want to query their
data. Questions posed by the Sirius analyst include “Saleot-
ders starting within a certain time window,” “Count the nuenlof
orders going through a particular state,” and “What is therage
time required to go from a particular event state to anotlaetiq
ular event state”. Such queries are useful for rapid infoionadis-
covery and for vetting errors and anomalies in data befaedata
proceeds to a down-stream process or is loaded into a databas

With PADX, the analyst writes declarative XQuery expressions
to query her ad hoc data source. Because XQuery is designed to
manipulate semi-structured data, its expressivenessemsd hoc
data sources well. As a Turing-complete language, XQueppus
erful enough to express all the questions above. For exarRjge
ure 5 contains an XQuery expression that produces all ottats
started in October, 2004. In Section 4, we discuss in moraildet
why XQuery is an appropriate query language for ad hoc data. O
benefit is that XQuery queries may be statically typed, whielps
detect common errors at compile time. For example, stafimgy
would raise an error if the path expression in Figure 5 reféto
or desr instead ofor der s, or if the analyst erroneously com-
pared the timestamp value tirst anp to a string.

2. UsingPADSto Access Ad Hoc Data
In this section, we give a brief overview @faDs, focusing on

The summaries store the processing date and one record peits data description language and the portions of the iisait

order. Each order record contains a header followed by adest
sequence of events. The header has 13 pipe separated fiedds: t
order number, AT&T’s internal order number, the order \anmsi
four different telephone numbers associated with the orier

zip code, a billing identifier, the order type, a measure @& th

generates that are relevantfebx. More information aboubADS
is available [2, 6].

2.1 pADS: The language
A PaDS specification describes the physical layout and semantic

complexity of the order, an unused field, and the source of the properties of an ad hoc data source. The language proviggea t

order data. Many of these fields are optional, in which casieimg
appears between the pipe characters. The billing identifasr not

2The equestrian metaphor is intentional: Getting theseesystto work
together is like corralling race horses!

based model: basic types specify atomic data such as isteger
strings, datesgtc., while structured types describe compound data
built from simpler pieces. TheaDslibrary provides a collection of
useful base types. Examples include 8-bit signed integenst(8),
32-bit unsigned integerdP(ii nt 32), IP addressesP{ p), dates



0| 15/ Cct/ 2004: 18: 46: 51

9152| 9152| 1| 9735551212| 0| | 9085551212 07988| no_i i 152272| EDTF_6| 0] APRL1| DUQ| 10| 16/ Qct / 2004: 10: 02: 10
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Figure 3. Tiny example of Sirius provisioning data.

1. Precord Pstruct summary_header _t {

2. "o|";

3.  Punixtine tstanp;

4.}

5. Pstruct no_ranmp_t {

6. "no_ii";

7. Puint64 id;

8. 1

9. Punion dib_ramp_t {
10. Pi nt 64 ranp;
11. no_ranp_t genRanp;
12. };
13. Pstruct order_header_t {
14. Pui nt 32 order _num
15. '|’'; Puint32 att_order_num
16. '|’; Puint32 ord_version;
17. '|'; Popt pn_t service_tn;
18. '|’'; Popt pn_t billing_tn;
19. '|'; Popt pn_t nl p_service_tn;
20. '|’'; Popt pn_t nlp_billing_tn;
21. '|'; Popt Pzip zi p_code;

22. '|'; dib_ranp_t ranp;

23. '|'; Pstring(:'|’':) order_type;
24. '|'; Puint32 order _details;
25. ' |'; Pstring(:']’:) unused;

26. '|'; Pstring(:'|":) stream

27. };

28. Pstruct event_t {

29. Pstring(:’]":) state;
30. "|"; Punixtine t st anp;
3L}

32. Parray event_seq_t {
33. event _t[]
34. };

35. Precord Pstruct order_t {
36. order _header _t
37. "|’; event_seq_t
38. };

39. Parray orders_t {
40. order_t[];
41. };

42. Psource Pstruct sunmmary_t{
summar y_header ;

43. summar y_header _t
44. orders_t orders;
45. };

Psep(’']’') && PtermPeor);

order _header;
events;

Figure 4. PADS description for Sirius provisioning data.

(: Return orders started in Cctober 2004 :)
$pads/ Psource/ orders/ el t[events/el t[1]

[tstanp/rep >= xs: dateTi me("2004- 10-01: 00: 00: 00")

(Pdat e), and stringsRst r i ng). By themselves, these base types
do not provide sufficient information for parsing becauseytbo
not indicate how the data is codeide., in ASCII, EBCDIC, or
binary. To resolve this ambiguitpaDs uses theambient coding.

By default, the ambient coding is ASCII, but programmers can
customize it as appropriate.

To describe more complex dateyDs provides a collection of
structured types loosely based on C’s type structure. Itiqoiarr,
PADShasPst r uct s,Puni ons, andPar r ays to describe record-
like structures, alternatives, and sequences, resphctRenuns
describe a fixed collection of literals, whilopt s provide con-
venient syntax for optional data. A type may have an asstiat
predicate that determines whether a parsed value is indesghh
value for the type. For example, a predicate might requiaé dhe
field of aPst r uct is bigger than another or that the elements of
a sequence are sorted. Programmers can specify such pesdica
using PADS expressions and functions, written in a C-like syntax.
Finally, PADS Pt ypedef s allow programmers to define new types
that add further constraints to existing types.

PADS types can be parameterized by values. This mechanism
reduces the number of base types and permits the format ape pr
erties of later portions of the data to depend upon earligiqts.

For example, the base tyfi nt 16_FW: 3: ) specifies an un-
signed two byte integer physically represented by exatthget
characters, while the tygestring(:’' |’ :) (eg., Line 29) de-
scribes a string terminated by a vertical bar. Parameterbeased
with compound types to specify the size of an array or the@ppr
priate branch of a union.

Pst r uct s describe ordered sequences of data with unrelated
types. In Figure 4, the type declaration for & r uct or der _t
(Lines 35-38) contains an order headarder _header _t ) fol-
lowed by the literal charactér| ’ , followed by an event sequence
(event _seq_t ). PADSsupports character, string, and regular ex-
pression literals.

Puni ons describe alternatives in the data format. For exam-
ple, thedi b_r anp_t type (Lines 9-12) indicates that thenp
field in a Sirius record can be eitherRui nt _64 or a string
"no_ii" followed by aPui nt _64. During parsing, the branches
of aPuni on are tried in order; the first branch that parses without
error is taken.

The or der _header _t type (Lines 13-27) contains several
anonymous uses of theopt type. This type is syntactic sugar for
a stylized use of &uni on with two branches: the first with the
indicated type, and the second with the “void” type, whichajs
matches but never consumes any input.

PADS providesPar r ays to describe varying-length sequences
of data all with the same type. Tkeent _seq_t type (Lines 32—
34) uses &ar r ay to characterize the sequence of events an order
goes through during processing. This declaration indécabet
each element in the sequence has typent _t . It also specifies
that the elements will be separated by vertical bars, andtltea
sequence will be terminated by an end-of-record marReo( ).

In general,PADS provides a rich collection of array-termination
conditions: reaching a maximum size, finding a terminatitegal

and tstanp/rep < xs:dateTi me("2004- 11- 01: 00: 00: 00" )] J(including end-of-record and end-of-source), or satigfya user-

Figure 5. Query applied to Sirius provisioning data.

supplied predicate over the already-parsed portion oPtrer ay.
Finally, thePr ecor d (Line 35) andPsour ce (Line 42) an-
notations deserve comment. The first indicates that thetatatb



type constitutes a record, while the second means that pleectyn-
stitutes the totality of a data source. The notion of a recairies
depending upon the data encoding. ASCII data typically nses
line characters to delimit records, binary sources tenae fixed-
width records, while COBOL sources usually store the lerafth
each record before the actual dataps supports each of these en-
codings of records and allows users to define their own engsdi

2.2 pADS: The generated library

From a description, theabs compiler generates a C library for
parsing and manipulating the associated data source. Fagin e
type in aPADS description, the compiler generates

e an in-memory representation,
e parsing and printing functions,
e amask, which allows customization of generated functiand,

e a parse descriptor, which describes syntactic and semamtic
rors detected during parsing.

To give a feeling for the library thatADs generates, Figure 6 in-
cludes a fragment of the generated library for the Siguent _t
declaration.

The C declarations for the in-memory representation (Line 1
4), the mask (Line 5-9), and the parse descriptor (Line 1pall7
share the structure of tiDStype declaration. The mapping to C
for each is straightforward®st r uct s map to C structs with ap-
propriately mapped field®uni ons map to tagged unions coded
as C structs with a tag field and an embedded ur®anr ay s map
to a C struct with a length field and a dynamically allocated se
guencePenuns map to C enumerationBppt s to tagged unions,
andPt ypedef s to C typedefs. Masks include auxiliary fields to
control behavior at the level of a structured type, and pdeserip-
tors include fields to record the state of the parse, the numwibe
detected errors, the error code of the first detected emar tlze
location of that error.

The parsing functions.g. event _t _read on Line 19, take

3. Using XQuery and Galax

In this section, we give a brief overview of XML, XQuery, and
Galax, focusing on Galax’s data-model support for viewimg-n
XML data as XML. Given the subject of this workshop, we as-
sume the reader is already familiar with XML, XQuery, and XML
Schema.

XML [16] is a flexible format that can represent many classes
of data: structured documents with large fragments of ntacke
text; homogeneous records such as those in relational atsap
and heterogeneous records with varied structure and dositieh
as those in ad hoc data sources. XML makes it possible foi-appl
cations to handle all these classes of data simultaneouslyta
exchange such data in a standard format. This flexibilityrhade
XML the “lingua franca” of data integration and exchange.

XQuery [18] is a typed, functional query language for XMLtha
supports user-defined functions and modules for struguedrge
queries. Its type system is based on XML Schema [19]. XQuery
contains XPath 2.0 [17] as a proper sub-language, whichastgpp
navigation, selection, and extraction of fragments of XMicd-
ments. XQuery also includes expressions to construct nev XM
values and to integrate or join values from multiple docursen

XQuery is a natural choice for querying ad hoc data. Like XML
data, ad hoc data is semi-structured, and XQuery is tailtwed
such data. XQuery's static type system detects type ert@msna:
pile time, which is valuable when querying ad hoc sourcesig-0
running queries on large ad hoc sources do not raise dyngpec t
errors, and queries made obsolete by schema evolution emé-id
fied at compile time. XQuery is also ideal for specifying grated
views of multiple sources. Although here we focus on queyyin
one ad hoc source at a time, XQuery supports simultaneoug-que
ing of multiple sources. Lastly, XQuery is practical: It ixéloon
be a standard; numerous manuals already exist [3]; and itlislyv
implemented in commercial databases.

Galax is a complete, extensible, and efficient implemematf
XQuery 1.0 that supports XML 1.0 and XML Schema 1.0 and that
was designed with database systems research in mind. hs arc
tecture is modular and documented [13], which makes it ptessi

a mask as an argument and returns an in-memory representatio for other researchers to experiment with a complete XQuery i

and a parse descriptor. The mask allows the user to specifsthwh
constraints the parser should check and which portionseofrth
memory representation it should fill in. This control allotvse
description-writer to specify all known constraints abth# data
without worrying about the run-time cost of verifying potiatly
expensive constraints for time-critical applications.

Appropriate error-handling is as important as processingre
free data. The parse descriptor marks which portions of tia d
contain errors and specifies the detected errors. Depengliog
the nature of the errors and the desired application, pnogrars
can take the appropriate action: halt the program, discart$ pf
the data, or repair the errors. If the mask requests thatdtéat be
verified and set, and if the parse descriptor indicates ra,etren
the in-memory representation satisfies the semantic @intsron
the data.

plementation. Its compiler produces evaluation plans @ fitst
complete algebra for XQuery [11], which permits experina¢nt
comparison of query-compilation techniques. Lastly, iteny op-
timizer produces efficient physical plans that employ tiadal
and novel join algorithms [11], which makes it possible t@lgp
non-trivial queries to large XML sources. Lastly, its abstrdata
model permits experimenting with various physical repnéssons

of XML and non-XML data sources. Galax’s abstract data model
is the focus of the the rest of this section.

3.1 Galax’s Abstract Data Model

Galax’s abstract data model is an object-oriented readizatf the

XQuery Data Model. The XQuery Data Model [15] contains tree
nodes, atomic values, and sequences of nodes and atomésvalu
A tree node corresponds to an entire XML document or to an

Because we generate a parsing function for each type in aindividual element, attribute, comment, or processirgjrirction.

PADS description, we support multiple-entry point parsing, evhi
accommodates larger-scale data. For a small file, a progeamm
can call the parsing function for tteaDSs type that describes the
entire file €g. sunmary_t _r ead) to read the whole file with
one call. For larger-scale data, programmers can sequetisea@
parsing functions that read manageable portions of thedig,
reading one record at a time in a loop. The parsing code gekera

Algebraic operators in a query-evaluation plan produce@ahax’s
query compiler access documents by applying methods inatze d
model’s object-oriented interface.

Figure 7 contains part of Galax’s data model interfafer a
node in the XQuery Data Model. Node accessors return infor-
mation such as a node’s nanmeofle_nane), the XML Schema
type against which the node was validateg fe), and the node’s

for Par r ays allows users to choose between reading the entire atomic-valued data if it was validated against an XML Schsima

array at once or reading it one element at a time, again toostipp
parsing and processing very large data sources. We retthia tse
of multiple-entry point parsing functions in Section 5.

pletype ¢ yped_val ue). Theparent ,chi |l d,andattri bute

3 Galax is implemented in O’Caml, so these signatures are Ga@l.



1. typedef struct { /1
2. order _header _t order_header;
3. event _seq_t
4

event _t_m*m event_t_pd *pd,

I n-nmenory representation

controls

event _t *rep);

events;
} event_t;

5. typedef struct { /1 Mask

6. Pbase_m conpoundLevel ; /1 Struct-Ievel

7. order _header _t_m order_header;

8 event _seqg_t_m events;

9. } event_t_m
10. typedef struct { /] Parse descri ptor
11. Pflags_t pst at e; /1 Normal, partial, or panicking
12. Pui nt 32 nerr; /1 Nurmber of detected errors
13. Perr Code_t err Code; /1 Error code of first detected error
14. Pl oc_t | oc; /1 Location of first error
15. order _header _t _pd order_header; /1 Nested header infornmation
16. event _seq_t _pd events; // Nested event sequence information
17. } event_t_pd;
18. /* Parsing and printing functions */
19. Perror_t event_t_read (P_t *pads,
20. ssize_t event_t_wite2io (P_t *pads, Sfio_t *io,

event _t_pd *pd, event_t *rep);

Figure 6. Fragment of the library generated for theent _t declaration from Sirius data description.

methods navigate the document and return a node sequence con

taining the respective parent, child, or attribute nodethefgiven
node.

The first six methods in Figure 7 (Lines 5-11) access the physi
cal representation of a document. Therefore, a concretanios of
the data model must provide their implementations. Galaxiges
default implementations for the four descendant and aoceses
(Lines 13-16), which are defined recursively in terms of thiédc
and parent methods. These defaults may be overridden imetenc
data models that can provide more efficient implementatibas
the defaults. For example, some representations pernsttaxee
implemented by range queries over relational tables [9].

All the axis methods take an optional node-test argumeritiwh
is a boolean predicate on the names or types of nodes in the giv
axis. For example, the XQuery expressitgs cendant : : or der
returns nodes in the descendant axis with nameer . Galax
compiles this expression into a single axis/node-testatpethat
invokes the corresponding methods in the abstract datalposle
egating evaluation of node tests to the concrete data m8dete
implementations, likePADX, can provide fast access to nodes by
their name. We descrililaDx’s concrete data model in Section 4.

One other important feature of Galax’s abstract data mael i
that sequences are representedungors (also known as streams),
non-functional lists that yield items lazily. Accessingtlirst item
in a sequence does not require that the entire sequence bd-mat

XML Document -~
PADX Query Corral

PADS Data
XQuery Program

XML Schema

Galax Query Engine
Query Prolog
Galax Abstract Data Model
PADX Concrete Data Model
PADX Node
Representation

PADS Runtime System

PADS Data

Description PADS Compiler =

Figure 8. Internal view ofPADX Architecture

runtime system. In this section, we focus on the new compsnen
(in white boxes) and describe the compiler and run-time stipp
for viewing PADSdata as XML. From &ADs description, the com-
piler generates an XML Schema description that specifiesithe
tual XML view of the correspondingabpsdata, an XQuery prolog
that imports the generated schema and that associateptheata

alized,i.e,, evaluated eagerly. Galax’s algebraic operators produce With the correct schema type, and a type-specific library pha-

and consume cursors of values, which permits pipelined hod-s
circuited evaluation of query plans.

In addition to the concrete data model foxDXx,which we de-
scribe in the next section, Galax has three other concrégendad-
els: a DOM:-like representation in main memory and two “shred
ded” representations, one in main memory and one in secgpndar
storage for very large documentag, > 100MB). The shredded
data model partitions a document into tables of elemeritiyuates,
and values that can be indexed on node names and values [14].

4. UsingPADX to Query Ad Hoc Data

Figure 8 depicts an internal view of thaDx architecture first
shown in Figure 2. Pre-existing components (in grey boxas) i
clude thepaDs compiler, the Galax query engine, and theDs

vides the virtual XML view ofPADSVvalues necessary to implement
PADX’s concrete data model.

Note that a query corral isustomized for a particularPADS
description, in particular, its concrete data model onlppsuts
views of data sources that match #rep s description. To maintain
the correct correspondence between a description, XML r8ahe
queries, and data, the query corral explicitly containggémerated
query prolog, which imports the XML Schema that corresponds
to the underlying type-specific library. This guaranteeat tthe
user’s XQuery program is statically typed, compiled, antiojzed
with respect to the correct XML Schema and that the undeglyin
data model is an instance of this XML Schema. At runtime, the
query corral takes an XQuery program anaaDsS data source
and produces the query result in XML. We discuss the problem
of producing nativeeADSs values in Section 6.



1. type sequence = cursor

2. class virtual node :

3. object

4, (* Sel ected XQuery Data Mddel accessors *)

5 met hod vi rtual node_nane :unit -> atoni cQNane option

6 met hod virtual type :unit -> (schema * atonm cQNane)
7 net hod virtual typed_value : unit -> atom cVal ue sequence

8. (* Required axes *)

9. net hod virtual parent : node_test option -> node option
10. met hod virtual child : node_test option -> node sequence
11. nethod virtual attribute : node_test option -> node sequence

12. (* Other axes *)

13. nmet hod descendant _or_self : node_test option -> node sequence
14. nmet hod descendant : node_test option -> node sequence
15. nmet hod ancestor_or_sel f : node_test option -> node sequence
16. nmet hod ancest or : node_test option -> node sequence

Ot her accessors in XQuery Data Mdel

Figure 7. Signatures for methods in Galax’s abstract node interface

1. <xs:sinpl eType name="base_Pui nt 32> schema forPADS base types (Line 5). Each compound type is
;2>,' </<§:: ;ieSt Ir :a'(l:'tl 22 base="xs: unsi gnedi nt"/> mapped to a complex schema type with a particular contenemod
1 <xs: éonp"}“ex&ge name="val Puint32"> A Pstruct is mapped to a complex type that contains a sequence
5 <xs:choi ce> - of local elements, each of which corresponds to one field én th
6. <xs: el ement name="rep" type="p: base_Pui nt 32"/ >Pstruct. For example, the>struct order_header _t is
7. <xs: el enent nanme="pd" type="p: Pbase_pd"/> mapped to t.he complex typer der_.header_t .(Llnes 7-15),
8. </xs:choice> which contains an element declaration for the fietdder _num
9. </xs:conpl exType> among others. Auni on is mapped to a complex type that con-
10. <xs:conpl exType nanme="Pbase_pd" > tains a choice of elements, each of which corresponds to elae fi
11. <xs:sequence> in thePuni on.
i% :iz g: ggm Ezgf,, gf:age,, wggf,, Ef Eg'rf‘(g:zag {f/ _ Each complex type also includes an optiopal element that
12 <xs- el ement name="1 oc" type="p: Ploc_t"/> corresponds to the type’s parse descriptor (Lines 13 andAdll)

15. </ xs: sequence> par_se-descriptor types C(_)ntain the parse state, error, emrdlglp-
16. </ xs: conpl exType> cation. The parse-descriptor for compound types contaifi- ad
tional information,eg., Pstruct _pd contains the number of
nested errors an®ar r ay_pd contains the index of the array
item in which the first error occurred. Thed element is absent
if no errors occurred during parsing, but if present, pesnaih
analyst to easily identify the kind and location of errorstire
4.1 ViewingpPADS data as XML source data. For example, the following XQuery expressin r
turns the locations of all orders that contain at least omerer
$pads/ Psource/ orders/el t/pd/loc.

Figure 9. Fragment of XML Schema farADS base types.

The mapping from aPADS description to an XML Schema is

straight-forward. The interesting aspect of this mappia_’t@a’at both The schema types for some compound types contain additional
PADS values that are error free and those containing errors are fia|ds from thePADS in-memory representatior,g., arrays have a
ggg?r?ﬁéi in the XML view. We begin with the mappingraids length (Line 20). Note tha®ar r ay types do not associate a name

) with each individual array item, so in the correspondingesch
A default XML Schema,pads. xsd, contains the schema 1y ne the default elemert t encapsulates each array item.

types that represent teaDs base types shared by &hDs de- The PADS compiler generates a query prolog that specifies the
scriptions. Figure 9 contains a fragment of _thls schemanEve  onvironment in which all XQuery programs are typed and evalu
PADS base type is mapped to the schema simple type that mostyieq. Figure 11 contains the query prolog for the schemagn Fi
closely subsumes the value space of the giveDs base type. e 10, The import schema declaration on Line 1 imports the
For example, théPui nt 32 base type maps to the schema type gschema in Figure 10. This declaration puts all global eldraed

xs: unsi gnedI nt (Lines 1-3). Recall that all parseuhps val- type declarations in scope for the query. The variable detite on
ues have anin-memory representation and a parse desonptoh Line 2 specifies that the value of the variaieads is provided
records the state of the parse, the error code for detea@seand  extemally and that its type is a document whose top-leveheht

the location of those errors. The XML view of a parsed valua is is of typePsour ce, defined on Line 24 in Figure 10. This decla-

choice of the in-memory representatiore), if no error occurred,  raion guarantees that the query is statically typed witipeet to
or of the parse descriptopd), if an error occurred (Lines 4-8).  ihe correct input type.

This light-weight view exposes the parse descriptor onlgman At run time, the user can specify the input data as a command-
error occurs. The parse-descriptor type for all base typespre- line argument or by calling the XQueriyn: doc function on a

sented by the schema typease_pd (Line 10-14). PADSsourceeg. pads: / exanpl e/ si ri us. dat a.
The fragment of the XML Schema in Figure 10 corresponds

to the description in Figure 4. Note that the schema impdres t



1. <xs:schenm target Namespace="file:/exanple/sirius.p"

2. xm ns="file:/exanpl e/sirius.p"

3. xm ns: xs="http://ww. w3. or g/ 2001/ XM_Schema"

4. xm ns: p="http://ww. padsproj . or g/ pads. xsd" >

5. <xs:inmport namespace = "http://ww. padsproj.org/pads. xsd".../>
6. ...

7. <xs:conpl exType nanme="order_header _t">

8. <xs:sequence>

9. <xs: el ement name="order_nun{ type="p: val _Puint 32"/ >
10. <xs:el ement name="att_order_num type="p:val _Puint32"/>
11. <xs: el enment name="ord_version" type="p: val _Puint32"/>
12. <l-- Mre local elenent declarations -->
13. <xs: el ement nanme="pd" type="p: PStruct _pd" m nCccurs="0"/>

14. </ xs:sequence>

15. </ xs: conpl exType>

16. <!-- More conplex type declarations -->
17. <xs:conpl exType nane="orders_t">

18. <xs:sequence>

19. <xs: el enent name="elt" type="order_t" maxCccurs="unbounded"/>
20. <xs: el enent name="I| ength" type="p: Puint32"/>
21. <xs: el ement nanme="pd" type="p: Parray_pd" m nCccurs="0"/>

22. </ xs:sequence>
23. </ xs:conpl exType>

24. <xs:el enent name="Psource" type="summary_t"/>
25. </ xs:schema>

Figure 10. Fragment of XML Schema for SiriusaDs description.

4.2 pPADX Concrete Data Model accessing the virtuaf'kchild may require reading and parsing data.
Thekt h_chi | d method provides a uniform interface to all types
and delegates the problem of when to read and parse data to the
underlying type-specific node representation.

To illustrate type-specific compilation, we give the corapil
generated node representation ofaarder _header _t value in
Figure 14. The object takes the name of the field that contams
or der _header _t value, which corresponds to the XML node
name, and the in-memory representation and parse desafpte
value. Thekt h_chi | d method (Lines 9-15) takes an index and
returns the node representation of the field at that indexefam-
ple, the first child (Line 11) corresponds to the fieldder _num
which contains &ui nt 32 value. Thekt h_chi | d_by_nane
method (Lines 16-21) provides constant-time lookup of ddchi
with a particular name: It looks up the index of the name in the
associative mamame_map and then delegates ta h_chi | d.
Note that this XML view of aror der _header _t value corre-
sponds to the schema typeder _header _t in Figure 10.

To summarize, theeADX concrete data model completely im-
plements the Galax data model, making it possible to evalaay
XQuery program over &ADS data source. Due to limited space,
we have omitted some details, such as X guarantees that
each virtual node has a unique, immutable identity, as igired
by the Galax abstract data model. The data model’s most taupor
features are that it provides lazy access to virtual XML rsoife
t the PADS source, it delegates navigation to type-specific node rep-

resentations, and it separates navigation of the virtudésdrom
data loading, which is discussed next.

In Figure 8, the interface between Galax a#as consists of two
modules: the generieaDX concrete data model, which implements
the Galax abstract data model, and a compiler-generatedlmod
in which eachrADS type has a corresponding, type-specific node
representation providing the XML view of values of that type
We note that the generic concrete data model is implemented i
O’Caml and the compiler-generated module is implemented in
C, but to simplify exposition, we present the compiler-geted
module in O’Caml syntax.

Figure 13 contains a fragment of thebXx concrete data model
for a node. This object provides a thin wrapper around the-typ
specific node representatiopadx_node_r ep, whose interface
isin Figure 12. A node representation contains referemcaBADS
value’s in-memory representation and parse descriptae. idde
representation interface returns the XML view of #reDs value,
including the value’s element name, its typed value, andrgai he
kt h_chi | d andkt h_chi | d_by_nane methods return all of
the PADS value’s children in order and those with a given name in
order, respectively.

For some methods in Figure 13 (Lines 4-5), the concrete data
model simply invokes the corresponding type-specific m#sho
One exception is thehi | d axis method (Lines 7-17), which we
describe in detail as it illustrates how the XML view ofPaDs
source is materialized lazily. Thehi | d method takes an optional
name-test argument. We describe the case when the nanis-tes
absent, which corresponds to the common expresdion d: : *.
Thechi | d method creates a mutable counkefLine 8), which
contains the index of the last child accessed, and a comiimua
functionl azy_chi | d (Lines 11-16), which is invoked each time

the chi | d cursor is poked. On each invocatidnazy_chi | d 4.3 LoadingPabs data

increments the counter and delegates tokthb_chi | d method The PADX abstract data model provides Galax with a random-
of the type-specific node representation. For sames types, access view of ®ADS data source. In particular, any virtual node

accessing the virtualkchild does not require reading or parsing May be accessed in any order at any time during query evafuati

data,eq., if the virtual child is part of a completeabs record. regardless of its physical location in theDsdata. This abstraction

For other PADS types, eg., Parrays that contain file records, ~ Permits thePADX concrete data model to decide when and how to
read and parse, doad, a data source.



1. inport schema default el enent nanespace "file:/exanple/sirius.p"
2. declare variabl e $pads as docunent-node(Psource) external

Figure 11. PADX generated query prolog

class virtual padx_node_rep

obj ect

(* Private data includes parsed value's rep & pd *)

nmet hod node_nane unit -> string

nmet hod typed_value : unit -> item

nmet hod par ent :unit -> padx_node_rep option

met hod kth_child : int -> padx_node_rep option

nmet hod kth_child_by nanme : int -> string -> padx_node_rep option

end
Figure 12. The PADX node representation
1. class pads_node (nr : padx_node_rep) =
2. object
3. i nherit Gal ax. node
4, net hod node_nane () = nr#node_nane()
5. nmet hod typed_val ue () = nr#typed_val ue()
6. (* ... Oher data nodel accessors ... *)
7. nmet hod child nane_test =
8. let k =ref 0in
9. mat ch nanme_test with
10. | None ->
11. let lazy_child () =
12. (incr k
13. match nr#kth_child 'k with
14. | Some cnr -> Sone(new pads_node(cnr))
15. | None -> None)
16. in Cursor.cursor_of_function lazy_child
17. | Some (NanmeTest nane) ->
(* Sane as above, but call nr#kth_child_nanmed *)
18. (* ... Gher axes ... *)
19. end
Figure 13. Fragment of theeADX concrete data model

1. class order_header_t_node_rep
2. (field_name : string)
3. (rep : order_header_t)
4. (pd : order_header_t_pd) =
5. object
6. i nherit padx_node_rep
7. met hod nanme() = field_nane
8. o
9. nmet hod kth_child idx =
10. match idx with
11. | 1 -> Sone(new val _Puint32_node_rep("order_nun, rep.order_num pd.order_num pd))
12. | 2 -> Sonme(new val _Puint32_node_rep("att_order_nunt, rep.att_order_num pd.att_order_num pd))
13. | ...
14. | 14 -> Sone(new Pstruct_pd_node_rep("pd", pd))
15. | -> None
16. (* Chidren’s name map *)
17. | et nane_map = Associative_array.create [("order_nuni, 1); ("att_order_nuni, 2); ...; ("pd",
18. nmet hod kth_chil d_by_nanme child_nanme =
19. mat ch Associ ative_array. | ookup name_nap child_name with
20. | None -> Cursor.enpty_cursor()
21. | Sone idx -> kth_child idx
22. end

Figure 14. Fragment of compiler-generated node representatioarfder _header _t



PADX has three strategies for loading data, each of which use the
multiple-entry parsing functions generated by thes compiler.
Thebulk strategy loads a completaDs source before query eval-
uation begins, populating all the in-memory representatiand
parse descriptors. With all data pre-fetched, bulk loadrige sim-
plest strategy to implement random access. However, becach
PADSVvalue has a lot of associated meta-data, bulk loading ireurs
high memory cost and is only feasible for smaller data s@urce

Theon-demand, random-access strategy loadeADS data when
Galax accesses virtual nodes via the abstract data modektidt-
egy maintains a fixed size buffer for loaded values and when th
buffer is filled, expels values in LIFO order. The default tani
loaded are anyADS types annotated witlr ecor d, which in-
dicates that the type denotes an atomic physical unit in the a
bient coding. This default works well in practice, becausanyn
PADS sources contain a header, one (or more) very large array(s)
of records, and a trailer. This strategy loads all the datarbehe
record array(s) and then loads each array item on demanel)iegp
old records when the buffer is filled. A small amount of megéiad
is preserved for each expelled record, so that the virtudé rcon-
taining that data can be reconstructed on subsequent ascess

The on-demand, sequential strategy is a restriction of the on-
demand, random-access strategy. It loads data on demahnits bu
fixed-size buffer stores only one record at a time, and it eupp
strictly sequential access to records., accessing records out
of order is prohibited. Given that the Galax abstract dataleho
requires random access, it is not obvious when this stratagye
used, even though it has the smallest memory footprint ahedle
and therefore could scale to very large sources. It turnshait
many common XQuery queries can be evaluateshmsequential
scan over the input document, and in these cases, the sidjuent
strategy is both semantically correct and time and spaceiesfti
We give examples of “one-scan” queries and their performanc
Section 5.

4.4 Ways to USEPADX

Our focus so far has been on describirgpx’s internal architec-
ture to demonstrate the feasibility of viewing and queryéaighoc
data sources as though they were XML. We expect this usemk

to be convenient, because it supports rapid querying ofigan
data and does not require an analyst to convert the datarintber
format or load it into a database before being able to asklsimp
queries.PADX can be used in other ways. For example, an analyst
might prefer to materialize BADS source in XML and query her
data using a high-performance, commercial XML query endibe
do this, the analyst simply runs the quefypads”, which returns
the entire source materialized in XML, and then providesriie
sulting XML document to the query engine. Another use isaasr
form thePADX view of aPADS source into the XML view required
by a database by some down-stream application. Such tramefo
tions can be easily expressed in XQuery and can be statigaky
checked against theapx and target XML schemata.

We note, however, that the size of an ad hoc data source is
significantly smaller than its representation in XML. For awo
examplePADS sources, the ratio of the size of the origimaDs
data to its size in XML using the mapping described in Secfidn
ranges from 1:7 to 1:8. Of course, this size increase depends
the PADS types and field names in th®Ds description, but even
a reasonable choice of names like those in Figure 4 resulss in
significant size increase. We mention this size increasei® g
the reader some sense of the relative scale of data souraes th
PADX can query compared to those supported by native XML query
engines.

Data size (MB)
Source 1 5 10 20 50
Sirius 0.25| 0.23] 0.23 | 0.22 | 10.64
Web server| 0.70 | 0.67 | 0.67 | 1.18 6.14

Table 1.Bulk strategy: load time per byte jus

5. Performance

Query performance irADX depends on the efficiency of the un-
derlying concrete data model; therefore its performancetrbe
well understood before we can understand the performanparef
ticular query plans. We focus on the performance of the aiacr
data model and measure the cost of accessing data vieathe
type-specific parsing functions, tlreDX type-specific node repre-
sentations, and the generaDXx concrete data model. At the end
of this section, we give preliminary measurements on querfop-
mance.

We measured data model and query performance forwms
sources, Sirius and the Web server logs in Figure 1, on dataes®
of 1to 50MB in size. Our measurements were taken on an 1.67GHz
Intel Pentium M with 500MB real memory running Linux Redhat
9.0. Each test was run five times, the high and low times were
dropped, and the mean of the remaining three times is thetezbo
time.

5.1 Concrete Data Model

We first measured the time to bulk load data sources of 5, 10, 20
and 50MB by calling therADS parsing functionsi.e, the lowest
level in the PADX data model. Table 1 gives the load time per
byte in microseconds. For smaller sources, load time istaohs
but eventually increases. For Sirius, the increasing loag is
observed at 50MB and for the Web server data at 20MB. We
note that for aPADS source, the memory overhead ofPabDs
parsed value can be four to sixteen times the size of the raw
data, depending on the value’s type. In the cases whereimear|
load time occurs, the processes’ physical memory usagese cl
to or exceeds real memory, CPU utilization plummets, and the
process begins to thrash. These measurements indicatiedtmtik
strategy is only feasible for smaller data sources.

Next, we measured load time using the on-demand sequential
stategy on sources of 5, 10, and 50 MB. We were particularly
interested in the overhead introduced at each level in therete
data model. Table 2 gives the load time per byte in microsgson
(us) for three levels: reading the source by callingrhe s parsing
functions directly, a depth-first walk of the virtual XML dement
by calling thepADX node-representation functions, and a depth-
first walk of the virtual XML document by calling threabx generic
data model. Recall that the node-rep functions are in C aad th
generic data model is in O’'Caml.

We observe that the load time per byte at each level is near
constant for increasing source size, but that each leveirsna
substantial cost compared to the lower levels. For the Sgdwirce,
the PADX node-representation is four times slower than the native
PADS parsing functions, but for the Web-server source,RRBX
node representation is only 44% slower. Understandingahece
of this difference requires further experiments with othaurces.

For both sources, the generic concrete data model (in O'Caml
is twice as slow as the node representation (in C). The axterf
from the generic data model to the node representationesdks
O’Caml-C boundary and uses data marshalling functionsrgéss:
by the O’Caml IDL tool. We have noticed similar per-byte read
costs in the Galax secondary storage system [14], whose data
model architecture is similar to that BADX.



PADX | PADX
Data | PADS | node | generic

Source size read rep DM
5MB | 0.07| 0.27 0.61
Sirius 10MB | 0.06| 0.26 0.56
50MB | 0.06| 0.25 0.56
5MB | 0.54| 0.78 1.63
Web server| 10MB 053 | 0.74 1.61
50MB | 0.53| 0.74 1.58

Table 2. Sequential strategy: load time per byte.is

Datasize(MB)| 1| 5| 10| 20| 50
Time (seconds)| 1.0 | 4.8 | 10.7 | 24.0| 90.0

Table 3.PADX query evaluation time in seconds

In summary, our initial impressions are that evaluatingasin-
able XQuery expressions directly orraDs source is feasible, ef-
ficient, and convenient.

6. Discussion
ThePADX system solves important data-management tasks: it sup-

We also measured the time to load using the on-demand, horts declarative description of ad hoc data formats, ssugtions

random-access strategy. In general, it was 10-15% slovear th
the on-demand, sequential strategy.

serve as living documentation, and it permits exploratibadhoc
data and vetting of erroneous data using a standard quegydge.

These measurements indicate that the on-demand, seduentiarhe resultingPAps descriptions and queries are robust to changes

strategy scales with increasing data size, and that tharedastant
overhead incurred at each level in the data model. Ideally, w
would like the cost of accessing data via the generic coadata
model to be close to theapsread cost, but this will require more
engineering effort.

5.2 Querying

Ultimately, PADX’s query performance depends on Galax, because
the Galax compiler produces and executes the query plans. Cu
rently, Galax’s query compiler includes a variety of logdioati-
mizations for detecting joins and re-grouping constructsQuery
expressions. Another important optimization is detectiviten a
query can be evaluated in one scan over the input documetht. Pa
expressions that contain only descendant axes and no lesaoh

one example of the kind of queries that can be evaluated in one

scan. For example, the following query, which returns thatmns
of all records containing some error in a Sirius source, Geval-
uated in one scan:

$pads/ Psource/ orders/el t/pd/l oc

that may occur in the data format, making it possible for mbea
one person to profitably use and understard@x description and
related queries.

A PADX query corrall is an example of partially compiled query
engine, because its concrete data model is customized fantia-p
ular data format, but its queries are interpreted over atatislata
model that delegates to the concrete model. This archieeptaces
PADX on the continuum between query architectures that provide
fully interpreted query plans applied to generic data medelar-
chitectures that provide fully compiled query plans applie cus-
tomized data model instances [8]. The latter architectpreside
very high performance on large scale datapx has some of the
benefits of such architectures but does not have the ovedfead
complete database system.

Others share our interest in declarative descriptions dicd
data formats. Currently, the Global Grid Forum is workingan
standard data-format description language for describishdhoc
data formats, calledbrFpL [?, ?]. Like PADS, DFDL has a rich
collection of base types and supports a variety of ambietings.
Unlike PADS, DFDL does not support semantic constraints on types

Detecting and evaluating one-scan queries (also known asnor dependent typesg., itis not possible to specify that the length

streamable queries) is necessary in XML environments irchvhi
the XML data is an infinite or bursty stream. Several quenceso
sors already exist in which streamable queries are eval ditectly
over a stream of tokens produced by SAX-style parsers [7, 12]

Streamable queries are important faDX, because the result-
ing plans can be evaluated on lameDs sources that are loaded
on-demand and sequentially. Table 3 contains the time iongksc
to evaluate the query above when applieg4osdata sources into
which we injected errors randomly in the file (12 errors peB)M
The query plan produced by Galax is not perfectly pipeliribds
the execution time is super linear.

To understand the costs and benefits of other evaluatiotestra
gies, we materialized the 1MBADS source in Table 3, which
yielded a 7.4MB XML document. We then used Galax to execute
the above query, using the same query execution plan, adieapp
it to the 7.4MB XML document loaded into the main-memory data
model. The execution time was 13.1s of which 12.9 was spent in
document parsing. To amortize the cost of document pargimg t
we often store documents in Galax’s secondary storagersy3te
compare with this strategy, we stored the 7.4MB XML docunient
Galax’s secondary storage system, which required 166MBséf d

of an array is determined by some field in the datepL is an
annotated subset of XML Schema, which means that the XML
view of the ad hoc data is implicit in aFDL description.DFDL

is still being specified, so nbFDL-aware parsers or data analyzers
exist yet. We expect that bi-directional translation betweaDs
andDFDL to be straightforward. Such a translation would make it
possible forbFDL users to useADX to query their ad hoc data
sources.

The steps in a data-management workflow thabx ad-
dresses typically precede the steps that require a higbrpeance
database systeneg., asking complex OLAP queries applied to
long-lived, archived data. Commercial database produstprd-
vide support for parsing data in external formats so the data
be imported into their database systems, but they typisaipport
a limited number of formats.g., COBOL copybooks, no declar-
ative description of the original format is exposed to therusr
their own use, and they have fixed methods for coping with-erro
neous data. For these reasarshX is complementary to database
systems.

We continue to focus on improving the usability and scafabil
ity of PADX. Currently, PADX is not compositional, because the

space. We then ran the above query on the stored document. Theesult of evaluating a query is in native XML, not inPaDs for-

execution time was 2.9s, almost three times slower thex ap-
plied to therADSs data directly. For comparison with an independent
query processor, we evaluated the above query using SaRpra[1
popular XSLT and XQuery engine, applied to the 7.4MB documen
and it executed in 6.3s.

mat. Given an arbitrary XQuery expression ovema X source, an
open problem is being able to infer a reasonates format for

the result and produce the results in this format. We haesdjr
mentioned the important problem of detecting when a quembea
evaluated in a single scan over an input document and of piegiu



a fully pipelined execution plan. Interestingly, this plef is im-
portant in XML environments in which the XML data is an infiit
or bursty stream. We are working on improving Galax’s apiia
detect one-scan queries and to produce query plans thatdaed
fully pipelined and that use limited memory.
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