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Abstract XML/XQuery standards, that have gained wide acceptance

While the introduction of temporal extensions into data- by all DBMS vendors, and the second is the introduction of
base standards has proven dif cult to achieve, the newly in- SQL:2003 [5, 6, 7], which contains new advanced features
troduced SQL:2003 and XML/XQuery standards have actu-such as nested relations and OLAP functions.
ally enhanced our ability to support temporal applications The bene ts of XML in temporal information manage-
in commercial database systems. We illustrate this pointment include: i) XML can be used to represent data in a
by discussing three approaches that use temporally groupedemporally grouped data model, ii) XQuery provides an ex-
representations. We rst compare the approaches at the log-tensible and Turing-complete language [8], where new tem-
ical level using a common set of queries; then we turn to poral functions can be de ned in the language itself.
the physical level and discuss our ArchlS system that sup- These features make it possible to use XML to repre-
ports the three different approaches ef ciently inone @l sent the history of relational databases by timestampiag th
physical implementation. We conclude that the approachesgrouped attribute histories of each table, and XQuery to ex-
of managing transaction-time information using XML and press complex temporal queries [9, 10, 11, 12]. This ap-
SQL can be integrated and supported ef ciently within the proach requires no extension to current standards, and it
current standards, and claim that the proposed approach is very general, insofar as it can be used to represent and
can be extended to valid-time and bitemporal databases. query the transaction-time, valid-time and bitemporat his
. tory of databases[11], and arbitrary XML documents [13].
1. Introduction Therefore, contrasting this experience with the past one fo

In this paper, we seek to support historical information cusing on SQL, we might simply conclude that XML and
management and temporal queries without extending cur-its query languages are more supportive to historical infor
rent standards. Our insistence on using only current stanimation management and temporal queries than SQL.
dards is inspired by the lessons learned from the very his- However, there are many reasons for which we are not
tory of temporal databases, where past proposals failed tgorepared to give up on SQL. Indeed, relations represent
gain much acceptance in the commercial arena, in spite ofa simple and intuitive data model which comes with (i)
great depth, breadth [1, 2] and technical elegance [3, 4]. Ana built-in graphical representation in form of tables, (ii)
in-depth review of the technical (and often non-technical) WYSIWYG query languages such as QBE, and (iii) unique
reasons that doomed temporal extensions proposed in th@reas of commercial strength, such as OLAP applications
past would provide an opportunity for a very interesting and and data warehousing. By contrast, (i) there is no built-in
possibly emotional discussion; but such a discussion is out graphical rendering for an XML document, and this must be
side the scope of this paper. Here, we simply accept theprovided by the user via stylesheets, (i) WYSIWYG XML
fact that temporal extensions to existing standards are ver query languages require further research and development,
dif cult to sell, in spite of the growing pull by temporal ~and (iii) XQuery is more complex than SQL, and its com-
applications; then, we move on from there by exploring so- mercial application areas are still emerging.
lutions that do not require extending current standards Th There is also the critical issue of performance. In particu-
low-road approach is hardly as glamorous as the “new tem-Ilar, in supporting transaction-time history of relatiodata-
poral standards” approach pursued in the past, but it is notbases in XML [10, 12], we compared the two approaches of
without interesting research challenges and opportitie (i) implementing temporal queries directly in a native XML
as we will show in this paper. In particular, new oppor- system, and (ii) recasting these views into historicaldapl
tunities are offered by two recent developments that havewhereby the original XQuery statements are then mapped
taken information systems well beyond SQL:1992 which, in into equivalent SQL (or SQL/XML [14]) queries. Our ex-
the past, supplied the frame of reference for temporal data-periments show that the second approach tends to be signif-
base research. The rst development is the introduction of icantly more ef cient [10, 12].



Therefore, both logical and physical considerations point [empngsalary  title  |deptng  start end
to the conclusion that SQL is to remain the database lan- | 100160000 Engineer | dO1 | 1995-01-011995-05-31
guage of choice, for a long time to come— particularly in | 1001{70000 Engineer | d01 | 1995-06-011995-09-30
data warehousing and business-intelligence applications 1001 7000QSr Engineer d02 | 1995-10-011996-01-31
and every effort should be made to assure ef cient man- | 1001]7000QTech Leader d02 | 1996-02-011996-12-31
agement for historical information and temporal queries in Table 1. The table employeehistory
SQL:2003. Toward this goal, we will take full advantage of jt s history-oriented [22, 23].
the lessons learned in supporting temporal queries in XML The pasic representation used in ungrouped data mod-
and seek an ef cient support for temporal queries indepen-gs s tuple timestamping. As shown in Table 1, a new
dent of whether they are expressed in SQL or XQuery.  timestamped tuple is generated whenever there is a change

The paper is organized as follows. After the discussion in any of the attribute values. The well-know problem with
of related work, in Section 3, we study the problem of repre- thjs approach is that coalescing is needed when some of the
senting relational database history in XML, along the lines attributes are projected out [24]. Much research has fatuse
proposed in [9, 12]. In the core of the paper, we seek to on this problem, and the solutions proposed include the
apply the lessons learned on XML to SQL:2003. Thus, in TSQL2 [3] approach, and the point-based temporal model
Section 4, we try to use the nested relations constructs pro{25.

vided by SQL:2003 to represent temporally grouped repre-  versioning of DBMS was discussed in [26], and tech-
sentations of database table histories. We use the same bajiques for accurate time-stamping of transactions were
sic temporal queries to compare this approach to the XML- discussed in [27] and Immortal DB [28]. Recently Oracle
based approach and the SQL:2003-based approach of Se¢mplemented Flashback [29], which supports the rollback
tion 5, where we support a temporally grouped represen-io old versions of tables in case of errors. However, these
tation using an OLAP-inspired view based on null values systems do not provide much support for temporal queries.
and at tables. The representation used in Section 5 dove-

tails with data warehousing and business intelligenceiappl SQL:2003. SQL:2003 [5], the latest release of SQL stan-
cations, and itis also capable of reconciling the evenethas dards, is similar to SQL:1999, but provides signi cant ex-
and state-based views of temporal databases. Finally, wd€nsions from SQL:1992. In particular, SQ:2003 O-R fea-
consider ef cient implementation issues and, in Section 6, tures include multiset, nested collection types (suppidste

we describe the architecture of our ArchlS system that uni- 00th Oracle [7] and Informix [30]), and user-de ned types.
es the support for both SQL-based and XML-based tem- Another major feature is SQL/XML [14], which de nes

poral views and queries at the physical level. how SQL can be used together with XML in a database, and
is supported by major database vendors. Publishing func-
2. Related Work tions provided by SQL/XML can directly construct query

results as XML documents or fragments.
Time in XML. Interesting research work has recently fo- o . .
cused on the problem of representing historical infornmtio 3- Viewing Database History in XML
in XML. Approaches to support temporal XML documents The use of XML to publish the history of database rela-
by extending XML or its query languages have been pro- tions has been discussed in [10, 11, 31, 12], using a tempo-
posed in [15, 16, 17, 18, 19]. rally grouped representation such as that of Figure 1 (which
For instance in [15], valid time on the Web is supported we call H-documerijt for the employee table as shown in
by introducing a new<valid > tag. The XQuery lan- Table 1. Powerful temporal queries on such representations
guage proposed in [19], extends XQuery with new con- can be expressed using XQuery. (In the remainder of this
structs for temporal support. paper, our granularity for time is a day; however, all the
An archiving technique for scienti ¢ data was presented techniques we present are equally valid for any granularity
in [20], but XML query language support is not provided. — used by the application. For ner granularity, techniques i
[27, 28] can be used. Furthermore, throughout this paper,

Temporal Databases and Grouped Representations. e assume that relation keys remain invariant.)
There is a large number of temporal data models and query

languages, including those discussed in [3, 21]; thus the de 3-1- Temporal Queries with XQuery

sign space for the relational data model has been exhaus- A full spectrum of queries was presented in [10] to illus-
tively explored [1]. A useful taxonomy was introduced by trate the effectiveness of the approach—including temporal
Clifford et al. [22] who classi ed them into two main cate- projection, temporal snapshot, temporal slicing, tempora
gories:temporally ungroupedndtemporally groupediata join, and temporal aggregate. Because of space limitations
models. Clifford had also suggested that the latter represe we restrict ourselves to the following three examples that
tation has more expressive power and is more natural sincewill be used throughout the paper.



Figure 1. H-document: XML-based Representa-
tion of Employees' History

QUERY Q1. Temporal Projection. Retrieve the title history
of employee “1001™:

element title_history{
for $t in doc("employees.xml")/employees/
employee[empno="1001")/title
return $t }

element empno {$e/empno/text()},
element salary{$s/text()},
$ol

Here overlapperiod(  $a, $b) is a user-de ned
function that returns an elemeRERIOD with overlapped
period as attributésstart, tend) ; if there is no over-
lap, then no element is returned which satis es the XQuery
built-in functionempty()

3.2. Discussion

The previous examples illustrate that XQuery is capable
of expressing complex temporal queries, but the expression
of these queries can be greatly simpli ed by a suitable li-
brary of temporal functions. The ArchlS system [10], dis-
cussed in Section 6, supports a rich set of functions, includ
ing the simple scalar functions described above, and also
complex functions, including temporal aggregates and coa-
lesce functions.

A signi cant bene t offered by the XML/XQuery-based
approach to temporal information management is that it is

Observe that no coalescing is needed after this projec-yery general and can handle the history of arbitrary XML

tion, since the history of titles is temporally grouped.

QUERY Q2. Temporal Snapshot. Retrieve titles and
salaries of all employees on 1994-05-06:

for $e in doc("employees.xml")/employees/
employee
let $t:=S$efltitle[ tstart(.) <=

date("1994-05-06") and

tend(.) >= date("1994-05-06") ]
let $s:=$e/salary[ tstart(.) <=

date("1994-05-06") and

tend(.) >= date("1994-05-06") ]
return <employee>{$e/empno,$t,$s}</employee>

In this query, we need to check only the timestamps of
the leaf nodes, since the H-document hasraporal cov-
ering constraint i.e., the interval of a parent node always
covers that of its child nodes.

Here,date() is a built-in function of XQuery (for sim-
plicity, we omit the namespada ). Instead tstart()
andtend() are user-de ned functions to shield the user
from the complexity of the underlying representation, sinc
e.g., ‘now' [32] requires special representation and speci
handling (in ArchlS [10] we use the end-of-time to repre-
sent ‘now').date() is a built-in function of XQuery ( for
simplicity, the namespade is omitted here).

QUERY Q3. Retrieve the salary history of employees in
dept. “d01”, while they were in that department.

for $e in doc("employees.xml")/employees/
employee[deptno="d01"]

for $s in $e/salary

for $d in $e/deptno[.="d01"]

let $ol:=overlapperiod($s, $d)

where not (empty($ol))

return

element salhistory{

documents that have evolved through successive versions
[13]. The approach can also be extended to valid-time data-
bases and bitemporal databases [11].

On the other hand, the ease of use of XQuery is ques-
tionable, and the problem of displaying the results of tem-
poral queries in user-friendly ways can be a real challenge,
since the tagged representations, such as that of Figure 1,
are not suitable for casual users. To produce visually ap-
pealing representations, the query designer might have to
code a stylesheet, using XSL [33]—possibly a different one
for each query. This problem is far from trivial, and the
visual rendering of temporal information poses interegtin
research challenges.

Finally, the growing popularity of XML in web-oriented
applications does not change the fact that SQL remains the
cornerstone of database applications, and its importance i
areas such as business intelligence and data warehouses is
growing every day. For these reasons, ef cient support for
temporal information and queries in SQL remains critical
[?]. Therefore, we explore two approaches: one based on
nested relations, which is discussed next, and anothedbase
on OLAP tables, which is discussed in Section 5.

4. DB History and Nested Relations

Nested relations are part of the latest SQL:2003 stan-
dards, and also supported by some commercial database
vendors [7, 30]. Therefore a temporally grouped repre-
sentation, similar to that used with XML, can also be
achieved within SQL standard. For instance, for enr-
ployee _history = example, we can use the following
schema containing the nested table ("n-table' for short, or
‘n-view' if it is a nested viewn_employee :



CREATE TYPE salary_typ AS OBJECT(
salary NUMBER(7),
timep PERIOD

);

CREATE TYPE salary_tbl AS TABLE OF
salary_typ;

CREATE TABLE
n_employee(
empno VARCHARZ2(8),

timep PERIOD,

n_name name_thl,

n_salary salary_tbl,

n_title title_tbl,

n_deptno deptno_tbl)

NESTED TABLE n_salary STORE AS n_salary,
NESTED TABLE n_titte STORE AS n_title,
NESTED TABLE n_deptno STORE AS n_deptno;

This de nition uses the user-de ned typ@ERIOD
which can be de ned in SQL:2003 as follows:

CREATE TYPE PERIOD AS OBJECT(
tstart DATE,
tend DATE

);

The same temporal queries that we have expressed o
XML using XQuery can now be expressed on nested tables

using SQL:2003, as follows:

QUERY Q1n. History projection. Retrieve the title history
of employee “1001”

SELECT t. =

FROM n_employee e, TABLE(e.n_title) AS t

WHERE e.empno="1001"

QUERY Q2n. Temporal Snapshot. Retrieve titles and

salaries of all employees on 1994-05:06

SELECT t.title, s.salary

FROM n_employee e, TABLE(e.n_title) AS t,
TABLE(e.n_salary) AS s

WHERE tstart(t.timep) <= '1994-05-06'

AND tend(t.timep) >= '1994-05-06'
AND tstart(s.timep) <= '1994-05-06'
AND tend(s.timep) >= '1994-05-06'

Here too we use the functionstart() andtend()
to isolate the user for the internal representation of time,
including “now'. (Support for user-de ned scalar funct®n
is now available in all commercial OR-DBMSs.)

QUERY Q3n. Retrieve the salary history of employees in
dept.“d01”, while they were in that department.
SELECT e.empno,
overlapperiod(d.timep, s.timep),
s.salary
n_employee AS e, TABLE(e.n_dept) AS d,
TABLE (e.n_salary) AS s
WHERE d.deptno = 'd01' AND
overlaps(d.timep, s.timep)
Here overlaps() is de ned to return true if two pe-
riods overlap, and false otherwisajerlapperiod() is
de ned to return the overlappeRERIOD

FROM

In addition to scalar functions, such aserlappe-
riod() , temporal aggregates (e.g., the temporal version
of min and sum [3] ) will be required by temporal queries.
These new functions could be easily built into commercial
systems by the vendors, or by the users, since commercial
OR-DBMSs now support the introduction of new scalar and
aggregate functions coded in a procedural language. (In
the ATLaS system [34], user-de ned aggregates can also
be introduced natively in SQL, with no recourse to external
PLs.) The new temporal aggregates that must be introduced
include, therising  function of TSQL2 [3], and also the
tcoalesce  aggregate for temporal coalescing— since the
temporally grouped representation made possible by nested
tables has greatly reduced the need for coalescing, but not
eliminated it all together (and the same is true for XML).
Assuming that a library containing the basic temporal

functions is available, the complexity of writing temporal
queries in SQL:2003 and nested tables is about the same as
writing them in XQuery and XML. Both approaches present
users with more alternatives in presenting data than at re-
lations. For instance, the join of nested employees and de-

artments tables can be represented by a one-level hierar-

hy where the department and employee attributes are at the
same level, or as a hierarchy where employees are grouped
inside departments, or vice-versa. We next return to the
“Spartan simplicity' of at relations, in which the alterna
tives are fewer and the problem is simpli ed.

5. An OLAP-Inspired Representation

A temporally grouped representations can also be ob-
tained by using null values in at tables such as those re-
turned by OLAP aggregates. Thus, the transaction-time his-
tory of employees, that was described by tuple timestamp-
ing in Table 1, and as an XML document in Figure 1, is now
described as a at table with null values as shown in Fig-
ure 2, where the null value is represented by the question
mark, “?”. This representation can be de ned braLLup
operation on Table 1, de ned by the following SQL state-
ment (again here we usienep to represent the period of
tstart andtend ). As in the case of OLAPs, we might
also want to represent the null values generated by theprullu
operation differently from those representing null valires
the original table.

CREATE VIEW e_employee AS

SELECT empno,
tcoalesce(timep,salary,title,deptno)

FROM employee_history

GROUP BY GROUPING SETS(empno,(empno,salary),
(empnotitle),(empno,deptno) )

We refer to the representation shown in Figure 2 as an “e-
table' (or “e-view' if it is a view) because this captures the
event-history for employees, as it will be discussed in Sec-
tion 5.1. Moreover, temporal queries on e-tables preserve



Figure 2. The history view e employees

the traditional style of SQL queries:

QUERY Qle. History projection. Retrieve the title history
of employee “1001"™:

SELECT title, tstart, tend

FROM e_employee

WHERE empno= '1001'
AND title IS NOT NULL

QUERY Q2e. Temporal Snapshot. Retrieve titles and
salaries of all employees on 1994-05-06:

SELECT e.empno, e.title, e.salary

FROM e_employee AS e

WHERE tstart(e.timep) <= '1994-05-06'
AND  tend(e.timep)  >= '1994-05-06'
AND e.title IS NOT NULL

OR e.salary IS NOT NULL

approaches, e-tables offer unique advantages that are dis-
cussed next.

5.1. Event-Oriented Histories

An advantage of this last representation is that grouping
can be easily controlled by theRDER BY clause in SQL.
For instance, the representation of Figure 2, where the his-
tory of each employee attribute is grouped together, is pro-
duced by the following clause:

SELECT empno, timep, salary, title, deptno

FROM e_employee
ORDER BY empno, salary, title, deptno,
tstart(timep)

Since the null value is assumed to be the last value in
each domain, thi®RDER BY clause indeed produces the
table of Figure 2.

Assume now that we want to view the history of events,
pertaining to employees' salaries and departments, that ha
occurred in the company; then we can just list them in as-
cending chronological order as follows:

SELECT timep, empno, salary, deptno
FROM e_employee

WHERE title IS NULL

ORDER BY tstart(timep),empno,salary,deptno

However, in order to visualize the salary history of
employees in a given department, we need rst to write
a query similar to that of Example Q3e to derive a ta-
ble (or a view)depthist(deptno, empno, salary,

This query assumes that we only want to retrieve the in- timep) , on which we can write following query:

formation, without reformatting it. However, if we want to

reformat the information derived into a join table, then we FROM

SELECT deptno, timep, empno, salary
depthist

also want to join the titles and salaries of all employees at ORDER BY deptno,tstart(timep),empno,salary

that date into a at relation as follows:
SELECT s.empno, t.title, s.salary

FROM e_employee AS s, e_employee AS t
WHERE tstart(t.timep) <= '1994-05-06'

AND  tend(t.timep) >= '1994-05-06'

AND tstart(s.timep) <= '1994-05-06'

AND  tend(s.timep) >= '1994-05-06'

AND S.empno=t.empno

AND  ttitle IS NOT NULL

AND s.salary IS NOT NULL

QUERY Q3e. Retrieve the salary history of employees in
dept. “d01”, while they were in that department:

SELECT nl.empno, nl.salary,
overlapperiod(nl.timep,n2.timep)

FROM e_employee nl, e_employee n2
WHERE nl.empno = n2.empno

AND nl.salary IS NOT NULL

AND n2.deptno IS NOT NULL

AND n2.deptno = "d01"

AND overlaps(nl.timep, n2.timep)

This query illustrates the use of temporal joins, with

This last statement returns all the events grouped by de-
partment and arranged in chronological order.

The visual presentation of historical data and query re-
sults is much simpler using e-tables than using n-tables or
H-tables (which is discussed later in Section 6.1). This is
because at tables come with their built-in graphical repre
sentation, while, e.g., XML requires the user to write aestyl
sheet to visualize data. Moreover, as demonstrated by the
previous examples, restructuring on e-tables can be eehliz
by simply reordering the tuple using @RDER BY clause,
whereas it might require complex nesting and unnesting in
the other representations.

In most temporal database approaches, including TSQL2
[3], atemporal relation can be either declared as a stale tab
or as an event table but the two views are not easily com-
bined. A simple mapping between the two views is highly
desirable since, in everyday life, states and events are two
facets of the same evolving reality. Moreover, many ad-
vanced applications, such as time-series analysis [35], se

intersection of overlapping periods; these are required fo quence queries [36], and data stream queries [37], view the
guery Q3 in all three representations. While the complex- database as a sequence of events, rather than a sequence of

ity of queries is similar for our three temporally-grouped

states.



The e-tables just described, make it possible the uni ca- internal level should be provided for these multiple exéérn
tion of state-based and event-based representations by sinviews. At UCLA, we have been developing the ArchiS sys-
ply using SQLORDER BY construct. For instance, say that tem that uni es the support for multiple external temporal
we want to nd employees who have been transferred from models into one architecture [10, 12].

a department to another, and from this, back to the old one. The basic architecture of ArchlS [10] is shown in Fig-
To answer this query by perusing the history of employees,ure 3. ArchlS is designed to preserve and archive the his-
we would probably start by carefully viewing the results of tory of the database by preserving the evolution of its con-

the following query:

QUERY Q4. Reordering to detect round-trip transitions be-
tween departments:

SELECT empno, timep, depno, salary, title
FROM e_employee
ORDER BY empno, tstart(timep)

Then, the immediate sequence of any three tuples

with non-nulldeptno column, would satisfy the query—
provided that the rst department is equal to the third (and
that there was no interruption in the employee's employ-
ment).

Although this query is conceptually simple, it requires

the detection of three successive tuples—an operation thaf

is rather complex and inef cient to express in standard SQL.
A rst solution to this problem is to write a user-de ned

aggregate (UDA); in fact UDAs can easily express state-

based computations [38]. Moreover, several event-pattern

and sequence languages for time-series analysis have bee

proposed in the literature [39, 35, 36] and would work very
nicely with the representation discussed here. For instanc
using SQL-TS [36] our query could be expressed as fol-
lows:

QUERY Q5. From department A to B and back, with no
other change in between:
SELECT A.empno, A.title
FROM e_employee [ORDER BY empno,
tstart(timep)] AS (A,B,C)

WHERE A.deptno = C.deptno

AND B.deptno IS NOT NULL

Here, theFROM clause speci es that, given the ordering
described abovey, B andC are three successive tuples that
are also related by the conditions speci ed in thelERE
clause. Space limitation prevents us from delving into lan-

guages as SQL-TS [36], although they represent a very in-

tent, either by using active rules attached to the database
or by periodically visiting their update logs. ArchlS then
supports alternative logical views of the database histery
scribed in the previous sections, by mapping queries agains
these views into equivalent queries against the historg-dat
base. In our previous work on the implementation of stor-
ing H-documents [10, 12], we have compared the use of a
native XML DBMS such as the Tamino XML Server [40],
against the approach of shredding these documents and stor-
ing them into RDBMSs. The second approach was found to
offer substantial performance advantages and will be used
here. (In our implementation, the “current database' aad th
rchived one are managed by the same system. But the re-
sults are easily generalized to the situations where these t
are separate and even remote.)

In the next sections we rst discuss the structure of
the Key & Attribute History Tables, used at the internal
Iﬁvel and then we describe the problem of mapping external
gueries into internal ones. We nally describe the temporal
clustering and indexing techniques used in improving the
performance of such queries.

The problem of supporting XML views through stored
RDBMS tables is hardly new since it has recently provided
a major focus for database research [41, 42, 43]. How-
ever, here we do not need to support all XML documents
and queries, but only historical views of database tables
and temporal queries on such tables; thus, specialized tech
nigues can be used for more ef cient storage, and optimized

guery mapping.
6.1. History Tables

The history of each relation is preserved by a set of ta-
bles: one table for each attribute, and an additional tadsle f

the primary key of the original relation. Each tuple in the
tables is timestamped with the two attributetart  and

teresting and pertinent topic in temporal database relsearc (ong = For example, consider our evolving DB relation

Here, it suf ces to observe that these languages rely on tu-

employee(empno , salary, title, deptno)

ples being arranged in a suitable order—which is easier toii, key empno. The history oemployee is preserved by

achieve with e-tables than with H-tables or n-tables.

6. Ef cient Implementation

following tables in ArchlS:

The Key Table

In the previous sections, we have discussed the pros and employee _empno(empno, tstart, tend)

cons of alternative representations for temporal history.
reality, these are likely to be supported together, raten t

Sinceempno will not change along the history, the period
(tstart,tend) in the key table also represents the valid

as alternatives, since database vendors are gung ho on sufperiod of the employee. The use of keys is for easy joining

porting both SQL and XML in their systems. Practical con-

of all attribute histories of an object such as an employee.

siderations also suggest that a uni ed implementationat th Attribute History Tables



~ _ However, this is only the rst step of the translation per-
Ej formed by ArchlS which also adds conditions to exploit the
temporal clustering and indexing discussed later.

Mapping from n-views to H-tables. In DBMS that support
nested relations, n-views (or n-tables) can be supported di
rectly at the physical level. But even so, we might prefer to
“shred' and store theminto at H-tables, to simplify supipor
for alternative external views (in particular, e-views)far
performance reasons, e.g., to take advantage of the eluster
ing techniques available for H-tables, that will be diseuss
bimimimimis Gomimimimimiimimneed Moo : later. A simple approach to achieve this is to de ne a nested

Figure 3. ArchlS: Arch ival | nformation System object-view (as de ned in SQL:2003) on H-tables, as fol-
lows:
employee_s_alary(empno, _salary, tstart,tend) CREATE VIEW n_employee OF employee_t
employee_title (empno, title, tstart,tend) WITH OBJECT IDENTIFIER (empno) AS -
employee_deptno(empno, deptno, tstart,tend) SELECT e.empno
The values oémpnoin the above tables are the correspond- PERIOD(e.tstart, e.tend) AS timep,
ing key values, thus indexes on sumhpno can ef ciently CAST(MULTISET(
i0in th lati SELECT s.salary, s.tstart, s.tend
jointhese realons.- . FROM employee_salary s
When a new tuple is inserted, tstart  for the new tu- WHERE s.empno = e.empno)
ple is set to the current timestamp, ardd is set tonow. AS salary_tbl)
When there is a delete on a current tuple, we simply change ) AS n_salary,

thetend value in that tuple as current timestamp. An up-
date can be viewed as a delete followed by an insert. We
will later refer to these as key & attribute history tables (H
tables for short). H-tables could also be viewed as yet an-
other candidate representation at the logical level; we hav
not considered them here because they do not provide reaMapping from XML-views to H-tables. The mapping
query advantages with respect to e-tables, and they makérom XML-views (or H-documents) to H-tables is signi -

Fé‘OM employee_empno e;

With such a mapping, temporal queries on n-views are
automatically translated by the DBMS into queries on H-
tables through view de nitions.

tasks such as reordering and visualization harder. cantly more complex. The problem of supporting XQuery
In addition to these, we also store information about the on H-tables is similar in the sense that we have to generate

schema in a global relation: ef cient SQL queries, but more complex insofar as XML
relations(relationname, tstart, tend) documents must be structured as output. Therefore, we use

Our design builds on the assumption that keys (e.g., SQL/XML [14], whereby the results of SQL queries can
empno) remain invariant in the history. Otherwise, a be ef ciently assembled into XML documents for output.
system-generated surrogate key can be used. Many database vendors now support ef cient SQL/XML

. implementations, in which tag-binding and structure con-
6.2. Query Mapp_lng ] struction are done inside the relational engine for best per
Mapping from e-views to H-tables. Mapping from H-  tymance [44]. In ArchIS [10], we compile XQuery state-
tables to the e-views (or e-tables) of Figure 2 is simple, nents on temporal XML-views, and optimize their transla-
since the latter can be obtained taking the union of the H-tion into SQL/XML on the H-tables in ve main steps, as
tables after padding them with null values. This simple cor- ¢5)10ws:
respondence simpli es the translation and optimization of 1 |denti cation of variable range For each distinctuple
queries expressed on e-tables into equivalent queries on H- yariable in the original query, a distinct tuple variable
tables. The pattern of null values associated with the query is created in the FROM clause of the SQL/XML query,

plays an important role in the translation. Take for inséanc which refers to a certain key table or attribute table.
QUERY Qle. There, the condition thatle IS NOT 2. Generation of join conditionsThere is a join condi-
NULLimplicitly determines that salary and department must tion T:empnaandNempndor any pair of distinct tuple
be null, and attribute tablemployee _titte  will appear variables.

in thewHERE condition of mapped query. Thus our original 3. Generation of the WHERE conditianThese are the
query is translated into: conditions in WHERE clause of XQuery or speci ed
SELECT T title, T.tstart, T.tend in the XPath expressions. . _
FROM  employee_title as T 4. Translation of built-in functionsThe built-in functions

WHERE T.empno = '1001' (such amverlaps(  $a, $b) ) are simply mapped into



the corresponding SQL built-ins we have implemented

for ArchlS. ; -
5. Output generationThis is achieved through the use of

the XMLElement and XMLAgg constructs de ned in -
SQL/XML [14].

For instance, the SQL/XML translation of Query Q1 is:

SELECT XMLElement (Name "title_history",
XMLAgg (XMLElement (Name “title", -
XMLAttributes (T.tstart as "tstart",
T.tend as "tend"), T.title)))
FROM employee_title as T
WHERE T.empno = '1001'

6.3. Clustering and Indexing

Ef cient support for historical queries requires support
for temporal clustering and indexing; in ArchlS, this is 6.4. Summary
achieved by a simple usefulness-based scheme whereby the™ ™ ) ]

H-tables are partitioned into segments [10]. For each fable ~ Only the skeleton of ArchiS is currently operational, and
the usefulnessf its current segment is de ned as the per- Many improvements are planned for the future; even so,
centage of the segment tuples that have not expired yet (i_e'its realization con rms the practicality of supporting bot
whosetend timestamp is still 'now’). The usefulness of SQL-based and XML-based temporal views and queries
the current segment is monotonically decreasing with time, with a uni ed and ef cient internal representation. ArchlS
and as soon as it falls below a user-speci ed percentage, th&an Now run on top of IBM DB2 and the ATLaS system
whole segment is archived, and a new segment is started34]. We are currently working on extending it to run on
containing only those tuples whose timestamps are “now'. commercial DBMS that support nested relations [7, 30], and
The segment number then can become part of the searci§Xplore any performance improvement that can be gained
keys supported by the indexes used in the database. v_\nth this approach. We also plan to experiment with addi-

Thus, a request to nd the salary of a given employee at tional storage structures, such as R-trees, to better suppo
certain time, could involve nding the corresponding seg- Valid-time and bitemporal databases.
ment in a small memory-resident index, and then using the :
(segment _no, empno )ypair in the index search. ’ 7. anclusmn and F.Uture Work

This usefulness-based scheme achieves temporal cluster- AN important conclusion emerges from the research pre-
ing through redundancy. Since there is no update in theSented in this paper: a unied multi-model support for
archived tuples of a transaction-time database (unlikelval ~ ransaction-time databases can be achieved effectively us
time databases), redundancy does not generate additiondl'd @ temporally grouped data model. This requires the
execution costs. For reasonable usefulness values the exntroduction of new temporal functions and aggregates,
tra storage costs are modest (e.g., 30% storage overhead féUt N0 extension to the current standards. A unied ef-
33% usefulness [10]); this cost represents a minor draw-Clent implementation fortheth.ree ext.erpal models re!res 0
back, because of the fast decreasing cost of storage, an¥€ll-understood query mapping/optimization techniques,
the applicability of compression techniques which has been@nd temporal clustering/indexing techniques at the irern
proven in [10]. (The cost of re-compressing after updates!evel- _In practice, the ArchlIS approach is des!rable since
is not present for archived data, since these are not up-t Provides a low-cost approach to address a wide range of
dated.) On the other hand, the usefulness-based approacﬁppllcatm_ns..ln parucylar, XML-baseq views dovetail lwit
expedites archival search in a predictable and contrellabl Web applications, while nested-relations are more natural
fashion. For instance, for usefulness of 33% (1/3) we are fOr object-oriented applications, and the null-lled aat
assured that, when searching in the corresponding segment3l€s are best for traditional database applications, weeis
for records with a given timestamp, at least one of the threeSUPPOTt applications, and event-oriented queries. Tisis a
records visited has the right timestamp. Therefore, the tim @PProach provides a simple framework for the presenta-
required to regenerate the past snapshot of a relation can bHon of the data, which can require signi cantly more effort
expected to be less than three times of that needed to genhen XML is used. Figure 4 summarizes the features of the
erate the current snapshot from the current database [10]t€mporally-grouped schemes proposed, comparing them to
Also, observe that the joining of H-tables require littlerax ~ the basic ungrouped scheme.

time since they are already sorted@npno. The architec- While we have concentrated here on transaction-time
ture and performance of ArchiS is covered in [10]. databases, it was recently shown that, for XML, this ap-

Figure 4. Temporal Scheme Comparison



proach can be extended to bitemporal representations angtL9]
queries as well [11]. Support for valid-time and bitem-
poral views and queries using nested relations and null-[20]
lled tables represents an important topic of forthcomieg r [21]
search. Many research issues also remain open at the phys-
ical level, including the use of nested relations and ofclus
tering schemes that support updates on historical dath (suc[22]
updates are not present in transaction-time databases).

Acknowledgments [23]

This work was partially supported by a gift of NCR Tera-
data. The authors would also like yo thank the referees for[24]
many useful suggestions.

[25]
References
[26]

[1] G. Ozsoyoglu and R.T. Snodgrass. Temporal and Real-Time
Databases: A SurveytKDE, 7(4):513-532, 1995. [27]
(2]

F. Grandi. An Annotated Bibliography on Temporal and
Evolution Aspects in the World Wide Web. FimeCenter
Technique Repor2003.

R. T. Snodgrass.The TSQL2 Temporal Query Language
Kluwer, 1995.

R. T. Snodgrass, M. H. &hlen, C. S. Jensen, and A. Steiner.
Transitioning Temporal Support in TSQL2 to SQLLcture
Notes in Computer SciencE399:150-194, 1998.

[5] Database Languages SQL, ISO/IEC 9075-*:2003.

[6] A. Eisenberg, J. Melton, K. Kulkarni, J. Michels, and
F. Zemke. SQL:2003 has been publishesllGMOD Rec.
33(1):119-126, 2004.

SQL 2003 Standard Support in Oracle Database
10g, otn.oracle.com/products/database/ applica- [33]
tion_development/pdf/SQ2003 TWP.pdf. 34]

S. Kepser. A Proof of the Turing-Completeness of XSLT
and XQuery. InTechnical report SFB 441, Eberhard Karls  [35]
Universitat Tubingen2002.

F. Wang and C. Zaniolo. An XML-Based Approach to Pub-
lishing and Querying the History of Databas@&s.Appear in
World Wide Web: Internet and Web Information Systems

F. Wang, X. Zhou, and C. Zaniolo. Using XML to Build Ef- 37
cient Transaction-Time Temporal Database Systems on Re- [37]
lational Databases. Technical Report 81, TimeCenter, Mar.
2005.

F. Wang and C. Zaniolo. XBiT: An XML-based Bitemporal
Data Model. INER, 2004.

F. Wang and C. Zaniolo. Publishing and Querying the His-
tories of Archived Relational Databases in XML. \MISE
2003.

F. Wang and C. Zaniolo. Temporal Queries in XML Docu-
ment Archives and Web Warehouses.TIME, 2003.

ISO. Information technology - Database languages - SQL
Part 14: XML-Related Speci cations. 2003.

F. Grandi and F. Mandreoli. The Valid Web: An XML/XSL
Infrastructure for Temporal Management of Web Docu-
ments. INADVIS 2000.

T. Amagasa, M. Yoshikawa, and S. Uemura. A Data Model [43]
for Temporal XML Documents. IDEXA 2000.

C.E. Dyreson. Observing Transaction-Time Semantics with
TTXPath. INWISE 2001.

S. Zhang and C. Dyreson. Adding Valid Time to XPath. In
DNIS, 2002.

(28]
(3]
(4]

[29]
[30]
[31]

[32]

(7]

(8]

(9] [36]

[10]
1) [38]

(12] [39]

[40]
[41]

(13]
(14]

[15] [42]

(16]
(17]

18] [44]

D. Gao and R. T. Snodgrass. Temporal Slicing in the Evalu-
ation of XML Queries. InVLDB, 2003.

P. Buneman, S. Khanna, K. Tajima, and W. Tan. Archiving
scienti c data. TODS 29(1):2-42, 2004.

J. Chomicki, D. Toman, and M.H. @&len. Querying AT-
SQL Databases with Temporal LogicTODS 26(2):145—
178, June 2001.

J. Clifford, A. Croker, F. Grandi, and A. Tuzhilin. On Tem-
poral Grouping. IrRecent Advances in Temporal Databases
pages 194-213. Springer Verlag, 1995.

J. Clifford, A. Croker, and A. Tuzhilin. On Completeness of
Historical Relational Query LanguageACM Trans. Data-
base Syst19(1):64-116, 1994.

C. Zaniolo, S. Ceri, C.Faloutsos, R.T. Snodgrass, V.S. Sub-
rahmanian, and R. Zicarhdvanced Database Systerior-
gan Kaufmann Publishers, 1997.

D. Toman. Point-based Temporal Extensions of SQL.
DOOD, pages 103-121, 1997.

M. Stonebraker. The Design of the POSTGRES Storage Sys-
tem. InVLDB, 1987.

C. S. Jensen and D. B. Lomet. Transaction Timestamping in
Temporal Databases. WLDB, 2001.

D. Lomet, R. Barga, M. F. Mokbel, G. Shegalov, R. Wang,
and Y. Zhu. Immortal DB: Transaction Time Support for
SQL Server. I'SIGMOD, 2005.

Oracle Flashback
http://otn.oracle.com/deploy/availability
docs/ ashbackoverview.htm.

Informix Universal Server. http://www.ibm.com/informix.

F. Wang, X. Zhou, and C. Zaniolo. Temporal Information
Management using XML. liER 2004.

J. Clifford, C.E. Dyreson, T. Isakowitz, C.S. Jensen, and R.
Snodgrass. On the Semantics of “Now” in Databas&DS
22(2):171-214, 1997.

The Extensible Stylesheet
http://lwww.w3.0rg/Style/XSL/.
ATLaS. http://wis.cs.ucla.edu/atlas.
Chang-Shing Perng and D. S. Parker. SQL/LPP: A Time
Series Extension of SQL Based on Limited Patience Patterns.
In DEXA 1999.

R. Sadri, C. Zaniolo, A. Zarkesh, and J. Adibi. Express-
ing and Optimizing Sequence Queries in Database Systems.
TODS 29(2):282-318, 2004.

C. Zaniolo Y.-N. Law, H. Wang. Query Languages and Data
Models for Database Sequences and Data Strearvé.Dis,
pages 492-503, 2004.

H. Wang and C. Zaniolo. Using SQL to Build New Ag-

In

Technology.
/nt-

Language (XSL).

gregates and Extenders for Object-Relational Systems. In
VLDB, 2000.

P. Seshadri, M. Livny, and R. Ramakrishnan. SEQ: A Model
for Sequence Databases.ICDE, pages 232—-239, 1995.

H. Sclbning. Tamino - a DBMS Designed for XML. In
ICDE, 2001.

M. Carey, J. Kiernan, J. Shanmugasundaram, and

et al. XPERANTO: A Middleware for Publishing Object-
Relational Data as XML Documents. WLDB, 2000.

D. DeHaan, D. Toman, M. P. Consens, and M. T. Ozsu. A
Comprehensive XQuery to SQL Translation Using Dynamic
Interval Encoding. I'5IGMOD, 2003.

M. F. Fernandez, A. Morishima, D. Suciu, and W. C.
Tan. Publishing Relational Data in XML: the SilkRoute
Approach. |IEEE Data Engineering Bulletin24(2):12-19,
2001.

J. Shanmugasundaram and et al. Ef ciently Publishing Re-
lational Data as XML Documents. MLDB, 2000.



