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Efficiently maintaining history data on line together with current data is difficult. This paper discusscs one
promising approach, the temporally partitioned store. The current siore contains current data and
possibly some history data, while the history store holds the rest of the data. The two stores can utilize
different storage formats, and even diffcrent storage media, depending on the individual data
characteristics. We discuss various issues on the temporally partitioned store, investigate several formats
for the history store, and evaluate their performance on a set of sample queries.

1. Introduction

Databases model the real world, which is constantly changing. But conventional databases lack the capability
to record and process the dynamic aspects of the changing world. They store only the latest snapshot of the
enterprise being modeled. If something changes, update is made in place destroying the existing information.
Using these snapshot databases, one cannot inquire about past information, nor perform trend analysis over a
sequence of history data. Retroactive changes, error correction, audit trail, or version management must all be
supported by applications in an ad-hoc manner.

If temporal support is supported in a database management systems, users can make historical queries to ask
the status of an enterprise valid at a past or even future moment, or perform roilback operations 10 shift the
reference point back in time and access the state of a database in the past. These capabilities help us understand the
dynamic process of state evolution in an enterprise, and identify temporal or causal relationships among events or
entities.

Steady progress in the disk technology, both magnetic and optical, continues to make larger and larger storage
capacity available at a lower cost [Copeland 1982). Hence there has been a growing interest in database systems
with temporal support or version management. Bibliographical surveys, however, show that most effort has
focussed on conceptual aspects such as modeling, query languages, and the semantics of time [Bolour et al. 1982,
McKenzie 1986). Little has been written on issues conceming the implementation of temporal databases.

This paper investigates new access methods tailored to the particular characteristics of database management
systems with emporal support. We review previous work in Section 2, and discuss the characteristics of temporal
databases that motivate the needs for the new access methods in Section 3. In Section 4, we discuss various issues of
a temporally pariitioned store that divides data into separate storage areas based on the time attribute. Section 5
prescnts various formats for the temporally partitioned store, and Section 6 discusses issues on sccondary indexing
for temporal databases. In Scction 7, we evaluate and compare the performance of various access methods on a set
of sample queries.

2. Previous Work

There has been a massive amount of rescarch on the design and analysis of specific file structures with various
characteristics. The resulting access methods can be categorized as either static or dynamic, depending on how they
function as data accumulates.
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Access methods such as sequential, hashing, indexing, and ISAM are static in the sense that they do not
accommodate growth of files without significant loss in performance. Accessing data in a sequential file requires
sequential scanning, which is often 100 expensive. Access methods such as hashing and ISAM also suffer from
rapid degradation in performance due to ever-growing overflow chains caused not only by key collisions but also by
the existence of multiple versions for a single key, as will be demonstrated in Section 7. Reorganization does not
help to shorten overflow chains, because all versions of a tuple share the same key. Hence performance will
deteriorate rapidly not only for temporal queries but also for non-temporal queries [Ahn & Snodgrass 1986].

Dynamic access methods, such as B-trees [Bayer & McCreight 1972}, virtual hashing [Litwin 1978), linear
hashing [Litwin 1980}, dynamic hashing [Larson 1978], extendible hashing [Fagin et al. 1979], K-D-B wees
[Robinson 1981], or grid files (Nievergelt et al. 1984], adapt to dynamic growth better. These methods maintain
certain structures as records are added or deleted. But the performance is still proportional on the count of all
versions, which is significantly higher than the count of current versions. Furthermore, a large number of versions
for some tuples will require more than a bucket for a single key, causing similar problems 10 those exhibited in
conventional hashing. It is also difficult to maintain secondary indices for these methods, because they ofien split a
bucket and rearrange its records. Performance problems of conventional access methods in the environment of
dawabases with temporal support will be further discussed in Section 7.

Secondary storage cost has been decreasing steadily, and various new technologies are emerging in recent
years. In particular, optical disks are becoming commercially available from several manufacturers at a reasonable
cost [Fujitani 1984, Hoagland 1985]. Though optical disks provide enormous capacity at a low cost, one limilation
is that they are currently write-once, not allowing reorganization or rewriting of data once they are stored. This
peculiarity makes many of the conventional storage structures, especially the dynamic ones such as B-trees or
dynamic hashing, unsuitable for optical disks, and requires new storage structures to utilize their potential benefits
{Christodoulakis 1987].

Storage structures for temporal databases have been the topic of only a few papers. Ben-Zvi introduced the
concept of the temporally-partitioned store and briefly examined reverse chaining (discussed below), future chaining
(for proactive data, also discussed below), and secondary indexing of the current and history stores [Ben-Zvi 1982).
Lum, et al. also advocated reverse chaining and multiple indices, and delved further into the related topics of
schema evolution, space reclamation, and index maintenance [Lum et al. 1984). In later papers, they considered
support for transaction time [Dadam et al. 1984] and integrated support for text, temporal data, and nested relations
(Lum et al. 1985]. Finally, Katz and Lehman proposed a wemporally-partitioned store for VLSI design files [Katz &
Lehman 1984). However, none has enumerated the possible variations of a temporally partitioned store, nor
analyzed its performance,

3. Characteristics of Temporal Databases

The term temporal database in a generic sense refers to a database with some support for processing temporal
or time-dependent data. Examples are a personnel database with a history of employee records, or an engineering
database with a collection of design versions. We have identified three kinds of time to be supported in databases
with different scmantics, valid time, transaction time, and user-defined time [Snodgrass & Ahn 1985, Snodgrass &
Ahn 1986]. Valid time is the time when an event occurs in a real world. Transaction time is the time when a
transaction occurs in a database to record the event. User-defined time is defined by a user, and its semantics is up
to each application. Depending on the capability to support transaction time and valid time, we have four types of
dawbases: snapshot, rollback, historical, and the temporal daiabase in a narrower sense. Each of the four types has
diffcrent capabilities, and faces different issucs for implementation.

For the purpose of discussion, we assume that, when transaction time is supported, each datum is associated
with two tmestamps: the transaction identificr (an intcger assigned at commit time) specifying when the daium was
stored in the database (transaction start) and the transaction identifier specifying when the dawm was logically
removed from the database (iransaction stop). When valid time is supponed, each dawum is associated with two
timestamps: the time when the datum began to be valid in reality (valid from) and the time when the datum ceased
to be valid in reality (valid t0). We do not consider user-defined time. We do not assume either tuple or attribute
timestamping; most of the storage methods presented below are relevant w0 both, though the performance
ramifications of one over the other may be substantial [Ahn 1986A].

Temporal databases follow the non-deletion policy to preserve past information needed for historical queries
or rollback operations. No record will ever be deleted once it is inserted. For each update operation, a new version
is created without destroying or over-writing existing ones. This strategy solves many of the problems caused by
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the update-in-place practice common in conventional DBMS’s [Schueler 1977], but also introduces several new
problems.

An immediate concern is the large volume of data to be maintained on line. Storage requirements will
increase monotonically, potentially to an enormous amount, no matter what data compression technique is utilized.
This problem is one of the major reasons why databases with temporal support have not been put into practice even
though their benefits have been long recognized. Mechanisms must be devised to effectively deal with the ever-
growing storage size, and to represent temporal versions into physical storage in such a way that past states of a
database can be maintained with little redundancy.

The large amount of data to be maintained also causes long delays in accessing information. For example, the
number of block accesses 1o get a record from an unordered file with m blocks is O (m). Storing temporal data in
such a file will require a large number of blocks, significantly degrading the performance. Unless temporal
informaton is utilized as part of a key, there will be multiple versions for each single key value. However, time
alributes are in general not suitable to be used as a key for storing and accessing records, for several reasons. A
time attribute alone cannot be used as a key in most applications. Including time attributes in a key results in a
mulu-attribute key, which complicates the maintenance of the key. Even though time attributes are maintained as a
part of a key, it is difficult to formulate point queries (also termed exact maich queries), especially when the
granularity of time values is fine. Thus, we should be able to support a range query on time attributes, which is not
possible with many access methods, such as various forms of hashing.

On the other hand, there are several interesting characteristics unique to databases with temporal support.
There are two distinct types of data, current data and history data, which exhibit clear differences. There is only
one current version for each tuple at one time, yet multiple versions exist for some tupies in history data. Storage
requircments for history data may be potentially enormous, while the size of current data is relatively static once it
has stabilized. Unlike current data, history data need not be updated except when errors are corrected in the case of
historical databascs, which makes write-once oplical disks attractive as the storage media.

There is also a correlation between the age of data and their access frequency. History data are needed less
urgently than current daia. While retaining history data for temporal support will encourage new applications to
process history data along with current data, we still expect that new applications will be dominated by manipulation
of current data. It is a challenge to exploit these unique characteristics to achieve better performance.

Considering these characteristics, conventional access methods such as hashing or ISAM are not expected to
be effective for such databases with a large number of temporal versions, as was shown in an earlier study [Ahn &
Snodgrass 1986). Therefore, new access methods and storage structures tailored to the particular characteristics of
database management systems with temporal support need (0 be developed to provide fast response for a wide range
of tcmporal queries without penalizing conventional non-temporal queries.

The solution investigated in this paper is the remporally partitioned store that divides current data and history
data into two storage areas. The following sections address the design decisions implied by this structure, then
discuss the details of various formats for the history store. Relative advantages and disadvantages of the various T~
formats are evaluated to determine the cost of supporting temporal qucries. Issucs on how to support secondary
indexing for the temporally partitioned storage structure are also discussed.

L NePECTES

4. Issues for Temporally Partitioned Store

The temporally partitioned storage structure has two storage areas, the current store and the history store.
The current store contains current versions which can satisfy all non-temporal querics, and possibly some of
frequently accessed history versions. The history store holds the remaining history versions. Scparating current . __ |
data from the bulk of history data can minimize the overhead for conventional non-temporal querics, and at the v
same time provide a fast access path for temporal queries. It is possible to use different access methods for each '5((—
store. The current store may utilize any conventional access method suitable for a snapshot relation, such as -
hashing, ISAM, or B-tree. The history store may also use any conventional access method, but several variations -
are conceivable to exploit the concept of version inherent in history data. It is even possible to use different types of
storage media; for example, history data may be stored on optical disks, while current data are kept on magnetic T
disks. -
The temporally partitioned storage structure can also be regarded as the reverse differential file [Lum et al. R
1985]). The scheme of differential file represents two versions of data with the main file and the differential file
[Severance 1976]. The main file contains the reference version (R), and is never modified. All changes to the main =~
file are recorded in the differential file, which are either additions (A) or dcletions (D). Thus, the current version o
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(C) can be found by R u A = D. Note that accessing the current version is slower than accessing the old version.
On the other hand, the scheme of reverse differential file directly represents the current version in the file C. It aiso
rccords additions (A) and deletions (D) to and {rom a reference version in a separate file. Then, the current version
is readily available from C, and the reference version (R) can be found by C U D - A. Since A ¢ C, A need not be
stored separately. They can, instead, be represented as a part of C by marking them with appropriate information,
e.g. auaching time attributes 1o each record to show when it was appended. Attaching time auributes to each record
also generalizes the number of versions from two to any number.

There are many issues to be investigated about the emporally partitioned storage structure. This section
discusses criteria for splitting data between the current and the history store, update procedures for each type of
databases with temporal suppon, methods to handle retroactive changes, proactive changes, and key changes, and
the performance with regard to the update count.

4.1. Split Criteria

The main objective of the temporally partitioned storage structure in this paper is to separate current data from
history data so that the overhead for supponing temporal queries can be minimized. Hence the basic criterion is to
keep current versions in the current store, and 1o keep history versions in the history store. All non-temporal queries
can be evaluated by consulting only the current store without any interference from the bulk of history versions.
This criterion appcars to be quite simple, but there are many complications especially with a historical or a temporal
dawabasc.

The tcrm current version has differcat implications depending on the temporal type of databases. The version
set identifies the versions associated with a single entity. A version set usually has a single key value for all of its
versions, unless there have been key changes, as will be discussed in Section 4.4, For a rollback database, the
currcnt version of a version set is the version cniered into the database most recently for the version set, and has an

transaciion siop attributc value of undefined (‘~"). Such tuples are put into the current store, and the other wiples are
put into the history store.

But determining current versions for a historical or a temporal database is complicated by retroactive or
proactive changes, which will be discussed further in Section 4.3. For a historical database, the current version has
the attributes valid from and valid to overlapping with the current time. For a temporal database, the current version
has the attributes valid from and valid to overlapping with the current time, and an undefined transaction siop value.
If we ignore retroactive or proactive changes for the moment, the current store keeps tuples with a valid 1o valuc of
‘ea’ for a historical database, and tuples with a valid 1o value of ‘=’ and an undefincd transaction stop valuc for a
temporal daiabasc. An extcnsion to the temporaily partitioned storage structure with the currcat and the history
storcs would be to add the third store, called the archival store, which conuains tuples with specific transaction stop
attribute values. The archival store will be consulied only for queries as of some moment in the past.

As discussed in Section 3, current data are in general smaller in volume than history data. Thus, the current
storc can be more cfficient than the history store in accessing data. To take advantage of this property, we can relax
the basic criterion by keeping some history data, which tend to be accessed rather frequently, in the current store. In
this case, care should be taken to limit the amount of history data in the current store so that the performance of
non-tcmporal querics would not suffer from the increased size of the current store. For cxample, the current store
may keep up o two, instead of one, most recent versions for each version set. Furthermore, deletions or proactive
changes can be handled following this criterion, as will be discussed later.

It is also possible to adopt the strategy of vertical partitioning [Ceri & Pelagawi 1984) which moves some of
the current versions, with relatively low access frequencies, to the history store. A special case related with this
scheme is mentioned later for proactive changes. Another factor affecting the criterion is the availability of an
access path to history versions, since a version in the history store needs an access path cither through some index or
through a corresponding version in the current stwre. In conclusion, the choice of an appropriate split criterion
depends in part on the number of stores supported, the access patterns 0 subsets of the history data, the volume of
current data, the access patterns to subscts of the current data, and the access paths provided in the current and
history stores.

4.2. Update Procedures

Unlike snapshot databascs relying on update in place, databases with temporal support update existing
information in a non-destructive way, and maintain out of date information as history dawa. Hence the semantics of
the append, delete and replace statements are particularly important in databases with tcmporal support.




Handling the delete statement (abbreviated as delete) and the replace staement (replace) is more
complicated with the temporally partitioned storage structure, which divides data between the current and the
history store according to a split criterion.

This section discusses the update procedures for the temporally partitioned storage structure in each type of
database. We first examine the append, delete, and replace procedures for rollback relations, then consider each in
turn for historical, rollback and temporal relations. For concreteness, we discuss the update procedures in terms of
the constructs available in the temporal query language TQuel [Snodgrass 1987], which is an extension of the
snapshot query language Quel [Held et al. 1975]. The where clause, which is common to both Quel and TQuel,
selects tuples satisfying a predicate over the non-temporal attributes; the when clause selects tuples satisfying a
predicate over their valid time; and the valid clause determines the period of validity of the modification. The when
and valid clauscs may be used only when modifying historical or temporal relations. The details of these constructs
arc not important to this discussion.

For a rollback relation, append inserts a tuple with Lime attribuics:
transaction start « the current transaction identifier
transaction stop « ‘=’

meaning that the tuple is effective from this transaction on.

Dclete finds a tuple that has a transaction stop value of ‘-’ and sauisties the where predicate, then terminates it
by changing the transaction stop attribute to the current transaction identifier. The deleted tuple has been in the
current store, and may or may not be moved to the history store depending on the split criterion. Deletion or
correction of past tuples, whose transaction stop auribute is not ‘~’, is not allowed in a roilback relation,

According to the basic split criterion of current data on the current store and history data on the history store,
deleted tuples ought be moved to the history store. This reduces the size of the current store, but it becomes
necessary to provide an access path to the version set which has no current version, lest the whole history store be
scanned to locate it. The path may be a separate index of deleted tuples, or a combined index involving both the
current and the history store, as will be discussed in Section 6. If the basic criterion is relaxed so that the current
store may hold some of history data, deleted tuples may be left in the current store. In this case, there is no need
maintain a separate access path for deleted tuples.

Replace can be described as delete followed by append in any database. In this delete and append scheme,
the base tuple is first deleted (in the sense of non-snapshot databases) as described above, then a copy of the base
tuple with some attributes changed according to the replace statement is appended. This scheme works well with
conventional storage structures, and is uscd by the prototype described in Section 7. But the delete and append
scheme is not strictly applicable to a rollback database with the temporally partitioned storage structure. The
problem is that the base tuple still stays in its place, while the newer version is put into a different location. An
alternative is to append into the history store a copy of the base tuple with its transaction stop attribute changed to
the current transaction identifier, then change the base tuple according to the replace statement, This append and
change scheme works well for a rollback database with the temporally partitioned store, and is also better than the
delete and append scheme for concurrency control and error recovery in that it reduces the critical period while the
base tuple is not available.

range of h is historical_h

append historical_h
valid from "1/1/82" to "1/1/83"
where (h.id = 500)

delete h
valid from ¢, to i,
where (h.id = 500)

Figure 1: Append and Delete Statements

For a historical relation, append, delete, and replace statements employ the valid clause to specify the period
while any of the modification statements will be in effect. A TQuel statement in Figure 1 can be regarded as having
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the update interval (1, t), effective between ¢, and ¢, (in this case, ¢, is January 1, 1982 and ¢, is the first day of
1983). If no valid clause is specified for any modification statement, the default update interval is [now, ), where
‘oo’ stands for forever. Let’s call an existing tuple with the same values of the data attributes the base tuple, and
assume it has the base interval {1, t,,), effective between ¢, and ¢,,, where 1, and t,, are the values of the valid
from and valid 1o attributes. Since ,<t, and (., <t,,, there are six possible relationships between the base interval
and the update interval as shown in Figure 2.

[vf lu t\(f Lo lv/ Ly
base P —_— —
ST £ : !; ty } I8 I
update  — z — + :
A 1,, 15, £ [ r t
result pb—  f——] — =4 — ;
(1) 2) (3)
tvf Ly [\f b lvf Ly
base — p— e
update o B L i L

’v{ by ty £ Ly ty ta
result [ - y J

W

(4) (5) {6)
Figure 2: Base Interval vs. Update Interval for append

Append needs to be handled differendy for each case.

ecase (1): <ty
The base interval and the update interval do not overlap, so a new tuple, valid during [7,, ¢;) is simply
physically appended.

ecasc (2): ) <ty Aty <laAl3<ty,
The portion {¢,, £,, ) gets appended. The result is to change the valid from auribute of the base tuple to ¢,.
The base tuple still stays in its place, whether it is in the current or the history store.

ecase (3): <ty At <1y
Two portions, (¢), 1) and [¢,,, t) get appended. The result is to change the valid from attribute of the basc
tuple to ¢, and the valid to attribute 1o ¢,. If the base tuple is in the history store, it may be necessary to move
it into the current store depending on the split criterion.

ecase (4): ty <tjAl3 <y,
Since the base tuple completely overlaps the appended tuple, nothing needs to be done.
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ecase (5): fy <t A, <l

The portion {1,,, t2) gets appended, which changes the valid o attribute of the base tuple to 1.
ecase (6): 1, <,

The base interval and the update interval do not overlap, so the update tuple is simply physically appended.
Thus append in a historical database is similar to append in a snapshot database for cases (1), (4), and (6), and is

similar to replace in a snapshot database for cases (2), (3), and (5). Append in a rollback database is similar to case
(5), except that the time axis represents transaction time.

Delete for historical relations is equally complex, and depends on the interaction between the base and update
intervals (sce Figure 3). Here the base tuple is an existing tuple satisfying the where and when predicates.

tvf Ly 'vf Ly 'vf Ly
base p— —_— P
Loty § 0" t, [ 1
update  p— : e : — —
[v/ ';l 5] s
result S ———— — (none)
(1) (2) (3)
lvf Ly lv[ by ‘v/' Lyt
base P — p——
L I Lo t, : 1 I
update L — : —_ : S
ty ty tat;, e 0 ly L
result — — —t —————
(4) (5) (6)

Figure 3: Base Interval vs. Update Interval for delete

Dclcte nceds 10 be handled differently for each case, except for cases (1) and (6) which require no action.
ecase (1) <1y,
The base interval and the update interval do not overlap, so nothing needs to be done.
ecase (2): f; <t Aty <tAL; <1,
The portion (1, , t5) gets deleted. The result is to change the valid from attribute of the base tuple 10 ;. The
base tuple still stays in its place, whether it is in the current or the history store.
ecase (3): 1, <ty AL, <!y
The base wiple is physically deleted. But the immediate predecessor version of the base tuple, if any, needs to

be recognized as the most recent version of the version set in order to maintain an access path to history
versions. f the base tuple is in the current store, and deleted wples are kept in the current store, then the




The portion [1,, £), which falls on the middle of the base interval, gets deleted. First, the valid from attribute
of the base tuple, which stays in its place, is changed to r,. Then a new tuple, which is the same as the base

The portion (¢, ¢,,) gets deleted, which changes the valid ro attribute of the base tuple o0 ¢,. If the base tuple

p—— T T
immediate predecessor needs to be moved from the history store to the current store.
ecase (4): t,; <t A<y,
¥ tuple but with the valid o attribute of ¢,, is inserted into the history store.
ecasc (5): &y <Al <l
F
\

is in the current store, it may be necessary (o move it into the history store depending on the split criterion.
ecasc (6): t, <t

The base interval and the update interval do not overlap, so nothing needs to be done.
Thus delete in a historical database is similar 1o replace in a snapshot database, except for the case (4) which also

involves a physical append, and for the cases (1) and (6) which require no action. Delete in a rollback database 13
similar to case (5), except that the time axis represents fransaction time.

Ivf tvl Ivf L vt lv/ Ly
base —_ — —_—
hn 0 : L : L 0 ‘: ¥}
update — - P S— : — —_—
Ly Ly Ly 2y by bue
result —_— [ R S— S, 4
(1) {2) (3)
lvf Ly ‘vf Ly ‘v[ Ly
base P —— p———
4 Iz - : 4 : 7] : N L
updaie Sl I e _ e
% Y N Iy »
result - - - —_——t - -4 ———
(4) (5) (6)

Figure 4: Base Interval vs. Update Interval for replace

Handling replace is more complicated in a historical database than in a roliback database, especially with the
temporally partitioned store. To perform replace in a historical database with the temporally partitioned store. there
are also six cases to be examined as shown in Figure 4, depending on the relationship between the base interval and
the update interval. However, handling replace is more complicated than delete, because we need to determine the
proper location of the current version and to maintain a history chain, whether explicit or not, for each version set.
Basically, we follow the append and change scheme, but detailed steps vary significantly for each case.
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scase (1) 1<ty
The base interval and the update interval do not overlap, so nothing needs to be done.

ecase (2): f; <, Ay <IyAnp<U,
The portion [1,,, £5) gets replaced. First, the new version changed by replace is put into the history store. Iis
valid from atribute is set 10 £, , and its valid (o aturibute is set to 7,. Then, the base tuple gets its valid from
attribute changed to ¢, but still stays in its place, whether it is in the current or the history store.

ecasc 3): f; <ty AL, <U;
The new version changed by replace is put into the place of the base wple. Its valid from auribute is set o 7,/ ,
and its valid to aurnbute is setto ¢, .

scasc (4): 4y <y NIp<Uy,
The portion {1,,¢5), which falls on the middle of the base interval, gets replaced. First, the new version
changed by replace is put into the history store. Next, a copy of the base tuple is inserted into the history storc
with the valid to atiribute set to ¢(. Then, the base tuple gets its valid from attribute changed to ¢, but still
stays in its place, whether it is in the current or the history store.

ecase (5): ty <t AL, <

The portion [1;.¢,,) gets replaced. First, a copy of the base tuple is inserted into the history store with the
valid to autribute set to ¢,. Then, the new version changed by replace is put into the place of the base tuple,
whether it is in the current or the history store, with ¢, as the value of its valid to attribute. This case is
particularly troublesome to the conventional dclete and append scheme, because the base tuple needs 1o be
moved 1o the history store. This case also corresponds to the only case for a rollback database, except that the
tme axis for the rollback database represents transaction time. Note that this corresponds to the case of the
default valid clause for a historical database.

ecasc (6): ¢, <t
The base interval and the update interval do not overlap, so nothing needs to be done.

Casc (5) also corresponds to a replace for a rollback database, except that the time axis represents transaction time.

Though a emporal database supports transaction time in addition to valid time, modification statements for a
1emporal database have the same format as those for a historical database. Since the as of clause is not allowed in
modification statements, transaction ume does not participate in append, delete, or replace, except that the
transaction stop attribute of the base tuple to be deleted or replaced should have the value of ‘~’. There are also six
possible rclatonships between the base interval and the update interval in terms of valid time, as shown in Figures 2
through 4. For each case, append, delete and replace for a temporal database are handled in a similar manner to
those for a historical database, but with two exceptions. First, a copy of the base tuple is inserted into the history
store with the transaction stop auribute set to the current time, before the base tuple is changed in any manner. This
results in adding up to three versions for cach replace, but provides the capability to capture the history of
retroactive and proactive changes completely, as described in the next section. Second, any tuple inserted in the
process, except for the copy of the base tuple mentioned above, has the transaction start and transaction stop
attributes sct (o the current time and ‘-, respectively. In addition, we need to maintain a chain of history versions
for each version set, which is further complicated by the fact that each replace in a temporal database inserts at least
two versions. We order versions affected in each update in reverse order of valid from time, then, for those versions
with the same valid from time, in reverse order of transaction start time. This ordering allows us to retrieve recent
versions more quickly, especially for queries with the default clause as of "now".

4.3. Retroactive or Proactive Changes

For a rollback database, each change is effective from the moment of the transaction, but not so for a
historical or a temporal database with the valid clause. In the delete statement in Figure 1 for a historical or a
tcmporal database, if ¢, is earlier than the current time, the change is a retroactive from change, and if ¢, is earlicr
than the current time, the change is a retroactive to change. If ¢, is later than the currcnt time, the change is a
proactive from change, and if ¢, is not ‘s’ but later than the current time, the change is a proactive to change. Thus
a change may be retroactive from and proactive to at the same time, e.g., the query in Figure 1 if exccuted, say, in
Junc, 1982.

Retroactive changes deal with both currcnt and past versions, and can be handled by following the steps
outlined for cach case of the delete and replace statements in the previous section. However, proactive changes may
involve {uturc versions or versions 10 be expired which require special treatment for the temporally partitioned store.




For a proactive from change, the base tuple is still current for the moment, but wiil expire in time. Proactive from
append or replace introduces a future version which will become current some time later. Proactive to replace
introduces both a future version and a version to be expired. A question is how 1o handle future versions and
versions 1o be expired. It is possible but expensive to maintin a separate index for future versions, and to monitor
constantly which versions are becoming current or expired. An alternative is to keep future versions and versions 1o
be expired together with current versions in the current store. When any of those versions is accessed in the coursc
of query processing, it is possible to determine if it has changed its status from future to current or from current 10
expired, then move the expired version to the history store.

4.4. Key Changes

A key of a relation is a smallest set of attributes whose values uniquely idenufy a tuple. Formally, a key of a
snapshot relation r over scheme R is defined as a subset X of R such that for any distinct wples ¢, and ¢, in 7,
t,(K)=1:2(K), and no proper subset of X has this property [Maier 1985]. Thus a relation in a conventional
snapshot database should not hold two tuples that agree on all the attributes of the key. However, databases with
temporal support, which maintain a sequence of versions for each entity, can contain muitiple tuples that agree on
all the aunibutes of the key. Hence, the definition of the key needs to be extended for databases with wmporal
support.

A key of a relation r over scheme R in databases with temporal support is a subset K of R such that for anyv
distinct tuples ¢, and ¢, overlapping in time in r, 1, (k) # {4 (K ), and no proper subset of K has ttus property. Two
tuples ¢y and ¢, overiap in time if:

o for a rotlback relation

t, (transaction start] < t, [transaction stop | A

tq liransaction start] <ty {transaction stop |

o for a historical relation
t, [valid from] <t,{valid (o] A
ty[valid from] <t [valid to]

o for a temporal relation

t, [valid from) < t,[valid 10) A
ty[valid from} <t,{valid 10) A
ty (transaction start] < t5 [transaction stop | A

t, [transaction start) < ¢, (transaction stop

The create data definition statement in both Quel and TQuel does not enforce the concept of the key, in
that it does not specify what attributes constitute a key for a relation. Though the formal semantics for append
defined for TQuel prevents two tuples identical in all the explicit attributes from overlapping in time [Snodgrass
19871, it is still up to discretion of users 10 obscrve the key constraint that any new key value entered into a relation
cither through append or replace does not overlap with any existing tuple with the same key value. If append or
replace does not insert a new key value overlapping with any existing tuple with the samc key value, updatc
procedures for the temporally partitioned store described in Section 4.2 ensure that there is at most one aclive
version for each key value at any moment, and thus no two tuples with the same key value overlapping in time.

Though the key value identifying an entity is not supposed to change, there are always exceptions, which
cause nasty problems in conventional databases when tracking the history of changed identities. However the
problem can be handled gracefully in the databases with temporal support, where a sequence of versions for each
entity is maintained through physical or virtual links. If the key value of a tuple changes, a new version with the
changed key becomes the current version, and the old version is kept as a history version. Thus the history of key
values is captured in the same way as the history of other attribute values. But it may be necessary (0 rearrange the
storage structure for the changed key value, if the storage structure depends on the key attributes.

4.5. Performance

A query is called current ot non-temporal if it involves only current dawa and does not concem history data.
A non-temporal query for a roliback database has the clause as of "now". For a historical database, a non-
temporal query has the clause when (¢, overlap .. overlap () overlap "now" for all the wplc
variables ¢; . For a temporal database, a non-temporal query has the clause when (f/, overlap .. overlap
t;) ovexlap "now" for all the tple variables ;, and the clause as of "now". Hence it is possible to
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determine at compile time if a query is non-temporal.

According to the split criterion discussed in Section 4.1, all non-temporal queries can be evaluated by
consulting only the current store. Therefore, maintining history versions for temporal support does not affect the
performance of conventional non-temporal queries. The only overhead is the extra space to hold implicit time
autributes and possibly a physical link to history versions, which may increase the relation size and hence the cost to
scan the relation.

For a temporal query, it is usually necessary to retrieve history versions from the history store. The basic
algorithm accesses the current version first through the primary access path. If the temporal predicate of the query
does not contain a tuple variable, we can determine the interval which satisfies the predicate. If the interval is found
10 be a subset of the interval denoted by the time attributes of the current version, there is no need to access the
history store, because members of a version set in the history store do not overlap in time with the members of the
version set in the current store, Otherwise, it is necessary to follow the chain of history versions through physical or
virtual links depending on the format of the history store. However, many variations are conceivable for the
structure of the history store, which greatly affects the performance of temporal queries. We can organize the
history store in such a way that the cost of accessing the history store can be reduced significantly, as will be
discussed next.

3. Structures of the History Store

The algorithms and the performance for accessing or updating relations with the temporally parutioned store
vary significantly depending on the format of the history store. This section investigates various forms of the history
store which can enhance the performance for various types of temporal queries, and analyzes their characteristics.
Note that some formats can be combined together, though each format is discussed here individually. Relative
advantages and disadvantages of the various formats are evaluated to determine the cost of supporting - nporal
queries. Scction 7 analyzes the performance of these structures on a benchmark database.

5.1. Reverse Chaining

I history data are stored as a heap without any secondary access mechanism, each request for a history
version must scan the whole store, which is often impractical. One solution is reverse chaining: all history versions
of cach version set are linked in reverse order starting with the current version (see Figure S). Once the current
version is located in the current store, its predecessors can be retrieved without scanning the whole history store.
Each retrieval may or may not require a disk access, depending on how the versions are placed on disk. This
storage structure was introduced by Ben-Zvi [Ben-Zvi 1982] and further developed by Lum, et al. [Lum et al. 1984,
Lum et al. 1985].

Current Store History Store

[

K, 81

K, 8

Figure 5: Reverse Chaining

For this purpose, each tuple is augmented with an extra field nvp (next version pointer). When a tuple is first
inscricd into a relation, it is put into the current store with the nvp field value of aull. When a tuple is replaced, the
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version existing in the current store is moved (o some other place as described in Section 4.2, then a new version 1
put into its place with the nvp field contining a wple idenuficr referencing the predecessor just moved. This
scheme maintains the chain from the most recent 1o the oldest, and does not change any of exisung versions in the
history store, except for crror correction in historical databases. Since the history store 1n this scheme works 1n an
append-only mode, it can use write-once media like optical disks. If it is possible 1o identify atnbutes which will
remain unchanged, e.g. keys; those attributes may be excluded from history versions to save space. Of course. key
changes would cause complications in that case.

For a retricve operation, the current version is located using any access mechanism available for the current
storc. If the query is temporal, the nvp ficld is examined. If the pointer is null or the query is non-temporal, there 15
no nced to go through the history store. Otherwise, all its predecessors can be found by fotlowing the chain ot
pointers, until a version with the avp of null is reached.

If the interval represented by the temporal predicate can be evaluated as constant, then the performance can
be improved by exploiting the fact that all versions are ordered in the reverse order. Instead of following the chan
to the end, we can stop traversing history versions when a history version is retricved whose 1nterval denoted by its
time attributes exceeds the constant interval specified by the t2mporal predicate.

. .on . .
The lower bound for the number of block accesses to perform retrieve is e when there are 7 history versions

10 be retrieved and b is the blocking factor of the history store. This occurs when all history versions are clustered
together 1n the minimum number of blocks. The upper bound for the same case 1s n, when no two versions are on
the same block.

When a single version sct with a history versions is retricved, the average number of block accesses,
assuming uniform distribution, can be evaluated ty the formula given by [Yao 1977].

-

f=b
n a-1 :
Average Block Accesses (n. f, b) = L)- =L]1- I8 i—ﬂ
b f b i=0 f-l J
)

where f is the number of records in the history store, and b is the number of records in a block of the history store.
Note that reverse chaining maintains an ordering among versions belonging to the same version set, so there is no
need to access a block more than once while scanning a chain of versions for a version set.

When scveral version sets are retrieved to process a query, the procedure to access a chain of versions is
repeated for each version set. In this case, a block which contains versions belonging to several version sets may be

accessed more than once. Hence the number of block accesses can exceed e which is the cost to scan the history

store scquentially. Lect's assume that each version set has m versions, and that v version sets are retrieved. >From
the formula above, it is possible determine the breakeven point when repeated traversal of history chains is still
better than scanning the history store.

Loz
vxb 1 ‘I;IO F - Sb

Thus the number of version sets v’ 1o favor repeated traversal of history chains can be calculated numerically for a
given m, the number of versions for each version set.

5.2. Accession Lists

If the length of the chain grows long in reverse chaining, it may be too slow to traverse the chain, even when
only a small portion of the history versions are of interest. An alternative is t0 maintain accession lists between the
current store and the history store, as shown in Figure 6.
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Figure 6: Accession List

A tuple 15 tirst entered into the current store, with an extra field alp (accession list pointer) of null. When a
new version replaces the current version, the new version is put into the current store with the alp field pointing to
Jn accession list, which is initialized to point to the history version just inserted into the history store. If another
version s added into the version set, an entry corresponding 10 the version is also added into the accession list.
Thus the accession list is a full index to history versions for each version set.

It 1s desirable to include some temporal information for each entry in accession lists, so that temporal
predicates can be evaluated withous actually accessing history versions. Deciding on the amount of temporal
informauon to be included into accession lists is the classic space time tradeoff.

For a rollback relation, accession lists may contain both the transaction start and transaction stop attributes
«ermed a full accession list). Space can be saved by storing only the transaction start attribute (termed a partal
accession list) without significant loss of performance, because most version sets are contiguous, meaning that the
value of the transaction stop attribute is the same as the value of the transaction start attribute of its successor.
Simuilar arguments apply to a historical relation, considering the valid from and valid to attributes.

For a temporal relauon, accession lists may contain up to four time attributes, or some subset of the four
aunbutes., tor each version. If two time attributes are included, the valid from and iransaction start attributes are
reccommended for the reason of contiguity mentioned above. If only one time attribute is included, the valid from
attnibute is preferable, assuming that the selectivity of the when clause is smaller than that of the as of clause, which
15 otten the case.

For full accession lists, only those versions that satisfy the given temporal constraints need to be retrieved
from the history store. For partial accession lists, it is not possible to evaluate the temporal constraints completely.
Hence, all versions which can satisfy the constraints based on the partial information are retrieved from the history
store 1o resolve the missing information. Still, the ratio of false hits can be significantly reduced compared with the
case of no temporal information in accession lists.

Ordering of history versions in accession lisis is less critical than reverse chaining, but we still recommend
that they be kept in such an order that allows recent versions to be accessed more easily. Hence for a rollback
database, versions are maintained in reverse order of transaction start time. For a rollback database, versions are
maintained in reverse order of valid from time. For a temporal database, versions are maintained in reverse order of
valid from time, then in reverse order of transaction start time.

Including temporal information in accession lists is not an overhead, as it may appear to be. When some time
auributes are stored in accession lists as described above, it is not necessary to store the same information in the
history store. History versions do not need an extra nvp ficld, as in reverse chaining. Accession lists are also usecful
10 handle future versions resulting from proactive changes. The future version may be put cither in the current or
the history store, pointed Lo by an entry with appropriate temporal information in accession lists.

Since accession lists are accessed more frequently than history versions, and may be clustered or reorganized
for performance reasons, it is better to keep them on magnetic disks. History versions are append only, so they may
be stored on optical disks.
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The upper bound for the number of block accesses to retrieve all n records is one bigger than that of reverse
chaining, owing to an extra disk access for accession lists. Since temporal predicates can be evaluated without
accessing the history store, the lower bound for the number of block accesses is just two including a block access for
an accession list. On the average, the number of history versions actually retrieved will be much smaller than
reverse chaining; determining the access cost for arbitrary queries is difficult due to the variety of temporal
predicates.

5.3. Clustering

One problem with the schemes discussed thus far is that history versions belonging to a version set are
scattered over several blocks. A solution is to cluster all versions of each version set into the minimum number of
blocks (see Figure 7). Clustering significantly reduces the number of disk accesses (o retrieve history versions, and
thereby improves the performance of temporal queries. However, maintaining clustering while achieving a high
degree of storage utilization is difficult. Clustering can be combined with other schemes described earlier, such as
reverse chaining, accession lists, or indexing. Since this scheme requires splitting of blocks when overflow occurs, it
is not strictly applicable to optical disks.

Current Store History Store
K8l
'K ~ 8371
—] K 8
K, % K ~ 84]
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Figure 7: Clustering

There are many variations on this scheme. The simplest method is to assign a whole block to each version set
with history versions. This method is a special case of cellular chaining to be described later, where a cell is a whole
block. Unfortunately, allocating an entire block results in unacceptably low storage utilization in most cases. A
better method is 10 share the same block for history versions of several version sets. When an overflow occurs, the
block is split into two, moving all versions of some selected version sets o a new block. If all versions in the
overflowed block belong to one version set, a new block is added as a successor and chained to the original block.

. n . . . . .
In this scheme, 5 blocks need to be accessed to retrieve n history versions, where b is the number of records in a
block.

In the temporally paritioned storage structure, there needs to be a link between the current version and its
history versions to avoid scanning the whole history store. The link may oe either physical or virtual. A physical
link is a pointer physically stored as an implicit attribute of the current version. If some history versions are moved
10 another location as a result of a block overflow, physical pointers in the current store pointing to those versions
need to be adjusted accordingly. It is better to move the version set that has caused the overflow in this case.
because it is easier to identify the version in the current store which corresponds to the versions being moved in the
history store. If it is still necessary to move or compact other versions remaining in the original block, history
versions need to maintain back pointers to the corresponding versions in the current store to adjust their pointers.

A virtual link is a conceptual link implied by some structural information. For example, history versions can
be hashed on the primary key so that all versions belonging to a version set are put into one block or its overflow
blocks. But the performance of conventional hashing with reasonable storage utilization deteriorates rapidly, as will
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be discussed further in Section 7, if there are excessive key collisions causing long overflow chains.

One way to resolve this problem is to introduce a scatter table between the current store and the history store,
which can serve as a combination of the physical link and the virtual link [Morris 1968]. A scatter table may have
the form of an index or a directory. Each entry in a scatter table corresponds to a value hashed from the primary
key of tuples in the current store, and holds a pointer to a block in the history store. When an overflow occurs 10 a
block in the history store, the block is split into two according 1o a hash function which generates a sequence of
diffcrent values for each occurrence of overflows. Then a new entry pointing to the new block is added 10 a scatter
table. A scatter table plays a similar role 10 accession lists, but an entry in a scatter table is shared by several
synonymous tuples through a hash function, while an accession list is associated with each tuple om the current
store through a physical link.

Actual implementation of this scheme using a scatter table may adopt onc of variable size hashing methods
based on an index or a directory which can accommodate dynamic growth of a file by splitting a block upon
overllow. Examples of such methods are dynamic hashing, extendible hashing, and grid files, where an index or a
directory can be regarded as a scatter table described above. All three methods make it possible to retrieve a record
at the cost of one block access by locating the index or directory entry for a given key, assuming that the index or
the directory is small enough to reside in the main memory. If the index or the directory does not fit into the main
memory, one additional disk access is necessary.

There are other variable size hashing methods which can accommodate dynamic growth of the file without
mainwaining an index or a directory. They are virtual hashing, linear hashing, and modified dynamic hashing. A
new method of hashing termed adaptive hashing has been also developed {Ahn 1986B, Ahn 1987)]. It can retrieve
records at the cost of exactly one block access, even when the file size grows or shrinks dynamically. It maintains a
list of overflow addresses, called the overflow list. Since the overflow list stores an address only when an overflow
occurs, it is smatler than a directory or an index which maintains the addresses of all the buckets, and is expected to
fit into the main memory. If the size of the overflow list grows too big, it is possible o reduce its size by
rcorganization.

5.4. Stacking

Stacking is a two dimensional implementauon of a conceptual cube where all the version sets have an equal
number of versions. This is uscful when we are interested in the fixed number of most recent versions, where
updates are rather periodic and uniformly distributed. For example, Postgres stores history data, but discards data
older than a specificd amount of time [Stoncbraker & Rowe 1986].

e ——— e
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Figure 8: Siacking (depth d = 3)

When the first history version is put into the history store for a version set, space for d versions is allocated,
where d is termed the depth of stacking (see Figure 8). Subsequent versions are put into the remaining portion of
the allocated space. After the predetermined limit d to the number of versions is reached, the next version is put into
the place of the oldest version, which becomes lost as if being pushed through the bottom of a stack.
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Since the number of history versions 10 be maintained is predetermined, it is simple to cluster all versions
belonging to a version set. Thus, the number of block accesses for retrieving n history versions is just one,

assuming the entire stack fits in one block. Storage utilization is % with the maximum of 100%, where u is the

average update count. Increasing the depth d enables a larger number of versions to be maintained, but the storage
utilization can be as low as rFh The dawa being replaced by newer versions may not actually be lost, but can be

archived 10 a lower level storage. Another interesting possibility is to organize the current store as a shallow stack,
a stack with a small 4, then store overflow data into the history store which may use any of the formats discussed in
this section.

8.5. Cellular Chaining

Cellular chaining is similar to reverse chaining, but attempts to improve the performance by collecting several
versions into one cell. The current version initially has an extra field avp (next version pointer) of null (sce Figure
9). When the first version is inserted into the history store for a version set, a celi is allocated with the size of ¢ 2 |
in the history store. The nvp field of the current version now points to the cell, and subsequent versions will be put
into the remaining space of the cell. If this space is filled up, another cell is allocated and chained 1o the predecessor
cell. Since the history store operates in the append only mode, this scheme can use optical disks as well.

— e —————
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Figure 9: Cellular Chaining (cell size ¢ = 3)

Cellular chaining can be regarded as a combination of reverse chaining and stacking. It also has the benefit of
the clustering scheme, in that the number of blocks to be accessed is reduced by as much as a factor of c. The lower

bound for the number of block accesses in retrieving n history versions is % where b is the blocking factor of the

history store. The upper bound is L:- where ¢ is the cell size of the history store. Thus increasing the cell size ¢

improves the performance. However, a larger cell size tends to lower storage utilization. If the number of version
scts are uniformly distributed, expected storage utilization can be calculated as:

[4
Si
E (Storage Utilization) = (—1-+3+ +£)x-l-= -‘%: c+1
c ¢ ¢ c c 2¢

This shows that the average storage utilization is 100% for ¢ = 1, which is the same as reverse chaining, ignoring
the partially filled block at the end of the history store But the storage utilization falls o about 50% for a reasonably
large c. Itis possible to improve storage utilization by adjusting the cell size dynamically. The size of the cell can
be increased linearly. For example, the first cell of each version set has the size of one, but each time a new celi is
allocated for one version set, the cell size increases by one. Or the cell size may be multiplicd by some factor,
whenever a new cellis allocated for one version sct.
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6. Indexing

Performance of queries can be improved significantly by indexing. This section discusses the types and the
structures of primary and secondary indices for databases with temporal support.

6.1. Primary Indexing

For a snapshot relation, the index is a set of <value, pointer> pairs where value is a key value and potnter is
the unique identifier or the address of a tuple containing value as the key. For databases with tcmporal support, the
index can be extended 1o include pointers to history versions. Each entry is of the form <value, p..ps,, - Pu>.
where p, points to the current version, and p,, with 1 £i < points to the i-th history version.

The index entry may include temporal information so that temporal predicates can be evaluated without
actually accessing data tuples. The space time wadeoff on the amount of temporal informaton discussed for
accession lists applies in this scheme. For example, a temporal relation may have an index with a pointer and four
time attributes for each version, or an index with a pointer and just one attribute, e.g.. valid from, for each version.
Figure 10 illustrates this scheme, which can be regarded as a combination of conventional indexing and accession
lists described above.

Current Store BENCERCAREN History Store

Figure 10: Indexing

Indexing is also useful to handle deleted tuples or future versions. Since history versions have an indcpendent
access path without going through the current store, all deleted tuples can be put into the history store. The future
version may be put either in the current or the history store, pointed to by an index entry.

Instcad of maintaining a pointer for cach history version, space can be saved by storing only one entry for the
list of history versions. Then each entry is of the form <value, p., p,>, where p. points to the current version. p,
may be the starting address of the chain of history versions, or the address of an accession list for history versions.

A gencralization of this scheme is to apply the temporally partitioned structure to the index itself, maintaining
two scparate indices, one for the current store and the other for the history store. The benefits of the temporally
partitioned store considered for storing data similarly apply to this semporally partitioned indexing. By separating
current entries from the bulk of history entries, the current index becomes smaller and more manageable,
minimizing the overhead of maintaining history versions on non-temporal queries. The history index can utilize any
format developed for the history store to enhance the performance of temporal queries. For example, the current
index may be hashed, while the history index has the format of accession lists. Then each entry in the current index
is of the form <value, p., p, >, as mentioned above. In any case, history versions are append-only for a rollback or a
temporal relation, so they may be stored on optical disks.

Performance characteristics of the indexing scheme are similar to that of accession lists. The upper bound for
the number of block accesses to retrieve all n records is #, one less than that of accession lists, without counting the
cost to access the index itself. The lower bound for the number of block accesses is just one, without counting the
cost to access the index itself. Since temporal predicates can be evaluated by using temporal information included
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in the index, the number of history versions actually retrieved may be much smaller than reverse chaining.

One problem with indexing is that the format of the current store is tied to indexing, while other schemes
allow any format for the current store. Another problem is accessing records through non-key attributes. It 1s
necessary (0 maintain the same ordering for the index and the current store, so that the current store can be scanned
synchronously with the index.

6.2. Secondary Indexing

For a snapshot relation, a secondary index is a set of <value, pointer> pairs, where value is a secondary key
and pointer is the unique identifier or the address of the corresponding tuple. Since the value is not expected o be
unique, there may be several entries for a single value. There will be more entries for each value in a sccondary
index for a relation with temporal support, because it maintains history versions in addition to current data. A
typical query retrieves only a small subset of all the versions for a given value, but temporal predicates 10 determine
which versions satisfy the query can be evaluated only after accessing the data themselves. The number of false hits
can be reduced if some or all of temporal information is also maintained in a secondary index. Therefore, extension
of the conventional secondary index is desirable for each type of databases with temporal support.

For a rollback database, a secondary index itself can be a rollback relation augmented with transaction start
and transaction stop altributes. Then each index entry is a quadruple <value, pointer, transaction siart, transaction
stop>. There is the overhead of 8 bytes for each entry, but the as of clause can be evaluated from the information in
the secondary index. Only the tuples sausfying the as of clause need to be retrieved, significantly enhancing the
performance. If the version sets are contiguous or nearly contiguous, storing only the transaction siart atribute can
save space without significant loss of performance. The same argument applies 10 a historical database, when the
valid clause is substituted for the as of clause, and the valid from and valid to attributes are used.

For a temporal database, a secondary index may be a rollback relation, a historical relation, or a temporal
relation itself. If the index is a rollback relation, the as of clause can be evaluated from the information in the index.
Then those versions that satisfy the as of clause are retrieved from the current or the history store 10 resolve the
valid predicate. If the index is a historical relation, those tuples that fail the valid clause need not be accessed to
resolve the as of predicate. If the index is itself a temporal relation, each index entry is a sextuple <-alue. potnter,
valid from, valid 1o, transaction start, transaction stop>. There is the overhead of 16 byies for each entry, but
temporal predicates of the valid and the as of clauses can be evaluated compietely from the information in the
secondary index. It is also possible to store some subsets of the four time attnbutes, e.g., valid from and transaction
start, or only one of the two. Storing only a subset saves space, but the number of false hits will increase. The type
of sccondary indices available for each type of databases is summarized in the Figure 11. Deciding which type of
sccondary index to use for a database with temporal support is a tradeoff of space versus ume.

Snapshot Rollback Historical Temporal
Snapshot Database v
Rollback Database ¥ v
Historical Database ) v !
Temporal Database v ) ) v !

Figure 11: Types of Secondary Indices for Each Type of Databases
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7. Performance Evaluation

In this section, we prescnt a preliminary performance evaluation of the access methods discussed in Scctions
5 and 6. Disk read counts for sixteen queries exccuted on rollback, historical and temporal relations for a varicty of
access methods were analytically derived using a model described elsewhere [Ahn & Snodgrass 1988]. The model
consists of four transformations through a series of intermediale expressions based on the characteristics of
database/relations and storage devices. A temporal query is mapped 0 an aigebraic expression which is
transformed 10 a file primitive expression. A file primitive expression, in tumn, is transformed 10 an access path
expression, and finally to the access cost. Since conventional databases are subsets of temporal dawabases, the
model can be used to analyze the performance of conventional databases as well.

To validate the model, we also ran the same queries on a prototype temporal DBMS built by extending the
snapshot DBMS Ingres {Stonebraker et al. 1976]. We compared these derived disk read counts with those measured
on the prototype. The results indicate that the cost, expressed as number of disk accesses, of a query on a relation
supporting transaction or valid time can be estimated quite accurately, within 1% for query exccutions under
controlled circumstances (e.g., ignoring buffering artifact) [Ahn & Snodgrass 1988].

7.1. The Prototype

The prototype supports TQuel and handles all four types of databases: snapshot, rollback, historical and
temporal. It also supports append, delete, and replace statements of TQuel for the four temporal types. Each tple
of a rollback or a tcmporal relation is augmented with (wo timestamp attributes (cach a 32-bit integer) for
transaction time, and each tuple of a historical or temporal relations is augmented with one or two limestamp
attribuies (cach also a 32-bit integer) for valid time.

The default storage format of a rclation in INGRES, and hence in the prototype, is a heap. The modify
statement in Quel converts the storage structure of a relation from one format to another. Major storage options
available in INGRES are:

heaap : for a sequential file
hash : for a hashed file
isam : for an ISAM file

For cxample, the statement
modify Temporal_h to hash on id where fillfactor = 100
converts the Temporal_h relation to a hashed file with the loading factor of 100%.

In the prototype, new options were added to the modify statement to specify the format of the history store for
the temporally partitioned storage structure. They are:

chain : for reverse chaining
accessionlist : for accession lists
cluster : for clustering
stack : for stacking
cellular : for cellular chaining
index : for primary indexing

For example, the statement
modify Temporal_h to chain on id

changes the Temporal_h relation to the temporally partitioned store, if it is not already in such a structure. The
history store uses reverse chaining with the id attribute as the key, while the current store maintains the previous
format,

Some formats require additional parameters. Accession lists and indexing have the parameter time 10
specify the amount of temporal information to be maintained in accession lists or index entries. Allowed values for
the ume parameter arc all to maintain information on all the time attributes, or a list of time attributes such as
valid frxom, valid to, transaction start, and transaction stop. For exampic, we usc the
following statcment 10 change the history store to the format of accession lists with all the time autributes:

modify Temporal_h to accessionlist on id where time = (all)

Stacking and cellular chaining have the parameter cellsize to specify the stacking depth or the size of a cell. To
change the history store to the format of cellular chaining with up to four tuples in each cell, we use the staiement:
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modify Temporal_h to cellular on id where cellsize = 4

Issuing another modify statement with one of the options heap, hash,or isam will change the format of
the current store accordingly, but the history store will be unaffected. The option single was also added
convert a relation from the temporally partitioned structure to the single file structure. Therefore, we can specify
that the structure of a relation be changed from a single file to another single file structure, from a single file
structure to a temporally partitioned store, from a temporally partiioned store to another emporally panitoned
store, or from a emporally partitioned 10 a single file structure. In this process, we can change the formats of the
current and the history store independently of each other.

We can determine at compile ume if a query is non-temporal. For a rollback database, a query is non-
temporal if it has the clause as of "now". For a historical database, a query is non-temporal if it has the clause
when (!{; overlap .. overlap () overlap "now" for all the range variables ¢,. For a temporal
database, a query is non-temporal if it has the clause when (/, overlap .. overlap () overlap "now"
for all the range vanables ¢, and the clause as of "now". For a non-temporal or current query, the query is
evaluated by consulting only the current store without going through the history store, using the conventional access
methods provided by INGRES.

For the delete or the replace statement on a rollback database, there is only one case to be examined for :he
relationship between the base interval and the update interval. For the delete or the replace statement on a histonical
or a temporal database, there are four cases to be examined, ignoring two null cascs, for the relationships between
the basc interval and the update interval as discussed in Section 4.2.

The delete and append scheme was found to be inapplicable to the temporally partitioned store, because the
basc tuple remains in its place, whilc the newer version is put into a different location. Thus, the system was
changed to follow the append and change scheme as discussed in Section 4.2. We had to examine cach casc of the
relationships between the base interval and the update interval carefully o determine the proper location of the
current version, and to maintain a history chain, whether explicit or not, for each version set. Maintaining a chain of
history versions for each version sct is more compiicated for a temporal database, since each replace inserts at least
two versions. We ordered versions affected in each update in reverse order of valid from time, then in reverse order
of transaction start ime. Thus, we can retrieve recent versions more quickly, especially for queries with the default
clause as of "now".

Accessing a relation with the single file structure involves two steps: one for the main block and the other for
overflow blocks. Accessing a relation with the temporaily partitioned structure involves another siep: ioilowing the
history chain, whether explicit or implicit. Hence we need to maintain global information on which store providcs
the tuple being processed now and the tuple 10 be retrieved next. Algorithms to handle the delete and the replace
statements on different types of relations are given elsewhere [Ahn 1986B].

For simplicity, the split criterion adopted in implementing the temporally partitioned store was:
® The current store contains current versions, while the history store holds history versions.
. Deleted tuples are kept in the current store.
. Versions to be expired, discussed in Scction 4.3, are kept in the current store until a ncw version is inscried.
. Future versions are stored in the current store.

At present, the structure of reverse chaining has been implemented. The prototype’s parser accepts the {ull BNF
syntax, but the remaining components do not support the other options.

We assume that accession lists and indexing maintain complete temporal information, both (ransaction time
and valid time as appropriate, separate from history data. The index itse.f is assumed to be a hashed file, but notc
that indexing restricts the format of the current store to indexing, as discussed in Section 5.2. We also assume that
the depth for stacking is four, and the cell size for cellular chaining is four. Finally, for hashing we assume that the
hash function is well-behaved (a badly-behaving hash function would create many more overflow blocks).

For clustering, we use the method of adaptive hashing. The average storage utilization for adaptive hashing 1s
69.3 % [Ahn 1987]. However, databases considered in this analysis have high update counts, so each version sct
consists of more versions than a block can hold. When a block gets full with versions belonging 1o a single version
set, we need to maintain a chain of overflow blocks. As a result, storage utilization becomes 100% except for the
last block of cach chain.
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7.2. The Benchmark

The benchmark queries reference two temporal relations, one hashed on the i3 attribute and one structured
as an ISAM file on the id aribute (see Figure 12).
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Figure 12: Benchmark Queries
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With these querics, we were able to examine the following types of accesses:

. version scanning (all versions of a tuple),

. rollback queries,

. historical queries,

° key versus non-key access,
. ISAM versus hashed key access, and
° temporal and non-temporal joins.

The sixicen qQueries on these relations allowed us o0 compare 196 query executions, resuiting in a fairly
comprchensive evaluation of the model. We now discuss the storage and accessing costs for the various storage
structures. We only consider temporal relations and assume a loading factor of 100%.

7.3. Space Requirements

Space requircments for update counts of 0 and 14 are shown in Figure 13 for the Temporal_h rclation in
hashing (the sizes for ISAM are similar), and for the same relation with various formats of the temporally
partitioned structure. Space requirements for the Temporal_i relation are similar to the Temporal h reiauon
cxcept that the ISAM file requires additional space for directories. The table also shows the growth rate, which 1s
obuined when the growth per update is divided by the size for the update count of 0. In the case of stacking, the
size stabilizes when an update count of 4 is reached.

Hashing Reverse Accession . . Cellular \
Type \ Chaining_| __ Lists Clustering Stacking Chaining L Indexing |
| Size,UC=0 ! 129 147 147 147 147 147 | 141
; f
i t ;
Sze.LC=14 o 3117 | 4243 3957 4243 (733) 4243 1 4802
? ‘ ‘
" i
Growth per | - s o :
Update 256.3 % 2926 2721 2926 (31.9) ! 2926 281S
G h | |
rowl ;
. Raee 1.9 1.99 1.85 199 (0.28) 199 | 20
Notes :
‘UC"  denotes Update Count.
‘(n)"  denotes that only a partial history is stored.

Figure 13: Space Requirements for the Temporal_h Relation

7.4. Input Costs

From Figurc 13, we can make the following observations on the storage requirements of a temporal relavon
with the iemporally partitioned storage structure:

. The temporally partitioned storage structures consume slightly more space than the single file structure when
the update count is 0, due to extra space for a physical link to the history chain.

) The temporally paritioned storage structures consume more space than the single file structure when the
update count is not 0, due to extra space for maintenance of chaining, indexing or accession lists.
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L When the update count is not 0, space requirements for reverse chaining, accession lists, indexing, and
clustering are about the same.

) When the update count is not 0, space requirements for cellular chaining can be larger than the other formats
if there are unfilled cells.

. When the update count is not 0, storage size for stacking remains the same, but clder versions are lost due 10
stack overflows.

Figure 14 shows the input costs for the benchmark queries of Figure 12 on the iemporal database; the queries
and benchmark relations were crafted so that the output costs were similar for all querics. The input costs do not
take into account the benefits of buffering; hence, they are probably overestimated in some cascs. Two columns
under the label Conventional show the queries costs for the update count of 0 and 14. The remaining six columns
show the costs of queries for the update count of 14 for various formats of the history store. When the update count
is 0, the cost for any of the temporally partitioned structures is the same as the cost for the convenuonal case. The
figures in the first column were derived from the model then validated by executing the queries on the prototype
{Ahn & Snodgrass 1988]. The figures in the remaining columns were derived from the model. Details of the analysis
arc available elscwhere [Ahn 1986B].

|I [ Conventional Temporally Partitioned Store for Update Count = 14
| Query ! T i !
| Query ', bopdale Cou;u ; g:aviiie Aci;sslon Clustering | Stacking g;;{::‘:r Indexing \
! | i
| Qo1 | 1 29 29 30 5 @) 8 30|
Qo2 | 2 30 31 30 6 3) 9 300
P QO3 129 3717 4243 776 4243 X 4243 787 J
L Qud | 128 32 4243 776 4243 X 4243 787
Qo5 I 1 29 1 1 1 1 1 2
, QU6 2 30 2 2 2 2 2 2
' Qo7 129 3717 147 147 147 147 147 141

Q08 128 3712 147 147 147 147 147 141
| Qoo | 1200 333s0 | 1227 1227 1227 1227 1227 | 2218
| Q10 2233 34493 2251 2251 2251 2251 2251 2218
‘ Q1 385 11141 12729 2317 12729 X 12729 2350
| Q12 131 3743 4274 3989 4250 (737) 4253 4114 {
I Q13 1 29 29 8 5 X 8 8 ‘
D Ql4 129 3717 4243 3957 4243 X 4243 4082 i
. QIS ! 129 3717 4243 3957 4243 X 4243 4082 |

Q6 | 129 3717 4243 3957 4243 X 4243 . 082
Notes :

X denotes not applicable.

‘(n)’  denotes that only a partial answer is retrieved.

Figure 14: The Temporal Dawabase with 100% Loading

The advantage of the temporally pastitioned store is evident in processing current queries such as QOS5 through
Q10. For queries Q05 through Q10 on any temporally partitioned structure other than indexing, the cost remains
constant regardless of the update count. For example, Q10 on the temporal database costs 2251 block accesscs
insicad of 34493 block accesses when the update count is 14. Note, however, that the costs of queries Q07 through
Q10 on a temporally partitioned structure are slightly higher than the corresponding costs on a conventional
structure with the update count of 0, because the size of the current store is bigger than the conventional structurc
with the update count of 0. As for query Q09 or Q10 on the temporal database with indexing, we need to scan the
index and the current store of the Temporal_i relation, then repeatedly access the Temporal h relation
through the index. The rcsulting cost is significandy higher than other formats, but is sull lower than the
conventional case. -
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The performance ot temporal quenes like Q01 and Q02 can be improved by clustering, which collects history
versions of each version set into a minimum number of blocks. Cellular chaining also provides the benefit of
clustering 10 a certain degree. Seven cells are required to hold 28 history versions assuming the cell size of four.
Hence, QO1 . 3sts eight block accesses, and Q02 costs nine block accesses.

By stacking, we can retrieve history versions for each version set at the cost of one block access, but only a
limited number of the most recent versions are maintained. Thus, Q01 costs two block accesses, and Q02 costs
three block accesses, but those figures are put in parentheses to denote that the answers are only partial. Note that
stacking cannot answer queries Q03 and QO4 inquiring the old status of the database, because older versions of
history data were discarded due to stack overflow.

Accession lists with temporal information can facilitate temporal queries Q03 and Q04 by evaluaung the
temporal predicate without accessing history data. Similar improvement is also achieved by indexing, where cach
index entry maintains complete temporal information for transaction time. We need not scan the current store 1n
indexing, so entries satisfying the as of clause are extracted while canning the index for the Temporal_h relation.

As for query Q11 which requires a join operaton on time attributes, the performance can be improved by
accession lists, where each accession list maintains complete temporal information for all the time atributes. Since
cach cnury with four time atwributes and a pointer to a history version consumes 20 bytes, and there are 28 history
versions times 1024 version sets for the update count of 14, the size of the collected accession lists is 624 blocks. By
scanning the current store and the entrics in the accession lists for the Temporal_h relation, the entries sausfying
the as of clause are extracted. If we assume that the number of such entries is two, and that tuple substitution 1s used
10 perform a join (as in the case in Ingres and in the prototype), then the current store and the accession lists for the
Temporal_i relation are scanned twice to find entries satisfying the as of and the when clauses. Thus we end up
with scanning the currcnt store and the accession lists three times: once for the Temporal_h relation and twice
for the Temporal_i relation. If we assume that two entries in the accession lists for the Temporal i relauon
sausly the as of and the when clause, then four history versions are actually retrieved from the history store: two
from the Temporal_h relation and two from the Temporal_i relation. So the total cost is 2317 block
accesses (= (147 + 624) x 3 + 4), which is a marked improvement from 11141 of the conventional method. The
improvement results from performing a temporal join on the accession lists, whose size is much smaller than the
hustory data.

Similar improvement is also achieved by indexing, where each index entry maintains complele temporal
information for the four ume auributes. Since cach entry with four time auributes plus a key and a pointer takes 24
byics, and there are 29 versions times 1024 version sets for the update count of 14, the size of the entire index 1s 782
blocks. Scanning the index for the Temporal_h relation, the index entrics sausfying the as of clause arc
extracted. Under similar assumptions 10 the case of accession lists above, the index for the Temporal i rclauon
is scanned twice to find the entries satisfying the as of and the when clauses. Then the total cost is 2350 block
accesses (= 782 x 3 + 4).

Query Q12 is facilitated by clustering or cellular chaining for the portion of scanning a version sct, as
discussed for queries Q01 and QO2, but the overall performance is dominated by scanning the Temporal :
rclation scquentially, Secondary indexing is necessary to improve the performance of query Q12. Note that
stacking cannot answer query Q1 1, and provides only a partial answer to query Q12.

Query Q13 is similar to QO1, but Q13 can be improved by accession lists or indexing. The when clause can
be evaluated without accessing history data, then only the tuples satisfying the temporal predicate are reurieved. It
we assume there are seven such tuples, the cost is eight block accesses, where one extra block accounts for
accessing an accession list or an index entry.

Queries Q14 through Q16 retrieve tuples through a non-key attribute, which requires sequential scanning ot
the entire relation. Mainuwining a sccondary index can improve the costs of these querics, as will be discussed in the
next section.

7.5. Secondary Indexing

Queries retrieving records through non-key attributes can be facilitated by secondary indexing. For example,
we can creale a secondary index, Temp_h_inx, on the amount auribute of the Temporal_h relauon using
the index statement in Quel:

index on Temporal_ h is Temp_h_inx (amount)

Maintaining a sccofidary index on the attribute amount can improve the performance of queries such as QO07,
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Q08, Q12, and Q14 through Q16.

As discussed in Section 6.2, there are several types of secondary indices, especially for a temporal relation. A
secondary index for a temporal relation may be any of snapshot, rollback, historical, or temporal. To specify the
lype of a secondary index, we extend the index statement with the as rype clause, where the type can be any of
snapshot, rollback, historical,and temporal. For example, a statement:

index on Temporal h is Temp_h inx (amcunt) as temporal
creates a secondary index as a temporal relation.

The default storage structure for a secondary index is a heap, but like any regular relation, its structure can be
changed to other format using the modify statement. An index may be stored into a single file for all the versions
(single file), or may itsclf be maintained as a iemporally partitioned structure having a current index for current data
and a history index for history data. In each case, we may choose any access methods such as a heap, hashing,
ISAM, ctec. At present, our prototype supports only the secondary indices as snapshots. The other options were not
implemented into the prototype.

Space requircments for various types of sccondary indices on the Temporal_h relation are shown in Figure 15,
when the update count is O or 14. The table also shows the growth rate, which is obtained when the growth per
update is divided by the size for the update count of 0. Compared with the table in Figure 13, a secondary index
consumes trom 8% to 21% of the space required by the relation itself.

4 Tvpe as Snapshot as Rollback as Historical l as Temporal
i ! ‘
| Size, UC=0 11 19 19 { 27 r
Size, UC=14 ] 295 531 531 ! 782
! : i
Growth per o ! :
Update “ 20.3 \ 36.6 i 36.6 ; 539
Growth f
Rate 1.85 1.93 1.93 2.0

Note: *UC’ denotes Update Count.

Figure 15: Space Requirements for a Secondary Index

For the snapshot index, each entry needs eight bytes, four for the secondary key and four for a pointer. Since
a block of 1024 bytes can store 101 entrics, 11 blocks are needed for 1024 tuples when the update count is 0. When
the update count is 14, there are 29 versions multiplied by 1024 tuples; hence 295 blocks are needed for the single
file index.

For the roliback or the historical index, each entry needs 16 bytes, four for the secondary key, four for a
pointer, and eight for two attributes of transaction time or valid time. So a block of 1024 bytes can store 56 entries,
and there are 29 versions multiplied by 1024 tuples when the update count is 14; hence 531 blocks are needed for
the single file index.

For the temporal index, each entry needs 24 bytes, four for the secondary key, four for a pointer, eight for two
auributes of valid time, and eight for two auributes of transaction time. So a block of 1024 bytes can siore 38
entries, and there are 29 versions multiplied by 1024 tuples when the update count is 14; hence 782 blocks are
needed for the single file index.
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Figure 16 compares the snapshot index with the rollback index in terms of the cosis of sample queries on the
temporal database with the update count of 14. Performance figures in this table were derived anaiytically. The
existence or the structure of secondary indices do not affect the performance of other queries which do not involve
the secondary access path.

: _Convenuonal | Indexed as Snapshot | Indexed as Rollback !

" Query!] Update Count | as Single | as Partitioned | as Single | asPartitioned

i 3 0 14 llas Heap  as Hash ! as Hea as b Heap as Hash | as Heap  as Hash -

. Q07T 129 3717l 324 30 12 2 560 30 20 2

- Qo8 ; 128 3712)) 324 30 12 2 | S60 30 20 2
Q12 131 3743)| 355 61 355 62 || 591 61 591 62

C Q4 129 37171 324 30 324 31 1| 560 30 560 31

QLS| 129 37174 324 30 324 31 543 13 543 14

Qe 129 371710 324 30 ' 324 31 543 13 543 14

Note: All values are for a temporal database with an update count of 14.

Figure 16: Secondary Indexing as Snapshot or Rollback

[f the index is stored as a heap, quenies Q07 and QO8 cost 324 block accesses each, 295 index blocks plus 29
data blocks. This is in fact more expensive than the simple temporally partitioned store without any index, though
beuer than the conventional structure. Hence, we must take care that the cost of using an index does not overwhelm
the saving obtained from using the emporally partitioned store. If the index is hashed, the cost is reduced 10 30
block accesses with 1 index block and 29 dat blocks.

It we follow the temporally partitioned scheme maintaining a scparate index for current data, there are only
1024 cnwnes in the current index, requiring 11 index blocks. Each of Q07 and QO8 costs 12 blocks with a heap
index, while it costs only 2 blocks with hashing. Note the difference between 3717 blocks and 2 blocks for
processing the same qucry.

Query Q12 can also benefit from sccondary indexing, since it is no longer necessary 1o scan the
Temporal_i relation scquentally. If the index is stored as a single heap, Q12 costs 355 block accesses, where
295 block accesses are needed 1o scan the index. If the index is stored as a single hash, the cost is reduced 10 61
block accesscs.

Queries Q14 through Q16 are similar to queries Q07 and QO8 in that they are one relation queries and their
costs can be reduced significantly with secondary indexing. However, queries Q14 through Q16, like Q12, are
temporal queries, and need to access history data regardless of the storage structure. Thus the temporally
partutioned index is not better than the single file index for queries Q12 and Q14 through Q16. In fact, the index as a
temporally partitioned hash costs one more block access than the index as a single hash, because each index needs
to be hashed separately.

The rollback index is effective for processing querics with the as of clause, such as Q15 and Q16. The as of
predicate can be evaluated with information from index entries, and only the tuples that satisfy the predicate need 10
be retricved.

If the index is stored as a single hash, query Q15 costs 13 block accesses, assuming that there are 12 tuples
sausfying the as of clause among 29 candidates. Storing the index as a temporally partitioned hash, query Q15
costs 14 block accesscs, one block access more than as a single hash, since each index needs to be hashed
separatcly. However, storing the rollback index as a heap increases the query costs over the snapshot index, due to
the bigger size of the roliback index.

Figure 17 compares the historical index with the temporal index in terms of the costs of sample querics on the
temporal database with the update count of 14. The discussion on the rollback index similarly applics 1o the
hisiorical index, except that the historical index maintains two attributes of valid time instead of transaction time,
and that the historical index is effective for processing queries with the when clause like Q14 and Q16. If the index
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ts stored as a single hash, Q14 or Q16 costs 8 biock accesses, assuming that there are 7 tuples satisfying the when
¢lause among 29 candidates.

| Conventional Indexed as Historical Indexed as Temporal
Query | Update Count as Single as Partitioned as Single as Parutioned
? 0 14 llas Hea as Hash | as Hea_Q_ as Hash as_ Heap as Hash | as Heap  as Hash |
[ I
Q07 1 129 3717 532 2 20 2 783 2 28 2
QU8 | 128 3712 532 2 20 2 783 2 28 2
Ql2 131 3743 563 61 563 62 % 814 61 814 62
Ql4 129 371711 538 8 i 538 9 789 8 789 9
QI3 + 129 37171 560 30 I 360 31 794 13 794 14
Q6 19 37170 538 8 | 538 9 786 5 786 6

Note: All values are for a temporal database with an update count of 14.

Figure 17: Secondary Indexing as Historical or Temporal

The temporal index combines the benefits of the rollback index and the historical index, effective for
processing queries with the as of or when clause. The temporal predicate can be evaluated completely with
informaton from index entries, and only the tuples that satisfy the predicate need to be retricved.

If the index is stored as a single hash, Q16 costs only 5 block accesses, assuming that there are 4 tupies
satisfying both the when and the as of clauses among 29 candidates. However, storing the temporal index as a heap
increases the cost of queries over any other types of indices, due to the bigger size of the temporal index.

Now we can make the following obscrvations on the types of secondary indices, based on the analysis of
query costs as shown in Figures 16 and 17.

. The temporally partitioned index is good for non-temporal querics.

) For temporal queries, the cost of a query for the temporally pantitioned heap index is equal o the cost of the
query for the single heap index.

. For iemporal queries, the cost of a query for the temporally partitioned hash index is more expensive by onc
block access than the cost of the query for the single hash index.

) The rollback secondary index is good for queries with the as of clause.

. The historical secondary index is good for queries with the when clause.

. The iemporal sccondary index is good for queries with either or both of the when and the as of clauses.
. It is desirable to provide a secondary index with the random access mechanism such as hashing.

° If there is no random access mechanism for a secondary index, storing a large amount of tcmporal
information in index entries degrades the performance due to its bigger size.

8. Conclusions

Database systems with temporal support maintain history data on line together with current data, which causcs
problcms in terms of both space and performance. This paper discussed the temporally partitioned store that could
provide fast response for various temporal queries without penalizing conventional non-temporal queries. The
current store holds current data and possibly some history data, while the history store contains the rest. We
cxamincd various issues concerning the temporally partitioned store, and investigated several formats for the history
store, including reverse chaining, accessing lists, clustering, stacking, and cellular chaining. Storage structures for
primary and secondary indices were also considered. We evaluated the performance of all of these storage
structurcs on a set of sample queries, compared them with conventional access methods. and demonstrated
significant improvement in some cases.
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This work should be viewed as an initial attempt to characterize storage structures for temporal databases
utlizing temporal partitioning. While the desirability of a temporally partitioned store has bee shown, the
evaluation of individual storage structures and their applicability, whether to the current store, history store, or
index, should be more extensively explored. Specifically, our results should be extended to a wider range of queries,
to update transactions, 10 various combinations of attribute and tuple timestamping, 1o comparisons with additional
implementations, to consideration of the effect of buffering and sequential access, and o consideration of the
interaction with concurrency control and recovery.
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