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Abstract

We present a practical and asymptotically
optimal indexing structure for a versioned
timestamped database with step-wise con-
stant data. Three version operations, in-
sertions, updates, and deletes are allowed
for the present version, whereas query oper-
ations are allowed for any version, present
or past. Snapshot and time-range queries
can be answered optimally with this struc-
ture. As a two-level index, attribute-search
and attribute-history queries can be solved
in time proportional to the output size plus
an additive logarithmic term. The time in-
dex uses linear storage; this improves upon
previous work which either had logarithmic
query overhead time and quadratic space, or
linear space and linear query overhead time.
The tradeoff is a small increase in the time
for version operations from constant to log-
arithmic. All measures are worst-case. The
index has a natural structure for archiving in
write-once storage media like optical disks.
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1 Introduction

Several applications in commercial and man-
ufacturing enterprises need access to past
versions of data. In a traditional (snapshot)
database only the most current version of
the data is stored. As records are updated
or deleted, previous versions of records are
overwritten and lost from the database. In
many applications, however, it is necessary
to retain and maintain access to the old ver-
sions of these records, so that queries about
the past states of the database can be an-
swered. A temporal database [3, 23, 22, 20]
provides automatic storage and management
of old (versioned) data.

For example, consider a departmental
store database tracking the transactions as-
sociated with different items sold by its vari-
ous departments. Figure 1(a) shows a hypo-
thetical snapshot relation in this database;
only the most recent stock-in-hand for an
item is stored in the relation. In contrast, in
a temporal database a new version of a record
is created with each update as shown in Fig-
ure 1(c), following the transactions noted in
Figure 1(b). Notice that each record is now
timestamped with the time at which the up-



date took place. Several queries that were
not possible in a snapshot database can be
made in this context. For instance, a query
may request the stock-in-hand of each item
on May 1, 1993. Such a query that asks for
the state of the database at some time in
the past is called a snapshot query. A gen-
eralization of such a query asks for the state
of the database during some time interval;
this is called a time-range query. For ex-
ample, a query may require the average (or
maximum/minimum) stock-in-hand of each
item over the time period January 1, 1993
to May 31, 1993. A snapshot or time-range
query can be restricted to satisfy an equal-
ity predicate on some other attribute as well.
Such queries are called attribute-search and
attribute-history queries respectively. In the
special case where the attribute is a surro-
gate (i.e., an attribute that does not depend
on time), these queries will be called key-
search and key-history queries respectively.
For instance, finding the stock-in-hand of all
items in Department A on May 1, 1993 is an
attribute-search query, while tracking the in-
ventory of item number 560 over a time range
is a key-history query.

It is necessary to organize the data to an-
swer queries such as these efficiently, while
allowing for database-modifying operations
that insert new records into the database,
and update or delete current records. Such
a structure is referred to as a multiversion
access structure (MVAS) or time index.

In this paper we present an efficient and
asymptotically optimal MVAS with guaran-
teed worst-case bounds on storage, and on the
time needed for some frequently occurring
query operations. Our structure maintains
this performance in the presence of insert,
update and delete operations on the cur-
rent database. This work improves upon ear-
lier works as follows. We decrease the worst-
case storage requirements over the proposals
in [9, 8, 7] by an order of magnitude (from
quadratic to linear), without increasing the

time for inserts and updates. We decrease
the worst-case time requirements for snap-
shot and time-range query operations over
the proposal in [11] from linear to logarith-
mic, at a small increase in cost (from con-
stant to logarithmic) for inserts.

Our scheme is inspired by the data struc-
ture of McCreight [18] for rectangle inter-
sections. However, McCreight’s data struc-
ture, like most geometric data structures
(e.g. [19, 21]), is a binary tree structure
for main memory, and hence the focus is on
record-level efficiency. We modify and adapt
this scheme for secondary storage and ex-
tend it for temporal indexing. The rest of
the paper is organized as follows. In Sec-
tion 1.1 we discuss the model used in the pa-
per. In Section 1.2 we discuss previous work
in more detail. We then give an overview of
our MVAS in Section 2. In Section 3 we de-
scribe how to use this structure to perform
query operations. In Section 4 we describe
the version operations and dynamic behav-
ior of the MVAS. Pagination of the MVAS
is discussed in Section 5. The paper con-
cludes with Section 6.

1.1 Model

In our model a record is the basic unit of stor-
age and retrieval. The records may contain
the actual data or may be pointers to the
objects of interest. In either case we refer
to these as data records. Two types of oper-
ations may be performed on the database -
version operations: these are operations that
modify the database, and query operations
that retrieve selected data records. The ver-
sion operations are insert, update and delete.
The term wversion number is used to keep
track of the total number of version opera-
tions performed on the database [5]; every
version operation increases the version num-
ber by one.

Each version operation has a timestamp
associated with it. Version operations can



be performed on only the latest version of
records i.e. on the current database. How-
ever, queries may be posed about objects
present at any time, past or current. In the
classification proposed by Snodgrass [24] this
model is referred to as a rollback database.
It is convenient to consider the timestamp of
an operation to be the same as its version
number. That is the timestamps of succes-
sive version operations are mapped to a set
of consecutive integers. We use the terms
time and version number synonymously. Fi-
nally, in common with other related work the
model assumes that we are dealing with step-
wise constant data; i.e., the values of a record
with a given key remain unchanged between
successive updates to the record with that
key.

Each record has a pair of timestamps
start and end. The lifespan of the record
is from start to end. The special time value
$ is used to indicate the present time. A
record is created at some time {; using an
insert operation and its lifespan is from ¢q
to $. The record remains valid until the time
at which it is either updated or deleted. If
the record is updated at time ¢;, a new ver-
sion of the record is created that is valid from
1 to $, and the end time of the previous ver-
sion becomes #;. If the record is deleted at
time ¢, then no further version of the record
is created. A record is said to be valid at
time ¢ if ¢ is greater than or equal to start
and less than end. A present version record
is one which is valid at the present time, §.

Figure 2 shows these definitions graphi-
cally. Records with keys A, B, D, and C are
inserted at times 1, 2, 3, and 4 respectively.
At time 5, A gets updated and its new version
(denoted as (A,2)) remains valid until time
8, when another update is made to it. Simi-
larly B gets updated at times 7 and 12, and
D at times 6 and 10. C gets deleted at time 9
and no new version of it is therefore created.
The valid entries at time 3 are (A, 1), (B, 1)
and (D, 1). If the current time is 13, then

the present version entries are (A,4), (B,3)
and (D, 3).

1.2 Previous Work

Many previous proposals in recent years have
considered the design of multiversion access
structures [1, 2, 6, 10, 11, 13, 14, 15, 16,
17, 25]. The Monotonic B4+-Tree of Elmasri
et al [10], and the methods, using AP, ST
and AT trees, of Segev and Gunadhi [11]
are based on keeping the time and key di-
mensions separate. Snapshot and time-range
queries use the AP tree in [11] and the mono-
tonic B+-tree in [10] as the indexing mecha-
nism. An advantage of the AP tree of [11] is
that insertion requires only a constant num-
ber of bucket accesses. However searching
in an AP tree for a snapshot or time-range
query involves scanning all records with start
time less than the given query time; this re-
sults in a worst-case number of bucket ac-
cesses that grows linearly with the total num-
ber of buckets present at the query time. The
proposals in [10, 8, 7] use the notion of index-
ing points to perform snapshot or time-range
queries in logarithmic time plus a term that
depends on the output size. However, the
tradeoff is that it requires quadratic space in
the worst case. In comparison, our method
uses only linear storage and requires only log-
arithmic time overhead for the same queries,
thereby achieving the good time performance
of [10, 8, 7] and the good storage utilization
of [11].

For attribute-history and attribute-search
queries, a two-level indexing scheme has been
proposed [10, 11]. The first level is an at-
tribute index (which may either be on the
surrogate or on a temporal attribute); the
second level is a time index that is linked
to the leaf level nodes of the attribute in-
dex. In [11] the AP tree is used as the
time index, while [10, 8, 7] use the Mono-
tonic B+-tree for this purpose. We follow a
similar approach to answer attribute-search



and attribute-history queries, by linking our
MVAS to the leaves of the attribute index.
All of the benefits of our MVAS discussed
above still hold when it is used as the sec-
ond level of a two-level index. Several sim-
plifications of the scheme are possible when
the attribute is a surrogate; for instance, the
present version entries for a surrogate at-
tribute could be stored directly at the leaf
node of the attribute index to which the time
index is linked.

Multiversion access structures for main
memory databases have been discussed by
Tsotras and Gopinath [26]. Since these mod-
els do not consider the pagination problems
associated with secondary storage, the re-
sults are not comparable with our method.
Ahn and Snodgrass [1] proposed the use of
access lists that permit efficient retrieval of
the history of any key. They also discuss
various alternative clustering methods asso-
ciated with this approach. There have been
a number of approaches that combine the
attribute and time dimensions into a sin-
gle multi-dimensional access structures. The
Write-Once B-Tree (WOBT) of Easton [6]
has been the basis of several such multiver-
sion access structures [15, 2]. All of them are
quite complicated to maintain and require
more space than the corresponding two-level
schemes.

A more general model allowing updates
in past versions of objects (full persistence
rather than partial persistence in the termi-
nology of [5]) was proposed in [14]. As has
been observed previously [2], the storage re-
quirements for this structure are excessive
even when specialized for partial persistence.
Finally multiversion access structures in the
POSTGRES system [25] and the schemes in
[17, 13] (based on R-trees [12]) are more con-
cerned with indexing historical databases.

2 Time Index

In this section we give a logical view of
the MVAS. It consists of two structures:
a current version access structure (CVAS)
and a past version access structure (PVAS).
CVAS holds the present version records; i.e.,
those whose end time is §. CVAS is a con-
ventional B+-tree using the start time of a
record as the ordering key. The PVAS has
the structure of a multiway tree whose nodes
correspond to time intervals. We define a
segment of a record to be the time interval
[a,b], where a is the start time, and b the
end time.

2.1 Overview of PVAS

Logically PVAS may be viewed as a dynam-
ically growing binary tree. For convenience
we describe the structure as a fixed size com-
plete binary tree, 7 of 2* — 1, o > 1, nodes.
Its pagination is described in Section 5. Let
T denote the current time. At time 7' < 2¢
only some of the nodes would actually have
been created. A node is denoted by N j,
where ¢ < j are integers representing time.
The span of a node N|; ;1 is (j — ). The root
is Nig2a1. The left child of N ; is the node
Niii+5y/2) and its right child is Nyigj)/2,5-
Hence the span of a node is the sum of the
spans of its two children. The span of a leaf
node of the tree is two.

Records with end timestamps at most 7'
are stored in the nodes of the binary tree.
Each record is stored in exactly one node. A
record [a,b] is stored in the node Ny ; hav-
ing the shortest span, and satisfying : < a <
b < j. In other words, a record is stored
in the lowest-level node (i.e., closest to the
leaves) whose interval contains the record.
Figure 6 shows the storage of record [3,16]
in the time index. The record [3,16] is con-
tained in the intervals of the nodes Njggq,
Nioj39) and Njgq6. Since the last of these
has the shortest span, the record is stored



in Njg,1¢)-

The nodes of T are partitioned into three
disjoint sets containing passive, active and fu-
ture nodes, as defined below. Node N} ; is
passive if no more records can ever be stored
in that node. It is active if it is possible for
a record ending at 7' to be stored in that
node. It is a future node, if the only records
that can be stored in it must have end times
greater than 7', i.e., sometime in the future.

All nodes begin as future nodes at T" = 0.
Node N j becomes active at T' = (t47)/2
if it is a leaf node and at 7' = (i + 7)/2 + 1
otherwise. (See section 4.) At T = 5+ 1 it
becomes passive and remains passive there-
after. Future nodes do not store any records
and therefore do not need to be physically
created till they become active. The informa-
tion stored in passive nodes will not change
in the future; hence their records can be or-
ganized and stored using simple static ac-
cess structures that facilitate efficient search.
However, since records can be added to active
nodes, dynamic access structures are needed
to maintain the records of these nodes. Fi-
nally records must be moved from the dy-
namic to the static structure as the nodes
become passive.

The records in all passive nodes are stored
in two sequential files, IFILE and JFILE. In
both files, if node N[, 3 becomes passive be-
fore node N[, then all records of the for-
mer node are stored before those of the latter.
If several nodes become passive at the same
time, the records of active nodes higher in the
binary tree will precede the records of active
nodes lower in the tree. Hence, maintaining
these files is easy. We merely need to append
the records of newly passive nodes to the end
of IFILE and JFILE. In IFILE (JFILE) the
records of any node are stored in increas-
ing (respectively decreasing) order of their
start times (respectively end times). Fur-
ther, a passive node in the binary tree holds
two pointers to the beginning of its records
in IFILE and JFILE respectively. This makes

it easy to find all records of a passive node
whose start (end) times are smaller (larger)
than a given value ¢, by an efficient sequen-
tial scan of IFILE (JFILE), using the pointers
of the passive node.

Two dynamic structures, ITREE and
JLISTS, are used to store the records of the
active nodes. An active node in PVAS holds
pointers to the beginning of its records in
ITREE and JLISTS. These records are simi-
lar to those of IFILE and JFILE respectively.
JLISTS is a collection of lists, one for each
active node; each list is maintained in sorted
order of the end times of records stored at
that node. Since, records at an active node
will always appear in increasing order of their
end time, maintaining JLISTS involves sim-
ply appending to the end of the appropri-
ate list. When this node becomes passive,
its list is appended in reverse order to the
end of JFILE. ITREE is implemented as a B+4-
Tree [4] of records using the start time of a
record as the ordering key. Hence traversing
the leaves of the B+-Tree sequentially will
give us the records in sorted order of their
start times. We show in Section 4 that the
records in the B+-Tree will also be clustered
by nodes. This allows us to efficiently up-
date IFILE as well when an active node goes
passive.

3 Query Operations

We first describe a time-range query opera-
tion using the MVAS. This is the fundamen-
tal search operation. Given a query interval
[z, We wish to report all segments that
intersect with this interval.

Both CVAS and PVAS must be searched.
The search in CVAS is simple since all
present version records whose start time is
less than equal to y must be output. Since
CVAS is a B+-tree using start as the or-
dering key, this is easy to do in R /o +
log,, Weyurr worst-case bucket accesses, where
Weurr 1s the total number of buckets contain-



ing present version records, R, is the num-
ber of such records satisfying the query, and
« is the minimum bucket occupancy. Note
that « is at least B/2. To search the PVAS,
begin at the root node. When a node N of
the PVAS is visited, one of the following ac-
tions is taken. Either all segments in the sub-
tree rooted at N intersect [z,y]; in this case
these are reported and the tree is not tra-
versed any further. Otherwise, all segments
stored in N that intersect [z,y] are found
and reported. In the latter case, the query
is then decomposed into either one or two
subqueries, depending on whether the query
interval intersects one or both of N’s chil-
dren’s intervals, and the subquery passed to
the appropriate child or children. We show
below that even though a query may split
into two subqueries at a node, the maximum
number of binary tree nodes ever visited is
bounded by 4d in the worst case, where d is
the height of the tree.

We introduce some notation to help de-
scribe the search procedure. With respect to
a node N ;1, query ()[5,) is classified as one
of the following four types. Let m = (i47)/2
denote the midpoint of the interval [¢, j].

l.Class At <z <y<morm< z <
y<J.
The search interval does not straddle the
midpoint of the node interval, and is

properly contained within the node in-
terval.

2. Class B:i<zx<m<y<y.

The search interval straddles the mid-
point of the node interval, and is prop-
erly contained within the node interval.

3. Class C: Kither: = z orj = y, but not
both.

Exactly one endpoint of the search in-
terval coincides with the endpoint of the
node interval.

4. Class D: 1 =x and j = y.

The search interval coincides with the
node interval.

The details of the search are described in
procedure Search below. We illustrate its op-
eration with an example. Consider the query
([30,64) In the tree of Figure 6. The root of
the tree spans the interval [0, 64], and hence
at the root it is a class C query. Since the
query interval straddles the midpoint of the
node interval, all segments stored at the root
node overlap the query interval. The query
is then decomposed into two subqueries and
passed to children Njg 39 and Nzy64. The
subquery (J[32,64) to the right child Nsg 64 is
of class D, and hence all the segments stored
in its subtree will intersect the query interval.
The subquery ([30,3), to the left child Njg 39,
is of class C. This will be decomposed into
a sequence of class C subqueries and passed
successively down the chain of right children,
Ni6,32), V24,327 and Npgg 39). At each of these
nodes, we reports intersections by comparing
the end times of the records stored at that
node with the start of the subquery interval.
Finally the class D subquery Q30,32 is passed
to the rightmost leaf of this chain N3 9], and
all segments stored there are reported.

It is easy to verify that the total number
of nodes of the tree that are searched with
queries of class A, B or C combined is no
more than 2d. This may be seen as follows.
A class A query generates exactly one sub-
query, of class A or B. A class B query gen-
erates two class C subqueries. A class C sub-
query generates at most one class C and one
class D subquery. Finally, a class D query
does not generate any subqueries. The num-
ber of class D subqueries is bounded by the
number of class C subqueries, and hence can-
not exceed 2d. Hence, an upper bound on the
number of nodes in the binary tree that are
visited is 4d.

Procedure Search(Q[. ., Njij)



Let m = (¢ + 7)/2, the midpoint of the
node interval.
Case class of Q4 with respect to Vj; j :
Class A:
if (y <m) [* left-half query */
Report all segments [a, b] stored at Nj; ;
for which a < y;
Search (Qpzy); Njim));
else if (z > m) /* right-half query */
Report all segments [a, b] stored at N|;
for which b > z;
Search (Qe1s Npm.1);
Class B:
Report all segments stored in Nj; j;
Search (Qzm], Njim)); /* Class C */
Search (Qpy,s Nim,j)); /= Class C */
Class C:
if (1 = z)
if (y < m)
Report all segments [a, b] stored at
N; j for which a < y.
Search (Qpiy), Nym); /*Class C*/
else if (y > m)
Report all segments stored in Nj; j;
Search (Qpim], Njim)); /™ Class D */
Search (Qpu.ys Nim,j); /™ Class C */
else if (j =y)
[* Symmetrical actions as above */
Class D:
Output all segments stored in the
subtree rooted at IV ;.
End Case

Nodes visited by the search procedure
above may be either passive or active. We
describe the reporting of intersecting inter-
vals for passive nodes here.

As described in Section 2.1 a passive node
contains pointers to its records stored in
IFILE and JFILE, and all segments belong-
ing to a node are clustered together. Hence
reporting intersections for class B intervals
involves a simple sequential scan in any one
of these files. For class A and C intervals we
need to sequentially scan the records in ei-
ther increasing start time order or decreas-

ing end time order until the comparison indi-
cated in the procedure above fails. Depend-
ing on the case encountered either IFILE or
JFILE is sequentially scanned until an out-
of-place record is encountered. Finally, for
a class D interval, we need to output all
records stored in the subtree of the node.
The records of nodes are stored in IFILE
(and JFILE) in the order in which the nodes
become passive. As will be apparent from
the discussion in Section 4, this will mean
that the records of all nodes in a subtree
will be clustered. Immediately following a
node’s records will be the records of nodes in
the chain leading to its rightmost leaf. Im-
mediately, before it will be the records of
the nodes in the remainder of the subtree.
Hence, by a sequential scan in both direc-
tions, all records in the subtree can be ob-
tained.

Let Sp denotes the set of passive nodes in
the binary tree that are visited by the search
query. Let n; be the number of records sat-
isfying the query at node 1 € Sp. Let Np
be the total number of records satisfying the
query that are stored in passive nodes. Let B
denote the number of records in each block
of the sequential files. Since the qualifying
records at each node are accessed in sequen-
tial order, the number of block accesses re-
quired at node 7 is no more than [%-\ + 1.
Hence the total number of block accesses to
retrieve qualifying records in passive nodes
is upper bounded by 3.cs ([n:/B] +1) <
Np/B +2|Sp]|.

Similarly, for active nodes all records ac-
cessed will be made by a sequential scan of
either JLISTS or the leaves of ITREE. Hence,
an upper bound for the number of blocks
needed to access records in the active nodes
is Ngo/B+2|S4|, where N4 is the total num-
ber of records satisfying the query that are
stored in active nodes, and Sy is the number
of active nodes visited by the search. Note
that |Sp| 4 |Sa4| is the total number of nodes
visited by the search procedure, which is at



most 4d in the worst-case, where d is the
height of the binary tree. Thus, the num-
ber of block accesses is bounded by the sum
of the minimum number of blocks required
to hold the output records plus a logarith-
mic overhead. Note that this is a worst case
upper bound and holds for the worst possible
distribution of the segments.

For snapshot queries the same procedure
is used; note that since the query interval is
just one time point, only one path down the
tree will be followed in this case. Attribute-
search and attribute-history queries are per-
formed exactly as in [11, 9] using the two-
level indexing schemes proposed there. The
time complexities of the attribute-history
and attribute-search operations are just the
sum of the complexity for the corresponding
search operation using the MVAS (logarith-
mic plus number of output buckets) and the
height of the attribute index.

4 Version Operations

An insert operation at time ¢ inserts the
record into CVAS with start time ¢. Since
CVAS is implemented as a B+4-tree ordered
by start time of the records, and every ver-
sion operation increments time, this merely
involves adding the record to the rightmost
(largest time) leaf bucket of the B+-tree.
A delete at time ¢ requires the record to
be deleted from CVAS. Assume the record
to be deleted has the start time ¢5. The
record must be removed from CVAS, its
end time set to ¢, and the record added to
PVAS. An update at time ¢ of a record
whose start time was {y requires three op-
erations: removal of the record with start
time ¢y from CVAS, changing the end time
to ¢ and adding it to PVAS, and insertion
of a new record with start time ¢ and end
time $ to CVAS. Note that all records in-
serted into PVAS will be to active nodes.
We will now construct an efficient access
scheme for the active nodes. The time at

which a node N}, ; becomes active is given
by (a + b)/2 if it is a leaf node (span is 2)
otherwise it is (a + b+ 2)/2 (for a non-leaf
node this is also the time at which all nodes
in its left subtree are passive), and the time
at which it becomes passive is b+1. Note that
an active node’s interval always contains the
current time, $.

4.1 Active Nodes

For the following discussion, let § be the cur-
rent time and let the root node of the in-
dex represent the interval [0,7], where T =
2109281 the least power of two that is no
smaller than §. Recall that for time-range
queries, we require the records stored at each
node to be sorted by start time (in IFILE )
and sorted by end time (in JFILE ). A third
requirement is that the records in a subtree
be clustered together so that they can be ef-
ficiently accessed for class D queries.

The requirement with respect to end times
is easily handled because records arrive for
insertion to PVAS in increasing order of end
times. Therefore, it is enough to keep a list of
the records at each active node in the order
of their arrival to PVAS.

To keep the records in increasing order of
their start times, we can store the segments
at each active node in a B-tree, using the
start time as the ordering key. However,
the special properties of this problem permit
a more efficient solution. The property that
we exploit is the following.

Proposition 1 If ny = Ny, 4] and ny =
Nz, 41 are any two distinct active nodes at
time $ and v, < x4, then all segments thal
must be stored at ny must have their starting
times before all segments that must be stored
at ny.

Note that this is true only for nodes that
are active at § and for segments that arrive
for insertion during the period when both
nodes are active. In particular for a pair of



nodes at least one of which is no longer ac-
tive this is clearly not true. For example,
the segment [33,63] is stored at node a rep-
resenting [32,64] and the segment [35,255]
is stored at node b representing [0,256], but
clearly node a is no longer active when the
segment [35, 255] arrives for insertion into the
index.

To prove this property, assume for the sake
of contradiction that segment [sq,¢;] must be
stored at ny = Ny, 4,1 and [sg,13] must be
stored at ny = N, ,,] and that sy < s;. First
observe that all active nodes are on a single
path from the root to a leaf, i.e., no pair of
active nodes can have a lowest common an-
cestor that is distinct from both. (This is
because two nodes in our index that do not
have an ancestor-descendant relationship can
have at most one point in common, an end-
point.) Therefore, since x; < 3 (by assump-
tion), we must have that n; is an ancestor of
no and this implies that y; > y2. Now, by our
criterion we have that zo < sy so combining
it with s3 < sy, we have x5 < s;. But, since
both segments are closed and both nodes are
active at §, we have t; < §, {, < §, and
$ <y, < y;. But, then we have a contradic-
tion since ny has a smaller span than n; and
properly contains [s1, 1], so [s1, ¢1] should be
stored at ny or its descendants.

Because of this property, we can use just
a single B4+-tree ordered by the start time
to hold the records of all active nodes. The
records belonging to any active node will be
clustered together in the leaves of the B+-
tree. A pointer to the leaf in the B+-tree
that stores the first record belonging to ac-
tive node N is kept at A'. We can scan the
leaves of the B+-tree from this point to ac-
cess all the records belonging to A/ in increas-
ing start time order. Finally, class D queries
require that all the records in a subtree be
clustered together. Since all the active nodes
are on a single path from the root to a leaf,
and the active nodes in the subtree of V' hold
records with monotonically increasing start

times (since they are descendants of N'), they
are also clustered together in the leaves of
the B+-tree. Therefore, for searches with a
class D interval at node N we just follow N’s
pointer into the B+-tree for the first record,
and then retrieve all records following that
in the leaves of the B+-tree.

The time-range query for active nodes is
similar to that for passive nodes except that
the node pointers are to ITREE and JLISTS
(rather than IFILE and JFILE), and the in-
terval spanned by an active node must be
found by examining the information stored
in the node. This is not a problem since we
mark nodes active or passive and use this to
interpret the fields of the node, and the node
interval can be stored with the node itself.

4.2 Active Node Creation

We now discuss the creation of an active
node, and its insertion into PVAS. Node
Nia,b] is created at time (a + b)/2, i.e., the
time at which it becomes active. Since we
have the time §, we need to determine which
nodes to create based on $. This is done by
the following easily-understood procedure. A
more efficient O(log §)-time procedure can be
constructed.

Procedure Create_activenodes (9)

/* Assumes $ > 1, otherwise [0, 2] is the only
active node */

T = 9ltomas] .
If § is odd createnode([$ — 1,5 +1]) ;
[*create active leal node, if needed */
t=4;

s=T/2;

while (¢t <T'/2) do
while (s +¢ < T') do
If$=(s+t+2)/2

create node(][s, t]) ;

break ;
s=8+1;
s=T/2;
t=2x«t;

If (T=2%(%—1)) create_node([0,71) ;



As stated earlier, all the active nodes are
on a single path from the root of PVAS to
an active leaf. Since we are creating active
nodes from the leaf to the root, they can be
linked into PVAS as they are being created.
These simple details are omitted. Insertion
of records into active nodes of PVAS is done
as follows. We insert the record into the B+-
tree using the start time as the ordering
key. We find the (active) node in PVAS that
must hold this record by descending down
the chain of active nodes until we find the
first node, whose span is smaller than the
span of the record being inserted. The record
must be stored in the parent of this node.
If this record has the smallest start value
among records stored at that node, we up-
date the ITREE pointer at that node to point
to the B4-tree where the record was inserted.

4.3 Passive Node Creation

A node Nj; ;) becomes passive when § > j,
since no further segments can be added to
that node. At this time its records are moved
from ITREE to IFILE and from JLISTS to
JFILE.

The records of Np;; in JLISTS are ap-
pended in decreasing end time order to
JFILE. The storage can then be reused by a
node that is becoming active at that time.
The records of Nj;;; in ITREE are deleted
from ITREE and appended in increasing or-
der of their start times to IFILE. Since the
segments to be deleted will all be clustered
in adjacent leaves of the B4-Tree, the dele-
tion can be made very efficient. Finally, the
pointers in N[; ;; must be updated to indicate
the new locations of its segments.

When a number of nodes become passive
at the same time, they must be handled in
order of their level, with the node closest to
the root being handled first and the leaf last.
Note that no more than one node at any level
is active at any time, and the nodes that be-
come passive at the same time will form a

chain of right children. This will maintain
the property used in Section 3 to ensure that
all records of a subtree are clustered together
in IFILE and JFILE.

5 Index Blocking

In this section we describe how to organize
the binary tree in blocks. The binary tree
will be stored as a compressed m-way tree.
Assume that m is a power of two, and that
the block size, B is less than 4m. We will
first show how to organize a fixed-size binary
tree in block oriented storage, and later dis-
cuss 1ts growth as the underlying binary tree
expands.

Assume that the binary tree has depth d =
log, N, such that the leaves are at level 1 and
the root at level d. For now assume that d =
alog, m, for some integer a > 1. Subtrees
rooted at levels log, m,2log, m,...alog, m
are collapsed into a single supernode of the
m-way tree. Fach supernode is assigned a
block of storage. The block will store the m
pointers to the m children of the supernode,
and the information associated with the m—1
binary tree nodes that make up the supern-
ode Each binary tree node stores two pointers
(to IFILE/JFILE and ITREE/JLISTS), and a
fixed amount of information identifying the
interval represented by that node. Within a
block the nodes of the binary tree may be im-
plemented as an array, and accessed by sim-
ple indexing. The depth of the m-way tree of
supernodes is clearly d/log, m =log, N, the
path length of an m-way tree of N items.

The growth of the m-way tree as time pro-
gresses 1s easy to see. Storage is allocated
in units of blocks. Every time a new leaf
block is added to the m-way tree, an entry
is made in the second-level block. When m
leaf blocks have been added, and all entries
in the second level block have been filled, a
new second-level block is created and linked
to the second entry of the root node. When
all m blocks in the second level of the tree



are filled up, a new root block is added, and
the process continues. At current time 7',
the total number of block access required to
traverse a path from the root to the leaves is

[log,, T.

6 Discussion

The multiversion access structure described
has several attractive features. It is space
efficient requiring space proportional to the
number of records up to time $, indepen-
dent of their actual distribution. In contrast
[10, 8, 7] may require quadratic space in the
worst case. The number of blocks accesses is
at most a logarithmic number more than the
size of the output. The index has a natural
structure for archiving in write-once storage
media like optical disks. As time increases,
nodes age and become passive; once a node
becomes passive it can be archived. No spe-
cial techniques are needed to handle persis-
tent objects which remain current for long
periods of time. A node can be moved to
archival storage any time after it becomes
passive. The major archived data structures
consists of sequential files which only need to
be appended.
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Item No. Stock Dept Time Item No.
1
315 150 A S/93 315
5/1/93 560
325 350 A
560 50 B 5/2/93 315
©
Time Item No. Stock Dept
4/30/93 315 150 A
5/1/93 315 75 A
5/2/93 315 25 A
4/30/93 325 350 A
4/30/93 560 50 B
5/1/93 560 150 B

Figure 1:

Transaction
Sold 75

Recd. 100

Sold 50

Example Snapshot and Temporal Database Relation
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Figure 2: Figure Illustrating the Model
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Figure 3: Figure Illustrating the Logical Time Index.



