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1. INTRODUCTION

This paper brings together two research directions in temporal databases. The first
direction is concerned with temporal extensions to practical query languages such
as SQL [Gadia 1993; Navathe and Ahmed 1993; Sarda 1993]. The issues addressed
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include space-efficient storage, effective implementation techniques and handling
of large amounts of data. This direction includes ATSQL [Bohlen and Jensen
1996; Bohlen et al. 2001], the integration of ideas from TSQL2 [Snodgrass 1995]
and ChronoLog [Bohlen 1994]. The second direction of research focuses on high-
level query languages for temporal databases based on temporal logic [Tuzhilin and
Clifford 1990; Gabbay and McBrien 1991; Clifford et al. 1994]. The advantages of
using a logic-based query language come from their well-understood mathematical
properties [Gabbay et al. 1994]. The declarative character of these languages also
allows the use of advanced optimization techniques. In addition, temporal logic
has been proposed as the language of choice for formulating temporal integrity
constraints and triggers [Chomicki 1995; Chomicki and Toman 1995; Gertz and
Lipeck 1996; Lipeck and Saake 1987; Sistla and Wolfson 1995], as it admits space-
efficient methods for enforcing these constraints.

While temporal logic may seem to be a natural choice for a temporal query
language, its semantics is defined with respect to abstract temporal databases:
time-point-indexed sequences of database states [Gabbay et al. 1994; Chomicki
1994]. This view has disqualified temporal logic as a practical temporal query
language. For efficiency reasons we cannot construct and store all the individual
states explicitly. This task becomes simply impossible if the sequence of states
is not finite. On the other hand, most of the practical temporal data models
adopt a different approach. With every fact (usually represented as a tuple), a
temporal data model associates some concise encoding of the set of time points
at which the fact holds. The encoding is commonly realized by periods' [Navathe
and Ahmed 1993; Sarda 1990; Snodgrass 1987; Tansel 1986] or temporal elements
(finite unions of periods [Clifford and Croker 1987; Gadia 1988; Snodgrass 1995])
that represent large, perhaps infinite sets of individual time points. Even in the
finite case the encoding may be exponentially more succinct than the corresponding
abstract temporal database, since ranges are used to represent explicitly enumerated
sets.

Temporal logic, in addition to its well-understood and clean foundations, provides
a high level of abstraction for querying temporal databases, uncommon in the world
of practical temporal query languages: It shields the user from the particular details
of the concise encoding of temporal relations (in our case periods). In particular, all
queries have a well-defined meaning in the temporal data model (where truth of facts
is related to individual time points) and the interaction between the queries and the
encoding is completely encapsulated in a temporal logic-to-ATSQL translation. In
this way temporal logic serves as a natural common language for temporal databases
that use potentially different concise encodings of sets of time points but are based
on a common point-based data model. Such an approach provides convenient means
for temporal database interoperability until (if at all) a standard temporal data
model emerges. It has been shown that, unlike in temporal logic, the meaning of
ATSQL queries cannot be always defined in a point-based temporal data model
as some ATSQL queries relate facts to time points (e.g., when coalescing is used)

n this paper we use the term ‘period’ rather than the term ‘interval’ commonly used in temporal
logic because the latter term conflicts with the SQL INTERVALs, which are unanchored durations,
such as “3 months”.
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while others to periods (by allowing explicit access to the period-based encoding)
[Toman 1996; Chomicki and Toman 1998]. This fact can be traced to ATSQL’s
choice of a distinguished period-valued temporal attribute to denote the wvalid time
for a given tuple (cf. Section 2.2). Note however, that in this paper we use ATSQL
as the target of our translation and we guarantee that only such ATSQL queries
are generated for which point-based semantics is enforced by the use of coalescing
(cf. Section 3.3).

The contributions of the paper can be summarized as follows:

(1) The paper provides a complete characterization of a subset of ATSQL queries
equivalent to temporal logic in expressive power. This is achieved by establish-
ing translations from temporal logic to ATSQL and from a subset of ATSQL
back to temporal logic. This subset is characterized by a nouveau locality prop-
erty: ATSQL is strictly more expressive than (safe) temporal logic even if only
first-order features (e.g., no aggregation) and only a single temporal dimension
(e.g., only valid time) are allowed.

(2) The paper gives a complete characterization of safety for queries formulated in
temporal logic. Surprisingly, over ATSQL-like databases, additional syntactic
restrictions (beyond those needed for standard relational calculus) are necessary
to handle the temporal dimension. E.g., we can ask queries of the form “return
all time points when a given closed query is false”. The paper shows that
safety for temporal logic queries depends only on the active data domain (all
the constants that have ever appeared in any snapshot of the database), but is
always independent of the temporal domain if an period-based representation is
used. The paper also provides a syntactic characterization of a class of queries
equivalent to the class of all safe temporal logic queries in expressive power
(while safety is undecidable, as one would expect).

(3) Moreover, the translation from temporal logic to ATSQL produces “efficient”
queries: the data complexity of the resulting ATSQL queries is in PTIME with
respect to the size of the ATSQL database (unlike, e.g., IXRM [Lorentzos 1993]
where the complexity depends on the size of the databases in the abstract tem-
poral model that may be exponentially larger than their ATSQL counterparts,
if they are finite at all [Chomicki and Toman 1998]). The existence of such a
translation was not known previously and therefore temporal logic was often
considered not to be practical. Our translation allows temporal logic to be used
as a clean and declarative front-end to an ATSQL-based temporal DBMS. It
can also be adapted to other temporal query languages, similar to ATSQL.

The paper is organized as follows: We start with a discussion of the basic framework
in Section 2, including the syntax and semantics of temporal logic and ATSQL (in
the case of ATSQL we introduce only constructs relevant to the development in
this paper; for a full description see [Bohlen and Jensen 1996; Bohlen et al. 2001]).
In Section 3 we give the translation from temporal logic to ATSQL. We conclude
the section with an example and the discussion of some implementation issues. In
Section 4 we discuss the reverse translation and relate the expressive power of (a
subset of) ATSQL and temporal logic. Section 5 discusses the relations to other
temporal query languages including the impact of the presented results.
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2. BASIC FRAMEWORK

Before we start comparing temporal logic and ATSQL we need to set up a common
formal framework suitable to both languages. In this paper we fix the structure
of time to be integer-like: linear (totally ordered), discrete, unbounded in both
the past and the future. However, our approach can be easily adopted to other
structures of time, e.g., bounded in the past (natural numbers like time), or dense
(rational-like time). The proposed translations change in only minor ways to ac-
commodate such extensions. We also assume a single, fixed time granularity (one
year).

All the references to time in this paper represent the valid-time that captures the
relationship between individual time points and validity of facts in reality [Jensen
et al. 1994]. Transaction time, which relates facts to the time when they are stored
in the database, is not considered. (This is because the standard temporal logic
deals only with a single temporal dimension.)

Finally, we restrict the discussion to the point-based view of temporal databases—
the view where the truth (the presence of tuples in the appropriate relation in-
stances) is associated with individual time points. This approach is adopted by
temporal logic. On the other hand ATSQL uses period-valued temporal attributes
to compactly represent contiguous periods of validity; for a detailed analysis of
these choices and their consequences see [Chomicki and Toman 1998]. We use co-
alescing to enforce strictly point-based semantics. Coalescing is a unary operation
on ATSQL temporal relations that merges value-equivalent tuples with adjacent or
overlapping periods into a single tuple [Bohlen et al. 1996]. Throughout, we make
sure that base relations as well as intermediate relations are coalesced.

2.1 Temporal Logic

Temporal logic is an abstract query language, a language defined with respect to the
class of abstract temporal databases [Chomicki 1994; Chomicki and Toman 1998].
An abstract temporal database, in turn, is a database which captures the formal
semantics of a temporal database by associating standard relational databases with
individual time points (a fact is true at time ¢ if an appropriate tuple exists in the
database associated with the time point ¢; cf. Definition 2.2) without considering
any particular representation issues.

It is possible to view an abstract temporal database in several different but equiv-
alent ways [Chomicki 1994; Chomicki and Toman 1998]. We choose the snapshot
view in which every time point is associated with a (finite) set of facts that hold
at it. For integer-like time, abstract temporal databases can be viewed as infinite
sequences of finite database states of the form (..., D_g, D_1, Do, D1, Da,...).

EXAMPLE 2.1. Figure 1 presents an example of an abstract temporal database,
viewed as a sequence of states. The database represents information about Eastern
European history, modeling the independence of various countries [Chomicki 1994].
Each fact specifies an independent nation and its capital. This database is used as
a running example throughout the paper.

Syntaz. First-order temporal logic (FOTL) extends first order logic with binary
temporal connectives since and until, and unary connectives @ (“previous” or
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Year | Timeslice

1024 | {}

1025 | {Indep(’Poland’,’Gniezno’)}

1039 | {Indep('Poland’,’Gniezno’)}

1040 | {Indep(’Poland’,’Cracow’)}

1197 | {Indep(’Poland’,’Cracow’)}

1198 | {Indep(’Czech Kingdom’, "Prague’), Indep(’Poland’, ’Cracow’) }

1595 | {Indep(’Czech Kingdom’, "Prague’), Indep(’Poland’, ’Cracow’) }

1596 | {Indep(’Czech Kingdom’, Prague’), Indep('Poland’,"Warsaw’) }

1620 | {Indep(’Czech Kingdom’, 'Prague’), Indep('Poland’,"Warsaw’) }

1621 | {Indep('Poland’,”Warsaw’)}

1794 | {Indep(’Poland’,”Warsaw’)}

1795 | {}

1917 | {}

1918 | {Indep(’Czechoslovakia’, 'Prague’), Indep(’Poland’, "Warsaw’) }

1938 | {Indep(’Czechoslovakia’, Prague’), Indep('Poland’,”Warsaw’) }

1939 | {Indep(’Poland’,”Warsaw’)}

1940 | {Indep(’Slovakia’, 'Bratislava’)}

1944 | {Indep(’Slovakia’, 'Bratislava’) }

1945 | {Indep(’Czechoslovakia’, 'Prague’), Indep('Poland’,”Warsaw’) }

1992 | {Indep(’Czechoslovakia’, 'Prague’), Indep('Poland’,”Warsaw’) }

1993 | {Indep(’Czech Republic’, ’Prague’), Indep("Poland’,”"Warsaw’),
Indep(’Slovakia’, 'Bratislava’) }

“yesterday”) and O (“next” or “tomorrow”).
state if A is true for states between when B was true and now (this state). A until B
is true in a state if A will be true into the future until B will be true. The rest of

Fig. 1. Eastern European history: the abstract temporal database

the usual temporal connectives can be defined in terms of these, e.g.,

In the rest of this paper we also consider the universal quantifier (Vz)A to be a

€A =truesince A A was true sometime in the past

OA =trueuntil A A will be true sometime in the future
WA =-6-A A was true always in the past

0A = -0—-A A will be true always in the future

Informally, A since B is true in a
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shorthand for —(3x)—-A, the implication A — B a shorthand for —A V B, etc.
Formally, the semantics of the temporal logic queries is defined as follows:

DEFINITION 2.2. Let ¢ = (R1,...,Ri) be a relational schema. An abstract
temporal database over o is an integer-indexed sequence of database states D =
(...,D_9,D_1,Dy,D1,Ds,...). Every database state D; contains a relation (re-
lation instance) r for each relation schema R € o. We define the semantics of
temporal logic formulas in terms of a satisfaction relation |= (a relation that relates
true temporal logic formulas to a given abstract temporal database with respect to
a valuation and a time point) and a valuation v (a valuation is a mapping from
variables to constants):

—D,v,i = R(x1,...,z) iff R is atomic and the tuple (v(z1),...,v(x)) is an
element of the instance r of R in the database state D;,

—D,v,i|E-Adff Dyv,i A,

—D,v,iEAANB iff D,v,i = A and D,v,i |= B, similarly for V and =,

—D,v,i |= (3x)A iff there exists a ¢ such that D,v[z — c|,i = A where v[X — (]
s a valuation identical to v except that it maps the variable x to the value c,

—D,v,ilE= Asince B iff 3j(j <iAD,v,j = BAVk(j <k <i— D,vkE A)),

—D,vyiEAuntil B iff 3j(j > iAD,v,j E BAVE(i <k <j— D,vkE A)),

—D,v,il=@A iff D,v,i—1E A,

—D,v,ilE=OA iff D,v,i+1E A.

An answer to a temporal logic query ¢ in D is the set o(D) = {(i,v) : D,v,i = ¢}.

Thus, temporal logic may be viewed as a natural extension of relational calculus.

EXAMPLE 2.3. Our first ezample is a query which does not relate different da-
tabase states. The query

(eity)(Indep("Poland’, city) A —(3city2)Indep(’Slovakia’, city?2))

determines all years when Poland but not Slovakia was an independent country, i.e.,
the times when the query evaluates to true. For the particular database from Fig-
ure 1 these time points (years) are {1025,...,1794,1918,...,1939,1945,...,1992}.

EXAMPLE 2.4. The second example relates different database states. The query
(Indep(’Poland’, city) A city # 'Cracow’) since Indep(’Poland’,’Cracow’)

returns the name of the city that superseded Cracow as Poland’s capital and the

years when this city was the capital. In our sample database the answer is "Warsaw’
in years {1596, ...,1794}.

EXAMPLE 2.5. Consider the query [Chomicki 1994, p.515] “list all countries
that lost and regained independence” over the abstract temporal database shown in
Figure 1. This is formulated in temporal logic as:

(3s1, s2)(®Indep(z, s1) A >Indep(x, s2) A (Vs)-Indep(z, s)).

For a country and a year to result, the country will have been independent in
the past, will be independent in the future, but is mot independent for the year
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it is associated with in the answer of the query (the “evaluation point”). The an-
swers, again for our sample database, are ’Poland’ (years {1795,...,1917} and
{1940, ...,1944}), *Czechoslovakia’ (years {1939, ...,1944} ), and ’Slovakia’ (years
{1945, ...,1992} ).

EXAMPLE 2.6. Another query may ask for all cities that were “first capitals of
countries”. A first capital is a city that became the capital of a country when the
country gained independence (if a country gained independence several times, it
may have several “first capitals”). In temporal logic this query is formulated as
follows:

(3z)(Indep(z, s) since (Vc')~Indep(x,c’))
In the example database the “first capitals” are

"Gniezno’ (years {1025, ...,1039}),

"Warsaw’ (years {1918, ...,1939} and {1945,...}),

"Prague’ (years {1198,...,1620}, {1918, ...,1938}, and {1945,...}), and
‘Bratislava’ (years {1940, ...,1944} and {1993,...}).

As indicated by the example queries, temporal logic provides a convenient means
for expressing rather involved English queries in a natural way. However, the point-
based semantics of temporal logic does not suggest an efficient implementation of
such queries. Any implementation taking advantage of a compact period-based
representation of temporal databases promises much better performance.

2.2 ATSQL

ATSQL [Bohlen and Jensen 1996; Bohlen et al. 2001] is a temporal extension of
SQL-92. An early version of ATSQL has been proposed to the ISO international
committee for standardization for incorporation into the SQL/Temporal standard,
and has been implemented. Therefore, we use it as the target query language of
our translation.

ATSQL Databases. A period is a pair [a,b] where a is the left endpoint and b the
right endpoint. The period [a, b] is used to encode the set of points {t |a <t < b}. A
valid-time relation is a finite relation where tuples are implicitly timestamped with
periods. An ATSQL database is a finite collection of valid-time relations. Figure 2
shows an ATSQL database that encodes the abstract temporal database shown in
Figure 1. Remember that throughout the paper we enforce that all the ATSQL
temporal relations are coalesced. The timestamps are represented by maximal
non-overlapping periods. This is fundamental for our translation of temporal logic
queries to ATSQL to work correctly.

ATSQL Queries. ATSQL extends the query language of SQL-92 [Melton and
Simon 1993]. The crucial concepts in ATSQL are statement modifiers (or flags) that
can be prepended to queries to modify their temporal behavior. As a consequence

ATSQL queries come in three flavors (in the rest of the paper we underline the
ATSQL-specific additions to SQL):

(1) SQL-92 queries (without any additional flags) are executed on the temporal
database with respect to the current time point (now).
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Indep

Country Capital VTIME
Czech Kingdom | Prague [1198, 1620]
Czechoslovakia | Prague [1918,1938]
Czechoslovakia | Prague [1945, 1992]
Czech Republic | Prague [1993, 0]
Slovakia Bratislava || [1940, 1944]
Slovakia Bratislava || [1993, co]
Poland Gniezno [1025, 1039]
Poland Cracow [1040, 1595]
Poland Warsaw [1596, 1794]
Poland Warsaw [1918, 1939]
Poland Warsaw [1945, o]

Fig. 2. Eastern European history: the concrete ATSQL relation

(2) SQL-92 queries preceded by the SEQ VT flag are evaluated relative to every
snapshot of the temporal database; the results are then collected in a temporal
relation with timestamps corresponding to the evaluation point (cf. snapshot
reducibility [Bohlen and Jensen 1996; Bohlen et al. 2001]).

(3) SQL-92 queries preceded by the NSEQ VT flag: in this case the processing of the
timestamps is completely controlled by the query, rather than by some implicit
mechanism of the underlying DBMS. In other words, the enclosed statement
is executed with standard SQL-92 semantics. Timestamps are treated like
all other attributes and no built-in temporal processing is performed. The
manipulation of timestamps is made explicit using the following constructs:
—Given a period p, BEGIN(p) denotes the start point of p and END(p) the

endpoint of p. We often use the shorthands p~ and p*, respectively, to
denote the endpoints.

—Given two time points b and e, b < e, PERIOD (b, e) denotes the period con-
structed out of two time points (points). Again, we often use the shorthand
[b, €].

—We use integer constants to denote time points (e.g., 1998 stands for the year
1998). We also include constants TIMESTAMP ’beginning’ or —oo, denoting
the start of time, and TIMESTAMP ’forever’ or co, denoting the end of time.

—To dislocate a given time point, ¢ by one year? we write ¢ + 1. In similar
fashion we can dislocate periods: to dislocate period p = [b, €] by one year
we write p + 1; the resulting period is [b+ 1,e + 1].

—Finally, we use FIRST(¢,s) and LAST(¢,s) to find the earlier and later, re-
spectively, point of ¢ and s.

The above syntax is used to manipulate timestamps in ATSQL select-blocks.
First, we need to gain access to the implicit valid-time attributes of ATSQL
relations: VTIME(R) denotes the timestamp associated with the range variable
(tuple in the relation) R and substitutes for the lack of explicit temporal at-

2In this paper we assume that the valid-time has the granularity of a year. Thus +1 is shorthand
for +INTERVAL ’1’ YEAR and -1 for —INTERVAL 1’ YEAR.
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tributes. The WHERE clause uses temporal built-in predicates to specify temporal
relationships between periods. While all the relationships between two periods
can be expressed using order relationships on their endpoints, ATSQL also sup-
ports Allen algebra-like comparisons of pairs of periods (which we won’t use
further in this paper). To be consistent with SQL—92, these relationships have a
somewhat different meaning than the identically-named relationships in [Allen
1983):

L =1 iff Iy =1; NI =15
I, CONTAINS I, iff I <Iy NI >1f
I MEETS I, iff succ(I}) = I

I OVERLAPS I iff Iy <LEAL <If
I, PRECEDES I iff It <1I.

It is easy to see that the above relationships (and their Boolean combinations)
can express all period relationships of [Allen 1983] and thus all possible topolog-
ical relationships between two periods. Metric relationships—relationships that
capture distance along the time line—can be captured using the above times-
tamp constructs. Finally, the SET VT p clause, which is part of the NSEQ VT
statement modifier and precedes the actual query, defines p to be the result-
ing timestamp period for all tuples in the answer to the query (p is usually a
function of the VTIME(R) attributes).

In addition, every query or table reference can be followed by a (VT) flag to enforce
coalescing of the corresponding temporal table, that is, tuples with identical explicit
attribute values whose valid-times overlap or are adjacent are merged into a single
tuple, with a period equal to the union of the periods of the original tuples. As a
side-effect, duplicates are eliminated.

EXAMPLE 2.7. In order to determine the name of the city that superseded Cra-

cow as Poland’s capital (cf. Example 2.4), the query has to relate different database
states. In ATSQL this means that we have to specify the NSEQ VT clause and the
required temporal relationship. This results in the following ATSQL query:

NSEQ VT
SET VT VTIME(il)
SELECT il.Capital
FROM Indep(VT) AS il, Indep(VT) AS i2
WHERE il.Country = ’Poland’
AND i2.Country = ’Poland’
AND i2.Capital = ’Cracow’
AND VTIME(i2) MEETS VTIME(i1)

EXAMPLE 2.8. The formulation of a query becomes even simpler if it can be

answered by looking at single snapshots. In this case the user simply specifies se-
quenced semantics when formulating a query, as illustrated in the following query,
which determines all periods when Poland was independent but not Slovakia (cf.
Ezample 2.3):
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( SEQ VT
SELECT il.Country
FROM Indep(VT) AS il
WHERE il.Country = ’Poland’
AND NOT EXISTS ( SELECT *
FROM Indep(VT) AS i2
WHERE i2.Country = ’Slovakia’ )
) (V)

The proposed translation uses both the SEQ VT variant of the ATSQL queries (to
translate the first-order fragments of the temporal logic queries) and the NSEQ VT
queries (to translate the temporal connectives).

3. MAPPING TEMPORAL LOGIC TO ATSQL

In this section we introduce the main result of this paper: the translation of queries
formulated in temporal logic to ATSQL. Similarly to mapping relational calcu-
lus queries to SQL, our translation has to identify a syntactic subset of domain-
independent temporal queries that can be safely translated to ATSQL. The syntac-
tic criterion is based on an extension of the criterion presented in [Abiteboul et al.
1995]. However, our approach can be analogously used in more complicated trans-
lations, e.g., [Van Gelder and Topor 1991]. We discuss several possible refinements
in Section 3.5.

3.1 Correspondence of Temporal Databases

Before we can describe the actual translation of temporal formulas to ATSQL we
need to establish a relationship between temporal databases (over which the se-
mantics of temporal logic queries is defined) and ATSQL databases, the target of
our translation.

DEFINITION 3.1. Let D = (..., Do, D1, Da,...) be an abstract temporal data-
base. The support of a temporal logic formula ¢ under a valuation v is the set of
time points {i : D,v,i = ¢}.

The support of a formula for a fixed valuation (tuple) is the set of time points for
which the particular tuple appears in the answer of the query (i.e., the formula is
true in the given abstract temporal database after applying the substitution; cf.
Definition 2.2). It follows immediately that the support for ground formulas (facts
in particular) does not depend on the valuation. In this way the definition of the
support yields the definition of the class of abstract temporal databases we are
interested in.

DEFINITION 3.2. An abstract temporal database is finitary if it contains a finite
number of facts and the support of every fact can be represented as a finite union
of periods.

Not every abstract temporal database is finitary. For example, the database that
contains a single fact P(‘a’) in every even-numbered state and whose every odd-
numbered state is empty cannot be finitely represented by a union of periods. On
the other hand, the class of finitary temporal databases captures exactly all ATSQL
databases.
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ProroSITION 3.3. Every ATSQL database represents a unique finitary abstract
temporal database and every finitary abstract temporal database can be represented

as an ATSQL database.

In the rest of the paper we use ||.|| to denote the mapping of ATSQL databases to
the corresponding finitary abstract temporal databases.

3.2 Domain Independence and Range Restricted Queries

The actual translation of temporal logic queries to ATSQL is based on the semantic
rules in Definition 2.2. However, there is a problem with a direct use of these rules:
the interpretation of variables is relative to a potentially infinite universe of data
values. Thus it is easy to formulate “unsafe” queries in temporal logic that produce
non-finitary answers or use quantification over the infinite universe of data values
(similarly to relational calculus [Abiteboul et al. 1995]). To avoid these problems
we introduce the notion of domain-independent temporal logic queries.

DEFINITION 3.4. Let ¢ be a FOTL query and D an abstract temporal database.
We define the active domain, adom(D, ), to be the set of all data constants that
appear in D or .

The interpretation =y is the |= relation from Definition 2.2 relativized to the uni-
verse of data values U. We assume that U always contains all the data constants
appearing in the query and the temporal database.

A temporal logic query ¢ is domain-independent if for all sets Uy, Us such that
adom (D, @) C Uy NUsz we have D,i,v =y, ¢ < D,i,v Ey, ¢, for alli € Z and
v a valuation of free variables of ¢ over Uy U Us.

Note that the above definition relativizes the interpretation of the queries only
with respect to the data domain. The universe of time points is fixed to an integer-
like linear order (Z,<). It is easy to see that to obtain an answer to a domain-
independent query it is sufficient to evaluate the query using the active domain
interpretation, i.e., for U = adom(D, ). Moreover, the formula characterizing the
active domain for a fixed query can be expressed uniformly for all D using another
query in temporal logic.

LEMMA 3.5. Let D be an abstract temporal database and ¢ a temporal query.
Then there is a formula adomp ,(x) such that D,i,[x — c| = adomp ,(z) <=
¢ € adom(D, ) for all i€ Z.

PRrROOF. Let C be the set of all constants in ¢ and F' the set of all formulas of
the form (3y1,...,yx)(R(y1,...,yx) Az = y;) for R a relation symbol in the schema
of D, k = arity(R), and 0 < i < k. We define

adomp ,(z) = \/ OeY Vv \/ x=c.

YeF ceC
[l

The formula adomp ,(x) is used to restrict variables in domain-independent tem-
poral logic queries without changing their meaning.

We present a syntactic criterion that guarantees domain-independence of tem-
poral logic queries. While domain independence itself is not decidable (the class
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of temporal logic queries contains all relational calculus queries), we show that the
safe range queries—those queries that pass our syntactic criterion—can express all
the domain-independent queries in temporal logic.

The criterion is based on a modification of the criterion for the relational calculus
queries [Abiteboul et al. 1995]; we treat the binary temporal connectives since and
until as A, and ignore the unary ones, ¢, B, < 0, @ and O.

DEFINITION 3.6 (RANGE RESTRICTION (rr)). Let ¢ be an arbitrary temporal
query and FV () the set of free variables in ¢. We define

{z1,...,2x} for ¢ =R(x1,...,2x)
rr(¢) Urr(y) for ¢ =@ A, ¢ until b, or ¢ since

rr(p) = 7(;)7’(@5) Nrr(y) for o=@V

for p =
rr(¢p) —{z} for ¢ = (3x)p:x € rr(¢); fails otherwise
() for ¢ = ®¢, Wy, S0, 00, @9, or Op

We say that a formula ¢ is safe range if rr(¢) = FV () and for all subformulas of
© of the form (3x)y we have x € FV(¢) D x € rr(v).

Note that this extension of the original criterion for relational calculus queries is the
strongest possible: we treat since and until as A and ignore the unary temporal
connectives. To achieve better results we would have to start with a stronger
criterion for the first order case, e.g., [Van Gelder and Topor 1991].

THEOREM 3.7. Let ¢ be a domain-independent query. Then there is an equiva-
lent safe range query.

ProoFr. Every domain-independent query ¢ can be correctly evaluated using the
active-domain semantics. The active domain adom (D, ) can be defined uniformly
for all D by a temporal logic query adomp,, () (cf. Lemma 3.5). We add conjuncts
that restrict the domain of every variable in all subformulas of ¢. The resulting
formula is equivalent to ¢ and is safe range (follows from an easy induction on the
structure of the formula). O

Therefore, every domain-independent query can be equivalently asked using a safe-
range query. Moreover,

LEMMA 3.8. Let D be a finitary abstract temporal database and ¢ a safe-range
query. Then (D) is also finitary.

PRrROOF. By induction on the structure of ¢: it is sufficient to observe that (i)
temporal connectives preserve the finitary properties and (ii) all variables in ¢ are
range-restricted. [

However, while domain independence is preserved under equivalence of queries, the
rr criterion is not. Therefore the translation itself is defined in three steps:

(1) The first step corresponds to transforming the formula to a SRNF-like normal
form [Abiteboul et al. 1995]; essentially we clean up the formula and remove
superfluous connectives, especially double negations.

(2) In the second step we test all the variables in the cleaned-up formula for the
safe-range property.
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(3) For the formulas that pass the check—the safe range formulas—we propagate
the range restrictions so that all (significant) subformulas also became safe
range.

In the first step we define a normal form of temporal logic queries to improve our
chances of discovering an equivalent safe-range reformulation of a given query:

DEFINITION 3.9 (SRNF7p). Let ¢ be an arbitrary temporal logic query. We
define:

Variable substitution: We rename all quantified variables using unique names to
avoid variable name clashes in the subsequent transformations.

Removal of V: We replace subformulas of the form (Vx)A by —(3x)-A.

Removal of — and «: We replace implications A — B by —AV B, and similarly
for the equivalences.

Pushing down negations:  We use the following rules to push megations towards
leaves of the formulas and to remove double negations:
(1) —A— A
(2) 3x)A— A if x & FV(A).
(8) =(AV B) — (mAA-B), and (AN B) — (mAV -B)
(4) A — .ﬁA, -HA — ‘ﬁA, —OA - DﬁA, and -OA — O-A.
(5) “OA +— O—=A, and @A — @—A.
(6) (A since B) — B-AV (-A A —B since -A), and
—(A until B) — O-AV (-A A =B until —A).

A SRNF 7, formula resulting from applying these rules to a temporal formula ¢ as
long as possible is denoted SRNFrr ().

Note that the last rule for since and until is valid only for discrete time; for dense
time we have to omit this rule.? For time bounded in the past we would also have to
remove the part handling @ from rule (5), as the equivalence does not hold for time
bounded in the past (natural numbers-like). Clearly, all the above transformations
are equivalence-preserving.

LEMMA 3.10. DB, v,il= ¢ < DB,v,i = SRNFr.(p).

At the end of this step we are left with an equivalent and cleaned-up temporal
formula. In addition it is easy to see that:

LEMMA 3.11. Let ¢ be safe-range. Then SRNFrp(p) is safe-range.

This lemma guarantees that applying the SRNF7p transformation on the given
query can only improve the chances that the query passes the rr criterion. Thus
the rr criterion is always applied on the result of the SRNF 7 transformation.
The safe-range criterion rr assumes that the since and until connectives behave
like A. Unfortunately, the temporal connectives do not have the same commutative
and distributive properties A has, e.g., (¢ V1) until ¢ Z (¢ until ¢) V (1) until ¢).
However, it is easy to see that the variable  in the formula —=P(z) until Q(z) is

3The rule may also significantly increase the size of the resulting formula and we may not want
to use it even in the case of discrete time.
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safe-range by the atomic formula Q(x): clearly if there is a valuation v such that
DB,v,i = —P(z) until Q(z), then there must be another time point ¢’ such that
DB,v,i" = Q(x). Thus the formula Q(z) gives us a range restriction for z. We
exploit this fact to propagate the range restricting subformulas towards the leaves
of the original formula using the following equivalences:

LEMMA 3.12. ¢ until ¢ = ¢ until (¢ A ), ¢ until v = (¢ A <OY) until .
PROOF. We show only the first equivalence; proof of the second one is analogous.

=: Let DB,v,i = ¢ until ¢. Then by the definition of until we know that
there is a j > 4 such that DB,v,j = v and for all k such that ¢ < k < j and
DB,v,k E ¢. Thus DB,v,j | ®¢ and using the definition of until we get
DB, v,i = ¢ until (€4 A ).

<: Let DB,v,i = ¢ until (¢ A 1¢). Then similarly to the previous case there
is a j§ > ¢ such that DB,v,j = ¢ A ¢ and for all k such that ¢« < k < j and
DB,v,k = ¢. Clearly DB, v, j |= % and thus DB, v,i = ¢ until ¢. 0O

A similar lemma holds for the since connective. Using these equivalences we can
move the range-restricting subformulas between the left- and right-hand sides of the
since and until connectives. In addition, we may need to move a range-restricting
formula into the scope of a temporal connective:

LEMMA 3.13. ¢ A (¢ until ¢) = ¢ A (¢ until (®p A Y)), ¢ A (¢ until ¢) =
© A ((¢p ANO®y) until ).

PROOF. Again, we prove only the first statement.

=: Let DB,v,i |E ¢ A (¢ until ¢). Then DB,v,i | ¢ and by the definition of
until we know that there is a j > ¢ such that DB, v, j = ¢ and for all k such that
i <k<jand DB,v,k = ¢. Thus DB, v, j = ®¢ and using the definition of until
we get DB, v,i = ¢ A (¢ until (®¢ A ).

<: Let DB, v,i |E oA(¢ until (®pA1)). Similarly to the previous case DB, v, i =
¢ and there is a j > ¢ such that DB, v, j = ®¢ A and for all k such that i < k < j
and DB,v, k |= ¢. Clearly DB,v,j = ®p is implied by DB, v,i = ¢ as i < j and
thus DB,v,i = ¢ A (¢ until ¢). O

Similar laws hold for the remaining connectives, including the unary ones (cf. the
rewriting rules in Definition 3.14). We use these laws in the final step of the
conversion to propagate the range restricting subformulas towards the leaves of the
query. In this way the final ATSQL query can always be evaluated bottom-up.
This goal is achieved by a modified RANF transformation [Abiteboul et al. 1995].

DEFINITION 3.14 (RANFr.). Let ¢ be a safe range temporal formula. A
RANF 7 (p) is the result of applying the rules in Figure 8 together with commuta-
tivity and associativity of conjunction to p, starting from the top-level connective.

Clearly, all the rewriting rules preserve the meaning of the formula:

LEMMA 3.15. DB,v,i = ¢ <= DB,v,i = RANFr(SRNF7L(¢))) for safe
range queries .

PRrOOF. Follows from Lemmas 3.12 and 3.13, and standard equivalences for first
order logic. O
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ANBVC) — (ANB)V(ANC) (push into V)
AN (@3@z)B — AA(3z)(AAB) (push into 3)
AN-B — AAN-(AAB) (push into —)
(ANAC)since B — (AAC)since (OAAB) (distribute in since left-to-right)
(AAC) until B — (AAC) until (#AAB)  (distribute in until left-to-right)
B since (AAC) +— (®AAB)since (AANC) (distribute in since right-to-left)
Buntil (AAC) — (OAAB)until (AAC)  (distribute in until right-to-left)
AN (Bsince C) — AN ((@OAAB)since C) (push into since, left side)
AN (BuntilC) — AA((O®AA B) until C) (push into until, left side)
AN (C since B) — AN (C since (OAA B))  (push into since, right side)
AN (C until B) — AA(C until (®#AAB)) (push into until, right side)
AN®B — AN®CAAB) (push into @)
ANOB — ANO(®ANB) (push into <)
ANEB — ANB(CAAB) (push into W)
AAOB — AANL(®AAB) (push into L)
AN®B — AN®OAAB) (push into @)
ANOB — ANO(@AAB) (push into O)

The rules are used when z is a variable range restricted in the subformula denoted by A, x € rr(A),
and free but not range restricted in the subformula denoted by B, z € FV(B) — rr(B).

Fig. 3. RANF7 transformation rules.
It is also easy to see that every rule in Figure 3 propagates z’s restriction in A
towards B.

LEMMA 3.16. Let ¢ be a safe range temporal formula. Then every subformula
of RANFrL () not rooted by A or — is safe range.

PROOF. Assume that RANF () contains a subformula not rooted by A or —
that is not safe range. By case analysis we can show that ¢ is not safe range (as none
of the rules in Definition 3.14 is applicable by the assumption); a contradiction. [

Similarly to [Abiteboul et al. 1995] the RANF 1, rewriting terminates, as there are
only finitely many subformulas in the original query. Moreover, every safe range
temporal query is domain independent:

LEMMA 3.17. Let  be a safe-range temporal query. Then ¢ is domain indepen-
dent.

PrOOF. By Lemma 3.15 ¢ is equivalent to RANF (). Because query equiv-
alence preserves domain independence, it is sufficient to show that RANF 7, (p)
is domain-independent. This follows from an easy induction on the structure of
RANF 7. (¢) and Lemma 3.16 applied on every subformula of RANFr(¢). O

This result, together with Theorem 3.7, shows that the classes of domain-indepen-
dent queries and safe-range queries coincide.

ExaMPLE 3.18. The query from FEzample 2.6 is indeed safe range and can be
transformed to RANFr as follows (using the “distribute in since left-to-right”
rule):

(3z) (Indep(z, c) since (CIndep(z,c) A —(3c')Indep(z, ')

In the result every subquery is safe range and thus amenable to translation to AT-

SQL.
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3.3 Translation to ATSQL

The next step in traditional translations is the translation to relational algebra.
However, we have chosen ATSQL as our target language. The translation of tem-
poral logic formulas in RANF 7, to ATSQL is defined by induction on the structure
of the formula. The input to this transformation is a safe-range temporal logic for-
mula in RANFpp. It is translated to ATSQL by repeating the following two steps:

(1) First the maximal non-temporal subformulas are translated to sequenced AT-
SQL queries; this is done using a simple RANFr;, to SQL translation (pat-
terned, e.g., after the RANF to Relational Algebra translation in [Abiteboul
et al. 1995]).

(2) The translations of the subformulas are combined using the translations of the
temporal connectives defined in the next section.

This process is repeated until the whole formula is translated.

3.3.1 Temporal Logic Connectives. We define translations of the individual tem-
poral connectives to ATSQL as ATSQL query templates. The subformulas rooted
by the temporal connectives are then translated to subqueries embedded into these
templates.

The connectives since and until. Figure 4 graphically illustrates the semantics of
since and until over periods. We have listed all possible temporal relationships
[Allen 1983] between the truth periods of two formulas A and B. For each relation-
ship we have determined the truth period of A since B and A until B respectively.
More formally the truth periods of A since B and A until B are defined as follows.

A since B — [max(A~, succ(B7)), AT] for maz(A~, succ(B™)) < At and BT > A~
A until B — [A™, min(A",pred(B1))] for A~ < min(A™,pred(B*)) and AT > B~.

The reader may verify that these general expressions evaluated on any particular
relationship given in Figure 4 result in the correct truth period.

These expressions are translated to ATSQL using the NSEQ VT modifier and spec-
ifying the final timestamp using the SET VT p clause. The additional conditions
are translated into appropriate WHERE clause conditions. More precisely, A since B
is translated to

NSEQ VT
SET VT PERIOD(LAST(BEGIN(VTIME(a0)), BEGIN(VTIME(al))+1),END(VTIME(a0)))
SELECT ...
FROM A’ (VT) AS a0, B’(VT) AS al
WHERE LAST(BEGIN(VTIME(a0)),BEGIN(VTIME(al1))+1) <= END(VTIME(a0))
AND BEGIN(VTIME(a0)) <= END(VTIME(ail))
AND ...

and A until B is translated to

NSEQ VT
SET VT PERIOD(BEGIN(VTIME(a0)), FIRST(END(VTIME(a0)),END(VTIME(a1)))-1)
SELECT ...
FROM A’ (VT) AS a0, B'(VT) AS al
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Temporal relationship Temporal logic Truth period
between formulas A and B formula F' of formula F
A A since B []
B A until B []
A A since B []
- B A until B []
A A since B [succ(B™), Aﬂ
B A until B [A7, AT]
A - A since B (A7, A+]
B A until B [A7, pred(BT))
A A since B []
B A until B [A7, AT]
A A since B (A7, A+]
B A until B []
A A since B [succ(B™), Aﬂ
B A until B [A7, pred(BT))
A A since B (A7, A+]
B A until B [A7, AT]
A A since B [suce(B™), Aﬂ
B A until B [A7, pred(BT))
D A since B [succ(B™), Aﬂ
B A until B [A7, At
A A since B [suce(B™), Aﬂ
- B A until B [A7, pred(BT))
A A since B (A7, A+]
B A until B [A7, pred(BT))
A A since B [succ(B™), Aﬂ
B A until B [A7, pred(BT))

Fig. 4. Period semantics of since and until

WHERE BEGIN(VTIME(a0)) <= FIRST(END(VTIME(a0)),END(VTIME(a1))-1)
AND BEGIN(VTIME(al)) <= END(VTIME(a0))
AND ...

where A’ and B’ are the results of applying the translation recursively on A and
B, respectively. The SELECT lists of the ATSQL statements are derived from the
sets of free variables occurring in A and B. Variables used in both A and B give
rise to additional WHERE clause conditions that equate the corresponding attributes
in A" and B'.

It is important to remember that the translations of non-atomic formulas A and
B are required to produce coalesced temporal relations.

ExampLE 3.19. Consider a temporal database D containing two temporal re-
lations A(z,t) = {(a,[0,5]), (b,[4,9])} and B(x,t) = {(c,[8,10])}. Clearly, D,t |=
((3z)A) until ((3z)B) for 0 <t <9. It is easy to see that if coalescing has not been
enforced at every step of the translation, e.g., if the relation A was not re-coalesced
after projecting out the x attribute, the translation would not be correct any more.
Indeed, applying the translation of until on the non-coalesced results of (3x)A and
(3z)B would give us the result t € [4,9] instead of the correct result t € [0,9].
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3.3.2 Specialized Mappings. The translation of the remaining temporal connec-
tives can be derived from the translations for since and until. While theoretically
feasible, such an approach is cumbersome in practice and leads to unnecessarily
complicated ATSQL statements. Moreover, introducing these specialized transla-
tions allows us to translate a wider class of temporal formulas to ATSQL (cf. Section
3.2).

The connectives 4 and <. We illustrate how the definition of since is used to
derive an efficient special purpose translation for .

The formula € B is equivalent to true since B. Therefore we take the definition
of A since B (Section 3.3.1) and substitute A by true. We notice that the truth
period of true is the whole time line which means that BEGIN (VTIME (a0)) evaluates
to —oo (beginning of time) and END(VTIME(a0)) evaluates to +oo (end of time).
After the obvious simplifications we obtain:

NSEQ VT

SET VT PERIOD(BEGIN(VTIME(a0))+1, TIMESTAMP ’forever’)
SELECT ...
FROM B’(VT) AS a0

which is considerably less complex than the original statement. Similarly, we can
use the definition of until to derive a translation for &B, namely

NSEQ VT
SET VT PERIOD(TIMESTAMP ’beginning’ ,END(VTIME(a0))-1)
SELECT ...
FROM B’(VT) AS a0

The connectives B and 0. For WA, one can rewrite it as —4—A and use the
approach presented above. Unfortunately, this approach is not very practical as
it may lead to formulas that cannot be translated (e.g., ~—P(x) versus BP(z)).
Therefore we derive a ATSQL translation of BA from the definition

D,v,i =WAiff Vj(j <i— D,v,j = A).

This definition is easily expressed in ATSQL as follows (the *beginning’ keyword
stands for —o0):

NSEQ VT
SET VT PERIOD(BEGIN(VTIME(a0)), END(VTIME(a0))+1)
SELECT ...
FROM A’ (VT) AS a0

WHERE BEGIN(VTIME(a0)) = TIMESTAMP ’beginning’

Again, coalescing of A’ is crucial for the translation to work correctly. By analogy,
a special purpose translation for [JA is derived as follows:

NSEQ VT
SET VT PERIOD(BEGIN(VTIME(a0))-1, END(VTIME(a0)))
SELECT ...
FROM A’(VT) AS a0
WHERE END(VTIME(a0)) = TIMESTAMP ’forever’
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The connectives ® and O. We use discrete time to model the temporal domain in
the ATSQL databases. Thus, in addition to the since and until connectives, we
add temporal connectives that allow us to refer to the immediately previous (@) and
the immediately following (O) time points.* The translation of these connectives
is defined as follows: First we define the truth periods for ® A and OA with respect
to the truth period of A:

O A — [succ(A™), succ(A1)]
OA  [pred(A™),pred(A™)].

The result is translated to ATSQL using a definition of the corresponding valid-
time clause that shifts the valid-time period by one in the appropriate direction.
The translation of @A is

NSEQ VT

SET VT VTIME(a0)+1
SELECT ...
FROM A’(VT) AS a0

and the translation of OA is

NSEQ VT

SET VT VTIME(a0)-1
SELECT ...
FROM A’(VT) AS a0

Similarly to the previous cases, the SELECT list is obtained from the set of free
variables of A and A’ is the ATSQL translation of A.

3.4 Putting it Together

Using the transformation defined in Section 3.2 we can convert every safe range
temporal query to an equivalent RANF 7, formula. We have already shown that
the RANF7; transformation preserves equivalence. We have also shown that the
translations of the individual temporal connectives are correct. By composing these
two steps we have:

THEOREM 3.20. Let ¢ be a safe range temporal logic formula and D an ATSQL
database. Then o(||D||) = [|pAT5RL(D)|| where @ATIRL s the ATSQL translation
of the temporal logic query .

ExXaMPLE 3.21. Now we can finish the translation of the query from Ezxam-
ple 2.6 to ATSQL. We already transformed the original query to RANFrp (cf.
Ezxample 3.18). The translation to ATSQL proceeds by applying the temporal logic
to ATSQL translation rules on (mazimal) nontemporal subqueries. The resulting
query 1is:

01. NSEQ VT
02. SET VT PERIOD(LAST(BEGIN(VTIME(a2)),BEGIN(VTIME(a3))+1),

END(VTIME(a2)))

4With respect to the chosen granularity of time which in this paper is a year.
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03. SELECT a2.Capital
04. FROM Indep(VT) AS a2,

05. (

06. SEQ VT

07. SELECT al.Country, al.Capital

08. FROM (

09. NSEQ VT

10. SET VT PERIOD(BEGIN(VTIME(a0))+1,TIMESTAMP ’forever’)
11. SELECT a0.Country, a0.Capital

12. FROM Indep(VT) AS a0

13. )(VT) AS al

14. WHERE al.Country NOT IN (

15. SELECT Country

16. FROM Indep(VT) )

17. ) (VT) AS a3

18. WHERE LAST(BEGIN(VTIME(a2)),BEGIN(VTIME(a3))+1) <= END(VTIME(a2))
19. AND BEGIN(VTIME(a2)) <= END(VTIME(a3))

20. AND a2.Country=a3.Country

21. AND a2.Capital=a3.Capital

Lines 1-5 and 17-21 correspond to the translation of the since connective, line 4 is
the translation of the left-hand subquery (a simple table access), lines 5-16 are the
translation of the right-hand side subformula. The right-hand side subformula is
translated to a sequenced query that captures the translation of the negation (lines
6-8 and 14) applied to the translation of the inner temporal subformula rooted by
the & connective (lines 9-13) and a reference to a base table (lines 15-16).

3.5 Refinement of the Translation

In Section 3.2 we described only the simplest version of the translation; we used
a direct temporal extension of the translation presented in [Abiteboul et al. 1995].
However, such a direct extension has several drawbacks. We address some of them
in this section.

Negation is pushed too deep during the SRNFrr phase. This is necessary to find
all double negations in the original formula and to eliminate them:

SRNF .
-

=(=Q(z) until P(x)) OQ(z) vV (Q(z) A =P(z) until Q(z)).

However, if there are no hidden double negations (and this happens in many com-
mon cases) then the resulting formula in SRNF7;, does not improve range restrict-
edness of the variables and may be unnecessarily complicated.

SRNF; .
—_—

P(z) A= (R(z) until Q(z)) P(x)AN(O-R(z)V (-Q(x) A—R(x) until =R(x))).

In such cases we might be better off using the original query. The SRNF, trans-
lation can be easily modified to push the negations down in the query tree only if
there is a chance they may cancel out in the subformulas.

The restricting formulas are unnecessarily duplicated. The second problem is inti-
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mately connected with the first one: by transforming the original query we may end
up with a formula, where we need to propagate the bindings for variables across
numerous connectives in order to obtain a formula in RANFr;. However, this
propagation often unnecessarily duplicates subformulas in the resulting query. For
example:

P(x) A=(3y)(Qy) A =R(z,y)) — P(z) A =(P(z) A (Fy)(Q(y) A ~R(z,y)))
— P(x) A=(P(2) A(3y)(P(x) A Q(y) A ~R(z,y)))

The underlined P(z) A part of the resulting formula is redundant. Note, that this
is a general problem with the conversion proposed in [Abiteboul et al. 1995] (and
most of the other proposals) rather than with its temporal extension—our example
indeed uses only pure first order logic. This problem can be addressed in two ways:

(1) by restricting the depth to which — gets pushed during the SRNF 7, translation
(this is often the main source of this problem).

(2) by eliminating the superfluous restricting formulas; this can be achieved by
an additional bottom-up pass through the generated query after the RANF 1,
conversion.

Note that in the additional pass we are not trying to eliminate redundant parts of
the original query; that is too difficult in general. We only eliminate unnecessary
subformulas introduced during the RANFy, transformation.

Nested temporal connectives (and conjunctions) create unnecessary ATSQL query
blocks. The translation generates a separate ATSQL query block for every temporal
connective (and conjunction). However, this approach may produce unnecessarily
nested query blocks, that may be merged into a single block. For example, consider
the query @M R(z). The translation produces the following code:

( NSEQ VT
SET VT PERIOD(BEGIN(VTIME(R))+1, TIMESTAMP “forever-)
SELECT x
FROM ( NSEQ VT
SET VT PERIOD(BEGIN(VTIME(R)), END(VTIME(R))+1)
SELECT x
FROM R(VT)
WHERE BEGIN(VTIME(R)) = TIMESTAMP “beginning”
Y(VT) AS R

) (VD)

However, it is obvious we could merge the nested select blocks into a single equiv-
alent block as the inner temporal operation (H) preserves coalescing and thus the
re-coalescing is not necessary.

( NSEQ VT
SET VT PERIOD(BEGIN(VTIME(R))+1, TIMESTAMP “forever)
SELECT x
FROM  R(VT)
WHERE BEGIN(VTIME(R)) = TIMESTAMP “beginning-”
) (VT)
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However, at this point we need to emphasize that the translations of the individual
temporal connectives do require the input relations to be coalesced (cf. Example
3.19) (in the above example does not use projection as all data attributes of R are
present in the result of the query.) Therefore we can only merge those select blocks
that preserve coalescing (as in the above example). The optimization corresponds
to flattening conjunctions in the relational calculus queries. While in theory this
step could be performed by a smart query optimizer, we are not aware of any
implementation that would be able to perform such an optimization: most query
optimizers are not able to perform arithmetic simplifications needed during the
process (e.g., evaluating co + 1 = oo as used in our example). This observation is
summarized by the following lemma:

LEMMA 3.22. The translations of A since B, A until B, BA, (A, B, OB,
OB, and OB remain correct even if the ATSQL translation of B is not coalesced
(however, A has to be coalesced in all cases). Moreover, if B is coalesced, the result
of applying a temporal connective is coalesced too.

This lemma, together with the observation that coalescing is preserved under tem-
poral joins and differences (and not preserved by unions and projections) allows us
to safely remove redundant coalescing operators in the translated formula.

4. MAPPING ATSQL TO TEMPORAL LOGIC

Establishing a mapping between a subset of ATSQL and temporal logic is less
important from a practical point of view than establishing the mapping in the
other direction, as described in the previous section. A possible application is the
decompilation of ATSQL queries. However, the main purpose of establishing a
mapping from ATSQL to temporal logic is to identify a subset of the former that
has the same expressive power as the latter. This clarifies the issue of expressive
power of some proposed restrictions of ATSQL, e.g., [Widom and Yang 1998|.

Indeed, only a subset of ATSQL can be mapped back to temporal logic. There are
several reasons for that. First, ATSQL inherits SQL-92’s duplicate (bag-theoretic)
semantics, while the semantics of temporal logic is set-theoretic. Second, ATSQL
(like SQL-92) has aggregate operations that are not first-order expressible. Finally,
ATSQL (like two-sorted first-order logic with a time sort) can express queries refer-
ring to multiple temporal contexts. Recently, it has been shown [Abiteboul et al.
1999; Toman and Niwinski 1996] that such queries are not expressible in temporal
logic.

Therefore, to define the subset of ATSQL corresponding to temporal logic we
introduce three syntactic restrictions. The first limits ATSQL to the SQL-92 con-
structs that can be mapped to relational algebra or calculus. The second guarantees
set-theoretic semantics. The second and third guarantee that the subset of ATSQL
has clear, point-based semantics.

DEFINITION 4.1. An ATSQL query is pure if:

(1) It does not use aggregate functions.

(2) Coalescing of periods is forced using (NT). As a side-effect, this ensures that
no duplicates are generated.
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(3) the only set operations are UNION and EXCEPT, the duplicate preserving vari-
ants UNION ALL and EXCEPT ALL are not allowed.

(4) Sequenced queries do not use temporal built-in predicates at the top level.
Another restriction prohibits referring to multiple temporal contexts.
DEFINITION 4.2. An ATSQL query @ is local if

(1) every subquery in the FROM clause is a coalesced valid-time ATSQL query
(i.e., with a single valid-time attribute).

(2) every subquery in the WHERE clause refers only to data attributes associated
with the range variables of the enclosing select blocks. This implies that nested
SELECT clauses cannot refer to the valid-times of range variables specified in
the FROM clause of an enclosing SELECT.

The condition on the WHERE subqueries may seem more strict than necessary—for
the FROM subqueries we allow one shared temporal variable to be passed from the
subquery to the enclosing query. However, the restriction is necessary as ATSQL
does not syntactically guarantee coalescing within select blocks. Consider the fol-
lowing example:

ExXAMPLE 4.3. The following ATSQL query is not local.

( NSEQ VT
SET VT VTIME(a)
SELECT * FROM $R$(VT) AS a
WHERE EXISTS
( SELECT * FROM $S$(VT) AS b
WHERE VTIME(b) CONTAINS VTIME(a)

) (VD)

Our mapping translates a pure local ATSQL query @ to a temporal logic formula
¢q. We define it step by step.

Temporal built-in predicates. We start by considering a simplified form of nonse-
quenced ATSQL queries:

( NSEQ VT
SET VT PERIOD(qi,qo)
SELECT *
FROM R; (VD),..., Rm (VT)
WHERE «
) (VT)

Additionally, we assume at first that:

(1) the query does not contain subqueries,

(2) the only references to valid time in the query are of the form VTIME(v) where
v is one of the range variables Ry, ..., R,,, where R;’s range over base ATSQL
relations.
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We will subsequently relax these assumptions. For ATSQL queries obeying the
above restrictions the mapping is defined in the following steps:

(1) We define a set of special points to contain all the time points explicitly refer-
enced by the query (essentially the endpoints of valid periods for all relations in
the FROM clause and their immediate predecessors/successors). These points are
ordered linearly along the time line consistently with the WHERE clause a—we
try all such linear orders one by one.

(2) Each of the above linear orderings divides the time line into isolated points and
(open) periods, each of which corresponds to a set of time points that make a
local characteristic formula written in FOTL true over a given database.

(3) Similarly, the timestamp for the result of the ATSQL query is represented by a
disjunction of global characteristic formulas (again one for each of the partitions
of the time line defined above).

In the rest of this section we develop this idea formally and show how it can be
extended to a more general class of queries. For a query ) define the set Sg of
special points of Q) to be

Sg={Ry,...,R,,Rf,...,RL, Ry —1,...., Ry, — 1,RF +1,...,R} + 1} U{—o00, +0c0}.

Also, for every range variable v of @, define I(v) as the literal 7(Z) where r is the
relation symbol of v and Z is a vector of unique (logical) variables of length equal
to the arity of r. In this way, a unique logical variable is also assigned to every
attribute of v.

Now every temporal predicate in a (or its negation) can also be written as a
disjunction of atomic order predicates relating some of the special points in Sgq.
Therefore, there is one or more (but finitely many) strict linear orderings of S¢ that
are consistent with o and the “natural” order of the special points, i.e., B, —1 <
R; < R} < Rf +1. (In such orderings some of the special points may coincide.)
For every such ordering W we will construct a FOTL formula -y that encodes
it. For every special point p € {—o00,+0o0} in W we determine the set of atomic
formulas T'(p) that are true in W:

Tp) ={l(v):v" <p<vT}u{~l(w):p=v- —1Vp=vT+1}.

For the —oo and oo special points the local characteristic formula is defined analo-
gously as

T(—o00) ={l(v) : v~ = —0o0} and T(c0) = {I(v) : vt = o0}

as these two points are always the first and last ones, respectively, in any consistent
linear order. Similarly, for every open period i = (p1,p2) where p; and po are
special points and ¢ does not contain any other special points of W we determine
the set of atomic formulas 7'(7) true in W,

T@)={l(v):iC (v ,v")}.
We now define the local characteristic formula ®, of a special point p in W as

o, = [\ 4

A€T(p)
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and the local characteristic formula ®; of an open period ¢ in W as

P; = /\ A.

AET (i)

An empty set T'(p) or T'(i) corresponds naturally to the local characteristic formula
true. Now consider a pair of consecutive special points in W. They may correspond
to consecutive time points, e.g., v~ and v~ +1, or not, e.g., v~ and v. We will call
the first the point-point case. In the second case we also have to consider the open
period between those two points and have two cases: point-period and period-point.

The SET VALID clause of the query @ specifies a closed period ig = [g1, ¢2] where
both endpoints are special points in W. This period consists of a number of special
points and open periods between those points. We construct global characteristic
formulas ¥, for each special point in iy and ¥, for each (open) period in ip. Such
formulas encode the ordering W and the position of the point (resp. period) in
this ordering. A formula V¥, is defined as the conjunction \Ilﬁ A \I/f where \115
encodes the past of p in W and \Ilf encodes the future of p in W (for periods this
is defined similarly). The global characteristic formulas \Ilﬁ and UF are defined
inductively with respect to the predecessor relation induced by the chosen linear
order as follows:

UL =d_  AMD_,

\Ilﬁ =®, A .\Ilﬁ, if p’ is the predecessor of p (point-point), or
Wl =d, A (.\Ifﬁ, vV @UL) if i = (p/,p) is the predecessor of p (period-point), and
Ul = ®; since W) if p is the predecessor of i = (p, p’) (point-period).

The predecessor relation is defined by the chosen linear order of special points W.
In the cases where two special points are equal in the order, we handle them as a
single point (and chose one of the names as a representative). The formulas \Ilf
(resp. Wf) are symmetric to ¥ (resp. ¥}) with O used instead of @ and until
instead of since. To get the formula ~yy we take the disjunction of all the global
characteristic formulas corresponding to the points and periods in iy.

Finally, the FOTL query ¢¢g corresponding to the ATSQL query @ is obtained
as the disjunction of all the formulas vy, over all linear orders W of Sg that are
consistent with a.

4.1 Lifting the Restrictions

We will now show how the reverse translation can be extended from the restricted
ATSQL queries to all pure local ones.

Nontemporal conditions. Every condition ai6as is translated as x10xo where x;
(resp. x2) is the variable corresponding to the attribute a; (resp. a2). A condition
a10c is translated similarly.

Nested subqueries. The FROM subqueries (); are translated to FOTL formulas ¢g, .
These formulas are then used to form the local characteristic formulas ® in the
same way base relations are used. This is possible as the results of these queries
must be coalesced valid-time ATSQL relations (views). Finally, a UNION appearing
as a subquery in the FROM clause is translated as a disjunction and EXCEPT as “and
not”.
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Subqueries in the WHERE clause are transformed to subqueries in the FROM clause
using the standard SQL equivalences: EXISTS and IN to a coalesced FROM subquery,
NOT EXISTS and NOT IN to a set difference nested in the FROM clause. Note that as
the original query is local, this transformation yields coalesced valid-time subqueries
in the FROM clause and thus the result is an equivalent local query. Also, in the
cases of EXISTS and NOT EXISTS, the generated subquery timestamps are trivial
([0, 00]) and lead to further possibilities of simplification.

Temporal constants and expressions. 'To handle a temporal constant ¢ we need to
introduce a constant 0-ary relation r. and treat this relation as if it were part of
every FROM clause. Clearly, . = r}. (It is enough to have just one constant rela-
tion, e.g., ZERQ, and define the remaining ones using @ or O.) For every occurrence
of a temporal expression VTIME(v) + k we need to add the points

VTIME(v) +1,...,VIIME(v) + k, VTIME(v) 4+ k + 1

to the set of special points of the query. Similarly for VTIME(v) — k. It is easy
to see that every pure local ATSQL query can be rewritten to a query in which
all the temporal expressions are either constants or of the form VTIME(v) + k. In
particular, the occurrences of FIRST/LAST can be eliminated by splitting the query.

Assume now that the WHERE clause of a pure local ATSQL query @ is a conjunction
of temporal predicates, nontemporal conditions and conditions with subqueries.
The formula ¢g is a conjunction of the formulas obtained by translating each of
those separately and conjoining the result with [(v) for every range variable v in the
query (using a consistent naming of variables that correspond to relation attributes).
A SELECT list with attributes A1, ..., A, is translated into an existential quantifier
prefix consisting of all the variables corresponding to the attributes that are not
among Aj, ..., A, but come from the range variables of Q.

Sequenced queries. Pure sequenced queries do not contain temporal predicates,
except in subqueries. Therefore the main query is translated as in the standard
translation of SQL into relational calculus. Temporal subqueries are translated as
nested subqueries of nonsequenced queries (see above).

THEOREM 4.4. For every pure local ATSQL query Q, there is a temporal logic
formula Bg such that for every ATSQL database D, a tuple a timestamped by an
period i belongs to the answer of Q over D iff ||D||,v,t |= Bg for every time point t
in i (where ||D|| is the abstract temporal database corresponding to D and v is the
valuation that maps the free variables of Bg to a).

EXAMPLE 4.5. Assume that a relation A has two attributes, x and y, and a
relation B one attribute, z. Consider the following (pure local) ATSQL query.

( NSEQ VT
SET VT VTIME(b)
SELECT *
FROM A(VT) AS a, B(VT) AS b
WHERE VTIME(a) CONTAINS VTIME(b)
AND a.x=b.z
) (VD)
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We extend the notation for denoting the endpoints of periods to tuple variables as
follows: x~ denotes BEGIN (VTIME (x)) and x* denotes END (VTIME(x)). The WHERE
clause of the above query generates the following partial order of endpoints:

a~ <b~  AbT <aT.
The following points are special:
a- —1l,a”,a",at+1,b- —1,b7,b",bT + 1.
Consider now all linear orders of special points that are consistent with the above
partial order, for example, the linear order Oy :
—co<a —l<a <b —1<b <a'=bT<at+1=b"+1<+oc.

The local characteristic formulas ®, and ®; corresponding to this order are as
follows:

P_o = D= true

D,-_1=-A(z,y) D(_ooa-—1)= true
(I)a* = A(aja y) q)(a*,bffl)z A(Ia y)
Oy _1= A(z,y) AN -B(2) (I)(b*,bJr)E A(z,y) N B(z)
Dp- =Pyt = P,+= A(z,y) A B(2) D (pt 41, 400)= LTUE

Qi1 = Pov 1= Az, y) A B(2)

The global characteristic formulas have to describe the final timestamp, in our case
the period [b~,b%]. This period consists of, in the chosen order Oy, three items: the
two isolated special points b~ and b and the open period (b~,b™). The character-
istic formulas corresponding to this order are as follows (going from left to right in
the order and simplifying trivial cases):

VE =0 . = true
\IIL, = Az, y)
\I/L = A(w, y) /\.ﬁA(x Y)
\II(L b-—1)= Alz,y) since vl
\Pf, 1= A(z,y) N—B(z ) (@l \/.\I/(L,b,il))
WL = Az, ) A <>Aowk1
\Ilé b= = (A(z,y) A B(z)) since WL

‘II§+—A(9373J)/\B( ) A (.\I’L \/.‘Ij(Lb b+))

In a similar way, going from right to left, \IIR \Il(b b)) and \Ilb+ are obtained. All
together (WX AU \/\II(Lb,Jﬁ)/\\llg),’bﬂ\/\llb+ AWE ) conjoined with the nontemporal
condition x = z characterizes the result of the original query in the ordering O1. To
obtain the final formula we form a disjunction of formulas constructed analogously
for all linear orders of special points that are consistent with the partial order of

endpoints generated by the query.

The translation from temporal logic to ATSQL presented in the previous section
produces pure local ATSQL queries. Thus:

COROLLARY 4.6. Temporal logic and pure local ATSQL have the same expressive
power as query languages.
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The following is a natural next question to ask: Is there a logical query language
equivalent to full ATSQL? The lack of aggregate functions in temporal logic can be
remedied by a syntactic extension of the language, along the lines of one proposed
for relational calculus [Klug 1982]. The other requirements from Definition 4.1 are
more fundamental. Relaxing them calls for a temporal logic that is not point- but
period-based.

The restriction to local queries is also critical. Pure ATSQL has the same ex-
pressive power as two-sorted first-order logic in which there is a separate sort for
time. It has been recently shown [Abiteboul et al. 1999; Toman and Niwinski 1996]
that temporal logic is strictly less expressive than the above two-sorted logic. Thus,
there cannot be a translation from ATSQL to temporal logic that works for all pure
queries.

5. RELATED WORK

Despite extensive studies of theoretical properties of temporal logic and other logic-
based temporal query languages [Gabbay and McBrien 1991; Clifford et al. 1994;
Abiteboul et al. 1999; Toman and Niwinski 1996], there has been surprisingly little
work on implementations of these languages. Often the main reason for disregarding
temporal logic (and the derived query languages) was the assumption that queries
in these languages can only be be evaluated over an explicitly constructed snapshot
temporal databases. Indeed, some of the early works have pursues such an approach
[Tuzhilin and Clifford 1990]. which results in exponenential space blow-up (in the
number of bits) for finite databases. Moreover, this approach completely fails for
infinite (but finitary) temporal databases. Our approach avoids the above problems
while preserving the declarative nature of temporal logic. We note that similar
properties are enjoyed by some other translation-based approaches, e.g., [Toman
1997; Toman 1998]).

Our translation converts safe-range temporal logic formulas to ATSQL. While
conveniently using ATSQL’s sequenced queries to translate the nontemporal parts
of the queries, the translation could have used any other well-behaved temporal
query language as its target. The requirements the target temporal query language
must satisfy are very modest: It has to operate over temporal databases based on
a single distinguished temporal attribute ranging over periods and it has to enforce
coalescing. The majority of temporal data models and languages satisfy these re-
quirements. The sequenced queries needed for the translation of temporal logic can
be simulated in a first-order complete temporal query language with temporal at-
tributes ranging over periods [Toman 1996; Toman 1997]. Therefore temporal logic
can serve as a convenient tool for interoperability of temporal databases represented
using one of these models (until a single standard emerges).

A more general translation from two-sorted first-order logic to ATSQL, which is of
clear practical interest, is considerably more complicated than the translation from
temporal logic to ATSQL given in the present paper. In [Toman 1996] a translation
from a point-based two-sorted first-order logic to a period-based temporal query
language was proposed. This approach was subsequently extended to a SQL-based
temporal query language SQL/TP [Toman 1997; Toman 1998]. This translation
could serve as a translation from two-sorted first-order logic to ATSQL. There are
two subtle points about this translation:
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—It generates non-local ATSQL queries. Indeed, the results [Abiteboul et al. 1999;
Toman and Niwinski 1996] show that there cannot be a translation of the two-
sorted first-order logic to local ATSQL queries (and views).

—1In general the generated query may be exponential in the size of the input query.?
[Toman 1997] defined a syntactic criterion that guarantees only polynomial (lin-
ear) increase in size for a subclass of the two-sorted first-order logic queries.
Moreover, this subclass contains the first-order temporal logic.

The reverse translation, while of little practical use, provides the desperately needed
insight into how the various practical query languages for temporal databases com-
pare in expressive power. It allows us to classify temporal extensions of SQL (and
related languages) that are essentially equivalent to temporal logic (with since and
until connectives).® The notion of locality (the restriction to a single temporal
context in any subquery) plays a major role in this classification:

Languages equivalent to temporal logic: TQuel [Snodgrass 1987] and its corre-
sponding temporal algebra [McKenzie and Snodgrass 1991], HSQL [Sarda 1993],
temporal algebra [Widom and Yang 1998] used for temporal data warehousing,
TL [Clifford et al. 1994], T A [Clifford et al. 1994].

Languages whose fragments are equivalent to two-sorted first-order logic (and thus
strictly stronger than temporal logic): ATSQL [Bohlen and Jensen 1996; Bohlen
et al. 2001] and SQL/Temporal [Snodgrass et al. 1996] (using explicit coercion of
temporal attributes to data attributes and vice versa), IXRM [Lorentzos 1993]
(description incomplete), SQL/TP [Toman 1997; Toman 1998], T'C [Clifford
et al. 1994].

The so-called “grouped” languages [Clifford et al. 1994] fall, strictly speaking, out-
side this classification, since they use set-valued variables and therefore should be
treated as second-order (like the query languages for complex object databases
[Abiteboul et al. 1995]). The discussion of those languages is beyond the scope of
the present paper.

An important consequence of the above classification is that only the first group
of languages can be implemented by a temporal relational algebra over the universe
of temporal relations (with a single distinguished valid-time attribute) [Toman and
Niwinski 1996]. All the languages in the second group require relations with multi-
ple temporal attributes to store intermediate results during bottom-up query eval-
uation. Moreover, there is no upper bound on the number of temporal attributes
needed even if the top-level query is boolean. For a more comprehensive discussion
of the above issues see [Chomicki and Toman 1998; Toman 1998].

6. SUMMARY

We have established an exact correspondence between temporal logic and a syntac-
tically defined subset of ATSQL. The translation from temporal logic to ATSQL
allows the efficient implementation of temporal logic queries within a temporal
database management system supporting ATSQL.

5However, this may happen even in the translation from relational calculus to algebra, [Abiteboul
et al. 1995].
6More precisely, their first-order fragments are equivalent to FOTL.
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Future work includes both theoretical and practical issues:

—On the theoretical side we explore extensions to temporal logic that capture
various features of ATSQL missing in standard linear-time temporal logic. This
includes handling duplicate semantics and aggregation. Another extension of the
proposed approach is connected with dense models of time. This would require
first extending ATSQL to such a domain, including support for half-open and
open periods, and then extending the mapping introduced here. In addition, as
pointed out in Section 4, the translations assume a point-based temporal model—
this requirement translates to requiring coalesced ATSQL relations. Relaxing this
requirement on the ATSQL side requires an period-based temporal data model
and in turn would require an period-based temporal logic. Another extension is
needed due to ATSQL’s capability to handle both valid and transaction time.
Handling two independent temporal dimensions in temporal logic is possible.
However, it is not clear how such a logic can be translated to ATSQL to seamlessly
operate over the bitemporal data model of ATSQL.

—An entirely different set of problems appears if the translated query language is
not temporal logic but rather one of the deductive or fixpoint temporal query
languages [Baudinet et al. 1993; Abiteboul et al. 1999]. Then ATSQL is no longer
sufficient as the target query language but has to be extended with fixpoints or
recursion. No such extension exists at this time.

—On the practical side the translation from temporal logic to ATSQL can serve
as a declarative front end to a temporal DBMS based on ATSQL (or, as pointed
out in Section 5, any other temporal extension of SQL that meets very mild
requirements). In addition the translations of the since and until connectives
may lead to extending the usual set operations in sequenced ATSQL (such as
UNION or EXCEPT that operate on individual snapshots of the temporal database)
with their temporal counterparts SINCE and UNTIL that would allow the users
to relate different snapshots of the database without the need to use the (vastly
more complex) nonsequenced ATSQL semantics.

An additional, more general topic of interest is the issue of eliminating unnecessary
coalescing operators from temporal queries. Lemma 3.22 describes cases where
coalescing can safely be removed in the presence of temporal connectives. However,
the more general question of sufficient and/or necessary conditions for removal of
coalescing operators in ATSQL queries remains open.
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