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ABSTRACT

Suppose one wishes to construct, use, and maintain a database of facts about
the real world, even though the state of that world is only partially known. In
the artificial intelligence domain, this problem arises when an agent has a base
set of beliefs that reflect partial knowledge about the world, and then tries to
incorporate new, possibly contradictory knowledge into this set of beliefs. In
the database domain, one facet of this situation is the well-known null values
problem. We choose to represent such a database as a logical theory, and view
the models of the theory as representing possible states of the world that are
consistent with all known information.

How can new information be incorporated into the database? For example,
given the new information that “b or cis true,” how can one get rid of all outdated
information about b and ¢, add the new information, and yet in the process
not disturb any other information in the database? In current-day database
management systems, the difficult and tedious burden of determining exactly
what to add and remove from the database is placed on the user.

Our research has produced a formal method of specifying the desired change
intensionally, by stating a well-formed formula that the state of the world is now
known to satisfy. The database update algorithms we provide will automatically
accomplish that change. Qur approach embeds the incomplete database and the
incoming information in the language of mathematical logic, and gives formal
definitions of the semantics of our update operators, along with proofs of correct-
ness for their associated algorithms. We assess the computational complexity of
the algorithms, and propose a means of lazy evaluation to avoid undesirable ex-
pense during execution of updates. We also examine means of enforcing integrity
constraints as the database is updated.

This thesis also examines the question of choices of semantics for update
operators for databases with incomplete information, and proposes a framework
for evaluation of competing choices of semantics. Several choices of semantics are
evaluated with respect to that framework.

A experimental implementation of our method has been constructed, and we
include the results of test runs on a range of patterns of queries and updates.
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Chapter 1: Introduction

How can new facts be added to a body of knowledge when the new
facts may contradict preexisting information?

In the course of investigating this question, this dissertation gives partial
answers to nagging questions in practical database work; in database theory and
logical databases; and in artificial intelligence, particularly belief revision. In
this introductory chapter we motivate the research from the perspectives of these
three groups of readers, and conclude with a guide to the remainder of the thesis.

The majority of this thesis was written with a particular audience in mind:
those who are comfortable with first—order logic and have a passing acquaintance
with database updates. Tactical suggestions are offered below for readers with
other backgrounds and interests.

From a traditional database perspective. A database management system
faces two central tasks: evaluation of incoming queries and, quite separately,
processing of incoming updates.

Much attention has been paid to the problem of answering queries in data-
bases containing null values, or attribute values that are known to lie in a certain
domain but whose value is currently unknown (see e.g. [Codd 79, Imielinski 84,
Reiter 84, Vassiliou 79, Zaniolo 82]). There has been very little research on up-
dating such databases, although, as one group of researchers aptly points out
[Abiteboul 85], answering queries in databases containing nulls presupposes the
ability to enter incomplete information into the database and, with any luck, to
remove uncertainties when more information becomes available. Such a capability
is needed not only in the case where the user directly requests the incorporation
of uncertain values into the database, but also when updates indirectly spawn
incomplete information, as in updating through views [Bancilhon 81, Dayal 82,
Keller 82, 85] and in natural language updates [Davidson 81, 84].

. As an example of the difficulties posed by even simple updates, suppose
that we have the following two relations, containing one null value.

EMPLOYEE DEPT SALARY

Reid ? 30,000
Nilsson CSD 40,000
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MANAGER DEPT
Nilsson CSD

Suppose that the database user wishes to give all the the computer scientists a
raise. Here is an expression of that update in a generic database manipulation
language:

RANGE OF t IS EmpDeptSal

MODIFY t.SALARY TO BE t.SALARY*1.1
WHERE t.DEPT = ComputerScience

What happens to Reid’s salary? How can we express the fact that Reid’s salary
depends on an unknown value in another field of the tuple, and how can that
relationship be determined automatically?

Matters get more complicated if instead the user wishes to give Reid’s
boss a raise:

RANGE OF t IS EmpDeptSal
RANGE OF t2 IS EmpDeptSal
RANGE OF s IS ManDept

MODIFY t.SALARY TO BE t.SALARY*1.1
WHERE t2.EMP = Reid AND t2.DEPT = s.DEPT
AND s.MANAGER = t.EMP

What happens to Nilsson'’s salary? How can we express the fact that his salary
depends upon an unknown value in a different relation, and how can that fact be
derived automatically?

Unfortunately, although it is syntactically simple to allow null values in
relational tables and update requests, any reasonable semantics for these updates
will lead to result relations that cannot be stored as simple tables. Even with
tight restrictions on the appearance of nulls, one quickly leaves the realm of the
relational model, as in the example above. Our advice to a database management
system designer operating under tight bounds of performance: don’t try to treat
a null value as anything more than an element in an ordinary domain with a few
extra primitive operations, such as ISNULL(); otherwise naive users will drive
processing costs up with their ill-advised updates, and will lay the blame on the
wrong party.

For readers oriented toward practical database technology, the recom-
mended route through this thesis is a quick trip through Chapter 3 followed
by a tour of Chapter 9, the discussion of implementation.
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From a logical databases perspective. Matters are less bleak if one is
willing to cast aside the traditional relational restriction of databases to tables
and instead view databases as simple, restricted theories in first~order logic with
equality. This is the viewpoint adopted in this thesis, and readers who share this
perspective should find themselves at home.

We use an extension of the logic framework set forth by Reiter [84, 84b]
for the null value and disjunctive information problems. (Disjunctive information
occurs when one knows that one or more of a set of tuples holds true, without
knowing which one.) Given a relational database, Reiter shows how to construct
a relational theory whose model corresponds to the world represented by the
database, and extends this framework to allow disjunctive information and null
values to appear in the relational theory. The use of an extension of Reiter’s
logic framework has four advantages: it allows a clean formalization of incom-
plete information; it allows a definition of the meanings of query and update
operators without recourse to intuition or common knowledge; and it frees us
from implicit or explicit consideration of implementation issues, by not forcing
incomplete information into a tabular format. Through framing the update ques-
tion in this paradigm, we will also gain insights into the more general problem
of updating general logical theories, and lay groundwork for use in applications
beyond ordinary databases, such as Al applications using a knowledge base built
on top of base facts. We will show that in the logic paradigm it is natural to
extend the concept of database updates to encompass databases with incomplete
information.

From an artificial intelligence perspective. Suppose one wishes to con-
struct, use, and maintain a knowledge base (KB) of beliefs about the real world,
even though the facts about that world are only partially known. In the artificial
intelligence (AI) domain, this problem arises when an agent has a base set of
beliefs that reflect partial knowledge about the world, and then tries to incor-
porate new, possibly contradictory knowledge into this set of beliefs. We choose
to represent such a KB as a logical theory, and view the models of the theory
as representing possible states of the world that are consistent with the agent’s
beliefs.

How can new information be incorporated into the KB? For example, given
the new information that “b or c is true,” how can one get rid of all outdated
information about b and c, add the new information, and yet in the process not
disturb any other information in the KB? The burden may be placed on the
user or other omniscient authority to determine exactly what to add and remove
from the KB. But what’s really needed is a way to specify the desired change
intensionally, by stating some well-formed formula that the state of the world is
now known to satisfy and letting the KB algorithms automatically accomplish
that change. We investigate this problem for the simplest type of belief revision,
that of bodies of ground beliefs with particularly simple axioms. In contrast,
most work on belief revision by Al researchers focuses on the mechanisms for
handling inference through axioms correctly (see e.g. [Doyle 79, McCarthy 80}).

3




The results of most interest to Al readers are collected in Winslett [86c].
In particular, the effect of removing the closed-world assumption [Lifschitz 85,
Reiter 80] used in this dissertation is investigated there. Syntax, semantics,
algorithms, and proofs of correctness are all presented for an open—~world scenario.
In addition, the long version of Winslett [86c] includes a more complete discussion
of the enforcement of dependency axioms than is presented here. The Al-oriented
reader will find Winslett [86c] to be the best introduction to this work, and then
can browse through the offerings of these chapters at will.

Outline of the remaining chapters. Chapter 2 surveys work done by others
that is related to the problem of updating databases with incomplete information.

The central ideas of this dissertation all appear in Chapter 3, which
presents a logical language for the update problem, syntax and semantics for up-
dates, and an algorithm for implementing the simplest types of updates. Chapter
4 extends these results to updates containing variables and quantifiers, and also
gives an update algorithm for the case where the database, exclusive of higher—
level rules and axioms, is any finite first-order theory containing quantifiers.
Proofs of correctness for the update algorithms appear in Chapter 4, along with
a discussion of computational complexity.

When null values appear in the database, updates can cause unacceptably
large growth in the database when many data tuples “unify” with one another.
Chapter 5 presents a lazy evaluation scheme coupled with simple user-supplied
cost limits, used to avoid undesirable expense during execution of updates against
databases that suffer from this unification problem. The goal of lazy evaluation
is to delay execution of too—expensive updates as long as possible in the hopes
that more information about the null values causing the expense will arrive in the
interim. The techniques proposed have a strong flavor of database concurrency
control.

There are many possible interpretations of the semantics of updates when
additional general rules regarding the permissible states of and transformations
on the database are considered along with the collection of base data. The “cor-
rect” interpretation of an update when such axioms are present depends on the
intended semantics of the axiom. The study of artificial intelligence abounds
with these phenomena; a simple example from the database arena is the choice
of action when an integrity constraint would be violated by a requested update.
Typically, a database management system either rejects the update or else makes
additional changes in the database so that the constraint is still satisfied. Incom-
plete information complicates matters by providing additional reasonable roles
for axioms that are not present in the complete-information case. These alterna-
tives are studied in Chapter 6. After a discussion of these enforcement options,
Chapter 6 shows how to provide what we call strict enforcement, for the class of
universally quantified dependency axioms. Simple dependency axioms, such as
type axioms, functional dependencies, and multi-valued dependencies, are easily
strictly enforced.

Chapters 3 and 4 establish that it is computationally feasible to implement
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updates when incomplete information is present, by presenting polynomial-time
algorithms for a particular choice of update semantics, called the standard se-
mantics. The standard semantics is by no means the only possible choice of
semantics, however. Chapter 7 is devoted to a discussion of the properties of a
number of candidate semantics for updates. A broad spectrum of possible seman-
tics is identified there, and criteria of expressiveness, suitability for the applica-
tion, comprehensibility, and computational feasibility are proposed for evaluating
potential choices of semantics. Several points along that spectrum, including the
standard semantics, are examined thoroughly with respect to those criteria. In
addition, update algorithms are presented for two semantics other than the stan-
dard semantics, to show how our algorithmic approach can be extended to other
choices of semantics.

Chapter 8 presents a series of results on update equivalence. Two updates
U, and U, are equivalent if for any database, U; applied to that database produces
the same result as does Us applied to that database. Update equivalence theorems
are useful for clarifying the properties of candidates for update semantics. They
provide one measure of comprehensibility for a particular choice of semantics:
under that semantics, do two updates that look similar have the same effect on
every database? Do updates that intuitively seem different produce different
effects? Update equivalence theorems are given for the standard semantics and
for the other semantics studied in Chapter 7. In addition, we provide several
results on update equivalence that apply to a broad class of choices of semantics.

There is much to be learned in the reduction of a theory to practice.
Clearly queries and updates will be more expensive in databases with incomplete
information; how high might that extra cost be in a typical database scenario?
Chapter 9 describes an implementation of the Update Algorithm of Chapter
4, and gives experimental results. The discussion focuses on the size of the
stored database after a long series of updates that insert, reference, and remove
incomplete information, and on the number of disk accesses required to answer
a set of queries after that series of updates.

Conclusions are presented in Chapter 10, along with topics for future work.




Chapter 2: Related Work

When this research effort began, essentially no work had been done on the
problem of updating (as opposed to querying) databases that contain incomplete
information. The notable exception is the work of Fagin et al [83, 86]. Our
work has a different motivation from that of Fagin et al, who were primarily
concerned with applications such as updates through views and updates through
integrity constraints. In such applications, one can attach importance to the
particular formulas currently in-the theory, such as view definitions or integrity
constraints; and in fact Fagin et al take the formula as the primary unit of interest
during update, producing a more syntactically oriented approach than our own.
In contrast, our semantics is not concerned with the particular formulas in the
theory being updated, but rather with the individual models of that theory. We
define the semantics of an update by telling what effect the update should have on
each model of the theory, independent of all other models. Unlike that of Fagin
et al, the effect of an update in our paradigm is independent of the choice of
formulas (other than schema and integrity constraints) used to represent that set
of models. For example, let 7; be a database containing the formula Emp(Reid,
CSD) A Emp(Nilsson, CSD), and let 7; be a database containing the two formulas
Emp(Reid, CSD) and Emp(Nilsson, CSD). Then an update U might give different
results when applied to 7; and 7; under the approach of Fagin et al. With our
model-theoretic approach, however, U will give the same results when applied to
the two databases.

One benefit of our approach is the feasibility of an efficient algorithm for
update computation; this is not possible in the framework of Fagin et al. For
example, Fagin et al define the deletion of a formula « from a first-order theory T
as, roughly speaking, the set of all maximal subtheories of 7 that do not logically
entail a. One cannot expect a polynomial-time procedure for testing whether o
follows from a first—order theory. In contrast, our update algorithms require time
linear in the size of the theory being updated.

As do Fagin et al, we identify multiple levels of formulas in a theory—
axioms and non-axioms, in our case. However, we divide our axioms into different
classes based on their intended semantics, and provide different sorts of algorith-
mic manipulations for the different classes under update. Fagin et al allow for
an arbitrary number of levels of formulas, but do not note a need for different
semantics at different levels or for certain formulas.

Our debt'to Reiter [84, 84b] for his logical formulation of closed—world
databases has already been mentioned. Reiter describes an encoding of databases
containing disjunctive information and null values as first—order theories with
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equality. His focus in this work is on algorithms for query evaluation over such
databases.

Very recently, DeKleer [85] and Reiter [85] have investigated the problem
of circuit diagnosis, formulated as the problem of updating a set of propositional
formulas. They both take a logic theory describing the correct behavior of a cir-
cuit, and consider the problem of making minimal changes in that theory in order
to make it consistent with a formula describing the circuit’s observed behavior.
This is closely allied to the problem we investigate (though circuit diagnosis does
not require the use of selection clauses in update requests). However, the changes
needed in the theory of the circuit are themselves the diagnosis of the circuit,
and must be output to the user. As it is an A"P-hard problem just to determine
whether any changes are needed at all in the circuit description (i.e., to do satis-
fiability testing and determine whether the circuit is functioning correctly), one
cannot expect to find a polynomial-time algorithm for diagnosis. In contrast, we
were particularly interested in producing polynomial-time algorithms to perform
updates. The algorithms we present in Chapter 3 and subsequent chapters could
be used for the circuit diagnosis problem only when the new “diagnosed” theory
is of interest, rather than the exact changes made to the old theory.

In other recent work, Weber [86] takes a similar position on update seman-
tics to that of DeKleer and Reiter, and provides an algorithm for implementing
his update semantics for propositional theories. Extending his algorithm to first—
order theories containing Skolem constants—that is, databases with null values—
is not straightforward, however. Again, Weber does not consider updates with
selection clauses or offer a polynomial-time algorithm for implementation.

Abiteboul and Grahne [Abiteboul 85] investigate the problem of updates
on several varieties of tables, or relations containing null values and history con-
straints other than integrity constraints. They propose a semantics similar to our
own for simple updates, and investigate the relationship between table type and
ability to represent the result of an update correctly and completely. They do
not consider updates with joins or disjunctions in selection clauses, comparisons
between attribute values, or selection clauses referencing tuples other than the
tuple being updated. Their conclusion was that only the most powerful and com-
plex version of tables was able to fully support their update operators. Abiteboul
and Grahne do not frame their investigation in the paradigm of mathematical
logic, making their work less applicable to Al needs, one important application
for this work.

In the Al realm, Levesque [84] considered the problem of updating knowl-
edge bases with his TELL operation; however, TELL could only eliminate models
from the set of models for the knowledge base, not change the internal contents
of those models. In other words, one could only TELL the knowledge base new
information that was consistent with what was already known. This is an impor-
tant and vital function, but an agent also needs to be able to make changes in
the belief set that contradict current beliefs [Harman 86). For example, the agent
should be able to change the belief that block A is on block B if, for example,
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the agent observes an arm removing A from B.

Work on belief revision as pursued by researchers in artificial intelligence
(see e.g. [Doyle 79, McCarthy 80]) typically focuses on the problem of how to
obtain correct inferences from a set of axioms and base beliefs as the set of base
beliefs itself undergoes revision. This approach assumes that a means is available
of updating the base set of beliefs, and concentrates on the extremely difficult
problem of revising derived beliefs correctly. However, we will show that when
the base set of beliefs contains incomplete information, it may be quite difficult
to see how to reflect new information in those beliefs. With the exception of
Chapter 6, which gives a simple treatment of certain types of derived beliefs, this
thesis is concerned solely with the problems of revising the base set of beliefs.

In the same vein, the interpretation of counterfactuals [Lewis 73, Gins-
berg 85] faces very similar problems to those we address in the minimal-change
semantics (Chapter 7): identification of potential states that satisfy a certain
formula and differ as little as possible from a starting state.

This work provides a theoretical underpinning for the view update problem
in database theory [Bancilhon 81, Dayal 82, Keller 82, 85]. As many researchers
have noted, updates through views such as projections can produce incomplete
information in the relations underlying the view. Given a view update policy, i.e.,
a method of translating updates expressed against views into updates on base
relations, our approach can be used to implement those updates.




Chapter 3: Syntax, Semantics, and an Update Algorithm

Incomplete information occurs when, due to insufficient knowledge about
the state of the world, there is more than one candidate database to represent
the current state of the world. In the database world, one can imagine the
user keeping a set of relational databases (even an infinite set, if one imagines
vigorously), knowing that one of these databases corresponds to the actual state
of the world, but needing more information to know which database is the correct
one.! If the user wants to apply an ordinary relational update to this set of
candidate databases, then the natural definition of the semantics of the update
is to apply the update to each candidate database individually.

Though this imaginary scenario paints a clear picture of the semantics
of ordinary updates when incomplete information is present, it is unsuitable for
direct implementation due to the prohibitive expense of storing multiple data-
bases. A more compact representation of the candidate databases is required for
the sake of efficiency. Our solution is the extended relational theory, a formal-
ization of the multiple—database scenario and an extension of Reiter’s relational
theories [Reiter 84, 84b]. Extended relational theories are sufficiently powerful to
represent in one theory any realistic't set of relational databases all having the
same schema and integrity constraints. Section 3.1 gives a formal description of
the language and structure of extended relational theories.

Ordinary relational updates are not sufficiently powerful to express all
desirable transformations on a set of candidate databases. For example, with
ordinary updates there is no way to add new candidate databases to the set, or
eliminate old candidates that are now known to be incorrect. Section 3.2 proposes
a syntax and semantics suitable for updates to extended relational theories.

Though extended relational theories solve the compact representation
problem, they raise another question: how can the effect of an update on a
set of candidate databases be translated into an algorithm that operates directly
on an extended relational theory? Section 3.3 presents the Update Algorithm for
applying updates to extended relational theories, and Section 3.4 discusses the
computational complexity of the Update Algorithm.

t Heuristic guidelines may be available that give likelihood estimates for the different
possible states of the world [Michalski 86, Nilsson 86, Zadeh 79]. How to incorporate these into
an update algorithm is an interesting open question.

Not every set of relational databases can be represented as the models of a first-order
theory. However, it is highly unlikely that any application of this work will ever run up against
that particular limitation of logic.




3.1. Extended Relational Theories

We now give a formal presentation of extended relational theories, a method of
representing multiple candidate databases in a single logic theory.

3.1.1. The Language

The language L for the theories contains the following symbols:
1. An infinite set of variables, for use in axioms.

2. An infinite set of constants. These represent the elements in the domains of
database attributes, plus additional constants for technical reasons.

3. A finite set of data predicates of arity 1 or more, representing the attributes
and relations of the database.

4. Punctuation symbols ‘(’, ‘)’, and ,’.

5. Logical connectives, quantifiers, truth values, and the equality predicate: A,
V, 7y =, &, Va 37 T"F) and = .

6. For each database predicate R (item 3 above), one history predicate Hg

of arity one greater than R. Also, a unary history predicate H. The history
predicates are present for technical reasons.

7. An infinite set of Skolem constants ¢, €, €3, €3, .... Skolem constants are the
logical formulation of null values; they represent existentially quantified variables.
For example, if a logical theory consists of the two wifs R(e,c;) and R(c;,¢€) V
R(ez, €3), then this theory has the same models as the wif 3z;3z,3z3(R(z;,¢;) A
(R(c2,71) V R(z3,3))) (see e.g. [Enderton 72]). ¢

Note that this language does not have any means of representing the null
value commonly called “inapplicable.” Inapplicable nulls do not fit into a logic
framework, as they indicate a mismatch between the possible models of theories
over a language and the real world that the models are intended to represent.
Vassiliou [79] offers a lattice-theoretic treatment of imapplicable nulls; Zaniolo
[82] offers another approach. Or, one can revamp the predicates of the lan-
guage/database to prevent the occurrence of “inapplicable” nulls, for example
along the lines of the structural model [Wiederhold 83]. Or, for the reader in-
terested in working out the details of such a scheme, conventional wisdom has
it that inapplicable nulls are computationally quite tractable to handle in tradi-
tional database queries and updates; it is said that one does not need to resort
to logic or another sophisticated framework in order to describe the effect of a
series of updates on a database containing inapplicable nulls.

We now present some terminology used in the remainder of this work.

Atomic formulas are well-formed formulas (wffs) without logical connec-
tives. We consider Skolem constants to be functions; hence Skolem constants
may occur in atomic formulas. For the purposes of this chapter, atoms are atomic
formulas without variables as arguments. Atoms without Skolem constants are
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called null-free. Datoms (pronounced “datums”) are atoms over data predi-
cates. For example, R(¢) and R(c) are datoms; R(z), Hr(c), and e=c are not
datoms. The name “datom” is intended to invoke the image of a datum, i.e., a
bit of data, and indeed, datoms will be the building blocks of our incomplete-
information databases; and also to invoke thoughts of atoms, i.e., the atomic
formulas of first-order logic, and indeed, datoms have a logical nature as well.

Definitions. ¢ is a substitution if o defines a syntactic replacement of
distinct Skolem constants and/or variables by constants and Skolem constants.
In traditional form a substitution o applied to a wif a is written, for example,
as (@)&l. 5, or more concisely as (a),. The wff form of o is the wif ey=c;A ---
A €n=cn. The wif form of the identity substitution (i.e., where no substitutions
are specified) is the truth value T. If ¢; through ¢, are all constants, then o is a
constant substitution. All substitutions are assumed to be nonredundant, i.e., if
€; is replaced by c;, then ¢; is not later itself replacedin 0. ¢

In the discussions that follow, o will be assumed to be in wff form whenever
that follows logically from the context; for example, assume ¢ is in wff form when
it is a subformula of aAo. '

On occasion we will speak of a more exotic type of syntactic replacement,

that of one datom for another. For example, (a)fl(:z ¢, calls for the replacement

of all occurrences of R(c) in a by the history atom Hg(c,d). A datom substitution
has no wif form. Datom substitutions will be so designated explicitly in the text.

3.1.2. Extended Relational Theories

Extended relational theories, an extension of Reiter’s relational theories [Reiter
84], encode the semantics of databases with incomplete information. A theory 7
over L is an extended relational theory if T has exactly the following wifs:

1. Body: The body of T may be any finite set of wifs of £ without variables.

For example, the body might be the wif ~(R(c)AR(ey)).

In ordinary relational databases, the convention is that all atoms not ex-
plicitly mentioned in the database are false; that is, the database contains only
those atoms that are known to be true [Clark 78, Lifschitz 85, Reiter 80}. -An
analogue of this closed-world assumption is needed for extended relational theo-
ries, as otherwise 7 might have models in which, for example, an infinite number
of datoms were true. An appropriate closed-world assumption is that 7 must
include axioms stating that the only datoms that may be true in a model of T
are those that unify! with subformulas of 7. This means that a datom not uni-
fying with any datom of 7 should be false in all models of 7. The closed-world
assumption is codified in the completion axiom section of 7.

t In this formulation, two atoms f and g unify if there exists a substitution o for the
Skolem constants and variables of f and g under which f and g are syntactically identical. If
atoms f and g unify with one another under substitutions ¢; and o3, then o, is more general
than oo if there exists a substitution g3 such that ((f)o, )es i (f)e, -
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2. Completion Axioms: T contains one completion axiom for each n-ary data
predicate R of 7. If no atom over R is a subformula of the body of T, then
T contains the completion axiom Vz; -+ -Vz,=R(z1,...,Zs). Otherwise, T
contains the axiom

Ver .. Vea(R(z1,e . za) = \/ o),
€S

where S is the set of all most general substitutions ¢ such that some atom
in the body of T unifies with R(z;,...,2,) undero. ¢

Note that the completion axioms of T may be derived mechanically from
the rest of 7. For example, Vz(R(z) — (z=c V z=¢,)) is a completion axiom for
the example body given earlier. We say that R(cy,...,cn) is represented in the
axiom if (z; = ¢;) A... A(Zn = cn) is a disjunct of the completion axiom.

A model M of T is a standard model if in addition to all the formulas in
T, M satisfies the unique name axioms ¢; # ¢ for each pair of distinct constants
c1,¢2 in L. In this work, all models under discussion are assumed to be standard
models; so, for example, a wff a is satisfiable iff it is satisfied by some standard
model.

Each standard model includes a mapping from the constants and Skolem
constants of £ to elements in the universe of M. The effect of this mapping on
Skolem constants will often be of particular interest, and to allow easy reference
to this information, we will now define a set of special wffs associated with M, its
Skolem constant substitutions. Let £’ be an extension of £, created as follows:
for each Skolem constant € of £ that maps to an element ¢ in M that is not
named by any constant of £, add an additional constant to £' and map it to ¢ in
M. Then the Skolem constant substitution o of M with respect to a finite set of
wifs S is a substitution of constants of £’ for all the Skolem constants of S, such
that the wif o is true in M. Note that if M is a model of 7, then M is also a
model of (T),.

In an implementation of extended relational theories, one would not actu-
ally store the unique name or completion axioms. Rather, the axioms formalize
our intuitions about the behavior of a query and update processor operating on
the body of the extended relational theory. For example, PROLOG is a query pro-
cessor that shares our unique name axioms, but has an entirely different closed-
world assumption.

Another possible type of completion axiom, the domain completion axiom
[Reiter 84], has not been included in the definition of extended relational theories.
The domain completion axiom takes the form Vz((z = ¢;) V ---V (z = ¢pn)),
implying that there are a finite number of elements in the universe, and they are
all known and named by constants or Skolem constants in £. This completion
axiom can be maintained during updates by using the same techniques as for the
other completion axioms. The universe completion axiom will be discussed in
more detail in Chapter 6.
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Recall that some predicates are present in £ merely for technical reasons:
the history predicates. Therefore the models of 7T give truth valuations for all
history predicate atoms, even though history predicates are not of interest to
users. For that reason we define the alternative worlds of T, written Worlds(7),
as the objects produced by reducing Models(7) (i.e., the models of T) to data
predicates. A model M represents an alternative world A if removing the truth
valuation information in M for history predicates produces A. World(M) is the
alternative world represented by M; Worlds(S), for S a set of models, is [J y e
World(M). :

Intuitively, an alternative world is a snapshot of the tuples of a complete-
information relational database. The alternative worlds of an extended relational
theory look like a set of ordinary relational databases all having the same schema
and axioms.

With the inclusion of history predicates in £, we depart from Reiter’s
paradigm. Because these predicates are “invisible” in alternative worlds, there
may not be a one-to—one correspondence between the models of a relational
theory and its alternative worlds, as two models may give the same truth val-
uations to all null-free datoms but differ on some null-free history atoms, and
still represent the same alternative world. Alternative worlds contain just the
information that would be of interest to a database user, while models may be
cluttered with history atoms of no external interest. The history predicates do
not actually extend the expressive power of £; the proof of Theorem 7-1 will show
that, with a few minor restrictions, given any extended relational theory 7 there

exists an extended relational theory 7' not containing history predicates, such
that Worlds(7') = Worlds(7").

3.2. A Language for Updates

As mentioned in the introduction to this chapter, traditional relational update
languages are not sufficiently powerful for use when incomplete information is
present. The traditional languages also lack sufficiently formal semantics for a
rigorous examination of the properties of these languages. This section presents
a data manipulation language that remedies these two deficiencies. Appropri-
ate subsets of traditional update languages, such as those of SQL and INGRES
without aggregation, may be embedded in this language. In this chapter, only
updates without variables will be considered; Chapter 4 extends this approach
to updates with variables. ‘ '

3.2.1. Update Syntax
Let ¢ and w be formulas over £ without history predicates or variables. Then an
update takes the form INSERT w WHERE ¢.

The reader may wonder what has happened to the traditional relational
data manipulation operations of MODIFY and DELETE. Under the semantics pre-
sented below, any DELETE or MODIFY request can be phrased as an INSERT re-
quest, using negation. To simplify the presentation, DELETE and MODIFY are
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omitted right from the start; details of the mapping will be presented at the end
of Section 3.2.2.

Examples. Suppose the database schema has two relations, Mgr (Manager,
Department) and Emp(Employee, Department). Then the following are up-
dates, with their approximate intended semantics offered in italics:

INSERT Emp(Reid,e) A (e=CSD V e=EE) WHERE —Mgr(Nilsson,CSL). In al-
ternative worlds where Nilsson doesn’t manage CSL, insert the fact that Reid
is in one of CSD and EE.

INSERT —Emp(Reid,e) WHERE —Mgr(Nilsson,e) A Emp(Reid,e). For some de-
partment Nilsson does not manage, delete the fact that Reid is in that depart-
ment.

INSERT F WHERE —Emp(Reid,CSL). Eliminate all alternative worlds where Reid
isn’t in CSL.

INSERT -Emp(Reid,CSL) A Emp(Reid,e) WHERE Emp(Reid,CSL). In any alter-
native worlds where Reid was in CSL, reduce that belief to just believing that he
is in some department.

INSERT -Emp(Reid,e) WHERE T. Insert the fact that Reid is not a member of
every department.

3.2.2. Update Semantics

We define the semantics of an update operating on an extended relational theory
T by its desired effect on the models of 7. In particular, the alternative worlds of
the updated relational theory must be the same as those obtained by applying the
update separately to each original alternative world. In database terms, this may
be rephrased as follows: The database with incomplete information represents a
(possibly infinite) set of alternative worlds, or complete-information relational
databases, each different and each one possibly the real, unknown world. The
correct result of an update is that obtained by storing a separate database for
each alternative world and running the update in parallel on each separate data-
base. A necessary and sufficient guarantee of correctness for any more efficient
and practical method of update processing is that it produce the same results
for updates as the parallel computation method. Equivalently, we require that
the diagram below be commutative: both paths from upper-left-hand corner to
lower-right-hand corner must produce the same result.

has alternative world A
J update

‘A’

T

update

has alternative world
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The general criteria guiding our choice of semantics are, first, that the
semantics agree with traditional semantics in the case where the update request
is to insert or delete a single atom, or to modify one atom to be another. Second,
an update cannot directly change the truth valuations of any atoms except those
that unify with atoms of w. For example, the update INSERT Emp(Reid, CSD)
WHERE T cannot change the department of any employee but Reid, and cannot
change the truth valuation of formulas such as Mgr(Nilsson, CSD).

Two more important criteria are that the new information in w is to rep-
resent the most exact and most recent state of knowledge obtainable about the
atoms that the update inserts; and the update is to override all previous infor-
mation about these atoms. These two criteria have a syntactic component: one
should not necessarily expect two updates with logically equivalent ws to pro-
duce the same results. For example, the update INSERT T WBERE T is different
from INSERT Emp(Reid, CSD)V-Emp(Reid, CSD) WHERE T; one update reports
no change in the information available about Reid’s department, and the other
reports that whether Reid is in CSD is now unknown.

For a formal definition of semantics that meets the criteria outlined in
this section, let U be a null-free update and let M be a model of an extended
relational theory 7. Then U(M) contains just M if ¢ is false in M. Otherwise,
U(M) contains every model M’ with the same universe and mappings as M,
such that

(1) M’ agrees with M on the truth valuations of all null-free atoms except
possibly those in w; and

(2) wis truein M'.  $

Example. If the user requests INSERT Emp(Reid, CSD) V Emp(Reid, EE)
WHERE T, then three models are created from each model M of 7: one where
Reid is in both CSD and EE, one where Reid is just in CSD, and one where Reid
is just in EE—regardless of whether Reid was in CSD or EE in M originally.

o) v

For simplicity, the semantics of U has been defined in terms of U’s effect
on the model M rather than in terms of U’s effect on the alternative world
represented by M. However, because the semantics is independent of the truth
valuations of history atoms in M, U will have the same effect (i.e., produce the
same alternative worlds) on every model representing the same alternative world
_as M.

The remarks at the beginning of this section on correctness of update
processing may be summed up in the following definition:

Definition. Given two extended relational theories 7 and 7', T' ac-
complishes the null-free update U if

Worlds(T')=  |J  Worlds(U(M)). ¢
MEModels(T)
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This semantics must be extended to cover the case where Skolem constants
occur in U. Intuitively, the essential idea is that if the user only had more infor-
mation, the user would not be requesting an update containing Skolem constants,
but rather an ordinary update without Skolem constants. Under this assump-
tion, the correct way to handle an update U with Skolem constants is to consider
all the possible null-free updates represented by U and execute each of those in
parallel, collecting the alternative worlds so produced in one large set. Then the
result of the update the user would have requested had more information been
available is guaranteed to be in that set. '

For a more formal definition, a bit of new terminology is needed. I U
is the update INSERT w WHERE ¢ and o is a substitution, then let (U)o be the
update INSERT (w), WHERE (¢),. If T is a theory or set of wifs, then let (T)s be
the theory resulting from applying o to each formula in 7.

Definition. Given two extended relational theories 7 and 7’, 7' accom-
plishes the update U if

Worlds(T") = U  Worlds((U)s(M)),
MEModels(T)

where ¢ is the Skolem constant substitution for M with respect to U. ¢

A moment’s examination of the semantics given earlier shows that this
definition simply amounts to replacing w in rules 1 and 2 by (W)e-

The advantage of this approach to null values in updates is that o asso-
ciates any Skolem constant e that occurs in both U and 7 with the same element
in M, so that the user can directly refer to entities such as “that department that
we earlier noted that Reid is in, though we didn’t know exactly which department
it was.”

Example. If Vz=R(z) is true in M and we then insert R(¢;)VR(ez) into
M, then U(M) will contain every model M’ such that just one or two null-free
atoms of R are true in M’, with truth valuations for other datoms unchanged.

o .

Under these definitions, the traditional relational operations of DELETE
and MODIFY can be phrased as INSERT requests as follows: to delete a datom ¢ in
all alternative worlds where ¢ is true, use the update INSERT —¢ WHERE ¢. For
example, INSERT ~Emp(Reid, CSL) WHERE T will “delete” the atom Emp(Reid,
CSL) from the Emp relation. To modify a datom ¢ to be a different datom w, use
the update INSERT w A =t WHERE @At. For example, to change Reid’s department
from CSL to CSD, use the update INSERT Emp(Reid, CSD)A~Emp(Reid, CSL)
WHERE Emp(Reid, CSL).
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3.3. The Update Algorithm

The semantics presented in the previous section describes the effect of an update
on the models of a theory; the semantics gives no hints whatsoever on how to
translate that effect into changes in the extended relational theory. An algorithm
for performing updates cannot proceed by generating models from the theory and
updating them directly; this is because the number of non-isomorphic models may
be exponential in the length of the theory, and it may be very difficult to find
even one model, as that is equivalent to satisfiability testing of the theory. Any
update algorithm must find a more efficient way of implementing this semantics.

The Update Algorithm proposed in this section for incorporating updates
into an extended relational theory 7 may be summarized as follows: For each
atom f in T that unifies with an atom of w, replace all occurrences of f in T by
a history atom. ' Then add a new formula to T that defines the correct truth
valuation of f when ¢ is false, and another formula to give the correct valuation
of f when ¢ is true.

Before a more formal presentation of the Update Algorithm, let us mo-
tivate its workings in a series of examples that will illustrate the problems and
principles underlying the algorithm.

3.3.1. A Simple Example

Let the body of T be —-Emp(Reid, CSL), and the new update be INSERT
Emp(Reid, CSL) WHERE T.

One’s natural instinct is to add ¢—w to T, because the update says that
w is to be true in all alternative worlds where ¢ is true now. Unfortunately, w
probably contradicts the rest of 7. For example, adding T—Emp(Reid, CSL) to
T makes T inconsistent, because 7 already contains Emp(Reid, CSL). Evidently
w may contradict parts of 7, and those parts must be removed from T; in this
case it would suffice to simply remove the formula ~-Emp(Reid, CSL).

But suppose that the body of T contains more complicated formulas:
Mgr(Nilsson, CSD)«~-Emp(Reid,CSD) and Mgr(Nilsson, CSL)~-Emp(Reid,
CSD). One cannot simply excise ~Emp(Reid, CSL) or replace it by a truth value
without changing the models for the remaining atoms of 7; but by the semantics
for updates, no datom truth valuation except that of Emp(Reid, CSL) can be
affected by the requested update.

The solution to this problem is to replace all occurrences of Emp(Reid,
CSL) in T by another atom. However, the atom used must not be part of any
alternative world, as otherwise the replacement might change that atom’s truth
valuation. This is where the special history predicates of £ come into play; we
can replace each atom of w by a history atom throughout 7, and make only -
minimal changes in the truth valuations in the alternative worlds of 7. In the

t  These history atoms are not visible externally, i.e., they may not occur in updates;
they are for internal extended relational theory use only.
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current case, Emp(Reid, CSL) is replaced by Hgum,(Reid, CSL, U), where U is a
unique ID for the current update. ' For convenience, we will write Hgnp(Reid,
CSL, U) as H(Emp(Reid, CSL), U), to avoid the subscript. This atom may look
forbidding, but it is really quite simple; read it as “Reid was in CSL at the time
of update U”. The datom substitution that replaces every datom f of w by its
history atom H(f, U) is called the history substitution and is written oy . Again,
H(f,U) should be read as “f was true at the time of update U”.

This is not the only possible means of removing the datoms of w from
T. Contradictory wffs may be ferreted out and removed without using history
predicates, by a process such as that used by Weber [86]: If f is a datom of w that
is a subformula of a wif a, then replace a by (a)f v (a)ﬁ.. Unfortunately, in the
worst case such a process will multiply the space required to store the theory by
~a factor that is exponential in the number of atoms in the update. In addition, if
a datom f of w also is a subformula of ¢, then once f is removed entirely from 7,
it may not be possible to identify the models of T where ¢ was true, i.e., where
the update is to take place. Therefore this technique is useful only for atoms
of w that do not unify with any atom of ¢. Further, this technique does not
extend well to the case where Skolem constants occur in U or T (see the proof
of Theorem 7-1). Finally, when this method is used it is expensive to specify the
correct truth valuations for the datoms of w in models where ¢ is false. As its
worst—case characteristics are less pleasant than when a history substitution is
used, this technique will not be considered further.

Now consider a slightly more complicated update U: INSERT Emp(Reid,
CSL) WHERE Mgr(Nilsson, CSL), when 7 contains just “Emp(Reid, CSL). As
just explained, the first step is to replace this body by (-Emp(Reid, CSL))s,
i.e., “H(Emp(Reid, CSL), U). Within a model M of T, this step interchanges
the truth valuations of every datom f in w and its history atom H(f,U); if ¢
was true in M initially, then (¢),5 is now true in M.

It is now possible to act on the original algorithmic intuition and add
(#)og —w to the body of T, establishing correct truth valuations for the atoms
of w in models where ¢ was true initially. In the employee example, the body of
T now contains the two formulas '
-H(Emp(Reid, CSL), U) and
Mgr(Nilsson, CSL)—Emp(Reid, CSL).

Unfortunately, the fact “if Nilsson is not the manager of CSL then Reid is
not in CSL” has been lost! The solution is to also add formulas governing truth
valuations for atoms in w when ¢ is false: Add (f «H(f,U)) V (¢)og to T for
each atom f in w. In other words, if ¢ was false in a model M when the update
began, then f has the same truth valuation in M as it did originally. Then 7
contains

t If the argument U were not present, then a similar substitution in a later update
involving Emp(Reid, CSL) would make big changes in the alternative worlds of 7 at that time.
For that reason, the U in H(f, U) should be a constant, so that H(f, U) will not unify with any
history atom used in any other update.
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~H(Emp(Reid, CSL), U),
Mgr(Nilsson, CSL)—Emp(Reid, CSL), and
(Emp(Reid, CSL)~ H(Emp(Reid,CSL), U)) V Mgr(Nilsson, CSL).

To make the new version of 7 into an extended relational theory, the
new atom Mgr(Nilsson, CSL) must be represented in the completion axiom for
Mgr. Once this is done, yet another problem remains, for this newest theory has
models in which Nilsson manages CSL, even though the completion axioms of
the original theory disallowed that. The solution is to add ~Mgr(Nilsson, CSL)
to the body of 7. This is best accomplished at the very beginning of the update
process, before the history substitution is applied. If we retroactively add this
wif, T now has the desired alternative worlds.

Reviewing the example, we see that the update process falls into two
phases. The first phase is best thought of as a preprocessing stage, where 7T is
changed by representing new atoms in its completion axioms. This phase does
not change the alternative worlds of 7. In the second phase, the alternative
worlds of T are altered, first by the use of history predicates, and then by the
addition of formulas governing the truth valuation of atoms in w.

3.3.2. An Example with Skolem Constants

The informal algorithm proposed so far does not work when Skolem constants
are present in either the theory or the update. The basic difficulty is that one
must update every atom in the theory that unifies with something in w, since
truth valuations for that atom might possibly be changed by the new update.
For example, suppose the body of T contains the formula Mgr(Nilsson, ¢), and
the new update is INSERT ~Mgr(Nilsson, CSL) WHERE T. In other words, Nilsson
was known to manage some department, and is now known not to manage CSL,
quite possibly because he has just resigned that position.! A moment’s thought
shows that quite possibly Nilsson now manages no departments (e.g., if he has
retired), and so the formula Mgr(Nilsson, €), which unifies with Mgr(Nilsson,
CSL), must be changed in some way; (eACSL)—Mgr(Nilsson, ) is the obvious
replacement. In the general case, it is necessary to replace all atoms in 7 that
unify with datoms of w by history atoms as part of the history substitution step.

Let’s examine one final example. Suppose the theory initially contains the
wif Mgr(Nilsson, CSL) and the new update takes the form INSERT Mgr(Nilsson,
¢) WHERE T, implying that Nilsson may now manage another department. In the
first phase of the update, Mgr(Nilsson, €) is to be represented to the completion
axiom for Mgr, without changing the models of 7. In earlier examples, it sufficed

t In other words, the update leaves open the possibility that the underlying state of the
world has changed. To say that Nilsson does not manage CSL, while retaining the belief that
Nilsson manages some department, the appropriate update is INSERT F WHERE Mgr(Nilsson,
CSL); this new update says that the state of the world has not changed, but that we now have
more information about its state. Although both updates talk about Nilsson’s department,
their semantics are quite different.
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to add a disjunct to Mgr and add -Mgr(Nilsson, €) to the body of 7. Unfortu-
nately, this procedure would change the alternative worlds of 7 by permanently
eliminating the possibility that ¢ is CSL:
Mgr(Nilsson, CSL),
—Mgr(Nilsson, €).
This problem arises because Mgr(Nilsson, €) already is an implicit subformulat
The solution is to add the wff Mgr(Nilsson, €)—(e=CSL) to the body of T rather
than ~Mgr(Nilsson, €), that is, to add the fact that if Nilsson already manages a
department ¢, then € must be a department already mentioned in 7 as a possible
candidate for his management.

Continuing with phase two of the suggested algorithm, a theory is pro-
duced containing the four formulas
H(Mgr(Nilsson, €), U) — (e=CSL),
H(Mgr(Nilsson, CSL), U),
T—Mgr(Nilsson, ¢€), and
(Mgr(Nilsson, €)«H(Mgr(Nilsson, €), U))v T.
Unfortunately, this theory has models where Mgr(Nilsson, CSL) is false! The
problem is that the algorithm does not yet properly take care of the alternative
worlds where € is not bound to CSL; in those worlds, Mgr(Nilsson, CSL) must
still be true, regardless of what the new information in the update may be. The

solution is to add (e#CSL)—(Mgr(Nilsson, CSL)« H(Mgr(Nilsson, CSL), U)) to

T, and in fact this new theory has the desired alternative worlds.

3.3.3. The Algorithm

The lessons of the preceding exainples may be summarized as an algorithm for
executing an update U given by INSERT w WHERE ¢ against an extended relational
theory T.

The Update Algorithm (Version I)

Input. An extended relational theory T and an update U.
Output. 7', an updated version of 7.

Procedure. A sequence of four steps:

Step 1. Maintain the closed—world assumption. To maintain the closed-
world assumption, all datoms in w and ¢ need to be represented in the completion
axioms of 7. First change the body of T to reflect the new completion axioms:
for each atom ¢ that is a subformula of w or ¢ but not of 7, let £y be the set of
the most general substitutions o such that for some datom f in T, f unifies with

t If a datom f is not a subformula of a wff a, but there is a substitution ¢ such that f
is a subformula of (a)s, then f is an implicit subformula of «. For example, R(c) and R(d) are
implicit subformulas of R(e)A(e=c). of T.
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g under 0. If Xy is the empty set, then add —¢ to the body of T; otherwise, add

the wif »
g\ o (1)
o€lo .

to the body of 7. Then for every datom g of T not represented in the completion
axioms, add a disjunct representing g to those axioms. Call the resulting theory
T'.

Example. If w contains the datom R(a, €2, €; ), and the body of 7 contains
the datoms R(e3,c,€4) and R(eq,c,c), then add R(a,€2,€61) = ((a = €3) A (€2 =
c)A(e1 =¢€))V((ea=e)A(e2 =c)A(e1 = c)) to the body of T, and add
the disjunct (z; = a) A (z2 = €2) A (23 = €) to the completion axiom for R.
Intuitively, Formula (1) says that if g is true in some model of 7, this must be
because g has unified with a preexisting atom of 7 in that model.

Step 2. Make history. For each atom f in 7' that unifies with an atom of w,
replace all occurrences of f in the body of 7' by the history atom H(f,U). In
other words, replace the body B of T’ by (B)gy.

Step 3. Define the scope of the update. Add the wif (¢),; —w to T".

Step 4. Restrict the scope of the update. For each datom f in oy, let T
be the set of all most general substitutions ¢ under which f unifies with an atom

of w. Add the wif
(f & HEUNY ($)ox A\ o) ()
o€l

to 7'. Intuitively, for f an atom that might possibly have its truth valuation
changed by update U, formula (2) says that the truth valuation of f can change
only in a model where ¢ was true originally, and further that in any model so
- created, f must be unified with an atom of w. ¢

Example. Let the body of T be the wif
-Emp(Reid, CSD)AEmp(Reid, CSL)A Mgr(Nilsson, ¢),
and the update be INSERT Emp(Reid, €) A (¢#EE) WHERE T. Then the alterna-
tive worlds of 7 initially consist of all worlds where Reid is in CSL and Nilsson
manages some one department. After the update, the alternative worlds should
be those where Reid is in CSL and Reid is in a department managed by Nilsson,
and that department is not EE.

Step 1. Add the wif Emp(Reid, €)—((e=CSD) V(e=CSL)) to the body of
T, and the corresponding disjunct to the completion axiom. Note that Step 1
does not change the alternative worlds of the theory.

Step 2. Replace Emp(Reid, CSD), Emp(Reid, CSL), and Emp(Reid, ¢)
by H(Emp(Reid, CSD), U), H(Emp(Reid, CSL), U), and H(Emp(Reid, ¢), U)
respectively. The body of 7' now contains the two wifs
-H(Emp(Reid, CSD), U) A H(Emp(Reid, CSL), U) A Mgr(Nilsson, ¢) and
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H(Emp(Reid, €), U) —((e=CSD)V(e=CSL)).
Step 3. Add the wff (4)sy; —w (i.e., T—(Emp(Reid, €)A(¢#£EE))) to the
body of 7.
Step 4. Add to 7' the three wifs
(Emp(Reid, €)->H(Emp(Reid, ¢), U)) V T,
(Emp(Reid, CSD) « H(Emp(Reid, CSD), U)) V ( e=CSD), and
(Emp(Reid, CSL) «H(Emp( Reid, CSL), U)) V ( e=CSL).
Examination of Worlds(7”) shows that 7' accomplishes U. ¢

The models of 7' produced by the Update Algorithm always represent
exactly the alternative worlds that U is defined to produce from 7

Theorem 3-1. Given an extended relational theory 7 and an update U,
the extended relational theory 7' produced by the Update Algorithm Version I
accomplishes U. ¢

In other words, Worlds(7T") ={J \semodets(r) Worlds(U(M)). Theorem 3-1
is not proven here, as it follows immediately from Theorem 4-1.

3.4. Computational Complexity of the Update Algorithm

Let the size of a wif be defined as the number of occurrences of atoms in the
wif, and let the size of an update U be the sum of the sizes of ¢ and w. Let U
be an update of size k; and let R be the maximum number of distinct datoms
of T over the same predicate. When T and U contain no Skolem constants,
the Update Algorithm will process U in time O(klog R) (the same asymptotic
cost as for ordinary database updates) and increase the size of 7 by O(k) worst
case. This is not to say that an O(k log R) implementation of updates is the best
choice; rather, it is advisable to devote extra time to heuristics for minimizing
the length of the formulas to be added to 7. Nonetheless, a worst-case time
estimate for the algorithm is informative, as it tells us how much time must be
devoted to the algorithm proper. The implementation assumptions necessary
for this estimate to be achieved are described in the chapter on implementation,
Chapter 9. Further, we assume that the schema is fixed, i.e., that the number of
predicates is a constant.

When Skolem constants occur in 7 or in U, the controlling factor in costs
is the number of atoms of 7 that unify with atoms of U. If n atoms of 7 each
unify with one atom of U, then T will grow by O(n + k). In the worst case,
every atom of 7 may unify with every atom of U, in which case after a series of
m updates, the number of occurrences of atoms in 7 may multiply by O(mk).
Theorem 3-2 summarizes these properties.

Theorem 3-2. Let 7 be an extended relational theory containing n differ-
ent datoms (not occurrences of datoms) having Skolem constants as arguments.
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Let k be a constant that is an upper bound on the size of updates. Then after a
series of m updates not containing Skolem constants is performed by the Update
Algorithm, in the worst case the size of T will increase by O(nmk). Under a
series of m updates containing Skolem constants, in the worst case the size of 7
will increase by O(nmk + m?k?). ¢

Proof of Theorem 3-2. We show the space requirements for each step
of the Update Algorithm.

Let g be a datom of U, the first of the m updates. If g already is a
subformula of 7, then nothing is added to 7 for g in Step 1. Otherwise, g is not
a subformula of 7, and the number of datoms in 7 that unify with g determines
the size of £y in Step 1. By assumption, g unifies with at most n datoms of 7. By
assumption, the predicates in £ are fixed, and hence each substitution o in L is
of size bounded by a constant. Therefore at most O(nk) occurrences of atoms are
added to 7 for U. Under a series of m updates not containing Skolem constants,
Step 1 can add as many as O(nmk) occurrences of atoms to 7'. If the updates
contain Skolem constants, then each update can add k datoms containing Skolem
constants to 7, so that the first update after U may have a Xy of size n + k, the
second may have size n + 2k, and so on. As there may be k choices of ¥, for each
update, after m updates the size of this compounding factor is O(m?k?).

Step 2 does not change the size of 7'. Step 3 adds O(k) occurrences of
atoms to 7.

For Step 4 of update U, a trick is helpful to keep down the size of formula
(2). It can be quite expensive to repeatedly add (¢)s, to T' for every choice
of f in formula (2). Much more efficient is to add a single wif H(U)—(¢)o5 to
T' before Step 4, and then use H(U) in place of (¢),5 in all instantiations of
formula (2). (H(U) is simply a history atom not unifying with any atom in 7".)
We assume that this measure is taken, incurring a cost of O(k) atoms per update.

If U does not contain Skolem constants, there are at most n + 1 datoms
in 7' that unify with a datom of w, giving a maximum of n + 1 choices for f in
formula (2). (If U contains Skolem constants, there may be as many as n+k such
datoms in 7'.) Let f be a datom in 7' that unifies with a datom of w. The size
of formula (2) for g is O(k) worst case, so the cost of instantiating formula (2)
for U will be O(nk) (or O((n + k)k, if U contains Skolem constants). Therefore
under a series of m updates not containing Skolem constants, Step 4 will add up
to O(nmk) occurrences of atoms to 7'. If the updates contain Skolem constants,
then each update can add k datoms containing Skolem constants to 7, so that
again a compounding factor of O(m?k?) appears. ¢

As for the time complexity of the Update Algorithm, let us assume that an
indexing scheme is available that enables any datom to be located in 7 in O(log R)
time. Then the running time of the Update Algorithm is O(knlog R) worst case.
This estimate assumes that the history step (Step 2) is optimized through special
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data structures (see Chapter 9): the body of the extended relational theory must
be represented as a set of logical relationships between pointers. All occurrences
of a single datom in the body are linked together in a chain of pointers; only the
head of the chain points to the stored record for the actual datom.

Happily, a large class of common types of updates—those with very simple
w and ¢—can be performed in O(k log R) time per update; Abiteboul and Grahne
[Abiteboul 85] examine a subset of these simple updates. For the general case,
however, potential growth of O(nmk) in the size of 7 is much too large, yet
is unavoidable if the effect of the update is to be represented directly in the
extended relational theory, for every datom of T that is an implicit subformula
of the update must be changed in some way in 7. In some sense the information
content of a single update is no more than its size, k, and so growth of more
than O(mk) after m updates is too much. We can achieve growth of no more
than O(mk) by simply storing the updates without incorporating them into 7.
However, since query answering presupposes some means of integrating updates
with the rest of the database to allow satisfiability testing, a means of at least
temporary incorporation must be offered. We have devised a scheme of delayed
evaluation and simplification of expensive updates, by bounding the permissible
number of unifications for the atoms of an incoming update. This lazy evaluation
technique is discussed in Chapter 5.

3.5. Summary and Conclusion

In this chapter we formalized databases containing incomplete information as
logical theories, and viewed the models of these extended relational theories as
representing possible states of the world that are consistent with all known in-
formation. For the purposes of this chapter, formulas in the body of an ex-
tended relational theory could be any sentences without universal quantification.
Typically incomplete information appears in these theories as disjunctions or as
Skolem constants (a.k.a. null values).

Within this context, we set forth a data manipulation language for up-
dates, and gave model-theoretic definitions of the meaning of these updates. We
presented the Update Algorithm as a means of incorporating updates into ex-
tended relational theories, and proved it correct in the sense that the alternative
worlds produced under the Update Algorithm are the same as those produced by
updating each alternative world individually.

For extended relational theories and updates without Skolem constants,
the Update Algorithm has the same asymptotic cost as for an ordinary complete-
information database update, but may increase the size of the extended relational
theory. For updates involving Skolem constants, the increase in size will be severe
if many atomic formulas in the theory unify with those in the update. Chapter 5
is devoted to a discussion of a means of preventing excessive growth in the theory.

We conclude that, first, one may extend the concept of a database update
to databases with incomplete information in a natural way; second, that mathe-
matical logic is a fruitful paradigm and tool for the investigation; third, that one
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may construct an algorithm to perform these updates with a reasonable poly-
nomial running time; and lastly, that some means is needed to prevent runaway
growth in the database under a series of updates.
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Chapter 4: Updates With Variables

We now consider how to extend the Update Algorithm to accept updates
with variables—the type of update supported by traditional data manipulation
languages. The two main results shown in this chapter are, first, that updates
containing variables are no harder to perform than updates without variables,
provided that variables and quantifiers are permitted in the bodies of extended
relational theories; and second, that if quantifiers and variables are not permitted
in theory bodies, updates are somewhat harder to perform but a reasonable
algorithm is still possible, and its cost will depend on the number of substitutions
for variables that lead to a satisfiable selection clause ¢. In addition, the algorithm
given in this chapter for updating extended relational theory bodies containing
quantifiers is sufficiently general to use in updating any first-order theory.

Please note that variables will be permitted to occur in updates for the
duration of this chapter only; subsequent chapters consider only ground updates,
except when specifically noted otherwise.

4.1. Update Syntax

As usual, we confine our attention to INSERT requests: INSERT w WHERE ¢. The
only change required in update syntax is that variables may now occur in ¢ and
w.

4.2. Update Semantics

We begin by presenting a desideratum for the extension of update semantics
to updates with variables: the chosen semantics should agree with traditional
semantics for relational data manipulation language updates with variables.

As an approach that meets this desideratum, let an extended relational
theory update U containing variables correspond to a set of updates without
variables, derived by binding constants and Skolem constants to all the variables
of U. If we apply every possible binding! to the variables of U, then the result of
applying U to an extended relational theory T should be that of simultaneously
applying all the updates in the (probably infinite) set just generated.

To rephrase this definition more formally, let U: INSERT w WHERE ¢ be an

update containing variables. Let M be a model of an extended relational theory
7, and let o be the Skolem constant substitution for M with respect to ¢ and

t Strictly speaking, this imagery is inadequate because not all elements of the universe
are named in £. Rather, one should consider an extension of £ for each model in which all the
elements in the model are named.
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w. Let T, be the desired set of substitutions ¢, for all the variables of ¢ and
w. Let Q be the set of all wifs (w)s, such that o, is in Ty, (¢),, is true in M,
and ((w)e, )o is satisfiable. Then U(M) contains every model M’ with the same
universe and mappings as M, such that

(1) M’ agrees with M on the truth valuations of all null-free atoms except
possibly those in ;

(2) All members of § are true in M'. ¢

An extended relational theory 7' accomplishes U(7T) if Worlds(7') =
UnmeModes(r) Worlds(U(M)).

Examples. Consider the following three updates, to be applied to an
extended relational theory 7 with body Emp(Reid, € ):

1. INSERT Emp(Reid, z) WHERE -Emp(Reid, z)
2. INSERT Emp(Reid, ¢;) WHERE —Emp(Reid, €;)
3. INSERT Emp(Reid, e;) WEERE ~Emp(Reid, €2)

The first update applied to a model M of T makes Reid an employee of
all departments in M’ (and therefore, depending on the domains involved and
the method used to calculate T,, may be unsafe). The second update does not
change the models of 7 at all; and the third update produces all models where
Reid is in one or two different departments. ¢

If U does not contain variables and w is satisfiable, U will produce one or
more models from every model M to which U is applied. Once variables occur
in U, this ceases to be true. For example, the update INSERT R(z)A—R(y)WHERE
z#y will probably be ill-advised when applied to a theory containing R(a) A R(b),
because it asks for R(a) and R(b) to be both true and false: R(a)A-R(}), and
R(b)A-R(a). We will not provide any syntactic means of avoiding conflicting
updates; in our system, conflicting updates simply eliminate models where a
conflict arises. : : :

4.3. An Update Algorithm: No Variables in Body

This section presents an update algorithm for use with extended relational theo-
ries without quantifiers and variables in the theory body—the type of extended
relational theory studied so far. Section 4.4 presents an algorithm for use when
quantifiers and variables may occur in the theory body. ‘

The semantics for updates with variables presented in Section 4.2 does not
directly lend itself to algorithmic application when quantifiers and variables are
not allowed in the body of 7. We must ensure that all but a finite number of
the substitutions o, used lead to updates that do not change the models of T
at all. If this is true, then all the substitutions that generate no-op updates can
be ignored: only a finite set ¥, of substitutions will be relevant. The method
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traditionally used in database data manipulation languages to guarantee a finite
Ly is the use of safe selection clauses [Ullman 82]. An adaptation of the concept
presented there to the incomplete information situation might be to include a
substitution ¢, in T, iff 0, substitutes constants and Skolem constants already
occurring in T or U for all the variables of U. A domain completion axiom can
be employed to this end. Another technique would be to require typed selection
clauses, that is, to have type axioms (see Chapter 6) and require that the selection
clause specify the type of all variables; INGRES [Stonebraker 85] and System R
[Chamberlain 76] use a variant of this technique. We choose not to dictate the
choice of a safe query mechanism, but rather operate on the assumption that one
way or another, the query and update processor knows how to reduce an update
with variables to a finite set of ground updates. In practice in today’s database
management systems, determination of I, is typically initiated via index lookup
on selection and join attributes. As is true in ordinary databases when variables
occur in updates, an update with variables will often require more changes in the
extended relational theory than a ground update does, because each instantiation
of variables represents an additional change to be made in the theory.

The essential idea of the update algorithm is to create one ground update
for each substitution o, in ,. We do not require that (¢),, actually be true
in some model of 7, as such a condition is equivalent to testing satisfiability,
and hence might require exponential time to verify. The generation of ¥, should
be done by the algorithms used for query processing, and should require time
polynomial in the size of the extended relational theory and exponential in the
length of the update request.

We now present an extension of the Update Algorithm Version I to handle
updates with variables. The new Update Algorithm must take into account that
an atom of 7 may be affected simultaneously in several different ways by different
instantiations of the variables in an update.

The Update Algorithm (Version II)

Input. An extended relational theory T, an update U and a set I, of substitu-
tions o, for all the variables of U.

Output. 7', an updated version of 7.
Procedure. A sequence of four steps:

Step 1. Maintain the closed—world assumption. To maintain the closed-
world assumption, all datoms in (w),, and (¢),,, for all o, €L,, must be repre-
sented in the completion axioms of 7. First change the body of T to reflect the
new completion axioms: for each datom g that is a subformula of some (w),, or
(¢)e, but not of T, let Lo be the set of substitutions & such that for some datom
f of the body of 7, f unifies with g under the most general substitution o. If &,
is the empty set, then add —g to the body of 7; otherwise, add the wff

g Vo (1)

gE€EXy
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to the body of 7. Then for every datom g of 7 not represented in the completion
axioms, add a disjunct representing g to those axioms. Call the resulting theory
T'.

Step 2. Make history. For each atom f of the body of T’ that unifies with an
atom of (w),, for some ¢,€L,, replace all occurrences of f in the body of 7' by
the history atom H(f,U). In other words, replace the body B of T' by (B)og-
Step 3. Define the scope of the update. For every o, in £,, add the wif
((#)on)ou —(w)o, to T'.

Step 4. Restrict the scope of the update. For each o, and each datom f
in oy, let £,y be the set of substitutions o such that f unifies with an atom of
some (w),, under the most general substitution ¢. For each datom f in oy, add

the wif
FeHEUNVY  ((B)o)os A () o) @)
ey €Ty o0€ETyy
L‘,,f;ﬂ

to 7'. Intuitively, for f an atom that might possibly have its truth valuation
changed by update U, formula (2) says that the truth valuation of f can change
only in a model where (¢),, (for some 0,) was true originally, and further that
in any model so created, f must be unified with an atom of (w),, for that same

0y. <

Example. Let U be INSERT ~Emp(Reid, z) WEERE Emp(Reid, z), when T
contains Emp(Reid, CSD)A Emp(Reid, ¢;). The alternative worlds of 7 initially
consist of all worlds where Reid is in CSD and possibly one other department, and
all else is false. After the update, 7' should have one alternative world, in which
everything is false. The set of substitutions X, contains the two substitutions
z=CSD and z=e¢;.

Step 1. No actions are required, as both atoms that unify with (w),, are
already in 7.

Step 2. Upon application of oy, the body of 7' becomes
H(Emp(Reid, CSD), U) A H(Emp(Reid, €), U). '

Step 3. Two wifs are added to the body of 7T":

H(Emp(Reid, CSD), U) —-Emp(Reid, CSD) and

H(Emp(Reid, €;), U) =-Emp(Reid, €;).

Because U is a simple update, at this point 7' already has the correct alternative
worlds, and Step 4 is superfluous.

Step 4. Add to T’ the following two formulas:

(Emp(Reid, CSD) «~ H(Emp(Reid, CSD), U))
V (H(Emp(Reid, CSD), U)A T)
V (H(Emp(Reid,€;),U) A (1 =¢))
(Emp(Rﬁlds e1) HH(Emp(Reld’ 61), U))
V (H(Emp(Reid, CSD), U)A (e1=c))
V (H(Emp(Reid, €;), U)AT).
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Please note that Version I of the Update Algorithm is a special case of
Version II.

The models of 7' represent exactly the alternative worlds that U is defined
to produce from T:

Theorem 4-1. For any extended relational theory T and update U pos-
sibly containing variables, the Update Algorithm Version II accomplishesU. ¢

In other words, T’ is an extended relational theory, and Worlds(7T"') =
UreModers(ry Worlds(U(M)). Readers not interested in a formal proof of cor-
rectness for the Update Algorithm should skip to the next section. To prove
Theorem 4-1, we will use a lemma showing that Step 1 of the Update Algorithm
does not change the models of 7.

Lemma 4-1. Let 7 be a theory containing a completion axiom « for an
n-ary predicate R, and let f be a ground datom R(c;, ..., cn) not represented
in a. Let Xy be the set of all substitutions o such that for some datom g in 7,
f unifies with ¢ under the most general substitution ¢. Let 7' be the theory
created from 7 by adding the new disjunct (z3=c1A z2=c2A -+ A zp=¢,) to a,
and then adding —f to the body of T if ¥ is the empty set or adding

f-\Vo

o€y

otherwise. Then 7 and 7’ have the same models. ¢

Proof of Lemma 4-1. Let o' be a with the disjunct added to represent
f, and let B be the wif f — (V,eg, 7). First consider the case where % is
nonempty.

Let M be a model of 7. Let o be the Skolem constant substitution for
M with respect to 7. M satisfies all wifs of 7' other than o' and B, since all
other wifs also are formulas of 7. But a —a’, so M satisfies a’. As for 3, if f is
false in M then g is satisfied. If f is true in M, then (f), must be represented
by some disjunct of (a),. Let g be the datom represented by that same disjunct
in a. Then g and f unify under substitution o, and therefore £ is satisfied in M.
We conclude that M is a model of 7.

For the reverse implication, let M’ be a model of 7' and let o be the
Skolem constant substitution for M’ with respect to 7'. M’ satisfies all the wifs
of T except possibly a. But if « is false in M’, it must be because for some
binding to the variables of a, the disjunct representing f is true in M’, i.e., that
f is true in M’. But then by 8 there exists a datom g of T such that f unifies
with ¢ under o. Since g is represented in a, M’ satisfies a. Therefore M’ is a
model of 7.
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Now consider the case where Ty is the empty set, i.e., where f is false in
all models of 7. Let M be a model of 7. Then a—a', and ~f is true in M, so
M is also a model of T'.

Conversely, if M’ is a model of 7' and o is the Skolem constant substi-
tution for M’ with respect to 7', then M’ satisfies all wifs of 7 except possibly
a. But if o is false in M' for some instantiation of the variables of a, it must be
because the disjunct representing f in a' is true in M'. But we know that f is
false in M'. Therefore M' is amodelof 7. ¢

Proof of Theorem 4-1. For simplicity of reference, let 7 be the original
extended relational theory, 7; be the theory produced by step 1 of the Update
Algorithm, 7; be the theory produced by step 2, and so on. M will always refer
to a model of the original theory, M; to a model of 7;, and so on. We first show
that the Update Algorithm produces a subset of the correct set of alternative
worlds.

Suppose that M, is a model of 7;. Let o4 be the Skolem constant sub-
stitution for M, with respect to T;. Our goal is to show that U should produce
M, from some model M of 7. It suffices to show that 7; has such a model M,
because by Lemma 4-1, the models of T and 7; are the same.

Let F be the set containing all datoms f in oy. Let M be a model that
has same universe and constant and Skolem constant mappings as My, and that
~ agrees with My on the truth valuations for all null-free datoms except possibly
those in (F)o,, that is, except those obtained by applying o4 to datoms in F. If
f is in F, then let the truth valuation of f in M be the same as that of H(f,U)
in My. To show that M is actually a model of 7;, let a be a wif of the body of
T:. The descendant of @ in 7y is (a)sg- Since M and M, agree on the truth
assignments to all atoms of (a)sy, therefore (a)sy; must be true in M. This
implies that a will be true in M if every atom f of F that is a subformula of a
has the same truth assignment in M as does H(f,U) in M and M,. But this is
true by definition. As the completion axioms are the same in both theories, we
conclude that M is a model of 7; and 7.

It remains to show that U applied to M produces the alternative world
of M. Let T4 be the set of all o, in I, such that (#)o, is true in M. By
the previous argument, ((¢)o, )0y is satisfied by My iff 0, €Z4. By the formula
of Step 3, it follows that (w),, is true in My for all o, €Ly, so rule 2 of the
definition of INSERT is satisfied by M4. For rule 1, if the truth valuation of a
null-free datom f is different in M and My, then f€(F),, and therefore f unifies
with an atom of (w)s, for some set of 6,EZ,. If (¢)s, is false in M for all such
o, then by formula (2), f~H(f,U) must be true in My, and rule 1 is satisfied.
We conclude that U produces the alternative world of M4 from M.

We have shown that the Update Algorithm produces only correct alter-
native worlds; we now turn to the question of completeness: does the Update
Algorithm produce every alternative world that should be derived under U ?
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Let M be a model of 7, and let o; be the Skolem constant substitution
for M with respect to 7 and U. By Lemma 4-1, M is also a model of 7;.

Let X4 be the set of all substitutions ¢,€X, such that (¢),, is true in M.
Select one particular set v of truth valuations for the atoms of ((w)s, )s,, for all
0y€Ly, such that (w)e, is true under v for all 0,€T4 and v is satisfiable. If no
such v exists, then U produces no alternative worlds from M, and the theorem
follows.

Let M, be the model that agrees with v on all datom valuations of v;
where H(f,U) is assigned the same valuation as f had in M, for all datoms f in
on; that has the same universe and constant and Skolem constant mappings as
M; and that agrees with M on all other null-free atom truth valuations. Then
M, is a model of an arbitrary alternative world that should be produced by U
from M, and we claim that M, is a model of 75.

Let o, be a substitution in X,. First, M, satisfies the completion axioms
of 74, as every datom of (w),, already is a subformula of 7;, and 7; and 7T; have
identical completion axioms. For atoms f in (w),,, since H(f,U) has the same
truth valuation in My as does f in M, it follows that M, satisfies (B),,, that
is, all the formulas of the body of 7;, to which oy was applied in Step 2. Since
(w)o, is true in My if 6,€Ly, the wif ((4)o, )og —(w)s, added to T; in Step 3
is satisfied in 74. There is only one remaining class of wffs of 73 that M4 might
not satisfy: formula (2) from Step 4. )

Let f be an atom in F. If f and H(f,U) have the same truth valuations in
My, then formula (2) is satisfied. If f and H(f,U) have different truth valuations
in My, then (f),, must appear in v, and therefore also in ((w)s, )s, for some
oy€Ly. Therefore (4),, must be true in M, and ((¢)s, )oy must be true in M.
This implies that formula (2) is satisfied, since o1A((¢)o, )og is true in M,. We
conclude that My is a model of 73, and the alternative world of M, is produced
by the Update Algorithm.

It remains to verify that 7; is an extended relational theory. 7; has dis-
juncts in its completion axioms for exactly the datoms in its body. The body of
7, is still finite and contains no variables. This concludes the proof of correctness

for the Update Algorithm. ¢

The computational complexity of Version II of the Update Algorithm de-
pends on the size of £,. In particular, if V is the number of members of T,,, then
the number of atoms that are added to 7' will be as much as V' times greater
than that added by the same steps in Version I. Of course the same relationship
holds between ordinary relational database insertions with and without variables.
The time complexity of Version II will likewise by multiplied by a factor of V
worst case: O(V log R(nmk + m2k?)).

4.4. An Update Algorithm: Variables in Body

This section presents an update algorithm for use with extended relational the-
ories with arbitrary formulas in the theory body. This technique is of particular
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interest, as it gives a method of updating theories for non-database applications.
Having variables in the theory body makes more work for the query processor,
but as we will see, makes life much easier for the update processor.

First, the definitions given earlier for extended relational theories, sub-
stitution, unification, etc., need to be modified slightly. Please note that these
definitions are in effect for the remainder of this chapter only; subsequent chapters
will revert to the original definitions. The changes needed are as follows:

e Substitutions: A variable may be substituted for another variable. For
example, the atomic formulas Emp(Reid, z) and Emp(y, z) now unify
under substitution Reid=yA z=z.

e Variables are permitted in atoms and datoms. For example, Emp(Reid,
z) and Emp(y, z) are now both datoms.

e An extended relational theory may now be any finite theory; that is, the
extended relational theory contains only a body, which may be any finite
set of wifs. All free variables in the theory are implicitly universally quan-
tified over the scope of the formula in which they occur. As before, only
standard models will be considered.

What happened to the completion axioms? Since quantifiers are now
permitted in theory bodies, there is no reason to separate out the completion
axioms from the rest of the theory. To implement a closed—world assumption for
a predicate R, it suffices to include the wff Vz; - - - Vz,~R(z,,...,Za) in the body
at the inception of the theory. Subsequent updates will maintain the closed—world
assumption automatically, by modifying that formula. The examples given after
the presentation of the new update algorithm will illustrate this technique.

Though the definitions of extended relational theories and other technical
terms are changed slightly for this section, update syntax and semantics remain
exactly as presented in Sections 4.1 and 4.2.

With these formalities out of the way, we turn to the main result of this
section: a very simple version of the Update Algorithm accomplishes updates
containing variables. This algorithm, Version III, adds only O(k) atoms to the
size of the theory, where k is the size of the update. This is in contrast to Version
II, which depends directly on the number of instantiations of variables in %,
(given to Version II as part of its input), and on the number of datoms in the
theory that unify with datoms in the update. Further, this independence from
¥, means that Version III works correctly even for updates with unsafe selection
clauses—e.g., an infinite number of relevant instantiations of variables—and also
for universe elements that are not named in £. Version II, on the other hand,
is restricted to safe selection clauses and bindings of variables to constants and
Skolem constants in £. We now present the Update Algorithm Version III

The Update Algorithm (Version III)
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Input. A theory 7 and an update U possibly containing variables.

Output. 7', an updated version of 7.

Procedure. A sequence of three steps:

Step 1. Make history. Let oy be the substitution that replaces each atom f
of T and U that unifies with an atom of w by its history atom H(f,U). Then
replace all occurrences of f in 7 by H(f,U). In other words, replace the body B
of T by (B)eg. Call the resulting theory 7.

Step 2. Define the scope of the update. Add the wif (¢),z—w to T'.
Step 3. Restrict the scope of the update. Let y; through y, be the variables
appearing in U. For each n-ary predicate R that appears in w, let z; through
2, be variables not appearing in 7', and let T, be the set containing all most

general substitutions o such that R(z1,...,%») unifies with a datom of w under
o. Add the wif :
(R(zr,.r20) & BR(z1, 0,22l U)) V 30+ Fa((Bow AV o)
g, €T,y
to7T'. O

Example. Let T contain the single wff VzVy—~ Emp(z, y), and let U
be the update INSERT Emp(Reid, CSD) WHERE Emp(Reid, EE). As there are
no employees initially in 7, this update should not change any datom truth
valuations. Step 1 changes T to the wif VzVy—~ H(Emp(z, y), U); Step 2 adds
the wff H(Emp(Reid, EE), U) — Emp(Reid, CSD); and Step 3 adds the wif
(Emp(z1, z2) «~H(Emp(z1, z2), U))V3y13y: (H(Emp(Reid, EE), U) A (11 =
Reid) A (y2 = CSD)).

Clearly there are still no employees after the update. ¢

Example. Let T contain the wif VzVy Emp(z, y) —(z=Reid) A y=¢).
The models of this theory have either no employees or just one employee, Reid
in some one department. Let U be the update INSERT Emp(Reid, CSD) WHERE
Emp(Reid, EE). This update should change all models where Reid is in EE so
that Reid is now also in CSD. Step 1 changes T to the wif
VzVy— H(Emp(z, y), U) —(z=Reid A y=¢).
Step 2 adds the wif H(Emp(Reid, EE), U) — Emp(Reid, CSD); and Step 3 adds
the wif
(Emp(zl’ 32) HH(Emp(zla .'22), U))V3y13y2 (H(Emp(Reld7 EE), U) A (yl =
Reid) A (y2 = CSD)).

Again the correct models obtain. ¢
Example. Let T contain the wifs Emp(Reid, CSD), Emp(Lantz, EE), and
" Emp(z,y) —(((= = Reid) A (y = CSD))
V((z = Lantz) A (y= EE))).
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Let U be the update INSERT Emp(y, CSD) WHERE Emp(y, EE). After this update
is completed, T should have one alternative world, in which Reid is in CSD and
Lantz is in CSD and EE. After the history substitution step, 7' contains the
three formulas

H(Emp(Reid, CSD), U),
H(Emp(Lantz, EE), U), and
H(Emp(z, y), U) —
(((z = Reid) A (y = CSD)) V
((z = Lantz) A (y = EE)).
Step 2 adds the formula
H(Emp(y, EE), U) — Emp(y, CSD)
to 7; and Step 3 contributes the formula
(Emp(z1, 22) « (H(Emp(z1, z2), U))
V 3 y(H(Emp(y, EE), U) A (z1 = y) A (z2 = CSD))). ¢

Theorem 4-2. Let 7 be a theory, let U be an update possibly containing
variables, and let 7' be the theory produced from 7 and U by the Update
Algorithm Version III. Then 7' accomplishes U. ¢

Proof of Theorem 4-2. We begin by showing that the Update Algorithm
Version III produces a subset of the correct set of alternative worlds.

Suppose that Mj is a model of 7;. Let o3 be the Skolem constant sub-
stitution for M3 with respect to 73. Our goal is to show that U should produce
M; from some model M of 7.

Let F be the set containing all datoms f in oz. Let M be a model with
the same universe and constant and Skolem constant mappings as M3, and that
agrees with M3 on the truth valuations for all null-free datoms except possibly
those obtained by binding universe elements to the variables in (F)q,.t If f is in
F, and b is a binding for all the variables of f, then let the truth valuation of
(f)s in M be the same as that of (H(f,U))s in Ms.

To show that M is actually a model of T, let a be a wif of 7. The
descendant of a in T; is (a)sgz. For any binding b of elements of the universe
to all the variables of ()5, M and M3 agree on the truth assignments to all
atoms of ((@)oy )b, and therefore (a),, must be true in M. This implies that
(a) will be true in M if for every atom f of F that is a subformula of a, the
datom (f)s has the same truth assignment in M as does (H(f,U)), in M and
M3. But this is true by definition. We conclude that M is a model of (7'),, and
T.

t To be strictly correct, rather than talking about binding universe elements to variables,
we should extend £ to a language in which all universe elements are named by constants, and
then bind those constants to variables.
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It remains to show that U applied to M produces the alternative world
of M3. Let T, be the set containing all bindings b for all the variables of U such
that (#)s is true in M. By the previous argument, ((#)s)o5 is satisfied by
M3 iff b €T4. By the formula of Step 3, it follows that (w) is true in M3 for
all b €Z4, so rule 2 of the definition of INSERT is satisfied by Mj. For rule 1,
if the truth valuation of a ground datom f is different in M and M3, then f is
not a subformula of any member of . Therefore for every binding b to all the
variables of U such that f appears in ((w)s)o,, it follows that b¢ T4, and (4)s
is false in M. ¢ is false in M. But then by the formula of Step 3, f—~H(f,U)
must be true in M3, and rule 1 is satisfied. We conclude that U produces the
alternative world of M3 from M.

We have shown that the Update Algorithm produces only correct alter-
native worlds; we now turn to the question of completeness: does the Update
Algorithm produce every alternative world that should be derived under U?

Let M be a model of 7, and let o be the Skolem constant substitution
for M with respect to 7 and U. Let I, be the set of all bindings b for all
the variables of U such that (¢), is true in M. Select one particular set v of
truth valuations for the atoms of ((w)s)s, for all b€Z4, such that ((w)s)s is true
under v for all b€Z4 and v is satisfiable. If no such v exists, then U produces no
alternative worlds from M, and the theorem follows.

Let M3 be the model that has the same universe and constant and Skolem
constant mappings as M; that agrees with v on all datom valuations of v; where
(H(f,U))s is assigned the same valuation as (f); had in M, for all datoms f in
oy and bindings b to the variables of f; and that agrees with M on all other
null-free atom valuations. Then M3 is a model of an arbitrary alternative world
that should be produced by U from M, and we claim that M3 is a model of 7;.

For atoms f in w, since H(f,U) has the same truth valuation in M3 as
does f in M, it follows that M; satisfies (B)o,, that is, all the formulas of the
body of T, to which oy was applied in Step 1. Let b be a binding for all the
variables of U. Since (w); is true in M3 if b€Zy, the wif (¢)o, —w added to T3
in Step 2 is satisfied in 73. There is only one remaining class of wifs of 7; that
M3 might not satisfy: the formula from Step 3.

Let f be an atom, and let b be a binding for all the variables of f. If ((f)+)e
and ((H(f,U))s)s have the same truth valuations in Mj, then the formula of
Step 3 is satisfied when z; through z, are bound to the corresponding arguments
of f. If they have different truth valuations in M3, then (f), must a member of
(F)o, and ((f)s )» must appear in v, and therefore also in ((w)y ), for some b'€Zy.
This implies that the formula of Step 3 is satisfied for f, since ((¢)s)o is true in
M3;. We conclude that M3 is a model of T3, and the alternative world of Mj is
produced by the Update Algorithm. This concludes the proof of correctness for
the Update Algorithm. ¢

4.5. Summary and Conclusion
In this section we have extended the definitions and algorithms of Chapter 3
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to include updates containing variables and extended relational theories with
arbitrary formulas in their bodies. A very simple update algorithm, Version III,
was proven sufficient to perform these updates when quantifiers and variables
are permitted in the theory bodies. If quantifiers are not allowed, Version II of
the Update Algorithm may be used. The time complexity and the length of the
wifs added to the extended relational theory in Version II are V times greater
than those of Version I, where V' is the number of sets of substitutions for the
variables of the update that are to be considered during update processing. In
contrast, Version III adds to the extended relational theory only a number of
atoms that is linear in the size of the update request, but makes query processing
more difficult. Version III is also of interest as a method of updating arbitrary
logical theories.
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Chapter 5: Lazy Evaluation of Updates

Delayed, but nothing altered. —Shakespeare, Romeo and Juliet 1.4

As Chapters 1-4 have shown, first—order logic provides an adequate frame-
work for an examination of updates to databases containing incomplete informa-
tion. However, from a practical point of view, updates can be quite expensive
when Skolem constants occur in the extended relational theory. The cost of an
update can be measured as a function of the increase in the size of the theory
that would result from execution of the update, and by measures of the expected
time to execute the update and to answer subsequent queries. Once a data-
base administrator has established a policy on when an update is too expensive,
the techniques of this chapter can be used to recognize and defer or reject too—
expensive updates and queries. This involves use of a lazy evaluation technique
to delay execution of expensive updates as long as possible.

Recall from Theorem 3-2 that when the extended relational theory 7
contains n atoms containing Skolem constants, a series of m updates of size k
each may cause the size of 7 to grow by O(nmk + m?k?). This potential growth
is much too large, yet large growth (at least O(nm)) is unavoidable if the effect
of an update is to be represented directly in the extended relational theory, for
in the worst case every datom of 7 that unifies with a datom of the update
must be changed in some way in 7. In some sense the information content of
a single update is no more than its size, k, and so growth of more than O(mk)
after m updates is too much. We can achieve growth of no more than O(mk)
by simply storing the updates without incorporating them into 7. However,
since the usual means of query answering presupposes some means of integrating
updates with the rest of the database to allow satisfiability testing, a means of at
least temporary incorporation must be offered. This chapter puts forth a scheme
of delayed evaluation and simplification of expensive updates based on bounding
the permissible number of unifications for the atoms of an incoming update. We
begin with a general overview and a series of examples.

There is a lot to be said about lazy evaluation, and only part of this story
is told here. As this chapter began to loom over the others in sheer bulk, the
author chose to err on the side of informality rather than overload. Died-in-the-
wool theorists will recognize that numerous additional theorems must be included
in any definitive treatment of lazy evaluation; non-theorists will see a need for
further elaboration and refinement of the cost estimation techniques used in lazy
evaluation.
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5.1. Overview and Motivation

The first element of a system for cost reduction of too-expensive updates is a
cost evaluation function, so that we can decide which updates are too expensive
to execute. If an incoming update U is determined to be too expensive, we will
not execute U, but instead set U aside in the hopes that either no queries will be
asked that require processing U completely, or intervening updates will reduce
the cost of U sufficiently before it must be executed.

As the main data structure for this lazy evaluation scheme, we propose to
use a lazy graph, a directed acyclic graph that keeps track of data dependencies
between updates. The lazy graph helps minimize the amount of updating that
must be performed before executing an incoming query @, and keeps track of
relevant update sequencing information. Some examples will clarify the potential
benefits.

Example. The effect of the two updates INSERT Emp(Reid, CSD) WHERE
T and INSERT ~Emp(Reid, CSD) WHERE T is dependent upon the order in which
they are executed; if these two are stored away for lazy execution, we must make
sure that any eventual processing of them is done in the order in which they
were received. On the other hand, neither of these two conflicts with the update
INSERT Emp(Reid, CSL) WHERE T, which could be performed before, after, or
between the other two. ¢

This example suggests a parallel between lazy evaluation sequencing con-
trol and concurrency control [Papadimitriou 86]. The main difference is that in
database concurrency control, any execution equivalent to some serial execution
is correct, while sequencing control requires that the execution be equivalent to
the original update input order.

Example. Suppose the update U': INSERT ¢ =CSD WHERE T is received
while the update U: INSERT Emp(Reid, ¢) WHERE T is still unexecuted. Unlike
information about the truth valuations of datoms, information about the bindings
of Skolem constants is permanent and once asserted can never be refuted, only
refined. (For example, if the user follows U’ by the update INSERT e=CSL WHERE
T, then 7 will become inconsistent.) This pleasant property of permanence allows
us to use the new information in U’ about the value of € to simplify not only 7,
but also the pending update U: U can now be reduced to INSERT Emp(Reid,
CSD) WHERE T, which may well be affordable enough to execute directly even if
INSERT Emp(Reid, €) WHERE T isnot. ¢

Example. Another potentially useful feature is the ability to execute only
part of an update, leaving the more expensive part for later incorporation. For ex-
ample, suppose the update U: INSERT Emp(Reid, ¢)AMgr(Nilsson, CSD) WHERE
T is too expensive only because Emp(Reid, €) unifies with too many datoms of 7.
If a user later asks a query involving only Mgr(Nilsson, CSD), it is advantageous
to split U into the two updates U;: INSERT Mgr(Nilsson, CSD) WHERE T and Us:
INSERT Emp(Reid, €) WHERE T and only execute U; before processing the query.
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U,: INSERT Mgr(Nilsson, €)A Emp(Reid, €) WHERE T

Us: INSERT Emp(Reid, CSL) WHERE T

Q: INSERT Q(Reid) WHERE Emp(Reid, CSL) A Emp(Reid, CSD)

Figure 5-1. Example of lazy evaluation.

Example. Suppose an update U;: INSERT Mgr(Nilsson, €) A Emp(Reid,
€) WHERE T arrives in the system, followed by the update U;: INSERT Emp(Reid,
CSL) WHERE T. Then U, and possibly U; as well contain new information about
the truth valuation of Emp(Reid, CSL); both of these updates may write new
information about Emp(Reid, CSL) into 7. In the language of concurrency
control, there is a write/write conflict between Emp(Reid, €) in U; and Emp(Reid,
CSL) in Us; the lazy graph of figure 5-1 depicts these relationships. Suppose that
the query Q: INSERT Q(Reid) WHERE Emp(Reid, CSL) A Emp(Reid, CSD) arrives
next. (We have not formally defined queries yet; think of them as establishing
a new relation that gives a view of the current database.) A read/write conflict
occurs when one update “reads” a datom (i.e., the datom occurs in @) that a later
update “writes”. There are read/write conflicts between Emp(Reid, CSL) of Q
and Emp(Reid, €) of U; and Emp(Reid, CSL) of U,, and between Emp(Reid,
CSD) of Q and Emp(Reid, €) of U, as depicted in figure 5-1.

Assuming that both Emp(Reid, €) and Mgr(Nilsson, ¢) in U, are too ex-
pensive to execute because they unify with too many datoms of 7, the best
procedure is to first split Mgr(Nilsson, €) out of U;, as depicted in figure 5-2,
creating updates U; and U,.

Then Uy needs to be split on the two substitutions e=CSL and ¢ =CSD,
creating updates Us, Us, and Uy, depicted in figure 5-3. At this point Q and the
updates Q depends upon are more likely to be affordable. ¢

With the algorithm and data structures presented in this chapter, if a
query is rejected due to excessive expense, exact reasons for the high cost can
be made available to the caller, so that assertions about the possible bindings
for Skolem constants may be used to reduce the amount of uncertainty in the
database and render the query affordable. Furthermore, any new binding infor-
mation can be used to reduce the size of the extended relational theory, in effect
retroactively reducing the cost of all earlier updates that contained those Skolem
constants.
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Us: INSERT Mgr(Nilsson, €) WHERE T

Us: INSERT Emp(Reid, €) WHERE T

Ua: INSERT Emp(Reid, CSL) WEERE T

Q: INSERT Q(Reid) WHERE Emp(Reid, CSL) A Emp(Reid, CSD)

Figure 5-2. Lazy evaluation horizontal split.

These examples should suffice to give a flavor of the possible advantages of
a lazy evaluation scheme. We now turn to the details of lazy evaluation, beginning
with a definition of queries. The lazy graph data structure is then presented
formally, followed by an algorithm for adding incoming updates and queries to
the lazy graph. After a presentation of the Lazy Algorithm, the remainder of the
chapter is devoted to a discussion of splitting techniques. The chapter concludes
with a measure of the benefits afforded by lazy evaluation.

Us: INSERT Mgr(Nilsson, €) WHERE T
U-: INSERT Emp(Reid, €¢) WHERE (e#CSL)A(e£CSD)

Us: INSERT Emp(Reid, CSD) WHERE e=CSD

Us: INSERT Emp(Reid, CSL) WEERE ¢=CSL
U,: INSERT Emp(Reid, CSL) WHERE T

Q: INSERT Q(Reid) WHERE Emp(Reid, CSL) A Emp(Reid, CSD)
Figure 3-3. Lazy evaluation vertical split.
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5.2. Queries

We define a query as a temporary materialized view, to wit, a short-lived rela-
tion. In keeping with our emphasis on mechanism rather than policy, we do not
define what the user should actually “see” as output from a query. A user inter-
face routine will be in charge of optimizing and reformulating the view relation
produced by the query execution mechanism into a format judged acceptable for
human or programmatic consumption. In this thesis only the process of creation
of that view relation is of concern, not its display.

Syntactically, queries take the form INSERT Q (cy, ..., cn) WHERE ¢, where
¢ is a wif of the language £ not containing history atoms or variables, Q is an
n-ary predicate not in £, and ¢; through ¢, are constants or Skolem constants of
L. Note that Q cannot contain variables. Of course, in any database application,
queries almost always contain variables, so this may seem a peculiar choice of
definition for Q. The goal of this chapter, however, is to explore the issues
arising in lazy evaluation and to present mechanisms for the basic tasks of lazy
evaluation, much as the goal of Chapter 3 was to introduce a semantics for
updates and to explain the basic technique for implementing such a semantics in
polynomial time. As was the case in Chapter 3, the presence of variables in the
operations under consideration would only obscure the principles at play. For
that reason variables are not permitted in queries in this chapter. In like manner
as the incorporation of variables into updates in Chapter 4 did not require major
departures from the paradigms laid down in Chapter 3, the generalization of lazy
evaluation to queries and updates containing variables will not involve radical
changes in the techniques proposed here.

When the query Q arrives, the first step in handling Q is to add the new
predicate Q to £ and create a completion axiom Vz; - --Vz,~Q(z1,...,Z,) and
add it to 7. (Q and its completion axiom can be flushed from the system once
the user interface routine is done with it.) Q is then added to the lazy graph
like any ordinary update request (Section 5.5). In fact, the only major difference
between a query and an ordinary update request is that query Q must be either
executed or rejected right away. The Lazy Algorithm (Section 5.6) will determine
whether to accept or reject Q.

5.3. Cost Estimation

The first element of a system for lazy evaluation of too-expensive updates is a cost
estimation function, so that we can decide which updates are too expensive to
execute. Recall that one precious commodity in the system is the space required
for extended relational theory storage. In fact, in the update algorithms discussed
in previous chapters, the time to execute an update was just a logarithmic factor
higher than the amount of additional space that the update added to 7. In lazy
evaluation, the time required to answer a query will be traded off against the
amount of space occupied by the extended relational theory; with lazy evaluation
a large number of unexecuted updates may require attention before a query can
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be answered. The techniques proposed in this chapter have the goal of minimizing
storage space, necessarily to the detriment of query response time. In other words,
in this discussion of lazy evaluation, an expensive update is one which adds too
many atoms to the extended relational theory.?

The 80/20 rule says that in an ordinary database, 80% of the queries
reference at most 20% of the data; 80% of that 80% (i.e., 64%) only reference
at most 20% of that 20% (i.e., 4%); and so forth. Because of the 80/20 rule,
we have assumed that executed updates are permanently incorporated into the
extended relational theory 7. The alternative is to integrate the update with T
during query execution, but then abort the update at the end of query execution
to save space in 7. However, the 80/20 rule implies that if an update requires
execution once, it will probably require execution again, and we might as well
save the recomputation costs. Note, however, that this is based on a particular
tradeoff between computation and storage costs, and one might take a different
view in a system where processing was expensive and storage was affordable.

The amount of space consumed by an update U is proportional to the
number of relevant (in a sense to be made precise later) unifications of datoms
in 7 with atoms of U. To control the amount of space consumed by U, lazy
evaluation estimates the number of datoms added to T by each step of the Update
Algorithm while U is being executed, and refuses to execute U if this estimate is
excessive.

The cost estimate and cost bound for an incoming update or query are
to be computed by functions supplied by the database administrator. The cost
functions must satisfy the following requirements:

1. The cost estimation function may overestimate but never underestimate
the costs (as defined by the database administrator) associated with a set
of updates.

2. The cost estimate function and bound function must be computable from
the information stored in the lazy graph.

The cost information provided in the lazy graph includes a count of the
number of datoms in 7 that unify with datoms of w, as these unifications cause
most of the expense incurred when executing an update. The cost estimation
function will presumably rely heavily on this unification count. The obvious
algorithm for unification counting is to use index lookup and Skolem constant
instantiation until no more relevant unifications are found or else the cost of
the unifications found so far exceeds the cost bound. For example, to count the
number of datoms of 7 that unify with Emp(Reid, CSD), assuming that the
database has indices on both Employees and Departments, begin by looking up
Reid and all Skolem constants in the Employees index, and look up CSD and all
Skolem constants in the Departments index. Then do a set intersection on the

t If query response time is a problem, then over-zealous lazy evaluation algorithms may
be curbed by introducing constraints on the lazy graph (e.g., restrictions on height, flexible
update cost limits, etc.).
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two sets of tuple pointers thus generated, and count the number of pointers in
the intersection.

Queries also have associated storage costs, for their temporary view rela-
tions. The bound function might well choose to allot much more space to queries
than to updates, since that space will only be used temporarily.

Unification counting and cost estimation should be performed with a bit
of optimization, and that is where the phrase “relevant occurrences” comes into
play. The algorithms below use a test for satisfiability of bounded-length for-
mulas to determine relevance. Other optimizations are also possible: an efficient
implementation of the cost estimation procedure given below might do a much
more thorough job of detecting spurious unifications. For example, any obviously
“impossible” substitutions can be discounted: though Emp(Reid, CSD) unifies
with Emp(e, CSD), there is no need to count that unification if the wif where
Emp(e, CSD) occurs in 7 is Emp(e, CSD)Ae=Nilsson; that unification is not
relevant, because the two wifs are not simultaneously satisfiable. Such optimiza-
tions will be part of the heuristic component of an implementation of the Update
Algorithm, and will be important also for any user interface routine for query
answering. The choice of optimizations beyond that required by algorithms given
here is left to the implementor.

5.4. The Lazy Graph

The lazy graph is the data structure needed for lazy evaluation. In the lazy graph,
nodes represent the atoms of updates. Update hyperedges group atoms into
updates. Family hyperedges associate updates that are descended via splitting
from the same original update. In addition, there is a directed arc between two
nodes if the atom labels of the two nodes unify and cause one update to become
dependent upon the results of the other. More formally, the lazy graph contains
the following information: '

1. A set of nodes. Each node is labelled with a datom or history atom,
and cost information. A _

2. A set of update hyperedges. Each node is on one update hyperedge.
Each update hyperedge is labelled with an update or query, such as U: INSERT
Emp(e, CSD) WHERE T, and flagged as being either unexecuted (hereafter called
pending) or executed.

3. A set of family hyperedges. Each node and update hyperedge is con-
tained in one family hyperedge. Each family hyperedge is labelled with an update
or query, such as U: INSERT Emp(e, CSD) A Mgr(Nilsson, CSD) WHERE T, and
flagged as being either an update or query. In addition, each family hyperedge
has an associated cost bound.

4. A set of directed labelled arcs between nodes. Each arc is labelled with
a substitution. These arcs represent dependencies between updates.

5. A set of directed unlabeled arcs between nodes. These arcs represent
implied dependencies, such as that between w of an update and ¢ of the same
update.
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We have chosen not to store cost estimate information for equality atoms,
and hence they are not included in the lazy graph. This choice was made because
equality atoms will be instrumental in reducing the size of the extended relational
theory by eliminating Skolem constants, and we therefore felt that an actual and
estimated cost of zero was most appropriate for any optimized implementation

of the Update Algorithm.

The main expense in an update is typically due to datoms in w. For exam-
ple, if U, is the update INSERT Emp(Reid, CSD) V Emp(Reid, CSL) WHERE T,
and U, is the update INSERT e=CSD V ¢=CSL WHERE T, then these two updates
have the same size. Yet a count of the wifs added by the Update Algorithm shows
that U, will cost at least 5 times as much as U, under the Update Algorithm—
and that minimum is attained if no datom of w of U; is an implicit subformula
of T. Therefore it seems reasonable for non-data atoms (i.e., atoms that are not
datoms) to be assigned much lower cost estimates than other types of atoms in w.
For datoms ¢ that occur only in ¢, again a lower estimate would be appropriate.
Except for Step 1 of the Update Algorithm, g will take up no more space than a
non-data atom, so only if Step 1 is required for g will g be more expensive than
a non-data atom.

We distinguish between update and query execution, or the incorporation
of an update or query into the extended relational theory; update and query
processing, or the act of reforming the lazy graph to make a particular update
or query executable; and update and query addition, or the act of adding a new
update or query to the lazy graph. These three phases are the topics of the next
three sections.

5.5. The NAP Algorithm: Addition of Incoming Updates and Queries
to the Lazy Graph :

The NAP algorithm will be used in two scenarios: When an update or query U
arrives in the system, the NAP algorithm adds U to the lazy graph as the first
member of a new update family. If U needs to be incorporated into the extended
relational theory, we then process and execute U. In addition, when an update is
split into two subupdates, the NAP algorithm is called to add those subupdates
to the lazy graph. In this case, the split—off updates are members of the same
update family as the original update.

The NAP algorithm talks about updates containing history atoms. History
atoms in updates! Is nothing sacred? Fear not, users still cannot mention history
atoms in updates; history atoms are only present for technical reasons: they creep
in when an update is split. For now, ignore any mysterious terminology, and all
will be revealed in Section 5.7.

A helpful example of the operation of the NAP algorithm appears in Figure
5-4.

The NAP (Node Addition Procedure) Algorithm.
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Input: A lazy graph G and a request U, flagged as an update or query; and the
preexisting update family to which U belongs, if any.

Output: A new lazy graph G’ containing U.
Procedure: A sequence of three steps:

Step 1. Add nodes and hyperedges. For each non-equality atom g of U, add
a node labelled g to G. Add a new update hyperedge to G containing exactly the
new nodes, and label that hyperedge with U. If U defines a new history atom,
also add a node labelled with that atom to the hyperedge. Mark the update
hyperedge as pending. If U is to be part of a preexisting update family, then
add its nodes to the hyperedge for that family; otherwise (1) create a new family
hyperedge, labeled with U, (2) mark the family hyperedge as a query or update,
as appropriate, and (3) compute the family hyperedge cost bound. Call the new
graph G'.
Step 2. Add relevant arcs. Intra-update arcs. Let n and n’ be two different
nodes on the update hyperedge for U. If n is in w of U and n' is in ¢ of U, then
add an unlabeled arc from n to n’. These arcs represent the fact that the truth
valuations for the atoms in w after U is executed will depend upon the truth
valuations for the atoms of ¢ at the time U is executed.

History atom definition arcs. If a history atom h of U also is the label of
a node of a pending update U’, then add an unlabeled arc from k in U’ to the
node h of U. This ensures that history atoms are defined before they are used.

Inter-update arcs. If any update hyperedges other than U are pending,
then the effect of executing U may depend upon the results of those other updates.
Let U’ be a pending update hyperedge of G’ other than U. Let f be the label
of a node on the update hyperedge U’, and g the label of a node on the update
hyperedge U. Place a directed arc labelled ¢ from node f to node g if

(1) f unifies with g under the most general substitution o; and

(2) oA¢y and oA¢y are both satisfiable; and

(3) if ¢y logically entails a wif a containing only equality atoms, then ¢y Aa
is satisfiable; and either

(4a) (write/read conflict) f is a subformula of w of U’ and g is a subformula of
¢ of U; or

(4b) (read/write conflict) f is a subformula of ¢ of U’ and g is a subformula of
w of U; or

(4c) (write/write conflict) f is a subformula of w of U’ and g¢ is a subformula
of wof U.

Explanations and examples of these tests appear after the algorithm.

Step 3. Record cost information. As input to the cost estimation function,
cost information must be recorded for each node of U that is labelled with a
datom g. Record whether g is a subformula of 7 or is the label of any ancestor
of g in the lazy graph. (In the latter case, g would appear in T by the time U
is executed.) Also record the number of different datoms occurring in 7 or on
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labels of ancestors of ¢ that unify with g, up to a preset limit I. If the limit [
is reached, then also record the fact that the unification count terminated early
due to cost overrun. ¢

The unification count limit ! is used to ensure that estimating the cost of
an overly—expensive update does not take as much time as it would to execute it.
The correct value for the limit ! depends on the cost bound for that particular
update family, and should be set so that the unification count for any affordable
update will not exceed .

In Step 2 of the NAP Algorithm, tests (1), (2), and (3) ensure that the
conflict is relevant. If test (1) is failed, then there can be no conflict between U
and U’ on the basis of f and g, because those two atoms do not even unify. For
example, Emp(Reid, CSD) and Mgr(Nilsson, CSD) cannot cause a conflict.

Test (2) of Step 2 ensures that the unification under which the conflict
occurs can actually materialize in some model. For example, let U be IKSERT
Emp(Reid, €) WHERE Mgr(Nilsson, ¢) A((¢ = EE) V (e = CSL)), and let U’ be
INSERT Emp(Reid, CSD) WHERE T. Then ¢ is ¢ = CSD, and U and U’ can only
conflict in models where € is CSD. But in any model where € is CSD, the selection
clause ¢ of U must be false. Therefore U and U’ cannot conflict.

Test (3) ensures that U’ and U can take place in “overlapping” sets of
alternative worlds. Test (3) is a useful heuristic for reducing the number of arcs in
the lazy graph without incurring much additional expense. For example, suppose
U, is INSERT Emp(Reid, CSD) WHERE ¢ = CSD and U, is INSERT Emp(Reid,
CSD) WHERE ¢ = EE. Without test (3), a write/write conflict would be recorded
between these two updates, even though in fact the updates must take place in
disjoint sets of alternative worlds. Including this unnecessary write/write arc in
the lazy graph would force extra serialization.

Example. Suppose the lazy graph contains the pending update U;: IN-
SERT Emp(Reid, ¢;)VMgr(Nilsson, €;) WHERE T, and the update Uz: INSERT
Q(CSD) WHERE Emp(Reid, CSD) arrives. Figure 5-4 shows the new lazy graph
minus cost information. ¢

All Skolem constants and history atoms occurring in a pending update U
are pinned in 7 until U has completed execution. This means that database op-
timization routines cannot remove those Skolem constants and formulas from the
database, even if they are no longer logically necessary. For example, if the data-
base system discovers that e=Reid, at least the single wif “e=Reid” must remain
in 7 until all pending updates containing € have been executed. (Alternatively,
one might prefer to substitute the newly discovered values into the pending up-
dates that reference them; for simplicity we do not consider this method.) If
these atoms were not pinned, then errors might occur in execution. For exam-
ple, suppose a user requests the update U;: INSERT Emp(Reid, ¢) WHERE T as
soon as it becomes known that Reid is definitely a member of some department.
Suppose that U, is too expensive to execute, and that U, is still pending two
weeks later when the user discovers that Reid is in CSD, that is, that e = CSD.
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Ui: INSERT Emp(Reid, ¢, )vMgr(Nilsson, ¢,) WHERE T
pending l—'—"—'—‘———"""""__—""]
I

U,: INSERT Q(CSD) WHERE Emp(Reid, CSD)
pending = e — — o

{ Q(CSD)  Emp(Reid, CSD) :

Update hyperedge = ————u
Family hyperedge = — e — —

Figure 5-4. Lazy graph example.

This new update INSERT ¢ = CSD WHERE T is probably affordable, so assume
that it is executed immediately. If all mention of ¢ is subsequently removed from
the theory, and then U, is finally executed, U; will not add the fact that Reid
is in CSD; rather, U; will erroneously declare that Reid is in some unknown and
unrestricted department. For this reason, history atoms and atoms containing
Skolem constants must be pinned.

It is important to show that the lazy graph does capture exactly the infor-
mation needed to process all incoming updates correctly with the Update Algo-
rithm. The arcs and hyperedges of the lazy graph induce a directed acyclic graph
whose “nodes” are update hyperedges, and in which an arc goes from update U
to U’ if there is an arc in the lazy graph between a node of U and a node of U".
As is true of the entire lazy graph, this induced update graph contains no cycles,
because when an update U is added to the lazy graph using the NAP algorithm,
all new arcs go to nodes of U from nodes of preexisting updates. Therefore the
lazy graph induces a partial order on updates, and one can use this ordering to
sort the updates topologically. Recall that a topological sort of a directed acyclic
graph is constructed by repeatedly selecting a root in the graph and deleting it
and its incident arcs from the graph. fU; --- U, is a topological sort, then call
the sequence Uy, --- U; a reverse topological sort.

Theorem 5-1. Let U, - - - U, be a sequence of updates and queries, and let
T be an extended relational theory. Let G be the lazy graph created by sequen-
tially inserting U; through U, into an initially empty lazy graph. Let Toposort be
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any reverse topological sort of all the updates in G. Then Worlds(Toposort(7T))
= Worlds(Upn(- - -«(U1(T))--+)). €

The proof of Theorem 5-1 uses a bit of new terminology:

Definition. Let n and n' be nodes in a lazy graph. Then n is an ancestor
of n' if there is a path from n to n' in the lazy graph. If U and U’ are update
hyperedges, then U is an ancestor of U’ if there is a path from a node of U to a
node of U’ in the lazy graph. ¢

Proof of Theorem 5-1. First, the sequence Sy = U, --- Uj is a re-
verse topological sort of the lazy graph, because when an update or query U is
inserted into the lazy graph with the NAP Algorithm, no new ancestors are
created for any node except U. Let Toposort be a reverse topological sort
other than S;. There must be a rightmost position on which the two sorts
differ; counting from the right, say that S; and Toposort agree on positions 1
through ¢ — 1, but differ in the ith position, where S; has U; and Toposort
has U;. Let Sz be the sort Uy ---Uj1Uj-1 -+ UiU;Ui—y - - - Uy. Since Toposort
is a reverse topological sort, U; must not have any ancestors in the sequence
Uj—1--- Ui. In particular, U;—; must not be an ancestor of U;. Applying
Lemma 5-1, Worlds(U,, ---Uj+1Uj—1U;Uj—2 - -- Us(T)) = Worlds(Uy --- Ur(T)).
By induction, Worlds(S2(7)) = Worlds(5:(7)). By induction, it follows that
Worlds(Toposort(7T)) = Worlds(5,(7)). ¢

Lemma 5-1. Let 7 be an extended relational theory, and let U; and U,
be updates or queries:

Uy: INSERT w; WHERE ¢,
U,: INSERT w, WHERE ¢,

such that if first U, and then U, are inserted into a lazy graph G using the
NAP Algorithm, U; is not an ancestor of U;. Then Worlds(Uz(Ur(7T))) =
Worlds(Uy(U2(T))). <€

Proof of Lemma 5-1. Let M be a model of T having Skolem constant
substitution o with respect to 7, U;, and U,. Let M; be a model of U;(7)
such that World(M,;) € Worlds(U;(T)); and let M3 be a model of Uz(T) such
that World(M;) € Worlds(U2(7')). Suppose that ¢, is not satisfied in M. Then
World(M) = World(M;), and Worlds(Uz(M;)) = Worlds(Uz(M)). Suppose
U, is first applied to M, producing a model M} of World(M3), and then U,
is applied to M). If U; does not change the alternative world of Mj, then
World(M}) = World(M3). If U; does change M, then though ¢; was. false in
M, ¢, is true in M. Therefore there must be datoms f in ¢; and g in w; such
that f unifies with g under 0. We claim that there is a read/write arc in the
lazy graph between f and g, which violates the claim that U, is not an ancestor
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of Uz. To see this, note that f and g pass test (1) of Step 2, as f and ¢ unify
under o. For test (2), oA¢; is true in M, and ocAd, was true in M, so both
wifs are satisfiable. For test (3), suppose ¢2 logically entails @, where a consists
of equality atoms. Then « is true in M, and therefore also in M. As ¢, is true
in M}, a must be consistent with ¢;. We conclude that if ¢, is not true in M,
then Worlds(Uy(M)) = Worlds(Uz(M)). The proof is symmetric if ¢, is false in
M, or if ¢, is false in M, or if ¢, is false in M}. We conclude that in all these
cases, the lemma holds.

Now suppose that ¢; is true in M, and ¢, is true in M;. Let M| be
a model that agrees with M in all respects except for the truth valuations of
the atoms of (w;),, which are the same in M} as in M,;. Then World(M})
€ Worlds(Uz(M)). Now apply U, to Mj. If (w1), and (w;), are over disjoint
sets of datoms, then World(M3) € U;(M]). Otherwise, we claim that there is
a write/write conflict between U; and U, a contradiction. To see this, let f
be a datom of w; and g a datom of w; such that f and g unify under o. Step
2 of the NAP algorithm contains three tests for f and g: (1) f and g must
unify, which they do by definition; (2) oA¢; and oA, are both satisfied, by
assumption; and as ¢; and ¢, are both true in M, test (3) is also satisfied. The
symmetric proof holds if first U; and then U, is applied to M. We conclude that

Worlds(U3(U1(M))) = Worlds(Uy(Uz(M))). ¢

5.6. The Lazy Algorithm

When can a pending update U be executed? The cardinal rule is that U may be
executed now if U is affordable and all its ancestors in the lazy graph have been
executed. This determination is made by examining each update family in the
lazy graph G. For U to be affordable, within each update family of G, the costs
of the ancestors of U plus the costs of previously executed members of the family
cannot exceed the cost limit for the family.

For example, let U be the incoming update INSERT Emp(Reid, CSD)
WHERE T. Suppose the relevant portion of the lazy graph is as in figure 5-5.
Summing estimated costs (actual costs may be used for U, if available), it ap-
pears that no splits will be needed in this lazy graph if the cost limit [ is at least
10. If the cost limit is less than 10, a split of U, is the most appropriate course
of action. '

As another example, the update INSERT € = CSD WHERE T must be a root
in the lazy graph, since it contains no datoms or history atoms; if its estimated
cost is zero, then it may be executed at any time.

The test for affordability may be described more formally as follows.

Definitions. Let S be a set of updates and/or queries in a lazy graph.
For each family F with an update or query in S, let S(F) be the set of all updates
or queries in family F that are in S or have already been executed. Then S is
affordable if for each family F with an update or query in S,
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U,: INSERT Mgr(Nilsson, ¢) WHERE T

executed; EstCost 2 — —m — — — — — _]
Mgr(Nilsson, ¢)

(

|

U,: INSERT ~Emp(Reid, ¢) WHERE T
pending; EstCost 8 !

| Emp(Reid, ¢)
]

—— —— — — So———

e=CSD

U: INSERT Emp(Reid, CSD) WHERE T —_——
pending; EstCost 1 ; .

Update hyperedge =
Family hyperedge = — o= ———

Figure 5-5. Determining whether an update is affordable.

CostLimit(F) 2 Z EstCost(U),
UEeS(F)
i.e., if the amount spent on executed updates and queries of F plus the amount

estimated for updates and queries of F that are in S is no more than the cost
limit for F. If S is not affordable, then S is expensive. ¢

The Lazy Algorithm non-deterministically processes a query or update U

of the lazy graph, working U into an executable position by splitting its ancestors
to reduce their costs.

The Lazy Algorithm.

Input. A lazy graph G with one particular node, U, that is to be processed.
Initially all nodes of G are marked as being unexamined.

Output. An equivalent version of G and either an ACCEPT or REJECT verdict.
If the verdict is ACCEPT, then all ancestors of U in G are now affordable. If the
verdict is REJECT, then the cause of the rejection is also returned.

Procedure. A sequence of three steps:
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Step 1. Accept U. If the set of all ancestors of U in G is affordable, then
terminate with an ACCEPT verdict.

Step 2. Reject U. If the examined ancestors of U are expensive, send the user
a REJECT verdict along with information on the reason for the rejection. This
information may include the family and update hyperedge labels and all family
cost information for every update and query on any path from the expensive
ancestor to U. Then restore the lazy graph to its original state and terminate
execution.

Step 3. Split ancestors. Choose a nearest’ pending unexamined ancestor U’
of U. Guess a sequence of splits for U’, and perform them using the Splitting
Algorithm. Mark U’ as examined, if it still exists; otherwise mark the updates
split off from U’ as examined. Go back to Step 1. ¢

If the Lazy Algorithm accepts node U, then to execute U, choose an
affordable pending ancestor update U’ whose nodes are all roots in the lazy
graph G. Execute U", afterwards marking that hyperedge as executed. Repeat
until U itself has been executed and so marked. If every update hyperedge in
a family hyperedge has been executed, then all nodes, hyperedges, and incident
arcs of that family can be removed from G.

In the case of a REJECT verdict, the Lazy Algorithm may return a great
deal of information to the user. This is because there are many possible ways
to make an update cheaper, including retroactively reducing the cost of previ-
ously executed members of an update family. To make the best choice for cost
reduction, the user may need all that information.

For the Lazy Algorithm to work according to expectations, it must satisfy
a number of requirements. First, if the Lazy Algorithm accepts an update or
query U, then no family cost bounds may be exceeded during execution of the
ancestors of U. Fortunately, this follows immediately from Step 1 and the fact
that the cost estimate function is guaranteed not to underestimate costs as defined
by the database administrator.

Second, we must show that the splits performed in Step 3 of the Lazy
Algorithm map one correct lazy graph into another “equivalent” graph. The
following section presents a large repertoire of splitting techniques and proves
that they meet this requirement.

Finally, Theorem 5-1 guarantees that the extended relational theory will
reach a correct final state as long as the updates in the lazy graph are executed in
topographical sort order. However, we need a characterization of the intermediate
state of the extended relational theory, in particular, of the state of the extended
relational theory when an update or query U and all its ancestors have just been
executed; for that is the state that the user glimpses. Intuitively, for U a leaf of

t A nearest ancestor of U with property P, if one exists, is an ancestor U’ of U with
property P such that no other ancestor of U with property P has a shorter path to U than U’
does.
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the lazy graph, at an intermediate stage the alternative worlds of the extended
relational theory are correct when projected onto just the atoms in the update
or query U.

~ To explore this last point more formally, new terminology is in order. We
distinguish the case where w contains the equality predicate or is unsatisfiable (an
assertion). Assertions are different from other updates in that they may elimi-
nate some alternative worlds of a theory to which they are applied. Updates that
are not assertions, on the other hand, cannot eliminate any alternative worlds of
a theory: for if w is satisfiable and does not contain the equality predicate, an
insertion always produces some model from any model to which it is applied. If w
is satisfiable but contains the equality predicate, then the update may eliminate
some models by invalidating their Skolem constant mappings. For example, “¢ =
CSD” will eliminate all models where ¢ is not mapped to CSD. The distinction
between these types of updates is important because most users will want execu-
tion of any query to force execution of all' pending assertions, because assertions
may affect the answer to the query by eliminating the alternative worlds where
some potential answers to the query are true.

Definition. Let S be a set of datoms. Let 7 be an extended relational
theory, and let M be a model of 7 with Skolem constant substitution o with
respect to S. Then World(M) restricted to S (written World(M)|S) is the wif
form't of the truth valuations in M of atoms in (S),. Further,

Worlds(T)|S = U  (WorldMm)ls). ¢
M€ Models(T)

Theorem 5-2. Suppose the updates and queries of a lazy graph G formed
by the NAP algorithm have topological sort Uy:-+ UnQ. Let S be the set con-
taining all datoms of Q, and let 7 be an extended relational theory. If Toposort
is a reverse topological sort of the ancestors of @, then Worlds(Toposort(7))|S
C Worlds(Q(Un(: - -Ui(T)--+)))IS. Further, if Toposort+Assertions is a reverse
topological sort of @ and the assertions in G, and all their ancestors, then
Worlds(Q(Un(---Ui(T)--+)))|S = Worlds(Toposort+Assertions(7))|S. ¢

Proof of Theorem 5-2. Choose a particular topological sort Fullto-
posort of all the updates and queries of G. Let Toposort+Assertions be derived
from Fulltoposort by deleting all updates and queries of Fulltoposort that are
not assertions or ancestors of Q. Let Toposort be derived from Toposort+Asser-
tions by deleting all updates and queries that are not ancestors of Q. Then by
Theorem 5-1, Worlds(Fulltoposort(7)) = Worlds(Q(Ua(- - -Ui(T)---))). It there-
fore suffices to show that Worlds(Fulltoposort(7))|S = Worlds(Toposort+ Asser-
tions(7))|S, and Worlds(Toposort(7))|S € Worlds(Fulltoposort(7))|S.

t  Well, up to the limits imposed by the user’s patience.

tt A truth valuation v can be written in wif form as a conjunction of literals, such that
the atom a is a conjunct of v in wif form iff a receives the truth valuation T under v, and —a
is a conjunct of v in wff form iff a receives the truth valuation F under v.
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There must be a rightmost position in which Toposort+Assertions and
Fulltoposort contain different updates or queries. Suppose that the occupant of
that position is U in Fulltoposort. Then U does not appear in Toposort+Asser-
tions. Therefore U is not an ancestor of @ or an assertion. Let M be a model of -
T with Skolem constant substitution o with respect to @, Uy through Uy, and
T. When U is applied to M, it may change the alternative world of M but it
cannot eliminate that world, as w of U must be satisfiable. If ¢ of U is false in
M, then U does not change the alternative world of M, and so eliminating U
from Fulltoposort would not change the alternative worlds eventually produced
from M. If ¢ is true in M, then U may change the alternative world of M.
However, U is not an ancestor of Q. If (U), has no datoms in common with
any member of (Left(U)),, that is, the sequence of queries and updates Q--- U’
appearing to the left of U in Fulltoposort, then Worlds(Left(U)YU(M)))IS =
Worlds(Left(U)(M))|S. If a datom or history atom f of wy unifies under o
with an atom g of U’, for U’ any member of Left(U), then it must be the case
that test (2) or (3) of Step 2 of the NAP algorithm is violated for f and g,
i.e., that ¢y must be false in M and in all descendants of M. In this case,
when U’ is executed, it cannot change the alternative world of M or any de-
scendant of M. Therefore eliminating U from Fulltoposort cannot change the
effect of U'. We conclude that U can be removed from Fulltoposort without
changing the alternative worlds of Fulltoposort(7') restricted to S. By induction,
Worlds(Fulltoposort(7))|S = Worlds(Toposort+Assertions(7))|S. By the same
argument, Worlds(Toposort(7))|S € Worlds(Toposort+Assertions(7))|S, so it
follows that Worlds(Toposort(7))|S € Worlds(Toposort+Assertions(T))|S. ¢

Theorem 5-2 implies that unless all assertions are executed, a query may
give less precise answers than is otherwise possible. In particular, it may report
that a ground wff a is true in some alternative worlds and false in others when,
if all assertions were executed, it would be known that in fact a had the same
truth valuation in all remaining alternative worlds.

5.7. Update Splitting

To reduce the cost of the ancestors of a query or update that needs to be exe-
cuted, the Lazy Algorithm makes use of a formalization of the splitting techniques
illustrated in Section 5.1. There are two basic varieties of splits, or divisions of
an update U into a sequence of updates: horizontal splits, in which disjuncts,
conjuncts, or atoms of w or ¢ are removed from U, generating a sequence of two
updates to replace U; and vertical splits, in which U is split into multiple updates
by conjoining a substitution or other wif ¢ to one version of U and —¢ to the
other. When an update is split, the resulting updates belong to the same family
as did the original, and hence apply to the same cost bound as did the original.
In addition, there are certain logical manipulations of ¢ and w that can be useful,
and they will be discussed also.

There are many ways to skin a cat, and many ways to split an update.
Given an update or query U in the lazy graph to process, in the worst case the best
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way to split the ancestors of U will not be at all obvious. In fact, in a deterministic
version of the Update Algorithm, one can easily spend time exponential in the
size of the lazy graph (assuming P # N'P) just trying to decide how to split
U'’s ancestors; the update split that initially looks most advantageous may turn
out to cause an unacceptable increase in the costs of that update’s ancestors.
This plethora of possibilities does not lead to nice theorems telling when the
Lazy Algorithm will accept U, or even to a nice algorithm for trying out all the
possibilities. For that reason, we present a large repertoire of splits but only
present a characterization of the performance of the Lazy Algorithm for a small
subset of these splits.

5.7.1. A Repertoire of Splits

In a horizontal split, selected datoms are removed from ¢ or w of an update U.
Horizontal splits can be helpful when U is an ancestor of the incoming query Q,
and some expensive part of U is not actually relevant to Q at all. For example,
in INSERT « Vg WHERE ¢, if g is expensive and not needed for the execution of
Q, it will be advantageous to split g off, because the estimated cost of INSERT a
WHERE ¢ will doubtless be lower than that for U. It is possible to split between
conjuncts of w or disjuncts of w or ¢, and also to remove individual datoms from
w. These four types of splits will be covered in Splitting Rules 1 through 4, which
map an update U into an equivalent sequence of updates:

Definition. If S; and S, are two sequences of updates over a language
L, then S; and S, are equivalent if for every extended relational theory 7 over
L, Worlds(5:(T)) = Worlds(S52(T)). ¢

One obstacle to splitting an update U into U and U is that when U, is
executed, U, must have some means of locating those alternative worlds where U
is not yet completed. For example, if U is INSERT w WHERE ¢ and U is INSERT w;
WHERE ¢, then in general U, cannot also rely on selection clause ¢, because w; may
have changed the truth valuations for atoms in ¢. A more promising candidate
for Uy’s selection clause is (¢)oyy, » Where oy, is the history substitution for U;.
However, there are two drawbacks to the use of (#)ogy, in Uz. First, a future
update with ancestor U may need to write some of the datoms in (#)egy, ,» and
there will be a read/write conflict between U and that update, forcing sequential
execution. Second, U may be split many times before it is fully executed. Every
split-off update will incur costs associated with ¢. Even if w is very simple, the
added expense of dealing with (¢)opy,» (#)oxv, Jonv,, €tc. may push the total
cost for U beyond the cost limit, and force rejection of queries.

The solution to this difficulty is to make ¢y, as short as possible. The
technique for doing so has been presented once before, in the discussion of com-
putational complexity of the Update Algorithm Version Iin Chapter 3. There the
goal was to minimize the amount of space required for formula (2), by defining
a new history atom H(U) with the wif H(U))«<4, and adding this wif to 7 just
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after Step 1 of the Update Algorithm. This is adapted to the current case as
follows.

Definition. If an update U is split into U, and Us, then U, defines H(U)
if H(U) is a new! history atom and during the execution of Uy, after Step 1 of
the Update Algorithm, the formula H(U)«¢ is added to 7. ¢

Once defined, H(U) can be used by subsequent updates; H(U) is just a
history atom that will be true in a model M iff ¢ was true in the precursor to
that model just before U; was executed. H(U) is an inexpensive way of marking
the models where ¢ is true so that one can come back later and finish U easily. In
many of these splitting rules, U; will define a history atom that is subsequently
used by U;. In the earlier example, U; can use H(U) as its selection clause rather
than (¢)egy, - By this means, history atoms can now appear in split-off updates.

Please note that if U defines a history atom and U is itself to be split into
U, and Uy, then U; inherits the job of defining that history atom.

Splitting Rule 1. Splits between conjuncts of w. If no datom or history
atom in w; unifies with an atom of w;, then the update U: INSERT w;Aw; WEERE
¢ is equivalent under the Update Algorithm to the sequence of updates
U;: INSERT w; WHERE ¢,

U;: INSERT wp WHERE H((U),

where U, defines H(U). ¢

Remark 5-1. When U is split into U; and U, if ¢ contains no datoms,
then the expense of defining H(U) is unnecessary. It is preferable in this case not
to define H(U), but rather just use ¢ directly. This will be done in the examples
of this chapter.

Example. INSERT Emp(Reid, CSD) A Emp(Reid, EE) WHERE T is equiv-
alent to the sequence of updates

INSERT Emp(Reid, CSD) WHERE T,
INSERT Emp(Reid, EE) WHERE T. ¢

Proofs of correctness for these splitting rules are collected in Section 5.7.2.

Selection clauses are not the only places where extra history atoms are
useful for marking models where updating is to be completed later. The case
where w is a disjunction, e.g., R(a)VR(d), is a good illustration. If we want to
insert just R(a) for now and complete the disjunction later, then there must be
some way of identifying the models where R(b) should be inserted later. A new
history atom is the best solution.

t A new history atom is one which does not unify with any history atom in T or in a
pending update.
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Splitting Rule 2. Splits between disjuncts of w. If no datom in w; unifies
with an atom of w;, then the update U: INSERT w;Vw; WHERE ¢ is equivalent
under the Update Algorithm to the sequence of updates

U: INSERT w; V H(U;) WHERE ¢,
U,: INSERT H(U,) « w, WHERE H(U),
where H(U;) is a new history atom, and U; defines H(U). ¢

Please note that in Splitting Rule 2, U; does not define H(U; ), but merely
uses it. :

Example. Assuming H(1) is a new history atom, the update U: INSERT
Emp(Reid, CSD) V Emp(Reid, €) WHERE T is equivalent to the sequence of up-
dates

INSERT Emp(Reid, CSD) V H(1) WHERE T,
INSERT H(1) « Emp(Reid, ¢) WEERE T. ¢

It is worth noting that Splitting Rule 2 would not work if the Update
Algorithm treated history atoms as it does datoms. For if it did, then U; would
change the truth valuation of H(U,), rather than using it to identify the models
where the update is incomplete. The proofs of these Splitting Rules will show
that nothing in the Update Algorithm or in its proof of correctness prevents the
use of history atoms in certain situations within updates; the system may as well
make internal use of history atoms whenever this is convenient and correct.

To see the necessity of the restriction in Splitting Rules 1 and 2 that
datoms of w; and ws must not unify, consider the update INSERT Emp(Reid,
CSD) V Emp(Reid, CSD) WHERE T. This update is not equivalent to the sequence
of updates

INSERT Emp(Reid, CSD) v H(1) WHERE T,
INSERT Emp(Reid, CSD) « H(1) WHERE T,

because those two updates may create alternative worlds where Emp(Reid, CSD)
is false. For example, if 7 has an empty body, then U; will produce a model M
where Emp(Reid, CSD) is true and H(1) is false, and U, will make Emp(Reid,
CSD) false in M. A similar problem occurs with the update INSERT Emp(Reid,
CSD) A = Emp(Reid, CSD) WHERE T.

Using DeMorgan’s laws and Splitting Rules 1 and 2, one can completely
pick apart many ws, using no more splits than there are conjunctions and dis-
junctions! in w. Splitting Rules 1 and 2 only apply when w takes a special form,
however, and even when w is in that form, at times it may be annoying to have
to dissect w just to get at one important datom. Splitting Rule 3 allows a one-
step isolation of any set of datoms in w; however, it may require the use of more

t Express any other binary operations in w in terms of A, V, and -.
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history atoms than would be needed if Splitting Rules 1 and 2 were repeatedly
applied.

The formula for wy, in Splitting Rule 3 is rather intimidating. However,
the intent is quite simple. If f is a datom of U to be removed from w, then replace
f by a history atom H(f,F) in w. Call this history substitution ox. Then let
U; insert (w)e,, and let U, insert f«—H(f,F). The alarming second term of wy,
in Splitting Rule 3 is vacuously true except in the case where f unifies with an
atom of (w),,—the same case that caused restrictions in Splitting Rules 1 and
2. The second conjunct of wy, in Splitting Rule 3 simply says that in models
where f unifies with a datom of (w)s,, Uz cannot change the truth valuation of
f. Just how U; accomplishes that is a bit mysterious: H(f, U,) is an atom from
Us’s own history substitution. Doug Hofstadter watch out!

Splitting Rule 3. Removal of selected datoms from w. Let U be the
update INSERT w WHERE ¢. Let F be a subset of the datoms that occur in w. Let
or be a history substitution for the datoms in F, composed of the replacement
of every datom f in F by a history atom H(f, ).t Then U is equivalent under
the Update Algorithm to the sequence of updates

Uy: INSERT (w),, WHERE &,

Up: INSERT J\ ((fHH(f,J"))/\
feF

(V@) —(f = H(f,U3)))) WHERE H(U),

o€l

where U, defines H(U), and ¥ is the set containing the wif F and all substitutions
o such that for some datom ¢ in (w)s,, f unifies with g under most general
substitution 0.

Intuitively, this type of split is useful when the datoms in F are too expen-
sive or else need to be isolated from the other datoms of w to facilitate vertical
splitting of w. U, leaves placeholders for those datoms in w, in the form of history
atoms. When the datoms of F become affordable later on, their truth valuations
can be tied to those of the history atoms in o through update U,.

Example. Let U be the update INSERT (=R(a) V R(b)) A (R(c) V ~R(b))
WHERE T, and let Q be the query INSERT Q(b) WHERE R(b). Suppose that U
is expensive, and the only conflict preventing execution of Q is the write/read
dependency on R(b). Then R(b) can be split out of U in one step by creating the
two updates

U;: INSERT (-~H(R(a),1) V R(b)) A (H(R(c),1) V ~R(b)) WHERE T,
U,: INSERT (R(a) « H(R(a),1) A (R(c) « H(R(c),1)) WHERE T. ¢

tt By analogy to U in H(f,U), F in H(f, F) is simply a unique constant not previously
used in any history atom, so that H(f, F) does not unify with any preexisting history atom.
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Example. Let U be the update INSERT (¢ = a) A R(e) A ~R(a)
WHERE T. Asw is unsatisfiable, this update should eliminate all alternative worlds
of any theory to which it is applied. Splitting U with Splitting Rule 3 produces
Uy: INSERT (e = a) A R(e) A ~H(R(a),U;) WHERE T,
Uz: INSERT (R(a) « H(R(a),U:1))A((e = a) = (H(R(a),U,) & H(R(a),U2))))
WHERE T.
Without this final conjunct of w in U,, U; and U, applied to an extended relational
theory with empty body would produce an alternative world in which R(a) is
false. The additional conjunct correctly eliminates all alternative worlds. ¢

Splitting Rule 4. Splits between disjuncts of ¢. The update U: INSERT
‘w WHERE ¢;V¢, is equivalent under the Update Algorithm to the sequence of
updates
U;: INSERT w WHERE ¢,
Ups: INSERT w WHERE (62)oyy, ,
where oy, is the history substitution for U;. ¢

Example. The update INSERT Emp(Reid, CSD) WHERE Emp(Reid, EE) V
Mgr(Nilsson, €) is equivalent to the sequence of updates

U,: INSERT Emp(Reid, CSD) WEERE Emp(Reid, EE),
U;: INSERT Emp(Reid, CSD) WHERE Mgr(Nilsson, €). ¢

Though Splitting Rule 4 shows that it is possible to split between disjuncts
of ¢, in general it is not possible to split between conjuncts of ¢, as all conjuncts
of ¢ are needed to determine whether an alternative world is to be affected by
the update.

We now turn to an examination of vertical splitting. In Splitting Rule 5
below, typically ¢’ will be a substitution ¢, and there will be an update or query
Q that depends on the results of U for some pair of datoms of Q and U that
unify under substitution o. It may be much cheaper to execute U only in those
models where o is true, rather than in all models where ¢ is true. This typically
occurs if Skolem constants in the updates U and U, cause the unacceptable
expense in U. For example, if U is INSERT Mgr(Nilsson, ¢€) WHERE Emp(Reid, €),
and Q is INSERT Q(Nilsson) WHERE Mgr(Nilsson, CSD), then Q has a write/read
dependency on U. However, this dependency only materializes in models where
e = CSD. If U is split into U;: INSERT Mgr(Nilsson, ¢) WHERE Emp(Reid, €) A €
= CSD and U,: INSERT Mgr(Nilsson, €) WHERE Emp(Reid, €) A € # CSD, then
U, may well be affordable though U is not. U, can be executed later, as it will
not be an ancestor of Q.

Splitting Rule 5. Vertical Splits. Let U be the update INSERT w WHERE
¢. If ¢' is a ground wif, then U is equivalent under the Update Algorithm to the
sequence of updates
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U;: INSERT w WHERE ¢ A ¢' and
Up: INSERT w WHERE H(U) A ~(¢')ouy, »
where U; defines H(U). ¢

Example. Let U be the update INSERT Emp(Reid, ¢) WHERE T, and let U’
be the update INSERT Emp(Reid, CSD) WHERE Mgr(Nilsson, CSD). There is a
write/write dependency between U and U’; but this dependency only occurs for
models where ¢ is bound to CSD. If U is too expensive, try splitting U into
U;: INSERT Emp(Reid, €) WHERE ¢ = CSD,
Uz: INSERT Emp(Reid, €) WHERE € # CSD.
Then U’ does not depend on Us, and U; may well be affordable. ¢

Sometimes two updates are guaranteed not depend on one another by
virtue of the fact that they take place in disjoint sets of alternative worlds. For
example, the updates
INSERT Emp(Reid, €) WHERE ¢ = CSD and
INSERT ~Emp(Reid, €) WHERE ¢ # EE _
will produce the same effect no matter which update is executed first. The NAP
Algorithm takes advantage of any such opportunities created by vertical splitting,
by eliminating dependencies of this sort between updates. However, it is not
sufficient that the selection clauses of the two updates be mutually exclusive; for
example, the effect of the two updates

INSERT Emp(Reid, CSD) WHERE - Emp(Reid, CSD) and
INSERT ~Emp(Reid, CSD) WHERE Emp(Reid, CSD)
depends upon the order in which they are executed.

‘Logical massage of ¢ and w can be used to reduce the cost of Step 1 of the
Update Algorithm, by removing datoms from U that are not subformulas of T
or of pending ancestors of U. By applying a substitution ¢ to ¢ ot w, sometimes
the resulting datoms in ¢ and w already are subformulas of T even though the
original datoms did not. Of course, this sword cuts both ways: applying ¢ may
turn a datom that did occur in 7 into one requiring expenditures during Step 1.

Splitting Rule 6. Logical massage. The four updates
U,: INSERT w WHERE ¢Ao,
Uz: INSERT (w), WHERE ¢Ao0,
Us: INSERT w WHERE (),A0,
Us:  INSERT (w), WHERE (4)oAd,
where o is a ground substitution, are all equivalent. ¢

Of course the splits and rearrangements presented in the preceding split-
ting rules are not the only possible manipulations of updates. For example, U
can be replaced by any other equivalent update; see Chapter 8 for rules on when
two updates will be equivalent.
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5.7.2. Correctness Proofs for Splits

Readers not interested in formal proofs of correctness for the splits of the previous
section should proceed to the next section.

Proof of Splitting Rule 1. Let M be a model of extended relational
theory 7 with Skolem constant substitution ¢ with respect to T, Uy, and Us.
Let My, be a model of U;(T), such that the alternative world of My, is pro-
duced from that of M under the semantics for updates. Let My, be a model
of Uy(Ui(T)), such that the alternative world of My, is produced from that of
My, under the semantics for updates. Then ¢ is true in M iff H(U ) is true in
Muy,, by the arguments of Theorem 4-1. If ¢ is true in M, then w;Aw; is true
in My,, because (w1 ), and (w2), have no datoms or history atoms in common.
Therefore My, is a model of an alternative world produced by U applied to M.

If 4 is false in M, then H(U) is false in My,, and My, is a model of an
alternative world produced by applying U to M.

The reverse implication is symmetric. ¢

Proof of Splitting Rule 2. This proof follows the outline of the proof
of Splitting Rule 3, with significant differences only in the forward and reverse
proofs of correctness for Step 3. The revised forward and reverse proofs for Step
3 follow: , _

In the definition of My and My,, also define the truth valuation of H(U1):
let H(U;) be true in My, iff w; is true in My.

Consider those wifs added to Uz(U;(7)) during Step 3 of Uy or Uz. By
definition My, satisfies (¢)ogy—(w1Vwz). We must show that My, satis-
fies ((¢)oxv, Joru, = ((W1)egy, VH(U1)) and ((#)omv, Jogv, — (H(U1) « wsz).
The latter formula is true by definition of the truth valuation of H(U;) in
Muy,. For the other formula, since no datom of w; unifies with an atom of
w, it follows that (w1)egy, is identical to w. But then by definition of My,,
((#)ogv, Jorv, = ((w1)omu, VH(U,)) is satisfied in My,. _

For the reverse implication, consider the formula added to U(7) during
Step 3 of U: (¢)ogy —w. We know My satisfies

((45)0501 )UHU, - ((wl )Usv, A H(Ul))

and

((d’)cuv,)duu, — (w2 & H(U))).

Again, because no datom of w; unifies with an atom of w, it follows that (w1)sgv,
is identical to w;. Therefore the latter two formulas together logically imply
that ((¢)ouu1)mv,—’(“’lv“’2) is true in My. Then by the definition of My,
(¢)opgy—(w1Vws) is true in My, O
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Proof of Splitting Rule 3. Let oyy, onv,, and oy, be the history
substitutions for U, U;, and U,, respectively. First we show that any model
produced by U is the model of an alternative world also produced by U; followed
by Uz.

Let My be a model of U(T). Let My, be a model identical to My
except that for every null-free datom f, the history atoms H(f,U1), H(f,U2),
and H(f,F) are given the following truth valuations in My,:

H(f,Uy) gets the same valuation as H(f,U)

H(f,F) gets the same valuation as f

H(f,U,) gets the same valuation as f, if 3g|{g € (w)e, and f ~, g}
H(f,U;) gets the same valuation as H(f,U), otherwise.

In addition, let H(U) be true in My, iff ¢ is true in M. Note that H(U)
is true in My, iff ((¢)ony, Jouy, is true in My,; this correspondence will be
used throughout the formulas in this proof without special notice, by replacing
occurrences of H(U) by an equivalent expression over ¢.

Clearly My and My, represent the same alternative world. To show that
My, is a model of Worlds(U2(U;(M))), we will consider all the possible reasons
that a particular wiff might be in U2(U1(7)), and show that in each case, M
satisfies that wif.

First suppose « is a wif of the body of 7. Then under the Update Algo-
rithm, Uz(U1(7)) contains the wif ((@)ogy, Jogy,- Mu, satisfies (@)ogy, and by
definition therefore also satisfies ((a)o gy, Jonu, -

Now consider the wifs added to 7 during Step 1 of update U;. If f is a
datom of (w)s,, then U3(U1(7T)) contains the wif

(f =V 9osv,)oxv,- 5-1

gET
I~cd

Since U(T) contains the wif
(f =V 9osos 5-2

9€T
I~a9

it follows by definition that formula 5-1 is satisfied by My,. If f is a datom in
F, then Uz(U,(T)) also contains the wif

F=(Vev V  Dono,- 5-3
gET €T, 9€(w)ox
J~eo9 I~eg

t For a a wif, theory, or substitution, and g an atom, the notation g€ means “g is a
subformula of a”. If a is a hyperedge or set of nodes in a graph, then the notation géa means
that the node g is on the hyperedge or in the set of nodes a. The notation f~qg means that
f unifies with g under most general substitution o.
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Since formula 5-2 implies formula 5-3 under the definition of My, it follows that
formula 5-3 is satisfied by My,.

Now consider those wifs added to Uz(U1(7)) during Step 3 of U; or Us.
We first show that (¢)oyy is true in My, iff ((#)ogy, Jouv, is true in My,.

If (#)oyy is true in My,, then ((¢)ogy, Jony must also be true there, by
definition of the truth valuations of H(f,U;). Conversely, if a datom f of ¢ is a
subformula of oy, but not of oxy, , then it must be the case that f unifies with
a datom of F and does not unify with any datom of (w),,. But then by definition
the truth valuation of H(f,U) is the same as that of H(f,Uz). It follows that
(#)ony is true in My, iff (#)ony, Jonv, is also true.

By definition My, satisfies (¢)ogy — w. We must show that My, sat-
isfies the Wif ((¢)ogy, Jowv, = ((W)os)ogu,, introduced during Step 3 of U,. If
((¢)ogv, Jouv, is true in My,, then (¢)ogy is also true, and therefore w is true
in My,. By definition of My,, it follows that ((w)s»)egy, is true in My,. We
must also show that

(B)onv)emzy = N\ ((f = HEF) A o) = (f = H(S,U2))

feF o€

is satisfied in My,. But both conjuncts of this formula are true, by definition of
T. Therefore My, satisfies the wifs added during Step 3.

Now consider those wifs added to Uz(U1(7)) during Step 4 of U; or Us.
My, satisfies the wif of U(T)

(fHH(faU))V((¢)0'aU A V U), 5-4

g€Ew
I~

for each datom f in U(7) that unifies with a datom of (w),, or F.
If f in U(U3(T)) unifies with a datom of (w)s5, then Uz(U1 (7)) contains

the wif
((f)cnv, = H(f,U1))V (((¢)Onv1 )va, A V o),

9€(w)ox
I~eas

which is true by definition of H(f,Uz) and H(f,U1), if f unifies with a datom of
F; and true by formula 5-4, otherwise. '
If f in Uz(U;(T)) unifies with a datom of F, then Uz(U1(7')) contains the

(f & HEUD)V ($)osv, Jov, AV )

I~eag
9€F

wif

Since (¢)ogy is true iff ((#)egy, Jomv, is true, by the definition of My, and
formula 5-4 this formula is also satisfied by My,. This establishes that My,
satisfies the wifs added during Step 4 of U; and Uz, and that My, isa model of
an alternative world of U2(U1(7T)).
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To show that models produced by U; and U, represent alternative worlds
produced by U, suppose My, is a model of U(U;(7)). Let My be a model
differing from My, only in the following: H(f,U) has the truth valuation in
My of H(f,U1) in My, if f unifies with a datom of oyy,, and of H(f,U2)
otherwise. Then My, and My represent the same alternative world, and again
we must show that My satisfies all the wifs of U(T).

Let a be a wif of 7. Then (a)sy, is a subformula of U ('T) My satisfies
((®)ogu, Jogy,, and therefore My satisfies (a)oy,, -

Now consider wifs added to 7 in Step 1 of U: for each datom f that is a
subformula of w but not of 7, U(T) contains the wif

(f)vau - V g. 5-5

9€T
I~eog

For f in (w)s,, My satisfies the wif of U(U; (7))

(f)aavl - V g,

9€T
o~el

which implies that My satisfies formula 5-5 as well.
For f in o, My satisfies the wif of U,(U1(T))

(Honv, = ( V oV V o). 5-6
9€T 9€T
g~ol 9€(w)ex
o~eld

In formula 5-6, suppose (f)sgy, is true in My. If the left-hand disjunct of 5-6
is true, then formula 5-5 is satisfied. Otherwise, for some g from the right-hand
disjunct, g is true in My; therefore My must satisfy an instantiation of formula
5-5 for g. It follows that a left~hand disjunct of 5-6 must be true in My, and
therefore 5-5 is satisfied by My.

The formulas added to U(7T) during Step 4 of U take the form, for f
unifying with a datom of w,

(f = HEUDV (Boaw A\ 0)- 5-7

€W
g~c/t

If f unifies with a datom of (w),,, and f is a subformula of 7, ¢, or (w),5, then
My satisfies the formula of U,(U1(T))

((f)dav, - H(f’ U )) v (((d’)ﬂuvl )UHU, A V ‘7)-

'e(”)c;
9~ed
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For f any datom of U(T) unifying with a datom of o, My also satisfies

(f s H(fs U2)) \ (((¢)agul )UHUz A V U)- - 5-8

:'ffl
If f does not unify with datoms of both (w)s, and or, then formula 5-7 is
satisfied. Otherwise, if the left-hand disjunct of formula 5-8 is true in My,, then
by definition of My, formula 5-7 is satisfied in My. If the left-hand disjunct is
false, then the right-hand one must be true; since the occurrence of a datom g
in F implies that g also is a subformula of w, it follows that 5-7 is again satisfied
for My.

Now consider the formula added to U(7") during Step 3 of U: (¢)ogy —w-
By the same argument used in the forward direction of this proof, ((¢)egv, Jesv,
is true in My, iff (#)ogy is true in My,. It remains to show that w is true when
((q&),,,,,,1 )‘,m,2 is true in My,.

When ((¢)ogv, Jonu, is true in My,, My, must satisfy (w)os)oguv,s

N\ (f = H(f, 7)),

FEF

V o= HFF) < B ),
9€(w)or
I~es
or omF
and formula 5-8. But these together imply that My, satisfies (w)s,. By defini-
tion of My,, if (w)e, is true in My,, then w must be true in My,. Therefore
My, satisfies the formulas added during Step 3 of U.

As My satisfies all the wifs added to 7 during the Update Algorithm for
U, we conclude that Worlds(Uz(U1(7T))) = Worlds(U(T)). ¢

Proof of Splitting Rule 4. Let M be a model of 7, and let My, be
a model whose alternative world is derived from M by U; under the semantics
for updates. First, by the arguments of Theorem 4-1, (42)ogy, is true in My,
iff ¢ was true in M. It follows that Splitting Rule 4 is true for all models M
of T where ~¢1A~d2, d1A-¢2, or ~p1AP, is true. If ¢1A¢; is true in M, then
w will be inserted into M twice. But insertion of a wif is idempotent; for any
update U, Worlds(U(U(M))) = Worlds(U(T)). It follows that U is equivalent
to the sequence of updates U; and U,. _

Proof of Splitting Rule 5. Let M be a model of 7, and let My, be
a model whose alternative world is derived from M by U; under the semantics
for updates. By the proof of Theorem 4-1, H(U) will be true in My, iff ¢ was
true in M before U; began. Therefore ¢ and ¢' are true in M iff (¢)oqy, and
(8" )oxu, » respectively, are true in My, . Reusing the proof of Splitting Rule 4, it
follows that Worlds(Ux(Uy(T))) = Worlds(U(T)). ¢
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Proof of Splitting Rule 6. We will show that U; and Uy are equivalent,
and the proofs for the rest follow. Let M be a model of 7, and let o, be the
Skolem constant substitution for M with respect to 7, ¢, w, and 0. Let My, be
a model produced from M by the Update Algorithm for update U;. Then ¢Ac
is true in M iff (¢),Ac is true in M. If ¢Ac is false in M, the theorem follows.
If Ao is true in M, then o, logically entails o, so if w is true in My, then (w)s
is also. This implies that My, is also a model of an alternative world produced
by U4.

For the other direction, let M be as before, and let My, be a model
produced from M by U;. Suppose that (¢),Ac is true in M, as otherwise the
theorem follows. Then (w), is true in My,. Since o} logically entails o, ((w)s)s,
is identical to (w),, , 50 (W), is true in My,. It follows that My, is a model of
an alternative world produced by Us. ¢ ‘

5.7.3. The Splitting Algorithm

The Splitting Algorithm shows how to split update hyperedges in the lazy graph.
Suppose an update U is to be split into the sequence of updates U; --- U,. Intu-
itively, the job of the Splitting Algorithm is to move back in time to the moment
when U was added to the lazy graph, and instead of adding U, successively add
U, through U,. Then all the updates that arrived after U can be added back into
the lazy graph. As the proof of correctness for the Splitting Algorithm will illus-
trate, this can be done quite efficiently as long as in all vertical splits (Splitting
Rule 5), ¢' contains no history atoms or datoms.

The Splitting Algorithm.

Input: A lazy graph G containing node U, and the sequence of updates U; and
Us,, produced by splitting U in accordance with Splitting Rules 1—4; or produced
by Splitting Rule 5, if ¢' contains only equality atoms; or a single update Uj,
produced in accordance with Splitting Rule 6.

Output. An equivalent lazy graph G’ in which U has been replaced by the new
updates U; and/or U,, as appropriate.

Procedure. A sequence of three steps:

Step 1. Add new nodes. Set G’ to be G. Remove the nodes of U, the update
hyperedge of U, and all arcs incident to U from G'. Let Gy be the subgraph
of G' containing only those nodes that are ancestors of nodes in U. Apply the
NAP algorithm to add update hyperedge U to the family hyperedge of U in the
subgraph Gy. Repeat for Uy, if U; exists.

Step 2. Check arcs to children of U. If there is an arc in G from a node of
U to a node g not in U, apply Step 2 of the NAP Algorithm and create, if Step
2 so requires, an arc from a node of U; or Uz to g in G'.

Step 3. Reestimate costs for children of U. If there was an arc in G from
a node of U to a node g not in U, then the cost information for ¢ may change
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in G'. In particular, the number of unifications for ¢ may may decrease if some
datom f of U that unified with g no longer is a subformula of 7 or in any pending
ancestor of g. Adjust the unification counts to reflect these changes. ¢

Example. Given the lazy graph of figure 5-4, if update U, is split horizon-
tally according to Splitting Rule 2, the Splitting Algorithm produces

Us: INSERT Emp(Reid, €;)VH(1) WHERE T and
U.: INSERT Mgr(Nilsson, €) « H(1) WHERE T,
shown in the lazy graph produced by the Splitting Algorithm in figure 5-6. ¢

U,: INSERT Mgr(Nilsson, ¢:) < H(1) WHERE T

pending === 1
' 1 Mgr(Nilsson, €;) H, (1)

|

i
U,: INSERT Emp(Reid, ;)VH(1) WHERE T
pending %

U,: INSERT Q(CSD) WHERE El_r_gp
pending I

Update hyperedge = ——————
Family hyperedge = ————

Figure 5-6. Splitting Algorithm example.

The part of the Splitting Algorithm in serious need of formal justification
is its assumption that U; and U; have no descendants or ancestors other than
those nodes that were ancestors or descendants of U. Theorem 5-3 shows that this
assumption is in fact warranted. According to Theorem 5-3, close examination
of any seemingly missing arcs of G' will show that the unifications under which
those conflicts would occur will never materialize.
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Theorem 5-3. Let S be a sequence of updates and queries containing
update or query U. Let G be a lazy graph, created with the NAP and Splitting
Algorithms, with topological sort S. Let G’ be the lazy graph produced from G
by the Splitting Algorithm when U is split into U; and U, (just U, if splitting in
accordance with Splitting Rule 6). Let S’ be the sequence created by replacing
U in S by U; U,;. Use the NAP Algorithm to insert sequentially the updates and
queries of S’ into an initially empty lazy graph G".

If S; and S are reverse topological sorts of G' and G, respectively, then
S; and S; are equivalent. ¢

The proof of this theorem will show that there may be arcs that the
NAP Algorithm would include but the Splitting Algorithm does not; but for
any such arc, external factors will prevent the conflict predicted by the arc from
materializing. First a bit of terminology: If U is an update or query, let ¢y be
the set of nodes on the lazy graph hyperedge for U whose labels are subformulas
of ¢ of U; and let wy be defined analogously. '

Proof of Theorem 5-3. Assume inductively that all splits previously
performed in G have this property. Then if an arc labelled o appears in G” and
not in G' (a new arc), its presence cannot lead to a violation of Theorem 5-3
unless one endpoint of the arc is in U; or U; and the other is outside U; and Us.
Suppose first that the endpoint is in Uj.

Looking at the formula that defines U, for the splits of Splitting Rule 1,
there are no atoms in U; that were not also subformulas of U; and the selection
clause ¢ is the same as it was in U. Therefore, by Step 2 of the NAP Algorithm,
no new arc could possibly have an endpoint in Uj.

Looking at the formula that defines U; for the splits of Splitting Rule 2,
there is only one datom or history atom, H(U; ), that was not also a subformula
of U; and the selection clause ¢ is the same as it was in U. Therefore, by Step
2 of the NAP Algorithm, any new arc must have H(U,) as an endpoint. But
by definition H(U;) is not a subformula of any other update except Uz, or unify
with any atom in any update except U,. Therefore there can be no new arc with
an endpoint in Uj. '

For Splitting Rule 3, the same argument holds as for Splitting Rule 2.

For Splitting Rule 4, again there are no new atoms in U;; however, ¢
has changed, so perhaps some unification that failed test (2) or (3) of Step 2
of the NAP Algorithm will now succeed. However, for test (2), if oA(¢1Vo2)
is unsatisfiable, then 0A¢; must be unsatisfiable as well. For test (3), if ¢1V¢2
logically entailed a, then so does ¢;. Therefore there can be no new arcs with
an endpoint in Uj.

For Splitting Rule 5, by assumption ¢' contains no non-equality atoms.
Therefore there are no new datoms or history atoms in U;, and by the argument
for Splitting Rule 4, there can be no new arcs with an endpoint in Uj.
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* For Splitting Rule 6, there may indeed be new datoms in w or ¢, created
by applying o to previously existing atoms. However, if o1 is the label of the
new arc, by Step 2 of the NAP Algorithm, it must be the case that o3 A¢Ac is
satisfiable, and so that arc should have been in G all along. We conclude that
there can be no new arcs with an endpoint in U;, for any type of split.

Now consider new arcs with an endpoint in Uz and, say, U’ as the other
endpoint. For Splitting Rule 1, the only new atom in U is H(U). But by the
argument used above for U; of Splitting Rule 1, no new arc can have H(U) as an
endpoint. Therefore if there is a new arc between U and U’, it must be because
that arc formerly failed test (2) or (3) of the NAP Algorithm Step 2, and now
passes the test.

If test (3) was failed, suppose first that Uy lies at the head of the new
arc, and update or query U’ lies at the tail of the arc. Let T be an extended
relational theory with model M. Then by the definition of test (3), whenever
éu, is true in a model M of T, it must be the case that «, defined in test (3),
is also true in M. As a contains only equality atoms, this property still holds
for the descendants of M after any sequence of updates is applied to M. But
this means that when U’ is executed, its selection clause must be false in all the
descendants of M. This means that the conflict predicted by the new arc can
never materialize, as the result of applying U and U’ to M is independent of the
order in which they are applied. The proof is symmetric if U’ lies at the head of

" the new arc and U, at the tail.

If test (2) was failed, cA¢ was unsatisfiable. By the arguments of Theorem
4-1, (0 A @)ogy, Will also be unsatisfiable; by the same arguments, after any
sequence of history substitutions, this property still holds. Therefore if H(U) is
true in a model, it must be the case that o is false in that model, and therefore
the predicted conflict does not actually occur because the unification needed for
the dependency does not take place.

Consider the split of Splitting Rule 2. The same argument applies to H(U)
as for Splitting Rule 1. As H(U}) is not an implicit or explicit subformula outside
of U; and U,, the theorem follows for that type of split.

The case of Splitting Rule 3 is identical to that of Splitting Rule 2.

For Splitting Rule 4, the arguments used for Splitting Rule 1 eliminate the
possibility that any new arc from outside could have a history atom of (¢2)onv,
as an endpoint. Therefore if there is a new arc with U as an endpoint, it must be
because that arc formerly failed test (2) or test (3) of the NAP Algorithm Step
2, and now passes these tests. If test (2) was failed, 0A(41V¢2) was unsatisfiable,
which implies that cA¢, was unsatisfiable. By the arguments of Theorem 4-1,
(0 A $2)ogy, Will also be unsatisfiable. And if test (3) was failed with selection
clause ¢;V¢, for U, then test (3) must still be failed when the selection clause is
changed to ¢. It follows that there can be no new arcs with an endpoint in U,.

For Splitting Rule 5, ¢' contains no non-equality atoms, so there are no
new non-equality atoms in U, other than H(U). By the argument used for
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Splitting Rule 1, no new arc can have H(U) as an endpoint. The only remaining
possibility is that some substitution now passes tests (2) and (3) of Step 2 of the
NAP Algorithm, but the argument used for Splitting Rule 1 also rules that out.
We conclude that Theorem 5-3 is true. ¢

5.8. Assertions

To drive the Lazy Algorithm, we need a policy on when updates should be pro-
cessed and executed. At the very least, queries should force the execution of as
many updates as are necessary to give a correct answer to the query. But update
processing and execution cannot be entirely query-driven: early execution or at
least special handling is required for assertions that are entered in response to a
query rejection. For example, if the user is told that a query about an employee
cannot be executed because of the datom Emp(e, CSD), the user might assert
the value of € and then reenter the query. The cost estimation function must
take note of this new assertion about € and reduce the cost estimates of pending
updates in which € occurs. Furthermore, the new information about € can be
used to reduce the size of the extended relational theory, in effect retroactively
reducing the cost of all earlier updates that contained €! Since the earlier up-
dates have become more affordable than they originally were, their estimated
costs should be decreased in accordance with the savings realized in 7. We omit
the algorithm for this aspect of lazy evaluation.

By letting update execution be entirely query—driven, we would miss some v
other opportunities to reduce the size of the extended relational theory and to
reduce the cost estimates of other updates. For example, it’s a good idea to
execute helpful assertions (ones that narrow down the range of possible values
for a Skolem constant) right away. If helpful updates are being blocked from
execution by expensive ancestors or by the presence of expensive datoms in the
same update, it may be worthwhile to use the Lazy Algorithm to force execution
of the helpful part of the update, rather than to keep it waiting in the wings until
query processing begins.

Another argument for early execution of assertions is that the user inter-
face routines will probably force processing and execution of as many pending
assertions as possible before presenting the user with the answer to a query, even
though not all assertions need be executed before the query is executed. This is
necessary if the most exact answer to a query is to be given, because any assertion
can eliminate an alternative world that was important to the query, and in the
process eliminate some candidate answer to the query.

5.9. The Costs and Benefits of the Lazy Algorithm

As mentioned earlier, we have no nice worst—case theorems telling when a query
or update U will be processable. This is due to the difficulty of splitting the
selection clause ¢ of an update; if ¢ were as easy to split as w is, then an excellent
characterization would be possible of the benefits of the Lazy Algorithm. For this
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reason, we characterize the behavior of the Lazy Algorithm for a certain class of
selection clauses ¢. This characterization depends on three assumptions:

Assumption 1. The non-interacting ¢ requirement: Let Q be the in-
coming query to be processed by the Lazy Algorithm. Then no datom that is
a subformula of ¢ of any proper ancestor of @ in the lazy graph can also be a
subformula of in w of another ancestor of Q. ¢

Assumption 1 says that any datom read by a parent or higher ancestor of
Q cannot also be written by an ancestor of Q.

Assumption 2. The cost estimation function must satisfy the following
equation for any hyperedge or set of nodes U in the lazy graph:

0, f an equality atom;
EstCost(U) = Z 1, f a history atom;
feU EstCost(f), f a datom.

For a particular datom node f, EstCost(f) must depend only on the cost infor-
mation stored at that node in the lazy graph. ¢

The purpose of Assumption 2 is to ensure that the cost estimation func-
tion does not depend on hard-to-handle factors such as the number of update
hyperedges in the lazy graph or the distance of an update from a root in the lazy
graph. This is needed in order to establish a simple relationship between the
estimated cost of the nodes of an update before and after the update is split.

Assumption 3. Judicious use of history atoms: Let Q be an incoming
query. At the time Q is added to the lazy graph, every history atom arc in the
lazy graph must have one endpoint in an executed update. ¢

History arcs should rarely prevent execution of an otherwise affordable
update. The purpose of a history arc is to make sure that a history atom is
defined before it is used; a split of U into U; and U, should always be performed
so that if U; defines the history atom and U; is an ancestor of the query or update
that is to be executed, then U, is not an ancestor solely because of history atom
arcs. For example, consider the update
U: INSERT Emp(Reid, €)AMgr(Nilsson, CSD) WHERE Mgr(Kennedy, EE)
and the incoming query
Q: INSERT Q(Nilsson) WHERE Mgr(Nilsson, CSD).

Suppose that Emp(Reid, €) makes U too expensive, and so U is split according
to Splitting Rule 1 into

71




Ui: INSERT Emp(Reid, €) WHERE Mgr(Kennedy, EE)

and
- Uz Mgr(Nilsson, CSD) WHERE H(U).

This was a most foolish choice of splits, because @Q still depends on U; through
a history atom definition arc for H(U). Either Mgr(Kennedy, EE) should have
been used as the selection clause of Uz, or else Emp(Reid, €) should have been

split out of U into U rather than into U;. Any reasonable choice of splitting
heuristics should satisfy assumption 3.

Theorem 5-4 below gives a simple sufficient condition for queries to be
accepted by the Lazy Algorithm. First a bit of terminology: For any wff a, let
||| be the number of different datoms and history atoms in a.

Theorem 5-4. Let Q) be an incoming query. If assumptions 1, 2, and 3
are satisfied, then Q will be accepted by the Lazy Algorithm if Q is affordable
and for each update family F in the lazy graph that contains a parent of Q, the
difference between the cost bound for F and the amount spent so far on executed
updates of F is at least

> (EstCost(¢U)+||wU||—-2+ 3 (EstCost(f)+3)). O 510

vVeF J€wy
U parent of Q 9€Q
I~eg

Theorem 5-4 implies that when assumptions 1, 2, and 3 are satisfied, there
is a quick test for acceptability that only requires looking at the parents of the
query, rather than all ancestors of the query. The proof of the theorem will show
what splits to use to achieve this bound.

Proof of Theorem 5-4. Let us examine how to split a particular parent
U of Q to achieve the bound in formula 5-10. Suppose f; through f, are the
datoms of wy that have arcs going out to datoms in Q. Then first split U
horizontally according to Splitting Rule 3, removing all datoms and history atoms
of wy from wy, except f; through f,. Then U; is still an ancestor of @, with
the same estimated costs for its nodes as those nodes had in U before the split,
by assumption 2; and with the same arcs going to @ as went from U to Q. U,,
however, is not an ancestor of Q, by assumption 1.

The next step is to separate out the datoms of wy, into individual updates.
To accomplish this, split U; n — 1 times according to Splitting Rule 3, removing
datom f; from U; on the ith split. By assumption 2, these splits will not alter
the cost information for any node of a split update that originally appeared in
U. Note that there is no need to define a new history atom H(U) at each split
of Splitting Rule 3; every update that is split off can use the same selection
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clause H(U), defined by U; with the formula H(U)~¢y. This optimization was
mentioned earlier, in Remark 5-1. The small savings realized through reuse of
H(U) has been included in formula 5-10.

In the lazy graph resulting from this second round of splits, there are n
updates split off from U that are now ancestors of Q; for simplicity, rename the
updates in the graph as necessary so that these n updates are called U; through
U!. We now review the form and estimate the costs of U; through Uy, beginning
with Uj.

Only one datom is a subformula of wys: fn. All other datoms of wy have
been replaced by history atoms in (w)y:: there will be [lwyl|f —1 different history
atoms in wy;. By a.ssumptlon 2, each h:story atom has an estimated cost of 1.
The selection clause of U] is the same as that for U. By assumption 2, it follows
that EstCost(¢y:) = EstCost(¢y). U; defines a new history atom H (U), using
the formula H( U)«-—»q& Therefore the estimated cost of U] is no more than

EstCost(fn) + (lwv|| — 1) + EstCost(¢v) + 1.

U; through U, all take the form
INSERT (f = H(f,ci)) A((V jpes o) = (H(f,F) & H(f,d:))))e
WHERE H(U),

for some constants ¢; and d;, where S is the set of datoms remaining in w at the
time f is being split out of w. This form has an upper bound on estimated costs
of EstCost(f) + 3.

Summing the estimated costs of U; through U, produces an upper bound
estimate of

EstCost(fn) + (|lwu|| = 1) + EstCost(¢v) + 1 +. z (EstCost(f,-) +3),
' 1<i<n

which simplifies to

lwull — 2 + EstCost(gu) + Y, (EstCost(f;)+ 3). 5-11
1<ikn

If these two stages of splitting are applied to all the parents of @, then
summing formula 5-11 over all parent families gives formula 5-10. However,
the theorem is not quite proven: Q may still have ancestors in the lazy graph
other than its parents. It will require two more rounds of splitting to remove
these undesirable ancestors. These rounds of splits, however, will not change the
estimated costs of the parents of Q.

Let V be a parent of @ in the lazy graph after the first two rounds of
splitting. To eliminate unwanted ancestors of V, let ¢’ be the disjunction of all
the substitutions labelling arcs that go from V to Q. Split V vertically on ¢'
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according to Splitting Rule 5, producing updates V) and V2. Splitting V with
Splitting Rule 5 does not change the cost estimates for the nodes of V, because
vertical splitting does not change the datoms or history atoms of the split update.

After this third stage of splitting, suppose there is still a parent A of V;
such that A is not a parent of Q. Then by assumptions 1 and 3, there must
be a datom f of w4 that unifies with a datom f' of wy, under a most general
substitution o’. Since f' is the only datom in wy,, f' must unify with some
datom g of Q under a most general substitution o. Further, by definition of Ui,
o must be one of the substitutions in the selection clause ¢' of ¢y, :

¢' is du A V .
9€Q
Y'~ae
Since A is a parent of V;, by Step 2 of the NAP Algorithm it must be the
case that o'AduA(V e o) is satisfiable; therefore for some choice of o, o'Ac

must be satisfiable. Thls implies that f unifies with g under substitution o'Ac.
Yet A is not a parent of Q; therefore it must be the case that there is no arc from
f to g because that arc fails test (2) or (3) of the NAP Algorithm Step 2.

First consider the case where the arc fails test (3). In this case there is an
equality wif a such that, say, ¢4 logically entails a and ¢q logically entails -a.
Let ¢' be the wiff ~a, and split V; vertically with Splitting Rule 5 on ¢’, creating
updates V3 and V;. Then by test (3) of the NAP Algorithm Step 2, V is not a
parent of Q, and A is not a parent of V3. Therefore A is no longer an ancestor of
Q by any path that goes through V3 or V4. '

Now consider the case where the arc from f in A to g in Q passed test (3)
but failed test (2) of Step 2 of the NAP Algorithm. In this case either 0" Adq
or 0" A¢ 4 must be unsatisfiable, where " is the most general substitution under
which f and ¢ unify. A simplified diagram of the relevant portion of the lazy
graph, including the illezal arc ¢” from A to Q, appears in figure 5-7.

Figure 5-7. Portion of simplified lazy graph.

Let £ be the set of all choices for ¢”, that is, the set of all substitutions
o" such that fEwa, g€Q, and f~ong. Let ¢' be V ueg 7(0"), where 7(a") is "

74




if 0" A¢ 4 is unsatisfiable, and is =o" otherwise. Split V; vertically with Splitting
Rule 5 on ¢', creating updates V3 and V4. We will now show that there is no
path from A to Q through V; or V4.

Suppose that 0" A¢q is unsatisfiable. Then ¢¢ logically entails ~¢"”. Since
o" is at least as general as o, ~o" logically entails ~o. It follows that oAdq is
also unsatisfiable. Therefore no arc labelled o can go from V3 or V; to @, by test
(2) of the NAP Algorithm Step 2. Further, ¢y, logically entails \,uex 7(0").
Therefore ¢y, logically entails ~¢”, and ¢y, logically entails ~o and =o' as well.
We conclude that there can be no arc labelled ¢ from V; to @ and no arc labelled
o' from A to V3, when " Adq is unsatisfiable.

Following the same line of reasoning when o' A¢ 4 is unsatisfiable leads to
the conclusion that no arc labelled ¢’ can go from A to V3 or V4, no arc labelled
o can go from Vj to Q, and no arc labelled o' can go from A to Vi, when 0" Adg
is unsatisfiable.

It follows that the only arcs between A, V3, V4, and @Q fall into the following
three classes:

1. Arcs from V3 to V.
2. Arcs labelled o from V3 to Q, when 0" A¢ 4 is unsatisfiable.
3. Arcs labelled ¢’ from A to V4, when 0" Adq is unsatisfiable.

Figure 5-8 depicts a simplified lazy graph containing A, V3, V4, Q, the
phantom arc ¢" from A to @, and for clarity V and its arcs as well, though of
course the Splitting Algorithm would have removed V from the lazy graph before

- V3 and V, were inserted.

\Qr’

Figure 5-8. Portion of simplified lazy graph.

Note that there is no path from A to Q via V3 or V4. Therefore after
applying this final round of splitting to all ancestors of Q that are not parents of
Q, all such ancestors will no longer be ancestors of @, and the theorem follows.

¢
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An improvement to this theorem immediately suggests itself. Read/write
dependency arcs coming into an update need not prevent execution of that up-
date, because history predicates can be used as a versioning mechanism to elim-
inate the read/write conflicts. This means that it is quite possible to execute
updates in the lazy graph without following a pure topological sort, as read/write
arcs need not determine execution order. For example, if update U; is INSERT
Emp(Reid, CSD) WHERE Emp(Reid, CSL), and update U, is INSERT —~Emp(Reid,
CSL) WHERE T, then there is a read/write conflict between U; and U,. However,
Uz can be executed ahead of U, as long as U; reads H(Emp(Reid, CSL), U;)
rather than Emp(Reid, CSL).

The situation is a bit more complex if the read/write dependency arc has
a substitution label other than T. For example, if U; were INSERT Emp(Reid,
CSD) WHERE Emp(Reid, ¢), then U; could not get by with reading H(Emp(Reid,
€), Uz), for H(Emp(Reid, €), U;) may be true in models where Emp(Reid, ¢)
never was true. This anomaly can occur whenever Emp(Reid, ¢) is not already a
subformula of T at the time U; is executed. The solution is for U; to be replaced
by INSERT Emp(Reid, CSD) WHERE (Emp(Reid, €)A (e #CSL)) V(H(Emp(Reid,
€), U2)A (e =CSL)), if U, is executed before U, .

5.10. Summary and Conclusion

As noted in Chapter 3, the Update Algorithm may lead to excessive increases
in the size of an extended relational theory 7 as expensive updates are incorpo-
rated into 7. To control the growth of T, we propose a scheme of lazy evaluation
for updates. Lazy evaluation strictly bounds the growth of the extended rela-
tional theory caused by each update, via user-specified limits on permissible size
increases. Under lazy evaluation, an overly-expensive update U will be stored
away rather than executed, in the hopes that new information on costly null
values will reduce the expense of executing U before the information contained
in U is needed for an incoming query. If an incoming query unavoidably de-
pends on the results of an overly expensive portion of an update, the query must
be rejected, as there is no way to reason about the information in the update
other than by incorporating it directly in the extended relational theory. When
a query is rejected, the originator of the query is notified of the exact reasons for
the rejection. The query may be resubmitted once the range of possible values of
the troublesome nulls has been narrowed down. The bottom line for an efficient
implementation of updates, however, is that null values should not be permit-
ted to occur as attribute values for attributes heavily used in update selection
clauses—particularly those used as join attributes.
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Chapter 6: Enforcement of Dependency Axioms

Until now, we have considered extended relational theories without type
axioms (an encoding of the schema of the database) and dependency axioms
(e.g., functional and multivalued dependencies [Ullman 82]), because the compli-
cations introduced by those axioms are orthogonal to the other issues in updating
extended relational theories.

Dependency axioms can play a number of roles in ordinary relational data-
bases during updates. A policy decision must be made for each axiom, based on
the intended semantics of the axiom. If a requested update would lead to a
database state that violated the axiom, then the database management system’s
possible enforcement policies include rejecting the update; performing the update
and also making additional changes in the database to make it obey the axiom;
and performing the update and ignoring the temporary inconsistency. In data-
bases with incomplete information, dependency axioms play another important
role, that of identifying and eliminating “impossible” alternative worlds. For ex-
ample, if a manager can only manage one department at a time and we know
that Mgr(Nilsson, CSD)V Mgr(Nilsson, EE) is true, then the alternative world
where Nilsson manages both CSD and EE is inconsistent with the axiom and
can be eliminated out of hand. As yet another possible enforcement policy, if
a requested update would create alternative worlds that violate the axiom and
the update is known to be correct, then the axiom can be changed. This policy
is implemented in Step 1 of the Update Algorithm, for the completion axioms.
These axiom enforcement policies are summarized in Table 6-1.

All five of these axiom enforcement policies are reasonable; the correct
choice of a policy for a particular axiom depends on the semantics of the axiom
and the database, and we delegate this decision to a higher authority, such as the
database administrator. The remainder of this chapter presents a mechanism to
enforce axioms by permanently weeding out impossible alternative worlds (called
strict enforcement), to be employed as the database administrator sees fit. En
route we will point out how to perform passive enforcement, that is, to ignore
temporary inconsistencies between the theory body and its axioms—perhaps not
a logically sound procedure, but one used daily by humans with spectacular
success.

We begin by defining the class of type and dependency axioms under con-
sideration here, then explain what kind of axiom enforcement is provided by
Versions 1 and II (presented in Chapters 3 and 4, respectively) of the Update
Algorithm, and extend the Update Algorithm to provide strict axiom enforce-
ment. To simplify the presentation of this material, all updates are assumed to
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If an update U applied to alternative world A would create an
alternative world A’ that violates axiom a, then ...

Reject U.
Make additional changes in A’ so that it does not violate a.

e

Ignore the temporary inconsistency and permit a later update U’ to remove
the violation of a in A’.

4. Eliminate A’ permanently.
5. Change a.
Table 6-1. Axiom enforcement policies.

be variable—free, and Version I of the Update Algorithm will be used as the point
of departure.

6.1. Extended Relational Theories with Type and Dependency
Axioms

Type axioms encode the relationship between predicates and attributes, so that,
for example, given that Emp(Reid, CSD) is true, it follows that Reid must be an
element in the employee domain and CSD must be a department. Type axioms
are useful for controlling the effects of negation and ensuring that queries and
updates are safe.! For example, Reiter [84b] suggests that all constants, Skolem
constants, and variables occurring in queries should be typed so that the query
will be safe. System R [Chamberlain 76] and INGRES [Stonebraker 85] employ
a similar mechanism on a higher level by requiring RANGE OF and SELECT FROM
statements for all the tuple variables of requests.

For a formal definition of type axioms, distinguish a particular set A of
unary predicates of £ as the attributes of £. For each n-ary predicate R not in
A, an extended relational theory 7 with type axioms must contain exactly one
axiom of the form

Vzy- - VZa(R(z1,...,2n) = (A1(z1) A -+ A An(z4))),

where A;,..., Ap are predicates in A. Further, each predicate in A must appear
in one or more type axioms.

Strict enforcement of type axioms may be painful if experienced directly
by users. For example, rather than just requesting INSERT Emp(Reid, CSD)
WHERE T, under strict enforcement the user must remember to ensure that
Reid and CSD are elements in the correct domains: INSERT Emp(Reid, CSD)A
Employee(Reid)A Department(CSD) WHERE T. A better alternative is to enforce
the type axioms through axiom modification, as is done for the completion ax-
ioms: to modify the type axioms during the update so that the update cannot
violate them. '

t A domain completion axiom can be employed to the same end.
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The definition of extended relational theories must be extended to include
a set of universally quantified axioms that are to be strictly enforced (strict
axioms, for short). As far as the Update Algorithm is concerned, all strict axioms
can be lumped together in a Strict Axiom section of the extended relational
theory. So in addition to a body and a set of completion axioms, items 1 and 2
in the definition of an extended relational theory in Section 3.1, every extended
relational theory 7 now includes a third section:

3. Strict Axioms: A set of strictly enforceable (to be defined in Section 6.3)
universal sentences not containing history predicates. ¢ :

For example, a typical functional dependency would be Vz;Vz,Vzs3
((Emp(z1,22) A Emp(z1,23)) — (22 = z3))-

Some universal sentences not containing history predicates will be too ex-
pensive to enforce easily, and these are excluded from the strict axiom section.
Section 6.3 will single out the affordable axioms in its definition of strict enforce-
ability. We do not present that definitio