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On the Unusual Effectiveness of Logic in Computer Science*

Joseph Y. Halperni Robert Harperi Neil Immerman® Phokion G. Kolaitis®
Moshe Y. Vardi Victor Vianu**

January 2001

1 Introduction and Overview

In 1960, E.P. Wigner, a joint winner of the 1963 Nobel Prize for Physics, published a paper titled On the Un-
reasonable Effectiveness of Mathematics in the Natural Sciences [Wig60]. This paper can be construed as an
examination and affirmation of Galileo’s tenet that “The book of nature is written in the language of mathe-
matics”. To this effect, Wigner presented a large number of examples that demonstrate the effectiveness of
mathematics in accurately describing physical phenomena. Wigner viewed these examples as illustrations
of what he called the empirical law of epistemology, which asserts that the mathematical formulation of the
laws of nature is both appropriate and accurate, and that mathematics is actually the correct language for
formulating the laws of nature. At the same time, Wigner pointed out that the reasons for the success of
mathematics in the natural sciences are not completely understood; in fact, he went as far as asserting that *
... the enormous usefulness of mathematics in the natural sciences is something bordering on the mysterious
and there is no rational explanation for it.”

In 1980, R.W. Hamming, winner of the 1968 ACM Turing Award for Computer Science, published a
follow-up article, titled The Unreasonable Effectiveness of Mathematics [Ham80]. In this article, Hamming
provided further examples manifesting the effectiveness of mathematics in the natural sciences. Moreover,
he attempted to answer the “implied question” in Wigner’s article: “Why is mathematics so unreasonably
effective?” Although Hamming offered several partial explanations, at the end he concluded that on balance
this question remains “essentially unanswered”.

Since the time of the publication of Wigner’s article, computer science has undergone a rapid, wide-
ranging, and far-reaching development. Just as in the natural sciences, mathematics has been highly effective
in computer science. In particular, several areas of mathematics, including linear algebra, number theory,
probability theory, graph theory, and combinatorics, have been instrumental in the development of computer
science. Unlike the natural sciences, however, computer science has also benefitted from an extensive and
continuous interaction with logic. As a matter of fact, logic has tumed out to be significantly more effective
in computer science than it has been in mathematics. This is quite remarkable, especially since much of the
impetus for the development of logic during the past one hundred years came from mathematics.

“This paper summarizes a symposium, by the same title, which was held at the 1999 Meeting of the American Association for
the Advancement of Science. The authors wrote the following: Section 1 and 7 - Kolaitis, Section 2 — Immerman, Section 3 -
Vianu, Section 4 - Harper, Section 5 - Halpern, and Section 6 — Vardi.

FCornell University. Work partially supported by NSF Grant IRI-96-25901.

‘Carnegie-Mellon University Work partially supported by NSF Grant CCR-9502674 and DARPA Contract F19628-95-C-0050.

#University of Massachusetts, Amherst. Work partially supported by NSF grant CCR-9877078.

fUniversity of California, Santa Cruz. Work partially supported by NSF Grant CCR-9610257.

#Rice University. Work partially supported by NSF Grants CCR-9700061, CCR-9988322, 11S-9978135, and CCR-9988322.

“*University of California, San Diego. Work partially supported by NSF Grant I1S-9802288.

2 FO(LFP) = FO(PEP)
3 P = PSPACE

Descriptive complexity reveals a simple but elegant view of computation. Natural complexity classes
and measures such as polynomial time, nondeterministic polynomial time, parallel time, and space have
natural descriptive characterizations. Thus, logic has been an effective tool for answering some of the basic
questions in complexity. %

3 Logic as a Database Query Language

The database area is an important area of computer science concerned with storing, querying and updating
large amounts of data. Logic and databases have been intimately connected since the birth of database
systems in the early 1970’s. Their relationship is an unqualified success story. Indeed, first-order logic
(FO) lies at the core of modern database systems, and the standard query languages such as Structured
Query Language (SQL) and Query-By-Example (QBE) are syntactic variants of FO. More powerful query
languages are based on extensions of FO with recursion, and are reminiscent of the well-known fixpoint
queries studied in finite-model theory (see Section 2). The impact of logic on databases is one of the most
striking examples of the effectiveness of logic in computer science.

This section discusses the question of why FO has turned out to be so successful as a query language.
We will focus on three main reasons:

o FO has syntactic variants that are easy to use. These are used as basic building blocks in practical
languages like SQL and QBE.

FO can be efficiently implemented using relational algebra, which provides a set of simple operations
on relations expressing all FO queries. Relational algebra as used in the context of databases was
introduced by Ted Codd in [Cod70]. It is related to Tarski's Cylindric Algebras [HMT71]. The
algebra turns out to yield a crucial advantage when large amounts of data are concerned. Indeed, the
realization by Codd that the algebra can be used to efficiently implement FO queries gave the initial

impetus to the birth of relational database systems®.

FO queries have the potential for “perfect scaling” to large databases. If massive parallelism is avail-
able, FO queries can in principle be evaluated in constant time, independent of the database size.

A relational database can be viewed as a finite relational structure. Its signature is much like a relational
FO signature, with the minor difference that relations and their coordinates have names. The name of a
coordinate is called an attribute, and the set of attributes of a relation 7 is denoted att(RR). For example, a
“beer drinker’s” database might consist of the following relations:

frequents ‘ drinker bar serves ‘ bar beer
Joe King’s King's  Bass
Joe Molly's King's Bud

Sue Molly's Molly’s Bass

The main use of a database is to query its data, e.g., find the drinkers who frequent only bars serving
Bass. It turns out that each query expressible in FO can be broken down into a sequence of simple subqueries.

This section is based in part on the article [Imm95]. See also the books [EF95, Imm99] for much more information about
descriptive complexity.
*Codd received the ACM Turing Award for his work leading to the development of relational systems.
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