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Preface

This Festschrift is dedicated to Jan Willem Klop on the occasion of his 60th
birthday on December 19, 2005. Its focus is on the lambda calculus, term rewrit-
ing and process algebra, the fields where Jan Willem has made fundamental
contributions. Without attempting to give a balanced account of Jan Willem’s
scientific achievements, we recall three accomplishments from the early years of
his career that especially stand out.

The first is his counterexample showing that the extension of the lambda
calculus with surjective pairing lacks the Church-Rosser property, or, in modern
terminology, is not confluent [7,9]. This settled a famous open problem, which
had challenged several researchers in the lambda calculus community for years.

The second is his pioneering work in term rewriting. In his PhD thesis (9], Jan
Willem gave a systematic study of orthogonal rewriting in the general setting of
combinatory reduction systems (CRSs), thereby putting the areas of higher-order
rewriting and orthogonality firmly on the map. Some of the ideas in the thesis
trace back to the famous Blue Preprint [2], from the period that Jan Willem
and some other students were graduating in mathematics and logic, under the
supervision of Dirk van Dalen and Henk Barendregt.

The third feat is the creation, together with Jan Bergstra [23], of the algebra
of communicating processes (ACP).

With his early work, Jan Willem provided inspiration for many years of fruit-
ful research, continuing to this day. For decades he has been a creative and
stimulating force in the areas of term rewriting and process algebra. Some of
his recent interests are infinitary rewriting, graph rewriting and the geometry of
processes.

Jan Willem’s scientific world is inhabited by ob jects like processes, streams,
terms, cycles and many other puzzling and intriguing phenomena, and in this
world he paves the way, guided by his extraordinary intuition and his great care
in visualizing that intuition. To his colleagues, Jan Willem’s adventures and the
way he talks about them are a never-ending source of inspiration.

This Festschrift contains scientific papers by close friends and colleagues of
Jan Willem, written specifically for this book. The papers are different in nature:
some report on new research, others have the character of a survey, and again
others are mainly expository. Every contribution has been thoroughly refereed
at least twice. In many cases the first round of referee reports led to significant
revision of the original paper, which was again reviewed. This introduction in-
cludes a list of Jan Willem Klop’s publications, for reference, and as an overview
of the development of his scientific interests and achievements over the years.
Although this bibliography is quite extensive, we do not claim it to be complete.

We thank all authors for their contribution to the Festschrift for Jan Willem
Klop and we are grateful to the referees for their constructive cooperation. We
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also wish to thank Springer for publishing this book in their LNCS Festschrift
series, and for the smooth publishing process.

The Festschrift was presented to Jan Willem on his 60th birthday, during
a one-day symposium with the same title as this book: Processes, terms and
cycles: steps on the road to infinity. The symposium not only celebrated Jan
Willem’s 60th birthday, but also the 25th anniversary of his connection with the
CWI in Amsterdam. His first working day as a post-doc at the Mathematical
Centre (MC), the predecessor of the CWI, was December 15, 1980.

We invited Zena Ariola (University of Oregon, USA), Arvind (MIT, USA),
Henk Barendregt (Radboud University, The Netherlands), Jan Bergstra (Uni-
versity of Amsterdam and Utrecht University, The Netherlands), Nachum Der-
showitz (Tel Aviv University, Israel), Mariangiola Dezani (University of Torino,
Italy), Roger Hindley (Swansea University, UK), Jean-Jacques Lévy (INRIA,
France), and Ronan Sleep (University of East Anglia, UK) to give a talk at the
symposium. We are very pleased that they kindly accepted. All speakers are
leading researchers in the fields of term rewriting, lambda calculus and process
algebra, and their friendship with Jan Willem dates back many years.

The symposium was organized at and together with the CWI. The collab-
oration with Susanne van Dam and Jaco van de Pol from the CWI has been
a pleasure. We wish to thank them, and more generally the CWI, for all their
assistance. We also gratefully acknowledge the generous financial support for
the symposium from the Vrije Universiteit, CWI, NWO, and the Radboud
University.

Also on behalf of Susanne and Jaco, we would like to conclude by stating that
it has been an honour and a pleasure to work on the preparation of this book and
the symposium. It gave us the opportunity to experience how much Jan Willem
is valued by colleagues all over the world. The willingness to contribute and par-
ticipate and make the best of the book and symposium has been enormous. For
this we are thankful of course, but more importantly, the manifestation of this
enthusiasm reflects the esteem that Jan Willem has in the scientific community.
Congratulations, Jan Willem! We wish you and all of us a fruitful continuation
of our cooperation and sharing of interests for many years to come.

October 2005 Aart Middeldorp
Vincent van Qostrom

Femke van Raamsdonk
Roel de Vrijer
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The Spectra of Words

Robin Milner

Cambridge University, Cambridge, UK

Abstract. The k-spectrum of a word is the multiset of its non-
contiguous subwords of length k. For given k, how small can n be for
a pair of different words of length n to exist, with equal k- spectra?
From the Thue-Morse word we find that n is at most 2*. The construc-
tion of this paper decreases this upper bound to 6*, where 6 = 1.6 is
the golden ratio; the construction was found, though not published, over
thirty years ago. Recently the bound has been further reduced, but re-
mains considerably greater than the greatest known lower bound.

Jan Willem Klop is renowned for his contributions to process algebra, term
rewriting, and graphical models of computation; also for his exquisite diagram-
matic presentations. Alongside these interests he finds delight in phenomena in-
volving complex illustrations and counterexamples; for example, a single lambda
term that takes several pages. He enjoys long words.

One long - indeed infinite — word is the Thue-Morse word. This word, and its
finite prefixes of length 2%, have a rich variety of properties. This paper is about
one property that they almost, but not quite, enjoy. There is a sense in which
these finite prefixes are not optimal, but appear to be nearly so.

I discovered this phenomenon in 1972, together with a counterexample to
the optimality, but did not to publish it. In the last decade or so, the results
have been repeated and indeed improved; in my concluding remarks I give a
brief survey of some of this more recent work, enough for interested readers to
discover the current state of this special problem area. But this festschrift for
Jan Willem gives an opportunity to publish the phenomenon as it first appeared
to me, in a form which I hope is readily digestible by many who, like me, are
not expert in combinatorics.

We are concerned with words a over an alphabet A; for simplicity, we hence-
forth assume A = {0,1}. A word s is a subword of a if the members of s occur
in a in the correct sequence, not necessarily contiguously. A subword may occur
often; for example, 01 occurs once in 010 but five times in 01011. (It is worth
noting that there is not universal agreement of terminology; some authors use
‘subword’ to mean a contiguous occurrence, and in that case 01 appears only
twice in 01011.) Denote by #(s,a) the number of non-contiguous occurrences
of s in (i.e. as a subword of) a. Remarkably, the quantities #(s,a) share many
properties with the binomial coefficients; indeed, the latter correspond to the
case in which the alphabet A is a singleton. An elegant theory of these quanti-
ties #(s,a) is presented by Sakarovitch and Simon [8]. What little we need of
that theory is included here, to make the paper self-contained.

A. Middeldorp et al. (Eds.): Processes... (Klop Festschrift), LNCS 3838, pp. 1-5, 2005.
© Springer-Verlag Berlin Heidelberg 2005



2 R. Milner

For any natural number k, the k-spectrum of a word a is a function giving,
for each word s of length k, the value of #(s,a). For example, the 2-spectrum
of 0110 is

s #(s,0110)
00 1
01 2
10 2
11 1

We ask the question: if we know the k-spectrum of a, does this fix a? Certainly
not, if a has length at least 2¥. The finite prefixes of the Thue-Morse word
provide a counterexample. The prefix ay of length 2 is given by

ag; b E o, 1

def
k41,0641 = ap b, bray .

For example a3, b3 = 01101001,10010110. An easy inductive proof shows that
ay and by have the same k-spectrum.

One way of presenting this proof depends on a Lemma that will come in useful
later. It involves the notion of a rewriting rule w — v, which may be used to
replace a (contiguous) occurrence of u by v in a larger string. When the rule is
understood we shall write a — b, or sometimes b < a, to mean that a single use
of the rule can transform a into b.

Lemma. Let u,v have the same k-spectrum. Suppose a can be rewritten into
b by applying the rewrite rule w — v once and then applying v — u once, i.e.
a =cuc, cvc’ = dvd' and dud’ =b. Then a,b have the same k+1-spectrum.

To see that this provides an inductive proof that the Thue-Morse pair ag, by have
the same k-spectrum, assume the property for k, and consider ax41,bg41. In the
Lemma take a,b to be this pair, and u, v to be ak, bi; then the result follows by
taking ¢ = d' = € (the empty word) and ¢/ = d = by.

Let us look more closely at this when k = 3. The rewriting rule is 0110 — 1001,
so if we underline the occurrences to be rewritten we have

az = 01101001 — 10011001 — 10010110 = b3 .

Note that the two rewrites are non-overlapping. Now, consider a sequence of
pairs ag, by of unequal strings of equal length ¢, where ¢ grow more slowly
than 2*; a similar inductive proof that ay and by have the same k-spectrum
would require that axy; can be transformed into bi+1 by an application of
ar — by followed by an application of by — aj in which the second rewrite
overlaps the first! It seemed unlikely that such pairs ag, by could be defined.
And it is not easy to think of constructing a sequence of unequal pairs with
equal k-spectra other than inductively, applying something like the Lemma to
yield the proof.

Therefore it was reasonable to hope to prove that each Thue-Morse pair ay, by
is optimal, in the sense that no shorter unequal pair has equal k-spectra.
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But this claim is false; we now give a counter-example. Considering the re-
currence relation for the Thue-Morse pairs, we naturally attempt to define pairs
based instead on a Fibonacci sequence, whose length will grow asymptotically
as 0%, where § = (1 + /5)/2 = 1.6 is the golden ratio. The details require care.
By analogy with the Thue-Morse pairs, given two initial pairs agp,co and a1, c;
we define for k£ > 0:

“ . def [ Ck Gk+1, ak+1 Ckx (k even)
2, Ck+2 =
Rek2s Mot Gk+1 Ck, Ck ap+1 (k odd).

Then, for all £ > 0 define

be, e [ akt1a (k even)
k2 =\ ak agq1 (k odd).

Now let us choose ag,co = 010,100 and a1,c; = 01,10 (we discuss this choice
later). Then the following table shows the first few pairs ay, by:

k ak bk Ck fk
0 o010 - 100 3
1 01 - 10 2
2 10001 01010 01100 5
3 1000110 0110001 1010001 7
4 011001000110 100011010001 100011001100 12
5 0110010001101010001 1000110011001000110 19

Theorem 1. Choose ag,co = 010,100 and aj,c; = 01,10 and define ay, by, ck
(k > 2) as above. Then for all k > 2 the strings ax, by are unequal, with equal
lengths and equal k-spectra. Also the lengths €y of the members of the pairs form
a Fibonacci sequence, and €y < 20% for all k > 2.

Proof. 1t is obvious that the strings ax, by have equal length. To show that they
differ, one can prove by induction that (i) their first letters always differ, and
(ii) the first letters of by and ¢ differ iff k is odd.

Now, a simple calculation yields that for k£ > 0

bess — d GkCht1 (k even)
F2 7\ cky1ax (k odd).

Using this, we give an inductive proof that, for £k > 2, the strings ag, by have
equal k-spectra. For k = 2, i.e. for the pair 10001 and 01010, this is easily
checked. For the inductive step, we assume the property for k and prove it for
k + 1. Let us use — for a rewrite by ap — by, and « for the inverse rewrite.
Then for odd k& > 2 we have

Qk+1 = Ck—1 Gk by the recurrence
— Crp—1 bk by the rewrite
= Cg—1Qk—2 ak—1 by definition
= brap_1 by the above expression



