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Abstract
We present a theoretical framework for the extraction and transformation of text documents as a
two-phase process: The first phase uses document spanners to extract information from the input
document. The second phase transforms the extracted information into a suitable output.

To support several reasonable extract-transform scenarios, we propose for the first phase an
extension of document spanners from span-tuples to so-called multispan-tuples, where variables are
mapped to sets of spans instead of only single spans. We focus on multispanners described by regex
formulas, and we prove that these have the same desirable properties as standard regular spanners.
To formalize the second phase, we consider transformations that map every pair document-tuple,
where each tuple comes from the (multi)span-relation extracted in the first phase, into a new output
document. The specification of the two phases is what we call an extract-transform (ET) program,
which covers practically relevant extract-transform tasks.

In this paper, our main technical goal is to identify a broad class of ET programs that can be
evaluated efficiently. We specifically focus on the scenario of regular ET programs: the extraction
phase is given by a regex multispanner and the transformation phase is given by a regular string-
to-string function. We show that for any regular ET program, given an input document, we can
enumerate all final output documents with output-linear delay after linear preprocessing. As a side
effect, we characterize the expressive power of regular ET programs and also show that they have
desirable properties, like being closed under composition.
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1 Introduction

Information extraction (IE) of text documents found its theoretical foundations in the
framework of document spanners [18]. Introduced by Fagin, Kimelfeld, Reiss, and Van-
summeren one decade ago [17], this framework sets the grounds for rule-based IE through
the notion of spanners and how to combine them by using relational operators. Moreover,
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18:2 A Framework for Extraction and Transformation of Documents

it inspired a lot of research on languages [21, 34], expressiveness [20, 29, 36, 14, 39], evalu-
ation [19, 8, 14, 11, 22, 35, 24], provenance [15, 13], and compressed evaluation [40, 42, 31]
for IE. Initially conceived to understand SystemT – IBM’s rule-based IE system – it has
found some recent promising implementations in [37]. See [41, 7] for surveys of the area.

Although IE is a crucial task for data management, document extraction is usually
followed by a transformation into new data objects. Indeed, data transformation is essential
for communicating middleware systems, where data does not conform to the required format
of a third-party system and needs to be converted. This forms the main task of the so-called
ETL technologies [44] (for Extract-Transform-Load), which are crucial parts of today’s data
management workflows. Even the search-and-replace operation over text, a ubiquitous task in
all text systems, can be conceived as an extraction (i.e., search) followed by a transformation
(i.e., replace). Hence, although document spanners provide the formal ground of ruled-based
IE, they are incomplete without understanding the subsequent transformation processes.

In this paper, we study the extraction and transformation of text documents through
the lens of document spanners. We formulate extract-transform programs (ET programs
for short) as a two-phase process: first, an extraction phase extracts some information
from the input document, and then a transformation phase maps the document and the
extracted information into the desired output. Depending on the particular application
context, the output may be a relational database, graph data, a single document, or a
collection of documents. More specifically, the first phase is based on information extraction
with document spanners, i. e., it extracts span-tuples from a document. The second phase is
deliberately left underspecified at this point. In principle, any class of functions could be
used here, depending on the expressive power and algorithmic properties that we aim for,
which, in turn, depend on the specific application context.

Let us now explain and motivate our framework of ET programs with some examples.
Consider the following document D over alphabet Σ that lists famous English-speaking
singers in the format # [person] # [person] # . . . # [person] # with [person] = [last name];
[first name]; [birthplace]; [opt]; [opt];. . . , where [opt] are optional attributes like, e. g., age,
nickname, honorary titles etc, which follow no fixed scheme. This means that “#” and “;”
are used as separators, and for convenience, we will use Σ̂ = Σ \ {; , #}.

D = # Holiday; Billie; USA # Bush; Kate; England # Young; Neil; Canada; 78;
“Godfather of Grunge” # King; Carole; USA; 81 # McCartney; Paul; England; Sir;
CH; MBE # Mitchell; Joni; Canada; painter #

As mentioned above, the extraction phase is performed by applying a document spanner
to D. For example, consider the document spanner specified by the following regex formula
(cf. [18]): E1 := Σ∗# x{Σ̂∗}; y{Σ̂∗}; Σ∗ that uses a variable x to extract just any factor over
Σ̂ that occurs between separators “#” and “;”, and a variable y to extract the following
factor over Σ̂ between the next two occurrences of “;”. The construct x{r} creates a span
[i, j⟩ pointing to factor D[i..j − 1] := D[i]D[i + 1] . . . D[j − 1], satisfying the subexpression
r. The regex formula E1 specifies a spanner that, on our example document D produces
the set {([2, 9⟩, [10, 16⟩), ([21, 25⟩, [26, 30⟩), ([39, 44⟩, [45, 49⟩), . . .} of span-tuples. Hence,
every span-tuple t can be interpreted as representing a pair of factors extracted from our
document, i. e., the span-tuple ([2, 9⟩, [10, 16⟩) represents (Holiday, Billie), the span-tuple
([21, 25⟩, [26, 30⟩) represents (Bush, Kate) and so on. Consequently, this spanner extracts all
the names of the singers of our input document.

As a reasonable transformation task, we now might want to produce lots of small
documents, each consisting of the name of a person mentioned in D, but in the format
“[first name] [last name]”. In the given example, this results in the collection of the fol-
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lowing documents: Billie Holiday, Kate Bush, Neil Young, Carole King, Paul McCartney,
Joni Mitchell. Formally, this transformation is done by a function that maps each (D, ti)
with ti = ([ix, jx⟩, [iy, jy⟩) to the string D[iy..jy−1] D[ix..jx−1]. Note that the order of first
and last names has to be swapped.

Let us move on to a more complicated example. We want to define an ET program which
maps D to the following collection of XML documents:

⟨opt-attr⟩ ⟨singer⟩Neil Young⟨/singer⟩ ⟨opt⟩78⟨/opt⟩ ⟨opt⟩“God...”⟨/opt⟩ ⟨/opt-attr⟩

⟨opt-attr⟩ ⟨singer⟩Carole King⟨/singer⟩ ⟨opt⟩81⟨/opt⟩ ⟨/opt-attr⟩
...

This means that for every singer with optional attributes we want to construct an XML
document that contains the name of the respective singer and all the optional attributes.
A natural way to approach the corresponding extraction task is to extract the name and
surname in two variables as before, and to extract each element of the unbounded list [opt-1];
[opt-2]; . . . , [opt-k] in its own variable. This, however, goes beyond the capability of document
spanners, since we would need an unbounded number of different variables.

As a remedy, in this paper we propose to extend the classical spanner framework to
multispanners, which can extract in each variable a set of spans instead of only a single
span. For example, assume that we apply to the document the multispanner regex formula:
E2 := Σ∗# x{Σ̂∗}; y{Σ̂∗}; Σ̂∗; z{Σ̂∗}(; z{Σ̂∗})∗ # Σ∗ .

Then for #Young; Neil; Canada; 78; “Godfather of Grunge”#, we will extract each
optional attribute as a single span of variable z, so the corresponding multispan-tuple is:(

{[39, 44⟩}︸ ︷︷ ︸
x

, {[45, 49⟩}︸ ︷︷ ︸
y

, {[57, 59⟩, [60, 81⟩}︸ ︷︷ ︸
z

)
.

Thus, by defining a suitable transformation T2, we get an ET program (E2, T2) for our task.

Our contributions

We start the study of ET programs from an evaluation perspective. Towards this goal, we
devise a specific instantiation of our ET framework that achieves a desirable balance between
the following objectives:

Robustness. Rather than defining ad-hoc ET programs, we are interested in identifying a
class of ET programs that, for the extraction and transformation phase, uses established and
robust computational models that have several equivalent (and user-friendly) description
mechanisms. For the extraction phase, we use a class of multispanners that can be described by
a variant of the regex formulas already used for classical spanners (see [17]); see the examples
E1 and E2 from above. This model is particularly user-friendly and has good algorithmic
properties. Our transformation functions are based on the class of regular string-to-string
functions, a well-understood formalism that allows many equivalent description mechanisms.

Expressive Power. Our instantiation of the ET-framework, called regular ET programs, can
describe several common extract and transform tasks, including the two examples discussed
above.
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18:4 A Framework for Extraction and Transformation of Documents

Efficient Enumeration. The most relevant computational task is to compute all outputs
of a regular ET program. Since there are potentially many such outputs (even exponential
in the number of variables), an enumeration algorithm is desirable. One could treat the
two phases separately: Enumerate all span-tuples extracted in the first phase (a task for
which algorithms are known [8, 31]) and then apply the transformation function over each
enumerated span-tuple. However, the delay of such an enumeration procedure depends on the
size of the input document, since it is an argument of the transformation function. Instead,
we design an enumeration algorithm with linear preprocessing that directly enumerates all
output documents with output-linear delay.

Composability. Regular ET programs satisfy a property that is in general desirable for
practical applications: Composability. This means that if we take the outputs of one ET
program and feed them in as inputs for another ET program, then the obtained transformation
can also be described by a single ET program. In particular, this also means that we can
efficiently enumerate the output documents of the transformation process described by
composing several regular ET programs.

Outline

After reviewing further related work, Section 2 introduces the class of multispanners. In
Section 3, we present the general setting of ET programs. Then, in Section 4, we instantiate
this setting to the case of regular ET programs. In Section 5, we study the expressive power
of regular ET programs, and in Section 6, we present our evaluation algorithm. In Section 7,
we study the composition of such programs. Finally, we discuss future work in Section 8.
Due to space limitations, proof details can be found in the online version [38].

Further related work

String transductions [9, 32, 10] – a classical model in computer science – have recently
gained renewed attention with the theory of polyregular functions [2]. Although we can
see an ET program as a single transduction, our work has several novel contributions
compared to classical string transductions. Firstly, our framework models the process by
two declarative phases (which is natural from a data management perspective), contrary to
string transductions that model the task as a single process. Secondly, we are concerned with
bag semantics, which are usually not considered in the context of transductions. Moreover,
efficient enumeration algorithms have not been studied in this context.

On the practical side, there are systems for transforming documents into documents
(e.g., [27]). For example, they used a combination of regular expressions with replace
operators [28] or parsing followed by a transduction over the parsing tree [27]. Indeed, in
practice, regular expressions support some special commands for transforming data (also
called substitutions). Our study has a theoretical emphasis on information extraction. To
the best of our knowledge, previous systems neither use the expressive power of document
spanners nor regular functions. In particular, previous systems cannot define queries like
(E2, T2) through regular expressions plus a transformation.

2 Multispanners

Let us first give some standard notations. By P(A) we denote the power set of a set A. Let
N = {1, 2, 3, . . .} and [n] = {1, 2, . . . , n} for n ∈ N. For a finite alphabet A, let A+ denote
the set of non-empty words over A, and A∗ = A+ ∪ {ε}, where ε is the empty word. For a
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word w ∈ A∗, |w| denotes its length (in particular, | ε | = 0). A word v ∈ A+ is a factor of
w if there are u1, u2 ∈ A∗ with w = u1vu2; v is a prefix or suffix of w, if u1 = ε or u2 = ε,
respectively. For every i ∈ [|w|], let w[i] denote the symbol at position i of w. We use DFAs
and NFAs (deterministic and nondeterministic finite automata, resp.) as commonly defined.

Multispans and multispanners

For a document D ∈ Σ∗ and for every i, j ∈ [|D|+1] with i ≤ j, [i, j⟩ is a span of D and its
value, denoted by D[i, j⟩, is the substring of D from symbol i to symbol j−1. In particular,
D[i, i⟩ = ε (called an empty span) and D[1, |D|+1⟩ = D. By Spans(D), we denote the set
of spans of D, and by Spans we denote the set of all spans {[i, j⟩ | i, j ∈ N, i ≤ j}. Two
spans [i, j⟩ and [i′, j′⟩ are disjoint if j ≤ i′ or j′ ≤ i. A multispan is a (possibly empty) set
of pairwise disjoint spans. Let X be a finite set of variables. A span-tuple (over a document
D and variables X ) [18] is a function t : X → Spans(D). We define a multispan-tuple as a
function t : X → P(Spans(D)) such that, for every x ∈ X , t(x) is a multispan. Note that every
span-tuple t can be considered as a special case of a multispan-tuple t′ with t′(x) = {t(x)}
for every x ∈ X . For simplicity, we usually denote multispan-tuples in tuple-notation, for
which we assume an order < on X . For example, if X = {x1, x2, x3} with x1 < x2 < x3,
the multispan-tuple t = ( {[1, 6⟩}, ∅, {[2, 3⟩, [5, 7⟩} ) maps x1 to {[1, 6⟩}, x2 to ∅ and x3 to
{[2, 3⟩, [5, 7⟩}. Note that [2, 3⟩ and [5, 7⟩ are disjoint, while [1, 6⟩ and [5, 7⟩ are not, which is
allowed, since they are spans of different multispans.

A multispan-relation (over a document D and variables X ) is a possibly empty set of
multispan-tuples over D and X . Given a finite alphabet Σ, a multispanner (over Σ and X )
is a function that maps every document D ∈ Σ∗ to a multispan-relation over D and X . Note
that the empty relation ∅ is also a valid image of a multispanner.

▶ Example 1. Let S be a multispanner over alphabet {a, b} and variables {x, y} that maps
every document D ∈ {a, b}∗ to the set of all multispan-tuples t such that t(x) = {[i, j⟩}
where D[i, j⟩ is a factor that starts and ends with b, and is not directly preceded or followed
by another b, and t(y) is the multispan that contains a span for each maximal unary (i.e., of
the form a+ or b+) factor of D[i, j⟩. For example, t ∈ S(aababbbaab) with:

t(x) = {[3, 11⟩} and t(y) = {[3, 4⟩, [4, 5⟩, [5, 8⟩, [8, 10⟩, [10, 11⟩} .

Similarly to the framework of document spanners [18], it is convenient to represent
multispanners over Σ and X by formal languages over the alphabet Σ∪{x⊢, ⊣x | x ∈ X }. This
allows us to represent multispanners by formal language descriptors, e. g., regular expressions.

Representing multispans by multiref-words

In this section, we adapt the concept of ref-words (commonly used for classical document
spanners; see [23, 21, 14, 41]) to multispanners.

For any set X of variables, we shall use the set ΓX = {x⊢, ⊣x | x ∈ X } as an alphabet of
meta-symbols. In particular, for every x ∈ X , we interpret the pair of symbols x⊢ and ⊣x as
a pair of opening and closing parentheses. A multiref-word (over alphabet Σ and variables
X ) is a word w ∈ (Σ ∪ ΓX )∗ such that, for every x ∈ X , the subsequence of the occurrences
of x⊢ and of ⊣x is well-balanced and unnested, namely, has the form (x⊢ ⊣x)k for some k ≥ 0.

Intuitively, any multiref-word w over Σ and X uniquely describes a document Dw ∈ Σ∗

and a multispan-tuple tw as follows. First, let Dw be obtained from w by erasing all symbols
from ΓX . We note that, for every x ∈ X , every matching pair x⊢ and ⊣x in w (i. e., every
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18:6 A Framework for Extraction and Transformation of Documents

occurrence of x⊢ and the following occurrence of ⊣x) uniquely describes a span of Dw: ignoring
all other occurrences of symbols from ΓX , this pair encloses a factor of Dw. Consequently,
we simply define that, for every x ∈ X , tw(x) contains all spans defined by matching pairs x⊢
and ⊣x of w. The property that the subsequence of w of the occurrences x⊢ and ⊣x has the
form (x⊢ ⊣x)k for some k ≥ 0 implies that all spans of tw(x) are pairwise disjoint.

▶ Example 2. Let us consider the following multiref-word over the finite alphabet Σ and
variables X = {x, y}: w = aa x⊢ y⊢b ⊣y y⊢a ⊣y y⊢bbb ⊣y y⊢aa ⊣y y⊢b ⊣y ⊣x. By definition, w

represents the document Dw = aababbbaab and the multispan-tuple (from Example 1):

tw = ({[3, 11⟩}︸ ︷︷ ︸
x

, {[3, 4⟩, [4, 5⟩, [5, 8⟩, [8, 10⟩, [10, 11⟩}︸ ︷︷ ︸
y

)

The advantage of the notion of multiref-words is that it allows to easily describe both
a document and some multispan-tuple over this document. Therefore, one can use any set
of multiref-words to define a multispanner as follows. A multiref-language (over terminal
alphabet Σ and variables X ) is a set of multiref-words over Σ and X . Any multiref-language
L describes the multispanner JLK over Σ and X defined as follows. For every D ∈ Σ∗:
JLK(D) = {tw | w ∈ L and Dw = D}.

Analogously to classical spanners (cf. [39, 23, 21, 14, 41]), we define the class of regular
multispanners as those multispanners S with S = JLK for some regular multiref-language L.
Moreover, as done in [18] for classical spanners, we will use a class of regular expressions
to define a subclass of regular multispanners that shall play a central role in the extraction
phase of our extraction and transformation framework.

Regex multispanners

Let Σ be a finite alphabet and let X be a finite set of variables. We now define multispanner-
expressions (over Σ and X ). Roughly speaking, these expresssions are a particular class
of regular expressions for defining sets of multiref-words and therefore multispanners. A
multispanner-expression R (over Σ and X ) satisfies the syntax:

R := ε | a ∈ Σ | (R · R) | (R + R) | R∗ | x{R}

for every x ∈ X such that x does not appear in R. Such a multispanner-expression R

naturally defines a set of multiref-words L(R) as follows: L(ε) = {ε}, L(a) = {a}, L(R ·R′) =
L(R) ·L(R′), L(R+R′) = L(R)∪L(R′), L(R∗) = L(R)∗, and L(x{R}) = {x⊢}· L(R) ·{⊣x},
where, for every L, L′ ⊆ Σ∗, L · L′ = {uv | u ∈ L ∧ v ∈ L′}, L0 = {ε}, Li = L · Li−1 for every
i ≥ 1, and L∗ =

⋃∞
i=0 Li. As usual, we use R+ as a shorthand for (R · R∗).

One can easily prove that any multispanner-expression defines a multiref-language, since
we do not allow expressions of the form x{R} whenever R mentions x. Thus, we can define the
multispanner JRK specified by R as JRK = JL(R)K. Furthermore, we say that a multispanner S

is a regex multispanner if S = JRK for some multispanner-expression R. Note that regex
multispanners form a strict subclass of regular multispanners, similar to the class of regex
spanners and regular spanners [18].

▶ Example 3. R := (ε +Σ∗a+) · x
{

(y{b+} · y{a+})∗ · y{b+}
}

· (a+Σ∗ + ε) is a multispanner-
expression with JRK being the multispanner S from Example 1; thus, S is a regex multispanner.
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Comparison with classical spanners

Multispanners are designed to naturally extend the classical model of spanners from [18]
to the setting where variables are mapped to sets of spans instead of single spans. Let us
discuss a few particularities of our definitions.

We first note that since classical span-tuples, span-relations and spanners (in the sense
of [18]) can be interpreted as special multispan-tuples, multispan-relations and multispanners,
respectively, our framework properly extends the classical spanner framework.

A multispan-tuple t allows [i, j⟩ ∈ t(x) and [k, l⟩ ∈ t(y) with i ≤ k < j ≤ l and
x ̸= y (and this is also the case for classical span-tuples). However, [i, j⟩, [k, l⟩ ∈ t(x) with
i ≤ k < j ≤ l is not possible for multispan-tuples, since then representing [i, j⟩ and [k, l⟩
by parentheses x⊢ . . . ⊣x in the document cannot be distinguished from representing [i, l⟩
and [k, j⟩. Furthermore, for distinct s, s′ ∈ t(x) we require that s and s′ are disjoint, which
is motivated by the fact that without this restriction, the subsequence of all x⊢ and ⊣x
occurrences could be an arbitrary well-formed parenthesised expression (instead of a sequence
(x⊢ ⊣x)k); thus, recognising whether a given string over Σ ∪ ΓX is a proper multiref-word
cannot be done by an NFA, as is the case for classical spanners.

Our main motivation for multispanners is that they can express information extraction
tasks that are of interest in the context of our extract-transform framework (and that
cannot be represented by classical spanners in a convenient way). However, there are
other interesting properties of multispanners not related to their application in our extract-
transform framework, which deserve further investigation. For example, if L and L′ are
multiref-languages (i. e., JLK and JL′K are multispanners), then L ∪ L′, L · L′ and L∗ are also
multiref-languages (and therefore JL ∪ L′K, JL · LK and JL∗K are also multispanners). For
classical spanners, this is only true for the union. Consequently, multispanners show some
robustness not provided by classical spanners.

3 The extract-transform framework

The setting

An extract-transform program (for short: ET program) is a pair (E, T ) such that, for some
finite alphabet Σ,

E is a multispanner (over Σ and some finite set X of variables), and
T is a function that, for every document D ∈ Σ∗, maps (D, E(D)) to the desired output.

In other words, given a document D, the multispanner E specifies how to extract the relevant
data from D as a multispan-relation E(D), and T specifies how to transform the extracted
data (D, E(D)) into new data. The output of T is application-dependent, and various
contexts are conceivable, such as transforming the data into a relational database, a graph
database, a single document, or a collection of documents.

One may wonder why we must define the setting in two phases and why not simplify it
into one phase. In the end, the purpose of users is to transform data, and then they may
like to specify the transformation with a single query language. From a user perspective, we
argue that it is useful to have a two-phase specification for several reasons. First, it is already
the case that, in practice, people specify the transformation of documents with a two-phase
approach. For example, search-and-replace is given by a pattern (i.e., E) and the string to be
replaced (i.e., T ). More generally, the so-called regex substitutions [33, 25] are specified by a
regex (i.e., E) and a replacement pattern (i.e., T ). Second, in a more general sense, data
transformation today is performed between different data models by ETL programs [44] (for
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18:8 A Framework for Extraction and Transformation of Documents

Extract-Transform-Load) where the extract and transform steps are specified by different
languages with different purposes. We made the same decision here, where multispanners
are well-suited for the extraction phase, and we left open the language to be used for the
transformation phase (that depends on the application). Last, one can argue that separating
the process between extraction and transformation aids in decoupling the source from the
target data, simplifying the overall specification for users. Indeed, an expert user in the
source data can specify the multispanner E, whereas another expert user in the target data
can provide the transformation T . Moreover, this separation allows that whenever the middle
schema (i.e., X ) is not changed, one can update E or T without modifying the other part.

From documents to bags of documents

In this work, we focus on the case where the transformation T is given by a function MT that
maps a pair (D, t) to a document. This means that the transformation T is fully determined
by the function MT . For a given document D, the output of an ET program (E, T ) is a bag
of documents defined as follows:

JE · T K(D) := {{MT (D, t) | t ∈ E(D)}}.

In the introduction, we presented two examples of this setting, where the ET programs
map documents into a bag of documents. Next, we provide another example to show that
this setting also includes the search-and-replace scenario as a special case.

▶ Example 4. Let D be a document over the alphabet {a, b}. Suppose that a user wants
to search for all contiguous sequences of a and replace each such sequence with a single
a. For example, the user wants to convert baaabbaa into babba. In this scenario, the
user wants to map its document to a single document. For this goal, we can extract
all contiguous sequences of a in a single multispan-tuple with the following expression:
E3 := (b∗ · x

{
a+}

· (b+ · x
{

a+}
)∗ · b∗) + b∗. The reader can note that the above expression

will always capture a single multispan-tuple t where t(x) contains a set of all spans of
contiguous sequences of a. Then, with a function MT that replaces each non-empty string
D[i, j⟩ with a single a in D for every [i, j⟩ ∈ t(x), JE · T K(D) will output a single document
with the expected result. Note that we are extracting all spans with a single variable (i.e.,
no intersection between spans), which allows us to define the meaning of “replace” easily.
Arguably, this provides some evidence to the need of multispanners for such applications.

Our decision to focus on bags (instead of sets) is that each multispan-tuple represents
a data item and context in the document. Although T could map two data pieces to the
same output document, a user may want to keep both copies, given that they come from
different positions in the document. Let us motivate this briefly by a more practical example.
Assume that the extraction phase marks the addresses in a list of customer orders, while the
transformation phase then transforms these addresses into a format suitable for printing on
the parcels to be shipped to the customers. In the likely situation that there are different
orders by the same person, the extraction phase produces different markings that will all be
transformed into the same address label. Such duplicates, however, are important, since we
actually want to obtain an address label for each distinct order (i. e., distinct marking), even
if these addresses are the same (although the orders are not). This means that the output
sets of our ET programs should actually be bags for this scenario. Indeed, similar situations
occur for relational data management systems (and database systems in general) where bag
semantics is usually adopted [26]. Of course, one can also consider the scenario when the
output is a single document or a set of documents. Both are interesting scenarios, and we
leave them for future work (see Section 8 for further discussion).
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The evaluation problem of ET-programs

The main technical goal of this paper is to identify a large class of ET programs (E, T ) for
which, upon input of any document D, the output JE · T K(D) can be computed efficiently.
Arguably, identifying such a large class of ET-programs is crucial for the foundations of
extract-transform tasks. On the one hand, it determines which ET-programs can be used in
practice and, on the other hand, it guides the design of query languages for the specifications
E and T , which depends on the application.

In this work, we study the case when MT is given by a regular function, an expressive class
of string-to-string functions that has several equivalent characterizations and good algorithmic
properties. In the sequel, we show how to combine the result of a regex multispanner E with
a regular function to then present our approach to evaluate such ET programs efficiently.

4 Using regular functions for the transformation phase

Let us first present some more notation. As usual, f : A → B denotes a function from A to
B. When f is partial, we write f : A ⇀ B and use f(a) = ⊥ to indicate that f is undefined
for element a ∈ A. Moreover, dom(f) = {a ∈ A | f(a) ̸= ⊥} denotes the domain of f . Every
partial function f : A∗ ⇀ B∗ is called a string-to-string function with alphabets A and B.

In this paper, we study the case when we use regular string-to-string functions for the
transformation phase of ET programs. Let us explain why the class of regular functions
is a good choice for our setting. As mentioned before, the class of regular functions forms
a well-understood formalism for transforming strings which allows for several equivalent
representations like two-way transducers, MSO transductions [16], regular transducer expres-
sions [12], or deterministic streaming string transducers (DSSTs) [3] (this last formalism will
be crucial for the rest of this paper). Furthermore, regular functions can express most of the
linear transformations that one can find in practice. For example, all the use cases presented
so far can be defined by using regular functions as our basis for the transformation phase of
ET programs. Finally, regular functions have good algorithmic properties, like being closed
under composition, a property that we will exploit later (see Section 7).

For using regular functions as our mechanism for the tranformation phase, we need to
first align the output of the extraction phase (i.e., a multispan relation) with the input of a
regular function (i.e., a string). For this purpose, it is necessary to convert the output of a
multispanner (i.e., multispan-tuples) into the input of a string-to-string function (i.e., strings).
In the following, we present a unique way to encode multispan-tuples into multiref-words,
which will serve as our input object for using regular functions.

A unique multiref-word representation

The representation of documents and multispan-tuples (D, t) by multiref-words allows us to
define multispanners by multiref-languages. But this representation is not unique, which is
inconvenient if we want to use it for encoding multispan-tuples as strings. As a remedy, we
adopt the following approach: We represent a document D ∈ Σ∗ and multispan-tuple t as a
multiref-word w such that factors of w that belong to Γ∗

X (i.e., factors between two letters
of D) have the form: (⊣x + ε)(x⊢ ⊣x + ε)(x⊢ + ε)(⊣y + ε)(y⊢ ⊣y + ε)(y⊢ + ε) . . . .

Specifically, let D ∈ Σ∗ be a document and t a multispan-tuple over D and variables
X . For a variable x ∈ X and i ∈ [|D| + 1], define t[i, x] = (⊣x)c(x⊢ ⊣x)e(x⊢)o, where
c, e, o ∈ {0, 1} with c = 1 iff [j, i⟩ ∈ t(x) for some j ̸= i; e = 1 iff [i, i⟩ ∈ t(x); and o = 1 iff
[i, j⟩ ∈ t(x) for some j ̸= i. E. g., for the tuple t in Example 1, we have that t[3, x] = x⊢ and
t[4, y] = ⊣y y⊢.
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Let X = {x1, x2, . . . , xm} with x1 ⪯ x2 ⪯ . . . ⪯ xm, where ⪯ is some fixed linear order on
X . For every i ∈ [|D| + 1], we define t[i] := t[i, x1] · t[i, x2] · . . . · t[i, xm]. We can then define
the encoding of t and D as the multiref-word:

enc(t, D) := t[1] · D[1] · t[2] · D[2] · . . . · D[|D|] · t[|D|+1].

Coming back to Example 1, we have enc(t, D) =
aa x⊢ y⊢b ⊣y y⊢a ⊣y y⊢bbb ⊣y y⊢aa ⊣y y⊢b ⊣y ⊣x by using the order x ⪯ y. Note that
enc(t, D) is a multiref-word, Denc(t,D) = D and tenc(t,D) = t. Thus, enc(t, D) is a correct
and unique encoding for t and D as a multiref-word.

Regular ET-programs

We are now ready to formally define the following class of ET programs. An ET program
(E, T ) is called a regular ET program (from Σ to Ω) if E is a regex multispanner specified by
some multispanner-expression R over Σ and some finite set X of variables, and T is specified
by a regular string-to-string function fT with input alphabet Σ ∪ ΓX and output alphabet Ω.
The result of (E, T ) on D ∈ Σ∗ is defined as

JE · T K(D) := {{fT (enc(t, D)) | t ∈ JRK(D)}}

Note that this definition of JE · T K(D) means that we first apply the spanner specified by
R on D, which produces a multispan-relation JRK(D). Then, for every multispan-tuple
t ∈ JRK(D), we apply fT on the multiref-word enc(t, D) producing a new document in the
output bag JE · T K(D). Note that while enc(·, ·) is injective, the function fT might not be.
Hence, for t, t′ ∈ JRK(D) with t ̸= t′ we might have fT (enc(t, D)) = fT (enc(t′, D)). This
leads to duplicates, but, as explained before, we keep them, since we want each distinct
t ∈ JRK(D) of the extraction phase to correspond to a transformed document in the output.

So far, we have introduced our object of study, regular ET-programs, but we still need
to define how to specify them. In particular, how to specify the regular string-to-string
function fT . Regular string-to-string functions are a robust class that admit several possible
representations and people have proposed logic-based languages to specify them like MSO
transductions and regular transducer expressions [10]. In particular, one can use any of them
as the basis for a declarative query language for specifying fT . In this paper, we concentrate
on the evaluation problem of regular ET-programs. Toward this goal, we use deterministic
streaming string transducers (DSSTs, [3]) as our model for defining regular functions.

Deterministic streaming string transducers

Let R be a finite set of registers and Ω a finite alphabet. An assignment is a partial function
σ : R ⇀ (R ∪ Ω)∗ that assigns each register X ∈ R to a string σ(X) of registers and letters
from Ω. We define the extension σ̂ : (R ∪ Ω)∗ ⇀ (R ∪ Ω)∗ of an assignment such that
σ̂(α1 . . . αn) = σ(α1) · . . . · σ(αn) for every string α1 . . . αn ∈ (R ∪ Ω)∗ where σ(o⌣) = o⌣ for
every o⌣ ∈ Ω. Further, we assume that σ̂(α1 . . . αn) is undefined iff σ(αi) is undefined for
some i ∈ [n]. Given two assignments σ1 and σ2, we define its composition σ1 ◦ σ2 as a new
assignment such that [σ1 ◦ σ2](X) = σ̂1(σ2(X)). We say that an assignment σ is copyless if,
for every X ∈ R, there is at most one occurrence of X in all the strings σ(Y ) with Y ∈ R.

▶ Example 5. Consider R = {X, Y } and Ω = {a, b}, and the following assignments σ1, σ2, σ3,
where we write X := α to mean σ(X) = α: σ1 is defined via X := aXa; Y := XY . σ2 is
defined via X := bXb; Y := b. σ3 is defined via X := baXab; Y := b. One can check that
σ1 ◦ σ2 = σ3. Also, σ2 and σ3 are copyless assignments, but σ1 is not.
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Note that copyless assignments are closed under composition, namely, if σ1 and σ2 are
copyless assignments, then σ1 ◦ σ2 is copyless as well. We denote by Asg(R, Ω) the set of all
copyless assignments over registers R and alphabet Ω.

A deterministic streaming string transducer (DSST) [3] is a tuple T =
(Q, Σ, Ω, R, ∆, q0, F ), where Q is a finite set of states, Σ is the input alphabet, Ω is the
output alphabet, R is a finite set of registers, ∆: Q × Σ ⇀ Asg(R, Ω) × Q is the transition
function, q0 is the initial state, and F : Q ⇀ (R ∪ Ω)∗ is a final partial function such that,
for every q ∈ Q and X ∈ R, X appears at most once in F (q). Intuitively, if F (q) is defined,
then q is a final (i.e., accepting) state.

A configuration of a DSST T is a pair (q, ν) where q ∈ Q and ν ∈ Val(R, Ω), and Val(R, Ω)
is the set of all assignments R ⇀ Ω∗, which are called valuations. A run ρ of T over a string
a1 . . . an is a sequence of configurations (qi, νi) of the form:

ρ := (q0, ν0) a1/σ1−−−−→ (q1, ν1) a2/σ2−−−−→ . . .
an/σn−−−−→ (qn, νn) (*)

such that ∆(qi, ai+1) = (σi+1, qi+1), ν0 is the empty assignment, i. e. ν0(X) = ε for every
X ∈ R, and νi+1 = νi ◦ σi+1 for every i < n. A run ρ is called an accepting run if νn(F (qn))
is defined. The output of an accepting run ρ is defined as the string out(ρ) := νn(F (qn)).

Since ∆ is a partial function, we can see that DSSTs are deterministic, i.e., for every
input word w, there exists at most one run ρ. Thus, every DSST T defines a string-to-string
function JT K such that JT K(w) = out(ρ) iff ρ is the run of T over w and ρ is accepting.

▶ Example 6. Recall the first example from the introduction, where the spanner extracts
span-tuples t where t(x) and t(y) refer to the spans containing a person’s last and first name,
respectively. The following illustration depicts a DSST that receives as input a multiref-word
for (D, t) of the form u x⊢vx ⊣x; y⊢vy ⊣y u′ where u, u′ ∈ Σ∗ and vx, vy ∈ Σ̂∗ (recall that
Σ̂ = Σ \ {; , #}), and which outputs the word vy vx where transitions without annotations
(i.e., assignments) use the identity assignment.

q0
X := ε
Y := ε

Σ

q1 q2 q3 Y X
x⊢

a ∈ Σ̂ X := Xa
Y := Y

a ∈ Σ̂ X := X
Y := Y a

⊣x ; y⊢ ⊣y

Σ

DSSTs define a well-behaved class of string-to-string functions, equivalent to the the class
of regular string-to-string functions (see [10, 3]). In other words, we can use DSSTs as our
computational model for specifying the function fT since all other formalisms for declaring
regular functions can be effectively compiled into DSSTs (e.g., MSO transductions or regular
transducer expressions). Moreover, DSSTs perform a single pass over the input string, while
other equivalent models (e.g., two-way transducers) may do several passes. This streaming
behavior of DSSTs will be very useful for designing algorithms for regular ET programs. For
this reason, we use DSSTs as our model of string-to-string functions for regular ET programs.
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5 Expressiveness of regular ET programs

Nondeterministic SST

We extend DSSTs to the nondeterministic case and bag semantics. Let us explain the model
by pointing out its differences to DSSTs.1

A nondeterministic streaming string transducer (NSST) is a tuple T =
(Q, Σ, Ω, R, ∆, I, F ), where Q, Σ, Ω, R and F have the same meaning as for DSSTs. The
partial function I : Q ⇀ Val(R, Ω) plays the role of the initial state, i. e., a state q is a
possible initial state if I(q) is defined, and in this case I(q) is an initial valuation of the
registers. Moreover, ∆ is a bag of elements from Q × Σ × Asg(R, Ω) × Q. Note that we
define ∆ as a bag and not as a set for technical reasons (e.g., the proof of Proposition 10 or
Theorem 12).

The semantics of the model are as expected. A run over a string a1 . . . an is a se-
quence of configurations (qi, νi) of the form (*) such that I(q0) is defined and ν0 = I(q0),
(qi, ai+1, σi+1, qi+1) ∈ ∆ and νi+1 = νi ◦ σi+1 for every i < n. As for DSSTs, ρ is an
accepting run if νn(F (qn)) is defined, and the output of an accepting run ρ is the string
out(ρ) = νn(F (qn)). We define RunsT (a1 . . . an) as the bag of all accepting runs of T over
a1 . . . an.

Finally, we define the semantics of an NSST T over a string w ∈ Σ∗ as the bag:

JT K(w) = {{ out(ρ) | ρ ∈ RunsT (w) }}.

Equivalence of regular ET programs and NSSTs

We show that regular ET programs and NSSTs are equivalent. This is a fundamental insight
with respect to the expressive power of ET programs. Moreover, the fact that the two-stage
model of regular ET programs can be described by a single NSST will be important for our
enumeration algorithm (Section 6) and their composition (Section 7).

Before going into the technical details, one may wonder why regular ET programs have
two phases when this characterization of the expressive power shows that we can do the
whole process with a single NSST. As we already argued in Section 3, a two-phase process is
designed from a user perspective that aids the declaration of the whole process and helps
for the future use of the specifications. On the contrary, the one-phase process of NSSTs is
helpful for an algorithmic perspective, where we want to evaluate the ET program as a single
process and in a single pass.

We first discuss how regular ET programs can be transformed into NSSTs. Every multiref-
word over Σ and X describes a document Dw and a multispan-tuple tw. Hence, we can
extend the encoding enc(·) to multiref-words by setting enc(w) = enc(tw, Dw). Intuitively
speaking, applying the function enc(·) on a multiref-word w simply means that every maximal
factor u ∈ Γ∗

X of w is re-ordered according to the order ⪯ on X , and superfluous matching
brackets x⊢ ⊣x are removed (since several of those in the same maximal factor over ΓX would
describe the same empty span several times). We define enc(L) = {enc(w) | w ∈ L} for
multiref-languages L.

Let us consider a regular ET program JE · T K, i. e., E is a regex multispanner represented
by some multispanner-expression r, and T is a regular function represented by some DSST
T . The high-level idea of the proof is to construct an NSST T ′ that simulates a DFA

1 Note that nondeterministic streaming string transducers with set semantics instead of bag semantic
have already been introduced in [4].
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M for enc(L(r)) and the DSST T in parallel. More precisely, we read an input D ∈ Σ∗,
but between reading a symbol D[i] and the next symbol D[i + 1], we pretend to read a
sequence of symbols from ΓX with T and M at the same time. Thus, we virtually read some
multiref-word w with the property Dw = D. We need the DSST T for producing an output
on that multiref-word, and we need the DFA M to make sure that the virtual multiref-word
has the form enc(t, D) for some t ∈ E(D).

One may wonder why we want M to be a DFA rather than an NFA. The reason is:
Having to deal with bag semantics (rather than just set semantics) makes things more
complicated. In particular, this means that we need M to be deterministic to have a one-to-
one correspondence between the accepting runs of T ′ and the accepting runs of M on the
corresponding multiref-word. Otherwise, if M was an NFA, the different possible accepting
paths of M on the same multiref-word would translate into different accepting paths of T ′

which would cause erroneous duplicates in JT ′K(D).
We can transform r into a DFA M for enc(L(r)) by standard automata constructions,

but the fact that M needs to be deterministic means that the construction is (one-fold)
exponential in |r|, and the fact that it has to accept enc(L(r)) and not just L(r) means that
the construction is also (one-fold) exponential in |X |. In summary, we obtain the following.

▶ Theorem 7. Given a regex multispanner E over Σ and X (represented by a multispanner-
expression r), and a regular string-to-string function T with input alphabet Σ∪ΓX (represented
by a DSST with h states), we can construct an NSST T with JT K = JE · T K in time
O(24|r|+9|X ||Σ|3|X |2h2).

Let us now move on to representing general NSSTs by ET programs. When an NSST
T is in a state p and reads a symbol b ∈ Σ, then the number of possible nondeterministic
choices it can make is the sum over all the multiplicities of elements (p, b, σ, q) ∈ ∆ (recall
that ∆ is the bag of transitions). We shall call this number the nondeterministic branching
factor of p and b. The nondeterministic branching factor of T is the maximum over all the
nondeterministic branching factors of p and b for all (p, b) ∈ Q × Σ.

The only obstacle in the simulation of an NSST by a DSST is that the latter cannot
deal with the nondeterministic choices. However, in regular ET programs, a DSST gets
an annotated version of the actual document D as input, i. e., a multiref-word w with
Dw = D. Consequently, the DSST could interpret the additional information given by w in
the form of the symbols from ΓX as information that determines which nondeterministic
choices it should make. More formally, we can construct a regex multispanner that, for every
i ∈ [1, 2, . . . , |D|], nondeterministically chooses some xℓ ∈ {x1, x2, . . . , xm}, where m is the
NSST’s nondeterministic branching factor, and puts the empty span [i, i⟩ into t(x). On the
level of multiref-words, this simply means that every symbol is preceded by xℓ

⊢ ⊣xℓ
for some

ℓ. Such an occurrence of xℓ
⊢ ⊣xℓ

can then be interpreted by the DSST as an instruction to
select the ℓth nondeterministic choice when processing the next symbol from Σ. In summary,
we obtain the following result.

▶ Theorem 8. Given an NSST T with n states, input alphabet Σ and nondeterministic branch-
ing factor m, we can construct a regex multispanner E over Σ and {x1, x2, . . . , xmax{n,m}}
and a regular function T with JE · T K = JT K. Moreover, E is represented by a multispanner-
expression r with |r| = O(|Σ| + max{n, m}), T is represented by a DSST T ′ with
O(max{n, m}·n) states, and both r and T ′ can be constructed in time O(|T |+n ·max{n, m}+
|Σ|).
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6 Evaluation of regular ET programs

In this section, we present the main technical result of the paper, regarding the evaluation of
regular ET programs. Specifically, we consider the following enumeration problem where E

is a regex multispanner and T is specified by a regular function.

Problem: EnumRegularET[(E, T )]
Input: A document D

Output: Enumerate JE · T K(D)

Notice that JE ·T K(D) is a bag; thus, the task is to produce an enumeration that contains each
element of the bag exactly once, e. g., (a, a, b, c, a) is a possible enumeration of {{b, a, a, a, c}}.

As usual, we measure the running time in data complexity, namely, we assume that E

and T are fixed. Given this assumption, we can assume that E is given as a multispanner-
expression, and T as a DSST. Otherwise, we can convert E and T to satisfy this requirement.

For this problem, we strive for an enumeration algorithm with linear preprocessing and
output-linear delay, i. e., in a preprocessing phase it receives the input and produces some
data structure DS which encodes the expected output, and in the following enumeration
phase it produces a sequential enumeration w1, . . . , wℓ of the results from DS. Moreover, the
time for the preprocessing phase is O(|D|), the time for producing w1 is less than c · |w1|,
and the time between producing wi−1 and wi is less than c · |wi|, for some fixed constant
c that does not depend on the input. As it is common [43], we assume the computational
model of Random Access Machines (RAM) with uniform cost measure and addition and
subtraction as basic operations [1]. We obtain the following result.

▶ Theorem 9. EnumRegularET[(E, T )] admits an enumeration algorithm with linear pre-
processing time and output-linear delay.

Due to space restrictions, all the details and the analysis of the enumeration algorithm
are deferred to the online version [38]. In the following, we highlight the main technical
challenges. For running the algorithm, we use Theorem 7 and convert the pair (E, T ) into
an NSST TE,T . This takes time exponential in |E|; nevertheless, it does not depend on |D|
and so we can consider it as constant time. Our enumeration algorithm aims for computing
JTE,T K(D) with linear time preprocessing and output-linear delay.

For evaluating TE,T over D, the first challenge that we need to overcome is that its
runs could maintain registers with content that is not used at the end of the run. For an
illustration, consider the following NSST:

qX := ε
Y := ε

a X := aX
Y := Y

b X := X
Y := bY

p X

r Y

a
X := aX

Y := Y

b X := X
Y := bY

For each input word w with n a-symbols and m b-symbols, the NSST outputs an if w

ends with a and bm if w ends with b. Consequently, every run on a word that ends with
a produces “garbage” in register Y , since the content of this register is not used for the
output (and analogously with register X for inputs that end with b). This behavior of storing
“garbage” will be problematic for our enumeration approach, given that the delay depends
on the (potentially useless) contents of the registers.
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Given the above discussion, we formalize the notion of “garbage” as follows. Consider an
NSST T = (Q, Σ, Ω, R, ∆, I, F ). For u ∈ (R∪Ω)∗, let reg(u) be the set of all registers X ∈ R
that appear in u. For σ : R ⇀ (R ∪ Ω)∗ let reg(σ) =

⋃
X∈dom(σ) reg(σ(X)), namely, reg(σ) is

the set of all registers used by σ. We say that T is garbage-free if, and only if, for every string
w = a1 . . . an and every accepting run ρ of the form (*) it holds that dom(νi) = reg(σi+1) for
every i < n, and dom(νn) = reg(F (qn)). In other words, the registers dom(νi) that we have
filled with content so far coincide with the registers reg(σi+1) that we use on the right hand
sides of the next assignment. The first challenge is to show how to make NSSTs garbage-free.

▶ Proposition 10. For every NSST T , there exists a garbage-free NSST T ′ such JT K(w) =
JT ′K(w) for every string w.

The construction of Proposition 10 causes a blow-up that is exponential in the number of
registers, since we turn an NSST with |Q| states into an NSST with |Q| × 2|R| states. Of
course, if we start with a garbage-free NSST, this blow-up can be avoided. Interestingly, we
can show that one can check the garbage-free property in polynomial time.

▶ Proposition 11. Given an NSST T = (Q, Σ, Ω, R, ∆, I, F ), we can decide in time O(|∆| ·
|R|) whether T is garbage-free.

The second challenge is maintaining the set of outputs compactly for enumerating them.
The main problem here is that the output of a run is not produced linearly as a single string
(as is the case for classical spanners [8, 6]) but instead in parallel on different registers that
are combined in some order at the end of the input. To solve this, we follow the approach
in [30, 31] and present a non-trivial extension of Enumerable Compact Sets (ECS), a data
structure that stores sets of strings compactly and retrieves them with output-linear delay.
We modify ECS for storing sets of valuations and we call it ECS with assignments. For
storing valuations, we use assignments in the internal nodes of the data structure, which
allows us to encode the runs’ output and keep the content of different registers synchronous.

Using assignments in the ECS requires to revisit the whole approach of the data structure.
For example, although we can eliminate the garbage from an NSST (cf., Proposition 10), the
machine can still swap and move registers during a run, producing assignments that permute
the registers’ content but do not contribute to a final output. We call these assignments
relabelings and one of the main challenges is to take care of them. To solve this, we have
to treat them as special objects and compact them in the data structure whenever possible.
These extensions require to revisit ECS and to provide new ways for extending or unifying
sets of valuations by also taking care of relabelings.

7 Composition of regular ET programs

A valuable property of regular ET programs is that they receive documents as input and
produce documents as outputs. In this line, it is natural to think on reusing the output of
one ET program (E1, T1) to feed a second ET program (E2, T2), namely, to compose them.
Formally, we define the composition (E1 · T1) ◦ (E2 · T2) as a function J(E1 · T1) ◦ (E2 · T2)K
that maps documents to a bag of documents such that for every document D:

J(E1 · T1) ◦ (E2 · T2)K(D) =
⋃

D′∈JE1·T1K(D)

JE2 · T2K(D′).

Note that we use here the union of bags, which is defined in the standard way.
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For extraction and transformation of information, it is useful to evaluate the composition
efficiently. One naive approach is to evaluate JE1 · T1K(D) (e.g., by using the evaluation
algorithm of Section 6 in case that (E1, T1) is a regular ET program), and for every output
D′ in JE1 · T1K(D) compute JE2 · T2K(D′), gathering all the outputs together. Of course, this
could be time consuming, since |JE1 · T1K(D)| could be exponential in |D| in the worst case.

Towards solving the previous algorithmic problem, in the next result we show that every
composition of NSSTs can be defined by an NSST. Formally, let us denote the input and
output alphabet of some NSST T by Σ(T ) and Ω(T ), respectively. Given two NSSTs T1
and T2 such that Ω(T1) ⊆ Σ(T2), we define the composition T1 ◦ T2 as the function from
documents to bags of documents: JT1 ◦ T2K(D) =

⋃
D′∈JT1K(D)JT2K(D′).

▶ Theorem 12. For every pair of NSSTs T1 and T2 such that Ω(T1) ⊆ Σ(T2), there exists
an NSST T such that JT K = JT1 ◦ T2K and |T | = O(2poly(|T1|,|T2|)).

The statement of Theorem 12 for set semantics rather than bag semantics was obtained
by [4, 5]. The novelty of Theorem 12 is that we extend the result to bag semantics; namely,
we need to maintain the multiplicities of the final outputs correctly. The proof revisits (and
simplifies) the construction in [4, 5]: we simulate T1 over D while T2 runs over the registers’
content of T1, compactly representing subruns of T2 by using pairs of states and assignment
summaries [3]. The extension requires two changes for working under bag semantics. First,
similar to the evaluation of NSSTs, garbage on T1-registers could generate additional runs for
T2, producing outputs with wrong multiplicities. Therefore, our first step is to remove this
garbage by constructing equivalent garbage-free NSSTs by using Propositon 10. Second, the
construction in [4] guesses subruns of T2 for each register content and each starting state. In
the end, we will use one of these guesses, and then unused subruns could modify the output
multiplicity. Therefore, we simplify the construction in [4] by guessing a single subrun for
each register content, using the non-determinism to discard wrong guesses. Interestingly, this
simplification overcomes the error pointed out by Joost Engelfriet in the construction of [4],
which was solved recently in [5]. Our construction does not need the machinery of [5]; thus,
an adaptation of our construction for NSSTs (with set semantics) can be considered as a
simplified version of the proof in [4, 5]. We conclude by mentioning that as an alternative
proof of Theorem 12 we could move to MSO transductions [16], extend the logic with a bag
semantics, and then do the composition at a logical level; however, this strategy would lead
to a non-elementary blow-up.

By combining Theorem 7, 12 and 8, we get the following corollary regarding the express-
iveness of regular ET programs and their composition.

▶ Corollary 13. For every pair of regular ET programs (E1, T1) and (E2, T2), there exists a
regular ET program (E, T ) such that JE · T K = J(E1 · T1) ◦ (E2 · T2)K.

We conclude this section by the following corollary regarding the evaluation of the composition
of regular ET programs, obtained by combining Theorem 12 and 9.

▶ Corollary 14. Given regular ET programs (E1, T1), . . . , (Ek, Tk) we can evaluate the
composition J(E1 · T1) ◦ . . . ◦ (Ek · Tk)K(D) with linear time preprocessing and output-linear
delay in data complexity.

Finally, it is interesting to note that one could encode a multispanner as an NSST, by
outputting directly enc(t, D) for each multispan-tuple t. Then Theorem 7 can be seen as a
corollary of Theorem 12. However, the complexity of constructing an NSST from a regular
ET program by using Theorem 12 will be worse than in Theorem 7.
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8 Future Work

There are further research questions directly motivated by our results. First, the framework
of multispanners deserves further investigation to understand which results and properties
of classical spanners directly carry over to multispanners. Along the same lines, it will be
interesting to understand the connections between classical spanners and subclasses of NSSTs.
Second, one could consider other formalisms for the transformation phase, like the class of
polyregular functions [10], that extends regular functions from linear to polynomial growth.
Third, one can consider other algorithmic problems for the output, such as enumerating a set
instead of a bag of results. Here, our algorithmic technique does not extend directly, since
it would be required to remove duplicates in the NSST, or in the algorithmic evaluation,
which is unclear. Last, the general setting allows for other application scenarios for the
transformation phase, like producing graphs or relations. Furthermore, one can also extend
the setting to consider input data with more structure, like nested documents (e.g., JSON,
XML). We leave this and other open problems for future work.
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