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Abstract

The paper investigates the relative expressiveness of two logic-based languages for reasoning over
streams, namely LARS Programs — the language of the Logic-based framework for Analytic Reasoning
over Streams called LARS — and LDSR — the language of the recent extension of the J-DLV system for
stream reasoning called I-DLV-sr. Although these two languages build over Datalog, they do differ both
in syntax and semantics. To reconcile their expressive capabilities for stream reasoning, we define a
comparison framework that allows us to show that, without any restrictions, the two languages are
incomparable and to identify fragments of each language that can be expressed via the other one.
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1. Introduction

Stream Reasoning (SR) [1] is a recently emerged research area that consists in the application of
inference techniques to heterogeneous and highly dynamic streaming data. Stream reasoning
capabilities are nowadays a key requirement for deploying effective applications in several real-
world domains, such as IoT, Smart Cities, Emergency Management. Different SR approaches have
been proposed in contexts such as Complex Event Processing, Semantic Web and Knowledge
Representation and Reasoning (KRR) [2, 3, 4, 5]. In the KRR research field, the Answer Set
Programming (ASP) declarative formalism [6, 7] has been acknowledged as a particularly
attractive basis for SR [1] and a number of SR solutions relying on ASP have been recently
proposed [8, 9, 10, 11, 12, 13, 4, 14, 15, 16]. Among these, I-DLV-sr [16] is a SR system that
efficiently scale over real-world application domains thanks to a proper integration of the well-
established stream processor Apache Flink [17] and the incremental ASP reasoner Z2-DLV [18].
Its input language, called LDSR (the Language of I-DLV for Stream Reasoning) inherits the
highly declarative nature and ease of use from ASP, while being extended with new constructs
that are relevant for practical SR scenarios.

Although LDSR enjoys valuable knowledge modelling capabilities together with an efficient
and effective reasoner, it would be desirable to formally investigate its expressive power. This is
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exactly the mission of the present paper. To this aim, the prime objective is to compare LDSR
with one of the most famous and well-studied formalisms for reasoning over streams that goes
under the name of LARS Programs (the language of LARS), where LARS is the Logic-based
framework for Analytic Reasoning over Streams [8]. More precisely, the paper investigates the
relative expressiveness of LDSR and LARS Programs. Despite the fact that these languages build
over Datalog and represent the information via sets of ASP ground predicate atoms associated
with different time points, unfortunately they overall differ both in syntax and semantics. In
particular, LDSR associates information that is true at every time point with standard ASP facts,
whereas LARS Programs involve background atoms whose truth is not directly associated with
all the time points. Moreover, given an input stream, LDSR returns a single set of information
related to the most recent time point (streaming model), whereas LARS Programs associate, for
each different time point of the stream, another stream called answer stream at that time point.

To reconcile the expressive capabilities for stream reasoning of LDSR and LARS Programs,
we first define a comparison framework that allows to understand in which cases, starting from
the same input stream, both languages may produce the same output. Inside this framework,
we identify three output profiles —called atomic, bound, and full— that fix the form of the
output stream. Without any restriction on the two languages, the paper shows that they are
incomparable under all the output profiles. Eventually, for each output profile, the paper isolates
large fragments of each of the two languages that can be expressed via the other one.

2. Preliminaries

We assume to have finite sets V, C, P and U consisting of variables, constants, predicate names
and time variables respectively; we constrain VV and C to be disjoint. A term is either a variable
in V or a constant in C. A predicate atom has the form p(ti, ..., t,), where p € P is a predicate
name, {1, ..., t, are terms and n > 0 is the arity of the predicate atom; a predicate atom p() of
arity O can be also denoted by p. A predicate atom is ground if none of its terms is a variable.
We denote by G the set of all ground predicate atoms constructible from predicate names in
‘P and constants in C. We divide the set of predicates P into two disjoint subsets, namely the
extensional predicates ¢ and the intensional predicates P’. Extensional predicates are further
partitioned into P for background data and Pg for data streams. The mentioned partitions
are analogously defined for ground atoms G!,G% and G%. In what follows we will introduce
different types of constructs peculiar to the two languages considered in this paper. In both,
given a set of constructs C, we will denote by pred(C') the set of predicates appearing in C.
A stream X is a sequence of sets of ground predicate atoms (Sp,...,Sy) such that for
0 <i<n,S; CG. Each natural number i is called time point. A ground predicate atom a € .5;
is true at the ¢-th time point. Given a value m € N s.t. 0 < m < n, we define the restriction of
3 to m the stream (Sy, . . ., Sy,) denoted with 3| . Moreover, let F' C P we indicate with ¥,
the stream (S, . .., Sy,) with S} = Uues:ipred(ayery @ for each i € {0,..., n}. A subset of a
stream ¥ = (Sp,...,Sy) is a stream ¥’ = (S),...,S],) such that S = () for each i ¢ t(X’)
where ¢(¥') is a subset of consecutive numbers of the set {0,...,n} and for each i € ¢(X')
S! C S;. For astream ¥ = (Sp, ..., Sy), a backward observation identifies ground predicate
atoms that are true at some time points preceding the n-th time point. More formally, given
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a stream ¥ = (S, ..., Sy) and a set of numbers D C N, we define the backward observation
of ¥ w.rt. D as the family of sets {S; | i = n — dwithd € D A i > 0}, and we denote it as
O(%, D). Given w € N, a backward observation of ¥ w.r.t. {0, ..., w} is called window.

2.1. LARS syntax and semantics

A window function is a function f,, that returns, given a stream ¥, and a time point ¢ € {1, ...,n},
a substream of . We consider only time-based window functions, which select all the atoms
appearing in the last w time points, to which a window is trivially associated according to
the definition above. Given a predicate atom a, a term ¢t € N Ul and a window function f,
formulas « are defined by the following grammar:

az=al-alaAalaVa|la—a|oa|la|@a| Bval>a.

A LARS program P is a set of rules of the form o« + f1,..., 8,, where o, 51,..., 3, are
formulas. Given a rule r, we call «v the head of r, denoted with H (7), and we call the conjunction
B1 A -+ A By, the body of r, denoted with B(r). A ground formula can be satisfied at a time
point ¢ in a structure that is a triple M = (X, W, B) where 3 is a stream, W is a set of window
functions and B C G%. Let Y C ¥, we start defining the entailment relation |- between
(M, ¥ t) and formulas:

« MY tlFaiffa € Siorac B

e MYt —aiff M,t I

e MY tlFaANBiff M,tI-aand M,tI- 3

e MYtV B M, tIF aor M.t 3

e MY tlka— Biff M,tIf ccor M,tI-j

o M, tIFoaiff M,¥ tIF «for somet’ € t(X')

o« MY tIFDaiff M, Yt aforallt’ € t(X),

e M, tIF Quaiff M, S, ¢ IF aand ' € ¢(3) |

o M, tIFBlva,iff M,%" tIF o where ¥ = f,,(¥/, 1),
« MY tIFpaiff M, Xt I .

The structure M = (X, W, B) satisfies « at time ¢ (M, t = o) if M, Y’ t IF . Given a ground
LARS program P, a stream Y and a structure M we say that: (i) M is a model of rule € P for
I at time ¢, denoted M, t = r,if M,t = B(r) — H(r); (i) M is a model of P for I at time
t, denoted M,t |= P, if M,t |= r for all rules r € P; (iit) M is a minimal model, if no model
M’ = (X', W, B) of P for I at time t exists such that ¥’ C ¥ and ¢(X) = ¢(X’); and (iv) The
reduct of a program P with respect to M at time ¢ is defined by PM:* = {r € P|M,t = B(r)}.
Fixed an input stream I, contains only atoms belong to G5, we call interpretation stream
for I any stream ¥ such that all atoms that occur in X but not in I have intensional predicates.
An interpretation stream ¥ for a stream [ is an answer stream of a program P for I at t, if
M = (X, W, B) is a C-minimal model of the reduct P*! for I at time ¢. The semantics of the
non-ground programs is given by the answer streams of according groundings, obtained by
replacing variables with constants from C, respectively time points from ¢(X), in all possible
ways. We consider LARS programs with a single answer stream for each time point, denoted
with LARSp, and we indicate the single answer stream of P for [ at t with AS(P, I,t).
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Table 1
Entailment of ground streaming literals.
@ YEa Y Enota
a atleast cin {dy,...,dn} [{A€OE,D):acA}|>c |[{A€OE,D):ac A}|<c
a always in {di,...,d,} VAe O(X,D),a€ A JA€eO(X,D):ag A

acount cin {dy,...,d,} |[{A€O(X,D):acA}|=c |[{A€O(X,D):ac A}|#c

2.2. LDSR syntax and semantics

Given a predicate atom a, a term ¢ € C N N7, a counting termt € (C "NT) UV, and a finite
non-empty set D = {di,...,d,} C N, we define three types of streaming atoms:

a at least cin {dy,...,d,,} | aalwaysin {dy,...,dy} | acount tin {di,...,d,}

In particular, if D is of the form {0, ..., w}, then this set can be alternatively written as [w]
inside streaming atoms; also we may write a in place of a at least 1 in [0]. A streaming
atom « (resp., not «) is said to be a positive streaming literal (resp., negative streaming literal),
where not denotes negation as failure. A streaming literal is said to be harmless if it has form
a at least c in D or a always in D; otherwise, it is said to be non-harmless. A streaming
literal is said to be ground if none of its terms is a variable.

A ruleis a formula of form (1) a:- l1,...,l,. or (2) #temp a:- l,... 1., where a is
a predicate atom, b > 0 and [y, . .., [, represent a conjunction of literals (streaming literals or
other literals defined in the ASP-Core-2 standard [19]).

For a rule r, we say that the head of r is the set H(r) = {a}, whereas the set B(r) =
{l1,...,1p} is referred to as the body of r. A rule r is safe if all variables in H(r) or in a negative
streaming literal of B(r) also appear in a positive streaming literal of B(r).

A program P is a finite set of safe rules. We denote with form,)(P) the set of rules of P’ of
form (1) and with form ) (P) the set of rules of P of form (2).

A program P is stratified if there is a partition of disjoint sets of rules P = IT; U --- U Il
(called strata) such that for i € {1,...,k} both these conditions hold: (i) for each harmless
literal in the body of a rule in IT; with predicate p, {r € P|H(r) = {p(t1,...,t»)}} € Ui, I3
(i1) for each non-harmless literal in the body of a rule in II; with predicate p, {r € P|H(r) =
{p(t1,...,tn)}} C U;;ll II;. We call IIy, ..., I, a stratification for P and P is stratified by
114, ..., 1. An LDSR program is a program being also stratified.

A backward observation allows to define the truth of a ground streaming literal at a given
time point. Given a stream ¥ = (Sp,...,Sp), D = {d1,...,dn} C N,c € C\ {0} and the
backward observation O(X, D), Table 1 reports when ¥ entails a ground streaming atom «
(denoted ¥ = «) or its negation (X |= not a). f ¥ = a (¥ = not a) we say that « is true
(false) at time point n.

To make a comparison between LARSp and LDSR, we defined also for LDSR a model-theoretic
semantics that can be shown to be equivalent to the operational semantics originally defined.
Moreover, besides the concept of streaming model for LDSR, we defined the concept of answer
stream.
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Consider an LDSR program P. Given a rule r € P, the ground instantiation Gr(r) of r
denotes the set of rules obtained by applying all possible substitutions ¢ from the variables in
r to elements of C. In particular, to the counting terms are applied only constants belong to
C NN*. Similarly, the ground instantiation Gr(P) of P is the set | J,p Gr(r). Given a ground
rule r € P, astream ¥ = (S, ..., S,) and a stream X' = (S{, ..., S),) such that ¥ C ¥/, we
say that ¥’ is a model of 7 for ¥, denoted X/ |=r,if ¥’ = H(r) when ¥ |= B(r). We say that
Y is a model of P for ¥, denoted X' |= P, if ¥/ |= r for all rules € Gr(P). Moreover, ' is a
minimal model, if no model 2 of P exists such that 2 C X" and ¢(2) = ¢(X'). Let ¥’ be a model
of P for ¥, an atom a € S}, is temporaryin ¥’ if a ¢ S, and there exists no rule r € form ;)(P)
such that ¥’ = B(r) and X' = H(r). Accordingly, let T'(.S},) be the set of all temporary atoms
in S}, the stream (S(, ..., S}, \ T'(S},)) is called the permanent part of ¥’. Eventually, the reduct
of P w.rt. ¥, denoted by P>, consists of the rules 7 € Gr(P) such that ¥’ = B(r).

Definition 1. Given an LDSR program P, a stream ¥ = (Sy,...,Sy,) and a stream ¥/ =
(S4y ..., Sh) such that¥ C X', ¥ is called answer stream and S, streaming model of P for ¥ if:
(1) ifn > 0, (S}) is the permanent part of the minimal model M of the reduct P for the stream
(So0); (2) ifn >0, foralli € 1,...,n—1, Z"i is the permanent part of the minimal model M
of the reduct PM for the stream (S}, ..., S!_,, Si); and (3) X' is a minimal model of the reduct
P> for the stream (S}, ..., S"_1,S).

Note that, differently from LARS, for which the information associated with each time point
is entirely derived at the time point of evaluation, for LDSR, each time point ¢ in the answer
stream is associated with the information derived when the time point ¢ has been evaluated. In
other words, the answer stream for LDSR is obtained by collecting the results of the previous
time points and integrating them with the result of the time point of evaluation.

3. Framework

In this section, we present the framework that has been designed for comparing the languages
LARSp and LDSR. The comparison focuses on different parts of the answer stream. In particular,
given an input stream S = (Sy, ..., Sy), when referring to an evaluation time point ¢ < n,
one could compare the answer streams only at ¢, or in all the time points up to ¢ or also in
all time points up to n. To this aim, we define three types of streams. Given n € N and
t € {0,...,n}, we say that a stream S = (Sy, ..., S,) is of type t-atomic if S; = () for each
i €{0,...,n}\ {t}; t-bound if S; = () for each i € {t + 1,...,n}; and ¢t-full if S; may be
nonempty for each i € {0,...,n}.

Consider a language L € {LDSR, LARSp}, an input stream I = (ly, ..., I,), a set of ground
predicate atoms B C G5 and a program P € L, we call (I, B, P) an L-tuple. According to the
three types of streams, for a L-tuple and for each time point ¢ € {0,...,n}, we now define
three types of output streams for each language L.

Given a LDSR-tuple (I, B, P) and a time point t € {0,...,n}, we define:

o t-atomic(I, B, P) = (O, ...,0,) where O; = () for i # ¢ and O, is the streaming
model of PU{b.|b € B} on I, = (lo, ..., I}).
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« t-bound(I,B,P) = (Oy,...,0O), where (Oy,...,O;) is the answer stream of P U
{b.]b € B} for I}, = (Io, ..., I;) and O; = P for t < i < n.

« t-full(I, B, P) = (O, ...,0Oy,) where (O, ..., O;) is the answer stream of P U {b.|b €
B} for I, = (I, ..., I;) and O; = [; U Bfort <i <n.

Analogously, given a LARSp-tuple (I, B, P) and a time point ¢t € {0, ...,n}, and the answer
stream AS(P,I,t) = (Ao, ..., Ap), we define:

« t-atomic(I, B, P) = (Oq,...,0,) where O; = () fori # t and O, = A; U B.

e t-bound(I, B, P) = (Oy,...,0,), where O; = A; U B for 0 < i < tand O; = () for
t<i1<n.

« t-full(I, B, P) = (Oy,...,0,) where O; = A; U B for 0 < i < n.

We now define when a fragment of a language can be expressed in the other one in our
framework. In particular, we differentiate expressible fragments from strictly expressible
fragments. Given a stream form ¢ € {atomic, bound, full},and L1, Ly € {LDSR, LARSp} with
Ly # Lo, afragment F' C L is ¢p-expressible via Ly if there exists a mapping p : ' — Lo such
that, for each F-tuple (I, B, P) and for each time point of evaluation t € {0,...,n}, it holds
that t-¢(1, B, P) = t-¢(I, B, p(P))|,..qcpu1o5,: mOreover, F'is strictly ¢-expressible via Ly
ift-¢(I, B, P) = t-¢(I, B, p(P)). Basically, for the non strict expressiveness, a translation into
the other language is possible but it can involve the addition of auxiliary predicates, while for
the strict one, there is a translation that does not require auxiliary predicates and thus for which
the outputs coincide without the need of any filtering.

We are now ready to compare the two languages. The first result of the comparison is that,
without any restrictions, the two languages are incomparable. The following two propositions
describe the results. The ideas behind the formal demonstrations, which are instead reported in
Appendix B [20], are also introduced.

Proposition 1. LARSp is not atomic-expressible via LDSR.

To see this, consider the simple LARSp program Pi={@p_; a <— @ c.}. This program, that
expresses that the presence of an atom c in a time point infers the presence of an atom a in the
previous time point, is not expressible in LDSR since in its semantic the information associated
at every time point are relative only to the information received and inferred up to it.

Proposition 2. LDSR is not atomic-expressible via LARSp.

To prove this result, consider the following LDSR program P> = {a(Y):-a(X),b(X,Y).}
where the predicate a belongs to the input predicates Pg. The program P, is not expressible in
LARS) since its semantics avoids to infer ground atoms over input predicates.

Since t-atomic(I, B, P) # t-atomic(I, B, p(P)) implies t-¢(I, B, P) = t-¢(I, B, p(P))
holds for ¢ € {bound, full}, Proposition 1 and 2 imply the following result.

Theorem 1. LARSp and LDSR are incomparable under each of the three stream forms.
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Table 2 Table 3
LARSp to LDSR LDSR to LARSp
10) strictly  not strictly 0] strictly  not strictly
atomic Fy Fy atomic FgU Fr Fy
bound Fy Fy bound FgU F; Fy
full F3 F3 full F6 F5
LARS LDSR
Fy Fa
F7
(a) LARS fragments (b) LDSR fragments

Figure 1: Fragments and their relations

Given the incomparability of the languages, we introduced some restrictions to identify
fragments of a language expressible in the other. Up to now, we identified seven fragments
that are described in detail in sections 3.1 and 3.2. Here, we briefly discuss their relations and
expressiveness (see Fig. 1 and Tables 2 and 3). In particular, Table 2 presents the fragments of
LARSp F, F5 and F3. All of them are strictly expressible via LDSR. F7 is the largest identified
fragment and it is atomic-expressible; F5 is obtained from F} by imposing some restriction and
it is bound-expressible, while F3 is obtained by further restricting F», and allows for achieving
full-expressivity.

As for LDSR, Table 3 summarizes its identified fragments Fy,F5,Fg and F;. The largest
fragment is F;, which is bound-expressible via LARSp; the fragment F}, that restricts Fy, allows
full expressiveness; the other two fragments allows for strictly expressiveness: Fg further
restricts F5, and it is full-expressible, while F% is obtained by imposing restrictions on F} and is
bound-expressible.

3.1. LARSp to LDSR

Here we present the identified fragments of LARSp. We consider two types of rules:

(I) O(a+ 1A+ ADBp) and (II) a<+ Bi,...,0p

where a is an intensional predicate atom and 3; € {B™Op, B Op, p, B’Qr T A Qr_p,
- @™ Op, = B™ Op, —p, ~(B°QrT A Qr_gp)|p is a predicate atom, T € U and m € N}
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fori € {1,...,b}. For a rule of type (I), we denote as cons(r) the consequent {a} of the
implication, and with prem(r) the set of formulas {31, ..., 8y} in the premise; moreover, for a
rule of type (II), we denote with head(r) the atom {a} and with body(r) the set of formulas
{P1,...,0p} Let P be a LARSp program, we denote with type(P) the set of rules of P of type
(I) and with type;(P) the set of rules of P of type (II).

We say that a predicate p is marked if there are two rules r € type;(P) and 1’ € type (P)
with p = pred(cons(r)), h € pred(prem(r)) and h = pred(head(r')). The set of marked
predicates of a program P is denoted with M (P).

Consider a LARSp program P containing rules of type (I) and (II) only. Let P, =
typer(P) and P, = typer (P). We define the graph G(P) = (N, A), where: (1) N =
(Urep,pred(cons(r))) U (Urep,pred(head(r))); (2) (¢, p, “+”) € Aifthereexistsaruler € P
with pred(cons(r)) = p and g € pred(prem(r)) occurring in a formula without negation
or if there exists a rule v’ € P, with pred(head(r')) = p and q € pred(body(r’)) occurring
in a formula without negation; and (3) (¢, p, “-”) € A if there exists a rule r € P; with
pred(cons(r)) = p and g € prem(r) occurs in a formula with negation or if there exists a
rule ' € P, with pred(head(r’)) = p and q € pred(body(r’)) occurring in a formula with
negation.

Definition 2. Fragment Fy of LARSp collects all the programs P that meet the next condi-
tions: (i) P = typer(P) U typerr(P); (i) Upcrype,(pypred(prem(r)) N M(P) = 0; (iii)
Uretype(pyPred(body(r)) N M(P) = 0; (iv) no cycle in G(P) contains an arc labeled with *-".

Roughly, F contains only programs that are stratified w.r.t negation, featuring only rules of
types (I) and (IT), where no marked predicate appears in premises and in bodies.

Proposition 3. F7 is strictly atomic-expressible via LDSR.

Indeed, it can be shown that there is a mapping p; : £7 — LDSR such that for each Fj-tuple
(I, B, P) and for each time point of evaluation ¢ € {0, ..., n}, it holds that t-atomic(I, B, P) =
t-atomic(I, B, p1(P)). In particular, given a program P € F}, the LDSR program p;(P) is
obtained by replacing:

- eachrule J(a < f1,..., By) of type (I) with the LDSRrule a:- f(51),..., f(Bm) of
form (1)

- each rule a — Bi,...,B8m of type (II) with the LDSR rule
#temp a:- f(51),..., f(Bm) of form (2)

where f associates each LARSp formula in the F) fragment with a LDSR streaming atom as

reported below:
J(E™Op) = pin [m].

(EﬂmDp) p always in [m].

(p) =

(B O@TT A Qr_gp) =pin {k}.

(—8) = not f(3) where 3 is a formula.

f
- f
- f
- f

158



Nicola Leone et al. CEUR Workshop Proceedings 151-165

Intuitively, the idea of the mapping p; is that LARSp rules of type ([) that must be evaluated
at each time point are associated with LD RS rules of form (1) and LARSp rules of type (II)
that infer information only at the evaluation time point ¢ are associate with LDSR rules of form
(2) which are evaluated at each time point but the derivations of the time points preceding ¢
have been forgotten via the #temp operator. Moreover, we impose the restrictions (i7) and
(ii7) for defining Fj in order to achieve atomic-expressiveness; indeed, they ensure that, if in
LDSR a permanent information is derived relying on a temporary information, this is not used
to derive other information.

Now, we define the fragment F5 that imposes an additional restriction w.r.t to F7, and the
fragment F3 that further restricts Fb.

Definition 3. The fragment F5 of LARSp is the subset of the programs of F| that meet the
condition (U, crype,, (p) Pred(head(r))) N ((U,erype, () Pred(prem(r)) = 0.

Proposition 4. Fj is strictly bound-expressible via LDSR.

It can be shown that for the mapping ps = p1| Y it holds that for each Fy-tuple (I, B, P) and for
each time point of evaluation ¢ € {0,...,n}, t-bound(I, B, P) = t-bound(1, B, p2(P)). Basi-
cally, the additional condition for fragment F5 avoids that a temporary information associated
to a time point can generate a permanent information.

We now show an example of a program belonging to fragment F5 and its image with respect
to the function py. The example is taken from one of the tasks of the “model and solve” Stream
Reasoning Hackathon 2021 [21]. The task concerns urban traffic management. Traffic is
observed from a top-down, third-person perspective, and vehicle movement flows in a given
road network coded as Datalog facts are considered. We want to identify the vehicles that
appear or disappear in the network. It is then necessary to note vehicles that were absent at the
previous time point and are now present and vice versa. A rule of type (I) is used to evaluate
the presence of vehicles at the current and previous time points; then the obtained information
is used in a rule of type (II) that detects the appearance or disappearance of a vehicle at the
evaluation time point. This task can be modelled via the following program P in Fj:

O(inNetwork(Veh) < onLane(Veh, X,Y)).
appears(Veh) < onLane(Veh, X,Y), B’ Qp T A Qp_yinNetwork(Veh).
disappears(Veh) « B°QpT A Qp_jinNetwork(Veh), ~inNetwork(Veh).

The corresponding LDSR program, image of the ps function, is:

inNetwork(Veh):-onLane(Veh, X,Y).
#temp appears(Veh):-onLane(Veh, X,Y),not inNetwork(Veh) in {1}.
#temp disappears(Veh):- onLane(Veh,X,Y) in {1}, not inNetwork(Veh).

Definition 4. The fragment F3 of LARSp is the subset of the programs of I that meet the
condition P = type;(P).
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Proposition 5. F3 is strictly full-expressible via LDSR.

Similarly to F5, it can be shown that, considering the mapping p3 = p1 o it holds that that for
each F3-tuple (I, B, P) and for each time point of evaluation ¢ € {0,...,n}, t-full(l, B, P) =
t-full(I, B, p3(P)). Intuitively, since in LDSR the evaluation of a program with respect to a
time point ¢ can not add information in the output stream at time points that are subsequent to
t, to achieve full expressiveness, we impose the restriction to rules of type type (II) in LARSp
as these are evaluated only at ¢ and do not change the output in the subsequent time points.

3.2. LDSR to LARS),

Here we present the identified fragments of LDSR along with their expressiveness. While, for
the fragments of LARSp we obtained strict expressiveness and each rule in LARSp has been
translated into exactly one rule in LDSR, for the fragments of LDSR, the translation, in general,
needs auxiliary atoms and additional rules to simulate the behavior of rules of the form (2) and
of some streaming and aggregates atoms.

The largest identified fragment is F} that is defined as follows.

Definition 5. The fragment F} is the subset of the LDSR programs P that meet the condition
U, eppred(H(r)) € PL.

Basically, F} is obtained from LDSR by simply imposing that no extensional predicate appears
in the head of a rule.

Proposition 6. F is bound-expressible via LARSp.

It can be shown that there is a mapping p4 : Fy — LARSp such that for each Fy-tuple (I, B, P)
and for each t € {0,...,n}, t-bound(I, B, P) = t-bound(I, B, ps(P))| .. puros, - First, we
note that, in general, each streaming atom in F has to properly translated into a LARSp formula;
moreover a special rewriting, requiring additional rules, has to be performed for streaming atoms
of the form a count v in {dy,...,dy,}, where v is a variable in C and for all the aggregate
atoms. Thus, without going into details, the mapping p4 relies on a function g that associates
each streaming atom (but those of form a count v in {dy, ..., d,,}) with a LARSp formula that
expresses the condition that must be satisfied in the stream for the streaming atom to be true;
moreover, if v is an aggregate atom or a streaming atom of the form a count v in {dy, ..., d,,},
g associates it with a formula containing auxiliary atoms defined via an additional set of rules
C, that are needed to simulate its semantics. For the sake of the presentation, the function g
and the set of additional rules C|, are reported in Appendix A.1 [20].

Furthermore, given a program P € F, the mapping p4 has to replace each rule r in P with
one or more LARSp rules. In sum, the program p4(P) is obtained by:

- replacing each rule a:- f31,..., [y of form (1) with the LARSp rule O(a <+ B°@Q7T A

9(B1) A+ A g(Bm))-
- for each rule #temp a:- fB1,..., By of form (2),

- replacing it with the LARSp rule a < B°Q7 T, g(31), ..., 9(Bm)
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- adding the rule O(atemp < BYQrT A g(B1) A - A g(Bm)).

- adding for each streaming atom « of the form a count v in {di,...,d;,}, where vis a
variable in C or aggregates atom, a set of rules C,.

Basically, the mapping p4 manages the interaction between the two forms of rules, simulating,
at an evaluation time point ¢, the temporary derivations obtained in the previous time points
and evaluating their effect on the permanent derivations that will be part of the output. This
is mainly obtained by creating and handling a copy of each rule of the form (2) where the
suffix “temp” is added to the head predicate. Moreover, since the streaming atoms in LDSR are
evaluated according to the backward observation, we need to identify the reference time point
in which the LARS formulas representing the conditions expressed by the streaming atoms
have to checked. To do this, we use the formula FB°@7 T that evaluates the tautology within a
window of size 0 and thus, it holds in the rule instance where the variable 7" corresponds to the
reference time point.

We are now ready to define the fragment Fj that is obtained from F}; by avoiding rules of
form (1).

Definition 6. The fragment F5 of LDSR is the subset of the programs of F; that meet the condition
P = formq(P).

Proposition 7. Fj is full-expressible via LARSp.

To see this, consider, the mapping p5 : F5 — LARSp such that, for each program P € F, p5(P)
is obtained by:

- replacing each rule #temp a:- fi,...,Bn of form (2) , with the LARSp rule a
EBO@TTv g/(ﬁl)v s 79/(5m)
- adding for each streaming atom « of the form a count v in {di,...,d,,}, where vis a

variable in C or aggregates atom, a set of rules C\,.

It can be shown that p5 is such that for each F5-tuple (I, B, P) and for each t € {0,...,n},
t-full(I, B, P) = t-full(I, B, p5(P))|,,..apurom - Roughly, similarly to p4, ps relies on a func-
tion ¢’ for rewriting body atoms and adds auxiliary rules for handling aggregate atoms or a
streaming atoms of the form a count v in {di, ..., d,,} (more details on this are reported in
Appendix A.2 [20]); however the translation for the fragment Fj is simpler than the one for
Fy, as it is sufficient to associate each rule of form (2) with a LARSp rule of type (II). Indeed,
since rules of form (1) are not allowed, there is no need to consider the information that can be
derived in a permanent way through them. The condition defining the fragment F5 ensures
the full expressiveness: since a program in this fragment features only rules of form (2), and its
translation only rules of type (II), their evaluation at each time point ¢ can derive information
only at ¢, while leaving unchanged the output in the other time points.
The fragment Fj restrict F5 to reach strict full expressiveness.

Definition 7. The fragment Fg of LDSR is the subset of the programs of Fy in which streaming
atoms of the form a count v in {d1, ..., d,,} wherev € V and aggregate atoms are not allowed
in rule bodies.
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Proposition 8. Fy is strictly full-expressible via LARSp.

It can be shown that for the mapping ps = ps, Fy it holds that for each Fg-tuple (I, B, P) and
for each t € {0,...,n}, t-full(I, B, P) = t-full(1, B, p¢(P)). Since no atoms involving the
addition of auxiliary predicates are considered, Fj is strictly expressible.

The last considered fragment F% still features strict expressiveness, but of bound type, as,
differently from Fg, it allows also rules of form (1) to some extent.

Definition 8. The fragment F; of LDSR is the subset of the programs of Fy that meet the following
conditions: (i) (Uye form, () (pred(B(r))) WUre forms, () (Pred(H (r))) = 0 (1) streaming atoms
of the form a count v in {dy,...,d,,} wherev € V and aggregate atoms are not allowed in
rule bodies.

Proposition 9. F7 is strictly bound-expressible via LARSp.

It can be shown that there is a mapping p7 : F; — LARSp such that for each Fr-tuple (I, B, P)
and for each t € {0,...,n}, t-bound(I, B, P) = t-bound(I, B, p7(P)). To see this, consider,
the mapping p7 : F7 — LARSp such that, for each program P € F%, p7(P) is obtained by:

- replacing each rule #temp a:- [(i,...,Bn of form (2) with the LARSp rule a <+

EO@TTv g/(ﬁl)v s 79/(5m>
- replacing each rule a:- f1,..., [y, of form (1) with the LARSp rule O(a < B°Q7T A

g (B) A+ Ng"(Bm))

The mapping relies on the same function ¢’ as pj for the rules of form (2). In addition, for the
rule of form (1), a different function ¢” is used to associate the body streaming atoms with
LARS formulas based on the following definition.

Definition 9. Given an atom a(t1,...,t,) and a LDSR rule r with H(r) = a(t},...,t))
we call definition of a(t1,...,t,) in r, denoted with d,(a(t1,...,t,)), the conjunction
Nsepiy B Ni<i<n ti = t:. Given an LDSR program P the definition of a(t1,...,t,) in P
isdp(a(ty, ... tn)) = alty, .., tn) V (Vreppred r)=ay dr(alts, ..., tn))).

This definition identifies, for each predicate a in the head of a rule of form (2), a LARS formula
relying only on permanent information that can be used in the LARS translation in place of
a. Further details on the translation and the ¢” functions are reported in Appendix A.3 [20].
We note here that the strict expressiveness of this fragment is obtained since the translation of
the allowed streaming atoms does not require the use of additional atoms, and condition (i)
simplifies the rewriting of the rules of form (2) w.r.t what fragment F}. Indeed, in this case, it is
not necessary to add the rules used by p4 such as O(atemp < BQrT Ag(B1) A+ A g(Bm))
that required additional auxiliary atoms.

Consider, for example, the LDSR program P’ that could be used for monitoring irregularity in
a subway station monitoring system. Three minutes are expected to elapse between the arrival
of one train and the next, so the program records an irregularity when one train passes and
another has already passed in one of the previous two minutes:

P’ = {irregular :-train_pass,train_pass at least 1 in {1,2}.}
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The program belongs to the F7 fragment, and the corresponding LARSp program with respect
to the pr function is as follows:

p7(P") = {O(irregular + B°Qp T A (Qp train_pass ATy = T — 0)
A (Qptrain_pass AN (To =T — 1)V (To =T - 2))).}

4. Conclusion

This work presents a formal comparison about the relative expressiveness of the two languages
LDSR and LARS. The main contribution of the work is twofold: (i) we propose a suitable
framework to compare the two languages, which exhibit different syntax and semantics. and
(i) for each language, we identify a number of fragments that can be expressed by the other
one, showing possible rewritings. In order to compare the semantics of the two languages, we
first provided an alternative equivalent model-theoretic definition of the semantics of LDSR,
instead of the operational one originally provided. Moreover, we defined the concept of answer
stream also for LDSR, as an extension of the streaming model. The framework allowed us for
focusing the comparison on different forms of the output stream (atomic, bound, full) and on
the nature of the rewriting that could forbid or admit the addition of auxiliary predicates (strict
or not strict expressiveness, respectively). For each given form of output and type of rewriting,
we studied how to build fragments of a language that could meet the desired expressiveness. To
do this, we considered the semantics behind each construct or combination of constructs that
can occur in the rules and the effect of interactions between the different rules. The fragments
Fy, ..., Fy are the largest we identified so far, but, of course, these could be further enlarged and
new ones could be possibly found; this will be the subject of future works.
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