Constraint-Guided RDF Construction
with Provenance

1[0000—0002—3256—8341 ; 2[0000—0003—3236—2789
i I, David Chaves-Fraga?! I,

1[0000—0003—-2138—7972]

Xuemin Duan
and Anastasia Dimou

! KU Leuven — Flanders Make@KULeuven — Leuven.Al, Leuven, Belgium
{xuemin.duan,anastasia.dimou}@kuleuven.be
2 CiTIUS, Universidade de Santiago de Compostela, Spain
david.chavesQusc.es

Abstract. Validating RDF graphs against constraint languages, such as
SHACL, remains decoupled from the RDF graph’s construction, usually
performed via mapping languages, such as RML. This leads to blindly
generating all triples defined by the mapping, including those irrelevant
to or non-conforming with the SHACL shapes, incurring construction
and validation overhead. Avoiding unnecessary overhead requires a pre-
cise characterization of the triples to be generated, at three progressively
finer facets: those that are shape-relevant, those that belong to non-
conforming or conforming focus nodes, and those that constitute mini-
mal deterministic evidence. While such a characterization is implicit in a
provenance semantics for SHACL over materialized RDF graphs, it has
not been exploited during the graph’s construction. Instead of deriving
these characterizations a posteriori, we propose compiling SHACL shapes
into an existing RML mapping following the provenance semantics, pro-
ducing rewritten mappings for each above facet. We prove correctness
of the approach, implement it as an open-source system, experimentally
show up to three orders of magnitude faster execution and less memory
than the post-hoc baseline. By lifting constraints into the RDF graph
construction, our approach reduces the need for post-hoc validation over
the full graph, avoiding the materialization of the entire graph includ-
ing triples that are irrelevant or non-conforming. Our work provides the
foundation for seamlessly integrating the construction and validation of
RDF graphs into a coherent unified process, reducing redundancy, pro-
moting consistency by design and improving overall efficiency.
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1 Introduction

Validating RDF graphs, using declarative constraint languages (e.g., SHACL [19]),
remains decoupled from graph construction, using declarative mapping lan-

guages (e.g., RML [12,16]), and is applied only after the full RDF graph has

been materialized. All graph triples are not only “blindly” generated indepen-

dent of their relevance or conformance to the SHACL shapes, but they also incur

unnecessary construction and validation overhead [1,18,24].
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SHACL, beyond a validation language [19], is now widely adopted to define
application profiles [4,28], implicitly characterizing the triples relevant for down-
stream applications as those that validation against the shapes would inspect.
Yet, all derivable triples are typically constructed nowadays regardless of rel-
evance. While mapping pruning driven by SPARQL queries has been recently
explored [24], no such approach exists based on SHACL. Among relevant triples,
non-conforming data can compromise application reliability, yet post-hoc vali-
dation poses severe scalability challenges [1,18,24]. Moreover, even if only non-
conforming triples were identified and selectively generated, retaining all of them
does not explain precisely why a violation holds. This requires identifying the
minimal deterministic evidence, i.e., the minimal set of triples necessary for the
result to hold [5].

Determining which triples of a constructed RDF graph are relevant and con-
tribute as evidence to its non-conformance or conformance result to a given
SHACL shapes graph is a why-not- and why-provenance problem. Such a prove-
nance semantics for SHACL has been formalized over materialized graphs [10],
implicitly characterizing the triples at three progressively finer facets: relevance,
conformance, and minimal deterministic evidence. However, no existing work
lifts constraints into mappings to couple construction and validation.

We propose compiling SHACL shapes into existing RML mappings, build-
ing on the provenance semantics for SHACL [10], producing rewritten mappings
that realize each facet during construction, while achieving why-not provenance
through shape negation. We prove correctness of the approach, inheriting suffi-
ciency and conformance from the provenance semantics. This work mainly in-
volves RML-Core and RML-FNML [16], RML Views [2,23], R2RML [g8], and
SHACL Core [19]. We implement the approach as an open-source SHACL2RML?,
experimentally confirming correctness and showing up to three orders of magni-
tude faster execution and less memory than the post-hoc baseline [10].

We contribute the first formalization and implementation of mapping rewrit-
ing that supports: (1) selective generation of only shape-relevant triples; (2) ex-
clusive generation of the triples belonging to non-conforming or conforming focus
nodes; and (3) generation of minimal deterministic evidence for non-conformance
or conformance. We further (4) classify and discuss SHACL constraints by their
compilability into RML, identifying the supported fragment and the remaining
constraints as directions for future extension. Our approach reduces construc-
tion and validation overhead by surfacing (non-)conformance already during con-
struction. It provides the foundation for seamlessly integrating the construction
and validation of RDF graphs into a coherent unified process, reducing redun-
dancy, promoting consistency by design, and improving efficiency.

The remainder of this paper is structured as follows. Section 2 establishes the
formal background on SHACL, data provenance for SHACL, and RML. Section 3
classifies constraints, defines the approach, and proves its correctness. Section 4
describes the implementation and experimental validation. Section 5 introduces
related work. Section 6 concludes with limitations and future work.

! https://github.com/dtai-kg/SHACL2RML
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2 Preliminaries

This section establishes the formal background on RDF, SHACL, data prove-
nance for SHACL [10], and RML mappings adopted throughout this paper.
Remarks 1-5 state our assumptions on SHACL and RML constructs.

2.1 RDF and SHACL

Definition 1 (RDF). Let Z, £, B be pairwise disjoint infinite sets of IRIs,
literals, and blank nodes, and let N'=ZU LUB. An RDF graph G is a finite set
of triples (s,p,0) € (ZUB) x Z x N. We define an equivalence relation ~ on £
for language tag equality and a strict partial order < on L for value comparison.

Definition 2 (SHACL Schema and Shape Definition). A schema H is a
finite set of shape definitions (s,p,7) with a shape name s € Z U B, a shape
expression ¢ (Definition 4), and a target declaration 7 (Definition 3). A focus
node of (s,¢,7) is a node v satisfying 7. An RDF graph G conforms to H,
written G = H, iff H,G,v = ¢ for every (s, ¢, 7) € H and every focus node v of
(s,p,7), where conformance H,G,a |E ¢ is defined inductively over the shape
expression grammar following [10], reproduced in Appendix A.1 for reference.

Definition 3 (Target Declaration [17]). In this work, a target declaration T
takes one of the following shape expression forms: >; rdf:type.hasValue(c) for
sh:targetClass ¢ [17], > p.T for sh:targetSubjects0f p, and >; p~.T for
sh:targetObjectsOf p, all monotone; a shape without a target takes 7 = —T.

Remark 1. sh:targetNode is excluded as it designates a specific IRI that cannot
be statically aligned to mapping rules.

Remark 2. We assume H is non-recursive, and restrict sh:path to direct predi-
cates p € 7, leaving composite path expressions, including the rdfs:subClass0f
closure of class targets, beyond this work.

Definition 4 (Shape Expression [10,17]). A shape expression ¢ is given by:
@ 2= T | L |hasShape(s) | hasValue(c) | test(t) | o A | @V | —¢ | #npv | VD@
| eq(p,p") | disj(p,p’) | closed(P) | lessThan(p,p’) | lessThanEq(p, p) | uniqueLang(p)

where s is a shape name, c € N, p,p’ € Z, m,n € N, P C Z. We write >, p.¢
when m = oo and <., p.p when n = 0, and use #]'p.¢ for the general case.
The correspondence between SHACL Core constructs and the formal notation
follows [10,17]. In particular, sh:minCount n and sh:maxCount m are expressed
as #7 p.T, sh:qualifiedValueShape ¢’ with sh:qualifiedMinCount n’ and
sh:qualifiedMaxCount m’ as #ZE/ p.¢’, and remaining property-level constraints,
except sh:hasValue, as Vp.'. We abstract node-level tests as elements of a set
{2, partitioned into type tests 20 = {nodeKind(k), datatype(d), langIn(L)} and
value tests 2y = {in(S), minIncl(v), maxiIncl(v), minExcl(v), maxExcl(v), minLen(l),
maxLen(l), pattern(r)}, where k,d € Z, LC L, S C N, v,7 € L, and | € N. All
shape expressions are assumed to be in negation normal form (NNF) with nega-
tion pushed inward to atomic expressions.
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Ezample 1. Given triples (:p1,a, :Article), (:pl, :year, “2028”), (:p1, :title, “A”),
(:p2,a, :Article), (:p2, a, : JournalArticle), (:p2, :year, “2026”), (:p2, :title, “B”),
and (:p2, : journal, :J1) in G, consider a shape definition (:ArticleShape, @1, T1),
where 71 = >; rdf :type.hasValue(:Article) and ¢; = V:year.test(maxIncl(2026)),
and a shape definition (:JournalShape, @2, 72), where 72 = > rdf : type.hasValue(
:JournalArticle) and @2 = V:journal.test(nodeKind(IRI)) A V:year. test(datatype(
xsd:integer)). Focus nodes of :ArticleShape are :p1 and :p2. :p1 is non-conforming
as 2028 > 2026, while :p2 conforms, as does its focus node for :JournalShape.

2.2 Data Provenance for SHACL

The provenance semantics of SHACL [10] formalizes, for any node v, shape ex-
pression ¢, and RDF graph G, the neighborhood B(v,G,y) as the subgraph
of G consisting of those triples that show that v conforms to ¢; if v does not
conform, the neighborhood is empty. By applying the neighborhood to the nega-
tion -, the same mechanism identifies the triples explaining non-conformance.
The shape fragment collects the neighborhoods of all conforming focus nodes
across all shape definitions in a schema. The neighborhood is designed to be
deterministic and sufficient, and as minimal as possible [10]; the full inductive
neighborhood definition is given in [10], reproduced in Appendix A.2.

Intuitively, the neighborhood of a conforming node v in G contains only
triples whose predicates are in P(y) (first facet), the set of predicates appear-
ing in ¢ (e.g., p, p’ in Definition 4), extended for —closed(P’) with all predi-
cates not in P’. Conformance of a node follows the SHACL specification [19]
and fully defined in Appendix A.1 (second facet). For a conforming node, the
neighborhood retains all p-triples for Vp.p’, as every object node must satisfy
¢, but only those p-triples whose object nodes satisfy ¢’ for >, p.¢’, and only
those whose object nodes do not satisfy ¢ for <, p.¢'. eq(p,p’) contributes all
triples via both p and p’; disj(p, p’), lessThan(p, p’), lessThanEq(p, p’), closed(P’),
and uniqueLang(p) contribute an empty neighborhood, while their negated forms
contribute triples satisfying the negated constraint (third facet).

Definition 5 (Neighborhood and Shape Fragment [10]). The neighbor-
hood of a node v in graph G with respect to ¢ in the context of a schema #,
written B(v, G, p), is defined by induction on ¢ (Appendix A.2). If H,G,v }~= ¢
then B(v, G, ¢) = 0. The shape fragment of G with respect to schema # is:

Frag(G,#) = | {B(v.G.o A7) | (s.0,7) € H, v € N}
Theorem 1 (Sufficiency [10, Theorem 3.4]). If H,G,v = ¢, then H,G',v =
¢ for any RDF graph G' with B(v,G, ) C G' C G.
Theorem 2 (Conformance [10, Theorem 4.1]). If H has monotone targets
and G = H, then Frag(G,H) = H.

Ezample 2. Continuing Example 1, we have P(y1) = {:year} and P(p2) =
{:year, : journal}. B(:pl,G,¢1 A 71) is empty, since :pl does not conform
(2028 > 2026). B(:p2,G, 1 A11) = {(:p2, :year,”2026”),(:p2, a, :Article)}.
The shape fragment Frag(G, H) additionally includes B(:p2, G, @2 A T2).
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2.3 RML Mappings

We formalize RML following the RML specification [12,16]. An RML mapping
X consists of a finite set of triples maps, each specifying how to generate RDF
triples via one logical source, one subject map, and zero or more predicate-object
maps, from individual source records. RML follows a record-at-a-time processing
model: each triples map is evaluated independently for each record in its logical
source, with no access to other records during evaluation [16].

Definition 6 (Logical Source and Record). A record r : Ref — N is a
partial function from reference names to RDF terms, where 7(rf) = none denotes
a null value. A logical source ls takes one of the following forms:

Is ::= rmIBase(src, rf, it) | rdbBase(tbl) | rdbView(q) | rmIView(q")

corresponding to file-based source with locator src € ZUL, reference formulation
rf € Z, and optional iterator it € £U {none} [12]; relational table ¢bl € L [8,14];
SQL query g € L over relational databases [8,14]; RML views of [2,23], adopted
here, with SQL query ¢’ € L over file-based sources.

Definition 7 (Term Map). A term map generates an RDF term from a record
with an optional term type t¢t € {IRI,Literal, BlankNode}, defined as:

tmap = const(c, tt) | ref(rf,tt) | tmpl(T,rf,tt) | fexec(fe,p, tt)

The evaluation eval(tmap,r) of a term map on a record r yields a term in N,
or none if any referenced value is absent [8,12]. A reference may in general yield
multiple values within one record, while our work is limited to the single-valued
case (Remark 3). const(c, tt) always evaluates to c; ref(rf, ¢t) to the value of
rf in r; tmpl(T, rf, tt) to the value obtained by substituting each rf, € rf into
template T; and fexec(fe, p, tt) to the output of executing fe selected via return
map p, itself a term map, which may be omitted and abbreviated as fexec(fe).

Remark 3. We further assume eval is single-valued per record, as RML engines
split a multi-valued record into several records, on each of which an injected
function can only be evaluated separately.

Definition 8 (Function Execution). A function execution [16] fe = (f, Inp)
pairs an FnO function IRI f € Z with a finite set of inputs Inp, each a pair
(par, tmap) of a parameter IRI and a term map supplying its value. Since tmap
may itself be fexec, executions may be nested. The evaluation is defined as:

eval(fexec(fe, p, tt),r) = f({par — eval(tmap, r) | (par, tmap) € Inp})[eval(p,r)].

A subject map sm is a term map. A predicate-object map pom = (pm, om)
pairs a predicate map pm and an object map om. An object map is a pair
(tmap, lit) where lit € {dt(d), lang(€), none} specifies an optional datatype or
language tag, or a referencing object map o = (id,, jcs) joining with a parent
triples map via join conditions, whose evaluation follows [16]. Named graph
declarations are preserved unchanged on each pom during rewriting and omitted
from the formalization.
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Remark 4. We assume each subject map is injective over its logical source, i.e.,
distinct records generate distinct subjects; for IRI templates this can be ensured
via safe separators [30]. Predicate maps are restricted to const(p) with p € Z.

Definition 9 (Triples Map and RML Mapping). A triples map tm =
(id, Is, sm, poms). We write sm(tm), poms(tm), Is(¢m) for the respective compo-
nents, and poms,(tm) = {(pm, om) € poms(im) | pm = const(p)} for predicate-
object maps with predicate p. Any rr:class ¢ declaration is encoded as a pom,
abbreviated as (const(a), const(c)). The RDF triples generated by tm are:

[tm] = {(s,p7 0) | re € ls, (pm,om) € poms, s = eval(sm,r.), p = eval(pm,r.),
o = eval(om,r.), s,p,0 # none }
An RML mapping X is a finite set of triples maps and [X] = J,,,c s [tm].

Remark 5. We assume every ¢tm in X' whose sm can generate instances of a class
¢ in [X] declares a pom (const(a), const(c)), as the triples maps generating the
same focus node cannot otherwise all be identified and aligned.
Example 3. Given X = {tmar, tmjour} that produces G from Example 1.
smart = tmpl(http://article.org/{id} {title}, [id,title])
pom; = (const(a), const(:Article)) pomy = (const(:title), (ref(title), dt(xsd:string))
)

pomg = (const(:year), (ref(year), dt(xsd:integer)

sMjour = tmpl(http://article.org/{doi} {title}, [doi,title])
pom, = (const(a), const(:Article)) poms = (const(a), const(:JournalArticle))
pomg = (const(:year), (ref(year), dt(xsd:integer)))

pomy, = (const(:journal), ref(journal, IRI))

Both triples maps produce the same subject IRI as :p2, so that no single triples
map governs the complete neighborhood of the focus node :p2 for both shapes.

3 Owur Approach

This section presents our approach to compiling a SHACL schema into an RML
mapping. Given a schema H and a mapping X, the goal is to produce rewrit-
ten mappings Xie, X¢q, and Xf, at three progressively finer facets, relevance,
conformance, and evidence, under the assumptions of Remarks 1-5 and the sup-
ported constructs of Table 1 in Section 3.1.

We define the relevant triples of a focus node v of (s,p,7) as the triples
(v,p,0) in [X] whose predicate is among those that validation of ¢ would in-
spect, i.e., p € P(p) (Section 2.2), together with triples witnessing 7. For each
(s,,7) € H: Xge generates exactly the relevant triples of each focus node. X¢
generates exactly the relevant triples of each focus node v with [X],v = ¢; no
triples are generated for focus nodes with [X], v = ¢. XL, generates exactly the
relevant triples of each focus node v with [X], v |= ¢ that constitute the minimal
deterministic evidence for its conformance (cf. B(v, [X], ¢ A7), Section 2.2). By
applying —¢, X¢q and XY, symmetrically generate triples of non-conforming
focus nodes, supporting why-not-provenance.
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Table 1. Coverage and classification of SHACL constructs. Co.: v/ supported,
v partially, X not supported. Func.: RML function used (- if none).

Construct Co. Func. ‘ Construct Co. Func. ‘ Construct Co. Func.
sh:targetClass v - sh:targetSubj. * - sh:targetObj. * -
sh:targetNode X - sh:class * - sh:datatype v -
sh:nodeKind v — sh:languageIn v - sh:minInclusive V' fminind
sh:maxInclusive v/ fmaxind |sh:minExclusive v fminexa |sh:maxExclusive V' fmaxExcl
sh:minLength V" fminlen |sh:maxLength V' fmaxlen |sh:pattern V' fpattern
sh:in v fin sh:uniqueLang v - sh:minCount™* V' feounts
sh:maxCount™ vV feount. |sh:hasValue® V' feounts eq | Sh:equals™ v feq -
sh:disjoint* v f4g |sh:lessThan* v/ fir  |sh:lessThanOrEq.* v fieq
sh:and * fand  |shior * Sor sh:not * Srot
sh:xone V*  fand,or,not | Sh:closed v - sh:ignoredProp. v -
sh:node * - sh:property v - sh:qualValShape® vV feounts -
sh:qualMinCount® v*  feount. |sh:qualMaxCount® v  feount. |sh:path bl -

* Affected by injectivity assumption. Full function semantics in Appendix C.

3.1 Compilability of SHACL into RML and Constraint Coverage

We explain the necessity of the assumptions for supporting certain constraints
under RML engine’s record-at-a-time processing model. Table 1 annotates the
affected constraints. SHACL validation evaluates each focus node v against all
of v’s relevant triples, but in RML multiple records may contribute triples to
the same focus node. Without injectivity (Remark 4), two table rows may both
produce :articlel node, while a constraint sh:maxCount 1 on :year then can-
not be evaluated during mapping execution, as the engine has no cross-record
access to aggregate the :year triples. Without class coherence (Remark 5), a tm
generating :year for :articlel without declaring its class, while another tm/
generating the same node declares, cannot be identified at the mapping stage.
Even under these assumptions, constraints cannot be directly compiled into the
aligned tm, as multiple ¢ms may contribute triples to the same focus node. We
address this by merging aligned tms into a single ¢tm in Section 3.2.

The partially supported constructs in Table 1 are fully supported when
within Vp.¢' or #Mp.¢’' is path free, i.e., a Boolean combination of test and
hasValue after unfolding any referenced shapes, and restricted otherwise. Vali-
dating these requires access to the node o’ reached via p’ from the object node o
generated by a om, which cannot be supported due to two obstacles: (a) if om is
not a referencing object map, the tm’ generating o’ with p’ cannot be identified;
(b) even if om is a referencing object map and the parent tm’ can be located,
the conformance result of o’ in tm’ cannot be propagated back to tm during ex-
ecution. Runtime functions cannot be injected on a referencing object map [16],
restricting the mappings we can compile. The same obstacles restrict property
paths to direct predicate paths (Remark 2). Under sh:targetSubjects0f p and
sh:targetObjects0f p, ¢ is restricted to constraints on the focus node itself,
as the triples maps generating its remaining triples cannot be identified: those
without a pom with predicate p may generate the same subject as those with
one, and those generating the object of p as a subject cannot be located either.
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3.2 Mapping Consolidation

Mapping consolidation aligns each shape definition with triples maps in X,
prunes irrelevant predicate-object maps, and for X¢, and X't merges the aligned
triples maps (if multiple) into a single triples map per shape definition.

Since a triples map may match the target declarations of multiple shape def-
initions, we instantiate a dedicated copy per match so that each shape definition
is compiled independently on its own triples map.

Definition 10 (Triples Map Alignment). Given a shape definition (s, p, 7)
and a mapping X, the alignment set A = align((s,p,7), %) (0 for 7 = =7T) is:

{inst(tm,c) | tm € X, 3 (const(a), const(c)) € poms(tm)} 7 = >; rdf:type.hasValue(c)

{inst(tm, p) | tm € X, I (const(p),-) € poms(tm)} T=>1pT
{inst(tm,p) | tm € X, I (const(p),-) € poms(tm)} T=>1p . T

where inst(¢m, ) creates a dedicated copy of tm with a unique identifier.

Next, predicate-object maps whose predicates are not in P(y) are pruned
from each aligned triples map, while preds_orig(¢m) records the set of all predi-
cate IRIs in poms(tm) before pruning for subsequent closed validation.

Definition 11 (Predicate-Object Map Pruning). For each tm € A, we
define prune(tm, (s, p, 7)) = (id, Is, sm, poms’), where poms’ is:

{(pm, om) € poms(tm) | pm = const(a) A om = const(c) }
{(pm, om) € poms(tm) | pm = const(p) }

U{(pm, om) € poms(tm) | pm = const(p'), p' € P(y)}
{(pm, om) € poms(tm) | pm = const(p) }

)
U{(pm, om) € poms(tm) | pm = const(p'), p’ € P(¢)} 7 = >1rdf:type.hasValue(c)
(

T 1p. T
’

>
21 p_ T

At this point, for each (s, p, 7) € H, alignment and pruning yield A’(s, ¢, 7) =
{prune(tm, (s, o, 7)) | tm € align((s, ¢, 7), X)}. For X{4 and Xf,,, when multiple
triples maps remain in A’ they are merged into a single triples map.

This merge requires combining their logical sources into a single source, which
we achieve here with RML views [2,23], constructing rmlView(g) that unifies
all sources into a virtual table, renaming references from different triples maps
to avoid conflicts and joining records on subject IRI. We define sqljoin(A’) to
construct this SQL query: for each tm; € A’, a subquery computes the subject
IRI as a __sid__ column from its logical source and renames all references rf
in poms(tm;) to o;(rf) = t;_rf. All subqueries are joined via FULL OUTER JOIN
on __sid__, aligning records generating the same subject IRI to the same row.
A concrete example of sqljoin, sid, and o; is given in Appendix B.

We then define merge(A’) = (id’, ls’, sm’, poms’) for |A’| > 1, where Is' =
rmIView(sqljoin(A’)), sm’ = ref("__sid__", IRI) preserving injectivity, and poms’
= U, rename(poms(tm;), 0;), which renames each reference rf with o;(rf).

We combine the above steps into a single function consolidate( X, H, mode), as
described in Algorithm 1. For mode = RE, it returns X = U(S’%T)EH A'(s,0,7),
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Algorithm 1: consolidate(X, H, mode) Algorithm 2: rewrite(X, H, mode)

Input: ¥, H, mode € {RE,CO,EV} Input: ¥, H, mode € {RE, CO,EV}
Output: ke or IT Output: ¥’
1 She < 0; I+ 0; R < consolidate(X, H, mode); X’ + 0;
foreach (s,¢,7) € H do if mode = RE then return R;
A <« align((s, ¢, 1), X2); foreach (s, ¢, 7) € dom(R) do
// triples maps matching T tm <+ R(s,p,T); poms’ <+ 0;
A’ « {prune(tm, (s, ¢, T)) | tm € A}; foreach map € fmaps(tm, ) do
if A’ = () then continue; €y < compile, (¢, map, tm, H);
if mode — RE then S’ « .- U A’ if €, = L then tm <« drop(tm, map);
. , RE RE ’ else if £, # T then
else if |A’| =1 then . .
, map < passif(map, e, );
IU(SI’If’T) H)tm €A ;(.A’) if €, # L A mode = EV then poms’ +
8 | else II(s, ¢, T) < merge ; , . ]
// one triples map per shape poms’ U compile,, (¢ A 7, map, tm, H);
definition 10 |if tm = L then continue;
11 |if mode = EV then

w N

@ N oA W®N R

N 0 o os

©

9 if mode = RE then return EI/?E; ’
10 renameparent(IT); poms(tm) < dedup(poms’);

’ ’ .
// update referencing object maps 12 | X+ U {tm}
11 return IT; 13 return X’;

the union of all pruned triples maps. For mode € {CO,EV}, it further merges
each A" with | 4’| > 1 into a single triples map ¢m’ with preds orig(tm') =
Ui, preds_ orig(tm;), producing a partial function IT : (s, ¢, 7) — ¢tm for subse-
quent compilation, and applies renameparent to update referencing object maps.

Ezample 4. Continuing Example 3. Alignment produces A(:ArticleShape, p1,71) =
{tmys, tm,,, } as both declare :Article, and A(: JournalShape, 2, T2) = {tm/,,.}.
Pruning then discards :title and :journal for :ArticleShape with P(p;) =
{:year}, and :title for : JournalShape with P(y2) = {:year, : journal}. X}
contains all three pruned triples maps. For ¢, and Xf,,, A'(:ArticleShape, 1, 1)
is merged into a single triples map over tl1 year and t2 year, while the

I1(: JournalShape, o, 72) remains unchanged. Full rmlView in Appendix B.

3.3 Compiling SHACL Constraints into RML

Given the consolidated mappings, Table 2 defines a validation compilation that
combines static analysis with runtime function injection on the term map gen-
erating each focus node so that only the relevant triples of conforming focus
nodes are generated (X¢,), and Table 3 defines a neighborhood compilation
that further filters triples to the minimal deterministic evidence (Xf,,).

To this end, we encode each constraint as a function-valued term map fexec(fe)
(Definition 7), abbreviated by f throughout. Table 1 lists the function for each
construct, whose behavior follows its name (e.g., feq checks equality, feounts
checks whether the number of values is at least n). Constraints resolved stati-
cally, including sh:datatype, sh:nodeKind, sh:closed, and language-relevant,
do not require functions. We define below the output domain and input param-
eters of all referenced f. Full semantics of each f in Appendix C.

Definition 12 (Constraint Functions). A constraint function f evaluates on
a record 7 to a value in {true, false, none}, where true and false are xsd:boolean
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Table 2. Validation compilation compile, (@, map, tm, H), which recursively translates
 into a rewriting decision operated via A, V, = (Definition 13).

® compile, (p, map, tm, H) — {T, L, f}

T T

1 1

»1 A p2 compile, (p1, map, tm, H) A compile, (@2, map, tm, H)
w1V 2 compile, (o1, map, tm, H) V compile, (@2, map, tm, H)
-’ = compile, (¢, map, tm, H)

hasShape(s) compile, (exp(s, H), map, tm, H)

hasValue(c) fea(map, const(c))

test(nodeKind(k)) T if declared or inferred term type of map is compatible with k; L o.w.
test(datatype(d)) T if map declares or defaults to datatype d; L o.w.

test(langIn(L)) T if map declares language tag £ € L; L o.w.

test(t(v)), t € 2v fi(map, const(v)) (cf. Table 1)

Vp.o' /A\("nm)epomspcompilev(Lp/, om, tm, H) if poms, # @; T if poms, = 0
feounts. ({(om, compile, (¢, om, tm, H)) | (-, om) € poms,}, n)

> . ’
Zn P if poms,, # 0; T if n=0; L o.w.
< o Jeount ({(om, compile, (', om, tm, H)) | (-, om) € poms, }, n)
Sn PP e . : _
if poms, # 0; T if poms, = ()
eq(pvp/) feq(omp7 Omp/)
disj(p, p') Jaisj (0np, 0Ty

lessThan(p, p) fie(omyp, omy)

lessThanEq(p,p’)  fieq(0Tnp, 0Ty )

uniqueLang(p) T if no two om from (-, om) € poms, declare the same language tag; L o.w.
closed(P) T if preds_orig(tm) C P; L o.w.

exp(s, H) denotes the ¢ of s in H, defaulting to T. f with all-constant arguments is
statically evaluated. ofn, denotes the object maps (omi, ..., omg) of poms,(tm).

literals and none denotes an absent value. We write all arguments of f as
f(tmapq, ..., tmap,,), abbreviating the parameter IRIs in (par, tmap).

Additionally, the compilation requires a mechanism to conditionally suppress
triple generation based on the boolean conformance result from f: fpassif(tmap, f)
returns eval(¢tmap,r) unless f evaluates to false, in which case it returns none,
enabling the subject or object map to output none for non-conforming nodes.

Some constraints are resolved statically at compile time, while others require
runtime validation via functions. Static resolution relies on what a term map
declares, and a term map may generate no triple on a record. We do not consider
the degenerate case where a constraint holds vacuously because the relevant
triples are absent or coincide. A rewriting decision provides reduction operators
to combine multiple decisions into a single actionable operation.

Definition 13 (Rewriting Decision Reduction). The compilation of each
constraint yields a rewriting decision e: L (statically violates), T (statically
satisfies), or a runtime check f (a constraint function). Decisions are resolved
via commutative reduction operators: TAT =T, LAL =1, LAT =1, TAf=f,
LAf=1, ihfo=fad(fi, f2); TVT =T, LVL=1, LVT=T, TVf=T,
LV f=Ff AVa=fulfi,fo); 2T =1, 2L =T, 2f = fua(f)
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To produce X, each constraint must be translated into a rewriting decision
that contributes to determining whether a focus node’s triples are generated or
suppressed, based on whether values from a term map conform to a ¢.

Definition 14 (Validation Compilation). Given a shape definition (s, ¢, 7),
atm = II(s,p,7), and a term map map generating a focus node, either sm(¢m) or
an object map of poms,,(¢m), the validation compilation compile, (v, map, tm,H),
defined inductively on ¢ in Table 2, yields a rewriting decision ¢, aligning each
case with the conformance semantics of [10] (reproduced in Appendix A.1).

For mode € {CO,EV}, Algorithm 2 then applies compile, to each tm =
I1(s,, 7). Functions are injected into fmaps(¢m, 7), the term maps generating
each focus node of 7: the object maps of poms,(tm) when 7 = >;p~.T, and
sm(tm) otherwise. drop(tm, map) removes map from tm: the subject map, or
the predicate-object map whose object map is map. It returns L if no subject
map or no predicate-object map remains, and tm otherwise. For each map €
fmaps(tm, 7): if e, = L, drop(tm, map) is applied; if &, is some f, map is replaced
by feassit(map, f); if e, = T, map is unchanged. For mode = CO, it returns the re-
sulting triples maps as X'(q. For mode = EV, each pom is further filtered to retain
only the minimal deterministic evidence. A resolve, (pom, ) function determines,
based on the validation decision ¢ from corresponding compile,,, whether the pom
is retained unfiltered (¢ = T), retained with a runtime filter via fpassif(om, f) on
its object map (¢ = f), or removed entirely (¢ = L). inject(poms,, f) likewise
replaces each object map by fpassic(0om, f(om)).

Definition 15 (Neighborhood Compilation). Given a shape definition (s, ¢, 7),
atm = II(s,p,7), and a term map map generating a focus node, the neighbor-
hood compilation compile, (¢ A T, map, tm,H), defined inductively on ¢ in Ta-
ble 3, yields the set of pom constituting the minimal deterministic evidence. At
each inductive step, compile, determines the validation decision for each pom,
which resolve,, uses to filter accordingly. Each case aligns with the neighborhood
definition of [10] (reproduced in Appendix A.2).

Following Algorithm 2, compile,, produces the predicate-object maps poms’,
accumulated over all such term maps. Since different inductive cases may yield
the same pom both with and without a function on its object map, dedup retains
the version without, as it subsumes the other. These triples maps constitute Xf,,.

Example 5. Continuing Example 4. For ¢1, compile, enters the V:year rule,
yielding e, = fand(fmaxinci (ref(t1_year), const(2026)), fmaxinc(ref(t2_year), const(2026)));
the subject map is replaced by fpassif (s, €1). For a, compile, resolves statically
to T (term types match). compile, retains all poms unfiltered for both shapes,
50 X¢o = XLy. At runtime, :pl is suppressed while :p2 generates triples.

3.4 Correctness

We establish correctness with respect to the provenance semantics of [10]. Let
G = [X] and IT = consolidate(X, H, mode). We write [X7 .. (s,¢,7)] for the
triples generated for (s, ¢, 7) in X’ Full proofs in Appendix D.

mode*
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Table 3. Neighborhood compilation compile, (@, map, tm, H).

® compile,, (¢, map, tm, H) — poms’

1A p2 compile,, (o1, map, tm, H) U compile, (2, map, tm, H)

(-, om) € compile,, (¢1,map,tm,H) resolven((-7 O"I‘)7 61) u

P1V P2 (-, om) € compile,, (w2, map,tm,H) resolve,,,((», 0777,), 62);

e; = compile, (i, map, tm, H), i € {1,2}
hasShape(s) compile,, (exp(s, H), map, tm, H)
—hasShape(s) compile,, (—exp(s, H), map, tm, H)
p.' poms,,
>, p@ Uc, omye poms, resolve,, ((+, 0m), €om); €om = compile,(¢’, om, tm, H)
<. p-¥ U, om) € poms, resolve,, ((+, om), ©€om); €om = compile, (¢’, om, tm, H)
>, p”.T (-, om) € poms,, om=map resolve, ((-, 0m), €om); €om = compile, (T, om,tm, H)
eq(p,p’) poms,, U poms,,,
—-eq(p,p’) inject(poms,,, faisj(om, om,)) U inject(poms,,, faisj(om, omy))
—disj(p, p') inject(poms,,, ffq(om7 omy)) U inject(poms,, ffq(om7 omyp))
—lessThan(p,p’) inject(poms,,, fgaeq(om, omy)) U inject(poms,,, fé'q(om, omyp))

—lessThanEq(p,p’) inject(poms,, fgat(om7 om,)) U inject(poms,, fie(om, omny))
—uniquelLang(p) {(pm, om) € poms,, | 3(pm/, om") € poms,, \ {(pm, om)} : lang(om) = lang(om’)}
—closed(P) {(pm, om) € poms(tm) | pm = const(p), p ¢ P}

Constructs not listed return (). The >, p~.T entry arises for target declarations.

Lemma 1 (Consolidation Completeness). For each (s,p,7) € H and every
v with G, v |= 7: every relevant triple of v is in [Xke(s, @, 7)] and in [II(s, ¢, 7)].

Proof (Proof sketch). By Definition 10, every tm in X with a pom matching
is included in the alignment, covering all ¢tms generating relevant triples for any
focus node v. By Definition 11, pruning retains the target-witnessing poms and
those with predicates in P(y), covering all predicates of relevant triples. Merging
via FULL OUTER JOIN preserves all resources from the aligned tms.

Lemma 2 (Consolidation Soundness). For each (s,p,7) € H: every triple
in [Xhe(s, ¢, 7)] and in [II(s, ¢, T)] is a relevant triple of a v with G,v |=T.

Proof (Proof sketch). By the same alignment and pruning as Lemma 1. Only
tms matching 7 are aligned, and only poms with p in P(p) retained, ensuring
every generated triple is a relevant triple. Merging introduces no new triples.

Lemma 3 (Validation Compilation Completeness). For each (s,¢,7) €
H and every v with G,v = 7 and G,v = @: every relevant triple of v is in

[[E/CO(& L) T)]] .

Proof (Proof sketch). By Lemma 1, every relevant triple of v is in [II(s, ¢, 7)].
The validation compilation (Table 2) translates ¢ into a rewriting decision ¢, by
structural induction on ¢, aligning each case with the conformance semantics of
Appendix A.1 [10]. Since v conforms to ¢, &, # L for the term map generating
v, so none of its relevant triples is dropped. If ¢, is some f, fpassit evaluates to
true for v, preserving all its triples.

Lemma 4 (Validation Compilation Soundness). As above, but for G,v [~
@: no relevant triple of v is in [X¢o(s, ¢, 7)].
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Proof (Proof sketch). By the same structural induction as Lemma 3. Since v does
not conform to ¢, either £, = 1 and the term map generating v is dropped, or
€y is some f and fpassit evaluates to false, so no relevant triple of v is generated.

Lemma 5 (Neighborhood Compilation Completeness). For each (s, p, T)
€ H and every v with G,v =7 and G,v = ¢: every triple in B(v,G,p A T) is
in [[EIIEV(Sv ®, T)]]

Proof (Proof sketch). By Lemma 3, every relevant triple of conforming v is in
[Z¢ol- The neighborhood compilation (Table 3) determines which poms con-
tribute to B(v, G, ¢ A T) by structural induction on ¢, aligning each case with
the neighborhood definition of Appendix A.2 [10]. Every triple in B(v, G, p AT)
is retained by the corresponding pom or injected filter.

Lemma 6 (Neighborhood Compilation Soundness). As above: every triple
of vin [X&y(s,¢,7)] is in B(v,G,p AT).

Proof (Proof sketch). By the same structural induction as Lemma 5. Poms not
contributing to B(v, G, ¢ A 7) are removed, and those requiring value-level fil-
tering are injected with functions returning none for non-contributing triples,
ensuring no triple outside B(v, G, ¢ A T) is generated.

Theorem 3 (Correctness). [Xge] consists of exactly the relevant triples of
each focus node; for each (s,,7) € H, II(s,o,T) in Xy generates exactly
the relevant triples of each conforming focus node and mone of those of non-
conforming ones; [Xf,] = Frag(G,H).

Proof. The first claim follows from Lemmas 1 and 2. The second follows from
Lemmas 1-4. The third follows from Lemmas 1-6 and Definition 5.

Corollary 1 (Sufficiency). For each (s,¢,7) € H and every v with G,v = 7
and G,v |= @:v conforms to ¢ in [Xpe(s, 0, 7)), [Xeo(s, ¢, 7)), and [Zf, (s, ¢, T)].

Proof. By Theorem 3, the three facets select progressively fewer of the same rele-
vant triples, so B(v, G, oAT) C [Xgy (s, ¢, 7)] C [Xeo(s, ¢, 7)] C [Zre(s, o, 7)] €
G, and the claim follows by Theorem 1.

Corollary 2 (Conformance). If G |=H, then [Zge], [Zeol, [Zey] all = H.
Proof. Xt [Xty] = Frag(G,H) by Theorem 3, and the result follows from

Theorem 2. Xt and Xfe: by Theorem 3, Frag(G, H) C [X¢o] € [Zkel € G, and
with G = H and monotone targets, every focus node conforms by Theorem 1.

4 Implementation and Experimental Validation

We evaluate our implementation to answer: RQ1 (Correctness): Does the im-
plementation correctly produce the expected output for each of the three facets?
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RQ2 (Efficiency): How does the performance of our approach compare to the
baseline of full materialization followed by post-hoc shape fragment extraction?

We implement an open-source system, SHACL2RML!. It takes a SHACL
schema and an RML mapping as input and produces a rewritten mapping for
a specified facet mode, following Algorithms 1 and 2. A -not flag negates each
shape definition’s ¢ to —p (expanded to NNF), enabling users to directly gen-
erate non-conforming triples. During rewriting, the input schema is automati-
cally partitioned into a supported schema covering the supported fragment and
a deferred schema for the remainder, both are returned to the user, ensuring
compatibility with any real-world SHACL shapes.

The time complexity of the algorithm for Xpg is in O(|H| - |¥| - max [poms|),
where |H| is the number of shape definitions, |¥| the number of triples maps,
and max |poms| the largest number of predicate-object maps in any triples map.
Yto and X, each add O(|H] - |¢| - max |poms|), where |p| is the number of
constraints in ¢ after unfolding shape references. All stages in polynomial time.

All experiments in this section ran on a machine with dual Intel Xeon Plat-
inum 8360Y CPUs at 2.40 GHz, each job allocated 16 cores and 128 GiB RAM,
except the baseline at the two largest scales which are allocated 768 GiB.

Correctness (RQ1). We construct 50 test cases covering all supported SHACL
constructs and their combinations (see Appendix E for statistics), each with
source data, RML mappings, and expected output for all three facets under
both H and —#H. The EV mode test cases were independently verified against
pySHACL-fragments [9], the implementation from [10] that extracts shape frag-
ments from a materialized [X], though it does not implement all SHACL con-
straints. Our pipeline first applies SHACL2RML to compile H or =H and X
into a rewritten X’ then executes it via Morph-KGC [3], one of the fastest RML
engines [27] and the only one supporting the RML views [23] we adopted. Each
test case is executed on CSV, JSON, XML, and relational sources, yielding 400
executions. SHACL2RML completes every compilation in 0.04 seconds. All test
cases pass except two XML cases that require RML views, which Morph-KGC
does not yet support for XML. SDM-RDFizer [15] supports the related RML
logical views [21], to which our merge of logical sources can be transferred.

Efficiency (RQ2). We evaluate our pipeline’s EV mode under —H, which
extracts the minimal evidence for non-conformance of each focus node dur-
ing construction, against the baseline of Morph-KGC followed by pySHACL-
fragments [9], which extracts Frag([X], =H) from a materialized graph. We eval-
uate on the GTFS benchmark [6] with CSV sources (correctness across other
formats is confirmed by RQ1), RML mappings, and a SHACL schema manually
created based on the GTFS ontology and mappings, at five scales. Figure 1 re-
ports the results. Our pipeline is consistently up to three orders of magnitude
faster with proportionally lower memory than the baseline, whose performance is
attributable to its pySHACL-based implementation, which loads the entire graph
into memory for validation. Although pySHACL-fragments does not support =4
for this schema, the output under # is identical between our pipeline and the
baseline at all scales, and the output counts confirm [X'(H)JU[X'(=H)] = [2].
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Fig. 1. Execution time (left) and peak memory (right) of our pipeline (blue) vs. the
baseline (red) on GTFS at five scales. Three bars per scale: ours under H, ours un-
der —=H, and baseline under H. —H is not supported by pySHACL-fragments for this
schema, hence no bar. Output triple counts and [X] totals below each bar. Inset tables
summarize mapping and schema statistics (detailed in Appendix E).

5 Related Work

SHACL validation has been studied from multiple perspectives [7,20,25], in-
cluding compilation into SQL to leverage relational database engines for valida-
tion [17] and exploiting shape constraints to optimize SPARQL query evalua-
tion [26]. The data provenance semantics on which this work builds [10] formal-
izes shape fragments as subgraphs that witness conformance, but operates on
materialized RDF graphs. Beyond provenance, shape fragments serve as a data
retrieval mechanism related to triple pattern fragments [4,29]. No existing work
encodes SHACL constraints into mapping rules, nor produces shape fragments
at the mapping stage.

On the RML side, [22] provides a formal algebraic semantics for RML-Core,
and [24] prunes RML mappings for a given SPARQL query by statically re-
moving triples maps that cannot match any query triple pattern, but value-level
constraints are not handled. OBDA systems such as Ontop [30] rewrite SPARQL
queries into SQL over R2ZRML mappings under an injective template function
assumption. RML2SHACL [11,13] derives SHACL shapes from RML mappings
based on structural correspondences. The reverse direction, deriving an RML
mapping from a SHACL schema alone, is not feasible, as a SHACL schema
carries no information about source data or term generation. What is feasible
is compiling SHACL constraints into an existing RML mapping, which is the
approach taken in this work.

6 Conclusion and Future Work

We presented an approach that compiles SHACL shapes into existing RML
mappings building on the provenance semantics for SHACL [10], producing
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constraint-guided rewritten mappings that realize three progressively finer facets:
relevance, conformance, and minimal deterministic evidence, with why-not prove-
nance obtained through shape negation. We implemented an open-source sys-
tem, SHACL2RML, proved and experimentally confirmed correctness of the ap-
proach, showing up to three orders of magnitude faster execution and lower
memory usage than the post-hoc baseline. This work introduces the idea of
coupling construction with validation, while the assumptions we make are the
necessary foundation and starting point to establish this coupling within the cur-
rent SHACL and RML models. The idea is bound neither to these assumptions
nor to the mapping and validation languages that demonstrate it.

Our merge of the logical sources of multiple triples maps does not depend
on the RML views [2,23] adopted in this work. Since the merge must retain
all records from each source and align them by the subject they generate, any
view mechanism supporting a full outer join can serve this role. The choice of
RML views is a technological decision, and migrating to such mechanisms, for
instance the actively evolving RML logical views [21], requires only replacing how
the logical source of the merged triples map is constructed. This migration would
also remove the lack of XML support in current RML views implementations.

To broaden the applicability of our implementation to any real-world schema,
it automatically partitions the input schema into a supported schema for com-
pilation and a deferred schema containing only unsupported constructs. For the
excluded target node declaration, an intuitive workaround is to duplicate every
triples map with a node equality function in every term map to identify the node
generation, but this introduces redundancy proportional to the number of target
nodes. Our assumptions and partially supported constructs are instead limited
by the record-at-a-time model of RML engines, and together point to extending
the engine’s processing model, on which the coupling can be carried further.

Supplemental Material Statement: Source code for SHACL2RML, all test cases,
experimental scripts, raw results, and plotting scripts are available from https:
//github.com/dtai-kg/SHACL2RML. Full proofs of all lemmas and theorems are
given in the appendix of this paper.
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Table 4. Conformance H,G,a = ¢, reproduced from [10, Table 1]|. Following Re-
mark 2, path expressions are restricted to direct predicate paths p € Z in our work.

¥ H,G,a =@ iff

hasShape(s) H,G,a k= exp(s,H)

hasValue(c) a=c

test(t) a satisfies ¢ (see text)

>, p' b e [P1°(@) | H,G.b b= '} > n
< pg! b€ [PI%(a) | 1. Gob | @'} < n
Vp.p' H,G,b = ¢ for all b e [p]©(a)
eq(p,p') [p1(a) = [P']%(a)

disj(p, p') [Pl (a) N [P'T%(a) = 0

closed(P) p € P for all (a,p,b) € G

lessThan(p, p) b < cforall be [p]a), c€[p]%a)
lessThanEq(p, p) b < cforallbe [p]9a), c€[p]%a)
uniquelLang(p) b ot cforall b#ce [p]°(a)

Appendix A Data Provenance for SHACL

This appendix provides the formal definitions of conformance and neighbor-
hood from [10]. The conformance semantics below defines when a node satisfies
a shape expression, which our validation compilation (Section 3.3) encodes into
RML mappings. The neighborhood and shape fragment definitions specify which
triples constitute the provenance of each conforming node, which our neighbor-
hood compilation aligns with.

A.1 Conformance Semantics

Given a schema H, an RDF graph G, and a node a € N, the conformance rela-
tion H, G, a = ¢ is defined inductively over the shape expression ¢ in Table 4,
reproduced from [10, Table 1]. exp(s,H) denotes the shape expression of s in
H, defaulting to T. A path expression p evaluates on G to a binary relation
[p]¢ € N x N; we write [p]“(a) = {b | (a,b) € [p]“}. Since this work is re-
stricted to direct predicate paths (Remark 2), [p]“(a) = {b | (a,p,b) € G}. For
the boolean operators T (true), L (false), = (negation), A (conjunction), and V
(disjunction), the definition is standard. For node-level tests, H, G, a = test(t)
holds iff a satisfies ¢t € §2: nodeKind(k) requires a to have term type k €
{sh:IRI7 sh:Literal, sh:BlankNode, sh:BlankNodeOrIRI, sh:BlankNodeOrLiteral,
sh:IRIOrLiteral}; datatype(d) requires a to be a literal with datatype d € Z;
langIn(L) requires a to have a language tag in L C £; minlncl(v) requires a > v,
maxIncl(v) requires a < v, minExcl(v) requires a > v, maxExcl(v) requires a < v,
where v € £ and >, <, >, < follow the partial order on £ from Definition 1;
minLen(l) and maxLen(l) require |a| > [ and |a| < [ respectively, where [ € N
and |a| denotes the string length of a; pattern(r) requires a to match regular
expression r; and in(S) requires a € S.
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Table 5. Neighborhood B(v,G,¢) when H,G,v |= ¢ and ¢ is in NNF, reproduced
from [10, Table 2]. Omitted cases yield the empty neighborhood. Path expressions are
restricted to predicate paths p € Z (Remark 2) in our work.

© B(v, G, )

hasShape(s) B(v,G,exp(s,H))

—hasShape(s) B(v, G, —exp(s, H))

p1 N\ p2 B(vvavl)UB(vavwz)

p1V 2 B(v,G, p1) UB(v, G, p2)

>, p’ U{{(v,p,2)} UB(x,G,¢) | (v,p,2) € G, 1, G,z |= ¢}
Snp'@l U{{(U,p, :C)} UB(vav _'90/) | (U,p, .Z') €G, H,Gx ': _‘90/}
Vp.¢’ Ul{(v,p,2)} UB(z,G,¢") | (v,p,x) € G}

eq(p,p’) {(,p,2) € G} U{(v,p,2) € G}

—eq(p,p’) {(v,p,2) € G| (v,p,2) ¢ GYU{(v,p/,2) €G | (v,p,2) € G}
~disj(p, p’) Ul{(v,p,2)} U{(v,p',2)} | (v,p, ) € G, (v,p/,7) € G}

SlessThan(p,p’)  U{{(v,p,2)} U{(v,p",9)} | (v.p,2) € G, (v,p',y) € G, x £ y}
—lessThanEq(p,p") U{{(v,p,2)} U{(v,p",y)} | (v,p,2) € G, (v,p',y) € G, = £ y}
—uniqueLang(p)  {(v,p,2) € G |3y € [p]“(v) 1y # @, y ~ z}

—closed(P) {(v,p,x) € G |p ¢ P}

In our work, the inner shape expression ¢’ is restricted to path free constraints (Sec-
tion 3.1), for which B(z,G,¢’) = B(z,G,—¢') = 0. The entries for >,, <, and
V therefore simplify to J{{(v,p,2)} | (v,p,x) € G, H,G,z E ¢}, U{{(v,p,2)} |
(v,p,z) € G, H,G,xz = —~¢'}, and J{{(v,p,2)} | (v,p,x) € G}, respectively.

A.2 Neighborhood and Shape Fragment

The neighborhood B(v, G, ¢) is defined inductively over ¢ following [10, Table 2],
which is targeted by our work. Our validation compilation (Section 3.3) encodes
conformance checks that determine whether a focus node produces triples, while
our neighborhood compilation controls which triples each conforming node con-
tributes. Since our work is restricted to direct predicate paths p € Z (Remark 2),
the path constructs used in [10] simplify to: graph(paths(p, G, v,z)) = {(v,p, z)}
and pathsfrom(p, G,v) = {(v,p,x) | (v,p,x) € G}. Table 5 defines B(v,G, p)
when H,G,v |E ¢ and ¢ is in NNF. If H,G,v [~ ¢ or ¢ is among the omit-
ted cases (T, L, hasValue(c), test(t), disj(p, p’), lessThan(p, p’), lessThanEq(p, p),
uniquelLang(p), closed(P), —hasValue(c), —test(t)), the neighborhood is empty.
The neighborhood is designed to be deterministic and sufficient [10], and as
minimal as possible; however, minimality is not always achievable together with
determinism and sufficiency [10, Remark 3.6].

The shape fragment definition (Definition 5) uses the schema form Frag(G, H),
a special case of the general form Frag(G,S) = J{B(v,G,p) |v e N, p € S}
defined over arbitrary shape sets S in [10]. The schema form derives S from H by
conjoining each shape expression with its target (S = {oA7 | Is: (s,,7) € H}),
ensuring that only targeted nodes contribute and that target-witnessing triples
are included in the neighborhood. This work uses the schema form because the



Constraint-Guided RDF Construction with Provenance 21

general form requires enumerating all nodes without target declarations, which
cannot be aligned to mapping rules statically (cf. Remark 1).

Appendix B  Merged Logical Source Example

Following Example 4, the sqljoin for A’(:ArticleShape, 1, 7) produces the
following SQL query as the logical source of the merged triples map, where
sid(sm) translates a subject map into a SQL expression, a column name for ref
and a string concatenation for tmpl, and o; renames the references of tm;:

SELECT COALESCE(t1.__sid__, t2.__sid__) AS __sid__, tl_year, t2_year
FROM (SELECT ’http://article.org/’

|| url_encode(CAST(id AS VARCHAR)) || °_°

|| url_encode(CAST(title AS VARCHAR)) AS __sid__,

year AS tl_year FROM ’article.csv’) AS t1
FULL OUTER JOIN (SELECT ’http://article.org/’

|| url_encode(CAST(doi AS VARCHAR)) || ’_°

|| url_encode(CAST(title AS VARCHAR)) AS __sid__,

year AS t2_year FROM ’journal.csv’) AS t2
ON t1.__sid__ = t2.__sid__

Appendix C Constraint Function Semantics

This appendix gives the evaluation semantics of every constraint function f in
Tables 1, 2, and 3, together with their encoding as fexec term maps.

Definition 16 (Logical Constraint Functions). For constraint functions
f1, f2, f and arecord r, following the conformance semantics of [10] (Appendix A.1):

none if eval(f1,r) = eval(f2,7) = none
eval(fand(f1, f2),7) = < false if eval(f1,7) = false or eval(f2,r) = false

true otherwise

none if eval(fi1,r) = eval(f2,7) = none
eval(for(f1, f2),7) = { false if eval(fi,7) = eval(f2,r) = false
true  otherwise

true if eval(f,r) = false
eval(frot(f),r) = < false if eval(f,r) = true
none if eval(f,r) = none

Definition 17 (Atomic Constraint Functions). For a term map map and
a test t € {2y, other than in, with parameter v:

true  if eval(map,r) # none and H, G, eval(map, r) |= test(t(v))
eval(fi(map, const(v)),r) = ¢ false if eval(map, ) # none and H, G, eval(map, r) = test(t(v))
none if eval(map,r) = none
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where conformance |= is defined in Appendix A.1. For a hasValue(c):

true  if eval(map,r) = ¢
eval(feq(map, const(c)), ) = ¢ false if eval(map,r) # ¢ and eval(map,r) # none

none if eval(map,r) = none
For in(S), whose parameter is a finite set of constants S:

true if eval(map,r) € S
eval( fin(map, const(S)),r) = < false if eval(map,r) ¢ S and eval(map,r) # none

none if eval(map,r) = none

Definition 18 (Set-Level Constraint Functions). Let (-, omq),..., (-, omy) €
poms,(tm) and (-,omj),...,(-,om;) € poms, (tm). Define the value sets as

Sp(r) = {eval(om;,7) | i € [k]} \ {none} and Sy (r) = {eval(om[,r) | j €
[[]} \ {none}. And we have:
eval(feq(0Tnp, 0Ty ), 1) = [Sp(r) = Spr (1))
eval( faisj(0mp, oy ), 1) = [Sp(r) N Sy (1) = 0]
),r) = [Vs € Sp(r), Vs’ € Sp(r) : s < 5]
eval(fieq(0Mp, 0Ty ), 1) = [Vs € Sp(1), Vs' € Spi(r) 1 s < 8]

eval( fie(omnyp, omy ), 1

Following the neighborhood definition of [10] (Appendix A.2), the negated forms
in Table 3 use existential variants comparing one object map against a value
set. For an object map om with x = eval(om,r), a sequence omq with value set

Sg(r), and b € {=, £, #, £, #} with the corresponding f3, faq: f,eq, a fiE
eval(f2(om, omy),r) = [3s € Sy(r) : < 5]

where [-] denotes true if the condition holds, false otherwise, and each f= eval-
uates to none if = none. Since < is a strict partial order (Definition 1), the
neighborhood conditions of [10] for —lessThan and —lessThanEq require the com-
plements x £ y and « € y (cf. Table 5) rather than = > y and = > y; the two
coincide only on comparable values, and the function names reflect the total-
order reading. No existential variant of fgisj is needed: with a single object map
as its first argument, fqisj(om, oin, ) already evaluates to [z ¢ Sy ()], the coun-
terexample condition for eq. A single object map is thus read as a one-element
sequence throughout. The name fq is used for both the comparison of a term
map against a constant (Definition 17) and the comparison of two value sets
above; the arguments determine which applies.

Definition 19 (Counting Function). For a finite set of pairs {(om;, ;) }icps
where each om; is an object map and each ¢; is a rewriting decision (Defini-
tion 13), and an integer bound n:
eval(feount> ({(0mi, &) bieir n), ) =

[[{eval(omi, ) | i€ [K], eval(e;,r) # false, eval(om,r) # none}| > n|
eval(feount< ({(0mi, €3) bien n), 7) =
[

|{eval(oms,r) | i € [K], eval(ei, r) # false, eval(om;,r) # none}| < n]
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where ; = T is treated as eval(e;, ) = true for all 7, and ¢, = L as eval(g;,r) =
false for all . The cardinality is taken over the set of values rather than over the
object maps: distinct object maps may evaluate to the same value on a record,
while conformance (Appendix A.1) counts the distinct values in [p]“(a); since
¢’ within #7 p.¢’ is path free, its truth is determined by the value alone, so
object maps evaluating to the same value yield the same outcome for ¢;.

Definition 20 (Conditional Suppression Function). For a term map tmap
and a constraint function f:

eval(tmap,r) if eval(f,r) € {true, none}

eval(fpassif(tmap7 f)7 T) = {

none otherwise

Since fpassit(tmap, f) returns eval(¢map,r) or none, it declares the same term
type, datatype, and language tag as tmap.

Definition 21 (Function Encoding). Each constraint function f(argy, ..., arg;)
is encoded as an fexec term map (Definition 7):

flargy,. .., arg,) = fexec((firi, {(pary, arg,), ..., (pary, arg,)}))

where fir € Z is the FnO function IRI corresponding to f, and each par; €
is a parameter IRI. The return map p is omitted throughout as all functions
produce a single output. The specific encodings are:

— ana(fi, f2) = fexec((:and, {(:par1, f2), (:par2, f2)}))

— for and frot analogously with IRIs :or and :not

— ft(map, const(v)) = fexec((f+, {(:par_v, map), (:par_n, const(v))})) where f; cor-
responds to the constraint (cf. Table 1)

— feq(0Tnp, 0y ) = fexec((:equals_set, {(:left_1, oma),... (:left_k, omy),
(:right_1,0m}),..., (:right_1,0m})})); fais, fit, fieq, and the existential variants
feaqa fgim ngL fl§q7 fIEI analOgouSIy

— feounts ({(omi, €i)},n) = fexec((: countGeq, {(:val_1, fpassif(0m1,€1)), .- .,

(:val_k, fpassit (oMK, €k)), (:par_n,const(n))})); feount< analogously with : countLeq

— frassit(tmap, f) = fexec((:passif, {(:par_v, tmap), (:par_f, f)}))

Appendix D Full Proofs

Throughout this appendix, given a schema H and an RML mapping X, let
G = [Z], Zke be the output of rewrite(X, H,RE), IT = consolidate(X, H, CO)
(equivalently IT = consolidate(X,,EV)), and X¢,, Xf, be the outputs of
rewrite(X, H, CO) and rewrite(X, H,EV), respectively. [X! .. (s,¢,7)] denotes
the triples generated by the rewritten triples map of (s,¢,7) in X/ . . and (
when (s, @, 7) ¢ dom(II) or the triples map is discarded by Algorithm 2. For a
focus node v of (s, p,7), we write map,, € fmaps(tm,7) for a term map generat-
ing v and 7, for the record on which it does so. For 7 = > p;.T several such
pairs (map,, r,) may generate v, and the claims below hold for each of them.
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D.1 Proof of Lemma 1 (Consolidation Completeness)

Proof. Let (s,,7) € H and let v with G,v = 7. If align((s, », 7), X) = (), then
no such v exists and the claim holds vacuously: for 7 = =T no node satisfies 7; for
T = >y rdf:type.hasValue(c) (>; a.hasValue(c)) a focus node requires (v, a,c) €
G, whose generating triples map has a subject map generating an instance of
¢ and hence declares (const(a), const(c)) by Remark 5, so it would be aligned;
for 7 =>1p,;. T and 7 = > p;.T a focus node requires a p,-triple in G, whose
generating triples map has a pom with predicate map const(p,) by Remark 4,
so it would be aligned. We henceforth assume align((s, ¢, 7), X)) # (). A relevant
triple of v is either a triple (v, p,0) with p € P(p), or a triple witnessing .

Target-witnessing triples. For T = >; a.hasValue(c) the witness is (v, a, c),
generated by a pom (const(a), const(c)); every triples map carrying such a pom
is aligned by Definition 10 case 1 and the pom is retained by Definition 11 case 1.
For 7 = >1 p,.T the witness is (v,pr,0) and for 7 = >1p;. T it is (¢',p,,v); in
both cases the witness carries predicate p., so the triples map generating it has
a pom with predicate p,, is aligned by Definition 10 cases 2 and 3, and the pom
is retained by Definition 11 cases 2 and 3.

Triples with p € P(p). Under 7 = >1p,.T and 7 = >1p_.T, ¢ is re-
stricted to constraints on the focus node itself (Section 3.1), which mention
no predicate, so P(¢) = () and the witness above is the only relevant triple. For
T = >; a.hasValue(c), let (v,p,0) € G with p € P(p). There exist tm € X and
a record r of tm with eval(sm(¢m),r) = v such that (v,p,0) is generated by
some (pm,om) € poms(tm) with pm = const(p). We show that ¢tm is aligned:
since G,v = 7, (v,a,¢) € G, and by Remark 5 every triples map whose sub-
ject map generates v declares class ¢, so tm is aligned by Definition 10 case 1.
Since p € P(y), the pom (pm, om) is retained by pruning (Definition 11), so
(v,p,0) € [tm'] where ¢tm’ is the pruned copy.

Let tm’ denote the aligned and pruned copy of ¢m, so that every relevant
triple of v is in [tm']. For X% (s, ¢, 7), which is the set of all such pruned triples
maps (Algorithm 1), the triple is therefore in [Xge(s, ¢, 7)]. For II(s, ,7): if
only one triples map is aligned, I1(s, ¢, 7) = tm’ directly. If multiple triples maps
are aligned, merging via FULL OUTER JOIN on __sid__ preserves all records: by
injectivity (Remark 4), the record generating v produces a unique __sid__ value
equal to v’s IRI, so it appears in the joined virtual table, and the renamed pom
still generates the triple. Thus every relevant triple of v is in [I1(s, ¢, T)].

D.2 Proof of Lemma 2 (Consolidation Soundness)

Proof. Let (s,¢,T) € H and let (s',p,0) be a triple generated by Xk (s, p, T) or
by I1(s, ¢, ) that introduces no new triples. The triple (s', p,0) is generated by
a pruned, aligned copy of some tm € XY; since pruning only removes poms and
merging only renames references over the joined records, (s',p,0) € [tm] C G.

By Definition 10, tm was aligned because it matches 7. For 7 = >; a.hasValue(c),
tm declares class ¢, so each of its records generating a subject also generates
(s',a,¢), hence G,s’ |= 7; the triple (s',p,0) is a relevant triple of s’ since, by
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Definition 11 case 1, p € P(p) or p = a with 0 = ¢ witnessing 7. For 7 = > p,. T,
by Definition 11 case 2 the retained poms carry predicate p, (as P(p) = (), Sec-
tion 3.1), so p = p; and (s, p;, 0) itself witnesses G, s’ |= ; it is a relevant triple
of . For 7 = > p7.T, by Definition 11 case 3 the retained poms carry predicate
pr,s0 p = p, and the triple (s', p,, 0) witnesses G, o0 |= T; it is a target-witnessing,
and hence relevant, triple of the focus node o. In each case the generated triple
is a relevant triple of a node v with G,v = 7.

D.3 Proof of Lemma 3 (Validation Compilation Completeness)

Proof. Let (s,,7) € H, let tm = II(s,p,7), and let v with G,v = 7 and
G,v E ¢. By Lemma 1, every relevant triple of v is in [II(s, ¢, 7)].

When map, = sm(tm), injectivity (Remark 4) makes r, the unique record of
Is(tm) with eval(sm(¢m),r,) = v, and by Lemmas 1 and 2, for every predicate
q € P(p), {eval(om,r,) | (-,om) € pomsq(tm)} \ {none} = [¢]%(v), where
[q]€(a) = {b | (a,q,b) € G} denotes the values of a along p in G. Indeed, every
g-triple of v is a relevant triple, so it is generated by ¢m, necessarily on r, and by
some retained pom with predicate ¢; conversely, every value generated by such
a pom on r, yields a triple of [tm] C G with subject v and predicate g.

Writing € = compile, (v, map, tm, H), we prove the following two claims by
simultaneous induction on the structure of shape expressions, for every sub-
expression ¢ of ¢ (after unfolding referenced shapes via exp(-,H)) and every
term map map among fmaps(tm,7) and the object maps of tm, on any record
r, where x = eval(map,r,) # none:

(a) it H,G,z =1, then € # L and, if € is some f, eval(f,r,) € {true, none};
(b) if H,G,x [~ 9, then € # T and, if € is some f, eval(f,r,) = false.

Since the constructs eq, disj, lessThan, lessThanEq, uniquelLang, closed, V, and
# reference predicates of the focus node, they occur only at the focus-node
level, with map = map, and z = v; within Vp.’ and #7 p.¢’, the path-free
¢ (Section 3.1) is a Boolean combination of test and hasValue, whose compiled
functions evaluate to none exactly when the object map evaluates to none (Ap-
pendix C), and to true or false, determined by the value alone, otherwise.
Constants and node tests. For T and L the claims are immediate. For test(t)
with t € £27: compile, statically checks the term type, datatype, or language tag
that map declares, defaults to, or infers, which determines the corresponding
property of every value it yields, in particular of z. Hence the declaration is
compatible with ¢ iff z = test(t), giving (a) and (b). For test(t(w)) with ¢ €
v: e = fi(map,const(w)); since = # none, f; evaluates to true iff x satisfies
t(w) and to false otherwise (Definition 17), giving (a) and (b). If all arguments
are constants, the static folding of the same value yields the same result. For
hasValue(c): analogous with feq(map, const(c)) and the condition z = c.
Predicate comparisons. For eq(p, p'), disj(p, p’), lessThan(p, p’), lessThanEq(p, p’):
e is the set-level function on om, and om, . Since p,p’ € P(y), the value sets
S,(ry) and Sy (r,,) (Definition 18) equal [p]“(v) and [p']“(v), so the evaluation
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conditions coincide with the conformance conditions of Table 4, and the func-
tion evaluates to true iff v = ¢ and to false otherwise, giving (a) and (b). For
uniqueLang(p): the decision is static. For (b), v = uniqueLang(p) means two dis-
tinct p-values of v carry the same language tag; both are values of object maps
in pomsp(tm), and an object map’s values carry a tag exactly when it declares
lang(¢), so two object maps declare the same tag and e = L # T. For (a), sup-
pose € = L, i.e., two object maps declare the same tag ¢; if both yield values on
T4, these are two distinct values tagged ¢, contradicting v = uniqueLang(p); the
remaining case, in which one of them yields no value on r,,, is the degenerate case
excluded in Section 3.3. Hence ¢ = T, and (a) holds. For closed(P): the decision is
static, and the construct occurs only under 7 = >; a.hasValue(c) by Section 3.1.
For (b), v £ closed(P) gives a triple (v,q,0) € G with ¢ ¢ P; by Remark 5 its
generating triples map is aligned and merged into ¢m, so ¢ € preds_ orig(¢tm) and
e = L # T. For (a), suppose ¢ = L, i.e., some g € preds_orig(tm) \ P; since
v [ closed(P), no pom with predicate ¢ yields a value on 7, which is again the
degenerate case excluded; hence ¢ = T.

Boolean combinations. For o1 A ¢a, (a): both conjuncts are satisfied, so by
induction neither sub-decision is | and runtime sub-decisions do not evaluate to
false; by the A reduction (Definition 13) € # 1, and fanq evaluates to false only if
a constituent does (Appendix C). (b): some conjunct is violated, so by induction
its sub-decision is |, making e = |, or some f evaluating to false, making e either
that f or an f,,4 dominated by the false constituent; in all cases € # T and the
evaluation is false. For ¢ V @2, (a): some disjunct is satisfied; by induction its
sub-decision is T, making ¢ = T, or some f with evaluation in {true, none}; by
the V reduction ¢ # L, and f,, evaluates to false only if both constituents do
(Appendix C). (b): both disjuncts are violated, so by induction each sub-decision
is L or evaluates to false; hence € = 1 or a runtime check evaluating to false, and
e # T. For hasShape(s’): compile, unfolds to exp(s’, H) and the claims follow by
induction. For —¢’: by the NNF assumption (Definition 4) 1’ is atomic. If ¢/
is atomic and not hasShape, then by the base cases above its compiled runtime
check never evaluates to none when x # none; claims (a) and (b) for =)’ then
follow from (b) and (a) for ¢’ via the = reduction and fho: (Appendix C). If
¢" = hasShape(s’), the same argument applies to exp(s’, H), except that in case
(b) the inner evaluation may be none; this occurs only when every object map
referenced by the unfolded expression yields no value on r,, i.e., when exp(s’, H)
holds vacuously because the relevant triples are absent, which is the degenerate
case excluded; hence the inner evaluation is true and f,,: evaluates to false.

Path quantifiers. For Vp.¢': if poms,(tm) = ), then ¢ = T; for (b), note
that p € P(p), so [p]%(v) = 0 and v = Vp.¢¢' vacuously, making (b) vacuous.
Otherwise, (a): every p-value of v satisfies ¢'. For each (-,om) € poms, with
eval(om,r,) # none, the value is in [p]“(v) and satisfies ¢, so by induction its
sub-decision is not L and does not evaluate to false; a sub-decision L could thus
stem only from an object map yielding no value on 7, while v conforms, which
is the degenerate case excluded. Hence ¢ # |, and the f.,q chain evaluates over
constituents in {true, none}, absorbing none (Appendix C), so it does not evaluate
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to false. (b): some p-value b = eval(om,r,) # none violates ¢’; by induction its
sub-decision is 1, making ¢ = 1, or evaluates to false, dominating the finq
chain; in all cases € # T and the evaluation is false. For >, p.¢o" with poms, # 0:
€ = feounts (Pp,n) with @, as in Table 2. By induction on the path-free ¢,
the qualifying value set of Definition 19 equals {b € [p]%(v) | H,G,b | ¢'}:
every qualifying value is a p-value of v whose sub-decision is T, or a runtime
check evaluating to true, hence a value satisfying ¢’ by the contrapositive of (b);
conversely every p-value satisfying ¢’ is the value of some object map in poms,,
on r, whose sub-decision qualifies by (a). Therefore feount. €valuates to true iff
v = >, p.¢’ (Table 4), giving (a) and (b). If poms, = §: for n =0, e = T and
v conforms trivially; for n > 1, ¢ = L, and [p]“(v) = 0, so v £ >, p.¢’ and (a)
is vacuous. For <,, p.¢': analogous with Jeount.; when poms,, = 0, e =T and v
conforms vacuously.

Instantiating (a) with ¥ = ¢, map = map,,, and = v: since G,v |= ¢, €, #
1, so map, is not dropped (Algorithm 2). If ¢, = T, map,, is unchanged. If ¢,
is some f, then eval(f,r,) # false, so fpassif(map,,, f) returns eval(map,,,m,) = v
(Definition 20). For 7 = >; p,.T this holds for each pair (map,,r,) generating
v. In either case no relevant triple of v is removed, and by Lemma 1 all of them
are generated by tm. Thus every relevant triple of v is in [X¢q(s, ¢, 7)].

D.4 Proof of Lemma 4 (Validation Compilation Soundness)

Proof. Let (s,¢,7) € H and let v with G,v = 7 and G,v [~ ¢. Instantiating
claim (b), established jointly with claim (a) in the proof of Lemma 3, with
Y = ¢, map = map,, and x = v # none: either ¢, = L, or ¢, is some f with
eval(f,r,) = false. If ¢, = L, then drop(¢tm, map,) is applied (Algorithm 2),
which removes map,, from tm together with its predicate-object map when map,,
is an object map, and discards ¢m when map,, is its subject map. If ¢, is some
f, then foassit(map,, f) returns none on r, (Definition 20), so map,, generates no
term on that record. In both cases map, yields no term on r,. Every relevant
triple of v requires that term: when map, = sm(¢m), each such triple has v
as its subject, is generated only on r, (injectivity, Remark 4), and only if the
subject map yields v; when 7 = > p7.T, the relevant triples of v are exactly the
target-witnessing triples carrying v as object (Lemma 1), each generated by the
predicate-object map of one pair (map,,7,), and since &, depends on the value
v alone (¢ consists of node tests, Section 3.1), every such pair is suppressed in
the same way. Hence no relevant triple of v is in [X¢5(s, ¢, 7)].

D.5 Proof of Lemma 5 (Neighborhood Compilation Completeness)

Proof. Let (s,,7) € H and let v with G,v | 7 and G,v | ¢. By Lemma 3,
all relevant triples of v are in [X{(s,®,7)]; in particular, the validation in-
jections on fmaps(tm,7) pass on the records generating v. By Algorithm 2,
compile,, is invoked on ¢ A 7; by the A entry of Table 3, its result is the union of
compile,, (¢, -) and compile, (7, ), and correspondingly, since v = ¢ and v |= 7,
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B(v,G,oAT) = B(v,G,9)UB(v,G,7) (Table 5). We show by structural induc-
tion on ¢, and then for 7, that every triple of B(v, G, ¢ A7) is generated. Since
¢’ within Vp.¢’' or #™p.¢’ is path free (Section 3.1), i.e., a Boolean combina-
tion of test and hasValue whose neighborhoods and negated neighborhoods are
empty, B(z,G,¢') = B(xz,G,—¢') = () for all reached nodes =z, simplifying the
neighborhood entries. Throughout, claims (a) and (b) refer to the simultaneous
induction established in the proof of Lemma 3, and they apply unchanged to a
frassie-wrapped term map (Definition 20).

Path quantifiers. For Vp.¢': B reduces to {(v,p,z) | (v,p,z) € G}, and
compile,, retains poms, unfiltered; these poms generate every p-triple of v on
ry. For >, p.¢': B reduces to {(v,p,z) | (v,p,z) € G, G,z |= ¢'}, and compile,,
applies resolve,, with €,,, = compile,(¢’, om, tm,H). For an object z satisfying
¢, €om 18 T or evaluates to true on 7, by claim (a), so the pom is retained,
unfiltered or with a filter that passes. For <, p.¢’: B reduces to {(v,p,z) |
(v,p,2) € G, G,z £ ¢'}, and compile,, applies resolve,, with % ¢e,,,, which by
claim (b) is T or evaluates to true exactly for those objects.

Predicate comparisons. For eq(p,p’): B contains all p- and p’-triples of v, and
compile,, retains poms, and poms,, unfiltered; these generate all of them. For
disj(p, p’), lessThan(p, p’), lessThanEq(p, p’), uniqueLang(p), and closed(P): B = ()
(Table 5), so the claim is vacuous. For —eq(p, p’): B retains the p-triples whose
object is not a p’-value and symmetrically, and compile,, injects faisj(om, om,),
which evaluates to true exactly for those objects (Definition 18). For —disj(p, p’),
—lessThan(p, p’), and —lessThanEq(p,p’): B retains a p-triple (v, p,z) whenever
some p'-value y satisfies x = y, x £ y, respectively x £ y, and symmetrically
for p’-triples (Table 5); compile,, injects Sq, gz'eq and fé'q, respectively gat and
f,%', whose conditions 3s: x = s,z £ 5, s £ z, x £ s, and s £ = (Definition 18)
coincide with those of B over the value sets, so the filter passes exactly for the
retained objects. For —uniqueLang(p): B retains each p-triple (v,p,x) for which
some other p-value y # x shares its language tag. Any such y is the value of
another object map in poms,, declaring the same tag as the object map of z, so
the pom of x is selected by Table 3 and the triple is generated. For —closed(P):
B = {(v,q,0) € G | ¢ ¢ P}. As ¢ contains —closed(P), P(yp) contains all
predicates not in P (Section 2.2), so pruning retains every pom whose predicate
is outside P, compile,, selects exactly those and generates all triples of B.

Boolean combinations. For p1Apa: B(v, G, o1A\p2) = B(v, G, p1)UB(v, G, ¢2)
and compile, returns the union of both results; by induction hypothesis each
part is retained. When a pom is produced both with and without a func-
tion on its object map, dedup keeps the version without, which subsumes the
other (Algorithm 2). For ¢; V p9: B is again the union, where B(v,G,¢;) = 0
whenever v [~ ;. compile, gates the contribution of each disjunct by &; =
compile, (p;, map, tm, H). By claim (a) applied to p;, a satisfied disjunct yields
g; # L that does not evaluate to false on r,, so its poms are not suppressed
by resolve, on the records generating v. For hasShape(s’) and —hasShape(s’):
compile,, unfolds to exp(s’,H), respectively its negation, and the result follows
by induction hypothesis.
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Constants and node tests. For test(t), hasValue(c), and their negations: B = (),
so the claim is vacuous.

Target declarations. For 7 = >; a.hasValue(c): B(v,G,7) = {(v,a,c)}. The
>, p.¢’ entry of Table 3 applies to poms, (tm) with €,,, = compile, (hasValue(c), om);
for the retained pom (const(a), const(c)) (Definition 11 case 1) this statically folds
to T, so the pom is retained unfiltered and generates (v, a, c) on r,; any further
rdf:type pom, present only when rdf:type € P(¢p), folds to L and is removed
from the 7 contribution, its triples being covered, when in B(v,G, ), by the
¢ contribution and dedup. For 7 = > p,.T: B(v,G, T) consists of all p,-triples
of v; the same entry applies with €,,, = compile,(T,om) = T, so poms,  is
retained unfiltered and, applied to p, (whose poms are retained by Definition 11
case 2), generates all of them. For 7 = >, p_.T: B(v, G, 7) consists of all triples
(z,pr,v) € G. The >, p~.T entry of Table 3 contributes, on each invocation with
map € fmaps(tm, 1), the pom of map itself, so accumulating over fmaps(tm, )
(Algorithm 2) yields every p,-pom of tm, each carrying its validation injection.
By Lemma 1 every triple (z,p,,v) € G is generated by one of these poms on
some record, and by claim (a), instantiated at the value v, the injection passes
there since v = ¢. Hence all witnesses are generated.

Thus every triple in B(v,G,p A7) is in [ZL, (s, ¢, 7)].

D.6 Proof of Lemma 6 (Neighborhood Compilation Soundness)

Proof. Let (s,p,7) € H and let v with G,v = 7 and G,v |E . By the same
structural induction as Lemma 5, we verify that compile,, retains no triple of v
outside B(v, G, ¢ A 7). By Algorithm 2, the poms of the rewritten triples map
are exactly those returned by compile,, after dedup, while the subject map, and
for 7 = > p7.T the object maps, retain the validation injection; so it suffices to
consider the poms each case of Table 3 contributes for ¢ and for 7.

Path quantifiers. For ¥p.¢': compile,, contributes poms,, matching B, which
contains all p-triples of v since ¢’ is path free. For >, p.¢’: for an object x
not satisfying ¢, €, is L or evaluates to false on r, by claim (b), so resolve,,
removes the pom or injects a filter returning none; such triples are not in B,
and all retained ones are. For <, p.¢’: symmetrically, objects satisfying ¢’ are
suppressed by 1€, using claim (a), and are not in B.

Predicate comparisons. For eq(p,p’): compile,, contributes poms, U poms,,,
matching B. For disj(p, p’), lessThan(p, p), lessThanEq(p, p), uniqueLang(p), closed(P),
test(t), hasValue(c), and the negations of the latter two: no entry of Table 3 ap-
plies, so nothing is contributed, matching B = . For —eq(p,p’), —disj(p,p’),
—lessThan(p,p’), and —lessThanEq(p,p’): the injected fqis, feaq, fgaeq/féq, and
fa/ [ pass a generated object x exactly under the conditions z ¢ S, 3s: x = s,
x£s, s£&a, xLs and s £ x (Definition 18), which over the value sets are
exactly the retention conditions of Table 5; all other triples are suppressed by the
frassit wrapper. For —uniquelLang(p): a selected pom shares its declared language
tag with another object map of poms,; on r,, whenever both yield values, these
are distinct and share the tag, so each generated triple (v,p,z) has a witness
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y # x with y ~ = and lies in B; if the other object map yields no value, the
generated triple is again covered only under the degenerate-case exclusion. For
—closed(P): the contributed poms carry predicates outside P, so every generated
triple (v, g, 0) has ¢ ¢ P and lies in B.

Boolean combinations. For ¢1 Aps: both contributions are sound by induction
hypothesis, and their union matches B(v, G, ¢1)UB(v, G, ¢2). dedup keeps a pom
unfiltered only when some case contributes it unfiltered, whose triples already
lie in B by the corresponding induction case. For (1 V pg: for a disjunct with
v - @, claim (b) gives €; = L or an evaluation of false on r,,, so resolve,, removes
its poms or suppresses their triples of v, matching B(v, G, ¢;) = 0; a satisfied
disjunct is sound by induction hypothesis. For hasShape(s’) and —hasShape(s’):
by induction hypothesis on the unfolded expression.

Target declarations. For 7 = >; a.hasValue(c): the contribution of 7 is the
pom (const(a), const(c)), whose triple (v,a,c) is in B(v, G, 7). For 7 = >, p,.T:
the contribution is poms, unfiltered, whose triples of v are exactly the p,-triples
of v, all in B(v,G, 7). For 7 = >1 p;.T: the contributed poms are the p,-poms
carrying the validation injection; a triple with object v is generated only where
the injection passes, and every such triple (z,p,,v) lies in B(v, G, 7).

Thus every triple of v in [Xf,(s, ¢, 7)] is in B(v,G,p A T).

Appendix E Test Suite Statistics

The test suite comprises 50 test cases covering all supported SHACL constructs
and their combinations, together with the consolidation steps they exercise and
source data with null and mixed-conformance values. Each case is executed on
CSV, JSON, XML, and relational sources under both H and —#, yielding 400
executions. pySHACL-fragments [9] supports 35 of the 50 cases under H and 2
under —H. The full statistics table of the 50 test cases, with the constructs and
source characteristics of each, is available in the SHACL2RML repository!. The
GTFS schema H used for RQ2 comprises 143 constraints: 58 sh:nodeKind, 46
sh:datatype, 16 sh:pattern, 12 sh:class, 5 sh:minInclusive, 4 sh:minCount,
1 sh:node, and 1 sh:maxCount.
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