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Abstract

Resource Description Framework (RDF) is a widespread W3C
standard defining a domain-specific language for knowledge
representation, providing a platform to build higher-level
languages such as OWL or SHACL. RDF concrete syntaxes de-
fine an external representation of its abstract model for data
interchange. Despite sharing the same core semantics, RDF
concrete syntaxes differ in how well they support common
modelling idioms at the surface level. Many RDF libraries
have been implemented in Scheme, however, they support
few concrete syntaxes and/or do not exhibit compliance with
the W3C test suites.

Contributions. We develop a new open-source RDF 1.1
implementation for R°RS Scheme, leveraging a nanopass
architecture. The improved flexibility of the approach in
a Scheme-based environment is shown by the ability to
reuse transformations across three RDF concrete syntaxes. Its
practicality towards real-world interchange is demonstrated
through experimental compliance with the W3C standards.
Finally, we achieve better performance than the most com-
plete existing library for Scheme.

CCS Concepts: « Software and its engineering — Source
code generation; « Information systems — Resource
Description Framework (RDF).

Keywords: RDF 1.1, Scheme, Lisp, nanopass framework,
W3C standards compliance, semantic web, compiler trans-
formation, data interchange
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1 Introduction

Resource Description Format (RDF) is a domain-specific
language standardised by the W3C since 1999, for knowledge
representation and metadata interchange on the world-wide
web [49]. RDF has found widespread use in metadata mod-
elling and as a database-agnostic graph model [32], and its
formal model and specification [20] mean that RDF data can
be readily consumed by compliant implementations, sup-
porting interoperability.

Scheme, a dialect of Lisp originating in 1975, has found
significant use developing domain-specific languages, in-
cluding its descendent Racket [41]. Standardised in a series
of reports by the Scheme community, the language is dis-
tinguished by clear semantics based on the lambda calcu-
lus formalism [54], highly uniform syntax (s-expressions),
and an expressive, high-level metaprogramming framework
(syntax-case) [44].

Both RDF and Scheme originate in the field of symbolic
computation. As a meta-language on which higher-level
languages like OWL are built [26], RDF has been used to
create DSLs, just like Scheme has. Indeed, there has been
persistent interest from the mid-2000s onwards in RDF and
Scheme: to date, at least five RDF libraries have been devel-
oped for various Scheme dialects (Scheme48 [14], Guile [43],
and Racket [27, 36, 42]). However, we found that existing
RDF libraries exhibited limited compliance with the W3C
standards, and/or supported few concrete syntaxes. We ar-
gue that RDF’s formal specification and extensive compli-
ance suites have been key to its support for interchange of
metamodels and their semantics, meaning that poor library
support impedes these libraries’ utility.

Current implementations’ processing of RDF documents
consists of very few transformations, similar to older com-
pilers, meaning that common processing actions cannot be
extracted and reused. Yet, as RDF concrete syntaxes inherit
core semantics from the abstract model (e.g. blank nodes,
collections) [31], intuitively, processing these in one syn-
tax should be transferable across all others. The nanopass
architecture [39] in contrast consists of numerous small, rela-
tively self-contained transformation passes and intermediate
representations, better supporting reuse in isolation.

Contributions. We describe a new, nanopass-based li-
brary for RORS Scheme, in which we modularise and reuse
common processing stages. We demonstrate that it is more
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Figure 1. Commonalities in processing different RDF syntaxes: a) Syntax-specific processing and intermediate representations
for RDF/XML and Turtle. b) Minimal processing of N-Triples. ¢) Minimal processing of RDF/XML and Turtle. d) Extract RDF

triples.

comprehensive than, and unifies existing work, supporting
three RDF concrete syntaxes as well as the RDF model the-
ory semantics (see sections 4-6). We further show that it
strictly conforms with the W3C standard test suites, and
that it demonstrates adequate performance in processing
real-world data (see sections 6-8). To our knowledge, this is
the first RDF implementation to take a nanopass approach.

2 Background

This section introduces key concepts underlying this pa-
per, namely the RDF model, RDF concrete syntaxes, and the
nanopass architecture.

2.1 Resource Description Format (RDF)

RDF consists of a) an abstract model of logical assertions
of facts about resources (entities denoted by unique identi-
fiers) and b) a series of concrete syntaxes used to interchange
representations of the abstract model. A number of formal
semantics for the abstract model have been developed, but
support for these is at the discretion of the data modeller or
software developer, and different languages built on top of
RDF (like OWL) extend or modify the W3C’s suggested se-
mantics (the RDF Schema) [16]. Indeed, RDF software tooling
often only supports concrete syntax(es).

RDF asserts facts about resources, which are abstract
entities identified by IRIs, a generalisation of URIs to uni-
code [12, 21]. Resources may also be denoted by blank nodes,
which are often equivalent to IRIs, but they are anonymous:

labels allocated to blank nodes are an artefact of the seriali-
sation [20]. Syntactic forms in RDF concrete syntaxes (see
section 2.2) often allow modellers to omit a blank node en-
tirely when using it to denote a resource.

These assertions take the form of triples, composed of a
subject, predicate and object, each of which are resources.
Additionally, an object may consist of a literal (corresponding
to datatypes like numbers and text). A set of triples is known
as an RDF graph, but although RDF is often interpreted as
an edge-labelled graph, as in the ShEx structural schema
formalism [53], work is ongoing to formalise mappings of
RDF graphs to current attributed graph databases [5].

RDF concrete syntaxes are largely declarative, but pro-
cessing them correctly requires some degree of care. As well
as skolemisation (see section 4.4), syntaxes often emphasise
terseness for expressing common data modeling idioms. For
example, these special forms include expressing collections
(ordered objects equivalent to linked lists), avoiding repeti-
tion of subjects in blocks of triples, and omission of generated

blank nodes.

2.2 RDF concrete syntaxes

RDF concrete syntaxes are the means of interchange of
(meta)data models based on RDF. We selected three of the
most important concrete syntaxes for implementation.
RDF/XML [25] is an XML-based syntax for RDF. This is
one of the most widely-used RDF syntaxes, with the Web
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Ontology Language (OWL) standardised by the W3C, re-
quiring compliant implementations to support it [30], and
applications like RSS! depending on it.

Turtle [9] is a syntax designed to be readily readable
and writable by people, and consequently it captures com-
mon modelling idioms used by data modellers. For example,
a namespace common to many IRIs can be expressed as
a prefix, repeated subjects and objects can be condensed
into blocks, and RDF collections (like linked lists; ordered
first/rest statements) can be expressed succinctly.

N-Triples [8] is a line-oriented subset of Turtle [9], re-
ducing the amount of syntactic sugar into lists of triples
separated by full stops. As well as getting this for free from
supporting Turtle, N-Triples is used in all of the W3C RDF
test suites, so it is essential to support this. Some tooling also
supports the related N-Quads syntax [15], which annotates
each triple with an additional field typically identifying the
source RDF graph.

2.3 Nanopass framework

Keep’s Nanopass is a meta-framework for developing nanopass
compilers, developed for R°RS Scheme [38]. Meta-frameworks
provide optimised code-generation for common idioms in

writing passes and intermediate representations. The frame-
work consists of:

1. Language, or intermediate representation defini-
tions: context-free grammars defining abstract syntax
trees

2. Pass definitions: a series of transformation clauses
mapping input to output language terms

3. Parsers and serialisers from s-expressions to syntax
trees, and vice versa

The framework takes significant advantage of R°RS Scheme’s
metaprogramming support. Language definitions deviate sig-
nificantly from standard Scheme forms, providing syntactic
support for extensions to existing languages (only changes
given), which supports the common nanopass architectural
pattern of incremental changes to intermediate representa-
tions. Transformer passes, and clauses within for language
terms, become standard Scheme procedures, which in our
experience means that the DSL integrates well with the rest
of the Scheme environment, especially when picking and
choosing passes relevant to a particular RDF concrete syntax
(see fig. 7).

The framework is at minimum capable of generating trans-
formers from one language’s terms to another if there is
no change. It defines a custom pattern-matcher, rebinding
Scheme’s quasiquote to emit language terms when in a trans-
former. This pattern of intermediate representations, and
transformation passes between which, appears to be funda-
mental to the nanopass approach, is used in almost every

IRSS 0.90, 1999: https://www.rssboard.org/rss-0-9-0
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example in Keep’s Nanopass manual [38], and was used per-
vasively throughout this work.

3 Related work

We now examine nanopass approaches to domain-specific
languages, and existing RDF implementations for Scheme.
See table 1 for a high-level comparison.

3.1 Nanopass DSLs

Two aspects of nanopass approaches to processing com-
puter languages can be distinguished. The general approach
consists of a succession of small transformation passes, con-
trasted with single or few passes in traditional compilation
approaches. Nanopass meta-frameworks originate from com-
piler education [48] and were further developed as a domain-
specific language embedded in Scheme by Keep [39] (see
previous section 2.3). Nanopass involves numerous interme-
diate representations and passes where relatively little of the
syntax tree changes between passes. This often means that
boilerplate mapping unchanged portions builds up quickly,
hence meta-frameworks have value in providing efficient
code generation.

Recent examples of nanopass approaches in compiler en-
gineering include Ebresafe et al. [22], who emphasise two
advantages of a nanopass approach as modularisation of
compiler extensions and internal, intermediate representa-
tions. Hsu completed several pieces of work on compilation
of APL to LLVM (explicitly using Keep’s Nanopass frame-
work) [34, 35]. Other relevant work includes compilation of
the parallel programming language TOCK [13, 47]. Another
perspective is provided by Ringo et al. [45] who combine a
nanopass approach with attribute grammars, enabling prop-
agation of typing information up a syntax-tree and passing
inherited information back down it, capturing a common
pattern in writing transformation passes, even for languages
which are largely declarative, like many DSLs.

There are fewer examples of a nanopass approach to
domain-specific languages: Ballantyne et al. [6] show a nanopass
approach to compiling miniKanren [24], a popular DSL for
logic programming. This application of a nanopass approach
to declarative, embedded languages is also found in Kanor[33].
P4 is a DSL for programming packet-processing devices [3].
The DSL uses a nanopass approach in translating the DSL
into multiple compiler backends, with individual passes sub-
ject of analysis to discover bugs [46]. Finally, a meta-framework
similar to Keep’s Scheme nanopass framework is the Ruby-
Write DSL [17].

A common element across these works is the emphasis on
demonstrating overall program correctness by demonstrating
correctness in the individual sub-passes.
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3.2 RDF libraries for Scheme

Racket [23] (originally PLT Scheme) descends from Scheme,
developed as a platform for a number of languages, including
a compliant implementation of the R°RS standard (to which
one of the main authors contributed [51]). The most recent
RDF work for Racket is Racket-RDF, packages implement-
ing a API for the RDF data model [36] and auxiliary parsers
and serialisers for concrete syntaxes [37]. Only N-Quads/N-
Triples are fully implemented, but regular expressions are
used instead of a parser, which failed language benchmarks
for documents embedding quotes in literals and comments,
see table 1. The package is not tested for compliance, nor does
it support RDF semantics. The 1inkeddata [42] package im-
plements N-Quads and JSON-LD. JSON-LD [52] is related to
RDF but differs from most RDF syntaxes by omitting blank
nodes. This package is more complete than racket-rdf and
employs a true parsing approach, but compliance is tested
only for JSON-LD, bundling the JSON-LD test-suite. Racket-
librdf is the oldest Racket library, developing FFI bindings
to Redland Raptor [27], as well as programming interfaces
for manipulating RDF graphs, e.g. folds over a graph. While
the underlying Redland 1ibrdf is compliant with the W3C
test suites [7], this Racket library is not explicitly tested for
conformance, and the API does not expose RDF semantics.
This library could not be run on a modern Racket release,
possibly due to changes in the foreign function interface
made to recent versions of Racket.

GNU Guile [1] is one of the oldest Scheme implementa-
tions, originally designed to be embedded as an extension
language in C programmes, and compliant with the recent
RORS and R’RS standards. Guile-RDF [43] is a library with
support for the N-Triples/N-Quads and Turtle concrete syn-
taxes. This library is distinguished from other libraries in its
completeness. First, it tests for compliance with the W3C test
suites directly, fetching test cases with the Guile HTTP client.
Second, in order to use the W3C test suites directly, it imple-
ments isomorphism between RDF graphs. Finally, it complies
with the suggested RDF 1.1 Model Theory semantics [31],
and entailment regimes show whether an RDF graph is con-
sistent with each of the three suggested semantics (simple,
datatype and RDF Schema semantics).

Other relevant Scheme systems reviewed included the
R’RS-small package repository Snow-Fort?; the akku. scm
repository>; Chicken Scheme’s listing of packages?; libraries
included with the Scheme systems listed as compliant with
the R°RS standard [51]; and systems listed as compliant with
R7RS-small [50]. Of these, the schemantic-web library [14]
was the only relevant result. This library is tested for compli-
ance with the Turtle and N-Triples concrete syntaxes, albeit
the older RDF 1.0 standard from 2004.

2Snow: https://snow-fort.org/
3 Akku: Scheme Package Manager: https://akkuscm.org/
4CHICKEN eggs: https://eggs.call-cc.org/
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Table 1. Summary of Scheme RDF systems

Library ‘ Syntaxes | Conformance ‘ Semantics

= w o »

= o L = ) <

= £ T X T FE

= =

= B &= &

2 z B z.
Racket-RDF X X v N/A N/A fail N/A
linkeddata X X vV NA NA X N/A
Racket-librdf> | ¢/ ¢ ¥ v v NA
schemantic-web = X ¢ ¥  N/A ¢ v N/A
Guile-RDF X v Vv NA Vv v (4
This work v Vv Vv V v v v

With the exception of the much older schemantic-web
library, the RDF libraries covered here heavily employed
features specific to the target Scheme dialect, or depended
on non-portable foreign function interfaces. Racket libraries
were non-portable mainly due to higher-order software con-
tracts at the library module boundary, or optional keyword
arguments to procedures. While some libraries provided ad-
ditional programming interfaces for RDF graphs, a recurring
barrier to reuse was non-portable assumptions of structural
equivalence between record types (such that equal? could
compare records where equal? held between fields).

4 Methodology

We now present our RDF library, as presented in fig. 1. The li-
brary is a pure R°RS Scheme library which develops program-
ming interfaces for a) working with RDF triples; b) trans-
forming RDF documents into RDF graphs; and c) checking
RDF semantics and isomorphism between RDF graphs.

The main RDF graph programming interface defines core
R®RS Scheme record types for an RDF graph. For IRIs, there
is a complete implementation of RFC 3986/3987 [28] defining
parsers for URIs and IRIs, with setters and getters for IRI
record type components such as path and hostname. There is
a further implementation of the RFC 3986 relative reference
resolution and normalisation algorithms. Record types are
defined for blank nodes and RDF literal values. RDF triples
are defined as a record type with subject/predicate/object
setters and getters.

Procedures which process RDF documents into RDF graphs
(lists of triples) are implemented for the RDF/XML, Turtle
and N-Triples concrete syntaxes. The syntaxes are sepa-
rated into R®RS Scheme library modules, each exposing a
string->triples procedure consuming a string and a de-
fault base IRI (against which to resolve relative IRIs).

A summary of the processing stages for the Turtle syntax,
and where they were reused by RDF/XML and N-Triples, is
given in table 2. These primarily intersected in processing

5Conformance is assumed to be inherited from Redland 1ibrdf, but did not

appear to be explicitly tested
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collections (which are like linked lists, see section 4.3; and
skolemisation, see section 4.4).

Separate library modules expose implementations of the
simple, RDF datatype and RDF Schema semantics (entailment
regimes), as well as isomorphism between RDF graphs.

4.1 A pure-R°RS library

In order to unify existing duplication of work, and to be
portable across existing Scheme systems, we developed a
pure R°RS Scheme library, a standard supported by the most
widespread Scheme dialects (Guile [2], Racket [4], Chez
Scheme [18]). An approach using a foreign function inter-
face to a library like Redland librdf may have been more
straightforward, but the RNRS standard reports have never
defined nor required an FFI°. Developing a pure-Scheme li-
brary is also advantageous as a key development in recent
years has been compilation of Scheme to WebAssembly”,
where external dependencies are cumbersome and native
implementations are favoured [55]. Chez Scheme was se-
lected because as well as supporting the R°RS standard, it
is considered one of the fastest Scheme implementations®.
The library is released as open source, under an LGPLv3
license, which allowed for direct reuse of the isomorphism
and entailment components of Guile-RDF [28, 29].

4.2 Pre-processing for concrete syntaxes

Input to Keep’s Nanopass framework is a parser from s-
expressions to language terms. This made it necessary to
process a given concrete syntax into an s-expression cor-
responding to an abstract syntax tree. The Turtle concrete
syntax is not built on top of an existing interchange format,
so it was sufficient to recognise a Turtle document in terms
of its grammar using a parser combinator approach alone.
In contrast, for RDF/XML, existing XML parsers were used,
but additional work was required to recognise the AST in
terms of RDF/XML. In fact, for RDF/XML, the “reader” was
based on SXML/SSAX [40], followed by a number of transfor-
mations using Nanopass. For N-Triples (a subset of Turtle),
the Turtle reader stage was used during initial testing for
compliance, with a more efficient reader implemented later
using many of the same parser combinators.

4.3 Processing of collections

RDF collections are ordered lists of objects, very similar to
linked lists. Both RDF/XML and Turtle have explicit support
for linked lists within the syntax, and processing was very
similar. The collection form is generative of blank nodes: each
list element has a blank node allocated, with an rdf:first
statement made between the blank node and the object, and
an rdf:rest statement made between the blank node and

®RORS PFFL: htps://github.com/ktakashi/rérs-pffi
"Hoot: Scheme on WebAssembly: https://spritely.institute/hoot/
8R’RS benchmarks: https://ecraven.github.io/r7rs-benchmarks/
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Table 2. Processing stages for Turtle shared with N-Triples
and RDF/XML

Processing stage Turtle N-Triple RDF/XML

Reader to s-expressions (%4 X X
Substitute core RDF datatypes v X X
Flatten blank node lists v X X
Flatten collections (linked lists) v X (4
Generative subject blocks v X X
Generative object blocks v X X
Skolemise blank nodes v v v
Flatten triple blocks v X v
Extract RDF graph (triples) v v v

the next blank node in the sequence, or a terminal rdf:nil
statement. Processing these interacts with other syntax-
specific forms, especially those which may also generate
blank nodes after processing. RDF/XML had few of these
forms, whereas Turtle had additional syntax for embedding
a list of predicate/object pairs corresponding to a generated
blank node.

4.4 Skolemisation

Skolemisation is the process of allocating a new, globally-
unique label to every blank node, to ensure that they remain
locally scoped to the document [20]. There is relatively little
to say about this transformation stage in isolation, because
the pass itself is compact, having been separated from other
passes which generate blank nodes from concrete syntax-
specific syntactic forms. Separating this stage from forms
which generated blank nodes was advantageous because it
was immediately reusable across the three concrete syntaxes,
regardless of whether they had many generative compo-
nents (Turtle), few (RDF/XML), or none at all (N-Triples). The
nanopass approach led to more terse transformation passes
for Turtle’s generative forms, with less pattern-matching.
That is, it is conjectured that separating skolemisation sup-
ported correctness, as it reduced the complexity of the other
passes.

4.5 Joining up the RDF/XML and Turtle pipelines

The library was initially developed around the Turtle con-
crete syntax, with the more efficient N-Triples implemen-
tation added later (smaller reader stage, unneeded Turtle
processing passes omitted). In contrast, RDF/XML was im-
plemented in two stages. First, passes were implemented
which recognised an XML document in terms of the RD-
F/XML grammar [25]. Each test case in the W3C test suite
was tested against this to reveal programming errors as each
pass was implemented. Second, passes were developed which
transformed the resulting syntax tree into one of the Turtle
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(define-language TTLinitial
(terminals
(literal (lit)) (blank-node (bn)) (iri (ident))
(reference (ref)) (local-reference (reflL)))
(entry TurtleDoc)
(Ident/PN (ident/pn)
ident (prefixed-name ref reflL))
(Literal (dl)
(declare-literal ref ident/pn))
(Subject (s) ident/pn bn bns 1st)
(Predicate (p) ident/pn)
(Object (o) ident/pn bn 1lit dl bns 1lst)
(BlankNodeList (bns)
(declare-anonymous-list (p os) ...))
(ObjectList (os) o (o ...))
(Collection (lst) (collection o ...))
(Directive (dp)
(declare-prefix ref ident)
(declare-base-prefix ident))
(Triples (trs)

(declare-triples s (p os) ...))
(Statement (stmt) dp trs)
(TurtleDoc (stmts) (stmtx ...)))

Figure 2. Example 1: Initial Turtle document language

intermediate representations. This intermediate represen-
tation was equivalent to triple blocks with collections (see
row 4 of table 2), i.e. collections to be expanded, followed
by skolemisation of the entire document. A complete sum-
mary of the processing steps implemented for Turtle, and
where they were reused by N-Triples and RDF/XML, is given
in table 2.

It was observed that without additional work, around 3/4
of the RDF/XML cases with a testable result passed, which
supports the viability of this approach. Beyond bug-fixes in
treatment of relative IRIs, the main modification necessary
was to support RDF/XML’s reification of collections.

5 Nanopass usage examples

Example 1 (fig. 2) is an initial language corresponding
closely to the Turtle grammar ([9]). The reader module for
Turtle produces s-expressions which are then parsed by the
Nanopass framework into this language form. There is a
distinct terminal for IRIs, and a production prefixed-name
which is expanded to an IRI as the transformation proceeds.
Similarly, literals may include unexpanded prefixed names,
there is a terminal declare-1literal indicating expansion.

Example 2 (fig. 3) defines a language which eliminates
prefix declarations and use of prefixed names within the
document body. The associated transformation pass (omitted
for brevity) expands these prefixed names into the full IRI.
Prefixed names can also be used within literal datatype IRIs,
and these are transformed into a literal record type proper.

The intermediate representation in example 2 (fig. 3) elim-
inated prefix declarations, meaning that the Statement pro-
duction is redundant, now that it includes only triple blocks.
This example defines an intermediate representation where

Duncan Guthrie, Paul Harvey, and Michele Sevegnani

(define-language TTLdatatypes

(extends TTLinitial)
(terminals

(- (reference (ref)))

(- (local-reference (reflL))))
(Ident/PN (ident/pn)

(- ident)

(- (prefixed-name ref reflL)))
(Literal (dl)

(- (declare-literal ref ident/pn)))
(Subject (s)

(- ident/pn)

(+ ident))
(Predicate (p)

(- ident/pn)

(+ ident))
(Object (o)

(- ident/pn)

(- dD)

(+ ident))
(Directive (dp)

(- (declare-prefix ref ident))

(- (declare-base-prefix ident)))
(Statement (stmt)

(= dp)))

Figure 3. Example 2: Language eliminating Turtle prefixes

(define-language TTLunwrapped
(extends TTLdatatypes)
(Statement (stmt)

(- trs))
(TurtleDoc (stmts)
(- (stmt*x ...))
(+ (trs ...))))

(define-pass unwrap
: TTLdatatypes (stmts) -> TTLunwrapped ()
(Statement : Statement (stmt) -> Triples ())
(TurtleDoc : TurtleDoc (stmts) -> TurtleDoc ()))

Figure 4. Example 3: Code generation to eliminate redun-
dant statements

all statements are replaced by triple blocks, and a pass which
leverages the meta-framework’s code generation to generate
transformers.

Example 4 (fig. 5) shows how skolemisation occurs. A mu-
table hashtable is set up which records mappings of old labels
to newly-allocated nodes, with a current count recorded as
a boxed integer (integer with single mutable state).

Example 5 (fig. 6) shows how two very similar interme-
diate languages are joined up. In this case, the main differ-
ence between these was that RDF/XML documents had a
root node which consisted of semi-final collections of triples
grouped by subject. This pass likely could be made more
terse: note in the Triples transformer, the input language
term represent predicate/object pairs by a dedicated produc-
tion (corresponding to (p o) in the grammar), whereas the
output language term has (p o) explicitly, with no dedicated
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(define-language TTLskolemised
(extends TTLexplicit-objects)
(terminals (- (blank-node (bn))))

(Subject (s) (- bn))
(Object (o) (- bn)))

(define (skolem-increment! sk)
(let (Lval (unbox sk)1)
(set-box! sk (+ val 1))
(make-new-blank-node
(format "genid~a" val))))

(define (compare-skolem! bn sk mappings)
(let ([Lold-lab (blank-node-label bn)1)
(or (hashtable-ref mappings old-lab #f)
(let ([Lnew-bn (skolem-increment! sk)])
(hashtable-set! mappings old-lab new-bn)
new-bn))))

(define-pass skolemise-explicit
TTLexplicit-objects (stmts sk mapping)
-> TTLskolemised ()

(Subject Subject (s) -> Subject ()
[,bn (compare-skolem! bn sk mapping)]
[else ~,s])

(Object Object (o) -> Object ()

[,bn (compare-skolem! bn sk mapping)]
[else ~,01))

Figure 5. Example 4: Skolemisation

(define-pass emit-common
RDF+XMLprop-triples (top) -> TTLflat-objects ()
(split-p+o Pred+0bj (p*to) -> * (obj)
[C,p ,0) (values p o)1)
(Subject Subject (s) -> Subject ())
(Predicate Predicate (p) -> Predicate ())
(Object Object (o) -> Object ())
(Collection Collection (1lst) -> Collection ())
(Triples Triples (trs) -> Triples ()
[(declare-triples ,s ,p+ox ...)
(let loop ([pool p+ox] [ps '()] Los 'O
(match pool
Lo
“(declare-triples ,(Subject s)
(,ps ,0s) ...)]
[(cons head tail)
(call-with-values
(lambda () (split-p+o head))
(lambda (p o)
(loop tail
(cons (Predicate p) ps)
(cons (Object o) o0s))))I))D)
(Top : Top (top) -> TurtleDoc ()
[(*TRIPLES* ,trs ...)
“(,(map Triples trs) ...)1))

Figure 6. Example 5: Joining up RDF/XML and Turtle

production. Note how this pass is otherwise automatically
generating transformers from identical terms like Subject.

Example 6 (fig. 7) shows how passes are reused in dif-
ferent processing pipelines. The first procedure processes
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(define (process-TTL xs default-base)
(let ([skolem-count (box @)1)
(chain xs
(substitute-datatypes _ default-base)
(unwrap-statements _)
(flatten-objects _)
(flatten-blank-node-lists _)
(flatten-linked-lists _ skolem-count)

(flatten-collections _ skolem-count)
(flatten-implicit-subjects _ skolem-count)
(flatten-implicit-objects _ skolem-count)

(flatten-explicit _ skolem-count)
(flatten-triple-blocks _))))

(define (process-XML-as-TTL xs)
(let ([skolem-count (box @)1)
(chain xs

(flatten-linked-lists _ skolem-count)
(skolemise-implicit-subjects _ skolem-count)
(skolemise-implicit-objects _ skolem-count)
(skolemise-explicit _ skolem-count)
(flatten-triple-blocks _))))

Figure 7. Example 6: Turtle and RDF/XML modular pipelines
of passes

a Turtle document after parsing to a Nanopass intermedi-
ate representation. The second procedure processes an RD-
F/XML document immediately after transformation in the
previous example (fig. 6). For RDF/XML, the main portions
reused are the flattening of collections, and skolemisation
of the whole document (first and fourth stages). The trans-
formations in the remaining stages largely do not trigger,
and simpler passes could be defined instead. Construction
of these pipelines’ does not use the Nanopass DSL at all,
as transformation passes become Scheme procedures after
definition.

6 Compliance with W3C standards

To ensure that this library generates conformant RDF graphs
from input documents, procedures for each concrete syntax
were tested directly against public W3C test suites.

The W3C standards define for each concrete syntax test
suites which every compliant implementation must pass.
These suites test that processing some RDF document pro-
duces an RDF graph which is isomorphic to a testable result!’.
Isomorphism with respect to blank nodes is necessary be-
cause the label verbatim on blank nodes is not meaningful
and is an artefact of the serialisation. The result is given as
an N-Triples document, which of the standard RDF concrete
syntaxes requires the least processing (an RDF graph being
a set of triples).

Additionally, test cases for model theory semantics (namely
entailment) have a testable result or indicate non-entailment.
Testing is similar to that of concrete syntaxes, but entailment

9SRFI 197 chain is like Elixir, F#, R’s |> pipeline operator.
10RDF Test Suites: https://www.w3.0rg/2011/rdf-wg/wiki/RDF_Test_Suites


https://srfi.schemers.org/srfi-197/
https://www.w3.org/2011/rdf-wg/wiki/RDF_Test_Suites

Conference’17, July 2017, Washington, DC, USA

procedures are used instead, and entailment may be with
respect to a set of allowed datatypes.

Testing was bootstrapped from the Guile-RDF library, us-
ing a script which processed a given test suite’s RDF metadata
into Scheme syntax. This syntax was loaded and run directly
by the new tooling. Later, this script was rewritten for Chez,
and the test syntax regenerated.

The new tooling is compliant with the following test
suites:

e RDF 1.1 RDF/XML syntax tests!!

e RDF 1.1 Turtle tests'?

e RDF 1.1 N-Triples tests'®

e RDF 1.1 Schema and semantics tests'*

7 Strengths and limitations of the nanopass
approach

One of the strengths of the meta-framework embedded in a
modern Scheme system was leveraging meta-programming
to hide (extensive) code generation behind a domain-specific
language, while integrating with the wider Scheme environ-
ment. This DSL interface let us incrementally, and tersely,
define languages as extensions of one another. As described
in section 4.5, RDF/XML support was added by employing
nanopass to recognise an XML document in terms of RD-
F/XML, followed by processing steps which eventually joined
up with those of Turtle, eliciting an RDF graph. Similar to
how RDF/XML is built on top of XML, it is not difficult to
imagine a similar approach to our RDF/XML implementation
going further, letting us define additional layers of languages
based on the RDF standards, like ShEx or RDF-Star.

While the meta-framework allowed us to omit a lot of
boilerplate we would have had to write manually, certain pat-
terns repeatedly arose which were beyond the meta-framework.
Most commonly, these were procedures which transformed
syntax belonging to a single intermediate representation,
but were used within passes which transformed from one
to another. This meant we could not rely on the DSL within
that pass, and had to manually invoke the internal macros
nanopass-case and with-output-language. Another pat-
tern was keeping track of state (e.g. expansion of RDF/XML
rdf:1i collection elements). Although the meta-framework
does support passing arguments around implicitly termed
catamorphism syntax), we did not employ it, and typically
used boxed values with shared mutable state.

HRDF/XML Syntax tests: https://w3c.github.io/rdf-tests/rdf/rdf11/rdf-xml/
index.html

2Turtle tests: https://w3c.github.io/rdf-tests/rdf/rdf11/rdf-turtle/index.
html

I3N-Triples tests: https://w3c.github.io/rdf-tests/rdf/rdf11/rdf-n-triples/
index.html

14RDF Schema and Semantics tests: https://w3c.github.io/rdf-tests/rdf/rdf11/
rdf-mt/index.html
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Speaking more generally about the applicability of the
approach, we found that the transformations correspond-
ing to the most declarative parts of different RDF syntaxes
tended to be the most terse. For example, in Turtle, certain
syntactic forms depend on positional information and state,
such as skolemisation of blank nodes and expansion of pre-
fixed names. Passes focused on a single syntactic transforma-
tion, between two distinct intermediate representations were
a) the most terse; and b) had the fewest programming er-
rors. In our experience, intermediate representations which
made the fewest, most specific changes tended to require
less complex business logic: we were less likely to write
non-exhaustive pattern-matching clauses and we relied on
mutable state the least.

More specifically, we found that transformations work-
ing within a single intermediate representation were most
error-prone, because they were more likely to preserve syn-
tactic forms which we were aiming to eliminate. In contrast,
transformations to a different representation, which elimi-
nated a particular syntactic form, forced the meta-framework
to raise an error at runtime if obsolete syntax were still
present. For example, we originally wrote a pass which elim-
inated collections, which transformed from a representa-
tion TTLflat-objects to the same TTLflat-objects. We
rewrote the pass to output TTLno-collections, which mod-
ified TTLflat-objects to eliminate collections entirely. While
we have just described working within a meta-framework,
we expect that a similar pattern would appear in other meta-
frameworks and nanopass approaches, because it seems to
arise from the general nanopass approach of numerous inter-
mediaries and transformers. Indeed, after implementing the
RDF/XML concrete syntax, and testing with more complex
Turtle documents, we rewrote many of the Turtle transforma-
tion passes, eliminating the errors we found during testing.

8 Performance
8.1 Test setup

Processing of RDF documents is a pipeline made up a num-
ber of transformation passes (see table 2). The aim was to
measure the time for each component pass, as well as pro-
cessing the entire document. Hardware used was an Apple
M4 Macbook Air (MacOS 26.3.2) with 16GB of LPDDR5X-
7500 memory, and 4 performance cores and 6 efficiency cores,
and 512GB of storage. Chez Scheme’s statistics procedure
was used to get the current CPU time. For a given transforma-
tion pass, a wrapper procedure sampled using statistics
information about the system immediately before, and after,
running. This produced a series of pre-/post-stage times for
each stage in a processing pipeline. Processing of each RDF
document was performed ten times, for both an RDF/XML
representation and an equivalent RDF/Turtle representation,
conversion between which was using the Redland rapper
command-line tool. A pause of 500ms between each run was
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Table 3. RDF/XML processing time (mean CPU time, milliseconds)

Stage MarineTLO | MarineTLO (SD) | PROV | PROV (SD) | KM4City | KM4City (SD)
reader to AST 3.0854 0.1019 1.9179 0.2282 20.7688 1.5726
eliminate XML PI/comments 0.1025 0.0836 0.0488 0.0044 0.7813 0.5338
recognise RDF/XML AST top 0.0059 0.001 0.0014 4e-04 0.0328 0.0068
recognise attributes (1) 0.0585 0.0033 0.0482 0.0039 0.8275 0.67
recognise attributes (2) 5.6672 0.2783 2.2963 0.3936 32.713 4.1771
recognise properties 0.0533 0.0051 0.0457 0.0055 0.7178 0.4465
recognise nodes 0.1105 0.1116 0.0663 0.0048 0.7374 0.5376
expand attributes 0.0781 0.0063 0.074 0.0343 0.9123 0.2934
expand nodes 4.1922 3.4207 1.0589 0.0928 22.4232 4.0819
count rdf:li elements 0.0306 0.0034 0.0257 0.0027 0.2417 0.0769
process properties 10.9024 0.6899 9.5455 3.5997 239.4893 | 22.5401
Turtle-like representation 0.0293 0.002 0.0377 | 0.0064 0.2522 0.0851
flatten collections 0.5602 0.2285 0.3945 0.0361 3.5415 0.3317
skolemise anon. lists (subject; skipped) | 0.4774 0.0202 0.3824 | 0.0228 3.3875 0.1346
skolemise anon. lists (object; skipped) | 0.5029 0.0706 0.3983 | 0.0773 3.7126 0.8006
skolemise whole document 0.0597 0.0038 0.0838 0.0249 0.5608 0.1562
flatten triple blocks (skipped) 0.8043 0.0723 0.8058 | 0.1475 5.2146 0.1228
total 26.7204 3.8435 17.2313 | 4.1704 336.3142 20.4351
Table 4. Turtle processing (mean CPU time, milliseconds)
Stage MarineTLO | MarineTLO (SD) | PROV | PROV (SD) | KM4City | KM4City (SD)
reader to AST 48.1319 4.7299 30.4262 | 4.4713 171.7223 10.4283
substitute datatypes 13.091 0.2488 13.0545 | 0.2073 58.8438 1.6068
eliminate prefixes 0.0381 0.0053 0.0665 0.0095 0.268 0.0857
flatten comma-separated objects (1) | 0.014 8e-04 0.036 0.0298 0.0977 0.0035
flatten comma-separated objects (2) | 0.0158 8e-04 0.0346 0.024 0.1059 0.0421
flatten collections 0.0469 0.0018 0.096 0.0248 0.3641 0.0885
skolemise anon. lists (subject) 0.0664 0.06 0.0834 0.0021 0.4218 0.2894
skolemise anon. lists (object) 0.0455 0.0022 0.0812 | 0.0027 0.3817 0.0995
skolemise whole document 0.0514 0.0377 0.04438 0.0027 0.1391 0.0957
flatten grouped triple blocks 0.285 0.0258 0.4075 | 0.0022 2.2833 0.8163
total 61.7862 4.8356 44.3307 | 4.4267 234.6277 9.3964

Table 5. Guile-RDF Turtle processing (mean CPU time, milliseconds)

MarineTLO

MarineTLO (SD)

PROV

PROV (SD)

KM4City

KM4City (SD)

95.4806

11.541

75.8937

10.0559

257.4466

15.3873

taken. The fotal run was the aggregated time for each stage
to run. Mean values were taken, then rounded to four dec-
imal places and summarised in table 4 and table 3. Table 5
additionally summarises the equivalent of this test setup
for Guile-RDF, albeit limited to the total time for a given
document transformation.

Test data selected are from the following sources:

e The MarineTLO ontology [56]: 1243 triples
e The PROV-O ontology [10]: 1817 triples
e The KM4City ontology [11]: 8015 triples

8.2 Test data

Test data were selected because OWL’s RDF/XML serialisa-
tion makes use of RDF collections'®. The rapper conversion

to the Turtle syntax makes use of blank node lists, and col-
lections are expressed using the collection syntax (rather
than explicit first/rest statements), so that the Turtle file
is readable and terse. The assumption is that this is a realis-
tic test of the various Nanopass-based transformations, and
that these are comparable in size to many real-world RDF
documents.

8.3 Test results

Mean timings, rounded to four decimal places, as well as
associated standard deviation, are summarised in table 3
and table 4. Table 5 additionally gives the equivalent totals

5MarineTLO and KM4City were OWL/XML documents, and had to be
processed with the 1ibrdf command-line rapper tool, because the SSAX-
based parser to an XML AST tripped up on these files, which may be a
programming error in the SSAX implementation.
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for the Guile-RDF library, for Turtle (as Guile-RDF does not
implement RDF/XML). Of the totals, the new library was
around 1/3 faster than Guile-RDF for the two smaller test
files, and at least as fast for KM4City.

For the Turtle syntax, the majority of processing was in the
parser combinator based reader to a syntax tree, followed by
substituting datatypes, whereas for RDF/XML, the majority
of processing was in recognising attributes on XML nodes in
terms of RDF/XML, followed by expanding node elements,
and property elements. This was consistent across the three
documents.

We emphasise that a more direct, granular comparison
between our work and Guile-RDF cannot be made, because a)
Guile-RDF’s parsing and transformation steps are tightly in-
tegrated, effectively forming a single step; and b) adaptation
of Guile-RDF to a nanopass approach was infeasible, partly
impeded by lack of meta-frameworks (no port of Keep’s
Nanopass framework to Guile) at the time of writing.

This speedup may be unintuitive, as nanopass approaches
incur overhead during transformations over each intermedi-
ate representation. As discussed in section 7, the nanonpass
approach helped us write more maintainable transformation
passes, which we were able to optimise individually (modu-
larisation). There is independent evidence that the nanopass
approach does support writing performant code: the adap-
tion of Chez Scheme to Keep’s Nanopass framework did
increase overall speed [39] by up to 27%. Finally, it could be
attributed to the underlying Scheme implementation: in ex-
isting benchmarks of Scheme systems, Chez is consistently
one of the fastest Scheme systems, including faster than
Guile!®. However, we also refer readers to our discussion
immediately above of factors impeding direct comparison.

9 Conclusion and future work

To overcome the challenges of an inconsistent and frag-
mented landscape of RDF library implementations, this work
demonstrated that a nanopass architecture is well-suited to
processing RDF concrete syntaxes. To the best of our knowl-
edge, this work contributes the first implementation of RDF
1.1 based on a nanopass architecture, and the first single
compliant implementation of the RDF/XML, Turtle and N-
Triples concrete syntaxes for Scheme. This work showed
that despite having a wildly different external, concrete rep-
resentation, the RDF/XML processor could reuse significant
portions (namely flattening of collections, and skolemisation)
of that developed for Turtle. This was facilitated directly by
the nanopass approach, which effectively modularised these,
allowing them to be reused in isolation. Furthermore, the
library demonstrates adequate performance for real-world
ontologies, demonstrating an extensible and performant ap-
proach.

16R7RS benchmarks: https://ecraven.github.io/r7rs-benchmarks/
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The library is open source software[28, 29] and it is antic-
ipated that both the RFC 3986/3987 implementation and the
RDF library itself would be a good fit for the community SRFI
process'’, given the persistent interest from the Scheme com-
munity in RDF to date. This would also be an opportunity to
review existing work’s application programming interface,
for example by using a data structure representing a true or-
dered set of RDF triples [19], or a language tag programming
interface!®.

There appear to be similarities between certain process-
ing stages and attribute grammars (as suggested by Ringo
et al. [45]), e.g. recognition of RDF/XML grammar elements;
passing up blank node counts during skolemisation. At-
tribute grammars might reduce boilerplate and reliance on
mutable state. Another underlying pattern was that RD-
F/XML transformation passes mirrored the XML events in
its specification, whereas the RDF/XML reader recognised
RDF/XML grammar elements alone. It is feasible that XML
event-based parsers could be expressible using a nanopass
approach.

This library is compliant with the W3C standards but more
exhaustive, deeply nested test data, or a fuzzing approach,
would be productive. An alternative approach to finding or
generating larger test data might be to show correctness of
passes, both individually or in aggregate. This is a theme
of some of the other work around nanopass compilers [22].
Finally, future work could support additional concrete syn-
taxes, such as JSON-LD and Notation3, as well as the up-
coming RDF 1.2 standard, or non-standard extensions like
generalised RDF triples, or RDF-Star.
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