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Abstract
This paper addresses the dichotomy between the
formalization of structural and the formalization
of executable behavioral knowledge by means of
semantically lifted programs, which explore an in-
tuitive connection between imperative programs
and knowledge graphs. While knowledge graphs
and ontologies are eminently useful to represent
formal knowledge about a system’s individuals and
universals, programming languages are designed to
describe the system’s evolution. To address this
dichotomy, we introduce a semantic lifting of the
program states of an executing progam into a know-
ledge graph, for an object-oriented programming
language. The resulting graph is exposed as a se-

mantic reflection layer within the programming lan-
guage, allowing programmers to leverage knowledge
of the application domain in their programs during
execution. In this paper, we formalize semantic
lifting and semantic reflection for a small imper-
ative programming language, SMOL, explain the
operational aspects of the language, and consider
type correctness and virtualization for runtime pro-
gram queries through the semantic reflection layer.
We illustrate semantic lifting and semantic reflec-
tion through a case study of geological modeling
and discuss different applications of the technique.
The language implementation is open source and
available online.
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1 Introduction7

There is a dichotomy between the formalization of structural and the formalization of behavioral8

knowledge, which can be expressed through knowledge graphs and programming languages, re-9

spectively. We address this dichotomy by introducing a semantic lifting from program states to10

description logic (DL) ontologies that enables imperative programs to exploit a semantic view11

of their own state during execution. This way, structural knowledge can be used from within12

behavioral knowledge.13
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3:2 Semantically Reflected Programs

Knowledge graphs and ontologies are eminently useful representations of formal knowledge14

about the individuals and universals of systems. Among others, they give us decidable reasoning,15

easy avenues for negotiating domain knowledge with non-technical stakeholders, ‘native’ ways of16

integrating information sources, and, not least, a wealth of well established standards. However,17

they are less suitable for the representation of change, and in particular dynamic behavior.18

Although concepts of change have been investigated ontologically [75, 76], and time stamped19

sensor readings can be represented in RDF [31], the essence of state change remains external to20

description logic-based knowledge representation, and how states change is not readily expressed.21

In contrast, programming languages are specifically designed to describe behavior, i.e., the22

evolution of systems. The most common use of programming languages is to specify programs to23

be executed, but the use of programming languages for behavioral modeling for simulation and24

analysis is also well established [2,37]. In fact, the object-oriented programming paradigm emerged25

from discrete event simulation languages as a more natural way of representing the interaction26

between different entities [14]. However, the systems specified by programming languages are rarely27

pure models, but contain additional implementation-driven structure that interferes with domain28

modeling and may even become the dominant view of a system, especially when independently29

developed models need to be integrated.30

It is natural to ask for a formalism that combines the advantages of semantic technologies for31

the representation of states with the elegance and maturity of programming languages to describe32

the execution and evolution of states. Different approaches have been proposed that attempt33

such a combination. For example, one can try to express program behavior in terms of actions34

on a description logic interpretation [77] or a DL ontology [9]. A recent approach [19, 20] has35

combined a guarded command language with DL reasoning to enable probabilistic model checking36

over the combination. A combination of RDF and rewriting theories in Maude has also been37

investigated [16,74]. These approaches are all quite far from current state-of-the-art programming38

paradigms, and come with their own set of technical challenges. Other approaches, such as39

Owlready [53] or libraries operating directly on the OWL metamodel such as the OWL-API [35],40

give up the separation of concerns between ontological modeling and data modeling, a problem41

known as the semantic gap or impedance mismatch [3,13,43]. The semantic gap leads to a lack of42

tool support and prohibits the use of patterns aiming at code reuse and behavior in the program43

directly.44

While processes and other kinds of behavior can be described by ontologies [32], they follow45

different patterns and aims than programs, which describe executable behavior and are thus46

concerned with code reuse. For example, behavioral subtyping [58] is a crucial pattern that47

expresses that from the perspective of a caller, the contract of a method m in a class C has also48

to hold for m in all subclasses of C. This pattern is not decidable (as it compares two Turing49

complete methods), and is not useful in a purely conceptual setting where execution and code50

reuse are not present or are not presented.51

We propose a connection between programs and knowledge graphs that integrates both kinds52

of knowledge: we develop a semantic lifting that maps from program states in an object-oriented53

programming language to an RDF graph, including the running program’s objects, fields, and call54

stack. Abstraction is supported in the mapping by integrating computations in the lifting process,55

thereby allowing, e.g., implementation-specific structure to be ignored by the mapping. The RDF56

graph can be exposed within the programming language, which adds a semantic reflection layer57

to programs. This reflection layer enables semantic programming where the semantic view of the58

state can be exploited by the program; in particular, formalized knowledge of the application59

domain can be used within the program by querying for objects using domain knowledge.60

In this paper, we focus on the essence of semantic lifting and semantic reflection: the paper61
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formalizes semantic lifting of object-oriented program states and semantic reflection for a small62

programming language SMOL (short for Semantic Micro Object Language) and explains both the63

operational aspects of the language and the mapping between states and RDF graphs; further, we64

discuss type correctness and virtualization for queries on semantically lifted program states from65

within the programs. An important aspect of this work lies in the intricate relationship between66

object-oriented typing, and class membership and subclassing in RDF(s).67

Contributions68

This paper, which builds on work published at ESWC [44], reports on a strand of research on69

semantically lifted programs. Compared to the previous paper, this paper features a reworked70

presentation of SMOL based on our experiences with several case studies and applications —71

including the removal of features that proved to be less useful in practice.72

This paper includes the following technical improvements to semantic lifting and semantic73

reflection, compared to the original publications on semantic lifting [44] and its type system [46]:74

1. a new semantic pointer mechanism that explicitly connects the program knowledge graph with75

a domain knowledge graph;76

2. The ontology of the lifting has been remodeled, compared to the previous work [44];77

3. a full formalization of the type system, including a new result that shows that all reachable78

states are semantically lifted to consistent knowledge graphs; and79

4. a discussion of the virtualization of semantically lifted program states.80

We furthermore discuss several published case studies and applications of semantic lifting outside81

the SMOL language.82

Paper Overview83

Section 2 gives a general overview of semantic lifting and reflection by means of a motivating84

example. Section 3 introduces SMOL, a small object-oriented language and Section 4 details its85

semantic lifting mechanism. Section 5 explains semantic reflection in SMOL and type safety for86

queries through the semantic reflection layer. We discuss the implementation of SMOL and describe87

how our work with applications influenced the language design in Section 6. Related work is88

reviewed in Section 7 and Section 8 concludes the paper.89

A Note on Notation90

We assume a general familiarity with the standard Semantic Web stack of RDF, OWL, SPARQL91

and SHACL; for an introduction, see, e.g., Hitzler et al. [34] and the online documentation.192

Some notions, most prominently “class” and “object”, denote different entities in program93

semantics and knowledge representation. In cases where the exact meaning is not clear from the94

immediate context, we use “concept”, “individual” and “node” for the knowledge representation95

entities and “class”, “instance” and “runtime object” for the program semantics entities.96

In this paper, we use DL syntax for axioms in the program semantics and RDF Turtle syntax97

in examples. Given a SPARQL query Q, an entailment regime er and an knowledge graph K,98

the function Anser(K, Q) returns the result set, Sha(K, shacl) returns a Boolean depending on99

whether K conforms to the SHACL shape shacl, and Mem(K, owl) returns all members of the100

OWL concept owl in K. Query containment for queries Q1 and Q2 under an entailment regime er101

and a knowledge graph K is denoted Q1 ⊆K
er Q2.102

1 https://www.w3.org/TR/rdf11-primer/
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2 Motivating Example103

We introduce the techniques of semantic lifting and semantic reflection through a motivating104

example to illustrate how these techniques allow us to combine domain knowledge for static105

modeling and programming for dynamic modeling. We consider an example based on a simulator106

for geological processes, developed in SMOL by Yu et al. [70], to show how complex domain107

knowledge expressed in an ontology can be integrated into a program.108

Let us implement a program that simulates geological processes in a system that captures the109

deposition and erosion of geological layers in petroleum geoscience, as well as the transformation of110

organic matter inside these layers to petroleum. The program needs to access domain knowledge111

about conditions that trigger such transformations in order to perform a meaningful simulation.112

Whereas Yu et al. [70] considered a realistic ontology for this domain, our ontology will be simplified113

to focus on the interactions between the program and the ontology.114

A petroleum system in the energy industry describes the different entities that relate to115

hydrocarbon production and storage [66]. We focus on the physical-geological components and116

processes that are involved in the formation of hydrocarbon accumulation, which can be separated117

into three classes: physical-geological components, the different geological layers and their types118

of rocks and properties; thermal transformations, the processes describing transformation and119

accumulation of hydrocarbons within these layers; and compaction, the change of physical properties120

in the rock during its burial. We consider stacks of layers; i.e., the geological layers are layered121

upon each other.122

We distinguish between source rock, that can generate petroleum, and reservoir rock, that123

can store it. Each layer has one type of homogeneous rock as material, where we model shale,124

limestone, and sandstone. In our model, each layer of rock has homogeneous rock properties such125

as grain size, porosity, and permeability.126

Given a description of the state of a geological system, different geological processes can affect127

the layers. Let us consider cooking, which transforms kerogen in a source rock into petroleum.128

Kerogen refers to a collection of large and complex, insoluble molecules that are dehydrated from129

fresh organic matter after burial and compaction by overlying at least 100 m sediments [4].130

Temperature plays a key role during kerogen’s thermal transformation, although other factors131

such as pressure, time, and mineral type also play a role. We concentrate on the North Sea and132

the Norwegian Sea, where the general gradient is about 30 ◦C increase in temperature for each133

kilometer depth [4, 61]. Cooking of oil starts at 60 ◦C [4].134

The static models, i.e., knowledge graphs and ontologies, are used to model the structure of135

the domain and the current state of the geological layers. The dynamic models, i.e., programs,136

are used to describe the processes that transfer the system between states. At their interaction,137

we must be able to interpret the program state in the static model and retrieve information from138

it to determine the triggering layers for the processes.139

2.1 An Ontology for the Static Model140

The concepts of layers, their properties and their relation to each other can be described in an141

ontology. The ontology does not describe processes, but rather describes triggers: A layer is a142

trigger if it fulfills the conditions to trigger some geological process. For example, a layer is a143

cooking trigger, if it (a) contains uncooked kerogen, (b) is below a certain minimal depth and (c)144

is above a certain maximal depth.145

The basic geological notions that we need for our simulator are organic matter, rocks and146

layers. Organic matter is kerogen, oil or gas. These notions are represented as follows.147
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OWL
1 domain:Oil SubClassOf domain:OrganicMatter
2 domain:Gas SubClassOf domain:OrganicMatter
3 domain:Kerogen SubClassOf domain:OrganicMatter

148

We here focus on two types of rocks, shale and sandstone, among the different rocks and layers.149

A layer consists of one kind of rock and may contain organic matter. We model stratigraphic150

layers that are stacked on each other.151

OWL
1 domain:SiliciclasticRock SubClassOf domain:Rock
2 domain:Shale SubClassOf domain:SiliciclasticRock
3 domain:Sandstone SubClassOf domain:SiliciclasticRock
4 domain:StratigraphicLayer SubClassOf domain:constitutedBy exactly 1 domain:Rock
5 domain:StratigraphicLayer SubClassOf
6 domain:constitutedBy only domain:SiliciclasticRock

152

In addition to the geological notions, we model triggers. A trigger is a stratigraphic layer that153

enables some process. We focus on the trigger for the cooking process here; in general, any layer can154

be in a state that triggers a process. Thus, a trigger is a layer, expressed using the following axiom:155

OWL
1 domain:Trigger SubClassOf domain:StratigraphicLayer

156

A layer can trigger the cooking process if it contains kerogen and is below 2000 m depth but157

above 5000 m. We do not describe the cooking process itself, i.e., what happens to the kerogen158

during or after cooking, in the ontology.159

OWL
1 domain:CookingTrigger EquivalentTo domain:Trigger
2 and (domain:constitutedBy some (domain:contains some domain:Kerogen))
3 and (domain:depth some xsd:integer[≥ 2000, ≤ 5000])

160

2.2 A Program for the Dynamic Model161

The SMOL program uses the ontology developed in Section 2.1 to simulate geological process. The162

program’s input is a geological scenario, which is a sequence of deposition and erosion events, and163

its output is the final state of the system. The program’s internal structure mirrors the structure164

of the domain, so its central data structure is a stack of geological layer objects.165

Observe that these geological layers play a dual role as both computational and domain-166

specific artifacts [41]. On one hand, they implement behavior like migration of hydrocarbons or167

perform computations like their current depth. On the other hand, they relate to the domain168

knowledge encoded in the above axioms. Let us first examine the classes in Figure 1. They model169

generic geological layers as class GeoLayer, with a state that includes a given thickness, depth and170

neighboring layers, and methods to manipulate the state. The Bedrock class describes the lowest171

layer of rock that we consider in our scenarios. The Shale class specializes GeoLayer to a layer172

that contains only shale. This class has a field kerogen that contains the status of kerogen within173

the modeled layer. If this field has value 1 or 2, the layer contains kerogen, if the field has value 0,174

the layer has no kerogen, if the field has any other value, the layer contains overcooked kerogen.175

Let us now examine the semantic lifting of a Shale object, for the moment ignoring the links176

clause, and the domain and hidden modifiers of the class definition (see Figure 1). For this example,177

TGDK
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SMOL
1 abstract class GeoLayer(domain Int thickness, domain depth,
2 hidden GeoLayer above, hidden GeoLayer below)
3 Unit update()
4 Int res = 0;
5 if(this.above != null) then
6 res = this.above.depth + this.above.thickness;
7 end
8 this.depth = res;
9 end

10 Boolean canPropagate() return False; end
11 Unit migrate() skip; end
12 end
13

14 class Bedrock extends GeoLayer() end
15

16 class Shale extends GeoLayer(hidden Int kerogen)
17 links(this.kerogen == 1 || this.kerogen == 2)
18 "a domain:Stratigraphic_Layer;
19 domain:constitutedBy [a domain:Shale];
20 domain:constitutedBy [domain:contains [a domain:Kerogen]].";
21 links "a domain:Stratigraphic_Layer;
22 domain:constitutedBy [a domain:Shale].";
23 Unit cook() this.kerogen = this.kerogen +1; end
24 end

Figure 1 Geological layers in the simulator.

we consider an object created with the following statements.178

SMOL
1 Bedrock bed =
2 new Bedrock(/∗thickness:∗/100, /∗depth:∗/100, /∗above:∗/null, /∗below:∗/null);
3 Shale sh =
4 new Shale(/∗kerogen:∗/1,/∗thickness:∗/100,/∗depth:∗/0,/∗above:∗/null,/∗below:∗/bed);
5 bed.above = sh;

179

Figure 2 shows an excerpt of the resulting semantic lifting (ignoring the modifiers and special180

clauses, and the class table). It is a serialization in RDF, outlined for a node run:obj1 for the181

shale object and a node run:obj2 for the bedrock object.182

Observe that the semantic lifting of objects, without any connection to the domain ontology,183

is already useful. For example, we can use SHACL to formulate the restriction that (a) there is184

only one object acting as bedrock and (b) a bedrock object is the lowest one. In other words,185

semantic technologies can be used as a specification language for object-oriented programs, with186

built-in support for logical inference. Reflective features have been explored in object-oriented187

programming languages such as CLOS, Java and Smalltalk [8, 50], to support, e.g., introspection188

by implementing methods that reveal structural aspects of the program such as the class of a189

given object. Semantic lifting also enables introspection, but it happens outside of the runtime190

system: we can use SPARQL to retrieve objects that satisfy particular logical properties, without191

the need to manually traverse the state using a debugger. We refer to this way of using the lifted192

state, which is external to the program semantics, as semantic state access.193
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RDF
1 prog:GeoLayer a owl:Class;
2 prog:Shale owl:subClassOf prog:GeoLayer.
3 prog:Bedrock owl:subClassOf prog:GeoLayer.
4 run:obj1 a prog:Shale;
5 prog:kerogen 1; prog:thickness 100; prog:depth 0;
6 prog:above smol:null; prog:below run:obj2.
7 run:obj2 a prog:Bedrock;
8 prog:thickness 100; prog:depth 100;
9 prog:above run:obj1; prog:below smol:null.

Figure 2 Excerpt of the lifting without modifiers and linking clause.

RDF
1 prog:GeoLayer a owl:Class;
2 prog:Shale owl:subClassOf prog:GeoLayer.
3 prog:Bedrock owl:subClassOf prog:GeoLayer.
4 run:obj1 a prog:Shale; smol:links run:l1.
5 run:l1 domain:thickness 100; domain:depth 0;
6 a domain:Stratigraphic_Layer; domain:constitutedBy [a domain:Shale];
7 domain:constitutedBy [domain:contains [a domain:Kerogen]].

Figure 3 Excerpt of the lifting with modifiers and linking clause.

The Shale object is lifted as a node of class prog:Shale. This class is not part of the domain194

ontology. In fact, this node is not part of the geological domain at all: If it were, the node would195

have the properties of the domain:StratigraphicLayer class and be restricted by the axioms196

governing the domain ontology. Such a design would be problematic because this would restrict197

the program with constraints not concerned with computational structures and merge the domain198

model with the computational model.199

We want to preserve the separation of concerns between these two modeling paradigms, and200

instead link the lifted state to the domain. For each SMOL object, two nodes are generated: one rep-201

resenting the object itself (the above run:obj1) and one node representing an entity in the domain202

to which the object is linked. These two objects are connected using a special relation smol:links.203

Semantic lifting serializes the program state, and provides a way to specify how domain objects204

link to the program state. In the SMOL code of Figure 1, these are the modifiers and the links205

clause. The hidden modifiers prohibit a field from being lifted. This allows us to control the206

knowledge graph: As parts of the program that are unrelated to the operations to the lifted state207

are removed, the resulting graph is (a) smaller and (b) more focused. In contrast, the domain208

modifier moves information from the computational object to the linked domain node. In the209

example above, this will attach the edge lifting field depth not to the object run:obj1, but to its210

linked node.211

The links clause is a general way to annotate information to the linked object. The clause in212

the Shale class (see Figure 1) expresses that every node linked to the lifting of a Shale object is a213

stratigraphic layer constituted by shale. The class has two links clauses. The first is conditional —214

if the expression this.kerogen == 1 || this.kerogen == 2 evaluates to true, then the linked object215

contains kerogen, otherwise the unconditional clause is used and the linked object does not contain216

kerogen. This way, the semantic lifting precisely captures the meaning of the kerogen field in217

terms of the domain ontology. The above Shale object is, when these features are considered,218

TGDK
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SMOL
1 List<Shale> layers = member("<smol:links> some <domain:CookingTrigger>");
2 while(layers != null) do
3 Shale layer = layers.content;
4 layer.cook();
5 layers = layers.next;
6 end

Figure 4 Executing the cooking process.

lifted in the graph in Figure 3. Here, the object run:l1 is the linked object.219

Semantic state access can be used to exhibit the state. For example, the following query220

extracts all objects containing kerogen (more precisely, all SMOL objects that are linked to an OWL221

object that contains kerogen).222

SPARQL
1 SELECT ?x { ?x [smol:links [domain:contains [a domain:Kerogen]]}

223

Queries can be executed from within the program to reflect on the state. We refer to such224

queries as semantic reflection, because the domain ontology and the semantically lifted program225

state are directly used in the program. Consider the code in Figure 4, which queries for all Shale226

objects that are linked to a layer triggering the cooking process. In our work, we use semantic227

reflection to facilitate the following:228

A separation of concerns between the modeling of structure, such as layers, their properties229

and relations to each other, and the modeling of behavior, i.e., changes in these structures.230

A prevention of redundancy: the properties of the layers must not be expressed in both231

the program and the ontology. Instead, the ontology is used directly.232

A semantic view: The queries are expressed in the terminology of the domain, using standard233

semantic technologies accessible to domain experts.234

3 SMOL: An Object-Oriented Language with Semantic Lifting235

This section introduces semantic lifting by defining a programming language and its runtime236

semantics, allowing us to formalize the mapping from program state to knowledge graph and detail237

the consequences of this mechanism for programming language design. As mainstream object-238

oriented languages, such as Java, are unnecessarily complex to present their complete and formal239

runtime semantics here, we do so by introducing SMOL (short for Semantic Micro Object Language),240

a small object-oriented language with an ALGOL-inspired syntax, enhanced with semantic lifting.241

We introduce SMOL, emphasizing syntactic support for semantic lifting, and formally define242

SMOL in terms of surface syntax and runtime syntax. The surface syntax describes the program as243

written by the programmer, while the runtime syntax describes its internal representation during244

execution. The runtime semantics, i.e., the rules to execute a program, is defined as transitions245

between states described in the runtime syntax. To focus on semantic lifting, we elide many246

standard aspects of SMOL’s semantics; for completeness, the full language semantics is included in247

Appendix A. We will extend SMOL to investigate semantic reflection (i.e., the ability to access the248

knowledge graph generated by the semantic lifting at runtime from within a program) in Section 5.249
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Prog ::= Class main Stmt end Programs

Class ::= class C
[
extends C

]
(Field) [Linkage] Met end Classes

Type ::= t | C | List<C> Types

Field ::=
[
hidden | domain

]
Type f Fields

Linkage ::= links(Expr) le; links le; Domain linkage

Met ::= Type m(Type v) Stmt end Methods
Stmt ::= Loc = RHS; | if Expr then Stmt else Stmt end Statements

| Expr.m(Expr); | skip; | while Expr do Stmt end
| Type v = RHS; | Stmt Stmt | return Expr;

RHS ::= new C(Expr) [Linkage] | Expr.m(Expr) | Expr RHS expressions
Expr ::= this | null | Loc | a | Expr op Expr | Expr == Expr | Expr != Expr Expressions
Loc ::= Expr.f | v Locations

Figure 5 Surface syntax of SMOL.

3.1 Surface Syntax250

Assume the standard sets of literal values (i.e., constants), such as integers {1, 2, . . .}, Booleans251

{true, false} and the unit and null singletons {unit} and {null}, respectively, given; we refer to the252

names Int, Boolean, Unit, Null of these sets as basic type names. For now, we consider basic type253

names as purely syntactic constructs; we return to the type system in Section 5.2. In the sequel, let254

· denote comma-separated lists (i.e., zero or more repetitions), and [·] denote optional constructs.255

▶ Definition 1 (Surface Syntax). The syntax of SMOL is given by the grammar in Figure 5, where256

C, f, m, v range over class, type variable, field, method and variable names, respectively, which257

are strings. We also let le range over lists complying predicateObjectList production in Turtle258

syntax,2 b over string literals, t over basic type names, a over literal values (including string259

literals), and op over Boolean and arithmetic operators (such as + and ≤).260

We use blue bold keywords to highlight syntax relevant for semantic lifting, and black bold261

keywords for all other syntax highlighting.262

A program in SMOL consists of a set of classes and a main block with a statement. A class263

declaration Class defines fields and methods. Classes can extend other classes (using single264

inheritance). For simplicity, if a class extends another, then all fields and methods of the superclass265

are copied to the subclass. Inherited fields are placed before newly declared fields. Types are266

basic types, class names, or lists of class names. Thus, to avoid unnecessary complexity, we do not267

include generic types and restrict parametric types to lists of class names only.268

Statements s and expressions e are standard, including a null reference and the self reference269

this. Right-hand sides RHS extend expressions with imperative constructs with side effect. These270

include object creation and method calls. For simplicity, these can only occur in assignments.271

Consequently, nested object creation and method calls inside expressions need to be encoded.272

Method calls can additionally occur as standalone statements (in which case the return value from273

the method call is ignored). Moreover, fields f in SMOL are publicly accessible, and field access is274

always prefixed by the target object (e.g., this.f).275

2 See https://www.w3.org/TR/turtle/#grammar-production-predicateObjectList; the missing subject of
the predicateObjectList will be filled in at runtime by an individual for the object.

TGDK
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SMOL Ontology Background OntologyLifted State Lifted State

Domain KGProgram KG

runtime 
configuration

lifting with 
linkage

lifting without
linkage

describes describes

Figure 6 High-level overview of the relation between lifting and different parts of the knowledge graph.

The constructs hidden, domain and links are specific to SMOL. These constructs enable a certain276

control of the semantic lifting. We here introduce these constructs informally, as their formal intro-277

duction requires the exact structure of the semantic lifting (see Section 4). The lifted knowledge278

graph consists of two parts: the program knowledge graph that describes the state itself and the279

domain knowledge graph that describes context knowledge provided by the user. This is shown in280

Figure 6. The difference between the two parts is how the lifted configuration is described, either281

in terms of the SMOL language (in the program knowledge graph) or in terms of the domain (in282

the domain knowledge graph).283

Let us first introduce the optional field modifiers hidden and domain. The modifier hidden284

excludes the field from semantic lifting; i.e., the field will not have a counterpart in the lifted285

knowledge graph. The modifier domain treats the field not as part of the program knowledge286

graph, but as additional information in the domain knowledge graph. In addition, SMOL supports287

domain Linkage as a programming construct with the links keyword, which connects the program288

knowledge graph explicitly to the domain knowledge graph. Domain linkage can also be used with289

object creation.290

▶ Example 2 (A SMOL Program). We consider a program Progstreet modelling urban infrastructure,291

shown in Figure 7. The program defines classes Room, Building and Street that include references292

to each other, as well as the size of a room and the accumulated size of a building. The main293

statement block of Progstreet creates three rooms, which are in two buildings in a single street.294

3.2 Runtime Syntax and Semantics of SMOL without Reflection295

We briefly introduce the runtime syntax and semantics of SMOL programs, the formalisms used to296

define program execution, before semantic lifting is detailed in Section 4 and semantic reflection in297

Section 5. Runtime syntax describes runtime configurations, i.e., terms representing the states of298

a program at different steps of the program execution. The runtime semantics of SMOL formalizes299

program execution by defining an evaluation function on expressions and a transition system300

between configurations. This transition system itself is given in Appendix A, as the transitions301

without the concepts of semantic reflection are standard.302

Compared to the surface syntax given in Section 3.1, the runtime configurations, which are303

specified by the runtime syntax, describe the statements left to execute, the class table, the process304

stack, the memory store of each object and the local memory store of each process on the stack.305

Lists List<C> are a special construct in the syntax of SMOL, which enforces that lists cannot be306

nested and avoids full generics, but allows lists to be treated as classes when it comes to typing307

and runtime semantics: A list type List<C> is treated as a class without methods and two fields:308

C content and List<C> next. In the sequel, we include lists whenever we refer to classes.309

We start with the formal definition of a class table, which represents static information about310

the fields and methods of the classes defined in a program.311
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SMOL
1 class Room(Int size) end
2 class Building(List<Room> rooms, Int size, Street street)
3 Unit addRoom(Room room)
4 this.rooms = Cons(room, this.rooms);
5 this.size = this.size + room.size;
6 end
7 end
8 class Street(List<Building> buildings, String name)
9 Unit addBuilding(Building building)

10 this.buildings = Cons(building, this.buildings);
11 buildings.street = this;
12 end
13 end
14 main
15 Room r1 = new Room(10);
16 Room r2 = new Room(20);
17 Room r3 = new Room(30);
18 Building b1 = new Building(null, 0, null); b1.addRoom(r1);
19 Building b2 = new Building(null, 0, null); b2.addRoom(r2); b2.addRoom(r3);
20 Street s1 = new Street(null, "Problemveien");
21 s1.addBuilding(b1); s1.addBuilding(b2);
22 end

Figure 7 A SMOL program Progstreet for urban infrastructure.

▶ Definition 3 (Class Table). The class table CT is a map from class names to sets of field312

declarations and method declarations. The lists of fields and methods of the (instantiations of the)313

classes specified by CT can be accessed, for a class C, via functions fieldsCT(C) and methodsCT(C)314

respectively. Functions varsCT(C.m), retCT(C.m) and bodyCT(C.m) are used to access the list of315

variables, return type and body of a method m in C, respectively.316

In addition to the static information about a program captured in its class table, program317

states at runtime need to represent dynamically created information, including the program’s318

objects and process call stack. Let a domain element (DE) be either a literal value (for a basic319

type) or an object reference (for a class). The formal representation of a program state is a runtime320

configuration, defined as follows.321

▶ Definition 4 (Runtime Configurations). A local store σ is a map from variables to DEs and
an object store ρ is a map from fields to DEs. Let CT be a class table and X range over object
identifiers (the remaining terms are defined in Definition 1). Configurations conf, objects obs and
processes prs are defined by the following grammar:

conf ::= CT obs prs rs ::= Stmt | Loc← stack; Stmt Cl ::= C | List<C>
obs ::= (Cl, ρ)X prs ::= (m, X, rs, σ)

Besides the class table CT, a runtime configuration conf contains objects obs and processes322

prs. An object (Cl, ρ)X has a unique identifier (i.e., name) X and contains its class C (or a list323

List<C>) and the object’s store ρ. A process (m, X, rs, σ) contains the name m of the method it is324

executing, the identifier X of the object in which it executes, a runtime statement rs which remains325

to be executed and a local store σ. The list of processes in a configuration may be seen as a326

stack corresponding to nested method calls. To capture the transfer of return values between327
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fields(CTstreet, Room) = {Int size}
fields(CTstreet, Building) = {List<Room> rooms, Int size, Street street}

fields(CTstreet, Street) = {List<Building> buildings, String name}
methods(CTstreet, Room) = ∅

methods(CTstreet, Building) = {Unit addRoom(Room room) StmtaddRoom end}
methods(CTstreet, Street) =

{Unit addBuilding(Building building) StmtaddBuilding end}
vars(CTstreet, Building, addRoom) = {Room room}

vars(CTstreet, Street, addBuilding) = {Building building}
vars(CTstreet, Entry, entry) = ∅

body(CTstreet, Building, addRoom) = StmtaddRoom

body(CTstreet, Street, addBuilding) = StmtaddBuidling

body(CTstreet, Entry, entry) = Stmtstreet

Figure 8 Class table for program Progstreet from Example 2.

method calls at runtime, we use runtime statements rs, which extend the statements Stmt with328

an additional statement Loc← stack that identifies the location Loc that is waiting for a return329

value from the next process on the stack. Each process on the stack, except for the top process,330

starts with this runtime statement.331

The connection between surface and runtime syntax is established when execution starts: the332

program (in surface syntax) is translated into an initial runtime configuration, defined as follows.333

▶ Definition 5 (Initial Configuration). Let E be an object identifier. The initial configuration of334

a program Prog is CTProg (Entry, ∅)E (entry, E, Stmt, ∅), where CTProg is the class table for Prog,335

extended with an additional class Entry that has a single, parameter-free method entry with the336

statement Stmt of the main block as its body.3337

In initial configurations, the empty sets denote the initially empty stores.338

▶ Example 6 (Initial Configuration). Figure 8 shows the class table CTstreet for the program339

Progstreet from Example 2, where Stmtm is the method body of m and Stmtstreet the statement of the340

main block. The initial configuration of Progstreet is then CTstreet (Entry, ∅)E (entry, E, Stmtstreet, ∅).341

At every point during execution, the state of a program can be represented by means of342

runtime syntax. We return to the rules that capture program execution in Section 5, when the343

full language including semantic reflection has been introduced.344

4 Graph-Based State Semantics345

Let us now consider the SMOL ontology, which describes the OWL classes and properties needed346

to describe the runtime configurations of executing SMOL programs, and then semantic lifting, a347

direct mapping that translates such runtime configurations into a set of triples. Semantic lifting348

3 We assume, without loss of generality, that no program explicitly declares a class with name Entry.
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allows a runtime configuration to be interpreted as a knowledge graph by serializing it in RDF,349

using the vocabulary introduced below, and adding the triples needed for domain linking.350

4.1 An Ontology for SMOL351

The SMOL-ontology4 KSMOL consists of a language layer that describes elements present in all352

programs, such as classes, fields and methods, and a runtime layer that describes the objects of353

a specific runtime configuration. Statements, expressions and processes are not lifted.354

The IRIs of all entities in our ontology share a common prefix, which is added to the IRI by355

means of a function: · SMOL. For readability, we use the prefix smol: in examples, or omit the356

prefix altogether if it is clear from the context that we are concerned with the language layer.357

During semantic lifting, two additional prefixes are used to distinguish knowledge about the358

program and about a specific runtime state. Given a program, the function · prog (example prefix359

prog:) generates a fresh IRI based on the current program — two programs that share some360

code can still be distinguished this way. The function · run (example prefix run:) generates fresh361

IRIs based on the current state. Two states during a run of the same program are thus lifted into362

separate entities, connected by the entities of the common lifted program.363

▶ Definition 7 (SMOL Ontology). Let KSMOL be the union of the axioms in Figures 9 and 10.364

The language layer consists of classes (ClassSMOL), methods (MethodSMOL) and fields (FieldSMOL).365

Each class has a string as its name (hasNameSMOL), and fields and methods are connected to the366

class in which they are declared. Fields and methods can be connected to more than one class,367

due to inheritance. All these concepts are disjoint. Finally, we define the classes AnySMOL, UnitSMOL
368

and ListSMOL. Figure 9 gives the axioms formally. We use an object property subClassSMOL to369

express inheritance between SMOL classes, thus avoiding interactions between inheritance in OWL370

and object-oriented programming.371

The runtime layer consists of objects (ObjectSMOL). An important individual introduced here372

is nullSMOL, which implements the type AnySMOL. Membership of SMOL objects to SMOL classes373

is expressed through implementsSMOL. Figure 10 gives the axioms formally and introduces the374

linksSMOL relation used for domain linkage. Note that we define its domain, but not its range, which375

depends on a specific application. The class MemoryEntrySMOL and the properties hasEntrySMOL,376

hasValueSMOL, hasPointerSMOL, and entryOfSMOL are used to model the memory of an object, where377

hasPointerSMOL is used for fields of object type and hasValueSMOL for fields of a basic data type.378

▶ Example 8 (Semantically Lifted Memory). Consider two objects o1 and o2 of a class C, where a379

field f of o1 points to o2. Semantic lifting will generate a graph where the prefixes mirror the origin380

of the different elements: the relations hasEntry, entryOf and hasPointer are from the ontology381

(prefixed by ·SMOL), the field f is part of the program (prefixed by ·prog), while the objects o1 and382

o2 and the memory entry e1 are from the runtime configuration (prefixed by ·run).383

RDF
1 run:o1 smol:hasEntry run:e1.
2 run:e1 smol:entryOf prog:f.
3 run:e1 smol:hasPointer run:o2.

384

An alternative design would here be to use the punning feature of OWL 2 [28,30] that allows385

using the same URI for an individual, a property, and a class. These will be separate entities386

4 Note that KSMOL is a knowledge graph — the term ontology here expresses that it contains general knowledge,
which is applicable to a whole range of programs and configurations.
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OWL
1 Class: ClassSMOL

2 Class: MethodSMOL

3 Class: FieldSMOL

4

5 DataProperty: hasNameSMOL

6 Domain: ClassSMOL and MethodSMOL and FieldSMOL Range: xsd:String
7 Characteristics: Functional
8

9 ObjectProperty: subClassSMOL Domain: ClassSMOL Range: ClassSMOL

10 Characteristics: Transitive
11

12 ObjectProperty: hasMethodSMOL Domain: ClassSMOL Range: MethodSMOL

13

14 ObjectProperty: hasFieldSMOL Domain: ClassSMOL Range: FieldSMOL

15

16 Individual: AnySMOL Types: ClassSMOL

17 Individual: ListSMOL Types: ClassSMOL Facts: subClassSMOL AnySMOL, hasNameSMOL "List"
18 Individual: UnitSMOL Types: ClassSMOL Facts: subClassSMOL AnySMOL

19

20 AllDisjointClasses(ClassSMOL, MethodSMOL, FieldSMOL)

Figure 9 Axioms for the language layer of KSMOL.

OWL
1 Class: ObjectSMOL

2 Class: MemoryEntrySMOL

3

4 ObjectProperty: implementsSMOL

5 Domain: ObjectSMOL Range: ClassSMOL Characteristics: Functional
6

7 ObjectProperty: hasEntrySMOL

8 Domain: ObjectSMOL Range: MemoryEntrySMOL Characteristics: InverseFunctional
9

10 ObjectProperty: hasPointerSMOL

11 Domain: MemoryEntrySMOL Range: ObjectSMOL Characteristics: Functional
12

13 DataProperty: hasValueSMOL

14 Domain: MemoryEntrySMOL Characteristics: Functional
15

16 ObjectProperty: entryOfSMOL

17 Domain: MemoryEntrySMOL Range: FieldSMOL Characteristics: Functional
18

19 ObjectProperty: linksSMOL

20 Domain: ObjectSMOL Characteristics: Functional, InverseFunctional
21

22 Individual: nullSMOL Types: ObjectSMOL Facts: implementsSMOL AnySMOL

Figure 10 Axioms for the runtime layer of KSMOL.
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semantically, only sharing an identifier, and which one is meant can always be deduced from the387

context. We can thus let prog:f be both an OWL object and an OWL property. This approach,388

which we also used in Section 2, allows the following, more succinct lifting.389

RDF
1 run:o1 prog:f run:o2.

390

There are no consequences for reasoning since the individual and the property will be kept391

apart. But this technique allows for more intuitive queries without the need for a specific query392

interface for, e.g., debugging. For these reasons, SMOL supports both kinds of semantic lifting;5 we393

will continue to use punning in examples.394

4.2 Domain Linkage395

Before detailing the technical aspects of semantic lifting itself, we explain another novel aspect of396

SMOL: the links clause. The purpose of the links clause is to connect the program knowledge graph to397

the domain knowledge graph, thereby associating domain knowledge directly to the runtime state398

of SMOL programs. The links clause works similarly to case statements in imperative languages: it399

defines a sequence of guarded expressions, where each guard is a Boolean expression. Additionally, it400

contains an unguarded expression, which we represent by the guard true. The semantics of the links401

clause is that, during lifting, link guards are evaluated in the listed order, and the link expression of402

the first guard that evaluates to true is used to generate an additional axiom in the knowledge graph.403

To this aim, we introduce expressions with holes and substitution of terms for holes in these404

expressions. Here, a hole is an expression that needs to be filled with a term before the expression405

can be evaluated (the terminology stems from Felleisen and Hieb’s work on context-reduction406

semantics [23]). Let • denote a hole in an expression Expr and Expr[X] the corresponding407

substitution of the hole by a term X. Thus, for example, • != 5 is an expression with a hole and408

the substitution (• != 5)[2] reduces to the expression 2 != 5.409

▶ Definition 9 (Domain Linkage). Let X be an object identifier, e a Boolean expression and conf410

a runtime configuration.411

A link expression le is an axiom with a hole for its subject.412

Let le[X] denote the axiom obtained by filling the hole in le by Xrun.413

A guarded link expression is a pair (e, le).414

A domain linkage L is a sequence of guarded link expressions.415

We denote by L[X, conf] the axiom le[X] obtained by filling the hole in the first guarded link416

expression (e, le) in L such that e evaluates to true in the runtime configuration conf.417

For a given program, all link expressions in rule Linkage in the grammar of Definition 1 will418

form a domain linkage, where the last case links le is interpreted as the link expression (true, le).419

▶ Example 10. Consider a production by the rule Linkage in the grammar of Definition 1 of the420

form421

links(e1) le1; ... links(en−1) len−1; links len;422

This production gives rise to the domain linkage423 (
(e1, le1), . . . , (en−1, len−1), (true, len)

)
424

5 The implementation has an option to switch between the two kinds of lifting.
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Domain linkages can be associated with SMOL classes as well as with individual SMOL objects425

(by annotating the new constructor). Given a class C, we denote by links(C) its associated domain426

linkage. Similarly, given an object with identifier X, we represent by links(X) its associated domain427

linkage, which is by default that of its class. However, if an object has its own domain linkage,428

this linkage overrides the domain linkage of its class.429

Since SMOL uses predicate object lists in Turtle syntax for link expressions without a subject,430

the holes are left implicit and the operation le[iri] is realized by simply concatenating iri as a431

prefix to the link expression le.432

▶ Example 11 (Domain Linkage). Consider the following variant of the Building from Example 2,433

that links to the domain based on the accumulated size of all its rooms.434

SMOL
1 class Building(List<Room> rooms, Int size, Street street)
2 links (this.size >= 100) "a domain:BigHouse.";
3 links "a domain:SmallHouse.";
4 Unit addRoom(Room room) ... end
5 end

435

The corresponding domain linkage for instances of class Building is defined by436 (
(this.size >= 100, "a domain:BigHouse."), (true, "a domain:SmallHouse.")

)
437

Given an IRI domain : obj1 (which is not run:obj1, see Section 4.3) and a runtime configuration
conf in which obj1.size = 20,

L[domain : obj1, conf] = • a domain:SmallHouse.[domain:obj1]
= domain:obj1 a domain:SmallHouse.

since the first guard evaluates to false, and the (implicit) second guard evaluates to true in conf.438

We denote by LX the domain linkage for an object X. Figure 11 illustrates different semantic439

liftings of an object, depending on its state, domain linkage and domain annotations.6440

4.3 Semantic Lifting441

We define a direct mapping to lift runtime configurations into knowledge graphs, extending the442

SMOL ontology KSMOL of Definition 7. The availability of domain knowledge then enables the443

runtime state of the program to be accessed externally (i.e., via the knowledge graph), in terms444

of the vocabulary and axioms of the domain, formalized as an ontology. In order to connect445

the resulting program knowledge graph to a domain knowledge graph, the domain knowledge446

graph needs to be a conservative extension [59] of KSMOL, to ensure that the domain knowledge447

cannot introduce inconsistencies in the lifted runtime configurations (assuming that the domain448

knowledge graph is consistent in the first place):449

▶ Definition 12 (Domain Knowledge Graph). Domain knowledge is given as a knowledge graph450

Kdomain, and a function · domain that adds a prefix to IRIs, such that Kdomain is a conservative451

extension of KSMOL.452

6 The notation %f is analogous to non-answer variables in queries and replaced by the literal stored in the field
at the moment of lifting. For simplicity, we omit this notation in our formalization (but it is implemented in
the SMOL interpreter).
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SMOL
// this.f == 0
class C(Int f)

end

run:obj

prog:C

0

domain:obj

a
smol:linksprog:f

SMOL
// this.f == 0, this.g == 1
class C(Int f, domain Int g)

links "a domain:D"

end

run:obj

prog:C

0

domain:obj

1

domain:D

a
smol:linksprog:f domain:g

a

SMOL
// this.f == 0,
class C(hidden Int f)

links "domain:g %f"

end

run:ob

prog:C

domain:obj

0

domain:D

a
smol:links domain:g

a

SMOL
// this.f == 1,
class C(hidden Int f)

links(this.f > 0) "domain:g %f"
links "a domain:D"

end

run:obj

prog:C

domain:obj

1

a
smol:links domain:g

SMOL
// this.f == 0,
class C(hidden Int f)
links(this.f > 0) "domain:g %f"
links "a domain:D"

end

run:obj

prog:C

domain:obj

domain:D

a
smol:links

a

Figure 11 Dynamic variations of semantic lifting, depending on domain linkage and annotations. The
prog:f and domain:g edges are short notation for the entities.
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The direct mapping generates the remaining part of the knowledge graph, namely the graph453

lifted from the current runtime configuration. Recall from Example 8 how the different prefixes454

mirror the origin of the different lifted elements. The two layers have mutually exclusive prefixes,455

added by functions · prog and · run.456

▶ Definition 13 (Direct Mapping). Given a runtime configuration conf = CT ob1 . . . obn prs, the457

direct mapping µ is a function from runtime configurations to knowledge graphs defined as follows:458

µ(conf) =
⋃

C∈dom(CT)

µ(C) ∪
⋃

1≤X≤n

(
µ(obX) ∪ LX[Xrun, conf]

)
∪ close .459

The mapping µ(C) of a class C is defined in Figure 12 and the mapping µ(obX) of an object with460

identifier X in Figure 13. The axiom set close is defined as follows. Let C1, . . . be all classes in CT,461

m1, . . . all methods in CT, f1, . . . all fields, and X1, . . . all object identifiers, then the following462

axioms are part of the ontology.463

OWL
1 ClassSMOL EquivalentTo: { C1

prog, ... }
2 MethodSMOL EquivalentTo: { m1

prog, ... }
3 FieldSMOL EquivalentTo: { f1

prog, ... }
4 ObjectSMOL EquivalentTo: { X1

run, ... }
464

The axioms added by close are used to explicitly state all members of the classes in the SMOL465

ontology. Intuitively, these axioms ensure that despite an open world assumption, one cannot infer466

the existence of objects that must exist (according to the domain knowledge graph), unless they467

also exist in the given runtime configuration.468

The lifting of classes in Figure 12 follows the structure of the class table. Inherited methods469

and fields are considered different between super- and subclass, as they are redeclared in the470

subclass. The lifting of objects in Figure 13 differentiates between fields holding values of basic471

data types and fields pointing to other objects, because of the distinction between data and object472

property in OWL. We assume that for every basic data type T there is an xsd equivalent that can473

be retrieved with xsd(T), and analogously for literals.474

We illustrate how the runtime configuration of a program can be accessed in terms of a475

formalized domain vocabulary in the following example.476

▶ Example 14 (Querying Runtime States with Domain Knowledge). Recall the class Building from477

Example 2:478

SMOL
1 class Building(List<Room> rooms, domain Int size, Street street)
2 Unit addRoom(Room room) ... end
3 end

479

Now assume that a villa is a building with a surface of more than 300 square meters. This480

assumption can be expressed in the domain knowledge graph as follows:481

OWL
1 domain:Villa EquivalentTo: domain:size some xsd:integer[<= 300]

482

Although villas are not defined in the SMOL program, objects in the runtime configuration of483

the program that qualify as villas can nevertheless be retrieved from the combined knowledge484

graph by the following query:485
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OWL
1 Individual: Cprog

2 Facts: a ClassSMOL, hasNameSMOL "C",
3 [subClassSMOL Dprog], // if C extends D
4 [subClassSMOL AnySMOL], // otherwise
5 hasMethodSMOL m1

prog, . . ., hasMethodSMOL mn
prog,

6 hasFieldSMOL f1
prog, . . ., hasFieldSMOL fk

prog

7

8 Individual: m1
prog Facts: a MethodSMOL, hasNameSMOL "m1"

9 . . .

10 Individual: f1
prog Facts: a FieldSMOL, hasNameSMOL "f1"

11 . . .

Figure 12 The lifting of a class C with methods m1,. . . ,mn and fields f1,. . . ,fk.

SPARQL
1 SELECT ?obj {?obj smol:links [a domain:Villa] }

486

The query returns the SMOL objects that are linked to villas.487

Recall from Section 4.1 that fields may also be lifted as properties (so-called punning). The488

additional axioms are given in Figure 14, again differentiating between data and object properties.489

OWL
1 Individual: Xrun

2 Facts: a ObjectSMOL, implementsSMOL Cprog,
3 linksSMOL Xdomain,
4 hasEntrySMOL efi

prog,
5 . . . // for every class that is not annotated domain or hidden
6

7 Individual: Xdomain

8 hasEntrySMOL efi
prog,

9 . . . // for every class that is annotated domain but not hidden
10

11 Individual: ef1
prog

12 Facts: a MemoryEntrySMOL,
13 [hasPointerSMOL ρ(f1)prog], // if ρ(f1) is an object identifier
14 [hasValueSMOL xsd(ρ(f1))], // otherwise
15 entryOfSMOL f1

prog, . . .

Figure 13 The lifting of an object (C, ρ)X, where class C has fields f1,. . . ,fk.

5 Semantic Reflection490

In this section, we explain semantic reflection by showing how a running SMOL program can interact491

directly with the knowledge graph obtained by semantic lifting from its own runtime configuration.492

We have seen in Section 4 how semantic lifting allows the representation of a program state in the493

knowledge graph to be controlled, using additional structures in the programming language to494

connect the program knowledge graph to a domain knowledge graph. Semantic lifting enables495

external queries to investigate a program state through a semantic, domain specific lens from496
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OWL
1 ObjectProperty: fi

prog Domain: Cprog Range: Dprog // if the field has type D
2 DataProperty: fi

prog Domain: Cprog Range: xsd(T) // if the field has data type T

OWL
1 Individual: Xrun

2 Facts: a ObjectSMOL, implementsSMOL Cprog,
3 [f1

SMOL ρ(f1)prog], // if ρ(f1) is an object identifier
4 [f1

SMOL xsd(ρ(fi))], // otherwise
5 . . .

Figure 14 Alternative liftings of objects and classes if fields are modeled as both object properties and
individuals using punning.

the outside, which can be used for debugging or to access computation results after a program497

execution. In contrast, semantic reflection enables the program itself to directly interact with the498

semantically lifted runtime state and the domain knowledge during execution.499

Semantic reflection is a powerful technique that enables semantic state access from within500

the program, which gives programs the ability to explore their own runtime state through a501

domain-specific lens, and to use this exploration to influence program behavior. Technically, we502

combine the semantic lifting of configurations during execution with language support to perform503

operations on the knowledge graph.504

5.1 Language Support for Semantic Reflection505

We consider language extensions that operate on knowledge graphs. These extensions only extend506

the grammar of SMOL (see Figure 5) with additional RHS expressions.507

To allow dynamic, but type-safe queries, we consider expressions access to ask for objects that508

satisfy a SPARQL query, member to ask for objects that are members of an OWL concept, and509

validate to check if the knowledge graph satisfies a particular SHACL shape. In these queries,510

we use a slightly extended version of SPARQL by allowing, at every point in the grammar of511

SPARQL where a variable may occur in a graph pattern,7 the use of a parameter variable %i.512

These parameter variables are replaced by IRIs before the query is executed. This is analogous to513

SQL prepared statements in, e.g., Java libraries.8 In particular, we require that graph patterns P514

in SPARQL SELECT queries are such that (1) the set of parameter variables form an interval515

[%1, . . . , %n] for some n ∈ N and (2) there is a query substitution mechanism, denoted P(v1, . . . , vn),516

that syntactically replaces these variables by n values v1, . . . , vn.517

▶ Definition 15 (Extended Surface Syntax). The grammar in Definition 1 is extended as follows:518519

RHS ::= . . . | access(sparql, Expr) | member(owl) | validate(shacl) RHS Expressions520

where sparql ranges over the extended SPARQL SELECT queries with one answer variable, owl521

over OWL concepts and shacl over SHACL shapes.522

The access expression returns a list of objects, resulting from the extended SPARQL query523

given as the first parameter. These objects must exist prior to the execution of this expression.524

7 See https://www.w3.org/TR/sparql11-query/#GraphPattern
8 See https://docs.oracle.com/javase/8/docs/api/java/sql/PreparedStatement.html

https://www.w3.org/TR/sparql11-query/#GraphPattern
https://docs.oracle.com/javase/8/docs/api/java/sql/PreparedStatement.html
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SMOL
1 class Inspector()
2 Unit inspect(String streetName)
3 List<Building> over =
4 access("SELECT ?x {?x smol:links [a domain:Villa];
5 prog:street [prog:name %1]. }",
6 this.streetName);
7 for b in over do
8 this.inspectBuilding(b);
9 end

10 end
11 end

Figure 15 Using domain knowledge to influence the execution in SMOL.

The other parameters to this expression are query parameters; the query substitution mechanism525

reduces them to a standard SPARQL query. The member expression returns the list of objects526

which are members of the OWL concept in its parameter. The validate expression applies the527

SHACL shape in its parameter and returns a Boolean, depending on whether the knowledge graph528

of the semantic lifting satisfies this shape or not.529

Before we formalize semantic reflection, we illustrate its use by an example to show how domain530

knowledge about the runtime configuration of a program can be accessed directly in the program.531

▶ Example 16 (Programmer Access to the Domain Knowledge Graph). Assume that we need to532

perform an inspection of all villas in a given street, continuing from Examples 2 and 14. The533

code in Figure 15 illustrates a possible implementation in SMOL using semantic reflection. It is534

left to the domain knowledge to define the meaning of domain:Villa, which can consequently be535

changed according to different scenarios outside of the SMOL program. In the query, the variable536

%1 is replaced by the literal passed as the second argument to the method.537

The example shows how semantic lifting not only exposes the structure of the implementing538

runtime environment but adds domain knowledge, which one can access and use in the programs539

themselves by means of semantic reflection.540

We now discuss how semantic reflection can be realized operationally by formalizing its behavior.541

To this aim, we define a semantics for the execution of SMOL programs that captures both semantic542

lifting and semantic reflection. We here only consider the essential aspects of these operations;543

the full structural operational semantics [68] is included in Appendix A.544

Let us consider a transition relation conf1 →Kdomain
er conf2 defined by a set of transition rules,545

where conf1 and conf2 are runtime configurations of SMOL, er is a SPARQL entailment regime9
546

and Kdomain is some domain knowledge according to Definition 12. Let conf1 ⇝Kdomain
er conf2547

denote the reachability in the operational semantics, i.e., the transitive closure of the transition548

relation, and by conf1 ⇓Kdomain
er confn the maximal reflexive-transitive closure of this relation.549

We denote by listify(des) an auxiliary function that takes a set des of domain elements and550

returns a SMOL list obsY containing an object for each of the domain elements, where the subscript551

Y denotes the object identifier of the head of the list. The objects in the list are fresh in the usual552

sense of object creation: they have new and unique identifiers. The function listify fails (i.e., it is553

undefined) if the input list mixes different literal types, or mixes literals with object identifiers.554

9 See https://www.w3.org/TR/sparql11-entailment/
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We first explain the behavior of validate. In this case, the next statement to be executed555

contains a validate expression with some shape shacl. After the transition, the validate expression556

is replaced by a (side-effect-free) assignment to the same location, but with the query-result res as557

its RHS. This Boolean literal results from evaluating the conformity of the lifted configuration558

together with the SMOL ontology and the domain knowledge graph. Otherwise, the objects and559

processes of the configuration are not changed.560

▶ Definition 17 (Semantics of validate). Let Kdomain be a knowledge graph, er an entailment561

regime and conf a configuration of the form562

conf = CT obs prs, (m, X, Loc = validate(shacl); Stmt, σ)563

where the next statement to execute in the top process contains a validate expression. Let res be564

the result of checking the lifted configuration against the SHACL shape(s) shacl:565

res = Sha
(
KSMOL ∪ Kdomain ∪ µ(conf), shacl

)
.566

Recall that res is a Boolean value in SMOL. The transition from conf is defined as567

conf →Kdomain
er CT obs prs, (m, X, Loc = res; Stmt, σ) .568

The behavior of member is similar to validate in the sense that execution returns an object569

identifier Y, which is the head of a list of SMOL objects.570

▶ Definition 18 (Semantics of member). Let Kdomain be a knowledge graph, er an entailment571

regime and conf a configuration of the form572

conf = CT obs prs, (m, X, Loc = member(owl); Stmt, σ)573

where the next statement to execute in the top process contains a member expression. Let res be574

the result of performing the membership query owl on the lifted configuration:575

res = Mem
(
KSMOL ∪ Kdomain ∪ µ(conf), owl

)
,576

which is a set of IRIs. Let obsY = listify
(
res

)
be the representation of this set as a SMOL list. If577

obsY is defined, then the transition from conf is defined as578

conf →Kdomain
er CT obs obsY prs, (m, X, Loc = Y, σ) .579

If obsY is not defined (see above), then the behavior of member is also not defined.580

We finally explain the behavior of access. In this case, the next statement to be executed581

contains an access expression with some query sparql and expressions Expr1, . . . , Exprn. The582

expressions Expr1, . . . , Exprn are evaluated in the current state and their results substituted for the583

parameter variables in the query. The resulting query is evaluated using the semantically lifted584

configuration, producing a set of domain elements des from which a SMOL list with objects obsY585

and head Y is constructed. These objects are then added to the configuration and the statement586

reduced to an assignment of Y into the target location.587

▶ Definition 19 (Semantics of access). Let Kdomain be a knowledge graph, er an entailment588

regime and conf a configuration of the form,589

conf = CT obs prs, (m, X, Loc = access(sparql, Expr1, . . . , Exprn); Stmt, σ) ,590
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where the next statement to execute in the top process contains an access expression. Let JExprKσ,obs
X591

denote the result of evaluating an expression Expr and res the result of performing the SPARQL592

query sparql on the semantically lifted configuration, with all parameter variables replaced by the593

literals resulting from the corresponding expressions:594

res = Anser
(
KSMOL ∪ Kdomain ∪ Kconf , sparql[JExpr1K

σ,obs
X . . . JExprnKσ,obs

X ]
)

,595

which is a set of IRIs.10 Let obsY = listify
(
res

)
be the representation of this set as a SMOL list. If596

obsY is defined, then the transition from conf is defined as597

conf →Kdomain
er CT obs obsY prs, (m, X, Loc = Y, σ) .598

If obsY is not defined (see above), then the semantics of access is not defined.599

5.2 Eliminating Runtime Failures for Semantically Reflected Programs600

The clash of two different class models11 and the interaction between the programming and601

semantic layers may be challenging for the programmer. We here consider static techniques to602

ensure that interaction between these layers happens correctly. At the level of syntax, we can603

enforce some constraints on statements with access, member and validate expressions to avoid604

programming errors; for example, the language extensions for semantic reflection should contain605

syntactically correct SPARQL queries, OWL concepts and SHACL shapes. A particular concern606

is that the answers to queries over a knowledge graph are generally (untyped) multisets of IRIs,607

whereas SMOL programs are otherwise typed. In this section, we consider the following failures608

that are specific to semantically reflected programs.609

Representation Failure: When executing an access expression, the query may return a set610

of IRIs that cannot be represented as values at runtime. For example, the query611

SELECT ?x {prog : obj1 ?x 1}612

returns a set of predicates, which cannot be translated to SMOL objects.613

Location Failure: While representation failures manifest when the semantic reflection is614

performed, a failure to respect the type of the target location may lead to later runtime errors.615

For example, a program could execute a query that returns string literals and then perform616

numerical operations on the elements of the result list. This will cause a delayed error, once617

the first string in the list is accessed and used for an operation expecting an integer.618

SMOL
1 class C (String str) end
2 ...
3 C c = new C("a");
4 List<Int> res = access("SELECT ?x {?o prog:str ?x}");
5 print(res.content + 1); //runtime error

619

Assuming that the rest of the program is correct, the problem is that the query loads the620

results into a location of type List<Int>. If we assume that types are not represented at621

runtime, then this error occurs in line 5 when the data is processed, as the addition operator622

fails. Storing the results in line 4 will succeed.623

10 We remind that we only allow SPARQL queries with a single answer variable here, see Definition 15.
11 Remark that the impedance mismatch (or semantic gap) between object-oriented and ontology/database class

models is a general phenomenon [3], and not specific to semantic reflection.
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Inconsistency: If a semantically lifted state results in an inconsistent knowledge base, then624

query answering is not defined. As we lift the type of fields, the following program results in a625

query access over an inconsistent knowledge base. The knowledge graph contains the axiom626

Dprog ⊓ Cprog ⊑ ⊥, which stems from the class hierarchy. From the class table, the following627

axiom for the field D.c is generated: ⊤ ⊑ ∀D_cprog.Cprog. and the sole created object is lifted628

as an individual i with Dprog(i). These three axioms form an inconsistent knowledge graph.629

SMOL
1 class C() end
2 class D(C c) end
3

4 main
5 D d = new D(null);
6 d.c = d;
7 List<C> l = access(...);
8 end

630

This is a different failure than location failure: while location failure leads to an error in the631

runtime semantics of the program, inconsistency leads to an error in the query answering. For632

example, in the above, the location failure does not lead to a runtime error because the field is633

never read.634

5.2.1 A Type System for Semantic Reflection635

A static type system “makes sure a program does not go wrong” [67], for some notion of “going636

wrong”. We present a type system for SMOL that eliminates errors related to representation failure,637

location failure and inconsistency. Specifically, the type system for SMOL ensures that semantic638

queries to the semantically lifted program return a list of IRIs and literals that can be represented639

by a value of the type of the target location (or a sub-type thereof) in the program. This is640

sufficient to guarantee consistency of the knowledge graph. The presented type system focuses641

on the program knowledge graph. Consequently, it does not cover domain linkage, which would642

require a deeper analysis depending on guard expressions — such an analysis has been left for643

future work.644

We exploit the fact that each type in SMOL has a direct correspondence to a class in the645

knowledge graph, and tackle the three different kinds of semantic reflection as follows:646

SHACL: The validate expression should always return a Boolean if the expression’s SHACL647

shape is syntactically well-formed. This can encode other reasoning or validation tasks as648

well [6, 7].649

OWL: Given a statement l = member(C);, where l has type List<D>, type checking is650

performed by concept subsumption: the parameter concept C must be a subsumed by prog : D.651

This can be checked directly using a reasoner.652

SPARQL: The most involved form of semantic reflection is querying with an access expression.653

Given a statement l = access(Q);, where l has type List<D>, type checking amounts to query654

containment under an entailment regime: Obviously, loading all elements of prog : D would be655

safe (i.e., representable in the runtime and respecting the type of the target location). This is656

equivalent to the query QD = SELECT ?x {?x a prog : D}. Consequently, we check whether the657

query returns a subset of QD, using the entailment regime for reasoning. We will introduce658

this kind of type checking in the following section.659

These checks will be performed at compile time, i.e., without a specific state — it suffices to660

show that every reachable configuration is consistent with the SMOL-ontology KSMOL. If domain661
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knowledge is used, it must be in the form of a conservative extension of this ontology [59].662

We here focus on the handling of access. We do not detail the general setup and soundness663

proofs here; besides the cases for the semantic reflection rules, these are standard. For the full664

formal treatment of the type system, see Appendix B. We first introduce the typing environment665

that we use to keep track of field, variable and parameter types. Together with the class table,666

the typing environment provides context for typing judgments.667

▶ Definition 20 (Typing Environment). A typing environment Γ is a partial function, mapping loc-668

ations (fields, variables, method parameters) to types. The empty typing environment is denoted ∅.669

Given a program with a statement Stmt, we use ΓStmt to denote the typing environment that670

maps (a) all fields of the class containing Stmt to their declared types, (b) all method parameters671

of the method containing Stmt to their declared types, (c) all variables declared before Stmt in this672

method to their declared types, and (d) is undefined for all other locations.673

Let Γ, CT ⊢Kdomain
er Stmt denote that a statement Stmt is well-typed in the context of an envir-674

onment Γ, class table CT, domain knowledge graph Kdomain and entailment regime er. Similarly,675

let Γ, CT ⊢Kdomain
er Expr : Type denote that an expression Expr has type Type in the given context.676

▶ Definition 21 (Typing Reflection). Given a typing environment Γ, a class table CT, a domain677

knowledge graph Kdomain and an entailment regime er, the typing judgment678

Γ, CT ⊢Kdomain
er List<c> v = access("SELECT ?obj {P}", Expr1, . . . ,Exprn)679

holds if the following conditions can be satisfied:680

The query parameters can be assigned types: Γ, CT ⊢ Expri : Typei for 0 < i ≤ n681

Query containment holds for the given types of the query parameter variables:682

SELECT ?obj {P. ?v1 a µ(Type1). . . . . ?vn a µ(Typen)}
⊆KSMOL∪Kdomain

er SELECT ?obj {?obj a cprog} .
683

Here, the first condition assigns types to all expressions that are used as parameters to the684

query. The derived types are then used to approximate the schema variable associated with this685

parameter in the second premise. To this aim, an approximating triple of the form ?vi a µ(Typei)686

is generated for each parameter variable vi typed with Typei. The approximating triple expresses687

that the value used to instantiate the query must be of the given type. The second condition688

adds the approximating triples and checks (under the chosen entailment regime and background689

knowledge) whether the resulting query is contained in the query that retrieves all values of the690

type of the targeted location. In this case, every possible result of the query is a member of the691

type of the targeted location; i.e., the query only retrieves values of the correct type. We write692

⊢Kdomain
er Prgm to express that all statements within a program Prgm are well-typed.693

The case for member is similar, but operates on OWL classes instead of SPARQL queries. The694

case for validate is straightforward; since SHACL queries take no input and return only true or695

false, the type of the expression must be a Boolean.696

5.2.2 Optimizing Query Containment697

The type system outlined in Section 5.2.1 is sound but not complete: it provides a fine-grained,698

but only sufficient condition for type safety of statements with access expressions, while necessity699

cannot be guaranteed since there are ABoxes that do not correspond to configurations.700

Moreover, applicability of the type system is limited in practice by the fact that, as far as we701

are aware, there are no algorithms and tools for checking query containment over SROIQ(D)702
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TBoxes under non-trivial entailment regimes. To overcome this issue, we consider a stronger703

sufficient condition, which is based on concept subsumption rather than query containment under704

entailment regimes. This approach is advantageous since concept subsumption is a main reasoning705

task for description logics, and there are practical systems (e.g., HermiT [27]) implementing706

efficient concept subsumption for the description logic underying OWL2 DL (i.e., SROIQ(D))707

and its fragments.708

A unary query Q is subsumed by a concept C with respect to a knowledge graph (or TBox)709

K, written Q ⊑K C, if sI ∈ CI for every certain answer s to Q over K and each model I of K.710

In practice, we can syntactically construct a concept D from the query using a technique that711

guarantees the first subsumption (Q ⊑K D with respect to K) to hold, and then check the second712

subsumption (D ⊑K C) by a description logic reasoner. A more specific (with respect to ⊑K)713

concept D ensures a more fine-grained sufficient condition for type safety. However, unless Q is714

equivalent (with respect to ⊑K) to a concept, there is no most specific concept D. Thus, there715

may be many techniques for constructing D from the query.716

To be more concrete, we can consider a variation of this technique, applicable when the query717

Q is a conjunctive query (i.e., when the body consists of only basic graph patterns not mentioning718

any IRIs with special semantics) and the entailment regime is OWL2 DL (i.e., SROIQ(D)). In719

this case, the containment Q ⊑K C boils down to, essentially, ABox reasoning over the body of720

the query seen as the ABox; in particular, we can just check, using a standard OWL2 reasoner,721

whether I?obj belongs to C over K extended with ABox part AQ that is obtained from the graph722

patterns of Q by replacing each variable ?x (including ?obj) by a fresh IRI I?x (and translating723

them to an ABox in the standard way). Note that, formally, we do not have Q ⊑K D for the724

constructed ABox as D any more (even if we can translate the ABox to a concept using the725

standard internalization method), but the approach is still sound because the IRIs are fresh.726

We can now state our type safety theorem that expresses two properties:727

1. Program execution does not get stuck when using reflection, in particular not due to failure728

to translate the results of a query into internal data structures. (We here ignore reasons for729

failure that correspond to exceptions, such as null pointer access and division by zero.)730

2. Every configuration reachable from a well-typed program lifts to a consistent knowledge graph.731

Thus, even without reflection, the type system can give guarantees to programs that access a732

knowledge graph.733

▶ Theorem 1 (Type Safety). Let Prog be a program that is well-typed with respect to ⊢Kdomain
er ,734

where Kdomain is a conservative extension of KSMOL ∪ µ(CTProg). Every reachable configuration of735

Prog can be lifted to a consistent knowledge graph:736

∀conf. initProg ⇝
Kdomain
er conf → µ(conf) ∪ KSMOL ∪ Kdomain is consistent.737

The proof is a standard inductive subject reduction proof [67], based on the structural operational738

semantics of SMOL (Appendix A) and a type system for runtime configurations (Appendix B).739

6 Discussion740

In this section, we discuss how the implementation of SMOL has been realized (Section 6.1), design741

choices for semantic lifting (Section 6.2) and applications of semantic reflection (Section 6.3).742
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Figure 16 Diagram showing how data is accessed semantically.

6.1 An Interpreter for SMOL743

SMOL has been implemented as an interpreter in an open-source project, available together with744

documentation and examples at www.smolang.org.12 The interpreter is mainly written in Kotlin,745

so it compiles to Java class files and runs in the Java Virtual Machine (JVM) on most platforms,746

including Windows, macOS, and Linux. It uses ANTLR [63] to parse program files, which ensures747

that the SMOL grammar is followed strictly. For semantic data access, our implementation uses748

Apache Jena13, OWL API [36], and ONT-API14, and HermiT [27] is used as the default OWL749

reasoner.750

Compared to the small language presented in this paper, the implemented language has751

some additional features that are orthogonal to semantic lifting, such as support for abstract752

classes, extended treatment of generics, support for loading SHACL shapes from files instead753

of string literals, further datatypes, a standard library, etc. In addition to the statements754

described in Definition 1, the full language supports local variables, a statement destroy for manual755

memory management, an extension to integrate simulation units [42] and some syntactic sugar for756

convenience (e.g., whole classes can be annotated with hidden).757

In its simplest form, the interpreter takes a SMOL program as input and executes it by means758

of a process stack, a static table, and a memory heap. First, the interpreter clears the memory759

heap and scans the program to generate the initial program stack and the static table. Then760

it considers each subroutine from the stack and performs the required change to the memory761

heap until the stack is empty and the program execution is done. The project also includes a762

Read-Eval-Print Loop (REPL): an interactive environment that can be used to control and inspect763

the interpreter before, during, or after program execution. For example, the user can stop the764

program at any given state, query the state using SPARQL, change which sources and reasoners765

to use, check for consistency, or validate the data using SHACL.766

Figure 16 gives an overview of how data from different sources is accessed semantically in767

our system. The available sources (left side) can be activated or deactivated independently. The768

active sources are combined into an integrated model that can be queried directly. If reasoning769

12 The version described in this work is available under https://github.com/smolang/SemanticObjects/tree/prepare-
1.0.

13 https://jena.apache.org/
14 https://github.com/owlcs/ont-api
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is required, then querying can either be done via the available inference model or via the OWL770

ontology interface. The static table and the heap, which are the two sources linked to the program771

state, are accessed virtually, i.e., statements are not materialized, but generated only when needed.772

These virtual sources use a guard mechanism to avoid traversing irrelevant parts of the internal773

data structure corresponding to the program state. The data access system is built with Jena,774

OWL API and ONT-API. The key parts of the data access system are detailed in the following.775

6.1.1 Sources776

Currently, the system supports four different data sources, but new sources can be added in the777

future as needed. Each of the four sources gives access to a particular set of statements:778

the SMOL ontology is a fixed OWL file describing the domain model for runtime configurations779

according to Definition 7;780

the domain ontology is an optional, static OWL file describing the model of the relevant domain781

(e.g., Geology in Section 2);782

the static table is an internal data structure containing static information about the current783

program, like the class hierarchy and each class’ fields and methods; and784

the heap is an internal data structure containing all the objects constituting the current runtime785

configuration.786

Both the SMOL ontology and the domain ontology are static and relatively small files, which are787

given as serializations of RDF. Hence, it is unproblematic to materialize their statements during788

the initialization of the system. The two remaining sources, on the other hand, are not provided as789

RDF statements, but as internal data structures coupled with a mapping to a corresponding RDF790

representation. For each of these two sources, this RDF representation is not materialized. Instead,791

the statements are accessed virtually; i.e., the statements are only generated when requested792

during query answering. While the static table remains static during runtime and is limited in size793

by the static parts of the program, the heap is dynamic and could potentially become very large.794

This shows the importance of accessing the heap virtually: materializing all RDF statements about795

the heap, which would need to be done every time is it accessed by a query, is very demanding.796

6.1.2 Querying797

The simplest way of accessing data is by means of a SPARQL query or by validating with SHACL798

directly on the integrated model. Alternatively, if a Jena reasoner is provided, it is possible to799

query with inference via the provided inference model. The third option is to send a description800

logic query to the available OWL ontology, which must be connected to a suitable OWL reasoner.801

This third approach is used by SMOL’s type checking mechanism. While SPARQL can query802

collections of RDF statements directly, DL queries instead require a set of OWL axioms. The803

translation from RDF to OWL in our system is done by OWL-API: OWL axioms are created804

when required, while the leftover statements are just translated to general assertion axioms. It805

should be clear that there is no limitation to who or what can access data, and when this can be806

done: queries can be posed externally by a user or internally by the program, and this can be807

done either before, during, or after the execution of the program.808

6.1.3 Virtualization809

Queries posed to the integrated model are distributed to the models that correspond to the810

different sources (see Figure 16). For the materialized models (here, the SMOL ontology and domain811

ontology), the query is simply evaluated over the available statements. For the virtual models, the812
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system uses the corresponding mapping to generate answers. This mapping is manifested as an813

implementation of a search method find(t) for each source, which takes a search triple t as input814

and returns the set of statements matching this triple. For simple queries with just one triple,815

find only needs to be called directly once. For more complex queries, the query planner must816

first split the query into a set of multiple find calls and then combine the results from each such817

call into the final result set. In other words, the implementation of find is only responsible for818

traversing the relevant data structure and returning the statements matching t, while the query819

planner is responsible for transforming the query into find calls and combining the answers.820

A naive way of implementing find could be to always traverse the whole internal data structure821

and collect statements matching t. Instead, our implementation carefully considers the search triple822

t and prevents the system from traversing the parts that will only lead to irrelevant statements. This823

is achieved by guards in the traversal by the interpreter, which is a simple control mechanisms that824

cannot be passed unless a given expression holds. For example, if we know that a given for-loop only825

generates statements of the form (?v :y ?w) and (?v :z ?w), where ?v and ?w are variables, then826

there should be a guard in front of the loop to check if t matches either of the two forms. Placing827

guards into the code in a way that improves the efficiency of find requires a good overview of the828

data structure and the types of statements to which each part corresponds. It is worth noting that829

virtualization combined with reasoning does not work well in the current setup: many reasoners830

require initial materialization of all statements, which conflicts with the idea of virtual access.831

6.2 Design Choices for Semantic Lifting832

In this section, we discuss alternatives to the design of SMOL’s semantic lifting approach that has833

been formalised in this paper.834

6.2.1 Abstraction835

To emphasize semantic lifting, the design of SMOL supports lifting by default and the language offers836

hiding through explicit annotations in its semantic lifting mechanism. Most often, only a part of837

runtime configurations is actually queried in practice. Therefore, we have opted for a virtual model838

with a pull-based find-mechanism to lift parts of the heap upon need (discussed in Section 6.1.3).839

An alternative design, which we believe is a reasonable trade-off in most applications, would be to840

implement hiding by default, and only expose carefully selected pieces of information through the841

semantic lifting mechanism. Obviously, hiding by default can also profit from virtualization as842

outlined above.843

Semantic lifting can also be integrated with an abstraction function. Taken together, hiding844

and abstraction would allow a more high-level representation of objects in the knowledge graph.845

Taken to the extreme, no actual fields would need to be lifted and an object could be represented846

in the knowledge graph solely though an abstraction function. Integrating abstraction in the847

semantic lifting process adds an additional layer of computation to the semantic lifting process.848

Pure methods can be used to operationally realize abstraction for the semantic lifting process849

(pure methods are methods without side-effects in object-oriented programming).850

It is possible to make information that is implicit in the state of an object, explicit during the851

semantic lifting process by means of a similar computational layer. To materialize such implicit852

information in a program, one typically uses pure methods, as discussed above. For the purpose853

of semantic lifting, we could annotate such methods with a rule modifier, such that all annotated854

methods are executed on all objects from the class of the method during the lifting process.855

▶ Example 22 (Materializing implicit information during semantic lifting). Consider a version of856

class Building from Example 2, in which instances of Building do not explicitly maintain their857
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SMOL
1 class Building(List<Room> rooms, Int size, Street street)
2 Unit addRoom(Room room)
3 this.rooms = Cons(room, this.rooms);
4 end
5 rule domain Int size()
6 Int res = 0;
7 for r in rooms do
8 res = res + r.size;
9 end

10 return res;
11 end
12 end

Figure 17 Using pure methods in semantic lifting.

size in a field. The code of this version is given in Figure 17. Here, the size of a Building instance858

needs to be computed using the size method when needed, since it is not directly available. By859

annotating this method with rule, it is regarded as a field during semantic lifting; thus, the method860

is executed whenever the object is lifted and the result stored in a field size in the lifted object.861

SMOL supported such computational semantic lifting in early versions (e.g., [44]), including862

a simple type system to ensure that these methods do not alter the state during lifting. The863

implementation called the method using the current function stack, executed it and stored the864

return value in the knowledge graph. This technique required arbitrary code to be executed; it was865

removed due to its low performance — while a powerful modeling tool, adding this computational866

layer to the semantic lifting process does not scale well for systems with many objects. Its role867

to derive information from the lifted state can either be done by a reflective architecture (see868

Section 6.3.1) or rule engine tools such as SWRL.15
869

6.2.2 Integrating Black-Box Components870

For black-box components, the runtime state of a component will not generally be available for871

semantic lifting. In this case, we suggest to represent the state of the black-box component in the872

knowledge graph in terms of a semantically lifted interface, which provides a component descriptor873

and the input and output values that are exchanged between the program and the black-box874

component. This can be realized through a class definition that represents the component descriptor875

and a proxy object that exchanges input and output values between program and component.876

Let us concretize this approach to the semantic lifting of black-box components by considering877

how functional mock-up units (FMUs) can be integrated into SMOL [42], thereby allowing numerical878

simulators to be embedded in SMOL programs. An FMU is a black-box component for a numerical879

simulator, as defined by the functional mock-up interface (FMI) [5], allowing simulation units and880

models to to exchanged for co-simulation [29]. An FMU is defined by a set of input and output881

ports. To perform the simulation, it provides a set of procedures to advance the simulation (and882

thus, update the output variables) for a certain amount of simulation time. The information883

about input and output ports, such as type and name, as well as other information, such as the884

tool used to generate the FMU or the external references to guidelines, are stored in the FMU885

15 https://www.w3.org/submissions/SWRL-FOL/

https://www.w3.org/submissions/SWRL-FOL/
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SMOL
1 FMO[in Double y, out Double x] prey = simulate("Prey.fmu");
2 FMO[in Double x, out Double y] predator = simulate("Predator.fmu");
3 Int i = 0;
4 while (i++ <= iterations) do
5 prey.y = predator.y;
6 predator.x = prey.x;
7 prey.tick(1.0);
8 predator.tick(1.0);
9 end

Figure 18 A co-simulation of a prey-predator system.

model information. In SMOL, each FMU is handled as a special object, generated from its model886

description. The fields are names and typed after the input and output ports.887

▶ Example 23 (A Co-Simulation Scenario in SMOL and its Semantic Lifting). Figure 18 is a888

simulation of a prey-predator system. It loads two FMUs, one each for prey and predators, which889

are stored in Prey.fmu and Predator.fmu. The type FMO[in Double y, out Double x] defines a890

functional mock-up object (FMO), which acts as a wrapper for the FMU and has two fields of type891

Double, one of which can only be written (y) and one only read ((x). This information is checked892

against the model information in the FMU file. The loop copies values between the simulators893

and calls the special tick method that advances simulation time by the provided parameter (here,894

one time unit).895

The lifting of the configuration includes the lifting of the FMOs. Each such lifting contains896

the variables of the FMO (analogous to the lifting of fields of normal objects), their current values897

and the path of the loaded FMU.898

6.2.3 Persistent State & Garbage Collection899

Semantic reflection can retrieve objects that are no longer referenced in a program state, as long as900

they exist on the heap. This means that the result of a query to the semantically lifted program state901

may depend on the garbage collector; i.e., there is a race between the semantic lifting and runtime902

operations that are invisible to the programmer. For example, consider the following program:903

SMOL
1 main
2 C c = new C();
3 c = null;
4 List<C> l = access("SELECT ?x WHERE { ?x a prog:C });
5 print(l); // non-null
6 end

904

A tracing garbage collector could remove the object created on Line 2 before the query is905

executed on Line 3, depending on the timing of the garbage collector. This renders the result906

of the query non-deterministic. We see two possible approaches to render semantic reflection907

deterministic in this context: disable garbage collection for objects reflected in the knowledge908

graph or force garbage collection before semantic lifting. For simplicity in SMOL, we opted for909

the former and did not implement an automatic garbage collector in the language interpreter910

so far. Instead, we have introduced a simple form of manual memory management — an object911
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can be deallocated explicitly using a destroy statement. Note that the alternative, obtaining912

deterministic behavior of queries to the semantic layer by forcing a pass of the garbage collector913

before semantic lifting, can also be realized by restricting the results of a query to the reachable914

objects, thereby rendering the result of the query deterministic independent of when the garbage915

collector is applied.916

The race between semantic lifting and garbage collections manifests itself if we consider objects917

only reachable through the knowledge graph as inaccessible. The underlying question is what we918

understand as inaccessible. In the example, the object is only accessible through the graph. One919

can reasonably argue that this can be considered inaccessible from the program’s perspective (as920

it is a program object). One can equally argue that it is accessible, because the language provides921

a mechanism to access it through queries. Indeed, the first version of the geological case study922

relied on events being accessible through queries and did not store them in any variable.923

SMOL
1 main
2 C c = new C();
3 destroy(c);
4 c = null
5 List<C> l = access("SELECT ?x WHERE { ?x a prog:C }); //empty
6 end

924

6.3 Applications925

Semantic lifting, and its realization in SMOL, has been used and validated in several applications,926

which we describe in this section. Each of the applications is further detailed in the referenced927

publications. Throughout development, these applications have influenced the design of SMOL. As928

discussed above, the computational layer of semantic lifting (Section 6.2.1) was removed due to929

a lack of use and performance problems. Another removal was the lifting of the process stack.930

Originally, SMOL also lifted the full function stack, including local variables and process identifiers.931

However, this was removed to reduce the size of the lifted state and because it was rarely needed932

in applications.933

6.3.1 Digital Twins934

Semantic lifting has been used in case studies to enable a digital twin to self-adapt to changes in a935

twinned system. In this line of work, we exploited the ability to use graph queries on a knowledge936

graph that contains information about both the twinned system and the controlling digital twin937

software. This has proven useful in several scenarios, and we give only a short description of the938

main idea here. For a comprehensive overview over the use of semantic lifting and reflection in939

digital twins, as well as more advanced patterns, we refer to [39,47].940

The first case study [45] considers a cyber-physical system consisting of a (simplified) building941

as the twinned system (the physical twin), and a SMOL program as the digital twin. The aim is to942

ensure that as rooms are added and removed from the building, the SMOL program automatically943

detects these changes and adapts the digital twin by removing or adding the objects that represent944

the rooms. Each SMOL object for a room contains an FMU that models its temperature.945

To self-adapt, the semantically lifted SMOL program is compared against a so-called asset model,946

represented as a knowledge graph. The SMOL program that runs a defect query over the combined947

knowledge graph, where each such query expresses a relation between a lifted SMOL object and948

the part of the building that it models. If the defect query has a result, then it is either a SMOL949



E. Kamburjan et al. 3:33

object that must be removed (because the room it modeled was removed) or information about950

how to create a SMOL object to accommodate a new room.951

This reflective digital twin architecture has been further applied and generalized to a greenhouse952

in the GreenhouseDT examplar [48]. Here, the physical twin is a greenhouse containing pumps953

and plants, where plants are regularly replaced or moved. In GreenhouseDT, SMOL is used as an954

orchestrator component for the digital twin: streams of sensor data and pump controllers are955

realized as external components, while the SMOL component acts as the semantically reflected956

system orchestrator. The reason for this decision is to separate data processing and numerical957

operations from operations on the semantic structure to reconfigure the digital twin components.958

959

Reclassification and Dynamic Background Knowledge960

The approach to semantic reflection as described here relies on the fact that the background961

knowledge is static, i.e., that the ontology provided to SMOL does not change during program962

execution. Only the lifted knowledge graph changes. In Digital Twins, and in general when the963

background knowledge contains information about a running/existing system and not just general964

knowledge about universals, the background knowledge can evolve as well.965

Dynamic background knowledge is a problem in object-oriented programming, as this may966

cause that objects change their class after instantiation, which is known as dynamic object967

reclassification [17]. This is in particular important in the setting of self-adaptation, where objects968

need to be reclassified while retaining type safety. Sieve et al. [71] discuss a reclassification969

extension of SMOL, where an object changes its class, if the context it is linked to evolves. This970

declarative dynamic object reclassification has also been evaluated on the GreenhouseDT system971

and extended with type safety, but is so far not part of the main version of SMOL.972

6.3.2 Simulation973

This case study exploits semantic reflection in SMOL to facilitate the interpretation of states974

in a simulator, using domain terminology. The geological simulator of Qu et al. [70] uses the975

BFO-based GeoCore ontology [24]. The motivating example in Section 2 is a simplified version of976

this simulator. Using complex triggers, the SMOL program connects an advanced ontology with977

the simulation of geological process, without the need to extend the ontology — the new trigger978

concepts do not refer to the SMOL ontology. The application is able to reproduce results previously979

obtained manually by a team of geologists for the Ekofisk geological formation in under 10 minutes.980

As the so far biggest case study with SMOL, it also influences the design of the language the most.981

To enhance performance, the hidden keyword was introduced and the use of guards in domain982

linkage proved very useful to control the presence of kerogen depending on the object’s state.983

6.3.3 Semantic Lifting of JVM984

In contrast to the SMOL-based applications above, the Java semantic debugger (sjdb) of Hauber [33]985

implements the semantic lifting of the Java Virtual Machine (JVM). It does not use SMOL, but986

implements semantic lifting to a mainstream language. Using such a language introduces additional987

challenges because the runtime state is not directly available or formalized. Thus, sjdb uses the988

debugging interface of JVM as the basis for semantic lifting — the lifting does not serialize the989

runtime state directly, but only the information exposed over this interface.990

The sjdb tool consists of two parts. The jvm2owl library that is used for semantic lifting,991

and sjdb itself, which implements a debugger tool with breakpoints and a SPARQL interface to992

examine the state. Here, the breakpoints can also be semantic: execution is only halted if a certain993
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query returns a non-empty set. The sjdb tool does not support semantic reflection, as it does not994

extend Java. For this reason, the programmer cannot control lifting without changing the code of995

jvm2owl and exclude certain parts of the language.996

7 Related Work997

Zhao et al. [78] have proposed translating programs, i.e., the static structure of types, variables,998

statements, etc., to knowledge graphs in order to simplify and integrate static analysis. Similarly,999

ontologies for the static structure of Java programs have been proposed by Kouneli et al. [51]1000

and later Atzeni and Atzori [1]. Abstracting from concrete programming languages, de Aguiar1001

et al. [15] describe the OOC-O ontology that aims to give an integrated view for multiple OO1002

languages. The knowledge graphs produced by these approaches are similar to the static part of1003

the SMOL translation, but runtime states are not considered.1004

The OPAL framework, proposed by Pattipati et al. [64], takes into account the runtime1005

semantics by representing the control flow graph and static traces of C programs as triples. The1006

mapping is based on a static analysis of the program and runtime states are still not represented.1007

BOLD is an ontology-based log debugger for C programs developed by Pattipati et al. [65],1008

building on OPAL. In BOLD, programs are instrumented in order to accumulate information1009

about execution traces at runtime. Debugging then proceeds by querying this log information. In1010

contrast to SMOL, only a part of the execution state is captured, and only at selected points in1011

time, depending on the instrumentation. The gathered information cannot be accessed by the1012

program, but it is available for debugging, similar to ideas outlined in our prior work [44]. On the1013

other hand, the possibility to access information about a whole execution trace instead of only the1014

current state is of course particularly useful for debugging, and this is not supported by SMOL in1015

its current state. A recent extension of semantic lifting to traces [40] does not consider semantic1016

state access, but focuses on runtime enforcement.1017

Connections between imperative programming languages and transition systems over knowledge1018

graphs have been investigated in multiple lines of work, where the idea is to define languages1019

that can operate directly on knowledge graphs through atomic actions. An early proposal is1020

Golog [57], a language based on McCarthy’s situation calculus [60], that uses first-order logic1021

guards to examine and pick elements from its own state. Around the same time, Fagin et al.1022

proposed to make explicit the distinction between what is the case in the world and what is1023

known to a program, by means of epistemic (multi-)modal operators Ki, leading to the concept1024

of knowledge-based programs [22]. This line of work is particularly interesting in multi-agent1025

scenarios, where programs benefit not only from access to their own knowledge but also from1026

reasoning about that of other programs. Zarrieß and Claßen [77] expand on this line of work1027

by integrating description logic into a concurrent extension of Golog. They show how to verify1028

CTL [12] properties with description logic assertions. In contrast to our work, knowledge is1029

managed explicitly and programs do not reflect upon themselves.1030

A challenge for programs that can directly modify a knowledge graph is that an ABox may1031

change in such a way that it violates the TBox, meaning that the system’s state becomes1032

inconsistent. Calvanese et al. [9] propose two operations ASK and TELL for transition systems1033

defined explicitly over knowledge graphs. The ASK operator corresponds roughly to our access,1034

while TELL performs a required action on the knowledge graph. This operation is based on the1035

theory of knowledge base revision [49], in particular for DL-Lite knowledge bases [25,26].1036

In contrast to this line of work, the transition system of SMOL is implicit, following the semantics1037

of a fairly standard object-oriented language. The advantage of the TELL operator is clearly that1038

state updates, like state access, closely match the semantic view. On the other hand, the advantage1039
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of our approach with SMOL is that well-established principles from programming languages carry1040

over, avoiding to reinvestigate concepts such as modularity, runtime semantic structure and control1041

flow for knowledge graphs. While all changes to the knowledge graph are global in the work1042

of Calvanese et al. [9], global changes in SMOL only happen in the part of the knowledge graph1043

inferred from user-provided axioms; the part inferred from the mapping only changes locally.1044

More generally, the effects of combining rule systems with description logics, and how to1045

accommodate the differences in semantics, have been the object of much study. In particular, the1046

work of Eiter et al. [21] concentrates on using rule systems as a programming language; technically,1047

answer set programming is enhanced with access to knowledge graphs. The rules are similar to1048

what is commonly used in non-monotonic logic programs, but rule bodies may also contain queries1049

to the knowledge graph, possibly under default negation. In contrast to this line of work on rules1050

and description logics, our work with SMOL has concentrated on the semantic lifting of a more1051

‘mainstream’ object-oriented language.1052

In contrast to the previously discussed work, we have not targeted a language that operates1053

directly on description logic interpretations or knowledge graphs. Instead, we aim is to enhance a1054

language similar to mainstream programming languages by semantic technologies.1055

Closest to our approach in this respect is the work on ontology-mediated programming of1056

Dubslaff, Koopmann and Turhan [18, 19]. Instead of operating on a knowledge graph, they1057

define the concept of an ‘interface’ between the program and the knowledge graph. Technically,1058

the interface defines explicit mappings from program states to the description logic, and vice1059

versa, where the interaction happens through a number of designated variables and ‘hooks.’ As1060

underlying programming language, the authors use a stochastic guarded command language similar1061

to PRISM [52], such that it is possible to perform probabilistic model checking on the ‘ontologized1062

programs.’ In contrast to our work, the programming language provides neither semantic reflection1063

nor typing. However, it is interesting to compare the interface mechanism itself to our work in1064

more detail.1065

SMOL uses an implicit ‘direct’ mapping for semantic lifting, and does not require that the1066

correspondence between program and knowledge graph is described in two directions. From the1067

point of view of the program, the variables VarO and hooks HO of an interface can be compared1068

to the variables used in access queries. The variables VarO are those variables whose values are1069

lifted into the knowledge graph, while HO are concepts in the ontologies that are explicitly used1070

inside the program. From the point of view of the knowledge graph, SMOL reflects the complete1071

program state (including all variables) into the knowledge graph, but our implementation of1072

virtualization ensures that only those parts needed for semantic state access are actually generated.1073

We believe that the semantic lifting of SMOL subsumes the language concepts of ontology-mediated1074

programming in terms of expressivity.1075

Ontologies have also been explored in the context of type systems for programming languages.1076

Leinberger et al. [54] study DL concept expressions as static types in a λ-calculus, such that1077

terms can be type-checked using SHACL constraints [56]. Existing programming languages can1078

be integrated with RDF data using the type systems of Paar and Vrandecic [62] and Leinberger et1079

al. [55]. It is interesting to observe that the difference between ontologies and regular types is1080

not just about taste: (a) concepts allow more expressive structure than type hierarchies and (b)1081

classes in programming languages are designed by the user to fit the needs of its application, while1082

the concepts of the domain are designed to accommodate the needs of a general domain. The1083

connection to types has also been investigated through mappings [38] and code generation [72].1084

While this line of work attempts to unify two tools made for different tasks, our approach with1085

SMOL is to propose a sensible interface.1086

Thimmaiah et al. [73] implement a simple (compared to sjdb) form of semantic lifting of1087
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Featherweight Java into Neo4j, but focus on efficiency of the subsequent data access instead of1088

modeling or the connection between behavioral and ontological modeling. It provides no form1089

of static analysis or type checking. To the best of our knowledge, their approach has not been1090

applied to projects beyond performance evaluations.1091

8 Conclusion1092

Semantic reflection opens new perspectives on how semantic technologies and programming1093

languages can be combined. Our work with SMOL introduces a clear separation of concerns between1094

computations (in the imperative programming language) and domain description (in the ontology),1095

and provides a clear interface between these concerns (queries and domain linkage). This way, we1096

are able to reuse standard technologies and, thus, reduce the need to learn a new formalism for users.1097

Furthermore, we provide basic tool and analysis support for this interface through a type system.1098

We believe that this research direction, at the intersection of semantic technologies and pro-1099

gramming languages, opens up interesting possibilities for integrating domain knowledge and1100

behavioral modeling. Complementing the foundational study presented here, we have also de-1101

scribed first applications and case studies. Together, this work demonstrates the versatility and1102

robustness of semantical reflection.1103

Beyond the technical level of knowledge graphs and imperative programs, semantic lifting also1104

provides an opportunity to study the relation between knowledge evolution [69] and software1105

evolution. Other kinds of interfaces between data and software artifacts, such as object-relational1106

mappings, are known to be challenging to maintain [10, 11], but the interface between graph data1107

and software has received less attention so far.1108

A possible direction for future work at the foundational level, is the extension of the type check-1109

ing towards more dynamic queries, e.g., queries assembled at runtime using string operations, invest-1110

igate the connection between semantic lifting and knowledge graph construction pipelines, and in-1111

vestigate semantic reflection for non-imperative programming languages, e.g., functional languages..1112
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Prog ::= Class main Stmt end Programs
Class ::= class C

[
extends C

]
(Field) [Linkage] Met end Classes

Type ::= t | C | List<C> Types
Field ::=

[
hidden | domain

]
Type f Fields

Linkage ::= links(Expr) le; links le; Domain linkage
Met ::= Type m(Type v) Stmt end Methods

Stmt ::= Loc = RHS; | if Expr then Stmt else Stmt end Statements
| Expr.m(Expr); | skip; | while Expr do Stmt end

| Type v = RHS; | Stmt Stmt | return Expr;
RHS ::= new C(Expr) [Linkage] | Expr.m(Expr) | Expr

| access(sparql, Expr) | member(owl) | validate(shacl) RHS expressions
Expr ::= this | null | Loc | a | Expr op Expr | Expr == Expr | Expr != Expr Expressions
Loc ::= Expr.f | v Locations

Figure 19 Full Syntax of SMOL

A Full Runtime Semantics1113

The full syntax of SMOL is given by the grammar in Figure 19, including the primitives for semantic
reflection. The runtime configurations (cf. Definition 4) are defined by the grammar

conf ::= CT obs prs rs ::= Stmt | Loc← stack; Stmt Cl ::= C | List<C>
obs ::= (Cl, ρ)X prs ::= (m, X, rs, σ).

Here, σ ranges over local stores, i.e., maps from variables to DEs, ρ over object stores, i.e., maps1114

from fields to DEs, CT over class tables, and X over object identifiers. The remaining terms are1115

defined in Definition 1.1116

In the following, we present a Structural Operation Semantics (SOS) [68] for SMOL as a set1117

of rules that defines transitions between runtime configurations. These rules formally define the1118

relation →K
er from Section 5.1 and have Definitions 17–19 as special cases in rules (validate), (member),1119

and (access). Expressions Expr are evaluated using an evaluation function JExprKσ,obs
X with respect1120

to an object identifier X to resolve the expression this, a local store σ to resolve local variables and1121

a set of objects obs to resolve field accesses. To simplify the presentation, we will also allow object1122

identifiers as the right-hand-sides of assignments; object identifiers simply evaluate to ehemselves.1123

We say that an object identifier is fresh if it does not appear in a runtime configuration. We1124

group the rules into three parts: rules with global effect, rules for semantic reflection, and rules1125

with local effect.1126

Rules with global effect. The rules in Figure 20 have a global effect; they either create new1127

objects or manipulate the call stack.1128

Rule (new) allocates a new object in the runtime configuration, initializing it and reduces to1129

an assignment — thus, we do not need several rules for all forms of locations. The rule’s first1130

premise assigns to each field in the object memory ρ the evaluation of the corresponding1131

parameter. The second premise creates a fresh object identifier X. The third premise ensures1132

that the number of parameters is the same as the number of fields.1133
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Rule (call) deals with method calls. The rule is analogous to rule (new), but modifies the stack1134

instead of the runtime configuration. The rule’s premises evaluate the target expression1135

Expr to an object identifier, retrieves the class of this object from the runtime configuration,1136

checks that the number of arguments is correct by a lookup in the class table (using vars).1137

The rule creates an initial store σ′ by evaluating the parameters, and adds a new process1138

to the configuration. The old process has its active statement replaced by the waiting1139

statement Loc ← stack; that records where the return value will be stored once the called1140

method terminate.1141

Rule (return) deals with return statements and removes one process from the stack, but1142

also modifies the calling process by replacing its waiting statement Loc ← stack; by an1143

assignment of the return value to the stored location Loc.1144

Rules for semantic reflection. The rules in Figure 21 correspond directly to Definitions 17–19.1145

There are three analogous rules in the case that the target location is a declared variable.1146

Local effect without lifting. Finally, the rules in Figure 22 are standard programming constructs.1147

Rules (iftrue) and (iffalse) reduce a branching statement to the first or second branch, depending1148

on the evaluation of the guarding expression.1149

The rule (loop1) unrolls the loop body once if the loop guard evaluates to true, while (loop2)1150

removes the loop from the active statement and continues with the next statement.1151

The rule (assign1) deals with assignment of side effect free expressions (and object identifiers)1152

to fields. It evaluates Expr to an object identifier Y and updates its memory. Rules (assign2)1153

and (assign3) update the local memory of the stack frame for new declared and1154

Finally, (skip) merely removes a skip statement without further effect and (callIn) introduces a1155

fresh variable to handle method calls without a target location.1156
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∧
1≤i≤n ρ(fi) = JExpriK

σ,obs
Y X fresh |fieldsCT(C)| = n

(new)
CT obs prs, (m, Y, Loc=new C(Expr1, . . . , Exprn); Stmt, σ) →K

er

CT obs (C, ρ)X prs, (m, Y, Loc=X; Stmt, σ)

∧
1≤i≤n σ′(vi) = JExpriK

σ,obs
Y |vars(CT, C, m2)| = n

JExprKσ,obs
Y = X (C, ρ)X ∈ obs Stmt′ = body(CT, C, m)

(call)
CT obs prs, (m, Y, Loc = Expr.m2(Expr1 . . . Exprn); Stmt, σ)

→K
er CT obs prs, (m, Y, Loc ← stack; Stmt, σ), (m2, X, Stmt′, σ′)

JExprKσ′,obs
Y = e

(return)
CT obs prs, (m, Y, Loc← stack; Stmt, σ), (n, X, return Expr, σ′)

→K
er CT obs prs, (m, Y, Loc = e; Stmt, σ)

Figure 20 Rules with global effect: Object creation, method call, method return.

res = Sha
(
KSMOL ∪ K ∪ Kconf , shacl

)
Kconf = µ

(
CT obs prs, (m, X, Loc = validate(shacl); Stmt, σ)

)
(validate)

CT obs prs, (m, X, Loc = validate(shacl); Stmt, σ)
→K

er CT obs prs, (m, X, Loc = res; Stmt, σ)

obsY = listify
(

Mem
(
KSMOL ∪ K ∪ Kconf , owl

))
Kconf = µ

(
CT obs prs, (m, X, Loc = member(owl); Stmt, σ)

)
(member)

CT obs prs, (m, X, Loc = member(owl); Stmt, σ)
→K

er CT obs obsY prs, (m, X, Loc = Y; Stmt, σ)

obsY = listify(des)
des = Anser

(
KSMOL ∪ K ∪ Kconf , sparql[JExpr1K

σ,obs
X . . . JExprnKσ,obs

X ]
)

Kconf = µ
(
CT obs prs, (m, X, Loc = access(sparql, Expr1, . . . , Exprn); Stmt, σ)

)
(access)

CT obs prs, (m, X, Loc = access(sparql, Expr1, . . . , Exprn); Stmt, σ)
→K

er CT obs obsY prs, (m, X, Loc = Y; Stmt, σ)

Figure 21 Rules for semantic reflection.
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JExprKσ,obs
X = true

(iftrue)
CT obs prs, (m, X, if Expr then Stmt1 else Stmt2 end Stmt, σ)

→K
er CT obs prs, (m, X, Stmt1 Stmt, σ)

JExprKσ,obs
X = false

(iffalse)
CT obs prs, (m, X, if Expr then Stmt1 else Stmt2 end Stmt, σ)

→K
er CT obs prs, (m, X, Stmt2 Stmt, σ)

JExprKσ,obs
X = true

(loop1)
CT obs prs, (m, X, while Expr do Stmt1 end Stmt2, σ)
→K

er CT obs prs, (m, X, Stmt1 while Expr do Stmt1 end Stmt2, σ)

JExprKσ,obs
X = false

(loop2)
CT obs prs, (m, X, while Expr do Stmt1 end Stmt2, σ) →K

er CT obs prs, (m, X, Stmt2, σ)

JExprKσ, obs (C,ρ)Y obs′

X = Y JExpr′Kσ, obs (C,ρ)Y obs′

X = e
(assign1)

CT obs (C, ρ)Y obs′ prs, (m, X, Expr.f=Expr′; Stmt, σ)
→K

er CT obs (C, ρ[f 7→ e])Y obs′ prs, (m, X, Stmt, σ)

JExprKσ, obs
X = e

(assign2)
CT obs prs, (m, X, v = Expr; Stmt, σ) →K

er CT obs prs, (m, X, Stmt, σ[v 7→ e])

JExprKσ, obs
X = e

(assign3)
CT obs prs, (m, X, Type v = Expr; Stmt, σ) →K

er CT obs prs, (m, X, Stmt, σ[v 7→ e])

(skip)
CT obs prs, (m, X, skip; Stmt, σ) →K

er CT obs prs, (m, X, Stmt, σ)

v fresh JExprKσ,obs
Y = X (C, ρ)X ∈ obs returnType(C, m) = Type

(callIn)
CT obs prs, (m, X, Expr.m(Expr); Stmt, σ)
→K

er CT obs prs, (m, X, Type v = Expr.m(Expr), σ)

Figure 22 Rules with a local effect that do not depend on semantic lifting: branching, iteration,
assignment, variable declarations and calls without target variable.
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B The Type System1157

We use a normalized form of SMOL in this section, in order to make the formalization of the type1158

system more simple. In particular, (1) all expressions with side-effects target variable declarations,1159

and (2) all methods end with a return statement. We further consider a Java-style type hierarchy1160

that distinguishes basic and class types. Given a program Prog, we denote by C1 extends C2 that1161

C1 is declared to extend class C2 in Prog.1162

▶ Definition 24 (Type Hierarchy & Subtyping). Given a program Prog, let T denote the associated1163

type hierarchy, defined as follows:1164

Object, Unit, Int, Bool,⊤,⊥ ∈ T and1165

C ∈ T and List<C> ∈ T for all classes C.1166

Subtyping is defined as the minimal partial order ⪯ over T , satisfying the following conditions:1167

∀T ∈ T . T ⪯ ⊤,1168

∀T ∈ T . ⊥ ⪯ T ,1169

∀C. C ⪯ Object,1170

List<C> ⪯ Object,1171

C1 ⪯ C2 if C1 extends C2,1172

List<C1> ⪯ List<C2> if C1 ⪯ C2, and1173

Int, Unit, Bool ̸⪯ Object1174

If there is no such partial order because of cycles in the extends relation, then type checking1175

immediately fails. We write defines(CT, Type) if type Type is either a basic type, or defined in the1176

program, i.e., Type ∈ dom(CT).1177

B.1 Typing Surface Syntax1178

We first describe the typing judgements and rules for programs, classes and methods, given in1179

Figure 23. The typing hierarchy and class table are implicitly given, to avoid syntactic clutter.1180

Program Layer The type judgement ⊢K
er Prog holds if the program Prog is type-safe with respect1181

to knowledge base K and entailment regime er. In practice, we always use the SMOL ontology1182

and the user provided domain knowledge here, i.e., K = KSMOL ∪ Kdomain. The rule (prog)1183

expresses simply that all classes and the main block must be well-typed with respect to the1184

class table of the program and the given knowledge base and entailment regime.1185

Class Layer The type judgement ⊢K
er Class holds if the class Class is type-safe with respect to1186

knowledge base K, and entailment regime er. The rule (class) checks that the extended class1187

exists, that no declared field exists in a superclass, that all field types are defined and then1188

type checks all methods.1189

Method Layer The type judgement Γ ⊢K
er Met holds if the method Met is type-safe with respect1190

to knowledge base K and entailment regime er. Here, the typing environment Γ captures the1191

additional context for the type judgment, this typing environment consists of types for the1192

fields of the surrounding class. The rule (method) again checks that all used types are defined1193

and type checks the method body.1194

The type judgement for statements is given as Γ ⊢K
er Stmt : Type ▷ Γ′, and expresses that the1195

statement Stmt returns a value of type Type under environment Γ and updates the environment1196

to Γ′ (this update of the typing environmentis needed for variable declarations).16 The type Unit1197

16 By slight abuse of notation, we consider return a statement here.
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∅ ⊢K
er Stmt : Unit ▷ Γ ∀i ≤ n. ⊢K

er Classi
(prog)

⊢K
er Class1 . . . Classn main Stmt end

∀i ≤ m. {f1 7→ Type1, . . . , fn 7→ Typen, this 7→ C} ⊢K
er Meti D ∈ dom(CT)

∀E.
(
C ≺ E↛ ∃T. T fi ∈ fields(CT, E)

))
∀i ≤ n. defines(CT, Typei)

(class)
CT ⊢K

er class C extends D(Type1 f1, . . . , Typen fn) Met1 . . . Metm end

defines(CT, Type) ∀i ≤ n. defines(CT, Typei)
Γ ∪ {v1 7→ Type1, . . . , vn 7→ Typen} ⊢K

er Stmt return Expr; : Type
(method)

Γ ⊢K
er Type m(Type1 v1, . . . , Typen vn) Stmt return Expr; end

Figure 23 Typing Rules for Programs, Classes and Methods.

v ̸∈ dom Γ Γ′ ⊢K
er v := RHS; : Unit

Γ′ = Γ[v 7→ Type] Γ′ ⊢K
er Stmt : Type

(T-fresh)
Γ ⊢K

er Type v := RHS; Stmt : Unit

Γ ⊢ Expr : Bool

Γ ⊢ Stmt; skip; : Type
(T-wh)

Γ ⊢K
er while Expr do Stmt end : Unit

Γ ⊢ Expr : Bool

Γ ⊢ Stmt1; skip; : Type
Γ ⊢ Stmt2; skip; : Type

(T-if)
Γ ⊢K

er if Expr then Stmt1 else Stmt2 end : Type

Γ ⊢K
er Stmt1 : Unit

Γ ⊢K
er Stmt2 : Type

(T-sequence)
Γ ⊢K

er Stmt1 Stmt2 : Type

(T-skip)
Γ ⊢K

er skip; : Unit

Γ ⊢K
er Expr : Type

(T-return)
Γ ⊢K

er return Expr; : Type

Γ ⊢ Loc : Type
Γ ⊢ RHS : Type

(T-assign)
Γ ⊢K

er Loc := RHS; : Unit

Figure 24 Typing Rules for Statements.

is used for statements that do not return, but are still well-typed in the sense of containing no1198

substatements that could cause a runtime error, as discussed.1199

Figure 24 gives the rules for statements. We first consider composed statements. Sequential1200

composition is handled by two rules. Rule (T-fresh) updates the typing environment and continues1201

with type checking the remainder of the program. Rule (T-sequence) first type checks the first1202

and then the second statement in the sequential composition. The typing environment is not1203

updated, because there is no rule for a variable declaration except (T-fresh) — if the first statement1204

introduces a new variable, then rule (T-sequence) is not applicable. Rule (T-if) handles branching.1205

The guard expression is typed as a Boolean, and both branches must have the same type. Note1206

that the environment is not relevant — variables declared in one branch are not available afterward.1207

Rule (T-wh) is analogous for loops. Rule (T-skip) always types the skip statement with Unit. Rule1208

(T-return) types the return statement with the type of the returned expression. Rule (T-assign) is for1209

assignments that do not declare new local variables. It, thus, does not update the environment. It1210

type-checks the right-hand side expression. Assignability is ensured through subtyping, for which1211

we have a special rule (subtype) for expressions (see below).1212

The remaining rules consider the typing of expressions and right-hand sides. Figure 25 gives1213

the rules for the right-hand side expressions handling semantic state access. Rule (T-validate) always1214

returns a Boolean. The reasoning behind (T-acc) is discussed in Section 5.2.1. Rule (T-member)1215
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(T-validate)
Γ ⊢K

er validate(shacl) : Bool
dl ⊑K

er Cprog
(T-member)

Γ ⊢K
er member(dl) : List<C>

∀i ≤ n. Γ ⊢ Expri : Typei

SELECT ?obj {P. ?v1 a µ(Type1). . . . . ?vn a µ(Typen)} ⊆K
er SELECT ?obj{?obj a Cprog}

(T-acc)
Γ ⊢K

er access("SELECT ?obj{P}", Expr1, . . . ,Exprn) : List<C>

Figure 25 Typing Rules for Right-Hand Sides.

(literal-int)
Γ ⊢ n : Int

Γ(this) = Type
(this)

Γ ⊢ this : Type
Γ(v) = Type

(var)
Γ ⊢ v : Type

Type ⪯ Object
(literal-null)

Γ ⊢ null : Type

Γ ⊢ Expr : C
Type f ∈ fieldsCT(C)

(compose)
Γ ⊢ Expr.f : Type

Γ ⊢ Expr1 : Int

Γ ⊢ Expr2 : Int
(add)

Γ ⊢ Expr1 + Expr2 : Int

Γ ⊢ Expr : Type1

Type1 ⪯ Type2(subtype)
Γ ⊢ Expr : Type2

Γ ⊢ Expr : C Γ ⊢ Expri : Typei for all i ≤ n

Type m(Type1 f1, . . . , Typen fn) ∈ methodsCT(C)
(T-call)

Γ ⊢K
er Expr.m(Expr1, . . . ,Exprn) : Type

fieldsCT(C) = {Type1 f1, . . . , Typen fn}
C ∈ dom(CT) Γ ⊢ Expri : Typei for all i ≤ n

(T-new)
Γ ⊢K

er Type new C(Expr1, . . . ,Exprn) : C

Figure 26 Typing rules for expressions and right hand sides

uses an analogous check on the given DL concept to ensure that the returned objects can be1216

represented at runtime.1217

The remaining typing rules for expressions are given in Figure 26. The typing judgement1218

has the form Γ ⊢ Expr : Type, with the intuitive meaning that under typing environment Γ the1219

expression Expr has type Type. Rule (this) types the this literal with the carried type self. Rule1220

(literal-null) types the null literal with any subtype of Object. Rule (literal-int) is representative for all1221

typing rules for literals. It types every integer literal with Int. Rule (var) looks up the type of A1222

variable in the typing environment. Rule (compose) types the sub-expression with some class C, and1223

looks up the type of the field in the class table Rule (add) is representative for the underspecified1224

set of expressions with operators. It types both sub-expressions with Int, and types the overall1225

expression with Int as well. Rule (T-call) handles method calls, and its type is the return type1226

of the method. The parameters require a more elaborate check: First, the target expression is1227

typed with a class, then the class table is accessed to retrieve the abstract method parameters.1228

Each of the expressions is then checked against the type of the corresponding abstract parameter.1229

Furthermore, the number of concrete and abstract parameters must be the same. Rule (T-new) is1230

analogous for object allocation.1231
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∀i ≤ n. ⊢K
er Classi

⊢ obs obs ⊢ prs
(R-conf)

⊢ obs prs

(R-obs-1)
⊢ ∅

∀i ≤ n. CT ⊢ obi(R-obs-2)
⊢ {ob1 . . . obn}

fieldsCT(C) = {Typef f}
dom ρ = {f | Typef f ∈ fields(C)} ∀f ∈ dom ρ. ∅ ⊢ ρ(f) : Typef(R-obs-3)

CT ⊢ (C, ρ)X

(R-prs-1)
obs ⊢ ∅

obs ⊢ prs Γ(σ, ρ, C, obs) ⊢ Stmt : Type ▷ Γ′

Type m(. . . ) ∈ methodsCT(C) (C, ρ)X ∈ obs
Stmt ̸= Stmt′; return Expr; Stmt ̸= Loc← stack;Stmt’

(R-prs-2)
obs ⊢ prs, (m, X, Stmt, σ)

(C1, ρ1)X1 ∈ obs (C2, ρ2)X2 ∈ obs
obs ⊢ prs Γ(σ2, ρ2, C2, obs) ⊢ Expr : Type(Loc)

Γ(σ1, ρ1, C1, obs) ⊢ Stmt1 : Type1 ▷ Γ1 Γ(σ2, ρ2, C2, obs) ⊢ Stmt2 : Type2 ▷ Γ2
(R-prs-3)

obs ⊢ prs, (m1, X1, Loc← stack;Stmt1, σ1), (m2, X2, Stmt2; return Expr;, σ2)

Figure 27 Typing rules for runtime configurations.

B.2 Typing Runtime Syntax1232

We now consider the typing of runtime configurations, which amounts to typing all statements in1233

the process stack and class table, and checking consistency constraints; e.g., every runtime return1234

statement must have a corresponding statement to continue in the next lower process on the stack.1235

Also, we need to generate the corresponding typing environments.1236

Figure 27 gives the typing rules for runtime configurations. Rule (R-conf) checks a whole1237

configuration. The first premise type-checks all classes in the class table, the second the objects,1238

assuming a well-typed class table, and the last checks the processes, using the well-typed class1239

table and objects. As we will see, the first premise is not required if the configuration is reached1240

from an initial configuration. Rule (R-obs-1) states that an empty set of objects is well typed, and1241

rule (R-obs-2) decomposes checking a set of objects into checking each object in isolation. Rule1242

(R-obs-3) checks a single object. Each field of the given class must have a value assigned in the1243

memory, and the type of the value (checked as an expression) must be of the declared type. Rule1244

(R-prs-1) states that an empty process stack is well-typed, and rule (R-prs-2) handles all processes on1245

the stack with a non-return statement on top. It reduces to check the statement in the context1246

generated from the heap and local memory with1247

Γ(σ, ρ, C, obs) = {v 7→ Type | v ∈ dom σ, ∅ ⊢ σ(v) : Type or (Type, ρ′)σ(v) ∈ obs}1248

∪ {f 7→ Type | f ∈ dom ρ, ∅ ⊢ ρ(f) : Type or (Type, ρ′)ρ(f) ∈ obs}1249

∪ {this 7→ C}1250

Finally, rule (R-prs-3) is concerned with process stacks where the next statement to be executed is a1251

return; here, the next lower process must start with a continuation. Note that any process stack1252

not matching these rules, is ill-typed.1253
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B.3 Soundness1254

▶ Lemma 25 (Initial State). The initial configuration of a well-typed program is well-typed:1255

⊢ Prog ⇒ ⊢ initProg .1256

Proof. We need to show that we can construct a proof tree to type check initProg with the rule1257

(R-conf) as its root, given a tree for Prog with (prog) as its root.1258

First premise: This follows from the second premise of rule (prog), except the class Entry, which is1259

well-typed if the main statement is well-typed, which is the first premise of (prog).1260

Second premise: By definition there is only one object that is already created, which is of class1261

Entry. Ergo, we must type is with rule (R-obs-3). This class has no fields, thus the first premise1262

trivially holds. The generated heap is empty, thus the second and third premises also hold.1263

Third premise: By definition there is only one process, which we must type with (R-prs-2). As1264

the main block is well-typed with Unit, which is the type of the generated entry method, the1265

first two premises hold. The third premise holds trivially by generation. The forth one is1266

guaranteed to hold as the identifier and class name are fixed for all initial configurations. The1267

last premises hold as return and the waiting statement are not allowed in the main block. ◀1268

Before we show that every the lifting of well-typed configuration is consistent, we give an1269

auxiliary structures as an intermediate steps.1270

▶ Lemma 26. The lifting of a class table of every well-typed program is consistent:1271

⊢ Prog ⇒
⋃

C∈CTProg

µ(C) ∪ KSMOL is consistent.1272

Proof. Let |Prog| be the number of classes in a program. Let |Class| be the number of fields and1273

methods within a class. We prove the theorem by induction on n = |Prog|.1274

Induction hypothesis 1: ∀n. |Prog| = n⇒
(
⊢ Prog⇒

⋃
C∈CTProg

µ(C) ∪ KSMOL is consistent
)

1275

Induction base n = 0: In this case, the class table is empty and the lifting consist only of KSMOL.1276

This set of axioms is consistent, as is easily shown by inputing it into a DL reasoner.1277

Induction step n > 0: Before we continue, we observe the structure of the lifted class table:1278

Besides additional axioms stemming from the subclass relation, it is saturated, i.e., no new1279

axioms can be derived. Furthermore, it contains no counting axioms, as the only axioms that1280

limit the number of members of a concept are in close. Thus, there are only 4 ways to make1281

the knowledge graph inconsistent: (1) violating a domain axiom, (2) violating a range axiom,1282

(3) violating a disjointness axiom, and (4) violating a set axiom from close. Note that all of1283

these inconsistencies do involve more than one axiom, but each inconsistency must involve (at1284

least) one of the above.1285

We remind that the axioms generated from lifting a class are as follows.1286

OWL
1 Individual: Cprog

2 Facts: a ClassSMOL, hasNameSMOL "C",
3 [subClassSMOL Dprog], // if C extends D
4 [subClassSMOL AnySMOL], // otherwise
5 hasMethodSMOL m1

prog, . . ., hasMethodSMOL mn
prog,

6 hasFieldSMOL f1
prog, . . ., hasFieldSMOL fk

prog

7

8 Individual: m1
prog Facts: a MethodSMOL, hasNameSMOL "m1"

9 . . .

10 Individual: f1
prog Facts: a FieldSMOL, hasNameSMOL "f1"

11 . . .
1287
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Let Class be any class in Prog, such that (by induction hypothesis 1) the other n classes are1288

lifted to a consistent knowledge graph. We now proceed with an induction on m = |Class|.1289

Induction hypothesis 2: ∀m. |Class| = m⇒
(
µ(Class) ∪ KSMOL is consistent

)
1290

Induction base m = 0: In this case the class C has no fields or methods.1291

The first axiom generated connects the name to the IRI of the class using hasNameSMOL.1292

The only interactions this axiom have is with (1) the domain axiom for this property,1293

which is observed, because the lifting of CT states that Cprog a ClassSMOL explicitly, and1294

(2) the range axiom, which is observed, as the name has the right data type, namely a1295

xsd:String.1296

The second group of axioms model the subtyping relation and the disjointness. These1297

can only interact with each other, but all the subtyping relation axioms are consistent, as1298

they form a tree by definition of the class system which excludes cycles, and the program1299

is well-typed by the assumption of this theorem.1300

The last axiom is the set axiom for ClassSMOL, which cannot cause an inconsistency as1301

the membership of Cprog is state explicitly.1302

Induction step m > 0: We distinguish the cases for fields and methods.1303

Fields: The range and domain axioms cannot cause inconsistencies because the field is never1304

used. The axioms for hasFieldSMOL and hasNameSMOL again fulfill their range and domain1305

axioms by construction and the last axiom fprog a FieldSMOL.1306

Methods: Analogous to fields. ◀1307

For our main theorem, we consider the following property that connects typability of runtime1308

configurations and consistency of the corresponding knowledge bases.1309

▶ Theorem 27 (Connection). The lifting of every well-typed configuration is consistent:1310

⊢conf ⇒ µ(conf) is consistent.1311

Proof. We have1312

µ(conf) =
⋃

C∈dom(CT)

µ(C) ∪
⋃

1≤X≤n

(
µ(obi) ∪ links(X)[Xrun, conf]

)
∪ close1313

and, by Lemma 26, the lifted class table (
⋃

C∈dom(CT) µ(C)∪KSMOL) in itself is consistent. We show1314

that (1) the lifting of objects is consistent, (2) that the lifting of objects is consistent with the1315

lifted class table, and (3) both liftings are consistent with the closure axioms.1316

We show that the following is consistent:1317 ⋃
1≤X≤n

(
µ(obi) ∪ links(X)[Xrun, conf]

)
∪ KSMOL .1318

Following the structure of Lemma 26, we consider each added axiom in isolation, and compare1319

it with the range and domain axioms of the respective property. It is easy to see that the1320

lifting follows domain and range, with the only critical point being the distinction between1321

data and object property. The linkage is consistent due to being a conservative extension.1322

We show that the union of of lifted class table and lifted objects is consistent:1323 ⋃
C∈dom(CT)

µ(C) ∪
⋃

1≤X≤n

(
µ(obi) ∪ links(X)[Xrun, conf]

)
∪ KSMOL .1324

The two axioms sets, which are consistent in themselves, interact only on class and field1325

individuals. It is easy to see that the use of the entryOfSMOL and implementsSMOL adhere to1326

the domain and range axioms of the ontology.1327
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It remains to show that the union of the above with close is consistent. This is straigthforward:1328

this set of axioms only defines classes in terms of sets of individuals. All these sets are disjoint,1329

and there are no relevant subclass relations. There are no counting axioms in the SMOL1330

ontology that could limit the number of individuals, and that the domain knowledge is a1331

conservative extension and cannot introduce such restrictions other. Thus, there are no axioms1332

that could be used to derive a contradiction. ◀1333

As our evaluation of side-effect and non-semantic expressions is underspecified, we impose1334

the following restriction on it, which is standard and independent of semantic state access,1335

as these constructs are handled by evaluation of statements, not expressions. We require the1336

following property to connect typability of expression with their evaluation. As we underspecify all1337

expressions except the ones related to retrieve objects, we only state this assumption for objects.1338

▶ Assumption 1. If Γ ⊢ Expr : C, CT ⊢ obs and (C, ρ)X ∈ obs, then either (1) JExprKσ,obs
X = null or1339

(2) JExprKσ,obs
X = Y, such that (D, ρ)Y ∈ obs and D ⪯ C .1340

We now prove the subject reduction theorem and show that being well-typed is an invariant at1341

runtime. We refrain from giving full formal details because besides the case for access, the system1342

is a standard object-oriented language.1343

▶ Lemma 28 (Subject Reduction). Every transition from a well-typed configuration results in a1344

well-typed configuration.1345

⊢ conf ∧ conf →K
er conf′ ⇒ ⊢ conf′ .1346

Proof. Case distinction on the rule used to make the transition.1347

Rule (iftrue): We must show that for all Γ if1348

Γ ⊢ CT obs prs, (m, X, if Expr then Stmt1 else Stmt2 end Stmt, σ)1349

then1350

→K
er CT obs prs, (m, X, Stmt1 Stmt, σ) .1351

First, we observe that the type trees differ only in the statement, as the rule does not change1352

the environment, objects or process. Thus, we only need to prove that if1353

Γ ⊢K
er if Expr then Stmt1 else Stmt2 end Stmt : Type1354

then1355

Γ ⊢K
er Stmt1 Stmt : Type .1356

By assumption, we have the following derivation tree:1357

(1)
Γ ⊢K

er Stmt2 : Type
(2)

Γ ⊢K
er Stmt1 : Type

(T-if)
Γ ⊢K

er if Expr then Stmt1 else Stmt2 end : Type
(3)

Γ2 ⊢K
er Stmt : Type

(T-sequence)
Γ ⊢K

er if Expr then Stmt1 else Stmt2 end Stmt : Type

1358
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Here (1), (2), (3) are closed derivation trees, domΓ3 ⊇ domΓ2, and Γ3 and Γ2 do agree in1359

their image on the domain of Γ2. It is easy to see that if a statement can be typed with Γ2,1360

then it can also be typed with Γ3. Thus, we can construct the following derivation tree for the1361

target judgement:1362

(3)
Γ ⊢K

er Stmt1 : Type
(T-weak)

Γ ⊢K
er Stmt1 : Type

(2)
Γ2 ⊢K

er Stmt : Type
(T-sequence)

Γ ⊢K
er Stmt1 Stmt : Type

1363

Rules (iffalse), (loop1), (loop2): Analogously to (iftrue), we just copy over the right subtrees in the1364

rewritting.1365

Rule (assign1): We must show that, under the conditions described by the premises, if1366

Γ ⊢K
er Expr.f := Expr′; Stmt : Type1367

and1368

CT ⊢ (C, ρ)Y1369

then1370

Γ ⊢K
er Stmt : Type1371

and1372

CT ⊢ (C, ρ[f 7→ e])Y .1373

By assumption, we have the following (slightly simplified) derivation tree1374

(3)
Γ ⊢K

er Expr′ : Type2 ▷ Γ′

(2)
Γ ⊢K

er Expr : C

Γ ⊢K
er Expr.f : Type1

Γ ⊢K
er Expr.f := Expr′; : Unit

(1)
Γ′′ ⊢K

er Stmt : Type
(T-sequence)

Γ ⊢K
er Expr.f := Expr′; Stmt : Type

1375

Obviously (1) is a derivation tree for Γ ⊢K
er Stmt : Type. For the second statement, we must1376

show that e : Typef, which follows from Assumption 1.1377

Rules (assign2), (assign3)]: Analogous to (assign1).1378

Rule (skip): We must show that if1379

Γ ⊢K
er skip; Stmt : Type1380

then1381

Γ ⊢K
er Stmt : Type1382

By assumption, we have the following derivation tree1383

(T-skip)
Γ ⊢K

er skip; : Unit
(1)

Γ ⊢K
er Stmt : Type

(T-Sequence)
Γ ⊢K

er skip; Stmt : Type
1384
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Thus, there is a derivation tree for (1), which is exactly the statement we need to show.1385

Rule (callIn): This rule is not applicable in the small language, but it is trivial to see that the1386

explicit check for the return type ensures the applicatbility of (T-call).1387

Rule (new): We need to show if the whole configuration is well-typed and, thus, there derivation1388

tree for the creation statement, rooted in (T-new), then there is one for the declaration for the1389

declaration, rooted in (T-declare), and that the newly created object is well-typed.1390

For the derivation tree we have, by construction, Y : C, and all subtrees can be copied over1391

directly. For the newly created object, we must show that all evaluated values respect the type1392

of the field they are assigned to. This is the same argument as for storing a single value in a1393

field in (assign1) using Assumption 1.1394

Rule (call): We must ensure that rule (R-prs-3) is applicable after the transition. Thus, we1395

must ensure the required syntactic form, as the rest follows from the typability of the prior1396

configuration (such as typability of the lower process stack). For this it suffices to observe that1397

Stmt′ ends in a return statement, as required by the rule.1398

Rule (return): This removes exactly one pair of runtime stack statements, we must show that1399

the resulting value is respecting the type of the expression, which is analogous to the above1400

cases, as it is checked explicitly by (T-return), and this derivation subtree can be reused by1401

(T-assign). Note that Stmt always ends in a return by definition, as it is always a method body,1402

and, thus, we do not need to reason about its exact structure.1403

Rule (validate): We must show that applicability of (T-validate) implies applicability of (T-declare)1404

after the transition. By definition, Sha returns a Boolean literal, the other subtrees carry over1405

directly.1406

Rule (member): We must show that applicability of (T-member) implies applicability of (T-declare)1407

after the transition. For this, we must show that we can listify the results of the membership1408

query into a list of C elements.1409

Only objects of C and its subclasses are described by Cprog, the additional premise, explicitly1410

checks that the membership query is on a concept that is a subconcept of Cprog, i.e., a subset1411

of objects of C and its subclasses. By Theorem 27 the original configuration is consistent, so the1412

reasoner indeed does so. We remind the reader that we include the close axioms to ensure that1413

no further individuals (that cannot be represented at runtime) can be added by the domain1414

knowledge.Thus, every subconcept of Cprog is a subset of the individuals of representable1415

objects of the required class.1416

Rule (access): Analogous to (member), except that the argument is over query containment1417

instead of concept subclassing. ◀1418

We obtain that for a well-typed program, every reachable state is well-typed.1419

▶ Lemma 29 (Well-Typed Reachable States).

⊢ Prog ∧ initProg ⇝
Kdomain
er conf ⇒ ⊢ conf1420

Proof. Follows directly from Lemmas 25 and 28. ◀1421

We can now prove Theorem 1.1422

▶ Theorem 1 (Type Safety). Let Prog be a program that is well-typed with respect to ⊢Kdomain
er ,1423

where Kdomain is a conservative extension of KSMOL ∪ µ(CTProg). Every reachable configuration of1424

Prog can be lifted to a consistent knowledge graph:1425

∀conf. initProg ⇝
Kdomain
er conf → µ(conf) ∪ KSMOL ∪ Kdomain is consistent.1426

Proof. By Lemma 29, every reachable configuration is well-typed and by Theorem 27 every1427

well-typed configuration is lifted to a consistent knowledge graph. ◀1428
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