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Program synthesis

• A classical challenge in computer science since Church‘s Problem (1956)

• Classical problem understood as synthesis „from scratch“

• Given a logical specification, to construct a system satisfying it

• Classical problem faces inherent obstacles in the form of

• Computational complexity (super-) exponential

• Specification complexity

• CLS is component-based (not from-scratch)

• CLS is type-based (not based on complete specifications)
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CLS: A type-based approach to component-oriented synthesis

J Rehof, MY Vardi:

Design and synthesis from components (Dagstuhl seminar 14232, 2014)



  
   

  

David Hilbert

1862-1943
Moses Schönfinkel

1889-1942

Combinatory logic

Haskell Curry

1900-1982
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Combinators

Hindley, J. R.; Seldin, J. P. (2008). λ-calculus and Combinators: An Introduction. Cambridge 
University Press.

Barendregt, H. P. (1984). The Lambda Calculus, Its Syntax and Semantics. Studies in Logic 
and the Foundations of Mathematics. Vol. 103. North Holland.
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Combinatory logic (simple types)



  
   

  

Synthesis as type inhabitation in combinatory logic



  
   

  

Synthesis is type inhabitation in combinatory logic



  
   

  

Example: Webpage synthesis
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Native repository (native types)
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Semantic repository (semantic types)
Intersection type



  
   

  

Inhabitation problem



  
   

  

@combinator object customerForm {

def apply(title: String,

logoLocation: URL,

optionSelector: OptionSelection): Form = {

val form = Java(readFile("CustomerForm.java")).compilationUnit()

addOptionSelection(form, optionSelector)

addTitle(form, title)

addLogo(form, logoLocation)

form

}

val semanticType: Type =

'Title =>: 'Location('Logo) =>: 'ChoiceDialog(alpha) =>: 'OrderMenu(alpha)

}

Scala combinator



  
   

  

Inhabitation request
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CLS world view: a repository is a combinatory basis
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Synthesis is type inhabitation in combinatory logic
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Theory and algorithms of inhabitation based on

alternating Turing Machines 



  
   

  

Computational complexity

• CLS allows for „controlled combinatorial explosion“, since interface types

can be used to program the composition (much like a logic program)



  
   

  

Algorithm engineering
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Component
Repository in 

SCALA extension

Inhabitation algorithm for CL

Combinatory 
Meta-Programs

Output Programs

Tree grammar of all
solutions

Input Goal Type

CLS-Framework

Current implementation (GitHub) www.combinators.org, https://github.com/combinators

Jan Bessai: A Type-Theoretic Framework for Software Component Synthesis.

Dissertation TU Dortmund 2019.



  
   

  

Component
Repository in 

PYTHON

Inhabitation algorithm for CL

Combinatory 
Meta-Programs

Output Programs

Tree grammar of all
solutions

Input Goal Type

CLS-Framework



  
   

  

Component
Repository

Generate

Test suite

Test

Inhabitation problem in CL

Generate-and-test

Input Goal Type



  
   

  

Component
Repository in 

SCALA extension

Inhabitation algorithm for CL

Combinatory 
Meta-Programs

Output Programs

Tree grammar of all
solutions

PRE

Example: generation/config of components

MID

Example: transformations

on grammar

POST

Example: tests, filters

Input Goal Type

Extensions to CLS-framework



  
   

  

Boris Düdder:  Automatic Synthesis of Component & Connector-Software Architectures with Bounded Combinatory Logic.
Dissertation TU Dortmund, August 2014.

Example: Component & Connector Synthesis
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CLS strength: Automated software product lines

https://en.wikipedia.org/wiki/Feature_model

Software product lines (SPLs), or software product line development, refers to software 
engineering methods, tools and techniques for creating a collection of similar software systems 
from a shared set of software assets using a common means of production

https://en.wikipedia.org/wiki/Software_product_line

G Heineman, A Hoxha, B Düdder, J Rehof:

Towards migrating object-oriented frameworks to enable synthesis of product line members.

Proceedings of the 19th International Conference on Software Product Line, 56-60



  
   

  

Example: LaunchPad – Feature-oriented Programsynthesis
by George T. Heineman using (CL)S



  
   

  

Example:

LEGO NXT robot control synthesis

GOAL:
fstproc ∩ car ∩ followsLine ∩ twoLightSensors ∩

stopsOnTouch ∩ robotProgram



  
   

  

CLS pro‘s
• Specifications

− Simple and intuitive (type-based classification)

− Integrated in code (component wrapping and types)

• Automation

− Search for components

− Formalized rules for use of components

− Composition of components (program generation)

− Logical dependencies expressible

− Nondeterminism (multiple solutions)

• Migration strategies from code (system) to repository

− Generalization of existing application to a product line

• Flexibililty

− Extendability

e.g. transformations, optimizers, constraint-solvers, ML-components

− Language agnostic, code templating via metalanguage and staging



  
   

  

• Construction of repository and type specifications

− Presupposes component structure in the application domain

−Up-front cost (componentization, specification, wrapping),

only amortizable with certain level of complexity of product line

− Knowledge of CLS

−CLS debugger still open to improvements

CLS con‘s
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Adaption Intelligence of Factories

DFG Graduiertenkolleg 2016 - 2025



  
   

  

Baustein/Modul Repository

Graph -
Transformatio

n

Jan Winkels: Automatisierte Komposition und Konfiguration von Workflows zur Planung 
mittels kombinatorischer Logik. Dissertation (GRK 2193) TU Dortmund 2019.

PDM synthesis



  
   

  

PDM synthesis






  
   

  

PDM synthesis



  
   

  

Generation of manufacturing simulation models



  
   

  

Component
Repository in 

SCALA extension

Inhabitation algorithm for CL

Combinatory 
Meta-Programs

Output Programs

Tree grammar of all
solutions

MID

Example: transformations

on grammar

Input Goal Type

Extensions to CLS-framework

J Bessai, L Czajka, F Laarmann, J Rehof: Restricting Tree Grammars with Term Rewriting. FSCD 2022



  
   

  

• Real-world example of a sheet metal box production
• Implemented as discrete event simulation application using simulation 

environment AnyLogic 8
• It consists of

A. An inbound warehouse and 
an intermediate storage 
for the sheets

B. Two bending machines
C. Two cutting machines

• The simulation model is composed manually from the TRUMPF model library

Industrial use case



  
   

  

4. Adding 3D visualization

3. Parameterization
of the agent

2. Connection of ports

TRUMPF Model Library



  
   

  

• Planning results in the choice of two cutting and two bending machines
• Cutting Machines

– Differ in their cutting speed, assembly space 
and type of loading and unloading

 18 possible configurations
• Bending Machines

– Differ in their Bending Speed and assembly space
 6 possible configurations

• Continuous parameters are grouped into intervals 
to avoid uncountable number of possible combinations

• In total, 18 * 18 * 6 * 6 = 11664 different system variants
Fig. 1. Overview of the decision-making scope of 

the industrial use case

Variability and approach



  
   

  

• The scenario is converted into a 
feature model

• A feature model represents all 
occurences of a software 
product line

• It allows to map the variability 
and different configurations of 
the given simulation model

Fig. 2. Feature model

Migration of a simulation model into a productline

• Given repository Γ and a target goal
• (CL)S tries to find a set of combinators that meet the target type and cover all input 

parameters
• The output of the synthesis are XML files, which are directly executable by AnyLogic
• In our case, we obtain 11664 well-prepared and valid simulation models
• But!

– Not all of the generated simulation models are useful
– Various configurations violate against general project constraints

 Solution: Using constraint solving techniques for filtering simulation models



  
   

  

• The feature model is transformed into combinators for 
synthesis

• The combinators are held in a repository Γ
• Each combinator is classified by 

– A combinator name
– A native type (e.g. integer or string)
– A semantic type
– Input parameters, which are classified in the same way 

(optional)
• Combinators also have implementation details such 

functions manipulating XML fragments

Migration of a simulation model into a productline



  
   

  

• Exemplary job that requires processing of 
40 small-sized and 60 medium-sized sheets

• Assumptions
– Defined threshold for the allowed 

throughput time of 400 minutes 
– Large-sized configurated machine can also 

handle medium-sized and small-sized 
sheets

• Without considering threshold for the 
throughput time, 5184 different 
configurations are generated

Fig. 4. Real-world example of a sheet metal production

Experimental results



  
   

  

• After filtering 1332 solutions are remaining
• The following configurations are the best economic solutions:

Cutting 
Machine 1

Cutting 
Machine 2

Bending 
Machine 1

Bending 
Machine 2
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Costs 5 10 15 10 15 5 1 2 4 6

Table 1. Best configurations for considered use case example Table 2. Parameters used in use case example

Experimental results
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Generalizing an existing simulation model via CLS-retrofitting
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WAFR 2022

The 15th International Workshop on the Algorithmic Foundations of Robotics

June 22-24, 2022 at the University of Maryland, College Park

Design space exploration with active learning



  
   

  

Component
Repository

Generate

Test suiteStochastic model

Test
Learn

Inhabitation problem in CL

Extension: generate-and-test loop for data analysis and learning

Input Goal Type
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Feature space exploration for sample-based motion planning
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Feature space exploration for sample-based motion planning



  
   

  

component
repository

Generate

Inhabitation problem in CL

goal type

Schäfer, Bessai, Chaumet, Rehof, Riest: Design Space Exploration for Sampling-based Motion 
Planning Programs with Combinatory Logic Synthesis, WAFR 2022

sample-based
motion plans

Hypermapper 
2.0

result vectorconfiguration
vector
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Feature space exploration for sample-based motion planning
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Component
Repository in 

SCALA extension

Inhabitation algorithm for CL

Combinatory 
Meta-Programs

Output Programs

Tree grammar of all
solutions

PRE

Example: generation/config of components

Input Goal Type

Extensions to CLS-framework
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Maschinen-
belegungsplan

Startheuristiken

Metaheuristiken

Evolutionäre 
Algorithmen

Nachbarschaftsstrategie
n

C

L

S

Lernverfahren zur Verbesserung der 
Syntheseergebnisse

Kombination von 
Heuristiken

Art des Maschinen-
belegungsproblems
(Identische parallele 

Maschinen, Flow Shop, 
Flexibler Flow Shop etc.) 

Nachfragedaten

Ausschussdaten

Prozesszeiten

Umrüstzeiten

Zielfunktion

Nebenbedingungen

Parameter 
Optimierung

α-
Komponente

α

β-
Komponente

β

γ-Komponente

γ

Hintereinande
r-ausführung

Simulation
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Many industrial applications. Some are surprising.

CLS approach works well in complex, real scenarios.

CLS-Framework is easy to use and easily exstensible.

Future directions around model-based training for AI.
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