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Overview of the talk

❖ Background, context and motivations 
➢ Knowledge engineering
➢ Food computing
➢ TAISTI project

❖ Ontological modeling in the food domain

❖ Knowledge-based reasoning about substitutes

❖ Open challenges and opportunities

…The best ideas shape at the crossroads of domains… 



Introduction



What is knowledge?
Go to: Menti.com 
and enter code: 
4236 7543

https://www.menti.com


What is 
knowledge 
engineering?





What 
is 

food?
Again: 
menti.com 
4236 7543

https://www.menti.com


What is food computing?

Knowledge 
acquisition

– – – – – – – – 
Knowledge 
engineering



TAISTI: AI-based substitution recommendation



TAISTI in a nutshell (http://taisti.eu)

● “Development of a Technology based on Artificial 
Intelligence for inferring SubsTitutable recipe 
Ingredients”

● EEA and Norway grants - Financial contribution of Iceland, 
Liechtenstein and Norway

● Programme „Applied Research”
● Managed by the National Centre for Research and Development
● Small grant scheme: 2 year project 
● 856 994 PLN in funding

http://taisti.eu


Multidisciplinary research team

● Leader, PI: Agnieszka Ławrynowicz (Computer Science, Poznań)

○ Jędrzej Potoniec (Computer Science - Ontologies, KKR, Poznań)

○ Dawid Wiśniewski (Computer Science - IE, entity linking, Poznań)

● Agnieszka Kalicka (Linguistics, Poznań)

● Anna Gramza-Michałowska (Food technology, Poznań)

● Bartosz Kulczyński (Dietetics, Poznań)

● Anna Wróblewska (Computer Science - recommenders, ML, Warszawa)

● Weronika T. Adrian (Computer Science - logic-based AI, KE, Kraków)

● Phd Students, Master Students, young researchers 



Multidisciplinary research team



1. Knowledge curation 
a. Manual annotation (linguistics)
b. Entity linking (information extraction, linking instances to 

existing categories and objects)

2. Knowledge acquisition, integration and modeling
a. Existing sources: recipes, nutritional tables, ontologies
b. Domain experts (translating unstructured informal knowledge 

into knowledge structured and formal)

3. Machine learning-based recommendations
4. Rule-based verification and explanation

R&D problems and challenges



Knowledge engineering questions

1. Where/What is the useful knowledge?

2. How to conceptualize/integrate/model it?

3. How to reason about it?



Knowledge analysis 
and acquisition



So let’s get to work!
On substitution!

Because it’s obvious what substitution is…. Or not?



What is substitution?

Answers food technologist…



Substitute: 
ingredient(s) change, 
same technological 
process, final 
product similar to 
the original one

Analogue (imitation): ingredient(s) change, 
technological process may differ, the final product 
imitates the original one in terms of color, taste etc.



Domain experts’ sources…





[Scenario #1 - zamiana wynikająca z braku produktu; zamiennik musi odwzorowywać wartość odżywczą, tj. być 
również dobrym źródłem błonnika]
-------------------------------------------------------------------------------------
Persona X zdecydowała się na przygotowanie risotto. Jednak, gdy przyszło do sporządzenia potrawy okazało 
się, że zabrakło jej ryżu brązowego. W przepisie, który wykorzystywała nie było podanej informacji na temat 
składnika/składników, którymi można zastąpić ryż. Co więcej Persona X postanowiła odżywiać się zdrowo i 
zastanawia się, który możliwy zamiennik ryżu spełniałby jej oczekiwania, tj. nadawałby się nie tylko z 
technologicznego punktu widzenia, ale przede wszystkim byłby dobrym źródłem błonnika pokarmowego.

[Scenario #2 - zamiana wynikająca z konieczności wykluczenia konkretnego produktu z powodu zdrowotnego; 
zamiennik musi spełniać wymagania zdrowotne]
-------------------------------------------------------------------------------------
Persona Y postanowiła przyrządzić na imprezę urodzinową deser mleczny z owocami. Jednak okazało się, że 
jeden z gości ma zdiagnozowaną alergię na białko mleka krowiego i orzechy. Aby całkowicie nie rezygnować z 
pomysłu przygotowania słodkiej przekąski, Persona Y postanowiła wymienić mleko na inny składnik. Niestety 
nie ma ona pomysłu, który produkt sprawdziłby się w tym przypadku jako dobry zamiennik mleka. Mąż podsunął 
jej pomysł, że może to być napój migdałowy. Jednak nie jest przekonana, czy będzie on odpowiednim 
zamiennikiem, gdyż wspomniany gość ma zdiagnozowaną alergię na orzechy.

[Scenario #3 - zamiana wynikająca z konieczności wykluczenia konkretnego produktu z powodu zdrowotnego; 
zamiennik musi spełniać wymagania technologiczne, tj. musi nadawać taką samą słodkość potrawie, jak cukier]
-------------------------------------------------------------------------------------

Persona Z jest w trakcie przygotowania pieczonych ciasteczek na spotkanie rodzinne. Dowiedziała się jednak, 
że jednym z uczestników spotkania będzie babcia, która zmaga się z cukrzycą typu 2. Wobec tego 
zdecydowała, że nie będzie stosować dodatku cukru do wypieków. Niestety ciasteczka pozbawione słodkiego 
smaku, jaki nadaje cukier, nie znajdą uznania wśród młodszych gości. Stąd Persona Z zastanawia się, czym 
zastąpić cukier w ciasteczkach, aby zachowały one swoją słodycz. Co prawda siostra jej podpowiedziała, że w 
ostatnim czasie popularnym zamiennikiem cukru jest erytrytol. Jednak pozostały dwie wątpliwości do 
rozwiązania: (1) czy erytrytol nie straci swojej słodyczy podczas pieczenia, (2) w jakim stosunku zamienić cukier 
na erytrytol, aby uzyskać zbliżoną słodycz?



Domain experts’ analyses…



Domain experts’ analyses…



Domain experts’ analyses…





What is 
substitution?

Something that we learned that 
appears in similar context as the 
original ingredient

Answers an ML engineer…



But is similarity enough?

● People search for substitutes for various reasons: allergies, 
diets, shortage of ingredients

● Machine learning learns about similar recipes

● But if we want to substitute something, it is because the 
original recipes was “wrong” in some respect, so the new 
recipe should be somehow similar, also different!

● So how to model the substitution and reason about it?



What is substitution?

Has anyone defined it formally? 
Logicians? Linguists? ontologists?





Ontologies in the Food Domain



FoodOn - facets of food, from harvest to consumption



Ontology for Nutritional Studies



Other ontologies in the food 
domain

▪ FoodKG
▪ Ontology for 

Nutritional Studies 
(ONS)

▪ The SmartProducts 
Network of Ontologies 
(SPO)



Comparative analysis of the 
ontologies



Meal
ONS FoodKG SPO FoodOn
YES

,,A meal is an eating/drinking 
occasion which usually occurs at 

certain time during the day. 
During a meal, through 
processes of eating and 

drinking, food are consumed’’

YES

„a class that
links a recipe to a

certain meal”

NO

’MealType’,
’MealCourseType’

i ’MealCourse-
Role’.

YES

„Any of the occasions
for eating food that occur

by custom or habit at more 
or less fixed times.”



ONS FoodKG SPO FoodOn

YES YES YES YES

Recipe



Substitution



Knowledge modelling 
in the food domain



1. Conceptualizing what 
substitution is



Three aspects of 
substitution

There is no such phenomenon as 
substitution per se. Substitution:

1. is always made in a specific 
situation (context),

2. has a direction and/or a specific 
goal (direction),

3. is done with similar or related to 
object A, object B 
(similarity/relatedness).





Modeling substitution

● What related concepts should we include (context)?

● How to link our new model with the existing ones?

● Substitution: binary (simple) vs. n-ary relation

● What is a recipe: is it a plan, a process, a specification?



Recent recipe ODP 
adopted in FoodOn

subclass of plan specification
ingredients + instructions + devices
links to FoodOn (food material) and 

other ontologies



Ławrynowicz, A., Wróblewska, A., Adrian, W.T., Kulczyński, B. and Gramza-Michałowska, A., 2022. Food Recipe Ingredient 
Substitution Ontology Design Pattern. Sensors, 22(3), p.1095.

Ontology Design 
Pattern for Ingredient 
Substitution



2. Building a knowledge 
graph for ingredient 
substitution



Once upon a time…



1: abstract representation layer based on graphs



2: ontologies: formal 
specification of a 
conceptualization



Semantic Web 20 years later...

https://vimeo.com/495249277


Google introduces Knowledge Graph…













Named Entity Recognition + 
Entity Linking





Knowledge graph authoring



Graph models and frameworks



“Knowledge graph” in neo4j



“Knowledge graph” in neo4j



“Knowledge graph” in neo4j



Reasoning about the 
integrated knowledge



Research objectives for reasoning in 
TAISTI (not everything!)
1. To propose a logic-based method for identifying ingredients in 

food recipes that do not meet the specified constraints
2. To propose a logic-based method for pruning “wrong” 

substitutes from a list of substitutes proposed by ML models

In fact, more questions arise from the above….

● What knowledge do we need? 

● How to model constraints (and everything else)?

● How to reason about this knowledge?



Overview of the proposed model



Methodology: as for a knowledge-base system

Main operations on 
the knowledge base:
● TELL
● ASK

Image source: https://www.guru99.com/expert-systems-with-applications.html



TELL - what 
knowledge do we 

need to put in the KB?



1: Recipe datasets → knowledge graph

● Semi-structured data 
sources
○ text, images
○ ingredients sets
○ instructions sets 
○ nutritional data

● Data acquisition
○ APIs
○ crawling, scrapping
○ database dumps

● Annotation + Entity linking



2. Food-related ontologies and 
knowledge graphs
● FoodOn - “A farm to fork ontology”
● Ontology for Nutritional Studies, Ontology of 

Nutritional Epidemiology
● Smart Products Ontology
● FoodKG - knowledge graphs with recipes
● Tables of nutritional data
● EU regulations on allergies vocabulary

EVERYTHING IS (OR SHOULD BE) CONNECTED…



3. Domain experts’ knowledge

● How domain experts talk:
○ “It’s not that easy…”

○ “It depends…”
○ “It works for baking, but not for frying…”

○ “Everything could be substituted, the 

possibilities are endless…”

○ “Why would one want to substitute it?”



Knowledge graph/ontology design
Classes:

● Recipe
● Ingredient spec.
● Food product
● Diet
● Allergy

Object properties:  

● acceptableIn - (food product → diet)
● unacceptableIn - food product/recipe → diet
● hasAllergicTrigger - (food product → allergy)
● hasIngredient/isNeededFor - (food product ←→ recipe name)
● isSubstituteFor - food product → food product
● useFor - instructions (specific steps) → recipe name

Data properties:

● hasCalorificContentValue
● hasCarbohydratesContentValue
● hasFatContentValue
● hasProteinContentValue
● hasVitaminsContentValue



Ontology imports and populating with instances



Ontology imports and populating with instances



Instantiation of the 
substitution pattern 
(experts modeling the 
actual  substitution)



ASK - what questions 
to ask and how to 

answer them?



Ontology-based query answering

,,With what vegan 
product can we 

substitute beef in a 
‘roast romaine’ 

recipe?”



Ontological reasoning



Ontological reasoning



Modeling rules and DL queries (1a)

High-level queries for identifying unacceptable or even 
dangerous ingredients

For recipe:Recipe and my_diet:Diet, we obtain an unacceptable ingredient a
FoodProduct(a) AND Recipe(recipe) AND Diet(my_diet) AND 
isNeedeFor(a, recipe) AND unacceptableIn(a, my_diet)

For recipe:Recipe and my_allergy:Allergy, we get a dangerous ingredient a
FoodProduct(a) AND Recipe(recipe) AND 
Allergy(my_allergy) AND isNeedeFor(a, recipe) AND 
hasAllergicTrigger(a, my_allergy)



Modeling rules and DL queries (2a)

High-level queries for pruning “wrong” substitutes
For a given recipe:Recipe, my_diet:Diet and isSubstitute(a,b)

FoodProduct(a) AND Recipe(recipe) AND isNeededFor( a, 
recipe)

AND FoodProduct(b) AND isSubstituteFor(a,b)

AND Diet(my_diet) AND unacceptableIn(b, my_diet)

For a given recipe:Recipe and my_allergy:Allergy

FoodProduct(a) AND Recipe(recipe) AND isNeededFor( a, 
recipe)

AND FoodProduct(b) AND isSubstituteFor(a,b)

AND Diet(my_diet) AND hasAllergicTrigger(b, my_allergy)



Logic model in Answer Set 
Programming
Answer Set Programming

● Declarative programming paradigm
● Non-monotonic reasoning and logic programming
● Stable model semantics

Expressive KR language

● Roots in Datalog
● Default negation, disjunction, constraints, aggregates
● Weak constraints, functions, lists, sets, exist.quantifiers



Hard and weak constraints in ASP

Absolutely forbidden ingredients:

:- foodProduct(X), recipe(Recipe), allergy(my_allergy), 
isNeededFor(X, Recipe), hasAllergicTrigger(X, My_allergy).

“If possible, avoid…” / “Optimize quantity of…”:

:~ foodProduct(X), recipe(Recipe),  diet(My_diet), 
isNeededFor(X, Recipe), unacceptableIn(X, My_diet). [1]

:~ foodProduct(Y), recipe(Recipe),  diet(My_diet), 
isNeededFor(Y, Recipe), unacceptableIn(Y, My_diet). [2]



Knowledge model (architecture of the solution)

Weronika T. Adrian, Maciej Kutyła, Jędrzej Potoniec, Agnieszka Ławrynowicz:
Reasoning about Ingredient Substitutions with Ontologies and Rules. RuleML+RR (Companion) 2023



Rule base of diets and allergies
% D1: vegan diet

unacceptableIn(X, vegan_diet) :- isSubclassOf(X, meat).

% D2: gluten-free diet

unacceptableIn(X,glutenfree_diet) :-  
derivesFrom(X,wheat).

% A1: seafood allergy

hasAllergicTrigger(seafood_allergy,X) :- isSubclassOf(X,  
seafood).

% A2: sesame allergy

hasAllergicTrigger(sesame_allergy, sesame_seeds).

…



Preparation: substitute proposals

% S1: inferring substitutes from functions

isSubstituteFor(A,B) :- foodProduct(A), foodProduct(B), 

hasFunction(A,F), hasFunction(B,F).

% S2: inferring substitutes from ML-based recommendations

isSubstituteFor(A,B) :- foodProduct(A), foodProduct(B), 

ml_similar(A,B,S), threshold(T), S>T.



Model to reason about substitution
%% I: Guess - In the given context, a substitute can be either good or bad

goodSubstitute(A,S) | badSubstitute(A,S) :- 
isSubstituteFor(A,S).

%% II: Check ( Constraints)

% C1: exclude substitutes that are allergic triggers

:- goodSubstitute(X,S), hasAllergicTrigger(Allergy, 
S).

%% III: Optimize (Weak constraints)

% W1: if possible, exclude substitutes unacceptable in the given diet(s)

:~ badSubstitute(X,S), unacceptableIn(S, Diet). [1]



Input/output rules for users

% R1: Identifying original ingredients that are wrong

must_replace(X) :- recipe(Recipe), allergy(Allergy), 
isNeededFor(X, Recipe), hasAllergicTrigger(Allergy, X).

% R2: Identifying original ingredients that are wrong

should_replace(X) :- recipe(Recipe), diet(Diet), 
isNeededFor(X, Recipe), unacceptableIn(X, Diet).

% R3, R4: Projection rules for cleaner output

suggestion(I,S):- must_replace(I), goodSubstitute(I,S).

suggestion(I,S):- should_replace(I), goodSubstitute(I,S).



Concluding remarks on reasoning

● ontological modeling and logic programming for 

knowledge-based substitution

● integration of selected parts of existing ontologies 

populated with several recipes

● logic program in ASP that allows to reason about recipes 

and substitutions based on constraints regarding 

allergies and diets
○ identify wrong ingredients with hard and weak constraints, 

○ reason about possible and appropriate substitutes. 



Summary 
and outlook



Research questions revisited

1. Where is the useful knowledge?
a. domain experts → elicitation, formalization
b. ontologies → YES! and still room to enrich
c. other resources → datasets, LLM, NER+EL

2. How to conceptualize/integrate/model it?
a. integrate; ontologies + rules + constraints + …

3. How to reason about it?
a. induction (ML)
b. deduction (logic, constraints, optimization)



What we did…

Lots of knowledge engineering tasks:

1. Knowledge acquisition from domain experts

2. Knowledge integration reusing existing sources

3. Building new resources with NER and EL

4. Knowledge modeling and reasoning



Open challenges for further research

● Further knowledge base refinement, integration of 

new resources, new cases, motivations etc.

● Improving the  knowledge representation of recipes 

and substitution (static ingredients + dynamic 

processes; flavour etc.)

● Expanding the rule base about diets, allergies, etc.

● Reasoning about substitution

○ inferring substitute candidates

○ constraints and optimization based on numerical values



Towards the Internet 
of Food…
 (IC-FOODS)      
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Thank you for your 
attention!

Weronika T. Adrian, wta@agh.edu.pl 

http://wtadrian.eu, http://kraken.edu.pl 
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