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● Precision fish farming
● Digital Twin concept

– Model-based predictive control
– AI+ML+ data-oriented
– Agent-based models

● The digital salmon
– The predictive brain: Bayesian and AHA approaches
– Feeding decisions and behaviour
– Stress, allostasis and uncertainty
– Subjective feelings, suffering and wellbeing

● What is like to be a salmon?



      

● Precision fish farming:
– Use of technology to help fish farmers monitor and 

manage the fish and the farm to optimise operations.
– Heavy use of digital technology: sensors, big data, AI, 

ML, model-based control
● Observe → Interpret → Decide → Act

– Smart sensors, computer vision, echo-sounders … 
– Statistical models, appetite indexes, welfare metrics … 
– Decision support, what-if scenario modelling … 
– Integrated operations, automated control, actuators 

automated feeders, optimised logistics … 



      

● Føre, M. et al. Precision fish 
farming: A new framework to 
improve production in 
aquaculture. Biosyst. Eng. 173, 
176–193 (2018).



      

● Predictive control 
– A management strategy to forecast possible development of a 

problem from early signs and begin mitigation measures before the 
problem occurs

● Fish health and stress
– Stress is a major cause of fish mortality, poor growth and quality
– Fish welfare and stress are of major concern for consumers
– Stress is part of everyday life of all animals, but how to predict 

development of acute of chronic stress?
● Observe → Interpret → Decide → Act

– Ask the fish:: observe
– Interpret fish behaviour:: Index, model
– What-if scenario modelling:: model
– Act to mitigate developing problem

Predictive 
digital twin 
model of the 
whole farm

Model of 
the fish



      

● Digital twin
– “Digital replications of living as well as non-living entities 

that enable data to be seamlessly transmitted between 
the physical and virtual worlds” (El Saddik, 2018).

– Holistic and dynamic process model
– Model evolves over time: Constantly updated for current 

data and knowledge 
● data assimilation

● Computer simulation
● Data assimilation
● Complexity, stochasticity, unplanned effects



      

● Smart control based on Digital twin 

Fish farm

Simulation models:
Digital Twin

Environment Fish Operation

Scenario evaluation

Optimisation 
routines

Decision model

Data ingestion
Control



      

● The digital fish
– Crucial component of the holistic fish farm 

Digital twin
● Life history
● Behaviour, cognition, stress response
● Feeding, appetite, dynamic energy budget
● Growth, performance
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• Digital twin of the fish:
• Dynamic
• Stochastic
• Variable
• Data-driven
• Decision-making
• Continuous

• Input
• Environment parameters (e.g. temperature)
• Feed parameters (e.g. item size, energy 

content)
• Fish parameters (e.g. fish mass)

• Output
• Feed consumption and loss
• Feeding decisions and behaviour
• Appetite level
• Physiological parameters (SMR, energy 

budget, stomach and gut fullness, 
absorption etc.)
• Fish growth



      

● “What I cannot create I do not understand” 
-- Richard Feynman

● How to create a (digital) fish?
– Represent the fish internal “machinery” or algorithm 

that can run for simulations
– Start from the animal’s own

point of view
– Cognition, decision-making, 

trade-offs
– Behaviour



      

● Start from metaphysics
– Architecture
– Cognition
– Decision-making
– Behaviour



      

● The predictive brain
– Cognition is based on building

internal model
– Top-down expectation and 

prediction
– Prediction error analysis

● Agency
– Autonomy (goal-directed, top-down)
– Spontaneity (default background activity)

● Modularity
– Modules that can be reused 

and rearranged (also through random error)

Predictive processing: 
“any type of processing which 
incorporates or generates 
not just information about the 
past or the present, but 
also future states of the body 
or the environment.” 

- Bubic et al 2010



      

● Alternative views on consuming food a item… 

versus

Stimulus → Response

Internal model → Expectation → Action

Passive...

Active...



      

● What is like to be a polyp? A sessile filtrator? A worm?
– Source of autonomy (central pattern generator?)
– Receptors → sensing → pattern matching with model → 

response

CPG CPG



      

● Cognition and decision-making is a 
Bayesian decision network:
- the organism puts forward hypotheses
- calculates probabilities 
- makes the best probable decision
- calculates the prediction error (e=|O-P|)
- update prior P for next cycle Prior P



      

● Active inference paradigm for cognition: 
probabilistic inference

● Fundamental principle to minimizing 
uncertainty (quantified as the information-
theoretic “free energy”)
- updating the brain’s internal model (priors) 
  of the environment to fit with the sensory data
- actions for better sensory information to
  update the internal model
- actions to move the organism into an
  environment that better agrees with its 
  internal model

● Generative model: joint probability distribution 
P(x,y) of inputs (independent var) x and outputs 
(dependent var) y



      

● Assumptions:

- Animals (brains) should be able to 
   represent, calculate and use probability
- Use probabilities and accumulate 
  information about the different choice 
  options
- Animals should ideally possess as much
  information as possible: update information
  continuously



      

● Computational Complexity – Tractability

- resources (time, memory etc) needed to
  complete the calculation according to 
  specific algorithm f(n), given n is input size

- polynomial
- exponential



      



      

● Behavioural ecology 
- animals have limited resources (energy, time,
  opportunity etc.)
- omniscient Bayesian machine is not a realistic
  assumption for an animal
- obtaining as full as possible information is 
  not reasonable strategy (diminishing returns)
  given the costs

● Heuristics
- cheap and quick (and dirty) approximations that
  are good enough most of the time
- down-weighting and limiting information input
- live with (some) uncertainty, not get rid of it
- computationally cheap and tractable decisions



      

Mechanism

1. Computational
theory

2. Control sytems,
algorithm

3. Physical
implementation

Function

Proximate
(How)

Ontogeny

Mathematical models
(analytical, equations)

Bayesian models,
active inference

Process simulation

Algorithm, heuristics,
computational agent

Ultimate
(Why)

Evolution

Tinbergen's
Category

Tinbergen's
Questions

Marr's
Levels

Modelling
approach

Model type

● Tinbergen and Marr
– The levels of analysis



      

● Process-based simulation models
– Building blocks (modules)
– Information and energy links
– Feedback loops
– Parameters estimation and optimisation



      

● The FishMet model



      

Feed protocol:
food_provision_pattern
food_input_rate

Feed item  in 
tank accessible 
to the fish

Unused feed, 
sinking

Decision to 
ingest food 
item

Stomach

Water uptake Transfer to midgut Delay Digestion/absorption

Evacuation

Appetite

Midgut

Energy budget

Growth

Activity

● The FishMet model
– Agent model: feeding, appetite, energy budget, growth
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● Feeding decisions
– appetite → ingestion rate 

→ stomach & gut fullness 
→ absorption → growth



      

● The AHA model



      

Perception

fear

Social motivation

hunger

Global  
organismic 

 state

Behaviour

Selective attention

NN+1



      

● The AHA model
– Decision-making: emotion, motivation, cognition

Stimulus

Response
Behaviour

GOS
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Sensing

Action

Reentrant processing: 
prediction

Arousal
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Predict oneself: The 
minimum expected 
arousal principle
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● Decisions through self-simulation



      

● Simulation theory of cognition
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● Scenario: evolution of reentrant architecture

Developmental mutation: 
wrong wiring by disturbed 
molecular signalling

Modularity in evolution: reuse



      

● Internal state as source of information for adaptive decisions: 

 - Decision policy based on self-assessment of ones’ 
   own energy reserves is approximates omniscient 
   Bayesian policy



      

● Stress and wellbeing



      

● Homeostatic response: predictive versus reactive
● Stress and wellbeing: allostasic regulation

– Allostasts: predictive regulation of body functions and budget 
that enables organism to maintain stability of its 
homeostasis through change

– Costs of allostatic preparation: 
(a) the challenge is wrongly estimated (prediction error is 
excessive) 
(b) the challenge exceeds the capacity (or reserves) of the 
organism
(c) the challenge is chronic and will continue for a long time.

– Allostatic load: adverse effects on the health and wellbeing



      

● Stress and well-being: active inference
– Organism minimises uncertainty (“free energy”)
– Minimising this free energy is costly.

An organism unable to reduce the informational free 
energy, finds itself persistently in a high uncertainty 
state irrespective of its own actions. 

– This increasingly depletes the brain energy  
=> allostatic load and systemic pathology. 

– habituate to the adverse environment by altering the 
internal model and goal state of the system



      

● Both allostasis and Bayesian active inference models 
align with the AHA model
– The need state → GOS arousal = signal of poor internal 

model (big prediction error) → uncertainty
– Fish response depends on its Global Organismic State
– Simultaneous pressures lead to stress
– Uncertainty increase behavioural heterogeneity/complexity, 

but not at high arousal/stress
● Stress is linked with low behavioural heterogeneity/complexity

– High need state and stress may cause ambiguity bias
– Subjective suffering → self-simulation of negative emotion



      



      

● Predictive Digital Twin
of the salmon



      

● Combining the AHA and FishMet models

Feeding  
Decision 

Stomach

Digestion 
absorption

Appetite

Evacuation

Gut

Energy

Metabolism

Growth

Reserves

Stimuli 
perception

fear

social motivation

hunger

Global  
organismic 

 state

Behaviour

Attention

Food

Prediction error feedback



      

● What is like to be a salmon?
● Digital twin autonomous agent model:

– Motivation, emotion, appetite, global state, stress
– Decision-making and behavioural action selection
– Sentience (by reentrant self-simulation)
– Feeding, food intake, dynamic energy budget
– Growth, health status

● Virtual fish growing in a virtual farm
– Decision support for physical farm



      

● Thank you!
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