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1. Context and objectives 

We want machines that are able to learn as quickly and effectively as animals. Learning in biological 

systems is not just acquisition of information, but the ability to pre-emptively adapt behaviour based 

on that information. Our vision is that small, simple low-power computational devices could be given 

non-trivial learning and adaptive behaviour capacities, mimicking the way that ‘simple’ animals learn 

and decide in an anticipatory fashion. Translated into robotics, we imagine distributed devices that 

individually detect important regularities between sensory events, and are thus able to act 

adaptively to exploit natural signals in scenarios such as tracking, search, escape and exploration. 

Our specific biological model is larval Drosophila. These animals have fewer than 10,000 neurons, yet 

express a variety of complex orientation and learning behaviours, including non-trivial anticipatory 

actions requiring context-dependent evaluation of the value of learned cues. Current computational 

learning theory cannot fully account for or replicate these capacities. We aim to develop a new 

foundation for understanding natural learning, and its computational implementation, by developing 

a deep understanding of learning in larvae at the behavioural, circuit and individual neuron level. 

Our objectives are: 

• To analyse at a fine scale how larval olfactory behaviour is controlled and altered by associative 

conditioning with attractive and aversive gustatory stimuli, and how memory-based decision making 

is organised according to motivational and contextual states. This will be linked to agent-based 

computational models of larval behaviour that allow us to test computational principles required to 

support the observed behaviour. 

• To build and validate integrative models at the level of neural circuits and link them to the 

characterisation of neural function in larvae through controlled loss-of-function and gain-of-function 

experiments, functional imaging and functional perturbations through optogenetics. This will make 

use of unique and novel tools to gain unprecedented correspondence between model and system 

manipulations. 

• To abstract dynamical principles and derive novel, generalisable algorithms and architectures that 

can be used to enhance the learning and anticipatory capabilities of machines, and apply them in 

extended scenarios. This will involve a proof of concept that such autonomous learning capacities in 

real environments can be achieved with relatively minimal computational power. 

 

2. Work performed and main results 

2.1 Tools 

The core experimental paradigm in our investigation is to observe the responses of freely moving 

larvae to odour gradients or more complex olfactory landscapes, in a variety of different learning 

situations. We have developed a range of new tools for tracking and analysing the behaviour of 

larvae1,2. These include tracking body shape of multiple larvae, and from the tracking of points of 

interest (head, midpoint and tail) to identify and analyse turning events; resolving individual tracks in 

mass assays including collisions; analysing individual larvae to characterise head sweep rhythm and 

variation; and a bottom-up PCA approach to derive time series that can be segmented and clustered 

into behaviour events3.  
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We have also developed new tools that will allow new kinds of experiments. These include the 

adaptation of a closed-loop tracker for operant conditioning linked to action; screening for single-cell 

specific split-Gal4 strains that enable highly specific optogenetic activation of dopaminergic reward 

pathways4; and development of a new assay to study the sensory modulation of food-search 

behaviour in naturalistic conditions. 

A risky but potentially high impact aim was to see if biofluorescence or bioluminescence could be 

used to monitor neural activity in behaving animals, exploiting the highly specific genetic strains for 

neural identity. We have now demonstrated that bioluminescence corresponding to small groups of 

neurons can be measured in intact behaving animals while we simultaneously track their body 

motion. 

Modelling tools include development of a mechanical model of larval exploration, a spiking neural 

simulation of the olfactory learning pathway, and of two contrasting agent models that represent the 

turning behaviour of the larva either as discrete states5 or as a continuous modulation of the size of 

alternating head casts6, in each case driven by the agent’s perception of a sensory gradient.  Each of 

the two controllers has also been implemented on a wheeled robot base, including one with a fully 

analogue electronic control system. We have also prototyped a soft pneumatic robot7 that can mimic 

some larval motions. The agent models and wheeled robots have allowed us to test a range of 

learning hypotheses, formulated at different levels, and understand how they perform under 

conditions of closed loop sensorimotor feedback.    

2.2 Experimental results 

We found that the salient mechanisms that alter the directness of odour approach to different 

concentrations under innate conditions appear to be altered in a very similar way by learning2. That 

is, both the probability to turn when running down a gradient and the probability to end a turn up-

gradient are enhanced when odour is paired with reward, and reduced when odour and reward are 

unpaired. The same is true, with opposite sign, when punishment instead of reward is used. 

In addition, the standard paradigm has been used to show reward specificity in associative learning8. 

Larvae trained with either sugar or amino-acids (both rewards of equal strength) will selectively 

express their memory depending on the presence or absence of the specific reward (the same was 

found for quinine and salt as punishment). This provides important constraints on the possible 

algorithmic and neural instantiation of associative learning. We discovered four pPAM dopaminergic 

neurons in the larval brain as mediators of internal reinforcement signalling4 and test whether and 

which of these is responsible for reward-specific memory formation and retrieval. In separate 

experiments, we used optogenetics to produce controllable perturbations in the encoding of 

olfactory stimuli. Based on this technique, we observed that the formation of olfactory memory is 

robust to noise corrupting the unconditioned stimulus (odour). 

Using a novel paradigm, we showed that larvae are capable of associating turning manoeuvres with 

appetitive reinforcement. Upon conditioning, larvae will spontaneously engage in turning with a 

higher probability. These experiments provide the first evidence that larvae are capable of operant 

conditioning, thereby broadening the range of learnt behaviour that can be studied in this model 

organism.  
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2.3 Modelling results 

Multilevel modelling is key to our approach. We have developed one set of models that engage 

directly with the mechanical dynamics of the flexible multi-segmented body of the larva and shows 

that it has inherent dynamics that already can reproduce characteristic crawling9 and exploration 

behaviour. We have also developed contrasting (abstracted) models for how the experienced odour 

gradient can modulate that behaviour, either through a simple linear modulation of anterior body 

oscillation amplitude by the experienced concentration change6; or using a quantitative model for 

signal processing in a single olfactory sensory neuron (OSN)10, coupled with a generalised linear 

model to couple run-to-turn transitions to the OSN neural activity. In both cases we find that the 

characteristic changes to chemotaxis observed in larval learning can be replicated by adjustment of a 

single parameter, supporting the conclusion that the output of the MB learning circuit provides an 

additive influence (amongst many other potential sensory influences) to the final motor pathway.    

This sets constraints on the neural pathway which we have explored partly using spiking neural 

networks with comparable numbers of neurons to the larva, but principally using simplified units 

(binary or firing rate) and reduced numbers of connections, to focus on understanding the 

fundamental principles by which larva form associations and selectively express their knowledge. 

This has been significantly influenced by the technical developments allowing optogenetic control 

over single neurons, and connectomic data at the synaptic level (significantly through collaborators 

at HHMI Janelia Research centre). This has allowed us to formulate novel ideas regarding the nature 

and role of ‘value’ in reinforcement learning, which can be grounded both in the behaviour of the 

animal, and the neural circuitry. In brief, we suggest that classical conditioning should be understood 

as a mechanism in which motivational systems gain control of specific sensorimotor behaviours, that 

dopaminergic ‘value’ actually represents, through circuit connectivity, the presence of specific, 

different types of reinforcers, and that a two dimensional representation of synaptic weight change is 

needed to account for state changes in learning and expression of learnt behaviour. 

2.4 Wider participation 

We have developed a website, www.maggot.eu for both external and internal sharing of project 

progress. We have also developed, for the wider research community, a larval version of the 

VirtualFlyBrain website which provides 3D image stacks of the larval CNS and central brain 

(collaboration with Dr. James Truman, HHMI Janelia) stored in an ontology that is linked with the 

flyBase database to enable the user to select anatomy and search this database for genetic 

information. We have co-organised two international workshops: Flies, Worms and Robots: 

combining perspectives on minibrains and behaviour, from 8 – 13 November 2014 in Sant Feliu, 

Spain, and Behavioural Neurogenetics of Drosophila Larva, from 23-26 October at HHMI Janelia 

Research Campus, USA.  

We have also engaged in a range of public outreach activities, including: training teachers of school 

children in the methods for larval learning experiments to integrate in their curriculum 

(http://www.bcp.fu-berlin.de/natlab/ & http://www.lola.uni-luebeck.de/) ; collaboration with 

TReND in Africa to organize the first summer school for Drosophila neuroscience in Ghana; and 

organisation of a prominent meeting in the Basque Culinary Center between Michelin stared chefs 

and experts in Sensory Neuroscience. (http://brainytongue.com/events/eventinfo) 

http://www.maggot.eu/
http://www.bcp.fu-berlin.de/natlab/
http://brainytongue.com/events/eventinfo
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3. Final results and impact 

In addition to the published papers listed below, we have a number of papers in preparation that will 

report in more detail on both the biological and computational implications of our research, with 

exciting and crucial results still emerging about the functional circuitry of learning in the larva. In 

addition, several follow on projects are planned (with grant proposals already submitted) to exploit 

the developed methods. The impact of this research will be to offer novel learning solutions that 

have wide applicability for a certain set of learning and adaptive behaviour problems in information 

systems. These arise particularly as we look forward to increasingly miniaturised and dispersed 

devices, which ideally will have very low power demands, and can operate autonomously in a wide 

range of dynamic environments. Such devices will need to have active learning capabilities to 

perform tasks effectively, and could be applied in domains such as mineral exploration, 

environmental survey and monitoring, search and rescue missions on disaster sites, and precision 

agriculture. In each domain we can envisage minimalist devices capable of intelligent sampling and 

navigation strategies guided by the spatial and temporal changes in input. The larval learning circuit 

promises to provide a key to creating such solutions.  
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