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Abstract

In this paper, we support the relevance of the collaboration and mutual inspiration between research in
Artificial Intelligence and neuroscience to create truly intelligent and efficient systems. In contrast to the
traditional top-down and bottom-up strategies designed to study and emulate the brain, we propose an
alternative approach where these two strategies are met halfway, defining a set of algorithmic principles.
We present prediction as a core algorithmic principle and advocate for applying the same approach
to identify other neural principles which can constitute core mechanisms of new Machine Learning
frameworks.
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1. Introduction

The impressive accomplishments by Machine Learning (ML) research in the last decade sub-
stantiate the argument that, given enough computing power and scale, almost any kind of task
can be successfully achieved with just statistical correlation of data [1, 2, 3, 4]. Yet, leveraging of
this type of computation does not seem to be enough in order to solve two hurdles that research
in Artificial Intelligence (AI) still has to confront: (i) Functional: the current ML models lack
the ability to achieve abstraction and generalization, e.g., classification of images in unfamiliar
environments, or making predictions on out-of-distribution data [5, 6, 7]; (ii) Technological: ML
models typically require a lot of data to train and consume a substantial amount of energy [8].

In this paper, we support the claim that by exploiting the knowledge we have about the brain,
as a proof of the existence of an efficient intelligent machine, we can provide insight to ML
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computational models for solving these problems.

Functionally, the shift from behaviorism to cognitivism and the study of mental processes
was aided and inspired by the emerging field of computer science. Many researchers shared
the vision to undertake the project of building Thinking Machines. Conversely, the inspiration
for many discoveries in the Al research field comes from the observation of underlying com-
putational mechanisms in the animal and human brain [9, 10, 11, 12]. The first computational
model of an artificial neuron was developed in 1943 by McCulloch and Pitts, and it was based
on their understanding of the structure and functionality of a biological neuron [13, 14]. More
than fifty years later, the creation of deep neural networks was inspired by the hierarchical
structure of the brain [15]. The observation of reward prediction brain processes was the basis
for the development of reinforcement learning techniques [16]. Technologically, many of
the solutions used by the current Al hardware for more efficient implementations are inspired
by and/or compatible with the solutions found by the biological counterparts. For example,
pruning the neural network parameters [17], reducing parameter precision [18], reducing the
precision of the activation functions [19], and exploiting the sparsity of the activations [20] and
network parameters [21].

The collaboration and mutual inspiration between Al and brain studies can bear fruit yet
another time, by helping the Al research to tackle the functional and technological problems it
is facing. To achieve this aim, in section 2 we propose an alternative strategy to more traditional
top-down and bottom-up approaches to the emulation of the human brain. We propose to meet
these approaches halfway and start from an algorithmic principles level connecting the two.
In section 3, we identify prediction - an important mechanism which had already received
attention in the Al and cognitive field - as one of these principles, crucial in order to endow
machines with more human-like capacities.

2. Algorithmic Principles: A Middle Layer

Figure 1 illustrates the articulation of mental processes and functions which stem from a mind,
i.e., a functional entity that supports intelligent behavior [22]. This functional entity needs
to have a substratum, which can either be biological or artificial. In the quest for building
human-level intelligence, the most straightforward strategy would seem that of emulating the
functioning of the organic brain. In performing this attempt, two opposite approaches are
traditionally followed: top-down or bottom-up [23].

Top-down strategies start from the analysis of the brain’s behavior and its higher cognitive
functionalities, e.g. learning, reasoning, and memory. Bottom-up approaches attempt instead
at understanding and replicating the organizing principles of the brain, such as modularity,
spatial awareness, self-organization, and temporal coding, or, at an even lower abstraction level,
the biological structure and physiological features of the brain. Both approaches may face
criticism, though. Top-down approaches are subject to interpretation biases, as framing the
behavior of the system-under-analysis consequently influences the choice of strategy followed
for reproducing it [24]. On the other hand, bottom-up approaches are comparatively more
resource-expensive, and lack high-level functional guidance.

As an alternative strategy to top-down and bottom-up approaches towards the emulation of
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Figure 1: Articulation of Mental Processes and Functions. In the diagram, prediction is presented as one
of the algorithmic principles that bridge cognitive faculties and organizing principles.

the human brain, we propose to meet these approaches halfway, and start from an algorithmic
principles level connecting the two. The intermediate layer is defined by using insights from
both top-down and bottom-up studies, and it expresses the higher-order cognitive functions
of the brain, while simultaneously explaining the biological functions and neural system’s
organizing principles. Our approach is reminiscent of Marr’s three levels [23], but advocates
for a new interpretation that can be accessible to practitioners in different fields.

At this stage, our proposal is speculative in nature: it is intended as an invitation to engage in
a discussion about how an alternative third way, between top-down and bottom-up perspectives
on learning and cognition, could facilitate collaborations between different fields of research
aimed at endowing machines with human reasoning skills. We leave to further research a
detailed consideration of how this approach would be implemented in practice.

Focusing on the algorithmic principles layer, as suggested by this paper, will help to identify
how the structure of the brain might give rise to its cognitive functionality. It helps neuro-
scientists to abstract away from the many details of biology to find the organizing principles
of intelligence, and provides insights to ML researchers to move towards more human-like
intelligence. In the remaining part of the paper, we focus on prediction, as an exemplary
mechanism that governs the interaction between top-down expectations and bottom-up sensory
input and which can help neuroscience and ML research meet halfway.

3. Prediction as a Primary Computation Performed by the Brain

We define prediction as an inference of future states learned by means of prior experiences, which
can result in the fast detection and adaptation to changes in the environment. Prediction has
been identified by many as a requirement for planning, decision-making, motor and cognitive



control, counterfactual reasoning, and the improvement of behavior on the basis of experiences
[25, 26, 27, 28, 29, 30, 24]. To discuss this principle with a simple example, let us say you are
thirsty. You get up from the couch, enter the kitchen and open the fridge, because you predict
we will find a fresh bottle of water there. The brain predicts and prepares actions on the basis
of prior experiences: your action of opening the fridge, and the cognitive and motor control
aspects responsible for this action, were primed by the expectation to find the water bottle in
there.

The neuronal structure responsible for this functionality in the animal cortex has been
extensively studied. The cortex consists of a repeating modular structure with hierarchical
connectivity of a population of neurons. The majority of these neurons are pyramidal neurons
characterized by a distinct multi-compartment structure receiving inputs from different direc-
tions. The bottom-up sensory information is received in compartments closer to the neuron
body (known as the basal dendrites), and the top-down feedback information is received in
compartments further away from the body (known as the apical dendrites) [31]. The spatio-
temporal features of the sensory input is detected by the coincident activation of the neighboring
synapses in the dendrites. In case of sufficient activation, a dendritic action potential (dAP) is
generated [32, 33, 34]. The activation of a dAP results in a long-lasting depolarization of the
neuron body, or soma. The depolarized state of these neurons make them more likely to fire as
a response to an input.

Recent studies show that the dAPs can encode contextual information representing prior
experiences or top-down expectations [35, 36]. The contextual information allows pyramidal
neurons to predict the most likely next outcome [37, 38] or compare top-down expectations
from higher-level areas with bottom-up sensory signals [39]. In case of a prediction error, the
cells fire in a non-sparse manner, signaling a “mismatch”. This activity derives the learning and
in turn reduces the error [40].

Pyramidal neurons are thus powerful computational units that not only passively sum up
incoming input, but can also signal predictions as a result of the dendritic activity. As these
neurons are grouped within different sensory and hierarchical areas, they allow for simultaneous
predictions of different features, which can be of low-level details, such as predicting sensory
information, or of high-level details, such as predicting concepts or thought processes. As you
open the fridge to grab the bottle of water, the visual areas of the cortex predict the shape
and color of the bottle, the somatosensory areas predict tactile sensations, and other areas
predict more complex features such as the weight of the bottle. These predictions are unified by
higher-level areas into an abstract concept.

In the light of top-down studies, prediction emerged as a building block of cognition. Using
this knowledge has helped to guide bottom-up studies toward an interpretation of neuronal
mechanisms that were otherwise obscure. This, in turn, solidifies the concept of prediction and
presents it as an algorithmic principle implemented by the brain.

We advocate for applying the same approach to identify other neural principles. These
principles can constitute core mechanisms of new machine learning frameworks, bridging the
gap in the performance between machines and brains. In the quest toward the goal of emulating
human-level intelligence in artificial systems, what is needed is a shared platform where
methodologies of different disciplines can meet and cross-pollinate each other. Algorithmic
principles, we argue, may constitute such a platform.
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