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ABSTRACT

In computational neuroscience, we are at the intersection of neuroscience and artificial intelligence
(AI). In this thesis, we work towards understanding how can we use Al algorithms as a model of the
brain, and how can the brain influence how we design AI algorithms? Throughout this work we use
artificial neural networks (ANNs), Al algorithms that were directly influenced by the brain, to solve two
problems — working memory and computer vision.

We first consider working memory, which requires information about external stimuli to be stored
and represented in the brain for tens of seconds even after the stimuli goes away. Prior work in this field
relies on learning rules or network organization that is not biologically plausible. To identify mechanisms
through which biological networks can learn memory function, we derived biologically plausible plasticity
rules that enable information storing. We then demonstrate these networks’ robustness and ability to
continue to learn.

We next consider the field of computer vision, where we are trying to get machines to interpret visual
information as people do. Specifically, we focus on object recognition, getting machines to identify the
objects within an image. State-of-the-art algorithms in object recognition still suffer from interpreting
images in a way that is not human-like, leading to unexpected and potentially catastrophic errors. We
outline a new way to train object recognition algorithms using the brain as a teacher for training. We
also propose a new metric for evaluating the success of our object recognition algorithms by evaluating

the human-likeness of the errors.

The form and content of this abstract are approved. I recommend its publication.

Approved: Joel Zylberberg
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I1.9 Potential biological implementations. (A) Cartoon depicting error signals being calculated
locally by the neurons’ apical dendrites. The read-out neuron calculates the remembered
stimulus value via Eq. I1.5, where ¢; is the weight of the synapses from cell ¢ in the memory
circuit to the read-out neuron. The apical dendrite calculates the error signal, weighted by
d;, by subtracting feedback values at adjacent time points. The basal dendrite receives
inputs from neurons in the working memory circuit. The soma transmits the error signal to
the basal dendrites, where the synaptic updates, L;; are calculated by correlating the pre-
and post-synaptic activities with the error signal. (B) Cartoon depicting error signals being
communicated by neuromodulators. Neurons in the modulatory system calculate the
remembered stimulus values via Eq. I1.5, where ¢; is the weight of the synapse from cell ¢ in
the memory circuit to the read-out neuron. That cell releases an amount of neuromodulator
that tracks the changes in the represented stimulus value. The modulatory chemical affects
synaptic plasticity by an amount that depends on the receptor density, d;, at the synapses.
Both implementations work with asymmetric feedback: the weights to the read-out neuron
from cell ¢ (g;) will not necessarily match the weights, d;, with which cell i receives the
feedback signals. (C) The average remembered value relative to initial over 10 random
initializations of a network with plastic random synapses with random feedback and readout
weights (¢ # d) (blue), plastic random synapses with random feedback and readout weights
and binary error signals (% € {£1}) (green), and constant synapses (red). The shaded
areas represent + standard error of the mean over the 10 different random initializations.

I1.10 Delayed plasticity. The average remembered value relative to initial over 10 random
initializations of a plastic random network with delayed plasticity that been trained on 5
previous stimuli. The network initially has an anti-Hebbian learning rule, where error signal
is -1 until feedback arrives after the delay period (10, 20, 40 or 50ms). The network then
receives the error signal from time ¢ minus the delay period. The shaded areas represent +
standard error of the mean over the 10 different random initializations. . . . . . . . . . .. ..

I1.11 The average remembered value relative to initial for 10 random initializations of networks
with 100 neurons (blue), 1000 neurons (yellow) and 10,000 neurons (red). The only
differences between the networks aside from size are the learning rates, which should be
reduced as the network size increases. . . . . . . . ... L L L oL

I1.12 Partial plasticity and connectivity in networks with asymmetric random feedback and
binary error signals. (Similar to Figs. II.5 and I1.6, but with binary error signals and
asymmetric random feedback, as in Fig. I1.9) (A) The average remembered value relative
to initial for 10 random initializations of plastic random synapse networks with asymmetric
random feedback and binary error signals. Different lines are for different percentages of
plasticity. (B) The average remembered value relative to initial for 10 random initializations
of plastic random synapse networks with random feedback and readout weights and binary
error signals. Different lines are for different connection probabilities. Shaded areas in A
and B represent + standard error of the mean over the 10 different random initializations. . .

I1.13 Stimulus retention in leaky integrate and fire (LIF) spiking self-organizing memory
networks which enforce Dale’s Law (neurons are either excitatory or inhibitory). (A) The
average remembered value relative to the initial stimulus value over 10 random
initializations for the plastic random synapse model (blue) and the constant random
synapse model (red) where 1.0 indicates perfect memory. Shaded areas represent +
standard error of the mean over the 10 different random initializations. (B) Raster plot of
spiking activity of the excitatory neurons which encode for the remembered stimulus value
over 50ms of one random initialization. . . . . . . . . ... ..o L
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I1.14 (Similar to Fig. I1.4 B, but with stronger initial synaptic weights). The average

remembered value relative to initial for 10 random initializations of networks with differing
levels of synaptic update noise (a < 1) in networks with initially stronger synaptic
connections. Shaded areas represent + standard error of the mean over the 10 different
random initializations. . . . . . . .. Lo

I1.15 Robustness to partial plasticity in networks with initially stronger synaptic weights.

(Similar to I1.5, but with stronger initial synaptic weights). (A) The average remembered
value relative to initial for 10 random initializations. Different lines are for different fractions
of plastic synapses. (B) A zoomed in look at the average remembered value relative to
initial for 10% — 90% plasticity. Shaded areas in B represent + standard error of the mean

over the 10 different random initializations. Shading omitted from lines in panel A for clarity.

I1.16 Network robustness to partial connectivity. (Similar to Fig. I1.6, but with stronger initial

synaptic weights). (A) The average remembered value relative to initial for 10 random
initializations. Different lines are for different connection probabilities. (B) A zoomed in
look at the average remembered value relative to initial for 10% — 90% connection
probability. Shaded areas in A and B represent + standard error of the mean over the 10
different random initializations . . . . . . . . ..o Lo

I1.17 Performance over more training. (Similar to Fig. I1.7, but with initially stronger synaptic

weights). (A) The average remembered value relative to initial over 10 random
initializations for a plastic random synapse network that has seen 0 previous stimuli, 1
previous stimulus, 5 previous stimuli or 10 previous stimuli. (B) The average remembered
value relative to initial for one random initialization for a constant synapse network that

has been previously trained on 140 to 460 previous stimuli, but with no training during the
simulation period shown. Shaded areas in A represents + standard error of the mean over
the 10 different random initializations. . . . . . . . . . . . . .. ...

I1.18 Remembering four things. (Similar to Fig. I1.8, but with initially stronger synaptic

weights). (A) The average remembered value relative to initial of four stimuli retained for

10 randomly initialized networks with constant random synapses (dashed lines) and plastic
random synapses (solid lines). Different colors are for different stimulus values. The

stimulus numbers (1-4) are arbitrary labeled. (B). A zoomed in look at the average
remembered value relative to initial for the plastic model in panel A. Shading omitted from
lines for clarity. . . . . . . . . . e e e e e

I1.19 (Similar to Fig. I1.9 C, but with initially stronger synaptic weights). The average

II1.1

remembered value relative to initial over 10 random initializations of a network with plastic
random synapses with random feedback and readout weights (¢ # d) (blue), plastic random
synapses with random feedback and readout weights and binary error signals (£ € {£1})
(green), and constant synapses (red). The shaded areas represent + standard error of the
mean over the 10 different random initializations. Shading omitted from 'Constant Random
Synapse’ (red) for clarity . . . . . . . L

CORNet-Z has multiple blocks, each of which consists of a convolution followed by a ReLLU
nonlinearity and max pooling. The blocks are identified with cortical areas V1, V2, V4 and
IT, which exist at the corresponding depths in primate visual system. The cost function is a
weighted combination of classification error (cross entropy) and representational similarity,
weighted by A. . . . . L
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II1.2 Accuracy in categorizing previously-unseen CIFAR100 images for the CORNet-Z
architecture trained with different weighting ratios, r, applied to monkey V1 representation
similarity for the first 10 epochs of training. A) Test-set accuracy at each epoch during
training. Chance accuracy indicated by dashed black line. Shaded areas are +/- SEM over
10 different random initializations of each model. B) Test-set accuracy for
previously-unseen CIFAR100 images at the end of training, as a function of the weight (r)
given to neural representational similarity in the cost function. Double asterisks (**)
indicate significantly different results from no neural data, r = 0, at p<.001 on a one-tailed
t-test. Single asterisks (*) indicate significantly different results from no neural data, r = 0,
at p<.05 on a one-tailed t-test. . . . . ... Lo L

II1.3 Regularizing the network with data from one session and then testing on another session
from a separate monkey shows that we can get a better model of V1 by regularizing with
brain data. Error bars are 4+/- SEM over all batches of testing data. . . . . ... ... ...

II1.4 Visualizing the hidden unit activations. In panels A and B, we input the same 1280
randomly-selected images from the CIFAR100 test set into DCNNs trained with either r=0
or r=0.1. We then used t-SNE to embed those high-dimensional unit activations into two
dimensions. X- and Y-axes represent the two dimensions of this t-SNE embedding. Colors
indicate the object categories for each input image. A) t-SNE embedding of hidden-unit
activations from networks trained with no neural data (r=0). B) t-SNE embedding of
hidden-unit activations from networks trained with neural data r=0.1 for the first 10 epochs
of training. C) Average variance per unit in the V1-like layer of trained CORNet-Z networks
with different weightings, r, of neural representations in the cost function. Inset zooms in
on the first data points for » = 0,0.01,0.1. . . . . . . . .. ..o

II1.5 Accuracy in categorizing previously un-seen CIFAR100 images for networks trained with
different teacher RSMs: the real monkey V1 RSM (dark red); the image-shuffled V1 data
RSM (light red); RSM from random Gaussian vectors drawn with the same mean and
standard deviation as the V1 data (purple); and RSM from random Gaussian vectors drawn
with different mean than the neural data (blue). These were all trained with a weighting of
r = 0.1 applied to the representational similarity in the loss function. For comparison, the
baseline network (trained with no representational similarity cost) is shown in black. A)
Testing accuracy over epochs of training. Shaded areas on plot are +/- SEM over 10
different random initializations of each model. B) Test accuracy plotted (same as in A) by
type of data used in forming the teacher RSM. Double asterisks (**) indicate significantly
different results from no neural data, r = 0, at p<.001 on a one-tailed t-test. Single
asterisks (*) indiciate significantly different results from no neural data, r = 0, at p<.05 on
a one-tailed t-test. . . . . . L

I11.6 Accuracy in categorizing previously-unseen CIFAR100 images for the CORNet-Z
architecture trained with different weighting ratios, r, applied to monkey V1 representation
similarity for all 100 epochs of training in the V4-like and IT-like areas of CORNetZ (see
Fig. I11.1). A) Testing accuracy over epochs of training. Shaded areas on plot are +/- SEM
over 10 different random initializations of each model. B) Test accuracy plotted (same as in
A) by type of data used in forming the teacher RSM. . . . . .. .. ... ... ... .....
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II1.7 The percentage of errors that are within the correct superclass in the CIFAR100 dataset.
A) Percentage of errors within the correct superclass for the network trained with no neural
data (r=0), with the RSM formed by: monkey V1 data; image-shuffled V1 data (as
described in sec. II1.3.5); data drawn from Gaussian distribution with the same mean and
standard deviation as V1 data; and data drawn from Gaussian distribution with a different
mean than the neural data. B) Percentage of errors within the correct superclass for
networks trained with the monkey V1 RSM as a teacher, and various weightings of neural
similarity in the cost function (Eq. III1.1) Double asterisks (**) indicate significantly
different results from no neural data, r = 0, at p<.001 on a one-tailed t-test. Single
asterisks (*) indicate significantly different results from no neural data, »r = 0, at p<.05 on a
one-tailed t-test. . . . . .. L e

IT1.8 Training CORNet-Z networks with corrupted labels. A) Test set accuracy on networks
trained with (red) and without (black) neural data, with different fractions of corrupted
labels in the training set. Labels for the test set were not corrupted. Double asterisks (**)
indicate significantly different results from no neural data, » = 0, at p<.001 on a one-tailed
t-test. Single asterisks (*) indicate significantly different results from no neural data, r = 0,
at p<.05 on a one-tailed t-test. B) Generalization error (training cost - testing cost) on
networks trained with (red) and without (black) neural data and different fractions
corrupted training labels. Line patterns indicate different fractions of corrupted labels in
the training set. . . . . . . . . L e e

II1.9 Training with representation similarity cost at all epochs. (Similar to Fig. II1.2 but with
representation similarity cost applied for all 100 epochs). A) Testing accuracy for each epoch
of training with static weighting ratio, . B) Test accuracy (same as in A) vs the weight of
the emphasis on neural representation similarity. Double asterisks (**) indicate significantly
different results from no neural data, » = 0, at p<.001 on a one-tailed t-test. Single
asterisks (*) indicate significantly different results from no neural data, » = 0, at p<.05 on a
one-tailed t-test. Chance accuracy is indicated by dashed black lines in A. Shaded areas and
vertical bars on plot are +/- SEM over 10 different random initializations of each model. . . .

III.10Training with representation similarity cost at all epochs. (Similar to Fig. II1.2 but with
representation similarity cost applied for all 100 epochs). A) Testing accuracy for each
epoch of training for an initial ratio, init r, which decays during training. B) Testing
accuracy (same as in A) vs the weight of the emphasis of neural representation similarity.
Double asterisks (**) indicate significantly different results from no neural data, » = 0, at
p<.001 on a one-tailed t-test. Single asterisks (*) indicate significantly different results from
no neural data, r = 0, at p<.05 on a one-tailed t-test. Chance accuracy is indicated by
dashed black lines in A. Shaded areas and vertical bars on plot are +/- SEM over 10
different random initializations of each model. . . . . . . . .. .. ...

II1.11Accuracy in categorizing previously-unseen CIFAR100 images for the CORNet-Z
architecture trained with different initial weighting ratios, init r, applied to monkey V1
representation similarity for all 100 epochs of training. The test-set accuracy is plotted at
each epoch during training. Chance accuracy indicated by dashed black line. Shaded areas
are +/- SEM over 10 different random initializations of each model. B) Test-set accuracy
for previously-unseen CIFAR100 images at the end of training, as a function of the initial
static weight, init r, given to neural representational similarity in the cost function. . . . . .

II1.12Accuracy on the training set of images throughout the training procedure on CIFAR100
images for the CORNet-Z architecture trained with different weightins, r, applied to the
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CHAPTER I
INTRODUCTION

I.1 Neural in Artificial Neural Networks

Before we put some more neural in artificial neural networks (ANNs), let’s discuss how much neural
artificial neural networks have. In other words, how brain-like are ANNs? This ongoing debate helps us
consider 1 how much can we use ANNs as a model of the brain? and 2 how much can the brain influence

how we design ANNSs?

I.1.1 Neuro-inspired Artificial Intelligence

Although artificial intelligence (AI) and neuroscience are often considered separate fields today, Al
originated out of neuroscience (Hassabis et al. (2017)). The first step towards the artificial neural network
was the artificial neuron described in 1943 (McCulloch and Pitts (1943)). The idea being to try and
mimic the functionality of a biological neuron. Donald Hebb introduced a theory on the way synapses
in neural networks change, which we now call Hebbian learning. The idea behind this theory being
that when an input neuron fires, if it frequently leads to the firing of an output neuron, the synapse
is strengthened, also referred to as ‘Neurons that fire together, write together’ (Hebb (1949)). The
Perceptron was created with inspiration from the ideas behind the artificial neuron (McCulloch and
Pitts (1943)) and how synapses between neurons can change (Hebb (1949)). The Perceptron is a single
neuron-like unit that takes in some inputs (z1, 22, 23) and produces an output based on a predetermined
function (Fig. 1.1 A.). Suppose for example we wanted to learn the differences between apples and
oranges. Inputs that would help us learn these difference could be color (z1), sweetness (22), and shape
(23). The Perceptron then learns how important each attribute by changing the weighting of each input,
(wl, w2, w3). The output, y, gives us a value that we can use to interpret if we are more likely to have
an apple or an orange. The weighted function gives us a decision boundary of which areas are more
apple-like and which are more orange-like. In the simplest case, y can be a linear sum over the weighted
inputs, y = z1 * wl + 22 * w2 + 3 * w3. The New York Times called The Perceptron “the embryo of
an electronic computer that the Navy expects will be able to walk, talk, see, reproduce itself and be
conscious of its existence” (NYT (1958)). The Perceptron was originally created to try to copy how
neurons learn in the brain so that we could understand the capability of higher organisms for thinking
and learning. It began as a model for how the human brain processed visual data and learned to recognize

objects but was picked up by other researchers to study other areas in human cognition.



A. The Perceptron B. Artificial Neural Networks (ANNs)

€Z-
1 w1
wo
X9 —— l]
w3 output layer
input layer
I';j hidden layer 1 hidden layer 2
C. Recurrent Neural Networks (RNNs) D. Convolutional Neural Networks (CNNs)

Recurrent

led Fully-connected 1

pool
feature maps M:&‘:'::ﬁpﬁ feature maps  feature maps

r o \ovio
r'_'l','—""

Convolutional Pooling 1 Convolutional  pogiing2 *
yer 2

000000
[ X X ]

KN 2S
\‘OAQ/ output layer
Input

input layer

Outputs

layer 1

hidden layer 1 hidden layer 2

Figure 1.1: Neuro-inspired algorithms in artificial intelligence. A. The Perceptron. The percepton
incorporates some inputs, x1, 22, £3, weighted by w1, w2, w3 (which are learned). These are combined
based on a function (in the simplest case - linear) so y is a function of these weighted inputs (y =
f(zlxwl, 22 w2, x3*w3). B. The artificial neural network (ANN), adapted from The Perceptron used
for processing information from one layer to the next. C. On schematic of a recurrent neural network
(RNN), which incorporates weights within the layers (noted by the recurrent loop) via a cyclic topology
to store memory. D. The convolutional neural network (CNN), used for processing visual information
by layers of convolutions or feature maps. These images were adapted from Minsky-Papert 1969, Luke
Dormel, Emerging Tech 2019 and Alex Yu, Towards Data Science 2018, respectively.

If we wanted to incorporate a more complex algorithm, such as being able to categorize all possible
fruits, we would need more of these neuron-like units. This leads us to the artificial neural network
(ANN). ANNSs are computing systems that are layers of neuron-like units, like The Perceptron (Fig. I.1
B.). As we’ve seen now from many applications of ANNs, researchers realized it could be utilized for
solving real-world problems, regardless of how ‘brain-like’ it was.

Artificial neural networks are typically trained by an algorithm called ‘backpropagation of errors’ or
‘backprop’. Neural networks are initialized with random weights, meaning the mapping from input to
output initially is a random, and likely poor, estimate. To train networks, we input some data (z) to the
network that gets fed to subsequent layers of the network weighted by the randomly initialized weights,
w. We then get an output, or prediction, y. We calculate the error based on how different the network
output, y is from the correct answer we’ll denote as §j. The error is then backpropagated and each weight

is adjusted based on its contribution to the error. While backpropagation is not plausible to occur in



actual brains, it can give us a starting point on how brains might be learning (more on this discussed in
the next section). State-of-the-art deep learning algorithms have largely stemmed from artificial neural
networks, created in order to mimic how the brain learns (Rosenblatt (1958)). In this work, we utilize
two variants of ANNs.

Recurrent neural networks (RNNs), used in ch. II, are networks of neuron-like units that are connected
and form a directed graph and can exhibit temporal dynamic behavior (Rumelhart et al. (1986a)) (Fig.
I.1 C.). Asin ANNs, the weights describing the connections between the neurons are repeatedly adjusted
so that the network output more closely matches the desired output. RNNs differ from ANNSs in that
they do not only feed information forward to the next layer of inputs but maintain an internal state
(memory) of previous inputs. This is noted by the red line ‘recurrent’ leading from the output layer to
hidden layer 1 (Fig. 1.1 C.). This internal memory is a function of connectivity loops within the layers,
meaning within each layer, neurons can ‘talk’ (or feed information) to other neurons in the same layer
allowing memory of past inputs. These temporal dynamics are also important in neuron cells.

Convolutional neural networks (CNNs), used in ch. III, are networks of neuron-like units that are
primarily used for processing visual information (Fig. I.1 D.). CNNs were inspired by the architecture of
the mammalian visual system and process and respond to a restricted region of the visual field or receptive
field (Hubel and Wiesel (1968)). The input to CNNs are typically images (or videos) in matrix form
(see input Fig. 1.1 D.). The convolutional layers are learned throughout training to pull out important
aspects of the input images. Earlier layers of the network typically learn simple features, such as where
horizontal and vertical lines are. The pooling layers further reduce the convolutional layers and give a
simple map of where the features of interest are. Later convolutional layers pull out more detailed parts
of the images, for example some neurons in the later convolutional neural layer may respond only to
peoples’ faces. In CNNs trained for object recognition as done in III, the output layer gives a probability

function of which class the input image most likely belongs to (i.e. ‘cat’ or ‘dog’).

I.1.2 Theoretical Neuroscience

Studying methods in how machines can learn helps offer insights that can be applied in neuroscience.
AT provides ideas on how the brain can learn via backpropagation, the method used for training ANNs.
The idea being that weights within multiple layers of a hierarchical network need to be optimized toward
some objective function (Rumelhart et al. (1986a)). There are still many aspects of backpropagation
that are not biologically plausible. The main objections to backpropagation being able to occur in the
brain include: (1) the need for symmetric weights so that the feedback connections carrying the gradient

have the same weights as the corresponding feedforward connections and (2) the need for a distinct



form of error feedback that does not influence neural activity which currently does not align with any
known biological feedback mechanisms (Bartunov et al. (2018); Lillicrap et al. (2016)). Important work
is to understand how aspects of backpropagation could be relaxed or replaced with biologically plausible
mechanisms, which we highlight in chapter II.

Further, the neural networks as discussed in this thesis have be used as models for the brain. Recurrent
neural networks, which incorporate the ‘loops’ that occur within neural networks, can be used to model
cognitive functions such as decision making processes and working memory (Murray et al. (2017b)).
Convolutional neural networks have yielded insights into the mammalian vision representations (Yamins
and Dicarlo (2016); Kriegeskorte (2014)). Machine learning techniques are also utilized in analyzing
neuroscience data, for example multivariate analysis of fMRI and MEG data for understanding and
classifying disease (Kriegeskorte and Kievit (2013)). The work here is focused on two problems in
neuroscience and Al and how we can make progress in both fields by incorporating more biological

constraints in our machine learning tools.

1.2 Working Memory
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Figure 1.2: Baddeley and Hitch’s model of working memory, simplified with examples. Adapted from
ES Fein. HD Visual Working Memory Separates the Young and Old, 2014.

Working memory is a key cognitive function which is responsible for temporarily holding information
available for processing. It is often used as a synonym for short-term memory but encompasses both
the storing and the manipulating of information, where as short-term memory suggests only storing.
Baddeley and Hitch (1974) introduced the multicomponent model of working memory which highlights
the importance of humans being able to store and manipulate multiple items at once, unlike previous
models (Atkinson and Shiffrin (1968)). In this multicomponent model, the central executive is responsible

for directing attention to relevant information to remember and ignoring less important details (Fig



1.2). The phonological loop, visuo-spatial sketchpad and episodic buffer are controlled by the executive
function and store the information. The phonological loop stores sounds such as speech and music. The
visuo-spatial scratchpad stores visual and spatial information. The episodic buffer, which was added
later, stores representations that integrate phonological and visuo-spatial information and is the link

between working memory and long-term memory (Hatfield (2010)).

1.2.1 Working Memory and Intelligence

Working memory is key for reasoning and decision making (Diamond (2012)), both of which are
required for success and are potential indicators of intelligence. Higher capacity of working memory may
be correlated with greater intelligence (Cowan (2010); Schewizer and Moosbrugger (2004)). Intelligence,
in this case, is measured based on 1Q tests (Sternberg and Berg (1986)) and the Advanced Progressive
Matrices (Raven (1962)) which measure abstract reasoning and is used as a non-verbal estimate of fluid
intelligence, or the capacity to reason and solve novel problems. The average human working memory
capacity is said to be 4 (Cowan (2010)), meaning that we should be able to store about 4 different pieces
of information for a short time and be able to manipulate each piece. For example, credit card numbers
are often grouped in fours to make it easy to read them off. In studies comparing working memory
capacity in 7-year-olds versus adults (>18 years old), capacity was found to be higher in adults (Cowan
(2010)), suggesting that changes in capacity are correlated with changes in intelligence. The reason we
have a limited capacity of information we can store is likely because it is expensive to use more brain
resources to store more items if four is sufficient for survival. Alternative work has proposed that working
memory might be better conceptualized as a limited resource distriubuted among all items, meaning the
quality rather than quantity of working memory representations would determine performance Ma et al.
(2014). Omne question then is if having unlimited working memory (in respect to capacity or quality),
which is much more feasible in artificial intelligence robots than humans, would lead to super-human

intelligence.

1.2.2 Deficits of Working Memory in Disease

Many diseases are associated with a decline in working memory. As working memory is a key cognitive
function, decline in working memory is extremely disruptive to day-to-day life. Symptoms associated with
working memory deficits include difficulty in dividing attention and manipulating remembered information
leading to an inability to keep track of conversations (Alberoni et al. (1992)). Many behavioral disorders
are associated with deficits in working memory, including attention deficit/hyperactivity disorder (ADHD)

and oppositional-defiant disorder (ODD) (Engelhardt et al. (2017); Skogan et al. (2014)). A wide range
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Figure 1.3: Adapted from Fei-Fei Li, Andrej Karpathy & Justin Johnson (2016). An overview of
computer vision tasks including classification, localization, detection and segmentation.

of other diseases also note deficits in working memory as a symptom, including Alzheimer’s disease,
Parkinson’s disease, and hypertension (Huntley and Howard (2010); Possin et al. (2008); Murphy et al.
(2010)).

In many of these diseases, it is unclear what part of working memory is malfunctioning or how to
address these issues. Understanding the mechanisms behind working memory can benefit those with
deficits as well has help characterize and better understand diseases. We can use models of working
memory to better understand the relationship between disease and decline in working memory.

In chapter II, we derive biologically realistic learning rules that train RNNs to perform working

memory tasks which can be used to better understand the mechanisms of working memory.
1.3 Computer Vision

Computer vision is the field of getting computers to be able to interpret images and videos as well as
(or better than) people. To interpret images and videos requires identifying the objects being able to
abstract out how each object is interacting with each other, which first requires being able to classify the
objects and localizing where in the image the objects occur (Fig. 1.3). Applications of computer vision
include scene reconstruction, event detection, motion tracking, object recognition, 3D pose estimation,
motion estimation and image restoration (Morris (2004)). Computer vision is key for the future of
self-driving cars, being able to detect objects around the vehicle and predict where objects will be next
in order to safely drive. Computer vision will be required for assistance robots that can do things like
deliver our Amazon packages or take care of the elderly. We can also use computer vision to evaluate
medical images, such as cancer tissues or fMRI results.

Lawrence Roberts, who calls himself the founder of the Internet, is better regarded as the father of

computer vision. His dissertation work at MIT discusses extracting 3D information about solid objects



from 2D photographs (Roberts (1963); Zdziarski (2018)). Soon after this work, “The Summer Vision
Project" took place at MIT in 1966 with the goal of having computers describe what they see (Seymour
(1966)). This started the foundation of algorithms used today for computer vision, as well as a better
understanding of how difficult this problem would be. After discovering real-world images were much
more difficult than expected, work focused on labeling where lines where in order to discern a shape
(Huffman (1971); Clowes (1971); Zdziarski (2018)). The next key step towards computer vision algorithms
was from David Marr’s book “Vision: a computational investigation into the human representation and
processing of visual information" where he proposed that the key to understanding images is by multiple
low-level processing algorithms (Zdziarski (2018)). Finally the ‘neocognitron’ was born, the origin of
the Convolutional Neural Network (CNN) architecture, introduced by Kunihiko Fukushima in 1980
(Fukushima (1980)). It was inspired by the architeccture of cat and monkey visual cortexes described by
Hubel and Wiesel in the 1960s Hubel1968. From this original work, architectures in CNNs led to great
advancements in the field of computer vision.

In chapter 3, we show how data from the monkey brain can be used to help train CNNs to better
perform on object recognition tasks. In chapter 4, we present a new dataset that can be utilized to better

evaluate and even train these computer vision algorithms.



CHAPTER II
A SELF-ORGANIZING SHORT-TERM DYNAMICAL MEMORY NETWORK

I1.1 Summary

Working memory requires information about external stimuli to be represented in the brain even after
those stimuli go away. This information is encoded in the activities of neurons, and neural activities change
over timescales of tens of milliseconds. Information in working memory, however, is retained for tens of
seconds, suggesting the question of how time-varying neural activities maintain stable representations.
Prior work demonstrates the connectivity requirements that allow information to be retained for periods
much longer than the timescale of individual neuronal activities. The prior work, however, requires
precisely constructed synaptic connectivity matrices, without explaining how this would arise in a
biological neural network. To identify mechanisms through which biological networks can self-organize
to learn memory function, we derived biologically plausible synaptic plasticity rules that dynamically
modify the connectivity matrix to enable information storing '. Networks implementing this plasticity
rule can successfully learn to form memory representations even if only 10% of the synapses are plastic,

are robust to synaptic noise, and can represent information about multiple stimuli.
I1.2 Introduction

Working memory is the ability to store and manipulate information on short-term time scales and
allows us to make decisions (Diamond (2012)). These skills are required for success in school, in social
situations and in the work place. Symptoms associated with working memory deficits include difficulty in
dividing attention and manipulating remembered information leading to an inability to keep track of
conversations (Alberoni et al. (1992)). Many behavior disorders including ADHD are in part characterized
by a deficit in working memory (Engelhardt et al. (2017)). Deficits in working memory are also common
in patients with Alzheimer’s disease (Huntley and Howard (2010)). Understanding the mechanisms
behind working memory can benefit those with deficits as well as help characterize and better understand
associated neurological disease.

Working memory relies on us retaining representations of external stimuli even after they go away.
Stimulus-specific elevated firing rates have been observed in the prefrontal cortex during the delay period
of working memory tasks, and are the main neural correlates of working memory (Funahashi et al. (1993);
Fuster and Alexander (1971)). Perturbations to the delay period neural activities cause changes in the

animal’s subsequent report of the remembered stimulus representation (Li et al. (2016); Wimmer et al.

IPortions of this chapter have been published with permission from Neural Networks (Federer and
Zylberberg (2018))



(2014)). These elevated delay-period firing rates are not static but have time-varying dynamics with
activities changing over timescales of tens of milliseconds (Brody et al. (2003a); Romo et al. (1999)), yet
information can be retained for tens of seconds (Fig. I1.1). This suggests the question how time-varying
neural activities keep representing the same information.

Prior work from Druckmann and Chklovskii (2012) shows that, if the neural dynamics are in the "null
space" of the representation - so that changes to neural activity do not affect the downstream read-out of
stimulus information - then information can be retained for periods much longer than the time-scale of
individual neuronal activities (called the FEVER model; Fig. I1.2 B). That model has a severe fine-tuning
problem, discussed below. We identified a synaptic plasticity mechanism that overcomes this fine-tuning
problem, enabling neural networks to learn to form stable representations.

While the dynamics of neurons in the FEVER model match that which is observed in the monkey
prefrontal cortex during a working memory task (Murray et al. (2017a)), the model itself requires that the
network connectivity matrix have one or more eigenvalues very near to unity. This will almost surely not
happen in randomly-connected networks: fine-tuned connectivity is needed (Zylberberg and Strowbridge
(2017), Gershgorin Circle Theorem, Girko’s Circular Law). Druckmann and Chklovskii (2012) suggest a
mechanism of Hebbian learning by which this connectivity can be learned. That mechanism requires the
read-out weights to form a ’tight frame’, meaning the transpose of the weights is identical to the read-out
weights, which poses another fine-tuning problem and will not necessarily be true in biological circuits.
Thus, the prior work leaves it unknown how synaptic plasticity can form and/or maintain functional
working memory networks. Here, we identify biologically plausible synaptic plasticity rules that can solve
this fine-tuning problem without making strong assumptions like 'tight frame’ representations.

Related work has introduced learning rules that train recurrent networks to track different dynamical
inputs (Bourdoukan et al. (2012); Bourdoukan and Deneve (2015); Deneve et al. (2017); Brendel et al.
(2017)), and to maintain short-term memory representations (Vertechi and Machens (2014)), within
the neural activity patterns. The majority of those works updated the network synapses based on
the difference between the decoded network output, and an external signal (Bourdoukan et al. (2012);
Bourdoukan and Deneve (2015); Deneve et al. (2017); Brendel et al. (2017)): this is different from the
work presented here, where the errors driving plasticity are the changes in the network representation
over time, and are thus purely determined by the network output, with no reference to external signals.
One key exception is the work of (Vertechi and Machens (2014)), which used unsupervised learning —
analogous to our approach — without reference to external “teacher" signals providing global error signals
across the network. That work used networks with two different time-scales of synapses, whereas the

networks we present here are simpler, requiring only one synapse type. Our networks are also able to
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Figure I1.1: Stimulus representation in working memory. (A) When presented with an external stimulus,
s, neural activity patterns initially encode an internal representation of that stimulus, §(¢t=0). These
neural activity patterns change over timescales of tens of milliseconds, and yet somehow the same
information is stored for up to tens of seconds. (B) While the firing rates, r;(¢), change over time,
information about stimulus, §(%), can remain unchanged as long as the projection of the firing rates
onto the “read-out” vector, J, remains constant.

continue to store information without continuous training, whereas Brendel et al. (2017) describe the
need for continuous training for the recurrent weights in the network. Finally, we demonstrate robustness
properties of our networks that are not studied in the prior work: this leads to potentially interesting
future work that we describe further in the discussion.

Our plasticity rules dynamically re-tune the connectivity matrix to enable persistent representations of
stimulus information. We discuss possible biological mechanisms for networks to implement our plasticity
rules. We specifically address parametric working memory, where the requirement is to remember
continuous values describing several different variables or dimensions such as spatial locations or sound
frequencies. For example, in the oculomotor delayed response task, subjects must remember the location
of a target during a delay period (Funahashi et al. (1993)). We perform experiments to demonstrate
that networks using our plasticity rules are able to store information with added synaptic noise, partial
plasticity, and with densely or sparsely connected networks. Our networks are also able to continue to
store information even after plasticity has been 'turned off’. We also demonstrate that these plasticity

rules work in spiking leaky integrate and fire networks.
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I1.3 Model

I1.3.1 The Rate-Based Network Model

We use a rate-based network like that of the FEVER model (Druckmann and Chklovskii (2012)) but
with positive rectifying activation functions (ReLU - rectified linear units) (Carandini (2004)). We use

standard linear dynamics in the network model:

dai
T 7 = _ai<t) + ZLijTj (t), (Hl)
J

where a;(t) is the internal state (membrane potential) of the i*" neuron at time ¢, 7;(¢) is the output
(firing rate) of the j** neuron, 7 the time constant, and L;; represents the strength of synapse from
neuron j to neuron 4. Firing rates, r;(t), are given by a positive rectifying function of the internal states:
ri(t) = [a;(t)] - After an external stimulus, s, is presented to the network, the network’s representation

of the stimulus, §(%), is obtained from a weighted combination of firing rates:

$(6) = 3 diri(), (I1.2)

where d; is the weight of the contribution of neuron 7 to the stimulus (the “read-out weight”). The
initial stimulus value, §(t = 0), is a weighted combination of a random initialization of the firing rates
7(t = 0). We first consider a single scalar stimulus value, and study the encoding of multiple stimuli in

sec. 11.4.6

I1.3.2 Plasticity Rules

To organize the network, we update the synaptic weights, L;;, so as to minimize changes in the

stimulus representation. To do this, we differentiated Equation I1.2 with respect to time, to calculate %.

We used gradient descent with respect to L;; on loss function (%)2 to calculate the update rule:
ds . dr;
AL;; = —np—d;—(t)r;(t), IL.3
= g G O (1L3)
where 7 is the learning rate of the network and gg? (t) is the slope of the (ReLU) activation function

which is one for all positive values of a;, and 0 otherwise. In section I1.4.7, we discuss potential biological
mechanisms that allow a network to implement these plasticity rules. We chose the elements of d to be
positive based on candidate sources of the global error signal discussed in section I1.4.7. The source code

and scripts for reproducing our experiments are available at https://github.com/cfederer/SOMN.

11



Our learning rule is similar those for the “slow" weights in recent studies (Bourdoukan and Deneve

(2015); Deneve et al. (2017)): the learning rules in those prior studies updated synapses based on the

product of an error term, and the presynaptic neural activity. In case of linear neurons (e.g., where gZ'

1S

a constant scalar), and in which we identify % as the error term, our rule reduces to theirs. However, it

is important to note that Bourdoukan and Deneve (2015) and Deneve et al. (2017) studied supervised

learning problems, where the errors are differenced between network outputs and externally-defined target
ds

signals. In our case, for contrast, the errors (%;) are defined purely based on the network outputs, with

no reference to external signals.

I1.4 Main Results

I1.4.1 Stimulus Retention

To evaluate the performance of our working memory networks, we asked how well the networks could

store information about a scalar stimulus value. We quantified the remembered value relative to initial,

3(t)

3(i=0)» Over 3 seconds, where 1.0 indicates perfect memory, and values above or below indicate failure

to remember the initial value. We evaluate over 3 seconds because this is the duration of heightened
activity observed during working memory tasks (Funahashi et al. (1993)).

The networks were all-to-all connected, autapses excluded (so diagonal elements of L;; are all zero)
and contain 100 neurons. We chose 100 neurons to make repeat experiments reasonable, however the
network works with various network sizes (see sec. I1.5.1). Elements of L;; were drawn from Gaussian

1

distribution mean 0 standard deviation Ve where N = 100 (the number of neurons) (Figs. I11.2 A-C).

We also considered networks with initially stronger synaptic strengths, where elements of L;; were drawn
from Gaussian distribution mean 0 standard deviation \1/'—% (Figs. 11.2 D-F) (the network is initially in a
chaotic state, as discussed by Toyoizumi and Abbott (2011)). We evaluated how well random networks
without plastic synapses store information, by initializing each network with random neural activities,
d(t = 0), random read-out weights, d and simulating the dynamical evolution of the representation. The
values of d(t = 0) and d were drawn from a Gaussian distribution of mean 0 and variance 1. We then
compared these ”"constant random synapse” networks to ones with identical random initial conditions,
but in which our plasticity rule (Eq. II.3) dynamically updated the synapses. Finally, we compared
both of these randomly-initialized networks to ones that had the fine-tuned connectivity specified by the
FEVER model.

The stimulus value in the randomly-initialized plastic network initially decreased slightly, but the

plasticity rules quickly reorganized the connectivity, and the representation remained constant after the
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Figure I1.2: Stimulus retention in self-organizing memory networks with initially weaker synaptic
connections (A-C) where synaptic strengths were drawn from Gaussian distribution mean 0 standard
deviation ﬁ where N = 100 (the number of neurons) and with initially stronger synaptic connections

(D-E) where synaptic strengths were drawn from Gaussian distribution mean 0 standard deviation <.

N
(A) Neural dynamics of the first 500 ms of a simulation of two different networks with the same rand\g;n
initial conditions. One network had constant random synapses (bottom panel), while the other one had
plastic synapses that were updated via Eq. I1.3 (top panel). Red dashed lines show randomly selected
firing rates of 10 of the 100 neurons in the network. The remembered stimulus values at times 0, 245
and 490 ms (indicated by the shaded vertical bars) are shown. In the plastic random network, the
remembered stimulus value does not change much (B) The average remembered value relative to the
initial stimulus value over 10 random initializations for the FEVER model (black), the plastic synapse
model (blue) and the constant random synapse model (red) where 1.0 indicates perfect memory. (C) A
zoomed in look at remembered value relative to initial for the FEVER model and the plastic random
synapse model from (B). (D-F) Same as A-C, but with stronger initial synaptic strengths. Shaded
areas in B, C, and F represent + standard error of the mean. Shading omitted from lines in panel E for
clarity. The “constant random synapse" curve in panel E increases beyond the scale of the plot after
around 200-300 ms, as do the neuron activities in panel D (lower).
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first ~ 50 ms (Figs. I1.2 A, D). In the network with initially weaker connectivity, the firing rates in
the plastic random synapse network become constant, whereas in the network with initially stronger
connectivity the firing rates in the plastic random synapse network continue to evolve (Figs. I1.2 A, D).
We considered whether our network evolves to have more static firing rates over time, and simulated
the changes in firing rate (%) for neurons in networks with our plasticity rule, that had various initial
synaptic strengths (see Additional Results). We found that, while the neuronal activity is more dynamic
in networks with stronger synaptic strengths, the network activities nevertheless become more static
over time. This may in part be due to the neurons’ thresholding nonlinearities: as neurons’ membrane
potentials drop below threshold, their firing rates become zero, and because the ReLU nonlinearity is flat
at this point, changes in membrane potential no longer lead to changes in firing rate.

Within our networks, the synapses change slightly in the initial steps of learning and then stop
changing once the network has learned a good connectivity matrix (Fig. II1.3). Thus, our plasticity rule
enables initially random networks to quickly become effective working memory systems.

To ensure that the success of our plasticity rule at forming an effective memory network was not
limited to a fortuitous random initialization, we quantified the fraction of stimulus retained over 10
different networks, each with a different initial connectivity matrix, read-out vector, and initial activity
vector @(t = 0). In the FEVER networks, stimulus retention is perfect across all networks. The models
with plastic random synapses perform almost as well as the FEVER models, but require some time to
self-organize before the representations remain constant (Figs. 11.2 B, C, E, F). In the random constant
synapse networks, information is quickly lost (Figs. I11.2 B, E).

We demonstrate that the network learns to store information with initially weaker or stronger initial
synaptic weights. With the initially weaker weights, the plasticity rule causes the network to learn
to generate constant neural activities, after some initial transient (Fig. II.2 A), whereas with initially
stronger weights, the network continues to generate complex dynamical activity patterns (Fig. I1.2 D). In
either case, the neural activity patterns continue to represent the stimulus in a constant fashion, thereby
forming effective working memory systems. We first focus on the networks with initially weaker synaptic
strengths (e.g., the ones shown in Figs.I1.2 A-C, where elements of L;; were drawn from Gaussian
distribution mean 0 standard deviation ﬁ) The corresponding results for networks with initially
stronger synaptic strengths (e.g., the ones shown in Figs. I1.2 D-F, where elements of L;; were drawn

from Gaussian distribution mean 0 standard deviation 4%) are shown in section I1.5.4.

2
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Figure I1.3: Synaptic weights in the plastic random synapse networks. (A) Strengths of 20 randomly
selected synaptic weights over training for the first 100ms of one network initialization. The weights
have initial changes but level out at around 50ms once the network has learned to store information.
(B) A histogram of 1000 randomly sampled synaptic weights from the 10000 in the network before
training (t=0, red) and after training (t=3000, blue). (C) A histogram of 1000 randomly sampled
synaptic weight updates during first step of training for one initialization of a plastic random network
presented on a log scale.

I1.4.2 Changes in Synaptic Strength

To visualize the effects of our learning rule in the synaptic weights of our network, we randomly
selected 20 of the synaptic weights and plotted training for the first 100ms of one network initialization
(Fig. 11.3 A). The network makes adjustments to the synaptic weights in the initial steps but quickly
learns a good connectivity matrix to store information. To demonstrate the magnitude of changes in
synaptic weights, we show a histogram of 1000 randomly sampled weights before training (t=0, red) and
after training (t=3000, blue) (Fig. I1.3 B). The distribution of synaptic weights remains similar. We also

plot the histogram of the actual synaptic weight updates (Fig. I1.3 C).

I1.4.3 Network Robustness

11.4.3.1 Noisy Synapses

Working memory must be robust to noise and imprecise components (Brody et al. (2003b)). We
added Gaussian noise with mean 0 and standard deviation .00001 to the synaptic weights, L;;, in Eq.
II.1, to demonstrate that FEVER networks with slightly mistuned synapses quickly forget the stimulus
representation, whereas networks with plastic synapses are robust to added synaptic noise (Fig. II.4
A). This emphasizes that fine-tuning is needed in order for the networks to be robust to synaptic noise,
and that our plastic networks are capable of overcoming that difficulty. However, a natural question
is whether the synaptic updates themselves must be fine-tuned, or whether imprecise synaptic updates

suffice to maintain the working memory function.
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Figure I1.4: Network robustness to synaptic noise. (A) The average remembered value relative to initial
retained for one random initialization of a FEVER network (black) and plastic random network (blue)
with independently and identically distributed (i.i.d.) noise added to all of the synaptic weights. The
variable € is Gaussian distributed, with mean 0 and standard deviation 1; the noise added to the synapses
in panel A has standard deviation of 0.00001. (B) The average remembered value relative to initial for
10 random initializations of networks with differing levels of synaptic update noise (o < 1). Shaded
areas in A and B represent + standard error of the mean over the 10 different random initializations.

To determine how robust these plastic random networks are to noisy synaptic updates, we simulated
networks with various levels of noise added to the synaptic updates in Eq. I1.3. We added Gaussian
noise with mean 0 and standard deviation « times the update to the synapse, AL;;, where o was varied
from 0 to 1. (See sec. 11.4.2 for synaptic weight update sizes). We quantified the average remembered
value relative to initial for networks with various noise levels and found that the noise did not have a
noticeable effect on the network performance for aw < 1 (Fig. I1.4 B). The remembered value relative to
initial is almost equivalent for all values of o < 1, with minor differences due to random initial conditions.
Networks with initially stronger synaptic strengths are also robust to synaptic noise (Fig. I1.14). This
should not be surprising considering that multiplying error signals by random synaptic weights does
not hinder learning, so long as the network is still being pushed down the loss gradient (Lillicrap et al.

(2016)).

11.4.3.2 Partial Tuning

While synapses are plastic, it is not known if all synapses change. To determine how well the network
performs if only some synapses are updated, we simulated networks in which different fractions of
the synapses were updated using Eq. I1.3: the other synapses were held constant. We quantified the
remembered value relative to initial for these networks (Figs. I1.5 A, B). Even with just 10% of the
synapses being tuned, the networks learn to store information about the stimulus. Networks with initially
stronger synaptic strengths are similarly robust to partial plasticity (Fig. II.15). In hindsight, this makes
sense. To store n stimulus values, n constraints must be satisfied by the connectivity matrix (we chose

n = 1 for Figs. I1.5 A, B). Because the connectivity matrix has many more than n elements, many
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Figure IL.5: Network robustness to partial plasticity. (A) The average remembered value relative to
initial for 10 random initializations. Different lines are for different fractions of plastic synapses. (B) A
zoomed in look at the average remembered value relative to initial for 10% — 90% plasticity. Shaded
areas in A and B represent + standard error of the mean over the 10 different random initializations.
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Figure I1.6: Network robustness to partial connectivity. (A) The average remembered value relative
to initial for 10 random initializations. Different lines are for different connection probabilities. (B)
A zoomed in look at the average remembered value relative to initial for 10% — 90% connection
probability. Shaded areas in A and B represent + standard error of the mean over the 10 different
random initializations.

configurations can satisfy the constraint, so it is possible to satisfy the constraint without updating every

synapse.

I1.4.4 Partial Connectivity

In the previous results, the connectivity was all-to-all (100%). Real neural circuits are not 100%
connected. In visual cortex, for example, connection probabilities range from 50% to 80% for adjacent
neurons (Hellwig (2000)). To ask if our synaptic update rule could self-organize partially connected
networks, we simulated networks with different connection probabilities and with synapses updated using
Eq. I1.3. In our simulations, each neuron had an equal probability of connected with another neuron
in the network. In the brain; however, there would likely be a spatial component to the connectivity
probabilities which we do not address here. We quantified the average remembered value relative to

initial for 10 random initializations. Performance declines somewhat as connectivity decreases, but even

networks with 10% connection probabilities can learn to store stimulus information (Figs. I1.6 A, B).
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Networks with initially stronger synaptic strengths have similar or even better performance with partial
connectivity (Fig. I1.16). Experiments show that working memory performance declines with age, which

correlates with a reduction in number of synapses (Peters et al. (2008)).

11.4.5 Pre-training the Network

In the previous examples, each network is initialized with random connection weights. In reality, the
working memory network will be continuously learning and will not start over with random connection
weights when each new stimulus is presented. Consequently, we speculated that, once the network had
learned to store one stimulus, it should be able to remember subsequently presented stimuli, even with
minimal re-training. Related experimental work shows that performance in working memory tasks in
children and young adults can be increased not only for trained tasks but for new tasks not part of the
training: this coincides with strengthening of connectivity in the prefrontal cortex (Constantinidis and
Klingberg (2016)).

To determine if our synaptic update rule enables the network to store new stimuli without further
training, we first trained the networks (Eq. I1.3) 1, 5 or 10 times. Each training event (or “trial") refers
to the network learning to store information about a new stimulus for 3 seconds. Each new stimulus
corresponded to a new random initialization of the firing rates #(¢ = 0), with corresponding initial
representation value 5(t = 0) = >, d;r;(t = 0). We quantified the networks’ abilities to represent these
training stimuli, and found that the networks performed better on each subsequent stimulus: training
improved performance (Fig. I1.7 A). Next, we asked if after training on 1, 5, or 10 prior stimuli, the
network could store information about a new stimulus without any more synaptic updates. We found
that a network was able to store information about a new stimulus after being trained on at least 1

previous stimulus and did better after training on 5 or 10 stimuli (Fig. II.7 B).

11.4.6 Remembering Multiple Stimuli

The previous section shows how networks can self-organize to store information about one stimulus
value, but working memory capacity in adult humans is typically 3-5 items (Cowan (2010)). To incorporate
this working memory capacity into our models, we adapted the representation such that there were
multiple read-out vectors, one for each stimulus value. We then derived plasticity rules via gradient
descent on the squared and summed time derivatives of these representations: the loss was ), (ds’“ )2.

This led to the plasticity rule

nz iy S 070, (11.4)
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Figure I1.7: Training improves performance. (A) The average remembered value relative to initial
over 10 random initializations for a plastic random synapse network that has seen 0 previous stimuli, 1
previous stimulus, 5 previous stimuli or 10 previous stimuli. (B) The average remembered value relative
to initial over 10 random initializations for a constant synapse network that has previously been trained
on 0, 1, 5, or 10 previous stimuli, but with no training during the simulation period shown. Shaded
areas in A and B represent + standard error of the mean over the 10 different random initializations.
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Figure I1.8: Remembering four things. (A) The average remembered value relative to initial of four
stimuli retained for 10 randomly initialized networks with constant random synapses (dashed lines) and
plastic random synapses (solid lines). Different colors are for different stimulus values. The stimulus
numbers (1-4) are arbitrarily labeled. Shaded areas represent + standard error of the mean over the 10
different random initializations. (B). A zoomed in look at the average remembered value relative to
initial for the plastic model in panel A. Shading omitted from lines in panel B for clarity.

where n is the number of stimuli to be remembered. We chose n = 4 for our experiments, and we
quantified how well the networks remember these stimuli (Stims 1-4 in Fig. I1.8). In our experiments,
each neuron in the network contributed to the representation of every stimulus value: in vivo, most
neurons are sensitive to multiple aspects of stimuli (Miller and Fusi (2013)). This is not a requirement:
the models successfully represent multiple stimuli even when different subsets of the neurons participate

in each representation.

I1.4.7 Potential Biological Mechanisms

Synaptic updates are thought to rely on synaptically local information, like the activities of the pre-
and post-synaptic neurons. Our plasticity rules (Egs. I1.3, I1.4) involve this information, in addition to

“global" error value(s) {%}. Thus, we obtained three-factor rules: synaptic changes depend on the pre-
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and post-synaptic neurons’ activities, and a global error signal (Lillicrap et al. (2016)). There are two
facets of the networks presented above that are unclear in their biological interpretations: the source
(and precision) of the global error signal, and the symmetry of the feedback signals that convey the error
information to the synapses. We discuss these issues in more detail below, and show that they are not
firm requirements: our networks can learn to form memory representations even with more realistic
asymmetric feedback, and with very coarse (even binary) error signals. Consequently, we demonstrate
that synaptic plasticity mechanisms can successfully form self-organizing memory networks with minimal

constraints.

11.4.7.1 Sources of the Global Error Signal

dsic

, {%E}: feedback to the neurons’ apical

Below, we propose two sources for the global error signal(s)
dendrites (Fig. 1.9 A), and neuromodulatory chemicals that modulate the plasticity (Fig. I1.9B). These
are not mutually exclusive, and in either case, continuous training is not required for functioning working
memory (Fig. IL.7): the feedback signals need not be constantly available. In both implementations, a
downstream “read-out" system estimates §, and sends that information (or information about its time
derivative) back to the memory network. This means that, at first glance, the read-out weights d; must
be accessed in two separate places: at the synapse, L;;, to calculate the update, and at the read-out layer
to calculate the remembered stimulus value (Eq. I1.2). There are no known mechanisms that would allow
this same d; value to be accessed at distantly-located regions of the brain (Lillicrap et al. (2016)), posing
a challenge to the biological plausibility of our networks. To address this issue, and show that known
feedback and neuromodulatory mechanisms could implement our memory circuits, we later consider
random (asymmetric) feedback weights, where the read-out weight used to estimate §, differs from the
one used to update the synaptic weights (Fig. I1.9C). We also consider that error signals, either via
segregated dendrites or neuromodulators, would likely be on a slower time scale than activity in the
network. We show that the networks can self-organize with delayed plasticity (Fig. I1.10). Networks with
longer delays between plasticity updates require some pre-training before effectively storing information
(Fig. 11.10).

Calculating the Global Error Signal Locally Using Segregated Dendrites: The global error signal could

be calculated locally by each neuron, by exploiting the fact that, in pyramidal cells, feedback arrives at
the apical dendrites, and modulates synaptic plasticity at the basal dendrites (where information comes
in from other cells in the memory network) (Lillicrap et al. (2016); Guergiuev et al. (2017)) (Fig. I1.9 A).
Here, a readout layer provides feedback to the apical dendrites that specifies the represented stimulus

value §(¢): the weight of the feedback synapse to neuron 4 from read-out neuron k is d;, , and so the apical
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dendrite receives a signal >, d;, 5,(t). The apical dendrites track the changes in these feedback signals,
sending that information (3, d;, d8/dt) to basal dendrites via the soma. Correlating those signals with
the pre- and post-synaptic activity at each of the synapses on the basal dendrites, the synaptic updates
specified by Eq. 1.4 are obtained. Thus, the neurons locally compute the synaptic updates.

Signalling the Global Error Signal with Neuromodulators: Alternatively, the global error signal(s)

could be communicated throughout the network by neuromodulators, like dopamine, acetylcholine,
serotonin, or norepinephrine. These have all been shown to be important in synaptic plasticity in
the prefrontal cortex and in working memory (Meunier et al. (2017)). This is reward learning, with
the reward values coming from the neuromodulator concentrations. Experimental work shows that
synapses have activity-dependent “eligibility traces” that are converted into changes in synaptic strength
by reward-linked neuromodulators (He et al. (2015)). In this scenario the concentration of different

dsg

modulators tracks the error signals, <7k,

and the densities of the receptors to the modulators at each
synapse are d;,. Thus, at each synapse, the modulators bring information ), d;, d3;/dt that, when

correlated with the pre- and post-synaptic activities, yields the updates from Eq. I1.4 (Fig. I11.9 B).

11.4.7.2 Learning with Fewer Constraints

The discussion above shows that it is critical to implement our memory networks with asymmetric
feedback weights. To do this, we let the top-down feedback impinge on the neurons at synapses with

weights d;, and the read-out layer calculate the remembered stimulus as:

$(t) =D _airi(®), (IL5)

where d # ¢ (Lillicrap et al. (2016)). Here, the values of ¢; are randomly drawn, independently from
d;, and so we refer to this as asymmetric random feedback.

To test whether networks with this asymmetric feedback could learn to store stimulus information,
we simulated such networks and quantified the average remembered value relative to initial. The results
(Fig. I11.9 C, upper curve) show that even with asymmetric feedback, networks can learn to store stimulus
information. This makes sense because both ¢ and d contain only positive elements, so the feedback
update signal to each synapse has the same sign as the update calculated from gradient descent. Thus,
the synaptic updates with asymmetric feedback are generally in the same direction as those obtained
from gradient descent (i.e., the angle between the update vectors, and those from true gradient descent,

is less than 90°), which suffices for learning (Lillicrap et al. (2016)).

21



A B C
Read-out neurqn Neuromodulator

Plastic (Random Feedback)
.0

.8 {Plastic (Binary & Random Feedback)

0 \Constant Random Synapse

0 500 1000 1500 2000 2500 3000
Time (ms)

Figure I1.9: Potential biological implementations. (A) Cartoon depicting error signals being calculated
locally by the neurons’ apical dendrites. The read-out neuron calculates the remembered stimulus value
via Eq. I1.5, where ¢; is the weight of the synapses from cell ¢ in the memory circuit to the read-out
neuron. The apical dendrite calculates the error signal, weighted by d;, by subtracting feedback values
at adjacent time points. The basal dendrite receives inputs from neurons in the working memory
circuit. The soma transmits the error signal to the basal dendrites, where the synaptic updates, L;;
are calculated by correlating the pre- and post-synaptic activities with the error signal. (B) Cartoon
depicting error signals being communicated by neuromodulators. Neurons in the modulatory system
calculate the remembered stimulus values via Eq. I1.5, where g; is the weight of the synapse from
cell 7 in the memory circuit to the read-out neuron. That cell releases an amount of neuromodulator
that tracks the changes in the represented stimulus value. The modulatory chemical affects synaptic
plasticity by an amount that depends on the receptor density, d;, at the synapses. Both implementations
work with asymmetric feedback: the weights to the read-out neuron from cell i (¢;) will not necessarily
match the weights, d;, with which cell 7 receives the feedback signals. (C) The average remembered
value relative to initial over 10 random initializations of a network with plastic random synapses with
random feedback and readout weights (¢ # d) (blue), plastic random synapses with random feedback
and readout weights and binary error signals (%% € {£1}) (green), and constant synapses (red). The

dt
shaded areas represent + standard error of the mean over the 10 different random initializations.

Next, we wondered whether our networks require precise error signals 7/

to learn to form memory
representations, or whether coarser feedback would suffice: if coarser signals suffice, this removes any
fine-tuning requirement “hidden" in the precision of the feedback. To answer this question, we repeated
the simulations with our asymmetric random feedback networks, but binarized the error signals used in
the synaptic plasticity, via the sign function: sign(%) € {£1}. The updates are now reduced to either
Hebbian or anti-Hebbian learning rules, depending on the sign of the error signal. The results (Fig. 11.9
C, middle curve) show that with asymmetric and binary feedback, the networks can still learn to form
memory representations, albeit not quite as well as in the case of highly precise feedback signals (Fig. 11.9
C, upper curve). Networks with stronger initial synaptic strengths can store information with asymmetric
and binary feedback as well (Fig. 11.18). We found that networks with asymmetric and binary feedback
were also robust to partial plasticity and partial connectivity (Fig. I1.12).

Similar (anti-)Hebbian rules were used by Xie and Seung (2000) to tune an integrate-and-fire neuron

with an excitatory autapse to maintain persistent activity under certain conditions. In comparison to that

work, we studied more complex networks which do not rely on autapses for memory function. The Xie
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Figure I1.10: Delayed plasticity. The average remembered value relative to initial over 10 random
initializations of a plastic random network with delayed plasticity that been trained on 5 previous
stimuli. The network initially has an anti-Hebbian learning rule, where error signal is -1 until feedback
arrives after the delay period (10, 20, 40 or 50ms). The network then receives the error signal from
time ¢ minus the delay period. The shaded areas represent + standard error of the mean over the 10
different random initializations.

and Seung (2000) model also requires some fine-tuning for the neuron to continue to store information

about a stimulus (Seung et al. (2000)).

11.4.7.3 Delayed Feedback

Based on the potential sources for the global error signal(s) (Figs. I1.9 A, B), there could be a delay
before the feedback signal would reach the working memory network. To test whether our network could
still learn to store information even if the error signals were delayed, we simulated networks with initially
anti-Hebbian learning rules (error signal is -1) until some delay period, (10-50ms), and then the network
receives the error signal from time ¢ minus the delay period. Because this is a difficult task, we lowered
the learning rate, 1, and allowed the network to train on 5 individual previous stimuli, with the delayed
plasticity, and then evaluated its ability to store information (while still training) on a novel stimulus.
We found that networks with delays in feedback could still store information (Fig. I1.10). Even with

delays of 40-50ms the networks could still retain some information (Fig. I1.10).

I1.5 Additional Results

I1.5.1 Larger Networks

We performed experiments with 100 neurons to make repeated tests more efficient, but to ensure our
network set-up would be able to scale up we also implement our learning rule in networks with 1000 and

10,000 neurons (Fig. I1.11) and demonstrate that these networks are able to store information.
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Figure I1.11: The average remembered value relative to initial for 10 random initializations of networks
with 100 neurons (blue), 1000 neurons (yellow) and 10,000 neurons (red). The only differences between
the networks aside from size are the learning rates, which should be reduced as the network size
increases.
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Figure I1.12: Partial plasticity and connectivity in networks with asymmetric random feedback and
binary error signals. (Similar to Figs. II.5 and I1.6, but with binary error signals and asymmetric
random feedback, as in Fig. I1.9) (A) The average remembered value relative to initial for 10 random
initializations of plastic random synapse networks with asymmetric random feedback and binary
error signals. Different lines are for different percentages of plasticity. (B) The average remembered
value relative to initial for 10 random initializations of plastic random synapse networks with random
feedback and readout weights and binary error signals. Different lines are for different connection
probabilities. Shaded areas in A and B represent + standard error of the mean over the 10 different
random initializations.

I1.5.2 Robustness Tests

We demonstrated that with asymmetric and binary feedback, the networks can still learn to form
memory representations (Fig. I1.9 C, upper curve). We then tested whether networks with random
and imprecise feedback are still robust to partial plasticity and partial connectivity. We followed the
same protocol as sections I1.3.1, but in networks with asymmetric and binary feedback (as in section
11.4.7.2) and found that networks were still able to store information even with just 10% plasticity or

10% connectivity, albeit not as well as in the case of highly precise feedback signals (Fig. I1.12).
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Figure I1.13: Stimulus retention in leaky integrate and fire (LIF) spiking self-organizing memory networks
which enforce Dale’s Law (neurons are either excitatory or inhibitory). (A) The average remembered
value relative to the initial stimulus value over 10 random initializations for the plastic random synapse
model (blue) and the constant random synapse model (red) where 1.0 indicates perfect memory. Shaded
areas represent + standard error of the mean over the 10 different random initializations. (B) Raster
plot of spiking activity of the excitatory neurons which encode for the remembered stimulus value over
50ms of one random initialization.

I1.5.3 Stimulus Retention in LIF Networks

In order to test if our update rule can organize a spiking network, we implemented a leaky integrate-
and-fire (LIF) model (Ledoux and Brunel (2011)). We enforced Dale’s law with separate E and I
populations composed of Ng = 100 and N; = 20 LIF neurons. Each excitatory (E) neuron ¢ was

described by its internal activity (membrane potential) a;(¢) which obeys:

da;(t)
TET g

= Qpest — ai(t) + Z LEE“- mij (t) — Z LEIijmij (t) (Hﬁ)
JjEE JeI

where 7 is the membrane time constant of E neurons (20ms), a,est = -70mV is the resting membrane
potential, L the synaptic strength, and m;;(t) are individual synaptic currents modeled with an additional

synaptic variable x;;:

dl’ij(t) - ‘ _
T = () 47 Ek 5(t—t}) (I1.7)
dmij (t) - B B
T = M (t) + xi;(¢) (11.8)

where 7 is the time constant, the sum over k represents a sum over all spikes of pre-synaptic neuron
J, that occurs at time t?. Similarly, each inhibitory (I) neuron ¢ was described by its internal activity
(membrane potential) a;(¢) which obeys:

da;(t
Tlia (t) = Grest — ai(t) + Z LIEijmij(t) - ZLUUmii(t) (1L.9)

dt . °
JjEE jel
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where 77 is the membrane time constant of I neurons (10ms), and the rest of the variables are defined
as above for Eq. II.4. In this model, action potentials occurred when voltage crosses Vi, = —50mV and
at the time of the action potential, the voltage was reset at V,.cser = —60mV, with no refractory period
for simplicity (Ledoux and Brunel (2011)). In order to calculate the updates to the synapse, we took a
smoothed rolling estimate of the firing rates rg ;(¢) which evolved via:

dr(t) _
=T+ Z 5i(t), (11.10)

where 0;(t) is a binary variable for if neuron ¢ spikes or not. In order to organize the network to store
information, we updated the synapses of the excitatory network, Lgg with the same derived update as
Eq. I1.3 except the loss was calculated as:

ds R
TH —5(t) + Zdiéi(t)7 (IL11)
i€E

where §(t) decays exponentially to 0 without spikes d;(¢). To evaluate the performance of our spiking
working memory networks, we asked how well the networks could store information about a scalar stimulus
value, as in sec. 11.3.1. The networks were all-to-all connected, autapses excluded (so diagonal elements
of L;; are all zero) and contain 100 excitatory neurons and 20 inhibitory neurons. We evaluated how well
random networks without plastic synapses store information, by initializing each network with random
neural activities, @(t = 0), random read-out weights, aT, and random connection weight matrices, L, and
simulating the dynamical evolution of the representation. The initial stimulus value to be remembered
is a weighted combination of the spikes from the excitatory population, 5(t =0) =, 0;(t = 0)d;. We
found that LIF networks with plastic synapses updated via Eq. II1.3 are able to store information about
stimulus (Fig. I1.13 A). The network learns to maintain information with periodic bursts of spikes (Fig.

1113 B).

I1.5.4 Initially Stronger Synaptic Networks

In Figure I1.2 we demonstrate that the network learns to store information with initially weaker or
stronger initial synaptic weights. In networks with initially weaker synaptic weights, the networks learns
to stabilize activities, whereas in networks with initially stronger synaptic weights the neural activities
are time-varying. We repeated the experiments of the main results in networks with initially stronger
synaptic weights to compare robustness. The following networks are initialized with stronger synaptic
weights where elements of L;; were drawn from Gaussian distribution mean 0 standard deviation \1/'—%

(the network is initially in a chaotic state, as discussed by Toyoizumi and Abbott (2011)).
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Figure I1.14: (Similar to Fig. I1.4 B, but with stronger initial synaptic weights). The average remembered
value relative to initial for 10 random initializations of networks with differing levels of synaptic update
noise (o < 1) in networks with initially stronger synaptic connections. Shaded areas represent +
standard error of the mean over the 10 different random initializations.

11.5.4.1 Noisy Synapses

We added Gaussian noise with mean 0 and standard deviation « times the update to the synapse,
ALj;j;, where o was varied from 0 to 1 as in section I1.4.3.1. We quantified the average remembered value
relative to initial for networks with various noise levels and found that the noise did not have a noticeable

effect on the network performance for a < 1 in networks with initially stronger synaptic weights (Fig.

I1.14).

11.5.4.2 Partial Tuning

To determine how well the network performs if only some synapses are updated, we simulated networks
in which different fractions of the synapses were updated using Eq. I1.3: the other synapses were held
constant. We quantified the remembered value relative to initial for these networks (Fig. II.15). As
found in Fig. I1.5, even with just 10% of the synapses being tuned, the networks with initially stronger

synaptic weights learn to store information about the stimulus.

11.5.4.3 Partial Connectivity

To ask if our synaptic update rule could self-organize partially connected networks, we simulated
networks with different connection probabilities and with synapses updated using Eq. I1.3. In networks
with initially weaker synaptic strengths, 1% connection probability led to complete loss of memory (Fig.
I1.6 A). In networks with initially stronger synaptic strengths, 1% connection probability was sufficient
for storing some information about the stimulus (Fig. 11.15). As in sec. 11.4.4, we found that performance
declines somewhat as connectivity decreases, but even networks with 10% connection probabilities can

learn to store stimulus information (Fig. 11.16).
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Figure I1.15: Robustness to partial plasticity in networks with initially stronger synaptic weights.
(Similar to I1.5, but with stronger initial synaptic weights). (A) The average remembered value relative
to initial for 10 random initializations. Different lines are for different fractions of plastic synapses. (B)
A zoomed in look at the average remembered value relative to initial for 10% — 90% plasticity. Shaded
areas in B represent £ standard error of the mean over the 10 different random initializations. Shading
omitted from lines in panel A for clarity.
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Figure I1.16: Network robustness to partial connectivity. (Similar to Fig. I1.6, but with stronger initial
synaptic weights). (A) The average remembered value relative to initial for 10 random initializations.
Different lines are for different connection probabilities. (B) A zoomed in look at the average remembered
value relative to initial for 10% — 90% connection probability. Shaded areas in A and B represent +
standard error of the mean over the 10 different random initializations

11.5.4.4 Pre-training the Network

We then determined if our synaptic update rule enables the network with stronger initial synaptic
strengths to store new stimuli without further training. We first trained the networks (Eq. 11.3) 1, 5 or
10 times. Each training event (or “trial") refers to the network learning to store information about a new
stimulus for 3 seconds. Each new stimulus corresponded to a new random initialization of the firing rates
7(t = 0), with corresponding initial representation value §(t = 0) = ). d;r;(t = 0). We quantified the
networks’ abilities to represent these training stimuli, and found less clear improvement on subsequent
stimulus as we found in networks with initially weaker synaptic strengths (Fig. I1.7 A, Fig. I1.17 A). Next,
we asked if after training on prior stimuli, the network could store information about a new stimulus
without any more synaptic updates. While networks with initially weaker synaptic strengths are able to

store information about a new stimulus after being trained on at least 1 previous stimulus (Fig. I1.7 B),
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Figure I1.17: Performance over more training. (Similar to Fig. I1.7, but with initially stronger synaptic
weights). (A) The average remembered value relative to initial over 10 random initializations for
a plastic random synapse network that has seen 0 previous stimuli, 1 previous stimulus, 5 previous
stimuli or 10 previous stimuli. (B) The average remembered value relative to initial for one random
initialization for a constant synapse network that has been previously trained on 140 to 460 previous
stimuli, but with no training during the simulation period shown. Shaded areas in A represents +
standard error of the mean over the 10 different random initializations.

A J B/ 1.003
1.0 Plastic Random Synapse Stim 1
Plastic Random Synapse Stims (1-4) 1.002
0.8 1.001 lastic Random Synapse Stim 4
= C"’ 0.6 Constant Random Synapse Stims (1-4) 1.000 Plastic Random Synapse Stim 2
G| =
s 04 0.999
: 0.998
02 0.997 Plastic Random Synapse Stim 3
0.996
0.0

0 500 1000 1500 2000 2500 3000

Time (ms)

500 1000 1500 2000 2500 3000
Time (ms)

0

Figure I1.18: Remembering four things. (Similar to Fig. II.8, but with initially stronger synaptic
weights). (A) The average remembered value relative to initial of four stimuli retained for 10 randomly
initialized networks with constant random synapses (dashed lines) and plastic random synapses (solid
lines). Different colors are for different stimulus values. The stimulus numbers (1-4) are arbitrary
labeled. (B). A zoomed in look at the average remembered value relative to initial for the plastic model
in panel A. Shading omitted from lines for clarity.

we found that significantly more trials are required for networks with stronger initial synaptic strengths,

and there is still a lot of variability even after hundreds of trials (Fig. I1I1.17 B).

I1.5.4.5 Remembering Multiple Stimuli

We quantified how well our networks remember 4 stimuli as in sec. 11.4.6, with the learning rule from
Eq. 11.4, and found that networks with initially stronger synaptic weights can store multiple stimuli (Fig.

11.18).

11.5.4.6 Learning with Fewer Constraints

We found that networks with initially stronger synaptic strengths could learn with asymmetric
feedback where we calculate the remembered stimulus as Eq. I1.5 (Fig. I1.19, upper curve). We also

found that the networks were able to store information with asymmetric feedback and binarized error
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Figure I1.19: (Similar to Fig. II.9 C, but with initially stronger synaptic weights). The average
remembered value relative to initial over 10 random initializations of a network with plastic random
synapses with random feedback and readout weights (¢ # d) (blue), plastic random synapses with
random feedback and readout weights and binary error signals (% € {£1}) (green), and constant
synapses (red). The shaded areas represent + standard error of the mean over the 10 different random

initializations. Shading omitted from ’'Constant Random Synapse’ (red) for clarity

signals as described in sec. 11.4.7.2 (Fig. 11.19, middle curve) with higher performance than networks

with initially weaker synaptic strengths (Fig. I1.9 C, middle curve).
11.6 Future Work

We have demonstrated that an RNN can be trained with biologically plausible plasticity rules to
represent stimuli required for short-term memory via three-factor rules: synaptic changes depend on the
pre- and post-synaptic neuron’s activities, and a global error signal. Potential sources for this global error
signals include neuromodulators - a chemical signal that regulates a population neurons - and via local
calculation on the apical dendrite of a neuron which receives feedback information from other neurons. We
propose important future work would be training RNNs with biologically plausible three-factor rules for
more brain-like learning and better training efficiency. This will provide a more efficient and biologically
relevant machine learning tool which will be contributed to open source for repeating experiments as well
as being applied to alternative problems.

RNNs are a valuable tool for learning time-varying inputs and performing time series forecasting
(Sussillo and Abbott (2009); Prasad and Prasad (2014)) because of their memory of former inputs.
While RNNs are based on biologically realistic connectivity found in cortex (Schmidhuber (1993)),
backpropagation, the commonly used algorithm for training RNNs, is not. Backpropagation (backprop)
evaluates error by multiplying error signals with each synaptic weight on every neuron so that each
neuron is properly updated based on its contribution to the error. This involves a precise, symmetric
connectivity pattern which is thought to be impossible in the brain (Lillicrap et al. (2016); Rumelhart

et al. (1986b); Grossberg (1987)). Further, each synapse needs to be able to look back at the entire
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network throughout time (the weight assignment problem), which is highly unlikely to be implemented
by the brain (Lillicrap et al. (2016); Crick (1989); Grossberg (1987)).

Similar learning rules to ours have successfully been utilized to train a feedforward network to recognize
handwritten digits (MNIST dataset) (Lillicrap et al. (2016); Guergiuev et al. (2017)). There has been
some work demonstrating the use of biologically plausible trained RNNs (Sussillo and Abbott (2009);
Alemi et al. (2015)), yet the use of biologically plausible three-factor rules to train RNNs has not been

sufficiently explored.
I1.7 Discussion

We derived biologically plausible synaptic plasticity rules through which networks self-organize to
store information in working memory. Networks implementing these plasticity rules are robust to synaptic
noise, to having only some of the synapses updated, and to partial connectivity. These networks can
store multiple stimuli and have increased performance after previous training. We suggest two candidate
sources for the global error signal necessary for the plasticity rule, and demonstrate that our networks can
learn to store stimulus information while satisfying the added requirements imposed by these biological
mechanisms. This flexibility suggests that other types of synaptic plasticity updates may also be able to
organize working memory circuits.

Prior work described storing time-varying inputs, which is more complex than the working memory
task we consider here, where the network must store a static input (Bourdoukan et al. (2012); Bourdoukan
and Deneve (2015); Deneve et al. (2017); Brendel et al. (2017)). The networks in these prior studies have
two different synapse types ("fast" and "slow"), and their slow synapses used learning rules mathematically
similar to our Eq. II.3, but with error signals that depend on externally-defined target signals. The prior
studies, however, have not addressed the robustness of networks implementing these learning rules to
factors like imprecise synaptic weights and updates, partial connectivity (e.g., not all-to-all), asymmetric
connectivity, and plasticity that affects only some synapses. For contrast, we demonstrate that networks
implementing our plasticity rule are robust to the factors listed above. It will be interesting for future
work to study the robustness of synaptic plasticity in networks that perform more complex tasks. This
would clarify if the robustness we observed in our networks is from the learning rule itself, or from the
low dimensionality of the signal in our simple working memory task.

A potential caveat in using a rate-based network model is losing information about spike-timing
dependency. We tested our plasticity rules in leaky integrate and fire models and found that spiking
networks implementing these update rules learn to store information (Fig. I1.13). We also enforced Dale’s

law in this model with separate excitatory and inhibitory populations of neurons. We used a similar
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learning rule as the rate-based model, but with a smoothed rolling estimate of the firing rates. We found
that in this model, the network maintains information about the stimulus with periodic bursts of spikes.

We found that the network learns to store information by stabilizing the activities. In the model
presented by Druckmann and Chklovskii (2012), however, the neural activity was time-varying while the
network was still able to store information. We repeated our experiments with networks that started
with initially stronger synaptic weights and demonstrate that the neural activities can be time-varying in
our network and still store information about the stimulus.

Along with understanding how information is stored in working memory, this work may have
implications in machine learning technology. This work uses the idea of Reservoir Computing, where the
network consists of a reservoir, or internal part, with interconnected neurons that deliver an output to a
readout layer (Soriano (2017); Marzen (2017); Dambre et al. (2012); Inubushi and Yoshimura (2017)).
Reservoir computing has shown excellent performance in processing tasks such as time series forecasting
and speech recognition, because of its ability to store memory and predict future events (Soriano (2017);
Marzen (2017); Dambre et al. (2012); Inubushi and Yoshimura (2017)).

Machine learning algorithms are often unrealistic from a biological perspective: most rely on non-local
synaptic updates or symmetric synapses. We show that recurrent networks can learn to store information
using biologically plausible synaptic plasticity rules which require local information plus a global error
signal (or signals), that can be calculated on the apical dendrite or via neuromodulators. This same setup
could be utilized in RNNs to make them more biologically realistic. This would let us better understand
how the brain learns, and could lead to novel biomimetic technologies: prior work on biologically realistic
machine learning algorithms has led to hardware devices that use on-chip learning (Knag et al. (2015);
Zylberberg et al. (2011)). Synaptically local updates do not have to be coordinated over all parts of the
chip, enabling simpler and more efficient hardware implementations. We demonstrate preliminary work
in RNNs that can learn to follow chaotic time series. There is still a lot of work to be done in biologically
plausible RNNs, for example our networks are unable to continue to produce chaotic patterns reliably

once we turn off training.
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CHAPTER III
TRAINING NEURAL NETWORKS WITH BRAIN DATA IMPROVES OBJECT
RECOGNITION PERFORMANCE

ITI.1 Summary

The current state-of-the-art object recognition algorithms, deep convolutional neural networks (DC-
NNs), are inspired by the architecture of the mammalian visual system, and capable of human-level
performance on many tasks. However, even these algorithms make errors. As DCNNs improve at object
recognition tasks, they develop representations in their hidden layers that become more similar to those
observed in the mammalian brains. Moreover, DCNNs trained on object recognition tasks are currently
among the best models we have of the mammalian visual system. This led us to hypothesize that teaching
DCNNs to achieve even more brain-like representations could improve their performance. To test this,
we trained DCNNs on a composite task, wherein networks were trained to: a) classify images of objects;
while b) having intermediate representations that resemble those observed in neural recordings from
monkey visual cortex. Compared with DCNNs trained purely for object categorization, DCNNs trained
on the composite task had better object recognition performance on held out data, indicating that using
neural data in the training procedure could lead to advances in object recognition systems. Further, the
networks trained on the composite task better match the responses of visual cortical neurons to natural
images. Our results outline a new way to regularize object recognition networks, using transfer learning

strategies in which the brain serves as a teacher for training DCNNs.
I11.2 Introduction

Deep convolutional neural networks (DCNNs) have recently led to a rapid advance in the state-of-the-
art object recognition systems (Lecun et al. (2015)). At the same time, there remain critical shortcomings
in these systems (Rajalingham et al. (2018)). For example: DCNNs are much more sensitive to image
manipulations like gray-scaling than are humans (Geirhos et al. (2018)); DCNNs have a strong bias
towards textural information over shape (Geirhos et al. (2019)); and DCNNs are subject to adversarial
examples (small pixel-level image manipulations, imperceptible to a human, that nevertheless cause
the DCNN to change the category label it assigns to the image (Goodfellow et al. (2015)). Given
these challenges, we asked whether training DCNNs to respond to images in a more brain-like manner
could lead to better performance. Motivating us, DCNN architectures are directly inspired by that of
the mammalian visual system (MVS) (Hubel and Wiesel (1968)), and as DCNNs improve at object

recognition tasks, they learn representations that are increasingly similar to those found in the MVS
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(Kriegeskorte (2014); Yamins and Dicarlo (2016); Gu and van Gerven (2015); Mcclure and Kriegeskorte
(2016)). Consequently, we expected that forcing the DCNNs to have image representations that were
even more similar to those found in the MVS, could lead to better performance.

Previous work showed that the performance of smaller “student” DCNNs could be improved by
training them to match the image representations of larger “teacher" DCNNs (Mcclure and Kriegeskorte
(2016); Romero et al. (2015); Hinton et al. (2015)), and that DCNNs could be directly trained to reproduce
image representations formed by the V1 area of monkey visual cortex (Kindel et al. (2019)). These
studies provide a foundation for the current work, in which we used monkey V1 as a teacher network for
training DCNNSs to categorize images. This is a form of transfer learning, where we used the monkey
brain to constrain the image representations within the DCNN. DCNNs trained with the monkey V1 as
a teacher outperformed those trained without this teacher signal, by several relevant metrics. We did
not aim to achieve state-of-the-art classification performance, as we are studying neural networks that
are small relative to the current state-of-the-art (the largest networks we considered have the VGG-16
architecture). However, our results indicate that, even for moderately powerful DCNNs, performance
can be improved by using data from the monkey brain as a teacher signal. We anticipate that future
studies could apply this training method to larger networks, thereby improving on the current current

state-of-the-art object recognition systems.

I11.3 Methods

IT1.3.1 Monkey Visual Cortex Data

We used publicly-available multielectrode recordings from anesthetized monkeys presented with a
series of images while experimenters recorded the spiking activity of neurons in primary visual cortex
(V1) with a multielectrode array (Coen-Cagli et al. (2015)). These recordings were conducted in 10
experimental sessions with 3 different animals, resulting in recordings from 392 neurons. In addition to
these V1 data, which is our main focus, we also studied recordings from cortical areas V4 and IT (Majaj
et al. (2015)) (sec. I11.4.12). Similar to the V1 data, these recordings were performed with multielectrode

arrays implanted in the cortex.

II1.3.2 Representational Similarity Matrices (RSMs)

To compare image representations in the monkey brain with those in a DCNN, we used representational
similarity matrices (RSMs) (Kriegeskorte et al. (2008)). For each pair of images (i & j) shown to the
monkey, we computed the similarity between measured neural responses (v; & v;): these vectors contain

the firing rates of all of the observed neurons. We assessed the similarity by the cosine similarity
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Figure II1.1: CORNet-Z has multiple blocks, each of which consists of a convolution followed by a
ReLU nonlinearity and max pooling. The blocks are identified with cortical areas V1, V2, V4 and IT,
which exist at the corresponding depths in primate visual system. The cost function is a weighted
combination of classification error (cross entropy) and representational similarity, weighted by .

between those vectors (Fig. IIL.1). These values (RSM;;) were assembled into matrices, describing the
representational similarities (Kriegeskorte et al. (2008)) in monkey V1, for all image pairs (i & j). We
averaged the representational similarity matrices over the 10 experiments to yield a single RSM that was
used for training the neural networks. During DCNN training, we input the same pairs of images (i & )
into our DCNNSs as were displayed to the monkeys, and computed representational similarity matrices for

the chosen layer of hidden units (Fig. IIL.1): the DCNN’s RSM is denoted by RSM.

I11.3.3 Deep Convolutional Neural Networks and Cost Functions

We performed most of our experiments on the CORNet-Z DCNN architecture, described below. We
also performed some experiments on the larger VGG-16 architecture. Results were similar for both
architectures. The CORNet-Z DCNN architecture (Kubilius et al. (2018)) is a trimmed-down version of
the AlexNet (Krizhevsky and Hinton (2015)) object recognition algorithm (Fig. III.1). The layers in
CORNet-Z have been identified with the brain areas at the corresponding depths within the mammalian
visual hierarchy (Kubilius et al. (2018)) (Fig. II1.1).

We trained the networks on the CIFAR100 (Krizhevsky (2009)) task, which consists of classifying
images of objects from 100 different categories. Regardless of the network architecture, we randomly
initialized all weights, and trained the DCNN to minimize a cost function consisting of two terms:
classification error, and mismatch between the network’s hidden representations and those in monkey
V1. Classification error was computed as the cross entropy between the network’s final outputs and
the true object labels. Representation mismatch was computed as the mean-squared error between the

monkey V1 representational similarity matrix (RSM), and that of the relevant layer of the DCNN (1%/51\7 ).
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For CORNet-Z, this was the V1 block (Fig. III.1), and for VGG-16, this was the third convolutional
layer. That layer was chosen because, in VGG-16 networks trained for object recognition tasks, it has
representations most similar to those seen in monkey V1 (Cadena et al. (2017)).

A trade-off parameter, A\, determines the relative weighting of the two terms in the cost function

cost = XS (RSM;; — RSM;)* = > gilog(ys). (I11.1)
2] i

We updated the trade-off parameter \ throughout training, so as to keep the ratio between the
two terms in the loss function constant. In other words, A was updated so that r was constant, with
r= A [Zij(RSMij - R/SM,-)? / [>°; gilog(y;)]. We studied networks with several different values
of this ratio, r. We also experimented with using a constant A throughout training but found this

constant-ratio method leads to better object recognition performance (sec. I11.4.10).

I11.3.4 Training Procedures

We trained each CORNet-Z network for 100 epochs (250 for VGG-16). For most of our experiments,
networks trained with neural data (i.e., with r > 0), were trained to minimize the composite cost (Eq.
IT1.1) for the first 10 epochs, and thereafter were trained on just the cross entropy loss (this increased
from 10 to 100 epochs for the VGG-16 experiments). In other words, we set 7 — 0 after these first 10
epochs. This procedure reduces the computational cost due to evaluating the representational similarity
matrices. We performed some experiments in which the neural data regularizer was applied at all training
epochs, and saw similar results (sec. I11.4.8).

We kept a static training rate of 0.01 for all networks and a batch size of 128 for CORNet-Z or 256
for VGG-16. We used dropout regularization (Srivastava et al. (2014)) with 0.5 retention probability
for the 3 fully connected layers of all networks. For the training images, we centered the pixels globally
across channels. The held-out testing images were not preprocessed, nor were the natural images that
were presented to the monkeys in the neuroscience experiments. The trained network weights, and code
associated with this chapter, can be downloaded at github.com/cfederer/TrainCNNsWithNeuralData.

For each architecture and choice of parameters, we repeated the training from 10 different random
initial conditions; results reported are mean + SEM. This approach has a larger computational cost
than does reporting the result of a single training run, but makes it more likely that our findings will

generalize because they do not depend on the idiosyncrasies of weight initializations.
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I11.3.5 Randomized RSMs

For control experiments, to test whether monkey V1 RSMs confer some benefit in neural network
training, above that which could be obtained from randomly-drawn RSMs (e.g., to test whether arbitrary
RSM constraints were just as good), we repeated our experiments with randomly-generated RSMs in
place of the monkey V1 RSMs. We generated the random RSMs in several different ways.

First, we drew 39-element i.i.d. random vectors from a Gaussian distribution with 4 = 5 and ¢ =
0.582; different random vectors were drawn for each image. The number of elements (39) matches the
average number of neurons simultaneously observed in one of our neuroscience experiments, and the
variance (0.582) matches the variance of the measured neural data. The mean of these randomly-generated
vectors differs from the neural data; we later consider random data with the same mean as in the V1
dataset. Given these random vectors, we then calculated the representational similarity matrices from
the randomly drawn vectors. In Figs. II1.5 and II1.7, that RSM is dubbed “random".

To test whether having ‘V1-like’ data would suffice for the training, we drew 39-element vectors from
i.i.d. Gaussian distributions with the same mean and variance as were seen in the monkey data: pu =
0.495 and 0=0.582. We then used these random vectors to generate a RSM, as described above. This
RSM was dubbed “random (V1-stats)".

Finally, we applied a shuffling procedure to the V1 data, where we randomly permuted the image
labels associated with each recorded vector of neural firing rates. As a result of this procedure, the neural
responses no longer matched the images that were shown to the monkey. The random permutation was
done independently for each neuron. This leads to vectors of firing rates that match (for each neuron, and
to all orders) the distributions seen in the monkey data, but removes information about the specific image
features those neurons represent (i.e., the neurons’ receptive fields). Similar to the above experiments, we

assembled these vectors into a RSM. This is referred to as “V1 shuffled".
I11.4 Results

We trained neural networks on the composite cost (Eq. III.1), with varying ratios r describing the
trade-off between representational similarity cost and categorization cost. We evaluated the trained
networks based on categorization accuracy achieved on held-out data (not used in training) from the
CIFAR100 dataset. In our figures, black lines indicate networks trained purely for categorization (r = 0),
while red lines indicate networks trained using monkey V1 as a teacher (r > 0; see Methods). Higher

weightings of neural data in the loss function correspond to the shade of red lines.
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II1.4.1 Improved Accuracy with Neural Data

We first present results from the CORNet-Z architecture, and we discuss results from the larger
VGG-16 model in sec. 111.4.13. We tested the trained models’ ability to classify previously-unseen images
from the CIFAR100 dataset (i.e., images not used in training), and quantified the fraction of images
correctly labeled. Networks trained to both classify objects and match neural representations (i.e., those

with > 0) had better object recognition performance (Fig. I11.2).

I1I1.4.2 Model of V1

We tested how well the different networks performed as models of the visual system. To do this,
we trained networks with different waiting ratios, r, on one of the 10 recording sessions from (Coen-
Cagli et al. (2015)). We then computed the mean-squared error between the models’ representational
similarity matrices and monkey V1 similarity matrices from a different session recorded from a different
monkey. This analysis revealed that networks trained on the composite task of classification and matching

representational similarities to neural data form better models of monkey V1 (Fig. II1.3).

I11.4.3 Unit Activations
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Figure II1.2: Accuracy in categorizing previously-unseen CIFAR100 images for the CORNet-Z archi-
tecture trained with different weighting ratios, r, applied to monkey V1 representation similarity for
the first 10 epochs of training. A) Test-set accuracy at each epoch during training. Chance accuracy
indicated by dashed black line. Shaded areas are +/- SEM over 10 different random initializations of
each model. B) Test-set accuracy for previously-unseen CIFAR100 images at the end of training, as
a function of the weight (r) given to neural representational similarity in the cost function. Double
asterisks (**) indicate significantly different results from no neural data, » = 0, at p<.001 on a one-tailed
t-test. Single asterisks (*) indicate significantly different results from no neural data, r = 0, at p<.05
on a one-tailed t-test.
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Figure II1.3: Regularizing the network with data from one session and then testing on another session
from a separate monkey shows that we can get a better model of V1 by regularizing with brain data.
Error bars are +/- SEM over all batches of testing data.

Why might the networks trained to mimic the monkey brain have better object recognition perfor-
mance? To gain some insights into this question, we used t-SNE (van der Maaten and Hinton (2008)) to
visualize the unit activations from the first convolutional layer of the networks from the preceding section
(i.e., the layer of CORNet-Z that aligns with monkey V1 in terms of depth in the visual pathway). We
input images from the CIFAR100 test set into the networks, and used t-SNE to embed those data into
two dimensions. We repeated this procedure for networks trained with different ratios r that dictate the
trade-off between representational similarity cost and categorization cost.

While the representations of images from different categories remain co-mingled at this low level of the
neural network, the representations are more varied for the network trained with a neural representation
weighting of r = 0.1 (Fig. II1.4 B) than for the network trained no neural data (r=0: Fig. II1.4 A). This
motivated us to compute the average variance per unit within the V1-like layer of the CORNetZ networks
(variance in activations over the test-set images, averaged over all units in that hidden layer). As the
weighting ratio r of neural similarity in the cost function increases, so does the activation variance (Fig.
II1.4 C). While this increase in activation variance is initially associated with increasing object-recognition
performance (e.g., up to r = 0.1), at higher values of r, that increased unit activation variance no longer
correlates with higher accuracy (e.g., for r=3.0 or r=4.0: Fig. II1.4 C). These data suggest that the
improved generalization performance obtained by using neural data in the training procedure (i.e., Fig.
I11.2) could arise in part because the training procedure that uses neural data forces the networks to

have more diverse activations in their low-level units.
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Figure I11.4: Visualizing the hidden unit activations. In panels A and B, we input the same 1280
randomly-selected images from the CIFAR100 test set into DCNNs trained with either »=0 or r=0.1.
We then used t-SNE to embed those high-dimensional unit activations into two dimensions. X- and
Y-axes represent the two dimensions of this t-SNE embedding. Colors indicate the object categories for
each input image. A) t-SNE embedding of hidden-unit activations from networks trained with no neural
data (r=0). B) t-SNE embedding of hidden-unit activations from networks trained with neural data
r=0.1 for the first 10 epochs of training. C) Average variance per unit in the V1-like layer of trained
CORNet-Z networks with different weightings, r, of neural representations in the cost function. Inset
zooms in on the first data points for » = 0,0.01,0.1.

I11.4.4 The Details Matter

Training neural networks to categorize objects, while matching the image representations seen in
monkey V1, leads to improved object recognition performance (Fig. II1.2). Is that result specific to the
image representations in the monkey brain, or would having any arbitrary added RSM constraint in
the cost function yield similar results? To answer this question, we performed the same neural network
experiment described above (Fig. 111.2), but using randomly-generated matrices in place of the monkey V1
representational similarity matrices. For these experiments, we used the optimal cost function weighting
ratio, 7, found from our experiments with V1 data: r=0.1.

We created randomly-generated RSMs in several different ways (see Methods), used them in place of
the monkey V1 RSM in the training procedure, and compared the trained networks’ object categorization
performance. Networks trained with the Gaussian random-data RSMs (either with or without matching
the mean and standard deviation of the monkey data) underperformed ones trained with real V1 data
for the teacher RSM. Networks trained with shuffled V1 data get nearly the same testing accuracy as
do those trained with real V1 data (Fig. II1.5), although the real V1 data still appears to form (by a
small margin) the best teacher representation. The teacher RSM may be instructing the DCNN about
the distribution of activations (see sec. I11.4.3), making the statistics of the data important while not

requiring the exact V1 data.
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Figure IIL.5: Accuracy in categorizing previously un-seen CIFAR100 images for networks trained with
different teacher RSMs: the real monkey V1 RSM (dark red); the image-shuffled V1 data RSM (light
red); RSM from random Gaussian vectors drawn with the same mean and standard deviation as the V1
data (purple); and RSM from random Gaussian vectors drawn with different mean than the neural data
(blue). These were all trained with a weighting of » = 0.1 applied to the representational similarity in
the loss function. For comparison, the baseline network (trained with no representational similarity
cost) is shown in black. A) Testing accuracy over epochs of training. Shaded areas on plot are +/- SEM
over 10 different random initializations of each model. B) Test accuracy plotted (same as in A) by type
of data used in forming the teacher RSM. Double asterisks (**) indicate significantly different results
from no neural data, r = 0, at p<.001 on a one-tailed t-test. Single asterisks (*) indiciate significantly
different results from no neural data, » = 0, at p<.05 on a one-tailed t-test.

I11.4.5 The Layer Matters

Above, we found that the details of the RSM used as a teacher for training the DCNN, matter. This
led us to wonder whether it matters where in the network that representational similarity cost is applied.
To test this, we repeated the experiments from Fig. II1.2 (training CORNet-Z architecture DCNNs with
different weightings for the mismatch between network RSM and monkey V1 RSM), but computed the
representation similarity cost for layers other than the V1-identified CORNet-Z layer. The resultant
networks all had lower training and testing accuracy than did networks trained with no neural data (Fig.
IT1.6). These results, and those in the preceding section, demonstrate that the performance benefits
of the monkey V1 representation teacher require that the monkey V1 representation similarity cost be

assigned to the appropriate layer in the DCNN.

I11.4.6 Reasonable Errors

We demonstrated that teaching neural networks to respond to images in a more brain-like manner
boosts accuracy in categorizing held-out testing data (Fig. II1.2). All networks, regardless of regularization,
still make frequent errors. However, some errors are worse than others. For example, confusing a mouse
for a hamster is more reasonable than confusing a mouse for a skyscraper. This intuition led us to

quantify the quality of the errors made by each of our trained networks. For this purpose, we exploited
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Figure II1.6: Accuracy in categorizing previously-unseen CIFAR100 images for the CORNet-Z architec-
ture trained with different weighting ratios, r, applied to monkey V1 representation similarity for all 100
epochs of training in the V4-like and IT-like areas of CORNetZ (see Fig. III.1). A) Testing accuracy
over epochs of training. Shaded areas on plot are +/- SEM over 10 different random initializations of
each model. B) Test accuracy plotted (same as in A) by type of data used in forming the teacher RSM.

the fact that the 100 classes of labels in the CIFAR100 dataset are grouped into 20 superclasses. One
example is “small mammals", which encompasses mouse, rabbit, shrew, and squirrel.

We thus asked, for each trained network, what fraction of their categorization errors were within the
correct superclass (e.g., confusing a hamster for a mouse) vs in the wrong superclass (e.g., confusing a
mouse for a skyscraper). We performed this test on the network trained with the monkey V1 data as a
teacher, with the weighting ratio that yielded the best categorization performance (r = 0.1). For this
network, errors were within the correct superclass 23.9% of the time (Fig. I11.7). For comparison, for the
network trained with no neural data, errors were within the correct super class 22.8% of the time (Fig.
ITL.7).

Networks trained to categorize images, using monkey V1 as a teacher make fewer categorization errors
(Fig. I11.2) and, when they do make errors, those errors are more often within the correct superclass and
thus more reasonable (Fig. II1.7). We find a similar pattern in networks trained with other weighting
ratios r (Fig. I11.7 B). Moreover, results with randomized RSMs mirror their impact on categorization:
when a teacher RSM improves categorization accuracy, it increases the fraction of errors that are within

the correct superclass.

I11.4.7 Robustness to Corrupt Training Data

Given that networks trained using neural data made fewer and more reasonable errors, we hypothesized
that they generalized more robustly. To test that hypothesis, we did experiments in which some image
labels in the training dataset were incorrect (i.e., in the presence of label noise). Datasets will often

contain misclassified images, and ideally computer vision networks would not be heavily affected by these
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Figure II1.7: The percentage of errors that are within the correct superclass in the CIFAR100 dataset.
A) Percentage of errors within the correct superclass for the network trained with no neural data (r=0),
with the RSM formed by: monkey V1 data; image-shuffled V1 data (as described in sec. I1I11.3.5); data
drawn from Gaussian distribution with the same mean and standard deviation as V1 data; and data
drawn from Gaussian distribution with a different mean than the neural data. B) Percentage of errors
within the correct superclass for networks trained with the monkey V1 RSM as a teacher, and various
weightings of neural similarity in the cost function (Eq. III.1) Double asterisks (**) indicate significantly
different results from no neural data, r = 0, at p<.001 on a one-tailed t-test. Single asterisks (*) indicate
significantly different results from no neural data, r = 0, at p<.05 on a one-tailed t-test.

misclassifications. To generate a corrupted training set, we switched labels of 10% to 50% of the training
dataset, keeping the distribution of classes equal. We only corrupted the training data, and left testing
data intact. We then trained CORNet-Z networks with » = 0.1, and networks without neural data, r=0.
By the end of the 100 training epochs, networks trained with neural data achieved better testing accuracy
than did those without neural data (Fig. 111.8 B). The generalization error (training cost - testing cost)

was also lower for networks trained with neural data (Fig. IIL.8 C).

I11.4.8 Training Over Longer Timescales

In the preceding experiments, we used the neural data regularizer only during the first 10 epochs of
the training procedure: after the 10th epoch, the weighting parameter, r, was set to zero. This led us
to wonder whether larger performance benefits might be obtained by extending the time window over
which the neural data contributed to the training. To answer this question, we trained networks with
neural data for all 100 epochs, instead of the first 10 as done in above figures, and found a similar boost
in testing accuracy for networks trained with neural data (Figs. II1.9 A, B). This demonstrates that we

do not need to run the regularization step for longer than the first 10 epochs.
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Figure II1.8: Training CORNet-Z networks with corrupted labels. A) Test set accuracy on networks
trained with (red) and without (black) neural data, with different fractions of corrupted labels in the
training set. Labels for the test set were not corrupted. Double asterisks (**) indicate significantly
different results from no neural data, »r = 0, at p<.001 on a one-tailed t-test. Single asterisks (*)
indicate significantly different results from no neural data, r = 0, at p<.05 on a one-tailed t-test. B)
Generalization error (training cost - testing cost) on networks trained with (red) and without (black)
neural data and different fractions corrupted training labels. Line patterns indicate different fractions
of corrupted labels in the training set.

I11.4.9 Training With Various Cost Weightings

We then tried training with neural data for all 100 epochs, but with decaying the emphasis on neural
data throughout training (Mcclure and Kriegeskorte (2016)). Initially, the network would emphasize

matching neural data with ratios r=0.01, r=0.1, or r=1.0. This amount would decay towards r=0

t

tmax

according to Apy1 = (1 — ). We found a similar boost in accuracy with training for all 100 epochs

with static ratios and dynamic ones (Figs. II11.10 C, D).

I11.4.10 Training With Static Cost Weightings

To determine if it was required to maintain a certain ratio between the cross entropy and V1 mean
squared error in the cost function, we tried training ratios with a static A value. This means that as
the network better learns to match the V1 representations, the cost function will emphasize more on
minimizing cross entropy on the images (similar as above, but without a regimented schedule for decay).
We found that this method did not work as well as with a decaying A in (Fig. II1.10) or training for the

first 10 epochs (Fig. 111.2).
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Figure II1.9: Training with representation similarity cost at all epochs. (Similar to Fig. IIL.2 but
with representation similarity cost applied for all 100 epochs). A) Testing accuracy for each epoch of
training with static weighting ratio, . B) Test accuracy (same as in A) vs the weight of the emphasis
on neural representation similarity. Double asterisks (**) indicate significantly different results from no
neural data, r = 0, at p<.001 on a one-tailed t-test. Single asterisks (*) indicate significantly different
results from no neural data, r = 0, at p<.05 on a one-tailed t-test. Chance accuracy is indicated by
dashed black lines in A. Shaded areas and vertical bars on plot are 4+/- SEM over 10 different random
initializations of each model.
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Figure I11.10: Training with representation similarity cost at all epochs. (Similar to Fig. II1.2 but
with representation similarity cost applied for all 100 epochs). A) Testing accuracy for each epoch
of training for an initial ratio, init r, which decays during training. B) Testing accuracy (same as in
A) vs the weight of the emphasis of neural representation similarity. Double asterisks (**) indicate
significantly different results from no neural data, r = 0, at p<.001 on a one-tailed t-test. Single
asterisks (*) indicate significantly different results from no neural data, » = 0, at p<.05 on a one-tailed
t-test. Chance accuracy is indicated by dashed black lines in A. Shaded areas and vertical bars on plot
are +/- SEM over 10 different random initializations of each model.
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Figure I11.11: Accuracy in categorizing previously-unseen CIFAR100 images for the CORNet-Z ar-
chitecture trained with different initial weighting ratios, init r, applied to monkey V1 representation
similarity for all 100 epochs of training. The test-set accuracy is plotted at each epoch during training.
Chance accuracy indicated by dashed black line. Shaded areas are 4+/- SEM over 10 different random
initializations of each model. B) Test-set accuracy for previously-unseen CIFAR100 images at the end
of training, as a function of the initial static weight, init r, given to neural representational similarity
in the cost function.

I11.4.11 Training Accuracy

The accuracy on the set of training images for CIFAR100 with various weightings, r, applied to the
monkey V1 representation. Training for no neural data, r = 0, and the optimal neural data, r = 0.01, is

most similar. All weightings converge by the end of training.

I11.4.12 Training With V4 and IT

We then wondered if we would be able to get improvements in our object recognition tasks by using
teacher signals from deeper visual areas, i.e. V4 and IT. As for V1, we trained neural networks on
the composite cost (Eq. III.1), with varying ratios r describing the trade-off between representational
similarity cost and categorization cost. We evaluated the trained networks based on categorization
accuracy achieved on held-out data (not used in training) from the CIFAR100 dataset. We calculated
the RSMs as described in sec. 1I1.3.2. As above, in our figures, black lines indicate networks trained
purely for categorization (r = 0), while red lines indicate networks trained using monkey V4 or monkey
IT as a teacher (r > 0). Higher weightings of neural data in the loss function correspond to the shade of
red lines. We trained networks with varying parameters and found similar results as displayed in Fig.
II1.13. We trained these networks with neural data on epochs 50 — 100. We do not train with neural

data in the beginning because we are now applying teacher signals to deeper layers in the DCNN .

46



100

80

60

40

20

Training Set Accuracy (%)

0 20 40 60 80 100
Epochs

Figure I11.12: Accuracy on the training set of images throughout the training procedure on CIFAR100
images for the CORNet-Z architecture trained with different weightins, r, applied to the monkey V1
representation for the first 10 epochs of training. The training-set accuracy is plotted at each epoch
during training. Shaded areas are +/- SEM over 10 different random initializations of each model.

We found that networks trained with V4 or IT data resulted in lower or similar testing accuracy than
the baseline CORNetZ model. We cannot conclusively state that V4 or IT data would not be helpful in
training object recognition networks. We focused our efforts primarily on utilizing V1 as a teacher signal,
so the decrease in accuracy may be because we did not find the optimal combination of how many epochs
for which to train the network on the joint loss function, and how much to emphasize matching the
neural representations. It could also be because the data normalization done within the lab that collected

those data (Majaj et al. (2015)) was different from the lab from which our V1 data came (Coen-Cagli
et al. (2015)).

I11.4.13 Results on VGG-16 Network

All of the above experiments were obtained on the relatively small CORNet-Z network. This led us to
wonder whether monkey V1 data could serve as a similarly effective teacher for deeper neural networks
with higher baseline performance. To answer this question, we repeated our above experiments, but
using the VGG-16 architecture (Simonyan and Zisserman (2015)) in place of CORNet-Z. We applied the
monkey V1 representational similarity cost at the third convolutional layer of the VGG-16 (see Methods).
We found that, with the VGG-16 architecture, the monkey V1 teacher signal improves categorization
performance, increases robustness to corrupted labels in the training set, and reduces generalization error,

similar to what was observed with the smaller CORnet-Z architecture (Fig. I11.14).
II1.5 Future Work

Important future work includes more rigorous testing in the use of V4 and IT as a teacher signal

for training object recognition tasks. We did not have access to V2 data which should also be explored.
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Figure I11.13: Accuracy in categorizing previously-unseen CIFAR100 images for the CORNet-Z architec-
ture trained with different weighting ratios, r, applied to monkey V4 (A, B) or IT (C, D) representation
similarity. A) Test-set accuracy at each epoch during training with V4 data. Chance accuracy indicated
by dashed black line. Shaded areas are +/- SEM over 10 different random initializations of each model.
B) Test-set accuracy for previously-unseen CIFAR100 images at the end of training, as a function of the
weight (r) given to neural representational similarity in the cost function at the end of training with V4
data. C) Test-set accuracy at each epoch during training with IT data. Chance accuracy indicated by
dashed black line. Shaded areas are +/- SEM over 10 different random initializations of each model. D)
Test-set accuracy for previously-unseen CIFAR100 images at the end of training with IT data, as a
function of the weight (r) given to neural representational similarity in the cost function.

Because our V4 and IT data were normalized in a different way from our V1, we cannot conclude that
V4 or IT would not be useful. If future experiments determined V1 was most useful, we hypothesize
that this may be because of the more general representations found in V1. It may be more difficult to
utilize V4 or IT because we would need recordings from the neurons that respond to the objects in the
classification set. Ideally, we would be able to design experiments to record from macaque monkeys on
the same dataset as we are classifying on to more rigorously test the idea of using deeper visual layers.

We demonstrated that using monkey V1 as a teacher signal improved performance in both CORNet-Z
and VGG-16 network architectures. We did not; however, test the use of V1 teaching signals in larger
state-of-the-art achieving networks. Interesting future work could perform these same experiments in

deeper CNNs. We also only performed experiments on the 100-class CIFAR100 dataset (Krizhevsky
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Figure I11.14: Accuracy in categorizing previously-unseen CIFAR100 images for the VGG-16 architecture
trained on the composite tasks, with different weighting ratios, r, applied to monkey V1 representational
similarity in the cost function. A) Testing accuracy for each epoch of training. Chance accuracy indicated
by dashed black line. Shaded areas on plot are +/- SEM over 10 different random initializations of each
model. B) Test accuracy plotted (same as in A) vs the weight of the emphasis on neural representation
similarity. C) Test set accuracy on networks trained with (red) and without (black) neural data and
0.1 to 0.5 fraction corrupted training labels. Labels for the testing set have not been corrupted. D)
Generalization error (training cost - testing cost) on networks trained with (red) and without (black)
neural data and 0.1 fraction corrupted training labels. In panels B and C, double asterisks (**) indicate
significantly different results from no neural data, » = 0, at p<.001 on a one-tailed t-test. Single
asterisks (*) indicate significantly different results from no neural data, r = 0, at p<.05 on a one-tailed
t-test.

(2009)). There would be more experiments that could be done if this idea was applied on a network
trained on ImageNet (Deng et al. (2009a)) with 1000 categories and more room to test the hypothesis
that training neural networks with neural data leads to making errors that are more reasonable.
Another important area for future work is to develop a better assessment of which errors are ‘reasonable’
vs ‘unreasonable’. We propose using the built in super-class categories for our experiments in I11.4.6, but
these are not well studied. To address this, we are currently doing experiments where human subjects

perform categorization tasks; those experiments are the subject of ch. 4.
IT1.6 Discussion

Training the early layers of convolutional neural networks with monkey V1 image representations
as a teacher improves those networks’ ability to categorize previously-unseen images. Moreover, when

networks had the monkey V1 representation teacher, their mistakes were more reasonable than they were
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for networks with no such teacher representation. These results were consistent for two different network
architectures of vastly different sizes (CORNet-Z and VGG-16), suggesting that they will generalize
well to other networks. We emphasize that our goal was not to achieve state-of-the-art classification
performance, but rather to determine whether and how we could use the brain as a teacher network for
object recognition tasks. We tested this with powerful but relatively small networks. Given our positive
findings, future work could fruitfully apply this neural data teaching procedure to larger networks to
make better object recognition systems.

We also tried training networks with V4 and IT recorded data from macaque monkeys (Majaj et al.
(2015)). Using the CORNetZ architecture, we experimented with forcing the deeper layers of the network
to match representations from those recordings (sec. I11.4.12. This resulted in lower testing accuracy
than the baseline CORNetZ model. However, we cannot conclusively state that V4 or IT data would
not be helpful in training object recognition networks. The decrease in accuracy may be because we did
not find the optimal combination of how many epochs for which to train the network on the joint loss
function, and how much to emphasize matching the neural representations. It could also be because the
data normalization done within the lab that collected those data (Majaj et al. (2015)) was different from
the lab from which our V1 data came (Coen-Cagli et al. (2015)). However, it remains possible that V1
data may be actually more useful for training DCNNs because the specificity of neural responses increases
in the deeper layers of the mammalian visual system: the V4 and IT data may not include recordings
from neurons that would be useful in our particular object recognition task, whereas V1 neurons carry
more generalist representations. Finally, features in DCNNs are only transferable in the early layers and
become much less so in deeper layers such as the equivalent to V4 and IT (Yosinski et al. (2014)), further

suggesting that V1 data could be the most useful brain data for training object recognition networks.
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CHAPTER IV
HUMAN CLASSIFICATION ON AN OBJECT RECOGNITION DATASET

IV.1 Summary

Object recognition tasks are missing a key metric of evaluation: how human-like are the errors made
by the computer vision algorithms? We present a dataset that can be used to evaluate the reasonable-ness
of errors made by these algorithms. We asked individuals, paid via Mechanical Turk, to rank how similar
objects in images in the ImageNet 1000-class dataset from 1-9 (1 being completely different and 9 being
highly similar). This can be used to better compare computer vision algorithms as well as for training

computer vision algorithms by weighting errors that are less reasonable higher than other errors.
IV.2 Introduction

Object recognition is the most basic aspect of computer vision problems, yet there is still significant
room for improvement on both the side of the algorithms and the task set-up itself. Here, we focus on
how to improve the task setup by incorporating an additional metric for evaluating our algorithms: how
human-like were the mistakes made by the network? To create this new metric, we will start with the
largest object recognition dataset, ImageNet (Deng et al. (2009b)), used for comparing state-of-the-art
computer vision algorithms, and ask humans to determine which classes are most similar.

The ImageNet Large Scale Visual Recognition Challenge (ILSVRC) (Deng et al. (2009b)) contains
over 1 million images separated into 1000 classes. These classes vary from animal species including
cranes, sea slugs, and German shepherd dogs to household items such as measuring cups and necklaces to
outdoor scenes such as seashores and mountain ranges. The ImageNet dataset was collected by querying
the keyword of the classification name and then having humans manually categorize the image with a
binary ‘yes/no’, for whether or not the object appears in the image. This creates a lot of room for errors
and discrepancies in the dataset. Humans sifting through over 1 million images are likely to make many
mistakes and incorrectly deem an image as containing the object. Another issue is that these images
were selected based on a binary classification, whereas the actual task is a 1000-classification problem.
This creates problems where an image of a person eating a lobster can get classified as ‘lobster’ because
it does in fact contain a lobster, but from an algorithmic perspective, there is not clear information on
which object in the image (lobster vs. human) is more important.

Beyond issues with the dataset, there remains problems with how we evaluate the accuracy of our
computer vision algorithms. Currently, ImageNet state-of-the-art results are demonstrated based on

either top-1 or top-5 accuracy. Computer vision algorithms output a probability where, for each image,
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each of the 1000 classes is given a probability score of how likely that image is to belong to that class.
Top-1 accuracy indicates that the number one class output by the algorithm is the proposed class, so a
correct output gives 100% accuracy whereas any other class gives 0%. This is a problem for multiple
reasons. Suppose for example the image in question was a golden retriever and the algorithm output
‘Labrador retriever’ as the most likely class. We are calling this a completely wrong answer. Suppose
another computer vision algorithm labeled the ‘golden retriever’ as a ‘mountain range’. Our current
metric of evaluation would consider these two outputs equally wrong.

The top-5 accuracy was proposed as a way to be more flexible in evaluating the outputs of computer
vision algorithms. In top-5 accuracy, we look at the top 5 most likely classes output by the algorithm. If
any of these top-5 likely classes is the correct class, we call that 100% accuracy. This presents a series of
its own challenges. Suppose the algorithm that labeled the ‘golden retriever’ as ‘mountain range’ had
a top b as follows: 1. mountain range 2. necklace 3. ant 4. scuba diver 5. golden retriever. Suppose
another algorithm output the top-5 most likely classes as: 1. Labrador retriever 2. golden retriever 3. flat
coated retriever 4. German Shepherd 5. English Springer. The top-5 accuracy will reflect these networks
as having identical performance while it seems fairly obvious that the algorithm that output all breeds of
dogs as the top-5 should be regarded as having a better performance.

Previous work on getting human classification on the ImageNet dataset found 5.1% top-5 errors
on a subset of the data (Karpathy (2014)) from one individual. This was collected by displaying one
test image and all 1000 class options on the right hand side (Fig. IV.1). The individual classifying the
images trained on 500 images and then tested himself on 1500 images. This is our best record of human

classification to date, but still suffers from lack of in depth coverage in the dataset, only being performed
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Figure IV.2: A sample of one ‘hit’ an mturker will complete. In this example, we are asking the mturker
to compare classes 102395406 (‘hog’) and 102093428 (‘American Staffordshire terrier’).

by one person, and requiring knowledge of the names of objects to know to search for them. For example,
there are 250 dog breeds in the dataset, so even if he knew two dogs were different breeds when compared
to one another, he may not know which dog is which offhand. The state-of-the-art object recognition in
computer vision algorithms is 2.9% top-5 errors (Tan and Le (2019)).

Some errors seem clearly more reasonable from a human-perspective, but we need an objective way
of evaluating this. Here we propose evaluating the reasonableness of errors by determining how similar
the mistaken class is to the correct class. We do this by asking people to determine how similar two
images from different classes are. We present people (via Mechanical Turk — we’ll call mturkers) with two
images from different classes within ImageNet and a scale from 1-9. We ask them to assign a value to
how similar the two objects in the images are, 1 meaning the objects are totally different and 9 meaning
highly similar. We stop at 9 because we never present two images from the same class so no objects
should be evaluated as the exact same (or a 10). We can use these responses to determine if two classes

are reasonable mistakes for each other or not.
IV.3 Methods

In order to get an in-depth and reasonably objective understanding of what human-like mistakes
would be for the ImageNet dataset, we asked people to rank how similar two images were from different
object classes within the dataset (Fig. IV.2). To choose the sample images for each class, we randomly

downloaded 5 images from the ImageNet database and then manually selected the most representative
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Figure 1V.3: Classification responses. Heatmap of the similarity scores evaluated by the mturkers where
lighter colors indicate more similar objects. The heatmap was sorted based on scores prior to plotting.
The heatmap is displayed as symmetrical responses although only one half of the heatmap was directly
inquired. The diagonals are filled in as identical. The class labels are listed on the left with some
clusters indicated (‘animals’, ‘dogs’ and ‘food’).

image. Criteria for selecting the most representative image was based on ensuring the object that was
being classified was the main point of the image (either that there were no other objects that may be
confused for classes in the image or that the main object was the largest), the main object was large
enough in the photo, and the image itself was high enough resolution.

For proof of concept, we randomly selected 100 classes from the dataset and asked mturkers to
compare one image from each class with every other class. I requested 5 unique mturkers to assess each
comparison of images to see how varying the responses were and get a better representation of responses.

We created all possible combinations of hits, but do not perform any experiments on evaluating within
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Figure IV.4: Zoomed in on the cluster of animal classes in the heatmap from Fig. 1V.3. We then show
an example of two classes unanimously evaluated as being the exact same object.

class similarity (i.e. presenting the worker with two images from the same class) or if order affects answers

(i.e. if we show classl before class2, would we get the same score as presenting class2 before classl).
IV.4 Results

We evaluated the responses for all pairs of classes and visualized it in a heatmap (Fig. IV.3). The
entry in row ¢ and column j of the matrix is the similarity score between images of objects in categories @
and j. These scores were summed over the 5 unique mturker responses. We filled in the symmetrical
values for the matrix which were not explicitly questioned, in other words we are ignoring order of classes
for similarity and assuming they would be the same regardless of order. We also filled in the diagonal of
the matrix as identical images. Lighter colors in the heatmap indicate classes that are more similar.

The clusters that emerge from the heatmap give us an indication we are getting some reasonable
signal from our responses. To further show this, we found one pair of images or classes that were ranked
as identical by all mturkers - ‘002504013’ or ‘Indian elephant’ and ‘n02504458" or ‘African elephant’ (Fig.
IV.4). We also looked at the histogram of responses to ensure all values (1-9) were used and see that
they are IV.5. Most objects are rated as ‘1 - Totally different objects’. We then calculated how much
variance there was from the 5 unique mturkers responses and found o2 = 0.703, suggesting we are getting

reasonably similar responses from the mturkers. Further work needs to be done to evaluate variance.
IV.5 Future Work

Important future work includes collecting the full 1000-category comparison dataset. Before moving
to the full dataset; however, we considered how the answers would depend on the way the question was
posed. We started with small experiments of 20 classes and changed the verbiage and/or scale to evaluate
which method should be used as we scale up to the full dataset. In order to compare and select the most

useful survey style, we use the Kullback-Leibler divergence (or K-L divergence, also known as relative
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Figure IV.5: Histogram of individual responses. Response options were 1 (totally different objects) to 9
(highly similar objects). The total number of responses was 24,750.

entropy) (Kullback and Leibler (1951)). The K-L divergence allows us to determine how similar the
responses of the various experiments were to a distribution. In this case, we wanted the responses of
the questionnaire to be closest to the uniform distribution, meaning we were getting as wide a range of
responses for similarity as possible.

We first considered whether a 1-5 scale would give a more uniform-distribution set of responses
(Fig. IV.6 A). We cut the 100-class experiment using the 1-9 scale down to the equivalent 20-class
experiment and found the K-L divergence score compared to the uniform distribution was -1778.79. For
the experiment using the 1-5 scale (sample question depicted in Fig. IV.6 A), the K-L divergence score
was -530.09, indicating it is closer to the uniform distribution. This means the range of answers from 1-5
get used more often making the dataset likely to be more useful. We also considered how important the
verbiage 'similar’ was in our question — ‘How similar are the objects in these two images?’. We repeated
the same 20-class experiment using related instead — ‘How related are the objects in these two images?’
(Fig. IV.6 B). We found that the K-L divergence score for this experiment was -482.51, indiciating it is
slightly closer to the uniform distribution than when we used the term ‘similar’. Important future work
will be to determine if other variations of the question should be considered, and what the best metric is
to decide which one to use for the full experiment. One example would be to ask instead, ‘How surprised
would you be if the objects in these two images were mistaken for each other?’. This might get us closer
to the goal of the dataset, asking how bad of an error it would be for a self-driving car to mistake two
objects.

Based on our current work using the 100-class experiment, we can estimate the number of individuals
required to scale each pair of classes based on how much variance we deem acceptable. For example, if

we take the variance between two similar dog classes and compare this to the variance between a dog
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class and the next most similar not-dog class, this could give us a reasonable estimate for variance that is
needed to distinguish between classes. From this, we can calculate how many individuals are needed
for the full dataset. Future work should also include within class scaling (having individuals scale two
different images from the same class) to further measure consistency and variance.

This new dataset can be used as a metric to evaluate how reasonable errors in the state-of-the-art
computer vision algorithms are. Instead of weighting all errors as equal, important future work would
instead weight the severity of errors based on some multiplier based on how similar humans find these
classes to be. For example, when ‘African elephant’ is mistaken for ‘Indian elephant’, this should be
considered a much smaller error than if ‘Indian elephant’ is mistaken for ‘American Staffordshire terrier’.

We can also use this dataset and compare word2vec embeddings. Word2vec embeddings give us a
vector space of each word with more similar words being more closer in vector space. We could compare
similarities of these embeddings to the similarity of images as ranked by users.

Beyond evaluating the reasonableness of errors, this new dataset could be used to hierarchically train
computer vision algorithms. Some previous work has been done on this using the CIFAR100 coarse and
fine classes (Zhu and Bain (2017)), but this work suffers from the same limitations as using the coarse
labels from CIFAR100 as ‘reasonable errors’ discussed in chapter 3 — these have not been evaluated by
humans. By training a network on a hierarchy of classes that has been evaluated by humans, we could

reduce overall error and/or make more reasonable and less catastrophic errors. The idea would be to
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assign an error value based on how different (or unrelated) humans ranked two classes. For example,

mistaking a cat for a dog would likely give a smaller error term than mistaking a cat for a rocket ship.
IV.6 Discussion

We present here a new metric for evaluating and potentially training computer vision algorithms by
incorporating the human-decided similarity of classes. This work provides us with a better understanding
of how to characterize errors made by computer vision algorithms and a better way to compare and
evaluate state-of-the-art algorithms.

There remains important future work as well as some caveats. There is inherent bias in the selection of
images to represent each class as one individual (me) selected what was considered to be a representative
image out of 5 possible images. There are also potential biases to be considered on the side of the mturkers
evaluating the similarity of images. While instructions stated to ignore the background information and
focus on what was, in their opinion, the main object in the image, people may ignore these instructions
or have various ideas on what the main object is. There are also issues with incentivizing users to spend
much time on each hit. The only cut-off used to reject turker responses was if they only selected one
number from 1-9 for each hit. Because there is no ground truth it is difficult to evaluate whether or
not mturkers spent adequate time looking at the images. With these caveats in mind, it’s worth noting
that we do find good signal from our responses based on the clusters found in the heatmap (Fig. IV.3),
the relatively small variance, and the identical responses from all mturkers on two elephant classes (Fig.

IV.4).
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CHAPTER V
DISCUSSION

The goal of this research was to contribute towards bridging the fields of artificial intelligence (AI)
and neuroscience, or in other words, to put more neural in artificial neural networks (ANNs). This allows
us to use ANNs to model and better understand the brain as well as using the brain as inspiration for new
algorithms and training techniques in AI. We demonstrated the mutual benefit of studying both fields in

two problems: storing information for working memory and object recognition in computer vision.
V.1 Storing Information for Working Memory

Working memory requires information about external stimuli to be represented in the brain even
after those stimuli go away. In chapter 2, we derived biologically plausible synaptic plasticity rules
through which recurrent neural networks self-organize to store information for working memory. We
found that networks implementing these plasticity rules were robust to various sources of noise and could
store information about multiple stimuli. This provides us with a better understanding of how we store
information for working memory which can lead to better insight for understanding deficits in working
memory and related neurological diseases and learning disorders. This work is also relevant in machine
learning. Machine learning algorithms are often unrealistic from a biological perspective: most rely on
training techniques that are not plausibly implemented in the brain. We show that recurrent networks
can learn to store information using biologically plausible learning rules. Important caveats to address in
this work will include further evaluation on the robustness in the more realistic spike-based model as well
as scaling up to a more difficult task than storing information for working memory. This work can be
scaled up for more difficult tasks and utilized to train neural networks in more biological and efficient
ways. Efficiency is a key area of growth needed for machine learning, algorithms are typically quite slow

to train.
V.2 Object Recognition in Computer Vision

Object recognition algorithms are key for applications such as self-driving cars, and still have a long
way to go. The state-of-the-art computer vision algorithms, deep convolutional neural networks (DCNNs),
are inspired by the architecture of the mammalian visual system (Hubel and Wiesel (1968)) and as they
improve at object recognition tasks, they develop representations in their hidden layers that become
more similar to those observed in mammalian brains (Yamins et al. (2014)). In chapter 3 we found that

training computer vision algorithms with monkey V1 neural representations as a teacher signal improves
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those networks’ accuracy on object recognition tasks, leads to more reasonable errors and makes networks
more robust to corrupt training data.

We also found this was consistent for two different network architectures of varying sizes, suggesting
this new way of training computer vision algorithms will be generally useful. Our results outline a
new way to regularize object recognition networks, using transfer learning strategies in which the brain
serves as a teacher for training DCNNs. This work can also be utilized in neuroscience to work towards
a better model of mammalian vision. Our work was limited due to the current available dataset and
computational resources. Important future work will include collecting and utilizing a dataset featuring a
more targeted task, for example awake monkeys looking at the same images the CNNs are classifying, as
well as implementing the same set-up in state-of-the-art networks with sufficient hyperparametization to
determine the best uses for neural data in training neural networks.

In chapter 4, we provide a new metric for object recognition problems that incorporates reasonableness
(or human-likeness) of errors. This will allow us to continue to compare computer vision to mammalian
vision both for practical applications like the safety of self-driving cars and for studying the visual system.
Caveats to this work include biases introduced by the choice of images and verbiage used for survey
responses on image classification. Important future work will determine the consequences of various word

choices and what the ideal questionnaire should look like.
V.3 Final Remarks

There remains critical work in bridging the fields of neuroscience and AI. More work needs to be done
in computational neuroscience to convince the neuroscientists of the value of using machine learning
algorithms as models, as well as by the machine learning field to appreciate the value of using the brain
as inspiration for algorithms and training techniques.

We present in this work two different strategies towards more brain-like Al. In chapter 2, we focus on
training neural networks with learning rules that are biologically plausible and could be implemented in
the brain. In chapter 3, we instead focus on making the Al algorithm representations, or outputs, to
be more brain-like, regardless of the biologically plausibility of the learning rules. Chapter 4 focuses on
better evaluations for the brain-like-ness of our Al algorithms.

This push of making machine learning algorithms more brain-like could have dramatic results in both
the field of AI and neuroscience. In Al, we are still not achieving human-level performance on many
tasks, and even when we are, we are often not able to do multiple tasks with the same neural network.
The more brain-like we push our algorithms to be, the closer to human-level intelligence and performance

we are likely to be able to get. The benefits of better Al algorithms are countless. We mention here
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self-driving cars, but this is just one exciting area where we can autonomize and minimize human error.
AT can also revolutionize health care, with one clear example being in elder care. Elder care can be
greatly improved with at home health monitoring to better detect health issues without needing to be in
a hospital, assisted daily living robots such as fall detection and virtual companions to keep people active
and engaged.

In the field of neuroscience, more brain-like machine learning algorithms will allow us to test many
new hypotheses quicker and more efficiently. The more brain-like our neural networks, the more likely
they are to be able to respond to tests and treatments like an actual brain would, saving us significant
amounts of money, lab space and time. Brain-computer interfaces (BCIs) have already helped restore
some capabilities lost in neurological diseases such as the ability to speak, move and see by combining Al
learning with understanding how our neurons encode sight, sound and movement cues. These are just a
small subset of the ways Al can transform our world for the better when we keep neuroscience in the

conversation.
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