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Abstract

Many decisions require that we take into account events that may occur far into the fu-
ture. Yet natural scenes evolve according to complex, nonlinear dynamics that are difficult
to extrapolate. We propose that the brain transforms visual input such that it follows
straighter temporal trajectories, thereby enabling prediction through linear extrapolation.
In this thesis, we test this ‘temporal straightening’ hypothesis in three different contexts:
human psychophysics, primate physiology, and computational image synthesis.

We develop a methodology for estimating the curvature of internal trajectories from
human perceptual judgments. We use this method to test three distinct predictions: natural
sequences that are highly curved in the space of pixel intensities should be substantially
straighter perceptually; in contrast, artificial sequences that are straight in the intensity
domain should be more curved perceptually; finally, naturalistic sequences that are straight
in the intensity domain should be relatively less curved. Perceptual data validate all three
predictions, providing evidence that the visual system selectively straightens the temporal
trajectories of natural image sequences.

If the visual hierarchy has learned to straighten the trajectories of natural videos, we
would expect individual visual areas to contribute to perceptual straightening. We test
this hypothesis by applying our curvature estimation methodology to population recordings
from primary visual cortex, and find that the curvature of these neural trajectories is well
predicted by our perceptual results. Finally, our hypothesis provides us with a framework
for testing the metric properties of machine representations and their relationship to human
vision. Together, these results point to the metric properties of natural videos as an effective

way of identifying behaviorally relevant computation along the visual hierarchy.
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Chapter 1

Introduction

1.1 On the purpose of vision

The ascidian tadpole, having completed its journey along the sea floor and found a suitable
place to spend the rest of its life, attaches itself to the nearest rock and proceeds to digest its
rudimentary eye, visual system, and the rest of its cerebral vesicle (Cloney, 1978). Though
somewhat extreme, the situation of this tadpole makes a compelling point: vision is only
useful insofar as it leads to action. What elements of vision, then, do we need to interact
with our environment?

In the mammalian nervous system, it takes on the order of 100 ms for changes in light
intensity perceived by the retina to be transmitted to decision-making and motor areas.
Were our visual system to report the current state of our environment, we would only
perceive and react to past events, misestimating for example the position of a moving car
or saber-tooth tiger by several meters. In order to overcome these sensory delays, we must
therefore make predictions about the state of the world some time in the future. More
importantly, many decisions (for example, whether to cross the road, which subway to

take, or whether to go to graduate school) require that we take into account events that
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Figure 1.1 Information contained in the activity of a population of retinal ganglion cells about
the position of a moving bar. (a) Mutual information is calculated between the pattern of neural
activity at a given time bin and the position of the bar, at different time lags At. (b) This
information is maximal around the response latency of the cells, but extends into the past and
future. Different colors depict groups of neurons of varying sizes. (c) The information contained
about the future is close to being as high as possible, given the amount of information contained
about the past (the gray zone is physically unrealizable). Adapted from (Palmer et al., 2015)

may occur far into the future. How then, are we able to make predictions about various
aspects of our environment at many different timescales?

A natural approach for describing how the brain makes predictions is to posit that the
information encoded in the activity of populations of neurons is relevant to future states
of the world, and mutual information provides a means of quantifying this relationship
(Shannon, 1948). This quantity has been shown to be limited by the information contained
about the past: one cannot predict future events without measuring past ones with some

amount of precision (Tishby et al., 1999). Applying this framework to populations of
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Figure 1.2 The predictive coding scheme. (a) Information is sent to subsequent stages by
subtracting predictions from feed-forward input. (b) Such information is aggregated across
multiple spatial locations (or time-points) to form more abstract predictions. Adapted from
(Rao & Ballard, 1999)

retinal ganglion cells, Palmer et al., (2015) find that their activity is not only predictive of
future environmental states (Fig. 1.1) but optimally so, given the amount of information
they carry about the past (Chechik et al., 2005). This is compelling evidence for the idea
that the activity of these neurons carries information about future stimuli, but does not
speak to how this information could be exploited. Furthermore, the generality of their
approach often makes their measurements impractical as soon as the dimensionality of
the problem (number of neurons or stimulus dimensions) becomes even moderately high,
limiting its applicability to small populations of neurons that represent simple features in
the environment.

At the other extreme, theories of predictive coding commit to a specific functional
form, in which predictions from higher areas are subtracted from the feed-forward activity
coming from lower areas (Fig. 1.2). While this scheme makes very direct experimental
predictions, and successfully accounts for some aspects of early cortical physiology (Rao &
Ballard, 1999), its subtractive comparison between predictions and observations could be
overly restrictive. In particular, this computation fully specifies what should be represented
at higher stages, even though the functional properties of mid- to high-level areas remain

an open problem in visual neuroscience.



1.2 The temporal straightening hypothesis

In this thesis, we introduce a theory for temporal prediction that resides at an intermediate
level of abstraction. By describing precisely how predictions are to be made, we aim for
a theory that is more tractable and testable than the information theoretic one. On the
other hand, by remaining agnostic about what is represented by neural populations, we are
able to apply it to representations whose functional properties are not fully known, from
human psychophysics to artificial neural networks and primate physiology. Specifically, we
propose that internal representations of the environment are structured to enable prediction
of their own future states, through linear extrapolation. Since the pioneering work of
Kalman, (1960) linear prediction has been widely adopted in many engineering problems,
including navigation and tracking. Despite non-linear extensions of this work (Jazwinski,
1970; Julier & Uhlmann, 1997; Ghahramani & Roweis, 1999; Haykin, 2001; Krishnan et
al., 2015), prediction of high-dimensional, non-linear signals remains an open problem. We
propose that biological organisms leverage their non-linear processing of visual scenes to
facilitate the task of prediction. In particular, if this processing were structured so as to
straighten the temporal evolution of a scene, then linear extrapolation would be sufficient
to accurately predict future states of the environment (Fig. 1.3).

This particular mechanism for prediction, ‘temporal straightening’; is closely related
to two other theories for sensory processing. On one hand, efficient coding posits that
neural representations are structured so as to preserve the information in natural signals,
while reducing their redundancy (Barlow, 1961). Temporal straightening offers a specific
form of coding efficiency, given that predictable signals can be coded via small residual

errors, a feature that is well-known to the video and audio compression communities. In
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Figure 1.3 The temporal straightening hypothesis. Because the temporal trajectories of natural
videos are highly curved in the domain of pixel-intensities (left), linear extrapolation fails to
predict future stimuli. We propose that the visual system transforms its inputs into a new
representation (right) whose evolution is much straighter, enabling prediction through linear
extrapolation.

contrast to this bottom-up criterion, goal-directed learning proposes that the visual system
is designed to support a range of visual tasks such object recognition. This theory has
been successful in explaining the selectivity and invariances of higher visual areas (Hung
et al., 2005; Rust & DiCarlo, 2010), and allowed for a quantitative comparison between
artificial neural networks whose sole purpose is classifying objects and these same areas
(Yamins et al., 2014). The similarity between these representations was later explained by
the fact that both biological and artificial representations ‘untangle’ the image manifolds
that correspond to particular objects, enabling classification with simple, linear operations
(Fig. 1.4; DiCarlo & Cox 2007; Hong et al. 2016). And yet the ways in which these
systems learn such untangled representations are very different. Artificial neural networks

are generally trained with massive amounts of supervision, reproducing human annotations



Figure 1.4 The untangling hypothesis. Because the manifolds representing two different ob-
jects (in this case, a water glass and an espresso cup) under different viewpoints and lighting
conditions are hopelessly intertwined in the domain on pixel-intensities (left), a linear classifier
would be hard-pressed to distinguish them. The untangling hypothesis proposes that the visual
system solves this problem by representing these objects such that changes in viewing conditions
are confined to a quasi-linear subspace (right). Adapted from (DiCarlo & Cox, 2007).

over millions of trials (Deng et al., 2009). Biological systems on the other hand are thought
to be able to learn about their environment in a largely unsupervised manner, with humans
being able to generalize from a single instance of a new category (Lake et al., 2015).
Temporal straightening of natural videos could be a way of achieving such an unsupervised
understanding of the environment. Indeed, objects tend to persist in a scene over relatively
long timescales, and the trajectories of natural videos are therefore contained in individual
object manifolds. Straightening these trajectories would then require straightening that
portion of the object manifold, and doing so for many videos might result in the object
untangling thought to be necessary for real-world vision.

Finally, an alternative hypothesis that explains the difference in sample efficiency be-
tween current artificial systems and biological agents is that the latter could have an innate
understanding of objects and the physics that govern them (Battaglia et al., 2013). In-

deed, a considerable body of literature has shown that even young infants expect objects to



persist over time, interact in specific ways, and belong to distinct categories (Spelke, 1990;
Tenenbaum et al., 2011). Despite its success in modeling behavior, a neural implementation
for this rich prior knowledge remains elusive. Object untangling (DiCarlo & Cox, 2007),
by confining the representations of individual objects to distinct subspaces, could be a way
of representing this structure, and temporal straightening a way of learning it.

In summary, if the brain indeed performs some form of temporal straightening, it may
provide not only a mechanism for how we make long-term predictions, but also an explana-
tion of how we have come to understand the world through experience and how to enable
machines to learn in the same way. This thesis describes a series of studies that test the

straightening hypothesis in different contexts.

1.3 Structure of the thesis

Chapter 2 evaluates the curvature of image sequences through human perceptual judg-
ments. Consistent with the straightening hypothesis, we find the curvature of natural
videos to be reduced perceptually. This straightening appears to be specific to natural se-
quences, as artificial ones that are linear in the image-domain see their curvature increased.
Nevertheless, the curvature of naturalistic sequences that are linear in the image-domain
is preserved. Finally, we find that all three perceptual effects can be accounted for by a
hierarchical model of computations in the early visual system, but not by a generic artifi-
cial network, suggesting that the visual system has learned to straighten the trajectories of
natural videos.

Chapter 3 provides a direct test of the hypothesis that early visual areas contribute to
perceptual straightening. Consistent with our behavioral results, we find the neural trajec-

tories of natural videos to be straightened in primary visual cortex, while artificial ones are



distorted. Moreover, changes in curvature found in primary visual cortex are predictive of
the changes found perceptually. These results confirm that perceptual straightening could
arise through successive computations in the visual hierarchy.

Chapter 4 uses the straightening of image sequences as a framework for evaluating the
perceptual relevance of machine representations. We develop a procedure for synthesizing
image sequences that are of minimal length according to a representation. Measuring the
perceptual length of these ‘geodesic’ sequences allows us to efficiently assess their match
to human vision. Moreover, visualizing these sequences exposes their selectivities and

invariances, and suggests a way of improving their biological relevance.



Chapter 2

Perceptual straightening of natural

videos

2.1 Introduction

Our first test of the temporal straightening hypothesis is perceptual. If our internal rep-
resentation of a natural video follows a straighter trajectory than in the light-intensity
domain, the pairwise perceptual distances (or discriminability) of pairs of frames should
reflect that geometry. Specifically, the straighter a sequence of frames, the more distances
should be additive, i.e. the more the distance between two end-frames should be equal
to the sum of distances between intermediate frames. As a result, if we can estimate the
perceptual distances between pairs of frames from a video, we should be able to combine
them into an estimate of its curvature.

We developed a novel procedure for estimating the curvature (conversely, straightness)
of the human perceptual representation of a sequence of images. By comparing this value
to the curvature calculated from the pixel intensities of the image sequence, we tested three

distinct predictions of our hypothesis. First, natural sequences that are curved in the in-



tensity domain should be straighter perceptually. On the other hand, unnatural sequences
(those that are unlikely to occur in the real world) need not be straightened, and will likely
exhibit increased perceptual curvature. Finally, synthetic sequences that contain naturalis-
tic changes should be relatively straight. We show that human perceptual capabilities are
consistent with all three predictions. In addition, we show that simple nonlinear popula-
tion models of the early visual system are able to account for these behaviors, while deep

convolution networks optimized for object recognition are not.

2.2 Quantifying straightness with discrete curvature

To test the temporal straightening hypothesis, we gathered video sequences whose dura-
tion was roughly matched to the interval between successive saccades, and estimated their
curvature in the pixel-intensity and perceptual domains. Each frame of such a sequence
can be represented in either domain as a point in a high-dimensional space (Fig. 2.1). A
natural measure of curvature for a sequence of points in either domain is the (unsigned)
angle between consecutive segments, and we summarize the curvature of a sequence using
the average of these angles over the full sequence. This measure, known as discrete curva-
ture, has the desirable property that it does not depend on the overall scale or units of the
representation. It is zero only for straight (linear) sequences, and increases as they become
more curved. Intuitively, discrete curvature quantifies the dissimilarity between successive

difference vectors, and thus the difficulty in linearly extrapolating the trajectory.

Calculating intensity-domain curvature

We measure the curvature of sequences in the intensity domain directly, by computing

the differences between successive frames in the high-dimensional space of pixels, and the

10
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Figure 2.1 Quantifying straightness of image sequences in the intensity and perceptual domains.
We consider representations in two domains: the ‘pixel-intensity’ domain (axes correspond to
pixel intensities in each frame), and the ‘perceptual’ domain (axes correspond to responses of
a set of neurons that underlie the perceptual judgments of human subjects). Each frame in
the sequence corresponds to a point in the representational space. The discrete curvature at a
given frame is equal to the angle between the segments connecting it to adjacent frames. We
define the curvature of a sequence as the average of these angles.

angles between them (Fig. 2.2). Specifically, if x = {x;},—0__7 are vectors containing the
pixel luminances of a sequence of frames in a video (T = 10 in our experiments), we can

define a sequence of normalized displacement vectors {0; }1—1,__ 7

Vy = Ty — Ty—1

Ut

el
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difference(t) difference(t+1)

frame(t+1)

frame(t—1)

Figure 2.2 In the pixel-intensity domain, curvature can be calculated directly by computing
the pixel-wise differences between successive frames, and the angles between them. Note how
this sequence of frames is curved in the intensity domain (difference images are dissimilar) but
seems natural perceptually. In contrast, a linear extrapolation in the intensity domain appears
to be highly unnatural.

and the curvature at a given node t is simply the angle between two such vectors, which

can be computed from their dot product:

¢y = arccos (0 - Opy1)

The global curvature of the sequence ¢ is the average of these local curvatures, in degrees.

2.3 Estimating perceptual curvature

Curvature in the perceptual domain is estimated from the discriminability (or perceptual
distance) of all pairs of frames in a sequence, as measured from human subjects. Intuitively,

the more curved a sequence is perceptually, the more the perceptual distance between a

12
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Figure 2.3 Measuring the discriminability of pairs of frames from a sequence. (a) Psychophys-
ical ‘AXB’ task. On each trial, observers viewed a sequence of three images. The first and the
last are randomly selected frames from a given sequence, and the middle one is identical to one
of the other two. Observers indicated whether the first or the last image was the unique one.
(b) Performance of a single observer for all pairs of frames in a given sequence (total of 1,000
trials). The brightness of each pixel depicts the proportion correct in discriminating a pair of
frames (brighter indicates more discriminable).

pair of frames (e.g. the 1°* and 3™ frames in Fig. 2.2) should fall short of the summed
intermediate distances (connecting the 1%, 28 and 3™ frames). We measure the discrim-
inability of a pair of frames by presenting them, on a given trial, as part of a sequence of
three images in which the second is equal to the first or the last (an ‘AXB’ paradigm, Fig.
2.3a). By asking the observer to report which image is the unique one, and measuring their
performance over many trials, we arrive at an estimate of the perceptual distance between
these two frames. Having obtained in this manner the distances between all pairs of frames
drawn from an 11-frame sequence (Fig. 2.3b), we search for a perceptual trajectory that
accounts for these data, whose curvature we can then measure as in the intensity domain.

We start by proposing a candidate perceptual trajectory that might account for the

pattern of discriminability we measured experimentally (chosen randomly; Fig. 2.4, top

13
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Figure 2.4 Inferring perceptual curvature from psychophysical data. Left column: 2-
dimensional projections of 10-dimensional perceptual trajectories. Each point illustrates the
centroid of a 2-D Gaussian distribution corresponding to the noisy perceptual representation of
a frame in the sequence. Middle column: pattern of performance on the ‘AXB’ task predicted
from the pairwise distances between points along the trajectory. Right column: match between
empirical and model-predicted proportion correct (one point for each pair of frames), along with
the 95% confidence interval expected from binomial variability (gray region). Top row: a curved
perceptual trajectory predicts a slow increase in discriminability as frames are further separated
in time, providing a poor match to the data. Bottom row: a straighter perceptual trajectory
predicts a faster increase in discriminability and provides a good match to the data. Performing
this analysis for many such perceptual trajectories, we can infer that these human judgments
are consistent with low perceptual curvature.

14



left). The pairwise distances between points along the trajectory lead to a prediction
about the discriminability we would have observed had this been the trajectory that the
human observer used to inform their judgments (Noreen, 1981) (Fig. 2.4, top middle).
In particular, this allows us to measure the large discrepancy between the predicted and
observed patterns of discriminability (Fig. 2.4, top right). In this case, a straighter
perceptual trajectory provides a better match to the data, suggesting that these data are
more consistent with low perceptual curvature (Fig. 2.4, bottom row). Given this, it is
tempting to iteratively adjust this trajectory until arriving at the most likely one (similarly
to non-linear dimensionality reduction methods (Roweis & Saul, 2000; Tenenbaum et al.,
2000)), and reporting its curvature as was done in the intensity domain. But this two-
step method is plagued by significant estimation bias when used with the amounts of data
available from our experiments (Fig. 2.5a). As an alternative, we developed a data-
efficient and nearly unbiased procedure for estimating the curvature that is most likely, by
averaging over many plausible perceptual trajectories (Fig. 2.5b, see section on inference).
For visualization purposes, we display the perceptual trajectory whose length and curvature

are equal to the average across plausible perceptual trajectories (Fig. 2.4, bottom row).

Estimating perceptual curvature: experimental paradigm

Eighteen observers (6 females, 12 males; ages 19-30) with normal or corrected-to-normal
vision participated in the experiment. Protocols for selection of observers and experimental
procedures were approved by the human subjects committee of New York University and
all subjects signed an approved consent form. One observer was an author; all others were
naive to the purposes of the experiment.

Each trial of the experiment followed an ‘AXB’ paradigm, in which three images were

15
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Figure 2.5 Recovery analysis for perceptual curvature estimation. We simulated 4 observers
with different sensitivities viewing 21 different sequences with varying perceptual curvature and
evaluated our ability to estimate the perceptual curvature from the same amount of data we
use in our experiment. Simulated observers’ sensitivities spans the range of human sensitivities,
and perceptual curvatures vary from 0°to 180°. (a) Greedy, two-step estimation, that measures
perceptual curvature from the most likely perceptual trajectory, is plagued by significant bias. (b)
Our method, which estimates perceptual curvature by averaging over many plausible perceptual
trajectories, is largely unbiased.

displayed, the first and the last being a random pair of frames from the sequence, the
middle one being identical to one of the other two. Observers were asked to indicate
with a button-press which image was the unique one, and were given feedback after each
trial. Sequences obtained from the Chicago Motion Database were luminance calibrated,
and we displayed their intensities on a calibrated display. For the others, we transformed
intensities with pixel-wise power (gamma) function, whose exponent we obtained from the
meta-data. Images were presented for 200 ms, with a 500 ms inter-stimulus interval, in an
annulus whose inner and outer radii were equal to 2 and 12 degrees, respectively. Subjects

were instructed to fixate on a small cross in the center of the annulus. Their eye position
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was monitored with an EyeLink 2000 eye-tracker, and a warning signal indicated when
their gaze deviated from the cross by more than 1.5 degrees. Trials for which eye position
deviated by more than 2 degrees were discarded. Trials were grouped into blocks of 40,
in which observers were presented with images from a single sequence. Each observer
performed 1,000 trials for each sequence on which they were tested, resulting in 18 trials

for each pairwise comparison on average.

Estimating perceptual curvature: observer model

We wish to infer the perceptual curvature of sequences from the discriminability of pairs
of frames. To this end, we formulate an observer model that assigns a location in a D-
dimensional perceptual space to every frame in the sequence, and explains the observed
discriminability as arising from distances in that space. Since 7" dimensions are sufficient to
render any pattern of pairwise distances between T'+ 1 points, we can choose D =T = 10
without loss of generality. Let x = {x;},—0__r be the perceptual locations associated with
the frames in a video, for a given subject. For a given pair of frames (i, j) we describe the
subject’s n;; correct and m,; incorrect responses in terms of the probability of being correct

pi; with a binomial likelihood

nj + mij>p:;’;ij<1 — )™

P (nij, mij|pig) = < )
ij
The probability of a correct response p;; is a linear combination of the probability of

successfully performing the AXB task pAXPE

i, and the probability of successfully guessing

the correct answer (3) weighted by the lapse rate A
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The discriminability of two frames does not determine their relative locations in perceptual
space, or the shape of their associated noise distributions. However, in order to apply
the same definition of curvature we use in the intensity-domain (which assumes Euclidean
geometry in the dot product), we assume that task performance is limited by additive Gaus-
sian noise, and the probability of successfully performing the task may then be expressed

using standard methods from signal detection theory (Noreen, 1981):

oo (o (3] o)

where @ is the cumulative distribution function of the standard normal.

Estimating perceptual curvature: inference

Intuitively, a natural procedure for estimating perceptual curvature consists of maximizing
the likelihood of the perceptual locations {x;},—o. 1 of each frame given the entire data
set of an observer, and then computing the curvature of this trajectory. Although this is
correct in the limit of large amounts of data, for our experimental data (1,000 trials per
sequence and per observer) it is prone to substantial biases, consistently preferring curva-
ture values that are closer to 90°(i.e. the most likely configuration of random vectors in
a high-dimensional space; Fig. 2.5a). Instead, we perform a direct maximum-likelihood
estimate of the curvature, by parameterizing the trajectory in terms of its curvature and
marginalizing over the perceptual locations. While more complex, this procedure is sub-
stantially more robust than the greedy two-step process described above, and is nearly

unbiased (Fig. 2.5b).
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To develop this estimation method, we need to parameterize the trajectory in terms of
its local (and global) curvature. As for pixel-domain curvature, we first express the frame
vectors in terms of displacement vectors {v;}:—1 7, which are factored into distances and

normalized displacements:

Ty = Ty1+ V¢

vy = dyly

Since our objective is invariant to global translation, we choose zy = 0.
Next, we define the normalized displacement recursively as a function of the curvature

at each node ¢; and the direction of curvature a;:

0y = cos(ey) 01 + sin(c;)ay

where a; is a unit vector, orthogonal to the previous displacement vector o, i, thereby
ensuring that the curvature at node t is equal to ¢;. Since the objective is invariant to
rotations, we choose 07 to lie in the direction of the first coordinate axis.

This polar parameterization can express the same set of trajectories as the initial
Cartesian parameterization, but allows us to directly estimate the global curvature while
marginalizing over local variables. Specifically, we define a prior probability over local
curvatures that is Gaussian and centered around the global curvature ¢*. Given a set of
local curvatures, the optimal estimate of the global curvature is simply the average over
local curvature, consistent with our previous definition. We also define similar priors over

local distances, directions and the lapse rate, by introducing a set of Gaussian-distributed
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auxiliary variables that are mapped through nonlinear functions:

dy=fa(z) 2 ~N(f7'(d), o7)
a= 2 ~N( o, o?)
= fa(z) A AN 0, %)
A=AHEY A~NC 0 1)

where f; is a smooth rectifying function, f, ensures that a; is of unit length and orthogonal
to v_1, and fr(2) = Anax®(2) effectively places a uniform prior on the lapse rate (we
choose Apax = 0.06 as in (Wichmann & Hill, 2001)). 3, is diagonal and controls the
effective dimensionality and aspect-ratio of the trajectory.

Define 0 = {d*, c¢*, 04, 0., X4} as the set of parameters governing random variables z =
{28 2¢ 28, 22}, Direct curvature estimation amounts to maximizing the likelihood of these
parameters in order to best account for the data, a form of empirical Bayes estimation.
Computing the (log) likelihood of this prior requires marginalizing over local curvature

variables, a high-dimensional integral that is intractable in practice:

log pg(n, m) = log / p(n,m|z) py(z) dz

Fortunately, variational methods provide a tractable lower bound on the likelihood which
can be optimized with stochastic gradient methods (Jordan et al., 1999). By fitting an ap-

proximate Gaussian posterior g,(z|n, m) to the true posterior over local variables p(z|n, m),
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we replace the intractable integral with an analytical one:

o o, m) = og | ]2 o) ds

z|n,

p(n, m|z) pe(Z)]
Go(2[n, m)
(n, m|z) pe(Z)}

qs(2|n,m)

= lOg Iqug(zm,m) [

p
> Eq¢ (2|n,m) [Iog

> ]Eq¢(z|n,m) [1ng(n7 m|2)]

— Drcr(gs(2In, m)||po(2))

We optimize this lower bound simultaneously with respect to the parameters of the prior
and the approximate posterior, using a stochastic gradient descent algorithm (Kingma &
Welling, 2013).

The example trajectories and curvature values in Figures 3-5 are the result of this
optimization procedure. When describing population data, we further reduce the variance

of our curvature estimates by reporting the mean of 100 bootstrapped samples.

Evaluating curvature estimates with simulated observers

We compared the distribution of estimated perceptual curvatures to a null distribution,
obtained by simulating observers whose internal curvature was matched to the intensity-
domain curvature. This null distribution also provides a means of evaluating the variance
and bias of our estimation procedure. After fitting our model to a given observer’s data,
we are left with a distribution over the perceptual trajectory’s parameters. The mean of
this distribution determines a trajectory whose curvature is equal to our estimate of the

human observer’s perceptual curvature (which we report in the results). If we replace its
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local curvature values with those of the image sequence’s pixel-intensities, we arrive at the
perceptual trajectory of a simulated observer that is identical to the human observer, but
whose internal curvature is identical to the intensity-domain curvature. We then simulate
a new dataset from this observer, with the same number and distribution of trials as the
original one. Fitting the model to this simulated dataset yields a perceptual curvature
estimate which reflects the null hypothesis for this set of sequences and observers. By
comparing the distribution of perceptual curvature for human observers to that of their
simulated counterparts, we can assess whether perceptual curvature differs significantly

from intensity-domain curvature.

2.4 Perceptual straightening of natural videos

The primary prediction of the temporal straightening hypothesis is that natural image
sequences that are curved in the intensity domain should be less curved in the perceptual
domain. We measured the intensity- and perceptual-domain curvature of twelve natural
image sequences which differed in content (experiment 1; see Fig. 2.6a for 3 frames from an
example sequence, Fig. 2.12,2.13 for all sequences). To visualize our analysis and gain an
intuition for the results, we projected the intensity- and perceptual-domain representations
for a single sequence and observer onto the first two principle components (Fig. 2.6b). The
trajectories are strikingly different. Trajectories of the first two components of this natural
image sequence are highly curved in the intensity domain (curvature = 39°). Consistent
with our hypothesis, the same sequence appears much straighter perceptually (curvature
= 4°). This difference in curvature is not simply a byproduct of dimensionality reduction:
in the high-dimensional intensity and perceptual domains, the difference was even more

substantial (intensity-domain curvature = 99°, perceptual curvature = 8°). Moreover, this
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Figure 2.6 Curvature reduction for natural image sequences. (a) Initial, middle, and final
frames of one such sequence (a man speaking). (b) Two-dimensional projections of an example
sequence in the intensity domain (left) and in the inferred perceptual domain (right). (c) Change
in curvature (left) and prediction error (right) from the intensity to the perceptual domain, for 12
natural image sequences and 18 observers (35 sequence/observer pairs total). Blue histogram:
perceptual curvature estimated from human subject data. Gray histogram: perceptual curvature
estimated from data simulated from model observers whose perceptual curvature is matched
to their intensity-domain curvature, with all other parameters matched to those of the human
observers. Triangles indicate the median of each distribution. *** p < 0.001. (d) Change in
prediction error from the intensity to the perceptual domain. Same layout as (c).
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curvature reduction is robust across sequences and observers (Fig. 2.6c¢, blue histogram;
median curvature change = —23°; p < 0.001, two-tailed Wilcoxon signed-rank test).

Since our curvature estimates are obtained through a novel analysis method, we wanted
to verify the reliability of those estimates and rule out potential biases. To that end, we
simulated data obtained from model observers who were identical to our human observers
in their ability to discriminate successive frames, lapse rates, and number and distribution
of trials. Crucially, however, we assumed these model observers based their responses on
a perceptual representation whose curvature was matched to the pixel-domain curvature
(Online Methods). When applied to these synthetic data, our analysis method found no
reduction in curvature (Fig. 2.6c, gray histogram; median curvature change = 4°; p = 0.99,
one-tailed test). Our estimation method is thus not inherently biased towards curvature
reduction. Moreover, this analysis reveals that the average reduction in curvature estimated
for our human observers is significantly greater than the variability in the estimates (p <
0.001, two-tailed test on the difference between human observers and simulated controls).
These data thus provide clear supporting evidence for the notion that the human visual
system straightens curved natural videos.

If straightening the trajectory of natural videos is the mechanism by which the visual
system supports temporal prediction, then these videos should be more predictable per-
ceptually than they are in the intensity domain. We quantified the error committed by
linear extrapolation in a given domain in the following manner. If we have observed the

trajectory up to time ¢, linear extrapolation predicts the next frame to be ;.1 = x; + vy,
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resulting in the following error:

er = || 1 — Topa ||

= ||"Ut+1 - Ut||

We report the average prediction error €, as a percentage of the average step size d:

€:7T_1;€t

. 1i

d= =) vl
Tt:l

Having computed the prediction error in the perceptual domain, we found that it was indeed
significantly reduced both relatively to the intensity domain (Fig. 2.6d, blue histogram;
median change in prediction error = —33%, p < 0.001), and relatively to the simulated
controls that did not change the curvature of these videos (Fig. 2.6d, gray histogram;
median difference in prediction error = —33%, p < 0.001). Hence, consistently with our

original motivation, natural videos are made more predictable via perceptual straightening.

2.5 Perceptual distortion of artificial videos

The straightening of curved natural videos exhibited by our subjects implies that their
perceptual responses arise from a nontrivial transformation of visual input. It does not by
itself, however, indicate that this transformation is specifically targeted for this purpose. It
could be the case that most, or even all, sequences are straightened by the visual system,

regardless of whether they could occur under natural conditions. But if, as we hypothesize,
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temporal straightening is targeted at sequences that occur naturally, then sequences that
are unlikely to occur have no reason to be straight. On the contrary, these sequences will
most likely be distorted by the nonlinear hierarchical transformations of the visual system
(Poole et al., 2016).

We tested this second prediction of the temporal straightening hypothesis by estimating
the perceptual curvature of artificial image sequences that are strictly linear in the inten-
sity domain (experiment 2). Specifically, we created synthetic sequences that fade from
the initial to the final frame of each of the natural videos used in experiment 1. These
sequences are have zero curvature in the intensity domain, but are highly unnatural in that
the interpolated middle frames contain pixel-wise averages of two different images (see Fig.
2.7a for 3 frames from an example sequence, Fig. 2.12,2.13 for all sequences). We esti-
mated the perceptual curvature of these sequences for the same observers that participated
in experiment 1.

Consider the two-dimensional projections of the intensity- and perceptual-domain repre-
sentations of a single observer (Fig. 2.7b). Consistent with our hypothesis, the perceptual
trajectory of this artificial sequence is much more curved than the intensity trajectory (cur-
vature change = 48°). This effect was just as prominent in the high-dimensional spaces
(curvature change = 49°), and was consistent across all artificial sequences and observers
(Fig. 2.7c, green histogram; median curvature change = 53°). Note that the curvature
is a positive-valued quantity, and since the image domain curvature of these sequences is
zero, some increase in curvature is expected due to estimation error. To determine this
baseline expectation, we simulated model observers that preserved image domain curvature
but were otherwise matched to our human observers. For these model observers, the me-

dian increase in curvature was 29°(Fig. 2.7c, gray histogram), significantly smaller than
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Figure 2.7 Curvature increase for artificial image sequences. (a) Initial, middle, and final frames
of one such image sequence. Initial and final frames are identical to those of the corresponding
natural sequence (Fig. 2.6a), whereas intermediate frames are generated by linearly inter-
polating (fading) between the initial and final frames. (b) Low-dimensional projections of an
example sequence in the intensity domain (left) and in the inferred perceptual domain (right).
(c) Change in curvature from the intensity to the perceptual domain, for 12 artificial image
sequences and 35 sequence/observer pairs. Green histogram: perceptual curvature estimated
from human subject data. Gray histogram: perceptual curvature estimated from data simulated
from model observers whose perceptual curvature is matched to the intensity-domain curvature
(in this case, zero), with all other parameters matched to those of the human observers. (d)
Change in prediction error from the intensity to the perceptual domain. Same layout as (c).
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the 53° increase observed in our human subjects (p < 0.001).

Moreover, this increase in curvature was accompanied by a decrease in predictabil-
ity. Indeed, the perceptual trajectories described by these unnatural sequences were less
predictable compared to their intensity-domain trajectories (Fig. 2.7d, green histogram;
median change in prediction error = 92%, p < 0.001) and to simulated controls who did not
increase the curvature of these sequences (Fig. 2.7d, gray histogram; median difference

in prediction error = 30%, p < 0.001).

2.6 Curvature preservation of naturalistic videos

We interpreted the outcome of experiment 2 as evidence that the nonlinear computations
underlying perceptual straightening are targeted for natural sequences, and exhibit the
opposite effect on straight artificial sequences. But it could be the case that all videos that
are straight in the pixel-intensity domain yield highly curved perceptual representations,
regardless of whether they are natural or artificial. To resolve this ambiguity, we character-
ized the perceptual curvature of a new set of synthetic sequences, that are straight in the
intensity domain but mimic natural transformations. Specifically, we constructed sequences
by gradually and monotonically changing the contrast of the initial frame over time (Fig.
2.8a). These sequences have zero curvature in the intensity domain by construction, and
are more natural than the sequences of experiment 2 because they approximate changes
in scene visibility (e.g. due to the onset of fog). The temporal straightening hypothesis
predicts that these sequences should be much straighter than their unnatural counterparts.
Fig. 2.8b shows the low-dimensional projection of the perceptual trajectory, for an exam-
ple observer in experiment 3. In this case, the perceptual distortion of the contrast-varying

sequence is minimal (low-dimensional curvature change = 9°; high-dimensional curvature
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Figure 2.8 Curvature conservation for naturalistic, intensity-linear image sequences. (a) Initial,
middle, and final frames of one such sequence. Initial frame is identical to those in figures 2.6 and
2.7, and the rest are generated by gradually reducing contrast. (b) Low-dimensional projections
of an example sequence in the intensity domain (left) and in the inferred perceptual domain
(right). (c) Change in curvature from the intensity to the perceptual domain, for 10 sequences
and 25 sequence/observer pairs. Red histogram: perceptual curvature estimated from human
subject data. Gray histogram: perceptual curvature estimated from data simulated from model
observers whose perceptual curvature is matched to the intensity-domain curvature (in this
case, zero). Green triangle is copied from Fig. 2.7c, showing that naturalistic sequences are
significantly less curved than their artificial counterparts. ** p < 0.01. (d) Change in prediction
error from the intensity to the perceptual domain. Same layout as (c).
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change = 18°). We found this result to be consistent across all sequences and observers.
Specifically, although these sequences experienced a significant increase in curvature (me-
dian difference between human observers and simulated controls = 12°, p < 0.01), their
perceptual curvature was significantly smaller than that of the artificial sequences (differ-
ence in median curvature = 22°, p < 0.01). Similarly, these sequences were significantly
more predictable than their unnatural counterparts (difference in median prediction error =
42%, p < 0.001). Hence, consistent with the temporal straightening hypothesis, the human
visual system is able to preserve the linearity and predictability of straight, naturalistic

videos.

2.7 Computational basis of perceptual straightening

Finally, we wondered how perceptual straightening could arise from the underlying neural
activity of the visual system. In particular, if straightening is a fundamental goal of visual
processing, we might expect that each successive transformation throughout the visual
hierarchy could serve to further reduce curvature. To probe this hypothesis, we examined
responses of a two-stage model that mimics the nonlinear functional properties of the
early visual system (Fig. 2.9, top). The first stage is comprised of center-surround
filtering followed by local luminance and contrast gain control operations, capturing the
primary nonlinear transformations performed by the retina and lateral geniculate nucleus
(Mante et al., 2008; Berardino et al., 2017). The second stage further transforms this
representation using a set of oriented filters whose responses are squared and combined
over phase, capturing the nonlinear behaviors of complex cells in primary visual cortex
(area V1) (Adelson & Bergen, 1985). We constructed response trajectories by applying

the model to each video frame independently, and evaluated the curvature of the model
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Figure 2.9 Changes in curvature for a hierarchical model of the early visual system. Top:
Two-stage cascade architecture describing computations found in the retina, LGN, and V1.
The first stage performs bandpass filtering, followed by luminance and contrast gain control.
The second stage decomposes the output of the previous stage with an oriented, multiscale
linear transform, and measures the local energy in each of its sub-bands (only one sub-band
shown). Bottom: Change in curvature induced by these computations for natural, artificial,
and contrast sequences. Each stage in the model incrementally contributes to the changes in
the curvature found perceptually (circles indicate the median across sequences, error bars show
the 68% confidence interval). We report the perceptual data as the median difference between
human observers’ and simulated controls’ curvature, to correct for any estimation bias.

31



response vectors directly. Both model stages induced systematic changes in curvature
that were consistent with the changes we measured perceptually. Specifically, both stages
straightened natural image sequences, distorted unnatural ones, and preserved the linearity
of the naturally straight sequences (Fig. 2.9, bottom). These effects were clearly evident
in the first stage of the model, and became stronger in the second, although still falling
short of the perceptual effects observed in our human subjects.

We also tested the straightening capabilities of artificial neural networks constructed
from many stages of rectified linear filters. These models have shown impressive capabilities
when optimized for object recognition (LeCun et al., 2015), and have been proposed as
candidate models of biological vision (Khaligh-Razavi & Kriegeskorte, 2014; Yamins et
al., 2014; Tacchetti et al., 2017). We wondered whether the ability of these networks to
‘untangle’ image manifolds associated with object categories (DiCarlo & Cox, 2007) might
also extend to straightening of natural videos. To test this, we evaluated the changes
in curvature in each stage of the AlexNet architecture (Krizhevsky et al., 2012). Unlike
the simple biological models and our human subjects, we found that this model did not
straighten the time-course of any of the natural videos (Fig. 2.10). We tested several other
current deep neural network architectures used for image classification (loffe & Szegedy,
2015; Simonyan & Zisserman, 2015; He et al., 2016; Huang et al., 2017), and found that
all of them increased the curvature of natural videos (Fig. 2.11). In principle, we would
expect these networks to be capable of approximating the nonlinear transformations of the
two-stage biological model (local gain control and energy), which do exhibit straightening.
We thus conclude that optimizing such networks for static object recognition fails to endow

them with temporal straightening capabilities.

32



/.
77
N \
O
N
-
\ /
|
v
A\
A\
e
\ /
|
\
A
(]

>

\\

N —
-

Max pooling Max pooling Max pooling

v

60 - ° natural

- artificial o

40 » contrast .
e 20 ® o :
C
g o 8§ ©
c 0 4 .
o
2
g -20 ’
3

-40

_60 -

| | | 7/
pixel 1 2 3 perception
AlexNet block number

Figure 2.10 Changes in curvature for an artificial neural network trained for object recognition.
Top: Model architecture, alternating convolution, rectification, and max-pooling. Bottom:
Change in curvature induced by this network, for the same sequences as in Fig. 2.9. Despite
strong performance on object classification, this model does not straighten natural sequences.
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Figure 2.11 Changes in curvature in contemporary deep neural network architectures. Despite
their strong performance in object recognition, none of these architectures straighten natural
videos. (a) 19-layer VGG architecture(Simonyan & Zisserman, 2015). (b) 19-layer VGG ar-
chitecture with batch normalization(loffe & Szegedy, 2015). (c) 152-layer Residual Network
architecture(He et al., 2016). (d) 121-layer Dense Network architecture(Huang et al., 2017).
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2.8 Discussion

We have introduced temporal straightening, a principle that provides a normative explana-
tion for the structure of sensory representations. We developed a methodology for estimat-
ing perceptual curvature, and provided behavioral evidence for three distinct predictions of
the hypothesis. Our results demonstrate that the visual system nonlinearly transforms its
inputs such that naturally occurring temporal image transformations give rise to straighter
trajectories in perceptual space than in the input space. We also find that synthetic, behav-
iorally irrelevant sequences that are straight in the intensity domain are distorted by the
visual system, breaking their perceptual contiguity. Nonetheless, we found that the visual
system is able to largely preserve the linearity of naturalistic, intensity-linear sequences.
To design an experimental test of temporal straightening, we assumed a restricted form
of the hypothesis in which linear predictability over time is achieved through nonlinear
spatial processing of visual input. Moreover, by measuring curvature between successive
frames in a sequence, we have restricted our tests of predictability to a specific timescale,
corresponding to the interval between frames. Despite these restrictions, we have found hu-
man perceptual capabilities (and models thereof) to behave as predicted. How would these
results generalize to the predictability of continuous streams of images, over different time
scales? We used sequences with sampling rates roughly matched to the integration times
of photoreceptors (30 frames/second or less), whose response would likely be similar to
those under static presentation. However, downstream areas that process visual input over
longer timescales would likely respond differently (for example, direction-selective neurons
in areas V1 or MT). A more general psychophysical protocol, in which perceptual repre-

sentations are evaluated within their recent temporal context, therefore seems necessary to
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test predictability or straightening at these longer timescales.

Our temporal straightening hypothesis provides a specific instance, as well as an aug-
mentation, of the efficient coding hypothesis—one of the most widely discussed and success-
ful theories of early sensory processing (Barlow, 1961). Efficient coding posits that sensory
representations are structured so as to preserve information in natural signals, while re-
ducing redundancy and minimizing the use of neural resources (e.g., cells and spikes), a
goal that is especially relevant for early sensory areas that are separated from cortex by
a communication bottleneck. Temporal straightening (and more generally, prediction) of-
fers a specific form of coding efficiency, given that predictable signals can be coded via
small residual errors. Beyond this bottleneck, however, coding efficiency may no longer
suffice to fully explain the form or specifics of sensory processes (Barlow, 2001; Simoncelli
& Olshausen, 2001; Machens et al., 2005; Geisler, 2008). Rather, as sensory information
propagates through the brain, it is combined with experience (memory), goals, desires, and
other internal states that govern behavioral relevance, and likely play an important role
in specifying which information is processed and which is discarded. Temporal prediction
offers a potential unification, by augmenting coding efficiency with a universal goal that
is essential for a large class of behaviorally relevant tasks (Srinivasan et al., 1982; Rao &
Ballard, 1999; Tishby et al., 1999; Bialek et al., 2006; Palmer et al., 2015). Temporal
straightening offers a simple and readily testable instantiation of the temporal prediction
hypothesis.

Temporal straightening also has some similarity with the “untangling hypothesis” that
has been proposed as a normative explanation for the visual representations underlying
object recognition capabilities (DiCarlo & Cox, 2007). Specifically, the fundamental dif-

ficulty of object recognition lies in constructing representations that vary substantially
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across object categories, while being unaffected by the substantial variability in their vi-
sual appearance that arises from changes in viewing conditions and configuration. This
hypothesis posits that the goal of the system is to produce a population representation
that can be linearly decoded for object categorization, which requires that variation due
to viewing conditions be confined to a low-dimensional subspace. The straightening hy-
pothesis is more restrictive in that it seeks to contain the representation of individual
videos in one-dimensional subspaces, but also more general in that it does not rely on
the definition or categorization of objects. As such, it could provide a practical means
of learning such an untangled representation in an unsupervised manner, one of the most
important open problems in machine learning (LeCun et al., 2015). Indeed, if the brain
were to learn to straighten image sequences that evolve according to changes in view-
point or lighting (as is the case for many natural sequences), the resulting representation
would restrict these ephemeral fluctuations to a low-dimensional subspace, while preserving
object-persistent information. Moreover, this objective could enable the untangling of more
complex naturally-occurring image variations, such as the motion of articulated or flexible
objects and materials.

Our hypothesis is defined with regard to an unspecified internal perceptual representa-
tion, which presumably corresponds to the response of some collection of neurons within the
visual system. Although the perceptual measurements we report offer no direct indication
as to where these neurons reside, our computational modeling suggests that straighten-
ing might emerge through the incremental transformations achieved by successive stages
of visual processing, in line with current descriptions of the emergence of feature and ob-
ject selectivity in the ventral stream (Fukushima, 1980; Serre et al., 2007; Yamins et al.,

2014). The curvature estimation methodology we have developed is agnostic to the partic-
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ular form of experimental measurement, and we have begun to explore its application to
physiological data (spiking responses recorded with multi-electrodes; Bai et. al. SfN 2018)
to directly evaluate the curvature of representations in different visual areas (relatively to
their respective noise distributions), and their contributions to perceptual straightening.

Our findings also provide a new means of evaluating the adequacy of models of biological
visual systems. A number of recent studies have examined the appropriateness of learned
artificial neural network representations as models for biological perception (Khaligh-Razavi
& Kriegeskorte, 2014; Yamins et al., 2014; Berardino et al., 2017). By failing to straighten
the timecourse of natural videos, these models cannot provide a complete account of bi-
ological vision. Our model of early visual processing is able to account for a significant
portion of the straightening properties found in humans, and it could be that downstream
computations could also be identified by their effect on curvature. On the other hand,
these models can be more stringently tested by asking which sequences are the straightest
in their representational space (in technical terms, the “geodesics” of the representation).
We have developed a computational method to generate such geodesic sequences (Hénaff
& Simoncelli, 2015), and we have used the perceptual straightness of these sequences as a
measure for comparing candidate models of the human visual system (O.J. Hénaff, R.L.T.
Goris, E.P. Simoncelli, Cosyne Abstr., 11-72, 2016).

While we have stated and tested the straightening hypothesis in terms of fixed response
properties of the visual system, we can view it more generally as a force for adapting sensory
representations to the properties of natural temporal inputs. This suggests, for example,
that temporal straightening might play a role in perceptual learning. If so, it should be
possible to induce perceptual straightening of arbitrary sequences through repeated or

prolonged exposure. There is already some evidence in support of this: a series of studies
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showed that consecutive presentation of pairs of images at different positions (Li & DiCarlo,
2008) or scales (Li & DiCarlo, 2010) can change the invariance properties of single cells in
visual area IT, as well as the robustness of perceptual discriminability in human observers
(Cox et al., 2005). But a more direct test of this idea, over more general input sequences,
is warranted.

Finally, even if the straightening hypothesis proves consistent with physiological mea-
surements, this does not answer the question of whether it is sufficiently powerful to serve
as an objective for structuring representations throughout the visual system. To test this,
one would need to simulate a system that learns to temporally straighten the content of
natural videos, and examine its similarity to biological systems. Our understanding of vi-
sion, whether biological or machine-based, has progressed furthest with regard to the simple
representations that occur in early stages of hierarchical processing. In these, principles of
coding efficiency have proven useful, both in testing for the efficiency of visual representa-
tions, or in showing that they can be learned by maximizing efficiency in the representation
of naturally occurring stimuli (Barlow, 1961; Barlow, 2001; Simoncelli & Olshausen, 2001).
Temporal straightening, as a task-relevant generalization of efficient coding, holds promise

to fulfill an analogous role in higher-level visual areas.

2.9 Supplementary Methods

Stimuli

We measured the perceptual curvature of 12 natural image sequences that are representative
of the diversity found in real videos (experiment 1; Fig. 2.12,2.13, blue path). To

constrain our choice of sequences, we established a list of attributes that distinguish natural
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Table 2.1 Diversity of the natural sequences used in our experiment.

videos. These pertain to the content of the videos (discrete, isolated objects vs. dense
textures) as well as the types of motion and transformations over time (camera motion, rigid
object motion and flexible/articulated object motion). Table 2.1 indicates the diversity
of the chosen set. We obtained 8 of these (water, prairie, egomotion, ice, bees, carnegie-
dam, leaves-wind, chironomus) from the Chicago Motion Database, 1 from a feature film
(Doguille; Lions Gate Entertainment, 2003), and 2 from the LIVE Video Quality Database
(Seshadrinathan et al., 2010) (smile and walking). The last (boats) was generated by
translating a single image over time. For most sequences, we used consecutive frames at
the sampling rate of the original videos (30 f/s). However, because curvature can only be
resolved when successive frames are sufficiently discriminable, we temporally downsampled
videos with little variation. As a result, each 11-frame sequence lasted anywhere from 92
ms to 1,650 ms in real time (on average, approximately 300 ms), but each contained roughly
the same average change (measured perceptually) from one frame to the next. All video
frames had a spatial resolution of 512 x 512 pixels.

For each sequence, we collected data from 3-4 observers (41 sequence/observer pairs).
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Figure 2.12 Initial, middle, and final frames from the first 6 natural and artificial sequences
used in our experiment. Natural image sequences follow the top (blue) path, whereas artificial
sequences follow the bottom (green) path between the same end-points.
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Figure 2.13 Initial, middle, and final frames from the last 6 natural and artificial sequences
used in our experiment. Natural image sequences follow the top (blue) path, whereas artificial
sequences follow the bottom (green) path between the same end-points.
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Because we required perceptual trajectories of sufficient length (when measured in terms of
d’) for curvature estimation, we excluded data from observers with unusually low average
discriminability (specifically, those whose proportion of correct answers did not exceed 0.7),
leaving 2—4 observers per sequences and 35 sequence/observer pairs.

Each observer also was shown an artificial sequence that faded linearly between the first
and the last frame of the corresponding natural sequence (experiment 2; Fig. 2.12,2.13,
green path). Finally, 9 of these observers also viewed 10 natural, intensity-linear sequences
that were generated by manipulating the contrast of a single frame (25 sequence/observer
pairs; experiment 3). Five such sequences varied the contrast of the first frame of the water,
walking (twice), bees and boats sequences, respectively, from 50% to 100% in equal steps.
The five others varied the contrast of the first frame of the prairie, walking, smile, bees and

egomotion sequences, respectively, from 10% to 100% in logarithmic steps.

Statistical tests

Unless specified otherwise, all statistical testing used a two-tailed Wilcoxon signed-rank
test, typically for comparing curvature (or prediction error) in the intensity- and percep-
tual domains, or between humans observers and simulated controls. The only exceptions
are when ensuring that our curvature estimation methodology is not biased towards curva-
ture reduction (we used a one-tailed test), and when comparing artificial and naturalistic
(contrast) sequences (we used a Mann-Whitney U test).

Since the simulation process is inherently variable, we also compared the median change
in curvature for human observers to the distribution of median change in curvature across
simulated populations, which yielded similar results (Fig. 2.14, top row). Specifically,

the simulated populations we present in Figures 2.6-2.8 display a median change in
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Figure 2.14 Recovery analysis across simulated populations. Top row: distribution of curvature
change across simulated controls. In Fig. 2.6-2.8 we show a single, typical, population of
simulated controls (whose median change in curvature is depicted here by a gray arrow). The
simulation process is inherently variable, as is the subsequent recovery due to finite numbers
of subjects and trials. Here we evaluate the dispersion of the median curvature change across
repetitions of the simulation and recovery procedure (gray histogram). Experiments 1 and
2: the curvature change for human observers is much larger than for any of the simulated
controls (p < 0.001, two-tailed Z-test). Experiment 3: human observers increase curvature
relatively to controls much less than in experiment 2 (p = 0.02, two-tailed Z-test). Bottom
row: distribution of prediction error change across simulated controls. Similar results as for
curvature change (experiment 1: p < 0.001, experiment 2: p < 0.001, experiment 3: p =
0.004). Together, these experiments show that the typical simulated populations shown in Fig.
2.6-2.8 are representative of the distribution across simulated populations.
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curvature which is equal to the median of the distribution across simulations. Moreover,
for experiments 1 and 2 this distribution is concentrated around the median, such that the
average change in curvature observed in human observers is significantly greater than for
all simulated populations (p < 0.001, two-tailed Z-test; Fig. 2.14, left and middle). For
experiment 3, the median change in curvature displayed by human observers relatively to
simulated controls is significantly smaller than in experiment 2 (p = 0.02; Fig. 2.14, right).
The same was true for changes in prediction error (Fig. 2.14, bottom row; experiment
1: p < 0.001, experiment 2: p < 0.001, experiment 3: p = 0.004). As such, the simulated
populations presented in Figures 2.6-2.8 are representative of the distributions across

simulated controls.

Modeling: Curvature in hierarchical models

We constructed a two-stage model of early visual processing by cascading a model of reti-
nal processing and a one of primary visual cortex. The retinal model composes spatial
center-surround filtering, luminance and contrast gain control and a rectifying nonlinearity
(Berardino et al., 2017). The model of primary visual cortex uses a set of multiscale, ori-
ented and band-pass filters (a “steerable pyramid” (Simoncelli & Freeman, 1995)), followed
by squaring, summing over quadrature pairs, and a square-root nonlinearity to mimic the
action of complex cells (Adelson & Bergen, 1985). We used 6 scales, and 4 orientations,
excluding the high- and low-pass residual bands. The retinal model was optimized to match
foveal perceptual discriminability judgments of human observers (Berardino et al., 2017),
but our images were presented at 2 degree eccentricity. To approximate the loss of visual
acuity in the parafovea (Green, 1970), we spatially downsampled images by a factor of 2

using a Lanczos filter before presenting them to our model. Our results were robust to the
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precise choice of resolution (downsampling by factors of 1, 2, 4 or 8 all give qualitatively
similar results). We computed model response vectors for each frame in a sequence, and
measured the curvature of this sequence of responses.

As a control, we also evaluated the curvature of the same sequences as represented
in each layer of a convolutional neural network (known as “AlexNet”) trained for object
recognition (Krizhevsky et al., 2012). The network contains a sequence of 5 rectified con-
volutional layers, with max pooling after the 1%, 2°¢ and 5 layers. The convolutional
layers have 64, 192, 384, 256 and 256 filters of size 11, 5, 3, 3 and 3 pixels respectively. We
obtained the pre-trained model from the PyTorch Model Zoo, with corresponding Top-5
error rate on the ImageNet test set of 21%. We also tested more recent architectures (the
19-layer VGG model (Simonyan & Zisserman, 2015) with and without batch normalization
(Ioffe & Szegedy, 2015), a 152-layer Residual Network (He et al., 2016), and a 121-layer
Dense Network (Huang et al., 2017), with test errors of 8%, 9%, 6% and 8%, respectively)
and obtained similar results. In all of these, we report curvature in the pooling layers, but

obtained similar results in intermediate ones.
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Chapter 3

Neural straightening of natural

videos

3.1 Introduction

In the previous chapter, we found behavioral evidence for the hypothesis that human ob-
servers straighten the time-course of natural videos, thereby making them more predictable.
These measurements likely reflect the structure of the neural representations we use to make
those perceptual judgments, but do not speak to where in the brain these neurons are nor
how their representations are formed. In particular, it could be that all of the percep-
tual effects we uncovered are the result of computations performed by higher visual areas
that encode the properties of objects and scenes. On the other hand, if the entire visual
hierarchy has learned to straighten natural videos, we might expect individual areas to
straighten the features they are selective for. Our model of early visual areas suggests that
their computations could be used to support perceptual straightening, so we set out to
perform a direct physiological test of neural straightening in primary visual cortex. This

chapter, which describes the results of a collaboration with Yoon Bai, Julie Charlton, Ian
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Nauhaus and Robbe Goris, provides evidence for neural straightening of natural videos in
macaque primary visual cortex.

Specifically, we designed a physiological experiment based on the same natural and
artificial sequences used in our perceptual experiments. While recording the activity of
populations of cells in primary visual cortex, we presented individual frames from these
sequences. By organizing the responses to individual frames according to their temporal
ordering, we have direct access to the trajectory described by an image sequence in the
recorded neural space. We then evaluate the curvature of this trajectory and compare it
to that of the intensity-domain trajectory. These measurements show that, consistent with
human discriminability judgments, primary visual cortex straightens the time-course of
natural videos while distorting artificial ones. Moreover, a significant portion of perceptual
straightening can be attributed to the neural straightening found in V1.

These measurements also allow us to address one of the limitations of our perceptual
measurements, which only evaluate the predictability of natural videos at a particular time-
scale. In contrast to discriminability judgments, which constrain the relative locations of
pairs of frames, neural recordings provide us with the absolute locations of individual frames
in neural space. As a result, these measurements allow us to assess the global structure of
these sequences, in addition to the local curvature we measured in the previous chapter.
These results show that the straightening performed by the visual system could exist at

multiple timescales, enabling a range of different predictions.
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3.2 Methods

Stimuli

The stimuli used in these experiments are similar to those used in the previous chapter,
and we only recall them only briefly here. We used the water, prairie, egomotion, bees,
carnegie-dam, leaves-wind, chironomus, Dogville, smile and walking sequences from our
perceptual experiments (Fig. 2.12,2.13). We normalized each sequence to have a mean
luminance of 0.25 (on a range of [0,1]) and standard deviation of 0.15. Frames were vi-
gnetted with a flat-topped raised cosine whose diameter was 15°. Frames from all sequences
were presented in a random order, for 200 ms each with a 100 ms inter-stimulus interval.
We presented these images at their original resolution (512x512 pixels) and at half the
original resolution (upsampling the 256x256 pixel central crop to 512x512 pixels). As in
the previous experiment, we presented the original, natural sequences as well as artificial
sequences created by linearly interpolating between the end-frames of the natural sequence.
In all, 2 classes (natural and artificial) of 10 sequences each were presented at 2 different
resolutions. Each sequence having 11 frames, 440 unique images were presented over the

course of an experiment, each one being repeated 50 times.

Physiology

The physiological data reported in this thesis were collected from three anesthetized, par-
alyzed macaque monkeys (Macaca fascicularis). Animals were initially anesthetized with
ketamine (10 mg/kg, i.m.) and pretreated with atropine (0.04 mg/kg, i.m.). Anesthesia
was maintained throughout the experiment with sufentanil citrate (4-20 ng/kg/h, i.v.). An-

imals were paralyzed using pancuronium bromide (0.1-0.2 mg/kg/h, i.v.) and artificially
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ventilated using a small animal respirator (Harvard Apparatus or Ugo Basile). The EKG,
EEG, SpO2, heart rate and body temperature were monitored continuously to judge the
animal’s health and maintain proper anesthesia. Eyes were dilated with 1% atropine and
corneas protected with contact lenses. Refraction of the eyes were determined for a mon-
itor distance at 65 cm. We used neural responses recorded from electrodes to determine
ophthalmic lenses yielding the best spatial frequency tuning curves. Retinoscopy was also
performed to determine ophthalmic lenses.

The skull over the occipital lobe was thinned and a custom-made imaging well was at-
tached over regions of V1 and V2 to collect intrinsic imaging data. Within the well perime-
ter, we made craniotomies and durotomies (approximately 20 mm x 20 mm) to expose the
brain. Periodic gratings (at various orientations and spatial frequencies) were presented
to reveal functional maps such as orientation columns and ocular dominance columns in
V1. Functional maps derived from intrinsic imaging determined the V1/V2 border. We
made extracellular recordings from areas V1 and V2 using multi-channel electrodes (Neu-
roNexus). Spike waveforms were isolated from extracellular voltage traces collected from
each channel using Kilosort (Pachitariu et al., 2016). For every isolated unit, spiking ac-
tivity was collected within a time window that was synchronized to stimulus presentation.

Response latencies of 40 ms were assumed for V1 recordings and 50 ms for V2 recordings.

3.3 Estimating neural curvature

Each frame in a sequence will cause the cells we record from to fire at a different rate.
We are interested in the trajectory of the vector of rates over time (Fig. 3.1, black
trajectory), and its curvature in particular. On a given trial, we observe a noisy version of

this trajectory, due to the stochastic nature of neural responses. Having measured these
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Figure 3.1 Inferring neural curvature. Each
T frame in a sequence induces a vector of re-
sponses, whose average is depicted in black. Es-
timating this trajectory from a finite number of
trials (using a trial average) appears much more
curved (red trajectory; Fig. 3.2, left). How-
ever, each set of observations for a given frame
is consistent not just with the trial-average, but
with a family of vectors determined by variance
of each neuron, and the noise correlations be-
tween neurons (red ellipses). Searching for a
value of the curvature that is consistent with
all plausible trajectories, we arrive at a robust
estimate of neural curvature (Fig. 3.2, right).

5
Qe

neuron 1
»

neUI'On 2

noisy trajectories over many trials, it is tempting to estimate the curvature of the true,
underlying trajectory by computing a trial-averaged trajectory and its curvature (Fig. 3.1,
red trajectory). This procedure, however, is plagued by the same biases we encountered in
the previous chapter (Fig. 3.2, left). Indeed, because we must estimate the trajectory from
a finite number of trials, some amount of noise will always contaminate our trial-averaged
trajectory, making it appear more curved than it really is (Fig. 3.1, difference between
red and black trajectories). We have developed a nearly unbiased procedure for estimating
the curvature of a neural trajectory by considering not just the single most plausible rate-
trajectory (i.e. the trial average), but all trajectories that are reasonably consistent with
the data (Fig. 3.1, red ellipses). We evaluate the likelihood of any neural trajectory
by modeling the variance-to-mean relationship of each neuron (Goris et al., 2014) and the

correlations between neurons (Rabinowitz et al., 2015). By reporting the value of curvature
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Figure 3.2 Recovery analysis for neural curvature estimation. We simulated 100 neural tra-
jectories whose curvature was randomly sampled from from 0° to 180°. All other parameters
(number of cells, overall firing rates, super-Poisson variability, noise correlations, dimensional-
ity, path length) were chosen to match those of a neural trajectory in our V1 dataset. We
then simulated an experiment with the same number of trials as in the actual experiment, and
attempted to recover the known curvature from these data. (a) Greedy estimation, in which
we first estimate the most likely trajectory (by averaging over trials), and then calculate its
curvature, is plagued by significant bias. (b) Direct curvature estimation, which reports the
value of curvature most consistent with all plausible trajectories, has minimal bias and relatively
small variance.

that is most consistent with all plausible trajectories, we arrive at an estimate of curvature

which is largely unbiased (Fig. 3.2, right).

Problem statement

For a given sequence, we observe the responses of D cells to T" images, repeated K times.
Let nf 4, be these spike count of cell d in response to image t on trial k, n¥ the vector of such
responses across cells, and IN the dataset of such vectors. On the surface, estimating the
curvature of this trajectory seems much more straightforward than in the previous chapter.

We simply need to estimate the underlying rate of each neuron in response to each image
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by computing a trial average pW , and measure the curvature ¢ of its trajectory over time:

Xt = — Z nf
K k=1
Uy = j\t - 5\1t—1
N Ut
Ut
[[oe]]

However simple, this estimation procedure suffers from a considerable bias (Fig. 3.2, left).
Rather than committing to a single estimate of the trajectory and report its curvature, we
seek the value of the curvature that is most consistent with all plausible trajectories. More
formally, we wish to infer an estimate ¢* of the curvature that is most likely given the data

N | averaging over all plausible trajectories A = {A; }4:

¢ = argmax P(N|c)

= argmax / P(N|A)P(A|c)dA

This requires us to define a likelihood function P(IN|A) to measure how plausible a given
trajectory A is, given the observed spike counts. In particular, we will need to model the
variance-to-mean relationship of individual neurons, as well as their correlations. We also
need to define the prior P(A|c) which expresses how compatible these trajectories are with
a particular value of the curvature. Finally, we will need to (approximately) perform the

high-dimensional integral over plausible trajectories. Given the numbers of frames (11 in
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our experiments) and cells (26-61 in our experiments), a trajectory lives in a continuous
space with hundreds of dimensions and exact computation of this integral is intractable.
Variational tools allow us to derive a lower bound on the objective we wish to maximize,
which we optimize instead, leading to largely unbiased curvature estimates (Fig. 3.2,

right).

Likelihood

Let n¥ be the vector of spike counts on a given trial, and A, the associated rate vector.
Given that images are presented over the course of the experiment in a random order, we
can assume that the spike counts in response to different images and on different trials are
independent from one another:

P(N|A) = HHIP FIX)

=1t=1

Our problem therefore reduces to modeling a vector of spike counts on a given trial n with

a vector of spike rates A .

Poisson

This simplest likelihood function describes the spike counts from every neuron as inde-
pendent from one another, and distributed according to a Poisson given the underlying

rate:

D
P(’I’I,|A) = H PPoisson(nd|/\d)
d=1

—H ndexp(—Ag)

ng!
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Modulated Poisson

The previous model assumes neurons spike independently from one another, and yet neu-
rons are known to exhibit shared variability. Following the work of Goris et al., 2014 and
Rabinowitz et al., 2015, we model the ‘noise correlations’ between neurons by assuming
their rates are modulated by a common gain factor g . Specifically, we assume that they

remain independent and Poisson-distributed conditioned on a multiplicative gain factor g :

where ® denotes the element-wise product between two vectors. If g has independent com-
ponents which are Gamma-distributed, this integral has an analytical solution (a product
of negative binomial distributions) and we recover the ‘Modulated Poisson’ model from
(Goris et al., 2014). Allowing for the components of g to be correlated however enables
us to model dependencies between spike counts. Specifically, we choose the gain to be a

multivariate, log-normal random variable, whose components are correlated:

g = exple, + Leg]

where €, and €, are private and shared sources of noise respectively (which we concatenate
into a single vector € ). The coupling matrix L captures the dependencies between neurons,
and is shared across images and trials. In the case of shared gain fluctuations, evaluating
the likelihood involves an integral over many dimensions (i.e. the number of cells) which is

not practical. Nevertheless, variational inference provides a tractable lower bound on this
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likelihood which we can optimize instead (Jordan et al., 1999):

log P(n|A) = log [ dg P(g) P(nlA,g)
— log / de P(n|A, €) P(e)

> Ep,(cjn) [log P(n|A, €)] = Dic[Py(€|n)[[Po(e)]

where the likelihood P(n2|, €) is again Poisson conditioned on the value of € . We choose the
prior Pyp(e) and approximate posterior Py(e|n) to be Gaussian with a diagonal covariance,
and their KLL divergence is thus available in closed form. The mean and variance of the
prior over private noise €, are chosen such that the mean of the corresponding gain is 1,
and its variance accounts for the amount of super-Poisson variability in each neuron. The
prior over shared noise €, is a standard normal. The trajectory of the rate A , as well as
the parameters of the prior and approximate posterior are all learned simultaneously, using

stochastic gradient descent (Kingma & Welling, 2013; Kingma & Ba, 2014).

Inference

Having connected the observed data to the trajectory of the vector of rates, we now re-
parameterize these rates in terms of the quantities of interest, namely, the length and
curvature of the trajectory. Specifically, we start out by re-parameterizing each rate vector

A; as a point-wise function of a real-valued ‘pre-rate’ vector y;:

At = f/\(yt)
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where f) is a elementwise, rectifying function such as a soft-plus. This ensures the rate
is positive, but we can also choose f) to reflect the geometry of the likelihood function.
Finally, since the T" ‘pre-rate’ vectors 1, live in a 7' — 1 dimensional subspace, we need
only model their relative locations in this low-dimensional subspace. Specifically, we re-
parameterize these high-dimensional vectors y; as a functional of low-dimensional vectors
x; and an embedding matrix E:

y=FE x,

Without knowing this subspace in advance, we learn (and marginalize over) the embedding
matrix E. Asin the previous chapter, we now re-parameterize the trajectory z as a function

of distances d;, curvatures ¢;, and directions of curvature a;:

Ty = Ty + U
vy = dy 0y

O = cos(cy) 01 + sin(cy)ay

These are themselves re-parameterized in terms of real-valued variables, on which we place

the following priors:

dy = fa( 2) 2~ N(f7Hd), 0F)
Ct = 2 zy NN( c*,of)
a; = fa,(2}) zf ~N( 0,3,

E=/fs(2% Z°~N( 0 .1)
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where f; is a smooth rectifying function, f;, ensures that a; is of unit length and orthogonal
to v;_1 and 3, controls the effective dimensionality and aspect-ratio of the trajectory. The
function fg implements the Graham-Schmidt algorithm, which ensures that the columns
of E are an orthonormal family of vectors in the high-dimensional neural space (i.e. E
is a tight-frame). This guarantees that the metric properties of the trajectory {y:}: (i-e.
all pairwise distances, path length, and curvature) are identical to those of the trajectory
{x:}e

Finally, let 8 = {d*,c*,04,0., 2.} be the parameters governing priors of the latent
variables z = {2, 2¢, 22, ZF}. Let Py(2|IN) be an approximate posterior over the latents.
By combining the variational lower bound on these latents with the one obtained for the

likelihood in the previous section, we derive our final objective:

logPg(IN) > —Di1,[Py(2|IN)|[Po(2)] + Ep, () [log P(IV|2)]

> —Dgr[Py(z|N)||[Po(2)] + Z ZE%(ZIN) {logP(nﬂz)}

k=1t=1

> —Drr[Py(2|IN)||Po(2)]

K T
DD By i) Ep, ek iy {10g P(nf|z, Gf)} — Di [Py (€f|ny)|[Po(ef)]
k=1t=1

3.4 Neural straightening of natural videos

The perceptual results from the previous chapter indicate that natural image sequences
are significantly straightened by the human visual system. Our modeling results suggest
that a significant portion of this straightening could be accomplished by computations in

the early stages of the visual system. We tested this hypothesis by presenting the same
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stimuli used in our psychophysical experiments to macaque monkeys, and recording the
activity of populations of cells in primary visual cortex. To visualize the trajectories of an
example natural video in the domain of pixel-intensities and neural activity, we projected
them onto the first principle components. In the intensity domain, this trajectory is highly
curved (Fig. 3.3a, left; curvature = 54°). In the domain of neural responses, it is slightly
straighter (Fig. 3.3a, middle; curvature = 52°). In the high-dimensional pixel-intensity
and neural domains, this difference was much more prominent (pixel-domain curvature
= 105°, neural curvature = 67°). Moreover, this change in curvature was robust across
sequences and neural populations (Fig. 3.3a, right; median change in curvature = —11°,
p < 0.001, two-tailed Wilcoxon signed-rank test ).

We ensured that this change in curvature was not an artifact of our estimation method
by simulating a family of neural trajectories that were matched to the ones we measured in
terms of the firing rates they induced and their overall discriminability, but that displayed
the same pairwise distance structure as the pixel-intensity trajectories. In particular, their
curvature was identical to that in the intensity domain. When evaluated on these simulated
trajectories, our curvature estimation method finds no change relatively to the intensity
domain (change in curvature = —1°, p = 0.42). Moreover, this analysis shows that the
reduction in curvature measured in the recorded neural trajectories is significantly greater
than the variability in our estimates (p < 0.001, test on the difference between neural
and simulated trajectories). Hence, consistently with our perceptual data and hierarchical
modeling, primary visual cortex significantly contributes to the straightening of natural
videos.

Contrarily to our behavioral results, in which trajectories are inferred from the relative

locations (or discriminability) of nearby frames, these data provide the absolute positions
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Figure 3.3 Neural straightening of natural image sequences at multiple timescales. (a) Neural
straightening of natural image sequences at the finest timescale. Left, middle: Two-dimensional
projections of an example sequence in the pixel-intensity (left) and neural (middle) domains.
Right: Change in curvature from the intensity to the neural domain, for 20 natural image
sequences and 5 neural datasets (100 neural trajectories in total). Blue histogram: neural cur-
vature estimated from original recordings. Gray histogram: curvature estimated from simulated
trajectories whose neural curvature is matched to intensity-domain curvature, with all other
parameters matched to those of the neural trajectories. Triangles indicate the median of each
distribution. *** p < 0.001. (b) Neural straightening of natural image sequences at a coarser
timescale (subsampled by a factor of 2). (c) Neural straightening of natural image sequences
at the coarsest timescale (subsampled by a factor of 3). ** p < 0.01.
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of each frame in neural space. As a result, we can infer from them the global structure
of each neural trajectory, in addition to the local curvature. In particular, we asked how
curved these sequences are at multiple timescales. Indeed, measuring curvature between
adjacent frames in a discretely sampled sequence indicates how predictable the trajectory
is at the timescale at which the trajectory was sampled. Yet real world tasks require making
predictions at many different timescales. How, then, does the property of neural straighten-
ing hold up at other timescales? We answered this question by constructing new sequences
that were subsampled versions of the previous set. In Fig. 3.3b we subsample the neural
data (and the associated video frames) by a factor of 2, and re-estimate the corresponding
trajectories. At this coarser timescale, the difference between the low-dimensional pixel-
intensity and neural trajectories is clear (Fig. 3.3b, left, middle; pixel-domain curvature
= 42°, neural curvature = 30°), as it is in the high-dimensional ambient spaces (pixel-
domain curvature = 111°, neural curvature = 32°). Moreover, this reduction is curvature
was consistent across all sequences and neural populations (Fig. 3.3b, right; difference
between neural and simulated trajectories = —9°, p < 0.001). Measuring curvature at an
even coarser timescale (subsampling by a factor of 3) led to similar, although more vari-
able (due to smaller amounts of data) results (Fig. 3.3c; difference between neural and
simulated trajectories = —11°, p = 0.025). Together, these results show that the neural
representation of natural videos in primary visual cortex facilitates their predictability at

multiple timescales.

3.5 Neural distortion of artificial videos

As in the previous chapter, we wanted to verify that the straightening we have uncovered

in primary visual cortex is targeted to natural videos. It could be that all videos, whether
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or not they are natural, see their curvature reduced by the computations found in V1. The
straightening hypothesis predicts that artificial sequences that are behaviorally irrelevant
have to reason to be straight. Moreover, if we consider how rare straight sequences in
high-dimensional spaces are, we would predict that unnatural sequence should instead be
made more curved.

We tested this hypothesis by presenting the same pixel-linear sequences used in our
perceptual experiments. Specifically, these sequences fade linearly from one frame in a
sequence to another (distant) frame. The resulting intermediate frame are highly unnatu-
ral in that they contain a superimposition of two different images. Although an example
sequence is perfectly straight in the intensity domain, it is curved in the domain of neural
firing rates (Fig. 3.4a, left, middle; low-dimensional curvature = 42°, high-dimensional
curvature = 82 °). This increase in curvature is robust across sequences and neural popu-
lations (Fig. 3.4a, right; median curvature increase = 64°) and significantly greater than
the increase in curvature found for simulated trajectories whose curvature was equal to that
of intensity-domain sequences (median increase in curvature = 33°% p < 0.001, difference
between neural and simulated trajectories).

It could be that this increase in curvature is limited to fine timescales. Indeed, were
the directions in which these sequences angle to cancel each other out over time, these
artificial sequences could remain straight at coarser timescales. Hence, we measured the
neural curvature of these sequences at multiple timescales and found a significant increase
in curvature for these sequences at a coarser timescale (Fig. 3.4b, subsampling by a factor
of 2; difference between neural and simulated trajectories = 31°, p < 0.001), and at the
coarsest timescale (Fig. 3.4c, sampling by a factor of 3; difference between neural and

simulated trajectories = 28°).
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Figure 3.4 Neural distortion of artificial image sequences at multiple timescales. (a) Neural
distortion of artificial image sequences at the finest timescale. Left, middle: Two-dimensional
projections of an example sequence in the intensity (left) and neural (middle) domains. Right:
Change in curvature from the intensity to the neural domain, for 20 natural image sequences and
5 neural datasets (100 neural trajectories total). Green histogram: neural curvature estimated
from original recordings. Gray histogram: curvature estimated from simulated trajectories whose
neural curvature is matched to intensity-domain curvature, with all other parameters matched
to those of the neural trajectories. Triangles indicate the median of each distribution. *** p
< 0.001. (b) Neural distortion of artificial image sequences at a coarser timescale (subsampled
by a factor of 2). (b) Neural distortion of artificial image sequences at the coarsest timescale
(subsampled by a factor of 3).
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3.6 Neural straightening predicts perceptual straightening

Having confirmed that primary visual cortex contributes to the selective straightening
of natural videos, we asked whether the magnitudes of these changes in curvature were
consistent with those found perceptually. Fig. 3.5a shows that the curvature reduction for
natural sequences found in primary visual cortex accounts for a significant fraction of that
found perceptually (average curvature change (neural) = —11°, average curvature change
(perceptual) = —33°). Moreover, we find this change in curvature to be well predicted
by the two-stage model of visual cortex we used in the previous chapter. As a reminder,
the first stage of this model captures the functional properties of the retina and lateral
geniculate nucleus with center-surround filtering followed by luminance and contrast gain
control. The second stage decomposes the output of the first into a set oriented sub-bands,
and measures the local energy in each one. If the curvature estimated from our neural
recordings reflects the activity of a combination of simple and complex cells, and simple
cells represent an intermediate stage of computation (between the LGN and V1 complex
cells), we would expect the neural curvature reduction to be contained within that found
in each of the model stages. This is indeed what we find, as the curvature reduction in the
model LGN is —7° whereas the curvature reduction in the model V1 is —23°. Similarly, the
average curvature increase in curvature was well predicted by our model and perceptual
data (curvature increase for model LGN = 12° curvature increase for macaque V1 = 26°,
curvature increase for model V1 = 18° curvature increase for perception = 24°).

Having verified the average curvature found in primary visual cortex, we asked whether
the pattern of change in curvature across sequences was consistent with the one found per-

ceptually. For each sequence, we computed the average change in curvature, across neural

64



60 * natural 60 7 . hatural °®
- artificial - artificial
40 ~ 40 o
© o o9.-0
0 ¢ ¢ 3 e o
> 20 ! ° I £ 20 L e .©
g ° 3 o’
3] c ] (] ]
@ 0+ 1 g 07 e 8 ® ..
2 [ ] 1 o [
g ' 4 e ° o
5 -20 1 220 @ ®
i LI ‘g *
3
-40 | 40 { @
r =0.71
60 - -60 - p < 0.001
[ T T T 1 [ T T T T T 1
pixels ~ model macaque model perception -60 -40 -20 0 20 40 60
LGN V1 V1 curvature change (perceptual)

Figure 3.5 Neural changes in curvature are predictive of perceptual changes in curvature (a)
Average curvature increase found in primary visual cortex accounts for a significant fraction of
the perceptual change. The neural change in curvature is also well predicted by a hierarchical
model of visual cortex, which cascades divisive normalization and non-linear pooling. (b) The
pattern of change in curvature across sequences in primary cortex is significantly correlated with
that found perceptually.

recordings for V1, and across human observers for perception. Although the reduction in
curvature found perceptually is systematically greater than that found in primary visual
cortex, the two patterns are highly correlated (Fig. 3.5b; r = 0.71, p < 0.001). From this
analysis we conclude that although downstream computations will be necessary to fully
explain our perceptual results, early visual areas including primary visual cortex provide a

substantial contribution to the changes in curvature found perceptually.

3.7 Neural straightening beyond V1

Given the role of early visual areas in perceptual straightening, we asked whether down-

stream areas consolidate the neural straightening found in primary visual cortex. To that
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Figure 3.6 Recovery analysis for V1 and V2 populations. Top row: when simulated trajectories
are matched to the parameters of V1 (e.g. in terms of their path length), we successfully recover
known curvature values (left). Nonetheless, the precision with which we resolve neural curvature

depends on the discriminability of successive frames.

As the signal-to-noise ratio increases,

so does the precision of our estimation (right). Bottom row: when simulated trajectories are
matched to the parameters of V2, the recovery analysis fails (left). This can be largely explained
by the fact that neural trajectories in V2 are significantly shorter than in V1 (right). In particular,
very few V2 trajectories are in the regime in which the recovery is reliable (d' greater than 1).
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effect, we gathered a dataset identical in size to the one we have discussed, from popu-
lations of neurons in the second visual area (V2). These data did not, however, enable
us to answer the question we set out to test. We found that our ability to resolve neural
curvature crucially depended on the overall path length of neural trajectories (Fig. 3.6,
right column). Indeed, if successive frames are too close to each other, estimated curvature
becomes overly sensitive to measurement noise. Firing rates were significantly lower in V2
than in V1 (presumably due to anesthesia), causing neural trajectories to be much shorter
(Fig. 3.6, top right and bottom right). Consequently, our measurements in V2 did not
allow us to reliably estimate the curvature of these trajectories (Fig. 3.6, bottom left).

Several factors can be leveraged to address this issue:

e More data. A small number of neural trajectories in V2 are long enough for us to be
able to reliably estimate their curvature. There are currently not enough of them for
us to be able to make any statements about their curvature as a whole, but additional

datasets might give us the statistical power necessary to answer this question.

e More discriminable frames. A new experimental design, in which successive
frames are sampled more coarsely in time (and are therefore more discriminable), or
in an awake animal, could place neural trajectories in V2 in the admissible regime for

neural curvature estimation.

e Better inference. Our direct curvature inference method has freed us of much the
the biases found in two-step, greedy estimation (Fig. 3.2). Yet the variational ob-
jective we optimize only approximates the likelihood of neural curvature, and more
flexible approximate posteriors have been shown to tighten this lower-bound, im-
proving model fits (Rezende et al., 2014; Salimans et al., 2015; Rezende & Mohamed,
2016).
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We are currently looking into each of these directions.

3.8 Discussion

In this chapter, we have validated the contribution of primary visual cortex to perceptual
straightening. Indeed, we found that populations of neurons in V1 significantly straighten
the time-course of natural videos, while distorting artificial ones. Moreover, these changes
in curvature are predictive of the changes in curvature found perceptually, indicating that
the straightening found in V1 could contribute to perceptual straightening.

In addition, we have leveraged our neural measurements to assess the straightening of
natural videos at multiple timescales. These analyses revealed that changes in curvature
do not only occur at the timescale at which we sampled our videos (and at which we had
measured perceptual straightening) but at several coarser timescales. This is of paramount
behavioral importance, as different tasks require making predictions at different time hori-
zons. For example, kicking a football might require making predictions hundreds of millisec-
onds into the future, whereas deciding where to run or who to pass to require longer-term
predictions. We have discovered that V1 facilitates predictions at several timescales (tens
of milliseconds to hundreds of milliseconds), but we do not know whether this will hold
at longer timescales. Two factors seems to indicate that this straightening cannot hold at
arbitrarily long ones. If populations of neurons must learn to straighten the time-course
of natural videos from experience, they will be limited by the coherence (or temporal con-
sistency) of the signal they have access to. In particular, a V1 cortical column seeing the
world through a 2° aperture may not be able to straighten natural videos over as long a
timescale as higher visual areas (Hasson et al., 2008). Secondly, different types of behavior

might place further constraints on the predictability of natural signals. Eye-movements, for

68



example, introduce discontinuities in our stream of visual input several times per second.
How we are able to reconstruct a coherent percept across saccades and form predictions
over longer timescales is therefore a promising direction for future investigation.

Perhaps the most appealing aspect of our approach is its generality. In this chapter, we
were able to cast three very different representations (human psychophysics, computational
models, and primate physiology) into a single format in which they behave lawfully (Fig.
3.5). This paves the way for the deployment of this analysis in downstream areas, for
which functional models are still lacking. At best, visual neuroscience has managed to
differentiate visual areas from their afferents using highly specialized stimuli: oriented
gratings differentiate V1 from the retina (Hubel & Wiesel, 1962), contours and textures
differentiate V2 from V1 (Peterhans & Heydt, 1989; Freeman et al., 2013), objects and
scenes differentiate IT from V4 (Rust & DiCarlo, 2010). Were downstream visual areas to
further straighten the trajectories of their afferents, we would be able to cast all of visual

computation in terms of a single, behaviorally relevant objective.
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Chapter 4

Geodesics of machine representations

4.1 Introduction

We have found the straightening of natural videos to be an effective statistic in distinguish-
ing models of the visual system: in the second chapter, we were able to identify a biologically
plausible model relatively to a generic one solely based on this criterion (Fig. 2.9). Again
using this single parameter-free statistic, we were able to place the primary visual cortex
between the domain of pixel-intensities and perception, and between different stages of a
computational model (Fig. 3.5). This may be contrasted with current approaches in bio-
logical model comparison, in which artificial representations are regressed onto a biological
representation using hundreds or thousands of parameters (Khaligh-Razavi & Kriegeskorte,
2014; Yamins et al., 2014).

However appealing, we do not know how effective this approach will be in shedding light
on higher-level computations of the visual hierarchy. In particular, if computational models
of V1—or V1 itself—already account for a substantial portion of perceptual straightening,
will we be able to distinguish the functional properties of V4 and IT using this method?

Although we may be able to make this statistic more discriminative by measuring curvature
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over longer timescales (Hasson et al., 2008), testing the straightening properties of these
representations for a fixed set of sequences might still prove ineffective in distinguishing
higher-level representations. Furthermore, in addition to distinguishing the computations
of successive visual areas, we would like to know why sequences are straightened by some
areas and not others. Can we gain an intuition for what features in a sequence a particular
representation is straightening, and which ones it is not? We hope to address all of these
issues by no longer asking a particular representation how straight natural sequences are,
but rather which sequences are straightest, and how natural they are.

A related method for probing the selectivities and invariances of a representation is
image synthesis. In this procedure, given a representation and reference image, one samples
from the set of images that are mapped to the same point. These images are highly
informative in that their differences reveal the invariances of that representation. This
has enabled the iterative refinement of a model of visual texture (Portilla & Simoncelli,
2000), testing a theory of hierarchical visual processing (Freeman & Simoncelli, 2011),
and the differentiation of successive visual areas (Freeman et al., 2013). In a different
context, synthesis has been applied to artificial neural networks to reveal their sensitivity
to ‘adversarial perturbations’, in which two images that appear entirely different to humans
are identified by the network as belonging to the same category (Szegedy et al., 2013). In
all of these cases, synthetic images provide a means of verifying or falsifying the hypothesis
that the invariances of an artificial representation are also invariances for a biological one.

But the synthesis test, in which human observers try to discriminate synthesized images,
is one-sided: failures (i.e. visually distinct images) can reveal inappropriate invariances of a
representation, but successes can mask a lack of desired invariances. Consider the standard

case of translation-invariance. The Fourier amplitude spectrum (i.e., the set of magnitudes
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Figure 4.1 Geodesics can reveal either insufficient or excessive invariance, whereas synthesis
reveals only the latter. Top: images synthesized so that their representation is matched to
that of the ground truth image (left). Middle image has matching pixel intensities (i.e., it
is identical to the ground truth image) and right image has matching Fourier magnitudes.
Bottom: synthetic geodesic sequences connecting two translated copies of the same image,
via different representations. Shown are the middle frame of each sequence, and below it, the
temporal evolution of each row of pixels indicated by a horizontal red line. The ground truth
transformation (left) is a translation (as can be seen from the diagonal lines in the temporal
slice), but both geodesics deviate from the true transformation. The pixel representation fully
constrains the image, and has no invariances, and thus the synthesized geodesic images are
simply linearly interpolated between the initial and final images. The Fourier magnitudes, while
translation-invariant, are also invariant to arbitrary phase perturbations, and the synthesized
geodesic image contains Fourier components whose phases are shifted inconsistently.



of Fourier transform coefficients) provides a well-known example of a translation-invariant
representation, but it is invariant to far more than translations, and this is immediately
revealed by a synthesis test (figure Fig. 4.1, top right). On the other hand, simply
representing an image with its raw pixel values (the identity representation) will trivially
produce visually perfect synthetic examples (figure Fig. 4.1, top center) despite the fact
that it has no invariance properties at all.

We seek a more general method of evaluation that penalizes a model for discarding
too much information (as with synthesis) but also for discarding too little information.
Each of these failures can be seen as an inadequacy of the image metric induced by the
representation. Specifically, an image representation deforms the input space, bringing
some images closer to each other while spreading others out, and thus inducing a new metric
in image space. We can expose properties of this image metric by generating a geodesic
sequence of images. Given an initial and final image, we synthesize a sequence of images that
follow a minimal-length path in the response space of the representation. In the absence
of any other constraints, this path will be a straight line connecting the representations
of the two images; more generally, it will be the straightest realizable path connecting
the two points. In the case where the two images differ by a simple transformation (e.g.
a translation, figure Fig. 4.1, left column) that is not mapped to the straightest path
connecting the two representations, the geodesic will differ from the original transformation
connecting the images (figure Fig. 4.1, middle column). Similarly, if the representation
is invariant to many transformations, the geodesic may correspond to a path that uses
a mixture of transformations, and thus differ from the ground truth path (figure Fig.
4.1, right column). As a result, by visualizing whether a representation has straightened

various deformations, representational geodesics can reveal both excessive and insufficient
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invariance in an image model.

We develop an algorithm for synthesizing geodesic sequences for a representation, and
use it to examine whether learned representations straighten various real-world transfor-
mations such as translation, rotation, and dilation. We find that a current state-of-the-art
object recognition network fails to straighten these basic transformations. However, these
failures point to a deficiency in the representation, leading to a simple way of improving
it. We show that the improved representation is able to straighten a range of paramet-
ric transformations as well as generic distortions found in natural image sequences. By
measuring the perceptual length of geodesics synthesized from different models, we show
that the improved representation provides a better match to human perception. Finally,
by generating geodesics from the hierarchical model of early visual areas used in previous
chapters, we arrive at a set of stimuli that interpolate between the straightening of natural

videos and distortion of unnatural ones.

4.2 Synthesizing geodesic sequences

Suppose we have an image representation, y = f(z), where x is the vector of image pixel
intensities and f(-) a continuous function that maps it to an abstract vector-valued repre-
sentation y (e.g. the responses of an intermediate stage of a hierarchical neural network).
Given initial and final images, we wish to synthesize a sequence of images that lies along
the path of minimal length in the representation space (a representational geodesic). If the
mapping is many-to-one (as is usually the case), this sequence of images is not unique. We
resolve this ambiguity by selecting the representational geodesic that is also of minimal

length in the space of images (i.e., a conditional geodesic in image space).
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Objective function

In order to generate such a sequence, we optimize an objective function that expresses a
discrete approximation of the problem, directly in terms of images sampled along the path.
Given a desired sequence length N and initial and final images, {zo, xy}, we wish to syn-
thesize a sequence of images, v = {z,;n = 0... N}, lying along a geodesic in representation

space. The representational path length is

LIf (] = Z:l 1S (2n) = flzn-1)ll

which is bounded by the representational energy

E[f(v)] = Zl £ (x0) — flan)ll3

thanks to the Cauchy-Schwartz inequality

LIf()]? < NE[f(7)]

with equality if and only if the representations are equispaced, which is encouraged by
minimizing the representational energy. As a result, a path that meets this condition (e.g.
the red curve in figure Fig. 4.2) while minimizing the representational energy E[f(7)] is
a representational geodesic.

When the mapping to representation space is many-to-one, there are many possible

solutions to this problem. To uniquely constrain the solution, we define an analogous
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energy term that ensures that this path is also of minimal length in the image domain

N
ER] =3 lon — 2nally
n=1

Since we are looking for the shortest path in image space that is also a geodesic in
representation space, we minimize E[y| conditioned on the path also minimizing E[f(v)].
Furthermore, during the optimization we constrain image pixel intensities to the [0, 1]

range.

Optimization

We optimize this objective in three steps. First, we initialize the path with the minimum
of E[v], which is simply a sequence of images that are linearly interpolated between the
initial and final images. Next we minimize the representational geodesic objective E[f(7)].
Finally, we minimize the image-domain geodesic objective, conditioned on staying in the
set of representational geodesics.

Minimizing the representational geodesic objective in the second step requires optimiz-
ing an image for its representation via a non-linear function, and thus shares much of the
non-convexity found in training deep neural networks. In particular, the curvature of the
energy surface can vary widely over the course of the optimization. For this reason, we used
the Adam optimization method (Kingma & Ba, 2014), which scales gradients by a running
estimate of their variance, providing robustness to these changes in the energy landscape.
We run Adam, using the default parameters, for 10* iterations to ensure that we reach the
minimum of the representational geodesic cost.

To optimize the image-domain geodesic objective while constraining the solution to

remain in the set of representational geodesics, we start by computing a descent direction for
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the image-domain geodesic objective. We then project out the component of this direction
that lies along the gradient of the representational geodesic objective. We take a step in
that direction, then project back onto the set of representational geodesics by re-minimizing
the representational geodesic cost (again using Adam), and repeat until convergence. We

summarize our method with the following algorithm.

Conditional geodesic computation

Require: f: continuous mapping
Require: zg,xy: initial and final images
Require: N: number of steps along geodesic path (N = 10 in all our experiments)
Require: \: gradient descent step size
Ensure: v = {z,;n =0... N} minimizes E[y] conditioned on minimizing E|[f(7)]
Ty %xo + wory nef{0,1,...N} initialize with pixel-based interpolation
minimize E[f(7)] project onto set of representational geodesics
while v has not converged do
4, + V()
d, < V., E[v]

<dr,dp>d
-3 ="

cip —dy — project out representational gradient
Rt Agp
minimize E[f(7)] re-project onto set of representational geodesics
end while

return vy

Despite the non-convexity of the problem, we have good reason to believe that solving
this optimization problem should be feasible for trained neural networks. Since the output
of the first layer is equal to the convolution of the input image with a filter bank, our
problem is similar in complexity to optimizing the weights of the first layer of a network, for
the same objective. Recent theoretical work shows that optimizing all layers of a network
jointly makes the problem significantly more difficult than optimizing a single layer in

isolation (Saxe et al., 2013). Hence optimizing E[f(y)] should be easier than training the
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Figure 4.2 Deviation from the straight line connect-
ing the representations of a pair of images, for differ-
ent paths in representation space. Due to the non-
linearity of the representation (the third stage of L,
pooling of a deep neural network, see section 4.3) the
geodesic deviates slightly from the straight line. The
ground truth transformation (here, a translation) de-
viates similarly, indicating that the representation has
straightened the transformation to a large extent. For
ground truth . . . . —
reference, a pixel-based interpolation deviates signifi-
. cantly more from a straight line. Axes are in the same
geodesic . . . .

units, normalized by the distance separating the end
projection on representation line ~ point representations. Knots along each curve indi-

cate samples used to compute the path.

pixel fade

distance from representation line

full network for recognition. In practice we were able to solve the optimization problem for
a variety of deep networks.

It should be noted that if the mapping f(-) is not surjective, not all vectors in the
representation space are attainable from an input image. Specifically, if the mapping is non-
linear (as for most representations of interest) the set of attainable vectors is non-convex,
and vectors lying along the straight line connecting two representations are not necessarily
attainable. As such, we can only expect to find a geodesic path whose representation is
as close as possible to this straight line by minimizing the representational geodesic cost
E[f(y)]. Figure 4.2 shows an example of this, for the case of image translation. By
construction, the geodesic is closer to a straight line in representation space than either the
ground truth transformation or a pixel interpolation. The ground truth transformation lies
close to the geodesic, indicating that this representation has almost (but not completely)
straightened this transformation. The differences between these two paths can be made

explicit by visualizing the geodesic sequence, as detailed in the following section.
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4.3 Visualizing geodesic sequences

We used our geodesic framework to examine the invariance properties of the 16-layer VGG
network (Simonyan & Zisserman, 2015), which we chose for its conceptual simplicity and
strong performance on object recognition benchmarks. As a “representation” for our tests,
we used the output of the third stage of pooling. Each stage of this continuous non-
linear mapping is constructed as a composition of three elementary operations: linear
filtering, half-wave rectification, and max pooling (which summarizes a local region with
its maximum). We followed the preprocessing steps described in the original work: images
are rescaled to the [0, 255] range, color channels are permuted from RGB to BGR, and the
mean BGR pixel value, [104, 117,124, is subtracted. We verified that our implementation

could replicate the published object recognition results.

Geodesics as a diagnostic tool

We first examined whether this representation linearizes basic geometric transformations:
translation, rotation and dilation. To do so, we compute the geodesic sequence between two

images that differ by one of these transformations, and compare it to the ground truth se-

Figure 4.3 (following page) Comparison of geodesic sequences for VGG network represen-
tation with max pooling (middle column) and VGG network with L pooling (right column)
with ground truth sequence (left column). Three different types of geometric transformation
are tested: horizontal translation (top), rotation around the center (middle), dilation about the
center (bottom). As in Fig. 4.1, square images are the middle frame from the corresponding
sequence, and underneath is the temporal evolution of three image slices, taken along the red
lines shown in the left column. The original VGG network is unable to linearize these trans-
formations (as indicated by the ‘double exposure’ in the middle frame, and the discontinuous
temporal slices), whereas the same VGG network with L, pooling (right column) induces a
geodesic that is close to ground truth.
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quence obtained by incremental application of the same transformation. The extent of the
overall transformation determines the difficulty of this task: all representations (even trivial
ones) will produce geodesics that are close to the ground truth for very small transforma-
tions, whereas all are likely to fail for very large transformations. For our discriminative
test we chose intermediate values: an 8 pixel translation, a 4° rotation, and a 10% dilation.

We found that the VGG network, despite its impressive classification performance,
failed to linearize these simple geometric deformations and produced geodesics with salient
aliasing artifacts (Fig. 4.3, middle column). Given that no subsampling is used in the
convolutional layers, we attributed this failure to the max pooling layers, which subsample
the representation by a factor of 2 in each direction, despite their small spatial extent (a
2x2 pooling region). To avoid aliasing artifacts when subsampling by a factor of 2, the
Nyquist theorem requires blurring with a filter whose cutoff frequency is below 7. Following

this indication, we replaced the max pooling layers with Ly pooling:

Ly(z) = \ g * x?

where the squaring and square-root operations are point-wise, and the blurring kernel g(+)
is chosen as a 6 x6 pixel Hanning window that approximately enforces the Nyquist criterion.
This type of pooling is often used to describe the behavior of neurons in primary visual
cortex (Vintch et al., 2015), and also bears resemblance to the complex modulus used in
the “scattering transform” (Mallat, 2011) which has been shown to be robust to smooth
deformations.

We found that this modified VGG network not only produced geodesic sequences that
were free of most aliasing artifacts, but also linearized these geometric transformations

convincingly, as can be seen in the temporal slices of the geodesic (Fig. 4.3, right column).
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This confirms that, as with the Fourier magnitude and the scattering transform, smooth,
quadratic pooling operators are able to linearize local deformations. Unlike the Fourier
magnitude however, the locality and hierarchical nature of these representations tailors their
invariances to a much more limited set of transformations. Furthermore, this demonstrates
the power of geodesics as a visualization tool for understanding learned representations.
Not only does this diagnostic report a deficiency of a representation (Fig. 4.3, middle
column), it also points to the mechanism of this failure, suggesting a simple way to improve
the model.

This suggests that the VGG network’s performance on object recognition tasks could
be improved by substituting max pooling with Ls pooling, and retraining the network to
decode this new representation. Indeed, the added invariance of this representation could

enable the network to generalize to new viewing conditions more robustly.

Disambiguating spatial scale and nonlinear complexity with geodesics

Thus far we have found that a deep representation is able to linearize a range of real-world
transformations (Fig. 4.3, right column) whereas a shallow one (e.g., the pixel intensities)
is not (Fig. 4.1, middle column). It is unclear, however, whether the improved invariance
of the deep representation is due to the spatial extent over which it computes its responses,
or its nonlinear complexity. Indeed, as we progress up the hierarchy of a neural network,
the effective input region for each unit (the “receptive field”) increases in size, simply due
to cascaded convolution and subsampled pooling. At the same time, the complexity of the
representation increases as a longer sequence of non-linear operations are composed.

In order to separate these two effects, we varied the complexity of the representation

while keeping the size of the receptive field constant. For an artificial neuron, the receptive
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Figure 4.4 Even when matched for “receptive field size”, shallow representations cannot lin-
earize translations as well as deep ones. From left to right: geodesics generated from 1st, 2nd
and 3rd pooling layers, with receptive field sizes approximately matched by altering the spatial
extent of the Ly pooling (to 36x36, 18x18 and 6x6 pixels, respectively). As the complexity
of the representation increases, so does the quality of the corresponding geodesic.

field quantifies the strength of the connection between a location in the image and that
neuron’s activity, and can be measured by computing the magnitude of the gradient of
the neuron’s activity with respect to the image. Hence, the receptive field of a non-linear
neuron changes as a function of the input image. In order to measure the extent of a
neuron’s receptive field across all images, we averaged the magnitude of the gradient of its
activity over a large set of white noise images. We generalized this method to measuring the
receptive field of an entire population by computing the average magnitude of the gradient
of an entire ‘cortical column’, or set of hidden units at a given location.

Using this method, we measured the receptive field size of the representation used in our
previous experiments (third pooling layer of the VGG network with Ly pooling). We then

computed geodesics from shallower representations (first and second pooling layers of the
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VGG network) for which we increased the pooling extent (from 6x6 to 36x36 and 18x18
respectively) in order to match the receptive field size of the deep representation. These
experiments show that shallower layers, despite being matched for receptive field size, are
unable to linearize translations as well as deeper ones (Fig. 4.4). Interestingly, we find a
gradual increase in the quality of the geodesics as the complexity of the representation in-
creases. Hence the curvature of representational geodesics, more than their dimensionality,

is essential for capturing these non-linear deformations of the image.

7

ground truth pixel intensities VGG network, L, pooling

Figure 4.5 Comparison of geodesic sequences for a pixel-based representation (middle column)
and the VGG network with Ly pooling (right column) for a natural movie (left column). Geodesic
sequences are generated between the first and last frame of the original movie. The pixel
intensity representation fails to linearize the sequence, while the VGG network with Ly pooling
induces a geodesic that is close to the original movie. The main deficiency in this geodesic is
due to temporal aliasing, where periodic structure in the image is shifted backwards relatively
to the rest of the image (see first and second temporal slices).



Linearizing natural image sequences

Having tested for the modified VGG network’s ability to linearize simple parametric trans-
formations, we asked whether it can linearize compositions of these transformations that
arise in natural image sequences. To explore this, we extracted 5 frames from the movie
Melancholia and generated a geodesic from the first to the last of these. We find that
this geodesic smoothly transitions between the two images, and captures much of the true
temporal evolution of the video (Fig. 4.5, left and right panels). Relative to the original
sequence, the only errors it produces are due to well known problems in motion estimation.
A large component of the transformation in the video is an out-of-plane rotation due to
the camera panning, creating a composition of translations and dilations throughout the
image. In a region of the image with periodic structure (e.g. the woven cane texture of
the chair), the motion between the two end frames is ambiguous, because the translation
between them exceeds one half of this period. This problem, known as temporal aliasing,
can be seen in the temporal slices, which reveal that the back of the chair is smoothly
shifted in the opposite direction of the rest of the image (Fig. 4.5, right panel). In motion
estimation, this problem is usually solved using a coarse-to-fine approach, in which the
motion of the low frequencies is estimated first, and used to condition (or initialize) motion
estimates derived from higher frequencies. This method can be naturally embedded in
our framework by generalizing the nested conditionalization of geodesic objective functions
(section 2.1). That is, each layer of the network can impose its own geodesic constraints,
conditioned on those imposed by deeper layers. This hierarchical construction provides a
means of solving the problem of temporal aliasing, and more generally should allow the

network to linearize a broader class of transformations.

85



4.4 Perceptual model comparison using geodesics

Visual inspection of the geodesics synthesized by different models allows us to intuit that
the metric induced by some of them is much better matched to human perception than
others. In this section, we would like to quantify that match, as we did in chapter 2 using
the straightness of the representation of natural sequences. Specifically, given a pair of
reference images and a set of sequences connecting them (Fig. 4.6), each model orders
these sequences according their path length in their own representational space. If one
of these sequences happens to be its own geodesic connecting those two images, we are
guaranteed that it will be the shortest of that set (Fig. 4.2). If we are then able to
measure the perceptual length of these sequences according to human observers, we will
arrive at a new ranking of these sequences, and the match between human and model
rankings will allow us to evaluate the perceptual relevance of each model. Specifically,
we are interested in finding which model produces a geodesic with the shortest perceptual
length. Since the geodesic objective also minimizes the variability in step-sizes along the
path, we would also expect a perceptually accurate model to produce a geodesic with
equally discriminable increments.

We construct this psychophysical paradigm as a more constrained version of the one
used in the second chapter, given that we seek only to measure the length of various

perceptual trajectories, not their curvature. We presented human observers with the task

Figure 4.6 (following page) Perceptual model comparison using geodesics. Four sequences
connect an image and its translated copy. Left/green: an incremental translation, representing
the ‘ground truth’ interpolation. Middle-left/red: a pixel-wise interpolation (fade). Middle-
right /yellow: a geodesic synthesized from the 3 pooling layer of the VGG network. Right/blue:
a geodesic synthesized from the 3™ pooling layer of a modified VGG network, in which the max-
pooling operation is replaced by an Ly pooling operation.
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Figure 4.7 Psychophysical paradigm for perceptual model comparison. (a) A single trial in
the experiment, in which the two images being compared are the first and last of a sequence
of 3 images, with the second being equal to one of the other two. Observers are tasked with
reporting which image is unique. Each frame is presented for 200 ms in an annulus whose inner
and outer radii are equal to 2° and 10° respectively. (b) Proportion correct in this task, for a
given observer and two ‘reference’ (or ‘anchor’) images, over many trials. Trials are preferentially
sampled around the steepest part of the (inferred) psychometric curve.

of discriminating pairs of images in an ‘ABX’ paradigm. On a given trial, two images were
presented at either end of a sequence of 3 images, with the middle frame being equal to
one of the other two. Observers were asked to indicate which, of the first or the last frame,
was the unique one (Fig. 4.7a). Rather than sampling these pairs of images uniformly, we
used a staircase procedure. Having selected one (‘reference’) image in the pair randomly,
we chose the second image such that it would lie in the steepest part of the psychometric
curve (in the case of an ‘AXB’ task, situated at a performance level of 68%; Fig. 4.7b),
using a ‘2 up, 1 down’ scheme.

In order to infer the perceptual path length from these measurements, we estimated
the locations (in a 1-dimensional space) of each image that best account for the data.
Specifically, the perceptual representation of each image was modeled as a 1-dimensional
Gaussian distribution with unit variance (Fig. 4.8, top row), whose overlap with neighbor-
ing distributions determined their discriminability (Fig. 4.8, middle row). This predicted

pattern of discriminability could then be compared to the observed discriminability of pairs
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Figure 4.8 Inferring perceptual path length from pairwise discriminability. We associate each
frame from a geodesic sequence to a 1-dimensional, unit-variance Gaussian (top, showing 6
out of 11 such distributions). The overlap between these distributions determines a pattern of
discriminability between pairs of frames in a sequence (middle, each psychometric curve is a
horizontal slice through the discriminability matrix, at the level of the corresponding arrow). This
predicted pattern of discriminability can be compared to the measured pattern of discriminability
(bottom). (@) Perceptual locations inferred from the discriminability of frames synthesized from
the VGG network are far apart and irregularly spaced. (b) Perceptual locations inferred from
the discriminability of frames synthesized from the modified VGG network are close together
and evenly spaced.
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of frames measured in our experiment (Fig. 4.8, bottom row). For one particular observer,
this analysis shows that the frames of the geodesic synthesized from the VGG network are
far apart and unevenly spaced, as evidenced by steep and irregular psychometric curves
(Fig. 4.8a). In contrast, the frames synthesized from a the modified VGG network are
close to each other and regularly spaced, as evidenced by consistently shallow psychometric
curves (Fig. 4.8b).

We performed this analysis on three observers viewing four sequences connecting a pair
of translated copies of the same image. The first of these sequences (Fig. 4.6, left/green)
smoothly translates from one image to the next. The second (Fig. 4.6, middle-left/red)
fades linearly between the two, which is also a geodesic for any linear representation of the
image domain. The third is a geodesic from the original VGG network (Fig. 4.6, middle-
right /green). The fourth is a geodesic from a VGG network whose max-pooling layers
have been replaced with L, pooling. Consistent with the intuition gained from visual
inspection of these sequences, the ‘ground truth’ translation consistently has the shortest
perceptual length and the most regular steps along the path (Fig. 4.9, left/green). The
the pixel-based interpolation and the geodesic synthesized from the original VGG network,
in contrast, are much longer perceptually and have irregular step sizes (Fig. 4.9, middle).
A simple modification to the VGG network allows it to generate a geodesic sequence whose
discriminability is much lesser and more regular (Fig. 4.9, right/blue). However simple,
this example shows that measuring the perceptual properties of geodesic sequences can

provide a powerful test of a representation’s match to biological representations.
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Figure 4.9 Perceptual model comparison across observers. Each point denotes the mean step
size (i.e. path length divided by the number of steps, in this case, ten; top) or the variability in
step sizes (bottom) for one observer and sequence.
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4.5 Dissecting perceptual straightening with geodesics

Having showcased the power of geodesic synthesis as a diagnostic tool, we asked whether
geodesic sequences could shed light on the straightening properties we uncovered in the
previous chapters. In particular, the third chapter showed that perceptual straightening
could arise through the incremental transformations occurring in successive visual areas.
Moreover, we found these same visual areas to distort the trajectories of unnatural se-
quences. Synthesizing geodesic sequences that are straight according to an intermediate
stage of our hierarchical model of visual processing suggests a way of interpolating between
these two results. Indeed, a sequence that is straight according to the LGN stage (Fig.
4.10 top, red) is most likely curved in the image domain due to the non-linear operations of
that stage. This implies that the LGN stage will straighten LGN-geodesics. However, these
sequences being otherwise unnatural, downstream stages have no reason to straighten them
and will likely distort them. Similarly, if our hierarchical model of early visual processing
provides a good account of those computations, a V1-geodesic (Fig. 4.10 top, yellow)
should be straightened by the human LGN and V1, but tangled afterwards.

We verified these predictions perceptually. Using the same psychophysical protocol
and analysis methodology as in chapter 2, we inferred the perceptual curvature of a set
of natural sequences (egomotion, leaves-wind, carnegie-dam and walking), as well as pixel-
domain-, LGN-, and V1-geodesics interpolating between their end-frames. Comparing
the perceptual curvature of these sequences to that in the pixel-domain again allows us
to assess the amount of straightening for each of these sequences. Pixel-domain-geodesics
(the ‘unnatural’ sequences used in previous chapters), which should be tangled by all stages

of the visual system indeed experience maximal perceptual distortion (average change in
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curvature = 41°; Fig. 4.10 bottom, green). LGN-geodesics, which are straightened by
the first stage of the model and tangled by subsequent ones experience less perceptual
distortion (average change in curvature = 27°; p < 0.05, Wilcoxon signed-rank test; Fig.
4.10 bottom, red). Similarly, V1-geodesics, which are straightened by the first two stages
of the model and tangled by subsequent ones experience a change in curvature that is
lower still (average change in curvature = —7°, p < 0.01; Fig. 4.10 bottom, yellow).
Finally, natural sequences, which we assume to be straightened by the entire visual system,
experience a maximal reduction in curvature (average change in curvature = —28° p <
0.05; Fig. 4.10 bottom, blue).

Synthesizing geodesics from hierarchical models of the visual system therefore produces
sequences that can engage straightening or distortion in different visual areas, in a way that
can be experimentally controlled. This suggests that the visual system does not partition
the set of all image sequences simply into ‘natural’ and 'unnatural’ sequences, but rather in
varying degrees of naturalness, as evidenced by intermediate levels of straightening. More-
over, it could be that different visual areas have different criteria for naturalness, with
deeper stages in the hierarchy having increasingly stringent criteria. Geodesic sequences
could provide a way of discerning these criteria, as stimuli used in physiological experiments
similar to those of chapter 3. In particular, if the perceptual definition of ‘naturalness’ and
its corresponding straightening properties are built through successive refinement by indi-
vidual visual areas, we should be able to dissociate these areas based on their straightening
of different classes of stimuli. For example, we would expect primary visual cortex to
straighten its LGN-afferents when presented with a V1-geodesic, but to tangle them when
presented with a LGN-geodesic. If the LGN on the other hand straightens both of these

sequences, this would indicate that primary visual cortex indeed has a more conservative
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Figure 4.10 Dissecting perceptual straightening with geodesics. Top: a two-stage hierarchical
model of early stages of the visual system, as part of a larger hierarchy of unknown modules.
Green, red and yellow arrows represent geodesic sequences that are constructed to be straight
according to the corresponding stage of the model (pixels, LGN, and V1, respectively). The
blue arrow represents natural sequences, which are assumed to be pixel to perceptual domain)
experienced by each class of sequences. Bottom: change in curvature (from the pixel- to the
perceptual domain) for each class of sequences and 11 observers.
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definition of naturalness.

4.6 Discussion

In previous chapters, we found that measuring the straightness of natural images sequences
in different representations to be a discriminative test of their biological plausibility (Fig.
2.9). In this chapter, we have arrived at an even more powerful test by instead asking
which sequences are straightest according to a representation. This has not only enabled
us to distinguish a generic representation from a more biologically plausible one (Fig. 4.9),
but also offered insight into the discrepancy between a generic representation and human
perception (Fig. 4.3). This understanding has allowed us to design a representation that
is better matched to biological vision.

We have applied our analysis to pairs of images that differ according to simple transfor-
mations such as translation, rotation, and dilation. Asking whether human and machine
representations straighten the trajectories of parametrically transformed images amounts
to a direct test of the “untangling hypothesis” (DiCarlo & Cox, 2007). We have found
that human observers indeed straighten these trajectories, but that generic neural net-
works trained for object recognition do not (Fig. 4.3, Fig. 4.9). This suggests that
these artificial representations are solving tasks such as object recognition using a very
different strategy from humans, consistently with the observation that deep networks are
vulnerable to adversarial attacks (Szegedy et al., 2013). Our visualization method has
pointed to architectural modifications that have enabled these networks to straighten para-
metric deformations, and investigating whether similar modifications could lend robustness
to adversarial attacks therefore appears to be a fruitful future direction.

The synthesis of geodesic sequences can be applied to arbitrary image pairs, including
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but not limited to parametrically transformed images (Fig. 4.3) and frames from natural
videos (Fig. 4.5). For example, generating geodesics between two arbitrary images from
the same object category can reveal whether object identity is an invariant of a represen-
tation. An affirmative answer implies that, back in the representation space, all of the
images along the geodesic could be correctly identified using a linear decoder. Further-
more, geodesics synthesized within and between object classes could be an effective way of
probing the metric properties of higher-level visual areas.

Finally, our method suggests a natural extension to hierarchical representations. Our
geodesic sequences were computed by minimizing path length in the pixel domain, con-
ditioned on minimizing path length in a network representation. This process could be
applied recursively in a hierarchical representation, minimizing path length at each stage
conditioned on minimal path length at higher stages. The resulting image sequences, in
turn, could be used to characterize the changes in metric properties across visual areas.
Conditional image synthesis has been used effectively to isolate novel selectivity in par-
ticular visual areas (Rust & DiCarlo, 2010; Freeman et al., 2013). Conditional geodesic
synthesis, by generalizing this method to sequences of images, holds promise to isolate

novel straightening properties along the ventral hierarchy.

96



Chapter 5

Conclusion

We have proposed the temporal straightening hypothesis, a mechanism for how biological
organisms could solve tasks that require making predictions. Specifically, we conjectured
that the visual system might straighten the temporal trajectory of internal representations
of natural videos in order to facilitate their predictability. The first two chapters of this
thesis are direct tests of this hypothesis: in the first we found that human perceptual
judgments are consistent with this hypothesis, in the second that the activity of populations
of neurons in primary visual cortex is likewise. Moreover, we found that the changes in
curvature in each modality (perceptual or neural) were highly predictive of one another,
suggesting that the straightening found in primary visual cortex could support perceptual
straightening. Together, these results suggest that the straightening of natural videos could
be used as a statistic for unifying the computations found at different stages in the ventral
stream. Indeed, this framework enabled us to to cast perceptual judgments, the activity
of cortical neurons, and computational models into a single format in which they behave
lawfully. Future work will investigate whether we can frame the properties of downstream
visual areas in terms of their straightening properties. Doing so would allow us to not only

evaluate the nonlinear transformations of the visual hierarchy, but also understand their
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relevance for a range of behavioral needs.

To design our experimental tests of the straightening hypothesis, we have made two sim-
plifying assumptions. First, we have limited our analyses to the non-linear spatial process-
ing of the visual system. This has allowed us to use standard psychophysical methods and
signal detection theory to infer perceptual curvature, greatly simplifying the interpretation
of those results. It has also allowed us to simplify the physiological protocol and analysis
by assuming independent, random presentation of stimuli and a stationary response distri-
bution. And yet real-world predictions must certainly use the full spatio-temporal context
of our environment. For example, motion and other long-term dependencies provide strong
cues regarding future outcomes. Measuring the perceptual and neural trajectories of con-
tiguous videos is therefore a necessary step towards linking our results to a more natural
behavioral context.

Our second simplifying design choice was to limit our measurements to short sequences
sampled at their original frame rate (usually 30 frames/s). This made our experiments
significantly more tractable, but limits the conclusions we can make about the predictability
of these signals over longer timescales. Indeed, a reduction in curvature at a particular
timescale (or sampling rate) indicates an increase in the predictability of those signals at
that timescale, but does not necessarily generalize to others. We have found empirical
evidence that straightening happens at coarser timescales (up to hundreds of milliseconds),
but we do not know whether this will hold at longer timescales. Repeating our physiological
experiments with longer sequences or coarser rates would allow us to address this question
for neural representations. Measuring perceptual curvature at multiple timescales, however,
might require a new psychophysical protocol that measures super-threshold perceptual

distances (Maloney & Yang, 2003). Connecting the straightening properties of perceptual
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and neural representations at different timescales to the statistics of natural videos therefore
appears to be a highly promising future direction of investigation. In particular, it seems
impossible for a given representation of natural scenes to be predictable at arbitrarily
long timescales. In contrast, downstream areas that encode more abstract statistics in the
signal could be better equipped for making longer-term predictions (Hasson et al., 2008).
Understanding how the functional properties of the visual hierarchy enable predictions
at multiple timescales could as a result be of central importance for building intelligent
systems.

The final chapter of this thesis used the straightening of natural videos as a frame-
work for investigating the selectivities and invariances of artificial representations, and
their match to human vision. Specifically, we developed a methodology for generating
the straightest sequence connecting a pair of reference images, according to a particu-
lar representation. This analysis revealed a failure of current artificial neural networks to
straighten parametrically transformed image sequences (such as translations, rotations, and
dilations) despite humans finding them perfectly natural. In contrast, the ‘geodesics’ of
these representations contained severe artifacts, appearing highly unnatural. Importantly,
these sequences proved to be highly interpretable and pointed to a simple architectural
modification which significantly improved their perceptual relevance.

Geodesic sequences provide a means of bridging the gap between the straightening hy-
pothesis and the functional properties of neural populations and perception. Indeed, the
straightening hypothesis only states that internal representations should be structured to
facilitate their own predictability in time. It does not state what features of the environ-
ment these areas should or should not represent. On one hand, this has been an useful asset

that has allowed us to apply our theory to representations whose functional properties are
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still unknown (human perception and deep neural networks being prime examples). But a
more complete description of the role of straightening in the visual hierarchy must connect
it to the functional properties of individual visual areas. For example, not all natural se-
quences are straightened by the same amount. What features in a sequence determine its
straightening or distortion? Synthesizing geodesics from a computational model that cap-
tures those features provides a means of testing candidate answers to this question. Indeed,
geodesics of our hierarchical model of early vision enabled us to interpolate between the
straightening of natural sequences and the distortion of unnatural ones. This suggests that
the features driving perceptual straightening are those that emerge from the increasingly
complex properties of the visual hierarchy. Further confirmation would require evaluating
the neural curvature of these sequences, and showing that it also interpolates between that
found for natural and unnatural sequences. In particular, synthesizing geodesics from hi-
erarchical models of the ventral stream could prove to be an effective means of dissecting
the contributions of individual areas to the straightening of natural videos.

Finally, however elegant casting known computations into a single framework may be,
the most useful application of the straightening hypothesis would be in deriving the func-
tional properties of mid- to high-level visual areas that so far have eluded mathematical
formalism. Such an endeavor would require optimizing a representation to straighten the
time-course of natural videos. Further terms in the objective would also be necessary, to
determine which aspects of the environment the representation should attempt to predict.
There is a general consensus that the low-level detail of future states is not behaviorally
relevant, and several attempts have been made to establish this distinction automatically
(Goroshin et al., 2015; Lotter et al., 2016; Mathieu et al., 2016). More formally, limiting

oneself to predicting the statistics of the future, rather than its actual outcome, appears
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to be a very promising direction (Babaeizadeh et al., 2018; Buesing et al., 2018; Denton &
Fergus, 2018). Despite these recent advances in machine learning, how biological systems
decide what to represent and predict about their environment remains an open question.
More fundamentally, how are groups of neurons able to evaluate the predictions they make
about the world, and calibrate their internal model? Given the central importance of un-
supervised learning in artificial intelligence, answering this question may be a crucial step

in building machines that understand the world like we do.
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