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What are we hoping to gain by studying the nervous
systems of animals and humans?

e Reverse engineer examples of intelligent systems —
towards building intelligent systems.

e Knowledge that is useful for clinical efforts to improve
human health.

e |Leverage knowledge to augment ourselves.

® Understand ourselves: philosophy, curiosity, aesthetics...

[...in no particular order]
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What I cannot

create, I do not
understand.

Richard Feynman
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Key themes

There is close relationship between understanding movement/behavior generation in the brain and control of
embodied systems.

With optimal feedback control (or equivalently RL), it is easiest to focus on single tasks (in Al and neuroscience).
Hierarchical control has many distinct motivations, but HRL focuses on a few:

In “HRL", temporal abstraction is the dominant motivation.

Sometimes long-term credit assignment (i.e. still temporal abstraction)
Sometimes ease of planning (i.e. again, temporal abstraction)

There is more than this! -- we'll be systematic in the talk

Outline of talk:

Basic setting & Optimal Feedback Control (OFC)

Our summary of the distinct principles/motivations for hierarchy in motor control settings
lllustrative examples of hierarchy in Al (highlights)

Hierarchy in the brain (highlights)

An aside related to questions from the class

Selected research towards building integrated systems
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Virtual environments; Simulated agents
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Virtual environments; Simulated agents
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Embodied control; Ecological perception

Embodied control: The actions should be “raw”;
semantically/functionally complete actions should not be
designed/prescribed.

Ecological perception: An agent should use onboard, )
egocentric sensors for perception and make sense of them in Up, down, left, I’Ight
the context of their own movements and objectives. VS

Why this setting?

Much of what is difficult about control is building new
movements from scratch that are suited to a new setting.

Much of what is difficult about perception is learning what is
important from raw sensory information

Affordances -- learn what in the environment can be engaged
with by the motor system and how and when to do so.
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Optimal feedback control and control of movement

Optimal feedback control has been proposed as a framework for making sense of the movements of animals
(Todorov 2004) -- this built on previous ideas.

The OFC framework amounts to:

1)  Motor control is generated to optimize an objective function.

2) Deviations from an intended trajectory that arise should be corrected by leveraging sensory feedback in a
task-optimal fashion. Together, these first two principles imply that online correction of movements
should prioritize task-relevant dimensions (a “minimum intervention principle”).

3) Internal models help compensate for sensory delays and assist with state estimation.

Even within this, there are many specific implementation choices.

e The architecture is important.
e The optimal control problem can be solved through planning or learning, with many specific choices.

e RL is one way of solving the problem.
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Deep RL for motor control: build agents that control physically
simulated virtual bodies to generate diverse behavior

o _________ uAntn jumping
over gaps

/',‘\-\

“Walker” over
mixed obstacles

Heess et al. 2017 Heess et al. 2017
“Humanoid”

over mixed
terrain

Higher-DoF ---------
humanoid from
vision using
motor primitives

Heess et al. 2017

Merel*, Hasenclever* et al. 2019



Hierarchical control turns out useful for multiple reasons when dealing
with “transfer”, especially for complex bodies solving multiple tasks.

Table 1 Summary of key principles of hierarchical control.

Core principle Brief summary Motivation/utility

Information Different information is routed to different subsystems. Factored learning can require less experience per subsystem.

factorization Subsystems are invariant to hidden information and therefore are

reusable across contexts.

Partial autonomy Lower-level systems function somewhat autonomously, System is more robust and lower-level does not require costly
with modulation from higher-level systems. micromanagement.

Amortized control Movements that have been successfully executed multiple Re-execution of frequently repeated movements should be more
times are compressed into a system that can rapidly computationally efficient than novel variations.

reproduce them.
Modular objectives  Specific subsystems may be trained to optimize specific ~ Training of subsystems can leverage error signals that are denser or

objectives, distinct from the global task objective. more well known than the global task objective.
Multi-joint Movement is produced in a manner that reflects common Exploration and action-selection can exploit commonly co-occurring
coordination patterns across the body. multi-joint patterns.
Temporal Common temporal motifs are abstracted. Behavior specification or planning can occur at a coarser timescale.

abstraction
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Information factorization

Subsumption architecture: A robust layered control partial autonomy

system for a mobile robot

- - -

level 8

level 2

level 1

Sensors —

N

level 0

Brooks 1985

Actuators

)

2)

6)

7)

Avoid contact with objects.

Wander aimlessly around without hitting
things.

“Explore” the world by seeing places in the
distance which look reachable and heading
for them.

Build a map of the environment and plan
routes from one place to another.

Notice changes in the static environment.
Reason about the world in terms of
identifiable objects and perform tasks
related to certain objects.

Formulate and execute plans which involve
changing the state of the world in some
desirable way.

Reason about the behavior of objects in the

world and modify plans accordingly. @



The options framework

“Between MDPs and semi-MDPs: A framework for temporal abstraction in reinforcement learning”

HALLWAY

Sutton et al. 1999

4 stochastic
primitive actions

up

. Fail 33%
left right of the time

down

8 multi-step options
(to each room's 2 hallways)

Fig. 2. The rooms example is a gridworld environment with stochastic cell-to-cell actions and room-to-room
hallway options. Two of the hallway options are suggested by the arrows labeled o) and 0>. The labels G| and
G indicate two locations used as goals in experiments described in the text.
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Temporal abstraction
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Fig. 5. An example in which the goal 1s different from the subgoal of the hallway options. Planning here was by
SVI with options O = A U H. Initial progress was due to the models of the primitive options (the actions), but
by the third iteration room-to-room planning dominated and greatly accelerated planning. b"



Information factorization

Feudal RL Partial autonomy

Modular objectives

Reward Hiding Managers must reward Temporal abstraction
sub-managers for doing their bidding whether or
not this satisfies the commands of the
super-managers.

If a sub-manager achieves the sub-goal it is given
it is rewarded, even if this does not lead to
satisfaction of the manager’s own goal.

Dayan & Hinton 1993

Figure 3: The Learned Actions. The area of the boxes and the radius of the central @
circle give the probabilities of taking action NSEW and * respectively.



Amortized control

Distilling trajectories into a policy Modular objectives

Multi-joint coordination

Perform optimal feedback control using a planner

Distil into a “model-free” policy

Fig. 4. Example of planar walker model and trajectory trail of a typical
policy rollout.

Use feedback gains as part of training signal!

Fig. 6. Ball trajectories generated by training without (left) and with (right)
feedback gain targets

Mordatch & Todorov 2014
Mordatch et al. 2015 ﬂ



Neural probabilistic motor primitives

| observer ir policy
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Merel*, Hasenclever* et al. 2019 @



Examples of hierarchical motor control

We already use hierarchical architectures and anticipate further developments motivated by neural control
of movement.
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Hierarchy in the nervous system

John Hughlings Jackson, considered the whole nervous system to be a
“sensori-motor machine” (before 1870)

Anticipated existence of a motor cortical region.

Anticipated cortical somatotopy and unequal cortical space for different
body parts.

Proposed three evolutionary levels of the nervous system:

e Low-level in brain stem
e Mid-level in the motor cortex
e High-level in the prefrontal cortex




Overview of the brain

Thalamus
Corpus callosum

Hypothalamus

Hippocampus \‘ Cerebral cortex

Pituitary gland
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Decerebrate cats

“A copy of a film that was made by
Graham-Brown in 1939 that
demonstrates the ability of
decerebrate cats to locomote on a
treadmill”

[I believe this is the film]

“Watching a decerebrate cat walk is a remarkable experience” (Whelan 1996)
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Decorticate cats

“During the first few days following the operation, when the animal
walks into a corner, it continues to push forward, butting its head
against the wall. Struggling, sprinting and climbing reactions may
occur, but escape from the corner is accidental. Later on the
animal will turn aside from an obstruction after having bumped into
it, or after having merely touched it with its whiskers or ears.”

David McK. Rioch, 1938

Information factorization Partial autonomy
Amortized control Modular objectives
Multi-joint coordination Temporal abstraction
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Anatomy of decortication/decerebration

Decortication: Removal of cortex without
damage to thalamus or basal ganglia -~
essentially normal behavior!

Decerebration:

(@) Premammillary -- walk on a

i | treadmill
(b) Postmammillary (or
@& RN MLR 50 mesencephalic) -- don't walk
SLR @n PPN\ spontaneously but do with
: OTF stimulation to MLR
\m Spiatoord (c) “Classic” decerebrate of

Sherrington (1906) -- often rigid.

__bec
AM510 5 0 5 10 15 20
Whelan 1996
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Locomotion in [decerebrate] cats

Stimulation of different locomotor
regions in the brainstem:

A. DTF; Locomotor and Postural Suppression

DTF = dorsal tegmental field

VTF = ventral tegmental field 0.18m

MLR = mesencephalic locomotor
region

SLR = subthalamic locomotor region
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Mating movements of male decorticate rats

Evidence for subcortically generated movements by the male but regulation of approaches by the female

76

Whishaw & Kolb 1985

“Tracing from a videotaped sequence
(30 frames/s) illustrating some
movement abnormalities displayed by a
male decorticate rat. Dotted outlines
illustrate initial frame position and solid
lines illustrate terminal frame position. In
the sequence the male initiates the
sequence by approaching the female's
head (1-8). The female turns to face
away from the male (7-12). The male
mounts, clasps, and makes an
intromission (59). Upon dismounting the
male falls to the side (76) and then, as it
sits back to genital groom, propels itself

onto its back and engages in genital
grooming from this position (92-106)" q
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Begin Aside

(My attempt to clarify some of the context in light of questions)
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Questions from the class

Q: If we assume that natural selection hasn't had time to optimize for complex cognitive tasks like programming,
writing novels and theorem proving, how do we explain that some humans are adept at these skills? What is the
basis for advanced mathematical reasoning in a brain designed for jungle survival?

Q: How much of what we believe about our general cognitive abilities can be attributed to the sophistication of
our language and culture, i.e,, by listening and reading we can run someone else's program on our cognitive
substrate, but very few of us could produce a program of comparable sophistication on our own?
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