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Motivation

A first-hand experience
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Motivation

How does the brain solve the slipping glass problem?
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Motivation

How does the brain solve the slipping glass problem?

What changes between the two cases”?

The posture of the hand = Proprioceptive state of the arm
% r% Motion direction on the fingers Cutaneous motion
iﬁj w.r.t the hand ~ information

Motion In sternum-
centric reference
frame stays the
same

Mid-pad to fingers Motion in finger-
centric reference
frame changes

Fingers to mid-pad

Rotation of hand at the
elbow by
180 degrees




Previous Work

and tactile domains
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Analogous motion integration mechanisms in vision
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Previous Work

Analogous motion integration mechanisms in vision
and tactile domains

Visual Domain Tactile Domain
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Previous Work

Analogous motion integration mechanisms in vision
and tactile domains

. Visual Domain Tactile Domain
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Previous Work

Analogous motion integration mechanisms in vision
and tactile domains
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terminators \_

(c) feature density (D,)) PD=arg(S,G,C,+S,,G,C, +W,D,S,GT)

Intersection of Constraints Full-Vector Average model

Pattern neurons in Area 1

Pattern neurons in MT of Somatosensory Cortex
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Previous Work

Analogous motion integration mechanisms in vision
and tactile domains

® I T i i ights f t computed
Tactile motion tuning functions atres  WOgfslor - veclor - compute
studied with the hand in a fixed O e
pOStu re component 1 (b) feature speed (V;)
e PP O
component 2 o
— (W)
; — "
erminators A\ oo e 4ensY B pp - arg (5,66, +5,G,C, +W,D,S,GT)

 Monkey passively experiences the
tactile stimuli and does not
performing a behavioral report.

Full-Vector Average model

Pattern neurons in Area 1
of Somatosensory Cortex

Adelson & Movshon 1982, Nature Vol. 300
YC Pei et. al 2008 PNAS
YC Pei et. al 2011 Neuron 10




Previous Work

Proprioceptive state biases tactile motion report

- PrOp”OC@pUOn |ntr0d uces Posterior-to-anterior view
systematic biases in tactile . Ao |
motion perception “ P & 100
= o= : 900. 8 50 |
- No explicit reference frame . Head LS | B
instructed N £180° 0 *é 0
) QL 507
- No theoretical framework for 60" | Frontoperallel plane - I
explaining the interaction of A , B O
posture and tactile motion SAC P -
cues. 6?3 B £ ="

YP Chen et. al 2020 Scientific Reports 1 1




Research questions of interest

Goal 1: Determine if Goal 3: Determine how

humans can flexibly tactile motion
perceive tactile motion in information is
different proprioceptive modulated by
states and reference proprioception in the
frames? brain?

Goal 2: Develop a
generalizable 1
computational model |
that explains human |
behavioral report.




Research questions of interest

Goal 1: Determine if
humans can flexibly
percelve tactile motion In
different proprioceptive
states and reference
frames?




Methods

Experiment Design: Stimulus Properties

Dot Motion Stimulus

Direction: 0-360°, steps of 30°
Point of Stimulation: Digit 2




Methods

Experiment Design: 2-AFC Motion Direction Discrimination
Two reference frames: Sternum-Centric and Finger-Centric

Two-Alternate Force Choice Motion Direction discrimination

LEFT vs

w.r.t the center of the body

Sternum-Centric Reference Frame

AWAY vs TOWARDS @

the thumb-edge of the palm

Finger-Centric Reference Frame

! \ Dot Motion Stimulus at D2
F\ for 2 seconds, steps of 30 degrees. 19

-



Methods

Experiment Design: Three Proprioceptive States

2-AFC Motion Discrimination Task

Horizontal (H) Inverted Vertical (l)

Sternum-Centric Reference Frame

b

Finger-Centric Reference Frame ? @@
g ’ ;/ :; ' @‘ - W
L j . j " j
T Three proprioceptive states (postures)

=Y Dot Motion Stimulus at D2
T\ for 2 seconds, steps of 30 degrees.

16




Methods

Experiment Design: Trial timeline

2-AFC Motion Discrimination Task

Sternum-Centric/
Finger-Centric

Task Cue

Subjects verbally respond anytime in this window

1-2.5s ITI
I——— 9

2seconds  gtimylus Mouse Click

: - R OFF to advance

o to next trial
Stimulus ON

500ms

Sternum-Centric Reference Frame

b

Finger-Centric Reference Frame

Horizontal (H-0O) Inverted Vertical (I-O)

Dot Motion Stimulus at D2 \~j

i T\ for 2 seconds, steps of 30 degrees. 17



Methods

Subjects flexibly perceive motion in two reference frames

Finger-Centric Task (Away-Towards) Sternum-Centric Task (Left-Right)
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Results

Sternum-centric motion judgements are readout faster
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Motivation

Motivations for an enhanced experiment design

o Strategize associations between the i
discrimination boundaries at a blocked
posture.

80° LEFTvs

w.r.t the center of the body

Stern
|mulated finger

wr l' :
’. 7 /. Rr-CE 0] ic Reference Frame
, 7 4 e di /

-Centric Reference Frame

s BASE

= Modulate proprioceptive state on each
trial

= Generalize observations to other
coordinate systems.

 Low number of individual subject trials

= Sensitivity of motion discrimination in
different coordinate systems

= Systematic biases across coordinate
systems and proprioceptive states.




Results

Proprioception modulates tactile motion perception

In a reference frame-dependent manner
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Results

Faster readout In the sternum-centric condition
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Methods

Variance of the psychometric curve

Lower Variance = Increased Discrimination Sensitivity
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Results

Sternum-centric reference frame has lower

discrimination sensitivity
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Results

Proprioception
biases motion

judgement only g
INn the sternum- R\
centric reference =7} E o

10 30 20 70 90
Posture Angle (°)

Finger Sternum




Goal 1: Determine if
humans can flexibly
percelve tactile motion In
different proprioceptive
states and reference
frames?

Proprioception
modulates tactile
motion perception in a

reference-frame
dependent manner.

o
w
*
(o *
*

Sternum-centric
responses are readout
faster.

o
N
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Proprioceptive State

Reduced motion
discrimination sensitivity
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task indicating Y m
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proprioceptive noise. O miaied "

Proprioception biases
motion judgement in a
reference-frame
dependent manner.
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Research questions of interest

Goal 2: Develop a
generalizable 1
computational model |
that explains human
behavioral report.




Methods

Circular Logistic Function




Results

Circular Logistic fits the data but is not generalizable

p(i)

1_—]?(1,) — ,6() + :61 COS(V,%)) + ﬁz Sin(\/,gff))

Finger-Centric Task (Away-Towards)

1 1Sternum-Centric Task (Left-Right)

- o o gy I
~ ~

-~y

N -

- - =Circular Logistic ¢ e

/
s N\ 1 4

©
o
’
C
©
o
s’

©
o
©
o

O
1
\
O
1

O
N
’

O
N
N
DN
RS

~—-

Ss— .7’ V
1

o
\
]
I

Percentage away the Thumb
o
Percentage Towards Right

-200 -100 0 -200 -100 0
Motion Direction relative to skin (°) Motion Direction relative to skin (°)




Methods

Circular Logistic function for each rotation axis




Methods/ Results

Circular Logistic function for each rotation axis

” ‘ / p . . . . .
\ U log( 1 —p® ) = fo + Prcos(v,, + v, (RF) + B, sin(v,) + v, (RF))
®

— 180°

(1)
P : ] AN i
)0 ) = B, + f3; cos(v" + vlg,)y(RF) + B, sin(v'? + VIE,;(RF))
p" - o
)0 ) = B+ f; cos(v\V) + vlgg(RF) + B, sin(v'? + vlggc(RF))

Circular Logistic is not generalizable to multiple
transformations and reference frames!




Methods

Euler Matrix Transformations

i

Horizontal (H)

RERNHN

] Similar matrix transformation
can be performed at each

Vhorizontal Proprioceptor joints between

two reference frames

RShOMlder(vp,x) T Relbow(vp,z) ' Rwrist(vp,y) '

é cos(f) —sin(d) O
vertical |~ &9 Retwow(Vp) = | sin(0)  cos(@) 0 Only 4 Parameters!
0 0 1
0O —1 O
1 O O Relbow(vp,z) " Viertical — vhorizonml
0O 0 1




Results

Euler-Matrix Transformations explain behavioral results

1F_inger-Centric Task (Away-Towards) Sternum-Centric Task (Left-Right)
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Results

Comparing Circular Logistics and Euler Model

McFadden’s R2 | McFadden’s R2
Model Number of St i AlC
Name Parameters ernum-centric
task

Circular 18 0.42 0.51 7625.8
Logistic

culer 4 0.41 0.45 3375
Model ' '




Results

Sternum-centric behavior deviates from ldeal Observer

Sternum-Centric Task (Left-Right)
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Results

Sternum-centric behavior deviates from ldeal Observer

1 Sternum-Centric Task (Left-Right)
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Results

Idiosyncratic estimation or proprioceptive state

1 Sternum-Centric Task (Left-Right)
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Results

Subjects are choice biased (Experiment 1)

- Finger-centric . Sternum-centric
0.9 0.9 =t
> 7 e - tl
= % % o [=, %
5 0.8 & =a = 0.8
¢ - 0
3 S 3
0.7 0.7
2 sy X 5
0.6 0.6
0.5 | | | | | 0.5 . . | . .
0.5 0.6 0.7 0.8 0.9 1 0.5 0.6 0.7 0.8 0.9 1

% Correct Towards % Correct Left




Methods

Finger-centric Generative Model

----- Inference

Generative

40




Methods

Sternum-centric generative model

cos(0) —sin(@) 0O
Reipow(Vp) = | sin(@) cos(@) O
0 0 1]

Inference
Generative

41




Methods

Choice Bias & LN
Proprioceptive Prior ~J

Bayesian generative model with

10 30 50 70 90
Posture Angle (°)

cos(0) —sin(@) 0O
Reipow(Vp) = | sin(@) cos(@) O
0 0 1]

= = = = |nference

Generative
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Results

Bayesian generative model with prior and choice bias
explains data and is generalizable
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Results explains data and is generalizable
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F1inger-Centric Task (Away-Towards)
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Research questions of interest

Goal 3: Determine how
tactile motion
iInformation Is
modulated by

proprioception in the
brain?




Methods

Training a monkey to do reference-frame motion
discrimination task

TOWARDS
THE THUMB

CEFT \ AWAY FROM
—Xo, THE THUMB

AWAY FROM
THE THUMB

LEFT

TOWARDS
THE THUMB

)

A A




Methods

Animal trained to do this task more naturally.

o ST S

PO L O TS




Methods

Animal trained to do this task more naturally.




Methods

Anesthetized recording from monkey S1

Direction: 0-360", steps of 22.5°

Point of Stimulation: Dependent on
the receptive field within the
somatosensory cortex

NO Reference frame instruction

Neuropixel-NHP were used for
the anesthetized recordings.




Direction - sensitive neurons in somatosensory cortex
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Results

Expected Neural Activity

Gain change only

Phase change only

T~

Phase and gain change combination

Firing Rate (A.U.)
N D OO O N & OO 0O NN & O O

-180 -90 0 90 180

Motion Direction ( °)




Results
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* [raining the monkey to

Goal 3: Determine how perform a naturalistic reach
tactile motion to receive tactile motion in
information is different proprioceptive

states.

modulated by
proprioceptoninthe

brain®? * Multi-unit activity shows T
phase shift and gain shifts :- | A/\/\I
" across postures. MR L AR

* [raining the monkey to perform tactile
motion discrimination in two reference
frames.

* |Individual unit motion tuning across
postures.



Research questions of interest

Goal 1: Determine if Goal 3: Determine how

humans can flexibly tactile motion
perceive tactile motion in information is
different proprioceptive modulated by
states and reference proprioception in the
frames? brain?

Goal 2: Develop a
generalizable 1
computational model |
that explains human |
behavioral report.
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QUESTIONS AND COMMENTS

Goal 1: Determine if humans can Goal 2: Develop a Goal 3: Determine how tactile
flexibly perceive tactile motion in generalizable computational motion information is modulated by
y) different proprioceptive states model that explains human proprioception in the brain?
- and reference frames? behavioral report.
U\ \! ‘ =
| Peln=pe A6 @"‘ﬂx
] | Qe S
SIS — //
. Propriocep_tion modulgteg \\ + * Training the monkey to
ta]?tlle motflOn peéceptlczjn In a perform a naturalistic reach
iﬁae;r?re]fe_ rame dependent | .. o ogistic does not to receive tactile motion in

different proprioceptive

generalize to new reference
states.

« Sternum-centric task has frames and postures.

faster readout. . Sternum-centric data deviates ~ © Multi-unit activity shows
phase shift and gain shifts

. . L from standard Euler model
* Proprioceptive noise in ° across postures.

sternum-centric task . .
 Bayesian Generative model

accommodates individual
choice biases and idiosyncratic
proprioceptive priors.

* Proprioception biases motion
judgement in a reference-

frame dependent manner. 57
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Difference In variance between reference frames
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Mixing prior belief with posture estimate
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Neural immplementation possibilities
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Old Experiment Design




How does the motor rotation look like?




How the reaction time changes with the angle measure.
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Why do we only choose one sensitivity term?
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Similar sensitivity difference

across different
proprioceptive states.
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Responses of the
population Iin two
coordinate
systems

Horizontal (H) Inverted Vertical (l)
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