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Fidelity vs. Realism
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Distortion Measure vs. Perception Measure

@ Distortion measure: d(x, X)

d(x, %) =[x — X||?

@ Perception measure: ¢(px, Px)

Ps) = W2(px,ps) = inf  E[|X — X]|J?
oPx:Px) = WelPx:py) = | inf  EIl ]
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Rate-Distortion Theory: Review

X"—>» Encoder ——>» J —>» Decoder ——>»X"

Je{1,2,...,M}

Assume X" ~ py:
D(>)(R) = im |nffZ]E[HXt X112

s.t. 1 logM <R
n
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Rate-Distortion Theory: Review

X"—>» Encoder —>» J —>» Decoder —>»X"

Je{l,2,...,M}
D)(R) = inf B[|X — X|[?]
Pxx

st. I(X;X)<R

Shannon's rate-distortion theorem
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Rate-Distortion Theory: Review

@ Test channel py, satisfying /(X; X)<R
e Joint distribution pyy = pxPx|x

T(pyg) = {(x",X™) : joint empirical distribution yyngn ~ py 5}

joint-typicality encoding
e Output distribution py,

codebook generation
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Rate-Distortion Theory: Review

@ Codebook generation: X"(j) ~ P i=1.2,....M= 2nl(X:X)

()

01 k) ... X

X LG ... X0

(M) Xap(M) ... X (M)

S /
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Rate-Distortion Theory: Review

@ Encoding: (X", X"(j)) € T(Pyx)

(r N

() X)) ... Ra(D)
X X ... X J21(.1") X!U’) Xn(])
(M) Xap(M) ... X (M)

G /
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Rate-Distortion Theory: Review

@ Decoding:
(1) Xa(1) ... Xa(1) '
LS g% - 2w
X X ... X, Xl(j) Xz(j') Xﬂ{.’) S =1
~E[Ix - 2|7
M) ) .. XuM)

Jun Chen NASIT 2026 June 22, 2026 9/90



Distortion-Rate-Perception Function

@ Blau and Michaeli 2019
D(>®)(R, P) = inf E[|| X — X||?]
Pxx

st. I(X;X)<R
W2(px,ps) < P
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Problem Formulation

@ Test channel P x satisfying /(X; X) < R and W22(px,p5() <P
e Joint distribution pyy = PxPy|x

T(pyg) = {(x",X™) : joint empirical distribution yyngn ~ py 5}

joint-typicality encoding
e Output distribution py

codebook generation
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Problem Formulation

@ Test channel Psx satisfying /(X; X) < R and W2(px,pg) < P

X X ...

Jun Chen

(1) %) ... X))
G &G - EG)
(M) X(a) ... Ru(M)

N -

3

NASIT 2026

1)

LS B[l - 2]

n

~E [ — X112]
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Problem Formulation

@ Test channel Psx satisfying /(X; X) < R and WZ2(px,pg) < P

(—— — -

1) X ... X.) n )
I LS B [1%- )]
; . : ~E [Ix - X7
X X2 ... Xa Xi(g) Gl - Xl >~

Wi oz, ¥za) S P

(M) K(a) ... Ru(M)

G e
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Problem Formulation

@ Test channel Psx satisfying /(X; X) < R and WZ2(px,pg) < P

(—— — -

1) X ... X.) n )
I LS B [1%- )]
; . : ~E [Ix - X7
X X2 ... Xa Xig) X)) - Xl >~

} 13 )
w3 (Dx, “ pr,) <P
-1

(M) K(a) ... Ru(M)

G e
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Problem Formulation

@ Test channel Psx satisfying /(X; X) < R and W2(px,pg) < P

X)) X)) ... X)) - N
R LS B [1% - 1]
#=1
; . : ~E [Ix - X1
X X2 o X X)) K@) - X() >
LS Witpxpy) <P
(M) X(a) ... Ru(M)

S o
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Problem Formulation

X"——>» Encoder

—> J —>

Assume X" ~ py:

D)(R, P) = lim mf—

Jun Chen

Decoder

—)X"

Je{1,2,... .M}

n—oo E

1
L —logM
s.t nog

<R

ZE[HXt Xi%]

1 n
1S Wapopy) < P
t=1

NASIT 2026
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Coding Theorem

X"—>» Encoder

— J —>

Decoder

—)X"

Je{1,2,...,M}

@ Blau and Michaeli 2019, Theis and Wagner 2021, Chen et al.

2022

D(>®)(R, P) = inf E[|| X — X||*]
Pxx

Jun Chen

st. I(X;X)<R

W2(px.py) < P

NASIT 2026
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One-Shot Setting

X—>» Encoder

—> J —>

Assume X ~ px:

Decoder

—> X

Je{1,2,...,M}

(1) =i _ X2
DR, P) =inf E[|1X — X|?

Jun Chen

st. logM<R

WZ(px, px) < P

NASIT 2026

June 22, 2026 18/90



Quantizing the Unit Circle

154

X

—1.5-

1-bit Quantization
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Quantizing the Unit Circle: No Perception Constraint

4

B[IX - X2 =1-
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Quantizing the Unit Circle: No Perception Constraint

WE(px.px) =1- —

T2
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General Observation |

@ Yan et al. 2022

DM(R, P) = D(R, ) if and only if P > D((R, o)
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Quantizing the Unit Circle: Perfect Perception

E[|X" — X||?] = WZ (px. px) = E[[|X — X|I?]

E[|IX — X'[|*] = E[IX — X||°] + E[| X' — X|[*] = 2E[| X — X|[’]
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General Observation Il

@ Yan et al. 2021, Theis and Agustsson 2021

DM(R,0) = 2DM(R, o)
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Quantizing the Unit Circle: Linear Interpolation

X=(1-a)X+aX
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Quantizing the Unit Circle: Linear Interpolation

P =10.01
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Quantizing the Unit Circle: Linear Interpolation

P =0.04
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Quantizing the Unit Circle: Linear Interpolation

P =0.09
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Quantizing the Unit Circle: Linear Interpolation

P=0.16
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Quantizing the Unit Circle: Linear Interpolation

P=0.25
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Quantizing the Unit Circle: Linear Interpolation

P =0.36

Jun Chen NASIT 2026 June 22, 2026 31/90



Quantizing the Unit Circle: Linear Interpolation

P =0.49

Jun Chen NASIT 2026 June 22, 2026 32/90



Distortion-Perception Tradeoff

E[||X — X’

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
P
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Quantizing the Unit Circle: No Perception Constraint

2-bit Quantization
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Quantizing the Unit Circle: Perfect Perception

2-bit Quantization
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Quantizing the Unit Circle: Linear Interpolation

2-bit Quantization
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Optimality of Linear Interpolation

@ Zhang et al. 2021, Freirich et al. 2021

Wa(px,pg) < VP
E[|| X — X[’ = E[|X = X|[*] + E[| X — X||*]
> E[|IX — X|1] + WZ (px. Px)
> E[|IX — X|1?] + [(Wa(Px, pg) — VP)1]?
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Optimality of Linear Interpolation

Consider X = (1—a)X' + aX with a = W (gp y A 1.

@ Distortion loss
E[|X — X[ = E[IX - X + (1 — a)(X = X)|?]
= E[|X — X|P] + (1 — a)E[| X’ — X|?]
= E[|X = X[[?] + (1 — a)*WZ(px. Px)
= E[||X — X[|%] + [(Wa(Px, px) — VP)1]?
@ Perception loss
W5 (px, pg) < B[IX' = X|?]
= E[[la(X" = X)|?]
= o®E[|| X" - X|[?]
= a®WZ (px, pg)
= P A Wi (px, py)
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General Observation Il

@ Yan et al. 2022

DU(R, P) = DV(R, c0) + [(y/ DO(R, 00) — VP), 2
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Common Randomness

X—>| Encoder ——> J —> Decoder ——> X

\ A

Je{1,2,....M} Ke{1,2,...,N}
Assume X ~ px:
DU(R, C,P)=inf E[| X — X|?]

st. logM<R
logN < C

W2(px.py) < P
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Quantizing the Unit Circle: No Perception Constraint

E[|1X — X |5 = 1] E[|X - XK =2] Wipx.py)
1-bit Quantization with 1-bit of Common Randomness

: 4 4(2v/2 — 1
EIIX - X =1 % Wa(ox.py) =1~ 22D
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Quantizing the Unit Circle: No Perception Constraint

E[|IX — X|I’] > WE(px. px)
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Quantizing the Unit Circle: Perfect Perception

E[||X — X'||*] = E[IX — X||’] + WE(px, pg) < 2E[IIX — X]|?]
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Quantizing the Unit Circle: Linear Interpolation

E[|IX — X|I?] = E[| X — X’ + [(Wa(px. px) — VP)+]?
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2-Bits of Common Randomness

1-bit Quantization with 2-bits of Common Randomness
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Unlimited Common Randomness

dithered quantization
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Distortion-Perception Tradeoff

12 —— M—2N-—1
A M—2N=2
O M=2N oo
11
1.0 4
5
' 0.9
=
=)
0.8 1
0.7 1
‘A
A
0.6 1 O R S RO R IR} QOO Q
0.0 01 0.2 03 0.4 05 0.6 0.7 0.8
P
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Information Bits vs. Shared Bits

—1.5- —1.5-
M=2N=2 M=4N=1
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Information Bits vs. Shared Bits

A == M=2N=2
0.8 - \\ ~fe= M =4,N=1
\
\
0.7 x
“A
A~
50‘6' A=A p A=A A= A=A A=A D= A=A A=A A
=3
|
< 0.5 1
=3
0.4 1
0.3
0.2
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
P
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Architectural Principles

' [ v '
1 - p '
MMSE 7 Stochastic ’ Linear ' e
X X X X
7 ' Estimator Generator Interpolator :
! 2
' '
............................................. '
K Decoder

Jef{1,2,....M} Ke{1,2,....N}

@ Freirich et al. 2021, Chen et al. 2026
DU(R, C, P) =infE[|IX — X|[°] + [(Wa(px. px) — VP)+]?

st. logM<R
logN < C
X = E[X|J, K]
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MMSE Estimator

1
1 [ 1
' 1
X Encoder 7 H MMSE X Stochastic Xt Linear : x
: Estimator Generator Interpolator :
! '
:
K

Decoder

Je{1,2,.... M} Ke{1,2,... N}

@ MMSE estimator: X = E[X]J, K]

supervised learning
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Stochastic Generator

Je{l,2,.... M} Ke{1,2,...,N}

@ Stochastic generator: Simulate the optimal transport plan Py %
that achieves WZ(px, py)
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Stochastic Generator

@ Without common randomness

E[|IX — X|I’] = WE(px. px)
= Px/|x = Pxx

@ Posterior sampling
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Stochastic Generator

@ With common randomness

E[||X — X|[%] > W (px, Px)
= Px'|x 7 Pxx

@ Rectified flow

Yo
33
/\
A
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Linear Interpolator

1

' [ v '

' MMSE 7 Stochastic ’ Linear : X
X Encoder J— Esti X P ! X I Lat T

' stimator enerator nterpolator | 1

1
. 1
_____________________________________________
K Decoder

Je{1,2,.... M} Ke{1,2,... N}

@ Linear interpolator: X = (1 — )X’ + aX with o = Wf%) A
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'
[ 1
’—¢—‘ '
MMSE 7 Stochastic ’ Linear ' e
X X X X
Encoder 7 Estimator Generator Interpolator :
4 1
'

K Decoder

Je{1,2,.... M} Ke{1,2,....N}
@ Encoder: (X,K) — J

nonlinear transformation + quantization
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Universal Representation

1

1 - ’—¢—‘ '
MMSE 7 Stochastic ’ Linear ' e
X X X X

7 ' Estimator Generator Interpolator :

! 2
' '
_____________________________________________ '
K Decoder

Je{1,2,.... M} Ke{1,2,... N}

A representation is said to be universal if the choice of the optimal
encoder does not depend on the specific perception constraint P.
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Universal Representation

UWRCP%ﬁgMM—XW+K%merw5MF

st. logM<R
logN < C
X = E[X|J, K]

Universal representation exists in the absence of common
randomness (C = 0):

UWRQH=QWWX—MW+K E[|X — X|2] = VP), 2
st. logM<R
X = E[X|J]
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Experimental Results

X X b Koo
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Experimental Results
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Asymptotic Setting

X"—>» Encoder

—> J —>

Assume X" ~ pg:

D(>®)(R,P) = lim inf 1

Jun Chen

Decoder

X"

Je{1,2,....M}

n—ocoE,.D N

1
st. —logM
I’log

<R

n
> E[|IX: — Xil|?]
t—1

1 n
~>_ Wi(px.pg) < P

t=1

NASIT 2026
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Asymptotic Setting

X"—>» Encoder

—> J —>

Decoder

X"

Je{1,2,...,M}

@ Blau and Michaeli 2019, Theis and Wagner 2021, Chen et al.

2022

D(>®)(R, P) = inf E[|| X — X||*]
Pxx

st. I(X;X)<R

W2(px.py) < P

deterministic encoding and decoding suffices!

Jun Chen

NASIT 2026

June 22, 2026 62/90



One-Shot Setting

X—>

Encoder

—> J —>|

\

Decoder

——> X

A

\

K

Je{1,2,.... My Ke{1,2,....N}

Assume X ~ px:

DR, C,P)=inf E[| X — X|?]

Jun Chen

st. logM<R
logN < C

W2(px.py) < P

NASIT 2026
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One-Shot Setting

X—>

Encoder

—> J —>|

\

Decoder

——> X

A

\

K

Je{1.2,.... My Ke{1,2,....N}

@ Freirich et al. 2021, Chen et al. 2026

D(R. C, P) =infE[|X — X|[?] + [(Wa(px. Py) — VP)+ 7

Jun Chen

s.t.

logM <R
logN < C

X = E[X|J, K]

NASIT 2026

(common) randomness is essential!
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Random vs. Deterministic

@ Asymptotic setting (R =1, P=0)

N T I o
D*)(1,0) = lim inf > "E[|IX; — Xi]
b :1

1
L —logM <1
s.t nog <

1 n
t=1

@ One-shot setting(R=1,P =0)
(1) — _ X112
D(1,C,0) = inf E[|IX — X|]
st. logM <A1
logN < C
WZ(px, pg) <0
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Symbol-Level vs. Sequence-Level

@ Symbol-level perception constraint

1 n
~ > Wi(px.pg) < P
t=1

@ Sequence-level perception constraint

’
n WE(pxn, Pgn) < P
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An Alternative Formulation

X"—>» Encoder ——>» J —>» Decoder ——>»X"

A A

K
Je{1,2,.... M} Ke{1,2,...,N}
Assume X" ~ py:

R o
D*)(R, C, P) = Jim_inf S E[IX: — Xl
' t=1

s.t. 1IogMSF?
n
1
—log N <
nog <C

1
EWZZ(pX”’p)A(n) <P
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Fundamental Limits

@ Asymptotic setting

DENR,C.P) = inf  E[IX = X|P]+ [y E[|X — X|2] = VP),

wvEN(px,py)
st. L(X;X)<R
L(X;X)<R+C
X =E.[X|X]
@ One-shot setting
DR, C, P) =inf E[|X — X|[°] + [(Wa(px. pg) — VP)+ 7
st. logM<R
logN < C
X = E[X|J, K]
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Fundamental Limits

@ Asymptotic setting

DENR,C.P) = inf  E[IX = X|P]+ [y E[IX — X|2] = VP),

wvEN(px,py)
st. L(X;X)<R
LX;X)<R+C
X =E.[X|X]
@ One-shot setting
DY)Y(R,C,P) = inf E[||X — X|P]+ [(Wa(px. pg) — VP)4 P
st. logM<R
logN < C
X = E[X|J, K]
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Operational Encoding vs. Virtual Encoding

00 2P . 2B
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X000 2P o ZP00
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Operational Encoding vs. Virtual Encoding

Jun Chen

X

Xa

. Xa
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X000 2P o ZP00
xP0) 2P .. 2P
06 P26 . 2P0
P00 xPon . X200
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Operational Encoding vs. Virtual Encoding

Jun Chen

X

Xa

. Xa

0 2 . 2
6 P00
o0 2P0 .. =Pan
P 2P ... 2P
0 2P0 - 2006
P00 P00 . XPen

W o
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6 X0
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xM0n %00 .

X
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Operational Encoding vs. Virtual Encoding

i @00
-15 -0 —05 00

—0.54

15+ 15+

E[|lX - X|*|K =1] E[|lX — X|?|K =2
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Operational Encoding vs. Virtual Encoding
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Operational Encoding vs. Virtual Encoding
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Operational Encoding vs. Virtual Encoding
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Operational Encoding vs. Virtual Encoding
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Symbol-Level vs. Sequence-Level

n
@ Symbol-level perception constraint: 1n > W22(px,p5(,) <P
t=1

D>®)(R, P) = inf E,[|IX — X|?]
P x

st. I(X;X)<R  Blau-Michaeli
WE(px,pg) < P

@ Sequence-level perception constraint: %Wg(pxn,pf(n) <P

D>¥)(R,C,P) = ip)_(f ELIX — X[+ [VE[IX — X||2] = VP),J?
wveN(px,py)
st. L(X;X)<R  reduces to Blau-Michaeli
(X;X) <R+ C when C = !
X =E,[X|X]
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A New Perspective

i @00
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A New Perspective

image manifold

compressed image
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Quantizing the Unit Circle: No Perception Constraint
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Quantizing the Unit Circle: Perfect Perception (l)
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Quantizing the Unit Circle: Perfect Perception (ll)
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Distortion-Perception Tradeoff

<
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Yet Another Formulation

X"——>» Encoder

——>» J —>»| Decoder ——>»X"

Je{l1,2,...,M}

Assume X" is uniformly distributed over image manifold M

n
D(OO)(F,” P) = lim inf 1 ZE[HXt — )A(t||2]
—1

Jun Chen

n—ooED N
1

T myz<p
n
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Coding Theorem

Assume M, = T (px):
D(>)(R, P) = inf E[| X — X|)?]
Psx

st. I(X;X)<R
W3 (px, pg) < P

Blau-Michaeli again!
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Is the Image Manifold a Typical Set?

@ No
Permuting a typical sequence yields another typical sequence;
however, permuting the pixels of a natural image does not
guarantee a natural image.

@ Yes
Natural images reside on a low-dimensional manifold in a
high-dimensional space. This represents a concentration
phenomenon, analogous to the behavior of a typical set.
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Conclusion

@ Rate-distortion-perception theory: An evolving framework
e Nature of perception measures
@ Role of common randomness
e Computation of fundamental limits

@ Principles of system design
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The End

Questions? Comments?

Jun Chen NASIT 2026 June 22, 2026 90/90



