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Introduction: what is an image?

“Pictures are pictures relative to some input device (format), in themselves
they are but records. A record may be a different picture to different input
devices.”

—JAN KOENDERINK
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example 1: digital image
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example 3: patient scan
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examples 1-3

record

input device

[J image file

xv display program

[] retinal irradiance

receptive fields

attenuated X-rays
[0 e" emission
radiofrequency waves

CT scanner
SPECT scanner
MR scanner

generic situation: “duality”

record

input device (format)

source field = raw image

detector device = filter

Os
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example 1: classical image representation

[0 “hidden” duality: image independent of filter paradigm:
e image = raw image
o fij, (i,j) € Z?
e f(z,y), (z,y) € R?

[0 operations defined directly on raw image

example 2: classical differentiation

O f(z,y) — f'(z,y) ill-posed

O fij = fj; ill-defined (no “infinitesimals” on discrete grid)

06
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ll-posedness

f(@)+6f(z) = f(z)+f(x)

f(x) f'(x)

f(x)+of(x) f{x)+of (x)

o7z
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ll-posedness

flx,y) +0f(z,y) — folz,y) +0fe(z,y)

f(x,¥) £ (%,¥)
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ll-posedness: possible causes

[11lack of smoothness?
no:

e continuous space: f,df € C* in all examples!
e discrete grid: what is smoothness?

[ wrong function topology?

yes:
e V is well-posed if
frg iff f(z)=g(x) A Vi(z)= Vy(z)
or
O0f =~ 0 iff §f(x)~0 A Vif(x)~0
but...:

e constraints on § f unrealistic: no control over noise!
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ll-posedness: possible solutions

[J smoothing (regularisation)?
odd:

e if lack of smoothness is not the problem then how could smoothing solve it?
e smoothness—therefore smoothing—ill-defined for discrete data
e one should not tamper with the evidence!

] duality!
conceptually correct:

e evidence = “read-only”
e evidence “generates” image
e generator = input device (format) = filter



TU/e technische universiteit eindhoven

ll-posedness: possible solutions

O ill-posedness ~ discontinuity:

D @)+ 8@ — @)+ 0 )

dx
define .

5f(z)=cg (5) with 0<d,c<1
and

g(x),d (x),d"(x),¢"(x),... <1 Vaz
then

6f(2) = 54
5f"@) = =g

Sf"(z) = Sg/// (%) s
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Kant/Russell

“Ich werde ... jederzeit nur unter den Bedingungen der Sinnlichkeit vergleichen miissen,
und so werden Raum und Zeit nicht Bestimmungen der Dinge an sich, sondern der Er-
scheinungen sein: was die Dinge an sich sein mogen, weif$ ich nicht, und brauche es auch
nicht zu wissen, weil mir doch niemals ein Ding anders, als in der Erscheinung vorkom-
men kann.”

—IMMANUEL KANT

“It has appeared that, if we take any common object of the sort that is supposed to be
known by the senses, what the senses immediately tell us is not the truth about the object as
it is apart from us, but only the truth about certain sense-data which, so far as we can see,
depend upon the relations between us and the object. Thus what we directly see and feel is
merely ‘appearance’, which we believe to be a sign of some ‘reality’ behind.”

—BERTRAND RUSSELL
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duality: Kant/Russell formalised

“But if the reality is not what appears, have we any means of knowing whether there is any
reality at all? And if so, have we any means of finding out what it is like?”

“...every principle of simplicity urges us to adopt the natural view, that there really are
objects other than ourselves and our sense-data which have an existence not dependent
upon our perceiving them.”

—BERTRAND RUSSELL

[0 ‘Dinge an sich’, ‘reality’ O raw images

fex

O ‘Sinnlichkeit’, ‘senses’ [ filters

R SIAN

[0 ‘Erscheinungen’, ‘sense-data’, ‘appearance’ [I samples

{f,0} — {flo) e R

013
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duality

raw image: f € 2
[l
filter: p € A

]

sample: {f, ¢} — (f|¢) € R
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duality: instances

[] Morphological Duality:

[] Topological Duality:

(fl¢) = de( ) $(2)

f(x)¢(x) 1= [ fx) )

IYAAVANIN N
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duality: instances

[] Pseudo-Topological Duality:

(Flé) = %m / dz 7 g(2)

[1 PTD is sort of “in-between” TD and MD:

e lim PTD =TD
pu—0

e lim PTD=MD.
pu—=+o00
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samples Versus scans

[0 ascan is a coherent set of samples obtained by scanning a region of interest;
[J 2 options: one can

[ translate the source, or
O translate the detector in opposite sense
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samples Versus scans

e T,: “translation over z”, acting on y yields = + y
e T, acting on f(y) yields f(z + y)
e T, acting on ¢(y) yields ¢(y — z)
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MD: dilation & erosion

f@o(x)=sup[f(z+y)+ o) ] =sup[fly)+o(y—2)]

Yy Y

feé(x) =igf[f(x+y) —o(y)] =inf [ f(y) — d(y —2)]

Y

TD: correlation

fw(x)=/dyf<x+y>¢<y>=/dyf<y>¢<y—x>
[1 henceforth: TD
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generalisation

e 0(y): any transformation acting on “empty space”
e 0* f—pull back—acts on %

e 0.¢o—push forward—acts on A

e by definition:

(0" F16) = (f16-0)

[0 admissible §’s constitute a group ©

[1 abstract infix notation:

{f,0,0} — (f10]9)
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groups and semigroups

semigroup

[Jforalln,6 € ©:nofcO

[Jforall 6,7, € ©: (§on)oh =00 (nob)

[ there exists a unique id € © such thatforall € ©:id 00 =60oid =0
group

[] for all § € © there exists a unique #™ € © such that § o 4 = id
abelian (semi)group

[ foralln,6 € ©:noh=0on
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push forward & pull back

0'f < fod
&
O flg) < (flo.g) © (f0]0)

Vv
change of dummies

]
0,6 = | det V™| ¢ o g™
N——

jacobian

[0 6" = pull back
0 6, = push forward
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overview: feX, oe A, 0e€0, (flfl¢) €R

0 <fleloy R
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covariance: active and passive view

(0" f10¢) = (fl)

active view

e (:M—-M

e “warping of spacetime (and everything in it)”

passive view

e /:R" — IR"

e “coordinate transformation” = “relabelling of spacetime”
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covariance: active and passive view

automorphism

manifold M coordinate chart IR™
Active view: 6 "warps" Passive view: 0 "relabels"
the spacetime manifold the spacetime manifold



technische universiteit eindhoven
TU/e
Einstein/Schlick

“Spacetime does not claim existence on its own, but only as a structural quality of the

field.”
—ALBERT EINSTEIN

“Space and time are not measurable in themselves: they only form a framework into which
we arrange physical events.”

—MORITZ SCHLICK

e 0(x) “transformation of a void” ???
e 0* f “raw image warping”

e 0.¢ corresponding filter adaptation, such that

(0" fl¢) = (f10.9)

0 26
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group ©

e O = symmetry group of “empty spacetime”
e “classical spacetime”:

[0 homogeneity = spacetime shift invariance
[ isotropy = spatial rotation invariance
[0 spacetime scale invariance

e 0 € © = measurement (control) parameter:

[] location and moment of interest
[1 orientation
00 resolution

g|t! faet |0 110 ||, [t
#|TPIONT | |0 R || 7| |7
dummy dummy
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group ©

[J transformation of spacetime:
0(z2) =Az+=x
O pull back f € >:
0°f(z) = f (Az + z)

O push forward ¢ € A:

0.0(2)
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device space A

[ group O?

[0 device space A?

assumptions:
[ genericity: A “sufficiently large”
0 plausibility: A physically realizable

O consistency: A “closed”
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A consistency

O genericity: A “sufficiently large”
O plausibility: A physically realizable

[1 consistency: A “closed”:

fex = fxpel VopeA

(fx)xv = fr(p*)

algebraic closure:

O, EN = oPxpeEA
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A consistency

if feYthen fx¢ e Xforallp € A

i

X d: dualA

[] one piece A representative of entire chain
0 31
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algebra

algebra

e group with 1 external operation and 2 internal operations
[ “scalar multiplication”
[ “addition”

[ “multiplication” (or “concatenation”)

U + [J vector space

[ algebra

0 32
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algebra

algebra

[ (aob)oc=ao(boc)foralla,b,ce A
Jao(b+c)=aob+aocforalla,bce A
[J(a+b)oc=aoc+bocforalla,b,ce A

[ Xaob)=(Xa)ob=uao () foralla,be A, X € R

algebra with identity
e for all a € A there esists a unique e € A such thateoca=aoe=a
regular algebra

e algebra with identity
e for all a € A there exists a unique ! such thataoa ! =atoa=e

commutative algebra
aob="boaforalla,be A

033
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device space A

[ genericity: A “sufficiently large”
[1 plausibility: A physically realizable

[ consistency: A “closed”

[0 possible choice: Schwartz functions:

A= S(R)

[0 tempered distributions:

x = S(RY)

034
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N

¢ € S(R")
iff

¢ € C*(R")
and

sup |*Vzo(z)| < 00
xeIR"

0 35
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» € SR

T e S'(R")
iff
T'[¢]] < csup |27V o(z)

zelR™

036
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special case: regular tempered distributions

Riesz representation formula

Flol = [do f(z) (@)
prototype non-regular tempered distribution:

0 [¢] = ¢(0)
[J notation: F has Riesz representation f(z)

[J common practice: Riesz representation in all cases

e F' =4 has “Riesz representation” f(z) = 6(z)
e § important in “reverse engineering”
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derivatives of tempered distributions

VF|¢| = —F[Ve] = (f|VI¢)

[0 well-posed
[] operationally well-defined

[J correspondence principle:
if i~ feClthenVE ~Vfe(C’

038
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Image definition [
{f, 0,0} — (f|0|¢) with6(2) = Az + x

[J raw image f € S'(R")
[1 spacetime parameters f € O

[ filter ¢ € S(R")

039
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Image definition

problems

0 A = S(IR") too large for implementation
[J no notion of “differential order”

[J need for “oth order” = “point operator”

0 id ¢ S(IR")

0 40
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Image definition: point operator
{£,0,6} — (fl0l¢) with 0(2) = Az +x

ansatz: ¢ € ST(IR)

[J consistency: ¢ generates autoconvolution algebra

[0 unique solution:

1 1 1
2z, \) = - exp|—= (z—z)" A (z—2x)”
0lei,A) = o exp | = (=) Ay (s

41
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Image definition: point operator

0 X XT=XTX =id: “hyperrotation”

[0 A: symmetric, positive definite matrix

[0 classical spacetime group: strict subset of affine group:

<= [olR] e v [T

0 42
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Image definition [

[J raw image f € G'(IR")

[] spacetime parameters 6 € O

{llis B[

dummy dummy

043
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Image definition [
summary

[0 an image I is defined by a triple {f, ¢, ©}:
e [ € X: raw image
e ¢ € A: filter/point operator
e O: spacetime symmetry group

together with a duality paradigm ¥ = dual A:

o 1 (11010) ¥ {(1100) | 6 € O}
[0 duality options:

e topological:

[0 Schwartz’ theory (“image processing”)

[ scale-space theory (“image representation”)
e morphological: dilation & erosion scale-space based on QSF
e other options
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Image definition: Gaussian scale-space

summary

an image is operationally defined by correlation of raw data and Gaussian point operator
an image is a smooth function of spacetime (¢, #) € R"

an image depends on spatiotemporal scale parameters (7,0) € RT x R"

O O O O

image derivatives are operationally defined by correlation of raw data and transposed
derivatives of the Gaussian point operator

[0 image differentiation is well-posed

0 45
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scale-space image
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data, models, and images

e PDE framework:

)Y ~ initial conditions

A + duality ~ propagators

) ~ symmetry group
e example:

— topological duality «— linear scale-space:

Osu = Au

. PDE approach

— morphological duality «— dilation & erosion scale-space:

dsu = £||Vul?

— other types of duality: other PDE’s, e.g.

Osu

1+ |y

O 47

(Au =

ullVul?)
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scale-space image: “deep structure”

sample
value

o grey-scale image

e binary image

T

048

sampling apertur(
(logarithmic units
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analogies

image representation: analogies

[1 Brownian motion

e Einstein’s argument (diffusion)
e functional integration

[J regularisation

[J entropy

049



TU/e technische universiteit eindhoven

deep structure: study an image as a family

[J spurious resolution
[J iso-intensity linking

[J catastrophe theory

O 5o
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deep structure

[J spurious resolution

non- enhancement principle in nD:

. n i 8f
Z 8m 6’xJ — g oz

dog=1l =

. symmetric positive definite matri

00 homogeneity, isotropy & parametrization: a(x;s) =1

O 51
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deep structure

[J spurious resolution

O 52
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deep structure

[J iso-intensity linking

e basic principle: £, f(x;s) =0

of ,  Of -
&SU +0xiv_0

e gauge condition: “proximity”
U Vf and " =|[[Vf]

e solution: linking field

(0% 9) = (IVfII% —Af V)

053
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deep structure

[J catastrophe theory

[J control parameter: scale

[J constraint: diffusion equation

morsification of generic events in 2D

[1 annihilation event

f(z,y;8) = 2° + 625 + ay® + 25)

[l creation event

f(z,y;8) = x° — 625 — 629° + a(y* + 25)

U 54
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deep structure

[J catastrophe theory

f(z,y;8) = 2° + 625 + a(y® + 25)
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deep structure

[J catastrophe theory
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multiscale local jet

ansatz: u(x;t) = >V f(x = 0)

truncatlon

Zu” o P g )

m=0

0 homogeneity constraint: discard z® ¢/ if |o| +2j > k
O .., = (=1)"F|@5,...,,]

e m < k: measurements
e m > k: metamerism

O Pu+'m(x;t): image model

Os7
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multiscale local jet

multiscale local jet of order k:

Zu,l i Ptm (g )

m=0

058
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multiscale local jet

multiscale local jet of order k:

Zu,l i Ptm (g )

m=0
¥ = o0
Pi = O—
P’ = —oo— + —o—
P" = olo é | |

N T N N TN

PM= __3 + — &%—m + .. + —o0o— + ..

(6 permutations) (3 permutations)

059
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multiscale local jet

when to use P (x:; )

[0 theory & applications, such as

e local study of deep structure, e.g. catastrophe germs in scale-space
e interpolation, e.g. iso-intensity linking with sub-pixel precision

e extrapolation, e.g. “deblurring”

e other sub-pixel algorithms
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temporal causality

[ off-line analysis:

e no time horizon
e no causality problem

[J real-time analysis:

e time horizon (“present”)
e causality problem
e ¢.g. vision, stock market behaviour, etc.

0 61
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temporal causality

manifest temporal causality: map past onto real axis isomorphically

T, : t<a T :t>a

T: t=a

0 62
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temporal causality

manifest temporal causality: map past onto real axis isomorphically

[ “classical time”: affine invariance

O temporal shift invariance
[0 temporal scale invariance

O 7: intrinsic delay: s,(a — 7) =0

0 63
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temporal causality

tiif(s) (f o t,)(s >

ORSIAN LN Vg € taxA

|

S t—“> t
| I
ex

fa€ZX L f

Tq

O ¢! f: “causal source”
O t,.¢: “causal filter”

O (f|t.|¢): “causal sample” (unbiased view)

O 64
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temporal causality

kernel of order 0 in S-domain kernel of order 0 in T-domain
AN \
7
rd N
kernel of order 1 in S-domain kernel of order 1 in T-domain

_/ —

T
<

kernel of order 2 in S-domain kernel of order 2 in T-domain

A

-

N N

—— 1\ [ I~ N

[

|

|

\ [/ \l’
J

O 65
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temporal causality

exchange rate dollar versus guilder 1970-1995 ——

exchange rate (guilder per 100 dollar)

1970 1975 1980 1985 1990 1995
period

Kernels t=1975,...,1990 kernels t=1970,1972.5,1975

kernels t=1993,1994,1995

0.8

0.6

0.4

. ~ N ] \
/A NN\

0
1970 1975 1980 1985 1990 1995 1965 1970 1975

3t / sh
250 ™ 0

'2 I NV \‘ .

1993 1994 1995

scaletime: dollar versus guilder scaletime derivative: dollar versus guilder
5

A N
— \/ ~

N I
151 -10 -
066 5
1970 1975 1980 1985 1990 1995 1970

1975 1980 1985 1990 1995
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temporal causality

summary

[]

causality and “scale-time” demands are compatible

[J causal signals depend on the present moment as well as on 2 free pa-

O O O O

rameters:

[ temporal resolution
O temporal delay

a causal signal is C'*° but not C*
the present moment is a logarithmic singularity
all derivatives vanish smoothly towards the present moment

thus one cannot “Taylor” into the future

0 67
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tensor calculus

Euclidean metric

dl =Vdx?+ dy?

dx

o 2 def g
classical picture: df* = g;; da'da’

: lef i ;
modern picture: G = g;; dr’ ® da’
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tensor calculus

vectors, covectors, tensors

dual basis:

holonomic basis:

vectors:

covectors:

def

tensors: = Tl1 ” €, X ...

069
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tensor calculus

metric representations

metric: G(mm) = g; dr' ® dx’
9, 0

oz & ui

Kronecker: [ (IMIM) = ¢} dx' ® ——

dual metric: H (W) = g“
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tensor calculus

metric representations

. def
abstraction: G =

{G,H, I}

i.e. G((co)vector, (co)vector) equals
O G (vector, vector) or
0 H (covector, covector) or
O 1 (vector, covector)

depending on argument type (vector/covector)
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TU/e
tensor calculus

sharp and flat: index raising and lowering

(co)vector coordinates
G, 0)
H(v,0)

contraction/scalar product:
= YW !
Vg7 W

gijv'w'

| ik
— 917,/"0" g wy,

0 y2
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tensor calculus

tensor representations in metric space

def

abstraction: T = {7, #, b }

e example: if T’ = T}, d’/ @ dz* ®
equals

aii then T((co)vector, (co)vector, (co)vector)

[l T(Vector, vector, covector) or
[l T(ﬂcovector, vector, Elvector) or

[] et cetera

depending on argument type (vector/covector)
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tensor calculus

dual linear transformation

if'U/i = AIJ'U‘] then C()/J = B,'wz with

BT déf Ainv

tensoriality criterion

Ui q _QkP1--P
A" B, ... B,%T

g

coordinate transformation: x — z’

pr - q1---9k
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tensor calculus

important tensors

0 metric g;;, 9", 0
O filter derivatives ¢;, ;
0 image derivatives L;, ; = (—=1)" F|¢;, ;]

O scale-space polynomials P’

caution

O ¢i,.i =0 . ¢and L; ; = 0;,. ,; L holds only in Cartesian frames

O 0;,..; does not “transform as a cotensor”

[1 to be defined: covariant derivative
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tensor calculus

covariant derivative

1.0 11...0p .
covariant derivative: DT} " &= T} Jr 4 “affinity terms”

example: Oy {TJI e ® 5j} = {(%Tij + Fiﬂ,kT”’j — F“’jkT’"#} € ® &
— —
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TU/e
tensor calculus

covariant derivative

[0 metric is “covariantly constant”: VG = (), i.e.
O Digi; =0
0 Dydl =0
0 D;g” =0

[0 in Cartesian frames: Fé»k =0,1.e. D, = 0

0 1'% is not a tensor

a7y
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tensor calculus

diagrammar

image derivatives

.1*

0 1 2

[ recall diagrammar scale-space polynomials
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TU/e
tensor calculus

important observations

[J covariance: a tensor equation holds in any coordinate system
[J tensors form a linear space

[J a product of tensors is itself a tensor
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TU/e
tensor calculus

contraction: T/’? — T[’

contraction of a tensor of rank £ + 2 yields a tensor of rank k
index manifestation: equate 1 upper and 1 lower index

metric enables contraction of equal-type indices

O O O O

“diagrammar”: connect dangling branches

o —

contraction

0 8o
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tensor calculus: differential invariants

full contraction yields a scalar

@%QQ\

O LigL¥, LLLY, L, LV LE L™

ik
[] tensor index notation is convenient:

e condensed description

e manifest covariance

0 82
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tensor calculus: differential invariants

example []

Lip LILE 1™ =
((Lzzze + Lawyy) (Laze + Layy)) + (Lazay + Layyy) (Lazy + Lyyy))) Laz)
+(((Lezay + Layyy) (Loze + Layy)) + ((Leayy + Lyyyy) (Loay + Lyyy))) Lay)) L
((Lezez + Loayy)(Loze + Layy)) + (Lazay + Layyy) (Leay + Lyyy))) Lay)
((

Y z
(Lzzay + Layyy) (Loze + Layy)) + ((Lzzyy + Lyyyy) (Lazy + Lyyy))) Lyy) ) Ly

+

(
(
+(

083
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tensor calculus: differential invariants

-83:5-0

§Lé§‘L]/§§ - Lz‘jkL‘zjkl + éLz'jkzL I —

meLyyyy - 4menyyyy + 3Lmnymyy

0 84
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tensor calculus: differential invariants

example []

1 . - 1 .
I = SLily - Ly L + 5L L

1. 1. 1. | R
J = SLYLLn, = L L D™ = S Ly Ly, Ly + L L L™

def
DE 3 “F 27J2 = —(L:mmsLyyyy - 4LxmxyLacyyy + 3L:2mcyy)3 =

+27(Lozza (Lozyy Lyyyy — Liyyy) — Loway(Laazy Lyyyy — LawyyLayyy) + Lowyy(Lazoy Layyy — L

a:xyy))Q

0 8&s
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tensor calculus: Levi-Civita tensor

+1 (i1...14) even
i1 ... 1) = —1 (41...14) odd
0  otherwise

g = detg;;

[J g is a relative scalar

[J ¢ is a pseudo-tensor



technische universiteit eindhoven
TU/e
tensor calculus

tensoriality criterion generalised

Plilmjl.h---jk — det B
A, B, . B, % PP

pr - Pr—n

An

q1---Qk

odd relative tensors: f(det B) = |det B|"
even relative tensors: f(det B) = (det B)"

absolute tensors: f(det B) =1

pseudo-tensors: f(det B) = sgn (det B)
[0 g = even relative scalar of weight 2
[0 /g = odd relative scalar of weight 1
O &;,..i, and e2 = absolute pseudo-tensors

[0 index lowering/raising does not affect weight

0 8y
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tensor calculus: pseudo-scalars

full contraction with one e-tensor yields a pseudo-scalar

0 in 2D: e’ L;L; LY

products of multiple e-tensors can be simplified

[J in 2D: 8ij5leiijLz = LiL;L‘j = Lz‘LiL;



TU/e technische universiteit eindhoven

completeness & irreducibility

diagrammatic representation is not unique

QOO
D=0 O ~

. 3 .
0 in 2D: Ly LN = CLiLy L™ 2L;L5L’f

089
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completeness & irreducibility

Hilbert: “complete irreducible invariants”

e (0

[J set of polynomial invariants that

[1 cannot be reduced

[J forms a complete system

[0 possibly “syzygies”
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gauge coordinates

“gradient gauge”:

1
set d—1 1st order and 5<d_ 1)(d—2) mixed 2nd order derivatives to o

w-axis

v-axis

L=constant

“Hessian gauge”:

1
set all §d<d_ 1) mixed 2nd order derivatives to o

[ all partial derivatives in gauge coordinates constitute a complete system

1
0 dim$O(d) = 5d(d — 1)
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gauge coordinates

example [] L,U,M,Li, in 2D

H —€ZjLzijLk or
L LxLy(Lm - Lyy) T (Li T LQ)Lmy

Y

example [ L,UUL?U in 2D

[ —EijgleiijLl or
0 L;,L'L} — L,LL/ or
0 L2L,, + L)L,, —2L,L,L,,
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gauge coordinates

example O L,,L,, in 2D

1 .
O §€Zj€leiijl or

| , o
H 5 (LZL]LJ — LZJLJ) or
0 Ly,Ly, — L2,

093
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Kinematic image structure

“classical model”: zero Lie derivative £, f = 0

0 v=(1;v)with v € R

O scalar: ﬁva%—l—V'Vf

O density: L, f = (g_]tf + div (v f)
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Kinematic image structure

“classical model”: problems

0 consistency problem: v = (1;Vv) is not always possible:
of
ot

[0 ambiguity: 1 equation in d components per base point

O L, f ill-posed & ill-defined

#0and Vf =0

09s
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Kinematic image structure

definition: £, F'[¢] “r (L] 9]

O for a scalar image the filters transform as densities: L ¢ = —div (v¢)

0 for a density image the filters transform as scalars: L1¢p = —v - V¢
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Kinematic image structure

ansatz: L, F|¢] =0

v=("v)€eR xR
gauge invariance: 1 equation in d + 1 components per base point

temporal gauge: v’ = 1 requires “conservation of topological detail”

spatial gauge: e.g. L., F[¢] = 0 produces normal flow if v - v =y
“temporal gauge” inspired by conservation hypothesis

“spatial gauge” must be determined from external insight (semantics)

O O 0O o »Oood o

computational problem: how to compute v

0 97
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Kinematic image structure

O use M-th order polynomial vy, instead of v: vy () = v(2)+O (||| ™)

0 consider all spatiotemporal derivatives of L, F[¢] = 0 of orders
0,..., M (no higher)

[ get components of v, out of integral
O rewrite 2® Dg¢(x) in terms of derivatives only (completeness)

[J result: linear system for v;; in which coefficients are image derivatives
oforders1,...,2M +1

[ fix the gauge and solve

[J vpr4q refines all components of vy,
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