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Abstract

This supplementary material consists of 11 appendices.
It provides expanded discussion, background details, results,
illustrations, and documentation for radio-visual data and
algorithms.

A. Radio-visual analytic relationship
In radio imaging, there are two main phenomena that gov-

ern our ability to resolve objects in space. First, range resolu-
tion ∆r is determined by bandwidth B and obeys ∆r = c/2B,
where c is the speed of light. In typical millimetre-wave
frequencies for 6G, B ≈ 1GHz which gives ∼ 0.3 metre
resolution. Second, the angular resolution ∆ϕ is consider-
ably worse and is generally related to our ability to pack
antennae in a reasonable form factor. That is, the imaging
performance disparity between vision and radio is largely a
function of disparities in angular resolution. To see this, let
I(x, y) be an image of a sensing scene, where x and y are its
horizontal and vertical dimensions, respectively. Let w be
the so-called beamwidth of an RF horn antenna. Then the
antenna response h(x, y) = e−(x2+y2)/(2w2) is a “distortion”

(a) grey-scale camera image (b) moderate blur (c) high blur

Figure 1. Radio-visual relationship. A grey-scale camera image (a) undergoes blurring in (b) & (c) to simulate the effect of RF’s limited
angular resolution when using radio to image the environment. (b) shows moderate blur while (c) shows significant blur as a result of
angular resolutions ∆ϕ = 1◦ and ∆ϕ = 10◦, respectively.

function associated with RF’s resolution-limited imaging
of a given scene. Specifically, h(x, y) will act as a blurring
function that convolves with the original image according to

I′(x, y) = I(x, y) ∗ h(x, y) (1)

where I′ is the degraded image and ∗ is the convolution
operator.

Fig. 1 contrasts normal camera imaging against RF’s
resolution-limited imaging. Left-most Fig. 1a shows a grey-
scale image of a factory. Assuming 1 degree angular resolu-
tion (∆ϕ = 1◦), Fig. 1b in the middle illustrates the blurring
effect of Eq. 1 on the camera image. Under higher angular
resolution distortion ∆ϕ = 10◦, the right-most Fig. 1c shows
significant blurring as a result of a coarser beamwidth w

acting on I.



B. Radio-visual subspace analysis
In Sec. 4.1, the spatial encoders fθr (r), fθv (v) ∈ RC×h×w

are introduced. Following the implementation conditions
detailed in Appendix D, fθr (r), fθv (v) are concretely ∈
R128×60×80. In this section, we analyse their dimension-
ality after 100 epochs of training on the contrastive loss of
Eq. 4. To do so, we evaluate these embedding tensors for
the validation set. For each channel c ∈ {1, . . . , 128} and spa-
tial bin n ∈ {1, . . . , 60} × {1, . . . , 80}, we compute the centred
covariance matrices Covc ∈ R128×128, Covn ∈ R4800×4800

according to

Covx =
1

N

N−1∑
k=0

(zxk − z̄x)(zxk − z̄x)T (2)

where zxk is the embedding vector of a channel or spatial
bin1 x ∈ [c, n], N is the number of validation samples, and
z̄x is the respective average. To measure subspaces dimen-
sionality, we compute the singular value decomposition on
the covariance matrix Covx = UΣV T ,Σ = diag(σk), follow-
ing general practice in SSL theory [14, 20]. We use these

1i.e., unfolding the original 2-D spatial bins into a vector of wh = 4800
length
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(a) channel subspace - radio
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(c) spatial subspace - radio
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Figure 2. Radio-visual subspace analysis w/ and w/o EMA.

subspace measurements to quantify changes in the learnt
contrastive representation as a result of architectural tweaks
such as EMA.

We concatenate the singular values of all channels and all
spatial bins and sort them in descending order. Fig. 2 depicts
on a logarithmic scale these aggregated singular values. We
can readily see that EMA has little effect on the dimension-
ality of the learnt representation across channels and spatial
bins, for both radio and vision branches. We, therefore, opt
to exclude it from our experiments for efficiency.



C. Contrastive learning background & defini-
tions

Contrastive learning (CL). Let (r, v) be a radio-visual
data pair, where r ∈ R1×H×W is a radar heatmap and
v ∈ R3×H×W is a corresponding RGB image. Encode, re-
spectively, radio and vision by two neural networks fθr and
fθv and their momentum-filtered versions fθ̄r and fθ̄v , as-
suming some weight parametrisation {θr , θv}. Additionally,
use projector heads gθr and gθv respectively, such that

qr = gθr (fθr (r)), kv = gθv (fθ̄v (v)),

qv = gθv (fθv (v)), kr = gθr (fθ̄r (r)) (3)

where vectors qr , qv , kv , kr ∈ RN , superscripts r and v denote
respectively radio and vision, and following MoCo’s query q

and key k notation [13]. With each r, use K + 1 samples of v

of which one sample v+ is a true match to r and K samples
{v−i }K−1

i=0 are false matches—vice versa with each v, K + 1

samples of r. The one-sided cross-modal contrastive losses
that test for vision-to-radio and radio-to-vision correspon-
dences are

Lv→r
c (qr , kv+,kv−) = − E

r,v
log

esim(qr,kv+)

esim(qr,kv+) +
∑

i e
sim(qr,kv−i )

Lr→v
c (qv , kr+,kr−) = − E

r,v
log

esim(qv ,kr+)

esim(qv ,kr+) +
∑

i e
sim(qv ,kr−i )

where sim(x, y) := x⊤y/τ is a similarity function, τ is a tem-
perature hyper-parameter, kx+/− = gθx (fθ̄x (x

+/−)) are en-
codings that denote true and false corresponding signals
x ∈ [r, v] , and vector kx− = {kx−i }K−1

i=0 holds K false en-
codings. Then the bidirectional cross-modal contrastive loss
is

LCL = (Lv→r
c + Lr→v

c )/2 (4)

Spatial contrastive learning (SCL). Let (r, v) be a radio-
visual data pair, where r ∈ R1×H×W is a radar heatmap
and v ∈ R3×H×W is a corresponding RGB image. Encode,
respectively, radio and vision by two backbone neural net-
works fθr and fθv , assuming some weight parametrisation
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<latexit sha1_base64="c0g8uuq+tYLQvUyoXOKl84wdR+c=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac0sWy223bpZhN2J0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCanhUijeRIGSdxLNaRRK3g7HtzO//cS1EbF6wEnCg4gOlRgIRtFK/rCX+TjiSB/1tFeuuFV3DrJKvJxUIEejV/7y+zFLI66QSWpM13MTDDKqUTDJpyU/NTyhbEyHvGupohE3QTa/eUrOrNIng1jbUkjm6u+JjEbGTKLQdkYUR2bZm4n/ed0UB9dBJlSSIldssWiQSoIxmQVA+kJzhnJiCWVa2FsJG1FNGdqYSjYEb/nlVdK6qHqX1dp9rVK/yeMowgmcwjl4cAV1uIMGNIFBAs/wCm9O6rw4787HorXg5DPH8AfO5w95FJH7</latexit>g✓r

<latexit sha1_base64="oKTV8nq1CqSVu5xXJyNbEMjiHVE=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0mkqMeiF48VbC00sWy203bpZhN2J4US+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqOTR5LGPdDpkBKRQ0UaCEdqKBRaGEx3B0O/Mfx6CNiNUDThIIIjZQoi84Qyv5g27m4xCQPY2n3XLFrbpz0FXi5aRCcjS65S+/F/M0AoVcMmM6nptgkDGNgkuYlvzUQML4iA2gY6liEZggm988pWdW6dF+rG0ppHP190TGImMmUWg7I4ZDs+zNxP+8Tor96yATKkkRFF8s6qeSYkxnAdCe0MBRTixhXAt7K+VDphlHG1PJhuAtv7xKWhdV77Jau69V6jd5HEVyQk7JOfHIFamTO9IgTcJJQp7JK3lzUufFeXc+Fq0FJ585Jn/gfP4AfyiR/w==</latexit>g✓v

<latexit sha1_base64="tfiMRw2wtMkjI+hQKzcp+DEUtI8=">AAACBnicbVDLSgMxFM3UV62vUZciBIvQbsqMFHVZdOOygn1AO5ZMmmlDM5khuSOUoSs3/oobF4q49Rvc+Tem7Sy09cCFk3PuJfcePxZcg+N8W7mV1bX1jfxmYWt7Z3fP3j9o6ihRlDVoJCLV9olmgkvWAA6CtWPFSOgL1vJH11O/9cCU5pG8g3HMvJAMJA84JWCknn086KVdGDIg92pSCn4/VLncs4tOxZkBLxM3I0WUod6zv7r9iCYhk0AF0brjOjF4KVHAqWCTQjfRLCZ0RAasY6gkIdNeOjtjgk+N0sdBpExJwDP190RKQq3HoW86QwJDvehNxf+8TgLBpZdyGSfAJJ1/FCQCQ4SnmeA+V4yCGBtCqOJmV0yHRBEKJrmCCcFdPHmZNM8q7nmlelst1q6yOPLoCJ2gEnLRBaqhG1RHDUTRI3pGr+jNerJerHfrY96as7KZQ/QH1ucPJbaY6Q==</latexit>

g✓r (f✓r (r))

<latexit sha1_base64="pWKoOappHhIfz14luveQyvOwSLw=">AAACBnicbVDLSsNAFJ3UV62vqEsRgkVoNyWRoi6LblxWsA9oY5hMJ+3QySTM3BRK6MqNv+LGhSJu/QZ3/o3TNovaeuDCmXPuZe49fsyZAtv+MXJr6xubW/ntws7u3v6BeXjUVFEiCW2QiEey7WNFORO0AQw4bceS4tDntOUPb6d+a0SlYpF4gHFM3RD3BQsYwaAlzzzte2kXBhTw42hSChYfo3LZM4t2xZ7BWiVORoooQ90zv7u9iCQhFUA4Vqrj2DG4KZbACKeTQjdRNMZkiPu0o6nAIVVuOjtjYp1rpWcFkdQlwJqpixMpDpUah77uDDEM1LI3Ff/zOgkE127KRJwAFWT+UZBwCyJrmonVY5IS4GNNMJFM72qRAZaYgE6uoENwlk9eJc2LinNZqd5Xi7WbLI48OkFnqIQcdIVq6A7VUQMR9IRe0Bt6N56NV+PD+Jy35oxs5hj9gfH1CzhKmPU=</latexit>

g✓v (f✓v (v))

2-D representation 1-D contrast

<latexit sha1_base64="wplLSeZG7rOgHUVcPa+dCJtP3Xo=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPidmPHg==</latexit>�
<latexit sha1_base64="K0mx2S419zGJ0OuVu1x1u/aB9Cg="></latexit>

f✓v (��v)

<latexit sha1_base64="nQsX9L/lq/3dlYfgFTiVm5DZ8sE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZpaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+7nfGqPSPJaPZpKgH9GB5CFn1FipPu4VS27ZXYCsEy8jJchQ6xW/uv2YpRFKwwTVuuO5ifGnVBnOBM4K3VRjQtmIDrBjqaQRan+6OHRGLqzSJ2GsbElDFurviSmNtJ5Ege2MqBnqVW8u/ud1UhPe+lMuk9SgZMtFYSqIicn8a9LnCpkRE0soU9zeStiQKsqMzaZgQ/BWX14nzauyd12u1Cul6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AOYfjQM=</latexit>v

<latexit sha1_base64="uvdA4weUBCMrN/Wj5xvRNB7VqfE=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9VISKeqx6MVjBfsBbQyb7aZdutmE3YlQQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFySCa3Ccb6uwtr6xuVXcLu3s7u2X7YPDto5TRVmLxiJW3YBoJrhkLeAgWDdRjESBYJ1gfDPzO49MaR7Le5gkzIvIUPKQUwJG8u1y6Gd9GDEgD2paVWe+XXFqzhx4lbg5qaAcTd/+6g9imkZMAhVE657rJOBlRAGngk1L/VSzhNAxGbKeoZJETHvZ/PApPjXKAIexMiUBz9XfExmJtJ5EgemMCIz0sjcT//N6KYRXXsZlkgKTdLEoTAWGGM9SwAOuGAUxMYRQxc2tmI6IIhRMViUTgrv88ippn9fci1r9rl5pXOdxFNExOkFV5KJL1EC3qIlaiKIUPaNX9GY9WS/Wu/WxaC1Y+cwR+gPr8weVl5MM</latexit>

f✓r (r)

<latexit sha1_base64="Fm4D0DOes4KCGHyct52cGUqAbig=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VbC00tWy2m3bpZhN2J4US+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6HVDDpVC8iQIlbyea0yiQ/DEY3c78xzHXRsTqAScJ70Z0oEQoGEUr+WEv83HIkT6Np71yxa26c5BV4uWkAjkavfKX349ZGnGFTFJjOp6bYDejGgWTfFryU8MTykZ0wDuWKhpx083mN0/JmVX6JIy1LYVkrv6eyGhkzCQKbGdEcWiWvZn4n9dJMbzuZkIlKXLFFovCVBKMySwA0heaM5QTSyjTwt5K2JBqytDGVLIheMsvr5LWRdW7rNbua5X6TR5HEU7gFM7Bgyuowx00oAkMEniGV3hzUufFeXc+Fq0FJ585hj9wPn8AfZmR/g==</latexit>

f✓v

<latexit sha1_base64="AWODWSI1hhQBMY3kgLFeuu3u2XQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac0tWy2m3bpZhN2J0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnCexEdKhEKRtFKftjPfBxxpI962i9X3Ko7B1klXk4qkKPRL3/5g5ilEVfIJDWm67kJ9jKqUTDJpyU/NTyhbEyHvGupohE3vWx+85ScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw+teJlSSIldssShMJcGYzAIgA6E5QzmxhDIt7K2EjaimDG1MJRuCt/zyKmldVL3Lau2+Vqnf5HEU4QRO4Rw8uII63EEDmsAggWd4hTcndV6cd+dj0Vpw8plj+APn8wd3hZH6</latexit>

f✓r

2-D representation 2-D contrast

<latexit sha1_base64="wplLSeZG7rOgHUVcPa+dCJtP3Xo=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPidmPHg==</latexit>�
<latexit sha1_base64="K0mx2S419zGJ0OuVu1x1u/aB9Cg="></latexit>

f✓v (��v)

<latexit sha1_base64="dNaRbtHUcByh+nWByrC7ShFQ0BQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuqXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4A+M/w==</latexit>r

(a) CL

<latexit sha1_base64="pWKoOappHhIfz14luveQyvOwSLw=">AAACBnicbVDLSsNAFJ3UV62vqEsRgkVoNyWRoi6LblxWsA9oY5hMJ+3QySTM3BRK6MqNv+LGhSJu/QZ3/o3TNovaeuDCmXPuZe49fsyZAtv+MXJr6xubW/ntws7u3v6BeXjUVFEiCW2QiEey7WNFORO0AQw4bceS4tDntOUPb6d+a0SlYpF4gHFM3RD3BQsYwaAlzzzte2kXBhTw42hSChYfo3LZM4t2xZ7BWiVORoooQ90zv7u9iCQhFUA4Vqrj2DG4KZbACKeTQjdRNMZkiPu0o6nAIVVuOjtjYp1rpWcFkdQlwJqpixMpDpUah77uDDEM1LI3Ff/zOgkE127KRJwAFWT+UZBwCyJrmonVY5IS4GNNMJFM72qRAZaYgE6uoENwlk9eJc2LinNZqd5Xi7WbLI48OkFnqIQcdIVq6A7VUQMR9IRe0Bt6N56NV+PD+Jy35oxs5hj9gfH1CzhKmPU=</latexit>

g✓v (f✓v (v))

<latexit sha1_base64="dNaRbtHUcByh+nWByrC7ShFQ0BQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuqXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4A+M/w==</latexit>r

<latexit sha1_base64="nQsX9L/lq/3dlYfgFTiVm5DZ8sE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZpaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+7nfGqPSPJaPZpKgH9GB5CFn1FipPu4VS27ZXYCsEy8jJchQ6xW/uv2YpRFKwwTVuuO5ifGnVBnOBM4K3VRjQtmIDrBjqaQRan+6OHRGLqzSJ2GsbElDFurviSmNtJ5Ege2MqBnqVW8u/ud1UhPe+lMuk9SgZMtFYSqIicn8a9LnCpkRE0soU9zeStiQKsqMzaZgQ/BWX14nzauyd12u1Cul6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AOYfjQM=</latexit>v

<latexit sha1_base64="uvdA4weUBCMrN/Wj5xvRNB7VqfE=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9VISKeqx6MVjBfsBbQyb7aZdutmE3YlQQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFySCa3Ccb6uwtr6xuVXcLu3s7u2X7YPDto5TRVmLxiJW3YBoJrhkLeAgWDdRjESBYJ1gfDPzO49MaR7Le5gkzIvIUPKQUwJG8u1y6Gd9GDEgD2paVWe+XXFqzhx4lbg5qaAcTd/+6g9imkZMAhVE657rJOBlRAGngk1L/VSzhNAxGbKeoZJETHvZ/PApPjXKAIexMiUBz9XfExmJtJ5EgemMCIz0sjcT//N6KYRXXsZlkgKTdLEoTAWGGM9SwAOuGAUxMYRQxc2tmI6IIhRMViUTgrv88ippn9fci1r9rl5pXOdxFNExOkFV5KJL1EC3qIlaiKIUPaNX9GY9WS/Wu/WxaC1Y+cwR+gPr8weVl5MM</latexit>

f✓r (r)

<latexit sha1_base64="w4qpsaJojhFZy/lIPHM/8F1nYxs=">AAAB+HicbVBNS8NAEN34WetHox69LBahXkoiRT0WvXisYD+gjWGz3bRLN5uwOynU0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmBYngGhzn21pb39jc2i7sFHf39g9K9uFRS8epoqxJYxGrTkA0E1yyJnAQrJMoRqJAsHYwup357TFTmsfyASYJ8yIykDzklICRfLsU+lkPhgzI43haGZ/7dtmpOnPgVeLmpIxyNHz7q9ePaRoxCVQQrbuuk4CXEQWcCjYt9lLNEkJHZMC6hkoSMe1l88On+MwofRzGypQEPFd/T2Qk0noSBaYzIjDUy95M/M/rphBeexmXSQpM0sWiMBUYYjxLAfe5YhTExBBCFTe3YjokilAwWRVNCO7yy6ukdVF1L6u1+1q5fpPHUUAn6BRVkIuuUB3doQZqIopS9Ixe0Zv1ZL1Y79bHonXNymeO0R9Ynz+hy5MU</latexit>

f✓v (v)

<latexit sha1_base64="Fm4D0DOes4KCGHyct52cGUqAbig=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VbC00tWy2m3bpZhN2J4US+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6HVDDpVC8iQIlbyea0yiQ/DEY3c78xzHXRsTqAScJ70Z0oEQoGEUr+WEv83HIkT6Np71yxa26c5BV4uWkAjkavfKX349ZGnGFTFJjOp6bYDejGgWTfFryU8MTykZ0wDuWKhpx083mN0/JmVX6JIy1LYVkrv6eyGhkzCQKbGdEcWiWvZn4n9dJMbzuZkIlKXLFFovCVBKMySwA0heaM5QTSyjTwt5K2JBqytDGVLIheMsvr5LWRdW7rNbua5X6TR5HEU7gFM7Bgyuowx00oAkMEniGV3hzUufFeXc+Fq0FJ585hj9wPn8AfZmR/g==</latexit>

f✓v

<latexit sha1_base64="AWODWSI1hhQBMY3kgLFeuu3u2XQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac0tWy2m3bpZhN2J0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnCexEdKhEKRtFKftjPfBxxpI962i9X3Ko7B1klXk4qkKPRL3/5g5ilEVfIJDWm67kJ9jKqUTDJpyU/NTyhbEyHvGupohE3vWx+85ScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw+teJlSSIldssShMJcGYzAIgA6E5QzmxhDIt7K2EjaimDG1MJRuCt/zyKmldVL3Lau2+Vqnf5HEU4QRO4Rw8uII63EEDmsAggWd4hTcndV6cd+dj0Vpw8plj+APn8wd3hZH6</latexit>

f✓r
<latexit sha1_base64="c0g8uuq+tYLQvUyoXOKl84wdR+c=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac0sWy223bpZhN2J0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCanhUijeRIGSdxLNaRRK3g7HtzO//cS1EbF6wEnCg4gOlRgIRtFK/rCX+TjiSB/1tFeuuFV3DrJKvJxUIEejV/7y+zFLI66QSWpM13MTDDKqUTDJpyU/NTyhbEyHvGupohE3QTa/eUrOrNIng1jbUkjm6u+JjEbGTKLQdkYUR2bZm4n/ed0UB9dBJlSSIldssWiQSoIxmQVA+kJzhnJiCWVa2FsJG1FNGdqYSjYEb/nlVdK6qHqX1dp9rVK/yeMowgmcwjl4cAV1uIMGNIFBAs/wCm9O6rw4787HorXg5DPH8AfO5w95FJH7</latexit>g✓r

<latexit sha1_base64="oKTV8nq1CqSVu5xXJyNbEMjiHVE=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0mkqMeiF48VbC00sWy203bpZhN2J4US+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqOTR5LGPdDpkBKRQ0UaCEdqKBRaGEx3B0O/Mfx6CNiNUDThIIIjZQoi84Qyv5g27m4xCQPY2n3XLFrbpz0FXi5aRCcjS65S+/F/M0AoVcMmM6nptgkDGNgkuYlvzUQML4iA2gY6liEZggm988pWdW6dF+rG0ppHP190TGImMmUWg7I4ZDs+zNxP+8Tor96yATKkkRFF8s6qeSYkxnAdCe0MBRTixhXAt7K+VDphlHG1PJhuAtv7xKWhdV77Jau69V6jd5HEVyQk7JOfHIFamTO9IgTcJJQp7JK3lzUufFeXc+Fq0FJ585Jn/gfP4AfyiR/w==</latexit>g✓v

<latexit sha1_base64="tfiMRw2wtMkjI+hQKzcp+DEUtI8=">AAACBnicbVDLSgMxFM3UV62vUZciBIvQbsqMFHVZdOOygn1AO5ZMmmlDM5khuSOUoSs3/oobF4q49Rvc+Tem7Sy09cCFk3PuJfcePxZcg+N8W7mV1bX1jfxmYWt7Z3fP3j9o6ihRlDVoJCLV9olmgkvWAA6CtWPFSOgL1vJH11O/9cCU5pG8g3HMvJAMJA84JWCknn086KVdGDIg92pSCn4/VLncs4tOxZkBLxM3I0WUod6zv7r9iCYhk0AF0brjOjF4KVHAqWCTQjfRLCZ0RAasY6gkIdNeOjtjgk+N0sdBpExJwDP190RKQq3HoW86QwJDvehNxf+8TgLBpZdyGSfAJJ1/FCQCQ4SnmeA+V4yCGBtCqOJmV0yHRBEKJrmCCcFdPHmZNM8q7nmlelst1q6yOPLoCJ2gEnLRBaqhG1RHDUTRI3pGr+jNerJerHfrY96as7KZQ/QH1ucPJbaY6Q==</latexit>

g✓r (f✓r (r))

<latexit sha1_base64="pWKoOappHhIfz14luveQyvOwSLw=">AAACBnicbVDLSsNAFJ3UV62vqEsRgkVoNyWRoi6LblxWsA9oY5hMJ+3QySTM3BRK6MqNv+LGhSJu/QZ3/o3TNovaeuDCmXPuZe49fsyZAtv+MXJr6xubW/ntws7u3v6BeXjUVFEiCW2QiEey7WNFORO0AQw4bceS4tDntOUPb6d+a0SlYpF4gHFM3RD3BQsYwaAlzzzte2kXBhTw42hSChYfo3LZM4t2xZ7BWiVORoooQ90zv7u9iCQhFUA4Vqrj2DG4KZbACKeTQjdRNMZkiPu0o6nAIVVuOjtjYp1rpWcFkdQlwJqpixMpDpUah77uDDEM1LI3Ff/zOgkE127KRJwAFWT+UZBwCyJrmonVY5IS4GNNMJFM72qRAZaYgE6uoENwlk9eJc2LinNZqd5Xi7WbLI48OkFnqIQcdIVq6A7VUQMR9IRe0Bt6N56NV+PD+Jy35oxs5hj9gfH1CzhKmPU=</latexit>

g✓v (f✓v (v))

2-D representation 1-D contrast

<latexit sha1_base64="dNaRbtHUcByh+nWByrC7ShFQ0BQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuqXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4A+M/w==</latexit>r

<latexit sha1_base64="nQsX9L/lq/3dlYfgFTiVm5DZ8sE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZpaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+7nfGqPSPJaPZpKgH9GB5CFn1FipPu4VS27ZXYCsEy8jJchQ6xW/uv2YpRFKwwTVuuO5ifGnVBnOBM4K3VRjQtmIDrBjqaQRan+6OHRGLqzSJ2GsbElDFurviSmNtJ5Ege2MqBnqVW8u/ud1UhPe+lMuk9SgZMtFYSqIicn8a9LnCpkRE0soU9zeStiQKsqMzaZgQ/BWX14nzauyd12u1Cul6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AOYfjQM=</latexit>v

<latexit sha1_base64="uvdA4weUBCMrN/Wj5xvRNB7VqfE=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9VISKeqx6MVjBfsBbQyb7aZdutmE3YlQQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFySCa3Ccb6uwtr6xuVXcLu3s7u2X7YPDto5TRVmLxiJW3YBoJrhkLeAgWDdRjESBYJ1gfDPzO49MaR7Le5gkzIvIUPKQUwJG8u1y6Gd9GDEgD2paVWe+XXFqzhx4lbg5qaAcTd/+6g9imkZMAhVE657rJOBlRAGngk1L/VSzhNAxGbKeoZJETHvZ/PApPjXKAIexMiUBz9XfExmJtJ5EgemMCIz0sjcT//N6KYRXXsZlkgKTdLEoTAWGGM9SwAOuGAUxMYRQxc2tmI6IIhRMViUTgrv88ippn9fci1r9rl5pXOdxFNExOkFV5KJL1EC3qIlaiKIUPaNX9GY9WS/Wu/WxaC1Y+cwR+gPr8weVl5MM</latexit>

f✓r (r)

<latexit sha1_base64="Fm4D0DOes4KCGHyct52cGUqAbig=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VbC00tWy2m3bpZhN2J4US+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6HVDDpVC8iQIlbyea0yiQ/DEY3c78xzHXRsTqAScJ70Z0oEQoGEUr+WEv83HIkT6Np71yxa26c5BV4uWkAjkavfKX349ZGnGFTFJjOp6bYDejGgWTfFryU8MTykZ0wDuWKhpx083mN0/JmVX6JIy1LYVkrv6eyGhkzCQKbGdEcWiWvZn4n9dJMbzuZkIlKXLFFovCVBKMySwA0heaM5QTSyjTwt5K2JBqytDGVLIheMsvr5LWRdW7rNbua5X6TR5HEU7gFM7Bgyuowx00oAkMEniGV3hzUufFeXc+Fq0FJ585hj9wPn8AfZmR/g==</latexit>

f✓v

<latexit sha1_base64="AWODWSI1hhQBMY3kgLFeuu3u2XQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac0tWy2m3bpZhN2J0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnCexEdKhEKRtFKftjPfBxxpI962i9X3Ko7B1klXk4qkKPRL3/5g5ilEVfIJDWm67kJ9jKqUTDJpyU/NTyhbEyHvGupohE3vWx+85ScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw+teJlSSIldssShMJcGYzAIgA6E5QzmxhDIt7K2EjaimDG1MJRuCt/zyKmldVL3Lau2+Vqnf5HEU4QRO4Rw8uII63EEDmsAggWd4hTcndV6cd+dj0Vpw8plj+APn8wd3hZH6</latexit>

f✓r
<latexit sha1_base64="c0g8uuq+tYLQvUyoXOKl84wdR+c=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac0sWy223bpZhN2J0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCanhUijeRIGSdxLNaRRK3g7HtzO//cS1EbF6wEnCg4gOlRgIRtFK/rCX+TjiSB/1tFeuuFV3DrJKvJxUIEejV/7y+zFLI66QSWpM13MTDDKqUTDJpyU/NTyhbEyHvGupohE3QTa/eUrOrNIng1jbUkjm6u+JjEbGTKLQdkYUR2bZm4n/ed0UB9dBJlSSIldssWiQSoIxmQVA+kJzhnJiCWVa2FsJG1FNGdqYSjYEb/nlVdK6qHqX1dp9rVK/yeMowgmcwjl4cAV1uIMGNIFBAs/wCm9O6rw4787HorXg5DPH8AfO5w95FJH7</latexit>g✓r

<latexit sha1_base64="oKTV8nq1CqSVu5xXJyNbEMjiHVE=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0mkqMeiF48VbC00sWy203bpZhN2J4US+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqOTR5LGPdDpkBKRQ0UaCEdqKBRaGEx3B0O/Mfx6CNiNUDThIIIjZQoi84Qyv5g27m4xCQPY2n3XLFrbpz0FXi5aRCcjS65S+/F/M0AoVcMmM6nptgkDGNgkuYlvzUQML4iA2gY6liEZggm988pWdW6dF+rG0ppHP190TGImMmUWg7I4ZDs+zNxP+8Tor96yATKkkRFF8s6qeSYkxnAdCe0MBRTixhXAt7K+VDphlHG1PJhuAtv7xKWhdV77Jau69V6jd5HEVyQk7JOfHIFamTO9IgTcJJQp7JK3lzUufFeXc+Fq0FJ585Jn/gfP4AfyiR/w==</latexit>g✓v

<latexit sha1_base64="tfiMRw2wtMkjI+hQKzcp+DEUtI8=">AAACBnicbVDLSgMxFM3UV62vUZciBIvQbsqMFHVZdOOygn1AO5ZMmmlDM5khuSOUoSs3/oobF4q49Rvc+Tem7Sy09cCFk3PuJfcePxZcg+N8W7mV1bX1jfxmYWt7Z3fP3j9o6ihRlDVoJCLV9olmgkvWAA6CtWPFSOgL1vJH11O/9cCU5pG8g3HMvJAMJA84JWCknn086KVdGDIg92pSCn4/VLncs4tOxZkBLxM3I0WUod6zv7r9iCYhk0AF0brjOjF4KVHAqWCTQjfRLCZ0RAasY6gkIdNeOjtjgk+N0sdBpExJwDP190RKQq3HoW86QwJDvehNxf+8TgLBpZdyGSfAJJ1/FCQCQ4SnmeA+V4yCGBtCqOJmV0yHRBEKJrmCCcFdPHmZNM8q7nmlelst1q6yOPLoCJ2gEnLRBaqhG1RHDUTRI3pGr+jNerJerHfrY96as7KZQ/QH1ucPJbaY6Q==</latexit>

g✓r (f✓r (r))

<latexit sha1_base64="pWKoOappHhIfz14luveQyvOwSLw=">AAACBnicbVDLSsNAFJ3UV62vqEsRgkVoNyWRoi6LblxWsA9oY5hMJ+3QySTM3BRK6MqNv+LGhSJu/QZ3/o3TNovaeuDCmXPuZe49fsyZAtv+MXJr6xubW/ntws7u3v6BeXjUVFEiCW2QiEey7WNFORO0AQw4bceS4tDntOUPb6d+a0SlYpF4gHFM3RD3BQsYwaAlzzzte2kXBhTw42hSChYfo3LZM4t2xZ7BWiVORoooQ90zv7u9iCQhFUA4Vqrj2DG4KZbACKeTQjdRNMZkiPu0o6nAIVVuOjtjYp1rpWcFkdQlwJqpixMpDpUah77uDDEM1LI3Ff/zOgkE127KRJwAFWT+UZBwCyJrmonVY5IS4GNNMJFM72qRAZaYgE6uoENwlk9eJc2LinNZqd5Xi7WbLI48OkFnqIQcdIVq6A7VUQMR9IRe0Bt6N56NV+PD+Jy35oxs5hj9gfH1CzhKmPU=</latexit>

g✓v (f✓v (v))

2-D representation 1-D contrast

<latexit sha1_base64="wplLSeZG7rOgHUVcPa+dCJtP3Xo=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPidmPHg==</latexit>�
<latexit sha1_base64="K0mx2S419zGJ0OuVu1x1u/aB9Cg="></latexit>

f✓v (��v)

<latexit sha1_base64="nQsX9L/lq/3dlYfgFTiVm5DZ8sE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZpaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+7nfGqPSPJaPZpKgH9GB5CFn1FipPu4VS27ZXYCsEy8jJchQ6xW/uv2YpRFKwwTVuuO5ifGnVBnOBM4K3VRjQtmIDrBjqaQRan+6OHRGLqzSJ2GsbElDFurviSmNtJ5Ege2MqBnqVW8u/ud1UhPe+lMuk9SgZMtFYSqIicn8a9LnCpkRE0soU9zeStiQKsqMzaZgQ/BWX14nzauyd12u1Cul6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AOYfjQM=</latexit>v

<latexit sha1_base64="uvdA4weUBCMrN/Wj5xvRNB7VqfE=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9VISKeqx6MVjBfsBbQyb7aZdutmE3YlQQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFySCa3Ccb6uwtr6xuVXcLu3s7u2X7YPDto5TRVmLxiJW3YBoJrhkLeAgWDdRjESBYJ1gfDPzO49MaR7Le5gkzIvIUPKQUwJG8u1y6Gd9GDEgD2paVWe+XXFqzhx4lbg5qaAcTd/+6g9imkZMAhVE657rJOBlRAGngk1L/VSzhNAxGbKeoZJETHvZ/PApPjXKAIexMiUBz9XfExmJtJ5EgemMCIz0sjcT//N6KYRXXsZlkgKTdLEoTAWGGM9SwAOuGAUxMYRQxc2tmI6IIhRMViUTgrv88ippn9fci1r9rl5pXOdxFNExOkFV5KJL1EC3qIlaiKIUPaNX9GY9WS/Wu/WxaC1Y+cwR+gPr8weVl5MM</latexit>

f✓r (r)

<latexit sha1_base64="Fm4D0DOes4KCGHyct52cGUqAbig=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VbC00tWy2m3bpZhN2J4US+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6HVDDpVC8iQIlbyea0yiQ/DEY3c78xzHXRsTqAScJ70Z0oEQoGEUr+WEv83HIkT6Np71yxa26c5BV4uWkAjkavfKX349ZGnGFTFJjOp6bYDejGgWTfFryU8MTykZ0wDuWKhpx083mN0/JmVX6JIy1LYVkrv6eyGhkzCQKbGdEcWiWvZn4n9dJMbzuZkIlKXLFFovCVBKMySwA0heaM5QTSyjTwt5K2JBqytDGVLIheMsvr5LWRdW7rNbua5X6TR5HEU7gFM7Bgyuowx00oAkMEniGV3hzUufFeXc+Fq0FJ585hj9wPn8AfZmR/g==</latexit>

f✓v

<latexit sha1_base64="AWODWSI1hhQBMY3kgLFeuu3u2XQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac0tWy2m3bpZhN2J0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnCexEdKhEKRtFKftjPfBxxpI962i9X3Ko7B1klXk4qkKPRL3/5g5ilEVfIJDWm67kJ9jKqUTDJpyU/NTyhbEyHvGupohE3vWx+85ScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw+teJlSSIldssShMJcGYzAIgA6E5QzmxhDIt7K2EjaimDG1MJRuCt/zyKmldVL3Lau2+Vqnf5HEU4QRO4Rw8uII63EEDmsAggWd4hTcndV6cd+dj0Vpw8plj+APn8wd3hZH6</latexit>

f✓r

2-D representation 2-D contrast

<latexit sha1_base64="wplLSeZG7rOgHUVcPa+dCJtP3Xo=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPidmPHg==</latexit>�
<latexit sha1_base64="K0mx2S419zGJ0OuVu1x1u/aB9Cg="></latexit>

f✓v (��v)

<latexit sha1_base64="dNaRbtHUcByh+nWByrC7ShFQ0BQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuqXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4A+M/w==</latexit>r

<latexit sha1_base64="K0mx2S419zGJ0OuVu1x1u/aB9Cg="></latexit>

f✓v (��v)

(b) MCL

<latexit sha1_base64="dNaRbtHUcByh+nWByrC7ShFQ0BQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuqXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4A+M/w==</latexit>r

<latexit sha1_base64="nQsX9L/lq/3dlYfgFTiVm5DZ8sE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZpaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+7nfGqPSPJaPZpKgH9GB5CFn1FipPu4VS27ZXYCsEy8jJchQ6xW/uv2YpRFKwwTVuuO5ifGnVBnOBM4K3VRjQtmIDrBjqaQRan+6OHRGLqzSJ2GsbElDFurviSmNtJ5Ege2MqBnqVW8u/ud1UhPe+lMuk9SgZMtFYSqIicn8a9LnCpkRE0soU9zeStiQKsqMzaZgQ/BWX14nzauyd12u1Cul6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AOYfjQM=</latexit>v

<latexit sha1_base64="uvdA4weUBCMrN/Wj5xvRNB7VqfE=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9VISKeqx6MVjBfsBbQyb7aZdutmE3YlQQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFySCa3Ccb6uwtr6xuVXcLu3s7u2X7YPDto5TRVmLxiJW3YBoJrhkLeAgWDdRjESBYJ1gfDPzO49MaR7Le5gkzIvIUPKQUwJG8u1y6Gd9GDEgD2paVWe+XXFqzhx4lbg5qaAcTd/+6g9imkZMAhVE657rJOBlRAGngk1L/VSzhNAxGbKeoZJETHvZ/PApPjXKAIexMiUBz9XfExmJtJ5EgemMCIz0sjcT//N6KYRXXsZlkgKTdLEoTAWGGM9SwAOuGAUxMYRQxc2tmI6IIhRMViUTgrv88ippn9fci1r9rl5pXOdxFNExOkFV5KJL1EC3qIlaiKIUPaNX9GY9WS/Wu/WxaC1Y+cwR+gPr8weVl5MM</latexit>

f✓r (r)

<latexit sha1_base64="w4qpsaJojhFZy/lIPHM/8F1nYxs=">AAAB+HicbVBNS8NAEN34WetHox69LBahXkoiRT0WvXisYD+gjWGz3bRLN5uwOynU0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmBYngGhzn21pb39jc2i7sFHf39g9K9uFRS8epoqxJYxGrTkA0E1yyJnAQrJMoRqJAsHYwup357TFTmsfyASYJ8yIykDzklICRfLsU+lkPhgzI43haGZ/7dtmpOnPgVeLmpIxyNHz7q9ePaRoxCVQQrbuuk4CXEQWcCjYt9lLNEkJHZMC6hkoSMe1l88On+MwofRzGypQEPFd/T2Qk0noSBaYzIjDUy95M/M/rphBeexmXSQpM0sWiMBUYYjxLAfe5YhTExBBCFTe3YjokilAwWRVNCO7yy6ukdVF1L6u1+1q5fpPHUUAn6BRVkIuuUB3doQZqIopS9Ixe0Zv1ZL1Y79bHonXNymeO0R9Ynz+hy5MU</latexit>

f✓v (v)

<latexit sha1_base64="Fm4D0DOes4KCGHyct52cGUqAbig=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VbC00tWy2m3bpZhN2J4US+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6HVDDpVC8iQIlbyea0yiQ/DEY3c78xzHXRsTqAScJ70Z0oEQoGEUr+WEv83HIkT6Np71yxa26c5BV4uWkAjkavfKX349ZGnGFTFJjOp6bYDejGgWTfFryU8MTykZ0wDuWKhpx083mN0/JmVX6JIy1LYVkrv6eyGhkzCQKbGdEcWiWvZn4n9dJMbzuZkIlKXLFFovCVBKMySwA0heaM5QTSyjTwt5K2JBqytDGVLIheMsvr5LWRdW7rNbua5X6TR5HEU7gFM7Bgyuowx00oAkMEniGV3hzUufFeXc+Fq0FJ585hj9wPn8AfZmR/g==</latexit>

f✓v

<latexit sha1_base64="AWODWSI1hhQBMY3kgLFeuu3u2XQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac0tWy2m3bpZhN2J0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnCexEdKhEKRtFKftjPfBxxpI962i9X3Ko7B1klXk4qkKPRL3/5g5ilEVfIJDWm67kJ9jKqUTDJpyU/NTyhbEyHvGupohE3vWx+85ScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw+teJlSSIldssShMJcGYzAIgA6E5QzmxhDIt7K2EjaimDG1MJRuCt/zyKmldVL3Lau2+Vqnf5HEU4QRO4Rw8uII63EEDmsAggWd4hTcndV6cd+dj0Vpw8plj+APn8wd3hZH6</latexit>

f✓r
<latexit sha1_base64="c0g8uuq+tYLQvUyoXOKl84wdR+c=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac0sWy223bpZhN2J0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCanhUijeRIGSdxLNaRRK3g7HtzO//cS1EbF6wEnCg4gOlRgIRtFK/rCX+TjiSB/1tFeuuFV3DrJKvJxUIEejV/7y+zFLI66QSWpM13MTDDKqUTDJpyU/NTyhbEyHvGupohE3QTa/eUrOrNIng1jbUkjm6u+JjEbGTKLQdkYUR2bZm4n/ed0UB9dBJlSSIldssWiQSoIxmQVA+kJzhnJiCWVa2FsJG1FNGdqYSjYEb/nlVdK6qHqX1dp9rVK/yeMowgmcwjl4cAV1uIMGNIFBAs/wCm9O6rw4787HorXg5DPH8AfO5w95FJH7</latexit>g✓r

<latexit sha1_base64="oKTV8nq1CqSVu5xXJyNbEMjiHVE=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0mkqMeiF48VbC00sWy203bpZhN2J4US+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqOTR5LGPdDpkBKRQ0UaCEdqKBRaGEx3B0O/Mfx6CNiNUDThIIIjZQoi84Qyv5g27m4xCQPY2n3XLFrbpz0FXi5aRCcjS65S+/F/M0AoVcMmM6nptgkDGNgkuYlvzUQML4iA2gY6liEZggm988pWdW6dF+rG0ppHP190TGImMmUWg7I4ZDs+zNxP+8Tor96yATKkkRFF8s6qeSYkxnAdCe0MBRTixhXAt7K+VDphlHG1PJhuAtv7xKWhdV77Jau69V6jd5HEVyQk7JOfHIFamTO9IgTcJJQp7JK3lzUufFeXc+Fq0FJ585Jn/gfP4AfyiR/w==</latexit>g✓v

<latexit sha1_base64="tfiMRw2wtMkjI+hQKzcp+DEUtI8=">AAACBnicbVDLSgMxFM3UV62vUZciBIvQbsqMFHVZdOOygn1AO5ZMmmlDM5khuSOUoSs3/oobF4q49Rvc+Tem7Sy09cCFk3PuJfcePxZcg+N8W7mV1bX1jfxmYWt7Z3fP3j9o6ihRlDVoJCLV9olmgkvWAA6CtWPFSOgL1vJH11O/9cCU5pG8g3HMvJAMJA84JWCknn086KVdGDIg92pSCn4/VLncs4tOxZkBLxM3I0WUod6zv7r9iCYhk0AF0brjOjF4KVHAqWCTQjfRLCZ0RAasY6gkIdNeOjtjgk+N0sdBpExJwDP190RKQq3HoW86QwJDvehNxf+8TgLBpZdyGSfAJJ1/FCQCQ4SnmeA+V4yCGBtCqOJmV0yHRBEKJrmCCcFdPHmZNM8q7nmlelst1q6yOPLoCJ2gEnLRBaqhG1RHDUTRI3pGr+jNerJerHfrY96as7KZQ/QH1ucPJbaY6Q==</latexit>

g✓r (f✓r (r))

<latexit sha1_base64="pWKoOappHhIfz14luveQyvOwSLw=">AAACBnicbVDLSsNAFJ3UV62vqEsRgkVoNyWRoi6LblxWsA9oY5hMJ+3QySTM3BRK6MqNv+LGhSJu/QZ3/o3TNovaeuDCmXPuZe49fsyZAtv+MXJr6xubW/ntws7u3v6BeXjUVFEiCW2QiEey7WNFORO0AQw4bceS4tDntOUPb6d+a0SlYpF4gHFM3RD3BQsYwaAlzzzte2kXBhTw42hSChYfo3LZM4t2xZ7BWiVORoooQ90zv7u9iCQhFUA4Vqrj2DG4KZbACKeTQjdRNMZkiPu0o6nAIVVuOjtjYp1rpWcFkdQlwJqpixMpDpUah77uDDEM1LI3Ff/zOgkE127KRJwAFWT+UZBwCyJrmonVY5IS4GNNMJFM72qRAZaYgE6uoENwlk9eJc2LinNZqd5Xi7WbLI48OkFnqIQcdIVq6A7VUQMR9IRe0Bt6N56NV+PD+Jy35oxs5hj9gfH1CzhKmPU=</latexit>

g✓v (f✓v (v))

2-D representation 1-D contrast

<latexit sha1_base64="dNaRbtHUcByh+nWByrC7ShFQ0BQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuqXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4A+M/w==</latexit>r

<latexit sha1_base64="nQsX9L/lq/3dlYfgFTiVm5DZ8sE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZpaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+7nfGqPSPJaPZpKgH9GB5CFn1FipPu4VS27ZXYCsEy8jJchQ6xW/uv2YpRFKwwTVuuO5ifGnVBnOBM4K3VRjQtmIDrBjqaQRan+6OHRGLqzSJ2GsbElDFurviSmNtJ5Ege2MqBnqVW8u/ud1UhPe+lMuk9SgZMtFYSqIicn8a9LnCpkRE0soU9zeStiQKsqMzaZgQ/BWX14nzauyd12u1Cul6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AOYfjQM=</latexit>v

<latexit sha1_base64="uvdA4weUBCMrN/Wj5xvRNB7VqfE=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9VISKeqx6MVjBfsBbQyb7aZdutmE3YlQQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFySCa3Ccb6uwtr6xuVXcLu3s7u2X7YPDto5TRVmLxiJW3YBoJrhkLeAgWDdRjESBYJ1gfDPzO49MaR7Le5gkzIvIUPKQUwJG8u1y6Gd9GDEgD2paVWe+XXFqzhx4lbg5qaAcTd/+6g9imkZMAhVE657rJOBlRAGngk1L/VSzhNAxGbKeoZJETHvZ/PApPjXKAIexMiUBz9XfExmJtJ5EgemMCIz0sjcT//N6KYRXXsZlkgKTdLEoTAWGGM9SwAOuGAUxMYRQxc2tmI6IIhRMViUTgrv88ippn9fci1r9rl5pXOdxFNExOkFV5KJL1EC3qIlaiKIUPaNX9GY9WS/Wu/WxaC1Y+cwR+gPr8weVl5MM</latexit>

f✓r (r)

<latexit sha1_base64="Fm4D0DOes4KCGHyct52cGUqAbig=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VbC00tWy2m3bpZhN2J4US+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6HVDDpVC8iQIlbyea0yiQ/DEY3c78xzHXRsTqAScJ70Z0oEQoGEUr+WEv83HIkT6Np71yxa26c5BV4uWkAjkavfKX349ZGnGFTFJjOp6bYDejGgWTfFryU8MTykZ0wDuWKhpx083mN0/JmVX6JIy1LYVkrv6eyGhkzCQKbGdEcWiWvZn4n9dJMbzuZkIlKXLFFovCVBKMySwA0heaM5QTSyjTwt5K2JBqytDGVLIheMsvr5LWRdW7rNbua5X6TR5HEU7gFM7Bgyuowx00oAkMEniGV3hzUufFeXc+Fq0FJ585hj9wPn8AfZmR/g==</latexit>

f✓v

<latexit sha1_base64="AWODWSI1hhQBMY3kgLFeuu3u2XQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac0tWy2m3bpZhN2J0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnCexEdKhEKRtFKftjPfBxxpI962i9X3Ko7B1klXk4qkKPRL3/5g5ilEVfIJDWm67kJ9jKqUTDJpyU/NTyhbEyHvGupohE3vWx+85ScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw+teJlSSIldssShMJcGYzAIgA6E5QzmxhDIt7K2EjaimDG1MJRuCt/zyKmldVL3Lau2+Vqnf5HEU4QRO4Rw8uII63EEDmsAggWd4hTcndV6cd+dj0Vpw8plj+APn8wd3hZH6</latexit>

f✓r
<latexit sha1_base64="c0g8uuq+tYLQvUyoXOKl84wdR+c=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac0sWy223bpZhN2J0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCanhUijeRIGSdxLNaRRK3g7HtzO//cS1EbF6wEnCg4gOlRgIRtFK/rCX+TjiSB/1tFeuuFV3DrJKvJxUIEejV/7y+zFLI66QSWpM13MTDDKqUTDJpyU/NTyhbEyHvGupohE3QTa/eUrOrNIng1jbUkjm6u+JjEbGTKLQdkYUR2bZm4n/ed0UB9dBJlSSIldssWiQSoIxmQVA+kJzhnJiCWVa2FsJG1FNGdqYSjYEb/nlVdK6qHqX1dp9rVK/yeMowgmcwjl4cAV1uIMGNIFBAs/wCm9O6rw4787HorXg5DPH8AfO5w95FJH7</latexit>g✓r

<latexit sha1_base64="oKTV8nq1CqSVu5xXJyNbEMjiHVE=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0mkqMeiF48VbC00sWy203bpZhN2J4US+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqOTR5LGPdDpkBKRQ0UaCEdqKBRaGEx3B0O/Mfx6CNiNUDThIIIjZQoi84Qyv5g27m4xCQPY2n3XLFrbpz0FXi5aRCcjS65S+/F/M0AoVcMmM6nptgkDGNgkuYlvzUQML4iA2gY6liEZggm988pWdW6dF+rG0ppHP190TGImMmUWg7I4ZDs+zNxP+8Tor96yATKkkRFF8s6qeSYkxnAdCe0MBRTixhXAt7K+VDphlHG1PJhuAtv7xKWhdV77Jau69V6jd5HEVyQk7JOfHIFamTO9IgTcJJQp7JK3lzUufFeXc+Fq0FJ585Jn/gfP4AfyiR/w==</latexit>g✓v

<latexit sha1_base64="tfiMRw2wtMkjI+hQKzcp+DEUtI8=">AAACBnicbVDLSgMxFM3UV62vUZciBIvQbsqMFHVZdOOygn1AO5ZMmmlDM5khuSOUoSs3/oobF4q49Rvc+Tem7Sy09cCFk3PuJfcePxZcg+N8W7mV1bX1jfxmYWt7Z3fP3j9o6ihRlDVoJCLV9olmgkvWAA6CtWPFSOgL1vJH11O/9cCU5pG8g3HMvJAMJA84JWCknn086KVdGDIg92pSCn4/VLncs4tOxZkBLxM3I0WUod6zv7r9iCYhk0AF0brjOjF4KVHAqWCTQjfRLCZ0RAasY6gkIdNeOjtjgk+N0sdBpExJwDP190RKQq3HoW86QwJDvehNxf+8TgLBpZdyGSfAJJ1/FCQCQ4SnmeA+V4yCGBtCqOJmV0yHRBEKJrmCCcFdPHmZNM8q7nmlelst1q6yOPLoCJ2gEnLRBaqhG1RHDUTRI3pGr+jNerJerHfrY96as7KZQ/QH1ucPJbaY6Q==</latexit>

g✓r (f✓r (r))

<latexit sha1_base64="pWKoOappHhIfz14luveQyvOwSLw=">AAACBnicbVDLSsNAFJ3UV62vqEsRgkVoNyWRoi6LblxWsA9oY5hMJ+3QySTM3BRK6MqNv+LGhSJu/QZ3/o3TNovaeuDCmXPuZe49fsyZAtv+MXJr6xubW/ntws7u3v6BeXjUVFEiCW2QiEey7WNFORO0AQw4bceS4tDntOUPb6d+a0SlYpF4gHFM3RD3BQsYwaAlzzzte2kXBhTw42hSChYfo3LZM4t2xZ7BWiVORoooQ90zv7u9iCQhFUA4Vqrj2DG4KZbACKeTQjdRNMZkiPu0o6nAIVVuOjtjYp1rpWcFkdQlwJqpixMpDpUah77uDDEM1LI3Ff/zOgkE127KRJwAFWT+UZBwCyJrmonVY5IS4GNNMJFM72qRAZaYgE6uoENwlk9eJc2LinNZqd5Xi7WbLI48OkFnqIQcdIVq6A7VUQMR9IRe0Bt6N56NV+PD+Jy35oxs5hj9gfH1CzhKmPU=</latexit>

g✓v (f✓v (v))

2-D representation 1-D contrast

<latexit sha1_base64="wplLSeZG7rOgHUVcPa+dCJtP3Xo=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPidmPHg==</latexit>�
<latexit sha1_base64="K0mx2S419zGJ0OuVu1x1u/aB9Cg="></latexit>

f✓v (��v)

<latexit sha1_base64="nQsX9L/lq/3dlYfgFTiVm5DZ8sE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZpaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+7nfGqPSPJaPZpKgH9GB5CFn1FipPu4VS27ZXYCsEy8jJchQ6xW/uv2YpRFKwwTVuuO5ifGnVBnOBM4K3VRjQtmIDrBjqaQRan+6OHRGLqzSJ2GsbElDFurviSmNtJ5Ege2MqBnqVW8u/ud1UhPe+lMuk9SgZMtFYSqIicn8a9LnCpkRE0soU9zeStiQKsqMzaZgQ/BWX14nzauyd12u1Cul6l0WRx7O4BwuwYMbqMID1KABDBCe4RXenCfnxXl3PpatOSebOYU/cD5/AOYfjQM=</latexit>v

<latexit sha1_base64="uvdA4weUBCMrN/Wj5xvRNB7VqfE=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9VISKeqx6MVjBfsBbQyb7aZdutmE3YlQQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFySCa3Ccb6uwtr6xuVXcLu3s7u2X7YPDto5TRVmLxiJW3YBoJrhkLeAgWDdRjESBYJ1gfDPzO49MaR7Le5gkzIvIUPKQUwJG8u1y6Gd9GDEgD2paVWe+XXFqzhx4lbg5qaAcTd/+6g9imkZMAhVE657rJOBlRAGngk1L/VSzhNAxGbKeoZJETHvZ/PApPjXKAIexMiUBz9XfExmJtJ5EgemMCIz0sjcT//N6KYRXXsZlkgKTdLEoTAWGGM9SwAOuGAUxMYRQxc2tmI6IIhRMViUTgrv88ippn9fci1r9rl5pXOdxFNExOkFV5KJL1EC3qIlaiKIUPaNX9GY9WS/Wu/WxaC1Y+cwR+gPr8weVl5MM</latexit>

f✓r (r)

<latexit sha1_base64="Fm4D0DOes4KCGHyct52cGUqAbig=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VbC00tWy2m3bpZhN2J4US+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6HVDDpVC8iQIlbyea0yiQ/DEY3c78xzHXRsTqAScJ70Z0oEQoGEUr+WEv83HIkT6Np71yxa26c5BV4uWkAjkavfKX349ZGnGFTFJjOp6bYDejGgWTfFryU8MTykZ0wDuWKhpx083mN0/JmVX6JIy1LYVkrv6eyGhkzCQKbGdEcWiWvZn4n9dJMbzuZkIlKXLFFovCVBKMySwA0heaM5QTSyjTwt5K2JBqytDGVLIheMsvr5LWRdW7rNbua5X6TR5HEU7gFM7Bgyuowx00oAkMEniGV3hzUufFeXc+Fq0FJ585hj9wPn8AfZmR/g==</latexit>

f✓v

<latexit sha1_base64="AWODWSI1hhQBMY3kgLFeuu3u2XQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac0tWy2m3bpZhN2J0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnCexEdKhEKRtFKftjPfBxxpI962i9X3Ko7B1klXk4qkKPRL3/5g5ilEVfIJDWm67kJ9jKqUTDJpyU/NTyhbEyHvGupohE3vWx+85ScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw+teJlSSIldssShMJcGYzAIgA6E5QzmxhDIt7K2EjaimDG1MJRuCt/zyKmldVL3Lau2+Vqnf5HEU4QRO4Rw8uII63EEDmsAggWd4hTcndV6cd+dj0Vpw8plj+APn8wd3hZH6</latexit>
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(c) SCL

Figure 3. Three contrastive architectures that use spatial backbones: CL, MCL, and SCL. CL follows the original SimCLR architecture [9]
and its accessible queue-based MoCo optimisation [10], with the addition of a spatial backbone [5, 8]. MCL is broadly similar to CL except
for target masking on the vision branch, which promotes added target sensitivity. SCL does not use a projector head and instead rely on
spatial contrast [1, 2, 24].

{θr , θv}. Each backbone network encodes per bin one C-
dimensional feature vector within 2-dimensional spatial bins,
i.e., fθr (r), fθv (v) ∈ RC×h×w. The spatial binning resolution
h× w is generally coarser than the original image resolution
H ×W . Denote by frn(r), f

v
n(v) ∈ RC radio and vision spatial

encodings at bin n ∈ Ω = {1, . . . , h} × {1, . . . , w}. Construct a
target mask γ := [γij ] ∈ [0, 1]H×W such that f ṽm(γ ⊙ v) ∈ RC

is defined for m ∈ Ω̃ = {1, . . . , h̃} × {1, . . . , w̃} to retain encod-
ings for the target of interest only in the RGB image (e.g.,
as delineated by a bounding box), where ⊙ is the element-
wise product and Ω̃ ⊂ Ω is a subset of spatial locations. In
practice, the target mask can either be (1) estimated using
off-the-shelf vision object detectors such as Yolo [11, 18], or
(2) obtained directly as groundtruth during data synthesis.

Noting attention maximisation defined earlier in main
paper in Eqs. 2 & 3, spatial cross-modal contrastive losses
can then be implemented during training from a batch B for
all radio-visual pairs (r, v) ∈ B according to

Lv→r
a (B) = −E

B
log

exp
(
S(r, v)/τ

)∑
i∈B

exp
(
S(r, vi)/τ

) ,
Lr→v
a (B) = −E

B
log

exp
(
S(r, v)/τ

)∑
i∈B

exp
(
S(ri, v)/τ

) (5)

where the one-sided loss Lv→r
a tests for vision-to-radio corre-

spondence, similarly Lr→v
a tests for radio-to-vision, and τ is

a temperature hyper-parameter. The bidirectional contrastive
loss that incentivises cross-modal spatial attention becomes

LSCL = (Lv→r
a + Lr→v

a )/2 (6)

For clarity, Fig. 3 illustrates the three contrastive learning
flavours used in this work.



D. Implementation details
The spatial backbone of the radio and vision encoders

uses an architecture similar to VGG-M [5, 8], swapping
max pooling for average pooling as recommended in [1].
For standard contrastive ablation in Sec. 6.2 (Contrastive
Learning (CL) & Masked Contrastive Learning (MCL)),
we base our cross-modal contrastive learning on MoCo v2
and its public implementation [13]. We extend MoCo’s
implementation with two queues for radio and vision similar
to the audio-visual active sampling work in [16]. We have
found that filtering the encoders with exponential moving
average (EMA) when implementing radio-visual contrast
has no tangible advantage, as detailed in Appendix B.

For mask generation in vision, we rely on groundtruth
bounding boxes from Blender. We also characterise down-
stream performance using bounding boxes estimated from
off-the-shelf Yolov5 model [11]. Tab. 1 reports Yolov5’s
IoU-0.5 performance metric as measured on MaxRay.

We train on 640×480 resolution for both RGB images
and radio heatmaps. Both radio and vision branches output
128×80×60 spatial features whose dimensionality is reduced
using 2-layer MLP projectors to 64-D vectors in the case
of CL & MCL. For CL & MCL, we use a MoCo v2 queue
whose size equals to the batch size. For CL & MCL, the
temperature hyper-parameter is 0.07, whereas for SCL it is
0.1. When implementing spatial attention, we pad bound-
ing boxes by a margin of 5 pixels, and pad a target spatial
response by a margin of 1 feature. For backbone training,
we use the Adam optimiser [15] with a learning rate of 10−5

and no schedule. For all model variants, we train for 200
epochs. We use a batch size of 32 and train in a distributed
fashion on 8 GPUs. We trained experiments on two ma-
chines with GeForce RTX 2080 Ti GPUs and RTX A5000
GPUs, throughout for backbone training, supervised train-
ing, and NNI search space. Backbone training takes around
16–24 hours per experiment depending on model variant and
configuration. Both the localiser network trained on self-
coordinates and supervised baseline use identical architec-
ture and training as detailed in Tab. 2. MaxRay and CRUW
use different convolutional network settings due to differ-
ences in range and angular resolutions (cf., Tab. 4). The NNI
search space took around 5 days. For ray tracing MaxRay,
the ray casting settings of Blender greatly influence perfor-
mance. We set the maximum number of interactions to 5 and
the maximum length travelled to 500m. We parallelise frame
creation on 3060 Ti GPU, which gives 200sec creation time
per frame. This results in a total of 11.6 days of ray tracing
time for the parking lot scenario of dataset.

E. OFDM radar primer
Sec. 3.1 detailed the modelling and synthesis

flow MaxRay incorporates for vision and radio data.
6G network design is an active area of research whose
details are in a state of flux. We, therefore, elaborate here on
our radio data synthesis flow in order to enhance the clarity
of MaxRay’s radio modelling and assumptions.

Fig. 4 depicts a simplified block diagram of our 6G cel-
lular system with sensing support. This 6G model consists
of two simulation flows: (a) propagation via ray tracing, and
(b) OFDM-based basestation signal processing.
(a) Propagation. The basestation transmits OFDM signals.
These OFDM signals interact with the synthetic environment
of Blender through a set of complex propagation phenom-
ena. As such, backscatter signals captured at the basesta-
tion receiver chain enable radar detection. For synthesis-
ing these backscatter signals, MaxRay uses high-fidelity
radio ray tracing. Specifically, MaxRay (i) implements ge-
ometric radio ray casting within Blender, (ii) calculates the
propagation losses of these rays upon interacting with the
synthetic environment model, and (iii) induces approperi-
ate Doppler effects that correspond to moving objects (see
Fig. 4). The propagation model concludes by presenting
“environmentally-modulated” OFDM signals back to the
basestation model.
(b) Basestation. In 6G networks, sensing is to be supported
at the physical layer, unlike earlier attempts for opportunis-
tically using standard wireless channel estimates for sens-
ing [4]. For this to happen, the basestation transmits OFDM
signals and then receives them back “modulated” by envi-
ronmental effects. Specifically, the echoes backscattered
from objects in the environments are received back at the
basestation coherently w.r.t. the local oscillator of the receive
chain. This coherent transceiver is illustrated in Fig. 4 as a
coupling between the transmit and receive analogue chains.
The modified transceiver remains compatible with standard
downlink and uplink communications.

Radar processing in MaxRay is then implemented on top
of OFDM communication signals. OFDM is the workhorse
of modern communication systems. Using OFDM radar
makes sensing much more amenable to integration in com-
munication systems. Specifically, OFDM radar processing
begins after we obtain wireless channel estimates from the
OFDM demodulator as shown in Fig. 4. OFDM radar finally
outputs the sensing primitives (i.e., the heatmaps) that our
radio-visual SSL uses.

Note that joint communication and sensing in 6G as il-
lustrated in Fig. 4 is non-trivial. Concretely, 6G requires (a)
new hardware at cellular basestations, as well as (b) new re-
source allocation protocol involving space, time, frequency,
and power optimisations of the network [23]. For complete-
ness, the following describes briefly the signal processing
principles of OFDM radar [7] as implemented in MaxRay.



OFDM radar signal processing. For Nsymb known trans-
mitted symbols X, the channel can be estimated from the
received data Y according to

Hk,n
=

Yk,n

Xk,n
(7)

where X,Y ∈ CNsub×Nsymb , Nsub is the number of subcarriers,
k and n are respectively subcarrier and symbol indices, and
division is element-wise for efficient single tap equalisation.
The signal traverses a finite number of paths L to the receiver.
As such we can write the channel according to

Hk,n
=

L∑
ℓ=0

ρloss ej2πnT0fℓ︸ ︷︷ ︸
Doppler

+ ej2πkdℓ/c0∆f︸ ︷︷ ︸
distance

+ ηk,n (8)

where fℓ is the per-path Doppler-induced phase shift that
modulates OFDM symbols, and T0 is the symbol duration.
The distance travelled induces another phase shift that affects
OFDM subcarriers, with ∆f being the subcarrier spacing,
and ηk,n ∼ N (0, σk,n) is zero-mean Gaussian noise. Eq. (8)
tells us that the phase information per path (i.e., bounced
off some object) can be used to determine the relative speed
and range of objects encountered during propagation. The
angle of an object can also be estimated by phase process-
ing multiple Hk,n across antennae, i.e., spatial processing.
Orthogonality in OFDM allows for efficient periodogram
estimation of the channel as [7]

Pk,n
=

∣∣∣∣∣∣∣
Nsmyb−1∑
m=0

Nsub−1∑
p=0

Hp,m
e
−j2π pn

Nsymb

 e
j2π mk

Nsub

∣∣∣∣∣∣∣
2

(9)
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Figure 4. 6G network model with sensing support used in MaxRay. The model consists of two subsystems: (a) basestation and (b)
propagation. The basestation implements OFDM radar signalling within a phase coherent signal processing architecture. We simulate the
OFDM channel in baseband. Propagation simulations are performed via geometric ray tracing. We extensively model propagation losses
(e.g., diffraction, backscatter, reflection, scatter, penetration, etc.) as well as Doppler effects.

using the fast Fourier transform (FFT) over symbols, and the
inverse FFT over subcarriers. This gives rise to peaks at the
corresponding distance and speed of respective objects.

The above treatment shows that OFDM signalling for
communication can be reused for implementing radar tech-
niques for sensing. Integrating such sensing functionality
alongside communications, with acceptable tradeoffs, is an
active area of research for 6G networks.



F. Self-labels analysis
Further to discussions in Sec. 6.2, Fig. 5 details the empir-

ical histograms that characterise SCL’s and MCL’s self-label
deviation from groundtruth labels.
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Figure 5. Groundtruth label distributions for target range and angle bins, along with their respective self-label distributions overlaid. SCL
and MCL behave differently in their ability to derive self-labels. Such distributions are depicted for both training and validation sets.

G. Additional results

Table 1. Yolov5 performance
on MaxRay.

mAP50 IoU-0.5

MaxRay 100 0.9374



H. MaxRay illustrations

Further to Sec. 3, Fig. 6 shows snapshot examples of
various data entries from MaxRay. The examples belong
to the parking lot scenario supported in phase 1 of dataset
release. There are currently up to 20 random and identically
distributed cars. The statistics of the dimensions of these

(a) Camera (b) Lidar (c) Depth (d) Radar
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(e) Car dimension statistics

Figure 6. Example of different modalities supported in MaxRay. From left to right: Camera image with bounding boxes, Lidar point cloud
with object type, Depth image with range, Radar heatmap with groundtruth coordinates. Distribution of car dimensions throughout dataset is
also illustrated.

(a) Day (b) Night

(c) Rain (d) Snow

Figure 7. Example of different lighting and weather conditions supported in MaxRay.

cars are depicted in Fig. 6e.
Fig. 7 shows examples of different lighting and weather

conditions supported in MaxRay. Notice how the reliability
of vision detection (Yolo v5 here) drops under unfavourable
conditions, particularly snow as depicted in Fig. 7d.



I. In-depth NNI explanation
Neural Network Intelligence (NNI) is an automatic ma-

chine learning (AutoML) tool that enables the systematic
exploration of the optimisation space. We list the parameters
and neural architectures we considered during AutoML opti-
misation in the Tab. 2. The optimal search choice is shown
under the right-most column.

Fig. 8 depicts the final architecture of the supervised
network.

Table 2. NNI optimisation architecture & parameters

Parameter Explanation Selection Values Best net chosen

lr Learning rate Choice 0.0001, 0.001, 0.01 0.001
momentum Momentum for optimizer Uniform 0.8, ..., 1 0.948985588
act_func Activation function of conv layer Choice "ReLU", "LeakyReLU", "Sigmoid", "Tanh", "Softplus" ReLU
optimizer Optimizer type Choice "SGD", "Adam" Adam
loss_func Loss function for training only Choice "MSE", "L1" MSE
c1_size Convolutional kernels of c1 layer Choice 4, 8, 16, 32, 64 8
c2_size Convolutional kernels of c2 layer Choice 4, 8, 16, 32, 64 16
c3_size Convolutional kernels of c3 layer Choice 4, 8, 16, 32, 64 8
c4_size Convolutional kernels of c4 layer Choice 4, 8, 16, 32, 64 32
k1_size Kernel size of c1 layer Choice 2, 3, 4 4
k2_size Kernel size of c2 layer Choice 2, 3, 4 3
k3_size Kernel size of c3 layer Choice 2, 3, 4 2
k4_size Kernel size of c4 layer Choice 2, 3, 4 4
s1_size Stride of c1 layer Choice 1, 2 2
s2_size Stride of c2 layer Choice 1, 2 2
s3_size Stride of c3 layer Choice 1, 2 2
s4_size Stride of c4 layer Choice 1, 2 1
lin1_size Linear layer 1 Choice 128, 256, 512 128
lin2_size Linear layer 2 Choice 16, 32, 64, 128, 256 16
lin3_size Linear layer 3 Choice 16, 32, 64, 128, 256 64
lin4_size Linear layer 4 Choice 64, 182, 256 64

1

1

2

2

3

3
Figure 8. Final neural architecture of the supervised localiser net-
work. 1 , 2 , and 3 denote vertical network break and continua-
tion.



J. Dataset comparison
Tab. 3 is a verbose version of Tab. 1 presented in Sec. 2.

Further, Tab. 4 summarises the properties of CRUW and how
it compares to our MaxRay dataset.

Table 3. Radio-visual datasets.

Application Resolution # of data points

Dataset Automotive 6G Range Azimuth Elevation Total Labelled Frame rate Groundtruth Radar Reconfigurability

CRUW [21] ✓ ✗ 23cm 15° — 396k1 260k1 30 Camera FMCW ✗

Carrada [17] ✓ ✗ 20cm 15° — 12.7k 7.2k 10 Camera FMCW ✗

AIODrive [22] ✓ ✗ N/A N/A N/A 100k 100k 10 Synthetic N/A ✗

RADIATE [19] ✓ ✗ 17.5cm 1.8° 1.8° 200k 44k N/A Camera FMCW ✗

Oxford Radar RobotCar [6] ✓ ✗ 4.38cm 0.9° — 240k — 4 N/A FMCW ✗

RADDet [25] ✗ ✓ 19.5cm 15° 30° 10.2k 10.2k 10 Camera FMCW ✗

DeepSense [3] ✗ ✓ 60cm 15° 30° WIP2 WIP2 10 Camera+Lidar FMCW ✗

MaxRay∗ ✗ ✓ 18.75cm 6.75° — 30k 30k 30 Synthetic OFDM ✓

1only a fraction available publicly.
2work-in-progress: dataset scenarios are being released.
∗MaxRay is the only 6G synthetic dataset, and is the only reconfigurable dataset.

Table 4. Comparison between MaxRay and CRUW. CRUW∗ requires preprocessing for integration into our radio-visual SSL algorithm.

Entry MaxRay CRUW Preprocessing

Camera 30 FPS @ 640×480 pixels 30 FPS @ 1440×1080 pixels Linear downscaling to 640×480
Radio OFDM Radar @ 800MHz BW

dense 16×16 antenna array
2× FMCW Radar @ 1250MHz BW
sparse 4×2 antenna array

Radar range filtered to 5-30m, and
periodogram upsampled

Range resolution 18.75cm 23cm
Angular resolution 6.75° 15°
Radio groundtruth Perfect high-fidelity ray tracing Camera-radar fusion (RODNet labels) None
Vision groundtruth Perfect target bounding box Yolov5 target bounding box None
Scenario Parking lot (see Sec. ??) Parking lot (see [21])
# of data points 30k 9k

∗https://www.cruwdataset.org



K. Datasheet
We document in Tab. 5 various aspects of our radio-visual dataset according to the specifications stipulated in [12].

Table 5. Dataset datasheet

Motivation

For what purpose was the dataset created? To facilitate radio-visual SSL research for 6G sensing.
Who created the dataset and on behalf of which entity? Bell Labs Core Research (BLCR) on behalf of Nokia.
Who funded the creation of the dataset? Nokia.

Composition

What do the instances that comprise the dataset represent? heatmap-image pairs sampled from a parking lot scenario.
How many instances are there in total? 30,000 labelled for parking lot.
Does the dataset contain all possible instances or is it a sample of instances from a larger set? All.
What data does each instance consist of? Radio heatmaps are range-azimuth description of the environment and

RGB images are their visual pairs.
Is there a label or target associated with each instance? Object groundtruth coordinates for radio and bounding boxes for vision.
Is any information missing from individual instances? No.
Are relationships between individual instances made explicit? Correspondence between each radio-visual pair.
Are there recommended data splits? 80:20 train-validation split for downstream regression.
Are there any errors, sources of noise, or redundancies in the dataset? Not at the data instance level; It is a synthetic dataset. At the radio signal

level, high-fidelity propagation modelling captures non-trivial sources
of noise such as clutter and fading.

Is the dataset self-contained, or does it link to or otherwise rely on external resources? Self-contained.
Does the dataset contain data that might be considered confidential? No.
Does the dataset contain data that, if viewed directly, might be offensive, insulting, threatening, or might
otherwise cause anxiety?

No.

Does the dataset identify any subpopulations? No.
Is it possible to identify individuals, either directly or indirectly from the dataset? No.
Does the dataset contain data that might be considered sensitive in any way? No.

Collection Process

How was the data associated with each instance acquired? Synthesised using CAD tools.
What mechanisms or procedures were used to collect the data? Ray-tracing for radio and rendering for vision.
If the dataset is a sample from a larger set, what was the sampling strategy? N/A.
Who was involved in the data collection process and how were they compensated? Nokia employees under full-time employment.
Over what timeframe was the data collected? Data generation took several months of in-house development effort.
Were any ethical review processes conducted? N/A.
Did you collect the data from the individuals in question directly, or obtain it via third parties or other
sources?

N/A.

Were the individuals in question notified about the data collection? N/A.
Did the individuals in question consent to the collection and use of their data? N/A.
If consent was obtained, were the consenting individuals provided with a mechanism to revoke their consent
in the future or for certain uses?

N/A.

Has an analysis of the potential impact of the dataset and its use on data subjects been conducted? N/A.

Preprocessing/cleaning/labeling

Was any preprocessing/cleaning/labeling of the data done? No.
Was the “raw” data saved in addition to the preprocessed/cleaned/labeled data? N/A.
Is the software that was used to preprocess/clean/label the data available? N/A.

Uses

Has the dataset been used for any tasks already? Mainly radio-visual SSL research disclosed in this paper.
Is there a repository that links to any or all papers or systems that use the dataset? N/A.
What (other) tasks could the dataset be used for? This is a 1st radio-visual SSL work, and future research would build

on our ideas and/or investigate alternative approaches, e.g., for more
discriminative radio signals obtained from finer angular resolutions.

Is there anything about the composition of the dataset or the way it was collected and
preprocessed/cleaned/labeled that might impact future uses?

No.

Are there tasks for which the dataset should not be used? N/A.

Distribution

Will the dataset be distributed to third parties outside of the entity on behalf of which the dataset was
created?

Yes.

How will the dataset will be distributed? Hosted on a public website.
When will the dataset be distributed? 2023.



Cont. Tab. 5
Will the dataset be distributed under a copyright or other intellectual property (IP) license, and/or under
applicable terms of use (ToU)?

Yes.

Have any third parties imposed IP-based or other restrictions on the data associated with the instances? No.
Do any export controls or other regulatory restrictions apply to the dataset or to individual instances? No.

Maintenance

Who will be supporting/hosting/maintaining the dataset? Nokia Bell Labs.
How can the owner/curator/manager of the dataset be contacted? Email.
Is there an erratum? No.
Will the dataset be updated? Yes.
If the dataset relates to people, are there applicable limits on the retention of the data associated with the
instances?

N/A.

Will older versions of the dataset continue to be supported/hosted/maintained? Yes.
If others want to extend/augment/build on/contribute to the dataset, is there a mechanism for them to do so? We will provide reference Blender files which can be modified to model

different environments. Our radio raytracing is however proprietary and
cannot be released. To work around this, users could licence equivalent
commercial radio raytracers in order to generate paired radio heatmaps
from Blender’s 3D models.

End Tab. 5
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