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Reviewer #1 (Remarks to the Author): 

This paper proposes a computational snapshot hyperspectral imaging system leveraging a meta-

lens platform and an optimization-based algorithm for spectral super-resolution. It first designs a 

multi-wavelength off-axis focusing meta-mirror that employs traverse optical dispersion to focus 

light of 4 narrow wavelengths into different spots, thus achieving (4 bands) multispectral imaging 

in one shot. Then, in order to get a high-resolution spectrum, it relies on an optimization algorithm 

(so called “CODE”) to reconstruct 18-band hyperspectral images. An optical setup is built up, and 

real experiments are conducted to show the effectiveness of the proposed system.  

As an expert in signal processing, optimization, and machine learning, my primary focus is to 

assess the significance of the proposed algorithm. While the optical system and the real imaging 

results appear to be commendable, I have some reservations about the proposed algorithm. It 

seems to be a variation of the ADMM algorithm where the objective consists of a data fidelity term 

along with an L2 norm regularization, which is a commonly employed approach of ADMM in image 

reconstruction literature. 

The authors claim that their method combines convex optimization and deep learning, which they 

have labeled as CODE small-data learning theory. However, I must admit that I find it somewhat 

perplexing. I fail to see how this can be referred to as a theory, especially one related to deep 

learning. The only aspect that could be considered theoretical in the supplementary materials is 

the convergence analysis of the ADMM algorithm, which is a well-known basic principle in convex 

optimization. Thus, there doesn't appear to be any truly groundbreaking theory presented. 

Furthermore, it strikes me as peculiar that a network is trained using Adam, and its output is then 

utilized for L2 regularization in ADMM. If we classify this unconventional algorithm as a blending of 

convex optimization and deep learning, it opens the door to inventing numerous other "algorithms" 

such as ADMM-SGD, ADMM-AdaDelta, or even ADMM-ADMM (ADMM can be used for training 

neural networks as well). In fact, I suspect that the positive performance of the proposed 

algorithm may be a result of overfitting caused by the limited amount of data used for training and 

testing. Consequently, I find the experimental results presented to be unconvincing and 

questionable. Perhaps a more direct approach would be to utilize the trained network directly for 

spectrum recovery. Additionally, have the authors considered replacing the unconventional 

regularization || x – x_DL || with a widely-used total variation regularization? This could 

potentially lead to more reliable and accepted results. 

Moreover, the authors state that they employed a transformer-based network for non-linear 

deblurring, which typically requires a substantial amount of data for effective training. This 

contrasts with their claim of using small data. Taking all these factors into consideration, I find no 

substantial grounds for advocating a system that relies on an invalid and ostentatious algorithm. 

Reviewer #2 (Remarks to the Author): 

The authors propose and experimentally demonstrate a compact snapshot hyperspectral imaging 

system based on a specifically designed multi-wavelength off-axis focusing meta-mirror (MOFM) 

and a small-data convex/deep (CODE) deep learning theory. The MOFM enables acquiring a 

multispectral dataset of 4 images in a one-shot measurement, and the CODE theory can transfer 

the 4-band multispectral imaging into an 18-band hyperspectral data cube with high fidelity. I 

think the work is very interesting and the paper is recommended to be published after a few 

limitations are addressed: 

1 For the design of the MOFM, how is the transverse chromatic aberration implemented? 

2 Since the chip works in the reflective mode, what is the impact of the incident angle on the 4-

band multispectral imaging? 

3 What is designed focal length for the working wavelength of 593 nm? If the focal length varies, 

what is the impact on the 4-band multispectral imaging? 

4 What is the challenges and possible solutions for increasing the number of wavelength bands and 

the spectral range? Specifically, the authors mentioned that the multi-resonance feature of the 

developed meta-atom covers from the visible to the near-infrared region, is it possible to increase 



the number of wavelength bands of the initial multispectral image by designing freeform shaped 

meta-atoms, such as the method used in the visible light band (Laser & Photonics Reviews, 2022: 

210066)? 

5 For the training of the Transformer network, the authors only used 40 pairs of images and 

obtained high-quality results. Why does it only need such a small dataset? 

Reviewer #3 (Remarks to the Author): 

The manuscript presents an experimental demonstration of an 18-channel hyperspectral imaging 

system. This system utilizes a small form factor of a 4-channel metalens imaging system and 

employs a small-data convex/deep (CODE) deep learning process. The proposed multi-wavelength 

off-axis focusing meta-mirror (MOFM) consists of Pancharatnam-Berry (PB) phase Al nanorods and 

a distributed Bragg reflector (DBR), resulting in multiple channels in reflectance. This characteristic 

sets it apart from the system described in reference 23. In general, the experimental results align 

well with the design of the system. The manuscript is well-written and highlights the novel and 

interesting functionality achieved by incorporating the hot topic of metalens imaging and deep 

learning in image postprocessing. Overall, with minor revisions addressing the following 

comments, the manuscript can be accepted for publication. 

1. Could the authors provide an explanation for the variation in the circular cross-polarized 

reflectance spectrum shown in Figure 2b, considering the PB phase scheme where the reflection 

should be the same under illumination of circularly polarized light? 

2. Do the wavelengths of the reflectance resonant peak change when the meta-mirror is 

illuminated with light at different incidence angles? If yes, there could be a more degree of 

freedom in terms of wavelength channel in the system. 

3. In line 133, the authors mention that the geometric shape of the meta-atom is randomly 

chosen. However, considering the PB phase scheme, it is expected that the meta-atom should be 

optimized to achieve maximum circular cross-polarized reflectance at the operation wavelength. 

Could the authors provide a comment on this apparent contradiction? 

4. Could the authors provide an explanation for the discrepancy in color between Figure 3c and 

Figure 3d, where the image at a wavelength of 593 nm (channel 3) appears yellow in Figure 3c but 

red in Figure 3d? 

5. In lines 184-186, the authors state that the images shown in Figure 3d are blurrier compared to 

those presented in Figure 3c due to the low Q-factor of the MOFM. Could the authors provide 

information on the bandwidth of the light beam from the acousto-optic tunable filter (AOTF)? 

6. The authors may consider addressing certain limitations in their manuscript. For instance, they 

can discuss the wavelength resolution of the ground truth, which is mentioned to be 10 nm. In 

Figure 5a, it is observed that the petal appears in channels ranging from 610 nm to 650 nm, likely 

due to the broadband nature of the red pixel in the projector. However, what if the red color of the 

petal is narrowband in nature, such as 10 nm or 20 nm? In such cases, can the CODE generate 

appropriate 18 channels of hyperspectral images if the petal (or any other color image feature) is 

only present in a single ground truth channel? It would be valuable for the authors to discuss the 

limitations of the spectral resolution in their system and explore possibilities for improvement in 

the discussion section. 



Bd j^_i h[ifedi[ b[jj[h( m[ e\\[h W Z[jW_b[Z fe_dj)Xo)fe_dj h[fbo je [WY^ e\ j^[ h[l_[m[hix

Yecc[dji* Hkh h[ifedi[i Wh[ i^emd in blue*

K>OB>P>KL$ <HFF>GML6

Reviewer: 1

-* :i Wd [nf[hj _d i_]dWb fheY[ii_d]( efj_c_pWj_ed( WdZ cWY^_d[ b[Whd_d]( co fh_cWho \eYki _i

je Wii[ii j^[ i_]d_\_YWdY[ e\ j^[ fhefei[Z Wb]eh_j^c* P^_b[ j^[ efj_YWb ioij[c WdZ j^[ h[Wb

_cW]_d] h[ikbji Wff[Wh je X[ Yecc[dZWXb[( B ^Wl[ iec[ h[i[hlWj_edi WXekj j^[ fhefei[Z

Wb]eh_j^c* Bj i[[ci je X[ W lWh_Wj_ed e\ j^[ :=FF Wb]eh_j^c m^[h[ j^[ eX`[Yj_l[ Yedi_iji e\

W ZWjW \_Z[b_jo j[hc Wbed] m_j^ Wd E. dehc h[]kbWh_pWj_ed( m^_Y^ _i W Yeccedbo [cfbeo[Z

WffheWY^ e\ :=FF _d _cW][ h[YedijhkYj_ed b_j[hWjkh[*

Reply: 

We thank the reviewer for the comment. First, we would like to emphasize that one of the key 

significances of this work is developing the first algorithm that can successfully construct 

hyperspectral imaging data cubes using a non-interleaved multi-wavelength metasurface. Such 

an imaging task is highly challenging because the algorithm has to return a high-quality 

hyperspectral image from optically blurred 4-channel metasurface-acquired data. As per our 

empirical study, this task cannot be achieved by the typical algorithm (e.g., ADMM) or typical 

L2 regularization. Actually, what the CODE theory has employed is the ADMM-Adam algorithm 

with Q-norm regularization, which is less seen in the literature. 

The L2 norm the referee mentioned comes from a trickily designed Q-norm based on 

hyperspectral geometry, and such a tricky geometry design allows us to reformulate the Q-norm 

into the commonly seen (and more easily tractable) L2 norm, thereby allowing us to achieve 

high-speed metasurface-driven hyperspectral imaging system, which is highly challenging. The 

detailed reformulation from Q-norm to L2 norm can be found in Supplementary Note 4. 

To address the referee’s concern and clarify the above points, we added the following 

discussions into the main text and Supplementary Material: 

On Page 11 of the main text 

“tGej[ j^Wj ikY^ Wd _cW]_d] jWia _i ^_]^bo Y^Wbb[d]_d] X[YWki[ j^[ Wb]eh_j^c ^Wi je h[jkhd j^[

^_]^)gkWb_jo ^of[hif[YjhWb _cW][ \hec j^[ efj_YWbbo Xbkhh[Z 0)Y^Wdd[b FH?F)WYgk_h[Z ZWjW* :i

f[h ekh [cf_h_YWb ijkZo( j^_i jWia YWddej X[ WY^_[l[Z Xo j^[ jof_YWb Wb]eh_j^c %[*]*( :=FF& eh

jof_YWb E.)dehc h[]kbWh_pWj_ed* M^ki( j^[ <H=> j^[eho [cfbeoi j^[ b[ii)i[[d J)dehc

h[]kbWh_pWj_ed _d j^[ :=FF):ZWc Wb]eh_j^c* ?eh YecfkjWj_edWb [\\_Y_[dYo( j^[ J)dehc

h[]kbWh_pWj_ed Ti[[ >g* %L0& _d Supplementary Note 4U YWd X[ jh_Ya_bo Z[i_]d[Z XWi[Z ed

^of[hif[YjhWb ikXifWY[ ][ec[jho Ti[[ Supplementary Note 4U* LkY^ W jh_Yao ][ec[jho Z[i_]d

Wbbemi ki je h[\ehckbWj[ j^[ J)dehc _dje j^[ Yeccedbo i[[d E. dehc Ti[[ >g* %L1& _d

Supplementary Note 4U( j^[h[Xo Wbbem_d] ki je WY^_[l[ ^_]^)if[[Z c[jWikh\WY[)Zh_l[d

^of[hif[YjhWb _cW]_d]tw



In Supplementary Note 4

vtBj _i ademd j^Wj f_n[bi e\ W ^of[hif[YjhWb _cW][ e\j[d YedY[djhWj[ ed W ^of[hif[YjhWb i_cfb[n

%_*[*( Yedl[n ^kbb e\ j^[ W\\_d[bo _dZ[f[dZ[dj ^of[hif[YjhWb i_]dWjkh[i e\ j^[ kdZ[hbo_d] cWj[h_Wbi

_d W ]_l[d _cW][&* M^_i ^of[hif[YjhWb ][ec[jho j^[d _cfb_[i j^Wj j^ei[ ^of[hif[YjhWb f_n[bi e\j[d

Z_ijh_Xkj[Z _d W bem)Z_c[di_edWb ^of[hif[YjhWb ikXifWY[4( cej_lWj_d] ki je Z[i_]d ki_d] j^[

XWi_i l[Yjehi e\ j^[ ikXifWY[* E[j X[ Wd ehj^e]edWb XWi_i e\ j^[ ^of[hif[YjhWb

ikXifWY[( m^_Y^ YWd X[ eXjW_d[Z Xo Wffbo_d] fh_dY_fWb Yecfed[dji WdWboi_i je j^[ hek]^bo

[ij_cWj[Z _cW]_d] h[ikbj * M^[d( m[ ^Wl[ \eh iec[ [_][d)_cW][0

( m^ei[ dkcX[h e\ fWhWc[j[hi _i ( m^_Y^ _i ckY^ \[m[h j^Wd j^Wj e\ j^[ jWh][j

_cW][ _d >g* %L/& WdZ b[WZi je W \Wij[h Wb]eh_j^c* M^[h[\eh[( W jh_Ya_bo

Z[i_]d[Z ][ec[jho)Zh_l[d IL= cWjh_n Wbbemi ki je h[\ehckbWj[ j^[ )dehc _dje j^[

Yeccedbo i[[d %WdZ ceh[ [Wi_bo jhWYjWXb[& E. dehc* Me X[ cWj^[cWj_YWbbo h_]eheki( b[j

X[ j^[ l[Yjeh_pWj_ed ef[hWjeh WdZ X[ j^[ _dl[hi[ ef[hWjeh( WdZ i[b[Yj j^[ ][ec[jho)

Zh_l[d je Xk_bZ j^[ h[bWj_ed j^Wj _i fhefehj_edWb je (

m^_Y^ Wbbemi ki je YedY_i[bo h[\ehckbWj[ >g* %L/& _dje j^[ [_][difWY[ Wi j^[ Yedl[n fheXb[c6tw

.* M^[ Wkj^ehi YbW_c j^Wj j^[_h c[j^eZ YecX_d[i Yedl[n efj_c_pWj_ed WdZ Z[[f b[Whd_d]( m^_Y^

j^[o ^Wl[ bWX[b[Z Wi <H=> icWbb)ZWjW b[Whd_d] j^[eho* Aem[l[h( B ckij WZc_j j^Wj B \_dZ _j

iec[m^Wj f[hfb[n_d]* B \W_b je i[[ ^em j^_i YWd X[ h[\[hh[Z je Wi W j^[eho( [if[Y_Wbbo ed[

h[bWj[Z je Z[[f b[Whd_d]* M^[ edbo Wif[Yj j^Wj YekbZ X[ Yedi_Z[h[Z j^[eh[j_YWb _d j^[

ikffb[c[djWho cWj[h_Wbi _i j^[ Yedl[h][dY[ WdWboi_i e\ j^[ :=FF Wb]eh_j^c( m^_Y^ _i W

m[bb)ademd XWi_Y fh_dY_fb[ _d Yedl[n efj_c_pWj_ed* M^ki( j^[h[ Ze[id$j Wff[Wh je X[ Wdo

jhkbo ]hekdZXh[Wa_d] j^[eho fh[i[dj[Z* ?khj^[hceh[( _j ijh_a[i c[ Wi f[Ykb_Wh j^Wj W d[jmeha

_i jhW_d[Z ki_d] :ZWc( WdZ _ji ekjfkj _i j^[d kj_b_p[Z \eh E. h[]kbWh_pWj_ed _d :=FF* B\ m[

YbWii_\o j^_i kdYedl[dj_edWb Wb]eh_j^c Wi W Xb[dZ_d] e\ Yedl[n efj_c_pWj_ed WdZ Z[[f

b[Whd_d]( _j ef[di j^[ Zeeh je _dl[dj_d] dkc[heki ej^[h "Wb]eh_j^ci" ikY^ Wi :=FF)L@=(

:=FF):ZW=[bjW( eh [l[d :=FF):=FF %:=FF YWd X[ ki[Z \eh jhW_d_d] d[khWb

d[jmehai Wi m[bb&* Bd \WYj( B ikif[Yj j^Wj j^[ fei_j_l[ f[h\ehcWdY[ e\ j^[ fhefei[Z Wb]eh_j^c

cWo X[ W h[ikbj e\ el[h\_jj_d] YWki[Z Xo j^[ b_c_j[Z Wcekdj e\ ZWjW ki[Z \eh jhW_d_d] WdZ

j[ij_d]* <edi[gk[djbo( B \_dZ j^[ [nf[h_c[djWb h[ikbji fh[i[dj[Z je X[ kdYedl_dY_d] WdZ

gk[ij_edWXb[* I[h^Wfi W ceh[ Z_h[Yj WffheWY^ mekbZ X[ je kj_b_p[ j^[ jhW_d[Z d[jmeha Z_h[Yjbo

\eh if[Yjhkc h[Yel[ho* :ZZ_j_edWbbo( ^Wl[ j^[ Wkj^ehi Yedi_Z[h[Z h[fbWY_d] j^[

kdYedl[dj_edWb h[]kbWh_pWj_ed qq n u nV=E qq m_j^ W m_Z[bo)ki[Z jejWb lWh_Wj_ed h[]kbWh_pWj_ed9

M^_i YekbZ fej[dj_Wbbo b[WZ je ceh[ h[b_WXb[ WdZ WYY[fj[Z h[ikbji*

Reply: 

We thank the reviewer for the comments. However, we would like to clarify that in this work, the 

theory being discussed does not emphasize on the convergence. Also, our convergence analysis 

is actually not the well-known basic one from Professor Stephen Boyd’s seminal paper (Found. 

Trends Mach. Learn. 3, 1-122 (2011)), but rather a customized convergence condition that is 



less commonly seen, which we presented in our published convex optimization book (refer to Ref. 

5 in Supplementary Material). Furthermore, what we emphasize through the manuscript is the 

small-data learning theory (rather than convergence theory), which has been successfully 

achieved by cleverly blending convex optimization (CO) and deep learning (DE). Theoretically, 

the effectiveness of Q-norm (used to bridge CO and DE) can be partially attributed to its more 

generalized form compared to other typical regularization like Tikhonov. 

Indeed, the line of blending CO and DE has emerged as a recent trend in addressing 

hardly-tractable challenging imaging inverse problems (e.g., metasurface-engaged 

hyperspectral imaging). Besides our CODE, another remarkable technique in this line of 

research is deep plug-and-play (deep PnP). However, it is important to highlight a key 

distinction between CODE and deep PnP. While CODE leverages small data for its 

implementation, the deep PnP technique requires big data to train the deep proximal operator in 

a convex algorithm. This distinction makes CODE groundbreaking in its ability to achieve high-

quality imaging results with limited data. In fact, using only CO or DE individually cannot 

achieve such a high-quality imaging result from the absence of big data, as recently 

demonstrated in the first CODE paper (see IEEE Trans. Geosci. Remote Sens. 60, 1-16 (2022)). 

Merely using DE yields rather weak solution due to the small scale of the available data, but CO 

(the convex Q-norm regularization, in particular) can leverage such a weak solution to 

regularize the final solution thereby achieving high-quality hyperspectral imaging results. 

Finally, we agree with the referee that ADMM (resp., ADAM) can be replaced by any 

other suitable CO optimizers (resp., DE optimizers). This is precisely why we replaced “ADMM-

Adam” with “CODE” in our recent works. For example, the algorithm for hyperspectral 

satellite change detection (HCD) has been named CODE-HCD rather than ADMM-ADAM-HCD 

(refer to IEEE Trans. Geosci. Remote Sens. 61, 1-18 (2023)), where the detection result obtained 

by only using DE was also proven to be relatively weak. To provide further support for our 

statements, we added new calculation results to illustrate the value of CODE, by showing that 

directly using only CO or DE cannot achieve good spectrum recovery imaging results (see newly 

added Supplementary Table 2). In order to use CO alone, we need to remove the DE-based Q-

norm regularization. For this new demonstration, we replaced Q-norm with the CO-based total 

variation (TV) regularization, as the referee suggested. However, the much more complicated 

form of TV leads to significantly longer computational time and weaker spectrum recovery 

compared to the mathematically simple form of Q-norm. 

As a side remark, though very recently CODE has achieved numerous challenging 

hyperspectral signal processing tasks, including the tensor completion (i.e., image inpainting) 

and satellite change detection, the naïve version of CODE is far from being applicable to the 

hardly tractable hyperspectral metasurface imaging, for which we further introduced the deep 

data-fitting (besides the deep regularization in the naïve CODE) via Transformer; see 

Supplementary Note 4 and Supplementary Figure 15 for detailed illustration. In this work, we 

have applied the CODE framework to metasurface-engaged hyperspectral imaging for the first 

time. Therefore, we respectfully invite the referee to consider the significance of the CODE 

framework in enabling successful hyperspectral imaging with optically-blurred multispectral 



imaging inputs from a non-interleaved multi-wavelength metasurface, while recognizing that the 

specific choice of optimizer may not be the primary determining factor in the groundbreaking 

achievements of the proposed algorithm. 

To address the referee’s concern and clarify the above points, we added the following results 

and discussions into the Supplementary Material: 

vSupplementary Table 2. JkWdj_jWj_l[ YecfWh_ied Wced] j^[ fhefei[Z <H=>( j^[ fkh[ <H

_cW]_d] j[Y^d_gk[ %_*[*( <H)MO& WdZ j^[ fkh[ => _cW]_d] j[Y^d_gk[i %_*[*( =>)- WdZ =>).&(

m^[h[ MO h[\[hi je jejWb lWh_Wj_ed* =>)- WdZ =>). Wh[ Wbie ademd Wi FLM'' WdZ AKG[j(

h[if[Yj_l[bo* M^[ icWbb[h j^[ lWbk[ e\ KFL> WdZ L:F( j^[ X[jj[h j^[ h[YedijhkYj_ed \_Z[b_jo

%XebZ\WY[Z dkcX[h _dZ_YWj[i j^[ X[ij f[h\ehcWdY[&* L[[ Supplementary Note 4 WdZ

Supplementary Note 5 \eh ceh[ Z[jW_bi*w

In Supplementary Note 4 

v**:i W i_Z[ h[cWha( j^ek]^ <H=> ^Wi WY^_[l[Z dkc[heki Y^Wbb[d]_d] ^of[hif[YjhWb i_]dWb

fheY[ii_d] jWiai _d l[ho h[Y[dj b_j[hWjkh[( _dYbkZ_d] j^[ j[dieh Yecfb[j_ed %_*[*( _cW][

_dfW_dj_d]&/ WdZ iWj[bb_j[ Y^Wd][ Z[j[Yj_ed-.( j^[ dWrl[ l[hi_ed e\ <H=> _i \Wh \hec X[_d]

Wffb_YWXb[ je j^[ ^WhZbo jhWYjWXb[ ^of[hif[YjhWb c[jWikh\WY[ _cW]_d]( \eh m^_Y^ m[ \khj^[h

_djheZkY[Z j^[ Z[[f ZWjW)\_jj_d] %X[i_Z[i j^[ Z[[f h[]kbWh_pWj_ed _d j^[ dWrl[ <H=>&7 j^_i YWd X[

]hWf^_YWbbo _bbkijhWj[Z ki_d] j^[ dejWj_ed ioij[c Xk_bj WXel[( Wi Z_ifbWo[Z _d j^[ Supplementary

Figure 15*w



Supplementary Figure 15. M^[ dWrl[ <H=> %Xejjec fWd[b& _dlebl[i edbo Z[[f J)dehc

h[]kbWh_pWj_ed* Me WZZh[ii j^[ ^WhZbo jhWYjWXb[ ^of[hif[YjhWb c[jWikh\WY[ _cW]_d]( Wdej^[h

MhWdi\ehc[h)XWi[Z Z[[f ZWjW)\_jj_d] j[hc ^Wi X[[d \khj^[h _djheZkY[Z _dje j^[ d[mbo Z[i_]d[Z

<H=> %jef fWd[b&*

vt-* TK[cWha -U :bj^ek]^ j^[ ijWdZWhZ :=FF Yedl[h][dY[ YedZ_j_edi %i[[( [*]*( K[\* 5& Wh[

dej ijhW_]^j\ehmWhZbo i[[d( j^[ jh_Yao h[\ehckbWj_ed e\ >g* %L3& [dikh[i j^[ \kbb hWdad[ii e\ j^[

b_d[Wh WiieY_Wj_ed X[jm[[d j^[ jme fh_cWb lWh_WXb[i* :YYehZ_d] je K[\* 1( ikY^ W \kbb hWdad[ii YWd

Z_h[Yjbo Xk_bZ j^[ Z[i_h[Z Yedl[h][dY[ ]kWhWdj[[( Wi j^[eh[j_YWbbo ]kWhWdj[[Z Wi \ebbemi6**.w

vt/* TK[cWha /U Hd[ cWo medZ[h ^em ikY^ W cWj^[cWj_YWbbo i_cfb[ <H=> j^[eho YekbZ X[

ie fem[h\kb( Xkj Xo dej_Y_d] j^Wj j^[ J)dehc \kdYj_ed %ki[Z je Xh_Z][ <H WdZ =>& _i WYjkWbbo W

ceh[ ][d[hWb_p[Z l[hi_ed e\ j^[ YbWii_YWb M_a^edel h[]kbWh_pWj_ed \kdYj_ed/( j^[ ]eeZ

f[h\ehcWdY[ X[Yec[i dej ie ikhfh_i_d]* Gej[ Wbie j^Wj j^[ b_d[ e\ Xb[dZ_d] <H WdZ => ^Wi

X[Yec[ W h[Y[dj jh[dZ _d iebl_d] ^WhZbo)jhWYjWXb[ Y^Wbb[d]_d] _cW]_d] _dl[hi[ fheXb[ci %[*]*(

c[jWikh\WY[ ^of[hif[YjhWb _cW]_d]&* ;[i_Z[i ekh <H=> j^[eho( j^[ ceij h[cWhaWXb[ j[Y^d_gk[

_d j^_i b_d[ _i Z[[f fbk])WdZ)fbWo %Z[[f IdI&-,( --* Aem[l[h( kdb_a[ <H=> j^Wj `kij d[[Zi icWbb

ZWjW( j^[ Z[[f IdI j[Y^d_gk[ h[gk_h[i X_] ZWjW je _cfb[c[dj j^[ Z[[f fhen_cWb ef[hWjeh _d j^[

Yedl[n :=FF Wb]eh_j^c-,( --* P_j^ j^_i h[]WhZ( j^[ <H=> j^[eho _i gk_j[ Wff[Wb_d] WdZ

fhec_i_d] \eh ej^[h Y^Wbb[d]_d] _cW]_d] Wffb_YWj_edi*w

vt0* TK[cWha 0U ?eh ^WhZbo jhWYjWXb[ _dl[hi[ fheXb[ci %[*]*( h[ijehWj_ed e\ ZWcW][Z

^of[hif[YjhWb iWj[bb_j[ ZWjW&( c[h[bo ki_d] [_j^[h <H eh => _i \Wh \hec X[_d] ik\\_Y_[dj [if[Y_Wbbo

_d j^[ WXi[dY[ e\ X_] ZWjW( Wi h[Y[djbo Z[cedijhWj[Z _d j^[ \_hij <H=> fWf[h/* F[h[bo ki_d] =>

o_[bZi hWj^[h m[Wa iebkj_ed Zk[ je j^[ icWbb iYWb[ e\ j^[ WlW_bWXb[ ZWjW( Xkj <H %j^[ Yedl[n J)

dehc h[]kbWh_pWj_ed( _d fWhj_YkbWh& YWd [cfbeo ikY^ W m[Wa iebkj_ed je h[]kbWh_p[ j^[ \_dWb

iebkj_ed j^[h[Xo eXjW_d_d] ^_]^)gkWb_jo ^of[hif[YjhWb _cW]_d] h[ikbji* :=FF %h[if*( :=:F& _i



dej j^[ a[o WdZ YWd X[ h[fbWY[Z Xo Wdo ej^[h ik_jWXb[ <H efj_c_p[hi %h[if*( => efj_c_p[hi&*

M^Wjxi [nWYjbo m^o v:=FF):ZWcw ^Wi X[[d h[dWc[Z v<H=>w _d h[Y[dj mehai* ?eh [nWcfb[(

j^[ Wb]eh_j^c \eh ^of[hif[YjhWb iWj[bb_j[ Y^Wd][ Z[j[Yj_ed %A<=& ^Wi X[[d dWc[Z Wi <H=>)

A<=-.( m^[h[ j^[ Z[j[Yj_ed h[ikbj eXjW_d[Z Xo c[h[bo ki_d] => mWi Wbie fhel[d je X[ hWj^[h

m[Wa* M^[ lWbk[ e\ j^[ <H=> \hWc[meha YWd _dZ[[Z X[ [\\[Yj_l[bo ^_]^b_]^j[Z Xo YecfWh_d]

j^[ _cW]_d] h[ikbji eXjW_d[Z \hec <H=> m_j^ j^ei[ \hec ej^[h WffheWY^[i( Wi YWd X[ i[[d _d

Supplementary Table 2* P[ WZZ[Z iec[ d[m h[ikbji je _bbkijhWj[ j^[ lWbk[ e\ <H=>( Xo

i^em_d] j^Wj Z_h[Yjbo ki_d] edbo <H eh edbo => YWddej WY^_[l[ ]eeZ if[Yjhkc h[Yel[ho _cW]_d]*

Bd ehZ[h je ki[ => Wbed[( m[ [cfbeo jme ijWj[)e\)j^[)Whj if[Yjhkc h[Yel[ho => j[Y^d_gk[i(

ademd Wi FLM'' %_*[*( =>)-&-/ WdZ AKG[j %_*[*( =>).&-0( Xej^ e\ m^_Y^ Wh[ jhW_d[Z ki_d]

[nWYjbo j^[ iWc[ icWbb ZWjW Wi <H=>* Me Z_h[Yjbo ki[ <H edbo( m[ d[[Z je h[cel[ j^[ =>)XWi[Z

J)dehc h[]kbWh_pWj_ed7 j^ki( \eh j^_i Z[cedijhWj_ed( m[ h[fbWY[Z J)dehc Xo j^[ fh[ij_]_eki <H)

XWi[Z jejWb lWh_Wj_ed %MO& h[]kbWh_pWj_ed* M^[ h[ikbj_d] Wb]eh_j^c( dWc[Z <H)MO( _i Z[h_l[Z WdZ

Z[jW_b[Z _d Supplementary Note 5* M^[ h[ikbji Wh[ ikccWh_p[Z _d j^[ Supplementary Table 2*

Hd[ YWd i[[ j^Wj h[ikbji ]W_d[Z Xo ki_d] edbo <H eh => _dZ_l_ZkWbbo %_*[*( <H)MO( =>)- WdZ

=>).& Wh[ \Wh \hec X[_d] iWj_i\WYjeho \eh Xej^ j^[ \_bj[h[Z WdZ ded)\_bj[h[Z YWi[i* :bie( j^[ ckY^

ceh[ Yecfb_YWj[Z \ehc e\ MO b[WZi je i_]d_\_YWdjbo bed][h YecfkjWj_edWb j_c[( YecfWh[Z je j^[

J)dehc e\ cWj^[cWj_YWbbo i_cfb[ \ehc*w

with six additional references 

5* ;eoZ( L*( IWh_a^( G*( <^k( >*( I[b[Wje( ;*( >Yaij[_d( C* =_ijh_Xkj[Z efj_c_pWj_ed WdZ

ijWj_ij_YWb b[Whd_d] l_W j^[ Wbj[hdWj_d] Z_h[Yj_ed c[j^eZ e\ ckbj_fb_[hi* Found. Trends 

Mach. Learn. 3( -)-.. %.,--&*

-,* ?k( Q*( C_W( L*( S^kWd]( E*( Qk( F*( S^ek( C*( E_( J* Aof[hif[YjhWb WdecWbo Z[j[Yj_ed l_W

Z[[f fbk])WdZ)fbWo Z[de_i_d] <GG h[]kbWh_pWj_ed* IEEE Trans. Geosci. Remote Sens. 59(

511/)5124 %.,.-&*

--* =_Wd( K*( E_( L*( DWd]( Q* K[]kbWh_p_d] Aof[hif[YjhWb WdZ ckbj_if[YjhWb _cW][ \ki_ed Xo

<GG Z[de_i[h* IEEE Trans. Neural Netw. Learn. Syst. 32( --.0)--/1 %.,.-&*

-.* E_d( M* A*( E_d( <* A* Aof[hif[YjhWb Y^Wd][ Z[j[Yj_ed ki_d] i[c_)ikf[hl_i[Z ]hWf^ d[khWb

d[jmeha WdZ Yedl[n Z[[f b[Whd_d]* IEEE Trans. Geosci. Remote Sens. 61( -)-4 %.,./&*

-/* <W_( R*( E_d( C*( E_d( S*( PWd]( A*( S^Wd]( R*( I\_ij[h( A*, et al. FLM''6 Fkbj_)ijW][

if[YjhWb)m_i[ jhWdi\ehc[h \eh [\\_Y_[dj if[YjhWb h[YedijhkYj_ed* 2022 IEEE/CVF 

Conference on Computer Vision and Pattern Recognition Workshops (CVPRW)7 .,..* ff*

300)310*

-0* S^We( R*( Ie( E*)F*( RWd( J*( E_k( P*( E_d( M* A_[hWhY^_YWb h[]h[ii_ed d[jmeha \eh

if[YjhWb h[YedijhkYj_ed \hec h]X _cW][i* 2020 IEEE/CVF Conference on Computer 

Vision and Pattern Recognition Workshops (CVPRW)7 .,.,* ff* 0..)0./*

We also added the following discussions into the Supplementary Material to describe how we 

implement the CO-TV computational imaging algorithm for comparison: 

vSupplementary Note 5: CO-TV computational imaging algorithm



:i Z_iYkii[Z _d Supplementary Note 4( m[ h[fbWY[Z j^[ =>)XWi[Z J)dehc h[]kbWh_pWj_ed Xo j^[

<H)XWi[Z MO h[]kbWh_pWj_ed( WdZ j^[ h[ikbj_d] <H)MO Wb]eh_j^c m_bb X[ Z[h_l[Z X[bem*

Lf[Y_\_YWbbo( j^[ d[m _cW]_d] Yh_j[h_ed X[Yec[i

%L4&

m^[h[ j^[ ZWjW)\_jj_d] j[hc h[cW_di j^[ iWc[( m^_b[ j^[ h[]kbWh_pWj_ed j[hc X[Yec[i

%_*[*( j^[ fh[ij_]_eki jejWb lWh_Wj_ed \kdYj_ed&-1* M^[d( b[j ki h[\ehckbWj[ >g* %L4& _dje j^[ ijWdZWhZ

:=FF)\ehc Wi

%L5&

m^[h[ _i j^[ Dhed[Ya[h fheZkYj( ( WdZ * P[ YWd j^[d iebl[ >g* %L5&

j^hek]^ j^[ :=FF Wb]eh_j^c( Wi Z[jW_b[Z _d Algorithm 2 ]_l[d X[bem( m^[h[ j^[ Wk]c[dj[Z

EW]hWd]_Wd _i Z[\_d[Z Wi m_j^

X[_d] j^[ f[dWbjo fWhWc[j[h( _i j^[ _j[hWj_ed dkcX[h( _i j^[ iYWb[Z ZkWb

lWh_WXb[( WdZ j^[ cWjh_n * Gej[ j^Wj E_d[ / _d Algorithm 2 _i dej^_d] Xkj j^[ MO

Z[de_i_d] ef[hWjeh m_j^ X[_d] j^[ de_io _dfkj _cW][* Le( j^[ Z[de_i_d] ef[hWjeh e\

E_d[ / YWd X[ _cfb[c[dj[Z Xo ki_d] j^[ ifb_j ;h[]cWd c[j^eZ( m^ei[ _cfb[c[djWj_ed _i \h[[bo

WlW_bWXb[ edb_d[-2* M^ki( j^[ Z[h_lWj_ed e\ j^[ <H)MO ^of[hif[YjhWb _cW]_d] Wb]eh_j^c ^Wi X[[d

Yecfb[j[Z*w

with two additional references 

-1* Hi^[h( L*( ;kh][h( F*( @ebZ\WhX( =*( Qk( C*( R_d( P* :d _j[hWj_l[ h[]kbWh_pWj_ed c[j^eZ

\eh jejWb lWh_Wj_ed)XWi[Z _cW][ h[ijehWj_ed* Multiscale Model. Simul* 4( 02,)045 %.,,1&*

-2* ;[d`Wc_d Mh[cekb^[WY %.,./&* Lfb_j ;h[]cWd c[j^eZ \eh jejWb lWh_Wj_ed Z[de_i_d]

%^jjfi6++mmm*cWj^mehai*Yec+cWjbWXY[djhWb+\_b[[nY^Wd][+/2.34)ifb_j)Xh[]cWd)c[j^eZ)

\eh)jejWb)lWh_Wj_ed)Z[de_i_d]&( F:ME:; <[djhWb ?_b[ >nY^Wd][* K[jh_[l[Z Ckbo 5( .,./*

/* Feh[el[h( j^[ Wkj^ehi ijWj[ j^Wj j^[o [cfbeo[Z W jhWdi\ehc[h)XWi[Z d[jmeha \eh ded)b_d[Wh

Z[Xbkhh_d]( m^_Y^ jof_YWbbo h[gk_h[i W ikXijWdj_Wb Wcekdj e\ ZWjW \eh [\\[Yj_l[ jhW_d_d]* M^_i

YedjhWiji m_j^ j^[_h YbW_c e\ ki_d] icWbb ZWjW*

Reply:  



We thank the reviewer for the truly expert comment. However, we respectfully comment that 

numerous articles have proposed and successfully demonstrated the training of the Transformer 

with just small data. Some samples are listed below for your information (refer to newly added 

Refs. 38-41 in the main article). Thus, we do not think there is any contradiction. 

Remarkably, CODE addresses the challenge of small data learning using a completely 

different philosophy. Simply speaking, typical techniques like discussions in newly added Refs. 

38-41 in the main article have to force the network to return a good DE solution, while CODE 

just accepts the weak DE solution (but extracting useful information embedded in such a weak 

solution to regularize the final solution). By accepting the weak DE solution and utilizing it in 

the regularization process, CODE leverages the complementary strengths of CO and DE, 

leading to improved performance and robustness in small data scenarios.  

To address the referee’s concern and clarify the above points, we added the following 

discussions into the main article: 

On Page 10 

vtBj _i gk_j[ _dj[h[ij_d] je dej_Y[ j^Wj dkc[heki h[Y[dj Whj_Yb[i ^Wl[ fhefei[Z WdZ ikYY[ii\kbbo

Z[cedijhWj[Z j^[ jhW_d_d] e\ j^[ MhWdi\ehc[h m_j^ `kij icWbb ZWjW/4)0-* K[cWhaWXbo( <H=>

WZZh[ii[i j^[ Y^Wbb[d][ e\ icWbb ZWjW b[Whd_d] ki_d] W Yecfb[j[bo Z_\\[h[dj f^_beief^o* L_cfbo

if[Wa_d]( jof_YWb j[Y^d_gk[i/4)0- ^Wl[ je \ehY[ j^[ Z[[f d[jmeha je h[jkhd W ]eeZ Z[[f iebkj_ed

%Wi j^[ \_dWb iebkj_ed&( m^_b[ <H=> `kij WYY[fji j^[ m[Wa => iebkj_ed* <H=> Wiikc[i j^Wj

j^ek]^ j^[ icWbb iYWb[ e\ ZWjW h[ikbji _d ikY^ W m[Wa iebkj_ed( j^[ iebkj_ed _ji[b\ ij_bb YedjW_di

ki[\kb _d\ehcWj_ed* NdZ[h j^_i Wiikcfj_ed( <H=> j^[d Wffb_[i J)dehc je [njhWYj j^[ [cX[ZZ[Z

ki[\kb _d\ehcWj_ed je ]k_Z[ j^[ Wb]eh_j^c Wi W h[]kbWh_p[h( j^[h[Xo o_[bZ_d] j^[ \_dWb ^_]^)gkWb_jo

iebkj_ed* P[ h[\[h _dj[h[ij[Z h[WZ[hi je K[\* T/0U \eh Wd _d)Z[fj^ Z_iYkii_ed WXekj j^[ j^[eh[j_YWb

Wif[Yj e\ m^o <H=> YekbZ meha l[ho m[bb [l[d _d j^[ WXi[dY[ e\ X_] ZWjW* Ib[Wi[ Wbie i[[

Supplementary Note 4 \eh ceh[ Z_iYkii_editw

with four additional references 

/4* L^We( K*( ;_( Q* C* MhWdi\ehc[hi c[[j icWbb ZWjWi[ji* IEEE Access 10( --4010)--4020

%.,..&*

/5* E[[( L* A*( E[[( L*( Led]( ;* <* O_i_ed jhWdi\ehc[h \eh icWbb)i_p[ ZWjWi[ji* .,.-*

WhQ_l6.--.*-/05.*

0,* E_k( R*( LWd]_d[je( >*( ;_( P*( L[X[( G*( E[fh_( ;*( =[ GWZW_ F* >\\_Y_[dj jhW_d_d] e\

l_ikWb jhWdi\ehc[hi m_j^ icWbb ZWjWi[ji* Advances in Neural Information Processing 

Systems 34( ./4-4)./4/,*

0-* <We( R*)A*( Rk( A*( Pk( C* MhW_d_d] l_i_ed jhWdi\ehc[hi m_j^ edbo .,0, _cW][i*

Computer Vision – ECCV 2022: 17th European Conference, Tel Aviv, Israel, October 

23–27, 2022, Proceedings, Part XXV* M[b :l_l( BihW[b6 Lfh_d][h)O[hbW]7 .,..* ff* ..,u

./3*



Reviewer: 2

M^[ Wkj^ehi fhefei[ WdZ [nf[h_c[djWbbo Z[cedijhWj[ W YecfWYj idWfi^ej ^of[hif[YjhWb _cW]_d]

ioij[c XWi[Z ed W if[Y_\_YWbbo Z[i_]d[Z ckbj_)mWl[b[d]j^ e\\)Wn_i \eYki_d] c[jW)c_hheh

%FH?F& WdZ W icWbb)ZWjW Yedl[n+Z[[f %<H=>& Z[[f b[Whd_d] j^[eho* M^[ FH?F [dWXb[i

WYgk_h_d] W ckbj_if[YjhWb ZWjWi[j e\ 0 _cW][i _d W ed[)i^ej c[Wikh[c[dj( WdZ j^[ <H=> j^[eho

YWd jhWdi\[h j^[ 0)XWdZ ckbj_if[YjhWb _cW]_d] _dje Wd -4)XWdZ ^of[hif[YjhWb ZWjW YkX[ m_j^ ^_]^

\_Z[b_jo* B j^_da j^[ meha _i l[ho _dj[h[ij_d] WdZ j^[ fWf[h _i h[Yecc[dZ[Z je X[ fkXb_i^[Z W\j[h W

\[m b_c_jWj_edi Wh[ WZZh[ii[Z*

We are thankful to the reviewer for the positive evaluation of our work. We carefully addressed 

the points brought up by the reviewer below. 

-* ?eh j^[ Z[i_]d e\ j^[ FH?F( ^em _i j^[ jhWdil[hi[ Y^hecWj_Y WX[hhWj_ed _cfb[c[dj[Z9

Reply:

We thank the reviewer for bringing up this point. In the case of an on-axis dispersive meta-

mirror, the focal points for different wavelengths are located at different focal planes due to the 

inherent optical dispersion. This characteristic, referred to as longitudinal chromatic aberration, 

poses a challenge for capturing color images in a single-shot measurement as the multispectral 

images at different wavelength channels would appear at different focal planes (see newly added 

Supplementary Figure 12a). In contrast, the off-axis focusing meta-mirror allows for the 

appearance of different color channels with a lateral shift, referred to as transverse chromatic 

aberration. This feature enables the multispectral imaging of a color object onto a tilted focal 

plane, as illustrated in the newly added Supplementary Figure 12b. Therefore, by utilizing the 

off-axis focusing configuration, transverse chromatic aberration can be effectively introduced 

into the meta-mirror, facilitating the capture of color images in a single-shot measurement. 

Furthermore, the multi-wavelength resonant feature of the meta-atoms employed in the meta-

mirror aids in minimizing cross-talk between each color channel. This is beneficial for achieving 

accurate and reliable multispectral imaging, where the different colors can be accurately 

separated and distinguished.  

To address this issue, we revised the discussion in the main text: 

On Page 6 of the main text 

“…Me ifWj_Wbbo i[fWhWj[ W Yebeh _cW][ _dje ckbj_fb[ mWl[b[d]j^ Y^Wdd[bi( m[ Z[i_]d W FH?F

Xo _dYehfehWj_d] j^[ ckbj_)h[iedWdj c[jW)Wjec m_j^ jhWdil[hi[ Y^hecWj_Y WX[hhWj_ed./( /-( /. %i[[

Supplementary Note 1 \eh ceh[ Z[jW_bi&…” 

We also added a paragraph and a figure to the Supplementary Material. 

Lkffb[c[djWho Gej[ -6 Bcfb[c[djWj_ed e\ jhWdil[hi[ Y^hecWj_Y WX[hhWj_ed

vBd j^[ YWi[ e\ W h[]kbWh c[jWb[di eh W \eYki_d] c[jW)c_hheh( m^_Y^ [n^_X_ji bed]_jkZ_dWb

Y^hecWj_Y WX[hhWj_ed( YWfjkh_d] Yebeh _cW][i _d W i_d]b[)i^ej c[Wikh[c[dj _i dej ik_jWXb[ Zk[ je

j^[ ckbj_if[YjhWb _cW][i Wff[Wh_d] Wj Z_\\[h[dj \eYWb fbWd[i \eh Z_\\[h[dj mWl[b[d]j^ Y^Wdd[bi

%h[\[h je Supplementary Figure 12a&* Me el[hYec[ j^_i b_c_jWj_ed( m[ fhefei[ _dYehfehWj_d]

jhWdil[hi[ Y^hecWj_Y WX[hhWj_ed _dje j^[ \eYki_d] c[jW)c_hheh* Me WY^_[l[ j^_i( W ckbj_)

mWl[b[d]j^ c[jW)c_hheh _i if[Y_\_YWbbo Z[i_]d[Z m_j^ Wd e\\)Wn_i \eYki_d] [\\[Yj* ;o _djheZkY_d]



jhWdil[hi[ Y^hecWj_Y WX[hhWj_ed( m[ YWd [dWXb[ j^[ YWfjkh[ e\ Yebeh _cW][i _d W i_d]b[)i^ej

c[Wikh[c[dj( _cfhel_d] j^[ _cW]_d] YWfWX_b_j_[i e\ j^[ c[jW)c_hheh* ;k_bZ_d] kfed fh[l_eki

h[i[WhY^ YedZkYj[Z-( j^[ f^Wi[ Z_ijh_Xkj_ed e\ Wd e\\)Wn_i c[jW)c_hheh+c[jWb[di YWd X[ i_cfb_\_[Z

Wi \ebbemi6

m^[h[ $d _i j^[ Z[i_]d[Z Y[djhWb mWl[b[d]j^( f _i j^[ \eYWb b[d]j^ \eh $d( WdZ #f h[fh[i[dji febWh

Wd]b[* rp h[fh[i[dji j^[ Z_ijWdY[ X[jm[[d j^[ c[jW)c_hheh Y[dj[h WdZ Wd WhX_jhWho fei_j_ed ed j^[

c[jW)c_hheh ikh\WY[* "p Z[dej[i j^[ Wd]b[ X[jm[[d j^[ x)Wn_i WdZ j^[ b_d[ Yedd[Yj_d] j^[ Y[dj[h

e\ j^[ c[jW)c_hheh je j^[ WhX_jhWho fei_j_ed ed j^[ c[jW)c_hheh ikh\WY[* Bd ekh if[Y_\_Y YWi[( j^[

\eYki_d] c[jW)c_hheh _i Z[i_]d[Z je ef[hWj[ Wj W Y[djhWb mWl[b[d]j^ e\ 15/ dc m_j^ W \eYWb

b[d]j^ e\ 3*1 cc* M^_i Z[i_]d [dWXb[i j^[ \ehcWj_ed e\ Yebeh _cW][i m_j^ Z_\\[h[dj mWl[b[d]j^

Y^Wdd[bi j^Wj Wh[ WmWo \hec j^[ Y[djhWb mWl[b[d]j^* :i W h[ikbj( j^[i[ Yebeh _cW][i Wff[Wh ed j^[

iYh[[d Wbed] j^[ Z_if[hi_ed Z_h[Yj_ed( Wi i^emd _d Supplementary Figure 12b* M^_i

Y^WhWYj[h_ij_Y _i WZlWdjW][eki \eh j^[ Z[l[befc[dj e\ idWfi^ej ckbj_if[YjhWb _cW]_d]( m^[h[

ckbj_fb[ mWl[b[d]j^ Y^Wdd[bi YWd X[ YWfjkh[Z i_ckbjWd[ekibo _d W i_d]b[ i^ej*w

Supplementary Figure 12. Schematic illustration of the chromatic meta-mirror. a Hd)Wn_i

Z_if[hi_l[ c[jW)c_hheh* b H\\)Wn_i Z_if[hi_l[ c[jW)c_hheh* M^[ #f _i Z[i_]d[Z Wj 01° \eh 15/ dc*

with an additional reference 

-* <^[d( ;* A*( Pk( I* <*( Lk( O*)<*( EW_( R*)<*( <^k( <* A*( E[[( B* <*, et al. @WG c[jWb[di

\eh f_n[b)b[l[b \kbb)Yebeh hekj_d] Wj l_i_Xb[ b_]^j* Nano Lett. 17( 2/01)2/1. %.,-3&*

-52914268@+7# /7A ?
0;

:<
@' > B'0 = +7

0 > %+7' ,() .3 &*, /7A C"$D



.* L_dY[ j^[ Y^_f mehai _d j^[ h[\b[Yj_l[ ceZ[( m^Wj _i j^[ _cfWYj e\ j^[ _dY_Z[dj Wd]b[ ed j^[ 0)

XWdZ ckbj_if[YjhWb _cW]_d]9

Reply:

We thank the reviewer for pointing this out. The angle of incidence indeed influences the 

reflected angles for each wavelength band, thereby affecting the lateral separation between 

different color channels. Moreover, variations in the incident angle have a notable impact on the 

optical coma aberration, which can significantly affect image quality. As a result, changes in the 

incident angle can also impact the image quality of individual images. To further elucidate the 

influence of the incident angle on 4-band multispectral imaging, we provided additional 

computed images using Zemax software for various incident angles #in = ±5 , ±10  and ±15 . 

The newly added Supplementary Figure 13 clearly illustrates that the reflected angle #r

increases as the incident angle becomes larger. Furthermore, it is evident that at larger incident 

angles, there is a greater separation between multispectral images in neighboring channels. 

Notably, when the incident angle increases, the images corresponding to longer wavelengths 

become increasingly blurred. This blurring effect arises from the strong aberration that occurs 

at large reflection angles. Conversely, for negative angles of incidence, the images at shorter 

wavelengths (which are further away from the central wavelength of the meta-mirror) appear 

blurrier compared to those at longer wavelengths, despite the shorter wavelength channels 

having smaller angles of reflection. These results indicate that both the intrinsic characteristics 

of the meta-mirror and optical aberrations play a role in the blurring effect observed in the color 

images. 

To clarify this point, we revised the text in the main article: 

On Page 7 of the main text 

“…BdZ[[Z( j^[ Xbkhh_d] [\\[Yj eXi[hl[Z _d j^[ Yebeh _cW][i _i _d\bk[dY[Z Xo Xej^ j^[ _djh_di_Y

Y^WhWYj[h_ij_Yi e\ j^[ c[jW)c_hheh WdZ efj_YWb WX[hhWj_edi( m^_Y^ Wh[ Wbie Yehh[bWj[Z m_j^ j^[

_dY_Z[dj+h[\b[Yj[Z Wd]b[ %h[\[h je Supplementary Note 2 \eh ceh[ Z_iYkii_edi&…

We also added a paragraph and a figure to the Supplementary Material. 

Lkffb[c[djWho Gej[ .6 BcfWYj e\ j^[ _dY_Z[dj Wd]b[ ed j^[ 0)XWdZ ckbj_if[YjhWb _cW]_d]

vM^[ _dY_Z[dj Wd]b[ _i W Yh_j_YWb \WYjeh _d 0)XWdZ ckbj_if[YjhWb _cW]_d] Wi _j W\\[Yji j^[ h[\b[Yj[Z

Wd]b[i( bWj[hWb i[fWhWj_ed X[jm[[d Yebeh Y^Wdd[bi( WdZ el[hWbb _cW][ gkWb_jo* Supplementary

Figure 13 i^emi WZZ_j_edWb Yecfkj[Z _cW][i \eh lWh_eki _dY_Z[dj Wd]b[i( Yb[Whbo Z[cedijhWj_d]

j^Wj bWh][h _dY_Z[dj Wd]b[i b[WZ je _dYh[Wi[Z h[\b[Yj[Z Wd]b[i WdZ ]h[Wj[h i[fWhWj_ed X[jm[[d

ckbj_if[YjhWb _cW][i* Bj _i dejWXb[ j^Wj Wj bWh][h _dY_Z[dj Wd]b[i( j^[ _cW][i Yehh[ifedZ_d] je

bed][h mWl[b[d]j^i X[Yec[ ceh[ Xbkhh[Z Zk[ je j^[ fh[i[dY[ e\ ijhed] WX[hhWj_edi* <edl[hi[bo(

\eh d[]Wj_l[ _dY_Z[dj Wd]b[i( j^[ _cW][i Wj i^ehj[h mWl[b[d]j^i Wff[Wh Xbkhh_[h YecfWh[Z je j^[

bed][h mWl[b[d]j^i j^Wj Wh[ Ybei[h je j^[ Y[djhWb mWl[b[d]j^ e\ j^[ c[jW)c_hheh( Z[if_j[ ^Wl_d]

icWbb[h Wd]b[i e\ h[\b[Yj_ed* M^[i[ eXi[hlWj_edi [cf^Wi_p[ j^[ Yebb[Yj_l[ _d\bk[dY[ e\ j^[

_dY_Z[dj Wd]b[( _djh_di_Y Y^WhWYj[h_ij_Yi e\ j^[ c[jW)c_hheh( WdZ efj_YWb WX[hhWj_edi ed j^[

eXi[hl[Z Xbkhh_d] [\\[Yj _d ckbj_if[YjhWb _cW]_d]*w



Supplementary Figure 13. Calculated images of a number “2” at 4 wavelength bands under

various angles of incidence. M^[ #in WdZ #r h[fh[i[dj j^[ _dY_Z[dj WdZ h[\b[Yj[Z Wd]b[i(

h[if[Yj_l[bo( \eh j^[ Y[djhWb mWl[b[d]j^ 15/ dc*

/* P^Wj _i Z[i_]d[Z \eYWb b[d]j^ \eh j^[ meha_d] mWl[b[d]j^ e\ 15/ dc9 B\ j^[ \eYWb b[d]j^

lWh_[i( m^Wj _i j^[ _cfWYj ed j^[ 0)XWdZ ckbj_if[YjhWb _cW]_d]9

Reply:

We thank the reviewer for pointing this out. The designed focal length for the wavelength of 593 

nm is 7.5 mm. In fact, in the case of a meta-mirror with a fixed footprint, the depth of field (DOF, 

which is proportional to the square of focal length) and numerical aperture (NA, which is 

inversely proportional to the focal length) are crucial factors, rather than the focal length itself. 

Designing the meta-mirror with a larger NA can enhance spatial resolution of the 4-band 

multispectral imaging. However, a larger NA also results in a smaller DOF. This can pose a 

challenge when trying to capture 4-band images at the same focal plane. Therefore, when using 

a focusing meta-mirror with a fixed working area for snapshot multispectral imaging, the focal 

length should be determined considering the desired DOF and NA. 

To clarify this point, we revised the following discussions in the main article. 

On Page 6 of the main article 

“…Bd ehZ[h je YWfjkh[ W Yecfb[j[ i[j e\ _cW][i _d W ed[)i^ej c[Wikh[c[dj( _j _i d[Y[iiWho je

[dikh[ j^Wj Z_\\[h[dj Yebeh Y^Wdd[bi Yehh[ifedZ_d] je f[Wa mWl[b[d]j^i _d Fig. 2a Wh[ _cW][Z ed

W \_n[Z \eYWb fbWd[* :Y^_[l_d] j^_i h[gk_h[i YWh[\kb Yedi_Z[hWj_ed e\ j^[ Z[fj^ e\ \eYki %=H?(

m^_Y^ _i fhefehj_edWb je j^[ igkWh[ e\ \eYWb b[d]j^& WdZ dkc[h_YWb Wf[hjkh[ %G:( m^_Y^ _i

_dl[hi[bo fhefehj_edWb je j^[ \eYWb b[d]j^& Zkh_d] j^[ Z[i_]d e\ j^[ c[jW)c_hheh( hWj^[h j^Wd

\eYki_d] ieb[bo ed j^[ \eYWb b[d]j^* Me [dWXb[ idWfi^ej _cW]_d] m_j^ WYY[fjWXb[ h[iebkj_ed( W

\eYki_d] c[jW)c_hheh m_j^ W bWh][h =H? WdZ bem[h G: _i [cfbeo[Z* Aem[l[h( j^_i WffheWY^

_dlebl[i W jhWZ[)e\\( Wi _j cWo h[ikbj _d h[ZkY[Z _cW][ h[iebkj_ed* Bd ekh if[Y_\_Y YWi[( m[ ^Wl[



Z[i_]d[Z W c[jW)c_hheh m_j^ W G: e\ ,*,. Wj W Y[djhWb mWl[b[d]j^ e\ 15/ dc je Z[cedijhWj[

idWfi^ej _cW]_d] m_j^ iWj_i\WYjeho h[iebkj_ed…

e also modify the caption of Fig. 2 to clarify the designed focal length of the meta-mirror 

“…KWo)jhWY_d] YWbYkbWj_edi \eh j^[ e\\)Wn_i \eYki_d] c[jW)c_hheh %Z[i_]d[Z Wj W Y[djhWb

mWl[b[d]j^ e\ 15/ dc m_j^ W \eYWb b[d]j^ e\ 3*1 cc& XWi[Z ed j^[ ckbj_)h[iedWdj c[jW)Wjeci*…

0* P^Wj _i j^[ Y^Wbb[d][i WdZ feii_Xb[ iebkj_edi \eh _dYh[Wi_d] j^[ dkcX[h e\ mWl[b[d]j^ XWdZi

WdZ j^[ if[YjhWb hWd][9 Lf[Y_\_YWbbo( j^[ Wkj^ehi c[dj_ed[Z j^Wj j^[ ckbj_)h[iedWdY[ \[Wjkh[

e\ j^[ Z[l[bef[Z c[jW)Wjec Yel[hi \hec j^[ l_i_Xb[ je j^[ d[Wh)_d\hWh[Z h[]_ed( _i _j feii_Xb[

je _dYh[Wi[ j^[ dkcX[h e\ mWl[b[d]j^ XWdZi e\ j^[ _d_j_Wb ckbj_if[YjhWb _cW][ Xo Z[i_]d_d]

\h[[\ehc i^Wf[Z c[jW)Wjeci( ikY^ Wi j^[ c[j^eZ ki[Z _d j^[ l_i_Xb[ b_]^j XWdZ %EWi[h #

I^ejed_Yi K[l_[mi( .,..6 .-,,22&9

Reply:

We thank the reviewer for pointing this out. To achieve multiple resonant peaks in the optical 

spectrum without the need for interleaving multiple meta-atoms or metasurfaces, it is important 

to consider the design of the DBR substrate, eigenmodes in the nanostructure, and the coupling 

between the plasmonic nanostructure and the DBR substrate. The broadest working spectral 

range of our proposed multispectral imager is naturally determined by the bandwidth of the 

reflection window of the DBR substrate. This means that the broader the reflection window of the 

DBR substrate, the wider the range of wavelengths in which the meta-atom could exhibit 

resonant behavior. In our case, the designed DBR substrate exhibits high reflection intensity 

toward 930 nm (see the revised Supplementary Figure 11), where the longest working 

wavelength the multi-resonant meta-atom could theoretically achieve resonant behavior.  

To clarify this point, we added the following sentences into the main article 

On Page 14 

vtP^_b[ ekh idWfi^ej ^of[hif[YjhWb ioij[c Ykhh[djbo Z[cedijhWj[i -4)XWdZ ZWjW YkX[i _d j^[

l_i_Xb[ h[]_ed( _j _i mehj^ dej_d] j^Wj j^[ dkcX[h e\ mWl[b[d]j^ XWdZi WdZ j^[ if[YjhWb hWd][ YWd

X[ \khj^[h [nj[dZ[Z* M^_i _i Wjjh_Xkj[Z je j^[ ckbj_)h[iedWdY[ \[Wjkh[ e\ j^[ Z[l[bef[Z c[jW)Wjec(

m^_Y^ Yel[hi W m_Z[ hWd][ \hec j^[ l_i_Xb[ je j^[ d[Wh)_d\hWh[Z h[]_ed %Wi i^emd _d

Supplementary Figure 11&* M^[eh[j_YWbbo( j^[ meha_d] if[YjhWb hWd][ _i dWjkhWbbo YedijhW_d[Z

Xo j^[ XWdZm_Zj^ e\ j^[ =;Kxi h[\b[Yj_ed m_dZemtw

We also revised the results shown in Supplementary Figure 11. 



Supplementary Figure 11. Optical spectrum of the multi-resonant meta-atom and the DBR

substrate. M^[ Xbk[ Ykhl[ i^emi j^[ dkc[h_YWb E<I)je)K<I h[\b[Yj_ed if[Yjhkc e\ j^[ Z[i_]d[Z

ckbj_)h[iedWdj c[jW)Wjec* :d :b dWde)heZ %b[d]j^ 8 -3, dc( m_Zj^ 8 5, dc( j^_Yad[ii 8 1, dc(

f[h_eZ 8 .,, dc( j^_Yad[ii e\ L_H. ifWY[h 8 -/1 dc& WhhWo ijWdZ_d] ed W =;K ikXijhWj[ _i

efj_c_p[Z je feii[ii ckbj_fb[ ^_]^)J h[iedWdj f[Wai WYheii j^[ if[YjhWb m_dZem \hec 01, dc je

5/, dc* M^[ XbWYa Ykhl[ h[fh[i[dji j^[ h[\b[Yj_ed if[Yjhkc e\ j^[ XWh[ =;K ikXijhWj[*

In addition, we added the following discussions in the Supplementary Material

Lkffb[c[djWho Gej[ 36 =_iYkii_ed e\ j^[ feii_X_b_jo \eh _dYh[Wi_d] j^[ dkcX[h e\ mWl[b[d]j^

XWdZi WdZ j^[ if[YjhWb hWd][

vMe WY^_[l[ ckbj_fb[ h[iedWdj f[Wai _d j^[ efj_YWb if[Yjhkc m_j^ekj _dj[hb[Wl_d] ckbj_fb[ c[jW)

Wjeci eh c[jWikh\WY[i( _j _i [ii[dj_Wb je Yedi_Z[h j^[ Z[i_]d e\ j^[ =;K ikXijhWj[( j^[

[_][dceZ[i fh[i[dj _d j^[ dWdeijhkYjkh[( WdZ j^[ Yekfb_d] X[jm[[d j^[ fbWiced_Y dWdeijhkYjkh[

WdZ j^[ =;K ikXijhWj[* M^[ if[YjhWb hWd][ _d m^_Y^ j^[ ckbj_)mWl[b[d]j^ c[jW)Wjec YWd [n^_X_j

h[iedWdj X[^Wl_eh _i fh_cWh_bo Z[j[hc_d[Z Xo j^[ XWdZm_Zj^ e\ j^[ h[\b[Yj_ed m_dZem e\ j^[ =;K

ikXijhWj[* : m_Z[h h[\b[Yj_ed m_dZem Wbbemi \eh W XheWZ[h meha_d] if[YjhWb hWd][( [dWXb_d] j^[

c[jW)Wjec+FH?F je ef[hWj[ el[h W ]h[Wj[h hWd][ e\ mWl[b[d]j^itw

On the other hand, the number of wavelength bands is influenced by two main factors: 

the number of eigenmodes in the nanostructure and the cavity-like coupling between the 

nanostructure and DBR substrate. Increasing the number of eigenmodes can be achieved by 

using freeform nanostructures, as suggested by the referee (Laser & Photonics Reviews 16, 

2100663 (2022)). One crucial requirement for freeform nanostructures is that they must possess 

an anisotropic shape in order to meet the criteria of the geometric phase method for phase 

modulation. Furthermore, the number of wavelength bands can also be extended by tuning the 

cavity-like coupling condition. To verify this point, we conducted simulations by increasing the 

thickness of the dielectric spacer SiO2 to 2000 nm and 5000 nm (see newly added 

Supplementary Figure 16), while focusing on the same spectral range as demonstrated in the 

main article. In comparison to the original design with a 135-nm-thick SiO2 spacer, which 

generated 4 peak wavelengths from 480 nm to 650 nm, the number of wavelength bands 
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increased to 8 and 12 with the 2000-nm-thick and 5000-nm-thick SiO2 spacers, respectively. 

Additionally, the multi-resonant peaks were found to be generated in the blue spectral region 

below 480 nm, covering the missing wavelength bands in the original design.  

To address the referee’s concern, we added the following discussions in the main article. 

On Page 14 

“…Bd \WYj( Xej^ j^[ dkcX[h e\ [_][dceZ[i _d j^[ dWdeijhkYjkh[i WdZ j^[ YWl_jo)b_a[ Yekfb_d]

X[jm[[d j^[ jefceij dWdeijhkYjkh[i WdZ j^[ =;K ikXijhWj[ fbWo a[o heb[i _d Z[j[hc_d_d] j^[

dkcX[h e\ mWl[b[d]j^ Y^Wdd[bi* ;o kj_b_p_d] \h[[\ehc dWdeijhkYjkh[i m_j^ Wd_iejhef_Y i^Wf[i0.(

0/( j^[ dkcX[h e\ [_][dceZ[i YWd X[ _dYh[Wi[Z( Wbbem_d] \eh W ]h[Wj[h dkcX[h e\ mWl[b[d]j^

XWdZi* Feh[el[h( m[ _dl[ij_]Wj[Z j^[ _cfWYj e\ jkd_d] j^[ YWl_jo)b_a[ Yekfb_d] YedZ_j_ed ed j^[

dkcX[h e\ mWl[b[d]j^ Y^Wdd[bi Xo lWho_d] j^[ j^_Yad[ii e\ j^[ L_H. ifWY[h( Wi Z_iYkii[Z _d

Supplementary Note 7* Bd YecfWh_ied je j^[ eh_]_dWb Z[i_]d m_j^ W -/1)dc)j^_Ya L_H. ifWY[h(

m^_Y^ ][d[hWj[Z 0 f[Wa mWl[b[d]j^i hWd]_d] \hec 04, dc je 21, dc( j^[ dkcX[h e\ mWl[b[d]j^

XWdZi _dYh[Wi[Z m^[d L_H. ifWY[hi _dYh[Wi[itw

with two addition references 

0.* RWd]( C*( <k_( D*( <W_( Q*( Q_ed]( C*( S^k( A*( KWe( L*, et al. NbjhWif[YjhWb _cW]_d] XWi[Z

ed c[jWikh\WY[i m_j^ \h[[\ehc i^Wf[Z c[jW)Wjeci* Laser Photon. Rev. 16( .-,,22/

%.,..&*

0/* Sek( Q*( S^Wd]( R*( E_d( K*( @ed]( @*( PWd]( L*( S^k( L*, et al. I_n[b)b[l[b ;Wo[h)jof[

Yebekh hekj[h XWi[Z ed c[jWikh\WY[i* Nat. Commun. 13( /.44 %.,..&*

We also added the following discussions in the Supplementary Material

Lkffb[c[djWho Gej[ 36 =_iYkii_ed e\ j^[ feii_X_b_jo \eh _dYh[Wi_d] j^[ dkcX[h e\ mWl[b[d]j^

XWdZi WdZ j^[ if[YjhWb hWd][

vtM^[ dkcX[h e\ mWl[b[d]j^ XWdZi _d j^[ ioij[c _i _d\bk[dY[Z Xo jme a[o \WYjehi6 j^[ dkcX[h

e\ [_][dceZ[i ikffehj[Z Xo j^[ dWdeijhkYjkh[ WdZ j^[ YWl_jo)b_a[ Yekfb_d] X[jm[[d j^[

dWdeijhkYjkh[ WdZ j^[ =;K ikXijhWj[* BdYh[Wi_d] j^[ dkcX[h e\ [_][dceZ[i YWd X[ WY^_[l[Z Xo

[cfbeo_d] \h[[\ehc dWdeijhkYjkh[i* ?h[[\ehc dWdeijhkYjkh[i-3( -4( Y^WhWYj[h_p[Z Xo j^[_h

Wd_iejhef_Y i^Wf[( WZ^[h[ je j^[ ][ec[jh_Y f^Wi[ c[j^eZ \eh f^Wi[ ceZkbWj_ed WdZ [dWXb[ W

^_]^[h dkcX[h e\ [_][dceZ[i je X[ ikffehj[Z* :ZZ_j_edWbbo( j^[ dkcX[h e\ mWl[b[d]j^ XWdZi

YWd X[ [nj[dZ[Z Xo jkd_d] j^[ YWl_jo)b_a[ Yekfb_d] YedZ_j_ed* Supplementary Figure 16a i^emi

j^[ i_ckbWj_ed h[ikbji e\ j^[ E<I)je)K<I h[\b[Yj_ed if[Yjhkc \eh Z_\\[h[dj j^_Yad[ii[i e\ j^[

Z_[b[Yjh_Y ifWY[h L_H.* Bd YecfWh_ied je j^[ eh_]_dWb Z[i_]d m_j^ W -/1)dc)j^_Ya L_H. ifWY[h(

m^_Y^ fheZkY[Z 0 f[Wa mWl[b[d]j^i hWd]_d] \hec 04, dc je 21, dc %h[\[h je Supplementary

Figure 11&( j^[ dkcX[h e\ mWl[b[d]j^ XWdZi _dYh[Wi[Z je 4 WdZ -. m_j^ j^[ .,,,)dc)j^_Ya WdZ

1,,,)dc)j^_Ya L_H. ifWY[hi( h[if[Yj_l[bo* GejWXbo( j^[ i_ckbWj_edi h[l[Wb[Z j^[ [c[h][dY[ e\

ckbj_)h[iedWdj f[Wai _d j^[ Xbk[ if[YjhWb h[]_ed X[bem 04, dc( [\\[Yj_l[bo \_bb_d] j^[ fh[l_ekibo

kd[nfbeh[Z mWl[b[d]j^ XWdZi _d j^[ eh_]_dWb Z[i_]d* Supplementary Figure 16b fh[i[dji j^[

i_ckbWj[Z f^Wi[ i^_\j Wi W \kdYj_ed e\ j^[ ijhkYjkhWb hejWj_ed Wd]b[* Bj _i [l_Z[dj \hec j^[ fbej j^Wj

Wbb j^[ d[mbo ][d[hWj[Z f[Wa mWl[b[d]j^i Wb_]d m_j^ j^[ [nf[Yj[Z ][ec[jh_Y f^Wi[ fhe\_b[* M^_i

eXi[hlWj_ed Yed\_hci j^[ [\\[Yj_l[d[ii e\ j^[ fhefei[Z c[j^eZ _d _dYh[Wi_d] j^[ dkcX[h e\

mWl[b[d]j^ Y^Wdd[bi( m^_Y^ h[_d\ehY[i j^[ fej[dj_Wb e\ j^[ c[jWikh\WY[ WffheWY^ _d [nfWdZ_d]



j^[ if[YjhWb hWd][ WdZ [d^WdY_d] j^[ l[hiWj_b_jo e\ ckbj_if[YjhWb+^of[hif[YjhWb _cW]_d]

ioij[citw

Supplementary Figure 16. Simulated results of the designed meta-atom with 2000-nm-thick

and 5000-nm-thick SiO2 spacers. a Gkc[h_YWb h[\b[Yj_ed if[Yjhkc e\ j^[ Z[i_]d[Z c[jW)Wjec

m_j^ Z_\\[h[dj j^_Yad[ii[i e\ L_H.* M^[ =;K ikXijhWj[ WdZ f^oi_YWb i_p[i e\ j^[ :b dWde)heZ Wh[

j^[ iWc[ Wi j^ei[ b_ij[Z _d j^[ cW_d Whj_Yb[* b M^[ Y_hYkbWhbo Yheii)febWh_p[Z f^Wi[ if[Yjhkc Wi W

\kdYj_ed e\ ijhkYjkhWb hejWj_ed Wd]b[* :bb h[iedWdj f[Wai iWj_i\o j^[ ][ec[jh_Y f^Wi[ YedZ_j_ed*

with two addition references 

-3* RWd]( C*( <k_( D*( <W_( Q*( Q_ed]( C*( S^k( A*( KWe( L*, et al. NbjhWif[YjhWb _cW]_d] XWi[Z

ed c[jWikh\WY[i m_j^ \h[[\ehc i^Wf[Z c[jW)Wjeci* Laser Photon. Rev. 16( .-,,22/

%.,..&*

-4* Sek( Q*( S^Wd]( R*( E_d( K*( @ed]( @*( PWd]( L*( S^k( L*, et al. I_n[b)b[l[b ;Wo[h)jof[

Yebekh hekj[h XWi[Z ed c[jWikh\WY[i* Nat. Commun. 13( /.44 %.,..&*

1* ?eh j^[ jhW_d_d] e\ j^[ MhWdi\ehc[h d[jmeha( j^[ Wkj^ehi edbo ki[Z 0, fW_hi e\ _cW][i WdZ

eXjW_d[Z ^_]^)gkWb_jo h[ikbji* P^o Ze[i _j edbo d[[Z ikY^ W icWbb ZWjWi[j9

Reply:  

We thank the reviewer for pointing this out. As replied in the third comment from Referee 1, we 

highlight that numerous recent articles have been proposed and successfully demonstrated the 

training of Transformer with just small data. Some sample articles can be found in the newly 

added Refs. 38-41 in the main article. In fact, the proposed CODE theory addresses the 

challenge of small data learning using a completely different philosophy. Simply speaking, 

typical techniques like discussions in newly added Refs. 38-41 have to force the network to 

return a good deep solution (as the final solution), while CODE just accepts the weak DE 

solution. CODE assumes that though the small scale of data results in such a weak solution, the 

solution itself still contains useful information. Under the assumption, CODE then applies Q-

norm to extract the embedded useful information to guide the algorithm as a regularizer, thereby 



yielding the final high-quality solution. We refer the referee to Section II.B of Ref. 34 in the 

revised manuscript for an in-depth discussion about the theoretical aspect of why CODE could 

work very well even in the absence of big data. 

To clarify the above points, we added the following discussions into the main article: 

On Page 10 

vtBj _i gk_j[ _dj[h[ij_d] je dej_Y[ j^Wj dkc[heki h[Y[dj Whj_Yb[i ^Wl[ fhefei[Z WdZ ikYY[ii\kbbo

Z[cedijhWj[Z j^[ jhW_d_d] e\ j^[ MhWdi\ehc[h m_j^ `kij icWbb ZWjW/4)0-* K[cWhaWXbo( <H=>

WZZh[ii[i j^[ Y^Wbb[d][ e\ icWbb ZWjW b[Whd_d] ki_d] W Yecfb[j[bo Z_\\[h[dj f^_beief^o* L_cfbo

if[Wa_d]( jof_YWb j[Y^d_gk[i/4)0- ^Wl[ je \ehY[ j^[ Z[[f d[jmeha je h[jkhd W ]eeZ Z[[f iebkj_ed

%Wi j^[ \_dWb iebkj_ed&( m^_b[ <H=> `kij WYY[fji j^[ m[Wa => iebkj_ed* <H=> Wiikc[i j^Wj

j^ek]^ j^[ icWbb iYWb[ e\ ZWjW h[ikbji _d ikY^ W m[Wa iebkj_ed( j^[ iebkj_ed _ji[b\ ij_bb YedjW_di

ki[\kb _d\ehcWj_ed* NdZ[h j^_i Wiikcfj_ed( <H=> j^[d Wffb_[i J)dehc je [njhWYj j^[ [cX[ZZ[Z

ki[\kb _d\ehcWj_ed je ]k_Z[ j^[ Wb]eh_j^c Wi W h[]kbWh_p[h( j^[h[Xo o_[bZ_d] j^[ \_dWb ^_]^)gkWb_jo

iebkj_ed* P[ h[\[h _dj[h[ij[Z h[WZ[hi je K[\* T/0U \eh Wd _d)Z[fj^ Z_iYkii_ed WXekj j^[ j^[eh[j_YWb

Wif[Yj e\ m^o <H=> YekbZ meha l[ho m[bb [l[d _d j^[ WXi[dY[ e\ X_] ZWjW* Ib[Wi[ Wbie i[[

Supplementary Note 4 \eh ceh[ Z_iYkii_editw

with four additional references 

/4* L^We( K*( ;_( Q* C* MhWdi\ehc[hi c[[j icWbb ZWjWi[ji* IEEE Access 10( --4010)--4020

%.,..&*

/5* E[[( L* A*( E[[( L*( Led]( ;* <* O_i_ed jhWdi\ehc[h \eh icWbb)i_p[ ZWjWi[ji* .,.-*

WhQ_l6.--.*-/05.*

0,* E_k( R*( LWd]_d[je( >*( ;_( P*( L[X[( G*( E[fh_( ;*( =[ GWZW_ F* >\\_Y_[dj jhW_d_d] e\

l_ikWb jhWdi\ehc[hi m_j^ icWbb ZWjWi[ji* Advances in Neural Information Processing 

Systems 34( ./4-4)./4/,*

0-* <We( R*)A*( Rk( A*( Pk( C* MhW_d_d] l_i_ed jhWdi\ehc[hi m_j^ edbo .,0, _cW][i*

Computer Vision – ECCV 2022: 17th European Conference, Tel Aviv, Israel, October 

23–27, 2022, Proceedings, Part XXV* M[b :l_l( BihW[b6 Lfh_d][h)O[hbW]7 .,..* ff* ..,u

./3*



Reviewer: 3

M^[ cWdkiYh_fj fh[i[dji Wd [nf[h_c[djWb Z[cedijhWj_ed e\ Wd -4)Y^Wdd[b ^of[hif[YjhWb _cW]_d]

ioij[c* M^_i ioij[c kj_b_p[i W icWbb \ehc \WYjeh e\ W 0)Y^Wdd[b c[jWb[di _cW]_d] ioij[c WdZ

[cfbeoi W icWbb)ZWjW Yedl[n+Z[[f %<H=>& Z[[f b[Whd_d] fheY[ii* M^[ fhefei[Z ckbj_)

mWl[b[d]j^ e\\)Wn_i \eYki_d] c[jW)c_hheh %FH?F& Yedi_iji e\ IWdY^WhWjdWc);[hho %I;& f^Wi[

:b dWdeheZi WdZ W Z_ijh_Xkj[Z ;hW]] h[\b[Yjeh %=;K&( h[ikbj_d] _d ckbj_fb[ Y^Wdd[bi _d

h[\b[YjWdY[* M^_i Y^WhWYj[h_ij_Y i[ji _j WfWhj \hec j^[ ioij[c Z[iYh_X[Z _d h[\[h[dY[ ./* Bd ][d[hWb(

j^[ [nf[h_c[djWb h[ikbji Wb_]d m[bb m_j^ j^[ Z[i_]d e\ j^[ ioij[c* M^[ cWdkiYh_fj _i m[bb)mh_jj[d

WdZ ^_]^b_]^ji j^[ del[b WdZ _dj[h[ij_d] \kdYj_edWb_jo WY^_[l[Z Xo _dYehfehWj_d] j^[ ^ej jef_Y e\

c[jWb[di _cW]_d] WdZ Z[[f b[Whd_d] _d _cW][ feijfheY[ii_d]* Hl[hWbb( m_j^ c_deh h[l_i_edi

WZZh[ii_d] j^[ \ebbem_d] Yecc[dji( j^[ cWdkiYh_fj YWd X[ WYY[fj[Z \eh fkXb_YWj_ed*

We thank the reviewer for the positive evaluation of our work and the recommendation for 

publication after minor revisions. 

-* <ekbZ j^[ Wkj^ehi fhel_Z[ Wd [nfbWdWj_ed \eh j^[ lWh_Wj_ed _d j^[ Y_hYkbWh Yheii)febWh_p[Z

h[\b[YjWdY[ if[Yjhkc i^emd _d ?_]kh[ .X( Yedi_Z[h_d] j^[ I; f^Wi[ iY^[c[ m^[h[ j^[

h[\b[Yj_ed i^ekbZ X[ j^[ iWc[ kdZ[h _bbkc_dWj_ed e\ Y_hYkbWhbo febWh_p[Z b_]^j9

Reply:

We thank the reviewer for pointing this out. We agree that in the PB phase scheme, the circular 

cross-polarized reflection should remain the same regardless of the structural rotation angle.  

However, it is important to note that when the rotation angle is changed, the distance between 

neighboring nanostructures is also altered within the fixed period. This change in distance can 

affect the near-field coupling condition between the nanostructures, potentially leading to slight 

fluctuations in the reflection intensity. To investigate the influence of the rotation angle on near-

field coupling, we provided numerical simulation results and analyzed the electric field 

distribution at different structural orientation angles % (see revised Fig. 2b). As can be seen, the 

electric field intensity in the gap between neighboring nano-rods becomes slightly stronger at 

angles of 30° and 45°. This observation confirms that the near-field coupling between 

neighboring nano-rods becomes stronger at certain rotation angles, resulting in a decrease in 

the reflection intensity at those angles.  

To address the referee’s concern, we added the following sentences into the main article 

On Page 6 

vtP^_b[ j^[ Y_hYkbWh Yheii)febWh_p[Z h[\b[Yj_ed _d W ][ec[jh_Y f^Wi[ c[jWikh\WY[ _Z[Wbbo

h[cW_di YedijWdj _hh[if[Yj_l[ e\ j^[ ijhkYjkhWb hejWj_ed Wd]b[( _j _i YhkY_Wb je Yedi_Z[h j^[

Wbj[hWj_ed e\ j^[ Z_ijWdY[ X[jm[[d d[_]^Xeh_d] dWdeijhkYjkh[i Wi j^[ hejWj_ed Wd]b[ Y^Wd][i

m_j^_d W \_n[Z f[h_eZ* M^_i Y^Wd][ _d Z_ijWdY[ ^Wi j^[ fej[dj_Wb je _d\bk[dY[ j^[ d[Wh)\_[bZ

Yekfb_d] YedZ_j_ed X[jm[[d j^[ dWdeijhkYjkh[i %h[\[h je j^[ _di[ji _d Fig. 2b&( h[ikbj_d] _d j^[

eXi[hl[Z \bkYjkWj_edi _d j^[ h[\b[Yj_ed _dj[di_jotw

We also added the simulated electric field distributions into Fig. 2b in the main article



Figure 2. Design of the multi-resonant meta-atom and off-axis focusing meta-mirror. a M^[

dkc[h_YWb h[\b[Yj_ed if[Yjhkc e\ j^[ Z[i_]d[Z ckbj_)h[iedWdj c[jW)Wjec* :d :b dWde)heZ %b[d]j^

8 -3, dc( m_Zj^ 8 5, dc( j^_Yad[ii 8 1, dc( f[h_eZ 8 .,, dc& WhhWo ijWdZ_d] ed W =;K

ikXijhWj[ _i efj_c_p[Z je feii[ii \ekh ^_]^)J h[iedWdj f[Wai WYheii j^[ l_i_Xb[ m_dZem* b( c M^[

Y_hYkbWh Yheii)febWh_p[Z h[\b[Yj_ed %X& WdZ f^Wi[ %Y& Wi W \kdYj_ed e\ ijhkYjkhWb hejWj_ed Wd]b[(

fh[i[dj_d] j^Wj j^[ Z[i_]d[Z ckbj_)h[iedWdj c[jW)Wjec iWj_i\_[i j^[ ][ec[jh_Y f^Wi[ YedZ_j_edi Wj

\ekh f[Wa mWl[b[d]j^i* M^[ _di[j _d %X& h[fh[i[dji j^[ [b[Yjh_Y \_[bZ _dj[di_jo Wj 15/ dc \eh

lWh_eki ijhkYjkhWb eh_[djWj_ed Wd]b[i* M^[ _di[j _d %Y& i^e[i j^[ iY^[cWj_Y e\ j^[ c[jW)Wjec* M^[

j^_Yad[ii e\ Z_[b[Yjh_Y ifWY[h L_H. _i -/1 dc* d KWo)jhWY_d] YWbYkbWj_edi \eh j^[ e\\)Wn_i \eYki_d]

c[jW)c_hheh %Z[i_]d[Z Wj W Y[djhWb mWl[b[d]j^ e\ 15/ dc m_j^ W \eYWb b[d]j^ e\ 3*1 cc& XWi[Z

ed j^[ ckbj_)h[iedWdj c[jW)Wjeci* E[\j _cW][i Wh[ j^[ ifej Z_W]hWci* LYWb[ XWhi6 -, }c* M^[

Xejjec h_]^j _cW][i i^em j^[ f^Wi[ Z_ijh_Xkj_edi WYheii j^[ c[jW)c_hheh Wj 15/ dc*

.* =e j^[ mWl[b[d]j^i e\ j^[ h[\b[YjWdY[ h[iedWdj f[Wa Y^Wd][ m^[d j^[ c[jW)c_hheh _i

_bbkc_dWj[Z m_j^ b_]^j Wj Z_\\[h[dj _dY_Z[dY[ Wd]b[i9 B\ o[i( j^[h[ YekbZ X[ W ceh[ Z[]h[[ e\

\h[[Zec _d j[hci e\ mWl[b[d]j^ Y^Wdd[b _d j^[ ioij[c*

Reply:

We appreciate the reviewer’s comment and suggestion. The coupling between the topmost nano-

rod and the bottom DBR substrate enables the generation of multi-wavelength channels. As a 

result of multiple interference within the constituent layers of the DBR for high reflection, the 

peak wavelengths can be shifted by changing the incident angle. In order to examine the 



sensitivity of the resonant peak wavelengths to the angle of incidence, we conducted numerical 

simulations and obtained the reflectance spectrum at various incident angles, as shown in 

Figure R1. Consistent with expectations, the resonant peak wavelengths exhibit slight blue-shifts 

with increasing incident angle. To utilize the incident angle as a parameter for wavelength 

channel design, the peak wavelength shift should exceed the full width at half maximum (FWHM) 

of the peaks under normal illumination. This condition can be achieved when the incident angle 

is greater than 15!. However, it is worth noting that at an incident angle of 15!, the reflection 

intensity of individual peaks decreases, particularly for the fourth wavelength channel, which 

drops to approximately 60%. Therefore, modulating the resonant wavelengths by varying the 

incidence angle is deemed unsuitable in this case. 

Figure R1. LCP-to-RCP reflection spectrum at various angles of incidence. The incident angle 

was varied from 0" to 15". To provide a clear representation of the peak wavelength shift, a 

zoomed-in image of the spectral window ranging from 505 nm to 545 nm is presented in the right 

panel.

/* Bd b_d[ -//( j^[ Wkj^ehi c[dj_ed j^Wj j^[ ][ec[jh_Y i^Wf[ e\ j^[ c[jW)Wjec _i hWdZecbo

Y^ei[d* Aem[l[h( Yedi_Z[h_d] j^[ I; f^Wi[ iY^[c[( _j _i [nf[Yj[Z j^Wj j^[ c[jW)Wjec i^ekbZ

X[ efj_c_p[Z je WY^_[l[ cWn_ckc Y_hYkbWh Yheii)febWh_p[Z h[\b[YjWdY[ Wj j^[ ef[hWj_ed

mWl[b[d]j^* <ekbZ j^[ Wkj^ehi fhel_Z[ W Yecc[dj ed j^_i WffWh[dj YedjhWZ_Yj_ed9

Reply:

We thank the reviewer for this comment. We apologize for any confusion caused. The main point 

we would like to emphasize is that arbitrary nanostructures with anisotropic shapes have the 

potential to be utilized for the PB phase, as long as their geometric dimensions are optimized to 

achieve the maximum circular cross-polarized reflection within the desired spectral range. To 

clarify this statement, we revised the following sentences in the main article. 

On Page 6 



vtBdZ[[Z( j^[ i[b[Yj_ed e\ j^[ ][ec[jh_Y i^Wf[ \eh j^[ c[jW)Wjec _d ekh ijkZo mWi hWdZec WdZ

fh_cWh_bo _dj[dZ[Z \eh _bbkijhWj_l[ fkhfei[i* M^[ a[o YedY[fj _i j^Wj ej^[h Wd_iejhef_Y

dWdeijhkYjkh[i YWd X[ [cfbeo[Z je WjjW_d i_c_bWh h[ikbji WdZ ekjYec[i( Wi bed] Wi j^[_h f^oi_YWb

Z_c[di_edi Wh[ YWh[\kbbo efj_c_p[Z je cWn_c_p[ j^[ [\\_Y_[dYo e\ Y_hYkbWh febWh_pWj_ed

Yedl[hi_edtw

0* <ekbZ j^[ Wkj^ehi fhel_Z[ Wd [nfbWdWj_ed \eh j^[ Z_iYh[fWdYo _d Yebeh X[jm[[d ?_]kh[ /Y WdZ

?_]kh[ /Z( m^[h[ j^[ _cW][ Wj W mWl[b[d]j^ e\ 15/ dc %Y^Wdd[b /& Wff[Whi o[bbem _d ?_]kh[

/Y Xkj h[Z _d ?_]kh[ /Z9

Reply:

We thank the reviewer for bringing up this point. The discrepancy in color between the measured 

images shown in Figs. 3c and 3d can be attributed to the white balance using different light 

sources. For simplicity, a white LED was used for white balance during the capture of the 

number "2" images (Fig. 3c), while a projector with a white background was used for white 

balance before capturing the color potted flower image (Fig. 3d). As shown in the newly added 

Supplementary Figure 14, the spectral distribution of light intensity differs between these two 

light sources. Specifically, the intensity of the projector in the green color range is relatively 

lower compared to the blue and red colors. As a result, the image at channel 3 (593 nm) in Fig. 

3d appears reddish. Conversely, the white LED demonstrates more consistent intensity in the 

wavelength range from 510 nm to 650 nm, corresponding to the green to red color range, 

making the color at channel 3 in Fig. 3c closer to its actual color. However, it is important to 

emphasize that the observed color discrepancy does not impact the accuracy of the hyperspectral 

imaging results. This is because the wavelength channels of the multispectral images are 

spatially distributed in free space. Each color image captured at the correct spatial position 

corresponds to the respective wavelength channel. Furthermore, the hyperspectral imaging data 

cubes are obtained using the developed small-data learning theory, which reconstructs 

individual color images at each wavelength band based on the CIE 1931 color space. Therefore, 

the accuracy of the hyperspectral imaging results remains unaffected by the observed color 

differences between the images. 

To clarify this point, we added the following discussions in the main article. 

On Page 8 

vtHd[ YWd i[[ j^[ Z_iYh[fWdYo _d Yebeh Wj Y^Wdd[b / X[jm[[d j^[ c[Wikh[Z _cW][i i^emd _d

Figs. 3c WdZ 3d( m^_Y^ YWd X[ Wjjh_Xkj[Z je j^[ ki[ e\ Z_\\[h[dj b_]^j iekhY[i \eh m^_j[ XWbWdY[*

Aem[l[h( m[ [cf^Wi_p[ j^Wj j^_i lWh_Wj_ed _d Yebeh Ze[i dej _cfWYj j^[ WYYkhWYo e\ j^[

ckbj_if[YjhWb+^of[hif[YjhWb _cW]_d] h[ikbji* M^_i _i X[YWki[ j^[ ifWj_Wb Z_ijh_Xkj_ed e\

mWl[b[d]j^ Y^Wdd[bi [dikh[i j^Wj [WY^ Yebeh _cW][ Yehh[ifedZi je _ji h[if[Yj_l[ mWl[b[d]j^

Y^Wdd[b Wj j^[ Yehh[Yj ifWj_Wb fei_j_ed %h[\[h je Supplementary Note 3 \eh ceh[ Z_iYkii_edi&tw

We also added the following discussions and a figure into the Supplementary Material. 

Lkffb[c[djWho Gej[ /6 E_]^j iekhY[i ki[Z \eh m^_j[ XWbWdY[



vSupplementary Figure 14 fhel_Z[i W YecfWh_ied e\ j^[ efj_YWb if[YjhW [c_jj[Z Xo jme

Z_\\[h[dj b_]^j iekhY[i ki[Z \eh m^_j[ XWbWdY[* M^[ fhe`[Yjeh i^emi W bem[h _dj[di_jo _d j^[ ]h[[d

Yebeh hWd][ YecfWh[Z je j^[ Xbk[ WdZ h[Z Yebehi( YWki_d] Y^Wdd[b / %15/ dc& _d Fig. 3d je Wff[Wh

ceh[ h[ZZ_i^* Hd j^[ ej^[h ^WdZ( j^[ m^_j[ E>= [n^_X_ji W ceh[ Yedi_ij[dj _dj[di_jo WYheii j^[

mWl[b[d]j^ hWd][ Yehh[ifedZ_d] je ]h[[d je h[Z Yebehi( h[ikbj_d] _d j^[ Yebeh Wj Y^Wdd[b / _d Fig.

3c X[_d] Ybei[h je _ji jhk[ h[fh[i[djWj_ed* BcfehjWdjbo( m[ [cf^Wi_p[ j^Wj j^[ eXi[hl[Z Yebeh

Z_iYh[fWdYo Ze[i dej Yecfhec_i[ j^[ WYYkhWYo e\ j^[ ckbj_if[YjhWb+^of[hif[YjhWb _cW]_d]

h[ikbji* M^_i _i X[YWki[ j^[ ifWj_Wb Z_ijh_Xkj_ed e\ mWl[b[d]j^ Y^Wdd[bi _d \h[[ ifWY[ [dikh[i j^Wj

[WY^ YWfjkh[Z Yebeh _cW][ Yehh[ifedZi je j^[ if[Y_\_Y mWl[b[d]j^ Y^Wdd[b Wj _ji Z[i_]dWj[Z

ifWj_Wb fei_j_ed* :ZZ_j_edWbbo( j^[ icWbb)ZWjW b[Whd_d] j^[eho [cfbeo[Z \eh eXjW_d_d] j^[

^of[hif[YjhWb _cW]_d] ZWjW YkX[i h[YedijhkYji _dZ_l_ZkWb Yebeh _cW][i \eh [WY^ mWl[b[d]j^ XWdZ

XWi[Z ed j^[ <B> -5/- Yebeh ifWY[( ]kWhWdj[[_d] WYYkhWYo _d j^[ h[ikbji h[]WhZb[ii e\ Wdo Yebeh

Z_\\[h[dY[i eXi[hl[Z X[jm[[d j^[ _cW][i*w

Supplementary Figure 14. The spectrum of different light sources. M^[ _dj[di_jo if[Yjhkc e\

j^[ fhe`[Yjeh _i h[fh[i[dj[Z Xo j^[ Xbk[ Ykhl[( m^_b[ j^[ m^_j[ E>= _i h[fh[i[dj[Z Xo j^[ eb_l[

Ykhl[* : m^_j[ XWYa]hekdZ _i ki[Z m^[d c[Wikh_d] j^[ efj_YWb if[Yjhkc e\ j^[ fhe`[Yjeh*

1* Bd b_d[i -40)-42( j^[ Wkj^ehi ijWj[ j^Wj j^[ _cW][i i^emd _d ?_]kh[ /Z Wh[ Xbkhh_[h YecfWh[Z

je j^ei[ fh[i[dj[Z _d ?_]kh[ /Y Zk[ je j^[ bem J)\WYjeh e\ j^[ FH?F* <ekbZ j^[ Wkj^ehi

fhel_Z[ _d\ehcWj_ed ed j^[ XWdZm_Zj^ e\ j^[ b_]^j X[Wc \hec j^[ WYekije)efj_Y jkdWXb[ \_bj[h

%:HM?&9

Reply:

We thank the reviewer for this suggestion. In the newly added Supplementary Figure 2c, we 

presented the light intensity spectrum of the laser beams generated by the AOTF. Additionally, in 

Supplementary Figure 2d, we provided the peak-fitting FWHM of the light beams. These 

measurements allow us to assess the bandwidth of the laser beams and compare it with the 

bandwidth of the MOFM, as shown in Fig. 3a and Supplementary Figures 2c and 2d. The 
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results demonstrate that the bandwidth of the laser beams from the AOTF is significantly smaller 

than the bandwidth of the MOFM, thereby confirming the assertion made in the main article. 

To verify this point, we added the following sentences in the main article. 

On Page 8 

vtm[ YWd i[[ j^Wj j^[ _cW][i Wj j^[ \ekh Y^Wdd[bi i^emd _d Fig. 3d Wh[ Xbkhh_[h j^Wd j^ei[

fh[i[dj[Z _d Fig. 3c( m^_Y^ h[ikbj[Z \hec j^[ h[bWj_l[bo bem J)\WYjeh e\ j^[ c[Wikh[Z f[Wai %i[[

Fig. 3a( Supplementary Figures 2c WdZ 2d \eh YecfWh_ied&tw

We also added the bandwidth analysis for the light beam generated by the AOTF into the 

Supplementary Figure 2 

Supplementary Figure 2. Optical setup for the imaging characterization of multi-

wavelength off-axis focusing meta-mirror. a : ikf[hYedj_dkkc bWi[h %GDM I^ejed_Yi ?BN)-1&

YecX_d[Z m_j^ Wd WYekije)efj_Y jkdWXb[ \_bj[h %:HM?( Lkf[hD L>E><M& _i kj_b_p[Z je i[b[Yj j^[



mWl[b[d]j^ _d j^[ l_i_Xb[* Bd j^_i YWi[( h[iebkj_ed jWh][ji m_j^ Z_\\[h[dj)i^Wf[Z Wf[hjkh[i Wh[ ki[Z

Wi j^[ eX`[Yj* b Me Z[cedijhWj[ j^[ idWfi^ej ^of[hif[YjhWb _cW]_d] YWfWX_b_jo e\ j^[ FH?F(

\kbb)Yebeh _cW][i \hec W fhe`[Yjeh Wh[ ki[Z Wi j^[ eX`[Yji* : ^Wb\)mWl[ fbWj[ %M^ehbWXi

:API,1F)2,,&( W b_d[Wh febWh_p[h %M^ehbWXi EIOBL>-,,):&( WdZ W gkWhj[h)mWl[ fbWj[

%M^ehbWXi :JPI,1F)2,,& Wh[ ki[Z je Z[j[hc_d[ j^[ febWh_pWj_ed ijWj[* F6 c_hheh7 B6 _h_i7 $+.6

^Wb\)mWl[ fbWj[7 I6 b_d[Wh febWh_p[h7 |+06 gkWhj[h)mWl[ fbWj[7 H6 eX`[Yj_l[ %F_jkjeoe -,{

cW]d_\_YWj_ed m_j^ ,*.4 dkc[h_YWb Wf[hjkh[&7 KM6 h[iebkj_ed jWh][ji7 E6 E[di* c M^[ efj_YWb

if[Yjhkc e\ j^[ bWi[h X[Wci [c_jj[Z Xo j^[ :HM?* M^[ mWl[b[d]j^ hWd][ i^emd _i b_c_j[Z je

1/,)21, dc Zk[ je j^[ YWfWX_b_j_[i e\ j^[ ki[Z c_Yhe)if[Yjhec[j[h %I^[aZW L[h_[i( I=& \eh

c[Wikh[c[dj* d M^[ f[Wa)\_jj_d] ?PAF e\ j^[ bWi[h X[Wci YWhh_[Z ekj \hec %Y&*

2* M^[ Wkj^ehi cWo Yedi_Z[h WZZh[ii_d] Y[hjW_d b_c_jWj_edi _d j^[_h cWdkiYh_fj* ?eh _dijWdY[(

j^[o YWd Z_iYkii j^[ mWl[b[d]j^ h[iebkj_ed e\ j^[ ]hekdZ jhkj^( m^_Y^ _i c[dj_ed[Z je X[ -,

dc* Bd ?_]kh[ 1W( _j _i eXi[hl[Z j^Wj j^[ f[jWb Wff[Whi _d Y^Wdd[bi hWd]_d] \hec 2-, dc je

21, dc( b_a[bo Zk[ je j^[ XheWZXWdZ dWjkh[ e\ j^[ h[Z f_n[b _d j^[ fhe`[Yjeh* Aem[l[h( m^Wj _\

j^[ h[Z Yebeh e\ j^[ f[jWb _i dWhhemXWdZ _d dWjkh[( ikY^ Wi -, dc eh ., dc9 Bd ikY^ YWi[i( YWd

j^[ <H=> ][d[hWj[ Wffhefh_Wj[ -4 Y^Wdd[bi e\ ^of[hif[YjhWb _cW][i _\ j^[ f[jWb %eh Wdo ej^[h

Yebeh _cW][ \[Wjkh[& _i edbo fh[i[dj _d W i_d]b[ ]hekdZ jhkj^ Y^Wdd[b9 Bj mekbZ X[ lWbkWXb[ \eh

j^[ Wkj^ehi je Z_iYkii j^[ b_c_jWj_edi e\ j^[ if[YjhWb h[iebkj_ed _d j^[_h ioij[c WdZ [nfbeh[

feii_X_b_j_[i \eh _cfhel[c[dj _d j^[ Z_iYkii_ed i[Yj_ed*

Reply:

We thank the reviewer for this comment. Based on the developed CODE theory, to maintain 

image quality, we recommend setting the number of bands in the output hyperspectral image to 

4.5 times the number of bands in the input image, as demonstrated in this study. In order to 

improve wavelength resolution, we propose modifying the design of multi-resonant meta-atoms 

to increase the number of bands in the multispectral image. This can be achieved by adjusting 

the cavity-like coupling effect between the topmost nano-rod and the underlying DBR substrate. 

As can be seen in the newly added Supplementary Figure 16a, increase of the SiO2 thickness 

between the nano-rod and DBR from 135 nm to 2000 nm results in an increase in the number of 

resonant wavelengths from 4 to 8 within the wavelength range of 480 nm to 650 nm. In addition, 

further increasing the SiO2 thickness to 5000 nm can generate 12 resonant wavelengths within 

the same wavelength range. Furthermore, Supplementary Figure 16b provides verification that 

all resonant peak wavelengths satisfy the PB phase condition. These findings further support the 

conclusion that adjusting the thickness of the dielectric spacer between the metal structure and 

DBR effectively enhances the meta-mirror design for multispectral imaging, resulting in an 

increased number of wavelength channels. Therefore, by utilizing the CODE theory, it becomes 

feasible to generate hyperspectral images with 54 wavelength bands, leading to an expected 

improvement in wavelength resolution from approximately 10 nm to 3.9 nm. However, achieving 

this outcome necessitates providing the training model with ground truth data that corresponds 

to the specific number of bands. In other words, when converting a multispectral image with 12 

bands into a hyperspectral image with 54 bands using CODE theory, it is essential to supply 54-

band ground truth images for model training. This practical implementation aspect presents 

challenges, primarily due to the requirement of obtaining accurate ground truth data using 

multiple bandpass filters. Therefore, while striving to enhance spectral resolution, it is crucial to 



consider the difficulties associated with acquiring precise ground truth data in order to maintain 

a balanced approach. 

On the other hand, we would like to point out that the CODE theory is capable of 

extracting the spectral information of pixel A, which has a bandwidth of approximately 10 nm, 

despite each wavelength channel in the multispectral image containing data with a bandwidth of 

around 20-30 nm (as shown in Fig. 3a in the main article). This capability arises from the 

CODE theory learning the mapping between the known hyperspectral ground truth and its 

corresponding multispectral input, which is the multispectral image generated by the MOFM. By 

utilizing this learned mapping, the CODE theory can effectively infer the unknown hyperspectral 

images that correspond to the captured multispectral image. Therefore, even if pixel A is only 

present in a subset or a single spectral band within the ground truth data library, its 

hyperspectral information can still be accurately inferred through the learned mapping from 

other data pairs. This aspect is further supported by our research findings. As demonstrated in 

Figs. 3d and 5 in the main article, the original multispectral image lacked meaningful 

information in the blue region (wavelengths below 500 nm). However, through the application of 

the CODE theory to construct a hyperspectral image, we were able to obtain highly accurate 

blue light information that closely aligned with the ground truth. This serves as evidence that 

certain pixels within the captured object, whose spectral information may be concealed within a 

wide spectral band image or cannot be effectively extracted by the MOFM, can still be precisely 

recovered utilizing the small-data learning theory developed in this study. 

To discuss the limitation and improvement of the spectral resolution in our system, we added the 

following discussions into the main article. 
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vt:i i^emd _d Supplementary Figure 16( _dYh[Wi_d] j^[ Z_[b[Yjh_Y ifWY[h j^_Yad[ii je 1,,,

dc Wbbemi \eh j^[ ][d[hWj_ed e\ -. h[iedWdj mWl[b[d]j^i m_j^_d j^[ iWc[ if[YjhWb hWd][( m^_Y^

h[l[Wbi j^[ feii_X_b_jo je \khj^[h [d^WdY[ j^[ if[YjhWb h[iebkj_ed* Me fh[i[hl[ j^[ \_Z[b_jo e\ j^[

_cW][ j^hek]^ekj j^[ Yedl[hi_ed fheY[ii( m[ fhefei[ WZ^[h_d] je W hWj_e e\ 0*1 \eh j^[ dkcX[h e\

XWdZi _d j^[ ekjfkj ^of[hif[YjhWb _cW][ YecfWh[Z je j^[ dkcX[h e\ XWdZi _d j^[ _dfkj

ckbj_if[YjhWb _cW][( XWi[Z ed j^[ fh_dY_fb[i e\ j^[ <H=> j^[eho i^emYWi[Z _d j^_i ijkZo* M^ki(

W -.)XWdZ ckbj_if[YjhWb _cW]_d] j^[eh[j_YWbbo [dWXb[i j^[ ][d[hWj_ed e\ ^of[hif[YjhWb _cW][i

m_j^ 10 mWl[b[d]j^ XWdZi( h[ikbj_d] _d Wd _cfhel[Z mWl[b[d]j^ h[iebkj_ed \hec Wffhen_cWj[bo

-, dc je /*5 dc* Aem[l[h( _j _i _cfehjWdj je dej[ j^Wj j^_i h[gk_h[i fhel_Z_d] j^[ jhW_d_d] ceZ[b

m_j^ ]hekdZ jhkj^ ZWjW j^Wj Yehh[ifedZi je j^[ if[Y_\_Y dkcX[h e\ XWdZi* IhWYj_YWb

_cfb[c[djWj_ed e\ j^_i WffheWY^ fei[i Y^Wbb[d][i( fWhj_YkbWhbo _d eXjW_d_d] WYYkhWj[ ]hekdZ jhkj^

ZWjW j^hek]^ ckbj_fb[ XWdZfWii \_bj[hi* M^[h[\eh[( _j _i YhkY_Wb je Yedi_Z[h j^[ Z_\\_Ykbj_[i

WiieY_Wj[Z m_j^ WYgk_h_d] fh[Y_i[ ]hekdZ jhkj^ ZWjW m^_b[ ijh_l_d] je [d^WdY[ if[YjhWb h[iebkj_ed(

WdZ cW_djW_d W XWbWdY[Z WffheWY^ j^hek]^ekj j^[ fheY[ii* M^[i[ \_dZ_d]i ^_]^b_]^j j^[ fej[dj_Wb

\eh \khj^[h [nj[dZ_d] j^[ dkcX[h e\ mWl[b[d]j^ XWdZi WdZ if[YjhWb hWd][ Xo efj_c_p_d] j^[

Z[i_]d fWhWc[j[hi WdZ YWl_jo)b_a[ Yekfb_d] YedZ_j_edi _d \kjkh[ _j[hWj_edi e\ j^[ ioij[c*

?khj^[hceh[( m[ ^_]^b_]^j j^Wj j^[ <H=> j^[eho [n^_X_ji j^[ YWfWX_b_jo je [njhWYj j^[

if[YjhWb _d\ehcWj_ed e\ Wd WhX_jhWho f_n[b :( m^_Y^ feii[ii[i W XWdZm_Zj^ e\ Wffhen_cWj[bo -,

dc( Z[if_j[ j^[ \WYj j^Wj [WY^ mWl[b[d]j^ Y^Wdd[b _d j^[ ckbj_if[YjhWb _cW][ YedjW_di ZWjW m_j^ W

XheWZ[h XWdZm_Zj^ e\ WhekdZ .,)/, dc %Wi i^emd _d Fig. 3a&* M^_i WX_b_jo ij[ci \hec j^[ <H=>

j^[eho$i WYgk_i_j_ed e\ j^[ cWff_d] X[jm[[d j^[ ademd ^of[hif[YjhWb ]hekdZ jhkj^ WdZ _ji

Yehh[ifedZ_d] _dfkj( m^_Y^ _i j^[ ckbj_if[YjhWb _cW][ ][d[hWj[Z Xo j^[ FH?F* ;o b[l[hW]_d]



j^_i b[Whd[Z cWff_d]( j^[ <H=> j^[eho YWd [\\[Yj_l[bo _d\[h j^[ kdademd ^of[hif[YjhWb _cW][i

j^Wj Yehh[ifedZ je j^[ ckbj_if[YjhWb _cW][* <edi[gk[djbo( [l[d _\ f_n[b : _i [nYbki_l[bo fh[i[dj

_d W ikXi[j eh W i_d]b[ if[YjhWb XWdZ m_j^_d j^[ ]hekdZ jhkj^ ZWjW b_XhWho( _ji ^of[hif[YjhWb

_d\ehcWj_ed YWd ij_bb X[ WYYkhWj[bo Z[ZkY[Z j^hek]^ j^[ kj_b_pWj_ed e\ j^[ b[Whd[Z cWff_d] \hec

ej^[h ZWjW fW_hi*tw

We also added the following discussions in the Supplementary Material

Lkffb[c[djWho Gej[ 36 =_iYkii_ed e\ j^[ feii_X_b_jo \eh _dYh[Wi_d] j^[ dkcX[h e\ mWl[b[d]j^

XWdZi WdZ j^[ if[YjhWb hWd][

vtM^[ dkcX[h e\ mWl[b[d]j^ XWdZi _d j^[ ioij[c _i _d\bk[dY[Z Xo jme a[o \WYjehi6 j^[ dkcX[h

e\ [_][dceZ[i ikffehj[Z Xo j^[ dWdeijhkYjkh[ WdZ j^[ YWl_jo)b_a[ Yekfb_d] X[jm[[d j^[

dWdeijhkYjkh[ WdZ j^[ =;K ikXijhWj[* BdYh[Wi_d] j^[ dkcX[h e\ [_][dceZ[i YWd X[ WY^_[l[Z Xo

[cfbeo_d] \h[[\ehc dWdeijhkYjkh[i* ?h[[\ehc dWdeijhkYjkh[i-3( -4( Y^WhWYj[h_p[Z Xo j^[_h

Wd_iejhef_Y i^Wf[( WZ^[h[ je j^[ ][ec[jh_Y f^Wi[ c[j^eZ \eh f^Wi[ ceZkbWj_ed WdZ [dWXb[ W

^_]^[h dkcX[h e\ [_][dceZ[i je X[ ikffehj[Z* :ZZ_j_edWbbo( j^[ dkcX[h e\ mWl[b[d]j^ XWdZi

YWd X[ [nj[dZ[Z Xo jkd_d] j^[ YWl_jo)b_a[ Yekfb_d] YedZ_j_ed* Supplementary Figure 16a i^emi

j^[ i_ckbWj_ed h[ikbji e\ j^[ E<I)je)K<I h[\b[Yj_ed if[Yjhkc \eh Z_\\[h[dj j^_Yad[ii[i e\ j^[

Z_[b[Yjh_Y ifWY[h L_H.* Bd YecfWh_ied je j^[ eh_]_dWb Z[i_]d m_j^ W -/1)dc)j^_Ya L_H. ifWY[h(

m^_Y^ fheZkY[Z 0 f[Wa mWl[b[d]j^i hWd]_d] \hec 04, dc je 21, dc %h[\[h je Supplementary

Figure 11&( j^[ dkcX[h e\ mWl[b[d]j^ XWdZi _dYh[Wi[Z je 4 WdZ -. m_j^ j^[ .,,,)dc)j^_Ya WdZ

1,,,)dc)j^_Ya L_H. ifWY[hi( h[if[Yj_l[bo* GejWXbo( j^[ i_ckbWj_edi h[l[Wb[Z j^[ [c[h][dY[ e\

ckbj_)h[iedWdj f[Wai _d j^[ Xbk[ if[YjhWb h[]_ed X[bem 04, dc( [\\[Yj_l[bo \_bb_d] j^[ fh[l_ekibo

kd[nfbeh[Z mWl[b[d]j^ XWdZi _d j^[ eh_]_dWb Z[i_]d* Supplementary Figure 16b fh[i[dji j^[

i_ckbWj[Z f^Wi[ i^_\j Wi W \kdYj_ed e\ j^[ ijhkYjkhWb hejWj_ed Wd]b[* Bj _i [l_Z[dj \hec j^[ fbej j^Wj

Wbb j^[ d[mbo ][d[hWj[Z f[Wa mWl[b[d]j^i Wb_]d m_j^ j^[ [nf[Yj[Z ][ec[jh_Y f^Wi[ fhe\_b[* M^_i

eXi[hlWj_ed Yed\_hci j^[ [\\[Yj_l[d[ii e\ j^[ fhefei[Z c[j^eZ _d _dYh[Wi_d] j^[ dkcX[h e\

mWl[b[d]j^ Y^Wdd[bi( m^_Y^ h[_d\ehY[i j^[ fej[dj_Wb e\ j^[ c[jWikh\WY[ WffheWY^ _d [nfWdZ_d]

j^[ if[YjhWb hWd][ WdZ [d^WdY_d] j^[ l[hiWj_b_jo e\ ckbj_if[YjhWb+^of[hif[YjhWb _cW]_d]

ioij[citw

Supplementary Figure 16. Simulated results of the designed meta-atom with 2000-nm-thick

and 5000-nm-thick SiO2 spacers. a Gkc[h_YWb h[\b[Yj_ed if[Yjhkc e\ j^[ Z[i_]d[Z c[jW)Wjec

m_j^ Z_\\[h[dj j^_Yad[ii[i e\ L_H.* M^[ =;K ikXijhWj[ WdZ f^oi_YWb i_p[i e\ j^[ :b dWde)heZ Wh[



j^[ iWc[ Wi j^ei[ b_ij[Z _d j^[ cW_d Whj_Yb[* b M^[ Y_hYkbWhbo Yheii)febWh_p[Z f^Wi[ if[Yjhkc Wi W

\kdYj_ed e\ ijhkYjkhWb hejWj_ed Wd]b[* :bb h[iedWdj f[Wai iWj_i\o j^[ ][ec[jh_Y f^Wi[ YedZ_j_ed*

with two addition references 

-3* RWd]( C*( <k_( D*( <W_( Q*( Q_ed]( C*( S^k( A*( KWe( L*, et al. NbjhWif[YjhWb _cW]_d] XWi[Z

ed c[jWikh\WY[i m_j^ \h[[\ehc i^Wf[Z c[jW)Wjeci* Laser Photon. Rev. 16( .-,,22/

%.,..&*

-4* Sek( Q*( S^Wd]( R*( E_d( K*( @ed]( @*( PWd]( L*( S^k( L*, et al. I_n[b)b[l[b ;Wo[h)jof[

Yebekh hekj[h XWi[Z ed c[jWikh\WY[i* Nat. Commun. 13( /.44 %.,..&*



Reviewer #2 (Remarks to the Author): 

I thank the authors for the final corrections and congratulate them on their interesting work. 

Reviewer #3 (Remarks to the Author): 

Drawing upon my expertise in metasurfaces, I would like to note that the authors have adeptly 

tackled the technical issues and concerns highlighted by Reviewer 2 and myself in our prior review. 

The experimental results harmoniously correlate with the theoretical computations and the 

underlying design. The manuscript is well-written, accentuating the inventive, captivating, and 

valuable capabilities attained through the integration of the cutting-edge subjects of metalens 

imaging and deep learning within image postprocessing. In summation, I enthusiastically endorse 

the publication of this manuscript in Nature Communications.


