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Supplementary Note 1: Derivation of SCARF’s data acquisition 17 

In data acquisition, swept coded aperture real-time femtophotography (SCARF) compressively 18 

records an (𝑥, 𝑦, 𝑡) dynamic scene into a two-dimensional (2D) snapshot (Fig. 1). For simplicity 19 

of notation, we here make the following assumptions. First, the imaging system has a unit 20 

magnification. Second, the dynamic scene can be perfectly imaged throughout the system. Third, 21 

the chirped pulse has a perfect linear relationship between wavelength and time. Fourth, the binned 22 

pixel of the deployed camera and the encoding mask have the same pixel size, denoted by 𝑑. 23 

In the following, we first derive the expression of SCARF’s data acquisition in the 24 

continuous model and then discretize it for the image reconstruction algorithm. For an ultrashort 25 

laser pulse with a temporal linear chirp, the relationship between time 𝑡 and wavelength 𝜆 can be 26 

expressed as 1 27 

𝜆 = 𝜆0 + (𝑡 − 𝑡0)
𝜆0

2

2𝜋𝑐𝜑"
 , 

(S1) 
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where 𝜆0  is the central wavelength of the chirped laser pulse, and 𝑡0  is the time point that 28 

corresponds to the central wavelength. For a narrow spectral band, we only consider up to second-29 

order dispersion in the optical element, which is represented as 𝜑" . We further define 𝛽 =30 

2𝜋𝑐𝜑" 𝜆0
2⁄  as linear time-spectrum mapping parameter, where 𝑐  is the vacuum speed of light. 31 

Equation (S1) governs the linear mapping between time and wavelengths, which is denoted by the 32 

operator 𝐌. Hence, if a dynamic event, whose transmittance to a linear chirped probe pulse is 33 

𝑎(𝑥, 𝑦, 𝑡), the spectral density of the transmitted light is expressed by 34 

𝐼M(𝑥, 𝑦, 𝜆) = 𝐌 {𝑎(𝑥, 𝑦, 𝑡)} . (S2) 

Next, 𝐼M(𝑥, 𝑦, 𝜆) incidents into the modified pulse shaper (Fig. 1a). The first dispersive 35 

4f imaging system, consisting of lenses L1 and L2 and the grating G1, images the transient scene 36 

onto a pseudo-random binary transmissive mask with a spectral shearing operation, denoted by 𝐒. 37 

The spectral density just before this encoding mask is expressed by 38 

                  𝐼S(𝑥, 𝑦, 𝜆) =  𝐒 {𝐼M(𝑥, 𝑦, 𝜆)} 

                                     = ∬ 𝑑𝑥′𝑑𝑦′δ(𝑥′ − [𝑥 + 𝛼𝑓2(𝜆 − 𝜆0)])δ(𝑦′ − 𝑦)𝐼M(𝑥′, 𝑦′, 𝜆) 

                                     = 𝐼M(𝑥 + 𝛼𝑓2(𝜆 − 𝜆0), 𝑦, 𝜆) . 

(S3) 

Here, δ(∙) stands for the Dirac delta function, 𝛼 is the angular dispersion of the grating G1, and 𝑓2 39 

is the focal length of Lens 2.  40 

Then, the mask spatially encodes 𝐼S(𝑥, 𝑦, 𝜆). Because random binary matrices are largely 41 

incoherent with any fixed basis 2, they are used as a universal coded aperture in SCARF. The 42 

spectral density immediately after this coded aperture is given by 43 

                                𝐼C(𝑥, 𝑦, 𝜆) = 𝐂{𝐼S(𝑥, 𝑦, 𝜆)} 

                            = 𝑐(𝑥, 𝑦) ∙ 𝐼M(𝑥 + 𝛼𝑓2(𝜆 − 𝜆0), 𝑦, 𝜆) , 

(S4) 

where 𝐂 stands for the spatial encoding operator. 𝑐(𝑥, 𝑦) represents the spatial transmittance of the 44 

pseudo-random binary pattern. Equations (S3)–(S4) reveal that the different wavelength 45 

components of the incident light are smeared to different spatial positions and thus are encoded by 46 

different portions of the mask.  47 
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Behind the coded aperture, 𝐼C(𝑥, 𝑦, 𝜆)  passes through another dispersive 4f imaging 48 

system (consisting of lenses L3 and L4 and the grating G2) that is symmetric to the first one. This 49 

process results in another spectral shearing operation (denoted by 𝐒′), whose shearing direction is 50 

opposite to that of 𝐒. The spectral density of light entering the sensor is expressed by 51 

      𝐼S′(𝑥, 𝑦, 𝜆) = 𝐒′{𝐼C(𝑥, 𝑦, 𝜆)} 

          = ∬ 𝑑𝑥′𝑑𝑦′𝛿(𝑥′ − [𝑥 − 𝛼𝑓4(𝜆 − 𝜆0)])𝛿(𝑦′ − 𝑦)𝐼C(𝑥′, 𝑦′, 𝜆) 

                           = 𝑐(𝑥 − 𝛼𝑓4(𝜆 − 𝜆0), 𝑦, 𝜆)𝐼M(𝑥, 𝑦, 𝜆) . 

(S5) 

Here, 𝑓4  is the focal length of Lens 4, and 𝑓4 = 𝑓2 . The first term in Eq. (S5),  52 

𝑐(𝑥 − 𝛼𝑓4(𝜆 − 𝜆0), 𝑦, 𝜆), reveals that the 2D coded aperture sweeps through the three-dimensional 53 

(3D) datacube for spatial encoding. The second term, 𝐼M(𝑥, 𝑦, 𝜆) , shows that no shearing effect 54 

exists on the transmitted light.  55 

On the sensor, 𝐼S′(𝑥, 𝑦, 𝜆)  is recorded via spatiotemporal integration (i.e., spatially 56 

integrated over each sensor pixel and temporally integrated over the duration of the transient event) 57 

that is denoted by 𝐓. The optical energy measured at pixel [𝑚, 𝑛] is given by 58 

𝐸[𝑚, 𝑛] = 𝐓 {𝐼S′(𝑥, 𝑦, 𝜆)} 

                = ∫ 𝑑𝑥 ∫ 𝑑𝑦 {[∫ 𝑑𝜆 𝐼S′(𝑥, 𝑦, 𝜆)] rect (
𝑥

𝑑
− (𝑚 +

1

2
) ,

𝑦

𝑑
− (𝑛 +

1

2
))} . 

(S6) 

Equations (S2)–(S6) describe a continuous-to-discrete forward model for the SCARF 59 

system. However, to use this forward model numerically, a discrete-to-discrete model needs to be 60 

derived. We choose a voxel of (𝑑, 𝑑, ∆𝜆FI, 𝜏FI) in the 𝑥-𝑦-𝜆-𝑡 space. Here, “FI” stands for “frame 61 

interval”. ∆𝜆FI is defined by 62 

∆𝜆FI =
𝑑

𝑓2𝛼
 . (S7) 

Correspondingly, 𝜏FI is defined by 63 

𝜏FI = 𝛽 ∆𝜆FI . (S8) 

In this way, the discrete form of the dynamic scene can be expressed as 64 
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𝑎[𝑚, 𝑛, 𝑘] = ∫ 𝑑𝑡 ∫ 𝑑𝑥 ∫ 𝑑𝑦  𝑎(𝑥, 𝑦, 𝑡) rect (
𝑥

𝑑
− (𝑚 +

1

2
) ,

𝑦

𝑑
− (𝑛 +

1

2
) ,

𝑡

𝜏FI
− (𝑘 +

1

2
)). (S9) 

The encoding mask, which can be discretized similarly to Eq. (S9), is denoted as 𝑐[𝑚, 𝑛] . 65 

Therefore, Eq. (S6), representing the imaging model of the SCARF system, can be rewritten in a 66 

discrete form as 67 

𝐸[𝑚, 𝑛] =
𝑑3𝛽

𝛼𝑓
2

∑ 𝐼C[𝑚 − 𝑘, 𝑛, 𝑘]

𝑘

 . (S10) 

Equation (S10) is implemented in SCARF’s image reconstruction.  68 

 The derivation of SCARF’s data acquisition can be further elaborated with the following 69 

notes and explanations. Equations (S7)–(S10) show that 𝑥, 𝑦, and 𝑡 information of the dynamic 70 

scene is discretized based on the binned pixel size of the deployed camera, i.e., 𝑑. This criterion 71 

determines the dimensions of the datacube of the dynamic scene, which are denoted by 72 

𝑁𝑥 × 𝑁𝑦 × 𝑁𝑡. After the spectral shearing operation (i.e., 𝐒), the size of the datacube is changed to 73 

(𝑁𝑥 + 𝑁𝑡 − 1) × 𝑁𝑦 × 𝑁𝑡, which shows that the adjacent frames are shifted by one binned camera 74 

pixel in the 𝑥 direction [Eq. (S4)]. In the subsequent spatial encoding operation, the random mask 75 

has a size of (𝑁𝑥 + 𝑁𝑡 − 1) × 𝑁𝑦. Thus, each frame is encoded by a different part of the mask [Eq. 76 

(S5)]. Finally, the dispersion completely cancels after the second spectral shearing operation (i.e., 77 

𝐒′), leaving the datacube with a size of 𝑁𝑥 × 𝑁𝑦 × 𝑁𝑡. After the spatiotemporal integration, the 78 

captured snapshot has a size of 𝑁𝑥 × 𝑁𝑦. As a result, the maximum frame size in the reconstructed 79 

video is limited by the deployed camera, i.e., 𝑁𝑥 ≤ 𝑁col and 𝑁𝑦 ≤ 𝑁row, where 𝑁col and 𝑁row are 80 

the number of columns and rows of the deployed camera. 81 

SCARF’s compressed ultrafast imaging capability is supported by the pseudo-random 82 

mask used in the spatial encoding operation and the ensuing spectral shearing operation (i.e., 𝐒′). 83 

In a binary pseudo-random mask, the cross-correlation of any two different columns is 0.5, which 84 

means that they are linearly independent. Because only one spectral shearing operation is 85 

conducted after the spatial encoding operation, these different parts in the pseudo-random 86 

encoding mask, imparted with each frame, linearly shift and overlap. As a result, each column of 87 

the captured snapshot is the integration of the corresponding columns of each frame multiplied by 88 

different columns of the random encoding mask. Therefore, this column in the snapshot can be 89 
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regarded as the summation of 𝑁𝑡  linearly independent measurements. This framework thus 90 

provides a theoretical foundation for the ensuing image reconstruction to extract spatiotemporal 91 

information from the snapshot. 92 

Equation (S8) defines the time interval between the two adjacent frames. In this way, 93 

SCARF’s imaging speed can be defined by 𝑟 = 1/𝜏FI = 𝑓2𝛼/𝑑𝛽, which is related to the dispersion 94 

capability of the diffraction grating, the duration of the chirp pulse, the camera sensor’s pixel size, 95 

and the focal length of Lens 2. An additional explanation of its link to the sweeping speed of the 96 

coded aperture is provided in Supplementary Note 4. 97 

 98 

Supplementary Note 2: Details of SCARF’s reconstruction algorithm 99 

SCARF uses the plug-and-play (PnP) alternating direction method of multipliers (ADMM) 100 

framework for image reconstruction. To retrieve the transmittance of the dynamic scene 𝑎(𝑥, 𝑦, 𝑡), 101 

the inverse problem [i.e., Eq. (2) in the Main Text] is first written as 102 

𝐚̂ = argmin
𝐚,𝐯,𝐮,𝐰∈𝒜

1

2
‖𝐓𝐯 − 𝐄‖2

2 + R(𝐮) + I+(𝐰)

s. t.  𝐯 = 𝐎′𝐚, 𝐮 = 𝐚, 𝐰 = 𝐚,

     (S11) 

where 𝐯, 𝐮, and 𝐰 are primal variables and the operator 𝐎′ = 𝐒′𝐂𝐒𝐌. 𝐚 is the discrete version of 103 

𝑎(𝑥, 𝑦, 𝑡). In addition, 𝒜 represents a set of solutions that satisfy the spatial constraint generated 104 

by binarizing the snapshot image 𝐄 with an appropriate intensity threshold determined by Otsu's 105 

method 3,4.  106 

Then, Eq. (S11) is written in the augmented Lagrangian arguments  107 

          𝐚̂ = argmin
𝐚,𝐯,𝐮,𝐰∈𝒜

1

2
‖𝐓𝐯 − 𝐄‖2

2 + R(𝐮) + I+(𝐰) 

                                +
𝜇1

2
‖𝐎′𝐚 − 𝐯 +

𝛄1

𝜇1

‖2
2 +

𝜇2

2
‖𝐚 − 𝐮 +

𝛄2

𝜇2

‖2
2 +

𝜇3

2
‖𝐚 − 𝐰 +

𝛄3

𝜇3

‖2
2 . 

(S12) 

Here, 𝛄1, 𝛄2, and 𝛄3 are dual variables. 𝜇1, 𝜇2, and 𝜇3 are penalty parameters 5. The ramp function 108 

is used in the non-negative indicator function I+(∙). The block-matching and 3D filtering (BM3D) 109 

6 is used as the PnP denoiser in the implicit regularizer R(∙). BM3D is an advanced denoising 110 

method based on effective filtering in a 3D transform domain by combining the sliding-window 111 

transform process with block-matching 7. In the sliding process, blocks with similar spatial features 112 

and intensity levels are selected using the block-matching concept 8. These matched blocks are 113 

stacked to form a 3D array, and the data in the array exhibit high correlation. Then, a 3D de-114 
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correlating unitary transformation is applied to exploiting this correlation and effectively 115 

attenuating the noise by reducing the transform coefficients. Finally, using an inverse 3D 116 

transformation, all matched blocks are estimated. This procedure is repeated for each sliding 117 

window, and the final estimate is computed as a weighted average of all of those overlapping 118 

estimates. 119 

Next, the algorithm iteratively updates primal variables, the estimated solution 𝐚𝑗+1 (𝑗 120 

denotes the iteration index), and penalty parameters 9. The algorithm stops once the following two 121 

conditions about the estimated results and penalty parameters are met:  122 

𝜂 =
‖𝐚𝑗+1 − 𝐚𝑗‖

2

‖𝐚𝑗‖2
< 𝜌 and  (S13.1) 

𝜇𝑖
𝑗+1 = 𝜇𝑖

𝑗 (𝑖 = 1, 2, 3) . (S13.2) 

Here, 𝜌 (0 < 𝜌 ≤ 10-3) is the pre-set tolerance value. 123 

 124 

Supplementary Note 3: Details on the calibration of SCARF’s spatial encoding operation 125 

Using the operations of time-spectrum mapping, spectral shearing, and spatial encoding, SCARF 126 

tags each frame of the dynamic scene with a unique “barcode,” which provides the prior 127 

information that allows the spatiospectral mixing of adjacent frames to be recovered by the PnP-128 

ADMM algorithm. Due to various imperfections induced in fabrication, the actual encoding mask 129 

is different from the binary mask in design. Therefore, calibration of spatial encoding operation is 130 

necessary to obtain accurate information for the operator 𝐂 in the image reconstruction. 131 

This calibration was conducted using the following method. As shown in Supplementary 132 

Fig. 1a, we built an additional beamline with a continuous-wave (CW) diode laser (MDL-III-133 

793nm-2W, CNI), whose output wavelength was tunable from 787.96 nm to 791.72 nm. The beam 134 

went through a spatial filtering stage to generate a Gaussian beam, whose size was similar to that 135 

of the ultrafast laser pulse. Then, we coupled this illumination into the SCARF system and aligned 136 

the paths of the CW laser beam to be collinear with that of the chirped ultrashort pulse.  137 

We acquired the images of the coded aperture at five wavelengths of the CW laser beam, 138 

all of which were within the spectrum range of the chirped ultrashort probe pulse. After 139 

binarization, these images were used as 𝑐[𝑚, 𝑛]  for image reconstruction. As shown in 140 

Supplementary Fig. 1b, these mask images have a high resemblance, suggesting a negligible 141 
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distortion. Besides, we calculated the shift in the spectral shearing direction versus calibration 142 

wavelengths using a cross-correlation-based image registration algorithm 10. As shown in 143 

Supplementary Fig. 1c, this result proves the linear temporal shearing of the SCARF system.  144 

 145 

 146 

Supplementary Note 4: Comparison of SCARF with representative techniques in single-shot 147 

compressed temporal imaging 148 

The comparison of SCARF with four representative techniques in single-shot compressed 149 

temporal imaging is summarized in Supplementary Table 2. In particular, both SCARF and coded-150 

aperture compressive temporal imaging (CACTI) 11-17 use full-sequence pixel-wise encoding to 151 

record temporal information. Their acquired snapshots have the same compression ratio, and their 152 

reconstructed movies have similar sequence depths. However, CACTI uses a moving translation 153 

stage 13,14 or a spatial light modulator 11,12 to generate the sweeping coded aperture, so that to our 154 

knowledge, its highest imaging speed ever demonstrated is limited to ~5 kfps 13. In contrast, 155 

leveraging the difference in the number of shearing operations that are applied to the scene and the 156 

mask, SCARF allows the sweeping of a static coded aperture at an ultrafast speed. In particular, 157 

based on Eq. (S8), this sweeping speed can be defined by 𝑣s =
𝑓2𝛼

𝛽
, and SCARF’s frame rate can 158 

thus be determined by 𝑟 = 𝑣s/𝑑. Given the specifications listed in Methods and Supplementary 159 

Table 1, the highest sweeping speed is calculated to be 𝑣s=1.7×109 m/s, which leads to SCARF’s 160 

highest imaging speed of 𝑟=156.3 Tfps. This approach enables SCARF to increase the imaging 161 

speed for more than 10 orders of magnitude compared to CACTI. Finally, we use a metric termed 162 

data acquisition capability, defined as 𝐹 = 𝑟𝑁𝑡, to synthetically consider the imaging speed and 163 

the sequence depth. A larger value of 𝐹 indicates the system can capture a longer sequence depth 164 

at a higher imaging speed. Using this metric, compared to CACTI, SCARF improves the data 165 

acquisition capability by 2.3×109 times (for imaging ultrafast dynamics of a static object) and 166 

2.1×1010 times (for imaging an ultrafast moving object). 167 

The multiple-aperture compressed sensing (MA-CS) CMOS sensor 18 uses a 5 × 3 lens 168 

array to optically generate a total of 15 replicated images of the dynamic scene. Each replicated 169 

image is formed onto a CMOS sensor (64 × 108 pixels). Each CMOS sensor uses a unique binary 170 

random code sequence as a flutter shutter for temporal modulation. A compressed sensing-based 171 

algorithm is used to produce a movie with an imaging speed of 𝑟 =200 million fps and a sequence 172 
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depth of 𝑁𝑡 =32, which leads to 𝐹 =6.4×10-3 frames · Tfps. Thus, compared to SCARF, the MA-173 

CS CMOS technique has considerably lower specifications in sequence depth, compression ratio, 174 

frame size, and data acquisition capability.  175 

Compressed ultrafast spectral-temporal (CUST) photography 19 and compressed ultrafast 176 

spectral photography (CUSP) 20 are developed based on the imaging model of compressed ultrafast 177 

photography (CUP) 21. Similar to SCARF, both CUST photography and CUSP use chirped pulse 178 

illumination and a static coded aperture for spatial encoding to achieve imaging speeds at the Tfps 179 

level. However, in their models of data acquisition, only a single spectral shearing operation is 180 

applied to both the dynamic scene and the coded aperture. Consequently, pixel-wise encoding with 181 

the same depth cannot be realized across the field of view. As a result, their sensing matrices (and 182 

the one for CUP in general) do not possess a full-row rank property, thus resulting in a non-trivial 183 

null space for 𝐎𝐎T, which reduces the reconstruction speed and quality. Meanwhile, shearing the 184 

dynamic scene induces anisotropy in spatial resolutions and loses the prior knowledge to delineate 185 

the region of the dynamic scene 22. Finally, this data acquisition scheme couples the frame size 186 

with the sequence depth, which caps the system’s information acquisition capacity and reduces the 187 

compression ratio 22. In contrast, SCARF applies the spatial encoding operation between two 188 

spectral shearing operations in opposite directions. SCARF's image acquisition paradigm 189 

successfully breaks all aforementioned limitations. The knowledge of the region of the dynamic 190 

scene and the preservation of the isotropy in spatial resolutions enhance the reconstructed image 191 

quality. Practically, SCARF exceeds the imaging speed of CUST by >40 times. Compared to 192 

CUSP, the all-optical SCARF does not need a streak camera, which avoids the degraded image 193 

quality in the captured snapshot due to various drawbacks and limitations imposed by the imaging 194 

using photoelectrons. It is worth noting that CUSP uses a pulse train that contains seven chirped 195 

sub-pulses for active illumination. Each chirped sub-pulse provides 140 frames and hence 980 196 

frames for the pulse train. In Supplementary Table 2, both numbers are listed for sequence depth 197 

and are used for the calculation of data acquisition capability. 198 

To better comprehend the influence of these sensing-matrix characteristics and further 199 

demonstrate the superior performance of SCARF to CUP, we compared the reconstructed image 200 

qualities using two simulated dynamic events. First, we simulated a static spoke pattern whose 201 

intensity changed as a Gaussian function (Supplementary Fig. 2a). The event datacube had 202 

dimensions of 512×512×21 pixels. The simulated snapshots using the forward models of CUP and 203 
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SCARF are shown in Supplementary Figs. 2b-c, respectively. Also shown as insets in 204 

Supplementary Figs. 2a–c are the zoom-in views of the center of these images. The reconstructed 205 

images are compared in Supplementary Figs. 2d–e, which show the 11th frames of the 206 

reconstructions of CUP and SCARF. To further evaluate the performance, we analyzed their noise-207 

limited bandwidth at the 3𝜎 threshold above the average background, where 𝜎 is the noise defined 208 

by the standard deviation of the background. These results were compared with the ground truth, 209 

as shown in Supplementary Figs. 2f–h. The results reveal that SCARF’s spatial resolution 210 

decreases by 12.3% in both the 𝑥 and the 𝑦 directions. In comparison, CUP’s spatial resolution 211 

decreases by 13.1% in the 𝑥 direction and 48.6% in the 𝑦 direction. Therefore, compared to CUP, 212 

SCARF has a higher spatial resolution and avoids resolution anisotropy. Finally, to quantitatively 213 

assess the quality of reconstructed videos, we analyzed the structural similarity (SSIM) index and 214 

peak signal-to-noise ratio (PSNR) frame by frame (Supplementary Figs. 2i–j). The SCARF 215 

reconstruction shows a better performance in each frame in both metrics. Compared to CUP, 216 

SCARF improves the SSIM index by 2.2% on average and enhances the PSNR by 2.0 dB on 217 

average. 218 

To further investigate the superiority of SCARF against CUP, we simulated dynamic 219 

absorption in an elliptical ring pattern. Six representative images of this dynamic scene 220 

(256×300×22 pixels in size) are shown in the first row of Supplementary Fig. 3a. Notably, the ring 221 

pattern occupies the entire (𝑥, 𝑦) frame. The corresponding frames of the datacubes retrieved by 222 

CUP and SCARF are shown in the second and the third rows in Supplementary Fig. 3a. The results, 223 

echoing Supplementary Fig. 2, show SCARF's capability to preserve all spatial features along the 224 

temporal dimension. In contrast, due to the mixture of spatial and temporal information in the 225 

shearing direction, CUP inevitably fails to image the entire spatial structure. In contrast, since its 226 

sensing paradigm can effectively mitigate the issues generated by single temporal shearing, 227 

SCARF produces superior image quality in all reconstructed frames with respect to CUP 228 

reconstructions (Supplementary Fig. 3b), which is quantitatively shown as a higher SSIM index of 229 

14.0 ± 1.2%. 230 

Finally, to elucidate the advantages of the SCARF's sensing matrix conditionality, we 231 

analyzed convergence in the reconstruction algorithm using the logarithmic residual norm. As 232 

shown in Supplementary Fig. 3c, SCARF has an error of almost five orders of magnitude lower 233 

than CUP after 1000 iterations in the PnP-ADMM algorithm. SCARF's reconstruction and 234 
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convergence improvements (compared to CUP) are associated with the sensing matrix having a 235 

full-row rank property (see Supplementary Fig. 3d), thus resulting in a trivial null space for 𝐎𝐎T. 236 

In the context of convex optimization, matrices characterized by a trivial null space facilitate the 237 

convergence of optimization algorithms. By minimizing redundancy and ambiguity in 238 

measurements, these matrices promote the efficient and reliable convergence of iterative 239 

algorithms, ultimately leading to quicker and more precise solutions. Finally, the SCARF's sensing 240 

matrix conditionality, thus the reconstruction performance, is analyzed by calculating the ℓ2-norm 241 

error of the reconstruction obtained by the ADMM's closed-form solution 23 for the first iteration 242 

(i.e., 𝜎̃−1[𝚵 − 𝐎𝑇[𝜎̃𝚵 + 𝐎𝐎T]−1𝐎][𝐎𝑇𝐄], where 𝜎̃ ≥ 0 is the augmented Lagrangian parameter, 243 

and 𝚵 is the identity matrix). A total of 1000 videos from four popular databases—"SumMe," 244 

"Need for Speed," and "Sports Videos in the Wild"—were used for this analysis. As shown in 245 

Supplementary Fig. 3e, the results reveal that SCARF's sensing matrix generates more accurate 246 

initializations than CUP.  247 

 248 

Supplementary Note 5: Comparison of SCARF with sequentially time all-optical mapping 249 

photography (STAMP) 250 

The comparison of SCARF with sequentially time all-optical mapping photography (STAMP) 24 251 

is summarized in Supplementary Table 3. Akin to other time-stretching approaches 25-29, both 252 

SCARF and STAMP leverage time-spectrum mapping to attach temporal information in a dynamic 253 

scene to different wavelengths. The data acquisition in both modalities is built upon optical signal 254 

processing in the spectral domain, rather than in the temporal domain. As a result, both SCARF 255 

and STAMP can record ultrafast events without using ultrafast detectors. Meanwhile, the data 256 

acquisition and image reconstruction stay the same for different imaging speeds. Thus, the imaging 257 

speed can be tuned in a wide range by simply changing the duration of the linearly chirped pulse. 258 

 SCARF separates from STAMP in the following aspects. Conceptually, SCARF integrates 259 

compressed sensing with time stretching in data acquisition. This computational imaging approach 260 

results in a different system design. In particular, SCARF allows the use of a continuous chirped 261 

pulse, rather than a limited number of daughter pulses used in STAMP. From the standpoint of 262 

instrumentation, SCARF needs neither the temporal mapping device nor the spatial mapping 263 

device (SMD) in the STAMP system. The system configuration becomes much simpler. The 264 

symmetrical configuration in SCARF is also more resilient to chromatic aberration induced by the 265 
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probe pulse’s bandwidth. Moreover, STAMP must record each daughter pulse at a different 266 

position on the sensor. This requirement induces an inherent trade-off issue between the frame size 267 

and sequence depth. In contrast, the intermix of spatial and temporal information in SCARF’s data 268 

acquisition nullifies the need for sensor-plane division performed in STAMP, which has increased 269 

the frame size. Finally, the sequence depth of STAMP is limited by the number of channels in the 270 

periscope array of the SMD. Therefore, the design complexity and cost will be increased according 271 

to the sequence depth. In contrast, SCARF’s data acquisition is independent of the sequence depth. 272 

The different system design and instrument implementation in SCARF leads to the considerate 273 

improvement in system specifications. Compared to STAMP, SCARF enhances the imaging speed 274 

by >35× and the sequence depth by 22×.  275 

 276 

Supplementary Note 6: Details on SCARF of single ultrashort pulses transmitting through 277 

transparencies 278 

Second harmonic generation frequency-resolved optical gating (SHG-FROG) measurements of 279 

chirped pulses 280 

The second harmonic generation (SHG) frequency-resolved optical gating (FROG) technique 30 281 

was implemented to characterize the linear chirp of the ultrashort laser pulses. In particular, a 282 

replica of the incident pulse was generated by a beam splitter, and then both pulses were focused 283 

on a beta barium borate crystal to generate a second harmonic signal that was only present when 284 

both pulses overlapped in space and time. An optical delay line generated variable delays between 285 

the two pulses. The resulting time-dependent second harmonic signal was recorded by a 286 

spectrometer. The pulse duration was retrieved from the measured spectrogram by a retrieval 287 

algorithm 31. Supplementary Figs. 4a–c show the retrieved SHG-FROG measurements of the three 288 

chirped ultrashort pulses used for SCARF’s proof-of-concept experiments. The reconstructed 289 

intensity and phase of the three ultrafast pulses are shown in Supplementary Figs. 4d–f, whose 290 

pulse durations are quantified to be 362 fs, 561 fs, and 739 fs, respectively.  291 

Additional data 292 

We carried out two additional experiments. First, a single chirped pulse [with a full-width-at-half-293 

maximum (FWHM) duration of 561 fs] transmitting through the pattern of an “INRS” logo 294 

(Supplementary Fig. 5a). SCARF was operating at 74.9 Tfps. The full reconstructed sequence is 295 
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shown in Supplementary Movie 3. We analyzed the average intensity of each frame. Shown in 296 

Supplementary Figs. 5b, the single-shot result well agrees with the scanned SHG-FROG 297 

measurements. Finally, the linear relationship between the spectrum and time of this pulse was 298 

verified, as shown in Supplementary Figs. 5c. In the second experiment, a single chirped pulse 299 

with an FWHM duration of 739 fs was used with a maple leaf transparency (Supplementary Figs. 300 

5d). SCARF was operating at 56.8 Tfps. The results, which are shown in Supplementary Movie 4 301 

as well as Supplementary Figs. 5e–f, prove SCARF’s real-time ultrafast imaging ability. 302 

 303 

Supplementary Note 7: Details on SCARF of ultrafast absorption in a semiconductor 304 

Experimental setup 305 

Supplementary Fig. 6a shows the detailed schematic of the experimental setup for imaging 306 

femtosecond laser-induced ultrafast absorption of zinc selenide (ZnSe) by SCARF. The pump 307 

pulse had a 40-fs FWHM duration. Then, it went through a beam de-expansion stage [consisting 308 

of a 300 mm-focal-length plano-convex lens (LA1484-B, Thorlabs) and a 100 mm-focal-length 309 

plano-concave lens (LC1120-B, Thorlabs)] and an optical delay line (providing a tunable delay 310 

from -0.845 ps to 0.845 ps). Afterward, the pump pulse passed through a beam shaping stage to 311 

generate a particular pattern on a ZnSe plate with the incident angle of 𝜃. The pump pulse induced 312 

ultrafast absorption dynamics in ZnSe, which caused a drop in its optical transmissivity 32.  313 

The transmitted component went through the two bandpass filters (see details in Methods) 314 

for bandwidth adjustment and a variable attenuator (NDC-50C-2M, Thorlabs) for intensity 315 

adjustment. Then, this generated probe pulse illuminated the ZnSe plate to record this transient 316 

event for SCARF. Supplementary Fig. 6b shows the layout for observing this phenomenon in a 317 

single shot. The oblique incidence of the shaped pump pulse induces a delay in the onset of the 318 

absorption in 2D. In this way, the transmitted probe pulse reveals the propagation of the structured 319 

absorption front on the surface of the ZnSe plate. 320 

Modeling the propagation of the absorption front of the ellipse on the ZnSe plate 321 

By traversing through the beam shaping stage, the pump pulse generates a circle whose radius is 322 

denoted by 𝑟a. Because of the oblique incidence, the generated circle is projected to an ellipse 323 

(inset in Fig. 3d). The short axis, whose direction is perpendicular to the plane of the incident, has 324 

a radius of 𝑟𝑦 = 𝑟a. The long axis, within the plane of the incident, has a radius of 𝑟𝑥 = 𝑟a cos 𝜃⁄ . 325 

This ellipse is expressed by 326 
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𝑥2

𝑟𝑥
2

+
𝑦2

𝑟𝑦
2

= 1. (S14) 

Because of the flat front of the pump pulse, on the 𝑥 axis, the location of the absorption front 327 

moves as a function of time by 328 

𝑥 =
𝑟a

cos 𝜃
−

𝑐𝑡′

sin 𝜃
 . (S15) 

Here, the local time 𝑡′ ranges from 0 to (2𝑟a tan 𝜃 𝑐⁄ ). Plug Eq. (S15) into Eq. (S14), the location 329 

of the absorption front on the 𝑦 axis is determined by 330 

𝑦 = √
𝑐𝑡′

tan 𝜃
(2𝑟a −

𝑐𝑡′

tan 𝜃
) . (S16) 

Velocities of the top and the bottom traces of the absorption front can be calculated by 331 

                            𝐯t𝑥 = 𝐯b𝑥 = −
𝑐

sin 𝜃
𝐱̂ , and 

     𝐯t𝑦 and 𝐯b𝑦 = ±
√

𝑐 

𝑡′ tan 𝜃 (2𝑟a −
𝑐𝑡′

tan 𝜃
)

 (𝑟a −
𝑐𝑡′

tan 𝜃
) 𝐲̂ . 

(S17) 

 332 

Supplementary Note 8: Details on SCARF of ultrafast demagnetization of an alloy film 333 

Experimental setup 334 

Supplementary Fig. 7a shows the detailed schematic of the experimental setup of ultrafast laser-335 

induced demagnetization of a GdFeCo alloy film. The pump pulse (40-fs pulse duration and 6.4-336 

µJ pulse energy) was loosely focused by a 600 mm-focal-length lens to a spot with a diameter of 337 

115 µm that was obliquely incident onto the GdFeCo sample at the angle of incidence of 𝜃 = 37°. 338 

The probe pulse (p-polarization and 0.4-µJ pulse energy) went through a mask (see the inset in Fig. 339 

4a), which was imaged onto the sample by a tube lens and a 20× objective lens.  340 

The reflected probe pulse was collected by the same objective lens and a tube lens to 341 

form an image at an intermediate image plane that interfaced with the polarization-resolved 342 

SCARF. As shown in the inset of Supplementary Fig. 7a, a half-wave plate (WPH10M-780, 343 

Thorlabs) and a Rochon prism (PLM 10, B.Halle Nachfl. GmbH) were placed between lens L4 344 

and the CCD camera. Thus, the s-polarization and the p-polarization components of the reflected 345 
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probe pulse landed at two different spatial positions of the CCD camera. The polarization axis of 346 

this prism was aligned to +45° to obtain equal intensities of the two components.  347 

A permanent magnet was placed behind the GdFeCo film. The pump pulse induced an 348 

ultrafast demagnetization process to the film, which changed the polarization angle of the reflected 349 

probe pulse. This magneto-optic Kerr effect was reflected in intensity changes in the s- and p-350 

polarized components.  351 

Multi-shot scanning-based experiment 352 

To verify SCARF’s result using a gold standard, we performed a scanning-based multi-shot 353 

experiment (Supplementary Fig. 7b). The sample preparation, the reflection-mode setup, and the 354 

polarization-resolved detection were kept the same as those in the SCARF’s measurement. 355 

Different from the SCARF’s experimental setup, the 40-fs pump pulse was focused to a spot of 356 

~100 µm in diameter on the sample with an incident angle of ~5º, and a 40-fs unchirped pulse was 357 

used as the probe pulse. The difference between the s- and the p-polarized components of the 358 

reflected probe light was directly detected by a balanced photodiode detector (PDB220A2, 359 

Thorlabs). The step of delay time between the pump and probe pulse was set to 50 fs. Each 360 

measurement was averaged three times.  361 

Fitting the time courses of normalized intensity difference during demagnetization 362 

The measurements from the SCARF system and the multi-shot experiment were fitted by 33 363 

∆M(𝑡) = 𝑈 − H(𝑡 − 𝑡ON) × 𝐵 [1 − exp (−
𝑡 − 𝑡ON

𝜏dm
)] . (S18) 

Here, 𝑈 describes the baseline. H(∙) represents the Heaviside function. 𝑡ON is the onset time point 364 

of the demagnetization. The demagnetization time, 𝜏dm, is defined as the time between 𝑡ON and 365 

when the normalized intensity difference reaches 63% of the maximum value. 𝐵 is the amplitude 366 

constant of the function [1 − exp (−
𝑡−𝑡ON

𝜏dm
)] . Based on the fitting results, for SCARF 367 

measurements shown in Fig. 4c, the demagnetization times of Bar 1 and Bar 2 were quantified to 368 

be 187.5±18.6 fs and 186.9±19.8 fs, respectively. The onset times 𝑡ON for Bar 1 and Bar 2 were 369 

determined to be -3.2±14.8 fs and 33.4±10.7 fs, respectively. Thus, the onset difference between 370 

these two areas was 36.6 fs. For the results of the multi-shot experiment, the demagnetization time 371 

was quantified to be 188.0 fs. This excellent agreement verifies the SCARF’s imaging ability. This 372 

fitting was also applied to the data shown in Supplementary Fig. 7d.  373 
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Additional data 374 

The single-shot ultrafast imaging experiment of demagnetization of an alloy film was repeated. As 375 

an example, another dataset is shown in Supplementary Fig. 7d. These data confirm the ultrafast 376 

imaging capability as well as the findings and results obtained by SCARF. They also show the 377 

stability of the demagnetization time for the used GdFeCo film. Finally, the data reveal subtle 378 

differences in the demagnetization process, showcasing the advantage of single-shot real-time 379 

femtophotography.  380 
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Supplementary Figures 381 

 382 

Supplementary Figure 1. Calibrating the spatial encoding operation of swept coded aperture 383 

real-time femtophotography (SCARF). (a) Schematic of the experiment setup. (b) Images of the 384 

encoding mask by the SCARF system illuminated by five selected wavelengths for calibration. (c) 385 

Shifts in the spectral shearing direction of the images acquired in (b) versus the calibration 386 

wavelengths.  387 
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 388 

Supplementary Figure 2. Comparison of reconstructed image quality of compressed 389 

ultrafast photography (CUP) and SCARF using a static object with varying intensity. (a) 390 

Static spoke pattern (left panel) and the varying intensity (right panel) in the ground truth. Inset: 391 

Zoom-in view of the pattern center. (b) Snapshot generated by CUP. (c) Snapshot generated by 392 

SCARF. Insets in (b) and (c): Zoom-in views of the centers of the snapshots. (d) Representative 393 

reconstructed frame of CUP. (e) Representative reconstructed frame of SCARF. (f)–(h) Spatial 394 

frequency distributions of the images in the ground truth [left panel of (a)], CUP reconstruction 395 

(d), and SCARF reconstruction (e), respectively. The noise-limited bandwidth is delineated by the 396 

cyan dashed circle. (i)–(j) Structural similarity (SSIM) index and peak signal-to-noise ratio (PSNR) 397 

of each frame reconstructed by CUP and SCARF.   398 
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 399 

Supplementary Figure 3. Comparison of reconstructed image quality of CUP and SCARF 400 

using a moving target. (a) Six selected frames of the ground truth (first row) and the 401 

reconstructions obtained by CUP (second row) and SCARF (third row). (b) Comparison of 402 

structural similarity index measure (SSIM) of each reconstructed frame. (c) Iteration course 403 

convergence analysis using the residual norm. (d) Row-rank analysis for the sensing matrices. (e) 404 

Reconstruction error obtained by the ADMM's closed-form solution in the first iteration. In the 405 

box plots in (d) and (e), the center line represents the median, the top and bottom of the boxes 406 

represent the 75th and 25th percentiles, respectively, and the whiskers indicate the minimum and 407 

maximum values.  408 
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 409 

Supplementary Figure 4. Second harmonic generation frequency-resolved optical gating 410 

(SHG-FROG) measurements of the three ultrashort pulses used in SCARF’s proof-of-411 

concept experiments. (a)–(c) Retrieved SHG-FROG traces of the ultrashort pulses. (d)–(f) Pulse 412 

intensity and phase profiles in the time domain. FWHM, Full width at half maximum.   413 
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 414 

Supplemental Figure 5. Additional data of SCARF of single ultrashort pulses transmitting 415 

through transparencies. (a) Representative frames from the reconstructed movie showing a 561-416 

fs chirped pulse transmitting through an “INRS” logo transparency imaged at 116.3 Tfps. (b) Time 417 

courses of the normalized average intensities for the reconstructed movie presented in (a). SHG-418 

FROG, second harmonic generation frequency-resolved optical gating. (c) Relation between the 419 

wavelength and time of the chirped pulses. Black dashed lines represent perfectly linear chirping. 420 

(d)–(f), As (a)–(c), but showing a 739-fs chirped pulse transmitting through a maple-leaf 421 

transparency.  422 
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 423 

 424 

Supplementary Figure 6. Schematic (a) and geometry (b) of generating and probing the 425 

femtosecond laser-induced ultrafast absorption phenomena on a zinc selenide (ZnSe) plate.  426 
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 427 

Supplementary Figure 7. Details on SCARF of ultrafast demagnetization of a GdFeCo alloy 428 

film. (a) Schematic of the experimental setup. Inset: Schematic of the polarization-resolved 429 

SCARF system. BS1–BS2, Beam splitter; G1–G2, Grating; HWP1–HWP2, Half-wave plate; FL, 430 

Focusing lens; L1–L4, Lens; P0–P2, Polarizer; TL1–TL2, Tube lens. (b) Time-resolved intensity 431 

difference between the s- and p-polarization light measured by the multi-shot experiment. (c) As 432 

(b), but showing the averaged intensity from the two selected areas in the SCARF measurement. 433 

(d) Another dataset of single-shot ultrafast demagnetization imaging by SCARF. The marker 434 

center and the error bar in (d) represent the mean value and the standard deviation, respectively.435 
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Supplementary Tables 436 

 437 

System parameter 

Experiment 

Duration of 

the probe 

pulse (fs) 

Imaging  

speed 

(Tfps) 

Sequence  

depth 

(frames) 

Spatial  

resolution 

(µm) 

Field of view 

(mm2) 

Single ultrashort pulses 

transmitting through 

transparencies 

Bar pattern 362 116.3 132 38.5 3.4×3.4 

INRS logo 561 74.9 132 46.7 2.8×2.8 

Maple leaf 739 56.8 132 41.2 3.2×3.2 

Transient absorption in a semiconductor 
6500 6.5 42 35.7 3.6×3.6 

530 156.3 11 33.0 0.78×0.61 

Ultrafast demagnetization of an alloy film 1200 19.1 23 2.2 0.15×0.15 

 438 

Supplementary Table 1. SCARF’s system parameters for each experiment. 439 
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Image modality 
CUST 

[Supp. Ref. 19] 

CUSP 

[Supp. Ref. 20] 

CACTI 

[Supp. Ref. 13] 

MA-CS CMOS 

[Supp. Ref. 18] 

SCARF 

[This work] 

Maximum imaging 

speed 
3.85 Tfps 70 Tfps ~5 kfps 200 Mfps 156.3 Tfps 

Approach to 

recording temporal 

information 

Mask and scene  

shearing 

Mask and scene  

shearing 

Mask  

shearing 

Flutter  

shutter 

Mask  

shearing 

Approach to 

implementing 

coded apertures 

Single static  

mask 

Single static 

 mask 

Single moving 

mask or spatial 

light modulator 

High-

bandwidth 

circuit 

Single static  

mask 

All-optical data 

acquisition 
Yes No Yes Yes Yes 

Compression ratio 

𝑁𝑡

1 +
𝑁𝑡

𝑁𝑦

 
𝑁𝑡

1 +
𝑁𝑡

𝑁𝑦

 
𝑁𝑡 2.1 𝑁𝑡 

Maximum 

sequence depth 

(𝑁𝑡 frames) 

60 

140 [a] 

 

980 [b] 

148 32 

132 [c] 

 

42 [d] 

Frame size 

(𝑁𝑥 × 𝑁𝑦 pixels) 
340×375 532×512 248×256 64×108 1024×1024 [e] 

Data acquisition 

capability 

(Frames · Tfps) 

231 

9800 [a] 

 

68600 [b] 

0.74×10-6 6.4×10-3 

15351.6 [f] 

 

1719.3 [g] 

Notes: [a] For one chirped sub-pulse as active illumination 440 
[b] For a pulse train containing seven chirped sub-pulses as active illumination 441 

[c] For imaging ultrafast dynamics of a static target at 116.3 Tfps 442 
[d] For imaging an ultrafast moving target at 6.5 Tfps 443 
[e] Maximum frame size in theory; The experimentally demonstrated frame size in this work varies from 444 

53×67 pixels to 341×341 pixels  445 

[f] For imaging ultrafast dynamics of a static target at 116.3 Tfps with a sequence depth of 132 frames 446 
[g] For imaging an ultrafast moving target at 156.3 Tfps with a sequence depth of 11 frames 447 
 448 

Supplementary Table 2. Comparison of SCARF to representative single-shot compressed 449 

temporal imaging. CACTI, coded aperture compressive temporal imaging; CUSP, compressed 450 

ultrafast spectral photography; CUST imaging, compressed ultrafast spectra-temporal imaging; 451 

MA-CS CMOS, multiple-aperture compressed-sensing CMOS. 𝑁𝑥 and 𝑁𝑦, numbers of pixels in 452 

the 𝑥 and 𝑦 directions; 𝑁𝑡, sequence depth. 453 
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Image modality 
STAMP  

[Supp. Ref. 24] 

SCARF  

[This work] 

Schematic 

 

 

CCD, Charge-coupled device; G1–G2, Grating;  

L1–L4, Lens; M1–M2, Mirror. 

Operating principle Direct imaging Computational reconstruction 

Imaging speed 65.4 Gfps − 4.4 Tfps 6.5 Tfps − 156.3 Tfps 

Sequence depth 

(frames) 
6 11 − 132 

Frame size  

(𝑁𝑥 × 𝑁𝑦) 
450 × 450 1024 × 1024[a] 

Applications 
(1) Laser plasma 

(2) Phonon propagation 

(1) Ultrafast absorption 

(2) Ultrafast demagnetization 
[a] Maximum frame size in theory; The maximum frame size experimentally demonstrated in this work is 341×341 pixels 454 

 455 

Supplementary Table 3. Comparison of SCARF to sequentially timed all-optical mapping photography (STAMP). 456 
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