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Section S1. The optimization algorithm in SIVIS 
The adaptive optimization is driven by the genetic algorithm (GA), which iteratively enhances a cost function (CF), which is defined as the ratio of the detected IR SPD intensity and the number of “on” pixels in the corresponding DMD pattern: 
                (1)
where  is the DMD pattern, while x, and y denote the coordinates of the pixel in the pattern, and  is the IR target. We can also get the spatial complementarity/ inverted illumination patterns of the IR target by directly taking the reciprocal of CF, defined as:
 .               (2)
The CF effectively measures the signal-to-pattern correlation and increases as the illumination becomes more concentrated on the target. Initially, a population of random DMD patterns is generated, denoted as:
           (3)
where the superscript represents the generation index, and the subscript represents the population, here is k. Each pattern is evaluated and ranked based on its CF score. Offspring patterns are then generated by crossover, in which pixels are randomly inherited from two selected parent patterns, with higher-ranked patterns having a higher probability of being chosen. Mutation is applied by randomly flipping at partial pixels. The offspring patterns will replace the lower-ranked half of the population in the next generation. As shown in Fig. S1a, the optimization process comprises three phases: (i) random initialization , (ii) intermediate generations where blurred features emerge, and (iii) final patterns with a clear contour. The corresponding CF values increase monotonically throughout the process. Figure S1b shows the IR SPD intensity (photon counts) as a function of generation, exhibiting a similar growth trend to that of the CF. The inset displays the sorted photon counts of DMD patterns from two consecutive generations (i=25), demonstrating that the new generation consistently yields higher average photon detection. Figure S1c presents selected frames extracted from the visualization video throughout the evolution process. The frames correspond to generation indices of 1, 500, 1000, 2000, and 5000 (left to right), where the initially random pattern gradually evolves into a well-defined simulation target in the shape of a clover.
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Figure S1. Optimization process of the self-evolving spatial modulation patterns in SIVIS.


Section S2. Experimental setup
The detailed schematic for the SIVIS experimental setup is illustrated in Supplementary Fig. S2. All experiments in the manuscript were conducted with the purpose-built SIVIS. IR light from a polarization-maintaining single-mode continuous-wave laser source (~150 mW power, 850 nm wavelength, MDL-III-852L, CNI) is first collimated by a collimator (L1) and then expanded by a 4f telescope (L2 and L3, f = 30 mm and 200 mm), inducing a beam diameter of ~10 mm. A free-space output 532 nm laser (MGL-FN-532-500 mW, CNI) is expanded by lenses L4 and L5 (f = 200 mm and 20 mm) with a beam diameter of ~20 mm. A long-pass dichroic mirror with a cutoff wavelength of 550 nm is used to combine the two laser beams and then co-modulated by a DMD (GmbH V-7001, ViALUX). Only the central pixels of the DMD micromirror array are activated to accelerate the loading process, as shown in the upper right of Fig. S2, in which the region is highlighted in red. Then the patterns are projected by a f = 50 mm projection lens with a magnification of ~23×, as shown in Fig. S3. The left panel is the loaded chessboard picture, and the right side is the projected pattern of 48×48 pixels captured by a commercial camera (acA1920-150 μm, Basler), in which the individual element represents a single micromirror of the DMD. Then a beam splitter (BS) is used to split the visible light to the display screen. 
We have demonstrated SIVIS in both reflection and transmission modes, as shown in Fig. S2, marked by dashed boxes. A f = 100 mm convex lens is used to collect the interaction reflection/transmission light, and a bandpass filter with a peak of 850 nm is used to extract the signal photons before the SPD. Two types of SPD have been adopted in the experiments, in which one is an analog detector (Thorlabs, PDA100A2) and the other is a digital photon counter (Excelitas, SPCM- AQRH-14). The system is synchronized by using a data acquisition device (USB-6353, National Instruments) and a purpose-built Python program.

[image: ]
Figure S2. Schematic setup of SIVIS.

The illuminated FOV is approximately 20 mm × 20 mm, corresponding to a 64 × 64-pixel illumination pattern. To accelerate the DMD loading process, only the central 64 rows of DMD are utilized, and the DMD operates at a 20 kHz refresh rate, enabling a generation time interval of ~5 ms (with 10 loaded patterns per generation), corresponding to 200 generations per second. The DMD patterns (Fig. S2) are magnified and projected onto the object using a single projection lens (focal length: 50 mm), achieving a total magnification of ~23×.

[image: ]
Figure S3. Timing diagram for SIVIS experiments. The switch of DMD from the “off” to the “on” state triggers the acquisition of photon counts or signal voltage. The time interval between the neighboring generations from generation N to N+1 during the evolution is ~5 ms, with a population of K=10 in each generation. This indicates that SIVIS has a refresh generation number of ~0.2 kHz, enabling SIVIS to capture dynamic scenarios. 


Section S3. SIVIS at single-photon conditions
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Figure S4. Illustration of how SIVIS enables sub-photon-per-pixel detection. The single-photon detector captures all incident signal photons, with a total photon flux of εN >>1. Since the illumination patterns (upconverted images) have a sufficiently large number of pixels (N), the average photon occupancy per pixel is far below unity (ε << 1). [1]
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Figure S5. Enlarged views of Fig. 5e under different illumination conditions.
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Figure S6. Cost function and photons per pixel vs. generation during the evolution with a 0.1 mm/s moving target, recorded at an illumination level of ~1.0 photon per pixel.


Section S4. Irradiation power of different upconversion approaches
Table S1. List of the IR illumination power on the state-of-the-art upconversion methods.
	Ref.
	[2]
	[3]
	[4]
	[5]
	[6]
	[7]
	[8]
	[9]
	[10]
	Ours

	IR wavelength (nm)
	980
	780
	980
	1042
	940
	1500
	1530
	850
	780
	850

	Illumination power (μW/cm-2)
	1.62×103
	34
	1.3×104
	240
	1×104
	6×103
	1.83×108
	1.2×104
	1.5×104
	5.3×10-7



For SIVIS, the infrared (IR) illumination power is estimated based on the detected photon flux. For an IR wavelength of 852 nm, the energy of a single photon is given by , where  is Planck’s constant and  is the speed of light, yielding . At the lowest photon flux level (0.11 photons per pixel per detection frame), with an illumination pattern of  pixels, the total number of photons per frame is estimated to be . Given an acquisition time of 0.05 ms, the corresponding total energy per frame is . The incident optical power is therefore estimated as:
                                           (4)
Assuming a uniform illumination over an area of 1 cm² of the FOV, the corresponding irradiance is on the order of . 
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