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Supplementary note I Characterizing the chaotic state
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Supplementary Fig. 1: Illustration of the full-width-half-max of the autocorrelation
function (a), and the effective radio-frequency bandwidth (b).

In the main part, the autocorrelation and the cross-correlation function are employed to
characterize the chaotic state. Before the analysis, a detailed description of the parameter
calculation is presented here. As for the time domain characterization, the auto-correlation
is applied to the recorded data nevertheless in the experiment or in simulation. Considering
one signal I(t) captured in simulation or in experiment, the auto-correlation ACF(7) is

calculated by

(0I(t+7)-0I(t)),
BROY, W

Where 01(t) = I(t) — (I(t));. For ease of presentation, the full width at half maximum

ACF(7) =

(FWHM) of the ACF is employed to qualify the recorded data, as shown in Supplementary
Fig. la. A lower FWHM indicates a faster chaotic process, benefiting applications such as
random bits generation and ranging.

Despite the ACF, the radio-frequency (RF) spectrum is another common characterization
for the chaotic signal. As shown in Supplementary Fig. 1b, the chaotic signal obtained by
detecting a comb line of the chaotic combs shows a continuous spectrum in the RF domain,
with a decreasing power density apart from the zero frequency. Thus, a 10 dB-bandwidth
is employed here to qualify the chaotic signal in the RF domain.

Employing the FWHM of the ACF and the 10 dB-bandwidth of the RF spectrum, we
could qualify a single chaotic signal. The bandwidth is one of the most important charac-
teristics of chaotic signal. For the detection of chaotic signals, the sampling rate should be
larger than the twice of the signal bandwidth. While for applications such as random bit
generation, the sampling rate can be larger than the twice of the signal bandwidth, with

post-processing to obscure inter-sampling correlation [1]. While this will not increase the
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rate of entropy production, which limits the random bit generation rate. The entropy rate

can be estimated by:

ho = min (771, 2BW) (Ne — D (p(@)||u())) (2)

Where 7 is the sampling period, BW is the bandwidth of the entropy source, N, is the
number of bits per sample, p(x) is the probability density function of the entropy source,
u(z) is the uniform distribution and D, is the Kullback-Leibler divergence from u(z) to
p(z). We can see that the entropy is limited by the twice of bandwidth and the probability
density function. The entropy can be increased with a larger bandwidth and a more flat
probability density function.

In this work, we are aimed at the realization of a massively parallel chaotic signal gen-
erator. The orthogonality between channels is of great interest to prove the parallelism.
Considering two signals detected I,,,(¢) and I,,(¢), the orthogonality is qualified by the cross-

correlation

(0L, (t +7) - 01,(1)),
VAL (), - (O13(1))

Where 61,,(t) = L, (t) — (Im(t)), and 01, (t) = L,(t) — (In(1))
at a delayed time 7, there will be a peak at XCF,, ,,(7) where the height values the strength

XCF, (1) =

(3)

t
.- If I, and I, are correlated
of the correlation. Thus, the maximum of XCF,,,(7) could be employed to value the
correlation or orthogonality between two detected signals. For the ease of the expression,
the maximum of XCF,, ,,(7) is symbolized by XCF,, ,,. A lower XCF,,,, indicates a lower
correlation or a better orthogonality between I,,,(t) and I,,(¢). In the experiment, the comb
lines are recorded individually by an oscilloscope to obtain I,,(t) and a electrical spectrum
analyzer to obtain I,,,(f)). In the simulation, the comb evolution is simulated by the Lugiato-

Lefever equation [2]

t —
B0t 9 2 Or2

with the same parameter definition shown in Methods. Based on the Lugiato-Lefever equa-

T {_ (5 i) + iL@a—Z] E+ily|E’E + VOB, (4)

tion, we could obtain the time-domain evolution of hundreds of comb lines during a certain

period.



Supplementary note II Simulation: Route into the chaotic state
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Supplementary Fig. 2: Numerical simulation of chaotic comb generation in a
microcavity. a, the evolution of the intracavity field distribution. b, the intracavity field
distribution evolution under different states. c, the time domain variation of a single comb

line. d,the radio-frequency spectra of a single comb line. e,the optical spectra of different

comb states.

Here, we give a universal view into the evolution of the chaotic comb in simulation. Supple-
mentary Fig. 2a shows the intracavity field spatial distribution evolution as the pump laser

tuning from higher frequency to lower frequency. Several comb states can be distinguished.
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In region 1, the intracavity field is expressed as the continuous wave state or the homogeneous
state. In region 2, the primary comb is stimulated, expressed as stable period multi-pulses in
spatial domain. In region 3, some small comb lines, or subcomb lines, are stimulated around
the primary comb lines due to the nondegenerate four-wave-mixing pumped by the pump
and primary comb lines. With these small comb lines formation, multi small pulses appear
between the period pulses. For states mentioned above, all stimulated comb lines are highly
coherent, with the long-term stability in time domain. As more subcomb lines stimulated,
the field distribution starts varying periodically with frequency fl in time domain. As for
the stimulated comb line with the highest average power, the comb line shows a sinusoidal
oscillation. In RF domain, a single peak is observed. The transition from the steady state
to the stable period state in time domain is realized by the Andronov-Hopf bifurcation [3].
Deeper into the resonance, peaks appear around the fundamental frequency and f;. The
time domain variation of the single comb line can be viewed as the sum of two sinusoidal
oscillations with different frequency f; and fy, termed as the Torus bifurcation [3]. During
the transition from the stable state to the chaotic state, more peaks are stimulated (Sup-
plementary Fig. 2¢2) and broadened (Supplementary Fig. 2¢3 and c4) in the RF spectra.
As for the time domain of the intracavity field, the pattern in spatial-time domain follows
an extended quasiperiodic route to chaos. Finally, the intracavity field shows a complex
evolution (Supplementary Fig. 2¢5 and ¢6), without distinguishable periodicity, indicating

the formation of the spatiotemporal chaos.
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Supplementary Fig. 3: Largest lyapunov exponents of different comb states.
a, the variation of the max lyapunov exponent with the tuning of the pump laser. b, the

max lyapunov exponent distribution under different chaotic states.

As illustrated above, the chaotic comb would be formed as the pump laser sweeps into the

resonance. This is also verified in simulation by calculating the largest lyapunov exponent



(LLE) under different comb states, as shown in Supplementary Fig. 3a. To characterize the
chaos, the evolution under 10000 round-trips I,,(t, A) are recorded under different detuning
and employed, where n indicates the mode number of comb lines, ¢ represents the evolution
time in unit of round-trip time and A is the detuning between the pump laser and cold
cavity resonance. Under different detuning, the largest lyapunov exponent for each comb
line is calculated and the max one is shown in Supplementary Fig. 3a. Deeper into the
resonance, a larger LLFE is obtained. Supplementary Fig. 3b shows the LLE's of comb lines
around the pump mode under A = 1.9 GHz and A = 0 GHz. Uniform chaotic properties
are estimated under larger detuning. It is worth noting that a uniform power distribution

is also established under the same detuning.



Supplementary note III Experiment: Route into the chaotic state

Supplementary Fig. 4a shows the 90 GHz FSR AlGaAs ring resonator tested, working in
anomalous dispersion. By sweeping a continuous-wave laser through a resonance, multiple
comb lines can be stimulated with different comb states, termed as the primary comb state,
the subcomb state, and the chaotic comb state, as reported previously. Also, the chaotic
comb state can be estimated by the destabilization of the soliton state, as discussed in [4].
To observe the path from the coherent comb state to the chaotic comb state, the evolution
of the comb line around 1535 nm is recorded in time domain and radio frequency domain
as the sweeping of the pump laser, as shown in Supplementary Fig. 4b. In Supplementary
Fig. 4c, the regions of chaotic comb state and other states are clearly distinguishable, with
the evolution of the chaotic state showing a rapid oscillation at the total output power
(blue line) and the comb power (red line). Supplementary Fig. 4d shows the RF spectral
variation with the pump laser tuning, where the RF spectrum evolves from multi peaks to
continuous broadband. As subcombs stimulated, the comb line will express as a sinusoidal
periodic oscillation in time domain, corresponding to a clear limit cycle phase portrait in
Supplementary Fig. 4el, related with the Hopf bifurcation. The sinusoidal periodic character
is also verified in RF domain, which shows a remarkable single peak. With the pump laser
sweeping deeper into the resonance, more secondary comb lines are stimulated, and the
comb line goes into the multi-period state as shown in Supplementary Fig. 4g2, with four
separated peaks. In the time domain, the variation can be well fit by the sum of two sinusoids,
indicating the existence of the secondary Hopf bifurcation. With a larger detuning, more
peaks appear and are broadened in the RF domain, undergoing an extended quasiperiodic
route to chaos. Finally, a continuous RF spectrum is obtained as the multi peaks connecting
with each other, marking the comb line evolves into a spatiotemporal chaotic state. Due
to the natural complexity of the spatiotemporal chaos, it is hard to figure out the chaotic
attractor in the 2D phase portrait. Thus, there is no significant periodicity in the time
domain variation of comb lines. The evolution process agrees well with simulation results

shown in the Supplementary Note II.
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Supplementary Fig. 4: Observation of the route into the chaotic state. a,
Optical microscope photograph of the AlGaAsOI microring. b, Setup for observing the
chaotic comb generation. ECL, external cavity diode laser; EDFA, erbium-doped fiber
amplifier; NF, notch filter; BPF, band-pass filter; WSS, wavelength selective switch; PD,
photodetector; OSC, oscilloscope; ESA, electrical spectrum analyzer; OSA, optical
spectrum analyzer. ¢, Normalized transmitted total power (blue) and comb power (pink).
The shade region where rapid oscillation is observed marks the region for chaotic comb
state. d, the 2D RF spectral map of the comb line around 1535 nm. el1-3, Phase portraits
for the single period state (1), the multi-period state (2) and the chaotic state (3). f1-3,
Time domain variations for different states. gl1-3, RF spectra for different states. The

insets show the optical spectra of different states.



Supplementary note IV Verification of the inter-channel orthogonality
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Supplementary Fig. 5: Inter-channel correlation in experiment (a) and in

simulation (b).

Shown in Fig. 3h and Supplementary Fig. 5a, the inter-channel correlation is obtained in
experiment. It is worth noting that there is an obvious correlation between symmetrical
comb lines while the correlation between other comb lines is weak (less than 0.04) enough to
be neglected. These properties are also captured in simulation as shown in Supplementary

Fig. 5b, where a pump power of around 100 mW is employed.



Supplementary note V Simulation: Influence of different parameters
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Supplementary Fig. 6: Influence of different parameters on chaotic combs. al,
b1, c1, Full widths at half maximum of the autocorrelation and numbers of comb lines
under different pump powers, intrinsic quality factors and second order dispersion. a2, b2,
c2, the cross-correlation between symmetric comb lines under different pump powers,

intrinsic quality factors and second order dispersion.

In this section, we will show the influence of different parameters on the chaotic comb.
For simplification, different chaotic combs are characterized by the minimum full widths
at half maximum (FWHM) of the autocorrelation of comb lines around the pump mode.
Supplementary Fig. 6 shows the results under different conditions. It is worth noting that
the FWHM of autocorrelation function would be significantly affected by the quality factor
and the pump power, while no obvious variation could be found as the variation of the
second order dispersion. By increasing the pump power, the intracavity energy could be
rapidly raised, resulting in a more chaotic state. Thus, it is reasonable that the second
order dispersion will not influence the FWHM of the ACF. While the number of comb lines
will be affected by the second order dispersion as the circumstance of soliton microcombs.
Different from the soliton microcomb, as shown in Supplementary Fig. 6bl, it seems that a
high-quality factor is not a positive condition for chaotic combs. This can be explained by
the effective coupling state as illustrated in [5]. Under a low pump power where the optical
nonlinear effect is not strong enough, the highest intracavity power is obtained under a
critical coupling state, where the coupling factor is the same as the loss factor. It is not the

same under a high pump power where the energy conversion from the pump mode to other
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modes is induced by the optical nonlinearity. The nonlinear conversion will induce effective
nonlinear loss on the pump mode, resulting in an effective under-coupling state, decreasing
the intracavity field. Thus, a proper over-coupling state will be more suitable to obtain a

better chaotic comb.
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Supplementary note VI Simulation: Influence of coupling state
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Supplementary Fig. 7: Influence of the coupling state on chaotic combs. a, the
FWHM and the number of comb lines under different coupling states. b, the XCF between
symmetric comb lines around the pump mode. ¢, the conversion efficiency under different
coupling states. d, the optical spectra under over-coupling state (Q. = 10°) and
critical-coupling state (Q. = 107). RF spectra (e) and ACFs (f) of different comb lines

under the over-coupling state.

Supplementary Fig. 7 shows properties of chaotic combs under different coupling states,
where the coupling quality factors are varied from 10° to 10® with the intrinsic quality
factor set to 10”. Under an over-coupling state (Q. < 107), a lower FWHM of ACF is
ensured compared with the critical coupling state, indicating a better chaotic state. A higher
conversion efficiency is also attractive as a higher comb line power is promised. Compared
with the critical coupling state, the over-coupling state can deliver comb lines with 20

dB higher power. Supplementary Fig. 7e and f show the radio frequency spectra and
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autocorrelation functions of different comb lines (with mode number -1, -10, -50, -100 as
shown in Supplementary Fig. 7d). It is worth noting that all comb lines feature an effective
radio-frequency bandwidth above 10 GHz and an FWHM below 0.1 ns. Considering a
sampling rate of 10 GSa/s, the correlation between adjacent sampling data is around 0.1,
which is acceptable for a random bit generator. With a proper design, the total output rate
of the chaotic-comb-based parallel random bit generator could reach 3 Thps (considering 30

Gbps pre-channel).
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Supplementary note VII Experiment and Simulation: Influence of the inter-

mode coupling
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Supplementary Fig. 8: Influence of inter-mode coupling. a, the optical spectrum
of chaotic comb in the experiment shown in the main text. b, the integrated dispersion
profile of the tested microring. c, the zoom-in optical spectrum at C band. d, the
simulated optical spectrum considering the mode-crossing. e, the correlation between
different comb lines in simulation. The auto-correlation function (f) and radio frequency

spectrum (g) with (blue) and without (red) mode crossing.

In Supplementary Fig. 7d, we can see flat optical spectra of chaotic combs, while the optical
spectra observed in the experiment were fluctuating at the central part. Supplementary
Fig. 8c shows the zoom-in spectrum, where the power variation is approximately 7 dB.
The power variation could be induced by inter-mode coupling as the circumstance in the
bright soliton. Supplementary Fig. 8b shows the measured integrated dispersion profile
of the tested microring, where multiple anti-mode-corssing points can be observed. In the

simulation, more than one transverse mode can be supported in the waveguide used here
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(400 nm x 650 nm). Coupling between different modes is possible as orthogonality between
modes is not promised, causing shifted resonance frequency and varied quality factors. The
influence of inter-mode coupling has been well studied in [6, 7]. Summarily, the inter-mode
coupling can induce power variation at comb lines of the chaotic comb. Supplementary Fig.
8d shows a simulated optical spectrum where an anti-mode-crossing is induced around mode
23. Supplementary Fig. 8e shows the correlation between different comb lines considering
the inter-mode coupling. Despite localized dispersion variation, the great orthogonality
between comb lines is not lost, agreeing with our experiment result. The autocorrelation
function and radio-frequency spectrum at the crossing point are given in Supplementary Fig.
8f and Supplementary Fig. 8g. In this simulation case, it is worth noting that the presence
of mode crossing results in a wider RF spectrum. This wider spectrum may be attributed
to the broader resonance and lower quality of the microcomb caused by the mode crossing.
The impact of mode crossing on microcombs is a complex problem, which requires further

investigation in future work.
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Supplementary note VIII Simulation: Influence of three-photo-absorption
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Supplementary Fig. 9: Influence of the three-photon-absorption and the free
carrier absorption. a, the total intracavity power evolution with the detuning under
different conditions of the 3PA. The blue line represents the microcomb evolution without
3PA. The red and green lines are the evolution with 3PA and FCA where the effective
carrier lifetime is 5 ns and 0.1 ns respectively. b, the cross-correlation between symmetric
comb lines. ¢, the autocorrelation function of comb lines around the pump mode. The top,
middle and bottom planes are the ACF map without 3PA, with 3PA while the effective

carrier lifetime is 5 ns and 0.1 ns respectively.

In this work, a high-quality chaotic state is promised by the remarkable nonlinear coefficient
of the AlGaAsOI platform and a high pump power up to 130 mW. Getting rid of the
TPA, the component of the AlGaAs is set to Aly2GaggAs. However, under a pump power
up to hundreds of microwatts, the influence of the three-photon-absorption (3PA) and the
corresponding free-carrier-absorption (FCA) should be considered. Supplementary Fig. 9
shows the influence of the 3PA and the FCA on the chaotic properties. To take the 3PA into
account, a modified Lugiato-Lefever equation with the equation describing the dynamics of

the free carrier is employed:
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where the 3PA and free carrier absorption are considered as the second part at the right
side of the Eq. S4. Bspa is the 3PA coefficient, A.ss is the effective area of the waveguide,
o and p are the FCA parameters, N, is the density of free carriers and 7.7 represents the
effective life of free carriers. Considering an effective carrier lifetime of 5 ns, the chaotic
signal will be degraded. As for the cross-correlation between symmetric comb lines, the
correlation raised compared with the chaotic comb without the 3PA. More seriously, the
autocorrelation property is also degraded with a larger FWHM and higher sidelobes. All this
degradation can be attributed to a lower intracavity power as shown in Supplementary Fig.
9a. The simulation result can explain the difference between our experiment result where
the FWHM under 130 mW is higher than that in simulation under the same condition. This
indicates the chaotic property of chaotic combs in AlGaAsOI microrings is limited by the
3PA. This could be eased by inducing the PIN junction structure to shorten the effective
carrier lifetime, which has been well studied in nonlinear optics based on Silicon-on-Insulator
platform [8]. Considering an effective carrier lifetime of 0.1 ns, the chaotic signal is of the
same quality as that without 3PA. The AlGaAsOI microring with PIN junction structures
might be a more excellent platform for the chaotic comb generation, to deliver massively

parallel chaotic signals with tens GHz chaotic bandwidth.
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Supplementary note IX Experiment: Details of the test link
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Supplementary Fig. 10: The test link of chaotic combs

Supplementary Fig. 10 shows the general test link for the experiment. To stimulate the
chaotic comb state, a high quality AlGaAsOI microring is pumped. To get a high pump
power, an EDFA is employed to boost the pump laser to a high level and a bandpass filter is
used to suppress the ASE noise. Then the amplified pump laser is injected into the microring
after passing an isolator and a polarization controller. As illustrated above, by sweeping the
frequency of the pump laser, we could obtain a chaotic comb as a massively parallel chaotic
source. At the output side of the microring chip, a notch filter is used to suppress the pump
mode and the remaining comb lines are boosted by a DWDM EDFA. Then the amplified
comb lines are divided by the wavelength selective switch and sent to different photodetectors
. Due to the insertion loss induced by the wavelength selective switch (6 dB), an EDFA is
used before injecting into the PD. The detected signal is sent into an oscilloscope to observe
the time domain variation and an electrical spectrum analyzer to obtain the RF domain
spectrum. For the characterization of the cross-correlation, two comb lines are filtered and
sent to two PDs respectively at the same time. Cross-correlation is employed to the two
detected signals to value the correlation between two selected channels.

In the application for random bit generation, a silicon photonic wavelength division de-
multiplex receiver is employed. Fig. 3 shows the test link and Supplementary Fig. 1la
shows the microscope image of the SiPh chip. The DWDM receiver is constituted of one
16-channel arrayed waveguide grating and 16 Ge-on-Si photodetectors. The optical loss from
the input edge coupler to the photodetector is estimated to be 8~9 dB, by testing a similar
circuit where photodetectors are replaced by an array of edge couplers. As the amplified
comb line is injected into the chip, the AWG will selectively divide the input signal into PD.
The tested transmission spectra of the 16-channel AWG are given in Supplementary Fig.
11b. The channel spacing is verified to be around 180 GHz, fit well with the channel spacing

of the microcombs.
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Supplementary Fig. 11: SiPh wavelength division demultiplex receiver. a, the
microscope image of the SiPh chip. b, transmission spectra of the 16-channel 180 GHz

AWG.
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Supplementary note X Experiment: Comparison of commercial InP photode-

tectors and Si-Ge photodetectors
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Supplementary Fig. 12: Comparation of integrated Ge-Si photodiode and
commercial InP photodiode. a, the measured frequency response of the Ge-Si
photodiode and InP photodiode. b, the frequency spectra of signals detected by Ge-Si
photodiode and InP photodiode. ¢, Autocorrelation functions of chaotic signals detected
by Ge-Si photodetectors and commercial InP photodetectors. d, the NIST SP 800-22 test
results for random bits generated by InP photodiode with 30 Gbps generation rate.

In the experiment, the chaotic signal is detected by commercial InP photodetectors and Si-Ge
photodetectors respectively. In this part, we show that the frequency response or bandwidth
of the Ge-Si photodiode is worse than that of the commercial photodiode, which degenerates
the recorded signal. Supplementary Fig. 12a shows the measured frequency response of the
integrated Ge-Si photodiode and the InP photodiode. The Ge-Si photodiode shows a faster
decrease at the high frequency. This is revealed at the frequency spectra of recorded signal
as shown in Supplementary Fig. 12b. Supplementary Fig. 12c¢ shows the autocorrelation
function of the signal of the same comb line detected by the Ge-Si photodetector and the
commercial InP photodetector employed in the main part. At different reverse biases, the
detected signals express different features due to the relationship between the bias voltage
and the bandwidth. The FWHM detected by the InP photodetector is 0.22 ns. While the
FWHM detected by the Ge-Si photodetector is about 0.30 ns, due to the inferior frequency
response. Employing the data recorded by the InP photodiode, the generation rate could
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reach 30 Gbps and the generated random bit sequences can pass the NIST SP 800-22 test
successfully. In addition, it is worth noting that the input power of -9 dBm is enough for
the Ge-Si photodetector as illustrated in [9]. Considering a high conversion efficiency shown
in Supplementary Fig. 6d where the power of each comb line could reach -5 dBm, a fully

integrated chaotic signal detector without an inter-chip amplifier is possible.
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Supplementary note XI Diehard test result for random bit generation
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Supplementary Fig. 13: Autocorrelation functions of chaotic signals detected

by Ge-Si photodetectors and commercial InP photodetectors.

To evaluate the random bit generators based on chaotic combs, the Diehard tests are em-
ployed here, except for the NIST tests used in the main part. For each test, one or multi
p-values will be given, to access the quality of random bits. A p-value close to 0 or 1 indi-
cates bad quality. Considering a 95% confidence interval, p-values between 10~ and 1 —10~*
mark the random bit generator could pass the Diehard test. The test results of random bits
extracted using Ge-Si photodetectors are shown in Supplementary Fig. 12. All 15 channels

could pass the test, showing reliable randomness.

22



Supplementary note XII The influence of different amplification processes
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Supplementary Fig. 14: The influence of different amplification processes. a,
the schematic of the test link. b, the optical spectrum before amplification. c, the optical
spectra after the first order amplification. d, the optical spectrum after the first order
amplification around the C-band. The spectrum of SOA is filtered by a band pass filter. e,
The optical spectrum after the second order amplification. f, the radio-frequency spectra

of the recorded comb line. g, the autocorrelation functions of the recorded comb line.

In the experiment described in the main text, we used a commercial EDFA to amplify the
generated chaotic comb due to its weak comb line power. Here, we compare the ampli-
fication performance of commercial EDFAs and semiconductor optical amplifiers (SOAs).
Supplementary Fig. 14 shows the experimental setup. Unlike the main text, where an op-
tical amplifier was arranged between the bandpass filter and the photodiode, an electrical
amplifier is arranged after the photodiode to amplify the detected signal and compensate
for the limited response of the commercial InP photodiode. First, we record the original
optical spectrum of the chaotic comb, as shown in Supplementary Fig. 14b. The signal-to-

noise ratio (SNR) of comb lines within the C-band can reach 40 dB. Supplementary Fig.
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14c shows the spectra of amplified combs. The first order amplification of the EDFA is set
to the maximum. Different from the EDFA, the gain bandwidth of the SOA is wider. To
obtain higher power in the C-band, a bandpass filter was employed after the first SOA to
suppress comb lines outside the C-band. The filtered spectrum is shown in Supplementary
Fig. 14d. Due to a higher noise figure compared to the EDFA, the comb lines amplified by
the SOA show lower SNR. For the comb line around 1545 nm, the SNR is 23.7 dB, which
is 4.3 dB lower than that amplified by the EDFA. Moreover, due to the insertion loss of the
bandpass filter (5 dB), the power amplified by the SOA is lower. Thus, the filtered comb
is amplified by another SOA. Supplementary Fig. 14e shows the optical spectrum after the
second SOA. In addition, for the EDFA, the second-order amplifier is turned on and set to
the maximum. The output powers of the SOA and the EDFA are 16 dBm and 22 dBm,
respectively. Thus, the comb line amplified by the SOA is weaker. One comb line around
1545 nm is filtered out by a tunable bandpass filter with 6 dB insertion loss. The comb line
power sent to the photodiode is -3 dBm and -8 dBm for the EDFA and SOA, respectively.
Supplementary Fig. 14f shows the radio frequency spectra amplified by the EDFA and SOA.
Due to a higher noise figure and lower saturation power, the signal amplified by the SOA
shows a 3.1 dB lower SNR. Supplementary Fig. 14g shows the auto-correlation function
of the comb line amplified by the SOA and EDFA respectively. The two lines are almost
coincident with each other. Thus, at the present set up, the random from the chaotic comb

is not corrupted by the replacement of EDFA with SOA.
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Supplementary note XIII Parameter set of decision makers for multi-armed

bandit problem
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Supplementary Fig. 15: The selection of k. a, the convergence cycle under different
values of k for different problem scales. Solid dots are k values employed for decision
makers in the main part. b, the correct decision rate evolution with cycles under different

k values, with N=16. ¢ (d), one decision process under k=0.4 (0.1).

As we have discussed in Methods, the selection of k value is vital for decision makers. Thus,
we sweep the k value for different problem scales, and the convergence cycles are recorded
as shown in Supplementary Fig. 15a. To show the influence of k on the convergence speed,
the evolution of the corrected decision rate with the increase of cycles under different k
values are shown in Supplementary Fig. 15b, where N=16. It is obvious that a higher
convergence speed is accompanied with a larger k at the beginning of the decision process.
While the corrected decision rate could not reach 100% as the game carrying on. It is caused
by worry decisions as shown in Supplementary Fig. 15c¢, where one decision process with
k=0.4 is presented. Due to a large k, the decision maker only tests 5 slot machines and a
high bias value is added to the 25th channel, making a premature decision without sufficient
exploration. In addition, one decision process with k=0.1 is shown in Supplementary Fig.
15d. Under a small k, the decision maker will be more cautious, causing a slow convergence
speed. Thus, as for different scale, we adopt the k value where the convergence cycle is the
smallest. K values employed in the main part are marked with solid dots as shown in Fig.
S12a, where k=0.11, 0.17, 0.23, 0.33, 0.48, 0.58, 0.67 respective for N=4, 8, 16, 32, 64, 128,
256.
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