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Abstract Polarization control in nonlinear polarization rotation based mode-locked fiber lasers is a long-
term challenge. Suffering from the polarization drifts induced by environmental disturbances, nonlinear
polarization rotation based mode-locked fiber lasers is difficult in continuously operating under the desired
pulsation regime thereby substantially hindering their utilizations. The appearance of automatic mode-
locking techniques brings the light in addressing this challenge. Combining with various algorithms and
electrical polarization control, automatic mode-locking techniques resolve the dilemma of nonlinear polar-
ization rotation based mode-locked fiber lasers. We review the research progress of automatic mode-locking
techniques in detail. Furthermore, we comment on the perspectives and potential applications of automatic

mode-locking techniques.
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1 Introduction

Ultrashort optical pulses have extensive utilizations ranging from optical frequency measurements [1-4] to
high-resolution atomic clocks [5, 6], signal processing [7,8], ranging metrology [9,10], and astronomy [11,
12]. As the primary means of generating ultrashort pulses, mode-locking techniques have experienced
explosive development over the last several decades and remain one of the most active research areas in
photonics [13]. Mode-locking is a resonant phenomenon, which represents locking the phases of numerous
longitudinal modes inside the laser cavity thereby producing a pulsed radiation [14,15]. In terms of the
realization methods, mode-locking techniques can be sorted into three categories including actively mode-
locking [15], passively mode-locking [13] and hybrid mode-locking [16]. Nonlinear polarization rotation
(NPR) additive pulse mode-locking relying on polarization control and Kerr nonlinearities [13,15] is
preferred by researchers to realize passively mode-locked fiber lasers (MLFLs) owing to its simple structure
and superior performance [17-20]. The simplified principle of this method is to use the Kerr nonlinearity
in the fiber, the intensity-dependent nonlinear phase shift causes the change in the polarization state as
a function of the light intensity [13,15]. Therefore, an effective fast artificial saturable absorber can be
observed by aligning the output polarizer in such a way that the high intensity experiences a lower loss [13].
Moreover, through flexible polarization control, NPR-based MLFLs can produce various pulsation regimes
including the most common fundamental mode-locking (FML) regime, harmonic mode-locking (HML)
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regimes [19-21] with high repetition rate, Q-switching (QS) regimes [22-24] with high pulse energy, and Q-
switched mode-locking (QML) regimes [24,25] as well. However, manual polarization control is difficult to
initially locate onto desired regimes especially rare regimes (i.e., excluding the FML regime) in NPR-based
MLFLs owing to the small polarization solution space. In addition, inherent various transient instabilities
of MLFLs [26] like the multi-pulsing instabilities [27-29] and Q-switched instabilities [30] further reduce
the stability of NPR-based MLFLs. It is even harder to maintain NPR-based MLFLs (i.e., a resonant
cavity with strong nonlinearities) operating under the desired regime through manual polarization control
for a long time because of the polarization drifts induced by continuous environmental disturbances (e.g.,
thermal instability and mechanical vibration) [31-38]. However, long-term stability of NPR-based MLFLs
is indeed desired in both academic and industrial applications because the QS instabilities during the
detachments (i.e., the laser loses the desired pulsation regime) may cause irreversible damage to the
sequent devices after lasers [39,40].

To address the dilemma of NPR-based MLFLs, self-starting MLFLs [41-44], polarization maintaining
fiber based MLFLs [44-48] and photonic crystal fiber based MLFLs [48-50] are demonstrated to im-
prove the utility and stability. These techniques indeed gain certain effects but they do not completely
resolve the dilemma of NPR-based MLFLs because the polarization drift induced by environmental dis-
turbances is continuous [31-38]. Even the polarization drift in a short time is negligible for these MLFLs
with stabilization mechanism like polarization maintaining fiber based MLFLs, long-term exposure to
environmental disturbances will ultimately produce a large polarization drift very likely causing detach-
ments [31]. Till then, recalibration and realignment of the lasers are necessary. Therefore, automatic
mode-locking (AML) techniques, as a new research area in ultrafast lasers [17], underwent a tremendous
growth in the last decade since the emergence. Different from the traditional stabilization techniques,
AML techniques try to address the dilemma adaptively using various algorithms and electrical control
on some parameters inside the cavity (e.g., electrical polarization control). AML starts from the charac-
terization for an NPR-based MLFL (i.e., establishing a mapping between polarization states and system
parameters including pulse duration, central wavelength and average output power), which assists the
laser to fast locate the desired operation regime [51]. Then, the feedback scheme is introduced to AML
thereby spawning many AML lasers achieved by the inefficient traversal algorithm [51-58] and some
of these AML lasers still require manual auxiliary polarization control inside the laser cavity [51,52].
Furthermore, smart lasers, intelligent lasers, self-tuning lasers using optimization algorithms [59-67], ma-
chine learning [68-71] and even deep learning [72] are proposed to improve the performance AML lasers.
Concretely, an AML laser with superior performance requires no manual auxiliary polarization control
inside the cavity. The laser should also have excellent time-consuming performance including the initial
lock time (i.e., the time consumption from noise to the desired pulsation regime) and the recovery time
(i.e., the time consumption of recovering from detachments). In addition, the laser should be able to
automatically lock onto various regimes for different applications. We believe that the emergence of
AML techniques will completely resolve the dilemma of NPR-based MLFLs thereby further broadening
the utilizations of NPR-based MLFLs.

In this study, we review the research progress of AML techniques in detail. From Section 2 to Section 4,
we respectively review the AML techniques enabled by the traversal algorithm, optimization algorithms
and machine learning. Then in Section 5, we discuss the perspectives and potential applications of AML
lasers and finally we conclude in Section 6.

2 AML enabled by the traversal algorithm

In the early stage of AML techniques, the traversal algorithm is the most frequently used algorithm.
The traversal algorithm for AML techniques is usually consisted of a traversal process, which goes
through the whole controllable parameter space like the polarization Poincaré sphere to meet the dis-
crimination criteria for desired pulsation regimes. The common discrimination criteria include pulsing
counting [52,54,56,57] and detection of some special parameters [51,53,55,58]. Although the traversal
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Figure 1 (Color online) (a) The experimental setup of automated characterization and alignment of an NPR based MLFL
in [51]; (b) the design of the DOAP; (c) the scanning result of the pulsation regimes area on the Poincaré sphere; (d) the
scanning result of the mode-locking regime area after numerical filtering. Reprinted with permission from [51] @Copyright
2010 Springer Nature. (e) The experimental setup of the electronic control of NPR based Yb-doped fiber MLFL in [52].
Reprinted with permission from [52] @Copyright 2012 Optical Society of America.
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algorithm based AML lasers generally has non-ideal time-consuming performance owing to the inefficient
search on the tremendous parameter space (may be multi-dimensional), these AML lasers are able to
produce various regimes including the FML regime [51-58], HML regimes [57] and even noise-like pulses
(NLPs) [58]. In addition, some of them are built in real-time implementations [52,54, 56], where micro
control unit (MCU) or field programmable gate array (FPGA) are used as the computation center and
circuits like analog-to-digital converters (ADCs) are used to obtain feedback data. Different from the
off-line implementations (large equipment is used for data acquisition and a computer is usually used as
the computation center), AML lasers built in real-time implementations have enormous advantages over
time-consuming performance.

The pioneer work in AML techniques was demonstrated back in 2010 [51]. Hellwig et al. successfully
characterized an NPR-based erbium-doped MLFL using a computer-controlled automatic polarization
controller (APC) based on piezoelectric squeezers and a home-made high-speed all-fiber division-of-
amplitude polarimeter (DOAP). The entire experimental setup is demonstrated in Figure 1(a). The laser
is fully characterized through automatic polarization scanning governed by the APC. The characteriza-
tion of the laser means establishment of a mapping between polarization states and system parameters
including pulse duration, central wavelength and average output power. The design of the DOAP is
shown in Figure 1(b). The basic idea of the DOAP is to project the incident light into different polar-
ization directions using multiple polarizers and then the polarization state of the incident light can be
obtained from the power distribution on different polarization directions. In the DOAP, one fiber and
a photodiode (PD 8) are utilized to acquire the reference power for normalization while the other seven
fibers are randomly bent to introduce different values of birefringence in each of them [51]. It should
be noted that the pulsation regimes are judged through measuring two-photon absorption (2PA) since
only the high peak power of an ultrashort pulse will lead to strong 2PA. The automatic polarization
scanning result on the Poincaré sphere is shown in Figure 1(c) and the polarization area corresponding
to pulsation regimes has strong 2PA signal values. However, the pulsation regimes also contain QS and
hybrid regimes (i.e., QML regimes [24,25]). Through applying a numerical filter on the scanning result,
the polarization area corresponding to mode-locking regime is obtained as shown in Figure 1(d). This
study could help the NPR-based MLFLs fast locate on the mode-locking regime with excellent parame-
ters. However, when the established mapping is not updated for a long time, it could fail to locate on the
mode-locking regime. Although the authors performed a five-day test in the research, the time-variant
cavity state (i.e., birefringence) is still a non-negligible challenge.

Shen et al. [52] realized AML in a NPR-based MLFL with a piece of Yb-doped fiber as the gain media.
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Figure 2 (Color online) (a) The experimental setup in [53]; (b) RF inter-mode beat spectrum of the most stable (left)
and less stable (right) FML regime at around 8 MHz; (c) time diagram of the programmatically mode lock starting: pump
power (P), the LC control voltage (V), relation between the magnitude of the peak of the RF inter-mode beat spectrum and
the LC control voltage (dashed line). Reprinted with permission from [53] @Copyright 2013 Optical Society of America.

The experimental setup is shown in Figure 1(e). An electronic polarization controller (EPC), which has
three integrated fiber squeezers with different orientations, is used to tune the polarization state inside
the cavity via changing the strains on the fiber. The discrimination of mode-locking regime is based on
pulse counting, which is achieved through an electrical pulse-shaping module and a counter module. The
MCU is in charge of discriminating the current state based on the pulse counting result and controlling
the EPC through a digital-to-analog converter (DAC) and an amplifier simultaneously. Notably, only
one channel of the EPC is used in this experiment for simplicity. The basic operation logic behind the
system is when the MCU discriminates the current state to be the mode-locking regime, the EPC tuning
stops. Otherwise, the MCU continuously controlling the EPC to tune the polarization state inside the
cavity using a traversal algorithm till mode-locking regime is searched. This research certainly has an
unparalleled impact in the development of AML techniques since it firstly introduces feedback scheme
into AML domain. However, the laser demonstrated in this research is more similar to a semi-AML laser.
Because manual polarization control through quarter wave plates (QWPs) and half wave plate (HWP)
inside the cavity is still needed when the mode-locking regime is not found after going through the EPC
voltage range. It indeed puts a limitation on the wide applications of this laser. Sequentially, the same
group further presented a method for stabilizing the repetition rate of an erbium-doped MLFL using the
EPC. Under a repetition rate of 74.6 MHz, the standard deviation and the repetition rate linewidth were
respectively 1.4 MHz and 1.7 MHz [73].

Radnatarov et al. [53] performed AML technique in a normal net dispersion cavity with a fundamental
repetition rate of 8 MHz using a liquid-crystal (LC) variable retarder to electrically control the polarization
state inside the cavity as shown in Figure 2(a). A phase delay of 0 to 0.6\ can be introduced by applying
a control voltage not exceeding 4 V to the LC. They found that the maximum magnitude of the radio-
frequency (RF) peak corresponds to the most stable FML regime in the absence of any side features
in the RF inter-mode beat spectrum as shown in the left of Figure 2(b). However, as the magnitude
slid off the maximum (owing to changing birefringence in the LC), the FML regime stability worsens
and additional satellite peaks could emerge beside the main one in the RF beat spectrum as indicated
in the right of Figure 2(b). Hence, through analyzing the RF spectrum, the stable FML regime can
be discriminated. The algorithm is illustrated in Figure 2(c). The starting phase (I) of the algorithm
corresponds to ramping up the pump output power until the laser enters into the unstable FML regime
as shown in the upper part of Figure 2(c). Py is the threshold pump power of the mode-locking. After
that, during phase II of the algorithm, the computer sweeps the voltage range applied to the LC so as
to find the optimal value V,p¢ as shown in the lower part of Figure 2(c). The inset (dashed line) of
Figure 2(c) demonstrates the variation of the magnitude of the peak of the RF inter-mode beat spectrum
when the voltage applied to the LC is swept. Finally, in the subsequent phase (III) of the algorithm, the
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Figure 3 (Color online) (a) The experimental setup in [55]; (b) the averaged first Stokes parameter acquired when
the steady FML regime is reached under unperturbed case (red), perturbation before Erbium-doped fiber (blue) and
perturbation after Erbium-doped fiber (black). Reprinted with permission from [55] @Copyright 2015 Optical Society of
America.

voltage applied to the LC is set to Vopy and the pump power is gradually reduced until the multi-pulse
mode-locking regime transitioned to the FML regime. This study is a great progress in automatic MLFL
since manual polarization control is not needed in the cavity for the first time, therefore, it provides
endless possibilities for the applications of automatic MLFL in the future.

Then, Li et al. [54] realized an automatic MLFL with a repetition rate of 6.238 MHz using two EPCs.
Analogous to the previous study [52], an MCU runs a traversal algorithm to search the mode-locking
regime and the discrimination of the mode-locking regime is based on the pulse counting after pulse
shaping (shaping to a square with a lower repetition rate). According to the experiments, the laser can
automatically get into the mode-locking regime within 90 s after turning the system on (i.e., the initial
lock time). This is a good study but the performance can still be improved. Different applications require
different pulsation regimes. The automatic system can only search the FML regime and may be able to
search the HML regimes after revision on the pulse counting rules. However, searching QS and QML
regimes seems beyond its capacity.

In 2015, by detecting a discontinuous jump in the polarization state of the laser output, Olivier et
al. [55] successfully realized an automatic MLFL with a fundamental repetition rate of 81 MHz. The
experimental setup is indicated in Figure 3(a) and the controllable variable is still the polarization state
inside the cavity via a motorized polarization controller. The authors theoretically prove the feasibility of
using single wave plate to lock the laser and simulate the discontinuous jump in the polarization state of
the laser output when the laser is mode-locked. The experimental results are consistent with the theory
that discontinuous jumps are detected when the status of the laser changes, as shown in Figure 3(b). Only
(S1), the first Stokes parameter, is used in the experiments whereas the same global behavior is observed
for the other Stokes parameters (S2) and (S3). This study is rather novel in AML domain for its creative
discrimination for the mode-locking regime. However, the authors did not discuss the polarization change
of the laser output when the laser enters into other pulsation regimes (i.e., HML regimes and QS regimes)
which may influence on the correct discrimination of the FML regime. In the simulation, this question is
circumvented by setting the pump power to the minimum value for sustaining a single pulse.

Later in 2017, Shen et al. [56] further improved their automatic MLFL design as shown in Figure 4(a).
The laser has a repetition rate of 62.5 MHz and no manual polarization controller is needed inside the
cavity and all the three channels (i.e., X, Y, Z) of EPC are utilized rather only one channel in their
previous research. The largest change of the design is the pulse counter part. In their previous research,
only one counter is used but here they use six counters simultancously as shown in Figure 4(b). In
order to precisely acquire the repetition rate of the current state, six counters have different counting
durations. Therefore, the FML regime can be correctly discriminated from various regimes including the
continuous wave (CW) state, QS regimes, QML regimes and multi-pulsing regimes. The FPGA drives the
DAC to sweep the three channels of the EPC one by one until the laser is mode-locked. To achieve fast
start-up of AML, the three channels of the EPC are scanned at different temperatures of the fiber laser.
The populations (i.e., the controlling voltages of the EPC) leading to the FML regime are illustrated in
Figures 4(c)—(f) for different temperatures of the fiber laser. This study does cover the main drawbacks
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Figure 4 (Color online) (a) The experimental setup of the proposed self-tuning MLFL in [56]; (b) the pulse counter part
consists of six counters; the populations of the FML regime of the laser at (c) 20°C; (d) 30°C; (e) 40°C; (f) 50°C. Reprinted
with permission from [56] @Copyright 2017 IEEE.
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Figure 5 (Color online) (a) The experimental setup for programmable and fast-switchable passively HML fiber laser
n [57]; (b) simplified traversal algorithm for AML; (c) FFT result of the second-order HML regime; (d) FFT result of the
third-order HML regime. The temporal pulse train of (e) the FML regime, (f) the second-order HML regime and (g) the
third-order HML regime. Reprinted with permission from [57] @Copyright 2018 Optical Society of America.

of its previous version [52]. However, there are still some improvement that could be made. For instance,
the initial lock time is so long (a few minutes) because of the transversal scanning of the polarization
state. The birefringence could be influenced by not only temperature but also other features like strains.
Therefore, the fast start-up of AML via collecting the polarization setting under different temperatures
may not always have a good performance in practical utilizations.

We achieve an automatic MLFL with the ability of automatically searching for multiple pulsation
regimes containing the FML regime, the second-order HML regime and the third-order HML regime [57].
Through recording the experienced voltages leading to different pulsation regimes, the laser can switch
among these pulsation regimes. The laser setup is illustrated in Figure 5(a), where the graphene mode-
locker serves as both polarizer and saturable absorber. The electronic feedback setup is simplified by
replacing the complex pulse shaping circuits with an ADC and a computer is used as the control center.
A simplified traversal algorithm is proposed as shown in Figure 5(b) to search for the desired pulsation
regime owing to the enormous polarization space (i.e., the EPC is controlled through 4 DC voltages
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relation between the intensity of 2PA signal and the average power. Reprinted with permission from [58] @Copyright 2018
IEEE.

thereby forming a 4-dim parameter space). During searching, a shortcut library is established to record
the experienced voltages leading to different pulsation regimes for fast locating on the desired pulsation
regime after turning on (i.e., short initial lock time), recovering back to the desired pulsation regime when
the laser deviates from the desired pulsation regime (i.e., detachments happen) and fast switching among
multiple pulsation regimes. The discrimination for the FML regime is still based on pulse counting. We
propose the preliminary discrimination criteria for HML regimes. By fast Fourier transfer (FFT) on
temporal pulses of HML regimes, we found that for the nth-order HML regime, the amplitude of the nth
spectral component is the largest among all the spectral lines as shown in Figure 5(c) and (d). Therefore,
except for the pulse counting, the extra discrimination criterion for the nth-order HML regime is to verify
whether the nth spectral line is the largest among all the spectral lines in frequency domain. The laser
has a repetition rate of 6.85 MHz and the temporal waveforms of the searched FML regime, the second
HML regime and the third HML regime are demonstrated in Figures 5(e)—(g), respectively.

Wu et al. [58] achieved automatic generation of NLPs [74-76] and the FML regime using electrical
polarization control in a Yb-doped NPE-based MLFL. The experimental setup is shown in Figure 6(a).
The discrimination between NLPs and the FML regime is based on the difference of 2PA signal intensity.
The 2PA signal intensities induced by NLPs and the FML regime are both simulated theoretically (the left
of Figure 6(b)) and measured in experiments (the right of Figure 6(b)). It is obvious that the 2PA signal
induced by NLPs is much stronger than that of the FML regime. By using the 2PA signal of a GaAsP
photodiode as the feedback signal, NLPs and the FML regime can be discriminated. The FML regime
usually can be generated at low pump power and the NLPs occurs at higher pump powers. Therefore,
automatic generation of NLPs and the FML regime is realized. However, the 2PA signals induced by
other pulsation regimes are not discussed in their research.

3 AML enabled by optimization algorithms

To address the inefficiency of the traversal algorithm employed in the early stage of AML techniques,
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in [59] @Copyright 2013 Optical Society of America. (b) The experimental setup for locking an NPR-based MLFL through
an evolutionary algorithm in [60]; (c) convergence of the average (squared blue points) and best (red round points) fitness
in the EA [60]; (d) the temporal pulse train (left) and the optical spectrum (right) of the FML regime found by the EA [60].
Reprinted with permission from [60] @Copyright 2015 Optical Society of America.

optimization algorithms are introduced into AML techniques to accelerate the solutions searching process
in a tremendous parameter space. The genetic algorithm (GA), a classic global optimization algorithm
which was inspired by the evolution of living organisms [77], is very popular among AML techniques [59-
65,67]. Besides, we have proposed the human-like algorithm (HLA) powering the first real-time intelligent
programmable MLFL [66].
efficiency of searching the solutions corresponding to the desired pulsation regimes.

In 2013, Fu et al. [59] used the GA to optimize multiple NPR filters, as shown in Figure 7(a), so as
to enhance the single pulse energy of a MLFL in a theoretical simulation. The simulation demonstrates

AML lasers enabled by optimization algorithms substantially improve the

that the single pulse energy can be effectively enhanced by using the GA to properly set multiple NPR,
filters thereby circumventing and suppressing the multi-pulsing instabilities. In this study, for the first
time, the GA is utilized in AML techniques.

The first experiment demonstration using the evolutionary algorithm (EA) to achieve AML was per-
formed by Andral et al. [60] in 2015. Technically, the GA is a branch of the EA. The EA used in this
research seems to be the GA because many terminologies of the GA including genes, an individual and
population appear in this paper. The experimental setup is shown in Figure 7(b). Two EPCs and one
manual polarization controller are used to control the polarization inside the cavity. Each EPC is driven
by three voltages and EA is to optimize the six voltages applied on two EPCs to automatically lock the
laser. First, a fitness function is proposed to be the second-harmonic generation (SHG) signal produced in
a nonlinear beta BaB204 (BBO) crystal at the cavity output. The FML regime can produce strong SHG
signal. Therefore, by consistently optimizing six voltages applied on EPCs to enlarge the SHG signal, the
laser will finally be mode-locked. However, using the intensity of the SHG signal as the fitness function
performs not well enough in discriminating the desired FML regime and the QML regime. The QML
regime could emerge in the middle of the EA optimization. To address this problem, the intensity of the
free space range (FSR) RF spectral component acquired via FFT of the temporal waveforms becomes
the new fitness function. By doing so, the QML regime can be filtered. The convergence of EA using
the new fitness is shown in Figure 7(c). The temporal pulses and optical spectrum of the searched FML
regime are demonstrated in Figure 7(d). Hereafter, based on the same setup, an auto-setting MLFL is
achieved by the same team which is capable of automatically locking onto the FML regime and HML
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Figure 8 (Color online) (a) The experimental setup of the propose in ‘smart laser’ in [62]; (b) fitness map (x and y
axes are QWP1 and QWP2 angle, respectively, swept through 180°), the compound fitness function consists of three
components; (¢) convergence of fitness for single realization (left), convergence of maximal (middle) and average fitness
values over ten realizations (right); the FML regime after four consecutive realizations of the GA: (d) temporal pulse train,
(e) autocorrelation traces, (f) after the laser is mechanically perturbed, fitness evolution indicating the GA recovers optimum
mode-locking. Reprinted with permission from [62] @Copyright 2016 Springer Nature.

regimes using the EA [61]. The nth-order HML regimes searching relies on a new fitness function based
on FFT analysis shown as follows:

A(nFSR)

St AGFSR)+3.2" 1 A(GFSR) ’ (1)

i=n+1
2n—3 +C

M =

where A is the amplitude of the RF component and C' is a constant of the order of the noise floor, to limit
noise perturbations. These researches are of significance but the initial lock time is too long (about half
an hour for 12 generations of EA) because of the complexity of EA and the tremendous six-dimension
solution space.

Woodward et al. [62] accomplished AML in a figure-8 MLFL using the GA as shown in Figure 8(a).
Likewise, the AML is achieved by tuning the polarization state inside the cavity with an EPC, which
consists of four QWPs. In this study, a compound fitness function is creatively proposed. The compound
fitness is the equally weighted sum of three components extracted from the temporal waveform, the optical
spectrum and the electrical spectrum. Figure 8(b) indicates the relation between the compound fitness
and the three components. It should be noted that the data in Figure 8(b) are obtained by sweeping
two QWPs of the EPC at a fixed resolution. The GA is effective in optimizing the compound fitness as
shown in Figure 8(c) where the compound fitness nearly monotonously increases generation by generation
in different presentation. The FML regimes, which are searched by four consecutive realizations of the
GA, reveal repeatability as shown in Figure 8(d) and (e). Further, the GA-based automatic MLFL has
the ability to resist external mechanical disturbances. As shown in Figure 8(f), the laser can recover
to the FML under the direction of the GA. This study further paves the way of using the GA in AML
techniques. However, the three components constituting the compound fitness are collected using large
equipment including an oscilloscope, an optical spectrum analyzer (OSA) and an RF spectrum analyzer.
Hence, the cost and the portability of this technique cannot be ensured in a short time. Additionally,
owing to the slow data acquisition using large equipment and the complexity of the GA, the initial lock
time could even raise to around 30 min which is tedious.

By using the EPC based birefringent filter [78-80] and automatic pump control, the same group realized
self-tuning QS regimes in a NPR-based ring cavity laser, as shown in Figure 9(a) [63]. Under the guidance
of the GA, both the central wavelength and repetition rate of the QS regime can be automatically tuned.
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Figure 9 (Color online) (a) The experimental setup of the GA-based control of birefringent filtering for self-tuning, self-
pulsing fiber laser in [63]; (b) wavelength self-tuning: visualization of spectra in different generations (left), fitness evolution
(inset: obtained spectra by self-tuning indicating tuning range) (right); (c) maps of laser characteristics in relation to the
QWP1 angle (z axis) and the pump power (y axis): central wavelength (left) and repetition rate (right); (d) maps of laser
characteristics in relation to the QWP1 angle (z axis) and the pump power (y axis): pulse duration (left) and fitness score
with targets: a central wavelength of 1550 nm and a repetition rate of 15 kHz (right), self-tuning characteristics, with
targets the central wavelength of 1550.0 nm and the repetition rate of 15 kHz; (e) convergence of fitness for best fitness in
each generation (left) and average fitness of each generation (right); (f) the optical spectrum (left) and the temporal pulse
(right); (g) the RF spectrum (left), optimum achieved fitness when targeting variable central wavelengths under the fixed
repetition rate of 15 kHz (right). Reprinted with permission from [63] @Copyright 2017 Optical Society of America.

A new compound fitness function is proposed as shown in (2)—(4) so as to achieve self-tuning of the
central wavelength and repetition rate. The F) is established for the central wavelength tuning (F\ =1
is optimal). A is the measured central wavelength through an OSA, )\ is the target central wavelength
and A = 70 nm is the estimated gain bandwidth.

Fiota1 = 0.5F) —|—0.5Ff, (2)
A— Ao
Fy=1— ——

A 0.5A\" ®)
f—Jo

Fp=1-1_10 4

where F is used to control the repetition rate. f is the measured repetition rate and fy is the target
repetition rate. GA-based central wavelength self-tuning is shown in Figure 9(b). The target central
wavelength is 1550 nm which is obtained at the 15th generation (the left of Figure 9(b)). The convergence
of fitness is shown in the right of Figure 9(b) and the wavelength tuning range is 1542.2-1600.4 nm with a
resolution of 0.1 nm through experiments. Maps of the laser characteristics is shown in Figure 9(c) and (d)
by sweeping the pump power from 0 to 0.9 W and only one QWP of the EPC from 0 to 7t rad. Note that
the right of Figure 9(d) is the map of compound fitness when targeting the central wavelength of 1550 nm
and the repetition rate of 15 kHz pulse train. The experiment results of self-tuning the pulse train with
the central wavelength of 1550 nm and the repetition rate of 15 kHz are demonstrated in Figure 9(e)—(g).
The fitness convergence is shown in Figure 9(e) validating the effect of the GA. The optical spectrum
(left) indicating the central wavelength of 1550 nm as targeted and the temporal pulse shape (right) are
shown in Figure 9(f). The RF spectrum is shown in the left of Figure 9(g) giving the repetition rate of
15 kHz. Besides, the experiments of targeting various central wavelengths under the fixed repetition rate
of 15 kHz are carried out and the optimum achieved fitness is shown in the right of Figure 9(g). The
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Figure 10 (Color online) (a) The experimental setup in [64]. (b) The FML regimes found through a full-range scan,
demonstrating spectra for several operating points. The four control values are represented as spatial locations and the
color of the marker. (c) A target ANDi spectrum (the black dashed) with a spectral width of 25 nm centered at 1043 nm
and the spectrum found by the GA (the red solid) with this target. The relation between pulse width and the environmental
temperature in (d) a standard no electrical-polarization-control oscillator and (e) an LC stabilized oscillator. Reprinted
with permission from [64] @Copyright 2017 Optical Society of America.

optimum achieve fitness is high signifying that the QS regime with targeted parameters are successfully
achieved. This research is important to the evolvement of AML techniques for two reasons. The pump
power is taken consideration as a variable thereby achieving automatic pump control for the first time
and the optical spectrum is controlled through an algorithm in this domain, though only some parameter
of the optical spectrum that can be controlled. However, this research shares the same flaws (high cost,
poor portability and long initial lock time) as the previous one [62].

Then, Winters et al. [64] successfully achieved AML in an all-normal dispersion (ANDi) MLFL using
electrical polarization control and the GA. The laser setup is shown in Figure 10(a). The electrical
polarization control is realized through two parts. Each part consists of two LC variable phase retarders
which are controlled by voltages and a fixed QWP. Hence, the parameter space of polarization is four-
dimension. Figure 10(b) demonstrates the searched FML regimes during scanning the four LCs. The
fitness function is the coefficient of determination, R2 [81], between the measured optical spectrum and
the target optical spectrum which reveals the spectral similarity between these two spectra. Figure 10(c)
indicates a spectrum of the FML regime is found (the red solid) using the GA and the proposed fitness
function when targeting an ideal ANDi spectrum (the black dashed) is defined by a central wavelength
of 1043 nm and a spectral width of 25 nm. Since the laser is operating near the desired point in many
cases, the desired regime can be found quickly using a local optimization algorithm. The hill climbing
algorithm is used to deal with the detachments (i.e., the laser detaches from the desired regime) from
the FML regime. By doing so, the stability of output pulse duration is substantially promoted as shown
in Figure 10(d) and (e). Further, the FML regime can be reached after 9 generations using a population
size of 50 in about 90 s via the GA and the laser can recover back to the FML regime from detachments
within 30 s using the hill climbing algorithm.

Ryser et al. [65] achieved the control of an ANDi NPR-based MLFL working under different regimes
including the FML regime, the single CW state and the dual CW state by combining electrical polarization
control and the GA. The proposed self-tuning laser is indicated in Figure 11(a). The electrical polarization
control is realized by introducing three motorized wave plates into the cavity. The pulse amplitude jitter
is chosen to be the fitness function of the GA shown as follows:

AE/EO(\/(Pc/PA)l, (5)
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Figure 11 (Color online) (a) The experimental setup of the self-tuning fiber laser in [65]. (b) The oscilloscope trace
(left) and the RF spectrum (right) of the FML regimes. (c) The distribution histogram of pulse amplitude jitter from a full
polarization scan. (d) Multiple laser lines in the CW state appear in the spectral at large jitter values. (e) The laser operates
in the FML regime at the lower end of jitter values. (f) The laser operates in the single CW state at the largest peak in
the histogram (jitter values of 0.1), two objective optimization. Objective 1 is the pulse amplitude jitter and objective 2 is
the absolute value of the difference between the measured wavelength with maximum intensity and the target wavelength.
(g) Distribution of various regimes on a map of objective values. (h) Operation regime meets objective 1, but not objective 2.
(i) Operation regime meets both objective 1 and 2. (j) Operation regime meets objective 2, but not objective 1. Reprinted
with permission from [65] @Copyright 2018 SPIE.

where FE is the pulse energy, P4 is the amplitude of the fundamental frequency in the RF spectrum and
P is the noise in the RF spectrum as shown in the right of Figure 11(b). The subscripts of the brackets
are the order number of the harmonics in the RF spectrum, where the subscript 1 is the fundamental
frequency. The laser is approaching the FML regime when the pulse amplitude jitter is decreasing. The
distribution histogram of the pulse amplitude jitter is established and shown in Figure 11(c) via a full
polarization scan. The laser operates in the dual CW state at large jitter values around 1 as shown in
Figure 11(d). Figure 11(e) demonstrates that the laser operates in the FML regime at small jitter values
around 0.001. At middle jitter values around 0.1, the laser operates in the single CW state as shown
in Figure 11(f). Additionally, multi-objective optimization is achieved as well. By using a compound
fitness which is composed of the pulse amplitude jitter (objective 1) and the absolute of the different
between the measured wavelength with maximum intensity and the target wavelength (objective 2), an
FML regime is achieved whose wavelength with maximum intensity can be self-tuned. Distribution of
various regimes on a map of objective values in a multi-objective optimization is shown in Figure 11(g).
Figure 11(h) shows the operation regime that fulfills well objective 1, but not objective 2. Figure 11(i)
shows the desired operation regime that fulfills both objective 1 and 2 quite well. Figure 11(j) shows
the operation regime that fulfills well objective 2, but not objective 1. Similar as the previous studies,
using large equipment including an oscilloscope, a RF analyzer and an OSA for feedback data acquisition
are very time-consuming and costly. Simultaneously, the lack of portability is not ideal for industrial
applications. Additionally, using a PC as the computation center with no doubt exacerbates the time
consumption during the optimization.

Recently, we achieved the first real-time intelligent programmable MLFL as shown in Figure 12(a) [66].
The laser is able to automatically lock onto various operation regimes including the FML regime, the
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Figure 12 (Color online) (a) Real-time intelligent MLFL in [66]; (b) operation regimes, from left to right respectively
shows the FML, the second-order HML, the third-order HML, the QS, and the QML operation regimes; (c) comparisons
over initial lock time, recovery time, and number of regimes between recent AML studies and our study; (d) schematic of
human-like algorithm; (e) time consumption of the FML regime on initial mode-locking (the blue dashed line) and recovery
(the red dashed line) over ten successive experiments; (f) a 15-day running record. Reprinted with permission from [66]
@Copyright 2019 Optical Society of America.

second-order HML regime, the third-order HML regime, the QS regime and the QML regime as shown in
Figure 12(b) (the richest regimes to date). Further, the laser substantially promotes the previous initial
lock time and recovery time of the FML regime. The shortest starting up (from the CW state to the
FML regime) costs only 0.22 s and the shorter recovery costs merely 14.8 ms as shown in Figure 12(c).
The time-consuming performance is demonstrated in Figure 12(e) over ten successive experiments of the
FML regime on initial mode-locking and recovery. The mean of ten initial lock times is only 3.1 s and the
mean of ten recovery times is merely 58.9 ms. Moreover, a 15-day running test is performed in an open
environment without any thermal-stability or vibration-protection devices and the recording is shown in
Figure 12(f). The laser initially reaches the FML regime within 0.5 s. Then, 12 detachments happen in
15 days and the mean recovery time is only 31 ms. The excellent performance of the laser is contributed
to the real-time implementation and the proposed human-like algorithm. As shown in Figure 12(a), the
real-time circuit is composed of an ADC, an FPGA and four DACs that controls the EPC. Compared
to the off-line implementations, the real-time implementation reveals a dominant advantage on the time-
consuming performance. A single round feedback, which contains data sampling via ADC, algorithms
running in FPGA and controlling the EPC by DACs, costs only 1 ms. On the other hand, the human-like
algorithm is proposed as illustrated in Figure 12(d). The human-like algorithm mainly consists of three
portions: the advanced Rosenbrock searching (ARS) algorithm, the random collision recovery algorithm,
and the discrimination of each regime. The human-like algorithm starts from ARS, which is utilized to
lock onto the desired regime. After locking onto the desired regime, the human-like algorithm focuses on
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Figure 13 (Color online) (a) GA-based real-time automatic MLFL setup in [67]; (b) the flowchart of the proposed modified
GA; (c) time consuming performance comparison between the ARS and the modified GA. Reprinted with permission
from [67] @Copyright 2020 IEEE.

discrimination-based monitoring (unless a detachment is detected). Random collision recovery attempts
to pull the laser back on track afterward. The human-like algorithm goes back to the monitoring process
if the recovery is successful. Otherwise, restarting ARS is necessary to anchor a new desired point.
This software scheme is denoted as the human-like algorithm because our proposed algorithm has many
features in common with human logic and behaviors in the manual mode-locking process and the ARS
process is somewhat an analogy of human behaviors in polarization tuning. To achieve the automatic
search of various regimes, a set of objective functions and discrimination criteria for various regimes are
established. Only the waveform sampled by a low-speed ADC is required in the proposed discrimination
criteria so large equipment like oscilloscopes, OSAs and RF spectrum analyzers are not required as in
the previous research therefore significantly reducing the cost and enhancing the portability. Through
combining the real-time implementation and the human-like algorithm, we successfully address some
everlasting drawbacks in AML domain including long time consumption, the lack of portability owing to
the use of large equipment and the accompanying high cost. Moreover, programmable various regimes
output enhances the flexibility of the laser endowing in a promising future in both research and industrial
applications.

Combining the proposed discrimination criteria and the traditional GA, we propose a modified GA to
further improve the time-consuming performance of the automatic MLFL [67]. The experimental setup
is quite similar with our previous research as shown in Figure 13(a). The modified GA is illustrated
in Figure 13(b). The fitness functions for various regimes follow the objective functions in our previous
research as well. The core idea of the modified GA is a discrimination operation to judge whether
or not the current waveform reaches the desired regime is performed simultaneously during the fitness
calculation and the algorithm stops searching immediately when the desired regime is detected, thus
significantly reducing the algorithm’s running time (skipping the rest generation calculations in the GA).
The laser then sequentially enters into the monitoring phase based on the discrimination operation.
When detachment is detected, the laser will automatically recover to the desired regime by launching the
modified GA again. The experimental results of time-consuming performance comparison between the
modified GA and the ARS are shown in Figure 13(c). To ensure the validity of the comparison results,
the comparison experiments are conducted using an identical cavity at nearly the same period. A timer
inside FPGA with a time resolution of 3 ns is used. When searching the FML regime, the two algorithms
have nearly the same time-consuming performance. However, when searching rare regimes including the
second-order HML regime and the QS regime, the modified GA reveals huge advantage over the ARS on
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the time-consuming performance. This is contributed to the inherent powerful global optimization ability
of the GA. Moreover, the time consumption variation over 100 measurements of the ARS is greater than
that of the modified GA (particularly in the second-order HML regime and QS regime cases) owing to
the ARS’s sensitivity to the initial point. Overall, the proposed modified GA exhibits a better time-
consuming performance than the ARS. So far, this study reveals the best time-consumption performance
on the initial locking. Various mode-locking regimes can be searched and programmable based on the
discrimination criteria, while the cost and portability of the MLFL can also be guaranteed, therefore
almost resolving the long-standing dilemma of NPR-based MLFLs.

4 AML enabled by machine learning

Recently, owing to the exponential increase of calculation capacity of computers, machine learning based
deep learning has extensively utilization in various disciplines including well-known 5G [82], autonomous
driving [83] and some unusual applications like sentiment analysis [84]. Thus, there is no much surprise
that machine learning [85-87], as one of the hottest techniques, has also been applied in AML domain [68—
72]. Researches in this area are mainly pushed forward by the team of J. Nathan Kutz from the University
of Washington, Seattle.

Later in 2013, the team demonstrated numerical simulations where extremum-seeking control (ESC)
algorithm is used to simultaneously obtain and maintain the high-energy FML regime in a NPR-based
MLFL numerical model as shown in Figure 14(a) [68]. The ESC is actually a local optimization al-
gorithm [68], not an algorithm of machine learning. The reason of this research is introduced in this
section is that the ESC-based AML technique is a foundation of their future researches. The objective
function is dividing the energy by the kurtosis of the Fourier spectrum of the waveform. The relationship
among the objective function, energy and the kurtosis versus half-wave plate angle ag is illustrated in
Figure 14(b). Combining with Figure 14(c), it is obvious that the highest objective value corresponds
to a high-energy FML regime which validates the effectiveness of the objective function. Figure 14(d)
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Figure 15 (Color online) (a) The simulation setup in [69]; (b) 2-torus of the half-wave plate angle a3 and the polarizer
angle ap with sample points shown (dots) at a sampling rate of 20 Hz (the red point: the global optimum); (c) the time-
series of the corresponding objective function (the red point: the global optimum); (d) spectrogram of the time series;
(e) singular values obtained by SVD, the largest 15 singular values are plotted in red; (f) SVD modes of the largest 15
singular values; (g) illustration of training algorithm; (h) illustration of execution algorithm. Reprinted with permission
from [69] @Copyright 2019 Optical Society of America.

demonstrates the schematic of the single-input, single-output ESC. The ESC is an adaptive control law
that finds and tracks local maxima of an objective function by gradient probing, which is sinusoidally
varying a set of input parameters and measuring the consequent variation of the objective function. The
concrete principle is indicated in Figure 14(e) and (f). After high-pass filtering on the objective function
under the input sinusoidal perturbation to eliminate the slow external disturbances, a demodulated signal
¢ is obtained by multiplying the filtered output by the input perturbation. When the integration of ¢ is
positive (negative), the input @ is smaller (larger) than the optimal value u*. 4 is closer to u* when the
integration of £ is near zero. The simulation result using the ESC in the laser with a varying birefringence
is shown in Figure 14(g). With the ESC, the objective function value nearly maintains the largest value
corresponding to the high-energy FML regime.

Then, they used machine learning and sparse representation to successfully classify birefringence in
MLFLs in a numerical simulation [69]. The simulation model is shown in Figure 15(a). Different from
the previous one [68], a machine learning model is applied as the feedback core. In the training process,
a library is established, which includes the mapping between various cavity birefringence values and
the optimal solution of the servo voltages applied on the wave plates and the polarizer. First, for each
birefringence value, a full toroidal search is performed to locate the optimum as shown in Figure 15(b) and
(¢). Tt should be noted that the objective function follows the previous one [68]. A unique spectrogram
shown in Figure 15(e) for the current birefringence value is obtained via performing a Gabor transform on
the time series of objective function shown in Figure 15(d). Then, a singular value decomposition (SVD)
reduction on the spectrogram is performed by keeping the first m modes in the SVD result as indicated
in Figure 15(f) and (g). The current birefringence is now represented by the m modes. In the execution
process, first, a short toroidal search is executed to get a time series of objective function. The m modes
of the unknown birefringence value can be obtained through a Gabor transform and an SVD reduction.
Then, an L1-norm minimization is performed based on the m modes of the unknown birefringence value
and the library. The Ll-norm minimization produces a sparse vector, i.e., only a small portion of the
elements are non-zero. The non-zero elements of the sparse vector act as a classifier (indicator function)
for identifying which sub-library the current birefringence falls into. This method is termed as sparse
representation. The training process and the execution process are illustrated in Figure 15(h) and (i)
respectively. After the birefringence is recognized, the optimal solution of the servo voltages is readily
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Figure 16 (Color online) Schematic of the self-tuning fiber laser in [70]. (a) The laser cavity; (b) the objective function is
dividing the energy by the kurtosis of the Fourier spectrum of the waveform; (c) the toroidal search and sparse approximation;
(d) the ESC. Reprinted with permission from [70] @Copyright 2014 IEEE.

acquired through the library.

Further, through combining the ESC and the machine learning based birefringence classification, they
proposed a self-tuning fiber laser based on numerical simulations as indicated in Figure 16 [70]. In the
training process, a library including the mapping between various cavity birefringence values and the
optimal solution of the servo voltages applied on the wave plates and the polarizer is established using
the full toroidal search, the Gabor transform and the SVD reduction. In the execution process, the
current birefringence of the laser cavity is characterized by a short toroidal search and classified with the
sparse representation. The optimal solution then is given by the library. The ESC is to address the small
performance variation brought by environmental disturbances. However, if the operation regime of the
laser does not have the expected performance (the objective function value is lower than the threshold)
after the optimal solution is applied owing to a large disturbance, the algorithm goes back and performs
another short toroidal search to re-identify the birefringence through a sparse classification as illustrated
in Figure 16.

Recently, they released an update of the self-tuning laser by integrating a deep learning [88] archi-
tecture with model predictive control (MPC) [89] based on numerical simulations [72]. The schematic
of the self-tuning fiber laser is shown in Figure 17(a) and the previous objective function is inherited
to assess the operation regime of the laser. Recent studies have shown that a variational autoencoder
(VAE) is able to learn a meaningful structured latent space [46,47]. Since the birefringence cannot be
directly measured, a VAE (i.e., the inner loop in Figure 17(a)) is used to infer a representation of the
birefringence from its latent space. Figure 17(b) shows the performance of the VAE. The representation
of the birefringence inferred by the VAE (green line) successfully tracks the true birefringence (blue line).
Then, a fully-connected neural network (NN) is used to learn the mapping between the representation
of the birefringence and optimal control inputs (i.e., the wave plates and the polarizer). The MPC has
been used in process control since the 1980s. In recent years, it has emerged as a leading control archi-
tecture owing to its flexible and robust performance on strongly nonlinear systems [89]. Here, the MPC
is utilized to fast regulate the laser through predicting future optimal control inputs. The MPC (i.e.,
the outer loop in Figure 17(a)) is achieved by a recurrent neural network (RNN). In the beginning, the
inner loop consisting of a VAE and a fully-connected NN operates to obtain adequate historical data,
which contains both the cavity states (i.e., the representation of the birefringence) and the corresponding
optimal control inputs. According to the sequence of the historical cavity states, the MPC is used to
predict the optimal control inputs for the next N time steps. However, if the prediction error exceeds a
certain threshold, then the inner loop will be initialized again to stabilize the laser. Performance of the
system under significant random changes in birefringence over time is demonstrated in Figure 17(c). The
objective function with deep learning control maintains a large value indicating the laser is operating
under a high-energy pulsation regime.
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Figure 17 (Color online) (a) Schematic of the deep learning controller in [72]; (b) comparison between the true bire-
fringence (the blue line) and the samples from the latent space of two dimensional VAE’s; (c¢) performance of the system
despite significant random changes in birefringence over time. Reprinted with permission from [72] @Copyright 2018 Optical
Society of America.

These studies of using machine learning and deep learning to achieve AML demonstrated a new al-
gorithmic perspective to address the polarization tuning problem in NPR-based MLFLs. In the future,
using appropriate machine learning and deep learning algorithms to achieve AML may be a more efficient
method as the development of calculation ability. However, for now, these studies are based on numerical
simulations only. Although with a good theory guiding data generation in simulations, there are still
some doubts on the validity of these methods being used in the real experiments.

5 AML: perspectives and applications

To facilitate the applications of AML techniques in commercial MLFLs, it is significant to select the most
appropriate algorithm for AML through comparing the time-consuming performance (including initial
lock time and recovery time) and the stability of the machine learning algorithms and various optimiza-
tion algorithms in the experimental field. For now, the machine learning and deep learning algorithms
enabled self-tuning MLFLs are proposed based on numerical simulations but lack of experimental demon-
stration [68-72]. Hence, it is urgent to experimentally realize the machine learning and deep learning
algorithms enabled AML laser. In addition, we would like to share some thoughts on how to achieve an
AML laser with high performance. First, from the perspective of algorithm, we need to design objective
functions which are effective and easy to calculate. Good objective functions will correctly guide the
algorithm optimization thereby reducing the running time. The time complexity and global optimization
ability are the two prior metrics that we should consider when designing or selecting the optimization
algorithm. Second, from the perspective of hardware, real-time realizations, where FPGAs or MCUs are
used as computation center, ADCs and DACs are used for data acquisition and controlling respectively,
are strongly recommended to achieve excellent time-consuming performance.

In order to improve the intelligence level of AML lasers, more dimensional information should be used
as the feedback signal. Apart from the common temporal waveform and the electrical spectrum, the
optical spectrum obtained using an OSA is also utilized in AML lasers thereby the output optical spectra
of the lasers can be controlled to some extent (i.e., central wavelength tuning) [62-64]. However, using
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Figure 18 (Color online) (a) The time-stretch-assisted intelligent mode-locking fiber laser in [92]; (b) spectral width
programming from 10 to 40 nm, showing the spectra (left) and autocorrelation traces (right); (c) spectral shape program-
ming: the fitted hyperbolic secant spectrum (left), fitted triangular spectrum (right). Reprinted with permission from [92]
@Copyright 2020 Springer Nature.

an OSA to obtain the integrated spectral information is slow and therefore cannot be used for real-time
mode-locking. Combining a high-speed ADC and the time-stretch dispersion Fourier transform (TS-DFT)
which builds up a mapping between the spectrum and the temporal domain pulse through a dispersive
medium [90,91], the real-time optical spectrum acquisition and analysis is possible. Recently, through
this method, we achieved real-time intelligent control of mode-locked femtosecond pulses as shown in
Figure 18(a) [92]. As demonstrated in Figure 18(b), the spectral width can be tuned from 10 to 40 nm
with a resolution of ~1.47 nm (the corresponding temporal pulse width can be controlled accordingly).
The spectral shape can be programmed to be hyperbolic secant or triangular as shown in Figure 18(c). In
addition, using this method, some other spectral features can be controlled signifying a real-time control
over the spectra of MLFLs. Therefore, some interesting researches like automatic searching on soliton
molecules [93,94] become possible owing to the fast optical spectrum analysis and discrimination. The
autocorrelation trace is always a very important metric to assess both the temporal durations and the
pulse shapes. Likewise, the temporal features of the pulses can be controlled as well by introducing the
autocorrelation trace into the feedback. For this application, the low-cost and real-time acquisition of
autocorrelation trace is indispensable and needs to be solved.

On the other hand, more dimensional variables should be controlled by the algorithm in the feedback.
More dimensional variables will bring an exponential increase to the solution space, where the necessity of
AML techniques is more obvious and the algorithm efficiency becomes crucial. In addition to polarization,
there are many other variables contributing to various regimes. Pump power, which is highly related to
the pulse peak power, the unwanted multi-pulsing instabilities and the formation of HML regimes, is
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Figure 19 (Color online) Ultrafast nonlinear dynamics inside MLFLs observation using the TS-DFT. (a) Transition from
the CW state to a stable FML regime; (b) soliton explosions. Reprinted with permission from [97] @Copyright 2019 Springer
Nature. (c¢) Formation of a soliton molecule [98] @Copyright 2017 AAAS. (d) Transition dynamics from a narrow-spectrum
FML regime to a wide-spectrum FML regime [92] @Copyright 2020 Springer Nature. (e) Characterizing the buildup process
of a soliton molecule [99] @Copyright 2019 American Physical Society. (f) Transition dynamics from the FML regime to
the second-order HML regime based on an intelligent MLFL [100] @Copyright 2019 IEEE.

essential to MLFLs and some studies have already appended pump power to the feedback control [63].
By intelligent pump power control, the stability of the FML regime can be improved by reducing the
multi-pulsing instabilities and the HML regimes can be readily acquired by automatically increasing the
pump power. Furthermore, the maximum pulse peak power can be obtained with the minimum pump
power (by reducing the CW emissions and multi-pulsing instabilities) thereby promoting the energy
efficiency of pump power. The fundamental repetition rate is another important feature of a pulse
train. Owing to the inherent noises (i.e., the thermal noise and the shot noise) and environmental
disturbances, the fundamental repetition rate is not fixed thereby causing the timing jitter of pulses [13].
However, with various piezoelectric (PZT) components including PZT-mounted mirrors, PZT-wound
fiber, or PZT-attached fiber sections, we can vary the cavity length of the laser in a small range [95]
which means that the fundamental repetition rate can be dynamically tuned in a small range as well [13].
By intelligent control on the cavity length via devices like PZT components and electro-optic modulators,
the fundamental repetition rate can be rather stable and the time jitter of pulses can be significantly
reduced [96]. Although some studies demonstrated the fundamental repetition rate stabilization using
EPCs [73], altering the cavity length is a more direct method in controlling the fundamental repetition
rate. In the current stage of AML techniques, researchers focus more on how to search the pulsation
regimes automatically rather than the quality of the pulses. The next stage of AML techniques, as we
see, is to acquire entire control on the laser output (both in temporal and spectral domains). Then,
according to some application scenarios, the laser automatically operates under some specific pulsation
regimes with specific temporal and spectral characteristics by intelligent control.

AML techniques have successfully addressed the difficulty of initial mode-locking and the detachments
recovery in the traditional NPR-based MLFLs. Therefore, AML techniques can be applied in traditional
NPR-based MLFLs to help them perform better in various applications of MLFLs [1-12]. Apart from
bringing performance improvement for traditional NPR-based MLFLs, the emergence of AML techniques
spawns some unique applications. Recently, ultrafast nonlinear dynamics inside MLFLs observation using
the TS-DFT is a hot research topic as shown in Figure 19 [97-100]. The TS-DFT based real-time optical
spectrum analysis provides immense possibilities for comprehension of ultrafast physical phenomena,
including soliton explosions [97,101], the mode-locking build-up process [97,102], sophisticated soliton
dynamics [30,103] and the build-up process of soliton molecules [98,99]. Now, with AML techniques, the
transition dynamics between two arbitrary regimes can be readily observed via electronic polarization
control after the two objective regimes are targeted by AML techniques. This is a new perspective
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looking into the internal mechanism of MLFLs supported by AML techniques, which is very hard for
traditional MLFLs. Based on a home-made intelligent MLFL [66], we have demonstrated the regime
transition dynamics among the CW state, the FML regime, the QS regime and the HML regimes [100] and
the transition dynamics from the narrow-spectrum FML regime to the wide-spectrum FML regime [92].
However, more ultrafast transition dynamics inside MLFLs are still waiting to be discovered. For instance,
the establishment of soliton molecules is experimentally demonstrated but transition dynamics involving
bound-soliton states is still undiscovered. We believe that the process of unveiling the internal mechanism
of MLFLs will be accelerated with new experimental insights provided by AML techniques.

6 Conclusion

Throughout the entire development of AML techniques, in the algorithmic perspective, AML techniques
start from the straightforward but inefficient traversal algorithm and then evolve into the various optimiza-
tion algorithms, machine learning and deep learning. The efficiency improvement of algorithms without
doubt improves the efficiency of searching solutions corresponding to the desired pulsation regime in a
tremendous, high-dimensional parametric space. On the other hand, in the hardware perspective, it is a
good sign that real-time implementations become more and more popular recently in AML domain ow-
ing to the superior time-consuming performance. Apart for algorithm and implementation aspects, the
objective function and discrimination criteria for the target regimes are essential to achieve the desired
mode-locking regimes. AML techniques widen the applications of NPR-based MLFLs in both academic
researches and industries for resolving the dilemma of NPR-based MLFLs. Combining with more con-
trollable variables like pump power, PZT and various feedback signal, AML techniques will hold more
control over the traditional MLFLs thereby contributing to more intelligent MLFLs. Furthermore, with
TS-DFT, AML techniques support a new perspective to understand the internal mechanism of MLFLs by
observing the ultrafast transition dynamics inside MLFLs, which is out the reach of traditional MLFLs.
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