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Abstract– We experimentally demonstrate decision 
making to solve the multi-armed bandit problem using two 
different dynamics of low frequency fluctuations and chaos 
in a semiconductor laser network. We make decision by 
associating slot machines with semiconductor lasers in the 
laser network, and controlling the coupling strengths among 
the lasers, based on the result of slot machine selection. We 
compare the performance of decision making between the 
low frequency fluctuations and chaos. 
 
1. Introduction 

The multi-armed bandit problem [1] is a reinforcement-
learning problem whose goal is to maximize the total 
reward by repeatedly selecting slot machines with 
unknown hit probabilities. There are two types of actions: 
exploration to search and find the slot machine with the 
highest hit probability, and exploitation to maximize the 
total reward by using the knowledge obtained from 
exploration. There is a trade-off between exploration and 
exploitation. Too much exploration ensures that the slot 
machine with the highest hit probability is found, however, 
the total reward is reduced. On the contrary, too much 
exploitation results in incorrect estimation of the slot 
machine with the highest hit probability. Therefore, the 
balance between exploration and exploitation is important 
in the multi-armed bandit problem.  

Decision making using light has been studied for solving 
the multi-armed bandit problem in recent years, and there 
is several methods using chaotic laser signals and 
thresholds [2,3], where the chaotic signal is compared with 
the threshold value to determine the slot machine selection, 
and the threshold value is adjusted to facilitate the selection 
of the slot machines according to the results of the selection 
process. This decision-making method has been applied for 
channel selection in wireless communications [4,5]. 

Laser networks provide different types of 
synchronization [6],  and a method for solving the multi-
arm bandit problem has been proposed using 
unidirectionally coupled semiconductor laser networks [7]. 
In the semiconductor laser networks, synchronization 
phenomena such as cluster synchronization and group 
synchronization occur [8,9]. In addition, different 
dynamics such as chaos and low-frequency fluctuations can 
be observed [10,11]. Furthermore, lag synchronization of 
chaos has been observed, and the timing of the dropouts of 

the low-frequency fluctuations is shifted and synchronized 
by the coupling delay time. The laser oscillating in advance 
is called the leader, and the following laser is called the 
laggard. This relationship is called the leader-laggard 
relationship [6]. Furthermore, it has been reported that the 
leader laser is spontaneously exchanged. This switching 
can be controlled by the coupling strength, which can be 
applied for decision making. However, it has not been 
reported whether low-frequency fluctuations are suitable 
for decision making in laser networks. It is important to 
investigate which dynamics are suitable for decision 
making in laser networks. 

In this study, we experimentally perform decision 
making in a unidirectionally coupled semiconductor laser 
network using two dynamics, low-frequency fluctuations 
and chaos. We compare the decision-making performance 
between low-frequency fluctuations and chaos. 
 

 
Fig.1 Experimental setup for decision making using 
semiconductor laser network. Circ: circulator, FC: fiber 
coupler, ISO: isolator, PD: photodetector, Amp: electric 
amplifier, VA: variable attenuator, Att: voltage driven 
variable attenuator, DC: direct-current voltage controller. 

  
2. Methods 

Figure 1 shows our experimental setup for decision 
making used in this study. Three semiconductor lasers are 
unidirectionally coupled by injecting light from laser 1 to 2, 
laser 2 to 3, and laser 3 to 1, respectively. The output from 
each laser propagates through a circulator and is split into 
two beams by a fiber coupler. One of the beams propagates 
through an isolator, is attenuated by an attenuator, and is 
injected into another circulator. The other beam is detected 
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by a photodetector and converted to an electrical signal by 
an electrical signal amplifier. Temporal waveforms of the 
laser output are measured by an digital oscilloscope. 

 

 
Fig. 2 Temporal waveforms of laser outputs in the case of 
(a) low-frequency fluctuations and (b) chaotic oscillations.  
 

In this experiment, the injection current was varied to 
generate temporal waveforms of two different dynamics: 
low-frequency fluctuations and chaos. The injection 
currents of the three lasers were set to (𝐽ଵ, 𝐽ଶ, 𝐽ଷ) =
(1.52𝐽௧௛ଵ, 1.62𝐽௧௛ଶ, 1.72 𝐽௧௛ଷ)  and (𝐽ଵ, 𝐽ଶ, 𝐽ଷ) =
(1.1𝐽௧௛ଵ, 1.1𝐽௧௛ଶ, 1.12𝐽௧௛ଷ)  for chaos and low frequency 
fluctuations, respectively, where Jth is the lasing threshold. 

Figure 2 shows the comparison of the temporal 
waveforms between low-frequency fluctuations and chaos. 
Figure 2(a) shows the temporal waveform of low-
frequency fluctuations. Sharp dropouts in the output and 
their gradual recovery are observed, which is the typical 
characteristics of low-frequency fluctuations. On the 
contrary, Figure 2(b) shows the temporal waveform of 
chaos, in which irregular chaotic oscillations are observed. 
Thus, different dynamics can be generated by varying the 
injected currents of the semiconductor lasers. These two 
dynamics are used for decision making. 

We introduce a short-term cross-correlation value to 
evaluate the degree of chaos synchronization. The short-
term cross-correlation value is expressed by the following 
equation. 

 

      𝐶௡ =
< [𝐼௡(𝑡) − 𝐼௡

ഥ ][𝐼௡ିଵ(𝑡 − 𝜏) − 𝐼௡̅ିଵ] >ఛ

𝜎௡𝜎௡ିଵ

            (1) 

 
This equation represents the short-term cross-correlation 

value of the temporal waveforms of the laser outputs 
between laser n and time-delayed laser n-1 (laser 0 is 
considered as laser 3). The leader laser can be determined 
by the minimum short-term cross-correlation value [7]. The 
leader laser can be controlled by changing the coupling 
strength. The coupling strength 𝜅௡ିଵ,௡ from laser n-1 to 
laser n is expressed as follows. 

 

      𝜅௡ିଵ,௡ =
𝑃௜௡௝

𝑃௠௔௫  
                                                                (2) 

 

𝑃௜௡௝  represents the light power injected from laser n-1 to 
laser n, and 𝑃௠௔௫  represents the maximum light power 
injected from laser n-1 to laser n.  

The leader probability is investigated by varying the 
coupling strength. The leader probability represents the 
probability of being the leader for laser n, expressed as the 
following equation. 

 

      𝐿௡ =
𝑇௡

𝑇௧௢௧௔௟

                                                                      (3) 

 
𝑇௡ is the duration that laser n is the leader, and 𝑇௧௢௧௔௟  is the 
total duration. By decreasing the light power injected into 
laser n, the leader probability of laser n converges to 1 and 
the leader probabilities of the other lasers converge to 0.  

Figure 3 shows the leader probabilities of laser n when 
the coupling strength κ31 is changed for the cases of low 
frequency fluctuations and chaos. By decreasing κ31, the 
leader probability of laser 1 converges to 1 in both cases of 
low-frequency fluctuations and chaos, and the leader 
probabilities of laser 2 and 3 converge to 0. However, in the 
case of chaos, the convergence of the leader probability of 
laser 1 is faster than that in the case of low frequency 
fluctuations. Thus, the characteristics of the leader 
probability are different between the cases of low 
frequency fluctuations and chaos. Decision making is 
performed by controlling the leader by varying the coupling 
strength. 
 

 
Fig. 3 Leader probabilities for the cases of (a) low-
frequency fluctuations and (b) chaotic oscillations when the 
coupling strength κ31 is changed. Leader probabilities of 
laser 1 (red), laser 2 (blue), and laser 3 (green). 

 
The decision-making process in the experiment is 

described as follows. Each slot machine is assigned to each 
laser in the laser network. The temporal waveforms of all 
laser outputs are acquired, and the short-term cross-
correlation values are calculated using these temporal 
waveforms. The leader laser is identified based on the 
minimum short-term cross-correlation value. The slot 
machine corresponding to the leader laser is selected, and 
the coupling strength is changed based on the result of slot 
machine selection. For example, if laser 1 is the leader, the 
player selects slot machine 1 and plays it. If the result is 
“hit”, the coupling strength κ31 is decreased, so that the 
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leader probability of laser 1 increases and slot machine 1 is 
more likely to be selected. If the result is “miss”, κ31 is 
increased, so that the leader probability of laser 1 decreases 
and slot machine 1 is less likely to be selected. In this 
manner, the coupling strength is controlled and the 
decision-making process is repeated.  

The evaluation values used in the decision-making 
process are set as follows. 

 

      𝑋௡(𝑡) = 𝑄௡(𝑡) −
1

𝑁 − 1
෍ 𝑄௝(𝑡)

௝ஷ௡

                             (4) 

      𝑄௡(𝑡) = 2𝐻௡(𝑡) − (𝑃തଵ௦ + 𝑃തଶ௡ௗ)𝑈௡(𝑡)                     (5) 

      𝑃ത௡(𝑡) =
𝐻௡(𝑡)

𝑈௡(𝑡)
                                                                 (6) 

 
𝑋௡(𝑡) and 𝑄௡(𝑡)  are the relative and absolute evaluation 
values, 𝑈௡(𝑡)  is the number of slot machine selection, 
𝐻௡(𝑡)  is the number of hits, and N is the number of slot 
machines.   𝑃ത௡(𝑡)  is the estimated probability, where 𝑃തଵ௦௧ 
and 𝑃തଶ௡ௗare the maximum and second-maximum estimated 
probabilities.  

The coupling strength is controlled using the relative 
evaluation value 𝑋௡(𝑡) as follows. 
 
      𝜅௡ିଵ,௡

= ቐ

𝜅௠௜௡(𝜅௜௡௜  −  𝑘𝑋௡(𝑡)  <  𝜅௠௜௡)
𝜅௜௡௜ − 𝑘𝑋௡(𝑡)(𝜅௠௜௡  ≤  𝜅௜௡௜  −  𝑘𝑋௡(𝑡)  ≤  𝜅௠௔௫)

𝜅௠௔௫(𝜅௠௔௫  <  𝜅௜௡௜  −  𝑘𝑋௡(𝑡))
  (7)  

 
Where 𝜅௡ିଵ,௡  is the coupling strength from laser n-1 to 
laser n, 𝜅௜௡௜  is the initial coupling strength, 𝜅௠௜௡ is the 
minimum coupling strength, and 𝜅௠௔௫   is the maximum 
coupling strength. k is the step size of 𝑋௡(𝑡) for decision 
making and is set to 0.05. 
 
3. Experimental results 

We compare the decision-making performance in the 
cases of low-frequency fluctuations and chaotic 
oscillations. We set the hit probability Pn of slot machine n 
to (P1, P2, P3) = (0.9, 0.1, 0.1), (0.8, 0.2, 0.2), and (0.7, 0.3, 
0.3), respectively, by varying the difference in the hit 
probabilities. The selection of slot machine 1 with the 
maximum hit probability is the correct decision. Smaller 
difference in the hit probabilities implies that it is more 
difficult to identify the best slot machine with the maximum 
hit probability. In this experiment, 100 plays are considered 
as one cycle, and 100 cycles are conducted. 

Figure 4 shows the change in the selected slot machines 
in one cycle in the decision-making process for the low-
frequency fluctuations and the chaotic oscillations. In the 
case of low-frequency fluctuations (Fig. 4(a)), all slot 
machines are selected randomly until 90 plays, which is 
considered as exploration. Then, slot machine 1 is always 
selected after 90 plays, which is considered as exploitation. 
Therefore, we consider that correct decision making 
(selection of slot machine 1) can be achieved. On the 

contrary, in the case of chaotic oscillations (Fig. 4(b)), all 
slot machines are selected until a smaller number of plays 
(25 plays). After 25 plays, slot machine 3 is always selected, 
which is wrong decision making, because slot machine 3 is 
not the slot machine with the maximum hit probability. This 
result may be owing to the fact that the number of initial 
exploration is not enough in the case of the chaotic 
oscillations, compared with that of low-frequency 
fluctuations. 
 

 
Fig. 4 Examples of selected slot machines at one cycle in 
the case of (a) low-frequency fluctuations and (b) chaotic 
oscillations. The hit probabilities are set to (P1, P2, P3) = 
(0.7, 0.3, 0.3). 

 
Next, the correct decision rate is used to compare the 

decision-making performance in the case of low-frequency 
fluctuations and chaotic oscillations. The correct decision 
rate represents the rate of slot machine selections with the 
maximum hit probability, expressed by the following 
equation. 

 

      𝐶𝐷𝑅(𝑡) =
1

𝑚
෍ 𝐶(𝑖, 𝑡)

௠

௜ୀଵ
                                           (8) 

 
Where C(i, t) returns 1 if the selected slot machine has the 
maximum hit probability, and 0 otherwise. m is the number 
of cycles. An correct decision rate of 1 indicates the best 
decision-making performance. 

 

 
Fig. 5 Correct decision rate for the cases of (a) low 
frequency fluctuations and (b) chaos oscillations. The hit 
probabilities are set to (P1, P2, P3) = (0.9, 0.1, 0.1) (red) and  
(0.7, 0.3, 0.3) (blue). 
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Figure 5 shows the result of correct decision rate for the 
low-frequency fluctuations and chaotic oscillations under 
the hit probabilities of (P1, P2, P3) = (0.9, 0.1, 0.1) and (0.7, 
0.3, 0.3). In the case of (P1, P2, P3) = (0.9, 0.1, 0.1) (red), 
the correct decision rate converges to 1 in both cases. The 
convergence of the correct decision rate for the chaos 
oscillations is faster than that for the low-frequency 
fluctuations. However, when (P1, P2, P3) = (0.7, 0.3, 0.3) is 
used (green), the convergence of the correct decision rate is 
slower than the case of (P1, P2, P3) = (0.9, 0.1, 0.1) for both 
cases, because the difference in hit probabilities is smaller. 
Compared with the low-frequency fluctuations, correct 
decision rate for the chaotic oscillations is converged faster. 
However, the final correct decision rate for the low-
frequency fluctuations reaches 1, while that for chaos is 
only 0.95. This result indicates that the chaotic oscillations 
provide a faster convergence of the correct decision rate, 
however, wrong decision is sometimes made when the 
difference in hit probabilities is small. On the contrary, in 
the case of low-frequency fluctuations, the convergence of 
the correct decision rate is slower, however, correct 
decisions are always made even when the difference in hit 
probability is small.  

From these results, low-frequency fluctuations are more 
suitable for solving the problem with a small difference in 
hit probabilities because sufficient exploration is conducted, 
whereas chaotic oscillations are more suitable when the 
difference in the hit probabilities is large because the 
number of exploration is small. 
 
4. Conclusions 
 We experimentally conducted decision making for 
solving the multi-armed bandit problem in a 
unidirectionally coupled semiconductor laser network. The 
decision-making performance was compared when the 
dynamics of low-frequency fluctuations and chaotic 
oscillations were used. In the case of chaotic oscillations, 
the convergence of the correct decision rate was faster 
because of less exploration, however, wrong decision was 
sometimes made when the difference in the hit probabilities 
was small. On the contrary, in the case of low-frequency 
fluctuations, the convergence of the correct decision rate 
was slow because of sufficient exploration, however, the 
correct decision was always achieved even when the 
difference in the hit probabilities was small. Therefore, the 
characteristics of the two different dynamics can be 
effectively used for different setting of the multi-armed 
bandit problem. 
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