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ABSTRACT 
 
 
Transient identification systems have been proposed in order to maintain the plant operating in 
safe conditions and help operators in make decisions in emergency short time interval with 
maximum certainty associated. This article presents a system, time independent and without the 
use of an event that can be used as a starting point for t = 0 (reactor scram, for instance), for 
transient/accident identification of a pressurized water nuclear reactor (PWR). The model was 
developed in order to be able to recognize the normal condition and three accidents of the design 
basis list of the Nulear Power Plant Angra 2, postulated in the Final Safety Analysis Report 
(FSAR). Were used several sets of process variables in order to establish a minimum set of 
variables considered necessary and sufficient. The optimization step of the identification algorithm 
is based upon the paradigm of Quantum Computing. In this case, the optimization metaheuristic 
Quantum Inspired Evolutionary Algorithm (QEA) was implemented and works as a data mining 
tool. The results obtained with the QEA without the time variable are compatible to the techniques 
in the reference literature, for the transient identification problem, with less computational effort 
(number of evaluations). This system allows a solution that approximates the ideal solution, the 
Voronoi Vectors with only one partition for the classes of accidents with robustness.  
 
Key Words: Diagnostic systems, Nuclear power plant, Quantum computing, Artificial Inteligence. 
 
 
 

1. INTRODUCTION 
 

The safety philosophy of nuclear reactors is directed toward that nuclear power plants are 
designed, built and operated to the highest quality standards and conditions that have high 
reliability. The prevailing thinking is that in an environment of zero tolerance, you can always 
improve safety. 
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In the event of an unlikely abnormal occurrence, the operator has to take necessary actions 
relatively faster, which involve complex judgments, making trade-offs between partly 
incompatible demands and requires expertise to take proper decision. It is a commonly shared 
belief that timely and correct decisions in these situations could either prevent an incident from 
developing into a severe accident or mitigate the undesired consequences of an accident. 
Moreover, in such situations, poor decisions may be taken because of the short time available for 
sorting out the relevant information and lack of expert knowledge. 
 
In order to help nuclear power plant operator reduce his cognitive load and increase his available 
time to maintain the plant operating in a safe condition, transient identification systems have 
been proposed to help operators identify possible plant transients and take fast and right 
corrective actions in due time.  
 
The event detection can be classified as a pattern recognition problem. When an event occurs 
starting from the steady-state operation, instruments readings develop a time- dependent pattern 
and these patterns are unique with respect to the type of an event. Therefore, by properly 
selecting the plant process parameters, the transients can be distinguished. To solve this problem, 
a number of linear and nonlinear pattern recognition techniques can be utilized. Several works 
have been proposed based on experts transient identification systems, these works can be 
classified in two major categories: 
 

1) The first category is based on the data mining approach and have been proposed for 
transient identification and diagnostic, or signal processing. For examples: artificial 
neural networks [1], [2], [3], combinations of fuzzy clustering and artificial neural 
networks [4], [5], genetic algorithm [6], combinations of genetic algorithm with 
possibilistic approach [7], particle swarm optimization algorithms [8], niched pareto 
genetic algorithms [9] and quantum inspired algorithm [10]. 

 
2) The second category is based on a state-space representation to identify different types of 

events in a pressurized water reactor - PWR [11],[12].  In this approach the trajectory of a 
point representing the current state of the process is projected on a space; in this space, 
variation ranges of different domains corresponding to different functional situations can 
be represented. 

 
This work belongs to the first category of the transient identification system where the quantum-
inspired Evolutionary Algorithm (QEA) [13], will be utilized as an optimizer for event 
identification. The model was developed in order to be able to recognize the normal condition 
and three accidents of the design basis list of the Nulear Power Plant (NPP) Angra 2 postulated 
in the Final Safety Analysis Report [14]. Were used several sets of process variables in order to 
establish a minimum set of variables considered necessary and sufficient.  The results obtained 
from the study are satisfactory and compared to other results in the literature, showing that the 
QEA achieved outstanding performance as the optimizer of the system prototype. 
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2. Accident Identification System 
 
The identification of an accident is considered a complex task, since it comprises the monitoring 
of several state variables such as pressure, temperature, flow etc.  When a NPP is projected, 
transients/accidents that might occur during its operation are postulated. Such transients relative 
to the design-basis accidents present well defined curves which represent the temporal evolution 
of several state variables. Thus, a system for the identification of accident is supposed to classify 
an anomalous event occurring during the operation of the NPP, associating it to one of those 
design-basis accidents in order to support the operators’ decision. 
 
In order to assist the operator after beginning of an accident, like in choice the limitation 
graphics of the supervisor process computer, is necessary to diagnose if the current event can be 
a Lost of Coolant Accident (LOCA), Steam Generator Tube Rupture (SGTR), or a Main Feed 
Water Break (MFWBR). The first step toward this goal is to identify the reactor is not in the 
normal operating condition. Thus, the system proposed was trained to recognize whether the 
event is an on going scenario of NORMAL plant operation or if this event is a LOCA, SGTR or 
MFWBR.  
 
The system proposed in this work compares the euclidian distances between the set of process 
variables of the anomalous event, in a given time t, and the prototype vectors (pseudo-centroid) 
of the variables of condition NORMAL, LOCA, SGTR and MFWBR. The less distance will 
indicate the class of the transient which the anomalous event belongs to. 
 
The QEA was used to find the best position of the protypes vectors, that the ideal solution would 
be the Voronoi Vectors [15] of each class of the selected transients. In [4] and [3] we find a list 
of postulated transients, as well as the list of process variables (see Table 1) that contribute to the 
characterization of these events. Figure 1 shows the evolution of each variables (signature) for 
each one of the 17 postulated transients, considering the plant operation at 100% of nominal 
power. Each variable signature consists of a set of 60 measured values at periods of 1 second. 
 
 Table I. State variables used in the representation of signatures of the design basis accidents. 
  

Variable Description Unit  
V01 Time s  
V02 Reactor water flow %  V03 Hot leg temperature ºC 

 V04 Cold leg temperature ºC 
V05 Primary water flow kg/s  
V06 Steam generator water level – large range %  V07 Steam generator water level – narrow range % 

 V08 Steam generator pressure MPa 
V09 Feed water flow kg/s  
V10 Steam flow kg/s  V11 Flow in the rupture kg/s 

 V12 Primary system flow kg/s 
V13 Primary system pressure MPa  
V14 Thermal power %  V15 Nuclear power % 

 V16 Subcooling power ºC 
V17 Pressurizer water level %  
V18 Primary mean temperature ºC 
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 Figure 1. Signatures of  Transients at 100% of nominal power  
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3. QUANTUM INSPIRED EVOLUTIONARY ALGORITHM 
   
The QEA is an optimization metaheuristic algorithm inspired on Evolutionary Computation, 
more specifically on Genetic Algorithm (GA) [16]. As the GA, the QEA is based on a population 
and each individual is characterized as a chromosome. Notwithstanding, instead of a 
conventional binary representation, a chromosome in the QEA is formed by Q_bits and unlike 
GA, which uses for example the operators mutation and crossover, the population evolves based 
upon a variation operator known as Q-gate. Compared to classical GA, it has been seen that the 
QEA have better performances, for that concern processing time, same population with few 
individuals. 
 
The procedure of QEA is described as follows:  
 
Step 1: Let t = 0 and set all   and  of every Q_bit string  of  as 0

iα
0
jβ

0
jq )(tQ 2/1  or 2/1− . 

 
Step 2: By observing , every  of  is transformed to a binary string  based on the 

probability amplitudes to form . 

)(tQ t
jq )(tQ t

jX
)(tP

 
Step 3: Transform each individual of to a solution with real values and use the goal function to get 
the fitness value, and them store its best solution into . 

)(tP
)(tB

  
Step 4: If a terminal condition is satisfied, then output the best solution; else let t = t+1 and continue the 
following steps. 
 
Step 5: By observing , obtain and evaluate . )1( −tQ )(tP
 
Step 6: Update each Q_bit of all individuals of  using  quantum rotation Q-gate. )(tQ
 
Step 7: Store the best solution of into and go back to step 4. )(tP )(tB
 
3.1 Encoding and operators in QEA 
 
Give some useful definitions for understanding the QEA. QEA uses a new representation, called 
“Q_bit”, for the probabilistic representation of the coexistence of the information 1 and 0. It is 
based on the physical concept of quantum bit. We also call “Q-individual” a string of Q_bits. 
 
3.1.1 Q_bit 
 
Quantum bit (Q_bit) is described by a state in a quantum mechanical system of two levels, which 
is formally equivalent to a two-dimensional vector space of complex numbers. These states (or 
vectors) are conventionally written as 0 and 1. Q_bit can be thought of as a version of quantum 
mechanics to classical bit used in traditional computers. In classical computers, the information 
is encoded as a sequence of bits. Unlike classical computers, quantum computers process the 
information using a set of quantum bits (Q_bits). Thus, a state of the Q_bit is represented by the 
linear superposition of two quantum states and that can be written as a linear combination of 
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states 0 and 1, according to (1). 
 

10 βαψ +=                                                                                                                             (1) 
 
where α and β are complex number that specify the probability amplitudes of the corresponding 
state. 2α  and 2β gives the probabilities that the Q_bit will be in the state ‘0’ e ‘1’, respectively. 
Normalization to the unity guarantees: 
 

122 =+ βα                                                                                                                                   (2)    
 
As previously said, a Q_bit may be in the “1” state, in the “0” state, or in a hybrid state, given 
from the linear superposition of the two states, properly weighted by factors α  and β . Using the 
ket-notation, these three states can be described as: 
 

  
0
1

0 ⎥
⎦

⎤
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= ,    
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⎡
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In general, the algorithm processes Q_bit in the hybrid state. It just converges to certain values 
“0” or  “1” at the end of the iterations. 
 
3.1.2 Q_bit Individual 
 
In QEA, similarly to genetic one, where a genetic individual of the population is represented by a 
string of bit, a Q-individual is represented by a string of Q_bit. But, different the genetic 
algorithm the individual of population is represented in two distinct phases. In the first phase, it 
is fully quantum, represented by a chromosome  consisting of Q_bits, and assume a 
superposition of states 0 and 1. After observation of quantum individual obtain the individual 
represented by a chromosome classic, which will be evaluated. 

)(tQ

 
3.1.2.1  Quantum Population 
 
Quantum individual  is composed of Q_bits is not observed yet. When you start each Q_bit 
has the same probability of being found either in state 0, as in state 1, being initialized in this 
way, we can ensure that the individual will have generated the same classic opportunity to 
observe the 0 state as the state 1, at the random. 

)(tq j

  
The population of solutions is represented by { })(),...,(),()(

21
tqtqtqtQ

n
= , where n is the size of 

the population, m is the number of Q_bits, and  is the quantum chromosome defines by 
equation (4): 
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where   
 
 1)t()t(

2
j

2
j =β+α  (5) 

 
In this way, any  can represent the linear superposition of all the possible states with the same 
probability. In addition, with different signs it helps the individuals with good diversity in the 
process of evolution. 

0
jq

 
3.1.2.2 Classic Population 
 
Classic individual  is derived from the observation of quantum individual. This is a 
characteristic of the evolutionary algorithms of quantum computing adopt the theories of 
quantum mechanics. This phenomenon is illustrated by Schrödinger's cat [17]. At the time of 
observation each Q_bit collapses and adopts a state function or terminal set. Thus, the individual 
classic and stil has its own characteristics. And from there that the individual quantum is no 
longer seen through the concepts of Quantum Computation and began working with the 
principles of evolutionary computing. 

)(tX n

 
The classical population represented by { })t(X),...,t(X),t(X)t(P n21= , and the candidate solutions 

 with m bits, which will be evaluated by the fitness function, are  represented by 
, where  is the observed bit. The best candidate solution of 

 at each iteration  is stored in , that is, 

)t(X i

{ })t(x),...,t(x),t(x)t(X im2i1ij = )t(xij

)t(P t )t(B { })t(b...)t(b)t(b)t(B m21= , where  
represented the bits of the best solution.  

)t(b j

 
Every bit of the binary string is obtained observing the step for construction of the population 

. When all the states of  are observed, the value )t(P )t(Q 0)t(xij =  or 1)t(xij = , from  is 

determined by the probability 

)t(P
2

ij )t(α or 2
ij )t(β .  

 
The pseudo-code for production of  and pseudo-code for update of the Q_bit, representing 
the QEA learning, is presented in as follows.  

)t(P

 
            Begin Procedure make        )t(P
        While  do      )ni( <

                While  do         )mj( <

                   ,           1jj +=

       If random 2
ij )t(]1,0[ α>        

          Then 0)t(xij =         

          Else 1)t(xij =       
                End       
              End          
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Each new observation of quantum  individual will have a new classic. The goal is to find the one 
that represents the best model solution to the problem. For this, we must refer the individual to 
an evaluation process. However, individuals still symbolic can not be assessed. To do this you 
will need to represent them in linear fashion. 
 
3.1.3 Q-gate 
 
The updating of the population in the canonic algorithm of the QEA is done by the quantum gate 
operator, defined by the rotation matrix )(U ijθΔ , which will be applied to each one of the 
columns of the each individual’s Q_bit. In practice, each pair of values ijα and ijβ is treated as a 

bi-dimensional vector and rotated using )(U ijθΔ in such a way that 
 

 )t(i

)t(i
)(cos(
)((sen

)((sen
)(cos(

)1t(i

)1t(i
β
α

θΔξ
θΔξ

θΔξ
θΔξ

β
α −

=+
+

 (6) 

 
Where, θ  is a rotation angle. , where  is the sign of iijiji S θβαθξ Δ×=Δ ),()( ),(S ijij βα )( iθξ Δ  for 
determining the direction of rotation and iθΔ  is the magnitude of rotation angle. Both ijθΔ and 

),(S ijij βα  are initially obtained in accordance with [13]. 
 
In this work the quantum gate used is the same model applied in [10] to the transient 
identification of a nuclear power plant, where in order to avoid the premature convergence of the 
Q_bit, was applied the quantum gate Hε  [19] defined by: 
 

 )ij),t(ij),t(ij(H)1t(ij
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During the application of the Quantum Gate Hε, the rotation 
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Is calculated as an intermediate step and the final updating depends on the value of the constant 
ε, in such a way that 
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⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

β

α
=

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

+β

+α

'ij

'ij
)1t(ij

)1t(ij

 
This gate was introduced in this model has the objective of reducing the chances of stagnation of  
the algorithm into local minima during the evolution of the population. The numerical value of ε 
is defined according to the problem and 0 < ε < 1.  
 
The figure 2, follows shows, the events during evolution of the Quantum Algorithm. 
 
 

                    

  Figure 2. Evolution of the Quantum  Algorithm 

 
4. IMPLEMENTATION AND COMPUTATIONAL EXPERIMENTAL RESULTS 

 
In our transient identification system, the time axis was partitioned into 60 seconds after the 
beginning of the transient (t=0), reactor scram at 100% of nuclear power, which yields 59 time 
values, since the two first seconds represent the plant operating at normal condition. Therefore, 
the maximum number of correct classifications for the three postulated accidents is 236 (59 time 
values x 4 accidents types). 
  
During the data analysis of accidents to be identified, as well as a process of data miming,  the 
system needs to identify the most characteristic and representative set of values for the 17 
process variables (Table 1) that correspond to the identification the NORMAL operation and of 
each three of the  postulated accidents (MFWBR, LOCA, SGTR).  
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Using a 12 bits precision, each candidate solution of the classical population P(t) is a vector 
represented by 68×12 = 816 bits (since there exist 17 variables for the NORMAL operation and 
each one of the three postulated accidents, we have the total number of 68 variables in each 
individual). The choice to use 12 bits of precision in this work aimed to compare the results from 
validation tests of our implementation the QEA with the results found in the original work [13]. 
 
In other words, inside a classical individual, each accident is represented by a group of 17×12 
bits. In the QEA implemented, the number of individuals was n = 100, parameter delta was Δ = 
0.005* π, Quantum Gate He, ε = 0.01, considered in our previous work [10] and 1000 
generation. 
 
The Table II present the prototype vector found by the system with 17 variables, that obtain 
maximum number of hits for each accident, 59 x 4= 236 correct classifications. The values of all 
variables are normalized in the interval [0, 1]. And the figure II show the fitness convergence of 
the system with 17 variables.  
 
 

Table II. 
Prototype Vector with 17 variables 

 
Set Variables Accidents Prototypes Vectors 

MFWBR 
 
 

[0.3223    0.7145   0.2630    0.5553    0.5543    0.9228    0.1407    0.2784    0.8740     
0.2303   0.4869    0.7827    0.3651    0.0120    0.7436    0.0557    0.1175] 
 

LOCA 
 
 

[0.9934    0.8955    0.9941    0.1971    0.1690    0.6249    0.4222    0.6474   0.1580     
0.9370    0.0024    0.7023    0.5570    0.4017     0.0537   0.0608   0.5817] 
 

SGRT 
 
 

[0.3131    0.2716    0.1050    0.9348    0.0564    0.5221   0.9651   0.3907    0.4051     
0.4237    0.0186    0.0950    0.9429    0.9138   0.4823   0.6994    0.8752] 
 

All Variables  

NORMAL 
 

[0.9643    0.2039    0.0476    0.7136    0.9531    0.4781    0.2063     0.9939   0.3582     
0.0039    0.0745    0.8518    0.1446    0.6476     0.7197    0.8718    0.0078] 
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Figure 3. Fitness convergence. 
In order to evaluate the response of the system, for sets of different sizes formed with the state 
variables of Table 1, and verify which those most influence the classification of the system, we 
selected four groups of variables. The Table III present the prototypes vectors for each set 
variables selected, with the maximum number of classification. 

 
 

Table III. Sets of variables for the Identification of Accidents 
 

Set Variables Accidents Prototypes Vectors 

MFWBR [0.0078    0.0149    0.0017    0.6249] 

  
LOCA [0.0005    0.7358    0.9961    0.0046] 

  

SGRT [0.9980    0.9971    0.9375    0.0042] 

  

4,7,10, 16  

NORMAL [0.9988    0.0012    0.0205    0.9861] 
   

MFWBR [0.1206    0.6635    0.1126    0.7118    0.9055    0.1741] 
  

LOCA [0.3226    0.4955    0.9839    0.5968    0.9924    0.7145] 
  

SGRT [0.8950    0.9856    0.9573    0.8847    0.3099    0.7228] 
  

4,7,10,13 
16,18  

NORMAL [0.9841    0.7453    0.0361    0.0408    0.8129    0.6017] 
   

MFWBR [0.6110   0.1533   0.5443   0.9485   0.1450   0.6801   0.4044] 
  

LOCA [0.9257   0.3145   0.7892   0.6945   0.7526   0.1428   0.2422] 
  

SGRT [0.6491   0.9223   0.3289   0.0122   0.6259   0.2420   0.2980] 
  

2,4,5,7, 
10,13,16 

NORMAL [0.9026   0.5091   0.9612   0.6210   0.1689   0.1653   0.9979] 
   

MFWBR [0.8027   0.7658   0.6042   0.1685   0.3289   0.0784   0.3179   0.5582    0.6173   
0.7998] 

 
LOCA [0.9177   0.3878   0.4278   0.9468   0.0435   0.2171   0.9690   0.0374   0.0845   

0.6022] 
 

SGTR [0.9712   0.9856   0.3810   0.9368   0.6222   0.2696   0.8054   0.0418   0.0855    
0.8178] 
 

        1,2,4,5,7, 
8,10,13,16,18 

NORMAL [0.7309   0.2342   0.8442   0.8938   0.7280   0.4794   0.1253   0.1673   0.3570    
0.6046] 

 
 

 In order to verify the robustness of each prototype vector found from the each one set variables 
aforesaid, we implementation a Gaussian noise of zero mean and standard deviation of 1% and 
2% (σ = 1%, 2%) in the signal event to be identified for each transient. The choice of the 1% 
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noise in signal event is due to the fact that the percentage of error usually corresponds to the 
error found in the nuclear instrumentation. 

 
The Table IV present the results for each accident and the level of noise introduced into the 
signal to be classified, where the maximum number of hits for each accident is 59 correct 
classifications. 
 

Table IV. Instantaneos classification results 
 

Set Variables Accidents Noise 
(%) 

Correct 
 Classification (%)

Noise 
(%) 

Correct  
Classification (%) 

MFWBR 1 100 2 100 
LOCA 1 100 2 100 
SGTR 1 100 2 100 

4,7,10,16 

NORMAL 1 100 2 83,5 
       

MFWBR 1 100 2 100 
LOCA 1 96,6 2 88,1 
SGTR 1 100 2 100 

4,7,10,13 
16,18 

NORMAL 1 67,8 2 50,8 

       
MFWBR 1 100 2 100 
LOCA 1 98,3 2 93,2 
SGTR 1 86,4 2 83,0 

2,4,5,7 
10,13,16 

NORMAL 1 94,9 2 89,8 

        
MFWBR 1 100 2 100 
LOCA 1 94,9 2 93,2 
SGTR 1 98,3 2 96,6 

1,2,4,5,7 
8, 10,13,16,18 

NORMAL 1 100 2 100 
        

MFWBR 1 100 2 100 
LOCA 1 100 2 96,6 
SGTR 1 100 2 96,6 

1,2,3,4,5 
6,7,8, 9,10,11 

13,14,15,16,17,18 
NORMAL 1 100 2 100 

 
 
 

By analysis of the results shown in Table IV, one can conclude that there are multiple sets of 
state variables, not necessarily minimum, necessary and sufficient for the system proposed to 
determine the maximum number of correct classifications. 
 

Conclusion 
 
The present work shows the viability of the algorithm QEA as an optimization tool in 
multimodal and complex problem in Nuclear Engineering such as the accident identification. 
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Accident Identification System 
 

Another important contribution in this work is the independence of the proposed system in 
relation to a signal indicating the beginning of the accident (reactor scram, for instance). This 
characteristic has been achieved, because the system was able to recognize a NORMAL 
operating condition of the accidents LOCA, SGTR or MFWBR, from the dynamics of the event. 
 
By analysis of the results shown in Table IV, one can conclude that there are multiple sets of 
state variables, not necessarily minimum, necessary and sufficient for the system proposed to 
determine the maximum number of correct classifications. Moreover, can observed that the 
system was able to find, using only 4 state variables, a vector with the maximum number of 
correct classifications and that it showed more satisfactory results, in other words less sensitive 
to noise than the other select sets.   
 
Through the results presented in this work, we can conclude that the system proposed is robust, 
effective and compatible to the techniques in the reference literature. The QEA is a potential 
metaheuristic technique for optimization problems in Nuclear Engineering. Future work 
comprises the application of the model of the system for transient identification with QEA for a 
set containing more transient signatures. 
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