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ABSTRACT 

A real-time noise analysis system is designed for the TRIGA reactor 
at Istanbul Technical University. By means of the noise techniques, 
reactor surveillance is performed together with failure diagnosis. 
The fast data processing is carried out by FFT in real-time so that 
malfunction or non-stationary operation of the reactor in long term 
can be identified by comparing the noise power spectra with the cor
responding reference patterns while the decision making procedure is 
accomplished by the method of hypothesis testing. The system being 
computer based safety instrumentation involves CAMAC in conjunction 
with the RT-11 (PDP-11) single user dedicated environment. 

1. INTRODUCTION 

As a research reactor of relatively low power, TRIGA provides cer
tain advantages over other type of nuclear reactors such as 
convenience for basic studies of the application of noise techniques 
for reactor analysis, surveillance and mulfunction detection 
together with diagnosis. Hence, it is the aim of this work, as an 
elaborated application of noise techniques in reactor surveillance, 
to describe a real-time noise analysis system designed for the TRIGA 
reactor at Nuclear Energy Institute of Istanbul Technical University 
(ITU). The system makes use of the existing modular computer based 
instrumentation partly used for reactor analysis and safe reactor 
operation studies as reported before |l-3|. The work, therefore, at 
the same time indicates the flexible configuration and diverse 
utilization properties of modular instrumentation in instrumental 
analysis. 
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2. SURVEILLANCE METHOD 

One of the outstanding feature of noise analysis is the possibility 
of assessing the correct operation of the plant under surveillance 
and providing early warning of incipient malfunctions or expected 
and unexpected anomalies. This task is carried out by studying the 
fluctuations of signals coming from different sensors which might be 
neutronic, temperature, mechanical, acoustic etc. The process noise 
signals respond sensitively to small changes in plant characteris
tics and they can be used effectively to detect an incipient 
abnormality with diagnostic information. For this aim the methods 
can roughly be classified into two categories, namely, model based 
approach and data-based approach. In model based approach a plant 
model is concerned. In data-based approach a pattern recognition 
technique is used. Concerning the identification of the abnormality 
cause, pattern recognition is to be preferred rather than the model-
based approach which is favorite method for quantitative 
evaluations. 

The approach involved in this work is based on the noise pattern 
recognition and the power spectral density is monitored to determine 
if the plant state has changed significantly from normal state. As a 
basic concept of the surveillance, the relation between the noise 
patterns and the plant operating state being known, the present 
plant state is identified by comparing the newly obtained simple 
noise patterns in real-time. In the comparison procedure, the 
reference noise power spectrum and the relevant confidence limits 
corresponding to normal operation are determined. For the determina
tion of the confidence limits, we define a logarithmic probability 
density function (pdf) of the form 

Above, y is logarithmic gaussian random variable given by 

Y = In | (2) 
r 

where x is the computed spectrum; x the reference spectrum 
counterpart. The variance a is identified during the learning 
period and it is found to be independent of the frequency. 

Concerning the detection of anomaly in a stochastic signal, some
times noise is mistaken for anomaly when anomaly is absent and 
sometimes anomaly is not identified when it is in noise present. 
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These two separate cases can be distinguished by naming false alarm 
(FA) and alarm failure (AF). The associated error probabilities are 
denoted as p„. i.e. false alarm probability (FAP) and p._ i.e. alarm 
failure probability (AFP). Any anomaly detection process would be 
one which maximizes the probability of detecting the anomaly when it 
appears and minimizes the probability of mistaking noise for anomaly 
when it is not present. Hence, the process essentially implies the 
minimization of the penalty function defined by the sum of FAP and 
AFP. 

In a nuclear reactor operation FA and AF are two fundamental con
cepts related to deviations from normal operation. The deviations 
are referred to as anomaly which can occur in variety of ways. In 
this work, the emphasis is put on the anomaly detection rather than 
the minimization of false alarm from the view point of safe reactor 
operation that it consequently implies a minimization for alarm 
failure. In a nuclear reactor there are a number of inherent noise 
sources which can be used in variety of ways for malfunction detec
tion since these noise sources contain essential information about 
the operating state of the reactor. In particular, use can be made 
of the change of noise statistics which are termed as 'noise signa
tures'. To this end, a gaussian anomaly detection processor is 
devised where anomaly acts on the reactor power power spectral den
sity (psd) fluctuations which are verified to be gaussian the result 
being in accord with the well-known central limit theorem in 
statistics. The anomaly is assumed to be gaussian acting on the 
gaussian psd fluctuations for the sake of simplicity as the validity 
of the results 'remain essentially the same in practical 
applications. 

In the detector processor, a detection level is defined so that any 
psd amplitude exceeding this level is considered to be anomaly. For 
the establishment of the appropriate detection level £ method of 
hypothesis testing, in the statistical terminology, is used where 
the null hypothesis H refers to anomaly is not present, against the 
alternative hypothesis H. indicating the presence of anomaly. The 
corresponding variances Being a and c. respectively where o*> a 
the corresponding probability densxty functions (pdf) are given by ° 

1 ~yi / 2 ao f<*il°> = Tab" e (3) 
v o 

2 / o 2 

1 ~yi / 2 °l 
f « y ± l 1 > = 7 2 ^ e <*> 
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With respect to the hypotheses stated, in the statistical terminol
ogy, type I and II error probabilities are 

2 
type I error (FAP) • 1 - / f(y|0) dx (5) 

-2 
2 

type II error {AFP) = / f(y|l) dx (6) 
-2 

For the optimum detection level 2 , we can define a penalty function 
as the sum of the type I and II error probabilities and look for the 
minimum of this function with respect to £. Accordingly, 2 is found 
to be \k\ ° 

In (a1 /o ) 
,2 2 • i -
'o" = *l a2 (7) 

^ 2 -1 

a o 
2 2 

For weak anomalies, i.e. o\ a ,2 a is obtained. 
l — o o - o 

Because of discrete form of data used and from the view point of 
practical implementation of the processor in real-time, the process
ing of N samples by the gaussian processor is carried out in a 
special way as follows. 

We define a function f(y.) and an associated random variable z as 
i 

f(y±) = 0 if y± £ 2 (8) 

f(y£) = 1 if y± > 2 

and 
N 

z = I f(y,) (9) 
i=l 

where N is the number of samples used in each processing period in 
the gaussian processor. Any count exceeding the critical level 2 
implies anomaly. Since the probability of exactly z samples exceed
ing 2 in absence of anomaly, is given by binomial distribution, the 
type I error probability (FAP) for N samples is given by 

N 
(FAP)N = I (I) p o

Z (1-P0)
N"2 = 1- (1~P0)

N (10) 
2 = 1 
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where p is given by 
0» 

p = 2 / f(y|0) (11) 
£ 

For 2 = £ -cr i.e. 2 is optimum 
o o 

FAP = p = 0.3174 (12) 

for one sample and 

(FAP)N = 1- (1 - 0.317^)
N (13) 

for N samples. For N = 100, (FAP).. - 100# which indicates large FAP 
unacceptable in practical applications. To reduce FAP for the price 
of increase in AFP, we can choose p smaller. However even for p = 
0.001, FAP is still too high for applications in nuclear reactor. 

The inconvenience described above can be improved not reporting 
every excessive amplitude as anomaly and certain number of count of 
z can be prescribed in advance before a decision for anomaly takes 
place. This number is termed as 'decision level'. The null 
hypotheses is based on the non-existence of anomaly and the 
'critical region' is defined as the region where the number of 
sampled signal amplitudes exceeding the critical level £ exceeds the 
decision level denoted by K. The FAP for this case is computed by 

FAP = I (2) p * (1-PJN"Z (14) 

or 

z=K+l ° 

K 
FAP = 1- 1 a) po* (l-p r (i5) 

z=0 

so that the FAP can now be designed in any range desired. 

Implementation of the processor can be carried out as follows. For a 
given AFP, the number of data samples (N) and the critical level £, 
the decision level K is computed from Eq.15 where p is related to 2 
by Eq.ll. ° 
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If the processor determines that the random variable z in Eq.9 
satisfies the inequality 

z>K (16) 

then the anomaly is declared. Since the statistics of z is described 
by binomial distribution, for N>>1 and p <<1 and Np =u = z where z 
indicates the average, the binomial distribution can be replaced by 
poisson distribution so that Eq.l4 is replaced by 

k v k 
» u u K u u 

FAP = I e-"0-^ =1-1 e^°-£ 
k=K+l K- k=0 

The relative value of K is defined as 'level of significance' (LOS) 
and it is given by 

LOS = | (17) 

According to the hypotheses adopted in the decision making process, 
the associated type I and type II error probabilities are 

K -»o C type I error (FAP) = 1- I e ° -ry- (18) 
k=0 

v k 

type II error (AFP) = £ e -rf- (19) 
k=o R-

As in the previous case, the sum of type I and type II error prob
abilities is adopted as penalty function subject to minimization so 
that the optimal value for the decision level K can be searched |4|. 

In the present surveillance system, p is selected to be 0.0075. 
which gives, from Eq.ll, the critical level as 

2 = 2.43 ay (20) 

Hence, the corresponding confidence limits on the power spectra are 
computed from 

x 
In - = * 2.43 a (21) 

x
r y 

where x is the noise power spectrum corresponding to the confidence 
limits computed. In this implementation LOS is considered to be 
0.04. The relevant FAP is computed from Eq.15 where N indicates the 
number of the frequency points involved in the frequency range under 
consideration that it yields FAP = 0.014 for N = 128. 
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3. COMPUTER BASED INSTRUMENTATION 

The computer based noise analysis system developed comprises two 
essential parts. The first part includes both hardware and software 
components to obtain the analog signals from the reactor and trans
fer the data to the computer for processing. The second part is the 
software component of the system for the computation of fast 
auto/cross power spectral density (psd) spectra in real-time 
together with the verification of inequality 16 and display of the 
computed spectrum. 
The hardware part of the system includes a PDP-11/05 computer which 
is used for both controlling the CAMAC system and executing the 
real-time computations. On the other hand, CAMAC is used for both 
data acquisition and visual display. 

To eliminate the detector and electronics background noise effects, 
two detectors were considered in the noise analysis system. After 
the dc components of the analog signals obtained from the detectors 
have been removed and noise signals have been amplified, the analog 
data are transferred to CAMAC system in digital form. The data 
transfers to CAMAC are accomplished by means of a two-channel CAMAC 
ADC (analog-to digital converter) module driven by the standard |5| 
CAMAC subroutines developed in our laboratory. The detailed descrip
tion of the subroutines were presented before |6,7|. 

In order to be able to perform the auto/cross correlation computa
tions in real-time the software part of the system is divided into 
two distinct parts since FORTRAN is not fast enough for this 
purpose. The first part of the program is coded in FORTRAN and used 
to introduce the operational parameters involved, into the program 
in the beginning of the run. The parameters include the number of 
points (N) used in FFT computations, switch for auto/cross psd com
putation, sampling period (At), number of power spectra (n) used for 
averaging. The second part performs the fast data processing by 
means of assembly-written FFT algorithm developed in our laboratory 
and combined with the assembly-written CAMAC data acquisition and 
visual display driver routines. The average noise power spectrum is 
computed from the spectra obtained from last n psd computations and 
the spectrum thus obtained is displayed for continuous visual 
inspection. Decision making process for anomaly detection is ex
ecuted in accordance with Eq.9-

The spectrum having been displayed, the execution of the program 
returns back to the beginning of the second part of the program to 
carry out the same computations once again and hence constitutes a 
loop. During the continuous run of the program, parameter change 
such as N, At, n, lin/log display switch can be performed by means 
of CAMAC interrupt routine included in the software. 

7-17 



4. SIMULATION STUDIES FOR REACTOR SURVEILLANCE 

To test the noise analysis system described and verify its perfor
mance, use was made of the data obtained from ITU (Istanbul 
Technical University) TRIGA reactor at Institute for Nuclear Energy. 
For anomaly detection studies, data were obtained in particular, 
from reactor simulator including the modelling of the reactor 
stochastics. 

The main feature of the present noise analysis system is its 
flexibility for determining operational conditions of the noise 
analysis system and processing the data, in wide range by software 
while the hardware involved imposes the ultimate limitations. The 
detectors used are two identical Reuter stokes made Cobalt type 
self-powered neutron detector (SPND)s connected to ECN 
(Energieonderzoek Centrum Nederland, the Netherlands) made two-
channel low-noise current amplifier (601A-C) and deviation amplifier 
(601B) both being expecially designed for reactor noise experiments. 
The CAMAC ADC involved is two channel Kinetic Systems 3512 module. 
The analog signals obtained from the detectors are recorded on a 4-
channel HP-3960 FM low-noise and wide frequency range tape recorder 
which allows to carry out the experiments in various playback speeds 
so that the process under investigation can effectively be speeded 
up or slowed down in case the speed of playback is different than 
that used for recording. This possibility is especially useful for 
investigations in low frequency range and in testing the anomaly 
detection processor in different frequency regions under the identi
cal operating state of the reactor. The CAMAC driven display is a 
plasma dot-matrix with resolution of 512 x 512 on a standard visual 
display screen. The driver comprises 4 ORTEC made CAMAC modules, 
namely, point plotter PP009; character generator CG009; lin/log gen
erator LL009 and matrix driver MD009 modules which provide efficient 
display of the computed spectra in real-time operation. 

For the investigations, reactor power was selected as process vari
able from which the noise signal is obtained. For the sampling of 
the analog signals, use was made of the line-clock of the operating 
system which provides sampling period (At) of 20 ms or its integer 
multiples, At=20 ms being the minimum. In order to maintain the 
operation in real-time, no data window is applied to raw data. Every 
power spectrum displayed is obtained by taking the average of the 
present spectrum computed and n - 1 previously computed spectra, n 
being an input parameter for computations. 

Since the analog signals obtained from SPND s are rather weak in 
low-power operating state, the zero-power reactor analysis for test
ing the noise analysis system was carried out by means of fission 
detector placed next to the core and coupled to a HP-410G low-noise 
current amplifier. The test results indicated the presence of some 
additional background noise contributions other than power noise as 
this was reported before |8|. These investigations are also of in
terest for determining the reactor parameters which can be estimated 
by the study of the power spectrum obtained. 
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The experiments using SPND s were carried out at maximum reactor 
power level (250 KW) of the TRIGA reactor. For this case the noise 
analysis system was operated in cross-correlation mode so that the 
unwanted background noise contributions are kept to a minimum |91• 
Since the noise analysis system is essentially designed for real
time reactor surveillance, extensive anomaly detection studies were 
carried out by means of reactor simulator with the simulated reactor 
stochastics. The simulator is used to obtain noise data comprising 
purposely introduced anomalies. A typical psd spectrum of the reac
tor power fluctuations is shown in Fig.l where sampling period (At) 
is 20 ms, number of spectra (n) used for averaging is 80 and the 
number of frequency points (N/2) is 256. Note that 0.7 x (N/2) 
points are considered in the plotting. The corresponding pdf 
relevant to Fig.l is shown in Fig.2 where the number of points form
ing the histogram is 128. 
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Fig. 1 
psd spectrum of reactor power 
fluctuations of TRIGA reactor 
n=80, p=250 KW, At=20 ms, N/2=256 
time of data acquis!tion=6.83 min 
(normal operation) 

Fig. 2 
pdf of reactor power 
fluctuations of TRIGA reactor 
At=20 ms, sfed.dev.=6.8lE , 
mean=1.07E~ , numb, of pdf 
points=128 (normal operation) 

One of the anomalies designed for testing the reactor surveillance 
system is vibrating control rod the dynamic of which is represented 
by a second-order system with damping. The natural frequency of this 
system is assumed to be 3 Hz and the damping factor (g) is 0.4 that 
it yields underdamped oscillations causing instability in an operat
ing reactor. 
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The corresponding psd spectrum and pdf are illustrated in Figs.3 and 
4 respectively where N/2 = 256, n = 80 and At = 20 ms. The duration 
of the anomaly (t ) is computed from 

cL 

ta = (N/2) . it . n = 256 x 0.02 x 80 = 6.827 min (15) 

The resonance at around f = 3 Hz can be identified as result of 
comparison of Fig.l and Fig.3? 
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Fig. 3 
psd spectrum of reactor power 
fluctuations of TRIGA reactor 
n=80, p=250 KW, At=20 ms, N/2=256, 
time of data acquisitions6.83 min, 
duration of the anomaly=6.83 min. 

Fig. 4 
pdf of reactor power 
fluctuations of TRIGA reactor 
At=20 ms, std.dev.=9.13E" , 
mean«l.OOE" ,numb. of pdf 
pr,ints=128, duration of the 
anomaly=6.83 min (see Fig. 3) 

The same illustrations as Fig.3 and Fig.4, for the same anomaly, 
durations of which is 2.73 min is shown in Fig.5 and Fig.6 where 
duration of the data acquisition is still the same as that used to 
obtain Figs.2-5, i.e. 6.82 min. From the coparison of the relevant 
psd and pdf figures, the development of the anomaly is clearly ob
served . 
For this particular type of anomaly, the malfunction can be detected 
by the suboptimum processor devised, after the lapse of 1 min with 
the anomaly. The relevant false anomaly detection probability is 
given by Eq.l4 since the parameter N is equal to 50, covering the 
low frequency range of the noise power spectra up to 5 Hz. 
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Fig. 5 
psd spectrum of reactor power 
fluctuations of TRIGA reactor 
n=80, p=250 KW, At=20 ms, N/2=256, 
time of data acquisition=6.83 min, 
duration of the anomaly=2.73 min 
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Fig. 6 
pdf of reactor power 
fluctuations of TRIGA reactor 
it=20 ms, std.dev.=7.91E~ , 

mean=9.84E~', numb, of pdf 
points=128, duration of the 
anomaly=2.73 min 

The related psd spectrum and pdf are illustrated in Fig.7 and Fig.8 
where duration of the data acquisition is 3-^1 min and the duration 
of the anomaly is 1.19 min. The sampling period (At) is 20 ms as 
mentioned before. 
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Fig. 7 
psd spectrum of reactor power 
fluctuations of TRIGA reactor 
n=40, p=250 KW, At=20 ms, N/2=256, 
time of data acquisition=3-4l min, 
duration of anomaly=1.19 min 
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Fig. 8 
pdf of reactor power 
fluctuations of TRIGA reactor 
At=20 ms, std.dev.=7.66E~ , 
mean=1.05E , numb, of pdf 
ptints-128, duration of 
anomaly=1.19 min (see Fig. 7) 
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5. CONCLUDING REMARKS AND CONCLUSIONS 

The real-time operation of the noise analysis system is accomplished 
by assembly-written FFT algorithms and the anomaly detection is 
carried out by means of a particular algorithm developed. The exact 
time needed for the detection of a certain anomaly is dependent on 
the nature of the anomaly. As result of the performance tests, the 
system is found to be satisfactory for real-time reactor surveil
lance and anomaly detecton applications as the system provides also 
continuous display for the inspection of the psd of the fluctuations 
of the process variable under investigations, in real-time. 
Presently the system is designed to be redundant monitoring device 
to be added to the existing reactor safety instrumentation. 

Since the system operates under program control, it can easily be 
improved for more elaborate form by means of due programming observ
ing the hardware limitations as well as the software provisions 
required. 
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