FASTER AUTOMATIC ASSR DETECTION USING SEQUENTIAL TESTS
Tiago Zanotellia, b*, Felipe Antunesc, David Martin Simpsond, Eduardo Mazoni Andrade Marçal Mendesa and Leonardo Bonato Felixd,e
a Graduate Program in Electrical Engineering, Federal University of Minas Gerais, Belo Horizonte – MG, Brazil.
b Federal Institute of Education Science and Technology of Espírito Santo-São Mateus, São Mateus – ES, Brazil.
c Federal Institute of Education Science and Technology of Minas Gerais-Ipatinga Advanced Campus, Ipatinga – MG, Brazil.
d Institute of Sound and Vibration and Research, University of Southampton, Southampton, United Kingdom.
e Department of Electrical Engineering, Federal University of Viçosa, Viçosa – MG, Brazil. 


*Corresponding author: tiagoz@ifes.edu.br 


FASTER AUTOMATIC ASSR DETECTION USING SEQUENTIAL TESTS
Abstract. Objective: Objective Response Detection (ORD) can be used for auditory steady-state response (ASSR) detection. In conventional ORD methods, the statistical tests are applied at the end of data collection (‘single-shot tests’). In sequential ORD methods, statistical tests are applied repeatedly, while data is being collected. However, repeated testing can increase False Positive (FP) rates. One solution is to infer that response is present only after the test remains significant for a predefined number of consecutive detections (NCD). Thus, this paper describes a new method for finding the required NCD that control the FP rate for ASSR detection. Design: NCD values are estimated using Monte Carlo simulations. Study sample: ASSR signals were recorded from 8 normal-hearing subjects. Results: The exam time was reduced by up to 38.9% compared to the single-shot test with loss of approximately 5% in detection rate. Alternatively, lower gains in time were achieved for a smaller (non-significant) loss in detection rate. The FP rates at the end of the test were kept at the nominal level expected (1%). Conclusion: The sequential test strategy with NCD as the stopping criterion can improve the speed of ASSR detection and prevent higher than expected FP rates.
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Abbreviations: 
AEP	Auditory evoked potential 
AM 	Amplitude Modulated
ASSR 	Auditory Steady-State Response
CSM	Component Synchrony Measure
DFT	Discrete Fourier Transform 
EEG	Electroencephalogram
FP	False Positive
H0	Null Hypothesis
MSC 	Magnitude-Squared Coherence
NCD	Number of Consecutive Detections
NTMAX	Maximum Number of ORD tests
MMAX   Maximum Number of epochs
MMIN     Minimum Number of epochs
MSTEP   Step Width of epochs
ORD	Objective Response Detection


Introduction
Auditory evoked potentials (AEPs) can be defined as a change in neural activity in response to acoustic stimuli (Picton, 2013). Transient responses are evoked by auditory stimuli administered at a slow repetition rate, such that the response to one stimulus ends before the next stimulus starts (Stapells, 2011). When auditory stimuli are administered at a sufficiently high repetition rate, these responses are superimposed (Rance, 2008) and are then known as auditory steady-state responses (ASSRs). The ASSRs are usually obtained by electroencephalography (EEG) and can be used for the non-invasive assessment of hearing impairments (Picton et al, 2003; Korczak et al, 2012; Seidel et al, 2015; Resende et al, 2015; Israelsson et al, 2015; Sininger et al, 2018). This is particularly important for patients who cannot (or will not) provide the behavioural responses used in conventional hearing tests (e.g. pure-tone audiometry), e.g. infants and the cognitively impaired. 
The ASSR is usually evoked by Amplitude-Modulated (AM) tones, and results in an increase in amplitude of the EEG at the modulation frequency, compared to no stimulation or adjacent frequencies. In addition, the stimulation leads to phase locking of the EEG at the modulation frequency. The amplitude and phase of the modulation frequency can be obtained by applying the Fast Fourier Transform (FFT) to the EEG data, after which the presence or absence of an ASSR can be inferred by using techniques known as objective response detection (ORD) methods, applied at the modulation frequency (and/or its harmonics). These ORD techniques utilize statistical methods (hypothesis tests) to test for the presence of a response. There are many different ORD techniques, such as Hotelling’s T2 (Mijares et al, 2013; Vanheusden et al, 2019), spectral F-test (Fisher, 1929), q-sample (Cebulla et al, 2006), TCIRC (Victor & Mast, 1991), component synchrony measure (CSM) (Fridman et al, 1984), or magnitude-squared coherence (MSC) (Dobie & Wilson, 1989). The ASSR is considered to be present when the value of the estimated ORD parameter exceeds a critical value (or the p-value drops below the significance level), otherwise, the ASSR is considered to be either absent or too weak to be detected. The critical value is derived from the detector’s distribution under the null hypothesis (H0) (i.e. absence of a response) for a desired significance level α. False Positives (FPs, or type I error) arise when H0 is true, but a response is ‘detected’. By definition, α is the probability of obtaining a FP (if the test is performing according to theory, when all assumptions are justified). It is thus desirable to keep α low, but this increases the probability of failing to detect a response when present (False Negatives or type II error), i.e. it decreases the sensitivity of the test (Kay, 1998). These statistical ORD tests are ‘objective’ in allowing the automatic assessment  of an ASSR test without subjective (e.g. visual) input from an assessor (John et al, 2002; Lins & Picton, 1995; Van der Reijden et al, 2004).
In clinical applications, ASSRs have been used for hearing threshold estimation. However, both the accuracy of threshold prediction and exam time need to be improved (Picciotti et al, 2013; Hatton & Stapells, 2013; Sininger et al, 2018). Studies have reported ASSR thresholds to be 10-20 dB higher than those from behavioural tests (Picton et al, 2003). While it typically takes 30 minutes for conventional pure tone audiometry (behavioural test) (Bachmann & Arvedson, 2007), it has been reported that ASSR threshold assessment (at eight frequencies) can take around 19.93 min (Sininger et al, 2018) with the support of automated detection methods and state of the art stimulation paradigms.
Improvements in the time required for ASSR detection using a sequential test strategy have been reported (Stürzebecher et al, 2005; D’haenens et al, 2010; Luts et al, 2008; Torres Fortuny et al, 2011). Sequential strategies consist of applying the ORD test repeatedly while stimulation continues and EEG data is accumulated. When the ASSR is detected, the exam can stop. Otherwise it continues until a predefined maximum exam time has been reached. However, as with all sequentially applied statistical tests, the repeated application of the ORD test leads to an increased FP rate (above the specified significance level), unless appropriate measures are taken (Stürzebecher et al, 2005; D’haenens et al, 2010; Luts et al, 2008).
In order to prevent an increased FP rate, traditional correction methods for independent tests could be used, e.g. Bonferroni or Dunn-Šidák (Hochberg & Tamhane, 1987), but these are known to be conservative and furthermore, the assumption of independence is not justified when the statistical tests are applied repeatedly to accumulating data. These corrections thus tend to reduce test sensitivity and/or increase exam time (Stürzebecher et al, 2005). To avoid the conservative correction associated with these methods, two different approaches have been proposed in the literature on AEP detection: 1) An adjusted critical value for rejecting the null hypothesis is obtained for the sequentially applied ORD (Stürzebecher et al, 2005; Chesnaye et al, 2019a), and 2) The presence of response is only inferred when the ORD test remains significant for a predefined number of consecutive detections (NCD)  (Luts et al, 2008). 
With respect to the first method, Stürzebecher et al. (2005) used extensive Monte Carlo simulations to find a critical value (in their case for the Rayleigh test) to be used throughout the sequential detection strategy, such that the overall FP rate would equal α at the end of the sequential test session. In (Chesnaye et al, 2019a), critical decision boundaries are calculated by combining the p-values obtained from applying the ORD methods to sequentially acquired groups of epochs, which makes this method applicable to any ORD method that can provide an accurate p-value, and thus more flexible. 
The second approach, which defines the presence of response when a predefined NCD occurs in the sequential test strategy, was proposed in Luts et al. (2008) and later evaluated for ASSR detection (D’haenens et al, 2010; Wilding et al, 2012). The results in D’haenens et al (2010) showed that the sequential test strategy using NCD as the stopping criteria achieved a mean reduction in exam time of 44.73% without reducing the sensitivity of ASSR detection when compared to the single-shot test. In the latter, the statistical test is applied to the data just once (after all data has been collected). In D’haenens et al (2010), the ORD was applied to 0 dB HL ASSR data from 31 subjects using a range of NCD values (1 to 17, in steps of 2) as criteria for response detection. The final NCD value for response detection was then chosen such that the FP rate was controlled. In Wilding et al (2012), using a minimum time of 2.4 minutes to start the sequential test strategy and using NCD equal to 1 as the stopping criterion in 7 sequentially applied tests (i.e. tests at 9, 10 ... 15), reported a reduction in the examination time of 38.8% when compared to the single-shot test. Additionally, these studies showed that the FP rate was inversely related to the NCD value e.g. in D’haenens et al (2010) the FP rate found was 36.4%, 16.4% 8.2% and 5.0% for the NCD equal to 1, 3, 5 and 7 respectively in 64 sequentially applied tests (each test with a 5% significance level). However, to the best of our knowledge, to date no general method has been proposed to automatically obtain the required NCD for an arbitrary FP rate. Moreover, D’haenens et al (2010) suggested future research to clarify the effect on exam time and the detection of ASSR as a function of protocol parameters such as the length of the intervals (number of stimuli) between the tests and the minimum time until the first test. 
The present work thus addresses this challenge, and proposes a new method, using Monte-Carlo simulations, for obtaining the required NCD values for a sequentially applied ORD. The impact of minimum time before the first test (i.e. the buffer) and the length of the interval between consecutive tests on the NCD were assessed. ASSR detection rates were evaluated in a sample of recordings from normal hearing subjects. The ORD methods chosen were MSC and CSM (Dobie & Wilson, 1994) with α=0.01, though the method could readily be applied to other ORD techniques and different levels of α, or other modalities of evoked responses, e.g. during visual or somatosensory stimulation.

Materials and Methods
Objective Response Detection (ORD) techniques
Magnitude-squared coherence (MSC)
The MSC between a periodic signal (the stimulus) and a digital signal  (EEG signal) can be estimated by dividing  into M non-overlapping segments (aligned with the stimuli) and applying the expression: (Miranda de Sá et al, 2002):
	  	(1)
where Yi(f) is the Discrete Fourier Transform (DFT) of the i-th epoch of y[n] and ‘^’ indicates estimation. Under the null hypothesis H0, defined as “no response present at frequency f”, the  follows a central beta distribution with 1 and M-1 degrees of freedom. This further assumes that the epochs are uncorrelated and the data follow a Gaussian distribution and are stationary. In this case, the critical value for  at a significance level of α is given by the equation (Miranda de Sá & Infantosi, 2007):
		(2)
H0 is rejected if ≥. Thus, if the MSC at a particular modulation frequency is higher than the associated critical value, then an ASSR is considered to be present. 

Component Synchrony Measure (CSM)

The Component Synchrony Measure (CSM) of the discrete-time signal, , divided into M non-overlapping epochs, is estimated by the expression (Fridman et al, 1984)
		(3)
where  is the phase angle at frequency  of the DFT of the i-th epoch. This is equivalent to the Rayleigh test (Lütkenhöner, 1991). The critical value for the CSM, beyond which H0 is rejected, is obtained with the following equation (Miranda de Sá & Felix, 2003):
		(4)
where  is the critical value of the chi-squared distribution with 2 degrees of freedom and a significance level α. 

Detection protocol
The detection protocol is based on the sequential test strategy (Stürzebecher et al, 2005; Luts et al, 2008; D’haenens et al, 2010), which consists of applying the ORD test (e.g. MSC and CSM) as soon as a predefined minimum number of epochs (MMIN) is available. If the stopping criterion (MSC or CSM beyond the critical value, or more generally a significant p-value in the ORD method) is not achieved, an additional new predefined number of epochs (denoted by “step width” or MSTEP) are collected, which are pooled with the previously collected epochs, and the ORD test is performed again (now on the pooled ensemble of epochs). This process continues until either 1) the number of consecutive detections is equal to the pre-determined NCD, or the 2) a predefined maximum number of epochs, MMAX, is reached. In the former case the ASSR is deemed present, in the latter, absent (or more precisely, that there is insufficient evidence to conclude that a response is present). 
The challenge is thus to determine the NCD value such that the FP rate equals the desired overall significance level α. Monte Carlo simulations were performed in order to find the NCD with predefined set of values for parameters MMIN, MSTEP, and MMAX, as discussed in the next section.
Obtaining NCD
Simulated data was generated as white Gaussian noise, with 75 epochs and epoch lengths of 1024 samples (corresponding to those obtained with the recorded EEG). This emulates data under the null hypothesis, and 1,000,000 such signals were generated. MSC and CSM ORD methods were then applied in a sequential manner according to the selected MMIN, MSTEP and MMAX. Then the FP rate was determined for a range of NCD in the range from 1 to NTMAX, where NTMAX is the maximum number of possible ORD tests in the detection protocol, calculated using NTMAX=(MMAX-MMIN)/MSTEP+1. This was repeated for different choices of MMIN, MSTEP, and MMAX (further explained below). The FP rate was estimated using:
		(5)
where NP is the number of FP, i.e. the number of recordings where H0 was rejected when using parameters MMIN, MSTEP ,MMAX, and a chosen NCD.. Finally, as illustrated in Figure 1, the optimal NCD value was estimated by finding the lowest NCD value that obtained a FP rate equal to or lower than the chosen significance level α. In this study, α=0.01 was used, in accordance with previous related works (Stürzebecher et al, 2005; Cebulla et al, 2006). The simulation was performed for different combinations of MMIN, MSTEP, and MMAX so as to obtain the corresponding NCD for the chosen α. The method was then tested on recorded EEG signals, to assess performance in terms of test time and overall sensitivity.
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Figure 1. False Positive (FP) rate as a function of the NCD. The horizontal line indicates the chosen significance level α (α=0.01). The vertical arrow shows the NCD value at the intersection between the FP curve and the level of significance. In this example the NCD value chosen is 15, as the first integer value giving a FP rate below 0.01.

EEG Data
The detection protocol proposed in this work was applied to a database of EEG recordings (Felix et al, 2018) in order to evaluate its performance. The EEG data were recorded from the electrode Fz with Oz as a reference and Fpz as ground. Eight volunteers with normal hearing (thresholds ≤ 20 dB HL at frequencies between 500 and 4000 Hz), aged 20-43 years old (mean age of 26.4 and standard deviation of 7.8 years, 2 female and 6 male), participated in the study (Felix et al, 2018). The study was approved by the Local Ethics Committee (CEP/UFV No. 2.105.334). The data recordings were performed in an acoustically isolated cabin in the Interdisciplinary Center for Signal Analysis (NIAS), Federal University of Viçosa (UFV), Brazil. As the (nominally) 40-Hz ASSR has been shown to be sensitive to the state of arousal of the subject (Korczak et al, 2012), volunteers were instructed to sit comfortably and keep their eyes closed without sleeping. The biological signal amplifier (Brainnet BNT-36, EMSA, Brazil) was used for EEG acquisition with the parameters: 0.1 Hz high pass, 70 Hz low pass, 60 Hz notch filter and a sampling frequency of 600 Hz.
The data acquisition for each volunteer was performed in twelve recordings of 2 minutes and 8 seconds (2.13 minutes) each. During the recordings, the volunteers were stimulated by AM tones delivered diotically (John et al, 2004), with 100% modulation depth and sound intensity of 70, 50 and 30 dB SPL. The stimuli were presented by means of an insert ear phone model 5A (Aearo Technologies, Indianapolis, IN, USA). The modulation frequencies were 35.24 Hz for the left ear and 37.01 Hz for the right ear. Four distinct carrier frequencies (0.5, 1, 2 and 4 kHz) were used in different recordings (leading thus to 4 carrier x 3 intensity = 12 recordings in each subject). Further details can be found in Felix et al. (2018). After the recordings, the EEGs signals were divided into epochs of 1024 points (approximately 1.7s time intervals) resulting in 75 epochs (2.13 min) per recording that were stored on a hard disk for offline analysis. In order to minimize spectral leakage, the duration of the epochs was chosen so that the modulation frequency has an integer number of cycles in each epoch (John et al, 1998). All offline processing was performed using Matlab R2016a (MathWorks, Natick, MA, USA).

Evaluation of the Detection protocol 
In order to evaluate the performance of the detection protocol as a function of the test parameters, different parameters MMIN and MSTEP and and MMAX = 75 epochs were applied to the EEG data, with
		(6)
where   and NTMAX can be any integer value between 1 and 74. As a result, there were 328 different parameter combinations to assess. The maximum possible duration of all analysed protocols did not exceed 2.13 min (the duration of the 75 epochs). In addition, the MSC and CSM single-shot test (using all 75 epochs at once) were also evaluated in order to provide a comparison with the sequential method.
The FP rate, detection rate and the mean exam time was estimated for all 328 sequential test protocols. The FP rate was estimated using the number of detections at the 42 frequencies between 23Hz and 48 Hz where no response is expected, i.e. away from the stimulus frequency and its harmonics. A total of 4032 tests were thus performed (8 volunteers x 42 frequencies x 12 recordings = 4032). The detection rate is the ratio of the number of detections at the modulation frequencies and the total number of possible detections (8 volunteers x 2 modulation frequencies x 12 recordings = 192). The mean exam time is the average time, taken all across recordings, until a stopping criterion (detection of a response, or the maximum number of epochs, MMAX, without detection) was reached. 
McNemar´s test (Siegel & Castellan, 1988) and Wilcoxon signed-rank test were used to compare – with a confidence level of 95% - the detection rate and exam time, respectively among different options for sequential tests and also with results from the single-shot tests. 
Results and Discussion 
Figure 2 shows some “optimal” NCD values estimated by Monte Carlo simulation as a function of MMIN, MSTEP, and the choice for ORD technique (MSC is shown in plot a) and CSM is shown in plot b), for α=0.01 and MMAX = 75 epochs. The NCD for MSC and CSM are similar but not identical. This suggests that for other ORD methods the NCD would also need to be recalculated. Note that the NCD value increases as MMIN or MSTEP decreases, i.e. as the maximum number of sequentially applied statistical tests increases, the NCD also increases.
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Figure 2. Number of consecutives detections (NCD) as a function of the minimum number of epochs (MMIN) and step widths (MSTEP) for a) MSC and b) CSM, using a significance level α = 0.01 and a maximum number of epochs (MMAX) equal to 75.

The detection protocol was applied to the EEG database for all 328 sets of parameters and ORD techniques (MSC and CSM, both with α=0.01). In Figure 3, the FP rates are shown, considering only frequencies away from the stimulus rate or its harmonics. As desired, the FP rates were at 0.01 or lower. However, many of the parameter combinations lead to conservative results (FP<0.01), which would also reduce the sensitivity when responses are present. 
It was found, for example, that the combinations with NTMAX=2 and MSTEP>20, such as {MMIN= 10, MSTEP = 65, MMAX= 75}, were particularly poor, forming the band of results at the bottom of Fig. 3. An additional analysis confirmed that, as expected, the FP rates increase, when NCD values lower than the “optimal” NCD values estimated (see Figure 2) were used (Luts et al, 2008; D’haenens et al, 2010). It was also found that the FP determined from the Monte Carlo simulation corresponded closely to those found with the EEG (for the same NCD), with Spearman correlations of 0.981 and 0.982 for MSC and CSM (both, p≤0.001), respectively. The small discrepancy between the results from simulation and those from the EEG can probably be explained by small violations of the assumptions underlying the simulation, including stationarity, Gaussianity and zero correlation between successive epochs. 
[image: ]
Figure 3. False Positive (FP) rate calculated from the EEG signals for all 328 sets of parameters for the MSC (plot a) and the CSM (plot b). Only the sets with FP rates between 0.8 (horizontal black line) and 1% were included in the subsequent analysis.

Figure 4 shows the detection rates and the mean exam times for all possible sets of parameters and ORD techniques applied to the recorded ASSR signals. As expected, the exam time is lower than that for the single-shot test (unless all 75 epochs were used) and detection rates are also generally lower. Note that, as expected, the performance of the detection protocol for different sets of parameters show a trade-off between the mean exam time and detection rate, as also noted by others (Picton et al, 2005; D’haenens et al, 2010), i.e. as expected, test sensitivity increases when more data is used. The greater sensitivity of the MSC compared to the CSM agrees with previous observations (Dobie & Wilson, 1993; Simpson et al, 2000; Cebulla et al, 2001).



[image: ]
Figure 4. The detection rates and mean exam times for the 328 sets of parameters for (a) the MSC and (b) the CSM. Vertical and horizontal dash-doted lines represent the detection rate and mean exam time for the single-shot test ORD, respectively. The solid line and the circles (‘o’) represent the choices that gave the shortest exam time for a given detection rate in these experiments, with their parameters shown in the format {MMIN, MSTEP, MMAX}. In all cases MMAX = 75 and α=0.01.
Across all 328 cases examined, the average test time were 1.58 min for MSC and 1.60 min for CSM with an average detection rate of 74.14 for MSC and 68.38 for CSM. Some combinations of MMIN, MSTEP lead to minimal gain in exam time, with a notable loss of detection rate (top-left corner of the plot). On the other hand, the test along the right-hand and bottom edge of the plot (as marked in the figure) can be deemed as optimal; for all other points there is either a higher detection rate for the same exam time, or a shorter exam time for the same detection rate than all other tests. 
In this dataset, the shortest exam time was given by parameters {MMIN=2, MSTEP=1, MMAX=75} for the MSC and {MMIN=13, MSTEP=1, MMAX=75} for the CSM, and showed, respectively, a 38.9% and 35.7% reduction in the average exam time compared to the single-shot test (both, p ≤ 0.001). However, this was associated with a 5.57% (p=0.02) and 1.98% (p=0.42) reduction in the detection rate for MSC and CSM respectively, compared to the single shot test.
In some cases (4 for the MSC and 29 for the CSM, out of the total of 328 tests), the detection rate exceeded the single shot test, but the differences in detection rates is not statistically significant. Sequential tests are not expected to exceed the sensitivity of the single shot tests, given the general principle that with a reduced (average) sample size, sensitivity decreases (Bauer & Kohne, 1994; Chesnaye et al, 2019b). However, due to random variations and some non-stationarity of background activity or time-variation of ASSR responses with accompanying changes in signal-to-noise ratios, repeated testing can in some cases allow sequential tests to find a response, when the single shot test does not. This might occur for example if the data quality degrades towards the end of the recording, degrading the MSC and CSM for the single-shot test, but the sequential test may already have detected a response. 
A limitation of the study is the relatively short duration of the recordings (MMAX = 75) such that the detection rates never reached 100%. It is thus not possible to compare the number of epochs required to detect all responses between the single-shot and sequential tests (and varying values of {MMIN, MSTEP and MMAX}). Longer recordings (MMAX > 75), which allow 100% detection rate might also have been desirable, but on the other hand, this would lead to a ceiling effect in the detection rate. Ceiling effects with a very large MMAX would allow impressive reductions in exam time when using sequential methods, but such results would be deceptive.
Other limitation of the study is the small dataset that does not allow clear recommendations for the optimal choice of {MMIN, MSTEP and MMAX}. The current results show some trends (e.g. larger MMIN leads to improved detection rates at the cost of exam time), but no optimal value can be given. Such optimization should be carried out in the future with a larger dataset and with specific applications in mind (e.g. which patient-group, stimulus protocol and desired compromise between sensitivity and test time).
Conclusion 
In this work, a new method to estimate NCD values as a stopping criterion for sequential tests with ASSRs is proposed, based on extensive Monte Carlo simulations. Results showed that this approach limits the FP rate to below the desired (nominal) α value and allows exam time to be reduced compared to a single-shot test, however this is at the expense of sensitivity, which generally reduces for a sequential test compared to a single shot test. 
While the current work focused on the use of MSC and CSM as the ORD method, the method could be applied to alternative techniques also, as well as other forms of evoked responses. The current results demonstrate the potential of these methods in improving the efficiency of the tests for the clinic or in research. 
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Figure 1. False Positive (FP) rate as a function of the NCD. The horizontal line indicates the chosen significance level α (α=0.01). The vertical arrow shows the NCD value at the intersection between the FP curve and the level of significance. In this example the NCD value chosen is 15, as the first integer value giving a FP rate below 0.01.
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Figure 2. Number of consecutives detections (NCD) as a function of the minimum number of epochs (MMIN) and step widths (MSTEP) for a) MSC and b) CSM, using a significance level α = 0.01 and a maximum number of epochs (MMAX) equal to 75.
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Figure 3. False Positive (FP) rate calculated from the EEG signals for all 328 sets of parameters for the MSC (plot a) and the CSM (plot b). Only the sets with FP rates between 0.8 (horizontal black line) and 1% were included in the subsequent analysis.
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Figure 4. The detection rates and mean exam times for the 328 sets of parameters for (a) the MSC and (b) the CSM. Vertical and horizontal dash-doted lines represent the detection rate and mean exam time for the single-shot test ORD, respectively. The solid line and the circles (‘o’) represent the choices that gave the shortest exam time for a given detection rate in these experiments, with their parameters shown in the format {MMIN, MSTEP, MMAX}. In all cases MMAX = 75 and α=0.01. 
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