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Method of determining a calibration time interval for a calibration of a measurement device 

The present invention concerns a method of determining a calibration time interval for a calibration 

of a measurement device for measuring a quantity to be measured. 

5 

Measurement devices are used in nearly all branches of industry for measuring physical quantities, 

in particular quantities related to ongoing production processes. Measurement indications indicating 

the value of the quantity measured by the device are for example commonly used in process 

automation for monitoring, controlling and/or regulating a production process at a measurement site. 

10 

There is a wide range of measurement devices on the market, like for example level measurement 

devices for measuring a level of a product in a container, flow meters for measuring a flow of a 

product through a pipe, temperature measurement devices or pressure measurement devices. 

15 In order to ensure, that theses devices fulfill certain measurement properties specified for them, in 

particular a specified measurement accuracy, and/or comply to certain standards, they are re-

calibrated regularly. 

Calibration is a commonly used procedure for establishing a relation for obtaining a measurement 

20 result for a measured quantity from a measurement indication of a measurement device. Also 

calibration is used to check conformity of a device to a given specification. In both cases the 

measurement device performs at least one measurement task according to a given operating 

procedure, during which at least one given value of the quantity to be measured by the device is 

provided by a corresponding reference or standard. A typical operating procedure includes for 

25 example measurements of a minimal and a maximal value of the quantity, within a measurement 

range of the device. During the operation procedure, the values of the quantity provided by the 

reference or standard and the corresponding measurement indications of the measurement device 

are recorded. Based on this data the corresponding measurement errors are calculated, which in 

most cases are determined as the differences between the measurement indications and the 

30 corresponding values of the quantity to be measured provided by the reference or standard. 

In addition a maximum permissible error between the values of the quantity provided by the 

standard or reference and the corresponding measurement indications of the device is provided. In 

case the measurement errors between the values of the quantity provided by the standard or 

35 reference and the corresponding measurement indications derived by the measurement device 

exceed the maximum permissible error, the device is considered not to conform. As a consequence, 

adjustment, repair or replacement of the measurement device is required. Required adjustments are 

usually performed based on the data obtained during the calibration procedure. They include for 

example adjustments of offset, gain and/or span of the measurement indication. 
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If the measurement errors do not exceed the maximum permissible error conformity of the device is 

declared and generally no further actions are taken. 

Today measurement devices are generally calibrated periodically, after fixed calibration time 

5 intervals, e.g. intervals recommended by the manufacturer for the specific type of device. Thus the 

same calibration time interval is applied, regardless of whether a large measurement error, e.g. an 

error which is very close to exceeding the maximum permissible error, or a very small measurement 

error was determined during the last calibration. 

10 In the first case, there is a high probability, that the measurement error of the device will exceed the 

maximum permissible error during the calibration time interval. If this is the case, the measurement 

error of the device may cause a potential danger to the people, the environment and the ongoing 

production process at the measurement site it is operated on in the time prior to the next calibration. 

15 In the second case, there is a high probability, that the device will still be in full compliance at the 

end of the calibration time interval. Thus a much larger calibration time interval could have been 

applied without increasing the risk involved in operating the device. A larger calibration time interval 

between consecutive calibrations would be especially advantageous in applications, wherein 

calibrations are cost and time intensive, e.g. because they require a whole section of a production 

20 site to be shut down, in order to transfer the device from its measurement site to a calibration site. 

Despite of this, it is general practice to apply fixed standard calibration time intervals to devices, 

which were found to be fully compliant. 

25 In EP 1 743 226 B1 a method is described, for determining an optimized service interval between 

consecutive maintenance services of a field device, which is adapted to the conditions prevailing at 

the operation site of the field device. According to this method, the time interval between 

consecutive services is determined based on service information, including application-specific 

parameters prevailing at an operating site of the field device, device-specific parameters, as well as 

30 historical data and calibration data from a previous calibrations of the device. 

Thus service intervals of devices operating in a rough environment, which is e.g. subjected to 

extreme temperatures, temperature variations, pressures, and/or pressure variations, or exposed to 

abrasive and/or chemically aggressive products will be much shorter, than service intervals for 

35 devices operating under more friendly conditions. 

Unfortunately, it is generally not safe to apply the same method in order to optimize calibration time 

intervals. The main reason for this is, that it is usually not possible to predict, when or on which 

timescale an initially fully compliant device will develop a relevant measurement error. 
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It is an object of the invention to provide a method of determining a calibration time interval for a 

calibration of a measurement device for measuring a quantity to be measured, which enables 

user to safely optimize calibration time intervals in between consecutive calibrations. 

the 

5 To this extend, the invention comprises a method of determining a calibration time interval for a 

calibration of a measurement device for measuring a quantity to be measured, comprising the 

of: 

steps 

10 

- performing a first calibration of the device at a first calibration time, 

wherein a first measurement error of the device is determined, 

- adjusting, repairing or replacing the device and restarting the method from 

the beginning in case the first measurement error exceeds a 

predetermined error range including zero, 

- performing a second calibration of the device at a second calibration time, 

wherein a second measurement error of the device is 

15 determined, 

- adjusting, repairing or replacing the device and restarting the method from 

the beginning in case the second measurement error exceeds a 

predetermined maximum permissible error, 

- determining whether a significant drift between the first and the second 

20 measurement error occurred, and 

- in case a significant drift occurred, determining the calibration time, at 

which a third calibration of the device shall be performed, as a 

third time, which is earlier or equal to a time at which the 

measurement error of the device will exceed the predetermined 

25 maximum permissible error with a given confidance level 

according to a probability density function of a crossing time 

at which the measurement error of the device will exceed the maximum 

permissible error, 

-- which probability density function is determined based on the 

30 first and the second measurement error, a probability density 

function for determining a measurement error in the first 

calibration solely due to a calibration uncertainty inherent to the first 

calibration, a probability density function for determining a 

measurement error in the second calibration solely due to a 

35 calibration uncertainty inherent to the second calibration, and the first and 

the second calibration time. 

According to a preferred embodiment, 

- the predetermined error range is set to correspond to an upper limit 

40 	for the uncertainty of the first calibration procedure, given by a capability 
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requirement for the first calibration procedure to be capable of performing the 

calibration, or 

- the predetermined error range has a lower limit given by a negative 

value of the uncertainty inherent to the first calibration and an upper 

5 limit given by a positive value of the uncertainty inherent to the first 

calibration, or 

- the error range has an upper limit equal to a given percentage of 

an upper limit of the maximum permissible error and a lower 

limit equal to a given percentage of a lower limit of the 

10 maximum permissible error, 

-- wherein the percentage of the upper limit of the maximum permissible 

error is larger or equal to the positive value of the uncertainty 

of the first calibration, and small compared to the upper limit 

of the maximum permissible error, and 

15 -- wherein the percentage of the lower limit of the maximum 

permissible error is smaller or equal to the negative value of 

the uncertainty of the first calibration, and large compared to the lower limit 

of the maximal permissible error. 

20 The invention further comprises a first refinement, wherein a statistically representative 

pairs of random measurement errors is generated, each comprising: 

number of 

- a first random measurement error, which is equal to a sum of the 

first measurement error and a random additive generated 

according to a probability distribution given by a probability density function 

25 for determining a measurement error during calibration, 

which is solely due to an uncertainty inherent to the first calibration 

procedure, and 

- a second random measurement error, which is equal to a sum of the 

second measurement error and a random additive generated 

30 according to a probability distribution given by a probability density function 

for determining a measurement error during calibration, 

which is solely due to an uncertainty inherent to the second calibration 

procedure. 

35 A further refinement of the first refinement further comprises the steps of: 

- for each pair determining a slope of a straight line passing 

through the first random measurement error at the first time and 

through the second random measurement error at the second time, 

- deriving a probability density function of a slope based on all 

40 	determined slopes and their frequencies of occurrence, 
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- determining that a significant drift between the first and the second 

measurement error occurred with a given significance level, 

-- in case an average of all determined slopes is larger than zero 

and an integral of the probability function of the slope 

5 over all negative slopes is smaller than the significance level, and 

-- in case the average of all determined slopes is smaller than zero and an 

integral of the probability function of the slope over all positive slopes 

is smaller than the significance level. 

10 A further refinement of the first refinement further comprises the steps of: 

- for each pair of random measurement errors determining a 

crossing time at which a straight line passing through the first 

random measurement error at the first time and through the 

second random measurement error at the second time will 

15 exceed the maximum permissible error, and 

- determining the probability density function of the crossing time 

at which the measurement error of the device will exceed the 

maximum permissible error, as a frequency distribution of these 

crossing times. 

20 

A further refinement comprises a method according to the invention, wherein in case no significant 

drift was determined the calibration time at which the third calibration shall be performed is smaller 

or equal to a sum of the second time and a predetermined maximal permissible calibration time 

interval. 

25 

The invention further comprises a second method of determining a calibration time interval for a 

calibration of a measurement device for measuring a quantity to be measured, based on a non-

linear model comprising a given number of coefficients for a time dependency of a measurement 

error of the device comprising the steps of: 

30 - performing a number of calibrations of the device larger or equal to the 

number of coefficients at consecutive calibration times, 

-- during each of which a measurement error of the device is 

determined, 

- adjusting, repairing or replacing the device and restarting the method from 

35 the beginning in case the first measurement error exceeds a 

predetermined error range including zero, and in case any of the 

measurement errors exceeds a predetermined maximum 

permissible error, 

- determining the calibration time, at which a next calibration of the device shall be performed, as a 

40 next time, which is earlier or equal to a time at which the measurement error of the device will 
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exceed the predetermined maximum permissible error with a given confidence level according to a 

probability density function of a crossing time at which the measurement error of 

exceed the maximum permissible error, 

-- which probability function is determined based on the 

the device will 

5 measurement errors, the times at which the 

calibrations were performed, and probability density functions for determining 

measurement errors during each of the calibrations solely due to the 

calibration uncertainty inherent to the respective calibration. 

10 A refinement of the second method comprises a method, wherein 

- a statistically representative number of k-tupels of random measurement 

errors is generated, wherein 

-- each measurement error is equal to a sum of the 

measurement error determined during the corresponding 

15 calibration and a random additive generated according to a 

probability distribution given by a probability density function 

for determining a measurement error during the respective calibration, which 

is solely due to an uncertainty inherent to the respective calibration 

procedure, and 

20 - for each k-tupel determining a vector of coefficients by fitting 

the random measurement errors of the k-tupel to the non-linear model, 

- for each vector of coefficients determining a crossing time at 

which a measurement error described by the model based on this 

vector of coefficients and passing through the random 

25 measurement errors of the k-tupel at the corresponding 

calibration times exceeds the maximum permissible error, and 

- determining the probability density function of the crossing time 

at which the measurement error of the device will exceed the 

maximum permissible error as a frequency distribution of the 

30 crossing times. 

The invention and further advantages are explained in more detail using the figure 

which one exemplary embodiment is shown. 

of the drawing, in 

Fig. 1 shows: measurement errors of a measurement device determined in two 

35 consecutive calibrations and a probability density function for a 

time at which the measurement error of the device will exceed a 

maximum permissible error. 
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any measurement device requiring repeated calibration, e.g. a pressure measurement device for 

measuring a pressure, a level measurement device for measuring a level of a product in a container 

or a flow meter measuring a mass of volume flow of a product through a pipe. 

5 To begin with, a first calibration of the device is performed at a first time T1 on a calibration site. 

During this first calibration a first measurement error El of the device is determined with a first 

uncertainty +/- UE1 inherent to the first calibration. The term uncertainty of a measurement error is 

used throughout this application to denominate an uncertainty of a determination of the 

measurement error, which is solely due to the respective calibration process. 

10 

Obviously, calibration procedures applied to perform a calibration have to be capable of performing 

the calibration. This capability requirement is for example described in ISO/CEI DIS guide 98-4, in 

Uncertainty of measurement — Part 4: role of measurement uncertainty in conformity assessment, 

published in 2009. In the context of calibration this requires for the uncertainty U of the calibration to 

15 be small compared to a given maximum permissible error MPE. 

The maximum permissible error MPE defines the largest measurement error that will be allowed for 

the device. It is given as a maximum permissible error range [+MPE; -MPE], having a positive upper 

limit +MPE equal to the largest allowable positive measurement error E, and a negative lower limit - 

20 MPE equal to the largest allowable negative measurement error E. 

Since calibration is frequently used to ensure, that the measurement device complies to a certain 

measurement accuracy specified for it, the maximum permissible error MPE is quite often 

determined based on the measurement accuracy specified for the device. In case a measurement 

25 error E of the device exceeds the maximum permissible error MPE, the device is considered not to 

conform. As a consequence adjustment, repair or replacement of the measurement device is 

required. Adjustments can generally be performed based on the data obtained during the calibration 

procedure. They can include for example adjustments of offset, gain and/or span of the 

measurement indication. 

30 

The determination of the calibration uncertainty U of measurement errors E determined in 

calibrations is known in the art. Its is for example described in : ISO/CEI Guide 98-3, 'Uncertainty of 

measurement —Part 3: Guide to the expression of uncertainty in measurement (GUM:1995), 2008; 

JCGM 100 as well as in ISO/CEI Guide 98-3/S1, 'Uncertainty of measurement —Part 3: Guide to the 

35 expression of uncertainty in measurement (GUM:1995) — Propagation of distributions using a Monte 

Carlo Method, 2008; JCGM 101. For accredited calibrations according to ISO/CEI 17025 'General 

requirements for the competence of testing and calibration laboratories', uncertainty determination is 

compulsory. 
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The capability requirement is generally considered to be fulfilled, as long as the maximum 

permissible error MPE is at least a few times, e.g. three times, preferable five or more times, the 

size of the uncertainty U of the applied calibration. Thus the capability requirement renders an upper 

limit Umax  for the uncertainty U of calibration. 

5 

In case the first measurement error El exceeds a predetermined error range ER  including zero, the 

device is adjusted and/or repaired, and the method according to the invention is restarted from the 

beginning, by determining the first measurement error El of the device. Adjustments can be 

performed based on the data obtained during the calibration procedure. They can include for 

10 example adjustments of offset, gain and/or span of the measurement indication of the device. 

The error range ER  is preferably defined in accordance with the capability requirement mentioned 

above. In this case it is set to correspond to the upper limit Umax  for the uncertainty U of the 

calibration, which the uncertainty U of the first calibration must not exceed according to the 

15 capability requirement, in order for the calibration procedure to be capable of performing the 

calibration. 

Alternatively, the error range ER  can be based on the uncertainty +/-UE1  of the first calibration. This 

can for example be done by setting a lower limit of the error range ER  equal to the negative value of 

20 the uncertainty - UE1, and correspondingly setting an upper limit of the error range ER  equal to the 

positive value of the uncertainty + UE1. 

ER  := [ - UE1; + UE1] 

25 In case the maximal permissible error MPE is much larger, e.g. ten or more times larger, then the 

uncertainty +/-UE1, the upper and lower limit of the error range ER  can be set equal to a small 

multiple of the positive and negative value of the uncertainty +/-UE1. 

Alternatively, the upper and lower limit of the error range ER  can be set equal to a given percentage 

30 X% of the upper and the lower limit +MPE,-MPE of the maximum permissible error MPE: 

ER  := [X% (+MPE); X% (-MPE)] 

In this case, the percentage X% of the upper limit +MPE of the maximum permissible error MPE has 

35 to be larger or equal to the positive value of the uncertainty +UE1  and small compared to the upper 

limit +MPE, and the percentage X% of the lower limit -MPE of the maximum permissible error MPE 

has to be smaller or equal to the negative value of the uncertainty -UE1  and large compared to the 

lower limit -MPE of the maximum permissible error MPE. 
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In case the first measurement error El does not exceed the error range ER, the device is put back 

into operation for the duration of a first calibration time interval to. 

At the end of this first calibration time interval to, a second calibration of the device is performed at a 

5 second time T2 on a calibration site. The calibration time interval to  is preferably a standard 

calibration time interval recommended by the manufacturer of the device. The second calibration is 

performed in the same way as the first calibration and a second measurement error E2 of the device 

is determined with a second uncertainty +/-UE2  inherent to the second calibration. 

10 Both calibrations are performed according to a predefined operating procedure, during which the 

device measures at least one given value Q of the quantity to be measured and indicates a 

corresponding measurement indication. The given value Q of the quantity to be measured is 

provided by a corresponding reference or standard on the calibration site. Based on the given value 

Q and the corresponding measurement indication the measurement errors El , E2 of the device are 

15 determined, generally as differences between the measurement indications indicated by the device 

and the corresponding given values Q. 

In order to make the calibration results of the first and the second calibration comparable, the 

operating procedures used in the first and second calibration both foresee measurements of 

20 approximately the same given values Q to be measured. Apart from this, the two operating 

procedures do not necessarily have to be identical. It is for example possible to perform different 

numbers of repetitions of measurements of the given value Q in the two operating procedures. 

Applying different operating procedures will in most cases result in different uncertainties +/-UE1, +I- 

UE2 of the first and the second measurement error El, E2 inherent to the first and the second 

25 calibration respectively. 

The uncertainties +/-UE1, +/-UE2  inherent to the first and the second measurement error El , E2 are 

uncertainties due to the respective calibration process itself. They each comprise an uncertainty with 

which the given value Q of the quantity was provided, uncertainties due to the operating procedure 

30 applied, e.g. due to the number of repetitions of the measurement of the given quantity Q, as well as 

uncertainties due to variable parameters, like for example an ambient temperature, pertinent to the 

calibration process that affected the measurement indications of the device during the respective 

calibration. 

35 Determination of the respective uncertainty +/-UE1, +/- UE2, is preferably based on a probability 

density function PDFi(ecaii), PDF2(ecal2) for a determination of a measurement error ecali, ecal2  during 

the respective calibration procedure, which is solely due to the calibration uncertainty inherent to the 

calibration procedure itself. Determination of this type of probability density functions is also 

described in the standards cited above. 

40 
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Fig. 1 shows a diagram depicting a measurement error E of the device as a function of time t. In this 

diagram the first and the second measurement error E1, E2 are marked by crosses at the times T1, 

T2 at which they were determined. In addition the uncertainties +/-UE1, +/-UE2  inherent to the first 

and second measurement error E1, E2 are indicated by corresponding error bars in Fig. 1. 

5 

The second measurement error E2 is compared to the given maximum permissible error MPE. 

In case the second measurement error E2 exceeds the maximum permissible error MPE, the device 

is adjusted, repaired or replaced and the method according to the invention is restarted from the 

10 	beginning, starting with the performance of the first calibration. 

Provided that the first the measurement error El did not exceed the error range ER and the second 

measurement error E2 did not exceed the maximum permissible error MPE, it is then determined, 

whether there is a significant drift D between the first and the second measurement error E1, E2. In 

15 	a most simple case the drift D can be calculated as a slope of a straight line representing the 

measurement error E as a function of time t passing through both measurement errors E1, E2, given 

by difference between the first and the second measurement error E1, E2 in relation to the time 

difference between the second time T2 and the first time Tl. Here a drift D will be considered 

significant, in case the slope exceeds a predetermined threshold, e.g. a threshold of 3%. 

20 

More accurate results will be obtained however, if the drift D is determined numerically, taking into 

account the calibration uncertainties inherent to the respective calibration. 

This can be done by generating a statistically representative number of pairs of first and second 

25 	random measurement errors (El', E2'). Each random measurement error El', E2' is equal to a sum 

of the respective determined measurement error E1, E2 and a random additive el', e2' accounting 

for the measurement uncertainty of the respective calibration procedure. The random additives el', 

e2' are generated according to the probability distribution given by the respective probability density 

function PDF1(ecaii) PDF2(ecai2). 

30 

For each pair (El', E2') a slope m of a straight line representing a measurement error E'(t) as a 

function of time t passing through the first random measurement error El' at the first time T1 and 

through the second random measurement error E2' at the second time T2 is determined as: 

E2'—El' 
35 m = 

T2 — T1 

Based on all the numerically determined slopes m, and their frequencies of occurrence, a probability 

density function PDFM(m) for the slope m is derived, which is then used to determined, whether a 

significant drift D occurred. 
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More accurate results will be obtained however, if the drift D is determined numerically, taking into 

account the calibration uncertainties inherent to the respective calibration. 

This can be done by generating a statistically representative number of pairs of first and second 
25 random measurement errors (E1', E2'). Each random measurement error E1', E2' is equal to a sum 

of the respective determined measurement error E1, E2 and a random additive e-i', e2' accounting 
for the measurement uncertainty of the respective calibration procedure. The random additives e-i', 
e2' are generated according to the probability distribution given by the respective probability density 

function PDF^ecan) PDF2(eca|2). 
30 

For each pair (E1', E2') a slope m of a straight line representing a measurement error E'(t) as a 

function of time t passing through the first random measurement error E1' at the first time T1 and 

through the second random measurement error E2' at the second time T2 is determined as: 

ET-EY 35 m = 
T2-T1 

Based on all the numerically determined slopes m, and their frequencies of occurrence, a probability 

density function PDFM(m) for the slope m is derived, which is then used to determined, whether a 
significant drift D occurred. 
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In a first step, it is determined, whether the drift D is positive, negative or whether no drift D 

occurred. The drift D is considered positive, if an average in of all determined slopes m is larger 

than zero. It is considered negative, if the average in of all the determined slopes m is smaller than 

5 zero. In case the average in equals zero, it is determined that no drift D occurred. 

A positive drift D (in > 0) is considered significant, as long as an integral Ps+  of the probability 

function PDFM(m) of the slope m over all negative slopes -0O < m < 0 does not exceed a given 

significance level a, as described by the relation given below: 

10 

0 
Ps = SPDFm  (m)dm 	a 

Correspondingly, a negative drift D (ffi<o) is considered significant, as long as an integral Ps of 

the probability function PDFM(m) of the slope m over all positive slopes 0< m < +.0 does not exceed 

15 a given significance level a, as described by the relation given below: 

Ps-  = IPDFm  (m)dm 	a 
0 

This method has the advantage, that renders the statistical significance of the drift D, by fully taking 

20 into account the calibration uncertainties involved in determining the first and the second 

measurement error E1, E2. 

In case a significant positive or negative drift D was determined, because the respective integral 

Ps+, Ps-  over the probability function PDFM(m) of the slope m exceeded the given significance level 

a, e.g. a significance level of 5%, it is assumed, that the underlying problem of the measurement 

25 device, that caused the drift D over the calibration time interval to will cause a further increase of the 

measurement error E of the device at the same rate and in the same direction as during the first 

calibration time interval to when it is put back into operation after the second calibration. 

Thus based on the first and the second measurement error E1, E2, their uncertainties UE1, UE2 and 

30 the time difference T2- T1 = to  between the second and the first time, a probability density function 

PDFTs(ts) of a crossing time ts at which the measurement error E of the device will exceed the 

predefined maximum permissible error MPE can be determined. 

The probability density function PDFTs(ts) is preferably determined numerically by repeatedly 

35 generating a statistically representative number of pairs of random measurement errors (E1', E2') in 

the same way as described above. 
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For each pair (El', E2') a crossing time ts at which a straight line E'(t) representing the 

measurement error E as a function of time t passing through the first random measurement error 

El' at the first time T1 and through the second random measurement error E2' at the second time 

T2 will exceed the maximum permissible error MPE is determined. In case the first random 

5 measurement error El' is smaller than the second random measurement error E2', this will be the 

time at which the straight line E'(t) crosses the upper limit +MPE of the maximum permissible error 

range [-MPE; +MPE]. In case the first random measurement error El' is larger than the second 

random measurement error E2', this will be the time at which the straight line E'(t) crosses the lower 

limit +MPE of the maximum permissible error range [-MPE; +MPE]. 

10 

Based on this the probability density function PDFTs(ts) is then determined as a frequency 

distribution of the crossing times ts. 

Thus a confidence level y can be set according to the needs of the owner of the device, and a time 

15 Ts(y) at which the measurement error E of the device will exceed the maximum permissible error 

MPE can be predicted by the probability density function PDFTs(ts) with the given confidence level y 

by solving the following equation for Ts(y): 

Ts(7) 
f PDFTs (ts )dts  = y 

20 

The given confidence level y does not necessarily have to be the same as the significance level a 

applied to determine whether a significant drift D occurred. 

In case a significant drift D was determined, the next (third) calibration of the device will be 

25 performed at a third calibration time T3 which is earlier or equal to the time Ts(y) at which the 

measurement error E of the device will exceed the maximum permissible error MPE with the given 

significance level y. 

The resulting next calibration time interval t', given by the difference between the third calibration 

30 time T3 and the second calibration time T2, will be long if the significant drift D is small and short if 

the significant drift D is large. 

Depending on the size of the drift D, the resulting calibration time interval t' can thus be significantly 

longer or shorter than the previous calibration time interval to  or a standard calibration time interval 

35 recommended by the manufacturer of the device. 
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In case no significant drift D was determined and the first measurement error El did not exceed the 

error limit ER, the next calibration will be performed after a calibration time interval t', which is shorter 

or equal to a predetermined maximal calibration time interval tmax. 

5 t' 	tmax 

Thus in this case, the (third) calibration time T3 at which the device shall be calibrated again is 

smaller or equal to the sum of the second calibration time T2 and the maximal calibration time 

interval tmax. 

10 

T3 5 T2 + tmax 

As described above, the method renders an upper limit for the third calibration time T3, at which the 

device shall be calibrated again, after it has been put back into operation after the second 

15 calibration. 

In order to optimize time and costs involved in calibrations, this upper limit is preferably applied in all 

cases, where the resulting calibration time interval t' between the second and the third calibration is 

sufficiently long, to make it worth while to put the device back into operation. For shorter resulting 

calibration time intervals t', it is more efficient to adjust, repair or replace the device immediately 

20 after the second calibration, rather than to reinstall it at its measurement site for the short calibration 

time interval t'. 

Since statistically most device are found in full compliance during calibration, using this method will 

allow for an increase in calibration time intervals t' for these devices. On the other hand the method 

25 reduces calibration time intervals t' applied to less compliant devices to an extend which is 

appropriate with respect to the present measurement accuracy of the device in relation to the 

maximum permissible error MPE and its historic development. Thus the method contributes to an 

increased safety in operating these measurement devices. 

Obviously the method can be continued throughout the live time of the device, until the device 

30 requires adjustment, repair or replacement. Until then the next calibration time Ta  can be determined 

after each calibration as described above based on the measurement errors En_1  (determined during 

the last performed calibration performed at the time Tr,_1) and Er,_2  (determined during the calibration 

performed prior to the last calibration performed at the time Tr,_2) of the two previous calibrations and 

the uncertainties inherent to them. It is only after an adjustment, repair or replacement had to be 

35 performed, that the method needs to be restarted from the beginning starting with the determination 

of a first measurement error El with a first uncertainty UE1 of the adjusted or repaired device or of 

the device replacing the previous device. 

In the method described above a linear model is applied, to extrapolate the new calibration time T3 

40 based on measurement errors E1, E2 determined during only two previously performed calibrations. 
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This linear model is ideal for robust measurement devices for industrial use, having stable long term 

measurement properties. Measurement errors E of these devices are typically fairly constant over 

longer time scales. Their development over time is thus very well represented by the linear model. 

These devices usually have long life times, e.g. between ten and thirty years, and are re-calibrated 

5 after comparably long calibration time intervals, e.g. once a year. Such devices are for example flow 

meters, e.g. magnetic-inductive, coriolis or vortex flow meters for industrial use. 

On the other hand there are measurement devices, like for example pH-probes, on the marked, 

which exhibit more rapidly changing measurement errors E, e.g. due to ageing or wearing 

10 components. These device usually have shorter life times and require much more frequent re-

calibrations. Thus the development of their measurement errors E over time is better represented by 

a non-linear model. In most cases a general time dependency of the measurement errors E 

exhibiting this non-linear drift is known. If it is unknown, it can be easily determined by monitoring 

the measurement errors E of at least one of the devices of the respective type over time. Based on 

15 this, the type of non-linear model most suitable for describing the non-linear drift of the 

measurement error E of the type of device can be determined. The model can for example be a 

polynomial of a given order or an exponential function. According the model the measurement error 

E is expressed as a function f of time t and a vector of a given number p of unknown coefficients (al, 

..., 	ap). 

20 

E(t)= f (t; a 	a ) 15•••5 	p 

Thus the method according to the invention can in this case be based on the known or determined 

non-linear model most suitable for describing the time dependency of the measurement errors E(t) 

25 of these measurement devices. 

In analogy to the previously described linear method, a number of k calibrations larger or equal to 

the number p of coefficients is performed at consecutive calibration times T1, ..., Tk and the 

measurement errors El, ..., Ek determined in these calibrations and the corresponding calibration 

30 times T1, ..., Tk are recorded. Again all k measurement errors E1, ..., Ek are required not to exceed 

the maximum permissible error MPE and the first measurement error El is required not to exceed 

the above described predetermined error range ER including zero. In case the first measurement 

error El exceeds the error range ER or any of the measurement errors El,...,Ek exceeds the 

maximum permissible error MPE, the device needs to be adjusted, repaired or replaced, and the 

35 method to be re-started from the beginning. 

The applicability of a non-linear model already implies a significant drift of the measurement errors 

over time. Thus neither the drift, nor its significance have to be determined here. 
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This linear model is ideal for robust measurement devices for industrial use, having stable long term 

measurement properties. Measurement errors E of these devices are typically fairly constant over 

longer time scales. Their development over time is thus very well represented by the linear model. 

These devices usually have long life times, e.g. between ten and thirty years, and are re-calibrated 
5 after comparably long calibration time intervals, e.g. once a year. Such devices are for example flow 

meters, e.g. magnetic-inductive, coriolis or vortex flow meters for industrial use. 

On the other hand there are measurement devices, like for example pH-probes, on the marked, 

which exhibit more rapidly changing measurement errors E, e.g. due to ageing or wearing 

10 components. These device usually have shorter life times and require much more frequent re-

calibrations. Thus the development of their measurement errors E over time is better represented by 

a non-linear model. In most cases a general time dependency of the measurement errors E 
exhibiting this non-linear drift is known. If it is unknown, it can be easily determined by monitoring 

the measurement errors E of at least one of the devices of the respective type over time. Based on 
15 this, the type of non-linear model most suitable for describing the non-linear drift of the 

measurement error E of the type of device can be determined. The model can for example be a 
polynomial of a given order or an exponential function. According the model the measurement error 

E is expressed as a function f of time t and a vector of a given number p of unknown coefficients (a-i, 

..., ap). 
20 

E(t) = f(t-,ay,...,ap) 

Thus the method according to the invention can in this case be based on the known or determined 

non-linear model most suitable for describing the time dependency of the measurement errors E(t) 

25 of these measurement devices. 

In analogy to the previously described linear method, a number of k calibrations larger or equal to 
the number p of coefficients is performed at consecutive calibration times T1, ..., Tk and the 
measurement errors E1, ..., Ek determined in these calibrations and the corresponding calibration 

30 times T1, ..., Tk are recorded. Again all k measurement errors E1, ..., Ek are required not to exceed 

the maximum permissible error MPE and the first measurement error E1 is required not to exceed 

the above described predetermined error range ER including zero. In case the first measurement 

error E1 exceeds the error range ER or any of the measurement errors E1 ,...,Ek exceeds the 
maximum permissible error MPE, the device needs to be adjusted, repaired or replaced, and the 

35 method to be re-started from the beginning. 

The applicability of a non-linear model already implies a significant drift of the measurement errors 

over time. Thus neither the drift, nor its significance have to be determined here. 
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In analogy to the previously described method, a statistically representative number of k-tupels of 

measurement errors (El', ..., Ek') is randomly generated. Again, each measurement error El'..... 

Ek' is generated as a sum of the measurement errors E1, ..., Ek determined during the respective 

calibration and an additive el', ..., ek', accounting for the uncertainty of the respective calibration 

5 procedure. Like before, the additives el', ..., ek' are randomly generated according to a probability 

distribution given the probability density function PDFi(ecaii), ..., PDFp  (ecaik) for obtaining a 

measurement error ecaii, 	, ecaik  solely due to the uncertainty of the respective calibration procedure. 

By fitting each k-tupel of randomly generated measurement errors (E1', ..., Ek') to the non-linear 

10 model, a vector of coefficients (a1', ..., ap') is determined for each k-tupel. 

Based on the vector of coefficients (a1', ..., ap') determined for each k-tupel a crossing time ts is 

determined for each k-tupel, at which a measurement error E'(t) following the given model 

E(t)= f (t;a1 ,...,ar  ) based on the coefficients (al', ..., ap') obtained by the fit and passing through 

15 the random measurement errors El ', ..., Ek' at the respective calibrations times T1,...,Tk exceeds 

the maximum permissible error MPE. 

Again a probability density function PDFTs(ts) of a crossing time ts at which the measurement error 

E of the device will exceed the maximum permissible error MPE is derived based on the frequency 

20 distribution of the determined crossing times ts. 

Like in the previous embodiment a confidence level y is set according to the needs of the owner of 

the device, and a time Ts(y) at which the measurement error E of the device will exceed the 

maximum permissible error MPE can be predicted by the probability density function PDFTs(ts) with 

25 the given confidence level y by solving the following equation for Ts(y): 

Ts(7) 
f PDFTs (ts )dt s  = y 

Thus the next calibration of the device will be performed at a calibration time Tk+1, which is earlier 

30 or equal to the time Ts(y) at which the measurement error E of the device will exceed the maximum 

permissible error MPE with the given significance level y. 
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In analogy to the previously described method, a statistically representative number of k-tupels of 

measurement errors (E1Ek') is randomly generated. Again, each measurement error E1', ..., 

Ek' is generated as a sum of the measurement errors E1, ..., Ek determined during the respective 

calibration and an additive e1',..., ek', accounting for the uncertainty of the respective calibration 

5 procedure. Like before, the additives e1', ..., ek' are randomly generated according to a probability 

distribution given the probability density function PDF"i(ecan), •••, PDFp (ecaik) for obtaining a 
measurement error ecan,..., ecaik solely due to the uncertainty of the respective calibration procedure. 

By fitting each k-tupel of randomly generated measurement errors (E1', ..., Ek') to the non-linear 

10 model, a vector of coefficients (a-i',..., ap') is determined for each k-tupel. 

Based on the vector of coefficients (a-i',..., ap') determined for each k-tupel a crossing time ts is 
determined for each k-tupel, at which a measurement error E'(t) following the given model 

E(t) = f{t',al,...,ap} based on the coefficients (a-i',..., ap') obtained by the fit and passing through 

15 the random measurement errors E1', ..., Ek'at the respective calibrations times T1 ,...,Tk exceeds 
the maximum permissible error MPE. 

Again a probability density function PDFTS(ts) of a crossing time ts at which the measurement error 

E of the device will exceed the maximum permissible error MPE is derived based on the frequency 
20 distribution of the determined crossing times ts. 

Like in the previous embodiment a confidence level y is set according to the needs of the owner of 

the device, and a time Ts(y) at which the measurement error E of the device will exceed the 

maximum permissible error MPE can be predicted by the probability density function PDFTS(ts) with 

25 the given confidence level y by solving the following equation for Ts(y): 

Ts(r) 
j' PDFTS(ts)dts = y 

-co 

Thus the next calibration of the device will be performed at a calibration time Tk+1, which is earlier 

30 or equal to the time Ts(y) at which the measurement error E of the device will exceed the maximum 

permissible error MPE with the given significance level y. 
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Claims: 

1.  Method of determining a calibration time interval for a calibration of a measurement device for 

measuring a quantity to be measured, comprising the steps of: 

5 

10 

- performing a first calibration of the device at a first calibration time (T1), 

wherein a first measurement error (E1) of the device is determined, 

- adjusting, repairing or replacing the device and restarting the method from 

the beginning in case the first measurement error (El) exceeds a 

predetermined error range (ER) including zero, 

- performing a second calibration of the device at a second calibration time 

(T2), wherein a second measurement error (E2) of the device is 

determined, 

- adjusting, repairing or replacing the device and restarting the method from 

the beginning in case the second measurement error (E2) exceeds a 

15 predetermined maximum permissible error (MPE), 

- determining whether a significant drift (D) between the first and the second 

measurement error (E1, E2) occurred, and 

- in case a significant drift (D) occurred, determining the calibration time, at 

which a third calibration of the device shall be performed, as a 

20 third time (T3), which is earlier or equal to a time (Ts(y)) at which the 

measurement error (E) of the device will exceed the predetermined 

maximum permissible error (MPE) with a given confidence level (y) 

according to a probability density function (PDFTs(ts)) of a crossing time (ts) 

at which the measurement error (E) of the device will exceed the maximum 

25 permissible error (MPE), 

-- which probability density function (PDFTs(ts))  is determined based on the 

first and the second measurement error (E1, E2), a probability density 

function (PDFi(ecaii )) for determining a measurement error (ecaii ) in the first 

calibration solely due to a calibration uncertainty inherent to the first 

30 calibration, a probability density function (PDF2(ecai2)) for determining a 

measurement error (ecal2) in the second calibration solely due to a 

calibration uncertainty inherent to the second calibration, and the first and 

the second calibration time (T1, T2). 

35 2.  Method according to claim 1, wherein 

- the predetermined error range (ER) is set to correspond to an upper limit (Umax) for the 

uncertainty of the first calibration procedure, given by a capability requirement 

calibration procedure to be capable of performing the calibration, or 

for the first 

- the predetermined error range (ER) has a lower limit given by a negative 

40 	value of the uncertainty (-UE1) inherent to the first calibration and an upper 
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Claims: 

1. Method of determining a calibration time interval for a calibration of a measurement device for 

measuring a quantity to be measured, comprising the steps of: 

5 - performing a first calibration of the device at a first calibration time (T1), 

wherein a first measurement error (E1) of the device is determined, 

- adjusting, repairing or replacing the device and restarting the method from 

the beginning in case the first measurement error (E1) exceeds a 

predetermined error range (ER) including zero, 

10 - performing a second calibration of the device at a second calibration time 

(T2), wherein a second measurement error (E2) of the device is 

determined, 

- adjusting, repairing or replacing the device and restarting the method from 

the beginning in case the second measurement error (E2) exceeds a 

15 predetermined maximum permissible error (MPE), 

- determining whether a significant drift (D) between the first and the second 

measurement error (E1, E2) occurred, and 

- in case a significant drift (D) occurred, determining the calibration time, at 

which a third calibration of the device shall be performed, as a 

20 third time (T3), which is earlier or equal to a time (Ts(y)) at which the 

measurement error (E) of the device will exceed the predetermined 

maximum permissible error (MPE) with a given confidence level (y) 

according to a probability density function (PDFTs(ts)) of a crossing time (ts) 

at which the measurement error (E) of the device will exceed the maximum 

25 permissible error (MPE), 

- which probability density function (PDFTS(ts)) is determined based on the 

first and the second measurement error (E1, E2), a probability density 

function (PDF^ecaii)) for determining a measurement error (ecan) in the first 

calibration solely due to a calibration uncertainty inherent to the first 

30 calibration, a probability density function (PDF2(ecai2)) for determining a 

measurement error (ecai2) in the second calibration solely due to a 

calibration uncertainty inherent to the second calibration, and the first and 

the second calibration time (T1, T2). 

35 2. Method according to claim 1, wherein 

- the predetermined error range (ER) is set to correspond to an upper limit (Umax) for the 

uncertainty of the first calibration procedure, given by a capability requirement for the first 

calibration procedure to be capable of performing the calibration, or 

- the predetermined error range (ER) has a lower limit given by a negative 

40 value of the uncertainty (-UEi) inherent to the first calibration and an upper 
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limit given by a positive value of the uncertainty ( +UE1) inherent to the first 

calibration, or 

- the error range (ER) has an upper limit equal to a given percentage (X%) of 

an upper limit (+MPE) of the maximum permissible error (MPE) and a lower 

5 limit equal to a given percentage (X%) of a lower limit (-MPE) of the 

maximum permissible error (MPE), 

-- wherein the percentage of the upper limit of the maximum permissible 

error (X% (+MPE)) is larger or equal to the positive value of the uncertainty 

(+UE1) of the first calibration, and small compared to the upper limit (+MPE) 

10 of the maximum permissible error (MPE), and 

-- wherein the percentage of the lower limit of the maximum permissible error 

(X% (-MPE)) is smaller or equal to the negative value (-UE1) of 

the uncertainty of the first calibration, and large compared to the lower limit 

(-MPE) of the maximal permissible error (MPE). 

15 

3.  Method according to claim 1, wherein a statistically representative number of pairs 

measurement errors ((El', E2')) is generated, each comprising: 

of random 

- a first random measurement error (El '), which is equal to a sum of the 

first measurement error (E1) and a random additive (e1') generated 

20 according to a probability distribution given by a probability density function 

(PDFi(ecaii )) for determining a measurement error (ecaii ) during calibration, 

which is solely due to an uncertainty inherent to the first calibration 

procedure, and 

- a second random measurement error (E2'), which is equal to a sum of the 

25 second measurement error (E2) and a random additive (e2') generated 

according to a probability distribution given by a probability density function 

(PDF2(ecai2)) for determining a measurement error (eca12) during calibration, 

which is solely due to an uncertainty inherent to the second calibration 

procedure. 

30 

4.  Method according to claim 3, comprising the steps of: 

- for each pair (El', E2') determining a slope (m) of a straight line passing 

through the first random measurement error (E1') at the first time (T1) and 

through the second random measurement error (E2') at the second time 

35 (T2), 

- deriving a probability density function (PDFM(m)) of a slope (m) based on all 

determined slopes (m) and their frequencies of occurrence, 

- determining that a significant drift (D) between the first and the second 

measurement error (E1, E2) occurred with a given significance level (a), 

40 	-- in case an average (in ) of all determined slopes (m) is larger than zero 
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limit given by a positive value of the uncertainty ( +UEi) inherent to the first 

calibration, or 

- the error range (ER) has an upper limit equal to a given percentage (X%) of 

an upper limit (+MPE) of the maximum permissible error (MPE) and a lower 

5 limit equal to a given percentage (X%) of a lower limit (-MPE) of the 

maximum permissible error (MPE), 
- wherein the percentage of the upper limit of the maximum permissible 

error (X% (+MPE)) is larger or equal to the positive value of the uncertainty 

(+UEi) of the first calibration, and small compared to the upper limit (+MPE) 

10 of the maximum permissible error (MPE), and 

- wherein the percentage of the lower limit of the maximum permissible error 

(X% (-MPE)) is smaller or equal to the negative value (-UEI) of 
the uncertainty of the first calibration, and large compared to the lower limit 

(-MPE) of the maximal permissible error (MPE). 
15 

3. Method according to claim 1, wherein a statistically representative number of pairs of random 
measurement errors ((E1\ E2')) is generated, each comprising: 

- a first random measurement error (E1'), which is equal to a sum of the 

first measurement error (E1) and a random additive (e-i') generated 

20 according to a probability distribution given by a probability density function 

(PDF^ecan)) for determining a measurement error (ecan) during calibration, 

which is solely due to an uncertainty inherent to the first calibration 
procedure, and 

- a second random measurement error (E2'), which is equal to a sum of the 
25 second measurement error (E2) and a random additive (e2') generated 

according to a probability distribution given by a probability density function 
(PDF2(ecai2)) for determining a measurement error (ecai2) during calibration, 

which is solely due to an uncertainty inherent to the second calibration 

procedure. 

30 

4. Method according to claim 3, comprising the steps of: 

- for each pair (E1', E2') determining a slope (m) of a straight line passing 

through the first random measurement error (E1') at the first time (T1) and 

through the second random measurement error (E2') at the second time 

35 (T2), 

- deriving a probability density function (PDFM(m)) of a slope (m) based on all 

determined slopes (m) and their frequencies of occurrence, 

- determining that a significant drift (D) between the first and the second 
measurement error (E1, E2) occurred with a given significance level (a), 

40 - in case an average (m ) of all determined slopes (m) is larger than zero 
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and an integral (Ps+  ) of the probability function (PDFM(m)) of the slope (m) 

over all negative slopes (-00 < m < 0 ) is smaller than the significance level 

(a), and 

-- in case the average (in )of all determined slopes (m) is smaller than zero 

5 and an integral (Ps-) of the probability function (PDFM(m)) of the slope (m) 

over all positive slopes (0< m < +.0) is smaller than the significance level 

(a). 

5.  Method according to claim 3, comprising the steps of: 

10 - for each pair of random measurement errors (E1', E2') determining a 

crossing time (ts) at which a straight line (E'(t)) passing through the first 

random measurement error (El') at the first time (T1) and through the 

second random measurement error (E2') at the second time (T2) will 

exceed the maximum permissible error (MPE), and 

15 - determining the probability density function (PDFTs(ts)) of the crossing time 

(ts) at which the measurement error (E) of the device will exceed the 

maximum permissible error (MPE) as a frequency distribution of the 

crossing times (ts). 

20 6.  Method according to claim 1, wherein in case no significant drift (D) was determined the 

calibration time at which the third calibration shall be performed is smaller or equal to a sum of 

the second time (T2) and a predetermined maximal permissible calibration time interval (tmax). 

7.  Method of determining a calibration time interval for a calibration of a measurement device for 

25 measuring a quantity to be measured, based on a non-linear model comprising a given number 

(p) of coefficients (al, ..., ap) for a time dependency of a measurement error (E(t)) of the device 

comprising the steps of: 

- performing a number (k) of calibrations of the device larger or equal to the 

number (p) of coefficients at consecutive calibration times (T1, ..., Tk), 

30 -- during each of which a measurement error (E1, ..., Ek) of the device is 

determined, 

- adjusting, repairing or replacing the device and restarting the method from 

the beginning in case the first measurement error (El) exceeds a 

predetermined error range (ER) including zero, and in case any of the 

35 measurement errors (E1, .., Ek) exceeds a predetermined maximum 

permissible error (MPE), 

- determining the calibration time, at which a next calibration of the device shall be performed, as 

a next time (Tk+1), which is earlier or equal to a time (Ts(y)) at which the measurement error 

(E) of the device will exceed the predetermined maximum permissible error (MPE) with a given 

40 confidence level (y) according to a probability density function (PDFTs(ts)) of a crossing time (ts) 

WO 2013/083411 
18 

PCT/EP2012/073311 

and an integral (Ps+) of the probability function (PDFM(m)) of the slope (m) 

over all negative slopes (-°° < m < 0 ) is smaller than the significance level 

(a), and 

- in case the average (m )of all determined slopes (m) is smaller than zero 

5 and an integral (Ps") of the probability function (PDFM(m)) of the slope (m) 
over all positive slopes (0< m < +°°) is smaller than the significance level 

(a). 

5. Method according to claim 3, comprising the steps of: 

10 - for each pair of random measurement errors (E1E2') determining a 
crossing time (ts) at which a straight line (E'(t)) passing through the first 

random measurement error (E1') at the first time (T1) and through the 

second random measurement error (E2') at the second time (T2) will 

exceed the maximum permissible error (MPE), and 
15 - determining the probability density function (PDFTS(ts)) of the crossing time 

(ts) at which the measurement error (E) of the device will exceed the 

maximum permissible error (MPE) as a frequency distribution of the 

crossing times (ts). 

20 6. Method according to claim 1, wherein in case no significant drift (D) was determined the 
calibration time at which the third calibration shall be performed is smaller or equal to a sum of 

the second time (T2) and a predetermined maximal permissible calibration time interval (tmax). 

7. Method of determining a calibration time interval for a calibration of a measurement device for 
25 measuring a quantity to be measured, based on a non-linear model comprising a given number 

(p) of coefficients (a-i, ..., ap) for a time dependency of a measurement error (E(t)) of the device 

comprising the steps of: 

- performing a number (k) of calibrations of the device larger or equal to the 

number (p) of coefficients at consecutive calibration times (T1,..., Tk), 

30 - during each of which a measurement error (E1, ..., Ek) of the device is 
determined, 

- adjusting, repairing or replacing the device and restarting the method from 

the beginning in case the first measurement error (E1) exceeds a 

predetermined error range (ER) including zero, and in case any of the 
35 measurement errors (E1, Ek) exceeds a predetermined maximum 

permissible error (MPE), 
- determining the calibration time, at which a next calibration of the device shall be performed, as 

a next time (Tk+1), which is earlier or equal to a time (TS(Y)) at which the measurement error 

(E) of the device will exceed the predetermined maximum permissible error (MPE) with a given 

40 confidence level (y) according to a probability density function (PDFTs(ts)) of a crossing time (ts) 
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at which the measurement error (E) of the device will exceed the maximum permissible error 

(MPE), 

-- which probability function (PDFTs(ts)) is determined based on the 

measurement errors (E1, ..., Ek), the times (T1, ...,Tk) at which the 

5 calibrations were performed, and probability density functions (PDFi(ecari), 

..., PDFp(ecaik)) for determining measurement errors (ecari , ..., ecaik) 

during each of the calibrations solely due to the calibration uncertainty 

inherent to the respective calibration. 

10 8. Method according to claim 7, wherein 

- a statistically representative number of k-tupels of random measurement 

errors ((El', ..., Ek')) is generated, wherein 

-- each measurement error (E1', ..., Ek') is equal to a sum of the 

measurement error (E1, ..., Ek) determined during the corresponding 

15 calibration and a random additive (e1',..., ek') generated according to a 

probability distribution given by a probability density function 

(PDFi(ecari), ..., PDFp(ecaik)) for determining a measurement error (ecari , 

..., ecalk) during the respective calibration, which is solely due to an 

uncertainty inherent to the respective calibration procedure, and 

20 - for each k-tupel determining a vector of coefficients ((al', ..., ap')) by fitting 

the random measurement errors (E1', ..., Ek') of the k-tupel to the non-

linear model, 

- for each vector of coefficients ((a1', ..., ap')) determining a crossing time (ts) 

at which a measurement error (E'(t)) described by the model based on this 

25 vector of coefficients ((al', ..., ap')) and passing through the random 

measurement errors ((El', ..., Ek')) of the k-tupel at the corresponding 

calibration times (T1, ...,Tk) exceeds the maximum permissible error 

(MPE), and 

- determining the probability density function (PDFTs(ts)) of the crossing time 

30 (ts) at which the measurement error (E) of the device will exceed the 

maximum permissible error (MPE) as a frequency distribution of the 

crossing times (ts). 
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linear model, 
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at which a measurement error (E'(t)) described by the model based on this 

25 vector of coefficients ((a-i', ..., ap')) and passing through the random 

measurement errors ((E1', ..., Ek')) of the k-tupel at the corresponding 
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30 (ts) at which the measurement error (E) of the device will exceed the 

maximum permissible error (MPE) as a frequency distribution of the 

crossing times (ts). 


