
Introduction
Measurement accuracy is one of the most important properties of any measurement instrument. Unfortunately, reliable
accuracy information is difficult to obtain as the instrument manufacturers state the accuracy in different ways. The terms
accuracy, repeatability, reproducibility, resolution and sensitivity may be neither defined or correctly used.

This technical note clarifies different aspects of measurement performance of Vaisala's process refractometers making
comparisons to other instruments easier. The actual measurements presented here have been carried out with PR53
refractometer.

Terminology
This document uses the generally accepted terminology used in measurement technology. It should be noted that all of the
following terms are very often used to signify other meanings, as well.

Measurement uncertainty is a quantitative expression that describes the range of possible values around the true value of a
measurement. It is a general term that includes all sources of uncertainty in time and space that may affect the
measurement. These sources are related to the instrument, the measurement setup, and the conditions under which the
measurement is performed.

According to the International Vocabulary of Metrology (VIM, 3rd edition), measurement uncertainty is defined as a non-
negative parameter characterizing the dispersion of the quantity values being attributed to a measurand, based on the
information used.[VIM 2.20] In this definition, the fact that uncertainty is non-negative means it represents a range around the
measured value. Characterizing the dispersion refers to how spread out repeated measurement results are, and the
uncertainty quantifies this spread. The measurand is the specific quantity being measured, such as the refractive index. The
phrase "based on the information used" emphasizes that uncertainty depends on the measurement method, the
instruments involved, and the knowledge available about the process.
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Measurement accuracy is defined as the closeness of agreement between a measured quantity value and a true quantity
value of a measurand.[VIM2.13] The accuracy specification for a measurement instrument helps determining the uncertainty
of a measurement. A classic way to illustrate accuracy is with a dartboard, such as Figure 1 (page 2) and Figure 2
(page 2), where the center is considered as the true value. The true accuracy is often very difficult to determine, as the
true value is always subject to uncertainty. The accuracy is limited by systematic (offset) and random (noise) errors.

Figure 1 High accuracy – measurements hit close to
the true value

Figure 2 High repeatability but low accuracy -
repeated values are consistent but far from the true
value

Measurement repeatability refers to the variation between instrument readings when the same sample is measured
repeatedly within a short period of time under the same conditions. More formally, repeatability is defined as the
measurement precision under a set of repeatability conditions of measurement.[VIM2.21]

Measurement precision itself is defined as the closeness of agreement between indications or measured quantity values
obtained by replicate measurements on the same or similar objects under specified conditions.[VIM2.15]

Measurement reproducibility is the variation between readings when similar samples are measured multiple times with a
change in some of the reproducibility conditions, such as different instrument, operator, measurement time, place or
replacing sample. More formally measurement reproducibility is the measurement precision under reproducibility
conditions of measurement.[VIM2.25] In addition to these well-defined concepts, the concepts of resolution and sensitivity
are often used. Unfortunately, it is often difficult to find out how each instrument manufacturer has defined them. The
following descriptions give some possible meanings for these terms.
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Resolution is defined as the smallest change in a quantity being measured that produces a perceptible change in the
corresponding indication.[VIM4.14] This definition refers to the instrument’s ability to detect fine changes in the input signal,
and should not be confused with the resolution of a display device.

For example, a digital display showing values to three decimal places (e.g., 0.123) has a display resolution of ±0.001.
However, this is not necessarily indicative of the instrument’s true measurement resolution. Modern digital instruments
often have internal resolutions that far exceed their actual measurement accuracy or precision. Increasing the number of
displayed digits may give the impression of higher resolution, but it does not improve the instrument’s accuracy—it merely
reveals more of the inherent variation in readings.

In measurement technology, resolution is the smallest detectable change in the input signal that the instrument can reliably
distinguish. It is influenced by various factors such as electronic noise, signal drift, and the nature of the quantity being
measured. While this definition is conceptually important, resolution is often difficult to determine reliably in practice and is
therefore seldom used as a standalone performance metric.

Sensitivity is sometimes confused with resolution, but they describe fundamentally different characteristics of a measuring
system. While resolution refers to the smallest detectable change in input, sensitivity is defined as the quotient of the
change in the indication of a measuring system and the corresponding change in the value of the quantity being measured.
[VIM4.12]

In practical terms, sensitivity represents the rate of change of the output signal with respect to the input signal.
Mathematically, it is the derivative of the calibration or response curve at a given point. For systems with a linear response,
this derivative corresponds to the slope of the response curve, often referred to as the sensitivity coefficient.

High sensitivity means that even small changes in the measured quantity produce noticeable changes in the output signal.
However, sensitivity alone does not imply accuracy or precision, it simply describes how responsive the system is to
changes in input.

Systematic error
There are several non-random error sources in the refractometric concentration measurement (Figure 3 (page 4)). In
order to measure concentration refractometer has to measure two physical quantities; refractive index (nD) and
temperature (T). Based on the measured quantities, a chemical curve calculates the liquid concentration value. All three
factors contain error sources for the concentration measurement:

Systematic nD measurement errors may arise due to, for example, uncertainty in the instrument's calibration or thermal
effects or defects in the optical system. These errors, however, are reproducible in the sense that if the same instrument is
used in the same conditions with the same sample, it will give the same nD value.

Systematic temperature measurement errors are caused by three different factors. First, the temperature of the
temperature measurement element may differ from that of the liquid flowing past the prism. This depends on the flow
profile and other process-related factors. The error can be a few degrees Celsius and is usually the dominant source of error
in temperature measurements.

Second, the Pt1000 temperature elements in Vaisala's refractometers have small variation between different units. The
maximum error is ±0.15 °C. Third, the resistance measurement electronics and digital linearization have a combined error of
well less than ±0.1 °C. The temperature measurement is calibrated and adjusted at Vaisala factory to mitigate these errors.

Chemical curve mismatch produces deviation if the process liquid composition does not exactly match the liquid samples
used in the creation of the chemical curve. Moreover, measurements outside the chemical curve's concentration or
temperature compensated range may lead to measurement errors. Chemical curve mismatch errors, however, are
reproducible and can be corrected by using the field correction or creating a new chemical curve.

As a rough rule of thumb, a temperature measurement error of 1 °C offsets the concentration reading in the most common
liquids (brix, black liquor, etc.) by 0.1 % by weight. This number, however, depends heavily on the liquid.
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Figure 3 Systematic errors affecting the
refractometer concentration

Figure 4 Random error (noise) is present in the
refractometer nD and T measurement

Random error
In addition to systematic error (offset), there is always some random noise present in the measurement system. The total
error of a single measurement is a sum of the systematic and random errors (Figure 4 (page 4)). The different types of
noise in a refractometer are:

nD measurement noise originates from the optical noise in the CCD camera image. The magnitude of this noise depends on
the process medium (soft optical image produces more noise than a sharp one). In general, the noise is more pronounced
close to the lower nD limit of the instrument and smallest in the middle of the range. The actual magnitude of the noise
depends on the instrument and optics, but in general the standard deviation for a single measurement is below 0.00001 nD
in stable conditions. (See below for ways to improve this.) Temperature measurement noise comes mainly from the
measurement electronics. This noise is negligible compared to the other error sources.

The noise observed in the refractive index readings of Vaisala's refractometers is predominantly white noise, meaning it is
random and evenly distributed across frequencies. This type of noise can be effectively reduced through filtering
techniques.

For instance, applying a simple linear filter with a 4-second averaging window can reduce the noise level by approximately
50%. This demonstrates that the noise is not systematic or correlated, but rather stochastic in nature making it possible to
do temporal smoothing without distorting the underlying signal.

Process related errors
In practice, the most significant measurement errors are typically process-related rather than instrument-related. For
example, if the process flow velocity is very low or the instrument is not in proper contact with the liquid, the sample near
the prism may not be representative of the actual process medium. Since the instrument measures whatever is present at
the prism surface, the resulting measurement may be unreliable.

Another common issue is prism contamination, such as coating or scaling. When material accumulates on the prism
surface, the instrument begins to measure the refractive index (nD) of the deposited layer instead of the process medium.
This contamination often develops gradually and manifests as a drift in the measurement result. Typical drift caused by
prism coating can lead to errors of several percent in concentration.
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Flow conditions also play a critical role. Poorly mixed flows may result in a non-homogeneous sample at the prism surface,
while excessively high flow rates can cause turbulence or cavitation, both of which compromise measurement reliability.

It is important to note that process-related errors are often an order of magnitude greater than instrument-related errors,
making proper installation, flow control, and maintenance essential for accurate measurements.

Dynamic behavior and response time
The instrument performs two independent measurements: refractive index (nD) and temperature. These two
measurements exhibit different dynamic behaviors due to their distinct physical and processing characteristics.

The nD measurement is taken once per second. Because of internal processing and communication delays, the response
time to a step change in nD typically ranges from 200 to 1200 milliseconds. Since the measurement is updated at a fixed
rate and does not involve additional time-dependent filtering, it does not exhibit a meaningful time constant or half-time.
Therefore, it is not appropriate to define traditional dynamic response metrics such as time constant for the nD
measurement.

In contrast, the temperature measurement is sampled several times per second, but its response is governed by the thermal
time constant of the instrument. This time constant depends on the specific instrument model and the surrounding process
conditions. Typically, the half-time is approximately 6 seconds, which corresponds to a time constant of about 9 seconds. A
90% response to a step change is usually reached in around 20 seconds.

In most applications, the instrument responds faster than the process itself, and these dynamic characteristics do not
introduce significant measurement errors. However, in processes where rapid step changes occur, the differing response
times of the nD and temperature measurements may become noticeable and should be taken into account when
interpreting the results.

Figure 5 (page 6) illustrates a rare scenario where the concentration remains constant while the temperature changes in
discrete step of 10 °C. As shown, the indicated concentration briefly fluctuates due to inaccurate temperature input during
compensation, causing a temporary deviation.

Figure 6 (page 7) presents a more typical case where a 10 % change in concentration accompanies the temperature shift.
The slower response of the temperature measurement introduces a transient error of approximately 1 %, lasting only a few
seconds after the step change. However, this error represents only a small fraction of the overall change.

It is important to note that this phenomenon is only observable in certain interface detection applications. As a general rule
of thumb, if the temperature changes at a rate of less than a few degrees Celsius per minute, the effect is negligible.

Technical Note B213104EN-A

5



Figure 5 Step change in temperature no change in concentration
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Figure 6 Simultaneous step change in concentration and temperature

Filtering
The amount of noise in the measurement result can be reduced by using filtering (damping). This happens at the expense
of increasing the response time. In most processes, the process is very slow compared to the instrument, so that a
moderate amount of damping does not deteriorate the measurement accuracy.

In Vaisala's refractometers the filtering is applied to the output value (concentration in most cases). There are two different
filtering methods: exponential and linear. The exponential filtering is the most common damping method used in the
industry. Linear filtering is a moving average of the output signal, and it can only be practically made with digital signal
processing.
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Figure 7 Step change after filtering with 5-second
half-time exponential and a 10-second linear filter

Figure 7 (page 8) compares the responses of the two filtering methods. The exponential filter has an infinite response time,
meaning its output value never fully reaches the input. In contrast, the linear filter quickly reaches the input value. The
lengths of both filters are selected to provide approximately the same level of noise reduction.

With linear filtering, the filter length determines the averaging time. For example, if the filter length is 20 seconds, it will
take 20 seconds for the output to fully respond to a step change in the input.

With exponential filtering, the filter time represents the half-time of a step change. For instance, a 10-second exponential
filter will take 10 seconds for the output to reach 50% of the input step change.

However, exponential filtering produces a smoother output, which is especially beneficial for the derivative term in PID
controllers.

Increasing the filter length decreases the random noise. However, the systematic error sources usually set their limits so
that after a certain point increasing the filter length will not remove any noise. There are no hard limits, but in most cases
filters longer than 30 seconds are not very useful.

Repeatability test results
In order to determine the short term stability of Polaris PR53AC instrument a series of tests were run.

One of the tests ran a sugar solution of about 10 Brix in a constant temperature for several hours. The RI data of this test is
described in Figure 8 (page 9). For the unfiltered data the standard deviation of the measured RI values is 8.5× 10⁻⁶
corresponding to about 0.0055 Brix. Often the repeatability of an instrument is defined by the “two-sigma” value which in
this case is 1.7× 10⁻⁵ (corresponding to 0.011 Brix).

If a fast response time is not required, filtering improves the noise level as shown in figure 8 orange curve where 10-second
linear filter is applied to the data. The standard deviation of the filtered signal is in this case about 3.02× 10⁻⁶ (about 0.002
brix). When the filtering time is increased further to 30 seconds (blue curve) the noise level goes down to 1.93× 10⁻⁶ (about
0.0013 Brix).
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Figure 8 RI of sugar solution with filters and no filtering
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Figure 9 The effect of step change in temperature

Figure 9 (page 10) illustrates a step change of 0.1°C in temperature. The corresponding change in refractive index is shown
in the lower panel. As the temperature increases, the refractive index decreases. The measurement was performed with
water at approximately room temperature. The observed change in refractive index is a decrease of about 1.06 × 10⁻⁵, which
is clearly visible in the data. Additionally, the data demonstrates that a longer filtering time results in a slower response,
making the effect of the filter’s response time evident.

Conclusions
The PR53 refractometers have an accuracy specification of ±0.00014 nD, but in favorable conditions, their actual
measurement performance is often even better. Measurement bias can be minimized by applying field corrections or
creating a new chemical curve, while noise can be reduced through filtering. In practice, the repeatability of the
refractometer can be more than ten times better than its stated accuracy. This is particularly important in process control,
where reliably tracking trends and changes is often more valuable than knowing the exact chemical concentration.

It’s important to note that many sources of measurement uncertainty come from external factors, not the refractometer
itself. To achieve the best possible measurement performance, the following conditions should be maintained:

• Stable process temperature (or only slow changes within a narrow range)
• Narrow concentration range
• Homogeneous and clear process liquid
• Adequate flow to ensure the prism stays clean
• Slow changes in nD, allowing for effective filtering

When these conditions are met, the refractometer’s performance will likely exceed its specified accuracy. Most
measurement uncertainty issues are due to process conditions rather than the refractometer’s inherent accuracy or
repeatability.
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