Display, recording and
presentation of
measurement data

The carlicr chaplers in this book have been esseatially concemed with descnbing
ways of producing high-guality. cmror-free data at the output of a measurement system.
Having got the data, the next consideration 15 how to present it in a form where it can
be readily used and analysed. This chapter therefore starts by covening the technigues
available to cither display measurement data for current use or record it for future
use. Following this, standards of good practice for presenting data in cither graphical
or twbular form are covered. using cither paper or a computer monitor screen as the
display medium. This leads on to a discussion of mathematical regression technigues
for fitting the best lines through datz points on a graph. Confidence tests 1o assess the
correctness of the line fitted are also described. Finally, comrelation tests are described
that determine the degree of association between two sets of data when they are both
sebject to random fluctuations.
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Mecasurement signals in the form of a varving electrical voltage can be displayed
cither by an oscilloscope or clse by any of the electrical meters descnbed carlier in
Chapter 6. However, if signals are converted to digital form, other display options apart

from meters become possible, such as electronic output displays or using a computer
monitor.

11.1.1 Electronic output displays

Electronic displays enable a parameter value to be read immediately. thus allowing for
any necessary response to be made immediately. The main requirement for displays
is that they should be clear and unambiguous. Two common types of character format
used in displays. seven-scgment and 7 x 5 dot matnx, are shown in Figure 11.1. Both
types of display have the advantage of being able to display alphabetic as well as
numeric information. although the seven-segment formal can only display a limited
nine-letter subset of the full 26-letter alphabet. This allows added meaning to be given
o the number displayed by including a word or letter code. It also allows a single
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Fig. 11.1 Character formats used in efectronic displays: (3) seven-segmernt; () 7 x 5 dot matrix.

display unit to send information about several parameter values, cycling through cach
in tum and including alphabetic information to indicate the nature of the variable
currently displayed.

Electronic output units usually consist of a number of side-by-side cells, where each
cell displays one character. Generally. these accept cither serial or parallel digital input
signals. and the input format can be cither binary-coded decimal (BCD) or ASCIL
Technologies used for the individoal clements in the display are cither light-cmitting
diodes (LEDs) or liquid-crystal elements.

11.1.2 Computer monitor displays

Now that compuless are part of the fumiture in most homes, the ability of computers
to display information is widely understood and appreciated. Computers are now both
cheap and highly reliable, and they provide an excellent mechanism for both displaying
and storing information. As wcll as alphanumeric displays of industnal plant van-
able and status data, for which the plant operator can vary the size of font used to
display the information at will, it is also relatively casy to display other informa-
tion such as plant layout diagrams, process flow layouts etc. This allows not oaly
the valuc of parameters that go outside control limits to be displayed, but also their
location on 2 schematic map of the plant. Graphical displays of the behaviour of a
measured variabie are also possible. However, this poses a difficulty when there is a
requirement to display the variable’s behaviour over a long penod of time since the
length of the time axis is constrained by the size of the monitor’s screen, To over-
come this, the display resolution has to decrease as the time period of the display
INCIeascs.

Touch screens are the very latest development in computer displays. Apart from
having the ability to display the same son of information as a conventional computer
monitor. they also provide a command-input facility in which the operator simply
has to touch the screen at points where images of keys or boxes are displayed. A
full ‘gwerty” keyboard is often provided as pan of the display. The sensing elements
behind the screen are prodected by the glass and continue to function even if the glass
gets scratched. Touch screens are usually totally sealed, and thus provide intrinsically
safe operation in hazardous ecavironments.




02 Display, recording and presentation of measurement data

Many technigues now exist for rocording measurement data in a form that permits
subsequent analysis, particulady for looking at the historical behavioor of measured
parameters in fault diagnosis procedures. The earliest recording instruments used were
various forms of mechanical chant recorder. Whilst many of these remain in use, most
modem forms of chant recorder exist in hybrid forms in which microprocessors are
incorporated to improve performance. The sections below discuss these, aloag with
other methods of recording signals including digital recorders. magnetic tape recorders,
digital {storage) oscilloscopes and hard-copy devices such as dot-matrix, inkjet and
laser printers.

11.2.1 Mechanical chart recorders

Mechanical chan recorders are a long-established means of making permanent records
of electrical signals in a simple, cheap and reliable way, even though they have
poor dynamic characteristics which means that they are unable to record signals at
frequencies greater than about 30 Hz. They have particular advantages in providing
a non-corruptible record that has the merit of instant ‘viewability', thereby satisfying
regulations in many industries that require variables to be moaitored and recorded
continuously with hard-copy cutput. 1SO 9000 guality assurance procedures and 1SO
14000 cnvironmental protection systems set similar requirements. and special regu-
lations in the defence industry go e¢ven further by requinng hard-copy output to be
kept for ten years. Hence, whilst many people have been predicting the demise of
chart recorders. the reality of the situation is that they are likely to be needed in many
industrics for many years to come. This comment applies particularly to the more
modem, hybnid form of chart recorder, which contains @ microprocessor to improve
performance. Mechanical chan recorders are either of the galvanometric type or poten-
tometric type. Both of these work on the same principle of driving chart paper at &
constant speed past a pen whose deflection is a function of the magnitude of the
measured signal. This produces a time history of the measured signal.

Galvanometric recorders

These work on the same principle as a moving-coil meter except that the pointer
draws an ink trace on paper. gs illustrated in Figure 11.2, instead of mercly moving
against a scale. The measured signal is applied to the coil, and the angular deflection
of this and its attached pointer is proportionil to the magnitude of the signal applied.
Inspection of Figure 11.3(a) shows that the displacement y of the pen across the chart
recorder is given by y = R sin®. This sine relutionship between the input signal and the
displacement y is non-fincar, and results in an error of 0.7% for deflections of 107,
A more serious problem arising from the pea moving in an arc s that it is difficult
to relate the magnitude of deflection with the time axis. One way of overcoming this
is to print 2 grid on the chart paper in the form of circular arcs. as iflustrated in
Figure 11.3(b). Unfortunately. measurement ermors often occur in reading this type of
chart, as interpolation for points drawn between the curved grid lines is difficult. An
alternative solution is to use heat-sensitive chan paper directed over a knife-edge. and
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1o replace the pen by a heated stylus, as illustrated in Figure 11.4. The inpat- output
relationship is still pon-lineas, with the deflection y being proportional to tan 4 as shown
in Figure 11.5(2), and the reading error for excursions of =107 is still 0.7%. However,
the rectilinearly scaled chant paper mow required, us shown in Figare 11.5(b). allows

much easier interpolation between grid lines.



Potentiometric recorders

Potentiometnic recorders have mach better specifications than galvanometric recorders,
with a typical insccuracy of £0. 1% of full scale und messurement resolution of 0.2%
f.s. being achievable. Such instruments employ a servo system, as shown in Figure 1 1.8,
in which the pen is driven by 3 servomotor. sod 3 poteatiometer on the pen feads:
back 1 signal proportional to pen position. This position signal is compared with the
measured signal. and the difference s applied as an error signal that drves the motor.
However. 2 consequence of this electromechanical balzncing mechanism is to give
the instrument a slow response time in the range (02-2.0 seconds. This means that
poteatiometne recorders are only suitable for measuring dc. and slowly time-varymng
signals. In sddition, this type of recorder is susceptible to commutator problems when
a standard d.c. motor is used in the servo system. However, the use of brushless servo
motors in many recent models overcomes this problem. Newer models also often use
2 noa-contacting ultrasonic seasor 1o provide feedback oa pen positton in place of a



Measurement and Instrumentation Principles 21

Mu_-.lﬁ Sorvormone Peny
sgnel oo th position
e '
~
sgnal
Potartomalar

Fg. 11.8 Servo system of potentometric thart recorder,

poteatiometer. Another recent trend is 1o inclode a microprocessor controller (this is
discussed under hybad chart recorders).

Circular chart recorders

Before leaving the subject of standand mechanical chant recorders, meation mast also
be made of circular chant recorders. These consist of 2 rolating circular paper chart. as
shown in Figure 11.9, which typecally tums throagh one full revolution i 24 boars,
allowing charts to be removed once per day and stored. The pea in such mstraments
1s often driven pneumatically to record 200 1000 mbar (3-15 pst) poenmatc process
signals, although versions with electrically driven pens also exist. This type of chant
recorder was one of the earliest recording instruments 0 be used and. whilst they
have now largely been superseded by other types of recorder, new ones continue to be
bought for some applications. Apart from single channel versions, models recording
up to six chaanels, with traces i six differeat coloars. can be obtained.

Fg. 11.9 Groular dhart recorder.



11.2.2 Ultra-violet recorders

The earfier discassion about galvanometnic recorders concluded that restrchons on
how far the system moment of mertia and spring constants can be reduced limited
the maximum bandwidth to about 100 Hz. Ultra-violet recorders work on very simifar
principles to standard galvanometric chant recorders, but achieve a very significant
reduction in system inertia and spring coastants by mounting 4 narow mimor rather
than a pen system on the moving coil. This mirror reflects a beam of ultra-violet light
onto ultra-violet sensitive paper. It is usual to find several of these mirror-galvanometer
svstems mounted in parflel within oo instrament to provade a multi-channe! recording
capahility, as illustrated in Figure 11.10. This arrangement enables signals at frequen-
cies ap 0 13 kHz to be recorded with a typical inaccuracy of +2% fs. Whilst it
is possible to obtain satisfactory permanent signal recordings by this method, special
precautions are necessary to protect the ultra-violet-sensitive paper from light before
use and to spray 2 fiving lacquer on it after recording. Such instruments must also
be handled with extreme care, because the mirror galvanometers and their delicate

chart papar fight sourca

Fig. 1010 Ultra-vidlet recordes.
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mounting systems are 2asily damaged by relatively small shocks. In addition, ultrs-
vindel recorders are significanty more expensive than standard chan recorders.

11.2.3 Fibre-optic recorders (recording oscilloscopes)

The fibre optic recorder uses a fibre-optic system o direct light onto fight-sensitive
paper. Fibre-optic recorders are similar to oscilloscopes in construction, insofar us
they have an electron gan and focusing system that directs a stream of electrons oato
one poit on a fluorescent screen, and for this reason they are alternatively known as
recording oscilloscopes. The screen is usually 2 long thin one instead of the square type
found m an oscilloscope and oaly one set of deflection plates is provided The signal
to be recorded 5 apphiad to the deflection plates and the movement of the focused spot
of electrons on the screen is proportional to the signal amplitude. A namrow strip of
fitve optics in contact with the fluorescent screen transmits the motion of the spot 1o
photosensitive paper held in close proximity to the other end of the fibre-optic strp.
By driving the photosensitive paper at a constant spaed past the fibre-optic stnp, a tame
history of the measured signal is obtained. Such recorders are much more expensive
than ultra-violet recorderss but have an even higher bandwidth up to | Mz

Whilst the construction above is the more cominon i fibre-optic recorders. a second
type also exists thal uses 4 conventional square screen instead of a long thin one. This
has 2 square faceplate sttached 1o the screen housing a square amay of fbre-optics.
The other side of the fibre-optic system is in contact with chart paper. The effect of
this is to provide a hard copy of the typical form of display obtainable on a cathode
ray oscillascope.

11.2.4 Hybrid chart recorders

Hybnd chart recorders represeat the Intest generation of chart recorder and basically
consist of 3 potentiometric chan recocder with an added microprocessor. The micro-
processor provides for selectson of range and chart speed, and also allows specification
of alarm modes and levels to detect when measured vanables go outside acceptabla
limits. Additional information can also be printed ca chasts, such as names, times and
dates of vanables recorded. Microprocessor-based, hybrid versioas of circular chan
recorders also mow exist

11.2.5 Magnetic tape recorders

Muagoetic tape recorders can record analogue signals up o 80kHz in frequency. As
the speed of the tape transport can be switched between several values. sipnals can be
recorded at high speed and replayed at 2 lower speed. Such time scafing of the recorded
information allows a hard copy of the signal behaviour to be obtained from mstruments
such as ultra-violet and galvanometric recorders whose bandwidth is insufficient to
allow direct signal recording. A 200 Hz signal cannot be recorded directly on 2 chant
recorder, bat if it is recorded on 4 magnetic tape recarder running at high speed and
then replayed at a speed ten times lower. #s frequency will be time scaled to 20Hz




which can be recorded on a2 chast recorder. Instrumentation tape recorders typscally have
between four and ten chaanels, allowmg many signals 10 be recorded simaltaneously.

The two basic types of analogue tape recording technijue are direct recording and
fraquency-modulated recording. Direct recording offers the best data bandwidth but
the accarxcy of signal amplitude recording is guste poor, and this semouasly [imits the
usefulness of this technsgue in most applications, The frequency-modulated tachnigue
offers better amplitude-recording accuracy, with a typical inaccuracy of =5% at signal
frequencies of 80 kHz. In consequence. this techaique is very much more commoa than
direct recording.

11.2.6 Digital recorders

For some time, the caly technague available for recording signals at frequencies higher
than 30 kHz has been to use 2 digital processor. As the signals to be recorded are usually
in analogue form, a prerequisile for this is an analogee-to-digital (A-D) coaverter board
to sample the analogoe signals and convert them to digital form. The relevant aspects
of compater hardware necessary 10 achieve this were covered m Chapter 9. Correct
choice of the sampling interval is always necessary (0 ensure that an sccurate dipital
record of the signal is obtained and problems of aliasing elc. are not eacountered, as
explained in Chapter 5. Some prioe analogue signal conditioning may also be required
in some circumstances, again as mentioned in Chapeer 5.

Until a few vears ago, the process of recording data digitally was carmed out by stan-
dard compater equipment equippad with the necessary analogue interface boards etc.,
and the process was known as duta-lopging. More recently, parpose-designed digital
recorders have become available fo:tuspmpom’nwsemnsnllvaum-dmmel and
are available from many sappliers. Typecally, a 10-bit A-D converter is usad, which
gives a O.1% measurement resolution. Allernatively, o 12-bit converter gives 0.025%
resolution. Specifications typecally quoted for dlgml recorders are frequency response
of 25kHz, maximum sampling frequency of 200 MHz and data storage up to 4000
data points per channel

When there is a requirement to view recorded data, for instance to ook at the
behaviour of parsmeters in a productioa process immediately before a faalt has occurred
in the process, it is usually necessary 10 use the digital reconder in conjuaction with
a chart recorder*, applymng speed scaling as appropriate to allow for the difference 1n
frequency-response capability between a digital recorder and a chant recoeder. However,
in these circumstances, it is only necessary to use the chant recorder o display the
process parameters for the time period of interest. This saves a large amount of paper
compared with the alternative of running the chan recorder continuously if a digatal
recorder 5 not used as the main data-capture mechansm

As an altecnative fo chant recorders whea hard-copy recosds are required. aumencal
data can be readily outpat from digital recorders onto alphanumeric digital printers
in the form of dot-matrix, mkjet or laser panting devices. However, when there are
treads in data, the graphical display of the time history of a vanable provided by a
chart recorder shows up the trends much more readily.
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The two formats available for presenting data on paper are tabulas and graphical ones
and the relative ments of these are compared below. In some circemstances, it is clearly
best o use only cee or other of these two alternatives alone. However, in many data
collection exercises, pant of the measarements and calculaticas are expressed in tabular
foem and part graphically. so making best use of the ments of each technique. Very
similar arguments apply to the relative ments of graphical and tabular presentations of
2 compater screen is usad for the presentation instead of paper.

11.3.1 Tabular data presentation

A tbalar presentation allows data valves to be recorded in a precise way that exactly
maintains the accuracy © which the data values were measured. Io other words, the
data values are writlen down exactly as measured. Besides recording the maw data
values as measured, tables often also contain further values calculated from the mw
data. An example of a tabular data preseatation is given in Table 11.1. This records
the results of an experiment to determine the strain induced in 2 bar of matenial that is
subjected to a range of stresses. Data were obtaised by applying a sequeace of forces
1o the end of the bar and using an exteasometer (0 measure the change in leagth.
Values of the stress and strain i the bar are calculsted from these measarements and
are also inchuded @ the table. The final row, which is of crucial importance in any
tabular presentation, is the estmate of possible error in each calculsted result.

A tble of measurements and calculations should conform to several rules as illus-
trated in Table 11.1:

(i) The table should have a title that explains what data are being presented within
the tahle.

Tuble 111 Sampie tabular peesentation of dats

Tadie of meavered appied foroes aad ctleosometar readings sod cakulations

of sress and snin
Toroe Exlemacumeter
applicd  reasag Stoess
(KN) (divisions) (N/m™) Stoan
o o o 0
2 40 155 19810
4 58 310 2Ex 107
3 4 s IKbx10"
3 90 620 444x 10
0 106 775 S24x107°
12 122 930  &2x107?
14 127 RS 676x 107
FssdNe oo in 402 £02 +15 +10x 0

meamurements (%)
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(1) Each colamn of figures in the wble should refer to the measurements or calcula-
tions associated with one gquantity oaly.

(i) Each column of figures should be headed by a title that identifies the data values
contzinad in the column.

(iv) The umits i which quantities in each column are measured should be stated at
the wp of the column.

(v) All beadings and colamns should be separated by bold horizontal (and sometimes
vertical) lines.

(vi) The errors associated with each data value quoded in the table should be given
The form shown in Table 11.1 is a saitable way to do this when the error Jevel
is the same for all data values in u particular column. However, if error levels
vary, then it & preferable to write the error boundanes alongside each eatry in
the tzble.

11.3.2 Graphical presentation of data

Presentation of data in graphical form iavolves some compromise in the accuracy o
which the data are recorded, as the exact valees of measurements are lost. However,
graphical presentation has important advantages over tabolar presentation.

(1) Graphs provide a pictonal representation of results that is more readily compre-
hended than 2 set of tzbular results.

(i) Graphs are particuladdy useful for expressing the quantitative sigaificance of
results and showing whether a lmear relationship exists between two vanables.
Figare 11.12 shows 2 graph drawn from the stress and stmin values given in
the Table 11.1. Coastruction of the graph involves first of all marking the points
corresponding to the stress and strain valees. The next step is to draw some lines
through these data points that best represents the relatioaship between the two
vaniables. This line will normally be either a straight one or 2 smooth carve. The
data points will not usually lie exactly on this line but instead will fie on ether
side of it The mapnitude of the excursions of the data points from the line drawn
slu:pndmnnmnmalmmmmemsnwcmm

o

(i) Graphs can sometimes show up a data point that is clearly outside the strsight fine
or curve that seems 1o fit the rest of the data poents. Such a data poent is probably
due either to a human mistake in reading 20 instrument or else o a momentary
malfunction in the measuring instrument dself. If the graph shows such a data
point where a human mistake or instrument malfunction is suspectad, the proper
course of action is o repeat that particalar measarement and then discand the
original data point if the mistake or malfunction is confirmed.

Like tables, the proper representation of data in graphical form has to coaform to

certain rubes:

(i) The gruph should have a title or caption that explains what data are bemng presented
in the graph.

(ii) Both axes of the graph should be labelled 1o express clearly what variable is asso-
ciated with each axis and to define the units tn whech the variables are expressed.
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Ag. 11.12 Sample graphical presentation of data: graph of stress aganst stram,

(iti) The pumber of points marked along each axis shoald be kept reasonably
small - about five divisions is often a suitable number.

(iv) No atempt should be made to dmw (he graph outside the boundanes
commesponding to the maximuom and minimem data values measured, ie. in

Figare 11,12, the graph stops at a pomnt corresponding to the highest measured
stress valoe of 1085,



