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Evolution of Measurement

Body-based
(cubit, foot) Metric system S| established
ancient 1795 1960
@ O L ® ® o>
Local artifacts
per city Metre Convention Quantum S|
medieval 1875 2019

Yoas o(1960) A 2Lhiills «(1875) siall Lliils ¢(1795) 5 siall alhill A cdalaall anf pall (A el uldl] Gyl b3 2 7~ S
(2019) 550 ol s <5

Al A el ime le (3l (g0 Aol b 8] Sa Y 5 Y ol Ly Gl a5 s cieliall 55 4 e

Al il S1(1960) clan sl (sl ol o5 elaids U sa Ul o] 1 (1875) Lial) 48 o (1795) s el

Jar (L0 Y A etlidly ol e sl e ) dmglall gl s Fpudl ) a1 S iy pat ael 2019 ple W50

AR Gane Aadad Y S G 3 U gild Gl gl pa el Slea il AL Gl aluay)

04 yal) abual) e Lidas 13l

Gloadl aah — ik ol asa ol OF ASE el 8 dpase Dl shaly Wi e S O 2019 s
iy sas gl Gy pas 103 S sl ST AL daded e diles il LIS AN as 5 o (o 258l e il je 5 Saally
DR 13 adEe it gl 8 sl Bale Y AL 5 (IS Y g a8 Y iy e el (ABSH el ) iy Y ek

oriae (A bl s el dluls ye jaay Al

17 — Akl s ol 5l



Uadl) g 4341 Saga (ulill) 13lal 1 CuIEY Juadl)

Uleal y oy Yo — Gl p Talal) Gl elialin Gy premaall bl ady s i ciimia 05K cpm 5edai Y (ull) yan
Lg_)lc@.\AX\J\)ﬂ\enc.qu)ﬁiw@@&ﬁ‘)}ﬂdawd‘)%g‘)ﬂdgusu@:ﬁﬂ\G\}Ji

uliall aa adiay A sUadd) (usady Ciis

ot ¢ SA Y aal g6l (il %05 aa el o)) LS dilhall deilly S a) Slage san 8 jprea s Uad

Bl s 13a eUad¥) aSI 5 (el o i (eld) Judass Ll (Y 5 st (358 Gk YL Ll 8 %0.5])
.z sansal) iU U yraa el ol ) Al € LS s gm pall Uiy By oy

A fixed % error grows in absolﬁ%ﬁf’gﬁmﬁ“ﬁmﬂ“&ale

5 —8— 0.1% error
10° 7 —e~ 0.5% error
== 2% error
.g ]_01.
c
=]
5 10°;
E
[}
3
5 1071 4
[=]
w
2
1072 4
10—3 i

10° 10! 107 103 104
Quantity measured (units)

Afda gawd ag ) 1oabll) iy G
3&;_94?3_)]\ h\)wjduﬁﬁﬂd;‘wwhy‘ TS M\J;}‘_g}\ w@ﬂ\@&;)&h&\@u&d\ﬁg@@)m\
A0 Gl e sladl s

AbIA (bl Cilan g aladia) ie iaay 1ile

ol A all Lpaa pa1 GBS 5005 (053 5 e e 353 ) Ll Ay 5 e 1 sl O ol Do o(Wltayl) i) Vo 0 e
R gud — Jaai o G G sl @) ol e )l aie CES e 3508 sl juae 8 4 jill 4l <l gl (S5
Al Uaad 5 gy (o phall sl bl (e of b

&) I3l ae 38y Jalaiy o QU Y Al ) Coatia & Lo g 2y o QIS 3 il CalS (e &0ls) 1983 55k o
AU 3 ey laly il Baall uead o 33U (e S 8 AaS CaliAd 0 58 ) Gl 8 Bl & yiall culas )

Clan gl HAT 5y (i) Aiall sl 38 s Bioh oY ASall 8 1(1999 (Luli) AL Gasall Jlae
Y sal Bl s g Tad | jlesall Ga i) 5 bl s oli o3 8- ) 4y ) shal yaal)

dadly — Ju bisudl) (e 4a 0.5 Ju ol 2 0.5 gkcf O (3 (e 330 Ao ja i ye A 1(1999) Al 53 e pa o
b (5393 IS (L) Slas gl 2ae g (a) j& ) Ban gl (Ll Jadid Bl je 0,065 g Jalad

18 — Ankail s ol 5ial



O 4y Lo Jasally 138 5 Bhala aa el gl sas gl S — 55 5 jually Blala aaall (K5 o s JS b sl 5 o jiial) )
JDae a8 Y e (Y g Bas 55 Aady Gl



dgallal) LAY Cilaiie 1yl M) Juadl)

a5 Atk 5 Aty Lot shas ¢l (35555 o Anshaiall s alle wilhih o 5L ¢S S A Taals 130 id) (5% S0
it ) Al gie jaai

The Global Measurement System

BIPM OIML
Scientific metrology Legal metrology
(Metre Convention, SI) (trade, regulation)

National Metrology Institutes (NMis)
+ regional bodies (EURAMET, GULFMET, APMP)

l

{ Accredited labs - ind y - daily ]

CIPM MRA links it all: one measurement, accepted everywhere
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The ROI of Calibration: small spend prevents large losses

Cost of POOR measurement (avoided)

Scrap & Product Failed Disputes & Downtime Calibration
rework recalls audits liability INVESTMENT
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The 7 Sl Base Quantities & their defining constants (2019)

Time Length Current Temperature Amount Luminous

Mass
second (s) metre (m) kilogram (kg) ampere (A) kelvin (K) mole (mol) candela (cd)

Every base unit is now fixed to a constant of nature — stable, reproducible anywhere

50 ;(N_A) solad] 4iaS ;(/(_B) 5l st ‘(8) i) ;(/7) ALKl ‘(C) Jshlf ;(AV_CS) Cra il A el L 43y C_J.MJ/ 4_1»11“)// Sl 17 JSE
(/(_COI) E;Lé}//

el s calie + 558 = (JISul) Jaiaall 5 cp s x AL = (55 5) 3580 rpualy ) By Apudia) (g 3 ALl LS

e G Le U e LalED LSy Al B 5 Cay ya3 Gana O ey Lo sp ¢LISE (d Tl 5100 138 L + 5,08 = (<l 58)
(U Akl Alalealld clan gl) (53 58 ol (o) Ay 8 (mnd 31l gl Jalaill) ()30 55 G camg A 38 Alalae (sl alal o

5gdad jhad) g Jgf rduiial) dagts

Aaalll o3 ie 3kl o2 phans 3 )y i a3l yally el 380 (Measurand ) dubiall 4uel oy y=5 cany el ol U8
ugs.\m )AU:J\ 63 «c«gaﬂ\ u»ﬁ.'\l» u..}uLjé da;g. M\J c'é‘):\..xs ;Ua;\] 6&; Ddas :‘:“‘Sﬂ UAL':S\ g_u‘)aﬂ\ _((Q}JH\ 0l Caal
alan 8 cadiie e 4 5lae 2°100 Adaii die a5l e g il Sel 8 sal foa Aulial) Al (BaY Wi 3 Gl

39 — Linkaill La 5 il



doaa jal) Lgiliial ga g ol pataal) 3ol 1 AGN Juadll
3ol o a lllaal Aapnall 2830 A8 e AW N oSy A plae (a5 S oS3 A je Gl b8 Jlae JY
A yall Ll 5 (pe Aial 5 LgilaaSy il plaall ol Jay yy ) Jgand) slaie W) dga (sl & giall 4y yall 23a5 (g5 (Al

Jaall | Basgll [ Lsast) e dgad Jbmafla)

5)l,all Ke °C /3,0,a0 ddls A s (SPRT EURAMET cg-8¢ GUM . (|TS-90
ALy kg« g / A<l s ) e e lma 03l OIML R111¢« EURAMET cg-18
LR memm / Jkl CMM « s 5 5S3a il d JiS ISO 1¢ VDI/VDE« EURAMET cg-2
el Sl Ao slaall/ /g i) g e e ilae GUM il < EURAMET 4
Ll Pa: bar / Lzl ) g e ik () e EURAMET cg-17

haill/anall Lem?/ aasll Chalie e ol ISO 4787 OIML

LaldlfAs )5 (SI Brochures «Asall ol all (ubiall Cijay o3l [TS-90 Jia) by ad 1ole 5 dgra pal) GilY
LB gh (A ) Lia olg all OIML.g c33na Jlana B LY 3819 8 ulaall (g 2 Ci ¢ 5 A EURAMET 44 Jia)
Gy Laila aa ) bl 13 B A cldl e S Adde A8 o) Gubal) g8 g (S pall GUM Jio iy laan

Lugd @2 Bl ¢ laal

40 — Akl L 5 i



O duilaal) g dudaly ) (gl g8Y) 2l Suadl)
Ll gl DA b Lgoatinsiur () Fual ) 581 ani L . GUM (58 gt (3 i aed Gl 31 i
() i) 3 L a2l 2 clia
s Jbral) L) A g Jac giall (1
i Cimy apadl) (o lmall Gl a5 el i Jumdl iy ball Jace siall ey Ladae 55 S Cle) ji de sanal
x = (1/n)  x; s = V[ Z(xi - x)2 / (n-1) ]
Gl yai) Afie (e bl Glaidl Jiate e 15008 ey 63 qJusy grnesin 138 — 0 Y (N=1) Gle danil) BaY
A g5 038 — b giall (8 (2
Taaaad a3l Jalay don il Cle )l G e yraal T sial) i S (e Wlian) 38 A £ sl (Y
u(x) = s / vn
i) aldail) G ey Y AT Jasiall AN s on o) LS 18 sall @Sl )<l O 13l 52 Alaladl) 038
)8 Lege (B g8
claysilly B g sl cilizsa (3
rom el Leay ) 58 il Y ) 505 ¢(Daad ectilial sa eclale) A8 48 e (g0 L3 B g sill cilizsa

I (S BN il dia) 41300 dasal Juadl o 90 Jadd ;ASY\ Aadl Cayad s :(Rectangular) Jalatioa &S
a3 = bl GO @ el Caas OIS

GO ok ie U s Balgil) CulS () o shee dadas Jalray Blgd (e I Sl Cps ((Normal) ks o 58
Uk = ol

Jubiwse: u =a / V3 3olgid gw: u=U/Kk

o

S el GBS — a5 aanil) (4
pan) 5 A 4 olaV) 8 Lt il LIS 3205 G Bl pe e 0 (Ga 3 o cliad
uc=v(_(ui? + uz?2 + .. + us? )
O3Sall sad Gl aga 43 5 138 (558l il ) O Aaiil) e s S O3S Apall 038 (g dage Al

8 Bl g ol i (g pd — (oialel Y asgal)

sl 80 (5



35 k=2 Bale i Jalaa (6 41w ((%95~) bl A (5 sine ) 4} b 8 %68 sm3 ey & 5all N

U=k - uc (k = 2 = 95%)

U el Rsseay il dsil) iy 28 (5 g s K Aaily G saan b plaal) aled el le o — U — 800 12a

42 — dgankill La ol g yiall



&Jyyjsﬁm_d‘u@dm sl Juadll

Saubdl g Alaey)

0 A slia (aie 45 et 5 e ) alaa 12221 22100 Ak die 4l 43y phy (UUT) Uiy ) yiesa i ilas

Jmad Slel 810 236 &5 ¢l all o) sl plans | 80511 e ge il cuila ) eyl Baledy adiiie aa oS (SPRT) ke

Bshds s gad Gl Juadl) (il 8 JS gihin %01 G803 yie e il

5 ms k=2 2 oU=0.02° axs g el 33l 2°100.05 = 4iokecd e Al g sl el 8 Jaw s IS ol
220,03 Lie Cais )i/ uilad e calaall Cilical ga gy .2°0.01 e Caais Jaine Gil_jail caaal

Uadl) g cda giall ccle) i) 121 5 ghadll

<100.3 <100.2 <100.4 <100.3 <100.2 <100.3 <100.4 <100.2 <100.3 :(p°) reall 253 yia g0 ill ile) )3

.100.4
Step 1-2: Repeated readings, mean, and error vs reference
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Step 4: Uncertainty budget — resolution & repeatability dominate
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The idea of an uncertainty budget: gather every doubt - one defensible number
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Combined u_c - Expanded U (k)

No suspected source is left out — what remains is uncertainty we genuinely cannot reduce further
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Thermal water bath — comparison calibration
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Take readings only after thermal equilibrium; record reference vs bath repeatedly.
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Step 1-3: readings - mean - standard deviation
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u_c = Vi(ci-ui)? = V(0.000577% + 0.0052 + 0.0023092 + 0.008662 + 0.0057742
+ 0.0002892)

u_c = 0.01179 °C = 11.8 m°C
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Mechanical Quantities derive from kg, m, s

s
time
Force Pressure Torque
N = kg'm/s* Pa = N/m? N-m

Mechanical metrology is mostly force, pressure, torque, hardness, and vibration.
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Hardness: method defines the value (no single 'true’' hardness)

Rockwell Brinell Vickers Knoop
(HRC/HRB) {HK)

cone/ball a a elongated
depth-based area-basec diagonal micro-indents

A hardness number is meaningless without its scale — the test method IS part of the definition
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Load-cell uncertainty budget — nonlinearity & hysteresis dominate

=0.0043

0.0040 1
0.0035 1
0.0030 1

Z 0.0025 -

=

10,0020 1
0.0015 1

0.0010 >

0.0005 1 0%

0.0000 -
Nonlinearity Hysteresis Repeatability Temp Reference  Resolution
(B) (B) (A) (B) (B) (B)

UYIY cdandl LIRS ) jpaall SIS Lot 5 — (%29) Ciliill; (%46) kil pe Los Slisgall SLi5Sall | Jondl L3 (Y Zuiljua 217 S
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The signature errors of a load cell: nonlinearity & hysteresis

10 { —— !deallinear
= Lo0ading (increasing)
=== Unloading (decreasing)

Indicated force (kN)

Nonlinearity
(deviation from straight line)

0 2 4 6 8 10
Applied force (kN)
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u_c = V(0.00289% + 0.002312 + 0.00145% + 0.001152 + 0.001002 + 0.000292) =
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U=k - uc=2x 0.0043 = 0.0085 =~ 0.009 kN (~ *0.085%)
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o= .(Quantum Hall) S U il e 2 5Y) (a5 ((Josephson) gs-ss 5ili e <l il (e duida gl saladl)
dS)gAi ‘-A‘\ i.y_ﬁﬂ\ dal Al dxdll ol

Electrical Quantities — anchored to e and h (S1 2019)

Josephson effect —+ Volt (h, e) Quantum Hall effect - Ohm (h, e?)
Voltage Current Resistance
v A=V 0

Ohm's law ties them: V = I'R. The Volt and Ohm are realized from quantum effects; the Ampere follows.
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2-wire: lead resistance adds error 4-wire (Kelvin): lead R eliminated

current sense
(blue) (green)
ead R

included

R (small) R (small)
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a1 (35S Ao glial Slage 05 38 (3l Lal 581 wire-4 axdiul a5V clie guay (o sl G slie Y dles sacld
L Aaal) Ao glaal) LY A slia o)l Cua b yaa da glidl

Aplall) s 5 45 ) o S (o 581
Aaxdly 58 Al 500l 8 Aalide e Gp (eedldl) Bald R8s 5 el JRAE (Ul b Sua) 3 Aumilic 3 gen (uld e
Jad) | Gl Gl 1 3l Capad ddilall (558l o3 @l il5 — 550 all (3558 Jady (Thermal EMF) &) s 4l 5eS
($533 el ll) A sSaa Lkt 5 ya 5 (EMF+ (5555 86 ll) dn g Ak 6 ye (i thans giall 3215 dpladll (S 58 3V
Aol aeSU 3l i el jill o i alé ((EMF-

Cancelling Thermal EMF by polarity reversal & averaging

2.0 1 = = Thermal EMF offset (unwanted)
Reading (+) includes +EMF
1.5 1

\

0.5 1
0.0

~1.0 1 Z
_15 4

Reading (-) includes —EMF

Measured offset (V)
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DMM voltage uncertainty budget — repeatability & resolution lead
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Thermal Equilibrium: why we wait before reading
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Electrical Traceability — units fixed by e and h (S| 2019)

Quantum standards (NMI): Josephson Volt (h/2e) - Quantum Hall Ohm (h/e?)

National / primary reference standards (Zener V refs, standard resistors)

Working multimeters / instruments (shop floor)

Each step down adds uncertainty; each step up gets closer to the defining constants
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Air Buoyancy: why mass calibration corrects for displaced air

Same true mass - different apparent weight in air

arger buoyancy
(more air displaced)

small

!

Dense
(small volume)

Light material
(large volume)

Conventional mass is defined at reference air density 1.2 kg/m?; high-accuracy work applies a buoyancy correction
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Why Dimensional Metrology Lives at 20°C
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Abbe Error: measurement axis offset from scale axis

measurement axis
(tilted by angle 8)

offset h

scale / reference axis

Abbe error = h x tan 8 + keep the measuring axis in line with the scale (h = 0).
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Career Ladder in Metrology (relative pay bands)

Consul
ced on value, buil

chnical Manager / Quality Manag
owns the system + accreditation

Senior / Lead Metrologist
methods, signs results, faces aud

Specialist
rs domain errors + uncertainty b

Calibration Technician
runs calibrations independently

pay & autonomy

Trainee / Operator
ex¢cutes steps under supervision
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The Calibration Process — what a calibration actually produces

Compare to
Reference
Standard

Unit Under Record Compute Error Issue

LEET LT & Uncertainty Certificate

Test (UUT)

Calibration does NOT 'fix' the device — it quantifies its Error and Uncertainty against a traceable reference.
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Calibration Curve: Error and Correction

— = Ideal (Reading = Reference)
100 | =@= Actual device response
Erron =
Reading — Reference
(+1.2 here)
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- Correction = —Error
(what you ADD to a reading
to get the true value)
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Accuracy vs Precision — they are NOT the same thing

High Accuracy + High Precision Low Accuracy + High Precision
(close to centre, tight) (tight, but biased)
3%
°
)

&

High Accuracy + Low Precision Low Accuracy + Low Precision
(centred on average, scattered) (biased AND scattered)
°
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°
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Decomposing Error: Bias (systematic) + Spread (random)
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54 A Spread = Random error
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Setting the Calibration Interval from Drift History

2.00 o = Instrument error (drift)
= = Tolerance limit
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150 fmmmm e e e e e e e o e ee
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~ = month 22
& 1.00 non
-
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(with safety margin)
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Decision Rule & Guard-banding (ISO/IEC 17025, 7.8.6)

Tolerance limi{ (USL = 100.0)
PASS zone FAIL zone
102.0+ 0.4
o | Clear FAIL
99.9 4 0.4
pu | Result in
guard band - uncertain
965+ 0.4
] Clear PASS
Guard band
(= EU)
94 926 98 100 102 104 106
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Anatomy of a Calibration Certificate

Header: lab, accreditation logo & number

Device ID: make, model, serial, location

Reference standards used + their traceability

Environmental conditions (T, RH)

RESULTS table: nominal | reading | error/correction | U

Decision rule & conformity statement (if any)

k, confidence level (~95%)

Date, signatory, authorization

Read it bottom-up: k & decision rule first — they define what every number above means.
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Error & uncertainty change at EACH point — not one numb&EZ.

corr=-0.10
U==0.

corr=-0.22
U=+0.08

corr=-0.18
U=+0.07

0.4 - —&- Error+ U
0.3 1

Z

c

3 0.2 1

£

w corr=-0.02
01 4 U=+0.05
0.0 l

0 20

40 60 80 100

Nominal value (units)
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0 0.02
25 25.10
50 50.18
75 75.22
100 100.31

0.02+ 0.02- 0.05x
0.10+ 0.10- 0.06x
0.18+ 0.18- 0.07x
0.22+ 0.22- 0.08%
0.31+ 0.31- 0.10x
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Investing the correction & U when USING the device

device reads apply correction true value

50.18 -0.18 - 50.00 50.00 +0.07

Correction removes the known bias; U tells you the remaining doubt you must carry into decisions.
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Managing calibration: a decision flow

Does the reading drive a decision?

Define USE range & tolerance you need

Pick calibration POINTS across your
actual working range

Prep: clean, warm-up, basic maintenance,
stabilize before sending

v

Calibrate — read certificate (Bab 12)

Set interval from drift history & risk

Re-calibrate / adjust interval each cycle
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Choosing calibration points by USE, not by full range
Concentrate calibration points where you actually work

Full device range 0-100

L) () () () () (] L

Your actual USE range 30-60
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Calibration ROl — the manager's view

Losses AVOIDED by calibration

Bad product Recall & Failed audit / Customer Calibration
|/ scrap liability lost cert disputes PROGRAM cost
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ISO/IEC 17025:2017 — Structure of Requirements

Clause 6 Clause 7
Resource Process
(People, Facilities, (Methods, Records,
Equipment, Uncertainty, Validity,
Traceability) Reporting)

Clause 8
Management
System
(Option A/ B)

Clause 4
General

(Impartiality,
Confidentiality)

Clauses 6 & 7 are the technical heart — where measurement quality is actually delivered.
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Two routes to the same management-system outcome

' =\ 'S ™)
Option A Option B
Build the clause-8 Use an existing
management system ISO 9001 system that
directly per 17025 already meets clause-8 intent
For labs without an For labs already
existing /SO 9001 system running IS0 9001
. - . 7
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Managing Equipment under ISO/IEC 17025 (clause 6.4)

Acquire &
Verify (6.4.4)

Records
(6.4.13)

Calibrate
{6.4.6)

Equipment
Life Cycle

Intermediate Label status

checks (6.4.10) “~ ¥ (6.4.8)

Use &
Apply corrections
(6.4.11)
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Control Chart — monitoring validity of results (7.7)
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e I R R Trend — out of control
(investigate before reporting),
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Factors Affecting Measurement Results (and where 17025 controls each)
Personnel Method Equipment

(6.2 competence) (7.2 validation) (6.4 calibration)

o Measurement
Result

Environment Reference Standards Sample / Item
(6.3 conditions) (6.5 traceability) (7.4 handling)
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Clause 8 — Management System (Option A) components

8.2 Documentation 8.3 Document control 8.4 Records control 8.5 Risks & opportunitieq

8.6 Improvement 8.7 Corrective action 8.8 Internal audit 8.9 Management review

A continuous PDCA loop: plan - operate —» audit & review - improve
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The improvement cycle behind clause 8

PLAN
risks & objectives

(8.5)

ACT 17025 DO
corrective action + continual operate per
mgmt review (8.7/8.9) improvement system (4-7)

CHECK
internal audit
(8.8)
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Quality roles in a laboratory & how they relate

Top Management
(overall responsibility 5.2)

Technical Manager Quality Manager
responsible for technical owns the management

operations & results system (8)

Internal Auditor Supervisor Technicians /

checks conformity (8.8) ensures competent Signatories
per ISO 19011 execution (6.2) produce & sign results

Roles may overlap in small labs, but responsibilities & authorities must be defined (5.5-5.6)
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The Conformity-Assessment Standards Family

ccreditation Body (per ISO/IEC 1701

ISO/IEC 17025 ISO/IEC 17020 ISO/IEC 17065 ISO/IEC 17021

Testing & Inspection Product

Mgmt-system
Calibration labs bodies certification

certification

All accredited by the same body, but each governs a different activity.

This chapter focuses on 17025 (labs) and 17020 (inspection) — the two most confused.
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ISO/IEC 17025:2017 — five requirement clauses

4 6 7
General Resource Process

8
Mgmt system

(impartiality, (people, equipment, methods, uncertaint (A/B)

confidentiality) traceability) validity, reporting)
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Impartiality as a continuous process (17025 clause 4.1)

Eliminate or
minimize
(4.1.5)

Identify risks Monitor

continuously

Assess the
threat

to impartiality
(4.1.4)

continuous loop — impartiality is never ‘done’
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ISO/IEC 17020 — Inspection body independence: Types A, B, C

e A Type B Type C
Fully independent Separate, identifiable Provides inspection

(third party) part of an organization among other activities
highest independence (in-house, segregated) (minimal independence)

>

most independent least independent
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The technician's reference hierarchy

Defining: S1 Brochure (BIPM) - VIM - IT5-90

Core method: GUM (uncertainty) - ISO/IEC 17025

Practical: manufacturer manuals - lab SOPs : training notes

Build judgement from the top (why) down to the bench (how).
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Proposed 12-month technician training roadmap
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Blended training model for a facility

Online platforms Remote expert (Zoom) Assessment by email

(e.g. Fluke courses) live applied demos expert reviews trainee's
self-paced theory Arabic explained sources work & uncertainty budgets
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Metrology labs: commonality vs rarity (bubble = market value of scarcity)
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The ideal calibration specialist's workflow
Calibrate & Clear organized

control every results + cloud
uncertainty src records

Study manual Understand Pick procedure Recommend &

share experience

& maker recs client use per standard

He is a measurer who controls uncertainty — not a judge who rules. Principle: certainty, not verdict.
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Statistical skills a calibration specialist needs

Regression / Std dev &

curve fi distributions

B¢scriptive
stats

Outlier
propagation detection
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Professional network: value flows both ways

Inter-lab
comparisons

Knowledge
exchange
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Digitalization & Al: option today, requirement tomorrow

Today Near future Tomorrow
LIMS, digital records DCC, predictive cal, Al oversight a

(early adopters) ancmaly detection baseline expectation

Those who adopt early gain; those who delay will be catching up under pressure.
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Predictive calibration: modelling drift to forecast the next interval

observed drift === drift model (forecast) :
calibration points predictive uncertainty (+) :
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0.015 1
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0.005

Drift from reference (units)

0.000

0 5 10 15 20 25 30 35
Months since last calibration
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From Local Records to Cloud Laboratory Systems

Traditional (local) Cloud LIMS

central
cloud DB

sifoed PCs
spreadsheets,

paper records

hard to share / audit i - q - 4
! - : shared access - real-time - audit trail (but data security matters)
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Human-in-the-Loop: the technician shifts from executor to decision-maker

Al / sensors Human expert ACTION
DETECT & flag INTERPRET & (adjust / re-cal /

anomalies DECIDE accept)

Al 3 gl an el Audiiy — )l 3G AT ) 3hrs pieds o el iy ATl am py e liba ) oS3 dlad) J3 Glaiy) 73 sai (6T JES
A inloa o St 0 JiTy

o34 Aind b ) sl ol 90 Aady Jod )58 (e AEMAY 5 A ) A g panall Jaa Y LS i€l 8 4 8 AV shaiall JaaY
Y pelhal) olSA) jac b ded ST puay Welually Sl all 5 il 3 jlee 3k e Sl Ayl B8 A 5 sesl)
Adlie ¥ AS) i Lawd 23 saill laad yadll <l ) 8 riage JSAN 8 daal ) 4333

o Al

zilai edas Slel i pan dllee S IS o) Alaigan 53 ¢ jall 8 A8 of Gia) selinda g o elilal) oASA (e cads Y
i g ) e 13 — Lphaaill e VAN 3 G aghy ) al Mal g padiill i) ) e g Jiml | hal)l Ala 8 il
G e — andi elibial) oA o ol aY) Ay ) i sl 330a B leas Blua ¥ Ll g5ma Jany Y Gy 3 AV

ol CRESH (B y 6o slati S g can) il

adlsh b daild gUad
431...4\)33\} DJJJ; (.\.GA (;UJ CJJA.\“ Q\A‘)M-i 91-)-0’-“ :\Aﬂ‘ .
Led 3120 Y Ay i) A gl o Shay e lilaa) oASA) Hliic) o
Agige pe gl 88 Aady )l il 505 5 lae S e
VA 5 aSall JEEYT Jay LDl AL 4 ) Sl algal) 8 clad) e

JA13 Gyl g anlud) i galll aSal) AY ) Sl g analdl B goilg Alad) ) 4 g8 (e B _plaal) Ji e lkaY) slS3Y)
cliad ol il hgalll o il Yy uendil) 8 g ok A gouall Jaaiyg 0By i) g cdua 5 ATY) cddlad)

183 — Atnkail L sl 5 il



(DCC) 5_nlaall dad ) culalgll) 1 e aulil) Juadl)

4 )5 Balgdd) Al dhaa

AV ) jeme 5 (50 5 e L (b PDF f) 48 )5l 53l 8 (81, )8 485 58 5 el 3alecds U3 el Juadl) 3

Digital) s laell L )l 5ol sl Uaill 4 je 5 o Jay — AT allad ) g 50 Ja) sale) zliag L o JS lag i Y
e ) (e Aial g Uialy Aad g (Lo A1 5 i) L 54 30l 5 435 )3 (a3 (Calibration Certificate — DCC

Digital Calibration Certificate (DCC) — one file, two readers

~ 2 N
Machine-readable Human-readable
+ structured XML data * rendered PDF view
+ Sl-aligned units (D-SI) = same content, for people
+ auto traceability chains « familiar certificate layout
* ingested by systems / Al = reviewed & signed
. J

Digitally signed - tamper-evident - no manual re-keying of results
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The Skill Shift: what automation takes vs what gains value

declining value
Data analysis |
& Al oversight
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Decision rules |
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edge cases

Record |
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Routine |
repetitive cal

Manual data |
entry

rising value
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Career Roadmap in Metrology

Year 0-1 Year 3-6 Year 10+
Fundamentals Domain specialty Manager /
+ first cal under + accreditation consultant /

supervision exposure digital lead

Year 1-3 Year 6-10
Independent cal Method owner
+ uncertainty + auditor
budgets + mentoring
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SCHEMATIC salary-trend pattern (relative, not absolute figures)

=—e— Beginner (relative index)
—o— Mid-level (relative index)
=a= Expert/Specialist (relative index)

170 1
160 1
150 4 Hiustrative pattern — fili with real survey data before publishing premium,g€es
140 1
130 1

120 1

110 -

Relative salary index (2015 = 100)

CoviD
plateau

100 1

2016 2018 2020 2022 2024 2026
Year

£ lils 2024-2022 dsai ) S jlgall 5 Mle aelai oF (Anilall ) 2020 Uss duag)l BaY (i 5i) ssil] ysa ¥ 5k Daai 3op i
Ailhe ¥ 3 4550 28V alasial)f sl mlial 5 padll

S paaddll e wilad) o o — @i ¥ a3l g a5l 5 foind) G 2l 5sad Yl thaaill il se) il

) jleall daial 5 850 Cyeda (AIE o) Jygla olatVl (uSad Y LS g Glias it oalialy] 35S 1) ol b (Ll

gl Gacadill Jiaie 368 i LeSla (e — 23aY) s DCCs LIMS (s ae 2022 22 Gaad )

(Ldaall (e Addaiill) Al jal) Jgan S

Conginn G gun OS] Aina ol (g ulad ol (o S/l pal) o ley Sals IS IS sl

0 Ol e J— _ _ _

| (Al 8 g can) Adadl) ol ) jolae

ciagioe b IS dpan )l Y] Gl gusn g Ayt gll sloan ) cilion o

Aball (550 Graigall il Alaiail (US BLS Jis) deal) sban) lSa )5

Aliall a3 e sl ae — (Payscale« Glassdoor: LinkedIn Salary) <l syl cilily ciliaia e
(EURAMET:« GULFMET) 4:al8Y) Lis o1 5 yiall chlalaia g slaie V) Cilga (o Janll (3 j a5 @
Bodlaall g ulal) 8 daladiall dpigall Glmaall Sla gua e

194 — Aapkail La 5 il



195 — Aadnlail) L 5l s yiall



haig daagio — Lalle 4adda gl (a8l Al ya 1 udbiad) Juadl)
ralall pallall Taaill 4 gy Jal g Ao sine lalailS o canl 5 28 S T8 Y G ol s yidl e bl
AU g Al ddasi ya Lgsl ) )8 oY (:‘\:\JL Sng.i Ol pk cele ¢s52) dadaiall cile Uadl) <t Gld gl
Aolaie ) Al eliy s eelicall cuba sill ae (Ll cgalall) 28801 Gl oul) g jluie sa
) i I 8353 50 (S5 o] (DCC Laidn ¢ 5 e i pdia ¢ o) ol yia) 3o diaa Jlsal el
AU AL Al Al ) ) 3 s gl
A e Uil o Lemy 3 55 o nill il gl Sl Y1 dae Cingiasa G sas JSI Jlnd 3 (Laleal) (e Aisill) o il il 50 S
«LinkedIn« Indebted) —ads sill ciliaic Aiaill jliae lbley) & Wk Y @l jleals dimgd) saaall i 508

Slo B il e pie) sadiadl Gl i) sae e e V) Cilea Slebian) 5 e Sall Janll (3 su L8 ((Was Bayt
(k)

J9 — 4 Cma gty al) Lo qllal) gl o Sliea sie L b B ISO/IEC 17025 - Uiaa Baciaall & jidal) a3
il a5 (ya ST A8 gl ga dale il A g (L ygd e oda Luihgll alaieY) Clga HAT Alh e ) oS Fliag Mdina jida
L g )

196 — inkill L ol 5 yiall



A i 5 Aola) — Ala g Al asbad) Juadl)

MQ\J\}UJP]L@;@%‘EJL@JMU:\;:\sﬂ\‘;ce}sﬁdb.qﬂ\& &ui&sMﬁJ@M@A}M\Mu
— e anal g e 3t Al le o gl 5 33LE e) 58 Jalad o a8 s allall 8 e i Jgad V) sl 5 A5 1 5 Al
Al () S5 s Adial) J 585 of — 48yl

sl iall A8 Al g 4y

G 0% O U8 g Gady )8 o dal b g — el e ulil) Lgy A S e Uil Ula gl o
TR Y

) 9 gl b

L gl g ial) Aa) 3 (52
Lo (8 (38 (50 B3 Be) )3l ada W g il Jpand W5 ¢ 538 Y 1ad )l A (Baall
Aol A0S Y D Baleed Al Baa s 4id B cp@B) 2@ 3 A3LaY)
olad b il B 58 Y g cdd & Sl el Ol o s il Y hasal) (b
(17025 (e 4.1 21l 58 s 138 5) lingis e i35 dBe i dabiae a3 Y alall
REECH RISV 2 SR (S PYORIE K QU SRE PN (P FR LIS - B P

L G Gl S — QUi i) dea ) ifiadl Gl 0o — Ly @he G el 8 jlad Casd o3
3Ll (e 6 3a b cmnd dpadd Alpmd Cad Jlaall 138 8 A8 i) el cand LG aaly 8 )58 Ulal 45,00

197 — kil L ol 5 yiall



i) gal) g plalial) ana 1 palll) Juadl)
g s Aplall Jy cJadd A80MAT Cad Alisall Calgia¥) 4y 2 5my 13la s cJlat Y QS 13 LIS 5 ) guaall gy ) Joadll

Neglect vs Diligence: the two paths

r )
NEGLECT / errors DILIGENCE / accuracy
¥ recalls & scrap A trusted results
v failed audits A accreditation kept
¥ safety incidents A safety upheld
¥ lost trust & jobs A career growth
¥ legal liability A high market value
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