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INTERNATIONAL ELECTROTECHNICAL COMMISSION  

____________ 

 
RADIATION  PROTECTION  INSTRUMENTATION  –  

DETERMINATION  OF UNCERTAINTY IN  MEASUREMENT 
 

FOREWORD 

1 )  The  I n ternati onal  E lectrotechn i cal  Commiss ion  ( I EC)  i s  a  worl dwide  organ ization  for standard ization  compris i ng  
a l l  n ational  e l ectrotechn ical  commi ttees  ( I EC National  Comm i ttees).  The  object  of I EC i s  to  promote  
i n ternati ona l  co-operation  on  a l l  q uestions  concern i ng  standard i zati on  i n  the  e l ectri cal  and  e l ectron ic fi e l ds.  To  
th i s  end  and  i n  add i ti on  to  other acti vi ti es,  I EC  publ i shes  I n ternational  Standards,  Techn ical  Speci fi cati ons,  
Techn ical  Reports ,  Publ i cl y Avai l abl e  Speci fi cati ons  (PAS)  and  Gu ides  (hereafter referred  to  as  “ I EC  
Publ i cation (s )” ) .  Thei r preparation  i s  en trusted  to  techn ical  commi ttees;  any I EC  Nati onal  Commi ttee  i n terested  
i n  the  subj ect  deal t  wi th  may parti ci pate  i n  th i s  preparatory work.  I n ternational ,  governmental  and  non -
governmental  organ izations  l i a i s i ng  wi th  the  I EC a l so  parti cipate  i n  th i s  preparation .  I EC col l aborates  cl osel y 
wi th  the  I n ternational  Organ i zation  for Standard ization  ( I SO)  i n  accordance  wi th  cond i t i ons  determ ined  by 
agreement between  the  two  organ i zati ons.  

2)  The  formal  decis ions  or ag reements  of I EC on  techn ical  matters  express,  as  nearl y  as  possib le,  an  i n ternati onal  
consensus  of opi n ion  on  the  rel evant  sub jects  s i nce  each  techn ical  commi ttee  has  representati on  from  a l l  
i n terested  I EC National  Committees.   

3)  I EC Publ i cations  have  the  form  of recommendations  for i n ternational  use  and  are  accepted  by  I EC National  
Commi ttees  i n  that  sense.  Whi l e  a l l  reasonable  efforts  are  made  to  ensure  that  the  techn ical  con tent  of I EC  
Publ i cations  i s  accu rate,  I EC  cannot  be  hel d  responsi ble  for the  way i n  wh ich  they are  used  or for any 
m i s i n terpretation  by any end  u ser.  

4)  I n  order to  promote  i n ternational  u n i form i ty,  I EC National  Comm i ttees  undertake  to  app l y I EC Pub l i cations  
transparentl y to  the  maximum  extent  poss ible  i n  the i r national  and  reg i onal  publ i cati ons.  Any d i vergence  
between  any I EC Pub l i cation  and  the  correspond i ng  national  or reg i onal  publ i cati on  shal l  be  cl earl y i n d icated  i n  
the  l atter.  

5)  I EC i tsel f d oes  not  provi de  any attestation  of conform i ty.  I n dependent  certi fi cati on  bod ies  provi de  conform i ty 
assessment  services  and ,  i n  some  areas,  access  to  I EC marks  of conform i ty.  I EC i s  not  responsi ble  for any 
services  carri ed  ou t  by i ndependent certi fi cation  bod i es .  

6)  Al l  u sers  shou ld  ensure  that  they have  the  l atest  ed i ti on  of th i s  publ i cati on .  

7)  No  l i abi l i ty shal l  attach  to  I EC  or i ts  d i rectors,  employees,  servants  or agents  i ncl ud ing  i n d ivi dual  experts  and  
members  of i ts  techn ical  commi ttees  and  I EC  Nati onal  Comm i ttees  for any personal  i n j u ry,  property damage  or 
other damage  of any nature  whatsoever,  whether d i rect  or i nd i rect,  or for costs  ( i ncl ud i ng  l egal  fees)  and  
expenses  ari s i ng  ou t  of the  publ i cation ,  use  of,  or re l i ance  upon ,  th i s  I EC Publ i cati on  or any other I EC  
Publ i cations.   

8)  Atten tion  i s  d rawn  to  the  Normative  references  ci ted  i n  th i s  publ i cation .  Use  of the  referenced  publ i cations  i s  
i nd i spensable  for the  correct appl i cati on  of th i s  publ i cation .  

9)  Atten tion  i s  d rawn  to  the  poss ib i l i ty that  some  of the  e l ements  of th i s  I EC Publ i cation  may be  the  subject  of 
patent  ri gh ts.  I EC shal l  not  be  hel d  respons ibl e  for i denti fyi ng  any or a l l  such  paten t ri gh ts .  

The main  task of I EC techn ica l  committees  is  to  prepare  I n ternational  Standards.  However,  a  
techn ical  committee  may propose  the  publ ication  of a  techn ica l  report when  i t  has  col l ected  
data  of a  d i fferent ki nd  from  that wh ich  i s  normal l y publ ished  as  an  I n ternational  Standard ,  for 
example  "state  of the  art" .  

I EC 62461 ,  wh ich  is  a  techn ical  report,  has  been  prepared  by subcommittee  45B:  Rad iation  
protection  instrumentation ,  of I EC  techn ica l  committee  45:  Nuclear i nstrumentation .  

Th is  second  ed i tion  of I EC TR 62461  cancels  and  replaces  the  fi rst ed i tion ,  publ ished  i n  2006,  
and  consti tu tes  a  techn ical  revis ion .  The  main  changes  wi th  respect to  the  previous  ed i tion  
are  as  fol l ows:  

– add  to  the  anal ytical  method  for the  determ ination  of uncertain ty the  Mon te  Carlo  method  
for the  determ ination  of uncerta in ty accord ing  to  supplement 1  of the  Gu ide  to  the  
Expression  of uncerta in ty i n  measurement (GUM  S1 ),  and  

– add  a  very s imple  method  to  j udge  whether a  measured  resu l t  i s  s ign i fican tl y d i fferent from  
zero  or not based  on  I SO  1 1 929.  
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The  text of th is  techn ical  report i s  based  on  the  fo l l owing  documents:  

Enqu i ry d raft  Report  on  voti ng  

45B/783/DTR 45B/81 3/RVD  

 
Fu l l  i n formation  on  the  voti ng  for the  approval  of th is  techn ica l  report can  be  found  in  the  
report on  voti ng  ind icated  i n  the  above  table.  

Th is  publ ication  has  been  drafted  i n  accordance wi th  the  I SO/IEC  D irecti ves,  Part 2 .  

The  committee  has  decided  that the  con ten ts  of th is  publ ication  wi l l  remain  unchanged  un ti l  
the  stabi l i ty date  i nd icated  on  the  I EC websi te  under "h ttp: //webstore. iec.ch"  i n  the  data  
re lated  to  the  speci fic  publ ication .  At  th is  date,  the  publ ication  wi l l  be   

•  reconfi rmed ,  

•  wi thdrawn ,  

•  replaced  by a  revised  ed i ti on ,  or 

•  amended .  

A b i l i ngual  vers ion  of th is  publ ication  may be  i ssued  at  a  l ater date.   
 

IMPORTANT – The 'colour inside'  l ogo on  the  cover page  of th is  publ ication  ind icates  
that i t  contains  colours  which  are  considered  to  be  usefu l  for the  correct 
understand ing  of i ts  contents.  Users  shou ld  therefore print th is  document using  a  
colour printer.  
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INTRODUCTION  

The I SO/I EC Gu ide  98-3: 2008,  Uncertainty of measurement – Part 3: Guide to the expression  
of uncertainty in  measurement (GUM:1995)  as  wel l  as  i ts  Supplement 1 : 2008,  Propagation of 
distributions using a  Monte Carlo method (GUM  S1 ),  are  general  gu ides  to  assess  the  
uncertain ty i n  measurement.  Th is  Techn ical  Report l ays  emphasis  on  thei r appl ication  i n  the  
area  of rad iation  protection  and  serves  as  a  practical  i n troduction  to  the  GUM  and  i ts  
supplement 1  (GUM  S1 ).  

The  process  of determ in ing  the  uncertain ty del i vers  not on l y a  numerical  va lue  of the  
uncertain ty;  i n  add i tion  i t  produces  the  best estimate  of the  quan ti ty to  be  measured  wh ich  
may d i ffer from  the  i nd ication  of the  i nstrument.  Thus,  i t  can  a lso  improve  the  resu l t of the  
measurement by us ing  i n formation  beyond  the  i nd icated  va lue  of the  instrument,  e . g .  the  
energy dependence  of the  i nstrument.  
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RADIATION  PROTECTION  INSTRUMENTATION  –  
DETERMINATION  OF UNCERTAINTY IN  MEASUREMENT 

 
 
 

1  Scope 

This  Techn ical  Report g i ves  gu ide l i nes  for the  appl ication  of the  uncertain ty anal ys is  accord -
ing  to  I SO/I EC Gu ide  98-3: 2008  (GUM  describ ing  an  anal ytical  method  for the  uncerta in ty 
determ ination)  and  i ts  Supplement 1 : 2008  (GUM  S1  describ ing  a  Monte  Carlo  method  for the  
uncerta in ty determ ination )  for measurements  covered  by standards  of I EC Subcommittee  45B.  
I t  does  not  i ncl ude  the  uncerta in ty associated  wi th  the  concept of the  measuring  quan ti ty,  
e.  g . ,  the  d i fference  between  Hp(1 0)  on  the  I SO  water s l ab  phantom  and  on  the  person .   

Th is  Techn ical  Report expla ins  the  pri nciples  of the  I SO/I EC Gu ide  98-3 : 2008  (GUM), i ts  
Supplement 1 : 2008  (GUM  S1 )  and  the  specia l  cons iderations  necessary for rad iation  
protection  at an  example  taken  from  ind ividual  dosimetry of external  rad iation .  I n  the  
i n formative  annexes,  several  examples  are  g iven  for the  appl ication  on  i nstruments,  for wh ich  
SC  45B  has  developed  standards.   

Th is  Techn ical  Report  i s  supposed  to  ass ist the  understand ing  of the  I SO/IEC Gu ide  98-
3: 2008  (GUM),  i ts  Supplement 1 :  2008  (GUM  S1 ) ,  and  other papers  on  uncertain ty anal ys is .  I t  
cannot replace  these  papers  nor can  i t  provide  the  background  and  j usti fication  of the  
arguments  l ead ing  to  the  concept of the  I SO/IEC Gu ide  98-3: 2008  (GUM)  and  i ts  Supplement 
1 : 2008  (GUM  S1 ) .  

F inal l y,  th is  Techn ica l  Report g ives  a  very s imple  method  to  j udge  whether a  measured  resu l t 
i s  s ign i fican tl y d i fferent from  zero  or not based  on  I SO 1 1 929.  

For better readabi l i ty the  correct terms  are  not a lways  used  throughout th is  techn ical  report.  
For example,  i nstead  of “ random  variables  of a  quan ti ty”  on l y the  “quanti ty”  i tsel f i s  stated .   

2  Normative references  

The fol l owing  documents ,  i n  whole  or i n  part,  are  normativel y referenced  i n  th is  document and  
are  i nd ispensable  for i ts  appl ication .  For dated  references,  on l y the  ed i ti on  ci ted  appl i es .  For 
undated  references,  the  l atest ed i ti on  of the  referenced  document ( i nclud ing  an y 
amendments)  appl i es .  

I EC 60050  (a l l  parts) :  International Electrotechnical Vocabulary (avai l ab le  at  

h ttp : //www.electroped ia. org )   

I SO/IEC Gu ide  98-3 : 2008,  Uncertainty of measurement – Part 3: Guide to the expression of 
uncertainty in  measurement (GUM:1995)  

I SO/IEC Gu ide  98-3,  Supplement 1 : 2008,  Uncertainty of measurement – Part 3:  Guide to the 
expression of uncertainty in  measurement (GUM:1995)  – Propagation of distributions using a  
Monte Carlo method 
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3 Terms and  defin i tions  

For the  purposes  of th is  document,  the  techn ical  terms  of I EC 60050-1 51  [1 ] ,  and  
I EC 60050-31 1  [2]  as  wel l  as  the  fol lowing  defin i ti ons  taken  from  the  I SO/IEC Gu ide  98-

3: 2008  (GUM),  and  i ts  Supplement 1 : 2008  (GUM  S1 )  appl y 1 .  

3. 1   
cal ibration  factor 
N 
quotien t of the  true  va lue  of a  quan ti ty and  the  i nd icated  va lue  for a  speci fied  reference 
rad iation  under speci fied  reference  cond i tions   

3.2   
conformity test  
test for conform ity evaluation  

[SOURCE:  I EC 60050-1 51 : 2001 , 1 51 -1 6-1 5]  

3.3   
complete  resu l t  of a  measurement  
set of values  attributed  to  a  measurand ,  i nclud ing  a  value,  the  correspond ing  uncertain ty and  
the  un i t  of measurement 

Note  1  to  en try:  The  cen tral  va l ue  of the  whol e  (set  of va l ues)  can  be  sel ected  as  measured  value and  a  
parameter characteri s i ng  the  d i spers ion  as  uncertainty.  

Note  2  to  en try:  The  resu l t  of a  measurement i s  rel ated  to  the  indication given by the instrument  and  to  the  val ues  
of correction  obtai ned  by ca l i bration  and  by the  use  of a  model.  

Note  3  to  en try:  I n  th i s  Techn i cal  Report,  the  “measured  val ue” ,  see  Note  1  above,  i s  abbreviated  by M.  

Note  4  to  en try:  I n  th i s  Techn ical  Report,  the  “ i n d ication  g i ven  by the  i nstrument” ,  see  Note  2  above,  i s  
abbreviated  by G,  and  cal l ed  “ i nd i cated  val ue” .  

Note  5  to  en try:  I n  th i s  Techn ical  Report,  the  “model ” ,  see  Note  2  above,  i s  cal l ed  “model  function ”,  see  3. 1 0  and  
5. 2 .  

[SOURCE:  I EC 60050-31 1 : 2001 ,  31 1 -01 -01 ,  mod i fied ]  

3.4   
correction  factor 
K 
factor to  the  i nd icated  va lue  to  correct  for deviation  of measurement cond i ti ons  from  cal ibra-
tion  cond i tions  

3.5   
coverage factor 
kcov  
numerica l  factor used  as  a  mu l tip l i er of the  (combined)  standard  uncerta in ty i n  order to  obtain  
an  expanded  uncertain ty 

Note  1  to  en try:  A coverage  factor k
cov
 i s  typical l y i n  the  range  of 2  to  3 .  

[SOURCE:  GUM:2008,  2 . 3. 6]  

___________ 

1   Numbers  i n  square  brackets  refer to  the  b ib l i og raphy.  
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3.6   
decision  threshold  
m*   
value  of the  estimator of the  measurand ,  wh ich  when  exceeded  by the  resu l t of an  actual  
measurement us ing  a  g i ven  measurement procedure  of a  measurand  quan ti fying  a  physical  
effect,  one  decides  that the  phys ica l  effect i s  present  

Note  1  to  en try:  The  decis ion  threshol d  i s  defi ned  such  that  i n  cases  where  the  measurement  resu l t,  m ,  exceeds  
the  decis ion  th reshol d ,  m*,  the  probabi l i ty that  the  true  val ue  of the  measurand  i s  zero  i s  l ess  or equal  to  a  chosen  
probabi l i ty,  α.  

Note  2  to  en try:  I f the  resu l t,  m ,  i s  below the  decis ion  th reshold ,  m*,  the  resu l t  cannot be  attri bu ted  to  the  physical  
effect;  nevertheless  i t  cannot  be  concluded  that  i t  i s  absent.  

[SOURCE:  I SO 1 1 929: 201 0]  

3.7   
deviation  
D   
d i fference between  the  i nd icated  values  for the  same value  of the  measurand  of an  i nd icati ng  
measuring  i nstrument,  or the  values  of a  material  measure,  when  an  i n fl uence  quanti ty 
assumes,  success ivel y,  two  d i fferen t values   

Note  1  to  en try:  Th i s  defi n i ti on  i s  appl i cable  to  a l l  measuri ng  i nstruments  and  i n fl uence  q uan ti ti es,  bu t  i t  shou l d  
main l y be  used  i n  those  cases,  where  th i s  d eviation  i s  i ndependent of the  i nd icated  val ue.  

[SOURCE:  I EC 60050-31 1 : 2001 ,  31 1 -07-03,  mod i fied 2]  

3.8   
d istribution  function  
F(x)   
a function  g i ving ,  for every value  x,  the  probabi l i ty that the  random  variable  X be  less  than  or 
equal  to  x :  F(x)  =  Pr(X ≤  x)   

[SOURCE:  GUM:2008,  C. 2 .4 ;  GUM  S1 : 2008,  3. 2 ]  

3.9   
expanded  uncertainty 
U 
quanti ty defi n ing  an  i n terval  abou t the  resu l t of a  measurement that may be  expected  to  
encompass  a  l arge  fraction  of the  d istribution  of va lues  that cou ld  reasonabl y be  attributed  to  
the  measurand  

Note  1  to  en try:  The  expanded  u ncertain ty i s  obtai ned  by  mu l ti p l yi ng  the  (combined )  s tandard  uncertai n ty by a  
coverage  factor.  

[SOURCE:  GUM:2008,  2 . 3. 5]  

3. 1 0   
ind icated  value  
G  
quanti ty value  provided  by a  measuring  i nstrument or a  measuring  system  

Note  1  to  en try:  An  i nd icati on  i s  often  g i ven  by the  posi ti on  of a  poi n ter on  the  d i spl ay for anal ogue  ou tpu ts ,  a  
d i splayed  or pri n ted  number for d i g i ta l  ou tpu ts,  a  code  pattern  for code  ou tputs,  or an  ass i gned  quanti ty val ue  for 
materia l  measures.  

3. 1 1   
in fluence quanti ty  

quanti ty that i s  not  the  measurand  bu t that effects  the  resu l t of the  measurement  

___________ 

2  Ori g i nal  term  “variati on  (d ue  to  an  i n fl uence  quan ti ty)” .  
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Note  1  to  en try:  For example,  temperatu re  of a  m icrometer u sed  to  measure  l eng th .  

[SOURCE:  GUM:2008,  B . 2 . 1 0 ]  

3. 1 2   
measured  value  
M 
value  determ ined  from  the  ind icated  value,  G ,  by appl ying  the  model  function  for the  meas-

urement 

Note  1  to  en try:  An  example  of a  model  function  i s  g i ven  below.  The  cal i brati on  factor N,  a  devi ation  D ,  and  a  
correction  factor K are  appl i ed :  

M =  N ×  K ×  (G  –  D)  

The  calcu l ations  accord ing  to  th i s  model  functi on  are  not  a lways  performed .  One  main  pu rpose  of th i s  model  func-
ti on  of the  measurement i s ,  that  i t  i s  necessary for any determ ination  of the  uncertai n ty accord ing  to  the  GUM  (see  
GUM,  3 . 1 . 6 ,  3 . 4. 1  and  4 . 1 ;  see  a l so  5 . 2  of th i s  Techn ical  Report) .  

Note  2  to  en try:  I n  the  GUM  the  measured value  i s  ca l l ed  value of the measurand.  

3. 1 3   
probabi l i ty densi ty function  <for a  conti nuous  random  variable>  
f(x)  
the  derivati ve  (when  i t  exists)  of the  d is tribu tion  function :  f(x)=dF(x)/dx  

Note  1  to  en try:  f(x) · dx i s  the  “probabi l i ty e l ement” :  f(x) · dx=Pr(x<X<x+dx);  i n  genera l :  ∫=<<
b

a

xxfbXa d)()Pr( .   

[SOURCE:  GUM:2008,  C. 2 . 5;  GUM  S1 : 2008,  3. 3,  mod i fied  by add ing  “ i n  general ” ]  

3. 1 4   
reference  cond itions  
set of speci fi ed  values  and /or ranges  of va lues  of i n fl uence quanti ties  under wh ich  the  uncer-
ta in ties,  or l im i ts  of error,  adm issib le  for a  measuring  i nstrument are  the  smal l est  

[SOURCE:  I EC 60050-31 1 : 2001 ,  31 1 -06-02]  

3. 1 5   
reference  response  
Rref  
response of the  assembly under reference cond i tions  to  un i t reference dose  (ra te)  or acti vi ty 
and  i s  expressed  as:  

c
ref M

G
R =  

where  G  i s  the  i nd icated  value  of the  equ ipment or assembly under test  and  Mc  i s  the  true  

va lue  of the  reference  source  

3. 1 6   
relative  response  
Rrel   
quotien t of the  response  and  the  reference response under speci fi ed  cond i tions  

Note  1  to  en try:  For the  speci fi ed  reference  cond i ti ons,  the  response  i s  the  reci procal  of the  cal i bration  factor.  
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3. 1 7   
response  
R   
ratio  of the  quanti ty measured  under speci fi ed  cond i tions  by the  equ ipment or assembly under 
test and  the  true  va lue  of th is  quanti ty 

3. 1 8   
standard  uncertainty 

standard  deviation  associated  wi th  the  measurement resu l t  or an  i nput quanti ty  

Note  1  to  en try:  See  GUM:2008,  2 . 3 . 4 .  

Note  2  to  en try:  The  standard  uncertain ty of the  measurement resu l t  i s  sometimes  cal l ed  “combined  standard  
uncertain ty” .  

Note  3  to  en try:  The  q uoti en t  of the  standard  u ncerta in ty and  the  measu rement resu l t  i s  cal l ed  “relati ve  s tandard  
uncertain ty”  and  sometimes  g i ven  as  percentage.  

3. 1 9   
type test   

conform ity test made  on  one  or more  i tems  representative  of the  production   

[SOURCE:  I EC 60050-1 51 : 2001 ,  1 51 -1 6-1 6]  

3.20   
uncertainty 
uncertainty of measurement  
parameter,  associated  wi th  the  resu l t of a  measurement,  that characterises  the  d ispers ion  of 
the  values  that cou ld  reasonabl y be  attributed  to  the  measurand  

Note  1  to  en try:  The  parameter may be,  for example,  a  s tandard  deviation  (or a  g i ven  mu l ti p l e  of i t) ,  or the  hal f-
wid th  of an  i n terva l  havi ng  a  s tated  l evel  of confi dence  (coverage  probabi l i ty).  

[SOURCE:  GUM:2008,  2 . 2. 3]  

4 List of symbols  

Table  1  g ives  a  l i st  of the  symbols  (and  abbreviated  terms)  used  in  the  main  text of th is  
Techn ica l  Report  (exclud ing  annexes) .  

Table  1  – Symbols  (and  abbreviated  terms)  used   
in  the  main  text (exclud ing  annexes)  

Symbol  Mean ing  
Un i t  (dose  

measurement)  

a  Ha l f-wid th  of an  i n terval  for poss ible  va l ues  of a  quanti ty  As  quan ti ty  

a– Lower l im i t  of an  i n terva l  for poss ible  va l ues  of a  quanti ty  As  quan ti ty  

a+  Upper l im i t  of an  i n terva l  for poss ible  va l ues  of a  quanti ty  As  quan ti ty  

α  Probabi l i ty to  d etect an  effect  (state  a  resu l t  above  zero)  a l though  i n  real i ty no  
effect  i s  present  (the  true  val ue  i s  zero)  a l so  cal l ed  “probabi l i ty of fa l se  posi ti ve  
decis ion ”  

– 

ck Sens i ti vi ty coeffi cien t  for the  i npu t  quanti ty K Sv 

cm  Sensi ti vi ty coeffi cien t  for the  i npu t  quan ti ty M –  

cm0
 Sensi ti vi ty coeffi cien t  for the  i npu t  quanti ty M0  – 

cn  Sensi ti vi ty coeffi cien t  for the  i npu t  quanti ty N Sv 

F(x)  D i stri bu tion  function  – 
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Symbol  Mean ing  
Un i t  (dose  

measurement)  

f(x)  Probabi l i ty d ensi ty function  (for a  con ti nuous  random  vari abl e)  PDF  I nverse  of 
quan ti ty  

G  I nd i cated  val ue,  for example,  read i ng  of the  dosemeter i n  u n i ts  of Hp(1 0)  Sv 

ĝ Best estimate  of G  Sv 

g Possible  val ue  (estimate)  of G  Sv 

G0  Zero  read i ng  Sv 

ĝ0  Best estimate  of G0  Sv 

g0  Possible  val ue  (estimate)  of G0  Sv 

h (x)  Model  fu nction ,  see  Note  1  to  3 . 1 2  As  ou tpu t  
quan ti ty  

Hp(1 0)  Personal  dose  equ ivalent  at  a  depth  1 0  mm   Sv 

i  Runn ing  i ndex ( i n teger)  – 

j  Runn ing  i ndex ( i n teger)  – 

K Correction  factor,  for example,  for energy and  ang le  of rad iati on  i ncidence  – 

k̂  Best  estimate  of K – 

k Possible  val ue  (estimate)  of K  – 

k1 –α  quanti l e  of the  standard i zed  normal  d i stri bu ti on  for a  g i ven  probabi l i ty α  – 

kcov  Coverage  factor – 

L Number of Monte  Carlo  tri a l s  – 

M Measured  val ue,  for example,  personal  dose  equ i va len t  Hp(1 0)  Sv 

Mc True  va l ue  of a  reference  source  Sv 

m̂  Best estimate  of M Sv 

m Possible  val ue  (estimate)  of M Sv 

m* Decis ion  th reshold  of M Sv 

N Cal i bration  factor – 

n̂  Best estimate  of N – 

n  Possible  val ue  (estimate)  of N – 

p  Coverage  probabi l i ty  – 

Q  D i stri bu tion  function  for the  ou tpu t  quan ti ty  – 

q  Arbi trary i n teger – 

Rabs  Absolu te  response   – 

Rrel  Relati ve  response   – 

sĝ  S tandard  deviati on  of the  d i stri bu tion  of the  g-va lues  Sv 

sĝ0
 Standard  deviati on  of the  d i stri bu tion  of the  g0-values   Sv 

sk̂  S tandard  deviati on  of the  d i stri bu tion  of the  k-values  – 

sn̂  S tandard  deviati on  of the  d i stri bu tion  of the  n -va lues   – 

T Number of i npu t  quanti ti es  – 

U Expanded  u ncertain ty Sv 

u(m̂ )  S tandard  u ncerta in ty associated  wi th  the  best  estimate  of the  measurement  
resu l t,  m̂  

Sv 

ug(m̂ )  Uncertain ty con tri bu ti on  to  u  of the  i npu t  quan ti ty G  associated  wi th  the  best  
estimate  of the  measurement  resu l t,  m̂  

Sv 

ug0
(m̂ )  Uncertain ty contribu tion  to  u  o f the  i npu t  quan ti ty G0  associated  wi th  the  best  

estimate  of the  measurement  resu l t,  m̂  
Sv 

uk(m̂ )  Uncertai n ty con tri bu tion  to  u  of the  i npu t  quan ti ty K associated  wi th  the  best  
estimate  of the  measurement  resu l t,  m̂  

Sv 

Copyright International  Electrotechnical  Commission  



 – 1 4  – I EC TR 62461 :201 5  © I EC 201 5  

Symbol  Mean ing  
Un i t  (dose  

measurement)  

un(m̂ )  Uncertain ty contribu tion  to  u  of the  i npu t  quanti ty N associated  wi th  the  best  
estimate  of the  measurement  resu l t,  m̂  

Sv 

X A non-speci fi ed  quanti ty  As  quanti ty  

x̂  Best estimate  of X As  quan ti ty  

x Possible  val ue  (estimate)  of X As  quan ti ty  

y Random  number from  the  standard  Gaussian  d i s tri bu ti on  – 

z Random  number ou t  of the  i n terval  0  . .  1  ( rectangu lar d i s tri bu tion )  – 

 

5 The GUM  and  the  GUM  S1  concept 

5.1  General  concept  of uncertainty determination  

5. 1 . 1  Overview in  four steps  

The GUM:2008  and  i ts  supplement  1 ,  GUM  S1 : 2008:  

– cons ider avai l able  quan ti ties  i n fluencing  the  measurement,  e . g .  the  experience  of the  
person  perform ing  the  measurement,  

– are  partl y based  on  the  Bayes  statis tics  (especia l l y the  GUM  S1 ) ,  

– are  i n ternational l y accepted .  

NOTE  The  methods  of the  GUM  and  the  GUM  S1  are  descri bed  and  expla i ned  i n  many papers  [3 ]  to  [1 1 ] .  

The appl ication  of the  GUM  (anal ytica l  method)  and  GUM  S1  (Monte  Carlo  method) ,  not the  
j usti fication  or the  mathematics  beh ind  i t,  wi l l  be  described  in  a  simplified example  i n  the  

fol l owing  subclauses.  Further deta i l s  can  be  found  i n  the  l i terature.   

The  fol l owing  four steps  are  necessary for the  propagation  (determ ination)  of uncertain ty.  
Especia l l y,  for the  fi rst  two steps,  the  expertise  of the  evaluator i s  essential .  

– Step  1 :  A mathematical  model  function  (or an  a l gori thm)  has  to  be  stated  describ ing  the  
re lation  of the  i npu t quan ti ties  Xi  and  the  output quan ti ty M 

 M =  h(X1 ,… ,  XT)  (1 )  

where   

T i s  the  number of i npu t quan ti ties;  

Xi   i s  an  i npu t quanti ty;  

M i s  the  ou tput  quanti ty.  

The  model  function  shou ld  con tain  every quanti ty,  i nclud ing  al l  corrections  and  correction  
factors  that can  contribute  a  s i gn i ficant component of uncertain ty to  the  resu l t of the  
measurement;  detai ls  are  g i ven  in  5. 2.  

– Step  2 :  The  avai l able  i n formation  for the  i npu t quan ti ties  Xi  has  to  be  col l ected ;  deta i ls  are  
g i ven  i n  5 . 3 .  

– Step  3:  The  standard  uncertain ty u(m̂ )  of the  ou tpu t quanti ty has  to  be  calcu lated  using  
e i ther the  anal ytical  method  (expla ined  i n  5 . 1 . 2)  or the  Monte  Carlo  method  (expla ined  i n  
5. 1 . 3) .  For th is  step,  on l y the  appl ication  of mathematics  is  requ i red .  Th is  task can ,  
therefore,  be  performed  completel y by a  compu ter program ,  for example,  the  software  
“GUM  Workbench ”  [1 2]  or “UncertRad io”  [1 3] ;  deta i l s  are  g iven  i n  5. 4 .  

– Step  4:  The  expanded  uncertain ty U(m̂ )  and  or the  correspond ing  coverage  i n terval  have  

to  be  stated ;  deta i l s  are  g iven  i n  5 . 5 .  
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5.1 .2  Summary of the  analytical  method  for steps  3  and  4  

I n  th is  subclause,  a  short  summary is  g i ven  in  the  fol l owing  to  i l l ustrate  the  anal ytical  method :  

a)  F i rstl y,  for each  i npu t quan ti ty Xi,  i  =  1 . . T,  the  best estimate  x̂ i  and  i ts  standard  uncertain ty 
s( x̂ i)  have  to  be  obtained ;  

b)  Second l y,  the  sens i ti vi ty coefficien t,  i . e .  the  partia l  derivative  of the  ou tput quanti ty wi th  
respect to  each  i nput  quan ti ty,  has  to  be  calcu lated :  ci  =  ∂h /∂xi;  th is  i s  the  s lope  of the  
model  function  h(xi) .  The  larger i t  i s  the  stronger is  the  impact of the  correspond ing  i npu t 
quanti ty to  the  ou tpu t quan ti ty,  thus ,  i t  i s  the  “ lever arm”  or “ impact”  of the  correspond ing  
i nput quanti ty.  

c)  Th i rd l y,  the  uncertain ty con tribu tion  to  the  ou tput quanti ty due  to  each  i nput quan ti ty has  
to  be  calcu lated  by mu l ti p l ying  the  sensi ti vi ty coefficien t and  the  s tandard  uncerta in ty:  
ui(m̂ )  =  |ci |  ·  s( x̂ i) .  

d )  Fourth l y,  the  combined  standard  uncertain ty for the  ou tpu t quan ti ty i s  computed  as  the  

square  root of the  squared  uncertain ty contribu tions:  { }∑ =
=

n

i ic mumu
1

2
)ˆ()ˆ( ;  i n  case  some 

(random  variables  expressing  the  state  of knowledge  about the  accord ing)  inpu t quanti ties  
are  corre lated  wi th  one  another ( i . e.  they depend  on  each  other) ,  further terms  need  to  be 
added  to  the  sum  under the  square  root  s ign ,  as  detai led  i n  5 . 2  of the  GUM:2008.  

e)  F ina l l y,  the  expanded  uncertain ty for the  ou tpu t quanti ty has  to  be  calcu lated  by 
mu l tip l ying  the  standard  uncertain ty wi th  the  appropriated  coverage factor (usual l y k =  2) :  
Uc(m̂ )  =  2  ·  uc(m̂ ) ;  i f the  probabi l i ty d istribu tion  of the  ou tput quan ti ty i s  not approximatel y 
Gaussian  (or normal ),  the  coverage  factor may have  another value,  see  6. 3  of the  
GUM:2008  .  

5. 1 .3  Summary of the  Monte  Carlo  method  for steps  3  and  4  

I n  th is  subclause,  a  short summary,  taken  from  the  i n troduction  and  from  5. 9. 6  of the  
GUM  S1 : 2008,  i s  g iven  i n  the  fol l owing  to  i l l ustrate  the  Monte  Carlo  method :  

This Supplement to the GUM is concerned with  the propagation of probability distributions 
through the mathematical model of measurement [GUM:1995,  3. 1 . 6] as a  basis for the 
evaluation of uncertainty of measurement,  and its implementation by a  Monte Carlo method.  
The treatment applies to a  model having any number of input quantities,  and a  single output 
quantity.  The described Monte Carlo method is a  practical alternative to the GUM uncertainty 
framework [GUM:1995,  3. 4. 8].  It has value when  

a)  linearization  of the model provides an  inadequate representation or 

b)  the probability density function (PDF)  for the output quantity departs appreciably from a  
Gaussian distribution or a  scaled and shifted t-distribution,  e. g.  due to marked asymmetry 
of dominating influence quantities (i. e.  those with large uncertainties)  or due to a  model 
function with only very few influence quantities which  are,  in  addition,  non-Gaussian  
distributed.  

The  Monte  Carlo  method  can  be  stated  as  a  step-by-step  procedure,  see  5. 9. 6  of the  
GUM  S1 : 2008:  

a)  select the number L  of Monte Carlo trials to be made;  

b)  generate L  vectors,  by sampling from the assigned PDFs,  as realizations of the (set of 
i  =  1 . .T)  input quantities Xi;  

c)  for each such vector,  form the corresponding model value of M =  h(Xi) ,  yielding L  model 
values  Mj  with j  =  1 . .L;  

d)  sort these L  model values into increasing order,  using the sorted model values to provide 
the distribution function for the  output quantity  Q;  

e)  calculate the  average of M1 ,  … ,  ML  which is an  estimate m̂  of M,  and calculate their 
standard deviation which is an  evaluation of the standard measurement uncertainty u(m̂ )  
associated with m̂ ,  see 5. 4. 3 d) ;  
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f)  use Q  to form an appropriate coverage interval for M,  for a  stipulated coverage probability 
p ,  see 5. 5. 3.  

5. 1 .4  Which  method  to  use:  Analytical  or Monte  Carlo?  

The Monte  Carlo  method  usual l y del i vers  better estimates  of the  resu l t  and  the  uncertain ty i f 
the  measurement cond i tions  are  modeled  properl y as  no  approximation  i s  appl i ed ;  th is  i s  
confi rmed  by experimental  find ings  [1 1 ] .  However,  the  anal ytical  method  is  eas ier to  appl y for 
a  l arge  number of measurements  as  they,  for example,  occur i n  services  perform ing  dai l y a  
l arge  number of s im i l ar measurements ,  and  may therefore  preferabl y be  appl ied .  

I f the  model  function  is  l i near and  the  input quan ti ties  are  l im i ted  symmetrical l y around  the ir 
cen tre  value,  then  the  anal ytical  method  can  be  used .  

Otherwise,  the  resu l ts  of both  methods  shou ld  be  g iven  i n  order to  d isplay thei r d i fference.  
When  the  95  %  coverage  in tervals  of the  Monte  Carlo  method  and  of the  anal ytical  method  do  
not deviate  by more  than  1 0  %,  then  the  analytical  one  may be  used  for the  uncertain ty 
determ ination  i n  s im i lar cases,  i . e .  a  s im i l ar model  function  and  s im i lar or smal ler va lues  of 
the  uncertain ty of the  i nput quan ti ties .  

5.2  Example  of a  model  function   

The bas is  of any measurement and  the  fi rst (and  probabl y most importan t)  step  of the  uncer-
ta in ty evaluation  i s  the  defin i tion  of the  measurement model .  Th is  i s  a  mathematical  
re lationsh ip  between  a l l  the  i n fl uence quanti ties.  However,  d i fferen t evaluators  may wel l  have  
d i fferent knowledge of the  process,  and  d i fferen t understand ings  of how the  quan ti ti es  i n  p l ay 
i n teract and  by that s tate  d i fferent model  functions.  Th is  i s  an  image of the  scienti fic  rea l i ty:  
one  evaluator i s  aware  of a  speci fic i n fl uence quanti ty and  thus  i ncludes  i t  i n  the  model  
function ,  wh i l e  the  other is  not.  As  a  resu l t,  d i fferen t uncertai n ties  (and  maybe  even  d i fferent 
measuring  resu l ts)  can  be  calcu lated  by d i fferent evaluators.  I t  i s ,  therefore,  important to  
expla in  i n  detai l  wh ich  i npu t quan ti ti es  have  been  taken  in to  accoun t,  even  when  they are  
regarded  as  neg l ig ib le.  

S ince  d i fferen t measurement models  typ ical l y wi l l  l ead  to  d i fferen t uncerta in ty evaluations,  
th is  i s  a  source  of uncertain ty,  too,  often  ca l l ed  “model  uncerta in ty"  [1 4] ,  [1 5] .  I f d i fferent  
models  appear comparabl y reasonable  to  the  evaluator,  then  a l ternative  uncertain ty 
evaluations  shou ld  be  performed  to  assess  the  sensi ti vi ty of the  resu l ts  to  the  model l ing  
assumptions,  and  poss ib l y a lso  to  quan ti fy the  component uncertain ty that  derives  from  the  
mu l tip l ici ty of such  models.  

The  model  function  is  i n  most cases  an  anal yti cal  function ,  bu t the  GUM  S1  method  does  not 
requ ire  th is :  i t  can  a lso  be  an  a lgori thm .  I t  i s  important that the  model  g ives  an  unambiguous  
va lue  of the  measurand .  To  explain  the  model ,  an  example  of a  d i rect  read ing  i nd ividual  
dosemeter wi l l  be  cons idered .  The  dosemeter’s  d i splay ind icates  the  dose  d i rectl y i n  un i ts  of 

the  quan ti ty to  be  measured ,  for example,  i n  µSv or mSv for the  quan ti ty Hp(1 0).   

A proven  method  to  set up  the  model  function  is  to  start from  the  pri ncip le  of cause  and  effect.  
The  cause  – and  the  a im  of the  measurement – i s  the  dose  M wh ich  produces,  due  to  the  

absolu te  response Rabs ,  an  i nd ication  of M ×  Rabs ,  wh ich  i s  increased  by the  zero  ind ication  
G0 .  Therefore,  the  i nd ication  of the  dosemeter is  g iven  by  

 G  =  M Rabs  +  G0   (2)  

where  

G  i s  the  i nd icated  value,  for example,  read ing  of the  dosemeter i n  un i ts  of Hp(1 0) ;  

M i s  the  cause,  for example,  the  personal  dose  equ ivalent  Hp(1 0) ,  wh ich  shal l  be  
measured ;  

Rabs  i s  the  absolu te  response;  
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G0  i s  the  zero  read ing .  

The  a im  of the  measurement i s  M,  so  the  model  function  is   

  ( )0
1

GG
R

M −=
abs

 (3)  

The  i nverse  of the  absolu te  response  Rabs  i s  g iven  by 

 KN
R

N

R
==

relabs

1
 (4)  

where  

N i s  the  cal i bration  factor;  

Rrel  i s  the  response re lati ve  to  the  response at ca l i bration  cond i tions  and ,  thus,  accounts  for 
the  d i fferen t i n fl uence quanti ties,  for example,  for energy and  ang le  of rad iation  
i ncidence;  

K i s  the  correspond ing  correction  factor for deviation  from  cal ibration  cond i ti ons  and ,  thus,  
accounts  for the  d i fferent i n fl uence  quan ti ti es,  for example,  for energy and  ang le  of 
rad iation  i ncidence.  

I n  order to  have  symmetrical  i n tervals  abou t the  best estimate  of the  i n fluence  quanti ty,  e i ther 
Rrel  or K i s  used  depend ing  wh ich  one  i s  l im i ted  symmetrical l y to  un i ty in  the  respective 

i nstrument speci fic standard ,  e . g .  1 , 0  ±  0 , 4 .  I f none  is  l im i ted  symmetrical l y,  the  one  wi th  the  
i n terval  cl oser to  un i ty shou ld  be  used .  Exception :  I f the  anal ytica l  method  i s  appl i ed  K shou ld  
be  used  i n  case  the  standard  uncerta in ty exceeds  1 0  %.  The  reason  i s  that a  l inear 
approximation  of the  model  function  is  impl ici tl y u sed  for the  anal ytical  method  and  the  
approximation  is  not good  enough  for standard  uncertain ties  exceed ing  1 0  %,  see  5. 1 . 2  of the  
GUM:2008,  7 . 9  of GUM  S1 : 2008,  and  [1 0] .  

Note  1  When  the  d i stri bu ti on  of R  i s  l im i ted  symmetri cal l y  and  i t  i s  relati vel y wide,  e. g .  1 , 0  ±  0 , 4 ,  the  rel ati on  
K =  1  /  Rrel  i s  not  tri vi a l ,  i . e.  i t  does  not  l ead  to  a  symmetri cal  d i s tri bu ti on  of K and  i t  l eads  to  another (usua l l y not  
tri vi al )  probabi l i ty densi ty function  (PDF).  For example,  a  rectangu lar d i s tri bu ti on  l eads  to  a  hyperbol i c  one.  
However,  th i s  i s  i gnored  i n  th i s  report  for two  reasons:  F i rstl y,  for the  sake  of s impl i ci ty.  Second l y,  i nstrument 
speci fi c  standards  on l y l ay down  l im i ts  for the  response  or correction  factor.  The  transformati on  of these  l im i ts  vi a  
K =  1  /  Rrel  on l y l eads  to  new l im i ts .  Thus,  i n  both  cases  the  pri nciple  of maximum  entropy (PME)  impl i es  a  
rectangu l ar d i s tri bu tion .  

NOTE  2  For a  d evice  accumu lati ng  rad iati on  over a  l ong  period  of time  (for example,  a  personal  d osemeter being  
worn  for several  hours  up  to  months),  the  val ue  of R  u sual l y i s  the  mean  of a l l  va l ues  the  i npu t  q uan ti ty took d uri ng  
the  time  of measurement.  

Final l y,  the  model  function  i s  g i ven  by 

  ( ) ( )00
rel

GGKNGG
R

N
M −=−= .  (5)  

The  model  function  (5)  g i ves  the  re lation  between  the  measurand  (measuring  quanti ty)  M,  

ca l l ed  ou tpu t quan ti ty of the  evaluation  (wh ich  is  the  measured  value),  and  the  i npu t quanti -
ti es  N,  Rrel ,  (or K, )  G  and  G0.   

I f one  or more  input quan ti ty i s  i n  the  nom inator of the  model  function ,  the  resu l ts  of the  
anal ytical  method  need  to  be  veri fied  us ing  Monte  Carlo  methods.  Th is  can  be  done  in  the  
fol lowing  way:  Determ ine  the  95  %  coverage  i n tervals  resu l ti ng  from  the  Monte  Carlo  method  
and  from  the  anal ytica l  method :  they shou ld  not  deviate  by more  than  1 0  % ,  see  5. 1 . 4 .  A 
poss ib le  fa l l acy when  perform ing  the  uncertain ty anal ys is  i s  to  perform  the  anal ys is  wi th  
formu la  (2 )  for the  i nd icated  value,  bu t th is  i gnores  that the  a im  of the  measurement i s  the  
cause  M and  i ts  associated  uncertain ty and  not  the  i nd icated  value  G.   
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An  a l ternative  method  to  define  a  measurement model  i s  of i n terest i n  case  some of the  i npu t  
quanti ti es  depend  on  the  measurand  ( i . e.  an  impl ici t  re lation) .  I n  such  cases  the  so  ca l led  
observation  formu la  i s  a  su i table  a l ternative  [1 6] .   

For rou tine  measurements,  often  N =  R rel  =  K =  1  and G0  =  0  i s  assumed  resu l ting  in  M =  G,  
wh ich  means  that no  correction  at a l l  i s  considered .  However,  when  the  uncerta in ty 
associated  wi th  the  measurement i s  d iscussed ,  the  model  function  i nclud ing  al l  corrections  
must be  considered .  Thus,  i n  any measurement,  the  model  function  is  impl ici tl y i ncluded  i n  
the  measurement process.  

The  imperfect knowledge  of the  true  va lue  wi l l  be  taken  in to  accoun t in  such  a  way that for the  
evaluation  both  the  i npu t quanti ties  N,  Rrel ,  K,  G,  G0  and  the  ou tput  quan ti ty M are  be ing  
replaced  by random  variables.  Their possib le  values  are  denoted  by smal l  l etters,  for 
example,  n  and  r,  whereas  a l l  quanti ties  are  wri tten  i n  capi ta l  l etters  as  i n  formu la  (5) .  For 
each  quanti ty the  possib le  values  are  characterized  by a  d istribution ,  wh ich  has  an  expecta-
tion  value  (mean  value)  denoted  by the  correspond ing  smal l  l etter wi th  a  ci rcumflex accent,  
for example,  n̂  and  r̂ ,  and  a  correspond ing  s tandard  deviation  (standard  uncerta in ty)  of the  
expectation  value,  denoted  by the  l etter s  and  the  i ndex g i ven  by the  mean  va lue,  for example,  
s n̂  and  s r̂  respectivel y.  As  seen  by formu la  (5)  the  ou tpu t quanti ty M i s  l i nked  to  the  i npu t 
quanti ti es  N,  Rrel ,  (or K, )  G  and  G0  vi a  the  model  function .  Therefore,  the  d istribu tions  of the  
poss ib le  values  of the  i npu t quan ti ti es  lead  to  a  d istribu tion  of the  possible  values  of the  
ou tpu t quan ti ty M.  Th is  i s  described  by the  correspond ing  expectation  va lue  m̂  and  i ts  
standard  deviation .  I n  analogy to  the  symbols  used  for the  i npu t quan ti ties  th is  cou ld  be  g i ven  
the  symbol  sm̂ ,  bu t i n  a l l  the  l i terature  the  symbol  u  i s  used ,  so  th is  i s  fo l l owed  here.  The  a im  
of the  uncertain ty anal ysis  accord ing  to  the  GUM  and  the  GUM  S1  is  the  determ ination  of 
u(m̂ ) ,  th is  shou ld  be  read  as  ”u  associated  wi th  m̂ ” .  The  princip le  method  to  determ ine  i t  i s  to  
vary a l l  the  i npu t quanti ti es  wi th in  the ir ranges  of poss ib le  values.  Th is  resu l ts  i n  a  variation  of 
the  poss ib le  va lues  m  of the  ou tput quan ti ty,  wh ich  is  determ ined  by the  model  function .  Th is  
variation  determ ines  a  d i stribution  of the  ou tpu t va lues  m  whose  mean  value  is  m̂  and  whose  
standard  deviation  i s  u(m̂ ) .   

 ( ) ( )00
rel

ggkngg
r

n
m −=−=  (6)  

where  

n  i s  a  poss ib le  value  of the  cal i bration  factor;  

rrel  i s  a  poss ib le  va lue  of the  response  re lative  to  the  response at ca l ibration  cond i ti ons  and ,  
thus,  accounts  for the  d i fferen t i n fluence quanti ties,  for example ,  for the  energy and  the  
ang le  of rad iation  i ncidence;  

k i s  a  possib le  value  of the  correction  factor for deviation  from  cal ibration  cond i ti ons  and ,  
thus,  accoun ts  for the  d i fferen t in fluence quanti ti es,  for example,  for the  energy and  the  
ang le  of rad iation  incidence;  

g  i s  a  poss ible  va lue  of the  i nd icated  va lue,  for example,  the  read ing  of the  dosemeter i n  
un i ts  of Hp(1 0) ;  

g0  i s  a  poss ib le  value  of the  zero  read ing ;    

m  i s  a  poss ib le  value  of the  measurement resu l t,  for example,  of the  personal  dose  
equ ivalent Hp(1 0),  and  i s  calcu lated  from  formu la  (6)  wi th  the  poss ib le  values  for n ,  … ,   

g0 ;  

5.3  Col lection  of data  and  existing  knowledge  for the  example  

5.3. 1  General  

The  second  step  of the  uncertain ty anal ys is  i s  the  col lection  of data  and  existing  knowledge.  
Th is  i ncludes  both  mathematica l  methods  l ike  statis tica l  anal ysis  and  other methods  l i ke  col -
lecting  data  from  data  sheets,  for example,  ca l ibration  certi ficates,  or us ing  scienti fic  and  ex-
perimental  experience.  These  other methods  are  the  most  important  new i tem  i n troduced  by 
the  GUM  method  and  they are  most important for real istic uncertain ty ca lcu lations.  Th is  sec-
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ond  s tep  of the  uncertain ty anal ysis  depends  as  wel l  as  the  fi rst step  to  a  g reat extent on  the  
experience  and  the  knowledge of the  evaluator.  D i fferent evaluators  may wel l  ass ign  (or 
estimate)  d i fferent values  for the  uncerta in ties  of the  input quanti ties  and  by that ca lcu late  
d i fferent uncertain ties  for the  ou tput quan ti ty.  Th is  i s  again  an  image of the  scienti fic real i ty.  
Bu t th is  shou ld  not be  i n terpreted  as  an  uncerta in ty of the  uncertain ty;  th is  i s  due  to  the  
d i fference i n  i n formation  col lected  by d i fferent evaluators .  I f the  evaluators  started  wi th  the  
same i n formation  (and  ca lcu lated  correctl y)  the  uncertain ty determ ined  by the  evaluators  
wou ld  be  the  same.   

I n  particu lar,  the  other methods  mentioned  above  can  on l y be  reviewed  i f the  uncertain ty 
anal ys is  i s  cl earl y documented .  An  adequate  documentation  method ,  the  uncertain ty budget,  
wi l l  be  g i ven  i n  5 . 4.  I n  the  fo l l owing ,  these  methods  wi l l  be  demonstrated  for the  mentioned  
example  of an  i nd ividual  e l ectron ic dosemeter wi th  the  model  function  of formu la  (5).  
Therefore,  the  i npu t quanti ti es  N,  Rrel ,  K,  G  and  G0  are  d iscussed  one  after the  other i n  the  

fol l owing  subclauses.   

5.3.2  Cal ibration  factor for the  example  

The i nd ividual  dosemeter i s  cal i brated  at the  factory under reference cond i ti ons,  for example,  
Cs-1 37  rad iation ,  0°  rad iation  i ncidence and  a  dose  of 0 , 3  mSv and  a  dose  rate  of 5  mSv h–1 .  
During  the  cal ibration  process,  the  dosemeter is  ad justed  so  that the  ca l ibration  factor i s  cl ose 
to  un i ty.  Therefore,  the  ca l i bration  factor N i n  formu la  (5)  shou ld  on l y correct  for remain ing  
imperfections  i n  the  ad justment process.  Such  imperfections  cou ld  be  due  to  the  uncertain ty 
of the  fi el d  parameters  of the  ca l ibration  faci l i ty at the  factory – g i ven  i n  the  cal ibration  certi fi -
cate  of that faci l i ty – and  l im i ts  for the  ad j ustment g i ven  by the  factory procedure,  for example,  
ad j ustment unti l  the  deviation  of the  read ing  from  the  reference  value  i s  l ess  than  1 0  %.   

NOTE  The  zero  read ing  G0  i s  assumed  to  be  much  smal l er than  the  dose  of 0 , 3  mSv used  for cal i bration ,  so  G0  
can  be  neg l ected  when  ad justi ng  the  dosemeter.   

For s impl ici ty the  uncertain ty of the  fi e ld  parameters  of the  cal i bration  faci l i ty i s  assumed  to  
be  much  l ess  than  1 0  %  and  can ,  therefore,  be  neg lected .  The  techn icians  are  advised  to  
ad j ust unti l  the  deviation  of the  read ing  from  the  reference value  i s  l ess  than  1 0  %  and ,  
furthermore,  perform  the  ad j ustment as  thorough ly as  poss ib le.  Therefore,  no  possib le  value  
of n  i s  below 0 , 9  or above 1 , 1  and  most values  are  very close  to  un i ty.  The  existing  knowledge 
about  the  ca l i bration  factor N i s  g i ven  by 

 0 , 9  ≤  n  ≤  1 , 1   (7)  

and  by the  assumption  of a  tri angu lar probabi l i ty dens i ty d istribution  of n ,  see  F igure  1 .  I n  th is  
example,  the  choice  of the  triangu lar probabi l i ty dens i ty d istribution  i s  the  decis ion  of the  
evaluator,  other cond i ti ons  or other evaluators  may l ead  to  other d istributions.   

As  shown  i n  5 . 3 . 6,  th is  l eads  to  n̂  =  1 , 0  and  to  the  s tandard  uncertain ty of n̂  of 

s n̂  =  
6

1,0
 =  0 , 041  for the  analyti ca l  method .  A random  number from  th is  d is tribu tion  i s  g i ven  by 

n  =  0 , 9  +  0 , 1  ×  (z1  +  z2)  wi th  the  two i ndependen t random  numbers  z1  and  z2  from  the  un i form  
d istribu tion  i n  the  in terval  0 . . 1  (needed  for the  Monte  Carlo  method) .  
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Figure 1  – Triangu lar probabi l i ty densi ty d istribution   
of possible  values  n  for the  cal ibration  factor N 

5. 3.3  Zero reading  for the  example  

As mentioned  above,  the  dosemeter i nd icates  the  dose  d i rectl y i n  un i ts  of the  quan ti ty to  be  

measured ,  thus,  a  d ig i tal  d isplay wi th  a  resolu tion  of 1  µSv is  assumed .  During  the  ad j ustment 
procedure  at the  factory,  the  techn icians  are  advised  to  ad just the  zero  read ing  unti l  the  dose-

meter i nd icates  0  µSv.  So  the  zero  read ing  G0  i n  formu la  (5)  shou ld  on l y correct for remain ing  
imperfections  in  the  ad justment process.  Due  to  a  resolu tion  of 1  µSv,  the  ad justment can  
on l y be  done  wi th in  ±0,5  µSv,  otherwise  the  i nd ication  wou ld  be  +1  µSv or −1  µSv.  Doseme-
ters  wi l l  normal l y not d isp lay negative  values,  bu t th is  i s  assumed  to  be  poss ib le  for 

i l l ustration  purposes.  The  best estimate  (mean  va lue)  of G0  i s  ĝ0  =  0  µSv.  I n  the  range  of 
±0, 5  µSv,  each  poss ib le  value  of g0  h as  the  same probabi l i ty,  as  the  i nd ication  is  a lways  
0  µSv.  Consequentl y,  the  existi ng  knowledge  abou t the  zero  read ing  G0  i s  g i ven  by 

 –0 , 5  µSv ≤  g0  ≤  +0, 5  µSv (8)  

and  by the  assumption  of a  rectangu lar probabi l i ty d istribu tion  of g0 ,  see  F igure  2 .  I n  th is  ex-
ample,  the  choice  of the  rectangu lar probabi l i ty densi ty d is tribu tion  is  the  decis ion  of the  
evaluator,  other cond i ti ons  or other evaluators  may l ead  to  other d is tributions.  

As  shown  i n  5 . 3 . 6,  th i s  l eads  to  ĝ0  =  0  µSv and  to  the  standard  uncertain ty of ĝ0  of 

sĝ0
 =  

3

µSv5,0
 =  0 , 29  µSv for the  anal ytica l  method .  A random  number from  th is  d i stribution  is  

g i ven  by g0  =  (–0, 5  +  z1 )  µSv wi th  the  random  number z1  from  the  in terval  0 . . 1  (needed  for the  

Monte  Carlo  method) .  
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Figure 2  – Rectangular probabi l i ty densi ty d istribution   
of possible  values  g0  for the  zero  read ing  G0  

5. 3.4  Read ing  for the  example  

The read ing  G  i s  a  statis tical l y d istributed  quanti ty.  When  measuring  a  dose  much  h igher than  
the  zero  read ing  G0 ,  a  normal  d istribution  of the  poss ib le  read ing  va lues  g  i s  adequate  and  a  
re lati ve  standard  deviation  of the  read ings  of 4  %  is  assumed .  Th is  i s  not much  smal ler than  

the  requ i rement g i ven  i n  I EC 61 526: 201 0  [1 7] .  A best estimate  of ĝ  =  500  µSv (arbi trari l y 
chosen)  l eads  to  a  d istribution  g i ven  by g  =  (500  +  20  ×  y)  µSv wi th  y  a  d raw from  the  standard  
Gaussian  d istribution ,  see  5. 3 . 6 ,  and  to  a  standard  deviation  of sĝ  =  0 , 04  ×  500  µSv =  20  µSv.  
Th is  d istribution  i s  shown  i n  F igure  3.  
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Figure 3  – Gaussian  probabi l i ty densi ty d istribution   
of possible  values  g for the  read ing  G 

5.3.5  Relative  response or correction  factor for the  example  

5.3.5.1  General  

The re lati ve  response  Rrel  requ ires  a  more  complex d iscuss ion .  I n  general ,  i t  i s  composed  of 
several  separate  relati ve  responses  for d i fferen t i n fl uence quan ti ti es,  Rrel  be ing  the  product of 
a l l  these.  I n  case  of ind ividual  mon i toring ,  these  i n fl uence quan ti ti es  are  determ ined  by the  
workplace  cond i tions,  for example  rad iation  energy and  d i rection  of rad iation  i ncidence,  
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cl imatic cond i ti ons  g i ven  by temperature  and  hum id i ty,  dose  rate,  prevai l i ng  du ring  dose  
measurement.  D i fferent  l evels  of cons ideration  of these  workplace  cond i ti ons  are  possib le.   

The  l owest  l evel  i s  the  assumption  that the  dosemeter is  adequate  for the  workplace.  Th is  
means  that the  va lues  of i n fl uence quanti ti es  prevai l i ng  at the  workplace  are  wi th in  the  rated  
ranges  speci fi ed  i n  the  data  sheet of the  dosemeter.  Th is  l evel  may be  adequate  for l ow dose  
values  far be low the  dose  l im i t.   

An  even  worse  l evel  cou ld  be  that the  workplace  cond i tions  are  not covered  by the  rated  
ranges,  bu t th is  wi l l  not  be  considered  here.   

The  h i ghest level  of consideration  is  g i ven  when  the  workplace  cond i tions  of a  g i ven  dose  
measurement are  considered  i n  detai l .  The  va lues  of the  i n fluence quanti ti es  are  determ ined  
by on  s i te  i nvestigations  and  the  corrections  val i d  for these  specia l  cond i tions  are  appl i ed  to  
the  dose  value.  The  corrections  can ,  for example,  be  taken  from  the  response va lues  
determ ined  i n  the  course  of a  type  test.  Th is  l evel  of cons ideration  may be  adequate  in  case  
of an  acciden t or when  the  dose  va lue  is  near or above  the  dose  l im i t.   

I n  the  fol lowing ,  two examples  ( low and  h igh  level  of cons ideration  of workplace  cond i tions)  
are  g i ven .   

5.3.5.2  Example  of low l evel  of consideration  of workplace  condi tions   

The workplace  cond i tions  are  covered  by the  rated  ranges  of the  in fluence  quanti ti es  g i ven  i n  
the  re levant standard ,  for example,  I EC  61 526:201 0,  for the  dosemeter used .  I n  other words,  
the  dosemeter was  adequatel y selected  for the  measurement task,  bu t the  actual  va lues  of 
the  i n fl uence quanti ti es  are  not known  or not considered  during  dose  evaluation .  Because  the  
combined  in fluence quanti ty “ rad iation  energy and  d i rection  of rad iation  incidence”  i s  most  
important,  th is  example  wi l l  focus  on  th is  i n fl uence quanti ty and  neg lect a l l  the  others .  I f nec-
essary other i n fl uence  quan ti ties  can  be  included  i n  analogy to  the  method  g iven  here  by 
i n troducing  further re lati ve  responses  or correction  factors .  I f the  dosemeter fu l fi l s  the  
requ i rements  of I EC 61 526: 201 0  the  re lati ve  response to  photon  rad iation  (re lati ve  to  the  
response to  reference rad iation ,  for example,  Cs-1 37)  i s  between  0 , 71  and  1 , 67  wi th in  the  
whole  rated  range.  As  th i s  range  i s  non-symmetric  to  un i ty,  a  transformation  of variables  from  
the  re lati ve  response  to  the  correction  factor,  K =  1 /Rrel ,  i s  done.  Th is  resu l ts  i n  a  correction  
factor between  1 , 4  and  0, 6.  Therefore,  a l l  poss ib le  values  k  of the  correction  factor K are  

wi th in  th is  range:  0 , 6  ≤  k  ≤  1 , 4 .  Th is  transformation  of variables  is  done  i n  th is  case  as  the  
cen tre  va lue  of the  resu l ti ng  variable  is  closer to  the  expected  value  (un i ty)  than  the  centre  
va lue  of the  ori g ina l  variable,  see  5. 2.  

The  choice  of the  d is tribu tion  of k wi th in  the  range  g iven  above i s  gu ided  by the  fo l lowing  facts  

for a  measuring  period  of one  day:  

a)  The  person  wearing  the  dosemeter is  chang ing  h is  orien tation  i n  the  rad iation  fi el d  during  
work because  of the  persons ’  movement.  Therefore,  the  mean  value  of the  ang le  of rad ia-
tion  i ncidence  i s  estimated  to  be  close  to  the  centre  of the  in terval  va l i d  for the  ang le.  I n  
general ,  the  correction  factor has  i ts  extreme va lues  for extreme values  of the  ang le  of 
rad iation  i ncidence.  Therefore,  the  mean  value  for the  correction  factor i s  expected  to  be  
close  to  the  cen tre  of the  i n terval  va l id  for k.   

b)  The  workplace  fi e lds ,  g iven  for example,  by the  spectral  d is tribution  of the  photons,  are  
broader than  the  rad iation  fi e lds  used  during  the  type test.  Th is  a lso  causes  the  correction  
factor to  be  close  to  the  cen tre  of the  i n terval  val i d  for k.  

c)  The  movement of the  person  a lso  changes  the  rad iation  fie l d  he  i s  i n .  Th is  makes  the  
range  of photon  energ ies  imping ing  on  the  dosemeter even  broader,  enhancing  the  
probabi l i ty of a  correction  factor close  to  the  cen tre  of the  i n terval  va l i d  for k even  more.   

Al l  these  s tatements  g i ve  rise  to  a  d istribution  that i s  even  more  peaked  than  the  triangu lar 
d istribu tion  g i ven  in  5. 3 . 2 .  One  poss ib le  d istribution  is  a  normal  (Gauss ian)  d is tribu tion  where  

99, 7  %  of a l l  poss ib le  k  va lues  are  wi th in  the  g i ven  i n terval  ( the  i n terval  ha l f-wid th  i s  3  ×  s k̂) .  
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Concern ing  the  normal  d istribution ,  there  are  0 , 1 5  %  of the  poss ib le  k va l ues  below the  l im i t  

of 0 , 6  and  0 , 1 5  %  above  the  l im i t  of 1 , 4 .  Th is  i s  smal l  enough  to  be  neg lected .   

The  existi ng  knowledge  abou t the  correction  factor K i s  g iven  by 

 0 , 6  ≤  k  ≤  1 , 4  (9)  

and  by a  Gauss ian  probabi l i ty d istribution  of  k  peaked  at the  cen tre  of the  i n terval .  The  

Gaussian  probabi l i ty d istribu tion  was  chosen  as  responses  in  workplace  cond i tions  are  often  
qu i te  close  to  1 , 0  [1 1 ] .  As  a lways,  the  choice  of the  (Gauss ian)  probabi l i ty dens i ty d istribution  
is  the  deci sion  of the  evaluator,  other cond i tions  may l ead  to  other d istribu tions.  

Th is  l eads  to  k̂  =  1 , 0  and  to  the  s tandard  uncertain ty of k̂  of s k̂  =  3

4,0
 =  0 , 1 33.  A random  

number from  the  correspond ing  d istribution  i s  g i ven  by k  =  (1  +  0 , 1 33  ×  y)  wi th  y  a  d raw from  
the  s tandard  Gaussian  d istribu tion ,  see  5. 3 .6 .  

5.3.5.3  Example  of h igh  level  of consideration  of workplace condi tions  

The workplace  under consideration  i s  an  X-ray testi ng  equ ipment for a l um in ium  wheel  rims  for 
cars.  I n  the  respective  energy range,  the  re lati ve  response of the  dosemeter (re lati ve  to  the  
response to  reference rad iation ,  for example,  Cs-1 37)  i s  l ow,  a lways  be low un i ty.  Therefore,  i t  
i s  assumed  that the  correction  factor i s  between  1 , 0  and  1 , 4 .  Again ,  the  i nd icated  dose  value,  

the  read ing ,  was  500  µSv after one  working  day.  As  th is  i s  an  unexpected  h igh  va lue,  the  
measured  dose  value  shou ld  be  determ ined  considering  a l l  knowledge  of the  workplace.   

Al l  possib le  values  k  of the  correction  factor K are  wi th in  the  range:  1 , 0  ≤  k  ≤  1 , 4 .  The  
arguments  for the  probabi l i ty d istribution  of the  k  va lues  g i ven  above  are  sti l l  va l id  for a  

working  period  of one  day and  wi l l ,  therefore,  be  appl ied  as  wel l .   

Therefore,  the  existi ng  knowledge  about  the  correction  factor K for th is  example  i s  g i ven  by 

 1 , 0  ≤  k  ≤  1 , 4  (1 0)  

and  by a  Gauss ian  probabi l i ty d istribu tion  of  k peaked  at the  centre  of that i n terval .  Again ,  the  

Gaussian  probabi l i ty d istribu tion  was  chosen  as  responses  in  workplace  cond i ti ons  are  often  
qu i te  close  to  1 , 0  [1 1 ] .    

Th is  l eads  to  k̂  =  1 , 2  and  to  the  s tandard  uncertain ty of k̂  of s k̂  =  3

2,0
 =  0 , 067.  A random  

number from  the  correspond ing  d istribu tion  i s  g i ven  by k =  (1 , 2  +  0 , 067  ×  y)  wi th  y  a  d raw from  
the  s tandard  Gaussian  d istribu tion ,  see  5. 3 .6 .  

The  corrected  measured  value  i s  m̂  =  1 , 2  ×  500  µSv =  600  µSv wi th  an  associated  uncertain ty 
smal ler than  i n  case  of low l evel  consideration  of workplace  cond i ti ons,  th is  i s  shown  in  5. 4.  

5.3.6  Comparison  of probabi l i ty densi ty d istributions  for input  quanti ti es  

For i nput quan ti ti es  that were  determ ined  as  mean  va lue  of several  measurements  the  
standard  uncerta in ty i s  g i ven  by the  standard  deviation  of a  s ing le  measurement d i vi ded  by 
the  square  root of the  number of the  measurements  – i n  the  GUM  cal led  type  A evaluation  of 
uncertain ty.  To  these  input quan ti ti es  usual l y a  t-d istribution  can  be  ass igned  (see  6. 4. 9. 2  and  

Table  1  of the  GUM  S1 : 2008) .   

For al l  the  other i npu t quan ti ties  the  standard  uncertain ty has  to  be  obtained  by other than  
statistical  methods,  i . e .  from  an  assumed  probabi l i ty densi ty function  based  on  the  degree  of 
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bel ief about the  va lue  for the  i npu t quan ti ty [often  cal led  subj ective  probabi l i ty]  – i n  the  GUM  
cal l ed  type  B  evaluation  of uncertain ty.  I n  most cases  one  of the  fol l owing  probabi l i ty densi ty 
functions  can  be  assumed :  a  rectangu lar,  triangu lar or Gauss ian  d istribution  wi th  i ts  ha l f-
wid th ,  denoted  here  by the  symbol  a .  Further d istribu tions  are  g iven  in  table  1  of the  GUM  S1 .  
For a l l  these  probabi l i ty d istribu tions ,  the  most probable  value,  the  best estimate,  i s  the  cen tre  
of the  d istribution ,  denoted  here  by the  symbol  x̂ .  I n  practice,  e i ther the  best estimate,  x̂ ,  i s  
g i ven  and  the  l im i ts  a–  and  a+  of the  d is tribu tion  have  to  be  chosen  symmetrical  to  th is  best  
estimate  as  a–  =  x̂  – a  and  a+  =  x̂  +  a ,  or the  l im i ts  a–  and  a+  are  g i ven ,  for example,  of the  cor-

rection  factor d iscussed  i n  5. 3 . 5,  and  the  best estimate  is  the  mean  value   

  2
+− +

=
aa

x̂
  (1 1 )  

For comparison  purposes,  the  probabi l i ty d istribu tions  men tioned  i n  th is  Techn ical  Report are  
summarized  i n  F igure  4  and  the  va lues  for the  s tandard  uncertain ty and  the  correspond ing  
method  of computation  are  g i ven  i n  Table  2 .  Other d istributions  may a l so  be  used ,  i f 
appropriate.  Further examples  are  g iven  in  6 . 4  of the  GUM  S1 : 2008.  
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Figure 4 – Comparison  of d i fferent  probabi l i ty densi ty d istributions  of possible  values:   
rectangular (broken  l ine) ,  triangu lar (dotted  l ine)  and  Gaussian  (sol id  l ine)  d istribution  

Table  2  – Standard  uncertainty and  method  to  compute  
the  probabi l i ty densi ty d istributions  shown  in  F igure 4  

Type of d i stribu tion  Standard  
uncertain ty 

Computation  
method 1  

Remark 

Rectangu l ar 
3

a
 x  =  a–  +  2  a  z  

1 00  %  of a l l  possibl e  va l ues  are  wi th i n  the  
i n terva l  from  a–  to  a+  wi th  the  cen tre  at  x̂  and  
a  hal f wid th  of a  

Tri angu lar 
6

a
  x  =  a–  +  a  (z1  +  z2)  

1 00  %  of a l l  possib l e  va l ues  are  wi th i n  the  
i n terva l  from  a–  to  a+  wi th  the  cen tre  at  x̂  and  
a  hal f wid th  of a  

Gaussian  
3

a
 x  =  x̂  +  

3

a
 y  

99, 7  %  of a l l  possible  val ues  are  wi th i n  the  
i n terva l  from  a–  to  a+  wi th  the  cen tre  at  x̂  and  
a  hal f wid th  of a  

1  z,  z1 ,  and  z2  d enote  random  numbers  ou t  of the  i n terva l  0  . .  1  (rectangu lar d i stri bu ti on ) ;  

 y  denotes  a  random  number from  the  s tandard  Gaussian  d i stri bu tion .  

NOTE  Two values  of the  standard  Gaussian  d i s tri bu tion  can  be  obtai ned  us ing  two  i ndependent d raws  z1  and  z2  

from  the  rectangu l ar d i s tri bu tion  via  ( )211 2cos)ln(2 zzy π−=  and  ( )212 2sin)ln(2 zzy π−= .  
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5.4  Calcu lation  of the  resu l t  of a  measurement  and  i ts  standard  uncertain ty 
(uncertainty budget)  

5.4. 1  General  

The th i rd  step  of the  uncertain ty anal ys is  i s  the  calcu lation  of the  resu l t of a  measurement and  
the  associated  standard  uncerta in ty accord ing  to  the  model  function .  Th is  i s  done  us ing  
establ ished  mathematica l  methods  and  may,  therefore,  a lso  be  performed  by software,  see  
5. 1 . 1 .  

5.4.2  Analytical  method  

The standard  uncertain ty,  u(m̂ ) ,  associated  wi th  the  ou tpu t quan ti ty m̂  d epends  on  the  s tan-
dard  uncertain ties,  s ,  of the  i nput quanti ties .  For every i npu t quan ti ty,  the  “amoun t”  of th is  de-
pendence i s  denoted  by the  symbol  u(m̂ )  wi th  a  subscript  ind icati ng  the  i npu t quanti ty,  for ex-
ample,  un(m̂ )  ,  uk(m̂ )  ,  ug(m̂ )  or ug0(m̂ )  for the  i npu t quan ti ties  g i ven  in  formu la  (5) .  Th is  
“amount”  i s  g i ven  by the  “extent”  to  wh ich  the  ou tpu t quanti ty i s  i n fl uenced  by variations  of the  
i nput  quan ti ty mu l ti p l ied  by the  standard  uncertain ty of the  i nput quan ti ty.  The  “extent”  i s  
ca l l ed  “sensi ti vi ty coefficien t” ,  denoted  by the  symbol  c  wi th  a  subscript i nd icati ng  the  i nput 
quanti ty,  for example,  cn  ,  ck  ,  cg  or cg0  for the  i nput quanti ties  g iven  i n  formu la  (5).  I n  

mathematical  l anguage,  the  “extent”  i s  the  change  of the  ou tpu t quan ti ty,  ∆m ,  d ue  to  a  change 
of a  particu lar i npu t quan ti ty,  for example,  ∆n .  Thei r quotient ∆m/∆n  i s  the  sens i ti vi ty 
coefficien t.  Us ing  d i fferentia l  ca lcu lus,  th is  i s  the  partia l  derivati ve  of the  model  function  of the  
measurement wi th  respect to  the  particu lar i npu t quanti ty.  Thus,  the  sensi ti vi ty coefficien ts  
accord ing  to  formu las  (5)  and  (6)  are:  

 )ˆˆ(ˆ
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0
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ggk
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The  con tributions  of the  standard  uncerta in ties  of the  i nput  quan ti ti es  to  the  s tandard  uncer-
ta in ty associated  wi th  the  output quan ti ty are  then  g i ven  by:  

 un(m̂ )  =  |cn |  s n̂  (1 3)  

uk(m̂ )  =  |ck|  s k̂  

ug(m̂ )  =  |cg|  sĝ  

ug0(m̂ )  =  |cg0 |  sĝ0  

NOTE  1  Accord i ng  to  the  GUM,  the  val ues  of un(m̂ )  ,  uk(m̂ )  ,  ug(m̂ )  or ug0(m̂ )  are  pos i ti ve,  so  the  absolu te  val ues  of 
the  sens i ti vi ty coeffi cien ts  are  used  i n  formu la  (1 3).  

The total  s tandard  uncertain ty u(m̂ ) ,  associated  wi th  the  ou tput  quanti ty m̂  i s  g iven  by the  

geometrical  sum  of a l l  these  con tribu tions.  

 )ˆ()ˆ()ˆ()ˆ()ˆ( mumumumumu ggkn
2222
0

+++=  (1 4)  
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NOTE  2  Formu la  (1 3)  i s  va l i d  for uncorrelated  quanti ti es  on l y.  Sometimes  corre lations  can  be  e l im inated  by  a  
proper choice  of the  model  fu nction .  For correlated  i npu t  q uanti ti es,  see  5. 2  of the  GUM: 2008.  

The correspond ing  uncertain ty budget i s  g i ven  in  5. 4. 4 .  

5.4.3  Monte  Carlo  method  

The probabi l i ty dens i ty function  (PDF)  for the  ou tput quanti ty M and  i ts  s tandard  uncertain ty 

has  to  be  obta ined  from  the  PDFs  of the  i npu t quanti ti es  via  the  fol lowing  steps :  

a)  Select the  number L  of Monte  Carlo  tri a ls  to  be  made,  at least 1  000  000  (th is  figure  
serves  as  an  example  for the  fo l l owing) ,  see  a l so  7. 9  i n  GUM  S1 :2008  and  [1 0] .  The  
correspond ing  fi gures  for th is  example  of 1  000  000  tri a ls  are  g i ven  in  the  fo l l owing  in  
curl y brackets  {} ;  

b)  Generate  L  vectors,  by sampl ing  from  the  ass igned  PDFs,  as  rea l i zations  of the  (set of 
i  =  1 . . 4)  i npu t quanti ties  Xi:  (N,  K,  G,  and  G0)

t
1 . .L ;  

c)  For each  such  vector,  form  the  correspond ing  model  va lue  of M =  h(Xi) :  ( )
0

ggnkm −=  

wh ich  is  the  transformed  model  function ,  see  d iscuss ion  in  5 . 3 .5 ,  yie ld ing  L  model  va lues  
m j  wi th  j  =  1 . .L ;  

d )  Use  the  L  val ues  m j  to  form  an  estimate  ∑
=

=
L

j

jm
L

m

1

1
 =  500  µSv of M and  the  s tandard  

uncerta in ty ∑
=

−
−

=
L

j

j mm
L

mu

1

2

1

1
)( )ˆ(ˆ  =  73  µSv associated  wi th  m̂ .  

NOTE  m̂  wi l l  i n  general  not  agree  wi th  the  model  eva luated  at  the  best  estimates  of the  i npu t  quan ti ti es,  
s i nce,  for a  non- l i near model  h (X) ,  the  expectation  val ue  of h (X) ,  E[h (X) ] ,  i s  usual l y not  equal  to  the  model  
val ue  of the  expectati on  val ues  of the  i npu t  q uan ti ti es,  h [E(X)]  (see  4 . 1 . 4  i n  the  GUM:2008).  I rrespecti ve  of 
whether h  i s  l i near or non-l i near,  i n  the  l im i t  as  L tends  to  i n fi n i ty,  m̂  approaches  E[h (X) ]  when  i t  exi sts .  

5.4.4  Uncertainty budgets  

The complete  uncertain ty anal ys is  for a  measurement – sometimes  cal led  the  uncerta in ty 
budget of the  measurement – shou ld  i nclude  a  l i st  of a l l  sources  of the  uncertain ty together 
wi th  the  associated  probabi l i ty dens i ty d istributions,  standard  uncerta in ties  and  the  methods  
of evaluating  them .  For repeated  measurements,  the  number of observations  a lso  has  to  be  
stated .  For the  sake  of cl ari ty,  i t  i s  recommended  to  present  the  data  re levan t for th is  ana l ys is  
i n  the  form  of a  table.  An  example  of such  a  table  for the  above  example  of a  dose  
measurement wi th  an  e lectron ic dosemeter using  the  model  function  of formu la  (5)  i s  g i ven  i n  
Table  3  for l ow l evel  of cons ideration  of the  workplace  cond i ti ons  and  in  Table  4  for h i gh  l evel  
of cons ideration  of the  workplace  cond i ti ons.  Columns  1 ,  2 ,  3 ,  and  4  are  re levant for the  
Mon te  Carlo  method  wh i le  columns  1 ,  2 ,  3 ,  5,  and  6  are  re levant for the  anal ytica l  method .   

I t  can  be  seen  that i n  case  of h igh  level  of cons ideration  of the  workplace  cond i ti ons,  the  best  

estimate  of the  dose  i s  enhanced  from  500  µSv to  600  µSv.  Th is  i s  accompan ied  by a  reduc-
tion  of the  s tandard  uncertain ty from  73  µSv to  48  µSv,  wh ich  is  equ ivalen t to  a  re lati ve  stan-
dard  uncertain ty of 1 5  %  and  8  % ,  respective l y.   

I t  can  a lso  be  seen ,  that the  resu l ts  from  the  anal ytical  and  the  Mon te  Carlo  method  are  
equ ivalent.  The  reason  i s  that a  l i near approximation  of the  model  function  i s  val i d  i n  the  
range  of the  uncerta in ties  of the  i npu t quan ti ties.  I n  th is  case,  i t  wou ld  be  sufficient to  appl y 
the  anal yti cal  method  for s im i l ar cases.  
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Table  3  – Example  of an  uncertainty budget for a  measurement wi th  an   
el ectronic  dosemeter using  the  model  function   M =  N K (G  – G0)   and   
low level  of consideration  of the  workplace condi tions,  see 5.3.5.2  

Quanti ty 
Best 

estimate  
Absolute   

standard  uncertain ty 

Distribution ;  
mean  value,  x;  
hal f-width ,  a   

Sensi tivi ty 
coefficient  

Uncertainty contribution  to  
output quanti ty 

N 1 , 0  

6

1,0
 =  0 , 041  

Triangu lar;  
x  =  1 , 0 ;  a  =  0 , 1  

500  µSv 0, 041  ×  500  µSv =  20, 5  µSv 

K 1 , 0  

3

4,0
 =  0 , 1 33  

Gauss ian ;  
x  =  1 , 0 ;  a  =  0 , 4  

500  µSv 0, 1 33  ×  500  µSv =  66, 5  µSv 

G 500  µSv 0, 04  ×  500  µSv =  20  µSv Gaussian  wi th  one  
read ing ;  

x  =  500  µSv;  
a  =  60  µSv 

1 , 0  20  µSv ×  1 , 0  =  20  µSv 

G0  0  µSv 

3

µSv5,0
 =  0 , 29  µSv 

Rectangu l ar;  
x  =  0 , 0  µSv;  
a  =  0 , 5  µSv 

– 1 , 0  0 , 29  µSv ×  | – 1 , 0 |  =  0 , 29  µSv 

M 500  µSv 73  µSv  ( 1 5  %)   (Anal yti cal  method )  

M 500  µSv 73  µSv  ( 1 5  %)   (Monte  Carlo  method )  

 

Table  4 – Example  of an  uncertainty budget for a  measurement wi th  an   
electronic  dosemeter using  the  model  function   M =  N K (G  – G0)  and   
h igh  l evel  of consideration  of the  workplace  condi tions,  see  5.3.5.3  

Quanti ty 
Best 

estimate  
Absolute   

standard  uncertain ty 

Distribution ;  
mean  value,  x;  
hal f-width ,  a  

Sensi tivi ty 
coefficient  

Uncertainty contribution  to  
output quanti ty 

N 1 , 0  

6

1,0
 =  0 , 041  

Triangu lar;  
x  =  1 , 0 ;  a  =  0 , 1  

600  µSv 0 , 041  ×  600  µSv =  24, 6  µSv 

K 1 , 2  

3

2,0
 =  0 , 067  

Gaussian ;  
x  =  1 , 2 ;  a  =  0 , 2  

500  µSv 0 , 067  ×  500  µSv =  33, 5  µSv 

G 500  µSv 0, 04  ×  500  µSv =  20  µSv Gaussian  wi th  one  
read ing ;  

x  =  500  µSv;  
a  =  60  µSv 

1 , 2  20  µSv ×  1 , 2  =  24  µSv 

G0  0  µSv 

3

µSv5,0
 =  0 , 29  µSv 

Rectangu l ar;  
x  =  0 , 0  µSv;  
a  =  0 , 5  µSv 

– 1 , 2  0 , 29  µSv ×  | – 1 , 2 |  =  0 , 35  µSv 

M 600  µSv 48  µSv  (8  %)   (Anal yti cal  method )  

M 600  µSv 48  µSv  (8  %)   (Monte  Carlo  method )  

 

5.5  Statement of the  measurement resu l t  and  i ts  expanded  uncertainty  

5.5. 1  General  

For Gaussian  d istributions,  the  standard  uncertain ty u(m̂ )  defines  an  in terval  from  m̂  – u(m̂ )  to  
m̂  +  u(m̂ )  wh ich  covers  68  %  of the  poss ib le  values  of the  ou tpu t quanti ty that cou ld  
reasonabl y be  attributed  to  the  measurement.  I n  general ,  a  l arger certain ty (coverage prob-
abi l i ty or level  of confidence)  i s  asked  for,  therefor,  typ ical l y the  95  %  coverage  in terval  i s  
stated  to  represent  the  expanded  uncertain ty.   

For other d istribu tions  the  percentages  mentioned  above d i ffer,  however,  the  probabi l i ty 
d istribu tion  of ou tpu t quan ti ties  is  often  qu i te  s im i lar to  a  Gauss ian ,  see  G . 2. 1  of the  
GUM:2008.  
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5.5.2  Analytical  method  

I n  order to  obtain  the  expanded  uncertain ty,  the  standard  uncerta in ty is  mu l tip l ied  by a  factor 
l arger than  one.  The  factor i s  cal l ed  'coverage  factor' ,  usual l y g i ven  the  symbol  k  bu t to  
d isti ngu ish  i t  from  the  correction  factor the  symbol  kcov  i s  used .  The  expanded  uncerta in ty i s  
usual l y g i ven  the  symbol  U (capi ta l  l etter) .  

For the  case  of l ow level  of consideration  of the  workplace  cond i ti ons  the  resu l t i s  

 M =  m̂  ±  U(m̂ )  =  500  µSv ±1 46  µSv (kcov  =  2)  (1 5a)  

and  i n  the  case  of h i gh  level  of cons ideration  of the  workp lace  cond i ti ons  the  resu l t i s  

 M =  m̂  ±  U(m̂ )  =  600  µSv ±  96  µSv (kcov  =  2)  (1 5b)  

NOTE  I n  the  example,  the  i n creased  knowledge  l eads  to  a  smal l er uncertai n ty.  Th i s  i s  not  a lways  the  case,  i t  i s  
a l so  possibl e  that  an  i ncrease  of knowl edge  l eads  to  an  enhanced  u ncerta in ty,  for example,  because  new i n fl uence  
quan ti ti es  were  i denti fi ed  wh ich  were  i gnored  previous ly.   

To th is  statement an  explanation  shou ld  be  added  wh ich  i n  the  general  case  wi l l  have  the  
fol l owing  con tent:  

The  uncertain ty s tated  is  the  expanded  measurement uncertain ty obta ined  by mu l ti p l ying  
the  standard  uncerta in ty by a  coverage  factor kcov  =  2 .  I t  has  been  determ ined  i n  
accordance wi th  the  Guide to the Expression of Uncertainty in  Measurement.  The  value  of 
the  measurand  then  normal l y l i es,  wi th  a  probabi l i ty of approximatel y 95  %,  wi th in  the  
attribu ted  coverage i n terval .  

As  men tioned  in  5. 5. 1  the  95  %  (and  accord ing l y kcov  =  2)  are  on l y va l i d  for Gaussian  ou tput 

d istribu tions  wh ich  can ,  however,  mostl y be  assumed.  I n  case  other ou tpu t d is tributions  have  
to  be  assumed,  G . 6.4  of the  GUM :2008  shou ld  be  considered .  

5.5.3  Monte Carlo  method  

I n  order to  obtain  the  expanded  uncertain ty,  the  fol lowing  steps  have  to  be  appl ied :  

a)  Sort the  L  model  va lues  m j  (at  l east  L  =  1  000  000  values  obta ined  accord ing  to  5 . 4 . 3)  in to  

i ncreas ing  order;  use  these  sorted  model  va lues  to  provide  the  d istribu tion  function  for the  

ou tpu t quanti ty Q,  see  F igure  5  for the  d is tribu tion  function  of the  example;  

NOTE  1  As  mentioned  i n  5 . 4 . 3,  1  000  000  val ues  i s  the  m in imum  number of Monte  Carlo  tri a l s  to  be  used .  I n  
add i ti on ,  th i s  fi gu re  serves  as  an  example  for the  fol l owi ng .  The  correspond ing  fi gu res  for th i s  example  of 
1  000  000  are  g i ven  i n  the  fol l owing  i n  curl y brackets  {}.   

b)  Assemble  the  values  m j  i n to  a  h istogram  (wi th  su i table  cel l  wid ths)  to  form  a  frequency 

d istribu tion  normal ized  to  un i t area.  Th is  d istribu tion  provides  an  approximation  to  the  PDF  

for M,  see  F igure  6  for the  d is tribution  of the  example.  Calcu lations  are  not general l y 

carried  ou t i n  terms  of th is  h is togram ,  the  resolu tion  of wh ich  depends  on  the  choice  of cel l  

wid ths ,  bu t i n  terms  of Q  (see  F igure  5) .  The  h istogram  can ,  however,  be  usefu l  as  an  a id  

to  understand ing  the  nature  of the  PDF,  e . g .  the  extent of i ts  asymmetry.  

c)  Use  Q  to  form  an  appropriate  coverage i n terval  [m l ow,  mh igh ]  for M,  for a  chosen  coverage  

probabi l i ty p ,  for example  p  =  0 , 95  =  95  %  by the  fol lowing :  Let q  =  pL  {=  0 , 95  ×  1  000  000  
=  950  000}.  I f q  i s  no  in teger i t  shou ld  be  rounded  to  an  i n teger.  Then  (L  – q)  {=  50  000}  

95  %  coverage i n tervals  [m l ow,  mh i gh ]  exist for M,  where  m l ow  =  m j  and  mh igh  =  m j+q  for any 

j  =  1  . .  (L  –  q)  {=  1  . .  50  000}.  That means  (L  – q)  {=  50  000}  d i fferen t coverage i n tervals  

exist.  Two  of them  are  of specia l  i n terest:   
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1 )  The  probabi l i s tica l l y symmetric p  =  95  %  coverage  i n terval  i s  g iven  by taking  j  =  (L  –  
q)  /  2  {=  (1  000  000  – 950  000)  /  2  =  25  000}  and  j+q  {=  (25  000  +  950  000)  =  975  000}.  
I f j or q  i s  no  i n teger i t  shou ld  be  rounded  to  an  i n teger.  Th is  l eads  to  
m l ow  =  m25  000  =  361  µSv and  mh i gh  =  m975  000  =  648  µSv lead ing  to  Ul ow  =  m̂  –  
m l ow  =  1 39  µSv  and  Uh i gh  =  mh i gh  – m̂  =  1 48  µSv.  Below and  above  th is  i n terval  2 , 5  %  
of the  d istribu tion  are  l ocated .  

2)  The  shortest p  =  95  %  coverage in terval  i s  g iven  by determ in ing  j*  such  that,  for 
j  =  1  . .  (L  – q)  =  {1  . .  50  000},  the  i nequal i ty  m j*+q  – m j*  ≤  m j+q  – m j  i s  va l i d ,  i . e.  the  
d i fference  m j*+q  – m j*  i s  smal l er than  a l l  the  others.  Th is  l eads  for the  shortest i n terval  
to  m l ow  =  356  µSv and  mh igh  =  642  µSv.   

I n  th is  case  the  shortest i n terval  i s  on l y 0 , 3  %  shorter than  the  probabi l i sti ca l l y symmetric  
one  as  the  PDF  is  nearly symmetric to  i ts  mean  value  and  un imodal ,  i . e .  i t  has  on l y one  
maximum .  I n  case  the  PDF  is  non-symmetric,  the  l eng th  of the  two coverage i n tervals  can  
be  s ign i ficantl y d i fferen t;  a  correspond ing  example  is  g iven  i n  C. 3. 4 .   

For more  deta i l ed  i n formation ,  C lause  7  of the  GUM  S1 : 2008   may be  used  as  a  gu ide.  

 

Figure 5  – Distribution  function  Q  of the  measured  value  

IEC 
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Figure 6  – Probabi l i ty densi ty d istribution  (PDF)  of the  measured  value  

For the  above example,  i n  the  case  of l ow level  of consideration  of the  workplace  cond i ti ons ,  
the  complete  resu l t  of the  measurement i s  g i ven  by 

 M =  m̂  
low

high

U

U

−

+
 =  (500

1 41

1 43

−

+
)  µSv   a t    p  =  95  %  (shortest i n terval )  (1 6a1 )  

 M =  m̂  
low

high

U

U

−

+
 =  (500

1 38

1 45

−

+
)  µSv   a t   p  =  95  %  (probabi l istica l l y symmetric  i n terval )  (1 6a2)  

and  i n  the  case  of h igh  l evel  of cons ideration  of the  workplace  cond i tions,  the  complete  resu l t 
of the  measurement i s  g iven  by 

 M =  m̂  
low

high

U

U

−

+
 =  (600

94

93

−

+
)  µSv   a t    p  =  95  %  (shortest i n terval )  (1 6b1 )  

 M =  m̂  
low

high

U

U

−

+
 =  (600

90

97

−

+
)  µSv   a t    p  =  95  %  (probabi l istical l y symmetric  i n terval )  (1 6b2)  

I n  both  cases,  the  two  i n tervals  overlap,  thus ,  these  resu l ts  are  cons isten t.  

To  th is  an  explanation  shou ld  be  added  wh ich  i n  the  general  case  wi l l  have  the  fo l l owing  
con ten t:  

The  uncertain ty s tated  is  the  expanded  measurement uncertain ty wi th  a  coverage  
probabi l i ty of p  =  95  %  obtained  from  the  d istribu tion  function  of the  ou tput quan ti ty.  I t  has  
been  determ ined  i n  accordance wi th  Supplement  1  of the  Guide to the Expression of 
Uncertainty in  Measurement.  The  value  of the  measurand  then  normal l y l i es,  wi th  a  
probabi l i ty of approximatel y 95  %,  wi th in  the  attributed  coverage i n terval  (shortest or 
probabi l is tical l y symmetric i n terval ) .   

NOTE  2  I n  the  l ast  l i ne  i n  brackets  e i ther the  words  “probabi l i sti cal l y symmetri c  i n terval ”  or “shortest  i n terval ”  
depend ing  on  wh ich  i s  the  case  shou l d  be  g i ven .  

Usual l y,  the  shortest coverage i n terval  shou ld  be  stated  because  the  correspond ing  range  of 
possib le  values  i s  smal lest.  

IEC 
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5.5.4  Representation  of the  output d istribution  function  i n  a  s imple  form  (Monte 
Carlo  method)  

I n  case  the  resu l t of an  uncertain ty anal ys is  us ing  the  Monte  Carlo  method  is  used  as  i npu t 
quanti ty for another uncertain ty anal ys is  us ing  the  Mon te  Carlo  method ,  the  arbi trari l y formed  
d istribu tion  function  shou ld  be  used  (an  example  is  g iven  in  F igure  5).  To  represent the  
d istribu tion  function  a  s imple  p iecewise  l i near in terpolation  as  described  in  Annex D  of the  
GUM  S1 : 2008  can  be  used .  To  sample  d raws from  th is  d istribu tion  function  the  correspond ing  
i nverse  function  can  be  used ,  see  Clause  C. 2  of the  GUM  S1 : 2008.  

6 Resul ts  below the decision  threshold  of the  measuring  device  

This  clause  i s  appl icable  for measurements  taking  i n to  account a  g ross  and  a  background  
i nd ication .  Accord ing  to  formu la  (21 )  and  5. 3. 3  of I SO 1 1 929: 201 0  [1 8] ,  a  determ ined  primary 
measurement resu l t,  m̂ ,  for a  non-negative  and  Gauss ian  d istributed  measurand  i s  on l y 
s i gn i ficant  (assumed  to  be  l arger than  zero) ,  i f m̂  i s  l arger than  the  decision  threshold  m*  

 m*  =  k1 -α  ·  u(0) .  (1 7)  

α  i s  the  probabi l i ty to  detect an  effect (state  a  resu l t above zero)  a l though  i n  real i ty no  effect  
i s  present (the  true  value  i s  zero) .  For a  g i ven  error probabi l i ty α  the  correspond ing  quan ti l e  of 
the  standard ized  normal  d i stribu tion  k1 -α  i s  g iven  i n  Annex E  of I SO 1 1 929: 201 0.  I n  th is  

report,  a  va lue  of α  =  5  %  i s  used  resu l ti ng  i n  k0, 95  =  1 , 65  (for α  =  1  %  i t  i s  k0, 99  =  2 , 32) .  u(0)  
i s  the  s tandard  uncertain ty of the  measurand  for the  resu l t zero  –  to  be  calcu lated  accord ing  
to  C lause  5.  

For measurands  whose probabi l i ty densi ty d istribu tion  cannot assumed  to  be  Gauss ian  (or 
s im i l ar) ,  I SO 1 1 929  shou ld  be  cons idered .  However,  as  mentioned  i n  5 . 5 . 1 ,  a  Gaussian  (or 
s im i l ar)  d istribution  can  often  be  assumed .  

NOTE  1  Accord i ng  to  i ts  scope  I SO  1 1 929: 201 0  i s  appl i cable  to  counti ng  measu rements.  Therefore,  for the  
purpose  of th i s  report,  i t  i s  assumed  that  i t  can  be  app l i ed  to  e l ectron ic counti ng  dose(rate)  meters,  acti vi ty 
(rate)meters  and  others.  I n  add i ti on ,  i t  i s  assumed  to  be  app l i cable  to  a l l  ki nds  of measurements  where  a  g ross  and  
a  background  i n d ication  are  used  to  d educe  a  net  i nd icati on .  

NOTE  2  I n  the  l i terature  α  i s  a l so  cal l ed  the  “probabi l i ty of the  error of the  fi rst  ki nd ”  or “probabi l i ty  of fa l se  
posi ti ve  decis i on ” .  

Formu la  (1 7)  represents  a  s imple  approximation  for the  case  that the  probabi l i ty d istribu tion  of 
m  i s  Gauss ian  or qu i te  s im i l ar.  I n  case  detai l ed  calcu lations  shou ld  be  carried  ou t 
I SO 1 1 929: 201 0  shou ld  be  used .  

I n  case  the  primary measurement resu l t  m̂  i s  smal ler than  the  decis ion  threshold  m*,  then  the  

resu l t shou ld  be  s tated  as  fol l ows:   

The  resu l t of the  measurement cannot be  stated  because  the  measured  value  i s  below the  

decis ion  threshold  m*  =  k1 -α  ·  u(0)  determ ined  for an  error probabi l i ty of α  (α  i s  usual l y 
chosen  to  be  5  %) .  

The  uncertain ty at an  i nd icated  value  of zero,  u(0) ,  has  been  determ ined  i n  accordance 
wi th  Supplement 1  of the  Guide to the Expression  of Uncertainty in  Measurement.  k1 -α  i s  
the  quan ti l e  of the  s tandard ized  normal  d is tribu tion .  

On l y i f the  measured  va lue  exceeded  the  decis ion  threshold ,  wou ld  the  phys ical  effect to  
be  measured  be  recogn ized  as  detected .  I f i n  real i ty no  phys ical  effect i s  present,  then  the  

measured  value  i s  be low m*  wi th  a  probabi l i ty of 1 -α  (usual l y 95  %).  

A correspond ing  example  is  g i ven  i n  Annex E.  
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7 Overview of the annexes  

I n  Annex A and  Annex B,  examples  of uncertain ty anal ys is  for an  acti ve  photon  dose  rate  
meter accord ing  to  I EC  60846-1 : 2009  and  for a  pass ive  dos imetry system  accord ing  to  
I EC 62387: 201 2  are  g i ven .  For each  of these  i nstruments ,  two examples  are  g i ven .  I n  the  fi rst  
example,  i t  i s  on l y assumed  that the  i nstrument fu l fi l s  the  m in imum  requ i rements  of the  
respective  standard  ( low l evel  of consideration  of the  workplace  cond i tions,  see  5. 3 .5 . 2).  I n  
the  second  example,  a  specia l  measurement s i tuation  i s  cons idered ,  where  the  values  of 
some the  i n fl uence  quanti ti es  are  known  and  the  appropriate  corrections  are  appl ied  us ing  the  
resu l ts  of the  type  test  (h i gh  level  of cons ideration  of the  workplace  cond i ti ons ,  see  5. 3 .5. 3) .  

Annex C  conta ins  an  example  of uncertain ty anal ysis  for a  neu tron  dose  rate  meter accord ing  
to  I EC 61 005: 2003.  Th is  example  clearl y demonstrates  the  benefi ts  of the  Monte  Carlo  
method  i n  the  case  of a  non- l i near model  function  and  s tandard  uncerta in ties  wel l  beyond  
1 0  %  for those  i n fl uence  quanti ties  i n  the  nom inator of the  model  function .  I n  add i ti on ,  the  
advantage  of the  shortest coverage  in terval  compared  to  the  probabi l i stical l y symmetric  
coverage  i n terval  i s  demonstrated  in  th is  example.  

Annex D  con tains  an  example  of uncertain ty anal ysis  for a  radon  acti vi ty mon i tor accord ing  to  
the  I EC 61 577  series .  I n  th is  example,  i n terim  resu l ts  are  calcu lated  and  u sed  i n  subsequent  
uncertain ty anal ys is  to  obtain  the  fina l  resu l t and  i ts  correspond ing  uncertain ty.  I n  th is  
example,  the  resu l ts  of both  the  anal ytical  and  the  Monte  Carlo  method  are  equ iva len t.   

Annex E  con tains  an  example  of uncertain ty anal ys is  for a  measurement of the  surface  
em ission  rate  wi th  a  con tam ination  meter accord ing  to  I EC  60325: 2002.  I n  th is  example,  the  
measurement resu l t  l i es  below the  correspond ing  decision  threshold  and  i s ,  therefore,  s tated  
to  be  zero  (accord ing  to  Clause  6).  

For the  sake  of readabi l i ty,  the  data  g i ven  i n  the  Annexes  are  rounded  to  a  reasonable  
number of d ig i ts.  Therefore,  some data  seem  to  be  i ncons istent  a l though  they are  not i n  
real i ty.  

I n  a l l  Annexes  the  shortest coverage  in terval  i s  g i ven .  
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Annex A 
(informative)  

 
Example of an  uncertainty analysis  for a  measurement wi th  an  electronic  

ambient dose equivalent rate  meter according  to  IEC 60846-1 : 2009  

A.1  General  

I EC 60846-1 : 2009  has  the  ti tl e  Radiation  protection  instrumentation – Ambient and/or 
directional dose equivalent(rate)  meters and/or monitors for beta,  X and gamma radiation  – 
Part 1 :  Portable workplace and environmental meters and monitors  [1 9] .   

For th is  example,  a  portab le  dose  equ ivalent rate  meter for the  ambien t dose  equ iva lent rate  

)1 0(*H  for photon  rad iation  wi th  a  l ogari thm ic analogue  d isplay of three  orders  of magn i tude  

is  chosen .  The  l owest range  covers  0 , 1  µSv h–1  to  1 00  µSv h–1 ,  so  the  measuring  range  starts  
accord ing  to  I EC  60846-1 : 2009,  5 . 4  at 1 0  %  deflection ,  wh ich  i s  equ ivalen t to   

H0  =  0 , 1  µSv h
–1  ×  1 00, 3  ≈  0 , 2  µSv h–1 .  Th is  and  some arbi trary assumptions  lead  to  the  

fol l owing  measuring  range  and  rated  ranges  of use  for in fluence quanti ti es :  

Measuring  range:  0 , 2  µSv h–1  ≤  )1 0(*H  ≤  1  Sv h–1   

Rated  ranges  of use:  

Photon  energy:  50  keV ≤  Eph  ≤  1 , 5  MeV 

Ang le  of i ncidence:  0°  ≤  ϕ  ≤  45°  

Power,  pressure,  geotropism :  m in imum  rate  ranges,  see  I EC  60846-1 : 2009,  
Table  7 .  

Temperature,  hum id i ty:  m in imum  rate  ranges  for ou tdoor use,  see  
IEC 60846-1 : 2009,  Table  7 .  

E lectromagnetic compatib i l i ty (EMC):  m in imum  rate  ranges,  see  I EC  60846-1 : 2009,  
Table  8 .  

Mechan ical  d isturbances:  m in imum  rate  ranges,  see  I EC  60846-1 : 2009,  
Table  9 .  

A.2  Model  function  

Accord ing  to  5. 2 ,  mu l ti p l i cati ve  i n fl uence quanti ti es  l im i ted  symmetrica l l y i n  terms  of relati ve  
response are  below the  l i ne  and  those  l im i ted  symmetrical l y i n  terms  of correction  factor are  
above the  l ine.  As  the  s tandard  uncertain ty of no  i n fluence quan ti ty be low the  l ine  exceeds  
1 0  %  the  resu l ting  model  function  can  be  used  for both  the  anal ytical  and  the  Monte  Carlo  
method :  

 

[ ]dropmicrEMC,5EMC,4EMC,3EMC,2EMC,1zero

relgeo;

powpresshumtempn0
1 0

DDDDDDDDG

R

KKKKKKN
H

E,

−−−−−−−−

×=
ϕ

)(*

 (A. 1 )  

where  

)(* 1 0H  i s  the  measuring  quanti ty ambient dose  equ ivalen t rate  (measured  value);  

N0  i s  the  reference cal ibration  factor;  

Kn  i s  the  correction  factor for non- l i neari ty;   

KE, ϕ  i s  the  correction  factor for photon  energy and  ang le  of incidence;   

Ktemp  i s  the  correction  factor for ambient temperature;   
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Khum  i s  the  correction  factor for re lati ve  hum id i ty;   

Kpress  i s  the  correction  factor for atmospheric  pressure;  

Kpow  i s  the  correction  factor for power suppl ies;   

Rgeo; rel  i s  the  re lati ve  response for orien tation  of the  analogue  i nstrument (geotropism)  

( i ncludes  analogue  scale  resolu tion  and  read ing  paral l ax);  

G  i s  the  i nd icated  value,  read ing  of the  dosemeter i n  un i ts  of )1 0(*H ;  

( i ncl udes  coefficien t of variation) ;  

Dzero  i s  the  deviation  due  to  zero  dri ft;  

DEMC, 1  i s  the  deviation  due  to  EMC by e lectrostatic d ischarge;  

DEMC,2  i s  the  deviation  due  to  EMC by rad iated  e lectromagnetic  fi el ds ;  

DEMC,3  i s  the  deviation  due  to  EMC by rad iated  e lectromagnetic  fi el ds  (mobi le  phones  

and  WLAN);  

DEMC, 4  i s  the  deviation  due  to  EMC by conducted  d isturbances  (rad iofrequencies) ;  

DEMC,5  i s  the  deviation  due  to  magnetic  fie ld  (50  Hz/60  Hz) ;  

Dmicr  i s  the  deviation  due  to  m icrophon ics ;  

Ddrop  i s  the  deviation  due  to  d rop  on  surface.  

NOTE  I n  I EC 60846-1 : 2009,  the  devi ation  i s  ca l l ed  add i ti ona l  i nd icati on .  

A.3  Calculation  of the complete resul t  of the measurement (measured  value,  
probabi l i ty densi ty d istribution,  associated  standard  uncertainty,  and  the 
coverage interval )   

A.3. 1  General  

I EC 60846-1  g i ves  maximum  perm issible  va lues  for the  re lati ve  response,  wh ich  i s  the  i nverse  
of the  correction  factor.  Almost a l l  the  i n fl uence quanti ties  have  non-symmetrical  l im i ts  for the  
re lati ve  response  lead ing  to  symmetrical  l im i ts  for the  correction  factor.   

For the  combined  i n fl uence  quanti ty ”rad iation  energy and  d i rection  of rad iation  i ncidence” ,  
these  non-symmetrica l  l im i ts  for the  re lative  response are  0 , 71  and  1 , 67   l ead ing  to  respective  

l im i ts  of the  correction  factor of 0 , 6  and  1 , 4  (1 , 0  ±  40  %).  I n  5 . 3 .5 . 2  a  Gaussian  d istribution  of 
the  correction  factor for the  combined  i n fl uence  quanti ty ‘ rad iation  energy and  d i rection  of 
rad iation  i ncidence’  i s  assumed .  On l y one  of the  arguments  g i ven  there  i s  va l i d  for 
measurements  of the  ambient dose  equ ivalent rate  treated  here,  the  argument b) ,  saying  that 
“The  workplace  fie lds,  g iven  for example,  by the  spectral  d is tribution  of the  photons,  are  
broader than  the  test fi e l ds  used  during  the  type  test. ” .  There  is  a  new argument that a  port-
able  i nstrument i s  tu rned  unti l  the  maximum  ind ication  i s  g i ven .  Both  arguments  cause  the  
correction  factor to  come closer to  the  centre  of the  i n terval ,  so  a  tri angu lar d is tribu tion  i s  
adequate,  because  on l y two  arguments  are  g i ven .  Accord ing  to  5 . 3. 6,  a  tri angu lar d istribution  

wi th  an  i n terval  ha l f-wid th  of 0 , 4  leads  to  the  fol l owing  d istribu tion :  k =  (0 , 6  +  0 , 4  ×  (z1+z2 ))  
wi th  the  two  i ndependent random  numbers  z1  and  z2  from  the  i n terval  0 . . 1 ,  see  Table  2 .  

For the  re lati ve  response due  to  orien tation  of the  analogue  instrument (geotropism)  i t  i s  
assumed  that i t  i ncludes  the  effects  of analogue  scale  resolu tion  and  read ing  paral lax.  A l im i t 

of ±  2  %  of the  fu l l  scale  of maximum  angu lar deflection  i s  g i ven  for th is .  The  mean ing  is  
d i fferent for l i near and  l ogari thm ic scales.  For a  l i near scale  of 0  µSv h–1  to  1 00  µSv h–1  th is  
i s  equ iva len t to  a  constan t deviation  of ±  2  µSv h–1 .  For a  l ogari thm ic scale,  th is  g i ves  a  
constan t va lue  for the  change in  re lati ve  response.  I f th is  sca le  covers  three  orders  of 
magn i tude,  then  a  factor of ten  (=1 01 )  i s  equ ivalen t to  33  %  of the  maximum  angu lar 
deflection  and  2  %  of the  maximum  angu lar deflection  i s  equ iva lent to  a  factor of 1 02/33  =  1 , 1 5  
or 1 5  %  change in  re lative  response.  A Gaussian  d istribution  is  assumed ,  as  three  i n fl uence  
quanti ti es  are  i ncluded ,  namely,  the  geotropism ,  the  analogue  scale  resolu tion  and  the  
read ing  para l lax.  As  the  re lati ve  response  is  l im i ted  symmetrical l y and  the  resu l ti ng  standard  
uncertain ty is  smal l er than  1 0  %  (see  be low)  the  correspond ing  d istribu tion  is  d i rectl y used  
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wi thout any transformation  to  the  correction  factor.  Accord ing  to  5. 3. 6,  a  Gauss ian  d istribu tion  

wi th  an  i n terval  ha l f-wid th  of 0 , 1 5  leads  to  the  fol l owing  d istribution :  r  =  (1 , 0  +  0 , 05  ×  y)  wi th  y  
a  d raw from  the  s tandard  Gauss ian  d istribu tion ,  see  Table  2 .  

A triangu lar d istribu tion  i s  assumed  for the  correction  factor for i n tri nsic  error,  as  i t  cons ists  of 
two d i fferent  components ,  the  cal ibration  factor and  the  non -l i neari ty.   

For a l l  other mu l ti p l icati ve  i n fl uence  quanti ties ,  a  rectangu lar d istribu tion  is  used .  

For the  deviation  Dzero  i t  i s  assumed  that the  best estimate  is  0  µSv h
–1  and  the  i n terval  ha l f-

wid th  i s  0 , 25  ×  H0  =  0 , 05  µSv h
–1 .  For the  deviations  DEMC, 1  to  DEMC,5 ,  Dmicr  and  Dd rop  i t  i s  

assumed  that the  best estimate  is  a lso  0  µSv h–1  and  the  i n terval  ha l f-wid th  is  g iven  by the  
maximum  perm i tted  deviation  and  that the  i n terval  of possib le  values  is  symmetrical  incl ud ing  
negative  deviations.  For al l  these  add i ti ve  i npu t quanti ties,  a  rectangu lar d istribution  i s  
assumed .  

A.3.2  Low level  of consideration  of measuring  condi tions  

For l ow l evel  of consideration  of measuring  cond i ti ons,  i t  i s  on l y assumed ,  that the  rated  
ranges  of the  i nstrument g iven  above  in  Clause  A. 1  tota l l y cover the  correspond ing  values  of 
the  rad iation  fie ld  to  be  measured .  These  assumptions  l ead  to  a  correction  factor of the  
i nd ication  and  to  the  associated  uncertain ty val i d  for these  unspeci fied  measuring  cond i tions.  
Both  values  can  be  provided  by the  manufacturer from  the  resu l ts  of the  type  test.  A better 
speci fication  of the  measuring  cond i tions  wi l l  general l y l ead  to  a  d i fferen t value  of the  
correction  factor and  to  a  smal ler uncerta in ty.   

I n  Table  A. 1 ,  the  complete  uncerta in ty budget for an  i nd icated  value  of g  =  7 , 5  µSv h–1  i s  
g i ven .  The  analogue  ind ication  has  a  logari thm ic scale  from  0, 1  µSv h–1  to  1 00  µSv h–1 ,  see  
Clause  A. 1 .  For an  i nd ication  of 7 , 5  µSv h–1  the  l im i t  of the  statistica l  fl uctuation  (see  
IEC 60846-1 : 2009,  Table  6)  i s  g iven  by 5  %  (for a  l ower l im i t of the  measuring  range  of 

0H
  =  0 , 2  µSv h–1 ) .  
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Table  A. 1  – Example  of an  uncertainty budget for a  dose rate  measurement  
accord ing  to  IEC  60846-1 : 2009  with  an  instrument having  a  logari thmic scale  and   

low level  of consideration  of the  measuring  condi tions,  see text for detai ls  

Quanti ty 
Best 

estimate  
Absolute   

standard  uncertain ty 

Distribution ;  
mean  value,  x;  
hal f-width ,  a  

Sensi tivi ty 
coefficient  

Uncertainty 
contribu tion  to  
output quanti ty 

N
0
 1 , 00  6050 ,  =  0 , 020  4  Triangu lar;  

x  =  1 , 0 ;  a  =  0 , 05  
7, 5  µSv h–1  0 , 1 5  µSv h–1  

K
n
 1 , 00  61 80 ,  =  0 , 073  5  Triangu lar;  

x  =  1 , 0 ;  a  =  0 , 1 8  
7 , 5  µSv h–1  0 , 55  µSv h–1  

KE, ϕ  1 , 00  6400 ,  =  0 , 1 63  Triangu lar;  
x  =  1 , 0 ;  a  =  0 , 4  

7 , 5  µSv h–1  1 , 20  µSv h–1  

K
temp

 1 , 00  
31 50 ,  =  0 , 0866  Rectangu l ar;  

x  =  1 , 0 ;  a  =  0 , 1 5  
7 , 5  µSv h–1  0 , 65  µSv h–1  

K
hum

 1 , 00  31 0,0  =  0 , 0577  Rectangu l ar;  
x  =  1 , 0 ;  a  =  0 , 1  

7 , 5  µSv h–1  0 , 43  µSv h–1  

K
press

 1 , 00  31 0,0  =  0 , 0577  Rectangu l ar;  
x  =  1 , 0 ;  a  =  0 , 1  

7 , 5  µSv h–1  0 , 43  µSv h–1  

K
pow

 1 , 00  305,0  =  0 , 0289  Rectangu l ar;  
x  =  1 , 0 ;  a  =  0 , 05  

7, 5  µSv h–1  0 , 22  µSv h–1  

R
geo; re l

 1 , 00  0 , 1 5/3  =  0 , 05  Gaussian ;  
x  =  1 , 0 ;  a  =  0 , 1 5  

−7 , 5  µSv h–1  0 , 38  µSv h–1  

G  7, 5  µSv h–1  0 , 05  ×  7 , 5  µSv h–1  =  0 , 375  µSv h–1  Gaussian  wi th  one  
read ing ;  

x  =  7 , 5  µSv h–1 ;  
a  =  1 , 1 25  µSv h–1  

1 , 0  0 , 38  µSv h–1  

D
zero

 0  µSv h–1  3hµSv05,0 1−  =  0 , 0289  µSv h–1  Rectangu l ar;  

x  =  0 , 0  µSv h–1 ;  
a  =  0 , 05  µSv h–1  

−1 , 0  0 , 029  µSv h–1  

D
EMC, 1

 0  µSv h–1  3hµSv2,07,0 1−×  =  0 , 081  µSv h–1  Rectangu l ar;  

x  =  0 , 0  µSv h–1 ;  
a  =  0 , 1 4  µSv h–1  

−1 , 0  0 , 081  µSv h–1  

D
EMC, 2

 0  µSv h–1  3hµSv2,07,0 1−×  =  0 , 081  µSv h–1  Rectangu l ar;  

x  =  0 , 0  µSv h–1 ;  
a  =  0 , 1 4  µSv h–1  

−1 , 0  0 , 081  µSv h–1  

D
EMC, 3

 0  µSv h–1  3hµSv2,07,0 1−×  =  0 , 081  µSv h–1  Rectangu l ar;  

x  =  0 , 0  µSv h–1 ;  
a  =  0 , 1 4  µSv h–1  

−1 , 0  0 , 081  µSv h–1  

D
EMC, 4

 0  µSv h–1  3hµSv2,07,0 1−×  =  0 , 081  µSv h–1  Rectangu l ar;  

x  =  0 , 0  µSv h–1 ;  
a  =  0 , 1 4  µSv h–1  

−1 , 0  0 , 081  µSv h–1  

D
EMC, 5

 0  µSv h–1  3hµSv2,07,0 1−×  =  0 , 081  µSv h–1  Rectangu l ar;  

x  =  0 , 0  µSv h–1 ;  
a  =  0 , 1 4  µSv h–1  

−1 , 0  0 , 081  µSv h–1  

D
mi cr

 0  µSv h–1  3hµSv2,07,0 1−×  =  0 , 081  µSv h–1  Rectangu l ar;  

x  =  0 , 0  µSv h–1 ;  
a  =  0 , 1 4  µSv h–1  

−1 , 0  0 , 081  µSv h–1  

D
d rop

 0  µSv h–1  3hµSv2,07,0 1−×  =  0 , 081  µSv h–1  Rectangu l ar;  

x  =  0 , 0  µSv h–1 ;  
a  =  0 , 1 4  µSv h–1  

−1 , 0  0 , 081  µSv h–1  

)1 0(*H  7, 50  µSv h –1  1 , 73  µSv h –1  (23  %)   (Anal yti cal  method )  

)1 0(*H  7, 52  µSv h –1  1 , 75  µSv h –1  (23  %)   (Monte  Carlo  method )  

 

The complete  resu l t of the  measurement of the  ambien t dose  equ ivalent rate  for photon  
rad iation  accord ing  to  Table  A. 1  i s :  
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 )1 0(*H  =  (7 , 5  
23

53

,

,

−

+
)  µSv h–1   (Anal yti cal  method)   (A. 2)  

 )1 0(*H  =  (7, 5  ±  3 , 5)  µSv h–1   (Monte  Carlo  method)  (A. 3)  

The  two resu l ts  d i ffer by l ess  than  1 0  % ,  therefore,  the  resu l t  of the  anal yti cal  method  can  be  
used  and  the  correspond ing  statement i s :  

The  uncertain ty s tated  i s  the  expanded  measurement uncertain ty obtained  by mu l ti p l ying  
the  s tandard  uncertain ty by a  coverage  factor kcov  =  2 .  I t  has  been  determ ined  i n  

accordance wi th  the  “Gu ide  to  the  Expression  of Uncertain ty in  Measurement” .  The  value  
of the  measurand  normal l y l i es ,  wi th  a  probabi l i ty of approximatel y 95  %,  wi th in  the  
attributed  coverage i n terval .  

Using  the  actual  resu l ts  of the  type  test and  the  actual  measuring  cond i tions  both ,  the  correc-
tion  factor and  the  uncertain ty can  be  determ ined  for the  actual  measurement.  I n  general ,  th is  
wi l l  l ead  to  a  much  smal ler uncertain ty.  Th is  i s  shown  i n  the  next subclause.  

A.3.3  H igh  l evel  of consideration  of measuring  conditions  

For h igh  level  of consideration  of measuring  cond i tions,  i t  i s  assumed  that the  task was  to  
measure  the  rad iation  of a  Co-60  source  beh ind  a  sh ie l d  i ns ide  a  bu i l d i ng .  So  the  energy was  
i n  the  range  from  300  keV to  1 , 3  MeV and  the  ang le  of i ncidence varies  from  0°  for d i rect 
ration  to  45°  for the  s tray rad iation .  W i th  the  resu l ts  of the  type  test,  th is  l eads  to  a  correction  
factor KE, φ  of 0 , 92  to  1 , 08,  again  wi th  the  assumption  of a  triangu lar d i stribution .  The  tem -

perature  was  1 0  °C  ±  1  °C  l ead ing  to  a  correction  factor of Ktemp  =  1 , 03  ±  0 , 01 .  The  relati ve  
hum id i ty was  80  %  ±  1 0  %  l ead ing  to  a  correction  factor of Khum  =  0 , 99  ±  0 , 005.  Power sup-
pl i es  were  fresh  batteries  and  the  atmospheric pressure  has  no in fluence  on  the  measure-
ment,  as  the  detector i s  a  GM-tube,  so  both  correction  factors  Kpow  and  Kpress  were  un i ty and  

the  respective  standard  uncertain ties  can  be  neg lected .  For the  geotropism  (and  included  
analogue  scale  resolu tion  and  read ing  paral lax)  the  value  from  the  type  test i s  1  %  of 
maximum  angu lar deflection ,  wh ich  i s  equ iva lent to  a  factor of 1 01 /33  =  1 , 07  or 7  %  change  i n  

re lati ve  response,  l ead ing  to   the  i n terval  1 , 0  ±  0 , 07 ,  see  above.  The zero  read ing  Dzero  was  
as  before,  see  A. 3. 2.  I n  that  bu i ld i ng ,  e lectromagneti c compatib i l i ty (EMC)  effects  can  be  
neg lected  and  as  the  i nstrument i s  carried  carefu l l y by hand ,  the  effects  of vibration  and  
shock can  a lso  be  neg lected .   

I n  Table  A. 2,  the  complete  uncerta in ty budget for an  i nd icated  va lue  of g  =  7 , 5  µSv h–1  i s  
g i ven .  For that i nd icated  va lue,  the  type  test resu l t shows a  correction  factor for non- l i neari ty 

of 0 , 96  ±  0 , 01  and  the  ca l i bration  (and  ad j ustment)  certi ficate  g i ves  a  respective  correction  
factor of 1 , 00  ±  0 , 04 .  The  statistica l  fluctuation  for that i nd icated  value  can  be  i n terpolated  
from  the  type  test resu l t  to  be  4 , 5  %.  

The  above cons iderations  lead  to  a  specia l  correction  factor of the  i nd ication  of 0 , 98  to  get the  
best estimate  of the  dose  rate  and  g i ve  the  special  uncertain ty for that measurement.  Both  
values  can  on l y be  determ ined  by the  user of the  i nstrument.  Requ i red  for th is  determ ination  
i s  the  knowledge  of the  specia l  measuring  cond i ti ons  and  the  resu l ts  of the  type  test.  
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Table  A.2  – Example  of an  uncertainty budget  for a  dose rate  measurement   
accord ing  to  IEC  60846-1 : 2009  with  an  instrument having  a  logari thmic scale  and   

h igh  l evel  of consideration  of the  measuring  conditions,  see  text for detai ls  

Quanti ty 
Best 

estimate  
Absolute   

standard  uncertain ty 

Distribution ;  
mean  value,  x;  
hal f-width ,  a  

Sensi tivi ty 
coefficient  

Uncertainty contribution  
to  outpu t quan ti ty 

N0  1 , 00  6040 ,  =  0 , 01 6  Triangu lar;  
x  =  1 , 0 ;  a  =  0 , 04  

7 , 3  µSv h–1  0 , 1 2  µSv h –1  

Kn  0 , 96  6010 ,  =  0 , 004  Triangu lar;  
x  =  0 , 96;  a  =  0 , 001  

7 , 6  µSv h–1  0 , 031  µSv h–1  

KE, ϕ  1 , 00  608,0  =  0 , 033  Triangu lar;  
x  =  1 , 0 ;  a  =  0 , 08  

7 , 3  µSv h–1  0 , 24  µSv h –1  

Ktemp  1 , 03  
301,0  =  0 , 006  Rectangu l ar;  

x  =  1 , 03;  a  =  0 , 01  
7 , 1  µSv h–1  0 , 041  µSv h–1  

Khum  0 , 99  3005,0  =  0 , 003  Rectangu l ar;  
x  =  0 , 99;  a  =  0 , 005  

7, 4  µSv h–1  0 , 21  µSv h –1  

Kpress  1 , 00  0  Rectangu l ar;  
x  =  1 , 0 ;  a  =  0 , 0  

7 , 3  µSv h–1  0  µSv h–1  

Kpow  1 , 00  0  Rectangu l ar;  
x  =  1 , 0 ;  a  =  0 , 0  

7 , 3  µSv h–1  0  µSv h–1  

Rgeo ; re l  1 , 00  0 , 07/3  =  0 , 023  Gauss ian ;  
x  =  1 , 0 ;  a  =  0 , 07  

−7, 3  µSv h–1  0 , 1 7  µSv h –1  

G  7, 5  µSv h–1  0 , 045  ×  7 , 5  µSv h–1  =  
0 , 3375  µSv h–1  

Gaussian  wi th  one  
read ing ;  

x  =  7 , 5  µSv h–1 ;  
a  =  1 , 01 25  µSv h–1  

0 , 98  0 , 33  µSv h –1  

Dzero  0  µSv h–1  3hµSv05,0 1−  =  

0 , 029  µSv h–1  

Rectangu l ar;  

x  =  0 , 0  µSv h–1 ;  
a  =  0 , 05  µSv h–1  

−0 , 98  0 , 028  µSv h–1  

DEMC, 1  0  µSv h–1  0  µSv h–1  Rectangu l ar;  

x  =  0 , 0  µSv h–1 ;  
a  =  0 , 0  µSv h–1  

−0 , 98  0  µSv h–1  

DEMC, 2  0  µSv h–1  0  µSv h–1  Rectangu l ar;  

x  =  0 , 0  µSv h–1 ;  
a  =  0 , 0  µSv h–1  

−0 , 98  0  µSv h–1  

DEMC, 3  0  µSv h–1  0  µSv h–1  Rectangu l ar;  

x  =  0 , 0  µSv h–1 ;  
a  =  0 , 0  µSv h–1  

−0 , 98  0  µSv h–1  

DEMC, 4  0  µSv h–1  0  µSv h–1  Rectangu l ar;  

x  =  0 , 0  µSv h–1 ;  
a  =  0 , 0  µSv h–1  

−0 , 98  0  µSv h–1  

DEMC, 5  0  µSv h–1  0  µSv h–1  Rectangu l ar;  

x  =  0 , 0  µSv h–1 ;  
a  =  0 , 0  µSv h–1  

−0 , 98  0  µSv h–1  

Dmi cr  0  µSv h–1  0  µSv h–1  Rectangu l ar;  

x  =  0 , 0  µSv h–1 ;  
a  =  0 , 0  µSv h–1  

−0 , 98  0  µSv h–1  

Dd rop  0  µSv h–1  0  µSv h–1  Rectangu l ar;  

x  =  0 , 0  µSv h–1 ;  
a  =  0 , 0  µSv h–1  

−0 , 98  0  µSv h–1  

(1 0)*H  7 , 34  µSv h –1  0 , 46  µSv h–1   (6 , 3  %)   (Anal yti cal  method )  

(1 0)*H  7 , 35  µSv h –1  0 , 47  µSv h–1   (6 , 3  %)   (Monte  Carlo  method )  

 

The complete  resu l t of the  measurement of the  ambien t dose  equ ivalent rate  for photon  
rad iation  accord ing  to  Table  A. 2  i s :  
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 )1 0(*H  =  (7, 35  
900

910

,

,

−

+
)  µSv h–1   (Anal ytical  method)   (A. 4)  

 )1 0(*H  =  (7, 34  ±0, 92)  µSv h–1   (Mon te  Carlo  method)  (A. 5)  

The  two resu l ts  d i ffer by l ess  than  1 0  % ,  therefore,  the  resu l t of the  anal yti cal  method  can  be  
used  and  the  correspond ing  statement i s :  

The  uncertain ty s tated  is  the  expanded  measurement uncertain ty obta ined  by mu l tip l ying  
the  s tandard  uncerta in ty by a  coverage  factor kcov  =  2 .  I t  has  been  determ ined  i n  
accordance wi th  the  Guide to the Expression of Uncertainty in  Measurement.  The  value  of 
the  measurand  normal l y l i es,  wi th  a  probabi l i ty of approximatel y 95  % ,  wi th in  the  attribu ted  
coverage i n terval .  

The  two i n tervals  g i ven  by formu las  (A.2)  and  (A. 4)  overlap,  thus ,  the  resu l ts  are  cons istent.  
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Annex B  
(informative)  

 
Example of an  uncertainty analysis  for a  measurement wi th   

a  passive  in tegrating  dosimetry system  according  to  IEC 62387: 201 2  

B.1  General  

I EC 62387: 201 2  has  the  ti tl e  Passive integrating dosimetry systems for personal and 
environmental monitoring of photon and beta radiation  [20 ] .  

For th is  example,  a  dos imetry system  for the  personal  dose  equ ivalen t Hp(1 0)  for photon  

rad iation  is  chosen  and  the  fol lowing  measuring  range  and  rated  ranges  of i n fl uence  
quanti ties:  

Measuring  range:  0 , 1  mSv <  Hp(1 0)  <  1  Sv 

Rated  ranges  of use:  

Photon  energy:  65  keV <  Eph  <  1 , 25  MeV 

Ang le  of i ncidence:  0°  <  ϕ  <  60°  

The  dos imetry systems uses  on l y one  detector.  Therefore,  the  i nd icated  value  is  add i ti ve.  

Temperature,  l i ght,  time:  m in imum  rate  ranges  for ou tdoor use   

 (–1 0  °C to  +40  °C),  see  I EC  62387: 201 2,  
Table  1 3.  

E lectromagnetic compatib i l i ty (EMC):  m in imum  rate  ranges,  see  I EC 62387: 201 2,  
Table  1 4.  

Mechan ical  d isturbances:  m in imum  rate  ranges,  see  I EC 62387: 201 2,  
Table  1 5.  

B.2  Model  function  

Accord ing  to  5. 2 ,  mu l ti p l i cati ve  i n fl uence quanti ti es  l im i ted  symmetrica l l y i n  terms  of relati ve  
response are  below the  l i ne  and  those  l im i ted  symmetrical l y i n  terms  of correction  factor are  
above the  l i ne.  Thus,  the  model  function  used  for the  example  i s :  

 [ ]dropEMC,7EMC,6EMC,5EMC,4EMC,3EMC,2EMC,1

powlightRtempRstabbupl ighttempaddn0p

               

1 0

DDDDDDDDG

KKKKKKKKKKNH E,

−−−−−−−−

×= ϕ)(
 (B . 1 )  

where  

Hp(1 0)  i s  the  measuring  quanti ty personal  dose  equ ivalen t (measured  value);  

N0  i s  the  reference cal ibration  factor;  

Kn  i s  the  correction  factor for non- l i neari ty;   

KE,ϕ  i s  the  correction  factor for photon  energy and  ang le  of i ncidence;   

Kadd  i s  the  correction  factor for add i ti vi ty;  

Ktemp  i s  the  correction  factor for ambient temperature  and  re lati ve  hum id i ty of the  
dosemeter;   

Kl i gh t  i s  the  correction  factor for l i ght  exposure  of the  dosemeter;   

Kbup  i s  the  correction  factor for dose  bu i l d -up,  fad ing ,  se l f- i rrad iation  and  response to  
natura l  rad iation  of the  dosemeter;  

Kstab  i s  the  correction  factor for reader instabi l i ty;   
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KtempR  i s  the  correction  factor for ambient  temperature  of the  reader;   

Kl i gh tR  i s  the  correction  factor for l i ght  exposure  of the  reader;   

Kpow  i s  the  correction  factor for power suppl ies  of the  reader;   

G  i s  the  ind icated  va lue,  read ing  of the  dosemeter i n  un i ts  of Hp(1 0) ;  

DEMC, 1  i s  the  deviation  due  to  electrostatic  d ischarge;  

DEMC,2  i s  the  deviation  due  to  conducted  d isturbances  (fast trans ien ts);  

DEMC,3  i s  the  deviation  due  to  conducted  d isturbances  (surges);  

DEMC,4  i s  the  deviation  due  to  conducted  d isturbances  (rad iofrequencies);  

DEMC,5  i s  the  deviation  due  to  magnetic  fie ld  (50  Hz/60  Hz) ;  

DEMC,6  i s  the  deviation  due  to  conducted  d isturbances  (vol tage  d ips  and  i n terruptions);  

DEMC,7  i s  the  deviation  due  to  EM  by rad iated  e lectromagnetic fie l ds;  

Ddrop  i s  the  deviation  due  to  d rop  on  surface.  

B.3  Calculation  of the complete resul t  of the measurement (measured  value,  
probabi l i ty densi ty d istribution,  associated  standard  uncertainty,  and  the 
coverage interval )  

B.3. 1  General  

I EC 62387: 201 2  g i ves  no  type  test requ irements  for the  reference cal ibration  factor because  
th is  cannot be  tested  in  a  type  test.  A dosimetry system  is  usual l y used  in  a  dosimetry service  

wi th  a  h i gh  precis ion  cal i bration  faci l i ty.  Therefore,  l im i ts  of ±5  %  wi th  a  tri angu lar d is tribution  
are  assumed .  

I EC 62387: 201 2  g i ves  maximum  perm issib le  values  for the  re lati ve  response,  wh ich  i s  the  
i nverse  of the  correction  factor.  For a l l  i n fluence  quan ti ti es,  these  maximum  perm issible  
values  are  non-symmetrica l  to  g i ve  symmetrica l  l im i ts  for the  correction  factor.   

For the  deviations  DEMC, i  and  Ddrop  i t  i s  assumed,  that the  best estimate  is  0  µSv and  the  
i n terval  of poss ib le  va lues  i s  symmetrical  i ncl ud ing  negative  deviations.  For a l l  these  i npu t  
quanti ti es ,  a  Gauss ian  d istribu tion  is  assumed.  

B.3.2  Low level  of consideration  of workplace condi tions  

For l ow level  of cons ideration  of workplace  cond i ti ons,  i t  i s  on l y assumed  that the  rated  
ranges  of the  i nstrument g iven  above in  C lause  B. 1  total l y cover the  rad iation  fie l d  to  be  
measured  and  the  va lues  of the  i n fl uence quan ti ti es.  These  assumptions  l ead  to  a  correction  
factor of the  i nd ication  and  to  the  associated  uncertain ty va l id  for these  unspeci fied  
measuring  cond i ti ons.  Both  values  can  be  provided  by the  manufacturer from  the  resu l ts  of 
the  type  test.  A better speci fication  of the  measuring  cond i tions  wi l l  general l y l ead  to  a  
d i fferent  value  of the  correction  factor and  to  a  smal ler uncerta in ty.   

I n  Table  B. 1 ,  the  complete  uncertain ty budget for an  i nd icated  value  of g  =  1 0  mSv i s  g iven .  

As  the  model  function  i s  l i near and  the  i nput quan ti ties  are  l im i ted  symmetrical l y around  thei r 
cen tre  value,  on l y the  resu l t  from  the  anal yti ca l  method  i s  g i ven ,  see  5. 1 . 4 .  
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Table  B . 1  – Example  of an  uncertainty budget  for a  photon  dose  measurement   
wi th  a  passive  dosimetry system  accord ing  to  IEC  62387-1 : 2007  and  low level   

of consideration  of the  workplace conditions,  see  text  for detai ls  

Quanti ty 
Best 

estimate  
Absolu te   

standard  uncertain ty 

Distribution ;  
mean  value,  x;  
hal f-width ,  a  

Sensi tivi ty 
coefficient  

Uncertainty 
contribu tion  to  ou tput 

quanti ty 

N
0
 1 , 00  6050 ,  =  0 , 020  4  Triangu lar;  

x  =  1 , 0 ;  a  =  0 , 05  
1 0  mSv 0, 20  mSv 

K
n
 1 , 00  31 0,0  =  0 , 057  7  Rectangu l ar;  

x  =  1 , 0 ;  a  =  0 , 1  
1 0  mSv 0 , 58  mSv 

KE, ϕ  1 , 00  0 , 40/3  =  0 , 1 33  Gaussian ;  
x  =  1 , 0 ;  a  =  0 , 4  

1 0  mSv 1 , 33  mSv 

K
add

 1 , 00  0  Rectangu l ar;  
x  =  1 , 0 ;  a  =  0 , 0  

1 0  mSv 0 , 0  mSv 

K
temp

 1 , 00  0 , 20/3  =  0 , 066  7  Gauss ian ;  
x  =  1 , 0 ;  a  =  0 , 20  

1 0  mSv 0 , 67  mSv 

K
l i g h t

 1 , 00  0 , 1 /3  =  0 , 033  3  Gaussian ;  
x  =  1 , 0 ;  a  =  0 , 1 0  

1 0  mSv 0 , 33  mSv 

K
bup

 1 , 00  0 , 1 /3  =  0 , 033  3  Gaussian ;  
x  =  1 , 0 ;  a  =  0 , 1 0  

1 0  mSv 0 , 33  mSv 

Kstab  1 , 00  0 , 1 /3  =  0 , 033  3  Gaussian ;  
x  =  1 , 0 ;  a  =  0 , 1 0  

1 0  mSv 0 , 33  mSv 

K
tempR

 1 , 00  0 , 1 /3  =  0 , 033  3  Gauss ian ;  
x  =  1 , 0 ;  a  =  0 , 1 0  

1 0  mSv 0, 33  mSv 

K
l i g h tR

 1 , 00  0 , 1 /3  =  0 , 033  3  Gauss ian ;  
x  =  1 , 0 ;  a  =  0 , 1 0  

1 0  mSv 0, 33  mSv 

K
pow

 1 , 00  0 , 1 /3  =  0 , 033  3  Gaussian ;  
x  =  1 , 0 ;  a  =  0 , 1 0  

1 0  mSv 0 , 33  mSv 

G 1 0  mSv 0 , 05  ×  1 0  mSv =  0 , 50  mSv Gaussian  wi th  one  
read ing ;  

x  =  1 0 , 0  mSv;  
a  =  1 , 50  mSv 

1 , 00  0 , 50  mSv 

D
EMC, 1

 0  mSv 0, 7  ×  0 , 1  mSv/3  =   
0 , 023  3  mSv 

Gauss ian ;  
x  =  0 , 0  mSv;  
a  =  0 , 07  mSv 

−1 , 00  0 , 023  mSv 

D
EMC, 2

 0  mSv 0 , 7  ×  0 , 1  mSv/3  =   
0 , 023  3  mSv 

Gauss ian ;  
x  =  0 , 0  mSv;  
a  =  0 , 07  mSv 

−1 , 00  0 , 023  mSv 

D
EMC, 3

 0  mSv 0 , 7  ×  0 , 1  mSv/3  =   
0 , 023  3  mSv 

Gauss ian ;  
x  =  0 , 0  mSv;  
a  =  0 , 07  mSv 

−1 , 00  0 , 023  mSv 

D
EMC, 4

 0  mSv 0 , 7  ×  0 , 1  mSv/3  =   
0 , 023  3  mSv 

Gauss ian ;  
x  =  0 , 0  mSv;  
a  =  0 , 07  mSv 

−1 , 00  0 , 023  mSv 

D
EMC, 5

 0  mSv 0 , 7  ×  0 , 1  mSv/3  =   
0 , 023  3  mSv 

Gauss ian ;  
x  =  0 , 0  mSv;  
a  =  0 , 07  mSv 

−1 , 00  0 , 023  mSv 

D
EMC, 6

 0  mSv 0 , 7  ×  0 , 1  mSv/3  =   
0 , 023  3  mSv 

Gauss ian ;  
x  =  0 , 0  mSv;  
a  =  0 , 07  mSv 

−1 , 00  0 , 023  mSv 

D
EMC, 7

 0  mSv 0 , 7  ×  0 , 1  mSv/3  =   
0 , 023  3  mSv 

Gauss ian ;  
x  =  0 , 0  mSv;  
a  =  0 , 07  mSv 

−1 , 00  0 , 023  mSv 

D
d rop

 0  mSv 0 , 7  ×  0 , 1  mSv/3  =   
0 , 023  3  mSv 

Gaussian ;  
x  =  0 , 0  mSv;  
a  =  0 , 07  mSv 

−1 , 00  0 , 023  mSv 

H
p
(1 0)  1 0, 0  mSv 1 , 9  mSv (1 9  %)  (Anal yti cal  method )  
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The  complete  resu l t of the  measurement of the  personal  dose  equ ivalent for photon  rad iation  
accord ing  to  Table  B . 1  i s :  

 Hp(1 0)  =  (1 0, 0  ±  3 , 8)  mSv  (B. 2)  

The  uncertain ty s tated  i s  the  expanded  measurement uncertain ty obtained  by mu l ti p l ying  
the  s tandard  uncerta in ty by a  coverage  factor kcov  =  2 .  I t  has  been  determ ined  i n  
accordance wi th  the  Guide to the Expression of Uncertainty in  Measurement.  The  value  of 
the  measurand  normal l y l i es,  wi th  a  probabi l i ty of approximatel y 95  % ,  wi th in  the  attribu ted  
coverage i n terval .   

B.3.3  H igh  l evel  of consideration  of workplace condi tions  

For a  h igh  l evel  of cons ideration  of workplace  cond i ti ons,  i t  i s  assumed  that the  workplace  
was  i n  a  test faci l i ty for X-ray tubes  wi th  operati ng  vol tages  between  1 00  kV and  200  kV 
resu l ting  i n  mean  photon  energ ies  between  70  keV and  1 50  keV.  Cons idering  the  variation  of 
the  spectrum  and  the  d i fferent ang les  of rad iation  i ncidence at th is  rea l  workplace,  the  l im i ts  

of KE, φ  are  assumed  as  1 , 02  and  1 , 1 4 ,  l ead ing  to  KE, φ  =  1 , 08  ±  0 , 06 .  Again  the  assumption  of 
a  Gaussian  d istribution  is  j usti fied ,  see  above.  

The  temperature  was  22  °C  ±  6  °C  lead ing  to  a  correction  factor of Ktemp  =  1 , 02  ±  0 , 04.  Al l  
other correction  factors  are  assumed  to  be  1 , 0  ±  0 , 0 .  As  the  type  test showed  no  effect due  to  
EMC and  mechan ical  in fl uences,  DEMC, i  and  Dmech  are  assumed  to  be  zero  as  wel l  as  thei r 

uncertain ties.  

I n  Table  B. 2 ,  the  complete  uncertain ty budget for an  i nd icated  value  of g  =  1 0  mSv i s  g iven .  

For that i nd icated  value  the  type  test  resu l t  shows  a  correction  factor for non - l i neari ty of 

Kn  =  0 , 97  ±  0 , 05.  The  measured  statistical  fl uctuation  for that i nd i cated  value  can  be  
i n terpolated  from  the  type  test resu l t  to  be  2 , 5  %.   

As  the  model  function  is  l inear and  the  i npu t quan ti ties  are  l im i ted  symmetrical l y around  thei r 
centre  va lue,  on l y the  resu l t  from  the  anal yti ca l  method  i s  g i ven ,  see  5. 1 . 4 .  
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Table  B .2  – Example  of an  uncertainty budget  for a  photon  dose  measurement  
wi th  a  passive dosimetry system  accord ing  to  IEC  62387-1 : 2007  and  h igh  l evel   

of consideration  of the  measuring  cond itions,  see  text  for detai ls  

Quanti ty 
Best 

estimate  
Absolu te   

standard  uncertain ty 

Distribu tion ;  
mean  value,  x;  
hal f-width ,  a  

Sensi tivi ty 
coefficient  

Uncertainty 
contribu tion  to  
ou tput quanti ty 

N0  1 , 00  605,0  =  0 , 020  4  Triangu lar;  
x  =  1 , 0 ;  a  =  0 , 05  

1 1  mSv 0 , 22  mSv 

Kn  0, 97  305,0  =  0 , 028  9  Rectangu l ar;  
x  =  0 , 97;  a  =  0 , 05  

1 1  mSv 0, 32  mSv 

K
E, ϕ  1 , 08  306,0  =  0 , 020  Gaussian ;  

x  =  1 , 08;  a  =  0 , 06  
9, 9  mSv 0 , 20  mSv 

Ktemp  1 , 02  
304,0  =  0 , 023  1  Rectangu l ar;  

x  =  1 , 02 ;  a  =  0 , 04  
1 0  mSv 0, 24  mSv 

Kl i g h t  1 , 00  0  Gauss ian ;  
x  =  1 , 0 ;  a  =  0 , 0  

1 1  mSv 0   mSv 

Kbup  1 , 00  0  Gauss ian ;  
x  =  1 , 0 ;  a  =  0 , 0  

1 1  mSv 0   mSv 

Kstab  1 , 00  0  Gauss ian ;  
x  =  1 , 0 ;  a  =  0 , 0  

1 1  mSv 0   mSv 

KtempR  1 , 00  0  Gaussian ;  
x  =  1 , 0 ;  a  =  0 , 0  

1 1  mSv 0   mSv 

Kl i g h tR  1 , 00  0  Gaussian ;  
x  =  1 , 0 ;  a  =  0 , 0  

1 1  mSv 0   mSv 

Kpow  1 , 00  0  Gauss ian ;  
x  =  1 , 0 ;  a  =  0 , 0  

1 1  mSv 0   mSv 

G 1 0  mSv 0 , 025  ×  1 0  mSv =  
0 , 25  mSv 

Gaussian  wi th  one  read ing ;  
x  =  1 0 , 0  mSv;  a  =  0 , 75  mSv 

1 , 1  0 , 27  mSv 

DEMC, 1  0  mSv 0  mSv Gaussian ;  
x  =  0 , 0  mSv;  a  =  0 , 0  mSv 

−1 , 1  0   mSv 

DEMC, 2  0  mSv 0   mSv Gauss ian ;  
x  =  0 , 0;  a  =  0 , 0  

−1 , 1  0   mSv 

DEMC, 3  0  mSv 0   mSv Gauss ian ;  
x  =  0 , 0;  a  =  0 , 0  

−1 , 1  0   mSv 

DEMC, 4  0  mSv 0   mSv Gauss ian ;  
x  =  0 , 0;  a  =  0 , 0  

−1 , 1  0   mSv 

DEMC, 5  0  mSv 0   mSv Gauss ian ;  
x  =  0 , 0;  a  =  0 , 0  

−1 , 1  0   mSv 

DEMC, 6  0  mSv 0   mSv Gauss ian ;  
x  =  0 , 0;  a  =  0 , 0  

−1 , 1  0   mSv 

DEMC, 7  0  mSv 0   mSv Gauss ian ;  
x  =  0 , 0;  a  =  0 , 0  

−1 , 1  0   mSv 

Dd rop  0  mSv 0  mSv Gauss ian ;  
x  =  0 , 0  mSv;  a  =  0 , 0  mSv 

−1 , 1  0   mSv 

Hp(1 0)  1 0, 69  mSv 0 , 56  mSv  (5, 3  %)   (Anal yti cal  method )  

 

The above cons iderations  l ead  to  a  specia l  correction  factor of the  i nd ication  of 1 , 069  to  get  
the  best estimate  of the  dose  and  g i ve  the  special  u ncerta in ty for that measurement.  Both  
values  can  on l y be  determ ined  by the  user of the  i nstrument.  Requ i red  for th is  determ ination  
is  the  knowledge of the  specia l  measuring  cond i ti ons  or workplace  cond i ti ons  and  the  resu l ts  
of the  type  test.  

The  complete  resu l t of the  measurement of the  personal  dose  equ ivalent for photon  rad iation  
accord ing  to  Table  B .2  is :  

 Hp(1 0)  =  (1 0, 7  ±1 , 1 )  mSv  (B. 3)  
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The  uncertain ty s tated  is  the  expanded  measurement uncertain ty obta ined  by mu l ti p l ying  
the  s tandard  uncertain ty by a  coverage  factor kcov  =  2 .  I t  has  been  determ ined  i n  
accordance wi th  the  Guide to the Expression of Uncertainty in  Measurement.  The  value  of 
the  measurand  normal l y l i es,  wi th  a  probabi l i ty of approximatel y 95  % ,  wi th in  the  attribu ted  
coverage  i n terval .  

The  two i n tervals  g i ven  by formu las  (B .2)  and  (B . 3)  overlap,  thus ,  the  resu l ts  are  cons istent.   
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Annex C  
(informative)  

 
Example  of an  uncertainty analysis  for a  measurement  
wi th  an  electronic d irect reading  neutron  ambient dose  

equivalent meter according  to IEC 61 005: 2003 

C.1  General  

I EC 61 005: 2003  has  the  ti tle  Radiation protection instrumentation – Neutron ambient dose 
equivalent (rate)  meters  [21 ] .   

For the  example,  an  electron ic dosemeter wi th  d i g i ta l  d isplay for the  ambient  dose  equ ivalent  

rate  )(* 1 0H  for neu tron  rad iation  is  chosen ,  wh ich  has  the  fol l owing  measuring  range  and  

rated  ranges  of use  for i n fluence  quan ti ti es:   

Measuring  range:  1 0  µSv ≤  )(* 1 0H  ≤  1  Sv 

Rated  ranges  of use:  

Neutron  energy:  0 , 025  eV ≤  En  ≤  1 5  MeV 

Ang le  of i ncidence:  0°  ≤  ϕ  ≤  60°  

Power,  temperature,  hum id i ty,  pressure:  m in imum  rate  ranges,  see  I EC 61 005: 2003,  
Table  3 .  

E lectromagnetic compatib i l i ty (EMC):  m in imum  rate  ranges,  see  I EC 61 005: 2003,  
Table  4 .  

C.2  Model  function  

Accord ing  to  5. 2 ,  mu l ti p l i cati ve  i n fl uence quanti ti es  l im i ted  symmetrica l l y i n  terms  of relati ve  
response (wh ich  i s  the  case  for a l l  i n fl uence quan ti ties  i n  I EC  61 005: 2003,  even  the  ones  due  
to  e lectromagnetic d isturbances)  are  below the  l i ne.  Thus,  the  resu l ti ng  model  function  i s :  

 

relEMC,6;relEMC,5;relEMC,4;relEMC,3;relEMC,2;relEMC,1 ;

reltempshock;reltemp;relvibr;relpow;relph;rel;rel;reln;

0

1

1 0

RRRRRR

RRRRRRRR

GN
H

E

⋅
×

=
ϕ

)(*

 (C. 1 )  

where  

H*(1 0)  i s  the  measuring  quanti ty ambient  dose  equ iva len t  rate  (measured  value);  

N0  i s  the  reference cal ibration  factor;   

Rn ; re l  i s  the  relative  response  for non- l i neari ty;  

RE; rel  i s  the  re lati ve  response for neu tron  energy;   

Rφ; rel  i s  the  re lati ve  response for ang le  of i ncidence;   

Rph ; rel  i s  the  re lati ve  response for the  i n fl uence  of photon  rad iation ;   

Rpow; rel  i s  the  re lati ve  response  for power suppl ies;   

Rvibr; re l  i s  the  re lati ve  response for vibration ;  

Rtemp; rel  i s  the  re lati ve  response  for ambient temperature;   

R tempshock; rel  i s  the  re lati ve  response for temperatu re  shock;   

G  i s  the  i nd icated  value,  read ing  of the  dosemeter i n  un i ts  of H*(1 0);  
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REMC, 1 ; re l  i s  the  re lative  response for EMC by e lectrostatic  d ischarge;  

REMC, 2; re l  i s  the  re lative  response for EMC by rad iated  e lectromagnetic fi e l ds;  

REMC, 3; re l  i s  the  re lative  response for EMC by conducted  d isturbances  

(rad iofrequencies) ;  

REMC, 4; re l  i s  the  re lative  response for EMC by conducted  d isturbances  (surges);  

REMC, 5; re l  i s  the  re lative  response for EMC by conducted  d isturbances  (fast 
trans ien ts/bursts) ;  

REMC, 6; re l  i s  the  re lative  response for magnetic  fi el d  (50  Hz/60  Hz) .  

As  some l im i ts  for the  i n fl uence quan ti ti es  have  standard  uncertain ties  l arger than  1 0  %  (see  
below),  the  model  function  for the  anal ytical  method  i s  as  fo l l ows  (us ing  for these  in fluence  
quanti ti es  the  transformed  variables  K) :  

 

relEMC,6;relEMC,5;relEMC,4;relEMC,3;relEMC,2;relEMC,1 ;

reltempshock;relvibr;relpow;relph;

0tempn

1

1 0

RRRRRR

RRRR

GNKKKK
H

E
⋅

×
=

ϕ
)(*

 (C. 2)  

where  

Kn  i s  the  correction  factor for non- l i neari ty;  

KE  i s  the  correction  factor for neutron  energy;   

Kφ  i s  the  correction  factor for ang le  of i ncidence;   

Ktemp  i s  the  correction  factor for ambient temperature.  

C.3  Calculation  of the  complete resul t  of the measurement (measured  value,  
probabi l i ty densi ty d istribution,  associated  standard  uncertainty,  and  the 
coverage interval )  

C.3. 1  General  

I EC 61 005: 2003  g ives  no  type  test requ i rements  for the  reference cal ibration  factor because  
th is  cannot be  tested  i n  a  type  test,  i t  can  on l y be  tested  in  a  rou ti ne  test.  Therefore,  l im i ts  of 

±1 0  %  wi th  a  tri angu lar d i stribution  are  assumed .  

IEC 61 005: 2003  g ives  symmetrical  l im i ts  for a l l  maximum  perm issib le  values  for the  re lati ve  
response,  see  tab les  2  to  4  of that standard .  For the  energy dependence no  l im i ts  are  s tated ,  

therefore,  the  value  of ±50  %  i s  adopted  from  another i n ternational  s tandard  for neutron  
devices  [22 ] .  

For both  the  anal ytical  and  the  Monte  Carlo  method ,  a lways  the  maximum  perm issib le  ranges  
of the  i n fl uence quanti ti es  are  assumed  ( low l evel  of consideration  of workplace  cond i tions) .  

C.3.2  Analytical  method  

Formu la  (C. 2)  i s  used  as  model  function .  The  transformation  of variables  leads,  for the  

example  of the  re lati ve  response for neutron  energy,  RE; rel ,  from  1  ±  0 , 5  (wh ich  is  the  i n terval  
0 , 5  …  1 , 5)  to  1 , 33  ±  0 , 67  (wh ich  i s  the  i n terval  0 , 67  …  2 , 0  resu l ti ng  from  the  two  l im i ts  
1 /1 , 5  =  0 , 67  and  1 /0 , 5  =  2 , 0)  for the  correspond ing  correction  factor,  KE .  The  other response 
i n tervals  are  transformed  to  correction  factor i n tervals  accord ing l y i n  case  thei r standard  
uncertain ty i s  beyond  1 0  %,  see  below.  

I n  Table  C. 1 ,  the  complete  uncertain ty budget for an  ind icated  value  of g  =  1 0  mSv/h  is  g i ven .   
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Table  C. 1  – Example  of an  uncertainty budget for a  neutron  dose  measurement 
accord ing  to  IEC  61 005: 2003  using  the analytical  method  

Quanti ty 
Best 

estimate  
Absolute   

standard  uncertain ty 

Distribu tion ;  
mean  value,  x;  
hal f-width ,  a  

Sensi tivi ty 
coefficient  

Uncertainty 
contribu tion  to  
ou tput quanti ty 

N0  1 , 00  61 0,0  =  0 , 041  Triangu lar;  
x  =  1 , 0 ;  a  =  0 , 1  

1 5, 4  mSv/h  0 , 63  mSv/h  

G 1 0  mSv/h  0 , 20  ×  1 0  mSv/h  =  
2 , 0  mSv/h  

Gaussian  wi th  one  
read ing ;   

x  =  1 0  mSv;  a  =  6  mSv 

1 , 54  3, 1  mSv/h  

Kn  1 , 04  3210, =  0, 1 21  Rectangu l ar;  
x  =  1 , 04;  a  =  0 , 21  

1 4 , 8  mSv/h  1 , 8  mSv/h  

K
E
 1 , 33  3670, =  0 , 387  Rectangu l ar;  

x  =  1 , 33;  a  =  0 , 67  
1 1 , 5  mSv/h  4 , 5  mSv/h  

Kϕ  1 , 07  
3270, =  0 , 1 56  Rectangu l ar;  

x  =  1 , 07;  a  =  0 , 27  
1 4 , 4  mSv/h  2 , 2  mSv/h  

Rph ; re l  1 , 00  31 0,0  =  0 , 058  Rectangu l ar;  
x  =  1 , 0 ;  a  =  0 , 1  

−1 5, 4  mSv/h  0 , 89  mSv/h  

Rpow; re l  1 , 00  31 0,0  =  0 , 058  Rectangu l ar;  
x  =  1 , 0 ;  a  =  0 , 1  

−1 5, 4  mSv/h  0 , 89  mSv/h  

Rvi br; re l  1 , 00  31 50,  =  0 , 087  Rectangu l ar;  
x  =  1 , 0 ;  a  =  0 , 1 5  

−1 5, 4  mSv/h  1 , 3  mSv/h  

Ktemp ; re l  1 , 04  3210,  =  0 , 1 21  Rectangu l ar;  
x  =  1 , 04;  a  =  0 , 21  

1 4 , 8  mSv/h  1 , 8  mSv/h  

R tempshock; re l  1 , 00  31 50,  =  0 , 087  Rectangu l ar;  
x  =  1 , 0 ;  a  =  0 , 1 5  

−1 5, 4  mSv/h  1 , 3  mSv/h  

REMC, 1 ; re l  1 , 00  31 0,0  =  0 , 058  Rectangu l ar;  
x  =  1 , 0 ;  a  =  0 , 1  

−1 5, 4  mSv/h  0 , 89  mSv/h  

REMC, 2 ; re l  1 , 00  
31 0,0  =  0 , 058  Rectangu l ar;  

x  =  1 , 0 ;  a  =  0 , 1  
−1 5, 4  mSv/h  0 , 89  mSv/h  

REMC, 3 ; re l  1 , 00  31 0,0  =  0 , 058  Rectangu l ar;  
x  =  1 , 0 ;  a  =  0 , 1  

−1 5, 4  mSv/h  0 , 89  mSv/h  

REMC, 4 ; re l  1 , 00  31 0,0  =  0 , 058  Rectangu l ar;  
x  =  1 , 0 ;  a  =  0 , 1  

−1 5, 4  mSv/h  0 , 89  mSv/h  

REMC, 5 ; re l  1 , 00  31 0,0  =  0 , 058  Rectangu l ar;  
x  =  1 , 0 ;  a  =  0 , 1  

−1 5, 4  mSv/h  0 , 89  mSv/h  

REMC, 6 ; re l  1 , 00  31 0,0  =  0 , 058  Rectangu l ar;  
x  =  1 , 0 ;  a  =  0 , 1  

−1 5, 4  mSv/h  0 , 89  mSv/h  

)(* 1 0H  1 5, 4  mSv/h  7, 2  mSv/h   (47  %)   (Anal yti cal  method )  

 

The complete  resu l t of the  measurement of the  ambient  dose  equ ivalent  rate  for neutron  
rad iation  accord ing  to  Table  C. 1  i s :  

 )(* 1 0H  =  (1 5  ±  1 4)  mSv/h   (C. 3)  

The  uncertain ty stated  i s  the  expanded  measurement uncertain ty obtained  by mu l ti p l ying  
the  s tandard  uncertain ty by a  coverage  factor kcov  =  2 .  I t  has  been  determ ined  i n  
accordance wi th  the  Guide to the Expression of Uncertainty in  Measurement.  The  value  of 
the  measurand  normal l y l i es,  wi th  a  probabi l i ty of approximatel y 95  % ,  wi th in  the  attribu ted  
coverage i n terval .   

C.3.3  Monte Carlo  method  

Formu la  (C. 1 )  i s  used  as  model  function .  I n  Table  C. 2 ,  the  complete  uncertain ty budget for an  
i nd icated  value  of g  =  1 0  mSv is  g iven .   
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Table  C .2  – Example  of an  uncertainty budget  for a  neutron  dose  rate   
measurement accord ing  to  IEC  61 005: 2003  using  the Monte  Carlo  method  

Quanti ty Best estimate  
Absolute   

standard  uncertain ty 

Distribution ;  
mean  value,  x;  
hal f-width ,  a  

N
0
 1 , 00  61 0,0  =  0 , 041  Triangu lar;  

x  =  1 , 0 ;  a  =  0 , 1  

G 1 0  mSv/h  0 , 20  ×  1 0  mSv/h  =  2 , 0  mSv/h  Gaussian  wi th  one  read ing ;   
x  =  1 0  mSv;  a  =  6  mSv 

R
n ; re l

 1 , 00  3200, =  0, 1 1 5  Rectangu l ar;  
x  =  1 , 0 ;  a  =  0 , 2  

R
E; re l

 1 , 00  3500, =  0, 289  Rectangu l ar;  
x  =  1 , 0 ;  a  =  0 , 5  

Rϕ ; re l  1 , 00  3250, =  0, 1 44  Rectangu l ar;  
x  =  1 , 0 ;  a  =  0 , 25  

R
ph ; re l

 1 , 00  31 0,0  =  0 , 058  Rectangu l ar;  
x  =  1 , 0 ;  a  =  0 , 1  

R
pow; re l

 1 , 00  
31 0,0  =  0 , 058  Rectangu l ar;  

x  =  1 , 0 ;  a  =  0 , 1  

R
vi br; re l

 1 , 00  31 50,  =  0 , 087  Rectangu l ar;  
x  =  1 , 0 ;  a  =  0 , 1 5  

R
temp; re l

 1 , 00  3200,  =  0 , 1 1 5  Rectangu l ar;  
x  =  1 , 0 ;  a  =  0 , 2  

R
tempshock; re l

 1 , 00  31 50,  =  0 , 087  Rectangu l ar;  
x  =  1 , 0 ;  a  =  0 , 1 5  

R
EMC, 1 ; re l

 1 , 00  
31 0,0  =  0 , 058  Rectangu l ar;  

x  =  1 , 0 ;  a  =  0 , 1  

R
EMC, 2 ; re l

 1 , 00  31 0,0  =  0 , 058  Rectangu l ar;  
x  =  1 , 0 ;  a  =  0 , 1  

R
EMC, 3 ; re l

 1 , 00  31 0,0  =  0 , 058  Rectangu l ar;  
x  =  1 , 0 ;  a  =  0 , 1  

R
EMC, 4 ; re l

 1 , 00  31 0,0  =  0 , 058  Rectangu l ar;  
x  =  1 , 0 ;  a  =  0 , 1  

R
EMC, 5 ; re l

 1 , 00  31 0,0  =  0 , 058  Rectangu l ar;  
x  =  1 , 0 ;  a  =  0 , 1  

R
EMC, 6 ; re l

 1 , 00  31 0,0  =  0 , 058  Rectangu l ar;  
x  =  1 , 0 ;  a  =  0 , 1  

)(* 1 0H  1 2 , 0  mSv/h  6 , 1  mSv/h   (51  %)   (Monte  Carlo  method )  

 

The complete  resu l t of the  measurement of the  ambient  dose  equ ivalent  rate  for neutron  
rad iation  accord ing  to  Table  C.2  i s :  

 )(* 1 0H  =  (1 2  
9

1 2

−

+
)  mSv  (C. 4)  

The  uncertain ty s tated  is  the  expanded  measurement u ncertain ty wi th  a  coverage  
probabi l i ty of p  =  95  %  obtained  from  the  d istribu tion  function  of the  ou tput quan ti ty.  I t  has  
been  determ ined  i n  accordance  wi th  Supplement  1  of the  Guide to the Expression of 
Uncertainty in  Measurement.  The  value  of the  measurand  normal l y l ies ,  wi th  a  probabi l i ty 
of approximatel y 95  %,  wi th in  the  attribu ted  coverage  i n terval  (shortest i n terval ) .  

C.3.4  Comparison  of the  resu l t  of the  analytical  and  the Monte  Carlo  method  

I n  F igure  C. 1  the  resu l ti ng  probabi l i ty dens i ty function  (PDF)  from  the  Monte  Carlo  method  
and  the  resu l ting  Gaussian  PDF  accord ing  to  the  anal ytical  method  are  shown .  I t  can  clearl y 
be  seen  that the  real istic  resu l t  from  the  Monte  Carlo  method  i s  not represented  by the  resu l t  
of the  anal ytical  method ,  nei ther the  mean  value  nor the  coverage i n terval .  Th is  can  a lso  be  
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seen  by comparing  the  data  g iven  i n  Table  C. 3  and  was  formerl y confi rmed  by 
measurements  [1 1 ] .   

The  reason  for the  deviation  of the  best estimate  from  the  ind icated  va lue  of 1 0  mSv/h  comes  
for the  Monte  Carlo  method  from  the  non- l i near model  function ;  the  even  stronger deviation  
for the  anal ytical  method  has  i ts  reason  i n  the  arti ficia l  (bu t necessary)  transformation  of 
variables  from  response  values  to  correction  factors  and  the  resu l ting  ranges  that are  not  
symmetrical  to  un i ty,  see  C. 3. 2  and  5 . 2  (paragraph  after the  note) .  As  a  consequence,  two  
d i fferent model  functions  are  used  wh ich  i s  the  main  reason  for the  s trong  deviations  between  
the  resu l ts  of the  anal ytica l  and  the  Monte  Carlo  method .  

I n  conclus ion ,  the  deviation  of the  best estimate  and  the  l im i ts  of the  coverage i n terval  i s  
much  l arger than  the  cri terion  of 1 0  %  i n troduced  i n  5 . 1 . 4.  Therefore,  the  Mon te  Carlo  method  
shou ld  be  used  i n  th is  case.    

Besides  the  shortest coverage  i n terval  a lso  the  probabi l i stical l y symmetric coverage  i n terval  i s  
g i ven  i n  F igure  C. 1  and  Table  C.2 .  As  the  probabi l i ty d istribu tion  function  (PDF)  of the  dose  
rate  i s  qu i te  non-symmetric  ( log-normal ) ,  qu i te  d i fferent i n tervals  occur a l though  both  cover 
95  %  of the  PDF.  I n  such  cases  the  shortest coverage i n terval  i s  cl earl y superior the  
probabi l is tical l y symmetric and  shou ld ,  therefore,  a lways  be  s tated  (see  5 . 5. 3).  

Th is  example  clearl y demonstrates  the  benefi ts  of the  Monte  Carlo  method ,  not on l y for the  
determ ination  of uncerta in ty bu t a lso  for the  best estimate  of the  measured  value  i tsel f.  For a l l  
cases  wi th  s im i lar non- l i near model  functions  wi th  l arge  standard  uncerta in ties  of the  i nput 
quanti ti es  (above  about 1 0  %),  the  Mon te  Carlo  method  shou ld  to  be  used .  

 

NOTE  The  verti cal  l i nes  are  the  mean  val ues  (th i ck l i nes),  the  boundari es  of the  coverage  i n terval  from  the  
anal yti cal  method  (th i n  red  dashed  l i nes),  the  boundaries  of the  shortest  coverage  i n terval  from  the  Monte  Carl o  
method  (b l ue  sol i d  l i nes),  and  the  boundari es  of the  probabi l i sti cal l y symmetri c  coverage  i n terval  form  the  Monte  
Carlo  method  (bl ue  dotted  l i nes).  

Figure C. 1  – Resu lts  of the  analytical  (red  dashed  l i nes)  and  the  Monte  Carlo  method  

(grey h istogram  and  blue dotted  and  sol id  l ines)  for ( )1 0*H   

Table  C .3  – Resu l ts  of the  analytical  and  the Monte  Carlo  method  

 
Best estimate  of the  

measured  value  
95  %  coverage  i n terval  

Analyti cal  method   1 5  mSv/h   1  mSv/h  …  29  mSv/h  

Monte  Carl o  method   
(shortest  coverage  i n terval )  

1 2  mSv/h  3  mSv/h  …  24  mSv/h  

Monte  Carl o  method   
(probabi l i sti cal l y symmetri c  coverage  i n terval )  

1 2  mSv/h  4  mSv/h  …  28  mSv/h  

IEC 
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0  
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Annex D  
(informative)  

 
Example of an  uncertainty analysis  for a  cal ibration  of  

radon  activi ty moni tor according  to  the IEC 61 577  series  

D.1  General  

I EC 61 577  consists  of several  parts  wi th  the  general  t i t le  Radiation protection instrumentation  
– Radon and radon decay product measuring instruments  [23]  to  [25] .  

The  fol lowing  example  shows the  resu l t of a  software  based  method  (GUM  workbench  [1 2] )  to  
determ ine  the  uncertain ty.  The  fol lowing  text consists  of the  d i rect ou tpu t of the  software  p lus  
some add i ti onal  text for enhancing  the  understand ing .  

The  example  comprises  the  cal i bration  of a  radon  mon i tor by a  radon  reference atmosphere  
(real isation  of the  quan ti ty acti vi ty concentration)  traceable  to  the  i npu t quanti ti es  acti vi ty and  
volume.  

D.2  Model  function  

The model  function  used  for the  example  is :  

 
bg,TT
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CC

C
K

−
= ;   c

Rn

T
e

VV

A
C

Λ−

+
= ;   

6024

2

21 ××
=

/

ln

T
Λ ;   

bgc TTTTT CCC ,, +=  (D . 1 )  

where  Table  D . 1  g ives  the  defin i tions  and  un i ts  of the  quan ti ties  used .   

Table  D. 1  – List of quanti ti es  used  in  formu la  (D. 1 )  

Quanti ty Un i t  Defin i tion  

A  Bq  Acti vi ty of the  radon  gas  standard  as  certi fi ed  (t  =  0 )  

V m 3  Reference  volume as  certi fi ed  (d i spl aced  vol ume  considered )  

VRn  m 3  Vol ume of the  radon  gas  standard  contai ner 

T½  d  Hal f- l i fe  of Radon -222.  Nucl ear Data  from  NuDat 2002,   
Evaluation  BNL-NCS-521 42  [26]  

Λ  1 /m in  Decay constant  of Radon -222  

Tc  m i n  Poin t  of t ime  of the  radon  gas  transfer i n to  the  reference  volume 

C  Bq /m 3  Acti vi ty concentrati on  of the  reference  atmosphere  at  the  poi n t  of time  (t  =  tc)  

CT Bq /m 3  Average  of the  observations  (t  =  tc)  

CT, Tc  Bq /m 3  Parameter wh i l e  averag ing  the  observations  

CT, bg  Bq /m 3  Background  of the  radon  mon i tor 

KT –  Measured  val ue  (cal i brati on  factor)  

 

D.3  Calculation  of the complete resul t of the measurement (measured  value,  
probabi l i ty densi ty d istribution,  associated  standard  uncertainty,  and  the  
coverage interval )  

Table  D. 2  g i ves  a l l  the  avai lable  data  for the  inpu t quan ti ti es.  These  data  are  requested  from  
the  software.   
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Table  D .2  – List of data avai lable  for the  input quanti ties  of formula  (D. 1 )  

Quanti ty Distribu tion  Value  
Expanded  
uncertain ty 

Coverage  
factor 

Remark 

A  Type  B  normal  d i stri bu ti on  1 52  Bq  4  Bq  2   

V Type  B  normal  d i stri bu ti on  0 , 05  m 3  0 , 000  3  m 3  1   

VRn  Type  B  normal  d i s tri bu ti on  0 , 000  062  7  m 3  0 , 1  %  1   

T½  Type  B  normal  d i s tri bu ti on  3 , 823  5  d  0 , 000  3  d  1   

Λ  – – – – I n terim  resu l t  

Tc  Type  B  rectangu l ar 
d i s tri bu tion  

499  m in  – – Hal f wi d th  of l im i ts :  1 0  m in  

C – – – – I n terim  resu l t  

CT – – – – I n terim  resu l t.  The  obser-
vations  over a  t ime  of more  
than  24  h  are  averaged  

CT,Tc  Type  A summarized  2  883  Bq /m 3  25  Bq /m 3  – Deg rees  of freedom :  1 44  

CT, bg  Type  A summarized  1 2  Bq /m 3  2  Bq /m 3  – Deg rees  of freedom :  1 44  

KT – – – – Resu l t  

 

I n  Table  D . 3  the  complete  uncertain ty budget i s  g iven .  Al l  the  values  are  d i rect ou tpu t of the  
software.  

Table  D .3  – Example  of an  uncertainty budget for the  cal ibration  of a   
radon  monitor according  to  IEC  61 577,  see  text  for detai ls  

Quanti ty Best estimate  
Absolute   

standard  uncertain ty 
Sensi tivi ty 
coefficient  

Uncertainty contribution  
to  outpu t quanti ty 

A  1 52  Bq  2  Bq  0 , 006  5  Bq–1  0 , 01 3  

V 0, 050  0  m 3  0 , 000  3  m 3  –20  m–3  0 , 005  9  

VRn  62, 700  ×  1 0–6  m ³  0 , 063  ×  1 0–6  m 3  –20  m–3  1 , 2  ×  1 0–6  

T½  3, 823  5  d  0 , 000  3  d  0 , 01 6  d–1  4 , 9  ×  1 0–6  

Λ 1 25, 893  ×  1 0–6  1 /m in  0 , 001  ×  1 0–6  1 /m in  i n terim  resu l t  

Tc  499, 0  m in  5, 8  m in  –0, 000  1 2  m in–1  0 , 000  72  

C 2  851  Bq /m 3  41  Bq /m 3  i n terim  resu l t  

CT 2  895  Bq /m 3  25  Bq /m 3  i n terim  resu l t  

CT, Tc  2  883  Bq/m 3  25  Bq /m 3  –0, 00034  Bq–1  m 3  0 , 008  6  

CT, bg  1 2  Bq /m 3  2  Bq /m 3  0  Bq–1  m 3  0  

KT 0, 989  0 , 01 7  (1 , 7  %)  (Anal yti cal  method )  

KT 0, 989  0 , 01 7  (1 , 7  %)  (Monte  Carlo  method)  

 

The complete  resu l t of the  measurement of the  cal i bration  factor of the  radon  mon i tor ac-
cord ing  to  Table  D. 3  i s :  

 KT =  0 , 989  ±  0 , 033  (Analytical  method)  (D. 2)  

 KT =  0 , 989  0330

0340

,

,

−

+
 (Monte  Carlo  method)  (D. 3)  

The  two  resu l ts  d i ffer by l ess  than  1 0  % ,  therefore,  the  anal yti ca l  method  can  be  used  and  the  
correspond ing  statement i s :  
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The  uncertain ty s tated  is  the  expanded  measurement uncertain ty obta ined  by mu l ti p l ying  
the  s tandard  uncerta in ty by a  coverage  factor kcov  =  2 .  I t  has  been  determ ined  i n  
accordance wi th  the  Guide to the Expression of Uncertainty in  Measurement.  The  value  of 
the  measurand  normal l y l i es,  wi th  a  probabi l i ty of approximatel y 95  % ,  wi th in  the  attribu ted  
coverage i n terval .  

I n  F i gure  D . 1 ,  the  resu l ti ng  probabi l i ty dens i ty function  (PDF)  from  the  Monte  Carlo  method  
and  the  resu l ting  Gaussian  PDF  accord ing  to  the  anal ytical  method  are  shown .  I t  can  clearl y 
be  seen  that the  resu l t are  equ ivalent  and ,  therefore,  both  methods  are  adequate  for s im i l ar 
cases.  For the  Monte  Carlo  method ,  the  shortest coverage  i n terval  and  the  probabi l i stical l y 
symmetric coverage i n terval  are  equ ivalent  as  the  PDF  is  symmetrical ,  see  5. 5. 3 .  

NOTE  I n  spi te  of the  non-l i near model  function ,  the  resu l ts  are  equ i val ent  as  the  i npu t  quanti ti es  have  rather 
smal l  uncertain ti es,  and ,  therefore,  a  l i near approximation  of the  model  functi on  i s  possibl e.  

 

NOTE  The  verti cal  l i n es  are  the  mean  values  (at  kt  =  0 , 989)  and  the  boundari es  of the  coverage  i n terval s  from  
both  methods.  

Figure D. 1  – Resu l t  of the  analytical  (red  dashed  l i nes)  and  the  Monte  Carlo  method  
(grey h istogram  and  blue dotted  l ines)  for KT   
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Annex E  
(informative)  

 
Example of an  uncertainty analysis  for a  measurement of surface 

emission  rate  wi th  a  contamination  meter according  to  IEC 60325: 2002 

E.1  General  

I EC 60325: 2002  has  the  ti tle  Radiation protection instrumentation – Alpha,  beta  and 
alpha/beta (beta energy > 60 keV)  contamination meters and monitors  [27] .  

For the  example  a  con tam ination  mon i tor i s  used  to  measure  the  surface  em ission  rate  due  to  
beta  contam ination  of 1 4C wi th  the  fol l owing  rated  range  and  ranges  of use  for in fluence  
quanti ti es :  

Measuring  range:  1 0  s–1  to  1 0  000  s–1   ( i n  coun ts  per second)  

Area  of detector:  1 00  cm2  

Rated  ranges  of use:  nom inal  ranges  

E.2  Model  function  

The model  function  used  for the  example  is :  

 surfaceuniformgeo,air,humtemphvn KKKKKKKKF
D

BC
A dd

−
=  (E . 1 )  

where  

A  i s  the  measured  surface  em ission  rate  of 1 4C in  terms  of s–1  cm–2 ;  

C i s  the  ind icated  va lue  of the  acti vi ty i n  terms  of s–1 ;  

B  i s  the  i nd icated  va lue  of the  background  i n  terms  of s–1 ;  

D  i s  the  area  of the  detector i n  terms  of cm 2 ;  

F i s  the  ca l ibration  factor for the  reference beta  em i tter (area  re lated  surface  
em ission  rate  per i nd icated  acti vi ty) ;   

Kn  i s  the  correction  factor for non- l i neari ty;  

Khv  i s  the  correction  factor for detector suppl y;  

Ktemp  i s  the  correction  factor for ambient temperature;  

Khum  i s  the  correction  factor for hum id i ty;  

Kd, a i r  i s  the  correction  factor for d istance  effects  due  to  a i r absorption ;  

Kd, geo  i s  the  correction  factor for d is tance  effects  due  to  geometric changes;  

Kun i form  i s  the  correction  factor for effects  of contam ination  non -un i form i ty;  

Ksu rface  i s  the  correction  factor for effects  of surface  absorption .  

E.3  Calculation  of the complete resul t  of the measurement (measured  value,  
probabi l i ty densi ty d istribution,  associated  standard  uncertainty,  and  the 
coverage interval )  

E.3.1  General  

I EC 60325  provides  for test  requ i rements  and  methods  and  speci fi es  the  a l l owable  variations  
i n  response  for various  i n fl uence quanti ties  of the  mon i toring  equ ipment.  I t  does  not speci fy 
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the  way the  mon i toring  i s  to  be  carried  ou t or the  effects  of the  non-un i form i ty i n  the  
con tam ination  being  measured  or the  effect of absorption  i n  the  surface  chang ing  the  spec-
trum  of the  particles  be ing  em i tted  (tota l  absorption  of particles  is  taken  in to  account by 
mon i toring  surface  em ission  rate  and  not surface  acti vi ty) .  The  i nd icated  acti vi ty va lue  of the  
example  i s  c  =  1  600  s–1  over a  measuring  time of 1  s ,  the  measured  background  is  
b  =  1 350  s–1  over a  measuring  time of 1  s  and  the  detector area  is  1 00  cm 2  wi th  an  upper l im i t  
of 1 01  cm2  and  an  l ower l im i t of 99  cm 2 ;  the  standard  uncertain ty of the  coun t rate  i s  8 , 5  %.  
The  cal ibration  factor i s  determ ined  to  be  40  wi th  a  standard  uncertain ty of 8.    

For the  purposes  of th i s  example,  the  mon i toring  i s  assumed  to  be  between  1 3  mm  and  

1 7  mm  d istance,  i . e .  at  (1 5  ±  2 )  mm  d istance  from  the  su rface,  whereas  the  cal i bration  
d istance  was  5  mm.  Th is  i s  cons idered  by the  correction  factors  Kd, a i r  and  Kd, geo ,  wh ich ,  

therefore,  have  to  correct for 1 0  mm  add i ti onal  d is tance.   

E.3.2  Effects  of d istance  

I EC 60325 does  not speci fy the  actual  d istance  from  the  source  to  detector during  meas-
urements ,  bu t 1 0  mm  is  impl ied .  However,  i n  the  act of mon i toring ,  a  fixed  d istance  wi l l  not be  
adhered  to,  i n  fact  i t  may be  imposs ible  to  adhere  to .   

There  wi l l  be  two effects,  a i r absorption  and  geometric  changes.  

Ai r absorption  wi l l  be  smal l  for the  h i gher energy beta  em i tters  bu t wi l l  be  s i gn i ficant i n  the  
mon i toring  of 1 4C.  For th is  rad ionucl i de,  an  add i ti onal  d is tance  of 8  mm,  1 0  mm  or 1 2  mm  
(equ ivalent to  the  above  g iven  example)  resu l ts  i n  a  reduction  i n  efficiency of about 1 5  % ,  
1 9  %  or 23  % ,  respectivel y.  For the  correction  factor Kd, a i r  th is  resu l ts  i n   

 
23,01

1

1 5,01

1
air, −

≤≤
− dK  (E . 2)  

or 1 , 1 8  ≤  Kd, a i r  ≤  1 , 30,  wh ich  g i ves  Kd, a i r  =  1 , 24  ±  0 , 06.  

Geometric  changes  a l ter the  sol id  ang le  between  the  detector and  source.  The  effect of th is  
wou ld  be  zero  for an  in fi n i te  p lane  of un i form  contam ination .  The  effect  cou ld  go  e i ther way 
for non-un i form  i n fi n i te  con tam ination .  The  greatest effect wi l l  be  for poin ts  of con tam ination .  
The  i nverse  square  l aw general l y wi l l  not appl y as  the  d istance  between  the  con tam ination  
and  detector i s  smal l  by comparison  to  the  d imensions  of the  source.  I t  wi l l  approach  a  l inear 
re lationsh ip.  

For a  con tam ination  nom inal l y 1 0  mm  from  a  1 0  cm  ×  1 0  cm  detector p lane,  th is  geometric  
effect a lone  wou ld  cause  a  1 0  %  decrease  i n  detection  from  the  cal i bration  va lue  and  changes  

of up  to  ±  2  mm  in  th is  d istance  wi l l  change the  va lue  of th is  decrease  of 8  %  and  1 2  %,  
respective l y.  For the  correction  factor for geometric effects ,  Kd, geo ,  th is  resu l ts  i n   

 
1 2,01

1

08,01

1
geo, −

≤≤
− dK  (E . 3)  

or 1 , 087  ≤  Kd, geo  ≤  1 , 1 36,  wh ich  g i ves  Kd, geo  =  1 , 1 1  ±  0 , 02 .  

I t  i s  assumed  that th is  i s  an  upper estimate  for the  geometric  effects  of the  change  in  d is tance  
from  5  mm  for the  cal i bration  to  1 5  mm  for the  measurement.  

E.3.3  Contamination  non-un iformity 

The standard  on l y cons iders  the  non-un i form i ty of the  detector not that of the  con tam ination .  
The  non-un i form i ty of the  contam ination  can  on l y be  determ ined  by other tests  bu t the  effect 
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on  the  measurement i s  l i kel y to  be  comparable  to  that due  to  the  non-un i form i ty of the  detec-
tor.  

For the  purposes  of th is  example,  the  effect of the  non-un i form i ty of the  con tam ination  wi l l  be  
s im i l ar to  the  effect  of the  non-un i form i ty of detection  over the  detector area  and  i s  assumed  

to  be  Kun i form  =  1 , 0  ±  0 , 025.  

E.3.4  Surface  absorption  

The effect of absorption  in  the  surface  again  can  on l y be  determ ined  by assessment wi th  
regard  to  the  nature  of the  surface  and  experience.  The  absorption  be low the  surface  cou ld  be  
regarded  as  not of i n terest s i nce  i t  i s  i ncl uded  i n  the  defin i ti on  of the  su rface  em ission  rate,  
however,  on  the  surface  there  cou ld  be  grease  or d i rt  wh ich  cou ld  be  removed  l ater and  so  
wou ld  be  of particu lar i n terest.  

For the  purposes  of th is  example,  i t  i s  assumed  that the  surface  wi l l  be  covered  by a  l ayer 
between  0  mg  cm–2  and  1 0  mg  cm–2  g i ving  for 1 4C a  reduction  i n  efficiency from  0  %  to  76  % .  
Th is  i s  equ ivalen t to    

 
76,01

1

0,01

1
surface −

≤≤
−

K  (E . 4)  

or 1 , 0  ≤  Ksu rface  ≤  4 , 1 7,  wh ich  g i ves  Ksurface  =  2 , 59  ±  1 , 59.  

E.3.5  Other influence  quanti ties  

For the  purposes  of the  example,  i t  i s  assumed  for the  remain ing  i n fl uence quanti ties  that 
thei r associated  correction  factors  a l l  have  a  value  of 1 , 0  wi th  an  uncerta in ty equ ivalent to  the  

maximum  perm i tted  value.  Th is  g i ves  Kn  =  1 , 0  ±  0 , 1 ;  Khv  =  1 , 00  ±  0 , 01 ;  Ktemp  =  1 , 0  ±  0 , 05  and  
Khum  =  1 , 0  ±  0 , 025.  

E.3.6  Uncertainty budget 

I n  Table  E. 1 ,  the  complete  uncertain ty budget for th is  example  i s  g iven .  I t  can  be  seen ,  that 
the  uncertain ty i s  qu i te  l arge,  therefore,  the  s ign i ficance  of the  resu l t  shou ld  be  checked .  For 
th is ,  i n  Table  E. 2  the  uncertain ty for a  measured  va lue  of zero  is  g iven .  I t  yie lds  a  value  of 
u(a=0)  =  250  s–1  cm–2 .  Accord ing  to  cl ause  6,  the  decis ion  threshold  is  then  g i ven  by 

a*  =  k0, 95  ·  u(a=0)  =  41 0  s
–1  cm–2  with  k0, 95  =  1 , 65  for an  error probabi l i ty of α  =  5  %.  The  

resu l t of the  uncerta in ty anal ys is  (360  s–1  cm–2 ,  see  Table  E. 1 )  i s  wel l  be low the  decis ion  
threshold ,  therefore,  i t  i s  assumed  that no  effect of the  probe i s  present.  Thus,  the  fi na l  
statement for the  resu l t  of the  measurement i s  as  fo l lows:  

The  resu l t of the  measurement cannot be  stated  because  the  measured  value  i s  be low the  
decis ion  threshold  a*  =  k1 -α  ·  u(0)  =  41 0  s

–1  cm–2  determ ined  for an  error probabi l i ty of 

α  =  5  % .  

The  uncerta in ty at an  i nd icated  value  of zero,  u(0) ,  has  been  determ ined  i n  accordance 
wi th  Supplement 1  of the  Guide to the Expression of Uncertainty in  Measurement.  k1 -α  i s  
the  quan ti l e  of the  s tandard ized  normal  d is tribu tion .    

On l y i f the  measured  va lue  exceeded  the  decis ion  threshold ,  wou ld  the  phys ical  effect to  
be  measured  be  recogn ized  as  detected .  I f i n  rea l i ty no  phys ical  effect i s  present,  then  the  
measured  value  i s  be low a*  =  41 0  s–1  cm–2  wi th  a  probabi l i ty of 95  %.  

Al ternativel y,  an  error probabi l i ty of on ly 1  %  can  be  chosen ,  l ead ing  to   

a*  =  k0, 99  ·  u(a=0)   =  580  s
–1  cm–2  wi th  k0, 99  =  2 , 32  for an  error probabi l i ty of α  =  1  % .  Then ,  

the  final  s tatement for the  resu l t  of the  measurement i s  as  fo l lows:  
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The  resu l t of the  measurement cannot be  stated  because  the  measured  va lue  i s  below the  
decis ion  threshold  a* =  k1 -α  ·  u(0)  =  580  s

–1  cm–2  determ ined  for an  error probabi l i ty of 

α  =  1  % .  

The  uncerta in ty at an  i nd icated  value  of zero,  u(0) ,  has  been  determ ined  i n  accordance 
wi th  Supplement 1  of the  Guide to the Expression of Uncertainty in  Measurement.  k1 -α  i s  
the  quan ti l e  of the  s tandard ized  normal  d is tribu tion .  

On l y i f the  measured  va lue  exceeded  the  decis ion  threshold ,  wou ld  the  phys ical  effect to  
be  measured  be  recogn ized  as  detected .  I f i n  real i ty no  phys ical  effect i s  presen t,  then  the  
measured  value  is  below a* =  580  s–1  cm–2  wi th  a  probabi l i ty of 99  %.  

Table  E. 1  – Example of an  uncertainty budget  for a  surface  emission  rate  
measurement accord ing  to  IEC  60325: 2002,  see text for detai l s  

Quanti -
ty 

Best estimate  
Absolu te   

standard  uncertain ty 

Distribution ;  
mean  value,  x;  
hal f-width ,  a  

Sensi tivi ty 
coefficient  

Uncertainty contribu tion   
to  ou tpu t quanti ty 

C 1  600  s–1  1 36  s–1  Gaussian  wi th   
one  read ing ;  
x  =  1 600  s -1 ;   

σ  =  8 , 5  %  

1 , 4  cm –2  1 90  s–1  cm –2  

B 1 350  s–1  1 1 5  s–1  Gaussian  wi th   
one  read ing ;  
x  =  1 350  s -1 ;   

σ  =  8 , 5  %  

−1 , 4  cm –2  1 60  s–1  cm –2  

D 1 00  cm 2  3cm1 2 =  0, 58  cm 2  Rectangu l ar;  
x  =  1 00  cm 2 ;  
 a  =  1 , 0  cm 2  

–3 , 6  s–1  cm–4  2 , 1  s–1  cm–2  

F 40  24/3  =  8  Gaussian ;  
x  =  40 ;   a  =  24  

8, 9  s–1  cm–2  71  s–1  cm –2  

Kn  1 , 0  31,0  =  0 , 058  Rectangu l ar;  
x  =  1 , 0 ;   a  =  0 , 1  

360  s–1  cm–2  2 1  s–1  cm –2  

Khv  1 , 0  301,0  =  0 , 006  Rectangu l ar;  
x  =  1 , 0 ;   a  =  0 , 01  

360  s–1  cm–2  2 , 1  s–1  cm–2  

Ktemp  1 , 0  305,0  =  0 , 029  Rectangu l ar;  
x  =  1 , 0 ;   a  =  0 , 05  

360  s–1  cm–2  1 0  s–1  cm –2  

Khum  1 , 0  3025,0  =  0 , 01 4  Rectangu l ar;  
x  =  1 , 0 ;   a  =  0 , 025  

360  s–1  cm–2  5 , 1  s–1  cm–2  

Kd, a i r  1 , 24  306,0  =  0 , 035  Rectangu l ar;  
x  =  1 , 24;   a  =  0 , 06  

290  s–1  cm–2  1 0  s–1  cm –2  

Kd, geo  1 , 1 1  302,0  =  0 , 01 2  Rectangu l ar;  
x  =  1 , 1 1 ;   a  =  0 , 02  

320  s–1  cm–2  3 , 7  s–1  cm–2  

Kun i form  1 , 0  
3025,0  =  0 , 01 4  Rectangu l ar;  

x  =  1 , 0 ;   a  =  0 , 025  
360  s–1  cm–2  5 , 1  s–1  cm–2  

Ksu rface  2, 59  359,1  =  0 , 91 8  Rectangu l ar;  
x  =  2 , 59;   a  =  1 , 59  

1 40  s–1  cm–2  1 30  s–1  cm –2  

A  360  s–1  cm –2  290  s–1  cm –2   (82  %)   (Anal yti cal  method )  

A  360  s–1  cm –2  31 0  s–1  cm –2   (86  %)   (Monte  Carlo  method )  
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Table  E.2  – Example  of an  uncertainty budget  for a  surface  emission   
rate  measurement according  to  IEC  60325: 2002  for the  determination   

of the  uncertainty at  a  measured  value of zero  

Quanti -
ty 

Best estimate  
Absolu te   

standard  uncertain ty 

Distribution ;  
mean  value,  x;  
hal f-width ,  a  

Sensi tivi ty 
coefficient  

Uncertainty contribu tion   
to  ou tpu t quanti ty 

C 1  350  s–1  1 1 5  s–1  Gaussian  wi th   
one  read ing ;  
x  =  1 350  s -1 ;   

σ  =  8 , 5  %  

1 , 4  cm –2  1 60  s–1  cm –2  

B 1 350  s–1  1 1 5  s–1  Gaussian  wi th   
one  read ing ;  
x  =  1 350  s -1 ;   

σ  =  8 , 5  %  

−1 , 4  cm –2  1 60  s–1  cm –2  

D 1 00  cm 2  3cm1 2 =  0, 58  cm 2  Rectangu l ar;  
x  =  1 00  cm 2 ;  
 a  =  1 , 0  cm 2  

0  s–1  cm –4  0  s–1  cm –2  

F 40  24/3  =  8  Gauss ian ;  
x  =  40;   a  =  24  

0  s–1  cm –2  0  s–1  cm –2  

Kn  1 , 0  31,0  =  0 , 058  Rectangu l ar;  
x  =  1 , 0 ;   a  =  0 , 1  

0  s–1  cm –2  0  s–1  cm –2  

Khv  1 , 0  301,0  =  0 , 006  Rectangu l ar;  
x  =  1 , 0 ;   a  =  0 , 01  

0  s–1  cm –2  0  s–1  cm –2  

Ktemp  1 , 0  
305,0  =  0 , 029  Rectangu l ar;  

x  =  1 , 0 ;   a  =  0 , 05  
0  s–1  cm –2  0  s–1  cm –2  

Khum  1 , 0  3025,0  =  0 , 01 4  Rectangu l ar;  
x  =  1 , 0 ;   a  =  0 , 025  

0  s–1  cm –2  0  s–1  cm –2  

Kd, a i r  1 , 24  306,0  =  0 , 035  Rectangu l ar;  
x  =  1 , 24;   a  =  0 , 06  

0  s–1  cm –2  0  s–1  cm –2  

Kd, geo  1 , 1 1  302,0  =  0 , 01 2  Rectangu l ar;  
x  =  1 , 1 1 ;   a  =  0 , 02  

0  s–1  cm –2  0  s–1  cm –2  

Kun i form  1 , 0  3025,0  =  0 , 01 4  Rectangu l ar;  
x  =  1 , 0 ;   a  =  0 , 025  

0  s–1  cm –2  0  s–1  cm –2  

Ksu rface  2, 59  359,1  =  0 , 91 8  Rectangu l ar;  
x  =  2 , 59;   a  =  1 , 59  

0  s–1  cm –2  0  s–1  cm –2  

A  0  s–1  cm–2  230  s–1  cm –2   (Anal yti cal  method )  

A  0  s–1  cm–2  250  s–1  cm –2   (Monte  Carlo  method )  
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