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Who / What / When …. 
 
Kim H. Esbensen, research professor at Denmark & Greenland 
Geological Surveys (GEUS) (chemometrics and sampling), 2010 
 
Aalborg University, prof. (chemometrics & sampling), 2001 
 
Telemark University of Process Technology (HIT), prof. 1991 
 
Norwegian Computing Center (NCC) & SINTEF, 1985 
 
Terra Swede (exploration), 1982 
 
Technical University of Denmark (DTH), Ph.D. 1981 
Århus University, Denmark: M.Sc. (geology), 1979 
 



1981 

1991 

2001 

2011 Wisdom? 



 
1. FSP: Fundamental Sampling Principle 
2. SSI:  Sampling Scale Invariance 
3. PSC: Sampling Correctness (bias-free sampling) 
4. PSS:  Sampling Simplicity (primary sampling + mass-reduction) 
5. LDT: Lot Dimensionality Transformation 
6. LHC: Lot Heterogeneity Characterization (0-D, 1-D) 
7. SUO: Composite Sampling 
8. SUO: Comminution 
9. SUO: Mixing / Blending 
10. SUO: Representative Mass Reduction (Sub-sampling)  

 

 

 
Representative Sampling: Theory of Sampling (TOS)    

   Complete, axiomatic exposé of TOS 

  6.  Process sampling quality assurance: 1-D lots 



 
 
 
 
    
   “HORIZONTAL - 
   a matrix-independent standard for representative sampling” 
 
  



Incorrect sampling errors (ICS) 
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Correct sampling errors (CSE) Process sampling errors (PSE) 

PIE2 

PIE3 

PIE1 

Theory of Sampling 
(TOS) 

Measurement Uncertainty (MU) 

Theory of Sampling (TOS) 

    Analysis (incl. NIR analysis)          

        Sampling / subsampling                           

Mutotal  = MUsampling  + MUanalysis 



Sensors, sensors, sensors & insert probes ! 

ON-LINE SOLUTIONS ... Easier, and 
much less laborious (”no sampling”) !!  REALLY? – really? (”no sampling”)??  



The so-called ”PAT revolution” a.o. hailed as such due 
to there be no need for sampling: Process SENSORS!! 

 Well - not so fast -  and here is why:  



Tacit assumption: ” most likely a 
reasonably homogenous material” 

The harsh reality: … WHAT IF? - 
signifiantly heterogenous materials 

 Well - not so fast -  and here is why  



“Elimination of sampling” …. 

Generic 
illustration 
only … 

Tacit assumption: ”most likely a 
reasonably homogenous material” 



On-line/in-line flow-cells and sensors 



ON-line NIR etc - good stuff 
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Flow 

Sample extraction valves 
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Sample extraction valves 



Sample extraction valves 

Presenter
Presentation Notes
HOW process sampling is usually done …



Duality … 

N.B. Identical ”sampling issues” with, 
as without sensor technologies (PAT) .. 

    This lecture’s agenda: DUALITY 



sample sample Stream /   
reject 

Flap valve design ”Inversed” flap valve  
   

In-line outtake  valve 

Stream /   
reject 

Stream /   
reject 

1. 2. 3. 

Presenter
Presentation Notes
Standard flap-valve problem (unbalanced extraction) No good!
Symmeric ”toggling” chute (also unbalanced extraction) N.B. FLS’ current design
Correct extraction (balanced w.r.t. both sides of the delievery stream) –
	It is EASY to modify, just implement a central slit (as in 3.) and join both funnel
     outlets, so that they both lead the bypass stream/reject away.
4. Call me … ;-)



Presenter
Presentation Notes
... Corresponds to this process-technological ”smart valve” lauout --- but it cannot be representative since most of the cross-section manifestly is NOT sampled ...... [sorry, but no cigar!]



Presenter
Presentation Notes
Nøjagtigt de samme problemer (og de samme LØSNINGER) vedr. process-sampling (1-dimensional sampling): dynamiske systemer (pipe-line, transportbånd ...):
Kun den øverste situation er: SAMPLING .....



This situation,  f.ex. 

and/or this ... ... ...    

Anything but this, TOS-correct situation     

Presenter
Presentation Notes
Nøjagtigt de samme problemer (og de samme LØSNINGER) vedr. process-sampling (1-dimensional sampling): dynamiske systemer (pipe-line, transportbånd ...):
Kun den øverste situation er: SAMPLING .....
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Flow 

Flow 



Quick overview of 99 %-ile of PAT ”process sampling design”… 

All these designs are ”incorrect” – sampling process is non-representative ! 

- Physical sampling, or sensor/probe signals ….. 

TOS terminology  (Theory of Sampling) 

Presenter
Presentation Notes
- And there is no principal differences whether you are (reference) sampling, or whether you are installing a PAT-probe ... (no matter where you install it) !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 



PROCESS SAMPLING (TOS) – 
the missing link in PAT  

 
 
 

Kim H. Esbensen & P. P.Mortensen 
 
 
 
 

Bakeev, K. (Ed.) 
 PROCESS ANALYTICAL TECHNOLOGY, 2.nd Ed.(2009) 

(chapter 3) 
 



Process Chemometrics (PAC, PAT): 
           

- essentially chemomrtics following along process time:  
- PCA, PLS, R-way: MVDA data analysis/modeling 
- e.g. t-t, p’-p’, w’-w’, T2, Q, residuals, outlier, upsets .. …  

t 

”time” (process time  / chrolonological time) … t 



Start up 

Acoustic process/progress monitoring DEMO 
PCA (online score plot) 

t1 

t2 

 Generic on-line process monitoring score plot 

Contemporary   
measurement: 

N.B. WARNING(s) 
before transgressing 
alarm boundaries !! 

Type A         
out-of-control Type B         

out-of-control 

NOC 
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The thrust of this overview presentation: 

Is there information in “small-scale variability”? 

HOW TO characterise, and utilize ,TS signals? 

t 
Enter the VARIOGRAM 



Variography (variographics) 
1-D lots: process data, stationary piles, ordered series  
1-dimensional heterogeneity characterization 

 
 
 
 
 

   Valuable information about process variation                 
both major trends, upsets, periodic phenomena …  

     as well as small-scale variability 

Process Sampling Principles: (1-D lots) 



Presenter
Presentation Notes
An example: manual process sampling 



Some time, or other – the primary process sampling  gets going .....  

TOS terminology  (Theory of Sampling) 



Variography basics: 

“Lag” is the distance 
between samples along 
the time or the spatial 
dimension … 

 

A “variogram” displays 
the total “variation” as 
a function of the “lag” 

Lag = 1 

Lag = 2 

Lag = 3 

Lag = 7 

Process Sampling Principles: (1-D case) 



For typical process sampling purposes increments can be extracted  
according to basically three different sampling schemes: 
 
 
 
Systematic sampling, denoted “sy”, where increments are extracted  
equidistant over the runtime of the process (lot) - perhaps with a random starting 
point 
 
Stratified random sampling, denoted “st”, where the runtime of the process  
is divided into a number of equally sized intervals, and an increment is  
extracted at random within each of these intervals 
 
 
Random selection, denoted “ra”, of the increments over the runtime of the process 
 



minθ
θj =

NU = total 
number of 
data points 
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The variogram …. a ”complexity spectrum”, showing 
the process variability at every scale - - - Gestalt view!  



N.B. All possible sampling plus analysis errors (all) - -   
                 whether known or unknown …  

A most unexpected bonus …. ;-) 



- Power plant example: Denmark 



- Power plant example: Denmark 

Power plant: steam pressure   

Flow rate: identical variogram 



- Power plant example: Denmark 

- Feed water oxygen content  

ca. 40%  



Particle size predictions (estimates) from acoustic chemometrics on-line measurements in a granulated product.  
Approximately 2000 measurements were performed every 5 minutes for 34 hours.  
All measurements pertain to the same formulation production campaign.  

Sampling rate, r 

~Peter Paasch-Mortensen 



Variogram and auxiliary functions for on-line measurement of particle sizes.  
The variogram has a range of j = 50, signifying that units spaced by more than 250 minutes are no longer correlated with each other.  

Sampling rate, r 

RSV1-D  ca. 50%  



48 

 
 

Full-scale biogas plant trials, 2007 - 2008 
NIR on-line PAT monitoring (fermenter 3): 2400 m3 

 

Enter the VARIOGRAM 









N.B. Surface only !!!!! 







15 industrial process lots: 3D, 1D 

15 ship cargos being off-loaded 
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KeLDA variographic analysis 

Extreme heterogeneity Intermediate heterogeneity 
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KeLDA variographic analysis 



0 5 10 15 20 25 30 35
0

2

4

Lag

v(
j)

0 5 10 15 20 25 30 35
0

2

4

Lag

v(
j)

0 5 10 15 20 25 30 35
0

2

4

Lag

v(
j)

MPE 

MPE 

Process variation 

Process variation 

All is just fine …. Σ (TSE + TAE) ~ 0 

The OBAMA case 
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Variogram: a powerful quality control tool 

INTERM./LOW SILL –  low n,e,  

   LOW SILL – Process stable & OK 

INTERMEDIATE SILL –  low n,e,  

EXTREMELY HIGH  SILL –   ;-(   ;-( 

VERY HIGH  SILL –    very low n.e. 

INTERM./LOW SILL –  low n,e,  

Unparalelled corporate QC / QA tool !!! 



Generic process characterisation 
of all kinds of materials with 
significant 1-dim heterogeneitiy  

This lot can be used as a general 
exemplar : extreme heterogeneity   







All materials with  ~ similar  
concentration heterogeneities  



Variogram: Many applications/implementations 
 
i) One variable 
ii) One component (P variables) (scores) 

 
iii) One process deployment location 
iv) Several deployment locations 

 
v) Single time location  
vi) Several time locations  
 
Quality control of the total measurement system: 
               Nugget effect / Sill  (<30%) 
 

Temporal analysis … 



TOS’ primary use of variographic analysis: 
Prediction of the Total sampling Error (TSE)  



Danish Standard 3077, 2013 

Variographic analysis as quality assurance,  
codified in international sampling standard  

Quality control of the total measurement system: 
               Nugget effect / Sill  (<30%) 



www.ds.dk 
ke@geus.dk 

http://www.ds.dk/
mailto:ke@geus.dk


DS-3077 



DS-3077 



N.B. All possible sampling plus analysis errors (all) - -   
                 whether known or unknown … ;-) 

A most unexpected bonus …. ;-) 







www.ds.dk 
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Representative sampling, data quality, validation  
– a necessary trinity in chemometrics 

 
 

Kim H. Esbensen & Lars Petersen Julius  
 
 
 

in Brown, S, Tauler, R, Walczak, B. (Eds.)  
COMPREHENSIVE CHEMOMETRICS  

Wiley Major Reference Works, vol. 4, pp.1-20 
 
 
 
 



REPRESENTATIVE PROCESS SAMPLING  
FOR RELIABLE DATA ANALYSIS 

 
 

Lars Petersen & Kim H. Esbensen 
 

Aalborg University Esbjerg, Denmark 
 
 
 
 
 

Journal of Chemometrics (2005) 
 
 



 
 
 

REPRESENTATIVE PROCESS SAMPLING  - in practice 
 

Variographic analysis and estimation of total sampling errors (TSE) 
 
 
 

Kim H. Esbensen*, Hans Henrik Friis-Petersen, Lars Petersen,  
Jens Bo Holm-Nielsen, Peter P. Mortensen 

 
Chemometrics and Intelligent Laboratory Systems (2007) 

 
 
 



 
 
 
 
 
 
 

Thank you for your attention! ke@geus.dk 



Novel application – Oil pollution monitoring 





NIR sensor 

http://www.tu.no/incoming/2012/08/22/1200007193_6948.jpg/ALTERNATES/w1920/1200007193_6948.jpg


Biosensor time series 
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Biosensor time series 

Measurement variable: Heart beat 
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Biosensor variogram characteristic 
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Measurement variable: Heart beat 



Biosensor time series 
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 Measurement variable:     Bivalve gap opening  



Measurement series (biosensor) 
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 Measurement variable:     Bivalve gap opening  



Biosensor time series 
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Soft modelling: chemometrics 

X Y 
PLS-regression !! 

Principal Component Analysis (PCA) 

Variogram (spectrum) …………………. 



Agenda 
• Variogram: complexity spectrum; f(scale) 
• Variogram: row in X-matrix 
• PCA, PLS … … [Y: functional param.] 
• Ample possibilities for PaRC, SIMCA … 

Ample pos. for process chemometrics 
 

• Only lack of imagination sets limits …  



MYTHBUSTERS in Chemometrics 

You are welcome as a guest-buster .. 





   

Variographic transects: Unsurpassed  
soil complexity characteristics (1-/2-D) 





The ”hidden flap valve” problem … 

Sample outlet ie   
 mass reduction 

Reject outlet ie 
 process stream 

Primary sampling collector bin 

Transfer conduit, toggling 

 ”Stage-less” mass reduction equipment 
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