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Chapterr 8 

Comparisonn Between Two-Way 

andd Three-Way Methods 

8.11 Introduction 

Inn Chapter 6 and 7, applications of two-way and three-way methods to different 

datasetss have been discussed. In this Chapter/ the performance of classical curve 

resolutionn (CCR) with constraint RP implemented (see Section 2.7, Chapter 2), 

weightedd curve resolution (WCR), the generalized rank annihilation method (GRAM), 

thee generalized rank annihilation-Levenberg-Marquardt-parallel factor analysis 

(GRAM-LM-PAR)) method, the trilinear decomposition method (TLD) and the 

trilinearr decomposition method-Levenberg-Marquardt-parallei factor analysis 

(TLD-LM-PAR)) method are compared. This is the only Chapter of the thesis where 

resultss obtained with TLD and TLD-LM-PAR are reported. The theory of TLD and 

TLD-LM-PA RR has been described in Chapter 3. Because of the comparison of 

two-wayy and three-way methods, some results described already in Chapter 6 and 7 

aree repeated in this Chapter, which is unavoidable. The starting values of the reaction 

ratee constants used for the two-way methods have been reported in Section 5.2.4 and 

Sectionn 5.3.5 of Chapter 5. If other sets of starting values were used, similar results 

weree obtained. 

8.22 SW-NIR and UV-Vis data 

H.2.1H.2.1 Introduction 

Inn this Section, the precision and speed of CCR using a priori  spectral information 

(constraintt RP). WCR, GRAM, GRAM-LM-PAR. TLD and TLD-LM-PAR are 

comparedd using dataset 1 and dataset 2. These datasets have been described in 

Thiss Chapter is based on the following paper: 

 Bijlsma S. Smilde AK. "estimating reaction rate constants from a two-step reaction: comparison 

betweenn two-way and three-way methods'.J. Chemometrics. accepted. 
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Sectionn 5.2 and Section 5.3 of Chapter 5. The theory of the algorithms has been 

describedd in Chapter 2 (two-way methods) and Chapter 3 (three-way methods). 

Importantt properties of CCR, WCR, GRAM, GRAM-LM-PAR, TLD and 

TLD-LM-PARR are summarized in Table 18. All methods are least squares methods 

exceptt GRAM and TLD. Dataset 1 has a moderate signal to noise ratio and dataset 2 

hass a high signal to noise ratio. Hence, both datasets represent extremes of what can 

bee expected in chemical practice. In case of CCR using a priori  spectral information, 

thee pure spectra of reactant and product have been explicitly implemented in the 

algorithmm resulting in constraint RP as described in Section 2.7 of Chapter 2. Quality 

assessmentt has been performed using a jackknife based method presented in 

Sectionn 4.3 of Chapter 4. 

Tablee 18. Important properties of CCR, WCR, GRAM, GRAM-LM-PAR, TLD and 

TLD-LM-PAR.. In case of speed ++ means less than ten seconds (fast), + means more than ten 

secondss (medium) and - means minutes til l hours (slow). 

Algorithm m 

CCR R 

WCR R 

GRAM M 

GRAM-LM-PAR R 

TLD D 

TLD-LM-PAR R 

AA priori 

information n 

yes s 

no o 

no o 

no o 

no o 

no o 

Time e 

shift t 

no o 

no o 

yes s 

yes s 

yes s 

yes s 

Number r 

off  slabs 

1 1 

1 1 

2 2 

2 2 

>3 3 

>3 3 

Iterative e 

yes s 

yes s 

no o 

yes s 

no o 

yes s 

Speed d 

+ + 

+ + 

++ + 

--

++ + 

--

On-line e 

no o 

no o 

yes s 

no o 

yes s 

no o 

8.2.28.2.2 Results and discussion 

REACTIONN RATE CONSTANT ESTIMATES FROM INDIVIDUA L BATCH PROCESSES 

Datasett 1 

Forr eight individual batch process runs of dataset 1, the reaction rate constants have 

beenn estimated using WCR, GRAM, GRAM-LM-PAR, TLD (three and four slabs) 

andd TLD-LM-PAR (three slabs). The results are listed in Table 19. The individual 

standardd deviations represent the upper error bounds. The correlation coefficients, r, 

betweenn the reaction rate constant estimates have been calculated and are also listed in 

Tablee 19. The absolute value for r gives an indication about the quality of the 

algorithmm used. A small absolute value of r indicates that the algorithm can 

distinguishh between k\ and ki during the optimization procedure very easily. For 

GRAMM and GRAM-LM-PAR the time shift was equal to 30 spectra. From Chapter 7 

itt appeared that this time shift led to the best precision of the k\ and ki estimates. For 

TLDD and TLD-LM-PAR the step size was equal to 20 spectra. It appeared that these 
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Tablee 19. Results Tor dataset 1. 

Method d 

WCR R 

GRAM M 

(Timee shift = 30) 

GRAM-LM-PAR R 

(Timee shift = 30) 

TLD,, 3 slabs 

(Stepp size = 20) 

TLD,, 4 slabs 

(Stepp size = 20) 

TLD-LM-PAR,, 3 slabs 

(Stepp size = 20) 

Meann k\ 

(min"') ) 

0.26 6 

0.28 8 

0.25 5 

0.25 5 

0.22 2 

0.24 4 

STD*i i 

(min"') ) 

0.03 3 

0.03 3 

0.04 4 

0.03 3 

0.03 3 

0.05 5 

Meann ki 

(min"') ) 

0.07 7 

0.10 0 

0.09 9 

0.10 0 

0.11 1 

0.09 9 

STD*2 2 

(min"') ) 

0.03 3 

0.06 6 

0.04 4 

0.06 6 

0.10 0 

0.04 4 

r r 

-0.61 1 

-0.47 7 

-0.79 9 

-0.86 6 

-0.93 3 

-0.87 7 

valuess led to the best precision of reaction rate constant estimates obtained from the 

resultss of the individual batches of dataset 1 which are not reported here. 

Fromm Table 19 the following can be observed: 

1)) The best precision of both reaction rate constant estimates is obtained using WCR. 

2)) All algorithms have led to a similar precision of the k\ estimates. 

3)) The precision of the k2 estimates is very dependent on the algorithm used. 

4)) There is no improvement in precision of both reaction rate constants if more than 

twoo slabs are used. The use of TLD and TLD-LM-PAR have led to no 

improvementt of precision of reaction rate constant estimates compared to the 

resultss obtained with GRAM and GRAM-LM-PAR, respectively. Hence, there is 

noo noise reduction if more than two slabs are used. Note, that the same data are 

usedd over and over again if slabs are created and therefore the same noise 

realizationn of the data is used again and again. 

5)) GRAM-LM-PAR and TLD-LM-PAR have led to an improvement in precision of 

thee ki estimates compared to the results obtained with GRAM and TLD, 

respectively. . 

6)) With respect to the calculated correlation coefficients GRAM gives the lowest 

valuee indicating that GRAM can distinguish between k\ and kj very well. 

Becausee the signal to noise ratio of dataset 1 is moderate and the dominance of 

k\,k\, iterative algorithms improve the precision of the ki estimates obtained with 
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non-iterativee algorithms. 

Datasett 2 

Forr ten individual batch processes of dataset 2, the reaction rate constants have been 

estimatedd using CCR with implementation of constraint RP, WCR, GRAM, 

GRAM-LM-PAR,, TLD (three and four slabs) and TLD-LM-PAR (three slabs). The 

resultss are listed in Table 20. For GRAM and GRAM-LM-PAR a time shift of 30 

spectraa has been used. From Chapter 7, it appeared that this time shift led to the best 

precisionn for the k\ and ki estimates. For TLD and TLD-LM-PAR the step size was 

equall  to 15 spectra. It appeared that these values led to the best precision of reaction 

ratee constant estimates obtained from the results of the individual batches of dataset 2 

whichh are not reported here. The correlation coefficient, r, between the k\ and kj 

estimatess is also given in Table 20. 

Tablee 20. Results for dataset 2. 

Method d 

CCR R 

WCR R 

GRAM M 

(Timee shift = 30) 

GRAM-LM-PAR R 

(Timee shift - 30) 

TLD,, 3 slabs 

(Stepp size = 15) 

TLD,, 4 slabs 

(Stepp size = 15) 

TLD-LM-PAR,, 3 slabs 

(Stepp size = 15) 

Meann k\ 

(min*1) ) 

0.32 2 

0.31 1 

0.30 0 

0.31 1 

0.30 0 

0.30 0 

0.32 2 

STD*[ [ 
1) ) 

0.98 8 

0.98 8 

0.83 3 

0.92 2 

0.82 2 

0.93 3 

0.91 1 

Meann ki 

(min"1) ) 

0.03 3 

0.03 3 

0.03 3 

0.03 3 

0.03 3 

0.03 3 

0.03 3 

STD*2 2 

(TO'22 min'1) 

0.02 2 

0.11 1 

0.10 0 

0.11 1 

0.10 0 

0.09 9 

0.11 1 

r r 

-0.54 4 

-0.82 2 

-0.71 1 

-0.79 9 

-0.78 8 

-0.82 2 

-0.78 8 

Fromm Table 20 the following can be observed: 

1)) Al l algorithms led to approximately the same order of magnitude for the precision 

off  the k) estimates. 

2)) Using CCR the best precision for the ki estimates is obtained. Hence, using a priori 

spectrall  information is advantageous. 
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3)) A compromise in precision of both reaction rate constant estimates is obtained with 

CCRR using a priori  spectral information. Using this method the precision for the k] 

estimatess is acceptable. 

4)) There is hardly an improvement in precision for both reaction rate constant 

estimatess if three-way algorithms with more than two slabs are used. Hence, there 

iss hardly a noise reducing effect. 

5)) GRAM-LM-PAR and TLD-LM-PAR led to no improvement in precision for both 

reactionn rate constant estimates compared to GRAM and TLD, respectively. This is 

causedd by the very low noise level of the data. 

6)) With respect to k} and k2 the non-iterative GRAM algorithm gives approximately 

thee same precision of reaction rate constant estimates compared to other 

algorithms.. Only CCR led to a better precision for the k2 estimates. 

7)) With respect to the calculated correlation coefficients CCR gives the lowest value 

indicatingg that CCR can distinguish between k\ and k\ very well because spectral 

informationn that is known a priori  is used in the algorithm. 

Becausee the signal to noise ratio of the data is high, iterative least squares 

algorithmss will hardly improve the precision of reaction rate constant estimates 

obtainedd with non-iterative algorithms. Hence, in case of data with a high signal to 

noisee ratio it is not necessary to perform tedious iterations. 

JACKKNIFEE RESULTS (LOWER ERROR BOUNDS) 

Datasett 1 

Inn order to obtain lower error bounds the jackknife based procedure as described in 

Sectionn 4.3 of Chapter 4 has been applied for the different algorithms considered. 

Usingg a certain jackknife interval, a fixed number of spectra has been left out. With 

thee left over spectra the reaction rate constants have been estimated using different 

algorithms.. The jackknife results for dataset 1 are listed in Table 21. Using three-way 

methodss the number of spectra left will be less compared to two-way methods because 

off  the applied time shift or step size. The number of left over spectra must be the same 

forr every algorithm for a fair comparison between lower error bounds obtained with 

differentt algorithms. This can be achieved by applying different jackknife intervals as 

iss obvious from Table 21. Hence, each algorithm applied has a specific jackknife 

intervall  resulting in the same number of left over spectra. From Table 21 the 

followingg aspects can be observed: 

1)) GRAM-LM-PAR gives a compromise in a lower error bound estimate for both 

reactionn rate constants. Using this method the best precision for the kj estimates is 
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obtainedd and an acceptable precision for the k\ estimates. The best precision for the 

k\k\ estimates is obtained with TLD-LM-PAR. 

2)) The use of GRAM-LM-PAR and TLD-LM-PAR wil l always lead to an 

improvementt of the precision of reaction rate constant estimates compared to the 

resultss obtained with GRAM and TLD, respectively. This is because of the 

moderatee signal to noise ratio of the data. The improvement in precision is 

approximatelyy a factor two for the k\ estimates if GRAM-LM-P AR is used instead 

off  GRAM. For the kj estimates there is hardly an improvement in precision if 

GRAM-LM-PARR is used instead of GRAM. 

Tablee 21. The jackknife results for the mean batch process for dataset 1. 

Method d 

WCR R 

GRAM M 

(Timee shift-30) 

GRAM-LM-PAR R 

(Timee shift = 30) 

TLD,, 3 slabs 

(Stepp size = 20) 

TLD-LM-PAR,, 3 slabs 

(Stepp size = 20) 

Jackknife e 

interval l 

31 1 

26 6 

26 6 

24 4 

24 4 

Meann k\ 

(min"') ) 

0.26 6 

0.28 8 

0.27 7 

0.25 5 

0.26 6 

STDA, , 
2min"') ) 

0.10 0 

0.20 0 

0.11 1 

0.18 8 

0.08 8 

Meann ki 

(min"') ) 

0.07 7 

0.07 7 

0.07 7 

0.08 8 

0.08 8 

STDA2 2 

2min"') ) 

0.18 8 

0.16 6 

0.15 5 

0.22 2 

0.22 2 

Datasett 2 

Thee jackknife results for dataset 2 are listed in Table 22. Because the number of 

spectraa of dataset 2 is different from dataset 1 the applied jackknife intervals for 

datasett 2 differ from the jackknife intervals for dataset 1. From Table 22 the following 

cann be observed: 

1)) CCR gives the best precision for the lower error bound. 

2)) The use of GRAM-LM-PAR and TLD-LM-PAR result in an improvement in 

precisionn of reaction rate constant estimates compared to those obtained with 

GRAMM and TLD, respectively. The gain in precision is approximately a factor two 

forr k\ and a factor four for ki if GRAM-LM-PAR is used instead of GRAM. 
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Tablee 22. The jackknife results for the mean batch process for dataset 2. 
Method d 

CCR R 

WCR R 

GRAM M 

(Timee shift - 30) 

GRAM-LM-PAR R 

(Timee shift - 30) 

TLD,, 3 slabs 

(Stepp size = 15) 

TLD-LM-PAR,, 3 slabs 

(Stepp size = 15) 

Jackknife e 

interval l 

27 7 

27 7 

25 5 

25 5 

25 5 

25 5 

Meann k\ 

(min"!) ) 

0.32 2 

0.32 2 

0.30 0 

0.31 1 

0.30 0 

0.31 1 

STÖJt, , 
3min~') ) 

0.03 3 

0.12 2 

0.15 5 

0.10 0 

0.24 4 

0.09 9 

Meann hi 

(min"1) ) 

0.03 3 

0.03 3 

0.03 3 

0.03 3 

0.03 3 

0.03 3 

STD*2 2 

(lO^min"1) ) 

0.01 1 

0.13 3 

0.42 2 

0.11 1 

0.39 9 

0.10 0 

ESTIMATESS OF PURE SPECTRA 

Forr the k\ and kj estimates from Table 20 for WCR and GRAM the concentration 

profiless have been reconstructed. This has not been done for the k\ and kj estimates 

obtainedd using TLD, GRAM-LM-PAR and TLD-LM-PAR because these reaction rate 

constantt estimates were very similar to those obtained with GRAM, WCR and CCR, 

respectively.. From the spectra of the mean batch process run and the reconstructed 

concentrationn profiles the pure spectra of reactant, intermediate and product have been 

estimatedd for dataset 2 by means of a non-negative least squares step. The estimated 

puree spectra of the reactant and product have been subtracted from the measured 

spectraa of those species. The difference spectra are shown in Figure 28 and Figure 29 

forr the reactant and product, respectively. From these figures it can be observed that 

theree is some structure present in the difference spectra, but the residuals are quite 

small.. GRAM gives the largest difference spectrum for the reactant and product, 

becausee this is no least squares algorithm, whereas WCR is a least squares algorithm. 

8.2.38.2.3 Conclusions 

Inn this Chapter, two-way methods and three-way methods have been compared using 

datasett 1 and dataset 2. WCR has led to the best precision of the reaction rate constant 

estimatess for dataset 1. GRAM performed very well, but the precision of the reaction 

ratee constant estimates is improved if iterations are performed after the GRAM 

solution.. This is because of the moderate signal to noise ratio of dataset 1. CCR has 

ledd to the best precision of reaction rate constant estimates for dataset 2. Using CCR it 

iss possible to implement spectral information that is known before-hand into the 
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Figuree 28. The difference spectra for the reactant obtained with: WCR (*) and CRAM (o). 
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Figuree 29. The difference spectra for the product obtained with: WCR (*) and CRAM (o). 

500 0 

algorithm.. The WCR algorithm does not use this kind of spectral information. GRAM 

hass led to approximately the same precision of reaction rate constant estimates 

comparedd to iterative methods. This is because of the high signal to noise ratio of 

datasett 2. 
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Inn general, two-way methods will lead to a better precision of reaction rate 

constantt estimates compared to three-way methods. For every specific dataset a 

certainn two-way algorithm will perform the best. The two-way methods CCR and 

WCRR are both of medium speed. Because of the iterative nature of both WCR and 

CCRR the exact speed of the algorithm needed to reach the optimal set of parameters is 

nott known beforehand. This is dependent on the choice of the set of starting values. 

Thiss makes CCR and WCR less suitable for on-line estimating reaction rate constants. 

Inn practice it is very often not necessary to know the values of reaction rate constants 

veryy precisely. Hence, it is not always necessary to use iterative algorithms. GRAM 

cann be very convenient to use in that case, because the speed of this algorithm is 

knownn in advance. This makes GRAM extraordinarily suitable for on-line monitoring 

reactionn rate constants. Both datasets used showed good results using GRAM and 

hencee this method seems to be the best choice for on-line (pseudo) first order kinetic 

problems.. For noisy datasets more reliable estimates of reaction rate constants can be 

obtainedd off-line using iterative algorithms. 
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