
the growth curves (i.e., L'ri/T'ri ¼ [Lri/Tri]/[Lr4/Tr4], where L'ri/T'ri
denotes the re-normalised sensitivity-corrected regenerative dose
signals), and the additional regenerative dose Dr required for
determining the gSGC De was set equal to 0.8Dn. The average dose
response curve (re-normalised dose response curve) was fitted
using a single saturating exponential function in order to calculate
the SGC (gSGC) De.

We obtained decay rates for the fast and medium components
by deconvoluting simulated decay curves into two first-order
exponential decaying components as well as a constant compo-
nent using the decomp() function from the R package numOSL.
Similarly, the characteristic saturation dose D0 values were ob-
tained by fitting the growth curves with a single saturating expo-
nential model, using the fitGrowth() function from the R package
numOSL. Typical resultant variations in simulated natural dose
signal intensity, ratio of fast to medium decay rates, and charac-
teristic saturation dose D0 are demonstrated in Fig. 1A, B, and C
respectively, for a given dose of 240 Gy. The RSD values for the
mean of these parameters are of the order of 1e2%, which is

generally within the range of typical experimental OSL data.
Fig. 2A and B shows the sensitivity-corrected regenerative dose

signals Lri/Tri and their re-normalised counterpart L'ri/T'ri corre-
spondingly, for 3000 randomly simulated growth curves for a given
dose of 240 Gy. These figures demonstrate that the re-
normalisation procedure used in the gSGC procedure can reduce
significantly the scatter of the sensitivity-corrected regenerative
dose signals. Specifically, if we denote the fifth sensitivity-corrected
regenerative dose signal before and after re-normalisation as Lr5/Tr5
and L'r5/T'r5, respectively, then the RSD in Lr5/Tr5 is 6.18%. The RSD
for L'r5/T'r5 reduces to 2.73% if the third regenerative dose Dr3 (Lr3/
Tr3) is used to re-normalise the growth curve (i.e., L'ri/T'ri ¼ [Lri/Tri]/
[Lr3/Tr3]) (Fig. 2A). The RSD for L'r5/T'r5 is further reduced to 1.15% if
the fourth regenerative dose Dr4 (Lr4/Tr4) is used for re-
normalisation (i.e., L'ri/T'ri ¼ [Lri/Tri]/[Lr4/Tr4]) (Fig. 2B).

Fig. 2C and D shows the simulated De distributions obtained
from the SGC and gSGC methods respectively, for a given dose of
240 Gy, visualized by a simplified (pseudo) radial plot (Galbraith,
1988) implemented using function psRadialPlot() from the R

Fig. 6. Variation of RSD and RE of SGC and gSGC De estimates with D0 (N8) for various given doses Dn. Each data point was based on 500 versions of simulation. The data points
encircled by dashed circles denote the RE of De estimates simulated using the default N8 value of 1 � 1011 cm�3.
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package numOSL. The recovered average De values using the SGC
and gSGC methods are 244.82 Gy and 239.62 Gy respectively. The
standard deviations of the 500 model variants calculated from the
SGC and gSGC methods are 27.25 Gy and 5.40 Gy respectively.
Accordingly, the RSD for the SGC and gSGC De estimates are 11.13%
and 2.25%, respectively. The over-dispersion values (Galbraith et al.,
1999) for the recovered SGC and gSGC De distributions are
9.14 ± 0.39% and 0.21 ± 0.16% respectively. These simulation results
suggest that the gSGC method can greatly improve the precision of
De estimates over the SGC method.

Fig. 3 shows a comparison of recovered De estimates obtained by
the SGC and gSGC methods for given doses Dn in the range
30e300 Gy. It can be observed from Fig. 3 that for given doses less
than 120 Gy the differences in RSD and RE between SGC and gSGC
De values are smaller than 4%. The difference in RSD between De
estimates obtained from the two methods increases substantially
when the given dose exceeds 120 Gy. However, the overall differ-
ences in RE are smaller than 3% for investigated dose values up to
300 Gy. The simulation indicates that the gSGC method can
significantly improve the precision of De estimates compared to the

SGC method, though the difference in accuracy between De esti-
mates obtained from the two methods is not very significant for
given dose less than 210 Gy.

3. Investigation of factors influencing the reliability of the
SGC and gSGC De estimates

In this section, we investigate the effect of various parameters
on the reliability of the SGC and gSGC De estimates; these param-
eters are the characteristic saturation dose D0 of a growth curve, the
number of aliquots used for SGC and gSGC establishment, the size
of the additional regenerative dose Dr (Lr/Tr) used for re-
normalising the sensitivity-corrected natural dose signal, and the
size of the regenerative dose Dri (Lri/Tri) used for re-normalising the
growth curves. It deserves to be pointed out that it is not always the
case that the sensitivity-corrected natural dose signal and the
growth curves should be re-normalised by a regenerative dose of
the same magnitude (i.e., Dr may not be equal to Dri) during gSGC
De estimation. A researcher may use an additional regenerative
dose Dr that is different in magnitude from all of the Dri values but

Fig. 7. Variation of RSD and RE of SGC and gSGC De estimates with the number of aliquots used to establish the SGC and gSGC for various given doses Dn. The investigated number of
aliquots ranges from 2 to 24 with an interval of 1. Each data point was based on 500 model variants.
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close in size to the given dose Dn for re-normalising the sensitivity-
corrected natural dose signal, in order to improve the precision of
calculated gSGC De.

We simulated the dose recovery experiments using different
values for the kinetic parameter N8 (i.e., the total concentration of
holes for the “luminescence center” L), in order to change the
characteristic saturation dose D0 of the generated random growth
curves. It was found in the simulations that as the value of the
parameter N8 is increased in the model, the sensitivity of the
simulated signals will also increase. Specifically larger values of N8
yield greater signal intensity for both the regenerative dose OSL
response Lri and for the test dose OSL response Tri. Furthermore,
simulated Lri and Tri with greater signal intensity result in simu-
lated growth curves which tend to saturate at lower doses.
Consequently, a larger N8 value results in smaller D0 values for the
growth curves, and vice versa.

Fig. 4 illustrates random growth curves and sensitivity-corrected
given (natural) dose signals simulatedusing theSGCmethod. Fig. 4A,
C, and E show respectively distributions of 3000 variants of random
growth curves simulated using N8 values of 1 � 106, 1 � 1011, and
1 � 1016 cm�3 for a given dose Dn ¼ 240 Gy. The corresponding
characteristic saturating dose D0 are 200.60 ± 17.00 Gy,
165.53 ± 15.81 Gy, and 127.76 ± 13.87 Gy, respectively. It suggests
that the variability in growth curves is insignificant for regenerative
dose below 100 Gy, and it increases substantially at larger regener-
ative doses. This also implies that the observed larger uncertainty in
SGC De estimates of Fig. 3 is mainly caused by the large variability of
growth curves for regenerative doses above 100 Gy; it is concluded
that the SGC method cannot effectively eliminate the between-
aliquot scatter of different growth curves.

Fig. 4.B, D, and F illustrate the effect of D0 values on the distri-
butions of sensitivity-corrected given (natural) dose signal Ln/Tn.
The RSD of Ln/Tn for low, intermediate and high N8 values are 2.7%,
4.3%, and 5.7% respectively, suggesting that the variability of Ln/Tn
increases as the D0 values decrease. The uncertainty of resultant
SGC De estimates also increases as D0 decreases. These results are
consistent with Fig. 4A, C, and E, which demonstrates that the RSD
of sensitivity-corrected regenerative dose signals Lri/Tri increases as
D0 decreases.

Fig. 5 shows the same data as in Fig. 4, with the data re-
normalised using the gSGC method. In Fig. 5A, C, and E, the simu-
lated growth curves were re-normalised using the fourth regen-
erative dose Dr4 (Lr4/Tr4) (i.e., L'ri/T'ri ¼ [Lri/Tri]/[Lr4/Tr4]). In Fig. 5B,
D, and F, the simulated sensitivity-corrected given (natural) dose
signal was re-normalised using an additional regenerative dose Dr
(Lr/Tr) and the established gSGC according to Eq. (10) of Li et al.
(2015a). We denote this re-normalised sensitivity-corrected natu-
ral dose signal by L'n/T'n. It can be seen from Fig. 5A, C, and E that D0
values of the re-normalised growth curves are the same as those in
Fig. 4A, C, and E, suggesting that the re-normalisation procedure
will not affect the D0 values of the growth curves.

It can be observed from contrasting Figs. 4 and 5 that the vari-
ability of growth curves decreased significantly after applying the
re-normalisation procedure. The scatter in re-normalised growth
curves is not only small for regenerative dose less than 100 Gy but
also less significant for larger regenerative doses (Fig. 5), in com-
parison to that illustrated in Fig. 4. The RSD of L'n/T'n for low, in-
termediate, high N8 values are 0.7%, 1.1%, and 1.3% respectively.
These values are significantly smaller than those obtained in Fig. 4
for their un-normalised counterparts. A comparison between
Figs. 4 and 5 clearly illustrates why the uncertainty of De estimates
obtained from the gSGC method is significantly smaller than the
ones obtained from the SGC method. The gSGCmethod reduces the
variation in growth curves, to a much greater extent than the SGC
method.

Fig. 6 demonstrates the variation of RSD and RE of SGC and gSGC
De estimates with the D0 (N8). It can be seen from the scales of the
y-axes that generally both the RSD and RE of De estimates obtained
from the gSGC method are smaller than their SGC counterpart
(except in the Dn ¼ 120 Gy case). There is no obvious correlation
between the RE of SGC and gSGC De estimates and the characteristic
saturation dose D0 for various given doses. In most cases, the De
estimates yield lower RE (smaller than 4%) using moderate D0
values corresponding to the default N8 value of 1 � 1011 cm�3 used
in the model of Bailey (2001). A monotonic decrease in the RSD of
SGC and gSGC De estimates with increased D0 values was observed
in almost all cases. This is because the scatter in both the
sensitivity-corrected natural dose signal and in the sensitivity-
corrected regenerative dose signals (as well as their re-normalised
counterparts) decreases with the increase in D0 values, as was
illustrated in Figs. 4 and 5.

During the application of the SGC (gSGC) method, the SGC
(gSGC) used for De determination is usually established from the
average of a number of growth curves (re-normalised growth

Fig. 8. Variation of RSD (A) and RE (B) of gSGC De estimates with the size of the
additional regenerative dose Dr (Lr/Tr) used to re-normalise the sensitivity-corrected
natural dose signal for various given doses Dn. Dr ranges from 0.2Dn to 2Dn with a
step of 0.2Dn. Each data point was based on 500 model variants. Note that the scales of
x-axes are expressed as percent of the given dose Dn.
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curves) from different aliquots. Fig. 7 demonstrates the variation of
RSD and RE of SGC and gSGC De estimates with the number of al-
iquots used for SGC and gSGC establishment. It can be observed
from Fig. 7 that increasing the number of aliquots improves the
precision of SGC and gSGC De estimates. This is because of overall
improvements of the statistics; the uncertainty of the average dose
response curve (re-normalised dose response curve) used to
determine the SGC (gSGC) De values will decrease by using more
aliquots in the procedure.

Using more aliquots also improves the accuracy of SGC De esti-
mates, as illustrated in Fig. 7A, C, and E. However, it seems that the
accuracy of gSGC De estimates is not sensitive to the variation of
number of aliquots, and shows a random variation pattern. This
may imply that in the gSGCmethod the number of aliquots used for
gSGC establishment is not a major factor controlling the accuracy of
De estimates.

Inmost cases both the RSD and RE of De estimates obtained from
the gSGC method are significantly smaller than their SGC coun-
terpart. An exception is that the RE of gSGC De estimates is slightly
larger than that obtained by the SGC method for a given dose
Dn ¼ 120 Gy when the number of aliquots exceed 6, as demon-
strated in Fig. 7A and B. This may suggest that when applying the
gSGC method to determining De values smaller than 120 Gy, the
gain in accuracy is not obvious compared to the SGCmethod. This is
consistent with Fig. 3, which suggests that the difference in RE
between the two methods is less than 1% for given dose up to

210 Gy.
The re-normalisation procedure used in the gSGC method re-

quires a sensitivity-corrected regenerative dose signal to be
measured, in addition to the sensitivity-corrected natural dose
signal. These signals are used in combination with the established
gSGC in order to determine the gSGC De value. Fig. 8 plots the RSD
and RE of gSGC De estimates against the size of the additional
regenerative dose Dr. The results indicate that the size of the
regenerative dose Dr (Lr/Tr) used for re-normalising the sensitivity-
corrected natural dose signal can significantly affect the precision of
gSGC De estimates (Fig. 8A). Recovered gSGC De values for different
given doses are of low RSD (smaller than 4%), if the additional
regenerative dose Dr varies between 0.8Dn and 1.2Dn. The gSGC De
estimates have the lowest RSD when the additional regenerative
dose is set equal to the given dose (i.e., if Dr ¼ Dn). The RSD of gSGC
De estimates become increasingly larger with the increase in the
difference between Dn and Dr. The simulation validates the
conclusion drawn by Li et al. (2015a) that the chosen additional
regenerative dose should be as close as possible in size to that of the
natural dose, in order to minimize the scatter in the re-normalised
sensitivity-corrected natural dose signal L'n/T'n.

However, there is no obvious correlation between the accuracy
of gSCG De estimates and the size of the additional regenerative
dose Dr (Lr/Tr) (Fig. 8B). In addition, the best accuracy of gSGC De
estimates does not correspond to an additional regenerative dose
that is equal in size to the given dose. Interestingly, for given doses

Fig. 9. Variation of re-normalised sensitivity-corrected regenerative dose signals L'ri/T'ri with the size of regenerative dose Dri (Lri/Tri) used for growth curve re-normalisation for a
given dose of 240 Gy. (A), (B), (C), and (D) were re-normalised using regenerative dose values of 0.4Dn, 0.8Dn, 1.2Dn, and 1.6Dn Gy (Table 2), respectively. Each subplot was based on
3000 randomly simulated growth curves.
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Dn ¼ 60 Gy and Dn¼ 120 Gy, gSGC De estimates have the lowest RE
when the additional regenerative dose Dr is equal to 1.6Dn. For
given dose Dn ¼ 240 Gy and Dn ¼ 300 Gy, gSGC De estimates have
the lowest RE when the additional regenerative doses are set
equal to 0.6Dn and 0.4Dn, respectively. This suggests that the
correlation between accuracy of gSGC De estimates and the size of
additional regenerative doses used for re-normalisation is com-
plex, and does not follow a specific pattern. It seems that lower RE
is obtainable when smaller additional regenerative dose is used
for re-normalisation of a larger given dose, and vice versa.

Li et al. (2015a) illustrated how the choice of the size of the
regenerative dose Dri (Lri/Tri) used for re-normalising the growth
curves affects the extent of variation between aliquots (growth
curves). During the simulation it was observed that the scatter in
re-normalised growth curves varies slightly when different
regenerative doses Dri (Lri/Tri) were used for re-normalisation of the
growth curves, as demonstrated in Fig. 9 for a given dose of 240 Gy.
The resultant mean RSD of L'ri/T'ri were 2.73%, 2.31%, 2.61%, and
3.29% respectively if regenerative dose values of 0.4Dn, 0.8Dn, 1.2Dn,
and 1.6Dn Gy were used for growth curve re-normalisation. Fig. 10
shows the influences of the size of the regenerative dose Dri (Lri/Tri)
used for re-normalising the growth curves on the RSD and RE of
gSGC De estimates for different given doses. It can be observed from
Fig. 10 that there is no obvious variation trend for the RSD or RE of
gSGC De estimates with the regenerative dose Dri (Lri/Tri) used for
re-normalisation. It can also be seen from the scales of y-axes in
Fig. 10 that the influence of the regenerative dose sizes used for
growth curve re-normalisation on the RSD and RE of gSGC De es-
timates is relatively insignificant. For all the four investigated
regenerative dose points, the variations in RSD and RE of gSGC De
estimates are less than 0.1%.

4. Conclusions

The comprehensive quartz model of Bailey (2001) was used in
this paper to simulate dose recovery experiments, in order to assess
the intrinsic precision and accuracy of the SGC and gSGC De esti-
mates. The simulation results show that the gSGC method can
significantly improve the precision of De estimates compared to the
SGC method. It suggests that the difference in RE between the SGC
and gSGC methods is less than 3% for investigated doses up to
300 Gy. However, the RSD of gSGC De estimates was significantly
smaller than that of SGC De estimates. The simulation experiments
validate that the between-aliquot scatter in growth curves can be
effectively eliminated by using the re-normalisation procedure
employed in the gSGC method.

Several factors which may be affecting both the intrinsic pre-
cision and accuracy of the two methods were investigated. The
simulation results suggest that:

(1) The precision of SGC and gSGC De estimates can be improved
if growth curves with larger characteristic saturation dose D0
are used.

(2) Using a larger number of aliquots (growth curves) to
establish the SGC can improve both precision and accuracy
of SGC De estimates. However, though the precision of gSGC
De estimates also improves with the increase in the number
of aliquots used, it seems that the accuracy of gSGC De es-
timates is not sensitive to variations in the number of
aliquots.

(3) The precision of gSGC De estimates is very sensitive to the
size of the additional regenerative dose Dr (Lr/Tr) used for re-
normalising the sensitivity-corrected natural dose signal.

Fig. 10. Variation of RSD and RE of gSGC De estimates with the size of the regenerative dose Dri (Lri/Tri) used for growth curve re-normalisation for various given doses Dn. The four
regenerative dose values used for re-normalisation are 0.4Dn, 0.8Dn, 1.2Dn, and 1.6Dn Gy (Table 2). Each data point was based on 500 model variants. Note that the scales of x-axes
are expressed as percent of the given dose Dn.
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Better precision is obtainable if the additional regenerative
dose Dr used for re-normalisation is close in size to the given
dose Dn.

(4) Both the precision and accuracy of gSGC De estimates are
insensitive to the size of the regenerative dose Dri (Lri/Tri)
used for re-normalising the growth curves. For doses up to
300 Gy, the variations in RSD and RE of gSGC De estimates are
less than 0.1% when different regenerative dose sizes Dri
were used for re-normalisation.

The simulation results presented in this study demonstrate that
the gSGC method is almost always intrinsically more precise than
the SGC method given that a proper size of additional regenerative
dose Dr (Lr/Tr) is used for re-normalisation. Furthermore, although
the difference in accuracy between the two methods is less sig-
nificant for given doses less than 210 Gy, the gSGC method is
apparently more accurate for larger doses. Therefore, we recom-
mend the use of gSGC method for future dating applications, when
possible.
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