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1st Editorial Decision 22 October 2012 

 

Thank you again for submitting your work to Molecular Systems Biology. We have now heard back 
from the three referees who agreed to evaluate your manuscript. As you will see from the reports 
below, the referees find the topic of your study of potential interest. They raise, however, several 
concerns on your work, which should be carefully addressed in a revision of the present work.  
 
Overall, the reviewers acknowledge the technical quality of the work. They feel however that 
considerably more efforts should be made to explain the implication of this work for the 
understanding of developmental patterning and early morphogenesis. In addition, important 
clarifications are requested with regard to the methodology.  
 
Prior to our decision, we have circulated the reports among the three referees ('pre-decision cross-
commenting'). As feedback to the additional experiment suggested by Reviewer #3, ie re-
quantifying the gap genes+bicoid, reviewer #2 indicated that these experiments would be useful but 
beyond the scope of this paper, in particular if they involve staining 5 genes on the entire set. We 
agree with reviewer #2 that this should not represent a pre-condition for publication.  
 
In view of the quantitative nature of your work, it will be important to make the full dataset 
available to the community. This would include the stainings of the 163 embryos reported here, the 
extracted raw expression profiles and the 'detrended' normalized profiles.  
 
In addition, important quantitative data displayed in the figures (eg the time-dependent furrow depth 
in Figure 2B) should also be supplied as 'source data files'. These files are distinct from normal 
supplementary information, are directly to a specific figure panel and can be downloaded directly 
from the figure (example: <http://tinyurl.com/365zpej>). See more information: 
<http://www.nature.com/msb/authors/index.html#a3.4.3>  
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If you feel you can satisfactorily deal with these points and those listed by the referees, you may 
wish to submit a revised version of your manuscript. Please attach a covering letter giving details of 
the way in which you have handled each of the points raised by the referees. A revised manuscript 
will be once again subject to review and you probably understand that we can give you no guarantee 
at this stage that the eventual outcome will be favorable.  
 
------------------------------------------------------  
 
Referee reports: 

 
Reviewer #1 (Remarks to the Author):  
 
This paper by Dubuis et al describes new tools and methods to quantify levels and variance of gene 
expression patterns in the early embryo of Drosophila melanogaster. The authors then use these 
newly developed methods to characterize the temporal dynamics and reproducibility of the gap gene 
system. Despite its focus on methodology, the paper is ideally suited for publication in Molecular 
Systems Biology for the following two main reasons: (1) The rigorous, thorough, and precise 
characterization of experimental versus biological contributions to pattern variability constitutes a 
landmark for the quantitative analysis of spatio-temporal gene expression. It is extremely relevant 
beyond Drosophila as a model system. (2) The measurements presented allow a highly interesting 
and relevant inference concerning the underlying gene regulatory mechanism, namely, the fact that 
cross-regulation among gap genes indeed increase the reproduciblity of pattern formation. This 
establishes, rigorously, that morphogen gradients are not sufficient to ensure precise patterning in 
this system, which settles a controversy in the field which has been going on for more than ten 
years. In summary, this is a landmark paper. I cannot support publication in MSB strongly enough!  
 
Adressing a few minor issues would further improve the quality of the paper:  
 
The authors mention on p7 that the Hb/Kr, Kr/Kni, Kni/Gt, and Gt/Hb borders should be controlled 
by mutual repression. This is a valid interpretation of their results, which seemingly contradicts the 
mechanism of gap domain shifts postulated by Jaeger et al. 2004, which requires asymmetric 
repression between these genes. However, Crombach et al. 2012 have slightly revised the nature of 
this mechanism, showing that only the net overall effect of repression needs to be asymmetric (one 
interaction stronger than the other one) for this mechanism to work. It would be interesting to 
discuss this point in a sentence or two.  
 
Two papers by Manu et al. (2009; PLoS Biol and PLoS Comp Biol) and a paper by Gursky et al. 
(2011; BMC Syst Biol) propose explicit regulatory mechanisms by which reproducibility of gap 
gene expression could be increased over time. It would be appropriate to mention this and to to cite 
these papers in the Discussion.  
 
One methodological aspect that was not clear to me is how the authors established the orientation of 
their embryos. This is not explained in the current version of the manuscript. How is it possible to 
rigorously estimate azimuth angles, or to align an embryo for imaging of its dorsal surface, if no 
markers for DV expression (eg twist) were used? What does 'eye selection' (eg caption, suppfig 4) 
mean? Please clarify.  
 
I have two questions about Fig 1 and the issue of cross-talk: (1) Why is there so much cross-talk in 
the 633 channel? The apsorption spectra in Fig 1A would not lead me to expect that. (2) It is 
generally assumed that anti-rat and -mouse secondaries show high levels of cross-binding to their 
respective primaries. I do not see that confirmed in the results. It would be worth commenting on 
this.  
 
At times, the manuscript is somewhat difficult to read. There are many very long sentences, and 
some of the figures are overly complicated. I list a few suggestions for clarification/simplifiation 
below.  
 
Finally, figure panels (eg Fig 2) could be made larger. They are sometimes hard to read as they are.  
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Some more detailed comments:  
 
p3 and thereafter: positions are indicated in % EL with 0% at the anterior pole; convention usually 
has 0% at the posterior pole; this should be clarified when first using this measure.  
 
p3, citations after 'to a complex network' are rather haphazard (some primary literature and a 
review); a more balanced selection of references should be provided; similarly, I am not sure 
whether Spirov03 and Manu09 are appropriate references where they are mentioned just a few 
sentences further.  
 
p4, typo: 'an methods' should be 'and Methods'.  
 
p4 (and elsewhere): please clarify if the cross-talk estimate is used to correct the measured 
expression patterns; I guess so but it is not clear from the current wording.  
 
p4, the statement 'ending with gastrulation' is confusing since gap genes are expressed a little bit 
beyond gastrulation; I guess the authors take gastrulation as the end point of their analysis? Please 
clarify.  
 
p6: I am not sure I understand why 163 embryos were stained in total, but only 80 use in the 
analysis; please clarify.  
 
p12, the sentence citing a 'Fig. 1C' must be a left-over from an earlier version of the manuscript; 
there seems to be no such figure in the present version. Please correct.  
 
p12 and fig 1: please clarify which channel corresponds to which row in the matrix. This is a bit 
confusing.  
 
caption, fig2: 'profile in A shown in blue': I don't know what this refers to.  
 
Panels 3b and suppfig 3b are the same. Is it required to reproduce them twice?  
 
fig6: please provide a key to lines in panels D and E; I have no clue what the dashed and dotted lines 
in E are.  
 
fig7 is completely overloaded; please declutter, eg by leaving out or dimming the expression 
patterns; currently they hide the actual results shown in this figure and make it very hard to read.  
 
caption, suppfig1: descriptions of panels A and B are mixed up.  
 
caption, suppfig4: typo, 'allows allows'.  
 
 

 

Reviewer #2 (Remarks to the Author):  
 
"Accurate measurements of dynamics and reproducibility in small genetic networks"  
Submitted to MSB  
Dubuis, Samanta, and Gregor  
 
SUMMARY  
The overall goal of this paper is to understand the variance in the gap gene network that patterns the 
Drosophila blastoderm embryo. This is part of a general line of research that addresses precision in 
developmental processes, attempting to understand its origins and its relationship to environmental 
and genetic variation. Variance and co-variance can also be used to infer underlying network 
architecture. Because the observed variance is a combination of biological fluctuations and 
experimental error, the authors aim to precisely quantify the degree of experimental error in their 
measurements. To do so, they make three technical contributions to the field: 1) increased precision 
in staging of embryos (from ~10 min to 1-2 minutes) 2) quantification of 8 sources of experimental 
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measurement errors. 3) definition of a position-dependent variance metric that they use to analyze 
the precision of the network over time. They conclude experimental errors sum to less than 20% of 
total variance for any gene, allowing them to analyze the remaining 80% of measured variance to 
understand the precision of the gap gene network. By analyzing the co-variance among gap gene 
expression profiles, they demonstrate that positional errors decrease two fold over the course of 
cellularization (from one internuclear distance to 0.5), and that they reach a minimum 15 minutes 
prior to gastrulation, synchronously across all genes (except the Hb anterior domain). These results 
demonstrate the utility of quantitative measurements, and provide some biological insights.  
 
GENERAL COMMENTS  
Technically, this work is very strong. The methods are rigorous, and its refreshing to see 
quantitative measurements taken so seriously. However, the biological insights are less novel. They 
build on concepts already solidified in the field (such as the canalization of the network and cross-
regulation in the gap gene network). As written, the paper is focused on the methods, which is fine 
given that's where it makes its most substantial contribution. But the writing is quite technical and 
could benefit from more explanation of the high-level logic of their approach. By providing more 
context in the introduction, and by explaining their logic throughout the results, I think the authors 
could improve the accessibility of their manuscript a great deal. The paper would then not only be 
technically impressive, but it could also make the case more broadly for how careful quantitative 
measurements in wild-type embryos can yield biological insights.  
 
MAJOR POINTS  
Here I focus on places that could use additional conceptual or technical description.  
 
"The final macroscopic outcome of developmental processes in multicellular organisms results in 
structures that are remarkably similar between individuals of a given species." (p. 3) This sentence 
would benefit from some references and further description. What are examples of this type of 
morphological precision? Which features are particularly notable for the Drosophila embryo?  
 
This sentence in the intro presents a hypothesis about morphological precision as proven: "This 
similarity has its origins in the reproducible spatial patterns of morphogen concentrations in the 
early embryo." (p. 3) But my understanding is that this is an active area of research, and is in fact the 
central question of the paper. Can reproducibility/precision in morphology be traced to precision in 
the underlying molecular patterning mechanisms? The alternative is that patterning is itself messy, 
but cleaned up later. This may of course vary across different patterning mechanisms in different 
systems. Examples of active models beyond Drosophila would be useful to mention here. My 
understanding of the overall justification of this line of research is to ask whether the precision 
observed in the patterning system is sufficient to account for the precision observed in morphology. 
Or alternatively, focusing on just the quantitative features of the network itself, to understand which 
features are variable, how this relates to network architecture, and how these features respond to 
environmental and genetic variation. This paper is then situated as an attempt to precisely measure 
variation itself, which is technically challenging. I suggest that this is described more explicitly in 
the introduction.  
 
"Conceptually, we are seeking..." (p. 3) This sentence lists many network properties that could be 
measured, but does not state how the measurements will be useful in the long-term. Clarifying this 
would help the reader grasp the logic of this type of study. For understanding this question of 
precision in patterning, what are the most relevant measurements? Should we be most interested in 
invariant features or those that vary, or both? This study is focused on one genotype, but could 
extending these types of studies to additional genotypes be fruitful? Focusing the readers' attention 
on a specific example/scenario might be helpful.  
 
Some discussion of the value of studying inherent fluctuations in the system in the introduction 
would be useful for the more novice reader. Some of this is presented in the opening paragraph in 
the discussion, but moving it to the introduction would give the reader more context. This would 
also improve the justification of their careful measurements.  
 
I find it strange that after all of their quantification of error, they choose to work with the 
uncorrected total variance, rather than the corrected variance. Granted, after the effort of 
determining the experimental error is less than 20%, one can be more confident in the 
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measurements. However, this choice should be further justified either in the results or in the 
discussion. This is even more confusing since they proceed to bin their measurements into 8 equally 
populated bins, which makes their measurements comparable to other previous studies (such as 
Reinitz/FlyEx and the BDTNP).  
 
Minor points  
Here I focus on wording that could be clarified. There also are numerous grammatical errors 
throughout, but these should be addressed after revision since the text may change a great deal.  
 
p. 3 "the level of reproducibility that is actually relevant to biological processes" is an ambiguous 
phrase. Does it mean measuring reproducibility at the appropriate scale (i.e. molecules, cells, tissues, 
etc.) or does it mean the level of variation that is tolerated by the system while still maintaining 
function?  
 
p. 3 "inherent experimental error due to variable conditions" isn't very precise. What types of 
experimental errors? My understanding is that the major issue is with these techniques is averaging 
many stains together - therefore potentially convoluting the variation in the quantitative relationship 
between genes. Please clarify the logic here and how staining for multiple proteins in the same 
embryo circumvents these limitations.  
 
p.3 The authors present the use of fixed tissue as a limitation of previous methods, but employ a 
fixed tissue approach themselves. This is confusing, especially since they are employing a similar 
method for obtaining dynamic information from fixed tissue (extent of invaginating cell 
membranes), but at a higher level of resolution. (Previous studies used something like 10 min bins, 
while this study uses 1-2 min bins). This should be stated more clearly.  
 
p.3 "In particular, what is the final reproducibility at gastrulation and how does it compare to the 
reproducibility of the Bcd gradient?" The first part of this sentence is ambiguous - reproducibility of 
what feature of gastrulation?  
 
p.5 "After profile alignment and correction for tissue shrinkage due to the fixation process ..." The 
logic of this procedure is unclear from the main text. It appears they will first relate furrow depth to 
absolute time using live bright-field imaging. They can then align these time traces to determine the 
error in assigning the appropriate time from a single time-point. To extend this procedure to fixed 
embryos they need to normalize to their live measurements, since fixation is known to cause 
embryos to shrink. Even in the Methods, this normalization calculation isn't particularly clear. The 
AP and DV dimensions of the embryo shrink by ~5%, but how this is used to normalize the live 
furrow depth isn't immediately obvious. I suggest explaining the logic of their procedure more 
completely in the main text, and elaborating on the normalization calculation in the Methods.  
 
p. 5 The paragraph beginning "The precision of 1-2 min with which..." would be easier to 
understand if the conclusion was presented as the topic sentence. Something like "Previous 
quantitative studies of expression in this system have used roughly 10 minutes time intervals. By 
staging embryos in 1-2 min intervals, we determined that 10-20% of the variance in these 10 minute 
time intervals is due to underlying expression dynamics."  
 
p.5 "Hence, an overwhelming majority of the raw profile-to-profile variability seen in Figure 2C can 
be attributed the dynamics of the expression levels." This conclusion is obvious from previous 
studies as well. The more relevant result from this particular experiment is the ability to decompose 
the variance, as stated in the next sentence.  
 
p.5 "These errors induce extra variance in the profile levels across a population of embryos, masking 
the actual biological fluctuations resulting from the natural embryo-to-embryo variance." This 
sentence could be reworded to improve clarity. The observed variance is a combination of 1) the 
natural variation in the system and 2) experimental error. They are interested in quantifying 1, and 
therefore must determine 2 to subtract it from the observed variance.  
 
p.6 "To understand how the average levels of gene expression change with time, we monitor the 
immunofluorescence intensity of the boundary inflection points as well as the absolute value of the 
slope at these points as a function of the embryo age". What do these measurements and their timed 
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coordination tell you about the underlying network? Seems to me that some context about the 
known cross-repressive interactions between the gap genes is needed here, to help readers 
understand that the dynamics are likely due to interactions between the gaps as their expression 
patterns mature. The conclusion that their interactions (as tracked by the boundary position and the 
sharpening of the boundaries) is coordinated, might be expected from the known network topology, 
but the precision of the coordination is remarkable. And what do they mean by "special properties" 
at the end of this paragraph?  
 
p.7 "In particular the constancy of sigma x/L across the Hb/Kr, Kr/Kni, Kni/Gt and Gt/Hb borders 
hints at a mutual regulation of these genes, rather than a uni-directional repression, in which case we 
would see a smaller variance in the expression profile that is regulated." This is a nice conclusion, 
again supported by previous work on the network topology (see for example work from Reinitz and 
Papetsenko). This should be cited and discussed here.  
 
METHODS  
Measurements of the invagination depth of the membrane furrow channels  
p.9 "The depth of  (i)fc of the FC was monitored as a function of absolute time until gastrulation as 
shown on Figure 2A." This sentence doesn't indicate how this measurement was actually made. 
Were embryos manually annotated, or was automated image processing used? In either case, what 
were the defining features used to delineate the boundaries?  
 
FIGURES  
General comments  
The parameter names are often used as axis labels. To make the manuscript more accessible, they 
may also wish to use a descriptive text label. For example in Figure 2D, the x-axis could also be 
labeled "Furrow channel depth".  
 
The figure legends also have descriptive titles. It might be easier for readers to grasp the purpose of 
the figure if the titles presented conclusions instead. For example, Figure 2: Precise temporal staging 
allows quantitation of time dependent variation in gene expression at every position.  
 
Figure 2:  
A: Inset is difficult to see - red/orange label is obscured. FC should be defined in the legend for 
readers that go through figures independently of the text. Mitosis 13 is used to label the figure, but 
the legend uses n.c. 14. Best to be consistent with this nomenclature.  
B: Individual traces and points are extremely hard to see. Granted, the point is that they all overlay 
very precisely, but it may be worth increasing the size of this figure to make the features named in 
the legend easier to identify.  
C: The paper discusses intervals in terms of time rather than FC depth (which is what is used in the 
legend for this panel). I think this should be made consistent. I vote for time since it is more 
obviously linked to the technical advance in this paper. Also, there are multiple dotted lines in the 
figure so referring to "the grey dotted line" should be changed to "the vertical grey dotted line". 
Vertical axis should be "Gt Intensity".  
D: I presume this is also a trace for Gt at a single position, but this is not made clear in the legend.  
 
Figure 3:  
A: I find this schematic very hard to read. The yellow is nearly invisible, and there are a number of 
different molecular species depicted. The diagram is more complicated than the concept, which is to 
compare the signal from 2 different Hb antibodies detected with 2 different secondary antibodies in 
the same sample. I suggest showing a cartoon of a single Hb molecule, bound to two different 
primary and secondary antibodies, with the excitation wavelengths labeled (since those are what's 
used in panel B).  
B: The axis labels could be more intuitive. GP-anti Hb / 546 - anti GP and Rat-anti Hb / 488 anti-Rat 
for example.  
 
Figure 4:  
D: The grey dotted line is difficult to track. Is it necessary for it to be dashed?  
 
Figure 5:  
The gap genes are not labeled, either in the figure or in the legend. Looks like kni, Kr, Gt, Hb, left to 
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right.  
A: To contrast with the colored traces, I suggest that the dark blue trace be made black. It will make 
the description of lighter/darker colors in the legend easier to decipher. It would also allow them to 
use a light blue/darker blue pair to replace the yellow/green pair, where the yellow line is nearly 
impossible to see. I also find it confusing to have both the mean expression level and the variances 
plotted together this way. If the goal is to support their claim that "For any of the gap genes, it 
represents on average less than 20% of the gene expression variance measured across embryos", it 
might be fine to eliminate the total gene expression profile. If there is a further point to be made, 
which is that the degree of variance correlates with features of the expression pattern, then that 
should be stated explicitly.  
 
Figure 6:  
I find all of the symbols here to be overwhelming. The point is actually graphically pretty simple-the 
position of the borders changes over time (e.g. from low on the y-axis to high on the y-axis.) I think 
this would be easier to see with single line traces, or even dots (if there's concern about overlap, 
these could be open or transparent circles). The triangles are unnecessary, and the dashed lines are 
confusing. Its also worth noting that not all boundaries change position; this isn't mentioned in the 
text.  
 
Figure 7:  
I find the triangles distracting on this plot, and I don't think they are necessary. The overall point is 
simply to grasp that the black line has high values in some areas early on but progressively gets 
smaller.  
 
*PRE-DECISION CROSS-COMMENTING -- ADDITIONAL REMARKS*  
1. More context about the biological question being addressed, both in terms of framing the line of 
inquiry and citing relevant literature.  
 
Each reviewer has numerous suggestions about how to do this. It will likely be impossible to 
incorporate them all while retaining a coherent narrative. I do not require every suggestion of mine 
to be incorporated to support publication, but I do think that the paper needs substantial revision to 
place the work in proper context. In particular, I would like to see a discussion of how this work 
furthers the hypothesis that network architecture improves patterning precision. As Reviewer 3 
correctly points out, this paper is consistent with this hypothesis, but does not prove it. I'm not sure 
that this could be proven without similar characterization of alternative network topologies, which is 
clearly beyond the scope of this paper. But I think it is appropriate to more thoroughly discuss the 
contributions and limitations of this paper in this context.  
 
2. Some methodological clarifications including  
a. how they define the orientation of the embryos  
b. the precise method used to stage the embryos (manual annotation of images or image processing)  
c. use of the uncorrected variance in their network analysis  
d. the calculation used to normalize time between fixed and live embryos  
e. justification of time binning  
f. justification of using a subset of the total data  
 
Reviewer 3 also calls for an additional experiment - including Bcd stains in the current dataset. To 
incorporate this into their current analytical framework, the authors would have to find parameters 
and reagents to allow simultaneous imaging of 5 genes (not just the 4 presented here). Moreover, 
they would then have to reacquire all images using the 5-stain protocol. While I agree that it would 
be useful to have Bcd data included, I also believe that this is beyond the scope of this paper.  
 
 

Reviewer #3 (Remarks to the Author):  
 
The authors perform quantitative studies of gap gene expression in early Drosophila embryos. They 
focus on four gap genes in their current work, hb, Kr, gt and kni, through the use of both newly-
generated and existing antibodies against the products of these genes. The authors provide careful 
and systematic evaluations of the experimental errors in quantifying the immunostaining data in 
whole mount embryos. They provide evidence suggesting that immunostaining is a viable approach 
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for quantitatively measuring gene expression profiles in embryos (an important idea that is not 
entirely new). They also provide data demonstrating that the reproducibility of the gap gene 
expression profiles increases two-fold during the course of nuclear cycle 14 (a notion that has also 
been available in the literature).  
 
This is a carefully-designed and well-executed technical study. The systematic evaluations of the 
experimental errors should be useful to the field. Unfortunately, the current study remains at a 
technical level without significantly advancing our knowledge of the gene regulatory network that 
instructs embryonic patterning. In particular, a lack of quantitative data for the morphogen gradient 
of Bicoid under their current (and likely improved) technical framework makes it difficult to assess 
how the developmental system operates mechanistically. The current work conspicuously lacks a 
specific hypothesis presented and tested. The conclusion presented in the Discussion 
"Reproducibility inherent in the Bcd gradient is transferred to the gap genes early in n.c. 14, reduced 
two-fold within the gap gene network..." appears to imply, but does not clearly state, that the 
network itself is responsible for this two-fold reduction, a notion that has been championed by 
Reinitz and his associates, among others. This conclusion also appears to ignore completely the 
potential effects of time- or space-averaging, a hypothesis that has been available in the field 
(including Dr. Gregor's own previous studies). One of the claims made by the authors "We use this 
analysis to extract gap gene profile dynamics with ~1 min accuracy..." (in Abstract) is misleading 
because, although they have done calibrations for embryo time, their analysis was based on data 
from embryos that are grouped into 8 time classes (each lasting much more than 1 min). After 
reading through this nicely-executed technical work, one is left with an impression that after all we 
really have not gained much new mechanistic insights.  
 
The existing quantitative data (in addition to the Bcd data that should be generated under their 
current framework) could potentially yield some new mechanistic insights. For example, the authors 
have the co-staining data for all the four gap gene products in individual embryos, an advantage 
highlighted repeatedly by the authors but not fully utilized by them. Is it feasible to extract 
information that can add to our understanding of how these gap gene products co-evolve at the level 
of individual embryos? Would an analysis that is truly at a ~1 min temporal accuracy allow the 
extraction of new information about how the system operates? How does embryo length variation 
impact the reproducibility of the patterning outcome?  
 
A technical comment: the authors tend to make statements throughout the manuscript as if they are 
not aware of the existing knowledge in the literature. The discussion about the two-fold increase in 
the reproducibility of gene expression profiles (above) is one example. As another example, in the 
first paragraph in Discussion, the authors state that "Data of the latter approach has been missing 
thus far..." when referring to quantitative relationships in wt embryos. Do they really mean that? 
Accurately relating their experiments and findings to the literature and the existing knowledge might 
improve the manuscript (What is the current state-of-the-art in the field? What specific aspects has 
the current work advanced and how?).  
 
 
 
 
1st Revision - authors' response 29 November 2012 
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UDLVHG�WHFKQLFDO�LVVXHV��3OHDVH�ILQG�RXU�VSHFLILF�WR�HDFK�SRLQW�DQVZHUV�EHORZ��
�
$GGUHVVLQJ�D�IHZ�PLQRU�LVVXHV�ZRXOG�IXUWKHU�LPSURYH�WKH�TXDOLW\�RI�WKH�SDSHU��
�
7KH�DXWKRUV�PHQWLRQ�RQ�S��WKDW�WKH�+E�.U��.U�.QL��.QL�*W��DQG�*W�+E�ERUGHUV�VKRXOG�EH�
FRQWUROOHG�E\�PXWXDO�UHSUHVVLRQ��7KLV�LV�D�YDOLG�LQWHUSUHWDWLRQ�RI�WKHLU�UHVXOWV��ZKLFK�VHHPLQJO\�
FRQWUDGLFWV�WKH�PHFKDQLVP�RI�JDS�GRPDLQ�VKLIWV�SRVWXODWHG�E\�-DHJHU�HW�DO��������ZKLFK�
UHTXLUHV�DV\PPHWULF�UHSUHVVLRQ�EHWZHHQ�WKHVH�JHQHV��+RZHYHU��&URPEDFK�HW�DO�������
KDYH�VOLJKWO\�UHYLVHG�WKH�QDWXUH�RI�WKLV�PHFKDQLVP��VKRZLQJ�WKDW�RQO\�WKH�QHW�RYHUDOO�HIIHFW�
RI�UHSUHVVLRQ�QHHGV�WR�EH�DV\PPHWULF��RQH�LQWHUDFWLRQ�VWURQJHU�WKDQ�WKH�RWKHU�RQH��IRU�WKLV�
PHFKDQLVP�WR�ZRUN��,W�ZRXOG�EH�LQWHUHVWLQJ�WR�GLVFXVV�WKLV�SRLQW�LQ�D�VHQWHQFH�RU�WZR��
�
5HSO\��:H�FKDQJHG�WKH�UHOHYDQW�VHQWHQFH�DQG�FLWHG�WKH�VXJJHVWHG�UHIHUHQFHV��DV�ZHOO�DV�
3DSDWVHQNR�������DV�UHFRPPHQGHG�E\�5HIHUHH�����:H�DOVR�DGGHG�D�VHQWHQFH�DW�WKH�HQG�
RI�WKLV�SDUDJUDSK�KLJKOLJKWLQJ�WKH�SRLQW�RI�H[WUDFWLQJ�UHJXODWRU\�PHFKDQLVPV�IURP�SURILOH�
IOXFWXDWLRQV��
�
³,Q�SDUWLFXODU��WKH�FRQVWDQF\�RI�ı[�/�DFURVV�WKH�+E�.U��.U�.QL��.QL�*W��DQG�*W�+E�ERUGHUV�KLQWV�
DW�D�PXWXDO�UHJXODWLRQ�RI�WKHVH�JHQHV��DV�K\SRWKHVL]HG�EHIRUH��.UDXW�������3DSDWVHQNR�������
&URPEDFK��������UDWKHU�WKDQ�D�XQL�GLUHFWLRQDO�UHSUHVVLRQ��-DHJHU�����D�E���LQ�ZKLFK�FDVH�ZH�
ZRXOG�VHH�D�VPDOOHU�YDULDQFH�LQ�WKH�H[SUHVVLRQ�SURILOH�WKDW�LV�UHJXODWHG�WKDQ�LQ�WKH�H[SUHVVLRQ�
SURILOH�WKDW�UHJXODWHV���$�IXOO�FKDUDFWHUL]DWLRQ�RI�WKH�XQGHUO\LQJ�UHJXODWRU\�PHFKDQLVPV��H�J��



GLUHFWLRQ�DQG�VWUHQJWK��H[WUDFWHG�IURP�WKH�SURILOH�YDULDELOLWLHV�LV�EH\RQG�WKH�VFRSH�RI�WKLV�
SDSHU��EXW�ZH�EHOLHYH�WKDW�ULJRURXV�H[SHULPHQWDO�TXDQWLILFDWLRQ�LV�D�QHFHVVDU\�ILUVW�VWHS�LQ�WKLV�
GLUHFWLRQ�´�
�
7ZR�SDSHUV�E\�0DQX�HW�DO���������3/R6�%LRO�DQG�3/R6�&RPS�%LRO��DQG�D�SDSHU�E\�*XUVN\�HW�DO��
�������%0&�6\VW�%LRO��SURSRVH�H[SOLFLW�UHJXODWRU\�PHFKDQLVPV�E\�ZKLFK�UHSURGXFLELOLW\�RI�JDS�
JHQH�H[SUHVVLRQ�FRXOG�EH�LQFUHDVHG�RYHU�WLPH��,W�ZRXOG�EH�DSSURSULDWH�WR�PHQWLRQ�WKLV�DQG�WR�WR�
FLWH�WKHVH�SDSHUV�LQ�WKH�'LVFXVVLRQ��
�
5HSO\��:H�KDYH�LQFOXGHG�WKHVH���UHIHUHQFHV�LQ�WKH�ODVW�VHFWLRQ�RI�WKH�UHVXOWV�DQG�LQ�WKH�
GLVFXVVLRQ��7KH�IROORZLQJ�WZR�VHFWLRQV�KDYH�EHHQ�DOWHUHG��
�
³7KH�G\QDPLFV�RI�JDS�JHQH�UHSURGXFLELOLW\�DUH�UHPDUNDEO\�FRUUHODWHG�ZLWK�WKH�RYHUDOO�JDS�JHQH�
G\QDPLFV�XQFRYHUHG�LQ�)LJXUH����JLYLQJ�XV�D�KLQW�RI�D�IXQFWLRQDO�VLJQLILFDQFH�IRU�WKH�FROOHFWLYH�
FXOPLQDWLRQ�QHWZRUN�G\QDPLFV��,Q�SDUWLFXODU��WKLV�V\QFKURQRXV�LQFUHDVH�LQ�UHSURGXFLELOLW\�
IURP�RQH�LQWHUQXFOHDU�GLVWDQFH�WR�KDOI�DQ�LQWHUQXFOHDU�GLVWDQFH�FRXOG�EH�WKH�UHVXOW�RI�VSHFLILF�
UHJXODWRU\�LQWHUDFWLRQV�DPRQJ�WKH�]\JRWLF�JDS�JHQHV��DV�SUHYLRXVO\�VXJJHVWHG��/DFDOOL�������
(GJDU�������0DQX�HW�DO������D�E��*XUVN\�������´�
�
³7KLV�UHSURGXFLELOLW\�LQFUHDVHV�IXUWKHU�WR�D�KDOI�LQWHUQXFOHDU�GLVWDQFH�DW�WKH�SHDN�RI�JDS�JHQH�
H[SUHVVLRQ�����PLQ�EHIRUH�JDVWUXODWLRQ��([SOLFLW�UHJXODWRU\�PHFKDQLVPV�E\�ZKLFK�UHSURGXFLELOLW\�
RI�JDS�JHQH�H[SUHVVLRQ�FRXOG�EH�LQFUHDVHG�RYHU�WLPH�KDYH�EHHQ�SURSRVHG��/DFDOOL�������0DQX�
����D	E��*XUVNL��������DQG�VKRXOG�EH�VXEMHFWHG�WR�D�TXDQWLWDWLYH�WHVW�XVLQJ�RXU�QHZ�VHW�RI�
GDWD�´�
�
2QH�PHWKRGRORJLFDO�DVSHFW�WKDW�ZDV�QRW�FOHDU�WR�PH�LV�KRZ�WKH�DXWKRUV�HVWDEOLVKHG�WKH�
RULHQWDWLRQ�RI�WKHLU�HPEU\RV��7KLV�LV�QRW�H[SODLQHG�LQ�WKH�FXUUHQW�YHUVLRQ�RI�WKH�PDQXVFULSW��+RZ�
LV�LW�SRVVLEOH�WR�ULJRURXVO\�HVWLPDWH�D]LPXWK�DQJOHV��RU�WR�DOLJQ�DQ�HPEU\R�IRU�LPDJLQJ�RI�LWV�
GRUVDO�VXUIDFH��LI�QR�PDUNHUV�IRU�'9�H[SUHVVLRQ��HJ�WZLVW��ZHUH�XVHG"�:KDW�GRHV�
H\H�VHOHFWLRQ
�
�HJ�FDSWLRQ��VXSSILJ����PHDQ"�3OHDVH�FODULI\��
�
5HSO\��:H�DJUHH�ZLWK�WKH�UHYLHZHU�WKDW�WKLV�SRLQW�ZDV�QRW�DW�DOO�FRYHUHG�LQ�RXU�PDQXVFULSW��:H�
HVVHQWLDOO\�VSOLW�RXU�RULJLQDO�GDWD�VHW�RI�����HPEU\RV�LQ�KDOI��DQG�RQO\�UHWDLQ����HPEU\RV�WKDW�ZH�
FRQVLGHU�WR�EH�RULHQWHG�DORQJ�'9��LQVWHDG�RI�/5��VXFK�WKDW�WKH�GRUVDO�VLGH�LV�HDVLO\�LGHQWLILDEOH��
7KLV�FKRLFH�LV�PDGH�E\�H\H�LQVSHFWLRQ�RI�HDFK�LQGLYLGXDO�HPEU\R��L�H��QRQ�FRPSXWHUL]HG��
:H�DFNQRZOHGJH�LQ�WKH�PDQXVFULSW�WKDW�WKLV�FKRLFH�FRQVWLWXWHV�WKH�VLQJOH�ODUJHVW�VRXUFH�
RI�V\VWHPDWLF�HUURU�LQ�RXU�SURILOH�HVWLPDWLRQV��ZKLFK�LV�ZK\�ZH�SHUIRUPHG�WZR�LQGHSHQGHQW�
HVWLPDWLRQV�RI�WKLV�V\VWHPDWLF�HUURU��:H�DGGHG�DQ�DGGLWLRQDO�VXE�VHFWLRQ�HQWLWOHG�³3RVW�LPDJLQJ�
HPEU\R�VHOHFWLRQ´�WR�WKH�0DWHULDOV�DQG�0HWKRGV�VHFWLRQ�RI�WKH�UHYLVHG�YHUVLRQ�RI�RXU�PDQXVFULSW�
WR�PDNH�WKLV�VHOHFWLRQ�SURFHVV�H[SOLFLW��
�
,�KDYH�WZR�TXHVWLRQV�DERXW�)LJ���DQG�WKH�LVVXH�RI�FURVVWDON������:K\�LV�WKHUH�VR�PXFK�FURVV�
WDON�LQ�WKH�����FKDQQHO"�7KH�DEVRUSWLRQ�VSHFWUD�LQ�)LJ��$�ZRXOG�QRW�OHDG�PH�WR�H[SHFW�WKDW��
����,W�LV�JHQHUDOO\�DVVXPHG�WKDW�DQWL�UDW�DQG��PRXVH�VHFRQGDULHV�VKRZ�KLJK�OHYHOV�RI�FURVV�



ELQGLQJ�WR�WKHLU�UHVSHFWLYH�SULPDULHV��,�GR�QRW�VHH�WKDW�FRQILUPHG�LQ�WKH�UHVXOWV��,W�ZRXOG�EH�ZRUWK�
FRPPHQWLQJ�RQ�WKLV��
�
5HSO\������7KH�UHDVRQ�ZK\�WKHUH�LV�FURVVWDON�LQ�WKH��������RSWLFDO�FKDQQHO�DW�DOO�LV�EHFDXVH�WKH�
DEVRUSWLRQ�VSHFWUXP�RI�WKH�����QP�IOXRURSKRUH�LV�PLOGO\�H[FLWHG�E\�WKH�����QP�ODVHU�OLQH��DQG�
EHFDXVH�WKH�HPLVVLRQ�VSHFWUXP�RI�WKH�����QP�IOXRURSKRUH�KDV�D�QRQ�QHJOLJLEOH�RYHUODS�ZLWK�WKH�
�������FKDQQHO��3OHDVH�DOVR�QRWH�WKDW�WKH�\�D[LV�LV�LQ�ORJ�XQLWV��ZKLFK�PHDQV�WKDW�WKH�FURVVWDON�
LQ�WKH��������FKDQQHO�LV�����WLPHV�ORZHU�WKDQ�WKH�ORZHVW�SDUW�RI�WKH�DFWXDO�IOXRUHVFHQFH�VLJQDO��
DQG�LW�LV�RQ�DYHUDJH�PRUH�WKDQ����WLPHV�ORZHU�WKDQ�WKH�VWURQJHVW�FURVVWDON�LQ�WKH��������
FKDQQHO��7R�PDNH�WKLV�SRLQW�FOHDUHU�WR�WKH�UHDGHU��ZH�PRGLILHG�WKH�VXE�VHFWLRQ�³)OXRURSKRUH�
FURVV�WDON´�LQ�WKH�0DWHULDOV�DQG�0HWKRGV�VHFWLRQ�RI�RXU�UHYLVHG�PDQXVFULSW��
�
����7R�SUHYHQW�FURVV�ELQGLQJ�EHWZHHQ�WKH�UDW�DQG�PRXVH�SULPDU\�DQWLERGLHV�ZH�ILUVW�LQFXEDWHG�
WKH�HPEU\RV�LQ�*LQHD�3LJ��5DW�DQG�5DEELW�SULPDULHV��IROORZHG�E\�WKHLU�UHVSHFWLYH�VHFRQGDULHV��
VXEVHTXHQWO\�ZH�UH�EORFNHG�WKH�HPEU\RV�LQ�EORFNLQJ�EXIIHU��DIWHU�ZKLFK�ZH�DSSOLHG�WKH�
PRXVH�SULPDU\�DQG�VHFRQGDU\�DQWLERGLHV��6LQFH�ZH�WKLQN�WKDW�WKLV�SURWRFRO�PLJKW�KDYH�ZLGHU�
DSSOLFDELOLW\�ZH�XSJUDGHG�WKH�VHFWLRQ�³$QWLERG\�VWDLQLQJ�DQG�FRQIRFDO�PLFURVFRS\´�RI�WKH�
0DWHULDOV�DQG�0HWKRGV�WR�FODULI\�WKLV�SRLQW�WR�WKH�UHDGHU�
�
$W�WLPHV��WKH�PDQXVFULSW�LV�VRPHZKDW�GLIILFXOW�WR�UHDG��7KHUH�DUH�PDQ\�YHU\�ORQJ�VHQWHQFHV��DQG�
VRPH�RI�WKH�ILJXUHV�DUH�RYHUO\�FRPSOLFDWHG��,�OLVW�D�IHZ�VXJJHVWLRQV�IRU�FODULILFDWLRQ�VLPSOLILDWLRQ�
EHORZ��
�
)LQDOO\��ILJXUH�SDQHOV��HJ�)LJ����FRXOG�EH�PDGH�ODUJHU��7KH\�DUH�VRPHWLPHV�KDUG�WR�UHDG�DV�WKH\�
DUH��
�
5HSO\��:H�LQFUHDVHG�WKH�VL]H�RI�)LJXUHV���DQG���WR�PDNH�WKH�LQGLYLGXDO�SDQHOV�HDVLHU�WR�UHDG��
:H�DOVR�LQFUHDVHG�WKH�IRQW�VL]H�RI�WKH�ODEHOV�LQ�)LJXUHV���DQG����
�
6RPH�PRUH�GHWDLOHG�FRPPHQWV��
�
S��DQG�WKHUHDIWHU��SRVLWLRQV�DUH�LQGLFDWHG�LQ���(/�ZLWK����DW�WKH�DQWHULRU�SROH��FRQYHQWLRQ�
XVXDOO\�KDV����DW�WKH�SRVWHULRU�SROH��WKLV�VKRXOG�EH�FODULILHG�ZKHQ�ILUVW�XVLQJ�WKLV�PHDVXUH��
�
5HSO\��:H�FODULILHG�RXU�FKRLFH�RI�RULJLQ�RQ�S���DQG�ZH�DGMXVWHG�WKH�FDSWLRQ�LQ�)LJXUH��&�WR�PDNH�
WKLV�SRLQW�H[SOLFLW��:H�DOVR�DGGHG�WLFN�ODEHOV�RQ�WKH�[�DQG�\�D[HV�RI�WKDW�ILJXUH�DQG�ZH�LQFUHDVHG�
WKH�VL]H�RI�WKH�WLFN�PDUNV��
�
S���FLWDWLRQV�DIWHU�
WR�D�FRPSOH[�QHWZRUN
�DUH�UDWKHU�KDSKD]DUG��VRPH�SULPDU\�OLWHUDWXUH�DQG�D�
UHYLHZ���D�PRUH�EDODQFHG�VHOHFWLRQ�RI�UHIHUHQFHV�VKRXOG�EH�SURYLGHG��VLPLODUO\��,�DP�QRW�VXUH�
ZKHWKHU�6SLURY���DQG�0DQX���DUH�DSSURSULDWH�UHIHUHQFHV�ZKHUH�WKH\�DUH�PHQWLRQHG�MXVW�D�IHZ�
VHQWHQFHV�IXUWKHU��
�
5HSO\��:H�FKDQJHG�WKH�FLWDWLRQV�LQ�ERWK�SODFHV�ZLWK�PRUH�DSSURSULDWH�UHIHUHQFHV��



�
S���W\SR��
DQ�PHWKRGV
�VKRXOG�EH�
DQG�0HWKRGV
��
�
5HSO\��:H�FRUUHFWHG�WKLV�W\SR�
�
S���DQG�HOVHZKHUH���SOHDVH�FODULI\�LI�WKH�FURVV�WDON�HVWLPDWH�LV�XVHG�WR�FRUUHFW�WKH�PHDVXUHG�
H[SUHVVLRQ�SDWWHUQV��,�JXHVV�VR�EXW�LW�LV�QRW�FOHDU�IURP�WKH�FXUUHQW�ZRUGLQJ��
�
5HSO\��7KH�PDLQ�JRDO�RI�HVWLPDWLQJ�WKH�GLIIHUHQW�VRXUFHV�RI�V\VWHPDWLF�HUURUV�LQ�RXU�
PHDVXUHPHQWV�ZDV�WR�PDNH�VXUH�WKDW�WKH�VXP�WRWDO�RI�VXFK�HUURUV�RQO\�FRQVWLWXWHV�D�VPDOO�
IUDFWLRQ�RI�WKH�WRWDO�YDULDQFH�LQ�RXU�PHDVXUHPHQWV��,Q�WKDW�FDVH��WKH�PDMRULW\�RI�WKH�RYHUDOO�
PHDVXUHG�YDULDQFH�FDQ�EH�UHJDUGHG�DV�D�VWDWLVWLFDO�IOXFWXDWLRQ�LQ�RXU�PHDVXUHPHQWV�DQG�XVHG�
IRU�IXUWKHU�VWDWLVWLFDO�DQDO\VLV��1RWH�WKDW�WKH�FURVV�WDON�FRQWULEXWHV�WR�OHVV�WKDQ����RI�WKH�WRWDO�
YDULDQFH�DQG�FRQVWLWXWHV�WKH�VPDOOHVW�VRXUFH�RI�HUURU�
�
%HFDXVH�WKH�YDULRXV�VRXUFHV�RI�V\VWHPDWLF�HUURUV�DOO�KDYH�WKH�SRWHQWLDO�WR�EH�FRUUHODWHG��ZH�
GLG�QRW�IHHO�FRPIRUWDEOH�WR�VXEWUDFW�DQ\�RQH�RI�WKHP��EXW�UDWKHU�ZRUN�ZLWK�WKH�WRWDO�YDULDQFH�
LQ�RXU�PHDVXUHPHQWV��HVWLPDWH�WKDW�WKH�VXP�WRWDO�RI�WKH�V\VWHPDWLF�HUURUV�LV�EHORZ������DQG�
WKHQ�DQ\�LQIHUHQFH�ZH�H[WUDFW�IURP�WKH�WRWDO�YDULDQFH�ZLOO�EH�DQ�XSSHU�ERXQG��7KDW�LV�WKH�FDVH�
IRU�H[DPSOH�IRU�RXU�SRVLWLRQDO�HUURU�HVWLPDWHV��KDOI�D�QXFOHDU�GLVWDQFH�LV�DQ�XSSHU�ERXQG��DQG�
LW�FRXOG�LQ�SULQFLSOH�EH�HYHQ�ORZHU�WKDQ�WKDW��ZHUHQ¶W�LW�IRU�RXU�V\VWHPDWLF�HUURUV��:H�DGGHG�WZR�
VHQWHQFHV�FODULI\LQJ�WKLV�SRLQW�DW�WKH�HQG�RI�WKH�VXE�VHFWLRQ�³([SHULPHQWDO�HUURU�TXDQWLILFDWLRQ´�RI�
WKH�PDLQ�WH[W��
�
³,Q�WKH�UHPDLQLQJ�VHFWLRQV�ZH�ZLOO�FRQWLQXH�WR�ZRUN�ZLWK�WKH�PHDVXUHG�WRWDO�YDULDQFH��WKLV�LV�D�
FDXWLRXV�FKRLFH��DV�VXEWUDFWLQJ�PHDVXUHPHQW�HUURUV�IURP�UDZ�GDWD�LV�RQO\�IHDVLEOH�LI�WKHUH�DUH�
QR�FRUUHODWLRQV�DPRQJ�WKH�YDULRXV�HUURU�VRXUFHV��ZKLFK�LV�RIWHQ�XQNQRZQ��7KH�RQO\�V\VWHPDWLF�
HUURU�WKDW�ZH�WDNH�RXW�LV�WKH�WLPH�FRUUHFWLRQ��GHWUHQGLQJ��EHFDXVH�RXU�DJH�FODVVLILFDWLRQ�RI�WKH�
HPEU\RV��VWDJLQJ��JLYHV�XV�VRPH�DGGLWLRQDO�LQIRUPDWLRQ�DERXW�WKH�VWUXFWXUH�RI�WKH�HUURU�DQG�ZH�
NQRZ�WKH�XQGHUO\LQJ�PRGHO�´
�
S���WKH�VWDWHPHQW�
HQGLQJ�ZLWK�JDVWUXODWLRQ
�LV�FRQIXVLQJ�VLQFH�JDS�JHQHV�DUH�H[SUHVVHG�D�OLWWOH�
ELW�EH\RQG�JDVWUXODWLRQ��,�JXHVV�WKH�DXWKRUV�WDNH�JDVWUXODWLRQ�DV�WKH�HQGSRLQW�RI�WKHLU�DQDO\VLV"�
3OHDVH�FODULI\��
�
5HSO\��:H�FKDQJHG�WKLV�VHQWHQFH�WR��³7KH�'URVRSKLOD�JDS�JHQHV�DUH�HQGRJHQRXVO\�WUDQVFULEHG�
IRU�D�WLPH�VSDQ�RI����K��SHDNLQJ�URXJKO\����K�DIWHU�WKH�RQVHW�RI�HPEU\RQLF�GHYHORSPHQW�´
�
S���,�DP�QRW�VXUH�,�XQGHUVWDQG�ZK\�����HPEU\RV�ZHUH�VWDLQHG�LQ�WRWDO��EXW�RQO\����XVH�LQ�WKH�
DQDO\VLV��SOHDVH�FODULI\��
�
5HSO\��2I�RXU�����HPEU\R�GDWD�VHW�ZH�RQO\�UHWDLQ�WKRVH����HPEU\RV�WKDW�KDYH�D�'9�RULHQWDWLRQ�
IRU�RXU�DQDO\VLV��2XW�RI�WKRVH�����ZH�GLVFDUGHG����ZKR�KDG�DOUHDG\�VWDUWHG�JDVWUXODWLRQ��ZKLFK�
PDGH�WKH�SURILOH�H[WUDFWLRQ�FRPSOLFDWHG�JLYHQ�WKH�PLVDOLJQPHQW�RI�WKH�QXFOHL��:H�KDYH�FODULILHG�



WKLV�LQ�WKH�QHZ�VXE�VHFWLRQ�HQWLWOHG�³3RVW�LPDJLQJ�HPEU\R�VHOHFWLRQ´�LQ�WKH�0DWHULDOV�DQG�
0HWKRGV�VHFWLRQ�RI�RXU�UHYLVHG�PDQXVFULSW��
�
S����WKH�VHQWHQFH�FLWLQJ�D�
)LJ���&
�PXVW�EH�D�OHIWRYHU�IURP�DQ�HDUOLHU�YHUVLRQ�RI�WKH�PDQXVFULSW��
WKHUH�VHHPV�WR�EH�QR�VXFK�ILJXUH�LQ�WKH�SUHVHQW�YHUVLRQ��3OHDVH�FRUUHFW��
�
5HSO\��:H�FKDQJHG�WKH�VHQWHQFH�DFFRUGLQJO\��
�
S���DQG�ILJ����SOHDVH�FODULI\�ZKLFK�FKDQQHO�FRUUHVSRQGV�WR�ZKLFK�URZ�LQ�WKH�PDWUL[��7KLV�LV�D�ELW�
FRQIXVLQJ��
�
5HSO\��:H�KDYH�DGMXVWHG�WKH�VHFWLRQ�DERXW�³)OXRURSKRUH�FURVVWDON´�LQ�WKH�0DWHULDOV�DQG�
0HWKRGV�VHFWLRQ�WR�PDNH�WKH�PDWUL[�PRUH�H[SOLFLW��DQG�ZH�KDYH�DGGHG�WKH�JHQH�DEEUHYLDWLRQV�
DQG�IOXRURSKRUH�H[FLWDWLRQ�ZDYHOHQJWKV�WR�)LJXUH���WR�LGHQWLI\�HDFK�URZ��
�
FDSWLRQ��ILJ���
SURILOH�LQ�$�VKRZQ�LQ�EOXH
��,�GRQ
W�NQRZ�ZKDW�WKLV�UHIHUV�WR��
�
5HSO\��:H�FKDQJHG�WKLV�VHQWHQFH�WR��³7KH�SURILOH�LQ�$�LV�VKRZQ�LQ�EOXH�KHUH�´
�
3DQHOV��E�DQG�VXSSILJ��E�DUH�WKH�VDPH��,V�LW�UHTXLUHG�WR�UHSURGXFH�WKHP�WZLFH"�
�
5HSO\��7KLV�LV�DQ�LPSRUWDQW�SDQHO�WR�NHHS�LQ�WKH�PDLQ�ERG\�RI�WKH�PDQXVFULSW�DQG�ZH�UHSORW�LW�LQ�
WKH�VXSSOHPHQW�IRU�FRPSOHWLRQ��:H�OHDYH�LW�XS�WR�WKH�HGLWRUV�WR�GHFLGH�ZKHWKHU�WKH\�ZDQW�WR�RPLW�
LW�LQ�WKH�VXSSOHPHQW��
�
ILJ���SOHDVH�SURYLGH�D�NH\�WR�OLQHV�LQ�SDQHOV�'�DQG�(��,�KDYH�QR�FOXH�ZKDW�WKH�GDVKHG�DQG�GRWWHG�
OLQHV�LQ�(�DUH��
�
5HSO\��:H�DGMXVWHG�WKH�FDSWLRQ�WR�SDQHOV��'�DQG��(�IRU�FODULILFDWLRQ��2QH�RI�WKH�UHG�OLQHV�
RI�ILJXUH��(�ZDV�PLVWDNHQO\�SORWWHG�DV�D�GRWWHG�LQVWHDG�RI�D�GDVKHG�OLQH��ZKLFK�ZDV�LQGHHG�
FRQIXVLQJ�IRU�WKH�UHDGHU��:H�FRUUHFWHG�WKH�ILJXUH�DFFRUGLQJO\�
�
ILJ��LV�FRPSOHWHO\�RYHUORDGHG��SOHDVH�GHFOXWWHU��HJ�E\�OHDYLQJ�RXW�RU�GLPPLQJ�WKH�H[SUHVVLRQ�
SDWWHUQV��FXUUHQWO\�WKH\�KLGH�WKH�DFWXDO�UHVXOWV�VKRZQ�LQ�WKLV�ILJXUH�DQG�PDNH�LW�YHU\�KDUG�WR�
UHDG��
�
5HSO\��:H�SXW�WKH�H[SUHVVLRQ�SURILOHV�LQ�WKHUH�WR�SURYLGH�RULHQWDWLRQ�Z�U�W�WKH�$3�D[LV��:H�DJUHH�
WKDW�IRU�WKLV�JRDO�ZH�GR�QRW�QHHG�WKH�YDULDQFHV��+HQFH�ZH�RQO\�NHHS�WKH�PHDQ�IRU�HDFK�SURILOH�
DQG�PDGH�LW�GLPPHU��
�
FDSWLRQ��VXSSILJ���GHVFULSWLRQV�RI�SDQHOV�$�DQG�%�DUH�PL[HG�XS��
�
5HSO\��:H�FRUUHFWHG�WKLV�PL[�XS�
�



FDSWLRQ��VXSSILJ���W\SR��
DOORZV�DOORZV
��
�
5HSO\��$OVR�FRUUHFWHG�
�
�
���������������������������������������������������������
�
5HYLHZHU�����5HPDUNV�WR�WKH�$XWKRU���
�
�$FFXUDWH�PHDVXUHPHQWV�RI�G\QDPLFV�DQG�UHSURGXFLELOLW\�LQ�VPDOO�JHQHWLF�QHWZRUNV��
6XEPLWWHG�WR�06%�
'XEXLV��6DPDQWD��DQG�*UHJRU�
�
6800$5<�
7KH�RYHUDOO�JRDO�RI�WKLV�SDSHU�LV�WR�XQGHUVWDQG�WKH�YDULDQFH�LQ�WKH�JDS�JHQH�QHWZRUN�WKDW�
SDWWHUQV�WKH�'URVRSKLOD�EODVWRGHUP�HPEU\R��7KLV�LV�SDUW�RI�D�JHQHUDO�OLQH�RI�UHVHDUFK�WKDW�
DGGUHVVHV�SUHFLVLRQ�LQ�GHYHORSPHQWDO�SURFHVVHV��DWWHPSWLQJ�WR�XQGHUVWDQG�LWV�RULJLQV�DQG�LWV�
UHODWLRQVKLS�WR�HQYLURQPHQWDO�DQG�JHQHWLF�YDULDWLRQ��9DULDQFH�DQG�FR�YDULDQFH�FDQ�DOVR�EH�XVHG�
WR�LQIHU�XQGHUO\LQJ�QHWZRUN�DUFKLWHFWXUH��%HFDXVH�WKH�REVHUYHG�YDULDQFH�LV�D�FRPELQDWLRQ�RI�
ELRORJLFDO�IOXFWXDWLRQV�DQG�H[SHULPHQWDO�HUURU��WKH�DXWKRUV�DLP�WR�SUHFLVHO\�TXDQWLI\�WKH�GHJUHH�
RI�H[SHULPHQWDO�HUURU�LQ�WKHLU�PHDVXUHPHQWV��7R�GR�VR��WKH\�PDNH�WKUHH�WHFKQLFDO�FRQWULEXWLRQV�
WR�WKH�ILHOG�����LQFUHDVHG�SUHFLVLRQ�LQ�VWDJLQJ�RI�HPEU\RV��IURP�a���PLQ�WR�����PLQXWHV�����
TXDQWLILFDWLRQ�RI���VRXUFHV�RI�H[SHULPHQWDO�PHDVXUHPHQW�HUURUV�����GHILQLWLRQ�RI�D�SRVLWLRQ�
GHSHQGHQW�YDULDQFH�PHWULF�WKDW�WKH\�XVH�WR�DQDO\]H�WKH�SUHFLVLRQ�RI�WKH�QHWZRUN�RYHU�WLPH��7KH\�
FRQFOXGH�H[SHULPHQWDO�HUURUV�VXP�WR�OHVV�WKDQ�����RI�WRWDO
YDULDQFH�IRU�DQ\�JHQH��DOORZLQJ�WKHP�WR�DQDO\]H�WKH�UHPDLQLQJ�����RI�PHDVXUHG�YDULDQFH�WR�
XQGHUVWDQG�WKH�SUHFLVLRQ�RI�WKH�JDS�JHQH�QHWZRUN��%\�DQDO\]LQJ�WKH�FR�YDULDQFH�DPRQJ�JDS�
JHQH�H[SUHVVLRQ�SURILOHV��WKH\�GHPRQVWUDWH�WKDW�SRVLWLRQDO�HUURUV�GHFUHDVH�WZR�IROG�RYHU�WKH�
FRXUVH�RI�FHOOXODUL]DWLRQ��IURP�RQH�LQWHUQXFOHDU�GLVWDQFH�WR�������DQG�WKDW�WKH\�UHDFK�D�PLQLPXP�
���PLQXWHV�SULRU�WR�JDVWUXODWLRQ��V\QFKURQRXVO\�DFURVV�DOO�JHQHV��H[FHSW�WKH�+E�DQWHULRU�
GRPDLQ���7KHVH�UHVXOWV�GHPRQVWUDWH�WKH�XWLOLW\�RI�TXDQWLWDWLYH�PHDVXUHPHQWV��DQG�SURYLGH�VRPH�
ELRORJLFDO�LQVLJKWV��
�
*(1(5$/�&200(176�
7HFKQLFDOO\��WKLV�ZRUN�LV�YHU\�VWURQJ��7KH�PHWKRGV�DUH�ULJRURXV��DQG�LWV�UHIUHVKLQJ�WR�VHH�
TXDQWLWDWLYH�PHDVXUHPHQWV�WDNHQ�VR�VHULRXVO\��+RZHYHU��WKH�ELRORJLFDO�LQVLJKWV�DUH�OHVV�QRYHO��
7KH\�EXLOG�RQ�FRQFHSWV�DOUHDG\�VROLGLILHG�LQ�WKH�ILHOG��VXFK�DV�WKH�FDQDOL]DWLRQ�RI�WKH�QHWZRUN�
DQG�FURVV�UHJXODWLRQ�LQ�WKH�JDS�JHQH�QHWZRUN���$V�ZULWWHQ��WKH�SDSHU�LV�IRFXVHG�RQ�WKH�PHWKRGV��
ZKLFK�LV�ILQH�JLYHQ�WKDW
V�ZKHUH�LW�PDNHV�LWV�PRVW�VXEVWDQWLDO�FRQWULEXWLRQ��%XW�WKH�ZULWLQJ�LV�TXLWH�
WHFKQLFDO�DQG�FRXOG�EHQHILW�IURP�PRUH�H[SODQDWLRQ�RI�WKH�KLJK�OHYHO�ORJLF�RI�WKHLU�DSSURDFK��%\�
SURYLGLQJ�PRUH�FRQWH[W�LQ�WKH�LQWURGXFWLRQ��DQG�E\�H[SODLQLQJ�WKHLU�ORJLF�WKURXJKRXW�WKH�UHVXOWV��
,�WKLQN�WKH�DXWKRUV�FRXOG�LPSURYH�WKH�DFFHVVLELOLW\�RI�WKHLU�PDQXVFULSW�D�JUHDW�GHDO��7KH�SDSHU�
ZRXOG�WKHQ�QRW�RQO\�EH�WHFKQLFDOO\�LPSUHVVLYH��EXW�LW�FRXOG�DOVR�PDNH�WKH�FDVH�PRUH�EURDGO\�IRU�
KRZ�FDUHIXO�TXDQWLWDWLYH�PHDVXUHPHQWV�LQ�ZLOG�W\SH�HPEU\RV�FDQ�\LHOG�ELRORJLFDO�LQVLJKWV��



�
5HSO\��:H�WKDQN�WKH�UHYLHZHU�IRU�D�YHU\�FDUHIXO�UHDGLQJ�DQG�IRU�WKH�LQVLJKWIXO�DQG�FRQVWUXFWLYH�
FRPPHQWV�LQ�UHJDUG�WR�RXU�PDQXVFULSW��:H�DJUHH�ZLWK�PRVW�RI�WKH�LGHQWLILHG�UHYLHZ�SRLQWV�DQG�
ZH�WKLQN�WKDW�DGGUHVVLQJ�WKHP�KDV�KHOSHG�JUHDWO\�WR�DGYDQFH�RXU�ZRUN��:H�KDYH�PDGH�PDMRU�
PRGLILFDWLRQV�WR�WKH�LQWURGXFWLRQ��DQG�ZH�LQFOXGHG�QXPHURXV�DGGLWLRQDO�UHIHUHQFHV�WKDW�VKRXOG�
HQKDQFH�WKH�FRQWH[W�RI�RXU�ZRUN��:H�DOVR�DWWHPSWHG�WR�FODULI\�DOO�RSHQ�WHFKQLFDO�TXHVWLRQV�WKDW�
WKH�UHYLHZHU�UDLVHG��3OHDVH�VHH�EHORZ�IRU�RXU�VSHFLILF�DQVZHUV�
�
0$-25�32,176�
+HUH�,�IRFXV�RQ�SODFHV�WKDW�FRXOG�XVH�DGGLWLRQDO�FRQFHSWXDO�RU�WHFKQLFDO�GHVFULSWLRQ��
�
�7KH�ILQDO�PDFURVFRSLF�RXWFRPH�RI�GHYHORSPHQWDO�SURFHVVHV�LQ�PXOWLFHOOXODU�RUJDQLVPV�UHVXOWV�
LQ�VWUXFWXUHV�WKDW�DUH�UHPDUNDEO\�VLPLODU�EHWZHHQ�LQGLYLGXDOV�RI�D�JLYHQ�VSHFLHV����S�����7KLV�
VHQWHQFH�ZRXOG�EHQHILW�IURP�VRPH�UHIHUHQFHV�DQG�IXUWKHU�GHVFULSWLRQ��:KDW�DUH�H[DPSOHV�RI�
WKLV�W\SH�RI�PRUSKRORJLFDO�SUHFLVLRQ"�:KLFK�IHDWXUHV�DUH�SDUWLFXODUO\�QRWDEOH�IRU�WKH�'URVRSKLOD�
HPEU\R"�
�
5HSO\��:H�DGGHG�WZR�UHIHUHQFHV�DIWHU�WKH�RSHQLQJ�VHQWHQFH�RI�RXU�LQWURGXFWLRQ�DQG�H[SDQGHG�
LWV�GHVFULSWLRQ�LQWR�D�IXOO�SDUDJUDSK�ZLWK�IXUWKHU�UHIHUHQFHV��
�
7KLV�VHQWHQFH�LQ�WKH�LQWUR�SUHVHQWV�D�K\SRWKHVLV�DERXW�PRUSKRORJLFDO�SUHFLVLRQ�DV�SURYHQ���7KLV�
VLPLODULW\�KDV�LWV�RULJLQV�LQ�WKH�UHSURGXFLEOH�VSDWLDO�SDWWHUQV�RI�PRUSKRJHQ�FRQFHQWUDWLRQV�LQ�WKH�
HDUO\�HPEU\R����S�����%XW�P\�XQGHUVWDQGLQJ�LV�WKDW�WKLV�LV�DQ�DFWLYH�DUHD�RI�UHVHDUFK��DQG�LV�LQ�
IDFW�WKH�FHQWUDO�TXHVWLRQ�RI�WKH�SDSHU��&DQ�UHSURGXFLELOLW\�SUHFLVLRQ�LQ�PRUSKRORJ\�EH�WUDFHG�WR�
SUHFLVLRQ�LQ�WKH�XQGHUO\LQJ�PROHFXODU�SDWWHUQLQJ�PHFKDQLVPV"�7KH�DOWHUQDWLYH�LV�WKDW�SDWWHUQLQJ�
LV�LWVHOI�PHVV\��EXW�FOHDQHG�XS�ODWHU��7KLV�PD\�RI�FRXUVH�YDU\�DFURVV�GLIIHUHQW�SDWWHUQLQJ�
PHFKDQLVPV�LQ�GLIIHUHQW�V\VWHPV��([DPSOHV�RI�DFWLYH�PRGHOV�EH\RQG�'URVRSKLOD�ZRXOG�EH�
XVHIXO�WR�PHQWLRQ�KHUH��0\�XQGHUVWDQGLQJ�RI�WKH�RYHUDOO�MXVWLILFDWLRQ�RI�WKLV�OLQH�RI�UHVHDUFK�LV�
WR�DVN�ZKHWKHU�WKH�SUHFLVLRQ�REVHUYHG�LQ�WKH�SDWWHUQLQJ�V\VWHP�LV�VXIILFLHQW�WR�DFFRXQW�IRU�WKH�
SUHFLVLRQ�REVHUYHG�LQ�PRUSKRORJ\��2U�DOWHUQDWLYHO\��IRFXVLQJ�RQ�MXVW�WKH�TXDQWLWDWLYH�IHDWXUHV�
RI�WKH�QHWZRUN�LWVHOI��WR�XQGHUVWDQG�ZKLFK�IHDWXUHV�DUH�YDULDEOH��KRZ�WKLV�UHODWHV�WR�QHWZRUN�
DUFKLWHFWXUH��DQG�KRZ�WKHVH�IHDWXUHV�UHVSRQG�WR�HQYLURQPHQWDO�DQG�JHQHWLF�YDULDWLRQ��7KLV�
SDSHU�LV�WKHQ�VLWXDWHG�DV�DQ�DWWHPSW�WR�SUHFLVHO\�PHDVXUH�YDULDWLRQ�LWVHOI��ZKLFK�LV�WHFKQLFDOO\�
FKDOOHQJLQJ��,�VXJJHVW�WKDW�WKLV�LV�GHVFULEHG�PRUH�H[SOLFLWO\�LQ�WKH�LQWURGXFWLRQ��
�
5HSO\��:H�KDYH�FRPSOHWHO\�UHZULWWHQ�WKH�ILUVW�WZR�SDUDJUDSKV�RI�WKH�LQWURGXFWLRQ�WR�LQFRUSRUDWH�
WKH�FRQFHUQV�DQG�PRVW�RI�WKH�VXJJHVWLRQV�RXWOLQHG�DERYH��
�
�&RQFHSWXDOO\��ZH�DUH�VHHNLQJ������S�����7KLV�VHQWHQFH�OLVWV�PDQ\�QHWZRUN�SURSHUWLHV�WKDW�
FRXOG�EH�PHDVXUHG��EXW�GRHV�QRW�VWDWH�KRZ�WKH�PHDVXUHPHQWV�ZLOO�EH�XVHIXO�LQ�WKH�ORQJ�WHUP��
&ODULI\LQJ�WKLV�ZRXOG�KHOS�WKH�UHDGHU�JUDVS�WKH�ORJLF�RI�WKLV�W\SH�RI�VWXG\��)RU�XQGHUVWDQGLQJ�
WKLV�TXHVWLRQ�RI�SUHFLVLRQ�LQ�SDWWHUQLQJ��ZKDW�DUH�WKH�PRVW�UHOHYDQW�PHDVXUHPHQWV"�6KRXOG�ZH�
EH�PRVW�LQWHUHVWHG�LQ�LQYDULDQW�IHDWXUHV�RU�WKRVH�WKDW�YDU\��RU�ERWK"�7KLV�VWXG\�LV�IRFXVHG�RQ�
RQH�JHQRW\SH��EXW�FRXOG�H[WHQGLQJ�WKHVH�W\SHV�RI�VWXGLHV�WR�DGGLWLRQDO�JHQRW\SHV�EH�IUXLWIXO"�



)RFXVLQJ�WKH�UHDGHUV
�DWWHQWLRQ�RQ�D�VSHFLILF�H[DPSOH�VFHQDULR�PLJKW�EH�KHOSIXO��
�
5HSO\��:H�KDYH�JUHDWO\�PRGLILHG�RXU�LQWURGXFWLRQ��DQG�ZH�EHOLHYH�WKLV�KDV�KHOSHG�FODULI\�WKH�
RYHUDOO�ORJLF�RI�RXU�VWXG\��
�
6RPH�GLVFXVVLRQ�RI�WKH�YDOXH�RI�VWXG\LQJ�LQKHUHQW�IOXFWXDWLRQV�LQ�WKH�V\VWHP�LQ�WKH�LQWURGXFWLRQ�
ZRXOG�EH�XVHIXO�IRU�WKH�PRUH�QRYLFH�UHDGHU��6RPH�RI�WKLV�LV�SUHVHQWHG�LQ�WKH�RSHQLQJ�SDUDJUDSK�
LQ�WKH�GLVFXVVLRQ��EXW�PRYLQJ�LW�WR�WKH�LQWURGXFWLRQ�ZRXOG�JLYH�WKH�UHDGHU�PRUH�FRQWH[W��7KLV�
ZRXOG�DOVR�LPSURYH�WKH�MXVWLILFDWLRQ�RI�WKHLU�FDUHIXO�PHDVXUHPHQWV��
�
5HSO\��:H�LQFRUSRUDWHG�WKH�ILUVW�SDUDJUDSK�RI�WKH�GLVFXVVLRQ�HQWLUHO\�LQWR�WKH�LQWURGXFWLRQ�
�
,�ILQG�LW�VWUDQJH�WKDW�DIWHU�DOO�RI�WKHLU�TXDQWLILFDWLRQ�RI�HUURU��WKH\�FKRRVH�WR�ZRUN�ZLWK�WKH�
XQFRUUHFWHG�WRWDO�YDULDQFH��UDWKHU�WKDQ�WKH�FRUUHFWHG�YDULDQFH��*UDQWHG��DIWHU�WKH�HIIRUW�
RI�GHWHUPLQLQJ�WKH�H[SHULPHQWDO�HUURU�LV�OHVV�WKDQ������RQH�FDQ�EH�PRUH�FRQILGHQW�LQ�WKH�
PHDVXUHPHQWV��+RZHYHU��WKLV�FKRLFH�VKRXOG�EH�IXUWKHU�MXVWLILHG�HLWKHU�LQ�WKH�UHVXOWV�RU�LQ�WKH�
GLVFXVVLRQ��7KLV�LV�HYHQ�PRUH�FRQIXVLQJ�VLQFH�WKH\�SURFHHG�WR�ELQ�WKHLU�PHDVXUHPHQWV�LQWR���
HTXDOO\�SRSXODWHG�ELQV��ZKLFK�PDNHV�WKHLU�PHDVXUHPHQWV�FRPSDUDEOH�WR�RWKHU�SUHYLRXV�VWXGLHV�
�VXFK�DV�5HLQLW]�)O\([�DQG�WKH�%'713���
�
5HSO\��7KH�PDLQ�JRDO�RI�HVWLPDWLQJ�WKH�GLIIHUHQW�VRXUFHV�RI�V\VWHPDWLF�HUURUV�LQ�RXU�
PHDVXUHPHQWV�ZDV�WR�PDNH�VXUH�WKDW�WKH�VXP�WRWDO�RI�VXFK�HUURUV�RQO\�FRQVWLWXWHV�D�VPDOO�
IUDFWLRQ�RI�WKH�WRWDO�YDULDQFH�LQ�WKH�PHDVXUHPHQW��VXFK�WKDW�WKDW�PDMRULW\�RI�WKLV�YDULDQFH�FRXOG�
EH�IXUWKHU�DQDO\]HG�DV�D�VWDWLVWLFDO�IOXFWXDWLRQ�LQ�RXU�PHDVXUHPHQWV��%HFDXVH�WKH�YDULRXV�
VRXUFHV�RI�V\VWHPDWLF�HUURUV�DOO�KDYH�WKH�SRWHQWLDO�WR�EH�FRUUHODWHG��ZH�GLG�QRW�IHHO�FRPIRUWDEOH�
WR�VXEWUDFW�DQ\�RQH�RI�WKHP��EXW�UDWKHU�ZRUN�ZLWK�WKH�WRWDO�YDULDQFH�LQ�RXU�PHDVXUHPHQWV��
HVWLPDWH�WKDW�WKH�VXP�WRWDO�RI�WKH�V\VWHPDWLF�HUURUV�LV�EHORZ������DQG�WKHQ�DQ\�LQIHUHQFH�ZH�
H[WUDFW�IURP�WKH�WRWDO�YDULDQFH�ZLOO�EH�DQ�XSSHU�ERXQG��7KDW�LV�WKH�FDVH�IRU�H[DPSOH�IRU�RXU�
SRVLWLRQDO�HUURU�HVWLPDWHV��KDOI�D�QXFOHDU�GLVWDQFH�LV�DQ�XSSHU�ERXQG��DQG�LW�FRXOG�LQ�SULQFLSOH�EH�
HYHQ�ORZHU�WKDQ�WKDW��ZHUHQ¶W�LW�IRU�RXU�V\VWHPDWLF�HUURUV��:H�DGGHG�WZR�VHQWHQFHV�FODULI\LQJ�WKLV�
SRLQW�DW�WKH�HQG�RI�WKH�VXE�VHFWLRQ�³([SHULPHQWDO�HUURU�TXDQWLILFDWLRQ´�RI�WKH�PDLQ�WH[W��
�
:KDW�RXU���HTXDOO\�SRSXODWHG�WLPH�ELQV�LV�FRQFHUQHG�ZH�KDG�WR�PDNH�WKLV�FKRLFH�IRU�VWDWLVWLFDO�
UHDVRQV��)RU�HDFK�WLPH�ELQ�ZH�DUH�LQWHUHVWHG�LQ�D�YDULDQFH��EXW�WR�HVWLPDWH�WKLV�YDULDQFH�ZH�
QHHG�DW�OHDVW����HPEU\RV�SHU�WLPH�ZLQGRZ��ZKLFK�UHVXOWV�LQ���ELQV�IRU�RXU����HPEU\RV��$�ODUJHU�
FROOHFWLRQ�RI�HPEU\RV�ZRXOG�FHUWDLQO\�OHDG�WR�D�ODUJHU�QXPEHU�RI�ZLQGRZV�DV�ORQJ�DV�WKHLU�
ZLGWKV�GR�QRW�IDOO�EHORZ�WKH�����PLQ�UHVROXWLRQ��$�VDPSOH�RI�1 ���DOORZV�XV�WR�XQGRXEWHGO\�
GLVWLQJXLVK�D���(/�UHSURGXFLELOLW\�IURP�D���(/�UHSURGXFLELOLW\��:LWK�1 ����WKH�YDULDQFH����
��VWDQGDUG�HUURU�GXH�WR�VDPSOH�VL]H��FRUUHVSRQGLQJ�WR�VLJPDB[�/ ��(/�HDUO\�LQ�Q�F�����LV�
VLJPDA� �����������������ZKLOH�WKH�YDULDQFH�FRUUHVSRQGLQJ�WR�VLJPDB[�/ ��(/�ODWH�LQ�Q�F��
���LV�VLJPDA� ������������������7KHUHIRUH�WKH�LQFUHDVH�LQ�UHSURGXFLELOLW\�WKDW�ZH�REVHUYH�LQ�
VWDWLVWLFDOO\�UHOHYDQW��7R�EULQJ�WKLV�WR�WKH�DWWHQWLRQ�WR�WKH�UHDGHU�ZH�DGGHG�WKH�IROORZLQJ�VHQWHQFH�
WR�VHFWLRQ�³5HSURGXFLELOLW\�RI�JDS�JHQH�H[SUHVVLRQ�SURILOHV´��
�



³7KH�ELQQLQJ�VWHS�LV�QHFHVVDU\�WR�LQFUHDVH�VWDWLVWLFDO�VLJQLILFDQFH��L�H��WKH�VWDQGDUG�HUURU�RQ�
WKH�YDULDQFH�VLJPDA��LV�JLYHQ�E\�VLJPDA�
VTUW���1��IRU�VDPSOH�VL]H�1��LQ�RUGHU�WR�XQGRXEWHGO\�
GLVWLQJXLVK�UHSURGXFLELOLWLHV�DW�WKH���(/�OHYHO�´
�
:KDW�PDNHV�RXU�WLPH�ELQQLQJ�GLIIHUHQW�IURP�SUHYLRXV�VWXGLHV�LV�WKDW����ZH�KDYH�D�����PLQ�
DFFXUDF\�RQ�WKH�ERUGHUV�RI�RXU�WLPH�ELQV��DQG����ZH�FDQ�DIIRUG�WR�ZRUN�ZLWK�D�WLPH�GHWUHQGHG�
GDWD�VHW�DQG�GR�QRW�KDYH�WR�UHVRUW�WR�DQ\�RWKHU�QRUPDOL]DWLRQ�SURFHGXUHV�WKDW�DUH�XVXDOOO\�
DSSOLHG�WR�FRPSDUH�GLIIHUHQW�HPEU\RV��WKLV�PHDQV�WKDW�HVVHQWLDOO\�ZH�FDQ�ZRUN�GLUHFWO\�ZLWK�WKH�
UDZ�GDWD��
�
0LQRU�SRLQWV�
+HUH�,�IRFXV�RQ�ZRUGLQJ�WKDW�FRXOG�EH�FODULILHG��7KHUH�DOVR�DUH�QXPHURXV�JUDPPDWLFDO�HUURUV�
WKURXJKRXW��EXW�WKHVH�VKRXOG�EH�DGGUHVVHG�DIWHU�UHYLVLRQ�VLQFH�WKH�WH[W�PD\�FKDQJH�D�JUHDW�
GHDO��
�
S�����WKH�OHYHO�RI�UHSURGXFLELOLW\�WKDW�LV�DFWXDOO\�UHOHYDQW�WR�ELRORJLFDO�SURFHVVHV��LV�DQ�DPELJXRXV�
SKUDVH��'RHV�LW�PHDQ�PHDVXULQJ�UHSURGXFLELOLW\�DW�WKH�DSSURSULDWH�VFDOH��L�H��PROHFXOHV��FHOOV��
WLVVXHV��HWF���RU�GRHV�LW�PHDQ�WKH�OHYHO�RI�YDULDWLRQ�WKDW�LV�WROHUDWHG�E\�WKH�V\VWHP�ZKLOH�VWLOO�
PDLQWDLQLQJ�IXQFWLRQ"�
�
5HSO\��:H�PHDQ�WKH�ODWWHU�DQG�FODULILHG�WKLV�LQ�WKH�WH[W�
�
S�����LQKHUHQW�H[SHULPHQWDO�HUURU�GXH�WR�YDULDEOH�FRQGLWLRQV��LVQ
W�YHU\�SUHFLVH��:KDW�W\SHV�
RI�H[SHULPHQWDO�HUURUV"�0\�XQGHUVWDQGLQJ�LV�WKDW�WKH�PDMRU�LVVXH�LV�ZLWK�WKHVH�WHFKQLTXHV�
LV�DYHUDJLQJ�PDQ\�VWDLQV�WRJHWKHU���WKHUHIRUH�SRWHQWLDOO\�FRQYROXWLQJ�WKH�YDULDWLRQ�LQ�WKH�
TXDQWLWDWLYH�UHODWLRQVKLS�EHWZHHQ�JHQHV��3OHDVH�FODULI\�WKH�ORJLF�KHUH�DQG�KRZ�VWDLQLQJ�IRU�
PXOWLSOH�SURWHLQV�LQ�WKH�VDPH�HPEU\R�FLUFXPYHQWV�WKHVH�OLPLWDWLRQV��
�
5HSO\��7KLV�LV�D�YHU\�LPSRUWDQW�SRLQW�WKDW�ZH�ZDQWHG�WR�EULQJ�DFURVV�LQ�RXU�PDQXVFULSW��:H�
HGLWHG�WKH�VHQWHQFH�LQ�TXHVWLRQ�WR�PDNH�WKH�VWDWHPHQW�OHVV�YDJXH��DQG�PRUH�LPSRUWDQWO\�ZH�
DGGHG�D�SDUDJUDSK�WR�WKH�UHVXOWV�VXEVHFWLRQ�³([SHULPHQWDO�HUURU�TXDQWLILFDWLRQ´�WKDW�FODULILHV�WKH�
YDULRXV�VRXUFHV�RI�H[SHULPHQWDO�HUURUV�DQG�ZKLFK�RQHV�ZH�GHDO�ZLWK�LQ�WKLV�SDSHU��HUURUV�ZLWKLQ�
D�JLYHQ�HPEU\R��DQG�HUURUV�DFURVV�HPEU\RV�ZLWKLQ�D�JLYHQ�H[SHULPHQW��DQG�ZKLFK�RQHV�ZH�GRQ¶W�
�HUURUV�DFURVV�H[SHULPHQWDO�EDWFKHV��
�
S���7KH�DXWKRUV�SUHVHQW�WKH�XVH�RI�IL[HG�WLVVXH�DV�D�OLPLWDWLRQ�RI�SUHYLRXV�PHWKRGV��EXW�HPSOR\�
D�IL[HG�WLVVXH�DSSURDFK�WKHPVHOYHV��7KLV�LV�FRQIXVLQJ��HVSHFLDOO\�VLQFH�WKH\�DUH�HPSOR\LQJ�D�
VLPLODU�PHWKRG�IRU�REWDLQLQJ�G\QDPLF�LQIRUPDWLRQ�IURP�IL[HG�WLVVXH��H[WHQW�RI�LQYDJLQDWLQJ�FHOO�
PHPEUDQHV���EXW�DW�D�KLJKHU�OHYHO�RI�UHVROXWLRQ���3UHYLRXV�VWXGLHV�XVHG�VRPHWKLQJ�OLNH����PLQ�
ELQV��ZKLOH�WKLV�VWXG\�XVHV�����PLQ�ELQV���7KLV�VKRXOG�EH�VWDWHG�PRUH�FOHDUO\��
�
5HSO\��7KLV�SDUDJUDSK�ZDV�SXUHO\�PHDQW�WR�SRLQW�RXW�WKH�ZHOO�NQRZQ�OLPLWDWLRQV�RI�WKH�IL[HG�
WLVVXH�LPPXQRIOXRUHVFHQFH�DSSURDFK��:H�DGMXVWHG�WKH�WH[W�WR�FODULI\�WKDW�RXU�DSSURDFK�LV�D�
IL[HG�WLVVXH�DSSURDFK�DV�ZHOO��DQG�ZH�FLWHG�SUHYLRXV�DWWHPSWV�WR�UHFRQVWUXFW�G\QDPLFV�IURP�



IL[HG�WLVVXH�
�
S����,Q�SDUWLFXODU��ZKDW�LV�WKH�ILQDO�UHSURGXFLELOLW\�DW�JDVWUXODWLRQ�DQG�KRZ�GRHV�LW�FRPSDUH�WR�WKH�
UHSURGXFLELOLW\�RI�WKH�%FG�JUDGLHQW"��7KH�ILUVW�SDUW�RI�WKLV�VHQWHQFH�LV�DPELJXRXV���UHSURGXFLELOLW\�
RI�ZKDW�IHDWXUH�RI�JDVWUXODWLRQ"�
�
5HSO\��:H�PHDQ�UHSURGXFLELOLW\�RI�JHQH�H[SUHVVLRQ�OHYHOV��:H�DGMXVWHG�WKH�WH[W�IRU�FODULILFDWLRQ�
�
S����$IWHU�SURILOH�DOLJQPHQW�DQG�FRUUHFWLRQ�IRU�WLVVXH�VKULQNDJH�GXH�WR�WKH�IL[DWLRQ�SURFHVV������
7KH�ORJLF�RI�WKLV�SURFHGXUH�LV�XQFOHDU�IURP�WKH�PDLQ�WH[W��,W�DSSHDUV�WKH\�ZLOO�ILUVW�UHODWH�IXUURZ�
GHSWK�WR�DEVROXWH�WLPH�XVLQJ�OLYH�EULJKW�ILHOG�LPDJLQJ��7KH\�FDQ�WKHQ�DOLJQ�WKHVH�WLPH�WUDFHV�WR�
GHWHUPLQH�WKH�HUURU�LQ�DVVLJQLQJ�WKH�DSSURSULDWH�WLPH�IURP�D�VLQJOH�WLPH�SRLQW��7R�H[WHQG�WKLV�
SURFHGXUH�WR�IL[HG�HPEU\RV�WKH\�QHHG�WR�QRUPDOL]H�WR�WKHLU�OLYH�PHDVXUHPHQWV��VLQFH�IL[DWLRQ�
LV�NQRZQ�WR�FDXVH�HPEU\RV�WR�VKULQN��(YHQ�LQ�WKH�0HWKRGV��WKLV�QRUPDOL]DWLRQ�FDOFXODWLRQ�LVQ
W�
SDUWLFXODUO\�FOHDU��7KH�$3�DQG�'9�GLPHQVLRQV�RI�WKH�HPEU\R�VKULQN�E\�a����EXW�KRZ�WKLV�LV�
XVHG�WR�QRUPDOL]H�WKH�OLYH�IXUURZ�GHSWK�LVQ
W�LPPHGLDWHO\�REYLRXV��,�VXJJHVW�H[SODLQLQJ�WKH�
ORJLF�RI�WKHLU�SURFHGXUH�PRUH�FRPSOHWHO\�LQ�WKH�PDLQ�WH[W��DQG�HODERUDWLQJ�RQ�WKH�QRUPDOL]DWLRQ�
FDOFXODWLRQ�LQ�WKH�0HWKRGV��
�
5HSO\��:H�DGMXVWHG�WKH�PDLQ�WH[W���QG�SDUDJUDSK�RI�³'HYHORSPHQWDO�WLPH�PHDVXUHPHQWV�LQ�
IL[HG�HPEU\RV´��DQG�WKH�PHWKRGV�VHFWLRQ��HQG�RI�³0HDVXUHPHQWV�RI�WKH�LQYDJLQDWLRQ�GHSWK�RI�
WKH�PHPEUDQH�IXUURZ�FDQDOV´��WR�FODULI\��
�
S����7KH�SDUDJUDSK�EHJLQQLQJ��7KH�SUHFLVLRQ�RI�����PLQ�ZLWK�ZKLFK�����ZRXOG�EH�HDVLHU�WR�
XQGHUVWDQG�LI�WKH�FRQFOXVLRQ�ZDV�SUHVHQWHG�DV�WKH�WRSLF�VHQWHQFH��6RPHWKLQJ�OLNH��3UHYLRXV�
TXDQWLWDWLYH�VWXGLHV�RI�H[SUHVVLRQ�LQ�WKLV�V\VWHP�KDYH�XVHG�URXJKO\����PLQXWHV�WLPH�LQWHUYDOV��
%\�VWDJLQJ�HPEU\RV�LQ�����PLQ�LQWHUYDOV��ZH�GHWHUPLQHG�WKDW��������RI�WKH�YDULDQFH�LQ�WKHVH����
PLQXWH�WLPH�LQWHUYDOV�LV�GXH�WR�XQGHUO\LQJ�H[SUHVVLRQ�G\QDPLFV���
�
5HSO\��:H�DGMXVWHG�WKH�PHQWLRQHG�SDUDJUDSK�DFFRUGLQJO\�
�
S����+HQFH��DQ�RYHUZKHOPLQJ�PDMRULW\�RI�WKH�UDZ�SURILOH�WR�SURILOH�YDULDELOLW\�VHHQ�LQ�)LJXUH�
�&�FDQ�EH�DWWULEXWHG�WKH�G\QDPLFV�RI�WKH�H[SUHVVLRQ�OHYHOV���7KLV�FRQFOXVLRQ�LV�REYLRXV�IURP�
SUHYLRXV�VWXGLHV�DV�ZHOO��7KH�PRUH�UHOHYDQW�UHVXOW�IURP�WKLV�SDUWLFXODU�H[SHULPHQW�LV�WKH�DELOLW\�WR�
GHFRPSRVH�WKH�YDULDQFH��DV�VWDWHG�LQ�WKH�QH[W�VHQWHQFH��
�
5HSO\��:H�DGGHG�³����DV�FRXOG�EH�LQIHUUHG�IURP�SUHYLRXV�VWXGLHV�DQG�QRZ�PDGH�FOHDU�E\�
FODVVLI\LQJ�HPEU\RV�LQWR�VPDOOHU�WLPH�FODVVHV���´�WR�WKLV�VHQWHQFH��EXW�ZH�GLG�QRW�ILQG�DQ\�
UHIHUHQFH�WKDW�DFWXDOO\�PDNHV�WKH�SRLQW�DERXW�WKH�YDULDELOLW\�VWHPPLQJ�IURP�WKH�UHVLGXDO�
G\QDPLFV�LQ�WKH�WLPH�LQWHUYDO��,Q�IDFW��ZH�GLG�QRW�ILQG�DQ\�UHIHUHQFH�WKDW�DWWHPSWV�WR�GHFRPSRVH�
WKH�YDULDELOLW\�LQ�LWV�GLIIHUHQW�VRXUFHV�RI�FRQWULEXWLRQ��H[FHSW�0\DVQLNRYD�HW�DO��������ZKR�
DQDO\]HG�WKH�GLIIHUHQW�VRXUFHV�RI�LPDJLQJ�QRLVH���7KHUHIRUH�ZH�GLG�QRW�SXW�DQ\�FLWDWLRQ�KHUH��,I�
WKH�UHYLHZHU�IHHOV�VWURQJO\�DERXW�WKLV��KRZHYHU��ZH�ZRXOG�EH�JODG�WR�KHDU�ZKLFK�ZRUN�KH�KDV�LQ�
PLQG�WKDW�KDV�SUHYLRXVO\�DGGUHVVHG�WKLV�LVVXH�



�
S����7KHVH�HUURUV�LQGXFH�H[WUD�YDULDQFH�LQ�WKH�SURILOH�OHYHOV�DFURVV�D�SRSXODWLRQ�RI�HPEU\RV��
PDVNLQJ�WKH�DFWXDO�ELRORJLFDO�IOXFWXDWLRQV�UHVXOWLQJ�IURP�WKH�QDWXUDO�HPEU\R�WR�HPEU\R�
YDULDQFH���7KLV�VHQWHQFH�FRXOG�EH�UHZRUGHG�WR�LPSURYH�FODULW\��7KH�REVHUYHG�YDULDQFH�LV�
D�FRPELQDWLRQ�RI����WKH�QDWXUDO�YDULDWLRQ�LQ�WKH�V\VWHP�DQG����H[SHULPHQWDO�HUURU��7KH\�DUH�
LQWHUHVWHG�LQ�TXDQWLI\LQJ����DQG�WKHUHIRUH�PXVW�GHWHUPLQH���WR�VXEWUDFW�LW�IURP�WKH�REVHUYHG�
YDULDQFH��
�
5HSO\��:H�UHZRUGHG�WKH�VHQWHQFH��EXW�ZH�ZDQW�WR�SRLQW�RXW�DJDLQ�WKDW�ZH�QHYHU�VXEWUDFW�DQ\�
YDULDQFH�DQG�DOZD\V�NHHS�ZRUNLQJ�ZLWK�WKH�UDZ�YDULDQFH�DV�ZH¶UH�VHHNLQJ�ORZHU�RU�XSSHU�
ERXQGV��
�
S����7R�XQGHUVWDQG�KRZ�WKH�DYHUDJH�OHYHOV�RI�JHQH�H[SUHVVLRQ�FKDQJH�ZLWK�WLPH��ZH�PRQLWRU�
WKH�LPPXQRIOXRUHVFHQFH�LQWHQVLW\�RI�WKH�ERXQGDU\�LQIOHFWLRQ�SRLQWV�DV�ZHOO�DV�WKH�DEVROXWH�YDOXH�
RI�WKH�VORSH�DW�WKHVH�SRLQWV�DV�D�IXQFWLRQ�RI�WKH�HPEU\R�DJH���:KDW�GR�WKHVH�PHDVXUHPHQWV�DQG�
WKHLU�WLPHG�FRRUGLQDWLRQ�WHOO�\RX�DERXW�WKH�XQGHUO\LQJ�QHWZRUN"�6HHPV�WR�PH�WKDW�VRPH�FRQWH[W�
DERXW�WKH�NQRZQ�FURVV�UHSUHVVLYH�LQWHUDFWLRQV�EHWZHHQ�WKH�JDS�JHQHV�LV�QHHGHG�KHUH��WR�KHOS�
UHDGHUV�XQGHUVWDQG�WKDW�WKH�G\QDPLFV�DUH�OLNHO\�GXH�WR�LQWHUDFWLRQV�EHWZHHQ�WKH�JDSV�DV�WKHLU�
H[SUHVVLRQ�SDWWHUQV�PDWXUH��7KH�FRQFOXVLRQ�WKDW�WKHLU�LQWHUDFWLRQV��DV�WUDFNHG�E\�WKH�ERXQGDU\�
SRVLWLRQ�DQG�WKH�VKDUSHQLQJ�RI�WKH�ERXQGDULHV��LV�FRRUGLQDWHG��PLJKW�EH�H[SHFWHG�IURP�WKH�
NQRZQ�QHWZRUN�WRSRORJ\��EXW�WKH�SUHFLVLRQ�RI�WKH�FRRUGLQDWLRQ�LV�UHPDUNDEOH��$QG�ZKDW�GR�WKH\�
PHDQ�E\��VSHFLDO�SURSHUWLHV��DW�WKH�HQG�RI�WKLV�SDUDJUDSK"�
�
5HSO\��:H�DJUHH�ZLWK�WKH�UHYLHZHU�WKDW�RXU�GHVFULSWLRQ�RI�WKH�G\QDPLFV�ZDV�QRW�DSSURSULDWHO\�
SXW�LQWR�FRQWH[W�ZLWK�ZKDW�LV�NQRZQ�LQ�WKH�OLWHUDWXUH��7KHUHIRUH�ZH�DGGHG�D�SDUDJUDSK�WR�WKH�
UHVXOWV�VHFWLRQ�³'\QDPLFV�RI�JDS�JHQH�H[SUHVVLRQ�SURILOHV´�
�
³2EVHUYDWLRQ�RI�WKHVH�G\QDPLF�IHDWXUHV�RI�WKH�QHWZRUN�DUH�D�VLJQDWXUH�IRU�WKH�ZHOO�NQRZQ�
PXWXDOO\�UHSUHVVLYH�LQWHUDFWLRQV�EHWZHHQ�WKH�JDS�JHQHV��FLWH�+XOVNDPS��.UDXW��6WUXKO��.RVPDQ��
&O\GH����$OWKRXJK�WKH�FRRUGLQDWLRQ�RI�WKH�LQWHUDFWLRQV�PLJKW�EH�H[SHFWHG�IURP�WKH�NQRZQ�
QHWZRUN�WRSRORJ\��FLWH�-DHJHU��0DQX��3DSDWVHQNR���WKH�SUHFLVLRQ�RI�WKH�REVHUYHG�V\QFKURQ\�
VXJJHVWV�WKDW�VRPH�LQWULQVLF�FROOHFWLYH�RUJDQL]DWLRQ�RI�WKH�JDS�JHQH�QHWZRUN�LV�DW�SOD\��FLWH�
(GJDU��/DFDOOL��&O\GH��0DQX��/DQGHU���,Q�SDUWLFXODU��WKH�SHDN�LQ�WKH�VORSHV�DW�WKH�LQWHUVHFWLRQ�
RI�WKH�JHQH�H[SUHVVLRQ�SURILOHV�RI�.U�DQG�.QL�DW����PLQ�PLJKW�EH�D�SRLQW�ZKHUH�WKH�QHWZRUN�LV�
RSWLPL]HG�IRU�FHUWDLQ�FKDUDFWHULVWLFV�VXFK�DV�WKH�DFFXUDF\�ZLWK�ZKLFK�LW�FDQ�GHWHUPLQH�FHOO�IDWHV�´
�
DQG�DQRWKHU�SDUDJUDSK�WR�WKH�'LVFXVVLRQ�
�
³([SOLFLW�UHJXODWRU\�PHFKDQLVPV��E\�ZKLFK�UHSURGXFLELOLW\�RI�JDS�JHQH�H[SUHVVLRQ�FRXOG�EH�
LQFUHDVHG�RYHU�WLPH��KDYH�EHHQ�SURSRVHG��/DFDOOL�HW�DO��������0DQX�HW�DO������D�E��*XUVN\�HW�
DO���������DQG�FDQ�QRZ�EH�VXEMHFWHG�WR�D�TXDQWLWDWLYH�WHVW�XVLQJ�RXU�QHZ�VHW�RI�GDWD��$OUHDG\�
DW�WKH�OHYHO�RI�%FG�LW�KDV�EHHQ�VXJJHVWHG�WKDW�VSDWLDO�DYHUDJLQJ�DPRQJ�QHLJKERULQJ�QXFOHL�
LV�QHFHVVDU\�WR�DFKLHYH�WKH�REVHUYHG�SUHFLVLRQ��*UHJRU�HW�DO������D��(UGPDQQ�HW�DO���������
6LPLODUO\��D�FRPELQDWLRQ�RI�WHPSRUDO�DQG�VSDWLDO�DYHUDJLQJ�PLJKW�EH�DW�SOD\�LQ�DFKLHYLQJ�



WKH�IXUWKHU�LQFUHDVH�LQ�UHSURGXFLELOLW\�E\�WKH�JDS�JHQH�QHWZRUN��+RZHYHU��VXFK�DYHUDJLQJ�
PHFKDQLVPV�KDYH�D�EOXUULQJ�HIIHFW�RQ�VKDUS�JDS�ERXQGDULHV��DQG�LW�ZLOO�EH�LQWHUHVWLQJ�ERWK�
WKHRUHWLFDOO\�DQG�H[SHULPHQWDOO\�WR�XQGHUVWDQG�ZKHWKHU�D�EDODQFH�FDQ�EH�IRXQG�´
�
�
S����,Q�SDUWLFXODU�WKH�FRQVWDQF\�RI�VLJPD�[�/�DFURVV�WKH�+E�.U��.U�.QL��.QL�*W�DQG�*W�+E�ERUGHUV�
KLQWV�DW�D�PXWXDO�UHJXODWLRQ�RI�WKHVH�JHQHV��UDWKHU�WKDQ�D�XQL�GLUHFWLRQDO�UHSUHVVLRQ��LQ�ZKLFK�
FDVH�ZH�ZRXOG�VHH�D�VPDOOHU�YDULDQFH�LQ�WKH�H[SUHVVLRQ�SURILOH�WKDW�LV�UHJXODWHG���7KLV�LV�D�QLFH�
FRQFOXVLRQ��DJDLQ�VXSSRUWHG�E\�SUHYLRXV�ZRUN�RQ�WKH�QHWZRUN�WRSRORJ\��VHH�IRU�H[DPSOH�ZRUN�
IURP�5HLQLW]�DQG�3DSHWVHQNR���7KLV�VKRXOG�EH�FLWHG�DQG�GLVFXVVHG�KHUH��
�
5HSO\��:H�FKDQJHG�WKH�UHOHYDQW�VHQWHQFH�DQG�FLWHG�WKH�VXJJHVWHG�UHIHUHQFHV��DV�ZHOO�DV�
-DHJHU������DQG�&URPEDFK�������DV�UHFRPPHQGHG�E\�5HIHUHH�����:H�DOVR�DGGHG�D�VHQWHQFH�
DW�WKH�HQG�RI�WKLV�SDUDJUDSK�KLJKOLJKWLQJ�WKH�SRLQW�RI�H[WUDFWLQJ�UHJXODWRU\�PHFKDQLVPV�IURP�
SURILOH�IOXFWXDWLRQV��³,Q�SDUWLFXODU��WKH�FRQVWDQF\�RI�ı[�/�DFURVV�WKH�+E�.U��.U�.QL��.QL�*W��DQG�
*W�+E�ERUGHUV�KLQWV�DW�D�PXWXDO�UHJXODWLRQ�RI�WKHVH�JHQHV��DV�K\SRWKHVL]HG�EHIRUH��.UDXW�������
3DSDWVHQNR�������&URPEDFK��������UDWKHU�WKDQ�D�XQL�GLUHFWLRQDO�UHSUHVVLRQ��-DHJHU�����D�DQG�
-DHJHU�����E���LQ�ZKLFK�FDVH�ZH�ZRXOG�VHH�D�VPDOOHU�YDULDQFH�LQ�WKH�H[SUHVVLRQ�SURILOH�WKDW�LV�
UHJXODWHG�WKDQ�LQ�WKH�H[SUHVVLRQ�SURILOH�WKDW�UHJXODWHV��$�IXOO�FKDUDFWHUL]DWLRQ�RI�WKH�XQGHUO\LQJ�
UHJXODWRU\�PHFKDQLVPV��H�J��GLUHFWLRQ�DQG�VWUHQJWK��H[WUDFWHG�IURP�WKH�SURILOH�YDULDELOLWLHV�LV�
EH\RQG�WKH�VFRSH�RI�WKLV�SDSHU��EXW�ZH�EHOLHYH�WKDW�ULJRURXV�H[SHULPHQWDO�TXDQWLILFDWLRQ�LV�D�
QHFHVVDU\�ILUVW�VWHS�LQ�WKLV�GLUHFWLRQ�´
�
0(7+2'6�
0HDVXUHPHQWV�RI�WKH�LQYDJLQDWLRQ�GHSWK�RI�WKH�PHPEUDQH�IXUURZ�FKDQQHOV�S����7KH�GHSWK�RI���L�
IF�RI�WKH�)&�ZDV�PRQLWRUHG�DV�D�IXQFWLRQ�RI�DEVROXWH�WLPH�XQWLO�JDVWUXODWLRQ�DV�VKRZQ�RQ�)LJXUH�
�$���7KLV�VHQWHQFH�GRHVQ
W�LQGLFDWH�KRZ�WKLV�PHDVXUHPHQW�ZDV�DFWXDOO\�PDGH��:HUH�HPEU\RV�
PDQXDOO\�DQQRWDWHG��RU�ZDV�DXWRPDWHG�LPDJH�SURFHVVLQJ�XVHG"�,Q�HLWKHU�FDVH��ZKDW�ZHUH�WKH�
GHILQLQJ�IHDWXUHV�XVHG�WR�GHOLQHDWH�WKH�ERXQGDULHV"�
�
5HSO\��:H�ZH�H[SDQGHG�WKH�VXE�VHFWLRQ�HQWLWOHG�³0HDVXUHPHQWV�RI�WKH�LQYDJLQDWLRQ�GHSWK�RI�
WKH�PHPEUDQH�IXUURZ�FDQDOV´�LQ�WKH�0DWHULDOV�DQG�0HWKRGV�VHFWLRQ�RI�WKH�UHYLVHG�PDQXVFULSW�WR�
SUHFLVHO\�H[SODLQ�RXU�SURFHGXUHV��7KH�VHQWHQFH�FLWHG�E\�WKH�UHYLHZHU�QRZ�UHDGV��³)RU�HDFK�WLPH�
IUDPH�W��WKH�GHSWK�RI�WKH�)&��GHILQHG�DV�WKH�GLVWDQFH�EHWZHHQ�WKH�IXUURZ�FDQDO�DQG�WKH�HGJH�
RI�WKH�HPEU\R�±�VHH�LQVHW�RI�)LJXUH��$��ZDV�PDQXDOO\�PHDVXUHG�DW�WKUHH�GLIIHUHQW�SODFHV�DORQJ�
WKH�GRUVDO�VLGH�RI�HPEU\R�L�DQG�WKHQ�DYHUDJHG�WR�REWDLQ�D�VLQJOH�YDOXH�GHOWD)&�L�W���ZKLFK�ZDV�
VXEVHTXHQWO\�PRQLWRUHG�DV�D�IXQFWLRQ�RI�DEVROXWH�)&�WLPH�XQWLO�JDVWUXODWLRQ��DV�VKRZQ�LQ�)LJXUH�
�$�´
�
),*85(6�
*HQHUDO�FRPPHQWV�
7KH�SDUDPHWHU�QDPHV�DUH�RIWHQ�XVHG�DV�D[LV�ODEHOV��7R�PDNH�WKH�PDQXVFULSW�PRUH�DFFHVVLEOH��
WKH\�PD\�DOVR�ZLVK�WR�XVH�D�GHVFULSWLYH�WH[W�ODEHO��)RU�H[DPSOH�LQ�)LJXUH��'��WKH�[�D[LV�FRXOG�
DOVR�EH�ODEHOHG��)XUURZ�FKDQQHO�GHSWK���



�
5HSO\��:H�RSWHG�WR�SDUWLDOO\�IROORZ�WKLV�VXJJHVWLRQ��7KLV�LV�D�TXDQWLWDWLYH�ZRUN��V\PEROV�
YDULDEOHV�DUH�XVHG�LQ�HTXDWLRQV��DQG�WKH�UHDGHU�VKRXOG�QRW�EH�FRQIXVHG�LQ�ZKDW�LV�XVHG�ZKHUH��
:H�PDGH�VXUH��KRZHYHU��WKDW�ZH�VWDWH�FOHDUO\�LQ�WKH�PDLQ�WH[W�DQG�LQ�WKH�FDSWLRQ�ZKDW�WKH�
V\PEROV�YDULDEOHV�ZH�XVH�PHDQ��)RU�LQWHQVLW\�YDOXHV�ZH�FKDQJHG�HDFK�ODEHO�WR�WKH�GHVFULSWLYH�
WH[W�ODEHO�³,QWHQVLW\´�LQ�DOO�ILJXUHV��
�
7KH�ILJXUH�OHJHQGV�DOVR�KDYH�GHVFULSWLYH�WLWOHV��,W�PLJKW�EH�HDVLHU�IRU�UHDGHUV�WR�JUDVS�WKH�
SXUSRVH�RI�WKH�ILJXUH�LI�WKH�WLWOHV�SUHVHQWHG�FRQFOXVLRQV�LQVWHDG��)RU�H[DPSOH��)LJXUH����3UHFLVH�
WHPSRUDO�VWDJLQJ�DOORZV�TXDQWLWDWLRQ�RI�WLPH�GHSHQGHQW�YDULDWLRQ�LQ�JHQH�H[SUHVVLRQ�DW�HYHU\�
SRVLWLRQ��
�
5HSO\��:H�SDUWLDOO\�IROORZHG�WKLV�VXJJHVWLRQ�DQG�DGMXVWHG�WKH�WLWOHV�IRU�ILJXUHV���������DQG���
)LJXUH����6WDJLQJ�RI�JHQH�H[SUHVVLRQ�SURILOHV�LQ�IL[HG�HPEU\RV�ZLWK�PLQXWH�SUHFLVLRQ�
)LJXUH����4XDQWLILFDWLRQ�RI�LPDJLQJ�QRLVH�DQG�DQWLERG\�QRQ�VSHFLILFLWLHV��
)LJXUH����6XPPDU\�RI�V\VWHPDWLF�HUURUV�RI�WKH�JDS�JHQH�H[SUHVVLRQ�SURILOHV�
)LJXUH����7HPSRUDO�HYROXWLRQ�RI�JDS�JHQH�H[SUHVVLRQ�SURILOH�UHSURGXFLELOLW\�
�
)LJXUH����
$��,QVHW�LV�GLIILFXOW�WR�VHH���UHG�RUDQJH�ODEHO�LV�REVFXUHG��)&�VKRXOG�EH�GHILQHG�LQ�WKH�OHJHQG�IRU�
UHDGHUV�WKDW�JR�WKURXJK�ILJXUHV�LQGHSHQGHQWO\�RI�WKH�WH[W��0LWRVLV����LV�XVHG�WR�ODEHO�WKH�ILJXUH��
EXW�WKH�OHJHQG�XVHV�Q�F������%HVW�WR�EH�FRQVLVWHQW�ZLWK�WKLV�QRPHQFODWXUH��
%��,QGLYLGXDO�WUDFHV�DQG�SRLQWV�DUH�H[WUHPHO\�KDUG�WR�VHH��*UDQWHG��WKH�SRLQW�LV�WKDW�WKH\�DOO�
RYHUOD\�YHU\�SUHFLVHO\��EXW�LW�PD\�EH�ZRUWK�LQFUHDVLQJ�WKH�VL]H�RI�WKLV�ILJXUH�WR�PDNH�WKH�IHDWXUHV�
QDPHG�LQ�WKH�OHJHQG�HDVLHU�WR�LGHQWLI\��
&��7KH�SDSHU�GLVFXVVHV�LQWHUYDOV�LQ�WHUPV�RI�WLPH�UDWKHU�WKDQ�)&�GHSWK��ZKLFK�LV�ZKDW�LV�XVHG�LQ�
WKH�OHJHQG�IRU�WKLV�SDQHO���,�WKLQN�WKLV�VKRXOG�EH�PDGH�FRQVLVWHQW��,�YRWH�IRU�WLPH�VLQFH�LW�LV�PRUH�
REYLRXVO\�OLQNHG�WR�WKH�WHFKQLFDO�DGYDQFH�LQ�WKLV�SDSHU��$OVR��WKHUH�DUH�PXOWLSOH�GRWWHG�OLQHV�LQ�
WKH�ILJXUH�VR�UHIHUULQJ�WR��WKH�JUH\�GRWWHG�OLQH��VKRXOG�EH�FKDQJHG�WR��WKH�YHUWLFDO�JUH\�GRWWHG�
OLQH���9HUWLFDO�D[LV�VKRXOG�EH��*W�,QWHQVLW\���
'��,�SUHVXPH�WKLV�LV�DOVR�D�WUDFH�IRU�*W�DW�D�VLQJOH�SRVLWLRQ��EXW�WKLV�LV�QRW�PDGH�FOHDU�LQ�WKH�
OHJHQG��
�
5HSO\��:H�DGMXVWHG�ILJXUH�DQG�FDSWLRQ�WR�DFFRPPRGDWH�DOO�VXJJHVWLRQV��
$��:H�FKDQJHG�WKH�FRORU�WR�UHG��GHILQH�)&�LQ�FDSWLRQ�DQG�PHWKRGV��DV�DOVR�VXJJHVWHG�E\�
UHYLHZHU������DQG�ZH�FKDQJHG�³WKH�RQVHW�RI�Q�F����´�WR�³PLWRVLV���´�LQ�WKH�FDSWLRQ��
%��:H�LQFUHDVHG�WKH�RYHUDOO�VL]H�RI�WKH�ILJXUH�WR�HPSKDVL]H�WKHVH�IHDWXUHV�
&��:H�FKDQJHG�WKH�FDSWLRQ�WR�H[SUHVV�WKH�LQWHUYDO�LQ�WHUPV�RI�WLPH��ZH�DOWHUHG�WKH�GRWWHG�OLQH�
FRQIXVLRQ��ZH�PRGLILHG�WKH�YHUWLFDO�D[LV�ODEHO�
'��:H�DGGHG�³����SRVLWLRQ�[�/���´�WR�WKH�ILUVW�VHQWHQFH��
�
)LJXUH����
$��,�ILQG�WKLV�VFKHPDWLF�YHU\�KDUG�WR�UHDG��7KH�\HOORZ�LV�QHDUO\�LQYLVLEOH��DQG�WKHUH�DUH�D�
QXPEHU�RI�GLIIHUHQW�PROHFXODU�VSHFLHV�GHSLFWHG��7KH�GLDJUDP�LV�PRUH�FRPSOLFDWHG�WKDQ�WKH�



FRQFHSW��ZKLFK�LV�WR�FRPSDUH�WKH�VLJQDO�IURP���GLIIHUHQW�+E�DQWLERGLHV�GHWHFWHG�ZLWK���GLIIHUHQW�
VHFRQGDU\�DQWLERGLHV�LQ�WKH�VDPH�VDPSOH��,�VXJJHVW�VKRZLQJ�D�FDUWRRQ�RI�D�VLQJOH�+E�PROHFXOH��
ERXQG�WR�WZR�GLIIHUHQW�SULPDU\�DQG�VHFRQGDU\�DQWLERGLHV��ZLWK�WKH�H[FLWDWLRQ�ZDYHOHQJWKV�
ODEHOHG��VLQFH�WKRVH�DUH�ZKDW
V�XVHG�LQ�SDQHO�%���
%��7KH�D[LV�ODEHOV�FRXOG�EH�PRUH�LQWXLWLYH��*3�DQWL�+E���������DQWL�*3�DQG�5DW�DQWL�+E�������DQWL�
5DW�IRU�H[DPSOH��
�
5HSO\��$��6FKHPDWLF�ZDV�DGMXVWHG�IROORZLQJ�WKH�VXJJHVWHG�FKDQJHV��)RU�LQFUHDVHG�FODULW\��ZH�
DOVR�PDWFKHG�WKH�FRORU�RI�WKH�IOXRURSKRUHV�ZLWK�WKH�FRORU�RI�WKH�D[HV�RI�SDQHO�%��:H�FKDQJHG�
WKH�D[LV�ODEHOV�DV�VXJJHVWHG��)RU�FRQVLVWHQF\��ZH�DOVR�FKDQJHG�WKHP�LQ�6XS��)LJXUH���
�
)LJXUH����
'��7KH�JUH\�GRWWHG�OLQH�LV�GLIILFXOW�WR�WUDFN��,V�LW�QHFHVVDU\�IRU�LW�WR�EH�GDVKHG"�
�
5HSO\��:H�PDGH�WKLV�OLQH�VROLG�DQG�PRYHG�LW�EHKLQG�WKH�EODFN�OLQH��DOVR�RQ�6XS�)LJXUHV���	�����
:H�FKDQJHG�WKH�FDSWLRQV�DFFRUGLQJO\�
�
)LJXUH����
7KH�JDS�JHQHV�DUH�QRW�ODEHOHG��HLWKHU�LQ�WKH�ILJXUH�RU�LQ�WKH�OHJHQG��/RRNV�OLNH�NQL��.U��*W��+E��
OHIW�WR�ULJKW��
$��7R�FRQWUDVW�ZLWK�WKH�FRORUHG�WUDFHV��,�VXJJHVW�WKDW�WKH�GDUN�EOXH�WUDFH�EH�PDGH�EODFN��,W�ZLOO�
PDNH�WKH�GHVFULSWLRQ�RI�OLJKWHU�GDUNHU�FRORUV�LQ�WKH�OHJHQG�HDVLHU�WR�GHFLSKHU��,W�ZRXOG�DOVR�DOORZ�
WKHP�WR�XVH�D�OLJKW�EOXH�GDUNHU�EOXH�SDLU�WR�UHSODFH�WKH�\HOORZ�JUHHQ�SDLU��ZKHUH�WKH�\HOORZ�OLQH�
LV�QHDUO\�LPSRVVLEOH�WR�VHH��,�DOVR�ILQG�LW�FRQIXVLQJ�WR�KDYH�ERWK�WKH�PHDQ�H[SUHVVLRQ�OHYHO�DQG�
WKH�YDULDQFHV�SORWWHG�WRJHWKHU�WKLV�ZD\��,I�WKH�JRDO�LV�WR�VXSSRUW�WKHLU�FODLP�WKDW��)RU�DQ\�RI�WKH�
JDS�JHQHV��LW�UHSUHVHQWV�RQ�DYHUDJH�OHVV�WKDQ�����RI�WKH�JHQH�H[SUHVVLRQ�YDULDQFH�PHDVXUHG�
DFURVV�HPEU\RV���LW�PLJKW�EH�ILQH�WR�HOLPLQDWH�WKH�WRWDO�JHQH�H[SUHVVLRQ�SURILOH��,I�WKHUH�LV�D�
IXUWKHU�SRLQW�WR�EH�PDGH��ZKLFK�LV�WKDW�WKH�GHJUHH�RI�YDULDQFH�FRUUHODWHV�ZLWK�IHDWXUHV�RI�WKH�
H[SUHVVLRQ�SDWWHUQ��WKHQ�WKDW�VKRXOG�EH�VWDWHG�H[SOLFLWO\��
�
5HSO\��:H�ODEHOHG�WKH�JDS�JHQHV�DERYH�HDFK�FROXPQ��$��7KH�UHDVRQ�IRU�NHHSLQJ�WKH�PHDQ�
SURILOHV�DUH�����6KRZ�WKDW�WKH�HUURU�LV�D�VPDOO�IUDFWLRQ�RI�WKH�YDULDQFH�ZKLFK�LV�LWVHOI�D�VPDOO�
IUDFWLRQ�RI�WKH�PHDQ�SURILOH��DQG����$OORZ�WKH�UHDGHU�WR�LGHQWLI\�ZKHUH�WKH�VLJQDO�QRLVH�UDWLR�
LV�OHVV�WKDQ�RQH��L�H��ZKHUH�WKH�FXUYHV�IRU�PHDQ�DQG�YDULDQFH�FURVV���VKRZLQJ�WKDW�WKLV�
FRUUHVSRQGV�WR�WKH�EDFNJURXQG�QRLVH�DQG�LV�SXUHO\�DQ�H[SHULPHQWDO�DUWHIDFW��:H�DJUHH�ZLWK�WKH�
UHYLHZHU�WKDW�WKHVH�PHDQ�SURILOHV�DUH�D�ELW�GLP�DQG�KDUG�WR�LGHQWLI\��ZKLFK�LV�ZK\�ZH�FKDQJHG�
WKHLU�FRORUV�WR�JUD\��
�
)LJXUH����
,�ILQG�DOO�RI�WKH�V\PEROV�KHUH�WR�EH�RYHUZKHOPLQJ��7KH�SRLQW�LV�DFWXDOO\�JUDSKLFDOO\�SUHWW\�VLPSOH�
WKH�SRVLWLRQ�RI�WKH�ERUGHUV�FKDQJHV�RYHU�WLPH��H�J��IURP�ORZ�RQ�WKH�\�D[LV�WR�KLJK�RQ�WKH�\�D[LV���
,�WKLQN�WKLV�ZRXOG�EH�HDVLHU�WR�VHH�ZLWK�VLQJOH�OLQH�WUDFHV��RU�HYHQ�GRWV��LI�WKHUH
V�FRQFHUQ�DERXW�
RYHUODS��WKHVH�FRXOG�EH�RSHQ�RU�WUDQVSDUHQW�FLUFOHV���7KH�WULDQJOHV�DUH�XQQHFHVVDU\��DQG�WKH�
GDVKHG�OLQHV�DUH�FRQIXVLQJ��,WV�DOVR�ZRUWK�QRWLQJ�WKDW�QRW�DOO�ERXQGDULHV�FKDQJH�SRVLWLRQ��WKLV�



LVQ
W�PHQWLRQHG�LQ�WKH�WH[W��
�
5HSO\��2XU�XVH�RI�WKH�V\PEROV�LV�FRQIRUP�ZLWK�SUHYLRXVO\�SXEOLVKHG�GDWD��&RORUV�UHSUHVHQW�
JHQHV��FRQVLVWHQWO\�WKURXJKRXW�WKH�HQWLUH�SDSHU���WULDQJOHV�UHSUHVHQW�ERUGHUV��OHIW�ULJKW��DQG�
OLQHV�UHSUHVHQW�SHDNV��:H�SUHIHU�WR�NHHS�WKLV�QRPHQFODWXUH��EXW�ZH�GHFUHDVHG�WKH�VL]H�RI�WKH�
WULDQJOHV�WR�GHFOXWWHU�WKH�ILJXUH���:H�DGGHG�WR�WKH�WH[W�D�VHQWHQFH�WKDW�VWDWHV�WKDW�WKH�G\QDPLFV�
RI�WKH�ERXQGDULHV�DUH�PRUH�LPSRUWDQW�QHDU�WKH�HGJHV�DV�SUHYLRXVO\�GHVFULEHG�E\�5HLQLW]�DQG�
FROOHDJXHV�
�
)LJXUH����
,�ILQG�WKH�WULDQJOHV�GLVWUDFWLQJ�RQ�WKLV�SORW��DQG�,�GRQ
W�WKLQN�WKH\�DUH�QHFHVVDU\��7KH�RYHUDOO�SRLQW�
LV�VLPSO\�WR�JUDVS�WKDW�WKH�EODFN�OLQH�KDV�KLJK�YDOXHV�LQ�VRPH�DUHDV�HDUO\�RQ�EXW�SURJUHVVLYHO\�
JHWV�VPDOOHU��
�
5HSO\��7KH�WZR�FXUYHV��EOXH�DQG�EODFN��UHSUHVHQW�GLIIHUHQW�\HW�FRPSOHPHQWDU\�YLVLRQV�RI�SURILOH�
UHSURGXFLELOLW\��7KH�IDFW�WKDW�WKH\�IDOO�RQ�WRS�RI�HDFK�RWKHU�LV�LQ�IDFW�SURRI�RI�WKHLU�FRQVLVWHQF\��
7KH�ODVW�SDUDJUDSK�RI�WKH�UHVXOWV�VHFWLRQ�LV�PDNLQJ�WKLV�SRLQW�H[SOLFLW��:H�DOVR�VLPSOLILHG�WKH�
ILJXUH�DFFRUGLQJ�WR�UHYLHZHU���¶V�FRPPHQWV�E\�UHPRYLQJ�WKH�YDULDQFHV�RI�WKH�JDS�JHQH�SURILOHV�
LQ�WKH�EDFNJURXQG�DQG�E\�PDNLQJ�WKH�PHDQ�SURILOHV�GLPPHU��)XUWKHUPRUH�ZH�FKDQJHG�WKH�
GLIIHUHQW�WULDQJOHV�DOO�WR�RSHQ�URXQG�FLUFOHV�WR�PDNH�WKH�EOXH�FXUYH�HDVLHU�WR�IROORZ��:H�EHOLHYH�
WKLV�UHPRYHV�PRVW�RI�WKH�GLVWUDFWLQJ�HOHPHQWV�LQ�WKH�ILJXUH��
�
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�
���0RUH�FRQWH[W�DERXW�WKH�ELRORJLFDO�TXHVWLRQ�EHLQJ�DGGUHVVHG��ERWK�LQ�WHUPV�RI�IUDPLQJ�WKH�OLQH�
RI�LQTXLU\�DQG�FLWLQJ�UHOHYDQW�OLWHUDWXUH��
�
(DFK�UHYLHZHU�KDV�QXPHURXV�VXJJHVWLRQV�DERXW�KRZ�WR�GR�WKLV��,W�ZLOO�OLNHO\�EH�LPSRVVLEOH�WR�
LQFRUSRUDWH�WKHP�DOO�ZKLOH�UHWDLQLQJ�D�FRKHUHQW�QDUUDWLYH��,�GR�QRW�UHTXLUH�HYHU\�VXJJHVWLRQ�RI�
PLQH�WR�EH�LQFRUSRUDWHG�WR�VXSSRUW�SXEOLFDWLRQ��EXW�,�GR�WKLQN�WKDW�WKH�SDSHU�QHHGV�VXEVWDQWLDO�
UHYLVLRQ�WR�SODFH�WKH�ZRUN�LQ�SURSHU�FRQWH[W��,Q�SDUWLFXODU��,�ZRXOG�OLNH�WR�VHH�D�GLVFXVVLRQ�RI�KRZ�
WKLV�ZRUN�IXUWKHUV�WKH�K\SRWKHVLV�WKDW�QHWZRUN�DUFKLWHFWXUH�LPSURYHV�SDWWHUQLQJ�SUHFLVLRQ��$V�
5HYLHZHU���FRUUHFWO\�SRLQWV�RXW��WKLV�SDSHU�LV�FRQVLVWHQW�ZLWK�WKLV�K\SRWKHVLV��EXW�GRHV�QRW�SURYH�
LW��,
P�QRW�VXUH�WKDW�WKLV�FRXOG�EH�SURYHQ�ZLWKRXW�VLPLODU�FKDUDFWHUL]DWLRQ�RI�DOWHUQDWLYH�QHWZRUN�
WRSRORJLHV��ZKLFK�LV�FOHDUO\�EH\RQG�WKH�VFRSH�RI�WKLV�SDSHU��%XW�,�WKLQN�LW�LV�DSSURSULDWH�WR�PRUH�
WKRURXJKO\�GLVFXVV�WKH�FRQWULEXWLRQV�DQG�OLPLWDWLRQV�RI�WKLV�SDSHU�LQ�WKLV�FRQWH[W��
�
���6RPH�PHWKRGRORJLFDO�FODULILFDWLRQV�LQFOXGLQJ�
D��KRZ�WKH\�GHILQH�WKH�RULHQWDWLRQ�RI�WKH�HPEU\RV�
E��WKH�SUHFLVH�PHWKRG�XVHG�WR�VWDJH�WKH�HPEU\RV��PDQXDO�DQQRWDWLRQ�RI�LPDJHV�RU�LPDJH�
SURFHVVLQJ��
F��XVH�RI�WKH�XQFRUUHFWHG�YDULDQFH�LQ�WKHLU�QHWZRUN�DQDO\VLV�
G��WKH�FDOFXODWLRQ�XVHG�WR�QRUPDOL]H�WLPH�EHWZHHQ�IL[HG�DQG�OLYH�HPEU\RV�
H��MXVWLILFDWLRQ�RI�WLPH�ELQQLQJ�
I��MXVWLILFDWLRQ�RI�XVLQJ�D�VXEVHW�RI�WKH�WRWDO�GDWD�



�
5HYLHZHU���DOVR�FDOOV�IRU�DQ�DGGLWLRQDO�H[SHULPHQW���LQFOXGLQJ�%FG�VWDLQV�LQ�WKH�FXUUHQW�GDWDVHW��
7R�LQFRUSRUDWH�WKLV�LQWR�WKHLU�FXUUHQW�DQDO\WLFDO�IUDPHZRUN��WKH�DXWKRUV�ZRXOG�KDYH�WR�ILQG�
SDUDPHWHUV�DQG�UHDJHQWV�WR�DOORZ�VLPXOWDQHRXV�LPDJLQJ�RI���JHQHV��QRW�MXVW�WKH���SUHVHQWHG�
KHUH���0RUHRYHU��WKH\�ZRXOG�WKHQ�KDYH�WR�UHDFTXLUH�DOO�LPDJHV�XVLQJ�WKH���VWDLQ�SURWRFRO��:KLOH�
,�DJUHH�WKDW�LW�ZRXOG�EH�XVHIXO�WR�KDYH�%FG�GDWD�LQFOXGHG��,�DOVR�EHOLHYH�WKDW�WKLV�LV�EH\RQG�WKH�
VFRSH�RI�WKLV�SDSHU��
�
5HSO\��:H�DJUHH�ZLWK�UHYLHZHU���WKDW�D���VWDLQ�SURWRFRO�ZRXOG�JR�EH\RQG�WKH�VFRSH�RI�WKH�
FXUUHQW�PDQXVFULSW�DQG�UHSUHVHQWV�D�VLJQLILFDQW�H[SHULPHQWDO�FKDOOHQJH��:H�ZRXOG�DOVR�OLNH�WR�
SRLQW�RXW�WKDW�WKH�LQIOXHQFH�RI�%LFRLG�EH\RQG�WKH����PLQ�PDUN�LQ�Q�F�����LV�XQFOHDU��%FG�P51$�
LV�IXOO\�GHJUDGHG�E\�WKLV�WLPH��/LWWOH��������WKH�SURWHLQ�JUDGLHQW�VWDUWV�WR�GHFD\��DQG�LQ�WKH�YLHZ�
RI�WKH�FXUUHQW�PDQXVFULSW�%LFRLG¶V�MRE�RI�FRQIHUULQJ�SRVLWLRQDO�LQIRUPDWLRQ�DQG�SUHFLVLRQ�WR�WKH�
GRZQVWUHDP�QHWZRUN�LV�GRQH��
�
���������������������������������������������������������
�
5HYLHZHU�����5HPDUNV�WR�WKH�$XWKRU���
�
7KH�DXWKRUV�SHUIRUP�TXDQWLWDWLYH�VWXGLHV�RI�JDS�JHQH�H[SUHVVLRQ�LQ�HDUO\�'URVRSKLOD�HPEU\RV��
7KH\�IRFXV�RQ�IRXU�JDS�JHQHV�LQ�WKHLU�FXUUHQW�ZRUN��KE��.U��JW�DQG�NQL��WKURXJK�WKH�XVH�RI�
ERWK�QHZO\�JHQHUDWHG�DQG�H[LVWLQJ�DQWLERGLHV�DJDLQVW�WKH�SURGXFWV�RI�WKHVH�JHQHV��7KH�
DXWKRUV�SURYLGH�FDUHIXO�DQG�V\VWHPDWLF�HYDOXDWLRQV�RI�WKH�H[SHULPHQWDO�HUURUV�LQ�TXDQWLI\LQJ�
WKH�LPPXQRVWDLQLQJ�GDWD�LQ�ZKROH�PRXQW�HPEU\RV��7KH\�SURYLGH�HYLGHQFH�VXJJHVWLQJ�WKDW�
LPPXQRVWDLQLQJ�LV�D�YLDEOH�DSSURDFK�IRU�TXDQWLWDWLYHO\�PHDVXULQJ�JHQH�H[SUHVVLRQ�SURILOHV�LQ�
HPEU\RV��DQ�LPSRUWDQW�LGHD�WKDW�LV�QRW�HQWLUHO\�QHZ���7KH\�DOVR�SURYLGH�GDWD�GHPRQVWUDWLQJ�WKDW�
WKH�UHSURGXFLELOLW\�RI�WKH�JDS�JHQH�H[SUHVVLRQ�SURILOHV�LQFUHDVHV�WZR�IROG�GXULQJ�WKH�FRXUVH�RI�
QXFOHDU�F\FOH�����D�QRWLRQ�WKDW�KDV�DOVR�EHHQ�DYDLODEOH�LQ�WKH�OLWHUDWXUH���
�
7KLV�LV�D�FDUHIXOO\�GHVLJQHG�DQG�ZHOO�H[HFXWHG�WHFKQLFDO�VWXG\��7KH�V\VWHPDWLF�HYDOXDWLRQV�RI�
WKH�H[SHULPHQWDO�HUURUV�VKRXOG�EH�XVHIXO�WR�WKH�ILHOG��8QIRUWXQDWHO\��WKH�FXUUHQW�VWXG\�UHPDLQV�DW�
D�WHFKQLFDO�OHYHO�ZLWKRXW�VLJQLILFDQWO\�DGYDQFLQJ�RXU�NQRZOHGJH�RI�WKH�JHQH�UHJXODWRU\�QHWZRUN�
WKDW�LQVWUXFWV�HPEU\RQLF�SDWWHUQLQJ��,Q�SDUWLFXODU��D�ODFN�RI�TXDQWLWDWLYH�GDWD�IRU�WKH�PRUSKRJHQ�
JUDGLHQW�RI�%LFRLG�XQGHU�WKHLU�FXUUHQW��DQG�OLNHO\�LPSURYHG��WHFKQLFDO�IUDPHZRUN�PDNHV�LW�GLIILFXOW�
WR�DVVHVV�KRZ�WKH�GHYHORSPHQWDO�V\VWHP�RSHUDWHV�PHFKDQLVWLFDOO\��
�
5HSO\��:H�DJUHH�ZLWK�WKH�UHYLHZHU�WKDW�D�YHUVLRQ�RI�WKH�VXJJHVWHG�H[SHULPHQW�ZRXOG�EH�YHU\�
LQWHUHVWLQJ�LI�Q�F�����DQG����ZHUH�WR�EH�DGGHG�WR�WKH�REVHUYHG�WLPH�IUDPH��,W�ZRXOG�PRVW�OLNHO\�
JLYH�SRVVLEOH�PHFKDQLVWLF�LQVLJKWV�LQWR�WKH�V\VWHP��+RZHYHU��DV�UHYLHZHU���FRUUHFWO\�SRLQWV�RXW��
WHFKQLFDOO\�VXFK�DQ�H[SHULPHQW�LV�H[WUHPHO\�FKDOOHQJLQJ�DV�RQH�ZRXOG�KDYH�WR�ILQG���DQWLERG\�
VHWV�WKDW�ZRUN�WRJHWKHU�LQ�WKH�VDPH�HPEU\R��ZKLFK�LV�FXUUHQWO\�QRW�IHDVLEOH��:H�KDYH��KRZHYHU��
VWDUWHG�WR�ORRN�DW�%LFRLG�WRJHWKHU�ZLWK�VHWV�RI�WKUHH�RWKHU�JDS�JHQHV��DQG�ZH�DUH�SUHSDULQJ�DQ�
DGGLWLRQDO�PDQXVFULSW�WKDW�ZLOO�UHSRUW�RQ�RXU�UHVXOWV�UHJDUGLQJ�WKHVH�H[SHULPHQWV��:H�EHOLHYH�
WKDW�DGGLQJ�WKHP�KHUH�ZRXOG�JR�EH\RQG�WKH�VFRSH�RI�WKH�FXUUHQW�PDQXVFULSW�



�
7KH�FXUUHQW�ZRUN�FRQVSLFXRXVO\�ODFNV�D�VSHFLILF�K\SRWKHVLV�SUHVHQWHG�DQG�WHVWHG��
�
5HSO\��:H�KDYH�ODUJHO\�PRGLILHG�WKH�EHJLQQLQJ�RI�RXU�LQWURGXFWLRQ��KRSHIXOO\�SURYLGLQJ�PRUH�
FRQWH[W�DQG�D�FOHDU�K\SRWKHVLV��+HUH�DUH�WZR�H[FHUSWV�WKDW�ZH�KRSH�DGGUHVVHV�GLUHFWO\�WKH�
UHYLHZHU¶V�FRQFHUQV��
�
³8QFRYHULQJ�WKH�RULJLQ�RI�SUHFLVH�DQG�UHSURGXFLEOH�VWUXFWXUHV�LQ�ELRORJLFDO�SURFHVVHV�LV�D�
IXQGDPHQWDOO\�TXDQWLWDWLYH�TXHVWLRQ��WKH�DQVZHU�WR�ZKLFK�FDQ�EH�RQH�RI�WZR�YHU\�GLVWLQFW�
FRQFHSWV��,Q�RQH�YLHZ��HDFK�VWHS�LQ�WKH�SURFHVV�LV�QRLV\�DQG�YDULDEOH��DQG�QRLVH�UHGXFWLRQ�
RQO\�RFFXUV�WKURXJK�LQWHJUDWLRQ�RI�PDQ\�HOHPHQWV�RU�FROOHFWLYHO\�ZLWKLQ�WKH�ZKROH�QHWZRUN�RI�
HOHPHQWV��,Q�WKH�RWKHU�YLHZ��HDFK�VWHS�LQ�WKH�SURFHVV�KDV�EHHQ�WXQHG�WR�HQKDQFH�LWV�UHOLDELOLW\��
DW�WLPHV�PD\EH�HYHQ�GRZQ�WR�WKH�OLPLWV�VHW�E\�EDVLF�SK\VLFDO�SULQFLSOHV��&DQ�WKH�SUHFLVH�
DQG�UHSURGXFLEOH�IHDWXUHV�REVHUYHG�LQ�WKH�SDWWHUQLQJ�V\VWHP�EH�VXIILFLHQW�WR�DFFRXQW�IRU�WKH�
SUHFLVLRQ�REVHUYHG�LQ�PRUSKRORJ\"�)RFXVLQJ�RQ�WKHVH�TXDQWLWDWLYH�IHDWXUHV�RI�WKH�QHWZRUN�ZLOO�
XOWLPDWHO\�OHDG�WR�RXU�XQGHUVWDQGLQJ�RI�ZKLFK�QHWZRUN�SURSHUWLHV�DUH�WUXO\�UHOLDEOH�ZKLFK�RQHV�
DUH�YDULDEOH��KRZ�WKH\�UHODWH�WR�QHWZRUN�DUFKLWHFWXUH��DQG�KRZ�WKH\�UHVSRQG�WR�HQYLURQPHQWDO�
DQG�JHQHWLF�YDULDWLRQ�´
�
³$V�D�FRPSOHPHQWDU\�DSSURDFK��SUHFLVH�PHDVXUHPHQWV�LQ�DQ�LQWDFW��ZLOG�W\SH�V\VWHP�FDQ�UHYHDO�
WKH�TXDQWLWDWLYH�UHODWLRQVKLSV�ZLWKLQ�WKH�QHWZRUN�LQ�DQ�XQSHUWXUEHG��QDWXUDO�VWDWH��'DWD�RI�WKH�
ODWWHU�DSSURDFK�KDV�EHHQ�PLVVLQJ�WKXV�IDU��DQG�LW�ZLOO�EHFRPH�HVVHQWLDO�IRU�WKH�PDWKHPDWLFDO�
PRGHOLQJ�RI�JHQH�LQWHUDFWLRQV�DQG�IRU�LQFUHDVLQJO\�FRPSOH[�GHYHORSPHQWDO�V\VWHPV�´
�
7KH�FRQFOXVLRQ�SUHVHQWHG�LQ�WKH�'LVFXVVLRQ��5HSURGXFLELOLW\�LQKHUHQW�LQ�WKH�%FG�JUDGLHQW�LV�
WUDQVIHUUHG�WR�WKH�JDS�JHQHV�HDUO\�LQ�Q�F������UHGXFHG�WZR�IROG�ZLWKLQ�WKH�JDS�JHQH�QHWZRUN�����
DSSHDUV�WR�LPSO\��EXW�GRHV�QRW�FOHDUO\�VWDWH��WKDW�WKH�QHWZRUN�LWVHOI�LV�UHVSRQVLEOH�IRU�WKLV�WZR�IROG�
UHGXFWLRQ��D�QRWLRQ�WKDW�KDV�EHHQ�FKDPSLRQHG�E\�5HLQLW]�DQG�KLV�DVVRFLDWHV��DPRQJ�RWKHUV��
�
5HSO\��:H�KDYH�DGGHG�UHIHUHQFHV�WR�DUWLFOHV�E\�0DQX�DQG�*XUVN\�LQ�WKH�GLVFXVVLRQ�
�
³5HSURGXFLELOLW\�LQKHUHQW�LQ�WKH�%FG�JUDGLHQW�LV�WUDQVIHUUHG�WR�WKH�JDS�JHQHV�HDUO\�LQ�Q�F������
UHGXFHG�WZR�IROG�ZLWKLQ�WKH�JDS�JHQH�QHWZRUN�>0DQX�HW�DO�������D�	�E��*XUVN\�����@��DQG�
VXEVHTXHQWO\�UHOD\HG�WR�WKH�SDLU�UXOH�JHQHV�ODWHU�LQ�Q�F�����´
�
7KLV�FRQFOXVLRQ�DOVR�DSSHDUV�WR�LJQRUH�FRPSOHWHO\�WKH�SRWHQWLDO�HIIHFWV�RI�WLPH��RU�VSDFH�
DYHUDJLQJ��D�K\SRWKHVLV�WKDW�KDV�EHHQ�DYDLODEOH�LQ�WKH�ILHOG��LQFOXGLQJ�'U��*UHJRU
V�RZQ�SUHYLRXV�
VWXGLHV���
�
5HSO\��7KLV�LV�D�YHU\�LPSRUWDQW�SRLQW��DQG�ZH�WKDQN�WKH�UHYLHZHU�IRU�SRLQWLQJ�WKLV�RXW�WR�XV��:H�
KDYH�DGGHG�D�SDUDJUDSK�LQ�WKH�GLVFXVVLRQ�WR�DGGUHVV�DYHUDJLQJ��
�
³([SOLFLW�UHJXODWRU\�PHFKDQLVPV�E\�ZKLFK�UHSURGXFLELOLW\�RI�JDS�JHQH�H[SUHVVLRQ�FRXOG�
EH�LQFUHDVHG�RYHU�WLPH�KDYH�EHHQ�SURSRVHG��/DFDOOL�������0DQX�����E��0DQX�����D��



*XUVN\��������DQG�FRXOG�SRWHQWLDOO\�EH�VXEMHFWHG�WR�D�TXDQWLWDWLYH�WHVW�XVLQJ�RXU�QHZ�
VHW�RI�GDWD��$OUHDG\�DW�WKH�OHYHO�RI�%FG�LW�KDV�EHHQ�VXJJHVWHG�WKDW�VSDWLDO�DYHUDJLQJ�
DPRQJ�QHLJKERULQJ�QXFOHL�LV�QHFHVVDU\�WR�DFKLHYH�WKH�REVHUYHG�SUHFLVLRQ��*UHJRU�����E��
(UGPDQQ��������6LPLODUO\��D�FRPELQDWLRQ�RI�WHPSRUDO�DQG�VSDWLDO�DYHUDJLQJ�PLJKW�EH�DW�SOD\�
LQ�DFKLHYLQJ�WKH�IXUWKHU�LQFUHDVH�LQ�UHSURGXFLELOLW\�E\�WKH�JDS�JHQH�QHWZRUN��6XFK�DYHUDJLQJ�
PHFKDQLVPV�WKRXJK�KDYH�D�EOXUULQJ�HIIHFW�RQ�VKDUS�JDS�ERXQGDULHV��DQG�LW�ZLOO�EH�LQWHUHVWLQJ�
ERWK�WKHRUHWLFDOO\�DQG�H[SHULPHQWDOO\�WR�XQGHUVWDQG�ZKHWKHU�D�EDODQFH�FDQ�EH�IRXQG�´
�
2QH�RI�WKH�FODLPV�PDGH�E\�WKH�DXWKRUV��:H�XVH�WKLV�DQDO\VLV�WR�H[WUDFW�JDS�JHQH�SURILOH�
G\QDPLFV�ZLWK�a��PLQ�DFFXUDF\������LQ�$EVWUDFW��LV�PLVOHDGLQJ�EHFDXVH��DOWKRXJK�WKH\�KDYH�GRQH�
FDOLEUDWLRQV�IRU�HPEU\R�WLPH��WKHLU�DQDO\VLV�ZDV�EDVHG�RQ�GDWD�IURP�HPEU\RV�WKDW�DUH�JURXSHG�
LQWR���WLPH�FODVVHV��HDFK�ODVWLQJ�PXFK�PRUH�WKDQ���PLQ���
�
5HSO\��7KH�FKRLFH�RI�UHJURXSLQJ�RXU�GDWD�LQ���HTXDOO\�SRSXODWHG�WLPH�ELQV�ZDV�PDGH�IRU�
VWDWLVWLFDO�UHDVRQV��)RU�HDFK�WLPH�ELQ�ZH�DUH�LQWHUHVWHG�LQ�D�YDULDQFH��EXW�WR�HVWLPDWH�WKLV�
YDULDQFH�ZH�QHHG�DW�OHDVW����HPEU\RV�SHU�WLPH�ZLQGRZ��ZKLFK�UHVXOWV�LQ���ELQV�IRU�RXU����
HPEU\RV��$�ODUJHU�FROOHFWLRQ�RI�HPEU\RV�ZRXOG�FHUWDLQO\�OHDG�WR�D�ODUJHU�QXPEHU�RI�ZLQGRZV�
DV�ORQJ�DV�WKHLU�ZLGWKV�GR�QRW�IDOO�EHORZ�WKH�����PLQ�UHVROXWLRQ��$�VDPSOH�RI�1 ���DOORZV�XV�WR�
XQGRXEWHGO\�GLVWLQJXLVK�D���(/�UHSURGXFLELOLW\�IURP�D���(/�UHSURGXFLELOLW\��:LWK�1 ����WKH�
YDULDQFH������VWDQGDUG�HUURU�GXH�WR�VDPSOH�VL]H��FRUUHVSRQGLQJ�WR�VLJPDB[�/ ��(/�HDUO\�LQ�Q�F��
���LV�VLJPDA� �����������������ZKLOH�WKH�YDULDQFH�FRUUHVSRQGLQJ�WR�VLJPDB[�/ ��(/�ODWH�LQ�
Q�F�����LV�VLJPDA� ������������������7KHUHIRUH�WKH�LQFUHDVH�LQ�UHSURGXFLELOLW\�WKDW�ZH�REVHUYH�
LQ�VWDWLVWLFDOO\�UHOHYDQW��7R�EULQJ�WKLV�WR�WKH�DWWHQWLRQ�WR�WKH�UHDGHU�ZH�DGGHG�WKH�IROORZLQJ�
VHQWHQFH�WR�VHFWLRQ�³5HSURGXFLELOLW\�RI�JDS�JHQH�H[SUHVVLRQ�SURILOHV´��
�
³7KH�ELQQLQJ�VWHS�LV�QHFHVVDU\�WR�LQFUHDVH�VWDWLVWLFDO�VLJQLILFDQFH��L�H��WKH�VWDQGDUG�HUURU�RQ�
WKH�YDULDQFH�VLJPDA��LV�JLYHQ�E\�VLJPDA�
VTUW���1��IRU�VDPSOH�VL]H�1��LQ�RUGHU�WR�XQGRXEWHGO\�
GLVWLQJXLVK�UHSURGXFLELOLWLHV�DW�WKH���(/�OHYHO�´
�
:KDW�PDNHV�RXU�WLPH�ELQQLQJ�GLIIHUHQW�IURP�SUHYLRXV�VWXGLHV�LV�WKDW����ZH�KDYH�D�����PLQ�
DFFXUDF\�RQ�WKH�ERUGHUV�RI�RXU�WLPH�ELQV��DQG����ZH�FDQ�DIIRUG�WR�ZRUN�ZLWK�D�WLPH�GHWUHQGHG�
GDWD�VHW�DQG�GR�QRW�KDYH�WR�UHVRUW�WR�DQ\�RWKHU�QRUPDOL]DWLRQ�SURFHGXUHV�WKDW�DUH�XVXDOO\�
DSSOLHG�WR�FRPSDUH�GLIIHUHQW�HPEU\RV��WKLV�PHDQV�WKDW�HVVHQWLDOO\�ZH�FDQ�ZRUN�GLUHFWO\�ZLWK�WKH�
UDZ�GDWD��
�
$IWHU�UHDGLQJ�WKURXJK�WKLV�QLFHO\�H[HFXWHG�WHFKQLFDO�ZRUN��RQH�LV�OHIW�ZLWK�DQ�LPSUHVVLRQ�WKDW�
DIWHU�DOO�ZH�UHDOO\�KDYH�QRW�JDLQHG�PXFK�QHZ�PHFKDQLVWLF�LQVLJKWV��
�
5HSO\��7KH�PDLQ�JRDO�RI�WKLV�SDSHU�ZDV�QRW�WR�EH�PHFKDQLVWLFDOO\�LQVLJKWIXO��EXW�WR�SURYLGH�
D�IUDPHZRUN�IRU�XVLQJ�WKH�QDWXUDO�IOXFWXDWLRQV�RI�JHQH�H[SUHVVLRQ�ZLWKLQ�D�SRSXODWLRQ�RI�
LQGLYLGXDOV��,Q�SDUWLFXODU��VRPH�IHDWXUHV��VXFK�DV�WKH�DQDO\VLV�RI�WKH�WHPSRUDO�DQG�VSDWLDO�
GLVWULEXWLRQ�RI�VLJPDB[�/��DOUHDG\�JLYH�XV�FOXHV�DERXW�XQGHUO\LQJ�UHJXODWRU\�LQWHUDFWLRQV��QDPHO\��
���WKH�SDWWHUQ�ERUGHUV�DUH�WKH�UHVXOW�RI�PXWXDO�UHJXODWLRQ�RI�WKH�QHLJKERULQJ�JHQHV��UDWKHU�WKDQ�
XQLGLUHFWLRQDO�UHSUHVVLRQ����FURVV�UHJXODWLRQ�DPRQJ�JDS�JHQHV�LQFUHDVHV�WKH�UHSURGXFLELOLW\�RI�



SDWWHUQ�IRUPDWLRQ��
�
7R�IXUWKHU�HPSKDVL]H�WKHVH�SRLQWV�LQ�WKH�SDSHU��ZH�SHUIRUPHG�VHYHUDO�FKDQJHV�WR�WKH�UHVXOWV�
VHFWLRQ�HQWLWOHG�³5HSURGXFLELOLW\�RI�WKH�JDS�JHQH�H[SUHVVLRQ�SURILOHV´��:H�DGGHG�WKH�UHIHUHQFHV�
�.UDXW�������-DHJHU�������3DSDWVHQNR�������DQG�&URPEDFN�������UHFRPPHQGHG�E\�UHYLHZHUV�
���DQG�����:H�DGGHG�D�VHQWHQFH�DW�WKH�HQG�RI�WKLV�SDUDJUDSK�KLJKOLJKWLQJ�WKH�SRLQW�RI�H[WUDFWLQJ�
UHJXODWRU\�PHFKDQLVPV�IURP�SURILOH�IOXFWXDWLRQV�
�³,Q�SDUWLFXODU��WKH�FRQVWDQF\�RI�ı[�/�DFURVV�WKH�+E�.U��.U�.QL��.QL�*W��DQG�*W�+E�ERUGHUV�KLQWV�
DW�D�PXWXDO�UHJXODWLRQ�RI�WKHVH�JHQHV��DV�K\SRWKHVL]HG�EHIRUH��.UDXW�������3DSDWVHQNR�������
&URPEDFK��������UDWKHU�WKDQ�D�XQLGLUHFWLRQDO�UHSUHVVLRQ��-DHJHU�����D�E���LQ�ZKLFK�FDVH�ZH�
ZRXOG�VHH�D�VPDOOHU�YDULDQFH�LQ�WKH�H[SUHVVLRQ�SURILOH�WKDW�LV�UHJXODWHG�WKDQ�LQ�WKH�H[SUHVVLRQ�
SURILOH�WKDW�UHJXODWHV���$�IXOO�FKDUDFWHUL]DWLRQ�RI�WKH�XQGHUO\LQJ�UHJXODWRU\�PHFKDQLVPV��H�J��
GLUHFWLRQ�DQG�VWUHQJWK��H[WUDFWHG�IURP�WKH�SURILOH�YDULDELOLWLHV�LV�EH\RQG�WKH�VFRSH�RI�WKLV�
SDSHU��EXW�ZH�EHOLHYH�WKDW�ULJRURXV�H[SHULPHQWDO�TXDQWLILFDWLRQ�LV�D�QHFHVVDU\�ILUVW�VWHS�LQ�WKLV�
GLUHFWLRQ�´�
�
7KH�H[LVWLQJ�TXDQWLWDWLYH�GDWD��LQ�DGGLWLRQ�WR�WKH�%FG�GDWD�WKDW�VKRXOG�EH�JHQHUDWHG�XQGHU�WKHLU�
FXUUHQW�IUDPHZRUN��FRXOG�SRWHQWLDOO\�\LHOG�VRPH�QHZ�PHFKDQLVWLF�LQVLJKWV��)RU�H[DPSOH��WKH�
DXWKRUV�KDYH�WKH�FR�VWDLQLQJ�GDWD�IRU�DOO�WKH�IRXU�JDS�JHQH�SURGXFWV�LQ�LQGLYLGXDO�HPEU\RV��DQ�
DGYDQWDJH�KLJKOLJKWHG�UHSHDWHGO\�E\�WKH�DXWKRUV�EXW�QRW�IXOO\�XWLOL]HG�E\�WKHP��
�
5HSO\��:H�DJUHH�ZLWK�WKH�UHYLHZHU�WKDW�ZH�KDYH�QRW�IXOO\�XWLOL]HG�WKH�ELJ�DGYDQWDJH�RI�FR�
VWDLQHG�JHQH�H[SUHVVLRQ�SURILOHV��$OWKRXJK��WKH�FROOHFWLYH�QHWZRUN�UHVSRQVH�ZRXOG�KDYH�
EHHQ�OHVV�HYLGHQW�LI�RQO\�SDLUV�RI�JHQHV�ZRXOG�KDYH�EHHQ�FR�VWDLQHG��7KH�IXOO�SRZHU�RI�WKLV�
DSSURDFK�ZLOO�EH�GLVFXVVHG�LQ�D�IROORZ�XS�SDSHU��LQ�ZKLFK�ZH�DSSO\�LW�WR�PHDVXUH�WKH�LQIRUPDWLRQ�
FRQWHQW�WKDW�UHVLGHV�LQ�DOO�IRXU�JDS�JHQHV��4XDQWLILFDWLRQ�RI�LQIRUPDWLRQ�UHOLHV�RQ�FDOFXODWLQJ�
WKH�FRYDULDQFH�PDWUL[�DFURVV�DOO�IRXU�PDMRU�JDS�JHQHV�ZKLFK�LV�RQO\�SRVVLEOH�ZKHQ�WKH\�DUH�
PHDVXUHG�VLPXOWDQHRXVO\�DQG�ZKHQ�WKH�FRQWULEXWLRQ�RI�WKH�H[SHULPHQWDO�HUURUV�WR�WKH�RYHUDOO�
SURILOH�YDULDQFHV�DUH�VPDOO��:H�KDYH�LPSURYHG�WKH�VHFRQG�SDUDJUDSK�RI�WKH�GLVFXVVLRQ�VHFWLRQ�
WKDW�RXWOLQHV�SRWHQWLDO�DSSOLFDWLRQV��LQFOXGLQJ�D�TXDQWLWDWLYH�HVWLPDWLRQ�RI�LQIRUPDWLRQ�LQ�WKH�
V\VWHP�DQG�D�UHIHUHQFH�WR�D�SUHSULQW�YHUVLRQ�RI�RXU�IROORZ�XS�SDSHU���
�
,V�LW�IHDVLEOH�WR�H[WUDFW�LQIRUPDWLRQ�WKDW�FDQ�DGG�WR�RXU�XQGHUVWDQGLQJ�RI�KRZ�WKHVH�JDS�JHQH�
SURGXFWV�FR�HYROYH�DW�WKH�OHYHO�RI�LQGLYLGXDO�HPEU\RV"�
�
5HSO\��7KLV�LV�D�JUHDW�VXJJHVWLRQ��:H�IHHO��KRZHYHU��WKDW�DGGUHVVLQJ�WKLV�SRLQW�LQ�WKH�FXUUHQW�
PDQXVFULSW�JRHV�EH\RQG�WKH�IRFXV�ZH�ZHUH�DLPLQJ�IRU�
�
:RXOG�DQ�DQDO\VLV�WKDW�LV�WUXO\�DW�D�a��PLQ�WHPSRUDO�DFFXUDF\�DOORZ�WKH�H[WUDFWLRQ�RI�QHZ�
LQIRUPDWLRQ�DERXW�KRZ�WKH�V\VWHP�RSHUDWHV"�
�
5HSO\��$V�QRWHG�DERYH��RXU�FXUUHQW�GDWD�VHW�LV�VWDWLVWLFDOO\�QRW�VXLWDEOH�IRU�D�³WUXO\���PLQ�WHPSRUDO�
DFFXUDF\´��
�



+RZ�GRHV�HPEU\R�OHQJWK�YDULDWLRQ�LPSDFW�WKH�UHSURGXFLELOLW\�RI�WKH�SDWWHUQLQJ�RXWFRPH"
��
5HSO\��7KH�LPSDFW�RI�HPEU\R�VL]H�YDULDWLRQ�RQ�UHSURGXFLELOLW\�LV�YHU\�LQWHUHVWLQJ�DQG�VRPHWKLQJ�
WKH�XQGHUVWDQGLQJ�RI�ZKLFK�WKH�DXWKRUV�DUH�DFWLYHO\�SXUVXLQJ��1DWXUDO�VL]H�IOXFWXDWLRQV�LQ�WKLV�
V\VWHP�DUH�RQO\�RI�WKH�RUGHU�RI�������7KXV�LW�UHTXLUHV�EDWFKHV�RI�ODUJH�VDPSOH�VL]H�WR�WR�EH�DEOH�
WR�GUDZ�VWDWLVWLFDOO\�PHDQLQJIXO�FRQFOXVLRQV��)XUWKHUPRUH��DW�WKH�OHYHO�RI�WKH�JDS�JHQHV�WKHVH�
VL]H�IOXFWXDWLRQV�KDYH�ODUJHO\�EHHQ�FRPSHQVDWHG�IRU�DQG�DSSURDFK�WKH�GHWHFWLRQ�OLPLW�RI�RXU�
H[SHULPHQWDO�DSSURDFK��VHH�+RXFKPDQG]DGHK��������7KHUHIRUH�ZH�HVWLPDWH�WKH�HIIHFW�RI�VL]H�
YDULDWLRQ�RQ�RXU�FRQFOXVLRQV�WR�EH�VPDOO��DOEHLW�LQWHUHVWLQJ���DQG�ZH�RSWHG�QRW�WR�PHQWLRQ�WKHP�LQ�
WKH�FXUUHQW�ZRUN��
�
$�WHFKQLFDO�FRPPHQW��WKH�DXWKRUV�WHQG�WR�PDNH�VWDWHPHQWV�WKURXJKRXW�WKH�PDQXVFULSW�DV�LI�
WKH\�DUH�QRW�DZDUH�RI�WKH�H[LVWLQJ�NQRZOHGJH�LQ�WKH�OLWHUDWXUH��7KH�GLVFXVVLRQ�DERXW�WKH�WZR�IROG�
LQFUHDVH�LQ�WKH�UHSURGXFLELOLW\�RI�JHQH�H[SUHVVLRQ�SURILOHV��DERYH��LV�RQH�H[DPSOH��$V�DQRWKHU�
H[DPSOH��LQ�WKH�ILUVW�SDUDJUDSK�LQ�'LVFXVVLRQ��WKH�DXWKRUV�VWDWH�WKDW��'DWD�RI�WKH�ODWWHU�DSSURDFK�
KDV�EHHQ�PLVVLQJ�WKXV�IDU�����ZKHQ�UHIHUULQJ�WR�TXDQWLWDWLYH�UHODWLRQVKLSV�LQ�ZW�HPEU\RV��'R�WKH\�
UHDOO\�PHDQ�WKDW"�$FFXUDWHO\�UHODWLQJ�WKHLU�H[SHULPHQWV�DQG�ILQGLQJV�WR�WKH�OLWHUDWXUH�DQG�WKH�
H[LVWLQJ�NQRZOHGJH�PLJKW�LPSURYH�WKH�PDQXVFULSW��:KDW�LV�WKH�FXUUHQW�VWDWH�RI�WKH�DUW�LQ�WKH�
ILHOG"�:KDW�VSHFLILF�DVSHFWV�KDV�WKH�FXUUHQW�ZRUN�DGYDQFHG�DQG�KRZ"���
�
5HSO\��:H�DJUHH�ZLWK�WKH�UHYLHZHU�WKDW�RXU�RULJLQDO�YHUVLRQ�ZDV�ODFNLQJ�UHIHUHQFHV�DERXW�WKH�
LQFUHDVH�RI�SURILOH�UHSURGXFLELOLW\��:H�KDYH�FRUUHFWHG�LW�E\�FLWLQJ�0DQX�����D�E�LQ�WKH�5HVXOWV�
DQG�'LVFXVVLRQ�VHFWLRQV��,Q�DGGLWLRQ�WR�WKDW��ZH�KDYH�SXW�UHIHUHQFHV�WR�/DFDOOL�������(GJDU������
DQG�*XUVN\�������ZKLFK�K\SRWKHVL]H�KRZ�UHJXODWRU\�LQWHUDFWLRQV�FDQ�SURGXFH�WKLV�LQFUHDVH�LQ�
UHSURGXFLELOLW\�
�
:H�DOVR�DJUHH�ZLWK�WKH�UHYLHZHU�WKDW�RXU�VHQWHQFH�DERXW�PLVVLQJ�GDWD�VR�IDU�ZDV�PLVOHDGLQJ��
DQG�ZH�QRZ�SURYLGH�D�UHYLVHG�YHUVLRQ�RI�WKH�WH[W��³,W�LV�FKDOOHQJLQJ�WR�SHUIRUP�H[SHULPHQWV�
WKDW�WDNH�DGYDQWDJH�RI�WKH�ODWWHU�DSSURDFK�DV�LW�UHTXLUHV�H[WUHPH�FDUH�WR�PLQLPL]H�VRXUFHV�
RI�H[SHULPHQWDO�HUURU�WKDW�DOORZ�IRU�WKH�GDWD�WR�EH�DFFXUDWHO\�TXDQWLILHG��1HYHUWKHOHVV��VXFK�
PHDVXUHPHQWV�DUH�HVVHQWLDO�ERWK�IRU�PDWKHPDWLFDO�PRGHOLQJ�RI�JHQH�LQWHUDFWLRQV�DQG�IRU�
XQGHUVWDQGLQJ�LQFUHDVLQJO\�FRPSOH[�GHYHORSPHQW�V\VWHPV�´
�
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Thank you again for sending us your revised manuscript. We are now satisfied with the 
modifications made and I am pleased to inform you that your paper has been accepted for 
publication.  
 
With regard to the datasets, we would be grateful if you could supply the following:  
- for each measured embryo, the individual raw and processed dorsal expression profiles, as well as 
the measured depth of the membrane furrow canal and the resulting inferred developmental time. 
These values can be provided either in a single combined table (tab delimited, csv or Excel) or in 
two tables--one for the raw data and one for the processed profiles.  
- a table (tab delimited, csv or Excel) that provides the calibration curve for the time-dependent 
furrow depth.  
- a zip files that contains the full set of images (with labels that allow to link the images to the 
profiles supplied in the file above), provided the entire dataset is *less than 1GB*. Otherwise, we 
would be grateful if you could deposit your data on your website or preferably in one of the general 
data repositories, such as Dryad (datadryad.org) or a suitable alternative.  
- please include a README file that specifies the content of each file. Some additional guidelines 
for 'source data' in tabular format are available here <http://www.nature.com/msb/authors/source-
data.pdf>.  
- please a 'data availability' section to Materials and Methods where these datasets are listed and 
send us the amended text.  
If the files are too large to be shared by email , please use a FTP site or a file sharing service such as 
drive.google.com , www.yousendit.com , dropbox.com.  
 
 
Thank you very much for submitting your work to Molecular Systems Biology.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 




