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ABSTRACT 
 
An emerging hallmark across many human diseases - such as cancer, autoimmune and 
neurodegenerative disorders – is the aberrant transcription of typically silenced repetitive 
elements. Once transcribed they can mimic pathogen-associated molecular patterns and bind 
pattern recognition receptors, thereby engaging the innate immune system and triggering 
inflammation in a process known as “viral mimicry´. Yet how to quantify pathogen mimicry, 
and the degree to which it is shaped by natural selection, remains a gap in our understanding 
of both genome evolution and the immunological basis of disease. Here we propose a 
theoretical framework that combines recent biological observations with statistical physics 
and population genetics to quantify the selective forces on virus-like features generated by 
repeats and integrate these forces into predictive evolutionary models. We establish that 
many repeat families have evolutionarily maintained specific classes of viral mimicry. We 
show that for HSATII and intact LINE-1 selective forces maintain CpG motifs, while for a set of 
SINE and LINE elements the formation of long double-stranded RNA is more prevalent than 
expected from a neutral evolutionary model. We validate our models by showing predicted 
immunostimulatory inverted SINE elements bind the MDA5 receptor under conditions of 
epigenetic dysregulation and that they are disproportionately present during intron retention 
when RNA splicing is pharmacologically inhibited. We conclude viral mimicry is a general 
evolutionary mechanism whereby genomes co-opt features generated by repetitive 
sequences to trigger the immune system, acting as a quality control system to flag genome 
dysregulation. We demonstrate these evolutionary principles can be learned and applied to 
predictive models. Our work therefore serves as a resource to identify repeats with candidate 
immunostimulatory features and leverage them therapeutically. 
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MAIN TEXT 
 
The ability to predict the presence of patterns sensed by the innate immune system is of considerable 
theoretical and practical interest1. For instance, mathematical models of the evolution of human H1N1 
influenza since the 1918 pandemic showed an attenuation of CpG motifs, leading to the prediction 
such motifs are targeted by pattern recognition receptors (PRRs)2,3, and trigger pro-inflammatory 
responses. It was subsequently discovered that the protein ZAP (ZC3HAV1) is a PRR targeting CpG 
motifs, indicating inferences drawn from genome evolution can predict new receptor specificities 
relevant to emerging and adapting viruses4,5, including SARS-CoV-26. It has been more difficult to 
predict PRR specificities from structure prediction. There are multiple receptors known to recognize 
long and short double stranded RNAs (dsRNAs). For example, MDA-5 (IFIH1I) recognizes long 
dsRNA segments present during RNA virus replication and TLR-3 recognizes shorter segments, on 
the order of tens of base pairs7. Surprisingly, it recently became clear that repetitive elements, which 
represent most of the human genome and may derive from integrated viruses, can diVSla\ ³QRQ-self" 
pathogen-associated molecular patterns (PAMPs). Under aberrant conditions such as in cancer8, 
repeats are frequently overexpressed, where they may display PAMPs, such as anomalous CpG 
content and dsRNA9-14. Consistently, a growing body of literature has demonstrated the aberrant 
expression of immunostimulatory repeats across an array of human diseases, such as in aging15 and 
autoimmunity16, iPSl\iQg ³YiUal PiPicU\´ Pa\ be a fundamental feature of inflammatory diseases. 
Moreover, viral mimicry can be leveraged therapeutically: the expression of immunostimulatory 
repeats is inducible by epigenetic drugs, leading to the triggering of innate sensors and induction of 
an interferon response10-14.  
 
Several fundamental questions remain, such as which human sensors can be activated by which 
repeats, if viral mimicry serves a functional role in the genome as an evolved checkpoint for loss of 
epigenetic regulation or genome fidelity, and whether tumors and pathogens have learned to 
manipulate mimicry to their own selective advantage17,18. In one evolutionary scenario, repeats which 
form features in somatically silenced, low-complexity regions can create PAMPs that offer a fitness 
advantage to cells due to their ability to trigger PRRs under epigenetic stress, eliminating 
dysregulated cells and maintaining tissue homeostasis17,18. Such features would then be maintained 
by natural selection. Alternatively, in a neutral scenario, it may be that high RNA concentration 
resulting from dysregulation can engage PAMPs non-specifically, and their sensing is a convenient 
byproduct of dysregulation rather than selection acting on specific sequence features. Discriminating 
between these scenarios is key to understanding how non-self mimicry by the self-genome has 
evolved, and how it can be leveraged for emerging therapies and honed for existing ones. There is 
therefore a pressing need for new approaches to quantify the presence of viral mimics, infer 
parameters defining their immunological features, and quantify their evolutionary dynamics in this 
reduced feature space. We propose a theoretical approach to quantifying immunostimulatory nucleic-
acid motifs and double-stranded structures under selection, and present two models for describing 
the evolutionary dynamics of an immunological feature generated by repeats. In doing so we define 
specific categories of repeat families that most likely were retained by natural selection to trigger 
specific receptors of the innate immune system under aberrant conditions. 
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Inference and evolutionary dynamics of immunostimulatory features 
We generalize the framework of selective and entropic forces to infer anomalous sequence features3. 
In our approach, genome segments, subject to constraints such as local nucleic acid content, are 
randomized by entropic forces to resemble, on average, self-genomic material and are ordered by 
selective forces acting on sequence features to oppose such randomization. Rather than using p-
values to compare the strength of avoidance or enhancement of a certain candidate 
immunostimulatory feature, the ³selective force´ is an intensive parameter that can be readily 
compared between sequences and is easily interpretable as the information theoretic cost of avoiding 
or enhancing specific features in a sequence. To calculate selective forces, one uses exact transfer 
matrix methods from statistical physics which, unlike previous approaches2, are computationally 
efficient (scaling with the length of the sequence) and facilitate the analysis of longer sequences and 
large databases. We calculate the degree to which any sequence displays a feature bias (as defined 
in Methods). To apply this formalism to the evolutionary dynamics of immunostimulatory features, we 
use this parameter for two approaches to study the population genetics of immunostimulatory 
features in an ensemble of genome sequences.  
 
The first approach uses relaxation dynamics for the evolution of repeats in the genome. In this 
formalism, a new repeat with a force on an immunostimulatory feature will evolve until its force value 
reaches an equilibrium determined by the specificity of PRRs in its host. For an analogy, the 1918 
H1N1 influenza virus had one set of features in its original avian host, and then evolved towards a 
new equilibrium in humans, where PRRs target CpG with greater affinity and therefore exert a greater 
selective force3. The second approach uses a Wright-Fisher (WF) model that considers the evolution 
of the probability of a sequence with given immunostimulatory feature content19. While relaxation 
dynamics was applied to the evolution of dinucleotides motifs under selective pressure in viral 
genomes3, here we connect selective forces to intrinsic molecular mutational processes in human 
genomes by use of population genetics (Methods). We implement the WF model numerically and 
evolve, assuming haploid reproduction of sequences, a set of sequences according to a neutral 
mutation model without a selection term to provide a null model of repeat evolution in the human 
genome. For each simulation step, we pick a random base for each sequence in the ensemble and 
mutate it to a randomly chosen different base with a given probability. We consider different possible 
mutation probabilities depending on the type of base being mutated into, as well as on the local 
nucleotide context. Additionally, in vertebrates and plants, mutations in CpG context are known to be 
more common due to methylation induced hypermutability20. Hence, we use different ratios of 
mutation rates corresponding to nucleotide transitions and transversions in a CpG context and to 
transitions and transversion in non-CpG context20. We calculated the dinucleotide distribution 
stationary value, obtained as the stationary vector of the stochastic matrix with entries corresponding 
to probabilities of mutating from one dinucleotide to another dinucleotide (see Methods and Table 1).  

Landscape of repeats with selective forces on CpG dinucleotides  
A repetitive element is primarily defined by the presence of multiple copies (inserts) of its sequence. 
We compare the evolution of dinucleotide motifs (quantified by calculating the selective force, 𝑥𝑠, on 
a dinucleotide motif, 𝑠, as defined in Methods) between the original consensus sequence, 
representing the sequence most likely to be close to the founding ancestral insertion, and its 
subsequent copies in the genome (Fig. 1). We analyzed all repeat families annotated in the DFAM 
database and calculated the dinucleotide forces for their consensus sequences as well the mean 
force on all inserts from a given family21, finding outliers such as a set of Alu repeats and HSATII, the 
later consistent with previous results9 (Fig. 1). The greatest differences between the forces on 
dinucleotides for a consensus sequence and its subsequent inserts were observed for CpG (Fig. 1A). 
For all other dinucleotides, the force change with respect to the consensus is approximately 0, as 
illustrated in Supplementary Figure 1. Typically, CpG content in the human genome is highly 
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underrepresented (Extended Data Fig. 1) and CpG sites mutate at a much faster rate than the rest 
of the genome due to their aforementioned hypermutability20,22-23. As a result, understanding whether 
the CpG content of a repeat has ³Uela[ed" WR a W\Sical leYel RU is held fixed by selection can indicate 
whether a repeat transcript can be recognized by a PRR that senses CpG motifs. We evaluated the 
mean force for all other annotated repeats longer than 150 bases. We plot the mean difference in 
CpG force per repeat family versus the CpG force of the consensus ancestral insert (Fig. 1B). 
Consistently, we see that families where the selective force on CpG dinucleotides for the progenitor 
insert was greater than í1.9 haYe decUeaVed Wheir force to this value, while those less than í1.9 haYe 
increased their value. We therefore establish a genome-wide equilibrium in line with equilibria 
observed for human adapted viruses such as influenza and SARS-CoV-22,2,6. If a repeat is not subject 
to selection, one would expect its insertion to evolve according to a WF model with respective 
mutation rates for transitions and transversions. This approach has been used in several sequence 
evolution models to explain lower CpG content in vertebrate genomes24-26. However, CpG motifs are 
also functional. Methylation of CpGs in DNA is an important regulator of gene expression27,28, and 
CpG-rich RNA can have immunostimulatory properties9. Therefore, one could expect selection to act 
against depletion of functional CpG motifs, as observed in CpG islands located in gene promoters of 
vertebrates29. Indeed, most repeat families show relaxation to the mean genome force expected from 
the neutral model, further implying HSATII and Alu repeats may be specifically under selection to 
trigger PRRs (Fig. 1C).  
 
As LINE-1 elements have the most copies in the genome, they are most amenable to our approach. 
They are estimated to constitute about 20% of human genome30. Here we only consider full-length 
inserts, as annotated in L1Base2, and contrast those designated as fully intact (denoted FLI), from 
those full-length sequences designated as non-intact (FLnI)31. Fully functional LINE-1 DNA 
sequences are regulated by promoter hyper-methylation, which occurs at CpGs, to inhibit their 
transcription32. Indeed, we find FLI LINE-1 have higher CpG content than FLnI (Fig. 2A). We 
calculated the mean Kimura distance33 to all FLI sequences for each of the FLnI sequences as proxy 
for time since insertion, finding that as a LINE-1 genome insertion ceases to contain an intact copy, 
its CpG content decays to the genome mean in a predictable way (Fig. 2B), reaching a plateau of -
2.0, within the margin of error for the equilibrium of -1.9. We would expect the most recent inserts into 
the human genome to not have equilibrated. It is important to identify all such cases because the 
families that have not saturated are candidates for viral mimicry such as, for example, when 
overexpressed in tumors8,35-37. The clearest instance is HSATII. The evolutionary dynamics of the 
force relaxation fit for HSATII (Fig. 2B) corresponds to saturation at force approximately eTXal WR í0.4, 
well above the equilibrium distribution given by the WF model simulations (Fig. 2B, green line), 
implying its ability to stimulate PRRs is maintained by selection. Other outliers comprise repeat 
families that are still close in age to the original CpG-rich insert or families whose CpG force is 
decreased at lower rate than observed for other repeat families, implying its features are maintained 
by selection. For most of families the data points are scarce and noisy, making a relaxation fit such 
as the one shown for HSATII and LINE-1 difficult. The full genome atlas of CpG-rich repeat families 
is listed in the Supplementary Table 1 and the distribution of anomalous CpG hotspots is show in Fig. 
2C, showing an enhancement in introns and depletion in intergenic regions (Fig. 2D). Most hotspot 
loci have a Kimura distance from the consensus of less than 0.1 and belong to Alu subfamilies, these 
species likely maintain their anomalous sequence features due to being evolutionary young 
compared to the founding member of their repeat family. Other families besides HSATII with higher-
than-average Kimura distance from the consensus larger are MER21, TAR-1, and LTR6B families, 
which may have CpG dinucleotides maintained by selection to trigger PRRs in a dysregulated state.  
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Landscape and evolution of repeats with selective forces on double-stranded RNA formation  
We extend our approach to the evolution of repeats that can trigger PRRs via double-stranded RNA 
(dsRNA) formation. Known dsRNA receptors include TLR-3, RIG-I, and MDA-57. While the detailed 
mechanism of dsRNA motif recognition and receptor activation are still a subject of active research, 
it is generally accepted that TLR-3 is activated by short (approx. 30 bp) endosomal dsRNA and RIG-
I (DDX58) by short (tens of bases) cytoplasmic dsRNA accompanied by a triphoshphate37, while 
MDA-5 recognizes longer cytoplasmic dsRNA38. We study the distribution of double-stranded 
segments in annotated regions in human genome, quantified by the double stranded force, 𝑥ௗ𝑠 
(Methods). It is analogous to forces on dinucleotide motifs, where 𝑥ௗ𝑠 = 0 if, for a given sequence, 
the length of its longest complementary segments corresponds to what one would expect from a 
neutral model of a random sequence with the same nucleotide distribution and length. We quantified 
𝑥ௗ𝑠 for repetitive families as well as ncRNA and mRNA sequences. The histogram of observed 
double-stranded forces is shown in Fig. 3A, along with a histogram of randomly generated sequences 
of different lengths. While the mean value and standard deviation of functional mRNA and ncRNA 
sequences is essentially random, the consensus sequences of repeats contain multiple families with 
long complementary segments, contributing to an increased average 𝑥ௗ𝑠 value (Fig. 3A). Such 
repeats therefore entered the genome with the potential ability to form dsRNA segments and, as with 
CpG motifs, typically lost that ability over time due to mutations. While the general trend is to relax 
the double-stranded force towards zero (Fig. 3B), there are several repeat families with large 𝑥ௗ𝑠 
values, indicating a possible reservoir of double-stranded segments being maintained by selection 
(Fig. 3C, Extended Data Fig. 2A). Many of these families were not detected by the selective force on 
CpG dinucleotides, implying the selective forces on dinucleotides and RNA structures are largely 
independent and detected by distinct PRRs. Several outliers have a high positive 𝑥ௗ𝑠 values, including 
the species Tigger4a and HSMAR (Extended Data Fig. 2B). While they are DNA transposons, we 
found also their RNA transcripts in The Cancer Genome Atlas (TCGA - https://www.cancer.gov/tcga), 
and hence their RNA may still be immunostimulatory when transcribed.  
 
To locate possible sources of double-stranded segments originating from the same transcript, we 
scan the entire genome (HG38 assembly), using a window of transcripts of length 3000bp, 
comparable to typical lengths of long ncRNAs39. We scan these windows for two fully complementary 
segments (through Watson-Crick or wobble base pairs). We quantified the sequence complexity of 
such complementary segments (based on Kolmogorov complexity, as described in Methods), as 
shown in Fig. 3D. The segments close to the low complexity limit typically contain a repeating motif 
of only a few nucleic acids (such as poly(AT)) while the longest segments have higher complexity, 
i,e. the long dsRNA are not exclusively being formed by simple repeats. The longest inserts with high 
complexity correspond to segments that do not overlap with any known insert, annotated gene or 
ncRNA. An atlas of all families of repeats analyzed are summarized in Supplementary Table 2&3. 
 
We specifically explored which specific genome loci, as opposed to consensus repeats, can stimulate 
MDA-5 receptors by forming long dsRNA segments, as their transcription has been implicated as a 
response to genome-wide DNA demethylation10. Using a sliding window of the entire human genome, 
with transcript length of 3000bp, we observed the two 𝑥ௗ𝑠 peaks, a major one close to 0 and a smaller 
around 0.5 (Fig 4A), consistent with the results for consensus repeats found in Fig. 3. We found that 
for the majority (74%) of regions with  𝑥ௗ𝑠 ൐ 0.5 the complementary segments in the 3000 bases long 
regions overlap with known repeats. Greater than 90% of identified complementary segments 
correspond to AluS and AluY, two inserts from Alu families, where a copy has inserted in a positive 
orientation close to one in a negative orientation (inverted-repeat Alus IR-Alus) (Fig 4B). These 
results, based solely on evolutionary analysis using our framework, are strikingly predictive of the 
experimental observations that IR-Alus are the major source of self-RNA that form MDA-5 agonists10. 
To test this hypothesis, we plotted a histogram of the transcripts found experimentally in Ref. 10 to 
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bind MDA-5, both at baseline and after treatment with a DNA demethylating agent (Fig. 4A). Those 
experimentally validated MDA-5 agonist dsRNAs indeed have a clear 𝑥ௗ𝑠 peak at 0.5 (Fig. 4A), 
providing strong experimental support to the predictive power of our evolutionary model and, in turn, 
the hypothesis that evolution selected this feature as an epigenetic checkpoint17,18. The mean length 
of the longest complementary segments found in the dataset with 𝑥ௗ𝑠 > 0.5 is 40 base pairs.  We 
further investigated a subset, consisting of regions that can form 100 base pairs or longer double-
stranded segments. In this subset, only 20% of the complementary segments overlap with known 
annotated repeat segments. Besides the Alu subfamilies (which constitute about 40% of long 
complementary segments that overlap with known inserts), we also identified complementary 
fragments inserted in their positive and negative orientation from the ORF2 open reading frame of 
LINE-1, which is lowly expressed compared to ORF1, the other LINE-1 open reading frame, in human 
cancers.40 

 
In addition, we observed most regions (56.9%) with  𝑥ௗ𝑠 ൐ 0.5 were over-represented at intronic 
regions (Fig 4C). These results are consistent with a recent hypothesis that intronic repeats can form 
dsRNA and induce viral mimicry as a checkpoint against intron retention41,42. We therefore 
hypothesized that predicted repeats with high dsRNA force would be disproportionately present when 
introns are retained as a checkpoint against splicing abnormalities18. To test this hypothesis, we 
analyzed the effects of a class of inhibitors of RNA splicing which induce intron retention and exhibit 
synthetic lethal interactions in cancers with mutations in RNA splicing factors such as SF3B143. We 
examined RNA sequencing data from SF3B inhibitors (including the drugs E7107 and H3B-8800) 
which cause the retention of introns in SF3B1 K700E mutant cells. Consistent with our model, we 
found splicing agents which lead to intron retention over express the high double-stranded force 
intronic repeats we predicted (Fig. 4D-E), simultaneously supporting the evolutionary role of inverted 
SINE elements in guarding against intron retention and the potential ability to manipulate this feature 
using a cancer therapeutic targeting RNA splicing. Consistently, for inhibitors less associated with 
intron retention the effect was either weakened or not present (Extended Data Figs. 3&4). 
 
Finally, we annotated long dsRNA segments formed by bidirectional transcription, which have been 
implicated as potentially forming dsRNA due to their perfect complementarity12. To find plausible 
sources of regions that can be transcribed in both directions, we analyzed available transcription 
datasets from TCGA (Methods), finding multiple regions with long (over hundred base pairs) regions 
that are transcribed bidirectionally, indicating a possible source of antagonists (Extended Data Fig. 
5). We found different inserts of MIR, Alus and LINE-1, i.e., some of the most abundant repeat 
families, to be the most represented among such transcripts. The respective loci for the top 1% 
highest bidirectional transcript counts, along with the number of reads transcribed from either the 
negative or positive strand, are listed in Supplementary Table 4. 
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DISCUSSION 
 
We quantify the evolution of non-self, pathogen-associated patterns, based on competition between 
selective and entropic forces, within repeat families in the human genome. In doing so we find the 
high-copy satellite RNA HSATII is likely under selection to maintain its pathogen-associated CpG 
dinucleotide content and functional LINE-1 inserts maintain higher CpG content than expected. LINE-
1 promoters are controlled at the DNA-level by CpG methylation, and it has an internal, bi-directional 
SURPRWeU WUaQVcUibed ZiWh Whe 5¶-UTR of the RNA44,45, ensuring the promoter co-mobilizes with the 
protein coding regions. HSATII may have a DNA regulatory function as well, as its DNA sequences 
can sequester chromatin regulatory proteins and trigger epigenetic change46. However, at the RNA-
level, CpGs can function evolutionarily as a danger signal to maintain fitness of tissues under 
epigenetic stress for both LINE-1 and HSATII, whose immunostimulatory properties have been 
documented.  
 
Furthermore, we incorporate RNA secondary structure into evolutionary models and identify a 
reservoir of anomalous repeats with likely immunostimulatory dsRNAs. We attempt to exhaustively 
annotate regions where repeats evolutionarily maintain the ability to form long dsRNAs or present 
anomalous CpG motifs, providing an atlas for mapping transcriptomes of cells which exhibit 
stimulation of PRRs so one can identify the potential source of causal immunostimulatory self-
transcripts. As strong validation of our approach, repeats predicted through evolutionary analysis to 
be dsRNA-forming were found to be MDA-5 agonists in a recently published MDA-5 protection assay 
that profiled ligands induced upon response to epigenetic cancer therapy by DNA demethylating 
agents10. The repeats that are induced by epigenetic therapy come from regions of the genome which 
may selectively maintain the ability to form dsRNA, implying the therapeutic condition mimics the 
evolutionary role of these RNA species to safeguard tissue homeostasis by killing dysregulated cells. 
Moreover, we find such repeats disproportionately arise within introns and can be disproportionately 
induced by intron retaining splice-inhibitors43, where they may be localized as a checkpoint against 
intron retention18,41,42. Furthermore, CpG sequences may make intronic repeats better targets for 
RNA-binding proteins ± without such insulation, repetitive elements within the introns of protein-
coding genes could lead to deleterious RNA processing, which is ultimately relieved as the elements 
age by (presumably neutral) mutational decay47,48. 
 
Our work therefore has several implications for how we understand self versus non-self 
discrimination. When one quantifies pathogen-associated features, specific repeats in the genome 
not only display PAMPs capable of stimulating PRRs but, in some instances, seemingly maintain 
such features under selection. For multicellular organisms with a high degree of epigenetic regulation 
and chromosomal organization, this offers an opportunity to maintain stimulatory features to release 
a danger signal when epigenetic control is lost, such as during the release of repeats after p53 
mutations, where immunostimulatory repeats may offer a back-up for p53 functions such as 
senesence12,49. Our work supports the hypothesis that repeats are selected to maintain ³QRQ-Velf´ 
PAMPs to act as sensors for loss of heterochromatin as an epigenetic checkpoint of quality control 
system and avoid genome instability generally17,18. With our framework one may learn how to identify 
which pathogen-associated features the genome maintains, which receptors they ligate, and, thereby, 
learn what pathways the genome has evolved to agonize and when. 
 
Specific genome repeats, such as HSATII and inverted SINE elements have been disproportionately 
implicated in the ability to stimulate non-self detection pathways and we predict that they are 
maintained under natural selection to do so. Each repeat likely engages a different receptor family. 
For CpG motifs the ZAP receptor and TLR7/8 have been implicated, and inverted SINE elements are 
likely detected by long dsRNA sensors such as MDA-5. Decoding viral mimicry by repeats using a 
combination of physically interpretable machine learning and predictive evolutionary models may 
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therefore shed light on the function of genomic ³dark matter´ across disease indications, in a manner 
which may be further exploited therapeutically. For instance, it had been observed that early-stage 
melanoma may manipulate epigenetic regulators to suppress immunostimulatory repeat expression, 
and recent work has shown the possibility of targeting those proteins to reinvigorate the immune 
response50,51. Furthermore, viruses and late-stage tumors may have learned to manipulate viral 
mimicry to their own advantage: Y-RNAs have been implicated in RIG-I sensing during RNA virus 
infection52 and herpesviruses derive a fitness advantage from induction of HSATII, which is also often 
overexpressed in tumors53.  The iPSlicaWiRQ iV WhaW Ze caQ leaUQ a ³UeSeaW cRde´ Rf Velf-agonists within 
our genome held by selection to stimulate receptors under specific circumstances. We provide both 
an annotated atlas of predicted repeats under selection (Supplementary Tables) and software for 
building predictive models for this purpose. The lack of unbiased sequencing of repeats, which can 
easily be missed in RNA sequencing that focuses only on mRNA or in whole exome or short read 
whole genome DNA sequencing, is therefore a critical bottleneck. Once decoded we can better 
understand the evolution of these surprisingly non-self features encoded within families of repeats in 
our genome.  
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FIGURE LEGENDS 
 
Figure 1|Landscape of forces on CpG dinucleotides in the genome. A, Histogram of changes in 
the force on CpG motifs across all repetitive elements in the human genome. B, Change in the CpG 
force as a function of the force on the original (consensus) repeat insert over its evolutionary history. 
Each point represents a family of repetitive elements, along with a linear fit. All repeats whose 
consensus is above the mean force on CpG diQXcleRWideV (í1.9) haYe decUeaVed WheiU CSG cRQWeQW. 
Alu repeats (green) and HSATII (red) are highlighted as exceptions to the general trend. C, The mean 
CpG force of all inserts in a repeat family as a function of the Kimura distance from the consensus 
sequence for each family. 
 
Figure 2|The evolution of CpG dinucleotides for LINE-1 and HSATII repeats. A, Scatter plot of 
forces on CpG and UpA dinucleotides for LINE-1 functional (red) and non-functional (blue) elements 
in the human genome. The white ellipse corresponds to one standard deviation distance (in the 
principal axes directions along CpG and UpA forces) from the mean for the CpG and UpA forces on 
FLI and FLnI LINE-1 inserts respectively. B, Force on CpG motif for FLnI inserts of LINE-1 and HSAT-
II in human genome as a function of average distance from the intact FLI sequences (for LINE-1) or 
the distance from the consensus sequence (for HSAT-II, marked with a red diamond). The force 
relaxation evolutionary model fit is shown for both sequence families. C, Calculated forces acting on 
CpG motifs for all inserts from the DFAM database in the human genome. The segments with no 
inserts present are colored in grey, and the colorbar shows colors assigned to selected force values. 
The length of the colored segment in the plot is proportional to the length of the sequence of the 
iQVeUW. The PeaQ CSG fRUceV acWiQg RQ all PRNAV iQ hXPaQ geQRPe iV í1.1, cRUUeVSRQdiQg WR ZhiWe 
in color code of the heatmap. D, Distribution of genomic regions containing repeats with high CpG 
force greater than one standard deviation from the mean, illustrating an over-representation of 
repeats from intronic regions, and a depletion from intergenic regions. 
 
Figure 3| Double-stranded forces in the human genome. A, Histogram of dsRNA force calculated 
for the following human genome transcripts: mRNA coding sequences (blue), non-coding RNAs 
(green), inserts (red), consensus sequences of repeats (cyan), and sequences obtained by randomly 
reshuffling mRNA coding sequences (violet). B, Mean of double-stranded force calculated for each 
family of repeats as a function of the mean Kimura distance of all inserts for a repeat family from the 
consensus sequence. The red curve corresponds to mean value (and standard deviation from it) for 
all families binned into the same distance from consensus. C, Calculated double stranded forces all 
inserts from the DFAM database in the human genome. The segments with no inserts present are 
colored in grey, and the colorbar shows the colors assigned to selected force values. D, Complexity 
of sequences in complementary regions found in the human genome (grey dots) as a function of the 
segment length. The complementary regions that overlap with known repeat element or ncRNA or 
mRNA are highlighted as red dots, and the ones where both regions contain insert of a repetitive 
element from the same family are highlighted in red. The dashed lines correspond to the complexity 
of a completely random sequence (top line) and trivial region consisting of a single nucleotide 
(bottom). Complexity of both complementary segments are similar, so we only include the complexity 
of one of the complementary transcripts.  
 
Figure 4|Classes and genomics origins of repeats with large double-stranded forces. A, The 
double-stranded force histograms in human genome (sliding window with transcript of length of 3000) 
and compared to MDA-5 binding RNA transcripts. B, Distribution of classes of repeats from the peak 
of large double-stranded forces in (B) illustrating an over-representation of repeats emanating from 
SINE elements. C, Distribution of genomic regions containing repeats with high double-stranded 
forces, illustrating an over-representation of repeats from intronic regions. D, Volcano plot of SINE 
element expression of elements with double stranded force greater than 0.5 in SF3B inhibitor (H3B-
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8800) versus control (DMSO) treated SF3B1 K700E mutant K562 cell lines. E, Distribution of genomic 
regions containing expressed repeats with high double-stranded forces and fold-change of greater 
than 0.5 in H3B-8800 versus DMSO treated SF3B1 K700E mutant K562 cell line. Double-stranded 
SINE elements from intronic regions are over-represented. 
 
EXTENDED DATA FIGURE LEGENDS 
 
Extended Data Figure 1|Dinucleotide distribution in human genome. Counts of dinucleotides 
across the human genome (HG38 genome assembly). 
 
Extended Data Figure 2| A, The mean of maximum lengths in a secondary structure in a single-
stranded RNA sequence (green line) and the mean maximum length of complementary segments 
(blue line), along with respective fits of Eq. 12 from Methods. B, Double-stranded force on repeat 
family Tigger4a. The force relaxation evolutionary model fit shows the relaxation of the inserts 
compared to the relaxation simulated by neutral Wright-Fisher model.  
 
Extended Data Figure 3| The genomic distribution of regions which under-represent dsRNA 
sequences in the human genome. Only exons were shown to significantly under-represent dsRNA 
formation. 
 
Extended Data Figure 4| A, Volcano plot of SINE element expression between DMSO treated 
SF3B1 K700E mutant and wild-type in K562 cell lines. B, Volcano plot of SINE element expression 
between H3B-8800 and DMSO treated SF3B1 wild-type K562 cell lines. C, Volcano plot of SINE 
element expression between H3B-8800 treated SF3B1 mutant & wild-type in K562 cell lines. D, 
Volcano plot of SINE element expression between H3B-8800 and DMSO treated SF3B1 K700E in 
Nalm6 cell lines. E, Volcano plot of SINE element expression between E7107 and DMSO treated 
SF3B1-K700 in Nalm6 cell lines. 
 
Extended Data Figure 5| A, The distribution of lengths of bidirectional transcripts identified in TCGA. 
B, Scatter plot of maximum length of complementary segments in a single transcript vs the number 
of occurrences of such transcript in respective TCGA datasets. We only considered transcripts that 
come from genome regions of length 3000 that have double-stranded RNA force larger than 0.5. Only 
transcripts with one or more occurrences are shown.  
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Figure 1|Landscape of forces on CpG dinucleotides in the genome. A, Histogram of changes in the force on CpG
motifs across all repetitive elements in the human genome. B, Change in the CpG force as a function of the force
on the original (consensus) repeat insert over its evolutionary history. Each point represents a family of repetitive
elements, along with a linear fit. All repeats whose consensus is above the mean force on CpG dinucleotides
(−1.9) have decreased their CpG content. Alu repeats (green) and HSATII (red) are highlighted as exceptions to the
general trend. C, The mean CpG force of all inserts in a repeat family as a function of the Kimura distance from the
consensus sequence for each family.
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Figure 2|The evolution of CpG dinucleotides for LINE-1 and HSATII repeats. A, Scatter plot of forces on CpG and
UpA dinucleotides for LINE-1 functional (red) and non-functional (blue) elements in the human genome. The
white ellipse corresponds to one standard deviation distance (in the principal axes directions along CpG and UpA
forces) from the mean for the CpG and UpA forces on FLI and FLnI LINE-1 inserts respectively. B, Force on CpG
motif for FLnI inserts of LINE-1 and HSAT-II in human genome as a function of average distance from the intact
FLI sequences (for LINE-1) or the distance from the consensus sequence (for HSAT-II, marked with a red
diamond). The force relaxation evolutionary model fit is shown for both sequence families. C, Calculated forces
acting on CpG motifs for all inserts from the DFAM database in the human genome. The segments with no
inserts present are colored in grey, and the colorbar shows colors assigned to selected force values. The length
of the colored segment in the plot is proportional to the length of the sequence of the insert. The mean CpG
forces acting on all mRNAs in human genome is −1.1, corresponding to white in color code of the heatmap. D,
Distribution of genomic regions containing repeats with high CpG force greater than one standard deviation
from the mean, illustrating an over-representation of repeats from intronic regions, and a depletion from
intergenic regions.
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Figure 3| Double-stranded forces in the human genome. A, Histogram of dsRNA force calculated for
the following human genome transcripts: mRNA coding sequences (blue), non-coding RNAs (green),
inserts (red), consensus sequences of repeats (cyan), and sequences obtained by randomly reshuffling
mRNA coding sequences (violet). B,Mean of double-stranded force calculated for each family of repeats
as a function of the mean Kimura distance of all inserts for a repeat family from the consensus
sequence. The red curve corresponds to mean value (and standard deviation from it) for all families
binned into the same distance from consensus. C, Calculated double stranded forces all inserts from the
DFAM database in the human genome. The segments with no inserts present are colored in grey, and
the colorbar shows the colors assigned to selected force values. D, Complexity of sequences in
complementary regions found in the human genome (grey dots) as a function of the segment length.
The complementary regions that overlap with known repeat element or ncRNA or mRNA are highlighted
as red dots, and the ones where both regions contain insert of a repetitive element from the same
family are highlighted in red. The dashed lines correspond to the complexity of a completely random
sequence (top line) and trivial region consisting of a single nucleotide (bottom). Complexity of both
complementary segments are similar, so we only include the complexity of one of the complementary
transcripts.
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Figure 4|Classes and genomics origins of repeats with large double-stranded forces. A, The double-
stranded force histograms in human genome (sliding window with transcript of length of 3000) and
compared to MDA-5 binding RNA transcripts. B, Distribution of classes of repeats from the peak of large
double-stranded forces in (B) illustrating an over-representation of repeats emanating from SINE
elements. C, Distribution of genomic regions containing repeats with high double-stranded forces,
illustrating an over-representation of repeats from intronic regions. D, Volcano plot of SINE element
expression of elements with double stranded force greater than 0.5 in H3B-8800 versus DMSO treated
SF3B1-K700 mutant K562 cell lines. E, Distribution of genomic regions containing expressed repeats
with high double-stranded forces and fold-change of greater than 0.5 in H3B-8800 versus DMSO treated
SF3B1-K700 mutant K562 cell line. Double-stranded SINE elements from intronic regions are over-
represented.
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Extended Data Figure 1|Dinucleotide distribution in human genome. Counts of dinucleotides across the human
genome (HG38 genome assembly).
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Extended Data Figure 2| A, The mean of maximum lengths in a secondary structure in a single-stranded RNA
sequence (green line) and the mean maximum length of complementary segments (blue line), along with
respective fits of Eq. 12 from Methods. B, Double-stranded force on repeat family Tigger4a. The force relaxation
evolutionary model fit shows the relaxation of the inserts compared to the relaxation simulated by neutral
Wright-Fisher model.

Figure S2: The mean of maximum lengths in a secondary structure in a single-stranded RNA sequence (green

line) and the mean maximum length of complementary segments (blue line), along with respective fits of Eq. 12

from Methods.
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Extended Data Figure 3| The genomic distribution of regions which under-represent dsRNA
sequences in the human genome. Only exons were shown to significantly under-represent
dsRNA formation.
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Extended Data Figure 4| A, Volcano plot of SINE element expression between DMSO treated SF3B1-K700 mutant
and wild-type in K562 cell lines. B, Volcano plot of SINE element expression between H3B-8800 and DMSO
treated wild-type K562 cell lines. C, Volcano plot of SINE element expression between H3B-8800 treated SF3B1
mutant & wild-type in K562 cell lines. D, Volcano plot of SINE element expression between H3B-8800 and DMSO
treated SF3B1-K700 in Nalm6 cell lines. E, Volcano plot of SINE element expression between E7107 and DMSO
treated SF3B1-K700 in Nalm6 cell lines.
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Extended Data Figure 5| A, The distribution of lengths of bidirectional transcripts identified in TCGA. B,
Scatter plot of maximum length of complementary segments in a single transcript vs the number of
occurrences of such transcript in respective TCGA datasets. We only considered transcripts that come from
genome regions of length 3000 that have double-stranded RNA force larger than 0.5. Only transcripts with
one or more occurrences are shown.
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0HWKRGV

4XDQWLILFDWLRQ RI VHTXHQFH FRQVWUDLQWV

:H TXDQWLI\ WKH VHTXHQFH FRQVWUDLQWV DV D SDUDPHWHU �IRUFH� xs DFWLQJ RQ D SDUWLFXODU VHTXHQFH
PRWLIm� ZKLFK FDQ EH IRU LQVWDQFH &S* LQ D '1$ RU 51$ VHTXHQFH� EXW LW FRXOG DOVR FRUUHVSRQG WR
ORQJHU PRWLIV �VXFK DV FRGRQV IRU H[DPSOH�� 8VLQJ WKH PD[LPXP HQWURS\ SULQFLSOH� WKH SUREDELOLW\
RI RFFXUUHQFH RI VHTXHQFH σ ZLWK Nm

σ PRWLIV LV

P (σ|xs) =
1

Z(xs)

L∏

i=1

f (cσi ) H[S (xsNm
σ ) ���

ZKHUH DQG f (cσi ) LV WKH SUREDELOLW\ RI ILQGLQJ QXFOHRWLGH c RQ i�WK SRVLWLRQ LQ WKH VHTXHQFH� ,Q WKH
FDVH RI VHTXHQFHV FRQVLGHUHG KHUH� ZH XVH IUHTXHQF\ RI D JLYHQ QXFOHRWLGH �$� &� *� 8� �L�H� WKH
QXPEHU RI RFFXUUHQFHV GLYLGHG E\ VHTXHQFH OHQJWK� IRU D JLYHQ VHTXHQFH σ WR REWDLQ WKH HVWLPDWHV
RI f � Z(xs) LV WKH QRUPDOL]DWLRQ IDFWRU

Z(xs) =
∑

τ

L∏

i=1

f (cσi ) H[S (xsNm
τ ) ���

ZKHUH WKH VXP LV FDUULHG RXW RYHU DOO SRVVLEOH VHTXHQFHV τ RI WKH VDPH OHQJWK DV VHTXHQFH σ�

)RU LQVWDQFH� LQ WKH FDVH RI WKH UHVSHFWLYH VHTXHQFHV RI /,1(�� DQG +6$7,, HOHPHQWV FRQVLGHUHG
LQ WKLV ZRUN� WKH UHVSHFWLYH IUHTXHQFLHV f FRUUHVSRQG WR WKH QXPEHU RI RFFXUUHQFH RI D JLYHQ
QXFOHRWLGH �$�&�* RU 8� LQ WKH VHTXHQFH GLYLGHG E\ WKH VHTXHQFH OHQJWK� )RUFH xs DVVRFLDWHG ZLWK
D JLYHQ PRWLI m �VXFK DV &S*� LV WKHQ REWDLQHG VR WKDW WKH QXPEHU RI RFFXUUHQFHV RI WKH PRWLI�
Nm� VDWLVILHV

Nm
σ =

∑

τ

P (σ|xs)Nm
τ =

∂ ORJZ(xs)

∂xs
. ���

$ 1HZWRQ�PHWKRG EDVHG DOJRULWKP WR HIILFLHQWO\ �∼ O(L2)� FDOFXODWH xs VXFK WKDW ��� LV VDWLVILHG
ZDV GHULYHG LQ >�@� 1RWH WKH SRVLWLYH YDOXH RI IRUFH xs VLJQLILHV WKDW DVVRFLDWHG PRWLI LV HQULFKHG
FRPSDUHG WR ZKDW ZRXOG EH H[SHFWHG IURP D UDQGRP VHTXHQFH ZLWK JLYHQ IUHTXHQFLHV RI QX�
FOHRWLGHV� DQG YLFH YHUVD IRU D QHJDWLYH YDOXH� ,Q WKLV ZRUN� ZH XVH x&S* WR GHQRWH WKH YDOXH RI
IRUFH xs IRU &S* GLQXFOHRWLGHV�

(YROXWLRQDU\ G\QDPLFV RI D VHTXHQFH PRWLI ZLWK IRUFH UHOD[DWLRQ IRUPDOLVP

,W LV SRVVLEOH WR KDUQHVV WKH IRUPDOLVP GHYHORSHG LQ ��� � ��� WR VWXG\ WKH HYROXWLRQDU\ G\QDPLFV
RI QXPEHU RI PRWLIV Nm� DV LW DSSURDFKHV WKH VWHDG\ VWDWH �HTXLOLEULXP� YDOXH Nm

DYJ� :H DVVXPH
WKDW WKH VHTXHQFH LV HYROYLQJ XQGHU DFWLRQ RI WZR FRPSHWLQJ HIIHFWV� D VHOHFWLYH IRUFH xmHT DQG DQ
¶HQWURSLF IRUFH¶ xs�

xs(N
m) =

∂S

∂Nm
=

∂S(xs)

∂xs

∂xs
∂Nm

���

ZKHUH S LV WKH HQWURS\ �XVLQJ P IURP �����

S(xs) = −
∑

τ

P (τ |xs) ORJP (τ |xs) . ���

7KH YDOXH RI xs WKDW PD[LPL]HV HQWURS\ S FRUUHVSRQGV WR WKH PRVW OLNHO\ VHTXHQFH DQG FRUUH�
VSRQGLQJ QXPEHU RI PRWLIV Nm WKDW RQH ZRXOG REWDLQ JLYHQ WKH UHVSHFWLYH IUHTXHQFLHV f IRU D
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VHTXHQFH RI OHQJWK L� +RZHYHU� WKHUH LV DOVR D VHOHFWLRQ SUHVVXUH DFWLQJ RQ D PRWLI m� VSHFLILHG
E\ D JLYHQ YDOXH xmeq� IRU D SRVLWLYH YDOXH WKH PRWLI LV XQGHU D SRVLWLYH VHOHFWLRQ� DQG IRU D QHJDWLYH
YDOXH WKH PRWLI LV XQGHU QHJDWLYH VHOHFWLRQ�

7KH VHTXHQFH XQGHUJRHV PXWDWLRQV� ZKLFK FDXVH FKDQJHV LQ WKH QXPEHU RI PRWLIV �DQG KHQFH
DVVRFLDWHG YDOXH RI xs�� 7R PRGHO WKH HYROXWLRQDU\ G\QDPLFV RI WKH VHTXHQFHV� ZH DVVXPH WKH
QXPEHU RI PRWLIV �Nm� HYROYHV DFFRUGLQJ WR WKH UHOD[DWLRQ G\QDPLFV JLYHQ E\

τ
dNm(t)

dt
= −xs (N

m(t)) + xmHT, ���

ZKHUH τ VHWV WKH WLPHVFDOH� 7KH QXPEHU RI PRWLIV UHDFKHV LWV VWDWLRQDU\ �HTXLOLEULXP� YDOXH ZKHQ
xs = xmHT� ,W LV FRQYHQLHQW WR H[SUHVV ��� DV

τ
Gxs
Gt

= −
(
−xs(t) + xmHT

)
YDU (xs|Nm) , ���

ZKHUH YDU (xs|Nm) LV WKH YDULDQFH RI xs IRU D JLYHQ Nm�

,I ZH FDQ H[SUHVV YDU (xs|Nm) DV D IXQFWLRQ RI xs� LW LV SRVVLEOH WR REWDLQ D VROXWLRQ RI ��� WKDW
FDQ WKHQ EH ILWWHG WR WKH GDWDVHW ZLWK WLPHVFDOH τ � WKXV SURYLGLQJ WKH DSSUR[LPDWLRQ RI UHOD[DWLRQ
G\QDPLFV� DORQJ ZLWK WKH HVWLPDWH RI WKH WLPH LW ZLOO WDNH WR xs(t) �DQG KHQFH WKH QXPEHU RI WKH
FRUUHVSRQGLQJ VHTXHQFH PRWLI m � WR UHDFK LWV HTXLOLEULXP YDOXH� )RU WKH FDVH RI +6$7,, DQG
/,1(�� ZH ILW WKH YDU (xs|Nm) DV D TXDGUDWLF IXQFWLRQ RI xs�

4XDQWLILFDWLRQ RI GRXEOH�VWUDQGHG 51$ FRQWHQW

)ROORZLQJ�XS RQ WKH TXDQWLILFDWLRQ RI GLQXFOHRWLGH FRQWHQW� ZH GHYHORS DQ DQDORJRXV IUDPHZRUN IRU
TXDQWLILFDWLRQ RI WKH OHQJWK RI GXSOH[ VWUDQGV� :H DVVXPH ZH DUH JLYHQ D VHTXHQFH s RI OHQJWK L�
:H GHILQH IUHTXHQF\ LQ WKH VHTXHQFH f(c) IRU HDFK QXFOHRWLGH W\SH c �$�&�* RU 8� LQ WKH VHTXHQFH�
,I ZH GLYLGH VHTXHQFH LQWR N VHJPHQWV RI PD[LPXP OHQJWK K �N = L/K�� WKHQ WKH SUREDELOLW\
WKDW WZR JLYHQ RI OHQJWK K VHJPHQWV DUH IXOO\ FRPSOHPHQWDU\ �L�H� WKDW WKH\ FDQ IRUP . EDVH SDLUV
ORQJ GXSOH[ UHJLRQ� LV

p1 = (exGVα)K , ���

ZKHUH α LV WKH SUREDELOLW\ WKDW UDQGRPO\ FKRVHQ SDLU RI WZR QXFOHRWLGHV FDQ IRUP D EDVH SDLU

α =
∑

〈cc∗〉

f (c) f (c∗) , ���

ZKHUH WKH VXP LV RYHU DOO SHUPXWDWLRQV FRPSOHPHQWDU\ RI :DWVRQ�&ULFN RU ZREEOH EDVH SDLUV �$�8�
&�*� *�8� ZLWK WKHLU UHVSHFWLYH IUHTXHQFLHV f(c) �α = 0.375 IRU XQLIRUPO\ GLVWULEXWHG QXFOHRWLGHV��
7KH SDUDPHWHU xGV LV DQDORJRXV WR WKH GLQXFOHRWLGH IRUFH LQ (T� ���� DQG FRUUHVSRQGV WR ELDV WKDW
LQFUHDVHV �IRU SRVLWLYH xGV� RU GHFUHDVHV �xGV < 0 � WKH W\SLFDO OHQJWK RI GRXEOH�VWUDQGHG UHJLRQ
LQ WKH VHTXHQFH ZLWK UHVSHFW WR D UDQGRPO\ GUDZQ VHTXHQFH IURP QXFOHRWLGH GLVWULEXWLRQ f(c) �LQ
ZKLFK FDVH xGV = 0�� 7KH SUREDELOLW\ RI KDYLQJ DW OHDVW RQH SDLU RI IXOO\ FRPSOHPHQWDU\ VHJPHQWV
RI OHQJWK K LV

pGV(K) = 1−
(
1− (exGVα)K

)N(N−1)
2

. ����

:H DUH LQWHUHVWHG LQ WKH W\SLFDO OHQJWK RI WKH ORQJHVW VHJPHQW WKDW LV FRPSOHPHQWDU\ LQ WKH HQ�
VHPEOH RI VHTXHQFHV RI OHQJWK L ZLWK JLYHQ GLVWULEXWLRQ RI QXFOHRWLGHV f(c)� :H ORRN IRU K VXFK
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WKDW pGV ≈ 1/2� $VVXPLQJ WKDW K " L DQG αK " 1� ZH REWDLQ IURP (T� ����

K ≈ ORJL
ORJ 1√

exGVα

����

IRU ODUJHU L # K� +HQFH ZH JHW WKH PD[LPXP OHQJWK RI WKH ORQJHVW FRPSOHPHQWDU\ VHJPHQWV RI
WKH HQVHPEOH DV D IXQFWLRQ RI L� α DQG xGV DV

λPD[ ≈
ORJL

ORJ 1√
exGVα

+ c0. ����

:H ILW WKH (T� �� WR D VHW RI PHDQ PD[LPXP OHQJWK RI VHJPHQWV RI UDQGRPO\ JHQHUDWHG 51$
VHTXHQFHV RI OHQJWKV UDQJLQJ XS WR ���� EDVHV �([WHQGHG 'DWD )LJ� �$� DQG REWDLQ c0 = −2.2 DQG
xGV = 0.06� :H DOVR ILW (T� �� WR WKH PHDQ RI PD[LPXP GXSOH[ OHQJWKV LQ D VHFRQGDU\ VWUXFWXUH
�DV REWDLQHG IURP IROGLQJ WKH VHTXHQFHV E\ 9LHQQD51$ WRRO >�@� RI VHW RI UDQGRPO\ JHQHUDWHG
VHTXHQFHV� ZH REWDLQ c0 = −1.7 DQG xGV = −0.11� :H QRWH WKDW WKH YDOXH RI xGV LV VOLJKWO\
VPDOOHU IRU WKH ORQJHVW GRXEOH�VWUDQGHG VHJPHQW LQ WKH IROGHG VHTXHQFH� EHFDXVH WKH ORQJHVW
FRPSOHPHQWDU\ VHJPHQWV ZLOO QRW DOZD\V IRUP D GXSOH[ VHJPHQW �H�J� GXH WR HQWURSLF FRVW RI
EULQJLQJ WKH WZR VHJPHQWV WRJHWKHU�� 7KH ORQJHVW VHJPHQWV LQ IROGHG VHTXHQFHV DUH WKHUHIRUH RQ
DYHUDJH VOLJKWO\ VKRUWHU WKDQ WKH OHQJWKV RI PD[LPXP FRPSOHPHQWDU\ VHJPHQWV�

7KHUHIRUH� IRU D VHTXHQFH RI OHQJWK L ZLWK IUHTXHQFLHV RI EDVHV JLYHQ E\ f(c) DQG ZLWK PD[LPXP
OHQJWK RI FRPSOHPHQWDU\ VHJPHQWV λPD[� ZH REWDLQ xGV IURP(T� ����� WKXV REWDLQLQJ D VLQJOHPHWULF
WR FRPSDUH GLVWULEXWLRQ RI GRXEOH�VWUDQGHG VHJPHQWV DFURVV YDULRXV 51$ VHTXHQFH HQVHPEOHV
DQG IDPLOLHV�

:ULJKW�)LVKHUPRGHO RI SRSXODWLRQ JHQHWLFV IRU WKH HYROXWLRQ RI VHTXHQFHPRWLIV

,Q DGGLWLRQ WR WKH IRUFH UHOD[DWLRQ PRGHO LQWURGXFHG DERYH� ZH SUHVHQW KHUH D GLIIHUHQW DSSURDFK
WR VWXG\ WKH HYROXWLRQ RI QXFOHRWLGH VHTXHQFH PRWLIV EDVHG RQ D :ULJKW�)LVKHU �:)� SRSXODWLRQ
JHQHWLFV PRGHO� ZKLFK DVVXPHV KDSORLG UHSURGXFWLRQ RI VHTXHQFHV� 7KH SUREDELOLW\ GLVWULEXWLRQ RI
DOO VHTXHQFHV HYROYHV LQ WLPH DFFRUGLQJ WR

∂pσ(t)

∂t
=

(
sσ − 〈s〉t

)
pσ(t) +

∑

γ

(pγ(t)Tγ→σ − pσ(t)Tσ→γ) , ����

ZKHUH pσ(t) LV WKH SUREDELOLW\ RI VHTXHQFH σ DW WLPH t� sσ LV D VHOHFWLRQ FRHIILFLHQW WKDW GHSHQGV
RQ WKH QXPEHU RI PRWLIV Nm� ZLWK 〈s〉t DV LWV DYHUDJH YDOXH RYHU WKH SUREDELOLW\ GLVWULEXWLRQ RI DOO
VHTXHQFHV DW WLPH t�

:H LPSOHPHQW WKH :) PRGHO QXPHULFDOO\� DQG HYROYH D VHW RI VHTXHQFHV DFFRUGLQJ WR D QHXWUDO
PXWDWLRQ PRGHO ZLWKRXW D VHOHFWLRQ WHUP WR SURYLGH D QXOO PRGHO RI QHXWUDO VHTXHQFH HYROXWLRQ� :H
HYROYH D SRSXODWLRQ RI VHTXHQFHV �ZKLFK HLWKHU VWDUW DOO HTXDO WR WKH VDPH RQH RU IURP D GLVWULEX�
WLRQ�� )RU HDFK VLPXODWLRQ VWHS� ZH SLFN D UDQGRP EDVH IRU HDFK VHTXHQFH LQ WKH HQVHPEOH� DQG
PXWDWH LW WR UDQGRPO\ FKRVHQ GLIIHUHQW EDVH ZLWK D JLYHQ SUREDELOLW\� :H FRQVLGHU GLIIHUHQW SRVVLEOH
PXWDWLRQ SUREDELOLWLHV GHSHQGLQJ RQ WKH W\SH RI EDVH LW LV PXWDWLQJ LQWR� DV ZHOO DV RQ WKH FRQWH[W
�LGHQWLW\ RI WKH EDVHV LQ WKH QHLJKERUKRRG�� DV WUDQVYHUVLRQ �SXULQH PXWDWLQJ WR S\ULPLGLQH RU YLFH
YHUVD� DQG WUDQVLWLRQ �SXULQH PXWDWLQJ WR SXULQH RU S\ULPLGLQH PXWDWLQJ WR S\ULPLGLQH� VXEVWLWXWLRQV
LQ VHTXHQFHV FDQ KDYH GLIIHUHQW OLNHOLKRRG >�@�
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µ7L&S*�µ7Y&S*�µ7L�µ7Y xHT&S*
��������� −2.2
�������� −2.0
�������� −1.7
������� −0.8
�������� −1.5
�������� −1.7

7DEOH �� 7KH UDWLRV RI GLQXFOHRWLGH PXWDWLRQ UDWHV �WUDQVLWLRQ DQG WUDQVYHUVLRQ ZLWK DQG RXWVLGH RI
&S* FRQWH[W� DQG D FRUUHVSRQGLQJ YDOXH RI HTXLOLEULXP IRUFH RQ WKH &S* GLQXFOHRWLGH

$GGLWLRQDOO\� LQ YHUWHEUDWHV DQG SODQWV� PXWDWLRQV LQ &S* FRQWH[W DUH NQRZQ WR EH PRUH FRPPRQ
GXH WR &S* K\SHUPXWDELOLW\ >�@� +HQFH� IRU WKH PXWDWLRQ UDWHV LQ WKH :)PRGHO LPSOHPHQWDWLRQ� ZH
XVH GLIIHUHQW UDWLRV RI PXWDWLRQ UDWHV µ7L&S*�µ7Y&S*�µ7L�µ7Y �FRUUHVSRQGLQJ WR QXFOHRWLGH WUDQVLWLRQV
DQG WUDQVYHUVLRQV LQ &S* FRQWH[W DQG WR WUDQVLWLRQV DQG WUDQVYHUVLRQ LQ QRQ�&S* FRQWH[W�� ,Q
SDUWLFXODU� ZH FRQVLGHU WKH IROORZLQJ UDWLRV LQWURGXFHG LQ 5HI� >�@ DQG ZKLFK DUH OLVWHG LQ 7DEOH ��
)RU HDFK UDWLR� ZH FRQVWUXFWHG WKH VWRFKDVWLF PDWUL[� ZLWK HQWULHV FRUUHVSRQGLQJ WR SUREDELOLWLHV RI
PXWDWLQJ IURP RQH GLQXFOHRWLGH LQWR DQRWKHU GLQXFOHRWLGH� :H FDOFXODWHG WKH VWDWLRQDU\ GLQXFOHRWLGH
GLVWULEXWRQ IURP WKH VWDWLRQDU\ YHFWRU RI WKLV PDWUL[� IURPZKLFK RQH FDQ FDOFXODWH WKH FRUUHVSRQGLQJ
&S* IRUFH xHT XVLQJ WKH IDFW WKDW WKH IRUFH LV DSSUR[LPDWHO\ HTXDO WR WKH ORJDULWKP RI UHODWLYH
IUHTXHQF\ RI WKH GLQXFOHRWLGH PRWLI x ≈ ORJ(f(&S*)/f(&)f(*)) >�@� 7KH UDWLRV ���������� ��������
DQG �������� SURYLGH WKH FORVHVW DSSUR[LPDWLRQ WR UHOD[DWLRQ WR WKH IRUFH REVHUYHG LQ WKH JHQRPH�
)RU WKH QHXWUDO :ULJKW�)LVKHU PRGHO HYROXWLRQ FRPSDULVRQ RI /,1(�� DQG +6$7,, LQVHUWV LQ )LJXUH
� LQ WKH PDLQ WH[W� ZH XVHG WKH ��������� UDWLR DV LW ZDV FORVHU WR WKH VDWXUDWHG YDOXH RI x&S* RI
WKH /,1(�� HOHPHQWV�

6HTXHQFH HQVHPEOHV

7KH /,1(�� VHTXHQFHV ZHUH REWDLQHG IURP /�%DVH� GDWDEDVH >�@� :H VHSDUDWHO\ GRZQORDGHG
DOO WKH VHTXHQFHV DQQRWDWHG DV IXOO�OHQJWK LQWDFW DQG KHQFH DUH PRUH OLNHO\ WR VWLOO EH DFWLYH �146
IRU KXPDQ JHQRPH DQG 2811 IRU PRXVH JHQRPH�� DQG VHTXHQFHV DQQRWDWHG DV IXOO�OHQJWK QRQ�
LQWDFW �13148 IRU KXPDQ JHQRPH DQG 14076 LQ PRXVH JHQRPH�� :H VHSDUDWHO\ DOLJQHG HDFK RI WKH
QRQ�LQWDFW VHTXHQFHV ZLWK HDFK RI WKH UHVSHFWLYH LQWDFW VHTXHQFHV XVLQJ SDLUZLVH DOLJQPHQW DQG
FDOFXODWHG WKH .LPXUD GLVWDQFH EHWZHHQ WKH VHTXHQFHV >�@� :H WKHQ FDOFXODWH WKH DYHUDJH GLV�
WDQFH IRU HDFK RI WKH QRQ�LQWDFW VHTXHQFHV IURP WKH LQWDFW�VHTXHQFHV� DQG IXUWKHUPRUH FDOFXODWH
WKH QXPEHU RI &S* PRWLIV LQ HDFK VHTXHQFH�

6HTXHQFHV RI DOO LQVHUWV RI +6$7,, DQG DOO RWKHU +XPDQ *HQRPH UHSHWLWLYH HOHPHQWV FRQVLGHUHG LQ
WKLV ZRUN KDYH EHHQ REWDLQHG IURP ')$0 GDWDEDVH >�@ �YHUVLRQ LQWURGXFHG LQ ������ (DFK IDPLO\
RI VHTXHQFHV LQ WKH ')$0 GDWDEDVH FRQWDLQV VHTXHQFHV RI DOO LWV LQVHUWV LQ WKH KXPDQ JHQRPH
DQG WKHLU FRQVHQVXV VHTXHQFH� DV ZHOO DV ZLWK WKH KLGGHQ 0DUNRY &KDLQ 0RGHO �+00� WKDW ZH
XVH WR DOLJQ LQVHUWV ZLWK UHVSHFW WR WKH FRQVHQVXV VHTXHQFH� )RU FRPSDULVRQ RI VHTXHQFHV RI
LQVHUW ZLWK UHVSHFW WR WKHLU FRQVHQVXV VHTXHQFH� ZH RQO\ FRQVLGHU LQVHUWV RI OHQJWK ORQJHU WKDQ
��� EDVHV� 7R TXDQWLI\ WKH GLIIHUHQFH EHWZHHQ WKH LQVHUW VHTXHQFH DQG WKH FRQVHQVXV VHTXHQFH�
ZH XVH WKH .LPXUD GLVWDQFH >�@ EHWZHHQ WKH FRQVHQVXV DQG WKH LQVHUWV�

:H QRWH WKDW ZH XVH WKH .LPXUD GLVWDQFH >�@ IURP WKH FRQVHQVXV VHTXHQFH �IRU LQVHUWV IURP ')$0�
RU IURP DYHUDJH RI DOO IXOO�OHQJWK QRQ�LQWDFW VHTXHQFHV �IRU /,1(��V IURP /�%DVH�� DV D PHDVXUH
RI WLPH� DVVXPLQJ WKDW LW LV SURSRUWLRQDO WR WKH WLPH VLQFH LQVHUWLRQ RI WKH SDUWLFXODU WUDQVSRVDEOH
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HOHPHQW LQWR WKH VSHFLHV JHQRPH� $OO WKH VHTXHQFHV VWXGLHG LQ WKLV ZRUN KDYH EHHQ REWDLQHG IURP
+*�� JHQRPH DVVHPEO\�

6HDUFK RI ORQJ WUDQVFULSWV ZLWK FRPSOHPHQWDU\ UHJLRQV

:H VFDQQHG WKH +*�� JHQRPH DVVHPEO\ IRU RWKHU WHQWDWLYH WUDQVFULSWV WKDW FDQ EH SRVVLEOH VRXUFH
RI ORQJ �ORQJHU WKDQ ��� ES� GXSOH[ IRUPDWLRQ� )RU HDFK ZLQGRZ RI OHQJWK ���� EDVHV �WDNHQ LQ WKH
SRVLWLYH VHQVH RI WKH UHDG�� ZH FDOFXODWH WKH GRXEOH�VWUDQGHG IRUFH E\ H[SUHVVLQJ xGV IURP �����
DQG XVLQJ WKH UHVSHFWLYH QXFOHRWLGH IUHTXHQF\ WR REWDLQ α IURP (T� ���� :H ILQG WKH PD[LPXP
OHQJWK RI FRPSOHPHQWDU\ VHJPHQWV L LQ WKH JLYHQ VHTXHQFH RI OHQJWK N E\ ILOOLQJ DQ N ×N EDVH
FRPSDWLELOLW\ PDWUL[ ZLWK � LI WZR QXFOHRWLGHV FDQ IRUP D EDVH SDLU �HLWKHU E\:DWVRQ�&ULFN RU ZREEOH
EDVH SDLULQJ�� :H WKHQ ILQG WKH ORQJHVW DQWLGLDJRQDO VWUHWFK RI 1V LQ WKH PDWUL[� ZKLFK FRUUHVSRQGV
WR WKH PD[LPXP OHQJWK L RI FRPSOHPHQWDU\ VHJPHQWV�

6HTXHQFH FRPSOH[LW\ TXDQWLILFDWLRQ

:H XVH DQ DSSUR[LPDWLRQ RI .ROPRJRURY FRPSOH[LW\ >��@ WR TXDQWLI\ KRZ ´QRQ�WULYLDO³ DUH WKH FRP�
SOHPHQWDU\ VHJPHQWV� $GRSWLQJ WKH DSSURDFK IURP 5HI� >��@� ZH XVH WKH VL]H �LQ E\WHV� RI WKH
VHTXHQFH FRPSUHVVHG ZLWK J]LS VRIWZDUH DV D SUR[\ RI WKH .ROPRJRURY FRPSOH[LW\� 6LPSOH VH�
TXHQFHV� H�J� SRO\�$7� RU SRO\�&� DQG SRO\�*�� ZLOO KDYH ORZ FRPSOH[LW\� DV WKH\ FDQ EH FRP�
SUHVVHG WR D VPDOOHU VL]H WKDQ D FRPSOHWHO\ UDQGRP VHTXHQFH RI WKH VDPH OHQJWK �ZKLFK ZRXOG
KDYH PD[LPXP FRPSOH[LW\��

7UDQVFULSWRPH $QDO\VLV

$QDO\VLV RI UHSHDWV IURP VSOLFH LQKLELWRUV

5DZ51$VHT GDWD �*6(������ DVVRFLDWHG ZLWK WKH 6HLOHU� HW DO�� ���� VWXG\ >��@ ZHUH GRZQORDGHG
IURP 1&%,� %ULHIO\� UHDGV ZHUH WULPPHG DQG TXDOLW\ FKHFNHG XVLQJ ILUVW DQG WKHQ PDSSHG WR WKH
KXPDQ JHQRPH �KJ��� DQG UHSHWLWLYH HOHPHQWV IURP 5HS%DVH� ,Q TXDOLW\ FKHFN� ,OOXPLQD UHDGV
ZHUH WULPPHG WR UHPRYH 1¶V DQG EDVHV ZLWK TXDOLW\ OHVV WKDQ ��� $IWHU WKDW� WKH TXDOLW\ VFRUHV
RI WKH UHPDLQLQJ EDVHV ZHUH VRUWHG� DQG WKH TXDOLW\ DW WKH ��WK SHUFHQWLOH ZDV FRPSXWHG� 5HDGV
TXDOLW\ OHVV WKDQ �� DW WKH ��WK SHUFHQWLOH RU VKRUWHU WKDQ �� EDVHV ZHUH GLVFDUGHG� 2QO\ SDLUHG
UHDGV WKDW SDVVHG WKH ILOWHULQJ VWHS ZHUH UHWDLQHG� 4XDOLW\ ILOWHUHG UHDGV ZHUH WKHQ PDSSHG XVLQJ
67$5 DOLJQHU DQG DVVLJQHG WR JHQHV �*HQFRGH DQQRWDWLRQ� DQG UHSHDW HOHPHQWV �5HSHDW0DVNHU
DQQRWDWLRQ� XVLQJ IXQFWLRQ RI SDFNDJH XVLQJ WKH H[WHUQDO (QVHPEO DQQRWDWLRQ� 7R FKHFN WKH H[�
SUHVVLRQ GLIIHUHQFH IRU D JLYHQ UHSHDW LQ D ORFXV�VSHFLILF PDQQHU� ZH PRGLILHG WKH 5HSHDW0DVNHU
UHIHUHQFH ILOH DQG FRXQWHG WKH UHDGV WKDW PDSSHG WR UHSHDWV DW GLIIHUHQW ORFXV VHSDUDWHO\�

&RXQWV ILOWHULQJ� QRUPDOL]DWLRQ DQG VWDWLVWLFDO DQDO\VLV

*HQH H[SUHVVLRQ LQ WHUPV RI ORJ��&30 �FRXQWV SHU PLOOLRQ UHDGV� ZDV FRPSXWHG DQG QRUPDOL]HG
DFURVV VDPSOHV XVLQJ WKH 700 �WULPPHG�PHDQ RI 0�YDOXHV� PHWKRG DV LPSOHPHQWHG LQ WKH IXQF�
WLRQ LQ >��@� 7KHVH ORZ�FRXQW YDOXHV �&30 < 2� ZHUH OLNHO\ GXH WR VHTXHQFLQJ HUURUV DQG ZHUH
UHPRYHG EHIRUH FDOFXODWLQJ WKH VL]H IDFWRU IRU HDFK VDPSOH� 7KHQ� ILOWHUHG &30 ZDV ORJ� WUDQV�
IRUPHG DQG XVHG LQ KHDW�PDS YLVXDOL]DWLRQ DQG GRZQVWUHDP VWDWLVWLFDO DQDO\VLV� 2Q WKH KHDWPDS�
JHQHV �URZV� ZHUH VFDOHG E\ ]�VFRUH VFDOLQJ� +HDW PDSV ZHUH JHQHUDWHG E\ WKH 5 VWDWLVWLFDO
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SURJUDPPLQJ SDFNDJH� 'LIIHUHQWLDO H[SUHVVLRQ DQDO\VLV ZDV SHUIRUPHG XVLQJ >��@ EHWZHHQ VSOLF�
LQJ PRGXODWRU +�%����� WUHDWHG 96 '062 WUHDWHG 6)�%��.��� PXWDWHG FHOO OLQH N��� IRU D JLYHQ
ORFXV� 7KH DGMXVWHG S�YDOXH ZDV FDOFXODWHG XVLQJ WKH %HQMDPLQL 	 +RFKEHUJ FRUUHFWLRQ >��@�

(VWLPDWH RI JHQRPH UHJLRQV ZLWK KLJK GRXEOH VWUDQGHG IRUFH

7R HVWLPDWH WKH GV51$ IRUFH IRU D JLYHQ UHSHDW ORFL� ZH LQWHUVHFW HDFK UHSHDW ORFL ZLWK WKH FDO�
FXODWHG �NE JHQRPLF ZLQGRZV WKDW KDYH KLJK GV51$ IRUFHV �> 0.5�� 7KHQ WKH 6WDUW DQG (QG
FRRUGLQDWHV RI WKH FRUUHVSRQGLQJ GV51$ VHTXHQFH SDLUV� ZKLFK RYHUODS ZLWK WKH UHSHDW ORFL WKDW
PDWFK WKH FULWHULD� |ORJ�)&(WUHDWHG/XQWUHDWHG)| > 0.5 DQG )'5 < 0.05� ZHUH XVHG WR DQQRWDWH GLI�
IHUHQW JHQRPLF IHDWXUHV� :H FRXQWHG WKH JHQRPLF IHDWXUHV RI WKH GV51$ VHTXHQFHV WKDW RYHUODS
ZLWK WKH XSUHJXODWHG UHSHDWV �ORJ�)&> 0.5 DQG )'5< 0.05�� DQG RI WKRVH WKDW RYHUODS ZLWK WKH
GRZQUHJXODWHG UHSHDWV �ORJ�)& < −0.5 DQG )'5 < 0.05�� 7KHVH FRXQWV KDYH EHHQ FRPSDUHG
ZLWK WKH JHQRPLF IHDWXUH FRXQWV RI DOO GV51$ VHTXHQFHV WKDW RYHUODS ZLWK WKH WUDQVFULEHG UHSHDWV
WR FDOFXODWH WKH RGGV UDWLR DQG S�YDOXH XVLQJ WKH )LVKHU ([DFW WHVW� 'RQXW SORWV IRU WKH JHQRPLF
IHDWXUH SURSRUWLRQV RI WKH GV51$ VHTXHQFHV WKDW RYHUODS ZLWK XSUHJXODWHG DQG GRZQUHJXODWHG
UHSHDWV ZHUH SORWWHG XVLQJ WKH 5 SDFNDJH VFULSW�

:KROH WUDQVFULSWRPH DQDO\VLV

:H DQDO\]HG 51$�6HT GDWD IRU WKH �� 7&*$ SDWLHQWV IRU ZKRP 7RWDO 51$�6HT GDWD H[LVW� DV
GHILQHG LQ 5HI� ��� 7KHVH SDWLHQWV KDYH RQH ))3( DQG RQH IUHVK IUR]HQ VDPSOH HDFK� 8QOLNH
WKH PDMRULW\ RI �³FDQRQLFDO´� VDPSOHV LQ 7&*$� WKHVH VDPSOHV ZHUH VHTXHQFHG XVLQJ VWUDQGHG
SURWRFRO� 7KHVH GDWD DUH QRW D SDUW RI WKH ³KDUPRQL]HG´ VDPSOHV VHW� DQG WKH\ DUH DYDLODEOH WKH
IURP ³OHJDF\´ VHFWLRQ RI 7&*$ DUFKLYH� 5HDGV ZHUH PDSSHG WR +*�� JHQRPH ZLWK *HQFRGH DQ�
QRWDWLRQ XVLQJ 67$5 DOLJQHU� 7UDQVFULSWV ZHUH DVVHPEOHG WDNLQJ VWUDQGHGQHVV RI WKH SURWRFRO LQWR
DFFRXQW XVLQJ WKH VWULQJWLH SURJUDPZLWK WKH GHIDXOW VHWWLQJV� 5HIHUHQFH DQQRWDWLRQ �*HQFRGH� ZDV
XVHG DV D JXLGH IRU DVVHPEO\� 2YHUODSSLQJ WUDQVFULSWV IURP ERWK VWUDQGV ZHUH LGHQWLILHG DQG WKH
OHQJWK RI WKH RYHUODSSLQJ FRPSOHPHQWDU\ VHTXHQFHV ZDV FRPSXWHG� :H FRPSXWHG LQWHUVHFWLRQ RI
DOO DVVHPEOHG WUDQVFULSWV ZLWK UHJLRQV KDYLQJ KLJK GV51$ IRUFH �VKRZQ LQ ([WHQGHG 'DWD )LJXUH
�%�� :H UHTXLUHG WKDW WKH WUDQVFULSW FRYHUV DW OHDVW WKH UHJLRQ IURP VWDUW$ WR HQG% LQ WKH UHJLRQV
ZLWK KLJK GV51$ IRUFH �VXSS� WDEOH ��� )RU HDFK UHJLRQ ZLWK KLJK GV51$ IRUFH ZH FRPSXWHG WKH
QXPEHU RI WLPHV LW LV VHHQ LQ WKH DQDO\]HG 7&*$ VDPSOHV� ,I WKH VDPH UHJLRQ RYHUODSSHG DVVHP�
EOHG WUDQVFULSWV LQ WZR �))3( DQG IUHVK IUR]HQ� VDPSOHV IURP WKH VDPH SDWLHQW� WKLV ZDV FRXQWHG
DV RQH RFFXUUHQFH�
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5HIHUHQFHV IRU 0HWKRGV 6HFWLRQ

>�@ *UHHQEDXP� %� '�� &RFFR� 6�� /HYLQH� $� -� 	 0RQDVVRQ� 5� 4XDQWLWDWLYH WKHRU\ RI HQWURSLF
IRUFHV DFWLQJ RQ FRQVWUDLQHG QXFOHRWLGH VHTXHQFHV DSSOLHG WR YLUXVHV� 3URFHHGLQJV RI WKH
1DWLRQDO $FDGHP\ RI 6FLHQFHV ���� ����±���� �������

>�@ /RUHQ]� 5� HW DO� 9LHQQDUQD SDFNDJH ���� $OJRULWKPV IRU PROHFXODU ELRORJ\ �� �� �������

>�@ 6X]XNL� <�� *RMRERUL� 7� 	 .XPDU� 6� 0HWKRGV IRU LQFRUSRUDWLQJ WKH K\SHUPXWDELOLW\ RI FSJ GLQX�
FOHRWLGHV LQ GHWHFWLQJ QDWXUDO VHOHFWLRQ RSHUDWLQJ DW WKH DPLQR DFLG VHTXHQFH OHYHO� 0ROHFXODU
ELRORJ\ DQG HYROXWLRQ ��� ����±���� �������

>�@ 6XEUDPDQLDQ� 6� 	 .XPDU� 6� +LJKHU LQWHQVLW\ RI SXULI\LQJ VHOHFWLRQ RQ! ��� RI WKH KXPDQ
JHQHV UHYHDOHG E\ WKH LQWULQVLF UHSODFHPHQW PXWDWLRQ UDWHV� 0ROHFXODU ELRORJ\ DQG HYROXWLRQ
��� ����±���� �������

>�@ 'L *LRDFFKLQR� $� HW DO� 7KH KHWHURJHQHRXV ODQGVFDSH DQG HDUO\ HYROXWLRQ RI SDWKRJHQ�
DVVRFLDWHG FSJ GLQXFOHRWLGHV LQ VDUV�FRY��� 0ROHFXODU %LRORJ\ DQG (YROXWLRQ ��� ����±����
�������

>�@ 3HQ]NRIHU� 7� HW DO� /�EDVH �� PRUH UHWURWUDQVSRVLWLRQ�DFWLYH OLQH��V� PRUH PDPPDOLDQ
JHQRPHV� 1XFOHLF $FLGV 5HVHDUFK ��� '�� �������

>�@ 'XUELQ� 5�� (GG\� 6� 5�� .URJK� $� 	 0LWFKLVRQ� *� %LRORJLFDO VHTXHQFH DQDO\VLV� SUREDELOLVWLF
PRGHOV RI SURWHLQV DQG QXFOHLF DFLGV �&DPEULGJH XQLYHUVLW\ SUHVV� ������

>�@ +XEOH\� 5� HW DO� 7KH GIDP GDWDEDVH RI UHSHWLWLYH GQD IDPLOLHV� 1XFOHLF DFLGV UHVHDUFK ���
'��±'�� �������

>�@ .LPXUD� 0� 	:HLVV� *� +� 7KH VWHSSLQJ VWRQHPRGHO RI SRSXODWLRQ VWUXFWXUH DQG WKH GHFUHDVH
RI JHQHWLF FRUUHODWLRQ ZLWK GLVWDQFH� *HQHWLFV ��� ��� �������

>��@ /L� 0�� 9LWiQ\L� 3� HW DO� $Q LQWURGXFWLRQ WR .ROPRJRURY FRPSOH[LW\ DQG LWV DSSOLFDWLRQV� YRO� �
�6SULQJHU� ������

>��@ 'LQJOH� .�� &DPDUJR� &� 4� 	 /RXLV� $� $� ,QSXW±RXWSXW PDSV DUH VWURQJO\ ELDVHG WRZDUGV
VLPSOH RXWSXWV� 1DWXUH FRPPXQLFDWLRQV �� �±� �������

>��@ 6HLOHU� 0� HW DO� 6RPDWLF PXWDWLRQDO ODQGVFDSH RI VSOLFLQJ IDFWRU JHQHV DQG WKHLU IXQFWLRQDO
FRQVHTXHQFHV DFURVV �� FDQFHU W\SHV� &HOO UHSRUWV ��� ���±��� �������

>��@ 5RELQVRQ� 0� '� 	 2VKODFN� $� $ VFDOLQJ QRUPDOL]DWLRQ PHWKRG IRU GLIIHUHQWLDO H[SUHVVLRQ
DQDO\VLV RI UQD�VHT GDWD� *HQRPH ELRORJ\ ��� �±� �������

>��@ 5LWFKLH� 0� (� HW DO� OLPPD SRZHUV GLIIHUHQWLDO H[SUHVVLRQ DQDO\VHV IRU UQD�VHTXHQFLQJ DQG
PLFURDUUD\ VWXGLHV� 1XFOHLF DFLGV UHVHDUFK ��� H��±H�� �������

>��@ %HQMDPLQL� <� 	 +RFKEHUJ� <� &RQWUROOLQJ WKH IDOVH GLVFRYHU\ UDWH� D SUDFWLFDO DQG SRZHUIXO
DSSURDFK WR PXOWLSOH WHVWLQJ� -RXUQDO RI WKH 5R\DO VWDWLVWLFDO VRFLHW\� VHULHV % �0HWKRGRORJLFDO�
��� ���±��� �������
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6XSSOHPHQWDU\ 0DWHULDO

6XSSOHPHQWDU\ 7DEOHV

6XSSOHPHQWDU\ 7DEOHV DUH DYDLODEOH VHSDUDWHO\ LQ 0LFURVRIW ([FHO IRUPDW �[OV[�� 7KH GHVFULSWLRQ RI WKH
UHVSHFWLYH WDEOHV LV SURYLGHG EHORZ�

� 6XSSOHPHQWDU\ 7DEOH � FRQWDLQV WKH GLQXFOHRWLGH IRUFH FDOFXODWHG IRU &S* GLQXFOHRWLGHV� x&S*� IRU
HDFK UHSHDW IDPLO\� DV DQQRWDWHG LQ WKH ')$0 GDWDEDVH� )RU HDFK IDPLO\� LW LQFOXGHV x&S* RI WKH
FRQVHQVXV VHTXHQFH DQG WKH PHDQ x&S* FDOFXODWHG IRU WKH LQVHUWV�

� 6XSSOHPHQWDU\ 7DEOH � FRQWDLQV WKH GRXEOH�VWUDQGHG IRUFH xGV FDOFXODWHG IRU HDFK UHSHDW IDPLO\�
7KH WDEOH LQFOXGHV WKH xGV RI WKH FRQVHQVXV VHTXHQFH DQG PHDQ GRXEOH�VWUDQGHG IRUFH xGV RI WKH
LQVHUW VHTXHQFHV�

� 6XSSOHPHQWDU\ 7DEOH � FRQWDLQV D OLVW RI DOO VHJPHQWV LGHQWLILHG LQ ���� EDVHV ORQJ ZLQGRZV LQ
KXPDQ JHQRPH WKDW KDG DVVRFLDWHG GRXEOH�VWUDQGHG IRUFH xGV ODUJHU WKDQ 0.5�

� 6XSSOHPHQWDU\ 7DEOH � FRQWDLQV DOO LGHQWLILHG UHSHDW WUDQVFULSWV WKDW KDYH EHHQ IRXQG LQ 7KH &DQ�
FHU *HQRPH $WODV �7&*$� WRWDO 51$�6HT GDWDVHWV WR EH WUDQVFULEHG LQ ERWK SRVLWLYH DQG QHJDWLYH
VHQVH�
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6XSSOHPHQWDU\ )LJXUHV
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77

6XSSOHPHQWDU\ )LJXUH � _ +LVWRJUDPV RI GLQXFOHRWLGH IRUFH FKDQJH EHWZHHQ WKH LQVHUWV DQG WKHLU
FRQVHQVXV VHTXHQFH IRU UHSHDW IDPLOLHV IRU UHVSHFWLYH GLQXFOHRWLGHV�
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