
Open Access This file is licensed under a Creative Commons Attribution 4.0 
International License, which permits use, sharing, adaptation, distribution and 
reproduction in any medium or format, as long as you give appropriate credit to 

the original author(s) and the source, provide a link to the Creative Commons license, and indicate if 
changes were made. In the cases where the authors are anonymous, such as is the case for the reports of 
anonymous peer reviewers, author attribution should be to 'Anonymous Referee' followed by a clear 
attribution to the source work.  The images or other third party material in this file are included in the 
article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If material is 
not included in the article’s Creative Commons license and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/. 

Peer Review File



REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author):

In this paper by Frank et al the authors present the new architecture “SO3krates” to perform 

better machine learning construction of potential energy surfaces. In particular they aim at 

demonstrating that they can improve over known machine learned force fields by performing 

stable molecular dynamics (MD) simulations for a longer time and by investigating larger size 

systems. 

The paper is well written and addresses an important topic in theoretical physics and chemistry. I 

think that most of data reported are quite impressive and, therefore, the paper is certainly of 

potential interest for the readership of Nature Communications. 

However there is one aspect I think the authors should better clarify and demonstrate. My concern 

is about what they call the “velocity auto-correlation functions”. On this point I think a revision is 

necessary for the following reasons: 

1) What the authors call “velocity auto-correlation function” is actually the Fourier transform of the 

velocity auto-correlation function. This should be corrected also in the caption of Figure 6. 

2) The authors perform molecular dynamics simulations for a total time of 1ns. Looking at the 

frequencies of vibrations there is no need for such a long time, unless this is the time need for the 

thermalization step. Is that the reason of such a long evolution? 

3) Most importantly the investigated temperatures T=100K, 300K, 500K are likely not high enough 

to have an energy content comparable to the zero-point energy of the investigated systems. The 

authors could check this out and calculate the harmonic estimates of the frequencies of vibration (I 

suggest to do this especially for the CH stretch region around 3000 cm-1). They will probably find 

harmonic values very close to their dynamical estimate. This is because not enough energy is 

given to the system. What the authors should do instead is to perform NVE simulations at an 

energy equal to the zero-point energy of the system. Can they perform such a simulation or does 

the structure break down because they are investigating regions far away from the training 

region? If they can perform the simulation, what are the frequency of vibrations? They should find 

some degree of anharmonicity. If so, then they have strongly demonstrated that their new 

architecture is really able to reach a whole new level of accuracy. If not, it means their PES is 

basically harmonic and this should be carefully considered by the authors (there is no need of a 

very refined approach to have a harmonic PES). 

My overall assessment of the paper is certainly positive, but I guess that the authors should 

properly address the 3 points above before the paper is suitable for acceptance in Nature 

Communications. 

Reviewer #2 (Remarks to the Author):

The paper “From Peptides to Nanostructures: A Euclidean Transformer for Fast and Stable Machine 

Learned Force Fields” discusses the development of SO3krates, a transformer architecture that 

combines the benefit of equivariant representations that usually lead to higher stability in ML-

driven molecular dynamics, with the computational efficiency of less accurate representations. The 

way this is achieved is by replacing the SO(3) convolutions and avoiding expensive tensor products 

by using a filter on the relative orientation of atomic neighborhoods. The projection applied 

reduces the representation in a way that only most relevant invariant components of the 

equivariant basis functions are included that correspond to partial traces of the product-tensor. 

The forces are obtained as derivatives of invariant energy models. Self-attention layers are used to 

decouple invariant and equivariant features within the model, which decreases computational 



complexity compared to other equivariant models. A speed up of about 25 could be achieved in 

molecular dynamics simulations of small peptides to nanostructures compared to state-of-the-art 

equivariant models like Nequip, Painn or Allegro without sacrificing accuracy. Finally, the model 

can be used to detect minimum energy conformations using minima hopping, showcasing the 

potential for extrapolation, which is especially relevant when scaling up to even larger system. I 

find the manuscript well written, easy to follow and a major contribution to the field. I only have 

very little comments specified below. 

Question: 

1) It is not fully clear to me whether vectorial and tensorial properties can be directly predicted 

with SO(3)krates. If the authors could specify this in the text, it would make it more clear. 

2) Fig. 4c, it would be a nice comparison to see how the RDF looks for invariant models. This 

would give a better estimate of how close the RDFs really are when comparing ab initio and 

SO(3)krates. 

3) MD stability: Do the authors mean that they define an MD to be stable when there is a 

controlled dissociation? What is meant by uncontrolled dissociation? 

4) Can the authors comment on the computational costs of training SO(3)krates compared to 

other equivariant models? I think that this information would be very helpful in addition to the 

speed up in prediction time. 

5) The authors mention the potential of the method for extrapolation to larger systems. However, 

in such systems, the long-range interactions are often not properly captured within the ML 

representations such that they need to be encountered in non-equivariant models in a "physically-

inspired" way, such as it is done in SpookyNet, PhysNet, or Behlers 3rd and 4th generation of NNs 

or externally via charge predictions (Hirshfeld volumes) as done, e.g., in 

DOI:10.1039/D2DD00016D or DOI:10.1103/PhysRevB.104.054106. The latter two papers present 

methods that are also used for materials and hybrid systems including also studies on minima 

searches using basin hopping algorithms. Can the authors comment on the usage of their method 

for materials? Do they expect that some additional physics in the model is required or do they 

expect that their representation captures long-range effects properly? 

Typo: page 4, right paragraph, “…by and attention function…” 

Reviewer #4 (Remarks to the Author):

This work proposes an equivariant machine learning force field (MLFF) model to address the 

computational speed and accuracy tradeoff. Results include applications to small molecule 

dynamics and conformation sampling. The main idea is to sparsify the equivariant tensor product 

operation by avoiding the full product operation and operating only on its invariant output, there 

by reducing the scaling with the rotation degree of spherical harmonics. 

Overall, the work is interesting, but its impact is limited for several reasons. Proposed architectural 

modifications to the equivariant neural network architecture are incremental improvements, 

resembling previous works even if not identically implemented. Moreover, significant advances in 

“unprecedented” speed and accuracy are claimed but are not systematically demonstrated against 

state-of-the-art models. Furthermore, only small molecules are considered, and no applications to 

large more relevant systems are demonstrated, which is the main goal of MLFFs. I do not find this 

paper appropriate for Nature Communications, but could be a good contribution to a more 

specialized journal after major revisions. 

This is a rapidly moving competitive field, and it is important to avoid claims about model speed, 

stability and accuracy, unless optimal frontiers for each model architecture are considered and 

compared fairly. Each model has hyperparameters that affect such tradeoffs in different ways. 

Therefore, a claim of a significantly better model must be substantiated in a systematic 

quantitative manner. 

Timing tests, especially on small systems, are known to be highly variable and dependent on the 

ability of NN frameworks to achieve GPU utilization. In addition, the integration of the models into 



MD codes can also. This paper does not specify which framework was used, which JIT 

optimizations were used, how the models were implemented with MD codes, how the timings were 

measured. The overheads of MD codes may or may not be neglected. Without these details and 

without systematic sweeps through model hyperparameters to establish accuracy-speed pareto 

frontiers. At this time in the MLFF field, it is unacceptable to publish a paper with claims of model 

superiority without exploring these considerations. 

The findings that disabling equivariance leads to less stable models, due to worse extrapolation, 

wider range of error distributions, and a lower learning exponent are not new and confirm 

previously reported results by already several works in the field. 

Abstract: “unprecedented time and system size scales” this phrase appears all too often in MLFF 

literature, but in the case of this work it is not substantiated. The following sentence mentions “up 

to hundreds of atoms”, while in this field millions of atoms scaling has already been demonstrated 

by several works. 

Table 1: the third column is misleading. For some models Lmax listed is an architectural constraint 

(Schnet L=0, Painn L=1), while for others it’s an adjustable hyperparameter. This should be 

reflected. 

P3 “Existing equivariant MLFFs with comparable prediction accuracy would run more than a month 

for such an analysis.” This statement must be accompanied by careful benchmarking comparisons. 

Fig 1 b is not informative and not substantiated, and likely misleading, since none of the “existing 

models” are quantified on these axes. 

“However, this incomplete list of features can not discriminate certain interaction patterns”. This is 

misleading, this statement should not refer to deep neural networks. Reference 48 demonstrates 

that local 3-body descriptors do not form a complete representation. But in MPNNs, higher-body 

correlations are constructed with multiple layers. A different work 

[https://iopscience.iop.org/article/10.1088/2632-2153/aca1f8] demonstrated that distances in 

MPNNs are not complete, but no such proof exists for angles and dihedral angles as invariants in 

this context. 

“by and attention function” -> “by an attention function” 

P5: Li3SO4 should be Li3PO4? 

Again, to the point of comparing models, the statement “Remarkably, SO3krates achieves energy 

and force accuracies, more than 50% better than the ones reported in [53]” should not be made 

without a careful comparison, as it may be misinterpreted as saying one model is capable of higher 

accuracy than the other. In this particular comparison, in ref 53 the test was performed with a 

small model to demonstrate scalability to millions of atoms, and presumably not optimized for 

accuracy. However, the “on par” speed comparison is not systematically supported by sufficient 

tests of even implementation details (this is just one example in light of my general comments 

above). 

Architecturally, the decoupling of the invariant and equivariant architectures has been previously 

proposed in the Allegro ref 53. The manuscript should mention how that work relates to the 

proposed idea. 

eSCN [arXiv:2302.03655] reduces the complexity of SO(3) tensor products from Lmax^6 to 

Lmax^3, using equivalent SO(2) convolutions, without avoiding any part of the full operations, as 

is seemingly done in this manuscript. This should be discussed. 

Why do some of the fastest published models, e.g. TorchMD-NET, ANI and others, not appear in 

Figure 4? The footnote explanation is not easy to understand. It is not appropriate to compare the 

proposed model to models from two years ago in this field. It is not clear where speed values for 

the plot for different models come from – were they performed with the same framework on the 

same GPU, etc? See comments above. 

It is not clear to what purpose the authors chose to compare against SGDML in Table 6. This model 

is no longer state of the art in accuracy and learning efficiency, by more than two years. The result 

that equivariant models outperform SGDML is well documented. 

The proposal of “incorporating atomic cluster expansions into the MP step” was first introduced in 

https://arxiv.org/abs/2205.06643, which should be cited.



5HYLHZHU ��

,Q WKLV SDSHU E\ )UDQN HW DO WKH DXWKRUV SUHVHQW WKH QHZ DUFKLWHFWXUH ³62�NUDWHV´ WR SHUIRUP EHWWHU PDFKLQH
OHDUQLQJ FRQVWUXFWLRQ RI SRWHQWLDO HQHUJ\ VXUIDFHV� ,Q SDUWLFXODU WKH\ DLP DW GHPRQVWUDWLQJ WKDW WKH\ FDQ LPSURYH
RYHU NQRZQ PDFKLQH OHDUQHG IRUFH ILHOGV E\ SHUIRUPLQJ VWDEOH PROHFXODU G\QDPLFV �0'� VLPXODWLRQV IRU D ORQJHU
WLPH DQG E\ LQYHVWLJDWLQJ ODUJHU VL]H V\VWHPV�

7KH SDSHU LV ZHOO ZULWWHQ DQG DGGUHVVHV DQ LPSRUWDQW WRSLF LQ WKHRUHWLFDO SK\VLFV DQG FKHPLVWU\� , WKLQN WKDW PRVW
RI GDWD UHSRUWHG DUH TXLWH LPSUHVVLYH DQG� WKHUHIRUH� WKH SDSHU LV FHUWDLQO\ RI SRWHQWLDO LQWHUHVW IRU WKH UHDGHUVKLS
RI 1DWXUH &RPPXQLFDWLRQV�

:H WKDQN WKH UHYLHZHU IRU WDNLQJ WKH WLPH WR FDUHIXOO\ UHDG WKH PDQXVFULSW DQG WKH SRVLWLYH FKDUDFWHUL]DWLRQ RI RXU
ZRUN�

+RZHYHU WKHUH LV RQH DVSHFW , WKLQN WKH DXWKRUV VKRXOG EHWWHU FODULI\ DQG GHPRQVWUDWH� 0\ FRQFHUQ LV DERXW ZKDW
WKH\ FDOO WKH ³YHORFLW\ DXWR�FRUUHODWLRQ IXQFWLRQV´� 2Q WKLV SRLQW , WKLQN D UHYLVLRQ LV QHFHVVDU\ IRU WKH IROORZLQJ
UHDVRQV�

�� �� :KDW WKH DXWKRUV FDOO ³YHORFLW\ DXWR�FRUUHODWLRQ IXQFWLRQ´ LV DFWXDOO\ WKH )RXULHU WUDQVIRUP RI WKH
YHORFLW\ DXWR�FRUUHODWLRQ IXQFWLRQ� 7KLV VKRXOG EH FRUUHFWHG DOVR LQ WKH FDSWLRQ RI )LJXUH ��

7KH WHUP ZH XVHG SUHYLRXVO\ ZDV LQGHHG QRW HQWLUHO\ DFFXUDWH� :H KDYH FRUUHFWHG WKH ZRUGLQJ LQ WKH
UHYLVHG PDQXVFULSW�

�� �� 7KH DXWKRUV SHUIRUP PROHFXODU G\QDPLFV VLPXODWLRQV IRU D WRWDO WLPH RI �QV� /RRNLQJ DW WKH
IUHTXHQFLHV RI YLEUDWLRQV WKHUH LV QR QHHG IRU VXFK D ORQJ WLPH� XQOHVV WKLV LV WKH WLPH QHHG IRU WKH
WKHUPDOL]DWLRQ VWHS� ,V WKDW WKH UHDVRQ RI VXFK D ORQJ HYROXWLRQ"

:H DJUHH WKDW WKH SUHVHQWHG IUHTXHQF\ VSHFWUD ZLOO FRQYHUJH RQ VKRUWHU WLPH VFDOHV WKDQ WKH RQHV
SHUIRUPHG IRU RXU SDSHU� +RZHYHU� RQH RI RXU JRDOV ZLWK WKLV H[SHULPHQW ZDV WR GHPRQVWUDWH WKDW 0'
VLPXODWLRQV ZLWK WKH SURSRVHG 62�NUDWHV 0/)) UHPDLQ VWDEOH �DQG FRPSXWDWLRQDOO\ IHDVLEOH� RYHU
H[WHQGHG WLPHVFDOHV� :H UHPDUN WKDW VWDEOH� QDQRVHFRQG�ORQJ 0' VLPXODWLRQV WKDW \LHOG DFFXUDWH
G\QDPLFDO REVHUYDEOHV� ZKLOH YLVLWLQJ UHJLRQV RI FRQILJXUDWLRQ VSDFH WKDW DUH QRW UHSUHVHQWHG LQ WKH
UHIHUHQFH GDWD� UHSUHVHQW D VLJQLILFDQW FKDOOHQJH IRU FXUUHQW 0/))V GXH WR WKH SRWHQWLDO IRU HUURU
DFFXPXODWLRQ RYHU WLPH� $V VXFK WKH SUHVHQWHG DSSOLFDWLRQV JR PXFK EH\RQG WKH FXUUHQW VWDWH RI WKH DUW�

:H KLJKOLJKW WKLV DVSHFW PRUH FOHDUO\ LQ RXU UHYLVHG PDQXVFULSW ZLWKLQ WKH 5HVXOWV VHFWLRQ�

)XUWKHUPRUH� ZH KDYH LQFOXGHG DQ DGGLWLRQDO QXPHULFDO H[SHULPHQW LQ ZKLFK ZH FRPSXWH WKH UDGLXV RI
J\UDWLRQ �52*� IRU DODQLQH WHWUDSHSWLGH� ZKLFK FRQYHUJHV PXFK PRUH VORZO\ ZLWK WLPH �a���QV LQ RXU
H[SHULPHQWV�� 7KH QHHG IRU 0' VLPXODWLRQV RQ WKH RUGHU RI WHQV RU HYHQ KXQGUHGV RI QDQRVHFRQGV WR
FRQYHUJH WKLV REVHUYDEOH LV ZHOO NQRZQ LQ OLWHUDWXUH �H�J� >�@��

*LYHQ WKH WLPLQJV PHDVXUHG DFFRUGLQJ WR UHVSRQVH ���D ZH FDQ SHUIRUP WKLV VLPXODWLRQ ZLWKLQ � GD\V RI
ZDOO WLPH ZKHUHDV RWKHU HTXLYDULDQW QHWZRUNV FDQ WDNH XS WR �� GD\V IRU WKH VDPH VLPXODWLRQ� :H KDYH
DGGHG WKH H[SHULPHQW DV ZHOO DV WKH ILJXUH EHORZ WR WKH UHYLVHG YHUVLRQ RI RXU PDQXVFULSW LQ WKH 5HVXOW
VHFWLRQ ³5DGLXV RI *\UDWLRQ´ DQG LQ )LJXUH ��



>�@ <DPDPRWR� (LML� HW DO� �8QLYHUVDO UHODWLRQ EHWZHHQ LQVWDQWDQHRXV GLIIXVLYLW\ DQG UDGLXV RI J\UDWLRQ RI
SURWHLQV LQ DTXHRXV VROXWLRQ�� 3K\VLFDO UHYLHZ OHWWHUV ������ ������� �������

�� �� ,QYHVWLJDWHG WHPSHUDWXUHV DUH QRW KLJK HQRXJK� :KDW WKH DXWKRUV VKRXOG LV WR SHUIRUP 19(
VLPXODWLRQV DW HQHUJ\ HTXDO WR WKH ]HUR�SRLQW HQHUJ\ RI WKH V\VWHP� &DQ WKH\ SHUIRUP VXFK D VLPXODWLRQ RU
GRHV WKH VWUXFWXUH EUHDN GRZQ EHFDXVH WKH\ DUH LQYHVWLJDWLQJ UHJLRQV IDU DZD\ IURP WKH WUDLQLQJ UHJLRQ" ,I
WKH\ FDQ SHUIRUP WKH VLPXODWLRQ� ZKDW DUH WKH IUHTXHQF\ RI YLEUDWLRQV" 7KH\ VKRXOG ILQG VRPH GHJUHH RI
DQKDUPRQLFLW\� ,I VR� WKHQ WKH\ KDYH VWURQJO\ GHPRQVWUDWHG WKDW WKHLU QHZ DUFKLWHFWXUH LV UHDOO\ DEOH WR
UHDFK D ZKROH QHZ OHYHO RI DFFXUDF\� ,I QRW� LW PHDQV WKHLU 3(6 LV EDVLFDOO\ KDUPRQLF DQG WKLV VKRXOG EH
FDUHIXOO\ FRQVLGHUHG E\ WKH DXWKRUV �WKHUH LV QR QHHG RI D YHU\ UHILQHG DSSURDFK WR KDYH D KDUPRQLF
3(6��

:H WKDQN WKH UHYLHZHU IRU WKH VXJJHVWLRQ� 7R EHWWHU VKRZFDVH WKH OHDUQHG DQKDUPRQLFLW\ RI RXU PHWKRG�
ZH SHUIRUPHG DQ DGGLWLRQDO H[SHULPHQW RQ WKH YLEUDWLRQDO PRGHV LQ WKH JOREDO PLQLPXP�

7R VKRZFDVH WKH DQKDUPRQLFLW\ RI WKH VSHFWUD REWDLQHG ZLWK 62�NUDWHV� ZH ILUVW LGHQWLI\ WKH JOREDO PLQLPXP RI
'+$ �XVLQJ WKH PLQLPD KRSSLQJ UHVXOWV IURP VHFWLRQ ) LQ WKH UHYLVHG PDQXVFULSW�� )RU WKH IRXQG FRQIRUPDWLRQ� ZH
FDOFXODWH KDUPRQLF IUHTXHQFLHV DV ZHOO DV WKH ]HUR SRLQW HQHUJ\ �=3(� IURP KDUPRQLF DSSUR[LPDWLRQ� 7KH =3( LV
������ H9� ZKLFK FRUUHVSRQGV WR D WHPSHUDWXUH RI URXJKO\ ��� .� :H ILQG WKDW RXU PHWKRG \LHOGV VWDEOH G\QDPLFV
GHVSLWH WKH ODUJH NLQHWLF HQHUJ\� HYHQ WKRXJK WKH FRUUHVSRQGLQJ WHPSHUDWXUH LV DOPRVW WZLFH DV KLJK DV WKH RQH
XVHG IRU JHQHUDWLQJ WKH WUDLQLQJ GDWD ���� .�� 7KH HPHUJHQFH RI QRQ�WULYLDO VKLIWV EHWZHHQ WKH VSHFWUD IURP WKH
19( �EOXH FXUYH� ZLWK WKH KDUPRQLF IUHTXHQFLHV �GDVKHG UHG OLQHV� DOORZV WR LOOXVWUDWH WKH DQKDUPRQLFLW\ WKDW RXU
SURSRVHG PHWKRG LV DEOH WR PRGHO� :H DOVR LQYHVWLJDWHG WKH UHYLHZHU
V K\SRWKHVLV WKDW VLPXODWLRQ WHPSHUDWXUHV



RI ��� . DUH WRR ORZ WR REVHUYH DQKDUPRQLF HIIHFWV� :H ILQG WKDW� ZKLOH LW LV FRUUHFW WKDW VLPXODWLRQV DW ��� .
VKRZ D VOLJKWO\ OHVV SURQRXQFHG GHYLDWLRQ IURP KDUPRQLF EHKDYLRU� WKH YLEUDWLRQDO VSHFWUXP VKRZV QR TXDOLWDWLYH
GLIIHUHQFHV FRPSDUHG WR WKDW FRPSXWHG IURP 0' VLPXODWLRQV LQLWLDOL]HG ZLWK D NLQHWLF HQHUJ\ FRUUHVSRQGLQJ WR WKH
=3( �VHH )LJXUH EHORZ GDUN EOXH YV� OLJKW EOXH FXUYH��

:H KDYH DGGHG WKH QHZ ILJXUH VKRZQ EHORZ� DV ZHOO DV D GHVFULSWLRQ RI WKH QHZ H[SHULPHQW WR WKH UHYLVHG
YHUVLRQ RI RXU PDQXVFULSW �)LJXUH � DQG VHFWLRQ )� 3RZHU 6SHFWUD��

0\ RYHUDOO DVVHVVPHQW RI WKH SDSHU LV FHUWDLQO\ SRVLWLYH� EXW , JXHVV WKDW WKH DXWKRUV VKRXOG SURSHUO\ DGGUHVV WKH
� SRLQWV DERYH EHIRUH WKH SDSHU LV VXLWDEOH IRU DFFHSWDQFH LQ 1DWXUH &RPPXQLFDWLRQV�

5HYLHZHU ��

7KH SDSHU ³)URP 3HSWLGHV WR 1DQRVWUXFWXUHV� $ (XFOLGHDQ 7UDQVIRUPHU IRU )DVW DQG 6WDEOH 0DFKLQH /HDUQHG
)RUFH )LHOGV´ GLVFXVVHV WKH GHYHORSPHQW RI 62�NUDWHV� D WUDQVIRUPHU DUFKLWHFWXUH WKDW FRPELQHV WKH EHQHILW RI
HTXLYDULDQW UHSUHVHQWDWLRQV WKDW XVXDOO\ OHDG WR KLJKHU VWDELOLW\ LQ 0/�GULYHQ PROHFXODU G\QDPLFV� ZLWK WKH
FRPSXWDWLRQDO HIILFLHQF\ RI OHVV DFFXUDWH UHSUHVHQWDWLRQV� 7KH ZD\ WKLV LV DFKLHYHG LV E\ UHSODFLQJ WKH 62���
FRQYROXWLRQV DQG DYRLGLQJ H[SHQVLYH WHQVRU SURGXFWV E\ XVLQJ D ILOWHU RQ WKH UHODWLYH RULHQWDWLRQ RI DWRPLF
QHLJKERUKRRGV� 7KH SURMHFWLRQ DSSOLHG UHGXFHV WKH UHSUHVHQWDWLRQ LQ D ZD\ WKDW RQO\ PRVW UHOHYDQW LQYDULDQW
FRPSRQHQWV RI WKH HTXLYDULDQW EDVLV IXQFWLRQV DUH LQFOXGHG WKDW FRUUHVSRQG WR SDUWLDO WUDFHV RI WKH SURGXFW�WHQVRU�
7KH IRUFHV DUH REWDLQHG DV GHULYDWLYHV RI LQYDULDQW HQHUJ\ PRGHOV� 6HOI�DWWHQWLRQ OD\HUV DUH XVHG WR GHFRXSOH
LQYDULDQW DQG HTXLYDULDQW IHDWXUHV ZLWKLQ WKH PRGHO� ZKLFK GHFUHDVHV FRPSXWDWLRQDO FRPSOH[LW\ FRPSDUHG WR
RWKHU HTXLYDULDQW PRGHOV� $ VSHHG XS RI DERXW �� FRXOG EH DFKLHYHG LQ PROHFXODU G\QDPLFV VLPXODWLRQV RI VPDOO
SHSWLGHV WR QDQRVWUXFWXUHV FRPSDUHG WR VWDWH�RI�WKH�DUW HTXLYDULDQW PRGHOV OLNH 1HTXLS� 3DLQQ RU $OOHJUR ZLWKRXW
VDFULILFLQJ DFFXUDF\� )LQDOO\� WKH PRGHO FDQ EH XVHG WR GHWHFW PLQLPXP HQHUJ\ FRQIRUPDWLRQV XVLQJ PLQLPD
KRSSLQJ� VKRZFDVLQJ WKH SRWHQWLDO IRU H[WUDSRODWLRQ� ZKLFK LV HVSHFLDOO\ UHOHYDQW ZKHQ VFDOLQJ XS WR HYHQ ODUJHU
V\VWHP� , ILQG WKH PDQXVFULSW ZHOO ZULWWHQ� HDV\ WR IROORZ DQG D PDMRU FRQWULEXWLRQ WR WKH ILHOG� , RQO\ KDYH YHU\ OLWWOH
FRPPHQWV VSHFLILHG EHORZ�

:H WKDQN WKH UHYLHZHU IRU D WKRURXJK HYDOXDWLRQ RI RXU PDQXVFULSW DQG IRU DFNQRZOHGJLQJ LW DV D ³PDMRU
FRQWULEXWLRQ WR WKH ILHOG´�

�� �� ,W LV QRW IXOO\ FOHDU WR PH ZKHWKHU YHFWRULDO DQG WHQVRULDO SURSHUWLHV FDQ EH GLUHFWO\ SUHGLFWHG ZLWK
62���NUDWHV� ,I WKH DXWKRUV FRXOG VSHFLI\ WKLV LQ WKH WH[W� LW ZRXOG PDNH LW PRUH FOHDU�



:H WKDQN WKH UHYLHZHU IRU KLJKOLJKWLQJ WKLV LPSRUWDQW DVSHFW� ZKLFK ZH DJUHH ZDV QRW GHVFULEHG FOHDUO\
HQRXJK� DQG FRQILUP WKDW 62�NUDWHV FDQ DOVR SUHGLFW YHFWRULDO DQG WHQVRULDO SURSHUWLHV� 7KLV LV QRZ
FODULILHG DW WKH HQG RI 5HVXOWV VHFWLRQ $�

)RU H[DPSOH� 62�NUDWHV LV DEOH WR SURYLGH SUHGLFWLRQV IRU HTXLYDULDQW DWRPLF GLSROHV �XVLQJ D FRPELQDWLRQ
RI LWV O  � DQG O � IHDWXUHV� >�@ VLPLODU WR WKH DSSURDFK SUHVHQWHG LQ UHI� >�@� ,Q WKH VDPH PDQQHU�
KLJKHU�RUGHU WHQVRULDO SURSHUWLHV� OLNH TXDGUXSROHV RU RFWRSROHV� FDQ EH SUHGLFWHG EDVHG RQ O ! � IHDWXUHV
�O ! � IHDWXUHV DUH UHIHUUHG WR DV ³(XFOLGHDQ YDULDEOHV´ LQ RXU PDQXVFULSW��

>�@ 8QNH� 2OLYHU 7�� HW DO� �6SRRN\1HW� /HDUQLQJ IRUFH ILHOGV ZLWK HOHFWURQLF GHJUHHV RI IUHHGRP DQG
QRQORFDO HIIHFWV�� 1DWXUH FRPPXQLFDWLRQV ���� ������� �����
>�@ 6FK�WW� .ULVWRI� 2OLYHU 8QNH� DQG 0LFKDHO *DVWHJJHU� �(TXLYDULDQW PHVVDJH SDVVLQJ IRU WKH SUHGLFWLRQ
RI WHQVRULDO SURSHUWLHV DQG PROHFXODU VSHFWUD�� ,QWHUQDWLRQDO &RQIHUHQFH RQ 0DFKLQH /HDUQLQJ� 30/5�
�����

�� �� )LJ� �F� LW ZRXOG EH D QLFH FRPSDULVRQ WR VHH KRZ WKH 5') ORRNV IRU LQYDULDQW PRGHOV� 7KLV ZRXOG
JLYH D EHWWHU HVWLPDWH RI KRZ FORVH WKH 5')V UHDOO\ DUH ZKHQ FRPSDULQJ DE LQLWLR DQG 62���NUDWHV�

:H WKDQN WKH UHYLHZHU IRU WKH VXJJHVWLRQ WR FRQWUDVW WKH GLVWULEXWLRQ RI SDLUZLVH GLVWDQFHV DORQJ D 0'
WUDMHFWRU\ REWDLQHG ZLWK RXU HTXLYDULDQW 62�NUDWHV PRGHO DQG D FRPSDUDEOH LQYDULDQW PRGHO�

$V ZH KDYH RXWOLQHG LQ RXU PDQXVFULSW� RQH RI WKH NH\ EHQHILWV RI RXU HTXLYDULDQW 62�NUDWHV PRGHO LV LWV
H[FHSWLRQDO UREXVWQHVV� ZKLFK EULQJV VWDELOLW\ LPSURYHPHQWV WKDW HQDEOH 0' VLPXODWLRQV RQ H[WHQGHG
WLPHVFDOHV� 7KLV LV SDUWLFXODUO\ LPSRUWDQW ZKHQ RQO\ OLPLWHG DPRXQWV RI UHIHUHQFH GDWD DUH DYDLODEOH IRU
WUDLQLQJ�

7R VKRZFDVH WKLV� ZH KDYH WUDLQHG D UHVWULFWHG LQYDULDQW LQVWDQFH RI RXU PRGHO� ZKLFK ZH UHIHU WR DV
62�NUDWHV�O�� :H UHPDUN WKDW WKLV LQYDULDQW PRGHO LV UHSUHVHQWDWLYH RI WKH EURDGHU ILHOG RI LQYDULDQW
0/))V WKDW KDYH EHHQ SXEOLVKHG E\ WKH FRPPXQLW\ RYHU WKH \HDUV� ,Q WKLV SDUWLFXODU QXPHULFDO
H[SHULPHQW� ZH ILQG WKDW IRU ��� GDWD SRLQWV� ERWK WKH LQYDULDQW DQG WKH HTXLYDULDQW PRGHO JHQHUDWH WKH
FRUUHFW G\QDPLFV FRPSDUHG WR WKH ')7 UHIHUHQFH GDWD� +RZHYHU� ZKHQ UHSHDWLQJ WKH H[SHULPHQW ZLWK D
UHGXFHG QXPEHU RI RQO\ ��� WUDLQLQJ GDWD SRLQWV� WKH LQYDULDQW PRGHO IDLOV WR UHSURGXFH WKH FRUUHFW
GLVWULEXWLRQ RI SDLUZLVH GLVWDQFHV� GXH WR XQSK\VLFDO EHKDYLRU SUHGLFWHG E\ WKH LQYDULDQW PRGHO GXULQJ WKH
VLPXODWLRQ� ,Q FRQWUDVW� WKH HTXLYDULDQW PRGHO FRUUHFWO\ UHSURGXFHV WKH GLVWULEXWLRQ RI WKH ')7 UHIHUHQFH
GDWD LQ WKLV FULWLFDO ORZ�GDWD FRQGLWLRQ �VHH ILJXUH EHORZ�� 7KH ILJXUH DQG D GLVFXVVLRQ ZDV DGGHG WR WKH
PV�



�� �� 0' VWDELOLW\� 'R WKH DXWKRUV PHDQ WKDW WKH\ GHILQH DQ 0' WR EH VWDEOH ZKHQ WKHUH LV D FRQWUROOHG
GLVVRFLDWLRQ" :KDW LV PHDQW E\ XQFRQWUROOHG GLVVRFLDWLRQ"

:H DJUHH ZLWK WKH UHYLHZHU WKDW WKH WHUPV µFRQWUROOHG¶ DQG µXQFRQWUROOHG¶ ZHUH SRWHQWLDOO\ FRQIXVLQJ� 7KHVH
WHUPV KDYH EHHQ UHSODFHG WKHP µSK\VLFDO¶ DQG µQRQ�SK\VLFDO¶� UHVSHFWLYHO\� LQ WKH UHYLVHG PDQXVFULSW�
7KH WHUP µQRQ�SK\VLFDO GLVVRFLDWLRQ¶ UHIHUV WR D GLYHUJHQFH RI WKH SUHGLFWHG IRUFHV�YHORFLWLHV GXULQJ D
G\QDPLFV VLPXODWLRQ� ZKLFK UHVXOWV LQ DQ LQVWDQWDQHRXV GLVVRFLDWLRQ RI DOO�VRPH DWRPV LQ WKH PROHFXOH�
7KLV EHKDYLRU LV FOHDUO\ XQSK\VLFDO� 6XFK HIIHFWV FDQ DULVH IURP QRQ�VPRRWK SRWHQWLDO HQHUJ\ VXUIDFH
PRGHOV� EDG H[WUDSRODWLRQ EHKDYLRU WRZDUGV XQVHHQ FRQIRUPDWLRQV RU HUURU DFFXPXODWLRQ RYHU
VXEVHTXHQW 0' VWHSV� ,Q FRQWUDVW� ZH XVH WKH WHUP µSK\VLFDO GLVVRFLDWLRQ¶ WR GHVFULEH WKH HIIHFW RI
SK\VLFDOO\ PHDQLQJIXO GLVVRFLDWLRQ KDSSHQLQJ RQ SODXVLEOH WLPH DQG NLQHWLF HQHUJ\ VFDOHV �VHH DOVR WKH
0HWKRGV VHFWLRQ LQ RXU UHYLVHG PDQXVFULSW� ZKHUH ZH KDYH DGGHG VLPLODU H[SODQDWLRQV IRU FODULW\��

�� �� &DQ WKH DXWKRUV FRPPHQW RQ WKH FRPSXWDWLRQDO FRVWV RI WUDLQLQJ 62���NUDWHV FRPSDUHG WR RWKHU
HTXLYDULDQW PRGHOV" , WKLQN WKDW WKLV LQIRUPDWLRQ ZRXOG EH YHU\ KHOSIXO LQ DGGLWLRQ WR WKH VSHHG XS LQ
SUHGLFWLRQ WLPH�

7KH WRWDO WUDLQLQJ FRVW FDQ VWURQJO\ YDU\ GHSHQGLQJ RQ WKH FKRLFH RI K\SHUSDUDPHWHUV� VXFK DV EDWFK VL]H
RU WKH QXPEHU RI HSRFKV XQWLO FRQYHUJHQFH RI WKH ORVV� ZKLFK LWVHOI GHSHQGV RQ WKH QXPEHU RI GDWD SRLQWV�
WKH OHDUQLQJ UDWH DQG WKH RSWLPL]HU WKDW LV XVHG� 7R PDNH D FRPSDULVRQ DV IDLU DV SRVVLEOH LW WKXV PDNHV
VHQVH WR UHSRUW WKH WLPH SHU JUDGLHQW XSGDWH�

,Q UHI� >�@ �UHIHUHQFHG LQ RXU PDQXVFULSW�� WKH WRWDO WUDLQLQJ WLPH KDV EHHQ FRPSDUHG IRU GLIIHUHQW
VWDWH�RI�WKH�DUW PRGHOV� +HUH� H�J� 3DL11 WDNHV a��PV� 9,61HW WDNHV a��PV DQG 1HTX,3 RU $OOHJUR WDNH
a���PV IRU &KLJQROLQ ���� DWRPV�� 7UDLQLQJ RQ WKH VDPH GDWDVHW� ZH DFKLHYH D WLPH SHU JUDGLHQW XSGDWH
RI a�PV �PHDVXUHG RQ DQ $���*38� ZLWK RXU PRGHO� +RZHYHU� WKH WUDLQLQJ WLPHV UHSRUWHG LQ UHI� >�@ DUH
PHDVXUHG RQ D 9���*38� ZKLFK LV VORZHU E\ D IDFWRU RI ��� � ��� WKDQ RXU KDUGZDUH �GHSHQGLQJ RQ
LPSOHPHQWDWLRQ GHWDLOV�� 7KXV� WKLV UXQWLPH FRPSDULVRQ VKRXOG EH WDNHQ ZLWK D JUDLQ RI VDOW� EXW LW



LOOXVWUDWHV WKDW ZH FDQ DFKLHYH DQ RUGHU RI PDJQLWXGH IDVWHU WUDLQLQJ VSHHG FRPSDUHG WR VWDWH�RI�WKH�DUW
PRGHOV VXFK DV 1HTX,3 RU $OOHJUR� ZKLOH EHLQJ PRUH DFFXUDWH ZLWK 62�NUDWHV�

:H UHPDUN WKDW WKH WLPH IRU HDFK WUDLQLQJ VWHS GHSHQGV RQ WKH LQIHUHQFH VSHHG RI WKH PRGHO DV ZHOO DV
WKH QXPEHU RI SDUDPHWHUV LQ WKH PRGHO �GXH WR WKH QHHG WR WDNH WKH PRGHO JUDGLHQW ZLWK UHVSHFW WR DOO
SDUDPHWHUV�� $V KLJKOLJKWHG LQ RXU PDQXVFULSW� 62�NUDWHV RXWSHUIRUPV RWKHU HTXLYDULDQW PRGHOV WKDW DUH
FRPSHWLWLYH LQ VWDELOLW\ DQG DFFXUDF\ LQ WHUPV RI LQIHUHQFH VSHHG� )XUWKHU� 62�NUDWHV KDV RQO\ ���N
SDUDPHWHUV ZKLFK LV VLJQLILFDQWO\ OHVV WKDQ RWKHU HTXLYDULDQW PRGHOV VXFK DV $OOHJUR RU 1HTX,3�

7KHVH SRLQWV VSHDN WR WKH IDFW WKDW RXU PHDVXUHG WUDLQLQJ UXQWLPHV DUH LQ OLQH ZLWK RXU WKHRUHWLFDO UXQWLPH
FRQVLGHUDWLRQV� :H KDYH DGGHG D GLVFXVVLRQ DERXW WKH WUDLQLQJ WLPH FRQVXPSWLRQ WR WKH 0HWKRGV VHFWLRQ
LQ RXU UHYLVHG PDQXVFULSW�

>�@ :DQJ� <XVRQJ� HW DO� �(QKDQFLQJ JHRPHWULF UHSUHVHQWDWLRQV IRU PROHFXOHV ZLWK HTXLYDULDQW
YHFWRU�VFDODU LQWHUDFWLYH PHVVDJH SDVVLQJ�� 1DWXUH &RPPXQLFDWLRQV ���� ������� ����

�� �� ([WUDSRODWLRQ WR ODUJHU V\VWHPV� ,Q VXFK V\VWHPV� ORQJ�UDQJH LQWHUDFWLRQV DUH RIWHQ QRW SURSHUO\
FDSWXUHG ZLWKLQ WKH 0/ UHSUHVHQWDWLRQV VXFK WKDW WKH\ QHHG WR EH HQFRXQWHUHG LQ QRQ�HTXLYDULDQW PRGHOV
LQ D �SK\VLFDOO\�LQVSLUHG� ZD\� VXFK DV LW LV GRQH LQ 6SRRN\1HW� 3K\V1HW� RU %HKOHUV �UG DQG �WK
JHQHUDWLRQ RI 11V RU H[WHUQDOO\ YLD FKDUJH SUHGLFWLRQV �+LUVKIHOG YROXPHV� DV GRQH� H�J�� LQ
'2,���������'�''�����' RU '2,���������3K\V5HY%������������ 7KH ODWWHU WZR SDSHUV SUHVHQW
PHWKRGV WKDW DUH DOVR XVHG IRU PDWHULDOV DQG K\EULG V\VWHPV LQFOXGLQJ VWXGLHV RQ PLQLPD VHDUFKHV XVLQJ
EDVLQ KRSSLQJ DOJRULWKPV� &DQ WKH DXWKRUV FRPPHQW RQ WKH XVDJH RI WKHLU PHWKRG IRU PDWHULDOV" 'R WKH\
H[SHFW WKDW VRPH DGGLWLRQDO SK\VLFV LQ WKH PRGHO LV UHTXLUHG RU GR WKH\ H[SHFW WKDW WKHLU UHSUHVHQWDWLRQ
FDSWXUHV ORQJ�UDQJH HIIHFWV SURSHUO\"

7KH 62�NUDWHV 0/)) VXSSRUWV SHULRGLF ERXQGDU\ FRQGLWLRQV �3%&V�� DOORZLQJ LW WR EH DSSOLHG WR SUHGLFW
SURSHUWLHV RI PDWHULDOV ZLWKRXW DQ\ PRGLILFDWLRQV� :H QRZ KLJKOLJKW WKLV IDFW PRUH FOHDUO\ LQ RXU UHYLVHG
PDQXVFULSW�

7R GHPRQVWUDWH WKH FDSDELOLW\ RI 62�NUDWHV WR PRGHO SHULRGLF PDWHULDOV� ZH KDYH SHUIRUPHG 0'
VLPXODWLRQV IRU /L�32� DQG KDYH FDOFXODWHG WKH 5') DV UHSRUWHG LQ DSSHQGL[ )LJ ��� 7KH WUDLQLQJ GDWD
FRQVLVWV RI ��N GDWD SRLQWV ZKLFK DUH UDQGRPO\ VDPSOHG IURP WKH PHOWHG DQG TXHQFKHG SKDVH� 7KH
VWDUWLQJ SRLQW IRU 0' VLPXODWLRQ LV D FRQIRUPDWLRQ LQ WKH TXHQFKHG SKDVH DQG WKH VLPXODWLRQ LV UXQ DW
���. ZLWK D WLPH VWHS RI �IV IRU D WRWDO RI ��SV�

)XUWKHUPRUH� ZH DSSO\ RXU 62�NUDWHV PRGHO WR WKH VHOHFWLRQ RI PDWHULDOV LQYHVWLJDWHG LQ UHI� >�@� 2XU
SUHGLFWLRQ DFFXUDFLHV DUH FRPSHWLWLYH ZLWK WKH %,*'0/ PRGHO SUHVHQWHG LQ WKDW DUWLFOH� GHVSLWH QRW EHLQJ
VSHFLILFDOO\ WDLORUHG WR WKH UHVSHFWLYH V\PPHWU\ FODVVHV RI HDFK PDWHULDO �VHH WDEOH EHORZ��

$OWKRXJK HTXLYDULDQW PRGHOV FDQ LPSURYH WKH H[WUDSRODWLRQ FDSDELOLWLHV IRU ORFDO LQWHUDFWLRQV� WKLV GRHV
JHQHUDOO\ QRW KROG IRU ORQJ�UDQJH LQWHUDFWLRQV WKDW JR EH\RQG WKH OHQJWK VFDOHV SUHVHQW LQ WKH WUDLQLQJ GDWD
RU EH\RQG WKH HIIHFWLYH FXWRII RI WKH PRGHO� 7R DFFXUDWHO\ GHVFULEH ORQJ�UDQJH HIIHFWV ZKHQ H[WUDSRODWLQJ
WR ODUJHU VWUXFWXUHV� PHWKRGV HQGRZHG ZLWK WKH DSSURSULDWH SK\VLFDO ELDVHV DUH UHTXLUHG� 6XFK PHWKRGV
XVXDOO\ UHO\ RQ WKH SUHGLFWLRQ RI ORFDO SURSHUWLHV VXFK DV SDUWLDO FKDUJHV >�� �� �� �@� HOHFWURQHJDWLYLWLHV >�@
RU +LUVKIHOG YROXPHV >�� �@ WKH\ FDQ EH VHDPOHVVO\ LQWHJUDWHG LQWR RXU PHWKRG E\ OHDUQLQJ D

3G�0J2 3G���. 3G����. 3G+ 1D *UDSKHQH

%,*'0/ (QHUJ\ �PH9�DWRP�
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7DEOH �� (QHUJ\ DQG IRUFH HUURUV IRU WKH PDWHULDOV LQYHVWLJDWHG LQ >�@ IRU 62�NUDWHV DQG %,*'0/� 7KH
QXPEHUV IRU %,*'0/ DUH WDNHQ IURP WKH RULJLQDO SXEOLFDWLRQ >�@�



FRUUHVSRQGLQJ ORFDO GHVFULSWRU LQ WKH LQYDULDQW IHDWXUH EUDQFK RI WKH 62�NUDWHV DUFKLWHFWXUH� :H KDYH
DGGHG D GLVFXVVLRQ DERXW H[WUDSRODWLRQ XQGHU ORQJ�UDQJH HIIHFWV DV ZHOO DV WKH FRUUHVSRQGLQJ UHIHUHQFHV
WR WKH 'LVFXVVLRQ VHFWLRQ LQ WKH UHYLVHG YHUVLRQ RI RXU PDQXVFULSW�

:H DOVR SHUIRUPHG DQ DGGLWLRQDO H[SHULPHQW WR IXUWKHU DQDO\]H WKH H[WUDSRODWLRQ FDSDELOLWLHV WR ODUJHU
VWUXFWXUHV� 7KHUHIRUH� ZH WUDLQHG D PRGHO RQ �N WUDLQLQJ SRLQWV RI $F�$OD��1+0H DQG DSSOLHG LW WR VWXG\
WKH G\QDPLFV RI $OD��� VWDUWLQJ IURP WKH H[WHQGHG VWUXFWXUH �YHU\ OHIW� ILJXUH EHORZ�� $Q DQDO\VLV RI WKH
HQG�WR�HQG GLVWDQFH EHWZHHQ WKH FDUERQ\O FDUERQ RI WKH ILUVW UHVLGXH DQG WKH ODVW UHVLGXH �JUHHQ VSKHUHV�
UHYHDOV WKDW WKH SHSWLGH UDSLGO\ IROGV LQWR WKH VHFRQGDU\� KHOLFDO VWUXFWXUH �YHU\ ULJKW� ILJXUH EHORZ�� $
FRPSDULVRQ WR WKH HQG�WR�HQG GLVWDQFH LQ $F�$OD��1+0H �GDVKHG KRUL]RQWDO OLQH� UHYHDOV WKH
JHQHUDOL]DWLRQ FDSDELOLWLHV RI 62�NUDWHV WRZDUGV FRQIRUPDWLRQDO FKDQJHV RQ OHQJWK�VFDOHV WKDW JR EH\RQG
WKH RQHV SUHVHQW LQ WKH WUDLQLQJ GDWD� :H KDYH DGGHG WKH H[SHULPHQW DV ZHOO DV WKH ILJXUH IURP EHORZ WR
VHFWLRQ ) RI WKH UHYLVHG YHUVLRQ RI RXU PDQXVFULSW�

>�@ 6DXFHGD� +X]LHO (�� HW DO� �%,*'0/²7RZDUGV DFFXUDWH TXDQWXP PDFKLQH OHDUQLQJ IRUFH ILHOGV IRU
PDWHULDOV�� 1DWXUH FRPPXQLFDWLRQV ���� ������� �����
>�@ 8QNH� 2OLYHU 7�� HW DO� �6SRRN\1HW� /HDUQLQJ IRUFH ILHOGV ZLWK HOHFWURQLF GHJUHHV RI IUHHGRP DQG
QRQORFDO HIIHFWV�� 1DWXUH FRPPXQLFDWLRQV ���� ������� �����
>�@ 8QNH� 2OLYHU 7�� DQG 0DUNXV 0HXZO\� �3K\V1HW� $ QHXUDO QHWZRUN IRU SUHGLFWLQJ HQHUJLHV� IRUFHV� GLSROH
PRPHQWV� DQG SDUWLDO FKDUJHV�� -RXUQDO RI FKHPLFDO WKHRU\ DQG FRPSXWDWLRQ ���� ������� ����������
>�@ $UWULWK� 1RQJQXFK� 7RELDV 0RUDZLHW]� DQG -|UJ %HKOHU� �+LJK�GLPHQVLRQDO QHXUDO�QHWZRUN SRWHQWLDOV IRU
PXOWLFRPSRQHQW V\VWHPV� $SSOLFDWLRQV WR ]LQF R[LGH�� 3K\VLFDO 5HYLHZ % ����� ������� �������
>�@ 0RUDZLHW]� 7RELDV� 9LNDV 6KDUPD� DQG -|UJ %HKOHU� �$ QHXUDO QHWZRUN SRWHQWLDO�HQHUJ\ VXUIDFH IRU WKH
ZDWHU GLPHU EDVHG RQ HQYLURQPHQW�GHSHQGHQW DWRPLF HQHUJLHV DQG FKDUJHV�� 7KH -RXUQDO RI FKHPLFDO
SK\VLFV ����� �������
>�@ .R� 7V] :DL� HW DO� �$ IRXUWK�JHQHUDWLRQ KLJK�GLPHQVLRQDO QHXUDO QHWZRUN SRWHQWLDO ZLWK DFFXUDWH
HOHFWURVWDWLFV LQFOXGLQJ QRQ�ORFDO FKDUJH WUDQVIHU�� 1DWXUH FRPPXQLFDWLRQV ���� ������� ����
>�@ 0XKOL� +HLNNL� HW DO� �0DFKLQH OHDUQLQJ IRUFH ILHOGV EDVHG RQ ORFDO SDUDPHWUL]DWLRQ RI GLVSHUVLRQ
LQWHUDFWLRQV� $SSOLFDWLRQ WR WKH SKDVH GLDJUDP RI & ���� 3K\VLFDO 5HYLHZ % ����� ������� �������



>�@ :HVWHUPD\U� -XOLD� HW DO� �/RQJ�UDQJH GLVSHUVLRQ�LQFOXVLYH PDFKLQH OHDUQLQJ SRWHQWLDOV IRU VWUXFWXUH
VHDUFK DQG RSWLPL]DWLRQ RI K\EULG RUJDQLF±LQRUJDQLF LQWHUIDFHV�� 'LJLWDO 'LVFRYHU\ ��� ������� ��������

�� 7\SR� SDJH �� ULJKW SDUDJUDSK� ³«E\ DQG DWWHQWLRQ IXQFWLRQ«´

:H KDYH FRUUHFWHG WKLV W\SR LQ WKH UHYLVHG PDQXVFULSW�

5HYLHZHU ��

5HYLHZHU �� H[SUHVVHG QR PHWKRGRORJLFDO RU WHFKQLFDO FRQFHUQV� EXW YRLFHG UHVHUYDWLRQV UHJDUGLQJ WKH
SHUIRUPDQFH DQDO\VLV RI RXU SURSRVHG 0/)) PRGHO� )RU D EHWWHU RYHUYLHZ� ZH VXPPDUL]H WKHVH FRQFHUQV
DV IROORZV �GHWDLOHG UHVSRQVHV WR HDFK UDLVHG SRLQW FDQ EH IRXQG EHORZ��

7KH SUHFLVLRQ RI RXU UXQWLPH � DFFXUDF\ PHDVXUHPHQWV LV SRWHQWLDOO\ FRPSURPLVHG E\
Ɣ YDULDWLRQV LQ WKH VRSKLVWLFDWLRQ RI RXU PRGHO
V VRIWZDUH LPSOHPHQWDWLRQ � KDUGZDUH XWLOL]DWLRQ

FRPSDUHG WR WKH PHDVXUHPHQWV SURYLGHG LQ WKH UHODWHG ZRUNV WKDW ZH TXRWH �SRLQWV ��� ��� ���
��� �����

Ɣ GLIIHUHQFHV LQ WKH KDUGZDUH HQYLURQPHQW �SRLQW ���� LQ WKH TXRWHG QXPHULFDO H[SHULPHQWV DQG
RXU RZQ EHQFKPDUNV�

)XUWKHUPRUH�
Ɣ WKH QXPEHUV FLWHG IURP WKH RULJLQDO SXEOLFDWLRQV RI WKH UHIHUHQFH PRGHOV PD\ QRW EH GLUHFWO\

FRPSDUDEOH� DV WKHVH PRGHOV PLJKW QRW KDYH UHDFKHG WKHLU IXOO SRWHQWLDO GXH WR LQDGHTXDWH
K\SHUSDUDPHWHU RSWLPL]DWLRQ ���� SDUWO\ ����

7KH\ DOVR UHTXHVW IXUWKHU FODULILFDWLRQV RI VRPH DVSHFWV RI RXU PDQXVFULSW �SRLQWV ��� �� � ��� ��� ����
���� �����

7KLV ZRUN SURSRVHV DQ HTXLYDULDQW PDFKLQH OHDUQLQJ IRUFH ILHOG �0/))� PRGHO WR DGGUHVV WKH
FRPSXWDWLRQDO VSHHG DQG DFFXUDF\ WUDGHRII� 5HVXOWV LQFOXGH DSSOLFDWLRQV WR VPDOO PROHFXOH G\QDPLFV DQG
FRQIRUPDWLRQ VDPSOLQJ� 7KH PDLQ LGHD LV WR VSDUVLI\ WKH HTXLYDULDQW WHQVRU SURGXFW RSHUDWLRQ E\ DYRLGLQJ
WKH IXOO SURGXFW RSHUDWLRQ DQG RSHUDWLQJ RQO\ RQ LWV LQYDULDQW RXWSXW� WKHUHE\ UHGXFLQJ WKH VFDOLQJ ZLWK WKH
URWDWLRQ GHJUHH RI VSKHULFDO KDUPRQLFV�

2YHUDOO� WKH ZRUN LV LQWHUHVWLQJ� EXW LWV LPSDFW LV OLPLWHG IRU VHYHUDO UHDVRQV� 3URSRVHG DUFKLWHFWXUDO
PRGLILFDWLRQV WR WKH HTXLYDULDQW QHXUDO QHWZRUN DUFKLWHFWXUH DUH LQFUHPHQWDO LPSURYHPHQWV� UHVHPEOLQJ
SUHYLRXV ZRUNV HYHQ LI QRW LGHQWLFDOO\ LPSOHPHQWHG� 0RUHRYHU� VLJQLILFDQW DGYDQFHV LQ ³XQSUHFHGHQWHG´
VSHHG DQG DFFXUDF\ DUH FODLPHG EXW DUH QRW V\VWHPDWLFDOO\ GHPRQVWUDWHG DJDLQVW VWDWH�RI�WKH�DUW PRGHOV�
)XUWKHUPRUH� RQO\ VPDOO PROHFXOHV DUH FRQVLGHUHG� DQG QR DSSOLFDWLRQV WR ODUJH PRUH UHOHYDQW V\VWHPV
DUH GHPRQVWUDWHG� ZKLFK LV WKH PDLQ JRDO RI 0/))V� , GR QRW ILQG WKLV SDSHU DSSURSULDWH IRU 1DWXUH
&RPPXQLFDWLRQV� EXW FRXOG EH D JRRG FRQWULEXWLRQ WR D PRUH VSHFLDOL]HG MRXUQDO DIWHU PDMRU UHYLVLRQV�
7KLV LV D UDSLGO\ PRYLQJ FRPSHWLWLYH ILHOG� DQG LW LV LPSRUWDQW WR DYRLG FODLPV DERXW PRGHO VSHHG� VWDELOLW\
DQG DFFXUDF\� XQOHVV RSWLPDO IURQWLHUV IRU HDFK PRGHO DUFKLWHFWXUH DUH FRQVLGHUHG DQG FRPSDUHG IDLUO\�
(DFK PRGHO KDV K\SHUSDUDPHWHUV WKDW DIIHFW VXFK WUDGHRIIV LQ GLIIHUHQW ZD\V� 7KHUHIRUH� D FODLP RI D
VLJQLILFDQWO\ EHWWHU PRGHO PXVW EH VXEVWDQWLDWHG LQ D V\VWHPDWLF TXDQWLWDWLYH PDQQHU�

:H SROLWHO\ GLVDJUHH ZLWK WKH YLHZ RI WKH UHIHUHH WKDW RXU PDQXVFULSW LV QRW DSSURSULDWH IRU 1DWXUH
&RPPXQLFDWLRQV� 7KH PHWKRGRORJLFDO DGYDQFHV SUHVHQWHG LQ RXU PDQXVFULSW DUH QRW LQFUHPHQWDO DQG
KDYH IDU�UHDFKLQJ LPSOLFDWLRQV IRU WKH ILHOG RI FRPSXWDWLRQDO FKHPLVWU\ DQG SK\VLFV� 2XU WHFKQLFDO
FRQWULEXWLRQ �(XFOLGHDQ DWWHQWLRQ PHFKDQLVP� VLJQLILFDQWO\ LPSURYHV WKH DSSOLFDELOLW\ RI WKH FXUUHQWO\
SUHYDLOLQJ PRGHOLQJ SDUDGLJP �HTXLYDULDQW 62��� FRQYROXWLRQV� XVHG E\ PRGHUQ 0/))V� :H ILUPO\ EHOLHYH
WKDW WKH EURDG VHW RI SUHVHQWHG DSSOLFDWLRQV DQG WKH REWDLQHG LQVLJKWV� HQDEOHG E\ RXU QRYHO
GHYHORSPHQWV� PDNH RXU ZRUN DSSHDOLQJ WR WKH LQWHUGLVFLSOLQDU\ UHDGHUVKLS RI 1DWXUH &RPPXQLFDWLRQV
DQG UHSUHVHQW DQ LPSRUWDQW VWHS IRU IXWXUH GHYHORSPHQWV E\ WKH FRPPXQLW\�



�� 7LPLQJ WHVWV� HVSHFLDOO\ RQ VPDOO V\VWHPV� DUH NQRZQ WR EH KLJKO\ YDULDEOH DQG GHSHQGHQW RQ WKH
DELOLW\ RI 11 IUDPHZRUNV WR DFKLHYH *38 XWLOL]DWLRQ� ,Q DGGLWLRQ� WKH LQWHJUDWLRQ RI WKH PRGHOV LQWR 0'
FRGHV FDQ DOVR� 7KLV SDSHU GRHV QRW VSHFLI\ ZKLFK IUDPHZRUN ZDV XVHG� ZKLFK -,7 RSWLPL]DWLRQV ZHUH
XVHG� KRZ WKH PRGHOV ZHUH LPSOHPHQWHG ZLWK 0' FRGHV� KRZ WKH WLPLQJV ZHUH PHDVXUHG� 7KH
RYHUKHDGV RI 0' FRGHV PD\ RU PD\ QRW EH QHJOHFWHG�

:H DJUHH ZLWK WKH UHYLHZHU WKDW UXQWLPH PHDVXUHPHQWV� LQ SDUWLFXODU RQ *38� GHSHQG RQ D YDULHW\ RI
IDFWRUV WKDW KDYH WR EH LQYHVWLJDWHG FDUHIXOO\� +RZHYHU� ZH ZDQW WR HPSKDVL]H WKDW RXU SUHVHQWHG PHWKRG
UHGXFHV WKH WKHRUHWLFDO FRPSXWDWLRQDO FRPSOH[LW\ ZLWK UHVSHFW WR RWKHU 0/)) PRGHOV� ZKLFK LV
LQGHSHQGHQW RI KDUGZDUH DQG LPSOHPHQWDWLRQ IUDPHZRUN �VHH 7DEOH ��� 7KLV LV VXSSRUWHG E\ RXU
H[SHULPHQWDO ILQGLQJV �VSHFLILFDOO\� 0/)) PRGHO SHUIRUPDQFHV LQ 0' VLPXODWLRQV�� ZKLFK VKRZ WKDW
FXUUHQW VWDWH�RI�WKH�DUW DUFKLWHFWXUHV HPSOR\LQJ 62� FRQYROXWLRQV DUH WKH PRVW H[SHQVLYH�

7R DGGUHVV WKH UHYLHZHUV
 FRQFHUQV DERXW SRWHQWLDO GLVFUHSDQFLHV LQ LPSOHPHQWDWLRQ� KDUGZDUH DQG 0'
IUDPHZRUN� ZH KDYH UH�LPSOHPHQWHG VHYHUDO UHSUHVHQWDWLYH 0/)) PRGHOV LQ RUGHU WR SHUIRUP
FRPSDULVRQV RQ DQ HTXDO IRRWLQJ�

2XU UHVXOWV DUH VKRZQ LQ VXEILJXUH �D� �EHORZ� DQG WKH\ LQGHHG IROORZ WKH LQGHSHQGHQW PHDVXUHPHQWV
SUHVHQWHG LQ UHI� >�@� 7KH IDVWHVW PRGHO �)RUFH1HW� \LHOGV ZURQJ REVHUYDEOHV IURP WKH 0' WUDMHFWRULHV >�@�
VXFK WKDW ZH FKRVH WKH VHFRQG IDVWHVW PRGHO �6FK1HW� IRU RXU UH�LPSOHPHQWDWLRQ� $V WKH PRVW VWDEOH DQG
DFFXUDWH PRGHO ZH FKRVH 1HTX,3 DV WKH VHFRQG DUFKLWHFWXUH IRU UH�LPSOHPHQWDWLRQ� 7KH FKRVHQ
DUFKLWHFWXUHV DUH DOVR UHSUHVHQWDWLYH IRU LQYDULDQW �6FK1HW� DQG HTXLYDULDQW 62� FRQYROXWLRQV �1HTX,3�
FRQVWLWXWLQJ WKH XSSHU DQG ORZHU ERXQGV LQ WHUPV RI FRPSXWDWLRQDO FRPSOH[LW\ �7DEOH � LQ WKH PDQXVFULSW��
$OO PRGHOV DUH LPSOHPHQWHG ZLWK WKH VDPH -$; DQG 3\WKRQ YHUVLRQ ���� 0' VWHS WLPHV DUH PHDVXUHG
ZLWK WKH VDPH 0' FRGH ZULWWHQ LQ MD[BPG >�@ RQ WKH VDPH SK\VLFDO GHYLFH �1YLGLD 9��� *38�� 7KH
PRGHOV IROORZ WKH GHIDXOW 0'�� K\SHUSDUDPHWHUV DV RXWOLQHG LQ WKH RULJLQDO SXEOLFDWLRQV >�� �@� 7KLV
HQVXUHV HTXDO EHQFKPDUNLQJ FRQGLWLRQV IRU RXU UXQWLPH FRPSDULVRQV WKDW IROORZ� ,QWHUHVWLQJO\� WKH
WUDQVLWLRQ IURP S\7RUFK�$6( �VXEILJXUH �E� SXUSOH GDVKHG OLQH� WR -$;�MD[BPG �VXEILJXUH �E� SXUSOH VROLG
OLQH� DOORZV IRU D VSHHG�XS EHWZHHQ �� IRU 1HTX,3 DQG �� IRU 6FK1HW� 7KLV LOOXVWUDWHV WKH LPSRUWDQFH RI
LGHQWLFDO VHWWLQJV DQG WKH SRWHQWLDO RI WKH -$; HFRV\VWHP�

:H ILQG WKDW 62�NUDWHV FDQ UHFRQFLOH WKH VRPHZKDW RSSRVLQJ GHPDQGV RI 0' VWDELOLW\� VSHHG DQG
DFFXUDF\� 2XU PRGHO HQDEOHV UHOLDEOH DQG DFFXUDWH VLPXODWLRQV DW VXE�PLFURVHFRQG VSHHG �VXEILJXUH �E�
EHORZ�� )RU VPDOO RUJDQLF PROHFXOHV ZLWK XS WR �� DWRPV LW DFKLHYHV DQ DYHUDJHG VSHHG�XS E\ D IDFWRU RI
� FRPSDUHG WR WKH 1HTX,3 DUFKLWHFWXUH ZKHUHDV VWHS WLPHV DUH VOLJKWO\ ODUJHU �E\ D IDFWRU RI ���� WKDQ IRU
WKH LQYDULDQW 6FK1HW PRGHO� 7KH VSHHG�XS RYHU 62� FRQYROXWLRQV LQFUHDVHV LQ WKH WRWDO QXPEHU RI DWRPV�
ZKLFK LV LQ OLQH ZLWK WKH VPDOOHU SUH�IDFWRU LQ WKH WKHRUHWLFDO VFDOLQJ DQDO\VLV �7DEOH � LQ WKH PDQXVFULSW�
VXFK WKDW IRU WKH GRXEOH ZDOOHG QDQRWXEH ���� DWRPV�� WKH VSHHG�XS FRPSDUHG WR 1HTX,3 KDV JURZQ WR D
IDFWRU RI �� �VXEILJXUH �F� EHORZ�� &RPSDUHG WR LQYDULDQW FRQYROXWLRQV� ZH ILQG RXU DSSURDFK WR \LHOG
VOLJKWO\ VORZHU SUHGLFWLRQ VSHHG ZKLFK LV LQ OLQH ZLWK WKHRUHWLFDO FRQVLGHUDWLRQV�

:H KDYH DGGHG WKH DERYH GHVFULSWLRQ WR 6HFWLRQ %� 2YHUFRPLQJ $FFXUDF\�6WDELOLW\�6SHHG 7UDGH�2IIV DQG
WKH QHZ ILJXUHV IURP EHORZ WR )LJXUH � LQ WKH UHYLVHG YHUVLRQ RI RXU PDQXVFULSW�

>�@ )X� ;LDQJ� HW DO� �)RUFHV DUH QRW (QRXJK� %HQFKPDUN DQG &ULWLFDO (YDOXDWLRQ IRU 0DFKLQH /HDUQLQJ
)RUFH )LHOGV ZLWK 0ROHFXODU 6LPXODWLRQV�� 7UDQVDFWLRQV RQ 0DFKLQH /HDUQLQJ 5HVHDUFK �������
>�@ 6FKRHQKRO]� 6DPXHO� DQG (NLQ 'RJXV &XEXN� �-D[ PG� D IUDPHZRUN IRU GLIIHUHQWLDEOH SK\VLFV��
$GYDQFHV LQ 1HXUDO ,QIRUPDWLRQ 3URFHVVLQJ 6\VWHPV �� ������� ������������
>�@ 6FK�WW� .ULVWRI 7�� HW DO� �6FKQHW±D GHHS OHDUQLQJ DUFKLWHFWXUH IRU PROHFXOHV DQG PDWHULDOV�� 7KH -RXUQDO
RI &KHPLFDO 3K\VLFV ������ �������
>�@ %DW]QHU� 6LPRQ� HW DO� �( ����HTXLYDULDQW JUDSK QHXUDO QHWZRUNV IRU GDWD�HIILFLHQW DQG DFFXUDWH
LQWHUDWRPLF SRWHQWLDOV�� 1DWXUH FRPPXQLFDWLRQV ���� ������� �����



(WKDQRO 6DOLF\OLF DFLG 1DSKWKDOHQH $VSLULQ $F$OD�1+0H '+$ 6WDFK\RVH $7�$7�&*�&* EXFN\EDOO QDQRWXEH

� DWRPV � �� �� �� �� �� �� ��� ��� ���

6FK1HW ����� ����� ����� ����� ����� ����� ���� ���� ���� ����

1HTX,3 ���� ���� ���� ���� ���� ���� ���� ���� ���� ����

62�NUDWHV ����� ����� ����� ����� ���� ���� ���� ���� ���� ����

7DEOH �� 5XQWLPH FRPSDULVRQ IRU GLIIHUHQW VWUXFWXUHV IURP WKH 0'�� DQG 0'�� GDWDVHW IRU 6FK1HW� 62�NUDWHV DQG
1HTX,3� 5HSRUWHG UXQWLPHV DUH LQ PLFURVHFRQGV�



�� :LWKRXW WKHVH GHWDLOV DQG ZLWKRXW V\VWHPDWLF VZHHSV WKURXJK PRGHO K\SHUSDUDPHWHUV WR HVWDEOLVK
DFFXUDF\�VSHHG SDUHWR IURQWLHUV� $W WKLV WLPH LQ WKH 0/)) ILHOG� LW LV XQDFFHSWDEOH WR SXEOLVK D SDSHU ZLWK
FODLPV RI PRGHO VXSHULRULW\ ZLWKRXW H[SORULQJ WKHVH FRQVLGHUDWLRQV�

+\SHUSDUDPHWHU VHDUFKHV SOD\ D FUXFLDO UROH LQ GHHS OHDUQLQJ� EHLQJ D IXQGDPHQWDO DVSHFW RI PRGHO
GHYHORSPHQW� &RQVHTXHQWO\� LGHQWLI\LQJ DSSURSULDWH K\SHUSDUDPHWHU UDQJHV FRQVWLWXWHV D VLJQLILFDQW
SRUWLRQ RI WKH PRGHO GHYHORSPHQW SURFHVV� DQG LW LV VDIH WR DVVXPH WKDW WKLV DVSHFW LV WKRURXJKO\ H[SORUHG
E\ WKH RULJLQDO DXWKRUV RI WKH UHVSHFWLYH 0/)) PRGHOV WKDW ZH FRPSDUH WR� ,Q RXU FRPSDULVRQV� ZH
DOZD\V FRPSDUH WR WKH UHFRPPHQGHG ³GHIDXOW VHWWLQJV´ WKDW DUH W\SLFDOO\ SURYLGHG DV SDUW RI WKH GHILQLWLRQ
IRU HDFK PRGHO �H�J� RQH H[DPSOH LV WKH PD[LPXP GHJUHH LQ HTXLYDULDQW 0311V�� :H EDVH DOO RXU
FRPSDULVRQV RQ WKH GHIDXOW VHWWLQJV IURP WKH UHVSHFWLYH SXEOLFDWLRQV� $OO SHUIRUPDQFH QXPEHUV WKDW ZH
FRPSDUH RXU PRGHO WR� LQFOXGLQJ )LJ �D DQG )LJ �E DUH WKHUHIRUH WDNHQ IURP WKH RULJLQDO SXEOLFDWLRQV RI WKH
UHVSHFWLYH PRGHOV WR PDNH VXUH WKDW QR PRGHOV DUH GLVDGYDQWDJHG E\ SRRU LPSOHPHQWDWLRQV �
K\SHUSDUDPHWHU VHDUFK�

�� 7KH ILQGLQJV WKDW GLVDEOLQJ HTXLYDULDQFH OHDGV WR OHVV VWDEOH PRGHOV� GXH WR ZRUVH H[WUDSRODWLRQ� ZLGHU
UDQJH RI HUURU GLVWULEXWLRQV� DQG D ORZHU OHDUQLQJ H[SRQHQW DUH QRW QHZ DQG FRQILUP SUHYLRXVO\ UHSRUWHG
UHVXOWV E\ DOUHDG\ VHYHUDO ZRUNV LQ WKH ILHOG�

$OWKRXJK WKHUH KDV EHHQ ORQJ VWDQGLQJ VSHFXODWLRQ DERXW WKH LQFUHDVHG VWDELOLW\ RI HTXLYDULDQW PRGHOV
�VHH UHIV� >�� �� �@ WKDW ZH FLWH� DQG UHI� >�@� ZKLFK ZH KDYH DGGHG WR WKH UHYLVHG PDQXVFULSW�� ZH SURYLGH D
FRPSUHKHQVLYH H[DPLQDWLRQ RI WKLV K\SRWKHVLV LQ RXU ZRUN� ZKLFK KDV EHHQ PLVVLQJ WR GDWH� :H ZRXOG
OLNH WR HPSKDVL]H WKDW WKH VLPXODWLRQ WLPHVFDOHV H[SORUHG LQ RXU ZRUN DUH EH\RQG UHDFK ZLWK H[LVWLQJ
0/)) PRGHOV IRU V\VWHPV LQ WKH VL]H DQG DFFXUDF\ UHJLPHV SUHVHQWHG LQ RXU ZRUN�

:H VSHFLILFDOO\ LQYHVWLJDWH WKH IROORZLQJ DVSHFWV LQ RXU PDQXVFULSW�
Ɣ 7KH VWDELOLW\ RI RXU SURSRVHG 0/)) DFURVV D ZLGH UDQJH RI FRQILJXUDWLRQ VSDFH �VHH 6HFWLRQ ,,�'�

,,�(� ORQJ�WLPHVFDOH 0' VLPXODWLRQV DQG PLQLPD VHDUFKHV IRU ODUJH DQG IOH[LEOH PROHFXODU
V\VWHPV�

Ɣ 7KH H[WUDSRODWLRQ DELOLW\ RI RXU 0/)) PRGHO �VHH 6HFWLRQ ,,�(� DFFHVVLQJ QHZ JHRPHWULHV WKDW
DUH QRW SUHVHQW LQ WKH WUDLQLQJ GDWD�

>�@ )X� ;LDQJ� HW DO� �)RUFHV DUH QRW (QRXJK� %HQFKPDUN DQG &ULWLFDO (YDOXDWLRQ IRU 0DFKLQH /HDUQLQJ
)RUFH )LHOGV ZLWK 0ROHFXODU 6LPXODWLRQV�� 7UDQVDFWLRQV RQ 0DFKLQH /HDUQLQJ 5HVHDUFK �������
>�@ 6WRFNHU� 6LQD� HW DO� �+RZ UREXVW DUH PRGHUQ JUDSK QHXUDO QHWZRUN SRWHQWLDOV LQ ORQJ DQG KRW PROHFXODU
G\QDPLFV VLPXODWLRQV"�� 0DFKLQH /HDUQLQJ� 6FLHQFH DQG 7HFKQRORJ\ ��� ������� �������
>�@ 0LNVFK� $SULO 0�� HW DO� �6WUDWHJLHV IRU WKH FRQVWUXFWLRQ RI PDFKLQH�OHDUQLQJ SRWHQWLDOV IRU DFFXUDWH DQG
HIILFLHQW DWRPLF�VFDOH VLPXODWLRQV�� 0DFKLQH /HDUQLQJ� 6FLHQFH DQG 7HFKQRORJ\ ��� ������� �������
>�@ :DQJ� =XQ� HW DO� �,PSURYLQJ PDFKLQH OHDUQLQJ IRUFH ILHOGV IRU PROHFXODU G\QDPLFV VLPXODWLRQV ZLWK
ILQH�JUDLQHG IRUFH PHWULFV�� 7KH -RXUQDO RI FKHPLFDO SK\VLFV ����� �������

�� $EVWUDFW� ³XQSUHFHGHQWHG WLPH DQG V\VWHP VL]H VFDOHV´ WKLV SKUDVH DSSHDUV DOO WRR RIWHQ LQ 0/))
OLWHUDWXUH� EXW LQ WKH FDVH RI WKLV ZRUN LW LV QRW VXEVWDQWLDWHG� 7KH IROORZLQJ VHQWHQFH PHQWLRQV ³XS WR
KXQGUHGV RI DWRPV´� ZKLOH LQ WKLV ILHOG PLOOLRQV RI DWRPV VFDOLQJ KDV DOUHDG\ EHHQ GHPRQVWUDWHG E\ VHYHUDO
ZRUNV�

2XU DSSURDFK UHSUHVHQWV D VWHS WRZDUGV UHFRQFLOLQJ WKH FRQIOLFWLQJ GHPDQGV RI ORQJ�WLPHVFDOH VWDELOLW\�
DFFXUDF\ DQG FRPSXWDWLRQ HIILFLHQF\� :H UHPDUN WKDW RXU SUHVHQWHG DSSURDFK GRHV QRW LPSURYH DORQJ
WKHVH GLPHQVLRQV XQLODWHUDOO\ �ZKLFK LV WULYLDO�� EXW VLPXOWDQHRXVO\� :H SROLWHO\ LQVLVW WKDW WKLV UHSUHVHQWV
DQ XQSUHFHGHQWHG DGYDQFH LQ WKH ILHOG� HQDEOLQJ XV WR UXQ VWDEOH ���QV�ORQJ 0' VLPXODWLRQV IRU IOH[LEOH
V\VWHPV�
:KLOH H[LVWLQJ 0/))V KDYH SUHGLFWHG HQHUJLHV DQG IRUFHV IRU VLJQLILFDQWO\ ODUJHU V\VWHPV� VXFK DV
$//(*52� WKHVH PRGHOV KDYH QRW XQGHUJRQH WKRURXJK VFUXWLQ\ LQ WHUPV RI VWDELOLW\ DQG WKHLU FDSDFLW\ IRU
H[WUDSRODWLRQ� 2XU RZQ ILQGLQJV DQG PDQ\ RWKHU ZRUNV �H�J� >�� �� �@� FLWHG LQ RXU PDQXVFULSW DQG >�@ WKDW
ZH KDYH DGGHG WR WKH UHYLVHG YHUVLRQ RI RXU PDQXVFULSW� VKRZ WKDW WKH ODFN RI VWDELOLW\ GXH WR HUURU
DFFXPXODWLRQ FDQ EH D PDMRU DSSOLFDELOLW\ URDGEORFN�



+RZHYHU� ZH DJUHH WKDW WKHUH LV D QHHG WR FODULI\ WKLV FLUFXPVWDQFH� 7R LPSURYH WKH SUHVHQWDWLRQ RI RXU
PDQXVFULSW� ZH KDYH WKHUHIRUH FKDQJHG WKH FRUUHVSRQGLQJ SDUW RI RXU DEVWUDFW LQ WKH UHYLVHG PDQXVFULSW�

>�@ )X� ;LDQJ� HW DO� �)RUFHV DUH QRW (QRXJK� %HQFKPDUN DQG &ULWLFDO (YDOXDWLRQ IRU 0DFKLQH /HDUQLQJ
)RUFH )LHOGV ZLWK 0ROHFXODU 6LPXODWLRQV�� 7UDQVDFWLRQV RQ 0DFKLQH /HDUQLQJ 5HVHDUFK �������
>�@ 6WRFNHU� 6LQD� HW DO� �+RZ UREXVW DUH PRGHUQ JUDSK QHXUDO QHWZRUN SRWHQWLDOV LQ ORQJ DQG KRW PROHFXODU
G\QDPLFV VLPXODWLRQV"�� 0DFKLQH /HDUQLQJ� 6FLHQFH DQG 7HFKQRORJ\ ��� ������� �������
>�@ 0LNVFK� $SULO 0�� HW DO� �6WUDWHJLHV IRU WKH FRQVWUXFWLRQ RI PDFKLQH�OHDUQLQJ SRWHQWLDOV IRU DFFXUDWH DQG
HIILFLHQW DWRPLF�VFDOH VLPXODWLRQV�� 0DFKLQH /HDUQLQJ� 6FLHQFH DQG 7HFKQRORJ\ ��� ������� �������
>�@ :DQJ� =XQ� HW DO� �,PSURYLQJ PDFKLQH OHDUQLQJ IRUFH ILHOGV IRU PROHFXODU G\QDPLFV VLPXODWLRQV ZLWK
ILQH�JUDLQHG IRUFH PHWULFV�� 7KH -RXUQDO RI FKHPLFDO SK\VLFV ����� �������

�� 7DEOH �� WKH WKLUG FROXPQ LV PLVOHDGLQJ� )RU VRPH PRGHOV /PD[ OLVWHG LV DQ DUFKLWHFWXUDO FRQVWUDLQW
�6FKQHW / �� 3DLQQ / ��� ZKLOH IRU RWKHUV LW¶V DQ DGMXVWDEOH K\SHUSDUDPHWHU� 7KLV VKRXOG EH UHIOHFWHG�

:H WKDQN WKH UHYLHZHU IRU WKLV UHPDUN� :H KDYH UHZRUNHG WKH FDSWLRQ RI WDEOH � LQ WKH UHYLVHG PDQXVFULSW�

�� 3� ³([LVWLQJ HTXLYDULDQW 0/))V ZLWK FRPSDUDEOH SUHGLFWLRQ DFFXUDF\ ZRXOG UXQ PRUH WKDQ D PRQWK IRU
VXFK DQ DQDO\VLV�´ 7KLV VWDWHPHQW PXVW EH DFFRPSDQLHG E\ FDUHIXO EHQFKPDUNLQJ FRPSDULVRQV�

:H DJUHH WKDW WKLV PXVW EH LQYHVWLJDWHG PRUH FDUHIXOO\� $FFRUGLQJ WR WKH PHDVXUHG UXQWLPHV IURP
UHVSRQVH ����D� WKH DFKLHYHG VSHHGXS IRU '+$ LV ����[� ZKLFK UHVXOWV LQ DSSUR[LPDWHO\ �� GD\V
FRPSDUHG WR � GD\V�

�� )LJ � E LV QRW LQIRUPDWLYH DQG QRW VXEVWDQWLDWHG� DQG OLNHO\ PLVOHDGLQJ� VLQFH QRQH RI WKH ³H[LVWLQJ
PRGHOV´ DUH TXDQWLILHG RQ WKHVH D[HV�

)LJ� �E LV D VW\OL]HG YHUVLRQ RI )LJ� �D� ZKLFK LOOXVWUDWHV D IXOO\ TXDQWLWDWLYH EHQFKPDUNLQJ RI WKH VKRZQ
0/))V� 7R LPSURYH WKH SUHVHQWDWLRQ RI RXU PDQXVFULSW� ZH KDYH UHPRYHG )LJ� �E DQG QRZ H[FOXVLYHO\
UHIHU WR WKH XQDEEUHYLDWHG )LJ� �D LQ RXU UHYLVHG PDQXVFULSW� :H UHPDUN WKDW SULRU VWXGLHV KDYH
LQGHSHQGHQWO\ TXDQWLILHG WKH VWDELOLW\ >�� �� �@� WKH VSHHG >�� �@ DQG ERWK DVSHFWV MRLQWO\ >�@�

>�@ 9LWD� -RVKXD $�� DQG 'DQLHO 6FKZDOEH�.RGD� �'DWD HIILFLHQF\ DQG H[WUDSRODWLRQ WUHQGV LQ QHXUDO
QHWZRUN LQWHUDWRPLF SRWHQWLDOV�� 0DFKLQH /HDUQLQJ� 6FLHQFH DQG 7HFKQRORJ\� ��� ������� �������
>�@ 6WRFNHU� 6LQD� HW DO� �+RZ UREXVW DUH PRGHUQ JUDSK QHXUDO QHWZRUN SRWHQWLDOV LQ ORQJ DQG KRW PROHFXODU
G\QDPLFV VLPXODWLRQV"�� 0DFKLQH /HDUQLQJ� 6FLHQFH DQG 7HFKQRORJ\ ��� ������� �������
>�@ :DQJ� =XQ� HW DO� �,PSURYLQJ PDFKLQH OHDUQLQJ IRUFH ILHOGV IRU PROHFXODU G\QDPLFV VLPXODWLRQV ZLWK
ILQH�JUDLQHG IRUFH PHWULFV�� 7KH -RXUQDO RI FKHPLFDO SK\VLFV ����� �������
>�@ :DQJ� <XVRQJ� HW DO� �(QKDQFLQJ JHRPHWULF UHSUHVHQWDWLRQV IRU PROHFXOHV ZLWK HTXLYDULDQW
YHFWRU�VFDODU LQWHUDFWLYH PHVVDJH SDVVLQJ�� 1DWXUH &RPPXQLFDWLRQV ���� ������� ����
>�@ )X� ;LDQJ� HW DO� �)RUFHV DUH QRW (QRXJK� %HQFKPDUN DQG &ULWLFDO (YDOXDWLRQ IRU 0DFKLQH /HDUQLQJ
)RUFH )LHOGV ZLWK 0ROHFXODU 6LPXODWLRQV�� 7UDQVDFWLRQV RQ 0DFKLQH /HDUQLQJ 5HVHDUFK �������

�� ³+RZHYHU� WKLV LQFRPSOHWH OLVW RI IHDWXUHV FDQ QRW GLVFULPLQDWH FHUWDLQ LQWHUDFWLRQ SDWWHUQV´� 7KLV LV
PLVOHDGLQJ� WKLV VWDWHPHQW VKRXOG QRW UHIHU WR GHHS QHXUDO QHWZRUNV� 5HIHUHQFH �� GHPRQVWUDWHV WKDW
ORFDO ��ERG\ GHVFULSWRUV GR QRW IRUP D FRPSOHWH UHSUHVHQWDWLRQ� %XW LQ 0311V� KLJKHU�ERG\ FRUUHODWLRQV
DUH FRQVWUXFWHG ZLWK PXOWLSOH OD\HUV� $ GLIIHUHQW ZRUN
>KWWSV���LRSVFLHQFH�LRS�RUJ�DUWLFOH�������������������DFD�I�@ GHPRQVWUDWHG WKDW GLVWDQFHV LQ 0311V DUH
QRW FRPSOHWH� EXW QR VXFK SURRI H[LVWV IRU DQJOHV DQG GLKHGUDO DQJOHV DV LQYDULDQWV LQ WKLV FRQWH[W�

:H WKDQN WKH UHYLHZHU IRU SRLQWLQJ WKLV RXW DQG ZH IXOO\ DJUHH� :H KDYH UHPRYHG WKH VWDWHPHQW LQ WKH
UHYLVHG PDQXVFULSW DQG KDYH DGGHG WKH FRUUHVSRQGLQJ UHIHUHQFHV�

Ɣ ³E\ DQG DWWHQWLRQ IXQFWLRQ´ �! ³E\ DQ DWWHQWLRQ IXQFWLRQ´

https://iopscience.iop.org/article/10.1088/2632-2153/aca1f8


Ɣ 3�� /L�62� VKRXOG EH /L�32�"

:H KDYH FRUUHFWHG WKH W\SRV LQ WKH UHYLVHG PDQXVFULSW�

�� $JDLQ� WR WKH SRLQW RI FRPSDULQJ PRGHOV� WKH VWDWHPHQW ³5HPDUNDEO\� 62�NUDWHV DFKLHYHV HQHUJ\ DQG
IRUFH DFFXUDFLHV� PRUH WKDQ ��� EHWWHU WKDQ WKH RQHV UHSRUWHG LQ >��@´ VKRXOG QRW EH PDGH ZLWKRXW D
FDUHIXO FRPSDULVRQ� DV LW PD\ EH PLVLQWHUSUHWHG DV VD\LQJ RQH PRGHO LV FDSDEOH RI KLJKHU DFFXUDF\ WKDQ
WKH RWKHU� ,Q WKLV SDUWLFXODU FRPSDULVRQ� LQ UHI �� WKH WHVW ZDV SHUIRUPHG ZLWK D VPDOO PRGHO WR
GHPRQVWUDWH VFDODELOLW\ WR PLOOLRQV RI DWRPV� DQG SUHVXPDEO\ QRW RSWLPL]HG IRU DFFXUDF\�

:H KDYH FODULILHG WKDW WKH PRGHO UHIHUHQFHG LQ >��@ ZDV RSWLPL]HG IRU VSHHG UDWKHU WKDQ DFFXUDF\� 7KH
SHUIRUPDQFH RI RXU PRGHO LV FRPSDUDEOH WR WKDW PRGHO� \HW RXU PRGHO FDQ DFKLHYH D VLJQLILFDQWO\ KLJKHU
DFFXUDF\ �DERXW ��� EHWWHU� JLYHQ WKH VDPH VSHHG FRQVWUDLQW�

��� +RZHYHU� WKH ³RQ SDU´ VSHHG FRPSDULVRQ LV QRW V\VWHPDWLFDOO\ VXSSRUWHG E\ VXIILFLHQW WHVWV RI HYHQ
LPSOHPHQWDWLRQ GHWDLOV �WKLV LV MXVW RQH H[DPSOH LQ OLJKW RI P\ JHQHUDO FRPPHQWV DERYH��

)RU RXU FRPSDULVRQ ZH UHIHUHQFH WKH UXQWLPHV IURP WKH RULJLQDO $//(*52 SDSHU� ZKLFK ZH DVVXPH WR
KDYH EHHQ RSWLPL]HG WR EHVW GHPRQVWUDWH WKH PRGHO
V SRWHQWLDO�

��� $UFKLWHFWXUDOO\� WKH GHFRXSOLQJ RI WKH LQYDULDQW DQG HTXLYDULDQW DUFKLWHFWXUHV KDV EHHQ SUHYLRXVO\
SURSRVHG LQ WKH $OOHJUR UHI ��� 7KH PDQXVFULSW VKRXOG PHQWLRQ KRZ WKDW ZRUN UHODWHV WR WKH SURSRVHG
LGHD�

7R PDLQWDLQ LQYDULDQFH RI WKH SRWHQWLDO HQHUJ\ VXUIDFH SUHGLFWLRQ� DOO PRGHOV WUHDW LQYDULDQW DQG HTXLYDULDQW
IHDWXUHV VHSDUDWHO\� +RZHYHU� WKH LQQRYDWLRQ RI RXU DSSURDFK OLHV LQ WKH D SULRUL VHSDUDWLRQ RI ERWK
LQWHUDFWLRQ VSDFHV� 7KLV HQDEOHV XV WR DYRLG WHQVRU SURGXFWV� ZKLFK DUH D NH\ FRPSRQHQW RI DOO H[LVWLQJ
HTXLYDULDQW QHWZRUNV WR GDWH� LQFOXGLQJ WKH $OOHJUR DUFKLWHFWXUH� )XUWKHU� WKH $OOHJUR DUFKLWHFWXUH ZRUNV RQ
HGJH EDVHG UHSUHVHQWDWLRQV ZKHUHDV RXU PHWKRG LV FHQWHUHG DURXQG DWRPLF UHSUHVHQWDWLRQV� ZKLFK
DOORZV IRU LPSURYHPHQWV LQ FRPSXWDWLRQDO WLPH DQG VSDFH FRPSOH[LW\� :H KDYH DGGHG D GLVFXVVLRQ DERXW
WKH UHODWLRQ WR VHSDUDWHG LQWHUDFWLRQ VSDFHV DV ZHOO DV WR WKH $OOHJUR DUFKLWHFWXUH WR WKH UHYLVHG YHUVLRQ RI
RXU PDQXVFULSW�

��� H6&1 >DU;LY�����������@ UHGXFHV WKH FRPSOH[LW\ RI 62��� WHQVRU SURGXFWV IURP /PD[A� WR /PD[A��
XVLQJ HTXLYDOHQW 62��� FRQYROXWLRQV� ZLWKRXW DYRLGLQJ DQ\ SDUW RI WKH IXOO RSHUDWLRQV� DV LV VHHPLQJO\ GRQH
LQ WKLV PDQXVFULSW� 7KLV VKRXOG EH GLVFXVVHG�

:H WKDQN WKH UHYLHZHU IRU PDNLQJ XV DZDUH RI WKLV LQWHUHVWLQJ DSSURDFK� 7KH UHIHUHQFHG PHWKRG
VLPSOLILHV 62� FRQYROXWLRQV� ZKHUHDV RXU PHWKRG DOORZV XV WR IXOO\ DYRLG H[SHQVLYH 62� FRQYROXWLRQV
ZLWKLQ WKH PHVVDJH SDVVLQJ SDUDGLJP� %RWK ZRUNV VKRZ RUWKRJRQDO GLUHFWLRQV WR LPSURYH XSRQ WKH
FXUUHQW VWDWH�RI�WKH�DUW ZKHQ UHSUHVHQWLQJ HTXLYDULDQW LQWHUDFWLRQ LQ 0/))V� LQGLFDWLQJ WKDW WKLV DFWLYH ILHOG
RI UHVHDUFK KDV QRW \HW IXOO\ PDWXUHG� :H KDYH DGGHG DQ DSSURSULDWH GLVFXVVLRQ DERXW WKLV WR WKH UHYLVHG
PDQXVFULSW WR WKH 'LVFXVVLRQ VHFWLRQ�

��� :K\ GR VRPH RI WKH IDVWHVW SXEOLVKHG PRGHOV� H�J� 7RUFK0'�1(7� $1, DQG RWKHUV� QRW DSSHDU LQ
)LJXUH �" 7KH IRRWQRWH H[SODQDWLRQ LV QRW HDV\ WR XQGHUVWDQG� ,W LV QRW DSSURSULDWH WR FRPSDUH WKH
SURSRVHG PRGHO WR PRGHOV IURP WZR \HDUV DJR LQ WKLV ILHOG� ,W LV QRW FOHDU ZKHUH VSHHG YDOXHV IRU WKH SORW
IRU GLIIHUHQW PRGHOV FRPH IURP ± ZHUH WKH\ SHUIRUPHG ZLWK WKH VDPH IUDPHZRUN RQ WKH VDPH *38� HWF"
6HH FRPPHQWV DERYH�

:H FRPSDUH RXU PRGHO WR UHVXOWV WKDW KDYH EHHQ SXEOLVKHG LQ DQ H[WHQVLYH VWXG\ HYDOXDWLQJ �
UHSUHVHQWDWLYH 0311�EDVHG 0/))V LQ DQ HTXDO VHWWLQJ >�@� 7KH FKRVHQ DUFKLWHFWXUHV UDQJH IURP LQYDULDQW



FRQYROXWLRQDO QHXUDO QHWZRUNV �6FK1HW�� RQHV WKDW XVH YHFWRU UHSUHVHQWDWLRQV �3DL11�� WR IXOO\
62����HTXLYDULDQW PRGHOV �1HTX,3�� WKXV FRYHULQJ WKH IXOO HYROXWLRQ RI 0311 EDVHG 0/))V�

7KLV FRPSDULVRQ LQFOXGHV UHFHQWO\ SURSRVHG PRGHOV �H�J� 3DL11� )RUFH1HW IURP ����� 1HTX,3 IURP
������ DV ZHOO DV VRPH ROGHU PRGHOV �H�J� 6FK1HW IURP ����� WKDW UHPDLQ FRPSHWLWLYH LQ VRPH DVSHFWV�
VXFK DV FRPSXWDWLRQDO HIILFLHQF\� :H ILUPO\ EHOLHYH WKDW LW LV RI VFKRODUO\ LPSRUWDQFH WR FRQVLGHU UHOHYDQW
DUFKLWHFWXUHV WKDW KDYH EHHQ SXEOLVKHG EHIRUH ����� ,Q WKDW VSHFWUXP� 3DL11 KDV EHHQ FKRVHQ DV WKH
UHSUHVHQWDWLYH DUFKLWHFWXUH IRU 0311V ZLWK YHFWRULDO UHSUHVHQWDWLRQV� WKH FODVV WKDW 7RUFK0'�1(7 DOVR
EHORQJV WR� 6LQFH 3DL11 DQG 7RUFK0'�1(7 OLH LQ WKH VDPH FRPSOH[LW\ FODVV� WKHLU FRPSXWDWLRQDO
SHUIRUPDQFH RQO\ GLIIHUV E\ D IDFWRU �EHWZHHQ ��� IRU WKH ODUJH YDULDQW RI 7RUFK0'�1(7 DQG ��� IRU WKH
VPDOOHU YDULDQW RI 7RUFK0'�1(7 DV VKRZQ LQ WKH RULJLQDO SXEOLFDWLRQ >�@��

7R DGGUHVV DQ\ SRWHQWLDOO\ UHPDLQLQJ FRQFHUQV� ZH KDYH UH�LPSOHPHQWHG D VHOHFWLRQ RI 0/)) WKDW FRYHU
WKH VSHFWUXP RI PRGHOLQJ DSSURDFKHV �VHH RXU UHVSRQVH �����D�� $ GHWDLOHG GHVFULSWLRQ RI WKHVH UXQWLPH
H[SHULPHQWV KDYH EHHQ DGGHG WR WKH UHYLVHG PDQXVFULSW LQFOXGLQJ DQ XSGDWHG FDSWLRQ LQ )LJ� ��

>�@ 7K|ONH� 3KLOLSS� DQG *LDQQL 'H )DEULWLLV� �7RUFKPG�QHW� HTXLYDULDQW WUDQVIRUPHUV IRU QHXUDO QHWZRUN
EDVHG PROHFXODU SRWHQWLDOV�� DU;LY SUHSULQW DU;LY����������� �������

��� ,W LV QRW FOHDU WR ZKDW SXUSRVH WKH DXWKRUV FKRVH WR FRPSDUH DJDLQVW 6*'0/ LQ 7DEOH �� 7KLV PRGHO
LV QR ORQJHU VWDWH RI WKH DUW LQ DFFXUDF\ DQG OHDUQLQJ HIILFLHQF\� E\ PRUH WKDQ WZR \HDUV� 7KH UHVXOW WKDW
HTXLYDULDQW PRGHOV RXWSHUIRUP 6*'0/ LV ZHOO GRFXPHQWHG�

:H UHSRUW FRPSDULVRQV WR V*'0/ LQ WDEOH �� VLQFH LW LV WKH SDSHU ZKLFK LQWURGXFHG WKH EHQFKPDUN
GDWDVHW� :H IXUWKHU ZDQW WR VWUHVV WKDW WKH VKHHU HUURU QXPEHUV GR QRW WHOO PXFK DERXW D PRGHO
V
XVHIXOQHVV IRU SUDFWLFDO DSSOLFDWLRQV >�� �@ DQG WKH WDEOH LV RQO\ LQWHQGHG WR VKRZFDVH WKDW FKHPLFDO
DFFXUDF\ FDQ EH DFKLHYHG�

>�@ )X� ;LDQJ� HW DO� �)RUFHV DUH QRW (QRXJK� %HQFKPDUN DQG &ULWLFDO (YDOXDWLRQ IRU 0DFKLQH /HDUQLQJ
)RUFH )LHOGV ZLWK 0ROHFXODU 6LPXODWLRQV�� 7UDQVDFWLRQV RQ 0DFKLQH /HDUQLQJ 5HVHDUFK �������
>�@ 6WDUN� :RMFLHFK *�� HW DO� �0DFKLQH /HDUQLQJ ,QWHUDWRPLF 3RWHQWLDOV IRU 5HDFWLYH +\GURJHQ '\QDPLFV
DW 0HWDO 6XUIDFHV %DVHG RQ ,WHUDWLYH 5HILQHPHQW RI 5HDFWLRQ 3UREDELOLWLHV�� 7KH -RXUQDO RI 3K\VLFDO
&KHPLVWU\ & ������ ������� ������������

��� 7KH SURSRVDO RI ³LQFRUSRUDWLQJ DWRPLF FOXVWHU H[SDQVLRQV LQWR WKH 03 VWHS´ ZDV ILUVW LQWURGXFHG LQ
KWWSV���DU[LY�RUJ�DEV������������ ZKLFK VKRXOG EH FLWHG�

:H KDYH DGGHG WKH FLWDWLRQ WR WKH UHYLVHG YHUVLRQ RI RXU PDQXVFULSW�
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The authors have addressed all my comments properly. Therefore I am happy to suggest this 
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The authors have addressed all my concerns and I am happy with the current version.
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