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ώмϐ F Z. Chen, J.H. Huo, L.X. Hao, Jian Zhou. Multi-scale modeling and simulation of responsive polymers. Current Opinion in 

Chemical Engineering, 2019, 23: 21-33. 
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Unraveling the Separation Mechanism of Gas Mixtures in 

MOFs by Combining the Breakthrough Curve with Machine 

Learning and High - Throughput Calculation  

Jinfeng Li a, Yu Li a, Yizhen Situ c, Yufang Wu a, Wenfei Wang a, Lanqing Huang a, Chengzhi Cai a, 

Xiaoshan Huang a, Yafang Guan a, Shouxin Zhang b, Heguo Li b, Li Li  b, Yue Zhao b,*, Hong Liang a,* , 

and Zhiwei Qiao a,* 

a Guangzhou Key Laboratory for New Energy and Green Catalysis, School of Chemistry and Chemical Engineering, 

Guangzhou University, Guangzhou 510006, China; 
b State Key Lab NBC Protect Civilian, Beijing 102205, Peoples R China; 

c State Key Laboratory of Organic-Inorganic Composites, Beijing University of Chemical Technology, Beijing 100029, 

China; 

* Correspondence: SA11226532@mail.ustc.edu.cn (Y. Zhao); lhong@gzhu.edu.cn (H. Liang); zqiao@gzhu.edu.cn (Z. 

Qiao). 
 

Abstract: 

In the field of metal-organic frameworks (MOFs) screening studies, the batch calculation of the mixed gas 

breakthrough time difference (ȹTi) in MOFs and its intricate correlation with various descriptors remain underexplored. 

This research undertook batch calculations of the breakthrough curves (BC) for different gases within a simulated natural 

gas environment, designating ȹTi as the performance metric for MOFs in gas separation. The separation performance of 

computation-ready experimental MOFs for CH4/C2H6 and CH4/CO2 mixtures was analyzed in depth utilizing machine 

learning (ML)-assisted high-throughput computational screening (HTCS) techniques. Then, five ML algorithms were used 

to quantify the relationship between MOF descriptors and performance, and the effect of the metal center site on the 

separation performance was further explored. Ultimately, the top ten MOFs were selected for each system. Combining 

HTCS, ML, and BC, this work provides fresh insights for understanding and designing MOFs with customized adsorption 

and separation properties. 

 

Keywords: metal-organic frameworks; high-throughput computational screening; breakthrough time; machine learning; 

separation. 
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[1] F.-X. Ma, B. Hao, X.-Y. Xi, R. Wang, P.-C. Ma, Aggregation-induced demulsification technology for the separation of highly 

emulsified oily wastewater produced in the petrochemical industry, Journal of Cleaner Production, 2022, 374: 134017. 

[2] Qian-Ru Li, Xin-Yi Wang, Akram Yasin, Ting-Yong Qi, Xuqing Liu, Zhexin Mao, Peng-Cheng Ma, Charge-induced aggregation of 

emulsified oil droplets in water with the presence of functionalized stainless steel felt, Separation and Purification Technology, 2025, 

353: 128530. 

[3] Wang X Y, Zhang Y R, Yasin A, et al. Polyethylenimine-modified glass fiber by a sulfur-based coupling reaction for selective 

demulsification of oil/water emulsions[J]. ACS Applied Polymer Materials, 2023, 5(9): 6886-6896. 

[4] Dou Y L, Yue X, Lv C J, et al. Dual-responsive polyacrylonitrile-based electrospun membrane for controllable oil-water 

separation[J]. Journal of Hazardous Materials, 2022, 438: 129565. 

[5] Lv C J, Hao B, Yasin A, et al. Molecular and structural design of polyacrylonitrilebased membrane for oil-water separation[J]. 

Polymer, 2022, 253: 124969. 
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ώмϐ Y. Tian and J. Wu*, A thermodynamic route for efficient prediction of gas diffusivity in nanoporous materials. Langmuir 2017, 33 

(42): 11797ς11803. 

ώнϐ Y. Tian, W. Fei and J. Wu*, Separation of carbon isotopes in methane with nanoporous material. Industrial Engineering Chemistry 

Research 2018, 57 (14): 5151ς5160. 
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A Three-stage Optimization Framework for Achieving Optimal Hydrocyclone's 

Overall Performance Aligning with Decision-makers' Preferences 

Dianyu E a, b, c, 1, Cong Tan a, b, Qing Ye d, Jiaxin Cui a, b, Zongyan Zhou a, b, Ruiping Zou d,  

Aibing Yu d, e, Shibo Kuang d, 

a Jiangxi Provincial Key Laboratory for Simulation and Modelling of Particulate Systems, Jiangxi University of 

Science and Technology, Nanchang 330013, PR China 

b International Institute for Innovation, Jiangxi University of Science and Technology, Nanchang 330013, PR China 

c Alber Particle Science and Technology Research Institute, Nanchang 330000, PR China 

d ARC Research Hub for Smart Process Design and Control, Department of Chemical and Biological Engineering, 

Monash University, VIC 3800, Australia 

e Centre for Simulation and Modeling of Particulate Systems, Southeast University - Monash University Joint 

Research Institute, Suzhou 215123, PR China 

*Email:dianyu.e@jxust.edu.cn; shibo.kuang@monash.edu 

 

Abstract: Previous hydrocyclone optimizations often neglected interactions among key objectives, potentially 

weakening overall performance and impeding sustainable progression of hydrocyclone applications. This study presents 

a three-stage optimization framework for identifying the most suitable hydrocyclone design and operating conditions 

aligned with decision-makers' preferences. Initially, a novel data-driven predictive algorithm, INFO-ELM, establishes 

nonlinear relationships between key variables and performance objectives. Subsequently, the preference-inspired 

cooperative evolutionary algorithm (PICEA-g) captures comprehensive trade-offs among key performance objectives. 

Finally, a multi-criteria decision-making method (TOPSIS) determines the optimal solution based on decision-makers' 

preferences. Rigorous cross-validation demonstrates the reliability of INFO-ELM and its superior accuracy compared to 

classical neural network algorithms. PICEA-g outperforms other advanced multi-objective evolutionary algorithms, 

facilitating faster and more accurate decision-making. Supported by computational fluid dynamics, the framework is 

validated across various separation scenarios employing two decision-making strategies. This study offers a 

comprehensive approach to address trade-offs in hydrocyclone optimization. 

Keywords: Hydrocyclone, Three-stage optimization framework, INFO-ELM, PICEA-g, TOPSIS 

 

 



2024 ғ ╦    

мр 
 

Ὶ  

 

ҍ ̆ ֹ мфф̆нмрмно 

*Email: lujm@suda.edu.cn 

 

Е 

Ҭ № ȁ ȁᵬ ̆ ‰ ̆

̆ ԅ Ȃ 

ԅ № ᵬ └̔ ï-ïᵬ ̆

κ ῍ №≢ҍ ï-ïᵬ ̆ ! ̕ ⱬ

ⱬ ̆ ҍ ⱬ

ⱬᵬ ̆ 5aC̕Ҍ ⱬᵬ Ҭ ̕

ⱬ ï-ïᵬ ⱬ ̆ Ȃ 

₮ԅ № Һ Ҭ ῀ ↨ ֜ ╕ ̔֜ ╕Ҭ ῀ ԇ

ᵈ ̆ᵈ Ṑ ȁ ̕ ῀ Ῥ Ȃ

֪ ⱬ ꜚⱬ ̆ ԅ ֪ ҍ ῇ

̆ ᵞԍ п Ȃ 

₮ ҍỲ ľ κỲ Ŀ ⱳ ̆ ᾢ ԅ ᵝỲ

₮ └ ᶏ̆ ԍҌ ̆ Ỳ

Ȃ 

ῗ ̔ ̕ ̕  

 

[1] F. Zhou, P. Gu, Z. Luo, H. Bisoyi, Y. Ji, Y. Li, Q. Xu, Q. Li*, J. Lu* Unexpected organic hydrate luminogens in the solid state, Nat. 

Commun., 2021, 12, 2339 

[2] H. Wan, Q. Xu, J. Wu, C. Lian, H. Liu, B. Zhang , J. He, D. Chen, J. Lu*  SuFEx-Enabled Elastic Polysulfates for Efficient 

Removal of Radioactive Iodomethane and Polar Aprotic Organics through Weak Intermolecular Forces̆Angew. Chem. Int. Ed., 2022, 

61, e2022085 

[3] G. Wang, H. Li, N. Li, D. Chen, J. He, Q. Xu, J. Lu*  Construction of Perylene-based Amphiphilic Micelle and Its Efficient 

Adsorption and In Situ Photodegradation of Bisphenol A in Aqueous Solution, Angew. Chem. Int. Ed., 2022, e.202210619 

[4] L. Yang, Z.Chen, Q. Cao, H. Liao, J. Gao, L. Zhang, W. Wei, H. Li*, J. Lu*  Structural Regulation of Photocatalyst to Optimize 

Hydroxyl Radical Production Pathways for Highly Efficient Photocatalytic Oxidation, Adv. Mater., 2023, 35, 2306758 

[5] Y. Zhou, L. Zhang, Z. Zhu, M. Wang, N. Li, T. Qian, C. Yan*, J. Lu*  Optimizing intermediate adsorption over PdM (M=Fe, Co, 

Ni, Cu) bimetallene for boosted nitrate electroreduction to ammonia, Angew. Chem. Int. Ed., 2024, e202319029 
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Fig. 1 Gas permeance as a function of the molecular kinetic diameter for BTESE membrane at T = 473.15 K. The color 

map corresponds to pore size distribution on two-dimensional surface. The red and green dashed lines are for the 

expected and minimum pore sizes, respectively. Results are shown for the BTESE model under study with density of r = 

1 g/cm3. 
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Fig. 1 Prediction of oil-water separation efficiency by machine learning and the relative impact importance of the 

various structural parameters for fiber-based oil-water separation materials 
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Fig. 1 Constructing the inorganic crystal structure prototype database based on unsupervised learning of local atomic 
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Fig. 1 The framework of Physics-constrained dynamic mode decomposition 
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Fig. 1 Simulated cases of multiphase reactors. 
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Fig. 1 On-line monitoring platform for cell culture processes 

 

Fig. 2 On-line analysis of in suit cell images  
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Fig. 1 Digital twin system architecture of the small scale fine chemical production process 
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Abstract: On-line microscopic imaging and near infrared spectroscopy (NIR) were investigated for monitoring the 

granulation and drying process in an industrial ï scale fluidized granulator. In order to realize real-time online detection 

of particle size and moisture content during the granulation process[1], the granulation process of corn starch was taken 

as the research object, and the microscope image and near-infrared spectrum of the granulation process system were 

gathered online in real time by in-situ microscope and near-infrared spectroscopy. Moreover, real-time online image 

processing and genetic algorithm combined with chemometrics approach of partial least square were adopted. The 

particle size distributionȁchange and moisture content in the granulation process were obtained in real time. The results 

show that the size distribution of 200ɛm small particles during granulation process can be measured by in-situ 

microscope and the change of particle size can be analyzed. The accuracy of the moisture content correction PLS model 

is high, the prediction root-mean-square error is 0.0051, and the prediction determination coefficient RP
2 is 0.974. The 

real-time and accurate monitoring of particle size and water content in fluidized bed granulation process is realized, 

which provides research basis for process optimization and control. 

Keywords: Fluidized bed granulation; Image processing; Genetic Algorithm; PLS 
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Fig. 1 Comparison of LSTM prediction results with physical results  
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Fig. 1 (a) Structure diagram of the FFiTrNet model. Transformer encoder is used to replace the axial attention in the 

origin FFiNet. (b) The detailed structure of the Transformer encoder in FFiTrNet. A special output token is introduced as 

one of its inputs to aggregate all the information of three k-hop outputs. 

Table 1. The test MAE, RMSE and R2 for direct training and transfer learning using two different dataset prediction 
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Comparison of dynamic pull-load cathodic water runner content 

ꜚ ’Ҋ ̆ ԍ ṿ ̆

ѿל ̆ ץ ῤ ’Ȃ 

 

ῗ Е ֜ ̕ ꜚ ֲ̕ ̕  

Е 

[1] Z. Abdin, A. Zafaranloo, A. Rafiee, W. M®rida, W. LipiŒski, K. R. Khalilpour. Hydrogen as an energy vector[J]. Renewable and 

Sustainable Energy Reviews, 2020, 120: 109620. 

[2] Y. Wang, D. F. Ruiz Diaz, K. S. Chen, Z. Wang, X. C. Adroher. Materials, technological status, and fundamentals of PEM fuel 

cells: A review[J]. Materials Today, 2020, 32: 178-203. 

[3] T. H. Wang, Q. Li, X. T. Wang, Y. B. Qiu, M. Liu, X. Meng, J. C. Li, W. R. Chen. An optimized energy management strategy for 

fuel cell hybrid power system based on maximum efficiency range identification[J]. Journal of Power Sources, 2020, 445: 

227333. 

[4] K. Jiao, J. Xuan, Q. Du, Z. M. Bao, B. Xie, B. W. Wang, Y. Zhao, L. H. Fan, H. Z. Wang, Z. J. Hou, S. Huo, N. P. Brandon, Y. 

Yin, M. D. Guiver. Designing the next generation of proton-exchange membrane fuel cells[J]. Nature, 2021, 595(7867): 

361-369. 

[5] S. Puranik, A. Keyhani, F. Khorrami. Neural Network Modeling of Proton Exchange Membrane Fuel Cell[J]. IEEE 

Transactions on Energy Conversion, 2010, 25(2): 474-483. 

 

ֲ  ̔׃

̂1986-̃̆ ֤ ᴏ Ὲ ̆

̆ ҙԍ ̆ Ғҙ̆ Ȃ׆Ԋ

ҍ ȁ ץ̆

Ȃ 

 

̔ ֲҌ Ȃ 

 



2024 ғ ╦    

ру 
 

ב ғָ  

1
̆

1*
 

Ҭ ׃ ҍ ῃ  

ϝ9ƳŀƛƭΥ ƴȅŀƴƎϪƛǇŜΦŀŎΦŎƴ  

 

Е 

ȁ ȁ‚ ȁ Ḡ Ȃ ῤ ȁ

̆ ≢ ׃ ̆ ȁ ̆ᶏ ѿ ѿ

ҩ Ȃ׃ ׃ ῒ ꜚ └

̆ ᴰ ̆ Ȃ׃

ȁ ⱳ ҹ Ȃp ׃̆

Һ └ № ≢ȁ Ȃ ֲ̆ Ӟҹ

ᶫԅѿ ̆p №ᵬҹѿ ΐᶏ ̆ ̆ ץ

ῤ ̆ Ḡ ⱬȂ ׃ ҍֲ ̆ѿ

ꜛԍⱴ ׃ ̆ ѿ ֲ ̆ ᵞ

ӟ ԋ̆ Ȃ

ῤ ѿ֓ ̆ ׃ ױ ѿ֓∆ ᵬȂ 

  

mailto:nyang@ipe.ac.cn


2024 ғ ╦    

рф 
 

Chemical evolution  of solid particle aggregates in  fluids  

{Ƙǳŀƛǉƛ ½ƘŀƻΣ wǳƛ ½ƘŀƴƎΣ Iŀƴ IǳŀƴƎΣ YǳƴǇŜƴƎ ½ƘŀƻΣ .ƻŦŜƴƎ .ŀƛϝ 

State Key Laboratory of Multiphase Flow in Power Engineering, Xiôan Jiaotong University, Xiôan, 710049 

ϝ ōŦōŀƛϪƳŀƛƭΦȄƧǘǳΦŜŘǳΦŎƴ 
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ƴƻǊƳŀƭƛȊŜŘ ōȅ ǘƘŜ complete reaction time of a single isolated particle tsc. 
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CƛƎΦ м όŀύ Schematic diagram of thermal conductivity calculation workflow based on machine learning potential.  

Predicted thermal conductivity results of (b) BAs and (c) diamond 
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Fig.1 Detailed reaction class tagged network (RxCN) for the ReaxFF MD simulated pyrolysis reactions of the 

45-component RP-3 model obtained on the basis of predicted reaction classes by the tri-training classifier: (a) Detailed 

RxCN of all reaction pathways; (b,c) Simplified RxCN obtained by selecting the top 15% pathways and top 5% of 

reaction pathways 

 

ῗ ̔ ӟ̕ ̕ № ꜚⱬ ̕ ꜚ№ ̕  

 

[1] Yang S, Li X, Zheng M, Ren C, Guo L. Generating a skeleton reaction network for reactions of large-scale ReaxFF MD pyrolysis 



2024 ғ ╦    

ун 
 

simulations based on a machine learning predicted reaction class[J]. Physical Chemistry Chemical Physics, 2024, 26(6): 5649-5668  

[2] Yang S, Li X, Zheng M, Ren C, Guo L. Creating a reaction data set labeled with reaction class for automated reaction classification 

for ReaxFF molecular dynamics simulations of realistic fuel pyrolysis[J]. Energy & Fuels, 2024, 38(5): 4594-4612. 

 

ֲ/ ֲ  ̔׃

 

◐̆ н̆лмрҙԍҬ ̆ ԍ ᵬ̆

ԍнлнл͂ Ҭ Ḇᴪ̕ ῍ олφ ̆⇔ ң Һ ᴆ

Da5-wŜŀȄ±!wȄa5̆ ̆ ῤ ȁ ᵝȁ ῏

ᴑҙ῍ нлφ ̕ῒ ҹ № ꜚⱬ ᵣ

ᵣ Ҭ Ȃ 

 

 

 

̔ ֲ  

 

  



2024 ғ ╦    

уо 
 

ӥғ OpenFOAMҩ  

₣
1
̆

1,*
̆ ⱬ

1,2
̆

1,2
 

мҬ ׃ ҍ ῃ ̆ ֤̆мллмфл 

нҬ ̆ ֤̆млллпф 

ϝEmail: jhchen@ipe.ac.cn 

 

Е ₮ԅѿ ӟҍhǇŜƴCh!aң ̆ hǇŜƴCh!a

ᵬҹ ̆ ӟ ᵬҹ ⱴ ץ̆ ң ⱴ Ȃ 9ǳƭŜǊ-9ǳƭŜǊ

Ҋ ץ̆ ҹᶛ №̆ ԅ ‰ ̆ ԅ Ҍ ̆

ԅ ӟ ⱴ Ȃ 9ǳƭŜǊ-[ŀƎǊŀƴƎŜ Ҋ̆ץ

ҹᶛ̆ ԅ ԍ ᵣ ҍ ꜚ ӟ ̆ № ԅ ̆ ԅ

Ҭ ̆ № ԅ Ȃ ᵬҹ!L-/C5

Ҭ ᶫԅ Ȃ 

 
CƛƎΦ м The coupled calculation process of gas-solid flow system. 

 
CƛƎΦ н The coupled calculation process of gas-liquid flow system. 

ῗ ̔ң ̕ ӟ̕CFD̕ ̕ⱴ  

 

ώмϐ ₣ , ⱬ, , ,ѿ  CFD ҍ ӟ [J]. ,  2023, 74(9): 3775- 3785.  

[2] K. Wen, L. Guo, Z. Xia, S. Cheng, and J. Chen  A hybrid simulation method integrating CFD and deep learning for gasïliquid 

bubbly flow, Chem. Eng. J. 2024, 495: 153515. 

 

 

 

 



2024 ғ ╦    

уп 
 

ғᴮ  

1*
̆

2
 

м҉ ֜ ⇔ ̆҉ ̆нллнпл 
2
҉ ֜ ̆҉ ̆200240 

*Email: sjtu_zlt@sjtu.edu.cn 

 

Е ֓ ֲץ̆ ȁ ȁ ҹף ̆

ԅ ҍ Ȃ ҹ ῏ ӊѿȂ

Ҭ ῖ ᶛ̆ ׃ ῤ ᵣⱬ

ȁ ԍ ᴨ ȁ ꜚᴨ ȁⱴ ∆ ᵬȂ 

 

 
Fig. 1. A mechanistic-AI augmented digital twin platform for multiphase energy/process system engineering. 

ῗ ̔ ̕ ҍᴨ ׃̕ ̕ ᵣⱬ ̕ ӟ 

 

[1] L.T. Zhu, E. Kenig, A study of methanol-to-olefins packed bed reactor performance using particle-resolved CFD and machine 

learning. AIChE J., 2024, DOI: 10.1002/aic.18520. 

[2] L.T. Zhu, A. Wachs, Interpolation of probability-driven model to predict hydrodynamic forces and torques in particle-laden flows. 

AIChE J., 2023, 69(11), e18209. 

[3] L.T. Zhu, X.Z. Chen, B. Ouyang, W.C. Yan, H. Lei, Z. Chen, Z.H. Luo, Review of machine learning for hydrodynamics, transport 

and reactions in multiphase flows and reactors. Ind. Eng. Chem. Res., 2022, 61(28), 9901-9949. 

[4] L.T. Zhu, B. Ouyang, H. Lei, Z.H. Luo, Conventional and data-driven modeling of mesoscale drag, heat transfer and reaction rate in 

gas-particle flows. AIChE J., 2021, e17299. 

[5] L.T. Zhu, J.X. Tang, Z.H. Luo, Machine learning to assist filtered two-fluid model development for dense gas-particle flows. 

AIChE J., 2020, 66(6), e16973. 



2024 ғ ╦    

ур 
 

ֲ/ ֲ  ̔׃

̆ ȁ ȁ №≢ ҙԍ ҉ ֜ ̂ ̔ ̃̆

№≢ ҉ ֜ ȁ ȁ ᵬ Ȃ

῏ ╠ ̆Һ Ԋ׆ ̂ ҍ ̃ȁ

ҍᴨ ̂ ᵣⱬ ȁ׃ ȁ ӟȁ ᴨ ̃ȁ

ᴰ ҍ ȁ ̂ ȁ ̕ ҍ ̃

Ȃ ץׂ ѿκ ᴍ !L/Ƙ9 Wȁ/ƘŜƳ 9ƴƎ {Ŏƛῤ ҍ Һ

℮ олφ ̂ н ̃Ȃ ῀ ⅞ȁ ȁҬ

ᴪ ̂ ̃ѿ ̂wн̃ȁҬ ᴪᴨ ᵝ ȁ֤ ᴨ

ȁ/t/LC- /ƭŀǊƛŀƴǘ ⇔ ȁⱴ Ȃ 

 

 

̔ ֲκ ֲ  

 

  



2024 ғ ╦    

ус 
 

ָ ꜡ ᵩ  

ӏ
1,2
̆

2,3,*
̆

2,3
 

мҬ ό ֤ύ ҍ ̆ ֤̆млннпф 

нҬ ׃ ҍ ῃ ̆ ֤̆мллмфл 

оҬ ̆ ֤̆млллпф 

ϝEmail: lifei@ipe.ac.cn 

 

Е ᵣ ֲ ᵣ Ԋ ‰ ӊѿ[1] ̆ᵖ
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Fig.1(a) Flow diagram of the experiments; (b)A photo of the microchannel reactor with amplifying holes; (c) The 

structure and size of three typical helical wires 

 

 

Fig.2 Axial distribution of simulated turbulent dissipation rate and corresponding contours for microchannels with  

helical wires of different diameter  
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ώуϐ  b¸#wLΣ WΦΣ a!D59[5LbΣ aΦΣ [!waLΣ aΦΣ W&w±Lb9bΣ aΦΣ ϧ {!b¢!{![h-!!wbLhΣ !Φ όнлнлύΦ ¢ŜŎƘƴƻ-ŜŎƻƴƻƳƛŎ ōŀǊǊƛŜǊǎ ƻŦ ŀƴ 

ƛƴŘǳǎǘǊƛŀƭ-ǎŎŀƭŜ ƳŜǘƘŀƴƻƭ //¦-ǇƭŀƴǘΦ WƻǳǊƴŀƭ ƻŦ /hн ¦ǝƭƛȊŀǝƻƴΣ офΣ млммссΦ 
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ώфϐ  {¦Σ [Φ²ΦΣ [LΣ ·ΦwΦΣ {¦bΣ ½Φ¸ΦΣ нлмоΦ ¢ƘŜ ŎƻƴǎǳƳǇǝƻƴΣ ǇǊƻŘǳŎǝƻƴ ŀƴŘ ǘǊŀƴǎǇƻǊǘŀǝƻƴ ƻŦ ƳŜǘƘŀƴƻƭ ƛƴ /ƘƛƴŀΥ ŀ ǊŜǾƛŜǿΦ 9ƴŜǊƎȅ 

tƻƭƛŎȅ соΣ мол-моуΦ 

ώмлϐ  /Ƙƛƴŀ LƴŘǳǎǘǊƛŀƭ LƴŦƻǊƳŀǝƻƴ bŜǘǿƻǊƪΣ нлмуΦ !ƴŀƭȅǎƛǎ ƻŦ ǘƘŜ 5ŜǾŜƭƻǇƳŜƴǘ {ǘŀǘǳǎ ŀƴŘ tǊƛŎŜ ¢ǊŜƴŘ ƻŦ /ƘƛƴŀΩǎ aŜǘƘŀƴƻƭ LƴŘǳǎǘǊȅ 

ƛƴ нлмтΦ ƘǧǇΥκκǿǿǿΦŎƘȅȄȄΦŎƻƳκ ƛƴŘǳǎǘǊȅκнлмулрκсплфннΦƘǘƳƭΦ ό!ŎŎŜǎǎŜŘ у hŎǘƻōŜǊ нлмуύΦ 

ώммϐ  ![-{I!ww!IΣ DΦYΦΣ ![!¢LvLΣ LΦ ŀƴŘ 9[Y!a9[Σ !ΦΣ нллоΣ aƻŘŜƭƛƴƎ ŀƴŘ ƛŘŜƴǝŬŎŀǝƻƴ ƻŦ ŜŎƻƴƻƳƛŎ ŘƛǎǘǳǊōŀƴŎŜǎ ƛƴ ǘƘŜ ǇƭŀƴƴƛƴƎ ƻŦ 

ǘƘŜ ǇŜǘǊƻŎƘŜƳƛŎŀƭ ƛƴŘǳǎǘǊȅΣ LƴŘǳǎǘǊƛŀƭ ϧ 9ƴƎƛƴŜŜǊƛƴƎ /ƘŜƳƛǎǘǊȅ wŜǎŜŀǊŎƘΣ пнόнлύΥ пстуςпсууΦ 

ώмнϐ  Φ нллф № нлмл ώWϐΦ Σ нлмл όлнύ Υрс-руΦ 

ώмоϐ  Σ Σ Φ ԍ ᴇ ҍ № ĺĺץ ᴇ ҹᶛώWϐΦқ ό

ύΣнлмтΣпоόлпύΥрпм-рпсҌррмΦ 

ώмпϐ  bh²b9h²Σ !ΦΣ w¦bDw9¦bD!b¦bΣ ±Φ tƻƭȅ Ǿƛƴȅƭ ŎƘƭƻǊƛŘŜ ǇŜƭƭŜǘ ǇǊƛŎŜ ŦƻǊŜŎŀǎǝƴƎ ǳǎƛƴƎ !wLa! ƳƻŘŜƭώWϐΦ LƴǘŜǊƴŀǝƻƴŀƭ WƻǳǊƴŀƭ 

ƻŦ aŜŎƘŀƴƛŎŀƭ 9ƴƎƛƴŜŜǊƛƴƎ ŀƴŘ ¢ŜŎƘƴƻƭƻƎȅΣ нлмуΣ уόмоύΥ ннп-нонΦ 

ώмрϐ  Σ Σ Σ Φ нлнм ᴇ № ҍ ל ώWϐΦ ֤ ό ᴪ ύΣ нлнмΣ 

ноόлнύΥнр-нфΦ 

ώмсϐ  Φ ꜚ ᴇ ώWϐΦ ҍ Σ нлннΣ пнόлрύΥмолл-момоΦ 

ώмтϐ  Σ Σ ѿ ΣΦ нлнп ᴇ № ҍ ל ώWϐΦ ֤ όᴪ ύΣ нлнпΣ нсόлнύΥрф-стΦ 

ώмуϐ  .w!b/IΣ !ΦΣ ϧ {¢htChw5Σ aΦ όнлмоύΦ aŀǊƛǝƳŜ 9ŎƻƴƻƳƛŎǎΦ wƻǳǘƭŜŘƎŜΦ 

ώмфϐ  /Ih¦5I¦w¸Σ {ΦΣ DIh{IΣ {ΦΣ .I!¢¢!/I!w¸!Σ !ΦΣ C9wb!b59{Σ YΦ WΦΣ ϧ ¢L²!wLΣ aΦ YΦ όнлмпύΦ ! ǊŜŀƭ ǝƳŜ ŎƭǳǎǘŜǊƛƴƎ ŀƴŘ {±a 

ōŀǎŜŘ ǇǊƛŎŜ-Ǿƻƭŀǝƭƛǘȅ ǇǊŜŘƛŎǝƻƴ ŦƻǊ ƻǇǝƳŀƭ ǘǊŀŘƛƴƎ ǎǘǊŀǘŜƎȅΦ bŜǳǊƻŎƻƳǇǳǝƴƎΣ момΣ пмф-пнсΦ 

ώнлϐ  bL¦Σ IΦΣ ·¦Σ YΦΣ ϧ ²!bDΣ ²Φ όнлнлύΦ ! ƘȅōǊƛŘ ǎǘƻŎƪ ǇǊƛŎŜ ƛƴŘŜȄ ŦƻǊŜŎŀǎǝƴƎ ƳƻŘŜƭ ōŀǎŜŘ ƻƴ ǾŀǊƛŀǝƻƴŀƭ ƳƻŘŜ ŘŜŎƻƳǇƻǎƛǝƻƴ ŀƴŘ 

[{¢a ƴŜǘǿƻǊƪΦ !ǇǇƭƛŜŘ LƴǘŜƭƭƛƎŜƴŎŜΣ рлΣ пнфс-полфΦ 

ώнмϐ  {!¦5Σ !Φ {ΦΣ ϧ {I!Y¸!Σ {Φ όнлнлύΦ !ƴŀƭȅǎƛǎ ƻŦ ƭƻƻƪ ōŀŎƪ ǇŜǊƛƻŘ ŦƻǊ ǎǘƻŎƪ ǇǊƛŎŜ ǇǊŜŘƛŎǝƻƴ ǿƛǘƘ wbb ǾŀǊƛŀƴǘǎΥ ŀ ŎŀǎŜ ǎǘǳŘȅ ƻƴ 

ōŀƴƪƛƴƎ ǎŜŎǘƻǊ ƻŦ b9t{9Φ tǊƻŎŜŘƛŀ /ƻƳǇǳǘŜǊ {ŎƛŜƴŎŜΣ мстΣ туу-тфуΦ 

ώннϐ  w9½!9LΣ IΦΣ C!![Wh¦Σ IΦΣ ϧ a!b{h¦wC!wΣ DΦ όнлнмύΦ {ǘƻŎƪ ǇǊƛŎŜ ǇǊŜŘƛŎǝƻƴ ǳǎƛƴƎ ŘŜŜǇ ƭŜŀǊƴƛƴƎ ŀƴŘ ŦǊŜǉǳŜƴŎȅ ŘŜŎƻƳǇƻǎƛǝƻƴΦ 

9ȄǇŜǊǘ {ȅǎǘŜƳǎ ǿƛǘƘ !ǇǇƭƛŎŀǝƻƴǎΣ мсфΣ ммпоонΦ 

ώноϐ  ½I!bDΣ ·ΦΣ ·¦9Σ ¢ΦΣ {¢!b[9¸Σ IΦ 9Φ /ƻƳǇŀǊƛǎƻƴ ƻŦ ŜŎƻƴƻƳŜǘǊƛŎ ƳƻŘŜƭǎ ŀƴŘ ŀǊǝŬŎƛŀƭ ƴŜǳǊŀƭ ƴŜǘǿƻǊƪǎ ŀƭƎƻǊƛǘƘƳǎ ŦƻǊ ǘƘŜ 

ǇǊŜŘƛŎǝƻƴ ƻŦ ōŀƭǝŎ ŘǊȅ ƛƴŘŜȄΦ L999 !ŎŎŜǎǎ нлмуΤтΥмспт-мсртΦ 

ώнпϐ  {!995Σ bΦΣ bD¦¸9bΣ {ΦΣ /¦[[Lb!b9Σ YΦΣ D9Y!w!Σ ±ΦΣ ϧ /II9¢wLΣ tΦ όнлноύΦ CƻǊŜŎŀǎǝƴƎ ŎƻƴǘŀƛƴŜǊ ŦǊŜƛƎƘǘ ǊŀǘŜǎ ǳǎƛƴƎ ǘƘŜ tǊƻǇƘŜǘ 

ŦƻǊŜŎŀǎǝƴƎ ƳŜǘƘƻŘΦ ¢ǊŀƴǎǇƻǊǘ tƻƭƛŎȅΣ мооΣ ус-млтΦ 

ώнрϐ  w9{I9CΣ 5Φ bΦΣ w9{I9CΣ ¸Φ !ΦΣ CLb¦/!b9Σ IΦ YΦΣ Dwh{{a!bΣ {Φ wΦΣ a/±9!bΣ DΦΣ ¢¦wb.!¦DIΣ tΦ WΦΣ ΦΦΦ ϧ {!.9¢LΣ tΦ /Φ όнлммύΦ 

5ŜǘŜŎǝƴƎ ƴƻǾŜƭ ŀǎǎƻŎƛŀǝƻƴǎ ƛƴ ƭŀǊƎŜ Řŀǘŀ ǎŜǘǎΦ {ŎƛŜƴŎŜΣ оопόслснύΣ мрму-мрнпΦ 

ώнсϐ  [¦b5.9wDΣ {Φ aΦΣ ϧ [99Σ {Φ LΦ όнлмтύΦ ! ǳƴƛŬŜŘ ŀǇǇǊƻŀŎƘ ǘƻ ƛƴǘŜǊǇǊŜǝƴƎ ƳƻŘŜƭ ǇǊŜŘƛŎǝƻƴǎΦ !ŘǾŀƴŎŜǎ ƛƴ bŜǳǊŀƭ LƴŦƻǊƳŀǝƻƴ 

tǊƻŎŜǎǎƛƴƎ {ȅǎǘŜƳǎΣ олΦ 

ώнтϐ  Σ Σ Φ ѿ ᴇ ώWϐΦ ҍ Σ нлмоΣ пфόноύΥнпт-нрмΦ 

ώнуϐ  Σ Ԑ Σ Φ ᴇ Ҭ ώWϐΦ ҍ Σ нлмпΣ ппόмсύΥом-оуΦ 

ώнфϐ  Σ – Σ Σ Φ ᴇ ⅞ ȁ ώWϐΦ Σ нлмрΣ 

мфόлоύΥму-нрΦ 

ώолϐ  WI!Σ bΦΣ ¢!bb9w¦Σ IΦ YΦΣ t![[!Σ {ΦΣ ϧ a!C!¢Σ LΦ IΦ όнлнпύΦ aǳƭǝǾŀǊƛŀǘŜ ŀƴŀƭȅǎƛǎ ŀƴŘ ŦƻǊŜŎŀǎǝƴƎ ƻŦ ǘƘŜ ŎǊǳŘŜ ƻƛƭ ǇǊƛŎŜǎΥ tŀǊǘ Lς

/ƭŀǎǎƛŎŀƭ ƳŀŎƘƛƴŜ ƭŜŀǊƴƛƴƎ ŀǇǇǊƻŀŎƘŜǎΦ 9ƴŜǊƎȅΣ нфсΣ моммурΦ 

ώомϐ  [L¦Σ [ΦΣ ½Ih¦Σ {ΦΣ WL9Σ vΦΣ 5¦Σ tΦΣ ·¦Σ ¸ΦΣ ϧ ²!bDΣ WΦ όнлнпύΦ ! Ǌƻōǳǎǘ ǝƳŜ-ǾŀǊȅƛƴƎ ǿŜƛƎƘǘ ŎƻƳōƛƴŜŘ ƳƻŘŜƭ ŦƻǊ ŎǊǳŘŜ ƻƛƭ ǇǊƛŎŜ 

ŦƻǊŜŎŀǎǝƴƎΦ 9ƴŜǊƎȅΣ нффΣ моморнΦ 

ώонϐ  [LΣ WΦΣ IhbDΣ ½ΦΣ ½I!bDΣ /ΦΣ ²¦Σ WΦΣ ϧ ¸¦Σ /Φ όнлнпύΦ ! ƴƻǾŜƭ ƘȅōǊƛŘ ƳƻŘŜƭ ŦƻǊ ŎǊǳŘŜ ƻƛƭ ǇǊƛŎŜ ŦƻǊŜŎŀǎǝƴƎ ōŀǎŜŘ ƻƴ a99a5 ŀƴŘ 

aƛȄ-Y9[aΦ 9ȄǇŜǊǘ {ȅǎǘŜƳǎ ǿƛǘƘ !ǇǇƭƛŎŀǝƻƴǎΣ нпсΣ мномлпΦ 

ώооϐ  қ Σ ꜛΦ ԍI!w-w±-/W ᴇ ώWϐΦ ҍ‗ Σ нлмтΣ όноύΥуо-утΦ 

ώопϐ  Σ Φ ԍ ᴇ ώWϐΦ Ҭ ҙΣ нлнлΣ нфόлнύΥрн-руΦ  
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ώорϐ  Σ Σ ΣΦ ԍ ᴇ ל ώWϐΦ Σ нлнмΣ пуό{мύΥнор-нофΦ 

ώосϐ  Σ ᶃᶃΣ Σ Φ нлнп № ҍ ל ώWϐΦ ֤ ό ᴪ ύΣ нлнпΣ 

нсόлнύΥтс-уоΦ 

ώотϐ  ¢L²!wLΣ !Φ YΦΣ {I!wa!Σ DΦ 5ΦΣ w!hΣ !ΦΣ Ih{{!LbΣ aΦ wΦΣ ϧ 59±Σ 5Φ όнлнпύΦ ¦ƴǊŀǾŜƭƛƴƎ ǘƘŜ ŎǊȅǎǘŀƭ ōŀƭƭΥ ƳŀŎƘƛƴŜ ƭŜŀǊƴƛƴƎ ƳƻŘŜƭǎ 

ŦƻǊ ŎǊǳŘŜ ƻƛƭ ŀƴŘ ƴŀǘǳǊŀƭ Ǝŀǎ Ǿƻƭŀǝƭƛǘȅ ŦƻǊŜŎŀǎǝƴƎΦ 9ƴŜǊƎȅ 9ŎƻƴƻƳƛŎǎΣ млтслуΦ 

ώоуϐ  ֒ Σ Σ ԍ ᾣΣ Φ ꜚ ⱬ ᴇ ώWϐΦ ⱬ ꜚ Σ нлннΣ 

псόмуύΥмтф-муфΦ 

ώофϐ  [hL½L5L{Σ {ΦΣ Y¸twL!bh¦Σ !ΦΣ ϧ D9hwDILh¦Σ DΦ 9Φ όнлнпύΦ 9ƭŜŎǘǊƛŎƛǘȅ ƳŀǊƪŜǘ ǇǊƛŎŜ ŦƻǊŜŎŀǎǝƴƎ ǳǎƛƴƎ 9[a ŀƴŘ .ƻƻǘǎǘǊŀǇ ŀƴŀƭȅǎƛǎΥ 

! ŎŀǎŜ ǎǘǳŘȅ ƻŦ ǘƘŜ DŜǊƳŀƴ ŀƴŘ CƛƴƴƛǎƘ 5ŀȅ-!ƘŜŀŘ ƳŀǊƪŜǘǎΦ !ǇǇƭƛŜŘ 9ƴŜǊƎȅΣ осоΣ мнолруΦ 

ώплϐ  a!{LIΣ !Φ aΦ aΦΣ ![.Lb![LΣ YΦΣ ϧ 59a9[[hΣ [Φ όнлмлύΦ tǊƛŎŜ ŘȅƴŀƳƛŎǎ ƻŦ ƴŀǘǳǊŀƭ Ǝŀǎ ŀƴŘ ǘƘŜ ǊŜƎƛƻƴŀƭ ƳŜǘƘŀƴƻƭ ƳŀǊƪŜǘǎΦ 9ƴŜǊƎȅ 

tƻƭƛŎȅΣ оуόоύΣ мотн-мотуΦ 

ώпмϐ  59[!±!wLΣ aΦΣ ![LYI!bLΣ bΦ DΦΣ ϧ b!59wLΣ 9Φ hƛƭ ŀƴŘ aŜǘƘŀƴƻƭ tǊƛŎŜ ±ƻƭŀǝƭƛǘȅώWϐΦ !ǳǎǘǊŀƭƛŀƴ WƻǳǊƴŀƭ ƻŦ .ǳǎƛƴŜǎǎ ŀƴŘ 

aŀƴŀƎŜƳŜƴǘ wŜǎŜŀǊŎƘΣ нлмоΣ оόлуύΥ м-млΦ 

ώпнϐ  ½I!bDΣ ·ΦΣ ¸LbΣ IΦΣ ²!bDΣ /ΦΣ Ŝǘ ŀƭΦ CƻǊŜŎŀǎǘ ǘƘŜ ǇǊƛŎŜ ƻŦ ŎƘŜƳƛŎŀƭ ǇǊƻŘǳŎǘǎ ǿƛǘƘ ƳǳƭǝǾŀǊƛŀǘŜ Řŀǘŀώ/ϐκκнлмр LƴǘŜǊƴŀǝƻƴŀƭ 

/ƻƴŦŜǊŜƴŎŜ ƻƴ .ŜƘŀǾƛƻǊŀƭΣ 9ŎƻƴƻƳƛŎ ŀƴŘ {ƻŎƛƻ-ŎǳƭǘǳǊŀƭ /ƻƳǇǳǝƴƎΦ L999Σ нлмрΥ тс-унΦ 

ώпоϐ  ¢Imaa9{Σ aΦΣ ϧ ²LbY9wΣ tΦ aǳƭǝǾŀǊƛŀǘŜ aƻŘŜƭƭƛƴƎ ƻŦ /Ǌƻǎǎ-/ƻƳƳƻŘƛǘȅ tǊƛŎŜ wŜƭŀǝƻƴǎ !ƭƻƴƎ ǘƘŜ tŜǘǊƻŎƘŜƳƛŎŀƭ ±ŀƭǳŜ 

/Ƙŀƛƴώaϐκκ!ƭƎƻǊƛǘƘƳǎ ŦǊƻƳ ŀƴŘ ŦƻǊ bŀǘǳǊŜ ŀƴŘ [ƛŦŜΥ /ƭŀǎǎƛŬŎŀǝƻƴ ŀƴŘ 5ŀǘŀ !ƴŀƭȅǎƛǎΦ /ƘŀƳΥ {ǇǊƛƴƎŜǊ LƴǘŜǊƴŀǝƻƴŀƭ tǳōƭƛǎƘƛƴƎΣ нлмоΥ 

пнт-порΦ 

ώппϐ  DI!Ib!±L9IΣ !Φ 9Φ όнлмфύΦ ¢ƛƳŜ ǎŜǊƛŜǎ ŦƻǊŜŎŀǎǝƴƎ ƻŦ ǎǘȅǊŜƴŜ ǇǊƛŎŜ ǳǎƛƴƎ ŀ ƘȅōǊƛŘ !wLa! ŀƴŘ ƴŜǳǊŀƭ ƴŜǘǿƻǊƪ ƳƻŘŜƭΦ 

LƴŘŜǇŜƴŘŜƴǘ WƻǳǊƴŀƭ ƻŦ aŀƴŀƎŜƳŜƴǘ ϧ tǊƻŘǳŎǝƻƴΣ млόоύΣ фмр-фооΦ 

ώпрϐ  [¦Σ ¸ΦΣ ¢9bDΣ ¸ΦΣ ½I!bDΣ vΦΣ Ŝǘ ŀƭΦ tǊŜŘƛŎǝƻƴ aƻŘŜƭ ŦƻǊ ǘƘŜ /ƘŜƳƛŎŀƭ CǳǘǳǊŜǎ tǊƛŎŜ ¦ǎƛƴƎ LƳǇǊƻǾŜŘ DŜƴŜǝŎ !ƭƎƻǊƛǘƘƳ .ŀǎŜŘ 

[ƻƴƎ {ƘƻǊǘ-¢ŜǊƳ aŜƳƻǊȅώWϐΦ tǊƻŎŜǎǎŜǎΣ нлноΣ ммόмύΥ ноуΦ 

ώпсϐ  Σ Φ ԍ ᴇ ҍ֜ ώWϐΦ ҉ Σ нлноΣ прόлмύΥммо-ммуΦ 

ώптϐ  th±9¸Σ 5ΦΣ I!5L!bΣ IΦΣ DI!Iw9a!bLΣ tΦΣ [LΣ YΦΣ ϧ YI¦5!bt¦wΣ {Φ όнлмуύΦ ! ǝƳŜ-ǊŜǎǘǊƛŎǘŜŘ ǎŜƭŦ-ŀǧŜƴǝƻƴ ƭŀȅŜǊ ŦƻǊ !{wΦ Lƴ нлму 

L999 LƴǘŜǊƴŀǝƻƴŀƭ /ƻƴŦŜǊŜƴŎŜ ƻƴ !ŎƻǳǎǝŎǎΣ {ǇŜŜŎƘ ŀƴŘ {ƛƎƴŀƭ tǊƻŎŜǎǎƛƴƎ όL/!{{tύ όǇǇΦ рутп-рутуύΦ L999Φ 

ώпуϐ  t!wa!wΣ bΦΣ ±!{²!bLΣ !ΦΣ ¦{½Yhw9L¢Σ WΦΣ Y!L{9wΣ _ΦΣ {I!½99wΣ bΦΣ Y¦Σ !ΦΣ ϧ ¢w!bΣ 5Φ όнлмуύΦ LƳŀƎŜ ǘǊŀƴǎŦƻǊƳŜǊΦ Lƴ 

LƴǘŜǊƴŀǝƻƴŀƭ /ƻƴŦŜǊŜƴŎŜ ƻƴ aŀŎƘƛƴŜ [ŜŀǊƴƛƴƎ όǇǇΦ плрр-плспύΦ ta[wΦ 

ώпфϐ  YLaΣ WΦΣ h.w9DhbΣ WΦΣ t!wYΣ IΦΣ ϧ W¦bDΣ WΦ ¸Φ όнлнпύΦ aǳƭǝ-ǎǘŜǇ ǇƘƻǘƻǾƻƭǘŀƛŎ ǇƻǿŜǊ ŦƻǊŜŎŀǎǝƴƎ ǳǎƛƴƎ ǘǊŀƴǎŦƻǊƳŜǊ ŀƴŘ ǊŜŎǳǊǊŜƴǘ 

ƴŜǳǊŀƭ ƴŜǘǿƻǊƪǎΦ wŜƴŜǿŀōƭŜ ŀƴŘ {ǳǎǘŀƛƴŀōƭŜ 9ƴŜǊƎȅ wŜǾƛŜǿǎΣ нллΣ ммпптфΦ 

ώрлϐ  ²!bDΣ ·ΦΣ ϧ a!Σ ²Φ όнлнпύΦ ! ƘȅōǊƛŘ ŘŜŜǇ ƭŜŀǊƴƛƴƎ ƳƻŘŜƭ ǿƛǘƘ ŀƴ ƻǇǝƳŀƭ ǎǘǊŀǘŜƎȅ ōŀǎŜŘ ƻƴ ƛƳǇǊƻǾŜŘ ±a5 ŀƴŘ ǘǊŀƴǎŦƻǊƳŜǊ 

ŦƻǊ ǎƘƻǊǘ-ǘŜǊƳ ǇƘƻǘƻǾƻƭǘŀƛŎ ǇƻǿŜǊ ŦƻǊŜŎŀǎǝƴƎΦ 9ƴŜǊƎȅΣ нфрΣ момлтмΦ 

ώрмϐ  ahΣ {ΦΣ ²!bDΣ IΦΣ [LΣ .ΦΣ ·¦9Σ ½ΦΣ C!bΣ {ΦΣ ϧ [L¦Σ ·Φ όнлнпύΦ tƻǿŜǊŦƻǊƳŜǊΥ ! ǘŜƳǇƻǊŀƭ-ōŀǎŜŘ ǘǊŀƴǎŦƻǊƳŜǊ ƳƻŘŜƭ ŦƻǊ ǿƛƴŘ ǇƻǿŜǊ 

ŦƻǊŜŎŀǎǝƴƎΦ 9ƴŜǊƎȅ wŜǇƻǊǘǎΣ ммΣ тос-тппΦ 

ώрнϐ  Σ Σ ΣΦ/bb-¢ǊŀƴǎŦƻǊƳŜǊ֜ԑ LƎ! № ώWκh[ϐΦ ҍ Σ нлнпΣ м-ммΦ 

ώроϐ  [¦hΣ vΦΣ I9Σ {ΦΣ I!bΣ ·ΦΣ ²!bDΣ ¸ΦΣ ϧ [LΣ IΦ όнлнпύΦ [{¢¢bΥ ! [ƻƴƎ-{ƘƻǊǘ ¢ŜǊƳ ¢ǊŀƴǎŦƻǊƳŜǊ-ōŀǎŜŘ ǎǇŀǝƻǘŜƳǇƻǊŀƭ ƴŜǳǊŀƭ 

ƴŜǘǿƻǊƪ ŦƻǊ ǘǊŀŶŎ ƅƻǿ ŦƻǊŜŎŀǎǝƴƎΦ YƴƻǿƭŜŘƎŜ-.ŀǎŜŘ {ȅǎǘŜƳǎΣ нфоΣ мммсотΦ 

ώрпϐ  bD¦¸9b 5Σ C!.[9¢ wΦ ¢Ǌ!L{ŦƻǊƳŜǊ-! ƎŜƴŜǊŀǝǾŜ ǘǊŀƴǎŦƻǊƳŜǊ ŦƻǊ !L{ ǘǊŀƧŜŎǘƻǊȅ ǇǊŜŘƛŎǝƻƴΦ ŀǊ·ƛǾ Ŝ-ǇǊƛƴǘǎΦ нлнм ΥŀǊ·ƛǾ-нмлфΦ 

ώррϐ  † Σ Σ ΣΦ ԍ¢ǊŀƴǎŦƻǊƳŜǊ₮ ώWκh[ϐΦ ό ύΥм-мнΣ нлнпΦ 

ώрсϐ  D¦{¢!±{{hbΣ aΦΣ Y&[[Σ {ΦΣ {±95.9wDΣ tΦΣ Lb5!-5L!½Σ WΦ {ΦΣ ah[!b59wΣ {ΦΣ /hwL!Σ WΦΣ ΦΦΦ ϧ YwL{¢L!b{{hbΣ 9Φ όнлнпύΦ 

¢ǊŀƴǎŦƻǊƳŜǊǎ ŜƴŀōƭŜ ŀŎŎǳǊŀǘŜ ǇǊŜŘƛŎǝƻƴ ƻŦ ŀŎǳǘŜ ŀƴŘ ŎƘǊƻƴƛŎ ŎƘŜƳƛŎŀƭ ǘƻȄƛŎƛǘȅ ƛƴ ŀǉǳŀǝŎ ƻǊƎŀƴƛǎƳǎΦ {ŎƛŜƴŎŜ !ŘǾŀƴŎŜǎΣ млόмлύΣ 

ŜŀŘƪсссфΦ 

ώртϐ  ↔ Σ Σ ΣΦ ԍ ⱬ └ ¢ǊŀƴǎŦƻǊƳŜǊtaψόнΦрύώWκh[ϐΦ Σ нлнпΣ м-мрΦ 

ώруϐ  {¦bΣ ²ΦΣ /I!bDΣ [Φ /ΦΣ ϧ /I!bDΣ CΦ WΦ όнлнпύΦ 5ŜŜǇ ŘƛǾŜ ƛƴǘƻ ǇǊŜŘƛŎǝǾŜ ŜȄŎŜƭƭŜƴŎŜΥ ¢ǊŀƴǎŦƻǊƳŜǊϥǎ ƛƳǇŀŎǘ ƻƴ ƎǊƻǳƴŘǿŀǘŜǊ ƭŜǾŜƭ 

ǇǊŜŘƛŎǝƻƴΦ WƻǳǊƴŀƭ ƻŦ IȅŘǊƻƭƻƎȅΣ момнрлΦ 
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ώрфϐ  C!bDΣ WΦΣ ¸!bDΣ [ΦΣ ²9bΣ ·ΦΣ ¸¦Σ IΦΣ [LΣ ²ΦΣ !5!ah²{YLΣ WΦ CΦΣ ϧ .!w½9D!wΣ wΦ όнлнпύΦ 9ƴǎŜƳōƭŜ ƭŜŀǊƴƛƴƎ ǳǎƛƴƎ ƳǳƭǝǾŀǊƛŀǘŜ 

ǾŀǊƛŀǝƻƴŀƭ ƳƻŘŜ ŘŜŎƻƳǇƻǎƛǝƻƴ ōŀǎŜŘ ƻƴ ǘƘŜ ǘǊŀƴǎŦƻǊƳŜǊ ŦƻǊ ƳǳƭǝǎǘŜǇ-ŀƘŜŀŘ ǎǘǊŜŀƳƅƻǿ ŦƻǊŜŎŀǎǝƴƎΦ WƻǳǊƴŀƭ ƻŦ IȅŘǊƻƭƻƎȅΣ 

момнтрΦ 

ώслϐ  aL{Iw!Σ !Φ YΦΣ w9bD!b!¢I!bΣ WΦΣ ϧ D¦t¢!Σ !Φ όнлнпύΦ ±ƻƭŀǝƭƛǘȅ ŦƻǊŜŎŀǎǝƴƎ ŀƴŘ ŀǎǎŜǎǎƛƴƎ Ǌƛǎƪ ƻŦ ŬƴŀƴŎƛŀƭ ƳŀǊƪŜǘǎ ǳǎƛƴƎ 

Ƴǳƭǝ-ǘǊŀƴǎŦƻǊƳŜǊ ƴŜǳǊŀƭ ƴŜǘǿƻǊƪ ōŀǎŜŘ ŀǊŎƘƛǘŜŎǘǳǊŜΦ 9ƴƎƛƴŜŜǊƛƴƎ !ǇǇƭƛŎŀǝƻƴǎ ƻŦ !ǊǝŬŎƛŀƭ LƴǘŜƭƭƛƎŜƴŎŜΣ мооΣ млунноΦ 

ώсмϐ  Σ ῐ Σ ḍ ΣΦ ԍ[{¢aҍ¢ǊŀƴǎŦƻǊƳŜǊ ώWϐΦ Ҭ ῾ ≠ Σ нлнпόлпύΥнрл-нртΦ 

ώснϐ  ½9bDΣ IΦΣ ½I!bDΣ IΦΣ D¦hΣ WΦΣ w9bΣ .ΦΣ /¦LΣ [ΦΣ ϧ ²¦Σ WΦ όнлнпύΦ ! ƴƻǾŜƭ ƘȅōǊƛŘ {¢[-ǘǊŀƴǎŦƻǊƳŜǊ-!wLa! 

ŀǊŎƘƛǘŜŎǘǳǊŜ ŦƻǊ ŀǾƛŀǝƻƴ ŦŀƛƭǳǊŜ ŜǾŜƴǘǎ ǇǊŜŘƛŎǝƻƴΦ wŜƭƛŀōƛƭƛǘȅ 9ƴƎƛƴŜŜǊƛƴƎ ϧ {ȅǎǘŜƳ {ŀŦŜǘȅΣ нпсΣ ммллуфΦ 

ώсоϐ  Σ ӊ Σ қ Σ Φ ѿ ԍ ¢ǊŀƴǎŦƻǊƳŜǊҍ [{¢a ώWϐΦ ҍ Σ нлнпΣ 

прόлнύΥмсо-мтсΦ 

ώспϐ   Σ ѿ Σ ᾠ Φ ԍ ¢ǊŀƴǎŦƻǊƳŜǊ-Dw¦ п5 ώWϐΦ ֜ ό ύΣ нлнпΣ 

поόлсύΥфп-млмΦ 

ώсрϐ  ²!bDΣ IΦΣ ¸¦!bΣ ½ΦΣ /I9bΣ ¸ΦΣ Ŝǘ ŀƭΦ !ƴ ƛƴŘǳǎǘǊƛŀƭ ƳƛǎǎƛƴƎ ǾŀƭǳŜǎ ǇǊƻŎŜǎǎƛƴƎ ƳŜǘƘƻŘ ōŀǎŜŘ ƻƴ ƎŜƴŜǊŀǝƴƎ ƳƻŘŜƭώWϐΦ /ƻƳǇǳǘŜǊ 

bŜǘǿƻǊƪǎΣ нлмфΣ мруΥ см-суΦ 

ώссϐ  59aLwI!bΣ IΦΣ ϧ w9b²L/YΣ ½Φ aƛǎǎƛƴƎ ǾŀƭǳŜ ƛƳǇǳǘŀǝƻƴ ŦƻǊ ǎƘƻǊǘ ǘƻ ƳƛŘ-ǘŜǊƳ ƘƻǊƛȊƻƴǘŀƭ ǎƻƭŀǊ ƛǊǊŀŘƛŀƴŎŜ ŘŀǘŀώWϐΦ !ǇǇƭƛŜŘ 

9ƴŜǊƎȅΣ нлмуΣ ннрΥ ффу-млмнΦ 

ώстϐ  59YYLbDΣ CΦ aΦΣ Ŝǘ ŀƭΦ ! aƻŘŜǊƴ LƴǘǊƻŘǳŎǝƻƴ ǘƻ tǊƻōŀōƛƭƛǘȅ ŀƴŘ {ǘŀǝǎǝŎǎΥ ¦ƴŘŜǊǎǘŀƴŘƛƴƎ ǿƘȅ ŀƴŘ ƘƻǿΦ {ǇǊƛƴƎŜǊ {ŎƛŜƴŎŜ ϧ 

.ǳǎƛƴŜǎǎ aŜŘƛŀΣ нллсΦ 

ώсуϐ  [LΣ {ΦΣ WLbΣ ·ΦΣ ·¦!bΣ ¸ΦΣ ½Ih¦Σ ·ΦΣ /I9bΣ ²ΦΣ ²!bDΣ ¸Φ·Φ ŀƴŘ ¸!bΣ ·ΦΣ нлмфΦ 9ƴƘŀƴŎƛƴƎ ǘƘŜ ƭƻŎŀƭƛǘȅ ŀƴŘ ōǊŜŀƪƛƴƎ ǘƘŜ ƳŜƳƻǊȅ 

ōƻǧƭŜƴŜŎƪ ƻŦ ǘǊŀƴǎŦƻǊƳŜǊ ƻƴ ǝƳŜ ǎŜǊƛŜǎ ŦƻǊŜŎŀǎǝƴƎΦ !ŘǾŀƴŎŜǎ ƛƴ bŜǳǊŀƭ LƴŦƻǊƳŀǝƻƴ tǊƻŎŜǎǎƛƴƎ {ȅǎǘŜƳǎΣ онΦ 

ώсфϐ  ²¦ IΣ ·¦ WΣ ²!bD WΣ [hbD aΦ !ǳǘƻŦƻǊƳŜǊΥ 5ŜŎƻƳǇƻǎƛǝƻƴ ǘǊŀƴǎŦƻǊƳŜǊǎ ǿƛǘƘ ŀǳǘƻ-ŎƻǊǊŜƭŀǝƻƴ ŦƻǊ ƭƻƴƎ-ǘŜǊƳ ǎŜǊƛŜǎ ŦƻǊŜŎŀǎǝƴƎΦ 

!ŘǾŀƴŎŜǎ ƛƴ bŜǳǊŀƭ LƴŦƻǊƳŀǝƻƴ tǊƻŎŜǎǎƛƴƎ {ȅǎǘŜƳǎΦ нлнм сΤопΥннпмф-олΦ 

ώтлϐ  ½Ih¦ IΣ ½I!bD {Σ t9bD WΣ ½I!bD {Σ [L WΣ ·LhbD IΣ ½I!bD ²Φ LƴŦƻǊƳŜǊΥ .ŜȅƻƴŘ ŜŶŎƛŜƴǘ ǘǊŀƴǎŦƻǊƳŜǊ ŦƻǊ ƭƻƴƎ ǎŜǉǳŜƴŎŜ 

ǝƳŜ-ǎŜǊƛŜǎ ŦƻǊŜŎŀǎǝƴƎΦ LƴtǊƻŎŜŜŘƛƴƎǎ ƻŦ ǘƘŜ !!!L /ƻƴŦŜǊŜƴŎŜ ƻƴ !ǊǝŬŎƛŀƭ LƴǘŜƭƭƛƎŜƴŎŜ нлнм ±ƻƭΦ орΣ bƻΦ мнΣ ǇǇΦ мммлс-ммммрΦ 

ώтмϐ  bL9 ·Σ ½Ih¦ ·Σ [L ½Σ ²!bD [Σ [Lb ·Σ ¢hbD ¢Φ [ƻƎǘǊŀƴǎΥ tǊƻǾƛŘƛƴƎ ŜŶŎƛŜƴǘ ƭƻŎŀƭ-Ǝƭƻōŀƭ Ŧǳǎƛƻƴ ǿƛǘƘ ǘǊŀƴǎŦƻǊƳŜǊ ŀƴŘ Ŏƴƴ ǇŀǊŀƭƭŜƭ 

ƴŜǘǿƻǊƪ ŦƻǊ ōƛƻƳŜŘƛŎŀƭ ƛƳŀƎŜ ǎŜƎƳŜƴǘŀǝƻƴΦ Lƴнлнн L999 нпǘƘ Lƴǘ /ƻƴŦ ƻƴ IƛƎƘ tŜǊŦƻǊƳŀƴŎŜ /ƻƳǇǳǝƴƎ ϧ /ƻƳƳǳƴƛŎŀǝƻƴǎΤ уǘƘ Lƴǘ 

/ƻƴŦ ƻƴ 5ŀǘŀ {ŎƛŜƴŎŜ ϧ {ȅǎǘŜƳǎΤ нлǘƘ Lƴǘ /ƻƴŦ ƻƴ {ƳŀǊǘ /ƛǘȅΤ уǘƘ Lƴǘ /ƻƴŦ ƻƴ 5ŜǇŜƴŘŀōƛƭƛǘȅ ƛƴ {ŜƴǎƻǊΣ /ƭƻǳŘ ϧ .ƛƎ 5ŀǘŀ {ȅǎǘŜƳǎ ϧ 

!ǇǇƭƛŎŀǝƻƴ όIt//κ5{{κ{ƳŀǊǘ/ƛǘȅκ5ŜǇŜƴŘ{ȅǎύ нлнн ǇǇΦ тсф-ттсΦ 

 

ֲ/ ֲ  ̔׃

̆◐ ̆ ̔ǿŀƴƎǿŜƴȅŀƴƎϪŘƭƳǳΦŜŘǳΦŎƴ 

Ḥ ̔ ‼ м  Ԋ  олп 

κ ̔ № ̆ № ̆ ӟҍֲ  
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⃰ ӥ ᵩ

ғ  

1
̆

1, 2
̆ ẫ

1,*
̆ ᴶ

1,*
  

мқ  ҍ ̆  ֤̆ нмллфс 

нқ - ̆  ̆нмрмно 

ϝ9ƳŀƛƭΥ ǘŀƴƎƘƻƴƎƧƛŀƴϪǎŜǳΦŜŘǳΦŎƴ̆ŘǳŀƴƭǳƴōƻϪǎŜǳΦŜŘǳΦŎƴ 

 

Е ̂Chemical Looping with Oxygen UncouplinğCLOŨ Ҭԋ

ᵝ№ ҍ Ḇ̆ ᵞ ≠ Ȃ ̆ ⱬ ⌠ᾟ№

Ȃ ╠ ᵞȁ ̆ ₮ԅѿ ԍ ӟ

ԍ ⱬ ҍ Ȃ ᾢ̆ ԍ ₱ ̂Density Functional Theory̆

DFT̃ ԅ 300 ᵣȁ1000 ᵝ ᵣ ̆ ᵣ ᵣ 7 ̆

Ҍ ᴇ 37 ᾝ ̆ ԅ ȁ ῖ ᾝ Ȃῒ ̆Ṣꜛ MechElastic

ᴆ [1, 2]ȁLindemannῈ [3]№ ԅ ȁ Ḥ ̆ ԍ ≢ CLOU Ҋ

ᵣ Ȃ ̆ ԍ ᵣ ̂Crystal Graph Convolutional Neural NetworkC̆GCNÑ

ץ̆[4] ᵣ ᵬҹ CGCNN ץ̆῀ ᵝ ȁ ῏ ᵬҹ ₮̆

ԅ ᵣ ҍ ӊ ῏ Ȃ ̆ 75% ᶛҊ̆CGCNN ԍ ᵣ

ᵝ R2 ҉ ⌠ԅ 0.985̆ ҉ ⌠ԅ 0.718̆ ᶏ ԍ CLOU ᵣ

‰ ҍ ̕ ԍ ᵣ ȁr ȁ◄℗ R2 ҉№≢ ⌠ԅ 0.992ȁ0.949ȁ

0.978̆ ҉ ⌠ԅ 0.747ȁ0.752ȁ0.849̆ ѿ Ḥ ԍ Ҋ ᵣ

Ȃ DFT ҍ ӟ̆ ԅ ҍ

̆ҹ CLOU Ҋ ᵣ ȁ ᶫԅ Ȃ 

 
CƛƎΦ м DǊŀǇƘƛŎŀƭ !ōǎǘǊŀŎǘ 

ῗ ̔ ӟ̕ ̕ ̕ ̕ ᵣ 

 

ώмϐ {Φ {ƛƴƎƘΣ LΦ ±ŀƭŜƴŎƛŀ-WŀƛƳŜΣ hΦ tŀǾƭƛŎΣ ŀƴŘ !Φ wƻƳŜǊƻΦ 9ƭŀǎǘƛŎΣ ƳŜŎƘŀƴƛŎŀƭΣ ŀƴŘ ǘƘŜǊƳƻŘȅƴŀƳƛŎ ǇǊƻǇŜǊǘƛŜǎ ƻŦ .ƛ-{ō ōƛƴŀǊƛŜǎΥ 9ŦŦŜŎǘ ƻŦ 

ǎǇƛƴ-ƻǊōƛǘ ŎƻǳǇƭƛƴƎΦ tI¸{ w9± . нлмуΣ фтΣ лрпмлуΦ 

ώнϐ {Φ {ƛƴƎƘΣ [Φ [ŀƴƎΣ ±Φ 5ƻǾŀƭŜ-CŀǊŜƭƻΣ ¦Φ IŜǊŀǘƘΣ tΦ ¢ŀǾŀŘȊŜΣ CΦ /ƻǳŘŜǊǘΣ !Φ wƻƳŜǊƻΦ aŜŎƘ9ƭŀǎǘƛŎΥ ! tȅǘƘƻƴ [ƛōǊŀǊȅ ŦƻǊ !ƴŀƭȅǎƛǎ ƻŦ 

aŜŎƘŀƴƛŎŀƭ ŀƴŘ 9ƭŀǎǘƛŎ tǊƻǇŜǊǘƛŜǎ ƻŦ .ǳƭƪ ŀƴŘ н5 aŀǘŜǊƛŀƭǎΦ /hat¦¢ tI¸{ /haa¦b нлнмΣ нстΣ млулсуΦ 

ώоϐ CΦ!Φ [ƛƴŘŜƳŀƴƴΦ «ōŜǊ ŘƛŜ ōŜǊŜŎƘƴǳƴƎ ƳƻƭŜƪǳƭŀǊŜǊ ŜƛƎŜƴŦǊŜǉǳŜƴȊŜƴΦ tƘȅǎΦ ½Φ мфмлΣ слфΦ 
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Fig. 1 RoboChem-A benchtop robotic system enabled closed-loop and multi-objective optimization of photocatalysis 
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