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dwidwuwlwyhg ghwnwlwu hGwnwgnnneniubpnd - wnwouwihu  nunnnieniuttiphg
dtyp pwpn nphuwdplwywu hwdwwpgbph Jupph nwnwtwuppnwdu £ Ghuwdhjulwu
hwdwlwpgbpp Jwpnn U hwunhuwuw)] dh wpp $hgplulwu b YEUuwpwlwwl
Gpunypubinh, Gpypwowndtiph, wunbuwghwnnejwlu, hGnwhwnnpnuygnipjwu b Jwwn wy)
ninpunutbiph uywpwgpdwu hwpdwpwybun dnnbj:

Pwpn nhuwdhulwu hwdwlwpgbph Yunnigwdpp punpnadnid £ dhihnuwynp b wyby
gququpwuh gpwdh/guugh hwugnygubipnd/pohoutipnud  inbinwnpywsd  wpngbiunpubipny(
wywndwwnubpny), npnup dhdhwug hbn Juwywd Gu hunpdwghntu Yuuninhubpny:
Lwdwlwngh yhbwyubipp  ubpluywgynud - Gu hwugnygubipnud  inbinunpywd
wpngtiunutipubiph yphéwyubiph yywnpnd, huy pooh yhbwyubiph wugnuwiubipp duwynpynid
GU |nYw| wugnwwihu $niuyghwubpny' Yufudwd hwplwu wpngbunpubph ypdwyubphg:
Upwwpht  dninpwjht wqnwupwuubph  hwonpnwywuniyeniuubpu  punhwunip  nbwpnud
niubu unnfuwuwnhy punye U wpunwhwwnnd Gu wpwnwpht dhowywyph wgnbignieyntup
hwdwywpgh Ypw:

Unyu wpfuwwwupp ybpwpbpnd £ pwpn nhuwdhyuwlywu hwdwwpgbph Gupwnuwu
hwunhuwgnn huputwyuqiwlybpyynn hwdwwpgbphu, npnugnud, npwbu Ywunu, Yupnn
GUu  wnwowuw] Yphbwlubph wnwduwhwwny Ywupgquynpgwdnigyniuubn: dwdwuwyh
pupwgpnul «qunwny thnthnfutiny Jhtwlp, «pnrhgpwiht» wugnud £ Yuwwpynad nbiwh
wjubiu Ynsywsd «ntiyniptiun»  Jhbwlyubiph pwqdnieniu, npp hwdwlwpgp sh pnud L,
wpryntupnud, ntyniptun yhbwlubiph pwgdnipiwu dby owpddwu uwhdwuwthwynwip dunwd
E ubppht Ywpqwynpjwdnipniu: “Ywpgwynpywdnipjut wnwowgdwu b Ynhnhhuwywt
hwwynipyniuutiph wdwtu  dbluwthqit wudwudnd £ huptwyuqdwlbpyynn
Yppwphyuwlwunypymu: Loywd hwdwlwpgbph nwuph hwdwp npwbu  dnnbwynpdwt
hwpdwpwytin dhong Ywpnn Gu hwunhuwuw| poowiht wywnndwwnubpp, wwjdwuny, np
npwug dhgngny huwpwynp  |hup Uwpwgply hwdwlwpgbph - huptwlwqdwybpunn
Ynhinhywlwunipeniup: Ywunwpywsd htwnwgnwuiniegniutbipnu npwtiu poswihu
wywndwwnubip punpyb) U wjwqulnywnp'? U rotor-router® dnnbjutipp:

'D. Dhar., Self-organized critical state of sandpile automaton models, Phys.Rev. Lett., 64(14):1613-1616, 1990.

2y, Papoyan, V.S. Poghosyan and V.B. Priezzhev," Spiral Structures in the Rotor-Router Walk", J. Stat. Mech. (2016)
043207

3B. Priezzhev, D. Dhar, A. Dhar, S. Krishnamurthy, Eulerian walkers as a model of self-organised criticality, Phys. Rev.
Lett. 77 (1996) 5079-5082



Lobup, np  wlwquynynph  donbpp wdbtwwwpg  wbuwywu o dnnbu B
hupuwlwqiwybpwyynn Yphnhlulwunyegjwu jwywgnyuu uupwgpdwu hwdwp:

Udwquynywh dnntiind ufwpwagnpynn $hghlwywu bpunypubiph nwunwiuwuhpnygyniut
wybih wpryntuwybn nwpdubine bywwnwyny dowyyb) W gnyngyntu niubu gnpdhpwowntp,
npnup  hpwlwuwgund Gt wjwquynynh  dnnbh updnyuwghw b wbuwpbpnud
(yhgnuwihqughw): Ujwquynywnh dnnbh wotuwnwuph wignphpdwlwu Yhpwnnyegniu
Ywwwpydb] twl ny puwywu hwdwlwpgbpnd, huswyhuhp Gu' ophuwy, Ywuwnbpwihu W
wdwwihu hwdwywngbipp:

Wunwdbuwjuhy, wjwquwynynh dnnbh  hbGnwgnunyeut  gnpniginit niubignn
gnpdhpwownbpnud wnlw Gu dh owpp pbpwgnudubp, npnughg Bu, dwutwynpwwbu' gwugh
wnbnwjuwgywdnipniup, wjwquynywnh dnnbiu hpwgnpdnn guugh gwdnp swihwjuniyejniup,
hwdwlwpgh  dhwdwdwiwlw oquwwmbptph  pwuwyh fuhun  uwhdwuwwynup,
hwdwwnbn  woluwwmwuptbph  Ywwwpdwu  pupwgpnd  ogunwwnbntiph  $niulyghnuwg
uwhdwuwthwynwubipp, uphdnywwinph  woluwwmwuph  hwonpnwlwuwiht  punyep W
hwdwlwpgh pun wwhwugh purywjunwiubiph htwpwynpnipjwt pwgwlw)nientun:

Lwoyh wnubiny  hupuwywqdwltipyynn  hwdwywpgbph nwnwuwuppdw
Ywplnpnigyniup uwle «ntpg - fuwntiph»  wbunyeyut  dbiy twywwnwlwhwpuwp £ dowlybi
wdwquwynywnh dnnbih ypw Yunnigqwsd «nipg fuwnh» dpwgpwiht ophuwly, npp Ywpnn k
gnhwyhs hwppwly hwunhuwtuw|] huptwlwqiwytpy Yphinphuwlwunyeutu  nbunnuywu
hGnwgnunygjwu b nungnnujwu bwywwnwyubph hwdwnp:

Upnw Ynndhg, uwwp nwbtwing wdwquynynh W rotor-router dnnbijubiph
whwnwubjhneyniup - Juunbpwiht b wdwwiht hwdwlwpgbph  Yuqiwybpwdwu
gnpdpupwgubpnd,  Jwutwynpwwbu'  Fubpquuwhywudwu UL hwjwuwpuwswi

pw2tujwdnipjut wwwhnynwdp, wpnhwlw fuunhp E hwnpdbp uhdnyjwgunn gnpdhpwpwnh
uwntindnidp:

Unbuwjununipjwu  twyuwwmwlu £ hGnwgnnbp b dowybp Spwgpwihu  thwpbpubp
hupwywqdwytipy hwdwlwpgbpnu nhuwdhy ypngbutubph nwuniduwuppniejwt hwdwn:

U2ywd tywwnwyhu hwuubiint hwdwp wnwownnyb) b ndyb| Gu hbnlyw) fuunhpubipp.

e dwybty wqwquynywnh dnnbiny hwpwgnynn huptwlwqdwytipunn nhtuwdhy
wpngbuubiph hbwnmwgnundwu pwqdwoguwwnbp dpwagpwiht  thwpebp Gplswih W
Gnwswith nbuwpbpdwu huwpwynpnyejwdp:

e nnpu pbphp d  swhwuph  funpwbwpnwiht  gwugh  hwdwp  ququpwihu
Swoynypubiph hwynuwpbpdwu wignphpd U hpwlwuwgut] wjwqwynywnh dnnbih
wtuwwnwuph gnigwhbinwgnid nyjw) mnwninghwlwu nwpwdnigniuncd:



e huwybiy «n9 fuwntiph»® wbunpwu gpwnwpwup bu dBY «ngg  fuwn-h
ophuwyny' hpdubny wjwquynynh dnnbijh wotuwwnwuph ypw:

e hbtwnwgnub] ubpnuwghu gwugbiph oguwgnpdnuip wjwquynywnh dnnbih Ypw
nhwwpyynn «Uhuhdnu wjwquhwwhyubp b dwpuhdw| hbnwynpnieniu» futnph
huwpwynp (nddwu hwdwp

e Uwjuwgdlt) Yuwuwnbpwihu  hwdwlwpgh pwgfuhsh  updnywnnp'  hpdudbing
wywquynynh b rotor-router  dnnbutiph  wofuwwmwuph wignphpuh  Ypw,
hwdwubin pwofujwdnipniu b Fubipquiutiwnu wwwhnybint tywunwyny:

Lhwnwgnndwy dEpnnubkpp

Ywunwpywsd hbnwagnunnieiniiubipp hhdudwd Bu nhuyptin dwebdwunhlwih, gpwdutiph
wbunipjuu, wywndwwnubph  wbunygywu  npnypubph,  huswybu  uwl qniqwhbin
Spwgpwynpdwu dbpnnubph W ubjpnuwihu gwugbiph dbpnnwpwunigjwi ogunwgnpddwu
ypwi:

Ghunwlwu unpnipyniup

= Uowlyty| £ d swihwup funpwlwpnwiht guwugh hwdwp ququpwiht dwdynypubiph
hwjinuwptipdwt  owywhdw| wgnpphpd, npp hhdp £ hwunhuwgl] gwugbpnul
wywquynywnp dnnbijh woluwwnwuph gniquhbtinwgdwt owywnhdw| wwywhnydwup:

* Ugwydby b ppwlywuwgyty £ inipg fuwnh wignphpd” hhdywd wywqulnynh danbih
dpuws:

=  Uwbnddt; £ Yuuuwbpwhu hwdwlwpgbpnd  fuunhpubph wwpwpwfudwu  unp
wignphpd’ hhdudwd wjwquiynywnh b rotor-router dnnbjubph ypw:

Upmyniupubph Yphpwnuwljuw tywuwlnipyniup

Uswljws pwgdwogunwmnbp Spwgpwihu hwdwluwpgp' hhdudws wwqulynynp dnnbing
uywpwgnynn hupuwywqgdwytipwynn nhuwdhy ypngtiuubiph hnwgnundwu hwdwp, pny| b
wwihu hbnwgnunb] b hwodwpytp wnwppbp phghwulwu, hudnpdwghnt puniypwgphsubip
Gpswih L bBnwswth  wwpwdnieniuutipnd,  huswybu - twb Ywwwpbp  hwdwnbin
hbnwgnunigniuubp’ woluwwnwupubph  Jhwdwdwuwlw nhndwl, Gindhnfunieniuubph
Jwuwwpdwu, dnnbiubpnd  Jhtwlubph  wwhywtdwu, uwnwgdwt UL nipwupydwu
huwpwynpnieyniuubpny:

4 Cheng Meng-Tzu, Chen Jhih-Hao, Chu Sheng-Ju, Chen Shin-Yen "The use of serious games in science education: a
review of selected empirical research from 2002 to 2013”, Journal of Computers in Education 2015 Sep. 01 pp. 353-375
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Ppwlwuwgywsd dSpwagpwiht thwpebputiph dhongny d swihwuh funpwuwnpnuwihu guugntd
wlwquwynywh dnnbh woluwwnwuph gniquhbnwgnuip' hhdudwd unyu winwyninghwlwu
wmwpwongniunwd - wuwnuwihu |phy - dwdynypubipp  Ujwpwgpnn  pwuwdlbh  Ypw,
huwpwynpnipntu U wwjhu oguwgnpdnnutipht Ywwnwpb) punypwgnphsubiph hwaquny
dhsk 3 wuqud wytith wpwg unyu CPU-h uwhdwuubpnud, W dhusl 50 wuqud wybh wpwag
hwdwnpdtip yhnbinfwpwnwih nbiwpnid:

UnbndJwé pwqdwoguwwmbp «nipg  fuwn»-h  ophuwyp'  hhdudbin  wywquiynywnh
dnntih JbGpwpbpnn pwqiwpehy pbnptdutph Jpw L sniubuwin hwnpwuwyhtu wnwunn
wyptuhwyin unpwnbghw, fupwu £ hwunhuwunw huptwywqdwytipwynn hwdwywnpgbph
hwunbw Gnwd htnwppppnipjwu dEdwgdwup, htnbwpwp twl hwdwwnbn nwnigdwup b
hbwnwgnundwup:

«Uhupdnd wjwqwhwwnhlubp b dwpuphdw| hbnwynpnygyniu» fuunph hGnwgnundwup
dhinjwd ubpnuwght gwugbtiph  dowynwip  huwpwynpnigyniu £ unbindnud  thnfuwphubip
wywqulnynp  wotuwwnwuph  updnyughwt  hwdwwwwnwufuwt  ubpnuwhu  gwugny'
unyuny owwnhdhqugubiny wwhweynn uwywuybijhp wpryniupubiph utnwgdwu dwdwuwyp:

Luwpuwgdjwd Ywunbpwihu  hwdwluwpgh updnywunpp' hpdwé  wjwqulnynp b
rotor-router dnntjubph woluwwwuph  wignphpdh  Jpw,  mynipwgund b
hupuwywquiwybpwyynn  hwdwlwnpgbiph  wluwwwupwiht  wignphpuh  npulnpdwi
htitnwgnunup  Yuwunbpwht  hwdwlwpgbpnd: buswybu twb upwgpwsd U wnwye
pbpwd  hhwnpbliqn  rotor-router dnnbubph  wpwdwpwunygjwdp  fuunhpubiph
wnwpwpwfudwt hwdwlwpgh Yepwpbipjwg Yupnn £ nhuwdhy fuunhpubph wwwynpdwu
unp hhdp hwunhuwuw:

Muunyuwunipjuup ubpluyugynn npnypubpp

* d swhwup funpwlwpnwihtu  gwugh  hwdwp  ququpwiht  dwdynypubtiph
hwjinuwpbpdwu owuinhdw| dbpnnh dowynudp,

" |ning fuwnh wignphpdh dwynuwp’ hhddws wywqulynywh dnnbih pw,

*  Quuwbpwiht  hwdwlwpgbpnud  juunhpubph wwpwpwfudwtu  unp - wignphpdh
dowynwip' hpdudwd wwquynywnh b rotor-router dnnbijubiph Jpuwi,

= (Jbpnhhgw  npnyputph  wgnpppdwlwu  ubplwjwgnwip  pwquwoguwnbip
dhowywjpnud:

Upluwwnwuph wpyniupubpph ubpnpnudp
Upfuwwnwupnud dowyjws hwdwlwpgtiphg ubipnpdtp b hnpdwpyyt) 5u <wjulwu
wqgquwiht  hwoynnulwu gphn  Gupwlwnnigywdpnd  (Gplwu, Lwjwunwi):  Uowlywsd
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hwdwlwngbipp ogunwgnpdyb £ nputiu gnpdhpwiht dpwgpwiht dhgng  Yhtwlwgpulw
$hahlwjh  fuunhpubph  ndwu  hwdwp Gnpuwih UKUP-h b hUMP-h - hwdwunbin

hGwnwagnunnwlwu fudph Ynndhg:

Uzfuwmnwuph wypnpughw. Unbuwlununigjwu hhduwywu wpryniupubpp gynigyt Gu.

»  Uhowqqujht ghwwdnnny' “Computer Science and Information Technology” (CSIT-
2013), bplwu, <wjwuwnw, 2013 p.

»  Uhowqgqujhu ghuwdnnny' “Computer Science and Information Technology” (CSIT-
2017), 6puwu, <wjwuwinwu, 2017 pe.

= L QUU PUMP punhwun ubdhuwpubpnid

= f(dnynigh IRIT (Yndujnuntipwghwinipiwt huuwnhwnin) jwpnpwnnphwih ubdhuwpht

pwwnwpwynufubp

Wluwwwuph  hhduwlwu  wpryniupubipp  ubplujwgdws tu 6 ghunwlywu
wtuwwnipniutbipnud, npnug gwulyp ptipdwsé £ ubindwagph gtipgnid:

Uwnbuwununipyuu unniguwépp

Uwnbuwfununipjniup pwnyugwd £ wnwowpwuhg, 4 qnifuubiphg, 63  wuntu
wwpniwynn gpwlwuntpjwu gwulhg: Uptuwwmwuph punhwunyp dwywip Ywagunud £ 106
ko

uchuusuuLh <phUtLuuut APNYULUUNRE3NRLE

Lbpwénipyuu Jbe hhduwynpyty b wwnbuwlununipjut phdwh wpnhwywunyeniup,
ubpywjwgyl) Gu  hGwnwgnunnpjwu tywwnwlu noe fjuunhpubpp, ghnwlwt  unpnypep,
wwowmwwunijwup ubipyuwjwgynn hhduwlwu npnyputipp W hlnwgnuiniejwu wbuwlwu nt
gnpduwlywu tpwuwynip)niup:

Unbuwfununipjut  wnwght  qjlumd  Wywpwgpylp Gu  huptwlwqdwlbpwynn
hwdwlwpgbipp, npwug woluwwwuph uygpniupp b hhduwfuunhpubp: LEpYwwgytl) tu
twl  phuptwlwqgdwytipwynn hwdwlwpgbpp  dnnbjwdnpnn U uhdnywgunn  wpnh
Spwagnwihu thwpebkiputipp, huswbu twl bywpwagnyb) Gu «nipe fuwnbiph» hwjbguwytwbpp L
Jwuwmbpwiht  hwdwlwnpgbiph  gnjnigyniu niubignn - hpwlwuwgnuiubpp hhdjwsd
huptwywqiwytpwyynn hwdwlwagnpbiph dnnbjubph ypw:

Pwdhu 1.1-md  Ubplwywgyt; Gu  huptwlwgdwybpwynn hwdwlwpgbiph
wywqulynynh UL rotor-router dnnbjutipp: Uwutwynpwuwbiu, wyjwquynynh dnnbip
wpunwhwynynd £ ¢ = (V,E) qpwdny (V-u ququputiph, E-U Ynntiph pwqgdnigyniuubpt
Gu), n:V - N(N-p puwlwu pytph pwqunyeniuu ) wpnwwwwnlybpdwdp, npu wujwuynwd
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E Ynupphgnipughw, npnbn  n(w)-nd Yupwuwlbup v € V ququpenuwd wwpniuwlynn
wywqwhwwhlubph pwuwyp (v ququpeh hqnpnieyniu): ¢ gpuwdnud wnwuduwgubup
S c V, S # @ ququpubph pwqunyejniup, npnug Ywujwubup thnubkp: ¢ gpwdnud v € V\S
gququwpep Jwujwubup Yuymu, bpb n() <d,, dy, =Xyevyayw, npntin a,,-u v,w € V
quiqupubpp Ywwnn Ynnbiph pwuwyu £ Lajwd wwydwuht spujwpupnn ququplbpp
Yngynwd  Gu  wuluyni: @pngmid Ywujwubup v wulwnit ququwpehg dalwlwu
wywqwhwwhyubpp  thnfjuwugnuip hptu Yhg Ynnbpnd hwplwtu ququpubkphu, nph
htwnlwupny duynd £ unp " Ynudhgnipwghw, npuntin n'(v) =nw) —d, L n'(w) = nlw) +
Ayw, YW € V: Pnubipt pun uwhdwudwt bGppbp s6u thingynud, nwnh npwug Yuwnbh £
hwdwpb) Yuyniu: 7 Ynubhgnipughwn juwaduwubup Yuyniy, teb win Ynubhgnipwghwjnud
pninn qugqurubnp Ywjniu Gu:

Unyu gjfunud wwpqupwujwsd £ twb wjwquynywnh dnnbih wpbywu hwwnynieggniup, npp
huwpwynpnieyniu £ pudbnnd unwuw) dnnbh dhlunyu Jbpguwlywu yhdwlp' wulwfu
wywquynyunh dnnbinud juwnwnpydnn hnihnfunygniuubiph hweonpnwwuniygyniuhg: Papdwd
GU bwl wwnbUwfununigywt pnwunwynipywup hwplwynp uwhdwunwiubipp: (Fwpyywsd
U wjwquynywnh dnnbih wju Yuplnp punyewagphsubpp, npnup wuhpwdtion £ hwoywnpybip
dpwanuwht thwptiph dhongny:

Pwdhu 1.2-nud ubplywjwgyws tu huptwlwqdwlbpwynn hwdwlwngbiph hitnwgnundwu
gnynipyniu niubignn dpwgpwiht thwpebpubpp' dnnbjiubph wbuwpbpdwu U woluwwnwuph
uhdniywghwih  uqwpwgpnipjwdp,  huswbu  twl  npwug  wnwybineniiutpp W
ptpnugniuubpp: Uwutwdnpuwbu, nhwwpydly £ wdbbwhwpwnup b $niuyghnuwg
wnbuwuyniuhg wdbkuwhwpniun NetLogo dpwgpw)ht thwpbep:

Pwdhu 1.3-md Uywpwgpdwsd LU wqudwynynh wpbywu dnnbh hhdwu  Jpw
wnwownpwsd «Uhupdnud wjwqwhwwnhlyubp b dwpuhdw) htinwynpnipniu»  fuunhpp:
Lywpwgpws b puunpphu Jbpwpbpnn wpnh ndnwdubpp: Lobd, np pninp (nénwdubpp
hwunhuwunWd Gu  dnnwpydwdp  mdnwiubp. dhush wydd  fuunph  dgphin ndnudp
uywpwgpnn pwuwdl gnjnyejniu sniup:

Pwdht 1.4-nd pbpdwé LU Ywuwnbpwht  hwdwluwpgbiph  ophtuwlutip®®, hpbiug
wnwybnyeniutbpnd W phpneynuutipny, npnugnu  futnhpubiph  mbnwpwsfunwiu
hpwlwuwgyws £ wjwquynywnh dnnbih ubpgpwydwdp:

5 J.L.J. Laredo, P. Bouvry, F. Guinand, B. Dorronsoro, C. Fernandes,” The sandpile scheduler" Cluster Comput (2014)
17:191-204

6 J. Gasior, F. Seredynski. A Sandpile cellular automata-based scheduler and load balancer. Journal of Computational
Science, Volume 21, July 2017, Pages 460-468



Uwnbuwfununipjwt  Gpypnpn gnifup udhpywsé £ woluwwnwupnud  unwgyuwd
wbuwlwu  wpryniuputph b dowlqwd  wignphpdubiph uywpwgpnyjwup, npnup
htnwaquwynid dpwagpuwiht hwpebtiputiph wotuwwwuph hhdp Gu hwunhuwunwd:

Pwdhu 2.1-md suwlbpwydwd £ d swihwup funpwuwpnuiht guugbpnd wuwnnwhu
dwdlynypubipp  Ujwpwgpnn  pwuwdup, nph  hhdp b hwunhuwgt d swihwtp
funpwtwpnwjhu gwugbpnid wywquynywnh wpbijwu dnnbh w2fuwwnwuph
gniqwhbtinwgdwup:

Thuwplbup d - swipwuh  guug Ld‘ n qdwhu bBplywpnuygudp,  wwppbpwlwu
uwhdwuwjhu wwydwuubpny, npu hpbiuhg ubpyuwjwgunw £ gpw$ htinlyw) quqwpubph
pwquntpjwdp.

V=V(Ly) ={v=>_>9,%x3...,%3): x; = 0,1,2,....,.n — 1;
i=12,..,d}

b ng ninnnpnwd E = E (L) Ynntipny, npnup uwhdwuynud b hbnlyw) juuntubipny:
Bnipwpwgnip ¥ = (X1, X5,...,%Xq) € V ququpe hwplwt £ 2d pwuwlynyejudp
gquguwpubph’ mpqws hwplwunipjwu gnigwlhu hwdwwwwnwufuw.

Adj(v) = {(x1,%2,...,(xy £ D) modmn,...,xz): k=1,2,...,d}

Ququputph U Ynnbph pwbwlyp hwdwwwunwuuwtwpwn unwgynd £ |V] = n¢,
|E| = d *n%. Ywubup np bpynt v; b v, ququpubn wulwfu Gu, bpb upwup hwplwy s5u
W sntubu punhwunip hwplwu

vl ¢ Adj(v,), v, & Adj(vy) and Adj(v1) N Adj (v,) = @

Uuwnnuyht dwdynyph fuunhpu hpbuhg ubplujwgund £ Ly gwugh dwdynuip
shwwnynn wunnwihu gpwdubpnd. Hhwwpybup wunnuihu dwéynyp, nph wuwnuwihu
gphwdubiph YGunpnuwywu ququputph pwqunieniup wbwp £ pwdwpwpp  hbnlyw; 2
wwjdwuubphu.

1. wdpnnowlwt dwdynypeh wwjdwu
(Uyer Adjw)) UV' =V
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2. shwwndwt wwjdw: judwjwyw bpynt vy, v, € V' wulwfu bu:

Uluhwywin E, np wunnwih dwdynye gnjnyeyniu niuph wiu b dhuwyt wyu nbwpnid, Gpp V -u
wuduwgnpn pwdwubh £ 2d 4+ 1-h Jpw

Spwés £ v = (x1)x2)""xd) S ququiep, U ro= (p1;p2;---;pd) € Z
Jtywnpp: Uwhdwubup v + 7 gnidwpdwt gnpdnnnyejniup, nph wpryniupp Yihuh quqwe
V-nuwd htnlyw) Ynnpnhuwwnubpny.

v+7=((x; +p) modn,(x, +py) modn,..., (x4 +pg) modn) €V

Cwiwwwwnwufuwuwpwn, 7 Yhnnph b v -h Yudwjwlwt bupwpwqunigiwl gnidwpp
V' € V bupwpwqdnipniut k:

V'+7 ={w+r:veV'}cV

Llwuwnbup, np V'-h tupwpwqdnipjudp ufwpwgnpynn wunnuihu dwdynyph ntiwypnud |
V' + 7 -p unyuwbu Yulwpwgph wunnuiht Swdynyp, npintin 7 € V'

Flinpbd, nhrnwpybup d swihwuh guug Ly' 1 qdwjhtu Gplupnipjudp b wwppbpwwu
uwhdwlwiht wwydwuny. Gupwnpbup, np n-p wuduwgnpn pwdwubh £ 2d + 1-h Jpw:
Uww gnjnueyniu niup Lg-h wunnuihu wdynye, nph wuwnnwihu gpudubph Yunnpuwlwu
gqwquwputpp tywpwgnpynid Gu hbnlyw| pwuwdaling

Vi={v = (x1,%3,...,%q) + (x4 + 2%, + 3x3+...+d x4) mod (2d + 1) =
0O,vev}

Uwutuwynpwwbu, bpYswih, bnwswih U pwnwswih gwugbph nbwpnud Yniubuwup
hbwnlyw| wwunybpubpp:

10



%Jr

T

e
oynt
ow

u

jh

nw

uwmn

gwugh w

uh

thw

sw

:bny

1:

n

Liw

wg
ok
Juw
Ln

n

ww

n

ugp

nw

=4 w

/=

J[e,

dyny

ow

anhT{

" wutlinwumd.

tin

ug

guw

wih

nws

U pw

th

sw

: bnw

2:

n

Lhw

ygp:
gn
ww

w

tdh

Gnp

wi o

L ybipnuyy

uw

iy

Gpgw

dp

dunu

U pw

Lny

u
nph
3 un o
3xn o :
. jnt "
uh ™ I :
uw 3 . :
pw ting b & o :
tinh uy &y " .
yu d w o | =
qwhwmghwbg:l ogn wé?qu wgwuwtn:
e 1 uw
5t “‘Ltlﬂwzwq'nlmnl:dc;am m "
qr‘ll“‘hnnqh wnuwgnq Sallj tm -
w ; w |
uuwan bqwuwh unhu qumhnwdbz
= 3 o 4 hw pdtip U wu
2. A : : uw m
u h hl
ﬂde.Lh ulfjl:?]r‘h;u?thzp uuj}phwqp
Yw : \ ; :
wnw dwp - : "

hw - « | :
uw ! . : hl
q ubin - : "

up ‘n

hwu n . :

: " Gpn
wfu . :

tn o
e whw

waq;
wi

h
wng
] tor-
" ro
v} .
ter won =
-rou s m
tor y :
ro 3 :
! fu
o P"lraJ"l;quwz
. np g
w o
" hbwn o
Uhnuw]ll:h“ uwpuwsl
'Uuu{npwhwqw
i Uw;HUbnh "
2. "
Gp u
i " whuw
o LRJN o
Pw n :
hwwn "

udlw -

, dn
wn

ter
rou



wnwyninghwlwu  wwpwdniniuutipnd: - Ubp - Ynndhg  wju  wnwuduwhwwnynigyniut
oquwagnpdyb) £ Yuuwmbipwihu hwdwlwpgbiph, wjwqwynywnh L rotor-router dnnkijutiph
wofuwwnwupwihtu  uygpniupubipny odndwd, uhdnywwnnph pwotuhsh unbinddwu hwdwn:
Pwgh wyn, wnwye t pwoyti hhwnptiq, np rotor-router dnnbijh hhdwu Ypw unbindywd
Ylwuwnbpwiht hwdwYwnpgnid fuunhpubiph hwjwuwpwswih pwofudwényegniu Yuwwhnyh ng
dhwju unwwhy, wy b nhuwdhy fuunhpubph nbwpnuw: Cunudhu, nhuwdhy fuunhputp
wubiiny hwulwunwd Gup, np jnipupwugnip fuunhp niwh  Juuwpdwt  wuhpwdtion
dwdwuwy, b wjwpwnybinu (uwnwnybniu) ybu wquwnnd £ gpuntignwé hwugnygp:

Uwnbuwfununipjwtu  Gppnpn gqynijup - udhpdws £ dowlyywd Spwgnwjhu
thwpbtputph, hpwywuwgdwu hwdwp punpjwd  dhowywph, Spwgpwynpdwu Lqyh,
wignphpdwlwu  woluwwnwupubiph U ogunwgnpddwu uygpniupubiph bywpwagnpniejwup:

Pwdhu 3.1-mud ubpyuwjwgywsd £ pwqdwogumwintip «CA Simulator» hwdwlwngp,
npp bwfuwwnbudwd £ huptwuqiwytpwyynn hwdwywnpgbiph hGunwgnundwt uwywwnwyny:
Ubtip wofuwwmwupubiph nbwpnid huptwlwqdwybpwynn hwdwlwpgh ophuwy E punpybg
wywquynynh wpbywu dnnbip: «CA Simulator» hwdwlwpgp, tywwnwwninnywsd hubkiiny
pwquwogwnwgnpdnnubiph hwduwp, huwpwynpnieintu N nwhu Yuunwnbi
htwnwgnunnigynuutip tplyswih U Gnwswih  mwpwdnygyniutbipnid  hwdwwnbn  Yuwwnwnpynn
hGnwgnunwywt  wpfuwwnwupubph  dhwdwdwuww  nhndwu,  nthnfunygyniuubph
Jwuwwpdwu, dnnbiubpnd  Jhbwyubph  wwhwywidwu, uwnwgdwt U niqwpydwu
huwpwynpnigyniutbpny:  Lwpiwwbujws £ uwb  dnnbh wdw; wwhht  wwppbip
Phaghlwlywu L pudpnpdwghnu  punipwgphsubiph  wbuwpbpdwu  huwpwynpnyeiniu, npu
wybh twywwnwwhwpdwp £ nupdund «CA Simulator» hwdwlwpgh ogunwgnpdnudp:

sl

= MainWindow,

Edit Zoom Broadcasting

vetecweght -0 1- 2-l -l +-W s-W -0 -0

Lluwp 3: CA Simulator dhowdwpp wywqulnywnh wpbiywu dnnbih ophuwlyny
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Pwdhu 3.2-mud ubpluywgywsd £ pwqgdwoguwunbtip SandGame «nipg  fuwnh»
ophuwlp, npu unbnddt; b wdwqulnynh wpbywu dnnbh hpdwt Jpw' Uwwwnwly
niubuwind  fupwub]  hupuwlwqiwybpwynn  hwdwwpgbph  hGuowgnundp L
rynippdpnnip: luwnp dhwdwdwuwy wwwhnynd £ Gphswih b Gnwswith  nbuwpbpnud,
huswbu twl nhndwt  wulniuubph  nthnfunipgniu b obipnbiph - wnwudht  nhndwu
huwpwynpnipiniu:  Ubpnugyuihg quw, SandGame-nd Yw uwl dnnbkih wndjw) wwhhu
yGpwpbpnn hwdwwywwwufuwu  punypwgphsubph wbuwpbpnd hpwlwu  dwdwuwynid,
npnup, wyjwquwynywnh dnnbiht bGpwpbpnn  pwqdwphy  ebnpbtdutph  htn dbyuntin
uywuwnnu Bu oguwwnbiptiph wybh 6ogphwn npnanwiubiph Ywjwgdwup: Lokup twl, np
SandGame-p sniuh huswbu hnuphuqubiph, wjuwtu £ dhlunyu hnuphugh oguwwbntiph
pwuwyh vwhdwuwthwynwdubip:

Fuwnnu oquwgnpdnnutiph twwwwyu £ hwutb wudbpy wulwyniu yhdwyh
hbpeny qgbiiny wywqwhwwnhplubp ognwgnpdnnubiph Ynnuhg punpywé
Ynnpnhuwwubphtu: vwnp' nhnwpydws hubing hwl Ggpuybnmbpny Bnwswi gwugh Jpw,
huwpwynpnipiniu £ pudbinnd dnnbiht synpgutip wjwquhwwnhy: <enbwpwn, Yupbh b
Junwh |hubp ybpowynp dwdwuwynd hwnpenn dwuwsybint hwuwnnud: Gunudb) £ uwl
wywqwhwwhyubph  pwuwlyh uwnpht  quwhwwnwlwup, npny  uygpuwpdbipwynpbint
nbwpnwd Yunbith £ hwdngwsé |hubip dnnbith wudbpe wulwyniu yhdwyh dbie spuljubnt dby:
Nwwp dnnbp uwfuopnp uygptwpdtpwynpynid | wwunwhwuwuniypjwu uygpniupny’ wdbu
wugqwd htwpwynpnipinit tnwiny unp fuwnwiht nwgqdwywnpnipjwi: Pwgh wjn, qquihnpbu
Ypbwwinynud £ hwnennh dwuwsdwut wuhpwdtion pwjtph pwuwyp:

Pwdhu 3.3-md pbpdws £ «Uhtuhdnd  wlwqwhwwhlyubp W dwpuhdwy
htinwynpnigynitu» fuunph nwnultwuhpnipjut twywwwyny dowljwd ubpnuwiht gwugh
uywpwgpniegnuiup: Uokup,  np wwppbp  Ynupniqupughwubph  Juppwagdwihu
hGnwgnundwt twywwnwyny ubpnuwihu gwugh ubipgpwynwip wwjdwuwynpjwd £ wju
hwugqwdwupny, np - wyjw fuunph hwdwp dhus wydd pugwluynid £ jnddwu nplk 6ogphwn
wignphped

Pwdhu 3.4-mud ubipluwjwgywsd £ wjwquynynh b nninnp-nnnuntip dnnbijubiph ypw
hhdujws  Yuwuwnbpwiht  hwdwlwpgbph - woluwwmwupp  updnywgunn b wbuwpbipnn
«SandScheduler» dpwgpwjht thwpbep:

Uwnbuwfununipjwt  snppnpn - qfunid gbnbnwd  tu huptwlwqdwybpwynn
hwdwlwpgbph  nwnwWuwuppdwup  udhpyws  Spwgpwiht  thwpbpubtph, unwgywsd
wnbuwlwu wpryniupbiph hhdwu Jpw thnpdwpyws huswybiu twb dowldwd ubpnuwihu
gwugtiph Ynndhg unwgywsd wpryntupbtiph hwitidwwnwlwu ybpindnipjwup:

Pwdhu 4.1-nd  ubplyujwgywd £ «CA  Simulator» Spwgpwihu  Gwpbeh
gnpdwpydwu wpryntupubiph U gnjnieinit niutignn (ndnwdutiph dhole tnwppbipnieyniun:
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Uwutwynpwuwbiu, nhinwpyyb) £ NetLogo dhowdwipp, npp, (hubing pwqdwwagbun
hwdwlwpgbph  Spwgpwynpdwt  dhowdwyp UL nubbwiny  hwpnwwn  gpwnwpw,
wdbuwhwjnuh b pniyghnuw) wnnuing wdbuwhwpnwwnu £ dhtush wydd gnynieniu niubkignn
(nnwiutiph - dhol:  Upunuwdbuwjuhy  «CA - Simulator»-p,  odwnjwd  |hubing  pwgnud
$niuyghnuwy hwwnynigyniuubipny, ny dhwyu |pugunud £ wdbuwhwynuh  nidnwiubipnud
hwunhwnn pwgennnuittipp, w); b ubpwnnd E, pwyg sh uwhdwuwthwyynd wpnh
(nnwiubph - $niuyghnuw;  htuwpwynpnigyniututipny, huswhuhp &, ophuwy'
pwguwoguwwntip dhowdwiph wwwhnynuwp gnpw| guugnid, Gnwswih gwugh Yunnignip
L wbuwpbpnp, huswbu  twl  wbuwpbpynn  gwugh  nhwndwu  wulniiubph
thnthnfunigynibuipp,  nhunwpyynn  gwugh  gbpnbph b Bupwdwubph  wnwudwyh
wbuwpbpnwp, dnnbh huswybu  Yewnwihtu, wjuybu b dwutwyh  inthnfunyggniuubpp
wwwwhwlywu b Ynuynptwn uygpniupnd, Shghlwlywu b hubnpdwghnt punypwagnphsubiph
hwodwpyp b wyu: Lokup uwl, np «CA Simulator» thwptiph dhongny Ywpbih £ Yuwwpb
pwqdwphy  wwpwiuswinjwd  hwdwwnbn  hGnwgnwngniubbp, W wwhwwub
hbnwgnunigniuubph pupwgpnd jwdwjwlwu wwhhtu dnnbh yhdwyp' hbnwgqw huswbu
hwdwuwnbin, wjuwytu b dhwudujw hbwnwgnunnyeniiubiph hwdwp:

«CA Simulator»-p uwntindyti| £ oquwagnnpsdtiiny .Net dhowduwjpp W C# |kgniu, huy
utipdtiph nbnwywydwu hwdwp punpyt| £ Microsoft Azure-p: hpwlwuwgdwu pupwgpnud
wwhwwuyb] Gu O4T-h (OOP) pninp unnwunwpwnutpp W SOLID-h uygpniupubipp, npnup
fuhun wuhpwdton U wjupwuny, np htwpwynpnieniu Gu pudbinnud wybh rynipht
Ypwny Ywwwpb] hwdwlwpgh $niuyghnuw) punquiundp b hwybinwp wyp peswhu
wywndwwnbph dnnbjutipny:

Pwdhu 4.2-md Juwuwpdws b hwdbdwwnwlwu Jdbpndnygniu wjwquynyunh
dnnbh  updnywwinph  wofuwwnwuph  gniqwhtin - bW ng  qniqwhtin  nwppbpwlyubiph
dwdwuwlubph Jdhol: Ujwquynywh dnnbp' nhunwpydbind pwq Ggpbpnd Gpyswi b
tnwgwth  guugbiph  dpw, ulqpuwpdtipwynpdt £ npnpwlh pwlwynipjuidp
wywqwhwwhlubpny, nphg hbwn  updnywunnpp, ulubind pp woluwwwupp, dnnbp
dgunbigptip £ Yuyniu  Jhtwyh: Npwbiu  wotuwnwupwiht  dwdwuwy, nhunwpydtp &
uhdniwwnnph wouwwwuph deluwpyh b dnnbh Yuniuwuwine wjwpnp dwdwuwlwihu
wwppbpnyeyniup: Updnqwwnnph wpluwwnwuph  gniquhbnugnudp Yuwwpdl,  F
ognwgnndtiiny openMP L CUDA wbjuuninghwubpp: Unnpl pbpdwd £ hwdbdwnwywu
ytipinwdnipniu Giphswth b Gnwswih gwugbiph ypw nhunwpyywsd wjwquynynh dnnbjubph
uhdniwwnnph woluwwmwupwihu dwdwuwlubph dhol:
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100
80 -
60 - == openMP
40 ==he==normal
20
0 T T T T T T T T 1
1 2 3 4 5 6 7 8 9

Llwp 5: CPU - Intel i7 2670QM,
250.000 hwugnyg tpYswih gwugnud, 1.000.000 wywquwhwunhly

200
100 = 2wy uplh
0 dudwtuly
(dny.)

hnuphnup hnup hnup

LYwp 6: GPU - Nvidia GT-540m,
250.000 hwugnyg tpYswih gwugnud, 1,000,000 wwquhwunhly

Zmpunluhi: Funfubnl (h)
50000
Shubnnghwik;
40000 - Jubmingh r
@ Standard

30000 B no-OMP

A omP
GPU

20000 -

10000 -

n=2FH=6 n=21F=12 n=42.H=6 n=42,H=12

Lwp 7: Gnwswih gwug, hwdbinwlwu gbpindnipniu
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2niqwhbnwgdwu sunphhy unyu nbunipuubiph dhongny huwpwynp £ nuwpdb)
unwiwy dhuslk 3 wuqwd wybk) wpwqwgnpdnipiniu openMP inbkfutininghwjh dhongny: huly
ujuwp 5 L 6-nd wbuwubih E CUDA-h dhongny uwnwgywd dwdwlwlwiht ning
wpryntupubipp: Unynpwlwt thinignuiubiph nbiwypnu ogunwgnpsdtiing hwdwnpdbp VideoCard
huwpwynp b unwuw] dhush 50 wuqud wpwquagnpdnyeyniu, huly thinqiwu dwdwuwly
thiniqiwiu gnpdnnnigniuhg qun' dnnbnd wy] dwdwuwYwwwp thninfuniejwu nbwpnid
wnwppbpnieyniut £ wybih £ wénd, npp wwng wbuwubih § ulwp 5 W 6-nud:

Pwdhu 4.3-md pbpdws £ «Uhupdnd  wjwqwhwwplyubp L dwpuhdwy
htinwynpniegyntu» fuunph opowtwlubipnud ubpnuwihtu guugbiph W Gagphin wpryniupubiph
dholt hwdbidwwnwlywu ybpindniyeniup: LepYuwywgywsd tu ubjpnuwihtu gwugbph (wdwgnyu
Ynudphgnipwghwubinp, npnup dogphin wiprynwupubpht huwpwynphuu dnwn wpryniupubp Gu
wnybip; Uwutwynpwwbiu, punpyt| £ pwqdwobipn pwnuwnphs wnhwh ubjpnuwghu guwugp dky
dnunpwiht b dGY Gpwjhu ubypnuubpny: Lbjpnuwjht gwugnd ogqunwgnpdyb tu Bias
ubjpnuubpp, npwbu  thnjuwugdwt  $niuyghw puwpdtp £ uhginhn whwp, dhusnbn
nwnignnulwt  Ywunup  dowlynud £ back-propagation  dbpnnwpwuniygjwt  Ypw:
TFhuwpyywsd ubpnuwihu gwugbipnd Yw punhwdbup dbYy dwywnwyh pwpuyws stipn, nph
ubjpnuubiph pwuwynipjniup wnwppbpwyynid N upjwd hwdbdwwnwywu
ytipnwnipyniuutipnid:

Unuquhwinhitph puinol
6000 = Sufilyush wpmmip

= duuimugh wpymbp

4000

R-hEnunjnpmpniu

Lwp 8: 15 pwpudwd ubjpnu

huswbu Gpunwd £ uwp 9-hg, ubpnuwghtu gwugh Ynndhg Gogphwin wpryniupubphu
wybifh dnwn wpryntup unnwgynid £ R hnwynpnipjutu dedwgdwup gnigpupwg:
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uchuusuuLh <putuuut ur3nruLeusr

Uswlyb) | pwgdwogunwwnbp dpwgpwiht hwdwluwpg' twhuwwnbujws wjwquiynywnh
dnntiny Uwpwgpynn huptwlwqdwytipunn nhuwdhly wpngbiuubph $hahlulwl U
hubnpdwghnu punipwgnphsutiph hwdwwnbin hnwgnundwu hwdwn: [3]

Unwowplyty b d swihwth funpwbwpnwiht gwugbpnd  wjwquynywnh dnnbh
wotuwwnwuph  gniquwhbnwgdwu  unp  dbpenn’  hpdudws  wndu;  winwyninghwlwu
wnwpwdniginiuntd wuwmnwihtu |phy dwdynyputipp Uwpwgnpnn pwuwdlh Yypw:[1-2]
Uwnbindyb) £ pwgqdwogunwwnbp «nipg fuwn»-h ophuwy’ hhdudws wywquynywnh dnnbih
Ypw: [4]

hnwgnundbky b dowyyl) Bu  hwdwwywwwufuwtu  ubpnuwghu  gwugbip «Uhupdnwd
wywqwhwwhlubp b dwpuhdw| hGnwynpnipniu»  fuunph Nddwt bwywwnwyny:
Ppwywuwgyl) £ uGpnuwhtu  gwugbpnd uwnwgyws U wjwquynynph  dnnbih
uhdntwghwih dhongny unwgywsd wpryntupubiph hwdbdwwnwywu ybpnidnigniu: [6]
Lwluwgdyby £ Yuunbpuwiht hwdwluwpgh updnywunnp' hpdudwd wjwqulynyunp b
rotor-router dnnbjutiph waluwwnwuph wignphpedh Yypw: [5]

<rusurayduo uchuusnir@3nkuur

V.S. Poghosyan, S.S. Poghosyan and H.E. Nahapetyan, “The Investigation of Models of
Self-Organized Systems by Parallel Programming Methods Based on the Example of an
Abelian Sandpile Model”, Proc. CSIT Conference 2013, Yerevan Armenia, Sept. 23-27, pp.
260-262.

Hayk E. Nahapetyan, Suren S. Poghosyan, Vahagn S. Poghosyan and Yuri H. Shoukourian,
“The Parallel Simulation Method for d-dimensional Abelian Sandpile Automata”,
Transactions of IIAP of NAS of RA, Mathematical Problems of Computer Science 46,
pp.117-125, 2016.

Hayk E. Nahapetyan , Jean-Pierre Jessel , Suren S. Poghosyan, Yuri H. Shoukourian, “A
multi-user and multi-purpose CA simulator ” IEEE conference proceedings pp.23 - 26,
2017, 10.1109/CSITechnol.2017.8312133

Hayk E. Nahapetyan, “An Example of a Multiplayer Serious Game on 3D Sandpile Model”,
Mathematical Problems of Computer Science 48, pp. 5-13, 2017.

Hayk E. Nahapetyan, Suren S. Poghosyan “Dynamic Task Scheduling Based On Abelian
Sandpile and Rotor-Router Models”, Transactions of IIAP of NAS of RA, Mathematical
Problems of Computer Science 49, pp.41-48, 2018

Hayk E. Nahapetyan, “Usage of Neural Networks for ASM Research”, Transactions of IIAP
of NAS of RA, Mathematical Problems of Computer Science 49, pp.58-65, 2018

17



PE3IOME
Aiik 3. Haranetsn

PA3PABOTKA NMPOrPAMMHDbIX CPELCTB OJ14 UCCNEAOBAHUA OLUHAMUYECKNX
NPOLECCOB B CAMOOPIAHU3YHOWUXCA CUCTEMAX

OpHMM M3 OCHOBHbIX HarnpaBneHnii B COBPEMEHHbIX Hay4YHbIX UCCNEeA0BaHUAX ABNAETCA
U3yyeHne  TMOBENEHWUA  CNOMHbIX  AWHaMuyeckux  cuctem.  [luHammyeckue — cuctembl
npuenexatenbHbl AA UCCNEe0BaHUI, Kak Tak OHU MOTyT BbiTb yA06HO Mofenblo AiA onucaHua
pana pusnyecknx u 6UONOrMUECKUX ABNEHNIA, 3eMNETPACEHNIA, SKOHOMUKN, TENEKOMMYHUKaLLWIA
U MHOrMX Apyrux obnacteil. CTpyKTypa CRNOMHbIX AMHAMUYECKMX CUCTEM XapakTepusyeTcs
npoueccopamu (aBTomaTamu), yCTaHOB/IEHHbIMW B y3nax/Aueiikax rpada/ceTn, KOTopble CBA3aHbI
Apyr ¢ Apyrom nHgopMaunoHHbiMM KaHanamu. CocTtoaHMe cuCTeMbl NpeacTaBaAeTCA BEKTOPOM
COCTOAHMI1 NPOLLECCOPOB B y3/ax, a Nepexofbl COCTOAHNA AYelikn popMUPYIOTCA NOKanbHbIMK
yHKUMAMM  nepexofoB B 3aBUCUMOCTM  OT  COCTOAHMA  COCEJHUX  MPOLLECCOPOB.
MocnepoBaTeNbHOCTU BHELLHUX BXOAALLIMX CUrHanoB 0bbIYHO MMEIOT CTOXaCTUYECKUil XxapaKTep
1 OTparkatoT BAMAHWE BHELLHell cpefibl Ha cucTemy.

HacToswwaa paboTta OTHOCUTCA K MOAKNACCY AMHAMUYECKNX CUCTEM, Tak HasblBaeMblX
“camoopraHusyroLMxca” CUCTeM, B KOTOPbIX Kak MpaBuio, MOTYT CO3aBaTbCA OrNpefeneHHble
YNOpAJOYEHUA COCTOAHMIA: C  TeyeHWeM BpPEMEHM, «MEMJIEHHO» W3MEHAA COCTOAHME,
OCyLLeCTBAAETCA «ObICTPbIi» Nepexoj, B Tak HasblBa€MOe MHOMKECTBO «PEKYPPEHTHbIX»
COCTOAIHUI, U, KaK CNeACTBUe, OrPaHUYEHHOE [BUKEHNE B MOBTOPAIOLLIUXCA COCTOAHUAX CO3AaeT
BHYTPEHHIOIO  YMOPAJOYEHHOCTb.  Takoli MeXaHW3M BO3HWKHOBEHWA  YNOPAJOYEHWA U
KPUTMYECKMX CBOWCTB Ha3blBaeTCA CaMOOPraHWU30BaHHOW KPUTUYHOCTBIO. YA06HbIM CPeaCTBOM
MOJENMPOBaHNA [ANIA YNOMAHYTOrO BbIlE Kfacca CUCTeM MOryT ObiTb KNETOYHble aBTOMaThbl, €
TeM YCNOBMEM YTO MMM MOMKHO OMKCaTb CamMOOPraHM30BaHHYK KPUTMYHOCTL cucTem. [lna
nccneaoBaHUA Mogeneii necyaHoll Kyun" 2 u potop-poytepa’, BbIbpaHbl KIETOYHbIE aBTOMATbI.
Cnepyer OTMETUTb, YTO MOAENb MecHaHol Kyun ABAAETCA npocTeiilleil W HaunyuLeit
TEOPETUYECKOW MOAENbI0 OMNUCAHWA CaMoOpraHusytoleiica KpuTuyHocTu. [ina  unsyyenus
(PU3NYECKUX ABNEHWIA, OMUCAHHbIX MOAENbIO MecyaHol KyuW, CYLLeCTBYHOT WHCTPYMEHTbI,
KOTOPblE UMUTUPYIOT MOJAENMPOBAHUE M BU3YanU3aLMIO MECHaHOW Kyuu. AnroputMmuyeckas
peanu3aLnA MOAENM MecYaHOW Kyuu fokasaHa TakKe AR HenpUPOfHbIX CUCTEM, TaKMX Kak
KnacTepHble U obnayHble CUCTEMbI.

'D. Dhar., Self-organized critical state of sandpile automaton models, Phys.Rev. Lett., 64(14):1613-1616, 1990.

2y Papoyan, V.S. Poghosyan and V.B. Priezzhev," Spiral Structures in the Rotor-Router Walk", J. Stat. Mech. (2016)
043207

3B. Priezzhev, D. Dhar, A. Dhar, S. Krishnamurthy, Eulerian walkers as a model of self-organised criticality, Phys. Rev.
Lett. 77 (1996) 5079-5082
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Tem He MeHee, CyLLECTBYET pAf, HEAOCTATKOB B MHCTPYMEHTaX WCCNENOBaHWUA MOAENU
MEecYaHol Ky4yW, TakuMe Kak: JIOKaJIbHOCTb CeTW, MPUBMEYEHUE CETell C HU3KOW MpOmMyCKHOM
CMOCOBHOCTBIO,  CTPOrMe  OrpaHMYEHMA  KOMMYECTBA  OAHOBPEMEHHbIX  MOJb3oBaTeneil,
(pyHKUMOHANbHbIE ~ OrpaHUYeHMA  Monb3oBaTeNneil BO  BpPeMA  COBMECTHOW  paboTbl,
nocnefoBateNbHbli xapakTep paboTbl CUMyNATOpPa M He MacLUTabupyeMoCcTu CUCTEMbI.

MpvHMMaAs BO BHMUMaHWE BaX¥HOCTb CaMOOPraHW30BaHHbIX CUCTEM [JIA  Pa3BUTUA
TEOPUU «CEPbE3HbIX WUrP», LEnecoobpasHbIM NpeacTaBaAeTca pa3paboTka MporpammHorTo
npumepa «Cepbe3HON Urpbl», MOCTPOEHHON Ha MOAENM MECYaHoW Kyuu, KOTOpblii MOMXET ObiTb
noaxopAweii  nnatpopmoii  ANA  BU3yanM3auMM M ODyYeHWA  ABNEHWA  KPUTUYHOM
CamoopraHusaLum.

[pyroii akTyanbHoii npobnemoii ABNAeTCA pacCMOTpeHWe MOAeneli mecyaHoi Kyuu u
poTopa-poyTepa B KJacTepHbIX M 0bnayHbIx cuCTemax AfA CO3AaHMEe MONHOrO CUMYNATOpa C
LLeNblo UCMONb30BaHUA MpU PeLLEHUM 3aAa4 OpraHu3auumn Takux cuctem ( aHeprocbepemerue
paBHOMepHOe pacrpegeneHue 3afad),

Llenbto pucceprauum ABRAETCA  M3yuyeHME W pa3paboTka  MHCTPYMEHTaNbHbIX
NpOorpamMmmHbIX CPEACTB AIA N3Y4EHUA MPOLLECCOB B CAMOOPraHU3YHOLLMXCA CUCTEMAX.

[lnA pocTueHna 3Toii Lenn 6binn NocTaBieHbl U PeLLEHbl CAeAyoLLMe 3aaaun:

e Paspabotatb  MHOrononb3oBaTENbCKWIA  MPOrpamMMHbIA  NakeT  AnA  UCNeAoBaHUA
CamMOOPraHU3yIOLLMXCA AMHAMUYECKUX MPOLLECCOB, OMUCAHHbIX C MOMOLLBI  MOAEu
necyaHoii Kyuu Ha ABYMEpPHON N TPEXMEPHOIA peLleTKax.

e HaiiTn onTumanbHblii anropuT™M MOCTPOEHUA «3BE3[HbIX» MOKPbITUIA (pa3bueHnii y3nos)
A d-MepHO  pelleTKU W MapanienbHOro MOAENMPOBAHUA MOAENM MeCYaHol Kyuu B
JAHHOM TOMONOTMYECKOM NPOCTPaHCTBE.

e Paspabotatb npuMep «CEpbe3HON Wrpbl», OCHOBAHHOW Ha MOAENM MECYAHOW Ky4uu C
nocnegytowym gobasneHvem npumepa B G1bANOTEKY TEOPUMN «CEPBE3HBIX UMP».

e WccnepoBatb BO3MOMHOCTb  MCMONb30BAHWUA WCKYCCTBEHHbIX HEMPOHHbIX ceTell  asiA
peLleHnA HEKOTOPbIX Mpobnem, OMUCaHHbIX Ha MOAENN MECHaHON Kyuu.

OCHOBHDbIE PE3YJIbTATbl PABOTbI

e PaspaboraHa MHorononb3osaTenbCkad —MporpaMMmHas  cuctema A COBMECTHOrO
uccneaoBaHna PU3NHECKUX U MHDOPMALIMOHHbBIX XapaKTepUCTUK CaMOOPraHU3YHOLLIMXCA
JAMHaMUYECKNX NMPOLLECCOB, OMUCbIBAEMbIX MOAENbIO NecyaHoi Kyuu. [3]

e [lpepnoxeH HoOBbI/i MeTon, pacnapanfienuBaHuA MOAENU MecyaHoill Kyun Ha d-mepHbIx
peLleTKax, CNpOeKTUPOBAHHOTO Ha OCHOBE POPMY/ibl, OMUCIBAIOLLLEN 3BE3/Hble MOKPOBbI
JAHHOM TOMOJOrMYeCKOM npocTpaHcTee. [1-2]

e Pa3spaboTaH npumep «Cepbe3HOii Urpbl», OCHOBaHHbI Ha MOAENU NecyaHoii Kyun. [4]
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UccnepoBaHbl 1 pa3paboTaHbl HEMpPOHHbIE CETU ANIA PeLLEHNUA NPobaemMbl «MUHUMAIBHOO
necka M MakCMManbHOro paccToAHuA». [MpoBefeH CpaBHUTENbHbBIA aHanu3 pesynbTaTos,
MOMYyYeHHbIX C MOMOLLLbIO HEPOHHOI CETU U UMUTUPYIOLLMIA Mogenu. [6]

PaspaboTtaH cuUMynATOp KnacTepHoOil CUCTEeMbl, OCHOBaHHbI Ha anroputMe Mojeneit
MecYaHOol Kyuu U POTOPHbIX MapLUpyTU3aTopoB. [5]
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ABSTRACT
Hayk E. Nahapetyan

DEVELOPMENT OF SOFTWARE TOOLS FOR INVESTIGATION OF DYNAMIC PROCESSES
IN SELF-ORGANIZED SYSTEMS

One of the primary directions in modern scientific research is the study of the behavior of
complex dynamic systems. Dynamic systems are attractive for research as they can be a
convenient model for describing a number of physical and biological phenomena, earthquakes,
economics, telecommunications, and many other areas. The structure of complex dynamic
systems is characterized by huge number of interconnected processors installed in
graph’s/network’s nodes/cells. Meanwhile, the state of the system is represented by the vector
of nodes’ processor states, where the transitions among states are peformed by local switching
functions depending on the state of neighboring processors. Sequences of the external
incoming signals generally have a stochastic nature and have influence on the external
environment.

This work refers to self-organizing systems that are subgroup to complex dynamic systems,
in which typically specific status-states can be created over time as a result of "slow changes" in
states. Due to a flight transition made to a so-called "recurrent” state, restriction of motions
within recurrent states creates an internal ordering. The mechanism of emerging the ordering
together with the critical properties is called self-organized criticality of the system. A
convenient means for modeling the class of the abovementioned systems may be cellular
automata with provision of possibility to describe the system self-organized criticality. For

! 2 and rotor-router’ models were selected. It

cellular automata investigation, the sandpile
should be noted that the sandpile model is the simplest theoretical model for the best
description of self-organized criticality.

Up to date, there are lots of tools to study physical phenomena described by the sandpile
model, also for their simulation and visualization. A number of algorithmic solutions have been

implemented also for non-natural systems, such as cluster and cloud systems.

'D. Dhar., Self-organized critical state of sandpile automaton models, Phys.Rev. Lett., 64(14):1613-1616, 1990.

2y, Papoyan, V.S. Poghosyan and V.B. Priezzhev," Spiral Structures in the Rotor-Router Walk", J. Stat. Mech. (2016)
043207

3B. Priezzhev, D. Dhar, A. Dhar, S. Krishnamurthy, Eulerian walkers as a model of self-organised criticality, Phys. Rev.
Lett. 77 (1996) 5079-5082
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However, there are a number of shortcomings in the sandpile model research tools, such
as: network locality; sandpile grid limitations; small number of simultaneous users; functional
limitations of users during joint work; sequential nature of the simulator; non scalability of the
systems designed.

Taking into account the importance of self-organized systems in the theory of "serious
games,"” an example of a "serious game" built on the sandpile model can serve as a good
platform for conducting research and learning of self-criticality.

On the other hand, considering usefullness of applying the sandpile and rotor-router
models in cluster and cloud computing, such as energy conservation and even distribution,
constructing a full simulator is an actual issue.

The aim of the thesis is to research and analyze software packages for the study of dynamic
processes in self-organized system.

The following objectives have been purposed and resolved to achieve this goal:

e Develop a multi-user software package for research of self-organized dynamic
processes described by the sandpile model over 2-dimensional and 3-dimensional
grids.

e Find out an optimal algorithm for detecting peak coverage for the d -shaped grid and
to perform a parallel simulation of the sandpile model in the given topological space.

e Develop a pattern of a "serious game" based on the sandpile model and add the
pattern to the library of the theory for "serious games".

¢ Introducung suitable neural networks for solving sandpile model related problems.

MAIN RESULTS OF THE WORK

e A multi-user software system has been developed aiming at the joint research of
physical and informational characteristics of self-organized dynamic processes
described by the sandpile model. [3]

e A new method of parallelizing the sandpile model in the d-dimensional grid was
proposed based on the formula describing the superficial astrology in the given
topological space. [1-2]

e An example of a "serious game," based on the sandpiel model has been developed. [4]

e Neural networks have been investigated and developed for solving the "minimal sand
and maximal distance” problem. A comparative analysis of the results obtained by
neural network and simulating model has been performed and presented. [6]

e A cluster system simulator has been designed based on algorithms developed for
sandpile and rotor-router models. [5]
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