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Zuyphlulub b wpnwuwhdwiyub gpujuingeyub Jipnsnippudp gnyg b wupduws,
np wnipttpbbph opuyhl nuenypibpnud Jpadwb gnpdplipugp nuunudbwuhpdus k ny pu-
Juipup, hwnljuwbu siub wkntynypnditbp ynijhdbpught hwdwipupgbph uyndmpgyui
twuply, hswhu bwb sluit wdpuubp wikubnnghwlpul ywpudbnpbph, wunkgdwi ndou-
Ynipyuals b Jpadwbe gnpdplpwgh dpw dwljiptmpuwwlpnhy wdbjpugnulibinh wqnbignippub
Ybpwipbipyw: \

LabViem hupbph thengmy fuqui]y £ spughp Yhpiniwy gnpshp, npp htrpuan-
nppnih b udbp BE2U-nd wduindwn Yhpuoy sunhlp XUC dwlihoh wnnuunhg dntdus
quntiph ebpdwunhdwin b funigh)] dudwimuljhg Yupajws shpdwunh&wbughl Yuhaojw-
snipywb gpudhly uwmbguwb Ynplip: Uyt htapusgnpmipynit | ugly hwnwgnnbn dhadub
gnpdplipugn wwppbp Uhowjuybpmd, nph wipnniupnud bpupoudnm)ty E ling b buqunwuh
hudwp bwpayhtind oqunugnpaynn huwipwghn jnintipp hnpuwphith) nknpuipuls wpwwnpne-
piwh buhphuughl junbpuh gpughls psnygpemy:

Umnulgpughls pumbp, wnnuunn, gnibn, dpand, Guwpphwwhtt puwnbpu, vunbkgdwub
Ynpbip, wnwwnbihn, duputbuhn, jhwdia]bjhogpimd, Gupdpogemd

Uhpwbmpmb. Zugphtwljut b wpnuwuwhdwiyub gpujubmpyutc Jhpne-
dnpgub wprgmiipmd gnyg b wvipduws, np shwtt puduipup hbnwgnunmpniiibp gmoe-
Ynp dbwnwnbbiph hwpwpuwptph dwtipugdwt hundwp oquawagnpsynn pupdp thw-
Uyt phnippundp ns ohpdujuygnit ynnuunubinhg wwnpuunydws qunbiph djudwt
Yhpwpbpuy, dwubwnpuwby, wothdbpiph opught insnypnud, wyy pynd’ twh-
nhunuyght junbpuh: Pugujuynud B djudwit gnpdplpugnid wnhdpuwght huriw-
Juwpgbpph Juynibnipquite dwuht mibnblnggnibubipp, pywbo twb shub tvdpuykp
wnbjutninghwijuwt yuwpwdbuptiph, vwehgdwt ndbwlnipiut b Jjudwl gnpdpl-
pwgh Ypw duljipbnipuwlnhy wybjugnudutiph wgpbgnipiut Yhpwpkpguyg:

Ubkunwnubtph Ynpgdut tyyunwlng dhnwnuijut hwipuwpwpbpb wnugtb-
poid wnnuuinpw qunkiph wqnkgnipundp, Eipwpynid ki dbjuwbhjuljub ewpn-
dwt b Jwbipugdwl: Qupbpl wppwnwiph pupwugpnud Bupwplyynud B nhtwdhly
hwpyuwstbph b htunkiupy dwodwt: Zhnbwwbu qunkph Gupspoipul, wdpni-
praat b dwowunibinipiut pupdpugnedp’ puduipup dwsnighinipiut wwuhny-
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dwdp, Juyuunh nputg wojpwnnitwlnipjut b Epjupuljignipjut pupdpug-
dwtip, hsp hwunhuwtnud E upbnp ghnnwnbthiulwb jpunhp:

vunph nsdwb Enuwbwlubphg dkhp, npp Jepupkpmd £ dwbipuginng wnn-
wuwyw qunbkph npulh b bpwtg Yntunpnijghntt hwnlnipmniaubph pupdpug-
dwtp, okipduyhtt dpwljdwt dudwbwly vwnkgunn dvhpwduypbph £hpwnn puwpnipe-
ittt E, nphtt tkipjuyugyny hhdbwljwt wwhwbeubpt ' wdpuyghtt hwnlnip-
iuubph wywhnyniudp, dudw Jhowduyph pbuynnnipinip, wijuwignipmiup,
juqugnyt Jhwuwlup wqpbgnipmniup opowyunnn dhowduyph Jpu: Fpuwip
whwp k 1hukt wpphwlul, dwwnskih, nitbtwt hntuwh hnvdpught puqu b, guati-
Yuyph k 1hukt nbknuijut wpnwugpoipjub:

Zuyunuh k np wjwinujut djudwi dhpwduyptpt niubkt dh owpp phpnt-
piniuukp [1, 2]: Qnipp, hsybu twb wnkph ot wuihtutph opuyht (nwsnypukpp
wnuppbp ohpdwunhfwbwihtt dhowluypbpnid nitkt uvwnkgdwt pupdp nibw-
nipjnil, npt wnwewgunid b «pdudnp dpunid», dedwtnid i nphdnpdwughwtpn,
npny phyptnid bwlb wpwewind ku Lwphp:

Snupnud dpunidp thnppugunid b jupnudubpp, pdnpdwughwubpp qununid
El tuqugnyl, b JEpuinid L gwpwuqnyugnudp [1, 3-5]: Unjuyl, hwpgdh wntibjnyg
jinh pwpdp huptwpdtpp, tpw huywre puguluynipmibp dbp hwipuy bnnie-
jntunid npuytu hwitpuyght hndp, sy bu twl tpw oguugnpédwt dudwbiwly ent-
twnp qninpohubph wnjuynipniip, wpnwugpoipyut Swip vwthnwpuwhhghtuhly
wuydwbubpp b guigninujhtt vmnkgdw dudwbwl tpw oqinugnpédwt mthtiwnh-
unipnibp, whun hpwwnwy E quninid tnp djpdwt dhowuyph unbnénidp, npp
qbnd Y1htuh woywé phpmipnibttpnhg: Uju wkuwlbnhg jminht thnpowphnng wngp-
dbkpubph opwjhtt wytt midnypubph oquugnpédwt htwpuwynpnipiniip, npnip
odnjws ku jupquynphs uwnkgunn nttwlinipjudp, hwdwpynd E wpnphwulub
hunhp: Zunljuybu wjt wpphwui b Zuyuunuih Zutpuybnnmpjut hwdwnp,
npntn wnlu k opniud (midynn wynjhdbpukph wpunwunpnipmnil, npp htwpwynpne-
pintt junw dowljdws (nisnypubpp wpunwhwil) dhowqquyhtt ontju’ hwipuy k-
nnipjuiip pipkng ks ntnbuwlwi swhnype:

Zuyunth E twl, np dbnwnubph dEpwthjuljuwt hwnlnipmniattpp, hwnhyh
Ubkdnipjut thnppugdwup qnigpipug, dkbwinid Eu [6-9], highti uptkih £ hwutly
obpUwlpwluwi Uhgngny: Umiu Ynquhg obpdwyht dpwljuwl poynp nupuank-
uwlubph nhypmd, tpt dkdwind ki wdpnipjub punipugpbpp, wyw tuqnid
El wyjwunhlmpniut nt dwsnighmpiniup: Uknwnubph dbjpwthjulut hwwn-
nipjniutiipp hwdwhp YEpynyg pupdpugiubnt tyunulng hwdwp hpwljubug-
Ynud E obpduyhtt dpmljdwtt Up pwth mbuwljubph qniquignid, hisyhupp L obip-
dudbwthjuljul, phthwetpduyghtt Upmlnidubipp b wye 8, 10, 117]:

126



unph npjuspp b kpnghljuyh hhdbwynpoidp. Upjuwnwtph bywinwl £
htwnwgnunk) qununugubpnid gnibwynp dknwnubph hwipwpupbpp dwbipuging
quntph obpuuyht Upwljdwb qnpépupugn twhphwiuyghti junkpuh 9opughti 1nidny-
pnwd, nuunidtwuhply quntph jupnigusph ni hwnlmipjnitubph Abwdnpdu
gnpépupwugp b punpk) tnp dudw dhowduyn:

Qununugubpmud gniiwgnp dbnwnubph hwiipwpwnptpp dwipuging qunbpp
hhdtwuwiunid yuwnpuwunnd Gu pupdp thudhudbjhnipyudp ny obpduljuyni XI'C
dwljuhoh ynnuunhg [12], nph phthwlwb pugunpmipniup pipdus b wy. 1-nud:
Uju yupnibwlnud k 4...5% (kghpnny wwwpptp b (hwudognid £ upudwgsng dhugh
80...90/t/ funpnipyudp:

Unynruwly 1
XI'Cuulipop wynpuunp phdpulul pununpnipinianp [12]
Mnnuyuwnh C, Si, Mn, % Cr, W, V, Mo, Ni,
dwljuhop % % % % % % %
XTC 0,95...1,05 | 0,40...0,70 | 0,85...1,25 | 1,30...1,65 - - - -

Uhubjhnipniut wénid  jhwdugbihnipjut mgh hbwn dkuntn, ntunp wnn-
wyuwnbbkpp nunud jud nwp dhowquypnid (150...180°C) dpunidhg htwnn niukunid
kU pupép Jupdpnipinit (HRC 62-hg 67...68): Ujn nhypnid idugnid b nidnpdw-
ghwubpp:

Uhihghnudny 1kghpndp thnppugunid L wntunbkithnh juynitinipniip wtn-
thimughtt nhpnypnid b puwdpuginid wnnuuwnh Juniimpniip wpduldw
ujuundwdp: Mn-h pupdp wupnibwlnipjut ygundwnny XI'C dwluhoh wnn-
wuwnp udwt dudwtul] quhywind k ~20% dtwgnppuhtt wntunbthun, hugp
wwtwlujhnpkt tjuqkginud E phdnplughwubpp: Uwljuyt bkpeohttbpu udu-
qigunud B yuunhy pEdnpdwughwyh ajundwdp ghdwnpnipmiup b gnpshph
Juyniunipniip:

XT'C uhthghnidujhtt ynnuuwnb niith hbnbyu wnwybmpiniubpp.

1. Qupphnuwjhtt dwqh puppudusnipniip hwjwuwpwswth b, hsp yuydw-
twnpjws E wshiwsth gudp wupnibwlnipjudp (0,95...1,05%), hull jupphnught
withwdwubnnipniup sh gbpuquiugnid 1-hg 2 pugp.

2. @ipnuwpugdut tjundwdp ntuh ny Ubé qquyunipnit. Si-p, nddupug-
ubny huptiwnhdniqhwl, odwinulnid £ dwipwhwinhljuyjuntpjuip.

3. Updwlnidhg htinn wyph k puljunud dbwgnpnuyhtt wntunbthnh thnpp ww-
nniuwynipyudp (6...8%): Gphk Si-p Uhwly {kghpnn mwppt E, wyw sh thnthnpuynid
U oipdwuwnhgutp:
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XI'C djJwé wnnuuunh YJupdpmipmitp  ohpdwdowmlnidhg  hbwn
HRC<61...62 t: Umjuytr Si-h > 0,8...1,0% wupnitwlnipjub nhuypnid Juunwubtnid
El ynnuunh wkjtininghwljwt hwnlnpmibbbpp:

XI'C ynnuuunnd Si-p, quniudbny a dwgnid, wdpugunid t $Ephnwghte
Junrnigqubpp b pupdpugunid Jupdpmipiniup: (pénidhg hbwnn Jupsdpnipiniup
hwutnwd t dhist HB 2170...2410 UQur: Puigh nputthg, Si-h swthhg wykjh pupdp
wupntiwlnipniut nidnugunid | wshuwstiugplnidp, pyybu twl, wnudunbng
a dwuqh pynipbnuyhtt guugp, ynnuuwnp nupdiund k thjupnii:

Pupén jhwdpudbhnipjudp ns obpdwluynit XI'C dwljuthoh wnnuuunhg
wuwnpuwunywsd quyunugubph qugbph Judwb tguunwlji § unwbu) dwljbpline-
pught obipnp (Uptish punwynh 0,5 dwuh junpnipjudp) pupdp Jupdpnipintl, wd-
poipmil, hwpjusughtt dwsnighmpmitt b dwowljuyniimpmt’ wwhwwkyng
dhonijh pupdp wjwunplmpniup: Uubkpbnipughtt obkpinh yuhwbeynn hwwn-
nipjniutiippn htwpudnp £ wyywhnyb) dwipwhwwnhl dwupnbkiuhinught junnig-
Jusph unwugdwdp:

Uhidut dudwtiul) nwntgdwt tnuwbwlj pinpbihu hwpydh | wnbidl) Gplyne
hhdbwlwi tyuinul. wowehtl' wwywhnl) ynquuwnh vwpkgnidp tpu Uedwb
nhnhjujut wpugmpniip ghipuquignn wpugmipjudp, nptt withpudbon &
dwpnkiuhnught junmglusph vnwugdwi hudwp, ppnpy vnwbwg owuqu-
qnub Ujudwb Wbppht jupmudibp wpnwunpuiiph nhdnprughughg b dudwi gw-
piph wnwowgniuhg funtuwthbnt hwdwnp:

Npubu djadwb tnp dhpwduyp plunpyly £ pinpuypkiiught juinkpup, nph
wpununpynud £ «Lwpphn gnpswputy @EC-md (p. Gphwb) b JEkputduudty &
«Luthphunwght junbkpur: Ujt' JI-MMA-M-a-uinjhutpp (pnpuypbiwght junbpu),
unwind kb pinpuwpkih bdnyupnt ynjhdkpugdwt dhengny fud tpw hwdw-
wnhdbkpugnidny Jhuhjuyhtt jud ghiuhttughtt wsjuwepwshuubph htiv: Linpuy-
nphiughtt junbputibpt mukt pupdnp Jusnitwlnipinil, dynitunipmnit b wdpnipnii:
Mnihdbph dbe wowtwluhg pwiwlmpjudp Cl-h wnljuynipmniup yuydwbwynp-
Jwsd L pupdp ognuwluyniuntpjudp b jnruwuniimpjudp, wgpbuhy dhowduy-
ntph, (nushsutph b jnintph wopbgnipyut tjundwdp juyniunipyudp: Cl-h Ubs
wupnibwynipmiup hwbgkgunid £ hpujuyniinipjut pupdpugdwt: Npytu hw-
Uuynjpdtp oqunugnpdty tu dkpulphjughtt ppnt (MAK), thnphjulphjught ppnt
(HAK), winppny, dkpulphjughtt ppyh dbphiughtt tptp (MMA), tpljpinp b kowpinp
pntnwnhbb b wy dntndbpubp [5]: Upjpwnwbpmid npybu uwunkginng dhowquyp
ogunnuugnpdyty k pinpuyplth hwdwwnihdkpughtt jmntpuh tnupugpus nhuwbp-
upntt Ukpphputpulppjwinh b dkpwyphjughtt peyh htn prwntnipnp: Ujuwhuh
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dhowduypp punipwugpynid k pupdp wgpiquunuwghtt b Ynjhnuwyht juynitinipjudp,
htsytu bwb obpdwlwyniunipyudp:

8ninh hwdbdwwn dfuntdp unp djudwt vhpwjuypnid wyywhnynud £ pupdp
dbjpwthjulwb hmnlmpinibubp, gusp pidnplughw, jujugunid L uwthnwpu-
hhghtuhl] wuydwbubpp b jutjunid gnpépupwgh hpnkhwunwiquynpnipniin:

Zunth L [13], np uwunbkgdwt dkjuwthqut nigtlgynud £ nvuntgdwt 3 thne-
tinny. I-h tnyp vwunbkgnudy | gninppuyhtt punuipnd’ punuupuht tnnud:
Mnnuuwnyw qunh onipett wnwewunid k gninpowhtnnijuyhtt punuipe, npp nddw-
pugunid b obpdwnympniup: Uwnkgnudp junwpynud £ gudp wpugnipjudp b
punipugpynud k qunh dwibplnyph withwjwuwpuwswth vwunkgdwdp: I thnih
nbnnmipiniup Jupkih b jpdwnt] winhy dhwhweidwt dhongnyg jud wbjwug-
ubny nwuppbp hwykuympbp:

Pownhljuyht Endwt II-pn thnymd vwnkgnidt ninklgynid £ gninpought pwi-
nuiph pujpwynidny, nph wpnyniupnid qunh dwybplnypp hyynd E htnniyht:
Guunupynud | wybjh wpug vunkgnid: Uju nhypnid uunkgynn qunh dwljkplinygph
otpdwunh&wn Yupnily hounud £ dhish uwnkgynn htnniljh ndwb obpdwunp-
Swip b dund E hwunwnntt dhish ppinhuyghtt indwt 4tpen [13]:

III-ny thnynud Enpp pughwunynid k, vuntgnudp puntpugpdnid b swthwynp
uwnhgdwb wpugmpjudp, wjuhlipt' Ynuykyghwyh wpyniipny: Uju thogh uunbg-
dwl wpugmipiniup jupdws b hinnijh dwénighynipiniihg b okpdwhwnnpnw-
Jwunipinithg, hywtu twl qunh b htnniyp okipdwuwnhgdwtubph wnwppbpnipmnt-
uhg [13]:

ZEnmwmgnuinipjud wpyniupubpp. Uwnkgdw gnpspupwgh ntuniduwuhpnt
ptup Juunwpyby | 0,5...2,5%-wing twhphwnwyhl jmnbtpuh opuyghtt (nisnyypenid:
Onpabkpp gnyg ki wmwhu, np punubpuwihtt tedwt I-ht oy nigklygynd E
wnihubpuyhtt punuph wnwewgniuny ohjugus ynnuuwnju qunh dwltplnyph
Ynu, Epp wytt hyyynd £ uwnp hinnihte: Mnjhdbpughtt ndnyph dh dwub wjupup-
popkt Jipwsynid £ gninpont, np huljny Yniuinkiuwgynud k: Lwh np uvuntgdw
htnniljp wpwg nwpwinud k, wyw Yninkiuwghwt puinunnud E, nph dudwbwly
wnuwewimy k gnynpowhbnnijuyhll’ weun]l) juynit wynjhdbpught punubpe qugh
dwkptnypht:

Uwnbkguwlb HI-pr thmyyp® Ynbgdblhghnt Eenudp, ponp vwnbgdwt vhowduy-
ntph hwudwp junwpynud k 300°C-hg gusp obpdwunhdwtiwghtt mhpnypnd, husp
punipugpuljut t btwhphwnwjhtt junkpuh opwyhtt (nusnyph hwdwp: Uju thnynud
ouipdnid punhwnymud E: III-py thoyb pupwind b juynit obpdudbilniuhy pu-
nuiph wnwewgniuny, npp oppwwyunmd £ djws gniunp, puinunbgund | uw-
nhgdwl wpwgnipniup dhtish ~35°C/4 Uninbktwyny jninh vwnbkgdwl wpwugnip-
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jutp, npuiny wnwewgubing wykh wdpnnowljut dwupnktuhnuht thnjuwlykp-
wnipjuwl htwpwynpnipinil b tkpphl jupnudubph ne nEbnplwghwbph thnppu-
gnud: Pupul] punupn sh pwbqupnid hknwqu nkubninghwljwb owybpwughw-
ubph ppwljwbwugdwip b htown hEkpwinid £ hwgnpnnn okipduyghtt dpwljdwb gnps-
nupugnud’ wpdwuljdub dudwbul:

Uwnkgunn hbinnijnid oquugnpéyly ku qunbph owpddwtt mmupptp tpw-
twlutip. wipunphwwn swpdnud, np hpwjuwtwgyty E wdpnne obpdwunhdwbughte
nhpnypnud, b punhwwnynn owpdnud, nph dwdwbwl pupdp ohpdwunhdwught
nhpnypnud, wyuhtph wniunkihnh wwuqugnyh juyntingppub whpnypnd, uw-
nhginn nlnugibpp swpdty ki, hul] dwpunbiuhnwght nhpogpod’ wunbgl) hwb-
ghunn Jhdwljmd: Cupddwmt dudwbwlp npnoyty kv = 0,5d puttwdlih vhongndy, np-
wnkn d-u dpwljynn qunh npudwughst k, ¢ ny [13]: @npdtipnh wpyniupnid punpyt
E punhwwnynn swpddwdp vhninudp, npp hwtgkgpl) £ dblumthjuljwt hwwnynipe-
iuubph (wjugdwn:

Uowljyt L LabView épwghp, nph dhongny npnoyk) £ uunkgdwt wpwugnt-
pntup’ oipdwunhdwih jujpubmpiniup dudwtwlhg: @npdbpp junwpyl) Eu
wyu dSpwugph dhongny, b wpyniupubpp pipduws i wn. 2-nud b bjupnid:

Unniuwmly 2
Uwnbguwl wpugnijeiniiliikpp
Uwnkgunn Uwnbgdwl wpwgnt- Udktuwudts Udktwud ks uw-
N Uhpujuyp pinLul pun oipdwuwnh- uwnbkgdwl nhgdw wpw-
Suuubph, °Caply wpuqmipnilp, | qoupjub obpuiuu-
600 ... 400 | 400 ... 200 iy wnhdubip, °C
8nin
1 | wupunhwn 140 90 150 460
owpdnuuny
8nin
2 | punhwunynn 130 50 140 450
owpdnuuny
Lwhphunwght
Juntpu’
3 455 310 465 520
wbpunhwwn
owipdnudny
Lwhphunuyht
Jwinkpu’
4 180 50 320 650
punhwwnyng
owpdnuuny
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b mwppbpnipinit jninh, bwhphwnwht junkpuh vwnkgdwb wpwgnipniup
wniunkihnp Wuqugny Jumibnipjut nhpnypnd (600...400°C) unwgyby E
180°C/yJ, hulj dwpubbuhnwihtt thnjuwybpynipyul whpnypnd  (400...200°C)
~502C//: 340°C-nid umntkgdw wpwugnipmiup juqut) L ~35°C4f

900
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o 700
— t Xrc
3
3 600 = 0%
S \\ \o\
g 70
S 500 y
§ 1 10 20 >
— |50
400 p—— 90
70
DY
200
Vi OV
20

0

102 103 10
Onfuwytpwnipjwb wnbnnnipntlp =, ynl
Ul XTC dwlapop ynnuunp wniunkapunh pgnpbpd nipnhdwi C-di phugpuidp [14] L

Joignid nr 1,25%-wlng hwpphunuyhl junnkpuh opughl iniénypnid Lab Viem Spugpny
unugywé dpnlwl vwnkguwi npkpp

Zuyuth k [5, 13], np uuntgdwt qnpépupwugn ppnnhljuyhtt tedwi II-py thne-
1nud nintlgynud E duyughtt Ebunny: Quyuh pughwnnudp hwdwpdnud £ Ynt-

yJtlghnt indwt' III-pn thnyh gnpdpupwgh uhhqpp, np nipklgynid £ uunbgdub
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wpugnipjul tpwhwlwh wiidwdp. wjt dnnkund E jninh vwnkgdwubt wpwugni-
pjutn: Uunkgdwt Ynph wyjuwhuh punipwughpp btwhphwunwjhtt juntpup dhowyuy-
nnud (III-pn thnynud) puguinpymd | djudws nhnwh gqundwdp pupul b juynih
obpdwdklniuhy wynjhukpwjhtt punuipeny, npp hwigbkginid b qubnwn Ynudkly-
ghnll vwnkguwl: Pupwl punubpep 100...150 ¢ hwunmpjudp, tywunnd £
dwpunbkiuhunught hnjwlEpynipjut hpuuwitwugdwip ~35C4/ vunkgdwt wpw-
gnipjudp’ unbindtiny «huthnil djunud» b jmunh hwdbdwwn pupdpugubing Jups-
nnipniun 2...3 HRC:

Bqpuljugnmipiniu. Uswiljyt) £ LabViem dpwighp, nph thongny hkwnwgnunyty
E puwpdp thwdjubjhnipjudp ny obpdwljuynit XI'C wynnuuunhg wuwnpuwungwus
quntph djudwt gnpéptipugp twhphunwghtt jwntpuh opughtt (nidnypnid: Upn-
jibpnid kpuppuwnpyly E twjuhtinid inyt iygunwyh hwdwp oginugnpéng
hwupuyhti jninp thnjuwphtb] bwhphwnwyht juntpuh opuyht (nidnypny:
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C.I'. ATBAJISIH, P.C. ITATIOSIH

HNCCJIEJOBAHHE ITPOLIECCA 3AKAJIKH ITAPOB U3 CTAJIM MAPKH XTI'C
B BOIHOM PACTBOPE HAUPUTOBOI'O JIATEKCA

W3ydenue OTEUeCTBEHHOH M 3apyOeXHOH IHUTepaTypsl MOKa3aio, YyTo IMpolecc 3a-
KaJIKU B MOJIMMCPHBIX PACTBOPAxX HMCCICA0BAaH HEAOCTATOYHO, OTCYTCTBYET l/IH(l)OpMaLlI/IH o
CTaOWIFHOCTH TIOJMMMEPHBIX CHCTEM, a TaKKEe HET TEXHHWYCCKHX NAHHBIX OTHOCHTEIBFHO BO3-
JIEHCTBUSA, CHOCOOHOCTH OXJIQXKICHHS U MOSIBIICHHS aKTUBHBIX M3JIHIIECTB HA TOBEPXHOCTU
MaTepHaa BO BpeMs 3aKalKH.

[Tpn nomoryn nakera LabViem co3zgana nporpaMma, mo3BosIsIioIIas aBTOMaTHYECKH
CUHTHIBATH U MPOEKTUPOBATh Irpa)uK TEMIIEPaTyphl B 3aBUCUMOCTH OT BPEMEHH, a TaKKe
noctpouth C-00pa3Hble KPUBBIE VIS JINTHIX MapoB u3 cranu Mapku XI'C. 3To 1ano BO3MOX-
HOCTb INPOBOJUTH HUCCIIEAOBAaHME MPOLECCa 3aKAIKU B PAa3IUUHBIX cpepax. MccnenoBaHus
MOKa3alli, 4To0 3apyO0ekKHOE MHHEpAaTbHOE MAacio, UCIONBb3yeMOe paHee M IO HACTOSIIee
BpeMsI, MOXKHO 3aMEHUTH BOJHBIM PAaCTBOPOM JaTeKca.

Kniouesvie cnoga: cranp, map, 3aKajika, HAMPUTOBBIN JIATEKC, OXJIAXKIAIOIIIE KPHUBBIE,
ayCTEHUT, MAPTEHCUT, IPOKAINBAEMOCTh, TBEPAOCTb.

S.G. AGHBALYAN, R.S. PAPOYAN

INVESTIGATING THE QUENCHING PROCESS OF XI'C STEEL BALLS IN
AQUEOUS SOLUTION OF THE NAIRIT LATEX

The study of local and foreign literature has shown that the quenching process in
latex solutions has not been investigated sufficiently, there is no information about the
stability of polymeric systems, as well as there are no technical data regarding the impact,
freezing abilities and appearance of active excess materials on the material surface at
quenching.

A program has been created by the LabViem packet, which allows to automatically
calculate and design the graph of temperature depending on time, and to draw C-shaped
curves for the cast balls of the XI'C steel. This gave an opportunity to investigate the
process of quenching in different environments. The investigations have shown that the
mineral oils used in the past and are still being used, can be replaced by latex aqueous
solutions.

Keywords: steel, ball, quenching, nairit latex, freezing curves, austenite, martensite,
hardenability, hardness.
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Yuuwpdhy Ewynbdh hhdpnd nhuybpu dwubihbnnd Yupspwugnn hlunkpdbnwunu-
Luh dugkp) b nhuybpu hwnhjubpm] wdpugynn pupdpudnip o pupdp EiEunpuwhwnnp-
nuljubnippudp U ehpdwlumblmpjudp  odujws  shpruwdnp  (wpwwphtt obpun -
1,0 %Cr+0,8 %Zr+Cun, Ubpphls pbpa - 13%Ni+3%Al+1,0%Cr+0,8%Zr+Cun) thnoblnduinghwnuw-
1ht Wnmpkph wwp wprnudnpiub gnpoplipugh deknunughunwljutt hhdbugnpoud: 8nyg k
wpdud, np twp wpunudnduh dudwbul whignulughte shpunud Yndwnbbinntbph nhdni-
ghuyh 2lnphhy, npp Yupadus £ upunudndub gnpsulighg U ghpduwunhowthg, dhdwimud £
uthgnudughl obkpuinh hguwh undpnipniin: Zkinwgqu ppotdwdp Juemgluspp phipdnud | hw-
Juuwpulpondud dh&wlh, huly tpadwudp, uvwunp Shpduadp dowljdwdp U Shpugdudp wiugu-
hnynud Bl pupdp Wkhaubhlulpub hunympymblbn wpnwphb obpun - 64=550...600 0w,
HB=1550...1850 U, 8=10...20 %, ukippht obpwn - 66=900...950 M, HB=2500...2600 U,
6=10...15%,: Upmynitipnd wainjpwhmjynud Bh wpuwphl obipwh pupdp obhpdwhwnnpnulju-
tnipymb (x=70 Ywn/Ydf L Qijupwhwunnpulpubmpmib’ wnbdh hEjupuhwnnprputjubnge-
Pl -80 %, huly Utippht shipwh ehpuwilugnitmipinit dhish 500°C

Unubgpughle pumlep, prjufuumunnn, dwdpd, Enwljunud, wwp wpinudnnud, thn-
stndwynghwviughl Wynipe, nhpnighw, dpanwd, stpugmd, nhuybpu Yunpspugmd b wdhwgmad,
EEjunpuwhwunnpipujubiniypynds, ehpduljpumiingpymls

Uhpuwbdmpint. Zugyuunwbh Zwbipuybnmpjut imbnbumpjubt quuipqug-
dwl ghpuwlju mgynpymibbphg b dbuwynipghwt b dbinumuljwt hpdpm] tnp
hwdwdnipwsplikiph nt ndwynghuught Wnipbph unbnsnidp, wy pynud ohpuw-
Ynp Jurnigduwspny, wnwtg npntg withiwp | wyuwntpugut] inkpthijulwb wewe-
phpwgn, hwnuwbu hwunnd] nkjuuhuwnud Uju ninpunad wdbjh dbS wbn ©
hwnjugymd dbrnwnuijuu hhdpny pupdpudnip b dmughntiug wwhwljnipjuadp
Yndynghwnuwyht Wnipbpht (L), htywhupp Bb ghuybpu dwuthlubipn] jupdpu-
gnn b nhuwbipu huwnplukpny wadpwgynn wntdyu hnplndwngpiught mpkpp,
npnbg wwhwbpwplyp pun Ubd E hunnljuuybu Hiupunbiuthuljub wpggmtupbipne-
pinthnud, wyn I’&LI_DLL[\ Yntnnwljrnuyht Enwljgdwb EiEjunpngubph wpunuwngpmpine-
bnud, npntg ubpluyugynn wwhwbeubn tu pwpdp LiElwpwhwnappuljuinge-
miip U ehpdwluynitimipinitpn  [1-4]: LoJws  hwnlnipintbutiph wwuhngdw
hunfwp oquugnpsyny bwpiwwpunpuunduspubinp whwnp b nibtluub widwlnin-
hEu b ohprudnp Juwenigguwdp, npoud wpuwphtt obpunp juwuwhnh pupdp
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HtEynpuhunnpyuljuinipyniy, hulj dkpphtt okpunp’ pupdp obpuwluyntinpynit:
Ujuyhuh Jupnig-yusp qgnpstwjuunid httwpwynp L wywhnyt) dhuyb thnpbkdk-
nwnipghwljut bnutwliubpny oquuqnpsting nwp wpnwdndwt gnpspupugp
npybu Yndyulunuynpdut jwjugnyt dkpnn [5]: Uwluyt dhtgh wydd (hngdht
niuntdbwuhpyws sk wynudh hhupny nhuybpu dwutthljubpny (bwqbpny) jupspugnn
b nhuwtpu hwnhlubpng wdpugynn skpnudnp thnotndwynghwnuwghtt yniptph
nup wpnudniut dudwbwul junniguspugnjugdwt gnpépuipugp, sjut dknw-
nughnwjui junp htnnwgnunnipnitubtp, npntp Yhhdtwdnpk wagniduyht obip-
unid Jupnigyusph b hwnlnmipniuubph dbwdnpnidp: Uju nbuwlbnhg wow-
owpnlynny wohiwwnwipt wpghwlwy £ b jupnn £ unp hkpwbupubp puglk) viwup
wpunudndu gnpépupwugh ukpppdul, hyybu twb $niuljghntiu) hwnlnipmniu-
utpny unp Yndwynghunuwyht ynipbph dowljdwb ptuquyunnid:

vunph npdwdpp b dkpnphljugh hhduwdnpoudp. ZEknwgnuinnipyub byunul
E ntunidimuppl] ynudh hhdpny skpunwuynp thnpklndynghunuyghtt yniplph mwp
wpnudnuut dudwbwl wiugnidwht skpnh jupnigjuspugnyugdwt gnpépu-
pugn b juunwupl] dknunuqhnwlut hhdtwynpnid:

Zupktwut b wpnuuwhdwyub gqpujuiimpjut Yepnidmpjut wpynit-
pnud [6-10] qupqyb E, np pupdp Jupdpnipjudp, wdpnipjudp, fEjupuhwnnp-
nuijwinipjudp, ehpdwhwunnppujuinipudp b okpdwjuniinipjudp odnjud
thnotinduynghwnuyghtt nipbpp, npnip jupnn Bu jhpundt ntnwljunughtt Epug-
dwb EEjupnnubkph hwdwp, whwnp b (hukt wnudh hhdpny b punugus dw-
Ytplnipuyht obipinhg nt dhontljhg, npnug duypuijh jupspugnudp b wdpugnidp
whnp t junupdh gkpiudpwljdundp [11] ghuybpu dwubhlubpny] (hnbpdbnw-
nuljuwt wqbpny) jupspugdwt b nhuybpu hwnhlukpny wipugdwt dkjuwtthqu-
utpny: Uwlbplnipuyht okipnh pupénp LEjnpuhunnppujuinipniup b obpdw-
hunnpyuljunipniup ywhwnp £ wywhndkt wynudh hhdpnyg gudp (kghpdws, huly
Uhgnijh pupdp dkjumthuljwl hwnlmpmabtpp b obpdwluyminipniip” wnbdh
hhupny pwpén 1kghpqus wuswlninlkt junnigquspny Yndynghwnught ynipbpp:
Pupdn wpynibwdbinmpjut hwubbnt hwdwp wthpwdbon E wuyywhnyb) wdnip
Juy «wipunwpht okpwn-dhonily» mgnidwght okpunnid:

UoJws uunhpubpp jupnn b jujugnyi (nisnid gtk dhuytt hnpbdbnw-
npghwlwt dbpnnubpny, hwnjuwbu swlnunltu skpunwynp dwdjduspubpp
nup wpnudniudp, pp tnwunudp b jupnigyusph dbwynpnidp hwdwnbn-
Ynud ke [10]:

Zhnmwgnuinipniiubph pupwgpnd Jhpuedl) Bu Jbnwnugpuljut, nkun-
ghtwjuprmigyubpuyhtt b hudbdwnwlut Jbpnidnipiniiutph dbpnnubpp:

Yuunwpyly k fpuiymptph ptnpnud b hhdbwdnponud: Upunwphtt b ukppht
stpunbiph hwdwp npybu duypufjh ynip pnpdt] b hhdvwdnpyty E IMC-1 dwly-
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thoh wnlidurhnghty, hul npwtu (kghpnn wuppkp® TXIC Gwlithoh ppnuh U TTIT1
duljthoh ghpyntihnuih thnghtipp: Ukpphtt kpwnh hutwp (puignighs plunpyy b
twl ITH3-1 dwlihoh uhitih b AIIC-1A dwljthoh wynudhith thnohbpp:

ZEnwgnuinipjut wpnynibptbpp. Skuwlub b thnpdwpwpului htnwgn-
wnnipinitubph wpyniupnid npnpyt] b hhdtwynpyty Bu sbpunuynp thnoklnduyn-
qhuughtt iymph Ynbnwlunughl boulgdwi bEunpnnh, wpnwpht b Gkppht obp-
nbkph punqunpmpniubpp wpnwpht skpan - 1,09%Cr+0,8 %Zr+Cua, Ubppht skpn
- 13%Ni+3%Al1+1,0 9%6Cr+0,8 %6Zr+Cuuu [12]: Ujinthtinh wpuwpht obpnh pndupuwn-
unipnghg tphynpdwuh dwudjdwdp’ Pe=300 U 2w gupdwdp, yuwnpuwuwndbty b ubw-
Ubo quuiwwtn (Dw=29,5 v/tf; Du=21,5 /i, H=50 u/1/; 6=20%), hulj Uhonijh pndwjuwn-
unipnhg’ quutwljut hnpdwbdnipubp (De=21 o/, H=50 /i, 6=20%), nphg hbtwun
dwdpuspubptt hpwp dbe hwdupkinig, Pu=320 U"w Supdwdp YEpudwdinidhg b
onwdth vhowduypnid 900...950°C obpdwunhgwtnid 1...1,5 ¢ knuljujkinig hknn
Eupwplyl) Eu nwp wpnudndut duypulh 200=110° b A=2...6 wpunnwdnuwb gqnp-
duljgny:

Nuunidbwuhpdl] B viwp wpnudnnidhg hbnn ppéqus (Te=675 + 259C,
p=10) b obipdmdowljus (Upunid® Tu=1000£259C, 1u=24, stipwugnid’ Tsep=425425C,
75=60) thnpdwuudniptiph wugnidwyht okpnh Ygdwt wdpnipniup, nph npnodwt
hwdwp hopdwidnpubpp Gupwpldt) o jupdwdp hopdwupydwi: Uy biyunw-
ny twhiwugsyt) b wuwnpuwunygl) |k hunndy hwpdwpwp (4. 1): @opdwplnudutph
hwdwp oquugnpdyby tu h=54« pupdpnipjudp thnpdwudnipubkp, hulj thnpdwp-
ynudp Juunwpyl] k «TIRATEST- 2300» dwiljithoh dbjuwhfjulwt thnpdupldwi
Ubpkuugh Ypu:

il

N

Ul. 1. Chpuunnp thnpbndwnghwnuyhi iniph pkpunkph jguwl wdpnipyul thnpdwpydul
hwpdwpuip.
1- duwnljunlunn, 2- nupnnpn duypualy, 3- bkpphl pkpun, 4- wpuuphl pkpu, 5- dugpul
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Uguwt wdpnipniup npnpyby £ hknljw) putiwdlng.
Tyn = P/mdh,

npunkn P-t mdu k, d-u” dponijh npudwghsdp, h-p' thnpdwbdnigh pupdpnipiniun:
®npdbiph wpynibpubpp phpdus o wy. 1-nud b 2-md: Zudwdwy phpdus
wnyjutph, 4=3 b wykjh wprnudndwt gnpswlhgubph nhupnid wigniduyght sbpnh
Ygdwtt wdpnipniup wpulunhlnpki sh injudnud: Chpntph jgdwb wdpnipniup
(tyg) oipdwdpwljyud thnpdwudnioh nypmid dhohin 40-hg 45 U w pupén k, pu
ppoywsh nypnid, hugp pugunpynd k ppénidhg htinn ubpphtt jupnudubph nk-
jwpuwghuyny b T hwjwuwpulpnguws jurnigdusph unwgdudp:
Ugyniuwly 1
Suip wipunudpuudp uinugyuws (Tu=900°C, Tw=1,5d) 1,0%Cr+0,8%Zr+Cuu (wpunuphl pkpn) I
13%Ni+3%Al+1,0%Cr+0,8%Zr+Cuui (hlpphl pkpw) pununpnipyudp pkpunuan/np insEgnd-

wynghwuuyhl iyniplph wignidughl pbpnp guhwl wdpnipiniian ppénidhg hknn
(Tp=675+25°C, tp=1d)

Upunudndui 2 3 4 5 6
gnpdulhgp’ 4
Ygdw 480 485 489 496 485
wdpnipnibp’ 475 492 491 493 487
Ty, Ul 487 497 500 498 490
Uniniuwly 2

Swp wpunudpdudp unugyus (Tu=900°C, Tw=1,5d) 1,0%Cr+0,8%Zr+Cuu (wpunwuphi pkpu) i
13%Ni+3%Al+1,0%Cr+0,8%Zr+Cuu (GEpphl phpwn) pununpnipyudp skpuu/np hnokind-
wynghwnuyhl nipkph wignidughl pkpuinh [guwlh wdpnyeiniap gbpdwdowlniilhg hluin
(Upunid - Tu=1000%25°C, Tu=2d, Skpugniu - Tsin=425+25°C, 15=60)

Upunudndui 4 6
qnpswyhgp” 4
Ugdwt wdpnipnip’ 544 534
Tyg, UM 542 520
534 515

®npdkpp gnyg Eu tmuhu, np juuipnudp junupdnud E puduidwt hwppentpe-
niuny, b hwnqusé obkpuinp owwn phy £ nmuppbpynid wpwnwphti obpnh wdpnipiniihg,
nnp Juqunid £ 06=550...600 U 7Nur:
Uhypnntungbiwuy jnpughtt dpnwdnipjut wpyniipnid puguhwjngty
E, np ukppht okipinhg wpuwpht sbpnn thlih nhdniqiui wpyniupnid wnwgw-
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unwd E nhdniqus obkpw, npp hwuwnnipmniut wdnid E upnwdndwut gnpswlgh dk-
dwgdwdp: ‘Uhikh nhdniqhuygh wpnyniupnid wnwewtnmid £ wnudh hhupny whiy
[nidnije, nph junpnipnitt wdnud | 6 «fi~hg (A=1,58) Uptsh 17 /G (A=3,74): Al-h
nhdniqhwgh nhypnid tnyuybku wnwewunmd £ wnudh hhdpny yhtn (nisnype: Cu b
Ni 1oy hnipniuubpp 4=3,74-h ghypnid hwutnud k ~3,0%-h: Zudwyuwnwuow-
bwpwp dbdwumd kil nsjws pbpnh unpoipniin’ 1=1,58-h nhwpmd 17 o/fifhg
Uhlish 22 o/ 1=3,74-h nhypnid, htnbwpwp wémd k bwb kpldbnwnh skpunbkph
Ygdwt wdpnipniup juipdwdp:

Utunwnughunwljut hbnwgnuunipniuubph hwdwp ptnpgws nkdhdubpnyg
nuwp wpuuwdnyus (Tw=900...950°C, 7 w=1...15 & 1 =4), sppéyus b ppdJusd
(Tp=675 % 259C, 1p=10) twhwywwnpuunjudphg ywwpwuwnytk] tu hnyniyubp,
npnup fuwdwwnyl] ku 10%-wung HNOs uyhpuiwghtt jmsnypny: Znjwudnipubph
Ubknuwnughnwlwb hbnnwgnunipyniibpp juwnwpyk) Eo NEOPHOT-21 dwljuhoh
ghipdwiwlwl wpunwunpnipjut oynhjuljut dwtpunhinulny:

Ul. 2-nud gnyg kE mpdws wugniduyght obpinh dhjpnjunniguspn, hwdw-
duyjt nph wugniduyht ohpunmid sjw pughwinip hwwnhly, Jhwdudwbwly ubppht
otpinh Junnigjuspt wdtjh dwiputhwwn k, put wpuupht okpinpip: huwn fup-tinp
pumipwighp b okpnbph puwdwidwt vwhdwith ninnuqdwyunipniup, npp wuwh-
wuynid k hnpdwidnioh wdpnne tpljuyipny:

Ul 2. 1,0%Cr+0,8%Zr+Cuun (wpunwuphl pkpu) I 13%Ni+3%Al+1,0%Cr+0,8%Zr+Cuu (GEpphl
2kpu) unnigywdpny skpununnp hnobniynghwnuypl iyniph wigniduyhl pkpunkph
dplpnljupnigwsplbpp unup wpnwdynidhg hkun (=4, Tu=900...950°C, Tu=1...1,5d)

sppdyus YJhdwlnid (x250)
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Swp wpnwdndut dwdwbul, junnigyuspugnyugdwui gnpéplpugh dbnw-
nughunuljwt hhdtwdnpuwt tyunwlny, hbnwgnunmpniaubpp junwpdt) B wp-
nwdnusé thnpdwtidnigh muppbp mbnbpnud, npnup nEdnpdwgyty B wwppkp wu-
nhdwutbpny: ‘UY. 3-mud gnyg E vipjué wpunwpht okpnh (1,0%Cr+0,8%Zr+Cuu)
dhipnjunnigyuspp tup wpnudnnidhg hknn: Uju nith dwipwhwnhly nbkpu-
unipugyus Junnigusp: buswytu Eplind E ujuphg, ghpnpdugdutt mbnudw-
und hunhlubpt wdbh dwiipuhunn G, put dudjudiugnpnh tnbnudwunid, hsp
wuyiwiun]npyud Ewpwehtt mknudwuh wbjh Uks ehptwnynipudp hudbiw-
wnwd tpypnpy wbnudwuh htn: Skpunnipuyh nipynipniip hwdpiljunud £ wwp
wpunudnuut ninpnipjutp: Twdjudtugnpph mbnudwunid hwnpljubpt wytih
hunonpuhwwnhy Gu:

Ul 3. Sup wpunwdpdwdp (Tu=900...950°C, tw=1...1,5d, A=4) uunugywuié skpununfnn thnpklnd-
wnghwuuyhl yniph wpunwphb pkpunp (1,0%Cr+0,8%2Zr+Cun) Uppnliunnigywdpp nkpnp-
vwguwl nupplp nknudwukpnid sppdywd Yhdwinud. 1- dudjudiiugnpnh wnknuduy,
2- plpnpuugdul nkpulwy, 3- dwdjjws hwpprugunpuunywdph nkyudwa (x200)
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Ul. 4-mud gnyg kE wpjws okpunudnp thnpkndynghwinughtt iyniph (wpuwpht
otipwn - 1,0%Cr+0,8%Zr+Cuw, ubpphti obpwn -13%Ni+3%Al+1,0%Cr+0,8%Zr+Cuu) Upl-
pnyuenigduspp phdnpuugdutt nupplp nknudwubpnud tup wpunwdnnudhg
(Tw=900...950°C; tw=1...1,5 & A=4) b ppénidhg htwnn (Tp=675+25C, 1p=1):

i FETIGEIY
At by ;‘U

w) P
UY. 4. Suip wpunundpuundlp (Tu=900...950°C, Tw=1...1,5d, A=4) gy pkpunun/np thnpklnu-
wynghwnuyhl niph (wpunwphi pkpun - 1,0%Cr+0,8%2Zr+Cuun, Ukpphl plpun -
13%Ni+3%Al+1,0%Cr+0,8%Zr+Cuu) Uppniunnigyudpp ppénidhg hlunn (To=675+25°C,
1p=1d) pkdnpuugdul nnuppkp nkpulwubpnul 1- dudljunlfiugnpnh nkpunfuu,
2- pkpnpuuglul nkpudwu, 3- dudjjws hupnoyuninpuunywdph nkyudwu, ay)
wmnuphl pkpu, p) Gkpphl 2Epunx200)

busybu tplnud E Y. 4-hg, ppddwt wpyniipnid thnpdwbdnioh pnjnp mbnu-
dwubpnud wnbnh  mukgk] Jepupmiptnugnid: Uwdjudtwgnpnh nbknudwund
wnlw E npnowljh swjnnjunipinily, nph wejuynipniip dwdjduws twhwuyun-
npuunyudpnid huyun Jepuund b, pun npnud, nppwtt Uks £ wpnudndwi gnp-
Swljhgp, wipwl thnpp k swljnnljtunipmniup: Upnudndub ghpdwunhgdwunid wp-
wnwpht b ubppht okpnkph hnuntinipyut vwhdwbibph muppipnipjut Yundw-
nny dudjudiugnpnh bppht sbpunnid dbwgnpyuyhtt swjnunjkunipmniut wbkh

Uks E, pulh wpuiwpht skpunnud:
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Ubtnunughunwljubt hbnwgnunipmniutbiph wpyniipnid puguhwyngby
nn dyuldws skpnuynp thnokndynghwinught iyniph wpunwpht skpunp (1,0%Cr+
+0,8 %Zr+Cuut pununpmipjudp) Junnigjusépp ppénidhg (Te=675 £ 25°C, 15=14),
dpunidhg (Tu=1000 + 25°C, Tu=2d) L Skpwugnidhg (Tewp=425 + 25°C, 7:=64) hhkwnn
trwdwq b b punugus E wynudh hhupny whuy jmdnyphg (Cr-h b Zr-h whiy
nwdnypn wnudnid), Cr-h ghuybpu dwutthfubphg b CusZr hunbpdbnunuijut
$wqhg, hull ukpphtt okpnh (13%Ni+3%Al+1,0 %Cr+0,8 %6Zr+Cuw pununpnipjudp)
Yunmgqwspp puquubuquibt £ pugiugus ybdh hhdpny i whtn jmsnyphg
(Ni-h, Al-h, Cr-h b Zr-h whty jnsnypep wnudnwd), Cr-h ghuybpu dwutthlukphg,
CusZr, NisAl b NiAl hutnbpdbnwnuliwi $wqtphg, pug npnud, wnudh hhdpnyg o
whun mdnyph duypult (wpuwpht okpwn) wwwhnynid b puwpdp EEjnpw-
hwnnppuubnipmt (wnudh EEjnpuwhunnppujutnipjuit ~80%) b dbkjuwth-
Julwt hwnlmpinibubp (04=550...600 U7u;, HB=1550...1850 U, 6=10...20%),
huy wnudh hhdpny ca whiny pidnyph dwypwyp (Whppht okpw) pupdp Ukluwih-
Julwt hwnlnipniuutp (66=900...950 Uw, §=10...15%, HB=2500...2600 U 1
otpdwljuyniunipinit dhish 500°C Unwugyus thnpbklnduynghunughtt wyniph $hqh-
judbhwihjujut hwnlimpnibibph nuunidbwuppnudp gnyg b wnwhu, np dw-
ynunljtu okpnnuynp dwdjjwsph nup wpnudnnidt wywhnymd Lt gnpshwljw-
inud wiswlninykh Junnigdwsp, hul hknwgqu obpdught dpwlnudp wwhwieyny
dhqhjudbwthjulwt hwnlnipniutp:

Bqpuljugnipinti. Uknwnughunwlwi hbnwgnunipinibubph wpyniipnd
hhdtwynpyty £ ynudh hhupny okpunuynp thnobndwynghwnught iyniph uvnugdwt
nuwp wpnwdndui dkpnnp: Swp wpunwdnyus (Tw=900...950°C, tw=1...1,5d, A=4),
ppoJud (Tp=675 £ 259C; Tp=1d) b wdpwgunn ebpdwghtt dpwldwl Eupwnplydus
(Tu=1000%259C; Tu=2d, Tstp=425125°C, 1:=64) wynudh hhupny sbkpunwynp thnoklnd-
wnghiughtt ynipbpt wywhnyniud Eu hyybu wignidught obpinh pupdp Ygdu
wlpnipnit 7y=534...544 Ulw, wjuybu b otpunbph pwpdp dbjpwthjulwut
hwnmpnibitp wpnwpht okpn - 69=550...600 U0w, HB=1550...1850 U Nus,
6=10...20%, ukpphli okpwn - 04=900...950 U7, 6=10...15%, HB=2500...2600 U Nur.
Uowljwd skpunuynp Yndwynghwnuyghtt Wyniph nith wpunwpht okpnh pupdnp obp-
dwhwnnpnuljuinipnit (x=70 Yw/G.d), fEjnpwhwunnppuljuinippi’ wnudh
EEjunpuhwunnppuljuimput ~80%-np b ubkpphtt skpnp obpdwluwyniunipnit
uUhtigl 500°C:

ZEnwgnuinipntip juwnwpydly F Zuyuunwih wggquyhl wojhunbbhului huduyg-
uwpwip «Ynypughunyenil b dknugnipghuy puquyhl ghnwhbunwgnunulul jupnpu-
unnphuyni:
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A.P. CAPKUCSH

METAJUIOBETYECKOE OBOCHOBAHME IPOIIECCA TOPSTUER
IKCTPY3HUH CJIOUCTBIX MTOPOHIKOBBIX KOMIIO3UIIMOHHBIX
MATEPHAJIOB HA OCHOBE MEJIN

OcCymIecTBICHO METaUIOBeIdecKoe OOOCHOBaHHE IIPOLECCa TOPSAYEH IKCTPY3HH
CIOUCTBIX  TOPOINKOBBIX  KOMIO3WIMOHHBIX  MaTepHaOB  (BHEIIHWHA  CIIOH -
1,09Cr+0,8 %Zr+Cuocr, BHyTpEHHHUI cOM - 13%Ni+3%Al+1,0%Cr+0,8%Zr+Cuocr) HA OCHOBE
Mean, 00IaIaloKX BEICOKON 3JIEKTPOIIPOBOIUMOCTBIO U TETNIOCTOUKOCTBIO, TBEPACIOINX
JIICIIEPCHBIMH YacTUIaMK (MHTEpMeTauIndeckast (a3a) U ynpOYHEHHBIX JUCTIEPCHBIMU 3Ep-
Hamu. [Toka3aHo, 4TO MPU ropsAYei IKCTPY3UHU B IIEPEXOTHOM CIIoe B pe3ynbrare auddysnu
KOMIIOHEHTOB, B 3aBUCHMOCTH OT KOX((HUIMEHTa BBHITSHDKKH W TEMIIEpaTyphl SKCTPY3HUH,
MOBBIIIAETCS MTPOYHOCTD CIETUIeHUs cios. [lpu mocnenyromneM oTKUre CTPyKTypa IPHBO-
UTCS B PaBHOBECHOE COCTOSHHE, a IMOCJE 3aKajJKH, XOJOJHOW 00pabOTKH NABICHUEM U
MOCTIEIYTOIIETO CTapeHMsI 00ECIIEYMBAIOTCS BHICOKHE MEXaHHYECKHE CBOWCTBA: BHEITHUI
cioi - 08=550...600 M/7a, HB=1550...1850 MIla, $=10...20 %; BHyTpEeHHUI1 cJ10i1 - 08=900...950
MIla, HB=2500...2600 MIla, §=10...15%, B utore BO BHEIIHEM CJIO¢ OOECICUYUBAIOTCS
BBICOKHE TEIUIONPOBOAUMOCTD (¥y=70 Bm/K.m) ¥ 3J€KTPOIIPOBOIUMOCTE: 3JICKTPOIPOBOIHU-
MOCTB MeIu cocTaBiseT ~80%, a TeIIOCTORKOCTE BHYTPEHHETO ciod - 10 500 °C.

Kniouesvie cnosa: mvxra, npeccoBaHUe, CIIEKaHUE, TOpsUYas IKCTPY3HUs, TOPOIIKO-
BEI KOMITO3UIIMOHHEIH MaTepuall, auddys3us, 3akaika, crapeHue, TUCIIEPCHOHHOE TBEep/Ie-
HHUE U YIIPOYHEHHUE, HIIEKTPOIPOBOINMOCTb, TETFIOCTOUKOCTb.

A.R. SARGSYAN

METALLOGRAPHIC SUBSTANTIATION OF THE PROCESS OF HOT
EXTRUSION OF LAYERED POWDER COMPOSITE MATERIALS BASED ON
COPPER

The metallographic substantiation of the process of hot extrusion of layered powder
composite materials (outer layer - 1,0%Cr+0,8 %Zr+Curem, inner layer - 13%Ni+3%Al1+1,0%Cr+
+0,8%Zr+Curn) is carried out based on copper, having high electrical conductivity and heat
resistance, hardened with dispersed particles (intermetallic phase) and strengthened with
dispersed grains. It is shown that during hot extrusion in the transition layer, due to the
diffusion of components, depending on the extrusion coefficient and temperature, the
adhesion strength of the layer increases. At the subsequent firing, the structure is brought
into equilibrium, and after processing with cold pressure, hardening and aging, high
mechanical properties are provided: the outer layer - owemp=550...600 MPa, HB=1550...1850
MPa, §=10...20%, the inner layer - owemp=900...950 MPa, HB=2500...2600 MPa, =10...15%. As
a result, high thermal (y=70 V#/K.m) conductivity and electrical conductivity are provided
amounting to ~80 % of the electrical conductivity of the copper of the outer layer and heat
resistance up to 500°C of the inner layer.

Keywords: charge, pressing, sintering, hot extrusion, powder composite material,
diffusion, quenching, aging, dispersion hardening and strengthening, electrical conductivity,

heat resistance.
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Bupwnpkip 20k-h pintpughpl niih hknljw) wkupp
Vo = alem] + a3vu1q3 > (2)

npunkn v,,-p mdbknupuph Uninpughtt wnujunyws jupnidt £ b dhwdwudwbwy
dhsuntinpuyghtt winuyunnn onpuyh (UUUT) Lipuyhtt jupnudp, npp ubpluyug-
Unud £ htinlyw) wpinuwhwynnt pudp’

Vg = b1vy+ b3v,f (3)
Zhnbwpwp, Z0b-h pumipughpp Yntikiw hbnlyw) wbupp:
Vo = ay(byvy+ bsv,2) + ag(byv,+ bav )3 (4)
Npny dbwthnjuntipym ukphg htnn unwugynd £
vo = a1byv+ (a1bs + azh)v,? + 3ash,*bsv,® + 3ashs*bv,/ + azhs’v,S: (5)
(5)-hg htwnlinul £, np kpuyhti wqpubpwibh ny gduyht 3-pn pununphsp
Yqpoyutiw, et UUUC-u wnuwywnh b; = — a31171 opkupny: Pusyhu nkubnid Lup,

a

tppmud 20P-h 3-py qpuojugws pununphshg pugh, wewewund ku twb wykh
pupdnp upgh ny gdwiht punuinphsttp, husp dhpdnunpught wnuunnn pnpuyh
glfuwnp phpnipniti b

Ujuy huny, wnuyuwnnn dninpughtt onpw-Z0k hmdwlgnipniup unbnsnd
E wqnuipwh wjtyhuh wnuyunnidubp, npontp, npybu juin, skt wnwewunud
«huy 20b» hudwlwpgnud [1]:

Upmntupnid, stuyws dhtsdninpuyghtt wnuqunnng sonpwt ghubpugunid
wqnuipwth wykh pupdn Jupgh wnuyunnidubp, vwuyt tpw Gjpuyghtt wqnu-
wowtth uyklwnpuy hqnpnipniup Jund £ huduuwp wyt wqpuipwth vy bljunpuy
hgqnpnipjutip, nptt wpwewnid kp «dhuyys Z0b» hwdwlwupgh Gpnud (uy. 1):

Annipnitt nith dhtsdninpuyhtt wqudundw 2 hhdtwljut nubwl:
Unwig hhonpnipjwt tnubwlh dnnbih nhypnid Eupunpyniud E, np 2001P-h plnt-
pugpbpp dudwtwlh pupwugpnid skt thnpynud: Z0P-h Epuyhtt wqnuipywip Yuiju-
Juwd L dhuyh Uninphtt yhpwndws jupnidhg b 20k-h wignidughtt pinipwqphg:
Ulupwppuyht ny gduyumpiniup unynpuwpwp pumipugpynud t Z0R-h widugh-
unniy/wdy hnny (AM/AM) b wduyhnnuythny (AM/PM) punipuqpbpny, npnup
Epuyhtt wmqnuipowth wdyhnninh b thnyught obndw jupnubnipiniuttpl b
Untnpujhtt mqnupwth wdwihwnninhg: Unwtg hhonnnipjut dnnkjh nhuypnid
2Nb-h wgniduwghtt punipwuqph ny géuyunipniut wywhnyny qnpswyhgubphi
(pmtwdl (2)) hwdwywwnwupwtng hwujunhp wpdbpupp gpugymd L hhon-
nnipjutt Uky (Look-Up Table, LUT) b wipynud L Z0P-ht: ‘UY.2-nud pipjws £ wnwbg
hhonnmipjut dnnkih jurnigquspughtt ujubdwt:

145



ank
10 ne/pwd [—— UUUs-3nh

3 =

Uy. 1 Uyklnpuy hgnpnyeinibbabph puppnfuénieinibp dhuya-20k o UUUC-201R
hudwlupgbpnid

y(n) _® _® z(n)
=
i Py Gy
i)Y Is I

AM/PM AM/AM
LUT LuT

T

Ul 2. Unwhg hponnniepul unnkih junnigyudpuypll ujulb/ui

Uhtsuniinpwyhtt wnujundw hhpnnmipju Unpkip hhdtwlwunid ogunw-
qnpéynud b punfuljutih jugh uugbljnpm] wqupwiibph nhypmd’ dhisk 400 UZg, 5
Eupwlpnnutnh dhwgnipniuny (WCDMA, poouyhtt WiMAX, 3GPP LTE, 5G NR
unwinupunubph hwdwp): Uks pnqupldwi skpnh nhypnwd 20kt npubnpnud £
hhonnnipjut hwnlnipnit: Uw hwnjuybu £hpn E wyup puquyht juyubk-
pnud oqunugnpdynn Uks hqnpnipjudp Z0k- Eph nhwpnid: Zhonnnipjut huwnlnt-
pntuubpp wuwydwbwynpyws k. wljnhy muppbph obipdwjhtt gnpswlhgutpny,
npnbp thnthnjudmd ki hwgwpnipynihg: Upnyyniipmd” bjpughl jupnudp jujujws
E ny vhuyt Untinpuyhtt jupdwt wnljw, wy) bwb bpuyht jupdwt twpunpn wipdtp-
Ubphg: Uy Yhpy wuws 20b-h ny gsuyimipyniti nilih, wyugbu Ynsgws, hhonnnt -
pint: Uy hup 20P-h ghypnid dhisuninpujhtt winujunuwt wnwig hhonnnipe-
jutt Unnlp Yuw 20b-h Epuyht punipwqgph ns pudupup gdujiugnid: Zknhw-
pup, UUUGC-ubipp whwp k nitbkwt hhonnnipjub snpwitkp:
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Uhtsuninpuhtt wmnuyunuwt hhonnnipjut dnnbkjh wdkbwhwynuh wign-
nhpUutphg Eu Injnbppugh hwenppujwinipiniup b ppuw wdwhgyuutpp: Zhduw-
Juiund oqumugnpéynid E Unjnbkppugh hweonpnuljutnipinitp, vwljuyt gnpsw-
hhgubph dké pwbwlmpniip wpulnhly sk Gnymipinit niukt Injpnbkppugh hw-
onppujuinipjub wswtgyuukp, npnup mukt hwdbdwwnwpwp ywupq Junrnig-
Judp: Ipuiighg ki dhlikp, Zuddbpupuyl, Thubp-Zuddkpupuygt, qniquihtn dhubkp
U wy) upmglusphbpp: Ujugbu Ynsguwd «<hhonqnipjul puquuinuds dngkip
Zwddbpupuyuh b 9hubph dnnkh dwutwdnp ghypt b Uhisdnunpuyhtt winugun-
dwl onpuyh hhonnmipjut Unpbip Juqubkint hwdwp, gnjnipinit niih 2 dninbkgnid:
Unwohti Uninkgdwt tywwnwll k npnoly twjuopnp hwyjnth wwpwdbnptpnyg
20b-h huunhp yupuwdbnpbpp b UUUG-h twjuwgsnidp: Gnuuwlp Ynsynid £
«aanuijh unynpbgdwt fupunupuybnnipniis (DLA): Ujuntwdbiwjuhy, Z0bk-h
hwlwunhp wwpwdbwnpbph npnonudp pupy juinpp B Snynipynit nith bwb wwup-
qigws «cutininnquljh unynpbigdwt Smpnwpuybnnipmniiy nuppbpuyp (IDLA),
nnh phypmd twpn npnoymud £ UUUG-b, wyinthbnb punpdnd £ iput hwdw-
wuwnwujuwing Z0b (1. 3) [2]:

/

x(n) z(n) Sgnpngzuwl | y(n)
— UUUG .

UUUs-h
ShEmwrpund Yy

/

Ul 3 «Ulmippuiyh unynplbguwi fwpunwpuwabnnpini»

viagph gpjwépp. ZEknwqnunt] dingynn dhsdninpuyhtt wnujunnudubph
wqnkgnipniip hqnpnipjult nidbqupuph phmpwgpbph Ypu gpuig pujugdub
tyuunulny: ZEknwgnundwt pupwugpnid oqunugnpst] hhonnnipjudp (memory
polynomial) i wnwug hhonnnipjutt (Look-Up Table) wnuyunnidutp dwngubjnt
Enuwljubpp:

ZEnnugnuinipynt dbEph wpyn iphkpp. VY. 4-md yqunlipuws | hknwqnun-
Ynn hwdwlupgh pny-upubdwi: Mdinupuph dntnpp vhwugyt) £ NI PXIe-5840
Ykunnpughtt pugniths-hwnnpnsh RFout mnnmi, hul tpp RFin-hl: Ulnudp

147



wnpyt) kNI PXI-4130 ubdwt jupdwdp: Npuybtu 20k oquiugnpdyty £ Minicircuit
wpuwnpnnh ZX60-V62+ dwljuhoh dhipnujubdwi, nptt woiwwnnid k dhush 6 2@g
hwwunipynibitkph whpnypnid’ 15 22 wpubjugnyt nidbnugdwl gnpswlgny:

dhyunnpuyhtt hwnnpnhs-pungnihs vwpph jurnigquspp htwpwynpnipnit
E nnwhu dngut) dhisuniinpujhtt wnwdunnidubpp spugpuyht tnubwyny:

o] _
hwnnpnhg-plinnilpy
uwing (VST) u _|_ 20k
7]
Ulidwils Unpynep +

Ul 4 Zudwlupgh pinl-ujubdwl

VY. 5 w-nud phpgus ki wnwig dhsdnunpuyghtt wudunnidutiph oguuwgnps-
dwl hbnwgnunipjut wpyniipnd unugyws Z0k-h nidknugdwt gnpswljgh b
Ejpuyhtt mqnupwih thnih jujuubnipnit Untnpughtt mqnuipwth dwjupnw-
Yhg: Mdbnupwuph Gpughtt wqnuowih uyknpuw] punnpniop qunybpgws k
uly. 5 p-mud:
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L. 6 w b p-mud phpqus b dhtisuntinpuyhtt wnuqunnudubp dngubint wpn-
miupmid hhonnmipjut Unpbih hwdwp vnwugduws nidbnupuph punipwuqpbpp b
Epuyhtt wmqnuiipwh uyklunpu] pnmpniop:
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Ul. 6. w) i p)-nid hponnnippul unnpkh pkuypnid dpisuninpughl wnugungnidialph
vunguwl wipgyntpnid nidknupuph vinugyws phnypugpkpp
VY. 7 w b p-mud phipus Eu dhtsunuinpuyht wnujunmudubp dingubynt wpy-
miupnid unwugdws nidbnupuph punipugpbpp b Epuyhtt wqpuipwh uybkljn-
pw fuinnipinitp, npnup unwgyk) kb wnwtg hhonnnipjut Unnbih nhupnud:
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Pusybu Eptinud | 4. 6-nid b 7-mud pEpywé wipmyniupubphg, dhtisdniinpuwghe
wnuyunnidubph wapbgnipjut nhypnid pupdpuunid bk nidinupwuph nidbnug-
dwl gnpswligh gduympiniiip Ununpuhtt wgubipwih thnthnuntpyub phunpjus
dhowljwypnid, b Unnwynpuyitiu 20 A ny jujubinid jpwtiqupnn hwplwb ninh-
ubph punpnpujunipniup:

®npdp hpuwlwtwgyl] E ubkiyulughtt obpdwunhfwtughtt yuydwbibpnd
(+27 °C), mdbtnupwupht wpyt) £ 5 7 utinigdwb jupnud:

Egpulwgnipinii LabVIEW spugpuyhtt dhowduypnid juwnwpyt) £ hgn-
poipjut nidbnupuph dntnpuyhtt wgpuiowuh pduyhtt wpudundwi Epubwlh
Unnjuynpnidp JEyunnpuyghtt hwnnpnhs-phnniths uwpph dhengny nidtnupuph
Epuyhtt yuwpwdbnpbph swhdwb tyunulny: Unwugyl) b wnwig dhgdnin-
puyhtt wquyunnudubph b gpug oguuugnpddwi phypnid 2Z0bh-h hkwnwqgnune-
pjut wpyniupnid unwugyus nmdtnugdwt gnpswiljgh b Lipuyhtt wqnutipwh thnigh
Juwpjwénipniiutpp dntnpuyhtt wqnuipwth dwjupnulhg, hsybu twb G-
pwjhtt wqpuowuh uyklwnpw) fpnnipinitp: Upngyniupubph yEpnusnipjut hhdwb
Jpw wpyl L Eqpuljugnipintt, np dhsdninpughtt mnujunnudubp dingubnt wpn-
iupmid pupdputnid i 20b-h nidbnugdwt gdwyjunipniup b hwplwt ninhubph
punpnnuiwunipmniup:
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1. Cripps Steve C. RF Power Amplifiers for Wireless Communications. Second edition.-
Artech House, 2006.- 404 p.

2. Morgan Dennis R., Zhengxiang Ma A Generalized Memory Polynomial Model for
Digital Predistortion of RF Power Amplifiers // IEEE Transactions on signal
processing.- 2006.- Vol. 54, NO. 10.- P. 3852-3860.

C.B. AHTOHSIH, I''A. HATYPSH, JI.P. MOBCUCSTH

HNCCJIIEJOBAHUE METOJA IU®POBOI'O HCKAKEHUSA BXOAHOI'O
CUTHAJIA YCUJIUTEJIEA MOIIHOCTU COTOBOM CBSA3U MATOIO
IMOKOJIEHUA

st pemiennst npo0OiieM, BO3HUKAIOIINX B CHCTEMaxX MOOMIBHOM CBSI3H 5-TO TOKOJIe-
HUsI, HEOOXOIMMO BBITIOJIHUTH PAM 3a/4a4 JUIS YIIy4IICHHs IapaMeTpoB YCHIINTEIS] MOII-
HOCTU. IIpencraBiieHbl pe3ysIbTaThl YMCIEHHOTO MOJICIUPOBAHUSA HCKAKEHHMH BXOIJHOIO
CUTHAJIa YCHJIUTENSI MOIIHOCTH B TporpaMmHoi cpene LabVIEW, a takke BBIXOJHBIX Ma-
paMeTpoB YCUIIMTEINS Yepe3 BEKTOPHBINA nepenaTdrk. IIpuBeneHsl nepensss naHenb mpor-
PaMMBI ¥ Pe3yJIbTaThl PaCYETOB B rpaiieCKOM BHIE.

Knrwoueesvle cnosa: cucrema MoOWIbHOW cBsizu 5-ro nokoinenus (5G), ycunutenb
MOIIIHOCTH, METOJI HU(POBOro MCKaKeHHsi BXoJHOro curHana, Digital PreDistortion (DPD),
OFDM, PAPR.
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S.V. ANTONYAN, G.A. TSATURYAN, L.R. MOVSISYAN

INVESTIGATING THE DIGITAL DISTORTION OF THE INPUT SIGNAL
OF 5G CELLULAR POWER AMPLIFIER

To solve the problems arising in the 5th generation mobile communication systems,
a number of problems should be solved to improve the parameters of power amplifiers
(PA). The results of numerical simulation of distortions of the input signal of the power
amplifier in the LabVIEW software environment, as well as the output parameters of the
amplifier through a vector transmitter are presented. The front panel of the program and the
calculation results are presented in graphical form.

Keywords: 5th generation (5G) mobile communication system, power amplifier,
digital distortion input method, digital pre-predistortion (DPD), OFDM, PAPR.
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Qnpuy mbnnpnodwh hudwljupgnud hpdtwuie falinhpl £ hunnpnhs b plnndhy
uwpptinh dhol hinwdnpmpiuh npnonudp, nph hwdwp wihpudton £ hwaduplt winnk-
twibibiph $gyught Yelinpnbiibpp: Snyughl Yhwnpnih npnodw b witthpudbonmpinih wou-
owlnud £ b hugbpuyghtt wlanbbwbibph U wlwnblghtt gubigh bwhaugddwb pipwgpnulk:
FEKO spugpuht dhounjuypmd hwioduipdty B dhjumh b wpphubinguib uvwhpupudb wb-
whliubbinh thnyuwght Yhlwnpnbh Ynnpnhbwnibpp hinudnp gninme dbpnnmd: Ukplugwug-
Jud k dbpnnh bmpinitp, hwoduplplt | hnygughb Yelunpnbh ynnpphianntibph hwdwho-
1ht Guhnwdniypmiup, hudbdwundb B Epne winbbwbbph gbuypnud haogupughb wpn-
mtupubipp, npnbp phpdws Bu gpuadpljubiph whupny:

Urnubgpughl munkp (hinyughb Yhtunpnl, hinuwdnp gnuinne dbpnn, FEKO spuqnughla
dhowjuyp, dhguynh wtinbbw, wpphutgui uwhpupudh wwnbbw:

Ulipuwdmpim b0 Utnbkbugh ngndusnipiub phugpundp (00 plntipugndnud

t Swnwquypws wihph thnyught b wdyhunigught pugedusmpincibbpny: Zhnw-

Ynp gninnud BiEhunpudwgihuwluwh pupnh E pununphsp bpyugugdnud © hinb-
jwj wpuwhwpnnepudp [1].

E(r,6,9) = P(6, p)e/¥@®e~/k7 =, (1)

npukin P(8, ¢) L (8, ¢)-t hwdwwunwupiwbiwpup wdughunnuuwghte b thingught
puopadusnipiniiibint B htinuynp gnuinud: Tunbbugh drgughte Yunpnup (@9)
ubinigdwtt mbnuidwuht dnwn Jhpuniuy Yhn t, aphg dbwdnpdnud E udbbiphy wyh-
pught Swjunn [1]: PY-h Ynnpphuwntbpp npnoynud Gu (2) b (3) pwtwdlibph dh-
ongny.

1 ay , azy

Xy =+ (605905 lo, — sindy —oZ l6,)> 2)
1 d?y , dy

Yo =3 (cos8o =7 g, — sinbo 55 1o,)» ©)

npukn k& = 2711 tnyuyhtt hwunwumtt B @U-h ghppp juwpudws | puljung wqnu-
bpwtth ninympimihg U hwdwjpumpimihg [2]: Ywt puqluuwhuh dhpngbbp, npnd
npnpynud Bl hnyuyhte YEunpntth Ynnpphtiwntibpp:
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unph npqudpp. Uowljdt £ winktwgh thoyuyhtt YEnpnh Ynnpghiun-
ubiph swihdwl dkpnnp, b pun wyn dkpnnh’ FEKO spugpuyhtt dhowjuypnid junnt-
gyt £ hwpqupluyhtt hwdwlwpg [3]: Opwybu opptiwy nhunwplyyty EEhfunh wb-
kb, b wojpunwipught hwdwpuyght nhpnypnid npnpyt) npu thoyuyht Yhnp-
nth Ynnpphttwntbph jupqusnipmniip wqnupwh ninpnipniihg b hwdwpnt-
pintihg: Utnbkiwh wohwmunwupuyhtt hwdwpwght mhpnypp 1500...6000 UZg t,
npnud Juiigni wyhph gnpswljhgp’ GUQ < 2,5 (uly.1): Upphubnyul uyhpuqudl
winbktut hwdwpwwiwp b 0 hwdwhughtt pun dbs nhpnypnd UG < 2:
Zuwdbdwinnipinit junwpbint hwdwp wpphdbput vyhpujwdl winbiuwgh hne-
(uyhtt YEuwnpntp npnoyky | 1500...6000 UZg nhpnyypnid:

quaq
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f(%2g)
U 1. pjuynh whnkiugh GUS-p hudwhiughl jupnjwménieintip

Utpnnh hhdwl ypu junnigdusd hwoqupluyhtt hwdwljwpgp gqunlpgus
E uly.2 w,p-mud: Quithybjhp whnkiwb dhwgdws b phnht (punnithsht), hknwynp
gnuunid nbknunpus b nmuppujub HEjnpujut Swnwuquyphs, nph Junwquy-
pwd nwnhnwihpt punmiind E swthybihp winbbwil: YUnnpphtiwnughtt hwdw-
Jupgh ulqpiwmjtinnp ptnpyt E uinigdwt YEwnp: thynih hknwdnpnipniup swth-
Jkihp winbiugh uimgdwh Yhnhg z = rcosf/cose, npntn r-p qluwynp mnnnt-
prudp nhuynih b swithybihp wnktuwgh vinigdw mknuwdwuh dhot hinwynpnipe-
bt b Yhuynpp quinnud £ sunhybjhp winbiugh hipunjnp gnunnid’ z > 2%2, npukin
D-u dpunh whnbuyh pugusbph swtht kb uyhpwih wpnwphtt mpudwghsdp:
Uwuwhnybiny wyn wwjdwip unwugyty Er = 5 o ghynip whnunpdt) E ubmgdwi
nbnudwuhg 5 ¢ hipwnpnipjutt Jpu: puthg dbs hinwynpnipmitiutiph nhw-
pnid swthdwb wpyniuptbpp sk thnthnpgnud, pwtth np wyy whpnypp winkbugh
htpwynp gnunpt L
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hunnprnn winbio
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-~ Zhnuu|np gninh

P

Uly. 2. Opugpuyhln upounjuypnid hupyuppdwl hundwlupgh unnigiudpp. w) dhjuynh
winkiw, p) wpphdbnpul uyhpuywdl winnkiw

®U-h Ynnpnhtiwntibph npnodwt hwpduplp junwpyty £ hbnlyuy puygikpny.

1) hwpJuplyty E nhyn-umguwh Jhn hbounpnipiind wyhpughtt php
n =% b z — nd mpunwhwjynnipmip (nd hbpwynpmipnit wbgubihu wihpp pp
thnyp thnthnpunid £ n - 360%-ny),

2) spugpuyhtt dhpwjuypnid winwugyly k plinh Jpw ptjunn jupdwt ¢ thnth
hwdwhiwght juhiwénipiniup,

3) npnoyly E ®Y-h nhppp ubmgdwh Yhnp tuandwdp zy =z —nd -1,
npunkn [-p wihph wigws kppuswthwlwi hkpunpoipmibb £ 1 = 2.

360
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ZEnmwmgnuinipjud wpygnibplitpp. ULY.3-mud phipdws b winbbiugh Thunh
wiunbliugh Sunuquypdwt qijuudnp ninnmipjudp @U-h b utinigdwb wnknudwuh he-
nunnpnipjut hwdwhiughtt jupuqusnipyut qpudphlp: @U-h nhppp 1500...6000 UZg
hwdwhiughtt mhpnypnud vinigdwt Jhnh (Yonpphttunughtt hwdwljupgh uyqptw-
Jtwn) tjundwdp munwuiynid £ -0,0183 ...0,117 #Ynnpphtwnbkpnud:

AU

-0.01.5E+ .OE+9 2.5E+9 3.0E+ 3 . .OE+9 5.5E+9 6.QE+9

f, Zg

Ul 3. dpjuynh winnkiugh dwnuquypdwl gjpiu/np nippnipyudp thnyuyhl §Einpnih
ulmguwl nknuwdwupg hkpunpnipyul hudwpiughl jupnjudnieniin

Uwnwugwué wpmynitpttphg hbnbimd £, np hwdwhmpjut pupdpugduin
qugplipug Thjwnh winbkwgh thnyught enpnip dninkimd b utmigdwi nk-
nudwuhl, huy ifugkgdubp qgnigpiipug hkpwinud k uinigdwi wknudwuhg:

U04-nd phpdws b dwnwquypdut gjjuwynp ninnnipjudp wpphubnut
uyhpuwdl wunktugh thnyuyht feunpnth vinigdwt mbnudwuhg hknwynpnt-
prul hwdwhughtt juusnipyut gpudhlp: @Y-h ghppp 1500...6000 UZg hwbw-
huuyhtt mhpnypenud vinigdwt YEnh (Ynnpphtwnughtt hwdwlwupgh uljqpiiwljbn)
ujuundudp nuwnwiynd £ 0,022...0,027 «dhgwuljuypnid:
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Ul 4 Uppphulbywl uyppuyuydll winnkhuygh dwnwquypdwi qiuun/np nigpnipyudp
thnyjuyhll fhlnnpnah ubmgiwl nkyudwupg hkpun/npnipyul hudwpiughl

Juwpnjuénipiniip

busybu Eplinwd E qpudhljuibphg, wipphubnyuit uwhpwh thoyuyghtt YEunpnuh
nhppp hwdwhwyht wdpnng whpnypnud gplipt sh thnthnpugnd, Thjunh wink-
twjhtip, hwdwjunipjub pupdpugdwip qnigpupug, dninkund £ nhyh uinigdwb
nbknudwuhi, Wuquuip qmgpipug htnwimd nputthg: Unwgyus wpnniiplh-
nhg jupkh k bgpujuguly, np hinpwdnp gninnid Upphdtinyut uyhpujwudl wink-
tugh thmuyhll puphnjwsmpniip. hwdwumpiniihg Jwhn]ws, phs t thntnpaynud,
htnbwpup mnqjusnipui phugpuitp b mdnugudwi gnpswljhgp tnyiwybu phy
Eu thnthnpuynud: Ukpnnh downgpuinipiniip wywugnighint hwdwp FEKO spugpui-
1ht dhowduwypnid wpunwéyl) b whnkuwubph mdtnugdwt gnpdwuljhgubph hw-
Swhiwght juuduénipniuttpp: LY. 5-nud wuwnlkpdws o wpphubngub uyhpuh
(w) b Yhunh wbnkiugh (p) Swnwquypduit gjjuwynp nupnnipjudp ndbnugdu
gnpsuijgh hwlwhiughtt jupubnipjut qpudhljutipp: Uyhpujwdl wunkbugh
nidtnugudwi gnpduljgh wpdtipp 1500...6000 UZg hwgwhiughtt mhpnypnud tnunwb-
Ynud k thnpp wpdtpubpmu’ 5,4...6,2 A hul Thjuynh whnbbwghp' 4,5...11,5 pA:
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Ul 5 Upppultywl uyppuywdl (w) b Yhjuynp (p) winkinulbph nidknugui gnpéulgh
hwdwpughl jupnjuénipinibikpn

Banujwugnipjnii. Zkunwqnungt) b dowlyt) k hipudnp gnuinnt dbkpnnny wb-
wnktwgh thnyuwght JEunpnuh Ynnpphttmmnttph npnodwt Enuwbiwlyp, pun nph wi-
wnktuygh thoyuyht YEunpnip swihynd | hinwdnp gnuinnid inbnunpjué odwiul
wuwnbktuygh dhongny: Npuku ophttwl nhunwnplyly k puguspuyhtt junnigqusph
dhdunh winbbwb (wounubpughtt hwdwpiwghtt whpnypep' 1,5...6 @2g), npp
hudbdwwngl] wutwp Junnigqusph hwdwhmwjuwje Upphdbnub vyhpujudl
wlunktugh htw: P wwppipmipnit Yhqunh wbnbuwgh, nph ®Y-h nhppp
1500...6000 UZg hwmdwuwghtt whpnypenwd uinigdwt Jinh tjundwudp munwb-
ynud E -0,0183...0,117 Ynnpphtwwnttpmd, wpphubnub uyhpwjwdl witnbkiwh

®Y-h nhppp thnthnjuynid E thnpp dhowlugpnid’ 0,022...0,027  Syjwy Ukpnnh
&oqnuinipiniu wmywgnigynid k wyt thwuwnny, np uyhpujwdl winbkiwgh nidk-
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nuguwl gnpswlhgp wwinwinnid E thnpp wpdbpubpnud’ 5,4...6,2 A hulj Thifunh
winklwghtp Uks wpdbpubpmd’ 4,5...11,5 pA:
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AT. CTENAHSH, C.I'. SJUPAMJUKSH
METO/I ONPEJEJEHUS ®A30BOI'O HEHTPA AHTEHHBI

OcCHOBHOI 3a/1a4eil B TJI00aTBHON CUCTEME MTO3UITMOHUPOBAHUS SBIISIETCS OTpeIene-
HHUE PaCcCTOSHU MEXAY NepeAaroniei u npuHnMaromieil anteHHaMu. C 5TOW [eNbIo MPOou3-
BOAWTCS pacyeT (a3oBOTO IEHTpa aHTCHHBL HeoOXoamMocTh ompeneneHus (pa3zoBOTro
LICHTPa BO3HMKACT TAK)Ke IPH NMPOCKTHPOBAHMH 3E€PKAIbHBIX M pEIIeT4aThiX aHTeHH. C
TIOMOIIIBIO0 METO/IAa JJajlbHEeH 30HbI pacCUUTaHbl KOOPIMHATHI ()a30BBIX LIEHTPOB AHTEHH THIIA
BuBanbsau u apxumMenosa cnupains B nporpamMmmHuoi cpege FEKO. TlpencraBnena cymHocTs
METOoJla, PacCYMTaHa 3aBUCUMOCTb KOOPAMHAT (Aa30BBIX IIEHTPOB OT YacTOTHI, CPAaBHEHBI
PE3YJIbTATBI PACYETOB B ClIydasaX ABYX aHTCHH, KOTOPBIC MMPEACTABJICHBI B BUAC Fpa(l)l/IKOB.

Knroueswvie croea: ha3oBblii ICHTP, METO] yAaleHHO#H 30HbI, cpena FEKO, anrenna
TUna BuBanbay, aHTCHHA TUIA apXUMEI0BA CITUPAIb.

A.H. STEPANYAN, S.G. EYRAMJYAN
A METHOD FOR DETERMINING THE ANTENNA PHASE CENTER

Determining the distance between the transmitter and receiver devices is the basic
operation for GPS. For that, the calculation of the antenna phase center is introduced. The
necessity of determining the phase centre also emerges when designing a parabolic antenna
and an antenna array. The Vivaldi and Archimedean spiral antenna phase centers are
calculated by the far field method in the FEKO software environment. The method essence
is presented, the phase center dependence on frequency is calculated, the two antenna
results are compared, the results are presented in the form of graphs.

Keywords: phase center, far field method, FEKO software environment, Vivaldi
antenna, Archimedean spiral antenna.
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the output signal starts from the minimal voltage and increases to a value
appropriate to the input frequency.

WVout

W1 f£1

0 T
Fig.2. The output characteristics of the transistor pump frequency discriminator
The purpose of the optimization method is to make the output signal more
stable whose value, during the first period of the input signal, will get close to a

value of appropriate frequency. By this, the delay time range will be short.
In the newly designed FVC, a staircase generator is also used (Fig.3) [1].

T1

T “out
S E

Fig.3. A transistor pump staircase generator

FVC is very important in the circuits with feedback connection (like VCO,
or PLL) and it is preferable to have accurate input and output signals for it. If the
output voltage of FVC starts at 0 and obtains its accurate value much later, it can
disturb the right working process of all the circuit in which the FVC is to be used.
If the output voltage starts at the right value after the first half-period, the work of
the circuit will be secured.

There are several methods of creating accurate FVC, for example:

e using a differentiator and an RMS-DC converter [2],

e using a charging/discharging switch [3],

e using a current-controlled oscillator (ICO) [4],

e using an R-C network, an amplifier, a rectifier and a filter [5].
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By the new method of optimization, the output characteristics of the FVC are
very accurate.

A method for improving the output characteristics of FVC. The circuit
that is used for optimization is working with non-negative supply voltages (Fig.4).
The only difference of Fig.4 and Fig.1 circuits is that all negative voltages are
turned to 0, and Os to positive voltages, but the method of working is the same in
both circuits.

e E@ﬁ
o0V — 5o - D1 T

C‘.I.=|: B ‘?T Woutr

Fig.4. The transistor pump frequency discriminator (with positive voltages)

I[ees]

Let’s assume that the input voltage is changing from 0 to Vdd. In this case,
the formula of the accurate Vout will be (1):

Vout = C*R* f*(Vdd —Vd1-Vth). (1)

As, at the beginning of the input signal Vout=0, we get the constant value of
the output voltage by some delay time range (AT). The output characteristics of the
circuit are shown in Fig.5.

Vout Vout

AT
L] R i = 5 V5| oo
V4|--- - E-I:’B £ VA |- e
V3|--fhs - 8 V3|
1 / 3.2 ol !
2 o 13} 2 .
V1|47 = Ll Vi

1 1 1
0 T 0 88 2 8 # 5 ¢

Fig.5. The output characteristics of the transistor pump frequency discriminator in case of
different input signals

The higher is the frequency, the more time is spent to obtain the constant
value of the output voltage. So, we use some other circuits to solve this problem.
The essence of the method is to provide the output with a voltage near to the
appropriate value in the first period, during which, the output voltage will be
formed with the help of other circuits and after the second period, it will keep its
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value only by FVC. A circuit should be added by which the output voltage will be
low in a long period and will be high in a short period. The option of the method is
to have high Vout in the first half-period, and in the second half-period, it starts to
discharge. As the period time is long, the Vout will go to a low voltage.

So, the lower is the input frequency, the lower is Vout in the first period and
is near to the right output value of the appropriate frequency. By that, the delay
time range (AT) will be short for any frequency. For that, we use a circuit which
will repeat only the first period of the input signal and then, it will keep a constant
value. The circuit consists of a staircase generator, Schmitt trigger and inverters
(Fig.6).

Vin Staircase generator

Vddl .
Vsch_in Vsch_out Vg2
Schmitt trigger

Vssh
Fig.6. A circuit for the first period of the input signal (CFFP)

The staircase generator is designed in the way in which its output will get to
Vdd during the first period. If the first period starts with a low half-period, in the
high half-period it will immediately increase to Vdd. If the first period starts with a
high half-period than in the low half-period it will be 0 and, at the beginning of the
second period, when the input gets to Vdd, the output will also increase to Vdd
immediately. Two invertors are connected to the output of the staircase generator
to have a more accurate signal. AND cell connected to the input of the Schmitt
trigger uses Vddl and Vssh supply voltages. Vddl is chosen less than Vdd and Vssl
is higher than Vss to have more accurate Vsch_out. Two inverters after netl are
used to equalize the delays for two input signals of AND of the Vg2 output. All
signals are shown in Fig.7 for two variants of the input signal.
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Fig.7. Signals of CFFP

In Fig.8, we see the circuit of the optimized FVC. It consists of CFFP, a
transistor pump frequency discriminator, T2 and T3 transistors. The sizes of the T2
and T3 transistors are chosen so, that the R resistor should get much more
resistance than the T2 and T3 transistors in the triode region. T3 is n-type and its
base is connected with Vq2, T2 is p-type and its base is connected with Vql. In the
first half-period, when Vql and Vg2 are 0, T2 is in the triode region and T3 is cut-
off and as the R resistor has much more resistance than T2 when it is opened, then
Vout will be close to Vdd. In the second half-period, when Vql and Vq2 are Vdd,
T2 will be in cut-off and T3 in the triode region, and Vout will start to decrease.
The higher is the input frequency, the shorter is the half-period and the sooner will
decreasing be over stopping at a high voltage. In the second period, Vql will be
Vdd and Vq2 will be 0, and both transistors will be in the cut-off region, so Vout
will depend only on the work of the transistor pump frequency discriminator.
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CFFP
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1

1 Ti

3

Transistor pump frequency discriminator
Fig.8. An optimized FVC

As at the end of the first period, Vout will be close to the expected value, the
transistor pump frequency discriminator will change it to a little lower or a little
higher value. The output characteristics of an optimized FVC are shown in Fig.9.

Vout

AT

="
Vs [— = 5
V4 H:’B £4
V3 - a

£3:£2
V2 o a
V1 = £l
0 T

Fig.9. The output characteristics of the full FVC

Simulation results. Here are presented the circuits and simulation results for
the 32 nm technology. The transistor pump frequency discriminator designed in the
32 nm technology is shown in Fig.10.
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Vin . C . . T1

: D1 Vout

© Vdd '
C1

Vss

Fig.10. The transistor pump frequency discriminator

The staircase generator designed in the 32 nm technology is shown in Fig.11.

| € L <]
Vin i T1
-
D1 ;
75 - Vout
L 2
’ 4
vdd C1
Vss

Fig.11. The staircase generator
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The CFFP circuit designed in the 32 nm technology is shown in Fig.12.

WVdd
Vql
Vss  vaa
Vin
' 1
Vddl

Vq2

(¥

1 - Staircase generator
2 - Schmitr trigger

Vdd=2.5v, Vss=0, Vddl=1.8v, V1=0.8v

Fig.12. CFFP (Circuit for first period)

An optimized FVC designed in the 32 nm technology is shown in Fig.13.

Vdd
® *
“ *

Vddl pmos
Vin . i *
o L
1 2 Vout

nmos _.
¢
L 2 L]

VI Vss

1 - CFFP

2 - Transistor pump frequency discriminator

Fig.13. An optimized FVC

The frequency range is from 0.02 GHz to 0.2 GHz with a 0.02 GHz step.
The supply voltage and the input signal amplitude are 2.5 v.
All characteristics are created by the HSPICE simulator. The output

characteristics of the transistor pump frequency discriminator designed in the 32

nm technology are shown in Fig.14.

166



P

vout= 2,25V |
wvout = 2,1V

vout = 1,95V
vout = 1,78V

wout = 1,58V

vout = 1,38V

wvout = 1,15V

wout = 0.9V

wout = 0,64V

vout = 0,33V f
i

e,

TR EER RS
AP
s

B A ARk LA pa g

t=3u

{£=02G ||

f=018G
£=0.16G

£=014G

£=012G

£=01G

£=0.08G

£=006G

f=004G

£=002G

Fig.14. The output characteristics of the transistor pump frequency discriminator

The output characteristics of an optimized FVC designed in the 32 nm

technology are shown in Fig.15.

- e i £
vout = 2,25V £=02G
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:
vout = 1.55V .-v-'/"'/f—/__._—_———_ £=0.16G
e B £-0.14G
vout = 1,58 £=0.12G
vout= 1,38V £=0.1G
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Fig.15. The output characteristics of an optimized FVC

The dependence of the output voltage on the input frequency of an optimized

FVC is shown in Fig.16.
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vout= 2.5V ||
vout = 2.1V

vout = 1,93V
vout = 1.78W ||**
vout = 138V |

vout = 1,38V ||

vout = 1.15V ||
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Fig.16. Linearity characteristics of an optimized FVC (dependence of output voltage on
frequency). Frequency is changed from 0.02 GHz to 0.2 GHz with a 0.02GHz step

Fig.17 presents output characteristics in which the input frequency is
becoming twice less at the end of every 2000 n time range. At the [0 - 2 ] range,
the input frequency is 0.2 GHz, at [2 u - 4 u], it is 0.1 GHz, ([4 u — 6 u] - 0.05 GHz,
[6 u-8u]-0.025 GHz, [8 u — 10 u] — 0.0125 GHz). In the picture, we can see that
the decreasing range of the output voltage also becomes nearly two times less
during every 2 u time range.

t=0u t=2u t=du t=6u t= Bu t=10u

vout = 2,25V

vout = 1,38V

vout = 0.8V

vout = 0.42v ||,
vout = 0.3V

‘o & s

#£=0.2GHz £=0.1GHz £=0.05GHz £=0.025GHz £=0.0125GHz

Fig.17. The output characteristics with different frequencies in different time ranges.

Conclusion. The main advantage of the full FVC is that it has not got a
problem of delay time range. In the transistor pump frequency discriminator, the
delay time range is as big as the frequency of the input signal. In a full FVC, the
delay time range is very small for any frequency. In the transistor pump frequency
discriminator designed in the 32 nm technology, in case of the 0.02 GHz frequency
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of the input signal, the delay time range is 700 #s, and in case of 0.2 GHz- 1700 ns.
In the optimized FVC, in case of the 0.02 GHz input frequency, the delay time
range is 700 ns, and in case of 0.2 GHz, it is also 700 ns.
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4.C. UGLPL3UL, E.[k. WUQRLUUULEUL, 2.U. RULRULKULIUL,
4.0. MESrNnusuL

GLRUSPUL ULTULTULP UUL K NhTUSUUL ShrNk3ENY 2UKUNNRE3NPL-
LULNPrU-0NuUYGrNh2

Uhpuyugqus ' hwdwjunmpnib-jupnud-thnjuwtpyhsh (2LO) owwhdwjugdwi
unp dbpnn: Opnp 2LQ upjubdwibpnid Gjpuyhtt wgpubpwih npwgnidp swwn ks k
Untinpwjht wqpubpwih Uks hwdwunipyul nhypnud: Cutn wyju oyynhdwjugdwi dkpnnh’
2L®-h Gypuyhtt jupnudp hwubnd | hp &ogphn wpdbiphtt jupd dudwbwluyhtt whpnypoud
Untnpujhtt mqnupwith guujugws hwlwhunipyut niypnid: Uju dkpnnh ogunuugnpsdwdp
upubduwyh dwfbpbup dbdwund t 81% -ny: Owuhdwjugqus ZLO-u twjuptwnpkih k og-
wnwqgnpsdt] hnyuhwdwpuubught hwignygubpnud, jupnudng nEjudupynn ghubpunn-
powd b thopp BEjunpntught twpuwgstpnid: 32- twndbnpuing mbkininghuynd hwpuw-
gdqud oyunhdwjugdus ZLO - h b hwdwhiwwiwghtt ghuljphdhtwnnph Gpught jupdwl
nipwgdwt whpnypp 0.02 ¢Zg Umwnpuihtt wgpupywih hwdwhnipjut nhwpnud 700 &/ E: 0.2
Qg — Uniinpuwyyhlt wgnupwth hwdwnipjut phypnid hwdwpwbwhtt ghujphudhtiwnn-
poud npwgudwl whpnypep 1700 &/t hul ouqunhdwgws 2LO-mud 700 &}

Unwbgpuyhl punkp. tnpuiqghuinnpuyhtt wndwh hwdwhljubiughtt nhuljphdhbw-
wnp, wunhfwtuyht gkubpwwnnn, Guhwnh wiphgbp, opehs, wnwehtt wppkpnipjw upbdw:
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B.1II. MEJIUKSIH, 3.P. KATPAMAHSH, A.A. BABA/I’KAHSIH,
K.O. HETPOCSIH

IMPEOBPA3OBATEJIb YACTOTBI B HAIIPSI’)KEHUE C KOPOTKUM
JUAIIA30HOM BPEMEHMU 3AIEPKKH BBIXOJHOI'O CUTHAJIA

[pencrasiieH HOBBII METO/ ONTHMU3ALIUK CXEMBI IIPe0Opa3oBaTelisi 4acTOThl B HAIIPS-
xkenue (ITYH). B nexoropsix xoHcTpyKimsx [TYH nuama3oH BpeMeHH 3aep)KKH BBIXOA-
HOTO CHTHAajJa OYEHb OONBIION B CIy4ae BBICOKMX BXOTHBIX 4acTOT. COrjlacHO HOBOMY
METOIy ONTHMU3aIuy, BerxoaHou curaai ITYH nprobperaer cTaOUIBHOCTD B TEUEHHE KO-
POTKOTO BPEMEHH 3aJICPKKH IIPH KKIOW YacTOTE BXOJHOTO cUTHANA. [Ipy MCTonb30BaHIH
9TOTO METOAA IUIOMIAaah CXeMbl oBhImaeTcs Ha 81%. Onrummsuposannsii [TYH npeamod-
TUTENFHEE UCIIOIH30BATh B TeHEPATOpe, YIIPABIIeMOM HarpsbkeHHEeM, B (pa30BOi aBTOIIO-
CTPOWMKE YaCTOTHI ¥ B HEOOJIBIINX 3JICKTPOHHBIX MpoekTax. B ontummsupoBanHoM [TUH u
B YaCTOTHOM AMCKPUMMHATOPE, MPOCKTUPOBAHHOM B 32- HAHOMETPOBOW TEXHOJIOTUH, MPHU
gactore BXoaHoro curHama 0,02 /77 nuamna3oH BpeMEHHU 3aJE€pKKH BBIXOJHOTO CHUTHAJA
cocrasnger 700 nc. ITpu gactore BxogHoro curHaina 0,2 /7y nuana3oH BpeMEHH 3aJepKKI
B YaCTOTHOM JucKkpuMHHaTope cocTaBisieT 1700 uc, a B ontumusupoBanHoM ITHH - 700 xe.

Knroueevie cnosa: 9acTOTHBIN TUCKPUMUHATOP TPAH3UCTOPHOW IMOMIIBI, JIECTHUY-
HBI reHeparop, Tpurrep llIMuTTa, HHBEPTOP, CXEMa ISl IEPBOTO TMEPHOIA.
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RANDOM FAULTS INJECTION AND SIMULATION IN AUTO-
CORRECTION CIRCUITS

The random faults impact on auto-correction circuit, such as the Hamming code
scheme, is demonstrated. For their injection a Verilog model was created which focuses
on the output buses of correctly working Hamming code circuit. The gate level
simulation shows that even verified output data from the auto-correction scheme can be
corrupted under the random faults influence such as radiation effects. The total failure
ratio after random fault injection 1s 61% compared to simulation without faults injection.
As an example of solving the observed issues, the Triple Modular Redundancy (TMR)
methodology implementation with Hamming code circuit 1s presented. The proposed
simulation and implementation methods can be used in modern automotive system
mtegrated circuits (ICs) where data transmission 1s of critical importance and is included
in the standard digital design flow.

Keywords. fault injection, fault generation, radiation, simulation, digital design,
Hamming code, Triple Modular Redundancy, verification.

Introduction. The modern pace of technology progress and technology
node scaling at a tremendous speed bring new challenges to the design of ICs.
In addition, the old problems begin to gain much more weight than before.
Entering the market of automotive system (AS) devices further tightens the
requirements for the design of ICs, as well as for their protection. There are
many types of faults that can affect the normal operation of ICs and data
transmission through them, such as Single Event Effects (SEE) caused by
radiation, stack-at and bridging faults, which appear after the manufacturing
process or under thermal influence. Because of this, verification of the
developed ICs has become one of the most important and resource-demanding
part, since human life is beginning to depend on their correct operation. For
self-verification and assurance in the scheme proper behavior in AS systems
auto-correction circuits are required.

Auto-correction circuits are used for verifying input data and correcting
it. But under the influence of radiation their functionality can be corrupted, in
other words, the already verified or corrected data can be changed in the
outputs of such circuits after all the verification stages which will lead to
failures in the whole system. The Hamming code block was chosen as an
example of auto-correction circuits which can detect and auto-correct single-bit
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errors. On the other hand, for multibit errors, the reset signal is generated to
report their existence in the input data.

The work [1] presents fault detection and correction by Hamming code.
In work [2] Hamming code and the TMR technique are analyzed separately in
ICs. It is proved that the TMR methodology implemented on registers is more
effective than the single Hamming code circuit usage in multibit systems
because of the area increase. But the input data can not be verified and auto-
corrected in a simple TMR register implementation, that is why such circuits as
Hamming code are required on the inputs of ICs. The Single Event Transient
(SET) influence on voters designed for TMR is described in work [3] when this
paper studies the SET influence on Hamming code block. Automation of the
TMR methodology implementation for complex digital circuits is described in
work [4].

As an example of the mentioned issue solution TMR implementation for
the enhanced data transmission protection is shown. This technique with the
Hamming code can be used in systems where data protection has high priority,
such as AS.

Random faults injection on the Hamming code circuit. To simulate a
random impact on the circuit, the SET injection model is used. For that, an
appropriate Verilog model is created (Fig.1). It randomly chooses a bit from the
output data of the auto-correction circuit, then injects a SET pulse at a random
simulation time and with a random pulse width. The placement of the random
SET injection is shown below.

Data_out[0]

Data_out(0]
T —

Data_out(1] Data_out[1]

Random SET
Injection
model

Data_out[62]

Data_out[62]

Data_out{63] Data_out[63]

Fig. 1. The placement of the created fault injection model
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The SET pulse width, injection time and probability calculation are based
on the proposed method from [2]. SET can be injected with a frequency twice
as high as the design working frequency (Fig.2).

Injected Faults

1958m _,10582m, .l-pswm"s&%m. Lgs97m, 10504n
Data_out{58] : : ; /[ : : : :
Data_out{58] E E / E I E E \6‘ I
Data_out{45) : : : l : : :

Data_out{45] : : : : :

‘ —7 : . : :
Data_out{11] : : J - Ll T L
Data_out{11] K| I | : L : | I .

Fig. 2. An example of waveform comparison of correct and faulted data for
Data _out[11], Data_out[45] and Data_out[58] output signals

Single Hamming code implementation. For a single Hamming code
implementation, a design supporting this structure is developed by using Verilog
Hardware Description Language (HDL). The mentioned design with a single
Hamming Code circuit consists of several modules (Fig.3):

* Input registers module — 64-bit registers for driving the input data;

* Hamming code module — as an example of an auto-correction circuit
which operates with 64-bit data;

» Data capture registers — 64-bit registers for reading data from Hamming
code.

64 bit Input Registers

64 bit Data_in

Hamming Code

64 bit Data_out

64 bit Data Capture Registers

Fig. 3. Hierarchy without TMR

The created Register Transfer Level (RTL) description is verified by
functional simulation for assurance in the expected behavior. The input
registers drive received data to the Hamming code block, which verifies 64-bit

data and then sends it to the output data capture registers.
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After that logic synthesis is performed to generate the gate level netlist.
14 nanometer FinFET technology node is used as a target library for synthesis
and analysis, which is developed by Synopsys Armenia Educational
Department (SAED) [5]. The operation frequency is 500 MHz. The results are

demonstrated in Table 1.
Table 1

Timing, area, power reports without TMR after logic synthesis

Worst Slack [ns] Total Power [uWV] Total Area [um?]
1,49 56,5189 359,9659

Synthesis was done without collapsing the RTL hierarchy and with a high

mapping effort.
TMR implementation with Hamming code. The idea is to implement the

TMR methodology with the Hamming code circuit for enhanced data
transmission protection in ICs by using Digital Design Flow (Fig.4).

Verilog model creation

Y

Functional Verification

¥

Logic Synthesis

]

Timing/Power/Area
Analyzing .
‘ Comparing waveforms

Gate level simulation l
v Final results analysis

Gate level simulation

Random SET

Injection

A 4

Saving results as
golden reference

L |

Fig. 4. Implementation flow

The developed RTL description for a single Hamming code implementation
was modified to support the TMR methodology (Fig.5).
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64 bit Input Registers

|64 bit Data_in

Hamming Code 1 Hamming Code 2 Hamming Code 3

[ 22!

Digital Comparator

1 64 bit Data out

64 bit Data Capture Registers

Fig. 5. The TMR methodology with a Hamming code

The quantity of the Hamming block modules become three. These blocks
are operating parallelly, sending verified data to the created comparator. A
digital comparator is added in the design hierarchy to work as a voter that
chooses the correct data by the majority principle algorithm (Fig.6).

If(data_1 == data_2 == data_3) {
out =data_1
} else if (data_1 ==data_2) {
out==data_1
} else if (data_2 == data_3) {
out == data_2
}else if (data_3 ==data_1) {
out == data_3
Yelse {
//'If all data differs
I report system reset

}

Fig. 6. Comparator algorithm

After the logic synthesis the reports regarding performance, power
consumption and design area are collected and saved for comparison with
synthesis reports of the single Hamming code implementation. Simulation is
done based on the generated gate level netlist with and without random fault
injection to check the stability of this model. Also gate level netlist generated in
the previous single Hamming code implementation is simulated with the same
fault injection mechanism for comparison with the TMR-based design.

Experiment results. Single Hamming code is implemented and simulated
with random fault injection for comparison with the proposed application of
TMR methodology on the Hamming code circuit by tripling its quantity and
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adding separate comparator block for the output data analysis. The results for
logic synthesis and gate level simulation are provided below.

The target technology and frequency remained the same in comparison
with the single Hamming code circuit implementation results. The results for
timing, area and power factors after synthesis are shown in Table 2.

Table 2

Timing, area, power reports with TMR after logic synthesis

Worst Slack [ns] Total Power [uWV] Total Area [um?]
1,02 137,7133 2058,6153

Gate level netlists for both designs are simulated ~250000 times with and
without SET injection and then compared. The failure ratio in final output data
waveform in comparison with the single Hamming code circuit is 61% (Fig.7).

Result
Diff Points Diff Rate(%)
ITestBench.DUT.Data out{63:0] 154k 61 \

Signal

Fig. 7. Waveform comparison without TMR

In case of the TMR implementation and fault generation on one of the
three Hamming code blocks, 100% valid data will pass through the comparator
and the next stages of the IC (Fig.8).

Result
Diff Points Diff Rate(%)
TestBench.DUT Data_out{63:0] 0 0

Signal

Fig. 8. Waveform comparison with TMR

Sections A and B demonstrate two implementations’ synthesis and
simulation result comparison to understand the difference ratio, advantages and
disadvantages of the proposed method.

A. Synthesis Comparison

As described earlier, two synthesis iterations are performed for the
analysis. The first is with a single Hamming code module and the second one
with the TMR methodology implementation. Logic synthesis is done by using
the Synopsys’ Design Compiler [6] tool.
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The worst slack comparison is shown in Table 3. Timing degradation is
expected because of additional logic insertion on the critical path.
Table 3

Critical Path Slack Comparison

Report Without TMR With TMR
Worst Slack [ns] 1,49 1,02

Area comparison is illustrated in Table 4. The total area increased
approximately 3 times, which is expected since the number of the Hamming
code blocks increased by two.

Table 4

Area Comparison

Report Without TMR With TMR

Net Interconnect area [um?] 359,9659 1176,2985
Combinational area [um?] 177,2898 7443216
Sequantial area [um?] 119,3471 137,9951
Total Area [um?] 656,602 2058,6153

To analyze the area increase in case of big designs, the ORCA processor
reports were used from work [7], which is designed on the same SAED 14
nanometer FInFET technology node. The total area of proposed circuit with the
TMR implementation is ~0,773% of the ORCA’s total area.

The comparison of static, dynamic and total power consumption is shown
in Table 5. The same reference processor was used for analysis.

Table 5

Power Dissipation Comparison

Report Without TMR With TMR
Cell Leakage Power [nI/] 132,8312 418,8779
Cell Switching Power [ulV] 15,6808 82,3838
Cell Internal Power [uW¥] 40,7052 54,9106
Total Power [ulWV] 56,5189 137,7133

The total power consumption increases approximately 2.4 times. In case
of a single Hamming code circuit total power is equal to 56,5189 uW, which is
only ~0,03% of the ORCA’s total power value, then the TMR implementation
is equal to only ~0,07% of the ORCA’s total power consumption with low power
techniques implementation in it. Power increase is also expected, as a number
of standard cells increase due to the TMR methodology implementation.
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B. Simulation Results

To prove the effectiveness of the proposed TMR implementation with the
Hamming code circuit in data transmission protection both designs’ gate level
netlists are simulated with the random SET faults injection. For simulation and
waveform analysis Synopsys’ VCS [8] and Custom WaveView [9] tools are used.

After the previously described simulations the final output data is
separated for each design and compared. All failures from the first iteration are
waved with TMR methodology implementation. The results are demonstrated
in Table 6. Error waving is 100% in case of the TMR implementation

Table 6
Waveform Comparison
Signal Iteration Runs Errors
Data out Without TMR 250000 ~154000

Data out With TMR 250000 0

These results clearly demonstrate the effectiveness of the proposed
method in data transmission quality with the expected losses in power
consumption and area.

Conclusion. The paper presents the random faults injection and simulation
method to show the faults’ consequences on the correctly working auto-correction
circuit such as the Hamming Code. The failure ratio observed by using the
proposed method in the final output data with the Hamming code circuit is 61%.
The presented method can be included in the commonly used standard digital
design flow. As an example of solution of the considered issues caused by faults
injection, TMR methodology implementation is used. The total failure waving is
almost 100% compared to the single Hamming code implementation in case if one
Hamming code circuit data is corrupted.
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4.U. QULPNLUNNY, U.U. MESCNUBUYL, U.U. UAULSUN, 2.49. UULAU3UL

UvuuuNu UNULLEP LG UNRONRULT B9 UNYSLUYNCNRUL
PLRLNCNTGUUL G EULEHNRT

Snigunpynud E wjwint uvppwjubph wqpbkgnipniup hupunpnodwt upbduwgh Jpu,
hswhuht E Zkddhugh §nnh ujubdwi: Tajubnt ujpwgibph tbkpdnsdwl hwdwp twpow-
gdyty E Verilog 1kqyny unpk), npp YEunpnuwind k dogphn wpliwwnng Zeddhugh Ynnh
Entuntbph Jpur Quwljwtubph dwjuppulyh dogbjuynpnudp gnyg b wiwhu, np tnyuhuly
uyl vjjuykpp, npntp unnigmd Eu wgl) puipunpnpdwt ujubdugh vhongny, jupnn b wnu-
Junyl] wiujuint vpwjubph wopgnpjudp, hisyhuhp ki fwnwquypdut EhEjuntbpp:
dhpotmwt Awpinnnidubph mnlnup ujpwikph ubpdnidnidhg htwnn Juqunud k 61%, h
huwdbdwwn wnwtg uppwjubph dnghjuynpdwt: Npybu tjundws dwpinnnidutph juubg-
Uwlb dhong thplujugius E knwhh dngniughtt wwhbunwynpiwl dkpngh Yhpuenodp'
Zhudhugh Ynnh upubdwgh oquuugnpsdudp: Unwgwpljus dnpbjuynpdwt b hpundwi dk-
ponubpp Jupnn i ogqunugnpsyty duwdwtmjulhg wynndwnwugdus hinkqpuy unbdwk-
pnwd, npntn wmbnkynyph &ogphn thnjuwtgnid nith J&rnpny tpwtwlnipinil, htsybtu
twl Jupnn b ogunugnpéyt) pduyhtt twhiwgsdwt pipuguljupgnid:

Unwiigpuyhli punkp. ulouyh bipdnidnud, ujuwh giubpugnid, fwnwgquypnid, Un-
nhjuynpnid, puyhtt twpwgsnwd, ZEddhugh Yng, towlh dnpnyuyhtt ywhbunwynpoud,

uwnniqnuu:
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B.A. T/ KAHITIOJIAJIOB, A.A. IETPOCSH, C.C. ABA35IH, A.B. MAPI'APSIH

BHEJIPEHUE U CUMYJISILUA CJTYYAHHBIX OILIMBOK B
ABTOKOPPEKTHUPYIOIINX CXEMAX

[Tokazano BiusiHHE CITy4aifHbIX OIIMOOK Ha CXEMY aBTOKOPPEKLIMHM, TAKYIO KaKk cxema
koja XammuHra. [liist ux BHenpeHus paspaboTana MoJesb Ha si3bike Verilog, koTopas ¢oky-
CHpYeTCsl Ha BBIXOAHBIX IIIMHAX KOPPEKTHO paboTaromiel cxemMbl koga Xommunra. CumyJis-
L Ha YPOBHE BEHTHJICH IOKA3bIBAET, YTO AAKE JAaHHbIE, IIPOLICAIINE POBEPKY B aBTO-
KOPPEKTUPYIOIINX CXEMaX, MOT'YT OBITh MCKaKEHBI MOJ BIIMSHUEM CIIy4allHBIX OLIMOOK,
TaKHX Kak paxuanuoHHble d(dexTsl. KoHeuHbIil mpoLueHT cO0eB Mociie BHEAPSHUS CITydaii-
HBIX OMIMOOK COCTaBIsIET 61% B CpaBHEHUM ¢ cUMYIALMel 6e3 BHeapeHHs omnook. B ka-
YecTBe MpUMepa NpeNoTBpalieHusl HabIo1aeMbIX cOOEB MPEACTABICHA peann3anis MeTo-
JIOJIOTHU TPOHHOTO MOIYJIBHOTO PEe3ePBUPOBAHUS CO cXxeMoit koga XammuHra. [Ipenarae-
MBbIE METOJIbI CUMYJISILIK M PEASIM3ALUK MOTYT OBITh UCIOJIb30BaHbI B COBPEMEHHBIX HHTET-
PaJIbHBIX CXEMax HJis1 aBTOMATU3UPOBAHHBIX CUCTEM, I'I€ €peaada TaHHbIX UMCCT KPpUTHU-
YEeCKHM BXHOE 3HAYCHHUE, a TAKXKE MOT'YT ObITh BHEAPEHBI B CTAHIAPTHBINA MapIIPYT MPOCK-
TUPOBAHHS.

Kntouesvie cnosa: BHeapeHne OMNOKY, TeHEPAIUs OMHMOKH, paguanus, CHMYJISAIUS,
mdpoBoe NPOEKTHPOBaHUEe, KOJ X9MMUHIA, TPOHHOE MOJYJIBHOE PE3ePBUPOBAHUE, BEPH-
¢ukars.
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A RELIABLE PMOS-BASED CHARGE PUMP ARCHITECTURE

The design of the charge pump circuit with two different PMOS and NMOS
architectures has been done, so that the output will receive 1.5 times the voltage of the
power supply. The surfaces, speed and reliability of the two circuits were evaluated. In the
proposed PMOS structure, two key transistors have no reliability problem as opposed to the
NMOS structure, which is due to the difference of the transistors’ bulk-source terminal
voltages. The variation of the output signal of the proposed PMOS scheme is less than in
the NMOS scheme but the area is 1,26 times larger.

Keywords: Charge pump, Dickson’s charge pump, low power design, DC/DC
converter, aging.

Introduction. In modern integrated circuits technological processes continue to
shrink the channel length of transistor’ up to Snm. It gives an opportunity to
provide more functionality by increasing the device density in the unit area of die.

Due to low power consumption requirement the supply voltage values
also have decreased. Another problem which should be solved during the
design process of integrated circuits is the transistors’ protection from over-
voltages and possible stress situations, which could cause degradation of the
threshold voltage during operation.

There are devices which require operation voltages higher than the
nominal supply voltage (for example low power flash memories). So, circuits
which could offer voltage higher than supply voltage are needed. For this type
of operations charge pumps are widely used. A charge pump can provide
voltage higher than the supply voltage, acting as a DC/DC voltage converter.
The output voltage value of the charge pump could be a number of times higher
than the nominal supply veltage. The key devices in the charge pump’s
structure are capacitors which are used as energy collection storages.

Dickson’s charge pump (Fig.1) 1s one of the well-known charge pump
architectures, which is used in modern integrated circuits. The circuit works
with two differential clock signals, whose amplitude is equal to the nominal
supply voltage (Vsupply) [1]. The NMOS diode-connected transistors in
Dickson’s charge pump architecture are used as switches for every stage of the
circuit. The current flows through the NMOS transistors charging the output
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capacitors for each stage, which are connected parallelly. It gives an opportunity to
have a higher DC voltage after each stage.

L L [ LV lo
Vsupply load 0
M4 M5

T T T — C4 gcﬂad
’ Loow o
CLK CLK
o—J L1 L
Vo— — —
CLK
0 I

Fig.1. Dickson’s charge pump architecture

The circuit uses the Vsupply as an input voltage, and the output of each
stage differs from the previous one by constant Vd voltage, which, in the ideal
case, is equal to the Vsupply. By using equation (1), the number of the required
stages (N) could be calculated [1]:

|74 -V;
N — load in .
Va

(M

The main disadvantage of Dickson’s charge pump is the body effect of
NMOS transistors which causes gain degradation for higher N values.

The proposed Charge Pump. The schematic view of the proposed charge
pump is shown in Fig 2. The architecture is based on NFET transistor with a
single supply. The charge pump works with two differential clock signals to
control the settling time of the circuit. The M1 and M2 NFET transistors are in
positive feedback, which decreases the charging time of the capacitors.
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CLK
0
VDD
1 e
o L

Fig.2. The proposed charge pump with a NFET architecture

The M3 and M4 transistors are used as pass devices to formulate the
output voltage. Charging the Cbulk capacitor with M5 and M6 transistors helps
to cancel the bulk effect for the M3 and M4 devices. The circuit provides 1.5
times higher voltage than the supply, when the load is enabled.

The charge pump circuit could be used in analogue architectures to supply
voltage regulators, voltage-controlled oscillators (VCO), etc. The main
disadvantage of such a structure is the gate-bulk voltage value of the M1 and M2
transistors. During operation, when the load is disabled, for ideal case the output
voltage is equal to 2VDD and the M1 and M2 transistors work under stress
conditions. This can affect the threshold voltage and the drain source current of
transistors, which will lead to the output voltage value degradation.

By using high voltage input transistors, it is possible to solve the gate-bulk
voltage issue, and transistors will operate without stress, as the allowed gate-
bulk voltage for high voltage transistors is higher than 2VDD. But the
disadvantage of this structure is that it is not reasonable to use high voltage input
transistors in VDD domain [2]. Simulation results show that the output in such a
structure will be degraded (Fig. 3).
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Output voltage(NFET structure with high voltage transistors)

(V) : t(s)
2.0
v(out)
-
1.0 (113.81n, 1.2024)
2 F

0.0- \\Qg (113.81n..20.34591)

-1.0-
I 1 1 1 1 1
0.0 25n 50n 75n 100n 125n

t(s)
Fig.3. The output voltage for the NFET structure with hv transistors

The problem described above is solved by using the PMOS structure
which is shown in Fig 4. The bulks of the M1 and M2 PFET transistors are
connected to node V_Cbulk, hence excluding the stress possibility for them. The
Cbulk capacitance charges to 2VDD-Vth level during the operation of the
circuit. It gives an opportunity not to have a higher voltage than the power
supply between any two terminals of the transistors.

VDD
- F* M2 'T' M6
’J M3 Vload L
T 4 M4
L

- cz 'l' M5 :: cluad
CLK c

K —

T bulk

vV
Fig.4. The proposed charge pump with a PFET architecture

c1

Simulation Results. Both circuits have been designed by using the SAED
14 nm [3] technology and the Custom compiler design tool [4], and simulated by
the HSPICE simulation tool [5]. An input voltage has been set to 0.8V expecting
1.2V in the output of the circuit.

184



Fig. 5 and Fig. 6 show the output voltage numbers during the process
variation. Typical (TT), slow (SS), fast (FF), slow-fast (SF) and fast-slow (FS)
models of transistors have been used. -40 °C and 125 °C have been used as bound
numbers for temperature.

For the NMOS structure the output voltage variation is 1.2V+/-7.25% and
for the PMOS- 1.2V+/-4.2%. The area of the PMOS charge pump is 26% larger
than that of the NMOS.

Output voltage (NFET structure)

(V) : t(s)
20, v(out)
(109.8n, 1.2428)
s
(109.8n, 1.1133)
0.0-
[ \ I | \
25n 50n 75n 100n 125n
t(s)
Fig.5. The output voltage for the NFET structure
Output voltage (PFET structure)
(V) : i(s)
151 v(out)
(110.02n, 1.2291)
1.0 -
s (110.02n, 1.151)
0.5|f
0.0-
| [ | | I \
0.0 25n 50n 75n 100n 125n

t(s)

Fig.6. The output voltage for the PFET structure
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The table below shows the occupied area of the PFET and NFET
structures and the output voltage measurements during temperature and process
variations. The advantages of the PFET structure is the noise immunity and the
less output voltage spread, and the disadvantage is the area occupied.

Table
Output voltage numbers during temperature and process variations
Process Temperature, (T °C) Output voltage Output voltage
(PFET) (NFET)
TT 25 1.21 1.21
SF -40 1.24 1.23
SF 125 1.2 1.23
FS -40 1.2 1.11
FS 125 1.15 1.18
SS -40 1.22 1.1
SS 125 1.19 1.16
FF -40 1.22 1.24
FF 125 1.17 1.23

Conclusion. The charge pump architecture has been developed by mixing
Dickson’s and cross-coupled structures. The proposed circuit successfully provides
1,5 times higher input voltage at the output with a 4.2% voltage variation.
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U.U. 2UrNkes8nNkLauy, ZUUNER S. uNUSUL3UL, U.S. arranravy,
2UrNkrE3SNRL S. UNUSULUL, @.U. NUUUL3UYL, U.4. ZU3LUMNES3UL

1 ShNb UGSUAN, - OLUNM UhUUZUNNNMER (UO0Y) YUNNR3YUOLNY, AU
ZNPUULPNPE3UUR LRSLE MNUNE UGUU

Juuwpyl] b tpint mwuppkp MUOY b LUOU Junnigwsputpny, 1hgph wynduyny
Jupdwt Yphuwyunyhsh vjpbdwibph twhwgsnid wyiiybu, np Ejpnwd vnwugdh vidwb jw-
pnidhg 1,5 wiqud UkS jupnid: Fuwhungby Eu bplynt ujubdwtbph dwybpbuttpp, wpuqu-
gnpénipiniup b hntuwhmpniip: Unwewpljynny MUOY junniguspny twjuiwgdsdus ujuk-
Uuynid kplnt wnwbgpuyhtt wpwbiqhunnplitp smkl hntuwhnppub jighp” h wwppbpn -
pntt LUOY Junnigwspny mpwuqhuwnnpubph, npp guydwbtwynpjws k wuipuqhunnp-
ubph hwppwl-wlniup ynnkughw)ubph mwppbpnipyudp: Unwewnplynn upubduygh Ejpuwyht
wqnuiowh Juphughwtt wykih phy k put LUOY Jupnigdwspny ujubduynid, nwljuyu
dwtptup 1,26 whquu ks b

Unwigpuyhl punkp. 1hgph wnuyy, Thpunuh thgph wndy, gusdp Lukpquuuyyundwdp
Junnigdwsp, hwunwnnit jupdw thnjuwltpughs, stpugnid:

C.C. APYTIOHSIH, AKOII T. KOCTAHSIH, M.T. TPUT'OPSIH,
APYTIOH T. KOCTAHSH, I'.A. BOCKAHSH, A.K. ANPAIIETSIH

CXEMA ITOMIIBI 3APS110B HA OCHOBE METAJUI-OKCHU/I-
MOJIYIIPOBOJHUKOB I1 TUTIA C BBICOKON HATEKHOCTBIO

CrpoeKTHpOBaHbl JBa Pa3HBIX YMHOXHTEIS HANpSDKEHHS C MOMIION 3apsioB Ha
OCHOBE METaJUI-OKCHI-TIONYyIpoBoaHUKOB 1 Tuna (IIMOII) u mMeTami-oKCHA-TOIyIIPOBOI-
HukoB H Tuna (HMOII) Tak, 9To6BI HalIpsHKEHHE HA BBIXOJIE TOTYYIIIOCh B 1,5 paza Gombime
nuTaHus. [laHa OIeHKa IO, OBICTPOASHCTBUS M HAICKHOCTH JABYX cXeM. B oTmmumne
ot HMOII ctpykrypsl, B npemnaraemoii IIMOII cTpykType ykazaHHBIE IBa TpaH3HCTOpa
HE MMEIOT MpoOJeMy CTapeHUs, YTO OOYCJIOBJIEHO HANpsHKEHUEM MEXAY MOAJI0XKKOH H
HCTOKOM TPaH3MCTOPOB. Bapuaums Ha BBIXOJE B Ipe/UIaraeMoil cxemMe MEHbIIe, YeM B
cxeme Ha ocHoBe HMOII ctpykTypsl, HO rutomans 6osisnie B 1,26 pasa.

Kniouesnle cnosa: momna 3apsiioB, moMna 3apsioB JMKCOHa, apXUTEKTypa ¢ HU3KOM
9HEPronoTPEeOHOCTHIO, PE0OPa30BaTEIb MIOCTOSHHOTO HAMIPSHKCHHUS, IeTpaIalusl.
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E.H. DANOYAN, HY. AYUNTS
IMAGE INTERPOLATION USING MIXED SPLINES

In our digital era image interpolation and resampling have many usages in various
fields (computer graphics, medicine, geography, astronomy). This paper presents an overview
of some interpolation techniques (nearest neighbor, bilinear, bicubic) and proposes a new
interpolation type where the results are good and the execution speed is fast.

Keywords: Image Interpolation, Image Resampling, Bicubic, Bilinear, Gradient, Sobel.

Introduction. Image resampling is a fundamental and widely used image
operation, with applications in image display, compression and progressive
trangmission. Upsampling is the increasing of the spatial resolution while keeping
the 2D representation of an image, that is improving the quality of an image by
increasing the number of pixels. Downsampling is the reduction of the resolution.
It is used to reduce the storage and for image transmission. The standard methods
for resampling are the nearest neighbor, bilinear interpolation, bicubic
interpolation. These methods have been thoroughly studied and compared in the
past [1]. Bicubic gives better results compared with the other two, but it also has
the longest execution time [2]. Therefore, it is one of the most widely used
interpolation techniques. In this paper, we examine these methods and propose a
new interpolation type (mixed interpolation) which gives good results and faster
execution time.

1. Image Interpolation Algorithms. The main method for image resampling
is image interpolation. There arc three main interpolation techniques:

e Nearest neighbor;

¢ RBilinear interpolation;

¢ Bicubic interpolation.

1.1. Nearest Neighbor. The necarest neighbor (Fig. 1) is the simplest
interpolation type. The color of a pixel in the result image is the color of the nearest
pixel of the original image. From [3], the interpolation kernel is:

_[1|x| <05
k =
() {0 otherwise
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Fig. 1. Nearest neighbor interpolation

This method produces blocky effects on the result in case of upsampling and
removes thin edges in case of downsampling. However it is the fastest algorithm.
1.2. Bilinear Interpolation. Bilinear interpolation (Fig. 2) considers the
closest 2x2 neighborhood of the known pixel values surrounding the unknown
pixel. From [3], the interpolation kernel is:
1—|x| x| <1
k(@) = { 0 olthlelrmlzise

This method gives better results than the last one.

k(x) 1.0 f(x)

-1.0 1.0 2 1 0 1 5 3 X
Fig. 2. Bilinear interpolation
1.3. Bicubic Interpolation. Bicubic interpolation (Fig. 3) considers the

closest 4x4 neighborhood of the known pixels. The convolution kernel is composed
of cubic splines. The kernel is given with this formula from [4]:

(a+2)xIP+ (@+3)x>?+ 1]x| <1
k(x) ={a|x|® — 5alx|* + 8alx| —4a 1< |x| <2
0 otherwise
where a € [—0.75; —0.5].

1.0
k(x) f(x)

2.0 -1.0 1.0 2.0 2 1 0 1 > 3 X

Fig. 3. Bicubic interpolation

In all these methods, the result value of the unknown pixel is calculated with
this formula from [5]:
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[+[E1+1 vl+[5]+1

2 m k(X = x0)k(y = ¥0)f (X0, ¥o).

9(xy) = Zx0=[x]—[?] Yo=byI-[5]

where m = 0 for the nearest neighbor method, m = 1 for bilinear and m = 3 for
bicubic interpolation.

The results show that bicubic is one of the best interpolation techniques but
has the longest execution time [2], because for every unknown pixel, the value of
16 other pixels need to be considered. On the other hand, it gives smoother results
in case of upsampling and less loss of information in case of downsampling.

2. The proposed method: Mixed Interpolation. The higher the interpolation
order gets, the better are getting the results, though the execution time is getting
slower and slower. Image resizing is used in video processing where every
millisecond of working time is important. So we propose the adaptive mixed
interpolation method from these three main methods. We will use the image
gradient definition from [5].

The first derivatives in image processing are implemented, using the
magnitude of the gradient. For the function f(x, y), the gradient of f at coordinates
(x,y) is defined as a two-dimensional column vector:

[91]
Vf = grad(f) = [g;] = |g;§ .
dy
The magnitude (length) of vector Vf is denoted as M (x, y), where

M(x,y) = mag(Vf) = [gxz + 9,2

is the value at (x, y) of the rate of change in the direction of the gradient vector.
M(x,y) is an image of the same size as the original. Usually, we refer to it as the
gradient image.

We now define discrete approximations to the preceding equations and
hence formulate the appropriate filter masks [5]. In order to simplify the discussion
that follows, we will use the notation in Fig. 4(1) to denote the intensities of image
points in a 3x3 region. For example, the center point (zs), denotes f(x,y) at an
arbitrary location, (x, y), z; denotes f(x — 1,y — 1) and so on. Approximations to
gx and gy, are as follows:

of

Ix= 5, = (z7 + 225 + 2o) - (21 + 22, + z3),
of

Iy =73, = (z3 + 225+ 29) - (21 + 22, + z7).
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Fig. 4. A 3x3 region of an image (1), Sobel operators (2), (3)

These equations can be implemented using Sobel operators from Fig. 4 (2),
(3). The difference between the third and first rows of the 3x3 image region
implemented by the mask in Fig. 4(2) approximates the partial derivative in the x-
direction, and the difference between the third and first columns in the other mask
approximates the derivative in the y-direction.

The idea behind using a weight value of 2 in the center coefficient is to
achieve some smoothing by giving more importance to the center point. After
computing the partial derivatives with these masks, we can approximate the
magnitude of the gradient.

M(x,y) = |(z7 + 2zg + 29) — (21 + 22, + 23)| (25 + 226 + 29) — (21 + 22, + 27)|.

After getting the gradient image we divide the intensity range into three
parts:

[0,a] — nearest neighbor,
[m,M] - (a,b] — bilinear,
(b, M] — bicubic,

where m={nir}M(x,y),M Er(na>)<M(x,y) and m < a < b < M (for example:
Xy Xy

a= [m + (M;m)],b = [m + Z(M;m)]).

If the 2x2 neighborhood of the known pixels surrounding the unknown pixel
has a small intensity of the gradient, we will use the nearest neighbor method on

that pixel. Likewise we will use bilinear interpolation for medium values.
Otherwise, we will use bicubic interpolation. So we can decrease the execution
time by using the fastest interpolation for the areas that don’t have to be
interpolated very precisely.
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3. Results and Discussion. In order to test the performance of the
algorithms, we have developed a C++ implementation on Intel(R) Core(TM) i3-
5005U CPU 2.00GHz, 4.0GB RAM computer [6].

Here are some upsampling results of different-sized images ( 50x50,
100x56, 100x45), where the scale factor is 4 (Fig. 5, Fig. 6 and Fig. 7).

Fig. 5. Source image (1), nearest neighbor interpolation (2), bilinear interpolation (3),
bicubic interpolation (4), mixed interpolation (5)
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Fig. 6. Source image (1), nearest neighbor interpolation (2), bilinear interpolation (3),

bicubic interpolation (4), mixed interpolation (5)

This is the first line of This is the first line of
this text example, thes text example,

Thas is the second line This is the second line
of the Lame text, of the same text,

This is the first line of This is the first line of
this text example, thes text example,

Thes is the second line Thes is the second line
of the same text, of the same text,

Fig. 7. Source image (1), nearest neighbor interpolation (2), bilinear interpolation (3),
bicubic interpolation (4), mixed interpolation (5)

193



Table

Timing Results (milliseconds)

Method Nearest Bilinear Bicubic Mixed
Scale neighbor
2 40 12 300 82 1068 270 483 168
4 161 | 34 | 1676 | 303 | 4695 1185 2494 663
8 605 | 180 | 6183 | 1409 | 18864 | 4196 9301 2519

In the Table above are shown the timing results of 200x100, 100x50-sized
image upsampling. The results show that the mixed interpolation can give as good
results as the bicubic, working 1.5-2 times faster. So, for example, in the image of
the earth (Fig. 5), there is no need to calculate the pixel values from the 16 neighbor
pixels in the black areas. The color of the pixel will be black in all methods. That is
why, we use faster methods in these areas, decreasing the execution time.

Image resizing has many applications in various fields, such as computer
graphics, medicine, geography, astronomy. In all these cases, good results and fast
time is very important especially when the program is working on a large number
of images. The best example is the usage in video processing where we can
consider video as a large number of frames.

Conclusion. Mixed image interpolation is the overlay of the three other
methods for getting good results and faster execution time. This method can be
used in various fields where the working time of the algorithm is very important,
and the results will have to be as good as possible for the corresponding time.
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E.z. 2ULN38UY, 2.8. USNPLS
NUSYELULErh PLSEMMNL3USHPUL MULC UNLUSLLEP UBRNSNY,

Ukpjw wmbpuninghwlwt nupuopowinid wuwwnlbpubkph hunbpynjjughwtt niuh
owwn Jhpwpnipiniutikp nwuppkp phuquyuntbpnid (hwdwljupgsught gpudhljw, pdoynip-
jnil, woluwphwgpnipinil, wunnughwnipnil): Lkpjuyugynd ki wpnbt hwjnuh htnbp-
wnjughuyh tqubwlubpp (wdkbwdnn hupbwb, Gpljjunpuupnuyghty, Eplgduyghty), b wew-
owpyynud L hinbpunjjughuyh tnp tqubwy, npp tughu £ jug wpympubp b $pugph wpug
wpfumnuip:

Unwbagpuyhl punkp. wyjwnljkpubph htnbkpuynjjughw, wuwnlkpibph dwupnwpw-
Ynpnud, pjlunputupnuyht, Epligduyhty, gpunhtuw, Unphy:

J.A. IAHOSIH, I'.1O. AIOHI]
WHTEPHNOJISIINAS N30BPAKEHN CMEIIAHHBIMY CILTATHAMHA

B HaCTOAIECC BpEMs HApsAay € TEXHOJOTHMYCCKHUM MPOrpeCCOM HMHTEPIIOIAIUNA HU30-
OpaXKCHUH MOJIydniia HIMPOKOS NPHUMEHEHHE B PA3IMYHBIX OO0JACTIX (KOMITBIOTEpHAsS
rpaduka, MeIuIMHa, reorpadus, actpoHoMus). IIpencraBiieH 0030p HEKOTOPBHIX METOIOB
uHTEepHOoLIKN (OmmKaimmii cocen, OMIMHEeHHbIH, OukyOnueckuii). Ilpeanmaraercs HOBBII
METOJI MHTEPIIOJISILINK, NAIOUIMH yIOBJIETBOPUTEIBHBIC PE3YJIbTaThl U BBICOKYIO CKOPOCTh
BBITTOJTHEHHSI IPOTPAMMBI.

Kniwouesvie crosa: nHTepnioNsiys n300paxeHuii, MaciiTabupoBaHie n300pakeHHH,
OukyOnJeckuii, OMITMHEHHBIN, rpaaneHT, Cobens.
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YK 004.4:623.423 ABTOMATH3AITA 1 CUCTEMBI
YIIPABJIEHA

I'T". XAYHATPsH, C.0. CUMOHSIH

HCCIIEJOBAHHUE 5®PEKTHUBHOCTH OBYYUYEHMA H TPEHHPOBKI
HA KOMIIBIOTEPHOM TPEHAKEPE

BHINONHEH CTaTHCTIYECKIT aHaMM3 PE3yNbTaToR o0yueHNa 1 TPEHHPOBKH Ha KOMITHIO-
TePHOM TpeHaXKepe, a TakkKe NPEANoXeH METol aBTOMATH3allMM BHYKCIEHHMIT B TporpaM-
max Microsoft Excel u MathCAD. PazpaGoTaH MeTON TPOBEPKM HYNEBOM THIIOTE3Hl O
pacrpeseeHIn BHGOPKY MPH MOMOIIM BHUHCIEHI KPUTEPHA ¥ B 3THX Mporpammax. J{o-
Ka3aHO, YTO OLIEHKH TPeHHPYEMBIX HA KOMIIBIOTEPHOM TpeHaxXepe pacipeieNieHH! Mo 3aKOHY,
TIOXOXEMy Ha 3epKalbHOe oToOpaxeHMe 3akoHa Pened. OGOCHOBaHO TIPEHMYIECTBO
KOMITBIOTEPHOI TpeHaxepHOi oTpaboTKK yNpaxKHeHNH Haj TpaAMIMOHHOM.

Kmoueavie cnosa: KOMITBIOTEPHBI TpeHAXKeEp, apTWLIepHs, o6paboTka pe3yNbTaToB
SKCTIIEPHMEHTOB, MaTeMaTHi€ecKasi CTaTHCTHKa, pacipeneneHie Penes, kpurepnii IlnpcoHa.

Beenenne. O¢¢exTupHoc GoeBOC MPUMEHEHHE NPOTHBOTAHKOBBIX ap TWUIC-
PHHCKUX nojpa3jeneHuii B 6ops0e ¢ TAaHKAMH NPOTHBHHKA B X0/1€ OOIICBOHCKOBOTO
Gos1 ABNISCTCS TAPAHTOM YCNICXa BHINOJIHCHHS OCTABJICHHON 3a/]auH, a OJTOTOBKa
CHELHAIMCTOB B JAHHOH OONIACTH C MPUMCHEHHEM HOBCHIMX HH(POPMAIHOHHBIX
TEXHOJIOTHH JACT BO3MOMHOCTh MOCTOSIHHOTO YCOBEPIIICHCTBOBAHMS HABBIKOB 00y-
YacMBIX.

HndopmanmoHHbic TEXHOIOTHH TO3BO/BIOT CYLIECTBSHHO MOBBICHTh YPOBCHD
MOATOTOBKH CIIECHHATIHCTOB M cJefiaTh 00ydeHue Oosee HHTEpECHBIM. BaskHyio poib
3/eCh HIpaloT KommbioTepHbic TpeHakepnl (K1), npeamazHaueHHbie UIA
IUTAHUPOBAHUS BOCHHBIX OICPAIMH, MOJCIHPOBAaHHS PaboThl OOECBOH TEXHHUKH,
5KOHOMHH CPE/CTB, BHIPAOOTKH HEOOXOJHMBIX HABBIKOB Y JIMYHOIO cocTaBa. Bee
5TO SBIIETCS 3BCHOM CIIOXHOM CHCTEMBI "YEIIOBEK - KOMIBIOTEP", B KOTOPOH IpH
nomoui KT y yenoBeka opmupyioTest HeoOX0AMMBIC HABBIKH H YMEHHSL.

Hecmotpst Ha cymiecTByIOIHE HCCIIEAOBAHUS, BONMPOC OOYUCHUS H TPEHH-
POBKH JIHYHOTO COCTaBa MPOTHBOTAHKOBBIX IOJPA3/C/ICHHH CTBOIBHOH ap THUICPHH
0GOCHOBAH M HCCIICAOBAH HEJOCTATOUHO. OTYACTH 5T0 OOBICHAETCS OOHOBIICHHEM
Napka BOOPYKEHHH MHOTHX CTPaH pa3/IMYHBIMH BHJAAMH BHICOKOTOYHOTO OPYIKHS.
OnHako AaHHBIH BOMPOC OCTAETCSA BCE CIIEC AKTYAIIBHBIM B CBA3H C HEKOTOPBIMH
MPEeUMYIECTBAMH NPHMEHCHHUS CTBOJIBHOH apTwuIepuH. Micxoas U3 BhINIECKa3aH-
HOTO, B CTaThe MPCATPHHATA TOMBITKA OCBEIICHHUS 1[€71€CO00Pa3HOCTH BHEAPCHHUS
KT B opranusanuio yueGHOTO H TPSHHPOBOUHOTO MPOIECCa MyTEM HCCIICOBaHHUS
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3¢ PEeKTUBHOCTH €ro ucnonb3oBaHua. OO0o0meH ombT ucnoib3oBanus KT B
BOICKax M Ha OCHOBAHMU TPOBEJCHHBIX MCCIIETOBAaHMUH TaHa OOBEKTUBHAS OIIEHKA
3P PEKTUBHOCTH METOJIOB KOMITBIOTEPHOTO O0y4EHHUS.

Hayunas HoBH3HA pa0OTHI 3aKitouaeTcs B 00pabOTKe pe3ylbTaTOB DKCIIe-
PUMEHTOB IO BBISBICHUIO 3Q(PEKTUBHOCTH TPEHAXEPHOTO OOYUCHHUSI C MPUMEHE-
HUEM METO/IOB TEOPUU BEPOATHOCTEN U MaTEMaTUYECKOW CTAaTUCTUKHU, B YACTHOCTH
— 3aKOHa pachpeleNieHus, HaWIydIIuM O0pa3oM OIHCHIBAIOIIETO COOTBETCTBHE
MOJTyYEHHBIX SKCIEPUMEHTANBHBIX JAaHHBIX THIIOTETHYECKOMY paclpeaeseHHIO.
[IpoBepka runoTe3sl NPOBOAUIIACH BhIUUCICHUEM KpuTepud [Iupcona.

HccnenoBanusi NpoBOJMIIMCH BO BPEMsI 3aHATUN B OJJHOW U3 apTHUILIEPUHCKUX
BoiickoBbIx yacteit BC PA. barapes apTunnepuiickoro TMBU3HOHA, YCIOBHO HMe-
HyeMas Tpynmoi «A» (KOHTpOJbHAsS TPYIINA), MOCIe 3aBEPIISHIS] TEOPETHIECKAX
3aHATUH BBIMOJHANA YNPAKHEHUS 10 CTpeNb0e MpsAMONW HABOJIKON MPHU ITOMOIIH
UMEIONIeHCS TPaJUIIMOHHON yueOHO-MaTepHaabHON 0a3bl.

Jlanee Bce BOCHHOCTYXKaIIMe TOH e Oarapeu (Tpymma «by — skcnepumMen-
TaJbHAasl TPyMIa) OTpadaThIBaIH T€ K€ YIPaKHEHUS B KOMITBIOTEPHOM KJlacce, HO
yxe ¢ momonipto KT. B Teuenne ypoka kaxaplii 00ydaeMbIid 1O PYKOBOACTBOM
WHCTPYKTOpa OTpalaThIBall YIPaXKHEHHUs COTJIACHO KYPCY MOJATOTOBKU apTUILIEPUH.
Pesynprarel cTpensObl BBOOWINCH B 0a3y JaHHBIX IPOTPAMMHOTO OOECTIeueHUS
KT, a 3areM ciemoBain pa3doop cTpennbObI KaXKa0ro 00yJaeMoro.

KoHnTponp nomydeHHbIX 3HaHUH MPOBOJIMIICA BO BpPEMs IMOJIEBBIX BBIE3/IOB,
JIarepHBIX COOPOB, TAKTUYECKHUX YUYCHHH, a TaKKe B KOHIIE y4eOHOro Meprojaa Ha
MECTE NOCTOSIHHOM JUCIJIOKAIIMU BOMCKOBOI YacCTH.

Bcero 6b110 ipoBeieno 6osiee 200 3aHITHN B CTAIIMOHAPHBIX U TOJIEBBIX YC-
JIOBHSX, HA OCHOBaHUH KOTOPBIX ObLIa TIepecMOTpeHa mporpaMMa 00ydIeHHsI: COCTaB-
JICHO HOBOE pacHucaHue 3aHSATHH ¢ OOJIBIIMM YAEJICHHWEM BpPEMEHH KOMIIBIOTEp-
HOMY TPEHa)XEPHOMY OOYYECHHIO M Pa3padOTaHO HOBOE yUEOHO-METOANYECKOE IO~
coOue 1Mo 00yUYSHHIO CTPENIbOE MPSIMON HABOJIKOMA.

Henbro padoTsl sABIsETCS HCCIEI0BaHUE METOaMU TEOPHH BEPOSTHOCTEN
M MaTEeMaTH4YeCKOW CTATUCTHKH KOJIWYECTBEHHOW MEpHI MOBBIMIEHHUS dPPEKTHB-
HOCTH 0OEBOH MOJATOTOBKU JIMYHOTO COCTaBa apTUILICPUIICKOTO MOJpa3elicHHs, a
Tak)Ke aBTOMATH3aIl¥sl BBIYHCICHUH OIIEHOK 00ydJaembIx [1-12].

PesyabTaTrsl ucciaenoBanus. OOpaser pe3yabTaToB KOHTPOIBHBIX OIEHH-
BaHMI 00y4aeMbIX NMPHUBEJCH B Ta0J. 1 u Ha puc. 1.
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Tabruya 1

Obpasey pe3ynvmamog KOHMPOIbHbIX OYEHUBAHUL
00yuaemuvix no nAMUOAIBHOU cucmeme

0 Konuuecmeo oyenox
eHKa
¥ I'pynna «A» | I'pynna «b»
«2» 23 10
«3» 44 19
«4» 23 49
«5» 6 18
g 50 44 49
% 40 ® i
30 ’ ! i
o 2 '
£ 20 ’ : " 18
210 ! | <
o 1 : . 6
E 0 ! 1 1
Q «2» «3» «4» «5»
OneHka

Puc.1. Ilonuconsl vacmom c pe3ynbmamam. OYeHU8anus 2pynn no NAMuOaLIbHOU
cucmeme

Kypc noarorosku aprunepun KITA-2012 [13] tpebyet npoBeneHus y4eo-
HOTO OLICHMBAHMs OTHEBOTO IIOPAXKEHHUS Liesiel Mo ISITUOauIbHON cucteme 0Oe3
ydeTa BpeMEHHU BBITIOJHEHUSI OTHEBOW 3a/adu. [10CKOJIBKY MONydYeHHEe OObEKTHB-
HBIX U CTATUCTUYECKU 3HAUUMBIX PE3YJIbTATOB M IOCTPOCHNUE CTATHCTUYECKUX THC-
TOIPaMM Ha OCHOBE YETBIPEX Pa3psiioB (PeayIbHO A OLIEHOK HCIONB3YIOTCS YEThIpe
IUQpb) HEBO3MOXKHEI (puc. 1), OBUIO MPUHATO PELICHUE MEPEBECTH OLIEHUBAHUE C
YY4ETOM BPEMEHHU BBIIOJIHEHHS OTHEBOM 3aladd B JECATUOAUIBHYIO CHCTEMY.
OO6pa3zer pe3yIbTaTOB KOHTPOJIBHBIX OIEHUBAHUN MPUBENICH B TabJ. 2 1 HA puC. 2.
Kak BuzmHO 3 TaOmnuiel, mpupocT cpeaHero Oamna rpynmsl «by cocraBun Oonee
25%.
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Tabauya 2

Obpasey pe3ynbmamos KOHMPOAbHbIX OYEHUBAHUL 0OYHAEMBIX NO 0eCMUDANTLHOU cucmeme

OmuocumenvHule
Konuuecmeo oyenox, m;
Oyenka, k yacmomsl, mi/n
I'pynna «A» |I'pynna «b» |I'pynna «A» | I'pynna «b»
«1» 2 1 0,0208 0,0104
«2» 2 2 0,0208 0,0208
«3» 5 3 0,0521 0,0313
«4» 14 4 0,1458 0,0417
«5» 21 7 0,2188 0,0729
«6» 25 12 0,2396 0,125
«7T» 16 24 0,1667 0,25
«8» 6 25 0,0729 0,2604
«9» 3 17 0,0313 0,1771
«10» 2 1 0,0313 0,0104
Bcero oneHok, n 96 96
Cpeonuii 6ann 5.56 6.96

2pPYnnbl, Xep,

o 30 ~

2 25 I

2 % pymma "A" 21 ! ['pynma "B"

g \ , Ve

A 15

[_<

3 10

2 :

: 5 :

~ 1 : 1

«by  «2» 3y «dy «S» «by «T» «8» «» «10»

Onenka

Puc.2. Ilonueonwt yvacmom C pe3yibmamamu OYyeHusarusl no decamubanibHoll cucmeme

JA7st aBTOMATH3aLMK BBEIYMCIICHUH YA00HO HCTIONB30BaTh Nporpammy Microsoft
Excel [14, 15]. Jns 3TOTO 3HAYCHUS HAIICH BEIOOPKU BBOJUM B COOTBETCTBYIOITHE
ayeriku. Yncno 3Ha4eHUI BBIOOPKH 7 PACCUMTHIBACTCS MPH TOMOLIM (YHKIUH
COUNT, a cpenHee 3HAYEHHE Xy, CPEAHEE KBaJAPAaTHUECKOE OTKIOHEHHE 0 U
nucnepcus o° - coorBerctBeHHo AVERAGE, STDEV.P u VAR.P.

Ha ocHoBanumm mommrona 4yacToT (pHc. 2) NOCTPOEHBI COOTBETCTBYIOLIHE
TUCTOTpaMMBI (puc. 3).
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T T T T T
5o 12,00 00 2,00 400 00 800 10,00 12,00
Mpynna_A Fpynna_B

Puc.3. l'ucmoepammer wacmom ¢ pesynbmamamu OYeHUGaHUs

W3 puc. 3 BUaHO, 4TO paclpeAeneHle OLEHOK Il KOHTPOJIBHOM IPYMIbI «A»
“MeeT HEKOTOpOe pacxOkKIeHHWe OT pacmperneneHus ['aycca, ogHako Hac Oobie
nHTepecyer rpynna «by».

Hcxons u3 BUa TUCTOrPaMMBbl, BBIABUTAE€TCSA THUIIOTE3a O TOM, YTO OLECHKU
AKCIIEpUMEHTAIBLHOU TPYIIIEI «by» pacmpeseneHsl mo 3aKoHy, OMMCaHHOMY B [16],
Y UMEIOT CIEeAYIOINHA BU:

X—Xx (X = Xp)’
(x)=— ——Tmax__ oy~ Tmax? () < x <Xar, )]
ST VG T

max

T/1€ Xmax= 10 — MaKCUMaNbHOE 3HAYCHUE CITYYaiiHON BeNWYHHBI (OLleHKH); M = 8 —
MoJa cirydaiiHoit BennunHbl. OnHako npu M = 8 Tpaduk MIOTHOCTH BEPOSTHOCTH
HE TIOJTHOCTBIO OXBAThIBAET KpaltHUe JIeBble 3HaueHus x. [loatomy, npunumas M = 7,3,
MOJYy4YUM BBIPKEHUE

fg=— 2710 of (x —10)

7,3 14,6

, 2

rpaduk GyHKIMH KOTOPOro mpuBeacH Ha puc. 4. Kak BUIHO U3 pHCyHKa, Tpaduk
(dhyHaKIIH (2) ©IMEET CXOKECTh C 3ePKATLHBIM OTOOPKEHHUEM H3BECTHOTO pacipeie-
nenus Pesest, MIOTHOCTh KOTOPOTO OMPE/IENSICTCs BRIPAXKCHUEM

2

Jx)= iz'exp—zx2 , x20,0>0, 3)
o o

rac o - CpEAHEC KBaAPATUICCKOE OTKIIOHCHHUC.
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" " Mathcad - [Pacuetbi B MathCAD 14.xmcd]

o= &e0 [y o

O-F2Ed &RV

| Mormal w | Arial

[——
— i —
i —

= = = = . fx xf xfy iy

>

+ —(x=100"

—_ ).
fiw = {x - 10)-e
s 0.225

)

10 s
[ra Ul

£x) d = 0,269

noex
Ja 013
U

i« .

I 0.1

7 H] g 10

|€

£ >

Hanmute F1 AnA cipasku. ABTO Crpanuua 1

Puc. 4. I'pagpux pynryuu nromuocmu seposmuocmu (2) 6 npoepamme MathCAD

JIJis poBEpKH TOTO, YTO MOTYYEHHBIC TaHHBIC HE TIPOTUBOPEUYAT THITOTE3E O
Buje (2) 3aKOHa pacrpeesicHHs OIICHOK SKCIICPUMEHTAIBHOMN TPYyTIBI, TPUMEHUM
kputepuii y° (kpurepuii [Iupcona), onpenenseMslii popMyoit

ij EM’ (4)

i=1 nk,
rae k = 10 — gucno pa3psoB, Ha KOTOpPbIe Pa30UTHI BCE OIBITHBIC 3HAYSHHS CIY-
JaiHOM BEIMYUHEI X; n = 96 — 00beM BBIOOPKH; /71; — YHCICHHOCTH i-TO paspsa.
2
IIpr n—o0, 3aKOH pacpesencHust ¥, , He3aBUCHUMO OT BHJIA 3aKOHA pacrpere-

JIeHHUs CITydYaiHOM BEMUMHBI X, CTPEMHUTCS K 3aKOHY y -pacrpeneleHus ¢ r = k — s
CTETICHAMH CBOOOJPBI, TAE S — YHCIIO CBA3EH TEOPETHYECKOTO 3aKOHA PACIIpe/IeNCHUS
(1), paBuoe 2 [7, 11].

. 2
3nauenus BeposTHOCTEH P(y’> X, ) B 3aBUCHMOCTH OT 7 ¥ k, IPUBOJATCS B

KHHUTaX 10 TEOPUU BEPOSTHOCTEH U MAaTeMaTUIeCKOH CTATHCTUKE WIIK MOTYT OBITh
paccuuTaHbl IPOrpaMMHO, Hanpumep, B Microsoft Excel pynkuueit CHISQ.INV.RT.
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BepostHOCTh nOmanaHus P; cillydalHOM BEJIIMYUHBI X B i-d MHTEPBal BbI-
YHUCIIAETCS 110 BBIPAKEHUIO

i+l

Pi= j f(x)dx (=0, 1, ..., 10). (5)

1

Beens dynkiuto (2) B mporpammy MathCAD [17, 18] u paccuuTaB HHTETpa
(5) mna xaxnoro paspsizma, coctaBuM B Microsoft Excel Tabnwuity 3HaveHuit (Tadm. 3)

2
JJIA BBIYUCIICHUS KPUTCPUS Zq .

Tabauya 3
o 2
Tabnuya 3nauenuii 01 8bIYUCAEHUA Kpumepus ) 4
Tlapa-
apa 3HavycHUE Bcero
MeTp
k 1 2 3 4 5 6 7 8 9 10
mi 1 2 3 4 7 12 24 25 17 1 96

P; 0,003 0,009 0,022 0,050 0,096 0,154 0,206 0,220 0,173 0,066 | 0,998
nPi 0,272 0,824 2,112 4,800 9,216 14,78 19,78 21,12 16,61 6,336 | 95,85

}(qz 1,946 1,678 0,373 0,133 0,533 0,524 0,902 0,713 0,009 4,494 | 11,31

Io Tabmuue 3Hauenuit y° [19] HAX0AMM 3HaYeHHE BEpOATHOCTH P s r = 8

2
u x,= 11,31. Mckomas BeposTHOCTb 10/DKHA ObITh Oonbie 0,1. B Hamem ciydae

Paer= 0,19 > 0,1

CrnemoBaTennbHO, aHATU3UPYS PE3YIbTATHl JaHHBIX, PACCYUTAHHBIX TPHU TO-
moinu Microsoft Excel n MathCAD, MOXHO TIPUHATH HYJICBYIO THIIOTE3y O pacipe-
JIEJICHUH TTOJTYYeHHBIX TPYIIoi «b» OIeHOK 1o 3aKoHy (2).

BriBoabI

1. [Ipumenenune nporpaMMHubIX cpeactB Microsoft Excel u MathCAD aBto-
MaTH3UpyeT paboTy, moBbImaeT 3)(HEKTUBHOCTh BHIOIHEHHS MHOTOYHCIICHHBIX BbI-
YHCIIEHNUH, TeM CaMbIM 3HAYUTENILHO YIPOIIAs aHAIU3 PE3YJIETATOB OLEHKU JTMYHOTO
COCTaBa apTHILIEPUACKON OaTapen U CTAaTHCTUYECKOH 00padOTKH JaHHEIX.

2. llpuBeieHHYI0 METOIMKY MOXKHO JIETKO aBTOMaTH3UPOBATh, CO3aB COOT-
BETCTBYIOILIEE MPOrpaMMHOE oOecTieueHHe.

3. TpeHaxepHas OTpaOOTKa YIPaKHEHUH JHMYHBIM COCTABOM apTHILICPHIi-
ckoit Oatapen Oonee 3¢ ¢dexTuBHA (MPUPOCT CPEeIHEH OLEHKU COCTaBIsSCT OoJice
25%) 1 SKOHOMHYECKH BBITOAHA, YeM OOy4YeHHE MPU MOMOIIM CTAPOH METOIUKH
Ha TPaIUIMOHHOW yueOHO-MaTepHaaLHOM 0ase.
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Pexomenganumu
1. Iomyuennsle Ha KT HaBBIKM peKOMEHIYETCS 3aKpeIUIsITh KOMOMHHPOBA-

HHEM 3aHSITHH B MapKe Ha IMTaTHOM OPYaUU.

2. Cnez[yeT BHCCTU COOTBETCTBYIOMIUC MOIPABKH B KypC IMMOATOTOBKU apTHUII-

JIEpUH C TIEPEX00M Ha JIeCATHOAUTFHYIO CUCTEMY OLIEHMBAaHHA U C YIETOM BpEMEHU
BBITIOJTHEHUSI OTHEBOM 3a7auH.
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2.Q. MURUSIr3UL, U.2. UPUNL3UL

200040 e2USPL JULFUUUNRE UBRNSNY, NRUNRSUUL B4,
qUrdgtsUUL UMBNRLUIESNRESUL 2ESUNSNRUT

Ppujutugus & hudwlwupgsuyhtt Jupdwuwpph dhongny qupdtgdw wpnnilp-
ubph Jhdwjugpuub Jtpnisnipnil, hyybu twb wowewnplyws b Microsoft Excel L
MathCAD spuqpuihtt thwpbpubpnid hwpduplutph wjunndwnwugdwt tnuwbwl: Unw-
owpyJws E twl plnpuitiph puopidwt qpojuljwi quplush uinniquwb kpwbwly y? swihw-
uhoh (Mhpunuh swithwihoh) thongny, npt wquuinid k dknph hwpquplubph wyknpy wy-
Juwnwiiputphg b wowbwlwhnpk hipnwugunud Jhdwjugpuljuin ndyuyutiph Jipnsnip-
i Ugugnigdws b, np niuniguiynnubph ghwhwwnwlwbbpp hwdwlupgswihtt qup-
duwuwipph yhongny Jupdtgdwt nypnid puohidus ku pun [khkjh opkuph hwybjughtt wp-
nwyunlipdwip tdwb opkuph: Zhdbwynpus E hwdwlupgswyhtt Jupdwuwppny Jup-
dnipyniutitnh juunupdwi wowdbnipmniip wjwinujuwih hudbdwn:

Unwihgpughl punkp. hudwlwunpgsuhtt qupdwuwpp, hpkwnwih, thnpdwpynudubph
wpniupubph dpulnud, dwpbdwuphlulut Jhdwjugpnipinit, hjEh pugofunid, Mhpunth
suthwithy:

H.G. KHACHATRYAN, S.H. SIMONYAN

INVESTIGATING THE EFFICIENCY OF TEACHING AND TRAINING ON
A COMPUTER SIMULATOR

A statistical analysis of the teaching and results of training on a computer simulator
is performed, as well as a method for automated calculations in Microsoft Excel and
MathCAD software packages is proposed. A method for testing the null hypothesis about
the distribution of samples by calculating the y? criterion (Pearson criterion) in these
programs is also proposed. It is proved that the grades of the trainee on a computer
simulator are distributed according to a law similar to a mirror image of the Rayleigh law.
The advantage of computer simulator exercises over traditional is substantiated.

Keywords: computer simulator, artillery, processing of experimental results,
mathematical statistics, Rayleigh distribution, Pearson criterion.
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YUATIUCUTL 20U Teurase

S.A. LWUUSI UL

PLELUYUS 20UTHU QGMNRT MUSHEC MACORESTL
LARSLUYTLUSUTUL ZUUUS TULGNRURS RUSYEP SECLURARAPE3UL
ZNBTHb PLSEILNhUR

Ehl dwdwinuljulhg htiptunjup hundwljupgbph swpddub, wwpusmppub ke Ynmd-
unpnodwh wunndunwugdus hudwljupgkph hpdpnud pius dheongubph wpwugnphte quin-
guinmd kb, wytnmundbliugupy], ghinbu skl hwnlip wnfuwbgnmppub wthpudton bowdnnp:
Nunbpubph dwbwsdwt wphbunuljub pubiuluingpiuit dhongh wyn hwdwljupgbph dh
duub E Yuqunuwd: buly, dwubudnpuwgba, wpuniph pnpngeub &uiwsnudp Yuad, wy Yepy
wuwd, nhinwpynn vmpbljnhg nbuwbljupuwhwinng vwpp) opjiljvibbnh  htmudnpipput
huguntiwpbpnudp hwbinhuwinwd £ nwswg wqunbputph dJepnusmppui hhdbwlub pw-
nunphsp: vnpnipndin poy | wiwhu kgpudhwbignudbtp wily pptph himudnpnpywlb, Je-
punuuuynpnipjub dwuhtc vnpnpguit dhongnd npnognmud G swpdwljuis hupujwp hw-
dwljupgbph sundnudp, muynnpmihl m wpugmpniiip:

Ushuunwiipnud putruplgus b nphuviwplnnh wbunnquijub pbmpwgpbpp U npubg
bwpujhinud sputuplduds wylighuh hudwnponudibph wphbunwpub pubiuutngpgui bky-
nnbuyhu gwitignmid, npp Yuipnn £ hwighgub) junpnypiut Swtwstul puphjudgdwip:

Unulgpughls pumbp htiptwdup hudwilpupg, wphtwnwjub pubutpubmpmt, wunn-
Ytinh hmpmpnids, ypnluyghl gulig

Uhpubnipioitt: Fudwtiwuljhg huiptwwp hwdwlupgbpp punljugus B
Uh pwitth hpdtwljwh qquynitiwaly punugphsutinhg, huswyhuhp Gu whuwpaghlubpp,
wnwpplp punhnhwdwpwlwbwht pwnwptbpp, (wqbkpuhb pwunpuptbtpp (hnwp-
Ubpp) b wyl, npntp Yhpweynid Bu npyhu kY pinhwbng hwudwlwpg tiopdbyng
Inwgtk] wnwbdhtb Yipgpus Jkl qqunitwljh vwhdwbwhwlmdubpp [1]: Puyg
wyu pnnp hwdwlupgbiph hudwnpmdu hipuht putdyugmd t gputg Yhpumnedp:
Nurunp by hwdwlupgh ntbwnippiiibph judwgnudp, npp Yunguunh dpwe puan-
Jugnigsh pugundwip, Yuplnp jaughp | W wbrwbignipjutt qnponth, [y [wyin-
npkb tbpypdubll wbhpuwdtonnpjut wenwdnyg: Usfjuwnwipmd ghuvnwpldnod B wp-
hiunwljwh puwiujutinipiub jhpundwbh wyiyghuh donbgnudubip, npantp ninnud
kb yuwnlbptbkpp dwbwsdwt hbwpwdnpnipiniitbph mt{hl_wgduﬂln‘ YEuunpntu-
buny wuwnltiph papnipjut Swbwsdut wnwdby dgmu dninbignudubinh ypue Uy
Uninkgnudubipp nhwrwplpb) Bi hpdinfws dwpgne U Yeinuthibph wunlkpubph
hunpnipjut Swtwsdwh dnpbjh dpue
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buptiwjup hudwlwupgbpp: Puptwqup hwdwlwupgbpp punugus tu hig-
wku qquynitwljubphg, wjtyku b wyn qquynitwljubph ndjujubph dowldw dhw-
Unphg (.1): Qqumitmjubptt G wnbuwpughubpp, nmwppbp nyunpwdwybughl,
nunhnhwdwpwluwbwghtt nunupubpp, juqbpuyhtt punwpbpp ((hnwpubpp):

[ Nyupwéwiuwgl ][ hwéw?u”*'wﬂmmhh ][ LhAUP ][ Skuwpughly ]
I
¥

“\‘
Mwinlysplbph Unybwywbwgned L 4
rpuuupgned

{ N
Mpnuwl
uLEJTEgLnUL d dbpwhuwzdunly

\ 7

Swdwlwpgh nEYwywpnud

Ul 1. Phplnuyup hunluljupglph unnigjudpp

QUmipudwutbing qquynitmjubnhg nipwpwbsniph wohiwwnwuph ulq-
potupp b bpwbwlmipniip hwdwlupgnud, jupkih £ wuky, np gpuitg hwdwnby
Jhpwonidp puduljuht putl (nusnud k [2]: Uujuyt jhpwentpjut wyn dngbp
wnwownpyus k huiptwdup hwdwlwupgbph snppnpy dwjuppuljh widuuwbgnt-
pjut wuhwbghg (3):

Stunpuijutt hudwlupgh unpoipjub pualjupdwi pinyep. Mwwnlbph funpnt-
pjul pujunidt wjt mbunnujubt mbwlnipinit k, npp poy) E nnwhu nkubk
Enwswth (3D) b mwppbpulky opjkyinukiph hipwynpnipiniup dhdjubghg: unpni-
pjul ptjunudp dwgmid E junpnipiniip hnipnn twwppbp qnpéntibphg: Fpwtp
nuuynul &b Epliuyh&ughl b dhuluyhduwght hmahsibph puppp: Gpljuugh-
Suwjht hniphsubpp hhdtws L Eplnt wsphg unwugywé qquyujut tnwgwth nk-
nhjunynipjut ypu: Thwwwyhduwhtt hniohsubpp hhdudws Eu Epljswth nknk-
juwnynipjut ypu. jupny bh uvnwgyl) Ukl wsphg:

Epjuyhdwyht hniohsutinhg b Epjjuyhdwjhtt wthwdwntnbihnipniip:
Uhunwuhtubpp, npnug wepbpp mnujuydws i nidph ghiwjhtt hwndusnud, wy
n's Ynnuyht, jpupubymp gubgupunubpmd wwppkpynn wpnjkghwibkph
ounphhy junpmipjut Eqpuhwbqiwb httwpwynpnipinit nitki: Oquuuqnpsting
EpYnt bjupbpp, dhbitnyb wwnlbph yepupbpyu wuppbp walyniuubphg (we b
dwfu wspkphg) Yipgpws, Enwtlynibwyuhnpt htwpuwnp £ kgpuhwbignid wky
hunpnipjut yepupbpuy (4. 2 w): Gpp opkljnp htont b, swthynn wljnmiut wtih
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thnpp E, bpp dnn £ Ubs: Ywb bu dh pwtth bpyjuwhgwihtt hnohstbp, husuhuhp
b Ujuiught adwi hwdpiinudp jud bpyguiigupunuibpughtt windbpp, pugg
npuibp skt putwpldh wju woliwinwbph ppewbwlubpnid pnniking npuku h-
nuwqu hbnwgnunipniiibph wnwplu:

Uhwjuuhduyhtt hniphsubphg b pupdnidhg yyunlbph mbnuthnjunipmiin:
Yhunwpyny hwdwljwpgh pupdnudhg plunn ghnwplpynn opjtljntiiph nbknuthn-
hunipniup hwinhuwind £ junpnipjutt hniohy: Munitipnud wdbh own nbknu-
thnfunipnil B Ypnud wydkjh dnn opjkljnnuikpp (uy. 2 p): Pugh wyu, Jut dh puth
wy] hwljuyhdguyht hniphsubp u, npnup phl Ypupyil, vwljuyt dutpudwut
pltuplpuwt sk upwpllh wu wohuinubph spewtulukpnid’ ponlitym] hnwgqu
htinwgnunmpjul wowpu: Uuhuhp ki ghunwplynn opjijnh swpdnudp, Yh-
ubwnhl EbEYwnp, hkpwwph thnthnjumipiniup, hwpupbpuub swthh thnthnjunipe-
milp, dwinpe swthh thnthnpumpniiup, pugupdwl swithh thnthnjunipinitp, dptn-
inpuiuyghtt hipwluph thnthnpunipmniup, nknuynpnidp, vhpnbnuljuynudp, dwb-
npudwutnipjut thnthnjunipniup, nruwynpnipniip b ungtpp, Yhqujtinhg nnipu
wnuyunnidp, pupdpnipmniip yunipnud b wy:

Muwwnybnh QUUUJ[UUJIJ inbup

36nnL
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; i ‘~-.iLi1'-’—"/
“hnwnynnh nGnwihnfuntentu
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Quiu Up =iu.|ld\.un|1nLLI dwdwliwy
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w) P)
LG 20 unpmipyul phluynidp Epfiungpdughl wbhuwdunnknbppnyepul (w) I puipdniilhg
yunnfbph nnkquipnfuni pyul () dpongni
Uugpunupd unpmipjut inyhwljwiugdut woljw dbpanukpht : unpnipe-
jult inyuwlwiugdwi hwdwp tbpuynudu wdkbwjuyt jhpwenipenit i vnw-
gh] wyt UEpnnubkpp, npnup hhdugws G Epjjuuyh&whtt hniphsutph oquuugnps-
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dudp unpnipjut fwbwsdw Jpu: U YEpy wuws, mbuwhghlh yupuquynd
ukpnuuyght guugp Jupdbgynid b Yhpunymd E dhwdwdwbwl qpuigdus tplynu
wnwppkp mkuwpughlubph yuunybpubph wthwdwwnbnbjhnipjut hhdwt pw, yuwn-
Jtph unpnipniip guiknt tnuwbwlny: Uy huh dbpnnubp nphunwplus G own
wjumwnwtpubipnid [4-6]:

busybu wphtunwljut putwlwinipyut oguugnpddw npbk wy npnpund,
wjuntn tnyybu whwnp £ phtwpluwi Eipwuplty dkpniught gubgh U Jupdtg-
dwl, U Jhpundwh gnpspipugibph wnwbdtwhwnlmpnibbtpp npubg nkuw-
Jub b gnpduwlui tkpppdwt htwpwynpoipniiubph &ogphn ghwhwndwb b
htwnwqu wpwewpnipniuibph hwdwp:

npnipjut inyhujwiugdwi Jupdtgnidp. vnpnipjut inybwjubugnidp
tlypnuughtt gmbight Jupdbgulnt dninkgnidikpp nuuwlupgynid ko kpyne judph
Jtpwhuljynn b sykpwhuljynn:

dbpwhuljynny Jupdbignudp wnbuwluinpbi jupnn t wwywhnydl] pwpdp
Sounnmipinit [7]: Uwljuyt gnpstwljunid JEpwhuljynn qupdtgdwt juquulkpy-
dwt hwdwp wihpwdbon i pupdp donnipjudp hwjupyws junpnipjut ngjug-
ubkp: Fpwp Jupbh E unwbuwg dhugyt putupdtp qquynitwljutinhg, husyhuhp
kU (hgupubpp, npnip nitwly b jugtiph dhongny hwjupwgpbint hinuwnpnipjut
njuyukp [8]: Uju hwbiquidwipp puwijugund k Jtpwhuljyny qupdbgdudwi
nuwppbpulp b juytt jhpwemipjut wonudng pupgnipmnibtiip wnwewgunud: Ujy
hul] wwwngwnrny wyuon juyt Yhpwrmpnit ku dknp phpky sybpuwhuljynn Jupdtg-
dwt nwuppbpuyubpp: Munwhwlw sk, np htug wyn dnnbkgnidu £ twb nppbqpty
Shkujw» hwyinbh puybpmpmnitp hpudwpdbng publupdtp qquyniwlubphg:
Uju wphiwnwipnid tnyuybiu hbnwqu pubwpdwb wewplu E hwighuwbune
sytpwhuljynn Jupdtgdmt tynwbwlp:

Pusybu wppku wyykg, ubpuynidu wydkh (uyt Jhpwempnit Bu uvnnwgly
Epyupyh&uwhtt hnhsutipng junpnipjut Jwtwsdwt tnwbhwlubpp: Uy bqw-
twlhh hwdwp sytpwhuljynn Jupdbgdwut gnpépupwugn ywhwienid E wdjujubkph
hwwpwédnt, nph mipwpwiignip wppp thpuyugunid E ywwnlkpubph qnygq (nk-
uwpulh we U dwju wunlkpikpp wnugws kpynt nkuwpighlukphg): Bpubwlh
hhupnud puws E tyhwynpup Epipuwswthnipinitp, npp junpnipjut guwhwwndwb
huinhpp JEpwdbwlbpynd £ npybu we bt dwhi tjwpubph dholt mthwlwnbnk-
1hnipjut hwynbwpbpdwt juunhp: Snubkng dwp wuwnlbph poinp YEnkpp obn-
Juénipniup we tjupnid hwdwywunwujuwt YJenbkph tjundwdp, Jupnn Gup
dwfu Wywphg uinwlug we tljwpp wyl skntny hwdwywnwupwb Jhnkph nwp-
pipnipnitiubph swithny: tw hpwwbwugnd E nwpwswlut thnpwlbpydwb
guugh uvhongny [9]: Ug L dwp wwwlkpubpnid wihwdwwnbnbihnipmniuubpp
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gquibnt jpunhpp htwpwynp b phpl] wwwnlkph yepujurnigdwt juunpht, npp
nwymd £ wjunnlnpuynphsh junnigdwsp niikgnn ubjpnuughtt gutgng [10]: Ukg-
nnuuwghtt gmugh Jupdbgdmt hudwp npybu §npunh dniuajghw oqgunugnpsdynid k
JEpuljurniguwé b hpujwt wyunlkpukph nwuppipnipmibibph vnmgquw $mul-
ghwl, htyytu btwlb JEkpuwljurmigqus yuwnlbph wohg dwju hwdwwywnwupwne -
pull uinniquwll $niblyghwit [11]: Cunn hwoyuplyws wwppbpmpynibubph’ Ju-
wnwpynud k guigh Yonuyhtt gnpswjhgubtph thnthnpunipenih (. 3):

Yanwihl
gnpbwlhgunh
thnthnfuntzincu

I

ﬁ: ) WuhwUwinBnEhnigwl
I II = = =) L unpLpiwl
Llll pwpunbg

Awu Quenypwiht UEpnuwhu gwlg

e

Up

Ul 3 eplhliuyhdughl hnippsny finpnipyul huynbwpbpdwl Glgpniughl gubgh
Junnigywdpp

unpmpjub dwbwsdwt Jhpunndp jud wnkptumdp. Unwewplyny dkpnn-
ubipnud, uwjuyly, gnyg skt mpdus supddw jud hwpwpbkpulub Uké wpwugnipe-
miuubph wupuqund phunwynpdu wpyniupubpn, puyg tpynd k, np wyu dn-
nkih phpniueniutitphg L uyl, np ubpnbwghtt guigp gpugnid E jud wpgniupubp
hudbdwwnwpwup wipwpd nkuwputibph nhypnud (opjjniibph swpdnidubpp punn
phs L jud puguljuynid Eu): Fpuw yuwndwnt wt E, np junpnipiniibph pupunkqp
unwgynud E Epynt quwnltphg, npnip dhwdwdwbwl tu qpugyws, husp tow-
twlnud ' ipwitip snilikl pwpddwt Jepupkpyug wknkjunynpynit:

Uhwuwyh&wihtt hniohsny unpmipjub fwiuydwh dkpngp hhui]ws bpl-
Juwhdwihtt hnphsh hwdwp twjpwnbudws ubjpnuughtt gmugh Jpu: Puptiudup
huwdwlupgbph yupwquynid swpdnidp b owpddw pupugpnmid opjkljnnknh nk-
nuthnpunipniup jupbnp hwiqudwiptbp i hwdwlwupgh npnonudubiph Juywug-
dwl b hitnwqu nEjudupdwt hwdwp: Un gundwnny wpwewplynid k iplinud
pipws guugh Jupdbgdwt hwdwp bpjuuyhduwghtt hniphsh thnpuwpb oguiw-
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qnpét) Uhwluwh&wpht' swpdnidhg wunlbph nbnuhnjunipyub hniphsp, npp
owwn htinwgnunipniuubpnid phnwplynd £ npybu wwwnbkpubph unpniput
unyhwlwbwugdut wpynitwybn tkpninghuljub dvheng:

. 3-nud ukpjuyugus yupqbgyws ubjpntughtt gmiugh wwpuquynd, np-
wtuqh wyt hwpdwptgyh dhwjuuyh&wghtt hnighsny unpnipjut swbwsdwin, wb-
hpwdtown E dhuyt thnthnjubly dntnpughtt ndjujubpp. we b dwha tuputph thopuw-
pht npudwnpl) nkuwbupuhwidwi dhengn uwnugjwé hpup hwenpynn’
wnlw b hwenpny wwwljkpubpp, pwth np nbuwtjwpuwhwitdwt Wwpuquynd
hpwp hwonpnnny wwnljbpubpp wuwpnibwlnud o pupddwt dwuh nknEynipmi

(. 4):
Yonwjhl
gnpduwlhglpf
thnthnfune)nc 4=‘|
‘f

£
SbnwihnfunLewl Yud
m i il = = =) funpne)wl pwpnbg
| | —
Ly =

Lbplw Qupnywhl UEpRLwhl gwlg ﬂ
wwinytn

Ul 4 Upwlughdughl hnippsny finpnipyul huyniupbpdwl Glpnaughl gubigh
Junnigyjudpp

Uju wupuqumu Jupdbigqus guigp juywpnibwyh dhuy junpnipjub
nbknuihnunipjuil nknkympmb’ kpijuyh&wihih hnpwpbb: Uy guingwnnd,
npykugh wwhywidh phjuyhduhtt nknkinipniup tnybybu, wthpudbon k
ghunwnpll) wyu Unnkgnidubph hwdwlgniudp vkl guignid:

Unwowpnlynny hwdwljupquyhtt dninbkgnidp: Ujuyhuny, Giukny dhwljw-
wh&wjhtl funpnipyut Swbwsdwb ghunwpynnh swpdnidhg plunn wwnlbkph nk-
nuihnjunipjutt punyphg, npuytu hwdwljupquyht pupbjuynd wpwewplynid k
htunlyw] fwpnupuybnnpiniup (ul. 5):
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Ul 5. Unwowplyng ununkguwdp piphunjup hunlwlupgh jupnigyudpp

Ujuhyhuh dwpnwpuybnnipjutt wpwbdbwhwnlnipniup  junpnipjub
hwjntwpbpdw punpnygh gnpswljguyhtt uqpniuptt b Zwdwlupgnid wybjug-
Jwd wpuqugdw gnighsp htwpunpnipinit £ tmwjhu wpugqnipiniihg jupuqus
npnot] Unyuwjuugdwt vhwljuuyhdughtt b pjjuyhdughtt muppipuljubph
wqnlignipjub suthp:
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T.b. XAYATPAH

HHTEI'PALIIUA ITAPAJIVIAKCA JIBUKEHUS B ABTOHOMHBIX CUCTEMAX
ISt UAEHTUOUKALINU I''TYBUHBI N30BPAKEHUA

HecMmoTpst Ha TO, 4TO OCHOBHBIE CPEJICTBA COBPEMEHHBIX ABTOHOMHBIX CHCTEM: JIBH-
JKCHUE ¥ aBTOMaTH3MPOBAHHAsI CUCTEMa OPHEHTHPOBAHUS B IIPOCTPAHCTBE, OBICTPO pa3BU-
BAIOTCS, OJTHAKO OHM IOKa HE JOCTHIJIN HEOOXOIMMOro ypoBHs OezonacHocTu. VickyccTBeH-
HBIA MHTEJUIEKT SIBJIIETCS 4YacThIO 3THX CHCTEM. B YaCTHOCTH, paclioO3HaBaHUC Fﬂy6l/IHbl
M300pakeHNs WM, WHBIMHA CIOBaMH, OOHapy)KeHHE pacCTOSHHHA OT OJoKa HaOIIOACHUS
(Bugeokamepa) 10 OOBEKTOB SBIISIETCS KIIIOYEBBIM KOMIIOHEHTOM aHalM3a TPEXMEPHOI0
n3o0paxenus. [1yOrHa M300pa)KeHHs MMO3BOJISIET JE1aTh BBIBOABI O PACCTOSHHU MEXKIY
npeaMeTaMmu, HUX IEPECTAHOBKE U ABJIACTCA KIHOYEBbBIM KOMIIOHCHTOM B ONPEACICHUU
JBIDKCHHS, HANIPABICHUS ¥ CKOPOCTH MOOHMIIBHBIX aBTOHOMHBIX CHCTEM.

OO0cyxnaroTcsl BU3yallbHbIE XapaKTEpUCTUKN HAOI0AaTe sl U UX He UCCIIeJOBaHHbIC
paHee Takue KOMOMHAIMK B HCKYCCTBEHHOH HEHPOHHOH CETH, KOTOPBIE MOT'YT IIPUBECTH K
YIYYIIEHUIO paclio3HaBaHUsl IITyOUHBL.

Kntouesvle cno6a: aBTOHOMHAs CHCTEMa, UCKYCCTBEHHBIH WHTEIUICKT, HEHPOHHAS
CeTh, NIyOMHA M300paKEeHUSL.
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T.B. KHACHATRYAN

MOTION PARALLAX INTEGRATION INTO AUTONOMOUS SYSTEMS FOR
IMAGE DEPTH IDENTIFICATION

Although the main means of modern autonomous systems - motion and the
automated system of spatial orientation improve quickly, they have not yet reached the
required level of security. Artificial intelligence is a part of those systems. In particular,
image depth recognition, or in other words, the detection of distances between the objects
and the observation block is a key component of the three-dimensional image analysis.
Depth allows to draw conclusions about the distance, rearrangement of things. It is,
therefore, a key component in determining the movement, direction and speed of mobile
autonomous systems.

The visual characteristics of the observer and their combinations not studied before
are discussed in an artificial neural network which can improve the recognition depth.

Keywords: autonomous system, artificial intelligence, image depth, neural network.
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K.H. NIKOGHOSYAN, V.T. BEJANYAN

ANALYSIS OF K-NEAREST NEIGHBOR AND ARTIFICIAL NEURAL
NETWORK FOR MULTICLASS CLASSIFICATION OF HIGH
DIMENSIONAL DATA

In this article, we present two techniques for the multiclass classification of high
dimensional data based on the K-Nearest Neighbors algorithm and Artificial Neural
Network model. The incremental construction of mathematical models and a careful
analysis of the experimental results are presented.

Keywords. classification, neural networks, large amount of data, mathematical
modeling, algorithms, high-performance computing.

Introduction. In the last decade, the amount of data stored on the service
side has become tremendous. ML algorithms for datasets with such propertics
should be extremely fast, scaled up easily with volume and dimensionality of input,
should be able to learn from streaming data without introducing performance
bottlenecks, and which is most important, should be easily deployable on hyper-
scale cloud computing systems, which are widely used in high-performance
computing problems. Deep Learning (DL), as a subset of ML, is well positioned to
address these challenges. ML algorithms have a wide application range and are
highly successful in handling high dimensional data classification problems.
Classifiers can be split into two main categorics: binary classifiers, which are used
when there i1s only one feature of imterest under the scope, and multiclass
classifiers, which are the generalization of the classifiers described previously.
There are two main choices for implementing pattern classifiers: Artificial Neural
Networks and classification algorithms.

In this paper, we analyze the algorithm called k-Nearest Neighbors (k-NN)
and Artificial Neural Networks (ANN), using the high dimensional dataset called
CIFAR-10.

The k-NN 1s a supervised method which 1s rather simple to implement and
train. But, on the other hand, time overhead during the classification process can be
very high, especially with very large datasets. The main aim of this work is to give
the comparative analysis of accuracies that can be achieved while applying this and
other methods based on ANN. In case of non-linear classification problems, ANNs
seem to be a more robust solution. Theoretically, an ANN is capable of learning the
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shape of just any function, given enough computational power. ANNs, able to deal
with complex relations between variables, non-exhaustive category sets and
complex functions relating input to output variables, can show very high accuracies
on the problems of high dimensional data classification. But on the other hand, on
many datasets, a careful tuning should be done to prevent over- and under-fitting.

K-Nearest Neighbors (kNN). K-NN [1] is one of the widely used algorithm
for classification problems. By its non-probabilistic nature, KNN is unaware of any
possible distribution with the help of which data can be described. In other words,
the model structure is determined by the data. The purpose of kNN is to use a
labeled dataset in which data points are already labeled with correct classes and
later can use this data to carry out classification. So there is no place for
generalization of data, as with Artificial Neural Networks. In other words, there is
no explicit training phase or it is very minimal. This also means that the training
phase is pretty fast. The lack of generalization means that kNN keeps the training
data. To be more exact, all (or most) training data are needed during the testing
phase. In Figure 1 let us assume the green-colored point P, for which the label
needs to be predicted. First, the algorithm finds the k closest points to P, after
which it determines the most common label through all k closest points or ‘nearest
neighbors’ and assigns that label to the data point P.

k=3 -> Blue! [ ]
xl

%
Fig 1. An example of kNN in a two dimensional space

To find the closest points, one can calculate the distance between the points
using the distance measures such as Euclidean (1), Manhattan (2) or Minkowski (3)

distance:
X, O — y)?, (1
Ziz1(x =y, 2
B (xi —yihHYe. 3)
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In this article, we use CIFAR-10 dataset. The dataset was formed by
collecting 60.000 images each of which is 32 pixels high and wide. Each image is
labeled with one of 10 classes. To perform a train/val/test stages, the dataset was
split into two parts with respectively 50.000 and 10.000 images in each.

As we have already said, kNN does not do any generalization of the data. In
essence, kNN computes the distances between each pair of vectors, chooses the k
nearest neighbors for the current one and assigns to it a most common label.

To compute the distance between two images we represented each image as
the vector of pixels and then computed the distance between these two vectors I, I,
using Euclidean (1) distance.

For the kNN, the training phase simply consists of remembering all the
training data.

In Figure 2 implementation of cross validation with 5 folds for different
choices of k is given. Differences between training and test vectors were calculated
using the vectorized approach.

num_folds = 5
k_choices = [1, 3, 5, 8, 10, 12, 15, 20, 50, 100]
for step_k in k_choices:

accuracies = []

for fold_step in range(num_folds):

test_data = X_train_folds[fold_step]
test_labels = y_train_folds[fold_step]

train_data = np.vstack(X_train_folds[0:fold_step] +
X_train_folds[fold_step + 1:])
train_labels = np.hstack(y_train_folds[0:fold_step]
+ y_train_folds[fold_step + 1:])

classifier.train(train_data, train_labels)

dists = classifier.compute_distances_no_loops(test_data)

y_test_pred, _ = classifier.predict_labels(dists, k=step_k)
num_correct = np.sum(y_test_pred == test_labels)

accuracy = float(num_correct / test_labels.shape[0])
accuracies.append(accuracy)
k_to_accuracies[step_k] = accuracies

Fig. 2. Implementation of kNN cross validation

Cross-validation. To apply the cross-validation technique, the dataset was
split into 5 folds. On each iteration of cross-validation, 1 fold was used for
validation and the remaining 4 folds - for training. In Figure 3 an example of 5-fold
cross-validation run for the parameter k is shown. For every value of k starting
from 0, the model is training on already specified 4 folds. When training is done,
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the validation is done on the remaining fold. The trend line is drawn through the
average of the results for each k and the error bars indicate the standard deviation.
With the help of experimentation for a specific dataset, the best value for k can be
derived. So, in this particular case it equals to k =7. If we used more than 5 folds,
we might expect to see a smoother (i.e. less noisy) curve.

Cross-validation on k

027

Cross-validation accuracy

Fig. 3. Accuracies obtained during cross-validation

Artificial Neural Network. The model of an artificial neuron used for the
construction of an artificial neural network (ANN) presented in Figure 4 is based
on the formalization of the biological neuron, also known as perceptron [2,3]. In a
trivial case ANN can be represented as a single-layer single-neuron network where
neuron is represented by the model of perceptron. The perceptron itself can be
decomposed into the following parts: input connections, vector of weights
associated with them, bias, activation function and output connection.

The perceptron has the following mathematical model:

y(X,W,b) = sigma(W * XT + w, * b), 4)

where X is the matrix of input features, W - the matrix vector of weights and
finally b - the non-zero bias applied to that sum to avoid zero as a result in the case
when one of the input vectors is a zero column vector.
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weights

o = activation function

A=wp.b+wi.x +wo. o+ +wp. X,
=wr.x

Inputs

Fig. 4. Model of an artificial neuron

From formula (4) it is clear that perceptron represents the affine
transformation to which the sigmoid function is applied to normalize the output of
the matrix multiplication. A single artificial neuron can be used to implement a
linear binary classifier such as SVM [5] or Softmax [6]. In case of multiple classes
the multilayered, fully-connected, non-linear architecture of ANN was selected.
The number of neurons in input and output layers are usually fixed. In case of the
input layer, the number of neurons depends on the dimensionality of the input data.
In case of very high dimensional data, various techniques of dimensionality
reduction such as Principal Component Analysis(PCA) or t-Distributed Stochastic
Neighbor Embedding(t-SNE)[7] can be applied to perform dimensionality
reduction on part of or entire dataset to gain some knowledge of patterns present in
the data. Due to its linearity, PCA is not able to present polynomial relationships
between the features in the area of interest. In the presence of such correlations
between the features, the t-SNE is mostly preferred because of its ability to
preserve geometry at all scales. In other words, to present high dimensional data on
non-linear manifold, it is important to place similar points close together, which is
not possible by the linear algorithm, such as PCA. In Figure 5, an example of a
result that can be obtained using the t-SNE technique for dimensionality reduction
of high dimensional data is shown.

Vizualization of t-SNE embedding result on CIFAR-10 Dataset

Fig. 5. -SNE applied to CIFAR-10
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ANN also consists of a hidden layer(s) and an output layer. The number of
units in the output layer of ANN used for classification is roughly determined by
the number of classes. The proposed ANN uses Rectified Linear Unit(ReLU) (5) to
embed non-linearity. Formally ReLU can be represented by the following function:

ReLU(x) = max(0, x). ®)
The network uses ReLU (Figure 6 a) after the first fully-connected layer.

1000

-3000 -2000 -1000 0 1000 2000 3000 l

a) b)
Fig 6. a - ReLU activation function, b - Normalized logistic sigmoid function

Softmax function was used to make the interpretation of class scores more
intuitive. Particularly, Softmax allows to interpret the scores as probabilities
assigned to training scores, which are obtained after each iteration of the ANN
training. Suppose, the score column vector obtained after one iteration of training is
denoted by y and has the size C, where C is the number of classes, then Softmax
for a particular class ¢ and input vector X can be presented by the following
formula:

Yc

P(C= Ox = 5. (©)

The loss function negative log-likelihood was selected. In case of Softmax
function it is presented by the following formula:

e(Wxs+b)s )

L= ZS In (W (7)

The loss function presented in formula (7) is not stable regarding to the
changes in b, so any addition to it will affect the solution space. As already noted,
term b turns linear transformation into affine transformation which causes a change
in the solution space for the linear model. In other words, presented as it is, loss
function has multiple solutions, due to the fact that affine transformation can have
different origins. To solve this problem, regularization techniques were used. The
more robust version of the loss function also includes a regularization term
R(w, b). This dependence makes the optimization process more computationally
intensive, but the results become more stable. The regulation term can be expressed
by the following formula:
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R(w,b) = lwli3 + lIbll3, (8)

lIxll, = |37 . -9

The purpose of neural network training is to tune hyperparameters(e.g.
weights, biases, learning rate) to minimize the given loss function. The most
common way of finding such parameters is called Gradient Descent (GD). In
practice, a modification of GD called Stochastic Gradient Descent (SGD) is used.

where

The refinement of weights and biases using SGD is presented by the following
formulas:

W=w-nl,L, (10)
b=b— nvb)L,

where 1 presents the learning rate of the algorithm, nabla operator V_W) is the
gradient of the given matrix w. It is worth mentioning that a careful choice of
learning rate should be made to better the chances in the search of local minima for
the loss function. ANN implemented for classification problems is constructed out
of 3 layers. It contains one input layer. The number of neurons in the input layer is
roughly determined by the dataset. In case of CIFAR-10, each image contains 3
layers and 32 * 32 pixels within each layer, so the size of the input layer is equal to
3072. The input layer is fully-connected to the hidden layer. The number of
neurons in the hidden layer, another hyperparameter for ANN, is randomly chosen
from a predefined range and initialized once when the network is created. The
network is finalized with an output layer with 10 output neurons. The number of
the output neurons is equal to the number of the output classes against which
classification is done.

In Figure 7, a Python implementation of the training code for a fully
connected Artificial Neural Network is given. To optimize the Softmax function,
Minibatch Gradient Descent with default batch size equal to 200 is used.
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def train(self, X, y, X_val, y_val,
learning_rate=le-3, learning_rate_decay=0.95,
reg=5e-6, num_iters=100,
batch_size=200, verbose=False):
num_train = X.shape[@]
iterations_per_epoch = max(num_train / batch_size, 1)
loss_history = []
train_acc_history = []
val_acc_history = []
for it in range(num_iters):
X_batch = None
y_batch = None
batch_indices = np.random.choice(num_train, batch_size)
X_batch = X[batch_indices]

y_batch = y[batch_indices]

loss, grads = self.loss(X_batch, y=y batch, reg=reg)
loss_history.append(loss)

for key in self.params:
self.params[key] -= learning_rate * grads[key]

if verbose and it % 100 == 0:
print('iteration %d / %d: loss %f' % (it, num_iters, loss))

if it % iterations_per_epoch == 0:
train_acc = (self.predict(X_batch) == y_batch).mean()
val_acc = (self.predict(X_val) == y_val).mean()
train_acc_history.append(train_acc)
val_acc_history.append(val_acc)
learning_rate *= learning_rate_decay

return { 'loss_history': loss_history, 'train_acc_history': train_acc_history, 'val_acc_hi

story': val_acc_history}

Fig. 7. Implementation of the ANN training

Analysis. The aim of this section is to show how techniques presented above
are used to obtain experimental results on the multiclass dataset. Specifically, how
do the accuracies of KNN and ANN depend on the size of the training data and how
the relative accuracy is changed during the increase of the training data. All
experiments were carried out inside Jupyter Notebooks environment. For
vectorized calculations, libraries such as Numpy were widely used. All plots were
created with Matplotlib library using the data obtained during the experiments. The
analysis was performed on the dataset called CIFAR-10. This dataset is widely
used in ML research, especially for supervised learning problems. It consists of 10
classes, where each class contains 6000 images. Each image is represented by
32 % 32 = 3 pixels. So, accumulative we have 60000 images. To solve the first
analysis problem, the dataset was split into chunks of different sizes and training
and validation methods for each technique presented below are used separately on
each chunk to find out the best accuracy that can be achieved on the test data for
that chunk or for that size of training data. In Figure 8 you can see the dependence
which we described above:
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Fig. 8. The best accuracies of kNN and ANN on test data depending on the number of the
training examples

To solve the second analysis problem, the accuracies obtained above are
used to calculate the absolute difference of accuracies at all points (Figure 9).

0.20

Absolute Difference of Accuracies

10000 20000 30000 40000 50000
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Fig. 9. The absolute differences of accuracies achieved during the train/val/test stages for
kNN and ANN

Conclusion. The analysis of completely different methods was done on the
CIFAR-10 dataset. From the analysis results, we can see that even on datasets with
a small number of training examples, ANN always shows a better test accuracy
than kKNN. But on the other hand, the accuracies obtained using kNN are more
stable in their growth as opposed to ANN, although it uses more computational
resources to pass the first part of the analysis than ANN.
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Unwagpuypl punkp. nwuwljungnud, ubjpnuughtt gmugbp, ks ndjuikp, dwpbdw-
nhljulut Unpijwynpnud, wygnphpdubtp, pupdp wpnunpnpujwinipyudp hwoywpl:

K.I'. HUKOTI'OCSIH, B.T. BEJ)KAHSAH

AHAJIN3 K-BJIMKAWIIETO COCEJIA U HCKYCCTBEHHOM HEMPOHHOMN
CETH JAJISI MYJbTUKJIACCOBOM KJIACCUDPUKAIIMY MHOTOMEPHBIX
JTAHHBIX

[IpencraBnens! 1Ba METOa MYJIBTHKJIACCOBOH KiTacCH()MKAIMd MHOTOMEPHBIX J1aH-
HBIX HAa OCHOBE aITOpUTMa K-ONMMmKalInx cocenei M MOJIEN HCKYCCTBEHHON HEHPOHHOM
cetu. [IpuBeneHo momaroBoe MOCTPOCHHE MATEMaTHUECKUX MOJENEH M JaH JeTalbHbII
aHaJIu3 Pe3yJbTaTOB KCIIEPUMEHTA.

Knroueswie cnosa: xnaccudukaiiys, HSHPOHHBIC CETH, OOJIBIINE JaHHBIC, MATEMATH-
YECKOC MOJCIIUPOBAHHUE, AJITOPUTMbI, BBICOKOIIPOU3BOAUTEIbHBIC BEIYUCIICHUS.
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«Zuyumuinuth ghuumpniattph wqquyhtt wugtdhuh b Zujwunwth wqquyht
wn hnbuthjujut hwdwjuwpwih nintughp. mbuthjuywbh ghunipnitutph ukphuw»
hwinbunid nyugpynud . mbuwui b thopdwpwpwlui hbinwgnunnipnibubph wpn-
jniuputpp nwkuthjulwi ghnnipniiutph htnbyjw) pudhuutphg dipkiwohunipeinil, dkinw-
Inipghw, ynipwghwunnipinil, pugtppoquuugnpsdwt mktninghwubp, shttwpwpulu Yu-
pnigdusplitp, hhnpuyihju b hhppnnkjuhfjulwt juenygubkp, tukpgknhlw, LEjunpw-
wnkhthlw, ghnwljut vwppuohtnipnit b swhnquljut wkthw, hwrynnujub nk-
uhjw b hudnplwnhluw, nunhnbEunpnuhw, dhypnbiupnuhu, jugbpughtt wkjuuhiu,
wyunndwnugnid b jurwujupdwt hwdwlupgbp:

Zuwnhunud (nuuwpwidnud o wjunbdhwlub b gniqughtt ghnwhbnwgqnuuub
htunmhwnnunubph, pothkph, qhrnwwpuunpujun Jhwynpmudutph b wyp juqiulbpynt-
pntuttinh ghnwlui gnpéniubtnipjut wowyk) juplnp wpyniupubpp:

Zwbnbuh hhdtwlwt tyuunwlt b upuil] ghnwnbuthjuljut wowgptipugp b
tywuwnb] wprunpmipyut Uk wyn wpyniupubph ukpppdwin:

Zuunbup twjpuwnbuuws b fupunwpugbnibph, hbnwgnunnutph b ghntwljwi-
ubtiph (g opowbittinh hwdwn: Lnyu E mbkutnud Epkp wdhup dkl whqud:

B xypnane "UsBectus HanuonanbHoil akazemuu Hayk PA u HanuonanbHoro mnomurex-
HUYECKOTO YHUBepcuTeTa ApMeHnH. Cepusi TeXHHYECKUX HayK" MyOIMKYIOTCS pe3yIbTaThl TEOPETH-
YeCKUX M IKCHEPUMEHTAJbHBIX MCCIIEJOBAaHUH, OXBATHIBAIOLINX OCHOBHBIC pa3]eibl TEXHHUYECKHX
HayK: MalllHHOCTPOCHUE, METAUTYPrHisi, MATePHAIIOBEICHHE, TEXHOJIIOIUH HEPOIIOIb30BaHus, CTPOU-
TEJbHbIC KOHCTPYKIMH, THAPABINKA U THAPOTEXHUYECKUE COOPYKEHHsl, SHEPTeTHKA, IEKTPOTEXHUKA,
Hay4YHOE NPHOOPOCTPOCHHE M M3MEPUTEIIbHAS TEXHUKA, BEIYUCINTENbHAS TEXHUKA U HH(pOpMaTHKA,
PaaNOdIIEKTPOHNKA, MUKPONICKTPOHHKA, JIa3epHAs TEXHUKA, aBTOMATU3ALUs U CUCTEMbI YIIPABIICHUS.

KypHaun siBisieTcs: HEPUOIMYECKUM M3aHHEM, OCBELIAIONINM HanboJee BaXKHbIC PE3yJIbTaThl
HAay4YHOH NEATeNBHOCTH aKaJIEMHUYCCKHUX U OTPACIEBBIX HAyYHO-MCCIIELOBATEIbCKMX HHCTHTYTOB,
BY30B, HAy4YHO-IIPOU3BOICTBEHHBIX OOBEANHCHHUN 1 1I.

OcHOBHasl 1IeNb JKypHaJIa - PONaraHaupoBaTh QyHIaAMEHTAIBHBIE U MPUKIAAHbIC HCCIEN0-
BaHMS B O0JACTH TEXHHYECKHMX HAyK, CIIOCOOCTBOBATH BHEAPECHMIO HX PE3YJIbTaTOB M YCKOPCHHIO
Hay4YHO-TEXHHYECKOTO IPOrpecca B IIPOU3BOACTBE.

XKypnan paccunTaH Ha IIMPOKHHA KPYT YYCHBIX, HCCIICIOBATENCH M MH)XCHEPOB. BhIXOIHUT
OJIMH pa3 B TPU MeCsLA.

The journal "Proceedings of the Republic of Armenia National Academy of Sciences and
National Polytechnic University of Armenia. Series of Technical Sciences" publishes the results of
theoretical and experimental investigations concerning the main branches of technical sciences:
mechanical engineering, metallurgy, material science, mining engineering, natura utilization, building
constructions, hydraulics and hydrotechnical constructions, power and electrical engineering, scientific
instrument making and measuring devices, computer science and informatics, radioelectronics,
microelectronics, laser eqeupment, automation and control systems.

The journal is a periodical edition that presents the most important results of scientific
activities at academic and branch scientific-research institutions, universities, research - industrial
companies, etc.

The main task of the journal is the propaganda of fundamental and applied investigations in
the field of technical sciences, and the promotion of their introduction and the acceleration of
scientific and technological progress in industry.

The journal is intended for a wide range of scientists, researchers and engineers. It is

published once in three months.
3% % %
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ZOWUOULESD QEYUACUUL YULALLEMT

Unipp fodpwmgpnipinih hbpluyugynud £ pun htnbywg wuwhwbetitiph.

L. Bpym ophbwl, bhwh tEjunpnbuyght vuppbpungy, hmdwlwpesuyhl smpwmbpp” Microsoft
Office Word: Znnjush dSwuyp Ywpny b bty dhigh 10 Lo, hunnpnynudubphip® dhbish 4 te: Skpuwp
owpunpinud b A4 swthup pyph Jpw, wownmmbpughb gupwp’ Top-Sud, Bottom-5,1ud, Left-5,75ud,
Right-1,75ud, Footer-4,6uu, dhounnuyhhh wupwdnipinitp (Line spacing)® 1,1, wyuppbpmpymbp (Firse
line)* 0,75 wl: Zuyhpth (hilm ghypnud iynpp swpugpmlnud t Sylfaen wwpunbuwlny, wwnwswthp
10, huly pntubpbi Yond whgybpkh (hithne glypma® Times New Roman unununnbuwlyny, nmpmsunhp 11

2. 8nprh dkpbh dwju whlgnibnud gpjnud § hudwwyhuowith wuubnppuipnh gupwljmbhep®
ubpunht hudwwpunwuwt (kqyny (287, VAK, UDC), hwgnpy wnnh hhlunpninud gijummnuntpng
htnhbwl(bbp)h widwb-hopubdwh uhqphwnwuetpp ' wqqubmb(bbp)p® bold, 10 nuwrwswmthny
hugkpkh, whgbpbbh b powbkpbh wibpunbph gtwpnud: Zongwsh dhphwghpp wpdnud t htghtwlh
wqquimip hwenpynn wngh Ghtwnpnbnud® bold, wipnyemperudp gijuunnuetpnd” 10 wwmwsunhn]
huybpkb, whgbpkh b pmubpti wbpunbph ghypand:

3. ympp ujuinud b unddmpnndn] (wbnwnwghw) ugh (hqm], npnyd bbpluyugws t: Ud-
thnmudt wjwpunud & wewbgpuyhtt purkpnyd’ wwewsunhp® 9 hugbpkh whpunh ghwypmd b 10
nwnwsunhnt whgkpkh b pnukpkh nkpunbph nhmpnd, b thuyh « Uputhgpughl purkpy wpunwhuy-
wumpnibp” bold, italic: Udthnhnuip wiang t hith 500 tthohg ns unjlyh’ Ghpunmuy dhewlpypbpp, wnwbg-
pught punbpp unl prsuburauigmpmbitpg ' 4-8 pun:

4. Gpupluunnpdnwd t iymph swpugpiwh htnlyuy Yupgp. «Lhpudnipmiby, npp whup &
hwdwoenn thpueh hwpgh Jhulp, phdugh wpphwjuwbmpmmbp b hbnwgnumpub  ujunulp,
«bhigph gpiwdpp b dEpaghliuyh hpdbwdnpondpy, «Zbumgnunnipiuh wpnnibphbpps, «Bopuljw-
gnipniiyy, mithpmdbonm pyub ghgpmd’ hwh wy pméhbithp hunfwypwnmueomb Jhphugphpn:

5. Stpuuinud hynudbpp gpuiwbmipyubp todnd kb mynublpymb hwjugdtpn: Pubwdlhbpp
ibplmugdnud kh tnp wnnhg, Equation Editor spugpm, italic, wunpwsmp 11, mbhpudbpnmpyub
ghypmd hundwpwmuyynmd th nngh Jepemd’ umdnpawb (4op) Gruajmgsh dhe:

6. Ljwplubph m wyniumlbtpp hwenpynud b whpunnud hwdwwywumwuppub hnnudbbpht:
«Uly. » b «Ugpmuwilyy punkpp, tjupbbph duljwgpnipmibp b wymuwwbbph winwinadbbpp gpdmd
b Iralic 9 wwpwsmipnyg hugkphh whpunh ghwypnud U 10 wwnwswihng] whgbpkh b emubpbb
wnbpuwmbph nhwpnud:

7. Stpuwmhh hwgnpynud t gpuijmbmipyuih gutyp® 9 wmrwsunhm) huytipth wbpunp ghypand b
10 munmsunhny whgbpkbh b pnuubpbb whpunbph ghwpnud, dpuygh htghiulh wgquibnihh ne winjnb-
hugpuwinjuir uygphwuwmuntpp’ bold, «Fpuljmimpjut guiuly wpnuwhwpnmpmibp”® vngh Yhaopn-
boud, gluwunuetpny: Swilmd gqpuljmbmpub mpupwbymp wyppmip humdwpwupdnud t pun
nbpunnmd hp hipdwb htppujutmpiui: Spuhubnygymb wyppipbbtpp wuppbpulwb hpunwpw-
ympniibph ghypnud bbphuyugnud kb htwnlyuwy Yupgnd. hinghuulh wgqubmbp, wmbdwb-huypwb-
Jut uhgptunnwunkpp, Jhptwghpp, hmbintuh winjubouip Yuad plyndnjwd hwyuynadp, hpunwpuly-
dwmb wmpbphyp, hwwunnph n poquplidwt hwdwpubpp, hEppuwlut huwdwpp, ymph qhwbndwh tebpp,
qppbiph nhypnd’ hinhtwlh wequindbp, widwb-hugpuinjwb uygphunuretpp, Jpbwghpp, hpunow-
pwipdab uypp, hpunnwpusnipniby, plulwubp, tobiph pubulp:

8. Gpuiljmbm pyuh guithhtt hwenpynd Eb wnihmpmadbpp djnua Eplyme (Egmbkpny (Gplk whpuwnp
huybpbb k, wdthmpnudbibpp wije® enoubipbl, wuygu” whg bpbh, Geb pnwabpbb ), twje® huygbpbh, wuyw®
wlighptl, ek whgibpbh b, hwp® hugbpbh, wyu® eoubpth): Udidimdinwdbbpp poynp Gpbp (hqnitibpny
hpkig pndubigwlmpyundp b wewbgpuyhb punbpn] whwp E hukh ingbulwb:

9.Stpuwp nnnpugpynud t htiphbwy(tbp)h Ynndhg, todnud T bmipp udpugpmpinih hwbd-
tynt wduwphyp: Skipunh udpugpgud b uppmgpdwd nwppbpulp hudwduybitigymd t htnhbuwal(hbp)h
hhun:

10. zinhtml(htp)h wowmbdht Lond tbphugughmd b (Lh) wqqubmb, wmbnih, huypwbmbp
(pp), mphwnaduygph, undnplym Juyph (phy] winjubmadp, qpuntgpus wwnnbp, ghunmlwt wunh-
Luibp, hinwnuwhunfwpbbpp (w2pvnmbpuyhly, iwb b ppomht):
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MPABHJIA O®OPMJIEHHUS CTATEM

MatepuaJ npefcTaBaseTcsl B peJJakIiUI0 B COOTBETCTBUU CO CJIelyIOLIUMHU NPaBU/IaMHU:

1.Cratbs B IBYX dK3eMIUIsIpax U Qait crateu B hopmate Microsoft Office Word. O6bvem cratbu
He Jo/DKeH npeBblmarh 10 crpanun, o6beM cooOmenuit — 1o 4-x crpanun. ®opmar crpanunpsl — A4.
Pa6ouee none: Top — 5cm, Bottom — 5,1cm, Left — 5,75cm, Right — 1,75c¢m, Footer — 4,6cm, MeXcTpOYHBIi
unrepBan (Line spacing) — 1,1, xpacHas crpoka (First line) — 0,75cm. Jlns cratbu, HamucaHHOW Ha
apMsHCKOM si3bike, npumensiercst mwpudt Sylfaen (pasmep mpudra - 10), a Ha pycCKOM M aHTIIMICKOM —
Times New Roman (pa3mep mpudra — 11).

2.B 51eBOM BepXHEM YIJIy MEPBOrO JIMCTa YKa3bIBACTCS YHHBEPCAIbHbIA AECITHYHBINA KilacCH(DH-
karop (2SS, VIIK, UDC); crpokoii Hmke - uannuanst (M.0.) u damunus - 3ariaaBHeIMA OyKBamu, WpupT
Bold, pasmep 10 — Ha apMm., pycC. ¥ aHIIL. 513., BRIPABHUBAHHUE TI0 LICHTPY; CTPOKOH HIDKE IO IIEHTPY YKa3bIBACTCS
Ha3BaHUE CTaThH — 3arjiaBHbIMU OykBamu, wipudT Bold, pasmep 10 — Ha apm., pyc. U aHrI. 513.

3.Marepran TeKcTa HAUYHMHACTCS C aHHOTALMHM W IPEJCTaBISIETCS HA TOM s3bIKE, Ha KOTOPOM
HamucaHa cTaThs. TEeKCT aHHOTAIMK JOJDKEH COCTOATH He Ooyiee yeM u3 500 3HAKOB, BKIFOYasi MPOOEIIBI.
[MTocne aHHOTAUMK MHUIIYTCS KIFOYEBBIC CIIOBA — OT 4-X /10 8-U CJIOB MM CIIOBOCOYETaHMil. Pasmep Tekcra
AHHOTAIlMH U KJIIOUEBBIX CIOB 9 — Ha apm.s3., 10 — Ha pyc. W aHrI. f3., cioBocodyeranue “Knrouegvie
cnoea”- Bold, italic.

4. PekoMeH/IyeTCsl CIeAYIOMINIA MOPSA0K HM3JI0KEHHSI MaTepuaia CTaThbH: BBEICHHE, B KOTOPOM
JIOJDKHBI OBITh KPAaTKO TPEACTABICHBI COCTOSHHE BONPOCA, aKTyaJbHOCTh TEMbI U IIEJIb HCCICIOBAHHS;
MOCTAHOBKA 33Ja4d M OOOCHOBAaHHE METOMMKH; PE3yJIbTaThbl HCCIICIOBAHUS; 3aKIIOUCHHE (ITH, a IpU
HEO0OXOJMMOCTH, U APYTHe pa3aeibl J0JDKHBI HMETh COOTBETCTBYIOIIHE 3aT0JIOBKH).

5. CCBUIKH Ha JIUTEpaTypy B TEKCTE JAIOTCS B KBAJIPATHBIX CKOOKax. PopMyIibl U MaTeMaTHYECKHE
BhIpaKeHUs1 Habuparotcs pepakropom Microsoft Equation, italic, pasmep — 11. ®opmyiel HabuparoTes ¢
HOBOM CTpOKH, BbIpaBHMBaHWe MO LeHTpY. [Ipm HeoOXxoaumoctH, uX Hymepyior. Homep d¢opmyibt
pacrosiaraeTcsi B KOHIIE CTPOKH, B KPYTJIbIX CKOOKaX.

6. PucyHKE 1 TaOIHIBI PACIIONAraroTCsi B TEKCTE 0 XOIy cChbUiky Ha HuX. CroBa “Puc.’, “Tabnuya’, a
TaK)Ke Ha3BaHUsI PUCYHKOB U Tabnui nuinytcs italic, pazmep 9 — Ha apm.s3., 10 — Ha pyc. u aHIIL. 53.

7.B KoHIIe CTaThH JaeTcs CHHCOK JMTEpaTyphl: pasMep 9 — Ha apm.si3., 10 — Ha pyc. U aHIIL. sI3.
CioBocoueranne “CIIMCOK JIMTEPATYPBI” pacrionaraercst B IEHTpe CTPOKH 3ariIaBHBIMU OYKBaMH,
Bold. IutupoBanHas jauTepaTypa HyMepyeTcsl B MOPSAKE CCBUIKM Ha Hee B Tekcre. Kaaplii MCTOYHUK
NpENCTaBISIETCs B CACAYIOLIEM MOPSAKE: B CIydae CChUIKM HA CTaThIO M3 )KypHaa: (paMuiIusi, MHUIMAJIBI
HN.0. - Bold, Ha3Banue cTaTbu, Ha3BaHUE JKypHAIa, MECTO U3JIaHUsl, TOJl U3[aHUs, TOM MU HOMEp U3JaHus, C
Kakol 10 KaKyl0 CTPaHHUIIbl 3aHMMAeT CTaThsl B 3TOM JKypHalle; B Cllydyae CChUIKM Ha KHUTY: (hamuims,
ununuaiabl M.0., Ha3BaHMe KHUTH, MECTO H3J[aHWs, Ha3BaHWE W3JATeNIbCTBA, I'OJ H3JaHHs, oOliee
KOJIMYECTBO CTPAHHUII.

8.Ilocne nuTepaTypbl MPEACTABISIIOTCS AHHOTALMHM BMECTE€ C KIIOYEBBIMU CIIOBAaMH Ha JBYX
Ipyrux s3bikax. Eciam craThs HammcaHa Ha apMSHCKOM SI3bIKE, TO CHayasla JAeTCsl aHHOTAIUS Ha PYCCKOM
S3bIKE, 3aTEM HA AHIVIMMCKOM; €CIM HalMCaHa Ha PYCCKOM S3bIKE — COOTBETCTBEHHO HA apPMSHCKOM H
QHIJIMHCKOM, a €CIIM Ha aHIJIMHCKOM — COOTBETCTBEHHO Ha apMSHCKOM U pYCCKOM s3bikax. ConepxaHue
AQHHOTALMH U KITFOYEBBIE CIIOBA JIOJKHBI OBITh HA TPEX A3bIKAX OJHHAKOBBIMU.

9. CraThs MONKCHIBACTCS aBTOpOM (aBTopaMu). B KoHIE cTaThu craBWTCS AaTa (YHCIIO, MECAL],
roj) mpenacraBieHus cratbi. OTpeIaKTHPOBAHHBIH M OTKOPPEKTUPOBAHHBIH BAPUAHT PYKOIUCH COTJIACOBBI-
BAaCTCS C aBTOPOM (aBTOpamH).

10. Ha otnmenbHO# cTpaHuile HEOOXOUMO MPEACTABUTH CIIEAYIOIINE aBTOPCKHE JaHHbIC: (haMiIus,
UM, OTYECTBO; MOJIHOE HAUMEHOBAaHHE MecTa paboThl, MecTa yueObl; 3aHMMaeMasl JOJDKHOCTb, Y4eHas
CTeIeHb U 3BaHue; HoMepa Teae(OHOB (CITy>KeOHbIH, JOMALIHUH, MOOWIIBHBIN).

235



RULES FOR PREPARATION OF MANUSCRIPTS

The material should be presented to the editorial staff in accordance with the requirements
given below.

1. The authors are requested to submit two hard copies, and also the electronic version of the
manuscript by Microsoft Office Word. The volume of scientific paper is limited to 10 pages, and to 4
pages for short communications. The text should be printed on A4 sized paper. The text margins
should be: Top — Scm, Bottom — 5.1 cm, Left — 5.75 cm, Right — 1.75 cm, Footer — 4.6 cm, Line-
spacing — 1.1 cm, the first line — 0.75 cm. Texts in Armenian should be printed by the Sylfaen, font
size 10, and the texts in by Times New Roman, in font size 10 .

2.0n the top left corner, the Universal Decimal Classifier is placed in the language of the
manuscript (287, YK, UDC). The initials and the surname(s) in font size 10, bold for texts in
Armenian, English and Russian should be in the centre of the next line. The title should be placed in
the centre of the line following the author’s surname in font size 10, bold, all in capital letters for texts
in Armenian, English and Russian.

3.The text begins with an abstract in the language it is presented. It ends with keywords in
font size 9 for texts in Armenian, and in font size 10 for the ones in English and Russian. Only the
word “Keywords” should be bold, italic. The summary should not exceed 500 characters including
the spaces, the number of keywords or word combinations - 4-8.

4.The papers should include an introduction briefly introducing the state of the problem area,
the importance of the subject and the aim of investigation, as well as sections describing the statement
of the problem and selection of the methodology, the results of investigation, conclusion (other
sections if necessary) with subtitles, and it should end with the list of references.

5.The references in the text should be given in square brackets. The formulae should be
introduced by the Microsoft Equation Editor. They should be printed from a new line in italic, font
size 11 in the center of the line, and if necessary numbered at the end of the line in round brackets..

6.Figures and tables should follow their references given in the text. The words “Fig”,
“Table”, the figure inscriptions and the table names should be printed in italic, in font size 9 for texts
in Armenian, and in font size 10 for texts in English and Russian.

7.The text is followed by the references in font size 9 for texts in Armenian and in font size
10 for texts in English and Russian. Only the author’s initials and surname should be bold. The word
“References” should be placed in the centre of the line in capital letters. In the list of references, each
source should be enumerated according to its reference number in the text. For the periodicals, the
references should be introduced in the following style: the author’s surname, initials, title, year,
numbers of the volume and issue, page numbers, and for books — the authors names, full title,
publication place, publisher, year, total number of pages.

8.The references are followed by the abstracts in the other two languages. If the text is in
Armenian, the abstracts should be first in Russian and then in English. The text in Russian should be
followed first by Armenian and then by English abstracts, while the texts in English should be
followed first by Armenian, then by Russian abstracts. The abstracts in all the three languages should
be identical in content and keywords.

9.The manuscript should be signed by the author(s) with indication of the submission date.
The edited and proofread version of the manuscript should be agreed upon by the author(s).

10. On a separate page, the author(s) should introduce his/her/their full surname(s), name(s),
patronymic(s); the full name(s) of employment place, educational institution; the position occupied
scientific degree, telephone numbers (office, home, mobile).
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