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AnHoTtanus. Ilocmanoeka npoonemsl. PaccmaTpuBaeTcs 3aadya MUHUMM3ALUU BPEMEHH NOCTPOCHHUS CIIOKHOM
CHCTEMBI, KOTOpasi COCTOUT U3 MHOXECTBA MOJICUCTEM. Takue 3ajjaul BO3HUKAIOT Ha IIPOU3BOJCTBE, B CTPOUTEILCTBE,
yTpaBJieHnH, HHPOPMATHKE U JpyTHX obnactsx. [locTpoeHue cuCTeMBI MTpeAroaraeT mocie0BaTelbHOe TOCTPOCHHE
€€ MOACUCTEM, COCTOALIMX U3 MHOXECTBA 3JEMEHTOB. DTH 2JEMEHTHI B 3a[aHHBIE MOMEHTBI BPEMEHH MOCTYNAI0T Ha
BXOJ CHCTEMBI TOCTpOCHHUS. M3BECTHBIN TEXHOJIOTHYECKHH MapIIpyT KaXKIIOTO 3JIEMEHTa M KaXIOH ITOJICHCTEMBI,
BKJTIOYAIOIIEH 3aJaHHOE MHOXKECTBO 3JIEMEHTOB, a TaKXE BpeMs 0OpabOTKM KaKIOTro 3JIEMEHTa M IOJCHCTEMBI.
[TocTpoeHue COXKHON CHCTEMBI IPEACTABISIETCS B BUIE CETEBOTO Tpadrka, KOTOPHIN ONPENeIIsieT MOCIeA0BATEIFHOCT
ee TOCTPOEHHUs. DTOT CeTeBOW rpaduk B JaHHOM Cilydae INPEACTAaBISAET IEPEBO AYr, OCHOBOM KOTOPOTO SIBISIETCS
3aBeplICHHE MOCTPOEHMs CIIOXKHOM cuctembl. Ilpu 3amaHHBIX BpeMeHax IOCTYIUICHHS 3JIEMEHTOB CHUCTEMBI M HX
COE/IMHEHUsI B MOACUCTEMbl MUHUMAJIBHOE BPEMs IOCTPOCHUSI CUCTEMBI PABHO KPUTHUIECKOMY ITyTH JAHHOTO CETEBOIO
rpaduka. s ero HaxoXICHUS, HEOOXOAWMO ONPEIEIUTh BPEMs 3aBEpLICHUs] KaJIOW IOJICHCTEMBL. DTO BpeMs
3aBUCHT OT BPEMEHHM T'OTOBHOCTH BCEX DJIEMEHTOB IOACHUCTEMBI ISl ee COOpKU. Bpemsi KpUTHYECKOro IMyTH MOXKET
OBITh YMEHBILEHO IOCPEICTBOM YCTPAaHEHHs OXKWAAaHMH Ha y4acTKaxX COOpKM MOJCHCTEM. MUHHMMH3aLUs OKUIAHWUH
MIO3BOJISICT TOJTyYUTh KPUTHYECKUH ITyTh MUHUMAILHOHM JTHHBL CyIIEecTBYIOT TaKHE MOMEHTHI BPEMEHHU MOCTYIUICHHS
9JIEMEHTOB CIIOXKHOW CHCTEMBI Ha BXOZIE CETEBOTO rpaduKa, A KOTOPHIX CyMMapHOE OXXHAAaHHE 3JIEMEHTOB M UX
MOJICHCTEM Ha KaXXJOM ITyHKTe cOOpKH OyneT MHHMMaJIbHBIM. OnpesieneHre TaKNX MOMEHTOB MOCTYIUICHUS! Ha BXOJ
CHCTEMbI HEOOXOIMMO HAYMHATH C KOHLA CETEBOTO rpaduka. YMEHbIICHHE BPEMEHH 3aBEPILCHUS COOPKU CHCTEMBI
BJI€YET 3a cOOOW yMEHBIIEHHE BPEMECHM MOCTYIICHHUS COCTABISIOIINX €€ JJIEMEHTOB. JOTO yMEHBIICHHE BICYET 3a
co00i1 yMEHbIIIEHHE BPEMEHH IOCTYIJICHHUS JIEMEHTOB MOICHUCTEMBl Ha MPEALIECTBYIOIINM IyHKT cOOpku. Takoe
IPOXOJKJICHUE CETEeBOTO IpadMka OT KOHIA K HAadally ¢ M3MEHEHHEM BPEMEH IIOCTYIUICHHS 3JIEMEHTOB IOJCHUCTEM
HO3BOJIICT MHHUMU3UPOBATh OXHAAHMSA Hadana COOpPKM IOACHCTEM Ha KaXIOM YdacTKe. OTO JOCTHraercs
HIOCPEJCTBOM OIIPE/CNICHUs] ONTHMAJIbHBIX BPEMEH IIOCTYIUICHHS >JIEMEHTOB Ha BXoJe cereBoro rpaduka. Ilocie
NPOJIENIAaHHBIX U3MEHEHUH KPUTHYECKUH MyTh HEOOXOJMMO MEPECYUTATh U TOJIBKO B TOM ClIy4ae, €ClIi €ro 3Ha4YeHUe He
Oyner n3MeHeHO, OyJneT HalJeHO MHHUMAaJbHOE BpEMs MOCTPOCHUS CIOXHON cuctembl. [yl peanuzauuu JaHHOTO
QITOPUTMAa BBIYHMCICHHS MWHHMAJIBLHOTO BpPEMEHH IIOCTPOCHHUS CIIOXKHOW CHUCTEMBbl pa3padOTaHa KOMITBIOTEpHAs
IIporpamMma 1 MPOBECHBI YUCICHHBIE SKCIIEPUMEHTHI, KOTOPBIE MOATBEPXKIAI0T 3(p(heKTHBHOCTH JAHHOTO aJITOPUTMA.
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Anotauist. ITocmanoexa npoonemu. Posrisnaerses 3ana4a MiHiMIzalii 4acy mMoOyZOBH CKIAIHOI CUCTEMH, SIKa
CKJIaJIa€ThCA 3 MHOXHWHH IMiJCHCTeM. Taki 3ajqadi BHHUKAIOTh HAa BHPOOHMITBI, B OYHIBHHIITBI, YIpaBIiHHI,
iHpOpMATHII Ta IHIINX NPUKIAIHUX Tamy3sax. [ToOynoBa cuctemu nepeadayae NoCiigoBHY 0Oy OBy i migcucTem, mo
CKJIamaroThest 3 Oe3miui ememeHTiB. Lli elemMeHTH B 3a7aHi MOMEHTH Yacy HAIXOASTh HAa BXiJ CHCTeMH. Bimommuit
TEXHOJIOTIYHHH MapIIPYT KOKHOTO eIeMEHTa 1 KOJKHOI MiJICHCTEMH, IO BKIIOYAE 3a1aHy KUTBKICTh €JIEMEHTIB, a TAKOX
gac 0OpoOKHM KOKHOTO eleMeHTa i mijmcucteMu. [1oOymoBa CKITagHOI CHCTEMH TOIAETHCS y BHTIIAAI MEPEXKEBOTO
rpadika, sskuii BU3Ha4Ya€e MOCIiIOBHICTD 11 moOynoBu. 1leit mepexeBuii rpadik y 1aHOMY BUIAAKY SIBIISIE COOOO JIEPEBO
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IyT, OCHOBOIO SKOTO € Yac 3aBepIleHHS MMOOYHOBH CKiIamHOI cucteMu. I[Ipy 3amaHMX MOMEHTaX HaJIXOKCHHS
€JIEMEHTIB CUCTEMH Ta IX CKJIaJaHHsS B IiJCUCTEMH, MIHIMAJIBHUN 4Yac MOOYJOBU CHCTEMH JIOPIBHIOE KPUTHYHOMY
IUIAXY AAaHOTO MepekeBoro rpadika. Jlng Horo 3HaXOIKEHHS HEOOXIIHO BH3HAYUTH YaC 3aBEPIUCHHS KOXHOI
nigcucremu. Leit yac 3anexuTh BiJl yacy rOTOBHOCTI BCIX €IEMEHTIB MificucTeMu Al ii ckianaHHs. Yac KpUTHYHOTO
HUTIXY MOXKe OyTH 3MEHIICHHUH 32 JOTOMOTOI0 YCYHEHHs O4YiKyBaHb Ha AUISHKAX CKIaAaHHs mincucreM. MiHiMizamis
OYiKyBaHb JIO3BOJISIE OTPUMATH KPUTHYHHN NULSIX MiHIMATbHOI JOBXKHHH. ICHYFOTh Taki MOMEHTH Yacy HaJXOMKCHHS
CNICMEHTIB CKIaJHOI CHCTEMH Ha BXOJi MepeeBoro rpadika, IUisl SKHX CyMapHE OYiKyBaHHS EIICMEHTIB Ta iX
MiJICHCTEM Ha KOXHOMY ITyHKTi CKIIQJaHHS Oye MiHIMAJTGHUM. BU3HaueHHsI TaKMX MOMEHTIB HAJXOJKCHHS Ha BXiX
CHCTEMH HEOOXiTHO TIOYMHATH 3 KiHIS MepeKeBoro rpadika. 3MEHIICHHS Yacy 3aBEPLICHHS CKJIaJaHHs CUCTEMH TATHE
3a 0000 3MEHILCHHS Yacy HaJXOMKEHHs CKIaJ0BUX 1i eJeMeHTiB. Lle 3MeHIIeHHs TATHE 32 COO0K 3MEHIICHHS 4acy
HAJXO/DKEHHS €JIEMEHTIB MMiACUCTEMH Ha TIONepEHIN MyHKT CKIaJaHHA. Take MPOXOIKEHHS MEepeKeBOro rpadika Bix
KIHIIA 0 TOYaTKy 31 3MiHOIO 9YaciB HAJAXOJPKEHHS €JIEMEHTIB IiJICUCTEM JI03BOJISIE€ MiHIMI3YBaTH OUYiKyBaHHS MOYATKY
CKIAJaHHs INICUCTEM Ha KOXHIH mimsHii. Lle mocsraeTsCst 3a OIMOMOTOI0 BH3HAYEHHS ONTHMAIbHHUX YacCiB
HaIXOJDKEHHS €JIEeMEHTIB Ha BXOoJi MepexeBoro rpadika. I[licis BUKOHAaHMX 3MiH KPUTHUHHMH HUIIX HEOOXIIHO
nepepaxyBaTH 1 TUIbKM B TOMY BHIIQJIKY, SIKIO HOTo 3Ha4eHHs He Oyje 3MiHeHO, Oyje 3HaiiieHe MiHIMaJbHUI Yac
noOy/I0BH CKJaaHol cucTeMu. J{ns peanizaiii 4aHOTO aJITOPUTMY OOYHCIICHHS MIHIMAJIBHOTO Yacy HOOYIOBH CKIaJHOT
CHCTEMH pPO3POOJCHO KOMM'IOTEPHY TMporpaMy Ta TMPOBEACHO YHCIOBI EKCICPUMEHTH, SKi MiATBEPIKYIOTh
e(EKTUBHICTb JAHOTO AJITOPUTMY.
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Summary. Problem statement. The article discusses the problem of minimizing the construction time of a
complex system, which consists of the set of subsystems. Such problems arise in manufacturing, construction,
management, computer science and other fields. Building a system requires consistent construction of its subsystems,
which include numerous elements. These elements are supplied to the system’s entrance at specific moments of time.
The technological route of each element and each subsystem consisting of a given number of elements, as well as the
processing time of each element and subsystem are known. Construction of a complex system is represented as a
network graph, which determines its construction sequence. The network graph in this case is a tree of arcs, the root of
which is the completion of a complex system’s construction. With a given times of system elements supply and of their
compounding into subsystem, the minimum time of system’s construction is equal to the critical path of network graph.
To find the critical path it is necessary to determine the completion time of each subsystem. This time depends on
availability time of all elements of subsystems required for its assembly. Time critical path can be reduced by removing
the idling in the areas of subsystems assembly. Minimization of idling periods provides a critical path of minimum
length. There are such timings of complex system element’s arrival at the entrance of network graph for which the total
idle periods of elements and subsystems at each point of the assembly will be minimal. Determining such moments of
arriving at system’s entrance requires starting from the end of the network graph. Reducing the completion time of
system’s assembly entails a reduction in the time of its elements arrival. This reduction leads to a decrease in the arrival
time of the subsystem’s elements on the previous point of assembly. Such passage from end to beginning of the network
graph, changing times of subsystems’ elements arrival allows minimizing idle periods before the assembly of sub-
systems at each region. This is achieved by determining the optimum arrive timings of elements at the entrance of
network graph. After the performed changes the critical path must be recalculated and only if its value is not changed,
the minimum construction time of complex system will be found. To implement the computing algorithm of
minimization of a complex system’s construction time, a computer program is developed and the numerical
experiments that confirm the effectiveness of the algorithm are performed.

Keywords: complex system, a network graph, critical path, algorithm to minimize time

IMocranoBka mpodjemMbl. C KOKIBIM TO-  CTH. JTO CIIOKHBIC MAIIMHBI U 000pYIOBaHHE,
JIOM CTPOUTCSI BCE OOJbBIIE CIOKHBIX CUCTEM B CTPOUTEIbHBIE OOBEKThI, CUCTEMBI YIIPaBICHHUS,
pPa3HBIX OO0NACTAX YEIOBEUYECKOW MCSATCNbHO-  MH(POPMAIMOHHBIC CUCTEMBl U CHCTEMBI UCKYC-
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CTBEHHOT'O MHTEJUIeKTa. Takue cHUCTeMBbI 4acTo
COCTOAT U3 COTEH ThICSY U J1a)kKe MUJUIMOHOB
anemeHToB. KoMruiekc 3amad, KoTopble HE0O0-
XOJIUMO peuIaTh MPU UX MOCTPOCHUH, YK€ He-
BO3MOXKEH 0€3 COOTBETCTBYIOIIEro HH(pOpMa-
IIMOHHOTO O0O€creYeHus] W UCIOJIb30BAHUS
BBIYMCINTEILHON TEXHUKH [4, 6, 12].
DddexTuBHOE pelieHne 3a1a4 MOCTPOCHUS
CIIOKHBIX CHCTEM BKIIIOYAET MX MaTeMaThye-
cKoe MojenrpoBaHue. Takue 3ajauu OTHOCAT K
KJIacCy KaJleHAapHOro IiaHupoBaHus [5; 7;
10]. 3agaum sTOrO Ki1acca SBJISIIOTCS 10CTaTOY-
HO CIIO)KHBIMH M TOJIBKO B TPOCTHIX CIydasx
CYIIECTBYIOT  3(Q(EKTUBHBIE  ANTOPUTMBI.
Kmaccuueckas 3amada oOpa®oTku n jeTaneit
(>memMeHTOB) Ha m cTaHKax (y4acTkax) 3Qdek-
TUBHO pEIlIEHa TOJBKO ISl JBYX CTAaHKOB (aJ-
roput™ JIxoHcona) [9]. B aToii 3amaue Teopuun
pacnucaHuil He mpeanosnaraercss cOopka JeTa-
aeit. OmHako MOMycKaeTcs, 4YTO Ha OJHOM
CTaHKE MOJXKET I[IOCJIEJIOBATEIbHO 00pabaThi-
BaThCS HECKOJIBKO JIeTalield, a JeTajb MOXKET
OJIHOBPEMEHHO 00pabaThIBaTHCS TOJIBKO Ha OJI-
HOM CTaHKe. JTO MOPOXKIAeT O4Yepeau K CTaH-
KaM, 4YTO YCJIOXKHSET ee pemieHue. Yucno mo-
MyCTUMBIX ~ pEHIeHH B  3a7aue TEOpUU
pacnucaHuii paBHO 7!, MO3TOMY aJITOPUTMBbI
MOJIHOTO Tiepebopa BapHaHTOB IS 3TOH 3aaun
HedpdeKTUBHBI. VICTONB3yIOTCS — pa3InIHbIC
CXEeMBI COKpalleHHus mepedopa BapHaHTOB, B
YaCTHOCTH, METOJIbI BETBEH U TPAHMUIL U JIPYTHE,
B TOM YMCJIE€ CTOXacTHYeCKHe MeToisl [8; 11;
13]. OgHaKO CIOKHOCTb 3TUX METOJOB PACTET
AKCIIOHEHIIMATBFHO TP YBEIMYEHUU pa3MepHO-
cTH 3a1aud. CyliecTBYIOT 1€JIOUUCICHHBIE MO-
JIeNM 3a]lay Teopuu pacnucanuil [1], HO U nus
HUX HE pa3paboTaHo 3((HEKTUBHBIX AITOPHUT-
MOB. B pabote [2] mpemsiokeHbI KyCOYHO-
JUHEHHBIE MOJIETTM C HENPEPHIBHBIMU TIEpe-
MEHHBIMH:
min{7 |x, +¢, <T,i=1,.,n,j

L...

* m’

; g,(t—x,)<Lj=L..m, (1)

m

> g;(t—x;)<Lli=1..,nx, 20,Vij,t >0},
j-1

rae t.—

;— BpeMst 00paboTKu i-i JeTanu Ha j-M

CTaHKEC, a xij_ HCKOMOC BpCMs Haydajia 06pa—
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OoTKH i-i jeTanu Ha j-M cTanke. OyHKIuU g,

OMPECACIIAOTCA CICAYIOIIUM 06pa30M:

ij

1
gy.(t—xi/)zzﬂt—xy. |/ty. +(|t—xl.j - X,

—mint, |—|t—x,; —t, )1/, +1/mint;) +
+(t—x, —t, —mint;)/t,).

3anaga (1) comepX UT KOHTHHYYyM OIpaHU4e-
HUH, HO, YUUTBIBas XapakTep GyHKIUH, T0CTa-
TOYHO PACCMOTPETH OTPAHUYEHUSA TOJIBKO I
3HAaYCHUHN t=x,+t,. Takum 0o0pazom, 3amaua

(1) 6yner umerp nm+1 HempepbIBHYIO mepe-
MeHHy10 U nm(1 + n + m) orpaHuYeHU.

Jns pemenust 3agauu (1) MOKHO HCIIOJNb-
30BaTh METOJ TOYHOM KBaJAPATHUYHOM pEryis-
puzanuu [3] B KOMOMHALIUK C METOAOM IOCIIE-
JIOBATEILHOTO  PacKpeITUs —~ Mmoayied  [2].
OpnHako uyMcieHHas YPPEKTUBHOCTh 3TUX Me-
TOAOB JUIsl perieHus 3aga4 (1) eme He MpoBo-
JTUIIACh.

B nmannoil pabore mpenmosnaraercs ooOpa-
60oTKa geranei u ux cOopka. Ha xaxmom ydya-
CTKe (CTaHKe) BO3MOXHa cOOpKa TOJIIBKO OJTHON
HOJICHCTEMBl. DTO YCJIOBUE HE SIBISIETCS CUJIb-
HO OIPaHUYMBAIOLINM, TaK KaK y4aCTOK MOXKHO
pa3OUTh Ha YaCTH TakK, YTO KaXKAas 4acTb OyJeT
oOpabaTbIBaTh WJIM COOHMpATh TOJBKO OIHY
HOJICHCTEMY.

ITocranoBka 3axaun. VMMmeercs n 3yeMeH-
TOB (AeTanei), KOTOpble B 3aaHHBIE MOMEHTBI

BpeMeHH f,,i =1,...,n mocTynaroT Ha BXOJ Iie-

xa, rJae uX HeoOxoaumo obpadboTath U coOpaTh
B 33J]aHHYIO CJIIO)KHYIO CHUCTEMY 3a MHUHHUMAJlb-
Hoe Bpems. OOpaboTka M cOOpKa SJIEMEHTOB
CHUCTEMBl TPOU3BOJMUTCS Ha YydYacTKax Lexa,
npUdeM KaXKABIH M3 M YYaCTKOB II€Xa MOXKET
cobupaTth (0OpabaTbIBaTh) TOJIBKO OAHY IOA-

cucremy. MsBectHo Bpemst cOopku 7 i-i 1moA-

cucteMbl (j=1,...,m), a TakkKe TEXHOJOTHYE-
CKUU MapHIpyT AJS SJEMEHTOB U TOACHCTEM,
KOTOpBIN 3amaercs ceTeBbIM Tpaduxom. [Ipu-
Mep ceTeBoro rpaduka npeacTaBieH Ha PUCYH-
ke 1.

AJroput™M pemeHusi 3agaqu. VcxomHsl-
MU JaHHBIMHU JJIS pEIleHUsl 3aJadydl SIBISIFOTCS
3HAYCHHUS t,=0,i=1,.,n

[1apaMeTpoB u

T,,j=1L..,m ¥ ceTeBoii rpaduK TEXHOIOIUYE-

CKUX MapmipyToB. [[ns KaXaoil BEPIIUHBI CETH
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(yuacTka) ompenenuM BpeMs 3aBepIIeHUs 00-
pabotku neranu (moacucremst) Z ., j =1,....m
o gopmyie

VA4 ; =max Z, + Tj

r7e MHACKC k mpoberaeT Bce BXOAIINE B BEP-
wuny j ayru k € S(j). Torma Z, —mint; Oy-
JIeT paBHO KPUTHUYECKOMY IyTH B JaHHOM CETe-
BOM rpaduke.

Puc. 1. I[Ipumep cemesoeo epaguxa
cucmembl

Ha crnemyromem 1mare paccMOTpHM Bep-

umny mu Z;, j € S(m). Haiinem
Z, =min{Z, | j € S(m)}

1 TTOJIOKHUM
Z =T +min{Z, | jeS(r)}-max{Z, | j e S(r)}
a TSt BCEX OCTaJIbHBIX BEPIIHH
Z,=Z7.jeS(m). Jlance, nsmMeHUM 3HAYCHHUS
Z.,j€S(j) Tak, 4yT0OBI pacuyeTHbIC 3HAYCHHS

Z,,j€S(m) cosnanu c 3amanneiMu. [Ipomon-

MM 3TOT NPOIECC U3MEHEHHS 3HaYeHUH £, 10

AOCTHXKCHUSA HAYaJIbHBIX BCPIIHMH CCTH. ITocne
9TOro mepecururacm KpI/ITI/I‘-IGCKI/Iﬁ IIyTb HU3MC-

HEHHOT'O CeTeBOro rpaduka. ITOT MPOIECC U3-
MeHeHUil Z,; OyneM MOBTOPATH 1O TEX Iop,
MOKa 3HAYEHHE KPUTUYECKOTO IMyTH He Oyner
t,=0,i=1..,n m

MCHATBCA. Ecmun Bce

T,j= L,...,m uenble, TO Yepe3 KOHCYHOE YHC-

70 utepauuid OyAeT HalJeH MHUHUMAaJIbHBINA
KPUTHYECKHUH IyTh B JAHHOM CETE€BOM rpaduke
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I'=Z7, —maxt,. Takum oOpa3om, Oyaer ompe-

JIEJIEHO MHHHUMAaJIbHOE

CJI0KHOM CUCTEMBI.
IIpumep. Paccmorpum cereBoii Tpaduk

CHUCTEMBI, MPEJICTABJICHHBIN HA PUCYHKE 2.

BpeMsI TIOCTPOCHHS

Puc. 2. Cemesoti epaghux cucmemoi

Jns storo cereBoro rpaduka mnepBoHa-
YaJIbHOE 3HAYEHUE KPUTHUYECKOrO IYyTH PAaBHO
39. IIpeobOpazoBaHHbIil ceTeBOM Tpaduk I0
pacCMOTPEHHOMY  QJITOPUTMY  HMEET  BUJ

(puc. 3)

Puc. 3. Munumanvuwiii kpumuyeckuii nymo

Kputnueckuit myTh 1y1st TpeoOpa30BaHHOTO
cereBoro rpaduka Oyner pasen 17 + 16 = 33.
JlaHHBII aITOPUTM MO3BOJISIET MOCTPOUTH CETE-
BOI rpaduk TakuM 00pa3oM, 4TOOBI 3aBEPIIUTh
IIOCTPOCHUE CUCTEMBI K YKa3aHHOMY CPOKY.

BeiBoabl. B nannHoit pabGore ans Kiacca
3aJa4 ONTHMAJIBHOTO KaJICHJAPHOIO IUIAaHUPO-
BaHUs ITOCTPOECHUS CIIOKHOM CHCTEMBI NpUBE-
JIeHa MaTeMmaThdeckas MOAeIb U pa3paboTaH
3 PEKTUBHBIN aNrOpUTM AJIS pacyeTa MUHH-
MaJIBHOTO KPUTUYECKOI'0 MyTH. DTOT AJITOPUTM
MOXET OBITh MCIOJB30BaH INPH MOCTPOCHUU
CJIO’KHBIX CHCTEM OOJIBIION pa3MEpHOCTH.
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