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AHOTALIS

Manienko O.0. TeopeTnuHe OOTPYHTYBaHHS aHOMaJbHUX BHUMAIKIB y 3ajadyax
napajeiabHOTO YHOpsAKYyBaHHs BepiinH oprpadis. — KBamidikariiiina HaykoBa mpais
HarpaBax pyKOIIHCY.

Huceptanis Ha 3700yTTS HAYKOBOrOo CTymeHsi JOoKTopa Qinocodii 3a
cnenianbHicTio 113 «IIpuknagna matematuka» (11 — Maremaruka Ta cTaTUCTUKA) —
JIHinpoBCchbKUi HallloHAIBHUM yHIBepcuteT iMeH1 Onecs ['onuapa, uinpo, 2025.

Huceprartiitna poOoTa MPUCBAYEHA MOCTIKEHHIO AHOMAJIbHUX BUIAJIKIB Y
OJIHOMY 13 MIAKJIACIB 3a]1a4 JUCKPETHOI ONTUMI3allli, a caMe B 3aJla4yax ONTHUMAaIbLHOTO
YIOOPSIAKYBAHHS BEPUIMH oprpadis.

[ToctaHoBKM Takux 3aja4y MOB’s3aHI 3 ONTUMAIBHOK OpPTraHi3alli€l0 MPOIECy
PO3MOLTY CKIHYEHOT MHOXKUHHU 3aBJjaHb, IPU HAIBHOCTI TEXHOJOTTYHUX OOMEXKEHb Ha
NOpsZIOK ix caigyBaHHsA. OHA 13 3a1a4 CTOCYETHCS BUIAJKY, KOJIM BIJIOMAa CKIHYEHA
MHO>KMHAa BUKOHABIIIB 1 HEOOX1JHO MIHIMI3YBaTH 4Yac 3aBEpPILIEHHS BCIiX 3aBAaHb 0e€3
MOPYILICHHS] TEXHOJOTTYHUX OOMEXEHb. A 1HINA MOJArae B MiHIMI3allli KUIbKOCTI
BUKOHABI[IB TMPU 3aJlaHOMY 4Yacl 3aBeplIeHHs. Y Teopii YHNOpsSAKyBaHb BOHU
(bopMyINIIOIOTECS K 3a7adl MapajielIbHOTO YHOPSJIKYBAaHHS BEPIIUH OPIEHTOBAHUX
rpadis.

VY KJIacCMYHUX MOCTAHOBKAX 111 3a]1a4l BIAHOCITHCS JI0 Kiacy NP-BaKKHUX 3a7ad.
Tomy, st 3HAXOJKEHHSI X TOYHUX PO3B’SA3KIB 3aCTOCOBYIOTHCS AJITOPUTMHU, IO
0a3yl0ThCsl Ha CXEMax HaIMpaBJIEHOTO nepedopy. BaxauBum HanpsIMKOM JOCTIKEHb
KJIIACHYHUX 3a7ad € po3poOKa aJropuTMiB TMOJIHOMIANIBHOI CKJIAJHOCTI, IO
CTOCYIOThCSI @00 MEBHUX CTPYKTYp TpadiB, 110 3a/1at0Th TEXHOJIOT1YHI OOMEKEHHS Ha
MOPSA0K BUKOHAHHS 3aBJ/IaHb, a00 CIElialbHUX BUMOT J0 MOYATKOBUX JIAHUX.

Bigomi pe3ynbraTé MOJIHOMIANIBHO PO3B’A3HUX 3aJ]la4 CTOCYIOThCS BUIIAJIKIB,
KOJIM Tpadu TEXHOJOTTYHUX OOMEXEHb BIAHOCATHCS N0 KJIacy BXIAHUX JIEpeB Ta
NESKUX MapayieIbHO-MIOCTIJOBHUX I'padiB CHEI1aJbHOIO BUTIISY.

TakoX TOBHICTIO JOCHIPKEHHM BHMAJO0K CTOCYETbCS OOMEXEHHS, KOJIU



KUTBKICTh BUKOHABIIIB JIOPIBHIOE JBOM.

[Ipu anami31 NpUKIaAHUX 3a/a4 3’5CyBajocs, MO B JEAKUX 1X y3araJbHEHHSX
MOXXYTh BHUHHMKAaTH HemependadyyBaHi CHUTyauli, SKI MOXYTb IPU3BOJUTH 10
MOT1pUIEHHS 3HaY€HH LUIb0BO1 (pyHKLII. Taki BUnaaku OyJau Ha3BaH1 aHOMAJIbHUMH.

AHoOManbHI BUNAJKU B 33Jja4ax MapajesbHOro YNOPSAKYBaHHS BHepIie Oyiu
nocnipkeHi Ponaneaom ['pexeMom, iKuil yBIB MOHATTS aHOMAJIIN Ta MPOAHAII3YBaB iX
BIUIUB Ha €(PEKTUBHICTh PE3yIbTaTIB. Y CBOIX HOCHIKEeHHsX [15] BiH mokaszas, 110
3MiHa MEBHUX MapaMeTpiB 3a/1aul MOKe MIPU3BOAUTH JI0 MapaOKCAIIbHUX PE3YIbTaTIB,
KOJIM O41KyBaHE MOKPAIIEHHS MPU3BOJUTH /10 MOTIPIICHHS PO3B’S3KIB.

[Tomanpmi AOCHIIKEHHS aHOMAJid OXOMNWJIM aHall3 y KOHTEKCTI CHCTEM
peansHoro uacy. Tak, y 1999 poui Jlynaksict T. ta CrtencrpeM y poboti [16]
PO3MIISTHYJIM YaCOB1 aHOMAJTIi B OpraHi3ailii poooTH MiKpOIPOIIECOPIB, MOKA3aBIIIH, 110
MEBHI 3aTPUMKHU MOXKYTh MPHU3BOJIUTU A0 HemependadyyBaHUX €(PEeKTiB Y BUKOHAHHI
3amau. [uaitaep k. y 2003 poui y cBoiit nucepraitii [17] 3anpononyBaB 00’ e fHaHUN
NIOX1Q 0 aHami3y IUIaHYyBaHHS Ta OLIHKM HAWTIpIIOro 4Yacy BUKOHAHHS JUIS
ONepaliiHUX CHCTEM PEATBHOTO Yacy, IO Jajlo 3MOTY BpaxoBYBaTH aHOMaJbHI
BUMNAJKA TIpU OLIHII eQdEeKTUBHOCTI po3kiaaiB. Y podori [18] mpexacraBieHi
pe3yNbTaTH TOCIHIIKEHB, 10 CTOCYIOTHCS IPUHIIUITIB BUHUKHEHHS YaCOBUX aHOMAJTIN
y CYNEepCKAIIPHUX MPOLECOPaAX.

[loganpmnii pO3BUTOK TEOPETUYHUX OCHOB AaHOMAJIBHHMX BHUIAJAKIB OyB
nponoBxkeHun y npaigsix Typumnoi B. A. ta ®epopenko H. K. 3okpema, y [19]
pPO3IIIAHYTO HAOJMMKEHI aNropuTMU NOOYAOBH  ONTUMAJIbHUX  IapajelIbHUX
YHOOPSIAKYBAaHb 3aaHO1 JJOBXKHUHU, 1110 JI03BOJISIE aHAJI3yBaTH BIUIMB Pi13HUX (PaKTOPiB
Ha OTpUMaHi po3B’si3ku. Y [20] 3anpomnoHOBaHO alropuTMHU OOYI0BU BCIX MOKIIUBHUX
napajiebHUX YHOPSIKYBaHb 3a7aHOi JOBXHHH, IO CHOpPHsE NIMOMIOMY PO3YMIHHIO
CTPYKTYpH TaKUX YIOPSIAKYBaHb Ta MPUPOAN BUHUKHEHHS aHOMAaJIbHMX BUIAJIKIB.
BinoMi pe3ynbTaTH 3aKiIadyd OCHOBY ISl MOJAJIBLIOTO AOCTIIKEHHS aHOMallli y
3a/1auax napajieiabHOTO YHOPSIAKYBaHHS BEpIIUH oprpadis.

VY naniii poOOTI MOCHIKEHO BIUIMB 3MIHM TOYATKOBUX YMOB, MapameTpiB

HUbOBOI (YHKINT Ta CTPYKTypu rpadiB Ha BUHUKHEHHS aHOMAJIbHUX BHUIIAJIKIB.
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3anponoHOBaHO HOBI MIJXO0IH /10 aHAII3y aHOMaJIIi y KIIACHYHUX TOCTAaHOBKAX 3aJ1a4y
Ta B JIEAKUX iX y3araJbHeHHsAX. OcoONMBY yBary MOpHUAUICHO BHUIIAJKaM, KOJIH
OJIHOYACHE TMOKPAIIEHHS IBOX a00 OUIbIIE MOYATKOBUX XaPAKTEPUCTUK (HAMIPUKIIA,
30UIBIIEHHS] KITBKOCTI BUKOHABI[IB Ta MOCJIA0JEHHS TEXHOJIOTIYHUX OOMEKEHb)
MNPU3BOAUTL 10  NApaJoKCaJbHOrO  MOTIpIIeHHs  pe3yinbTary. I[IpoBemeHo
CUCTEMATH3allll0 TaKUX CHUTYyallili, HaBEJEHO NPUKIAIU, B SKUX BOHH MOXKYTb
BUHUKATH, TA BA3HAYEHO YMOBH YHUKHEHHS JaHUX aHOMaJiil.

VY Mexkax JOCIiI)KeHHS BBEICHO MOHATTS cTad11i3al1lil JOBXKUHU ONTUMAIBLHOTO
YIOOPSIAKYBAHHS, 110 J03BOJIsi€ (hOPMaAIbHO OMUCATH YMOBHU, MPHU SIKUX PO3B’SI30K
3a/laul 3ajuIIaEeTbesl HE3MIHHMM. Lle mae 3mory BU3HayaTu CTiiiki  00JacTi
apaMeTpUYHOI0 MPOCTOPY Ta 3A1MCHIOBATH CTPATETIYHUM aHali3 TpadoBUX Mojienen
e A0 Mo0ya0BU KOHKPETHOTO PO3B’S3KY.

3anponoHoBaHo (hopMalnizoBaHi yMOBH, 110 JO3BOJSIOTH BUSBIISITH OTEHIIHHO
HECTIMKI PpO3B’SI3KM B KJIACHYHUX Ta Yy3arajdbHEHUX (OPMYIIOBAHHAX 3aaad
napajielbHOTO YOpsAKyBaHHA. Po3po0iieHo Kputepii 4yTIMBOCTI pO3KIaAy A0 3MIH Y
MOCTAHOBIII 3aja41, 30KpeMa Ipu 3MiH1 MPOYKTUBHOCTI BUKOHABIIIB, (PiKcallli AesKIX
pOOIT 3a MEBHUMH BUKOHABISIMH, BUJAJIECHHI OKPEMUX 3aB/IaHb, CKOPOUEHHI CITUCKY
npioputeTiB abo iHBepcii Ayr rpada (s kiacy iHBepToBaHUX TpadiB). Y poOoTi
BBEJCHO BIJMOBIIHI aHATITUYHI XapaKTePUCTHUKHU, $IKI JO3BOJSIOTH BHU3HAYaTH
Harepesl MOXJIMBICTh MOTIPIIEHHS PE3yJbTaTy NP 3aJaHUX 3MIHAX Yy MOYaTKOBHUX
JTaHUX.

OkpemMo JOCHIIKEHO CHUTYyallll, MpU SKUX 3MiHA CHUCKY MPIOPUTETIB MOXKE
NPU3BOAUTU /10 BUHUKHEHHS aHomamii. JlJiS yHUKHEHHS TakuWX BHUIIAJIKIB
3alPONOHOBAHO HOBI QJITOPUTMHU MOOYJOBU CHHCKY MPIOPUTETIB Ta JUHAMIYHOTO
nepenpu3HaYeHHs 3aB/IaHb.

VY po6oTi mpualieHO yBary MUTAaHHIO J03BOJIY INEpEpUBaHb MPU BUKOHAHHI
3aBJaHb SIK OJHOMY 3 (hakTOpiB, IO BIUIMBAE HA BUHUKHEHHA a00 3amoOiraHHs
aHOMAaJbHUX BUIAJIKIB Yy 3a/lauax MapajeabHOro ynopsjakyBaHHs. JloCIiIKeHo, sK s
MeBHUX TrpadoBUX CTPYKTYp J03BUI HAa MEpEepUBAHHS BUKOHAHHS POOIT MOXKeE

3MIHIOBATU 3HAYEHHS L1JIbOBOI (PYHKIIII.
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Po3pobieno  anroputM  OpIOPUTETHOTO MEpEeNpU3HAYEHHS  3aBlJaHb 3
ypaxyBaHHSIM MOXJIMBOCTI X IepepuBaHHs. BcTaHOBIEHO, 1110 TaKU M1IX1]T I03BOJISIE
3MEHIIUTH BIUIUB JIOKAJTBHUX aHOMAJIN Ta MIJBUIIUTH 3arajibHy CTIHKICTh PO3B’SI3KY.

HaykoBa HOBU3HA pOOOTH MOIATAE Y HACTYITHOMY:

— gnepuie PO3TIIIHYTO BIUTUB OJJTHOYACHOTO MOKPAIIEHHS IeKIJTbKOX MOYaTKOBUX
YMOB Ha MOSIBY aHOMaJIbHUX BUIAJIKIB;

— 6enepuie TOKAa3aHO BUHUKHEHHS aHOMAalill MpU CKOPOUEHHI CIHUCKY
MPIOPUTETIB, 3MEHIIEHHI KIIBKOCTI POOIT, 3MiHI MPOJYKTUBHOCTI BHUKOHABIIIB Ta
(dikcarrii poOIT 3a BUKOHABIISIMU,

— 3aMpPOINIOHOBAHO HOGI YMOBU 3aTI00ITaHHsI MOXKJIMBOI'O BUHUKHEHHS aHOMaTiil.

— pO3pOOJIEHO HOGI ANTOPUTMU 3MIHU CHUCKY MNPIOPUTETIB Ta JUHAMIYHOTO
Mepepo3Mnoily 3aBAaHb JJis 3a0€3MeueHHs] CTaOUIbHOCTI PO3KIIaay Ta MiHIMIZaIlli
HETaTUBHOTO BIUIMBY aHOMAJIbHUX BUIIAJIKIB Ha ONITUMAJIBHICTh PO3B’SI3KY;

— @nepuie BBEICHO TIOHATTSA CcTa0uTi3amlii JOBXHUHHU  ONTHUMAaJIbLHOTO
YHOOPSIAKYBaHHS, C(OPMYIbOBaHO Ta OOIPYHTOBAHO YMOBH TP SIKUX BOHA
B110yBa€THCH;

— PpO3MJISIHYTO BIUIMB J03BOJY INI€pepUBaHb NpPU BHUKOHAHHI 3aBJaHb Ha
YHUKHEHHS MOSIBU aHOMaJI1i;

— JOCIIIJIP)KeH1 aHOMaJIbH1 BUMAJAKHU JIJIsl KJIacy 1HBEPTOBaHUX Tpadis.

OtpuMani pe3yibTaTH MAIOTh MPAKTUYHY I[IHHICTh, OCKUIBKM iX MOXHa
BUKOPUCTOBYBATU [JIi MPOTHO3YBAaHHS MOXJIMBUX HEOUIKYBAaHUX 3MIH Yy SIKOCTI
PO3B’SI3KIB IPU ONTHMI3allli BUPOOHUYUX TMPOIECIB, TPAHCHOPTHUX PO3KIAIIB,
JOTICTUYHUX CUCTEM, a TaKOX OOYMCIIOBAIIBHUX PECYPCIB, SIK1 (hOPMaTI3yIOThCS SIK
ONTHMI3aIliliH1 3a/1a4l Ha Tpadax.

[IpakTuHe 3HaUYECHHS PE3YJIbTATIB MOJSATAE Y MOKIUBOCTI:

— BUKOPHUCTOBYBATH 3alpOINOHOBAHI aJITOPUTMHU JUIsl MIABUILEHHS CTIHKOCTI
pillIeHb y 3a/1auax IJIaHyBaHHS;

— 3aCTOCOBYBAaTH KpuUTepli crTaburizamii AJisi MONEepPEeIHbOro  aHalli3y
YIOPSAKYBaHb;

— MPOTHO3YBATH BUHUKHEHHS HECTIMKUX CIIEHAPIiB y BEJIMKUX MNPUKIATHUX



cucremax;

— po3po0ATH alanTUBHI CHCTEMM YIPABIIHHS, IO PEaryroTh Ha JIOKAJIbHI
3MIHU B CTPYKTYp1 3aa4i 0€3 He0OX1THOCTI MOBHOTO MEperiaHyBaHHS;

— BUKOPHUCTOBYBATU PE3YJbTATH MPU MOOYAOBI MPOEKTIB 3 BUCOKOIO BaPTICTIO 1
CKJIAJIHOIO  CTPYKTYpOIO  3aJIe)KHOCTEM, TaKUX SK EHEPreTUYHI CHUCTEMHU,
o0UHrCIIOBaIbHI KIacTepH, 0araTopiBHEBI JOTICTUYHI MEPEKI.

OCHOBHI pe3yJlbTaTH JUCEPTALiiHOI poOOTH OImmyOIiKOBaHO B 14 HayKoBHX
mpangx: 6 crareil y HaykoBuX (haxoBHX BHUJIaHHSX YKpaiHu kareropii b 3 dizuxo-
MaTeMaTUYHUX HayK; | cTaTTs y nepioAMYHOMY HayKOBOMY BUJIaHHI kpainu €C; 7 Te3
JomoBified y 30ipHMKAX MaTepialdiB MIKHAPOJHMX HAyKOBHX KOH(pEpeHIii Ta
CEMIHapIB.

KuarouoBi cjioBa: quckpeTHa onTuMI3alis, 3a1a4l KOMOIHATOPHOI ONTHUMI3aIlli,
TEeOopis PO3KIAJIB, 3ajayl MapajielbHOTO YHOPSAKYBaHHS, ONTUMalbHE PO3OUTTS
MHOHWH, PO3MOLI PECYPCiB, Tpadu, ONTUMANIbHE YIIOPSAKYBaHHS, aHOMaN1i, CIIHCOK

MPIOPUTETIB, IEPEPUBAHHSL.



ANNOTATION

Maliienko O.O. Theoretical justification of anomalous cases in problems of parallel
ordering of vertices of a digraph. — Qualification scientific work in the form of a
manuscript.

Dissertation for the degree of Doctor of Philosophy in specialty 113 "Applied
Mathematics" (11 — Mathematics and Statistics) — Oles Honchar Dnipro National
University, Dnipro, 2025.

The dissertation is devoted to the study of anomalous cases in one of the subclasses
of discrete optimization problems, namely, in the problems of optimal ordering of vertices
in directed graphs.

Formulations of such problems are related to the optimal organization of processes
for distributing a finite set of tasks, subject to technological constraints on their execution
order. One of the problems addresses the case where a finite set of executors is known,
and the objective is to minimize the total completion time of all tasks without violating
the precedence constraints. Another formulation focuses on minimizing the number of
executors given a fixed completion time. In ordering theory, these are formulated as
problems of parallel ordering of vertices in directed graphs.

In classical settings, such problems are classified as NP-hard. Therefore, to find their
exact solutions, algorithms based on directed enumeration schemes are employed. An
important direction of research in classical problems is the development of polynomial-
time algorithms, which apply either to specific graph structures that define technological
constraints or to special requirements of the initial data.

Known results for polynomially solvable cases refer to situations where the
precedence constraint graphs belong to the class of input trees or certain specially
structured series-parallel graphs. Also, the case where the number of executors equals two

has been fully studied.
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During the analysis of applied problems, it was found that some generalizations may
lead to unpredictable situations causing deterioration in the value of the objective
function. Such situations have been termed anomalies.

Anomalous cases in parallel ordering problems were first studied by Ronald
Graham, who introduced the concept of anomalies and analyzed their impact on the
efficiency of solutions. In his research [15], he showed that changes in certain parameters
of the problem may lead to paradoxical outcomes, where the expected improvement
causes deterioration of solutions.

Further studies of anomalies included analysis in the context of real-time systems.
Thus, in 1999, Lundqvist T. and Stenstrom P., in their work [16], examined timing
anomalies in microprocessor operation, showing that certain delays can lead to
unpredictable effects in task execution. In 2003, Schneider J., in his dissertation [17],
proposed an integrated approach to scheduling analysis and worst-case execution time
estimation for real-time operating systems, which enabled taking anomalies into account
when evaluating schedule efficiency. Research [18] presented principles of timing
anomalies in superscalar processors.

Further development of the theoretical foundations of anomalous cases was
continued in the works of Turchyna V.A. and Fedorenko N.K. In particular, [19]
considers approximate algorithms for constructing optimal parallel orderings of a given
length, allowing the analysis of various factors' influence on the obtained solutions. In
[20], algorithms for constructing all possible parallel orderings of a given length are
proposed, which contributes to a deeper understanding of the structure of such orderings
and the nature of anomalies. These known results laid the groundwork for further studies
of anomalies in parallel ordering problems on directed graphs.

This dissertation investigates the influence of changes in initial conditions, objective
function parameters, and graph structures on the occurrence of anomalous cases. New
approaches are proposed for analyzing anomalies in classical formulations and in certain
generalizations. Particular attention 1s paid to cases where simultaneous improvement of
two or more initial characteristics (e.g., increasing the number of executors and relaxing

precedence constraints) leads to paradoxical worsening of the result. A systematization
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of such situations is provided, along with examples of their occurrence and conditions for
avoiding these anomalies.

The concept of stabilization of the optimal ordering length is introduced, allowing
for a formal description of conditions under which the problem solution remains
unchanged. This enables the identification of stable regions in the parameter space and
strategic analysis of graph models before constructing a concrete solution.

Formalized conditions are proposed that enable the identification of potentially
unstable solutions in both classical and generalized formulations of parallel ordering
problems. Sensitivity criteria for the schedule are developed with respect to problem
changes, particularly in scenarios involving changes in executor performance, task
fixation to specific executors, task removal, shortening of the priority list, or inversion of
graph arcs (for the class of inverted graphs). Corresponding analytical characteristics are
introduced to determine in advance the possibility of result deterioration due to given
changes in the initial data.

Situations where modifying the priority list can lead to anomalies are studied
separately. To prevent such cases, new algorithms for priority list construction and
dynamic task reassignment are proposed.

The dissertation also addresses the issue of allowing task interruptions as a factor
influencing the emergence or prevention of anomalous cases in parallel ordering
problems. It is shown that for certain graph structures, permitting task interruptions can
alter the value of the objective function.

A task reassignment algorithm with interruption allowance is developed. It is
established that this approach reduces the impact of local anomalies and increases overall
solution robustness.

Scientific novelty of the work lies in the following:

— for the first time, the impact of simultaneous improvement of several initial
conditions on the occurrence of anomalies is considered;

— for the first time, the emergence of anomalies is shown in the case of priority list
reduction, task number reduction, changes in executor productivity, and task fixation by

executors;
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— new conditions are proposed to prevent the possible occurrence of anomalies. New
algorithms are developed for modifying the priority list and dynamically redistributing
tasks to ensure schedule stability and minimize the negative impact of anomalous cases
on the optimality of the solution;

— the concept of optimal ordering length stabilization is introduced for the first time,
and the conditions under which it occurs are formulated and substantiated;

— the impact of allowing task interruptions on avoiding anomalies is considered;

—anomalous cases are investigated for the class of inverted graphs.

The obtained results have practical value, as they can be used to predict possible
unexpected changes in solution quality during the optimization of production processes,
transport schedules, logistics systems, and computing resources formalized as
optimization problems on graphs.

The practical significance of the results includes the ability to:

— apply the proposed algorithms to improve solution robustness in scheduling
problems;

— use stabilization criteria for preliminary analysis of orderings; — Predict unstable
scenarios in large-scale applied systems;

— develop adaptive control systems that respond to local changes in problem
structure without full re-planning;

— employ the findings in the design of high-cost projects with complex dependency
structures, such as energy systems, computing clusters, and multi-level logistics
networks.

The main results of the dissertation are published in 14 scientific works: 6 articles in
Ukrainian specialized scientific journals of category B in physical and mathematical
sciences; 1 article in a scientific journal of an EU country; 7 conference abstracts in
collections of materials from international scientific conferences and seminars.

Keywords: discrete optimization, combinatorial optimization problems, scheduling
theory, parallel ordering problems, optimal partitioning of sets, resource allocation,

graphs, optimal ordering, anomalies, priority list, interruption.
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BCTYII

3agayl HeMEpPEepBHOI Ta AMCKPETHOI OMTHUMI3AIlli OXOIUIIOIOTHh IIMPOKHUM CHEKTP
MPUKIAHUX 3a/lad, SIKI BUHUKAIOTh B PI3HUX Traily3sX. 30KpeMa, II€ CTOCYEThCS
JIOTICTUKH, MIJIAHYBAHHS PECYPCIB, ONTUMATBHOT OpraHi3allli 00YHCIIOBAIbHUX MPOIECIB
Ta iHmE. 3HAaXO/KEHHS ONTUMAJbHUX PO3B’SA3KIB LHUX 3a/ad CHOPUSE€ MNPUUHSATTIO
CyYaCHUX TE€XHOJOTIYHUX PIllIeHb, BlJ] aBTOMATU30BAHUX CUCTEM CKJIAJIaHHS PO3KJIAJiB
710 MOJieJiel ONTUMAJIBHOTO YIPABIIHHS BUPOOHUUUMHU IPOIIECaMHU.

CyTTeBUl BHECOK Yy TEOpETWYHI Han0aHHA, MOB’sI3aHI 3 PO3POOKOI0 Mojenein
BIIMOBIAHUX 3a7a4 METOJIIB Ta aJIrOpuUTMIB iX po3B’si3ky, BHeciu Ceprienko [.B.,
KicenroBa O.M., fxoneB C.B., Cremtok ILI., ITiuyrina O.C., CemenoBa H.B.,
Hosoxwuiora M.B. [21-30].

Cepen 3a1a4 KOMOIHATOPHO1 ONTHUMI3aLlli 0OCOOIMBOI yBaru NoTpedyOTh 3a/aul, 1110
HajmexaTh A0 Kiacy NP-BaXKHUX, TOYHI aIrOPUTMU PO3B’S3aHHS SAKUX MaloTh
eKCIOHEHUIMHY ckiaagHicte. Cepea HHMX BHUIUISIOTH OKPEMHH MIJKJIAC 3aaad
KOMOIHATOPHOI ONTHUMI3aIlli, OB’ A3aHMUX 13 CIEIlaIbHUMHA ONTHUMI3AIlIHHUMHU 33a1a9aMu
Ha rpadax. TpaguuiitHo JOCIIKEHHS TAKUX 3a]1a4, [IOB’s13aH1 3 BAKOPUCTAHHSM anapary
Teopii rpadiB Ipu MOJETIOBAaHHI, PO3pOOIl HOBUX TOYHUX Ta HaOJMKEHUX aJTOPUTMIB.

I'padu € 3pydyHUM I1HCTPYMEHTOM 1 MpH Bi3yaii3alii AESKUX CKIAJOBUX Y
nociipkyBanux mporecax. Oxpemi pobotu nHaykoBuiB Kozina 1.B., T'yk H.A.,
I'ynsaunskoro JI.®., Jonus I'.I1., [lerpentoka A ., Cementoru M.®., byparoka B.41.,
Typuunoi B.A., Hakoneunoi T.B. noB’s13an1 came 3 Takumu aociixeHusmu [31-49].

Jlana po0OoTa mpucCBAYEHA 3ajayaM, IO BIJHOCATHCS 1O KJacy 3aaad Teopii
PO3KJIAIIB 1 OB’ s3aH1 3 ONTUMAIbHUM YIIOPSAKYBAHHSIM BEPIIUH OPIEHTOBAHUX rpadiB.
VY 3aranpHid moctaHoBII I 3adadi € NP-Baxkumu [50]. ast ixX po3B’si3aHHS B
3arajlbHOMY BHUIIQJIKy BiIOM1 TOYHI aJITOPUTMHU, 110 PEalli3yl0Th CXEMU HAIpPaBIEHOTO
nepebopy, Ta BUABJICHI MIAKIACU 3a]ad, JJIsI SKUX TOYHI PO3B’SI3KM MOXKHA 3HAUTH 3a
nojiHoMiansHMM vac [51, 52].

OTpuMaHO TakOX JEAKl OLIHKM 3HAY€Hb LUIbOBUX (YHKIH, 110 T03BOJISIOTH

OITIHIOBATH SAKICTh HAOJIMKEHUX Po3B’s3KiB [19, 53].
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[Tosia poGotu I'pexema P. [15] chopusiia BUHMKHEHHIO 1€ OJHOTO HAMPSIMKY
JOCJI/I)KE€Hb, IO CTOCYETHCS BUBUCHHSI MOKJIMBUX TaK 3BaHUX aHOMAJIbHUX BUIAJIKIB Y
UX 3a7a4ax. ABTOp CTATTI MiJl «KAHOMAIISIMU» PO3YMi€ HEMPOTHO30BAHE MOTIPLICHHS
3HAQ4YEeHHS IIJIbOBOI (DYHKIIT IPU MOKpAIIeHH] MOYaTKOBUX JaHUX 3ajadl, METOIO SIKOTO
OyJI0 MOMIMNIIEHHS pPe3yJbTaTy.

[leit HampsiM MpPOJOBKUB PO3BUTOK y gociimkeHHsx Jlynnksict T., Komorta k.,
Togi C. A., [TanBankap C. C. [16, 18, 54-56].

HesBaxkaroun Ha meBHUI Mporpec y po3poOIll METOAIB 3aj/iay, 1110 PO3TIISAat0ThCS,
JIOCJI1IKEHHS] aHOMaJIbHUX BUMAJIKIB 3aJIMIIAI0THCS HEJOCTATHRO BUBUCHUMU. AHOMATII,
K1 MOXYTh TPOSIBISTUCS Yy BUIJISAI HemependauyyBaHUX a0 mapaJoKCalbHUX 3MIiH
3Ha4eHb IIIbOBOI (PYHKIII MOpH 3MiHI TOYATKOBUX TMapaMeTpiB 3ajayi, 4YacTo
YCKIIaJIHIOIOTh MPOLIEC BUKOHAHHS 3aBAaHb. Taki siBUIllAa BIULIMBAIOTH SIK HA TOYHICTb, TaK
1 Ha CTaOUIBHICTh PE3yIbTaTIB, L0 MOXE MAaTU KPUTHUYHE 3HAYEHHS y MNPHUKIAJTHUX
rajny3sx.

VY cBoix mpangx, I'pexem P. 1 Jlynaxsict T. [15, 16, 57] mocaimxyBaiu okpemi
aCMeKTH TaKuX 3a7ad, OJHaK NUTaHHS Kiacudikailii Ta cucTemMaTu3allli aHoMaii
3aJIMIIAIOTHCS BIAKPUTUMU. AKTyalbHICTh MNPOOJIEMH 3pOCTAaE B yYMOBaX CYyYaCHHX
BHCOKOHABAHTAXKEHUX OOUYUCITIOBAIBLHUX CUCTEM, JI€ HABITh HE3HAUHI 3MIHU MapaMeTpiB
MOXXYThb CIPUYMHUTU CYTTEBI BIIXWICHHS Yy MOBENIHII cUCTeMHU. Tak, y pealbHHX
yMOBaX BHUKOHAaHHS 3aBJaHb, 1[0 TOB’S3aHI 3 JIOTICTUKOIO, EHEPreTUKOIO,
TeNeKOMYHIKaIlisiMu, KibepOesmnekoro, iHaycTpieto 4.0, 3poctae moTpeda B HaAINMHUX
QIrOpUTMAaX, 3JaTHUX 3a0€3MEeYUTH CTAOUIBHICTh PE3yJbTAaTiB HAaBITh 3a 3MIHHUX
MOYaTKOBHUX mapameTpiB. HasBHICT, aHOMaNbHUX BUMAJKIB Y PO3B’sI3Kax TaKUX 3ajad
YCKIIaJIHIOE 3aCTOCYBaHHS CTaHIAPTHUX METOJIB ONTUMI3allli, OCKIILKH BOHU MOXYTh
MPU3BOAUTH 10 HemepeadauyBaHOTO TMOTIPIIEHHS pPe3yibTaTiB, HE3BaXKAalOUM Ha
dbopmansHe mominmeHHs ymMoB [58-61]. Ile ocoOmuMBO KpUTHYHO ISl 3ajady, JI€ Bij
CTIAKOCTI1 pe3ysbTaTy 3ajexaTh peaiabHi (piHaHCOB1 a00 CoIllalibHI HACIAKY.

TakumM 4YMHOM, BUBYEHHS MNPUPOAM AaHOMAJIBHUX SBHIN, iX Kiacudikailis Ta
pO3poOKa METO/IIB 3aNI00ITaHHS € aKTyaJIbHOI0 HAyKOBOIO MPOOJIEMOI0, BUPIIICHHS IKOT

JI03BOJIUTH MIABUIIUTH SKICTh MPUUHSATTS PIIIEHb Y CUCTEMAaX YIPaBIIiHHS.
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OkpiM 1BOTO, Cy4YacHi 3aJadl ONTHUMAJIBHOTO YMOPSAKYBaHHS JAeAail YacTille
MaroTh CIIPaBy 31 CKJIAJHUMH CTPYKTypamMu rpadiB, 3MiHHOIO TPOTYKTUBHICTIO PECYPCIB,
JI03BOJIOM Ha TIEPEPUBAHHS 3aBllaHb, PI3HUMHU KPUTEPISIMH ONTUMAIBHOCTI. Y TaKUX
YMOBAaX KJIACHYHI aJITOPUTMU HE 3aBXKIU BUSBISIIOTHCS ePpeKTUBHUMHU. Lle oOrpyHTOBYE
HEOOX1AHICTh PO3POOKH HOBUX MiIXOMAIB, sIK1 O BpaXOBYBaJIu BUIIlE3a3HAUCHI (PaKTOpH Ta
J03BOJISLIIA MOJENIOBATH CHUTYyallli 3 aHOMaJbHUM TMOTIPIIEHHSM 3HA4Y€Hb MUIbOBUX
GyHKIIH.

VY nucepraiiiiiniii poOOTI aKIEHT 3p00JIEHO Ha PO3IIUPEHHS TEOPETUUHHX YSIBIEHD
110/10 BUHUKHEHHSI aHOMaJIli y 3aJladyax ONTUMAJIbHOTO MapajeIbHOro YIOPSIKYBaHHS.
3okpeMa, AOCHIIKYEThCS BIUIUB CKOPOUYEHHSI CIIMCKY MP1OpUTETIB, (Pikcallli 3aBAaHb 3a
BUKOHABIISIMU, 3MIHU MPOAYKTHUBHOCTI, a TakoXk €(eKTH MepepuBaHb 1 1HBEpCii y
rpadoBux cTpykTypax. Okpema yBara HpUAUISETHCA MOOYIOBI yMOB cTaOuIi3alli
JIOBKUHU ONTUMAIBHOTO YHOPSIAKYBaHHS, 110 € BAXKIUBUM KPOKOM A0 (opmanizarii
MOBEIIHKY CUCTEM B yMOBaxX AMHAMIYHUX 3MiH.

3B’A30K po00TH 3 HAYKOBUMHM NMPOrpaMamMm, IJIaHaMu, TemaMu. J(uceprariiiine
JOCJIIIKEHHST TIPOBOJUJIOCS B paMKax TEMU HAyKOBO-IOCH1IHOI poOoTu MiHicTepcTBa
ocBITU 1 Hayku Ykpainu «Po3poOka Ta peamizaiii METOJIB ONTHUMAJIbHOTO
¢dbyukiionyBanHs ckiaaHux cuctem» (Ne nmepxpeectparii 01220001466, 2022-2024
pp.) mpu kadeapi OOYMCIIOBAIIPHOI MaTeMaTHKH Ta MaTeMaTUYHOI KIOEpHETHKH
JIHITPOBCHKOTO HalllOHAJIBHOTO yHIBepcuteTy iMeHi Onecst ['onuapa.

Merta i 3aBpaHHs aociaigxeHHss. MeToo poOOTH € TEOpPETHUYHE OOIPYHTYBaHHS
MPUPOIM aHOMAJIBHUX BHUMNAJKIB y 3ajadax MNapajiesibHOTO YHOPSAKYBAHHS BEPIIHUH
Ha PO3B’SI30K 3aja4i.

3aBOaHHS TOCTIIKEHHS:

e xyiacuQikallisg aHoMallil y oJHOMY KJacl ONTUMI3ALIMHUX 3a7a4 Ha Tpadax;

®BHUBYCHHS OCOOJMBOCTEM BHHUKHEHHS AaHOMAJIbHUX BHUIAJKIB Yy 3a/adax

napajeabHOTO YIOPSIAKYBaHHS;

® p0O3po0Ka aIrOpUTMIB JJIsl PO3B'sI3aHHS 3a7a4 3 ypaxXyBaHHSAM MOSIBU aHOMaJIbHUX

BUINAJKIB;
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® IPOBEJICHHS aHaJI13y BILUIMBY 3MIHM IMapaMeTPiB 3a/1a4 Ha MOSIBY aHOMaJIii;

®po3poOKa MPOrpaMHOro 3a0e3medeHHs JJIsi OOYHCIIOBATBLHOIO MOJCTIOBAHHS

JOCJIII)KYBaHUX SIBUIILL.

06 ’exm 0ocnidxcenns — MAKIAC 33124 JUCKPETHOT ONTUMI3ALIl], Y SIKUX MOXIJINBE
BUHUKHEHHSI aHOMaJIbHUX BUMIAJKIB.

IIpeomem Oocniodxicenns — METOU 1 ANTOPUTMH aHAJI3Yy BUHUKHEHHS aHOMAJid y
3a/1avax napajeiabHOTO YHOPSAKYBaHHS BEpPIIUH oprpadis.

Memoou oocnidxcenns: y mpolieci po3B’si3aHHs 3aBAaHb OyJIM 3aCTOCOBAHI M1AXO0IU
JUCKPETHOI 1 KOMOIHATOPHO1 ONTUMI3allil; METOAH, 0 IPYHTYIOThCS Ha Teopii rpadis i
Teopii pO3KJIa/liB; IHCTPYMEHTH T€OP1i ONTUMAIIBHOTO BIIOPSAKYBAHHSI.

HaykoBa HOBHM3HA 0/1ep:KAHUX Pe3y.JIbTATIB:

— enepuie PO3TIASTHYTO BIUIUB OJTHOYACHOTO MOKPAIIEHHS JEKUIBKOX MOYaTKOBUX
YMOB Ha MOSIBY aHOMaJIbHUX BUIAJIKIB;

— gnepuie TOKa3aHO BUHUKHEHHSI aHOMaJTiH IPY CKOPOUYEHHI CIIUCKY MIPIOPUTETIB,
3MEHIIEHHI KUIBKOCTI poOiIT, 3MiHI IPOYKTUBHOCTI BUKOHABIIIB Ta (¢ikcallii poOitT 3a
BUKOHABIISIMU;

— OMPUMAHO HO8I YMOBH, IO 3aM00Iral0Th MOKJIMBOMY BUHUKHEHHIO aHOMAJ1i;

— po3pobNeH0 HOGI ANTOPUTMH 3MIHUM CHUCKY MPIOPUTETIB Ta JAMHAMIYHOIO
Mepepo3noily 3aBAaHb g 3a0€3MeueHHs] CTaOUTbHOCTI PO3KJIaMy Ta MiHIMI3alli
HETaTUBHOTO BIUIMBY aHOMAJIbHUX BUIIAJIKIB Ha ONTUMAJIBHICTh PO3B’SI3KY;

— enepuie BBEASGHO TOHATTA cTaOLmI3aIlli JOBXKMHU  ONTHMAJIBHOTO
YHOOPSIAKYBaHHS, C(POPMYIbOBaHO Ta OOTPYHTOBAHO YMOBH TIpH SKHUX BOHA
B1/10yBA€ETHCS;

— po32/isiKymO BIUIMB JI03BOJIy MEpepUBaHb HAa BUHUKHEHHS aHOMAaJbHUX
BUIIAJIKIB;

— enepuie TIPOAHAN30BAHO MOJXIIMBICTh AaHOMAJbHUX BHIAJKIB IS
1HBepTOBaHUX rpadis;

— n00ANbLUWO020 PO3GUMK)Y HAOYIU METOJIW NOCTIKEHHS BIUIMBY aHOMAaIiil Ha
e(heKTUBHICTh YIIPaBI1HHS MPOIIECaMHU.

IIpakTyHe 3HAYEHHS OJIEPKAHUX pe3yabTaTiB. OTpUMaH1 pe3yIbTaTH MOXKYTh
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OyTH BUKOPHUCTaHI JIJIsl PO3B’A3aHHS IIUPOKOrO KOJIa MPUKIAJHUX 3a/a4, MOB’ A3aHUX 3
e(heKTUBHUM ILIaHYBaHHSM, YIIPABIIHHAM PECypcamMu Ta HoOYJ0BOIO CTIMKUX PO3KJIIAIIB.
Po3poOsnieHi TeopeTHuHI MiAXOAM Ta AIrOPUTMH BPaxOBYIOTb MOKIIMBY HasBHICTh
aHOMAaJIbHUX BUIIAJIKIB, aHAJI3 AKUX JI03BOJISIE YHUKATH MapaloKCaATbHUX CUTYAII1H, KOJIH
MOKPAIIEHHs] BX1JIHUX MapaMeTpiB COPUYMHIOE MOTIPUIEHHS IITLOBUX MOKa3HUKIB. Lle
O0COOJIMBO BaXJIMBO Yy 3aJayax, L0 MAalOTh KPUTUYHE 3HAYEHHS Ui 3a0€3NeUYeHHS
CTaO1ILHOCTI (PYHKIIIOHYBaHHS CUCTEM — Y BUPOOHUIITBI, JOTICTHII, TEIEKOMYHIKaIIisX,
00UYHCITIOBAILHUX CEPEOBUIIAX, CHEPTETHUIIl Ta 1H.

3anponoHOBaHI METOAM JAMHAMIYHOIO TNEPEepO3NOAULly 3aBAaHb, MOOYI0BU
MPIOPUTETHUX CIHCKIB 1 BpaxyBaHHS O0cCOOJMBOCTEN rpadoBOi CTPYKTypH 3aaad
J03BOJISIIOTh MIJBUIIUTH €(EKTUBHICTh PO3KIIAJIB, 3MEHIIUTH PU3UK BUHUKHEHHS
KOH(JIIKTIB y MOCIIAOBHOCTI BUKOHAHHS POOIT Ta 3a0€3MEYUTH aJallTUBHICTh J0 3MIH
MOYaTKOBHX YMOB.

Pe3ynbpraTu OCHIIKEHHS MOKYTh OyTH BIPOBAIKEHI y CUCTEMAaX PEaIbHOIO Yacy,
30KpeMa B MYJBTUIIPOLIECOPHUX 1 PO3MNOIAIIEHUX CEPEeJOBHILNAX, 1€ HEOO0X1IHO
3a0€3MeUnTH rapaHTOBAaHE BUKOHAHHS 3aJ1ay MPU 0OMEKEHHUX pecypcax 3a IpUIHATHUMA
qac.

Kpim Toro, mporpamnHa peamizailii 3alpoONOHOBAHUX aJITOPUTMIB  MOXKE
BUKOPUCTOBYBATUCHh SIK 1HCTPYMEHT MIATPUMKUA NPUNHATTA pimieHb. [loganbimi
JOCIIIIDKEHHSI MOXYTh TepeAdadatv BHAUICHHS mMiAKiIaciB rpadiB Ta BIIMNOBIAHUX
MOYaTKOBUX YMOB, JJISl IKUX aHOMAaJii He BUHMKAIOTh, 400 TUX MIAKIACIB, JJIs SAKUX IIi
aHOMaJTii TPOTHO30BaHI.

Oco0ucTnii BHecok 3100yBayva. Pe3yiapTaTu qucepTaiiitHoi poOOTH BUKIIAJIEH] Y
14 naykoBux mpaugx [1-14]. Yci pe3yapTatu, 110 BUHOCSITHCS HA 3aXUCT, OTPUMaHI
aBTOPOM 0COOMCTO. ¥ CIIBaBTOPCTBI pe3yJIbTaTU MpEACTaBieHl y 13 HayKOBHX Mpausx.
VY crarti [1] 3m100yBaueBi HajIexKUTh POPMYJIOBAHHS 3a/layul Ta JIOBEICHHS TBEPJXKEHb
PO YMOBH ICHYBaHHS JONMYCTUMOIO YHOpsAKYyBaHHs; crhiBaBTopii Typuuniii B.A.
BU3HAYEHHS 3arajbHOr0 MIAXOAY [0 Yy3arajJlbHEHHs 3a7ad pO3MOAULY 3 YpaxyBaHHIM
(iKCOBaHMX BHUKOHABIIIB Ta METOAOJIOTIS AHAIITUYHOTO JOBEJEHHS. Y cTarTi [2]

3100yBayeBl HaJEKUTh (OPMYJIIOBAHHS 3a/adl JOCII)KEHHS aHOMAJIbHUX BUIIAJIKIB Y
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3a/1auyax po3MoJILTy 3 YACTKOBUM MOPSIAKOM, aHaJli3 YMOB, 1110 BILIMBAIOTh HA BUHUKHEHHS
"BY3bKHMX MICIIH" MPU HEPIBHOMIPHOMY PO3MOJIiJIi 3aBJaHb, Ta pO3pOOKa PEKOMEHAII
10/I0 YHUKHEHHS TaKUX aHOMallii; crmiBaBTopui TypuuHiil B.A. HaneXuTh BU3HAYEHHS
3arajJibHOro0 miAXonay no dopmanizamii MojAele 3 HEOJAHOPITHOK MPOAYKTUBHICTIO
BUKOHABI(IB; MOCTaHOBKAa 3aJayl B 3arajJibHoMy BuUrsial. Y crtarTi [3] 3100yBaueBi
HaJIEXXHUTh aHaji3 BIUIMBY CIMCKIB IIPIOPUTETIB HA MOKJIIMBICTh YHUKHEHHSI aHOMANIHN y
3alayax po3MoAlly, po3poOKa aNropuTMy JWHAMIYHOIO NEPEepo3NOoAuTy 3aaad s
3MEHILIEHHsS 3aTpuMoOK; cmiBaBTopui TypuuHiii B.A. HamexuTe O0OrpyHTYBaHHS
JOIUIBHOCTI ~ PO3TJSAYy  JAUHAMIYHMX — QITOPUTMIB Yy 3ajJlayaX  MHapalieIbHOrO
YHOOPSIAKYBAHHSI Ta aHali3 3aCTOCOBHOCTI PO3POOJICHOTO MIAXOAY 0 MIUPLIOTO KJacy
3a/lad AUCKPETHOI omTuMizamii. ¥ ctarTi [4] 3700yBaueBl HaNEXUTh TOCTIKEHHS
aHOMAJbHUX BUMAJKIB JJI1 1HBEPTOBAHUX IpadiB, po3poOKa yMOB, IO 103BOJISIIOTH
3ano0irTd BUHUKHEHHIO aHOMaTii Tpu 1HBepcii; criBaBTopill TypunHiit B.A. HaleXuTh
MMOCTAHOBKA 3aJ1aul B KOHTEKCT1 y3araJlbHEHOTO aHaji3y MPsSMHUX Ta 3BOPOTHHUX Tpadis,
(hopMyIIIOBaHHS 3aJIeKHOCTEN MK CTPYKTYpPHUMU XapaKTepucTukamu rpada. Y crarti
[5] 3m00yBaueBi HaJEXUTh aHaI3 TPhOX BHUMAJKIB OJIHOYACHOIO IMOKPAICHHS
MOYaTKOBHUX MAapaMeTPiB 1 BUHUKHEHHS aHOMAaJIbHOTO MOTIPIICHHS HUIbOBOI (PYHKIIIT y
3a7adax onTumizalli Ha rpadax, po3poOKa OCHOB ISl MOJAJBIIOT0 BUBUCHHS ITIAKIACIB
rpadiB 13 noaAiOHUMU aHOMAaNisAMU; criBaBTopil TypuuHiii B.A. HanexxuTh mocTaHOBKA
3a/layl B y3araJbHEHOMY BUIJIAJ Ta OOIPYHTYBaHHS BIUIMBY KOMOIHOBAHMX 3MIH Ha
ONTUMAJBHICTh PO3B’A3KY. Y cTaTTi [6] 3100yBaueBl HANEKUTh y3araJilbHEHHS BUIIAJIKIB
aHoMajii y 3ajadax moOyJ0BU MapaiesibHUX YIOPSAKYBaHb MIHIMAQJIbHOI JTOBXKUHH,
aHaji3 BIUIMBY MOYATKOBUX YMOB; cmiBaBTOpill TypuuHiidi B.A. HaneXuTh BU3HAUCHHS
HanpsMKYy JTOCHIIKEHb i1 BUOKPEMJICHHS MiAKIaciB TrpadiB, y SKUX aHOMAalii He
BIUIMBAIOTh HAa ONTUMAIbHICTh PO3B’SI3Ky Ta MOOyJAOBa KOHTPHPHUKIAIAIB, IO
UTIOCTPYIOTh NMapaJoKCaabHl BUIMAIKHA 30UTbIIEHHS JOBXHHHU YHOPSAIKYBaHHS. Y CTaTTI
[7] 3m00yBaueBl HaleKUTh POPMYJIOBAHHS Ta JOBEJACHHS YMOB CTaOLI13aIli TOBKUHU
YHOOPSIAKYBaHHS, TOOyI0Ba Ta OOIPYHTYBAaHHS aJIrOPUTMY BHU3HAYEHHS MOMEHTY
cTaburi3alii JIOBXKMHM PO3KJIAAY 3aJ€XKHO BiJ KUIBKOCTI BUKOHABIIIB; CIIBABTOPIII

Typuuniii B.A. HaneXuTh MOCTAaHOBKA MHUTAHHS MPO 3aJEXKHICTh cTabumi3amii Bijl
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IIUPUHU PO3KJIAAy Ta aHalITUYHA MIATPUMKA JIOBEICHHS Yy3araJbHEHUX OIIHOK IS
BUMNAJKIB 3 PI3HUMHM THUINAMU BUXIJTHUX oOOMexeHb. Y myOmikamii [8] 3mo0yBauesi
HaJIeKUTh TMOCTAHOBKA 3ajayl AMHAMIYHOIO TUIAHYBAaHHA EHEPreTUYHHX CHCTEM 13
ypaxyBaHHSIM JICHHUX/HIYHUX TapudiB 1 BUKOPUCTAHHAM COHSIYHOI €HEprii, aHami3
BIUIUBY TakuxX (aKkTOpiB Ha BUHUKHEHHS aHoMalii; cmiBaBTopii Typuuniii B.A.
HaJeXKUTh KOHIIENTyali3alis MiAXOAy [0 MOJENIOBaHHS AaHOMAaJbHUX BUIAJKIB Yy
CUCTEMAX EHEPreTHUYHOTO pO3MOAULYy Ta OOIPYHTYBAaHHS JOLIIBHOCTI 3aCTOCYBaHHS
(dhopmanIpHOro anapary Teopii po3KJIaaiB sl 3a/lay JUHAMIYHOTO €HEPTOoIJIaHyBaHHS. Y
nmyouikaiiii [9] 3100yBaueBl HAJIEKUTH JOCIIII)KEHHS BILIMBY NIEPEPUBAHb HA BUHUKHEHHS
aHoMaJid y 3aJadyax [apayielibHOTO  YHOPSAKYBaHHS, poO3po0Ka  alropuTMmy
MPIOPUTETHOTO MEPEPO3NOAUTY 3 YpaxyBaHHSIM MOXIMBHUX IE€pEPUBaHb; CIIIBABTOPY
KoBanenko €.0. HamexuTs ¢Qopmamizanis I[MOYaTKOBUX YMOB 3ajadl, [M0OyJIoBa
MaTeMaTUYHOI MOJIEN 3 YpaxXyBaHHSM IIUPUHU YHIOPSIKYBAaHHS Ta IPIOPUTETIB, a TAKOK
y4acTh y (hopMyIrOBaHHI YMOB BUHUKHEHHsI aHoMauiil. Y myOmikanii [11] 3mo0yBauesi
HaJIEXHUTh BBEICHHS KOHLEMUII cTaduTi3amli JOBXKUHU YIOPAJIKYBaHb 1 aHAJI3 BILIUBY
3MIH TIOYAaTKOBUX JaHUX HAa ONTUMAJIBHICTH PO3B’s3Ky; cmiBaBTOpii Typuuniii B.A.
HaJeXKUTh (OPMYJIIOBAHHS MaTeMaTUYHUX YMOB cTa0uIi3alli, o0y 0Ba NPUKIAAIB, 110
JEMOHCTPYIOTh BHUHUKHEHHS aHoOMamiil micis crabumizamii. Y myOmikamii [12]
3100yBayeBl HAJEKUTh aHAJi3 aHOMAJbHUX BUIIAJIKIB MIPHU CIPOIICHHI TEXHOJOTTYHUX
oOMexeHb; cmiBaBTopui Typuuniii B.A. dopMymnioBanHs yMOB, 3a SKUX aHOMAaJii
BUHUKAIOTh Yy JIEPEBOBUAHUX CTpYyKTypax. Y myOmikamii [13] 3100yBaueBl HalleKUTh
po3poOKa YMOB 3aro0iraHHsI aHOMAJisIM MPU YIOPSAJKYBaHHI JEPEBOBUIHUX CTPYKTYD;
crniBaBTopii Typuuniii B.A. aHami3 BIUIMBY 3Ba)XKEHOCTI JEPEB Ha ONTUMAJbHICThH
ynopsiaAKyBaHHs. Y myOmikanii [14] 3m00yBaueBi HaleKUTh aHAITHYHUIN OIS BIIOMUX
pe3yIbTaTIiB AOCIIIKEHb, 110 JISTJIX B OCHOBY JaHOTO HAIMpPSAMKY; CIiBaBTOPI TypunHiii
B.A. Hanexuts (popmaiizanis 3a1adl y3araJbHEHOr0 MMapajiebHOr0 yHOPSAKYBAHHS Ta
Kiacudikallis BUMaaKiB KOMOIHOBAaHUX 3MIH MapaMeTpiB.

Anpobanis pe3dyabratiB aucepraunii. OCHOBHI TOJIOXKEHHSI Ta peE3yJbTaTu
JTUCcepTalliifHOl poOOTH JTOMOBIIAMCH 1 OOrOBOPIOBAIMCh HA MIXKHAPOJHUX HAYKOBHUX

KoH(pepeHuisx «MaTeMaTnuuHne Ta mporpaMHe 3a0e3MeUeHHs IHTEIEKTyaIbHUX CUCTEM)



23
(m. Huinpo, 2021, 2022, 2023 pp.); XXVII mixHapoaHiii HaykoBid KoH(epeHIi
«ABtomaruka 2024» (M. [Juinpo, 2024 p.); MIKHApOJAHHX HAyKOBO-MPAKTHYHHUX
ceMiHapax «KoMmOiHatopHi KOH@irypamii Ta iXHI 3aCTOCYBaHHs» (M. 3amopixoKs —
Kponusuunpekuid, 2021, 2023, 2024 pp.), Ha WOPIYHUX KOHPEPEHIIAX 3a MiJACYMKaAMHU
HayKoBo-nocaiaHoi podotu JHY im. O. 'onuapa.

Hyo6aikanii. OcHOBHI pe3yJbTaTH JucepTaliiiHoi poboTu omyOnikoBaHo B 14
HayKOBHX mpansx: 6 crarei ([1-6]) y HaykoBux (haxoBUX BUIAHHIX YKpaiHU KaTeropii
b 3 ¢i3uko-maremaTuuHux Hayk, | ctaTTs [7] B 1HIIOMY HAayKOBOMY BHUJIaHHI, 7 T€3
JomoBiied y 30ipHMKAaX MarepialiB MIDKHApPOJHMX Ta PEriOHaJbHUX HAyKOBHUX
KoH(epeHIiii Ta cemidapis ([8-14]).

Crtpykrypa Ta obcar aucepranii. J(ucepraiiiina po0oTa CKiiaJaeTbcs 31 BCTYILY,
YOTUPHOX PO3JLUIIB, BUCHOBKIB, MEPENIKy BUKOPUCTAHUX JKepen, mo MicTuth 110
HaliMeHyBaHb Ha 12 CTOpIHKaX Ta JOJATKIB Ha 3 CTOpiHKAX. 3araJbHUM 00CT qucepTarii
— 123 cTopinku, o0car ocHOBHOTO TeKCTy — 104 cTtopinku. Pobota mictuth 33 puCyHKH

Ta 48 Ta0JINIIb.
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Po3zin 1 IOHATTA AHOMAJIIN JIJIS1 IEBHUX KJIACIB

3AJIAY

1.1 3agaui onTHMAJIBLHOIO YHOPSIAKYBAHHS BepLIMH oprpadis fIK MigKjIac

3aJa4 Teopil po3KJiaaiB

Teopist po3kiagiB — 1€ HaMpsSM AUCKPETHOI MAaTeMaTUKH, 110 JOCIIKYE 3ajadi
oprasizauii BUKOHaHHS MHOXHHHU poOIT abo omepauiid y 4daci, 4acTO 3 ypaxyBaHHIM
oOMeXXeHb Ha PeCcypcH, BUKOHABI(IB 200 MOCI1IOBHICTh Mii. OCHOBHA MeTa MOJSArae B
1oOyJ0B1 ONITUMAJILHOTO a00 JOMYCTUMOrO MOPSAKY BUKOHAHHS 3aB/IaHb BIAMOBIIHO 10
3aIaHUX KPUTEPIiB €PEKTUBHOCTI.

[leBHuii BHECOK y pO3pOOKYy AESKUX MOJEJeH 3aJay AUCKPETHOI ONTHMI3alli
BimoOpaxkeHo y mpaisix [62-70], B IKMX HABOJATHCS JI€sIKI MOCTAHOBKHU Ta MPHUKIIAJIHI
chepu BukopucTaHHsa. HaBemneHO TakoX MEBHI MIAKIACH MOJIHOMIAIBHO PO3B’SI3HUX
ONTHUMI3AIlIMHUX 3a/1a4 Ha rpadax.

3amadi Teopli po3KIIaAiB MOXKHA PO3AUTUTH Ha ABI TPYIIH:

1) 3agaui 13 nepepruBaHHSAMHU: y IEBHI MOMEHTH 4acy BUKOHaHHS poOOTH MOke OyTH
3yNMUHEHE (3 MOXKIIUBICTIO MPOJOBKEHHS 200 3aBEPIICHHS 3 BUKOPUCTAHHSIM TOTO K, 00
THIIIOTO PECYPCY) 3a/J11 BUKOHAHHS 1HIIOT OTepallii;

2) 3agayi 0e3 nepepruBaHb: KOKHA poOOTa BUKOHYETHCSI HENIEPEPBHO.

OnHMM 13 OCHOBHHX MHTaHb MPHU AOCTIIKEHHI BIAMOBIIHUX MOJENIEH € MUTaHHSA
BH3HAUEHHS CKJIAJHOCT! BIANOBIAHUX 3amad. Y 3aJeXKHOCTI Bl TOTO 4YM BlaoMma
CKJIQJHICTh, @ SKILO BIJIOMA, TO SIKOMY Kjacy 3agady NP-IOBHUX YU MOJIHOMIiaJIbHO-
PO3B'SI3HUX BOHA HAJIEKUTH, 1 PO3POOIISIFOTHCS BIANOBIHI METOM MMOITYKY ONTHMaJIbHUX
PO3B’SI3KIB.

3a TUIIOM PO3B’s13aHHA BUAUISIOTh HACTYIHI KJIACH 3a71a4 TEOPii pO3KIaIlB:

1) 3agaui y3roJi>KeHHs;

2) 3a7a4i pO3NOALLY;

3) 3aiadi ynopsiiKyBaHHSI.
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VY 3amavax y3roJKEHHS MOCHIKYEThCS 3B’SI30K MIXK 3aJaHOI0 TPUBAIICTIO
BUKOHAHHS poOIT Ta YacoM iX HAJIXOIKEHHS B OOCIYroByrOdy CHCTEMY. 3ajadl
PO3MOLTY MependayaloTh MOMIYK ONTUMAIBHOTO PO3MOALTY POOIT 32 BUKOHABUSMU. Y
3a/1auyax yHnopsAKyBaHHS HEOOXIJHO CKJIACTH PO3KJIAJ] (YU MOPSI0K) BUKOHAHHS POOIT
KOXXHUM BHKOHaBLEM IPH 33JJaHUX yMOBaXxX pO3MOAULY POOIT 32 BUKOHABLSIMHU Ta YCIX
napaMeTpax poOiT (TpUBaJIICTh BUKOHAHHS, YaC HAJXOJ>)KEHHS TOIIIO).

OnuH 13 MIIKIACIB 3a7a4 TEOpii pO3KIIA/IB CTOCY€EThCS BUMA/IKIB, KOJIU Ha MOPSIIOK
BUKOHAHHS 3aBJIaHb HAKJIQJAIOTHCA TEBHI TEXHOJOTTYHI OOMEXEHHS 1 MOTpiOHO abo
MIHIMI13yBaTH OOCST PECYPCIB MPHU 33]aHUX YACOBUX XapPaAKTEPUCTUKAX, 400 TP BIAOMUX
o0csirax pecypciB 4ac 3aBepIICHHS BIAMOBIIHOTO MPOIIECY.

SK1110 mpeACTaBISATH TEXHOJIOTTYHI OOMEXEHHSI Y BUTJISA/II BIAMOBITHOTO Tpady, TO
OTPUMYEMO ONITUMI3aIlilHI 3a/1a4l Ha Tpadax. PosriasHemo hopmMyntoBaHHS MPAKTUYHUX
3a/1ay4, 10 MOKYTh OyTH 3BEJIECHI 10 TaKUX 3a]ad.

Hexait nns BukoHaHHs poOOTH i MOTPIOHUN OAMH BUKOHABEIb, i=1,2,...,n, e n —
KUIBKICTh poOiIT. BBakaeThcs, 110 KUIBKICTh BHUKOHABIIB (pikcoBaHa 1 MEHIa 3a .
BBoasThCs HACTYHI IPUITYIIICHHS:

1) KOXX€H BUKOHABEIb MOKE€ BUKOHYBATH OyAb-sIKYy pOOOTY;

2) y 3aJie)KHOCTI BiJ TMOCTAaHOBKU TPHUBAIICTh BUKOHAHHSA pOOOTU I HE

3aJIEKUTh B1Jl BUKOHABIIS 1 JOPIBHIOE OJJHAKOBOMY MPOMIXKKY 4Yacy JJIs BCIX poOiIT

a00 11 KOXKHOT pOoOOTH i 3aJ1a€ThCSI TPUBAJIICTD 1i BUKOHAHHS £

3) He 3a00pOHSETHCS MapalielibHe BUKOHAHHS JEKUIBKOX POOIT;

4) 3B’SI30K MK  JCSIKMMH  poOOTaMH  MIANOPSAAKOBAaHUNA  3aJaHUM

TEXHOJIOTIYHUM OOMEKEHHSAM: poO0Ta j HE MOKe OyTH IovaTa, IOKH HE 3aBepIlieHa

poboTa i.

Pozknan, sikuil He MOPYIIIy€e TEXHOJIOTTYHUX OOMEKEHb HA3UBAETHCA 0ONYCMUMUM.

JlonycTumMuid po3kiiaj, 3riAHO 3 SIKUM pOOOTH 3aBEPUIYIOTHCS 3a MIHIMAJIbHUMN
TEPMIH MpH 3aJaHii KUTBKOCTI BUKOHABIIB a00 MpPHU 3a/laHOMY TE€PMiHI1 3aBEpIICHHS
noTpedye MiHIMaIbHY KUIbKICTh BUKOHABLIB, HA3UBAETHCS ONMUMATLHUM.

Hexaii m — KibKICTh BUKOHABIIIB, / — Yac 3aBEPIICHHS] BUKOHAHHS BCiX POOIT.

3amauya 1. 3a 3agaHUM 3HAYCHHSAM ¢ MOOYJIyBaTU JOMYCTUMHUI PO3KIAJ, WLIO
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MIHIMI3YE M.

3amaua 2. 3a 3aJaHUM 3HAYEHHSM m TMOOYAYyBaTH TOMYCTUMUM PO3KIAJI, IO
MIHIMI3YE £.

BpaxoByroun myHKT 4, HaBeICHUX BUIIIE TPUTYIIEHb, TEXHOJIOT14HI 0OMEKEHHS Ha
MOPSOK BUKOHAHHS POOIT MOXKYTh OyTH 3anaHi opieHToBaHnuMm rpadhom G={V,U}. 3
ypaxyBaHHsM YMOBHU 3 3aja4i 1 12 MOxyTh OyTH cpopMyIbOBaHi SIK 3a/1a4i CHEIladbHUX
YHOPSIAKYBaHb BEPIIUH oprpadis. BiAmoBiH1 03HaY€HHS Ta iX MOCTAHOBKHU HABOJSITHCS

y po3aini 2.

1.2 IloHATTHA aHOMAJII TA MPUKJIAAN IX BUHUKHEHHS

Onniero 13 mpoOeM IpH Po3B’ I3aHH1 KJIACUYHUX 1 y3araJlbHEHUX 3a71a4 € HasBHICTb
y HUX CUTYyalli}, Kl MOKHa BBa)XKaTH aHOMalisiMU. ToOTO, TaKUX BUMAJKIB, KOJIA 3MIHA
BXIJIHUX TapaMeTpiB 3ajayi, 0 3 JIOTIYHUX MIpPKyBaHb IOBMHHA 3MEHIIYBaTH
ONTUMAaJbHE 3HAYCHHS IIIbOBOI (PYyHKII, a00 NpUHAWMHI HE MOTIpIIyBaTH MHOro,
NPU3BOAUTL 0 Horo 30uibmieHHs.  Hampuknan, HenmporHo3oBaHe 301TbIICHHS
3arajibHOr0 4acy BUKOHAHHS 32 YMOBH 3MEHIIIEHHS YaciB BUKOHAHHS OKPEMHUX 3aBJIaHb,
a00 HasBHICTH B oprpadi TpaH3UTHUBHUX, HEIHGOPMATUBHUX AYT, SKI BIUIMBAIOTH Ha
ONTUMAJIBLHICTh PO3B’ 3Ky, OTPUMAHOTO 32 JIESIKUM aJITOPUTMOM.

[lonarrs anomaniii B 3amadax Teopii YHNOPSAKyBaHb OyJIO BIEpIIE BBEICHO
I'pexemom P. [15]. Bin posrisinyB 3amady, KOJIM 3ajlaHa CKIHYEHA MHOXXHHA pOOIT Ta
CKIHY€HA MHOKMHA BUKOHABIIIB. BUKOHaHHS pOOIT 3 BIJIOMUM YaCOM BUKOHAHHS KOXKHO1
MIMOPSKOBAHO  MEBHUM  TEXHOJOTIYHMM  OOMExeHHsM. ['pexemoMm Oy
MpoaHaIi30BaHi camMa MHOXKHMHA BUKOHABIIIB, CTPYKTYypa TEXHOJIOTIYHUX OOMEKEHb, 4ac
BUKOHaHHS poOiT. KpiM Toro, BiH JOCHII)KyBaB BHUIIAQJIKH, KOJIU 3a7aHl Oa)kaHi
MPIOPUTETH BUKOHAHHS poOit. [Ipu anami3i i€l 3agaul Takuii aHOMaJIbHUN €PEeKT MOXKe
OyTH BUSIBJIICHHI PU HACTYITHUX 3MIHAX MapaMeTpiB:

1) 3MeHIIeHH] Yacy BUKOHaHHS poOiT;

2) nocnabiaeHHI TEXHOJIOTIYHUX 0OMEXEHDb Ha MOPSI0K POOIT;
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3) 301IbIIeHH] KITBKOCTI BUKOHABIIIB;
4) 3MiH1 TOPSIKY NPIOPUTETIB BUKOHAHHS POOIT.
[IpointocTpyemMo NosIBY aHOMAaJii OaraTonpolecOpHUX PO3KIIAIB Ha MPUKIIAII.
[Tpuxnan 1.1. 3amano rpad G; (puc.1.1), =3, cnucok IpiOPUTETIB
1=(1,2,3,4,5,6,7,8,9,10,11,12,13,14) Ta MHO>XMHA Bar BepIIuH (4aCc BUKOHAHHS 3aBIaHb)

7=(5,3,3,2,3,3,2,2,1,1,2,2.9,1).

OB OXORO

Puc. 1.1. I'pad G

3HaiiieMo onTUMAaJIbHE YIOPSIAKYBAHHS Ta MIHIMAJIbHY JOBXUHY /.

Tabmuusg 1.1 — OntumaneHe ynopsiakyBaHHs 1 rpada Gi

1 1 1 1 LS| S |5 |7 |79 11|11
2 2 2 4 4 16|66 | 8|8 101212
3 3 3 3 131313131313 |13 13|14

Homxuna /=13.

PosrisiHemMo BUMMagKu MOSIBU aHOMAJTIi:

1) 3MeHIyeMO Yac BHKOHaHHS pooit. 77'=(2,3,3,1,3,3,2,2,1,1,2,2,9,1).
Bynyemo ontumanbHe ynopsiAKyBaHHS.

Tabmuis 1.2 — OntumanbHe ynopsaakyBaHHs ais rpada G

1| 1| 4 5 51519 (1111
22| 2 6 | 6 |6 10|12]12
31313 707 8813131313 |13]13|13|13]13 |14
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Hosxuna /=17. ToOTO, Ipyu 3MEHILIEHH] YaCy BUKOHAHHSI IESIKUX POOIT, 3arajibHUI
Yac 3aBEpIICHHS] BUKOHAHHS YCIX pOOIT HABIAKH MOMITHO 3011bIIMBCS.
2) [TocmabmroeMo oOMeXeHHS Ha TTOPSAI0K BUKOHAHHS poOiT. Hexaif 3amano

rpad G’; (puc. 1.2).

ONOROXO

OOO B OO
OBOONO

Puc. 1.2. I'pad G’

3HaliIeMo onNTUMAaJIbHE YIIOPSAKYBaHHS Ta MiHIMAJIbHY JOBXKUHY /.

Tabnuns 1.3 — OntumanbHe ynopsaakyBaHHs ais rpada Gy

1|11 (111666 1013|1313 /13131313 |13|13 |14

2021214147, 7]9 11|11

30335 |5 (5]8]|8]12]12

Hopxuna /=19, MaeMo NOTIpIIEHHS pe3ybTaTy.
3) 306ibIIyeMO KibKicTh BUKOHABIIB. h' = h + 1,h’ = 4. T'pad G, (puc.1.1)
HE 3MIHIOETHCS.

Tabnuis 1.4 — OntumanibHe ynopsaakyBaHHs s rpada G; npu h =4

r{r, 1,1 (1]9]10

22| 2 5155|1111
31313 6 | 6|6 |12]12
4 14| 8 8 | 7|7 1313131313 /13|13]13 13|14
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JosxuHa /=16 cB1IYUTH PO TE, 110 Yy LILOMY BUIAJKY TaKOX BUHUKAE aHOMATIs.
4) 3MIHIOEMO TOPSIAOK BUKOHaHHS poOiT. Hexai
L'=(1,3,4,5,6,7,8,9,2,10,11,12,13,14), rpad G; 3anumaerscst 6e3 3MiH.

Tabnuus 1.5 — OntumansHe ynopsiakyBauus st rpada G npu L

ry 11 (171|555 |10]12]12

3033 9 (22 (2|7 |7 |13/13]13[13/13|13]13|13|13|14

4 14 )8 | 8 |Il|Il|6]6]|6

JoBxuHa /=19, TOOTO 1HTYITUBHO BJaja 3MiHa MOPSAKY pOOIT 3HOBY MpU3BEIIA J10

MOTIPIICHHS 3HAYCHHS [IJIbOBOI (PYHKITIT.

1.3 Micue aHomMaJtiil y JeIKUX NPUKJIATHUX 321a49aX

VY nmpukiagHUX 3aJadax BaXKJIMBO PO3YMITH MPUYMHU Ta YMOBU BHUHUKHEHHS
aHoMmaJii, mo0 nepeadavaTu iX MOKIUBUHN BIUIUB Ha €(DEKTUBHICTh OpraHi3allii cammux
nporeciB. BoHM MOXyTh NPHU3BOJUTH A0 HEOUIKYBAHUX 3aTPUMOK, MOTIPIICHHS
e(heKTUBHOCTI CUCTEMH, 300iB y BHUKOHAHHI 3aBJaHb, BTPATH JaHUX a00 HaBITh JO
MOMUJIOK Y PE3YyJIbTaTI.

Tak, nHanpuknang, y poOoTi [18] po3risigaeTbesi BaKIUBICTH MMapajeabHOTO
BUKOHAHHS 3aBJaHb B MPUCKOPEHHI PO3pPaxXyHKIB €JIEKTPOMArHITHUX (DEHOMEHIB, sKi
BKJIIOYAIOTh MOJENOBaHHs 3D-cucteM 3 po3noALICHUMU MapaMeTpamHu.

UucenpHa peanizallis nependayae BUPIIICHHS KpaloOBHX 3a7ad 3 ypaxXyBaHHSIM
3MIHHUX €JIEKTPOMATHITHOTO TOJIsl, TAKUX SIK MArHITHUN BEKTOPHUM MOTeHian A Ta
CIESKTPUIHUN CKaJIIPHUM MOTEHIlIAI V, 3a JOMOMOT'0I0 METOIB CKIHUEHHUX €JIEMEHTIB 1
crpsikeHoro rpaaieHta. Cucrema piBHAHb BKIIIOYA€ MPOHUKHICTH W, MPOBIAHICTH O,
HIBUIKICTh PyXOMOTO SIKOPS V 1 TYCTUHY CTPYMY TOHKO1 KOTYIIKH j(%).

[TapanenpbHe BHUKOHAHHS  3aBJaHb €  3arajlbHUM  IHCTPYMEHTOM,  SIKUM

BUKOPUCTOBYETHCS JJIsI CKOPOUEHHS Yacy oO04ucieHb. Januil miaxia nepegdoadae moain
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00UYHCITIOBAILHOIO MPOCTOPY Ha KidbKa MIAMPOCTOPIB, KOXKEH 3 SKUX OOpOOISETHCA
OKpPEMHUM BY3JIOM Yy KjiacTepi. 3B’SI30K MK BY3JJaMHU BCTAHOBIIIOETHCS 3a JTIOIIOMOTOIO
cokeTiB Ta BukopuctanHusi texnosorii MPI (Message Passing Interface). 3aBmanns, 1o
BUKOHYIOTHCS, BKJIIOYAIOTh Mepeiady JaHUX, OOYMCIECHHS Ta BaiAallio.

Crnoci6 peanizariii mapaneiabHOi CHCTEMH MPEJACTABICHO HA OCHOBI MOJIEII MPSIMOTO
opieHTOBaHOTO Trpada. 3agaeThcs KUTBKICTh 3aBAaHb Ta Yac iX BUKOHAHHS, KUIBKICTh
KJIacTepiB (BUKOHABIIIB), MHOKHMHA OOMEKEHb Ta CIUCOK MPIOPUTETHOCTI BHKOHAHHS
3aBaaHb. JlocmipkeHHsT  cOpsMOBaHE Ha TpPU  BHUOAAKHA, SAKI  Haldacrimie
BUKOPUCTOBYIOTbCS, [IJIi MPUCKOPEHHS OOYMCIICHb: 3MEHIIEHHS Yacy BHUKOHAHHS
3aB/IaHb, 30UIIIEHHS OOYUCITIOBAJILHOT MOTYKHOCTI Ta 3MEHILIEHHS OOpaHUX OOMEXEHb
npeneaeHTiB. JJis KOXXHOrO 3 BHUMNAAKIB aBTOPH Ha NPUKIALAX MOPOLTIOCTPOBAIH
MOTIPIICHHS 3HAYEHHS 1IJIOBOI (PYHKIIIT, 110 1 BI/IMOB11a€ BUHUKHEHHIO aHOMAaJIIH.

Pe3ynbTaTu aBTOPIB MiAKPECTIOIOTH HEOOX1IHICTh YIOCKOHAJIEHHSI METOA1B poOOTH
3 mapaJieIbHUMU CHCTEMaMU JJii JIOCATHEHHS e(EKTUBHIIIOTO BUKOPUCTAHHS
00UYHCITIOBAILHUX PECYPCIB.

VY 6Ge3nporoBux cencopHux Mepexax (BCM) onTumiszaliisi eHEprocnoKUBaHHS €
KJIIFOYOBUM 3aBJaHHSIM, OCKUIbKM CEHCOpPU 3a3BHYail MaioTh OOMEXKEHI pecypcu
KUBJICHHS. AHOMAaJI1i MOKYTh BUHUKATH Y€pe3 HEPIBHOMIPHUI pO3MO/ILJT HABAaHTAXKEHHS
MDK By3JlaMH, [0 TPU3BOAHWTH [0 MEPEIYaCHOrO0 BHUCHAXXEHHs OaTapeil OKpeMHXx
CEHCOpPIB 1, SIK HACHIJOK, [0 3HIKEHHS 3arajbHOi MOPOJYKTHUBHOCTI Mepexi. Y
nociikeHHl [71] po3risgaroThCsi pi3HI aNrOPUTMH  KiacTepu3allii, COpsIMOBaHI Ha
3MeHIIeHHs eHeprocnoxkuBanHs B BCM. OaHuM 13 HalWOLIbII BaXKIMBUX (PAKTOPIB €
eHepreTuyHa €(EeKTUBHICTh, OCKUIBKM CEHCOPHM YacTO MalTh OOMEXEHI pecypcu
Oatapeil. [loripmeHHs po3noAlLy €Heprii cepell By3JiB MOXE MPU3BECTU O IIBUIKOI
PO3PSAKH CEHCOPIB, IO B CBOIO YEPTy CIIPUUHUHSIE 3001 B POOOTI MEpEKI.

VY chepi kibepOe3nexku BUSIBICHHS aHOMAIIA € KPUTHYHUM IS 3amoOIiraHHS
HECAHKI[IOHOBAHOMY JIOCTYyIly Ta 3axUCTy I1H(QOpMAaIiiHUX cucTeM. AHOManbHI ii
MOXYTh CBIIUATH MPO TMOTEHLINHI 3arpo3u, Taki $K aTaku TUIYy "BiAMOBa B
oOciyroByBaHH1" a00 cripoOU MPOHUKHEHHS B CUCTEMY. Y cTaTTi [72] mpeacTaBlieHO

OTJIsi]T METO/11B BUSIBJIEHHS aHOMAJIH y Mepe:keBOMY TpadiKy. ABTOPH PO3IIISIIAIOTH Pi3HI
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MIIXOAW 10 1AeHTU(IKaIil BIAXWIEHb BiJl HOPMalbHOI TMOBEAIHKM Ta aHANII3yIOTh
€(EeKTUBHICTh UX METO/IIB Y PEAIbBHUX YMOBaX.

Crni BIIMITUTH 1 HACTYNHI MPUKIaAH1 cPepu, A€ BUKOPUCTOBYETHCSA Mapayelnizm
MIPY BUKOHAHHI OIeparii 1 [MJIKOM MOXINBO MOXKYTh 3’ SBJISITUCS aHOMAJTI.

1) VY OioiHpopmaTuIll Taki aJlrOPpUTMU BUKOPUCTOBYIOTHCS JJIsI aHAJI3y
F€HOMHUX JIaHUX, METa0OJIOMHUX peakKIiid, MOJIEKYJISIPHOI MOJENIOBaHHS Ta
MIPOTHO3YBaHHS BIIAaCTUBOCTEN OiomonekyJ. [lapanenbHe BUKOHAHHS 3aBlIaHb JI03BOJISE
3M1MCHIOBATH IIBUAKWN MOIIYK y BEIUMKUX HAOOpax NaHUX JJIsi BUSIBIICHHS MYyTalliid,
MPOTHO3YBaHHS (PYHKIIH OUIKIB Ta pO3B'A3aHHS CKIaAHUX T€HETUYHUX mpoodiem [73].

2) VY (dinancoBoMy cekTopi 0OMEKEHHSI YaCTKOBOT'O MOPSIAKY Ha omnepartii, 1o
MPOBOASATHCA [IJIs aHaji3y pPUHKIB, MNPOTHO3YBaHHA IIH Ha akKlii, ONTUMI3alil
IHBECTUIIMHUX TOPTPENiB Ta pU3UK-MEHEIKMEHTY [74]. BOHU N03BOJISIIOTH IIBUIKO
00poOISITH BeNUKl 00CATH (PIHAHCOBHX JTaHMX Ta PO3PAXOBYBATH CKJIAJHI (DIHAHCOBI
MOJIEJII.

3) Y  Mereoposorii  Ta  KIIMATOJOTIi  mapajeiabHi  OOYHCIICHHS
BUKOPUCTOBYIOTHCS JIJIs CTBOPEHHS CKJIAIHMX MOJEJIe MPOrHO3yBaHHS IOT0/IH, aHAT3Y
KJIIIMATUYHUX 3MIH, MOJICNIIOBAHHS MPUPOAHUX KaTacTpod Ta OI[IHKU iX HACHIAKIB.
Bennuesni oOcsaru maHux Ta CKIAAHICT MOJCNEH pOOJATh ONTHMIZAIIMHI METOIU
HEBIJI'€EMHOIO CKJIAJI0OBOIO ITUX JOCTIIKEHb [75].

4) VY CBITI ITYYHOTO 1HTENEKTY 1 MAIIMHHOTO HABUAHHS PO3MO/JIIeHa 00poOKa
1H(opMalIlii BUKOPUCTOBYETHCS ISl HABUAHHS CKJIATHUX MOJENel TTMO0KOro HaBYaHHs,
00pOOKH BEJIMKUX OOCSTIB JaHUX Ta MOKPALIEHHS MPOIyKTUBHOCTI alrOpuTMIB [76].

5) VY rany3i CTBOpEHHS B1JI€0Ir0op napajeibHe BUKOHAHHS 3aBJIaHb JIONIOMarae
B peanizaili peanicTUUHUX rpadiuHuX e(eKTiB, MIBUIKOMY OOYUCIEHHI (PI3UUHHUX
MPOIIECIB Ta CTBOPEHHI BIIMOBIAHUX CIIEHAP1iB MOBEAIHKN EPCOHAXKIB.

i mpukiianu BKa3ylOTh Ha IIUPOKUM CIIEKTp 00iacTel, e ONTUMIZAIIiHI METOIU
MOJICIOBaHHS 3aJa4 BIIITPalOTh BAXKIMBY POJb Y BHPINICHH] CKIAJHUX 3aBJ/IaHb,
MIPUCKOPEHH1 OOYHMCIIEHb Ta MiJABUIIEHHI MPOAYKTUBHOCTI Y BEJIMKUX JOCIHITHUIIBKUX
MPOEKTAX.

AHoManii y TakuX 3a/1adyaX MOKYTh BUHUKATH Yepes:
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1) HepiBHOMIpHUU pPO3MOAIN 3aBAaHb MIX BUKOHABISIMU, IO MPU3BOAUTH 0
nucOanaHcy 3aBaHTaXEHHS Ta 3aTPUMOK;

2) HEBIAMOBIHICTh OOMEXKEHb IPU MOJIEIIOBaHH1, HATPUKJIIA/, Yepe3 KOHPIIKTU Yy
npioputeTax abo pecypcax;

3) 300i y KOMyHIKalii MDK BY3JIaMH HapajieJbHOI CUCTEMH, IO YCKIIATHIOE
nepeaavyy aHuX 1 CHHXPOH13aI11o0;

4) yncenbH1 TOXUOKU MTPU MOJAEIIOBAHHI, SIK1 3pOCTAIOTh Y CKJIQJIHUX CUCTEMAaX.

Hapegemo npukiaay BIUIMBY aHOMAaJTiM HA 3HAYEHHS IIJTLOBOIT (DYHKITII:

1) y 6ioindopMaTuili HEOJHO3HAUYHUI PO3MOJIN 3aB/laHb MOXE MPU3BOJUTU N0
30UIBLIEHHS Yacy MOIIYKy B 0a3ax JaHWX a00 HETOYHOCTI Y NMPOTHO3aX, UI0 BIUIMBAE Ha
pe3yJbTaTh T€HETUYHUX JTOCTIIKEHb;

2) y ¢p1HaHCOBOMY CEKTOp1, KOJIM aJITOPUTMHU ONTHUMI3allii HE BPaXOBYIOTh YacOBI
0OMEXXEHHS, MOXKJIUBI 3aTPUMKH B OOpOOIll TpaH3aKIlid, 110 BIUIMBAE HA IIBUJKICThH
BUKOHAHHSI pPUHKOBUX OTIEpalliii;

3) y mMeTreopoJiorii HenmpaBuibHa 00poOKa JTaHMX Yepe3 aHOMallii y po3MoAiIeHIN
CUCTEMI1 MOK€ CIIPUUYUHSITH MOXUOKHU y MPOrHO3yBaHHI MOTOH, 1110 0COOJIMBO KPUTUYHO
MIpU IPOTHO3YBaHHI MPUPOAHUX KaTACTPOQ.

PosrnsHemo MeToAu BUSIBICHHS Ta YCYHEHHS aHOMAaJIiM MpU aHaji3l MpaKTUYHUX
3a/ay:

1) ananiTUYHI METOJIU: BUKOPUCTAHHS rpadiB 3aJI€KHOCTEH 1Sl BUSIBICHHS BY3bKHUX
MICIIb y CHCTEMI; aHaji3 YacOBUX CEpill Uil BUSIBJICHHS HEBIJAMNOBIAHOCTEN Y
3aBaHTa)KEHHI BUKOHABIIIB;

2) MOJENIOBaHHS Ta ONTUMI3AlliSl: 3aCTOCYBaHHS METOJIIB BUPIBHIOBAHHS
HaBaHTAXEHHS [l 3MEHIIECHHS 3aTPUMOK; BUKOPUCTAHHS CTOXaCTUUYHHUX MOJEIEH AJIst
MIPOTHO3YBaHHS BUHUKHEHHS aHOMaJTiii;

3) amaparHi pIMIEHHS: BIOPOBAKEHHS JTOJAATKOBUX PECYpPCIB MJisl MIATPUMKHU
PO3MOIIEHUX CUCTEM; ONTUMI3Allisl MEPEeXKi Mepeiadl JaHUX MK By3J1aMHu.

JlocniIpKeHHsT aHOMaNii y TPUKJIAHUX 3a/1adax J03BOJISIE:

1) miaBUIUTH €(PEeKTUBHICTD MapaNeIbHUX OOUKCIICHb;

2) 3MEHIINUTH 3arajibHUi Yac BUKOHAHHS 3aBJIaHb;
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3) 3a0e3neunTH cTablIbHICTh POOOTH CHCTEM HABITh Y CKJIAIHUX YMOBAX;

4) CTBOPUTH QAN TUBHI AJITOPUTMH JJIsI CKIIAHUX OOUHMCITIOBAJIBHHUX 3a]1a4.

Taki miaxoau ocoOJIMBO BaXKJIMBI Y BUCOKOTOYHHMX Tally3siX, J€ HaBiTh HE3HAYHI
MOXUOKH MOXYTh MIPU3BOJAUTH 10 3HAUHUX BTpAT.

VY CyyacHHX EHEpreTMYHMX CHUCTEMax ICHYe€ HEOOXIJHICTh B ONTHUMAJIbHOMY
VIOpaBIiHHI ~ CHOXXUBAHHSAM  €JIEKTPOCHEprii  aisg  3a0e3ledyeHHsT MaKCHUMalbHO
e(heKTUBHOTO BHUKOPHUCTaHHS JIOCTYNMHUX pecypciB. OJHaK, HaBiTh MPHU MOKpaICHHI
MOYaTKOBUX YMOB, TaKUX SIK 30UIBIIEHHS MOTYXHOCTI CHUCTEMU a00 BUKOPHUCTAHHS
B1IHOBJIFOBAHUX JIXKEPEJ €HEPTii, MOKYTh BUHUKATH aHOMAJTIi.

JlunaMmiuHe MJIaHyBaHHS CIIOKUBAHHS €HEPTil € BAXJIMBOIO CKJIAJIOBOIO YIIPABIIHHS
Cy4aCHUMHU €HepreTuyHuMH cuctemamMu. OCHOBHAa MeTa TMOJsrae B ToMy, H100
ONTUMI3YyBaTH PO3MOJUT JIOCTYIMHOI €NEeKTPOEHEprii MiX CIOXHWBa4aMu 3 PI3HUMU
noTpedamMu Ta MpIOpPUTETaAMH, 3BAKAIOYM HA 3MIHHI YMOBHU Tapudikalii Ta pKepena
eneprii. Hanpuknan, nmikapHi ab0 KpuUTUYHA 1HPPACTPYKTypa MOBHHHA HaJlaBaTUCh
rnepeBara y TMOPIBHSAHHI 3 IHIIMMU MEHII NPIOPUTETHUMHU cHoXuBadaMu. [lpu
JMHAMIYHOMY TJIaHYBaHHI HEOOXI1JTHO BpPaxOBYBaTH 3MiHHI YMOBHU PO3MOJLIY €HEPTii,
30KpeMa:

1) BapTiCTh €HEPT1l 3MIHIOETHCS 3aJI€AKHO B1Jl 4acy N00U: IEHHUM Ta HIYHUHN Tapudu;

2) iICHye MOXJIMBICTh BUKOPUCTAHHS BIJHOBIIOBAHUX JIKEpENl €HEprii, 30KpeMa
COHSTYHOT €Heprii, ika Moke OyTH OE3KOIITOBHOIO Yy TIEBHI MEpioan 100U;

3) mpiOpUTETHICTh 3aBAaHb, SKa MOXKE€ 3MIHIOBATHUCS B 3aJIEKHOCTI BiJ MOTped
CIIO’KUBAYIB.

[IpoTe, HaBITH NOpH TMOKPAIIEHHI MMOYAaTKOBUX YMOB, TaKUX SK 30UIbIICHHS
MPOMYCKHOI 3/IaTHOCTI CUCTEMHU a00 BCTAHOBJIEHHS HOBHUX JDKEpENl €Heprii, MOXYTh
BUHUKATH aHOMaJii, a caMe: 30UIbIIIEHHS 3araJIbHUX BUTPAT CIIOKUBAYIB.

Posrnsnemo 3amady JMHAMIYHOTO IUUIAaHYBAHHS E€HEPreTUYHUX CHCTEM 3
ypaxyBaHHSIM JICHHUX 1 HIYHUX TapudiB, a TaKOXK MOMKJIMBOCTI BUKOPUCTAHHS
0e30rIaTHOI COHSAYHOI eHeprii. Jlns BupillleHHS 3ajayl IJIaHyBaHHS HEOOX1AHO
BpaxOBYBAaTH MPIOPUTETHICTh 3aBAaHb Ta yMOBHU Tapudikalii eHeprii. BBeaemo HacTyIHi

3MIHHI:
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E; — KibKICTh €Heprii, CIOXKUTOI Ha [-My eTamni ianyBaHHs (kBT rox);

Pren, Puiv — Tapud Ha elexkTpoeHeprito 3a KBT'rox y AeHHUN 1 HIYHMM yac
(rpu/xBT1Ton).

@DyHKIIiS BapTOCTI MOKE OYyTH BUpaKEHA SIK:

C(E):Zlnzl(P,qu *Ei +PHi‘{ *Ei)- (1-1)

VY BUMajaky yCKJIaJIHEHUX YMOB (YHKIIISl BAPTOCTI MOKE BUPAKATUCH TAKUM YUHOM:

C(E)=Xiy Xy (P * Ey)), (1.2)
ne Ejj — KUIbKIiCTh €HEprii, CIOKHUTOI j-M CIIOXKUBa4YeM y miepion i (kBT-rox);

P; — Tapu Ha enekTpoeHeprito 3a kKBt ron y nepiof i (rpa/kBT-Ton).

s dopmyna no3Boiisie BpaxyBaTh SIK PI3HULIO B Tapudax Ha €IEKTPOEHEPTiio
3QJIEKHO BiJ 4yacy A00M, TaK 1 MOXIJIMBICTb O€3KOIITOBHOI'O BUKOPUCTAHHS COHSYHOI
eHeprii y IeHHUH Jac.

Jlns pealibHUX TOYATKOBUX YMOB, KOJM BapTICTh €JIEKTPOEHEPrii 3a JACHHUM
tapudom nopisHtoe 4.32 rpu/kBT1-r0ox, 32 HiuHUM 2.16 rpH/KBT-TON Ta GE3KOIITOBHA 32
YMOBU BUKOPUCTaHHSl COHSIYHOI e€Heprii, Oyjia 3MoJenbOoBaHa CHCTEMa 3 TpboMa
PO3MOIITFYUMHU CTAHIIISIMU Ta JIECSIThMa CIIOKHWBAYaMHU.

OuikyBanocs, 10 10JaBaHHS COHAYHOI €Heprii Ta MOKPAIIEHHS TOYaTKOBUX YMOB,
TaKuX SIK CIPOILECHHS TEXHOJIOTIYHUX OOMEXEHb Ta 3MEHIIEHHS 4acy BUKOPUCTAHHS
€JIEKTPOEHEPT1l NEIKUMHU CIIOKUBaYaMHU, TPU3BEAYTh JO 3MEHIIICHHS 3arajibHO1 BAPTOCTI.
[IpoTe 3MilIeHHS! TPIOPUTETIB CIIOKUBAUIB 3MYCHUJIO OJIHOTO 3 HUX BUKOPUCTOBYBATH
OUIBIIY YaCTUHY eHeprii 3a JeHHuM Ttapudom. Lle npusBeno A0 30UIbIIEHHS 3arajlbHOI
BaptocTi 3 194,4 rpH 1o 259,2 rpH, 1110 € aHOMATIEI0, OCKIIBLKY MPU MOKPAIIeHH] YMOB,
[0 CTOCYIOTHCSI BapTOCTI Ta KIJIBKOCTI CIOXKHUTOI €JIEKTPOEHEeprii, OYIKyBaHHS HE
CIIPaBIIAIINCS.

Posrnsnemo Temep 3amauy ONTUMI3alil  3apspKaHHA ~ E€JIEKTPOMOOUTIB Y
PO3NOAUIEHIA CHCTEMI 3apsAHMX CTaHLIW. 3ajada MOJSIrae y IUIAHYBaHHI YE€pProBOCTI
3apsKaHHS €JIeKTPOMOO1TIB Ha PO3IMOAUICHIN MEpeXi 3apsiAHUX CTAHIIA 3 0OMEKEHOIO
KUIBKICTIO JOCTYITHUX CTaHILM 1 OaTapen.

Mertoro € MiHIMI3allISl Yacy 3apsiKaHHs, BpaXOBYIOUU MPIOPUTETH €JIEKTPOMOO1TIB

(HanmpukJa, e1eKTPOMOO1LT 3 MEHIIIMM 3aM1acoM X0y OTPUMYIOTh BUILUN MPIOPUTET).
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AHOMaUis: MOKpaIIeHHs! TOYaTKOBUX YMOB, TAKUX SIK IOJaBaHHS HOBUX 3apsIIHUX
CTaHII a00 30UIbIIEHHS MIBUAKOCTI 3apsiAKd, MOXE MapaJoKCadbHO MPU3BECTH O
30UIBIIIEHHS 3arajibHOTO Yacy ouikyBaHHs. Lle Moxke cTatucs yepes nepepo3noiiia yepr
a0o uepes Te, 110 KOPUCTYBAUl 3 HUKYUM MPIOPUTETOM 3aiiMalOTh CTaHIII IIBUIIIE, HIK
Ti, 10 MalOTh BHCOKWUU mpioputer. HeoOXimHO omTUMI3yBaTH MPOLEC 3apsKaHHS
€JIEKTPOMOOUTIB Ha PI3HUX CTAHIIAX 3 ypaxXyBaHHSM Tapu(iB, yacy 3aps/KaHHS Ta
JOCTYIHOCT1 CTaHIIIN.

Bapricna ¢yHkiis: no3HauumMo E; — KIUIBKICTh €HEprii uisl 3aps/KaHHS [-TO
aBTOMOO1Is (kBT TON); P3ap — Tapud Ha enexTpoeHeprito 3a kBt-ron (rpu/kBTt-ron); T; —
qac 3aps>KaHHs aBTOMOO1Is (TOJUHN).

BapricHa dbyHKIIs 3apsKaHHs BUTIIAIaTUME TaK:

C(E):Z?=1(P3ap * By *1;). (1.3)

Posrnsnemo npukiaj 3 HACTYIIHUMHU TOYaTKOBUMU JTaHUMU:

e cHepris I 3apskaHHs Tpbox aBToMoOwTiB: 50 kBt'rom, 80 xBt'rom, 100

kBT rox;

® yac 3apsKaHHA: 2 TOAUHH, 4 TOINHU, 3 TOJUHMU;

® BapTICTh 3a 3apskanHs: 3 rpH/kBT1 roz.

OTpuMyeMo 3arajibHy BapTICTh, 1110 JOpiBHIOE 2160 rpH.

[Ipu HACTYMHUX AOCIIJIKEHHSIX BUSIBIISIETHCS, 1110 TaKi MOKPAIICHHS, SIK HAPUKIaJ,
30UIBIICHHS KUTBKOCTI 3apsTHUX CTaHIIIM, MOXKE MPU3BOJIUTH IO 3MIHU YEPTOBOCTI, IO B
CBOIO Uepry MpU3BOJIUTH O aHOMAJIBHOTO 3pOCTAaHHS 3arajbHOi (DYHKIIII BAPTOCTI.

PosrnsHemo Takox 3ajauy po3Moiily MOTYKHOCTEH y Mepexax Inepeayl JTaHux
JUIS MOOLTBHUX TIPUCTPOIB.

Y MOOITPHHUX Mepexkax, 30kpemMa B yMoBax S5, € mpobliemMa ONTHUMAaIbHOTO
PO3MOLTY MPOMYCKHOI 3aTHOCTI MIXXK MOOUIBHHUMHU TPUCTPOSIMHU 3 ypaxXyBaHHSIM iX
MPIOPUTETHOCTI (HAMPHUKIAA, MPUCTPOT 3 KPUTUYHUMH IS OKUTTS JOJATKAMHU
OTPUMYIOTh BUIMUA mpioputet) [77]. OnHak, HaBITH NPH MOKPAIIEHHI MPOMYCKHOI
3IaTHOCTI MEPEXK1 MOKYTh BUHUKHYTH aHOMAJIIi.

AHoMaisi: mpu 30UIBIIEHHI TPOMYCKHOI 3JaTHOCTI MEpEeki YW IMiJIBUIICHHI

MIBUAKOCTI OOpOOKM JaHMX B 0a30BUX CTaHIIAX MOXXE BHHUKATH 3aTpUMKa dYepes
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301JIBbIIIEHHS] KOHKYPEHIIIi 32 peCypcu MK MOOITbHUMH PUCTPOSIMHU.

HeoOxigHO onTuUMI3yBaTH pPO3MOJAUT MOTY>KHOCTEW i Mepenayl JaHux vepes
0a30Bi cTaHIlli, 1100 MIHIMI3yBaTH BUTPATH HA BUKOPUCTAHHS pecypcy KaHaiy. BapTicTs
MOXe€ 3aJIe’KaTH Bij] 3alHATOCTI Mepexi 1 Tapu@iB 3a nepenavy aanux (rpp/Mo).

OyHKIis BapTOCTi: P; — MOTYXKHICTh, Nepeaana mis i-ro npuctporo (MO); 7; —
JIOBKHHA YACOBOT'0 MPOMDKKY mepenaul, Crepex — Tapud Ha niepegavy ganux (rpa/Mo);
B; — mpomyckHa 31aTHICTh MEPEXKi j-0i CTaHIIi1.

BapricHa (yHKIIiS Ma€ HACTYITHUIA BUTJISA!
P.
CMepen(a(P) = ?zl(cnepe'q * B_; * T ) (1 4)

PozrisgaemMo HacTynH1 YMOBH 3aaui:

e riepenayda gaHux A Tprox npuctpois: S00 Mb, 300 Mb, 700 Mb;

e mBHAKICTH Tiepenadi: 50 Mb/c, 30 Mb/c, 70 Mb/c;

e BapricTh nepenadvi: 0,05 rpu 3a Mb.

3aranbHa BapTICTh JOpiBHIOE 1,5 TpH.

VY xo#a1 1oCHIKEHHSI TAaKOXK BUSIBISAETHCS, 10 MOKPAIEHHS MPOMYCKHOI 3/JaTHOCTI
MEpexXi MOXKE€ MPU3BOAUTU 1O AHOMAJIbHUX PE3yJbTaTiB uepe3 3MIHM B YEProBOCTI
nepeaayi JaHuX.

i mpukiIagn MigKpecIOl0Th BaXIUBICTh IPOTHO3YBAaHHSI BUHUKHEHHS aHOMAJTii,
iX BHUABJIEHHS Ta 3a MOXJIMUBOCTI YCYHEHHSI y pPI3HUX MPUKIAAHUX 3a7adax mJis

3a0e3MeueHHs] HaA1HHOCTI Ta €(PEKTUBHOCTI CUCTEM.

1.4 BucHoBKHM 10 po3aiiy

3agadi ONTUMAIBLHOTO YIOPSAKYBaHHS BEpIIMH oprpadiB — 1€ MiIKIAC 3aa4 Teopil
po3KIIaaiB. SIK B KIIACUMYHMX, TaK 1 B y3arajlbHEHUX MOCTAaHOBKAX BOHU BUHHUKAIOThH MPU
MOJICTIOBaHHI TMPOIECIB, TMOB’SI3aHUX 3 PpAI[lOHAJIBHUM BHUKOPUCTAHHS PECYpCIB,
3MEHIIEHHSM 4YacOBMX BHUTpaT Ta IMIJBUIICHHSAM MpoayKTUBHOCTI. lle 30kpema

CTOCY€EThCSl YIPaBIIHHSI BUPOOHWYUMHU MPOLIECAMU, JOTICTUKHU, CKIaJaHHS PO3KIaIiB
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poOOTH TPAHCHOPTY YU OOCIYTOBYIOUOIO MEPCOHATY. AHA3 TaKUX 3a/ad J103BOJISIE
BUSIBUTH ONTHUMAJIbHI CTpaTerii, Kl BIANOBIAalOTh SK ITOTOYHHM BHMOTaM, TakK 1
MEPCIIEKTUBAM PO3BUTKY. YTOPSIKYBaHHS OIepalliil 13 BpaxXyBaHHIM OOMEKEHb, TAKHX
K JOCTYIHICTh PECYpPCIB UM MPIOPUTETH 3aBAaHb, A€ 3MOTY IMIJIBUIIUTH 3arajbHy
e(DEKTUBHICTb CUCTEMH.

Ta sk BUSIBUJIOCS, 11I€ OJHHUM 13 aKTyaJbHHUX HAMpPSIMKIB JOCHIIIKEHb IUX 3a/1a4 €
aHalli3 MOXKJMBOTO BHHHUKHEHHS aHOMaJIbHMX BHIAJKIB. J[aHa poOoTa mpuCBsIYEHA
OTPUMAaHHIO TEOPETUYHUX PE3YJbTATIB, 10 MNPOJOBKYIOTh TOCHIIKEHHS B JaHOMY
HaIpsMKY.

Sk 3’dcyBasiocsi aHOMaJbHI BUIAJIKU BUHUKAIOTH 1 B 1HIIMX 3ajladyax JUCKPETHOI
ONTUMI3AIlli Ta B ICSIKMX KOHKPETHUX NMpUkiIagHux cepax. [le crocyerbest y ToMy ducii
1 3a71a4 nakyBaHHs. E(ekTuBHE BUPIIEHHS 3a/1a4 [bOr0 KJIACY JI03BOJIIE€ MIHIMI3yBaTH
BUTPATH HA TPAHCIOPTYBaHHS, MAaKCUMI3yBaTH BUKOPUCTAHHS CKJIAQJICBKUX IUIOLI a0o
3a0€3MeUnTH HaJleXkHy Oe3NeKy 30epiraHHs TOBapiB.

AHoMaunii, sk cnenu@ivHl BIIXWICHHS Bl NepedadyyBaHOl MOBEAIHKHU, € CYTTEBUM
BUKJIMKOM y 0arathox MPpUKIaAHKX 3a/1a49aX. [X BUABIEHHS, aHAIIi3 Ta BPaXyBaHHSA MAIOTh
BEJIMKE 3HAYEHHS [JIs MIABHUINEHHS HAJIHHOCTI MOJeNIe Ta MPOrHo3iB. Y 3ajadax
ONTUMI3aIlli aHOMAaJIIT MOXKYTh IPU3BOJAUTH A0 HEKOPEKTHUX PIllIE€Hb, TOMY BaXJIMBUM €
iX cBo€yacHe BHSBJICHHS a00 BUIUICHHS IJKIACIB 3amad, JJIsd SKHX aHOMaJli HeE
BUHUKAIOTh. Hampukian, y cucteMax MOHITOPUHTY, aHaNI3y JaHUX YU MPOTHO3yBaHHS,
aHoMaJii MOXXYTh CUTHAJII3yBaTH PO HECTIPABHOCT1, KPUTUYHI pU3UKHU a00 3HAYHI 3MIHU
B YyMOBax po0oTu. BukopucTtaHHs TUHAMIYHUX aJITOPUTMIB J03BOJISIE aBTOMATU3yBaTH
MPOIIEC BUSBJICHHS aHOMATIH, 10 0COOIHMBO BAXKIIUBO ISl BEIUKUX OOCATIB JaHUX.

Taxkum YUHOM, TOCIIKEHHS, 1110 CTOCYIOTHCS BUSIBJICHHS aHOMAIN y MEBHUX KJacax
3a/1a4y JUCKPETHOT ONTUMI3Allll MATBEPUKYE IX BaXKIIUBICTh K JJIsl HAYKOBOT'O Ha/10aHHS,
Tak 1 juisi notped mnpaktuku. [loganpliuii poO3BUTOK METOJIB y ILHMX HaMpsSMKax
CIPUSATUME MIJBUILCHHIO €(PEKTUBHOCTI BUPIMICHHS 3a7ad, 110 MAalOTh 3HAYEHHS JIs
Cy4acHOI EKOHOMIKH, HAyKd Ta TEXHOJIOTiH. Y maHiii poOOTI Takl OCTIKEHHS

MPOBEJICHI JIJIS 3a/1a4 MapajeabHOro YIOPSAKYBaHHS BEpUIMH oprpadis.



38
Pospin 2 JOCJIIZKEHHSA AHOMAJIbBHUX BUITAIKIB Y

3AJJAYAX ITAPAJIEJIBHOTI'O YITIOPAIIKYBAHHA

2.1 OcHOBHI 03HAYEeHHS TAa MOCTAHOBKH 3324

Cdopmynroemo 3aiadi, HaBeJIeHI B MyHKTI 1.1, Ha MOBI Te€Opii yNOPsIIKYBaHb.

Hexaiit G={V,U} — oprpad, V={1,2,..,n} — MHOXHHA BepiinuH, U — MHOXKUHA JIYT.
Toni, G — MozeNb BIJIMOBIAHOTO TEXHOJIOTTYHOTO MpoIlecy, V — MHOkUHA podiT, U —
MHOXKHMHA TE€XHOJIOTIYHUX OOMEXeHb, a (i,j)eU o3Hauae, mo podoTa i moOBUHHA OyTH
BUKOHAHA JI0 OYAaTKy BUKOHAHHS POOOTH .

Hasenemo aesiki BigoMi MOHATTS, 1110 BUKOPUCTOBYIOThCS B poOOTI [78].

Ilin ynopsoxkysanusam S CKIHYEHOI n-€JIEMEHTHOI MHOXHUHU V, pPO3yMIIOTh
PO3MIIIICHHS €JIEMEHTIB I[1€1 MHOXXUHU, NPU IKOMY KOXHUN €JIEMEHT PO3TallOBYEThCS
Ha OJHOMY MICIII.

3a3BUyail BBaXKAIOTh, IO AESKI MICIS MOXYTh OyTH 1 MOPOXKHIMH. SKIIO He
HAaKJIaJal0ThCsl 10JJaTKOB1 YMOBH, TO MOPOXKH1 MiCIlsl HE OynemMo OpaTu 0 yBaru.

3a mux yMmoB mia 0osxcunor I(S) ynopsaokyseamusi S po3yMIE€TbCS KUIBKICTb
HETMOPOXKHIX MICIb Y HHOMY.

Hexaii S[p] — MHOXMHA eleMEHTIB 3 V, siki po3TallloBaHi B yHOPSAKYBaHHI S Ha
MICIII p.

Hlupunoro h(S) ynopsiokysanns S Ha3UBAETHCA KUIBKICTh €IEMEHTIB HAUOLIBIIOT 32
MOTY>KHICTIO MHOXKHUHU S[p].

Cepen pi3HHX MOXKJIMBUX KOHCTPYKIIIH, 110 MOKHA PO3MJISAATH SIK YIOPSIAKYBaHHS
ocoOnuBE Miclle 3aiiMae chemiadbHUW BHUJ YHNOPSAJAKYBaHb, W0 JICTaB Ha3BYy
napajeilbHUX YHOPSAJIKYBaHb BEPIIMH oprpadis.

llapanenvuum  ynopsokysannusm BepmiuH oprpaga G Ha3uWBA€ETbCS  Take
YHOPAJKYBaHHS S, sIK€ HE MOPYIIY€E MOPSIOK CIIAYBaHHS BEpIIMH B rpadi, TOOTO Mpu
HasIBHOCTI AyTH (i, j), BepIIMHA i TIOBUHHA PO3MIIIYBATHUCS JIIBIIIE BEPIIUHH j.

HapaHeJIBHe YHOPAAKYBAHHSI HAa3UBAECTHCA OnmumaibHum, JAKIIO BOHO Mae€
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MIHIMaJbHY HIMPUHY TIPU 3aJaHiil JTOBXKHUHI a00 MIHIMalbHY AOBXHUHY TMpHU 3aJaHii
IIUPUHI.

ToOTo, 3axaui 1 12 MoxHa CPOPMYITIOBATH HACTYITHUM YHHOM:

3agava 1. SAkmio Bimomuii rpad TexHOJIOTIYHUX OOMekeHb G Ta 3aJaHa JOBKHUHA
YHOOPSIAKYBAHHS, TO HEOOX1THO 3HANTH YNOPSAIKYBAaHHS MIHIMAJIBHOI IIIUPUHH.

3amaua 2. Ilpu BigoMmild WIMPUHI YHOOPSIAKYBaHHS Ta 3amaHoMy Trpady G
TEXHOJIOTITYHUX OOMEXKeHb MOOyAyBaTH MapajeibHE YHOPSAAKYBAaHHS 3 MiHIMAJIbHUM

3HAUYEHHSIM /.

2.2 Oryisa MeToiB NO0YI0BH ONTUMAJIBHHUX YIOPAAKYBAaHb

lloninomianvHum HaA3UBAETHCS ATOPUTM, CKIATHICTh SIKOTO OOMEKEeHa TTOJITHOMOM
Bij 7. L1 anroput™Mu Ha3UBaIOTh €(HDEKTUBHUMU.

Excnonenyianbnum  Ha3uMBAa€ThCS  aITOPUTM, 4YacoBa  CKJIAJHICTh  SIKOTO
€KCITOHCHITIMHO 3aJIeKUTh BiJ BXIAHUX gaHuXx [50].

[Ilo cTocyeThest anTOPUTMIB MOJTIHOMIAIBHOL CKIIAJTHOCTI, TO MepeBara BiJIJ1a€ThCs
TUM, CKJIAIHICTh SKHUX JIIHIMHA. AJITOPUTMH, CKIATHICTh SKUX OIIIHIOETHCS TOPSIKOM
o(n*), He BBaxkarOTbcid e(PEKTUBHUMHU Cepell AITOPHTMIB IHOrO KIACy 4YacOBOi
CKJIaIHOCTI [79]. DBuIbIIICTh €KCIOHEHIIaIbHUX aJITOPUTMIB 3aCHOBaHI Ha CXeMax
HarpaBJieHoro nepedopy [80].

AJNTOPUTM Ha3UBAETHCS MoYyHUM JjIsl TpadiB 13 IEBHOTO KJIACY, SIKIIO BIH MIHIMI3y€
HUTbOBY (DYHKIIIFO JIJIs1 Oy Ib-SIKOTO Tpada 1poro kiacy. Akiio xoua 0 AJjist oqHOTO Tpada
BiH Ja€ HaOMMKEHUN PO3B’ 30K, TO aJITOPUTM HA3UBAEThCS HaOudcenum [81].

[Ipu aHami3zi TOYHOCTI HAOIMKEHHUX aAJNTOPUTMIB BHUKOPHUCTOBYIOTH HACTYIHI
OL[IHKH:

[l4(S) — 1(S*)] < &1, (2.1)

La(®) - LS _
1(S™) N

€, (2.2)
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La(S)
1(5Y) < &3,

(2.3)

ne [4(S) — noBxxuHa ynopsiiKyBaHHs, OTpUMaHa 3a aIropuT™MoM A, /(S*) — nopxuHa
ONTUMAJILHOTO YIOPSIKYBaHHS.

Ha mpakTuii yacrimie 3acTOCOBYETbCSI OCTaHHS OLIIHKA, TAK SIK BOHA IOKa3ye y
CKUIBKM pa3iB JIOBKMHAa OTPUMAHOIO YNOPSAKYBaHHA OuIbIIa 3a JOBXKHUHY
ONTUMAJIBHOTO [82].

Jlo TOYHUX METOAIB PO3B’s3aHHA 3aJa4 [apajedbHOTO  YHOPSAKYBaHHS
BIIHOCSITBCSL METO/M, 3aCHOBaHI Ha cXxeMmax nepedopy (MeTo 1 HOBHOTO EPedopy, METOT
TUJIOK Ta MEX, a TaKOX 1HII METOJH, L0 Peati3yloTh MepedOpHi CXeMHU), Ta TOYHI
QITOPUTMU TOJIHOMIANBHOI CKJIAJIHOCTI, $IKI PO3pOOISIOTHCA JJIsl  CHelliadbHUX
BUMAJKIB.

Posrnsaemo cxemu nepedopy.

[Iponiec BuOOpPY BepiiuH, 110 Nepeadadae mnepedip yciX MOMKIMBHUX BapiaHTIB y
TOMY 3K TOPSAJKY, B SKOMY BOHHM CTalOTh JIOCTYIHUMH [IJIi BUOOPY Ha3MBAETHCS
Memooom noeHoz2o nepebopy. ToOTO, (PIKCYeThCS YEpProBe MiCIle B YHOPSAKYBaHHI
(mounnaroun 3 i (i=1, 2,...) TMOCHIAOBHO NEPEOUPAOTHCS YC1 MOXIIHMBI BapiaHTH
pO3TalllyBaHHS BUIBHMX BEPIIMH Ha HUX Micusax). Lleil MeTon Mae eKCOHEHIINHY
CKJIAAHICTh. Takuii miaX1J He 3aCTOCOBYETHCS Ha MPAKTHIIL, OCKUIBKHU IS OL1bIIOCTI NP-
BAKKHX 3a/1a4 PO3POOJIAIOTECS CXEMU HAIPABICHOIO MIEPEOopy.

Haiibinb11 momupeHuM METOIOM, IO peaizy€e Takli CXeMH 1 J03BOJISE€ OTpUMATH
TOYHE PIICHHS 3a/1a4l, € Memoo 2inok ma medxc [83]. OcHOBHA 171es 0a3y€eThCs HA CXeMl
HaIlpaBJIEHOro Mepedopy, fKa IS HAIrJIIHOCTI UIIOCTPYEThCS MOOYIOBOIO JAepeBa
BaplaHTIB pIlIEHb. Y XOAl poOOTH BUKOHYIOTHCSA Bl MPOLEAYPH: PO3raidy>KEeHHS 1
3HAXO/IKEHHSI OI[IHOK JJI 3HaY€HHSI 1IIbOBOI PyHKIIi1. JIJisl KOKHOT KOHKPETHOI 3a7a4i
JTUCKPETHOI ONTHUMI3aIlli el METOJl Ma€ CBOIO crenudiKy, sKa MoJsirae B crnocodax
pO30UTTA BCi€l AOMYCTUMOI MHOXXMHHU PO3B’SA3KIB Ha BIJIMNOBIAHI MiJIMHOXWHU Ha
KO>KHOMY KPOIII.

Sxmo 3amaya JUCKPETHOI ONTHMI3alll HaleXHUTh A0 Kiacy NP-NOBHUX, TO
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BUJIUISIIOTh MIJKJIACH TaKUX 3a/iad, JJs SIKMX BIAETHCS OTPUMATH TOYHI aJITOPUTMU
MOJIIHOMIANbHOI cKiIaaHOCTI [84]. [Jo Takoro BUNAAKy BiAHOCITHCA 3a7ayi, 1Jis AKUX Ha
KOKHE MiCIle YMOPSAJIKYBaHHS MOKJIMBO MOCTABUTH HE OUIbIlEe JABOX BepIIuH. J[ms
BUPIIICHHS IIUX 3aJ]la4y BIJIOMI JIBa TOYHI METOJY MOJIHOMIAIbHOI CKiIaaHocTi. ONUH 3
HUX OyJio 3ampornoHoBaHo B 1971 pomi rpymoro simoHCbkux BueHux [51]. Meton
0a3yeThCs Ha MOILTYKY MaKCUMAJIbHUX MAPOCIIONYUYeHb Y HEOPIEHTOBAHOMY Tpadi, IKUi
OylnyeThCcs 3a TMOYaTKOBUM oOpieHTOBaHMM rpadom. IHmumi 3acHOBaHMII Ha
neKkcukorpadiyHOMY MTO3HAYEH1 BEPIIUH Tpada.

Ines ancopummy, wo 6asyemovca Ha MAKCUMATLHUX NAPOCHOLYYEHHAX TOJIATAE Y
noOyioBi 3a 3amanuM rpadgom G HeopieHTOBaHOTO Tpada G’, B SIKOMY 3HAXOISThCS
MaKCHUMAaJIbH1 MapoCIONy4YeHHSs, 10 MOMapHO HE MAalOTh CHUILHUX BepiiuH [52]. Jami,
32 BU3HAQYEHUMHU TMpaBWIAMH BIJOYBA€TbCS MPOILEC 3aHECEHHS BEpPIIMH B
YIOOPSIAKYBAHHS, BUJIAJICHHS Ta MEPETNO3HAYEHHS MapOCIIONyYeHb.

OcHoBHa poOoOTa JIPyroro ajropuTMy CKJIAAA€ThCA 3 MO3HAYEHHS BEpIIUH (3a
JIOTIOMOTOI0  JIEKCUKOTpapiyHO MiHIMaJIbHUX TOCHIIIOBHOCTEH) Ta 1oO0ya0BU
YHOOPSIAKYBAHHS (3a MPABUIIOM: CIIOYATKY BEPIIMHM, [0 HE MAIOTh BXIJHUX YT, TOTIM

Yy HOpAAKY CITalaHHA ITO3HAYO0K BepHII/IH).

2.3 BniuB MOKPAIICHHA NMOYaTKOBUX YMOB Ha BUHHUHKHCHHS aHOMAJbHHUX

BHUIIAJKIB

3yNMHUMOCh Ha MHUTAaHHI, Y OyayTh MaTU MiCI€ aHOMaJli, SKIIO0 PO3TsIaTH
y3arajbHeHHS JEKUJIbKOX BUIAJKIB, HAPUKIA:

1) ogHOYacHOTO 30UTBLIEHHS KUIBKOCTI PECYPCIB Ta 3MEHIIEHHS 4acy BUKOHAHHS
3aBJaHb;

2) 3MEHIIEHHA Yacy BHUKOHAHHS 3aBJaHb Ta MOCIA0JICHHS TEXHOJOTTUHHUX
OOMEIKEHb;

3) nocnabieHHsI TEXHOJIOTTYHUX 0OMEKEHDb Ta 3MIHU MOPSJKY BUKOHAHHS POOIT.

[Mpukmnan 2.1. 3agano 3BakeHuil opieHTOBaHUM anukiaiuauii rpad G: (puc. 2.1),
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ciucok mpiopuretie  L=(1,2,3,4,5,6,7,8,9,10,11,12,13), ™MHOXHMHa Bar BEpIIUH

7=(5,3,3,2,4,52,3,3,1,1,1,12), h=3.

001010

OO @
HEO® @ ®

Puc. 2.1. I'pad G>

[To moOynoBaHOMY ONTUMAJIBHOMY YNOPSAKYBaHHIO (Tabi. 2.1) 3Haxogumo Horo
JOBXKUHY [, IO AOPIBHIOE 3HAUYECHHIO Yacy BUKOHAHHSA BCiX pOOIT BUKOHABLIEM, KU
BUTPATHUB Ha BC1 pOOOTH MaKCUMaIbHUN Yac.

Tabmuug 2.1 — OnTumansHe ynopsakyBanHa Juis rpada Gz

L1y 1715515517, 7]1919]9]|I11
21212144 ,6|6|66|6|8]|8]8|10]12
303 (3 | 13[13]13 131313 (13|13 |13|13|13]|13

JloBXKHHA ONTUMAJIBHOTO YHOPSAIKYBaHHS [=15.
Tenep oaHOYACHO 3MEHINMMO Yac BUKOHAHHS OJHOIO 3 3aBJaHb Ta 30UIBIITMMO
KUIBKICTB pecypciB: =4, 11=3.

Tabnuis 2.2 — OntumanbHe ynopsaakyBanHs ais rpada Gz npu h'=4, t;=3.

L1y 1 (5 |5]5]5]12
2121216 6|6 |66
313137719199
4 4 (8|8 | 8 |1011 131313131313 |13|13|13|13 13|13
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JloBKMHA ONTUMATBHOTO YIOPSAAKYBaHHs /=19, TOOTO pH JTOTTYHOMY MOKPAILIEHH1
JEKUIBKOX YMOB OTPHUMAJIU MOTIPIIEHHS 3HAYEHHS LJIbOBO1 (PYHKIIII.
PosrnsHemMo BUNAJOK OJHOYACHOTO 3MEHIIEHHS 4Yacy BUKOHAHHS 3aBJaHb Ta
nociabJIeHHs] TEXHOJIOTIYHUX oOMexeHb. Bupansemo nyru (i1, is) Ta (i2, is), Hi=2.

Otpumyemo rpad G2 (puc. 2.2).

0J0J0I0
Ol010NO0
HO®®E

Puc. 2.2. I'pad G

Tabnuis 2.3 — OntumanbHe ynopsaakyBaHHs ais rpada G 2

Y75 IO VOO (PUUS (O [N RO RSO O R /75T T PR RS SR 75
111414778 8|8 |1l
21202 (5(5/5]51919]9
3113|3666 6 |6 |10 1213 ..]...|...]13

Hosxuna /=22, mjo Ha 46,6% OubLIe 32 TOBXKUHY ONTUMAIBHOTO YIOPSAAKYBaHHS
BepmuH rpada Go.

[TocnabuMo TEeXHOJIOTIYHI OOMEXEHHS Ta 3MIHUMO MOPSJ0K BUKOHAHHS POOIT. 3
rpada G> Bupansgemo ayrH (is, is) Ta (iz, is), mo3Havaemo six rpad G > (puc. 2.3). Hexaii

L'=(4,3,2,1,5,6,7,8,11,12,9,10,13).
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ONOJ00
OJOI0NO
ONOIONOIO

Puc.2.3.Tpadp G >

Ta6muns 2.4 — OnruMansHe ynopsaakysanas 1 rpada G -

414111 1 |11 ]5]5]5]|5
3133, 8|8 |8|10j]6|6|6]6]|6
2120211112199 19 |7 |7 |13]1313]...|13

[ =22, 3HOBY CHIOCTEPIra€EMO aHOMaJbHE 30LIbIIEHHS JOBKUHH YIOPSAIKYBaHHS.
Bunukae nutanss yu Oy 1yTh MaTH MiCIle aHOMAJIi1 IPY OJTHOYACHOMY MOKPAIICHH1
TPHhOX OCHOBHHX MOYaTKOBUX yMOB. Hexait 4 =4, #=3, Bunansemo nyru (i1, is) Ta (i1, is).

[To3nauaemo rpad G 2 (puc. 2.4).

QOO
OJOIONNO
0JOl0J0I0

Puc.2.4.Tpadp G >
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Ta6muns 2.5 — OnruManbHe ynopsaakysanus s rpadga G 2

I 1116|6666
2020207719199
3 1313|888 ]|1012
4 14 5|5 |55 (1113713 /13]...|13

HagiTh mpu 0JHOYACHOMY 3MEHIIEHHI Yacy BUKOHAHHS 3aB/laHb, MOCIIa0JEHH1
TEXHOJOTIYHUX OOMEXEeHb Ta 30UIbIICHH] KUIBKOCTI BHUKOHABIIIB, OTPUMYEMO
MOTIPIICHHS 3HAYCHHS IIIIb0BOI PyHKIII: /=19.

I'pexemMom OyiM 3alpONOHOBAHI HACTYIIHI YMOBH JUIsl YHUKHEHHSI aHOMAaJil IpH
MOKpPAIlEHH] YCi1X MOYaTKOBUX JaHuX [15]:

1) 36anaHcoBaHICTh peCYpCIB Ta 3aB/IaHb.

SKIIO KUIBKICTh BUKOHABIIB 30LIBIIYETHCSA, CUCTEMa IOBUHHA MParHyTd A0
ONTUMAJBLHOTO PO3MOJUTY 3aB/laHb Cepell JOCTYIMHUX BHUKOHABIIIB. 3aBJIaHHS MOBUHHI
OyTH PIBHOMIPHO PO3MOALICHI, 00 YHUKHYTH NEPEBAHTAXKEHHS JCSIKUX BUKOHABIIIB 1
HEJIOBAHTAXKCHHS 1HIIUX.

2) IlepeBipka TEXHOJOTTUHUX OOMEKEHbD.

k1o oOMexXeHHsI Ha 3aBJaHHs OyJM mociiadiaeH1, HeOOX1IHO MEePEBIPUTH, YU HE
3'siBUJIacsl HaJAMIpHA MapaliesIbHICTh Y BUKOHAHHI 3aBJaHb, sIKa MOXE MPU3BECTU 10
Mepe3aBaHTAKEHHS OJIHUX 1 HEJIOBAaHTAXEHHS 1HIIIMX BUKOHABIIIB.

3) OuiHKa KpUTUYHOTO HUISXY.

Heo0x1/1HO MOCTIHHO CIIIIKYBAaTH 3@ 3HAYEHHSIM JOBKUHHU KPUTUYHOTO LIJISAXY MTPU
3MiHI MOYAaTKOBUX YMOB. SIKIII0 HOBI YMOBH BUKJIMKAIOTh 3pOCTAaHHS 4acy BUKOHAHHS
3aBJaHb HAa KPUTUYHOMY IUISIXY, TO 1€ MOXKE CBITYUTU MPO MOPYIICHHS ONMTHUMAIbHOT
cTpaTertii.

4) ItepaTuBHa NIepeBipKa Ta KOPUTYBAHHS.

[Ipu koxHi# 3MiHI YMOB BUKOHAHHSI 3a]1a4, TOTPIOHO MEPEBIPSITU pe3yabTaT Yepe3

iTepatiiauil miaxig. OCKIIbKY 3MIHA MOXXYTh MaTl HAaKOMUYYBaJIbHUI eeKT, iTeparii



46

JI03BOJISIFOTH KOPUTYBATH CTPATETII0 B PEXKUMI PEATbHOTO Yacy.

2.4 3ajgexHicTh 3HAYeHHS NUIbOBOI (QyHKHii Bix 3MiH nDapaMmerpiB

YIIOPpSAAKYBaAHHSA

AHOMaIIbHI BUNAAKH, sIKI Oynu omucaHl ['pexeMoM, € HaAlOUIbII BUBYEHUMHU B
NOAANBIINX JOCHIDKEHHSIX. AJie y XOJll aHamidy, BUKIMKAHOMY MPaKTUYHUMU
noTpedamu 3’SIBISIOTHCS HOB1 HEOUIKYBaH1 BUIIAJIKH, Kl TAKOX MOKHA PO3TIISIIATH K
aHOMaJbHI, @ CaMe: CKOPOYEHHS CIUCKY MPIOPUTETIB; 3MEHIIEHHS KUIBKOCTI POOIT.
PosrnsHemo naHi nokpanieHHs BUX1AHUX YMOB Ha MPUKIIAIaXx.

[Mpuknang 2.2. 3amano r1padp Gs (puc. 2.5), CIOHUCOK TIPIOPUTETIB

1=(1,2,3,4,5,6,7,8,9), MmHOXUHAa Bar BepiiuH 1=(4,2,2,4,2,6,4,4,2), h=3.

ONOI0X0
OMNOX0

Puc. 2.5. I'pad Gs3

3HaiiieMo onTUMaIbHE YIOPSAKYBaHHS (Tabu. 2.6) Ta MiHIMaJIbHY JOBXKUHY /.

Tabnuis 2.6 — OntumanbHe ynopsaakyBaHHs ais rpada G

Ly 1 1 Sy5|\7|7|7]|7

2121|1414 ,4,4|8|8|8|8
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Josxuna [=10. 3menmuMo Temep cnmcok npiopureri: L =(1,4,6). Byayemo
ONTHUMAaJIbHE YHOPAJIKYBaHHS (Ta0a. 2.7).

Ta6muns 2.7 — OnruManbHe ynopsaaxysanas i rpada Gs mpu L

ryry1 (1122|5588 |8]38
4 14 (414 |33\ 7|77 7[9]9
6 | 6| 6| 6| 6|6

HoBxuna /=12, TOOTO 3MEHIIEHHS KUIBKOCTI CIUCKY MHPIOPUTETHOCTI BEPIINH
MIPU3BENIO /10 30UIBIIEHHS 3arajJbHOI0 Yacy BUKOHAHHS POOIT.

3MEHmMHUMO  KUIbKICTh  pobit. L°'=(1,2,4,5,6,7,8,9), T°=(4,2,4,2,6,4,4,2).
PosrnsHemo rpad G 3 (puc. 2.6).

Puc. 2.6. I'pad G3

3HaXOAMMO ONTHUMAJIbHE YIOPSIKYBaHHS (Ta0i. 3) Ta MIHIMAJIbHY JOBXUHY / 11
LbOTO BUMAJIKY.

Ta6muns 2.8 — OnruMansHe ynopsaxysanas s rpada G 3

11|11 5588|838
212166 |6 |6 6|6
4 141414 7|77 7T19]9
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JoBxuHa /=11, TOOTO IHTYITUBHO 3MEHIIIEHHS KUTBKOCTI pOOIT TaKOX MPU3BEIIO 10
30UIBIICHHS JOBXKUHU ONTUMAJIBHOTO YIOPSIKYBaHHS.

Posrnsnemo Temep BHUMAJOK OJHOYACHOTO 3MEHIIEHHS KUIBKOCTI poOIT Ta
CKOPOYEHHS CIIMCKY IIPIOPHUTETIB, 3aJal0ud HACTYIHi ymoBH: Tpad G5 CIIMCOK
npiopureris L =(1,4,6) Ta MHOxuHY Bar BepumH 1 '=(4,2,4,2,6,4,4,2). OnrumansHe
YHOOPSIAKYBAHHS MAaTUME BUTJISIAL

Tabmuns 2.9 — OnruMansHe ynopsakysanas s rpada G 3

JloBxkuHa /=12, 3HOBY BHMHHMKA€ aHOMAajbHE TOTIPIICHHS 3HAYEHHS IIJILOBOT
GyHKIII.

Po3zrisiHemMo Tenep yMOBH, 3a IKUX HE BUHUKAaTUMYTh aHOMaJ1 y pa3i MOKpaIleHHs
MOYATKOBUX JAHUX. 3yIUHUMOCH OKPEMO Ha KOXKHOMY 3 HACTYITHUX BUIAJKIB:

1) ckOpOYEeHHS CIUCKY MPIOPUTETIB;

2) 3MEHILIEHHS KUIBKOCTI POOIT.

JIns yHUKHEHHSI aHOMaJlil MPU CKOPOUYEHHI CHHUCKY HPIOPUTETIB HEOOXITHO
JOTPUMYBATHUCh BUKOHAHHSI HACTYITHUX YMOB:

1) VYmoBa 30epexeHHs KPUTHYHOIO INUIAXY: YCl BEpIIMHHM, LI0 HaJeXaTh
KPUTUYHOMY LUISIXY, HIOBUHHI 3aJUIIATUCS Y CIIUCKY MPIOpUTETIB L'.

Kputnunuit noisix y rpadi  BHU3HAYAETHCS K HAWIOBIIMM NUISIX 32 CyMapHOIO
Baroto poOit [85-89]. Axkmo Buganutu 3 L' xoua 0 0AHY BEPIIMHY KPUTUYHOIO HUIAXY,
e MOXE NPU3BECTH JO 3aTPUMOK, a BIAMOBIIHO 1 BIUIMHYTH Ha ONTUMAJIbHICTh
YHIOPSIAKYBaHHS.

2) YmoBa 30epeKeHHs BEPIIUH 13 CYTTEBOIO Barolo:

OkpiM BepUIMH KPUTUYHOIO UUISIXY, Y CKOPOYEHOMY CIHUCKY L' mOBHHHI
3aJIMIIATUCh BEPIIMHM, Bara sSIKHX HE MEHILA 3a CEPEeIHIO Bary BepluMH rpada G. Taki
BEPIIMHUA MAlOTh Bary w (v), 1o 3aJ0BOJIbHSE HEPIBHICTD:

w ()= w, (2.4)
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ne: w (v) — Bara BepmmaH U, W (V) = ¢ (vV), W — cepenHs Bara BepiiuH y rpadi G.

Bepuinnay, Bara skux nepeBUIy€e CEPEHIO, TAKOK MOXYTh MaTH 3HAYHUM BIUIMB
Ha 3arajlbHUi 4ac BUKOHAHHA po0iT. ToOTO, SKIIO Takl BEpUIMHU HE OyAyTh BKIIIOUEHI
1o L', 11e Moxe npu3BeCTH A0 3aTPUMKH Y PO3KIIa/i, 10 BIUIMHE HA 3arajibHy TPUBATICTb.

3) YMoBa po3TalniyBaHHS BEPIIMH 3 ypaXyBaHHSIM Bar BiAMOBITHUX HUISXIB W
(P;): IOpSIIOK pO3TalllyBaHHS BEPIIUH Y3TOJKYETHCS 3 BArol0 BIAMOBIIHUX KPUTUUHUX
IUISIX1B, K1 HE TOBUHHI1 301JIbIITYBATUCS.

Hexaii P; — nuiax y rpadi G, 10 CKIIaiaeTbCsl 3 MOCTIIOBHOCTI BEPIIUH V1, V...,
Uk, 1€ V1 HE Ma€ BXIJHUX NIYT, a Uk — BUXIAHUX. ToAl Bara nuiaxy P;, mo3HadyeHa ik W
(Pi), BUBHAYAETHCSI CYMOIO Bar MOro BEpIIUH:

W (P) = Ty, W (V) (2.5)

Bepminnm, siki HanmexaTh 10 HUISAXIB 13 BEJIUKOIO BAarol, € KPUTUYHUMH 3 TOUKHU
30py IIPOIYCKHOI 3aTHOCTI CHCTEMH. [X 30epeKeHHs y CIUCKY L' 103BOIISE YHUKHYTH
MepeBaHTaKEHHS 1HIINX NUISAX1B, 30€pirarouu TOMOJOTIUHHM OataHC.

[HIIMM TPAKTUYHUM MIJIXOJ0M /10 MOKPAIEHHS MOYaTKOBUX YMOB € 3MEHILICHHS
KUIBKOCTI pOOIT, sike mependavae BUIYyYECHHS JAESKUX BepumidH 3 rpada G. [ns
YHUKHEHHS aHOMaJIiil y IbOMY BUIIQJIKy HEOOX1AHO IOTPUMYBATUCH HACTYITHUX YMOB:

1) YMoBa pIBHOMIPHOTO MEPEpPO3NOJITY 3aBlaHb: IMICJS BWIYYEHHS JEAKUX
BEPIIMH HEOOX1IHO 3a0€3MeUYUTH PIBHOMIPHUN PO3MOJILI 3aB/IaHh MK BUKOHABIISIMHU.
HepiBHOMIpHU# po3MOAia poOIT MOXKE MPU3BECTU A0 CHUTYaIlil, KOJIHU €Ki BUKOHABIII
3aJIMIIATHCS HEA03aBAaHTAXXEHUMHU, a 1HII OyAyTh NEPEBAHTAXKEHI, 1110 MOKE TPU3BECTH
70 30UJIBIIEHHS 3arajlbHOTO Yacy BUKOHAHHS POOIT.

J171s1 yHUKHEHHS aHOMaJliid He0OX1/THO 3a0€3MeUYUTH TaKe PO3MOIIIEHHS, TPU IKOMY
BIIXWUJICHHSI Bard 3aBJaHb Il KOXKHOTO BHMKOHABIIS BiJ CepeaHbOI Baru OyJio
MIHIMAJIbHUM.

[To3HaunMo HaBaHTa)KEHHS Ha BUKOHABI [ Kk W;. JIjis1 pIBHOMIPHOTO pO3MOALTY

HEO0OX1HO MiHIMI3yBaTH JIUCIIEPCII0 BATOBUX HABAHTAXKEHb:
_1ym 7 2
D==3m, (W — W), (2.6)

Ac W — CCPCAHE HABAHTAXXCHHA Ha BUKOHABIIA:
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- 1
W=y w. (2.7)

m

{06 yHUKHYTH aHOMaTii, HEOOX1/THE BUKOHAHHS YMOBHU:
D— min. (2.8)
2) YMoBa 30epekeHHsl TOMOJIOTIYHOTO MOPSJIKY: BUAAJICHHS 3aBJaHb MOBUHHO
30eperTy 4aCTKOBUH MOPSIIOK CIIITyBaHHS TUX BEPIIUH, IO 3AIHUIIMIACS TaKUM XK€ SIK 1
10 BUaaneHHs BepiuH [90]. BBeaeMo no3HaueHHS:
V= V), (2.9)
AKE 03HAYAE, 110 B CIIMCKY MPIOPUTETIB L BEPIIMHA V; IEPEY€E BEPIIUHI V.
Bupanenns BepiimHu V), He MOBUHHO MPU3BOJUTH J0 MOPYIIEHHS MOPSAIKY, TOOTO
Ma€ BUKOHYBATUCS:
(v, Vi), (Vi vj) EU : V = V\{rp} = v, > v;. (2.10)
Skiio micns BUAANICHHS BEPIIMHU BUHHMKA€E MOPYIIEHHS I[€l YMOBHU, HEOOXI1THO
MPOBECTH BIATOBIIHUHN MEPEPO3MOILT 3aIeKHOCTEH, 00 30epircs BUXITHUN MOPSIOK

BUKOHAHHS POOIT.

2.5 Bunaaku 1Jis1 iHBepTOBaHUX rpagis

OnguuM 13 1IKaBUX MIAXOJIB y Teopli rpadiB € BUKOPUCTAaHHSA 1HBEPTOBAHUX
(3BopoTHUX) rpadis.

[Ipsimi Ta iHBepTOBaHI rpadu BIAPI3HIIOTHCS HAMPSIMKOM Niepeaayi iHpopmMarlii Mix
00’ exTamu. Skio y npsimomy rpadi indopmallis nepeJacThcsa B OJJHOMY HaNPSIMKY, TOI1
B IHBEPTOBAHOMY — Y MPOTUIICKHOMY.

PosrnsHemo Kiibka IpUKJIIA/iB 3aCTOCYBaHHS 1HBEpPTOBaHUX rpadis.

PamxyBanHs BeO-CTOpPIHOK: 1HBEpTOBaHI rpadu J0OMOMaraloTh MOUTYKOBUM
CHUCTEMaM aHaji3yBaTH B3a€MO3B’SI3KM BEO-CTOPIHOK Ta 3BOPOTHI IMOCUJIAHHS, IO
J03BOJISIE TOYHIIIE BU3HAYATH BAaXJIMBICTh CTOPIHOK y pe3yJibTaTtax nomyky [91].

Mapupytusaiis Tpadiky B KOMI'IOTEPHUX Mepexkax: B iHGOpMaLIMHUX MepeKax

1HBEpTOBaH1 Tpadu NO3BOJISIIOTh BUBHAUYUTH ONTUMAaJIbHI MapUIpyTH Nepeaadl JaHuX 3
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ypaxyBaHHSM 3BOPOTHOTO IUISIXY.

AHani3 TekcTiB Ta oO0poOKa NPUPOJHOI MOBU: 3BOPOTHI rpadu MOXKYTh
BUKOPUCTOBYBATUCS I BUBYEHHS IPAMATUKHU Ta BUSIBICHHS 3B’SI3KIB MK CIIOBAMH Y
TekcTax [92].

AHani3 1HQOpMaIliiHUX TMOTOKIB: IHBEPTOBaHI rpadu 3aCTOCOBYIOTHCS IS
BUBYEHHS BIUIMBY KOPHUCTYBauiB y COLIAJIBHUX MeEpexax, TaKux fAK Ojorepu Ta
iH(]IIIOEHCEepH, IO JI0MTOMArae BiJICTeKyBaTH NOIMKUpeHHs 1HpopMmartii [93].

BunukatoTh HaCTyNnH1 UTAHHS:

1) axmo B mpsiMmomy rpadi BUHUKAIOTh aHOMaNil OpH 3MIHI THX YU 1HIIUX
MOYaTKOBUX YMOB, TO YM OyJlyTh BUHMKATU TaKl % aHOMAJIii JjIsl iHBEpTOBaHUX rpadis;

2) K110 B IpsiMoMy rpadi aHOMai1 He BUHUKAIOTh, TO YM MOKYTh BOHU BUHUKHYTH
B IHBEPTOBAHOMY.

O3znauenns 2.1. IuBepToBanuii (3BopoTHHi) rpad — 1e rpad, KUl yTBOPIOETHCS
IUISIXOM 3MIHM HampsIMKY Bcix ayr BuxigHoro rpada. I'pad G' = {V, U’} Ha3uBaeThCs

IHBEpPTOBAHUM 11010 Tpada G, SIKIIIO:

(i,jyeU=(j,i)eU". (2.11)
O3znavenns 2.2. Skio cnucok npioputeTiB L = {i1, . . ., in} € AOIMYCTUMUM JIsI
rpada G, TO 1HBEpTOBAHUYN CHUCOK MpiopUTETIB L' = {in, ..., 1} € TOMyCTUMUM JJIsi

rpada G'.

Posrnsaemo anroput™ noOyJ0BU y3araJbHEHOTO MapalieIbHOTO YHOPSAKYBaHHS
s iHBepToBaHoro rpada G', sSkuil € aHamoTiuHUM NOOYJ0BlI MapaieibHOTO
YHOOPSIAKYBaHHS JUIsi modaTkoBoro rpada G. JIOTIYHO MNPUITYCTUTH, IO JOBKUHU
ynopsiAKyBanb S Ta S’, oTpuMaHuX mpu po3B's3aHHI 3a7ad ans rpadiB G 1 G', OynyThb
OJIHAKOBUMHU. 3yIUHUMOCH Ha I[bOMY MHUTaHHI OLIbII I€TAJIBHO.

O3nauenHs 2.3. AHOMaI€0 IHBEPTYBAaHHS HA3UBAETHCS BUMA0K, KOJIU
L(S)>1(S), nel(S")— noBxxuHa ynopsiaKyBaHHs 1151 rpada G’ 3 iIHBEpTOBAHUM CITHCKOM
npiopuTeTiB, a [ (S) — mist mouatkoBoro rpada G.

Jocnimkyoun rpadu, 10 MalOTh CTPYKTYPY A€peBa, MOXKHA IIMTH BUCHOBKY, 1110
aHoMmaJii 1HBEPTYBaHHS BHHUKAIOTh 4Yepe3 3MIHU y TpiopuTeTax. s iHBEpTOBAHUX

rpadiB — 1€ 3MiHU Y 3BOPOTHOMY CITUCKY MPIOPUTETIB. Po3risiHeMo cTpykTypy rpadis
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NEeTaJIbHIIIE:

O3znauenns 2.4. Kputnunuii nmisx y rpadi — 1e muisx BiJl TOYaTKOBOI BEPUIUHU JI0
KIHIIEBOI, I110 MAa€ MaKCUMaJIbHy CyMY Bar cepe]l yCiX MOXJIMBUX LUISXIB.

AHaNI3yl0unl CTPYKTYpPY KPUTHYHHMX UIUISXIB, MOXHA NO0AUUTH, IO MICHIS
IHBEpTYBaHHSI BEPIIMHU KPUTUYHOTO MUIAXY MOXYTh 3HI)KYBaTH TMPIOPUTET Y
MOPIBHSIHHI 3 1HIIMMU BEpPIIMHAMH, W10 MTPU3BOJAUTH 10 30UIBIIEHHS JIOBXUHU
ynopsaakyBaHHs. Lle o3Hauae, mo s 3amo0iraHHs aHoMaiisiM HeoOX1JHO 30epiraTu
BHCOKHUU MPIOPUTET AJIsI BEPIIMH KPUTUUHOTO HIJISIXY HABITh MICHS 1HBEPTYBaHHSI.

TBepmxenus 2.1. AnHomanii 1HBEpTYBaHHS HE BHUHUKATUMYTh, SKIIO IS
1HBEPTOBAHOT'O CIIUCKY MP1OpUTETIB L' OyAyTh BUKOHYBATUCSA HACTYIHI YMOBHU:

1) BeplIMHM KPUTHUYHOTO LUISAXY, PO3TAllIOBaHI HAa MOYATKy CHUCKY L', MOBHUHHI
BI/IMOBIAaTH PIBHEBOMY MPUHITUITY;

2) 1HI BEPUIMHU PO3TAIIOBYIOTHCS Yy TOPSAKY HE 30UIBIICHHS iX Bar, TaKOX
JOTPUMYIOYHUCH PIBHEBOTO MPUHIINITY;

3) BepIIMHM, 1[0 HE MAIOTh BXIJJTHUX Ta BUXIJTHUX JAYT 1 Bara sIKux MNepeBUILYeE Bary
KPUTHUYHOTO ILIAXY, TOBUHHI MaTU HAWBUIIUH IPIOPUTET.

[Ipu BUKOHAHI IMX YMOB JIJIsl IHBEPTOBAaHUX T'padiB aHOMAJIIi HE BUHUKAIOTh.

Hosenenns. Hexait rpad G = {V, U} micTuTh KpUTHYHUN nuisix P, ToOTO Takuit
IUIAX, KM Ma€e MakCUMajlbHy CyMy Bar cepejl YCIX MOXJIMBHX HUIIXIB Yy Tpadi.
[Toznaunmo 1o cymy sik w (P). CriouaTky moOy1yeMo ONTUMaibHE YIOPSAJIKYBaHHS S
st rpada G 3 BUKOPUCTAHHSIM CIIUCKY MPIOPUTETIB L, /1€ BEPIIUHA KPUTUYHOTO ILISIXY
MarOTh BUCOKUU MPIOPUTET.

[Ipu moGynosi iHBepToBaHoro rpada G' = {V, U'} mmsax P y rpadi G crae
iHBepTOBaHUM. Bcl nyru 3MIHIOIOTH CBifl HampsMoOK, 1 TeNep BEpIIMHH, 110 Oyiau
MOYAaTKOBUMHU Yy (7, CTAIOTh KIHLIEBUMH, 1 HABIAKU.

3a yMOBOIO, BEpPUIMHUM KPUTHUYHOTO NUISXYy P TOBHUHHI pPO3TAlllOBYBaTHUCS Ha
MOYaTKy 1HBEPTOBAHOTO CIUCKY L', TOTPUMYIOUUCH PIBHEBOT'O MPUHITUITY. Po3MilieHHs
BEPIIMH KPUTUYHOIO NUISXY HA MOYATKY CIHUCKY L' rapantye, 10 11l BEPIIUHU OYyTh
oOpaHi nepmuMu npu nooy10B1 ynopsaakyBanus S’ 1uist rpada G'. Lle no3Bosise 30epertu

Ty camy ab0 CXO0XKy CTPYKTYpy KpUTHYHOro muisixy B G', ska Oyma y G. ToOro,
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MaKCHMMallbHa CyMapHa Bara 3aJUIIUTHCA TI€0 K, OCKUIBKUA BEPIIUHU 3 BUCOKOIO BAaror
1 BUCOKHMM TMPIOPUTETOM 3aJIUIIATHCA HAa KPUTHYHUX MO3MINAX. BepmmHu, mo He
HajexaTh JI0 KPUTHUYHOTO NUISIXY, PpO3TAIIOBYIOThCA 32 3MEHIICHHSM Bar,
JOTPUMYIOUYHUCH PIBHEBOTO MPUHITUITY. [{e 3MeHIITye MOKIIUBICTD 3MIIIEHHS] KPUTUYHUX
BEpIIMH BIPAaBO y CHOHUCKY L', 1mo morjao 0 mpus3BecTH 10 30UIBIIECHHS JOBXKUHU
pO3KIIay.

SIKIO 1ICHYIOTHh BEPIUMHU, 110 HE MAlOTh BXIJHUX Ta BUXIJHUX IyT 1 MalOTh Bary
OUTBINY, HI)K KPUTUYHUN MIISAX, BOHU MAalOTh OYTH pO3TAlllOBaH1 Ha MOYaTKy CIOUCKY L'.
Ile mosICHIOETBCS TUM, IO 11 BEPUIMHUA MOXXYTh MAaTH HE3AJIC)KHUHN BIUIMB Ha JIOBXKUHY
pO3KJIaay 1 TOMy, iX BUKOHAHHS TOBUHHO MOYMHATHUCS SIKOMOTa paHimie. Takuil miaxi
JI03BOJIsSIE YHUKHYTH CUTYallli, KOJIU BEPIIMHU 3 BUCOKOIO BAror0 3MIITyIOThCS BIIPABO Y
CIIUCKY, 1110 TPU3BOJUTH 10 3aTPUMOK Y BUKOHAHHI HACTYITHUX 3aBJlaHb.

Takum ymHOM, MOOY/I0Ba 1HBEPTOBAHOTO CIUCKY MpiopUTETIB L' 3a BKazaHUMU
YMOBaMU TapaHTye, 0 TOBKKUHA po3kiany [ (S') mis rpada G’ He MepeBUIUTh TOBXKUHY
po3knany [(S) mist rpada G. Kputnuni BepmmHu 30€piraloTh CBil MPIOPUTET, a iHIIII
BEpUIMHU PO3TALIOBYIOTHCS TaK, 00 MIHIMI3yBaTH MOKJIMBUN BIUIMB Ha 3arajbHy
JNOBXKUHY po3kiany. OTxke, aHOMallisl 1HBEPTYBaHHS HE BUHUKATHUME, OCKIIBKH MU
3ano0iraeMo CHUTYyallii, KOJIM KPUTUYHUM NUIAX CTa€ MEHII MPIOPUTETHUM, HIK 1HII
nuisixu. TakuM YMHOM, JIOBEJICHO, 1110 TPU IOTPUMaHHI 3a3Ha4€HUX YMOB 1HBEPTOBaHUM
rpadp G' He Oyae AEMOHCTpPYBaTHM aHOMAJlii 1HBEPTYBaHHS, IO J03BOJsiE€ 30epertu
€(hEeKTUBHICTbH MOYATKOBOTO PO3KIIATY.

IMpukmax 2.3. Hexaii 3amaHo opieHtoBanuii rpad G3 (puc. 2.7), h=3,
L3=(1,2,3,4,10,11,12,13,14,15,16,17,18,19,20,21,22,5,6,7,8,9),
T3=(5,3,3,2,3,3,2,5,4,9,1,1,1,1,1,1,1,1,1,1,1,1).
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Puc. 2.7. I'pad G4

3Haxo0IMMO ONTUMAJIbHE YNOPsAAKyBaHHs (Tad:md. 2.10).
Tabnuis 2.10 — OnTuManbHe ynopsiakyBaHHs s Tpada G4
1|1 (11 (1213141516 1718192021 |22

2121241455566 ]6]7
101010101010 10|10 |10

JlosxuHa [=17.

3HaiiieMo Temep ONTHMAJbHE YIOPSAKYBaHHS Ta WOTO JOBXHHY  JUIS
imBepToBaHoro rpada G’z (puc. 2.8). 3amaHO HACTymHI mapaMmeTpu: h=3,
L’3=(9,8,7,6,5,22,21,20,19,18,17,16,15,14,13,12,11,10,4,3,2,1),
T3=(5,3,3,2,3,3,2,5,49,1,1,1,1,1,1,1,1,1,1,1,1).
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Puc. 2.8. I'pad G4

?
oe a’o

3HaxX0IMMO ONTUMAJIbHE YNOPSAKYBaHHs (Tadn. 2.11).

Tabmuns 2.11 — Ontumaneae ynopsakyBaaas mis rpada G’z ta L'3
91791919 5|5 |5 20|19|18|1716|15|14 |13 |12 |11
818|888 (22121442221 |1}|1]1}1
7171666 (10(10/10|10|10|1010/10|10| 3 |3 |3

Hopxuna (=17, M0 JOPIBHIOE JOBXHUHI ONTUMAJIHHOTO YHOPSIKYBAHHS BEPITUH
npsimoro rpacda. IlepeBipumo um Oyae aHOMajdbHE 30UIBIIEHHS JOBXKUHU MPU
MOKPAIICHH] MOYaTKOBUX yYMOB ISl 3BOpOTHOTO Tpada G’3. Bumamsemo yci ayru 3

niarpada, mo BrIrOYaEe BepmuHA 3 22-0i 10 11-0i. OTpumyemo rpad G”’3 (puc. 2.9).
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Puc. 2.9. I'pad G”3

[ToOynyemo onTumanbHe yrnopsakyBaHHs (Tadm. 2.12).
Tabmuns 2.12 — OntumanbHe ynopsaKyBaHHs 11 rpada G'3

9191919 /5|5 |5 |18}1511214 4|1 |11 ]1]1 313(3

8188882212017 |14]11}2 2|2

7176|6621 |19]16|13|10|10|10(10|10|10|10 10|10

JloBxxpHa 30LIbIIMIACK, [=21, MOXKEMO Ka3aTH, IO aHOMAJIiS Mae€ Micle 1 s
iHBepToBaHoro rpada. [loguBUMOCH 4YM BUHUKATUME aHOMAaJlis MPU OJHOYACHOMY
MOKpAIICHH] JCKITbKOX yMOB. Bumansemo 3 rpada G’z BepmuHU i12 Ta i11, t1=2,

BUJIAJIIEMO JIyTH 3 Miarpada, o BKIYae BepmuHu 3 22-0i 10 13-o01 (puc. 2.10).
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Puc. 2.10. 'pad G"’3

bynyemo ontumanbHe ynopsiakyBaHHs (Tadu. 2.13).

122

Tabmuis 2.13 — OnTuManbHe ynopsiakyBaHHs s rpada G™'3

919(9(9/5/ 5|5 |1815(10,10}10|10|10|10|10(10|10|3|3 |3
818(818[8(22120(17|14]4 14 1|1
717166621 |19]16(13|2 |2 |2

CrnocrepiraeMo 301IbIIeHHS JOBXUHHU, [=2 1. TakuM 9uHOM, JJIs1 3BOPOTHOTO

rpada MaroTh MiICIIe T1 K caMi aHOMaJli, 110 1 JJIs mpsiMoro rpada.

2.6 AHOMAJIbHI BUIIAJKH B 32/1a4ax NapajieJbHOr0 BUKOHAHHS MPOrpam

VY KOHTEKCTI CydYacHUX MapajelbHUX OOUYUCICHb, 30KpEMa 3 BUKOPUCTAHHSIM
MIKpOTMPOLIECOPIB, TAKOK BUHUKAIOTh aHOMAJIii, OB’ s13aH1 31 3MIHOK Yacy BUKOHAHHS
nporpam. LI aHomanii BKa3yloThb Ha CHUTYyallii, KOJIM Yac BUKOHAHHS I1HCTPYKLIH
BUSIBIISIETbCSL  HENIHIMHO  3alle)KHMM  BIJ 1X MOpAIKy abo  pecypciB, IO

BHUKOPUCTOBYIOTLCA. POSFJ’ISII[ TaKHuX BI/IHaI[KiB € BaXJIMBUM JJIA 3a0e3neUeHHs
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KOPEKTHOCTI Ta onTuMmizaiii poOOTH MporpaMm y OaraTosiA€pHUX 1 MapaleIbHUX
00UYHCITIOBATbHUX CUCTEMAX.

VY crarti [16] aeTanbHO IpOaHAII30BAaHO BUMIAJKH aHOMAIBHOTO 30UIBIIIEHHS Yacy
BUKOHAHHSI 1HCTPYKI[N y TUHAMIYHO PO3MOIIIEHUX Mikpompoliecopax. JlocmimkeHHs
JEMOHCTPYE, 110 B TaKUX cHUCTeMax Haripmuii yac BukoHaHHs iHcTpykui (WCET,
Worst-Case Execution Time) He 3aBXau BIJINOBiAa€ HAWOUIbII HECHPHUATIUBIN
noBeAiHUI cucTeMd. Hanmpuknazn, y AeskuX BUNAJKax MPOMYCK y Keml-mam ATl (KOJH
JlaH1 HE 3HAaMIeH] B Kellll Ta Mal0Th OYTH 3aBaHTAXEHI 3 MaM’sITI HUKYOTO PIBHS) MOXKE
MPU3BOAUTH IO KOPOTIIOTO YaCy BUKOHAHHSI, HI?K CUTYAaIlis, KOJIU AaH1 BXK€ 3HAXOIAThCS
B KeIli.

AHoMaUi B 3ajjayax napajieIbHOr0 BUKOHAHHS MPOrpaM MepeBaXHO BUHHUKAIOTh
4yepes3 apXITeKTypH1 0COOIMBOCTI AMHAMIUHO PO3MOIJIEHUX MPOIECOPIB, SIKI BUKOHYIOTh
THCTPYKII1i 1032 NOPAJIKOM iXHBOT'O BUKJIMKY B IIPOIPaMi.

Po3risiHeMo OCHOBHI IPUYMHM, 110 3yMOBIIIOIOTH TaKl aHOMAJTIi:

1) Pecypcu, BuiiieHi mo3a MNOPAIKOM Mporpamu. JluHamiuHO pO3MOALIECHI
MIKpOMPOLIECOPU 3AIMCHIOIOTh PO3MOIINT PECYPCIB, TAKUX SK (PYHKIIIOHAIBbHI OJOKH,
KelI-MaM’siTh 1 PEECTpPU, B JAUMHAMIYHOMY pexumi. lle o3Hadae, 110 BUKOHAHHS
IHCTPYKI[I MO’K€ HE BIANOBIIATH iIXHPOMY IIOYAaTKOBOMY MOPSAAKY y mporpami. Takwuii
MIJIX1]] TO3BOJISIE€ MiABUIIUTH MPOAYKTUBHICTH 3a PaXyHOK ONTUMI3allli BUKOPUCTAHHS
anmapaTHUX pPECypciB, MPOTE BOJHOYAC CTBOPIOE MOKIMUBOCTI JJisi BUHUKHEHHS
aHOMaJTii.

2) 3anexHOCTI MK IHCTPYKIISIMU. [HCTpYKIIii mMporpamMu 4acTo MarOTh JIOT14HI 200
JacoBl1 3aJIe)KHOCTI, SKI BH3HAYAIOTh IXHIA TOPSAO0K BHUKOHAHHA. Y JIHHAMIYHO
PO3MOIIEHUX TMpollecopax Il 3aJIeKHOCTI MOXKYTh OyTH pO3ipBaHi, J103BOJISIIOYU
BUKOHAHHSI 1HCTPYKIIA Y HEMOCHIJOBHOMY MOPSAKY. OJHAK 11e MOXKE MPU3BOJUTH J10
HernependayyBaHUX 3MiH Y Yacl BUKOHAHHSI, HAIIPUKJIIAJ, Yepe3 KOH(MIIKTH B JOCTYII 10
pecypciB abo 3aTPUMKHU Yepe3 BpaxXyBaHHS 3aJI€KHOCTEH.

3) BruuB kem-nam’ati Ta iHmUX (aktopiB. OcoOIUBOCTI PYyHKIIIOHYBaHHS Kelll-
naMm’ STl TAKOK BIAITPAIOTh KJIIFOYOBY pOJib y BUHMKHEHH1 aHoMaliid. Hanpukian, nporec

3aBAHTAKCHHA AOAHUX Yy KCII MOKC 3MIHIOBATH nopssaAoOK JOoCTyly nao HaM,ﬂTi, 1o



59

BIUIMBA€ Ha 3araJlbHUM 4Yac BHUKOHAHHS 1HCTPYKIiN. JlomaTkoBi dakTopu, Taki sK
pe3epByBaHHs (YHKIIOHATBHUX OJIOKIB YU PETICTPIB, TAKOX MOXYTh CHPUUYHHSITH
aHoMaJIii.

4) HectabinbHICT 4YacOBUX 3aJeXKHOCTEH. SIK TMOKa3ylOTh pe3ysibTaTh
nociikeHHs [16], neski aHoManii MOXXYTh BUHUKATH Y€pe3 BIIMIHHOCTI Y JIOCTYII1 10
pecypciB, 30KkpeMa KOJU OJlHa i Ta caMa 1HCTPYKIiSl B PI3HUX CIEHAPIIX BUKOHAHHS
MOX€E CIIOKUBATH PI13HUN 0OCAT PECYpCiB.

HNocnimxenHs: [16] Takox BU3HAYa€ KOHKPETHI apXiTEKTypHI OCOOJIUBOCTI, SIK1
CIPUSIOTH BUHUKHEHHIO aHOMAJTIM Y 4yacl BUKOHAHHS 1HCTPYKLIiN. /{0 HUX HanexXaTh:

1) BukOpucTaHHS OaraTosiIEpHOI AaApPXITEKTypU 3 JUHAMIYHUM PO3IMOAIIOM
pecypcis;

2) 3HaYHa CKJIA/IHICTh JIOTIKU YHPABIIHHA KelI-TIaM’ ITTIO;

3) BUCOKHUI CTYIIHb 3aJIEKHOCTI MK IHCTPYKIISIMU IIPOTPaMHu.

OkpiM 1bOTO, aBTOPU 1IEHTU(IKYIOTh BIUIUB MpOrpaMHUX (PaKTOPIB, TAKUX SIK
croci0 oprasizaiii Koay Ta piBeHb omnTuMizalii kommnugropa. [likaBo, mo mpocTi
TEXHIKH MOAM]IKALIl KOTY MOXYTh CYTT€BO 3MEHIIUTH a00 MOBHICTIO YCYHYTH BIUINB
aHomaiiii. Taki TexHIKM A03BOJSIIOTE YHUKHYTH Henoouinku WCET, xoua, sk
3a3HaYa€ThCs y poOOTi, HABITH Yy pa3i iX HEIOOIIHKY MOMUJIKA PIIKO nepeBuirye 27%.

Takum ynHOM, aHOMAJTIT B 33/1aUax MapaneIbHOro BUKOHAHHS MPOrpaM CTBOPIOIOTh
CYTT€B1 BHUKJIMKHA IS aHajizy Hairipmoro BapiaHTy 4acy BukoHaHHsS (WCET).
Tpaauiiiini MeToAu aHamizy, Skl 0a3ylThCS Ha MPUIYIIEHHSIX MI0JI0 (PIKCOBAaHUX
pecypciB 1 MOPSIAKY BUKOHAHHS 1HCTPYKIIH, BUSABISIOTHCS HEe(DEKTUBHUMU YEpe3
YacOBY CKJIAJHICTh. 3 OIJISIAY Ha Te, 1110 aHOMAaJii MOXKYTh MPU3BOJUTHU JO HEKOPEKTHUX
oinok WCET, y MailOyTHIX JOCHIII)KEHHSIX JOLIIBHO 3BEPHYTH yBary Ha po3poOKy
e(heKTUBHUX aJTOPUTMIB, SIKI BPaXOBYIOTh apXiTEKTypHI OCOOJMBOCTI MPOIECOPIB Ta
MIHIMI3YIOTh BIUIMB aHOMAaJiH.

Cepen apxiTEKTYpHUX OCOOJIMBOCTEN MPOLIECOPIB CIIiJl 3BEPHYTH yBary Ha:

1) Mexani3mu mo3a4eproBoro BUKOHaHHs IHCTPYKIIiH (out-of-order execution).

Lel miaxix 103BOJIsIE€ MPOLECOPaM BUKOHYBATH 1HCTPYKIi HE B TOMY HOPSAIKY, B

SIKOMY BOHH 3az[aHi B HporpaMi, 3 MCTOIO MAKCHMAJIbHOI'O BHKOPHCTAHHIA
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(yHKIIIOHATBHUX OJIOKIB Ta YHUKHEHHs MpocToiB [94]. OmHak 1€ MOXE CTBOPUTH
MOTEHUINHUN pU3UK aHOMAJiN, KOJM I1HCTPYKII, IO 3ajiekaThb OJHA BiJ OJHOI,
3MIHIOIOTH CB1M OPSIIOK BUKOHAHHS, 1[0 MOKE BINIMHYTH Ha 3arajibHUN Yac BUKOHAHHS.

2) CnekynsiTUBHE BUKOHaHHS (speculative execution).

st TexHOJOrIs 103BOJISIE TpollecopaM TMepeadadyaTy HACTYIHI 1HCTPYKIi, SKi
MOTPIOHO BUKOHATH, 1 BUKOHYBATHU X JI0 MITBEPI>KEHHS TPaBUIBHOCTI MPOrHO3Y [95].
VY pa3l NOMWIKOBUX MPOTHO3IB CHEKYJIATUBHO BHUKOHAHI IHCTPYKIII MaroTh OyTH
BIIKMHYTI, 110 MOX€ MPHU3BOJUTU JO JOJATKOBUX 3aTPUMOK Ta HEMPOTHO30BAHOMY
30UIBLIEHH] Yacy BUKOHAHHS.

3) Mexani3mu nomnepennboi Bubipku nanux (prefetching).

[TonepenHs BuOIpKa 103BOJIsI€ 3aBAaHTAKyBATH JIaH1 B KEIII 0 TOTO, SIK BOHU Oy 1y Th
noTpiOH1 mporpami. Xoua i€ 3HAYHO MPUCKOPIOE JIOCTYI JI0 JaHUX Yy OLIBIIOCTI
BUMAJKIB, HEBJA NepeAdadeHHs: a00 KOH(IIKTH B KEIlll MOXKYTb TaK0X CHPUYUHSITH
HernependauyBaHi 3aTpUMKH [96].

4) MynbTunporpaMmyBaHHs Ta KOHKYPEHTHHM TOCTYI J0 CIUIBHUX PECYPCIB.

VY OaratosiiepHUX cHUCTeMax siipa MOXYTh KOHKYpYBaTH 3a JOCTYH JI0 KeIly,
nam'aTi abo 1THIIMX CHUIBHUX pecypciB. Lle cTBoproe 6araToBapiaHTHICTB Y Yaci JOCTYITY
710 IIUX PECypCiB, 0 MOXKE 3MIHIOBATH MPOYKTUBHICTh 1 BUKIMKATH aHOMATII.

5) IncTpykuii 3 3anexxHoctamu Bij qanux (data-dependent instructions).

BruiuB nopsiiky BUKOHAHHS 1HCTPYKIIIM, SIKI MAlOTh 3aJ€XKHICTh Bl PE3YyJbTaTiB
MOTIEPEIHIX OTmepallii, MoKe 3MIHIOBATHUCS 3aJI€KHO B 00paHOi TMHAMIKA BUKOHAHHS.
Taki 1HCTpyKUIi MOXYTh YE€KAaTH 3aBEpIICHHsS IONEpeAHiX o0uucieHp ado

KOH(JIIKTYBaTH yepe3 0OMexXeHICTh pecypciB [97-99].

2.7 BUCHOBKH 10 PO3ailLy

VY nmanomy po3ainl HaBOASTHCA AESKI BiJJOMI MOCTAHOBKH 3ajad MapajiebHOTO

YHOOPSIAKYBAHHS BEPIIUH OPIEHTOBAHUX TpadiB Ta OS] METOIIB 3HAXOMKCHHS

ONTUMAJBLHUX PO3B’S3KIB. 30KpEMa, PO3TISHYTO KJIAaCHYHI MOCTAHOBKH, MOB’s3aHI 3
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MIHIMI3aII€}0 JOBXUHU YHOPSIAKYBaHHS TIPU 3aJaHidl IIUpUHI Ta 1oOyAoBa
YHOOPSIAKYBaHb MIHIMAIbHOT IIMPUHU NPU 3a7aH1i TOBKUHI. OCKUIbKU, PO3TISIAI0THCS
3a/1a4i, 10 BIIHOCATHCS 10 KJIAcy 3a7a4 JUCKPETHOI onTuMi3ailii, iki € NP-Baxkumu, To
JUTSl HUX TOIIYK HOBUX aJlTOPUTMIB MOJIIHOMIANIBHOT CKJIQJHOCTI JUIsl IEBHUX IMIJIKJIACIB
rpadis, a6o a1 (GiKCOBaHHMX 3HaAUYEHb TApaMETPIB YIOPSAKYBaHb HA CbOTOAHIIIHINA 1€Hb
€ aKTyaJbHUM.

BigmiueHo [OUUIBHICT, 3aCTOCYBaHHS CXEM HAIpaBJICHOTO Mepedopy uis
OTpUMaHHs HAOIMKEHUX PO3B’SI3KIB 3a MPUNHATHUI 00UMCITIOBATIBLHUN Yac.

OcHoBHa yBara y po3aull OpUAUISETHCS MUTAHHSIM TOB’SI3aHUM 3 TaK 3BAaHUMU
aHOMaJLHUMHM BUIAJIKAMU B 3aJja4ax, 110 PO3TIISIaI0THCS.

JloCHiI>KEHO yMOBU YHUKHEHHSI aHOMAJIbHUX BHUIIAJIKIB MPHU 3MiHI MOYATKOBUX
napaMeTpiB, TAKUX SIK 3MEHIIEHHS KUIBKOCTI POOIT, CKOPOUEHHSI CIUCKY MPIOPUTETIB
a00  mocnaOyieHHST ~ TEXHOJOTIYHUX  OOMEXEHb.  3ampormoOHOBAaHO  KpUTEpil
30a1aHCOBaHOCTI  pecypciB, 30€peKEeHHS KPUTUYHOTO IUIAXY, PIBHOMIPHOTO
NEepepo3NOUTY Bar, sIKl 103BOJSIOTh YHUKATH aHOMAJIH.

BusiBnieno Ta onucaHo J0AaTKOBI aHOMAaJIbHI BUIIAJIKH, MOB'SI3aH1 3 TPAKTUYHUMU
CLIEHapIsIMU, SIKI paHillle He OyJd BpaxoBaHI B JOCIIDKEHHSIX, a caMe: CKOPOUYCHHS
CIIUCKY MPIOPUTETIB Ta BUJATICHHS JICSIKUX 3aBIaHb.

Tako mochiKeHo MiaKIac IHBepTOBaHUX IpadiB, siki 3aCTOCOBYIOTHCS IS 33714,
10 BPaXOBYIOTh 3BOPOTHI 3B’SI3KM MIXK 00’ €KTaMM, HAITPUKJIIA]] y TOIIYKOBUX CUCTEMAX
abo MapuipyTtuzaiii Tpadiky. BuBueHHs Takux rpadiB I03BOJISIE MOJETIOBATH Ta
ONTUMI3yBaTH CKJIA/IHI CUCTEMH 31 B3aEMO3AJICKHUMU €JI€MEHTAMH.

OTpuMaHi pe3yJbTaTh MOXYTh OyTH 3aCTOCOBaHI JJi aHAJI3y 3a/a4 IMJIaHyBaHHS
TEXHOJIOTIYHUX MPOIECIB, MaPIIPyTU3allli, yIpaBIiHHI IPOEKTAMU Ta 1HIIUX Taly3sX,
0 MNoTpeOylTh ONTUMAIBHOTO PO3MOAUTY PEecypciB Ta €(PEKTUBHOIO BUKOHAHHS
3aBJaHb y OararozagadHoMmy cepeaoBuil. [loganpmmx AOCHIKEHb MOTpedye
BUJIVICHHS HOBUX MiJKJIAciB IpadiB, sl SKUX MOXYTb ICHYBaTH TOYHI aJrOPUTMU
MOJIIHOMIANbHOI CKJIAJIHOCTI, @ TaKOXX pO3p0oOKa HaOIMKEHUX METOIB IS 3aaad
BEJIUKOT PO3MIPHOCTI 3 ampiopHOi OIIHKOI iX TOYHOCTI. OcoOJuBY yBary ciij

NPUIUTUTH TPAKTUYHOMY 3aCTOCYBAHHIO 1HBEPTOBaHUX rpadis.
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BpaxoByroun 3p00IieH1 BUCHOBKH, OJAJIBIINM aHA13 COIPSIMOBAHUI HAa BUBUCHHS
KOMOIHOBaHUX BUIIAJKIB 3MIH [TIOYaTKOBUX JIaHUX, iX BIUIMBY HA BUHUKHEHHS aHOMaJIIi

Yy 3ajjavdax MmapajcibHOroO yInopsaaKyBaHH Ta JCAKUX CHCI_[iaJ'IBHI/IX IIUTaHb.
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Po3nia 3 BUIU AHOMAJIIM TA YMOBH iX BUHUKHEHHS

JJISI CHEITAJIBHUX KJIACIB 3AJTAY TUCKPETHOI
ONITUMIBAIIL

3.1 YM0BH BUHUKHEHHS aHOMAJIIH B JeAKHUX KJacax 3aaa4d

VYV Bumaaky KoJM BCl BUKOHABIl MalOTh OJHAKOBY MPOAYKTHUBHICTH 3a/audy
PIBHOMIPHOTO PO3MOAUTY 3aBJlaHb MiX BUKOHABISIMU PO3B’S3aTH MpocTiiie. SAKiio Ha
PIBHOMIPHUH pO3MO/1JI 1 OyJie IOCh CYTTEBO BILUIMBATH, TO 1€ CTPYKTypa camoro rpada.
JInst Takux 3aa4 OCHOBHUM € TaKuUW pO3MOJUI, SIKMM 3MEHIIye 3arajlbHUil Yac
BukoHaHHs [100-101]. Skmo mpoayKTHUBHOCTI BUKOHABIIB Pi3HI, TO 3a0e3MedeHHs
PIBHOMIPHOTO PO3MOiTY 3aBJaHb CTae€ OUIbII CKIAHIIION 3anayeto. Jis mudpoBux
OOUYHCITIOBATbHUX MPUCTPOIB IIe MOXe OyTH dYepe3 Ppi3HI amapaTHI MOMIJIMBOCTI,
KUIBKICTB sifiep, 00'eMu mam'sati a0o iHi Gaktopu. TyT b — €hEeKTUBHO PO3MOAISATH
3aBJAHHS MDK PI3SHUMU BHUKOHABLSMH, BPaxOBYIOUM pI3HY HPOJYKTHUBHICTh TaKUM
YUHOM, 100 OJHOYACHO MAKCHMI3yBaTH 3arajbHy NPOAYKTHUBHICTh Ta MIHIMI3yBaTH
3arajibHUI Yac 3aBEepIlCHHS Oneparliil.

O3znauenns 3.1. IlIBuakicTh (MPOAYKTUBHICTH) Sk k-TO BHUKOHABIS y 3ajadax
MJIaHYBaHHS BU3HAYAE 3 SIKOIO €(DEKTUBHICTIO BUKOHABEI[h MOKE€ BUKOHYBATH 3aB/IaHHS.
[e minouncenbHa XapaKTEPUCTUKA, SIKa BU3HAYAE Y CKUIBKU Pa3iB IIBU/IIE BUKOHABEIh
MOX€E 3aBEpIIUTH 3aBJaHHSA MOPIBHSIHO 3 €TAaJOHHUM BUKOHABILIEM 31 CTaHAAPTHOIO
IIBUJIKICTIO S=1.

3aranbHUIl Yac BUKOHAHHS j-TO 3aBJaHHS k-M BUKOHABIEM 31 IIBUIKICTIO Sk

JIOPIBHIOE:

_ T
b= 2 (3.1)

TBepmxenns 3.1. SIkuo 3aBaaHHs Mk BUKOHABLSIMU PO3IOAiI€H] HEPIBHOMIPHO,
TO 30UTBLIEHHS NPOAYKTUBHOCTI Sk k-0 BUKOHABIISI MOKE TPU3BOJUTH 10 aHOMAJIBHOTO

301JIbIIIEHHS] 3HAYEHHS [[IJTbOBOI (PYHKITIT.
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Hosenenns. [Toznauumo yepes Vi (Vk © V) MHOXHHY 3aBlIaHb, SIKI BUKOHYIOTBCS
k-M BUKOHaBLIEM.

Toni cymapHuil Yac BUKOHAHHS 3aBJaHb k-M BUKOHABIEM JIOPIBHIOE:

1

Te ==Y T, (3.2)

3aranbHUIl Yac 3aBEpIICHHS BCIX 3aBllaHb Ijo¢g; MOXHA OIIHUTH HACTYyHMHUM

YUHOM:

Trotar™= mI?X Tk. (3.3)

k1o 3aBaHHS HEPIBHOMIPHO PO3MOAUIEHI MK BHUKOHABISIMU, HAIPUKIA],
BUKOHABEI[b 3 MEHIIOK MPOAYKTUBHICTIO OTpUMY€ OaraTo 3aBJaHb a00 3aBJaHHS 3
BEJIMKMMH YacaMH BUKOHAHHS, 1I€ MOKE MPU3BECTU A0 30UIBIIEHHS 3arajbHOTO 4acy
BUKOHAHHSI, HE3BAXKAIOUM Ha 301JIbIIIEHHS TPOYKTUBHOCTI 1HIIIMX BUKOHABIIIB.

Otxe, 3araJbHUM Yac MOK€ 30UIbIIYBATHUCS HABITh 33 YMOBHM 30UIbLIEHHS
MPOAYKTUBHOCTI OKPEMUX BUKOHABIIIB.

Hexait 171 K0’)KHOTO k-T0 BUKOHABIISI MHOXKHHA 3aBlIaHb VixC V/po3noiieHa TaKuM
YMHOM, L0 CyMa HaBaHTA)KE€Hb HA BC1X BUKOHABLIB € 30aJJaHCOBAHOIO.

TBepmxenusa 3.2. OnTuManbHHUI pO3MOALT 3aBJaHb 3a0€3Meuy€eThbCsl TOJl, KOJU
HaBaHTAXEHHS JIJI1 KO)KHOTO BUKOHABISA MPUOJIU3HO PiBHI, TOOTO:

Ty ~T;, V k, j=1,m. 34

JloBeneHHs. SIKI0 HAaBaHTaXKEHHSI Ha k-0 BUKOHABIIS 3HAYHO OUIbIe, HIXK Ha j-TO,
TO k- BUKOHaBeLb CTaHE "BYy3bKUM MicleM", 1 3arajlbHUi 4ac BUKOHAHHS BCHOIO
PO3KJIay BU3HAYaTUMETBCS caMe Moro gacom T,.

1106 yHUKHYTH LBOTO, HEOOXIAHO JOCAITU NEBHOI 30a71aHCOBAHOCTI, MPH SIKIN
BUKOHYEThCS yMOBa (3.4).

[TpumycTtumo, mo ymosa (3.4) He BUKOHY€EThCA: ICHYIOTh TaKi BUKOHABIII K 1 J, 1110
Tr > Tj . lle o3Havae, Mo Yac 3aBEepIICHHS BCIX 3aBJaHb JJII BUKOHABII kK Habararto
OUTBIINI, HIK JI1 BAKOHABLS J, 1 ICHY€ 3HaUHA HEPIBHOMIPHICTh y PO3MO/LIII 3aB/IaHb
MI>K BUKOHABIISIMH.

Yepes te, mo Tk > T;, BukoHaBeup k ctae "By3pkum Mmiciem" y cuctemi. [Hmri

BHUKOHABIII 3aBEPITYIOTh CBOI 3aBJaHHS PaHIIIE 1 TPOCTOIOIOTH, ITOKM BUKOHABEIIH k 111¢
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BUKOHYE CBOi 3aBaaHHs. Lle mpu3BoauTh 10 HeePEKTUBHOIO BUKOPUCTAHHS PECYPCIB 1
30UIBLIEHHS! Yacy BUKOHAHHA 3aBAaHb Ttotal . TaKUM YMHOM, PO3MOJILN 3aBIaHb, MpU
skomy Tk 3Ha4HO TIepeBUINye T nist Heskux Kk 1 j, € HEONTUMAaJIbHUM, OCKUTBKU HE
MIHIMI3y€ 3arajJbHUM Yac BUKOHAHHs 3aBlaHb. Lleil po3nonaun He 3abe3neuye OanaHc
MDK HaBaHTaXXCHHSIMU BUKOHABIIIB 1 MNPU3BOJAUTH JI0 MPOCTOIB, IO € O3HAKOIO
Hee(EeKTUBHOCTI.

PozrisitHeMo Tenep BUIag0K, KOJU BUKOHY€ETbCS YMOBA (3.4): HAaBaHTaXEHHS MIX
yciMa BHKOHABIIMH MPUOIHU3HO piBHE, TOOTO Tk = T; mus Beix k, j =1, ... ;,m. Ilpu
TaKOMy PO3MOJiJi HAaBAHTAXKEHHSI CEpeJi BUKOHABI[IB MAKCUMAJIbHUN Yac BUKOHAHHS
cepell yCiX BUKOHABIIB, SKMI BHU3HAYa€ 3araJibHUM 4Yac BUKOHAHHS Tiol, Oyje
MiHIM130BaHul. Lle nocsraeThes uepes 6anaHCyBaHHS HABAHTAKEHHS, PU IKOMY HEMAE
"BY3bKHMX MICIh" 1 peCypcU BUKOPUCTOBYIOThCS eexTuBHime. OTxe, TPy BUKOHAHHI
yMOBH (3.3) 3arajgpHuil 4ac BUKOHAHHS Ttotal 3MEHIIYETHCS y TOPIBHSAHHI 3 BUMAJKOM,
KOJIM HaBaHTAXXEHHS PO3MOJiIeHe HepiBHOMIpHO. lle moBoauTh, 110 piBHOMIpHUIN
pPO3MO/LT HABAHTAKEHHSI € ONTHMAJIBHUM, OCKUIBKM MIHIMI3y€ 4ac BUKOHAHHS BCIX
3aB/aHb.

Takum 4WHOM, ONTHUMI3allisl PO3MOAUTY 3aBlaHb IMependayaTUME PIBHOMIPHUUN
PO3MOI1T HABAHTAXKEHHS 3 YPaXyBaHHSM IIBUKOCTI KOKHOTO BUKOHABIIS.

Jlns Toro, mo0 MiHIMI3yBaTH BUMNAJKUM BUHUKHEHHS aHOMallii, HEOOXiJHe
BUKOHAHHS HACTYTHUX TPbOX YMOB:

1) [IpusHaueHHs 3aBaanb: BigcopTyBaTu 3aBIaHHsI HA OCHOBI CITUCKY MPIOPUTETIB
1 TEXHOJIOTITYHUX OOMeXeHb. [Ipru3HavaTu 3aBaaHHS BUKOHABIISM Tak, 11100 BUKOHABIII
3a HalOUIBIIOW MPOAYKTUBHICTIO OTPUMYBalu 3aBJaHHS 3 HAWJOBIIMUM YacoM
BUKOHAHHS (y KJIACHYHOMY CEHC1), OCKUIbKH 11€ MaKCUMI3Y€ MepeBary mIBUIKOCTI.

2) banancyBaHHs HaBaHTa)KE€HHs: 3a0€3ME€UUTH PIBHOMIPHE HABAHTAXKECHHS MIXK
BUKOHABI[SIMUA, YHUKAIOYM BY3bKHX MICI[b, J€ MEHII NPOJYKTHUBHI BHKOHABII
CTBOPIOIOTH 3aTPUMKH.

3) Jlunamiune mianyBaHHs: [lepiolUuHO MeperisgaTd YMNOPSAKYBaHHS TICIs
3aBEpIICHHS 3aBAaHb 1 MEPEPO3MOAUISATH PEIITY 3aBllaHb, 100 3a0e3MEeYUTH MOBHE

BUKOPUCTAHHS OUIbII MPOAYKTUBHUX BUKOHABI[IB 1 YHUKHYTH 3aTPUMOK 3 OOKY MEHIII
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nponykruBaux [102, 103].

OCHOBHUI aJITOpPUTM PO3NOALTY 3aBAaHb 13 BUKOPUCTAHHSAM MPOJYKTUBHOCTEU
BUKOHABIIIB:

1) Bxiani gani.

MuoxwuHa 3aBmaanb V= {vi, v, ..., W}, 1€ KO)XKHE 3aBIaHHSA Ma€ MEBHUM Yac
BUKOHAHHS T;.

KiIpKicTe BHKOHABIB 1, Ji€ KOXEH BHKOHABEIh Ma€ CBOIO IIBHAKICTH
(IpOyKTUBHICTD) Sk.

Cnucok nipioputeTiB L.

OpientoBanuii anukmiuauii rpad G=(V,U), mo onucye oOMeXEeHHsI Ha MOPSI0K
BUKOHAHHS 3aB/IaHb.

2) YMOBHU ONTUMAIILHOTO MEPEPO3NOJILTY.

3) OCHOBHUI aNTOPUTM:

Kpok 1: Inimianizamis

CTBOPUTH MyCTHI PO3MOJIIN A7 KOXKHOTO BUKOHABLS: Vi = @ mms Beix k=1, m.

Busnauntu mouaTkoBuil Hallp 3aBlaHb, SIKI HE MalOTh MONEPEAHUKIB Yy rpadi
G=(V,U).

Kpoxk 2: [Ipu3HadyeHHs 3aBAaHb

CopTyBaHHS 3aBJlaHb: BIJICOPTYBAaTH 3aBIaHHS 3a CIHAJaHHIM iX MPIOPUTETIB Ta
TPUBAJIOCTI YaCy BUKOHAHHS.

[Ipu3HayeHHs 3a MNOPIOPUTETOM: TMOUYMHAIOYM 3 HAWBUIIOTO MPIOPUTETHOIO
3aBJAHHs, IPU3HAYUTH MOTO TOMY BUKOHABLIO, SIKMM Ma€ HaUMEHIIHWW IIOTOYHUN Yac
BUKOHAHHS T.

Apnanrariisi 171 IpOyKTUBHOCTI: Yac BUKOHAHHSA 3aBAaHHS j Uil k-TO BUKOHABLIS
KOPUTYETHCS 32 POPMYJIIOIO:

_ Y
tr, j=—. (3.5)
Sk

Jlonatu 3aBAaHHA 10 COUCKY 3aBlIaHb k-IO BUKOHABIIS, OHOBUBIIW 3HAY€HHS Tk

JUTSL ITbOTO BUKOHABIIS.

Kpok 3: banancyBaHHs HaBaHTa )KEHHS
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[lepeBipka Oanancy: Ilicns mpu3HaueHHS BCIX 3aBJaHb BHKOHATU MEPEBIPKY
OanaHcy AJisi BCiX BUKOHAaBIIB. SIKIIIO OJMH 13 BUKOHABIIIB Ma€ 3HAYHO OUIBIIUNA 4Yac
3aBepiieHHs Tk, HIX 1HII, BUKOHATU MEPEPO3NOILT 3aBAaHb.

[Tepepo3noain: [lepemicTutu 3aBAaHHA 3 TIEPEBAHTAXKEHOTO BUKOHABIIS HA 1HIIIOTO
BUKOHABIII 3 MEHIIOK CcyMo0 Tj, JOTPUMYIOUHCh OOMEXEHb NPIOPUTETY 1
TEXHOJIOTITYHUX OOMEKEHB.

Kpok 4: JlunamiuHe niaHyBaHHS

OnoBnenHs ctany: [licis 3aBepiieHHsT KOKHOTO 3aBJIaHHSI IEPETISHYTH CTaH BCiX
BUKOHABIIIB.

Po3monin HoBux 3aBaanb: JlomaBaTu HOBI 3aBAaHHS I BUKOHAHHS B1AIOBIIHO 10
iX MPIOPUTETIB 1 TEXHOJOTTUHUX 0OMEXEHb Yy Tpadi.

AJnlanTuBHE Tepenpu3HayeHHs: SIKI0 Yac 3aBEpIIEHHS OJIHOTO 3 BUKOHABIIIB
3HAYHO MEHIIMHW, HIK B IHIIMX, NEPEPO3NOJUIMTH HEBUKOHAHI 3aBIaHHS A
ONTUMaJILHOTO BUKOPUCTAHHS BCIX PECYPCIB.

Posrnsaemo piBHOMIpHY IPOJYKTHUBHICTh BUKOHABIIIB HA TPUKJIIA/II.

IMpuknang 3.1. 3agano rpad Gs (puc. 3.1), h=3, CHHUCOK TPIOPUTETIB
1=(1,2,3,4,5,6,7,8,9,10), muoxuna Bar BepmuH 71=(4,2,2,2,4,1,1,1,1,6), mBUAKICTb

BUKOHaBIIB ogHakoBa s=(1,1,1).

OXOIOMO
OO WOOE

Puc.3.1. I'pag G4

3HaNJEMO ONITUMAJIbHE YIOPSAKYBAHHS Ta HOTO JOBXUHY.



Tabmuusg 3.1 — OnTumansHe ynopsiaKkyBaHHs 1uis rpada Gy

1 1 1 1 5 5 5 5
2 2 4 4 6 7 8 9
3 3 10 10 10 10 |10 |10

JNosxuna /;=8.

3MIHUMO NMPOAYKTUBHICTH OJHOTO 3 BUKOHABIIIB, HeXail s=(2,1,1).

Tabnuis 3.2 — OntumanbHe ynopsaakyBanHs ais rpada Gy npu s=(2,1,1)

1 {11455
212|186 101010101010
3131917

Hosxuna />=10, BUHUKa€ aHOMAJTIS.

Pozrisinemo TCIICP y3araJlbHCHHA KIJTBKOX BI/IHaI[KiB, a caMe BUHUKHCHHS aHOMaJIii

MIpU OJIHOYACHOMY BHKOHAHHI KIJTbKOX YMOB.

301IbIIly€EMO TOPOAYKTUBHICTh MEpUIOTO BUKOHaBLS s=(2,1,1) Ta KUIBKICTh

BUKOHABIIB /1=4.

Tabnuis 3.3 — OntumanbHe ynopsaakyBanss ais rpada Gy npu s=(2,1,1), h=4

1]1[5]5

2121619

337 ]10][10]10[10]10]10
414138

Jlosxuna /5=9.

3015IbIIIy€EMO MPOAYKTUBHICTh MEpIIOro BUKOHABI s=(2,1,1) Ta ckopouyemo 4vac

BUKOHAHHS 3aBfanb 1 =(2,2,2,2.2,1,1,1,1,6).
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Ta6munsa 3.4 — OnruMansHe ynopsaakysanus s rpada Gy mpu s=(2,1,1), T

JoBxxuHa [/~=9.
301/IbIIIy€EMO TPOAYKTHUBHICTh Tepiioro BukoHaBus s=(2,1,1) Ta mocnabiroemo

oOMexxeHHs pilopuTeTy (puc. 3.2).

Puc.3.2. I'pagp G4

bynyemo ontumansHe ynopsiAKyBaHHS Ta 3HAXOAUMO HOTO JOBXKHUHY.

Tabnuis 3.5 — OntumanbHe ynopsaakyBanHs nis rpada Gy nmpu s=(2,1,1)

1 {11455
2126 |7 101010101010
3131819

Hoxuna /5=10, 3Ha4eHHs HIOBOI PYHKI1T 3HOBY 301JIbITY€THCS.

Bunukae nuraHHg, uyn Oyzae BIOOyBaTHCS aHOMAalbHE NOTIPUIEHHS JOBXUHU
ONTHUMAJIBHOTO BIOPSIAKYBAHHS, KOJIM BCl IPOLTIOCTPOBAHI BUIIE YMOBU BUKOHYIOTHCS
OJITHOYACHO.

Hexait 3agano rpadg G’y. 30UIbIIyEMO MPOAYKTHUBHICTH NEPIIOrO BUKOHABLS Ta

KUIBKICTh BUKOHABI[IB, 3MEHIIIYEMO 4Yac BUKOHAHHA ACSKUX 3aBAaHb Ta CIPOIILYEMO
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TEXHOJIOT14H1 OOMEKEHHS.
Tabnuis 3.6 — OntumanbHe ynopsaakyBaHHs ais rpada Gy npu s=(2,1,1,1), h=4,
7=32,2,2,3,1,1,1,1,6)

1 [ ;8] 5[5
2 2 |6

3] 3 7 ]10]10]10][10]10]10
41 4 |9

JNosxuna /5=9.

AHanizyrouu J1aHl BUNAJKW, BUHUKA€E MUTAaHHA 4d OyAyTh MaTH MiCLE aHOMali,
K0 HEPIBHOMIpPHA MPOAYKTUBHICTH Oyae 3agaHa K IOYaTKOBA yMOBA.
[IpointocTpyeMo Ha TPUKIIA/I].

IMpuknan 3.2. 3amano rpad Gs (puc. 3.3), h=3, CHOHUCOK TIPIOPUTETIB
1=(1,2,3,4,5,6,7,8,9,10), MHO>KMHAa Bar BEPIIMH 7=(5,3,6,2,4,4,6,2,2,10),
MPOAYKTUBHICTh BUKOHABIIB s=(1,1,2).

0J0X0
OI0 010 *\0

Puc.3.3. I'pag Gs

Tabnuis 3.7 — OntumanbHe ynopsaakyBaHHs ais rpada Gs

11|11} 1 |5|5|5|5|8]8
2121214146616 |6 (919
3 133 |10]10(10|10|10 7 |7 |7

JIoB)KMHA ONTUMAJIBHOTO YNOPSAKYBaHHA [7=11.

PosrnsHemo mosiBy aHOMallbHMX BUMAJKIB. 30UTBIIMMO KUIBKICTh BHUKOHABIIIB,
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Hexawu h=5, s=(1,1,2,1,1).

Tabnuis 3.8 — OntumanibHe ynopsajakyBanHs ais rpada Gs npu A=5, s=(1,1,2,1,1)

111 }1]1]8]38
21212 (5|55 ]5
3 (313,669
4 | 4 T T T T T
10|10 1 10|10]10|10({10|10 1010

JloBxkuHa 1151 JaHOTO BUMNAAKY /s=13.
3MEHIINMO Yac BUKOHAHHS 3aBaaHb, Hexan 7=(3,3,4,2,4,4,6,2,2,8).
Tabnuis 3.9 — OnTumanibHe ynopsaakyBaHHs s rpada Gs npu

T=(3’3,4,2,4,4,6,2,2,8)

1y 1| 15|55 ]5]9]9
2121266 |6|6|10[10/10{10|10(10|10/|10
303147778

JloBxuHa 301bIy€eThes, lo=15.

[TocnabmroeMo TexHoOT14H1 00MexeHHs (puc. 3.4), mo3HadaeMo sk rpad G's.

OJO0IOWO
OJON010]0)0

Puc.3.4. I'pap G’s

Ta6muis 3.10 — OnTuManbHe ynopsakyBanus s rpada G's

1|1 |1 |1|1]6|]6|6]|6
2020204147717 |7 [T |7
3133 (5|5 |8|9/|10/10/10|10|10
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HoBxuna [;0=12. TakumM YUHOM, 3HOBY CHOCTEpPIra€EMO TMOTIPUICHHS 3HAYEHHS
IUIbOBOI (PYHKIIIT MpH MOKpAIIeHH] BUX1THUX [TapaMeTpiB.

Jl1s1 3armo0iranHs BUHUKHEHHS aHOMaJI1i BaKJIMBO PETEIHHO PO3MOAUIATH 3aBAaHH
Ta BUKOPUCTOBYBATH aJIAITUBHI CTPATET1i PO3MOJLIY PECYpCIB.

Posrnsnemo OubIl JeTadTbHO HEBUKOHHAHS YMOB JIJIs1 HABEICHUX BUIIE MPUKIIAIB.

ko 3aBAaHHS MK BHUKOHABISIMU PO3MOJIIJICHI HEPIBHOMIPHO, 301IbIICHHS
MPOAYKTUBHOCTI OJHOTO 3 BHUKOHABIIIB MOXE MPU3BECTH JI0 MOTIPIIEHHS LUIbOBOL
¢byukmii. B ynopsakyBanui 3 tabn. 3.2 (G4, s=(2,1,1)) nOpoayKTUBHICTH MEPIIOTO
BUKOHABIIS 301JIbIIIEHO, aJie JOBXHUHA 3pocTae 3 8 1o 10. B ynopsakyBanHi BepiiuH rpada
G'4, 32 ymMoBH s=(2,1,1) ananoriuHo, oBxkuHa 3HOBY 3poctae 10 10. To6To, aHoManmis
CIIOCTEPITa€eThCA  Yepe3  HaaMipHE HaBaHTA)XCHHS  BHUKOHABIIIB 3  MEHIIIOIO
MPOAYKTUBHICTIO Ta OJIOKYBaHHS BEPIIUH KPUTHUYHOTO MLIAXY.

[TopymienHst GajnaHcy: SKII0 HABAaHTAXXEHHS Ha OJHOTO 3 BHKOHABIIB 3HAYHO
NepeBUIlly€e HaBaHTaKeHHS 1HIIOTO (7 >> Tj), 11e CTBOPIOE «BY3bKE MICIE» Ta 301IbIIYE
3aranbHuil 4yac. OnTumanbHe ynopsiakyBaHHs mis rpada Gs, h=5S, s=(1,1,2,1,1):
KPUTHUYHUI [UIAX MOBHICTIO CKOHIIEHTPOBAHUN y TPEThOTO BUKOHABIA (13 s=2), a 1HIII
npocTorotoTh. JloBxkuHa 3poctae 3 11 no 13. AHanoriudo 3 npuxiagoMm y tadiuii 3.9:
aHOMaJlisl TOCWUJIIOETbCS — JIOBXKMHA wie 30uibmiyerbesa 10 15. Ak pesynbrar
He30alaHCOBaHE HaBaHTAXXEHHSI MPU3BOJIUTH JI0 HETAaTUBHOTO €(EKTY.

Tako BapTO BIAMITUTH, IO MOCIA0JIEHHS TEXHOJOTTYHUX OOMEXEHb HE TapaHTye
MOKpaIlleHHs 3HauYeHHs 11Ib0BOiI PpyHkii. [Ipuknaau y tadn. 3.5 (s G'4) ta tada. 3.10
(mna G's): monmpu BUIANICHHSI AYT, SIKE MPU3BOJAUTH JO CHPOUIEHHS rpadiB, JOBKUHA
3pocrae, le=10 i /=12 BignmoBiIHO.

Sk nokazaHo Bullle B puKIIai 3.1 3 mouaTkoBUMU yMOBaMHU: 3aaHo rpad G4 (puc.
3.1), h=3, cnucox mnpiopuretiB L=(1,2,3,4,5,6,7,8,9,10), MHOXHWHA Bar BEpIIUH
7=(4,2,2,2,4,1,1,1,1,6), mpu mnpoayKTHUBHOCTI BHKOHaBIiB s=(1,1,1) orpumyemo
YIOOPSIAKYBAHHS JOBXUHU 8. A MPU MOKPAIIEHHI MPOAYKTUBHOCTI MEPIIOTO BUKOHABIIS
3riJIHO 3 BeKTOopoM s=(2,1,1), moBxkuHa 301b11y€eThes 10 10.

3MIHUMO CHUCOK MPIOPUTETIB 3TIAHO A0 AJITOPUTMY MOOYIOBU ONTHUMAILHOTO
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CIIUCKY MPIOPUTETIB.

3HaXOJIMMO 3arajibHUil 4ac BUKOHAHHS 3aBJaHb, 1[0 JIeKaThb HA BIJMOBIIHUX
NUISIXax, JOPIBHIOE JTOBXKWHI MUX MUIAXiB: li_g = 5,l1_9 = 5,1, = 2,l3_10 =8, l4_5 =
6,l4_¢ =3,l4_7=41,_,=3.

OHOBJIIOEMO CHUCOK NPIOPUTETIB s BUKOHABIB, [0 MAaloTh OUIbIILY
npoayktuBHicTh: L' = (3,10,4,5,1,8,9,6,7,2). Tob6To mnst 1-ro BHKOHABIE MU OyneMo
BUKOPHUCTOBYBAaTH L’

3HaliIeMo ONTUMAaJIbHE YIIOPAIKYBaHHS Ta HOro AoBXuHY st L' ta s=(2,1,1).

Tabmuns 3.11 — Ontumanerae ynopsakyBaHHs s rpada Gsmpu L’ ta s=(2,1,1)

3 10 10 10 5 5
1 1 1 1 6 8
2 2 4 4 7 9

Hopxuna /=6, orpuManu 3HaueHHsS Ha 40% MeHIIe 3a MOYaTKOBY JOBXHUHY

YIOPSAKYBAHHS.

3.2 Bunaaku B3a€MHO O{HO3HAYHOI BiIMOBIAHOCTI Mi’K IeBHUMH 3aBAaHHAMHU

Ta BUKOHAaBIISIMH

PosrnsHemo 111e oJHe akTyallbHY 3ajady, a came: pO3IIUpeHHs: BUpoOHuUITBa. [1pu
MOKYIILI1 HOBOT'O 00JIaTHAHHS OyBalOTh BUMIAKH, KOJIU Ha HOBUX MIPUCTPOSIX HEMOXKIUBO
BUKOHATHU J€sKl 3aBAaHHsA, a00, HABMAKU, MOKE BUHUKHYTH HEOOXIJIHICTh BUKOHATHU
HOBUM BHUJ pOOIT, SIKMM HEMOXJIHUBO BUKOHATH Ha CTapoMy OOJaHaHHI. Y I[bOMY
BUMNAJKy BBOJUTHCS JIOJAaTKOBa YyMoBa (ikcaili Jeskux poOIT 3a TEeBHUMU
BUKOHABISIMH.

O3nauenns 3.2. MuoxuHa 3adikcoBanux poOit V€V BuzHauae Ti poOOTH, SIKi
MOXYTh BUKOHYBATHUCS JIUIIE€ I'-UM BUKOHaBIEM. Lle o3Havae, mo podbotu (€ V- MOXKYTh

BUKOHYBATUCA BUKIIFOYHO I"-UM BHUKOHABIECM, aJIC CaM BUKOHABCIb MOXK€ BUKOHYBATHU u
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1HI11 poOOTH, [0 HE BXOJATH 10 V).

IMpuxknan 3.3. Hexait 3amano rpad Gy (puc. 3.1), A=3, CHHCOK MpPIOPUTETIB
1=(1,2,3,4,5,6,7,8,9,10), mHoxxuna Bar BepmwmH 7=(4,2,2,2.4,1,1,1,1,6). 3adikcyemo
poOOTH j3 Ta jio 3a TpeTIM BUKOHaBUEM: V3=( j3, ji0). ONTUMaNbHE YNOPSAKYBAaHHS Ta
3HAYEHHS JOBXKUHU 3aJIUIIATHCS 0€3 3MIH.

[IpointocTpyemMo NosIBY aHOMAaJi MPU MOKPAIEHH] MOYAaTKOBUX YMOB 3aJ1aul.

30UTbIIMMO KIIbKICTh BUKOHABLIB, /=4 Ta 3HAJEMO ONTUMAJIbHE YIOPSAIKYBaHHS
Ta MOT0 JOBXKUHY.

Tabnuis 3.12 — OnTuManeHe ynopsiakyBaHHs 1uis rpada G4 npu h=4

1|1 |1 }]1]8

21255515
3/3]6/10[10[10[10[10]10
41417 9

JloBxuHa /=9, 3HaueHHS H1THOBOT QYHKIIIT 30UIBIIYETHCS.
3MEHIMMO Yac BUKOHAHHSA JeskuX 3aBaanb. Hexan 77=(2,2,2,2,4,1,1,1,1,6).

Tabnuis 3.13 — OnTumanbHe ynopsiakyBanus s rpada Gy opu 77

1145|555
21268
313,719 ]10(10{10|10|10|10

Hoxuna /=10, mo € Ha 25% Onblle 3a TOBXUHY OYATKOBOTO YIOPSAAKYBAHHS.
[TocnabuMo TeXHOJIOTIYHI OOMEKEHHS, BUIATUMO IYTH (j4, js), (73, j10).

Tabnuis 3.14 — OnTumManbHe ynopsiakyBanus s rpada Gy npu 77

1|1 |1 [1]6]8
212141479
3135 (5|5 |5|10[10|10|10|10 |10

JloBxuHa /=12, T0OOTO 3HAUEHHS TOBXKUHU 30UTBIIMIOCH Y IbOMY BUMAAKy Ha 50%.
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Chopmynoemo yMOBU [Jii YHHUKHEHHS aHOMail y 3amadax 13 (piKCOBAaHUMHU
poboTaMu.

YMoBa y3romkeHocTi (ikcarii. Jns Oyab-1KOTO BUKOHABIS MHOXHHA MOTO
(ikcoBaHUX pOOIT MOBHUHHA OYTH CYMICHOIO 3 TEXHOJIONIYHUMHU OOMEKEHHAMH rpada
G=(V, U). To6to, K10 im€V, a ix€ V;, 1 Mixk HUMH 1cHYE TyTa (im, k)€ U, TO poboTa im
MOBUHHA BUKOHYBAaTUCS a00 TUM CaMUM BUKOHaBIIeM, a00 1HIIMM BHUKOHABIIEM JI0
MOYaTKy poOOTH ik.

YMoBa po3B'a3HOCTI 3adadi. BBeaeHHss MHOXHUHM (hiKCOBaHMX poOIT V: He
MMOBUHHO POOUTH 3a7jauy HEPO3B's13HOI. TOOTO, HABITH SKIIO YaCTHUHA POOIT 3aKpiIieHa
3a KOHKPETHUMH BUKOHABISMH, ICHYE JTOMYCTUME YMOPSAJIKYBAaHHS BUKOHAHHS BCIX
pOOIT 3 ypaxXyBaHHSIM TEXHOJIOTTYHUX OOMEKEHD 1 PECYPCIB.

YMoBa Oanancy 3aBaHTakeHHs. Dikcalliss poOIT 3a BUKOHABIIEM HE IMOBHHHA
MPU3BOAUTH JI0 HEMPOMOPLIMHOTO 3aBaHTaKEHHS BHUKOHABIS. 3 I[€I0 METOK st
KO>KHOT'O BUKOHABIIS IOBUHHA BUKOHYBAaTHUCh YMOBA!

YoiewrTi+ ) iV Ti < Tmax, (3.6)

ne T: — 4yac BUKOHAaHHS po0OOTH I, V — MHOXMHA POOIT, 10 HE BXOIATH 10 V;, ane

BUKOHYIOTHCSI BUKOHABIIEM 7, & Tmax — MAKCUMAIIBHO JOMYCTUMUN Yac 3aBaHTAKECHHS
BUKOHABIIS.

TBepmxenns 3.3. Skino BBeIeHO MHOXKHUHU (pikcoBaHUX poOIT V, To moOyioBaHe
JNOMYCTUME YINOPSAAKYBaHHA  OyJ€ ONTUMaJIbHUM, SKIIO BUKOHYIOTHCA YMOBHU
y3roKeHOCTI (ikcallii, po3B'sI3HOCTI 3a/1aul Ta OanaHCy 3aBaHTAKEHHS.

Hosenenns. Hexaii rpad G = (V, U) onucye 3a5ekHOCTI MK podoTamu. SKiio st
KOXXHOT'O BUKOHABISI MHOKHHA V; (DiKCOBaHUX pOOIT 3a10BOJIBHSE YMOBY y3TOJKEHOCTI
(TOOTO BCi 3aJI€KHOCTI Mk poOOTaMu 30€piratoThCs), yMOBY PO3B'A3HOCTI (TOOTO iCHY€E
nuisix y rpadi, sskuil BpaxoBye (ikcailii) Ta yMOBY OanaHCy 3aBaHTaKEHHS (BUKOHABEI[h
HE MEepPEeBaHTAXEHUM), TOJl 32 TOMOMOIOK aJIrOPUTMY MOOYJIOBU CIUCKY MPIOPUTETIB
MOXJIMBO 3HANTH MOCIIAOBHICTh BUKOHAHHSI POOIT, sIKa 3aJ0BOJIbHSIE BC1 OOMEKEHHS.
Takum 4MHOM, ONITUMAaIbHE YIOPSIAKYBAHHS ICHYE.

TBepmxenHs 3.4. 3MeHIIEHHS Yacy BUKOHAaHHS poOIT abo mnociaabiieHHs

TEXHOJIOTITYHUX 0OMEKEHb MOXE 30UIBIIUTH IOBKUHY ONTUMAIBHOTO YIOPSAIKYBAHHS.
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HoBenenus. Posrinsnemo 3miny rpada Ge npu 3MEHIIEHHI YaCcy BUKOHAHHS pOOIT
(T") abo BupanenHi Ayr. SIk moka3zaHo y TPUKIAJl, y pa3l 3MeHIIeHHs T', HOBXHUHA
VIOOpSAIKYBaHHS | MoOXe 30UIBIIMTHCH, OCKUIBKA 3MIHIOETHCS OalaHc Mix
3aBaHTA)KCHHSIM BHUKOHABLIB 1 KUJIBKICTIO BHKOHYBAaHMX poOIT. AHAJOT14YHO,
nocya0JIeHHs! TEXHOJOTIYHUX OOMEXEHb (BUAAJNEHHS MAYyr) 30UIbIIy€e KIIbKICTb
JOMYCTUMUX IUISXIB Y rpadi, M0 MOKe MPU3BOJUTH IO MEHII €(DeKTUBHOTO PO3MOLTY
pecypciB.

Posrnsnemo rpad G4 (puc. 3.1) npu 3agaHoMy CIHUCKY MPIOPUTETIB L, KITBKOCTI
BUKOHABI[IB /# = 4 Ta 3 MOYAaTKOBMMHM BaramMu 7. 3a IIUX yMOB OTPUMAJU JOBXKUHY
ynopsakyBaHHs [ =9 (tabm. 3.12).

[licns 3MeHIIeHHs Yacy JesSKUX 3aBlaHb [ JIOBXKHMHA YHOPSAKYBaHHS
30imbIyetbest 10 [ = 10 (tabu. 3.13), Tobto Ha 25%. Jami npu BumaieHHi AyT (j4, js),
(/3, j10), Ipu TUX caMuX Barax 7', JOBKHUHA 3pocTae 11e Ounbine — 10 /=12 (tadn. 3.14),
10 CTAHOBUTH 3011bIIeHHS HA 33% MOPIBHIHO 3 MOYATKOBUM 3HaueHHsM. Lle imrocTpye,
10 HaBITh MO3UTHBHI 3MIHHM Y TapaMeTpax 3aJadi, Taki IK 3SMEHIIEHHS 4acy BUKOHAHHS
YU MOCJa0JEHHS TEXHOJIOTIYHUX OOMEXKEHb, HE TapaHTYIOTh IMOKpAIIEHHS, a 1HO/II,
HaBMAaKH, MOTIPIIYIOTh PE3YJIbTAaT.

PosrnsHemo iHII1 MOYaTKOB1 YMOBH 3a/1aul Ta HEBUKOHAHHS HEOOX1THUX YMOB ISt
VHUKHEHHSI aHoMalbHUX BunaakiB. Hexalt 3amano rpadp Gs (puc. 3.1), crnucox
npiopurertis L=(1,2,3,4,5,6,7,8,9,10), Baru 3aBmanp 7=(4,2,2,2,4,1,1,1,1,6), KiIbKICTh
BUKOHaBIIB / = 3, d&ikcoBaHl MHOXHHHM 3aBiaHb: Vi={1,8,9}, V>={2,5,6},
V3={3,4,7,10}.

Ha nmepmmit mornsg ikcarisi 37a€Thesl TOBHOK: yC1 3aBAaHHS (IKCYIOThCS 3a
KOHKPETHUMH BUKOHABIAMHU. [IpoTe:

1) Mk poboTamu iCHYIOTH 3aliexkHOCTI (4—35) Ta (3—10);

2) T00TO 3-1li BHKOHABEIlb MOBMHEH 3aBEPIIUTH POOOTY j4 , MEpHI HIXK 2-Uil
BUKOHABELb PO3IIOYHE js5, 1 3aBEPIIMTH j3 N0 IOYATKY 10, 1K TAKOK HAIEKUTH HOMY;

3) BOgHOYAC TPUBAIICTh POOOTH T1o=6 MpHU 3arajJlbHOMY HABAaHTaXEHHI Ha 3-TO
BukoHaBIs: 7(V3)=11, 1o nepeBuiilye cepeHE HAaBaHTAXKEHHS ¢p=8.

TakumM 4YMHOM, TOPYUIYETHCS yMOBa OajaHCy 3aBAaHTAKEHHS Ta Y3TOJKEHOCTI
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(ikcarii, 10 poOUTH 3a7]a4y HEPO3B SA3HOIO B 3aJ]aHUX OOMEXKEHHSX. | HE iICHy€e Takoro
JOIYCTUMOTO YTIOPSAKYBaHHSA, SIKe O 3aJ0BOJBHSIIO BCi 3aJIEKHOCTI Ta BOAHOYAC HE

MEPEBAHTAKYBAJIO )KOJHOI'O BUKOHABIIA.

3.3 YmoBH cradumizanii JOBKHHHA YIIOPSAAKYBAHHSA

OuiHOYY MiHIMaJbHE 3HAYEHHS JOBXKUHU YIOPSIKYBaHHS, MU BPaXxOBYEMO, 1110
BOHO HE MO)X€ OyTHM MEHILIUM JIOBXWHU KPUTHYHOTO LUIXY /xp B Ipadi. SKmo yac
BUKOHAHHSI KOXHOT pOOOTH OJUHUYHUN (1HKOJM 1€ 3HAYEHHS MPUMMAIOTh 3a Bary
BIIMOBIHUX BEPIIHUH), TO M1J JOBXKHHOK KPUTUYHOTO IUIAXY PO3YMIIOTH KIUJIBKICTh
BEpIIMH Ha HAWJOBIIOMY NUISIXY, 110 BEJAE 3 BEPIIMH, 0 HE MAIOTh BXIAHUX YT IO
BEPIIKH, 10 HE MalOTh BUX1IHUX. SIKIIIO ICHYIOTh BEPIIUHY, JIJIsl IKKX Bara, BIIMIHHA B1J
OJIMHUYHOI, TO MiJ JOBXKXHWHOI KPUTHYHOrO NUISIXY OyJeMO pO3yMITH CyMy Bar THX
BEpIUINH, K1 BIANOBIAAIOTh HAMIOBIIOMY NUISAXY. SIKIIO ICHYIOTH 130J1b0BaH1 BEPILIUHH,
cepel SIKUX € BEepIIMHA V;, Bara f; sIkoi OUIbIla 3a JTOBXKUHY KPUTUUHOTO HUISXY lip, TO [ >
t;. Taxum umHOM, [ > max ( ti, lp).

O3nauennsa 3.1. bymemo ka3aTu, M0 JOBXMHA ONTHMAJIBHOTO YIOPSAAKYBaHHS
crabiiizoBaHa, AKIIo [ = t; 200 [ = .

PosrnsHemo sik BIUIMBa€ 3HaU€HHS IIMPUHU Ha CTaOUTI3aIliI0 JOBXKUHHU.

ITpukman 3.4. Hexait 3agano rpad Gs (puc.3.5), h=3,
1=(1,2,3,4,5,6,7,8,9,10,11,12,13), 7=(5,3,3,2,8,8,7,4,2,9,3,2,1).
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OBONOWO
N
(3) (®) (0) (5) (&) (D

Puc.3.5. I'pag Gs
[IpencraBumo y Burisai Tadnuui 3.15 yci nuisixu, 1o BiANOBIAAI0Th [IbOMY rpady.

Tabmuus 3.15 — lnsxu rpada Gs

1 1 1 1 1 8 | 8 | &8 | 8 | 11|11 |11
1 1 1 1 1 8 | 8 | 8 | 8 | 12]12

—_
—_
—
—
—
O
O

AN | Q| SN WD

Al OB B W W W W N
Al OB B W W W W N
| O] | W W] W| W N
~N| | | Q| O W
~N| | 0| Q| O W
~N| | | Q| O W
~N| | | Q| O W
~N| | | Q| O W
~N| | | Q| O W

3 Tabnuill BUIHO, 110 JOBXKUHA KPUTUYHOTO IUIAXY AopiBHIOE 13. 3Haiinemo

OINITUMAJILHE YIIOPAAKYBAaHHA Ta Horo JOBXHUHY.
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Tabmuis 3.16 — OnTumanbHe ynopsaAKyBaHHs BepiuuH rpada Gs npu h=3
Lyrj1y1r (1 |5 5 |5 |5 |5 |5 |5 |5/8|8|8|8|11|11]11
212124 |4 |6 |6 |6 |6 |6 |6 |6 |[6/9]|9 12112 |13
33310101010 10|10 101010\ 7|7 |7\7|7|7 |7

Josxwuna /=20. 3011pmMUM0 KUTBKICTh BUKOHaBIIB. Hexait A=5. Otpumaemo
ynopsaakyBaHHs (Tad:a. 3.17) 3 goxunorw /=13.

Ta6muis 3.17 — OnTuManbHe ynopsiakyBaHHs BepiuH rpada G npu =5

ry1rjryp1 (1181818181919 12|12

212121555 |5 |5 (5|55

3/3|/3/]6]6 666|666

44 TVT7T 7T T 7T 77111111
101010101010 10| 10|10 |13

Crabinmizanisi o3Havae, MO0 yCl poOOOTH BXKE ONTUMAIBHO PO3MOAICHI MIXK
JOCTYITHUMH BUKOHABISIMH, 1 HEMa€ MOTPeOU 3MIHIOBATH NOPAIOK BUKOHAHHS. BuHuKae
NUTaHHA 3a SKUX YMOB (IpU SKOMY 3HA4€HHl1 /) JOBXKHHA YHOPSJIKYBaHHS
CTa01Ti3y€eThCs.

[To3HaunMo uepes /; JOBXKHUHY TI€i YACTHHHU YHNOPSIKYBaHHS, 110 BKJIIOYA€E MICL,
Ha SIKUX CTOSITh BEPIUMHU I Ta j, MIXK IKUMH 1CHY€ IIJISAX (BEpIUIMHA [ HE MA€ BXITHUX JYT,
BEpIIIMHA j HE MA€ BUXIJTHUX AYT).

HeoOxiaHo:

1) 3naiitu yci lj;
2) 3HailTH t;, 171 KOKHOI 130JIbOBAHO1 BEPILIUHH K.
JlomycTumi Micus ;, Ha IKUX MOXKE CTOSITU BEPILHMHA [ B YHOPSAAKYBaHHI — II€ LTI

3HAYEHHS TIPOMDKKY [W;, [;] (momycTumi Micus (;, 3HAUEHHS AKMX HATypajlbHI YHCIIA,
3aJI0BUIBHSIOTH HEPIBHICTD ;< W; < ;).

TBepmxenns 3.5. Crabinizaiis Big0OyBa€eThCA 3a HACTYTHUX YMOB:

Ei S ZKp' Zz] ) (37)
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Ly, (3.8)

AN

Hj
Ek S le- tk 5 (39)
zie Wi, Hy — HOMEpH HePIINX MICIb BEPLINH [ Ta k B yIOPSAKYBaHHI S, m j — HOMEp

OCTaHHBOT'O MICIISl BEPIIUHH j B YIIOPSIKYBaHHI.

JoBenenHs. J{oBXkuHA ONTUMAIBHOIO YIOPSIKYBaHHS CTAaOLII3yeThCs, KOJIM BOHA
JOPIBHIOE JOBXHMHI KpUTHYHOTO HUIAXY /(S) = /p a00 HaOUIbIIOMY Yacy BUKOHAHHS
1301b0BaHoi poboTu /(S) = t. Takum uymHOM, yMoBa (3.2) 3amo0irae HEBUKOHAHHIO
piBHOCTI I(S) = L, a (3.3) piBHOCTI I(S) = th.

3BIACH JIOTIYHO BUIUIMBAE, IO JJIs1 000X BUMAIKIB / = [y a00 / = #4 BUKOHYIOTBCS
HACTYIHI BIIOBIAHI PIBHOCTI:

=1, =1 (3.10)

Hexaii Q = )}_;ty — CyMapHHWii 4aCc BHKOHAHHS YCiX 3aBJaHb. SIKIIO CIHCOK
npiopuTeTiB L Oysie moOy1I0BaHO 32 aITOPUTMOM *, TO MA€ MICII€ HACTYITHE TBEPI>KCHHSI.

TBepmxenns 3.6. JloBXKMHa ONTHUMAJIbHOIO YHOPSAJKYBAHHS MOXe OyTH

cTabi1i30BaHa, KOJIU 3aJlaHa MIUPUHA YIIOPSAKYBaHHS /i JOPIBHIOE:
ha=[%1] (3.11)
Lep

Hosenenns. IloOynoBa cHHMCKy NPIOPUTETIB 3a OMUCAHUM BHUIIE aJITOPUTMOM
BHUKJIIOYA€ OCHOBHY TPUYMHY BUHHUKHEHHS AHOMAJIbHOTO 30LIBLICHHS JOBXKUHU
YHOPAJKYBaHHS, — BIATEpPMIHYBAHHS BUKOHAHHS 3aBJaHb 13 OUIBIIMM 3HAYEHHSM f;.
Takum unHOM, OyAy€TbCS MaKCHUMAJbHO IIUIbHE BHOPSAKYBAaHHS, TOOTO KUIbKICTbH
BUIBHUX MICI[b HE MepeBullye 3HaueHHd A(S). BinnosigHo, cripaBeayiuBa piBHICTH (3.11).

[loctae muTanHga uu OyAyTh MaTdh Miclie aHOMAaJii micis crabinmizaiii JOBXKUHU
ynopsiaAkyBaHHs. Posrinsinemo Ha mpukial 3.1 mokpameHHs iHmux ymoB. [Tocinabumo

00OMEXEHHS, III0 CTOCYEThCSI TEXHOJIOTTYHOTO Nopsaky. Otpumaemo rpad G’ (puc.3.6).
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OONOWWO
N
1) (2 (3)

Puc.3.6. I'pag Gs’

3amicTh O4iKyBaHOT AJOBXUHU /=13, sik BUaHO 13 Ta0n. 3.3, goxkuHa /=15. ToOTO,
nocJIa0JIeHHs! TEXHOJIOTTYHUX 0OMEXEHb MOTIpIIye 3HAYEHHS HIIbOBOI (PYHKIIII.

Tabmuis 3.18 — OnTumanibHe ynopsiKyBaHHs BepiuuH rpada G’ nopu ~A=5

ry1yry1y1ry10410 10| 10 | 10 | 10 | 10 | 10 | 10 | 13
2121215/5/515 ] 5 5 5 5

3/3/3|6/6|/6| 6| 6 | 6 | 6 | 6

414 TV T T T T 12| 12
8888|919 |11 11 |11

[ToripuieHHss MOXEMO OTpUMATH 1 SKIIO 3MEHIIMMO 4ac BUKOHaHHs poOiT. [lpu
7/ =3 OTPUMAEMO ONTHMAJIEHE YIOPAAKYBaHHs (Tabm. 3.19), noBxkuna sxoro /=15.

Tabmunsg 3.19 — OntuManbHEe ynopsaKyBaHHs Bepmud rpada Gs npu h=5, 7; =3

111|555 |5 |5 |5 |5 |5
2|12|12|6]6|6 |6 |6 |6 (6 |6
3V313|7|7|7 |7 |7 |7 |7 |12]12
44 8188 |8 |11 |11]11

9/9/1010|10 10 (10 |10|10 |10 |10 |13

[HTYiTUBHE NOKpAaIlleHHs NOYaTKOBUX YMOB 3HOBY MPHU3BEIO [0 MOTIPLIECHHS
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pe3yibTaty Ha 16,7%.

[lepeBiprMO BUHUKHEHHS aHOMAaJIH MICIs 3aCTOCYBaHHS aJITCOPUTMY *.

3HaXxoMMO JOBXHWHU YCIX IUIAXIB Tpada Ta pO3TAMIOBYEMO iX Yy MOPSIAKY
HE3pOCTaHHS:

13=13, [111=12, [1.12=11, 5=11, =11, [57=10, [45=10, l46=10, l47=9, [19=7, [L=3.

Bynyemo cniucok npiopureris: L =(3,10,13,1,8,11,12,5,6,7,4,9,2).

3HalileM0 ONTUMAaJIbHE YMOPSIKYBaHHS, MOCIA0MBIIN TEXHOJOTTYHI OOMEXEHHS
(puc. 3.6, Tabn. 3.20).

Tabmuis 3.20 — OnTuMalnibHe yopsaAKyBaHHs BepiuuH rpada G’ npu L’

3/3(3(10(10(10(10| 10| 10| 1010|110 13

ryvy vy 2207777777
81 8| 8| & (111|119 | 9

4|4 5051555555
212126 |66 6| 6| 6| 6|6

JopxuHa /=14 € MEHILIOIO 3a TOBXUHY YHNOPSAKYBaHHS 3 Tabiuuui 3.18, ane Oinbia
3a JOBXHUHY ONTUMAaJIbHOrO ymopsakyBanHs (Tabmn. 3.17). Cnpobyemo 3actocyBatu
AJTOPUTM IICIIS MOCIA0IEHHS TEXHOIOTITYHUX OOMEKEHb.

Posrmsiemo rpad G’ (puc. 3.2).

13=13, s5=11, =11, [37=10, [45=10, [46=10, [47=9, [10=7, l[3.11=7, l3,12=6, [L=3.

Bbynyemo cnucok npioputeris: L= (3,10,13,5,6,7,4,1,9,8,11,12,2).

3HaiizieMo onTUMaabHe ynopsaKyBaHHs (Tadu. 3.21).

Tabmuis 3.21 — OnTuManbHe ynopsiakyBaHHs BepiuuH rpada G's ipu L’

3133 10{10|10(10|10| 10| 10|10 10| 13
414 5515155555

Iy {171 4979 1111 |11 12|12
8|18 (8| &8 (7| T T |7 | 7|77
2121266666 | 6|66

OTpuManu JOBXKUHY ONTUMAIILHOTO YIOPSAKYBaHHs [=13.
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[TepeBiprMoO NpUMyYIIEHHS HA HIIOMY aHOMAJIbHOMY BUIIAJIKY.
Hexaii 7; =3.
Toni 1313=13, s5=11, =11, [1,11=10, [37=10, [45=10, l46=10, [1,12=9, [47=9, [10=5,
[L=3.
bynyemo  cmucox  mpiopureriB:  L’'’=(3,10,13,5,6,1,8,11,7,4,12,9,2)  Ta
YHOPSIAKYBaHHS.

1)

Ta6munsa 3.22 — OntuManbHEe ynopsaKyBaHHs BepmuH rpada Gs, 1 =3, L

3/(3/3/10(10|10|10|10|10|10 (10|10 |13

L(1{1}{5 |5 |5 [5 |5 |5 |5 |5

414 6 |6 |16 |6 |6 |6 [6 |6

212(2(8 |8 |8 |8 |11 |11 |11 |12]12
77 7T T |7 |7 7T |9 |9

JloBxxuHa /=13, BeIuurMHA € MiHIMaJIbHO MOKJIMBOIO.

Teepmkenus 3.7. VY Bumagkax cra0urizamii JOBXHHH  ONTUMAJIBHOTO
YHOOPSIAKYBAHHS, aHOMAaJ1i He BUHUKATUMYTh.

3riHoO 3 TBEPKEHHAM 3.2, cTallai3amis JOBKUHHA ONTUMAIIBHOTO YHOPSAIKYBaHHS
B110yBa€THCS, KOJIU MIUPHUHA /4 TOCATA€ MAKCUMAJILHOTO 3HAYCHHS:

hea=1Q/ly]. (3.12)

3HaueHHs /icr OOMpaeThCS Tak, MO0 3a0€3MeUnTH PIBHOMIPHUM po3noaul @, npu
IbOMY JTOBXHWHA | € O1IU3BKOI0 10 Ly @00 JOpIBHIOE THi.

PiBHOMIpHWMIA po3moain ipu i = h cr.

upuna A pocsrae 3HA4Y€HHS Her, L€ O3HA4Ya€, IO EJIIEMEHTH PIBHOMIPHO
PO3MOAUIAIOTECS TAKUM YUHOM, 0 JOBXUHA [ € OMu3bKo0 10 Ly , a00 TOPIBHIOE lyp.
3aBasku okpyriaeHHI0 BBepx ( [ - |), HaBiTh skmo Q / Ly € apoOoBUM HYHCIIOM, BCi
€JIEMEHTH PO3NOAUISIOThCS 0€3 3aIMIIKIB, TOOTO Ha KOXKHOMY MICIIl B YIOPSJIKYBaHHI €
BEPIIUHH.

BiacytHicte aHomamiii: yci  BepmiMHM rpada TMOBHICTIO  PO3MOJIIICHI;
YIOPSAIKYBaHHS HE MOTpeOy€e MOMATKOBUX 3MiH y PO3MOJIiT, OCKITBKH JOBXKHHA [

cTabimi3yBanacs; HeCTaOlIbHICTh, TMOB'S3aHa 31 3MIHOIO JOBXKWHU [, BUKIIOUYEHA,
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OCKUIbKH YHOPSAJKYBAHHS € ONTUMAJIbHUM.

OnTUMaIBHICTh PO3MOITY: TIPU MOCATHEHHI /4 = her, JOBXKHHA | cTaOITI3yEThCS,
OCKUIbKH IIHUpPUHA A 3a0e3neuye HeoOX1THUM OanaHc. 3a IuX YMOB OUIbIlle HE BUHUKAE
notpedbu B KOpekmii [, OCKUTbKM BCi €JIEMEHTH BpaxoBaHi, a YMOPSIAKYBAHHS €
ONTHUMAJIbHHUM.

VY Bumangky craOimizaiii JOBXKUHU [, PO3MOMIT €JIEMEHTIB € ONTUMAIbHUM, 1
YHOOPSAJKYBAHHS JOCSTAa€ CTIMKOrO CTaHy. 3aBISKM LbOMY: aHOMasli, MOB's3aHl 3
HECTAOUTBbHICTIO UM HEPIBHOMIPHUM PO3MOJILUIOM €JIEMEHTIB, HE BUHUKAIOTH;, PO3MOALT
BIMOBIJIa€ yMoBaM 3ajavi. TakuM YMHOM, y BHUIAJAKaX cTaOLT3alli JOBXUHU
ONTHMAJIBHOTO YIOPAJKYBaHHS aHOMaJIli HE BAHUKATUMYTh.

Oxkpemi MeToau mNOOYJIOBH CTaOUII30BaHUX PIIMIEHb PO3TISAJAIOTBCA B paMKax

KOMO1HaTOPHOI ONTUMI3allil, 30kpeMa y pyHnamMmenTanbH1i npaii [104].

3.4 BiiiuB nepepuBaHb HA BUHUKHEHHSI aHOMAJIIil

YactrHa JOCIIKEHb i€l poOOTH 30CepEeIKYEThCA HA aHOMAIbHUX BUIIAJIKaX, SIKI
MOXXYTh BHHHMKATH 4epe3 3MILIEHHS BHUKOHAHHS 3aBJIaHb 3 BUCOKHUM IPIOPUTETOM Ha
KOPUCTh MEHII BaXXJIMBHX 3aBJaHb. 1TOMy, OCOOJIMBHI IHTE€PEC CTAaHOBUTH BUBUYEHHS
BIUIUBY NEpEepUBaHb HAa BUHUKHEHHS aHOMAalill Ta YMOBH, 3a SIKMX MEepEepUBAHHSA
JI03BOJISITh YHUKHYTH aHOMAaJbHUX BUMAKIB.

[lepepuBaHHs — 1€ ME€XaHI3M, IO JO3BOJSE THMYACOBO MPHU3YNUHUTH BUKOHAHHS
OJIHOTO 3aBJIaHHSI JJIs BUKOHAHHS 1HIIOTO, a TOTIM 3aBEepIIUTU NpusynuHeHe [46]. Lei
NIAX11 BIJIrpae BHUpIIAIbHY poJib Yy 3aJadyax ONTUMI3Allll PO3NOAUTY PECYpCIB Y
Oararo3zaJayHUX CUCTEMax. 3arajbHa 17esl BAKOPUCTAHHS MEPEPUBAHb MOJISATAE B TOMY,
o0 3ano0irtu "OJOKYBaHHIO" pecypciB MEHII MPIOPUTETHUMH 3aBIAHHSIMU, KOJIH
OUIBbII BaXKJIMBI 3aBJaHHS CTalOTh JIOCTYIMHUMH. Y CHCTEMax peajbHOro vacy abo y
XMapHUX OOYMCIICHHSX, /e OOMEXKEH1 pecypcu MaroTh OYTH PO3MOAUICHI MIXK KUIbKOMa
MpOLIECAMHU, MEPEPUBAHHS JO3BOJISIIOTH MIJBUIIUTH €()EKTUBHICTh BUKOPUCTAHHS LIMX

pecypciB [105-107].
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[lepepuBanHsi 3aBlaHb, 3 MAaTeMaTUYHOI TOYKH 30pYy, 3MIHIOIOTH KJIACHUYHI
ITOPUTMHU PO3MOJILTY, a/KEe JOJAI0Th JI0 HUX €JIEMEHTH AuHaMiuyHOi ontumizalii. Lle
3YMOBJICHO THUM, 1[0 MEPEPUBAHHS BUMAraloTh BpaXyBaHHs 3MIHU JJOCTYTHOCTI peCypCiB
y peajbHOMY uYaci. 3ajayl 3 MEePepUBAHHAMH CTalOTh CKIAAHIIIUMU 3 TOYKH 30pYy
O0OYHMCITIOBAJILHOT CKJIATHOCTI, ajle BOJHOYAC BOHM 3a0€3MeuUyloTh Kpallll pe3yJbTaTH y
BUMAJKaX JUHAMIUHUX CUCTEM.

[TepepuBanHst MOxHa Ki1acu(iKyBaTH 3a AEKUTIbKOMAa O3HAKaAMU:

1) IlpiopuTeTHICTh IEPEPUBAHD.

3aBgaHHsS 3 BUCOKHM MPIOPUTETOM MOXKYTh NEPEpPUBATU BUKOHAHHS 3aBJIaHb 3
HIKYUM npioputetoM. lle 3amobirae Tomy, MO0 KPUTUYHO BaXKJIMB1 3aBJaHHS OyiH
BIIKJIa/ICH1 HA MI3HIIIKNA Yac 4yepe3 TPUBAJIL MPOIECH 3 BUILUM MPIOPUTETOM.

2) Tun nepepuBaHb:

- XKopctki nepepuBanns. [lepeprBanHs 3aBIaHb € 000B’SI3KOBUM 1 HE MOXe OyTH
BinkiaaeHo. Hanpuknaz, y cucremax peajibHOTO 4acy, TAKUX SIK YIPaBIIHHS MOJbOTAMHU
JTaKiB, 3aBJaHHS 3 HABUILIUM MIPIOPUTETOM MAIOTh BUKOHYBATUCS HETAaHO, HE3AJIEHKHO
B1Jl MIOTOYHOTO CTaHy 1HIIUX 3aB/aHb.

- 'nyuki nepepuBanHs. [[03BOJIIETHCS KOPOTKOUACHE BIJIKJIAJaHHS MEpEepUBAHHS,
SAKIIO0 MOTOYHE 3aBJAaHHS € KPUTUYHUM JJisi 3aBepuieHHs. lle moxke OyTH KOpUCHUM,
HaIpUKIaa, Y BUPOOHUYUX CUCTEMAX, /i€ HEMOBHE 3aBEPILICHHS JCSKUX 3aBJIaHb MOXE
MIPU3BECTHU JI0 BTPATHU Yacy 1 pecypciB.

3) UacToTa nepepuBaHb.

Jlesiki cucTeMH JIO3BOJISIIOTH YacTi MEpPEepUBAHHS, TOM1 SK 1HIIT OOMEXYHIOTb
KUIBKICTh TE€pepHUBaHb, a0 YHUKHYTH HAJAMIPHOTO 30UIBIIECHHS 4Yacy Ha 3aBEpIICHHS
KOKHOT'O OKpeMoro 3apjaaHHs. Hampukian, y XMapHUX cucTeMax OOYUCICHHS 3aHAJTO
4acTl NMEpPEPUBAHHSI MOXKYThb CIPUYMHUTH 3HAYHE 3POCTAHHS BUTPAT HA KOHTEKCTHE
nepemukanHs [108].

HapenemMo yMOBHY IpH SIKUX J103B11 HA IEPEPUBAHHS HE TPU3BOAUTH 10 aHOMAJIBHUX
BUMAKIB.

Posrnsuemo oprpadh G = ( V , U ), cnucok npioputetiB L = ( i1, ..., in) T Baru

BepiinH T = ( T1,..., Tn). J10IaTKOBO MPUITYCTUMO, 1[0 HAsIBHI 0OMEXKEHHS 1010 IIUPUHU
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YIOOPSIAKYBAHHS Ta JO3BOJISETHCS MEPEPUBAHHS 1] 4ac BUKOHAHHS poOiT. [loTpiGHO
3’4CyBaTH MEpPEPUBAHHS BUKOHAHHA SKHUX caMe poOIT Mpu3BeAe A0 3MEHIICHHS
3arajbHOr0 Yacy 3aBEpPIIEHHS MPOLIECY.

TBepmxenns 3.8. IlepepuBaHHsA 3aBlaHb, Yy BHUIIAJKAX, KOJHU CIIOCTEPITarOThCA
aHoMaJii, MOXe JO3BOJUTH YHUKHYTH iX 3a TAKHX YMOB:

1) IIpiopurerHicTs. CIUCOK MPIOPUTETIB BUKOHAHHS 3aB/IaHb HEOOXIJTHO 3MIHUTHU
3a BIANOBIJHUM QJITOPUTMOM MPIOPUTETHOTO JAUHAMIYHOTO MEPEpo3MOAiTy, IO
HABOJIUTHCS HUKYE. 3aBJAaHHS 3 BUIIHUM MPIOPUTETOM MOXKYTh MEPEPUBATA BUKOHAHHS
3aBJaHb 13 HUKYUM [IPIOPUTETOM, 10 3a0€31euy€e BAKOHAHHS KPUTHUHHUX POOIT y MepIry
qepry.

2) IlepepuBanHs 3aBaaHb. byab-sike 3aBlaHHs, sike OyJ0 MepepBaHO, MOXe OyTH
MPOJIOBXKEHE Mi3HiIIe BIANOBIIHO 10 IPIOPUTETHOTO cIUCKY. L{e 103BOsie rapaHTyBaTH,
110 OLIBII IPIOPUTETHI 3aBAaHHS OyIyTh BUKOHAHI HA MAaKCUMAJIbHO PaHHIX MOKIIMBHUX
eTamnax, MiHIMI3yIOUH 3arajbHy TPUBAJIICTh BUKOHAHHS.

3) Junamiuna aktyamizamis. Ha KokHOMYy eTami BHUKOHAHHS JTO3BOJISIETHCS
nepepuBaTH poOOTH Ta MEPEPO3NOALIATH pecypeu. Lle nae 3Mory BpaxoByBaTu 3MIHH B
JOCTYIHOCT1 pECYPCIB 1 CTaH1 BUKOHAHHS 3aB/IaHb y PEKUMI peasibHOTO Yacy [9].

JloBeieHHSI.

1. IlpiopuTeTHICTH

Crucoxk npioputetiB L = ( i1, i2,..., In) BU3HAYA€E TOPSII0K BUKOHAHHS 3aBAaHb. J{Jis
YHUKHEHHSI aHOMaJiid Ba)XJIMBO, 100 3aBJaHHS 3 BUILUM MPIOPUTETOM BUKOHYBAIUCS
paHillie 3a paXyHOK IepepruBaHHs NMPYU BUKOHAHHI MEHIIT Ba)KJIMBHUX 3aBJIaHb.

Hexait 3aBganHs marote TpuBanocti T = ( T1, T2,..., Tn), OploputeTd P = (p1,
p2,...,0n), A€ Pi > p; O3HAYae€, MO [ 3aBAaHHSA Ma€ BUIIUNA MpiopuTeT 3a j. SKuio
BUKOHAHHSI 3aBJAaHHS [ 13 BUCOKUM MPIOPUTETOM P; BIAKIATAETHCA Yepe3 HEOOX1THICTh
BUKOHAHHSI 3aBJaHHS j 3 HWKYUM I[PIOPUTETOM, TO 1€ MOXE MPHU3BECTH J0
Herepen0ayeHoro 30UTbIIECHHS IOBKUHYM YIOPSAKYBAHHS 4yepe3 3aTPUMKY BHUKOHAHHS
KPUTUYHOIO 3aBJaHHA. 3TiITHO 3 YMOBOIO, 3aBAaHHS 3 BUILIUM HPIOPUTETOM MAIOTh
MepepUBaTH j 3aBJIaHHs, TOOTO: SKIIO P; > p;j 1 Tj > Ti , @ 3aBJIJaHHSI [ HA YEPTOBOMY KpOIIi

me HCIOCTYIIHC, TO SAK TUIBKH BOHO CTaHC AOCTYIIHUM, 3aBAaHHA ]
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MePEPUBAETHCS JJIsl BAKOHAHHS 3aBJaHHS L.

ANTOPUTM JUHAMIYHOTO MEPEPO3MNOALTY 3MIHIOE CIOUCOK L TakKuM YHMHOM, IO
3aBJaHHS [ BUKOHYETBhCSA MEpena j, 1 1€ J03BOJISE YHUKHYTH 3aTPUMOK y BHKOHAHHI
3aBJIaHb 13 BUCOKUM MPIOPUTETOM. TaKuM YMHOM, IEPIIOYEPIOBE BUKOHAHHS KPUTHYHUX
3aBJjaHb 3a1100ira€ BAHUKHEHHIO aHOMAaJTiH.

2. [lepepuBaHHs 3aB1aHb

Hexail Ha neskoMy Kpoll 3aBJlaHHA j OyJio IepepBaHe AJi1 BUKOHAHHA 3aBJIaHHA .
[licns 3aBepiieHHst [, poOOTa j TOBEPTAETHCA B YEpPry BUKOHAHHS BIAMOBIIHO 0O
OHOBJICHOTO CITUCKY MPIOPUTETIB L.

YMOBH ONTUMATBLHOTO BUKOHAHHS:

Sk1110 yac BUKOHAHHS pOOOTH j 111€ HE 3aBepIlIeHH 1 poO0Ta MEepepUBAETHCS, TO HA
11 BUKOHAHHS 3aJIMIIAETHCS Yac:

Ti=1— 1, (3.13)
ne T; — e CyMapHUi 4ac, IKMi BOHA B’K€ BUKOHYBaJIacs.

S0 BCi KpUTUYHI 3aBIaHHS 3aBepIieHi ( px < pj 11 BCIxX k), j 3aBepuryeThes 6e3
3atpumok. lle 3abe3neuye MiHIMIZAIIKD 3arajibHOTO 4Yacy BHUKOHAHHS, 1€ Tiotal
3QJIMIIAETHCS ONTUMAIBHUM, OCKUIBKM 3aBIaHHS 13 BHUCOKMMHU 3HAYCHHSIMU P; HE
OJIOKYIOTBCS.

3. luHamiyHa aKTyai3anis

Ha xoxHOMY eTari BUKOHaHHS 3aB/IaHb CUCTeMa NMOBUHHA JO3BOJISTA TUHAMIYHUN
nepepo3noain pecypceis. Lle 3abe3neuye aganraiiito 10 3MiH y JOCTYIHOCTI PECYpCIB Ta
CTaH1 3aBJlaHb Y peajJbHOMY Yaci.

Hexaii G = (V, U) — oprpad 3anexHOCTEN MK 3aBIaHHSIMU, JIe V' — MHOXKUHA
3aBgaHb, U — 3ajnexHOCTI MDK HHUMHU. JIMHAMIYHMI aJIrOpUTM Ha KOXKHOMY KpOIi
OHOBJIIO€ JIOCTYIHICTh BUKOHABIIB M. [lepepuBaHHs J03BOJSAIOTH 3MIHIOBAaTH MOPSIOK
BUKOHAHHS 3aB/IaHb:

Vt:L— L, (3.14)

ne L’ BpaxoBye 3MiHn y M .

YMOBHU /1J11 YHUKHEHHS] aHOMAaiH:

1) sxmo BUKOHaBelb KEM 3BINBHAETHCS, BIH OJpa3y MEPENPU3HAYAETHCS IS
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3aBJlaHb 13 HAUBUIIIUM IPIOPUTETOM;

2) AKII0 3aBJIaHHS [ 3aBEPIIEHE, BOHO BUAANIAETHCS 3 (7, 1 OHOBIIOETHCS MHOXKHHA
NOCTyIHUX BepmuH V'l

3) AMHAMIYHUI PO3MOALT pPeCypCiB MIHIMI3y€ 3aTPUMKH Ta TapaHTye BHUKOHAHHS
BCiX MEepepBaHUX 3aB/IaHb.

Takum yMHOM, IMHAMIYHA aKTyali3allis J03BOJIsI€ BpaXOBYBATH 3MIHH Y pEaIbHOMY
yacl Ta yHUKaTH aHOMaJIli, 3a0€3Meuyoun ONTUMAIbHUI pO3IOALT 3aBIaHb.

ANTOPUTM NPIOPUTETHOTO TUHAMIYHOTO MEPEPO3MOILITY.

1) Inimiamizais: BCl BUKOHABIN TTO3HAYAIOTHCS K BUIbHI.

2) [lpuzHayeHHs poOOTH: KOJIU HOBa poOOTA i CTa€ JOCTYMHOIO /Jisi BUKOHAHHS,
BOHA MPU3HAYAETHCSA BUTbHOMY BUKOHABIIIO.

3) llepepo3noain: Ha KOXHOMY KpOIll BUKOHAHHSI POOOTH [ TMEpPEeBIpSIETHCA
JOCTYMHICTh BUKOHAHHS OUIBII MPIOPUTETHUX poOIT. Ko 3HalgeHa OuUIbII
MPIOpPUTETHA pOOOTA j, sIKA CTA€ NOCTYITHOIO O BUKOHAHHS HA JaHOMY KpOIll, BAKOHAHHS
po0OOTH i IEpepUBAETHCSA, a poOOTa j MPU3HAYAETHCSA JAHOMY BUKOHABIIIO.

VY upoMy anroputMmi oco0nMBa yBara MNPUIISETHCS PO3MOAULY MPIOPUTETIB Ta
e(heKTUBHOMY YIpPaBIIHHIO NMEPEPUBAHHIMU, IO JO3BOJISIE OTPUMATH YHOPSIKYBAHHS
OINTUMAJIbHOI IOBKUHH.

[IpointocTpyeMo poOOTYy aNropuTMy Ha MPUKIAIIL.

[Mpuknan 3.5. Hexait 3amano rpad G (puc.3.7), mmpuHa ymnopsakyBaHHs h = 3
cniucok mnipiopureri L = (1,2,3,4,5,6,7,8,9,10,11,12,13,14) Ta yac BUKOHAHHS 3aBJaHb

T=(@4,222422116,31,4,2).
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3HaNJEMO ONITUMAJIbHE YIOPSAKYBAHHS Ta HOTO JOBXUHY.

Tabmuns 3.23 — OnTuMmanbHe yIoOpsSAKyBaHHS BepiiuH rpada G npu h = 3

Ly1y1 (1 {5 |5 (5|5 |8 |1I|11]11
21214 |4 |6 (6 |7 |7 |9 |12]14 |14
3/3|/10(10{10|10]10|10| 1313|1313

JloBxkuHa [ = 12.

[ToGynyeMo Tenep onTUMalibHE YHOPSAKYBAaHHS 3 JO3BOJEHUMH IME€PEPUBAHHSIMHU
(Tabm. 3.24).

Tabmuis 3.24 — OnTumalibHe YNOPsAIKYBaHHS BeplivH rpada G4 3 103BOJIECHUM
MepEpUBAHHAM 3aBIaHb
L1} 1|1 |5|5|5]5(12]14|1413|13|13|13
2121414 |6/6|8|10]10|10]10
313(10(10|7|7(9 11 |11]11

JloBxxnHa ynopsinkyBanHs [ = 15, 3HauenHs 30inpmuiock Ha 25%.
3MIHIOEMO CHUCOK HPIOPUTETIB 3TIHO A0 alrOpUTMy MOOYIOBH ONTHUMAIbHOTO
CIIUCKY MPIOPUTETIB.

3HaxXoAMMO 3arajbHUl Yac BHUKOHAHHS 3aBJaHb, SKUM JOPIBHIOE JIOBXKHHI
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BIMMOBiMHUX TUEBIXiB y rpadi: li_g=51_11=81lLi_12,=61,_13=12,1,_43 =
10,146 =4, 147, =4,13=2,11, = 2.

Onormroemo crmcok mpiopureris: L' = (2,10,13,4,5,1,9,11,12,8,6,7,3,14).

Byayemo ontuMansHe yIOpAAKYBaHHS 3 HOBUM 3HaueHHAM L’ (Tab:. 3.25).

Tabmuis 3.25 — OnTumMalnibHe yNoOpsAKyBaHHS BepiinH rpada G 3 103BOJIECHUM
IIepepUBaHHAM 3aBJaHb Ta L’
212y 1 (1|9 (111111 13}13|13|13
414110|10|10|10|10|10| 6 | 6| 3 | 3
L(1| 5|5 |5|5(12|8|7|7/|14]14

[ =12, noBxkuHA  yHOPSAAKYBAaHHS  JIOPIBHIOE  JIOBXHWHI  IMOYaTKOBOTO
YHOOPSIAKYBAaHHS, TOOTO 3HAUEHHS LUTHOBOI (PYHKIIIT HOKPAIIUIOCH.

[Tpuknan 3.6. Hexait 3amano rpad G-, (puc.3.8), mmpuHa ynopsakyBaHHs h = 3
cnucok mpiopurerie L = (1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21) Ta
yac Bukonanus 3asgans I = (5,2,5,3,2,2,1,1,1,7,6,3,1,4,4,2,4,1,1,1,1).

OB ONNO

OJOMONOIORO
W= (29 (9 (8 (9
OROROMOIOD

Puc. 3.8 — I'pag G,

3HaNJEMO ONITUMAJIbHE YIOPSAKYBAHHS Ta HOTO JOBXUHY.
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Tabmuns 3.26 — OnTuManbHe yIOpSAKYBaHHS BepiiuH rpada G, npu h = 3

L1y (1 (1 14 (4 (4 |7 |8 [12]12]12]15]15]15]15]18 |20
2/2110[10|10|10|10|10|10|9 |13 |14|14|14|14|16|16|19 |21
31313 |3 |3 |5 |5 |6 |6 (11|11 |11 (1111|1117 |17|17 |17

JloBxuHa [ = 19.

[ToGynyeMo Tenep onTuMalibHE YHOPSAKYBAaHHS 3 JO3BOJEHUMH IME€PEPUBAHHSIMHU
(Tabm. 3.).

Tabnuis 3.27 — OnTuMalibHe YOPsAKYBaHHS BepIiiuH rpada G, 3 103BOJIECHUM

MepEepPUBaHHSIM 3aB/IaHb

Iy1y1 |1 |1 [(4]4(4]9 |13|/14|14]14|14 |18 |19 |21
212(10110|10 |5 |5 |7 |10 (10 (10 (10 10|10 |11 |11 (11 |11 {1717 |17 |17
31313 |3 (3 |66 8121212 |15|15|15|15|20

JloBkuHa yropsAaKkyBaHHs | = 22, 3HaueHHs 301nbmminocs Ha 15%.

3MIHIOEMO CIUCOK MPIOPUTETIB 3TIJHO 0 aJITOPUTMY MOOYIOBH ONTHUMAJIbHOTO
CIIUCKY MPIOPUTETIB.

3HaXOAMMO 3arajJilbHUil 4Yac BHKOHAHHS 3aBJaHb, SKHU JIOPIBHIOE JIOBXKHUHI
BIMMOBIMHUX TUIAXiB y rpadi: lj_4 =8,l1_16 = 15,1117 = 17,118 = 8, 1916 =
15,li0-17 = 17,118 = 8,136 = 7,137 = 6,l3_13 = 7,l3_19 = 11,1350 =
11,1351 = 11,139 = 6,115 = 4.

OHOBITIOEMO CITUCOK MPIOPUTETIB:

L'=(1511,17,10,16,3,8,14,19,20,21,4,12,18,2,6,13,7,9,15).

Byayemo onTumansHe yrnopsiKyBaHHS 3 HOBUM 3HadeHHsM L’ (Tabm. 3.28).

Tabmuis 3.28 — OnTuMalibHe YNOpsAKYBaHHS BepIiuH rpada G, 3 103BOJIECHUM

IIepEepUBAHHAM 3aBJaHb Ta L’

L y1 (1 |1 1 |5 |5 (11t 1)1y 17117171718 |18
10101010 1010|1014 14|14 19|21 |13|6 |6 |12|12|12]|2]
3 /3 13 |3 (3 (8 |14/4 |4 |4 (2012 |2 |7 |9 |[15|15]15]15
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[ =19, noBxuHA  yHOPSAKYBaHHS  JIOPIBHIOE  JOBXKHHI  IMOYATKOBOTO
YHOOPSIAKYBAaHHS, TOOTO 3HAUEHHS LUTbOBOI (PYHKIIIT HOKPAIIMIOCH.

Posrnsaemo Temnep Ouiblil 3arajdbHy MOCTAHOBKY 33J1a4l, KOJIU 3a/1aH1 0OMEXEHHSI Ha
JOIYCTUMY KUIBKICTh BEPIINH B yIOPSAIKYBAaHHI, SIK1 MOYHA IOCTAaBUTH HAa KOKHE MICLIE.

Beenemo Bextop h = (hy, hy, ..., h,) ax mouatkoBy ymMoBy, ne |S[K]| < hy.

Taka Mozens MoOXke BIAOOpakaTH pi3HY JOCTYIHICTh PECYPCIB y (DIKCOBaHI 4acoBI
MOMEHTH, IO YacTO 3YyCTPIYAETHCS B pealbHUX 3ajadax: HANpPUKIAJ, KOJIU pECypcu
(BUKOHABII1, MaIlIMHU, 00JIAIHAHHS) CTAIOTh JOCTYITHUMH JIUIIIE 3 IEBHOTO MOMEHTY a0o,
HABITAKU, TAMYACOBO BUBOJATHCA 3 eKCIUTyartauii. Ha BiMiHY BiJf KJIaCHYHOI TOCTAaHOBKHU
i3 CTA/oI0 IMMPHHOI /, TYT OOMEXEHHS, IO 3aJaI0ThCS BEKTOPOM A J03BOJAIOTH
BpPaxOBYBAaTH MOKJIMBI 3MiHHU.

Hexaii ans npuknany 3.5 h = (4,4,4,3, ...,3). OTpHMaeMO yHOpSIKyBaAHHS
(tabi. 3.29) 3 moBxkuuow [ = 15.

Tabmuis 3.29 — OnTuMalibHe YOpsAKYBaHHS BepIIH rpada G, npu h

111779 J1r]1]11 13]13[13]13
202[5[5]5]5 [12]14]14
3/3|6/6[8[10]10]10[10]10]10

41417

3aMIHUMO CIHCOK MPIOPUTETIB 3T1IHO A0 aITOPUTMYy MNOOYJOBU ONTHUMAILHOTO
cnucky npiopurertis. L' = (2,10,13,4,5,1,9,11,12,8,6,7,3,14).

By/lyeMo ONTHMAIbHE YIOPSIKYBAHHS, HE 3MiHIOUH BEKTOp A (Tab. 3.30).

Tabmuns 3.30 — OnTumanbHe yIopsiAKyBaHHS BepinuH rpada G mpu L’
2121010101010 10|13|13|13|13
4145 |5 |5 |5 |12|8 |6 |14]14
L1yt (1 {9 |11 (11117 |7
3136
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HopxuHa [ = 12, TOOTO AOPIBHIOE JOBXKHHI ONTUMAJIBHOTO YIOPSAKYBaHHS Ta
JIOBXKHUHI KPUTUYHOTO HUISXY.

Takum YMHOM, J03BUI TEPEPUBAHb MOXKE CIPUATH YHUKHEHHIO aHOMaliil y
napajeibHUX CHUCTEMaxX 1 MiABUIICHHIO €(QEeKTUBHOCTI BUKOPUCTAHHS PECYpPCIB.
[lepepuBanHs J03BOJSAIOTH 3a0€3MEUNTH MPIOPUTETHE BUKOHAHHS BaXXJTMBUX 3aBJaHb 1

aJanTyBaTHUCS 10 AMHAMIYHUX 3MIH Y CUCTEMI.

3.5 BucHoBKH 10 po3aiiay

VY upoMy po3aii HaBEIEHO aHal13 BUIIB aHOMAaJ1i, iK1 BAHUKAIOTh Yy CIEIiaTbHUX
KJIacax 3a7a4 JUCKPETHOT ONTUMI3AIlI].

JI1s 3a1a4 ONTUMANBHOTO PO3MOJILTY BEPUIMH oprpadiB OyJ0 BUIALIEHO OCHOBHI
TUTH aHOMAaJI1i, 30KpeMa aHOMaTi1, 1[0 MOKYTh BUHUKATH HABITh 32 YMOBU MOKpPAIICHHS
NEKUIbKOX TMOYaTKOBUX TapaMeTpiB (HAampuKiIaj, TMOCHa0JIeHHS TEXHOJIOTTYHUX
00OMe)XeHb Ta 3MEHIIIEHHS YaCy BUKOHAHHS JICSIKUX 3aBJaHb, ...).

Busisneno, o OuUtbmiicTh aHOMaIi# 00YMOBJIEHI KOMILIEKCHOIO B3a€EMOJIIEI0 M1XK
CTPYKTYpOI 3ajJayi, TEXHOJOTIYHUMU OOMEKEHHSIMHU, NPIOPUTETAMHU PO3MOALTY
3aBJaHb Ta BIUIMBOM €(EeKTUBHOCTI BUKOHaBLIB. lle B CBOIO depry yCKIaaHIOE
nepea0ayeHHs pe3ysIbTaTiB ONTUMI3alli HaBITh Y IPOCTHX CUTYaIISX.

BcranoBneHo, 1m0 HAsBHICTh PI3HUX MPOJYKTUBHOCTEN BHUKOHAHHS 3aBJaHb
BIIMOBIJHUMU BHUKOHABISAMH CYTTEBO YCKIAMHIOE T00YI0BY 30alaHCOBaHOTO
pO3MOJLTY 3aBldaHb, a JJs 3a1ad 3 (IKCOBAHMMH TEXHOJOTITYUHMUMHU OOMEKEHHSIMU
HalBaXUIMBIMIKUM  (DAKTOPOM 3aJIUIIAETHCS  Y3TO/HKEHHS MDK OOMEXKEHHSMHU Ta
PO3MOITIOM 3aBAaHb MI’)K BUKOHABIISIMH.

JloBeneHo, 110 HEPIBHOMIPHUN PO3MO/LI 3aBAaHb M BUKOHABIIMH € OCHOBHOIO
MPUYUHOIO 301JIBIIIEHHS 3arajJbHOI0 Yacy BUKOHAHHS, HE3aJIEKHO Bl MPOTYKTUBHOCTI
BUKOHABIIIB.

3anpornoHOBAaHO TP KIIFOYOB1 YMOBH ISl YHUKHEHHS! BAHUKHEHHST aHOMAaJI1i:

1) copryBaHHs 3aBAaHb 3a NPIOPUTETAMHU 3 YpPaxyBaHHSIM TEXHOJIOTTYHUX
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OOMEKEHb;

2) 3a0e3nedeHHs! pIBHOMIPHOTO PO3MO/IlJy HABaHTaKEHHS M1)XK BUKOHABIISIMU;

3) BUKOpUCTAaHHS TUHAMIYHOTO IUTAaHYBaHHS Ui ajanTauli po3NoJauTy 3aBJaHb y
peanbHOMY Yaci.

AHaniz J0BIB, 1[0 cTa0UII3alisl JOBXHWHUA ONTHUMAJIbHOIO YIOPSAKYBAaHHS €
KpUTEpPIEM 3aBEpIICHHS TNpollecy onTuUMizaiii. YMOBU cTabUTi3allli BKIIOYAIOThH
30aJ1aHCOBaHICTh HABAHTAXKEHHS Ta MOC1JJOBHE BUKOHAHHS 3aB/IaHb KPUTUYHUX IUISIXiB
y rpadi, 1110 3aa€ TEXHOJIOTTYHI OOMEXKEHHS Ha MOPSIOK.

Jls1 ctabimizarii TakoXK BasKJIMBO:

1) aHanizyBaTu KpUTUYHI HNUISIXH B Tpadi, OCKIJILKY BOHU BU3HAYAIOTh MIHIMAJIbHO
MOXJIMBY JOBXHUHY PO3B’SI3KY;

2) pIBHOMIPHO PO3MNOAUISTH 3aBJaHHS 3 YpaxyBaHHSIM MPOSYKTUBHOCTI
BUKOHABIIIB, TEXHOJOTTYHUX 0OMEKEHbB 1 MPIOPUTETHOCTI POOIT.

VY3aranpHI0I04M TPOBEACHE AOCIIIKEHHS MOKHA CTBEP/IKYBATH, IO KIIOUEM 10
e(eKTUBHOTO BUPIIICHHS 3a/lady JUCKPETHOI ONTUMI3allli, B SIKUX MOXYTb BHUHUKATH
aHOMaJIli, € CBO€YacHE iX BUSBIIEHHS, KOPEKTHE OaaHCyBaHHS OOMEKEHb 1 TMHAMIYHHM
aHaji3 s 30epekeHHs] MPOAYKTUBHOCTI Ta CTabUIBHOCTI PO3B’S3KIB.

OtpuMani pe3ynbTaTH MOXKYTh OyTH BUKOPUCTaHI JJisi PO3pOOKU e(PEeKTUBHUX
aJTOPUTMIB PO3MOALTY 3aB/IaHb Y 3a/1a4ax IJIaHyBaHHS, 1110 JO3BOJUTH 3MEHIIUTH PU3UK
BUHUKHEHHSI aHOMajiid 1 3a0e3NmeyuTH pallioHaJIbHE BUKOpUCTaHHS pecypciB. lle
0COOJMBO aKTyallbHO JJIS 3a7a4 PO3KPOI0 Ta MaKyBaHHS, /i€ KIIOUOBY POJb BIJIITpae

ONTUMI3allls MOPSAJIKY BUKOHAHHS 3aBJaHb 1 BAKOPUCTAHHS MaTepiaiiB.
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Pozaisn 4 IPOI'PAMHA PEAJVII3ALIA

4.1 Onuc cTpyKTYpH Ta GYHKUIOHAJIBHUX MOAYJIIB IPOrPaMH

JI71s1 BUSIBIICHHSI aHOMaJI1H, OLIHKYA €()EKTUBHOCTI pealii30BaHUX JITOPUTMIB Ta iX
MOPIBHSIHHSA 13 ICHYIOUMMH METOJaMu OyJ0 po3po0JIeHO MmporpamHe 3a0e3MeueHHs Ha
OCHOB1 00’€KTHO-OPIEHTOBAHOTO MIAXOJY 3 BUKOPUCTAHHSM MOBH mporpamyBaHHs C#
[109-110].

Knac Graph € ocHOBHMM KOMIIOHEHTOM MpPOrpamu, SIKUH BUKOPUCTOBYETHCS IS
npeacTaBieHHs oprpadis. lleit kimac micTUTh HEOOXITHI aTpuOyTH Ta METOAU JIs
poboTu 13 rpadaMu, BKIIOUAIOYM CTBOPEHHSI, pe/laryBaHHs Ta aHalll3 CTPYKTypHu rpada.
Jlnst 30epekeHHsT 3B’S3KIB MIXK BEpIIMHAMH BUKOPHCTOBYETHCSI TMPEJICTABICHHS Y
BUTJISA/II IBOX CIUCKIB: CHMCOK BEPILUH Ta CIIUCOK JYT.

public class Graph {

public List<Node> Nodes { get; set; }
public List<Edge> Edges { get; set; }

public Graph () {
Nodes = new List<Node> () ;

Edges = new List<Edge>();

}
Knac Graph nintpumye QyHKIii Ajis1 CTBOPEHHS, 30€pexKeHHs Ta aHali3y rpadis.

BBeneHHs 1aHNX MOKIIMBE TaKOX 13 (pailiy.
public void LoadGraphFromFile(string filePath) {
string[] lines = File.ReadAllLines (filePath);
foreach (var line in lines.Skip (1)) {
var parts = line.Split (' ');
int from = int.Parse (parts([0]);
int to = int.Parse(parts[1l]);

Edges.Add (new Edge (from, to));
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VY nanomy mporpaMHOMY MPOAYKTI peai30BaHO:

1) anroputmu noOyI0BH BiANOBIIHUX ONTHUMAJIBHUX YIOPSIKYBaHb;

2) MOKpAIlleHHS! TOYaTKOBUX YMOB IIIIXOM CKOPOYEHHS YaCy BUKOHAHHS 3aB/IaHb,
nocnabieHHs: OOMEXKEeHb Ha TMOpANOK poOIT, 3MIHM KUIBKOCTI BHUKOHABIIB Ta
Mo (iKallii CIUCKY MPIOPUTETIB;

3) BUSIBJIEHHS Ta YCYHEHHs aHOMaJiil, sIKI MOXYThb BUHUKATH NPHU NOKpPAIECHHI
MOYaTKOBUX YMOB;

4) peanizalis BAKOHaHHSI KOMOIHAI[1{ TOKpaIlleHb MTOYaTKOBUX YMOB;

5) aHani3 BILUTMBY MapaMeTpiB rpada Ha e(h)eKTUBHICTH IJIaHYyBaHHS.

PosrnsHemMo CTpyKTypy NpOrpamHoOi peanizailii, sika BKIIOYa€E OCHOBHI eTamlu
BUPIIICHHS 3a]1ayl.

1. Tnimianizamis. BxinHi naxi:

- opienToBanuii rpad 3amau G, V — MHOXKHHA BepIlUH (3aBJaHb), U/ — MHOKHUHA JIyT
(3amexHOCTEN MiXK 3aBIAHHSIMU);

- CIIUCOK MPIOPUTETIB L , KW 3a7a€ NOPSAIOK BUKOHAHHS 3aBJIaHb;

- KUIbKICTh BUKOHABIIIB /1

- MHOXKHHA Bar BepIIWH T;

- 1HII MapaMeTpu 3ajadi: NPOJYKTHBHICTH BHUKOHABIIB, (ikcaris poOiT 3a
BUKOHABIISIMU.

2. BUKOHAaHHS 3aB/JaHb:

- BUBHAYEHHS JOBXUHU /;

- aHaJI13 KPUTUYHOTO TUISIXY;

- QJITCOPUTM PO3MOALTY 3aBJaHb M)XK BUKOHABLISIMU;

- aITOPUTM NOOYZOBH ONTUMAJILHOTO CIIUCKY MPIOPUTETIB.

3. 3MiHa MOYAaTKOBUX JAaHUX:

- peaiizalis MOKpalleHb, TaKUX K 3MIHA CHHUCKY TMPIOPUTETIB, 30UIbIICHHS
KUIBbKOCTI BUKOHABIIB, BIUTYU€HHS 3aB/IaHb;

- aHaJII3 BIUIMBY MOKpAIIEHb Ha SAKICTh PO3B’SI3KY Ta BUSBJICHHS aHOMAIIi.

4. BuBeneHHs pe3ybTaTiB:

- 3araJibHUM 4aCc BUKOHAHHS 3aBJaHb,



97

- ONITUMAaJIbHE YIOPSIAKYBaHHS;

- pO3MOJILT 3aBJaHb M)XK BUKOHABISMU;

- rpadiuHa Bi3yasizallis.

PosrnsHnemo OubIil 1eTaabHO OCHOBHI KOMIIOHEHTH MIPOTPAMH.

1. Jnst peanizaiii (yHKI[IOHATBLHOT YACTUHUA BUKOPUCTaHI Tak1 010miotexu C#:

- GraphX — nnst po6oTH 3 rpadaMu Ta Bizyalizallii CTpyKTypH 3a/ad;

- Accord. NET — njist anrOpuTMIB ONITUMI3AIlli Ta OOUUCICHHS! KPUTHYHUX IIUJISX1B;

- System.Collections.Generic — nna 30epexeHHs rpadiB y BUIIISAL CIHCKIB
CYMIHOCTI.

CrpykTypHn naHux:

- Graph — xnac nis npeacTaBIeHHS OpIEHTOBAHOTO Tpada 3a1ay;

- PriorityQueue — uepra 3aBiaHb 13 CHUCKY MPIOPUTETIB;

- WorkerPool — ciicok BUKOHABIIiB, III0 MICTUTH 1HPOPMAIIIIO PO IXHIM MOTOYHUI
CTaH 3aBaHTA>KCHHSI.

OnuiiemMo MOy IpOrpaMu.

Mopyns 1: Bxiani gani Ta iHimiami3aiis.

OyHKI:

- load _graph (file) — 3uurye rpad G 13 BxigHoro dainy (daitn Mae MICTUTH
BEpIIMHU, TyTH Ta Baru 3aB/iaHb);

- generate graph () — reHepye rpad AOBUIBHUM YMHOM (3T1HO O MapaMeTpiB
3aaa4i);

- visualize_graph (G) — Bi3yaini3ye rpad;

- initialize_resources(h, s, T) — 1Hiliani3ye pecypcH, 3ajlaHi MPOIYKTUBHOCTI
BUKOHABIIIB T4 BCTAHOBJIIOE Baru 3aB/laHb.

Monayne 2: MoentoBaHHS BUKOHAHHS 3aB/1aHb.

OyHKI:

- simulate _execution (G, L, h) — peanizye alroputm MmoOyJI0BH MHapalieIbHOTO
yHnopsiAKyBaHHs 3a rpadom G, CIUCKOM TPIOpUTETIB L Ta KIIBKICTIO BUKOHABIIIB /.
BuBonuth 3aragbHUil 4ac BUKOHAHHS POOIT Ta JO3BOJISE OIIHUTH ONTUMAJIbHICTH

pO3MOLTY;
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- calculate critical path (G) — Bu3Ha4Ya€ KPUTUYHUHN NUISX Y rpadi.

- update execution_times (G, h, s new) — OHOBIIIO€ YaC BUKOHAHHS 3aBJlaHb IIPU
3MiHI IIBUAKOCTI POOOTH BUKOHABIIIB.

Monaynse 3: [TokpanieHHs! TOYaTKOBUX YMOB.

OyHKI:

- reduce_execution_time (G, L, h) — peaiizye aJlrOpUTMU JjIsi CKOPOUECHHS 4acy
BUKOHAHHSI pOOIT (3MEHIIIEHHS Bar 3aBJaHb);

- relax_order constraints (G) — nocia0atoe 0OMEKEHHS Ha TOPSI0K BUKOHAHHS
3aBJaHb MIITXOM BUIAJICHHS TyT MiXK BepImuHaMu rpada;

- increase worker count (G, h, h_new) — noJa€ HOBHX BHUKOHABIIB 1
MIEPEPO3MOIIISAE 3aBIaHHS ISl CKOPOUCHHS 3aralbHOTO Yacy;

- modify_priority_order (G, L) — 3MiHIO€ TOPSIAOK BUKOHAHHS 3aBJIaHb BIAMOBITHO
710 Bar 3aBAaHb, KPUTHIHOTO MUISIXY TOIIO.

Monynsb 4: [lepeBipka HasIBHOCTI aHOMAJTIi.

OyHKIIA:

- check _anomalies (G, h) — nepeBipsie, Y1 BUHUKAIOTh aHOMaJli MPU 3MiHI YMOB
(HampukJia, 30UTbIIEHHS 3arajJbHOIO0 Yacy MpU 3MEHIIEHH1 KITbKOCTI 3aB/IaHb).

Monayns 5: Bunaaku 0qHOYaCHOIO IMOKPAIICHHS YMOB.

OyHKI:

- combine_improvements (G, h, L, options) — peanizye oqHOYACHE MOKPAIICHHS
NEKUIbKOX YMOB (HANpUKIaA, 3MiHA CIUCKY MPIOPUTETIB 1 30UIBIIEHHS KUIBKOCTI
BUKOHABIIIB);

- analyze combined_effects (G, h) — OlIHIOE BIUIMB OJHOYACHHX 3MIH Ha
3arajibHUI 4Yac BUKOHAHHS 3a/1a4 Ta MOXKJIMB1 aHOMaUTii.

Mopynb 6: JlogaTkoBi onepariii.

OyHKI:

- shorten_priority list (G, L) — ckopouyye COIUCOK MPIOPUTETIB;

- remove_tasks (G, L, h) — BuIy4yae neBH1 BeplIuHU 13 Tpada;

- remove_edges (G, L, h) — Buiyuae neBHi Ayru i3 rpada;

- adjust worker speed (h, s new) — 3MIHIOE Uil TIEBHUX BHUKOHABIIB iX
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MPOAYKTUBHICTb.

AJropuT™H:

- QITOPUTM MEPEBIPKU KPUTUUHOTO IUISIXY: BUKOPUCTOBYETHCS MOMIYK Y TITUOUHY
(DFS) a00 anropuT™ TOMOJOTIYHOTO COPTYBAHHS 111 BUSIBIICHHS! KDUTUYHOTO MIJISAXY B
rpadi G;

- JITOPUTM 3MIHHM CHHUCKY MPIOPUTETIB, IPHU IKOMY aHOMAaJll HE BUHUKATUMYTh;

- QJITCOPUTM OJIHOYACHOTO MOKPAIICHHS JEKUIHbKOX TOYaTKOBUX YMOB;

- AJITOPUTM NEPEPO3NOLUTY 3aBAaHb.

Po3pobiiene nporpaMue 3abe3nedeHHs J03BOJISIE MOJISTIOBATH MIPOIEC BUKOHAHHS
3aBJaHb y rpadi, aHai3yBaTu ONTUMAILHICTh PO3IOLTY 3aBAaHb Ta KOPUTYBATH YMOBU

JUTS TIIBUILIEHHS €(DEKTUBHOCTI pe3yJIbTaTy.

4.2 Turepdeiic mporpamu

[aTepdetic po3podIeHOro MPOrpaMHOro 3a0e3NeYeHHS € IHTYITUBHO 3p03YMUINM 1
o0y JOBaHUH BIAMOBIIHO /10 MPUHLUIIIB (DYHKIIOHAIBHO1 TOCTYMHOCTI. OCHOBHE BIKHO
MporpaMu MICTUTh TMaHENb KEpPyBaHHsS MapamMeTpaMu 3ajadi, Ioje Bizyamizaiii
pe3ynbTariB Ta i1HGOpPMALIMHUI OJOK Uil BUBOAY JOMOMDKHHMX MOBIJOMJIEHH Ta

MiJICYMKOBUX AaHuX (puc.4.1).
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¥ [ucepTtauiiHa pobota

I MoByaoea ynopaakysaHHA Mossa aHomanii

Kinekicte sepLunH ‘14 |

Kinekicte gyr [11 I 3reHepysaTi NoYaTKoBi yMOBMH

. 2 - 3 i
Kinekicte BukoHasuis h [3 | uuTaTH 3 danny

Oumnctutn

Crwcox npiopureris L [1,23456,7,89,10,11,1213,14 |

MobyaysaTh ynopaaxkyBaHHA

Yac BuKoHaHHS 3aBAaHHA ‘533233221 12291 |

3eigkn 1 Kyawn 1 3eigkn 2 Kyam 2 3eigkm 3 Kyan Tpacd:

1 5 1 6 1 i o ° @ °
L= 13
S= 1 1 5(85|57|7]|9 (11|11

i
Z(4a[6([6[6 88 0[2[12 aoee °°
13 (13|13 (1313|1313 13| 13| 14

Puc. 4.1. — Inmepdgheiic npoepamnozco 3abe3neuenms

VY BepxHill yacTuH1 iHTEpdeEcy peai3oBaHO MEHIO BUOOPY PEKUMIB pPOOOTH, 1110
JI03BOJIsIE KOPUCTYBAYEB1 MEPEMUKATUCS M13K OCHOBHUMH (DYHKI[1I0HATTbHUMU MOJTYJISIMU

nporpamu «IloO6ynoBa ynopsakysanss» ta «llosiBa anomamit» (puc. 4.2).

¥ [uceprayiiHa pobota

I MoByaosa ynopaakysaHHa | Mosea aHomaniii

Puc. 4.2. — Pesicumu pobomu

[nTepakTrBHA yacTuHa iHTEepdeiicy nae 3MOry BBOAUTH BX1AHI MapaMeTpu BPYUHY,
3aBaHTaXyBaTH iX 13 ¢aiiny ado reHepyBaTH AOBUIBHUM YMHOM. TakoX 3a JOMOMOI'OO

kHONKH «[lo0ynyBaTn ynopsiakyBaHHs» Oy1yBaTy ONTHUMAJIbHE YIOPSAKYBaHHS

(puc. 4.3).
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KinekicTe BepLunt |14 ‘

Kinekicte gyr |11 ‘ 3reHepysaTi NOYATKOBI YMOBH

- - 3 7
Kinexicte enkonasuis h |3 l uuTaTh 3 hanny

Quuctuti

Crucok npiopureris L [1,2345,6,7,89,10,11,1213,14 |

MoByaysaTh ynopaaKysaHHa

Yac BUKOHaHHS 33BAaHHS |5‘3,312,3,3,2,211,1,2,2,9,1 ‘

3eigkm 1 Kyau 1 3sigkn 2 Kyawn 2 3eigku 3 Kyan

1 5 1 6 1 7

Puc. 4.3. — Ilonsa 0ns 6600y nouamkosux 0anux

BizyanbHuii 0110k 3a0e3meuye HaOUHE BJOOPaKEHHS CTPYKTYPH BX1THUX JIAHUX, a

TakoX rpadiuyHe Mpe/ICTaBICHHS PE3yIbTaTIiB po3B’si3aHHs (puc. 4.4).

Mpac:

OB ONONO

Puc. 4.4. — Bizyanvne npeocmasnenns epaga G

Bizyamizauisa po3auny «llosiBa anomaniit» 300pakeHa Ha puc. 4.5.

»® [uceprauifiva pobota

Mobyanosa ynopaakysaHHA Mosea anomanin

BBeaiTh Kin-Tb SMiHHUX
NOYATKOBUX AAHNX: OumncTuti

BBeaiTb HOBI 3HaYEHHA: h v ld | MobyaysaTh ynopaaxyBaHHA
T <] [5332452331.1.1.12 | S0opOIT oS IRINTH
r= 19 Al= +26.7%
el ARG EEGAG2
2(2|2(6|6|6[6|6
3(3|3(7]|7(9]9(9
4(4|8|8|8|10(11|13(13|13|13|13[13|13[13|13|13|13[13
3acTocyBaT! anroPUTM SMIHK CIMCKY NpiOpUTETE 1'=13,1,6,5,7,9,10,2,4,8,11,12,3
"= 15 o= 0%

s'= [13[ 13| 13| 13| 13| 13| 13|13 13[13[ 13|13 3 [ 3| 3
1|1|1[1|1[6|6|6|[6]|6|8|8]|8([10]11
222 4|4 5(5([5|5([7]|7|9[9]9]12

Puc. 4.5. — llowyk anomanvrux sunaoxie
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4.3 IHCTPYKUIA KOPUCTYBa4a

Ha npuxnaai 1 3 mouatkoBuMu ymoBamu: 3ajgaHo rpad Gy (puc.l.4), crnmcok
npioputeris  1=(1,2,3,4,5,6,7,8,9,10,11,12,13), h=3 Ta MHOXHHA Bar BepIINH
7=(5,3,3,2,4,5,2,3,3,1,1,1,12), — onumieMo 1HCTPYKIIit0O KOPHUCTyBaya.

[Ticns 3amycKy nporpamMu BiIKPUBA€ETHCS BIKHO, 300pakeHe Ha puc. 4.6.

»® [uceprauiiiHa pobota

Mobyaosa ynopaakysaHHa | Mossa aHomanii

Puc. 4.6. — Cmapmosuti ekpar npoepamnoco 3abe3neyenms

[Ticns HaruckanHs kHomKU «[loOynoBa ymopsiniKyBaHHS», 3 SBISIOTHCS OCHOBHI
NoJIs JUIsl BBOJAY MOYATKOBHX YMOB 3ajaaul: «KumbKicTh BepmnH», «KUIBKICTE AyI»,
«KinpkicTh BUKOHABIIB /», «Cnucok mpioputeTiB Ly, «Hac BUKOHAHHS 3aBllaHb» Ta
TaONMIL ISl BBOAY 3aJaHUX AYTr. 3a JONOMOIOK KHOMOK «3reHepyBaTH IOYaTKOBI
YyMOBU», «34HTaTd 3 (Qaiiny» Ta «OUHCTUTH» MOKHA BUKOHATH BIANOBIAHI Ali. 3a
nornoMoror kHonku «lloOyayBatn ynopsakyBaHHS» - OOy yBaTH YNOPSAKYBaHHS Ta

Bi3yanbHO 300pa3utu rpad (puc. 4.7, 4.8).
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»® [uceprauiiiHa po6ota O
MoByaosa ynopsakysaHHa Mossa aHomanii
Kinekicte BepLunH | |
Kinexicte gyr | | I 3reHepysaTi NO4aTKOBI yMOBM l
KinbkicTs eukoHasuie h | | | 3umTarth 3 daitny l
. . I OuncTuTi l
Cnucok npiopureris L | |
I MoGyaysatu ynopagxkyBaxHa ‘
Yac BUKOHaHHA 33BA3HHA | |
=
S=
Puc. 4.7. — Po3zoin «llob6yooea ynopsaoxysanusy
»® [uceprauiiiHa pobota O

IMo6yaosa ynopaakysaHHs

Mosga aHomanii

KinbKicTs sepumt |13 I

Kinbkicts gyr |9 I

Kinekicte BukoHaeyie h |3 |

Cnmcok npiopuerie L |1,2,3,4,5,6,7,8,9,10,11,12,13 |

Yac BMKOHaHHS 33BA3HHA |5,3,3,z4,5,2, 3,311,112 |
3sigkn 1 Kyaun 1 3eigku 2 Kyau 2 3eigkun 3 Kyaun
1 5 1 6 1 7
L= 15
S=

3reHepysaTi NoYaTKOBI YMOBH

I
| 3unTaTu 3 daiiny
|
| MoGyaysaTu ynopaaKyBaHHa

|
|
e |
|

Mpad:

Puc. 4.8. — 3anosnennsa nouamrkosux nouie 3a0ayi

Ha puc. 4.9 300paxxeHo po3B’sa3aHHs OpuUKiIagy 1.




»® [uceprayiiiHa pobota

MoByaosa ynopsakysaHHa Mossa aHomanii

Kinekicte BepLunH ‘13 |

3reHepysaTi NOYaTKOBI YMOBM

Kinekicte ayr |9 |

3unTaTi 3 danny

Kinekicte BukoHasuis h [3 I

| |
| |
| S |
| |

Cnucox npiopuerie L [1,2,3,4,5,5,7,3,9,10,11,12,13 |
MoGyaysatu ynopagxkyBaxHa
Yac BUKOHAHHA 33BA3HHA 15,3,3,2|4,5,L 3311112 |
3sigkn 1 Kyan 1 3sigkn 2 Kyam 2 3sigkun 3 Kyam Tpacd:
1 5 1 6 1 T ° : @ o
L= 15
S= 1 1 d 1 1 55|56 7|7]19]|9]|9]|11 b
2|22 |4(4|6|6|6|6|6|8|[8|8(|10(12 ° ° °
3 (3 |13|13[13(13|13|13|13[13|13|13|13|13 o

GO® ®®

Puc. 4.9 — Ilo6yoosa onmumanvroco ynopsokyeants ma gizyanizayis epagy G

Jlist aHanmi3y BUHUKHEHHS aHOMaJii BIAKpuBaeMo BIKHO «[losiBa anomamiin»
(puc 4.10). BoHO cTae akTMBHMM 3a YMOBHU YCIIIIHOI NOOYJOBH YHOPSAAKYBAHHS Y

nepurin BKJIQ/III1 «IToOynoBa YIIOPSIKYBAHHSD).

¥ [uceprayiiiHa pobota _ o
Mobyaoea ynopaakysaHHa Mossa aHomanii

BeegiTh Kin-Tb SMIHHMX :I
NOYaTKOBMX 4aHNX l OuncTuti

l Mo6yaysaTu ynopagxkyBaHHs

Puc. 4.10. — Po3oin «llosasa anomanivy
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Ilicna watuckanHa kHomnkH «IlosgBa aHoMamii», 3’sBiId€ThCs mojie «BBemiTh
KUIBKICTh 3MIHHHX I[IOYaTKOBHUX JaHuX». Ilicias BBEIEHHS 3HAYEHHSA 3’ ABIISIETHCS
BIIMOBIHA KUIBKICTh BUMAJAIOYUX CIIHUCKIB, Y SIKUX HEOOXigHO oOpaTd BIAMOBITHUM

3MIHHHUH MMapaMeTp Ta 3a7aTu HOoBe 3HaueHHs (puc 4.11).

»® [uceprayiiiia pobota

Mobygosa ynopagkysaHHa MosBa akomanii

BeegiTtb Kin-Tb SMiHHMX
NOYaTKOBHX faHHX: QumncTUTH
BBeAiTh HOBI 3HAYEHHA: h D MoByaysaTh ynopagKyBaHHa
T 53324523

Puc. 4.11. — 3anosnenns 3minnux napamempis 3a0aui

Jlnst moOyI0BU ONTHUMAJIBHOTO YMOPSAJIKYBAaHHS 3 OHOBJIEHUMH IOYAaTKOBUMU
napaMeTpaMu, HeOOX1JTHO HATUCHYTU KHOMKY «IloOyyBaTtu yrnopsaKyBaHHs»
(puc 4.12). Ha expaHi 3 ’4BISEThCA YNOPSAJIKYBaHHS B TaOJIMYHOMY BUIJISIIL,
BU3HAYAETHCS OTO JOBXKUHA Ta CIIBBIAHOIICHHS 3HAYEHb JOBXUHU YIIOPSAKYBaHHS 110
MOKpaIeHb MOYaTKOBUX IMapaMeTpiB 3ajadl Ta Mmicisd. SKIo 3Ha4eHHS 3MEHIIUIIOCH,
OTPUMYEMO BiJl’€MHE 3HAYEHHS, SIKIIO 30UIBIIMIOCH — JIOJaTHE. TaKOX € MOXKIIUBICTh
OouuCTUTH 10N (KHOMKA «OUuuCTUTHY) Ta «30epertu pesyiabratu» y daitn (puc 4.12).
Takoxx peanizoBaHa MOKJIIMBICTh 3aCTOCYBaHHS aJTrOPUTMY JUIsl 3MIHM CIHUCKY

MpIOPUTETIB (BIAMOBIHA KHOIKA 11 TOOYI0BAaHUM yHOPSIAKYBAHHSIM).
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»® [uceprauiiiHa po6ota — O X
Mobynoea ynopAakysaHHsa Mossa aHomanin

BBeaiTb Kin-Tb SMIHHUX
NOYaTKOBMX AaHuX: l OuncTUTH l
BBeAiTb HOBI 3HAYEHHA: [h vl IA I l MoByaysaT ynopaaKkyBaHHa ]
[T~ [53324523311,112 | | cosperupeymra |
T=I1Y A= +26.7%
S=[1]1[1]5]5 5[12
2 2[2[6|6|6|6|6
33377 9
4| 4|88 8]|10[11[13]13[13[13[13[13[13[13[13[13[13[13

3acTocysaTi anropuTM 3MiHW CIIUCKY NPIOPUTETIB

Puc. 4.12. — Ilowyx anomanvuux 6unaoxis

[licnss 3acTocyBaHHA aNrOpuTMy 3MIHHM CIHCKY MPIOPUTETIB, OyAYy€TbCS HOBE

YHOPSAJKYBaHHS Ta BU3HAYAIOThCS HOB1 L, 3HaueHHs 1oBxkuHU /”” 1a Al (puc 4.13).

»® [uceprauiiiHa pobota . O X
Mobyaosa ynopaakysaHHa Mossa axomanin

Beegith Kin-Tb SMiHHUX
NOYATKOBMX faHuX: l OuncTnTH l

BBeaiTh HOBI 3HAYEHHA: ‘h v‘ |4 I l MoByaysaT ynopaaxkyBaHHa ]
T <] [533245233111.12 | =
r= 19 Al= +26.7%
S=[1[1[1][5][5]5]5]12
2(2[2|6|6[6[6]|6
3|13[(3[7]|7 9
4|4 (8 (8| 8|10|11|13|13[13[13[13[13|13[13[13[13| 13|13
3acTocyBaTh anropuTM 3MiHW CIMUCKY NPIOPUTETIB 1'=13,1,6,57,9,10,2,4,8,11,12,3
"= 15 A= 0%

s'= [13]13] 13| 13[ 13| 13[13[13] 13| 13[13[13[ 3| 3| 3
1[1[1[1]1]6|6|6|6|6|8(8 10( 11
2| 2|2 4|4|5([5|5|5[7[7]|9]|]9[9]12

(=

Puc. 4.13. — 3acmocysannsa ancopummy 3minu npiopumemia
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BUCHOBKH

VY aucepTtaniiiniii po6oTi BUBYAjacs akTyallbHa HayKoBa IpoOjeMa, MoB’s3aHa 3
TEOPETUYHUM OOIPYHTYBAHHSM MPUPOIU BUHUKHEHHS! aHOMaJIbHUX BUIIAJKIB y 3a/lauax
KOMO1HaTOPHOI ONTUMI3allli, 30KpeMa B 3a/1auax napaiesbHOr0 YIOpsIKyBaHHS BEPIIUH
oprpadis.

Brnepiie KOMIIIEKCHO MOCTIKEHO MEXaHI3MU BUHUKHEHHS aHOMAJM y 3ajadax
nanoro tumy. CpopMyaroBaHO HOBI YMOBU MOXJIMBOI MOSIBU aHOMAaJIbHUX BUMAJKIB Ta
YMOBH, MPU AKUX I[UX BUIAJIKIB MOKHA YHUKHYTH.

OcHOBHI pe3ysbTaTH, OTPUMaH1 B pOOOTi, y3arajJbHEHO Y TAKMX BUCHOBKAX:

1. BuzHaueHO MOHSATTS HOBHMX aHOMAJid y 3ajadax JUCKPETHOI ONTUMI3allii, AKi
MPOSIBIIIIOTHCA Y BUTJIAJI MAPaIOKCAIBHOTO MOTIPIICHHS 3HAYEHHS LIIbOBOI (PYHKIIIT
MIpU MOKpAIIEHHI MapaMeTpiB 3a1aui.

2. IlpoBeneHo MOCHIAKEHHS BIULIMBY 3MIH HOBUX IMOYAaTKOBUX YMOB Ha BUHUKHEHHS
aHOMaJTii, 30KpeMa:

—3MIHU MPOAYKTUBHOCTI BUKOHABIIIB;

~Moau(ikallii CHUCKIB MIPIOPUTETIB;

~ BUJIaJIeHH] a00 (pikcartlii poOiT 3a BUKOHABIISIMHU.

3. Bnepme mnoxazaHo, 10 OJHOYACHE MOKPALIEHHS JAEKUIbKOX MapaMeTpiB
(HampuKJIaJ, 3MEHIIEHHS Yacy BUKOHAHHS POOIT 1 301bIIEHHS KUIBKOCTI BUKOHABIIIB)
MOX€ CIPUYUHSATHA HOB1 TUIM aHOMAIbHUX €(EKTiB, 1[0 MOKYTh HE BUHUKATH MPU 3MiHI
OJIHOTO 3 TTapaMeTpiB.

4. 3anponOHOBAHO HOB1 AITOPUTMIYHI MIJXOIU JUIsl MOAOJAHHS BIUIMBY aHOMAJIIM,
30KpeMa:

— IMHaMi4Ha Mo0yI0Ba CIUCKIB MPIOPUTETIB 3 ypaXyBaHHSM CTPYKTYpH rpada;

—MoJIed cTadumi3anli JOBXKUHU YIIOPSAKYBaHb;

— QJITOPUTMH 3 TMIATPUMKOIO IEpEPUBAHD 33]1a4 1 IEpENpPU3HAYCHHSIM PECYPCIB.

JlaHi miaxXoau MO03BOJIAIOTH aJaNTUBHO pearyBaTd Ha 3MIHM YMOB 3ajayl Ta

3a0e3reuyBaT CTabUIbHICTh OTPUMAHUX YIOPSIKYBaHb.
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5. Bmnepme BBeAeHO HOHATTS  cTaOUTI3aIli  JOBXKHHH  ONTUMAIBHOTO
YIOOPSIAKYBAHHS, 1110 JO3BOJISIE OLIIHUTU YYTIUBICTh 3a/1a4il IO 3MIH BX1IHUX MTapaMeTpiB.

6. IlpogeMOHCTpPOBaHO MPUKIATHI MOMIMBOCTI BUKOPHUCTaHHS OTPUMAHUX
pe3yNbTaTiB y 3aja4ax:

~ IJIaHYBaHHS BUPOOHUYMX 1 TPAHCTIOPTHUX MPOIIECIB;

— ONTUMI3allli HAaBAaHTAXKEHb HA 00UUCITIOBAJIbHI KIaCTEPH;

— MOJIETIOBaHHSI pOOOTHU €HEPreTUYHUX CUCTEM;

— PO3MOALTY 3374 Y XMapHUX Ta MYJIbTUIIPOLIECOPHUX OOUHMCICHHSX;

— aHaJi3y e(EKTUBHOCTI CECHCOPHUX MEPEXK Ta CUCTEM PEAJIbHOTO Yacy.

Pe3ynbraTu nocniakeHHs MOKYTh OyTH aJaiTOBaHI1 /10 3a/1a4 3 IEBHUX Tally3eH, sK1
3BOJISITHCA JI0 3aJ1a4 MapajieibHOTO YHOPSAKYBaHHS BEPIIUH oprpadis.

3aranom, pe3yJibTaTu AOCIIIKEHHS CTAHOBJISITH BATOMUN BHECOK Y PO3BUTOK TE€OPIi
JTMCKPETHOI ONTHMI3allli, 30KpeMa B KOHTEKCTI CHEIIaIbHUX 3a/Ja4 PO3KJIaJiB, 1 MAIOTh
K TEOPETUYHE, TAK 1 TPaKTHUYHE 3HAYeHHS. BOHU CTBOPIOIOTH MIATPYHTS J1s1 HOAATBIIIUX
JOCIIIPKEHb Y HANpsIMKY BHUBYEHHS MOBEIIHKU CKJIAJHUX ONTUMI3alllfHUX CHUCTEM,
MoOy/I0BH aJalNTUBHUX AQJTOPUTMIB 1 PO3BUTKY METOIB BUSBICHHS HECTAOUIbHUX

peXUMIB (DYHKIIIOHYBAHHS BIATIOBIAHUX CUCTEM.
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