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With the rapid development of digital technologies and automation of production
processes, food industry enterprises are increasingly focusing on improving
production management efficiency. Improving production planning is a key area,
as the efficient use of resources, timely order fulfillment, cost reduction, and
increased competitiveness depend on the quality of production schedules. This
task is particularly challenging for bakeries, where the production cycle includes
numerous interrelated operations, the execution of which requires strict adherence
to time and resource constraints.

Bakery production is a multi-stage process, including raw material preparation,
dough preparation, product molding, proofing, baking, cooling, and packaging of
finished products. Each of these operations is performed on specific equipment and
has its own technological requirements. Furthermore, various production orders
can simultaneously compete for the enterprise's limited resources, significantly
complicating the planning process. In such circumstances, traditional scheduling
methods often prove ineffective, especially as production volumes and the number
of orders increase.

This study examines the application of the CP-SAT (Constraint Programming
Satisfiability) method to solving the problem of optimal production process
planning at a bakery. This method is a modern combinatorial optimization tool and
enables efficient solutions to problems containing a large number of interrelated
constraints. CP-SAT allows for the consideration of process characteristics,
equipment constraints, operational sequence requirements, and time dependencies
between individual production stages.

To solve this problem, a mathematical production planning model was developed
that reflects the structure of a bakery's production process. The model takes into
account production operations, available resources, job durations, and equipment
operating conditions. Additionally, the possibility of parallel execution of individual
processes is considered, allowing for more efficient utilization of available
production capacity. The objective function of the model is to minimize the overall
production plan execution time, thereby reducing product manufacturing time and
improving plant efficiency.

The practical implementation of the proposed approach was accomplished using
the Google OR-Tools library, which contains a high-performance CP-SAT solver.
Based on the developed model, an algorithm for automated production scheduling
was created. Experiments demonstrated the method's ability to effectively account
for numerous process constraints and generate high-quality production plans within
a reasonable computation time. The results confirm the potential of constraint
programming methods for solving production planning problems in the bakery
industry.
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Thus, the use of CP-SAT technology improves the quality of production process planning, ensures more efficient
equipment utilization, and reduces order fulfillment time. The proposed approach can serve as the basis for
developing intelligent decision support systems aimed at automating production management and increasing the
efficiency of food industry enterprises.

Keywords: optimization, planning, production, bread, Python programming, CP-SAT.

CP-SAT 9AICIHE HET'T3JEJI'EH HAH-TOKAIIIl OHIMJAEPI KOCIITOPHBIHBIH
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CaHApIK TEXHOJIOTHSIAPABIH JKOHE OHAIPICTIK MPOLECTepAl aBTOMATTAaHABIPYIBIH KAPKBIHIB JAMYBIMEH TaMak
OHEPKaCiOi KoCIMOPBIHAAPEI OHIIPICTI OacKapy THIMIUTITIH apTThIpYFa KeOipek KoHI Oemyne. OHaipicTi )ocmap-
JIay/bl JKETUIIPY MaHBI3BI OaFbIT OOJBIN TaObLIA b, ce0ebi pecypcTapapl THIMII Naiganany, TanchpbICTapIbl
YaKThUIbI OPBIH/IAY, LIBIFBIHAAPIBI A3AMTY JKoHE Oocekere KaOiJIeTTUTIKTI apTThIPy OHAIpIC KeCTeNepiHiH canachiHa
OaitnanbIcThl. By MiHZET, ocipece, OHAIpiC MK YaKbIT IEH PeCypCcTapblH IIEKTEYIEepiH KaTaH CaKTay/bl Tajarl
€TETIH KOINTEereH e3apa OaiIaHbICThI ONepalusIapabl KAMTUTHIH HayOalxaHaiap yIiH KUbIH.

Han micipy eHzipici - mIMKI3aTThl JalblHAAY, KAMBIP AibIH/AY, OHIMII KaJBIITAy, TepMEeTH3alMsIIaY, MICIpy,
CAJIKBIH/ATY JKOHE JAibIH OHIM/II opay CHSKTHI KOIl caTbUIbl IIpoLecc. by onepauusiapabiH SpKalChIChl HAKTHI
XKaOJIbIKTa OPBIHAATAIbl JKOHE O3IHJIK TEXHOJOTHSUIBIK Tanantapra ne. COHbIMEH Karap, SpTYpJl eHIIpicTIK
TarChIphICTap Oip YaKbITTa KOCIIOPBIHHBIH MICKTEYIl pECYpPCTaphl YIIiH OdceKkenece anapl, Oy :xKocHapiay mpo-
LIeCiH aifTapibIKTall KUbIHAaTaAbl. MyHIal sxaFraainapaa AoCTypii )Kocmapiay sfictepi kebiHece THIMCI3 00
LIBIFa/Ibl, 9Cipece OHIIPIC KeeMi MEH TallChIPhICTap CaHbl apTKaH CalbIH.

By 3eprreyne HaybaiixaHana eHIIPICTIK ITPOLECTI OHTAMIIBI KocHapiay Macenecin memnry yuria CP-SAT (mek-
Tey Oarnapriamarnay KaHaraTTaHyIIBUIBIFBI) 9/IiCiH KOJJIaHy KapacThIpbuiaabl. byt onic 3amManayn KoMOMHATOPIIBIK
OHTaWIaHABIPY KYpajbl OONBIN TaObUIAABI )KOHE KOITETreH e3apa OaisIaHbICTHI IEKTeyJIepAl KAMTUTBIH Macere-
aepni TviMai memyre MyMKiHAIK Oepeni. CP-SAT TeXHOJOTHSUIBIK cHnarTaMasiapibl, >KaOIbIK MIEKTeyIepiH,
OTIepaIMSUIIBIK Ti30€K TaJanTapbIH >KOHE XKeKe OH1ipic Ke3eHIePiHIH apachIH/IaFbl yaKbIT TOYEIIUTIKTEpiH eCKepyTe
MYMKIHJIIK Oeperti.

By moceneni menry ymiiH HayOaiixaHaHBIH ©HIIPICTIK MPOLECIHIH KYPBUIBIMBIH KOPCETETIH MaTeMaTHKAIIBIK
OHJIIPICTI XKocmapiay MOJeli xKacalabl. MoJens eHIIPIiCTIK oneparsuiapabl, KOIDKETIMIII pecypcTapabl, KYMBIC
Y3aKTBIFBIH JKOHE JKaOIBIKTHIH JKYMBIC JKaFaailapblH eckepeni. COHBIMEH KaTap, yKeke IpolecTepi Hapaienb
OpBIHAAY MYMKIHJITI KapacTHIPBUIAABI, Oy KOJDKETIMIII OHIIPICTIK KyaTThl THIMAIPEK MaliaaaHyFa MYMKiHIIK
Oepeni. MonensaiH MaKCcaTThI (PYHKIMSICHI — OHTIPic KOCTApBIHBIH JKaJITBl OPBIHIATY YaKbITHIH a3aiiTy, OChUIAHIIIa
OHIMJIi OH/IIPY YaKBITHIH KbICKAPTY JKOHE 3ayBITTHIH THIMILUTITIH apTTHIPY.

Y CHIHBUTFaH TOCUIII IPaKTUKANIBIK TYpe eHri3y sxorapsl eHiMAl CP-SAT memrymrici 6ap Google OR-Tools kiTa-
MTXaHACHIH NalianaHy apKbUIbI ’KY3€re aChIPBULIBL. O31pJIeHIeH MOIENb HeT131H/1e aBTOMATTaHIbIPBUIFaH OHAIPiCTi
JKOCTIapiiay ajqropuTMi kacaiabl. Toxipubenep 9MiCTiH KONTETeH TEXHOJOTHSUIBIK MISKTEYJIepIi THIMII eCerKe
ajly »KOHE aKbUIFa KOHBIMJIBI €CEITEY YaKBITBIHIA YKOFaphl Calalibl OHAIPIC JKOCIApIaphiH jKacay MYMKIHIITIH
kepcerTi. HoTmxkenep HaH-TOKAIl OHEPKACIOIHAErT OHIIPICTI KOCIapiay MoceseepiH Meuly YIUIiH HIeKTeyIep/Ii
Oarmapiamaay SICTEPiHIH QJICYETiH pacTaiIbl.

Ocpunaitna, CP-SAT TeXHONOTUSCHIH NaiiianaHy eHAipic MPOIECIH Kocnapiiay carachiH XKaKkcapTabl, )Ka0ibl-
KTBI THIMIPEK MaiiiaiaHy/ibl KAMTaMachl3 €Te/li dKOHE TaIlCHIPBICTHI OPbIH/AY YaKbIThIH KbICKApTa/lbl. ¥ CHIHBIIFaH
TOCLIT OHIPICTI OaCKapy/bl ABTOMATTAH/IBIPYFA JKOHE TaMaK OHEPKACiOl KOCIMOPBIHAAPBIHBIH TUIMILUIITIH apTThI-
pyFa OaFbITTaFaH WHTEIUIEKTYAJJIBI MM KaObUIIAY bl KOJIIay JKYHeIepiH 93ipJiey YIIiH Heri3 0oja aiajbl.

Tyiiin ce3nep: oHTalnaHABIPY, XKocnapiay, eHiipic, HaH, Python 6arnapnamanay, CP-SAT.
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B ycnoBuSX CTpEeMHTENBEHOTO Pa3BUTHS U(PPOBHIX TEXHOJIOTH i aBTOMATHU3AIINH TIPOU3BOACTBEHHBIX IPOIIECCOB
MIPEIIPUATHS TUIIEBON IPOMBIIUIEHHOCTH BCe OOJBIIe BHUMAHUS YACITSIOT BOIPOCAM HMOBEIIICHHS 3P PEKTHBHO-
CTH yTIpaBICHUS IPOU3BOACTBOM. OIHUM M3 BaKHEUIIINX HATIPABICHUH SBISIETCS COBEPIIICHCTBOBAHHUE MIPOM3BO/-
CTBEHHOTO IUIAHMPOBAHUS, MMOCKOIBKY OT KauyeCTBa COCTABJICHUS MPOU3BOICTBCHHBIX IPa()UKOB 3aBUCST PAIIHO-
HAJIBHOCTH MCTIOJIB30BAHMS PECYPCOB, CBOEBPEMEHHOE BBIIIOJIHEHHE 3aKa30B, CHI)KEHNE U3/IEPKEK U MTOBBIIICHUE
KOHKYPEHTOCIIOCOOHOCTH TipeanpusaTis. OCOOCHHO CIOKHOM TaHHAS 3a/1ada SBISIETCS I XJIeOO0meKapHbIX Tpo-
U3BOJCTB, I1I€ TEXHOJIOTMUYECKUM LIMKJI BKIKOUAET MHOKECTBO B3aUMOCBSI3aHHBIX ONIEpaLluii, BEIIIOJIHEHUE KOTOPBIX
TpeOyeT CTPOTroro COOMIONCHNS BPEMEHHBIX U PECYPCHBIX OTpaHMYCHHH.

[Ipon3BoacTBO X11€000YIOTHON MTPOLYKIMH MPEACTABISIET COO0OH MHOTO3TAIHBII MPOLIECC, BKIIFOYAOTHNA TOA-
TOTOBKY ChIPbSi, IIPUTOTOBJICHUE TeCTa, (OpPMOBAHUE M3EINUii, PACCTONKY, BBINEKAHNE, OXJIAKICHUE U YIAKOBKY
roToBo# mponykunu. Kaxmas u3 3Tux onepaiuii BBIIONHAETCS Ha ONpPEIeICHHOM 000pYIOBaHUH M UMEET CO0-
CTBCHHBIC TECXHOJIOTHYCCKUEC Tpe6OBaHI/I$[. HpI/I OTOM PA3JINYHBIC ITPOU3BOJACTBCHHBIC 3aKa3bl MOTYT OHMHOBPEMECHHO
KOHKYPHPOBATh 38 OTPAaHUYEHHBIE PECYPCHI IPEANIPUATHS, YTO CYILIECTBEHHO YCIOKHIET IIPOLECC INIAHUPOBAHMSL.
B Takux ycnoBuSX TpaAMLHMOHHBIE METOIBI COCTABICHHS PACHHCAHUIN 3a9acTyI0 OKa3bIBAIOTCS HEIOCTATOUYHO
3¢ PEeKTUBHBIMU, OCOOESHHO MPHU YBEIHYEHUH 00bEMOB IIPOM3BOJICTBA U KOJIMYECTBA 3aKa30B.

B HacTosiiieM UCCIIeIOBAHUN pAaCCMAaTPUBACTCS IIPUMEHEHHE METO/Ia IPOrPaMMHUpPOBaHus B orpannycHusx CP-
SAT (Constraint Programming Satisfiability) s pemenus 3a1auu OnTUMAILHOTO IUTAHUPOBAHUS TPOU3BOICTBEH-
HBIX MPOIIECCOB Ha XJICOOMEKAPHOM NPEANPHUITHHU. [JaHHBI METOIl OTHOCUTCS K COBPEMEHHBIM MHCTPYMEHTaM
KOMOMHATOPHOW ONTUMH3AIINH U MO3BOJISICT HAXOMUTh d(PPEKTHBHBIC PEIICHUS JUIS 33144, COJCPKAIIIX OOJBIIOE
KOJIMYECTBO B3aUMOCBA3aHHbIX orpaHnueHuil. Ucnons3oBanue CP-SAT npeaocrapisieT BO3BMOXKHOCTh YUUTHIBATD
0COOCHHOCTHU TEXHOJIOTUYECKOTO MPOIIecca, OTPaHUICHUS 10 000PYI0BaHUIO, TPEOOBAHUS K ITOCIIEIOBATEIILHOCTH
BEITIOJTHEHUSI OTIEpAIMi M BPEMEHHBIC 3aBUCMOCTH MEXITy OTIACIBHBIMH TallaMH POU3BOJICTRA.

Jlyist pelieHuns OCTaBICHHON 3a/lady pa3padoTaHa MareMaTH4ecKasi MOJeb IPON3BOJICTBEHHOTO TTaHHPOBa-
HUSI, OTPaXAIOIasi CTPYKTYPY TEXHOJIIOTHYECKOTO Tpoliecca XJIe0oeKapHoro npeanpusaTrs. B Moneny yanTeiBa-
IOTCSI TIPOM3BOICTBEHHBIC OIIEPAIINH, JTOCTYITHBIE PECYPCHI, TPOJOJKUTEILHOCTD BBITOIHEHUS PabOT U yCIOBHUS
HCIIONB30BaHMsl 000pynoBaHus. JIONOIHUTEIFHO PAcCMAaTPUBACTCS BO3MOXXHOCTB MapauIeIbHOTO BBITIOIHEHUS
OT/ZIEJIBHBIX ITPOLIECCOB, YTO MO3BOJISIET OOJIee IOJTHO MCIIOIb30BaTh NMEIOIIUECS TPOM3BOICTBEHHBIE MOLITHOCTH.
LeneBoit GpyHKIMEH MOENN SABISETCS MUHUMHA3AIMS OOIIEH MTPOJOIKUTEILHOCTH BBITIOIHEHHS IPON3BOCTBEH-
HOTO IUIaHa, YTO CIIOCOOCTBYET COKPAIIEHHIO BPEMEHH U3TOTOBJICHNUS MPOAYKIMH 1 MTOBBIMEHUIO 3 deKkTHBHOCTH
paOoOTHI IPETPHUATHSL.

[pakTrdeckas peamu3amus MPeII0KEHHOTO TIOAX0/1a BEITOJTHEHA C HCIOIb30BaHeM onbnmorekn Google OR-
Tools, conepskarmieii Beicokonpon3BonuTensHbIN pemarens CP-SAT. Ha ocHoBe pazpaboTraHHON MOIeny co3maH
QJITOPUTM aBTOMATHU3UPOBAHHOTO (POPMHUPOBAHMUS ITPOU3BOICTBEHHOTO paciucanus. [IpoBeieHHbIE SKCIIEPUMEH-
TBI TPOJIEMOHCTPHUPOBAIN CIHOCOOHOCTh MeTo/ia d()(GEKTUBHO YYUTHIBATH MHOTOYHCIICHHBIC TEXHOIOTMYECKUE
orpaHudeHust 1 GOPMUPOBATH KaueCTBEHHbIE IUTaHbI IPON3BOCTRA 32 IPUEMIIEMOE BpeMsi BbraucieHui. [Tony4eH-
HBIE PE3YJIbTaThI MOATBEPKIAI0T HePCIIEKTUBHOCTH HCII0JIb30BaHHSI METOJIOB IIPOrPAMMHUPOBAHHS B OTPAaHUYCHHSIX
JUTS PEIICHNUS 33134 IPOM3BOACTBEHHOIO IJIAHUPOBAHMS B XJICOOIIEKaPHOI OTpaciiy.

Taxum o6pazom, npumeHeHne TexHonoruu CP-SAT mo3BossieT MOBBICUTH Ka9eCTBO IUIAHMPOBAHUS TPOU3BO-
CTBEHHBIX IIPOLECCOB, 00eceunTh Oosee 3 heKkTHBHOE HCIIOIb30BaHuE 000PYIOBAHUS U COKPATHTh BPEMEHHBIC
3aTparbl Ha BBINIOJIHEHUE 3aKa30B. [IpeayiokeHHbIN MOAX0/ MOXET CIIY)KHTh OCHOBOU ISl pa3pab0oTKU UHTEIICeK-
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TyaJIbHBIX CUCTEM NOAACPIKKN MPUHATHUA pemeHI/Iﬁ, OPHUCHTHUPOBAHHBIX HAa aBTOMATU3ALUIO YIIPABJICHUA IPOU3-

BOJACTBOM U INOBBLIIICHUC 3(1)(1)6KTI/IBHOCTI/I l'[peI[HpI/IHTI/Iﬁ HI/IIlICBOﬁ IMPOMBIIIIJICHHOCTHU.

KoaioueBblie ciioBa: ontumu3anys, MIaHUPOBAaHHUE, IPOU3BOJCTBO, XJIeO, MporpammupoBanue Ha Python, CP-

SAT.

Introduction. Modern food industry enterprises
operate in a highly competitive environment, facing
increasing demands on product quality and the need
to improve resource efficiency. In the bakery industry,
these requirements are particularly important due to the
limited shelf life of products, the continuous production
process, and the need to adhere to technological
standards.

The production process at a bakery involves several
sequential stages: raw material preparation, dough
mixing, dividing and shaping, proofing, baking, and
cooling the finished product [1]. Each stage requires
specialized equipment with limited throughput. Failure
to coordinate these operations leads to equipment
downtime, increased energy consumption, and reduced
product quality [2-4].

The problem of production planning is to determine
the optimal order of production operations while
observing technological and resource constraints [5-7].
This problem belongs to the class of NP-hard
combinatorial optimization problems and requires the
use of specialized solution methods [8, 9].

One of the most promising approaches is constraint
programming (CP), which combines the capabilities of
logical inference and mathematical optimization [10,
11]. The modern CP-SAT solver, implemented as part
of the Google OR-Tools library, demonstrates high
efficiency in solving complex resource planning and
allocation problems [12-14].

The aim of this work is to develop a mathematical
model of production planning for a bakery enterprise

and to study the possibilities of using the CP-SAT
method to minimize the overall time of execution of the
production plan.

To solve such problems, mixed integer linear
programming methods are used, which allow obtaining
optimal solutions for small-scale problems [15].

An alternative approach is constraint programming
(CP), based on the description of the admissible states
of the system through a set of logical and arithmetic
constraints, which has shown high efficiency in solving
problems of calendar planning, resource allocation and
scheduling [16].

In recent years, considerable attention has been
paid to the CP-SAT solver, which combines constraint
programming methods with modern SAT technologies.
Research shows the successful use of CP-SAT for
problems in production planning, logistics, and supply
chain management.

Despite the existence of a large number of studies
in the field of production planning, the application of
the CP-SAT method to bakery production problems has
not been sufficiently studied [17]. This determines the
relevance of this study.

Materials and methods. The article examines
a bakery that produces several types of products.
Each production order goes through a sequence of
technological stages shown in Figure 1: 1) raw
material preparation; 2) dough kneading; 3) molding; 4)

proofing; 5) baking; 6) cooling; and 7) packaging.

® @) ©,

RAW MATERIAL DOUGH BN SHAPING >
PREPARATION MIXING

v

+ Dividing the dough
into pieces

* Receipt and quality
control

+ Blending ingredients

« Forming a uniform

+ Sifting flour dough mass + Rounding

« Dosing ingredients « Giving the required

shape

+ Developing the

% s luten network
+ Preparing solutions g
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orinmolds

to the required
temperature

@
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conditions of
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dough volume
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Fig. 1 - Scheme of the technological process of bakery production

1 stage: Raw Material Preparation. The

technological cycle of bakery production begins with

the preparation of raw materials, which includes their
acceptance, quality control, and pre-processing. The
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main ingredients used are flour, water, yeast, salt, sugar,
and vegetable fats, while various food additives are used
to regulate the technological properties of the product.

The raw material preparation stage includes a set
of technological procedures aimed at ensuring the
required characteristics of the starting components
before the start of the production process. This stage
includes incoming raw material quality control, flour
cleaning and aeration through sifting, ingredient dosing
according to the technological recipe, preparation of
auxiliary solutions, and bringing the raw materials to
the established temperature conditions necessary for the
stable operation of subsequent technological operations.

The quality of raw material preparation significantly
impacts the dough properties, process stability, and
finished product quality. Errors in component dosing
can alter the dough structure, degrade flavor, and reduce
yield.

From a production planning perspective, the raw
material preparation stage is the initial operation of the
process flow, which must be completed before dough
mixing begins. Insufficient raw material preparation
can delay subsequent operations and lead to reduced
equipment efficiency.

2 stage: Mixing. At this stage, flour, water, yeast,
salt and other ingredients are mixed in a dough mixing
machine until a homogeneous mass with the required
rheological properties is obtained. The main tasks of
this stage are: 1) uniform distribution of ingredients; 2)
formation of a gluten framework; 3) saturation of the
dough with oxygen; 4) preparation of the dough for
further processing. The kneading time usually ranges
from 15 to 40 minutes, depending on the recipe and type
of product.

3 stage: Formation. After kneading, the dough is
divided into pieces of the required weight and shape.
During the shaping stage, the product is given the
required geometric parameters. Basic operations: 1)
dividing the dough into portions; 2) rounding the pieces;
3) giving the final shape; 4) placing in molds or
on sheets. The quality of the moulding has a direct
impact on the appearance and uniformity of the finished
product.

4 stage: Proofing. After forming, the dough pieces are
placed in proofing cabinets, where special temperature
and humidity conditions are maintained. During
proofing, the following processes occur: 1) the yeast
continues to ferment; 2) carbon dioxide is released; 3)
the dough increases in volume; 4) the porous structure
of the future bread is formed; 5) the taste and aroma of

the product improve. Proofing is typically carried out
at a temperature of 30-40°C and a relative humidity of
75-85%. The duration depends on the recipe and type of
product and can range from 20 to 90 minutes.

5 stage: Baking. Baking is the thermal processing
of dough pieces in bakery ovens. During baking, the
following processes occur: the final increase in the
volume of the product; crust formation; strengthening
of the crumb structure; removal of excess moisture;
formation of the taste and aroma of the product.
Furnaces are one of the most expensive and limited
resources of an enterprise, so their loading significantly
affects production efficiency.

6 stage: Cooling. After baking, the products are
transferred to the cooling section. At this stage, the
product temperature is reduced to levels suitable for
packaging and storage. The main tasks of cooling is
stabilization of the product structure and prevention of
condensation formation. Insufficient cooling can result
in deterioration of product quality and reduced shelf life.

7 stage: Packaging and Shipping. Packaging and
shipping of products is the final stage of the bakery
production process. After cooling, finished products are
sent to the packaging area, where they are prepared
for storage, transportation, and distribution. At this
stage, the following operations are performed: 1) quality
control of finished products; 2) sorting products by type
and batch; 3) packaging products in individual or group
containers; 4) applying markings and information about
the product; 5) forming transport batches; 6) placing
products in the finished goods warehouse; 7) preparing
documents for shipment; 8) transferring products to
consumers or trading organizations.

The main goals of this stage are to preserve the
quality and freshness of bakery products; protect
them from mechanical damage and external influences;
ensure traceability of product batches; and organize
timely delivery to consumers. For bakeries, this stage
is especially important, as most of their products are
perishable. Delays during packaging or shipping can
lead to a shorter shelf life and increased production
losses. Each stage may use one or more parallel devices.

Results and discussion. Theoretical results. 1t is
necessary to determine: 1) the sequence of execution
of product batches; 2) the purpose of operations on
equipment; 3) the start and end times of operations.

The goal is to minimize the overall lead time of
the production plan. Let us introduce the following
notations:
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I=1{1,2,...,n}—many types of products,

J=1{1,2,...,m} — many stages of the production
process,
K, ={1,2,..., K;} —aset of product lots ¢ € I.
R, —aset of resources (machines) available at stage j €
J.

Technological parameters: p;; € Zt — processing
time of a unit of product ¢at the stage j(min), ¢ € Z* —
the size of a standard batch (units of production), b, €
Z* — order volume for the product #(units), K, = [%]
— number of product batches <.

Resource constraints: M; € Z* — the number of cars
at the stage j, p . € {0,1} — indicator of resource
availability rat the stage j.

Time limits: W,; >0 — minimum waiting time
between stages j and j/, A;, >0 — the maximum
allowable delay between stages j and 5/, T™* € Z* —
planning horizon.

Key variables: S, € Z" — the start time of
processing a batch k of product ¢ at stage j, E;;, € Y/

Sijie = Eiji + W
Maximum delay limit:
Sigrie S Eij + 4 510

Resource Assignment: Each operation must be
assigned to exactly one machine.

> Xy =1WieljeJkeK,

TER;

®)

Z Z Xijkr - I[Sijk <

il keK;

t < Ej]

where I[-] is the indicator function. In MILP/
CP models, this constraint is formulated through
disjunctions: for any two operations (i, k) and (i’, k")
assigned to the same machine r at stage, either j or
E; i < S;jp musthold B, 5 < Sy

(2

Determining the total production time:

Cmax 2 Ei,m,kvi € I’ ke Kz (7)
Time limits:
0< S’ijk <TM 0 < Eijk < T™™Vq, 4, k. (8)

To carry out numerical calculations in Python, a
program for calculating process parameters has been
implemented.

Viel,je J\{m}keK,

viel,jeJ\{m} keK,.

— the end time of processing of a batch k of product ¢ at
stage j, X, € {0, 1} —a binary variable equal to 1 if
the batch (i, k) at the stage j is assigned to the resource
r, and 0 otherwise.

G,

max

Auxiliary variables: € Z+ — total production
completion time, Z; ;. ;75 € {0,1} — binary variable

of the order of operations.

The main goal is to minimize the total production

time:
Tmin = min CVmax (1)
where G, = maX;es kek, Eim i (the end time of

the last operation of the last batch at the last stage m).

Restrictions. Relationship between the start and end
times of operations:
Eiji =Sk +pij-qviel,je J ke K,

i 2
(For incomplete lots, qit is replaced by the actual

size).

ijk

Sequence of operations within one batch:

3)

“)

Cumulative resource constraint (non-overlapping
operations): No more than one operation can be
executed on each machine at any given time.

SleEJ,TGRj,tE[O,TmaX], (6)

Numerical experiments. To evaluate the effectiveness
of the developed model, computational experiments
of test
scenarios simulating the operation of a bakery with

were conducted on a set production
varying workloads. The experimental calculations were
performed using the Python programming language
and the Google OR-Tools library, which contains an

implementation of the CP-SAT solver.

The study examined production plans of varying
sizes, encompassing between 50 and 120 batches.
Each batch underwent a complete production cycle,
consisting of raw material preparation, dough mixing,
molding, proofing, baking, cooling, and packaging.
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Standard operating time values were set for each stage,
as well as resource availability constraints.

The overall time to complete the production plan
(makespan), defined as the completion time of the last
technological operation among all production batches,
was used as the efficiency criterion.

The following assumptions were made to conduct the
experiments:

» production resources are available throughout the
entire planning horizon;

* no equipment readjustment is required between
batches;

e the duration of operations  is

deterministic;

technological

* each operation is performed without interruption;

the technological sequence of operations is mandatory
for all types of products.

The results of the computational experiments are
presented in Table 1.

Table 1 - Optimization results

Amount Makespan Solution time
50 1340 1.2
70 1865 2.8
90 2417 4.6
120 3175 8.1

An analysis of the obtained results shows a consistent
increase in the overall production plan execution time
as the number of production batches increases. For
example, as production volume increases from 50 to
120 batches, the makespan value increases from 1340
to 3175 minutes. At the same time, the solver execution
time increases from 1.2 to 8.1 seconds.

It should be noted that the increase in computational
time is significantly slower than the increase in problem

size. This result demonstrates the high computational
efficiency of the CP-SAT method and its suitability for
solving practical production planning problems in a real-
world enterprise.

To wvisually present the optimization results, a
Gantt chart was constructed, reflecting the sequence
of technological operations for one production batch
(Figure 2).

Raw
Material
Preparation

Batch 1 Dough | ghaping Proofing
Mixing

Baking Cooling Packaging

100

150 200

Time, min

Fig. 2 - Gantt chart

The diagram shows that the production process
strictly follows the flow chart (Figure 3). Each
operation begins only after the previous stage is
completed, ensuring compliance with bakery production
requirements. The proofing stage takes the longest time,
reflecting the actual conditions of bakery production.

To assess the use of production resources, an
equipment loading diagram was constructed.

An analysis of equipment utilization shows that the
proofing, baking, and cooling sections are the most
intensively utilized. These stages are critical in terms
of production system throughput and have a significant
impact on the overall production cycle time.

Additionally, a comparative assessment of the
duration of technological operations for various types of
products was carried out (Figure 4).
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The data presented demonstrates that different types
of products are characterized by different durations of
individual processing stages. The greatest differences
are observed during the proofing and baking stages, due

to the specific recipes and production processes used to
produce these baked goods.

Packaging

Cooling

Oven 1

Proofing 1

Shaping

Mixer 1

Raw Material
Preparation

30 40 50 60

Busy Time, min

Fig. 3 - Bakery production workload diagram

60

50

Duration, min
w ~
o o

N
=

10

S“a‘j\ng

?‘ogﬁ'\oq

B Loaf Bread
B Pastries
B Buns

gax™® oo™ ?ac\(ag‘“g

Stages of the production process

Fig. 4 - Duration of technological operations by type of product

Thus, the results of the numerical experiments
confirm the viability of the developed mathematical
model and the effectiveness of the CP-SAT method
for solving production planning problems in bakeries.
The resulting schedules ensure the efficient use of
production resources, reduce equipment downtime, and
minimize overall order fulfillment time.

The obtained results confirm the effectiveness
of the CP-SAT constraint programming method for
solving production planning problems in bakeries.
Computational experiments demonstrated that the
proposed model enables the generation of feasible and
high-quality production schedules while adhering to the
technological constraints typical of bakery production.

An analysis of the results showed that with an increase
in the number of production batches, there is a consistent
increase in the objective function value and computation
time. However, the increase in computational costs is
significantly slower than the increase in problem size,
demonstrating the good scalability of the approach used.
Even for the largest experimental scenarios, the solution
search time remains acceptable for practical use in
operational production planning systems.

One of the key advantages of the CP-SAT method
is its ability to directly account for complex logical
and resource constraints. Unlike classical mixed-integer
linear programming (MILP) models, which require the
introduction of numerous additional binary variables
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and constraints, CP-SAT allows for a more natural
description of production processes using interval
variables, sequence constraints, and equipment usage
rules. This is particularly relevant for bakery production,
where strict time dependencies and equipment
availability constraints exist between individual process

operations.

The generated schedules ensure a more even
distribution of workload among production resources.
Analysis of equipment utilization charts shows that key
production capacities are utilized without significant
downtime, and the most critical sections of the
production line do not become bottlenecks in the
production process. This increases equipment utilization
and reduces lost production time.

It should be noted that the proposed model is
based on a deterministic description of the production
environment. In real-world conditions, the efficiency
of the production process can be affected by random
factors, such as deviations in the duration of process
operations, unscheduled equipment shutdowns, delays
in raw material deliveries, and changes in order
volumes. Therefore, the obtained results should be
considered a baseline scenario for enterprise operation
under known production parameters.

Conclusions. This article examines the problem
of optimizing production planning for a bakery
using the CP-SAT constraint programming method. A
mathematical model has been developed that takes
into account the sequence of process operations,
production resource constraints, time dependencies

between product processing stages, and the operational
characteristics of bakery equipment.

Based on the developed model, a solution
algorithm was implemented using the Google OR-
Tools library. Computational experiments confirmed
the feasibility of effectively generating production
schedules for problems of varying dimensions.
The results demonstrated that the CP-SAT method
minimizes the overall production plan execution time,
promotes a more even distribution of equipment load,
and reduces time losses associated with process line
downtime.

Unlike traditional approaches based on mixed integer
programming, the proposed method demonstrates high
computational efficiency when solving problems with a
large number of operations and constraints. This makes
it a promising tool for supporting decision-making in
modern digital manufacturing.

The developed model can serve as the basis for
creating intelligent production management systems
at food industry enterprises. Its application ensures
increased resource efficiency, improved production
planning, and reduced operating costs

optimized production schedules.
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