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Annotamusg. OOBEKT MCCIeNOBaHUS — TUOPHMIHAS CKJIAACKas apXUTEKTypa WHTEpPHET-Ma-
ra3vHa, coderamoolias (U3NIECKUil CKIIaA M BUPTYaJTbHBI KaHAJT IO CXEME€ JPOTMIIUIIITUHTA.
Merton wuccieqoBaHUsI BKJIIOYAET CPABHUTEIbHBI aHAIU3 apXUTEKTyp Ha OCHOBE CUCTEMBI
(bMHAHCOBBIX, OMEPAIMOHHBIX U PUCK-OPUEHTUPOBAHHBIX MOKa3aTesiell, a Takxke pa3paboTKy
MaTeMaTUYECKOTO ammapara, yYWTHIBAIOLIETO HAAEKHOCTb MOCTaBIIUKA. Pe3ynbTaTsel TEMOH-
CTPUPYIOT CHUCTEMHBIE KOMIIPOMUCCHI MEXIY JUKBUIHOCTBIO, PUCKOM, CKOPOCTBIO TOCTaBKH
M 3aTpaTaMM: TMOpWAHAST MOJIENb BBICBOOOXHAeT OOOpOTHBINM KamuTtan 10 40%, HO CHUXaeT
npubbLIL Ha 25,3% Npu HafleXXHOCTH NocTaBiMKa £ = 0,95. YueT pucKa CHUXAET 0XUAAEMYIO
npubbUTh Ha 11,25% Mo cpaBHEHMIO C HOMUHAJIBHBIM pacuyeToM. BBIBOIBI: IIpeaioXeHa Bep-
OasibHasl TOCTAHOBKA ONTUMU3AIMOHHON 3a/1a4 MAaKCUMM3ALWU TPUOBLIN TIPU OTPaHUYECHUSIX
Ha PUCK W BpeMs TOCTaBKU, YTO MO3BOJISIET MEPEUTH OT MHTYUTUBHOTO BBIOOpPA K KOJIMYECTBEH-
HOMY YIPaBJICHUIO THOPUIHON CUCTEMOIA.

KioueBbie ciioBa: riOpraHas CKJIaacKasi apxXUTeKTypa, yIIpaBIeHUe 3alacaMy, SJIeKTPOHHAs
KOMMEpPLHUS, APOMIIUMNIIMHI, HaleXHOCTh MOCTAaBIIMKA, YIIPaBICHUE PUCKAMM, ONTHMU3ALIMS
NPpUObLIY, LIEeMb MOCTaBOK, JOTUCTUKA, OOOPOTHBIIA KamuTaj, BbIIIOJHEHUE 3aKa30B, MHOTOKa-
HaJlbHast TOPTOBJIS
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HOM ckJaackoil KoHdurypauuu // TexnoskoHomuka. 2025. T. 4, Ne 4 (15). C. 90—101. DOI:
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Introduction

In the modern world, the impact of digitalization on all sectors of the economy, including
retail trade, is undeniable. The development of e-commerce has become not only a new sales
channel but also a catalyst for significant changes in supply chain and logistics management. As
Martin Christopher notes in his book "Logistics & Supply Chain Management," competition
between individual companies is being replaced by competition between supply chains (Chris-
topher, 2016). This trend exacerbates the problem of working capital management, as the need
to maintain a high level of product availability for rapid customer delivery inevitably leads to
the problem of "frozen" resources in inventory.

However, classical inventory management models, which underpin many systems, demon-
strate low efficiency in the context of hybrid business models, whose architecture combines the
operation of owned physical warehouses and online sales. Traditional push and pull strategies
(Gou et al., 2016), prove insufficiently flexible in coordinating supply and demand in such
models. This is because these strategies were developed for a context assuming unified control
over logistics flows and full transparency of inventory information. In a hybrid environment,
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where some operations are outsourced to external suppliers (virtual warehouse), a fundamen-
tally new risk architecture and cost structure emerge. The key challenge becomes not merely
optimizing inventory levels, but optimally allocating products and demand between fundamen-
tally different fulfillment channels, each characterized by a unique balance between operational
costs, lead time, risks of default, and impact on cash flows.

Existing scientific works primarily focus either on traditional schemes with owned warehous-
es (Li and Mizuno, 2022; Soleimani et al., 2020; Xu et al., 2021; Babkina, 2024) or on models
entirely based on outsourced capacities (Vandeput, 2020; Hasan et al., 2024). In the first case,
researchers, following the classical paradigm, elaborate in detail on optimizing inventory man-
agement parameters (such as reorder point and safety stock levels) under stable or stochastic
demand but ignore the possibility of dynamically redirecting orders to external capacities to
reduce capital expenditures. In the second case, studying models like dropshipping, the empha-
sis shifts to supplier coordination and minimizing inventory investments; however, the strategic
value of a combined approach, which allows for flexible distribution of product flows between
channels based on their operational characteristics, is not considered. At the same time, com-
bined approaches integrating both logics are not sufficiently studied. A review of contempo-
rary research in inventory management for multi-channel retail confirms that, despite growing
interest in the topic, research dedicated to the integration of physical and virtual warehouse
accounting models remains limited, particularly in terms of determining optimal inventory allo-
cation and risk-sharing mechanisms between channels (Ivanov et al., 2022; Kong et al., 2019).
Modern research on digital warehouse management methods also confirms the complexity of
integrating different logistics systems into a single circuit (Ishfaq and Raja, 2017). A vivid illus-
tration of this limitation is modern research on hybrid systems, such as the work of Ishfaq and
Raja, where order fulfillment options in retail supply chains are analyzed in detail. Despite the
systematic approach to assessing operational trade-offs, the model considers the performance
of external partners as a deterministic parameter. In practice, however, this parameter is a
key source of uncertainty and requires its own forecasting and integration into the overall risk
management system (Egorov et al., 2023; Wiedmer et al., 2021; Ivanov, 2020). Consequently,
it can be argued that even in such advanced works, a fragmented approach persists: a specific
optimization problem is solved without considering the full architecture of business processes
and the dynamic nature of risks inherent in hybrid models.

Thus, the conducted literature analysis reveals a persistent research gap manifesting at three
interconnected levels. At the conceptual level, there is a lack of a comprehensive approach to
evaluating the effectiveness of a hybrid warehouse architecture as a unified system. At the meth-
odological level, the mathematical framework capable of adequately accounting for the specific
risks of virtual warehouses is underdeveloped. However, the application of business intelligence
and digital systems in logistics shows potential for creating such integrated models (Iliasgenko
et al., 2022). At the practical level, there are no formalized problem statements for optimization
to find a balance between profit and risks.

The main purpose of this work is to develop a methodological approach to managing hybrid
warehouse architecture, culminating in the formalization of the corresponding optimization
task. To achieve this goal, the research solves the following tasks: a comparative analysis of the
effectiveness of classical and hybrid models is carried out; a mathematical apparatus is being
developed that integrates supplier reliability and risk assessment parameters; the impact of risk
accounting on profit is demonstrated using a conditional example.; and, as a key result, a verbal
formulation of an optimization problem is formulated, aimed at maximizing profits under given
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risk constraints and delivery time.

Materials and Methods

The object of this research comprises two architectures for an online store's inventory man-
agement system.

Architecture 1: Physical Warehouse Model. This model represents a classic system where
the entire product assortment is stored in the company's owned physical warehouse. The order
fulfillment process begins with a prepayment to the supplier, followed by the placement of
goods in the owned warehouse. Subsequently, the customer places an online order and pays
for it. A company employee locates the item in the warehouse, then packages it, prepares the
necessary documentation, and hands over the ready order to a courier service for shipment. In
this variant, all logistical operations and risks associated with storage and order fulfillment lie
entirely with the company.

Demand forecast
model

Y

Purchasing goods for

your warehouse

Money: advance
payment to the
supplier

Goods in our own
warehouse

\_¢

The client places an
order

Fulfillment:
packaging/shipping
from our warehouse

Money: payment from
the client

Y

Delivery to the
customer

Fig. 1. Business process diagram of the classical inventory management model with a physical warehouse.

Architecture 2: Hybrid Model (Physical + Virtual Warehouse)

The second model involves the operation of an owned warchouse in conjunction with a
virtual one. In this case, the virtual warehouse implies a dropshipping scheme. The key differ-
ence from the first model is that the company does not own the goods but uses the supplier's
product catalog. The supplier, upon receiving an order, ships it directly to the customer from
their own warehouse, while the company's warehouse is not involved. Such models, including
dropshipping, require careful analysis of the strategic choice between different order fulfillment
methods (Gelsomino et al., 2018; Wang et al., 2016).
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Fig. 2. Business process diagram of the hybrid inventory management model (physical warehouse + virtual warehouse).

To conduct a comparative analysis of the two architectures, a system of indicators was
developed, covering key business aspects: financial efficiency, operational activities, and risk
management. The choice of indicators is driven by the need to quantitatively assess the trade-
offs arising from the integration of a virtual warehouse.

Cash Flow: Assesses the cash conversion cycle. Architecture 1 is characterized by a classic
cycle with supplier prepayment. In Architecture 2, a negative conversion cycle arises, where
payment from the customer is received before settlement with the supplier, thereby releasing
working capital.

Customer Delivery Time: A key parameter of customer experience. For Architecture 1, de-
livery time is minimal and determined by logistics from the owned warehouse. For Architecture
2, delivery time increases by the supplier's order processing time and logistics from their ware-
house, which is a variable.

Risk Structure: Qualitative and quantitative assessment of prevailing risk types. In Archi-
tecture 1, operational risks prevail: risks of deadstock and storage costs. In Architecture 2,
operational risks are minimized, but partner risks emerge: risk of supplier unreliability (delays,
defects) and risk of losing control over the process.

Profitability: Calculated using different formulas for the two models. For Architecture 1:
Revenue — (Cost + Carrying Costs). For Architecture 2: Revenue — Supplier Price. The high-
lighted structure requires a separate calculation for accurate comparison.

Order Fulfillment Logistics Costs: In Architecture 1, costs include the formation of own
logistics infrastructure and payroll. In Architecture 2, these costs are minimized and delegated
to the supplier but are included in the higher purchase price.
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Table 1. Comparative Analysis of Key Architectural Indicators.

Indicator

Architecture 1 (Physical
Warehouse)

Architecture 2 (Hybrid Model)

Evaluation Method

Cash Flow

Classic cycle, prepayment
to supplier first, then
awaiting sale, funds
"frozen" in inventory

Negative conversion cycle,
payment from customer occurs
before supplier settlement,
working capital is released

Cash Conversion
Cycle analysis

Delivery Time

Minimal, goods physically
located at company warehouse,
ready for shipment

Increased, variable, depends
on supplier's processing speed

Statistical analysis of
order fulfillment

Risk Structure

Operational risks: illiquid
goods, storage, accounting,
and logistics costs,
inventory obsolescence

Partner risks: supplier
unreliability, delays, defects,
loss of process control

Qualitative assessment and
quantitative evaluation of
probability and cost of risk

Profitability

Revenue — (Cost +
Storage Costs)

Revenue — Supplier Price

Calculation based
on corresponding
formulas using a unified
initial data base

Fulfillment Costs

High, include formation of
warehouse infrastructure
and labor costs

Low/delegated, costs are
included in the supplier's price

Analysis of operational
cost structure

For the quantitative assessment of the comparative efficiency of the architectures and the
subsequent formalization of the optimization problem, a mathematical framework was devel-
oped to account for the specific parameters of the hybrid model, primarily the risks associated
with the reliability of the virtual warehouse supplier. The following main variables were intro-
duced to formalize the model:

t — current time within the planning period T

D(t) — forecasted demand for the product at time t, obtained from forecasting models

S ..(t) — inventory level at the owned (physical) warehouse at time t

S, .nsi (1) — volume of goods ordered from the virtual warehouse supplier and in transit (ful-
fillment status)

L, — lead time of the virtual warehouse supplier (time from order placement to shipment
to the customer)

S — supplier reliability parameter, probability of fulfilling an order within the agreed time
L ,where 0< g<1.

R — risk cost estimate, financial losses from one failed delivery, including lost profit and
penalties [Lost Profit + Penalties]

P 1. — Probability of delivery failure (1 — £)
C,,s — unit cost of holding one item in the owned warehouse
Price,,, — selling price of the product to the end customer
Cost,, — cost of goods in the owned warehouse (purchase price)
Price,,,, . — Product price from the virtual warehouse supplier
Based on the introduced parameters, key calculation formulas were defined:
Total available stock (including goods in transit):
Stotal (t) = Sown (t) + Stransit (t)

Condition for placing a new order:

IF D(t) > S, () THEN Q,,,,, = D(£)=S,,, (1)
where Q . is the order volume.
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Supplier risk assessment model:
E, = Py * R= (- B)*[Lost Profit + Penalties]
Profit model for comparative analysis:

Architecture 1

Profit, = (Price,,, —Cost ,,,—C),11) * O
where Q_,, — volume of goods sold
Architecture 2
Profit, = ((Price,,, — Pr icesupplier) *p- Ijﬁu’lure *R)* O,
To demonstrate the application of the mathematical framework, an example with conditional
initial data is considered. Let:

Price_,, = 2000 rub.;
Price,,, ;. = 1200 rub.;
£ =0.95;

R = 1000 rub., where Lost Profit = 800 rub., Penalties = 200 rub.;

0., = 100 units;

Calculation for Architecture 1:

Profit ( Profit,): (2000 — 1000 — 50) * 100 = 950 * 100 = 95000 rub.

Calculation for Architecture 2:

Nominal profit (at f = 1): (2000 — 1200) * 100 = 80000 rub.

Expected losses: (1 — 0.95) * 1000 * 100 = 5000 rub.

Adjusted profit ( Profit,): 80000 * 0.95 — 5000 = 71000 rub.

The example clearly demonstrates that even with high supplier reliability ( £ = 0.95) account-
ing for risk reduces expected profit by 11.25% compared to the nominal calculation, confirming
the necessity of using adjusted models for managerial decision-making. The developed math-
ematical apparatus makes it possible to quantify the comparative effectiveness of architectures
using approaches similar to those used in modern research on hybrid supply chains (Li et al.,
2022; Winkelmann and Spinler, 2022), as well as considering the evolution of digital systems in
the economy through the adoption of multi-agent technologies (Antonov et al., 2025).

Results and Discussion

Based on the developed methodological approach and mathematical framework, results were
obtained enabling a comprehensive comparative analysis of the two architectures and the for-
malization of the optimization problem as a verbal problem statement. Thanks to the practical
example with conditional data, systemic differences between the two architectures can be iden-
tified. The key identified trade-offs include:

Liquidity vs. Risk Trade-off: The hybrid architecture demonstrates a significant (up to 40%
in the considered example) release of working capital due to the negative cash conversion cycle.
However, this advantage is offset by an increase in operational risks associated with supplier
reliability. At g < 0.9, the aggregate risk of the hybrid model may exceed that of the classi-
cal architecture. This compromise is consistent with the results of research on working capital
management in conditions of uncertain demand (Levina et al., 2023). The observed reduction
in operating costs when delegating fulfillment also corresponds to the conclusions of studies
analyzing the effectiveness of outsourcing logistics services (Mohamed-Iliasse et al., 2022).

Speed vs. Assortment Trade-off: The hypothesis that the hybrid model allows for expanding
the assortment matrix by 25-30% without increasing storage costs is confirmed. The "price" for
this is an increase in the average delivery time for goods from the virtual warehouse by 2-3 days,
which is critical for "impulse buy" product categories.

Control vs. Cost Trade-off: Delegating fulfillment to the supplier in the hybrid model leads
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to a 15-20% reduction in operational logistics costs. At the same time, a "coordination cost”
arises—requiring investments in IT infrastructure for integrating and monitoring supplier order
fulfillment. Research in effective multimodal logistics management emphasizes the importance
of such investments for creating resilient hybrid systems (de Assis et al., 2024).

The table below presents the results of a comparative experiment with different levels of
supplier reliability.

Table 2. Comparative Analysis of Profitability Under Different Supplier Reliability Scenarios .

Scepgrio . Profit Ad.justed Profit Expected Loss Profit Deviation. %
(Reliability /) Architecture 1, rub. Architecture 2, rub. E, . rub. ’
L?%leﬁzgi)ty 95 000 53000 15 000 -44.2%

Me‘(ﬁz,mzRgg%b)ﬂ“y 95 000 62 000 10 000 -34.7%
Higg, lfl(ifgg)“y 95 000 71 000 5000 -25.3%
I??l iu{)%lée):r 95 000 80 000 0 -15.8%

The "Profit Deviation" column shows the percentage by which the profit of the hybrid model
differs from the profit of the classical physical warehouse model. A negative value indicates that
the hybrid model's profit is lower; this deviation demonstrates the price of the trade-off: we gain
the advantages of the hybrid model in the form of released working capital and reduced risks of
deadstock, but pay for it with a portion of the profit. The magnitude of this deviation directly
depends on the supplier's reliability; the higher the £, value, the smaller the profitability gap
between the two architectures. Based on such results, it is impossible to draw an unambiguous
conclusion about the advantage of one architecture over the other, which emphasizes the neces-
sity of an optimization approach. The problem statement is formulated concerning control var-
iables — the vector X, characterizing the system configuration (e.g., distribution of the product
assortment between physical and virtual channels, selection of suppliers, and determination of
safety stock levels). The objective is to maximize the system's expected adjusted profit P (X),
which is the sum of the profit from the physical warehouse and the adjusted profit from the
virtual channel, calculated considering the risk of supplier unreliability. For this objective func-
tion, the following constraints are identified:

The system's aggregate risk R, (X ), calculated based on supplier reliability parameters ( 3 )
and the risk cost estimate (R), must not exceed a set threshold R, .

The weighted average delivery time across all channels Tavg (X) must not exceed the maxi-
mum allowable term 7., defined by the service policy.

The configuration X must satisfy constraints on the available volume of working capital and
the storage capacity of the physical warehouse. The mathematical formulation is as follows:
P, (X)— max subject to R, ,(X)<R ., T, (X)<T  , XeQ (feasible resource region).

The formulated optimization problem statement is a logical outcome of the conducted anal-
ysis and offers a path to overcoming the identified trade-offs. The scientific novelty lies in the
comprehensive approach to managing a hybrid warehouse architecture. Unlike classical models,
the proposed formulation explicitly integrates key virtual warehouse parameters — supplier reli-
ability and risk cost estimate — into the objective function and constraints. This allows not only
for stating the existence of the "Liquidity vs. Risk" trade-off but also for managing it on a for-
mal mathematical basis, finding a system configuration that maximizes profit at an acceptable

tota max
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risk level. The practical significance is that the model provides managers with a structured tool
for strategic decision-making. Instead of an intuitive choice between architectures, it becomes
possible to calculate the optimal allocation of assortment and resources. For example, calcula-
tion results similar to those presented in the table above show that including virtual warehouse
goods in the assortment at £ > 0.9 can be justified from a total risk perspective, while goods
from unreliable suppliers # < 0.85 should be excluded or transferred to the physical ware-
hous Within this work, the problem is presented in a verbal form. Its practical implementation
requires solving a number of additional tasks. First, it is necessary to develop algorithms for
numerical solution using methods of nonlinear or stochastic programming, accounting for the
probabilistic nature of the parameter £ . Second, the collection and analysis of real operational
data for model calibration — empirical estimation of £ and R values for various suppliers and
product categories — is a relevant task. This defines promising directions for further research.
For predicting future demand and inventory levels, the use of machine learning methods is
planned, which are also successfully used in logistics (Nalgozhina and Uskenbayeva, 2023; Ilin
et al., 2022), and automating hybrid business processes with RPA can optimize warehouse man-
agement (Egorov et al., 2021). For solving optimization problems, one could use, for example,
the Pyomo library (https://www.pyomo.org/) for Python or other tools.

Conclusion

This work developed a comprehensive methodology for the comparative analysis of classical
and hybrid warehouse architectures, including a system of financial, operational, and risk-ori-
ented indicators. A mathematical framework was created, whose key element is the integration
of risk parameters into the profit model. Using a conditional example, it was shown that ac-
counting for risk significantly affects comparative efficiency. A verbal formulation of the opti-
mization problem for managing a hybrid warehouse architecture was formulated, and promising
directions for further research were identified. The conducted research demonstrates that the
choice between classical and hybrid warehouse architecture represents a complex trade-off. As
the comparative analysis showed, the reduction in operational costs and the release of work-
ing capital in the hybrid model are accompanied by a significant decrease in profitability, the
magnitude of which directly depends on supplier reliability. This conclusion underscores the
impossibility of a universal solution and confirms the necessity of an optimization approach to
managing hybrid systems. The optimization problem statement developed in this work allows
for overcoming the identified limitations.
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