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Abstract

Pharmaceutical supply chains represent one of the most operationally demanding environments for artificial intelligence
deployment, requiring continuous demand forecasting, expiration tracking, procurement automation, and multi-location
coordination under conditions that permit minimal margin for error. This paper presents the design, implementation, and
real-world deployment outcomes of Restocks Al, an autonomous multi-agent Al platform engineered to replace manual
pharmaceutical supply chain operations at national scale. The system integrates predictive inventory engines, multi-agent
decisioning frameworks, distributed task-processing infrastructure, and real-time data pipelines to autonomously manage
end-to-end supply chain operations across geographically dispersed pharmacy networks. The platform was deployed
across two pharmaceutical organizations in Uzbekistan spanning a combined 427 pharmacy locations across all 14
administrative regions, including one of the country's largest private pharmacy networks (150+ locations) and the largest
government-operated pharmaceutical institution (277 locations). Deployment results demonstrated 70% reduction in
manual operational workload, 30% acceleration of replenishment cycles, 65% reduction in pharmaceutical expiration
waste, 70% reduction in stockout incidents, and a combined financial impact of 812 billion Uzbek sum. These results
demonstrate that autonomous multi-agent Al systems can effectively manage pharmaceutical supply chains at national
scale, offering a replicable architecture with significant implications for healthcare infrastructure, public health outcomes,
and the broader application of multi-agent Al in critical industries.
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1. Introduction

Pharmaceutical supply chain management presents a
unique set of operational challenges that distinguish it
from conventional retail or manufacturing logistics.
Failures in pharmaceutical supply chains carry direct
consequences for patient health and public safety:
stockouts delay critical treatments, undetected expiration
creates safety risks, and slow procurement cycles can
leave entire regions without essential medications for
days or weeks [1], [2]. Despite these stakes, the majority
of pharmaceutical supply chains worldwide, particularly
in developing and middle-income countries, continue to
depend on manual oversight, fragmented data systems,
and reactive decision-making processes [3].

The scale of the problem is well documented. Studies in
developing countries have shown pharmaceutical
wastage rates reaching 37.1% at public health facilities,
with expiration accounting for over 92% of wastage [4].
Stockout rates for essential medicines in some regions
exceed 30%, with direct effects on treatment outcomes
and downstream healthcare costs [5]. The World Health
Organization has repeatedly identified weak supply
chain infrastructure as a primary barrier to medicine
access in developing nations [6]. A 2024 McKinsey
survey found that supply chain disruptions now occur on
average every 3.7 years, costing organizations up to 45%
of a year's profits over a decade [7].

Existing technological interventions in pharmaceutical
supply chains have largely focused on decision-support
tools: dashboards, alerts, and analytics platforms that
inform human operators but do not replace their role in
routine decision-making [8]. While these tools offer
incremental improvements, they do not resolve the
fundamental bottleneck, which is the dependence on
human intervention for high-volume operational
decisions across dispersed locations. Recent advances in
multi-agent systems and deep reinforcement learning
have demonstrated the potential for autonomous
decision-making in supply chain environments [9], [10],
[11], but real-world deployment of fully autonomous
systems in pharmaceutical settings at national scale
remains largely undocumented in the literature.

This paper addresses that gap. It presents Restocks Al a
fully autonomous multi-agent Al platform designed to
independently manage pharmaceutical supply chain
operations without human intervention across the
complete operational cycle: demand forecasting,
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purchase order generation, vendor communication,
shipment tracking, invoice verification, shortage
prediction, expiration management, and enterprise
system synchronization. The platform was deployed
across two major pharmaceutical organizations in
Uzbekistan, spanning a combined 427 pharmacy
locations across all 14 administrative regions of the
country.

The contributions of this paper are as follows: (1) a multi-
agent architecture designed for autonomous operation in
high-stakes, zero-tolerance healthcare environments; (2)
deployment evidence demonstrating that Al systems can
effectively replace, not merely augment, human
operators in pharmaceutical supply chain management;
and (3) quantitative outcomes at national scale that
validate the viability of autonomous Al as critical
healthcare infrastructure.

2. Related Work
2.1 Al in Pharmaceutical Supply Chains

The application of artificial intelligence to
pharmaceutical supply chains has received growing
scholarly attention. Kaur and Prakash [9] formulated the
pharmaceutical inventory replenishment problem as a
Markov  Decision Process and applied Deep
Reinforcement Learning to optimize order quantities,
demonstrating improvements in service levels and
reductions in expiration-related waste. Vadaga et al. [8]
provided a comprehensive review of digital
transformation in pharmaceuticals, identifying Al-driven
demand forecasting, inventory optimization, and
logistics coordination as key areas of impact while noting
that widespread adoption remains limited by regulatory
challenges, data privacy concerns, and integration
difficulties with legacy systems.

A 2025 systematic review by Sustainability [3] found
that publications on Al and machine learning in
pharmaceutical supply chain resilience nearly doubled
between 2022 and 2024, indicating rapidly growing
academic interest but also noting that most studies
remain theoretical rather than deployment-focused.

2.2 Multi-Agent Systems for Supply Chain
Management

Multi-agent systems have a long history in supply chain
research, building on foundational work by Wooldridge
and Jennings [12] on intelligent agent architectures.



The American Journal of Engineering and Technology

ISSN 2689-0984

Recent work has expanded significantly. Yang et al. [10]
proposed a multi-agent deep reinforcement learning
framework integrating transformer-based demand
forecasting with hierarchical reinforcement learning
agents for joint demand-inventory optimization in
sensor-enabled  retail environments. Mittal [11]
developed an autonomous pharmaceutical supply chain
framework using LSTM forecasting coupled with multi-
agent deep reinforcement learning (MADDPG),
demonstrating cost reductions from $1.25M to $0.85M
and a 99.1% service level in a vaccine distribution
simulation.

Jannelli et al. [13] introduced LLM-based agentic
frameworks for supply consensus-seeking,
demonstrating that multi-agent LLM systems reduce

chain

bullwhip effects in inventory management and can
outperform traditional restocking policies. Wang et al.
[14] provided a comprehensive survey of LLM-based
autonomous agents, proposing a unified framework for
agent construction across domains.

2.3 Gap in the Literature

While the above works demonstrate the theoretical
potential and simulation-based validation of multi-agent
Al in supply chains, real-world deployment of fully
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autonomous systems in pharmaceutical environments at
national scale remains largely absent from the literature.
Most published results rely on simulated or controlled
environments rather than production deployments across
hundreds of locations with live operational data. This
paper addresses that gap by reporting outcomes from a
production deployment spanning 427 pharmacy
locations across an entire country.

3. System Architecture and Methodology
3.1 Design Principles

The Restocks Al platform was designed around four core
principles:

(a) Full operational autonomy: The system must execute
end-to-end supply chain operations without requiring
human intervention for routine decisions. (b) Predictive
operation: All procurement and inventory decisions are
based on forecasted conditions, not observed shortages.
(c) Distributed scalability: The architecture must support
hundreds of concurrent locations without performance
degradation. (d) Zero-tolerance reliability: Accuracy and
uptime standards must meet the requirements of
healthcare infrastructure where failures carry patient-
safety consequences.
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3.2 Multi-Agent Decisioning Framework

The platform employs a multi-agent architecture in
which specialized Al agents are responsible for distinct
operational domains: demand forecasting, procurement
execution, vendor communication, shipment tracking,
invoice verification, expiration monitoring, and system
synchronization. Each agent operates autonomously
within its domain while coordinating with other agents
through a shared decisioning layer that maintains
operational coherence across the supply chain cycle. This
design enables the system to process thousands of
concurrent operations across hundreds of geographically
dispersed locations without centralized bottlenecks.

The multi-agent approach was selected over monolithic
architectures for three reasons: (1) it allows independent
scaling and optimization of each operational function; (2)
it enables fault isolation, where a disruption in one
agent's domain does not cascade to others; and (3) it
mirrors the organizational structure of real-world supply
chains, where procurement, logistics, and inventory
functions operate as distinct but coordinated teams.

Inter-agent coordination is managed through a shared
state layer using an event-driven message queue backed
by Redis, which maintains a consistent view of inventory
positions, in-transit orders, and pending procurement
actions across all agents. Each agent publishes state
updates upon task completion, enabling downstream
agents to act on current data without polling or manual
triggers. Conflict resolution between agents (e.g., when
the expiration agent and demand forecasting agent
generate competing procurement signals for the same
SKU) is handled through a priority-weighted arbitration
protocol that factors in patient-safety criticality, shelf-life
constraints, and demand urgency.

3.3 Predictive Inventory Engine

The demand forecasting component utilizes gradient-
boosted ensemble models (LightGBM) trained on 24
months of historical consumption data encompassing
over 10,000 unique pharmaceutical SKUs across all
locations. Input features include historical dispensing
volumes, day-of-week and seasonal demand patterns,
regional demographic indicators, promotional and
regulatory event flags, and real-time on-hand inventory
signals. The models generate rolling 14-day forward
demand projections at the SKU-location level, which
drive automated procurement decisions. Purchase orders
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are generated before shortages develop rather than in
response to observed depletion. The engine continuously
recalibrates on a daily basis using incoming dispensing
data, achieving a mean absolute percentage error
(MAPE) of 14.8% across the deployed SKU catalog.

This approach aligns with recent findings that Al-driven
demand forecasting can reduce forecast errors by 30-
50% compared to traditional statistical methods and
achieve inventory reductions of 20-30% [15].

3.4 Distributed Task-Processing Infrastructure

To support national-scale deployment, the platform
utilizes a distributed task-processing architecture built on
a Celery task queue with Redis as the message broker,
enabling parallel execution of forecasting, procurement,
tracking, and synchronization operations across all
locations simultaneously. The system processes over
45,000 autonomous task executions daily across the full
pharmacy network. Real-time data pipelines connect
each pharmacy location to the central intelligence layer
via REST API integrations with each organization's
enterprise resource planning system, ensuring that
inventory signals, shipment updates, and procurement
confirmations flow continuously with end-to-end latency
under five minutes. The architecture is horizontally
scalable, with task throughput scaling linearly as
additional worker nodes are provisioned.

3.5 Expiration Management Module

A dedicated expiration tracking agent monitors the shelf
life of all pharmaceutical inventory across every
location, maintaining a real-time expiration ledger of
over 350,000 active SKU-location-batch records. The
agent applies configurable expiration thresholds (90-day,
60-day, and 30-day warning tiers) and triggers graduated
responses: redistribution recommendations for products
nearing expiration at low-demand locations, accelerated
promotional  dispensing alerts, and automatic
procurement suppression for SKUs with sufficient
unexpired stock. This module operates in coordination
with the demand forecasting engine, ensuring that
reorder quantities account for existing stock lifecycles
and that new procurement does not introduce inventory
that will expire before projected consumption.

4. Deployment and Results

4.1 Deployment Context
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The platform was deployed across two pharmaceutical
organizations in Uzbekistan:

Organization A: OXYMED, one of Uzbekistan's largest
private medical supply and pharmacy networks,
operating over 150 locations nationwide with centralized
procurement, warehousing, and distribution operations
across geographically dispersed regions.

Organization B: The Central Polyclinic of the Ministry
of Internal Affairs of the Republic of Uzbekistan, the
country's largest government-operated pharmaceutical
and medical institution, operating 277 government
pharmacy locations across all 14 administrative regions
(Republic of Karakalpakstan, Tashkent City, and 12
viloyats) with an annual pharmaceutical procurement
budget exceeding 1.2 trillion Uzbek sum.

Both organizations faced structurally similar pre-
deployment challenges: manual inventory tracking,
fragmented data across locations, reactive procurement,
high pharmaceutical expiration waste, frequent
stockouts, and significant labor allocation to routine
reconciliation tasks. Uzbekistan's pharmaceutical sector
is undergoing significant digital transformation, with
over 220 private pharmaceutical companies operating in
the country and government-mandated serialization
requiring comprehensive tracking from production
through retail [16].

4.2 Measurement Methodology

Performance metrics were derived from operational data
recorded in each organization's enterprise resource
planning (ERP) and warehouse management systems.
Baseline measurements were collected over a six-month
pre-deployment observation window using historical
records maintained by each organization. Post-
deployment metrics were measured over a six-month
period following full production rollout.

Key metrics were defined as follows:
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(a) Manual operational workload: measured as total
labor-hours per week allocated to routine supply chain
tasks  (inventory  counting, order placement,
reconciliation, vendor communication), as reported by
operations management at each organization.

(b) Replenishment cycle time: measured as mean elapsed
time from automated shortage detection (or reorder point
trigger) to confirmed delivery at the requesting location,
in days.

(¢) Procurement cycle time: measured as mean elapsed
time from purchase order generation to goods receipt
confirmation in the ERP system, in days.

(d) Pharmaceutical expiration waste: measured as total
wholesale acquisition cost of pharmaceutical units
disposed due to expiration, aggregated monthly in local
currency (UZS).

(e) Stockout incidents: defined as SKU-location pairs
with zero on-hand inventory and nonzero demand
(recorded dispensing attempts or unfulfilled requests)
during any 7-day rolling window, counted monthly.

(f) Distribution delays: measured as the percentage of
inter-location transfer orders exceeding their scheduled
delivery window by more than 24 hours.

All metrics were extracted from ERP transaction logs and
validated against operational reports provided by each
organization's management. No self-reported or survey-
based measurements were used for quantitative
outcomes.

4.3 Quantitative Qutcomes

Table 1 summarizes the key performance metrics
observed across the combined deployment. Baseline and
post-deployment values represent means over the
respective measurement windows described in Section
4.2.
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Table 1. Deployment performance metrics.

Metric Org Pre-Deployment | Post-Deployment | Change
Manual operational workload (labor- A 824 247 —=70.0%
hours/week)
Manual operational workload (labor- B 1,518 455 —70.0%
hours/week)
Mean replenishment cycle time (days) Combined 11.6 8.1 -30.2%
Procurement cycle time (days) B 18.0 3.8 —78.9%
Pharmaceutical expiration waste (billion B 69.2 242 —65.0%
UZS/quarter)
Stockout incidents (monthly count) A 452 136 —69.9%
Stockout incidents (monthly count) B 863 259 =70.0%
Distribution delays (% orders exceeding SLA) Combined 31.8 7.9 =75.2%
Staff reassigned from manual tasks B 0 50+ —
Expiration waste cost recovery (billion UZS, B — 180 —
cumulative)
Combined financial impact (billion UZS, B — 812 —
annualized)

Note: "Combined" indicates aggregated metrics across both organizations. Pre-deployment values represent six-month

baseline means; post-deployment values represent six-month post-rollout means.

4.4 Qualitative OQutcomes

Beyond quantitative metrics, the deployment
demonstrated several outcomes significant to the field:

(a) National-scale continuous operation: The platform
operated across all 14 administrative regions of
Uzbekistan without performance degradation, validating
the distributed architecture's capacity for true national-
scale deployment.

(b) Government-grade reliability: The system met the
precision and uptime requirements of a government
healthcare institution where operational failures carry
direct public health consequences and where every sum
saved flows directly into the national healthcare budget.

The Am. J. Eng. Technol. 2026

(¢) Operational model transformation:  Both
organizations shifted from reactive to predictive
operations, with human roles transitioning from routine
decision-making to strategic oversight, a qualitative

change that extends beyond efficiency gains.
5. Discussion
5.1 Implications for AI Research and Practice

The deployment outcomes carry several implications for
the broader field of artificial intelligence.

First, they provide production-environment evidence that
multi-agent Al systems can achieve full operational
autonomy in high-stakes pharmaceutical environments.
While recent work has demonstrated the potential of
multi-agent reinforcement learning in simulated supply
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chain environments [10], [11], production deployments
at this scale in healthcare settings have been largely
absent from the literature. The results reported here
demonstrate that the transition from simulation to
deployment is viable and produces measurable
improvements at national scale.

Second, the results challenge the prevailing assumption
that Al in healthcare operations should be limited to
decision-support roles. The Restocks Al platform does
not recommend actions for human operators. It executes
the full operational cycle autonomously. The deployment
outcomes suggest that this approach, when supported by
sufficient architectural rigor, produces results that exceed
those achievable through augmented human decision-
making in high-volume operational contexts.

Third, the scale of deployment, 427 pharmacy locations
across an entire country, positions autonomous Al not as
an optimization tool but as critical infrastructure. This
aligns with emerging research on agentic Al systems in
supply chains [13] and suggests that the role of Al in
healthcare logistics may need to be reconceptualized
from tool to infrastructure layer.

5.2 Contribution to Healthcare Supply Chain
Management

The application of autonomous Al to pharmaceutical
supply chain management addresses a significant gap in
healthcare technology. While Al has been widely
adopted in diagnostic imaging, drug discovery, and
clinical decision support, the operational infrastructure
that ensures medications reach patients has received
comparatively less attention from the Al research
community [8]. This paper demonstrates that the
operational layer of healthcare represents a high-impact
domain for Al deployment.

The pharmaceutical expiration waste reduction of 65%
and the stockout reduction of 70% are particularly
significant given that studies in developing countries
have documented wastage rates exceeding 37% and
stockout rates above 30% for essential medicines [4], [5].
The results suggest that autonomous Al systems can
address these challenges at a scale and speed that manual
processes and decision-support tools cannot match.

5.3 Replicability and Global Applicability

The architecture is designed for replicability. The multi-
agent framework is modular, allowing individual agents
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to be configured for different regulatory environments,
pharmaceutical categories, and distribution models.
Deployment across two organizationally distinct entities,
one private and one government, demonstrates
adaptability. These characteristics suggest applicability
to pharmaceutical supply chains globally, including in
markets with larger scale and greater complexity. A
companion paper [17] provides a detailed analysis of the
deployment within the context of Uzbekistan's national
digital transformation strategy and its implications for
Central Asian healthcare systems.

5.4 Limitations

Several limitations should be noted when interpreting
these results.

First, the author is the founder and CEO of Restocks Al,
the platform evaluated in this study. While all
quantitative metrics were derived from client ERP
systems and operational records maintained by the
respective organizations (not self-reported by the author
or Restocks Al), the absence of independent third-party
evaluation represents a methodological limitation. Future
work should incorporate independent audits of
deployment outcomes.

Second, both organizations transitioned fully to the
Restocks Al platform without maintaining a parallel
control group operating under pre-deployment
conditions. The reported improvements therefore reflect
pre/post comparisons rather than controlled experimental
results. It is possible that a portion of the observed gains
reflects the general effect of digitization and process
standardization rather than Al-specific capabilities,
though the magnitude of improvements (particularly the
79% reduction in procurement cycle time and 65%
reduction in expiration waste) substantially exceeds
typical digitization-only benchmarks reported in the
literature.

Third, the deployment is limited to pharmaceutical
supply chains in a single country (Uzbekistan), and
results may not generalize directly to markets with
different regulatory frameworks, supply chain structures,
or data infrastructure maturity. Further validation across
additional countries and healthcare systems is needed.

Fourth, the platform has also been deployed in industrial
manufacturing in China (cement production), suggesting
cross-industry applicability, but only pharmaceutical-
specific results are reported here.
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5.5 Future Research

Future work will focus on expansion to additional
countries and healthcare systems, incorporation of
independent third-party evaluation methodologies,

controlled deployment studies where feasible,
integration of additional data sources (e.g.,
epidemiological signals, weather-driven demand

patterns) for improved forecast accuracy, and
development of cross-network intelligence sharing
mechanisms that enable anonymized learning across
organizationally distinct pharmacy networks.

6. Conclusion

This paper has presented the architecture, deployment,
and outcomes of Restocks Al, an autonomous multi-
agent Al platform for pharmaceutical supply chain
management at national scale. The results demonstrate
that autonomous Al systems can effectively and reliably
replace manual operations in one of the most demanding
environments in healthcare, delivering measurable
improvements in efficiency, waste reduction, and
financial performance while maintaining the precision
required for critical healthcare infrastructure. These
findings contribute to the growing evidence that
autonomous multi-agent Al is viable as national-scale
healthcare infrastructure and offer a replicable
framework for deployment in pharmaceutical supply

chains and other critical industries globally.
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