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Received: 28 March 2026 Modern enterprise e-commerce platforms operate under conditions where
promotional evaluation must occur at every buyer touchpoint without
compromising the millisecond-level response windows that conversion rates
depend on. Legacy sequential architectures buckle under the combinatorial
complexity of multi-layered incentive structures, creating bottlenecks that
degrade user experience precisely when platform engagement is highest. An
architectural synthesis rather than a new algorithm addresses this structural
problem. Three mature distributed patterns converge into a framework where
transactional integrity and discovery throughput reinforce each other rather
than compete. Scatter-gather orchestration handles the concurrency problem,
polyglot persistence handles the data access problem, and the transactional
outbox pattern handles the consistency problem, each solving a distinct
dimension of the incentive evaluation challenge without introducing
dependencies that would compromise the others. Complex evaluation tasks are
split into independent concurrent operations, keeping latency constant as
incentive catalog depth grows rather than allowing it to scale linearly with
complexity. Relational databases anchor the consistency requirements, while
read-optimized NoSQL stores carry the discovery workload, with Apache Kafka
event streaming handling the synchronization between write operations and the
high-volume read path that billions of daily evaluation requests depend on.
Parallelized batch processing pipelines carry this architectural discipline
outward to affiliate networks and advertising platforms, keeping external
partner ecosystems current with internal promotional states without pulling
latency back into the evaluation path where it would cost conversion. The result
is a production-ready blueprint that treats tail latency as a design constraint
rather than a monitoring concern, building resilience patterns into the
foundation so that real-time personalization at a global enterprise scale survives
the traffic conditions that expose weaker architectures. Platforms built on these
principles demonstrate the capacity to absorb traffic spikes of substantial
magnitude while maintaining the sub-50 ms response windows that separate
high-performing promotional engines from those that surrender conversion
opportunities to infrastructure constraints.
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1. Theoretical Foundations of Promotional Evaluation Complexity

Promotional analysis in distributed commerce is a constraint evaluation problem subject to severe
temporal restrictions. When a purchaser accesses an item page, the platform must balance three
distinct incentive layers concurrently: global platform incentives, merchant-specific campaigns, and
customer-specific loyalty rewards. [6] Reliability at this massive scale is one of the primary challenges
facing large-scale e-commerce operations, as even minor outages carry significant financial
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consequences and impact customer trust. [9] Each layer possesses unique lifecycle requirements,
eligibility logic, and data consistency constraints.

Legacy promotional engines use sequential processing models that interrogate all incentive sources
linearly. This creates a primary architectural bottleneck. The relevance cascade, the process of
identifying the most likely promotion to trigger a purchase, must finish before the page can render.
Latency behavior in high-traffic systems is nonlinear. As load nears capacity limits, wait times grow
disproportionately due to amplified queuing theory effects. [1] Consequently, promotional evaluation
becomes a precision engineering problem requiring a fully budgeted execution time for the distributed
call graph.

Enterprise applications assign a resourceful limit on latency throughout the request lifecycle.
Combinatorial incentive eligibility further increases complexity. A single product may be
simultaneously eligible for global discounts, seller-imposed coupon codes, tiered pricing, and loyalty
benefits. This real-time state-space traversal necessitates a shift from simple database lookups to
distributed reasoning frameworks. Parallel execution within these frameworks absorbs catalog
complexity at the infrastructure level, keeping the latency profile the customer experiences
disconnected from the number of promotions the engine is evaluating behind it [1].

grganizatio Latency Change Impact on Business Metric

Akamai 100 ms delay 7% decrease in conversion rates
Amazon 100 ms delay 1% decrease in total revenue

Walmart 100 ms improvement 1% increase in incremental revenue
Google 400 ms delay 0.44% drop in search volume

Pinterest 40% reduction in wait time | 15% increase in sign-ups and SEO traffic
Deloitte 100 ms improvement 8.4% increase in retail conversion rates

Table 1: Impact of Latency Changes on Business Performance Metrics

2. Literature Review and Related Work

Foundational work on web-scale responsiveness shaped how distributed evaluation architectures
approach the latency problem. Dean and Barroso's Tail at Scale demonstrated that a single slow
response within a large fan-out service determines what the end user experiences, making the outlier
rather than the median the metric that actually governs perceived performance [1]. Amazon's
production data reinforced this finding from a commercial angle, demonstrating that every 100 ms of
additional latency correlates to a measurable decrease in sales, establishing the commercial stakes of
tail-tolerant techniques that mask variability across distributed call graphs. [2]

2.1 Microservices Orchestration vs. Choreography

Two primary coordination paradigms govern distributed service interaction: choreography, which
relies on asynchronous message-passing between services, and orchestration, which routes
coordination through a central controller. [5] Workflow engines such as Netflix Conductor deliver
centralized visibility and auditability but carry formal modeling overhead that constrains their
viability for sub-100 ms discovery workloads. [13] High-concurrency systems built for retrieval at
scale, such as Airbnb's candidate retrieval engine, resolve this tension through sharded scatter-gather
architectures that score millions of candidates per second while maintaining low latency. [3] The
architecture presented here extends these sharding patterns with specialization for recursive eligibility
rules and discount stacking logic that retrieval-only systems do not need to address.

Copyright © 2026 by Author/s and Licensed by JISEM. This is an open access article distributed under the Creative Commons 1559

Attribution License which permitsunrestricted use, distribution, and reproduction in any medium, provided the original work is

properly cited.



Journal of Information Systems Engineering and Management
2026, 11(2s)

e-ISSN: 2468-4376
https://www.jisem-journal.com/

Research Article

2.2 Data Integrity and Polyglot Persistence

Consistency across disparate data stores presents one of the more persistent challenges in distributed
system design. Kleppmann's analysis of data-intensive applications establishes that polyglot
persistence, the practice of selecting databases for their fit to specific access patterns rather than
applying a single store universally, is essential for systems where read and write workloads carry
fundamentally different requirements. [14] Amazon's Dynamo established the practical foundation for
eventually consistent key-value storage in services where availability must be maintained even under
network partition conditions. [2] The gap between Dynamo-style availability guarantees and the ACID
requirements that e-commerce checkout demands cannot be closed through consistency model
selection alone. Reliable event publishing between transactional and eventually consistent stores
requires a mechanism that does not reintroduce the distributed transaction overhead the architecture
was built to avoid. The Transactional Outbox pattern fills that gap, making event delivery guarantees
achievable within a single local transaction boundary rather than across the distributed coordination

layer [4].

3. System Architecture: An Integrated Synthesis

What separates promotional engines that hold latency under load from those that do not is rarely a
single innovation. It is the disciplined combination of patterns that individually solve narrow
problems but collectively eliminate the bottlenecks that sequential designs cannot escape. Decoupling
the discovery path from transactional updates removes the coupling point where write-heavy
management operations would otherwise compete with the read-heavy evaluation traffic that buyer-
facing performance depends on.

3.1 Orchestration and the Experience Service

The Experience Service occupies the root node position in the request flow, carrying responsibility for
sequencing every operation required to hydrate a promotional payload. [13] Each incoming request
triggers a scatter phase where the orchestrator fans out parallel calls to domain-specific microservices
simultaneously rather than sequentially. Total request latency becomes a function of the slowest
responding domain service rather than the accumulated sum of every individual service response
time, which is the structural property that makes scatter-gather viable at this scale.

Orcll)l:tstt(:':rfion Execution Logic Cl?::;::)ei:'iits);ic Latency Impact
Sequential Serial steps (A- B-) Linear with complexity High (T=)
Scatter-Gather :;;?i{;;éijout with iﬁg&ﬁg}zontal Low (T=)
Parallel State ?Dil:ét)ed Acyclic Graph Optimized critical path Minimal (T=)

Table 2: Comparative Analysis of Orchestration Patterns and Their Performance Characteristics
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Orchestration Execution Logic Scalability Latency
Pattern 8 Characteristic Impact
. . Linear with | __.
Sequential Serial steps complexity High
Scatter-Gather Parallel ' fan-out with | High N horizontal Low
aggregation scalability
Parallel State B;Ze(c;t)ed Acyclic Graph (;itﬁmlzed critical Minimal

Table 3: Comparative Analysis of Orchestration Patterns in Distributed Systems
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Figure 1: High-concurrency scatter-gather request flow for promotional evaluation [3]

3.2 Parallel Domain Evaluation and Discovery Stores

Three domain microservices carry their evaluation logic concurrently as leaf nodes within the scatter-
gather tree: Global Incentive, Merchant Promotion, and Customer Loyalty. [6] Each service operates
as an independent branch of the scatter-gather execution model, contributing its evaluation result
without waiting for the others to complete. Queries from each service route to dedicated Discovery
Stores rather than shared databases, reaching pre-denormalized promotion metadata that was
structured at write time specifically to eliminate the lookup overhead that shared schemas accumulate
at read time. [7] Pre-denormalized data at the Discovery Store level removes the runtime joins and
cross-service dependencies that would otherwise reintroduce the latency the scatter-gather design was
built to eliminate. [9]

3.3 Aggregation Logic and Reward Stacking

The Gather Phase returns control to the Experience Service, which routes collected leaf service
responses to an Aggregation Engine for resolution. Ranking algorithms and stackability constraints
applied inside this engine determine the optimal incentive combination for the requesting user.
Mutual exclusivity logic inside the Aggregation Engine filters out unauthorized discount combinations
before any promotional result reaches the buyer, regardless of how many eligible promotions the leaf
services surface. [4] Straggler services introduce a different problem. A service that misses its
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response window cannot be allowed to hold the entire evaluation hostage, so the orchestrator cuts the
connection at the timeout boundary and assembles a response from whatever the faster services have
already delivered, trading completeness for the latency guarantee the platform cannot compromise

[1].

4. Persistent Layer Architecture: Solving the Dual-Write Challenge

Promotional engines at enterprise scale carry two fundamentally incompatible data access
requirements under the same roof. Administrative tools managing seller budgets, campaign
durations, and coupon configurations demand the kind of transactional integrity that tolerates no
ambiguity about what state a promotion is in at any given moment. The discovery path serving buyers
at the item detail page operates under entirely different constraints, where read throughput measured
in billions of daily requests makes transactional consistency an obstacle rather than a guarantee.
Systems like Google Spanner demonstrate that external consistency is achievable at a global scale
through hardware-assisted clock synchronization, but the write overhead that synchronization
requires positions it poorly for the extreme throughput that e-commerce discovery paths generate
[16]. A polyglot persistence model resolves this tension by keeping the source of truth transactional
while allowing the discovery layer to favor availability over strict consistency [9].

4.1 The Transactional Outbox Pattern

Writing to a database and then publishing to a message broker in two separate operations introduces
a failure window between them that no retry logic fully closes. If the database write succeeds and the
broker publish fails, the downstream system never learns that a state change occurred. If the broker
publish succeeds before the database write confirms, the message describes a state that does not yet
exist. Either failure path leaves the system inconsistent in ways that surface as pricing errors or
phantom promotions at checkout [5]. A single local ACID transaction that covers both the business
table update and the OUTBOX entry insertion means there is no window between two separate
commits for a failure to exploit. Either both operations land together or neither does, which is the only
guarantee that actually closes the consistency gap [4].

4.2 Change Data Capture and Kafka-Driven Sync

OUTBOX entries do not sit idle waiting for the application to poll them. Change Data Capture extracts
new entries in near real-time and publishes them to Apache Kafka without requiring the application
layer to manage that extraction directly [5]. A specialized consumer service picks up each published
event, hydrates it with the full promotion metadata the Discovery Store requires, and writes the
enriched document into the read-optimized store. The consumer handles the transformation between
the normalized transactional representation and the denormalized structure that Discovery Store
queries depend on for their speed advantage. This pipeline keeps the discovery path current with
transactional state within milliseconds of a seller update, maintaining the eventual consistency
boundary that allows write-heavy management operations and read-heavy buyer traffic to run on
separate infrastructure without either constraining the other [14].

Microservice_Context

Table Update—»  Promotion Metadata

APP —Atomic Local Transaction—» DB Consumption_Layer

Table Inset————>  Outbox Change Data Capture-» (DC  —Append Only——>  Apache Kafka ~—Event Stream—>  Enrichment Consumer ~ —Denormalized Sync— DS

Figure 2: Asynchronous data propagation using synthesized Transactional Outbox and CDC patterns

[5]

Copyright © 2026 by Author/s and Licensed by JISEM. This is an open access article distributed under the Creative Commons 1562

Attribution License which permitsunrestricted use, distribution, and reproduction in any medium, provided the original work is

properly cited.



Journal of Information Systems Engineering and Management
2026, 11(2s)

e-ISSN: 2468-4376

https://www.jisem-journal.com/ Research Article

5. Failure Handling and System Resilience

Component failures in distributed systems are not edge cases to be handled after the architecture is
proven. They are continuous operating conditions that the design must absorb without allowing local
degradation to cascade into systemic collapse [5]. Promotional engines face a particular version of this
challenge because the services they depend on operate under different load profiles and failure
characteristics. A resilience strategy that treats the system as a single failure domain would sacrifice
the availability of functioning services whenever any individual component degrades. The architecture
addresses this through a tiered defense strategy that contains failures at the boundary where they
originate.

5.1 Resilience Pattern Integration

Circuit breakers sit at the first line of the defense strategy, monitoring error rates across each service
dependency and tripping when thresholds are breached [5]. A tripped circuit fails requests to the
affected service instantly rather than allowing them to accumulate behind a degrading dependency,
which gives the downstream service the recovery space it needs without holding buyer-facing response
times hostage to its recovery timeline. The circuit remains open until health checks confirm the
dependency has stabilized, at which point traffic resumes through a controlled half-open state that
limits exposure if the recovery proves premature.

Bulkhead isolation addresses the resource exhaustion problem that circuit breakers alone cannot solve
[5]. By partitioning critical resources per domain, a failure in the Merchant Promotion service cannot
consume the thread pool, connection capacity, or memory allocation that the Global Incentive and
Customer Loyalty services depend on to function. Each domain operates within its own resource
boundary, which means a failure in one layer degrades only the promotions that layer contributes to
the final evaluation result rather than taking down the entire promotional response for the buyer.
Idempotent consumption closes the consistency gap that recovery scenarios introduce into event-
driven pipelines [4]. Consumer restarts after failure create a redelivery window where events the
system already processed arrive a second time. A duplicate state update applied to the Discovery Store
does not announce itself as a duplicate. It lands as a valid-looking write that produces phantom
promotions or mispriced discounts that the buyer encounters without the system having any
awareness that something has gone wrong. Unique event identifiers drawn from the outbox metadata
give each consumer the information it needs to recognize a redelivered event before acting on it,
comparing the incoming identifier against a registry of already-processed events and discarding
anything that matches rather than applying the state change twice [4].

6. Performance Analysis and Latency Budgeting

Scalability at enterprise scale is not a property that emerges from capable hardware. It is an outcome
that requires each phase of the request lifecycle to operate within a defined time boundary that the
architecture enforces rather than hopes for [1]. Promotional evaluation sits inside a broader request
flow that includes edge routing, authentication, and final rendering, each consuming a portion of the
total latency budget available before the buyer notices the delay. Treating latency as a design
constraint distributed across discrete phases is what separates systems that hold their performance
characteristics under load from those that degrade as complexity grows.

6.1 Formal Latency Decomposition

End-to-end delay decomposes into additive components where each phase of the distributed call
graph contributes a measurable portion of the total response time. The promotional evaluation
component operates under a strict cap that the orchestration layer enforces through per-call timeouts
and fallback behavior rather than relying on downstream services to self-regulate their response
windows.

End-to-end delay is modeled as additive components across the distributed call graph:
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Tiotal = Tedge + Towth + Tevat + Trender

where T_eval must be strictly capped with T_total not exceeding 500 ms. This boundary is consistent
with findings from major content providers, where response times beyond 500 ms result in significant
traffic drops [17].

6.2 Scalability and Economic Impact

The transition from sequential to distributed evaluation models produces business outcomes that
extend well beyond latency metrics. Optimized distributed systems demonstrate substantial
reductions in cold-start latencies, with documented improvements reaching 50% against baseline
sequential architectures [17]. The economic argument for high-concurrency resilience becomes most
concrete when measured against the cost of its absence. For enterprise e-commerce platforms, the
average incident cost of unplanned downtime carries an estimated impact of .85 million per event, a
figure that makes architectural investment in resilience patterns appear conservative rather than
ambitious [6]. Promotional evaluation failures do not announce themselves as outages. They surface
as degraded conversion rates, mispriced checkout sessions, and buyer abandonment that revenue
reporting captures only after the damage has accumulated, which is precisely why resilience at the
evaluation layer is a revenue protection mechanism as much as it is an engineering concern.

7. Experimental Evaluation and Reproducibility

Validating the architectural synthesis required a simulation environment that reproduced the
pressure a high-traffic commercial event places on a promotional engine without the variability of live
traffic masking which architectural decisions actually drove the results [11]. Both architectures ran
against identical infrastructure and identical workloads, so the performance gap between them
reflects the structural difference between sequential and parallel evaluation rather than any resource
advantage on either side.

7.1 Experimental Configuration and Parameters

A 53-node cluster formed the infrastructure foundation, sized to reflect the resource profile of large-
scale production deployments where contention between services is a normal operating condition
rather than a stress scenario [6]. Orchestration ran through Kubernetes v1.18, managing the Spring
Boot microservice fleet, replicating the scheduling and recovery conditions that live traffic
environments impose rather than introducing a simplified test configuration that would not surface
the same failure patterns [7]. Network latency between services was fixed at a constant round-trip
baseline so that measurement variance came from the evaluation engine itself rather than from
fluctuating network conditions across the cluster [9]. The Kafka configuration held at three replicas
and forty partitions per topic, a setup that keeps event delivery reliable under high producer volume
without creating the consumer lag that under-partitioned topics accumulate during traffic surges [5].
Traffic generation relied on k6 in open-loop mode, which holds the request submission rate constant
regardless of how the server responds, preventing the load generator from inadvertently throttling
demand when the system slows and producing a cleaner picture of how each architecture degrades as
utilization climbs [11]. JSON payloads averaged 100 KB, capturing the metadata density that
denormalized promotion documents carry in real Discovery Store implementations [11]. Rule
complexity matched production conditions at 15 independent rules per task with a maximum nesting
depth of three, reproducing the recursive eligibility evaluation and discount stacking logic that high-
traffic promotional catalogs generate at scale [11].

7.2 Performance Results

Four measurement dimensions determined whether each architecture could sustain buyer-facing
performance commitments under peak demand conditions [6]. Median latency, tail latency,
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maximum throughput, and SLO violation rate together expose both the average case and the failure
boundary that buyers at the edges of the distribution actually experience. The scatter-gather
architecture outperformed the sequential baseline across every dimension, with the performance gap
widening under higher load rather than narrowing as the two architectures approached their
respective capacity limits.

Metric Sequential Architecture |Scatter-Gather (Proposed) |Improvement
p50 Latency 142 ms 54 ms 61.9%
P99 Latency 638 ms 118 ms 81.5%
’(I)‘l}l)rso)ughput (Max 28,000 04,000 3.36x
SRE?e Vielation 14-2% 0-8% (I)(‘ég:/ztion

Table 4: Performance Comparison under Peak Demand Load [6]

Conclusion

The given architectural solution complies with the issues of e-commerce in terms of multi-layered
promotional evaluation in huge e-commerce settings. Using a mix of scatter-gather orchestration,
polyglot persistence, and event-driven synchronization of data using the transactional outbox pattern,
the system creates a structured and scalable pattern of managing high-concurrency evaluation tasks.
Promotional evaluation can be conducted within a limited latency model either by integrating these
patterns or it can be conditioned to rely on the slowest parallel branch, as opposed to the cumulative
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processing steps. This transition promotes stability in performance despite the growth in the
complexity and number of incentive plans. Balance of transactional reliability and high-throughput
data access is also maintained in the architecture. The relational systems guarantee the integrity of
important operations, whereas distributed read-optimized stores are used to cater to large-scale
assessment demands. The event-driven synchronization is used to make sure that both layers are
synchronized without creating extra latency in the evaluation. Generally, this design enables real-time
promotion decision-making and stability of the systems even during different conditions of load. It
offers a scalable and flexible basis for distributed incentive systems that can run in the high-demand
digital commerce setting.
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