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PER-ORDER ORDERED PARALLELISM METHOD IN MICROSERVICE EVENT
DELIVERY SYSTEMS

This paper presents a per-order ordered parallelism method for event delivery in mic-
roservice-based architectures, designed to ensure strict execution order within each logical
workflow while sustaining high throughput and fault tolerance. The proposed approach
introduces an application-level ordering layer built atop the RabbitMQ message broker,
avoiding any modification of broker internals. The method relies on per-event sequence
identifiers (X-Sequence-1D), dynamic per-key queue instantiation, and a gap-replay mechanism
for recovering missing states, thereby providing deterministic processing and reliable
restoration of system state even under message loss or redelivery.

The scientific contribution consists in the development of a formal execution model that
integrates at-least-once delivery semantics, idempotent event handling, controlled redelivery,
and bounded buffering. An analytical model is constructed to quantify the influence of
parallelism on system latency, throughput, and stability, taking into account probabilistic
message loss, queue load factors, resource constraints, and fallback HTTP channels. This
model enables formal evaluation of the system overhead & and predictive assessment of behavior
during broker degradation, partial failures, or system updates, offering a mathematically
substantiated basis for tuning concurrency and recovery mechanisms.

Experimental evaluation within the AutoGivex microservice ecosystem demonstrates
reduced processing latency, increased stability, and improved scalability compared to traditional
broker-level ordering strategies. The results confirm that the proposed method provides a robust
foundation for building resilient event-driven distributed systems that require strict per-order
consistency, deterministic behavior, and adaptive throughput optimization. The findings can be
applied to a wide range of domains—financial, logistics, enterprise, and real-time platforms—
where correctness and reliability of event sequencing are essential.

Keywords: ordered parallelism; microservices; event delivery; RabbitMQ; X-Sequence-ID;
idempotency; gap-replay; concurrency model; fault tolerance; analytical model; AutoGivex
information technology.

Introduction

In modern distributed information systems built on the principles of microservice architecture
and event-driven interaction, a key factor in ensuring reliability and performance is the consistency
of event processing order. The growing scale of service integration, the distributed nature of compu-
tational resources, and the increasing number of concurrent user requests create the need to maintain
a high level of parallelism while preserving a strict order of operations within each logical context —
such as an order, transaction, or user session.

In most existing message brokers, including RabbitMQ, Kafka, and NATS, ordering mecha-
nisms are implemented at the level of queues or partitions and do not guarantee consistent ordering
for individual keys under high-load conditions. This leads to the problem of event reordering, where
asynchronous delivery results in violations of business process logic. In event delivery systems where
processing steps must occur in a strictly defined sequence (for example, confirming payment before
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generating an invoice), such disruptions are critical.

The developed per-order ordered parallelism method becomes particularly relevant in ensuring
local determinism of event processing while maintaining global system parallelism. Its essence lies
in implementing application-level ordering on top of the standard RabbitMQ message broker by using
sequence identifiers (X-Sequence-1D), dynamic creation of per-key internal queues, and a gap-replay
mechanism for recovering missing states. This approach allows the system to maintain the simulta-
neous execution of a large number of event streams without violating logical consistency within indi-
vidual keys.

The relevance of this development is further emphasized by the limitations of current ordering
approaches (such as key-partitioning in Kafka or message grouping in AWS SQS), which include a
fixed number of processing streams, difficulties in scaling under uneven load distribution, and the
lack of built-in mechanisms for recovering order in cases of message loss or duplication. The propo-
sed method eliminates these shortcomings through adaptive queue management and integrated seque-
nce control at the business logic level, without interfering with the transport layer.

Contemporary literature on event delivery in microservice architectures focuses on two tightly
coupled topics: ensuring correct message ordering and improving reliability/fault tolerance via patte-
rns such as the transactional outbox, idempotent APIs, and replay mechanisms. Broker primitives
(e.g., RabbitMQ) provide publisher confirms and consumer acknowledgements, but ordering guaran-
tees are local to a queue or partition; this limitation motivates shifting some ordering logic to the app-
lication layer or combining broker features with outbox patterns [1-3]. The Transactional Outbox and
its implementations (polling publisher, transaction-log tailing, CDC) are widely recommended as
standard tools for at-least-once guarantees and for enabling event replay in case of missing messages
[4, 6, 8]. Practitioner guides detail the trade-offs between immediate insert—publish vs. WAL/CDC-
based approaches and stress the need for idempotency to make retries safe [5, 7, 9].

Idempotency and safe retries are emphasized in industry guidance: use of idempotency tokens,
careful control of side effects, and retry strategies with exponential backoff and jitter are standard
recommendations to avoid duplicate side effects during retries [15-17]. The body of tutorials and blog
posts explains how to use publisher confirms, routing keys, and fallback channels in production and
highlights operational challenges — hot keys, buffer sizing, and backpressure—when implementing
per-key ordering at scale [5, 9, 10].

Recent academic research analyzes the limits of global ordering and proposes sequencer- or con-
sensus-based approaches as well as practical heuristics; these works formalize trade-offs among late-
ncy, throughput, and fairness and show that in many real-world scenarios it is preferable to provide
per-key ordering with replay mechanisms rather than expensive global total order via consensus [12-
14]. Empirical studies on event management in microservices show developers face gaps in tooling
for event auditing, ordering, and recovery, supporting the practical need for persisted state logs
(JobStates) and built-in gap-replay as recovery mechanisms [12, 19]. Open-source replay tools and
event-mesh documentation provide practical blueprints that can be adapted when implementing per-
key ordered parallelism in production systems [11, 18, 20].

Taken together, the literature provides a solid theoretical and practical grounding for the per-
order ordered-parallelism approach: combining X-Sequence-ID tagging, dynamic per-key queues,
Transactional Outbox, publisher confirms, and gap-replay aligns with both established industry patte-
rns and academic insights while enabling correctness under high concurrency without broker modifi-
cation [1-20].

Research problem statement

The aim of this study is to develop a method and analytical model of per-order ordered paralle-
lism for microservice-based event delivery systems, ensuring strict sequential consistency for each
logical order while maintaining high throughput and resilience against broker or network failures.
The research focuses on implementing an application-level ordering mechanism on top of the
RabbitMQ message broker using X-Sequence-ID identifiers, a gap-replay recovery mechanism, and
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constructing an analytical model to evaluate the impact of parallelism on performance and latency
under at-least-once delivery semantics.

To achieve the stated aim, the following objectives have been defined:

1. Analyze existing approaches to event ordering and delivery guarantees in microservice archi-
tectures, including broker-level mechanisms (RabbitMQ, Kafka, NATS) and application-level seria-
lization strategies.

2. Develop a per-order ordered parallelism method based on event tagging with X-Sequence-ID,
dynamic per-key queue creation, and a gap-replay mechanism for recovery of missing states.

3. Construct an analytical model describing the relationship between system parallelism, latency,
and throughput while accounting for idempotency, redelivery, buffering, and backup HTTP transmit-
ssion channels.

4. Perform a comparative performance analysis of the proposed method against conventional
unordered or centralized queue-based systems to determine system overhead € and optimal paralle-
lism level.

5. Provide implementation guidelines for integrating the developed method into microservice
architectures (specifically AutoGivex) to improve system stability, scalability, and correctness of
event-driven processing in real-time environments.

Main results

To build a mathematical framework for describing and analysing the proposed method of ordered
parallelism per-order, it is appropriate to combine theoretical approaches (queueing theory, stochastic
processes, event/sequence models) with practical limitations of message brokers (RabbitMQ, Kafka)
and patterns (event-sourcing / outbox) [21, 22].

Let the system operate on a set of keys (contexts) K.

An event eis defined as a triple (k, s, t), where k € K —the key (for example, an order identifier),
s € N —the local sequential number (X-Sequence-ID), t € R.,— the time the event arrives in the sys-
tem.

We define the following notations:

- Ai—the average rate of event arrivals for key k(events per second);

— ug—the average service rate for processing events with key k(events per second), which is the
inverse of the average service time;

- pr = A/ ui— the utilization (load factor) of the local queue Q;

— N, (t)- the number of active internal queues Qat time ¢;

- m-the number of available worker threads, each capable of serving one queue at a time;

— Pioss— the probability of event loss or non-persistence in the delivery channel (modeled as i.i.d.
losses as a first approximation);

- Tap— the waiting time for detecting a missing event in the sequence (gap timeout);

— R—the maximum number of allowed gap-replay attempts before declaring a failure;

— Taempr— the average duration of a single gap-replay attempt (request — response).

Assumptions:

1. Events for each key k are numbered with monotonically increasing natural numbers s.

2. The producer assigns each event with key k a unique X-Sequence-ID sat the moment of its
generation (using a local counter or a guaranteed sequence number generator for that key k).

3. The broker (RabbitMQ) guarantees FIFO delivery only within a single queue but does not
ensure a global order across different queues or consumers. It may perform message redelivery (at-
least-once) or allow message loss if message retention is disabled.

4. A gap-replay mechanism exists: upon request, the source system (event store or broker buffer)
can replay any missing event with identifier sfor key k, provided that the event has been retained. If
the source no longer holds the event, the replay may fail.

These assumptions formalize the practical constraints of real-world message-driven systems and
form the theoretical basis for subsequent proofs.
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For each active key k, an internal queue Qx is maintained along with a variable expected_seq[k]
— the next expected sequence number. An incoming event (k, s, t), once received by the consumer, is
placed into (Qx).

Processing of elements from Q« is permitted only when an event with s=expected_seq[Kk] is avai-
lable. If the head of Qk contains an event with s">expected_seq[k], the system waits up to Tqap for the
missing event. After this timeout expires, the system initiates a gap-replay request for the missing
sequence number expected_seq[K].

Theorem 1 (Per-key ordering — Safety). Under the assumptions listed above, the per-key ordering
algorithm guarantees that events for each key (k) are processed strictly in the increasing order of their
sequence numbers (s).

Proof.

The system maintains an invariant: before processing queue Qx, the value expected seq[k] =r
means that all events with numbers less than (r) have already been successfully processed. Processing
is only permitted for events where (s = r). If the head of the queue contains an event with (s' > r),
processing is postponed until the missing event arrives or is retrieved via gap-replay. Thus, no event
with a higher number can be processed before one with a lower number, ensuring strict per-key orde-
ring.

Theorem 2 (Liveness with Persistent Events). If the event source retains all published events for
a sufficient period (retention time > the maximum expected gap + replay time) and each replay ate-
mpt has a success probability (ps > 0), then, given a finite number of attempts (R), the probability that
any queue Qk remains indefinitely blocked is zero — meaning the missing event will eventually be re-
covered with probability 1.

Proof (Sketch). Each gap situation triggers up to (R) independent replay attempts. The probability
that all replay attempts fail equals P, = (1- p,)".

If the event source retains all data, (ps > 0), and the number of attempts (R) is sufficiently large,
the probability of permanent blockage tends toward zero. Hence, the system guarantees liveness under
these conditions.

Theorem 2 highlights a critical design requirement: ensuring event persistence (e.g., through an
outbox pattern, event-store, or broker message retention) is necessary to maintain liveness in the
system.

Each per-key queue (Qk) can be modeled approximately as an (M/M/1) queuing system: arrivals
follow a Poisson process with rate (Ax), and service times follow an exponential distribution with rate.

Lemma 3 (Stability Condition). If for every active key (k) the utilization p, =ﬁ <1,and the
Hy

m

total service capacity satisfies Z/,zki > z/ik , then the system is stable — that is, expected queue leng-
i=1 k

ths and waiting times are finite.

Proof (Sketch). For each Qx, the condition pk < 1 ensures the existence of a stationary distribution
for the (M/M/1) system. The global condition on total service capacity ensures that available pro-
cessing power exceeds total input intensity.This follows from standard results in queuing theory.

From classical (M/M/1) results:

L=P w2t & 1)
1-p, He—A A
where (W) is the expected total waiting time (including service) for key k.

Let pioss denote the probability of event loss (assumed i.i.d.). If an expected event does not arrive
within Tgap, the algorithm triggers replay attempts, each succeeding with probability ps.

With at most R allowed attempts, the probability of successful recovery is:

Prait = - ps)R- (2)
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The expected additional waiting time due to replay (on successful recovery) is approximately:

1-(1-p)" -
E[Trecovery]zTgap + p : 'Tattempt’ (3)
S
where (T" atempt) denotes the average duration between a replay request and response.
If events are lost with probability piess, then the total rate of replay operations for the system (with to-

tal input rate A =>4, ) is:
k

Orepiay = A+ Pross - E[NUmMber of attempts per lost event] ~ A - p,, pi 4)
S
Corollary.
System designers must select pioss, Ps, and Tgap such that Oreplay remains within acceptable limits
while avoiding unnecessary replay triggers from false gap detections.
If for a key k an event with sequence number s cannot be recovered after all R replay attempts,
then the probability of permanent loss is:

P = (@—p,)~. (5)

This failure probability allows engineers to choose the number of replay attempts R that keeps
Prail below an acceptable reliability threshold, without excessive replay overhead.

In practice, the number of possible keys |K]| can be very large, while available resources are limi-
ted: only up to (Kmax) active internal queues can be maintained at once (due to memory, thread, or
descriptor constraints).

The optimization goal is to minimize average waiting time across keys while respecting the re-
source limit:

minC () = Y WW, (7) , | A(z,1) < K ©)

where (wk) are priority weights and A( z, t) is the set of active queues under policy (x).

This discrete optimization problem is NP-hard, equivalent to resource allocation or container
scheduling.

Practical solutions include heuristic approaches such as LRU (Least Recently Used), TTL-based
eviction, or heavy-hitter detection strategies to prioritize high-traffic keys.

In scenarios where a subset of keys exhibits very high event rates (Ax)), the local stability condi-
tion (pk<1) may be violated. Such “hot keys” dominate latency and can monopolize resources, causing
overflows in (Q«x).

As total input intensity A — oo with fixed resources (Kmax, m), average latency W, — oo Hence,

scalability requires dynamic resource allocation based on observed load distributions Ax.

Without gaps, the average waiting time is W, =

. With gap events, where a fraction pioss

Hy
of events trigger recovery with mean delay E[Trecovery], the expected waiting time becomes:

Wk =\Nk(O) + ploss ’ E[Trecovery]' (7)

This linear correction holds when gap events are rare and independent. For correlated or bursty
losses, a more sophisticated Markovian or phase-type model must be used.

If losses or delays are correlated over time (e.g., due to network outages or broker overloads),
then the independent-loss assumption fails. In this case, a two-state Markov channel (Good/Bad) can
be introduced, where transition probabilities define periods of reliability and failure. Replay success
probability (p_s) then depends on the current channel state. This extension can be analyzed using ba-
lance equations or matrix-analytic methods for phase-type distributions.

The developed mathematical framework provides a comprehensive basis for ensuring the
correctness, stability, and efficiency of event processing in microservice systems that use per-key
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ordering. The algorithm, implemented at the application level through X-Sequence-ID tagging and
the gap-replay mechanism, guarantees strict per-key FIFO execution, while maintaining system live-
ness under the condition of reliable event persistence. Stability and finite latency are achieved when
each key’s load factor p, < 1 and the overall service capacity exceeds incoming traffic. The replay
overhead grows linearly with the probability of message loss and decreases with higher replay success
rates, allowing quantitative tuning of system parameters. Managing per-key queues is formalized as
an optimization problem constrained by available computational resources and can be effectively add-
ressed through adaptive heuristic strategies that balance throughput, latency, and fault tolerance.

Hence, the developed mathematical framework serves as a foundation for a unified approach to
per-order parallel event processing that not only models the system behavior theoretically but also
defines practical implementation principles. This transition provides a logical bridge from analytical
modeling to the description of the method itself—its architecture, mechanisms, and realization within
microservice-based event delivery systems.

The proposed per-order ordered parallelism method in microservice-based event delivery sys-
tems represents both a scientific and a practical contribution, as it combines a formal model of event
ordering with an applied technology capable of maintaining a high level of concurrency without viola-
ting execution order.

The scientific result lies in the further development of the theory of asynchronous message pro-
cessing in distributed systems through the introduction of an application-level ordering layer built on
top of a message broker such as RabbitMQ. A new approach is proposed, in which the strict execution
order of operations is guaranteed not by the transport layer itself but by the application logic of the
system, which marks each event with a sequence identifier (X-Sequence-1D) and processes them
according to the local state of each order. This makes it possible, for the first time, to combine the
properties of total ordering within a single JobKey with multithreaded execution, where different
orders are processed in parallel but each retains its own deterministic sequence.

The scientific novelty of the method consists in the formulation of the concept of dynamic per-
key queue creation — internal queues that are instantiated at the moment the first event for a specific
order is received and are automatically terminated upon order completion. This approach analytically
guarantees local ordering without requiring a centralized coordinator. An additional element of no-
velty is the introduction of a gap-replay mechanism, which uses a persistent JobStates storage to res-
tore missing steps based on historical processing data. The relationship between event sequence num-
bers and system states is formally defined, allowing one to prove order correctness even in the prese-
nce of lost or redelivered messages. As a result, the method ensures the property of exactly-once order
correctness at the application protocol level without any modifications to the message broker configu-
ration.

The practical result lies in the creation of a technology that guarantees a strict execution order
for each individual order while maintaining high system throughput. Implementation of the method
enables reduced latency in event processing, more efficient resource utilization, and automatic reco-
very after failures. The integration of dynamic per-key queues and the gap-replay mechanism, toget-
her with event marking via X-Sequence-ID, makes it possible to preserve state consistency in real
time and to avoid errors caused by lost or delayed information. In practice, this means that users expe-
rience stable service behavior without duplicate, missing, or out-of-order operations, while the system
itself can scale dynamically without loss of reliability.

The proposed per-order ordered parallelism method represents a new approach to ensuring event
sequence integrity in distributed microservice systems. It combines application-level ordering, dyna-
mic internal queues, and an automatic gap recovery mechanism, which together improve performa-
nce, resilience, and the functional reliability of modern event delivery architectures.
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Fig. 1. Per-order ordered parallelism method in microservice event delivery systems

Conclusions and recommendations

As a result of the conducted research, a per-order ordered parallelism method for microservice-
based event delivery systems has been proposed. The method ensures the preservation of a strict exe-
cution order within each logical order while maintaining high overall system throughput. The intro-
duction of an application-level ordering mechanism built on top of the RabbitMQ message broker,
incorporating X-Sequence-1D event tagging, dynamic per-key queue creation, and the gap-replay
mechanism for recovering missing states, made it possible to achieve a combination of high concurre-
ncy and deterministic execution. Experimental results confirmed the efficiency of the proposed met-
hod in building fault-tolerant distributed services where the order of business process steps is critical.

Based on this method, an analytical model of the impact of parallelism on performance and late-
ncy in ordered event delivery systems with at-least-once semantics has been developed. The scientific
novelty of this model lies in accounting for idempotency, message redelivery, buffering of missing
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states, and the presence of a backup HTTP transmission channel. Unlike known message queue mo-
dels, the proposed analytical model enables formal evaluation of overhead &, determination of the
optimal parallelism level, and prediction of system behavior during broker failures or service updates.
This contributes to improving the stability and scalability of the AutoGivex microservice architecture
and provides a foundation for analytically guided configuration tuning.

The practical implementation of the method enhances system stability, reduces event processing
latency, ensures idempotency, and simplifies recovery mechanisms after failures. This makes the app-
roach applicable to financial, logistics, educational, and enterprise platforms where accuracy and
timeliness of event processing are essential.

Future research should focus on expanding the analytical model to support multi-level event pro-
cessing scenarios, refining mathematical relationships between parallelism parameters, latency, and
throughput, and developing formal verification methods for order correctness under large-scale distri-
buted conditions. Further work should also aim to optimize the gap-replay process to minimize reco-
very time, integrate blockchain technologies to improve the trustworthiness of event logs, and imple-
ment adaptive real-time load-balancing strategies among per-key queues to maximize performance
and reliability.
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A. B. Konoowx, O. b. Borowyx
METO/ YIIOPAAKOBAHOI'O MAPAJIEJII3MY PER-3AMOBJIEHHA Y
MIKPOCEPBICHUX CHCTEMAX JJOCTABKHY OIIN

Y emammi npeocmasneno memoo ynopsaokosarnozo napanenizmy per-order 0Jis1 cucmem 00cma-
8KU NOOIU Y MIKPOCEPBICHUX ApXIMEeKmMypax, CNPAMOBAHUL HA 3a0e3neyeH s CMpPo2oi NoCIi008HOCMI
BUKOHAHHS ONepayiil Y Meicax KOHCHO20 N02IUHO20 3AMOBAEHHS 3a YMOG BUCOKOI IHMEHCUBHOCII NO-
0ill ma 8I0OMOB0OCMINIKOCMI. 3anpoOnoHO8aHUL NIOXIO IPYHMYEMbCA HA BNPOBAONCEHH] NPUKIAOHO2O
pi6Hsi 8NOPsAOKY8aHHs Nosepx Opokepa nogioomienv RabbitM(Q 6e3 nompeou mooughixayii ioeo
BHYMPIUHIX MexaHizmie. Memoo sxntouae mapkysants nooii ideHmugikamopamu nociioognocmi X-
Sequence-ID, ounamiune cmeopents 6HympiuHix uepe per-key ma mexanizm iOHOGIEHHS NPONYuje-
HUX cmatie gap-replay, wo 3abe3neuye capanmosare 8i0meopeHHs mpayeHoi noodii i moyHe iOHO6-
JIEHH5L TOKAJIbHO20 CMAHy 00poOKu.

Hayxoea nosusna nonseac y popmanizayii demepminosano2o mexanizmy oopooxu nooit iz nio-
mpumkoio at-least-once cemanmuxu, i0iomow i0eMnOMEHMHOCMI Ma KOHMPOIeM pPedOCmasKu.
Y pamkax pobomu nobyoosano ananimuuny mooens, AKa ONUCYE 6NJUE PIBHS NAPANENI3MY HA NPo-
NYCKHY 30amHiCMb, 1aMeHMHICMb Ma CMAabiIbHICMb cCUcCmeMU 3 Ypaxy8anHam iMOGIpHOCMI empam
NOBIOOMIIeHb, HABAHMANCEHHSA HA YepeU, 0OMedCeHHs pecypcié ma NoeedinKu cucmemu nio uac
yacmkosux 8iomos opoxepa. Y mooeni epaxosano giomosocmivikuti HTTP-xanan peszepsnoi doc-
MasKu, wo 0ae MONCIUBICMb POPMATLHO OYIHUMU HAKIAOHT eumpamu ma nepeddaiumu OUHAMIKY
cucmemu nio Yyac niko8ux Ha8aHmMadiCeHov.
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[ CJIOBO HAYKOBIIS |—

€AUHOI HAIIIOHAJIBHOI CUCTEMH 3B’ A3KY

Excnepumenmanvua nepesipka memooy y npomuciositi mikpocepsicHiti apximekmypi AutoGivex
NOKA3GNA 3HUNCEHHS 3aMPUMKU, NIOGUWEHHSI CIAOINbHOCMI BUKOHAHHS, 3MEeHUEHHS 6UNAOKI6 pO3)-
NOPAOKYBAHHA MA NOKPAUWEHHs MACUmabosanocmi 6es3 empyuanus y mpancnopmuuti wap. Pesyno-
mamu 0eMOHCmMPYIOMb, WO 3aNPONOHO8AHUU NIOXI0 npudamuuil 0is1 N0OY008U GUCOKOHABAHMA-
JHCEHUX PO3NOOLNEHUX CUCEM, 0e KPUMUYHOK € Y3200X4CEHICMb CMAHIE | MOYHICMb BUKOHAHHS
Oiznec-npoyecie. Ompumani aHaiMuyYHi BUCHOBKU MOIICYMb OYMU BUKOPUCMAHT K NIOIPYHMS 0I5
aoanmusHoi onmumizayii napanenizmy, Kongizypayii uepe ma asmomamu308aH020 Kepy8amHHs npo-
OYKMUBHICMIO.

Kuro4uoBi ciioBa: BropsAKoBaHUM MapasielnizM; MiKpocepBicH; 1ocTaBka mojii; RabbitMQ); X-
Sequence-ID; izeMnOTeHTHICTB; gap-replay; MoJienb mapaieIbHOCTI; BiIMOBOCTIHKICTh; aHAITUYHA
Mozenb; AutoGivex; iHdopmaliiiiHi TEXHOJIOT1I.
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