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Abstract. In recent years, multi-agent system (MAS) research has in-
creasingly focused on complex systems composed of collaborating agents
based on large language models (LLMs) to accomplish sophisticated tasks.
These systems rely on dynamic and heterogeneous sets of agents, con-
current access to multiple external tools, and cascading operations that
span multiple agents. Existing work on the coordination of MAS mostly
adopts semantic approaches for model design such as agent architectures,
interaction protocols, and hierarchical structures. However, we argue that
greater attention to the execution layer is required to coordinate modern
MAS models. To address this gap, we propose OptiMA, a framework that
encapsulates atomic agent actions as transactions and uses lock-based
concurrency control to provide a high level of consistency and isolation.
It gives system designers explicit control over the execution process by
incorporating transaction templates into the design process. To reduce
potential performance drawbacks of this approach, OptiMA employs a
transaction scheduling mechanism. In this paper, we also present the
theoretical results on the transaction scheduling problem (TxnSP) and
introduce a metaheuristic approach for schedule optimization, which is
used within the OptiMA framework. Experimental results show that
transaction scheduling can improve performance up to 45% for the tested
model configurations, indicating that high system consistency can be
achieved while minimizing performance cost.
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1 Introduction

After the recent advances in large language models (LLMs), many studies in the
field of artificial intelligence (AI) have focused on applications that maximize
the performance of these models. Recent work focuses on large-scale systems
that utilize a dynamic set of heterogeneous agents organized in a hierarchical
structure. In such systems, an agent can use multiple external tools within a
single action, and an individual task might include cascading operations that
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span multiple agents. The ultimate goal of this line of research is to develop
automated systems capable of accomplishing sophisticated tasks that are usually
performed by teams of humans. Building systems of such complexity requires
well-designed coordination mechanisms to avoid problems such as conflicting
actions, race conditions, and inconsistent states.

Multi-agent systems (MAS) research has studied mechanisms to coordinate
distributed agents for decades [8]. The primary focus of existing MAS studies
is coordination models that rely on agent architectures [10], organizational
structures [9], and interaction protocols [30]. While providing useful abstractions,
such models operate at a high-level and do not explicitly ensure concurrency
control or enforce consistency constraints during parallel execution. Modern
systems with LLM-based agents dynamically generate actions and concurrently
access shared tools, which may cause conflicts and inconsistencies [37]. We offer
a transaction-based approach where execution-level concerns are a part of the
design process to provide stricter control.

OptiMA is a framework developed for the design and execution of complex
multi-agent systems. It encapsulates atomic operations as transactions, enforces
consistency constraints during execution, and utilizes strict lock-based concur-
rency control to regulate access to non-shareable tools. To overcome possible
shortcomings of this design choice, we integrate a transaction scheduling mecha-
nism based on insights from database transaction management. We build upon
studies that treat transaction scheduling as a mathematical optimization problem
to develop a scheduling approach. This work includes a thorough theoretical
analysis of the transaction scheduling problem (TxnSP) and offers a metaheuris-
tic approach making use of this analysis. To test the impact of scheduling on
performance, we designed a synthetic benchmark scenario specifically focused on
resource contention caused by tool sharing. The results show that transaction
scheduling significantly increases throughput and its effect increases as the num-
ber of agents increases, which demonstrates that our approach can provide strong
consistency while minimizing the adverse effects of strict locking procedures.

The remainder of the paper is organized as follows. Section 2 and Section 3
review the state of the art in multi-agent systems and database transaction
management, respectively. Section 4 presents the OptiMA framework. Section 5
introduces the transaction scheduling problem, provides its theoretical analysis,
and presents a metaheuristic approach. Section 6 presents experimental results
demonstrating the impact of transaction scheduling in OptiMA. Finally, Section 7
concludes the paper and outlines future research directions.

2 Multi-Agent Systems

One recent trend in AI research is designing more effective systems to enhance
the capabilities of LLMs instead of developing and training larger models. For
example, chain-of-thought prompting improves performance by applying multiple
steps in the reasoning process [35]. Another popular approach is to provide LLMs
with external tools, which allows various functionalities such as data retrieval,
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API calls, and code execution [24, 20]. In fact, the agents in the latest models
are allowed to invoke multiple tools [37], and new protocols such as the model
context protocol (MCP) are being used to orchestrate tool sharing [19]. In the
meantime, it has been shown that a system composed of a heterogeneous set of
agents based on different LLMs performs significantly better than an individual
LLM [39, 5]. Heterogeneous systems are becoming increasingly complex by the
introduction of hierarchical relations between agents and complex task structures
that might span multiple agents [38]. Recent frameworks combine these ideas
by introducing specialized agent roles, various external tools, and dynamically
changing populations of heterogeneous agents [33, 19]. In [36], it is shown that
these complex systems are capable of automating tasks that normally require a
team of humans, such as software development. This work aims to ensure strong
consistency for similar very complex multi-agent systems, while minimizing
performance trade-offs.

In existing MAS research, a wide range of abstract models has been pro-
posed for the coordination of distributed agents. An important example is the
Belief-Desire-Intention (BDI) model, which separates the internal state, goals,
and actions of an agent and defines how these components affect each other
[10]. In contrast, interaction-based approaches prioritize information exchange
between agents rather than their internal structures [30]. These approaches define
constraints on how agents communicate and act, through structures such as
interaction protocols or commitments [31, 32, 6]. Another line of work introduces
hierarchical structures between agents to coordinate the behavior of systems. For
example, Holonic MAS models treat each agent as a holon, an autonomous entity
that serves as a part of a larger whole, and forms hierarchies on multiple levels
[11]. Several studies follow a softer approach by assigning specific roles to agents
to define the limits of each agent and the relationships between them [9, 40]. This
particular idea has been used for LLM-based systems in recent work [], and our
framework also depends on role-based modeling for high-level coordination.

Beyond these semantic and organizational models, there are some transaction-
based MAS models that target coordination at the execution level to ensure
consistency. For example, the TrAM model introduces transaction templates into
MAS design and uses low-level control to ensure consistency [18]. TrAM uses
agent roles for coordination similar to our approach. Another transaction-based
approach given in [28] focuses on improving consistency by dynamically assigning
transactions to threads, rather than binding each agent to a single thread. This
model follows a different method for organization by forming hierarchies between
transactions, such as nested transactions, instead of assigning roles to agents.
Both models do not consider tool use or transactions spanning multiple agents,
which excludes them from being used to design modern MAS models.

3 Concurrency Control and Transaction Scheduling

A transaction can be defined as the smallest unit of transition of the state of a
database. One of the main duties of a database management system (DBMS) is to
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ensure that each transaction satisfies ACID properties (Atomicity, Consistency,
Isolation, and Durability), which ensure that the database always stays in a valid
state, even under heavy load or in the case of system failures [27]. To ensure
the isolation property, the conflicts between transactions must be handled by
a DBMS using a concurrency control (CC) method. Two-phase locking (2PL)
is a widely used method that uses shared and exclusive locks to regulate the
access of transactions to the database [34]. In 2PL a transaction acquires all
locks during the expanding phase and releases them during the shrinking phase,
as shown in Figure 1a. In a variant of 2PL, namely the rigorous conservative
2PL (RC2PL), a transaction obtains all locks before starting any action and
releases them only after commit or abort (Figure 1b). This provides a higher
level of isolation without the need to abort a large number of transactions by
forbidding two conflicting transactions to have any overlapping operations. Due to
performance concerns, most modern DBMSs use less restrictive CC methods that
either accept a lower isolation or risk a high number of aborts [27]. Multi-version
concurrency control (MVCC) keeps multiple versions of database rows to allow
concurrency without using locks [23]. Optimistic concurrency control (OCC)
allows the parallel processing of transactions without locks, but aborts some of
the transactions at the commit time in case of conflicts [17].

In previous studies, various approaches have been proposed to improve the
throughput of a DBMS. Transaction partitioning is one such method, in which
conflicting transactions are grouped together, and processed on the same thread
[26, 41, 29]. In [4], the authors show that scheduling the execution times of the
transactions after partitioning improves the performance even further. These
approaches consider only a subset of all feasible schedules. In recent years, more
systematic methods have been offered, in which transaction scheduling is treated
as a mathematical optimization problem and an efficient schedule is selected
from the set of all possible schedules [2, 16]. We follow a similar approach by
implementing a TxnSP solver.

4 OptiMA Framework

The OptiMA framework3 combines transaction encapsulation, concurrent tool
sharing, and role-based organization to design multi-agent systems with explicit
control at the execution layer. This approach enforces ACID-level consistency for
each operation and maintains a high level of isolation in tool sharing.

As discussed in Section 2, the state of the art in MAS research has shifted
towards increasingly complex models including heterogeneous and dynamic sets of
agents with access to multiple tools. Such systems may involve complex operations
that span actions from multiple agents. In some cases, a partial completion of
such operations may leave the system in an inconsistent state [14, 22]. OptiMA
addresses this issue by enabling system designers to encapsulate such operations
in atomic transactions.
3 https://github.com/umutcalikyilmaz/OptiMA

https://github.com/umutcalikyilmaz/OptiMA
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Another challenge in modern LLM-based MAS is the coordination of con-
current access to tools. Some external tools in MASs correspond to real-world
resources or constrained services that cannot be concurrently accessed without
proper isolation [25, 22]. Furthermore, as noted in [15], the effects of real-world
actions are usually not reversible, which makes optimistic concurrency control
methods such as MVCC or OCC less suitable due to their reliance on transac-
tion rollbacks. OptiMA uses a strict lock-based concurrency control resembling
RC2PL, where a transaction acquires all the locks required for the tools it accesses
before execution, and releases them only after completion. According to CAP
theorem [12], prioritizing consistency and isolation in distributed systems causes
a trade-off in availability. OptiMA uses transaction scheduling to mitigate this
effect, which improves the performance of concurrent execution by decreasing
delays caused by conflicts.

4.1 Model Design

The model design process in the OptiMA framework consists of two stages. The
first stage is defining the main components of the model, tools, agent roles, and
transaction templates. We describe these components below.

Tools: Tools are offered for the use of AI agents to extend the functionality of
the model. To ensure system consistency, some tools do not permit concurrent
access. These are marked as non-shareable, and access to them is controlled by a
locking procedure.
Agent Roles: An agent role is a template for an agent that determines its
internal processes and possible actions. Model constraints are defined on the level
of agent roles, therefore agents sharing the same role have access to same tools
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and same relationships with other roles. The initial and maximum number of
agents that have each role is set as a design parameter.
Transaction Templates: A transaction template defines the operation of a
transaction. An operation specified in a template can include actions from multiple
agents, enabling the construction of transactions with arbitrary complexity. To
ensure consistency and abstraction, transaction operations are not allowed to
directly invoke tools, instead tools are accessed through agent actions. At runtime,
transactions are instantiated by assigning parameters to a template. Transactions
instantiated from the same template have the same transaction type, which
is used to estimate execution time during scheduling. In addition to the main
operation, templates are allowed to define functions that are invoked in case the
transaction is committed or aborted. These functions can be used to log the
transaction results after commit and to implement rollback procedures.

The second stage of the model design process in OptiMA is the specification
of the model constraints. These constraints define the boundaries of the system
by determining the permissions of each agent role and shaping their relationships
with other roles. The model constraints in the framework are listed below.

Supervisor-Subordinate Relationship: An agent role can be designated as
the supervisor of another role. A supervisor can start, stop, create, or destroy
another agent with the subordinate role.
Tool Access: An agent role must be explicitly granted authorization to access a
tool at runtime.
Communication Permission: An agent can communicate with another agent
only if they share the same role, they have supervisor-subordinate relationship,
or their roles are explicitly given the permission to communicate.
Halting Permission: The ability to halt the program is granted to certain
agent roles. At least one agent role must keep this permission to ensure that the
program can terminate.

4.2 Model Execution

The OptiMA engine consists of three main modules and three auxiliary modules,
as shown in Figure 2. The main modules, transaction factory, scheduler, and
executor, are responsible for generating transactions, assigning them to execution
threads, and executing them while ensuring consistency. These modules form a
cyclic workflow, in which the result of each transaction may trigger the creation
of subsequent transactions. The auxiliary modules, tool manager, postmaster,
and agent manager, assist the main modules in enforcing model constraints and
performing system operations during execution. The functionality of each module
is described below.

Transaction Factory: The primary responsibility of this module is to create
transactions based on the transaction templates defined during model design. The
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transaction factory initiates execution by creating the initial set of transactions
and sending them to the scheduler. The result of each transaction is sent back to
the transaction factory, which may trigger the creation of new transactions. This
loop continues until the program is halted by an authorized agent.
Scheduler: The scheduler batches the transactions sent by the transaction
factory. A scheduling process is triggered either when the batch size reaches a
predefined threshold or when a maximum waiting time has elapsed since the
last scheduling event. During scheduling, an instance of TxnSP is created and
solved using the metaheuristic method developed using the theoretical findings
presented in Section 5. To construct a problem instance, the execution time of
each transaction is estimated using the statistics collected from the executed
transactions of the same type. Conflicts between transactions are identified based
on their use of non-shareable tools. If two transactions request access to the same
non-shareable tool, they are considered conflicting. The resulting schedule is m
transaction queues, where m is the number of available queues. Each queue is
assigned to a separate thread in the executor module.
Executor: Transactions assigned to each queue by the scheduler are inserted into
the thread-local queues without reordering. Each thread executes the transactions
in its queue in a first-in-first-out (FIFO) manner. The executor module ensures
consistency during execution. Before execution begins, each transaction must
acquire locks for the non-shareable tools it requires for its operation, and it cannot
start until all required locks are available. A transaction releases all acquired
locks after it commits or aborts. In OptiMA, each tool is assigned a unique
identifier, and the locks are acquired and released sequentially in ascending order
of the tool identifiers to avoid deadlocks [13]. The executor interacts with the tool
manager, agent manager, and postmaster modules to enforce model constraints.
After execution, the result of a transaction is sent to the transaction factory.
Tool Manager: When an agent action within a transaction attempts to use a
tool, the tool manager verifies the authorization of the agent. If authorization is
valid, access to the tool is granted; otherwise, the executor is instructed to abort
the transaction.
Agent Manager: When an agent action tries to start, stop, create, or destroy
another agent, the executor asks the agent manager to verify the permission of
the initiator agent. If the agent lacks the required permission, the executor is
notified to abort the transaction. Otherwise, the agent manager performs the
requested operation on the target agent.
Postmaster: When an agent attempts to send a message to another agent, the
postmaster checks whether the communication between the two agents is allowed.
If authorization is verified, the message is delivered. Otherwise, the executor is
notified to abort the transaction.

OptiMA allows disabling transaction scheduling for a given execution. In this
mode, the scheduler is bypassed, and each transaction is assigned to the first idle
thread in the executor. If scheduling is enabled, two parameters, batch size and
timeout, must be specified. These define the maximum number of transactions
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in a batch and the maximum waiting time before a batch is processed by the
scheduler. In Section 6, we evaluate different execution settings to find the most
efficient ones for various model configurations.

5 The Transaction Scheduling Problem

5.1 Definition of the Problem

We define TxnSP as the problem of scheduling a set of jobs on identical parallel
machines, where certain pairs of jobs cannot be processed concurrently due to
conflicts. Preemption is not allowed and the processing time of a job can be any
positive value. The objective is to find the schedule with the minimum makespan.
Makespan is defined as the time required for all jobs to be completed. Due to
conflicts, a schedule can have idle periods on some machines.

M3 j4

M2

M1

j3

j1

j5

mintime makespan

j2

PT = 5

PT = 7

PT = 4

Fig. 3: An example transaction schedule

Figure 3 shows an example transaction schedule. In this schedule, jobs 1 and
2 are in conflict, so job 1 delays the start of job 2. The processing times of the
machines are shown on the right. The longest processing time determines the
makespan, and the shortest determines the minimum time. The parameters used
to define a TxnSP instance are given below.

n: Number of jobs to be scheduled
m: Number of machines
L: A 1× n matrix of job lengths
C: A n× n matrix of binary values such that

Ci,j =
{

1, if i ̸= j and jobs i and j conflict

0, otherwise.
(1)

C is a symmetric matrix with 0 values on its primary diagonal, since the conflict
relation is commutative and anti-reflective.

TxnSP can be considered as a special case of the disjunctive scheduling
problem (DSP) [7]. While DSP contains both disjunctive (mutual exclusion)
and conjunctive (precedence relations between jobs) constraints, TxnSP only
includes disjunctive constraints. A related problem, namely the mutual exclusive
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scheduling problem (MESP), was proposed to model the parallel solution of
differential equations [1]. In MESP it is assumed that each job has a unit length,
therefore TxnSP can be seen as generalization of MESP. Our formulation of
TxnSP is inspired by [2] and [16], which also assume the use of RC2PL and treat
transactions as indivisible blocks to formulate a quadratic binary optimization
model for the problem. In the remainder of this section, we present a theoretical
analysis of the TxnSP that proves the complexity of the problem and introduces
useful properties that we use to develop a metaheuristic approach.

5.2 Computational Complexity

Theorem 1. TxnSP is NP-Hard.

Proof. If an algorithm exists that solves all TxnSP instances in polynomial time,
then it can also solve all MESP instances in polynomial time. It is shown in [1]
that MESP is NP-Hard. Therefore, TxnSP is also NP-Hard.

5.3 Permutation Encoding

In [3] a permutation encoding to represent the candidate solutions to TxnSP is
proposed. This representation is particularly useful for implementing optimization
methods such as the one we introduce in Section 5.4. In the following, we prove
that permutation encoding reduces the size of the search space while guaranteeing
that at least one optimal solution is representable for any problem instance.

Definition 1 (Subschedule). A subschedule is a schedule that includes only a
subset of the set of jobs. If subschedule i includes only the jobs in subset S, we say
that i is formed by S, and its size is |S|. In a subschedule, each job is scheduled
at its earliest feasible time. For a subschedule i, makespan and minimum time
are denoted by msi and mti, starting and completion times of job α are denoted
by st

(α)
i and ct

(α)
i , and the set including the last job processed on each machine

is denoted by LJi.

Definition 2 (Derived Subschedule). If a subschedule j can be obtained by
adding c ≥ 0 number of jobs to a subschedule i, then j is said to be derived from
i. In this case i is called a root of j. More specifically, the root of j formed by
subset S is called the S root of j.

If removing the job α ∈ S causes at least one job not to start at the earliest
feasible time, the result is not a subschedule and i does not have a S − {α} root.

Definition 3 (Derivation Plan). A derivation plan is a list of instructions that
is used to derive a subschedule from another. If j is derived from i by adding c
jobs, then the related derivation plan D is a list of c instructions. Each instruction
specifies which job to be inserted into which machine.

Definition 4 (Empty Subschedule). The subschedule that is formed by the
empty set is called the empty subschedule.
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Definition 5 (Residual Subschedule). If subschedule j is derived from i using
derivation plan D, residual subschedule j − i is the subschedule derived from the
empty subschedule using D.

Each derivation plan can be represented by a residual subschedule, since a
residual subschedule shows the order and place of the jobs to be inserted. We
use these two terms interchangeably.

Definition 6 (Equivalent Subschedules). Subschedules i and j that are
formed by S are equivalent if LJi = LJj and ct

(α)
i = ct

(α)
j for every α ∈ S.

Equivalency relation comes from the fact that the machines are identical in
TxnSP. Thus, swapping the machines would produce the same set of processing
times and the same set of last jobs.

Lemma 1. Any equivalent of an optimal schedule is also optimal.

Proof. If schedule i is optimal, its makespan has the minimum possible value.
Since swapping machines would not change the makespan, an equivalent of i is
also optimal.

Definition 7 (Reducible Subschedule). Subschedule i is said to be reducible
by α if msi can be decreased by replacing the job α ∈ LJi on another machine.

M1

M2

M3

j8

j5 j7 j9

j1 j4 j6

j3 j2

Fig. 4: An Example of Reducible Subschedule

In Figure 4, if j6 and j8 do not conflict, the subschedule is reducible by j8,
since makespan is reduced by moving j8 to M2 or M3.

Definition 8 (Prime Subschedule). Subschedule i of size c is said to be prime
if and only if it has at least one non-reducible root of size d for every d < c.

Lemma 2. Let i and j be subschedules that are formed by S. If LJi = LJj and
ct

(α)
i ≤ ct

(α)
j for every α ∈ S, then for any subschedule l derived from j and

formed by S′, there exists a subschedule k that is derived from i and formed by
S′ such that msk ≤ msl.

Proof. Let us choose k − i as the equivalent of l − j where the machines are
swapped such that the job that follows each α ∈ LJj is the same in both k and l.
In this way, it is certain that st

(α)
k ≤ st

(α)
l and, as a result, ct

(α)
k ≤ ct

(α)
l for each

job α ∈ S′. Since makespan is the maximum of completion times, msk ≤ msl.
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Lemma 3. Let i be a non-reducible subschedule of size c that is formed by S. If i
does not have any non-reducible root of size c− 1, then there exists a subschedule
formed by S where LJi = LJj and ct

(α)
j ≤ ct

(α)
i for each job α ∈ S.

Proof. Let the roots of i formed by S −{α} and S −{β} be j and k respectively.
If both roots exist, and if j can be reduced by β, then k cannot be reduced by
α. If this were not true, i would be reducible in the first place. In addition, if
the S − {γ} root, l, also exists and if k can be reduced by γ, then l would not
be reducible by neither α or β. Thus, in the case that all roots exist, there is at
least one root that cannot be reduced by any other job in LJi.

If no non-reducible root of size c− 1 exists, there must be a job α ∈ LJi such
that any root of size c− 1 except the one formed by S − {α} can be reduced by
α, and the S − {α} root does not exist. This is only possible in the case that
there is a job β ∈ LJi such that α and β conflict and st

(α)
i < st

(β)
i .

When all these conditions are satisfied, a prime subschedule i can be created
by the following steps.

1. Reduce the S − {β} root by α
2. Derive a new schedule from the result of step 1 by adding β

In the resulting subschedule, starting and completion times of α and β are smaller
than in i, while other jobs remain the same.

M1 M1

M2 M2

M3 M3

M1 M1

M2 M2

M3 M3

j5

j6 j4

j3 j1

j4

j6 j5

j3 j1

j2j2

j5 j7 j9 j1 j4 j6

j3 j2 j8 j5 j7 j9

j1 j4 j6 j3 j2 j8

Fig. 5: An example of the case explained in Lemma 3

The subschedule shown in Figure 5 (left) is non-reducible and does not have
a non-reducible root of size 5. If j5 is removed, the result is not a valid root, and
removing other jobs would give reducible roots. Changing the order of j4 and j5
gives a prime subschedule (right) that meets the conditions in Lemma 3.

Theorem 2. Any optimal schedule is prime.

Proof. The first part of the proof is to prove that any optimal schedule is non-
reducible. If a schedule i is reducible, it means that there is another schedule j
with the property msi > msj . Then i is not optimal, since it does not have the
smallest possible makespan.

The second part is to prove that an optimal schedule i has at least one
non-reducible root of size c for every c < n. Assume that i does not have a non-
reducible root of size d. It is proven in Lemma 3 that there exists a subschedule l

of size d + 1 with property ct
(α)
l ≤ ct

(α)
k for each d + 1 size root of i and α ∈ LJk.

In that case, from Lemma 2, it is known that a schedule j can be derived with
the property msj ≤ msi, and i is not optimal.
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Definition 9 (The Derivation Rule). The derivation rule is a general rule to
follow when creating subschedules from permutations of jobs. This rule is stated
as: Insert the next job into the machine with the smallest processing time. If more
than one machine shares the smallest processing time, insert the job to the one
with the smallest index (for instance, to machine 1 instead of machine 2).

The rule of selecting the machine with the lower index is just a convention.
Another rule that favors the highest index for machines (or any other convention)
would also be suitable, as long as one of the machines with the lowest processing
time is selected.
Definition 10 (Representable Subschedule). A subschedule that can be
created from a permutation by following the derivation rule in Definition 9 is
called representable.
Lemma 4. Any representable subschedule is prime.
Proof. This lemma can be proven by induction.
– Representable subschedules of size 1 are created by adding one job to the first

machine and starting it at time 0. If the job is moved to another machine, it
would still start at time 0, so the subschedule is non-reducible and prime.

– Let i be a prime and representable subschedule of size c and j be the subschedule
derived by adding job α to i following the derivation rule. In this case, α is
already placed on the machine with the lowest processing time, so j cannot
be reduced by α. Also, since i is non-reducible, it cannot be reduced by any
job in LJi. Adding a new job would increase the processing time of one of the
machines and does not change the reducibility of the new schedule by any of
these jobs. Thus, j is also prime.

Theorem 3. The set of all representable schedules includes at least one optimal
schedule.
Proof. We know that any representable subschedule is prime from Lemma 4. We
can use this knowledge to form a permutation from any prime subschedule or its
equivalent.

For a problem with m machines, a prime subschedule of size m has one job
assigned to each machine. If such a subschedule i of size m is representable, then
due to the convention of favoring machines with lower indices, it should have the
property st

(α)
i ≤ st

(β)
i for each pair of jobs α and β, where α is assigned to a

machine with a lower index than β.
Let j be a prime subschedule with a representable root of size m. A per-

mutation to represent j can be found by deleting the jobs step by step, by the
following rules: Delete the job that would give the non-reducible root with the
highest minimum time. If there exists two such jobs, delete the one that is assigned
to the machine with a higher index. This rule is the reverse of the derivation rule
and the inverse of the permutation of the deleted jobs would give the permutation
representation. If there is no representable size m root of j, an equivalent of j
has such a root, so it is representable. Since any optimal solution is prime, any
optimal schedule or one of its equivalents is representable.
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5.4 Simulated Annealing for the Transaction Scheduling Problem

In Section 5.2, we show that TxnSP is an NP-Hard problem. This means that,
exact optimization algorithms for even moderate-size instances of TxnSP would
require a long time, and they are not useful in most practical cases. We imple-
mented a metaheuristic approach to solve TxnSP instances to find near-optimal
schedules4. In this implementation, we exploit the permutation representation.
The simulated annealing (SA) solver searches the set of representable schedules,
which includes at least one optimal schedule as proven in Section 5.3.

SA is a random search algorithm, where the probability of selecting an inferior
point in each step is related to a parameter called temperature (T ) [21]. T is
slowly reduced, making the algorithm converge to a solution with a good fitness
value. The temperature is decreased at the end of each step, and the algorithm
halts when it reaches 0. We used a linear cooling schedule, which is shown below.

T ← T − α (2)

The hyperparameter α is the decrement parameter, which determines the speed of
convergence. At each step, SA investigates the neighbors of the current point, but
the definition of a neighbor can differ between applications. In our implementation,
two permutations are defined as neighbors if one can be obtained by swapping a
single pair of jobs in the other.

6 Experimental Results

The premise of OptiMA is to ensure strong consistency and isolation while
minimizing the associated performance overhead through transaction scheduling.
To evaluate this premise, we developed the Factory Floor Benchmark (FFB), a
synthetic workload designed to evaluate system performance under varying levels
of resource contention and number of agents. FFB simulates a production facility
that is operated by AI-driven robots. The facility consists of an assembly station
and an inspection station. Each job is defined as a sequence of assembly operations,
where each operation consists of multiple actions that must be executed atomically
due to dependencies and exclusive resource requirements. After assembly, a job is
transported to the inspection station and leaves the system after being inspected.
The duration of each action is determined randomly using a normal distribution
to imitate uncertainty in real-world execution times. Actions are simulated by
awaiting threads. At initialization, job descriptions are created by generating
random sequences of operations, each consisting of a random set of assembly
actions. In total, nine such action types are defined (five manual, two drilling,
and two welding).

The design of FFB follows the model design principles of OptiMA introduced
in Section 4.1. Each tool represents a real-world resource that can be either
shareable or non-shareable. The set of tools used in FFB is listed below.
4 https://github.com/umutcalikyilmaz/TxnSP

https://github.com/umutcalikyilmaz/TxnSP
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Table 1: Conflict configurations
used in experiments
Conflict
Levels

Operation Propensities
Manual Drilling Welding

Very Low 20 1 1
Low 10 1 1
High 5 1 1
Very High 1 1 1

Table 2: Agent intensity configurations used
in the experiments
Agent
Intensities

Initial Numbers
Assembler Transporter Inspector

Low 100 100 100
Medium 200 200 200
High 400 400 400

Assembly Queue (Shareable) contains the assembly descriptions of parts.
Conveyor Belt (Shareable) stores assembled parts after processing.
Inspection Queue (Shareable) stores parts to be inspected.
Drill Press (Non-Shareable) performs drilling operations.
Welding Station (Non-Shareable) performs welding operations.
QA Scanner (Non-Shareable) performs quality assessments of parts.
Output Bin (Shareable) stores completed parts after inspection.

The agent roles in FFB are defined below.

Assembler assembles parts by performing manual work, drilling, and welding,
and then places the assembled parts on the conveyor belt.
Transporter transfers assembled parts from conveyor belt to the inspection
station and inserts them into the inspection queue.
Inspector evaluates the quality of assembled jobs using the QA scanner, and
reports the results to the floor manager.
Floor Manager monitors the number of jobs at each station and dynamically
adjusts the number of active agents of each role to balance queue lengths.

To assess the effect of transaction scheduling under various contention levels
and numbers of agents, we conducted experiments using different conflict levels
and agent intensity settings as shown in Table 1 and Table 2, respectively.
Increasing the propensities of drilling and welding operations relative to manual
operations increases the conflict level, since these operations rely on non-shareable
tools. For each intensity setting, the maximum number of agents for each role
is set to twice the initial numbers. We also used three different numbers of
available threads (8, 16, 32), resulting in a total of 36 configurations. For each
configuration, five random sets of jobs are generated. The system is first executed
using each set of jobs without scheduling to establish a baseline. Then it is
executed multiple times on the same job sets with scheduling to evaluate different
scheduling parameters. Specifically, we considered three batch sizes (50, 100,
200) and two timeout values (500 ms and 1000 ms), which define the batch size
threshold and the maximum scheduling delay, respectively. For each configuration,
the best set of scheduling parameters is selected according to average throughput
over five runs. Throughput is defined by the number of completed jobs in the
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simulation per second. Schedule optimization is performed using SA with the
initial temperature and cooling rate set to 1.2 and 0.005, respectively. Table 3
presents the benchmark results by showing the best scheduling parameters for
each configuration, and the minimum, maximum, and average improvements
observed for those parameters over five runs.

Experimental results show that transaction scheduling significantly increases
throughput in almost all test scenarios. In the best-performing configuration,
the average and the maximum improvements reach as high as 37.73% and
45.09%, respectively. These results show that transaction scheduling is an effective
approach for mitigating the performance overhead introduced by enforcing strict
consistency and isolation in a MAS. Furthermore, the improvement in system
performance shows a strong positive correlation with the number of agents. This
indicates that the proposed approach becomes increasingly effective as the system
scales, making it particularly useful for the target set of complex and large-scale
MASs. The relationship between throughput improvement, conflict level, and
the number of available threads is less regular. The observed improvements do
not exhibit a monotonic trend across these parameters. One possible explanation
is that the impact of scheduling depends on the gap between the maximum
achievable parallelism and the average parallelism obtained by random transaction
ordering, and this gap varies non-linearly with respect to resource contention
and the number of threads. A secondary observation is that the optimal batch
size shows a weak correlation with the number of available threads. Finally, no
discernible trend is observed according to the optimal timeout values.

7 Conclusion and Future Research Directions

Multi-agent systems have the potential to undertake a wide range of sophisticated
tasks that were previously considered impossible to automate. However, modern
systems developed for this purpose are becoming increasingly complex and
large-scale, making them more susceptible to inconsistent states. Designing
such models in a fault-tolerant manner requires well-designed organization and
coordination mechanisms. Most prior work in the field relies on semantic structures
for coordination, with limited attention to the execution layer. In this study, we
address this gap by offering a model design and execution strategy that enforces
strong consistency and isolation at the execution layer. Furthermore, we show
that the potential performance trade-off associated with such an approach can
be largely mitigated through scheduling.

As future work, one natural next step is to apply the proposed framework to
complex real-world scenarios. In addition, the theoretical work and the proposed
metaheuristic approach for the transaction scheduling problem provide a basis
for future research on improving the performance of transaction-based systems,
such as database management systems.

Acknowledgments. This work is funded by the German Federal Ministry of Research,
Technology and Space within the funding program quantum technologies — from basic
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