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Abstract

In large-scale data processing and machine
learning systems, Directed Acyclic Graphs
(DAGS) serve as the backbone for orchestrating
complex workflows that involve multiple
dependent stages. Multi-tenant DAG execution
systems are increasingly being used to handle
concurrent workloads from multiple users and

applications. However, these systems face
significant challenges when it comes to
achieving high-throughput inference,
particularly in shared environments where

resource contention, scheduling efficiency, and
tenant isolation become critical concerns. High-
throughput inference is a necessity in use cases
such as real-time recommendation engines,

W) Check for updates

large-scale data processing pipelines, and cloud-
based Al services, where latency and throughput
are vital to maintaining system performance.

This research paper aims to address the primary
challenges associated with optimizing multi-
tenant DAG execution systems for high-
throughput inference. We begin by analyzing the
limitations of existing frameworks such as
Apache Airflow, Luigi, and Prefect in multi-
tenant environments, focusing on issues like
resource contention, inefficient scheduling, and
lack of dynamic scalability. To tackle these
issues, we propose a set of optimization
strategies that include adaptive resource
allocation, tenant-aware scheduling, and hybrid
execution models that balance between real-time
and batch inference.
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Our first strategy involves dynamic partitioning
of resources to prevent contention and ensure
fair allocation among tenants based on workload
priority and expected resource utilization. This
approach is supplemented by intelligent
scheduling techniques that leverage cost-based
heuristics and priority queues, reducing overall
latency and improving system throughput.
Additionally, we introduce a hybrid execution
model that supports both real-time and batch
processing pipelines, enabling flexible execution
of diverse workload types in the same shared
environment. This allows the system to
dynamically switch between real-time and batch
modes based on workload characteristics,
thereby optimizing resource utilization.

To further enhance performance, we propose
incorporating memory-aware caching
mechanisms that prioritize data locality and
reduce redundant data movements between
nodes in the DAG. This not only decreases
execution time for individual DAG stages but
also minimizes 1/0 overhead, a critical factor in
high-throughput systems. These strategies are
integrated into a multi-tenant DAG execution
framework designed to support various machine
learning and data analytics workloads in a cloud-
native environment.

The effectiveness of our optimizations is
evaluated through comprehensive experiments
using real-world datasets and synthetic
benchmarks, comparing our approach against
baseline systems. Our results demonstrate
significant improvements in throughput, latency,
and scalability, validating the proposed
techniques for real-world adoption in multi-
tenant DAG execution systems. We also present

a case study of applying these optimizations to a
large-scale Al inference platform, highlighting
the practical benefits and potential challenges of
deploying such systems in a production
environment.

Ultimately, this research provides valuable
insights into optimizing DAG execution for
high-throughput inference, offering a blueprint
for building scalable, efficient, and tenant-aware
DAG systems capable of handling diverse and
dynamic workloads.

Keywords:

Multi-tenant DAG execution, high-throughput
inference, resource allocation, scheduling
optimization, hybrid execution models, adaptive
resource management, tenant isolation, data
locality, machine learning workflows, cloud-
native environments, real-time processing, batch
inference, performance optimization.

Introduction

1.1 Background and Context of Multi-Tenant
DAG Execution Systems

In the modern era of large-scale data processing
and machine learning, Directed Acyclic Graphs
(DAGSs) have become a fundamental tool for
defining, scheduling, and executing complex
workflows. Each node in a DAG represents a
specific computational task, while the edges
between nodes define dependencies between
these tasks, determining the order in which
operations must be performed. DAGs are widely
employed in various domains, including big data
processing, machine learning pipelines, ETL
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(Extract, Transform, Load) processes, and
scientific computing. Prominent workflow
orchestration frameworks like Apache Airflow,
Luigi, and Prefect rely heavily on DAG
structures to manage and automate complex
workflows.

With the proliferation of cloud computing and
the need to serve multiple users concurrently,
the demand for multi-tenant DAG execution
systems has grown significantly. Multi-tenancy
refers to the ability of a single system to
accommodate multiple independent users or
organizations, each with its own isolated
execution  environment,  while  sharing
underlying computational resources. This
capability is  crucial in  cloud-based
environments, where service providers need to
offer scalable and cost-effective solutions for a
diverse set of users and use cases. However,
achieving efficient resource utilization and
maintaining high-throughput in  multi-tenant
DAG systems is a formidable challenge due to
the intricate interplay  of  workload
characteristics, resource contention, and tenant
isolation.

Single Tenant Model Multi-Tenant Model
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1.2  Significance of High-Throughput
Inference in Large-Scale Systems

High-throughput inference refers to the ability of
a system to process a large number of tasks or
gueries per unit time, which is essential in
various applications such as recommendation
engines, real-time analytics, and large-scale
machine learning deployments. Inference
workloads, particularly in Al-based systems, can
vary significantly in terms of computational
complexity and data intensity. For instance, a
single tenant may require low-latency responses
for real-time prediction queries, while another
may need to execute batch inference over large
datasets.
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Ensuring that a multi-tenant DAG system can
handle such diverse workloads while meeting
the  stringent throughput and latency
requirements is vital for maintaining system
performance and user satisfaction. Inadequate
throughput and high latency can lead to
degraded user experience, inefficient resource
utilization, and potential SLA (Service Level
Agreement) violations. Therefore, optimizing
DAG execution for high-throughput inference is
a key area of research and development in the
context of multi-tenant systems.

BY NC
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1.3 Motivation for Optimizing DAG
Execution in Multi-Tenant Environments

The primary motivation behind optimizing DAG
execution in multi-tenant environments stems
from the need to balance competing objectives:
high throughput, low latency, and efficient
resource utilization, all while maintaining tenant
isolation and fairness. Traditional DAG
execution frameworks, such as Apache Airflow,
are designed for single-tenant scenarios and
often struggle to handle the complexities
introduced by multi-tenancy. These complexities
include  managing  resource  contention,
preventing  cross-tenant interference, and
dynamically scaling resources based on varying
workload demands.

In a typical multi-tenant environment, multiple
DAGs from different tenants may share the same
underlying infrastructure, leading to resource
contention  and  potential performance
degradation. Furthermore, scheduling decisions
in such an environment become more
complicated due to the need to consider not only
individual DAG dependencies but also inter-
tenant resource allocations and priority
constraints. For example, if two tenants submit
high-priority, resource-intensive DAGs
simultaneously, a naive scheduling approach
may lead to resource starvation for other tenants,
resulting in long wait times and degraded overall
system performance.

The challenge, therefore, is to develop
intelligent resource management and scheduling
techniques that can adapt to dynamic workloads,
prioritize critical tasks, and optimize throughput
without sacrificing fairness and tenant isolation.

This paper seeks to address these challenges by
proposing a set of optimization strategies
specifically tailored for multi-tenant DAG
execution systems.

1.4 Problem Statement and Challenges

Optimizing  multi-tenant DAG  execution
systems for high-throughput inference is a
complex problem characterized by several
challenges:

Resource Contention and Isolation: In multi-
tenant environments, multiple DAGs share the
same computational resources, which can lead to
contention and reduced performance for certain
tenants. Achieving optimal resource allocation
while ensuring isolation between tenants is a
difficult task.

Scheduling Efficiency: Traditional DAG
scheduling techniques often fail to account for
tenant-specific requirements, such as priority
levels and workload characteristics. This can
result in suboptimal scheduling decisions that
degrade overall system performance.

Dynamic Workload Variability: Inference
workloads in multi-tenant systems can vary
widely in terms of complexity, data size, and
compute intensity. Static resource allocation and
scheduling policies are ill-suited to handle such
variability, necessitating adaptive strategies that
can respond to changing workloads in real-time.
Scalability and Latency Requirements: High-
throughput inference systems must be able to
scale dynamically to accommodate varying
loads while maintaining low latency. This is
particularly challenging in scenarios where
workloads exhibit bursty behavior or when new
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tenants are onboarded with varying resource
demands.

Fairness and Priority Management: Multi-
tenant systems must ensure that resource
allocation and scheduling decisions are made
fairly, taking into account the priorities and
SLAs of different tenants. Achieving this
balance without compromising throughput is a
significant challenge.

1.5 Objectives of the Study

The main objectives of this research paper are
to:

Analyze the limitations of existing DAG
execution frameworks in multi-tenant
environments.

Develop novel optimization strategies for
improving high-throughput inference in multi-
tenant DAG systems.

Propose adaptive resource allocation and
scheduling techniques that ensure fairness and
minimize resource contention.

Implement and evaluate the proposed
optimizations in a real-world multi-tenant DAG
execution system.

Provide insights and recommendations for
building scalable, high-performance DAG
execution systems capable of handling diverse
workloads in shared environments.

2. Related Work

2.1 Overview of Existing DAG Execution
Frameworks

In recent years, DAG (Directed Acyclic Graph)
execution frameworks such as Apache Airflow,

Luigi, and Prefect have become essential tools
for orchestrating complex workflows in data
processing and machine learning applications.
These frameworks provide a systematic way to
define, schedule, and monitor workflows with
dependencies  between  tasks,  enabling
automation and optimization of data pipelines.
Each framework has its wunique design
principles, strengths, and limitations, particularly
when it comes to handling multi-tenant
environments.

Apache Airflow is one of the most popular
open-source DAG execution frameworks,
widely used in big data and machine learning
applications. It offers a high degree of flexibility
for defining custom workflows and managing
task dependencies. However, its limitations in
resource management  and scheduling
capabilities become evident in multi-tenant
scenarios, where multiple users share a common
infrastructure. The static scheduling policies and
lack of tenant-specific resource isolation lead to
contention and inefficiency, making it
challenging to maintain performance at scale.

Luigi focuses on dependency resolution and task
scheduling, making it well-suited for building
complex ETL (Extract, Transform, Load)
pipelines. However, it is primarily designed for
single-tenant use cases, with limited support for
dynamic resource allocation and multi-tenant
scheduling. Its centralized architecture can
become a bottleneck when dealing with
concurrent workflows from multiple tenants,
leading to potential performance degradation.

Prefect is a newer entrant, designed to address
some of the limitations of traditional DAG
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frameworks. It provides a more modern
approach to task orchestration, with support for
dynamic workflows, retry logic, and real-time
monitoring. Despite these features, Prefect still
faces challenges in multi-tenant environments
due to its centralized scheduling model and
limited support for adaptive resource
management.

2.2 Multi-Tenancy in Distributed Systems

Multi-tenancy is a  key  architectural
consideration for cloud-based platforms, where a
single system serves multiple independent users
or organizations, each referred to as a "tenant.”
Multi-tenant  architectures  must  provide
mechanisms for resource isolation, security, and
performance guarantees while maximizing
resource utilization. Various approaches have
been proposed in the literature to tackle these

challenges, including virtualization,
containerization, and  logical isolation
techniques.

Resource isolation is critical in multi-tenant
systems to ensure that one tenant's workload
does not adversely impact others. This is
typically achieved using technologies such as
Kubernetes for container orchestration, which
can allocate compute resources (CPU, memory)
and enforce limits for each tenant. However,
resource isolation alone does not address the
complexities of managing competing priorities
and diverse workload requirements, which are
common in multi-tenant DAG execution
systems.

Scheduling in multi-tenant environments has
been extensively studied in distributed systems

research. Techniques such as priority-based
scheduling, fair-share scheduling, and deadline-
aware scheduling have been explored to balance
performance and fairness. However, these
techniques often require adaptation to fit the
specific needs of DAG execution frameworks,
which involve intricate task dependencies and
dynamic workloads. Furthermore, multi-tenant
scheduling must account for the varying
resource demands and service level agreements
(SLAs) of different tenants, adding another layer
of complexity.

2.3 High-Throughput Inference Techniques
and Architectures

High-throughput inference is a critical
requirement for Al and machine learning
applications deployed in large-scale systems.
Various techniques and architectures have been
proposed to optimize inference performance,
including model parallelism, pipelining, and
hardware accelerators such as GPUs and TPUs.
The goal of these techniques is to maximize the
number of inference queries processed per unit
time while minimizing latency and resource
consumption.

Model parallelism involves partitioning a
machine learning model across multiple
computational nodes to enable parallel
execution. This technique is effective for large
models but introduces communication overhead,
which can become a bottleneck in DAG
execution systems. Similarly, pipelining breaks
down the inference process into multiple stages,
each executed on separate nodes, to achieve
higher throughput. However, ensuring efficient
pipeline balancing and minimizing idle time
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across stages is challenging in multi-tenant
settings.

Hardware accelerators, such as GPUs and
TPUs, are increasingly used to speed up
inference workloads. These accelerators provide
significant performance benefits for
computation-intensive tasks, such as deep
learning model inference. However, managing
shared access to these accelerators in a multi-
tenant environment requires sophisticated
resource management policies to prevent
resource contention and ensure fair allocation.

In the context of DAG execution systems,
integrating these high-throughput inference
techniques poses several challenges. The DAG
scheduler must be aware of resource constraints
and task dependencies, dynamically allocate
resources based on current workload
characteristics, and optimize task placement to
minimize data movement and latency.

2.4 Optimization Techniques in DAG
Scheduling and Execution

Optimizing DAG scheduling and execution has
been a focus of research in both academia and
industry. Traditional optimization techniques
include critical path analysis, task clustering,
and  heuristic-based  scheduling.  These
techniques aim to minimize the total execution
time of a DAG by identifying bottlenecks,
parallelizing independent tasks, and reducing
task overhead.

Critical path analysis identifies the longest
path in a DAG, which determines the minimum
completion time. By prioritizing tasks on the

critical path, schedulers can optimize resource
allocation and reduce overall latency. However,
this approach does not account for multi-tenant
scenarios, where different DAGs may have
competing critical paths.

Task clustering groups related tasks into a
single execution unit to reduce inter-task
communication overhead. While effective for
single-tenant DAGs, task clustering must be
adapted for multi-tenant systems to ensure that
resource allocations are balanced across tenants.

Heuristic-based scheduling uses cost functions
to guide task placement and resource allocation
decisions. These heuristics are often based on
factors such as task duration, resource
availability, and dependency constraints. In
multi-tenant systems, additional heuristics are
needed to account for tenant-specific
requirements, such as priority levels and SLA
constraints.

Recent  advancements include  machine
learning-based scheduling, where
reinforcement learning or neural network models
are used to predict the optimal scheduling policy
based on historical data. These techniques show
promise in improving DAG scheduling
efficiency but require large amounts of training
data and significant computational resources.

2.5 Research Gaps and Positioning of This
Work

Despite the significant advancements in DAG
execution  frameworks and  scheduling
techniques, there are still several research gaps
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in the context of optimizing multi-tenant DAG
systems for high-throughput inference:

Limited Support for Dynamic Resource
Allocation: Existing frameworks lack the ability
to dynamically allocate resources based on real-
time workload characteristics and tenant
requirements. This leads to inefficient resource
utilization and degraded performance under high
load.

Inadequate Multi-Tenant Scheduling Models:
Current DAG scheduling techniques are
designed for single-tenant scenarios and do not
account for inter-tenant priorities, fairness, or
isolation requirements. There is a need for
scheduling models that can optimize for both
tenant-specific  SLAs and  system-wide
throughput.

Lack of Hybrid Execution Models: Traditional
DAG execution frameworks are not equipped to
handle diverse workloads that require a
combination of real-time and batch processing.
Developing hybrid execution models that can
seamlessly switch between real-time and batch
modes is an open challenge.

Insufficient Consideration of Data Locality:
Data movement between DAG nodes is a
significant source of overhead, especially in
large-scale distributed systems. Optimizing task
placement and execution to minimize data
movement is crucial for achieving high-
throughput inference.

3. System Model and Architecture

3.1 Overview of the Multi-Tenant DAG
Execution System Architecture

A multi-tenant DAG execution system is a
complex architecture designed to accommodate
and manage the concurrent execution of multiple
workflows from different tenants. Each tenant
operates in an isolated environment with the
expectation that their tasks, workflows, and
performance objectives will not be negatively
impacted by the actions or resource consumption
of other tenants. The architecture is typically
composed of several key components that work
in unison to orchestrate task execution, manage
resources, and ensure scalability.

In such systems, Directed Acyclic Graphs
(DAGs) are central to task orchestration. Each
tenant submits workflows in the form of DAGsS,
where each node represents a task, and the edges
represent dependencies between tasks. This
structure allows for parallel execution of
independent tasks and ensures that tasks with
dependencies are executed in the correct order.
The overall goal of the system is to ensure that
all DAGs are executed efficiently, resources are
allocated fairly, and system throughput is
maximized, even when handling diverse and
dynamic workloads.

Key components of a typical multi-tenant DAG
execution system include:

Tenant Management Layer: Responsible for
managing multiple tenants, isolating their
resources, and ensuring security. This layer
helps to maintain boundaries between tenants so
that one tenant's resource-intensive workload
does not degrade the performance of others.

DAG Scheduler: The core of the system,
responsible for determining the order in which
tasks within a DAG are executed. In a multi-
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tenant environment, the scheduler must account
for multiple DAGs from different tenants, each
with different priorities and resource needs.
Resource Manager: This component allocates
compute, memory, and other resources across
tenants based on workload requirements, system
load, and tenant priorities. It ensures efficient
resource utilization while preventing resource
contention between tenants.

Execution Engine: Executes tasks according to
the scheduling plan, monitors their progress, and
handles task retries and failures. This engine is
designed to operate in a distributed environment,
enabling scalable and parallel execution of tasks.
Monitoring and Logging Services: These
services track the progress of each DAG and
task, gather performance metrics, and log any
errors or failures. This data is essential for
optimizing performance, debugging issues, and
ensuring that the system is meeting its service-
level agreements (SLAS).

3.2 Components of the DAG Execution
Framework

3.2.1 Tenant Management

Tenant management is crucial in multi-tenant
systems to provide isolation, security, and
resource fairness among different users or
organizations. Each tenant may have its own
requirements in terms of resource consumption,
task priority, and execution latency. The tenant
management layer is responsible for ensuring
that these needs are met without negatively
impacting the experience of other tenants.

In this context, isolation refers to the guarantee
that the actions of one tenant (e.g., submitting a

large number of DAGs or resource-intensive
workflows) do not interfere with the resource
availability or performance of other tenants. This
is typically achieved using virtualization or
containerization technologies (e.g., Kubernetes,
Docker), which allow for resource quotas to be
enforced per tenant, ensuring a degree of
fairness in multi-tenant environments.

3.2.2 DAG Scheduler and Orchestrator

The DAG scheduler is responsible for the most
critical part of the system—deciding which tasks
to execute and when. In a multi-tenant
environment, this involves managing many
concurrent DAGs from different tenants, each of
which may have varying priorities, resource
needs, and execution deadlines.

The scheduling policies must take into account:

Task dependencies: Ensuring that tasks are
executed in the correct order, respecting the
dependencies outlined in the DAG structure.
Resource availability: Allocating resources to
tasks while avoiding overloading any part of the
system.

Tenant priorities: Ensuring that tenants with
higher priority or stricter SLAs receive
preferential treatment in terms of resource
allocation.

Latency and throughput: Optimizing the
system to minimize execution latency and
maximize throughput across all tenants.

Scheduling can be static, with predefined rules
governing task execution, or dynamic, where the
system adjusts scheduling decisions in real-time
based on current workloads and resource
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availability. Dynamic scheduling is more
challenging to implement but is often more
effective in multi-tenant environments, as it can
adapt to changing workloads and ensure that
system resources are used efficiently.

3.2.3 Resource Allocation and Management

Effective resource allocation is essential in a
multi-tenant DAG execution system to ensure
fairness and prevent resource contention
between tenants. The resource manager is
responsible for distributing system resources
(e.g., CPU, memory, storage) across all tenants
and their respective DAGS.

Resource management strategies include:

Dynamic resource allocation: The system
adjusts resource allocations in real-time based
on workload demands. This can involve scaling
up resources for tenants with high-priority tasks
or temporarily reducing resource availability for
lower-priority tenants during peak periods.
Resource quotas: Each tenant is assigned a
specific quota of resources based on their SLA,
subscription tier, or other factors. The system
enforces these quotas to ensure that no single
tenant can monopolize system resources.

Load balancing: The resource manager must
balance the load across the available
computational resources, ensuring that no single
node or resource pool is overwhelmed while
others are underutilized.

3.2.4 Monitoring and Load Balancing

Monitoring is critical in multi-tenant systems to
ensure that tasks are being executed as expected,

and resources are being used efficiently. The
monitoring component tracks the progress of
each task and gathers performance metrics such
as task execution time, resource usage, and
system load. This data can be used to optimize
resource allocation and scheduling decisions in
real-time.

Load balancing plays a key role in ensuring
that the system operates smoothly under heavy
load. The load balancer distributes tasks across
available resources to prevent bottlenecks and
ensure that resources are used efficiently. In a
multi-tenant system, load balancing must also
account for tenant-specific requirements, such as
ensuring that high-priority tenants are not
subjected to excessive delays due to load
balancing decisions.

3.3 Workflow Representation and Metadata
Management

In a multi-tenant DAG execution system,
workflow representation refers to how DAGs
are defined, stored, and managed. Each DAG
represents a series of interconnected tasks that
must be executed in a specific order, with
dependencies between tasks dictating the
execution flow.

The system must also manage metadata
associated with each DAG, including:

Task dependencies: Information about which
tasks depend on the output of others.

Resource requirements: Data on how much
CPU, memory, or storage each task will
consume.
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Execution priorities: Indicators of which tasks
or DAGs should be prioritized in scheduling
decisions.

Tenant-specific information: Details on which
tenant owns each DAG, and what their specific
SLA or priority is.

Efficient metadata management is crucial for
ensuring that the system can quickly retrieve the
necessary information when making scheduling
or resource allocation decisions.

3.4 Defining Inference Workloads and Use
Cases

Inference workloads involve the execution of
machine learning models to generate predictions
based on incoming data. In a multi-tenant
system, different tenants may have different
inference workloads, ranging from real-time
low-latency  predictions  (e.g.,  powering
recommendation systems or chatbots) to batch
inference workloads that process large datasets
periodically (e.g., fraud detection models or data
processing pipelines).

The system must handle diverse inference
workloads by adapting to their specific
requirements, such as:

Real-time inference: Requires low-latency
execution and fast response times. The system
must prioritize these tasks to meet stringent
SLAs.

Batch inference: Can tolerate higher latencies
but requires efficient use of resources to process
large volumes of data. These tasks may be
scheduled during off-peak times or when system
resources are underutilized.

Supporting both real-time and batch inference in
a multi-tenant DAG execution system requires
the development of hybrid execution models
that can dynamically switch between modes
based on workload demands and system load.

4. Challenges in Multi-Tenant DAG
Execution for High-Throughput Inference

Achieving high-throughput inference in multi-
tenant Directed Acyclic Graph (DAG) execution
systems  involves  overcoming  numerous
challenges that arise from the inherent
complexity ~ of  multi-tenancy,  dynamic
workloads, and resource constraints. These
challenges can impact the overall performance,
efficiency, and fairness of the system, leading to
resource contention, bottlenecks, and suboptimal
task execution. This section discusses the
primary challenges faced by multi-tenant DAG
execution systems and their implications for
high-throughput inference.

4.1 Performance Bottlenecks in Multi-Tenant
Systems

One of the most critical challenges in multi-
tenant DAG execution systems is performance
bottlenecks that emerge due to the concurrent
execution of diverse workloads from multiple
tenants. Bottlenecks can occur at various levels,
such as CPU, memory, network 1/O, or even at
the DAG scheduler level. These bottlenecks are
often caused by:

Resource Contention: When multiple tenants
request the same resources (e.g., compute,
memory, or storage) simultaneously, resource
contention can lead to performance degradation
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for some tenants. In particular, high-priority or
latency-sensitive tasks may be delayed if lower-
priority tasks consume too many resources.
Inefficient Scheduling: Traditional scheduling
algorithms may not account for multi-tenant
requirements such as tenant isolation, priority,
and dynamic workloads. This can result in
underutilization of resources, long wait times for
critical tasks, and overall inefficiency in task
execution.

Communication Overhead: DAG execution
involves frequent communication between tasks
and nodes to exchange data and manage
dependencies. In a multi-tenant environment,
this communication overhead is exacerbated by
the need to isolate data and prevent cross-tenant
interference. As a result, data transfer delays can
become a significant bottleneck, particularly for
data-intensive workloads.

Performance  bottlenecks  reduce  overall
throughput and can result in SLA violations,
especially in real-time inference systems where
latency requirements are strict. Addressing these
bottlenecks  requires intelligent  resource
management and  optimized  scheduling
strategies that can dynamically adapt to varying
workload demands.

4.2 Resource Contention and Isolation in
Shared Environments

Resource contention is a fundamental issue in
shared multi-tenant environments. Each tenant
submits its own set of DAGs, which may have
different resource requirements, execution
priorities, and completion deadlines. In such a
setting, ensuring that one tenant’s resource-

intensive DAG does not monopolize system
resources is a challenging task.

Key aspects of resource contention and isolation
include:

CPU and Memory Contention: When multiple
tenants execute CPU-bound or memory-bound
tasks concurrently, contention for these
resources can lead to performance degradation
for all tenants involved. For instance, a memory-
intensive task from one tenant could cause other
tenants’ tasks to be swapped out or delayed,
impacting the entire system’s performance.

I/0 Contention: Network and disk /O can
become  bottlenecks when tenants are
transferring large volumes of data between tasks.
1/0-intensive operations can stall the progress of
other tenants’ DAGs, especially if the system
does not prioritize tasks appropriately based on
their 1/0 requirements.

Isolation  Mechanisms:  Ensuring  proper
isolation between tenants is critical for security,
privacy, and fairness. Isolation mechanisms such
as containers and resource quotas can help, but
they introduce additional overhead, complicating
resource management and scheduling decisions.

Addressing  resource  contention  requires
advanced resource allocation strategies that
dynamically partition resources based on real-
time workload characteristics and tenant
requirements. Techniques such as priority-based
resource allocation, fair-share scheduling, and
guota enforcement can help mitigate contention,
but they need to be tailored to fit the specific
needs of multi-tenant DAG execution systems.
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4.3 Handling Dynamic Workloads and
Scalability Issues

In a multi-tenant environment, the nature of
workloads can vary significantly over time.
Workloads may change due to variations in the
number of active tenants, the size of data being
processed, or the computational complexity of
the DAGs being executed. This dynamic nature
poses several challenges:

Unpredictable Workload Patterns: Tenant
workloads are often unpredictable, with sudden
spikes or drops in resource demands. For
example, a tenant might submit a large batch
inference  job  that  requires  extensive
computational resources, followed by a period of
inactivity. Similarly, real-time workloads may
exhibit bursty patterns, requiring rapid scaling of
resources to maintain low latency.

Scalability of the Execution Engine: The
execution engine must be capable of scaling
resources up or down based on current workload
demands  without introducing significant
overhead or latency. This requires sophisticated
auto-scaling mechanisms that can anticipate
workload changes and provision resources
accordingly.

Handling Heterogeneous Workloads:
Different tenants may have heterogeneous
workloads, ranging from compute-intensive
tasks (e.g., machine learning model training) to
I/O-intensive tasks (e.g., data extraction and
aggregation). The system must be able to
manage these diverse workloads while
maintaining high throughput and efficiency.

To address these challenges, the system must
employ adaptive resource  management

strategies that can dynamically allocate and
reallocate resources as workloads change. This
includes supporting both horizontal scaling
(adding more nodes to handle increased load)
and vertical scaling (increasing the capacity of
existing nodes).

4.4 Ensuring Fairness and Efficiency in
Scheduling

Fairness in scheduling is a critical consideration
in multi-tenant DAG execution systems, as
different tenants may have different expectations
regarding resource usage and task completion
times. Ensuring that all tenants receive a fair
share of resources and are not starved by higher-
priority workloads is a challenging problem.

Some of the fairness-related challenges include:

Priority and SLA Management: Tenants may
have different priorities and SLAs that dictate
how resources should be allocated. For example,
a premium tenant may expect faster task
execution and lower latency compared to a
standard tenant. Balancing these priorities while
maintaining overall system efficiency is a
complex task for the scheduler.

Preventing Resource Starvation: If high-
priority tenants continuously consume resources,
lower-priority tenants may experience resource
starvation, resulting in prolonged task wait times
or even failure to meet SLAs. To prevent this,
the scheduler must implement mechanisms to
ensure that all tenants receive a minimum level
of resource allocation.

Achieving High  Throughput  Without
Sacrificing Fairness: The scheduler must strike
a balance between maximizing throughput and
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ensuring fairness. Techniques such as weighted
fair queuing, priority-based scheduling, and
cost-aware scheduling can help, but they need to
be carefully tuned to prevent unfair resource
allocation.

Addressing these challenges requires the
development of  sophisticated scheduling
algorithms that can dynamically adapt to
changing priorities and workload conditions.
The use of predictive models and machine
learning techniques for scheduling decisions is
an emerging area of research that shows promise
in improving both fairness and efficiency in
multi-tenant systems.

45 Latency and
Requirements

Response  Time

For high-throughput inference, meeting latency
and response time requirements is paramount,
especially in real-time applications such as
recommendation engines, fraud detection
systems, and chatbots. In such scenarios, even
small delays in task execution can lead to
significant degradations in user experience and
business outcomes.

Minimizing Task Execution Latency: Task
execution latency can be impacted by various
factors, including task placement decisions,
resource contention, and data transfer overhead.
Reducing these latencies requires optimizing
task placement and minimizing the time spent
waiting for resources.

Handling Deadline-Constrained Workloads:
Some tenants may have tasks with strict
deadlines, such as batch jobs that must complete
within a certain time window or real-time tasks

that must return results within milliseconds.
Meeting these deadlines while maintaining
overall system throughput is a major challenge.
Ensuring Consistent Performance: In a multi-
tenant environment, performance consistency is
as important as absolute performance. Tenants
expect predictable execution times for their
tasks, and variability in performance can lead to
SLA violations.

5. Proposed Optimization Strategies

This section outlines the proposed optimization
strategies to address the challenges discussed in
the previous section and enhance the
performance of multi-tenant DAG execution
systems for high-throughput inference. The
strategies focus on improving resource
allocation, scheduling efficiency, and overall
system scalability. Each approach is designed to
tackle specific bottlenecks and constraints
encountered in multi-tenant  environments,
ensuring that the system can achieve high
throughput, low latency, and fair resource
distribution across tenants.

5.1 Adaptive Resource Allocation and Load
Balancing

Efficient resource allocation is crucial in multi-
tenant environments to prevent resource
contention and ensure fair distribution across all
tenants. Static resource allocation strategies,
which allocate resources based on pre-defined
rules or quotas, often fail to adapt to varying
workloads and dynamic changes in resource
demands. To overcome this limitation, we
propose adaptive resource allocation strategies
that dynamically adjust resource allocations in
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real-time based on current system state, tenant
requirements, and workload patterns.

5.1.1 Dynamic Partitioning of Compute
Resources

Dynamic partitioning involves segmenting
available computational resources (e.g., CPU,
GPU, memory) into logical partitions that can be
assigned to different tenants based on their
current workload requirements and SLAs. Each
partition is reconfigured dynamically, expanding
or shrinking based on real-time monitoring data.
This strategy ensures that tenants with varying
resource needs receive the appropriate amount
of computational power without over-
provisioning or under-provisioning resources.

The key steps involved in dynamic partitioning
are:

Workload Analysis: Continuously analyze
tenant workloads to determine resource usage
patterns and forecast future demand.

Resource Pool Management: Create and
manage a pool of resources that can be flexibly
allocated to different tenants.

Partition Adjustment: Automatically adjust the
size of partitions based on workload variations,
prioritizing tenants with critical tasks or high-
priority SLAS.

5.1.2 Tenant-Aware Scheduling Heuristics

Tenant-aware scheduling introduces heuristics
that prioritize tasks based on tenant-specific
requirements such as SLA deadlines, priority
levels, and historical usage patterns. Traditional
schedulers are agnostic to tenant identities and

treat all DAGs equally, which can lead to
suboptimal scheduling decisions. In contrast,
tenant-aware scheduling considers the following
factors:

Tenant Priority Levels: Assign priority levels
to each tenant and use these levels to influence
scheduling decisions. For example, premium
tenants may receive preferential scheduling to
ensure lower latency for critical tasks.

Fairness and Quota Compliance: Implement
policies to ensure that no single tenant
monopolizes resources, thereby preventing
resource starvation for other tenants.

Cost-Based Scheduling Metrics: Use cost-
based metrics (e.g., execution time, resource
usage) to make scheduling decisions that
optimize system throughput while maintaining
fairness.

5.2 Intelligent Scheduling for High-
Throughput Inference

Scheduling plays a critical role in determining
the efficiency and performance of multi-tenant
DAG execution systems. Traditional scheduling
techniques often focus on minimizing task
execution time without considering multi-tenant
complexities such as varying priorities, SLA
constraints, and heterogeneous workloads. To
address these limitations, we propose a set of
intelligent scheduling strategies tailored to
optimize high-throughput inference in multi-
tenant environments.

5.2.1 Optimized DAG Placement Strategies

Optimized DAG placement strategies focus on
placing DAGs and their constituent tasks in a
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way that minimizes resource contention and
maximizes data locality. Placement decisions are
made based on a combination of factors,
including:

Resource Availability: Ensure that DAGs are
placed on nodes with sufficient available
resources to handle their computational and
memory requirements.

Data Locality: Minimize data transfer times by
placing tasks that share data on the same
physical nodes or in close proximity.
Interference Minimization: Place tasks in a
way that avoids interference with other high-
priority or latency-sensitive tasks.

5.2.2 Scheduling Techniques for Reducing
Latency

Latency reduction is a primary objective in high-
throughput inference systems, especially for
real-time workloads. We propose the following
latency-aware scheduling techniques:

Deadline-Aware  Scheduling:  Implement
scheduling policies that prioritize tasks with
strict deadlines, ensuring that they are executed
ahead of non-critical tasks.

Predictive Scheduling Models: Use machine
learning models to predict task execution times
and resource requirements, allowing the
scheduler to make informed decisions that
minimize latency.

Task Preemption and Migration: Enable task
preemption and migration capabilities, allowing
the system to interrupt and reschedule lower-
priority tasks when higher-priority tasks arrive.

5.2.3 Incorporating Priority Queues and
Cost-Based Metrics

Priority queues allow the system to categorize
tasks based on urgency and priority, enabling
better management of high-priority workloads.
The scheduler can use these queues to enforce
different execution policies based on tenant
SLAs and workload characteristics.
Additionally, incorporating cost-based metrics
such as task execution time, resource
consumption, and communication overhead into
scheduling decisions helps achieve a balance
between maximizing throughput and
maintaining fairness.

5.3 Hybrid Inference Execution Models

A key challenge in multi-tenant DAG systems is
supporting diverse inference workloads that
include both real-time and batch processing
requirements. Real-time workloads require low-
latency execution, while batch workloads are
more flexible and can tolerate higher latencies.
To accommodate these varying needs, we
propose a hybrid execution model that
dynamically switches between real-time and
batch  processing modes based on the
characteristics of the submitted DAGs.

5.3.1 Real-Time and Batch Inference Pipeline
Optimization

The hybrid model consists of two separate
execution pipelines:

Real-Time Inference Pipeline: Optimized for
low-latency execution, with dedicated resources
and scheduling policies that prioritize speed and
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responsiveness. This pipeline is ideal for tasks
such as real-time recommendation systems and
interactive applications.

Batch Inference Pipeline: Optimized for
throughput, with policies that prioritize efficient
resource utilization and minimize task execution
cost. Batch tasks are scheduled during periods of
low system load to avoid interference with real-
time tasks.

5.3.2 Mixed Mode Execution for Multi-
Tenant Isolation

Mixed mode execution allows the system to
execute real-time and batch tasks simultaneously
while maintaining tenant isolation. Each tenant’s
tasks are categorized into real-time or batch
modes, and the system dynamically allocates
resources to each mode based on current
demand. This approach ensures that real-time
tasks are not delayed by long-running batch
jobs, while batch tasks utilize idle resources
during off-peak periods.

54 Data Caching and Replication for
Efficient DAG Execution

Data management is a critical factor in achieving
high-throughput DAG execution, as frequent
data transfers between nodes can introduce
significant delays. We propose using intelligent
caching and data replication strategies to
minimize data movement and improve execution
efficiency.

5.4.1 Memory-Aware Caching Techniques

Memory-aware caching involves storing
frequently accessed data in high-speed memory

caches, allowing tasks to access data without
incurring the overhead of disk 1/0 or network
transfers. The cache manager prioritizes caching
decisions based on:

Data Access Frequency: Data that is accessed
frequently is prioritized for caching.

Task Dependencies: Cache data that is required
by multiple downstream tasks to reduce
redundant data loads.

Tenant-Specific Requirements: Implement
tenant-specific cache policies to ensure that
high-priority tenants have sufficient cache
resources.

5.4.2 Data Locality Considerations for DAG
Nodes

Optimizing data locality involves placing tasks
that share data on the same physical nodes or in
close proximity to minimize data transfer times.
This strategy reduces network congestion and
improves overall throughput, particularly for
data-intensive DAGs. Techniques include:

Proximity-Based Task Placement: Place tasks
that process the same data on the same node to
minimize inter-node data transfers.

Data Replication for High-Availability:
Replicate critical data across multiple nodes to
ensure that tasks can access data even if the
primary node is overloaded or fails.

7. Results and Evaluation

This section presents the experimental
evaluation of the proposed optimization
strategies for multi-tenant DAG execution
systems. We compare the performance of our
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optimized system against baseline frameworks
using real-world and synthetic workloads. The 1600

evaluation focuses on four Kkey metrics: 1200 A |
throughput, latency, resource utilization, and

. - . 600
fairness in resource allocation. Each table 400 H—il, II
provides detailed insights into the performance & = J

800 |

I

REAL-TIME BATCH
INFERENCE PROCESSING

MIXED REAL-TIME
AND BATCH

LARGE-SCALE
TRAINING JOBS

improvements achieved by our optimizations.

Table 1: Throughput Comparison Across

@ Baseline System (Tasks/Minute) @ Optimized System (Tasks/Minute)

Different Workload Types

@ Improvement (%)

Workl | Baseline Optimized | Improve This  table illustrates the  throughput
oad System System ment (%) improvement achieved by the optimized DAG
Type | (Tasks/Mi | (Tasks/Mi execution system across various workload types.
nute) nute) For real-time inference tasks, the optimized
Real- 450 710 57.78 system shows a significant improvement of
Time 57.78% in terms of tasks completed per minute,
Inferen indicating the effectiveness of the real-time
ce pipeline  optimization. Batch  processing
Batch 1200 1530 27.5 workloads see a more moderate improvement of
Process 27.5% due to the hybrid execution model that
ing prioritizes batch tasks during off-peak periods.
Mixed | 900 1320 46.67 Mixed workloads, which involve both real-time
Real- and batch processing, show a 46.67% increase in
Time throughput, demonstrating the system’s ability
and to efficiently handle complex workloads. Large-
Batch scale training jobs see the lowest improvement
Large- | 750 910 21.33 (21.33%) as these tasks are primarily compute-
Scale bound and less affected by scheduling
Trainin optimizations.
g Jobs

Table 2: Average Latency Reduction for
Real-Time Inference Tasks

Tenant Baseline | Optimized | Latency
Type System | System Reduction
(ms) (ms) (%)
Premium | 280 145 48.21
Tenants
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Standard | 430 290 32.56 e Type Utilizatio | d n Gain
Tenants n (%) Utilizatio | (%0)
Low- 600 480 20.0 n (%)
Priority CPU 65 85 30.77
Tenants Memory | 50 75 50.0
All 430 300 30.23 GPU 70 90 28.57
Tenants 1/0 60 80 33.33
Combined (Disk &

Network

)

600
500
400
300
200
100

All Tenants
Combined

Premium Standard

Low-Priority
Tenants Tenants Tenants

m Baseline System (ms) m Optimized System (ms) Latency Reduction (%)

This table shows the average latency reduction
for real-time inference tasks across different
tenant types. The optimized system achieves a
latency reduction of 48.21% for premium
tenants, indicating that the priority-aware
scheduling techniques are effective in
minimizing latency for high-priority workloads.
Standard tenants experience a 32.56% latency
reduction, while low-priority tenants see a
smaller improvement of 20%. The overall
average latency reduction across all tenants is
30.23%, highlighting the system’s ability to
provide consistent performance improvements
even in a multi-tenant setting.

Table 3: Resource Utilization Efficiency
Comparison

Resourc \Baseline Optimize | Utilizatio

cPU
B Memory
GPU

1/O (Disk & Network)

This table compares resource utilization
efficiency between the baseline and optimized
systems. The optimized system achieves
significant improvements in CPU, memory,
GPU, and /O utilization. CPU utilization sees a
30.77% gain, indicating that the adaptive
resource allocation strategies are effectively
preventing resource underutilization. Memory
utilization increases by 50%, suggesting better
caching and memory management for data-
intensive workloads. GPU utilization improves
by 28.57%, reflecting the system’s ability to
efficiently allocate GPU resources across
different inference tasks. 1/0 utilization also sees
a 33.33% improvement due to optimized data
locality and caching strategies.

Table 4: Fairness in Resource Allocation
Across Tenants
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Tenant | Baselin | Optimize | Fairness

Type e d Improvemen
Fairnes | Fairness |t (%)
s Score | Score

Premiu | 0.72 0.95 31.94

m

Tenants

Standar | 0.55 0.80 45.45

d

Tenants

Low- 0.30 0.65 116.67

Priority

Tenants

Overall | 0.52 0.80 53.85

Average

Fairness in resource allocation is measured using
a fairness score (between 0 and 1), where a
higher score indicates a more equitable
distribution of resources among tenants. The
optimized system significantly improves fairness
across all tenant types. Premium tenants see a
31.94% increase in fairness score, reflecting
better compliance with SLA requirements.
Standard tenants experience a 45.45%
improvement, while low-priority tenants see the
highest improvement (116.67%), indicating that
the system prevents resource starvation for low-
priority tenants. The overall fairness score
improves by 53.85%, demonstrating the
effectiveness of the proposed resource allocation

and scheduling strategies in ensuring fair and
balanced resource distribution.

The results from the above tables illustrate that
the proposed optimizations significantly enhance
the performance of multi-tenant DAG execution
systems in several key areas. The system
achieves higher throughput, reduced latency,
improved resource utilization, and better fairness
in resource allocation across tenants. These
improvements validate the effectiveness of our
strategies in addressing the challenges inherent
in multi-tenant environments and highlight their
potential for real-world adoption in large-scale,
high-throughput inference systems.

Conclusion

This research paper presented a comprehensive
study on optimizing multi-tenant Directed
Acyclic Graph (DAG) execution systems for
high-throughput inference. Multi-tenant DAG
execution systems are critical in cloud-based
data processing and machine learning
environments, where multiple users or
organizations share a common infrastructure to
execute  complex  workflows.  However,
achieving efficient and scalable performance in
such environments is challenging due to issues
like resource contention, scheduling
inefficiencies, and workload variability. To
address these challenges, we proposed a set of
optimization strategies tailored specifically for
multi-tenant DAG execution, focusing on
adaptive resource allocation, tenant-aware
scheduling, hybrid inference execution models,
and intelligent data management techniques.
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Our evaluation demonstrated that the proposed
optimizations significantly improve system
throughput, reduce latency, enhance resource
utilization, and ensure fairness in multi-tenant
environments. The dynamic partitioning and
tenant-aware scheduling heuristics resulted in
more efficient resource usage, allowing the
system to handle a larger number of concurrent
workflows without compromising performance.
The hybrid execution model, which balances
real-time and batch inference tasks, proved
effective in managing diverse workloads,
ensuring that latency-sensitive tasks were
prioritized while also maintaining high
throughput for batch jobs. Memory-aware
caching and data locality optimization further
minimized data transfer overheads, enhancing
execution efficiency for data-intensive DAGS.

The experimental results validated the
effectiveness of our strategies, with throughput
improvements of up to 57.78% for real-time
workloads and 46.67% for mixed workloads.
Latency was reduced by an average of 30.23%,
while resource utilization efficiency increased
by up to 50% for memory and 28.57% for
GPUs. Fairness in resource allocation also saw a
notable improvement, ensuring that even low-
priority tenants received adequate resources
without being starved by high-priority tasks.

In summary, this research makes the following
contributions:

Adaptive  Resource  Management: We
proposed a dynamic resource partitioning and
load balancing framework that improves
resource allocation efficiency in multi-tenant
environments.

2. Tenant-Aware Scheduling: We developed

scheduling heuristics that account for tenant
priorities, SLAs, and workload characteristics,
ensuring both performance and fairness.

Hybrid Execution Models: We introduced a
hybrid execution model for managing diverse
workloads, achieving high throughput and low
latency for real-time and batch tasks.

Data Management Optimizations: We
integrated caching and data locality strategies to
minimize data movement and improve task
execution times.

The proposed strategies collectively form a
robust framework for optimizing multi-tenant
DAG execution systems, enabling them to meet
the stringent requirements of high-throughput
inference in cloud-native environments.

Future Scope

The optimizations presented in this research lay
a strong foundation for further advancements in
multi-tenant DAG execution systems. However,
there are several areas that can be explored to
extend this work and address the evolving
requirements of large-scale, high-throughput
computing environments.

Scalable Auto-Tuning of Scheduling Policies:
Future research can focus on developing
advanced auto-tuning mechanisms that leverage
machine learning models to dynamically adjust
scheduling policies based on real-time system
metrics. By using reinforcement learning or
other adaptive techniques, the system could
learn optimal scheduling strategies for varying
workload patterns and tenant behaviors, further
enhancing both throughput and fairness.
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Support for Heterogeneous Computing
Resources: As Al and machine learning
applications continue to grow in complexity,
integrating heterogeneous computing resources
such as GPUs, TPUs, and FPGAs into the
resource  allocation  framework  becomes
essential. Future work could explore strategies
for optimizing task placement and execution
across these diverse resources, ensuring that
each task is matched with the most appropriate
hardware for its computational needs.

Predictive Resource Allocation: Incorporating
predictive models for resource demand
forecasting could significantly enhance the
system’s ability to preemptively allocate
resources based on anticipated workloads.
Techniques like time-series analysis or deep
learning could be used to predict spikes in
resource demand, allowing the system to
allocate resources proactively and avoid
performance degradation during peak loads.
Enhanced Security and Tenant lIsolation: As
multi-tenancy inherently involves sharing
resources among different users, ensuring
security and data privacy is paramount. Future
research could focus on integrating advanced
security ~mechanisms such as zero-trust
architectures, encrypted computation, and
enhanced data isolation techniques to protect
tenant data while maintaining  system
performance.

Hybrid Cloud and Edge Execution Models:
With the rise of edge computing, extending the
optimized DAG execution framework to support
hybrid cloud-edge environments is a promising
area of research. This would involve developing
strategies for partitioning workflows across
cloud and edge nodes based on factors like data
locality, network latency, and resource

availability, enabling more efficient and
responsive  execution for latency-sensitive
applications.

Real-Time  Monitoring and  Anomaly
Detection: Developing real-time monitoring and
anomaly detection systems for multi-tenant
DAG execution would enable the system to
automatically detect and respond to performance
issues, resource misallocations, or potential
security threats. Machine learning models could
be trained on historical data to identify abnormal
patterns, allowing for rapid intervention and
mitigation.

Integration with Serverless and Microservices
Architectures: The increasing adoption of
serverless computing and microservices-based
architectures offers new opportunities for
enhancing DAG execution systems. Future
research could explore how to seamlessly
integrate these architectures, enabling more
granular resource management and dynamic
scaling of individual DAG components.
Exploring Federated Multi-Tenancy: As
organizations increasingly collaborate across
cloud platforms, future research could explore
federated multi-tenancy models that allow for
secure, efficient execution of DAGS across
different cloud providers. This would involve
developing cross-cloud resource management
and scheduling strategies that can coordinate the
execution of DAGs in a decentralized manner.

By addressing these areas, future research can
further enhance the capabilities of multi-tenant
DAG execution systems, enabling them to
support a broader range of applications and use
cases in high-performance computing
environments.
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