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Abstract
This paper analyses the problem of preserving the completeness of information content under conditions  
of  fixed  amounts  of  RAM.  Modern  software  development  practices,  which  are  primarily  focused  on 
functionality, often neglect the optimal use of resources, leading to excessive memory consumption. A 
mathematical model and approach are proposed, based on the analysis of memory snapshots and the  
application of compression algorithms (in particular, LZ4) for byte[] arrays. This makes it possible to  
increase the amount of stored information without expanding the existing memory capacity. The paper  
also presents the results of an experimental evaluation of the effectiveness of the selected compression 
algorithms, confirming the feasibility of the proposed approach. Existing scientific publications focus on 
the study of memory leak problems and limit their attention to excessive memory usage due to the lack of 
a unified model for searching for excessive memory usage. Industrial systems that require hundreds of GB 
of RAM to operate and contain millions of objects in RAM are analysed. With such large amounts of data,  
there is a need for efficient memory usage. The research method is to analyse memory snapshots of highly 
loaded systems using software code developed on .NET technology and the ClrMD library. A memory 
snapshot reflects the state of the process under study at a given moment in time and contains all objects,  
threads, and operations being performed. The ClrMD library allows you to programmatically examine 
objects, their types, obtain field values, and build graphs of relationships between objects. Based on the  
results of the study, an optimisation was proposed that significantly reduces memory consumption. The  
scientific  contribution  of  the  research  lies  in  the  creation  of  a  mathematically  sound  approach  that  
contributes  to  a  significant  reduction  in  memory  resource  usage  and  optimisation  of  computational  
processes. The practical usefulness of the model is confirmed by the optimization results achieved thanks 
to  the  recommendations  obtained,  the  reduction  in  hosting  costs  (which  ensures  greater  economic 
efficiency in the deployment and use of software systems in industrial conditions), as well as an increase 
in the volume of processed data.
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1. Introduction

The development of information technology has led to the widespread use of software applications 
in many areas of modern life. The need to process ever-increasing amounts of information can be 
offset by increasing computing power [1] or optimising existing software implementations [2].

Optimising memory usage by a software application requires a deep understanding of how the  
system works and access to the development process, which also makes this method economically 
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unjustified when there is a more expedient scaling option available. Scaling computing power is  
beneficial for small sizes, but becomes less and less economically viable with each increase in the  
size  of  the  virtual  machine.  Beyond  pure  scaling,  efficiency  gains  are  often  achieved  through 
mathematically  grounded  modeling  and  representation  choices  that  preserve  structure  while 
reducing footprint [3].

Most existing publications [4], [5] focus on researching the problem of memory leaks, paying 
less attention to excessive memory usage. It is known that a memory leak is a condition where a  
program mistakenly  cannot  release  unnecessary  memory for  reuse  and therefore  continues  to 
allocate new blocks. 

At the same time, questions remain open regarding the assessment of the need to use memory 
capacity  and  the  completeness  of  information  content.  That  is,  to  represent  information,  it  is 
possible to use data in a compressed form with dense packing, or in an arbitrary form with a large 
number of voids.  In both cases,  the data is  presented in the form of byte arrays,  but different 
amounts of memory are used to store the same information. When using the compressed form, it is 
possible to store more information per unit of physical memory. This aligns with information-
preserving transforms used  in  signal  and image processing,  where homomorphic  filtering  and 
description minimization reduce storage while retaining task-relevant content [6], [7].  This paper 
proposes a mathematical model and experimental verification of an approach to compressing byte 
objects (in particular, using the LZ4 algorithm) while preserving the accessibility of all information.  
This  approach  avoids  costly  scaling  and  at  the  same  time  increases  system  performance  by 
reducing data  storage  overhead.  Comparable  optimization mindsets  are  widely reported across 
industrial electrical systems and drives, where tighter models and representations translate into 
measurable operational gains [8], [9], [10], [11], [12], [13].

2. Literature review

Nguyen's research [14] examines in detail the problems of memory bloat (increased memory usage) 
in managed systems with automatic memory management, while Lee [15] proposes solutions to 
reduce  excessive  memory usage  and  improve  performance  through  allocator  optimisation  and 
object recycling. According to Xia [16], hardware-accelerated memory compression minimises the 
load on the  central  processor  and maintains  system stability.  This  work highlights  the use of 
modern  processor  capabilities,  namely  specific  intrinsics  to  accelerate  compression  algorithms. 
Orthogonally to hardware acceleration, structural modeling can also improve memory behavior by 
conserving semantics under transform, as in homomorphic object and filtering frameworks [3], [6]. 
The initial results of the article prove the feasibility of using compression in high-load systems, but  
also bypass data detection mechanisms for compression. 

In their work, Tsai and Sanchez [17] propose the concept of object-level compression (Zippads) 
instead of cache lines, which improves the compression ratio and reduces memory traffic. The first  
compressed memory hierarchy specifically  designed  for  object-oriented  programs  is  presented, 
where the object is the natural unit of compression and redundancy is observed between objects of 
the  same  type.  Thanks  to  the  Zippads  solution,  which  provides  transparent  compression  of  
variable-size  objects,  it  was  possible  to  achieve  a  compression  ratio  1.63  times  higher  and  a  
performance gain of 17% compared to current technologies. At the representation level, minimizing 
description length for application-specific data similarly reduces memory traffic and storage costs 
while preserving accessibility for downstream processing [7]. 

Excessive  memory  usage  is  difficult  to  detect  because  it  is  not  explicitly  manifested  –  the 
memory leak criterion is not met [18].  Complementary dump-centric analyses have been shown 
effective for surfacing overuse patterns in production systems and motivating compression-friendly 
refactorings [18].

In [19] by Microsoft engineers (OSDI 2022), the RESIN system is presented, which illustrates the 
capabilities of dynamic memory snapshot analysis in high-load cloud environments and can be 
adapted  not  only  for  detecting  memory  leaks  but  also  for  monitoring  excessive  usage.  It 



continuously monitors memory usage on thousands of servers, using the ‘bucketisation’ method to 
filter out normal fluctuations and detect anomalies. When a leak is suspected, the system takes 
real-time memory dumps from problematic processes, analyses them to find unfreed objects and 
stack calls that caused the problem, and then automatically applies temporary measures, such as 
restarting services or clearing resources, until developers fix the cause of the leak.

3. Problem statement 

Develop a recommendation system for estimating the amount of  RAM reduction when storing 
information in objects of type t = System. Byte (byte array) using compression algorithms.  We 
target array-resident data because its task-level semantics can often be preserved under compact 
encodings, akin to homomorphic transforms in signal pathways  [6], [7]. A byte array is used to 
represent file contents, send messages between systems, store information in binary form, and is 
the primary carrier of information in computer systems.

4. Mathematical model of a memory snapshot

A program memory snapshot can be represented as a structured array of bytes:

M time=[b1 , b2 , ... , bc ], (1)

where time  - is the moment in time when the memory snapshot is taken;  are the bytes that make  
up the snapshot; b1 , b2 , ... , bc - is the number of bytes.

The memory snapshot captures a comprehensive view of the runtime context: it records the 
operations currently in progress, the scheduling and lifecycle states of execution threads, the set of 
objects owned or manipulated by those threads, and the loaded program code with its relevant 
metadata. In practical terms, this includes thread identifiers, call stacks, and scheduler-visible states 
(e.g., running, runnable, waiting on synchronization), along with the synchronization primitives 
and queues that  govern inter-thread coordination.  By correlating these elements,  the snapshot 
enables us to link high-level activities to specific code paths and data structures, revealing where 
time and memory are actually being consumed. Information about objects is represented in a way 
that is directly useful for downstream analysis. For each object, the snapshot retains its concrete 
type (class/interface), salient state (e.g., size, mutability, lifetime/generation, allocation site), and its 
relationships  to  other  objects  expressed  as  references,  ownership,  and  containment.  These 
relationships  form a  graph  over  the  heap  that  allows  us  to  trace  producer–consumer  chains, 
identify parent - child aggregates, and detect shared or cyclic structures. Such structured metadata 
makes it  possible to attribute memory pressure to particular subsystems, distinguish long-lived 
caches from transient buffers, and pinpoint candidates for compaction or pooling.

 Our modeling stance follows prior art  on homomorphic structures:  we construct mappings 
from the concrete runtime heap to an abstract model that preserve essential properties - such as 
reachability, equivalence classes of objects, and aggregate counts - under transformation, thereby 
enabling compact yet faithful states [3]. In this view, references become typed edges, object kinds 
act as labels,  and groups of shape-identical objects can be folded without losing the invariants  
required for analysis. The benefit is that we can answer the same queries (e.g., “which threads 
retain these buffers?” or “what fraction of memory is accounted for by arrays of type X?”) on a 
smaller representation, reducing processing time and storage while maintaining semantic fidelity.

 Figure 1 shows the appearance of the Ob1 byte array in memory.



Figure 1: Example of a byte array.

At the beginning of the array is information about the object type t (Ob1)=00007 ffb27 f 42790. 

The next element is information about the number of elements  C (Ob1)=0 x 1D1=465 elements. 
This information is sufficient for the Common Language Runtime (CLR) to operate on an array-
type object.

According to Fig. 1, in a randomly selected byte array, there are many repeated byte values. This 
trend was observed in a selective analysis of other arrays with a length greater than 200 elements.

5. The method for estimating the amount of RAM reduction

We have a set of objects Otime (containing all objects o) and a set of types T time (all types t), which 
are reflected in a memory snapshot taken at time time.

Considering that each object o is an instance of type t , let us introduce a grouping function G, 
which groups the elements of the input set of objects O by type: 

G (O):O→T . (2)

As a result of the grouping operation, we obtain subsets Ot, which contain all objects of type t . 
Let's separate the set for type 



t=System .Byte [ ]→OSystem .Byte [ ]. (3)

Given the specifics of data compression algorithms, let's separate arrays with a small number of 
elements, in this case less than 200:

O' t (System .Byte [ ])⊂Ot (System .Byte [ ]), (4)

and

C (O' t (System .Byte [ ]))⊆(200 ,∞). (5)

Let's  introduce the  Zip compression function,  which allows us  to  preserve  the information 
content INFO of the array using a smaller array:

Zip(Ot (System .Byte [ ]))→Ot (System .Byte [ ])
Zip . (6)

For informational content

INFO (Ot (System .Byte [ ]))=INFO (Ot (System .Byte [ ])
Zip ) (7)

and the number of elements

C (Ot (System .Byte [ ]))≥С (Ot (System .Byte [ ])
Zip ). (8)

This gave us an estimate of the amount of RAM reduction when storing information in objects 
of type t = System.Byte[] 

Ratio=
C (Zip(O' t (System .Byte [ ])))
C (O' t (System .Byte [ ]))

.
(9)

The  developed  method  for  estimating  the  amount  of  RAM reduction  is  implemented  as  a 
software application using .NET and the ClrMD library.

6. Calculation experiment: Application of compression algorithms

To apply and analyse the effectiveness of the proposed approach, a snapshot of an industrial-
scale system memory of approximately 100 GB was considered. This memory snapshot contains 4.9 
million byte arrays, which collectively contain 2.3 billion bytes. Comparable data footprints are  
common in industrial energy systems, where compact representations lower runtime and hosting 
costs without sacrificing observability [9]. 

Figures 2 and 3 show the 20 most popular array lengths. The most frequent arrays are those 
with a length of 10 elements.



Figure 2: Distribution of occurrences by array length.

Figure 3: Distribution of occurrences by array length.

The system under study contains data about user segments encoded by an array of ten values.  
All other sizes do not have clear links to the data and are mostly compact representations of user 
data in binary form.

Figures 4 and 5 show the 20 most popular array lengths according to the amount of memory 
occupied. Despite the largest number of arrays with a length of 10 elements,  they are not the  
largest consumers of RAM. Arrays with a length of 273 elements occupy approximately 27 times 
more memory, and arrays with a length of 461 elements occupy approximately the same amount.

Figure 4: Distribution of memory usage by array length.



Figure 5: Distribution of memory usage by array length.

Fig. 6 shows the 20 largest arrays. It is worth noting that the lengths of the arrays coincide with  
powers of two. Arrays of this length are used in array reuse algorithms (Object Pooling) [20] when 
receiving input requests from the network and decoding information. Also, when reading files, 
buffers with a standard growth corresponding to the power of two are used.

Figure 6: Distribution of the largest arrays.

7. Analysis of results of Calculation experiment

The  data  obtained  indicates  a  large  number  of  objects  representing  information  about 
approximately one million users.  When the system is running,  user information is  loaded into 
memory upon the first request. After a period of user inactivity, this information is transformed 
into a byte array to reduce memory usage and the number of objects.

The size  of  the binary representation varies  depending on the  amount of  user  information 
available.

Using the compression function for this information made it possible to reduce the amount of 
memory by 0.95  GB,  which is  45% of  the total  volume occupied by the byte  array type.  This 
dovetails  with  description-minimization results  reported  for  static  technological  objects,  where 
concise encodings retain decision-useful content while shrinking memory budgets [7]. 

A series of  computational  experiments was conducted on systems from other domains,  and 
similar data distribution patterns were found. Arrays with sizes not divisible by powers of two 
reflect real data. Data can appear in the process memory from several sources:

•  Request  from  another  system.  In  this  case,  objects  are  transmitted  in  binary  format.  
Information transfer protocols usually include compression at the transfer protocol level.

• Data collection by the system. In this case, the system chooses the data storage format and 
data compression algorithms may be applied.



• Reading from the file system. In this case, compression may be built into the file format.

8. Conclusions

Most publications on the subject focus on the problem of memory leaks, bypassing excessive 
consumption due to the impossibility of diagnosing it. Research on the use of design patterns to 
reduce memory usage cites implementation mechanisms and effects, but leaves aside the criteria  
and mechanics of candidate search due to the high variability of scenarios and software products. 

This  publication  focuses  specifically  on  the  algorithm  for  searching  for  candidates  using 
memory snapshots. Although memory snapshots are used to search for memory leaks or malicious 
code, their use to search for excessive memory consumption is a recent development.

For objects of the ‘byte array’ type, a metric was created that provides a qualitative assessment  
of the implementation of compression algorithms based on a process memory snapshot. During the 
study, sets with sizes matching the lengths of arrays in object pools and buffer sizes when reading 
files were separated.

Broadly,  our  findings  are  consistent  with  cross-domain  evidence  that  structure-aware 
representations deliver outsized efficiency gains relative to naïve scaling [3], [7]. According to the 
assumption made, the best effect of implementing compression algorithms is achieved for arrays 
belonging  to  data  collected  by  the  system.  This  assumption  was  confirmed  by  a  series  of 
experiments with memory snapshots of the industrial systems under study. Reducing the minimum 
array size threshold does not significantly reduce memory usage, but it does require compression 
operations to be performed in memory. Related optimization case studies in electrical drives and 
power  electronics  underscore  the  transferability  of  representation-driven  efficiency  gains  to 
production environments [8], [10], [11], [12], [13].
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