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Abstract: The article presents an approach to the study of decentralized 
maintenance of high-intensity composite queries in distributed data delivery 
systems. The goal is to increase the efficiency of servicing the flows of 
composite requests by nodes distributed in conditions of non-stationary 
intensity, due to the decentralized formation of logical groups of nodes. 
Mathematical modeling of queuing systems was used, theory and methods of 
mutual coordination were applied, and the mechanism of multi-agent systems 
was implemented. A mathematical model has been obtained and investigated, 
algorithms for the system operation have been constructed, and a simulation 
study of the results achieved has been conducted. The experimental results 
show an increase of 3.5-4.2% (depending on the number of nodes in the logical 
group) in the responsiveness of servicing the test flow of composite requests 
(reducing the average response time of a node) by the architecture of a multi-
node distributed data collection system developed (in comparison with 
servicing the specified flow by a set of autonomous nodes.  

Key words: Composite queries, non-stationary intensity, data delivery, 
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1. INTRODUCTION 

Progress in the field of distributed computing is associated with the development 
and improvement of methods, mathematical, software and hardware at different levels 
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of the hierarchy of computing systems, from multicore and multiprocessor circuits to 
distributed computing systems of various functionality. 

One of the most important components is a system that supports temporary local or 
distributed storage of up-to-date data required by their consumers. Its purpose is the 
prompt and timely provision of data required for the implementation of computing 
processes at various levels of their hierarchy. The main principle of its organization is 
data catching and support for their delivery protocols. At the same time, the levels of 
caching stores of such a system correspond to the levels of organization of distributed 
computing systems. Such systems include: multi-core micro cache memory system- and 
multiprocessor computers (CCS) [1], systems for updating routing tables in packet-
switched communication systems [2], a subsystem for servicing distributed transactions 
in relational database management systems [3] and in systems based on microservice 
architecture, message queuing systems for distributed real-time information processing 
systems (MQS) [4], artificial intelligence systems with Federated Machine Learning 
Systems (FMLS) [5], content delivery systems, deployed by Internet service providers 
(CDN) [6]. Similar principles of the structural and functional organization of such 
systems allow them to be classified into a generalized class called data delivery systems 
(DDS). 

The main research problems in the DDS domain are problems of ensuring 
consistency and accessibility of the delivered data, which is reflected in the development 
of a theoretical framework, for example, the CAP (Consistency, Availability, Partition 
tolerance) [7] and BASE (Fundamentally Available, Soft-state, Eventually consistent) 
theorems for systems with stable and unstable states, respectively. At the same time, 
such DDS studies do not fully consider the property of data delivery efficiency, 
summarized by the indicator "response time of the DDS node to a data delivery request", 
mainly focus on centralized management of the delivery process and do not fully take 
into account autonomy their components (nodes) related to the structural and functional 
evolution of the distributed computing systems to which they belong. Thus, in the case 
of cache coherence in microprocessors, the problem of minimizing the response time of 
the local cache of a given core is solved by hardware implementation of delivery 
protocols, while in distributed computing systems such as MSQ, FMLS, CDN, where 
individual nodes or their federations have a high level of autonomy, there is practically 
no generalized solution to such an optimization problem, especially in conditions of 
servicing composite (containing parallel subqueries) streams of high-intensity queries.  

At the same time, the proposed methods and algorithms are focused on distributed 
computing infrastructures with a deterministic or low-dynamic structure, while others 
formalize the optimization problem of consistency of data delivery under constraints, 
which in some cases is unacceptable for modern implementations of distributed 
computing systems with autonomous nodes (microservices, content delivery networks).  

The goal is to increase the efficiency of servicing composite query flows by nodes 
of distributed data delivery systems in conditions of unstable intensity, through the 
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development of mathematical and software for the decentralized formation of logical 
groups of data delivery nodes. 

2. MATHEMATICAL MODEL 

As part of the solution to the problem of developing mathematical support for the 
process of servicing the flow of requests for data delivery in conditions of non-stationary 
intensity, the following tasks were performed: a formal representation of a distributed 
DDS as a set of autonomous subsystems (nodes) serving their own streams of requests 
for ZΔDN data delivery, as well as modeling the process of servicing such requests by a 
separate DDS node. The M/G/1 class was chosen as the base class of the queuing system 
(QS) models (Figure 1, a). 

 
Figure 1. M/G/1 DDS system node model: a) basic view, b) with an additional node like "Query 

Manager"  
 
The rationale is made that the ZΔDN request for a generalized DDS node can be 

represented by a random variable X having a heavy-tailed distribution: 
{ } -αPr X>x x ,

                                                          
(1) 

where x→∞ and 0<α<2 are the coefficient of variation of the random variable and 
k≤x≤p, k is the minimum query size, and p is the maximum query size.  

The value of the ZΔDN request, which affects the time it is serviced by the device N, 
can be represented by a three-parameter Pareto distribution [8] with boundaries k and p 
with a probability distribution density function: 
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A similar representation using the coefficient α≈2 made it possible to model the 
average degree of variability of x (query size), and at α→0 - an increase in the degree of 
its variability. Then the j-th moment of the device servicing N of some arbitrary request 
x is expressed as: 
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Based on this, the probabilistic-temporal characteristics of the proposed QS were 
determined (Figure 1, a), such as: W’ is the average waiting time; l is the length of the 
queue of waiting requests; E[x] is the load of the device. Since the queue length l 
according to Little's law can be expressed in terms of the average the waiting time is 
l=λW’, then for the average variability of the request value (the second moment of the 
X value), according to the Pollachek-Khinchin formula [9], an expression is obtained for 
the average waiting time for processing the request ZΔDN: 

2λE X
W = ,

2(1-ρ)

 
  ′

                                                             
(4) 

where ρ is the average number of requests served by the device П and expressed as 
ρ=λb<1, b is the parameter of the exponential law of the distribution of the duration of 
servicing requests. 

For a Pareto distribution with finite moment boundaries, there are difficulties 
associated with the Laplace transform for such indicators as queue length and the busy 
time of the device G when servicing the request. It is proposed to approximate the Pareto 
distribution by a hyperexponential distribution [11] with the probability distribution 
density of some of its R-th part: 

R -λ tiHR i ii=1
(t)= P λ e ,∑  where R

1ii=1
P =∑                                           (5) 

Let's perform the Laplace transform on HR(t): 
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where s=σ+iω is a complex variable. 
We obtain an expression for the nth moment of the distribution of the intervals for 

servicing requests by the device N performed on the basis of the expression: 
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where X is a continuous random variable with probability density HR(t). 
Accordingly, for the first and second moments of the distribution, the expression 

will take the form: 
R i
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Similarly, we obtain the Laplace transform [12] for the waiting time for requests in 
the device queue П: 

{ }W R i iR
i=1 i

s(1-ρ) s(1-ρ)(s)= P λs-λ+λ H (t) s-λ+λ λ +s

=

∑
L

L
                                     (9) 

The value of the distribution density of waiting requests in the device queue П – 
w(t) is obtained, and, accordingly, a generalized (cumulative) distribution function of 
waiting time W(t) is determined with its help. 
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3. MODEL INVESTIGATION 

For the considered QS scheme (Figure 1, a), it is determined that it does not provide 
for the composite nature of ZΔDN queries, where their magnitude is distributed in the 
range of k and p values with a certain coefficient of variation α. It is proposed to represent 
the request П arriving at the QS input with a certain intensity λN by a set of k particular 
requests with intensities λ1,N, λ2,N, ..., λk,N. In this regard, during modelling, this scheme 
was modified by adding node D (Dispatcher), which has the ability to split the incoming 
ZΔDN request into its constituent subqueries. Such a solution provides the ability to 
service these private requests both by a service device and redirect them to other service 
devices (distributed DDS nodes) (Figure 1, b). In order to model composite ZΔDN 
requests, it was proposed to consider the DDS model as a set of single-channel QS of 
class M/G/1, which makes it possible to implement in node D the function of redirecting 
private requests between nodes in conditions when the intensity of composite requests 
exceeds a certain acceptable threshold (for example, the conditions of the QoS SLA are 
not met). A modification of the QS model for a three-node DDS is shown in Figure 2. 

 
Figure 2. Proposed QS for subquery maintenance  

 
In accordance with the proposed function of node D, in such a case, a subset of 

particular requests (in Figure 2, their intensities are λ2,1, λ3,1) will be redirected to the 
devices S

2П  and S
3П  

responsibly. The M and S indexes in the names of devices associated 

with P2P peer-to-peer agreements denote Master (a device whose load is redistributed) 
and Slave (a device that processes part of the load of the Master device). Since the load 
served by the device S

NП  from the ПM device is additional, a priority system for servicing 
requests without displacement with p priority queues has been introduced. An expression 
is obtained for the waiting time for priority requests for an arbitrary queue p: 
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is the average waiting time for a priority request, 

depending on the time for servicing other priority requests, and 2
iE X 

    
is the second 

time for servicing a request with the i-th priority. 
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It can be seen from (10) that the waiting time for a Wk request with the kth priority 
does not depend on the waiting time for requests with a lower priority. An expression is 
obtained for the waiting time for requests with an arbitrary p-th priority arriving at the 
ПM master device. We denote the Laplace transform for the waiting time for such 

requests as
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An expression for the waiting time for requests with an arbitrary p-th priority 
arriving at any ПS device serving requests with a priority in the range 1, 2, ..., p-1: 

*
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where ( )* * *
p j p,p p,p pG (s) B s G (s)= + λ − λ

 
is the transformation for allocating the service 

time by an arbitrary ПS device for a request with the p-th priority. 
Let's consider an algorithm for combining nodes of a distributed data delivery 

system and their mutual information coordination, which ensure the dynamic formation 
of logical groups of nodes serving high intensity flows of composite requests from data 
consumers. 

A generalized scheme of the developed algorithm consists of a method for the 
dynamic formation of logical node groups (LDDS) based on P2P interaction and an 
auction scheme for the inclusion of nodes in the LDDS group, implemented according to 
a combined scheme with centralized initialization and completion of the auction and 
decentralized decision-making on the node's participation in the LDDS group. When 
developing the algorithms, a generalized scheme of mutual information coordination of 
DDS nodes was considered, as well as the theory of auction games was developed, 
within the framework of which the type of auction was defined – the Vickrey auction 
[13]. 

Due to the peculiarities of the functional scheme for redirecting part of composite 
requests (Figure 2), a modification of the Vickrey auction scheme was proposed – a 
reverse Vickrey auction with multiple sellers and one buyer, and the functional 
components of such a scheme based on a multi-agent approach were identified. 

4. ARCHITECTURE OF A MULTI-NODE DISTRIBUTED DDS 

The architecture of a software-implemented multi-node distributed DDS is 
proposed, containing an overlay computing infrastructure that provides: initialization 
and completion of an auction for the formation of a logical group and support for peer-
to-peer inter-network interaction of a subset of DDS nodes (logical group) in the process 
of their mutual information coordination. 
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The overlay nature of the proposed architecture makes it software-invariant to 
specific DDS implementations. For the DDS of the SRB data service layer, it can be 
implemented on the basis of application frameworks such as PyMAS (Python Multiagent 
System), for the SRB hardware layer – in the form of problem-oriented ASIC modules. 
A generalized diagram of the DDS node with the proposed overlay block for forming a 
logical group (marked with a dotted line) is shown in Figure 3. 

 
Figure 3. Architecture of a distributed DDS node with an overlay block for forming a logical 

node group  
 
To assess the degree of achievement of the research goal, it was decided to conduct 

a simulation experiment based on the developed distributed DDS simulation model [14]. 
It is represented by a combined simulation environment, including: a simulator of the 
MiniNet network interaction environment, a simulator of the logical group formation 
unit in the AnyLogic environment, a simulator of the basic functions of the DDS node 
in the GPSS Studio environment.  

An example of the average simulation results of a distributed DDS consisting of 2, 
5, and 10 nodes, respectively, is shown in Figure 4. It can be seen that, regardless of the 
number of nodes in a distributed DDS, the DDS scheme with dynamic logical group 
formation implements a shorter response time for servicing requests. 
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Figure 4. Results of a comparative simulation experiment for a distributed DDS with 
autonomous nodes and a logical group of nodes 

5. CONCLUSION 

The following main results were obtained:  
1. A QS model of a multi-node distributed data delivery system has been developed, 

based on the principles of redistributing requests between multiple interacting data 
delivery nodes.  

2. Algorithms have been developed for combining nodes of a distributed data 
delivery system and their mutual information coordination during the integration 
process.  

3. The architecture of a multi-node distributed data delivery system based on an 
overlayable auction block for the formation of a logical group of nodes has been 
developed.  

4. Experiments have been conducted to estimate the response time to high-intensity 
composite queries for the proposed architecture of a distributed data delivery system and 
the existing architecture based on the autonomous functioning of nodes. The 
experimental results show an increase of 3.5-4.2% (depending on the number of nodes 
in the logical group) in the responsiveness of servicing the test flow of composite 
requests (reducing the average response time of a node) by the architecture of a multi-
node distributed data collection system developed (using the example of simulating a 
network of CND nodes) in comparison with servicing the specified flow by a set of 
autonomous nodes. 
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