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Abstract — Data search is one of the most important 
problems in the field of computer science and computer 
facilities. Classical relational DBMSs (RDBMSs), 
unfortunately, are not suitable as data storage systems for Big 
Data. Therefore, the concept NoSQL is now widely spread. A 
common feature of such systems is a high throughput and 
linear scalability, depending on the number of storage servers 
used. One of the most productive NoSQL-systems, at the 
moment is Apache Cassandra. In this paper, we suggest ways 
to simulate the performance of such systems in hybrid 
computing environments. 

Index Terms—CPU/GPU hybrid architecture, NVIDIA 
CUDA, Distributed Databases, NoSQL 
 

I. INTRODUCTION 

Most modern data storage and retrieval 
systems support distributed computing 
technology [1]. At the same time, the equipment 
and concepts underlying this can be very different. 
Since the end of the 2000s, a number of NoSQL-
systems with various capabilities have appeared. 

Most of the current NoSQL-systems are built 
in accordance with the architectural principles 
underlying such solutions as Google BigTable [2] 
and Amazon Dynamo [3]. NoSQL-systems use 
an aggregate-oriented data model. Unlike 
RDBMS tuples, the aggregate is a complex data 
structure that can contain lists of values or nested 
structures. The aggregates can be distributed 
among the nodes of the cluster, which will 
increase the overall throughput of the system. 
Consistent access to data is ensured within a 
single aggregate. 

Numerous benchmarks of NoSQL-systems 
show a significant advantage over classic 

distributed RDBMS [4,5], and one of the fastest 
solutions among NoSQL-systems is Apache 
Cassandra [6]. 

In [7, 8, 9], methods were proposed for using 
hybrid computing technologies to accelerate 
NoSQL-systems and expand their functionality. 
These methods are based on the fact that the 
target computing system is hybrid (CPU/GPU) or 
at least multithreaded. They are applicable to 
most hardware platforms, allowing you to get 
performance gains regardless of the number of 
cores, network topologies, etc. 

In this paper, we propose a mathematical 
description of the above approaches to the use of 
hybrid technology in computing-NoSQL systems. 
The proposed model is built on the basis of 
queuing theory and can be used to identify the 
main components, the improvement of which 
allows to substantially increase the overall 
performance of NoSQL solutions. 

II. THE MODEL OF NOSQL SYSTEMS 

A typical plan for processing client search 
queries in NoSQL-systems consists of the 
following stages: 

1) Initial client request to the system. 
2) Forwarding the request to the access 

server, with load balancing. 
3) Performing data queries on storage nodes. 

The number of affected storage nodes is 
determined by the mapping scheme 
installed on the access server (hash ring). 
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4) Executing requests for data in external 
memory. 

5) Formation of the answer: transfer of the 
found data, or notification of their 
absence. 

6) Send a final response to the client. 
In the same way, the operations of adding and 

deleting data are performed. If you add a new 
item to the storage system, the client receives the 
unique key (identifier) of the stored item. Upon 
deletion – the operation return code. Update 
operations are implemented by the client 
application. 

The data itself is stored directly on the storage 
nodes, and the corresponding metadata is stored 
on the access servers. Metadata can be used for 
queries filtering, maintain consistency, and so on. 

The classic key-value NoSQL system is shown 
in Figure 1 as a queuing network. 
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Fig. 1. – NoSQL as a queuing network 

Due to: a large population of independent 
NoSQL-users (stationary property), use of a 
qualitative input hash function (memoryless 
property) and the properties of the TCP/UDP 
protocol (ordinary flow property) it is possible to 
consider the input stream as a Poisson process. 
Notation: S, C, Si and Si` - balancer, 
interconnection network, access servers and 
storage nodes, represented in the form of mass 
servicing systems; Iin, Ii - the intensity of 
incoming input streams of requests to the queuing 
network, λi, λi` - the intensity of receipt of 
requests for the queuing system, pij, p`ij - the 
probabilities of queries transfer between queuing 
systems. 

The internal structure of the queuing systems 
Si and Si` is represented in the form of queuing 
networks in Figures 2 and 3, respectively. 
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Fig. 2. – The access server, represented as a queuing network 

Sn
a Sd

a

Sc
a Sa

a Ss
a

λn
a λd

a

λc
a λa

a λs
a

pa0

psd

psa
pcs

pca pas

pad

Iin
a

pa

Fig. 3. – The storage node, represented as a queuing network 
Subsystem designations are introduced: Sn

a, Sn
j 

- network subsystem, Sd
a, Sd

j - network activity 
management subsystem, Sc

j - consistency 
provisioning subsystem, Sm

j - key partitioning 
subsystem, Sc

a - query classification subsystem, 
Sa

a - pre-processing subsystem, Ss
a - storage 

subsystem. The probabilities for continuing 
processing requests in the queuing network of the 
access server and the storage node are denoted by 
pj and pa, respectively. 

To evaluate the performance of individual 
queuing systems, the Amdahl law can be applied 
[10]. In the classical version, it is formulated as 
follows. Let α be the proportion of the program 
that can be paralleled ideally (ie, the running time 
of the parallelized section will be proportional to 
the number of processors p). Accordingly, (1-α) 
is the fraction of the code that is not paralleled. 
Then the acceleration compared to the 
uniprocessor version of the program will be: A = ଵ(ଵିఈ)ା೛ഀ  . (1) 

There are papers [11, 12] in which the law of 
Amdahl for multi-core architectures with limited 
memory bandwidth is specified. Such models can 
be useful for evaluating the performance of 
software solutions for modeling various 
processes. In such applications, the memory and 
interconnect capacity is critical because there are 
active interactions between processors. However, 
in NoSQL-systems parallel threads are 
independent and numerous (in proportion to the 
number of requests to NoSQL). In this case, great 
importance is acquired by such parameters as 
time switching context and the presence of 
coprocessors. 

Let’s introduce the following notation: 
• p - number of processors (processor cores 

CPU / GPU / FPGA-cores) 
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• n - number of threads 
• T - the execution time of the serial version 

of the algorithm 
• Tp - the execution time of the parallel 

section of the program 
• Ts is the execution time of the sequential 

program section 
• tc - the time of the context change 

(switching the processor core from one 
thread to another), and the coefficient q = 
tc / T. 

• τ - the execution time of the program 
section on the real processor (CPU / GPU) 

• t is the execution time of the program 
section in the ideal system (n = p) 

• α = Tp / T - coefficient of parallelism 
• β - coefficient of coprocessor usage 
• A - acceleration 

In case of the processes number exceeds the 
number of cores, the calculations will occur in the 
time-sharing mode: ܿ	 = ቊ1, ݊ ≤ ௡௣݌ , ݊ >  (2) ,  ݌

where c is the load factor of the computational 
cores. From the point of view of the parallel 
program logic on the CPU, (2) will be taken into 
account when calculating τCPU as follows: τ஼௉௎ = ஼௉௎ݐ)ܿ +  ௖)   . (3)ݐ

For an ideal system (in which n = p), ݐ஼௉௎ can 
be expressed as: ݐ஼௉௎ = ೛்಴ುೆ௡ = ஑்(ଵିஒ)௡   . (4) 

In the case where β Є (0,1], then the program can 
be parallelized on the coprocessor, then the value 
of τGPU is: τீ௉௎ = ஒ	 ೛்௣ಸುೆ = ஑ஒ்௣ಸುೆ  . (5) 

From (1), (3), (4), (5) it follows that: 	ܣ = ଵ(ଵି஑)ାୡቀಉ(భషಊ)೙ ା௤ቁା ಉಊ೛಴ೀು  . (6) 

Thus, a NoSQL system using hybrid computing 
technologies to speed up search operations and 
additional data processing can be modeled by the 
system of equations (7): 

ەۖۖ
۔ۖ
ۓۖ Тഥ௣௥ = ∑ ఒೕТഥ౦౜ౠೕ಼సభ ା∑ ఒᇱೌТഥ౦౜ೌಾೌసభ ାఒ೎Тഥ౦౜೎ூ౟౤Тഥ୮୤ೕ = ఒ೙ೕ Тഥೞೝೡ೙ಲ೙షഊ೙ೕ Тഥೞೝೡ೙ାఒ೏ೕ Тഥೞೝೡ೏ಲ೏షഊ೏ೕ Тഥೞೝೡ೏ାఒ೎ೕ Тഥೞೝೡ೎ಲ೎షഊ೎ೕТഥೞೝೡ೎ାఒ೘ೕ Тഥೞೝೡ೘ಲ೘షഊ೘ೕ Тഥೞೝೡ೘ூ౟౤ೕТഥ୮୤ೌ = ఒ೙ೌ Тഥೞೝೡ೙ಲ೙షഊ೙ೌТഥೞೝೡ೙ାఒ೏ೌ Тഥೞೝೡ೏ಲ೏షഊ೏ೌТഥೞೝೡ೏ାఒ೎ೌ Тഥೞೝೡ೎ಲ೎షഊ೎ೌ Тഥೞೝೡ೎ାఒೌೌ ТഥೞೝೡೌಲೌషഊೌೌТഥೞೝೡೌାఒೞೌ Тഥೞೝೡೞಲೞషഊೞೌ Тഥೞೝೡೞூ౟౤ೌ

 

where Тഥ୮୰  expresses the time of the request in 
NoSQL, Тഥ୮୤ೕ  and Тഥ୮୤ೌ  - the time of the 
application stay on the access server and the 
storage node, respectively, and Тഥୱ୰୴ - the service 
time on specific queuing systems, and the indices 
denote the corresponding subsystems (when the 
condition that the load factor of each  
subsystem ≤ 1, otherwise it is necessary to 
increase the number of NoSQL nodes). 

III. ESTIMATION OF MODELS ADEQUACY 

The model proposed above allows us to 
evaluate the two most important performance 
characteristics of NoSQL-systems: response time 
and throughput. One of the most important 
questions from the point of view of organizing an 
experiment is to estimate the number of tests that 
need to be carried out to achieve the required 
accuracy. Based on the theory of the organization 
of experiments, the number of tests can be 
determined in accordance with the time of queries 
receipt distribution law: ݊ ≥ ቀ௧ୱ౒ஔ ቁଶ, (8) 

where δ is the accuracy, sv is the standard 
deviation from the preliminary series of tests, t is 
the argument of the Laplace function 
corresponding to the given confidence 
probability. 

The adequacy of the model was assessed 
using the Fisher criterion, which is based on the 
analysis of variance. For this purpose, the 
dispersion of adequacy and the variance of the 
reproducibility of the series of experiments were 
calculated from formulas (9) and (10). ܵ௔ௗଶ = ∑ ௡೔(௬೔ି௬ො೔)మ೔ಿసభ ௙భ , (9) ܵ{௬}ଶ = ∑ ∑ (௬೔೜ି௬೔)మ೙೜సభ೔ಿసభ ௙మ , (10) 

where N is the number of different experiments, 
ni is the number of parallel tests in the i-th 
experiment. For example, in one of the series of 
experiments, the dependence of the response time 
on the number of CPU cores was investigated. In 
this case, 3,000 parallel tests were performed for 
each value of the parameter «number of CPU 

(7) 
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cores» (Figure 4). Thus, for this series: N = 3, 
n = 3000. 

Other notation: yiq is the value obtained in the 
q-th test of the i-th experiment (a posteriori 
value), ݕ௜  is the average value obtained with a 
confidence probability of 0.95 on the real system 
after conducting ni parallel tests in the i-th 
experiment (mean a posteriori value), ݕො௜  is the 
value obtained using the model in the i-th 
experiment (a priori value), f1, f2 is the number of 
degrees of freedom. 

The value of F obtained by formula (11) was 
compared with the tabulated FT. As a result, for 
all series of experiments F was less than FT, 
which indicates the adequacy of the NoSQL 
model proposed above. ܨ = ௌ౗ౚమௌ{೤}మ  (11) 

 
Fig. 4. – Response time on the number of cores of the CPU 

IV. CONCLUSION  

Thus, in the present work, a mathematical 
model of NoSQL is developed for systems of 
key-value type, intended for deployment in 
hybrid computer systems. In the form of a 
queuing network, the architecture of modern 
NoSQL-systems is formalized, reflecting the 
features of the interaction of their constituent 
parts. Amdal's law for multi-threaded multi-core 
hybrid systems is refined. The adequacy of the 
model has been verified experimentally. 
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