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Preface

This conference proceedings is a collection of the papers accepted by the
CENet2019—the 9th International Conference on Computer Engineering and
Networks held on October 18–20, 2019, in Changsha, China.

This proceedings contains four parts: The first part focuses on System Detection
and Application (25 papers); second part Machine Learning and Application
(26 papers); third part Information Analysis and Application (27 papers); fourth part
Communication Analysis and Application (39 papers).

Each part can be used as an excellent reference by industry practitioners, uni-
versity faculties, research fellows, and undergraduates as well as graduate students
who need to build a knowledge base of the most current advances and
state-of-practice in the topics covered by this conference proceedings. This will
enable them to produce, maintain, and manage systems with high levels of trust-
worthiness and complexity.

Thanks to the authors for their hard work and dedication as well as the reviewers
for ensuring the selection of only the highest-quality papers; their efforts made the
proceedings possible.

Nanjing, China Qi Liu
Edinburgh, UK Xiaodong Liu
Hengyang, China Lang Li
Leicester, UK Huiyu Zhou
Hengyang, China Hui-Huang Zhao
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Design of Collaboration Engine
for Large-Scale Heterogeneous Clusters

Hui Zhao and Haifeng Wang

Abstract Aiming at the low utilization rate of intensive computing cores in large
heterogeneous clusters and the high complexity of collaborative computing between
GPU and multi-core CPUs, this paper aims to improve resource utilization and
reduce programming complexity in heterogeneous clusters. A new heterogeneous
cluster cooperative computing model and engine design scheme are proposed. The
complexity of communication between nodes and cooperative mechanism within
nodes is analyzed. Coarse-grained cooperative execution plan is represented by tem-
plate technology, and fine-grained cooperative computing plan is created by finite
automata. The experimental results validate the effectiveness of the collaborative
engine. Comparing with the manual programming scheme, it is found that the com-
putational performance loss is less than 4.2%. The collaborative computing engine
can effectively improve the resource utilization of large-scale heterogeneous clusters
and the programming efficiency of ordinary developers.

Keywords Collaborative computing model · Finite automata · Computing engine ·
Template technology

1 Introduction

With the development of large data applications, data-intensive computing has
become an important area of high-performance computing. GPU general comput-
ing is very suitable for data-intensive tasks. Heterogeneous cluster built by GPU
and multi-core CPU has become a major data processing solution [1]. It can effec-
tively improve the computing performance and efficiency and has a wide application
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prospect [2, 3]. In 2010, “Tianhe 1” supercomputer took the lead in adopting the
heterogeneous system of GPU + CPU, using 7168 NVIDIA GPUs. And in the top
ten supercomputers in the world, two systems adopt the structure of GPU + CPU.
Industry has also begun to use GPU heterogeneous clusters to process large data.
Cloud computing service Amazon provides users with GPU computing examples in
EC2 cluster to accelerate the performance of oil exploration, meteorological analy-
sis, image processing and other applications. In heterogeneous cluster of GPU, the
cooperative computing behavior of GPU and multi-core CPU not only increases the
density of computing resources within a single node, but also improves the utilization
and efficiency of computing resources.

At present, in the research of GPU and CPU collaborative computing, a large
number of data-intensive algorithms have been transplanted to GPU to improve the
performance. For example, to solve the problem of subset summation, GPU and CPU
multi-core cooperative algorithm is proposed to solve the load balancing between
two types of processors and the optimization of communication between nodes and
nodes [4]; to queryprotein sequencedata,GPUandmulti-coreCPUare used to reduce
the operation time, mainly to implement two widely used sequence alignment algo-
rithms, SW and NW, and to study the load balancing strategy between cluster nodes.
Fine-grained collaborative operation process in nodes [5]; 3-D terrain reconstruc-
tion task in UAV perception system belongs to data-intensive real-time computing.
Song et al. explored data access operation in GPU-CPU collaborative computation
of 3-D reconstruction algorithm and achieved good acceleration effect [6]; proposed
CPU/GPU collaborative algorithm for parallel difference algorithm and applied it
to mass LIDAR point cloud generation digital. In the elevation model, researchers
designed the first-in-first-out queue with concurrent access shared by CPU and GPU
to manage tasks and proposed a collaborative framework of parallel collaborative
difference [7]; proposed a collaborative parallel computing algorithm between CPU
andGPU for local search in optimization algorithm; designed aHySyS prototype sys-
tem to solve a series of combinatorial optimization problems [8]; Moim implements
a collaborative computing system based on MapReduce mode. To decompose the
three computing stages of MapReduce, it realizes task allocation and load balancing
between GPU and CPU multi-core.

However, there is a lack of research on the commonality of collaborative com-
puting. In collaborative computing programming of GPU and multi-core CPU for
different domains, users with different application backgrounds need to write GPU
andCPUcollaborative computing programs according to business logic. They should
not only pay attention to the algorithm logic in their respective domains, but also
to the collaborative computing logic. Therefore, the development of GPU collabo-
rative computing program is very difficult, which requires users to have a thorough
understanding of thread synchronization, data transmission between GPU and CPU
and communication between network nodes. In order to reduce the programming
difficulty of GPU collaborative computing, a complete design scheme of collabo-
rative computing engine is proposed in this paper. Firstly, the common problems
of collaborative processes in different computing jobs are extracted, and then, the
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collaborative logic processes in computing jobs are extracted to reduce the program-
ming complexity of users by reducing repetitive programming. The organizational
structure of this paper is as follows: Sect. 2 introduces themain problems to be solved
by the collaborative computing engine; Sect. 3 provides the specific scheme for the
design of the collaborative computing engine; Sect. 4 summarizes and looks forward
to future work.

2 Problem Description

Firstly, the main problems of collaborative computing between GPU and multi-core
CPU are analyzed from the perspective of computing system. When GPU heteroge-
neous cluster processes large data jobs in a distributed way, the input data is divided
into several data sets according to load balancing scheduling strategy. Each comput-
ing node is responsible for processing the corresponding data, and finally, the final
results are summarized. In a single computing node, the data is divided into two
parts, which are accomplished by GPU and multi-core CPU, respectively. There-
fore, collaborative computing is divided into two parts: intra-node collaboration and
inter-node collaboration. The input data of large data processing jobs is loaded into
CPUmemory by network or external memory. There are three areas in CPUmemory:
CPUmemory area, buffer area andmemory area exchangedwithGPU.Among them,
CPU memory area provides data to CPU computing core; memory area exchanged
with GPU is the area where CPU control core transmits data to GPU; computing
data is transferred to GPU display by exchange memory, and then computed by GPU
and returned to CPU switching memory area; the buffer is paging memory, which is
used to aggregate GPU and CPU calculation results in nodes [3]. It can be seen that
the cooperative computing in a single node includes inter-thread synchronization,
lock operation and complex data communication operation. On the other hand, the
process of collaborative computing among nodes is as follows: each node process is
responsible for the calculation and collaborative control of the node, and then keeps
synchronization and data communicationwith other nodes in the network. Finally, the
global collaborative computing results are summarized. Collaboration among nodes
includes process synchronization and complex network communication operations.

Secondly, the problem of collaborative computing is analyzed from the perspec-
tive of computing operations. User jobs are logically divided into two parts: domain
algorithm logic and collaborative computing logic. The concrete realization forms of
domain algorithm logic are GPU kernel function, CPU thread function and CPU data
merging process. The design goal of the collaborative computing engine is to extract
the collaborative computing logic, so that ordinary users only pay attention to the
design of CUDA kernel function, thread function and merging process. After judg-
ing the characteristics of large data computing jobs, the cooperative execution plan
betweenCPUcomputing core andGPU is generated and distributed to heterogeneous
cluster nodes for execution. Collaborative execution planning is a coarse-grained
activity sequence, which guides the calculation of GPU and multi-core CPU.



6 H. Zhao and H. Wang

3 Cooperative Computing Engine

This section introduces the specific design scheme of the collaborative computing
engine and the formal representation of the performance of collaborative computing.

3.1 Design of Cooperative Computing Engine

The architecture of the collaborative computing engine is shown in Fig. 1. The
collaborative computing engine is divided into two levels. Coarse-grained collabo-
rative planning is used between computing nodes, while fine-grained collaborative
planning is used within computing nodes. Jobs are extracted from job queues, and
their types are judged. Cooperative planning templates are imported into template
libraries according to job types to achieve basic task allocation and computing data
deployment in a distributed network environment, and synchronization and concur-
rent operations between nodes are specified. On the other hand, fine-grained finite
state machine (FSM) is used to generate cooperative execution plan. When a specific
event occurs, the state changes are triggered and the corresponding actions or oper-
ations are executed to achieve more detailed cooperative computing function within
the node.

Fig. 1 GPU structure diagram of cooperative computing engine
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The design of coarse-grained and fine-grained mixing has the following advan-
tages: The template technology is used to realize the generation function of coarse-
grained collaborative planning. Firstly, job types are classified simply, and corre-
sponding collaborative computing models are provided according to different job
types. This technology reduces the complexity of collaborative engine and improves
the feasibility of implementation.

3.2 Template Cooperative Execution Plan

Template technology is a knowledge expression method based on reuse technology
and similarity principle of things. The basic idea is to abstract a framework template
from a kind of similar things. Collaborative computing engine extracts common
processes fromcollaborative processes among computing nodes and defines common
processes as templates for reuse. Job collaborative computing flow for large data
processing is shown in Fig. 2.

Figure 2 shows the cooperative mode of MapReduce batch processing mode.
Firstly, the reasonable deployment of input data is realized according to the load
balancing strategy, and the data needed for calculation is obtained through the net-
work transmission of each computing node [9]. Then, each computing node asyn-
chronously completes its own computing tasks. The computing process of each node
is synchronized [10]. The intermediate results are mixed and synchronized, and
finally merged computing is realized. In this collaborative process framework, the
differences amongdifferent computing jobs are data allocation strategy, data shuffling
strategy and computing load balancing.

Fig. 2 Inter-node
collaborative process
framework
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3.3 State Machine Execution Plan

Finite state machine is used to generate fine-grained collaboration processes in real
time. Finite state machine (FSM) is a mathematical model that represents finite states
and the migration and action between states [11]. The CPU, GPU, memory, buffer
and GPU display are regarded as different data storage and computing objects. The
finite state machine (FSM) models the behavior of each object, describes the state
sequence of the object in each computing stage, and how to respond to various
external events.

FSM can be expressed as M = (Q, q0,
∑

, δ, F), where Q is a non-empty finite
set of states, q ∈ Q, A state in which q is M; q0 is the start or start state of M;

∑

represents the input set of the system; δ is a state transition function; F is the set of
termination states of M, if q ∈ F , q is the termination state of M. The cooperative
operation process in GPU computing nodes is represented by FSM; Table 1 provides
the basic state set and system input set.

After modeling the collaborative computing process in nodes with finite state
machine, the mapping between collaborative process and finite state machine is
needed. Collaborative computing process is composed of several specific operation
steps, which have some logical steps, including shunting, aggregation, parallel, jump.
In finite state machines, all data-centric states, such as full memory area and empty
GPU display memory area, are the relationship between producers and consumers.
Therefore, the mapping idea is that every step of collaborative computing is regarded
as a state, when one state migrates to another state under certain conditions, it is also
considered as a step; when a state has multiple inputs, there must be aggregation in
the process of collaboration, from different states to the same state. For example,

Table 1 Symbol table of finite state machine system in node

System state System input

Symbol Meaning Symbol Meaning

S0 Ready state x1 Start threads or receive
synchronization signals

S1 GPU computing end x2 Terminate thread or task queue empty

S2 GPU computing end x3 Terminate thread or task queue empty

S3 GPU full display area x4 Transfer data to equipment

S4 CPU full memory area x5 Loading data from external memory

S5 GPU display memory space x6 Start GPU computing

S6 Cache full x7 Memcpy data replication operation

S7 Cache space x8 Memcpy data replication operation

S8 Calculation failure x9 Abnormal, fault events

S9 Calculation successful x10 Calculate startup events

S10 Mission queue full x11 Task entry operation

S11 Mission queue empty x12 Merge computing end
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when a thread receives synchronization signals and the thread computation ends,
the thread enters the ready state; when a state has multiple outputs, there must be
shunting and concurrency in the collaborative process, which can be migrated from
the current state to different states. From a technical point of view, a class is designed
according to the finite state machine to generate fine-grained cooperative execution
plan in real time, but the judgment of state migration will cause some performance
loss.

4 Experiments and Analysis

In order to verify the effectiveness of the function of the collaborative computing
engine and the performance loss of the algorithm for generating the collaborative
execution plan, a typical large data computing job was selected to carry out the
experiment. GPU heterogeneous cluster with four computing nodes in the Labora-
tory Bed, Network is Gigabit Ethernet, GPU Computing Node is configured as GPU
Tesla K40 with global memory 12 GB. CPU is Intel Xeon E5-2660 8 core, 2.2 GHz,
32GBMemory andHard disk 2T. The operating system is Ubuntu 14.04, CUDA 7.5.
Selecting large-scale microblog analysis jobs and Sort jobs in Hibench [12] as col-
laborative computing jobs in heterogeneous clusters of GPU,microblog data analysis
operation can flexibly control data size and belongs to typical data-intensive oper-
ation, which is very suitable for GPU computing; Sort job is an I/O-intensive large
data processing job, whose input data, intermediate data and output data are the same
size. In the experiment, the judgment part of computing job type is simplified, and
the corresponding template is used directly for two kinds of jobs, while collaborative
computing within nodes is the execution plan generated by engine. (Collaborative
engine abbreviated as CE). The benchmark procedure for experimental comparison
is written by more skilled personnel (short for MC).

The actual computing time of microblog data analysis is relatively short. Table 2
shows that with the increase of microblog data size, the performance loss caused
by the computational complexity of finite state machines in nodes decreases gradu-
ally. For such flow computing jobs with large input data and small output data, the
performance loss can be controlled within 3%. The data scale of Sort job is large
and the actual calculation time is relatively long. There are many types of coopera-
tive state switching within nodes, so the performance loss of cooperative computing
engine is between 3.1 and 4.2%. As can be seen from Table 3, the performance loss

Table 2 Performance comparison table of microblog data analysis

Data size (GB) 4 6 12 20

MC (s) 1.288 2.096 3.040 3.984

CE (s) 1.325 2.148 3.109 4.067

Performance loss (%) 2.9 2.5 2.3 2.1
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Table 3 SortPerformance comparison table

Data size (GB) 40 63 85 105 126 150

MC (s) 41.21 55.22 102.36 126.52 156.31 190.28

CE (s) 42.47 57.15 106.04 131.70 162.87 198.27

Performance loss (%) 3.1 3.5 3.6 4.1 4.2 4.2

increases with the increase of data size in Port. Through performance tracking, it
is found that because Sort belongs to I/O-intensive large data computing operations
[13], the memory data area, GPU display data area and memory buffer area in the
node will appear the phenomenon of local data waiting for synchronization lock, so
the performance loss is larger than that of microblog data analysis.

Typical large data computing jobs verify that the collaborative computing engine
can effectively generate the collaborative execution plan. The results of microblog
data analysis and Sort are consistent with the result of experts. The performance loss
caused by co-generation logic can be controlled to the acceptable range of ordinary
users.

5 Summary and Prospect

In heterogeneous GPU clusters, multi-core CPU is a computational resource that is
easily overlooked. CPU/GPU cooperative computing mode increases the computing
resource density within a single node and can effectively improve the performance of
parallel computing. Cooperative computing engine generates corresponding collab-
orative execution process for user jobs, which reduces the difficulty of user writing
collaborative computing logic. The function of collaborative computing engine is val-
idated by data-intensive flow computing tasks and I/O-intensive Sort tasks. The per-
formance loss of collaborative computing is also controlled within acceptable range.
However, when a finite state machine generates fine-grained cooperative operations
within a node, the problem of multiple threads competing for lock resources is obvi-
ous in I/O-intensive tasks, resulting in greater performance loss than common tasks.
In order to solve this problem, probabilistic finite statemachine (PFSM) is introduced
into the design of cooperative generation within nodes. Empirical probability is used
to solve the problem of multi-state transition conflict.
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Research on Multi-stage GPU
Collaborative Model

Longxiang Zhang and Haifeng Wang

Abstract GPUheterogeneous cluster is extensively utilized in thefieldof data analy-
sis and processing. Nevertheless, research and studies on collaborative activitymodel
in computing elements of GPU heterogeneous clusters are still inadequate. To con-
duct research on GPU and multi-core CPU cooperative computing from a theoretical
perspective, a multi-stage cooperative computing model (p-DCOT) is established.
Bulk synchronous parallel (BSP) model is the core of p-DCOT. Cooperative comput-
ing is divided into three layers: data layer, computing layer and communication layer.
Computing and communication are described and formalized by matrix. Lastly, rep-
resentative computing examines the effectiveness of model and parameter analysis.
The collaborative computing model finds out the collaborative computing in big data
analysis and processing.

Keywords Collaborative model · Load balancing · Big data computing · GPU
cluster

1 Introduction

Large-scale data analysis and processing changes the development of high-
performance computing. The emergence of high-performance computing platforms
has changed from computing platforms to professional computing systems, which
processes the big data in different industries [1]. The thread mechanism of GPU is
capable of processing data-intensive calculation. Heterogeneous cluster of GPU and
multi-core CPU create new opportunities for big data analysis and processing, which
enhance calculation performance and improve efficiency [2]. An increasing number
of research and studies on the role of GPU heterogeneous cluster in big data analysis
and processing are carried out. Due to dynamic data input and random variation of
calculation loading, calculation pattern, optimal operation, load balancing, reliability

L. Zhang · H. Wang (B)
School of Information Science& Engineering, Linyi Univesity, Shuangling Road, Linyi
Shandong 276002, China
e-mail: gadfly7@126.com

© Springer Nature Singapore Pte Ltd. 2021
Q. Liu et al. (eds.), Proceedings of the 9th International Conference
on Computer Engineering and Networks, Advances in Intelligent Systems
and Computing 1143, https://doi.org/10.1007/978-981-15-3753-0_2

13

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-3753-0_2&domain=pdf
mailto:gadfly7@126.com
https://doi.org/10.1007/978-981-15-3753-0_2


14 L. Zhang and H. Wang

and expansibility of GPU have been negatively affected[3, 4]. For this reason, the
systems encounter various limitations. Related theories on cooperative computing
of big data analysis and processing are inadequate [5–7]. In this paper, theoretical
models analyze the general calculation rules and extensive forms of MapReduce,
thereby conducting optimization studies. The studies focus on cooperative computa-
tion models of different computation patterns and establish a new theoretical model
at multiple stages and levels. Moreover, as the theoretical tool of discussing GPU
and multi-core cooperative computing, primary model parameters are analyzed and
validity of models is verified.

2 Problem Description

Assume GPU heterogeneous clusters include n nodes, and every node also involves
CPU and GPU. If multi-core CPU has m cores, cybernetics cores are in interactive
operation with GPU [8]. The remaining m − 1 are computing cores. Computing
cores are divided into cooperative computing core (CCC) and standalone comput-
ing core (SCC). When it comes to big data processing and computing, cooperative
computing cores and GPU divide data set, and complete cooperative and concurrent
computing. Standalone computing cores are in charge of reduce or data aggrega-
tion within nodes. From this perspective, in GPU heterogeneous computing system,
cooperative computing occurs among and within nodes. Therefore, computing and
communicating process become more complicated.

3 Cooperative Computing Model

3.1 Overview of Cooperative Computing Model

As is shown in Fig. 1, a big data computing task is completed in p stages. Each
stage is divided into data layer, computing layer and communication layer. On data
layer, cybernetics cores of CPU complete distributed mapping. On computer layer,
cybernetics cores of CPU, computing cores and GPU conduct concurrent operation.
On communication layer, data aggregation occurs among distributed nodes. Interme-
diate results of computing layer are transmitted and aggregated, in order to prepare
data for the next stage of computing.
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Fig. 1 Cooperative computing process of heterogeneous system

3.2 Formalized Description

Cooperative calculation model is described by matrix. Formalized expression of
p-DCOT model is shown as follows:

p-DCOT = D((C + O)T )p = D(C1 + O1)T1 . . . D(Cp + Op)Tp (1)

Equation (1) shows the p phase of iteration. The expansion equation of each
computing phase is shown as follows. Formalization of the i stage:

D(Ci + Oi )Ti = β
[
D1 D2 . . . Dn

]

×

⎛

⎜⎜
⎝δiWg

∣∣
∣∣∣∣∣∣

c1 0 0 0
0 c2 0 0
0 0 . . . 0
0 0 0 cni

∣∣
∣∣∣∣∣∣

+ (1− δi )Wc

∣∣
∣∣∣∣∣∣

o1 0 0 0
0 o2 0 0
0 0 . . . 0
0 0 0 oni

∣∣
∣∣∣∣∣∣

⎞

⎟⎟
⎠

×

⎡

⎢⎢
⎣

t1,1 t1,2 . . . t1,ni+1

t2,1 t2,2 . . . t2,ni+1

. . . . . . . . . . . .

tni,1 tni,2 . . . tni,ni+1

⎤

⎥⎥
⎦ (2)
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Equation (2) demonstrates: cooperation of ni computing nodes in the i phase of
calculation. The diagonal elements of diagonal matrix C1 to Cni indicate the concur-
rence computing of GPU nodes. The diagonal elements of diagonal matrixO1 toOni

represent the concurrence computing of GPU cooperative computing cores. Matrix
addition shows the convergence of GPU computing and CPU multi-core computing.
Parameters δi represent loading and allocation factors of GPU and CPU in the nodes.
This parameter determines the data size for GPU and CPU to process in each node.
Parameter βi is the loading and allocation factor that maps computing tasks to differ-
ent machines. Weight matrixWg andWc represent the parameter matrix of GPU and
CPU performance differences. Average matrix T represents the point-to-point com-
munication status among the nodes. Element tij represents the telecommunication
relationship between node ni of the i phase and node nj of i + 1.

3.3 Parameter Analysis

1. GPU and CPU loading ratio δ in single computing node

Assume that L is the data loading for single node. In single nodes, there are R coop-
erative computing cores and GPU. Peak performance of each cooperative computing
core is Pcpu (assume they are isomorphic computing models. Cooperative computing
cores have the same peak performances). Peak performance of GPU is PGPU. Obtain
the loading ratio of GPU and CPU δ in the same locking range. Equation (3) shows
the completion time of whole computational nodes:

⎧
⎪⎨

⎪⎩

Ttotal = max(Tgpu, Tcpu)
Tcpu = L×δ

R×Pcpu

Tgpu = L(1−δ)

Pgpu

(3)

In order to achieve the minimum completion time T total for the whole computing
nodes, cooperative computing cores and GPU computing time should be equal to
each other, which is shown in Eq. (4):

L × δ

R × Pcpu
= L(1− δ)

Pgpu
(4)

Equation (4) determines the loading ratio δ of GPU and CPU

δ = R

Pgpu/Pcpu + R
(5)

In practical application, accelerate cooperative computing cores of GPU and CPU
to replace peak performance ratio, i.e., s = Pgpu/Pcpu. Next, Eq. (5) is derived from
approximation of Eq. (6).


