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Abstract

When we model a system to analyse it, there are two main methods we can use. First, there are
knowledge-based simulation modelling methods using system operations, such as discrete event system
specification (DEVS). Conversely, there are data-driven modelling methods using data analysis without
explicit system knowledge, such as machine learning. These two models can be used appropriately in
situations where it is difficult to model sufficiently with one method, and through this, the advantages
of each method can be maximised. In other words, for this, a method is required to specify one system
by using two methods at the same time. Therefore, in this paper, we introduce an extension of DEVS
formalism, called Cooperative DEVS (CoDEVS), which enables representation of both a simulation
model and a machine learning model. It consists of a simulation model, data model, and interface models
that convert events between the simulation and data models. We also introduce a modified simulation
algorithm that can interpret the new formalism and simulate a distributed file system to show the validity
of the proposed work.
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1. INTRODUCTION

A complex system can be analysed as many components with many relationships among them,
where the behaviour of each component depends on the behaviour of others [1]. Such a system
is intrinsically difficult to model due to numerosity, interactions, and hierarchical organisation.
Nevertheless, analysis of complex systems is continuously being studied as various internet and
communication technologies develop [2]. The results are very important because they help to
predict the future behaviour of the system and maximize its performance [3]. In general, two
modelling methods can be used to analyse these systems. First, simulation modelling is a
knowledge-based approach based on the laws of physical operation of the target system. It is a
modelling method that clearly shows the causal relationship between the input and the
corresponding output. Discrete Event Systems Specification (DEVS) formalism is a set
theoretical specification of discrete event systems that has been widely used for modelling many
science and engineering applications [4]. It is hierarchical, modular, and object-oriented, so it
is suitable for modelling dynamic systems [5].

The next is a data-driven machine learning method that is modelled through data analysis
without explicit knowledge of the system [6]. It can indicate a correlation between data sets,
and a model can be built through a learning process that reduces errors between actual data and
predicted results [7]. This data-driven machine learning model can be called a data model as
opposed to a simulation model [8, 9]. These two methods involve a series of processes to
analyse a complex system by making a model of the system.

These two modelling methods have different characteristics in various aspects. The first
difference is regarding causality and correlation. One of the limitations of a data model is the
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absence of causality representation. Such a model can only express a correlation between two
variables, not causality [10]. On the other hand, a simulation model can accurately represent
causality. Another difference is regarding predictions under changed conditions. The condition
for valid prediction of a data model is to have the same structural operational conditions after
learning. However, if the structure, operation, and parameters change after learning, future
predictions are invalid. Although data models have these limitations, simulation models are not
always better. Because it is not always possible to obtain complete knowledge of the system for
meaningful modelling, it may be difficult to make a simulation model complete in all situations.
In addition, simulation models show differences in various characteristics, such as analysis
level, input type, model fidelity, and decision time [11].

(pilipiZ' ""pin) =C.M. (P1-P2: s Do all:aIZI ---'a'!n: my,Ma, ---:ntn)

Hierarchical |

. . Model of Complex System ! -
| . Structure | Entire
i g ——— | Model
\ Parameter M1 M2 i 1
1,23 1| | e, e I | - : "
I Y i Algorithm 4 Sim i Sim Data
i > i\ Algorithm 1 ’E o N | Model Model Model
\ Algorithm | | | " [ » | i |
1,4 [ o N 1}’_1 ? _______ e}fb(; nh“rlm.‘e | Sim Sim Data
> Model 1 T omoan N ndex Model Model |} Model
Model 1 e | | - ! ) ) L
o | i\ Two-dimensional Partitioning
(1) Model Flexibility (2) Model Expressiveness
: Various Design of Experiments : Higher Level of Expressiveness

Figure 1: Modelling of a complex system from the perspective of model flexibility and expressiveness.

Furthermore, even if the same system is modelled, the model may vary depending on the
analysis objective. For model flexibility, it is necessary to have various inputs as attributes. In
other words, depending on the purpose, performance analysis is required according to changes
in not only parameters but also algorithms and models, as shown on the left side of Fig. 1. Then,
it is important to decide which of the two modelling methods described above to use to model
the sub-models of the complex system. For example, a sub-model for parameter change can be
expressed as both a data model and a simulation model. However, only the simulation model
can be used to experiment by changing the algorithm and model. Because the algorithm and
model are part of the simulation model, it is possible to experiment by changing them, but it is
difficult to change the data model after it is learned. In other words, it is difficult to model the
entire system with only one modelling method in these specific situations because the more
complex the model is, the more likely it is to encounter these situations. It is essential to use
each model simultaneously and appropriately for improved modelling. It is also necessary to
reduce the complexity by identifying and separating the entire system in a modular and
hierarchical manner for reliable modelling, as shown on the right side of Fig. 1. Through this
two-dimensional partitioning of the entire model, the expressiveness of the model can be
increased.

To solve the above-mentioned challenges, an approach to determining which model to apply
when system modelling (that is, a method to classify the model) is necessary. Additionally,
modelling semantics of how the classified models interact and integrate are needed. In recent
years, some studies have been conducted on co-modelling of a simulation model and machine
learning in various domains. First, there were studies on the co-modelling methodology of a
simulation model and a data model [11, 12]. They specifically compared the characteristics of
each model and provided an overall modelling methodology for this purpose [12]. However,
although they provided the modelling process, they did not provide integrated modelling
semantics that can express it in detail.

Next, some studies modelled network-centric warfare by combining neural networks (data
model) with DEVS (simulation model) [13, 14]. Through this, they could reduce the
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communication overhead of interoperation by abstracting the simulation model into a neural
network model. They extended the DEVS formalism, but it can only be applied to specific
domains and simulations. That is, general modelling formalism and interfaces are required. In
addition, there have been studies on domain-specific collaboration [15]. In these cases,
collaboration is derived in a specific manner depending on the domain characteristics. The
researchers utilized simulations and machine learning to model the whole system [16-19].
However, they did not model the entire system separately based on a clear co-modelling
methodology.

As we can see from the above, no studies have explicitly presented the aforementioned
problems. In other words, a modelling formalism that can specify both methods at once and an
algorithm that can interpret it have not been studied. Therefore, we propose an extension of
DEVS formalism called Cooperative DEVS (CoDEVS) that enables representation of both
machine learning-based data models and simulation models. We also introduce a modified
simulation algorithm that can interpret the newly proposed formalism. This paper is organised
as follows. Section 2 describes the background and preliminaries. Then, Section 3 provides the
proposed CoDEVS formalism. Section 4 discusses the case study of applying the Hadoop
Distributed File System (HDFS). Finally, Section 6 concludes the study.

2. PRELIMINARIES

Prior to describing our proposed approach, this section briefly deals with preliminaries about
modelling methods. As we said earlier, complex systems cannot be fully modelled through a
single modelling approach. For this reason, a cooperative modelling process between
simulation and data models was studied based on the general modelling process [12]. It consists
of requirements analysis, conceptual modelling, detailed modelling, model integration,
verification and validation, experimental design, and results analysis [20].

One of the major differences between the general and the co-modelling process is the
conceptual modelling step. In conceptual modelling, we can define the models clearly as
functional units and then classify two types of models according to the proposed criteria. In
other words, it is necessary to select, according to clear criteria, how to model each derived sub-
model. For example, how much system knowledge or actual data is available for modelling can
be an important criterion. If the data covers the operating range of the system, then a data model
could be a better alternative to a simulation model involving idealistic assumptions and
constraints [21]. Model fidelity and efficiency requirements can also be important criteria for
classifying sub-models. In this case, the model execution speed can be a measure of model
efficiency. When a fast execution speed is required, but relatively high fidelity is not required,
it is generally advantageous to use a data model. On the other hand, when high fidelity is
required regardless of speed, it can be advantageous to use a simulation model.

After going through the model classification process, the classified conceptual models can
be modelled in detail and integrated. Although complex systems can be modelled and analysed
through a series of processes, in addition to the modelling process, an explicit formalism for
co-modelling is required. Therefore, we suggest a new cooperative modelling formalism, which
allows us to develop an enhanced model for complex systems by taking advantage of two
modelling methods.

3. CODEVS FORMALISM

In this paper, we propose CoDEVS formalism that extends DEVS formalism. DEVS formalism
is hierarchical, modular, and object-oriented, and it largely consists of an atomic DEVS model
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representing the system behaviour and a coupled DEVS model representing the structure of the
system [4, 5].

Meanwhile, CODEVS formalism, which includes both simulation and data models, enables
hierarchical and modular modelling for performance analysis of complex systems. The
proposed formalism consists of a coupled model (CM) and cooperative unit model (CUM). A
CM provides the method of assembly of several atomic and/or coupled models to build complex
systems hierarchically. A CM is basically identical to the DEVS formalism coupled model,
except that it can have a CM and CUM as internal components. Formally, a CM is defined as
follows:

CM = (X,Y,{M},EIC,EOC,IC,SELECT), 1)
where:

X: a set of input events;

Y: a set of output events;

{M}: a set of all component models; M consists of a CM or CUM,;

EIC € CM.X x UM. X, an external input coupling relation;

EOC € UM.Y x CM.Y, an external output coupling relation;

IC € M.X x UM. X, an internal coupling relation;

SELECT:2M — ¢ —» M, a tie-breaking function.

A CUM is a unit model, which is a functional minimum unit. A CUM consists of an atomic
simulation model (SM), a data model (DM), and an interface model (IM) that convert data
between the simulation and data model, as shown in Fig. 2. A CUM cannot have any child
models. There is no limit in the hierarchy except for a CUM. Finally, a CUM is defined as
follows:

CUM = (X,Y,{M},EIC,EOC), 2)
where:

X: a set of input events;

Y: a set of output events;

M: a set of all component models; M consists of an SM, DM, or IM;

EIC € CM.X x UM. X, an external input coupling relation;

EOC € UM.Y x CM.Y, an external output coupling relation.

Coupled Cooperative Unit Model (CUM)
Model
| event | Interface Model ivalue
[ ; ! \ (cald | ———— | set
Coupled i Cooperative i Simulation IM¢4 Data
Model ! Unit Model i Model LﬁJ Model
i
—— i ' = (SM) (DM)
i | i (.
Coupled Cooperative i Simulation Interface Data i event Léj\ value
Model Unit Model E Model Model Model E update set L
A - ! L J

Figure 2: Overall structure of CoODEVS model.

An SM is the basic model and contains the specifications for the dynamics of the model. It
is basically identical to the atomic model of DEVS formalism. Formally, a 7-tuple specifies an
SM as follows. Additionally, a DM is defined as follows:

SM =(X,Y,S, 8oxt) Oint> A, ta), (3)
where:
X: a set of input events;
Y: a set of output events;
Sext * S X X — §, an external transition function;
Sint * S — S, an internal transition function;
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A:S — S, an output function;
ta: S > Ry (non-negative real number), a time advance function.

DM = <X’ Yﬂfdm)’ (4)
where:
X: a set of input events;
Y: a set of output events;
fam: Y = fam(X), a function of the DM.

Functions in DM can be obtained through data modelling, such as artificial neural networks.
The next element is the IM. An IM has two types: IM,,; and IM . IMs are used to convert from
events of an SM to real values of a DM (IM,,), and vice versa (IM ). Formally, IMs are defined
as follows:

IMSd = <XSI Yd’dml isd >’ (5)
where:

Xs € E(s, 1), aset of events (state and function pairs) of SM;

Y, a set of real numbers of dm;

dm, the name of the target DM;

isq: E — R, an interface for converting from SM to DM,

E is a set of events, and R is a set of real numbers.
IMds = (Xdl YS' dm, ids )a (6)
where:

X, a set of real numbers of dm;

Ys € E(s 1), a set of events (state and function pairs) of SM;

dm, the name of the source DM;

isq: R = E, an interface for converting from DM to SM; S is a state,

R is a set of real numbers, and E is a set of events.

Fig. 3 a is an example of constructing CUMSs using the formalism suggested above. They
can be distinguished by the standalone simulation model, standalone data model, and
cooperative model. Additionally, they can be modelled independently or combined through
coupling relationships. These CUMs can be gathered to complete the entire complex system
model. As explained earlier, a simulation model is an abstraction of the system using physical
or operational laws. A data model, on the other hand, has three roles, as shown in Fig. 3 b: an
output prediction model that changes y to predicted y’, a transmission model that delays
transmitting with predicted execution time, and a generator model that periodically generates a
predicted value.

o CUM CUM see. | Y| pst
CUM Model Model

SM SM (1) Output Prediction Model

t {+Af]
,l\ IMs IMs Sre. | _ - Dst.
oM Model Model

(2) Delay Transmission Model
SM DM DM

v

- | Dst.
————————| N

¥ Model
Standalone Sim. Model CooperativeModel  Standalone Data Model (3) Generator Model
a) b)

Figure 3: a) forms of model integration, b) roles of data model.
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These models have not only different modelling situations and roles but also different
algorithms for interpreting their semantics. Therefore, an extended simulation algorithm/tool
that can understand the semantics of the proposed CoDEVS for both simulation and data model
IS necessary. Various tools have been developed to provide a way to implement the existing
DEVS formalism using several programming languages [22]. For example, various tools have
implemented the DEVS theory, including DEVSim++ [23], CD++ [24], DEVSJAVA [25], and
others. DEVSim++, which was developed in C++, has been widely used to implement various
DEVS models [26]. It can be used to run a general DEVS simulation model. However, to
analyse the simulation model and data model at the same time, DEVSim++ must be
interoperated with other tools for data models, or an interface and algorithm for executing the
data model must be added to DEVSim++.

In this paper, we modified DEVSim++ instead of directly interoperating with other tools.
We briefly introduce it in this section using Fig. 4. The original DEVSim++ was designed
without considering a data model. Therefore, when we build a co-model like the one shown on
the left of Fig. 4, the data model CUM2 cannot be handled directly inside DEVSim++. Only
simulation models CUM1 and CUMS3 are directly coupled. That is, to solve this problem, we
modified the simulation engine to handle CUM2 with an event going from CUM1.out to
CUMBa.in [27]. First, CUM2 receives the event outgoing from CUMZ1.out of the source model;
it then performs an operation for calculating a trained data model [28]. At this time, the data
model has already been learned through other tools or libraries and then embedded inside the
DEVSim++ modelling environment. After that, when an event is updated through the
calculation result, CUM2 sends the updated event back to CUM3.in of the target model.
Through this modified DEVSim++, two models can be integrated in only one engine.

Modeling of CUM2

CUM3 CUM = (in,out, ...),IM = (in, out, m, i)

m(Cooperative)

Matching in/out port
cMm Modeling of

{M;} = (CUM1,CcUM2,cUM3), IC € ((CUM1.out,CUM2.in), ic = {CUM1.out) CUM2.in), (CUM2. out[CUM3. in)

in cum1 out
(Only sm)
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(Only Dm)
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2 g DM S N e— * Time (T): t >t + At
| I D st Event from SM/CM

Figure 4: Modified implementation method for CoDEVS.

4. CASE STUDY

In this section, we apply the proposed method to the HDFS to demonstrate the effectiveness of
the proposed work. Hadoop is an open-source framework used for distributed storage and
processing of big data [29]. HDFS is a distributed file system of Hadoop that stores data reliably
using commodity hardware [30]. It has a single name node and a cluster of data nodes. Each
data node serves up blocks of data over the network using a block protocol specific to HDFS
[29]. It stores the files in blocks of 64 MB, called chunks. It is robust against hardware failure
by replicating and storing one block in several blocks.
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Figure 5: HDFS architecture and its abstracted model.
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The objective of this case study is to predict the behaviour of a distributed file system based
on HDFS in a large cluster [31]. The left side of Fig. 5 shows the overall architecture of HDFS,
and the right side shows a simplified model that abstracts it. This HDFS model can be modelled
with each modelling approach according to the characteristics of the simulation/data model

mentioned previously.

Fig. 6 shows the detailed modelling of the agent model (HCAgentCM), which is one of the
data node internal models. HCAgentCM is a CM composed of various internal CUMs. Among
them, the HCReaderCUM is a unit model related to file system reading. This corresponds to
the cooperative model described above (Fig. 3a), and because it is difficult to express only with
the simulation model, it has a disk data model (DiskDM) related to the reading time inside. At
this time, the data model is trained (modelled) using a neural network model based on actual
data. We trained the neural network using the pre-processed HDFS data set from the small-
sized real HDFS cluster. Then, we constructed the integrated model for the agent by embedding

the disk data model in the reader model.
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Figure 6: Detailed modelling result using CoDEVS.
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The right side of Fig. 6 shows the results of modelling these models using the proposed
CoDEVS formalism. HCReaderSM is a sub-model of HCReaderCUM, a simulation model that
simulates the reading behaviours. Additionally, IMsq and IMgs provide an interface between
HCReaderSM and DiskDM. The specifications in Fig. 6 show the inputs/outputs, operations,
and relationships of each model. The completed HDFS model can be executed using the
modified DEVS simulation engine described in Section 3.

Data modelling and simulation modelling generally differ in purpose and features. One of
them is related to model flexibility. As discussed earlier, a simulation model can use algorithms,
object models, and so on, as well as parameters as inputs. This makes it easy to perform
experiments according to the changes of system algorithms or models. However, a data model
can reflect only parameter changes. It is difficult to use algorithms or object models as data
model inputs. To consider them in a data model, we need to collect new data and perform the
data modelling process again. Additionally, it is difficult to analyse the system behaviour, such
as failure analysis and topology analysis, with a data model. However, the proposed model
makes this possible with high extensibility. Because the model has the advantages of simulation
modelling, it can use various types of inputs. In other words, in addition to the numerical
parameters, it is possible to simulate the HDFS by changing the algorithms and object models.

In this case study, we perform the simulations by changing parameters, algorithms, and
models. We use the chunk size for the parameter change and the data placement algorithm for
the algorithm change. The rack model is used for the model change. This can show that the
proposed model is more scalable than a simulation model. Table | shows the experimental
design for the model flexibility experiment.

Table I: Experimental design.

Type of attribute | Name Value
a) Parameter Chunk size 16, 32, 64 MB
b) Algorithm Data placement algorithm | Round-Robin algorithm vs. capacity algorithm
¢) Model Rack model Rack configuration: # of nodes (adding data nodes)
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Figure 7: Experimental results.
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Figs. 7a and 7 b show the results of the parameter change experiment and the algorithm
change experiment, respectively. Fig. 7 ¢ shows the results of the model change experiment.
These experiments show that the proposed model can test and analyse new algorithms and
models based on a reliable model. We can see that the proposed model has advantages in model
extensibility over a standalone model.

5. CONCLUSION

With the advent of the big data era, research on machine learning has been exploding across
diverse research fields. It can be used to analyse and predict complex systems by building data
models through training. Conversely, in addition to the data-driven machine learning models,
dynamic systems can be analysed through system knowledge-based simulation models.
Because these two approaches each have their pros and cons, it is difficult to fully express a
complex system with only one approach. To this end, this paper proposes an extended
formalism for the integrated modelling of the two modelling methods. It is a CoDEVS
formalism that is an extension of the existing DEVS formalism. It consists of a simulation
model, data model, and interface models that convert data between the simulation model and
data model. Then, the models can be executed using the modified simulation environment. To
demonstrate the validity of the proposed work, in this paper, we also applied it to develop a
model of HDFS. From this study, we can see how to complement the defects of both methods
and to model with one unified formalism. In future works, we will continue our research from
the perspective of a model development platform that integrates a simulation engine,
interoperation interface, database, and analysis tools into the proposed co-modelling method.
Then, we will also apply it to the analysis, prediction, diagnosis, design, and optimization of
various other research fields.
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