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Abstract 

Modelling and simulation (M&S) is one of the fundamental methods of performance analysis. In other 

words, how well a modeller builds a model is a key point of a successful performance analysis. Before 

such a performance analysis, a model for prediction should be constructed. There are two types of 

models: data model and simulation model. Data model represents correlational relationships between 

one set of data and another. Conversely, simulation model represents causal relationships between a 

set of controlled inputs and corresponding outputs. This paper identifies the characteristics of each 

modelling method and presents a cooperative model development process for performance analysis of 

complex systems. The cooperative method contains conceptual modelling, model classification, and 

model integration/implementation. The model classification method effectively reflects and maximizes 

the features compared earlier. Then, they are modelled respectively and integrated. This paper also 

applies the proposed modelling to develop a model of Hadoop using artificial neural network (ANN) 

and discrete event systems specification (DEVS). To demonstrate the validity of the case study, it 

presents experiments to show the possibility of a proposed approach. 
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1. INTRODUCTION 

Performance analysis of a complex system is an important issue for system engineers because 

it can be utilized to forecast the behaviour of the system. This analysis can be used for 

maximizing the performance, resource planning of the system, or parameter tuning [1]. 

Performance analysis can be a tricky task because it requires a deep understanding of the 

system. The more complex the system, the more cost and effort are required for the analysis. 

The performance analysis generally consists of the system, evaluation techniques, metrics, 

and workloads [2]. Evaluation techniques include measurement, simulation and analytical 

modelling, and performance metrics, including throughput, response time, utilization, and so 

on. For successful performance analysis, a careful selection of analysis techniques is very 

important. M&S is one of the fundamental methods of performance analysis. In other words, 

how well a modeller builds a model with a purpose in mind is a key point for a successful 

performance analysis. 

However, it is difficult to develop a model for performance analysis for several reasons. 

For example, a highly dynamic environment and heterogeneity of the system can make 

modelling difficult. Complexity of the system as well as the workload are the factors that 

make modelling difficult [3]. The operations of a real-world system or physical system can be 

modelled in two ways. One way is to use prior knowledge of the system, and the other is to 

use empirical data of the system. As the complexity of the system increases and as more data 

becomes available in the big data era, we need more efficient modelling strategies using both 

modelling methods. Big data has become widespread as a means of performance analysis for 

a diversified world [4]. Data modelling using such big data has focused on representing 

correlations of empirical data. It is based on analysing the data of a system, in particular 

finding connections between the system variables without explicit knowledge of the 
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behaviour [5] of the system as depicted in the left of Fig. 1. It has seen wide use to predict the 

future behaviour of the complex system [6-8]. Although it seems possible to make robust 

forecasts through the data model with sufficient information, contrary to this expectation, it is 

not always an accurate modelling method. One of the obvious limitations is that it is just able 

to express correlations between parameters, so it cannot handle anomalies and changes of the 

system [5]. Also, when analysing the performance of the system, it is necessary to change 

algorithms and models as well as parameters according to the purpose of the analysis. In other 

words, for flexible performance analysis, the model needs to have various types of inputs such 

as parameters, algorithms, and models as attributes. However, it is not possible with a data 

model after modelling is complete. 

 

Figure 1: Definition of data modelling and simulation modelling. 

On the other hand, simulation modelling is a theory-based approach based on abstraction 

of the system using prior knowledge, for example, physical or operational laws/theories as 

depicted in the right of Fig. 1. It is generally used in the research field of simulation It is 

possible to clearly express the causal relationship between a set of controlled inputs and 

corresponding outputs with system knowledge, which means a statement of what causes what 

and why [9]. Nevertheless, when it is hard to acquire sufficient system knowledge, it is hard 

to construct a model completely that satisfies modelling objectives. Table I shows the 

characteristics of data/simulation modelling in various perspectives on the basis of the 

features mentioned previously. 

Table I: Comparison between two modelling approaches. 

Type Data Modelling Simulation Modelling 

Model Representation Associational relation with system data Cause-effect relation with knowledge 

Analysis Level Predictive Predictive, prescriptive 

Input Types Parameter Parameter, algorithm, model 

Valid Predict Condition Structure unchanged after modelling Model validation 

Non-existing System Not applicable Applicable 

Simulation Time Very short Relatively long 

Fidelity Low Relatively high 

 

Complex systems are likely to encounter these differences and limitations, because there 

are many components and attributes to consider in the system. This situation can lead to 

insufficient model expressiveness. Therefore, it is essential to use both models simultaneously 

and appropriately for more advanced modelling. In summary, there is a limit to completely 

model a complex system using data/simulation modelling, respectively. To develop a model 

efficiently through mitigating the disadvantages, a new cooperative modelling approach is 

needed. Accordingly, this paper proposes a systematic modelling process that merges the two 

methods. With the proposed cooperative approach, the model classification method in the 

process allows us to develop the model flexibly and efficiently for the performance analysis. 

It also provides a model integration and implementation for the execution of the developed 
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model in the same simulation environment. Then, this paper applies it to the Hadoop 

framework to demonstrate how to use the approach. We expect that the proposed method 

provides a guideline of modelling for performance analysis in the big data era. 

The remainder of the paper is organised as follows. Section 2 introduces previous research 

similar to our work. Then, Section 3 provides a cooperative model development method for 

performance analysis. The proposed method is applied to the Hadoop framework in Section 4. 

Finally, Section 5 concludes the discussion. 

2. RELATED WORKS 

Many studies have been studied on cooperation of data/simulation modelling for performance 

analysis in multiple areas. These studies can be classified into two groups. The first one is 

embedded, which is similar to system identification. There are some studies on this type of 

cooperation [10-12]. In these studies, researchers create a hypothetical structure model of the 

system through simulation modelling, and identify the validated parameters required for the 

structure through machine learning using acquired data. A complete model is built through the 

fusion of two modelling methods. However, instead of having two separate models, the two 

methods are used together to establish one functional model. In other words, data modelling 

alone is difficult to express one complete function in these studies. 

The second case is domain-specific collaboration. In this case, collaboration is derived in 

a specific manner depending on the characteristics of each domain. There is a research that 

converges machine learning into agent-based modelling [13]. Machine learning is just used 

for refinement of action in agent-based modelling. There is also a study that improves validity 

of discrete event system model for decision making [14]. These studies provide better analysis 

of a system through collaboration of two models; however, data model is just used to 

represent only one-dimensional internal behaviours. In the Hadoop domain, which we target 

in the case study of this paper, several studies have been also conducted [15]. HSim [16] and 

MRPerf [17] are representative simulators. They can simulate the dynamic behaviours of 

clusters. Additionally, they can configure many system parameters, including hardware and 

cluster parameters. However, they just consider the data modelling implicitly and simply. 

They involved simulation modelling for the evaluation of the system and contained an 

abstracted data model. For example, the characteristics of each Hadoop application and disk 

I/O model that are difficult to model with low-level knowledge are simply reflected in these 

simulators. In other words, there are no independent data models to represent the subsystem in 

the model. In addition, because it used the existing developed model as the simulation model, 

it cannot be seen as a perspective of modelling method. 

From all these considerations, the common problem of previous research studies has been 

that there was no methodology or guideline for integrating the two methods explicitly. From a 

modeller's point of view, there is a need to classify and integrate the features of each model in 

order to model more efficiently. It is also important to enhance model expressiveness and 

model flexibility for deriving more reliable simulation results. In this respect, we propose a 

cooperative modelling method, which allows us to develop an advanced model for better 

analysis of complex system through appropriate cooperation. 

3. COOPERATIVE MODEL DEVELOPMENT PROCESS 

In the previous section, we confirmed that complex systems cannot be fully modelled through 

a single modelling approach, respectively. Therefore, we present a cooperative modelling 

process that can take each of the advantages and explain how the mutual cooperation takes 

place in each step. The proposed process follows the general M&S process. Its cycle has 

distinct activities in the model, such as requirements analysis, conceptual model design, 
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detailed model design, implementation, verification and validation, experimental design, and 

simulation [18]. The proposed cooperative modelling is based on this hardware/software co-

design [19]. The method is a modelling procedure for developing simulation systems by 

cooperating with each other (Fig. 2). 
 

 

Figure 2: Proposed model development process. 

There are some assumptions and constraints for this proposed process. The first is that 

there is no general-purpose model. The model must be developed with a purpose in mind. In 

other words, no model of a system will present all features of the system. The next is that a 

modeller should have an affinity for both data and knowledge. Depending on the purpose, the 

knowledge of the system and the data of the system should be acquired. The final one is that 

each model should be implemented in the same environment. A simulation environment that 

can understand the semantics of both the data/simulation modelling and how actions in one 

approach affect the state of the other is required for the proposed method. 

3.1  Conceptual model design 

A conceptual model is a statement of the contents and the internal representations that are the 

user's combined concept of the model. It contains algorithms and logics, and it represents 

assumptions and limitations explicitly [20]. In this process, it is also important to define the 

models clearly as functional units before model classification as shown in Fig. 3. A modeller 
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should consider some criteria for successful model classification [19]. Sometimes a model is 

desired that enables the function or algorithm to be easily changed, so modifiability should be 

considered. Data from one system cannot always be representative of the system. As we 

mentioned in Table I, we need another data set under the changed condition of the system. It 

is hard to evaluate changes in various parameters, models, and workload characteristics with 

data models. It is also difficult to use various types of input only with data models. In other 

words, the system has high modifiability when structural changes or various input types are 

required. On the other hand, low modifiability is defined as when no structural change is 

required or when only numerical inputs are used as input parameters. 
 

 

Figure 3: Conceptual model design. 

Data/knowledge acquisition level is one of the most important criteria. Extensive 

physical/operational knowledge that includes idealistic assumptions and constraints is 

required for simulation modelling. For data modelling, sufficient data should be collected that 

cover the operating range of the system for the high reliability model. If it is difficult to obtain 

actual data, it can be modelled through the simulation data acquired from the existing 

simulator. If the data covers the operating range of the system, then the data model will be 

able to make a more accurate prediction than the simulation model involving idealistic 

assumptions and constraints. 
 

 

Figure 4: Model classification method with characteristics of two models. 

Performance requirement is one of the factors to consider. Fidelity and efficiency 

requirements would have been considered previously for metrics that quantitatively evaluate 

system behaviour. For example, simulation models are available when high fidelity (H. F.) 

and relatively low efficiency (L. E.). Conversely, data models are available when relatively 

low fidelity (L. F.) and high efficiency (H. E.). After these three criteria are considered, the 

models should be classified through the flowchart created by applying them. Fig. 4 represents 

the flowchart of the model classification method. Through the flowchart, we could divide the 

conceptual models into two models. 
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3.2  Detailed model design 

The models identified and classified in the conceptual modelling step should be built using 

each method separately. In this paper, we use discrete event system specification (DEVS) 

formalism [21] as one method of simulation modelling. It is a set theoretic specification of 

discrete event systems, which has been generally used for modelling many fields of science 

and engineering [22]. The DEVS formalism is modular, hierarchical, and object-oriented, so it 

is proper for the modelling of the dynamic system. The formalism consists of an atomic 

DEVS model representing the system behaviour and a coupled DEVS model representing the 

structure of the system. The entire system consists of a set of atomic or coupled component 

models, thus representing a hierarchical structure. In the simulation modelling, state 

transitions by I/O events are described using the DEVS formalism, and detailed operations at 

specific states are described using algorithms and mathematical equations. 

Next, various techniques can be used for data modelling, including data mining and 

machine learning. For example, machine learning can be a means of data modelling. With a 

machine learning method, such as ANN, a user can map associations between one set of data 

and another. After passing through a validation process of the mapping with data in the real 

world, using general performance indices such as root mean square error (RMSE), we can 

acquire a data model. Then, it enables the prediction of a future value of a data set using a 

given data set. In this paper, we use ANN as a method of data modelling [23]. 

3.3  Model integration and implementation 

After detailed model design, it is necessary to integrate both simulation and data model. For 

the integration of the models, we use the two integration types (logical and physical 

boundaries), as shown in Fig. 5 [19]. The simulation model and data model can be physically 

(horizontal) separated. And the simulation model is considered to be executing the data model 

in the logical boundary (vertical). This simulation model may contain one or more data 

models. Generally, the data model can be used to implement some of the functionality of the 

simulation model. In the cooperative modelling, models can be integrated with both types of 

integration. After integration of all the models, they can be implemented in the heterogeneous 

environments and then interoperated using a middleware. Alternatively, they can be 

developed with a homogeneous environment. After they are implemented, simulation is 

conducted through the remaining model development process, such as verification/validation, 

experimental design, and execution. The next section shows the application of the proposed 

process through a practical example. 

 

Figure 5: Two types of model integration. 

4. APPLICATION: HADOOP 

This chapter provides a case study that applies the proposed method to Hadoop [24]. It is an 

open-source framework used for distributed storage and processing of big data. Because it is 

difficult to set up a real Hadoop environment to evaluate the scalability of application up to a 
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thousand nodes, M&S is necessary for the performance analysis. It represents the highly 

dynamic environment of a computer system and includes various levels of computer layers, 

and it is easy to collect actual data for data modelling of the system. The core of Hadoop 

consists of a processing part, which is a MapReduce, and a storage part, known as a Hadoop 

Distributed File System (HDFS). MapReduce is a computing framework for large-scale 

distributed data processing based on the divide and conquer paradigm. It works by breaking 

the processing into map and reduce functions [25]. HDFS is a distributed file system of 

Hadoop that stores data reliably using commodity clusters [26]. This section represents the 

sequential application of Hadoop to the proposed model development method. 

4.1  Conceptual model design 

To model the Hadoop system, one must build a conceptual model that expresses the structure, 

abstraction level, and system elements. It should be classified into two models according to 

the objective of the analysis and the acquisition level of data/knowledge. In the Hadoop, there 

are four types of models: MapReduce, HDFS, platform, and application model. Table II and 

Fig. 6 show the classification result of these models through the classification method 

described in the previous chapter. These classified models can be modelled using each 

modelling approach. 

 

Figure 6: Classified model of Hadoop 

Table II: Model classification of Hadoop. 

Component Subcomponent Criteria 1 Criteria 2 Criteria 3 Result 

MapRudce Job/Task Tracker High - - Sim Model 

Map/Reduce Low Non-existing - Sim Model 

HDFS Name/Data Node High - - Sim Model 

Disk I/O Low Both L.F.+H.E. Data Model 

Platform Cluster Low Both H.F.+L.E. Sim Model 

Network High - - Sim Model 

Application - Low Black-box - Data Model 

4.2  Detailed model design 

Through the model classification, we can see that the application and the disk I/O are built by 

data modelling. The application describes the Hadoop programs such as WordCount and 

TeraSort. The disk I/O describes a storage model for file write, read, and shuffle. It is 

necessary to understand their internal operation mechanisms; however, they are very complex 

and require a deep level of knowledge. We can use existing simulators such as DiskSim [27] 

for the disk I/O model. However, this can overload the time and resource, which does not fit 

the simulation objective. To do data modelling using ANN, firstly, the environmental data 

should also be collected or extracted from executions of the Hadoop to use as training data. 

Then, each model can be built through a learning process using the data set. We use the 

Lavenberg-Marquardt optimization technique as a learning algorithm [28] and RMSE as a 
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measurement of learning performance. Detailed data modelling procedure, acquired data list 

and input/output are shown in Fig. 7. 

 

Figure 7: Detailed data modelling procedure. 

On the other hand, the others can be modelled using simulation modelling. The 

MapReduce operations are performed through the map, shuffle, and reduce processes, and 

they run independently in parallel. The HDFS includes a structure of distributed file system 

and operation of name node/data node. The platform model includes a structure of cluster and 

hardware models. The network model describes a topology model, thus indicating 

connections between the clusters [29]. When these models are modelled by data modelling, 

details can be highly abstracted. This makes it hard to perform behaviour analysis and 

structural change. 

Also, because it is difficult to represent heterogeneous computing environments of the 

Hadoop platform with numerous nodes using data modelling, simulation modelling through 

understanding the whole process is needed. In this paper, we use DEVS formalism to perform 

the simulation modelling described in Section 3.2. 
 

 

Figure 8: Example of simulation model and data model: HDFS. 
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4.3  Model integration and implementation 

After detailed modelling, it is required to integrate them. Each model can be connected 

through predefined input/output relationships. They can be implemented each other in the 

heterogeneous environments and then interoperated using a middleware. Or they can be 

developed and integrated with the homogeneous environment. In this dissertation, we develop 

the Hadoop model in the same environment for DEVS formalism called DEVSim++ [30]. Fig. 

8 shows the example of details of integration using HDFS model, and Fig. 9 shows the 

integrated model and the connections among the models. 
 

 

Figure 9: Integrated Hadoop model. 

4.4  Experiment 

In this subsection, two experiments are designed to demonstrate the effectiveness of the 

proposed work [31]. The experiments are to show the prediction accuracy and simulation 

efficiency respectively using the Hadoop model. Because there is no method that can be 

compared directly, we simply compare the results using models made with the modelling 

methods commonly used in previous studies. For the experiments, two models are used as a 

control group. The first model is created using only simulation modelling. We use the DEVS 

formalism in the same way as the proposed work for HDFS, MapReduce, platform, and 

network models. The application is made into a simple simulation model through the 

abstraction, and the disk I/O uses the existing DiskSim made by the domain expert. On the 

other hand, the data model is simpler than the simulation model. It is modelled at once using 

the entire input and output data of Hadoop, without distinction among the component models.  

Meanwhile, prediction accuracy can be compared through the RMSE. It can be calculated 

using the difference between the real execution and the simulation result. The smaller the 

value, the closer the predicted result is to the actual result. We compare the prediction 

accuracy of the proposed model with that of the control groups. We use job completion time 

and throughput according to the number of data nodes. Also, we can compare the simulation 

efficiency using ratio of prediction accuracy to simulation execution time. It can be simply 

compared through the inverse efficiency score (ISE) that deals with speed-accuracy trade-offs 

[32]. The smaller the value, the better the simulation efficiency. 

Fig. 10 shows the detailed parameters used in the experiments and the two experimental 

results. Firstly, it shows that the proposed model has a lower RMSE value than the other two 

groups (Table III). In other words, it means that the proposed model has enhanced the 

prediction accuracy compared to the other groups. 
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Figure 10: Experimental parameters and results: prediction accuracy (left) and efficiency (right). 

We can see that the accuracy of the data model is lowest. This is because it is difficult to 

express the internal conditions accurately with only the input/output data used for data 

modelling. The simulation model shows relatively accurate predictions, which can vary 

depending on how the application affects the overall process of the system. Because the 

application model uses an abstracted one, the less impact the application has on the overall 

system. However, the DiskSim can cause the low speed of the simulation model. 

Table III: Comparison of experimental results. 

Evaluation type Evaluation index 
Model type 

Data model Sim model Proposed model 

Prediction accuracy RMSE (job execution time) 42.1 24.6 18.7 

Simulation efficiency IES (real simulation time) 0.66 15.02 0.78 

 

Fig. 10 and Table III also show the simulation efficiency using real simulation execution 

time. In the simulation, the run-time of the data nodes increases as the number of nodes 

increases when the data size is constant. This is because, as the number of nodes increases, 

the computing resources required for the simulation increase. The data model has the highest 

simulation speed and efficiency because there is no consideration of the cluster topology 

inside it. The number of nodes, topology, and specifications are simply abstracted numerically 

inside the model. The low speed of the simulation model is caused by DiskSim model. The 

proposed model has an intermediate speed between the two models. As a result, we can see 

that the proposed model has a low IES value. It has almost the same efficiency as the data 

model, but because the accuracy is much higher, it can be considered to be a model that 

satisfies both efficiency and accuracy. In other words, we can see that the proposed work 

creates synergy through the cooperative modelling for performance analysis. 

5. CONCLUSION 

How well a modeller builds a model is an important issue for a successful performance 

analysis of the complex system. Before such a performance analysis, a system model should 

be constructed using two types of modelling methods: simulation and data modelling. Even 

though both approaches have pros and cons, it is hard to build a complete model with each 

model alone. To overcome the weakness, this paper suggested a cooperative modelling 

approach, able to combine advantages of data/simulation modelling for performance analysis. 

The cooperative model development process is proposed on the basis of merits and demerits 

of each model. It can be a systematic and formal method for the modelling of complex system, 

and follows the general M&S process. The proposed method contains conceptual modelling, 
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model classification, and model integration/implementation. The model classification method 

effectively satisfies the criteria made by characteristics of two modelling approach. Then, 

these are modelled respectively and integrated into the same simulation environment through 

the integration method. To show how the proposed new approach works, this paper applied it 

to the Hadoop framework. In the process of modelling the Hadoop, the system is represented 

by a simulation model using the DEVS formalism and a data model using the ANN, 

respectively. This experimental result indicated that prediction accuracy and simulation 

efficiency are relatively enhanced in comparison with the existing approach. In conclusion, 

we demonstrated how the proposed modelling method could be applied in the complex 

system for performance analysis. From this paper, we can see how to complement the defects 

of both methods and to amplify the synergy through appropriate cooperation. In future works, 

we will research semantics for modelling and integrating these heterogeneous models. We 

will also conduct additional evaluations including quantitative evaluations for the proposed 

method. 
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