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The evolution of manufacturing to "Industry 4.0" is well under way. It implies rethinking in measuring and managing performance in manufacturing and supply chain systems. Adaptation is required because the Industry 4.0 context is fundamentally different from the existing systems in terms of planning, operations and management. This paper, therefore, proposes a conceptual framework for developing performance measurement and management (PMM) for Industry 4.0. The proposed framework outlines the performance management process including performance measurement, performance visualization and decision-making using the data value chain concept. Each step of the value chain is mapped to the contemporary technologies available to facilitate the PMM development process. The paper concludes that performance management in Industry 4.0 will be substantially different in terms of data collection, analysis, evaluation and will have fair proportion of leading indicators alongside lagging indicators to describe performance; however, challenges to develop and operationalize the PMM remain and require seamless integration of both processes and technologies.

INTRODUCTION

Manufacturing and supply chain systems are constantly evolving to improve productivity and efficiency [START_REF] Dalenogare | The expected contribution of Industry 4.0 technologies for industrial performance[END_REF]. This evolution went through a series of stages generally divided into steam age, electrical age and information age and now gearing up towards the age of Industry 4.0, the fourth industrial revolution (Popkova et al., 2019, p. 23;[START_REF] Xu | Industry 4.0: state of the art and future trends[END_REF]. These evolutions allowed the transition from a farming and feudal society to an industrial and capitalist society and then to post-industrial and services society, gradually releasing labor force from physical efforts towards more striking creativity (Pris'e'ca'ru, 2016). Of all the stages, Industry 4.0 brings promises of greater efficiency, shorter time-to-market, higher value products and new services [START_REF] Jeschke | Industrial internet of things and cyber manufacturing systems[END_REF]. In industry 4.0, manufacturing operations systems and information and communication technologies (ICTs)-especially the internet of things (IoT) are seamlessly integrated, forming the so-called Cyber-Physical Systems (CPS) [START_REF] Wang | Current status and advancement of cyber-physical systems in manufacturing[END_REF].

It is generally believed that the current evolution will have far reaching impact on future businesses and economy alike [START_REF] Popkova | Industry 4.0: Industrial Revolution of the 21st Century, Studies in Systems, Decision and Control[END_REF]. Predominant impacts are anticipated in manufacturing [START_REF] Kusiak | Fundamentals of smart manufacturing: A multi-thread perspective[END_REF][START_REF] Li | Fourth Industrial Revolution: technological drivers, impacts and coping methods[END_REF], supply chains/value chains [START_REF] Glas | The impact of industry 4.0 on procurement and supply management: A conceptual and qualitative analysis[END_REF][START_REF] Nagy | The role and impact of industry 4.0 and the internet of things on the business strategy of the value chain-The case of Hungary[END_REF][START_REF] Strange | Industry 4.0, global value chains and international business[END_REF] and service industries [START_REF] Bodrow | Impact of Industry 4.0 in service oriented firm[END_REF][START_REF] Lee | Service innovation and smart analytics for industry 4.0 and big data environment[END_REF]. Possible outcomes are enhanced efficiency, greater productivity, new business opportunities and profound impacts on the overall economic development [START_REF] Li | Fourth Industrial Revolution: technological drivers, impacts and coping methods[END_REF][START_REF] Popkova | Industry 4.0: Industrial Revolution of the 21st Century, Studies in Systems, Decision and Control[END_REF]. However, if not managed appropriately, the revolution will have negative impacts in terms of broadening social inequality [START_REF] Kergroach | Industry 4.0: New challenges and opportunities for the labour market[END_REF] and cyber-risk [START_REF] Ivanov | The impact of digital technology and Industry 4.0 on the ripple effect and supply chain risk analytics[END_REF].

However, strikingly yet discrete issue that stands out in the evolution towards Industry 4.0 is on how to measure and manage the performance of smart factories or cyberphysical systems (CPSs), and how to design and implement performance measurement and management system (PMM) to respond to the complex environment defined by Internet of Things (IoT), big data analytics and interoperability issues [START_REF] Hwang | Developing performance measurement system for Internet of Things and smart factory environment[END_REF][START_REF] Okwir | Performance Measurement and Management Systems: A Perspective from Complexity Theory[END_REF].

Performance measurement was a different story altogether in the previous industrial stages. Productivity was the dominant performance indicator in the first industrial phase, followed by quality and time in the electrical age and then comes flexibility, agility, reliability and reactivity in the information age [START_REF] Shah | Méthode d'évaluation de performance de système industriel basée sur l'indicateur valeur-risque[END_REF][START_REF] Vernadat | VR-PMS: a new approach for performance measurement and management of industrial systems[END_REF]. However, the latter objectives could not be achieved satisfactorily because of the rigidity of the manufacturing and supply chain systems in the information age [START_REF] Weyer | Towards Industry 4.0 -Standardization as the crucial challenge for highly modular, multi-vendor production systems[END_REF]. Several factors contributed to the rigidity, for instance, cost of production switching and the cost of big data and lack of analytical tools to predict, diagnose and prescribe effectively and efficiently.

With Industry 4.0, many performance dimensions, inter alia, flexibility, agility and reactivity will be supported profoundly [START_REF] Fatorachian | A critical investigation of Industry 4.0 in manufacturing: theoretical operationalisation framework[END_REF][START_REF] Moeuf | The industrial management of SMEs in the era of Industry 4.0[END_REF][START_REF] Müller | Industry 4.0 and its impact on reshoring decisions of German manufacturing enterprises[END_REF] because the new paradigm allows horizontal and vertical integration, yet decentralizes information and decision making, thus enabling real-time communication between devices and the external environment, and relies on advanced analytics to fully understand the performance of the system. What it all means in MOSIM'20 -November 12-14, 2020 -Agadir -Morocco performance measurement and management terms is a completely new way of collecting, analyzing and evaluating performance-related data with new performance measures, especially performance indicators previously not possible to compute can now be computed in the new industrial paradigm. How it would be done and where the real value can be gained in terms of time, flexibility, reliability, cost and quality and beyond is the subject of the current study.

LITERATURE REVIEW

Performance measurement and management (PMM) of manufacturing and supply chain systems is a well-established field of study in the pre-industry 4.0 era [START_REF] Bititci | Editorial: Towards a Theoretical Foundation for Performance Measurement and Management[END_REF][START_REF] Vernadat | VR-PMS: a new approach for performance measurement and management of industrial systems[END_REF]. However, real-time performance measurement is a challenge and can be the reason why Industry 4.0 is required [START_REF] Horváth | Driving forces and barriers of Industry 4.0: Do multinational and small and medium-sized companies have equal opportunities?[END_REF]. This will drastically change the ways the performance indicators are measured, analyzed and how then the decisions are made. It is argued that performance objectives will be extended to include more predictive performance objectives 2013), opening up opportunities to design and measure leading performance indicators. What was not possible in the past is becoming reality with Industry 4.0 with its big data analytics functionality improving business performance [START_REF] Bordeleau | Business intelligence and analytics value creation in Industry 4.0: a multiple case study in manufacturing medium enterprises[END_REF].

However, big data since characterized by high-velocity, high-volume and high-variety of information together with the challenge of ensuring data veracity will require tools and instruments to capture the essence of information and transform them in real-time to KPIs and beyond to performance measures for informed decision making in timely manner [START_REF] Oztemel | Literature review of Industry 4.0 and related technologies[END_REF]. Business intelligence and analytics (BI&A) are being used to gain insights from data for informed decision making, yet again, BI are IT-enabled PMS with a focus on past situation [START_REF] Bordeleau | Business intelligence and analytics value creation in Industry 4.0: a multiple case study in manufacturing medium enterprises[END_REF]. Industry 4.0 era PMM will be more complex and forward looking than its predecessors and will be steps ahead of what we do today by comparing what we achieved and what we wanted to achieve. However, work on the desired PMM is still in its infancy. Very few studies have attempted to develop PMM systems of the future.

For instance, [START_REF] Hwang | Developing performance measurement system for Internet of Things and smart factory environment[END_REF] developed IoT-based performance measurement system using standards of ISA-95 and ISO 22400 and Enterprise Resource Planning (ERP), Manufacturing Execution System (MES) and IoT. In the study, the authors derive performance indicators related to OEE (overall equipment effectiveness) from the standards and relevant data from ERP, MES and IoT while modelling the scenario using BPM. The scenario is then simulated to see the actual and target performance on the shop floor. [START_REF] Mörth | Cyber-physical systems for performance monitoring in production intralogistics[END_REF] developed a framework for performance monitoring in the CPS environment for intralogistics and demonstrated the concept on a conveyor belt testbed. The framework derives 10 KPIs including throughput, cycle time, utilization, OEE etc. from ISO 22400. Data was gathered for the KPIs using webcam camera. The data is, afterwards, processed through Simulink to compute KPIs and visualized via cloud Thing-Speak platform. However, the study does not incorporate the feedback link to make corrective or preventive actions while limiting the focus solely to monitoring. Also, [START_REF] Lee | Design and application of Internet of things-based warehouse management system for smart logistics[END_REF] developed IoT-based warehouse management system for Industry 4.0 using advanced data analytical approach. The IoT based WMS improved the overall efficiency of the warehouse with focus on order fulfillment, order accuracy and efficiency of order picking. The system uses fuzzy logic in real-time to select the most suitable order picking method.

The above-mentioned studies have attempted to measure performance in smart manufacturing and logistics settings while focusing on limited scope to demonstrate the concept. However, the real potential of Industry 4.0 technologies to advance performance measurement and management has not yet been fully demonstrated or is even lacking. A conceptual framework is therefore needed to guide the development of PMM systems for Industry 4.0 and is the subject of the current study.

FRAMEWORK FOR INDUSTRY 4.0 PERFORMANCE MEASUREMENT & MANAGEMENT

To measure and manage performance in the Industry 4.0 context, the paper proposes a framework based on the data value chain concept [START_REF] Curry | The Big Data Value Chain: Definitions, Concepts, and Theoretical Approaches[END_REF], modified to cover the broader aspects of performance measurement and management concept. The data value chain transforms raw data into actionable information, expressed in the form of performance indicators/performance measures. The idea is to get from data to decision employing the principles of performance measurement and management. This transformation happens linearly, passing through phases that form the data value chain as shown in Figure 1. Each phase of the value chain as well as required methods/tools are briefly explained as follows. 

Data

Data collection

Data for performance measurement can be collected using multiple means. In Industry 4.0, data are largely collected through sensors and networking devices. Manual data, and enterprise business systems such as ERP, CRM and many others (if deployed) can also contribute to the rich set of data in an Industry 4.0 ecosystem.

Real-time data collection is needed to keep track of the status of IoT components in a continuous manner (Cevikcan and Ustundag, 2018, p. 247). This is rather true for functional data [START_REF] Glinz | On Non-Functional Requirements[END_REF]. However, in performance measurement, nonfunctional data are equally important to judge the performance of the process and the system. It can be obtained in the manufacturing setting by analyzing the processes (time & cost), process quality (yield, scrap and rework cost), machine/material handling/operation flexibility (set up time) or aftersales services (customer satisfaction). Process reliability (percentage on-time delivery) and order satisfaction (order fulfilment, etc.) are among the data required for performance evaluation in the supply chain setting (Bellgran and Säfsten, 2010). ISO 22400 can also be used as a template to prioritize data collection for conventional performance measures for shop floor performance measurement.

However, all the above-mentioned data are output measurements and hence required for computing lagging indicators of performance. In the Industry 4.0, predictive performance can be computed through leading indicators because data collection and big data analytics required for predictive performance are at the core of Industry 4.0. For that to happen, systems need to be made self-aware through big data analytics and integrated with market intelligence to predict future production scenarios. For instance, Purchasing Managers' Index (PMI) foresees the economic trends in the manufacturing and service sectors.

The index gives an idea whether the economy expands, stays the same or contracts [START_REF] Herwadkar | Is PMI a good leading indicator of industrial production?: Evidence from India[END_REF]. On the same pattern, an industry can gather data for developing their own indicators/indices to adjust to the future trends to minimize waste and make better use of their resources.

Data processing

Data processing is needed for two reasons. Firstly, to transform data into usable and desirable formats. Collected data can be either textual, numerical or multimedia.

It is refined as per the defined logic and schema. Secondly, data processing is required prior to performance measurement as huge data acquisition through sensors or vision camera could not be passed on to the next stage, i.e. cloud otherwise large data transmission bandwidth would be needed which is not economical and convenient. In CPS, data are processed inside or close to the physical world (edge analytics) to reduce the network bandwidth requirement (Alasdair Gilchrist, 2016). [START_REF] Gölzer | Data Processing Requirements of Industry 4.0 -Use Cases for Big Data Applications 15[END_REF] explore the data processing requirements of Industry 4.0 and identify six categories as requirements for the future factories including Data model (C10), Data integration (C20). Data Content (C30), Decision processing (C40), Knowledge processing (C50) and Real-time processing (60). With regard to performance measurement, subcategories of C50, that is Prepare data (C52) and Predict parameters (54) are relevant. The former prepares, filters and compiles data for decision making and the latter use the past data for predictive analysis (leading indicators). Other requirements can be used to further enrich data analytics for business intelligence.

Data Transformation

To add more value to the processed data and gain insights thereof, transformation is employed to compute performance measures and indicators. To this end, the data transformation stage has several functions to perform.

First is the definition of performance measures/indicators. ISO 22400 also defines key performance indicators for manufacturing operations management. A few performance measures along with their calculation methods are presented in Table 1. *"Availability" is a measure of how well a production unit is used relatively to the scheduled capacity. A 100% score means no delay in the operation [START_REF] Hwang | Developing performance measurement system for Internet of Things and smart factory environment[END_REF].

Performance measures are pre-determined and are updated and reviewed not so often. Once determined, they are made available for computation; however, there weights or relative importance in the overall performance computation change with scenarios.

The second function of the data transformation is the normalization of performance measures because they are heterogenous in nature and difficult to gain insight from. For instance, performance measures such as order fill rate, MOSIM'20 -November 12-14, 2020 -Agadir -Morocco manufacturing cycle time, on-time delivery, cost per order, productivity and the availability are measured in different units because they refer to different dimensions of a manufacturing system performance. The list can be more exhaustive if more system aspects are considered.

To extract meaningful insights from the data, they are mapped to the already defined performance measures and then transformed into commensurate values using multiattribute value technique (MAVT). The MAVT is a structured methodology to handle trade-off among multiple objectives (and so performance measures/criteria) and assign a utility value to each measure by rescaling them onto a 0-1 scale with "0" representing the worst preference and "1" representing the best one. This transformation (mapping) of a physical measure onto a [0, 1] scale is also known as the value elicitation process and can be performed as follows [START_REF] Berrah | Monitoring the improvement of an overall industrial performance based on a Choquet integral aggregation[END_REF].

𝑃: 𝑂 × 𝑀 → 𝐸 (𝑜, 𝑚) → 𝑃(𝑜, 𝑚) = 𝑃
Where 𝑂, 𝑀 𝑎𝑛𝑑 𝐸 represent universes of discourse, respectively of the set of objectives 𝑜, of the set of measures m and of the performance expressions 𝑃.

This transformation of performance measures used to happen through decision-aided tool such as MACBETH, AHP, etc. where the elicitation process to develop utility function is conducted by means of human interventions to judge the preferences and strengths of preferences through pairwise comparison of criteria. In Industry 4.0, the value elicitation can be performed using artificial intelligence or neural networks (NN) methods. Studies have been conducted to determine criteria weights through NN models, for instance, see [START_REF] Golmohammadi | Neural network application for fuzzy multi-criteria decision making problems[END_REF].

Data Visualization

Visualization is a powerful tool to present elegantly multifaceted measures and to facilitate the decision-making process. Visualization refers to both visual or graphical representation and the cognitive process of understanding an image. In performance management and decision contexts, visualization is about the representation of performance related data, information, concepts and knowledge in a graphical way to gain insights to ease the decisionmaking process. Moreover, the visualization process can be applied to improve understanding over large data sets without complex quantitative methods [START_REF] Jääskeläinen | Visualization techniques supporting performance measurement system development[END_REF].

Visualization of performance depends on the type of data. Data can be one, two or multiple dimensional and require different techniques to approach the visualization problem. Commonly used techniques in visualizing performance currently in use are maps (e.g. strategy maps), network maps, graphs and charts, dashboards (Balanced Scorecard, Tableaux de bord) and many others. In addition, geometrically transformed displays, stacked displays, dense pixel displays, etc. could be other options to visualize data. In short, visualization of data is a rich field of study and provide users with myriad f options to choose from and present.

Data-driven Decision Making

Visualized data can be employed to make informed decisions. Decisions can be either to take preventive or corrective measures or any other. In the Industry 4.0 paradigm, decision can be made either using descriptive analytics, predictive analytics or prescriptive analytics.

The descriptive analytics have been widely used in business intelligence (BI) tools that rely on reports and past data to reach a decision. They tell what happens in the past. However, in the advanced analytics in the new paradigm, prediction and prescription are the core functionalities. Predictions are made to estimate the leading indicators using predictive analytics that would lead to trigger action or inaction. For this to happen, data for independent variables of an indicator (e.g. MCT in Table 1) are gathered, afterwards tuned and trained through supervised learning algorithm to predict output variable (dependent variable). The quality of the prediction depends on completeness of the independent variables leading to compute the output variable, the type of algorithm (linear/logistic regression, neural networks, K-nearest neighbor, decision tree etc.) and size of the dataset used. However, to aid the decision maker further to choose a course of action in the given scenario, prescriptive analytics will be used. In short, the level of use of both predictive and prescriptive analytics in the PM for decision making is where the real change in the PMM will be determined.

Process-Technology mapping

To facilitate the development of performance measurement and management system for Industry 4.0, a set of technologies have been identified to meet the need of each process step in the data chain. Moreover, the three-tier topology, i.e. edge tier, platform tier and enterprise tier proposed by [START_REF] Gilchrist | Industry 4.0: The Industrial Internet of Things[END_REF] for developing industrial Internet of Things (I4.0) is sandwiched between process and technology as shown in Table 2. The edge tier is where all the data are collected, and pre-processing of data performed. The platform tier is where data storage and transformation are performed. The last tier is the enterprise tier where the user interacts with the system and visualized results are used to trigger an action or inaction.

CONCLUSION AND FUTURE WORK

The current study proposes a conceptual framework for PMM in Industry 4.0 using the data value chain concept and a recommended list of technologies currently available for each process step of the data value chain. Methods and tools for each process step are suggested to guide the development of the PMM system. Although still in inception, the framework is based on the experience and MOSIM '20 -November 12-14, 2020 -Agadir -Morocco previous work of the authors on PMM systems [START_REF] Shah | Méthode d'évaluation de performance de système industriel basée sur l'indicateur valeur-risque[END_REF][START_REF] Vernadat | VR-PMS: a new approach for performance measurement and management of industrial systems[END_REF] and a review of the literature.

Especially, it is advocated that PMM for industry 4.0 will be substantially different from the current PMM systems. Indeed, drastic adaptations would be required to meet the future demand. Flexibility, agility and reactivity will Table 2: Process and Technology Mapping for Performance Measurement and Management of Industry 4.0 obviously be achieved through Industry 4.0 technologies; however, their evaluation methods need to be devised and developed to correctly assess performance objectives. Furthermore, operationalization of the performance measures using big data analytics and neural networks for informed decision making is a serious challenge ahead.

In the future, the authors plan to deepen the understanding of the requirements of performance measurement in the new paradigm and will investigate measures of interest, particularly the leading measures and their evaluation methods supported by the relevant technologies. 
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 1 Performance Measures and Their Evaluation Methods

	Performance	Calculation Method
	Measure		
	Product Cost		𝐶 𝑚𝑓𝑔. = ∑ 𝐶 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑖 𝑁
				𝑖=1
	Manufacturing	Total time an entity (part, product)
	Cycle	Time	spends in the manufacturing system
	(MCT)		
	Process Yield	(1-Scrap parts/Total parts)
	Availability * =	𝐴𝑐𝑡𝑢𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑇𝑖𝑚𝑒 (𝐴𝑃𝑇) 𝑃𝑙𝑎𝑛𝑛𝑒𝑑 𝐵𝑢𝑠𝑦 𝑇𝑖𝑚𝑒 (𝑃𝐵𝑇)