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Abstract
Sensors are being developed that can be embedded in a computer to closely estimate the remaining useful lives of its different components. Product Recovery Facilities (PRF) that collect used computers and refurbish them for resale can use these estimates to increase the efficiency of component recovery operations. The goal of this project is to create a tool that can determine whether a third-party PRF would benefit financially from the information provided by these sensors. To achieve this, a flexible tool needed to be developed that could be used to investigate a range of research questions. A simulation program was built to model the processes and operations involved in component recovery. Customizable inputs allow the program to provide relevant results for a number of different PRF setups. The program was used to analyze different scenarios and create a set of optimization guidelines for effective sensor implementation. Analysis findings show sensors have a positive effect on profit, waste generation, and customer experience.
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The Need for Project
	Researches are developing tools that would allow them to estimate the remaining useful life of computer components. The impact this information would have on a product recovery facility is unknown and needs to be quantified.

	The refurbished computer market accounts for nearly 10% of all computer sales world-wide. Product recovery facilities (PRF) that serve this demand do so without a clear knowledge of the reliability of their final products. Researchers at Northeastern University are studying the benefit that expected component life (ECL) information, generated by embedded sensors, would have on the refurbished computer market. Accurate market analysis and simulation are needed to describe the effect ECL information would have on a recovery facility’s bottom line, as well as the impact on the environment and end-user satisfaction.

	
	


The Design Project Objectives and Requirements

	The goal was to show the effect expected component life (ECL) information would have on a recovery facility’s bottom-line, waste generation, and end-user satisfaction.

	Design Objectives

The project must give researchers the ability to create realistic PRF models to strengthen studies investigating the development of ECL sensors. The information should be accurate in detailing the effect ECL has on a facility’s return on investment (ROI). It should also show how expected-life information can prevent catastrophic hardware failures for the end-user and reduce facility generated waste. 
Design Requirements.
The project requires realistic data to generate accurate results. The deliverable should be flexible enough to improve over time as more accurate data becomes available. The required data consists of a number of computer configurations, ages, and prices. Mean-time to failure must be researched for a variety of components.



Design Concepts Considered

	The design went through a number of iterations to provide the best tool for researchers to study the impact of expected-life information.

	The project required a simulation be built that could take in required data specified by the design requirements, and output realistic results specified by the design objectives.
The first design used ARENA, a commercial simulation software package, to create the model framework. Although ARENA provides a solid foundation, there was difficulty modeling the more logically intensive aspects of the design. Prices for arbitrary computer configurations needed to be calculated on-the-fly, and the model used intelligence to pick ‘like’ components from inventory. These requirements, combined with the group’s familiarity with general programming, led to the decision to build a simulation from scratch using the C# programming language.
Another consideration was for Excel to act as the application interface for inputs both to and from the simulation. It was a flexible solution but did not provide an adequate interface to work with the volume of information needed by the simulation. It was decided that this option would be overwhelming to the user. This strengthened the argument for a custom built simulator.
An event based simulation was considered in which each station would pass components simultaneously. It was ultimately determined that a simpler Monte Carlo simulation could be utilized due to the model’s distinct lack of queuing throughout the system.
A concept that needed to be modeled was catastrophic failure on the customer end. The original plan was to build two separate models to investigate this, but a way was found to bring both together. Refurbished computers were given a warranty which catastrophic failure rates could be derived from. By adding warranty to the original model the design was made more realistic while achieving the reliability objective.

	
	


Recommended Design Concept

	A simulator was built from scratch using the C# coding language. It provided a powerful tool set for researchers to explore the effects of ECL information.
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Preliminary experimental analysis showed ECL information increasing a facility’s percent profit from 28% to 61%.

ECL information increases the amount of disposal at a facility but decreases customer failures, resulting in lower overall waste.


	The simulation application used to achieve the project objectives was created from scratch using C#. The main interface of the simulator captures the internal flow of the model itself. Each box in the interface flowchart presents real-time information as the simulation runs. This served as a tool to verify the results during run-time and was also used to easily indentify discrepancies in the simulation.

Input variables were categorized by type. Decision variables are those most likely to vary from facility to facility, such as hourly wage, price discounts, inventory policy, and warranty policy. Environmental variables are those that would probably not be modifiable, such as mean-time-to-failure, component weights, and testing times for components. A computer configuration distribution and age table also need to be loaded before running the simulation. Defaults for all input variables are provided, and input files can be easily edited using spreadsheet software.
The simulation can be fully automated by pre-setting input variables to an array of values. Duplicate simulation runs can be specified so that output can be presented with a confidence range, mean, and deviation. A built in graphing tool allows the researcher to quickly visualize relations between results over multiple runs. Output can also be exported for further analysis using statistical or spreadsheet software.
Verification was achieved by accounting for all costs, times, and components throughout the system. Generated costs were summed and checked with the total cost output variable. Similarly, timing at each station was summed and checked with the total time reported. Components were accounted for by checking that the amounts entering the simulation matched the amounts exiting.
An accurate pricing model was created by analyzing the refurbished computer market. Over 300 samples were collected from various online retailers. The data was correlated and weights were given to each component by its contribution to price. As a result a price generator was developed that could give an accurate price for any random computer configuration. This data was important for generating a distribution of computers coming into a facility as well as realistically pricing re-configured computers as they leave the facility.

A portion of research was devoted to finding realistic input values for the simulation. When entered into the simulation, the data was used to investigate the effect ECL information had on a PRF. It was found that a device which reported ECL, such as a sensor placed on the component itself, could increase the ROI of the facility by decreasing testing time, and reducing the costs associated with warranty failures. In the primary experimental investigation, a facility’s percent profit rose from 28% to 61%, potentially turning an infeasible operation into a feasible one.
The experimental investigation also focused on reliability which was characterized as the percent failure of shipped computers within the specified warranty. The minimum warranty was 1 year, and extended based on expected-life estimates. With sensors these estimates were more accurate and in effect contributed to a reduced failure rate for the end user. The analysis showed an increase in reliability from 76% to 97% working computers within the given warranty period for scenarios that utilized sensor embedded components.
Interestingly, facility waste increased with sensors because more broken components were properly flagged for disposal. Overall waste decreased with sensors because end consumers were disposing less failed computers compared to the model without sensors, which yielded a higher warranty failure rate.
The key advantage of the simulation is that it can run fully automated over a variety of scenarios, and report on any combination of variables on the fly. With complete control of the code, the model can easily be extended without the constraints imposed by third-party software.

	
	


Financial Issues
	There were no financial issues associated with this project. 
	The simulation was created with free development tools without proprietary simulation software costs. The research data was gathered at no cost from academic journals and public data from commercial vendors. 



Recommended Improvements
	Further research would improve input data accuracy. The simulation could be expanded and made to perform auto-optimization.
	More accurate input would result in more accurate output. The research conducted to find the default values was reliable, but could be refined further with more configuration samples. Mean-time-to-failure (MTTF) data provided by manufacturers is not necessarily reflective of real world results. With more sensor embedded components MTTF accuracy could be expected to improve.

Ideally a product recovery facility could use real-time arrival data, timing, and facility values to accurately predict future scenarios using the simulator. Another improvement would be automated optimization across multiple variables by using an advanced search heuristic such as genetic algorithms to evolve more optimal facility configurations.
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