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[bookmark: _Toc512247005]Abstract:
This paper looks at the research behind and analysis data collected from the two experiments: using data acquisition to improve driver performance, and using design of experiment to optimize vehicle setup. 
The research is broken down into the following sections: Design of experiments, data types, types of experiments, driver advice & performance measures, and finally driver in the loop simulators. These sections look at theory behind the experiments, how they are used in industry, and the validity of the experiments. 
The methodology for the driver improvement experiment is explained. A general overview of each driver is given as well as the reasons behind the choice of circuit and vehicle. The parameters for the sessions are explained to avoid factors such as driver fatigue and how the drivers could affect each other’s performance. Lastly, it’s explained how using values such as distance and time adds detail to the data when presented to the drivers. 
The methodology for the setup optimization experiment is then detailed. There is an overview given of the driver used in the experiment, how the results were gathered for the multi-level categorical and Box Behnken experiment designs, and the straight line test procedure. 
Both experiments are then analysed, driver improvement is analysed using Motec data traces and excel graphs to showcase the driver’s performance before and after instructions, and comparing the drivers against a benchmark set of data. Whilst setup optimization is analysed using Motec data traces and graphs to show how the chosen factors varying in performance benefits, from camber having the greatest effect on performance to roll stiffness distribution having the smallest effect. 
Lastly the conclusion states how both experiments fulfilled the project aims. The overall statements from the driver performance experiment and how certain factors may have contributed to predictions of the results weren’t met. How the results from the setup optimization experiment characterise vehicle performance for the Silverstone GP track. 
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[bookmark: _Toc512247008]1.0 Introduction: 

The driver improvement investigation will look into how KPI’s, key performance indicators, can be used to improve a driver’s performance. This will be investigated by using an Rfactor simulator to gain data from two different drivers, then by comparing KPI’s against a fully improved driver’s data (Richard Sutton), advice can be given to the drivers to help improve their lap times. 
The driver improvement investigation has three aims: 
1. Collect and collate date using driver in the loop simulator, 
2. Try to improve driver lap times through the use of key performance indicators
3. Identify which performance indicator has the greatest effect on driver performance increase. 
The setups optimization investigation will look into how design of experiment software can be used to design suitable experiments for testing different factors that affect a car’s handling characteristics, and using these factors to create optimal setups. This will be investigated using an Rfactor simulator to gain data from a single driver. 
The setup optimization investigation has three aims:
1. Collect and collate data using driver in the loop simulator
2. Investigate how each factor affects lap times and which has the greatest effect
3. Using design experiment software to optimize the setup factors
The deliverables for the entire project are: 
1. Data showcasing driver lap time improvements
2. How data is best presented to a driver for development, (Verbal, printed, fully explained)
3. Data showcasing the effect of camber, toe and roll stiffness distribution on lap times
4. Optimization of the three setup factors

This paper will look at the research for these investigations, this research will include: driver performance measures and driver advice, the usefulness of driver in the loop simulators and how close to reality they are, design of experiments, and finally the factors for the setup optimization experiment. 
This will then lead on to the methodology for the two different experiments, first: 
How the data is collected using the Rfactor simulator from the two drivers, how the test sessions are designed to get the maximum amount of useful data whilst avoiding unnecessary problems such as driver fatigue, the control parameters for the simulator sessions and how the data is analysed using Motec software. Finally, how the data is presented to driver to maximise its usefulness without overloading the driver with irrelevant information and how the instructions given to the drivers for each session need to be clear and accurate to avoid incorrect data collection.  
Secondly: how design experiment software is used to design a multi-level categorical and Box Behnken experiment, how the simulator is used to adjust the GP2’s setup, why driver feedback is recorded for each setup change, and how this data is then input back into the design experiment software. 
The driver improvement data is then analysed using Motec to show data traces comparing drivers A & B against Richard Sutton before and after instructions and Excel graphs to show fastest lap progression and individual session progression, a short statement about overall performance is then made. 
The setups data is then analysed using graph from design experiment to show individual factor effects, and Motec data traces and graphs to show how changing a factor changed the vehicles behaviour on track. 
Lastly conclusions are drawn from both experiments about the results and whether they satisfied the aims of their respective investigations. The testing procedures are then analysed and any comments on how they could have been improved are made, the report as a whole is then summarised. 


[bookmark: _Toc512247009]2.0 Research:
[bookmark: _Toc512247010]2.1 Design of Experiments:
Design of experiments is a statistical analysis method used to determine and analyse relationships between factors and the effect the factors have on outputs, (Sundararajan, 2011). When planning an experiment, a question must first be set to plan the experiment around. Setting a question allows for inputs and outputs to be selected and the process to start. Inputs are process variables, and output are performance variables, (Antony, 2014), in the case of the experiment in this paper the different setup changes that are made to the vehicle are the inputs and lap time and driver feedback are the outputs. 
[image: ]
[bookmark: _Toc512221887][bookmark: _Toc512242563]Figure 1: Process input/output with variable categories (Shewchuk, 2017).
The type of experiment used for the driver improvement experiment in this paper is called benchmarking. This is a method of improving performance by making comparisons against others, and then using those comparisons to make improvements to yourself (Anon., n.d.). This is a technique commonly used in business to analyse competitors and make changes to your own company to close the gap in business (Lock, 2001). The principle though can be used for driver comparison as its analysing data, then using the data to establish improvement techniques. 
[bookmark: _Toc512234828][bookmark: _Toc512247011]2.2 Multi-Level Factorial: 
This is a combination of two different types of design, multi-level and Factorial. 
Factorial designs are common type of design with all input factors set at two levels, high and low, (NIST/SEMATECH, 2012) and performs at least one trial run for every possible combination of factors and levels. This type of design gives the ability to examine the interaction between variables as well as requiring fewer runs, when compared with other design, to achieve the same level of statistical power, (Linda M. Collins, 2009), statistical power is the likelihood that the design will show an effect by one of the factors, if there is a high statistical power then it’s more likely an effect will show (Magnusson, 2015). 
Multi-level designs simply add extra levels to the variables to model possible curvature in the response variable (NIST/SEMATECH, 2012), this defines whether a variable as a linear response or not and is usually done by adding a mid-level (Anon., 2018), however by adding more levels, the cost of the experiment increases. 
[bookmark: _Toc512234829][bookmark: _Toc512247012]2.3 Box Behnken: 
Box Behnken is a response surface methodology (RSM) style experiment, using multiple input factor with multiple levels, then from analysing the results obtained in the experiment the design is able to optimize the input factors and suggest optimal settings for the input factors to achieve the greatest results (Kathleen M. Carley, 2004). The design limit the sample size as the number of parameters grow, either factors or levels, to the smallest amount of runs needed to still achieve the same statistical power as a factorial design (Emerson, 2013). 

[bookmark: _Toc512234830][bookmark: _Toc512247013]2.4 Driver advice & Driver Performance Measures:
When the driver is sat in the cockpit of their vehicle they only have five direct controls over the vehicle to drive it as fast as possible: Throttle pedal, Brake pedal, Clutch pedal, Steering wheel and gears, (Segers, 2008), however for the purposes of this investigation the clutch pedal is not in use. 
The data engineer can then use the data collected to help a driver achieve their fastest lap, or setup race simulations where tyre or fuel saving or different weather conditions, (Sakamoto, 2014). These controls are the influence for the KPI’s selected for this investigation, because this is only a simulation there are no real-world implications in terms of needing to change any factors on the car such as setup, tyres or fuel, so the main source of lap time improvement will be how fast the driver can go.  


3.0 [bookmark: _Toc512247014]Methodology:
[bookmark: _Toc512234833][bookmark: _Toc512247015]3.1 Driver analysis and improvement experiment:
This investigation will use two drivers to collect data and improve. The two drivers are:
Driver A- Andrew Noble. Andrew has a moderate amount of experience using the simulator, he has spent this year as the simulator driver for his group project, and this means he has experience with both the simulator and using Motec to analysis data and make improvements. 
Driver B- Samuel Jones (Myself). Samuel is a novice in the simulator with no prior experience, has experience with data analysis having previously used Pi analysis software and this year using Motec extensively.   
Richard Sutton – Richard is the comparison driver, having already completed the four improvement sessions, Richards driving has been fully improved to the best of the engineers ability. His fastest lap is used as the benchmark that driver A & B are compared against. Richard has a number of years’ experience in the simulator and is the fastest simulator driver at the university. 
The testing sessions were planned as five sessions, starting with a base data session and then continuing with four sessions afterwards. The sessions would each focus on improving a specific KPI in this order: brake pedal position, throttle position, steering angle, and finally gears.
All the sessions must adhere to the control parameters, these are: the same vehicle (GP2) and track (Silverstone GP), the vehicle setup must remain as standard, this is the default setup that the simulation provides, all driver aids must be switched off and the force feedback set at 75%. 

[bookmark: _Toc512234834][bookmark: _Toc512247016]3.2 Setup Optimization:
This investigation used one driver to collect the data, this driver is: 
Paul Davies. Paul has a moderate amount of experience using the simulator, he was part of a project last year to improve his lap times on the simulator, so he’s not a novice and understands how the data works, and he also understands the technical aspect as he is the universities technician.
Paul was instructed to drive an outlap and three flying laps around the Silverstone GP track in the GP2 car. This vehicle and track were chosen due to the driver’s knowledge and experience with both. This was done so when driver feedback was recorded Paul was asked to refer his answer against the standard setup. 
Using the run list generated by design expert, see figure 95 in appendices, Paul is instructed to perform an outlap and three flying laps for every setup change. After each setup paul is asked for feedback on the setups regarding its handling characteristics such as whether it over or undertseering and how it felt in a straight line whether its good or bad good or bad. He also not allowed to see the setup changes being made so there is no expectation of how the vehicle will handle that Paul can driver differently to avoid. The results from these runs are then input into the multi-level categorical and Box Behnken designs. 




[bookmark: _Toc512234835][bookmark: _Toc512247017]4.0 Analysis 
[bookmark: _Toc512019349][bookmark: _Toc512234836][bookmark: _Toc512247018]4.1 Fastest Lap Progression 
This first section will look at satisfying the aims of the investigation, namely improve driver performance through the use of KPI’s and identify which KPI has the greatest effect on driver performance increase. [bookmark: _Toc512221888][bookmark: _Toc512242564]Figure 2: Driver A Fastest Lap Time Progression Graph











[bookmark: _Toc512221889][bookmark: _Toc512242565]Figure 3: Driver B Fastest Lap Time Progression Graph












Figures 2 and 3 satisfy both aims by showing the progression of the both drivers over the 5 sessions and their performance improvements through their lap times. The graphs show the fastest lap times from each session, this shows how each session helped to improve lap time performance. Both graphs show that drivers A & B improved most in session, this is the throttle pedal KPI. This doesn’t however show the improvement of sector times or consistency. 


[bookmark: _Toc512234885][bookmark: _Toc512247019]5.0 Setup Optimization:
Using the lap times gathered from the multi-categorical test, the different setups are sorted into two categories, setups that produce faster lap times than the standard setup and setups that produce slower lap times. From this filter five setups remain, runs; 13,14,19,22 and 26, these setups are then compared looking for correlations. 
	Run Number
	Roll Stiffness Distribution (%)
	Camber (°) 
	Toe Angle (°)
	Fastest Lap Time 

	13
	66
	-4.5
	2
	1:40.98

	14
	44
	-4.5
	0
	1:40.381

	19
	81
	-4.5
	-2
	1:39.734

	22
	44
	-4.5
	-2
	1:39.443

	26
	66
	-4.5
	-2
	1:39.206


Table 1 Setup Sheet
[bookmark: _Toc512234886][bookmark: _Toc512247020]5.1 Camber:
The clear correlation between all the laps is the camber angle with all the fastest setups running with maximum negative camber, this was expected as the standard setups runs with -2.7° camber. 
[image: ]Figure 73 shows how altering the camber from maximum to minimum alters the predicted lap time. With the toe set at -2° and the roll stiffness distribution at 66% the graph suggests the more negative camber applied the faster the vehicle will be over the course of a lap. 
As documented earlier in the research section, negative increases performance by using the lateral forces applied when cornering to create the biggest contact patch and therefore the most grip and speed. 
[bookmark: _Toc512242566]Figure 4 Camber Results Graph

[bookmark: _Toc512234887][bookmark: _Toc512247021]5.2 Toe Angle:
The second biggest factor is toe angle, with the three fastest setups all using -2° toe. 
[image: ]As shown by the graph in figure 80 the GP2 cars performance is enhanced when toeing out. As with camber, toeing out provided the vehicle with greater performance when cornering. [bookmark: _Toc512221966][bookmark: _Toc512242567]Figure 5 Toe Results Graph

The performance benefit that toe angle provides is smaller when compared camber, the range between faster and slowest lap when comparing toe angles is only 2.2 seconds, compared with camber which had a range of 6.8 seconds. 



[bookmark: _Toc512234888][bookmark: _Toc512247022][image: ]5.3 Roll Stiffness Distribution:[bookmark: _Toc512221971][bookmark: _Toc512242568]Figure 6 Roll Stiffness Distribution Results Graph

The graph shown in figure 85 indicates that the GP2 car performs marginally better with a roll stiffness distributed towards the front of the vehicle, with camber set at -4.5° and toe set at -2°,. 
The performance benefit that a change in roll stiffness distribution provides is the smallest when compared against camber and toe angle. The range between faster and slowest lap when comparing roll stiffness distributions is only 0.5 seconds, compared with camber which had a range of 6.8 seconds and toe which had a range of 2.2 seconds. 




[bookmark: _Toc512234889][bookmark: _Toc512247023]5.4 Optimization:
	Run 
	Roll Stiffness Distribution (%)
	Camber (°)
	Toe (°)
	Predicted Fastest Lap
	Actual Fastest Lap 

	1
	73
	-4.5
	-2
	1:39.701
	1:39.420

	2
	72
	-4.5
	-2
	1:39.709
	1:40.812

	3
	75
	-4.5
	-2
	1:39.710
	1:38.851


The Box Behnken design uses the data provided to suggest optimal setups and predict lap times for these setups, from these suggestions the fastest three were implemented to test the accuracy of the suggestions and to start to fine tune the setup. 
Table 2 Optimization Runs Setup Sheet
[image: ]Whilst run 1&3 performed better than their predicted lap times, only run 3 produced a faster lap time than the fastest from the original setups. [bookmark: _Toc512221976][bookmark: _Toc512242569]Figure 7 Run 26 vs Optimization Run 3 G Force Graph

This improved performance is, in part, due to the setups ability to produce higher amounts G force both lateral and longitudinal, shown as the blue trace in figure 90. This increased amount of G force created means that the setup is braking & accelerating harder, and the wider general trend of the traction circle means that the setups is using more of the available grip. 


[bookmark: _Toc512234890][bookmark: _Toc512247024]6.0 Conclusions
[bookmark: _Toc512234891][bookmark: _Toc512247025]6.1 Driver Improvement Investigation:
Overall driver A improved his fastest lap by 2.773 seconds over the 4 sessions, and improved in all three sectors. Driver A improved his first sector by 0.726 seconds, second sector by 0.144 seconds and third sector by 0.382. With these three fastest sectors driver A fastest theoretical fastest lap is 1:36.387, this is only 0.315 seconds quicker than driver A’s actual fastest lap. 
Overall driver B improved by 2.171 seconds over the 4 sessions, improving in all three sectors. Driver B improved by 0.568 seconds in the first sector, 0.789 seconds in the second sector and finally 0.764 seconds in the final sector. Using driver B’s fastest sectors a theoretical fastest lap of 1:38.394 seconds is possible, this is only 0.08 seconds quicker than driver B’s actual fastest lap. 
For both drivers session the throttle pedal KPI session created the biggest lap time improvement with driver A improving their fastest lap by 1.401 seconds and driver B improving by 1.555 seconds. 
This is a finding also observed in other driver improvement experiments, such ‘Training Test Drivers with Data Acquisition’ by Wm. C .Mitchell et al  and ‘Focused Novice Driver Program – Assessment Results and Discussion’ by John Wagner et al, who both observed that drivers almost always improve significantly in their second session as they have become familiar with both the car and the track and now feel comfortable enough to push the vehicle closer to its and the tracks limits and improve their performance. (Wm. C. Mitchell, 2000), (John Wagner, 2013).
The way in which the drivers had their data presented was different and this could have been a factor in their difference in performance over the 4 KPI sessions. 
Driver A was presented the data using Motec data traces, as seen earlier in the analysis section, and a discussion was held with the driver about how to implement these instructions and whether they needed to be changed at all based off feedback from the driver. 
Whereas because driver B is myself, there is no discussion about the instructions and how or if they should be changed slightly, because I was both engineer and driver it also meant that the entirety of the data was analysed to create the instructions whereas driver A was only shown the small sections of data that related to his instructions and therefore had no other knowledge about the rest of his lap. 
This lack of second party input could be a contributing factor as to why driver B only have significant improvements in two of the four KPI session as there was no other person double checking and having an input on the effectiveness of the instructions.  




[bookmark: _Toc512234892][bookmark: _Toc512247026]6.2 Setup Optimization:
From the results from both toe and camber angle the results indicate that around Silverstone the GP2 car can sacrifice straight line for improved cornering performance. This backed up by the lap times collected where the top 9 fastest laps recorded had the camber set at -4.5° and the top two fastest laps used -2° toe out, these were also the only two setups to post a time below 1:40. 
The lap times suggest that the GP2 car performs best when setup with a slightly further forward roll stiffness distribution, this, in theory, leads to vehicle that tends to understeer more through the corners. However this could have just been driver preference, ideally this experiment would have been repeated with multiple times with multiple drivers of varying skill level and preferences. Because this is not the case, the conclusion is made that the GP2 car performs better when setup to understeer but more data is needed to validate this statement. 
However, it’s important to consider that the results shown are simulated data that doesn’t include factors such as, tyre temperature and tyre wear that can be caused by excess camber, toe or roll stiffness distribution. Because the simulation doesn’t account for these factors over the course of several laps it doesn’t simulate problems that could arise such as temperature related issue like punctures or reduced levels of grip. This means it’s difficult to state whether using the extremes of any of the three factors would be beneficial over the course of a full distance race.  
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Driver A Fastest Lap Time Progression 
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Driver B Fastest Lap Time Progression 
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