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[bookmark: _Toc25323498]1.0 ABSTRACT
[bookmark: _Toc319596387]Ricardo has analyzed the cost and weight of a LiDAR-based Automatic Emergency Braking (AEB) system as implemented in the 2019 Audi A8. AEB systems can avoid or mitigate forward collisions by either assisting the driver if enough braking force is not being applied (called Dynamic Braking Support, DBS) or automatically applying the brakes if a forward collision is imminent (Crash Imminent Braking, CIB.)
The Audi AEB system employs a forward-looking visible camera, a night vision (IR) camera, a long-range radar, two forward-side looking short range radars and a first-to-market automotive grade laser scanner (LiDAR.) In addition, a central Driver Assistance Systems (DAS) controller is used to offer level 3 autonomous driving capability that Audi calls Traffic Jam Pilot which not only incorporates AEB functionality but goes well beyond it with automated driving capabilities under limited conditions.
Manufacturing costs for the sensor, controller and wiring systems have been broken down by labor, material, variable and fixed cost elements. Furthermore, the wholesale price from a supplier to an automotive OEM for each component was determined; higher SG&A costs and profit margin have been applied to the sensor and controller modules than commodity items due to the fact that higher development costs are typically encountered for these leading edge technologies and there is a lack of competition for new entries in the marketplace.  Finally, dealer costs and markup have been factored in to arrive at an end-user price increase that a retail customer might be expected to pay as determined from the should-cost analysis. These incremental costs are summarized in Table 1.
[bookmark: _Ref25151557]Table 1 Manufacturing costs, wholesale prices and end user price increase are tabulated for the Audi A8 LiDAR-based AEB system
[image: ]
This work was completed by Ricardo Strategic Consulting (RSC) a division of Ricardo, Inc. Ricardo’s two subcontractors for this work were Yole Inc., and MeC US, Inc.[footnoteRef:2] [2:  System Plus Consulting (SPC) conducted work for and is a part of the Yole Group of companies. MeC SrL conducted work for MeC US, Inc.] 


[bookmark: _Toc25323499]2.0 SUMMARY OF FINDINGS
Ricardo has analyzed the cost and weight of the AEB system in the 2019 Audi A8 which employs five types of sensors and a central driver assist control module. The five sensor systems are a laser scanner, a visible camera for lane assist, a night vision camera which includes a separate processor, a long-range radar for distance control and two short-range radars for forward/side object detection. Table 2 lists the incremental manufacturing costs along with assumed production rates, wholesale prices to an OEM, and end-user price increases of the LiDAR-based AEB system in the Audi A8.
[bookmark: _Ref24367213]Table 2 Incremental manufacturing costs, wholesale prices and end-user price increases for the Audi A8 AEB system
[image: ] 
Table 3 shows the equations used for calculating the end-user and wholesale prices in Table 2. Overhead burdens of Sales, General and Administrative (SG&A) and profit are characterized by a marginal percentage of the wholesale price to an OEM for new components or by fixed percentage markup factors for existing components; a fixed percentage markup for transportation & warranty is also factored in to the Ricardo wholesale price. Higher SG&A and profit factors were selected because the electronic modules were newer products in the market with high development costs and little or no competition in some cases than the existing parts that were subject to (sometimes fierce) competition and intense cost-reduction efforts by automotive OEMs. Financial statements for the module supply companies were included in consideration in determining the SG&A and profit margins.
Dealer costs and markup are applied to the Ricardo wholesale price to arrive at the end-user price increase. The end-user price increase is the retail price an end-user would pay for the incremental AEB system hardware as if it were offered as an option on the vehicle when manufactured at high production rates. These cost and price factors are more fully described in the Cost and Weight Analysis Approach sub-section in section 3.0 of this report.
[bookmark: _Ref25070790]Table 3 Cost and price formulae used in Table 2
[image: ]
[bookmark: _Toc25323500]3.0 ENGINEERING ANALYSIS
[bookmark: _Toc25323501]Background
NHTSA has provided the background for this study of automatic emergency braking systems for passenger vehicles. [footnoteRef:3] [3:  Contract No. DTHN2216D00037/693JJ918F000185, for the project entitled, “Cost and Weight Analysis of Automatic Emergency Braking Systems for Passenger Vehicles,” p5] 

Automatic Emergency Braking Systems (AEB) help prevent rear-end crashes or reduce their severity by applying the brakes for the driver.  The systems used on-vehicle forward-looking sensors such as radar, cameras or lasers to detect an imminent crash, warn the driver and apply the brakes if the driver does not take sufficient action quickly enough to avoid or mitigate the crash.  AEB systems work with or without driver intervention, by combining inputs from radar and/or camera sensors and driver inputs to determine if a rear-end crash is likely to happen.  Specifically, AEB technology includes two systems--crash imminent braking (CIB), which applies the brakes in cases where a rear-end crash is imminent and the driver is not taking any action to avoid the crash, and dynamic brake support (DBS), which supplements the driver’s braking input if the driver is not applying sufficient braking to avoid a rear-end crash.
[bookmark: _Toc25323502]Purpose
The purpose of this study is to “perform and establish reliable cost and weight estimates for AEB for passenger vehicles with a gross vehicle weight rating (GVWR) not to exceed 10,000 lbs.”[footnoteRef:4] For this optional task order a LiDAR-based AEB system was to be analyzed. The 2019 Audi A8 was selected for this optional task order as it was the only mass-market vehicle available at the time in the US with an AEB system that had a laser scanner. [4:  Ibid.] 

AEB systems are a sub-category of forward collision avoidance systems which, besides braking, can also steer the vehicle and/or reduce the throttle to avoid or mitigate a crash. The four basic functions in avoiding forward collisions are listed in Table 4 and include detection, decision making, warning the driver, and actuating various systems.
[bookmark: _Ref10111999]Table 4 Growth of forward collision avoidance functions and relevance to AEB functionality
[image: ]
Decision making speed and capability have expanded rapidly as processing power has evolved and is necessary for fusing sensor inputs from radar and camera sensors into a single, coherent “picture” of what is happening in front of the vehicle as well as providing system redundancy. 
Warning the driver of a collision threat may be very helpful in reducing the number accidents but is not required for AEB functionality; therefore, it was not considered in-scope for this project. 
Avoiding forward collisions can be done by applying the brakes, steering the vehicle, and/or reducing the throttle; only brake actuation is considered in-scope for this AEB system analysis. The brake actuation can be taken in two categories: DBS which may apply a greater braking force in relation to the applied brake pedal force when the risk of a collision is high, and CIB which may automatically apply the brakes, without the driver doing so, when the risk of a collision is imminent.
[bookmark: _Toc25323503]Cost and Weight Analysis Approach
Ricardo engaged automotive system and vehicle integration experts, cost modeling teams, and procurement professionals to support the cost and weight analysis of AEB systems for passenger vehicles. Following acquisition of the AEB system hardware, the component parts were then disassembled and evaluated to determine materials used, weighed, and analyzed. 
Costs were developed for each manufacturing step and captured, along with material costs, in the component costs. Standard parts such as fasteners were accounted for as procured parts in the analysis. Variable manufacturing costs, fixed burden, and weights were accumulated and were then reconciled, each part to its subassembly, and from subassembly to the total incremental system. 
An Asset Center Costing (ACC) methodology was used to identify cost drivers in terms of:
· Direct labor minutes per cycle
· Direct material costs per cycle
· Machine occupancy or station times per cycle
· Machinery, equipment, and tooling utilized and allocated per cycle.
The total manufacturing cost was built up from the following elements:
· Direct labor cost per unit (based on rates for appropriate skills by manufacturing process and country of manufacture as noted for the key electronic modules; other hardware is assumed to be manufactured in the USA. Country specific labor rates for each of on the key electronic modules from Yole’s reports are given in Appendix B.)
· Direct material costs including scrap allowance and inbound freight per unit
· Variable burden/overhead costs, including indirect labor, energy, and other costs that vary with production volume
· Indirect plant staff
· Material handlers
· 1st line supervision
· Tool & equipment maintenance
· Facilities maintenance
· Non-production plant supplies
· Energy
· Process fluids & gases
· Fringe on Direct labor
· Fixed burden / overhead per unit, including capital depreciation and other fixed costs
· Capital equipment requiring investment and amortized at the stated annual sales volumes including property, plant machinery, equipment and primary tooling
· Capital depreciation schedules for property, plant, and equipment
· Special tooling depreciation schedules
· Floor space for manufacturing and offices
· Taxes – local and property
· Insurance – property and liability
The following assumptions were utilized in applying the ACC methodology to the systems and components analyzed: 
· Annual vehicle production volume  of 200,000 units was assumed.
· [bookmark: _Hlk517102278]Burdened labor rate: labor rates were determined for specific manufacturing processes and applied to the cost analysis as noted for each of the key sensors/modules.  For other components labor rates were assumed to be for associated process operations at a union production facility located in midwest USA.
· Capital equipment depreciation schedule of 12 years straight line with no residual value consistent with IRS depreciation schedules was applied to commodity items or as noted in Yole’s reports for the electronic sensor and controller modules.
· Special tooling depreciation schedule of 5 years straight line with no residual value consistent with IRS depreciation schedules or as noted in Yole’s reports for the electronic sensor and controller modules.
· Scrap rate of 1% of direct material cost based on an average for the automotive industry was used for individual components/assemblies other than the key electronic modules; scrap rates are noted for certain manufacturing steps of electronic circuit boards as noted in the Yole reports.
In addition, overhead burdens for an automotive supplier and an automotive manufacturer were applied to get a more complete estimate of the end-user costs.  The following corporate overhead rates were used as being typical for in-house made components by an original equipment manufacturer (OEM) in the light-duty automotive industry after reviewing Spinney et al[footnoteRef:5], Rogozhin et al[footnoteRef:6], National Academy of Sciences (NAS)[footnoteRef:7], and Vyas et al[footnoteRef:8]: [5:  Spinney, B.C., Faigin, B., Bowie, N., & St. Kratzke. 1999, Advanced Air Bag Systems Cost, Weight, and Lead Time analysis Summary Report, Contract NO. DTNH22-96-0-12003, Task Orders – 001, 003, and 005. Washington, D.C., U.S. Department of Transportation]  [6:  Rogozhin, A., Gallaher, M., & McManus, W. 2009, Automobile Industry Retail Price Equivalent and Indirect Cost Multipliers.  Report by RTI International to Office of Transportation Air Quality.  U.S. Environmental Protection Agency, RTI Project Number 0211577.002.004, February, Research Triangle Park, N.C.]  [7:  National Academy of Sciences, Committee on the Assessment of Technologies for Improving Light-Duty Vehicle Fuel Economy, "Assessment of Fuel Economy Technologies for Light-Duty Vehicles," The National Academies Press, Washington D.C., 2011]  [8:  Vyas, A., Santini, D., And Cuenca, R., "Comparison of Indirect Cost Multipliers for Vehicle Manufacturing," Technical Memorandum of the Center for Transportation Research, Argonne National Laboratory, April 2000] 

· SG&A of 8% applied to total manufacturing costs, including
· Sales
· Research & Development
· General administration
· Human resources
· Supplier quality
· Senior plant management
· Profit of 5% applied to total manufacturing cost 
· Transportation and warranty costs of 10% applied to total manufacturing cost.
For outsourced components made by a Tier 1 supplier, however, the NAS found that outsourced components had a markup factor of only 75% that for in-house components as their Table 3.5 shows[footnoteRef:9].  [9:  See p. 33 of National Academy of Sciences, Committee on the Assessment of Technologies for Improving Light-Duty Vehicle Fuel Economy, "Assessment of Fuel Economy Technologies for Light-Duty Vehicles," The National Academies Press, Washington D.C., 2011] 

[image: ]
Therefore, the following corporate overhead rates for outsourced components, at 75% of the OEM in-house component rates, were used:
· SG&A of 6% applied to total manufacturing costs
· Profit of 3.75% applied to total manufacturing cost
· Transportation and warranty costs of 7.5% applied to total manufacturing cost.
These overhead burdens applied to direct labor, variable and fixed manufacturing costs equate to a wholesale price from the manufacturer. Dealer costs and markup were estimated to be 11% of the wholesale price, consistent with Spinney et al, to arrive at a final cost to the end-user.
[bookmark: _Toc25323504]4.0 AUDI A8 LIDAR-BASED AEB SYSTEM
[bookmark: _Toc522183305]The laser scanner in the Audi A8, shown in Figure 1, is called SCALA by Valeo. A high-level description of the Audi pre-sense system with AEB functionality is given in Figure 2.
[image: ]
[bookmark: _Ref20757280]Figure 1 Laser scanner in the Audi A8[footnoteRef:10] [10:  Image copyright: AUDI AG, available at: https://www.audi-mediacenter.com/en/photos/detail/laser-scanner-52974] 

[image: ]
[bookmark: _Ref22571987]Figure 2 Functional description of the 2019 Audi A8 pre-sense system
[bookmark: _Toc25323505]Laser Scanner
Most automotive LiDAR systems in use today are used for demonstration programs by OEMs, suppliers or mobility service providers and cost of these systems is in the range of $10,000 - $75,000. These systems typically have 360˚ field of view and may scan up to 64 vertical layers. Valeo produced the first LiDAR unit for the Audi A8 as an enabler to Audi’s Traffic Jam Pilot level 3 autonomous driving system along with enhancing the robustness of Advanced Driver Assistance System (ADAS) features.  A comparison of laser scanners is shown in Figure 3. Most automotive OEMs, however, are awaiting the release of solid-state lasers with enhanced reliability over mechanical systems before introducing them to their high-volume series production lines.
[image: ]
[bookmark: _Ref21095463]Figure 3 LiDAR units available for automotive application[footnoteRef:11] [11:  Source: Yole Development, The Automotive LiDAR Market, April 2018] 

The SCALA laser scanner came about as the result of a partnership between Valeo and Ibeo. Valeo has headquarters in France and Ibeo is headquartered in Germany; the unit from the Audi A8 was manufactured in Germany. The laser scanner measures distance to an object via a time of flight calculation with an accuracy of less than 10 cm and takes three distance measurements per shot in order to minimize atmospheric clutter from rain, snow and dust. It has a range of up to 80m in front of the vehicle with a field of view of 145˚ horizontally and 3.2˚ vertically and 0.25˚ horizontal and 0.8˚ vertical resolution. Key technical features of the SCALA unit are listed in Table 5.
[bookmark: _Ref21009553]Table 5 Valeo SCALA main technical feature list[footnoteRef:12] [12:  Image copyright: System Plus Consulting, 2019] 

[image: ]
The functional architecture and the key components of each unit are shown in the functional block diagram in Figure 4.
[image: ]
[bookmark: _Ref21013477]Figure 4 Functional block diagram of the Valeo SCALA laser scanner unit[footnoteRef:13] [13:  Image copyright: System Plus Consulting, 2019] 

Further technical details of the laser scanner are given in Appendix A.
The laser scanner is supported by a bracket which allows for adjustment of the altitude of the scanner in the vehicle as shown in Figure 5; in addition, two spray nozzles are directed at the face of the laser scanner to help keep the unit clean from dirt or snow build-up.
[image: ]
[bookmark: _Ref21684512]Figure 5 Laser scanner and support bracket are highlighted; also shown at 10 is one of the spray nozzle and bracket assemblies[footnoteRef:14] [14:  Image source: Germain Audi of Ann Arbor] 

The cost and weight of the laser scanner system is given in Table 6 for a high-volume manufacturing assumption of 200,000 units per annum (upa) and broken out at the main component level.
[bookmark: _Ref22828245]Table 6 Cost estimation for the laser scanner system
[image: ]
The sensitivity of manufacturing cost for the laser scanner module to manufacturing volumes is plotted for Yole’s estimates at 20,000, 200,000 and 300,000 upa in Figure 6. 
[image: ]
[bookmark: _Ref22898806]Figure 6 Manufacturing cost versus annual production volume for the laser scanner module
Detailed breakdown of the totals for the laser scanner module at different manufacturing volumes are shown in Table 7. Comparing Yole’s estimates it can be seen that the labor, variable and fixed costs per unit do not vary with volume; only the material cost changed. Comparing Yole’s cost estimate to MeC’s at 200,000 upa shows that MeC’s total manufacturing cost estimate is less than 4% higher than Yole’s.
[bookmark: _Ref23155645]Table 7 Laser scanner module costs versus manufacturing volume from Yole and MeC estimates
[image: ]
Further details of the laser scanner can be found in Appendix A.
[bookmark: _Toc25323506]Driver Assist Systems Control Unit
The Audi A8 has a central driver assist control unit, Figure 7, called zFAS by Audi, which provides level 3 auto-pilot capability in the European A8 at speeds up to 37 mph (60 kph.) Audi does not offer the Traffic Jam Pilot in the US due to varying local regulations, but still has the same sensor set and control unit on vehicles for sale in the US. Traffic Jam Pilot is enabled via software which is set at the factory. The zFAS control unit for the NA Audi A8 was made in Hungary.
[image: ]
[bookmark: _Ref22727731]Figure 7 Audi A8 central driver assist systems processor showing the 4 key chips and their functionality[footnoteRef:15] [15:  Image source: Audi Media TV, https://www.autonomousvehicletech.com/articles/155-intel-solutions-to-be-used-in-2018-audi-a8-for-level-3-driving] 

The cost estimation of the zFAS control module, Table 8, was made for a production rate of 200,000 upa.
[bookmark: _Ref24978581]Table 8 Cost estimates for the zFAS control unit system
[image: ]
The zFAS control unit is mounted to a heat-dissipating support bracket in the passenger compartment of the A8.  Further details of the DAS control unit system can be found in Appendix A.
[bookmark: _Toc25323507]Visual (Lane Assist) Camera
The lane assist camera is mounted behind the windshield above the interior rear-view mirror as shown in Figure 8. The camera for the NA Audi A8 was made in Hungary by Aptiv, formerly Delphi. The camera records visible wavelengths and has a heated cover to help prevent frost from forming on the camera lens.
[image: ]
[bookmark: _Ref22729816]Figure 8 Location of the lane assist camera in the Audi A8[footnoteRef:16] [16:  Photo credit: A2Mac1] 

The front camera, Figure 9, is a compact unit having main body dimensions of 51mm by 35mm with an effective lens diameter of approximately 6 mm and weighing 46g.
[image: ]
[bookmark: _Ref22914758]Figure 9 Front camera from the Audi A8 used for lane assist[footnoteRef:17] [17:  Image copyright: System Plus Consulting, 2019] 

The cost and weight of the lane assist camera system are given in Table 9 for a high-volume manufacturing assumption of 200,000 upa and broken out at the main component level. The lens module (item 3.1.1.1) makes up the majority of the material costs of the camera.
[bookmark: _Ref23174266]Table 9 Cost estimation for the lane assist camera system
[image: ]
Further details of the lane assist camera can be found in Appendix A.
[bookmark: _Toc25323508]Long Range (Distance Control) Radar
There is a single long-range radar on the passenger side of the Audi A8 as shown in Figure 10 and is labeled as the distance control radar; Figure 11 is a picture of the long-range radar sensor. The radar for the North American (NA) Audi was manufactured in Hungary[footnoteRef:18]. (On the opposite side of the car there is a non-functional plastic trim cover which matches the appearance of the distance control radar, Figure 12; this plastic cover was not included in the AEB system cost because it did not play a functional role in the AEB system.) [18:  Yole analyzed a unit that was made earlier for the European market in Germany in the first version of their report; in the second version they have updated the country of manufacture to Hungary.] 

[image: ]
[bookmark: _Ref22728898]Figure 10 Distance control radar location on the right side of the A8[footnoteRef:19] [19:  Photo credit: A2Mac1] 

 [image: ]
[bookmark: _Ref25158864]Figure 11 Long-range radar from the Audi A8[footnoteRef:20] [20:  Image copyright: System Plus Consulting, 2017] 


[bookmark: _Ref25159576]Figure 12 The plastic cover on the driver’s side location across from the long-range radar was not costed[footnoteRef:21] [21:  Photo credit: A2Mac1] 

The radar unit is the fourth generation of long-range radar from Bosch, called the LRR4, and has technical specifications as shown in Table 10. Key specifications are that it has a range from less than 1 m up to 250 m, can measure distance to within 0.12 m and relative speed to within 0.11 m/s and can detect objects with angular separation as little as 4º.
[bookmark: _Ref21524412]Table 10 Bosch LRR4 technical specifications[footnoteRef:22] [22:  Source: Robert Bosch GmbH, Fourth generation long-range radar sensor (LRR4)] 

[image: ]
The cost and weight of the distance control long-range radar system is given in Table 11 for a high-volume manufacturing assumption of 200,000 upa and broken out at the main component level.
[bookmark: _Ref22735924]Table 11 Cost estimation for the long-range radar system
[image: ]
Further details of the long-range radar can be found in Appendix A.
[bookmark: _Toc25323509]Short Range (Object Detection) Radars
There are short range radars used for forward object detection and made by Aptiv, formerly Delphi, in the front left corner and front right corner of the Audi A8. This radar has a much wider field of view (±75°) and more limited range (up to 80 m) than the long-range radar to suit its purpose of detecting objects (pedestrians, vehicles and other) coming from the front sides of the vehicle, as illustrated in Figure 13. The SRR3 radar unit for the NA Audi A8, shown in Figure 14, was made in Hungary[footnoteRef:23].  [23:  Yole analyzed an equivalent unit made earlier in Singapore in the first version of their short range radar report; in the second version of the report they have updated the country of manufacture to Hungary.] 

[image: ]
[bookmark: _Ref21618673]Figure 13 Audi uses short range radars for front-side object detection in the A8[footnoteRef:24] [24:  Source: https://www.audiusa.com/technology] 

[image: cid:b08cc518-a295-4827-8458-8cb054ae355f@eurprd07.prod.outlook.com]
[bookmark: _Ref21616800]Figure 14 Short range radar, SRR3, for Audi A8 front corners
Technical specifications of the SRR3 radar are listed in Table 12. The radar uses three different bandwidths to enhance the accuracy of measuring object range and speed and object discrimination at closer distances. 
[bookmark: _Ref21617049]Table 12 SRR3 technical specifications[footnoteRef:25] [25:  Image copyright: System Plus Consulting, 2018] 

[image: ]
The cost and weight of the object detection short-range radar system for a high-volume manufacturing assumption of 200,000 upa is given in Table 13 and broken out at the main component level.
[bookmark: _Ref22736199]Table 13 Cost estimation for the short-range radar system
[image: ]
Further details of the short-range radar can be found in Appendix A.
[bookmark: _Toc25323510]Night Vision Camera
A night vision camera is mounted in the front grill of the Audi A8 inside the fourth ring of the Audi badge, Figure 15.
[image: ]
[bookmark: _Ref22731631]Figure 15 Night vision camera location inside the fourth ring of the Audi badge[footnoteRef:26] [26:  Photo credit: A2Mac1] 

The night vision camera system from Autoliv is composed of an infrared (IR) video camera with an external electronic control unit (ECU) as shown in Figure 16. The night vision camera is assembled in the USA and contains an IR sensitive (or thermally sensitive due to IR heating) microbolometer supplied by FLIR Systems located in California. The night vision ECU is assembled in Sweden by Autoliv. 
[image: ]
[bookmark: _Ref21956486]Figure 16 Night vision camera ECU and sensor unit[footnoteRef:27] [27:  Image copyright: System Plus Consulting, 2017] 

The night vision system is able to detect pedestrians and animals in total darkness up to four times farther away than with headlights. An image from FLIR’s website highlights people and animals in yellow as shown in Figure 17. 
[image: ]
[bookmark: _Ref21958513]Figure 17 A frame from FLIR’s video for the PathFindIR II system[footnoteRef:28] [28:  https://www.flir.com/products/pathfindir-ii/] 

The cost and weight of the night vision camera system including the ECU is given in Table 14 for a manufacturing assumption of 200,000 upa and broken out at the main component level.
[bookmark: _Ref22736565]Table 14 Cost estimation for the night vision camera system
[image: ]
The sensitivity of manufacturing cost for the two modules of the night vision camera sensor and it’s ECU to manufacturing volumes was studied with estimates at 100,000, 200,000 and 300,000 upa, Figure 18[footnoteRef:29]. [29:  The total manufacturing cost at 200K in Figure 18 does not match with the value in Table 14 because the labor rates were updated from 2018 values used in Yole’s previously released version of the report and the material costs changed for some of the components.] 


[bookmark: _Ref22903518]Figure 18 Manufacturing cost versus annual production volume for the night vision camera
Yole provided all three of the estimates at 100,0000, 200,000 and 300,000 upa and, as was the case with the laser scanner estimates from Yole, only the material cost component varied with manufacturing volume. Detailed breakdown of the totals for the night vision camera modules are shown in Table 15.
[bookmark: _Ref23168803]Table 15 Manufacturing costs for the night vision camera modules versus volume
[image: ]
Further details of the night vision camera can be found in Appendix A.


[bookmark: _Toc25323511]5.0 ACRONYMS & ABBREVIATIONS
ACC		Asset Center Costing
ADAS		Advanced Driver Assistance System
AEB		Automatic Emergency Braking
ABS		Anti-lock Braking System
CIB		Crash Imminent Braking
DAS		Driver Assistance Systems
DBS		Dynamic Brake Support
ECU		Electronic Control Unit
GVWR		Gross Vehicle Weight Rating
HUD		Heads Up Display
Inc.		Incorporated
IR		Infra-Red
LiDAR		Light Distancing And Ranging
Mfg		Manufacture
Mfg’r		Manufacturing
mph		miles per hour
NA		North American
NAS		National Academy of Sciences
NHTSA		National Highway Traffic Safety Administration
No.		Number
OEM		Original Equipment Manufacturer
PCS		Pre-Collision System
SG&A		Selling, General & Administration
SPC		System Plus Consulting
upa		units per annum
US		United States
USA		United States of America
[bookmark: _Toc25323512]
6.0 APPENDIX A
[bookmark: _Toc25323513]Laser Scanner Details
Inside the laser scanner three main components are revealed as shown in Figure 19 and Figure 20: the laser unit, the main board and the rotating mirrors unit.
[image: ]
[bookmark: _Ref21012141]Figure 19 Under the cover of the SCALA laser scanner[footnoteRef:30] [30:  Image copyright: System Plus Consulting, 2019] 

[image: ]
[bookmark: _Ref21013000]Figure 20 The laser unit and the mirrors unit are disassembled from the housing and main board[footnoteRef:31] [31:  Image copyright: System Plus Consulting, 2019] 

The laser unit is composed of mechanical components as shown in Figure 21 and a laser circuit board as shown in Figure 22. The emitting lens is a glass lens and the receiver lens is made of plastic as it handles much lower power density and the plastic is a low cost and light weight material. The scanner uses rotating mirrors, Figure 23, to fan the laser beam and collect the returning light across the horizon; 4 nearly parallel layers are utilized for the vertical scan. The reflected light is measured by an avalanche photodiode having 3 independent sensor pads, as shown in Figure 24, to give the three distance measurements per shot.
[image: ]
[bookmark: _Ref21015610]Figure 21 Laser unit mechanical components[footnoteRef:32] [32:  Image copyright: System Plus Consulting, 2019] 

[image: ]
[bookmark: _Ref21015748]Figure 22 Laser unit circuit board[footnoteRef:33] [33:  Image copyright: System Plus Consulting, 2019] 

[image: ]
[bookmark: _Ref21088207]Figure 23 Rotating mirrors and motor units[footnoteRef:34] [34:  Image copyright: System Plus Consulting, 2019] 

[image: ]
[bookmark: _Ref21090564]Figure 24 Optical view of the avalanche photodiode showing 3 separate photodiodes[footnoteRef:35] [35:  Image copyright: System Plus Consulting, 2019] 

The main board unit shown in Figure 25 handles power management, signal processing and data communications on three distinct Printed Circuit Boards (PCB.) It can be seen from Figure 26 and Figure 27 that the PCB at the bottom of the figures handles the signal processing needs, above it is the power management PCB, and the FlexRay communications interfacing is done on the PCB to the side of the power board. A microprocessor from Xilinx which has dual ARM Cortex CPUs provides the signal processing power and is located on the bottom of the signal processor board.
[image: ]
[bookmark: _Ref21098624]Figure 25 Main board unit of laser scanner[footnoteRef:36] [36:  Image copyright: System Plus Consulting, 2019] 

[image: ]
[bookmark: _Ref21099130]Figure 26 Chipsets on the top sides of the PCBs in the main board unit[footnoteRef:37] [37:  Image copyright: System Plus Consulting, 2019] 

[image: ]
[bookmark: _Ref21099296]Figure 27 Chipsets on the bottom sides of the PCBs in the main board unit[footnoteRef:38] [38:  Image copyright: System Plus Consulting, 2019] 

The laser light comes from a 905 nm wavelength (in the near IR spectrum) pulsed laser diode made by Laser Components.  Construction of the laser diode package is shown in Figure 28 and material compositions of the key elements in Figure 29. The laser diode is estimated to cost $11.21 when produced in high volume at 300,000 units per year with medium yield assumptions for the manufacturing steps. 
[image: ]
[bookmark: _Ref21088811]Figure 28 Opening of the laser diode package to reveal its construction[footnoteRef:39] [39:  Image copyright: System Plus Consulting, 2019] 

[image: ]
[bookmark: _Ref21090143]Figure 29 Materials used in the laser diode[footnoteRef:40] [40:  Image copyright: System Plus Consulting, 2019] 

[bookmark: _Toc25323514]Driver Assist Systems Control Unit Details
The zFAS controller uses a Mobileye EyeQ3 for traffic sign and lane recognition, object and light detection and crash avoidance warning as shown in Figure 7; the Altera Cyclone does object and map fusion and pre-crash sensor data pre-processing; the NVIDIA K1 chip processes video camera images; and the Infineon Aurix makes decisions on collision avoidance, path planning and headlight steering for the Traffic Jam Pilot and Driver Assistance feature set. Figure 30 shows these four key chipsets along with others on the top side of the main board in the zFAS controller.
[image: ]
[bookmark: _Ref24978302]Figure 30 Main components on the zFAS main board[footnoteRef:41] [41:  Image copyright: System Plus Consulting, 2019] 

The support bracket for the zFAS unit is located beneath the driver seat as shown in Figure 31 by the red arrow.
[image: ]
[bookmark: _Ref22728177]Figure 31 Mounting location of the zFAS control unit in the Audi A8[footnoteRef:42] [42:  Photo credit: A2Mac1] 


[bookmark: _Toc25323515]Visual Camera Details
A block diagram of the visual camera is shown in Figure 32.
[image: ]
[bookmark: _Ref23261868]Figure 32 Block diagram of the lane assist camera[footnoteRef:43] [43:  Image copyright: System Plus Consulting, 2019] 

The camera is composed of a rear cover, a front housing with the lens module glued to it, and an electronic board as shown in Figure 33. 
[image: ]
[bookmark: _Ref23175923]Figure 33 The 4 main components of the lane assist camera[footnoteRef:44] [44:  Image copyright: System Plus Consulting, 2019] 

The lens module has 6 lenses (5 glass and 1 plastic) and a filter (glass) as shown in Figure 34.
[image: ]
[bookmark: _Ref22915381]Figure 34 Cross sectional view of the front camera lens module[footnoteRef:45] [45:  Image copyright: System Plus Consulting, 2019] 

The main board holds the image processor which is a CMOS chip from ON Semiconductor as shown in Figure 35.

[image: ]
[bookmark: _Ref22915636]Figure 35 Main board of the camera showing the CMOS image sensor in the center[footnoteRef:46] [46:  Image copyright: System Plus Consulting, 2019] 

Top and bottom side views of the electronic board are shown in Figure 36 and Figure 37, respectively.
[image: ]
[bookmark: _Ref23262317]Figure 36 Identification of components on the top side of the camera’s electronic board[footnoteRef:47] [47:  Image copyright: System Plus Consulting, 2019] 

[image: ]
[bookmark: _Ref23262329]Figure 37 Identification of components on the bottom side of the camera’s electronic board[footnoteRef:48] [48:  Image copyright: System Plus Consulting, 2019] 

[bookmark: _Toc25323516]Long Range Radar Details
[bookmark: _Hlk22047003]The major components in the Bosch LRR4 radar include the microcontroller (MCU) board, radio frequency (RF) board and housing with a radar dome as shown in Figure 38. The radar dome is heated to enable operation in snowy or icy conditions.
[image: ]
[bookmark: _Ref21525730]Figure 38 The Bosch LRR4 consists of an MCU board, RF board and housing with radar dome[footnoteRef:49] [49:  Image copyright: System Plus Consulting, 2017] 

The heated radar dome contains a funnel element for the RF antennae, Figure 39.
[image: ]
[bookmark: _Ref21526791]Figure 39 Radar dome has copper heating wires and contains a funnel element[footnoteRef:50] [50:  Image copyright: System Plus Consulting, 2017] 

The MCU board is a micro-control unit (MCU), shown in Figure 40, and has an NXP Semiconductors microcontroller on the bottom and a RADAR application specific integrated circuit (ASIC) from STMicroelectronics on the top.
[image: ]
[bookmark: _Ref21529193]Figure 40 MCU board showing some of the key chips[footnoteRef:51] [51:  Image copyright: System Plus Consulting, 2017] 

The RF board is shown in Figure 41 with arrangement of the transmitting and receiving antennae on the right. Note there is hybrid coupling between the transmitting and receiving lines and the four central receiving antennae are optimum for longer range and higher speeds with a beam pattern that is focused to a 6º opening; the outer antenna pair (D on the left and A on the right) expand the field of view to ±20° at distances up to 5 m.[footnoteRef:52] [52:  Source: Robert Bosch GmbH, Fourth generation long-range radar sensor (LRR4)] 

[image: ]
[bookmark: _Ref21532264]Figure 41 LRR4 RF board showing transmitter and receiver chips along with antennae arrangement[footnoteRef:53] [53:  Image copyright: System Plus Consulting, 2017] 

[bookmark: _Toc25323517]Short Range Radar Details
The block diagram in Figure 42 illustrates the high-level functionality of the radar and the key chipsets used to accomplish it.
[image: ]
[bookmark: _Ref21620276]Figure 42 SRR3 high-level block diagram[footnoteRef:54] [54:  Image copyright: System Plus Consulting, 2018] 

The SRR3 short-range radar uses three of the four available receiver channels on the Infineon multi-mode microwave integrated circuit (MMIC.) Inside the housing there is a main board with an RF board on top, Figure 43 and Figure 45, and an antenna board on the bottom, Figure 44 and Figure 45.
[image: ]
[bookmark: _Ref21621150]Figure 43 Top side view of main board with the upper housing cover[footnoteRef:55] [55:  Image copyright: System Plus Consulting, 2018] 

[image: ]
[bookmark: _Ref21621160]Figure 44 Bottom side view of the main board with the upper and lower housing covers[footnoteRef:56] [56:  Image copyright: System Plus Consulting, 2018] 

[image: ]
[bookmark: _Ref21702963]Figure 45 The main board of the SRR3 radar[footnoteRef:57] [57:  Image copyright: System Plus Consulting, 2018] 

A global view of the RF board and some details are shown in Figure 46 and the antenna board is shown in Figure 47.
[image: ]
[bookmark: _Ref21703577]Figure 46 RF board detail[footnoteRef:58] [58:  Image copyright: System Plus Consulting, 2018] 

[image: ]
[bookmark: _Ref21703818]Figure 47 Antenna board detail[footnoteRef:59] [59:  Image copyright: System Plus Consulting, 2018] 

The MMIC is capable of supplying two transmitter antennae signals and receiving four antennae signals but it uses only three of the receiver channels as illustrated in Figure 48. It is noted that Aptiv is the only radar manufacturer still using an embedded cavity waveguide from the MMIC to the antenna as shown in Figure 49 and Figure 50 shows the configuration of the antennae branches.
[image: ]
[bookmark: _Ref21704330]Figure 48 Antennae configuration used in the SRR3[footnoteRef:60] [60:  Image copyright: System Plus Consulting, 2018] 

[image: ]
[bookmark: _Ref21704874]Figure 49 Construction of the RF waveguide from the MMIC to the antenna used in the SRR3[footnoteRef:61] [61:  Image copyright: System Plus Consulting, 2018] 

[image: ]
[bookmark: _Ref21705506]Figure 50 Configuration of the two receiver antenna branches highlighted in red and green on the left hand side and a transmitter branch highlighted in red on the right hand side[footnoteRef:62] [62:  Image copyright: System Plus Consulting, 2018] 

[bookmark: _Toc25323518]Night Vision Camera Details
System specifications are listed in Table 16. The camera is hermetically sealed and is mounted in the front grille of the Audi A8; the ECU is vented which requires it to be mounted inside the vehicle.
[bookmark: _Ref21957830]Table 16 FLIR PathfindIR II technical specifications
[image: ]
The microbolometer, shown in Figure 51, is the heart of the thermal IR camera.
[image: ]
[bookmark: _Ref22828541]Figure 51 Microbolometer IR sensing device inside the night vision camera system[footnoteRef:63] [63:  Image copyright: System Plus Consulting, 2017] 

[image: ]
Figure 52 Overview of how a microbolometer works
The night vision camera sensor unit has a 320 x 240 pixel array with a 24° wide by 18° vertical field of view. The camera has dimensions of 60 x 86 x 82 mm and is hermetically sealed; the ECU measures 148 x 110 x 24 mm and is vented which requires it to be mounted inside a vehicle. Details of the construction of the microbolometer are given in Figure 53. 
[image: ]
[bookmark: _Ref21962984]Figure 53 High-level construction details of the microbolometer[footnoteRef:64] [64:  Image copyright: System Plus Consulting, 2017] 

The microbolometer is made of an IR transmissive window with anti-reflection coating which is sealed by gold-tin solder to a 0.1 mm spacer to form a vacuum cavity and the metal frame with the microbolometer array and readout integrated circuit (ROIC) as shown in Figure 54.
[image: ]
[bookmark: _Ref21966126]Figure 54 The microbolometer showing the window bonded to the array and ROIC with a 0.1 mm gap[footnoteRef:65] [65:  Images copyright: System Plus Consulting, 2017] 

The FLIR ISC0901 microbolometer array shown in Figure 55 has the 320 x 240 active pixel array plus a blind pixel array and a reference pixel array for temperature compensation.
[image: ]
[bookmark: _Ref21966517]Figure 55 The microbolometer sensor has active, blind and reference pixels[footnoteRef:66] [66:  Image copyright: System Plus Consulting, 2017] 


The IR camera housing has two germanium windows; the outer one is heated to help it stay defrosted, Figure 56.
[image: ]
[bookmark: _Ref21968384]Figure 56 IR camera housing with heater for the outer window[footnoteRef:67] [67:  Image copyright: System Plus Consulting, 2017] 

Within the sensor unit housing is an electrical shutter and NV3 personality board, Figure 57, NV3 core board, and FLIR microbolometer board, Figure 58. Figure 59 shows the key components on the top side of the personality board and Figure 60 the bottom side; key components of the core board are shown in Figure 61 (top) and Figure 62 (bottom.)
[image: ]
[bookmark: _Ref21961469]Figure 57 Inside the Night Vision 3 sensor unit reveals an electrical shutter and NV3 personality board[footnoteRef:68] [68:  Image copyright: System Plus Consulting, 2017] 

[image: ]
[bookmark: _Ref21961797]Figure 58 A bottom view of the FLIR microbolometer board in the lens housing and a top view of the NV3 core board[footnoteRef:69] [69:  Image copyright: System Plus Consulting, 2017] 

[image: ]
[bookmark: _Ref21962240]Figure 59 Main components on the top side of the NV3 personality board[footnoteRef:70] [70:  Image copyright: System Plus Consulting, 2017] 

[image: ]
[bookmark: _Ref21962436]Figure 60 Main components on the bottom side of the NV3 personality board[footnoteRef:71] [71:  Image copyright: System Plus Consulting, 2017] 

[image: ]
[bookmark: _Ref21962762]Figure 61 Main components on the top side of the NV3 core board[footnoteRef:72] [72:  Image copyright: System Plus Consulting, 2017] 

[image: ]
[bookmark: _Ref21962779]Figure 62 Main components on the bottom side of the NV3 core board[footnoteRef:73] [73:  Image copyright: System Plus Consulting, 2017] 

[bookmark: _Toc25323519]Wiring Harness Details

[image: ]
Figure 63 Main body wiring harness layout in the Audi A8[footnoteRef:74] [74:  Images credit: A2Mac1 with Ricardo markings] 

[image: ]
Figure 64 Estimation of wire lengths in the main body wiring harness[footnoteRef:75] [75:  Image credit: A2Mac1 with Ricardo table inset and markings] 

Table 17 Cost estimation for the wiring harnesses
[image: ]
[bookmark: _Toc25323520]
7.0 APPENDIX B
[bookmark: _Toc25323521]Labor Rates
The labor rates for the countries of manufacture are given in Table 18 for each of the modules analyzed.
[bookmark: _Ref23762471]Table 18 Labor rates for each country of manufacture
[image: ]

[bookmark: _Toc14189973][bookmark: _Toc17281030][bookmark: _Toc25323522]Cost Accounting Methodology
NHTSA has traditionally broken costs into ‘variable costs’ and ‘contribution margin’ with the variable cost portion forming the basis for the ‘wholesale price’ as shown in Table 19. A ‘dealer margin’ is then applied to the wholesale cost to arrive at the ‘MSRP’ or manufacturer-suggested retail price to the end-user. The markup factors that resulted from the study of advanced airbag systems as made by a Tier 1 automotive supplier for each of these cost elements is also shown in the table. 
The NHTSA contract for cost and weight analysis of AEB systems further specifies that manufacturing costs are to include all the variable manufacturing costs plus a ‘fixed’ burden cost to account for depreciation of property, plant, equipment and special tooling associated with making the system. In addition, variable costs are broken down into: ‘material’ costs for materials used directly in the manufacture of the system plus inbound freight costs; ‘labor’ costs for direct labor to make a part of the system; ‘variable’ costs which include other variable costs that vary with production volume. The ‘fixed burden’ is further broken down into: ‘fixed’ costs for the fixed cost portion of manufacturing a unit; ‘SG&A’ costs, which was set to a fixed percentage markup of the variable manufacturing costs; ‘profit’ which is the profit margin for the manufacturer and was fixed at a percentage of total manufacturing costs; and ‘transportation and warranty’ costs which was a fixed percentage of total manufacturing costs.  Summing these variable and fixed costs leads to a wholesale cost. To the ‘wholesale price’ a ‘dealer margin’ is applied as a fixed percentage of wholesale to get an end-user cost.



As shown in Table 20, the markup factors for variable costs, contribution margins, dealer margin are compared to the ANL method and the works of Borroni-Bird, and the EEA and to the RTI/EPA report in Table 21. 


[bookmark: _Ref23322539]Table 19 Manufacturing cost breakdown with overhead and dealer margins results in the end-user cost
[image: ]
[bookmark: _Ref23342497]Table 20 Comparison of cost factors to ANL, Borroni-Bird, and EEA methodologies
[image: ]


[bookmark: _Ref23342693]Table 21 Comparison of cost factors to RTI/EPA methodology
[image: ]
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TABLE 3.5 Comparison of Markup Factors
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SOURCE: Vyas et al. (2000).
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