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Executive Summary 



Table 1: Cost estimates for the installation of a mainline surveillance system using the four candidate vehicle 
sensors on a rural four lane expressway thru-stop intersection 

Surveillance System Costs for Rural Expressway

Sensor Number Coverage Cost (thousands)
Eaton VS-400 6 432 m, 12.9 s 64$         
Delphi ACC3 6 432 m, 12.9 s 64$         
Ibeo Lux 4 433 m, 12.9 s 106$       
Ibeo Lux* 4 433 m, 12.9 s 48$         
Smartmicro UMRR 4 445 m, 13.3 s 69$         

* Projected based on future sensor cost estimates from Ibeo

Table 2: Cost estimates for the installation of a mainline surveillance system using the four candidate vehicle 
sensors on a rural two lane highway thru-stop intersection 

Surveillance System Costs for Two Lane Road

Sensor Number Coverage Cost (thousands)
Eaton VS-400 4 350 m, 12.0 s 50$         
Delphi ACC3 4 351 m, 12.0 s 50$         
Ibeo Lux 4 400 m, 13.8 s 101$       
Ibeo Lux* 4 401 m, 13.8 s 43$         
Smartmicro UMRR 4 440 m, 15.1 s 61$         

* Projected based on estimates from Ibeo





Chapter 1 
Introduction 

Motivation 

Gap selection is the 
predominant problem

 
 
 
 



rejection
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Figure 1: Plan view of a typical instrumented rural four lane expressway intersection.  Sensors are radar 
(yellow triangles indicate field of view and) scanning lidar (orange semicircles); all data is sent from sensor 

processors to the main central processor. 



Requirements of CICAS-SSA Sensors 

 

 
 
 

 
 

 
 

 
 

 
 

 
 

 
 

Cost Consideration 



 Lane 1 Coverage (m)  

 Lane 2 Coverage (m)  

Range 
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Figure 2: Diagram showing definition of lane coverage for a CICAS-SSA range sensor 

Intrusive vs. Nonintrusive Sensing 

Continuous vs. Point Sensing 



Mounting Requirements 

Power Considerations 



Chapter 2 
Vehicle Sensing Technologies 

Inductive Loops 



Picture 1: Picture of the ADR600 signal processor 

Vision 



Picture 2: Picture of the Autoscope Solo camera 
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Figure 3: The SAS-1 sensor mounted in a side fire configuration can detect multiple lanes 

Passive Infrared  



Picture 3: ASIM IR 250 series passive infrared sensor 

Laser 

OSI Autosense 
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Picture 4: Picture of the Sick LMS221 

Ibeo Lux 

Picture 5: Picture of Ibeo Lux.  The sensor is small, H85 x W128 X D83mm 



Figure 4: Ibeo laserscanner price-volume-time curve 

Radar 



Delphi ACC3 

Picture 6: Picture of the Delphi ACC3 radar 

Eaton VS-400 



Picture 7: Picture of VS-400 radar 

Wavetronix SmartSensor HD 

Picture 8: Picture of Wavetronix radar 

Smartmicro UMRR 



Picture 9: Picture of Smartmicro UMRR radar 

Candidates 



Chapter 3 
Minimal Sensor Configuration for the Mainline Surveillance System 

Minimal Requirements for Surveillance System 

Table 3: Distance requirement of the surveillance system assuming speed of 10 mph above speed limit 

Speed  Limit

Time  To  

Intersection

MPH m/s MPH m/s Sec Feet Meters

70 31.3 80 35.8 12 1408 429

65 29.1 75 33.5 12 1320 402

60 26.8 70 31.3 12 1232 376

55 24.6 65 29.1 12 1144 349

45 20.1 55 24.6 12 968 295

Distance  To  

Intersection

Assumed  

Maximum  Speed



Figure 5: Probability Density Function of the range of speed of vehicles traveling on the mainline (US 52) that 
went straight through the intersection 

Construction Costs 



Figure 6: Network topology of Hwy 52 intersection.  A star topology was chosen for robustness.  DSL modems 
facilitated long range network connection between central server and computer stations. 



Figure 7: Minimal sensor surveillance system network topology.  Daisy chained to reduce construction costs.  
Ethernet extenders (long distance) and Ethernet hubs (short distance) are employed for network connectivity 

to the central server.  Microprocessors are used to interface with range sensor hardware. 



Table 4: Actual construction costs for Hwy 52 intersection build provided by Shane Electric Co. 

Cost Per Foot Cost per Unit

BORING
2” Boring

Boring costs 9.00$             
Conduit 0.75$             
Labor (Estimate) 2.00$             
Ethernet cable 0.25$             

3” Boring
Boring costs 10.00$           
Conduit 2.25$             
Labor (Estimate) 2.00$             
Ethernet cable 0.25$             

TRENCHING
Plowing 3.00$             
Labour 2.00$             
2” Conduit 0.75$             
3” Conduit 2.25$             

SENSOR STATION
PVC Couplings 20.00$            
Circuit Breaker 120.00$          
Misc Hardware 20.00$            
Labor (Estimate) 200.00$          
Posts + Labor 150.00$          

510.00$          

U-Channel
Material + Labor 50.00$            

Notes:

CONSTRUCTION COSTS

A 2” conduit is sufficient for our needs. Separate conduits will be used for power and data

Table 5: Costs for equipment installed at each sensor station 

Sensor Station Costs

Part Cost
NEMA Enclosure 200$               
Ethernet Extenders 600$               
Ethernet Switch 100$               
Microprocessor 150$               
Power Supply 100$               

1,150$            

Minimal Sensor Set Using Eaton VS-400 or Delphi ACC3 77 GHz Radar 



Figure 8: Minimal sensor suite layout required for mainline surveillance system on rural four lane 
expressway thru-stop intersections using specifications for Delphi ACC3/Eaton VS-400 radar 



Figure 9: Proposed minimal sensor surveillance system hardware layout for rural four lane expressway thru-
stop intersections with Delphi ACC3/Eaton VS-400 radar 
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Table 6: Minimal Surveillance System Costs for 77 GHz radar installed at rural four lane expressway thru-
stop intersections 

Surveillance System Costs for VS-400/ACC3

Construction Cost per unit Units Cost
Boring 12 420 5,040$         
Trenching 5.75 4000 23,000$       

Sensor Station 1660 6 9,960$         
Mounting 160 6 960$            
Central Processor 13500 1 13,500$       
Sensor 2000 6 12,000$       

Total 64,460$        
 

The rural 2 lane highway thru-stop intersection provides the opportunity to further reduce the 
complexity and cost of a CICAS-SSA surveillance system.  This is due to the lower speed limit 
(generally 55 mph) and the reduced area needed to be monitored.  In the Intersection Pooled 
Fund project, a portable surveillance system was taken to the states of Wisconsin, Michigan, 
Iowa, North Carolina, Georgia, Nevada and California.  The Michigan intersection near Grand 
Rapids is a two lane rural two lane highway and its geometry was used to design the minimal 
sensor configuration.    Figure 10 shows the sensor layout and field of coverage using the Eaton 
VS-400 or the Delphi ACC3 radar.  The mainline surveillance system achieves 12 seconds of 
coverage for a vehicle traveling 65 mph.  Note that a reduction of two sensors was achieved due 
to the lower speed limit and the moving of the radar in the median to the corner of the 
intersection.  There is a gap in coverage between the two radar in each leg.  Previous research 
conducted at the Hwy 52 intersection showed that tracking vehicles between short ‘blind’ spots 
is reliable.  The important area before the turn lane has continuous radar coverage. 

 
Figure 10: Minimal sensor suite layout required for mainline surveillance system on rural 2 lane highway 

thru-stop intersection using specifications for Delphi ACC3/Eaton VS-400 radar 
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The reduction in the number of sensors from six to four reduces the hardware requirements and 
makes the equipment layout simpler (Figure 11).  Only two bores are needed and the distance of 
trenching is reduced.  This helps reduce the installation cost to $50 K (Table 7).  
 

 
Figure 11: Proposed minimal sensor surveillance system hardware layout for two lane roads with Delphi 

ACC3/Eaton VS-400 radar 

Table 7: Minimal surveillance system costs for 77GHz radar on rural two lane highway thru-stop intersection 

Surveillance System Costs for VS-400/ACC3

Construction Cost per unit Units Cost
Boring 12 164 1,968$         
Trenching 5.75 3308 19,021$       

Sensor Station 1660 4 6,640$         
Mounting 160 4 640$            
Central Processor 13500 1 13,500$       
Sensor 2000 4 8,000$         

Total 49,769$        
 



Minimal Sensor Set Using Ibeo Lux Scanning Laser 

Figure 12: Minimal sensor suite layout required for mainline surveillance system on rural four lane 
expressway thru-stop intersections using specifications for Ibeo Lux sensor 



Figure 13: Proposed minimal sensor surveillance system hardware layout for rural four lane expressway 
thru-stop intersections using Ibeo Lux laser scanners 

 

Table 8: Minimal surveillance system costs for Ibeo Lux installed at a rural four lane expressway thru-stop 
intersection 

Surveillance System Costs for Ibeo Lux

Construction Cost per unit Units Cost
Boring 12 420 5,040$           
Trenching 5.75 3530 20,298$         

Sensor Station 1660 4 6,640$           
Mounting 160 4 640$              
Central Processor 13500 1 13,500$         
Sensor 15000 4 60,000$         

Total 106,118$       
Total (Projected Lux cost in 2010, $570) 47,518$         



Figure 14: Minimal sensor suite layout required for mainline surveillance system on rural two lane highway 
thru-stop intersection using specifications for Ibeo Lux Sensor 



Figure 15: Proposed minimal sensor surveillance system hardware layout for rural two lane highway thru-
stop intersections with Ibeo Lux Sensor 

Table 9: Minimal surveillance system costs for Ibeo Lux sensor at a rural two land road 

Surveillance System Costs for Ibeo Lux

Construction Cost per unit Units Cost
Boring 12 164 1,968$            
Trenching 5.75 3254 18,711$          

Sensor Station 1660 4 6,640$            
Mounting 160 4 640$               
Central Processor 13500 1 13,500$          
Sensor 15000 4 60,000$          

Total 101,459$        
Total (Projected Lux cost in 2010, $570) 42,859$          

Minimal Sensor Set Using Smartmicro UMRR 24 GHz Radar 



Figure 16: Minimal sensor suite layout required for mainline surveillance system on rural four lane 
expressway thru-stop intersections using specifications for Smartmicro UMRR 



Figure 17: Proposed minimal sensor surveillance system hardware layout using Smartmicro UMRR radar 

Table 10: Minimal mainline surveillance system costs using Smartmicro UMRR on rural four lane 
expressway thru-stop intersection 

Surveillance System Costs for Smartmicro UMRR

Construction Cost per unit Units Cost
Boring 12 420 5,040$         
Trenching 5.75 4016 23,092$       

Sensor Station 1660 4 6,640$         
Mounting 160 4 640$            
Central Processor 13500 1 13,500$       
Sensor 5000 4 20,000$       

Total 68,912$       



Figure 18: Minimal sensor suite layout required for mainline surveillance system on rural two lane highway 
thru-stop intersection using specifications for Smartmicro UMRR radar 

Figure 19: Proposed minimal sensor surveillance system hardware layout for rural two lane highway thru-
stop intersection with Smartmicro UMRR radar 



Table 11: Minimal surveillance system costs using Smartmicro UMRR radar on a rural two lane highway 
thru-stop intersection 

Surveillance System Costs for Smartmicro UMRR

Construction Cost per unit Units Cost
Boring 12 164 1,968$         
Trenching 5.75 3176 18,262$       

Sensor Station 1660 4 6,640$         
Mounting 160 4 640$            
Central Processor 13500 1 13,500$       
Sensor 5000 4 20,000$       

Total 61,010$       



Chap er 4 
Minor Road Sensing Cost Trade-Offs 

Electrical Costs of Adaptive Display 



Figure 20: Bitmap representing the default DII state (no vehicles on mainline) 

Table 12: Power consumption of one Adaptive 112 x 80 pixel display 

Electrical Draw of  Adaptec Display

2.59
0.716
100%
10%
55%

1.85444
0.185444

1.020

Maximum Power Draw (kW)
Pixel Whiteness
Daytime Brightness
Nighttime Brightness
Average Brightness

Daytime Power Draw (kW)
Nighttime Power Draw (kW)

Average Power Draw (kW/sign)



Table 13: Yearly electricity cost of one Adaptive display based on current average cost of electricity 

Yearly Electricity Cost of One Adaptec Dispay

1.02
8760
0.11

983$            

National Average Cost of Electricity ($/kWHr)

Electrical Cost per Year

Average Power Draw (kW)
Hours per year

Table 14: Yearly cost savings if minor road and median sensors are installed so that the sign is turned off 
when minor road traffic is not present 

Yearly Cost Savings if Sign On Only When Traffic Present

Duty Cycle Daytime Nighttime
10% $786 $79
20% $699 $70
30% $611 $61
40% $524 $52
50% $437 $44
60% $349 $35
70% $262 $26
80% $175 $17
90% $87 $9

100% $0 $0

Presence Detection on the Minor Road 



Inductive Loops 

Legend

Loop DetectorController 
Cabinet

Loop Wire

Figure 21: Hardware layout of inductive loop installation of a four leg intersection, two lanes per approach 



Legend

Loop Detector

Controller 
Cabinet

Loop Wire

DII

DII

DII

DII

DII LED Display

Figure 22: Hardware layout of proposed inductive loop installation of a rural four lane expressway thru-stop 
intersection 



Legend

Loop DetectorController 
Cabinet

Loop Wire

Figure 23: Hardware layout of proposed inductive loop installation on rural two lane highway thru-stop 
intersection 

Ibeo Lux Laser Scanner 



Lux Mounted on 
Same Post as 

Radar

Lux Mounted on 
Same Post as 

Radar

Lux Mounted on 
Same Post as 
Near Side DII

Figure 24: Proposed minor road vehicle presence detection sensor layout using Ibeo Lux, mounted on already 
existing posts, at rural four lane expressway thru-stop intersection.  The field of view of the Lux is shown in 

green. 



Lux Mounted on 
Same Post as 

Radar

Lux Mounted on 
Same Post as 

Radar

Figure 25: Proposed minor road vehicle presence detection sensor layout using Ibeo Lux, mounted on already 
existing poles, on a rural two lane highway thru-stop intersection.  The field of view of the Lux is shown in 

green. 

Financial Analysis of Installing Minor Road Sensing 

Using inductive loop detectors to monitor vehicle presence on minor road 



Table 15: Percentage of time a minor road vehicle was detected at the intersection, one day period 

MN  52 24.6% 5.7%

NC  74 22.2% 3.0%

WI  53 58.6% 9.1%

Rural  
Expressway

Daytime  Duty  
Cycle

Nighttime  
Duty  Cycle



Table 16: Net present value of installation minor road sensing vs. cost savings obtained by turning the signs 
off when no traffic present 

Net Present Value of Installing Loop Detectors on Minor Leg of Rural Expressway

$20,000
5%

Operation & Maintenance Cost $1,200

50% 30% 10%
10% 10% 10%

Cash Flow NPV Cash Flow NPV Cash Flow NPV
Year 1 $861 -$19,180 $1,560 -$18,514 $2,259 -$17,849
Year 2 $861 -$18,398 $1,560 -$17,099 $2,259 -$15,799
Year 3 $861 -$17,654 $1,560 -$15,751 $2,259 -$13,848
Year 4 $861 -$16,945 $1,560 -$14,467 $2,259 -$11,989
Year 5 $861 -$16,270 $1,560 -$13,245 $2,259 -$10,219
Year 6 $861 -$15,627 $1,560 -$12,081 $2,259 -$8,534
Year 7 $861 -$15,015 $1,560 -$10,972 $2,259 -$6,928
Year 8 $861 -$14,432 $1,560 -$9,916 $2,259 -$5,399
Year 9 $861 -$13,877 $1,560 -$8,910 $2,259 -$3,943
Year 10 $861 -$13,348 $1,560 -$7,952 $2,259 -$2,556
Year 11 $861 -$12,844 $1,560 -$7,040 $2,259 -$1,235
Year 12 $861 -$12,365 $1,560 -$6,171 $2,259 $23
Year 13 $861 -$11,908 $1,560 -$5,343 $2,259 $1,221
Year 14 $861 -$11,473 $1,560 -$4,555 $2,259 $2,362
Year 15 $861 -$11,058 $1,560 -$3,805 $2,259 $3,448
Year 16 $861 -$10,664 $1,560 -$3,090 $2,259 $4,483
Year 17 $861 -$10,288 $1,560 -$2,409 $2,259 $5,469
Year 18 $861 -$9,930 $1,560 -$1,761 $2,259 $6,408
Year 19 $861 -$9,589 $1,560 -$1,144 $2,259 $7,302
Year 20 $861 -$9,264 $1,560 -$556 $2,259 $8,153

Daytime Duty Cycle
Nighttime Duty Cycle

Cost of Installation
Discount Rate



Table 17: Net present value of installing inductive loop sensors on a rural 2 lane highway thru-stop 
intersection in order to reduce electricity costs running the DII signs 

Net Present Value of Installing Loop Detectors on Minor Leg of Two Lane Road

$10,000
5%

Operation & Maintenance Co $600

50% 30% 10%
10% 10% 10%

Savings NPV Savings NPV Savings NPV
Year 1 $431 -$9,590 $780 -$9,257 $1,130 -$8,924
Year 2 $431 -$9,199 $780 -$8,549 $1,130 -$7,900
Year 3 $431 -$8,827 $780 -$7,875 $1,130 -$6,924
Year 4 $431 -$8,473 $780 -$7,234 $1,130 -$5,995
Year 5 $431 -$8,135 $780 -$6,622 $1,130 -$5,110
Year 6 $431 -$7,814 $780 -$6,040 $1,130 -$4,267
Year 7 $431 -$7,508 $780 -$5,486 $1,130 -$3,464
Year 8 $431 -$7,216 $780 -$4,958 $1,130 -$2,700
Year 9 $431 -$6,938 $780 -$4,455 $1,130 -$1,971
Year 10 $431 -$6,674 $780 -$3,976 $1,130 -$1,278
Year 11 $431 -$6,422 $780 -$3,520 $1,130 -$618
Year 12 $431 -$6,182 $780 -$3,085 $1,130 $11
Year 13 $431 -$5,954 $780 -$2,672 $1,130 $610
Year 14 $431 -$5,736 $780 -$2,278 $1,130 $1,181
Year 15 $431 -$5,529 $780 -$1,902 $1,130 $1,724
Year 16 $431 -$5,332 $780 -$1,545 $1,130 $2,242
Year 17 $431 -$5,144 $780 -$1,205 $1,130 $2,734
Year 18 $431 -$4,965 $780 -$881 $1,130 $3,204
Year 19 $431 -$4,794 $780 -$572 $1,130 $3,651
Year 20 $431 -$4,632 $780 -$278 $1,130 $4,077

Daytime Duty Cycle
Nighttime Duty Cycle

Cost of Installation
Discount Rate

MI  44 35.7% 24.2%

GA  411 56.7% 13.5%

Two  Lane  
Major  Roads

Daytime  Duty  
Cycle

Nighttime  
Duty  Cycle

Using Ibeo Lux to sense presence of vehicles on minor road 





Table 18: Net present value of installing Ibeo Lux sensors at a rural four lane expressway thru-stop 
intersections to monitor presence of traffic on minor road, using various sensor cost 

Net Present Value of Installing Ibeo Lux on Minor Leg of Rural Expressway

$47,000 24,000$       5,000$         
5%

Operation & Maintenance Cost $500

30% 30% 30%
10% 10% 10%

Cash Flow NPV Cash Flow NPV Cash Flow NPV
Year 1 $2,260 -$44,847 $2,260 -$21,847 $2,260 -$2,847
Year 2 $2,260 -$42,797 $2,260 -$19,797 $2,260 -$797
Year 3 $2,260 -$40,845 $2,260 -$17,845 $2,260 $1,155
Year 4 $2,260 -$38,985 $2,260 -$15,985 $2,260 $3,015
Year 5 $2,260 -$37,214 $2,260 -$14,214 $2,260 $4,786
Year 6 $2,260 -$35,528 $2,260 -$12,528 $2,260 $6,472
Year 7 $2,260 -$33,921 $2,260 -$10,921 $2,260 $8,079
Year 8 $2,260 -$32,391 $2,260 -$9,391 $2,260 $9,609
Year 9 $2,260 -$30,934 $2,260 -$7,934 $2,260 $11,066
Year 10 $2,260 -$29,547 $2,260 -$6,547 $2,260 $12,453
Year 11 $2,260 -$28,225 $2,260 -$5,225 $2,260 $13,775
Year 12 $2,260 -$26,967 $2,260 -$3,967 $2,260 $15,033
Year 13 $2,260 -$25,768 $2,260 -$2,768 $2,260 $16,232
Year 14 $2,260 -$24,626 $2,260 -$1,626 $2,260 $17,374
Year 15 $2,260 -$23,539 $2,260 -$539 $2,260 $18,461
Year 16 $2,260 -$22,504 $2,260 $496 $2,260 $19,496
Year 17 $2,260 -$21,518 $2,260 $1,482 $2,260 $20,482
Year 18 $2,260 -$20,578 $2,260 $2,422 $2,260 $21,422
Year 19 $2,260 -$19,684 $2,260 $3,316 $2,260 $22,316
Year 20 $2,260 -$18,832 $2,260 $4,168 $2,260 $23,168

Cost of Installation
Discount Rate

Daytime Duty Cycle
Nighttime Duty Cycle



Table 19: Net present value of installing Ibeo Lux sensors at a rural two lane highway thru-stop intersection 
to monitor presence of traffic on minor road, using various sensor cost 

Net Present Value of Installing Ibeo Lux on Minor Leg of Two Lane Major Road

$32,000 17,000$       3,000$         
5%

Operation & Maintenance Co $333

30% 30% 30%
10% 10% 10%

Cash Flow NPV Cash Flow NPV Cash Flow NPV
Year 1 $1,047 -$31,003 $1,047 -$16,003 $1,047 -$2,003
Year 2 $1,047 -$30,054 $1,047 -$15,054 $1,047 -$1,054
Year 3 $1,047 -$29,149 $1,047 -$14,149 $1,047 -$149
Year 4 $1,047 -$28,288 $1,047 -$13,288 $1,047 $712
Year 5 $1,047 -$27,468 $1,047 -$12,468 $1,047 $1,532
Year 6 $1,047 -$26,687 $1,047 -$11,687 $1,047 $2,313
Year 7 $1,047 -$25,943 $1,047 -$10,943 $1,047 $3,057
Year 8 $1,047 -$25,234 $1,047 -$10,234 $1,047 $3,766
Year 9 $1,047 -$24,560 $1,047 -$9,560 $1,047 $4,440
Year 10 $1,047 -$23,917 $1,047 -$8,917 $1,047 $5,083
Year 11 $1,047 -$23,305 $1,047 -$8,305 $1,047 $5,695
Year 12 $1,047 -$22,722 $1,047 -$7,722 $1,047 $6,278
Year 13 $1,047 -$22,167 $1,047 -$7,167 $1,047 $6,833
Year 14 $1,047 -$21,638 $1,047 -$6,638 $1,047 $7,362
Year 15 $1,047 -$21,135 $1,047 -$6,135 $1,047 $7,865
Year 16 $1,047 -$20,655 $1,047 -$5,655 $1,047 $8,345
Year 17 $1,047 -$20,198 $1,047 -$5,198 $1,047 $8,802
Year 18 $1,047 -$19,763 $1,047 -$4,763 $1,047 $9,237
Year 19 $1,047 -$19,349 $1,047 -$4,349 $1,047 $9,651
Year 20 $1,047 -$18,955 $1,047 -$3,955 $1,047 $10,045

Cost of Installation
Discount Rate

Daytime Duty Cycle
Nighttime Duty Cycle
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