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Abstract 
Results of a joht  Sandia National Laboratories, University of New Mexico, and New Mexico 
Engineering Research Institute project to investigate an architecture implementing real-time 
monitoring and tracking technologies in the railroad industry is presented. The work, supported 
by the New Mexico State Transportation Authority7 examines a h i l y  of smart sensor products 
that can be tailored to the specific needs of the user. The concept uses a strap-on sensor package, 
designed as a value-added component, integrated into existing industry systems and standards. 
Advances in sensor microelectronics and digital signal processing permit us to produce a class of 
smart sensors that interpret raw data and transmit inferred information. As applied to freight 
trains, the sensors’ primary purpose is to minimize operating costs by decreasing losses due to 
theft, and by reducing the number, severity, and consequence of hazardous materials incidents. 
The system would be capable of numerous activities including: monitoring cargo integrity7 
controlling system braking and vehicle acceleration, recognizing component failure conditions, 
and logging sensor data. A cost-benefit analysis examines the loss of revenue resulting from 
theft, hazardous materials incidents, and accidents. Customer survey data are combined with the 
cost benefit analysis and used to guide the product requirements definition for a series of specific 
applications. A common electrical architecture is developed to support the product line and 
permit rapid product realization. Results of a concept validation, which used commercial 
hardware and was conducted on a revenue-generating train, are also reported. 
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Development of Green Box Sensor Module 
Technologies for Rail Applications 

1 Introduction 
Pursuant to DOE'S 1993 Technology Transfer Initiative, representatives of Sandia 

National Laboratories and the Association of American Railroads (AAR) met to discuss 
potential technology transfer to the rail industry. Several areas were identified including a 
train-mounted sensor system, which later became known as the Green Box. The Green Box 
was believed to be an application that could have immediate impact, especially for the 
security of cargo. Among the attractive .features of the Green Box was its potential for 
integration into the Automated Train Control System (ATCS) currently being developed by 
the AAR in cooperation with railroad companies. 

In April 1995, the New Mexico State Transportation Authority (STA) established this 
project to help develop a real-time monitoring and notification product for railroads in 
North America. This technology transfer project was also established to assess the commer- 
cialization potential of electronic modules mounted on railcars to reduce operational costs 
by: (1) reporting in real time, events crucial to the safety and security of railcars or cargo, 
(2) alarming cars to reduce loss of revenue due to theft or vandalism, and (3) monitoring 
cargo to mitigate threats to public safety associated with incidents involving hazardous 
materials. 

The concept consists of sensors which, under normal operating conditions, communi- 
cate to the railroad dispatchers via wayside reader stations or through the train's voice/data 
radio. In an emergency, the module will transmit a distress message identifling the location 
of the event, a description of the cargo, and condition of the vehicldcontainer. To test the 
concept, a cellular'phone was used to provide the data transmission function. Figure 1 is a 
block diagram of the Green Box concept. 

1 I 



sensors 

sensors 

Ride 
quality 

Bearing 
Temp. 

Information 

~1 1 1 maintenance Amtech 
Wayside 

Recorder logging Readers 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - -  

Figure 1. Green Box Concept Functional Block Diagram. 

Based on preliminary information gathered for the cost-benefit analysis activities, a 
system architecture that accommodates three different applications was developed. The 
three applications, in the order of implementation, are security of cargo, safety of hazardous 
materials cargo, and a monitor of safety critical railcar components. For the initial applica- 
tion, only those cars with “valuable” cargo would use the hardware. This lowers the cost of 
implementation since only selected cars are equipped and inter-car communications are not 
needed. As more cars are equipped with the hardware, accident prevention and maintenance 
scheduling applications become feasible. 
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2. Roles and Responsibilities 
The purpose of this project was to d e t e d e  the feasibility of applying smart sensor 

technology to enhance rail transportation. The.team members were assembled fiom the 
University of New Mexico 0, Sandia National Laboratories, and Delta Group Inc. 
Project management was provided by UNM's New Mexico Engineering Research Institute 
(NMERI). The project was divided into two tasks: user requirements identification and 
cost-benefit analysis (see Appendix A). Team composition and individual responsibilities are 
listed below. 

Gordon McKeen uNM/NMERI Project manager 
Jim Brogan UNM Cost benefit analysis 
Roger Breeding Sandia Labs Cost benefit analysis 
Jim Hogan Sandia Labs Systems design 
Jim Mitchell Sandia Labs Software design 
Dan Rey Sandia Labs Circuit design 
Dominic Isbeg Delta Group Manufacturing engineering 

Requirements identification was broken down into several subtasks: develop 
p r e l i  conceptual design, determine specific requirements decisions, develop customer 
wants questionnaire, survey customers and stakeholders, analyze results of survey and draw 
conclusions, develop final design, determine costs of the design, and (With private industry 
participation) write design specifications. 

The benefit analysis subtasks were as follows: determine sources of railroad loss data, 
acquire railroad loss data bases, extract information j?om railroad loss data bases and 
analyze it, d e t e d e  costs of losses the Green Box can mitigate or prevent, summarize 
benefits for the Green Box design, compare benefits to costs, and draw conclusions. 

The proposed work was to be completed in 18 months. 
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3. Concept of Operation 
The Green Box concept can address a variety of applications (see Figure 2). Based on 

a preliminary cost-benefit analysis, we focused on applications that would not require a 
Green Box module on every car in the train. This approach would reduce the cost of 
implementing a Green Box system by limiting stand-alone modules to cars canying 
“valuable” cargo and eliminating the need for inter-car communication. 

Three applications are considered: (1) Because of the high losses incurred by theft 
and vandalism, the security application is attractive. (2) A module designed to monitor the 
integrity of hazmat cargo shipped by rail also has appeal; however, it is a slightly more 
expensive proposition. Hazmat modules could be attached to individual cars and state-of- 
health information reported. (3) The Green Box used as a monitor of safety-critical 
equipment is less attractive because it would require a module be attached to every car. 
Modules could not be limited to selected cars since breakdowns on any car in the train 
could lead to an accident. Some form of inter-car communication would be required. 

Figure 2. Concept of Operations. : I  



3.1 Theft and Vandalism Alarm Operations 

In this application, the Green Box would monitor high-value cargo transported by rail 
and send an alarm if someone attempts to steal or damage the protected items. The system 
would consist of two parts: a railcar-mounted sensor module and a central workstation to 
display the status of multiple modules. A personal computer or workstation, located at the 
company headquarters or railroad dispatcher’s office, would receive messages via modem, 
process the information, and sound the alarm as appropriate. A small sensor module would 
be mounted on the railcars or attached directly to the cargo containers. The modules would 
contain a power supply, transceiver, processor unit, global positioning system (GPS) 
receiver (optional), and intrusion sensors: door switches, area sensors (IR, RF), etc. The 
sensor module would be operational fiom point of origin to the delivery point and could be 
activated and deactivated by unique code control over the communications link or directly 
through an I/O connector. The processor unit would poll the sensors and report any 
changes via the communications channel. Conflicts in sensor readings would be resolved by 
the processor and the results transmitted to the base station. 

To conserve power, the transmitter could be placed in the sleep mode and be turned 
on only when an alarm condition was detected or a scheduled report was due. By reducing 
the fiequency of transmissions, one can prolong battery life. Low power consumption 
would permit the alarm system to hc t ion  ifthe protected cargo/railcar were left sitting in a 
storage configuration at a railroad yard or siding for long periods of time. Sensors would be 
selected by the customer to match the needs of the applications. A microcontroller-based 
design would facilitate sensor interfacing and signal processing. To minimize false alarm 
rates and maintain high system reliability, only high-probability events based on data fbsion 
of all sensor inputs would trigger the alarm. 

The base station would track and display the location and status of multiple platforms. 
Two-way communication would permit the base station operator to remotely check the 
status of the sensors, activate and deactivate the alarm, set the timing interval and 
conditions for periodic status reports by the remote units, and communicate with the train 
operator. 

3.2 Hazmat Alarm Operations 

This product could provide the railroad industry with a cost-effective way to monitor 
the material condition of hazardous cargo during shipment and to send immediate 
notification if containment of the cargo is in peril. The concept is to place an electronic 
sensorhag on the hazardous material container programmed to assess the vital signs of the 
cargo. A self-contained electronics module (i.e., processor, power pack, transceiver, and 
sensors), for example, could be attached to a tank car used to transport petrochemicals at 
the plant. Sensors, which monitor the liquid level in the tank, internal and external 
temperature, exhaust gas sniffer, container integrity, and GPS location could be used. The 
processor could be loaded with a set of instructions defhing the normal operating 
conditions and the protocol to follow in the event the limits were exceeded. Additional 
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information regarding the cargo type, class of hazard, handling cautions, emergency 
procedures, and point of contact for the response team might also be included. 

In the event that hazardous material leaked fiom the container or if an unsafe 
condition developed @e., rollover of a tank car or a tank car engulfed in a fire), the alarm 
would be triggered. The module would transmit a message to a receiving station, notiijhg 
the operator of the situation. Remedial action could then be initiated. To conserve power, 
the system would be operated with a very low duty cycle until the alarm was sounded. 
Prompt notification could include the train conductor as well as the company headquarters. 

3.3 P revent ive Mai n tenance Ope rat ions 

The concept for this product is to provide an after-market, strap-on electronics 
module to monitor the material condition of safety-critical components on railcars (e.g., 
wheel bearings, brakes, etc.), and to identifl high-repair-cost items requiring maintenance or 
other high-consequence event-related items needing service. Under ideal conditions, the 
warning would be early enough to permit orderly, scheduled repair of the out-of-spec item. 
A slow leak fiom a tank car, for instance, might prompt the dispatcher to instruct a service 
team at the next scheduled stop to inspect the car. On the other hand, immediate action 
might be required to ensure a controlled response to an in-progress event. For example, the 
onboard system might warn the engineer that a wheel had jumped the rail and was cutting 
ties, a condition that unattended might eventually lead to a derailment. The excessive 
vibration would be picked up by the Green Box and reported as an out-of-normal condition. 

For each of these situations, the device would analyze the signals fiom a suite of 
sensors and identifl the characteristic signature of deteriorated perfbrmance. Two 
approaches are available: one based on predictive models and the other on adaptive models. 
These two approaches lead to very different fbnctional implementations but both can be 
accommodated by the flexible software/hardware architecture proposed for the Green Box. 

The predictive or deterministic approach (e.g., expert system) is based on acoustiic 
signal data produced by the Association of American Railroads Ipef 11. These models 
describe the distinctive signature of failed bearings under a variety of conditions and would 
be used to set thresholds for the detector. The adaptive model, on the other hand, would 
use a learning algorithm (e.g., neural network) to compare signals measured in real-time 
with a baseline signature learned during normal operation. When a significant departure is 
identified, the device determines whether this indicates a deteriorated condition or merely a 
greater variation from the norm than previously observed. In either case, once a failure is 
predicted, the device will transmit the distress signal to the base station. The resulting 
information can then be used to schedule repair and maintenance operations. 

The benefit is that repairs can be scheduled for items requiring specific attention. 
Periodic preventative maintenance will not interrupt the operation of equipment in good 
condition, but keeps it in the revenue mode. Problems would be identified under operating 
conditions and therefore better diagnosed. As a result, the repairs will likely be more 



effective in correcting the true cause of the deficiency and avoiding unwanted effects 
associated with the catastrophic failure of parts. To ensure acceptable reliability, continuous 
improvement in understanding the underlying phenomena is essential. Since the failure 
prediction algorithms and unique precursor signatures have not been established, the task of 
correlating this information is the subject of additional research and development. 
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4. Cost-Benefit Analysis of Using the Green Box in 
the Railroad Industry 

To assess the codbenefit of the Green Box and to estimate the cost of the accidents 
the Green Box might prevent, we consulted the data compiled by the Federal Railroad 
Administration, U.S. Department of Transportation Tpef 21. 

First we will consider costs associated with accidents that could be avoided if all the 
cars in all fieight trains were equipped with’the Green Box. 
Second, we will examine the case in which the Green Boxes are attached only to tank 
cars carrying hazardous materials. 
Third, we will consider the application in which the Green Box is used solely to monitor 
shipments of high-value cargo. 

4.1 Benefit of Equipping All Freight Cars 

Reportable train accidents by cause are summarized in Table 1 ipef 2, pg. 41 3. 

This table and the following tables include damage to railroad equipment (cars and 
locomotives) and track (rail, ties, switches, grade, bridges, signal systems, etc.). The ratio of 
equipment damage to track damage is approximately 3:l for main line accidents and about 
4:l for yard accidents Ipef 2, pg. 341. 

Table 1. Summary of Train Accidents by Cause (1994). 

I Cause of accident I Number 

Track, Roadbed, b d  Structures 
Equipment Failures - Locomotive 
Equipment Failures - Car 
Train Operation - Human Factors 
Miscellaneous 

947 
29 

264 
91 1 
518 

I Total I 2,669 

Damage (M$) 

56.2 
2.9 

28.9 
44.3 
48.3 

180.6 
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In Table 1, the “Track, Roadbed, and Structures” category of accident causes 
includes washouts, wide gauge, broken rails, damaged switches (not due to vandalism), and 
signal failures. “Train Operation - Human Factors” includes failure to use the brakes 
correctly, employee impairment due to drugs, alcohol, or sleep, communication failures, 
coupling at excessive speeds, and so on. The “Miscellaneous” category includes avalanches, 
landslides, floods, shifted loads, highway-rail grade crossing accidents, harmonic rock off, 
vandalism, and accidents under investigation. Of the five categories of accidents, the Green 
Box can affect those associated with car equipment failures directly and to a lesser extent 
those resulting fiom train operator error or miscellaneous causes. In the latter two cases, 
the Green Box could provide critical information, not otherwise available, that affects 
accident-avoidance decisions. 

We see f’iom Table 1 that slightly less than 10% of the accidents, and somewhat more 
than 15% of the damages, are due to car equipment failures. However, not all the car 
equipment failures are preventable by using the Green Box. The major categories of car and 
locomotive equipment (mechanical and electrical) failures are shown in Table 2 [pef. 2, 
pgs. 44-45]. Structural failure of doors, trailerkontainers, or car body (sill, center plate, 
etc.) represent a small fiaction of the accidents and are items probably not worth monitoring 
by the Green Box. Nonetheless, for structural members, the Green Box sensors could be 
used to measure the stresses in the material. Candidates for monitoring include coupler and 
draft gear failures and truck and wheel failures (which include broken wheels -broken 
flange, broken rim, etc. - damaged wheels, worn wheels, and thermal cracks). A vibration 
sensor in the Green Box might be able to eliminate some derailments caused by wheel 
failures. 

Of the ten categories in Table 2, accidents listed in the “Brakes” and “Axles and 
Journal Bearings” categories appear preventable by application of the Green Box. Table 3 
lists the spec& causes of accidents in the c’Brakesyy and “Axles and Journal Bearings” 
categories. ‘Broken or Bent Me”  means broken or bent between the wheel seats; a broken 
or bent axle at the wheel seat is considered to be a journal or bearing failure. Seven 
accidents due to hand brake failures and nine locomotive axle and journal failures that are 
included in the figures in Table 2 are excluded f’iom Table 3. (The hand brake failures 
caused $O.lM in damages and the locomotive axle and journal failures caused $1.4M in 
damages.) 
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Table 2. Summary of Train Accidents Resulting from 
Car and Locomotive Equipment Failures by Cause (1994). 

Cause of accident 

Brakes 
Trailer or Container on Flat Car 
Body (Structural) 
Coupler and Draft System 
Truck Components 
Axles and Journal Bearings 
Wheels 
Locomotives 
Doors 
General (Other) 

Number 

26 
2 

18 
34 
75 
59 
46 

9 
7 

17 

293 

Damage (MS) 

5.5 
0.1 
0.6 
2.0 
5.6 
8.6 
7.6 
1.2 
0.2 
0.5 

31.7 

Table 3. Summary of Train Accidents Resulting from Car Air Brake 
and Axle and Journal Bearing Failures by Cause (1994). 

Cause of accident , 

Air Hose Uncoupled or Burst 
Obstructed Brake Pipe 
Brake Valve 
Other Brake Components 
Brake Rigging Down or Dragging 
Other Brake Failures 
Broken or Bent Axle 
Plain Journal Overheating Failure 
Roller Bearing Overheating Failure 
Other Axle and Journal Failures 

Total 

Number 

2 
1 
3 
1 
8 
4 
4 
5 

40 
1 

69 

Damage (MS) 

0.06 
4.0 
0.6 
0.3 
0.3 
0.08 
0.3 
0.2 
6.6 
0.02 

12.5 



Nineteen brake failures and 50 axle and journal failures are listed in,Table 3, and the 
average damages of these accidents is $181K. Table 3 has divided the accidents for one year 
so finely that the results may be skewed by one or two accidents. In particular, note that the 
one accident due to an obstructed brake pipe resulted in almost 75% of the damages for all 
19 accidents caused by air brake failures. That one failure resulted in a collision; 15 of the 
19 air brake failures resulted in derailments; and 3 caused “Other” accidents. Of the 50 
accidents due to railcar axle and journal bearing failures, all but 2 were derailments. 

Year Total Total Average Number Collision Collision 
number damage damage of damage average 
of (M$) (IC$) collisions (M$) damage 
accidents @$I 

1989 3,081 212.0 68.8 3 05 22.8 74.7 

1990 3,045 211.8 69.6 315 27.8 88.3 

1991 2,814 222.9 79.2 261 37.9 145.3 

1992 2,531 127.0 50.2 207 14.0 67.6 

1993 2,785 190.9 68.5 205. 26.2 127.6 

1994 2,669 180.6 67.6 240 30.7 127.8 

Total 16,925 1,145.1 403.9 1,533 159.4 631.3 

Average 2,821 190.9 67.3 255.5 26.6 105.2 

Because of the one very expensive accident due to an obstructed brake pipe, it is 
instructive to compare the average equipment and track damage value fi-om Table 3 - 
$181K - with the averages for several years as shown in Table 4 Kef. 2, pg. 151. Table 4 
shows results for all accidents, collisions, and derailments, and the last line is the average of 
the annual values over the six years. (The other two accident categories included in the total 
are highway-rail crossing accidents and “Other.”) Note that variations occur fiom year to 
year for all three categories for the number of accidents, damage, and average damage. The 
average accident damage fiom Table 3 - $181K - is significantly greater than any of the 
three average damage values for the six years shown in Table 4. 

Number Derail- 
of derail- ment 
ments damage 

(MV 

2,129 152.7 

2,146 159.3 

1,936 153.1 

1,734 91.5 

1,930 139.8 

1,825 125.2 

11,700 821.6 

1,950 136.9 

Table 4. Summary of Train Accidents by Type (1989 - 1994). 

Derail- 
ment 
average 
damage 
W) 

71.7 

74.2 

79.1 

52.8 

72.4 

68.6 

418.8 

69.8 
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Table 5 Ipef 2, pg. 161 shows that the average equipment and track damage for an 
accident caused by equipment failures for the years 1989 - 1994 is $98K, and the average 
annual equipment and track damages due to al l  accidents caused by equipment failures is 
$38M. (All highway-rail crossing accidents are excluded from the data on which Table 5 is 
based, even if they were due to equipment failure.) 

Table 5. Summary of Train Accidents Caused by 
Car and Locomotive Equipment Failures (1989 - 1994). 

Year 

1989 
1990 
1991 
1992 
1993 
1994 

Total number 

501 
425 
415 
353 
360 
293 

I Average I 391 

Total damage 

43.4 
43.6 
48.1 
24.7 
36.7 
31.7 

W$) 

38.0 

Average damage 
(K%) 

86.5 
102.6 
116.0 
69.9 

101.8 
108.4 

97.5 

4.2 Costs Averted if All-Railcars are Equipped 

The data presented in the previous section allows us to estimate the annual equipment 
and track damages that might be avoided ifthe Green Box were installed on all railcars. To 
bound the damage avoided, we will assume that accidents due to all causes listed in Table 3 
(compiled for calendar year 1994) can be prevented by the Green Box. 

Ifwe take the ratio of the “number of accidents prevented” to the “total number of 
accidents” and multiply by the “total equipment and track damage,” we get an annual 
value of $4.7M. 
Alternatively, the value of $4.8M is obtained by multiplying the “number of accidents 
prevented” by the “average cost.of a derailment.” 
A third method results in $6.7M, obtained by multiplying the “number of accidents 
prevented in 1994” by the “average cost of an accident caused by an equipment fail&e.” 
Finally, we could just use the $12.5M figure fiom Table 3, realizing that this is skewed 
by the one collision due to an obstructed brake pipe; the estimate drops to $8SM ifwe 
omit this event. 
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These estimates represent only damages to equipment and track and do not include all 
the costs of an accident. There are additional costs such as environmental restoration and 
penalties, medical and death benefits, overtime for operating crews, fees paid to other 
railroads for detours, damages paid to evacuees, penalties paid to shippers for lost and 
delayed cargoes, etc. These costs can be substantial. In the case of the July 1991 Southern 
Pacific derailment near Dunsmuir, California, the initial cost for clean up, compensation to 
residents, and loss of product was $4.2M. In February 1994, Southern Pacific reported a 
cost of $SOM-associated with this event. Nonetheless, equipment and track losses provide 
the basis for an estimate of the range for total costs. At the low end we could argue that the 
Green Box will not prevent glJ the accidents listed in Table 2 and that $5M should cover 
those accidents that are prevented plus the related “public sector” costs. At the other 
extreme, we could take the high estimate, $1234, multiply by a factor of four, say, to 
account for environmental and other costs, and argue that $50M is a reasonable upper 
bound for all annual averted costs due to equipment failures that the Green Box could 
prevent ifinstalled on all railcars. The nominal estimate of annual averted costs is 
approximately $25M. 

There are approximately 1.2 million railcars in North America Ipef. 31. Our range of 
averted costs is f?om $4 to $40 per railcar per year plus annual operating costs associated 
with the Green Box. This compares to the cost of a standard railcar of $50K to $8OK, tank 
cars of $5OK to $loOK, and specialized cars fiom $150K to $250K each. 

4.3 Benefit of Equipping Only Hazmat Tank Cars 
If putting the Green Box on glJ railcars is difficult to justifj7 on the basis of equipment 

and track damages averted, what additional benefit can be realized if one considers the 
higher losses if hazmat cars are involved in an accident? Alternatively one might consider 
the benefit if& hazmat cars were monitored. Table 6 presents hazmat accident data for 
calendar year 1994 by type of accident Pef.  2, pgs. 49-50]. There were 537 accidents 
involving 558 consists (trains) that included hazmat cars. Table 6 shows that 680 of the 
4,377 hazmat cars in these consists were damaged and only 43 cars released hazardous 
material. Note: as a precaution, since the integrity of the tank car is unknown, evacuations 
may occur even if hazardous material is not released. 
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Table 6. Summary of Accidents Involving Trains with 
Cars Containing Hazardous Materials by Type (1994). 

Damaged 
cars 
containing 
hazmat 

571 

53 

Damaged 
cars 
releasing 
hazmat 

37 

2 

Number 
of cars 
in the 
consists 

People 
evacuated 

Equip 
ment 
damage 
($M) 

Accident 

Derailment 

Number 
of 
consists 

395 

74 

Number oj 
cars 
containing 
hazmat 

3,339 24,020 5,336 22.4 

Collision 3,740 495 10,000 11.9 

Hwy-Rail 26 1,621 217 1 4 I 3 12 
~~ 

3.9 
~~ ~ 

Other 1 4,377 

63 2,440 0 0.9 

Total 558 31,821 15,348 39.2 

In eighty-five of the 558 consists with one or more hazmat cars, the accidents were 
due to equipment (mechanical and electrical) failures. And of these, the Green Box might be 
expected to avert only 32 consist accidents due to brake and axle and journal failures. These 
accidents accounted for $42M of the $39M in equipment damage. We again exclude 
structural failures, coupler and draft gear failures, etc., from failures the Green Box could 
detect in time to prevent an accident. 

Table 6 shows that slightly less than 14% of the cars in the trains carrying hazardous 
materials that were involved in accidents actually contained hazardous materials. It is not 
clear fiom BuZZetin I63 whether the cars listed as containing hazmat includes all cars that 
might contain hazmat, loaded or empty, or just cars that were actually loaded with hazmat 
at the time of the accident. We will assume the latter since an empty car that is used to 
transport hazmat would not pose a danger of a hazmat release, and the shipper would not 
notifl'the railroad of a hazmat shipment for an "empty" car. 

The next step is to estimate the number of hazmat railcars. Hazardous material carried 
in tank cars constitutes a substantial portion of the hazmat shipped by rail. Petrochemicals, 
flammable gases, and molten metals, for example, are transported in tank cars. We can 
estimate what fraction of hazmat trains might contain hazmat cars by taking the ratio of 
hazmat cars involved in hazmat-consists accidents (4,377) to the number of cars in the 
hazmat-consists involved in hazmat accidents (31,821) from Table 6. From Table 1, we 
know that 2,992 consists were involved in all the reportable accidents in calendar year 
1994, and from Table 5 we know that 558 hazmat-consists were involved in accidents, so 
the fraction of consists that included hazmat cars is approximately the ratio 558/2,992. The 
numbers in both of these ratios are large enough that they can be assumed to be 
representative for all trains, not just those involved in accidents. Railroad Facts [pef 5, 
pg. 511 lists the total number ofrailcars as 1,19OK, so the number of loaded hazmat cars is 
(4,377/3 1,821) x (558/2,992) x 1,190K G 30,000 cars. Since hazmat tank cars cannot be 
used for other purposes, one must double the estimate to account for empty cars being 
returned for replenishment. The total hazmat tank car inventory is therefore - 60,000 tank 
cars. 
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4.4 Costs Averted if Only Hazmat Railcars are Equipped 

Nominal values for the equipment and track damages averted by the Green Box in 
hazmat accidents are based on 1994 data. To bound the total costs we will rely on 
subjective cost multipliers based on best engineering judgment. The derailment of a hazmat 
car might be caused by a brake, axle, or journal failure on the hazmat car itse& or some 
other car ahead of the hazmat car in the train. 

Based on the above analysis, one can expect 28% of the equipment and track 
equipment losses in accidents involving hazmat-canying trains can be averted by using 
Green Boxes on hazmat tank cars. This amounts to about $1.2M and assumes that all 
accidents due to the causes listed in Table 3 are indeed prevented by the Green Box. We 
conclude that equipping about 60,000 hazmat tank cars with the Green Box will avert 
$1.2M of equipment and track damage every year. This works out to about $20 of averted 
equipment and track damage per year per car equipped with the Green Box. 

To determine the total costs that might be averted by placing the Green Box on 
hazmat tank cars, we need to estimate the accident costs other than damage to the railcars, 
locomotives, track, and related railway structures. These costs include: loss of the cargo, 
property damage, highway closings, local emergency services, traf€ic delays, loss of wages 
to residents and businesses, public evacuations, cleanup and remediation of hazmat, 
casualties, fines, litigation, etc. We know that some hazmat railroad accidents run up tens of 
millions of dollars and higher in environmental costs. 

A study conducted in 1991 for the National Transportation Research Board [Pef 41 
looked at 45 hazmat rail accidents that occurred between March 1988 and February 1989 
(see Appendix B) and estimated the per year costs based on 25-50 incidents per year. 

The results: 
0 Property damage - $50M - $lOOM 
0 Highway closing - $20M - 40M 
0 Public evacuation - $25M - $50M. 

A study by WiZig and Shillen in 1987 Ipef 51 estimated the cost of evacuation 
(accounting for direct evacuation costs and lost wages and earnings by residents and 
business) to be $600-$1,000 per evacuee. From 1980-1989, the railroad industry spent 
$lOOM on cleanup and remediation for major hazmat spills [Pef 61. Hazmat incident 
reports collected by the State of California and the State of Illinois suggest that between 
$12.5 and $25M may be related to transportation (this includes both trucks and railroad). 
Since we lack detailed information about these expenses, we will account for these costs by 
use of a multiplier on the equipment and track damages. 

Although some railroad hazmat accidents are very expensive, Table 6 indicates that 
only about 1% of the hazmat cars in trains containing hazmat cargoes that are involved in 
accidents actually release their cargoes. Thus, while a multiplier of 100 on equipment and 
track damage to account for environmental and other costs may be reasonable for a few 
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specific accidents, a multiplier that large is not appropriate for all accidents involving trains 
with hazmat cars. For all accidents involving trains with hazmat cars, a factor of 10 on 
equipment damage to account for environmental and other damage is a reasonable upper 
bound. A lower bound would be a multiplier of 1; half of the accidents due to brake and 
axle and journal failures on a car equipped with the Green Box will be eliminated and the 
environmental multiplier is - 2. 

The implication of an environmental damage multiplier of 100 is that there would 
have been environmental costs of about $360M from the 537 accidents involving trains with 
loaded hazmat cars in calendar year 1994 (which caused about $40M in equipment and 
track damage). This is twice the equipment and track damages for 
Table 1). This may be compared to a total of about $1OOM for all freight loss and damage 
payments for an entire year due to all causes. We conclude that an estimate of the average 
annual hazmat environmental (and other) costs of $400M are not reasonable, although the 
costs might run that high for one exceptional year. 

accidents ($MOM, 

With these bounds on the multiplier to account for environmental and other costs, it 
appears the Green Box might be expected to avert between $20 and $200 of accident costs 
per car per year. This value assumes that all the hazmat cars in the U.S. and Canada are 
equipped with Green Boxes. It is technically feasible to equip just a small fraction of the 
hazmat tank cars with the Green Box, but then fixed costs will have to be spread over a 
smaller number of cars. Still, placing Green Boxes on a small number of hazmat tank cars 
might be feasible where specific routes are involved. 

4.5 Benefit of Equipping Only Railcars with High-VaIue Cargo 
As much as one-third of goods lost in the wholesale industry are lost during the 

transportation phase. The security of merchandise is particularly acute in the high-tech and 
automotive industry. Automobiles, once shipped by rail on open flat cars, are now 
transported in closed railcars. Containerized cargo, which now replaces truck-trailers as the 
preferred form of inter-modal packaging, is being equipped with sensor systems to counter 
theft and vandalism losses. The estimated annual cost of robbery, theft, and pilferage from 
and damage to railcars, for example, is about $10 million [Pef 71. The size of this fleet is - 100,000 cars. As a result, equipping these cars alone can be justified on the basis of cost 
avoidance of $100 per car per year. 

In summary, the benefits of Green Box railway applications are primarily the costs of 
events avoided: thefts, h m a t  incidents, and accidents (in that order). Additional benefits 
may be found in the areas of reduced railcar maintenance costs and improved accident 
response. 

Thefts. The first product should target the security market for protecting high-value 
cargo from theft and vandalism. To be cost effective, the units should be in the few 
hundred dollar range. 

17 



Hazmat incidents. When only tank cars that carry hazardous material are considered, 
the next most attractive application of the Green Box is to monitor hazmat shipments. 
When hazmat is involved, in addition to equipment and track damage, one must add the 
cost of public evacuation, cleanup, and remediation. Evacuations which average about 
$1 million per event (figures for calendar year 1987) are often conducted as a 
precautionary measure whether or not hazmat has been released. The accident costs 
averted by placing Green Boxes on all hazmat cars appears to be in the $20 to $200 
range per -tank car per year. 

Accidents. It appears to be very difscult to justZy placing a Green Box on every car in 
the North American railcar fleet on the basis of annual accident costs averted. Although 
the average accident incurs about $60K of equipment and track damage, there are over 
one million railcars. But most importantly, only a fiaction of equipment and track 
damage typically results fiom accidents that the Green Box could prevent. Accidents 
caused by floods, landslides, train crew errors and the like are clearly beyond the 
capability of the Green Box to avert. Using the highest estimates the averted accident 
costs are only onthe order of $40 per railcar per year. . 

The decision to implement a Green Box system will depend on a comparison of the 
costs averted with the original cost of the Green Box itseK the annual maintenance costs, 
and the apportioned per car costs for providing monitoring and communications equipment. 
The Green Box by itselfwill be useless in preventing accidents unless the means are 
provided to stop the train in time when a Green Box indicates a potential problem. This 
could be accomplished by direct communication between the Green Box and the locomotive 
or by a communication link that goes fiom the Green Box to a monitoring network, then to 
the railroad dispatcher, and Snally to the engineer. The costs of this portion of the system 
cannot be overlooked. 
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5. System Design and Validation 
The system design effort for the Green Box is based on a strategy suggested by the 

market research and the cost-benefit studies. The idea is to introduce a product with modest 
capabilities, establish a performance record with the customers, and later expand to 
additional capabilities. As a result, the technical goal was to design a system architecture for 
the first. product with built-in expansion capabiiity. The initial design will focus on the 
security application and will be extended to the other options with degrees of detail 
consistent with their cost-benefit ranking. By adapting existing Sandia designs mef 81, we 
propose to develop a common system architecture for t$e three applications in a single, 
software and hardware reconfigurable module. 

Based on this approach, the security application will be specified to the chip sets level. 
The resulting design’will be delivered to our commercial partner for resolving product 
realization issues and estimating production cost. The hazmat application will follow a 
similar development but will stop short of specifjing chip sets. The preventive maintenance 
scheduler will not be developed past the system block diagram. 

The Green Box system consists of two parts: a remote unit (strap-on module) 
mounted on a train car and a base station located at company headquarters. We have 
assumed that the base station can be assembled fiom commercial hardware: personal 
computers (PCs) and modems common in business offices today and Green Box-spec& 
software, compatible with PC operating systems. Validating these crucial assumptions is 
treated at the end of this section. We will first concentrate on the unique features of the 
strap-on module. 

The concept of operations defines the primary hct ions of the Green Box system as 
acquisition, processing, communication, and display of data. Together with independent 
power and location information these form the basic building blocks of the Green Box 
system (see Figure 1). The computing power of the controller makes for a robust system in 
which changes are easily made in sofbvare. The system is both software and hardware 
modular. The sensor suite, the alarm threshold conditions, the specific response algorithm, 
power supply technology, and communication system are all selectable. Components can be 
matched to the specific application fi-om a pre-approvedqualified list. 

Sensor issues: Based on two, two-axle trucks and one strap-on unit per railcar, we 
estimate eight data channelsare required to provide information on each bearing. Ifwe 
consider the applications for monitoring either the security of cargo or state-of-health of 
hazmat, eight channels also appear adequate. For containerized cargo, canied on double- 
stack railcars, four sensor pairs (one internal and one external per container) would suffice. 
For a tanker car transporting hazardous material, eight sensors channels could provide 
information on the temperature of the product, amount of product (e.g., fluid level), 
ofientation of the car in 3-axes, and acceleration in 3-axes. Based on these considerations, 
we set the requirement for an eight-channel, eight-bit analog-to-digital converter. One could 
easily expand to sixteen channels by multiplexing inputs if necessary. 
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Communication issues: Reporting real-time events identified by the strap-on unit is 
essential to realizing improvements in operational performance and operating cost. The 
Green Box module will be configured with a serial port to permit adaptation to a variety of 
communications devices including RF, IR, and. acoustic. As a result, data collected and 
processed by the Green Box could be passed to an automated equipment identification 
device such as the Amtech tag for transmission to wayside monitor stations. In this manner, 
information about the status of the car and’cargo could be reported through existing 
communication systerps. In situations requiring immediate response (e.g., failed bearing, 
broken axle), direct transmission to the engineer or dispatcher could be accommodated by a 
connection to a voice/data radio. To validate the communication strategy, we selected the 
cellular telephone technology to test the essential features. 

Power issues: The issues for this design characteristic are independence of operation and 
serviceability. If the electric-controlled braking system, currently under development, is 
fielded Ipefs. 9 and lo], a source of power for the Green Box would be available. In the 
meantime, the strap-on module must be stand-alone on most freight cars. Extracting power 
from the air brake system was rejected because it would introduce a serious failure mode in 
the safety system. A caboose-style power pick-up concept was also discarded because it 
was judged too expensive to install and maintain and had low reliability. As a result, we 
settled on a battery-operated system with the goal of three months independent operation. 
A solar panel recharging system was considered but the additional cost outweighed any 
potential benefit we could idenw. 

Controller and Processor issues: Processing the data collected by the sensors and 
extracting the information is the essence of the Green Box. Depending on the application, 
several different sensors could be needed. To accommodate the variety of possible customer 
applications, we established an input standard of 0-5 volts. The processor would calibrate 
the signal values and interpret the corresponding measurement in a look-up table. To hold 
conversion tables and scratch pad information for the specific applications, we augmented 
the processor with a memory chip. To reduce power consumption, the processor should 
control the transmitter duty cycle. The system should be designed to report “by-exception” 
only. To minimize false alarms (limits to be established by discussions with customer), 
polling techniques and signal averaging should be employed. As much as practicable the 
design should be processor independent. 

Packaging issues: The packaging must provide protection for the strap-on module when 
exposed to environmental conditions: -40°C to +80”C, humidity 0-loo%, shock (5% min- 
max absolute shock bounded between 20 and 100 g’s over the frequency range 10 to 
1,000 Hz), and vibration (bounded between 0.01 and 0.1 g2/Hz over the frequency range 
10 to 1,000 Hz). if post-accident survival is required, these specifications can be supple- 
mented with immersion in a fuel fire (- a few minutes) and static crush load (- 1000 lb). 
Previous designs have considered this survivability option but the current product 
performance characteristics do not support the added expense of a stronger housing. 

Location issues: In some instances the customer may desire location information. If 
hazmat is being monitored or the railcar is serving as temporary storage on a siding, 
independent location information might be usefid. Since the initial Green Box market targets 
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high-value cargo and hazmat, it is conceivable that the strap-on module’s owner might not 
be the railroad company. In the case of certain shipments (e.g., containerized cargo), the 
tags are not on the railcar; and in the case of some hazmat (e.g., the phosphorous 
producers), the tank cars are owned by the shipper or car leasing companies. The GPS 
receiver is therefore included as an option for the security and hazmat applications but not 
for the maintenance scheduler product. 

Display issues: The information collected by the strap-on unit can be displayed on a 
standard personal computer found in today’s business office. If augmented with modem 
capability and configured with a niinimUm of 8 Meg RAM and 80 Meg disk space, the 
office PC can run a compiled version of the display sohare.  

Validatingthe System Design Assumptions: We assumed fiom the outset that 
commercial hardware and software could be used to configure a typicd office personal 
computer to receive and display the information transmitted fiom the Green Box strap-on 
units. In addition, we assumed that any common communication system could be used to 
transmit data from the remote unit to the base station. Both these assumptions are crucial, 
for they significantly impact the cost of implementing a Green Box monitoring system. The 
major cost of a Green Box system is associated with the communications system. Ifwe can 
demonstrate that the proposed design was adaptable to common equipment, the concept is 
sound. 

The Green Box remote unit was assembled fiom a collection of parts salvaged fiom 
other experiments (see Figure 3). The base station software was written in Labview 
(commercial Virtual instrument s o h a r e  product used at the laboratory) and down-loaded 
to a Gateway 2000 personal computer adapted $th a MicroCom modem. With this 
configuration, periodic temperature and position data was transmitted fiom a railcar on the 
Santa Fe Southern Railroad during a round trip run-fiom Santa Fe to Lamy, New Mexico. 
The data was sent $a cellular telephone to the Green Box base station at Sandia National 
Laboratories/Califomia. 

This simple test validated the assumptions. Two-way communication was also 
demonstrated. Independent assessment of similar communication strategies used in other 
projects at the laboratory reinforced these conclusions. 
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Figure 3. Proof-of-Concept Hardware 

Manufacturing issues: In additional to the operational characteristics, the system 
requirements also reflect choices driven by manufacturing issues, the desire to produce a 
reliable product at the lowest reasonable cost, as well as low life-cycle costs (installation 
ease, serviceability, reparability, durability, etc.). The key is produceability at low cost. To 
achieve this, we require designs insensitive to part tolerance. Commercial parts and standard 
production processes must be specified. Based on the benefits analysis, we established a 
cost target of $500 per unit for the strap-on module produced in lots of 1,000. 
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6. Circuit Implementation 
The Green Box circuit implementation is a low-cost, low-power, flexible design. A 

flexible design allows for a wide variety of potential applications. Sensors were not included 
in the cost, since the exact sensor suite will be determined by the customer. In addition, a 
communications capability was not costed because data transmission is application-specific. 
Although these finctions were not included in the cost estimate, the interface for different 
types of sensors and for data communications was included. Appendix C gives a schematic 
of the Green Box data processor printed circuit board. 

At the heart of the Green Box is the Motorola MC68HC8 11E2 microcontroller. This 
device family is widely used in the automobile industry. The MC68HC811E2 device is an 
advanced 8-bit microcontroller with highly sophisticated on-chip peripheral capabilities. An 
alternative design uses the Intel 87C196 microcontroller, which is a 16-bit device with 
higher speed processing capabilities but a slightly higher cost. For the initial Green Box 
application, the Motorola device was chosen. 

The microcontroller is a filly static design that allows operation at fiequencies down 
to DC. Operating at lower fiequencies reduces power consumption, which is a desirable 
characteristic for battery operation. An eight-channel analog-to-digital (A/D) converter is 
included on-chip with eight bits of resolution. A low-power stop mode capability allows the 
Green Box to be put into a s1eep:mode to conserve power. The Green Box can be 
programmed to run in a “pulsed” mode, Le., turned on for 10 milliseconds, turned off for 
990 milliseconds. In this mode, a sensor can be checked for possible alarm conditions once 
per second with only a 1% duty cycle. 

6.1 Sensor Inputs 

The sensor interface includes eight differential inputs that can accept single-ended 
inputs by grounding the inverting (or noninverting) input pin. The input amplifiers can be 
configured for gain and anti-aliasing filters by the proper selection of resistors and 
capacitors. A differential input interface was selected to allow sensors with either single- 
ended or differential outputs to be connected. Table 7 gives the pinout to the DB 25-pin 
connector, which provides the sensor inputs to the amplifiers. 



Table 7. Sensor Input Connector Pin Definitions 

Pin No. Input name 

Chahnel O+ 
Channel 0- 
ground 
Channel 1+ 
Channel 1- 
ground 
Channel 2+ 
Channel 2- 
ground 

Pin No. 

10 
11 
12 
13 
14 
15 
16 
17 
18 

Input name 

Channel 3+ 
Channel 3- 
ground 
Channel 4+ 
Channel 4- 
ground 
Channel 5+ 
Channel 5- 
ground 

Pin No. 

19 
20 
21 
22 
23 
24 
25 

Input name 

Channel 6+ 
Channel 6- 
ground 
Channel 7+ 
Channel 7- 
ground 
+5 volts 

6.2 GPS Receiver Interface 

The GPS receiver integrated into the Green Box is a VP Encore receiver 
manufactured by Motorola. It is delivered as a I l ly  assembled printed circuit board with 
dimensions 2.00 in. x 3.25 in. x 0.64 in. The GPS serial communications has a TTL level 
interface and receives commands to provide the appropriate output messages. Also included 
with the receiver module is an on-board keep-alive battery and an active antenna. Ten pin 
headers on both the GPS board and the Green Box processor board are used to connect the 
two modules with a ribbon cable. 

6.3 Communications Interface 

As we described in the concept of operations section, the communications system for 
the Green Box module will be determined by the operational requirements of the customer. 
We therefore designed the communications interface to accommodate several options. A 
cellular telephone concept was validated in a field test. Another option might be to use the 
railroad’s radio network or Similar RF system. For the purpose of this design, we investi- 
gated using an FCC part 15 spread spectrum radio with 1/3-watt output power. The radio 
includes a 32-bit CRC error detection with retransmission capability. Information is supplied 
and received over an asynchronous RS232 interface. This device is manufactured by 
FreeWave Technologies, Inc. of Boulder, Colorado. FreeWave Technologies has applied 
for FCC approval for converting the radio RF output power to 1 watt. 

The FreeWave Technologies DGR-115 spread spectrum transceivers are capable of 
data rates of 115.2 Baud  over distances of 20 miles or more. Unlike cellular and land line 
data communications, this transceiver sets up quickly and has no ongoing access fees. When 
used in conjunction with other data links such as the Internet, it is possible to combine 
wireless and wireline data communications, essentially making remote data available around 
the world. 
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6.4 Power Supply 

A 7-volt dual-cell 1.6 ampere-hour lithium battery provides the power for the entire 
Green Box processor board. A 51volt output DCDC converter provides power regulation 
to all circuits, including analog signal conditioning, RS232 transceiver, and digital devices. 
As described earlier, the Green Box has a sleep mode of operation for prolonging battery 
life. For the security application, the Green Box could operate in an interrupt driven mode 
with the security sensor output providing an intempt to "wake upyy the processor, which 
provides the alarm. In this mode, power is.conserved until needed. 

25 



26 

Intentionally Left Blank 



7. Product Realization 
There are some requirements uncertainties due to the large quantity and diversity of 

potential customers. For the initial product focus, the security of cargo application is 
targeted. The unresolved issues are the customer’s choice of data communication and types 
of sensors needed. It is not known whether an application is desired that provides 
information directly to a base station owned by the customer or transmits an alarm 
condition to the train engineer for relaying via the railroad company’s voice 
communications system. Other unknowqs include sensor type, sensor sampling rate, 
required signal conditioning and anti-aliasing filters, and signal processing. 

The cargo burglar alarm system operates as follows: The Green Box is mounted on a 
railcar, or possibly connected directly to the cargo container. The security module contains 
a processor, GPS receiver (ifneeded), and communications transceiver, and is attached to 
one or more (up to eight) sensors to monitor door switches, temperature, orientation, or 
fluid levels. The processor could monitor the sensors once per second (or seconds) or be 
placed in an interrupt mode, then put to sleep to conserve power. A sensor threshold, when 
exceeded, would provide the interrupt to the processor, which “awakens,” takes sensor and 
GPS readings, then communicates information to the train engineer or dispatcher. The 
information could then be relayed to the appropriate agencies. An alternative design would 
incorporate a cellular phone and modem to allow the owner of the cargo to query the Green 
Box for information when needed. 

For this application, a single printed circuit board will contain all Green Box data 
processing electronics. In addition to the processor board, the GPS receiver electronics and 
the communications transceiver are on separate boards designed by the respective supplier. 
All three boards can be stacked inside the Green Box enclosure. To keep costs low, 
commercial surface-mount parts were used where possible. Printed circuit board fabrication 
costs are proportional to the quantity of hole drilling needed to produce the boards. To 
reduce labor and wiring costs, we must consolidate as many functions as possible into a 
single container. CMOS technology is used to keep power consumption low. 

7.1 Manufacturing Costs 

Delta Group Inc. of Albuquerque, New Mexico, performed a manufacturing study of 
the Green Box design. Delta Group’s findings are summarized in the report found in 
Appendix D. The one-time costs associated with a receiving station (located at company 
headquarters or at the railroad dispatcher office) to display the alarm message information, 
soRware modifications to adapt the Green Box to a specific application, and the purchase of 
a communications transceiver were not included in the Delta Group estimate. These costs 
will be included with the non-recurring engineering (NRE) cost estimates. 

An itemized list of costs to manufacture the Green Box is provided in Table 8. NRJ3 
costs, which include software and manufacturing engineering, are given first. The 
manufacturing engineering NRE costs are included twice, once as a total and listed with the 
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associated item but not included in the materials and labor total. The item numbers given in 
Table 2 correspond to the numbers in the drawing included in the Delta Group report in 
Appendix D. The NREi costs can be amortized over several thousand units produced. 

Item Description 

Table 8. List of Costs for Producing the Green Box in Quantities of 1000. 

Part number 

1 

2 

NRE software engineering 
NRE mandacturing engineering 

enclosure 95F6395 
tooling (175.00) TBD 
GPS antenna connector TBD 

3 hardware 
I I 

4 I VP Encore GPS receiver with I 

5 

6 
7 

I activeantenna 

battery pack stack 2 AA 7V 
1.6Ahr 

cable assembly (sensors) 
747052-2 
746290-6 

assembly labor 

TBD 

AMP 
AMP 
AMP 
3M 

1 3.80 

1 4.18 
1 0.81 
1 0.09 
1 0.40 

8 
9 

10 
11 

I 499252-5 

499252-3 
3365125 

assembly labor 
cable assembly (communications) 

747052-4 
746290-1 

13 3365109 
assembly labor 

Supplier Qty Price 

AMP 
AMP 

BUD 1 14.85 

2.16 

2 0.82 
2 0.14 

mi 
20.00 

14 

m n  7n nn 

cable assembly (GPS logic) 
746290-1 

I I 1 

2.16 

AMP 
3M 1 0.40 
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Item 
16 

Description Part number Supplier 
3365/09 3M 

assembly labor 

17 
cable assembly (GPS antenna) . I 

OSX microminiature M/A COM 
18 I coaxial cable (RG-58U) I BELDON 

19 
PC board fabrication, 4 layer 
4" x 6" silk-screen/mask 
CAD/CAM ($600.00) 
PC board fab tooling ($900.00) 
PCB test (included w/tooling) 
solder stencil ($25 0.0 0) 
surface-mount engineering 
($100.00) 

PC board assembly labor 
MOTOROLA 

INTEL 

LINEAR 

1 8.75 
1 9.17 

1 N/A 
0.24 

1 1.63 
1.71 

20 
21 

microcontroller MC68HC811E2 
alternative microcontroller 
($22.00) N87C196KC-16 

24 
25 
26 
27 

latch 74HCT573 
inverter 74HCT04 
triple OR gate 74HCT32 
D O C  converter I"3-0505SI 

29 
30 

power-up reset MAX694 
operational amplifier OP490S 

3 1 
32 

~~ ~ 

128K x 8 static RAM 
capacitors 

HM628128CFp7 

34 
35 
36 

battery header 22-29-2021 
communications and GPS headers 499206-1 
sensors header 499206-6 

I ame 8 (conunuea). 
I I I I 

TBD 1 I 16.00 I 
TBD 1 I NREI 
TBD 1 I NREI 
TBD 
TBD 

TBD 

22 I J-leaddecoder I 74HC138 
23 I RS232 transceiver I LT1081 

I 0.21 I 44 23.13 VOLGEN 
28 I oscillator DIGlKEY i l  DEV 

HITACHI I 1 I 10.73 I 
10.00 

1.16 

33 I resistors 
MOLEX 
AMI? 
AMP 1 1 1  1.17 I 
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Table 8 (concluded). 

Item Description Part number Supplier 

37 comm transceiver, including 
antenna and cable DGR-115 FREiEWAIE 

Total materials and labor: 

Qty Price 

1 400.00 

$832.68 

Neither the cost of sensors nor the cost to install the sensors is included in Table 8. 
The price of sensors can vary significantly even among sensors of the same type. Each type 
of sensor has a range of prices, which depend on the sensor’s required sensitivity, 
robustness, and signal processing capabilities. Table 9 gives a sampling of the range of 
prices for a given type of sensor, which could be used with the Green Box. 

Table 9. Range of Prices for Possible Green Box Sensors. 

Type of sensor 

door sensors 
balanced magnetic switch 
regular magnetic switch 

motion sensors 
passive infrared 
monostatic microwave 

boundary sensors 
active Mared 
exterior active infrared 
breakwire sensors 

temperature sensors 
thermocouples 
resistive temperature devices (RTDs) 

strain gages for detecting weight changes 

Range of prices 

$60 - $300 
$5 - $25 

$40 - $800 
$150 - $1200 

$200 - $2000 
up to $5000 
$100 - $1000 

$5 - $40 
$40 - $100 

$15 - $20 
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8. Market Potential 
A marketing study was conducted for the Green Box project by the School of 

Business and Economics, California State University, Hayward. The study Ipef. 113 
concluded that three issues are important for the successfirl marketing of the Green Box: 
industry awareness of the product capabilities, the existence of a broad customer base, and 
the cost of the product. Of these the cost is paramount; “cost should be kept low.” Our 
product costs were therefore kept as low as possible. 

To firrther reduce the cost of a Green Box system, one might therefore consider 
applications that offer alternatives to radio message traf€ic. For example, ultrasonic or audio 
alarms rather than radio transmitters might serve the basic needs of a security application by 
simply bringing attention to the situation. Coded ultrasonic bursts picked up by wayside 
monitors or battery-power receivers on the locomotive are a possibility. In terms of product 
awareness, the observation was made that the railroad industry is wary of new technologies; 
testing and data supporting product claims is needed. For this reason, the benefits analysis 
was based on published industry data and the communication system validation test was 
included in this project. . 

Finally, the multiple product types, which the softwarehardware reconfigurable 
design makes feasible, can be used to satisfjl the needs of a variety of customers. The result 
is a robust capability that strengthens the marketability of the product (see Figure 4). 



7 IR TRANSCEIVER MODULE 

RFTRANSCENER MODULE 

DATA INTERFACE 

SENSORCABLE 

ACOUSTIC 
TRANSCEIVER 
MODULE 

Figure 4. Green Box Reconfigurable Product Line 

In addition,' the business research project recommended two strategies for launching 
the Green Box product: ' 

0 First, the research recommended a joint venture or licensing agreement. This is the 
approach we have taken. Through the contacts provided by the Alliance for 
Transportation Research (ATR), the Delta Group and SAIC were approached with this 
intent. At this time, the Delta Group indicated an interest in proceeding firther with the 
concept by producing prototypes of the Green Box based on the manufacturing process 
we have jointly developed. 

Second, the market research group suggested we enlist large insurance firms with the 
intent of convincing them to offer premium credits for the use of the Green Box. In this 
strategy, the data collected on losses associated with accidents, incidents, and 
environmental liabilities are very important. If damage claims continue to climb, this 
may be a very fiuitfid avenue to pursue. 
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9. Conclusion 
The Green Box strap-on sensor package has the potential for providing significant 

savings for the railroad companies or’for individual shippers of high-value or hazardous 
material cargo. The initial application provides securiv of the cargo and tracking capability 
at a reasonable price. Future applications can extend benefits to include emergency 
transmissions during a hazardous material transport incident and railcar maintenance 
scheduling. We believe that the best entry into the marketplace is a tiered approach, which 
allows the initial Green Box modules to have a low initial cost. The feasibility for other 
applications of the Green Box is improved once the market is penetrated and an 
infrastructure is put in place. 
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T!tc University of New Mexico 

June20, 1994 

Doming0 Sanchez Director 
State Transportation Authority 
Montoya Building 
1100 St. Francis Drive 
Santa Fe, NM 87503 

Dear Mr. Sanchez: 
At your request I have processed the contracts which we received earlier today. The 

contract will be with the Regents of the University of New Mexico. This change has been made 
and initialed on the copies our representative has signed. The statement of work is as follows 
which is an abbreviated version of the statement of work previously sent to you in our proposal. 

Statement of Work 
Technical Content: 

Task One - User Requirements 

this process, the project team will work with the customers - including the State Transportation. 
Authority, U.S. Department of Transportation, railroad companies, and emergency response 
coordinators -- to identify functionaVoperation requirements for the Green Box automated 
monitoring and tracking system. Deliverables include identification of elecmcal and mechanical 
interfaces for integrating the Green Box into the dernonsuation rail platforms. A description of 
the range of operational situationsathat may be adequately handled will be developed. This task 
will provide guidelines for installation interfaces for application to rail rolling stock. 

Planning activities to identify user requirements are critical to the entire p robm.  During 

Task Two - Benefit Analysis 

on a large scale (fleet-wide). Potential benefits include cost savings associated wich scheduled 
versus unscheduled maintenance of safety critical components, reduced loss due to theft and 
pilferage, and reduced environmental remediation costs of hamat incidents.. The project team 

Objective of the benefit analysis is to evaluate the economics of operating such a system 

, -  
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Letter-Doming0 Sanchez 
State Transportation Authority 
June20,1994 . 

wilI work with emergency response agencies to identify the proper metrics, methodology, and 
problem statement for the assessment. The following outline is a preliminary starting point. 

1. Obtain general information on the cost to the railroad industry of problems the Green Box 
may mitigate. 
2. Select applications with the best cost-benefit ratio for the Green Box. 
3. Develop detailed information on the problehs selected. 
4. Confirm cost-benefit analysis for selected potential application, and estimate annual benefits 
that would be realized by implementins the Green Box. 

Schedule: 

An itemized budget is also attach@ for the Phase I funding we discussed. Please le1 me know if 
you require anything additional pertaiing this contract. 

Sincerely, 

k Gordon McKeen, P. E. 
hlmger, Civ.il Systems 8c Safety Division 

. . *  
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Supplemental Hazardous Materials Shipment Information: 
Rail Incidents 

1. Dunsmuir, California, July 14, 1991. A 97-car fieight train had 6 of its cars and rear 
locomotives derail on a bridge over the Sacramento River. A derailed tank car was damaged 
and released 19,500 gal. of the pesticide metam sodium into the river. Metam sodium is not 
designated by DOT as a hazardous material, and placards were not displayed on the tank 
car. Shipping papers for the car listed the material as a weed killer but did not specirjl 
potential hazards. In addition, the material is not listed in the DOE Emergency Response 
Guidebook. As a result, fire and police officials responding to the derailment were uncertain 
of the hazards associated with the material and did not have information indicating its 
toxicity to fish and other water life. Because of the uncertainty about the chemical, 
responders treated the spill as potentially hazardous and contacted CHEMTREC for safety 
data. More than 3 hours passed before responders were able to obtain basic information 
about the chemical's hazards (unpublished NTSB rail accident investigation 
document ation). 

2. Freeland, Michigan, July 22, 1989. A fieight train had 14 of its cars derail. Six tank cars 
were damaged and released all or part of their loads and caught fire. The tank cars 
contained styrene, monomer, acrylonitrile, acrylic acid, naphtha, and a mixture of 
chlorosilanes. M e r  the accident, the conductor radioed the rail yard dispatcher, who 
notified the local fire department. Fire officials arriving on the scene were immediately 
provided with the train consist and waybills. Shippers of the materials were notified, and 
many sent representatives to the scene within 2 hours. Railroad employees and a shipper 
representative assisted fire officials in reviewing the shipping documents and identifjing the 
hazardous materials. The materials involved in the wreck were quickly identified. However, 
because the tank cars were jumbled in the pileup and placards and car markings were not 
visible due to smoke and fire, fire officials could not determine which materials were 
burning. Without this information, fire fighters could not determine the appropriate 
extinguishing agent and were forced to let the fire burn longer than they otherwise might 
have. About 1,000 residents were evacuated almost immediately after the derailment 
(NTSB 1991b). . 

3. Seacliff, California, July 28, 1991. Twelve cars of a freight train derailed under a fieeway 
overpass. Many of the cars were flatbeds that had been canyhg internodal containers. In 
the pileup caused by the derailment, many of the intermodal containers were ejected. Fifteen 
55-gal. drums escaped from the containers and were punctured, spilling 440 gal. of 
hydrazine. A 5,000-gal. tank of naphthalene was also ejected near the drums, although it 
was not breached. Because fire units had to approach the train from the rear, they did not 
have access to the train's consist and waybills, which were located at the fiont end. The 
only access road leading to the front of the train passed through the accident site. This 
logistical problem resulted in a delay before fire officials were able to determine which 
materials were involved in the derailment. However, because many of the intermodal 
containers and their contents (drums) had been ejected fiom the cars and scattered, fire 
officials could not determine the origin and contents of each drum. To obtain this 
information, fire fighters in protective equipment had to visually inspect the labels on each 
of the damaged drums (unpublished NTSB rail accident investigation documentation). 
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4. Miamisburg, Ohio, July 8, 1986. Fifteen cars of a 44-car freight train derailed. Three of 
the derailed cars were tank cars containing yellow phosphorus, molten sulfur, and tallow. 
The tank cars, which derailed on a bridge, were extensively damaged, lost product, and 
were involved in the resulting fire. Local fire and police officials were alerted by witnesses 
to the derailment. The first responders could only see two of the tank cars because of the 
smoke and fire. The more visible car had lost its placards in the crash; therefore, first 
responders were not immediately aware that hazardous materials were involved. After 
surveying the-damage, the conductor met the emergency responders, alerted them to the 
presence of hazardous materials, and presented them with the train consist. The conductor 
had to return to the locomotive to retrieve the waybills, which he had inadvertently left 
behind. The waybiils were not in order and had to be reassembled to identify all the cars in 
the derailment. In addition, the conductor left behind in the locomotive an emergency guide 
that accompanied the phosphorus shipment. To confidently identi@ all of the cars involved, 
fire fighters were sent into the derailment site in 111 protective equipment to visually inspect 
each car (NTSB 1987). 
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BOARD ASSEMBLY1 TECHNICAL S 2 V I C E S  
2 
%F;tp 2105 Aztec NE 

, cs 

March 19,1996 

CABIE/ELECTROMECHANlCAL ASSEMBLY 
3444 Princeton NE 

1. INTRODUCTION 

Delta Group, 4nc. has  prepared this report for the Sandia National Laboratories 
feasibility study on railroad car instrumentation for the transportation industry. The 
attached depicts the costs associated with the complete manufacturing of a sensor box, 
known as the Greenbox and details costs breakdowns for parts, labor and engineering 
(NRE) as of Q1 1996 pricing. 

11. COSTS 

Part costs are based on one thousand piece quantities and obtained fro% best vendor 
pricing where applicable. 

. 

Labor pricing is based on a standard labor rate per hour currently used by Delta Group. 
Labor costs do not reflect microprocessor/EEPROM programming, or, tooling charges 
for factory programming of this part. Factory programming would be a feasible 
alternative after firmware revisions have matured and future requirements have been 
proven and satisfied. Tooling cost can then be amortized over several thousand units. 

Engineering (NRE) reflects outside costs required to complete manufacturing 
engineering to satisfy production requirements. This is a one time charge and can be 
amortized into the initial production run of one thousand pieces. 

. .. ._. . . .. ._. . -: - . ?  
\: _.. 

Alternative pricing reflects the use of an INTEL microprocessor in place of the originally 
specified MOTOROLA microprocessor. 

111. CONCLUSION 

The attached report details the following: 

. .  ,- 
i 

Materials costs: $41 9.97 
Alternative Materialg (Intel) $432.80 
Labor. $34.71 $34.71 
NRE: $2025.00 
.Total unit cost ' $454.68 
Total unit cost alternative materials, $467.51 

505 883 7674 FAX 883 5888 
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