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This paper compares the EA-1 (computer simulation) and AASHO 
methods for computing vehicle operating costs in respect to inter
changes and route location. It analyzes the generalized design 
situation of (a) interchange vs intersection, and (b) over- vs 
under-grade separations for controlled-access highways. 

Selected highway design problems such as (a) high vs low bridge 
crossing, and (b) expressway vs noncontroUed-access highway also 
are discussed. 

#THIS PAPER discusses the use of a digital computer in analyzing the vehicle operat
ing costs associated with certain types of highway alignments and compares these results 
to those of other more usual user cost analysis techniques. The computer programs 
involved are those developed by the Civil Engineering Systems Laboratory of the Civil 
Engineering Department at M. I . T. and described in the Highway Research Board paper 
(1961), "A New Technique for the Prediction of Vehicle Operating Cost in Connection 
with Highway Design. " 

The research reported has two objectives: (a) to test the suitability of the AASHO 
Report on Road User Benefit Analyses for Highway Improvements (hereinafter referred 
to as the "Red Book") for the determination of vehicle operating costs, and (b) to ex
plore ways in which the computer programs (hereinafter referred to as the "EA-1 Pro
grams") could most appropriately be used for determining such costs. This research 
is far from complete, but the analysis of four types of alignment problems can 
be discussed at this time. Both the alignment situations and the nature of their 
analysis were quite different in each case. Thus, this paper is essentially a 
report on four separate, though closely related, investigations involving the use 
of the EA-1 Programs. (Actually, two different program sets were used in the 
research described. The original set of IBM 650 programs discussed m the 
earlier HRB paper on this work was used for the interchange ramp problem. 
A newer, faster program coded in FORTRAN for the IBM 709/7090 was used for 
the remaining analyses.) 

The f i rs t of these was a preliminary investigation of the assumption in the Red Book 
that vehicle performance is not significantly affected by variations in highway profile so 
long as the average or "composite" grade remains constant. This involved running ve
hicles (in the computer) over several different profiles with the same average grade and 
recording their performance. The variations in the results were analyzed to give some 
indication of the constraints that should be placed on the use of the Red Book in estimat
ing fuel consumption under different conditions of alignment and operation. 

A second investigation involved a straight-forward analysis of three alternative loca
tions for a 10-mi section of interstate highway. This analysis was performed f i rs t 
with the Red Book and then with the EA-1 Programs and the results compared. Some 
possible restrictions on the applicability of the Red Book were also inferred from this 
investigation. 
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A third investigation was concerned with the analysis of user costs on two ramps of 
an existing interchange as compared to the user costs on the ramps of a more elaborate 
replacement interchange. In this case, the computations were made by three different 
methods: the EA-1 Programs, the Red Book, and the unit cost tabulations given in 
Woods' "Highway Engineering Handbook. " The results of these analyses suggest cer
tain conclusions on the suitability of each method for the analysis of this type of align
ment problem. 

The fourth investigation involved a special sort of problem: that of deciding whether 
to take a nonconnecting secondary road over an expressway or the expressway over the 
secondary road where the topography does not dictate the selection of one configuration 
over the other. The differences in the user costs associated with such alignment alter
natives are so slight as to be undetectable with the Red Book, but with high traffic 
volumes these differences are nonetheless significant. The EA-1 Programs can deter
mine these differences. The results in this case were set up in a matrix showing the 
relative user cost advantage of one alignment configuration over the other for different 
combinations of expressway and secondary road traffic. 

It was possible to draw a few general conclusions from these four somewhat separate 
investigations. These bore out earlier expections that the Red Book was well suited to 
many, if not most, alignment situations, but that in situations requiring an analysis 
technique of high sensitivity the EA-1 Programs may be superior. Li addition, i t was 
possible to show that the basic relationships between fuel consumption and gradient now 
used in the Red Book need further study. 

THE EFFECT OF PROFILE ON FUEL CONSUMPTION 
The objective of this f i rs t investigation was to test one of the major assumptions of 

the Red Book method; namely, that vehicle performance is not significantly affected by 
variations in highway profile so long as the average or composite grade remains con
stant. Also of interest was the determimng of fuel consumption and travel time for trucks 
as compared to cars, so as to determine whether truck performance could be reasonably 
approximated by multiplying the values obtained for automobiles by a truck factor. 

Description of Grade Test 
Two test vehicles were run in simulated 

operation over several profile configura
tions, each 10,000 f t long and each 
with an over-all average grade of 1 per
cent. The test was then repeatedusing con
figurations with over-all average grades 
of 3 percent. Two factors dictated the 
selection of these particular average 
grades: (a) average gradients below 1 
percent have little effect on automobile 
fuel consumption, and (b) i t is difficult 
to find many profile configurations for 
average grades of more than 3 percent 
that wil l not involve unrealistically large 
gradients (say, 7 to 10percent)by inter
state standards. 

Both the 1 and 3 percent tests involved 
two basic types of configurations: (a) pro
files made up entirely of 1 and 3 percent 
grades, and (b) profiles with grades that 
were neither 1 nor 3 percent, but that 
averaged to 1 or 3 percent over the total 
alignment. Figure 1 shows these grade 
configurations for the 1 percent test. The 
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Figure 1. Alternative prof i les , 1 percent 
average grade. 



3 percent test was similar, with the foUowmg exceptions: (a) run 3 was omitted, (b) run 
5 was tried with both 6 and 4 percent grades, and (c) run 6 used 4 percent grades. In 
all cases, the lengths of the grades were adjusted so that the average gradient over the 
2-ml section was 3 percent. 

In every case the test vehicles were run at three attempted speeds: 20, 40, and 
60 mph. 

Test Vehicles 
The vehicles used for the test were a 1960 Plymouth station wagon and an Inter

national Harvester truck and semitrailer. The important characteristics of these ve
hicles are shown below: 

1. 1960 Plymouth station wagon (8 cylinders, Torquefllte transmission): 
Weight (loaded) 5,060 lb 
Ratings max. 230 hp at 4, 400 rpm 

max. 340 f t - lb at 2, 400 rpm 
Transnussion ratios low gear 1.72 

high gear 1. 00 
Rear-axle ratio 3.31 

2. 1960 International tractor (model R205FA) with flat-bed semitrailer: 
GCW 55,000 lb 
Weight (loaded) 41,480 lb 
Ratings net 166. 5 hp at 2, 600 rpm 

max. 182 hp at 3,000 rpm 
net 382 f t - lb at 1,200 rpm 

Transmission ratios 
(Int. T51) 1st 8.03 

2nd 4. 61 
3rd 2. 46 
4th 1.41 
5th 1. 00 

Two-speed rear axle low 7. 59 
high 5. 57 

Vehicle Operating Conditions 
The vehicles were assumed to be relatively new and in good running order. The 

truck was loaded, and it was assumed that i t only used four forward gears. 
Appropriate vertical curves were used on all alignments. Fuel consumption was 

computed at 2-sec increments and output was punched at 1-sec increments. It was 
assumed that the vehicles entered each test section at ful l (attempted) speed. 

Results 
Table 1 shows a partial summary of the test results. These particular results are 

for the 40-mph tests, which were most representative of usual operating conditions. 
The results of the 20- and 60-mph runs showed that fuel consumption is most affected 
at lower speeds but wi l l generally drop to accepted values at more usual speeds. 

Table 1 shows the effect of profile on fuel consumption. Tests 1, 2, and 3 show a 
fuel consumption of 0.069 gal, and Tests 5 and 6 show an almost 20 percent mcrease to 
0.083 gal, even though the average grade was 1 percent in every case. The same ef
fect can be seen on the 3 percent tests, though it is less pronounced. The variation 
between Tests 5A and 6A is explained by the fact that Test 5A involved 6 percent grades 
and Test 6A involved only 4 percent grades. Also, the difference m fuel consumption 
between the 1 and 3 percent tests amounted to more than 15 percent. The Red Book 
shows a difference of only about 5 percent between these same two sets of average 
grades. 



TABLE 1 
EFFECT OF PROFILE ON FUEL CONSUMPTION^ 

Vehicle 

Fuel Consumption (gal)'' 

Test 
1 

Test 
2 

Test 
3 

Car: 
1 Percent 
3 Percent 

Truck: 
1 Percent 
3 Percent 

0.069 
0.081 

0.36 
0.51 

0.069 
0.081 

0.36 
0. 48 

0. 069 

0.35 

0. 083 
0. 092 

0.36 
0. 56 

0. 082 
0. 083 

0.38 
0. 51 

^uns a l l at hO mph. 
"Per average one-way t r i p . 

The results for the truck test were slightly different. The 1 percent runs produced al
most no increase m fuel consumption in going from Tests 1, 2, and 3 to Tests 5 and 6. 
This IS probably explained by the way in which a truck operates. By use of proper gear 
ratios, it can select the most efficient point in the fuel map at which to operate. The 
effect on the truck was thus a loss in speed rather than a loss in fuel performance. 
However, there was a 42 percent increase in truck fuel between the 1 and 3 percent 
tests. The effect of individual grades was also more pronounced in the 3 percent tests. 

Conclusions 
The test results suggest the following conclusions: 
1. Where the individual grades in a class (as defined in the Red Book) are mixed, 

the composite grade assumption is probably satisfactory. Where a profile includes 
widely varying individual grades, the composite grade assumption is probably not too 
good. 

2. The difference in fuel consumption between higher and lower grades becomes 
pronounced at the lower speeds. The AASHO values are probably satisfactory, nonethe
less, at most usual operating speeds. 

3. In general, the Red Book may not give entirely satisfactory results for speeds 
below 50 mph and average grades above 3 percent. The EA-1 Programs provide a more 
sophisticated method to handle these situations. 

4. Fuel consumption for trucks is radically increased on higher grades. The effect 
on truck time may be even more significant. The Red Book has no way of determining 
truck performance directly. If truck performance is critical in the evaluation of a proj
ect, use of the EA-1 Programs should be considered. 

5. The results of these tests appear to disagree with the Red Book fuel consumption 
curves for automobiles. Values for all grade classes should tend to approach the same 
asymptote at higher speeds. The AASHO curves do not reflect this fact. 

AN INTERSTATE ROUTE LOCATION PROBLEM 
A second mvestigation involved the analysis of a 10-mi section of interstate route for 

which three alternative locations were being considered. The primary objective of this 
investigation was to compare annual costs as computed by the Red Book with those ob
tained by the computer to see whether the greater sensitivity of the computer method 
could conceivably affect the route location decision itself. 
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Figure 2. Interstate Route location problem. 

The Problem and Its Analysis 

Figure 2 shows plan and profile views of the three alignments. Line O, although a 
very direct route with good grades, encounters soil problems. These would increase 
the construction cost. Line W would have much lower construction costs, but less 
favorable grades. Line OW is a compromise line, with even lower construction costs, 
but with slightly higher gradients. Line O has a total rise and fal l of 1,700 f t or a 
composite grade of 3. 62 percent; Line W has a total rise and fa l l of 2,050 f t or a com
posite grade of 3. 42 percent; and Line OW has the largest rise and fa l l , 2,150 f t , with 
an average gradient of 3.91 percent. 

The problem resolves itself into a choice between Line O and Line OW. Line O, 
though it has higher construction costs, has lower road user costs. Line OW has a 
lower capital cost, but higher road user costs. 

The same vehicles used in the previous profile problem were used in the computer 
analysis of this problem. Both automobile and truck speeds were assumed to be 55 mph. 
Gasoline cost was taken at $0,32 per gal. Automobile time was valued at $1, 55 per hr, 
while truck time was valued at $4,00 per hr. For both the AASHO and the computer 
methods, average daily traffic was assumed to be 4,000 vehicles per day with 10 percent 
trucks. 

In the AASHO method, truck cost was taken at four times car cost. The alignments 
were broken into two sections m computing the composite grade. (It should be noted 
that the sensitivity of the AASHO method depends on the breakmg of an alignment into 
the various grade sections. If , on the basis of a casual glance, the average grade on 
the three alignments had been judged the same, the only difference in road user costs 
would have been due to length.) 

Results and Conclusions 
Differences between the road user costs as computed by the Red Book and the com

puter were put on a per mile basis. The results are given in Table 2. 
The significant differences m total automobile fuel consumption as obtained by the 

two methods are readily explained. In the Red Book the basic fuel cost figures were 
increased by 25 percent to account for the mefficiency of present and future vehicles. 
If the basic fuel cost figures for the computer were mcreased by the same factor, the 
final results would be of about the same absolute magnitude. 



TABLE 2 
INTERSTATE ROUTE LOCATION PROBLEM 

Line Line 
Lgt. 

Average Per Mile User Costs ($) 

Costing Car Truck 
Method Fuel Time Fuel Time 

Total 
Annual 
User 

Costs* 
($) 

o 8.9 EA-1 0.017 0.028 0.089 0.085 131,700 
Red Book 0.026 0.028 (0.106) (0.112) 143,000 

w 11.2 EA-1 0.018 0.028 0. 099 0.107 132, 600 
Red Book 0.026 0.028 (0.106) (0.112) 144,000 

ow 10.5 EA-1 0.018 0.028 0.093 0.113 134, 000 
Red Book 0,027 0.028 (0.108) (0.112) 144, 500 

ÂDT = h,QOO} 10 percent trucks. 

In any case, both automobile fuel and time costs were relatively unimportant in this 
problem. This was not so true of truck fuel and truck time. Although there was almost 
no difference in truck fuel consumption as determined by the AASHO method, the com
puter showed a difference of 3. 5 percent for Line OW and 10 percent for Line W when 
compared to Line O. Differences in truck time were even more significant. 

The last colunm in Table 2 shows the effect of these differences on user costs. The 
absolute difference between these alternatives reaches a maximum of $1,400 per year, 
but this difference is relatively insignificant. If the volume of trucks were higher, of 
course, this difference would have been greater. 

One can conclude from this test that the road user costs obtained by the Red Book 
are acceptable for ordinary analysis purposes. In cases where the make-up of a com
posite grade is widely variant, where truck volumes are large, or where over-all 
gradients are large, the use of the computer programs might be preferred. 

AN INTERCHANGE RAMP PROBLEM 
A third mvestigation was concerned with the analysis of the user costs on two ramps 

of an existing interchange as compared to those that would be incurred on the ramps of 
a more elaborate replacement interchange. The objective of the investigation was to 
assess the amount of sensitivity needed for this type of problem. Here three different 
methods of obtaining road user costs were compared: the EA-1 Programs, the Red 
Book, and the techniques given in Woods' "Highway Engineering Handbook. " Both the 
manner in which each method treats one-way traffic (such as that encountered on ramps) 
and the methods over-all ease of application were of interest. 

Description of the Analysis 
Figure 3 shows the alignments selected for analysis. A and B are only two of the 

eight ramps of each of the new and old interchanges. For simplicity, the others are 
not shown. 

Traffic volumes through the present interchange are very high. Peak hour volumes, 
mcluding a tourist peak hour, already result in serious congestion. It is expected that 
the volumes wil l increase steadily until 1970 when a new route to the east wil l relieve 
traffic conditions at this facility. Large turning movements on both ramps A and B have 
a serious effect on the major routes. Congestion on the ramp often results in a total 
breakdown of through traffic. 
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Figure 3. Interstate ramp problem. 

TABLE 3 
TOTAL ANNUAL USER COSTS - 1970 

Cost (dollars) 
EA-1 Red Book Woods 

Present 
Proposed 

Table 3 shows total annual user costs 
in 1970 as computedby the three methods. 
The analyses used the same 1960 Ply
mouth station wagon and the International 
Harvester tractor-semitrailer combina
tion as in the previous examples. Speed 
profiles were obtained by considering 
several factors. The legal speed limit 
was assumed as the maximum speed for 
tangent sections. On curves, either the 
legal speed limit or the design speed 
(whichever was lower) was assumed to be 
the maximum speed. At the merge areas 
of the ramps, where congestion occurs 
f irs t , these maximum speeds were re
duced by an appropriate amount after con-
sidering the difference between the ramp 
traffic volumes and the capacity of the 
merge areas. (For instance, the cost for 
present ramp B, as analyzed by the com
puter, are relatively high. This figure reflects the serious congestion expected in 1970.) 

Results and Conclusions 

B: 
Present 
Proposed 

403, 000 
565,000 

679,000 
674,000 

426,000 
577,000 

496, 000 
763.000 

335,000 
437,000 

571,000 
620,000 

The results m Table 3 are reasonably close, so i t is difficult to draw sharp conclu
sions. As a result of observations made during the analysis, however, a few points 
can be made: 

1. In very complicated situations, requiring the analysis of several alternatives and 
a consideration of small differences in grade, alignment, and time delays, the computer 
programs are almost as easy to use as the other two methods. (This statement must 
be qualified by the explanation that the use of the computer programs implies a famil i 
arity with the programs and their use and also the ready availability of an appropriate 
machine.) 

2. Higher sensitivity is obtained with the computer programs. This is particularly 
true for ramps involving one-way traffic. The other methods have no way of handling 
this problem. 

3. The most difficult aspect of this problem is obtaining representative traffic 
volumes and speeds, including vehicle delays due to congestion. This must be care
fully done before any of the methods considered wil l produce correct answers. 
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4. The results of the analysis for this particular interchange are inconclusive, be
cause the effect of the ramp traffic on through-route traffic was not considered. In 
addition, only two of the eight ramps being considered were actually analyzed. 

THE OVER-UNDER PROBLEMS 
The fmal investigation dealt with a problem of a rather specialized nature. This in

volved the decision between taking a nonconnectmg, secondary road over an expressway 
and taking the expressway over the secondary road. There are, of course, many factors 
to consider in such a problem. Entering grades, right-of-way considerations, and ex
cavation quantities are only three of the important variables involved. In cases where 
the terrain is flat and other conditions are equal, however, the capital costs for the 
alternative alignments may be nearly the same, and the vehicle operating costs may 
therefore be decisive. 

The computer programs were used to carry out a user cost analysis of such a prob
lem. The differences in road user costs for over and under conditions were then tabu
lated for several different main and side road traffic volumes. 

Description of the Analysis 

Figure 4 shows the assumed profiles for the side road over and for the main road 
over. A 120-ft opening was assumed for the main road with the side road over; and a 
50-ft opening was assumed for the side road with the main road over. The speed pro
file for the main road through was set at a constant 53 mph. The main road over speed 
profile was also set at 53 mph. On the side road a speed profile of 42 mph was assumed. 
In the case where the side road went over, the speed at the top of the bridge was dropped 
to 37 mph, then increased with a constant acceleration back to 42 mph for the remainder 
of the pass over the bridge. 

A summary of vehicle performance is shown in Table 4. The fuel costs for the main 
road were greater than those for the side road in all cases. This is due to the increased 
speed of vehicles on the mam road and the resulting higher fuel usage. The problem 
therefore becomes a study in time savings, not fuel savings. 

/SO' 

Sn9. 
I 

/o 
I I 

so 

Figiire U. Over-under problem. 



TABLE 4 
SUMMARY OF VEHICLE PERFORMANCE 

Car Truck 

Alignment Speed Fuel Time Speed Fuel Time 
(mph) (gal/trip) (sec/trip) (mph) (gal/trip) (sec/trip) 

Side road over: 
Side road 42-37 0. 028 66.0 37-32 0.145 75,6 
Mam road 53 0. 032 51. 5 53 0. 158 51, 5 

Mam road over: 
Side road 42 0. 027 64.9 37 0. 127 73.7 
Mam road 53 0. 033 51, 5 53 0. 166 52.2 

I 

I 

s-.ooo /0,oao eo,ooo so.ooo /oo,<9oo 

- Stf3? -/.96-0 - s;sso -/S, 7'SO rS3. 

s,ooo /.aes /eo. - s, /oo 

/o,ooo S,SOO 3,6SO S60 - 3,SVO -es.aoo 

P'SO - 2, S60 -/9.000 

Figure 5. Over^under problem, cost difference matrix. 

The results in Figure 5 show for various volumes of ADT, the savings made in road 
user cost by putting the mam road over. Assuming a normal configuration to be the 
main road over, then the matrix shows that for high volumes on the main road this 
normal configuration actually has a negative savings (or a cost). For those figures 
with negative values the side road and not the main road should be put over. For a 
side road volume of 5, 000 vehicles per day and a main road volume of 50, 000 vehicles 
per day, for instance, the value in the matrix is $12,960. This indicates that (for the 
conditions assumed) the annual savings from putting the side road over could be approxi
mately $12,960. On a present worth basis (at 10 percent) this amounts to approximately 
$130,000. If the cost of putting the main road over is not $130,000 less than the cost 
of putting the side road over, the side road should be put over instead of the main road. 

Use of Results 

Although the results of the test were obtained by using simplified alignment and con
figurations, the conditions are typical of those in many places across the U.S. Urban 
expressways as well as interstate routes in rural locations frequently do not connect 
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with the road over which they pass. With large differences in traffic volumes, the user 
cost differences can be significant. 

Tables for this sort of problem can be prepared quickly and easily using the com
puter programs. This can be done for different percentages of trucks or for different 
configurations of over-under alignments. 

GENERAL CONCLUSIONS 
It is possible to draw a few general conclusions from the four investigations des

cribed. The most important of these is that for usual alignment situations the Red 
Book offers a user cost analysis technique that is not only workable, but probably ade
quately accurate as well. On the other hand, m alignment situations that are not usual 
and where user costs are a critical factor m the choice between design alternatives, 
the EA-1 Programs, though more expensive to use, may offer a superior analysis 
technique. Unusual situations in this sense would be those where an alignment was 
geometrically complex, where it involved widely varying or, more especially, steep 
gradients (say, over 5 percent), where vehicle speeds varied widely, and where heavy 
trucks comprised a large share of the total traffic. 

These conclusions derive from notions of the relative accuracy of the two analysis 
techniques. The Red Book technique is based, of course, on actual field data, albeit 
on fewer data than one might wish. The EA-1 method, though based on a conceptually 
derived model, has been tested out agamst empirical data with acceptable accuracy. 
As a result, the absolute accuracy of both techniques is subject to some doubt. It is 
only because the EA-1 technique is manifestly more sensitive to variations in alignment 
and vehicle operating conditions that one can reasonably infer it has greater relative 
accuracy. Given this conclusion, the authors feel such increased accuracy as the com
puter method affords wil l justify the expense of its use under the special circumstances 
cited. 

Further, with regard to the question of relative accuracy, the grade tests reported 
suggest two specific deficiencies in the Red Book technique. The f i rs t of these involves 
the concept of average or composite grade, which apparently breaks down—insofar as 
fuel consumption is concerned—for profiles with grades widely variant around the 
average. At the least, this dictates care m the use of Red Book costs. A second 
problem, however, derives from the apparent errors in the fuel consumption vs grade 
curves used as a basis for Red Book fuel costs. The correction of these curves is a 
matter requiring additional study; meanwhile, the EA-1 Programs may be used as a 
check m alignment situations where this problem seems critical. 

The interchange ramp analyses described form the basis for the suggestion that the 
EA-1 Programs may be superior to other techniques m. treating geometrically complex 
alignment situations. Where the Red Book techmque would require many separate de
tailed analyses, the computer would provide higher sensitivity at little more expense. 
It should be made clear, however, that this is predicated on the availability of a com
puter and a working familiarity with the EA-1 Programs. Though relatively simple to 
apply, these programs can involve the unfamiliar user in the same sort of frustrating 
minor difficulties that characterize the use of computers in general. 

A final, very general conclusion is that, quite apart from production highway 
design problems, the EA-1 Programs can be a valuable research tool. Under-
takmg the needed revision of the Red Book fuel consumption curves just mentioned 
would be an excellent example of such an application of the programs. The 'bver-
under" grade separation investigation is an exaiiq>le of a study with even more 
direct payoffs. Though the results presented in this paper may not, in themselves, 
be applicable to the problems of any particular state, the programs could provide 
this sort of information for any desired set of geometric conditions and do so at 
very httle e^ense. 

Other research studies that come immediately to mind are a general investigation 
of the relationships between profile and the performance of trucks (supplementing the 
empirical work heretofore done on this problem) and an investigation of the general 
effect of interchange geometry on vehicle performance. Specialized studies of traffic 
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congestion on operating costs are also z possibility, though the problems involved in 
simulating these conditions wil l be extremely difficult to overcome. 
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