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ABSTRACT

The increasing importance of improving the efficiency of trans-
portation facilities has resulted in a need for a systematic economic
model to evaluate High Occupancy Vehicle (HOV) projects. These pro-
jects encourage higher vehicle occupancy rates by restricting the use
of some portion of the facility to some vehicle types or minimum
number of occupants.

This report examines the feasibility of using the Texas Highway
Economic Evaluation Model (HEEM) to evaluate HOV projects. Three
major deficiencies are examined, limited variety of highway types,
assumptions in the model, and method of allocating corridor traffic to
specific routes within the corridor.

Additional highway types are recommended to evaluate HOV pro-
jects, along with parameter specifications for those highway types.
Changes in the assumptions of the model include percent trucks, the
occupancy rates, value of time, and future vehicle demand.

The allocation of corrider traffic is an important aspect of
evaluating HOV projects as well as other types of highway projects.
An alternative allocation method is presented which 1is based upon
minimized total user costs. This method results in corridor alloca-
tion such that the marginal user costs for each route in the corridor
are equal. User cost functions are derived, based upon the user cost
calculations in the HEEM, which can be used to allocate corridor

traffic for any number of routes within the corridor.
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Recommended programming changes to the HEEM are presented to
implement HOV analyses. This includes the marginal cost allocation
method, and recommended values for the assumptions in the model as

they relate to HOV projects.



SUMMARY OF FINDINGS

The HEEM was examined to determine the feasibility of its use in

analyzing High-Occupancy Vehicle (HOV) projects. The program itself

was examined along with the assumptions in the input and output data.

The findings are summarized as follows:

1.

The HEEM cannot currently analyze HOV projects for a number

of factors.

a.

The HEEM can analyze only those highway types contained
in HEEM's Highway Specification Table. There are no
freeway highway types which have less than 4 Tanes or
contain an odd number of Tanes. This would eliminate
any consideration of most HOV treatments.

Some of the input assumptions for the HEEM are not
appropriate for HOV analyses, including constant per-
cent trucks, occupancy rates, and values of time.

The current method of allocating traffic in the HEEM
program would seriously distort any HOV analysis, put-
ting too many vehicles on the HOV lane(s) when the

unrestricted Tanes congest.

An alternative marginal cost allocation method was derived,

with the following features.

a.

The allocation procedure is based upon minimizing total
user cost. Corridor traffic is allocated such that the

marginal user cost for each corridor route are equal.

iv



b.

d.

HEEM's cost calculations were used to derive a total
user cost function, with some approximations and modi-
fications necessary to convert those calculations into
smooth continuous cost functions. Those approximations
include the speed-volume relationship, vehicle running
costs, speed change cycles on metered freeways, and
accident costs.

A total yearly user cost function was formed based upon
average daily traffic (ADT).

A yearly marginal user cost function was derived, along
with an approximation which could be manipulated in the

HEEM.

Recommended specifications and assumptions for analyzing HOV

projects were presented, including the following.

de.

b.

Ce

Five HOV highway types are recommended for inclusion in
the Highway Specification Table.

Parameters for each HOV highway type are presented,
including values for average speeds and ADT volumes,
the number of speed change cycles per vehicle mile, the
number and mean cost of accidents, and the annual
maintenance costs.

Variable assumptions are recommended, including percent
trucks, values of time, and occupancy rates. In addi-
tion, the assumption of a constant corridor vehicle
demand should be changed to a constant corridor person

demand.



IMPLEMENTATION STATEMENT

This report relates the findings of the feasibi1i£y of the High-
way Economic Evaluation Model (HEEM) to evaluate High Occupancy
Vehicle (HOV) projects. Changes are proposed to the HEEM which will
enable HEEM users to perform an economic evaluation of HOV projects.
The findings can be implemented immediately to provide estimates for

proposed HOV projects.
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INTRODUCTION

Purpose and Objective of Study

The near completion of the Interstate Highway System and an
increasing shortage of funds has caused highway agencies to examine
methods to increase the efficiency of existing facilities rather than
relying exclusively on new location construction or adding additional
lane capacity to existing facilities.

An important method which is receiving considerable attention is
priority treatment of High Occupancy Vehicles (HOV). This generally
involves reserving the use of one or more lanes of a facility for
certain types of vehicles or vehicles with a minimum number of occu-
pants. The period of operation for these reserved lanes may be
continuous or may involve only certain peak hours.

This report examines three major HOV treatments applicable to
freeway systems, including contraflow lanes, concurrent flow lanes,
and separate HOV facilities. Some mixed results have been obtained
thus far from HOV projects in different parts of the country. A
number of projects have not attained the desired results and as a
consequence have been substantially modified or abandoned. TTI
Research Report 205-1 [2] contains a summary of those results.

It is therefore important to evaluate proposed HOV projects on
the basis of the benefits and costs the project will generate before
it is implemented. The Texas State Department of Highways and Public
Transportation (SDHPT) has a computerized model named the Highway

Economic Evaluation Model (HEEM) used to calculate benefits and costs



for a “proposed highway construction project. However, HEEM 1is not
currently capable of evaluating HOV projects. This report examines
the limitations in HEEM for evaluating HOV projects and recommends

changes which will allow the HEEM to adequately evaluate HOV projects.
The specific objectives of this study are as follows:

(1) Determine the assumptions and data requirements to use the
HOV lane alternative in the HEEM model.

(2) Recommend the unit costs, occupancy rates, traffic volumes
(rider demand) and vehicle frequency distributions that
should be assumed.

(3) Determine program alterations and calculations which would
have to be performed to produce unbiased user costs of the

HOV lane alternative.

HOV Alternatives to be Considered

The HEEM is designed to evaluate large new location construction
projects and improvements which add additional Tlanes to existing
capacity. Within that type of analysis, three types of HOV projects
are most appropriate for HEEM analysis, contraflow lanes, concurrent
flow lanes, and separate HOV facilities. A contraflow lane involves
reserving one lane of the off-peak direction of travel for exclusive
use of HOV vehicles traveling in the peak direction. A concurrent
flow lane is a designated lane in the peak direction for exclusive use

of HOV's which is not physically separated from the other lanes.



A separate HOV facility involves a physically separate lane or lanes

for exclusive use of HOV's.

Contents of Report

The report contains three major sections. The first section
examines the limitations in the current HEEM program which prevents it
from being used, without changes, in evaluating HOV projects. The
general areas examined include the limited highway types, the assump-
tions in the model, and the current allocation method.

The second section derives a method of allocating traffic based
upon minimizing total corridor user costs. The total user cost func-
tion is derived using approximations of HEEM's user cost calcula-
tions. Marginal user cost functions are then derived which are used
to allocate corridor traffic.

The third section recommends several HOV highway types as well as
the specification of parameters for these highway types. Recommended
values for some key assumptions are also presented, including values

for the traffic mix, values of time, and occupancy rates.



HEEM'S LIMITATIONS IN EVALUATING HOV PROJECTS

The HEEM was designed to provide a streamlined, systematic,
benefit-cost evaluation of major conventional highway construction
projects along a particular highway segment or a whole highway
system. The basic input is average daily traffic volume (ADT) and
changes in user costs are calculated for both new location construc-
tion and additional lane cépacity to existing facilities. However,
HOV projects are generally designed to increase the efficiency of the
facility rather than the capacity, and possibly for that reason were
not included as potential highway projects for evaluation with the
HEEM,

It is becoming increasingly apparent, however, that a HEEM type
of evaluation should be performed, in view of the difficulties
throughout the country in successfully implementing HOV treatments.
If the HEEM can be modified to evaluate HOV projects, a systematic
and objective analysis could be performed on proposed HOV treatments
before they are implemented. However, a number of limitations in

HEEM must be adressed before such analyses can be performed.

Limited Highway Types

HEEM is Timited to evaluating highway types in its specification
table. The Highway Specification Table (HST) gives relevant parame-
ters for each of 41 different highway types, including speed and
volume relationships, and cost parameters including accident costs

and maintenance costs. The table contains a variety of highway types



and speed limits including 2, 4, and 6 Tane divided and undivided
rural and city streets; 2, 4, and 6 lane rural and urban expressways;
4 through 16 lane urban freeways including metered freeways; and 4
through 12 lane rural freeways. But the table does not provide for a
one-lane route such as an HOV lane, nor an odd number of lanes which
may occur for the unrestricted portion of the facility.

In addition the HST's parameters for vehicle speeds and volumes,
number and costs of accidents, etc. could be significantly different
from those observed on conventional facilities. Studies of HOV
treatments have found some significant differences for some of these
parameters and those differences should be incorporated into any

additions to HEEM's Highway Specification Table [1,2].

Assumptions in the Model

It would not be sufficient to simply add additional highway
types to the HST to encompass HOV treatments. The HEEM assumes a
corridor vehicle demand which is independent of the transportation
facilities in the corridor. That assumption is questionable in many
highway projects, especially for HOV projects, since one of the
objectives of these projects is to reduce vehicle congestion by
increasing occupancy rates, resulting in reduced vehicle volume.

Another problem involves the "key" assumptions in the HEEM,
These are parameters used in the cost calculations which the HEEM
user can specify or default values are provided by the model if not
specified. TTI Research Report 225-8 [3] examines each one of the

assumptions in detail, but two assumptions are especially critical in



evaluating HOV projects. They are the percentage trucks; and the
value of time, which includes an implicit occupancy rate.

The HEEM can evaluate user costs for only two vehicle types,
cars and trucks. When an assumed percentage truck is specified, that
same percentage applies to all routes in the corridor being evalua-
ted. A constant vehicle distribution is clearly not appropriate for
HOV projects where a far different vehicle distribution would gener-
ally occur.

A similar situation is present in the assumptions for the value
of time. A separate value of time can be specified for both cars and
trucks, but that same value is used for all corridor routes. Impli-
cit in the time values are assumed occupancy rates. The default
values for time in the HEEM assume a 1.3 occupancy rate for cars and
1.0 occupancy rate for trucks. A constant occupancy rate for all
corridor routes would negate the major benefits of HOV projects which
are specifically designed to encourage higher occupancy rates.

This is especially evident in calculating bus user costs. The
operating costs of a bus may be sufficiently similar to a large truck
that a separate vehicle category for buses may not be necessary in
evaluating HOV projects with the HEEM. However, the value of time
for the average bus passenger would not be similar to that of an
average truck driver, and certainly the average occupancy rate for a
bus would béhfar higher than 1.0. A variable value of time and occu-
pancy rate must be incorporated into the HEEM in order to evaluate

HOV treatments.



Method of Allocating Traffic

Perhaps the most difficult problem using the HEEM for evaluating
HOV projects is the current HEEM method uses for allocating traffic to
each route within the corridor. Obviously, one of the critical fac-
tors in HOV projects is the vehicle utilization of the restricted
lane(s).The HEEM uses as an input the projected corridor ADT for some
future year, and then calculates the projected ADT for each interven-
ing year using either a constant growth rate or a declining growth
rate formula [4].

The HEEM has the capability to evaluate the user costs of up to
three different routes within a given corridor, including a proposed
route, an existing route (if any), and an alternate route (if any).
Any excess traffic above the combined capacities of the specified
routes is assigned to an unspecified diversion route. This is done in
order to calculate the change in costs resulting from the proposed
project based upon the projected traffic on each route.

The HEEM uses a very simple method to allocate corridor traffic.
The route with the highest vehicle capacity receives all the corridor
traffic up to its congestion point, or breakpoint as it is referred to
in the Guide to the HEEM [5]. The breakpoint varies for most routes
but it is about 50 percent of capacity ADT on city streets and about
75 percent on rural streets. For rural divided highways and freeways
the percentage is about 60 percent, compared to about 65 percent for

urban expressways and freeways.



After the breakpoint for the highest capacity route is reached,
all unallocated corridor traffic is then allocated to the next high-
est capacity route up to its breakpoint. This process continues
until all routes being examined in the corridor have allocated traf-
fic up to the breakpoint. Traffic is then allocated to the highest
capacity route up to its capacity, and the process continues in the
same order as before until all routes have allocated traffic to their
capacities. Any additional unallocated traffic is then placed on the
unspecified diversion route which 1is severely penalized with an
extremely low diversion speed of 15 miles per hour in urban areas and
25 miles per hour in rural areas.

It would be unlikely that this method would approximate actual
traffic allocation in most corridors. It would be especially unreal-
istic for HOV projects where the typical experience has been under-
utilization of the HOV Tlane(s) even when the peak direction lanes
experience severe congestion [1]. It would also tend to bias the
calculated economic measure. If the proposed project had the highest
capacity of the corridor routes being evaluated, then the economic
measure would tend to be too large. If the proposed project did not
have the highest capacity then the economic measure would tend to be
too smail. Therefore an alternative allocation method is necessary
which would more accurately approximate actual corridor allocation,
especially as it applies to HOV projects. The next section presents

an alternative allocation method based upon user costs.



MARGINAL COST ALLOCATION METHOD

The problem of allocating future corridor traffic to specific
routes within the corridor is important in any analysis of user costs,
but 1is especially important 1in evaluating HOV projects, since the
number of vehicles which-will use the restricted lane(s) is certainly
one of the most important factors and probably one of the hardest to
estimate.

The previous section described the current allocation method in
the HEEM and its inapplicability to HOV analysis. The question is
what allocation method will approximate actual traffic allocation
within the 1limitations of HEEM's input data. There are several
sophisticated traffic demand models which can be used to predict
corridor traffic and the allocation of corridor traffic, but the data
requirements to calibrate the models are too large and expensive to be
used regularly in evaluating highway projects, and certainly outside

the data limitations of the HEEM.

Theoretical Derivation

Another approach to traffic allocation is to examine user costs.
A basic axiom of microeconomic theory is that individuals seek to
maximize their satisfaction or utility. If transportation facilities
are thought of as instruments to get to some desired place, then
individuals will seek to minimize their perceived or expected user
costs in choosing both the mode and route to travel. Most traffic

demand models use as the objective minimizing travel time or distance,



but they are just components of user costs and more accurate results
could be obtained by including a greater number of relevant factors in
the allocation model.

Each individual will have a different relevant cost function
which is used in selecting a travel mode and route. Specification of
cost functions for each individual would be impossible, but if indi-
vidual cost functions were fairly normally distributed, then some
average cost functions would approximate actual traffic allocation.
This is because persons on either end of the distribution will tend to
be insensitive to changes in average user costs for alternate routes.
The allocation will be determined at the margin, by motorists who are
indifferent as to which route to choose, and if these motorists are
near the mean of the distribution, then an average cost function may
approximate the allocation process.

The equilibrium condition using user cost functions can easily be
derived. Total user costs of corridor traffic are defined as the sum

of user costs for each route in the corridor,

where TC = total corridor user cost

Ci = total user cost for route i

yi = average daily traffic volume along route i

number of routes in corridor

n

Since total corridor traffic equals the sum for each route,
n

T = Iy (2)
i=1
where T = total corridor ADT

10



The problem is to minimize total user cost (Equation 1) subject to the
ADT constraint (Equation 2). Forming the lagrangean,

n n
L = 2Ci(yi) + (T- Zyj)
i=1 i=1

where ) = Lagrangean multiplier

The first~order conditions are,

oLl =cr(y.)-2=0
3L = Cplyp)-2=0
3¥n

n
—3L=T-Zy-; =0
3A i=1

where Cj(yj) = marginal user cost for route i

Eliminating A from any two of the first n first-order conditions,

gives,
Cilyj) = Cj(y;) for all i ¢ ]
In order to minimize total user cost, the marginal cost for each

route must be equal. For a given corridor traffic volume, an equilib-

rium will occur where the marginal motorist is indifferent as to which

route in the corridor to take.

Approximation of HEEM's Cost Calculations

The HEEM provides cost calculations as part of the process of
calculating a benefit-cost ratio for a proposed highway project.

However not all of these cost calculations are smooth, continuous

11



functions from which marginal cost functions must be derived. There-
fore approximations to HEEM's cost calculations are required to adapt
a cost allocation technique for the HEEM, using HEEM's user cost

calculations.

Speed-Volume Relationship

The daily speed-volume relationship in the HEEM is approximated
using two straight lines, one running from the initial speed at zero
ADT to the breakpoint. The second line runs from the breakpoint to
the point where the facility reaches capacity. The following func-
tion provides a good approximation to that relationship,

f(y) = tpf(C-eyP) (3)

where y = average daily traffic (ADT)
f(y)= speed (mph) for a given ADT
tpf = technical performance factor, adjusts
speed for atypical performance
0<tpf<l

b = In{(C-E) - 1n(C-D)
TnA - TnB

a = In(C-E) - bInA
A = capacity ADT in the HST
B = breakpoint ADT in the HST
' C = beginning speed (mph) in the HST
D = breakpoint speed (mph)} in the HST

E = capacity speed (mph) in the HST

12



Figure 1 gives a graphical comparison of HEEM's approximation
with the fitted approximation using Equation 3. The fitted approxima-
tion passes through the same three critical points, at zero ADT,
breakpoint ADT, and capacity ADT, though for most levels of ADT, the
estimated average speed is slightly higher than the average speed

calculated in the HEEM,

Vehicle Running Costs

The running cost calculations also require approximations which
are smooth continuous functions. The HEEM calculates separate running
costs for two vehicle types, cars and trucks. For each curve there is
a downward sloping portion for average speeds less than or equal to 25
mph and a different upward sloping curve for average speeds greater
than 25 mph. For that reason the running cost curves used in the HEEM
are discontinuous at 25 mph. These equations can closely be approxi-
mated using the following fomulas, which are in terms of dollars per

1000 vehicle miles in January 1975 prices,

Re = 194.3965 + 3.4337f(y) - 0.01926f(y)2 - 61.75851nf(y) (4)
Rt = 413,2859 + 4,3159%f(y) + 0.00947[kf(y)12 - 119.73131n[kf(y)] (5)
where Rc = automobile running costs
Rt = truck running costs
k = @Y. speed trucks for a given traffic volume y

av. speed cars  (assumed 0.9 in HEEM)
Figure 2 compares the HEEM's running cost calculations to those

using Equations 4 and 5 above. The fitted curves give very close

13
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approximations for average speeds above 10 mph, and since HEEM does
not use average speeds below 15 mph, the approximations provide a very

good functional relationship for user running costs.

Metered Freeway's Speed Change Cycles

Another relationship which must be approximated in developing
user cost functions involves the assumed behavior of speed change
cycles on a metered freeway. The HEEM assumes an upward sloping lin-
ear relationship between ADT for a particular highway type and the
number of 10 mph speed change cycles per vehicle mile. The effect of
freeway metering is assumed to result in the number of cycles stopping
at 3.1. This relationship is depicted in Figure 3. The HEEM rela-

tionship is approximated using the following formula:

3
NCY, =P F Oty (6)
tpf
where NCY, = number of cycles on a metered freeway

F = intercept term for the number of cycles in HST

G = slope term for the number of cycles in HST

g3
(3.1-F)2 - 3A2G2

¢ = -3A2d
A = highway vehicle capacity (ADT) in HST
Figure 3 gives a graphic comparison of the approximation using
Equation 6. The coefficients in Equation 6 are calculated so that the
function passes through the point where the HEEM's cycles reach 3.1

and the function's maximum occurs at capacity ADT. While the fitted
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curve does not provide a good approximation for the HEEM's curve at
high traffic volumes, no other functional form was found which would
approximate the assumed HEEM relationship with a smaller error, and
the fitted curve (Equation 6) may provide a more realistic approxima-
tion of metered freeways, with the increase in number of cycles
assumed to slow down as metering occurs rather than completely stop-

ping as the HEEM assumes.

Accident Costs

In addition, implicit occupancy rates for both the time and acci-
dent cost calculations are assumed in the HEEM. As mentioned in the
previous section, HEEM assumes a constant 1.3 automobile occupancy
rate and a 1.0 truck occupancy rate for all corridor routes. These are
clearly inappropriate for analysis of HOV lanes. As a result adjust-
ment must be made in the accident cost calculations to incorporate a
variable occupancy rate.

Buffington, et al. in TTI Report 225-8 [3] describe the accident
cost figures used in the HEEM. The mean cost per accident figure in
the HEEM is a weighted average of the unit accident costs for three
categories, fatal, injury, and property damage only. If it is assumed
that fatal and injury accident costs are sensitive to the occupancy
rate but the property damage is not, then the following adjustment
factor (AR) should be included in the accident cost calculation,

AR = 0.47 + 0,414[(1-r)OCPc+ rOCPt] (7)

where r = percentage trucks

0CP,

1]

car occupancy rate

1]

OCPt¢ = truck occupancy rate
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Total User Cost Function

With the approximations given above for the HEEM cost calcula-
tions, total user cost functions can be derived. The yearly running

costs (RN) are

365.L.
RN = =555 [(1-r) Re+ rR¢] (8)
or

RN = agy[o] +apf(y) +a3f(y)2 +aginf(y)]

where L = length in miles of route
_ 365-L
“o = 1000

o 194.3965(1-r)+(413.2859-119.73131nk)r

o
H

%5 = 3,4337(1-r)+4.315%r

H

= -,01926(1-r)+.00947k2yr

Q@
(8]
1

agq = -61.7585(1-r)-119.7313r
The cycling costs per 1000 cycles in Jdanuary 1975 prices, are

calculated using the following formulas for cars (CYC) and trucks

Cyc = 3.9499 - 33%%§§§ (9)

Cyt = 47.2458 - &%g_(%g

The number of cycles per vehicle mile for unmetered highway types are

given as
F+8
NCYyn = _EE?AX (10)

For metered freeways, the number of cycles is assumed to stop rising
at 3.1 cycles per vehicle mile, so the number of cycles should be

calculated using the approximation in Equation 6.
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The yearly cycling costs (TCY), including metered freeways, are

then calculated as,

365-L-y

TCY = 1500

(NCY)[(L1-r)CYe + rCY¢]

or for unmetered highways,

Bo )

TCYun = £o¥ (F4ay) (B + 5

or for metered freeways,

[‘32)

TCY, = 8oy (Fcy + dy3)(gq +

365-L
1000-tpf

]

where Bo

B = 3.9499(1-r) + 47.2458r

Bp = -13.8413(1-r) - 28-198°
Time costs (VT) are calculated as,
VT = ¥ ole5y)
where v, = 21,900-L[(1-r)(0CP.)(T¢) + (=) (0CP;)(T¢)]
Tc = Car Time cost per person ($/min)
Ty = Truck Time cost per person ($/min)

Accident costs (AC) are given as,

AC = po¥[I+(3%s)]

365-L-H
Where Po = T1gb).sr
H =

it
i

20

[0.47 + 0.414((1-r)OCP. + rOCPy)]

mean cost per accident in the HST

intercept term for accident rate
per million vehicle miles in HST

(11)

(12a)

(12b)

(13)

(14)



J = slope term for accident rate per million
vehicle miles as a function of thous. ADT in HST

sf = safety factor, used to adjust accident rate for
abnormal conditions

Total user costs (TC) are the sum of running costs, cycling costs,
time costs, and accident costs,

TC = RN + TCY + VT + AC (15)

Figure 4 depicts the components of the total user cost function
for a 6 lane urban freeway. Operating costs and time costs compose
the greatest portion of total user costs using the HEEM cost clacula-
tions and the approximations presented above. As the facility reaches
capacity time costs become the dominant factor in the increasing total
cost function as average speeds rapidly decline.

Figure 5 gives a comparison of some representative total vehicle
user cost functions. As might be expected, freeways generate lower
user costs for a given traffic volume than other highway types. Total
user costs on the contraflow lane rise very rapidly as it approaches
capacity, much higher than conventional highway types, because of the
additional time costs generated by the higher occupancy rates for the
vehicles using the contrafliow lane.

If the total cost functions are converted into person movement
rather than number of vehicles, depicted in Figure 6, the contrafiow
lane compares much more favorably with the conventional lanes. For a
given level of person movement, total user costs for the contrafliow

lane are similar to freeway user costs.
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Marginal User Cost Function

The marginal cost function per person (MC) can be obtained by
taking the derivative of the total vehicle cost function with respect
to the average daily traffic volume and dividing by the weighted

occupancy rate.

_dTC 1

MC =@y - TT-r)yocP FrocP; (16)
Since

TC = RN + TCY + VT + AC (15)

d7C _ dRN _ dTCY _ dvT . dAC
dy dy dy dy dy

Therefore,
_ 1 (dRN  dTCY | dVvT | dAC
MC = TToryocPrroce U dy Ty t Tdy T dy) (17)
Marginal running costs (MRN) are given as
dR :
MRN = —dg = aglagtan(f(y)f (y))y+oc3(f(y)2 +
(18)

. ' {y)y)
f(y)f + fly)+
2(y) ' ()y) + ag(Inf(y)+ kst
where f'(y) = first derivative of speed-volume function
Marginal cycling costs for unmetered highways (MCYum) are given as

MCYym = dTCYum = Bo[Bl(F+ZGy)+62((F+ZGY)f(y)'(F;Gy)fl(Y)y)]
dy fy)

(
Marginal cycling costs for metered freeways (MCYm) are given as,
)

(F+2cy+4dy3 f(y)-(F+cy+dy3)f'(y)y

wey = TCm B[ B1 (F+2cy+ady3)+By(
= = +2cy+
m Tdy olPl y+ady 2 f(y)2
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Marginal time costs {MVT) and marginal accident costs (MAC) are given

aS,
fy)-yf'
MVT = y o ) (21)
7 f)
MAC = po(1 + 20

The components of the marginal cost function for a 6-lane urban
freeway are presented graphically in Figure 7. Not surprisingly,

marginal time costs become the dominant component of the rapidly

increasing marginal cost function as the freeway congests and average

speeds drop.

Figure 8 compares the marginal cost functions for some represen-
tative highway types. The marginal cost functions display the expec-
ted result that the freeways initially have a lower marginal cost, but
at some point those costs will rise sufficiently that motorists will

begin to use the other initially higher marginal cost routes.

Approximation of Marginal Cost Function

The marginal cost allocation method requires that corridor traf-
fic be allocated to the corridor routes in such a fashion that the
marginal user cost for each route is equal. The marginal cost func-
tions presented in Equations 17 through 21 are sufficiently complex
that an analytical solution would be quite difficult if not impos-
sible. Therefore some iteration technique should be used. However,

the HEEM currently calculates all benefits and costs using a forty.
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year time horizon. That means the iteration process must be repeated
" forty times for each proposed project segment, resulting in increased
computer time when using the HEEM program.

Therefore an approximation to the marginal cost function which
can be manipulated analytically was derived. The approximation to the

marginal cost function is given as,

1 _ . (22)
w7 a - Prev(d)
where i = 1 wheny =0
i = 2when y = 1/2 route capacity

-
n

3 when y = route capacity

_Dy(1) + y(3)1-y(2) - 2.y(1)y(3

a y(1) + y(3) - 2-y(2
b = —r
y(I) + a
1 b

¢ TXEIGER T X(3)

The approximation goes through three points along the marginal
cost function, at the intercept with zero ADT, at the midpoint of
‘capacity ADT, and at capacity ADT. That approximation is depicted
graphically in Figure 9. Very little error is introduced using the
approximation in Equation 22 and it offers the important advantage
that no iterations are necessary.

However, Equation 22 does have a significant disadvantage because
it is a hyperbola, as shown in Figure 10. The relevant portion of the

curve is in the upper left quadrant where the curve is
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fitted to the marginal cost function. But when an attempt is made to
allocate traffic outside the relevant range of one or more of the
corridor routes, erroneous results can be generated with the curve in
the lower right quadrant. The safeguards necessary in the computer
program to eliminate the possibility of erroneous results would make
the programming very difficult and complex. Therefore an alternative
is presented in this report.

The approximation, Equation 22, works very well as long as the
allocation is made near the relevant range of ADT values for each
corridor route. Therefore the marginal cost approximation function
could be used to establish the allocation relationship between corri-
dor routes for some arbitrary values within the range where the
approximation is valid. The question is what functional form should
be used to characterize the allocation relationship between corridor
routes.

Figure 11 depicts an example of the allocation between two city
streets using the marginal cost function, Equation 17, and a linear
approximation to that relationhip. Several other hypothetical allo-
cations were tested, with similar results. The allocation relation-
ship between two highway types exhibits an approximate linear rela-
tionship. If a linear curve is used then the marginal cost approxi-
mation, Equaion 22, is needed in order to estimate only two points,
the two most convenient being points A and B in Figure 11.

Using these approximations, the allocation of corridor traffic
can be estimated. Appendix B contains the equations to incorporate

these approximations into the HEEM program.
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Comparison of Allocation Methods

Any calculated traffic allocation for a corridor route which is
less than zero or greater than ADT capacity for the facility can be
set to the appropriate value and the additional corridor traffic allo-
cated between the remaining routes. The advantages of this proposed
allegation method are that an analytical solution can be obtained in
every case, iterations are not necessary, and which more closely
approximates corridor allocation than the current HEEM allocation
method.

An example is presented in Figure 12. In this example, traffic
must be allocated between a contraflow lane and the remaining 7 lanes
of a metered freeway. The marginal cost allocation method begins
allocating traffic to the contraflow lane before HEEM does and allo-
cates on a proportional basis until the conventional lanes reach capa-
city. The HEEM allocation, however, allocates all traffic to the
unrestricted lanes up to 140,000 ADT, then allocates all additional
traffic to the contraflow lane up to 18,750 ADT, then additional traf-
fic goes to the unrestricted lanes. HEEM's current allocation method
is clearly inadequate and can result in substantial errors in the
calculated economic measure for a proposed highway project.

In addition, it is important to note that the marginal cost allo-
cation method will improve the accuracy of the estimated economic
measure for proposed conventional highway projects as well as HOV
projects. Figure 13 compares the current HEEM allocation method with
the marginal cost allocation method for two 6-lane urban freeways, one

metered and the other one not metered.
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The HEEM would allocate all traffic to the metered freeway up to
120,000 ADT, which obviously will not approximate actual allocation.
In addition, if the metered freeway were the proposed highway project,
the calculated economic measure would tend to be significantly too
large since an artificially high number of vehicles would be initially
allocated to it. The converse would be the case if the conventional
freeway were the proposed project. The marginal cost allocation
method, on the other hand, would allocate traffic proportionately to
both freeways with slightly more vehicles going to the metered free-
way due to the lower user costs as a result of metering. This is a
much more realistic representation of the allocation which would be
expected and thus would improve the accuracy of the calculated econom-
ic measure for a proposed highway project.

The marginal cost allocation method provides a much improved
method to allocate corridor traffic, based upon a theoretical deriva-
tion of the equilibrium conditions for minimizing total user costs.
This type of approach is critical in evaluating HOV projects since one
of the major problems is predicting the acceptance and use of HOV
treatments. The marginal cost allocation method also has the addi-
tional benefit that it will improve the accuracy of HEEM's analyses of
other projects, unrelated to HOV projects. The effect of the marginal
cost allocation method on the calculated economic measure for a
particular project should be tested empirically. It is recommended
that empirical tests be undertaken after the program for the marginal
cost allocation method is written. A flow chart and other recommended

programming changes are provided in Appendix B to incorporate the
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marginal cost allocation method into the HEEM. The parameters in the

flow chart have been adjusted to include the factors which have been

incorporated in the HEEM to update the cost calculations to 1981
prices.
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HOV SPECIFICATIONS AND ASSUMPTIONS

Specification of HOV Parameters

As part of the input data for the HEEM, the proposed project must
be specified as either a new location construction, where the existing
facility (if any) will remain; or as a buildover of an existing facil-
ity. If the HOV projects are treated as buildover projects, then each
different HOV treatment would have to be paired with each of the 14
urban freeway types in the HEEM, plus combinations where an existing
lane is restricted for exclusive HOV use, creating an odd number of
unrestricted lanes. This would require 84 additional highway types to
be included in the Highway Specification Table. A much simpler and
more workable solution is to treat the HOV project as a new location
construction and revise the necessary parameters for the existing
facility if an existing lane is restricted for HOV use, such as a
contraflow lane.

Studies have shown that only contraflow lane projects where the
off-peak direction can be accommodated with. the remaining lanes have
successfully restricted an existing lane for HOV use [1,2]. There-
fore, the recommended programming changes for the HEEM in Appendix B
allow only contraflow projects to reduce the existing number of lanes.

The following HOV highway types are recommended for inclusion in
the HEEM,

1. Contraflow lane (UIT)

2.  Concurrent Flow--one reserved lane (UIN)

3.  Concurrent Flow--two reserved lanes (U2N)
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4, Exclusive Busway--one lane (U1S)

5. Exclusive Busway--two lanes (U2S)

The Highway Specification Table contains certain specified para-
meters for each of the highway types which can be evaluated using the
HEEM, These parameters include values for average speeds and ADT vol-
umes which correspond to those speeds, the number of speed change
cycles per vehicle mile as a function of ADT, the number and mean cost
of accidents, and the annual maintenance costs.

The values in Table 1 are recommended for inclusion in the
Highway Specification Table for the HOV highway types listed above.
The speed and volume parameters, A through E, are the same as those of
urban freeways in the Table, adjusted for the number of lanes. There
is evidence that vehicle speeds on HOV lanes are similar to those on
unrestricted lanes for a given vehicle type and volume per lane. For
example in TTI Report 205-9 [6], average speeds along the 145 Contra-
flow Lane in Houston are between 52 and 60 mph.

In addition, HEEM's average daily speed and traffic values are
calculated in a separate computer program called TRAFFIC, using as-
sumed hourly speed-volume relationships for various highway types and
assumed peaking patterns for both urban and rural conditions. In
order to calculate separate values for HOV highway types, a separate
hourly speed-volume curve would be required, along with appropriate
changes in the TRAFFIC program. The program could then be used to
provide the estimated values for HOV highway types.

This type of analysis is outside the scope of this study and

since there is evidence of similar average speeds along HOV lanes,
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TABLE 1 Recommended HOV Parameters for Inclusion in the
Highway Specification Table

Mainte-
Speed Volume Cycles Accidents nance
A B C D E F G H I J K
High-| High- Capa- | Break-|Begin-|Break-| Capa- | Inter- Mean, |[Inter- Average
way way city point |ning |point | city cept Slope Cost/ |cept Slope |Annual
Type | Value (ADT) | (ADT) |Speed |Speed | Speed Acci~- Cost/Mile
(ADT) [(ADT) | (ADT) dent ($)
($)
Uit 42 30,000 {18,750 60 |57.02 | 35.30 | .3289 1.830(10‘4) 1,800 3.1 0 $45,000
UIN 43 30,000 |18,750 60 (57.02 | 35.30 | .3289 1.830(10'4) 1,800 4,7 0 15,000
U2N 44 60,000 |37,500 60 [57.02 | 35.30 | .1644 9.150(10'5) 1,800 4.5 0 20,000
u1s 45 30,000 |18,750 60 |57.02 | 35.30 | .3289 1.830(10“4) 1,800 3.1 0 7,500
uzs 46 60,000 | 37,500 60 (57.02 | 35.30 | .1644 9.150(10‘5) 1,800 3.0 0 10,000




the same urban freeway speed and volume relationships are recommended
for the HOV highway types.

The number of cycles per vehicle mile, parameters F and G, are
derived from the same source used in deriving HEEM's values, a study
by Malcolm F. Kent [7], and which roughly correspond to a 4-lane urban
freeway, adjusted for the number of lanes. Using the data in Kent's
study for a 4-lane divided, controlled access highway, the following

regression line is fitted.

NCY = ,08222 + ,00004575y (23)
RZ = ,990
where NCY = average number of speed change cycles

1]

y = average daily traffic
This equation, adjusted for the number of lanes, provides the values
for parameters F and G.

The mean cost per accident and the number of accidents per
million vehicle miles are represented by parameters H, I and J. The
recommended mean cost per accident, parameter H, is the same as urban
freeway highway types currently in the Highway Spec;fications Table.
The adjustment of accident costs for a higher occupancy rate, using
Equation 7, is to be inserted directly into the accident cost calcula-
tions in the HEEM program, as recommended in Appendix B.

The accident rate intercept term, parameter I, however does
require adjustment for higher accident rates along some HOV facilities
compared to conventional lanes. The following equation describes the

relationship between parameter I and the number of urban freeway lanes

in the Highway Specification Table,
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I = 3.2 - 0.1(FLN) (24)

where I = intercept term for the accident rate

FLN

number of freeway lanes

Increased accident rates seem to be most significant for concur-
rent flow reserved lanes due to illegal vehicles weaving in and out of
the reserved lane. Using the accident data provided in TTI Report
205-4 [8] for concurrent flow lanes in the U.S., there was an average
increase of approximately 50 percent in the number of accidents 4 to 6
months after implementaton compared to the period before the project.
Therefore the recommended values for parameter I in Table 1 for con-
current flow reserved lanes are calculated using equation 24, and
adjusted for the 50 percent increase in accidents.

There does not seem to be a comparable increase in accident rates
along contraflow lanes. TTI Report 205-9 [6] found no significant
increase in accidents on the I45 CFL in Houston. Therefore the recom-
mended accident rate, parameter I, for the contraflow lane is calcula-
ted using equation 24 with no adjustment. Also no adjustment is
recommended for exclusive busways. Parameter J is zero in all cases,
following the findings by McKenzie and Co. in adapting the HEEM for
use in Texas [9].

The average annual maintenance costs per mile, parameter K, for
exclusive busways are calculated using the following equation:

K = 5,000 + 2,500(FLN). (25)
This is the same relationship used in the Highway Specification Table
for urban freeways.

Contraflow and concurrent flow lanes, however, have additional

maintenance costs which must be included in the recommended value
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for parameter K. TTI Report 205-1 [2] describes the yearly mainte-
nance costs for selected contraflow projects in the U. S. using data
reported between 1975 and 1976. The average operational cost per mile
is $45,000. TTI report 205-9 [6] estimates the average yearly cost
per mile for the I45 CFL in Houston to be $55,000 for the 1979-1980
period. If this value is adjusted to 1975 prices, to make it compa-
rable to the other values in the Highway Specification Table, the rec-
ommended value of $45,000 would seem to be fairly accurate.

The average maintenance costs for the concurrent flow facilities
are taken from a report by TTI on HOV priority treatments in San
Antonio, Texas [11]. These values represent a 100 percent increase in

maintenance costs compared to the maintenance costs from equation 25,

Recommended Assumptions

The HEEM calculates user costs based upon two vehicle types,
trucks and cars. A default value of 8 percent trucks is provided in
the HEEM, or a different value may be entered as part of the input
data for corridor traffic. However, whichever assumed value is used,
the same value is applied to all corridor routes being evaluated.
However, the vehicle mix on an HOV lane probably would not approximate
the mix on the unrestricted lanes. That obviously would occur if only
one vehicle type, such as buses, was allowed on the HOV lane.

TTI Report 225-8 [3] recommends the truck category be divided
into a single unit and a multiunit category, and a bus category

added. However, the HEEM program is set up on such a fashion that it
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would be very difficult to add additional categories of vehicles with-
out extensive alterations to several parts of the program. In addi-
tion, previous research has found bus operating costs to be similar to
that of trucks. The Redbook [10], for example, places buses into the
single unit truck category unless a separate bus transit analysis is
being performed.

Therefore for the present, it is recommended that the two vehicle
categories be retained but that input data for the proposed highway be
expanded to include a different percent trucks (buses), if the pro-
posed project is an HOV facility. The recommended default value is
the same 8 percent, taken from an average of bus traffic on HOV lanes
in TTI Report 205-1 [2]. However, a separate value should be provided
for each HOV project analysis, when possible, due to the wide varia-
bility of vehicle distributions for different HOV projects.

Another important assumption in the HEEM is the value of time. A
separate value of time can be specified for cars and trucks, and
default values are provided if none are specified. The problem is
again that those same assumptions apply to all corridor routes being
evaluated, which is clearly inappropriate for HOV lanes. If values of
time, including the comfort of the ride, flexibility of trip timing
and route, availability of park-and-ride lots, downtown parking costs,
out-of-vehicle walking or waiting time, etc., were simliar for indi-
viduals in the restricted lanes versus the unrestricted Tanes, then
vehicles would use the restricted lanes until average speeds were less
than the unrestricted Tanes because they are spreading the operating
costs over a greater number of individuals. That clearly has not

occurred.
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D. Baugh and Associates [1] estimate that in order for a priority
lane to be successful, time savings must be greater than one minute/
mile. That means if the vehicles on the unrestricted lanes are
traveling at 30 mph then the vehicles using the restricted lane must
travel at more than 60 mph in order to induce people to use the
restricted lane. Why is there a big difference? Persons using the
restricted lane obviously perceive they are incurring a cost using the
restricted lane which they must be compensated for in terms of
substantial travel time savings.

A simple method to account for these additional costs is to
increase the value of time for the persons using an HOV restricted
lane. There are a number of costs, mentioned above, which could
influence the decision to use an HOV lane. Since the HEEM can examine
projects only on a segment basis, separate adjustments cannot be made
for these other factors. The value of time for HOV users can be
adjusted, however, to include these other factors. This adjusted
value of time would be used to more accurately estimate the proportion
of total corridor traffic volume each corridor route will receive It
is not recommended that these adjustud values of time be used in
calculation of the economic measure for the proposed project because
the other costs the adjusted value of time captures must be treated
seperately.

The question is what adjusted value is appropriate. Several HOV
projects have been attempted in different parts of the countr&, SO one
method would be to look at the distribution of traffic and calculate
what adjusted value of time that distribution implies using the mar-

ginal cost allocation method presented in the previous section. By
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looking at the current distribution and calculating the implicit
adjusted value of time for HOV users, the resulting value will cap-
ture those persons' valuation of the additional perceived costs of
using the HOV facility.

TTI Report 205-9 [6] presents a summary of the first year opera-
tion of the 145 Contraflow lane in Houston. Using the data presented
in that report with the marginal cost allocation model yields some
interesting results. If the value of time for both bus and van
passengers are assumed to be equal, then the value of time must rise
about 160 percent in order to have the marginal cost of traveling the
unrestricted lanes equal to the marginal cost of traveling the CFL.

The time savings criteria of a minute/mile presented above
implied about a 100 percent increase in the value of time. If an
adjustment is made for spreading the vehicle operating costs over a
greater number of individuals due to the higher occupancy rate, the
160 percent increase using the marginal cost method is consistent with
the minute/mile effectiveness measure of HOV Tanes.

The only other vehicle category normally allowed to use a
restricted priority lane are carpools with a minimum of three occu-
pants. To calculate the implicit value of time for individuals using
carpools, data for the Redwood Highway, San Francisco, in TTI Report
205-4 [8] was used. Assuming the previously calculated value of time
for bus passengers, the value of time for carpool occupants must
increase about 110 percent above the value of time for individuals
using a car in the unrestricted lanes.

Table 2 presents the recommended value of time parameters for HOV

treatments, based upon the current values used in the HEEM. The
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TABLE 2 Recommended Values of Time and Occupancy Rates
for HOV Facilities

Value of Time Occupancy Value of Time
per Vehicle Rate per Person
Current HEEM Values
Cars 15¢/min. 1.3 11.54¢/min.
Trucks 28¢/min. 1.0 28¢/min.
Recommended HOV Values
3+ Occupant Carpools 3.7 24.23¢/min.
Vans 8.7 30¢/min.
Buses 40.0 30¢/min.

occupancy rates are taken as an average of occupancy rates for HOV
projects in TTI Report 205-1 [2] and TTI Report 205-4 [8]. However,
due to the wide variability in occupancy rates for specific projects,
a separate estimate of occupancy rates should be provided for each HOV
project analysis when possible. It is recommended that both the input
data for the proposed highway and the expansion of the proposed high-
way, cards 4 and 5, be increased to include a vehicle mix, adjusted
value of time, and occupancy rates different from those assumed for
the corridor on card 1. Appendix B contains the specific recommended
changes for the input data.

Another assumption in the HEEM which must be examined for HOV
projects is the future demand of corridor traffic. As part of the

input data, a projected corridor vehicle traffic volume must be
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provided. HEEM then calculates a traffic volume for each year based
upon that projected traffic volume using either a constant growth rate
or an iterated declining growth rate. The projected vehicle traffic
volume demand is independent of the proposed project being analyzed.
One of the purposes, however, of HOV projects is to increase the
occupancy rates thereby reducing the vehicle demand, or at least slow-
ing the growth of vehicle demand. A better assumption would be to
treat the future corridor person demand as independent of the proposed
project and let the vehicle demand vary for changes in the occupancy
rate. That assumption is built into the recommended marginal cost
allocation method discussed in the previous section. Also recommended
changes to the output data reflecting the person corridor allocation

for HOV projects are contained in Appendix B.
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CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The HEEM provides a solid framework to use in looking at the
desirability of a particular highway project by calculating a
benefit/cost ratio called the economic measure. But the HEEM is not
currently capable of analyzing HOV type projects. There are a number
of reasons for this, including limited highway types in the Highway
Specification Table, assumptions which cannot be changed for HOV
lanes, and the current method of allocating corridor traffic.

This report presents a number of recommended changes to expand
the capability of the HEEM program to successfully evaluate HOV
projects. It 1is important to realize, however, that these proposed
changes are not intended exclusively to provide an analysis of HOV
projects, though that certainly is the major purpose. Some of these
changes will also improve the analysis of other projects unrelated to
HOV projects, a good example is the marginal cost allocation method.

The marginal cost allocation method described in this report
allows for an unbiased analysis of HOV projects but it will also
improve the accuracy and reliability of other unrelated project evalu-
ations. The reason for this is the underlying assumptions of the
marginal cost model. It allocates traffic in such a fashion that the
marginal user cost for each corridor route is the same. The model can
be applied to any corridor traffic analysis, with the HOV project
analysis as an important application of the model, where the use of

the restricted Tane at some future period is of critical importance.
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Recommendations

Based upon the findings presented in this report, the following

changes

1.

to the HEEM are recommended:

Expand the number of highway types in the Highway Specifica-
tion Table to include the five HOV highway types listed in
this report.

Replace the current corridor traffic allocation method with
the marginal user cost allocation method described in this
report.

Expand the input data to include assumptions different from
those of the other corridor routes including,

a. different percent trucks (buses)

b. different values of time

¢c. different occupancy rates.

Change the assumption of an independent corridor vehicle
demand to an assumption of an independent corridor person

demand.
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11.
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TABLE Al Comparison of HEEM Approximation to
Fitted Approximation for an 8-Lane Urban Freeway

Demand
60,000
70,000
80,000
90,000

100, 000

110,000

120,000

130,000

140,000

150,000

160,000

170,000

180,000

190,000

200,000

210,000

220,000

230,000

240,000

Average
Speed

58.81
58.61
58.41
58.21
58.02
57.82
57.62
57.42
57.22
57.02
56.83
53.88
50.93
48.75
46.94
45.77
42.81
40,43
35,30

HEEM
Average
Speed Error
58,81 0.00
58.61 0.00
58.41 0.00
58.21 0.00
58.01 -0,01
57.81 -0.01
57.62 0.00
57.42 0.00
57.22 0.00
57.02 0.00
54,61 -2.22
52,19 -1.69
49.78 -1.15
47.37 -1.38
44,95 -1.99
42.54 -3.24
40.13 -2.68
37.71 -2.72
35.30 0.00

FITTED
Average
Speed Error
59.95 1.14
59.90 1.29
59.82 1.41
59.70 1.49
59,52 1.50
59,26 1.44
58.91 1.29
58,42 1,01
57.82 0.60
57.02 0.00
56.02 -0.81
54,77 0.89
53.23 2.30
51,37 2.62
49,13 2.19
46.46 0.69
43.30 0.49
39,60 -0.83
35.30 0.00
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TABLE A2
Comparison of Daily Car Running Costs

Average Speed Daily Running Costs ($/1000 veh.miles)

(mph) HEEM Fitted
5 111.6 101.0
10 80.9 80.9
15 74,1 73.2
20 71.1 . 70.1
25 69.4 69.4
30 70.0 69.9
35 71.2 71,0
40 72.5 72.5
45 73.9 74.1
50 75.3 75.7
55 76,7 77.0
60 78.2 78.2
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TABLE A3
Comparison of Daily Truck Running Costs

Average Speed Daily Running Costs ($/1000 veh.miles)

(mph) HEEM Fitted
5 343,2 242.4
10 181.7 181.7
15 157.1 155.9
20 147.1 144.7
25 141.7 141.7
30 146.4 144.1
35 154,7 150.3
40 164.0 159.4
45 174.5 170.9
50 186.5 184.4
55 200.2 199.5
60 216.1 . 216.1
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TABLE A4
Comparison of Speed Change Cycles on a 4-Lane Metered Freeway

ADT HEEM FITTED
0 0.04 0.09
10,000 0.54 0.59
20,000 0.99 1.09
30,000 1.45 1.57
40,000 1.90 2.03
50,000 2.36 2.47
60,000 2.81 2.87
66,400 3.10 3.10
70,000 3.10 3.22
80,000 3.10 3.53
90,000 3.10 3.78
100,000 3,10 3.97
110,000 3.10 4,09
120,000 3.10 4.13
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TABLE A5
Yearly Totel User Costs for a 6-Lane Yrban Freeway
(1975 Prices, 1 Mile Length)

Total Total Total Total Total Total

Running | Cycling |Operating| Time Accident User

ADT Costs Costs Costs Costs Costs Costs
10,000 $369,364 $8,421| $377,785| $360,621{$17,082 $755,487
20,000{ 738,723 30,816} 769,539| 721,261 34,164 | 1,524,965
30,000{1,108,055 67,183|1,175,238(1,082,046| 51,246 | 2,308,530
40,000|1,477,287f 117,518|1,594,805/1,443,345( 68,328 | 3,106,478
50,000{1,846,246| 181,806/2,028,071|1,805,954( 85,410 | 3,919,435
60,000{2,214,710| 260,016|2,474,726|2,171,293|102,492 | 4,748,512
70,00012,582,176| 352,085(2,934,261|2,541,655[119,574 | 5,595,490
80,000|2,947,977| 457,906(3,405,882(2,920,490/236,656 | 6,463,029
90,000(3,311,111| 577,299(3,888,411|3,312,796|153,738 | 7,354,945
100,000{3,670,142| 709,9854,380,127/3,725,651{170,820 | 8,276,598
110,000]4,023,032f 855,529/4,878,560{4,169,017(187,902 | 9,335,480
120,000|4,366,925(1,013,273!5,380,19714,657,013/204,984 10,242,194
130,000|4,697,883|1,182,20915,880,09215,210,028(222,066 |11,312,186
140,000}5,010,634|1,360,774/6,371,409|5,858,4311239,148 |12,468,987
150,000/5,298,529|1,546,459|6,844,988|6,649,454(256,230 |13,750,672
160,000{5,554,201{1,735,045|7,289,245|7,660,908273,312 |15,223,465
170,000(5,772,271(1,918,9347,691,206{9,031,144 {290,394 |17,012,744
180,000}5,957,767/2,083,028|8,040,794111,03,133/307,476 |19,381,403
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TABLE A6

Comparison of Yearly Total User Costs

(1975 Prices, 1 Mile Length)

Conventional Highway Types HOV
6-Lane Urban 4-Lane Metered
City Street Rural 6-Lane 6-Lane
Person with 35 mph Divided Urban Urban Person Contraflow

ADT Movementd | Speed Limit Highway Freeway Freeway Movementb Lane
10,000 12,760 $1,109,674 $792,949 $755,487 $754,452 112,040 $8,094,637
20,000 25,520 2,273,010 1,608,736 1,524,965 1,524,686 224,080 17,237,117
30,000 38,280 3,533,806 2,449,887 2,308,530 2,310,566 336,120 40,102,189
40,000 51,040 4,953,607 3,321,813 3,106,478 3,111,956

50,000 63,800 6,632,191 4,233,915 3,919,435 3,928,786

60,000 76,560 8,750,803 5,201,503 4,748,512 4,761,111

67,500 86,130 10,838,574

70,000 89,320 6,249,845 5,595,490 5,609,175

80,000 102,080 7,423,624 6,463,029 6,473,477

90,000 114,840 8,811,003 7,354,945 7,354,866
100,000 127,600 10,612,590 8,276,598 8,254,655
110,000 140,360 13,379,722 9,235,480 9,174,797
120,000 153,120 10,242,194 10,118,139
130,000 165,880 11,312,186 11,088,813
140,000 178,640 12,468,987 12,092,857
150,000 191,400 13,750,672 13,139,211
160,000 204,160 15,223,465 14,241,375
170,000 216,920 17,012,744 15,420,231
180,000 229,680 19,381,403 16,709,004

a assumed weighted occupancy rate of 1.276, 92% cars at 1.3 persons/car and 8% trucks at 1.0 persons/truck
assumed weighted occupancy rate of 11.204, 92% vans at 8.7 persons/van and 8% buses at 40.0 persons/bus



Yearly Marginal User Costs per Vehicle for a

TABLE A7

6-Lane Urban Freeway (1975 Prices, 1 Mile Length)

Marginal |Marginal|Marginal | Marginal |Marginal| Marginal

Running | Cycling|Operating|{ Time Accident User

ADT Costs Costs | Costs Costs Costs Costs
0 $36.94 | $0.14 | $37.08 | $36.06 | $1.71 | $74.85
10,000 36.94 1.54 38.48 36.06 1.71 76.25
20,000 36.94 2.94 39.87 36,07 1.71 77.65
30,000 36.93 4,34 41.27 36,10 1.71 79.07
40,000 36.91 5.73 42,65 36.18 1.71 80.53
50,000 36.88 7.13 44,00 36.37 1.71 82.09
60,000 36.80 8.52 45,32 36.74 1.71 83.77
70,000 36.68 9.90 46,57 37,39 1.71 85,67
80,000 36.47 11,26 47,73 38.46 1.71 87.90
90,000 36.14 12,61 48,75 40,12 1.71 90,58
100,000 35.64 13,92 49,56 42,62 1.71 93,88
110,000 34,89 15.18 50,07 46,29 1.71 98,07
120,000 33.82 16.35 50.17 51.64 1.71 103.52
130,000 32.29 17.41 49,69 59.45 1.71 110.86
140,000 30.15 18.27 48,42 70.99 1.71 121,12
150,000 27.30 18.80 46,10 88.46 1.71 136.28
160,000 23,73 18.79 42,53 116.03 1.71 160.26
170,000 19.93 17.75 37.68 162,28 1.71 201,67
180,000 17.74 14,54 32.29 247,55 1.71 281,54
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TABLE A8
Comparison of Yearly Marginal Costs per Person

(1975 Prices, 1 Mile Length)

6-Lane Urban

Urban City 4-Lane 6-Lane
Contra- | Street with Rural Urban Metered 6-
flow 35 mph Speed | Divided Free- Lane Urban
ADT Lane Limit Highway way Freeway
0 $73.43 $85.88 $61.27 | $58.66 | $58.51
10,000 75,55 88,57 63.02 59,76 59.75
20,000 103.93 94,35 64,88 60,85 60,98
30,000 496.11 104,07 67.03 61.97 62,20
40,000 119.74 69.75 63.11 63.41
50,000 145,62 73.41 64,32 64,62
60,000 190,99 78,57 65,65 65.84
67,500 250.56
70,000 86,30 67.14 67.09
80,000 98.75 68.89 68.39
90,000 121.09 70.98 69.77
100,000 167.54 73.57 71,28
110,000 287.09 76,86 72.98
120,000 81.13 74,94
130,000 86,88 77.28
) 140,000 94,92 80,20
150,000 106.80 83.93
160,000 125,60 89.05
180,000 220,64 106.54

61



TABLE A9

Approximation of Marginal Cost Function

for a 6-Lane Urban Freeway

ADT
0
10,000
20,000
30,000
40,000
50,000
60,000
70,000
80,000
90,000
100,000
110,000
120,000
130,000
140,000
150,000
160,000
170,000
180,000

Actual

$74.85
76.25
77.65
79.07
80.53
82.09
83.77
85.67
87.90
90.58
93.88
98.07
103.52
110.86
121.12
136.28
160.26
201.67
281,54

Approximate
$74.85

85.85
76.96
78.20
79.60
81.20
83.03
85.14
87.63
90.58
94.15
98.54
104.09
111.31
121.10
135.15
156.95
195.43
281,54
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The marginal user cost allocation method involves equating the
marginal cost for each corridor route. The marginal cost functions
are sufficiently complex that an iteration technique is required. The
iteration must be performed for each year during the projection
period. Therefore, the following approximations were developed to
allocate traffic between n highways without any iterations necessary.

The following approximation to the marginal cost functions are
discussed in the main body of the report, and for n highways consist
of,

1 .
XT(1)=a;~ Prewi(i)

. where i = 1 when ADT = 0

. i = 3 when ADT = route capacity
. x = marginal cost

. y = ADT

1

Xo()-a,~ Pntenyn(i)
Set the first highway such that
x1(1) < all other x(1)'s
For each of the other highways, j = 2,...,n
if x1(1) = xj(1), then aj = 0
If x1(1) < Xj(l), then

o= bj - b1 [1+bj(a1-aj)]
ci[1 + bj(ay - aj)]
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If x1(3) = x3(3), then

5. . y1(3) - 9
If X1(3)>Xj(3), then
_ by +¢jyj(3) - bill+(ai-aj)(bj+ciy;(3))]
cil1+(ag-aj)(bj+cjy;(3))]
B, =YL= %
Vo yi03)
If x1(3) < x5(3), then

Y1

gy = Darewi(d) - bj[i+(aj-a1) (bi+c1y1(3))]
’ cjl1+(az-a1)(br+ciy1(3))]

¥1(3) - o5

These calculations derive the coefficients for the following set of

equations,

y1 =0j +Bjyj for all j = 2,...,n

ADT for the first route is a linear function of each of the other

routes. To solve the equations, the corridor traffic constraint is

required,

Y1+ Y2+ eauyp =T

where T = total corridor traffic

This gives a set of simultaneous equations which can be solved for the

desired yj, ¥2,...yp with a given T.

n n n

I (@ 78) + T(B4)

=2 Tq=2 i=2
i#J

non n
L (B4) +1By
=2 i=2 i=2
i#]

J

yj =222 for all j = 2,...,n
J Bj
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For example when n = 2,

a2 *+B2T

Y1 =T58,
2

Y2 = T B,

when n = 3,

_a2R3+ta3 2T B2R3
T TR 2+B3+B2B3
_oY1l - a2

Yo = TR

Y1 -93
37 T

66



Recommended HEEM Program Changes

Substitute proposed demand subroutine, including HMC subroutine,

for the current demand subroutine. A flow chart of the proposed

demand subroutine and the HMC subroutine are contained in this
appendix.

Make the appropriate changes to the cost calculation subroutine

CALCO3.

a. Take one lane of capacity out of existing highway when con-
traflow lane constructed.

b. Incorporate occupancy rates into value of time calcula-
tions. This also requires that the values of time on card 1
of the input data be in terms of value of time per person
rather than volume of time per vehicle.

¢. Incorporate occupancy rates into accident cost calculations.

Between program lines 11900 and 11910 the following should be

inserted,

IF(ICTF.NE.1) GOTO 12

IF(L1.NE.1) GOTO 12

IF(L.NE.1) GOTO 12

IF(Y.EQ.ICYR) GOTO 12

DO 50 K1=1,11

CTFSTR(K1) = TABLE (K1,X)
50  CONTINUE

TABLE (1,X) = TABLE (1,X)-30000.

!

TABLE (6,X) = 9866.906/TABLE (1,X)
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TABLE (7,X) = 5.4897/TABLE (1,X)

IF (HSW(1).EQ.29. .OR.HSW(1).EQ.30..0R, HSW(1).EQ.31. .OR.HSW
(1).EQ.32..0R.HSW(1).EQ.33.0R.HSW(1).EQ.38..0R. HSW(1).EQ.
39.) GOTO 14
TABLE (2,X)

TABLE (2,X)-18750.

TABLE (9,X) = 3.2-(TABLE (1,X)/300000.)
GOTO 12

14  TABLE (2,X)

TABLE (2,X)-20000.

TABLE (9,X) = 2.88-(TABLE(1,X)/329670.)
Between program lines 12470 and 12480, the following should be
inserted,
IF(L2.EQ.2) GOTO 27
XVT (L2)=XT (L2)*ASSUMP (L2+1)*0CCPC(L1)* (1.+ASSUMP (4) )**(Y-1)
GOTO 21
Between program lines 13560 and 13570, the following should be
inserted,
DO 60 K2=1,11
TABLE (K2,HSW(1))=CTFSTR(K2)
60 CONTINUE
The following program lines should be changed,
11910 12 IF(L.NE.1) GOTO 31
12310 1HSW(L1).EQ.32..0R,HSW(L1).EQ.33..0R, HSW (L1).EQ.
38..0R,HSW(L1).EQ.39) GOTO 40
12480 27 XVT(L2)=XT(L2)*ASSUMP (L2+1)*OCCPT(L1)*(1.+ASSUMP
(4))**(Y-1)
12840 ACCOST=TABLE (8,X)*(.414*0CCP(L1)+.47)*ACCNO*(1.+
ASSUMP (4) )**(Y-1)
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Add HOV highway types in Table 1 to Highway Specification Table.

a. Add table data between program lines 580 and 590

b. Add highway type names in program line 840,

c. Assign index values between program lines 6050 and 6060,

d. Set urban, rural switch program line 6260.

e. Change the dimension of Table, program lines 40, 60, 600,
8890, 9700, 11600, 13600, 13950, and 14370,

Read in additional values for the proposed highway, card 4, and

expansion of proposed highway, card 5, between program lines 5130

and 5140, and change GOTO in Tline 5100, if these values are

different from the initial assumptions on card 1.

a. Card columns 44-47, percent trucks, ASMHOV(1).

b. Card Columns 49-52, value car time, ASMHOV(2),

¢. Card columns 54-57, value truck time, ASMHOV(3).

d. Card columns 59-62, car occupancy rate, OCHOV(1).

e. Card columns 64-67, truck occupancy rate, OCHOV(2).

Include these variables in the common arrays for each subroutine
If the proposed highway is an HOV project, then default

factors must be provided in the event they are not specified on

the input cards.

Recommended Values

ASMHOV (1) = ASSUMP (1)
ASMHOV(3) = 2.6%ASSUMP(2)
OCHOV(2) = 40.0

If the HOV is a contraflow lane (U1T), set the contraflow switch,

ICTF, equal to one, then

69



ASMHOV(2) = 2.6*ASSUMP (2)

OCHOV(1) = 8.7

If the HOV is not a contraflow lane, then

ASMHOV (2)

2. 1%ASSUMP (2)

OCHOV(1) = 3.7

i

Print out the values used in the model for HOV projects and

convert ASMHOV(1l) to decimal form.

Check buildover switch, program lines 5090-5110, it must be equal

to zero if the proposed highway is an HOV project.

If the proposed highway is an HOV project, then change printout

to reflect the person allocation between the build and no-build

alternatives in addition to the vehicle allocation.

a. Put the title "Vehicle Demand" above the lines printed in
line 7430,

b. Put a separate "Total" for the do-nothing demand and if
construct demand, since they may be different for an HOV
project. The title is in program line 7430 and the numbers
in lines 7460-7480.

c. Printout the person allocation similar to the vehicle allo-
cation, including a title and the demand for every 5th year.

Include in the common array for each subroutine the following

additional variables,

a. The car occupancy rate for each highway, OCCPC(4)

b. The truck occupancy rate for each highway, OCCPT(4)

c. The person demand for each highway, DEMAND(6,40,2)

d. The contrafiow switch, ICTF.
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AAMC (1-3)
AC

ADAT

ADT

AF
ALL(1-3)
AMC (1-3)
A0
ASMHOV(1)
ASMHOV (2)
ASMHOV (3)
BBMC(1-3)
BF

BMC (1-3)
CMC(1-3)
cy

Yl

Variable Dictionary

intercept term for the Tlinear relationship between
highway types in allocating traffic. AAMC(1-2) for 3
highway allocation, AAMC(3) for 2 highway allocation
marginal accident cost

variable used in calculation of slope for linear rela-
tionships between highway types in allocating traffic

variable indicating person demand for each Tloop of
marginal cost calculations

intercept term in approximation fo speed/volume rela-
tionship

variable to indicate the highways available for alloca-
tion

calculated variable for each highway type. \Used in
marginal cost approximation

variable used in marginal cost calculation
percent trucks (buses) for HOV lane(s)

time cost ($/min) for cars (vans) per person for HOV
lane(s)

time cost ($/min) for trucks {buses) per person for HOV
lane(s)

slope term for the linear relationships between highway
types in allocating traffic. BBMC(1-2) for 3 highway
allocation, BBMC(3) for 2 highway allocation

slope term in approximation of speed-volume relation-
ship

calculated variable for each highway type, used in
marginal cost approximation

calculated variable for each highway type, used in
marginal cost approximation

marginal cycling costs

variable used in marginal cycling cost calculation
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Y2
DEMAND (1)
DEMAND(2)
DEMAND (3)
DEMAND (4)

DEMAND(1,Y,L)
DEMAND(2,Y,L)
DEMAND(3,Y,L)
DEMAND(4,Y,L)

F1

FY

FY1

Gl

HMC (KX ,KY)

IC

ICS

ICTF

IH

variable used in marginal cycling cost calculation
person demand on existing road

person demand on proposed road

person demand on diversion road

person demand on alternate road

vehicle demand on existing road

vehicle demand on proposed road

vehicle demand on diversion road

vehicle demand on alternate road

variable used in approximating number of cycles for a
metered freeway

speed (mph) on a particular highway type given a
vehicle demand

first derivative of FY, used in marginal cost calcula-
tion

variable used in approximating number of cycles for a
metered freeway .

highway marginal cost per person for highway KX and ADT
index KY

index used in calculation of marginal cost approxima-
tions for 3 highway allocation. IC=1 calculations per-
formed for highway ALL(1), IC=2 calculations performed
for highway ALL{2), IC=3 calculations performed for
highway ALL(3)

variable to hold highway type in calculation of vari-
ables for marginal cost approximations in 3 highway
allocation

swich indicating if proposed highway is a contraflow
lane, ICTF=1 if proposed route is contraflow, ICTF=0 if
not

index for adjusting percent trucks, and occupancy rates
for HOV highway types

72



IJ

IR

ISW(1-3)

Jl

J3

JA

JASH

JB

JBSW

JSWC

JWl

JW?2

K1

KX

index for highway type in conversion of allocated per-
son demand into vehicle demand

index used to indicate the number of highways which
require marginal cost calculations

variable to indicate the order of allocation ISW(3)=
highway with lowest initial marginal cost, first to
receive traffic allocation

working variable used in linear relationships between
highway costs

working variable used in linear relationships between
highway costs

index used in calculation of marginal cost approxima-
tions for 2 highway allocation. JA=1, calculations
performed for highway ALL(1), JA=2, calculations
performed for highway ALL(2)

JASW=1 if capacity marginal cost for highway ALL(2) is
less than initial marginal cost for highway ALL(l) in 2
highway allocation, JASW=0 otherwise

index to calculate Tlinear relationships between the
highway types. JB=1 will calculate ISW(3 &
(ISW(1)), JB=2 will calculate ISW(3) =a2 + 82(1 W( 2))

JBSW=1 if capacity marginal cost for highway ALL(1l) is
less than initial marginal cost for highway ALL (1) in
2 highway allocation, JBSW=0 otherwise

variable to hold highway type in calculation of vari-
ables for marginal cost approximations of 2 highway
allocation

index for highway type with higher initial marginal
cost in two highway allocation

index for highway type with lower initial marginal cost
in two highway allocation

index to adjust table for reduced number of lanes on
existing road for contraflow lane project

index to indicate highway type in marginal cost calcu-
lation
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KY

LSW

LSWC

NO3

NO4

0CCP (1-4)

0CCPC(1-4)

0CCPT (1-4)

OCHOV (1)
OCHOV (2)
P1

PADT (1-4)

PO
R1

R2

index which indicates the proportion of highway capa-
city to be used in marginal cost calculation. KY=1 at
0, KY=2 at 1/2 capacity, KY=3 at capacity

index indicating run type, l=do nothing, Z2=construct

switch to indicate if variables to allocate traffic
involving 3 highways have to be calculated. LSW=1 if
the variables must be calculated initially or any
change occurs such that they must be recalculated.
LSW=0 otherwise

switch to indicate if variables to allocate traffic
involving 2 highways have to be calculated. LSWC=0 if
the variables must be calculated initially or any
change occurs such that they must be recalculated.
LSWC=1 otherwise

variable used to hold minimum range at demand calcula-
tion; in regulr run NO3 always equals 1, in optimum
NO3 equals 1 once and 2 several times

variable used to hold maximum range of demand calcula-
tion: In regular run NO4 always equals 2, in optimum
NO4 wquals 1 once and 2 several times

weighted average occupancy rate for each highway type

car(van) occupancy rate for each highway type, will
equal 1.3 unless highway is HOV

truck (bus) occupancy rate for each highway type, will
equal 1.0 unless highway is HOV

car (van) occupancy rate for HOV highway
truck (bus) occupancy rate for HOV highway

variable used in calculation of marginal accident
costs

person capacity of each highway type adjusted for
technical performance factor

variable used in marginal time cost

percent trucks, will equal assumption 1 unless highway
is HOV

percent cars RZ=1-R1
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RN
STAB

TBLE(1,IX)
TBLE(2,IX)
TBLE(3,1X)
TBLE (4, IX)
TBLE (5,1X)
TBLE(6,1X)
TBLE (7,1X)
TBLE (8,1X)
TBLE (9, IX)
TBLE(10,1X)
TBLE(11,1X)
TC

TPF

T

VT

X1

marginal running cost

traffic to be allocated to diverted route, or in allo-
cations with a proposed, existing, and alternate route,
traffic to be allocated to one after the other two have
reached capacity

person capacity of highway IX

person breakpoint of highway IX

beginning speed of highway IX

breakpoint speed of highway IX

capacity speed of highway IX

intercept for number of cycles of highway IX

slope for number of cycles of highway IX

mean accident cost for highway IX

intercept for number of accidents of highway IX

slope for number of accidents of highway IX

average maintenance cost/mile of highway IX

car (van) time cost, used in marginal cost calculations

technical performance factor/100

truck (bus) time cost, used in marginal cost calcula-
tions

marginal time cost

variable containing the amount of person traffic volume
(by year) available for allocation

variable containing the amount of expanded vehicle
traffic volume (by year) available for allocation

index indicating year (1-40)

variable to indicate person demand for each loop of
marginal cost calculation
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PROPOSED DEMAND SUBROUTINE )

STORE VEHILLE
NOLUME 10 X1

Tswe = 0O "

X X[ #e(13=0.3 wASRMP()

po 30 IH=I,F

Ri = ASMADY (1 )
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£ = ASSUMP (]
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LONTINVE
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LETE D

.
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4
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D
o

THREE HIGHWAY ALLOCATION

LEW =

L5l =/

e
ALLOCATE

1

DEMAND (1) =
ALT(1)

I X=X PALT (1) ]

Acefl) = 2
A (2)=
ALt (By= &

@._

ALefdr) =7
Al (& y=t
ALl (B)=E

PEMAND(A)=

X

DEMAND (4} =

FADT (4)

| x= x-puor(4) |

l(LL(/):: [l
ALL(E et
ALl (2= O

y

-

EHANGE MEAWAY TYPE
TEF, LENETH, AP 5F

FROP HIGHWAY

CALL
@@

DEMAN D)= X

pEMANG (2) =
PADT (2 )

|

[x=x- PaOT (2) |

Acp (1) =1
ALt (2)=4
ALl (2y=

ALL(/I) = 2
ALL (&)=<
ALL(By= 1

ALL(7)= 2.
V Ackfz)=2
ALl (= )=+

FRDT ‘)
» PADT(2)

DEMAND )= FADTEY)
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DEMAND (4)= FADT(4)
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STAB=X=PADT (1)
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20 95 IC =43

ZCS =ALL(ZC)

CALLEATE AME (ffcs):(é//‘/(,(’it S, B+
HME(LES, 0% HME (TCS, BY -2 R HHC
(FES, BY S L (TCS, 1)) /(A L7CS,
BYA (TS 1 J— LA UM (FEE,2))

Y

CALELLATE BMC(TCS) = //////‘r‘c
(TES, 1)+ AME(TCS))

!

i

DO 100 JB=12

AAMC(wB)=0

- M
s

7

AdrM @ (L8 ) = (BUC (TSWUBYY — Brs,
(FSCXE) )% (14 BHC T30 (U5 seghvee
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-
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y
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!
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TWO  HISHWAY ALLIcATION

DEMAND(E
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DEMAND () KaX - ,ze:.é((g) ,-f;
> 207 [ PP L

)
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Subroutine for HMC (Highway Marginal Cost)

TR =8

TR = 4

TBLE (1, 1) = TABLEL L W[ })-
0,000

TIRE (1,0) =66 D06/ TBLE(1,1)
TBLE(7,1) 5482 TBLE (1,1)

TBLE(2 1 )= TARE 2, HSW (1)
~ (8,750

TBE (B )= B2 -(rEE ()
SB00,000)

Avr=

TBEL], 1x)= TABLE (4, ASW(TX))

TBE2,4X) * TABLEL 2, HSWrx))
7BE(6, T TASE (b, ASW(TX))
TEEL7,TX) = TRBE (7, 00/(T3))

TBE(SEX) = TABLE (3, HSW(Tx))

TBLEL 2,1 3= TRELE, 4
_&3{;) 0) (o sl

TEE (Y, ) 2. OB~ (TEE D)

/322,670}

3

L

rﬂg;( -3/,2:() = TABLEY 3, ASWYTX)
TBUE(4 IX )= TASE (4, HW(TX))
FELE (5. TX) R TRECE (5, HIW(TKY)
TEE(E,TX) * TABLE (B SR
TBUE (76, £ ) = TRSE O AT
TBLEHEIN ) = TABLE o ASW(TX))

DO RC K43

Y= Ap7

&




Subroutine for HMC (Highway Marginal Cost)

PO = 21,900 % HPATA (TX, ! )% (R2% TC

OLEP(IN)#R ! 2 77 se OcclT (TX)G) /0t (2X)

Rz /~mr
7T s ASMHOV(E)
7T ASMHOS)

Re = [=RS
e = ASSUMPE)
77 = ASSUMECB)

>

| vr=roxarv-yixrn frvese

B = fALos({ TBLE (5,7X) ~FBLE (5, IX))/(TBLE fzx

- TBLE (4, 2X))) f(ALos (TBLE (1, 2X)/TBLE (2,700
AF = Acog (TBLE (3,7X)- TBLE (5,7X)) - BF*
Acos (TBLE () X))

7 = (605954 ) X HDATA (TN, ()% TBLE

(8, ) S HOATA (25, 2 ) %-(- Foccr (EX)+44)

FY = (TBLE (3 ,2x )~ EXPar) % (v/ % 3 BF)%wHATA
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(02202 k fo/ = 033629 2} R2) 9 (FY J;EZ+LXFY
3 FY Y] Y (107, B303 5 R+ 253,35 15 5% R1) 3¢ (ALOG(FY)

ADT = ADT+(TBLE (1, ZX )R HDATA(TX, D)4
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I
CTTD
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Y
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