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PREFACE 

This report documents the network modelHng methodology developed for 

the study of truck lane needs in the Texas highway network. A general 

overview of the overall approach, as well as a description of the model's 

capab1.liUes and input requirements, can be found 1.n a companion report on the 

findings of study CTR 3-18-83-356. The present technical report is intended 

to fully document the research performed, specifically the development of the 

network design procedure used to select a subset of link improvements to be 

implemented under given expenditure levels. This report serves as a 

technical user's guide, as well as a reference for modifying or updating the 

computer program. 

The princj.pal features of the network link selectj.on methodology 

described in this report are: 1) the capability to select not only which 

Hnks to improve but also the type of improvement, 2) the definition of Hnk 

improvement in terms of not only the provision of special truck lanes, but 

also the type of operation, including restricted access of existing or new 

lanes to either vehicular class, and 3) the representation of the 1.nteractton 

of cars and trucks in the traffic stream and j.ts effect on travel tj.me. 
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ABSTRACT 

Special truck lanes have been proposed as a measure to deal with the 

increasing traffic of larger and heavier trucks on the Texas highway system. 

This report describes a procedure for the selection of an optimal subset of 

truck-related link improvements in the highway network. This procedure is a 

component of an integrated network modelling methodology for the study of 

trucklane needs in the Texas highway network. 

The link improvement selection problem is cast as a discrete network 

design problem with multiple improvement types per link. One of the 

principal features of this procedure is the defi.nition of link improvement in 

terms of both capacity expansion (lane addition) and operational scheme 

(exclusive use by cars or trucks of both existing and added lanes). Another 

is the consideration of the interaction of cars and trucks in the traffic 

stream in solving the network equilibrium assignment problem embedded in the 

network design problem. 

A branch and bound integer programming approach is adapted and tested 

for this problem and the particular features introduced by truck-related link 

improvement measures. 
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EXECUTIVE SUMMARY 

The motivatj.on for thj.s study arj.ses from the need to plan for and 

accommodate the increasing traffic of larger and heavier trucks in the Texas 

highway system. In particular, the construction of special lanes for the 

exclusive use of trucks in selected critica 1 parts of the network is being 

gjven consideration as an approach to deal with truck-related highway 

problems. 

This report describes a procedure for the selection of an optimal subset 

of truck-related link improvements in the highway network, so as to minimize 

overall system costs (includjng costs incurred by car and truck users), 

subject to a specifj.ed maximum level of expenditures. Thj.s procedure js part 

of an integrated network modelling methodology for the study of truck lane 

needs in the Texas highway network. 

The pri.ncipal features of the lj.nk improvement selection problem 

addressed here are: 1) the consideration of link improvement in terms of 

both capacity expansion and operating scheme (lane access restrictions by 

either cars or trucks); 2) the definition of five possible improvement 

options for each link; 3) modelling of the interact jon between two user 

classes, cars and trucks, in their shared use of the common highway lj.nks; 4) 

the need to solve many user equiUbrium network assignment problems with 

asymmetric jnteractions in the search process; and 5) the j.ncorporation of an 

elaborate set of feasjbility rules, including geometri.c, pavement and 

operational crj.terj.a for the addition of special truck lanes to a gi.ven 

existj.ng highway lj.nk. 

A branch and bound integer programming approach has been adapted and 

tested for the features of this particular discrete network design problem 

with multiple link improvement options, and tailored to the special 

requirements of the truck lanes problem. The structure and detailed steps of 

thj.s methodology are described in this report. 

The specific li.nk improvement options are described in this report, and 

implementation details in terms of network representation of these 

improvements are explained. Also presented are the feasibiU.ty rules for 
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each improvement type given a link's characteristics. These rules are used 

for screening purposes, thereby reducing the search space and enhancing the 

model's computational efftciency. 

In the branch and bound algorithm adapted for this problem, the 

procedures for calculating the upper and lower bounds of the objective 

function at each node of the branch and bound search process take advantage 

of the particular features of the improvement options in this problem. 

Initial testing and implementation of this link improvement selection 

methodology has established its usefulness for the study of truck lane needs 

in the Texas highway network. It is recommended that further research be 

conducted in order to make more effective use of the powerful capabiUties of 

this methodology. In particular, its computational requirements could be 

improved by using "shortcuts" that would not signi.ficantly affect accuracy. 

In addj.tion, the methodology is flexible enough to allow the consj.deration of 

a broader array of truck-related improvements (outside the scope of the 

present study), and to explicitly deal with multj.ple objectives in the link 

improvement selection problem. 



IMPLEMENTATION STATEMENT 

The methodology developed in th1s study can assist the SOHPT in dealing 

with the quest10n of spec1al lanes or fac1lities for truck traffj.c. Its 

applj.cab1l1ty 1s however not limited to the analys1s of exclusive truck 

lanes. It can handle a variety of h1ghway 11nk improvement options, 

involving capacity expans10n jointly w1th operational schemes. The latter 

can include any comb1nat1on of lane access restr1ct1ons to e1ther cars or 

trucks, for existing as well as new lanes. As such, the network modelling 

methodology prov1des a flex1ble tool to address a variety of measures aimed 

at dealing with the i.nevita ble 1ncreases in truck and car traff1c, and the 

1ncreasingly d1ssim1lar mix of vehicle classes using the highway system. 

While source updati.ng and fj.ne-tuning of truck-related measures would be 

necessary, the structure of the methodology offers the requisite adaptability 

for these tasks. 
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CHAPTER I. INTRODUCTION 

Introduction 

Trafflc increase is an lnevitable by-product of the phenomenal growth of 

the State of Texas. Both general and commercial trafflc are increasing, in 

metropolltan and rural areas alike, lmpinging upon the ability of the current 

highway system to meet the future needs of the state's economy and the 

mobllj.ty of its residents jn a safe, effj.cient manner. Furthermore, current 

trends toward larger and heavier trucks on one hand, and toward more compact 

fue l-efficient passenger vehicles on the other, raise serious safety 

considerations due to the sharing of the same roadways by vehlcles with such 

dissimllar and extreme characterlstlcs. 

The development and implementatlon of economically and technically 

viable solutlons requlre concerted plannlng efforts supported by careful 

analysis of anticipated truck traffic on the highway network. The 

implications of various proposed solutions in terms of requlred expenditures 

and resulting service levels to both trucking flrms and the general public 

should be systematically assessed and evaluated. There exist no quick fixes 

to a problem of this magnitude, and the declslons and strategles developed 

now will have long-ranging effects on future development. Adequate 

methodological support for this planning activity is essential for its proper 

conduct. 

With the expected growth in intercity traffic for the rest of this 

century, highway agencies wHl have to provide new and improved facilities 

for a more complex mix of vehicles. At one extreme, very large truck 

combinations are already affecting the design and capacity considerations of 

some Texas corridors. Large amounts of truck traffic on IH-35 and US-281, 

for example, have tended to accelerate facilj.ty deterioratj.on rate, to 

jeopardize some geometrlc deslgn features, and to create potentially more 

hazardous driving conditions in roadway operations. Importantly, all these 

tendencies will worsen over time. 
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Consequently, information needs to be developed that will assist the 

Texas State Department of Highways and Public Transportation (SDHPT) 

engineers in preparing construction rehabilitation and maintenance projects 

to accommodate the unique demands that large, heavy trucks place on highway 

faciUties. Ultimately, this information wHl lead to establishing criteria 

and warranting procedures for the development and i.mplementation of truck­

related facili.ti.es. 

The Center for Transportation Research (CTR) at The University of Texas 

at Austin has conducted a study to develop a methodology for evaluating the 

viabi.lity of special lanes exclusively for truck use, and to determine 

highway links that are best sui ted for such improvement. The present report 

describes the detatled methodological aspects of a procedure developed in 

conjunction with this study, for the identification of an optimal subset of 

Unk improvements to be implemented under given expenditure levels. A more 

general presentation can be found in a final report summarizing the results 

of this study (Mahmassani, et al, 1985). 

Problem Statement 

Constder the network in the State of Texas which consists of intercity 

highway links shared by two user classes: cars and trucks. Based on 

projected future demands for travel between cities, and current trends in 

truck sizes and weights, it j.s believed that conditions can be improved 

through the provi.sion of addi.tional traffic lanes to accommodate truck 

traffic. The problem faced by the operating agency is to select an optimal 

subset from a set of proposed li.nk improvements which will result in the 

minimum total travel cost to users, measured in total travel time. The 

constraint on Unk improvement is that capacity expansi.on of each individual 

link (single direction of highway) will be li.mlted to at most one additional 

lane. Associated with each link improvement is a cost of construction. 

Furthermore, a budget is given which limits total expenditures incurred. 

Therefore, the optimal improvements wHl be determined by the allowable cost. 

Clearly the problem at hand is a discrete network design problem. Thi.s 

report presents the documentation for an integer programming computer code to 

solve such a problem and identi.fy the desired subset of link improvements. 
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Scope and Objectlves 

The Ilnk selection problem addressed in this study differs from previous 

network design formulations in the following aspects: 

a. the problem is not only to select Hnks for lane addition, but also 

to determine the best operational strategy (lane access 

restri.ctions) for that link, 

b. the exi.stence of five possible improvement optlons, defined in the 

next chapter, instead of the usual two (buj.ld, no build) in the 

traditional network design problem, 

c. the need to capture the interacti.on between two user classes, cars 

and trucks, in their use of existing as well as new possible lanes, 

d. the need to solve a user-equili brium network traffic assignment 

problem with asymmetric interactions to evaluate each subset of 

improvements (see the companion report by Mouskos et al. [1985] for 

further details on the assignment procedure), 

e. the incorporation of an elaborate set of feasibi.U.ty rules, 

including geometric, pavement and operational criteria, for the 

addition of special truck lanes to a given highway link. 

The above features introduce difficulties in the solution procedure in 

addi tion to those already present in the standard network design problem. 

This requires the development of specj.al approaches, tailored to the truck 

lanes context, to circumvent some of these difficulties and reduce the 

computational complexity of the problem to a manageable level. 

The objective of this research is to develop a computer code that 

efficiently searches the set of possible link improvement combinatlons to 

identify a subset of links and associated improvements, whose implementatlon 

cost does not exceed some specified budget, that maximizes some measure of 

effectiveness. In this case this measure is defined as the total travel cost 

savings relative to the do-nothing base-case scenario. Note that maximizing 

travel cost savings is equivalent to minimizing total travel costs. 

This report documents the procedure developed for the above purpose. An 

overview is given in the next section. 
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Overv1ew 

Havj.ng presented the mot1vatj.on for thj.s study and the problem it 

addresses, the next chapter descr1bes the types of link improvements that can 

be handled by the model. These 1mprovements are defined not only 1n terms of 

lane addit1on, but also 1n terms of the scheme followed for operat1ng the new 

lanes along w1th the ex1st1ng ones. Also presented 1n Chapter II are the 

feasj.bility rules for part1cular improvement types for a link w1th given 

character1st1cs. These rules are used for screenj.ng purposes to elj.m1nate 

unfeasible or undes1rable matchings, thereby reducing the search space and 

enhanc1ng the model's computat1onal efficiency. 

Chapter III presents the detaj.ls of the search algorithm, which 1s based 

on the "branch and bound" method for 1nteger programm1ng. In part1cular, the 

spec1al procedures for calculat1ng the upper and lower bounds of the 

objective function at each node of the branch and bound search process are 

presented. These bounding procedures are specific to the link selection 

problem under consideration. 

Closing remarks are presented in Chapter IV, which summarizes the 

algorithm along with conclusions and recommendations for future 

methodolog1cal ref1nement. A deta1led flowchart of the computer code 1s 

glven in the Append1x. 



CHAPTER II. LINK IMPROVEMENTS: DEFINITION AND SCREENING 

Thj.s chapter descrj.bes the types of link improvements that can be 

handled by the model. All these improvements involve the addition of a 

traffic lane. However, they differ jn terms of the operational scheme 

adopted to determine the access by either trucks or cars to both the new and 

existing lanes. The impHcations of the possi.bHity of multiple improvement 

options for each link on the solution procedure are discussed. This is 

followed by specification of the feasibility conditions, involving geometrj.c, 

pavement and operational crj.terj.a, for each type of improvement given a 

highway link's characteristics. These feasibility conditions form the basis 

for screening and eHmination rules that contribute significantly to reducing 

the search domain for the problem. 

Proposed Link Improvements 

Keeping in mind that each Ij.nk js accessible by two distjnct classes of 

vehicles, and that the main objective of this study is to assess the 

viability of specjal lanes exclusively for trucks, the following Ij.nk 

improvements are suggested: 

Option 1: Expand the link by one lane and allow all traffic on entire 

Hnk. 

Optlon2: Expand the link by one lane, but allow only truck traffj.c on 

new lane with all traffic allowed on old lanes. 

Option 1: Expand the link by one lane, but all truck traffic must use 

new lane with all car traffic allowed on old lanes only. 

Option 4: Expand the link by one lane, but allow only car traffj.c on 

new lane with all traffic allowed on old lanes. 

Fig 1 illustrates an example of implementing each of the four options on 

a link which presently has three lanes. Note that the network representation 

followed in this study consists of specifying a directed link for each 
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Option 1: 

Option 2: 

Option 3: 

Option 4: 

Present Proposed 

x 

x 

x 

x 

x 

x 

0 I. 

"- 0 

0 

Legend 

Designates lane open to all traffic 

x Designates lane open to truck traffic only 

o Designates lane open to car traffic only. 

Fig 1. Link improvement options. 

0 0 

0 0 

0 0 

-

0 

0 

0 
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dj.rectj.on of flow on a gjven hj.ghway. Therefore, a particular hjghway 

section, with traffic allowed in both directions (regardless of separation), 

is represented as a pair of directed links, in opposite directions. 

Therefore, if a link, as defined here, is improved by a given option, then 

the sister link (Le., the paired link in the opposite direction) must also 

be improved by the same optj.on. 

For a pure 0-1 integer programming problem the number of possible 

solution sets (or combinations of links to be improved) js equal to 2n , where 

n is equal to the total number of jnteger varjables; in thj.s dj.screte network 

design problem, n equals the number of links being considered for capacity 

expansion. However, the availability of four improvement options per link 

increases the number of possjble solution sets of 5n (See Fig 2). Therefore, 

jt becomes jmperative that some screenjng rules be specjfjed to elj.minate as 

many solution sets as possible before exercising the branch-and-bound 

algorjthm. These rules reflect feasibility considerations for each type of 

improvement, and are specified in a special subroutine called ELIMINATE, 

described hereafter. 

Elimination Criteria 

The ELIMINATE subroutine tests for the feasjbiljty of expandj.ng capacity 

on each link of the highway network. Geometric, pavement and operational 

characteristics data of each ljnk, obtained from the Hjghway Performance 

Monitoring System (HPMS), is manipulated to determine j.f any given lj.nk has 

the dimensj.ons or features to be expanded. The following is a list of data 

and their respective defjnitions requi.red by the ELIMINATE subrouti.ne: 

Rural/Urban Designation: Describes land use intensj.ty of the area 

surroundings of a particular highway link (i) in terms of 

Code 

1 
2 
3 

Description 

Rural 
Small Urban 
Urbanized 

The variable URB (i) denotes the rural/urban designation of highway link (j.) 

in the computer program. Note that highway link (i.) represents link (i) and 

its sister Unk (the opposite - di.rection Unk with which it is paired). 
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Tree with Two Options 

Tree with Five Options 

Fig 2. Representation of both implicit enumeration trees. 
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Functional Class: Describes the designated function of a particular 

highway link (n 
Code 

1 
2 
6 

~ 
9 

11 
12 
14 
16 
17 
19 

Rural 

Urban 

Description 

Principal arterial - interstate 
Principal arterial - other 
Minor arterial 
Major collector 
Minor collector 
Local 

Principal arterial - interstate 
Principal arterial - freeways or expressways 
Principal arterial - other 
Minor arterial 
Collector 
Local 

IFUNC(i) codes the functional class of highway link (i) accordingly. In 

addition, FUNC, an array of functional classes not acceptable for lane 

improvement purposes is deflned. 

Trucks/Commercial Vehicles: Describes the degree of access of a 

particular highway link (i) to trucks/commercial vehicles. 

Code 

1 
2 
3 
4 

Description 

Not a parkway - Trucks/commercial vehicles allowed. 
Parkway - Trucks/commercial vehicles prohibited. 
Not a parkway - Trucks/commercial vehicles prohibited - all 

day. 
Not a parkway - Trucks/commercial vehicles prohibited during 

specific periods. 

TRCV(l.) codes the access status of trucks/commercial vehicles for highway 

U.nk (1). 

Number of Through Lanes: Contains the prevailing number of lanes in 

both directions carrying through traffic on any given highway link (1) 

(Excludes truck cHmbing lanes). 

Thj.s is represented by the variable LANE (i), which denotes the number of 

lanes in both directions for the highway (n (Le., link (n and sister 

Hnk). 

Surface/Pavement~: Contains the code that represents the type of 

surface on highway Hnk (n. 
Rather than list all the surface/pavement codes and descriptions, only the 

two types pertinent to this report are presented. 
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Code 

60 

70 

Description 

High Flexible - Mixed bituminous or bituminous penetration road 
on a rigid or flexi ble base with combined thickness (surface 
and base) thickness of 7 inches or more. Includes any 
bituminous concrete, sheet asphalt, or rock asphalt. 

High Rigid - Portland cement concrete pavements with or without 
bituminous surfaces of less than 1 inch. 

SURPV(i) denotes the code that represents the surface/pavement type of Hnk 

(1.) • 

Lane Width: Contains the prevaHing trafflc lane width (through lanes) 

for any given highway link (i.) to the nearest whole foot. 

Ri.ght Shoulder Width: Contains the width of the right shoulder for a 

gi.ven link (jJ to the nearest whole foot. 

RSHOW(i) equals the right shoulder width of link(i). The right shoulder 

width for the si.ster link of link(i) is the same. 

Left Shoulder Width: Contains the width of the left shoulder for any 

given link(i) to the nearest whole foot. 

LSHOW(i.) equals the left shoulder width of link(i.). The left shoulder width 

for the sister link of Hnk(iJ is the same. 

Shoulder~: Contains the predominant type of shoulder on any given 

highway link (1). If shoulder types differ, the right Sho'llder type is 

considered to be predominant. 

Code 

1 
2 

~ 
5 

Fully surfaced 
Stabilized 
Earth 
Curb 
None 

SHOT (i.) denotes the shoulder type of highway Unk (1.) accordingly. 

Median Wi.dth: Contains the predominant median width (excluding 

shoulders) measured between the through roadways of any gi.ven link (jJ to the 

nearest whole foot. 

MEDWU) denotes the median width of link (1.). 
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Existing Right-of-Way Width: Contains the sum of the: Median width; 

right shoulder width x 2; left shoulder x 2; lane width x number of lanes; 

plus, land adjacent to highway link (i) presently avai.lable for roadway use. 

ROW{i.) assumes the ri.ght-of-way value for highway link(i). 

Is Widening Feasible: Contains the code value which describes the 

feasibi.lity of wideni.ng any given li.nk (j.). This variable is concerned with 

property beyond the existing right-of-way width of highway link (i). In 

other words, this variable concerns property not presently aval.lable for 

roadway use. Only physical features such as buildings, severe terrain, park 

lane, etc. are considered. 

Code Description 

1 
2 

~ 
5 

No 
Yes, less than one lane 
Yes, one lane 
Yes, two lanes 
Yes, more than two lanes 

WID(i.) is the variable containing the code value of widening feasibility for 

link (i.). The sister link value for thl.s variable is the same. 

Speed Li!!!it: Contains the maximum speed allowed on a gi.ven highway 

li.nk(i), and is denoted by the variable SPLT(j'). 

Percent Trucks: Contai.ns the average ratio of trucks to total vehicles 

using a given li.nk(i) , expressed in percent using variable TRUP(i.). 

Note that this value is recalculated at each evaluation of a network design 

configuration within the traffic assignment subroutine. 

In additi.on to the above data available from HPMS, the following variables 

are required by the ELIMINATE subroutine: 

SHOW = The sum of RSHOW(i.) + LSHOW(i.) for any gi.ven li.nk i. 

ISOM = The sum of MEDW(j') + 2 * SHOW for any given link 1.. 

ITOT = The difference of ROW(i) - lane(i) * laneW(i) - ISUM. 

CD(i) = The code value associated with link i which indicates the type of 
land utilized for lane addlti.on. 

Code Description 

1 land utilized is ITOT only. 
2 land utilized is not owned rresentlY [WID(j.)]. 

ij lane utilized is MEDW(I) on y. 
land utilized is SHOW only. 

5 land utilized is ISUM only. 
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6 no lane addition options are feasible, but modified option 4 
becomes available as described hereafter. 

1 no options feasible. 

Note that when CD(i) = 6, none of the previously mentioned lane additj,on 

options are feasible; therefore, all options except number 4 are fathomed. 

Option 4 j,s modified as illustrated by the following: 

Inittal 

- I - I - 0 I - I - I -- I - I - ---- > 0 I - I - I - (not avaHable) 
0 

Mod Hied 

- I - I - 0 I - I -- I - I - ---- > 0 I - I -
0 I - I -

In other words, trucks are prohi blted from using one of the existing lanes, 

generally the left-most one. It was decided to allow this alternative if any 

given highway Hnk(j.) could not feasibly buHd a new lane and possessed other 

qualifying characteristics to be mentj,oned. 

TPC(j"j) = the cost of utHizing code value CD(n = j on link to 

ICOST(n = the cost of constructtng any lane addltion optton on Hnk to 

ICON1 = the minimum width allowed to uttHze CD(n = 1. 

ICON2 = the minimum wtdth allowed to uttHze CD(n = 3. 

ICON3 = the minimum width allowed to uttHze CD(n = 4. 

ICON4 = the minimum width allowed to utiHze CD(i) = 5. 

ICON5 = the minimum width allowed to utHize CD(n = 6. 

The following variables are necessary for the implicit enumeration process 

followed in the search algorlthm: 

SU) = the index of the separatton variable (Hnk) at level j. (ILEVEL). 

veil = defines the option currently examined at lj,nk i. [V(i)=O if no 
option is examined presently - FREE link. V(i)=5 if all options have 
been already examined and discarded ]. 

y(n = defines the current system opUmal solution being examined at link L 
[YO )-0 H no optton chosen at link i, 
Y(i);1 if some option is chosen at link i ]. 

YR(i) = defines the current user-optimal solution being examined at Hnk L 
(YR(i)=O if no option chosen at ljnk i, 
YR(i)= 1 if some optton is chosen at llnk i ]. 

Wei) = defines the status of link i. 
[W~i~ = ILEVEL if V(i~=1'2'3' or 4. 
W i = -ILEVEL if V(i -5, 
W i = 0 if V(i)=O • 
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YB(i) = defines the current best feasible solution YR(i). 

The ELIMINATE Subroutine 

The ELIMINATE subroutine tests link i for feasj.bility of lane addition. 

If link i fails to pass through the ELIMINATE subroutine, then the sister 

link of link i also is fathomed. Therefore, only one side of the highway 

needs to be tested in this subroutine. 

1. (Initial). Set ILEVEL = O. TPC (i,1) = 0 for all links (1). 

Go to step 2. 

2. (Initialize). Implicit Enumeration Variables for link i. If all lj.nks 

tested, to step 8. 

Read from HPMS data fHe (For link 1). 

TPC 0., j) for all j. where j = 1, ••• ,6 (for all code types of 
construction) • 

IFUNC(i), TRVCL(I),ROW(j.),RSHOW(i),LSHOW(i),MEOW(i), 

LANE(i),LANW(i),SPLT(i),SURPV(i). 

Go to step 3. 

3. (Compute). 

SHOW - RSHOW(i) + LSHOW(i) 

ISOM = MEOW(i) + 2 * SHOW 

ITOT = ROW (j.) - LANE ( 1) * LANW 0.) - ISUM 

Go to step 4. 

4. (Compare). 

a. IF FUNC(i) E IFUNC. 

Functional class of U.nk is not acceptable to allow for any lane 
addltion or capacity expansion alternatives. Go to step 1. Else 

b. If TRCV(I) = 1 then 

Trucks/commercial vehicles are prohibited for at least part of a day, 
and therefore, link i is not a candidate for lane addition. 
Let COO.) = 1. Go to step 1. Else 

c. If LANE(i) .::. 6 or LANE(i) is not an even number then 

The number of lanes in a single direction must be less than 3 or the 
number of lanes in each direction must not be e~ual. Therefore,t link is 
not a candidate for lane addition. Let CO (j.) = 7. Go to step (. Else 

d. If SPLT(i) < 50 then 

The speed limit of link 1 1S not acceptable to allow for any lane 
addition or capacity eXQansion alternatives. 
CO(i) = 1. Go to step 7. Else 

e. If SURPV(i) = 60 or 10 then 
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The surface/pavement type of Hnk i .... 
CO(i) = 1. Go to step 1. Else go to step 5. 

5. (Coding) 

If ITOT ~ ICON1 then 

Let CO(j.) = 1 • Go to step 6. Else 

If WID(i) ~ 4 then 

Let CO(j.) = 2. Go to step 6. Else 

If (MEOW(i) ~ ICON2 then 

Let CO(i) = 3. Go to step 6. Else 

If URB(i)=3 and if SHOT(i) ~ 3 and If SHOW(i) ~ ICON3 then 

Let CO(i) = 4. Go to step 6. Else 

If ISUM ~ ICON 4 then 

Let CO(i) = 5. Go to step 6. Else 

If LANE(j.) ~ 6 and If TRUP(i) ICON 5 and If URB(i) = 1 then 

Let CO(i) = 6. V(i) = 3. Go to step 6. 

6. (Set) ICOST(i) = TPC (i,CO(i)) 

Go to step 2. 

1. (ELIMINATE) ILEVEL = ILEVEL + 1. 

w( i) = -ILEVEL 

v(j.) = 5 

yr(i) = 0 

S(ILEVEL) = i 

ICOST(j') = M 

Go to step 2. 

8. (STOP) ELIMINATION subroutine is completed. 



CHAPTER III. DETAILS OF THE ALGORITHM 

This chapter presents the structure and detailed features of the 

principal components of the algorithm developed to search for the opttmal 

subset of ltnks and assoctated improvement optj.ons in the state htghway 

network. A rigorous formulation of the model is first gtven, followed by a 

descrtptj.on of five principal components of the algortthm, each of which 

constitutes a subroutine tn the computer code developed for this study. 

The Model 

Consider a htghway network with N nodes, and assume that nodes 1,2, ••• ,N 

are ortgins and destinattons. Let existing arcs (in single direction only) 

be numbered 1,2, ••• ,m; dummy arcs (defined as mechantsms to keep the existing 

lanes disttnct from the new lanes) be numbered m+1, ••• ,2m; and label proposed 

lane additions to the network 2m+1, ••• ,3m, where i is the highway link 

(including the opposite-direction paired sister link) under consj.deration, 

m+1 is the dummy link associated with link t, and 2m+i ts the lane addition 

associated with link i. Figure 3 depicts an example of the highway network 

representation for the purpose of this study. 

Assume two origin-desttnation matrices exist, the respective entries of 

which denote the amount of flow (cars and trucks, per day, respecttvely) that 

are expected to travel via htghway from any given ortgin node to any given 

destination node. The scope of this report does not include discusston of 

solving the traffic asstgnment problem which exists within a discrete network 

design problem. However, a solution technique which solves the two-class 

traffic assignment problem unique to this network design problem has been 

developed in conjunction with this study. It is described in the companion 

report by Mouskos et ale (1985). 

Let 1'[.] define the total time function to be minimized. It consists of 

two components TA[.] and TT[.] for cars and trucks, respectively. Define the 

set 

15 
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}oooII..---- Dummy Node 

A 

A - original highway link (both directions, i.e. links i and 6m·i for cars, 
links 3m+i and 9m+i for trucks. 

B - dummy links (valves). links 2ro+i and 7m+i for cars, links 4m+i and lOm+i 
for trucks. 

C - proposed lane additions. links 2m+i and 8m+i for cars, links Sm+i and 
Ilm+i for trucks. 

Note: i-l, ••• ,m. where m=total number of existing lanes in single direction 
only 

Fig 3. Example of single highway representation 
utilization (both directions). 
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The interpretation of the binary variable Yi is that if Yi = 1, then the 

additional lane represented by arc 2m+1 ls constructed; otherwise it is not. 

Let ci be the cost of construction associated with project 2m+l, i= 1, ••• m. 

The variable cl is defined by link i and the code value CD(i) derj.ved In 

subroutine ELIMINATE, described in Chapter II. The total construction cost 
m 

associated with any YiEY is E ciyi=C*Y If the budget B represents the 
i=1 

maximum allowable expendlture for network improvement, then C*Y<B In 

addition, define the binary sets 

D=[d=(d1,d2, ••• ,dm) Idi=O or 1] 

K=[k=(k1,k2, ••• ,km)lki=0 or 1] 

The variable di is exclusively defined by the ELIMINATE subrouttne. If 

CD(i)=1, then di=O; otherwise di=1. The variable ki is initially defined by 

the ELIMINATE subroutj.ne, but its value may change within the implicit 

enumeration process. If V(U=5, ki =0, if V(U=O, then ki =0 or 1; otherwise 

k i = 1. 

The network design problem to be solved is 

(J) Min T[.] 

Subject to 

YEY 

dED 

kEK 

d
i - Y > 0 for i=1, ..• ,m i-

d
i - k > 0 for 1=1, ••• ,m i-

Y1 - k. = 0 for i=1, •.• ,m 
1 

c*y < B 

where m equals the total number of eXisting links in one direction. (See Fig 

4) • 

The branch-and-bound algorithm, which is a widely used procedure for 

solving integer programming problems, was utilized to develop a solution 

technlque for solving the above problem (J). The subroutines unique to this 

network design problem are first described, followed by a summary of the 

algorithmic steps. 
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A,B,C -- represent existing car and truck links in both highway 
directions. 

Links represented are: 

Link i -- existing link open to car traffic in one direction. 
Link 3m+i -- existing link open to truck traffic in one direction. 
Link 6m+i -- existing link open to car traffic in opposite direction. 
Link -9m+i -- existing link open to truck traffic in opposite direction. 

D,E,F -- represent dummy car and truck links in both highway directions. 

Links represented are: 

Link m+i -- dummy link associated with link i. 
Link 4m+i -- dummY link associated with link 3m+i. 
Link 7m+i -- dummy link associated with link 6m+i. 
Link lOm+i -- du~ link associated with link 9m+i. 

G,H,I represent proposed lane additions for cars and trucks in both 
highway directions. 

Links represented are: 

Link 2m+i -- proposed lane addition associated with link i. 
Link Sm+i .- proposed lane addition associated with link 3m+i. 
Link 8m+i -- proposed lane addition associated with link 6m+i. 
Link 11m+i -- proposed lane addition associated with link 9m+i. 

Fig 4. Network representation of 3 highways with 
proposed lane additions (m=3). 
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Overv1ew of Model Components 

Within the branch-and-bound search process, 1t is necessary to evaluate 

the object1ve function at each stage of the process, and obtain both upper 

and lower bounds for thls funct1on. In the network design problem, 

calculating the objective function requires the solutj.on of a traffic 

ass1gnment problem. Depend1ng on whether one 1s seeking a lower bound or an 

upper bound, the system opt1mal ass1gnment rule (on a "fully improved" 

network, described hereafter) or the user equilibrj.um rule are adopted, 

respecti vely, for trafftc assignment. This is handled in subroutines RELAX 

and ROUND, respectively. 

In add1tion, at each stage of the search process, 1t is necessary to 

spec1fy a mechanism for proceeding 1n the search. In other words, a search 

direction must be specified. Subrout1ne MAX handles thj.s aspect. 

Clearly, there are many possible options to the engineer or analyst 

using the mode 1, from pre-empting certa1n improvement types, to the 

specificat10n of the search mechanisms, and many other details of the 

algor1thm. This user 1nterface js handled by subroutine INITIAL. 

Another major j.nterface is that with the traffic assignment models; the 

link improvements corresponding to a part1cular solution (subset 

of llnks) must be translated in terms of inputs that the traff1c assignment 

models can recogn1ze. This interface 1s accompl1shed through the link 

performance (or cost) funct10ns associated with each link in the 

representation described earlier. In part1cular, when a lane addition is not 

included in the solut1on currently being tested, its correspond1ng link 

(numbered [2m+i] for an addition to original highway section 1) is 

"deactivated" through the spec1fication of a very large travel cost value. 

This mechan1sm 1s described in detail in the description of subroutine 

CHANGES. 

The remaln1ng sect10ns of this chapter describe these subrout1nes, in 

the following order: INITIAL, MAX, RELAX, ROUND and CHANGES. 

Control Parameters for Solution Strategy 

Subroutine INITIAL allows the user to implement a solution strategy for 

the problem to be solved. The CPU time requ1red to solve a discrete network 
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design problem will generally depend upon the strategy to be utilized. The 

following variables are defined to control the solution strategy: 

BP, which is a control parameter that equals the number of improvement 

options not to be available as part of the solution set. 

IOPT(k) equals 0 if link improvement option k is available; otherwise 

IOPT(k)=k. 

IDP is a control parameter that determines the option to be utilized during 

lower bound calculations. 

ITP determines the opti.on to be utilized during upper bound calculations. 

Steps of Subroutine INITIAL: 

1. (Input). Values for the following variables. 

1M AX • Use din sub r 0 uti n e M A X • Use r s e 1 e c t s the c r i t e rio n for 

determining the separation varj.able. 

Code Description 

1 Utilizes AADT values 
2 Utilizes VCRT values 
3 Utilizes TRUD values 

PER: Used in subroutine ROUND. User may select a percent of deviation 

from the optimal solution to the problem whi.ch would be 

acceptable. PER allows the algorithm to stop if an acceptable 

feasible solution is found. PER may reduce the CPU time of the 

algorithm. 

Go to step 2. 

2. (CHOOSE). Opti.ons to be available in the solution process for the 

particular problem. (Obviously, at least one option must be 

chosen. ) 

Let BP=O. Go to a. 

a. If Option 1 is not to be utiHzed, then 

SET BP=BP+ 1. IOPT( 1) = 1. Go to b~ 

b. If Option 2 is not to be utilized, then 

SET BP=BP+ 1. IOPT(2)=2. Go to c. 

c. If Option 3 is not to be utilized, then 

SET BP=BP+ 1. IOPT(3)=3. Go to d. 



d. If Option 4 is not to be utilized, then 

SET BP=BP+1. IOPT(4)=4. Go to step 3. 

3. (DECIDE). Options to be utiUzed for bounding procedures. 

a. If BP=O or IOPT=O, then 

SET ITP=1. IDP= 1. 
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If option 1 is available, then option 1 will be utilized for both 
lower and upper bound procedures. Go to step 5. Else 

b. If BP=3, then only one option (k) is available. Therefore, 

SET ITP=k. IDP=k. Go to step 5. Else go to step 4. 

4. (PICK). Option (k) to be utilized for upper bound calculations. 

SET ITP=k. IDP=1. 

If more than one option is available excluding option 1, then the 

user may pick the optj.on to be utilized for upper bound 

calculations. However, option 1 will be utilized for lower bound 

calculations. 

Go to step 5. 

5. (STOP). The INITIAL subroutine 1s complete. Start the implicit 

enumeration process. 

Mechan1sms for Search Process 

Subroutine MAX is responsible for two functions. Us1ng data calculated 

by the traffic ass1gnment program, a heuristic approach was developed to: 

First, choose from the set wO (all i where WO.) = 0) the next link i to be 

examined by the impUcit enumeration algorithm; and, second, create an array 

which contains an order of preference for add1ng lanes to the free llnks 

(links not yet chosen) of the network. The order is most preferable to least 

preferable. 

In addit10n to the varj.ables defined 1n subroutine ELIMINATE, there are 

add1tional variables requ1red by subroutine MAX: 

Average Annual Daily Traff1c: Contains the AADT value of link i as 

calculated within the traffic assignment program for any gj.ven network 

configuration. 
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AADT(l) - Equals the average annual daily traffic for link i during 

traffi.c assignment for a given network configuration. 

IMAX - contains the code equivalent for the heuristic chosen by the user 

of the program. 

Code Description 

1 AADT values will be utHized 
2 VCRT values wHl be utilized 
3 TRUP values wHl be utili.zed 

JMAX - Equals the next link i to be examined by the fmplicit algorithm. 

Order: The array that contains the preference list for the free Unks 

of the network. 

ORDER(i) - Equals the position of preference for adding a lane to link(i.). 

If order(i.}::99, then link i is not a free li.nk. 

Steps of the MAX Subroutine: 

1. (READ). From input Data: The value if IMAX. From the traffic 

assignment of the network confi.guration defined by algorithm at the 

present time: The arrays AADT, VCRT, and TRUP. Go to step 2. 

2. (DETERMINE). The maximum value for the given link. 

a. If IMAX = 1, then 

Let AADT(l) :: MAX [AADTo.), AADT (6m+n] 
For all i, where 1=1, ••• ,m. 
Go to step 3. Else 

b. If IMAX=2, then 

Let VCRT(i) :: MAX [VCRT(t), VCRT(6m+l)] 
for all i, where i=l, ••• ,m. 
Go to step 3. Else 

c. If IMAX :: 3, then 

Let TRUP (j) :: MAX [TRUP (1), TRUP (6m+i.)] 

For all i, where i-1, ••• ,me 

Go to step 3. 
3. (Find). The free link with the maximum value of the chosen array. 

a. If IMAX = 1, THEN 
JMAX :: 1. where 1. :: MAX [AADT] for 1=1, ••• ,m and WU)=O. 

b. If IMAX = 2, then 

JMAX = i, where l=MAX[VCRT] for :1.=1, ••• ,m and W(i)::O. 

c. If IMAX = 3, then 

JMAX :: i, where i=MAX [TRUP] for i-1, ••• ,m and W(i)=O. Go to 

step 4. 
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4. (ORDER). Excluding the link ~rMAX, all links i where W(i)=O: 

arrange the remaining free links [W(i)=O] in the array order, where 

ORDER(i)= 1, if link i contains the !!!axi!!!um value of the chosen 

array [be it AADT, VCRT, TRUP] for the remaining free variables, 

etc. 

ORDER(i) = M if link i is no longer a free variable. 

Note: M is some large number. 

Lower Bound Determination 

The generation of a lower bound on the values of the successors of any 

given node in the tree structure of the search process is one of the primary 

concerns in the branch and bound technique. Each node of the branch and 

bound tree corresponds to a solution, or subset of link improvement. This 

solution is "complete" j,f all links are set at a value denoting some 

improvement type, or no improvement; a "partial" solution is one where some 

links remain to be set, and are therefore called free links (or free decision 

variables). The principal difficulty in computing lower bounds in the 

network design problem arises from the well-known "Braess' paradox", which 

says that the total travel cost associated with the user equilibrium flows on 

a network may increase when one or more links (or link improvements) are 

added to a network (see Shefn [1984] for a discussion of this phenomenon). 

A method has been devised to circumvent the occurrence of Braess' paradox in 

this problem. 

Subroutine RELAX computes a lower bound for an incomplete (partial) 

solution. The mechanics of this subroutine are comparable to the lower bound 

technique suggested by Leblanc (1913). Recall that when solving a 

minimization problem, a lower bound is determined by some relaxation of the 

model. Like Leblanc, the lower bounds are calculated by relaxing the budget 

constraint. The distinction of this subrouUne is generated by the fact that 

five (not two) alternaUves exist for each link. 

With respect to Braess' paradox, Leblanc proposed to compute lower 

bounds by allowing all free links to build new lanes (regardless of cost), 

and then, solve the resultant network configuration by utilizing the system 

optimal traffic assignment. Indeed, Subroutine RELAX computes lower bounds 

by allowing all free links to construct new lanes, and ultimately, solve the 
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resultant network confl.guration. However, problem (J) allows basically four 

alternatives for each new lane constructed. Furthermore, subroutlne INITIAL 

allows the user to disregard certain options, if desired. Therefore, a 

justi.fiable course of action had to be devised specifically for problem (J). 

The decisions to be presented herein are based on the premise that the least 

constratning problem must contain the best solution, since constraints limlt 

the size of the feasi ble regi.on for a given problem. This least constralnt 

sUuation is achieved in thi.s study usi.ng improvement option 1, where both 

cars and trucks are allowed to use the additional lane. 

The output of subroutine RELAX then is the quantity VALUE1, whi.ch equals 

the total travel time associated with the solution to the relaxed system 

optimal program, thereby providing a lower bound for the current branch and 

bound node. 

Steps of the ~ Subroutine: 

1. (SET). All free llnks to one ZB equals the best feas:l.ble solution 

so far determined. 

If W(i.)=O, then Y(i)=1. Go to step 2. Else 

Y(I)=YR(I). Go to step 2. 

2. (DETERMINE). The option to be implemented on the free Hnks. 

a. If IDP=l, then 

All free links w:l.ll uti.lize option 1: 
All traffic allowed on new lane. 

Go to step 3. Else 

b. If IDP=2, then 

All free llnks will uti.Hze option 2. 
-- only trucks allowed on new lane. 

Go to step 3. Else 

c. If IDP=3, then 

All free links will utilize option 3. All trucks 
and only trucks must use the new lane. --

Go to step 3. Else 

d. If IDP=4, then 

All free links will utj.lize option 4. 
-- only cars allowed on new lane. Go to step 3. 

3. (SOLVE). Trafflc assignment for given network configuration using 

system optimal technique. 
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Note: Unique network configuration is created by subroutine 

CHANGES, which is called by the system optimal subroutlne. 

Retrieve VALUE1 from system optimal subroutine. 

4. (COMPARE). VALUE1 ~ ZB, then 

Backtrack. Else return to calling subroutine. 

~ Bound Calculatlon 

Subroutine ROUND computes the user-optimal assignment for all feasible 

solutions (complete or incomplete). If a solution is incomplete, this 

subroutine will create the best feasible network configuration which is a 

subset to the partial solution given in order to estimate an upper bound. 

It yields the quantj.ty VALUEUP, which equals the total travel tj.me 

associated with the flow pattern that satisfies the user equilibrium 

condltions in the network. 

Steps of Subroutlne ROUND: 

1. (Set). As many free links to one as allowed by the budget. The 
"bang for the buck" approach is utilized herein with ranking 
determined by the value of order (U. Preference given to lower 
order (D values. 

Let I = Min [order [ill, 

If order [i]=99, go to step 2. Remove i from list kkl=kkl+1. 
sx (kkl) = 1 

If BCOST + ICOST(i) < BUDGET, then 

Y(i)=1 
WX(i)=kkl 
VX(j.)=ITP 

ELSE 

Y(U=O 
WX(U=-kkl 
VX (j.) =5 

Go to step 3. 

2. (Let) • For all fi xed variables. 

WX(i)=W i Y(i)=YR~i~ 
VX(i)=V i 

SX(/W(i)/) = /W(i)/ 

Go to step 3. 

3. (Complete). A solution that contains significant values for the 
arrays: Y, SX, WX, VX. If arrays are incomplete, then 

Go to step 1. 

Else go to step 4. 
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4. (Solve). The traff1c ass1gnment for the un1que network 
conf1guration defined by the aforementioned arrays. The user­
optimal traffic assignment technique is utilized. 

Note: network configuration is created by subrouUne CHANGES - which 1s 
called by the user-optimal subroutine. 

Retr1eve VALUEUP from user-opt1mal subroutine. 

5. (Compare). VALUEUP to ZB. 

If V ALUEUP ~ ZB, then 

Find next separation variable (call subrouUne (MAX). 

Else go to step 6. 

6. (Replace). ZB with VALUEUP. 

7. 

Set FF=O. ZB=VALUEUP. 

YB=Y 
VB=VX 
W'B=WX' 
'5B=SX' 
mruu:sCOST 

Go to step 7. 

(Check). If optimal (sufficj,ent) solut1on exists. 
(If [VALUEUP-(Z 1*(per!100»] < Z 1, then 

Set FF=1 OPTIMAL SOLUTION FOUND (call subrouUne OPTIMAL) 

Else 1f VALUEUP = VALUE1, then 

Backtrack (call subrouUne BACKTRA) 

Else find next separation variable (call subrouUne MAX). 

Representation of Network Configurations 

Subrout1ne CHANGES acts as the 1nterpreter between the branch and bound 

program and the traffic ass1gnment program. Subroutine CHANGES is called 

only by the traffic assignment programs: System optimal and user-optimal. 

This subroutine makes the necessary changes to the original network in order 

to produce a unique network configuration. Subsequently, the calling 

subroutine (the traff1c assignment program) wUl compute the total travel 

time (either system optimal or user-optimal) used by the completely specified 

network configuration. 

The proper communication between the integer program and the traffic 

assignment program involves the following variables: 

C(k) - the traffic capacity of link k. 

RL(k) - the cost (travel time) to the traffic for using link k. 

T(k) - the type of traffic allowed on Unk k. 
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where k= 1 ••• 12m, equals total number of existing U.nks i.n single 
direction only. 

These quantities specify the parameter values for the travel time function 

(link performance function) utilized for U.nk k. A detailed discussion of 

these functions and their parameters can be found in the companion report by 

Mouskos et al. (1985). 

An ini.ti.al value for each of these quantities is set by the original 

network configuration. If a change is made to li.nk k (i..e., a lane additi.on 

option has been chosen), then adjustments to these quantiti.es are made, 

thereby providing the princi.pal mechani.sm for 1.mplementing and representing 

changes to the network. 

The specification of these quantities is as follows: 

C(l:) = estimated capaci.ty of exi.sti.ng li.nk i .• 

C(m+i) = C(i)/LANE(i.) 

C(2m+i) = C(i)/LANE(i) 

RL(.!.) = some esti.mated value for traversing link i., i=1, ••• ,m 

M (some large value) if proposed new lane i.s not open to any 

RL(m+i.) = 
traffic, i=1, ••• ,m (Le., no li.nk improvement) 

RL(2m+i)= 

o If the proposed new link is open to some type of traffic. 

some estimated value for traversi.ng l1.nk 2m+i (new lane) if 
proposed lane addition 1.s constructed, i=1, ••• ,m 

T(k) = 
o if traffi.c on link k is restricted to one class of vehicles 

(cars or trucks) 

if traffic on link k 1.s open to both vehi.cle classes 

where 

i. denotes existing links [1., 3m+i., 6m+i, 9m+i] 

m+i dummy links [m+i., 4m+i, 7m+i, 10m+i.] 

2m+i - proposed lane addi ti.ons (2m+i., 5m+i., 8m+i, 11m+i.] 

In addition, variable IBND is defined to indicate which link improvement 
option is to be implemented if a given li.nk is sti.ll free, such that 

IBND = 
\ 

ITP if called by user-optimal subroutine. 

IDP if called by system-optimal subroutine. 

Steps of Subroutine CHANGES: 

1. (Determine). If existing link is being changed [i=1, ••• ,m] 
If y(I), then go to step 2. Else 

Go to next I. If all links checked, then go to step 8. 

2. (Decide) • Appropria te option chosen. 

If CD(I)=6, then go to step 3. Else 
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If [W(I)=O, and IBND=1] or V(I)=1, then go to step 4. 

If [W(I)=O and IBND=2] or V[I]=2, then go to step 5. 
If [W(I)=O and IBND=3] or V[I]=3, then go to step 6. 

If [WL(I)=O and IBND=4] or v[I]=4, then go to step 7. 

3. (No Lane Addi.tion). Trucks prohi.bited on left lane. 

Set RL(m+i)=O. RL (7m+i)=O 

Let C(i) = C(i) - some constant (K) 

C(3m+i) = C(i) - K 

C(6m+l) = C(i) - K 

C(9m+i) = C(i) - K 

Go to step 1. 

4. (Option 1). All traffic allowed on new lane. 

Set RL (m+U = 0 

Go to step 1. 

5. (Option 2). All traffic allowed on new lane. 

Set RL (4m+i) = 0 RL (10m+l)=O. 

Go to step 1. 

Else 

Else 

Else 

6. (Option 3). All trucks and only trucks allowed on new lane. 

Set T(3m+i)=O. RL(3m+i)=M. 

T(9m+i)=O. RL(9m+i)=M. 
RL(4m+i)=O. RL(10m+i)=O. 
C(i)=C(i) + C(2m+U 

C(6m+i)=C(i) + C(2m+i) 

Go to step 1. 

7. (Option 4). Only cars allowed on new lane. 

Set RL(m+i)=o. RL(7m+i)=O. 

Go to step 1. 

8. (Complete) • Uni.que network configuration i.s defined. 

Return to approprlate traffic assignment program. 



CHAPTER IV. SUMMARY & CONCLUSIONS 

An important element of the network modelling methodology to identify 

truck lane needs in the Texas highway network is the algorithm to solve a 

five-option discrete network design problem. This algorithm, described in 

this report, was developed by extending the methodologies of Leblanc (1973) 

and Jensen (1980, 1983). Leblanc showed how the two-option dlscrete network 

design problem could be solved j.n a manner that avoj.ds contradictions due to 

Braess' Paradox. Relaxing the initial problem in two stages guaranteed 

Leblanc that, indeed, lower bound solutions were being properly identified. 

The two stages utilized by Leblanc were: 

1) Relax the budget constraint -- all free variables (links) will 
assume a value of 1 [i.e., ui =1 if W(i)=o], meaning that all free 
links will be improved. 

2) Solve the resultant network configuration wlth the system optimal 
traffic assignment model. 

Unfortunately, the first stage of Leblanc's lower bound calculation 

strategy becomes too general for the five-option problem. Stage 1 assumes a 

unj.que improvement to be constructed on link i if ui :1. However, in the 

five-option problem addressed here, there actually are four distj.nctly 

different improvements: 

1) add a new lane for all traffic use. [V(i)=1]. 

2) add a new lane for truck traffic use only. [V(U=2]. 

3) add a new lane for all trucks and only trucks. [V(i)=3]. 

4) add a new lane for car traffic use only. [V(i)=4]. 

Therefore, to calculate lower bounds for the five option problem, the 

first stage of Leblanc's methodology needed to be modifjed appropriately. 

This modification was based on the observation that option 1 (all traffic 

allowed on new lane) yielded the least constrained problem. It j.s actually 

possible to obtain the patterns that would exist under the other improvement 

options as a solution to the system optimal assignment problem (usi.ng option 

1 for free links), if j.ndeed such a solution is optimal. Option 1 was 

therefore the choice adopted for all free variables when solving the relaxed 

problem. However, if only one option (k) were to be available in the final 
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feasible solution, then option (k) would be the choice of the free variables. 

The approach then consists of: 

1) Relax the budget constraint; all free variables (links) will assume 

a value of 1 [Le., ui=1 if W{i)=O]. 

2) If more than one option is available, then option 1 will be the 

choice for all free variables. If only one option (k) is 

available, then option (k) will be the choice of all free 

variables. 

3) Solve the resultant network configuration with the system optimal 

traffic assignment model. 

Note that if more than one option is available, but option 1 is not one of 

available choices, option 1 will still be used for lower bound calculations 

because it could not be adequately proven which of the remaining opti.ons is 

least constraining. 

Jensen developed a branch-and-bound i.mplicit enumeration solution 

technique complete wi.th unique notation for computer implementati.on (two 

options) of Operati.on Research type problems. However, Jensen noted that 

only certai.n subroutines would need to be added or changed i.n order to solve 

the speci.fic problem identified by the user of such a technique. The 

specific subroutines defined for the five option discrete network design 

problem were: ELIMINATE, INITIAL, MAX, RELAX, ROUND, and CHANGES. These 

subroutines have already been described i.n detaiL A brief description of 

the functi.ons of the common subroutines are deferred to Appendi.x A. 

The integer program presented in this report was coded in FORTRAN on a 

CDC 6400 computer. 

Summary of the Algorithm 

USERASG - user-optimal traffic assignment subrouti.ne. 

SYSTMAS - system optimal traffic assignment subroutine. 

1. Call subroutine INITIAL. 

Go to step 2. 

2. Call subroutine USE RAG - Solves the traffic assignment problem for the 
ori~inal network configuration. The solution will serve as the initial 
Des feasible solution (ZB). 

Let ZB = VALUEUP. Go to step 3. 

3. Call subroutine ELIMINATE. 



Set CC=O. Go to step 4. 

4. Call subroutine RELAX. 

IF FF=1, then go to step 15. 

If CC=O, the let Z1=VALUE1 

If Z 1 .:.. ZB, then 
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STOP. No network configuration yields a better solution that the 
original network. 

Else Set CC= 1. 

If VALUE1':"ZB, then go to step 13. 

Else go to step 5. 

5. Call subroutine SETUP. 

If ST:O, then go to step 15. 

Else go to step 6. 

6. Call subroutine MAX. 

Go to step 7. 

7. Call subroutine SELECT. 

Go to step 8. 

8. Call subroutine SEPARAT. 

If FF=1, then go to step 15. 

If JM-O, then go to step 13. 

Else go to step 9. 

9. Call subroutine SET. 

If FF:1, then go to step 15. 

If S(KL):M, then go to step 11. 

Else S(KL»:JM. Go to step 10. 

10. Call subroutine FEASIBL. 

If FF=1, then go to step 15. 

If BUD':" BUDGET, the FF:BIG1. Go to step 13. 

Else set FF:O. Go to step 11. 

11. Call subroutine RELAX. 

If FF:1, then go to step 15. 

If VALUE1 .:.. ZB, then go to step 13. 

Else go to step 12. 

12. Call subroutine ROUND. 

If FF:1, then go to step 15. 

If VALUEUP .:.. ZB, then go to step 6. 
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Else set FF=O. ZB=VALUEUP. 

If [VALUEUP -Zl*(per/100)] ~ Z1, then FF=1. Go to step 15. 

Else if VALUEUP : VALUE1, then go to step 14. 

Else go to step 6. 

13. Call subroutine BACKTRA. [If at any time part b applies go to step 15.] 

a. If FF=1 then to to step 15. 
b. If KL:ILEVEL, then let FF=l. Go to step 15. 

c. If FF=BIG1, then to to step 10. 

d. Go to step 14. 

14. Call subroutine RESET. 

If FF=1, then go to step 15. 

Else go to step 8. 

15. (End) • Call subroutine (OPTIMAL) 

Enumeration is complete. 

A detaHed flowchart review of this algorithm is listed in Appendix A. 

Recommendations for Further Research 

The methodology developed in thts study can be very useful in assisting 

hlghway agencies deal wlth the questl.on of special lanes or faclUties for 

truck traffic. However, its appU.cability is not limlted to the analysis of 

exclusive truck lanes. As indicated, it can handle a variety of highway link 

improvement options, involving capacity expansion jointly with operatl.onal 

schemes. The latter can include any combination of lane access restrictions 

to either cars or trucks, for ex1.stlng as well as potential new lanes. As 

such, the network methodology provl.des a flexible tool to address a variety 

of measures aimed at dealing with the inevitable i.ncreases in truck and car 

trafflc, and the increasingly dissimllar mix of vehicle classes using the 

highway system. While some updating and fine-tuning of the methodology for 

this broader array of truck-related measures would be necessary, the 

structure of the methodology offers the requisite adaptability for these 

tasks. furthermore, the methodology can be extended to consider a finer 

categor1zatlon of vehicle types, as an alternative to the current two-class 

division. 

In order for these tools to be effective in supporting the planning and 

engineeri.ng process, and to fulfill their potential usefulness, there are a 

number of questions that can benefi.t from further i.nvestigation. As 1s 
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usually the case with methods designed to deal with large-scale complex 

transportation network problems, various aspects of the systems under 

consideration are understood to differing degrees. Of particular concern for 

problems involving trucks is the nature of the interaction in the traffic 

stream among various types of vehicles. This is still a poorly understood 

phenomenon in the transportation engineering field, and is a high priority 

research item in this area. While outside the scope of thj.s particular 

study, a pilot effort along these lines was initiated in conjunction with 

this work. In particular, a promising data set from FHWA was acquired and 

subjected to a preliminary assessment. The conclusion is that it can form 

the basis of a more focused study on this problem. 

The methodology described in this report has been successfully 

implemented and tested on the Texas highway network. However, the 

computatj.onal requirements of this algorithm can be extensive. For this 

reason it is recommended that "shortcuts" be explored to reduce these 

requirements without significantly sacrificing accuracy. Such heuristic 

rules have been explored in this study; however, there remains much to be 

done in this area, particularly along the lines of the numerical testing of 

possible rules that are thought to have a potentially significant impact on 

computational cost. Such rules were identified in this report in conjunction 

with the algorithmic details. 

A particularly interesting extension of this work would be to formulate 

and solve the link improvement selection problem as a multi-objective 

problem. Two principal objectives here are the total travel cost incurred by 

trucks versus that incurred by passenger cars. In the current model, those 

are given equal weight in the total cost objective function. It would be 

informative to vary these weights, or to examine the two objectives 

separa tely, assessing the degree to which they might be in conflict. This 

would allow the consideration of questions of equity and distributional 

impacts, particularly in the context of cost allocation studies. 
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APPENDIX 



Introductlon 

Herein a detailed flowchart of all the subroutines required by the 
integer program is introduced. The purpose of each subroutine as well as the 
definition of all variables used are presented. The form of the flowcharts 
follows the standard format of Jensen (1978). 



ELHHN 

UHTIAL 

"'CAR=O~ lLEVEL=O 
DATA( I FUNC( 1) ,I =17) ,ICON1, lCON2, ICON3, ICON4 ,ICONS 

DO 1,1:1,999 (END=) 

II READ FUNC( Il • TRCY( 1) ,LANE (I 1 ,MEOW( 1). 
II RSHOW( I) .LSHOW( 1) ,ROWe 1) ,LM~11 (I) ,WID (1). 
II SHOT ( I). S?LT ( I) • SUR? V( 1) ,URS ( 1) 
II MCAR:MCAR + 1 

DO l1,N=1, MCAR 

II S(I)=V(I)=YR(I)=W(I)=Y(I)=COOE(I)=YB(I)= 
II ICOST (l) =0 

II I DO 1l,M=l,6 
! I 
I 

II!// READ TYPCOST (N,M) , 
i 

TEST 
, 

DO 3, 1:1, MCAR 
I 
I 
II !IDEL:SHOW-ISUM:ITOT:O 
II'SHOW=RSHOW(I) + LSHOW(I) 
I I 11SUM=MEOW( I) + Z '* LANW( I) - ISLIM 
II ITOT=ROW(I) LANE(!) '* LANW(I) -ISLIM 
I I : DO 4, J:: 1 • 7 I . 

I y\. ~ II I II FUNC( 1) :IFUNC(J) 

I 
\, 

I I 1 I I IOEL =1 
I I I I I -->COOE 

I 

II II ~ TReV( I).I ~I t 
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Subro~tine ELIMIN 

Purpose: To eliminate as 
many link candidates as 
possible frOM consideration 
of lane addition. 
Furthennore, to defi ne the 
construction type and cost 
associated for each link not 
eliminated. 

MeAR = Number of links open 
to cars (in one 
di rection) 

lLEYEL= Current level on 
tree (Top is equal 
to zero) 

IFUNC(I)=Functional classes 
of links not allowed 
for expansion. 

ICON1 :: Minimum width 
required for 
construction type 
code (1)=1 of land 
owned but not 
utilized for highway 
use. 

ICON2 = Minimum width of 
median for 
construction type 

. code( 1)=3 
ICON3 = Minimum width or 

shoul der for 
construction type 
cod/? (1)=4. 

ICON4 = Minimum width of sum 
of median and 
shoulders for 
construction type 
code (l )=5 

ICONS = Maximum percent of 
trucks allowed for 
further 
consideration of 
construction type 
code (1)=6 

FUNC(I)~ Functional class of 
1; nk 1. 

TReY(I)= Truckslcommercial 
vehicles allowed on 
1 ink 1. 
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1/ / 11: / / 

!/ / / / 

I 

!DEL =1 
1- - >CODE 

ill III 
, 1 

0 \ LANEII)="EVEN NUMBER" 
; I 

I : 
!I I III 
II I ,I I 

i I 
III II I 
! I 
II I II I 
/1 III 
i I 
i 

;11 II 
I 

IOEL =1 
-->COOE 

1\, 
y\\ SPL T{I 1<50 

IDEL=1 
-->CODE 

f\ SURPVll1=60 

i 

II I I I 
\ I 
I 

~\ SURPV(n=70 

II I I I 
II I I I 

\ III I 
i 
11/ I 

II I I 

11/ I 

I , 
il I I 
III I 

i 
II I I 
I 

III I 
II I I 
I 

I Y , ITOT > ICONI 
\ 

\ 

I CODE( I) =1 
I -->CODE 

I l;\\ WID( Ib4 

I CODE ( 1) =2 
I -->CODE 

\ 
I ~'\ MEDW>I CON2 

I ~ODE(ll=3 
I -->CODE 

/~ 

/~ 

/ liN 

~ 
./ 

I 
IDEL =1 I -->CODE 

I 
/ 

/N 
I 

I 

/~ 
/ 

7 
I' N 

LANE(i)= Number of lanes of 
link. I (both 
directions includedJ 

MEOW(I)= Median width of 
link 1. 

RSHOW(I)=Right shoulder 
width of link I. 

LSHOW(I)=Left shoulder width 
of link 1. 

ROW(l) = Total right-of-way 
width of link 1 
(both directions 
inc 1 uded) 

LANWll)= Lane width of link 
1. 

WID(I) = Widening 
feasibility of link 
I. 

SHOTII}= Shoulder type of 
1 ink 1. 

SPLT(I): Maximum speed limit 
of link 1. 

SURPV{ I }::Surface/pavement 
type of link 1. 

URBII) = Rural/urban 
designation of link 
l. 

TYPCOST(N,M) = Cost of 
building lane 
'addition type M on 
link N. (Lane 
additional type 
refers to the land 
to be utilized for 
the purposed of 
construction) 

ICOST{I)=Cost of lane 
addition on link I. 

51.)= The array showing 
the sepa ra t ion 
variables of the 
tree. Sri} is the 
index of the 
separation variable 
at 1 eve 1 i. 



I I I ' ' I' ; i I 

I / I i/ 
i I 
I: / I II 
I ! 
1/ / / / 
I' / / / 
1 

III / / 
I 
i 
1/ / I I 
jll,ll 

ill I I I 
I 
j 
J / I I I 
\' I I I I 

i/l III , I 

I ! 
1// 1// 
II III I 

I I III 
III III 

1\ URS(n:3 

1\ SHOT (Il d 

1\ SHOW>ICON3 

COC': ( Il =4 
--;.(;OOE 

1\ ISUM>ICON4 

CODE ( I) =S 
-->CODE 

\ IOPT(4)=4 

IDEL= 1 
-->COOE 

\ LANE (I) >6 

1\ TRUP( I) dCONS 

1\ URB ( 1):1 

CODE (I ) =6 
V( 1) =3 

II 
; 

) 
I 
I 

) 

I 
; 

f 
f 

A I 
!DEL:! 
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'i'(.) -;-hejrraj indicatin,) 
whe tr.er or 'lot the 
alternative vertices 
have been explored. 
:f VIi):,), no 
alternatives have 
been explored for 
linK :. if V(il:5, 
all the alternatives 
have been explored 
for link I. 

YR(.)= The array giving 
feasible solution to 
the user optimal 
problem 

'(( . ) = The array gi vi ng a 
solution to the 
system optimal 
probl em. 

W( .J= The array which 
indicates the status 
of 1 ink 1. If 
W(i)=J, then link! 
is free (l ink I ha s 
not been committed 
to building a lane 
addition as yet. If 
w(i)=+k. then link I 
,i s committed to 
bUilding a lane 
addition at tree 
level. If w{ O=-k, 
then 1 ; nk lis 
committed to-not 
build a lane -
addition at level A. 

VB(.)= The array giving the 
best sol uti on. 

Code(i)=The array which 
indicates the type 
of lane addition 
which will be 
utilized if indeed 
link I is 
recommended to have 
a lane addition. 
but, if code(I)=7, 
then no 1 ane 
addition will be 
allowed on link I. 
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CODE 

IDEl=l 
\ 

I I iCODE ( 1)::: 7 
iIlEVEl:::ILEVEL+l ! 
IW(I h- IL£VEL I 

, 
[V(Ih5 i 

I .YR (l hO 

I ;Y( +)=0 
is (TLEVE L) :l 

I II COST( 1) =99 I I 
I ! 

~ I.MCAR 

I 
I DO 5, 1=1, !'CAR 

I 
:11 ~\ CODE(!)=7 /~ 
, 

;11 I COST ( I) = TYP COST ( I ,CODE ( I ) 
I 

!RETURN 
i 

/ 

/~ 
-> TEST 

lDEL 0-1 variable which 
indicates if a given 
link is elisible to 
contruct a 1 ane 
addition. IOEL ::: 1 
means no. 

SHOW = Some of median width 
and show (in both 
directions) 

ITOT::: Total right of way 
minus ISUM minus the 
product of the no. 
of lanes and the 

INITIAL 

wi d th 0 f the 1 a ne s 
for a given link. 

Reads appropriate data for 
the given problem and 
initializes variables to zero 
TEST 
Detennines if a given link 
is eligible for lane 
addition by testing the 
characteristics of a link 
against minimum (maximum) 
requirements specified by 
design engineers. 
Fu rthermore. if ali nk ; s 
determined to be eligible 
for lane addition. the type 
of lane addition to be 
utilized as well as the cost 
of construction will be set. 

CODE 
Sets the appropriate values 
determined by test routine 
to a given link. 



MAX 

INITIAL 

!MIN:0;AMIN:0;ITWN:MCAR*6;IC:0;LOC:1;JMAX:0;KTY:0 
i DO 16, Id, MCAR 

I 
1// 
II I 
1// 
II I 
II I 

IN( 1)::0 
!X(I ):0 
NT ( 1):0 
OPNT(I):O 
ORDER ( 1):0 

TWINS 

DO 1, 1:1, MCAR 

II! DO 1, J=1, NARC 

II I" Iv\ LLlNK(J).! 
I . 

I I 'II I ! NT ( I) =J 
I I I I ItJOP=I + rnm 
II III; DO 11, K=1, NARC 

I : ~\-------------,/ /"tN' 
II \II (I Y\\ LLlNK(K)=NOP / 

II II I" om ( I).K 

OPTION 

DO 2, 1:1, MCAR 

I 

I 

I 

I 

IMAX=1 

AADT(NT(I»AADT(OPNT(I) ) 

SUBROUTINE i-lAX 

Purpose: To determine the 
next link to exa~ine for the 
purpose of possibilty of 
lane addition. 
MIN = Temporary storage of 

a given link number. 
AMIN :: Temporary storage of 

criteron value for 
given link m.M. 

ITWN = MCAR 6 
IC = Counter for order to 

remaining free links 
LOC = Variable which 

indicates if next 
link to be examined 
has been chosen yet 
LOC = 1 No LOC = 
o Yes 

JMAX = Variable which 
indicates the next 
link to be examined. 

N (I) = Array of MCAR 
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links. I = 1 to MCAR 
X (I) ::Array of criterion 

val ues for t~CAR 
1 i nk s. 

NT (I)=Identification of 
~ICAR link I in set of 
NARC links 

OPNT (I)=Identification of 
MCAR link (opposition 

direction of I) 
inset 

ORDER( 1)= Identification of 
link I order (if 
free). If order +) = 
99 link I already 
exami ned. 

NARC = Total number of links 
defined in traffic 
assignment 
subrout i ne s. 

LLINK (J)=Identification of 
MARC link I J 
corresponding to MCAR 
Link I 

NOP = Identification of 
link I opposite 
direction Link I 
(NCAR) 
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I , 
11/ ; 
~ I i 

II 

III 
! 

I 

H1AX=2 

VCRT( NT ( I) > VCRT( OPNT ( I) ) 

( I l=V CRT( NT ( 1) ) X ( 1) =V CRT (OPNT ( I) ) , 
IMAX=3 

TRUP(NT(I) bTRUP(OPNT(I)) 

X(I);TRUP(NT(I)) X(I);TRUP(OPNT(I)) 

ORDERS 

I DO 3 t 1=1. MCAR-l 

III AMIN=X( I) 
!I I MIN;N( I) 
ill DO 4, J::l. HeAR . 
I 10 ~ ill II X(JbAMIN 
I \ I 

I 
I 

il I 
I 

VI DUM=X(J) 
!I I !I I NDlIM=N(J) 
1// II I X(J)=AMIN 
II !I I N (J) =MItJ 
II !II AMIN=DUM 
II II MIN=NDUM 
I 

i// xc I)=AMIN 

II I N( I) =MIN 

IMAX: Criterion supplied by 
user to determine next 
link 1,2,3. 

AADT(I)=AADT value of link I. 
VCRT (I) =Volume to capacity 

ration of link I. 
TRUP (I) =Truck percent of 

DUM = 
NDUM ::: 

1 ink 1. 

INITIAL 
Defines value of ITWN. 
Initializes LOC = 1 and all 
other significant variables 
to zero. 

TWINS 
Finds link I of MeAR set in 
link array of narc set. 
also finds opposite 
direction of link I in llink 
array of Narc set. 

OPT ION 
Depending on the value of 
IMAX sets the value of x(l) 
to larger value Link I and 
Link I (opposite direction) . 

ORDERS 
Rearranges the order to 
links (MCAR in N(.) array 
from maximum value xCI) to 
minimum value of x(I). [For 
11 nk s (max) 1]. 

CHOOSE 
Chooses the first link in 
N(.) array (whose order (.) 
array value does not equal 
99) to be the next link to 
be examined. Sets such M(I) 
value equal to JMAX. 
Creates an order (.) array 
for rernai ni ng free 1 ink s. 
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CHOOSE 

DO 5, 1 = 1, HeAR 

II ~ W( N( I) )=0 ~ 
II iv\ CODE (lH 1) ) = 7 //~ 
II Iv\ LaC:! /~ ORDER( N( 1) ) =99 

II ORDER(N{I))=99 IC=IC+1 
II lJMAX=N (1) QRDER(N( I) )= ICI 
II LOC=O \ 

KTY:IC 
RETURN 
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SETUP 

COUNT=ST=FF=BUD=JM=BBUD=O 
KL=ILEVEL 
ST =MCAR-KL 

\~ 
y\ ST =0 

FF=1 
OPTIMAL 

RETURN 

/~ /' 

SUBROUTINE SETUP 

PURPOSE=To inialize the 
variables significant 
to wa rd i mp 1 i cit 
enumeration of the 
tree. 

COUNT= Variable that counts 
iterations of 
branch/bound. 

ST = Variable which 
indicates how many 
levels on tree there 
are to fathom. 

FF = Feasibility indicator 
FF = 0, Feasible FF = 
I, 0 P t i rna 1 F F = BIG I , 
Infeasible. 

BUD = Variable which 
indicates how much 
money has been spent 
on construction to 
date. 

JM = Variable which 
represents the 
present link being 
examined for possible 
construction. 

BBUD = Dummy variable which 
substitutes for bud 
variable in 
subroutine round. 

KL= The initial level at 
which the branch and 
bound procedure 
begins. 



JM=O 

RETURN 

SELECT 

KL :l.JCAR 

;KL=KL+l 
:ST=ST-l 
;JM=JMAX 
!V(~lM)=V(~lM)+l 
I 

1("""\ ---------~ 
I \ 

,y'o NCND:l 
1 \ 

Iy V(JM)=lOPT(1) 
1_--3..... __ --._........£..._-1 

V(JM)= rOPT(2) 

V(JMl= rOPT(3) 

V(JM)= rOPT (4) 

V( JM) =5 
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SUGROUTINE SELECT 

Purpose: To set variable JM 
to the link JMAX as 
determined by subroutine MAX 
and to set V (JM) (the -
alternative array) to the 
next alternative of the 
additions. If any lane 
addition alternative is 
rendered not applicable for 
the solution, this 
subroutine will bypass that 
particular choice and go on 
to the next alternative. 

NCND = Flag variable which 
indicates if any lane 
addition alternatives are to 
eliminate from the solution 
process. NCND = 1, Yes. 
NCND=O. No. 

rOPT ( ) = Flag variable 
which indicates if lane 
addition alternative I is to 
be eliminated from the 
sol uti on process. (I = 1 
..• 4) IOPT(l) = lor 0 If 
rOPT (I) = I then ~ 
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I~ 
\ \ 

JRETURN 

SEPARAT 

FF ::1 

It 

ly" V(JM) (4 
I 
i-~----r--_-J.:""---I 
I 
IY J::l 

JM=O 

BACKTRA RETURN 

SUBROUTINE SEPARAT 

Purpose: To determine if 
the branching of the 
variable JM will be one of 
the four lane addition 
alternatives (YJ=l) or no 
1 ane additi on at all (YJ=O l . 
If JM=o all possibilities 
exhausted: back tract. 

yJ :: Variable which 
signifies if any lane 
addition alternative is 
being examined. YJ:: 1, 
Yes. YJ::O, No. 



r" 
! , 

I 
! , 
! 

I 

I 

I 
I 

I 
! 

RETURN 

SET 

FF ::1 ~ 
~ S(KLI=JM ~ 

RELAX S(KL)=JM 

~ ~ ROUND YJ=l 

i 
I YR(JM):l YR(JM)=O I 

W(JM) =KL 
BUD=BUD + 

W(JM)=-KL! 

I COST (JM) 
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SUBROUTINE SET 

Purpose: To set variable Jr~ 
at level KL of tree. Set YR 
and W arrays to indicate 
whenever the variable is set 
to construct an alternative 
(YJ=l) or not to construct 
an alternative (YJ=O). If 
yJ is set to 1, adjust the 
value of BUD to include cost 
of construction for link JM. 
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RELAX 

I FF ::l 

DO 1,1=1, MCAR 
, 
I 

//r~ 
I 

! W( 1 )=0 

II Y(I)=l 

, IBNO=IOP 
SYSTMAS 

I VALlIE1=VALUEUP 
I 
i , 
1 

~ 
! 

CC=O i 

I 
I~" I 

VALUEl>ZB 

I 

RETURN 

; 
I 

~ 
Y( I)=YR( I) 

~ 
./ 

//N 

BACKTRA 

SUBROUTINE RELAX 

Purpose: To determine lower 
bounds on the objective 
function (total travel time 
of traffic) by relaxing the 
budget cons trai nt. All fre e 
variables (links) are 
allowed to construct lane 
additions regardless of the 
cost. Furthermore, 
subroutine relax utilizes 
the system optimal traffic 
assignment which when solved 
yields a solution no worse 
than a user optimal solution 
udner'the same exact 
specifications of design. 

IBMO = Temporary variable 
used to replace lOP 
and ITP in 
subroutines 

lOP = Variable which 
represents the lane 
addition type used 
for lower bound 
calcul ati ons 

Value 1 =Objective function 
value determined by 
system optimal 
traffic assignment 

Va1ue UP = objective 
function value 
determined by system 
optimal traffic 
assignment 

CC = flag for first use of 
subroutine relax. 
cc=O yes cc=l no 



ROUND 

INITIAL 

f\ FF :l 

BeaST =BUD 
KKL=KL 
JL"O 

RETURN - ->SET 

SET 

DO 2, J=1, MCAR 

II ~ ORDER{J)=99 

\ 
I I iY\ 

! \ 

W(J)=O 

II KL=KKl+1 Y (J)= YR(J) 
II YR(J)=O WX( J) =W(J) 
II Y(J)=O VX(J)=V(J) 
II WX(J)=-KKl Jl=IABS(W(J) ) 
II VX(J)=5 SX(JU =5 (JL) 
II SX(KKL) :J 

\ 
y\ 

\ 
KTY=O 

\ 

CALCULATE DO 5, l .. l, KTY 
DO 5, J=l. MCAR 

II 'f\ ORDER (J) =l 

I 
1/ BC05T=BeOST + IC05T(J) 

II }\ BCOST > BUDGET 
\ 

/;; 

/~ 

; 

/;;; 

~ 

; 
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SUBROUTINE ROUND 

Purpose: To set a feasible 
solution, calculate the 
total travel time (value up) 
of the feasible solution. 
and then to compare this 
valueup to ZB (the best 
solution so far). If 
valueup < ZB. then ZB (old) 
is replaced by valueup (ZB 
(new». Fu rthennore, if 
valued < Z1 (the absolute 
lowest bound to the problem) 
then stop, valueup is 
optimal for this problem. 
Otherwise, if valueup = 
value1 (the system optimal 
solution to the same set of 
0-1 variables) then 
backtract, else find the 
next link to examine. 

KKL .. Dummy variable that 
temporari 1y repl aces KL ; n 
subroutine round. 
JL = Dummy variable used to 
temporarily store absolute 
val ue of W(J). 
WX = Temporary storage 
array for W)(.) array. 
VX = Temporary storage 
array for v(. )array. 
SX = Temporary storage 
a rray for s(.) array. 
YB.. An array that stores 
the best solution of the YR 
( ) array. 
VB.. An array that stores 
the best solution of the V 
( ) array. 
WB = An array that stores 
the best solution of the W 
( ) array. 
SB = An array that stores 
the best solution of the S 
( ) array. 
ITP = Variable which 
represents the lane addition 
type used for upper bound 
calculations. 
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CALCULATE 

IBND:ITP 
USERASG 

I~ 
MAX 
SELECT 
SEPARAT 
SET 
FEASIBL 
RELAX 
ROUND 

RETURN 

IIIBCO~~ "BCaST -1 COST (~) 
II YR (J) =0 
II Y(J)=O 
1/ KKL;;KKL +1 
II VX(J) 5 
"IWX( J );; -KKL 
" SX( KKL) =J 

VALUEUP > ZB 

FF=O 
ZB=VALUEUP 

DO 3, 1=1. MCAR 
II YB (I hYR (l) 
" VB(I):VX(I) i" WB( I) =WX( I} 
/ / SB (l )::SX{ 1) 
/ I BBUO=BCOST 

OPTIMAL 

YR (J) 1 
Y (J) 1 
KKL =KKL + 1 
VX(J)=ITP 
WX (J ):KKL 
SX(KKL) ;;J 

~ 

~\ VALUEUP-Zl*PERllOO<Zl 
\, ~ 

FF =1 '\ /' ;Y~VALUEUP=VALUEl tJ 

, 

I ,OPT I MAL ISACKTRA MAX 
I I SELECT 

! I SEPARAT , 
SET , 

i i FEASIBL 
! RELAX 

I 
ROUND 

, 
\ 
I 

It! IT IAL 

Sets cost equal to the 
present value of bud, sets 
KKL equal to the present 
value of K., and initializes 
JL equal to zero. 

SET 
Checks if 1; nk J has been 
set (to a or 1) by testing 
the order array. If 1 ink J 
has been set {ordered 
(J)=99) then the propr 
values of YR, W, V and S for 
link J are temporarily 
placed into their 
corresponding positions of 
the Y. WX YX and SX 
respectively. Otherwise. if 
link J has not been set. the 
order array determines the 
temporary desti ny of the 
free 1 inks. All free 1 inks 
have order array value 
between 1 and KTY. Starting 
with the link whose order 
array value is 1, we 
temporarily allow that link 
to build an additional lane 
(ITP choice of lane) 
provided the cost of build 
that particular link does 
not put the entire project 
over budget. (Thi s 
procedure is continued until 
the subroutine has looked at 
the link whose order array 
value is KTY.) At this 
point. all links should be 
at 1 east temporarily set to 
zero or one 



CALCULATE 
Cails the user optimal traffic assignment to calculate valueup. If 
valueup > lB, then continue the search of optimal solution down that 
branch or tree. Otherwise. if valueup < ZB, then valueup becomes 
the best solution so far (ZB = valueup), and therefore the values 
temporarily stored in the YR, VX. WX, SX and Bcast arrays are placed 
into the YB, VB, WB, SB and BBUO arrays respectivdy for storage of 
best solution to date. Furthermore. if valueup is within the given 
percent (per) of ZI (the absolute lowest bound), then stop valueup 
is determined to be the optimal solution to the program. Else, if 
valueup = value I (the system optimal solution at that point in 
tree) backtract because a better solution cannot be found if the 
program continues down this branch of the tree. 

53 
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OPTIMAL 

COUNT::COUNT+l 

!~ FF ::;1 

PRINT I BEST SOLUT ION I 

STOP 

~ 
RETURN 

SUBROUTINE OPTIMAL 

Purpose: To stop the 
algorithm if an optimal 
solution has been found or 
if the entire tree has been 
implicitly enumerated. FF 
= 1 signifies one of the two 
possible alternatives has 
bee n reached. 



CHANGES 

SE T 

I DO I, J<I, MCAR 

III DO 1, I = 1, MCAR 
i 

III III~Y~ _______ L_IN_K_(I_)_=J ____________ ~~N 
III II Y 

loll I I I--~--',-I C-I -=J----------L----1 

[II II iIT1=3*MCAR+J 
'III II 'IIC2=6*MCAR+J 
,II II IT2=9*MCAR+J 
III II IICDl:t«:AR+J 
,II II ,ITD1=4*MCAR+J 
III Iii iICD2=7*MCARtJ 
ill Iii IITD2=10*MCAR+J 

II I I 1/ I .... 
Y 

--C-O-D-E (-IC-1-) -=6--------.1/ 

I---.ln-------~:.......:.:J 
I 
I , 

Y(J)=O 

I 1,1 I 
I 

I 
I ' 

I I I I Ii 

"H I Ii II 1 

" 

I i 
, I 

"I" I 
I" !"'I I I 
(11\11 I 

V( Ie 1):1 

V(IC1)=O 

IBND=2 

V(IC2h2 

V(ICl)=O 
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SUBROUTINE CHANGES 

Purpose: To transmit the 
changes (i.e. - the link 
addition characteristics) 
made by subroutines round or 
relax to the corresponding 
traffic assignment 
subroutines (systmas or 
userasg respectively) in 
order to represent 
accurately the network 
design of the given vertex. 

ICI = Car link equivalent of 
1 i nk J 
IT1 = Truck link equivalent 
of link J. 
ICZ = Opposite direction car 
link equivalent of link J. 
ITZ - Opposite direction 
truct link equivalent to 
1 i nk J. 
ICD1 - Dummy car link 
associated with link J lane 
addition. 
ICDZ = Dummy oPPosite 
direction car link 
associated with link J. 
ITD1 = Dummy truck link 
associates with link J. 
ITDZ - Dummy opposite 
direction truck link 
associated with link J. 

SET 
Sets the values of ICI, IT1, 
ICZ, ITZ, ICD1. ICDZ, ICDI, 
rTDZ associated with link J 
for purpose of making the 
proper changes of link J in 
order to accuraltely 
represent the new network 
design. 
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I I I / I 

I/! // y IBND=3 IN 
! 

I 

I I 

I ! 11 
V(IC3):3 ~ //'// I 

i I I 
// // I i\V(ICl):;O /1 I , , 

i V\ IBND.4; // // I 

j . 
:i'\(IC4):4 f 11111 

I 

i 
I 

I 
/I II I 

2 13 4 5 

RETURN 

2 

00 90, K:l, NARC 

/IV LINK(K}=lCDl 
~~---- ------

II I LINK(K}:ICD2 
I 
j 

II i 
I 
i 

LINK(K )=IC1 

6 

//1 
I 

LINK(K):ITl 

I 
I I \ LtNK (K) = 1C2 

I 

i 
I I \ V LINK(K)=IT2 

II RL(K}=O C(K)=C(K}-CNSTN 

ETURN 

I Nt . I 

2 
Changes of link J are such: 
Link J will not have any 
additional lanes. but trucks 
will be prohibited from 
using left-hand lane. 

3 
Changes of link J are such: 
Number of lanes of link J 
are increased by one (in 
both directions) all traffic 
is allowed on the new lane. 

4 
Changes of link J are such: 
Number of lanes link J are 
increased by one (in both 
directions) only trucks are 
allowed to use the new 
lane. (Note: trucks are 
a 11 owed to use all 1 anes. ) 

5 
Changes of link J are such: 
Number of lanes of link J 
are increased by one (in 
both directions) all trucks 
are restricted to use the 
new lane only. All cars are 
restricted from using the 
new lane. 

6 
Changes of link J are such: 
Number of lanes of link J 
are increased by one (in 
both directions) only cars 
are permitted to use the new 
lane. (Note: Cars are 
permitted to use all lanes.) 



57 

3 

DO 91, K:l, NARC 

II v\ LI NK (K ) = I CD 1 ; 
II \ Ll NK (K) = I CD2 ) 
II Y\ LI NK( K) = ITOI ) 
1/ Y LI NK( K):IT02 ) 
II RL(K)=O 

RETURN 

4 

DO 92, K=l, NARC 

II y\ 
\ 

Ll NK ( K ) = IT 0 1 ; 
/If ~\ LlNK(K)=IT02 fl 

i 
I 

= RL( K) 0 
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5 

00 93, K=l, NARC 

. 
~ II y\ LI NK ( K ) = IT 1 

II ~ LlNK(K )=IT2 ~ 
II Y\ LlNK(K)=ICl f 
II RL( K) =BIG2 v\ LI NK ( K ) = I C 2 f 
II T(K)=O C(K):C(K)+LANE(ICl)*(CNSTN/4) 

RETURN 

6 

I 00 94 K-l NARC • - . 
I 

I 

Y\ I 

[II LI NK (K) = I CO 1 N 

I 'v\ rl Ifl 'y LINK(K}:ICD2 
I I , 
I 

1// 
I 

RL(K)=O 

! 

IRETURN 



~ 
~ 
JM=S( KL) 

~ 
KL=KL-l 
ST =ST+1 
-- COMPLETE 

JM=S(KL) 

\ 
V(JM):5 
W(JM )=-KL 
YJ=O 
Y (JM )=0 
YR(JM)=O 
BUD=BUD-ICOST(JM) 
-- NEW START 
RETURN 

\ 
$(KL)=O 
V(JM ) =0 
W(JM)=O 
Kl=KL-1 
ST ::ST+1 
-- COMPLETE 
JM=S( KL) 
BACKTRA 

8ACKTRA 

FF::::1 ~ 
JM=O .7w 

CODE(JM)::7 ; 

FF =BIGl ) 
--) COMPLETE 

~ 
I V(JM)=V(JM)+l 

I 
I 
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Subroutine BACKTRA 

Purpose: To change direction 
of implicit enumeration 
process once a vertex has 
been fathomed. Fathoming 
occurs when: the system 
optimal solution(VALUE1) is 
greater than or equal to the 
current best feasible 
solution (ZB); the 
user-o~timal solution 
(VALUEUP) equals the system 
optimal solution (VALUEl); 
the expense required (BUD) 
to construct all lane 
additions defined by the 
solution set (Y) exceeds the 
budget (BUDGET); £r no 
separation variable (JM=O) 
exi sts. 

Change 
Creates a new vertex by 
changing the value of the 
most recently defined 
variable (JM) that has not 
exhausted all options 
[Vend]. 

Complete 
Signifies that enumeration 
is complete. Optimal 
solution has been found. 

New Start 
Subroutine has successfully 
fathomed a vertex. A new 
solution is defined. 
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1\ NCNO:ol f 
Ii\ V(JM)::IOPT(1) ~ 
IV (JM ).2 

iV\ V(JM)= IOPT(2} f 
V(JM)=3 

V\ V(JM)=lOPT( 3) f 
V(JM)=4 

v\ V( JM):t!OPT( 4) } 
V(JM)=5 

iy\ 
V( JM) 5 f 

W(JMl=KL W(JM)=-KL 
VJ=l VJ=O 

BUD=BUD-ICOST 

., 
iRESET ~ 

~ SEPARAT 
0 SET 

J -- NEW START 
RETURN 



COMPLETE 

\ 
y '\ 

FF ::1 
OPTIMAL 
STOP 

NEW START 

FEASIBLE 
[LAX 

ROUND 
RETURN 
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-
KL= ILEVE L f 

RETURtJ 
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RESET 

Y\ FF :l 

DO 1, I = 1. tlCAR 

II LL=IABS(WCI)) 

II Y\ JL<KL 

III [VR!Il'V!Il'S!JLl'BUD'W!Il.O 

III 1\ V( I) <5 !Y 

III !BUD=B UO- I COST I 
I I 

I I 
I 

II li\ CODE ( Il =6 
I 

II I IV!Il'] V(I) =0 
i 

RETURN 

/IN 

/jN 

~ 

~ 

SUBROUTINE RESET 

Purpose: To free variables 
set at tree levels higher 
than KL. This is caused by 
a backtrack operation to 
level KL. 

For each variable, test if 
it was set at a tree level 
higher than KL. If not, go 
to next variable. If so, 
then set YR, X,S,W to 0 and 
set V to appropriate value 
(0 or 3) for the level at 
which the variable was set. 
Adjust the value of BUD if 
V(I) <5. 



FEASIBL 

v\ FF =1 

I~\ BUO>BUOGET 

FF =BIGl 
BACKTRA 

RETURN 

/ 

//N 

~ 
FF=O 

SUBROUTINE FEASIBLE 

Purpose: To determine if 
the sum of the cost of 
construction of lane 
additions recommended (bud) 
is less than total budget 
allowed. If Bud < budget 
continue to next -
subrouti ne. Otherwi set 
backtract. 
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