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1. Introduction

The network design problem is to select a
set of link improvements or link additions to
o_ptimize a selected objective function when
those actions are implemented. Minimizing
the total vehicle hours travelled on the net-
work is traditionally used as an objective
function with flows and travel times calcu-
lated based on user equilibrium. When the
network design problem is formulated into
mathematical form, it results in a large
scale binary integer problem.

In practice the network design problem
deals with large networks, the solution of
which require a significant computation ef-
forts. Many researchers have tried to devel
op efficient algorithms which are exact or
approximate to solve the network design
problem. Some of the exact and heuristic ap-
proaches to deal with the network design
problem was reviewed by Magnanti and
Wong [1). Friesz [2] provided a succinct
review of major developments in the net-
work design problem and suggested research
opportunities to advance this field.
Poorzahedy [3] suggested efficient algo-
rithms for solving network design problems.

The purpose of this research is to imple-
ment the simple idea for aggregating the
network to the smaller size and to test the
efficiency of network aggregation for im-
proving solutions to the network design
problem. This research- also examines the

degree of network aggregation to obtain ap-

proximate, but relatively accurate solutions
for the network design problem. It is obvi-
ous that if the detailed network which has
all nodes and links is used in solving the
network design problem, there will be no
error in project selection. However this
often requires significant computational ef-
forts and can be very expensive and some-
times Impractical. Thus the network aggre-
gation arises to solve the network design
problem rapidly and approximately.

Network aggregation which has been done
previously is a kind of multi—step aggrega-
tion that extracts / abstracts one or several
links at each step. But the aggregation in
this paper is an one—step aggregation that
extracts all possible links at one time.
Therefore the contribution of this research is
the deployment of a simple aggregation idea
that extracts all unnecessary links at once
to solve the network design problem rapidly
and effectively.

The remainder of this paper is organized
as follows. Section 2 describes the network
aggregation procedure to obtain the aggre-
gate subnetworks to be used for solving the
network design problem and the origin—des-
tination matrix estimation procedure for the
aggregate subnetworks. In section 3, the
application of network aggregation to the
network design problem is described. Sec-
tion 4 presents the results of the network
design solutions on the original and the ag-
gregate networks and compares these
results.  Finally, Section 5 concludes this

research.
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2. Network Aggregation and O/D
Matrix Estimation Procedure

Network Aggregation

Network aggregation is needed to reduce
the large computational burden involved in
the analysis of detailed network in many
problem contexts. Especially in the context
of network design problem, we could save a
lot of computational burden by solving the
smaller binary integer problem through net-

work aggregation. The computational burden

comes from the large number of decision.

variables and constraints in real—world net-
works. The aggregate subnetwork should be
small enough to be manipulated efficiently
as well as effectively, and should keep the
required characteristics of the original net-
work.

In a broad sense, there are two types of
aggregation approach; network extraction
and network abstraction. The network ex-
traction removes insignificant links and
nodes from an original network based on a
pre—specified  criterion. The network
abstraction combines detailed links into ag-
gregate- links to reduce the network size.
Chan et al. [4] proposed the hierarchical
search algorithm to solve the network de-
sign problem using the network abstraction
approach and compared network abstraction
approach with network extraction approach.
Haghani [5] and Haghani and Daskin [6]

developed a network extraction algorithm.

89.

The method of this -extraction algorithm is”
to discard insignificant links one by one and
to update the O/D trip matrix such that the
flow level in the remaining links of the ag-
gregate network remains unchanged. A link
in a network is defined as insignificant if
the corresponding user equilibrium flow is
below prespecified percentage of the maxi-
mum equilibrium link flow in the network.
Hzighani and Daskin [7] tested an extrac-
tion algorithm to examine the aggregation
effects on the network design problem.. The
extraction - algorithm in Ref[7] is almost
same as one in Ref.[6] except that users
are allowed to provide a list of links to be
extracted or to be preserved in Ref.[7].

In this paper, the aggregate network is se- -
lected so that the closest links to the candi-
date project links are kept in the aggregatew
networks as much as possible. © The links
which will be maintained in the aggregate
network are- determined purely by visual ob-
servation and insight. Therefore, it is possi-
ble to change the size and topology of the
original network in any desired pattern and
design subnetworks of interest. In this net-
work aggregation, all of the unnecessary
links are extracted at one time rather than
extracting just one- link at each iteration
which is the case in Ref.[5], [6], and [7].

0/D Matrix Estimation Procedure
Once the aggregate network is deter-

mined, the estimation of O/D matrix for the
aggregate network is needed as a next step



90 Journal of Korea Transportation Research Society Vol. 13, No. 3, 1995

to compensate for the capacity reduction in
the network due to the link extraction. In
the real world it is extremely expensive and
time—consuming to obtain an accurate ori-
gin—destination matrix. To reduce the time
and effort to acquire a real O/D matrix,
researchers such as Robillard [8] and Ngu-
yen [9] proposed methods to determine the

0/D matrix from observed link volumes.

Turnquist [10] developed an iterative algo-

rithm to estimate a trip table from observed

link traffic volumes which can be relatively
easily obtainable. In this article, the

Turnquist algorithm to determine the O/D

matrix based on the observed link flows is

therefore applied. An iterative solution algo-
rithm reéquires the following basic steps

[10]:

1. Specify an initial trip table T' and a vol-
ume —delay(impedance) function for each
link.

2. Find the u(skim trees) by using observed
link impedances.

3. Assign T' to the unloaded network by
using free—flow Impedances to obtain a
set of link volumes f'. Denote this cur-
rent solution as a vector( f{', T').

4.let1 =1

5. Determine link impedances at the current
volume f' and again buld minimum im-
pedance trees. Denote the resulting val-
ues u'

6. Given T, u and ui, find a correction trip
table V that is closer to a solution.

7. Assign V' to the trees built in step 5 to

obtain correction link volumes S\

8.Find a weight ri such that 0 < r' < 1
and the. solution .[(f*!, T™*') = ri(s\V)
+ (1 — ") * (f\T)] minimizes the objec-
tive function.

9. Check the convergence criterion. If it is
met, stop; otherwise, set 1 = 1 + 1 and
go to step 5.

The origin—destination trip table for each
aggregate network which is decided by the
implementation of Turnquist algorithm will
be used as an input to the network design

problem.

3. Application of Network Aggre-
gation to the Network Design
Problem

The network of the city of Sioux Falls,
South Dakota, 1s selected as a detailed net-
work which consists of 24 nodes and 76(38
two—way) links. The link cost functions are
of the form of Ci(xi) = ai + bi(xi)* where
xi 1s the flow over link i and a; and bi are
link —specific constants. The detailed net-
work and the candidate project links are
shown in Figure 1. In Figure 1,projects 1
through 4 are on existing links and projects
5 through 7 are added as new links. The
original link cost functions are shown in’
Table 1, and the improved or new link cost
functions together with improvement or con-
struction costs for the seven candidate proj-
ects are provided in Table 2.

Haghani and Daskin hypothesized that the

degree of link extraction near the candidate
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project links directly influences the accuracy
of the outcome of the network design prob-
lem in the aggregate subnetworks. Refer-
ring to their assumption, the closest links to
the candidate project links in the aggregate
network was kept and four aggregate
subnetworks were selected by the degree of
adjacency to the candidate project links.
Four different aggregate networks which ex-
tracts 22, 34, 44, 52 links and consequently
remains 54, 42, 32, 24 links are shown in
Figure 2,3,4, and 5, respectively.

The aggregate O/D trip matrix for each
of these aggregate networks was obtained
by implementing the algorithm proposed by
Turnquisi {10]. These O/D trip matrices
were used as the input to the network de-
sign problem. The program was run for all
four aggregate subnetworks. In the pro-
gram, user equilibrium link volumes and sur-
veyed O/D trip table were used as observed
link volumes and an initial trip table,
respectively. It is true that the result is sen-
sitive to the choice of initial trip table. The
better the initial solution is, the better the
final solution will be. However, the proce-
dure 1s able to move toward a reasonable
solution even if the initial trip table is far
from a solution [10]. In each iteration New-
ton’s method was implemented to calculate
the . corresponding weight, or step size.
Under the condition that surveyed O/D trip
table is used as an initial trip table, 100,
20, 10 iterations and 3%, 5%, 10% con-
verge ratios were tested as a stopping crite-

rion. Converge ratio is defined as the maxi-
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mum of absolute value of (updated flow —

previous flow) / updated flow 100. Among
six stopping criteria, 10 iterations criterion
was chosen because it gave the reasonably
good result within a short time period. It is
noted that this stopping criterion could vary
with different tran§portation network struc-
ture.

Three network design problems with 5, 6,
and 7 candidate project links were solved
on the original and each of the 4 aggregate .
networks. A wide range of sensitivity anal-

yses were also implemented with different

——— Candidate Projects on Existing Links
--------- Candidate Projects, New Links

Figure 1. The Original Network and Candidate
Project Links(38 Two—Way Links
excluding New Links)
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Table1. Parameters of Origina Link Cost Functions
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Link a bi(x107*) Link a b.(x107¢)
1,2 0.0596 0.00023 12, 13 0.0270 0.03240
1,3 0.0434 0.00017 12, 14 0.0804 0.19296
2,6 0.0517 0.12408 12, 17 0.0587 0.00265
3,4 0.0431 0.00069 13, 14 0.0167 "~ 0.04008
3, 10 0.0414 0.00016 13, 15 0.0269 0.00025
4,5 0.0216 0.00035 14, 18 0.0231 0.05544
4, 11 0.0646 0.15504 15, 24 0.0446 0.00017
5, 6 - 0.0417 0.10008 16, 17 0.0452 0.10848
5 7 0.0503 0.00755 16, 19 0.0425 0.10200
6, 8 0.0130 0.01562 17, 18 0.0350 0.00104
7, 8 0.0961 0.23064 17, 20 0.0350 0.00525
7, 12 0.0160 0.00037 18, 24 0.0399 0.09576
8, 9 0.0150 0.00355 19, 20 0.0400 0.09600
8, 13 0.0482 0.11568 19, 22 0.0188 0.04512
9, 15 0.0218 0.00008 20, 23 0.0167 0.04008
10, 11 ' 0.0646 0.15504 20, 24 0.0471 0.11304
10, 21 0.0298 0.00011 21, 22 0.0220 0.02678
11, 12 l. 0.0500 0.00750 22, 23 0.0329 0.07896
11, 16 0.0442 0.10608 23, 24 0.0572 0.13728

Note : Link is denoted by two nodes.

‘ a; in hours, b; in hours/(1000 veh. per day)*

Table 2. Candidate Projects Characteristics
link a, bi(x1074)- cost{x10%)
1 0.0160 0.00037 625
2 0.0130 0.01562 650
3 0.0150 0.00355 850
4 0.0270 0.03240 1000
5 0.0300 0.00321 1200
6 0.0220 0.02678 1500
7 .0.0150 0.00411 1650

Note :

a; in hours, b; in hours/(1000 veh. per day)*, cost in dollars
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budget levels for all 5 networks and for all

3 design problems. The network design prob-

lem was solved by Poorzahedy's Algorithm I

{3]. This algorithm is a kind of branch—
and —backtrack implementation with strong
lower bounds obtained by a few arithmetic
operations. It uses Frank—Wolfe Algorithm
to get a solution of the conditional problem
to the original problem. Readers interested
in  the notational  representation  of
Poorzahedy’s Algorithm | are encouraged to
consult Ref.[3].

Figure 2. First Aggregate Network(11 Two—
Way Links Extracted)
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Figure 3. Second Aggregate Network(17 Two
—Way Links Extracted)

Figure 4. Third Aggregate Network (22 Two—
‘Way Links Extracted)



Figure 5. Fourth Aggregate Network(26 Two
—Way Links Extracted)

The descriptive procedure of Poorzahedy’s

Algorithm [ 1s as follows:

Step 0. Order the projects according to the
increase in their construction costs.

Step 1. (Initialization )
Find the initial optimal flow pattern
of the conditional problem of the
original problem with null selection
of projects.

Step 2. (Branching)
Produce all alternative solutions
which are feasible at the current
budget level. In this step, the algo-
rithm resolves the infeasibility prob-
lem of the solution by branching.

Step 3. (Decision Making)
Choose the best solution among the
alternative solutions produced in
Step 2 by implementing Frank—
Wolfe Algorithm.

Step 4. (Sensitivity Analysis)

Find solutions, if exist, such that the

Journal of Korea Transportation Research Society Vol. 13, No. 3, 1995

least amount of additional budget is
required to get an extra benefit by

accepting an extra project.

4. Results

The results of network design problems
for the original and aggregate networks are
summarized in Table 3. As shown in Table
3, there were 22 unique budget levels in
case of 5 candidate projects, 44 unique bud-
get levels in the 6 project case, and 80
unique budget levels in the 7 project case.
(A unique budget level means the budget
range for which a group of project combina-
tions is budget feasible. Some project com-
binations would be budget infeasible with
smaller budget. Additional project combina-
tions would be budget feasible with larger
budget.) In the 5 project case, the use of
the aggregate network led to the choice of
a combination of projects that was different
from the one chosen on the original network
in at most 8 of the 22 budget levels (36.4
%). In the 6 project case, it happened in
at most 28 of the 44 budget levels (63.6
%). For the case of 7 candidate projects,
it occurred in at most 46 of the 80 budget
levels (575 %).
Poorzahedy Algorithm [ as a measure of ef-

Using total hours in

fectiveness, maximum percentage errors in
aggregate networks are 4.92, 2.90, and 1.63
with 76, and 5 candidate projects,
respectively. These values are computed as
follows. At a given budget level, let X, and
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X. be the optimal solutions to the network
design problem for the original and the ag-
gregate network,respectively, where X= x;
and x; = (1,0) if project i (is, is not) se-
lected in the optimal set. Let F(X,) and F(
X.) represent the objective function values
of original and aggregate network,
respectively. The percentage error is calcu-
lated as [F(X)-F(Xo] / F(Xo) * 100.
Moreover, using the traditional measure of
effectiveness which is the total vehicle—
hours of travel and the by—product of this

research, maximum percentage errors in ag-

gregate networks are 9.68, 3.72, and 3.92
with 76, and 5 candidate projects,
respectively. . ‘

The variance between the network design
problem results on the original and aggregate
networks comes from -several sources such as
the aggregation nature of the original network,
the comparatively narrow domain of equilibri-
un flows in the original network, the large
number of candidate project links compared to
the total number of links especially in the ag-
gregate networks, and the extraction of too
many links adjacent to the project links [6]

Table 3. Summary of Network Design Problem Solution

No. of
candidate

projects 7

No. of links
extracted 22 34 44 52
Ne. of unique
budget levels 80 80 80 80
Percentage of
budget levels
with different
links selected
for improvement 42.5 48.8 45.0 57.5
Maximum
percentage error
in vehicle—hrs 8.25 9.68 8.25 8.25
Maximum

percentage error

in hours 3.99 4.92 3.99 3.99

22 34 4 52 22 34 44 52

4 4 4 4

22 22 22 22

63.6 43.2 54.5 56.8 22.7 13.6 36.4 36.4

3.72 2.53 2.53 2.53 3.92 2.52 3.92 3.92

290 1.71 .71 1.71 1.63 1.15 1.57 1.57
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Even if there are errors in project selec-
tion, the errors of objective' function in the
network design problem are not substantial.
Accordingly, this research suggests that the
relatively good results for the network de-
sign problem can be obtained by using the
aggregate »network which keeps most links
near candidate projects as much as possible
by wvisual observation.

As the number of projects becomes larger,
the computation time to solve a network de-
sign problem grows expenentially. To investi-
gate the economy of solving the network de-
sign problem on the aggregate networks,

computation times are recorded both for the

network aggregation procedure and for the:

network design problem solution. Table 4
(a) shows the run times only for the net-
work design problems on the original and
four aggregate networks. The run times for
.the network aggregation procedure to get
four aggregate networks are 40, 29, 19, and
14 seconds, respectively. Table 4(b) repre-
sents the run times for network design prob-
lem on the original and four aggregate net-
works plus times to get the corresponding
aggregate network.

As indicated in Table 4, the run times on
the aggregate networks are smaller than
those on the original network for the net-
work design problem. Even if the time re-
quired to get the aggregate network is in-
cluded, the total run times on the aggregate
networks are smaller than those on the orig-
inal network except for one case which is

with five candidate projects on the first ag-

gregate network. Thus it is more practical
and economical to solve the network design
problem on the highly aggregated
subnetworks than on the original network in
transportation planning. Also, the more the
number of candidate projects is, the greater

the run time savings are.

5. Conclusions

This research examined the effects of net-
work aggregation on the solution of network
design problem. First, link volume survey
for the original network was implemented.
Second, four aggregate networks were de-
fined according to the level of adjacency to
the candidate project links by the visual ob-
servation and insight. Third, Turnquist algo-
rithm was executed to get the O/D trip
table for the input to the network design
problem. Finally, network design problems
for the original and four aggregate net-
works were solved by Poorzahedy Algorithm
I and the results were compared.

It turned out that the solution of network
design problem on the aggregate network
was within the reasonable range of accura-
¢y comparing to that on the original net-
work. Run times. for both the network ag-

gregation procedure and the solution of net-

work design problem were recorded to check

the efficiency and practicality of solving the
network design problems on aggregale net-
works. It was shown that run time for the

solution of network design problem on the
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aggregate network plus run time for the
network 'aggregation procedure is shorter
than that on the original network. Thus the

Table 4. Run Times

97

network aggregation procedure is proved to
be an efficient and adequate tool in the

field of network design problem.

Networks Original 1st Agg. 2nd Agg. 3rd Agg. 4th Agg.
(a) Network Design Run Times Excluding Aggregation
7 Candidate
Projects 448 372 223 153 92
6 Candidate
Projects 266 201 132 80 48
5 Candidate
Projects 122 89 63 36 22
(b) Network Design Run Times Including Aggregation
7 Candidate
Projects 448 412 252 172 106
6 Candidate
Projects 266 241 161 99 62
5 Candidate
Projects 122 129 92 55 36

All times are recorded in seconds on a 80486/50 PC.
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