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Network Design Application of an Extraction 
Algorithm for Network Aggregation 

ALI E. HAGHANI AND MARKS. DASKIN 

The performance of a network extraction algorithm is described, and the algo· 
rithm is tested by using the network design problem. A network is chosen as 
the original network and is aggregated at different levels. The results of the op
timal decision making under a common set of alternative actions are then com
pared against the original and the aggregated networks. The results suggest that 
the network aggregation algorithm is a useful tool in simplifying networks to 
reduce the computational burden associated with the network design problem, 
and to allow a broader range of policy options to be tested in a fixed amount 
of computer time than would be allowed by using the original disaggregated 
network. 

Network aggregation is the art and science of con
densing a given network into another one that (a) is 
small enou~h to be managed efficiently and effec
tively, and (b) preserves some desired character is
tics or satisfies certain objectives or both <ll • 
The usefulness of network aggregation schemes is 
particularly evident in instances when similar prob
lems are to be solved on a network, or sensitivity 
analyses of various types are to be performed. 
Dealing with the detailed network in solving such 
problems entails high costs in terms of computer 
storage and time. 

There are two main approaches to the network 
aggregation problem: network element (link or node) 
extraction and network element abstraction. Extrac
tion of network elements means deletion of the ele
ments of the network that are identified as being 
insignificant based on a prespecified criterion •• 
Abstraction of the elements collapses the insignif i
cant ones into pseudo or dummy elements. Network 
element extraction has the disadvantage of causing 
network disconnection (because of the removal of 
links). As a result, the remaining links of the 
network will be overloaded if the origin-destination 
(0-D) trip matrix is not adjusted appropriately. 
Network element abstraction is more difficult to 
perform. It is hard to transform the original net
work into an aggregate one, and moreover, it is even 
harder to translate the act i ons taken on the aggre
gate network into actions on the detailed network 
because of drastic changes in tltg topology of the 
network that occur during the aggregation process. 

The primary objective in developing a network 

aggregation scheme should be to find an aggregation 
process that, when applied to a detailed network, 
results in an aggregate network that retains the 
physical appearance of the original one as much as 
possible. Thus when solving a decision-making prob
lem, such as the network design problem on the ag
gregate network, the results should be easily trans
ferable to the original one. With this in mind, and 
because the abstraction process changes the topology 
of the network and cannot effectively serve the 
process, it is proposed that an aggregation algo
rithm, which focuses primarily on link extraction, 
be used. Node extraction is a process that follows 
link extraction; when all links incident to a node 
are extracted, the node will be extracted. The 
algorithm is presented in the next section. 

NETWORK EXTRACTION ALGORITHM 

Let N(V,A) be a network, where V is the set of ver
tices or nodes and A is the set of arcs or links . 
Let T be the set of destinations and S be the set of 
origins, S and T C v. Let x{ be the flow over 
link i destined to t, xi be the flow over link 
i originated from s, and x~t be the flow over 
link i that originates from s and is destined to t, 
iEA, S£S, and t£T. Also, let xi denote the 
flow over link i, 

x; = ~ xf = ~ x/ = ~ ~ xf , ieA, seS, and teT 
seS teT seS tc:T 

( !) 

Moreover, let D (d~) be the 0-D trip matrix. 
Finally, let Ci (xi) represent the 
of travel on link i at flow xi that 
differentiable , Riemann integrable , 
strictly increasing. 

a v ecage cost 
is continuous, 

convex, and 

It is assumed that the distribution of flow over 
Wardrop's first 
There are some 

distribution of 

a transportation network is based on 
principle (~)--user equilibrium (]). 
links in the network that, after the 
the flow has taken place, will not carry a signifi
cant amount of traffic. These links are the ones 
that will be focused on in the aggregation process 
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to be described. The criterion used for the identi
fication of insignificant links is defined as 
follows. 

A link in a network is insignificant if the cor
responding equilibrium flow is below a percent of 
the maximum equilibrium link flow in the network. 
The level of network aggregation changes, depending 
on the value of a: as a increases, the network 
becomes more aggregated and vice versa. 

The reason for choosing the level of flow in the 
links as a criterion for identifying the insignifi
cant links is that many transportation problems deal 
with the equilibrium flow levels in the network 
links. It has already been proved (1) that the 
equilibrium flow level in the significa;-t or nonex
tracted links remains unchanged when the aggregation 
scheme is used. By preserving the level of equilib
rium flow in the nonextracted links, the aggregation 
scheme should produce an aggregate network that is 
more representative of the detailed network than is 
an aggregation process that failed to preserve these 
flow levels. This should be particularly important 
in solving problems in which the objective function 
is based on the level of equilibrium flow in the 
links. The network design problem is one such 
problem. 

Thus the network extraction algorithms as it has 
been coded, is presented. A more rigorous presenta
tion is included elsewhere (!.). The inputs to the 
algorithm are the specifications of the original 
network N(V,A), the average link cost functions 
Ci(xi), iEAr and the 0-D trip matrix D. Either 
the maximum number of links to be extracted or the 
maximum a percentile denoting the cutoff point 
between the insignificant and significant link flows 
should also be given. Through this process certain 
prespecified links in the ~ggregate network can be 
maintainedi also, specific links can be extracted. 
Furthermore, the algorithm extracts the links one by 
one and provides the results after each iteration. 
As a result, several different aggregate networks 
are obtained. The principle is to extract insignifi
cant 1 inks and to update the trip matrix such that 
the flow level in the remaining links of the aggre
gate network remains unchanged. The algorithm is as 
follows. 

Step 1: Specify a or the 
links that may be extracted (M). 
rium flow problem. Let xi, iEA 
flow on link i. 

maximum number of 
Solve the equilib

be the equilibrium 

Step 2: Identify the unextracted link k with the 
minimum flow. Let t(k) and h(k) denote the tail and 
head nodes of link k. Compute 

(2) 

If ak > a as specified in step 1, or if the number 
of extracted links is greater than the maximum num
ber of links that may be extracted (specified in 
step 1), stop. Otherwise disaggregate the flow on 
link k by specifying the origin and destination of 
all flow on the link, which is done by solving the 
equilibrium flow problem on the most aggregate net
work generated. [An outline of how the 0-D specific 
link flow (~t) may be obtained from the solution 
procedure to the equilibrium flow problem, and the 
problems associated with the nonuniqueness of this 
quantity, are discussed elsewhere (],).) Go to step 
3. 

Step 3: Discard link k. Declare t(k) a destina
tion (if it is not already such a node) and h(k) an 
origin (if it is not already such a node). 

Step 4: Update the trip matrix as follows: (a) 
type I entry, where t(k) is a destination, i.e., 
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(3) 

where d~(k) is the original 0-D matrix element and 
is taken to be zero if the t(k) is a new destination, 

~ 

and d~(k) is the updated 0-D trip matrix elem.enti 
(b) type II entry, where h(k) is an origin, i.e., 

(4) 

where dfi(kl is the original O-D trip matrix element 
and is taken to be zero if h(k) is a new origin, and 

d~!kl is the updated 0-D trip mu.".:rix elementi and 
(cJ type III entries, where all remaining entries of 

the 0-D trip matrix (d§l are substituted by d§ -
x~t (subtracting from di the part of the demand 
from s to t that is now destined to a new destina
tion and that will reoriginate from a new origin). 

Certain properties of the algorithm are worth 
mentioning. First, as previously noted, the algo
rithm preserves the level of equilbrium flow in the 
links of the network that are not extracted. Second, 
in cases in which all of the nodes of the network 
are not both origins and destinations, the algorithm 
will increase the number of origins and destinations 
in the aggregate network. This in turn might have 
adverse effects on the computation time of the net
work design problem by increasing the number of 
origins and the associated time for computation of 
the minimum paths in the network. This situation 
has not been examined in this paper. However, this 
increase in computation time should be offset 
through other means. 

Third, the result of the extraction process may 
be a set of disconnected subnetworks. If this oc
curs, the analysis of the aggregate network, now a 
set of subnetworks, will be much easier to under
take. In fact, in cases in which link extraction 
will increase the number of origins and destinations 
(and thereby increase the computation time for the 
network design problem), specification of the links 
to be extracted can force the aggregate network to 
be a set of disconnected subnetworks. In this way 
the computational savings obtainable by having dis
connected subnetworks may be used to offset the 
increased time that results from additional origins 
and destinations. 

Finally, in the network design problem it is 
shown that for a given budget level, the total cost 
to the users of the network, as measured on the 
detailed network, is overestimated by the solution 
to the network design problem that uses the aggre
gate network <!.>· 

In the next section this algorithm is applied to 
an original t1etwork, and the network design problem 
is solved on the original detailed network and on a 
series of aggregate networks. 

APPLICATIONS OF NETWORK EXTRACTION ALGORITHM TO 
NETWORK DESIGN PROBLEM 

Problem Description 

The network design problem is that of finding a set 
of feasible actions or projects from among a collec
tion of such actions that, when implemented, opti
mize the objective function(s) being considered. 
The feasibility of a set of actions is determined by 
resource, physical, and environmental constraints 
(4). Traditionally, the objective function in the 
n;twork design problem has been formulated as the 
minimization of the total number of vehicle hours of 
travel on the network, with flows and travel times 
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computed based on user equilibrium. This is repre
sented as 

Minimize l: x; Ci (x;) (5) 
peP ieA 

Subject to budget constraint on the cost of implemented projects p 

where x* is the user e qui librium flow on link i, 
and P fs a set of projects (p) under consideration 
for implementation. In solving the network design 
problem, a modified objective function, which was 
suggested by Poorzahedy <!> in his algorithm I, has 
been used. This form is as follows: 

Minimize l: foi Ci (vi)dvi 
peP le A 

(6) 

Subject to budget constraint on the cost of implemented projects p 

where xi is the user equilibrium flow on link i. 
The modified form of the problem was selected 

because of the availability of a computer code to 
solve this problem. Also, solving this form of the 
problem has been found to be more efficient than 
solving the traditional formulation and generally 
results in similar actions being taken on the net
work (~). 

Thus the results of a set of experiments designed 
to test the effectiveness of the proposed NA algo-

2 
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rithm in solving the modified network design problem 
can be presented. For the detailed network, the 
Sioux Falls, South Dakota, network is used in the 
experiments because it is a well-documented network 
and has been used by other researchers ( 4, 6, 7) in 
analyzing network design problems. - - -

The detailed network, which consists of 24 nodes 
and 76 links (or 38 link pairs, allowing two-way 
traffic movements) , is shown in Figure 1 ( 4). The 
link travel costs (C1<x1ll are given by func
tions of the form 

(7) 

The constants a1 a nd bi for each of the existing 
links in the networ k, as well as for the six candi
date links, are given in Table 1 (4). Also provided 
in the table is the cost of implementing each of the 
candidate links. The first five projects represent 
improvements on existing 1 inks, whereas the sixth 

.project is an entirely new link. Two different sets 
of experiments were considered. In the first, only 
the five improvement projects are usedi in the sec
ond, all six candidate projects are used. The 0-D 
matrix for this network is given in Poorzahedy (4). 

Five aggregate networks are developed, ;hich 
result from the extraction of 6, 12, 18, 24, and 30 
links. The aggregate networks are shown in Figures 

Figure 1. Original network (1_). 
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Table 1. Link parameters of test netwqrk Ill (!I. 
Link a(xl0-2) b(xl0-4) Link a(Xl.0-2 b(xlO-<+) Link a(xl0-2' b(xlo-1+1 

l _,2 5.96 0.00023 35,36 2.98 0.00011 69,70 2.17 0.05208 

3,4 4.34 0.00017 37,38 4.52 0.10848 71,72 3.72 0.08928 

5,6 5.17 0.12408 39,40 3.50 . 0.00104 73,74 2.50 0.01185 

7,8 4.31 0.00069 41,42 3.50 0,00525 ,75,76 4.50 -0.10000 

9,10 4.14 0.00016 43,44 l.67 0.04008 77,78 .. • 

U,12 2.16 0.00035 45,46 2.69 0.00025 New Data 

13,14 6.46 0.15504 47,48 2.31 0.05544 67 ,68 1.60 0.00037 

15,16 4.17 0.10008 49,50 4.46 0.00017 cost $625.xl03 

17,18 5.03 0.00755 51,52 3.99 0.09576 69170 l.3o lo.01562 

19,20 2.18 0.00008 53,54 5.72 0.13728 cost $650.xlo3 

21,22 9.61 0.23064 55,56 4.71 0.11304 71,72 2.20 jo.02678 

23,24 4.82 0.11568 57 ,58 l.67 ' 0.04008 cost $850.xl03 

25,26 5.00 0.00750 59,60 3.29 0.07896 73,74 l.5o jo.00355 

27,28 5.87 0.00265 61,62 4:00 0.09600 cost $lOOO.xl03 

29,30 8.04 0.19296 63,64 4.25 0.10200 75,76 2.10 lo.03240 

31,32 6.46 0.15504 65,66 l.88 0.04512 cost $l200.xl03 

33,34 4.42 0.10608 67 ,68 2.75 0.00124 77 ,78 3.00 10.00321 

cost $l500.xl03 

Noto: B pare meters are given In hours, and b parameters are given In hours+ (1,000 vehicles per day)4. 

2-61 the resulting O-D matrices are given in Haghani 
C.!). 

Results for the Aggregation Model 

The five aggregate networks shown in Figures 2-6 and 
the detailed network shown in Figure 1, along with 
their corresponding O-D matrices, constitute the 
basis for the experiments. On each of these six 
networks, two network design problems were solved: 
one with the first five candidate projects, and the 
second with all six projects. The initial budget 
was set at $2,000,000 in all cases, and a complete 
sensitivity analysis (with respect to increases in 
the budget) was performed for all six networks and 
both design problems. 

Results of the Five-Project Experiment 

The results of the five-project experiment are sum
marized in Table 2. More detailed results are given 
in Haghani <.!>. The data in the table report (a) 

the percentage error in the total number of vehicle 
hours on the aggregate networks as compared with the 
detailed network, and (b) the number of projects 
that are selected differently when the network de
sign problem is solved on the detailed and aggregate 
networks. Note that there · are 18 unique budget 
levels that must be considered in performing the 
sensitivity analyses, beginning with a budget of 
$2,000,000 and ending with a budget of $4,325,000, 
which allows the implementation of all five proj
ects. Of the 18 budget levels, 5 result in differ
ent solutions for the network design problem on the 
original and aggregate networks in the worst case. 

The data in Table 2 indicate that with six links 
deleted from the original network, the solutions to 
the network design problem on the original network 
and the aggregate network are identical for all 
budget levels. For higher levels of aggregation, 
discrepancies occur between the solution using the 
aggregate network and that found using the original 
network. Also note that most of the errors occur 
when the ratio of the budget level to the total cost 
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Figure 4. Aggregate network with 18 ei<trected links. 

Figure 5. Aggregate network with 24 extrected links. 
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Figure 6. Aggregate network with 30 extracted links. 
l 

3 4 

Note: Legend is given in Figure 1. 

Table 2. Percentage of vehicle hour errors and number of misselected projects for five-project cese. 

Budget 
Levels 
($000s) 

B; 2,000 
B; 2,050 
2,125.; B 
< 2,475 

2,475.; B 
< 2,675 

B; 2,675 
2,700.; B 
< 3,325 

3,325 .; B 
< 4,325 

B; 4,325 

No.of 
Budget 
Levels 

1 
1 
3 

2 

4 

No. of Extracted Links 

6 

Vehicle No.of 
Hour Mis selected 
Error(%) Projects 

0 0 
0 0 
0 0 

0 0 

0 0 
0 0 

0 0 

0 0 

12 

Vehicle No.of 
Hour Misselected 
Error(%) Projects 

3.11 1 
6.73 1 
0 0 

3.82 

7.95 1 
0 0 

0 0 

0 0 

of all candidate links is low. In all cases in 
which the solution on the aggregate networ.k differed 
from the solution on the detailed network, the num
ber of misselected links was only one. By using 
vehicle hours as the measure of effectiveness, the 
maximum percentage error is 7.95 percent. The iden
tity of the errors, the equality of their severity, 
and the similarity of their frequency across the 
various levels of aggregation suggest that the size 
of the network may be reduced significantly without 
increasing the magnitude of the errors. This phenom
enon is also apparent in the case of six projects. 

{Note that the maximum percentage error of 7. 95 
percent is computed as follows. At a given budget 
level, let !a and Xo be the optimal solutions to the 

network design problem for the aggregate and original 

18 24 30 

Vehicle No.of Vehicle No.of Vehicle No. of 
Hour Miss elected Hour Misselected Hour Misselected 
Error(%) Projects Error(%) Projects Error(%) Projects 

3.11 
6.73 
0 

3.82 

7.95 
0 

0 

0 

1 0 0 3.11 1 
1 6.73 1 6.73 I 
0 0 0 0 0 

3.82 3.82 

1 7.95 I 7.95 1 
0 0 0 0 0 

0 0 0 0 0 

0 0 0 0 0 

networks, respectively, where!.• (Yi) and Yi• (0,1) 
if project i (is not, is) chosen to be in the optimal 
set. Also, let V(!.) represent the decrease in the to
tal number of vehicle hours in the original network 
that results from implementing project set Y. The 
percentage error is defined as [V(!.ol - V(!.a) fv(!.o) I 
• 100.} 

Note also that the total travel time on the net

work is overestimated by the solution to the design 
problem on the aggregate networks as compared with 
the total time found when using the detailed net
work. This is also shown in the six-project experi
ment and, as noted" at the end of the section on 
Network Extraction Algorithm, may be shown to be a 

general property of the aggregation process. 

.· 
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Results of the Six-Project Experiment 

The results of the six-project experiment are given 
in Table 3. Again, the data in the table report two 
sets of statistics: (a) the percentage error in the 
total number of vehicle hours on the aggregate net
works as compared with the number on the detailed 
network, and (b) the number of projects that are 
selected differently when the network design problem 
is solved on the, detailed and aggregate networks. 
(More detailed results are given in Haghani I!>. J 
There are now 40 unique budget levels that must be 
considered in performing the budget s~nsitivity 
analysis. Of the 40 budget levels, 9 result in 
different solutions for the network design problem 
on the detailed network and the aggregate networks 
in the worst case. 

Again, when only six links are extracted from the 
network, the results on the detailed network and on 
the aggregate network are identical. As the level 
of network aggregation is increased, the number of 
budget levels at which discrepancies occur between 
the solutions on the two networks increases: when 12 
or 18 links are extracted, errors occur at 5 of the 
40 budget levels, or 12.S percent of the time1 with 
24 links extracted, errors occur 20 percent of the 
time (in 8 cases) 1 and with 30 links extracted, 
errors occur 22.s percent of the time (in 9 cases). 
Again, the maximum number of misselected projects is 
1, and the maximum difference in vehicle hours is 
7.95 percent. 

The relatively sharp increase in the number of 
budget levels at which errors occur, as the level of 
aggregation is increased from 18 extracted links to 
24, suggests that a trade-off must be made between 
the expec'ted accuracy of the results and the level 
of detail preserved in the network. The desired 
point on this trade-off curve depends on the use to 
which the analysis will be puti this is a decision 
best left to the analyst in each case. 

Finally, there appear to be patterns to the mis
selected links. In both sets of experiments the 
aggregate network solution replaced project 2 or 
project S with project 31 in the six-project experi
ment, the aggregate solution also replaced project 6 
with project 4. These replacements appear to be 
related to the degree of network aggregation in the 
neighborhood of the candidate projects. Also, be
cause the errors occur at the same budget levels in 
all three cases, there appears to be a relationship 
between the errors and the specified budget levels. 
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A more complete exploration of the relationship 
between these errors and (a) the degree of network 
aggregation in the neighborhood of the candidate 
projects and (b) the specific budget levels would be 
an interesting area for future research. The nature 
of the errors found in this analysis are discussed 
in greater detail later in the paper. 

Comput at ion Times 

One of the major reasons for implementing a network 
aggregation process is, as already noted, the sav
ings in computer time that should reault from solv
ing problems on smaller, leas-detailed networks. 
The central processing unit (CPU) times required for 
the solution of the two network design problems, 
with all the budget sensitivity analyses on each of 
the six networks, are given in Table 4. All CPU 
times are for the Univac 1100, unless otherwise 
noted. 

The network design problem for the five-project 
case may be solved 6 times faster on the most aggre
gate networ~ considered in this analysis than on the 
original detailed network. In the six-project case, 
the ratio of CPU time on the detailed network to 
that on the most aggregate network is 4.4. However, 
these savings must be offset by the CPU time re
quired to perform the aggregation process before the 
network design - problem is solved. In some cases 
this may be of the same order of magnitude as the 
saving that results from using the aggregate network 
to solve the network design problem. 

Nevertheless, several points are worth mention
ing. First, the aggregation algorithm provides the 
analyst with one aggregate network for each link 
extracted from the detailed network. Thus the aggre
gate network that best suits the analysis purposes 
can be selected. Second, it is not likely that only 
a single network design problem will be solvedi 
rather, a series of problems will be solved, each of 
which might be solved on a different aggregate net
work. For example, the analyst might elect to screen 
a large number of candidate projects by using a 
highly aggregated network. The most promising proj
ects, along with others that might be of interest 
for nontechnical reasons, would be retained in more 
detailed analyses conducted on more detailed net
works. 

Third, with a given aggregate network, a large 
number of sensitivity analyses can be performed. As 
already indicated, it is likely that budget sensi-

Table 3. Percentage of vehicle hour erro11 and number of ml1selected projects for 1ix-proj1ct case. 

No . of Extracted Links 

6 12 18 24 30 

Budget No . of Vehicle No . of Vehicle No . of Vehicle No . of Vehicle No . of Vehicle No . of 
Levels Budget Hour Misselected Hour Misselected Hour Misselected Hour Misselected Hour Misselected 
($000s) Levels Error(%) Projects Error(%) Projects Err~r (%) Projects Error(%) Projects Error(%) Projects 

B = 2,000 I 0 0 3.11 1 3.11 0 0 3.11 
B = 2,050 I 0 0 6.73 1 6.73 6 .73 1 6.73 
2.125.;; B 5 0 0 0 n n n n ll ll ll 
< 2,475 

2,475.;; B 2 0 0 3.82 3.82 3.82 3.82 
< 2,675 

B = 2,675 I 0 0 7.95 1 7.95 1 7.95 1 7.95 1 
2,700.;; B 9 0 0 0 0 0 0 0 0 0 0 
< 3,325 

3,325 .;; B 12 0 0 0 0 0 0 0 0 0 0 
< 4,325 

4,325.;; B 4 0 0 0 0 0 0 0 0 0 0 
< 4,825 

4,825.;; B 4 0 0 0 0 0 0 6.18 6.18 
< 5,825 

B ~ 5,825 0 0 0 0 0 0 u 0 0 0 
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Table 4. CPU timea for network dnign problema with complete budget 
sensitivity analysis on the original network Ill and the corrnponding 
aggregate networks. 

Aggregation 
Level 

0 
0 
0.2797 
0.3352 
0.3413 
0.3564 
0.3780 

No.of 
Extracted 
Links 

ob 
ob 
6 

12 
18 
24 
30 

CPU Time• (sec) 

Five 
Candidate 
Projects 

soc 
314.384 
246.280 
249.677 
249.002 
207 .315 

51.496 

Six 
Candidate 
Projects 

79c 
514.598 
398.487 
409.988 
417.027 
378.481 
124.228 

3 AJI figures, except those noted in footnote c, are from a UNIVAC 
1100. 

bOriginal network. 

cFigures are from a CDC 6600, as reported by Poorzahedy Ci). 

tivity analyses will be performed. In addition, the 
sensitivity of the solution to additional con
.straints that require selected projects to be in
cluded in (or excluded from) the optimal solution 
may need to be analyzed. In all of these cases the 
network aggregation algorithm needs to be solved 
only once. Thus the CPU time for the network aggre
gation algorithm is best viewed as a fixed cost that 
may be distributed over a large number of analyses. 

Finally, note that the CPU time involved in solv
ing the network design problem decreases signifi
cantly as a result of extracting six links from the 
network in both the five- and six-project experi
ments. The CPU times for the cases of 6, 12, and 18 
extracted links are comparable. A slight decrease 
in CPU time is experienced as a result of extracting 
24 links, and a significant decrease is found when 
30 links are extracted. This result, combined with 
the results outlined in the section Results for the 
Aggregation Model, which describes the accuracy of 
the results at various levels of aggregation, 
clearly suggests that there is an important trade
off to be made between decreased computation costs 
(and greater network aggregation) on one hand and 
improved solu.tion accuracy on the other hand. 

In the sample problems previously discussed, it 
appears that desirable aggregation levels would 
correspond to either the extraction of 6 links (re
sulting in a moderate decrease in computer time and 
a high level of accuracy) or the extraction of 30 
links (resulting in a large decrease in computer 
time at the expense of decreased solution accuracy) • 
Intermediate levels of aggregation appear to result 
in relatively large solution errors without large 
compensations in terms of solution times. An inter
esting area of future research would be to determine 
whether or not the network aggregation algorithm 
results in such identifiable choices between aggre
gation and solution accuracy in other network design 
problems, and more generally, in other network prob
lems. 

SOURCES OF DISCREPANCY BETWEEN AGGREGATE NETWORK 
AND DETAILED NETWORK RESULTS 

The results presented in the previous sections on 
the application of the proposed network aggregation 
algorithm to the network design problem are gener
ally promising. In no case is the difference in the 
improvement in vehicle hours between the solutions 
on the detailed and the aggregate networks greater 
than 7.95 percent. Also, the two solutions differ 
by at most one candidate link in all cases. Never-
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theless, there are several differences that warrant 
further explanation. As indicated in the following 
paragraphs, the test case selected is likely to 
exaggerate the extent of the differences that are 
1 ikely to result in a more realistic planning con
text. 

Two characteristics of the test problem will tend 
to result in an overestimation of the errors that 
result from using the network aggregation scheme. 
First, the Sioux Falls network being used is already 
a highly aggregate representation of the actual road 
network. This is evident when the range in equilib
rium flows on the original network under the do
nothing option is examined1 i.e., the maximum link 
flow is less than 4 times the minimum link flow. 
The average link flow is 12, 989 vehicles and the 
maximum flow is 24,901 vehicles. The flow in the 
30th link extracted from the network is 9, 839 vehi
cles, or almost 40 percent of the maximum link flow. 
A real network is likely to exhibit a much greater 
range in equilibrium flows. If the extracted links 
truly carry an insignificant level of flow compared 
with the flow on the maximum flow link, the solu
tions to design problems on the aggregate networks 
are likely to be much better than they were in the 
test problem in which the flow levels on the ex
tracted links were actually quite large and sig
nificant. 

Second, the number of candidate links in the 
design problem was large relative to the total num
ber of links in the detailed network. There are 6 
two-way candidate links on a network with only 38 
links. In the aggregate networks the situation is 
even more dramatic. When 30 (one-way) links are 
extracted, 26 percent of the links are being con
sidered as candidate links. Thus the changes under 
consideration for the network are quite radical when 
compared with more realistic situations in which 
only 1 or 2 percent of the links are likely to be 
considered candidate links. Again, if the ratio of 
the number of candidate links to the number of links 
in the detailed network is small, the solution to 
the design problem on an aggregate network is more 
likely to replicate the solution on the detailed 
network than was found in the test problem, in which 
almost 16 percent of the links in the detailed net
work were candidate links. 

In summary, the test network chosen for study is 
already a highly aggregate network that exhibits a 
relatively small range in equilibrium link flows. 
Also, the number of candidate links is extremely 
large relative to the total number of links in the 
network. It is expected that, if a more realistic 
detailed network is used, the solution to the net
work design problem using an aggregate network will 
more closely approximate the solution using the 
detailed network than was found in the small test 
network. 

Finally, note that the aggregation process ex
tracts links sequentially, thereby propagating com
putationa'1 errors and accumulating them in the final 
aggregate network. The resulting 0-D trip matrix 
carries these errors to the decision-making model-
in this case the network design model. Had a simul
taneous extraction process been developed, this 
source of error would have been eliminated. To 
date, however, a simultaneous extraction process 
that circumvents the multiple counting danger has 
not been implemented. 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

A network extraction algorithm for the network ag
gregation problem has been presented. The algorithm 
is based on the extraction of those links in a de
tailed network whose equilibrium link flows are less 
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than a user-specified fraction of the maximum equi
librium link flow. The algorithm is sufficiently 
f!exible to allow the analyst either to force cer
tain links out of the detailed network or to retain 
particular links in the resulting aggregate network. 
Links are sequentially extracted from the network 
and, after each extraction, a modified 0-D matrix is 
derived. The revision in the 0-D trip matrix pre
serves the level of equilibrium flow in the nonex
tracted links. By extracting links sequentially, 
the algorithm provides the analyst with multiple 
aggregate networks--one after each link extraction. 

The network aggregation algorithm was tested by 
examining the performance of a network design algo
rithm (4) on both a detailed network and five aggre
gate n;tworks derived from the detailed network. 
The results are quite encouraging. The maximum 
percentage error in the improvement in vehicle hours 
of travel between a solution using the detailed 
network and a solution using an aggregate network 
was 7. 95 percent. In most cases the same projects 
were selected for implementation when using both the 
detailed and the aggregate networksi when the solu
tions differed, at most one link was misselected 
when using the aggregate network. As suggested in 
the previous section, it is anticipated that even 
better results will occur when the algorithm is 
applied to networks that are larger and more realis
tic than is the 76-link, 24-node test network pre
sented here. 

Several promising areas for future research are 
suggested by this study. First, links are extracted 
from the network in increasing order of the ratio of 
the equilibrium flow in the link to be extracted to 
the maximum equilibrium link flow. Other criteria 
should also be investigated . For example, in cer
tain contexts it may be desirable to extract links 
based on the ratio of the equilibrium flow in the 
link to the capacity of the link. Alternatively, 
hybrid criteria might be developed. For example, in 
the traditional formulation of the network design 
problem, the objective function is 

Minimize Z = l: x; C; (xi° ) 
all links 

i 

which may be rewritten as 

Minimize Z = l: x; C; (x;) + l: x; Ci (x;) 
links i in aggregate dele ted 

network Jinks i 

(8) 

(9) 

In solving a network design problem on an aggre
gate network, it is hoped that changes in the net
work caused by the actions taken will not signifi
cantly affect the second term of the objective 
funct i on and that it may, therefore, be treated as a 
constant and omitted from the calculations. This 
suggests that the rate of change in the ohjective 
function from a change in the flow on link i can be 
computed, and that links for which changes in the 
flow will only marginally change the objective func
tion can be deleted. Specifically, the rate of 
change in the objective function because of a change 
in the flow of link (which is denoted Wi) is 

(10) 

• * where*Ci(xi) is the derivative of Ci(x) evalua t ed at 
x z xi• A hybrid strategy would be to compute Wi for 
all links and to delete those links for which Wi is 
les_s than tt Mix (W i) • 

Second, the 0-D trip matrix that is derived after 
each link is extracted is not unique because it is 
based on the O-D specific flows in the extracted 
l i nk, which are not unique. The effect of other 0-D 
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matrices on the aggregate networks and on the uses 
to which those aggregate networks are put is worthy 
of additional research. 

Third, to avoid multiple counting problems, a 
sequential link extraction procedure has been imple
mented. Research should be devoted to the develop
ment of a simultaneous link extraction procedure. 
Such a procedure would probably be faster than the 
sequential procedure that has been used and would be 
less prone to accumulating and propagating round-off 
errors from one aggregate network to the next. 

Fourth, based on the network design experiments, 
it it suspected that the quality of the network 
design solution that uses an aggregate network is 
related to the degree of network aggregation in the 
neighborhood of the candidate links and to the ratio 
of the available budget to the budget required to 
implement all candidate links. Additional research 
should explore these relationships. 

Finally, the algorithm should be tested on net
works that have a limited number of origins and 
destinations to determine whether or not the in
crease in the size of the 0-D matrix that results 
from the extraction algorithm increases the computa
tion time more than the time is reduced because of 
the deletion of links. Recall that this did not 
occur in the network used in the set of experiments 
because all nodes were origins and destinations. If 
this does occur, it might limit the usefulness of 
the proposed approach to cases in which the increase 
in the size of the 0-D matrix can be predicted to be 
small. 
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