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Approach To Combine Ranking and 
Optimization Techniques in 
Highway Project Selection 

Yr JIANG AND KuMARES C. SrNHA 

In pavement and bridge management systems, often two different 
techniques are employed for selecting rehabilitation and replace
ment projects. Prioritization or ranking techniques provide a list 
~f projects ranked according to a given set of criteria . Optimiza
tion, on the other hand, gives a list of projects that satisfies a set 
of criteria including budget and other constraints over a certain 
period . The two may produce two different sets of results becau e 
of the diffe rence in approaches. To bavc consi t ncy in decision 
making, it is desirable to connect the two project selection model. 
so that their results are comparable. The ranking and optimization 
models would then have a direct correspondence and the results 
could be compared and analyzed on the basis of common criteria. 
An approach combining ranking and optimization techniques is 
presented. llie approach is illustrated by using an example of 
bridge management for Indiana . First , the ranking and optimiza
tion models are briefly introduced, and the concepts of the new 
approach based OD the existing models are presented and explained. 
A numeJ'iCal example is given, and the results from the new 
approach and the existing ranking model are compared and dis
cussed through the example. 

Ranking and optimization are two of the techniques most 
widely used 10 select highway projects. H wever, the e two 
approaches a re very different in concept. Ranking techniques 
va lua te several re lated factors of a project simu lta neously 

and yield a quantitative ranking value based on the evaluati n 
of these factors. Thus, all the considered projects are ranked 
according to their corresponding ranking values . The ranking 
methods do not necessarily give an optimal solution. Never
theless, a ranking approach is simple to use and provides the 
relative order of importance of different projects . Such an 
ordered list can be used to make final decisions on the basis 
of project ranking values. 

On the other hand, an optimization technique produces an 
optimal solution of a highway system while rbe projects are 
·elected subject to a set of constraints. The optimal solution 
is obtained either by maximizing the system benefit or by 
minimizing the total negative effect on the system caused by 
undertaking the selected pr jects. Diffe rent from ranking 
method optimization techniques do not follow the rule of 
"choo ing the projects with the worst conditions. ln ·tead 
the optimization techniq ues select the projects that contribute 
the most benefit to the highway system, while all the con
straints are satisfied simultaneously. 
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Like many other pavement and bridge management sys
t~ms , the Indiana Bridge Management System (IBMS) pro
vides two models, ranking and optimization models, for selecting 
bridge rehabilitation and replacement projects. Thus, decision 
makers have two alternative methods for bridge project selec
tion. However, because of the different concepts of the two 
techniques , the two models produce two different sets of results . 
It would be desirable to combine the techniques so that the 
ranking and optimization models would have a direct con
nection , and the results could be compared and analyzed on 
the basis of common criteria. An approach to combining rank
ing and optimization techniques is presented. The existing 
ranking and optimization models are briefly introduced, and 
the concepts of the new approach based on the existing models 
are presented and explained. An example is given to illustrate 
the proposed approach, and the result of the approach and 
that of the existing ranking model are compared and discussed 
through the example. 

RANKING MODEL 

Setting priorities n pavement and bridge-related projects is 
usually a multiauribute decision-making problem, requiring 
decision makers to evaluate imultaneously several re lated 
factors. The ranking model of IBM was developed u ing the 
technique of the analytic hie ra rchy proce s (AHP) (1) . This 
model no! only helps decision makers ·et the re lative order 
of importance of different project , but also indica tes how 
much importance one may have over the other. 

The AHP method is a u efu l tool lo rank project wb n 
subjective judgme nts are involved. However, a direct appli
cation of the method may not be practical when the number 
of projects is large . For example even when there are only 
22 bridge projects to compare , one must make 231 pairwise 
comparisons for each evaluation criterion [22(22 - 1)/2). 
A suming that ix rite ria are under consideration, Che num
ber of pairwise comparison i I 386. The number of projects 
may range between 500 and l 000, and the direct u oft.he 
AHP is thus impractical. 

This problem, however, can be solved by including the 
concept of utility. In a higl1way facili ty management system, 
uti li ty i the l vel f overall cffectivenes tha t can be achieved 
by undertaking ~1 project. U an appropriate utility is assigned 
co project with re pect to certain evaluation criteria the 
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expected utility of each alternative project can be evaluated. 
T hen, tbe top prio rity project i. th alter11ative with the high
est expected ut ility. va lue. An example of a uti lity curve i 
shown in F igure 1. In order to apply the concept. it is necessary 
to fi nd factor. c mmon t.o all proj ct . T he best candidates 
for bridge projects are physic<1l attributes of the bridges because 
all bridges can be described by such attributes as structura l 
condition and deck widths. 

Figur 2 illustrates the h_ierru·chy system of the ranking model 
for IB MS. Thi four-st rata hierarchy consists of an overall 
goal of the ra nki ng exerci e, objectives that bridge manager 
would like to achieve, evaluation cri teria with utili ty curves, 
and individual bridges. T he criteria weight can be obtai ned 
by applying the eigenvector approach proposed by Saaty (1). 

OPTIMIZATION MODEL 

Opti mization techniq ues are used to obtain a list of projects 
so that an objective function, such as syslemwide condition 
or Level of service, can be p!imized subject to a set of budget 
and other constraints over ti m . For the IBMS, such a model 
was developed on the basis of dynamic programming and 
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FIGURE 1 Utility curve of bridge condition rating. 

integer programming (2). Markov chain transition probabi l
ities of bridge structural condi ti ns were u ed in the model 
to predi tor update bridge structural conditions at each stage 
of the dynamic programming (3). 

The dynamic programming considers the available federal 
and state funds of each year in terms of several possible spend-
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ing portions, and the integer linear programming select proj
ects by maximizing yearly systemwide effectiveness ubject to 
different budget spendings. The dynamic programming chooses 
the optimal spending p !icy which maximizes the system 
effectivene s over a program period, by comparing the values 
of effectiveness of these spendings resulting from the integer 
linear programming. 

In dynamic programming, each year of the program period 
is a stage. The federal and tate budget are state variable . 
Each activiry of a bridge is a deci ion variable of the dynamic 
programming as well a of the integer linear programmi·ng. 
The effectiveness of the entire y tem i u ed as the return of 
the dynamic system. 

At each stage, a decision must be made as to the optimal 
solution from Stage 1 to the current stage. When a decision 
is made, a return (or reward) is obtained and the system 
undergoes a transformation to the next stage. The bridge 
conditions are updated for the next stage by the Markov tran
sit ion probabilities obtained in the performance model (3). 
For a given program period the objective of the model is to 
maximize th effectivenes of the enti re system . The formu
lation of the model along with the definition of system effec
tiveness is discussed as follows. 

The effectiveness of a bridge improvement activity was 
defined as follows: 

E; = ADT; * A;(a) * (1 + Csafe;) * (1 + Cimpc;) (1) 

where 

E1 = effectiveness gained by bridge i if activity a is 
chosen; 

a = improvement activity (a= 1 corresponds to deck 
reconstruction; a = 2 to deck replacement; and 
a = 3 to bridge replacement); 

ADT1 = average daily traffic on bridge i; 
A 1(a) = repre entati.on of average area under perfor

mance curve of components of bridge i due to 
the increase of condition ratings caused by 
undertaking activity a; 

Csafe; = transformed coefficient of traffic safety condition 
(primarily based on bridge geometrics) of bridge 
i, ranging from 0.0 to 1.0; and 

Cimpc1 = transformed coefficient of community impact of 
bridge i in terms of d tour length , ranging from 
0.0 to 1.0. 

Con idering that budgets can be carried over from year to 
year, the mathematical model for maximizing the overall 
effectiveness of various activities over a program period T 
was formulated: 

max 1~1 [ ~ ~ X 1•1(a) * E; * d1(t) J (2) 

The model is subject to the following constraints: 
Available federal budget, 

(3) 
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Available state budget, 

,~ [ ~ ~ X;,r(a) * c;(a) * (1 - F;) J $ C85 (4) 

One activity cannot be undertaken more than once on one 
bridge in T years, 

T 

L X;,,(a) $ 1 (5) 
t=l 

Constraints in Equations 6 to 10 correspond to an integer 
linear programming: 

Maximize system effectiveness of year t, 

max L L [X;,,(a) * E1 • d;(t)] (6) 
i a 

Spending constraint of year t for federal budget, 

L L [XJa) * c;(a) * F;] $ TJ1F (7) 
; a 

Spending constraint of year t for state budget, 

L L [X;,,(a) * c1(a) * (1 - F;)] $ T],5 (8) 
i a 

No more than one activity can be chosen on one bridge in 
year t, 

3 

L X;,,(a) $ 1 (9) 
a = l 

Decision variable, 

xi,t = 0 or 1 (10) 

Update bridge conditions by Markov chain transition prob
abilities if bridge i is not selected in year t, 

R1,r+1 = R1,1 * p1(R,t) + (R1,, - 1) * (1 - p1(R,t)) (11) 

Improvement of bridge condition if bridge i is selected in 
year t for activity a, 

R;,1+1 = R1•1 + R;(a) 

where 

X;,,(a) = 1, if bridge i is chosen for activity a; 
= 0, otherwise; 

(12) 

d1(t) = the absolute tangent value on performance curve 
of bridge i at time t; 

C8 F = total available federal budget for the program 
period; 

C85 = total available state budget for the program period; 
F; = federal budget share of bridge i; 

1 - F1 = state budget share of bridge i; 
c1(a) = estimated cost of bridge i for activity a; 

TJiF = spending limit of federal budget in year t; 
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TJ1s = spending limit of state budget in year t; 
R; 1 = condition rating of bridge i in year t; 

p,(R,t) - Markov condition transition probability ufu1iuge 
i with condition rating R in year t; and 

R;(a) = condition rating gained by bridge i for activity a. 

Equations 2 through 12 con titute a dynamic programming 
~hat includes an integer linear programming (Equati ns 6 to 
10) as pan of the constraints. he model's ol.ljcctiv i to 
obtain optimal budget allocations and corresponding project 
selectiorn; over T years so that the system effectiveness can 
be maximized. The number of spending level combinations, 
N, can be expressed in terms f the number of po sible spenu
ings of each year, S, and the program period, T, as N = sr- i. 

When T is large, the number of possible spending combina
tions becomes so large that the search for the optimal path 
of spendings from year 1 to year T requires great effort and 
computation time. 

Dynamic progranm1ing is an efficienl le hnique to search 
for the optimal path among the combinations of p ndings. 
Rather than examining all palhs, dynamic programming look 
at only a mall number of these paths. According to the prin
ciple of optimal ity at each stage the programming finds the 
optimal subpath up to th cunent 1age and only this subpath 
i used to earch for the optimal subpath to the next st<1ge. 
Paths that do no! belong to the opt imal ubpath are aban
doned as the search goes on. This makes the search efficient 
and saves a great deal of time. 

PROPOSED APPROACH 

Either of the two models for project selection , ranking or 
optimization, can be u ed t elect bridge projects h:isP.ci nn 
priori ty order or optim ization with respect to systemwide ben
efit. However, because the two models rely on different tech
niques and concepts, it is difficult to fi nd a common ground 
for compari_ng the result of the ranking model with that of 
the optimization model. That i !here is no direct relation
ship between a utility value of the ranking model and an 
effectivenes value of the optimization model. It is desirable 
that the results of different approaches be comparable. A 
common criterion should be adopted to make the two models 
interacting. 

As can be seen, the AIIP ranking moue! for IBMS used 
uch factors as average daily traffic bridg activity cost, es ti 

mated service Life, structural condition rating, bridge traffic 
safety index and commun ity impact as ranking criteria. Inclu-
ion of these facto rs iJ1 the prnce s of bridge project selection 

made the resulting uti li ty values reflect the main concern of 
bridge rehabilitation and replacement activit ies. The utility 
values produced by the ranking model thus can be used to 
mea ure the effectiveness criterion in rhe optimizat ion model. 

With utility values as common measure for the ranking 
and optimization model , the proposed approach can be 
devel ped easily by modifying the exi Ling models. Because 
the utility value. range from 0 to 100, with 0 being the utility 
value of a ' perfect' bridge and 100 the value of the "worst' 
bridge, the utility value of a bridge will decrease after a reha
bi litation activity is undertaken. Thus, the difference in utility 
values before and after a bridge activity is undertaken indi
cates the improvement in overall utility. This difference, 
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therefore, can be defined as the effectiveness or benefit of 
the bridge activity. Incorporating this definition int the dynamic 
optimizarion m de!, the programming objective thu. c mes 
to maximize the total deerea e in utility values of the bridge 
system subject to the budget con traints. 

The only m dificali n f the dynamic pr gramming for
mulation needed to combine the two models is to chan e 
Equati n l to the fo llowing: 

(la) 

where 

E; = effectiveness gained by bridge i if an activity is under
taken, 

U;b = utility value of bridge i before the activity is under
taken, and 

U;a = utility value of bridge i after the activity is under
taken. 

Thus , the formulation of the new approach is obtained by 
sub tituting Equation la for Equation 1; Equation 2 through 
12 remain unchanged . T h value f E; w uld be avt1ilable 
from the ranking model. This value is the weighted summation 
f individual utility djfferentials for economic efficiency, 

remaining service life, structural condition, traffic afety, and 
community impact. 

The change of Equation 1 to Equation la combines the 
ranking model and the optimization model. Thus the result 
obtained from the optimization mnci I can be directly com
pared with that of the ranking model in terms of the total 
gain in utility values. The change in the computation will be 
to have Equa tion la as a subroutine of the dynamic ptimiza
tion program. Thi subroutine is, in effect, the ranking pro
gram. Al each stage of th dynamic optimization proccs , the 
ranking program, as a ubprogram, compute · the system ben
efit, or the total gain in utility value·, and !he dynamic pro
gramming a the main program makes optimal project s ·Icc
tio11 according to the system benefit. 

APPLICATION EXAMPLE 

To compare re ults of the rankjng model with the new approach, 
50 state highwt1y bridge in Indiana needing rehabilitation or 
replacement were selected and the ranking and new approach 
progrnms were run. Table 1 presents the result of the ranking 
model. 

Because the project selection in th new approach depends 
on avai lable budget , the new approach program was run 
several times using different given budgets. One result, shown 
in Table 2 was obtained with a given budget of $11, l28,000, 
or ab ul 25 percent of the total budget needed for repairing 
and replacing all 50 bridges . The total gain in utility or the 
y temwi.de benefit , wa 900.0. With the same budget ne 

can a lso select bridge project · from th ranki ng list in able 
l. Selecting the bridge · from the top of the Ii t , the fir t six 
bridges in Table 1 could be chosen with the giv n budget. 
With this selection the total cost is $10,0 1,180 and the total 
gain in utility is 272.6. 

By dividing the total gain in utility by its corresponding 
total co ·t, the gain in utility for the proposed approach is 



TABLE 1 OUTPUT OF THE RANKING MODEL 

Bridge No. Priority U1 E; :EE1 C; :ECI Activity 

31 1 72.9 52 52 2159 2159 BRP 
30 2 72.5 50 102 1210 3369 ' BRP 
47 3 72.3 46 148 1549 4918 BRP 
27 4 70.4 53 201 5000 9918 BRP 
49 5 69.9 51 252 65 9983 DRC 
24 6 69.0 21 273 98 10081 DRC 
25 7 68.9 18 291 1993 12074 DRC 
26 8 68.0 52 343 500 12574 BRP 
46 9 67.6 50 393 965 13539 BRP 
33 10 65.0 50 443 545 14084 BRP 
50 11 65.0 50 483 280 14364 BRP 
28 12 63.2 48 541 6228 20593 BRP 
37 13 61.2 50 592 840 21433 BRP 
48 14 60.5 50 642 420 21853 BRP 
32 15 60.1 51 693 3409 25262 BRP 
42 16 60.l 50 743 1571 26833 BRP 
40 17 59.4 50 793 193 27026 BRP 
17 18 59.0 46 839 1090 28116 DRC 
43 19 59.0 50 889 1029 29145 BRP 
44 20 59.0 50 939 388 29533 BRP 
45 21 59.0 50 989 288 29821 BRP 
23 22 55 . 7 40 1029 296 30117 DRC 
35 23 52.7 42 1071 635 30759 BRP 
34 24 51. 7 42 1113 1297 32049 BRP 
10 25 51. 7 29 1142 330 32379 DRC 
38 26 50 . 0 41 1183 3153 35532 BRP 
36 27 49.2 38 1221 840 36372 BRP 
39 28 46.0 37 1258 295 36667 BRP 
11 29 42.0 15 1273 269 36936 DRC 
29 30 42.0 33 1306 2192 39128 BRP 
13 31 36.0 23 1329 201 39329 DRC 
22 32 36.0 13 1342 164 39493 DRC 
41 33 35 . 9 29 1372 385 39878 BRP 

9 34 32.6 15 1387 257 40135 DRC 
12 35 32.0 19 1406 201 40336 DRC 
21 36 31. 9 9 1415 247 40583 DRC 

8 37 30.3 15 1430 1300 41883 DRC 
18 38 28.6 8 1438 66 41949 DRC 

7 39 28.4 12 1450 210 42159 DRC 
3 40 28.2 12 1462 387 42546 DRC 
6 41 27.0 10 1472 121 42668 DRC 

20 42 26.9 8 1480 119 42787 DRC 
14 43 26,8 4 1484 476 43262 DRC 
16 44 26.6 10 1494 154 43416 DRC 
15 45 23.0 4 1498 74 43491 DRC 

4 46 22 . 3 8 1506 281 43771 DRC 
5 47 21.9 8 1513 107 43878 DRC 
1 48 20.4 8 1521 235 44113 DRC 
2 49 20.0 8 1529 276 44389 DRC 

19 50 19.9 4 1533 124 44512 DRC 

Note: U; Utility Value of Bridge i. 
E; Effectiveness, or Change of Utility Value, of 

Bridge i. 
C; = Cost of the Activity of Bridge i, in $1000. 

BRP Bridge Replacement . 
DRC = Deck Reconstruction. 
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TABLE 2 OUTPUT OF THE PROPOSED APPROACH 

Bridge No. 

1 
4 
6 
7 
9 

10 
11 
12 
13 
15 
16 
17 
18 
19 
20 
21 
22 
23 
H 
26 
33 
35 
36 
37 
39 
40 
41 
44 
45 
46 
48 
50 

E.._ 

8 
8 

10 
12 
15 
29 
15 
19 
23 

4 
10 
46 

8 
4 
8 
9 

13 
40 
21 
52 
50 
42 
38 
50 
37 
50 
29 
50 
50 
50 
50 
50 

c .. 

235 
281 
121 
210 
257 
330 
269 
201 
201 

74 
154 

1090 
66 

124 
119 
247 
164 
296 

98 
500 
545 
635 
840 
840 
295 
193 
385 
388 
288 
964 
420 
280 

Activity 

DRC 
DRC 
DRC 
DRC 
DRC 
DRC 
DRC 
DRC 
DRC 
DRC 
DRC 
DRC 
DRC 
DRC 
DRC 
DRC 
DRC 
DRC 
DRC 
BRP 
BRP 
BRP 
BRP• 
BRP 
BRP 
BRP 
BRP 
BRP 
BR!? 
BRP 
BRP 
BRP 

Note: E.._ = Effectiveness, or Change of Utility Value, of 
Bridge i. 

C.._ Cost of the Activity of Bridge i, in $1000. 
BRP Bridge Replaceaent. 
DRC Deck Reconstruction. 

900.0/11 128,000 = 81 Lmits per million doll ars , and that for 
the ranking method i 272.6/ 10 ,081,180 = 27 units per mi llion 
doll ars. Therefore, the vaJue of Lhe proposed approach is 
three times as large as l hc va lue f the ran kiug metho 1 in this 
example . 

Figure 3 presents a comparison of the results from the two 
approad11;:s in terms of system benefits and available budget. 
The propo ed approach always gives a better solution than 
the ranking approach when the available funds are less than 
100 percent of the need. 

CONCLUSIONS 
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By defining the sy te111 benefit as the total gain in utility 
values , the ranking and optimization models can be combined. 

FIGURE 3 Comparison of ranking and optimization 
approaches. 
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An example of 50 bridge projects demonstrated the usefulness 
of this proposed approach. In pavement and bridge manage
ment systems, both ranking and optimization techniques are 
used for project selection. By adopting a11 approach that allows 
a direct linkage of these two approaches, decision making can 
be improved. 
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