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bstract 

The n10deI is based 
matrices are introduced to 

model the deterioration proces,:. The model is used fo~ helping rO'Ld pavement maintenance 
. The road segrncnts are di,.ticieci i!110 slnaller group:;;. The charact.erisation of these 

e;roups is 1;y the pClvernent type. the traffic VOltEne and the type of the maintenance 
poiicy. ~\ \Iarkoy nlatrix La every t~/pe of road surfaces~ class of traffic volunlr: and 

;:-dlc1 it deV?rrYllneS the deterioration process. T'he presented 
rnodel (lnd are used lO deterrnine t he rehabilitation and !Ylaintenance 

tl(,Jional road net\vork for ten years. 
The fUllction of thE:' rnodel is a weighted sunl of the cost of rehabilitation 

anJ lbe user CO~1. ;\ cornputer progranl. on v.rorkstation and on nlicroCOf!1puter haE been 
which co!\'es the large scate linear programming problem. The model has been 

ur ··""ho is for the 30.000 km road network of 

transfonI1. 

1... IntroductioIl 

To maintain the condition of a road net'\vork is one of the most important 
problems of the national economy. The current budget condition in Hun­
gary needs effective economical politics in ever}- possible field. The limited 
budget needs a much more effective decision supporting system to maintain 
the road network as good as possible. 

The work to huild up such a. model bega.n some years ago. First a 
large scale Road Data Bank was developed (see B..u~o et al. [1]). The 
second step '\vas to build up an optimization model. This model and the 
related programming system ,yas clewlopecl 3 )'ears ago (see BAKO et al. 
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[2], G,A.SP,~R et al. [5]). The developed system ·was intensively used by the 
Hungarian YIinistry of Transport to solve the following problems: 

® ensure a prescribed improvement in the state of the road system with 
minimal agency cost: 

® distribute a certain amount of money bet\wen the road sections v;ith 
different states in a 'way that the achieyed improvements should be 
the best in some sense (e. g. to minimise the user cost OIl the total 
transportation network). 
The first version of the model soh'es the problems mentioned above 

in one time period. This period could be one year or several years but 
only one period. This fact Hmits the application possibilities of the model. 
That is why a multiperiod model \yas suggested \vhere the user cost and 
the cost/benefit analysis could be more effectiyely taken into consideration. 

Seyeral types of solution algorithms can be used depending on the 
given problem, the available data, the budget constraints etc. (see 
FEIGHA:\" et al. [4]), T,yo main Types are the heuristics and the op!:imiza­
tion. The heuristic techniques generally use a ranking algorithm and haye 
limited applications. The optimization models depending OIl the problem 
to be solved integer (CHESTER-HARRISO:\" [3]). lim:al' (\YA:\"G et al. [8]) or 
dynamic programming algorithm [6)). 

The linear programming model presented herein has some stochastic 
elements. the road deterioration process is described \larko\' 
transiTion probability matrices PREEOPA 

Elelnents of tIle 

The Hungarian road network has been cliyided into different groups accorcl-
ing to their paYCnleIlr 
denotation v~;"il1 be llsed 

and traffic ciass. In our model the follO\\'ing 

lIldex 

s number of the pavemenI types 
J traffic class index 
f number of the traffic classes 
k !l1aintenance policy index 
t number of the maintenance policies 

year index 
T the number of the years 

The condition of a road segment is described by different types of 
deterioration parameters. The deVeloped model uses 3 parameters: bear­
ing capacity note (.] classes), longitudinal uneyenness note (5 classes) and 
pavement surface quality note (5 classes). ::\ote 1 denotes the best, and 
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note 5 denotes the worst condition. The segments using these notes could 
haye 125 different conditions of state. This number determines the size of 
the unknown variable vector X ijkl . 

One co-ordinate of X ij1cl is the fraction of the road segments which 
belongs to a payement condition state in the case of pavement type i, to 
the traffic class j, to the maintenance policy k, in the year 1. 

Let us denote the :\Iarkm- transition probability matri.x by Qijk which 
belongs TO the pa';emem i, traffic class j and maintenance policy k. 

IS and the number of ro-ws is equal to the 
number of the road condition states. The element of Qijk means the 
probability that the road segment being in state m at the beginning of the 
planning ivill be in state n at the end of the planning period. 

Uilkno\~"-E \/ecror 
road segments belonging to the payemem 
rhe planning period l. 

1 i:jl ~\'\Thich is the fraction of the 
i, to the traffic class j after 

The initial fraction of road segment is denoted by bij \\;hich belongs 
to the pavement type i, to the traffic class j. 

There are several conditions to fulfiL The first condition is related to 
the fraction of rhe road segment at t.he initial year: 

L 2 .... , s. ] 1,2, ... ,f, (1) 

\\'here U is a 125 x 125 unit matnx. 
ThE:' second condition defines rhe '/eClor at the initial year: 

i = L 2, .... s, j = L 2 .... ,j, (2) 

For the consecutive years the follmving conditions have to be fulfilled: 

I:: C X ijk(i+l) - 'tijl = 0, j = 1, 2, ... ,j, k = 1,2, ... ,t, 
i=l 

i = 1,2, ... ,T - 1 (3) 

The conditions (3) define the unknown vectors Y ijl which contain the frac­
tions at the beginning of the planning period 1 by the sum of X ijk(l+l) 

\vhich contains the fractions at the end of the planning period (l- 1). 
One of the maintenance policies has to be applied on every road seg­

ment in each year: 

125 < f 
I::2:2:()Cjkl)t.=1. l=1.2, ... ,T. (4) 

,,=1 i=l j=1 ,,=1 
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The segments are divided into 3 groups: acceptable (good). unacceptable 
(bad) and the rest. Let us denote the three sets by J (good). R (bad) 
and by E (rest of the segments) and b~v H the whole set of segments. The 
relations for these sets are given by: 

JnR=z' 

RnE= 

JnE= 

JURUE=H 

The following conditions are related to these sets at the initial year: 

J J 
L L I)QijkXijklh 2': eq L L(bijk v E J, 
i=lj=lk=l i=lj=l 

J 
L (QijkXijU)L ::; et:] L L(bij)c, /.' ER. 
;=1 j=1 1.:=1 ;=1 j= 1 

J 
(bE), ::; L L (Qijk..-'Cjkl h ::; C[;1:.:),' L' E E. 

i=1 j=1 ),=1 

are giyen above, and 

(5) 

(6) 

the share of the good road segments before the 

planning period, 
t 
L (Qijl.:.c'Cjld Jr. /.' E J the actual share of the good road seg­

k=l 
ments after the first year. 

(bij h. L' E R the share of the bad road segments before the 

planning period. 
s f 
L L (Qijk X ijk1 L L' E R the share of the bad road segments after 
i=1 j=1 
t he first year. 

8 J t 
L .L L (QijlcXijkll1' /.' E E the share of the other road segmeIlt 
i=1 j=11c=1 
group after first year. 

- bEE the lower bound vector of the other road segment group. 
bE E the upper bound yector of the other road segment group. 

- et) and et2 given constants. 
The meaning of the first conditioll is that the amount of 'good' road 

segment after the first year has to be greater than or equal to a given value. 
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in this case t he actual share of the good road segments before the first year. 
The second relation does not allow a higher share of 'bad' roads after the 
first year than a specified value, the actual share of the bad road segments 
before the planning period. The third relation gives upper and 10\ver limits 
to the amount of the rest of the road after the first year. 

For the further ~'('a.rs similar inequalities could be used 

j f 
lij(I..;-]) 1 = 1. 2 ..... T - 1 (7) 

i=1.1=1 ;=1.1=1 

,,:here R could be one of tIlE' relations <. >. =. <=. >= a.nd these relations 
could be in COIlll('ction 'with each condition states (e.g each ra-\\" could 
hayc rliffprenT 

Instead of a condition state could be applied for the end 
of t he planning period for i 

j 

~n.-··T) 
.G\,.L2] r 

i=1 j=1 

f 
le ER . 

;=1.1=1 

L' E E 

Let us denote by the unit cost vector of the maintenance policy k on 
thE' payement type i and traffic volume j. 

One more condition is in connection "'ith the yearly budget bound of 
each maintenance action: 

.; f 
~ ~ (l-I)C v _ (1-1),[ 
L.., L r ;jkAi.1kl - r _I k, 1=1,2 ..... T. k = 1,2, .... t, (9) 
i=1 j=1 

\vhere r is the interest rate, Ci.1k is the unit cost vector'bf the maintenance 
policy k on the pavement type i and traffic '-olume j and .Mk is the budget 
bound available for maintenance policy k in the initial year. 

:\ow the objectiye of the problem is formalized. The objective is to 
minimise the total cost of maintenance 

s fiT 

C = L L L L Xi.1klCi.1k -" min! (10) 
i=1 .1=1 k=1 1=1 
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If the available budget B is known two further budget limitation conditions 
are added to the constraints. 

The budget limitation condition for the initial year is: 

5 f t 

LLLXijklCijk:::; B. (ll) 
;=1 j=l k=1 

For the years 1 == 2,3, ... , T this condition is the foUo-wing: 

s f t 

L L L T(l-l) XijklCiJ'k :::; r(l-l) B. (12) 
i=1 j=l k=l 

The cost of travelling depends on the pavement type i and the traffic class 
of j. Let us denote the travelling cost vector by K ij . Thev-th co-ordinate 
of this vector belongs to the condition state (l :::; v ::; (5). 

The objective in this case is to minimise the total user (travelling) 
cost: 

T 
'\'"' v r.- . I L ./I-ij.~I.!"l.ij -l- mm. 

i=l j=l k=l 1=1 

3. Variations of the Model 

(1.3 ) 

The model can be used to solve different problems depending OIl the given 
aim. T'wo main types usually formalise the necessary fund nlOdel and the 
budget bound one. 

The first model is used to determine a solution \\-hich {ulTiEs the con­
ditions given above and the total rehabilitation cost is minimised. 

In this case we have to find vectors and v;hich fulfil the 
iVJ,""""',"", conditions: 

FXijkl = bij. i = 1,2, .... s. j = L2, ... ,f 
k=l 

'[)QijkXijkt) = Y ijl , i = 1,2, ... ,s, j = L 2, ... ,f 
k=l 

L F X ijk (I+1) - Yijl = 0, j = 1,2, ... ,f, k = 1. 2 ..... t. I == 1. 2, ... ,T 
;=1 

s f t 

LLLXijkl==L 1=1,2, ... ,T 
;=1 j=l k=l 

(14) 
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f t s f 
L L L (QijkXijk/)v ~ 0:1 L L(bij )v, V E J, 
i=l j=l k=l i=l j=l 

s f f 

L'L (QijkXijkl)V :::; 0:2 L LCb;jvk V ER, 
;=1 j=l 

f 

L 
;=1 j=l 

1=1.2, ... ,T-1. 

i=1,2, ... ,T, k=1,2, ... ,t 
;=1 j=l 

and minimizes the objective 

C = Xijlc/Cijk ----+ minl (1.5) 
;=1 j=l k=l 1=1 

The budget bound model contains some further conditions «11),(12» and 
the objective in this case is to minimise the total travelling cost, 

The budget bound model is 

LUX;jkl=bij, i=L2, .... 8, j=1,2, ... ,j, 
k=l 

L(QijkX;jkt) = 1"£j/, i = 1,2, ... ,8, j = 1,2, ... ,j, 
1c=1 

L UXip.:(l+l) - Yijl = 0, j = L 2, ... ,j, k = 1,2, ... , t, 1 = 1,2, ... ,T - 1, 
;=1 

s f t 

L L L Xijlcl = L 1 = 1,2, ... ,T, 
i=l j=l k=l 

s f t s f 
L L L(Q;jkXijk/)v ~ 0:1 L L(bij)v, V E J, 
i=l j=l,k=l i=l j=l 

(16) 
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i=1 j=1 k=1 ;=1 j=1 

f 
(l2E)V :S L I)YijT)c :S (bEk L' E 

;=1 J'=1 

f f 
LLYijIRLL1ij(l+1) 1=1.2, .... T-1. 
i=l j=l i=l j=l 

5 f 
'" "" U- 1)C' v (1-1) 1{ 66 r ij/:..''l.ijkl = r j le: 1=1.2 ..... T. 
;=1 j=1 

f 

L L L XijkIC;j.~ :S B 
i=1 j=1 k=l 

5 f t 

"'" "\'" '" (l-lj V,, C'" < L L 6 r -'\. IJkll)/: 
;=1 j=1 k=l 

and minimizes the objective: 

f 
"\'" 
L 

T 

Z 
,=i j=1 k=l 1=1 

k = 1.2 ..... t 

( 11) 

Another variation of the model contains both. The conditiolls III 

(16), and the objective function of the problenl is the sum of the 
total rehabilitation and the total travelling cost: 

I \ TA (18) 

The above mentioned model could be used for solving different tasks de­
pending on the aim. If S = O. then the model serves the necessary funds 
which are needed for ensuring the a given condition level of roads v;ith min­
imal rehabilitation cost. If A = 0 this model is the budget bound model. 

4. Application 

The models have been applied for solving the Hungarian pavement man­
agement system in the case of the multiperiod model. 4 pavement types 
were applied: 



asphalt concrete (i=l) 
asphalt macadam (i=2) 

turnpike surface \'01 (i=3) 
turnpike surface ?\02 (i 

The traffic categories \'.'ere the following: 
In the case asphalt concrete and asphalt macadam: 

and in tht: case 

o ~ _1DT ~ 3000 

3001 ~ ADT ~ 8000 

8001 ~ 

() ~ ~ 8000 

8001 ~ ADt 

fil 

\yhere ADT is the average daily traffic. The pavement condition state was 
reduced TO 41. In this case the size of the \Iarkov matrices 42 x 41 and the 
unknO\vn variables vector and Y ijl is 4l. 

Some maintenance policy could not be used in some surface type and 
name categories. 

_-lfter these reductions the number of unkno\vn variables at one pe­
riod is 1558. and in the case of our model 15580. The number of conditions 

on the applied model. The approximate number of the rows (con­
ditiolls) at the above mentioned models is 8000. 

Different types of inner point and simplex algorithms were tested to 
;olve the 8000x 15000 LP problem. Finally we found the best a simplex 
algorithm which \,'as developed here in Hungary. 

The Road Data Bank is handled in an IB\I 80486 PC. The computer 
code to solve model runs both on a iVorkstation and on an above men­
tioned PC. If no initial solution is knO\vn a ,,;orkstation is used to solve the 
problem. In other case \ve could handle the problem on 486 type Pc. 

Notation 

bij share of road belongs to i, j 
B maintenance budget 
Cijk maintenance cost 
d; share of road surface type i 
E set of the 'other' road segments 
f traffic volume class number 
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H 

j 
J 
k 
K·· I) 

l'vh 
Qijk 

r 
R 
s 
t 
U 
v 
Aijkl 

'fijl 

set of road segments 
pavement type index 
traffic Class index 
set of 'good' road segments 
maintenance policy index 
travelling cost 
budget bound for maintenance policy k 
transition probability matrix belongs to i, j, k 
interest rate 
set of 'bad' road segments 
pavement type number 
maintenance policy number 
unit matrix 
unknown variable belongs toi, j, k before the planning period 1 
unknown variable belongs toi, j after the planning period 1 

References 

1. BAKo, A. - GYt7LAl. L. - ERBEK, P.: Structure of the Road Data Bank, Proceedings 
of the Pavement Management System, Budapest, (1989) pp. 43-47. 

2. BAKo, A. - G.\SP.\R 1. - KLAFSZKY, E. SZ,\KTAY, T.: Optimisation Techniques 
for Planning Highway Pavement Improvements, Annales of Operations Research, 
Vol. 58 (1995) pp .. 55-66. 

3. CHESTER, A. - HARRiSO~, R.: Highway Design and :Vlaintenance Standard :Vlodel. 
V.l, World Bank 1987, p. 180. 

4. FEIGHA~, K. J. - SHAHI1', M. Y. SiKHA. K. C. \YHITE, T. D.: An Applica-
tion of Dynamic Programming and Other YIathematical TechTIiques to Pavement 
Management Systems, Transportation Research Record 1200, 1988. 

5. G.\SPAR, L. BAKo, A.: Compilation of the Hungarian i\;etwork-Level Pavement :VIan­
agement System, Rev'ue Generale des Rottles et des Aerodromes Voi. 170, 
pp. 34-37. 

6. ?"L';.RKOW. ::VI. J. BRADE:ilEYER. B. D. SHERWOOD, G. :Vi. - KE:·;IS. V\'. J.: The 
Econon11c Optin1jzation of Pavenlent and Ivlainlen2~nce RehabilitatioIl Policy 
S.N.A.C. on Managing Pavement. 1988, pp. 2.169-2.182. 

7. PREKOPA, A.: Val6sz1niisegmimltas, (Probability Theory), :V1uszaki Konyvkiad6. (1972) 
p. 440 (in Hungarian). 

8. \i'liAKG, K. C. P. ZANIEWSKl. J. \VAY, G. - DELTO:;. J.: Revision for the Ari-
zona Department of Transportation Pavement :Vlanagement System, TmHsportaiion 
Research Board 72th Annual .Meeting, Jan. 10-14, 1993 P. :;.1023, pp. 1-17. 




