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Road Network Repair Policy with Decentralized Control
分散制御に基づく道路ネットワークの補修施策

YuIo Nakaza to *
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When nearby roild sectiolls in u l･oad netwol･k are l-ep&lired simultalleously, iixed repilir costs, such as
ImifiC l･egulatioll c()sIs &Ind ill514111illioll cosIs ()1. c()11sIl･uCtion m"hin", "11 bc rcduccd.  H()wcvcl･、when
pal-allel road "cIi()ns lh411 ill-c HLIbsli(LIにSarc repail℃d si m Ll l l&lllc()LI 81y,L鵬eI･cosI may lncI･c&Isc c()"idel･&lblvツ
becausc lhc ll･aific capacit)' of the entil･e l･oLI(I IletwoI･k may (lecl･ease signilictmti)' 11ll(l become below the
ll･&IHic dcmand．One efltclivc mclh()d is lo pc'･l.orm p'･"'cnlivc Io叩&li1･､ which mcans I() 1℃pail･ l･oil(l geclioll5
that haw n()l l･eachcd {hcir limil ol. LI#c．Thc milllagcl･ ol､il l･()&ld nelw('1･k cilll chimgc lhc c()mbin[llion ()1､ro4ld
sectiol]s l･epaired togethel･ by pelfol･m PI･e,'entlvel･ePail･ to l･educe iiXed l･epai1･ alld LIsel･ costs. In this study,
we l.ormulale tl longlel･m mallflgcmcnl pl･oblcln lbl･ l･oild nclworkH c()115idcring bolh 1℃p&li1･ and u5cl･ cosIs.
A11 appl･oximale soILIlion mclhod b"cd ()11 dccenII･illizcd conll･()I Ihal can bc applicd I() &l larg"calc ro&ld
nelwo1･k､whCre exaCt ()plim&l1 1･cpilil･ polic)' i5 difiiculI Io cilkul&llc､iR &llso pl･op()scd. A numcl･icil1 lilud)' in
Sioux Rlll$ ncIwoI･k comp&l1･cd (hc pl･()p()Hc(l lnclh()d ilnd cxiHIing mclhod. Comparcd wilh cxi%ling mclhod.
pl･opo"d melh()d cLln l･edLIcc Ihc annLlill l･叩ail･ cosl by 6()%､&Ind l･cducc lhe anl]LIal uscl･cosl by l2.3%､and
ill IoILll l･eduCe lhe illlllLI[ll lolal s()ci(II C()Hi bV I 4.()外，ツ
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Decentralized repair
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1． I n t r o d u c t i o n

Tb gual･antee the safety of a l-oad nctwork. the mtm-
agement needs to repail･ 1-o&ld sectioI1H that al-e severely
damaged and have l･eached theil･ limit ()f LIHc. lf multiplc
nearby road sections are repail･ed simullaneoLIsly, nxe(l re-
pall. costs、such as tmiTic l･eguliltion costs &md instal1ali()n
costs of collstruction machines. can be l･cduccd、Thel･e-

ibre, when repail･ woI･ks al･e peribmled I1earby. prevelltive
I-epair fOr roild sectioll9 damaged but have ll()t yct reached
(heil･ limit of use can reduce lollgtelm iixe(I I-epair cosIs.
and hence､may reduce longterm total l･epail･ cost8. The l-e-
pai1･ work of road sections may continuc ibl- Hcveral wecks
&lnd the tmmc capacity of the secti()I1H bcing rcpail･ed iH
lal･gely reduced due to the tramc c()nstrtlint,  Thel･clbl･c、
if the repair is pelfol･med 3imultaneously oll l)ill･allcl l･oad
SeCtiolls that are substitutable fbr each ()thel-. thc tl-affic ca-
pacity of the entil-e road netw()1･k ma)' be greatly l-educed
and below the tmiliC demand・II1 sLIch a caHc. thc users
()f the road will have to make a dctoul- ()11 a public l-()ad,
which take9 moI･e time・therebV illcre"i" thc u9Cr cost. lf

ゴ ー

pamllel road sccti()ns will l･each thcir limit of uHc simulta-
neo"ly｡ preventive repail･ wol-k on eithel- road scction can
l･educe the signi ticant decrease in tramc cal]acity ()f the ell-
tire road netw()1-k ill lleal･ futul･e.

In thi8 study, we focus on the repair pol icy that ciln re-
duce the t()tal longtel･111 1･epuil･ cost alld u5el- c()st of il l-oad
11etwork. The optimal l-cpail- policy that minimizes thc to-
tal longterm cost is diil lcLllt to calculate because ()f the

ｰ

combinatioll explosi()11 whell the size ()f a roild nctwork
is large and thel-efbl-e optimization methods from prcvi()us
study only targetcd oI1 smalkcale road nctwo1-k. ' ) Particu-
larly, we pl･()pose an appl･oximated l℃pail. P()licy ba3cd oI1
decentralized control､which can be applied to il lilrgcscale

End node                          End node
- : r e p a i r l i n k

Fig･l  lndcpendcnl l･cpilil･ ill1d dcccntl･alizcd l-epai1･

1･o&ld nctw()rk. ln the proposed method・the network is di-
vided into multiple fiubnetworks compl．iljng scveral lleigh-
boring road Hections in advilnce by a static pl-oblem.  As
5hown in Fig，1. the propo8ed method divides the entire
network into two subnetwork§・and all road sections in ei-

ther gl'bnCtwol･k al-e widCly l･cpaired. Compared with the
indcpendent repair policy of l･cpairing ollly r()ad $ccti()11s
th" have l-"ched theil- limit of use、nearby l･oad secti()ns
fll･c l･cpili1℃d simultaneoLIsly, al1d p&ll･tlllel road sectioI1s &lrc
]-epail-ed at dintal℃nt times.  Thc numerical stLldy applied
pl･oposed method t() a real-Hcale l-oad netwol-k alld showed
that the rcpair policy by the pl･oposed method can reduce
both repail- co9t and usel･ cost than independent l･ep&lir pol-
icy that do not pelform prevelltive rcpair.

2 .  R o ad n e two r k mode l

(1)  Deterioration and repair of road network
Considel･ a l-oad netw()1-k comprising L 1-oad links. de-

''oted aH (/､ ､/) E之.where the 'itart node is / alld the elld
nodc isノ. The colldition state (CS) of link (/､ﾉ) E4:isde-
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nned as s/､ノand is a discrete integel･ variablc ranging from
l toM.  M三{1.2,･･･ ."} is the state spi'cc ofCS. CS I
means the bcst conditioll､and (he condition wol･scn L19 CS
increascs; CS M means the w()rst conditiOn. The colldition
of the entire ro&ld netwol-k can be denotcd bv CS vect()1- 5.
which is an L dimenfion vectoI-:

s三いﾉ､/1.  V(j"ﾉ)EZ.          (1)
The state spacc of CS veCtor can be obtaincd via a direct座
pr()duct ofCS ofall linkSmd can be dcnoted &Is S = A,114.

ln thiH stlldv,We do not Considel- the elitCt Of tmfiiC vOl-
ゴ ー

ume on deterioI-ation and assume that deteriorati()n ()nlvご
depends on time. Therefbl-e, we assumc that the delel-io-
1-&ltion of each link is denoted bv the Mal･kov deteriol-ation

ゴ

pl-ocess.  If link (/.ﾉ) is Ilot repai'･ed at theこth time of in-
spectioI1 and l･epail- /z. the probability th&lt thc CS of link
( i,ﾉ) changed from q to l) is given by:

ノフ"､/) = Prob佃/､j(r:+' ) = 6l$"(/:) = (小(2)
VxfEZ+、 ソα､ルEM.

ThC deteriol･ati()11 ()f link (/,ﾉ) canbe denotCd by Markov
tl･ansiti()n matrix P:

P三{ﾉ〕"､〃]、 V".ルE M.          (3)
In terms of the entire netM'ork・the probability that thc CS
vectol･ changes from g* to s** when no rcpail･ conducted
can be denoted aH ibllows:

Probl$(/g+, ) = $**Is(/:) = 3*｣        (4)

、 必･"､?Y、、こE Z+.二＝

f , ノィ , ノ

〃./)E釦

When a link is l-epaired. its conditioll bccom" bcttel-
and the CS decre"es. In this study､we considcl･ only onc
l･epair mCth()d that l･cduces the CS of the link l･ePaircd to l
and thc rep&lil･ wol･k takes time spall [/. At tillle f E 7, 1-c-
pail･ 011 the cntil-c nctwork cal1 be denotcd b)' a binary vcc-
to'･ 6(rこ) = {6"(/z)IV(/｡ /) E "}．（i,ﾉ(/g) = I mcan% rcpail･is
performed on link (I.ﾉ)廿()m /3 [o Iz+1. (ｱﾉ､ﾉ(/r ) = 1 111"ns
n() 1･epair is perlbrmcd on link (i,ﾉ) and (7/.ﾉ(/:) = 0 mciln5
no repair perfbrmed on link (/.ﾉ)fl･omr二t() /Z+1 .
(2)  Formation of the sociaI cost of the road net-

w o r k

In this subsection. we lt)rmulate the constl-uction cost
incurred by the l-epail- work.  The c()nstruction cost in-
curred ill the repail- work comprises two types of costli:
v[11･iable l･cpair cos[s which means matel･i&ll and labol- c()sts
pl･op()rtional to the length of the link to bc rcpail･ed. and
nxed repair costs which means costs of tl-anspol･ting con-
struction equipment md tl･Limc contr()I costs. Fixed l･epail-
costs al･e assLImed to occul･ only ()ncC whell l･cl]ai1- w()rk
is perfol･med on adjacent lil1ks. Here adjaccnt links mean
multiplc links coImected to the %ame node. Thc lcngth of
link (/､ﾉ)､given by the variable repail･ c()Nt pr()p()ltioI1ill to
the length of the link､i§α. an(l the nxed repail≦cosI I)l.01)ol.-
tional to the numbel･ ofl･elated nod" i§β. The constl･Llcti()11

l

COStﾉ･(6(rz) occurs when the repail･ vectol･is 6(I:) is (lenne(I
" f b l l o w s :

Z IIJ6"+fiZノ･( 6(rこ))=(I. ／ " 6 〃 ＋ β ル " ． （ 5 ）
W ) E f 〃EⅣ

whel-e  6/､/(r) E {()､I}  V(I.j) E -Z､              (6)
〃

I0  if  6j､/ = 0  and  6" = ()､I ) i =
l    else、、

V(/､ﾉ)E之.b"EI(),1}  V"EN.                (7)
whel･e力〃is tl binary variable that indic&ltes whcthel･ a llodc
is relilted t() a l･epair.

Hel･c i5 the lbrmulilti()11 of the usel･ cost of the road net-
work acc()1-ding t() the repai1･. WC LIs8ume th&lt the tl-aific de-
mand of th(a l･oLld netw()rk iH always constant､independent
of the statc of thc nctwork. traihc I-eguliltions. and time of
day. lf thcl･c t''･c k typcs of traific demand in the netwo1･k.
the tl･41tiic dcmLInd Hct fF repl℃senting them is denotcd as
ヂ三{(OA､DA../i)|VA E (/<}.穴三{1.2.…､K}.  He'･e､OAis
the starting poillt ()f the tramc demand of the Ath tl･affic
demand. DA is the cnding p()int of the tramc demand Of
the Ath tl･amc dem&Ind. LI11dノハis the quantity of the tmmc
demand of the Ath tl･amc dcmand・The user cost of l-LInit

ilow on link (/､j) E L f()l･ one peri()d [/ is (､j､ﾉ. the capacity
ofHowoll link (/､ﾉ) E Zis/"､j. and the amount of traHic of
the Ath tl･amc dellland on link (i,./) E _E fi･om time r: to rz+,
ls X/./.A(rこ+, ).  On the link wherc the l-epail- is conducted
h･om /: to /:+,. the tl･amc capacity will be y(0≦γ≦l)
times umil /E+,. lf thc traific dcmand exceeds the netwol･k
capilcl ty，出cl･s will h&We t() make a detoul･ ()n an flltem&1-
tivC l-oLld with high tl･an叩ort costs. and the cosI of using
the altemative road i§§ignincantly highel･ than the cost of
LIsing the targctcd l･oad 11ctwork.  ln this study, the usel･
cost it)I･ the tlltcmiltivc I-oad is expressed as CoA､DA and the
tramC VOILImc i: CXpre"ビd ag j"i)k"k.A(/z)･ The user cost is
a minimum cosI now problem､and when the l-epair vector
i9 6(rz). the uHel･ coHt "(6(『こ)) incul･1･ed between time rs and
/z+, is (Ieiined as it)IIows:

Z Z"(6(':)) = _min > ｣  > ｣  ci./Jw.A(ra) + c()k"､.v()k ."ﾙA(rr ).
*

V(ﾉｰ1.V亨(I-)
．． - ．AE ' k 1 i . j ) Eと

（8）

Zw""IIJ - 2．V"､ﾉ録A(/幕)一 A(/:) - > j'/."､A(rg) = JA,      (9)S,t、

｛ " ､ ﾉ ) E と （ / ､ " ) E 之

、V〃E NI{OA,DA}、VAE穴、

'  ":(Ig)+y#"""(',)-  71j､()鮨,,k(I馬)＋)'＃,‘""('こ)- )->  1､．〃."A.A(/s )
（ ( ) A - ﾉ I l E L （ " ､ O A ) E と

＝ノハ、V" E {OAIVA E (k}、VAE穴、(10)

2  %('f)+y;",""") -  Z＊

．Y"."4.A(/こ)＋〕､0A〃A､A(/息)一A(/::) -  > ｣  Jw""､A. (rこ）
（ ﾉ ' . 〃 A ) E と （ 〃 ､ 〃 A ) E と

= ./k.  V" E {DAIVA E (/<}、VAEk,(l1)

2 _1､r" ( /g )≦/Ii.j(l-j)《ﾂ"(r:)),  V(j､,ﾉ)E之、
AEｨK

(12)
）､/､ﾉ.A(rこ）≧0，V(/.､/)E_Z.  VAEk、(13)
)"i)A"k.A(/z )≧0.  VIOA,DA.A} Eァ(14)

3.  Repair policy

(1 )  Life-cycle costs of the road network

ln thiH study, 1･epail､measul･e is method(s) to determille
the decisioI1 ()f links to rep&liI- based on the current infbr-
matioll.  We flssumc that thc lll41nilgement mLIst perfbml
repail･ wol･k on the link(H) with the maximum CS. CS M.
In othel･ wol･ds、thc fOllowillg holds for the repail- vectol､
6(rg.d). which mcalls CSI･cct()I-s detel･milled by the mea-
5urc ":

6i､j(r,(/) = 1.  if  .yj､ﾉ(I)= 1，V(I.ﾉ)EZ､  WE7.
(15)

The lifE-cycle coHt ( LCC ) i% the t()tallong-term social cost
of a llewly collW･LIctcd road network fi-om ti me r().  If j) is
the discoLInt l･&ltc of time c()st, the LCC of the road network
undel･ the l･cpail･ mc"ul℃(/ &lpplied can be calculated as

う
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Iable・1  Delemlinali()n ol. ,iubne(work( subNW. ) 1() conducl
pl･Isvenlive l･epair by proposed melh()d

fbllows :

Lcc([/. r,)) = E[ > J)'lr(6['(/)) + "(6"('))ll].    ( 1 6)／叩(6‘I(/))＋"(6‘I(/))Ⅱ]･L C C ( ‘ / ､ r o ) ＝ E ［ （ 1 6 ）
『E7

The independent l-epair policy. which does n()t coI1sidcl･
"el･ cost and repail･ cost of r()ad networks and only pel･-
fbrm repail･(s) on link(s) with the maximum CS. c&lll be
expressed as follows:

6{''(') = I6;I(i)'、 (17)
／

ll    if  3i._/ = M.where  6fW(,) = (18)
0  else.U ■ - J

、

(2)  Exact solution: The optimal repair policy
The optimal repail･ policy (I* that minimizes the long-

term discounted user cost and repail- wol-k co8t it)I- thc cn-
tire network is (lelined as ibllows:

(/* = argminLCC(f/､/()).          (19)
ー J

〃

The fol･mulated problem is a Mal･kov proccs§､thc optimal
repair p()licy compl-ises a repail- vcctol･ [hat dcpcnds ()nly
()n the curl･ent state, n()t on the past statc ()1･ timc. Thus, thc
detel-millation of the repair vecIor by the ()ptimlll l℃pall.
stl-iltegy (/* iS deiined as ibllows:

ア 凸 F 卓

6[' = ./<' (s).              (20)
Smallscale optimal repail･policieH cal] be calculated us-

ing algorithms such as the value iteration meth()d ilnd pol-
icy iteration method2)､ but it is impo"ible t() calculatc the
optimal repair policy for a pl-actical-scale road network
due to the combinatol･ial explosion.  Optimal repail･ poli-
ci" fbr a l-oad netwol･k compl･ising more than l O lillks is
hard to calculate.

(3)  Approximate solution: Repair policy with de-
c en t r a l i z e d c o n t r o l

In thiH study、we  propose  an  appr()ximate  Holution
Inethod with decentralized contl･ol and variablc appl･oxi-
matiOn・In the pl･oposed method､the road lletwork is llrst
divided into multiple sublletwo1･kfi comprisil1g llcighb()1.-
ing links.  By only peljb1-millg preventil,'c rcpail･Hon flny
subneIwork, it is possible to prevent a signincani decl･ease
in the tranic capacity of the entire roild netwol･k duc t()
the simu]taneoLIs construCtion of subnetwoI．ks, &lnd by per-
fbrming lal-gescale preventive l-epllirs withill any subnct-
wOl･k、it is Possible to reduce the repail･ work coHt b)ﾉI･C-
pail-ing neighboring road links. The subnetwo1-ks ill-c dc-
cided by a shol･tterm problem that does not considel･ the
stochastic detel･ioration pl℃cess. The shorttcrm pl･()blcm is
&I cost minimization problem fbr a nctw()rk of pcriod 7.
The problem assumes that each link in the network d()es
not detel-iomte fmd only needs to be l-epaired ollcc in the
period T,and it c&111 be formulated lls ibllows:

7、

Zmln ノ･(6i)+"(6,),          (21)
6,.62.….67.． ノーI

7，

.t.  > 6! = 1.          (22)§ . t 、 6 ， ＝ 1 ． （ 2 2 ）
ノーI

where 61.62,･･･，67･ are the repflil･ vectoI･H at eilCh time、
which divide the links to be l-epail-ed HilllultancouHly &111d

the nodes coI]taining those links into the "mc subnetwork.
By this pl･ocCss、the entire netwol･k is divided into multi-
ple subnctworks gLIch that the increuse in the t()tal social
c()st due to si multaneouH constl･uctio11 in a single stlbnet-

ー

woI-k is Hmall.  The divided sLlbnctworks are den()ted as
g!(N, .Z, ),92(M.lj2).…｡ g"(NI)､一匹′)).

Next is the method fbl- detemlining thc HL'bnetworks t()ー
have p1℃ventlvc I℃pair・At each timc / E 7 ,̅ the Hubnetwork
lt)1･ pl-eventive l-epair is determined accoI-ding to the condi-
tion of all subnetworks. The st&lte space of all l'ubnetwol-ks
lS1･educed by appl･oximating the CS vectors of the subl1et-
works with a binarv vill･iable,､､IH thC number of links with
the maximum deterioration state gl･catel･ than ol･ equal to
the bol･derl ine X of each subnctwork?､、The sublletwork
IOl℃pair is determined by the approximated c()ndition of
each suhnetwol-k: ｢Ihble.1 is an cxample when the number
()f Hublletworks is 2・ln the subnetwol･k wherc preventive
l･epail･ i% perfOrmed,the repair vector is den()ted as fbllows:

6{"(I) = I6;4(')],            (23)
｜

A

l    if  wj.ノ≧M.wherC  6;#(') = （24）
0  elsc.

K
八 八

Prcvelltive lEpair b()arder M(M < M) is a givCn variable
(e.9. " = Af - l). Optimal bo!･del-lillcs and subnetwoI-ks
t() 1･ePair are decided by si mulati()11 ft)1- all combinatio" of
all boI-dcrlines and subnetworkMo rcpail-.
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( a ) SubNW. l
Fig. 3 SLlbl1clwl･okN b)' propos,ed mc{h()d

｡Iable・3 DclcrminulioI1 ()1. subnelwork lo pcl･lbrm pl-evcnlハ，crc-
pilil･ LIHillg lhc pl･opo9ed mclhod in a numericfII s(Lld)'

4.  Numerical study
(1)  Settings of numerical study
In the numcricul stu(ly, the Sioux Falls network Fig.2

was used to coI11pal･c i) independent repLlir that only repairs
lillks with maximum CS､and ii) the pl･()posed repair pol-
icy by the叩proximate solution mcth()d.  The llumcl･ical
study a"umes that tl･amc volume decrease rate by tl-&lific
coIIstraint )/ = 1、which means link being l･epaired can noI
be "ed.  Thc prcci8e pal-ametel･8 used ill llumel-ical guldy
al･e shown inTHble.2 .

(2)  Result of numerical study
Fi9.3 shows tw() subnctwol-ks dividcd by the pl･oposcd

method and we can nnd that each subnetwork conmins

paths fbl･ both tmific demand. Subnetw()rk l compllscd of
61 1inks and sLlbnetwoI-k 2 compl-ised of l5 1inks. Table､3
5hows the subnctwork to pcl-form prevelltive repair accord-
ing to thc apl)1-()ximated coI1dition of all subnetworks. Th-
ble､4 shows thc annual l-epair cost, thc illmual u9cI､ co"
the ilnnual s()cifll cost. and the annuill altcmative l･oLld traf-
fic How. Compared with independent repail-､annual l･epair
cost is reduced t() 40.()%: annual usel- cost is reduccd to
88.7%: annual t()tal cost is l･educed to 86@0% ln this c"c.
the l･epail･ policy b)' pl･opo:ed method can l･educe repflil･
cost and uHel･cost simultaneoL191v ilnd thel-efbre is m()I-c

ヴ

desil･able than thc independent l･epail･ policy.
5．Summary
In this study、wc pmpose a methodol()gy it)1･ del･il'ing

optimal l･epail･ polici" at the netwol･k level、considel-i l1g
the llncertaill(y of the deterioration process'  Specincally｡
the usel･ cost of thc repai'･ work is calculated considering
the substitutability and complemenml･it).･ of each link in fl

road network. and a repair polic)# problem is fomlulated to
obtain the oPtimal 1℃pai1･ policy consideril1g the economies
of Hcale of the LIser and l･epail･ c()sts. We also proposed an
Llppl-oximati()11 IsoILIti()n method with decentl-alized control
to小･oid c()111billLItorial explosion. ln the proposed method-
oIogy, the nctw()1-k t() be analyzed wils divided into sLlbnet-
wol-ks based on the :hol･ttcml pl･oblem. At every decision-
making time､thc subnetwol･k to perfol-m preventive repail･
is decided bascd on the combimtion ()f the叩proximated
conditions of all Nubnctw()rks. The ()ptimal parameters it)1､
proposed meth()doIogy al-e calculated b)' simulation.  ln
thc numcrical stu(ly・thc pl･()poscd lllcthod was applied to a
l･eal-scLile casc %tud)'' t()､'erily its eげcctiveness. COmpared
with existing methodology that do llot considel･ repail･ poli-
cics at the network level. the proposed methodology can
l･educe both l･epair all(1 "el･ costs in l()ng tel･m.
Futlll･c studies mily focuH oll mL'ltiple road network with

9ubstitLItLlbilitV. In thiH Htudv. we focused ()n user costs bvロ
ゴ

ovel･capilcity of il Hingle lletwork.  Howcver. the highwayヅ
netwol､k ilnd the public l･()tld netw()rk may exist in the %ame
clty.  Management considering repair work、detour. and
usel･ c"t ()f both nctwork ma); lead to LI more pl･actical
m&lnagement f()I･ the ul･ban tl･ansportati()n netwo1･k.
Refere nce
l ) Lelhilnh、N､. AdC)'. B、T. and BLIrkhi1llc1．，M.: Dclel･mining

an oplimill gcl ()1，w01･k z ()n" ()11 1ill･gc i n ims11･ucl u l･c ne( -
works in &I GIS I､l･ilmewo1･k. ./(ﾉ"ﾉ･"(I/ fヅノ"ﾙｨ＄""〔･""でS1･.y -
r〔'"1．Y、M)1.24､INsucl、()4()17()48,2()17．

2) Bcllman. R.: A Mal･kovim dccisi()n ProccHs. ､/(""･"〔イノ()/
ルヅ〔"ﾙ〔'ﾉ"〔I〃(，.v〔"I【/岬('(･/1(""〔．.『、M)1.6．No.5、pp.679-684.
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